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ABSTRACT

This thesis discusses the interaction between methods
of tunnelling in soil and sources of ground loss. Two distinct
phases of settlement in cohesive soils are identified. Short
term settlements are caused by loss of ground into the tunnel
and long term settlements are caused by consolidation of the
ground around the tunnel. A stochastic model of ground movements
caused by volume loss into the tunnel is developéd in order to
explain in-situ observations. Consolidation settlement is
estimated with the aid of flow nets developed by finite difference
numerical modelling. These nets are also used to estimate the
contribution of seepage to tunnel face instability.

Field observations of ground movements caused by tunnelling
in soft, cohesive gfound were made at three sites. These measure-
ments were taken in order not only to add to the store of caée
history evidence already available, but also in a direct attempt to
confirm or disprove the theoretical model. Tunnelling conditions
were different in each case. One tunnel was shield-driven in
laminated clay, one was shield-driven with the aid of compressed
air support in alluvial organic silt, and one was driven without a
shield in stiff, stony clay. These case histories confirm that
settlement troughs of Gaussian configuration were developed,
agreeing with the stochastic model, and that long-term consolidation
may develop in clay soils on the removal of compressed air support

from the tunnel.
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Chapter 1
SOFT GROUND TUNNELLING AND ASSOCIATED SETTLEMENTS

1.1) Introduction

In recent years the importance of soft ground tunnelling
as an engineering operation has increased considerably, particularly
in urban environments. As excavation and lining methods h;ve improved,
so tunnelling has become economically more attractive relative to other
methods of underground construction. However, the real impetus for
this improvement and the major source of economic and environmental
advantage for tunnelling methods has been the increasing need to avoid
any disturbance at the surface. This need is partly soclal, as people
become less prepared to acéept the disturbance associated with, for
example, cut-and-cover workings. The major factor is, however,
economic, as the cost of disruption to existing services, roads,
housing and so on, and the cost of reinstating them, has risen
dramatically. In many cases, of course, it is impossible to use any
other method, as for example under existing major buildings that must
not be destroyed.

The above factors have been augmented by a growth in the
number of tunnels needed. Whilst the installation of new services
continues, there is a growing need for the replacement or an increase
of existing ones. This is the case in the North-East of England,
where in order to reduce pollution of the River Tyne it has been
necessary to construct a new system of interceptor sewers totalling

about 60 lm (see Appendix B and Figure 1.1). The majority of soft
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tunnels constructed in this country are sewers. These are generally
fairly small diameter tunnels, usually about two metres but sometimes
up to four metres, excavated at depths between five and thirty metres.
Tunnelling is fairly cheap for these sizes (Smith and Bevan, 1972).
Another advantage of constructing sewers in tunnel rather than from
the surface is that the sewer alignment is not restricted to existing
roads and open spaces. This can be very important for gravity fed
sewers where gradients may.be quite critical.

The other major application of soft ground tunnelling is in
the construction of road or rail tunnels where the alignment often
precludes construction from the surface. These tunnels are generally
somewhat larger than sewer tunnels and are often constructed using
specially built equipment (see Section 1.2). This usually means that
they are much more expensive to construct than sewer tunnels.

The main problems to be overcome in any tunnelling project
are instability of the work area, changes in the face material
(particularly if these occur unexpectedly), lining integrity, and
surface settlement and related ground movements which may cause
consequential damage to structures. The controls on face stabi;ity
and lining integrity are now reasonably well understood, problems
associated with these faciors being connected, in the most part, with
the excavation mechanics in the tunnel and the structural mechanics
of the support. Improvements in face stabilisation methods,
construction techniques, and lining still continue with such methods
as the bentonite shield (Walsh and Biggart, 1976), continuous lining
methods such as slip-formed concrete (Halvorsen, Kesler and Paul,

1976), and so on. Probably the least understood problem associated



with soft ground tunnelling at the present time is that of surface
settlement and assoclated damage to structures. The problem of
settlement takes on increasing importance as more tunnels are
constructed in the urban environment. In consequence there is a
current need for a method of predicting the ground surface movements
that will be associated with the construction of tunnels. There is
also a need for a better understanding of the fundamental mechanisms
by which the ground may be displaced into the excavation, in order
that methods of limiting settlement may be developed where necessary.
The ground displaced into the tumnel may conveniently be regarded as
a volume loss associated with the tunnelling procedure. It should be
noted here that a major factor affecting the amount of this ground
loss, and hence to some extent the amount of surface settlement, is
the expertize and diligence of the construction team themselves, both
engineers and miners. The contribution made to the total settlement
by imperfect workmanship or poor procedures is of course an imponder-
able factor in any specific case. In the estimation or prediction of
volume 1055 associated with any given tunnel it should always be
borne in mind that the predicted volume may be considerably exceeded
if the standard of workmanship is inadequate. This is probably a
particularly critical factor in non-cohesive ground where ground loss

into the tunnel may be much more rapid.

1.2) The prediction of ground surface movements

The prediction of the ground surface movements associated
with tunnel construction can be separated into two phases. The first

involves the prediction of the volume of ground "lost" during the



course of the tunnelling process. The second consists of determining
how - and to what extent - this volume of lost ground is transmitted
to the surface. It will be found convenlent in many cases to consider
the transmission or migration of wvoids or lost ground from the tunnel
to the surface, although, in fact, it would be more precise to discuss
the downward movement of the mass of ground towards the tunnel. To
all intents and purposes the two are equivalent.

Sources of ground loss, as noted from field observations,
are discussed in Chapter 6. The more general question of ground
loss into a tunnel is discussed below. Since this is to a large
part depeﬁdent on details of the construction of the tunnel, a brief

discussion of tunnelling methods is also included.

1.3) Tunnel construction methods

Soft ground tunnels in the U.K. are usually driven with
the aid of a form of protective shield of the type pioneered by Great-
head (Plate 1.1). A diagrammatic cross-section of a typical shield is
showr: in Figure 1.2. The shield is cylindrical in shape, generally
with a hood at the leading edge and which often incorporates a "bead"
in order to facilitate steering (see Section 1.8). There is also an
un-reinforced section at the rear, the tailskin, inside which the
lining segments are built. The shield is moved forward by hydraulic
jacks bearing on lining rings that have earlier been erected. The
use of such a shield is now almost universal, both in Europe and the
United States. Its principle purpose in most cases is not to support
the ground, but to provide security for the miners, the possibility

of collapse of the work area being unacceptable. Although quite



understandable, this universal use of tunnelling shields may have
several undesirable side effects. As Peck (1969) points out, it

may lead to the dissipation of much needed expertize in conventional
hand-mining, experience which is invaluable in the sections of a
tunnel wherea shield cannot be used, for example the first stages of
a tunnel when it may be necessary to excavate a chamber for the
erection of the shield. It is also possible that the use of a shield
may result in larger ground losses, and hence larger settlements than
would be caused by careful hand mining (see Section 1.5.3).

In some cases tunnelling machines are used for the ground
excavation itself. In difficult ground conditions, closed-face
machines which support most of the face may be used (see Section 1.5.1).
In good ground open-face machines or roadheaders are more common.
Machines have limitations, however, the chief of these being cost and
also their poor performance on mixed faces or in ground for which they
were not specifically designed. For this reason, the most common

means of excavation in soft ground is the use of hand operated
pneumatic spades, or "clay-spades." This is likely to remain the case
until cheaper, more versatile and more reliable machines have been
developed. In extremely poor ground, such as running sands or very
soft silts, specialised closed face or bentonite shield machines may
be used, often in conjunction with compressed air (Dawson, 1963).

The use of compressed alr in cohesionless soils has little
or no effect on ground loss (Peck, 1967). In cohesive soils it may
have a fourfold effect. Firstly, it provides support to the face,
reducing the overload factor {Sections 1.5 and 1.9). Secondly, by

reducing or eliminating the seepage gradients, it reduces the chances



of erosion due to water flow. Thirdly, by partially "drying out"
the face it may reduce the plasticity of the soil, thus reducing
the intrusion rate (Section 1.5.1). Fourthly, by reducing the rate
of water flow into the tunnel, dewatering of the soil and hence
consolidation settlement will be minimised (Section 1.5.6). This
latter effect may be negated if water is allowed to seep into the

tunnel when the air pressure is removed (Chapters 5 and 6).

1.4) Tunnel linings

Most tunnels are lined in two stages. The first stage is a
primary lining constructed as soon as possible after the excavation
process. The function of this lining is to provide support for the
ground and to inhibit the entry of water. The second stage is the
secondary or final lining, whose purpose is to provide whatever
finish is required for the inside of the tunnel, for example a smooth
internal bore in the case of a sewerage tunnel. This secondary lining
is generally not load bearing and has no effect on ground settlement.

The primary lining in circular soft ground tunnels usually
consists of precast concrete segments or cast iron segments bolted
together and caulked, and erected within the tailskin of the shield
(Ward, 1966; Deere et al, 1969). This procedure inevitably leaves an
annular void around the outside of the assembled lining. This void is
filled with grout, or sometimes pea-gravel (with or without subsequent
grout injection) and any areas remaining ungrouted will contribute to
the overall ground settlement. In the case of tunnels constructed
without a shield, if a conventional bolted lining is used it is still

necessary to cut the tunnel slightly oversize to allow for the erection



of the lining segments. This may result in a smaller void than
would be left behind a shield but grouting is still necessary. An
alternative method where no tailskin is used is to jack the lining
directly onto the soil and hold it in place using wedges or "Dutch-
men." This method requires no bolting and no grouting, although it
demands a perfectly smooth circular excavation for it to be used
successfully. All the avove linings are flexible to a certain extent.
This is particularly true of jacked, un-bolted linings which depend
for much of their strength on the deformation of the surrounding
ground. This deformation will be reflected somewhat in the surface
settlement (gee Chapter 2).

An alternative method of tunnelling to the above, one which
1s used in extremely soft ground, is pipe-jacking. In this method a
cutting shoe is attached to the front of the leading lining ring, or
pipe, and the entire lining is jacked forward as excavation progresses.
Using this method it should be possible to avoid most settlement, the
only source o ground loss being intrusion into the face, although the
jacking process itself may result in some disturbance, possibly even
ground heave. In the past, pipe-jacking has been restricted to short,
straight drives, typically beneath railway embankments or major roads.
However, by using a beaded cutter, and filling the resulting void
around the lining with bentonite as a lubricant, it has been
pdssible t0 reduce dramatically the skin friction of the lining
rings and so increase the drive lengths. O'Roarke (1978) quotes
drive lengths up to 323 m at rates of up to Ll m/day for pipe-

Jjacked sewers in Chicago.



1.5) Sources of settlement above tunnels
| Bartlett and Bubbers (1970) list the sources of settlement
above a tunnel as

1. Natural settlement of recent strata.

2. Remoulding of clay caused by tunnel construction,
resulting in consolidation.

3. Ground water lowering by well-point systems.

L. Redistribution of material on the return of ground
water.

5. Drainage of ground through seepage into the tunnel.

6. Movement of ground towards the working face.

7. Squatting of the primary lining.

8. Loss of ground and limitations of grouting during
tunnel construction.

9. Movement due to other activity in the area unconnected
with the construction of the tunnel.

To these may be added

10. Movement of ground radially towards the shield if a
bead is present.

11. Movement of ground towards the shield due to ovality
of hole caused by steering and normal shield "look-up."

All of these sources except 1, 2 and 9 can be counteracted
to some extent either at the design stage or by careful construction.
Different sources of settlement are emphasised by different ground
conditions. In order to discuss the sources of settlement in more

detail, we shall split them up into the following broad headings:
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a) Settlements due to ground instability.

b) Settlements due to shield design.

c) Settlements due to construction procedures.

d) Settlements due to lining design.

e) Settlements due to ground de-watering.

In reality, the distinction between some of these
categories may become blurred. However, each category produces

different problems and requires a different solution.

1.5.1) Settlements due to ground instability

Several different types of soil instability can be
distinguished in soft-ground tunnels. In slightly cohesive sands
and silts, ravelling may occur. This consists of progressive
"flaking away" of the face or more usually the roof of the tunnel.
If this process is allowed to become established, large cavities may
form above the tunnel, ultimately resulting in considerable settlement
at the surface. Ravelling ground is easily stabilised by the provision
of direct support to the ground, and so is seldom a problem in
shield-driven or continuously lined tunnels (Peck, 1969).

Running ground occurs in purely frictional materials such
as dry sand or loose gravel. If unconstrained, these materials run
into the face until they reach their angle of repose, thus causing
considerable settlements (Peck, 1969). It is possible to excavate
these materials either by using poling boards ahead of the face or by
using a full-face shield to support the ground (Kell, 1963). In
elther case excessive fgce-take may occur, so causing large settle-

ments. This form of ground loss is particularly difficult to
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recognise, particularly where a tunnelling machine is in use. It is
often preferable, particularly where settlement is a critical factor,
to attempt to stabllise the ground by grouting.

If seepage pressures are permitted to build up in the
above types of grounds, the soil may become what is termed a "flowing
ground." If this occurs the ground will run into the face like a
liquid, filling the entire heading (Peck, 1969). Clearly, this type
of failure must be avoided at all costs. It is possible to tunnel
through this kind of material using a full-face shield and allowing
the soil to extrude through shutters on the face itself. This
procedure must be conducted with great care if settlement or heave at
the surface is to be avoided. Usually an attempt will be made to
stabilise the ground by drainage, by the use of compressed air
(Dawson, 1963), or occasionally by chémical grouting (Anderson and
McCusker, 1972), to enable conventional tunnelling techniques to be
used.

In cohesive soils (clays and silty or sandy clays) plastic
failure will occur at the face when a certain stress level is
exceeded. This type of stability criterion, developed by Broms and
Bennermark (1967) and developed further by Attewell and Boden (1971)
is discussed in more detail in Section 1.8. Failure due to this type
of instability consists of rapid incursion of the ground into the
excavation, "loss" of the face, and will result in very large
settlements. Ground of this type is usually stabilised by the use of
compressed air, sometimes in conjunction with a bentonite shield.

It is clear from the above that settlements due to ground

instability are large, and usually connected with catastrophic
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failure of the excavation. Where the ground is supported physically,
for example using a full-face shield or poling boards, surface
settlement will be dependent almost entirely on constructional
details. Where this is not the case it is normal to stabilise the
ground artificially, and in this case the sources of settlement will

be those listed in Sections 1.5.2 to 1.5.7.

1.5.2) Settlements in stable ground

Most soft ground tunnels are constructed either in
naturally cohesive soil or in ground which has been rendered cohesive
artificially. Whilst this type of ground may become unstable under
certaln circumstances (Section 1.8), these soils will generally stand
unsupported at the face, at least for a short period of time.
However, as considered in Section 1.13, it is io be expected that
slow, plastic intrusion into the void will occur. This small amount
of movement into the tunnel will inevitably be reflected in surface

settlement and is considered in Sections 1.5.3 and 1.5.k4.

1.5.3) Settlements due to the use of a shield

Several sources of ground loss are associated with the use
of a tunnelling shield. A typical shield is illustrated in Figure
1.2. As is shown, there is generally a bead around the cutting edge
of the shield. The object of this bead is to ensure that the ground
only touches the shield at the bead itself and where the base of the
shield rests on the bottom of the excavation. This has two effects,
firstly to reduce the skin friction acting on the shield, thus making

it easier to push forward, and secondly the void around the skin of



12

the shield facilitates steering. In order for the bead to be
effective in carrying out both of these functions, it must be deep
enough to ensure that even at low cutting rates the ground does not
have sufficient time to intrude onto the tailskin itself. This

means that if the shield is functioning properly, no support is
provided for the ground until such time as the wvoid behind the lining
is grouted. In this case, when the inward movement of the ground is
completely unrestricted, the ground loss, and hence settlement due to
this factor, is proportional to the distance between the bead and the
first grouted ring, and the rate of funnel advance (see Section 1.10).
In the case of very soft ground it méy well prove impractical, or
even impossible, to prevent the soil moving in onto the tailskin, in
which case it may well be best to dispense with the bead. In ground
as soft as this it should not be too difficult to steer the shield
without a bead, and the lack of a bead should help to reduce ground
losses to a certain extent.

In boulder clay "gouging" may be another source of voids
around the tunnel. Boulders may be pushed forward by the cutting
edge of the shield, ploughing a large groove through the clay outside
the shield. In softer ground it is not uncommon to grout each ring
individually, immediately after it leaves the protection of the tail-
skin. Grout may seep into the void around the outside of the skin
and if this is allowed to build up it can have the same "gouging"
effect as boulders. It is possible for grout to build up over a
period of time to such an extent that steerage becomes difficult and
a considerably oversize excavation is formed (A.P. Benson, Personal

Communication).
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In many cases, particularly in soft ground, the shield is
driven with "look-up." This means that the longitudinal axis of the
shield is inclined slightly upwards from the horizontal. This
procedure is necessary to counteract the natural tendency of a shield
to nose downwards into the clay under its own weight, and results in
the cutting of a slightly oval hole. Where a bead is installed, the
look-up is unlikely to have any effect, but if no bead is in use the
elliptical excavation forms an extra source of ground loss. Another,
probably minor source of ground loss is the use of poling plates and
so on for protection in poor ground (Hasmire and Cording, 1972).

Remoulding of a zone of clay around the tunnel during the
advance of the shield will most probably occur. This remoulded ground
may be compressed under the existing state of stress, particularly
in soft or sensitive clays, and may thefefore act as another source

of volume loss.

1.5.4) Settlements due to construction procedures

Inevitably a void will be formed behind the tailskin around
the lining rings. This void may well be quite large, of the order of
50 mm or more in the roof, where it will be widest, and is generally
grouted with pea gravel, portland cement, or a mixture of both soon
after the shield has passed. The amount of closure which this void
will undergo depends primarily upon three factors. These are:

a) The time that the wvoid is left unsupported.

This will depend upon the rate of advance of the shield or
heading and the average distance between the face and the point of

injection of the grout. The standing time can be reduced by increasing
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the mean rate of advance and by reducing the unsupported length of
tunnel to a minimum by grouting as soon as possible and by using
aé short a shield as is feasible (Kell, 1963).

b) The efficiency of the grouting.

It is clear that in most cases grouting of the wvoid is not
entirely perfect, it being difficult, for example, to grout right up
into the crown of the tunnel. It is common to have to "back-grout"
the lining at a later stage. Given time, the woids in or around the
grout will close up, so adding to the total settlement.

c) Contraction of the grout.

It is possible that whilst setting the grout undergoes a
certain amount of shrinkage. This will, of course, contribute to the
ultimate settlement.

Care in construction can reduce to & minimum the sources of
settlement described in this section, particularly the removal of
boulders to reduce "gouging" and driving with the minimum "look-up"
possible. A certain degree of ovality in the excavation will result
from any steering corrections or grade corrections which must be
made, and therefore the steering and level should be kept as precise
as possible. It should be noted that this ovality will be less
pronounced with a short shield than with a long one.

The use of a pilot tunnel may increase the total settlement
considerably, since although it is much smaller than the main tunnel
it will increase the total length of time that the ground is

unsupported.



15

1.5.5) Settlement due to lining design

It is now generally accepted that in most soft ground
situations a flexible primary lining will prove most economical

(Deere et _al, 1969). The type of permanent lining is one of the

major factors in the tunnel economy and may affect the choice of
excavation method and primary lining (Beauleau, 1972). It is unlikely
to have any effect on total settlement, since generally by the time it
is installed the primary lining will have stabilised.

Although steel ribs with timber lagging form a common method
of primary lining in the U.S.A., in Europe steel or concrete segments
are much more popular in soft ground. The disadvantage of the former
method is that it is difficult not to leave voids behind the timber
lagging, even if this is grouted, and these voids will contribute
towards the surface settlement. Also, it is impossible to erect this
type of lining within the tailskin of a shield.

The most common type of tunnel lining for use in soft
ground consists of segmental rings of either cast iron or pre-cast
concrete. Cast iron segmental linings were used extensively in the
London Underground (Ward and Thomas, 1965), although nowadays concrete
is more cammon; These linings are normally bolted in place, although
boltless linings can be used if they are not erected within the
tailskin.

Typically, a tunnel lining undergoes a decrease in vertical
diameter, accompanied by an increase in horizontal diameter as the
load comes onj; that is the lining squats. Tﬁese deformations may
take, according to some of the published literature, some years to

develop. The total "squat" of the tunnel may be of the order of 20 mm,
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dependent on the stress in the ground and the flexibility of the
lining (Ward and Thomas, 1965). This deformation will result in a
slight decrease in volume of the tunnel and must therefore contribute
somewhat to the total settlement.

The flexibility is advantageous in that it enables the
radial strésses to be more evenly distributed through the lining and
helps mobilise some of the shear strength of the soil or encourage
arching in frictional materials. The lateral dilation of the shield
will put the soil into the Rankine passive state (Terzaghi and Peck,
1967) and will therefore mobilise considerable soil resistance

(Drucker, 19L3).

1.5.6) Settlement due to ground de-watering

The above factors & to d of Section 1.5 all contribute to
the total settlement by acting as sources of volume loss, whereas
the last factor, e, causes a volume change in the ground above the
tunnel. As was noted in Section 1.5 and can clearly be seen from
the field measurements taken at Willington Quay (see Chapter 5),
settlements associated with de-watering of the ground tend to develop
over a long period of time and are often associated with the removal
of compressed air.

The magnitude of this consolidation settlement depends on
several factors, including the compressibility of the ground, its
permeability, and the ability of the tunnel to provide a suitable
drainage path. The estimation of this type of settlement is considered
in Chapter 3. The contribution of consolidation to the total settle-

ment may be quite large, as it was, for example, at Willington Quay
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(Chapter 5) and over the Potomac interceptor (Rebull, 1972), and is
likely to be associated with the releas of compressed air from the
excavation, where this is used. Where compressed air is not used,

in clays of low permeability, it is possible that very long-term
consolidation settlements may occur. As discussed in Chapter 3,

this may account for the long-temm increase in settlements associated
with the London Underground excavations at Green Park (O'Reilly,

Personal Communication).

1.6) Volumetric strain in the ground

It has been reborted by several sources (Peck, 1969;
Schmidt, 1969; Attewell and Farmer, 1972) that in cohesive soils
where significant de-watering does not take place, the volume of the
settlement trough is approximately equal to the volume of ground
lost at the tunnel (i.e., that the settlement process does not result

in any permanent volumetric strain). Although this may not be
perfectly true, the results presented in this thesis seem to confirm
it in a general sense (Chapters 5 and 6).

If we accept this assumption of zero volumetric strain, and
also assume that either the ground experiences no de-watering or that
any consolidation can be recognised and dealt with separately, then
it is reasonaﬁle to attempt to calculate the magnitude of the ground
losses associated with the above factors as a first step in predicting
the total settlement due to a particular tunnel. The transmission of
this volume loss to the surface and the shape of the resulting

settlement trough are considered in Chapter 2.
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1.7) The calculation of settlement volume

It has been common in the past to assume, for the purposes
of settlement calculations, that the volume of the settlement trough,
and hence the volume of ground lost at the tunnel, is equal to
2-3% of the total tunnel volume (Bartlett and Bubbers, 1970; Muir-
Wood, 1975; Attewell, 1977). Field measurements indicate that this
is a reasonable "order-of-magnitude" figure, but it would clearly be
more satisfactofy to find a somewhat less arbitrary method of
calculating settlement volume. In Chapter 6 an empirical relation-
ship between the OFS (Attewell and Boden, 1971) and the volume loss
expressed as a percentage of total tunnel volume has been developed.
Nonetheless it is of value at least to attempt to consider ground
loss into a tunnel in rather more fundamental terms.

In a shield-driven tunnel the sources of volume loss can
conveniently be apportioned in the following way.

1. Ground loss into the face.

2. Ground loss into the annulus around the shield and
urigrouted lining.

3. Ground loss into voids left in or around the grout.

L. Compression of the grout.

5. Deformation of the lining.

The volume loss due to 1 and 2 above depends upon the size
of the tunnel, the rate of advance, the average time elapsed before

grouting and the rate of intrusion of the soil, the relations being:

) 2 Ry
Ve = nD_ __ (1.1
L Ry
v, = TD.RyT, (1.2



19

where Vf = volume lost into the face
Va = volume lost into the annulus
D = tunnel diameter
Ry = soil intrusion rate

Rg = tunnel advance rate

T, = average time between face excavation and grouting.
All the above factors are readily available, except for the

soil intrusion rate (Rj ).

’ 1.8) Estimation of the rate of soil intrusion into a tunnel

In order to estim te the rate of soil intrusion into a
tunnel we must develop a model of soil deformation around a tunnel.
In the case of purely frictional material we can assume that any
material allowed to enter the excavatioh will do so virtually
instantaneously and that simiiarly all voids will be filled instantane-
ously. In this case the volume loss is directly and solely dependent
upon the details of the construction method. However, in this case
arching may well develop (Széehy, 1970) if large scale ground loss
into the tunnel is avoided, and this will tend to reduce the observed
settlement (see Section 2).

We can regard cohesive soils as visco-elastic media. If
the state of stress around the tunne} boundaries is within the yield
envelope (Scbofield and Wroth, 1968).then we can regard the soil as

behaving elastically. In this case the deformations would be

expected to be quite small and independent of the length of time the
clay is left unsupported. However, most tunnels will stress the soil

beyond its yield envelope into the viscous or plastic region, where
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the deformation of the soil becomes time-dependent.

1.9) Face stability and the overload factor

Broms and Bennermark (1967) investigated the intrusion
of clay at depth into vertical openings (analogous to a tunnel face)
by extruding clay out of, or into, a small hole in the side of a
cylinder. They discovered that "failure" occurred at a loading
some 6-8 times the undrained shear strength of the soil (Figures

1.3 and 1.4), i.e.,

(o-o-po)f = 6-8
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Deere et al. (1969) termed this ratio the simple overload factor or
OFS.

From theoretical analysis of semi-circular shear failure at
a tunnel face Broms and Bennermark found a theoretical OFS of 6.28,
agreeing well with the experimental results. However, several authors
(Moretto, 1969; Peck, 1969; Ward, 1969; Kuesel, 1972) have noted
unstable conditions at somewhat lower stability ratios.

Attewell and Boden (1971) have proposed the adoption of
another stability ratio based on extrusion testing. This type of
test inwolves extruding the clay through a small hole in the side of
a cylinder (see Figure 1.5). It is found that as the load on the

sample is increased "failure" occurs when S ef exceeds 1.5,
: -
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where ¥ ef 1is the stress at failure. "Failure" in this test is
considered to occur at the point where the rate of intrusion
accelerates (see Figure 1.6). Attempts have been made to relate
_%ef to the liquidity index (I; ) (Attewell and Boden, 1971;
Atié%ell and Farmer, 1972). The relationship shown by Attewell and
Farmer (1972), along with tests carried out by the author on samples
from Willington Quay, is shown in Figure 1.7. Although a trend is
apparent, the scatter of the points is probably tooc great to enable
the prediction of face stability from liquidity index. Nonetheless,
the extrusion test is extremely useful, since it can be used to
predict the rate of intrusion at a tunnel face for any given depth to
axis, and this rate is invaluable in any attempt to relate ground

loss to tunnel construction procedures.

1.10) Intrusion into a "stable" tunnel

Deformations of the type described above are quite large and
may be catastrophic. It is normal for tunnel designers and contractors
to maintain the overload factor below 5 or 6 either by increasing the
cohesion of the soll by ground treatment or by the use of compressed
air. Although this results in a "stable" face, the stress state in
the soil close to the tunnel is still outside the yield envelope and
therefore the soil will still intrude into the void in a viscous
marmer. Observations at Hebburn, presented in Chapter 5, indicate
that the rate of intrusion into the face of a tunnel is constant, so
confirming the observations of Attewell and Boden for stress-
controlled tests. Goldstein and Misumsky (1961) also show that the

viscous flow component of strain should increase linearly with time.
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Attewell and Farmer (1972) plot relationships between
o-v/ o¢ and the rate of extrusion for the extrusion test. A summary
of these is reproduced as Figures 1.8 and 1.9. Although there is
clearly a correlation between them, the scatter of results is rather
large. It is considered that further work is necessary on the
prediction of intrusion ;ates before accurate prediction of volume
loss into tunnels is practicable.

Observations at Green Park indicate an intrusion rate at
a depth of 30 m of approximately 0.0055 mm/hr for a stability ratio
(Kz/cu) of 2.07. This agrees reasonably well with experimental
predictions (Attewell and Farmer, 1972). At Hebburn, where in-situ
measurements of intrusion rate were taken, a rate of 0.22 mm/hr at
a stability ratio of 2.02 was observed, again in reasonable agreement
with experimental evidence (Chapter 5). It is possible to use these
figures as very approximate guidelines to intrusion rates in stiff or
laminated clays, along with Figures 1.8 and 1.9, in the absence of
better evidence.

It is clear that the amount of ground loss to be expected
after the lining has been grouted will depend very much on the care
with which the operation is carried out. Volume losses due to grout
contraction or lining deformation are likely to be small (Sections
1.5.4 and 1.5.5). Volume loss into voids in and around the grout
depends on the quality of the grouting and can only be assessed
empirically. On the basis of the case histories reported in this
thesis, it is suggested that up to LOZ of the total volume of the

ground lost may occur after grouting has been carried out.
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Chagter 2
SETTLEMENT DEVELOPMENT

2.1) Introduction

Chapter 1 has outlined methods for the estimation of the
volume of ground that will be lost during the construction of a tunnel
in soft ground. In order to predict the nature and magnitude of the
settlement trough that can be directly equated to this loss it is now
necessary to develop a model which will describe how this volume loss
is transmitted to the ground surface. The general requirements for
this model are:

a. To prediet the shape and magnitude of the transverse
surface settlement trough above the excavation;

b. To predict the distribution and magnitude of lateral
movements across the settlement trough,and hence;

c. To predict the distribution and magnitude of any surface
strains above the tunnel.

Ideally it should also be possible to use the model to predict
the development of settlement, displacement and strain at any given
point on the ground surface during the construction of the tunnel and to
estimate the magnitudes of ground movements at depth. It is also
desirable that the model should be applicable to generalised openings of .
any shape.

In Sections2.4.2 to 2.4.5 a theoretical model fulfilling many
of these requirements is developed for the prediction of ground move-

ments over a tunnel. A comparison of the predictions of this model with
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field evidence is discussed in Chapter 6.

2.2) Subsidence* over coal excavations

Many attempts have been made to model the development of

subsidence, both theoretical and empirical, -over longwall coal seam
excavations.These are reviewed by Voigt and Pariseau (1970) and have

broadly speaking consisted of the following approaches:

2.2.1) BEmpirical studies

Probably the largest accumulation of data on mining
subsidence is represented by the Subsidence Engineers Handbook, pub-
lished by the National Coal Board, although of course there are many
published reports of individual case histories. The Subsidence
Engineers Handbook collates a vast volume of observations and presents
them as Qesign curves, applicable to more general cases of longwall
mining in the British coal measures. No attempt is made to explain the
overall nature of the ground movements, and its application to

tunnelling in soft ground is strictly limited.

2.2.2) Theoretical studies

Analytical studies have been carried out considering the
ground as an elastic (Hackett, 1959; Berry, 1969) or visco-elastic
(Marshall and Berry, 1966) medium. These solutions generally invclve
many simplifying assumptions about the properties of the ground and the
shape of the opening. Generally, agreement with field observations is

limited (Voigt and Pariseau, 1970). Even in rock it has been suggested

#Conventionally the small vertical movements generally associated with
tunnelling are referred to as "settlements" whereas the larger scale
disturbance associated with coal mining is known as subsidence. This
convention is adopted throughout this thesis.
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that the development of a plastic, "post-yield" zone around the
advancing face has considerable influence on the development of
surface settlement (Voigt and Pariseau, 1970). Finite element models
have also been developed, for example by Zienkiewicz (1976). The
major problem with this type of model has been the difficulty in
calculating the‘in-situ properties of the ground in question. It is

often necessary to estimate these properties from empirical observations.

2.3) Settlement development above tunnels

Although there is much less literature concerning the
development of settlement above tunnels in soft ground, the studies
which do exist may be split up into the same broad headings of empirical
and theoretical models, along with observations of physical laboratory

models.

2.3.1) Empirical studies

Principal sources of case history data are listed by Peck
(1969) and Attewell (1977). Both of these authors have attempted to
derive relationships between the settlement trough geometry (maximum
settlement and trough width) and the tunnel geometry (depth to axis and
tunnel diameter). No data are presented on surface strains or lateral
displacements. Both authors suggest that the surface settlement trough
._can be adequately described by a Gaussian distribution, an observation
confirmed by the data presented in Chapter 5. This distribution is
fully described by two parameters, the trough volume, assumed to be
equal to the volume loss at the excavation, and the standard deviation

of the curve, which for this distribution corresponds with its point of
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inflection (i). Deere (1969) suggests the empirical relation

0.8

Z, _ (el
(3) = (TT) (2.1
where 2Z = depth to axis level,
D = tunnel dlameter,
i = point of inflection.

Figure 2.1 shows the relation between Z/D-and 21/D for the data

quoted by Peck (1969). It is clear that the data shows considerable
scatter and that the zones for different materials can only be
considered to be rough guldelines. A simpler relation is derived

from the data presented by Attewell (1977) in Chapter 6. This type of
empirical relation, whilst not providing any elucidation of the possible
mechanisms involved in settlement over tunnels, does nonetheless provide

guldelines against which theoretical models can be tested.

2.3.2) Laboratory experiments

Laboratory models have been used to study tunnel behaviour,
notably at Cambridge (Cairncross, 1973; Atkinson et al., 197) and at
Illinois (Cording et al., 1976). These have used both purely friction-
al soils (dry sand) and overconsolidated clay (kaolin). Cylindrical
cavities iﬁ these materials have been stressed to failure, using
elther a surcharge above the cavity or by generating large body forces
in a centrifuge. As has been noted by Attewell (1977) these have
shown only limited agreement with field measurements, the frictional
soils giving particularly narrow troughs. This possibly reflects the
fact that whilst movements above a real tunnel are extremely small in
relation to the dimensions of the tunnel, the model tests, of necessity,

induce relatively large movements. These possibly result in a different

¥Derived on the basis of case history data available prior to 1969.
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mode of ground failure from the reiatively small plastic deformations
observed in the full size situation. This comment should not be taken
tO'imély that there is no place for physical modelling in soft ground
tunnel research. However, if used, its emphasis should be on quali-
tative representation of movement rather than detailed quantitative

analysis of the model.

2.4) Theoretical models

As outlined in éhapter 1 there is at present no simple ﬁodeln
available t predict ground movements caused by soft ground tunnelling.
Finite element models as described by Girijavallabhan and Reese (1968)
are restricted by the recuirement that all strength parameters for the
ground must be known or assumed at all points in the ground. Also a
specific solution must be found for each case. Nonétheless, reasonably
good agreement with field observations has been found using finite
element models (Attewell et al., 1975).

2.4.1) The stochastic model

Several workers, most notably Litwiniszyn (196L) and Sweet
and Bogdanoff (1965) have developed models based on a "stochastic"
theory of ground movement. A "stochastic“ process is one obeying
statistical rather than deterministic laws, normally with time as the
dominant independent variable (Parzen, 1960). Examples range from
queuing times to brownian motion. It should be noted, however, that
the independent variable need not necessarily be time, as was stated by
Berry (196L), but may, as in the case of the settlement model, be a
"space parameter" (Bartlett, 1955).
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2.4.2) Litwiniszyn's model

The term "stochastic medium" was coined by J. Litwiniszyn
and his co-workers in a series of papers published from 1955 onwards.
In these papers an analogy was noted between the general equations of
a particular class of stochastic processes (which includes brownian
motion) and laboratory observations of settlement profiles cbtained
under certain conditions. The method was based on mathematical
assumptions about the relations between settlements at different
depths. A differential equation for the development of settlement was
derived and solved, but characteristic functions in the equation must
be found empirically. No analytical solution was obtained and the use
of probabilistic methods was not attempted. The model has many short-
comings, which are discussed at length by Berry (196L), and provides

only an empirical solution.

2.4.3) Sweet and Bogdanoff's model
| A stochastic model of ground settlements in granular materials
derived using probabilistic methods was presented by Sweet and Bogdanoff
in 196L4. Since this provides the basis for the model developed by the
author, the theory is discussed briefly below.

Sweet and Bogdanoff considered a medium of infinite extent
with a co-ordinate system orientated so that the x-axis is horizontal
and the z-axis is vertical ﬁith positive upwards and the origin at a
distance Z below the surface corresponding to the source of the
disturbance. _If the subsidence at z=0 is described by the function
R(x',0) and the subsidence at z is given by the function S(x,z) then

a stochastic medium will give a subsidence distribution function such
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that

F(x,b) = P[S(x,2z)<b) (2.2

The medium is considered to be a uniform array of spheres
or discs as shown in Figure 2.2. If a particle is removed from
location (0,0) then either particle (+1, 1) or particle (-1, 1) must
fall into the resulting veid. In other words, the void may be
considered to migrate, either upwards and left or upwards and right.

The probability of either of these events is 3. The void will migrate
in this way until it reaches the ground surface. The motion of the

void can be considered to be a one-dimensional random walk (Chandra-
sekhar , 1943; Kac, 1947) with the vertical space co-ordinate

replacing the time co-ordinate, that is, the vold is constrained to move
one unit upwards between each observation rather than moving one unit
fofward in time.

In the general.case the void will migrate upwards until it
reaches the ground surface or meets a lattice point already occupied by
a void. If this occurs the void's motion is no longer random, its path
being dictated by the positions of already existing voids. This is
illustrated in Figure 2.3. A void reaching any of the positions b to e
is forced to migrate to position a. Voids reaching positions g to h
must méve to position i, whilst those at 1 to n must move to m. This
means that any irregularity in the settlement profile, such as that at
1, will eventually be smoothed out. It also means that the trough tends
to develop into a "V" shaped profile where the slope angle of the sides,

or "angle of repose," is equal to 6 in Figure 2.2.
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Let R = Everit [ void travels from (0,0) to (x,z)] ,
Q; =1 voids have left (0,0),
and W(x,z) = P [%I] is the probability of event R
when 1 particle has left (0,0).
For the motion of the first void through the lattice the
motion is an unrestricted one-dimensicnal random walk and is described

by:

N
W(x,z) = %N (2.3
(K + N)/2

where N = number of steps = z/)\

and K = number of horizontal increments = x/w
This relation is a binomial distribution with parameter 4. The motion
of subsequent voids cannot be described perfectly by the above relation
since their paths are restricted by the final positions of all previous
voids. Although no solution to this problem was found by Sweet and
Bogdanoff it can be seen that the settlement profile will tend towards
a "y éhape, a deterministic result.

In most cases of subsidence due to sub-surface ground loss
the volume of subsidence is small in comparison with the total volume
of ground involved, maximum settlement at the surface being of the order
of 4% or less of the depth to source. We can assume that for these
small settlements the mo.ion of each void is entirely independent and
can be described by equation 2.3. The probability of n voids arriving

at (x,z) when m leave (0,0) is:

Pn[x,m] = (:) [W(x,2z)] "[ 1 - W(x,2)] m-n (2.4

which is a binomial distribution with parameter W(x,z). Thus, the
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probability distribution of the settlement is:

P [ s(x,2) =n}A] = Pn[x,m] (2.5

and the settlement distribution function is:

P [ s(x,2z) €n)A] = i P, [ xym] (2.6
i=0

The expected settlement is:

S(x,z) =E [ S(x,z)]
= = n)\Pn [ x,m])
= mAW(x,z) (2.7

This means that the shape of the settlement profile is
defined by the function W(x,h), which is a binomial distribution

(equation 2.3). Substituting z/\ for N and x/w for K in equation
2.3 we find:

[ 2/\
W(x,2) = )%/» (2.8
x/2w + z/2)\
In the case where the particle size is small relative to
the total amount of settlement, and when a large number of particles
is involved, the number of steps (z/ )\ ) becomes large and the binomial

distribution tends to a normal distribution (Kreyszig, 1970), vis:

W(xyz) » (2A/705)? exp(=(x/w )2 A/22) (2.9

S(x,2) = Am(2\ /70 2)Z exp(=(x/w )2 N/22)

(/A /2na)? ep(PA/2z0?)) (2010

where Vs = area between the settlement curve and the original

surface.
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Since w = d cos 6
2 L
=d (1L + tan” 6) 2

and A=4dsin ©

2 i
=d tan 8 (1 + tan” ©)° 2

then $(x,z) = Vs/(wﬁ?ﬁij {exp (-(x2/212))} (2.11
where i = '\/z—d/{tan 9_(1 + tanz-g.)%-} (2.12

This is a normal, Gaussian distribution with the point of
inflection at i from the centre-line and represents the settlement due
to the loss of a volume VS of ground from a point source at a height 2z
above that source. Swéet and Bogdanoff generalise equation 8.10 to
give the settlement due to a general disturbance at depth z below the

surface and having the distribution E(x',O). They find the following

relation:
S(x,z) = 1/(VZT 1) /exp {~(x - x')2/212} R(x',0) dx

(2.13

2.4.4) The stochastic model for cohesive soil

From equation 2.12 we can see that for frictional materials:
i =z K (2.14

]

"material constant" of the soil.

[N

-

where K {d/tan e (1 + tan® 9)

e

Equation 2.1l states that the width of the settlement trough
is proportional to the square root of the height of the trough above
tunnel axis multiplied by a material constant dependent on the "angle
of repose" of the material and its particle size and having dimension

by
12. Tt should be noted that this will tend to predict a relatively
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narrow settlement trough. The above parameters are not suitable
when cohesive materials are under consideration. Some workers, notably
Schmidt (1969), have introduced an empirieal term "k VA" dependent upon

the overall size of the vold, thus:

i=kVR =
giving i/A = kV2 (z/2A)% (2.15

This is generalised to the form:

i/A = K_(z/24)" (2.16
where A = half-width of opening,

Ka = "material constant" a1

n = 0.8 (empirical value)

The generalisation from 2.15 to 2.16 is made to "account for
non-linearities and departures from stochastic theory." This procedure
is unsatisfactory since the addition of a term in "A" in this way makes
the equations non-linear, that is, a summation of the disturbances
caused by many small sources at depth "h" does not give the same result
as the calculation of settlement due to an equivalent large source at
the same depth using the above equation 2.16. The fundamental stochastie
equations are linear, and any modification of the theory to accommodate
cohesive soils should take this into account.

We would expect the trough width, as expressed by i, to
depend directly on the depth of the soufce and the material properties
of the soil, but only in an additive Eense on the width of the opening.
The case histories presented in Chapters L and 5 of this thesis suggest
the very simple relation:

i=2/2 (2.17

for cohesive soils.



If this is substituted into equation 2.10 the resulting

source function
S(x,z) = ZVS/(Wf§7Fz) exp(-2x2/22) (2.18
can be used to find the settlement at any point over the void.

It is implicitly assumed in the above model that any void
created at the source will ultimately create an equivalent "unit of
settlement" at the surface, that is, that volume loss at the tunnel
equals settlement volume at the surface, and that the medium undergoes
no volumetric strain. Whilst it is difficult to justify these
assumptions from a theoretical point of view, field evidence, as

discussed in Chapter 6, does seem to support them in a general sense.

2.4.5) The prediction of settlement over a generalised opening

Equation 2.16 can be used directly for the calculation of
settlement above a tunnel if we assume that all settlement is caused by
an infinitesimally small source located at the centre of the tunnel.
This model assumes plane strain conditions in the ground, a reasonable
assumption for the final case where all settlement is complete (see
Section 2.4.6). The assumption of a point source is unrealistic,
however, and is likely to lead to error, especially where settlement is
calculated relatively close to the tunnel and the effect of the void
shape would be expected to be greatest. A more sophisticated and
realistic model may be formulated by calculating the settlement over a
tabular void of width equal to the tunnel diameter (cf. Litwiniszyn,
196k4; Schmidt, 1969). However, by using a numerical approach any shape
of opening can be modelled.

The numerical method that is adopted regards the opening as
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being made up of a very large number of point sources evenly distributed
throughout the opening and each making an equal contribution to the
total settlement. The settlement is calculated separately for each
source using equation 2.18 and the settlements are summed to give the
final settlement profile. This procedure is analogous to the use of
influence functions in the prediction of subsidence above longwall coal
workings. In this procedure the influence functions are used to deduce
the effect of an irregularly-shaped plan of extraction, in a horizontal
sense, whereas for tunqels the sources are distributed in a vertical
sense. This numerical integration was performed on an IBM 370 computer
using the program listed in Appendix E.

Using this program the source of ground loss was modelled in
three ways: as a point source, a tabular source (similar to a coal
seam), and a ¢ylindrical source (similar to a tunnel), for several
depth-to-diameter ratios. Plots of these solutions are shown in Figures
2.4 to 2.6. At large values of 2z/D (depth-to-diameter ratio) the
settlement profiles generated for each of the three models are very
similar and at these ratios it would be reasonable, therefore, to use
the simple point source/Gaussian distribution model, for which anslytical
solutions are available. For smaller z/D values (less than about 1.5),
several differences become apparent. The trough above the point source
remains similar to a Gaussian distribution but becomes narrower and
deeper. The other two models begin to diverge from this Gaussian shape.
Both produce a trough which is shallower and wider than that over the
point source. The settlement trough over a tabular void develops
towards a flat centre section with limbs which take the form of a

cumulative normal distribution centred over the edges of the source,
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although this will only occur at unrealistically small values of z/D.
Above an annular source the settlement trough tends to develop two
points of maximum settlement, approximately over the springlines of the
tunnel. This is due to the fact that at low values of z/D the width of
the settlement trough due to each point source becomes so small that
the "overlap" of the separate troughs is no longer sufficient to mask
the effect of the larger contributions that are made by the sidewalls
of the tunnel. This effect would seldom be of relevance to the calcu-
lation of surface settlements above tunnels, since they are very
unlikely to be constructed at such extremely shallow depths. It may be
of importance, however, when attempting to calculate the volume of
ground loss associated with a tunnel from the movement of deep settle-

ment rings close to the excavation.

2.4.6) The prediction of tilt, curvature, strain, and lateral

displacement

The use of the stochastic model is not restricted to the
calculation of wvertical settlement above an opening. In order to
calculate other parameters we shall first consider the tunnel to be a
point source of ground loss at a depth Z, creating a settlement trough
as defined by equation 2.18. The tilt at a point (x,z) can be
found by differentiating the settlement with respect to x:

d S(x,z)/dx
(-ix/3°)(2V / VZ73) exp(-2x"/3°)

T(x,z)

2
= (=bx/z") S(x,z) (2.19
This expression has a negative sign since for positive values

of x (1.e. to the right of the origin) the trough tilts in a negative



direction (i.e. to the left).
For small tilts the ground curvature at a point (x,z) is
approximately equal to the second differential of the settlement with

regpect to x:

C(x,2) = 3,5(x,2)/3 x°

9 T(x,2)/9d x
(-hx/zz)(-bc/zz)(ZVs/w/?_ﬁz) exP(-2x2/z2)

+ (WP) @V / VIR 2) exp(-2x/27)

(x®/22 - 1)(W2%) S(x,2) (2.20

It has earlier been stated that a necessary assumption in the
calculation of ground settlement using the stochastic theory is that the
transfer of deformation involves zero ultimate volumetric strain. The
implications of this assumption are discussed in Chapter 6. We make use
of this assumption in the calculation of horizontal ground strain. The
assumption can be stated mathematically as:

€x(x,y,z) +€y(x,y,z) "'Cz(x’Y:z) =0

If plane strain conditionsare assumed to exist, then we can

write:

C y(x,y,Z) =0
£ (x2) =€ _(x,5,2) = =€ (x,¥,2)

and singe:
3 ,(X5¥,2) = 95(x,2)/9 z
then:

E x,2) = - {(1x’/2%)(2v / VITS®) exp(-2x/3°)

- (ev/ VZR2°) exp(-2x2/zz)}



L5

= - {W%/2%) - (/)] s(x,2)
= (1 - hx2/z2) S(x,2)/z (2.2
Having found the horizontal strain we can then find the

horizontal displacement Sh(x,z) since:
x
Sh(x,z) = ﬁh(x,z) dx
-af
=/ {(sz'vl’s/ V2r zh) exp(‘-2x2/'zg)
-6

- (2Vs/‘\/ﬁzz) exp(-2x2/z2)} ox

(87 VETi ") fo fx exp(-2x"/2%)] o

- (2vs/vﬁz2)fexp(-zx"’/z2) 3x

(8Vs/ 2n zh) {(-xz2/h) exp(-2x2/22) + constant

- /'(zz/ll) exp(-2x2/22) d x

-0

X
- (2vs/mz2)/exp(-2x2/z2) dx

(2Vs/ Var 22) exp(-2x2/zz) + constant
o+ (2vs/\/ﬁ 22) fexp(-2x2/22) d x

- (2vs/«/ﬁz2) /:axp(-Zxa/zz) 3 x

(x/z) S(x,z) (2.22

The constant in the equations is equal to zero, since we know
from the symmetry of the model that
Sh(O,z) =0
The above equations (8.17 to 8.20) can be thought of as
source functions in the same sense as Equation 8.16. They predict tilt,
curvature, strain and horizontal displacement over an infinitesimally
small source of ground loss. The whole tunnel can be modelled in this

way only at reasonable distances (greater than about 1.5D, see Figures



L6

2.4, to 2.6). At smaller distances a numerical approach must be used.
For tilt and horizontal displacement (probably the two most important
factors) it is possible to calculate numerically in the same way as

for settlement, by summing the tl1lts or displacements caused by many
point sources. This is not possible in the cases of curvature or strain.
These must be calculated from previously calculated settlement and
displacement curves. The curvature can be calculated in a straight-
forward manner from the settlement curve. The lateral displacement can
be calculated graphically or numericelly from the lateral displacement
curve. It should he noted that "real" lateral strain is calculated from
the measured lateral displacement curve in precisely the same way.

In most real tunnelling situations it is reasonable to model
the tunnel as a point. source. This has the advantage that the source
functions (equations 8.17 to 8.20) can be used directly to express the
various parameters of ground movement around and above a tunnel, dis-
pensing with the need to use a computer. The numerical methods are
really only required for the calculation of ground movements close to
the tunnel or over very shallow tunnels (Z/D less than about 1.5).
Normalised plots of settlement, curvature, strain, tilt and displacement
generated from the source functions (equations 2.16 to 2.20) are shown
in Figures 2.7 and 2.8. The main characteristics of these curves are
as follows:

Settlement

S max = at x =0 (2.23

(&)
"
o .
o)
ct
»
]
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Lateral strain
E max (compressive) = S gax at x = 0 (2.2}
E max (tensile) = .0.45 S gax at x =3 1 (2.25
E=0at x=1 and x =00
Lateral displacm;ent
Sh max = 0.303 Smax at x =i (2.26
Sh =0at x =0 and x =00
Curvature
L
C max = _EE- Smax at x = 0 (2.27
Tilt
T max = -1é212 Smax at x = i (2.28

2.5) Structural damage due to settlement

It is clear from the foregoing two chapters that it is
possible, at least approximately, to predict the size and shape of the
distribution of settlement,-displacement and lateral strain above a

tunnel in clay. The value of this prediction depends on our ability to



L8

estimate the amount of structural damage likely to accrue from these
deformations and hence assign tolerable limits to the various
parameters. Several authors have considered this problem, in
particular Skempton and McDonald (1956), Polshim and Tokar (1957)

and Burland and Wroth (1975). Attewell (1977) has reviewed the
problem of settlement damage with particular reference to tunnelling.
The amount of damage suffered by a structure will depend upon many
factors, in particular the nature of the structure, its coupling with
the ground and its age. The structure's function will also influence
the seriousness with which any damage is regarded. Even quite a low
degree of purely "cosmetic" damage to domestic housing may be regarded
as quite unacceptable by its occupiers, and will also be intolerable

in hospitals, public buildings and so on. On the other hand,
"architectural" damage to industrial premises may be regarded much less
seriously, and remedial treatment in these cases may well be relatively
inexpensive. Functional disruption or structural damage must always be
taken seriously and avoided at all costs. Details of construction will
influence the rigidity and strength of a builqing to such an extent
that it is impractical to lay down any strict rules concerning allowable
deformations. Also a structure's age and history may have considerable
effect upon the threshold of permissible distortion. Nonetheless,
maximum tolerable values of the various parameters such as tilt, strain
and displacement have been proposed for particular types of structure.
Ground deformations may also damage services such as sewers, gas mains
" and so on, as well as railways. Again, damage will depend upon the
construction of the services as well as the nature and magnitude of the

movements.
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2.5.1) Damage due primarily to vertical movements

Uniform vertical settlement of a structure is seldom, if
ever a cause of damage. Differential settlement, on the other hand,
may cause damage in a number of different ways.

a. Damage due to tilt

The simplest form of differential settlement is the uniform
tilt of a structure (see Figure 2.9). If the structure is sufficiently
rigid, this is unlikely to cause damage, although in practice a struc-
ture is unlikely to be sufficiently rigid to resist distortion altogether.
It may, however, set up bending strains or shear strains in particularly
flexible buildings. The structures most likely to be affected are tall
narrow structures such as chimneys or high unsupported walls (when
tilted in their own plane). The amount of allowable tilt will depend on
the strength and the geometry of the structure and must be calculated
for each case individually.

b. Damage due to angular distortion

Where the degree of differential settlement is non-uniform,
that is, where the tilt varies across the structure, the building will
be subject to more complex stresses and strains.

Angular distortion, w, as defined by Skempton and MacDonald
(1956) is a measure of the shear strain to which a structure is
subjected. Its value will vary over the settlement trough (§gg Figure
2.10). Various authors (Skempton and MacDonald, 1956; Polshin and
Tolkar, 1957) have used its maximum value as a damage criterion.
Attewell (1977) suggests limiting values of w of 0.004 for open-frame
structures, 0.002 for steel and concrete infill frame structures apd

0.00]1 for load bearing walls or continuous brick cladding. Any degree
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of simple tilt. should be subtracted from the overall value of w

before its damage potential is assessed (see Figure 2.10).

2.5.2) Damage due to ground curvature

The curvature of the ground may also be a damaging factor
since both hogging and sagging may generate tensile strains to which
many Structures are particularly sensitive. Attewell (1977) suggests
the use of the deflection ratio (A/1 ) to define this curvature
(see Figure 2.11) and suggests critical thresholds corresponding to
0.075% tensile strain of 0.0003 to 0.001. Since the value of the
deflection ratio depends on the length over which it is measured, it may
be better to measure curvature directly, where this is possible.
Ground curvature has_been used as a damage criterion by the National
Coal Board for many years (N.C.B., 1975). Ullrich (197L) suggests a
minimum permissible curvature of between 20 km and 2 km, depending on
the sensitivity of the structures concerned and the degree of damage

which is tolerable.

2.5.3) Damage due to lateral movements

Lateral movements themselves are unlikely to be a direct
cause of damage to structures, although they may affect the alignment
of railway lines and services. Most bulldings, however, are quite
sensitive to horizontal strains. Burland and Wroth (1975) relate
tensile strain to visible cracking in a structure. Although this may
not represent "failure" of the structure as such, a threshold value of
acceptable tensile strain of 0.05% to 0.1% is suggested. Compressive

strain is less likely to cause damage, although in severe cases
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distortion of door and window frames may occur.

2.5.14) Damage due to settlement over tunnels

The distribution of settlement, tilt, strain and curvature
over a typical tunnel settlement trough is shown in Figures 2.7 and
2.8. It can be seen that at any point on the profile a combination
of these parameters will affect its "damage potential." The relative
proportions of tilt and angular distortion (w) will depend upon the
rigidity, geometry and location of the structure relative to the
profile. These distortions will combine with hogging or sagging
stresses. The distribution of lateral strain across the profile means
that the hoggling strains experienced by a structure outside the point
of inflection of the 1limb of the trough will be aggravated by the
tensile strain in the ground, whereas at the centre of the trough, the
compressive strains will tend to reduce or nullify any tension generated
by sagging. Compressive strains above the neutral axis will tend to be
increased;

From the above it seems clear that for buildings sensitive to
tilt or angular distortion (shear strain), the most critical part of
the profile is around the point of inflection, and the most important
parameter is the maximum tilt ( T max ). On the other hand, for
buildings sensitive to tensile strain, maximum damage is likely to
occur outside the point of inflection, where maximum convex curvature
(hogging) and maximum tensile strain coincide. This point occurs at a

distance of+/3 i from the centre line (see Section 2.4.6).
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Fiqure 2.2
The Stochastic Medium

Figure 23
The Smoothing Effect
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Figure 29
Uniform tilt

Figure 210

Angular distortion
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Figure 211
Hogging and sagging
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Chagter 3

SEEPAGE PHENOMENA AROUND TUNNELS

3.1) Introduction

Tunnel stability, and subséquent settlement, may be affected
by the drainage of water into the excavation when the tunnel is
constructed below the water table. fwo distinct phenomena can be
identified. The first is the reduction of the stability of the face
and the annulus around thefshield, due both to seepage forces and a
reduction of the frictional resistance of the soil. Not only may this
cause an increase in the volume loss into the tunnel, and hence an
increase in settlement, but it may also prove to be a source of danger
to the miners. The second effect is due to the lowering of the water
table, which may be expected to accompany drainage into the tunnel.
This will cause an increase in the effective stress acting on the soil
particles and may in consequence result in a certain degree of consoli-
dation in normally consolidated soils. Once again, this will be
reflected as settlement at the ground surface, although it will not
necessarily take the form of a normal probability curve in this case.
In the past, little research has been carried out on this subject,
notable exceptions being the work of Sizer (1976) and Glossop and
Farmer (1978). As noted by O'Rourke (1978) there is now a pressing
need for a serious examination of the effects of pore water on settle-
ments associated with tunnels, and in particular for the collection
and publication of field measurements.

Of the case histories reported in this thesis only one, that
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at Willington Quay, was carried out in reasonably permeable ground
below the water table, where consolidation settlements and face
instability may have been expected to occur, and the effects of this

are reported in Chapters 5 and 6. At the end of this chapter the
Willington Quay case history has been used as an example in the calcula-

tion of flow nets and seepage effects.

3.2) Seepage into the excavation area

In a permeable material below the water table it is
inevitable that there will be some seepage into the unlined section of
the tunnel, through both the face and the tunnel walls. A necessary
consequence of this seepage will be the generation of seepage forces
within the soil in the direction of flow, that is towards the excavation.
It is to be expected these seefage forces will decrease with increasing
permeability (Section 3.2.1). However, it is generally the case that in
uncemented soils the unconfined compressive strength tends to decrease
with increasing permeability, sands and silts showing less cohesion than
clay soils, with a consequent increase in the simple overload factor
(see Section 1.15). In these situations ground treatment or compressed
alr is often used, and this will have a twofold effect, both in reducing
the OFS and in reducing the seepage forces. This second effect is
seldom considered In tunnel stability calculations, but will be discussed
in Section 3.2.4. It is first necessary to estimate the unrestricted
seepage forces that may be expected to act on the soil around a tunnel,
and in order to do this the seepage gradients must be calculated from a

flow-net.
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3.2.1) The construction of flow nets around tunnels

As described by Cedergren (1967), flow nets may be
constructed "by eye," by the use of resistance paper, or by a
resistance network (the electrical analogue), by physical modelling,
or by using numerical methods, prineipally either finite elements or
finite differences. The construction of flow nets by eye, whilst
potentially a reasonably accurate procedure in simple cases, requires
considerable practice and is less useful in complex situations. It is
also inapplicable to the three-dimensional case. For more complicated
boundary conditions electrical analogues are more suitable. These may
be constructed using shallow baths of brine (Lane, Campbell and Price,
1934), resistive inks (Butterfield and Howey, 1973) or resistance
paper (Wyckoff and Reed, 1935). They all require that a physical model
be constructed, and are once again limited to the two~dimension case.
Three dimensional models.using complex resistance networks are feasible,
but are difficult to construct and are limited to the specific case for
which they were designed.

This shortcoming also applies to physical modelling. Models
consisting of sand-filled tanks instrumented with small piezometers
have been constructed, for example by Wrigley (1975), but these models
create problems due to possible permeability anisotropy in the sand.
Whilst perhaps suitable for detailed testing of specific cases, they are
less useful as tools for more general research.

Several numerical methods for the analysis of ground water flow
have been proposed, for example by Abbot, Ashamalla and Rodenhuis (1972),
Jeppson (1972), Zienkiewicz, Mayer and Cheung (1966) and Tomlin (1966).

Of these, the most adaptable are finite element methods and finite
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difference methods.

3.2.2) The finite difference model

For the construction of the flow net around a tunnel
excavation it was decided to use the finite difference method. For
the case of seepage into a cylindrical void of infinite length, a2 two
dimensional model in a plan perpendicular to the axis of the cylinder
is quite adequate (ggg AppendixF ). This could be carried out using
any of the above methods. However, in order to resolve the flow net
around the end of a tunnel excavation, that is in the zone around the
shield, it is necessary to use a three dimensional model. Due to its
simplicity and ease of application, a finite difference model was
considered to be the most suitable method.

The finite difference method is described briefly by Smith
(1974) for the two-dimensional case. A simple computer program to
carry out the analysis was written by the author and is presented in
Appendix F. In order to reduce computing time, which can be quite
large for iterative procedures such as the finlte difference method,
particularly when used in a three-dimensional case, the model was
simplified as far as possible. Although it is possible to use a
triangular mesh, to facilitate the insertion_of complex boundary shapes
into the model, as described by Tomlin (1966), it was considered prefer-
able in the interests of simplicity to use a rectangular network of
nodes. Although this severely limits the possible boundaries, restrict-
ing them to vertical or horizontal planes in the simple case, it is
considered to be acceptable, since in the great majority of cases we

will be concerned with horizontal tunnels driven through horizontally
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layered materials below more or less level surfaces. It does mean,
however, that the tunnel must be represented as having either a square
or a cruciform cross section (Figure 3.1), unless the meSh size is

very small in comparison with the tunnel diameter. As discussed in
Section 3.2.3sthe resulting inaccuracies in the flow net do not appear
to be too great, whilst the resultant saving in computer time is
considerable. It is hoped to refine the model by using a variable mesh
size, with smaller spacings around the tunnel, at a later date.

The program is capable of calculating for a number of
horizontal layers of varying permeability, the maximum possible number
depending on the mesh size, and for layers of anisotropic permeability.
A limitation on this facility is that the principal permeability axes,
that is the directions of maximum and minimum permeability, must be
vertical and horizontal, the horizontal permeability heing the same in
all directions. The program can be used with various unlined-length-to-
diameter ratios, and assumes that once lined and grouted, the tunnel
becomes impermeable. As will be shown in Section 3.3, this is not
necessarily the case, and it is possible, as an alternative, to calculate
for a completely unlined tunnel.

A more serious limitation of the simple finitg difference
method is that the upper boundary must represent either an impermeable
boundary or an equipotential surface rather than a phreative surface.

In all the examples the latter has been assumed. Strictly speaking this
means that continuous recharge must occur at the upper surface of the
flow net to maintain steady state conditions, or the flow net can only
be regarded as transient. This means that drawdown of the phreatic

surface is not predicted, and that the equipotential surfaces generated
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approximate to those which:would occur if recharge of the soil water
was sufficiently rapid to prevent any appreciable lowering of the

water table, or if the soil permeability is sufficiently low to result
in extremely slow drawdown, which as shown in Section 3.3.1 may well

be the case. This represents a "worst case" solution, in that the pore
water pressure gradients generated for this situation would be expected
to be greater than would be the case if drawdown had occurred.

As can be inferred from the above, the resulting flow nets
can only be regarded as at best an approximate guide to water flow into
a tunnel. They do provide, however, a means of calculating, at least
in an approximate sense, the contribution of pore water to the potential

instébility of a tunnel excavation.

3.2.3) The flow net around a tunnel excavation

Typical flow nets generated by the above programme are shown
in Figures 3.2 and 3.3. These figures show vertical sections, or planes,
through the centre-line of the tunnel (Figure 3.2) and through the tunnel
face (Figure 3.3). The equipotential lines were drawn by the NUMAC
computer, using a contouring program provided by F.J. Rens of Durham
University. The flow lines were drawn in by hand. It should be noted
that the flow lines shown in Figure 3.3 only indicate the approximate
direction of water flow, since the actual flow lines would not be
contained within the plane of the paper. For example, the flow lines
in the face itself will pass almost perpendicular to the plane of the
paper, as shown in Figure 3.2. The condition modelled in Figures 3.2
and 3.3 is the simplest case, that of a tunnel being excavated in a single

layer of homogenous, isotropic material. A 2 m external diameter shield,
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with the face 3 m ahead of the point of grout injection is modelled.
The axis level is assumed to be 10 m below the water table. After
grouting the tunnel lining is assumed to be totally impermeable. These
parameters are of course freely variable within the program. The flow
nets show the way in which water flows inward towards the face and
towards the void around the shield. Xt can be seen that below the
tunnel water will flow upwards towards the void. The pore pressure
gradient increases close to the tunnel, in this case reaching a maximum
of about 2. In the following section it will be shown how this flow
net can be used to estimate the contribution of pore water seepage to
the instability of the face.

3.2.4) Tunnel face stability

As discussed in Chapter 1, whilst the actual mechanism of
failure at a tunnel face is unclear, it is possible empirically to set
up a relation between the limiting depth of a tunnel and the unconfined
compressive strength of a soil, and this equation can be modified to
take into account the support offered to the face by compressed air.
Clearly, seepage towards the tunnel face will create seepage forces
within the soil which will tend to render the face less stable. In
order to calculate the magnitude of these seepage forces it is necessary
to estimate the volume of soill on which they act, that is, to estimate
the size and shape of the zone of soil which could be said to have
failed. Figure 3.4 shows the fallure mechanism suggested by Broms and
Bennermark (1967). In this case the volume of the failing soil is
approximately 7T2r3/2. The hydraulic gradient within this zone estimated

from Figure 3.2 is roughly 3, acting at an angle of about 15° below the
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horizontal. The seepage force acting towards the tunnel face is:

Fs B EW isve
2,3
- TR
= fw-igcosot, —x—— (3.1
where Fs = seepage force,
Jw = unit weight of water,
1 = seepage gradient (m of water/m)
Ve = volume of soll element,
R = tunnel radius,
and ol = angle of seepage force with the horizontal.

This is equivalent to an additional inwards pressure of:

F
- s . - TR
PS = 1 Jw' i cos - S ) (3.2
= W.R I/’
where PS = seepage pressure at face,
and A = area of the face.

For a 2 m diameter tunnel this gives an additional "de-stabilising"

stress of L5 kN/m2. The OFS (Section 1.13) can now be written as:

- yErP =P
Cu

OFS (3.3

If no compressed air is used, the effect would be to reduce the OFS for
a 2 m diameter tunnel at a deﬁth of 10 m by approximately 15%. This
reduction is not very great, considering the approximate nature of the
OFS itself but, should possibly be taken into account in critical
situations. It should be noted, however, that this calculation only
applies to the geometry of Figure 3.2. The seepage force is directly

related to the radius of the tunnel and we would therefore expect the
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effect of seepage to be greater on a larger tunnel. This would appear
to be the case, for example, at Willington Quay (§gg Section 3.4).

If compressed air is used to balance the head of water, the seepage
gradients, and hence the seepage forces, will be reduced more or less
to zero. In this way the use of compressed alr has the twofold effect
of providing a supporting pressure at the face and eliminating seepage
forces towards the tunnel. If the air pressure is sufficiently high to
drive moisture out of the soil close to the excavation, it will also
have the effect of increasing the strength of the soil, but in a

dominantly non-cohesive soil & dried zone could begin to run.

3.3) Consolidation

Even in good ground, where the pore-pressure gradients are
too low to create any problem of instability at the face, drainage of
the s0il around the tunnel may result in a certain degree of consolida-
tion. Although it is possible for some consolidation to occur éue to
drainage into the excavation itself we would normally expect consolida-
tion to be a relatively long-term process, and must therefore consider
drainage into or around the lined tunnel. Very often, and as noted
earlier, tunnels below the water table will be constructed with the
assistance of compressed air. The air pressure is normally calculated
to just balance the water pressure experienced at axis level, and
would be expected largely to eliminate significant drainage into the
excavation area itself during construction. However, on completion of
the tunnel drive it is usual to release the pressurisation prior to the
installation of the secondary lining. At this stage drainage into the

tunnel, accompanied by consolidation, may begin to take place. It will
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be shown in Section 3.3.1 that consolidation may be caused by quite a
slight degree of leakage through the lining. Although large amounts of
consolidation would be expected to be associated with normally consoli-
dated clays and silts, it has been suggested that a small amount of
settlement may occur even in quite highly overconsolidated clays.such
as London Clay, where over the long term settlements have more or less
doubled (O'Reilly, 1977, personal communication). This may account for

long term settlements over tunnels in the London Clay.

3.3.1) The lined tunnel as a drain

It is possible that the tunnel may act as a drain in two
distinct ways. The first and most obvious way is by leakage through the
primary lining into the tunnel itself. In the case of segmental linings,
whether steel or concrete, this leakage will occur through the joints
between the segments. Although the annulus around the lining would
normally be grouted, it should not be expected that this will form an
impermeable membrane around the tunnel. Caulking of the segment joints
will reduce the amount of leakage somewhat, but as is shown in Section
3.3.1, even a small amount of leakage may result in considerable consoli-
dation.

Drainage into the tunnel would be expected to cease if and
when a permanent lining, for example cast-in-situ concrete, is
installed. However, it is possible that the tunnel may continue to
drain the surrounding ground by tranamitting water laterally, either
through the grout annulus or through the zone of disturbed soil in the
immediate vicinity of the tunnel. Both of these zones may Weli have a

considerably higher permeability than the undisturbed soil, and may
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therefore provide continuity with areas of lower piezometric head.
The tunnel may, for example, pass through well-drained sands or
gravels and may allow drainage into these. Whilst this may only cause
the drainage of a volume of soil quite close to the tunnel itself,
consolidation of this zone will be reflected as additional settlement at
the surface. This type of consolidation may occur over a very long
period of time and as mentioned previously may even cause a small amount
of settlement in overconsolidated clays.

Figure 3.6 indicates a typical flow net around a lined tunnel.
It was drawn, using the program described in Appendix F, for an
infinitely long tunnel and is therefore unaffected by the tunnel face.
This flow net, since it represents the drop in piezometric head at any
point in the ground, can also he considered as showing the distribution
of the increase in effectlive stress acting on the soil at any point due
to drainage into the tunnel. The actual dfop in head, or increase in
effective stress, will depend upon the permeability of the lining
relative to that of the surrounding soil. For a tunnel in which the
primary lining offers no barrier to the ingress of water,the rate of

inflow (q) per metre of tunnel can be calculated using the following

relation:
Ne
d
where k = s0il permeability,
H = total head of water (see Figure 3.5),
Nf = number of flow paths,
and Nd = number of equipotential drops.

Nf/Nd is known as the shape factor and is dependent on the
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geometry of the particular tunnel in question. For the example shown
in Figure 3-6 the rate of inflow will vary between about 200 1itres/
day/m for a silt with permeability of 10-7 m/sec to 2 litres/day/m of
tunnel for a clay with permeability of 1077 m/sec,at a depth of 10 m.

Whilst the above conditions may occasionally prevail (EES:
for example, Glossop and Farmer, 1978, and O'Rourke, 1978), more
normally we would expect the original water table to occur at some
intermediate height in the porous medium and therefore to be subject to
potential drawdown. If appreciable lowering of the water table does
occur, this might be expected to reduce the degree of consolidation at
depth due to the consequent reduction in effective stress whilst at
the same time increasing consolidatioh in the drained zone itself. The
principle of consolidation due to drewdown is explained more fully by
Terzaghi and Peck (1967).

An estimate of the amount of drawdown to be expected may he
obtained by considering drainage into an infinitely long trench
(Figure 3.5). This procedire is in many ways analogous to the calcula-
tion of drawdown due to pumping out a well. Darcy's law states that the

rate of flow (Q) through a porous medium can be expressed as:

Q = iA (3.5
where is = seepage gradient,
and A = c¢cross sectional area of flow element.

If we assume that the drawdown surface takes the form of a
Dupuit curve, that is, that flow is parallel to the phreatic surface,

then from Equation 3.5 we find that:
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Q =2k ish
- dh
= 2k o h (3.6

using the notation of Figure 3.5. Integrating equation 3.6 we

obtain:
Yo hy
Q f. dy = 2k Jr h dh
71 hy
P4 2
k(hy - h")

Q = —y;-_—T (3.7

For the boundary conditions h1 =Hat y=0and h2 = Ho

at y = W (where W is the half width of the "drawdown trough"),

2 L% (3.8

For a tunnel it is necessary to assume that the drawdown

(Ho - H) is less than the depth to invert (Z +D/2 or Zi). This means

that the maximum possible rate of flow per metre of tunnel is

2
k(2H°Zi +2.7)

- i
Q max 7

(3.9

This assumes that the phreatié surface 1s drawn down as far as the
invert of the tunnel.

Equations 3.6 to 3.9 assume that the tunnel acts in the same
way as a trench extending to the bottom of the permeable layer. In
reality, inflow into the tunnel may be 1imited by the size of the tunnel
itself. It is possible to estimate the rate of inflow into the tunnel
using a flow net in conjunction with equation 3.1. Figures 3.6 to
3.8 show floWw nets for tunnels with more extreme values of depth to

diameter ratio (Z/D) of 1.5 and 9.5 respectively in a semi infinite
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porous medium. They can be used to calculate the rate of flow into

the tunnel on the assumption that the fall in the phreatic surface is
relatively small. The shape factor (Ng/Nd) for the different geometries
varies between 2.7'and 1.5. Using a value of 2.2 in equation 3:L we can
calculate that the rate of inflow will range from 2.2 x 1077 Zi m/sec/m
advance for a typical silt to 2.2 x 10-9 Z3 m/sec/m for a typical cliay.
This is equivalent to 30 litres/day/m2 to 0.3 1itres/day/m2 respectively
for a 2 m diameter tunnel at a depth of 10 m. The flow nets also
indicate that the flow lines extend below the tunnel to a maximum depth
of approximately 3.5 Zi and outwards at the surface to a distance of
about 6 Zi. In fact a small amount of flow will occur beyond these
1limits,but & over 90% of the flow occurs within the outer flow line it
is reasonable to use the above values as approximate indicators of the
trough half-width (W) and the depth of influence (Ho). Substituting
these values into Equation 3.9 we find the maximum possible rate of
inflow into the tunnel:

q max = 1.33 kZ; (3.10

This is equivalent to an inflow of 1.33 x 10”7 Z, n/sec/m
for silt to 1.33 x 10~7 Z, for the typical clay. Since this is only
slightly less than the maximum rate of inflow calcu;ated from equation
3.1, it would appear that unrestricted drainage into a tunnel is likely
to cause significant drawdéwn, possibly down to tumnel invert level. It
is impossible from the above calculations to estimate the actual amount
of drawdown to be expected, since any change in the position of the
phreatic surface will result in a change in the shape of the flownet and
a consequent change in the rate of inflow into the tunnel. Nonetheless,

the magnitude of the rate of inflow calculated from equation 3.10 would
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indicate that the ultimate drawdown is likely to be quite large relative
to the tunnel depth.

In order for this drawdown to be effective in producing
consolidation it mst occur quite quickly, to provide time for the
consolidation process to occur before the permanent lining is constructed
and the original pore-water regime beoomes re-established. It is there-
fore necessary to calculate the rate of drawdown to be expected in
materials of various permeabilities. The overall velocity of flow
(V4) through a porous medium can be expressed as follows:

Vg =ki (3.11

s

If is is equated to the pressure gradient at the surface, then
the rate of drawdown can be established. It can be seen from the flow
nets (Figures 3.6 to 3.8) that the pore pressure gradient over the
centre-line at the surface 1s approximate unity. This means that the
maximum rate of drawdown is approximately equal to the permeability of
the soil. For consolidating soils (silts and clays) this rate will vary
between 107 and 10™> metres per day. In other words, a drawdown of
10 m would take between 100 days and 27 years. This suggests that
appreciable drawdown will only occur in fairly coarse silts where the
primary lining offers no restriction to drainage.

Figures supplied to the author by Dr. O'Rourke (Table 3.1)
suggest that normal caulking methods can reduce the water inflow through
a segmental lining to an average of about 0.2 to 0.l litres/day/mz.

This implies that for a 2 m diameter tunnel at an axis depth of 10 m
in clay, caulking will be unable to prevent drawdown. On the other
hand, in a silt of permeability 10"7 m/sec the drawdown associated with

this inflow rate can be calculated from Equation 3.8:
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N

H = (Hy - 19) (3.12

o

.2 leox 2.2 x 1077
= 35 - _7
10

32.1m

This gives a fall in the phreatic surface of 1.9 m, implying
that consolidation in a silt of permeability 107 m /sec can be largely
eliminated by suitable caulking of the lining.

The above calculations would seem to suggest that in most
cases consolidation due to drawdown of the phreatic surface above a
tunnel is unlikely to occur, and that the flow nets shown in Figures
3.6 to 3.8 are adequate. In this case, consolidation will depend
solely on the increase in effective stress represented by the equi-
potential surfaces on the flow nets, and will be greatest close to the
tunnel where the potential drop, and hence the increase in effective

stress, will be greatest.

3.3.2) Settlement due to consolidation

It is clear from the previous discussion that consolidation of
the soil may be facilitated by quite a small degree of leakage through
the primary lining in ground of low permeability. It is also clear
that equipotential surfaces of the flow net can be regarded as equiva-
ient to surfaces of equal effective stress increase. Strictly speaking,
seepage forces will have the effect of reducing the effective stress
increase below the tunnel, where the flow is directed upwards, and of
increasing it above the tunnel where the flow, and hence the seepage
force, is acting downwards. The degree of consolidation at any point

in the ground will be dependent upon the compression index of the soil
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at that point and the increase in effective stress, equal to the fall

in pore pressure, in the following way:

A cc pO * Ap
V = ————— log,, —— (313
1+e 10 P,

where [;V = percentage volume change,

Cc = compression index of soil,

e, = original void ratio of soil,

P, = original effective stress on soil particles,
and Z&p = change in effective stress.

An example of the use of this equation is given in Section 3.l.

In this case the greatest degree of consolidation would be expected to
occur close to the tunnel where the increase in effective stress is
greatest. Conversely, to the sides of the tunnel where the equipotential
lines approach the vertical, consolidation will have a tendency to
increase upwards to some extent, since in these zones P, is.decreasing
more rapidly than Ap. The overall result of this would be to produce
a "settlement trough" at the ground surface. If the zone of consolida-
tion 1s restricted to the area close to the tunnel itself, then the
consolidation settlement profile would be expected to be quite similar
in shape fo the normal probahility curve produced by conventional
volume-loss settlement. In the more general case, where the consoli-
dating zone may stretch some distance away from the tunnel, a wider
trough would be expected to develop. Since this trough will be super-
imposed upon a normal settlement trough, the resulting shape may be
quite complex. Observations on a shallow tunnel in Belfast Sleech

(Glossop and Farmer, 1978) have shown an increase in trough width from
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15 m to 60 m due to consolidation. A smaller increase was observed
at Willington Quay (see Chapter 5).

Except in the case where a tunnel receives no permanent
impermeable lining, appreciable drawdown of the phreatic surface would
only be expected to occur in fairly granular materials, with permea-
bility greater than about 10-7 m/sec. This would represent a fine sand
or coarse silt. Drawdown in these materials would not be expected to
result in appreciable consolidation, and in any case would be restricted

by the limited permeability of the primary lining itself.

3.4) Willington Quay

As an example of how the above calculations may be used, and of
their limitations in practice, examples have been worked using the
Willington Quay case history. Unfortunately data on pore pressures at
this site are sparse and it is consequently impossible to rigorously

test the conclusions drawn from the calculations.

3.4.1) Face stability

Figure 3.9 shows the flow net around the shield at Willington
Quay, assuming that there is no drawdown of the phreatic surface. As
discussed in Section 3.2.3 this probably represents the "worst case" in
terms of seepage forces. The soil is modelled in three layers as shown
on the diagram, to represent the fill, silt and clay, the ratio of
their permeabilities being 1000:10:1. The permeability of the boulder
clay is assumed to be 10_9 n/sec, that of the organic silt 10-8 n/sec
and that of the fill 10-6 m/sec. The water table is £aken as 10.75 m

above axis level, with boulder clay 1 m below invert. The pressure
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gradient in the "failure zone" ahead of the face is approximately 2
acting at 22° to the horizontal. Using equation 3.1 we calculate the
additional force on the "failure zone" due to seepage to be 861 kN.
This is equivalent to a "face pressure" of 61 kN/m2 and will increase
the OFS (without air pressure) from 9.5 to 12.L, a change of 30%. The
OFS when air pressure is used is 5.2 (ESE Chapter ;). Tn this case the
high OFS meant that compressed air was necessary even without taking
seepage forces into account. It would seem that for this geometry, the
seepage forces should be taken into account for OFS values without

compressed air of above about li.5.

3.4.2) Consolidation

The flow net around the lined tunnel at Willington Quay is
shown in Figure 3.10. The shape factor measured from this diagram is
1.8. This value is quite low due to the presence of a layer of relative-
ly impermeable clay just below invert level. Assuming a permeability of
10'8 m/sec fof the silt we find from equation 3.4 that the potential drop
at the tunnel will equal 3.4 m of water, for a leakage rate of 0.}
litres/day/mz. The compression of the layer of silt directly above the
tunnel can then be calculated from equation 3.13. Assuming a

compression index (Cc) of 0.3 and a void ratio (e) of 1 we find:

C, P +Ap
S = Hm-o- loglo —-p—o-—- (3.14

(Tg = Lgw) + 1.720w
=8xgé—3-xloglo{ T8 - L¥w ! }m
& 1.2 log,, (1.172) m

2% 83 mm.
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The observed consolidation was about 60 mm.(ggg Chapter 6).
This is a reasonably good agreement taking into account the assumptions
made in the calculation, and suggests that it is possible to roughly
estimate the amount of consolidation to be expected above a tunnel from

an estimate of the ground properties and the amount of leakage through

the 1lining.
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Avernge water

Water inflow
Diameter Head coefficjent
Tunnel m m litres/m“/day Notes
Tyne 10.2 38 0.4 Lead caulking
Dartford I 9.3 33 0.18-0.26 " "
Clyde 9.6 28 0.2 -0.25 " n
Toronto
a. Running
tunnels 5.2 15 0.2 PCL caulking
b. Stations 7.8 15 0.008 " "

(Data provided by Dr. T.D. O'Rourke,

University of Illinois)

Table é;l

Leakage measured at various tunnels with

cegmental iron linings
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unlined

lined

Flow net

Figure 3.2
in the plane of the
(H/D = 5)

tunnel centre- line
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Figure 33

Flow net in the plane of the tunnel face

(H/D = 5)
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Figure 3.4

Failure zone

Failure of tunnel face

(modified from Broms & Bennermark K 1967)

Figure 3.5

Drainage into an infinite trench
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Flow net around a typical
tunnel (H/D = 5)
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Figure 3.7

Flow net around a shallow
tunnel (H/D =1.5)

tunnel
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Chapter L
FIELD INVESTIGATIONS

L4.1) Introduction

In an attempt to clarify some of the problems described in
the previous three chapters, detailed programs of field observations
were carried out at three sites on Tyneside. These investigations
formed a continuation and extension of those carried out at Green Park
on the construction of one of the Jubilee Line running tunnels and
described by Attewell and Farmer (19723 1974). |

The principal instrumentation at each site was similar and
is described in detail in Appendix C. Broadly speaking, the instru-
mentation consisted of inclinometer tubes and magnetic settlement rings
installed in boreholes set out in arrays at right angles to the tunnel
centre-line, along with surface surveying monuments. The primary
object of the instrumentation was to obtain a detailed view of the
ground movements, around a tunnel, in three dimensions.

The results obtained from the Hebburn Site (Section 4.2)
were described by Attewell et al.(1975), whilst certain aspects of the
observations at Willington Quay, particularly the effects of the
settlement on surface structures, were discussed by Attewell (19770).

The three tunnels reported in this thesis were all driven in
soft cohesive ground. A prior study undertaken by Durham University
Engineering Geology Laboratories concerned a L4.15 m diameter shield
driven tunnel at an axis depth of 30 m in the London Clay. The results

from this study are discussed in Chapters 5 and 6. Of the three
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tunnels described in this Chapter, one is a shield-driven tunnel in
laminated clay, one is a shield-driven tunnel bored with the aid of
compressed air in soft alluvial silt, and one was driven without a
shield in normally-consolidated stony clay. These represent a wide
variety of soft ground tunnelling conditions in materials of various
properties and in tunnels of differing depths and diameters.

The locations of the sites of the three investigations are
shown in Figure 1.1. All form part of the Tyneside Sewerage Scheme
described in Appendix B.

L.2) Hebburn

The location of the Hebburn site is shown in Figure 1.1 and
a plan of the site is given in Figure L4.1. The boreholes and surveying
monuments were set out on a fairly even grassy area off Wagonway Rd.,
Hebburn, near the River Tyne. The instrumentation was located along a

30 m 1length of the Tyne South Bank Interceptor Sewer, about 20 m east

of shaft D 1.

L.2.1) Site geology
The ground through which this section of the tunnel passes

consists of stiff stony clay underlain by laminated clay. The log
from borehole D18 is shown in Figure L4.2. Over the instrumented
section of the tunnel the face was in laminated clay throughout. The
boundary between it and the stony clay is shown at 6.7 m (22 ft) in
borehole D18 and the instrumentation béreholes indicated that the
contact lay just above the soffit throughout the instrumented length.

The contact is irregular, as was seen as the tunnel approached the
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instrumentation when the stony clay frequently encroached into the
upper part of the face. The face passed entirely into stony clay

shortly after leaving the last borehole in the array.

j.2.2) Laboratory testing

100 mm (four inch) diameter undisturbed samples were taken
from each instrumentation borehole at the tunnel horizon (between 7 and
8 metres depth) and a series of laboratory tests was carried out on these
by Bewick (1973). These tests included:

Quic} undrained triaxial tests.
Atterberg limits.

Bulk density and S.G. determinations.
Natural moisture contents.

X-ray diffraction analyses.

Extrusion tests.

The results of these tests are summarised in Tables 4.1,
k.2 and 4.3.

The laminated clay varied in undrained shear strength from
hSkN/m2 to 105kN/m2, the mean being 73.2kN/m2. This does not agree
with the strength quoted in the site investigation report, but in view
of the variability of the clay's properties this value was used in all
caicul#tions. The Atterberg limits were also quite varliable and the
means of these values are also presented.

Consolidation tests on the laminated clay were performed by
Leach (1973), both parallel to and perpendicular to the plane of the
laminations. Values of C_ (coefficient of consolidation) and Mv-

(coefficient of volume compressibility) were used to find the
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permeability of the clay in these two directions from the formula:
K = Cv . Mv . b'w

The results are sumarised in graphical form in Figure L.3.
It can be seen from this graph that the permeability ratio at
overburden stress is approximately 5. The lateral permeability is
about 1.5X10™ 7 m/sec.,which is sufficient to permit the clay to drain
reasonably well in a horizontal direction. The vertical permeability
of 7x 10'7 m/sec seems rather high when compared with the results
from the site investigation report which suggest a permeability of
approximately 10—10 m/sec. The reason for this discrepancy is unclear,
but may be due to sampling disturbance of the sandy layers.

A series of extrusion tests was carried out on the laminated
clay by Bewick (1973). The principle of this test is fully described
by Attewell and Boden (1971) and discussed briefly in Chapter 2. The
results of these are summarised in Tables 4.2 and 4.3, and Figures L.L

and 4.5.

L.2.3. Tunnel details

The Tyne south bank interceptor sewer at Hebburn was hand-
excavated using a 2 m diameter shield. The depth to axis over the
instrumented section was about 7.5 m. The shield, hydraulically
operated, was approximately 2 m long, with a tailskin adding another
metre to its length. The shield was similar to that illustrated
schematically in Figure 1.2. In operation,a cavity was excavated for
a distance of 1 or 2 rings ahead of the shield, slightly smaller in
diameter than the finished tunnel,and the shield was jacked into it.

Then the next lining ring (or two) was erected and the process
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repeated. The face was excavated by hand with the aid of
pneumatic clay spades. The resulting void behind the lining was
grouted after the erection of three rings. The primary lining
consisted of conventional bolted concrete segments 0.6 m in length.
The cutting edge of the shield was equipped with a bead 10 mm in
thickness to facilitate steering.

Two twelve hour shifts were worked on each weekday but no
excavation was carried out over the weekends, when the face was
normally boarded up. The face was not boarded during the weekends
that face intrusion measurements were taken. An overall advance rate
of 2.71 m per day was achieved including weekend stoppages, the

maximum rate being L.37 m per day (see Figure 5.2).

L.2.4) Site details

The ground surface at the Hebburn site is fairly even,
sloping slightly northwards at about 2° towards the river. The site
is on a grassy area of public grbund in front of several blocks of
flats and about 20 m from the site of shaft Dl from which the tunnel
was driven (see Figure L.1).

An array of 12 boreholes was set out as shown in Figure 4.6.
Six of the boreholes were located on the tunnel centre-line, the other
six being set in two arrays at right-angles to the line of advance.
This is the largest array of boreholes to have been used in the
fieldwork. All the boreholes were drilled to a depth of about 9 m
which was just below invert level. Borehole 11 contained a small
diameter plastic settlement ring centre tube whilst the remainder were

instrumented with inclinometer access tubes, as described in Appendix



S

C, installed with their keyways parallel to and normal to the tunnel
centre-line. Magnetic rings around the inclinometer tubes and
settlement points located in the sidewall of borehole 11 were fixed
at approximate depths of 2 m, 4.5 m, and 6.5 m (soffit level) in all
boreholes and at depths equivalent to axis level and invert level in
selected boreholes (see Table L.L).

The tops of the access tubes were set firmly into place with
concrete. Caps were padlocked over the tops and covered by a
removable wooden box (Figure L4.7). A surface levelling station
(Figure 1,.8) was set up adjacent to each borehole,and five more stations
were set at right-angles to the tunnel centre-line as an extension of
the first row of the array (Figure L.5). Surface movements were
monitored with respect to centre-punch marks on the tops of these
stations. It was also necessary to protect these stations with wooden
boxes.

The temporary benchmark at this site was set up some 30 m from
the centre line (Figure L.l) where no movement due to tunnel construc-
tion could be expected. Reduced levels of the vertical movements of
the measurement stations and of the caps of each inclinometer tube
were referred to this. Within the limits of experimental accuracy
there was no discernible movement between the tubes and the adjacent
levelling stations.

The measurement of lateral surface movement was complicated
by the fact that the tops of the surface levelling stations were below
the surface of the ground. Since it was impractical at this location
to dig trenches between all the surveying points it was necessary to

take measurements with the tape running along the ground and held down
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onto the tops of the rods against thLe tape tension. In consequence,
the measurement errors at this site were rather greater than at the
other locations.

All the boreholes on the centre-line were taken below the
level of the tunnel inver: and it was therefore necessary to cut away
the obstructing section of the access tube before the shield passed
in order to avoid more disturbance of the tube than was necessary.
When exposed at the face the tubes were pumped dr&?and then cut off
about 100 mm above soffit level and their bases plugged with clay.
The tubes were monitored throughout this cutting procedure, but no
movement that could be attributed to the shortening operation could
be detected.

The instrumentation was installed in January, 1973, and
calibration was carried out during May of the same year. During June
ground movements, both above and below the surface, were monitored
at least once per day, the face reaching tube 3 on June 13th and
passing tube 12 on June 22nd. During the following month measurements

were taken less regularly until no further movement could be detected.

L4L.2.5) Ground anchor measurements

In addition to the instrumentation described above, it was
possible to monitor sub-surface ground movement from the bottom of
shaft D14 (Figure L.1) as the tunnel approached from the west. Three
50 mm (2 inch) auger holes were drilled from the bottom of the shaft
along the line of the aﬁproaching tunnel (Figure L.9) at axis level.
The auger holes were about 6 m long. Two of the holes were lined

with metal tube through which ran a steel rod with a ground anchor at

3
The tubes were filled with water to temperature-stabilise the
inclinometer torpedo.
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its far end. The ground anchor was so constructed that on emerging
from the end of the lining, three spring loaded blades projected from
the collar of the anchor. The anchor could be pushed into the clay,
but on applying slight tension to the rod the blades were forced
outwards thus keying the anchor into the ground. Where the rods
projected into the access shaft they were equipped with dial gauges
bearing on to a steel plate rigidly fixed to the concrete lining of
the shaft. The rods were supported in the tubes by nylon bushes and
the two anchors were installed at distances of 6.274 m and 6.223 m
from the shaft. The dial gauges gave a direct measurement of lateral
movement as the tunnel face approached.

The third tube contained a small bore plastic tube with
magnetic rings around its circumference at distances of 2 m and 5 m
from the shaft. The movemént of the rings was monitored using a
Soil Instruments reed switch assembly, similar to that used for sub-
surface settlement monitoring, mounted on metal rods. It was found
that when monitoring the ring at 5 m rod friction made accurate
measurement impossible, and measurements on the 2 m ring were hindered
both by contractors activities and by movement of the plastic centre

tube.

4.2.6) In-tunnel measurements

Direct measurements of clay intrusion at the face were made
using dial gauges mounted on the shield itself (Figure L.10). The
dial gauges were mounted on a system of rigid support rods running
across the mouth of the shield and bore upon aluminium plates wedged

into the tunnel face. Measurements were possible over 48 hour periods
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each weekend when no work was being carried out at the face. Usually,
during any stoppage, a tunnel face will be boarded up to prevent
excessive settlement, but the stability of the soil here made it
possible to leave the face unboarded. Two experiments were carried
out while the face was in laminated clay, in which one dial gauge

was mounted in the centre of the face and monitored over a 48 hour
period. A third experiment was carried out using a modified set-up
fitted with four dial gauges mounted in a horizontal row across the
face (Figure 4.10). This experiment was carried out when the face had
moved into stony clay, thereby giving_ a lower intrusion rate, but the
shape of the intrusion profile (Figure 5.18) is probably also applicable

to the laminated clay (see Chapter 5).

Lk.3) Willington Quay

Figure 1.1 shows the location of the Willington Quay site
with respect to the Northumbrian Water Authority's Tyneside Sewerage
Scheme, and a plan of the site is given in Figure L.11l. The boreholes
and surveying stations were set up as a single array running at right-
angles to the centre line of the Point Pleasant Siphon. The tunnel,

4.3 m in diameter, was constructed at an axis depth of 13.375 m.

L.3.1) Site geology
The North Bank Interceptor in the area of Willington Quay

runs chiefly through stony clay. At Willington Gut, however, where
the sewer passes through the Point Pleasant Siphon, it runs out of
the stony clay and passes through a thick channel of silty alluvium.

Borehole records (Figure L.12) and day-to-day mapping of the tunnel
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face suggest that the cross-section of the valley at this point is
as shown in Figure L.13 (Sizer, 1976).

The alluvium is underlain in places by sand and gravel beds,
containing water under artesian pressure, and elsewhere by boulder
clay. The boulder clay probably represents the Lower Till, since in
this locality the Upper Till is only a thin bed and the channel is
fairly deep (see Appendix A). The channel deposits themselves are
almost certainly post-glacial. According to Sizer (1976) the channel
was probably cut by meltwater deriving from the de-glaciation of the
last glacial period, which also deposited the basal sands and gravels.
The silty alluvium results from estuarine deposition during a subsequent

rise in sea level.

L4.3.2) Laboratory testing

Four inch (100 mm) diameter undisturbed samples were taken
from two instrumentation boreholes at the tunnel axis level. These
samples were subjected to a similar testing programme to that employed
for the Hebburn samples. The results of these tests are summarised in
Tables 4.5 and 4.6. The alluvium consisted of a soft, dark grey, organic
silty clay with about 2.5% carbon and LO% water content (relativé to
dry weight). The clay contained much organic debris such as tree
roots and branches. At one point a large (about 0.5 m diameter) well-
preserved tree trunk was removed from the tunnel face by the
contractor, a procedure which delayed construction for some time.

The undrained shear strength of the alluvium varied from
18kN/m? to 26kN/m2, the mean value for Tube 1 being 25kN/m2.

This represents a very weak soil and gives an overload factor (OFS)
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of 9.5 at the depth in question. Consequently, an air pressure of
90kN/m? (with some fluctuation) was used in the drive in an attempt
to reduce the intrusion rate by decreasing the stability ratio to 5.9.

The permeability of the alluvium was ascertained from the
results of consolidation tests carried out as part of the site
investigation programme. An average of these tests gives a permea-
bility of 1070 p/sec.

A series of intrusion tests was carried out by the author
on samples of the alluvium provided by the Northumbrian Water
Authority. These tests were of a similar nature to those applied to
the laminated clay from Hebburn (see Section 5.2.2) and their results
are summarised in Table 4.7 and Figures L.lhL and L4.15. The results
from these tests were quite variable and suggest an intrusion rate at
overburden pressure of between 9.1 mm/min and 65 mm/min. This rate is
extremely high and confirms the potential instability of the face

without the use of compressed air.

4.3.3) Tunnel details

The section of tunnel under investigation at this site was
the lower sectlion of the Point Pleasant Siphon. This conveys the
North Bank Interceptor sewer beneath the valley of Willington Gut at
Willington Quay. Excavation was carried out by hand using pneumatic
clay spades inside a 4.3 m diameter shield at a depth to axis level of
13.375 m. Due to the extremely rapid rate of clay intrusion into the
tunnel which was anticipated from other measurement results, the bead
was removed from the shield cutting edge, i1t being considered likely

that the void behind the bead would fill up almost immediately and
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consequently be of little assistance to shield steering. The shield
was 2.4 m long with a 1.2 m tailskin in which the lining rings were
erected. The primary lining consisted of conventional concrete Pre-cast
segments, 7 to a ring.

Throughout the excavation the face, although quite plastic,
appeared to be firm and quite stable. Very little water was present in
the tunnel, in spite of the axis being approximately 11 m below the
water table,which suggests that the use of compressed air was most
effective.

The tunnel was worked on a basis of two 12 hour shifts per
day during the week. At weekends when no mining was done the face was
boarded up with thick breastboards held in place by rams on the shield.
Air pressure was maintained throughout. The tunnel was advanced at an
average rate of 1.5 m/day (taking into account weekend stoppages)
whilst the maximum rate achieved was 3 rings per shift, equivalent to
3.6 m/day as shown in Figure 5.21. The tunmel advance curve also shows
a major hold-up for a period of two weeks at a distance of 9 m before
the array. Thlis interruption was for the installation of flameproof
lighting and equipment following a report of gas seepage into the

tunnel. The consequences of this break are discussed in Section 5.7.

L.3.4) Site details

The instrumentation at the Willington Quay site was set up
on Gut Road, a small access road carrying heavy traffic to a factory
(Figure L4.11 and Plates L.l and L4.2). In consequence, although the
site was level and well-suited to the type of surveying in use,

operations were complicated by a continuous flow of traffic.
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An array of four boreholes was located at right-angles to-
the centre-line of the tunnel as shown in Figure ).16. All boreholes
were drilled to a depth of approximately 16 m (just below invert level)
and were instrumented as described in Appendix C. Magnetic settlement
rings were installed at the depths shown in Table 4.8 and piezometers
were fixed 1 m above soffit level (10.075 m below the ground surface)
in tube 1 and at axis level (13.375 m below the surface) in tube 2.

The tops of the tubes were cut off below the surface of the road and
covered with a "UL" sample tube and cap (Figure L4.17) set firmly in
concrete. As at the Hebburn site, surface levelling stations were
constructed alongside each borehole and as an extension to either end
of the array. The locations of these stations are shown in Figure L.ll.
The stations were constructed simply by driving nails into the road
surface (see Appendix C) and so required no protection.

The temporary benchmark was set up some LO m from the centre-
line (Figure L.11), well beyond the influence of the tunnel. Levels
were taken to the stations and to the tops of the tubes using extension
rods mounted in the tube tops (Figure 4.17). No relative movement
between the tubes and the adjacent levelling stations could be observed.

Lateral surface movements were monitored as before with the
tape in contact with the ground throughout its length. The uniformity
of the ground surface ensured acceptable accuracy. Horizontal movement
of the tube tops was checked using the levelling extension rods.

Prior to the tunnel face reaching the array it was necessary
on safety grounds to grout the lower half of tube 1 to prevent any
loss of air pressure from the tunnel when the tube was cut off.

Possibly due to the importance of this precaution the tube was over-
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filled by the contractor, leaving only the upper magnetic ring
accessible. The tube was cut off when exposed in the face in a similar
way to those at Hebburn. The tube was found to be in the centre of the
face with the keyways parallel to, and perpendicular to the centre-
line, indicating that no spiralling about the joints had occurred.
Again no disturbance to the tube could be measured at the surface.

The instrumentation was installed during July, 197k.
Calibration was carried out in January, 1975, and daily readings
taken during February of the same year, the face passing the array
on February 18th. Observations were continued at gradually lengthening
intervals until no further settlement could be detected, a procedure
which continued for almost 17 months. Over this considerable period
of time sediments*accwmﬂated in the bottoms of the tubes to such an
extent that some of the lower magnetic rings became inaccessible. By
the end of the study the inclinometer tubes were unserviceable. Sub-
surface measurements were therefore discontinued before the surface

surveying was completed.

L.3.5) Piezometer measurements

The piezometric head at tunnel level was measured every day
whilst the tunnel face was passing the array and until any changes in
head had ceased. The piezometer in borehole 2 (at axis level) provided
data throughout this period. Unfortunately, the one in borehole 1 was
affected by compressed air from the tunnel (presumably leaking through
the grout in the borehole and thence into the instrument itself) and

provided no information until the air pressure was turned off.

* .
Caused by heavy rainwater inwash through the road camber.
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l.s) Howdon

Figure 1.1 shows the location of the Howdon site with respect
to the sewerage scheme and the Howdon treatment plant. Figure L.18
shows a plan of the site. The boreholes and settlement stations were
set out on a fairly flat plece of waste ground, partly on grassy soil
and partly on shale fill. The instruments were located in an array
running at right-angles to a curving section of the North Bank Inter-
ceptor Sewer about 300 m north of the site of the Howdon treatment
works and about 45 m north of the access shaft A/C. The area was
unfenced,and being at some distance from the main road was wulnerable

to a certaln amount of vandalism.

L.,.1) Site geology
North of the Howdon Treatment Plant the North Bank Inter-

ceptor runs through stiff stony clay. The log from borehole Cl is
shown in Figure 4.19. The tunnel face remained quite dry throughout

the drive, indicating that the clay has a very low permeability.

Lh.i.2) Laboratory testing

Four inch (100 mm) undisturbed samples were taken from the
boreholes at axis level and along with samples from the actual tumnel
face these were subjected to the standard package of laboratory testé
including quick undrained triaxial tests, Atterberg limits, and so on.
The results of these tests are summarised in Table 4.9. The clay had
an apparent cohesion of 206kN/m2, which is rather higher than that
shown from borehole Cl in the site investigation report. Using this

value aldng with the density from Table 4.9 we obtain an overload
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factor (OFS) of 1.5 approximately. This is very low and indicates
that the face should be extremely stable.

Consolidation tests carried out as part of the site investi-
gation indicate that the permeability of the clay is about 10710 n/sec,
that is, it is virtually impermeable. Extrusion tests were not carried
out on this material, but the rate of extrusion would be expected to be
similar to that for the stony clay from Hebburn (Section 5.6.7).

Le4e3) Tunnel details

The No;'th Tyne Interceptor at Howdon has an excavated
diameter of 3.675 m and a depth to axis of 14.18 m. Due to the
consistency and strength of the stony clay through which it passes it
was possible to construct this section of tunnel without the protection
of a shield. The tunnel centre-line here negotiates a curve of 100 m
radius, a procedure made easier by the absence of a shield. The
excavation procedure was somewhat different from that at the other
sites. A cavity was excavated to a distance of approximately 2 rings
(1.2 m) ahead of the last complete lining ring. The perimeter of this
cavity was trimmed by hand as smoothly and accurately as possible to
be slightly larger than the outside diameter of the assembled lining.

A ringwas then assembled in the cavity and the process repeated. When
three rings had been assembled in this manner grout wasinjected into
the void behind the lining. It would be possible to grout each ring
separately if desired, but in deposits of this stiffness it is unlikely
to be necessary.

The thickness and uniformity of the annulus behind the lining

is to a large extent dependent upon the skill of the tunnellers. In
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theory at least, this annulus should be smaller than that resulting
from the assembly of the lining inside the tailskin of a shield. The
total ground loss caused by this method of tunnelling is made up of
losses at the face, which are dependent on the face area and the rate
of advance, and closure of the annulus behind the lining, which itself
depends on the length of time that the lining is left un-grouted.

The primary lining consists of bolted pre-cast concrete
segments 0.6 m in length, 7 segments and a key being required to form
a complete ring. The annulus behind the lining was grouted at fairly
low pressure using a weak, sulphate resistant grout.

As in the previous two cases the tunnel was worked for two
12 hour shifts per weekday. The average rate of advance was 1.62 m

per day, the maximum being 3.7 m per day (3 rings per shift).

L.h.lL) Site details

Four boreholes were drilled in a line at right-angles to the
tunnel centre-~line at distances of Om, 2.5 m, 4 m, and 6 m respectively,
with a fifth some 2 m further along the centre-line, as shown in Figure
L4L20. All the boreholes were drilled to a depth of 17 m. They were
instrumented with Soil Instruments inclinometer access tubes and magnetic
settlement rings, the locations of which are shown in Table 4.10. The
tops of the tubes were finished in the same way as those at Willington
Quay (Figure L4.17). As at the other sites the instrumentation was
installed some months before measurements began, and in an attempt to
protect the tubes from vandalism dwring the intervening period their
tops were camouflaged by covering them over with debris. Unfortunately,

this proved to be somewhat counter-productive as the contractor
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inadvertently bulldozed & considerable amount of soil over the top of
the array. In this process the tops of the tubes were badly damaged
and in one case the top section of tube was completely torn from the
ground. Four of the tubes (tubes 1 to L in Figure 4.20) were salvaged
by digging a cavity around the tube down to a depth where the tube was
undamaged and fittiﬁé a new top seetion. This of course resulted in
considerable distortion of the upper sectian of the tubes and was only
fully successful in two cases (tubes 1 and 2). The construction of
the borehole tops is shown in Figure L4.21.

After the tube tops were reclaimed, surface settlement
stations were constructed adjacent to each borehole and as an extension
to each end of the array (Figure 4.20). The construction of these
monuments is shown in Figure L.22. A temporary bench mark of similar
construction to that at the Willington Quay site was set up in the |
concrete base of a lamp standard at a distance from the centre-line
of about 60 m. This was well away from the zone of influence of the
tunnel. A surface levelling station was also set up 3 m ahead of the
array to give advance warning of the approach of the tunnel face. This
also served as & check on the maximum settlement at the centre-line.

As at previous sites, levels were taken to the stations and
to plugs fitted into the tops of the tubes (Figure 4.17)- Again no
relative movement was detected. Lateral movements were measured with
the tape suspended above the ground throughout its length, so ensuring
a very high degree of consistency. Since only relative movements
between the stations were of interest, no attempt was made to correct
for the catenary of the tape.

The bottom sections of the tubes on the centre-line were cut
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off by the contractor and the disturbance to tube 1 was measured
before and after this operation.

The boreholes were installed in July, 197L. Calibration
was carried out during July, 1975 and measurements taken daily
during the latter part of July and most of August, the face passing
the array on August 8th. Measurements were continued, at lengthening
intervals, u;til the end of October, by which time no further movement
could be observed.

An associated programme of in-tunnel lining pressure and

lining distortion measurements at the same location is described by

El-Naga (1976).
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" Instrumentation Borehole

1 2 9 9 12
Depth (m) 7.8 7.5 7.0 8.0 75
Liquid 1imit (%) 60.0 59.3 h1.k 52.7 58.5
Plastic limit (%) 25.3 | 22.1 | 212 | 27.8 | 23.1
Plasticity index (%) | 34.8 37.1 20.2 2L,.9 35.4
Iiquidity index 0.19 0.16 0.31 0.09 0.13
Moisture content (%) | 31.8 28.2 27.5 29.9 27.7

¢, (i/n’)

LS to 105 kN/m2. Av. 73.2 kN/m2

Table 4.1

Laboratory test results - Hebburn

After Bewick (1973)
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Moisture Content (%) Overburden

Sample Depth : OFS stress
(m) os/ ¢y (kN/m? )

1 7.5 32.32 | 34.74 2.3 16L4.97
2 7.5 30.99 | 36.07 3.8 276.9
/I 7.0 27.92 | 37.40 1.3 96.7
W11 8.0 29.85 | 42.99 1.0 73.7

Table 4.2

Moisture contents from extrusion tests and
estimated stability ratios - Hebburn

After Bewick (1973)

Sample Depgh o Oor Extrusion rate at
(m 2 2 overbyrden stress
(¥/m”) | (iV/m) (vm/min x 1073)
1 7.5 167 164 3.6
2 7.5 275 265 2.9 _ 3.5
(average)
/I 7.0 95 63
h.1
WII 8.0 76 L9
Table 4.3

Extrusion test results - Hebburn
After Bewick (1973)




110

Tube No. Depth to ring (m) Depth (m)
1. 1.94 k.42 6.57 8.5
2. 1.91 L.35 6.56 7.54 9.5
3. 1.66 3.17 6.13 7.11 8.65 9.5
k. 1.94 .00 6.5k 7.67 8.0
IS. 1.92 1.39 6.26 8.5
6. 1.92 L.LS 6.30 8.0
7. 1.99 L.L6 6.76 7.67 8.5
8. 1.92 L.37 6.68 9.0
9. 1.9k Le36 6.70 | ,nob | 8.87 9.5
10. 1.92 L.19 - 8.12 9.0
11 2.03 | L.u6 6.86 9.0
12 1.90 L.39 '6.22 9.5

Table U.l

Magnetic ring locations - Hebburn




LR R

Instrumentation Borehole
la 1b 1le 2a 2b 2¢

Depth (m) 11.25 | 13.25 | 14.75 | 13.25 | 1hk.25 | 15.25
Liquid

limit (%) L8.5 L8.5 k6.5 42.6 Lk.5 1.8
Plastic

1imit (%) 28.2 28.6 25.6 28.5 28.2 27.3
Plasticity

index (%) 20.3 19.8 20.9 13.1 16.3 14.6
Liquidity

index 0.50 0.53 0.63 0.89 0.63 0.6l
Moisture

content (%) 38.3 39.1 38.8 40.2 38.5 36.6
C, (kN/m?) 26 25 2l 18 19 21

Table 4.5

Laboratory test results - Willington Quay

After Sizer (1976)
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Moisture Content (%) Overburden
Sample Depth Bulk Extruded OFS stress
(m) plug [0z / ¢,) (kN/m2)
1 L.8 50.1 60.0 L.O 83.0
2 5.7 62.4 65.4 2.6 92.8
3 7.5 50.1 68.8 7.0 130.3
L 9.4 37.9 L8.5 3.0 162.0
Table 4.6
Moisture contents from extrusion tests and
estimated stability ratios - Willington Quay
Sample D?pgh o Oor Extrusion rate at
m 2 2 overburden stress
(kN/m“) (kN/m°) (mm/min)
1 L.8 107.9 L5.5 8.5
2 5-7 86.6 69-9 901
3 7.5 6L4.6 37.6 65.0
L 9.4 113.9 96.7 12.3
Table 4.7

Extrusion test results ~ Willington Quay




Borehole Depth to ring (m) Depth (m)
1 1.33] b.34] 7.35 10.40|15.88|  16.0
2 1.54] 3.09| 7.65|8.60]10.99}|15.18 16.0
3 3.20| 5.9, 8.81}11.50} 13.76 15.5
L 2.791 6.1L | 8.8612.21 14.5

Table 4.8

Magnetic ring locations - Willington Quay

Clay type
Laminated clay ;Stony clay
Density kg/m’ 2029.8 2255.0
Liquid limit (%) 63.5 36.5
Plastic limit (%) 30.0 18.2
Plasticity index (%) 33.5 18.3
Liquidity index - 0.08 - 0.33
Moisture content (%) 27.2 12.1
&1(kmm3) 129 Al
Table 1.9

Laboratory test results - Howdon

After El-Naga (1976)

Borehole Depth to ring (m) Depth (m)
1 Not used 17
2 L.8 8.1 11.6 17
3 17
N Not used 17
5 17
Table 4.10

Magnetic ring locations - Howdon

113
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Chapter 5
PRESENTATION OF FIELD OBSERVATIONS

5.1) Introduction

In this chapter it is intended simply to present the results
of the ébservations described in Chapter 4. The data are presented in
as simple and straightforward a manner as possible, generally in
graphical form. The interpretation and discussion of thesedata are
contained in Chapter 6.

As is clear from the description of the field instrumentation
in Chapter L and Appendix C, the observations from each of the three
sites follow the same general pattern, and have been processed in
similar ways. Sections 5.2 to 5.5, which describe the data processing

and presentation, apply equally to data from each site.

5.2) Plotting of data

Many of the observations presented in this chapter are time- )
independent; for example the ultimate settlement profile. Other data,
of a more dynamic nature, may be regarded either as time-dependent or
advance-dependent. The centre-line settlement development profile, for
example, may be plotted with respect to time or with respect to tunnel
face position. The latter is more conventional (ggg Attewell and
Farmer, 1972) and has generally been adopted here. In scme cases,
however, it is clearly more rational to plot data with respect to time.
The Willington Quay settlement data, for example, continues for a

period of over 18 months, for most of which time the face was more than
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50 m beyond the measurement array and could no longer be considered
to have any direct influence. Therefore, in the case of long-term
movements, it is more loglical to plot time as the abscissa, and this

procedure has been adopted.

5.3) The tunnel advance curve

In view of the above considerations it is necessary to
convert data from the time scale, as it was collected, to the tunnel
advance scale, as it is to be presented. To facilitate this procedure,
a tunnel advance curve has been plotted for each tunnel. On these
curves face position, tall position or grouting position are all
plotted with respect to time. The data for these curves were obtained
from the engineer's shift reports, and represent face position at the
end of each shift. These points have been connected with straight
lines, although in fact the face advance is intermittent. This
"smoothing" of the curves introduces an error which may possibly be as
great as 0.6 m (or the width of a lining ring). This error is unavoid-
able,since tﬁe face position is not recorded throughout the shift, but
is considered to be sufficiently small to be acceptable. It should be
noted, however, that this error should be taken into account wherever
face position is considered.

By convention, the tunnel advance curves are plotted with time
as the vertical axis (positive downwards) and distance horizontal.
Therefore, the higher the tunnel advgnce rate, the smaller the gradient.
Vertical sections of this curve représent stoppages, for example at
weekends, holidays or disputes. A tunnel advance curve was plotted

for each of the experimental sites. All values of distance to the
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tunnel face were calculated from the time of observation using

these graphs.

5.4) Surface measurements

As described in Chapter L, two types of surface observation
were made at all sites, these being measurements of level and of

lateral displacement.

5.4.1) Presentation of surface levels

Surface levelling data are initially presented in two
different ways. Firstly, centre-line level (that is, maximum settle-
ment) is presented with respect to tunnel face position as a settlement
development profile. This curve can be considered either as a graph of
the development of maximum settlement with time as the tunnel face
passes the measurement point, or can be said to represent a longitudinal
section through the settlement trough at a given moment in time. The
latter case presupposes that settlement development and maximum
settlement are the same throughout the length of the tunnel, an assump-
tion which may well be incorrect. In the case of Willington Quay a
long-term settlement development profile has been plotted with respect
to time (see Section 5.7.1).

Secondly, plots are produced of settlement versus distance
away from the centre-line for particular points in time or values of
tunnel advance, showing the shape of the settlement trough (or

transverse settlement profile) at various stages in its development.
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5.4.2) Presentation of lateral displacement measurements

The lateral surface displacements have been plotted on the same
axes but not to the same scale as the transverse settlement profiles
described above. The convention has been adopted throughout that
movements towards the tunnel are plotted vertically with positive
upwards. As was noted in Chapter L and Appendix C, the nature of the
measurements is such that values of change in level (settlement) are
known tﬁ a much greater jegree of accuracy than those of lateral
displacement. For this reason, no lateral displacement was observed
at Hebburn and no displacement curves are presented, although lateral
movement was indicated indirectly (see Section 5.6.L4). For all the

above curves the displacement scale is considerably exaggerated.

5.5) Sub-surface measurements

As in the case of surface data, sub-surface observations
consist of measurements of vertical and horizontal movements. In this
Chapter these measurements are presented separately. It should be
noted that in both cases data have been collected over a two-dimension-
al grid on a vertical plane, rather than along a one dimensional array
as in the case of the surface measurements. It is therefore difficult
to present all the data on the same diagram, particularly when changes
thr&ugh time are taken into account. Various options are available,
and these are explored more fully in Chapter 6. For the initial
presentation of this data, the general philosophy has been to make

the presentation in as simple a manner as possible.

5.5.1) Sub-surface settlement measurements

'As was noted in Chapter 4, these measurements were originally
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made relative to the ground surface.l The data were therefore
processed by adding to them the value of surface settlement observed
at that position relative to the centre line at that particular time.
Data for each borehole are then presented as plots of vertical
settlement development with depth. These curves are presented for
various moments in time (or values of tunnel advance) corresponding
to the transverse settlement profiles, that is, ultimate or final
settlement for Hebburn and Howdon, and several stages of settlement
development in the case of Willington Quay. Vertical settlements are

plotted horizontally (right positive) with depth as the vertical axis.

5.5.2) Horizontal sub-surface displacements

Measurements of sub-surface lateral displacement were taken
using a Soil Instruments Digitial Inclinometer as deseribed in
Appendix C. The nature of this instrument's operation means that a
certain amount of "data processing" is necessary before the results can
be plotted. This procedure, along with the computer program used, is
described in Appendix D. It is also necessary to correct for erroneous
readings since these are not immediately apparent when actually using
the instrument. These can arise due to distortions in the access tube
or due to reading at joints in the tube (see Figure 5.1). The correc-
tion procedure is also described in Appendix D.

The inclinometer plots presented in the thesis consist of
tracings of the computer plots for particular moments in time, with
some traces corresponding as far as possible to those used for the

transverse settlement profiles.
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5.6) Hebburn

The data from the Hebburn site were collected over a period
of about two months, between June and July, 1973. During the time
that the tunnel face was within 20 m of the instrumentation array,
one or two readings were taken at each station each day. Measurements

were taken less frequently when the face was at a greater distance.

5.6.1) The tunnel advance curve

The tunnel advance curve is shown in Figure 5.2. The two
parallel curves represent the positions of the tunnel face and the
grout injection position at any moment in time. The vertical lines,
numbered 3, 6 and 9 to 12, show the positions of the centre-line
boreholes. The main vertical sections of the curve represent weekends,
when no work was carried out, whilst the two short vertical sections
at the right of the curve show lost shifts. Zero tunnel advance is
taken to be at shaft D14 (see Figure L.1).

The overall rate.of advancé, including all weekend stoppages,
is 0.113 m/hr. The actual advance rate, calculated as the average rate
during the week 11-6-73 to 15-6-73 inclusive is 0.182 m/hr. This is
equivalent to about 3.6 rings per shift, the best advance achieved for
a single shift being i rings.

5.6.2) The settlement development profiles

Six centre-line surface settlement development profiles were
obtained, from levelling points by the six centre-line boreholes.
These are shown superimposed in Figure 5.3. The vertical axis

represents the position of the measurement points. The curves are
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extrapolated from settlement-time profiles, using the tunnel advance
curve (Figure 5.2). Considerable variation between the profiles is
evident. The maximum settlement varies between 6 mm and 10 mm. The
shape and extent of the profiles also varies, particularly in the
early stages of setilement development. The location of the onset of
settlement varies between 4 m and 13 m ahead of the tunnel face.
Generally, the onset of settlement is quite abrupt, with between 30%
and 50% of the ultimate settlement having developed by the time the
tunnél face passes the measurement point. The "average" settlement
development profile is shown in Figure 5.4. The main properties of

this curve are listed in Table 5.1.

5.6.3) The transverse settlement profile

The transverse settlement profile for Hebburn is shown in
Figure 5.5. This curve is plotted from the average of all maximum
surface settlement readings and thus represents the shape of the "mean
ultimate settlement trough" corresponding to Figure 5.4. Only one
half of the profile is plotted, since it appears to be symmetrical.
The profile is an average of data from both sides of the centre-line.
The point of contraflexure (point of inflection) shown on the curve is
estimated by eye. The shape of the settlement profile is discussed
more fully in Chapter 6, but its main parameters are listed in

Table 5.1.

5.6.4) Horizontal surface movements

Horizontal surface movements before and after the passage of

the tunnel face through the array are summarised in Table 5.2. The
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experimental errors incurred in these measurements are discussed in
Appendix 3. As is explained there, the measurement errors in this
pérticular location are quite large, probably in the region of L mm

or even more. Taking this into account it must be concluded that no
evidence of lateral surface movement can be deduced from Table 5.2.

On the other hand the observations do not preclude the possibility of
undetected movement up to 4 mm between the measuring points. It would
therefore be unwise to conclude that no movement has taken place, and

it is shown in Section 5.6.6 that indirect evidence suggests that
movements of the order of 2 mm towards the centre-line may have occurred

in places.

5.6.5) Sub-surface settlement development

‘Figure 5.6 shows the development of vertical settle-
ment with depth below the surface at the tunnel centre-line and at
1.5m and 4.5 m from the centre-line. These curves represent a
combination of the magnetic ring data from all the boreholes. Whilst
a certain amount of variation between the boreholes is apparent,
especially over the tunnel centre-line, a clear pattern of movement can
be seen. At the centre-line the settlement increases with depth to a
maximum of 15 mm at crown level. This is consistent with the volume of
the surface settlement trough (see Section 6.2.2). To the side of the
tunnel, at 1.5 m from the centre-line the settlement can be seen to
increase to a maximum of 8.25 mm at a depth of about 5 m, then decrease
to zero at invert depth. At 4.5 m from the centre-line the maximum
settlement of 4.5 mm is reached at a depth of about 3.5 m, decreasing

to zero at about 8 m. This indicates the narrowing of the settlement
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trough with depth, to be discussed in Chapter 6.

5.6.6) Horizontal sub-surface movements

Figures 5.7 to 5.10 show movements of the centre-line
inclinometer tubes parallel to the line of advance of the tunnel.
These curves represent measurements taken at individual boreholes at
different moments in time but can be considered to show movements at
different distances from the advancing face in much the same way as do
the settlement development curves. However, some of the curves showing
movement at a great distance behind the shield have been brought closer
to the face position in order to compress the diagrams to a reasonable
size. It should be noted that these curves are plotted under the
assumption of zZero movement at the tops of the tubes. Therefore,
although their shapes may be regarded as correct, they may not, in
fact, occupy the relative positions shown in the diagrams.

The general pattern of ground movement development along the
centre-line as the face approaches commences with what appears 1.0 be &
general movement of the ground at depth away from the tunnel face.
This 1s considered highly unlikely. If we assume that some movement
may have occurred at the tops of the tubes then a more reasonable
alternative emerges, that the ground movement commences with movement
of the upper part of the ground towards the face. By the time the
face is 1.6 m away from the tubes about 1 mm of movement has developed
at the surface and a slight "bulging" of the tubes towards the face
begins to axis level. This movement reaches about 2 mm in tubes 3 and
6 at distances of 0.6 and 0.8 m respectively from the face.

Once the face has passed the array there appears to be some
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movement at depth in the direction of tunnel advance, possibly due to
frictional forces around the bead. This is particularly clear in the
cases of tubes 9 and 12. It is difficult to estimate fram these
diagrams the magnitude of this "forward drag" since we have no certain
datum point. The horizontal movements then appear gradually to
decrease, in the cases of tubes 6 and 12 back to zero. Again it is
impossible to be certain whether or not there remains a general trans-
lation of the entire cover above the tunnel after the passage of the
shield, although this is regarded as unlikely.

Movements perpendicular to the tunnel line of advance are
shown in Figures 5.11 to 5.15 for distances of 1.5 m and 4.5 m from
the tunnel centre-line. Tubes 2, 4 and 7 show little movement until
the face reaches them. Tube 2 seems to indicate movement towards the
centre~line at the surface'before the face arrives, but tubes 4 and 7
indicate the opposite. The reasons for this are unclear. Once the
face is past the boreholes considerable displacement towards the
tunnel occurs at depth, eventually reaching a maximum of about
11.5 mm in tube 7. This movement develops quite slowly in tube 2, but
very rapidly in tubes 4 and 5. The movement extends upwards for about
3 m above axis level, and in tube 2 &ppears to extend downwards for
about 2.5 m. In all 3 cases the maximum horizontal movement appears
to develop somewhat below axis level. It 1s unclear how much movement
develops at the surface. Tubes 4 and 7 seem to show very little,
although tube 2 suggests a maximum towards the centre-line of about
2 mm, assuming zero movement at the base of the tube.

The movement in tubes 1 and 5, which are further from the

tunnel (4.5 m from the centre-line), shows a somewhat different
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pattern. The dominant feature is movement at the surface towards
the centre-line, reaching a maximum of about 3 mm. Most of this
movement develops after the face has passed the boreholes. Tube 5
shows evidence of a small amount of movement towards the tunnel at

axis level,although this is not repeated in tube 1.

5.6.7) Intrusion rate measurements

Three experiments were carried out at Hebburn in order to
determine the rate and development of clay intrusion into the tunnel
face. Figure 5.16 shows ground movement versus distance to the face
for the ground anchor experiments. Whilst the total amount of data
is small the curves do indicate that as the face approaches the rate
of ground movement accelerates.

Figure 5.17 is a plot of face intrusion against time for
one of the ground anchors and the two face experiments in laminated
clay. The face data refer to intrusion at the centre of the tunnel
face, where the intrusion rate would be expected to be highest. The
points from the three experiments are very consistent and give an
excellent fit to a straight line (least squares correlation giving a
correlation coefficient of 0.99). This indicates that at least
over a period of L8 hours khe clay at the face intrudes at a constant
rate of 0.221 mm per hour. This is in very close agreement with
laboratory extrusion tests carried out on the same material (ggg
Section 4.2.2 and Bewick, 1973) .which gave an extrusion rate, at this
overburden pressure, of 0.218 mm per hour. The éonstant intrusion
rate is suggestive of plastic behaviour (see Section 1.5).

The results of face measurements in the stony clay are shown



143

in Figure 5.18. Once again these indicate a constant rate of
intrusion, this time of 0.0134 mm/hour at the centre of the face.

It is to be expected that the stiffer stony clay would intrude at a
lower rate than that of the laminated clay. The figure also indicates
clearly the increase in intrusion rate towards the centre of the
tunnel. Figure 5.18 also shows three'intrusion profiles" at 5 hour
intervals illustrating the development of intrusion across the face.
These profiles demonstrate that the tunnel face develops a pronounced
dome-like configuration, rather than shearing around the cutting =dge
and intruding uniformly as a ecylinder. This is quite consistent with
observations made on laboratory extrusion tests, where the face "domes"
until failure, at which point the clay begins to extrude as a

cy lindrical plug by shearing around the circumference of the aperture.
There was no evidence of failure in this sense at the Hebburn tunnel

face.

5.7) Willington Quay

The data from Willington Quay were collected over a period of
18 months between January, 1975 and July, 1976. During the period that
the tunnel face was within 25 m of the array one set of readings was
taken each day. At greater distances the readings were less frequent,
culminating with readings at about 3 monthly intervals after August,
1975.

5.7.1) The tunnel advance curve

The tunnel advance curve is shown in Figure 5.19. This

curve covers the period January 10 to April 20,during which time the
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tuhnel face progressed from 50 m ahead of the array to 122 m beyond it.
As in Figure 5.2, two curves have been plotted to show the face position
and the grout injection position. The array location is represented by
the vertical line at zero advance. The only major stoppage, apart from
weekends, occurred with the face 9 m ahead of the array, between
January, 1975 and February, 1975. This stoppage resulted ffom a report
of gas seepage into the tunnel, and the hold up was to allow flame-
proof lighting and control equipment to be installed. During this
period the compressed air remained in operation and the face itself
was completely boarded up. This had a noticeable effect on the
development of ground deformations which is discussed in the following
sections.

The overall rate of advance, including weekend stoppageg but
excluding the hold-up referred to above, is 0.06 m/hr. The actual
advance rate calculated for the period during which the face passed the

array is 0.10 m/hr, which is the equivalent of 2 rings per shift.

5.7.2) The settlement development profiles

Due to the long-term nature of settlement development at this
site two development profiles are presented. The first (Figure 5.20)
shows settlement development relative to face position for the period
January, 1975 to February, 1975. The second (Figure 5.21) shows
settlement development with time over the entire observation period.
Both profiles show a complex settlement history.

Figure 5.20 indicates that settlement commenced when‘the
face was about 34 m from the boreholes. At 9 m from the measurement

points an uplift of all the settlement stations occurred, coinciding
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with the two~-week hold up. The most plausible explanation of this
uplift seems to be that the ground, being very soft, was forced
upwards by the pressure of the hydraulic rams used to hold the
breasting boards in place at the face.

Immediately after this stoppage settlement continued
reaching about 7 mm by the time the face Waslevel with the array.
Immediately after the face passed the array the rate of settlement
decreased until the tail of the shield had passed. This is to be
expected since in the absence of a bead the shield will provide
support to the ground. Once the shield had passed;the rate of
settlement increased once again. For the next 20 days, until the
face was about 50 m past the array, settlement developed normally,
having much the same form as that shown at Hebburn.

Long term settlement development is shown in Figure 5.21.

At 23 days,high pressure back-grouting (at 700 kN/m?) was carried out
in the vicinity of the array, to fill any voids remaining around the
lining, particularly in the soffit. This is standard practice,
particularly where large settlements are expected. Surprisingly, this
back-grouting coincided with a marked increase in the settlement rate.
Site records show that there was no change in the air pressure during
this period. The reasons for this increase in settlement rate remain
unclear, and any explanation is speculative. It is suggested that the
increase in settlement rate must reflect either a weakening of the
soil, the opening up of further voids or the onset of consolidation due
to drainage. The latter is unlikely since the air pressure remained
constant. It 1s possible that the pressure of the back grout could

cause cracking or failure in the existing grout, thus opening fresh
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voids, although the mechanism by which this could occur is problematic.
Alternatively the pressure could have caused local ylelding in the
clay around the tunnel. Associated strain-softening could cause an
increase in the rate of deformation of the ground on the release of
the grout pressure.

Following this acceleration the rate of settlement again
gradually decreased until 66 days following the passage of the face.
This marks the completion of the drive and the removal of the air
pressure, corresponding with yet another increase in settlement rate.
Evidence suggests that this phase of settlement represents consolida-
tion of the ground due to drainage into the tunnel or along the zone of
disturbed ground surrounding the tunnel. This phenomenon is discussed
in more detail in Chapter 6.

163 days after the passage of the face a wall close to the
levelling stations (shown in Figure L.12) was demolished because of
extensive settlement damage (see Plates 5.1 and 5.2). The removal of
this wall coincided with extensive uplift of the settlement stations,
this uplift being greatest for the stations closest to the wall.
Consolidation settlement continued unabated after this uplift.

Measurements continued for a total period of 18 months, by
which time settlement was virtually complete, having reached a

maximum of 81.5 mm at the centre-line.

5.7.3) The transverse settlement profile

Transverse settlement profiles for Willington Quay are given
in Figure 5.22. These show the shape of the trough at O days, 23 days,

51 days, 149 days and 504 days. Although the overall shape of the
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trough is similar to that at Hebburn (see Section 5.6.3) it is notable
that this trough appears to widen during the second phase of rapid
settlement , between 23 days and 51 days sfrom 30 m to L5 m (the point of
inflection moves from 6.2 m to 6.8 m). During the final phase of
consolidation the trough widens still further to 60 m (point of inflec-
tion at 7.6 m). The main parameters of the curves are listed in Table
5.3. It should be noted that the volume of the final settlement

trough does not correspond to the volume of groundllost into the tunnel

but partly to the volume decrease in the ground due to consolidation.

5.7.4) Horizontal surface movements

Four profiles of the horizontal movement of the ground
surface towards the centre-line have been selected and included with
the transverse profiles of the trpugh in Migures 5.23 to 5.26. In
these figures movement towards the centre-line are shown vertically
upwards, the same scale being used as for the settlement troughs. In
each case it is clear that the maximum horizontal movement corresponds
with the point of inflection of the transverse settlement trough, as
predicted by the stochastic theory (Chapter 2). Towards the centre of
the trough horizontal movements are much smaller than vertical move-
ments (that is, total ground movements are more or less vertical) but
as we mo?e away from the centre-line the horizontal movement gradually
becomes more predominant until at a distance of 13 m from the centre-~
line the norizontal movement exceeds the vertical. A maximum of
11.4 mm of horizontal movement develops at about 100 days. The
development of lateral displacements, and the shape of the profiles,

are discussed in Chapter 6.
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5.7.5) Sub-surface settlement

Sub-surface settlement is shown in Figure 5.27 as settlement
development with depth for each borehole at stages of settlement
corresponding to those used for the transverse settlement profiles and
horizontal surface movements (Figures 5.23 to 5.26). Not all the
profiles run to the full depth of the boreholes for one of two reasons.
Firstly, in Borehole 1, it was necessary to fill the lower part of the
tube with grout to prevent air leaking from the tunnel when the tube
was cut off as the tunnel face passed the array. Unfortunately, due to
the importance attached to this grouting, the tube was filled to such
an extent that only the upper magnetic settlement ring (at 1.33 m) was
accessible. Secondly, some of the deepest magnetic rings around the
bases of the other access tubes became inaccessible before settlement
was completed as a result of sediment accumulation in the bottoms of the
tubes over the long periods involved. In the same way the remaining
settlement ring in Borehole 1 became inaccessible before any significant
deviation from the surface settlement had been measured. For this
reason no settlement profile has been plotted for the centre-~line tube.
These profiles are difficult to interpret, particularly that from
tube 2.

As explained in Appendix C it is most unlikely that the
settlement rings would give values of settlement greater than that
which actually occurs (that is, they tend to read low) so the curves
represent minimum values of settlement at a particular depth. Bearing
this in mind it is suggested that the settlement rings at 7.5 m and
8.5 m depth in borehole 2 may both be giving erroneously low readings

during the period O to 23 days, possibly due to interference with the
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inclinometer tubes or because of inconsistencies in the grout around
them at this depth, giving poor ring coupling with the ground. After
23 days the pattern of movements in borehole 2 is quite consistent
with the other two boreholes. This is shown by the curvesof Figure
S.28 which show the movement between 23 days,and 51 and 149 days.
If we accept the above assumption then a consistent pattern emerges
for the sub-surface settlements. Its main properties are as follows:
(a) Moving away from the tunnel centre-line the settlement at
the surface and at depth decreases.
(b) Settlement increases and then decreases again with depth.
This phenomenon is more pronounced close to the centre-line. In
tube 2 the maximum is reached at about 7 m; in tube 3 it is reached

at a depth of 6 m; and in tube 3 it is reached only 2 m below the

surface.
(¢) The shape of the profiles is established by 51 days.

Settlement after 51 days is more or less constant at all depths.

5.7.6) Horizontal sub-surface movements

The sub-surface horizontal movements are presented as a
series of inclinometer profiles taken at intervals throughout the case
history and shown as Figures 5.29 to 5.35. The horizontal displace-
ments of the tops of the tubes in the plane of the array are those
measured as described in Section 5.7.4. The inclinometer profiles are
plotted using these displacements as a surface datum. In the case of
the profiles parallel to the centre-line it was necessary to estimate
the surface displacement from the shape of the profile.

Figure 5.29 shows the development of horizontal displace-
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ments in the plane of the centre-line (from tube 1) prior to the
arrival of the face. Significant movement was recorded with the face
some 6.7 m away. By the time the face had reached 1.8 m from the
boreholes, there had developed an obvious "bulge" towards the face of
3.17 mm at axis level. Estimated surface movement had by this time
developed to 1.5 mm. After this point the tube was grouted and no
more measurements could be obtained. No displacement perpendicular to
the centre-line was observed in borehole 1.

Figures 5.30 to 5.32 illustrate the development of movement
parallel to the tunnel centre-line for the "off-centre" boreholes. Up
to 66 days, that is,prior to the removal of the air pressure, these
profiles show little movement. Borehole 3 seems to indicate a certain
amount of movement in the direction of tunnel advance which may be
repeated to a lesser extent in tube 2. This may possibly be the
result of ground drag on the advancing shield. Surface movements are
also in the direction of advance, towards the centre of the buried
valley. After the air pressure was removed, at 66 days, much larger
movements, again towards the centre of the buried valley (see Figure
L.1Lk),can be seen to deyélop. The cause of this late development of
horizontal displacement, and its commection with long-term consolida-
tion processes, are discussed in Chapter 6.

Figures 5.35 to 5.37 show the development of lateral sub-
surface movement in a plane perpendicular to the tunnel centre-line.
During the first 66 days, prior to the removal of the air pressure,
all boreholes show the development of movement towards the centre-line.
This movement generally increases with depth, forming a "bulge" towards

the tunnel, this being most pronounced in borehole 2, closest to the
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tunnel. Generally, the movements grow less with distance from the
centre-line. After the air pressure is removed, the profile for
tube 4, 7.5 m from the centre-line, remains fairly steady for some
time. However, between 51 and 72 days tube 2 shows a marked reversal
in movement at depth. This is considered to be the result of high~
pressure back-grouting at 700 kN/m2 which was carried out in the
location of the array at 71 days. This may have actually forced the
alluvium away from the tunnel at depth. This type of movement is
not apparent at tube 3, although the development of a "bulge" in the
profile towards the tunnel at L4 m depth may be in some way connected
with the same process.

A further phase of movement away from the tunnel at depth
occurs between 150 and 176 days. This corresponds both with the
demolition of the wall at the surface (see Section 5.7.2) and a
significant incregse in the height of the water table (Section 5.7.7),
and may reflect the re-establishment of higher piezometric pressure
around the tunnel after caulking. This is discussed further in
Section 5.7.7 and by Sizer (1976).

Minor distortion of the top section of tube 2 is evident
from -5 days onwards. This may have been caused during the process

of taking lateral surface displacement measurements (ggg Appendix C).

5.7.7) Pore-pressure measurements

The effect of the tunnel passing the piezometer in borehole
2 is shown with respect to tunnel-face position in Figure 5.36. The
pore pressures before the array was reached were 108.5 kN/m2 in

borehole 2 and 77.9 kN/m2 in borehole 1, indicating a water table
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atout 2.3 m below the ground surface, assuming that there is no
aquiclude between the piezometers and the surface. In borehole 1,
air from the tunnel penetrated the grout above the soffit and leaked
through the piezometer, so making accurate readings impossible until
the air pressure was released. In borehole 2 the piezometric pressure
increased to 120.5 kN/m2 as the tunnel passed, equivalent to a water
table 1 m below the ground surface, that is,a rise in head of 12 kN/m?,
or 1.3 m of water. This compares with an air pressure in the tunnel
of 90 kN/m2. This pressure, at the soffit of the tunnel,is sufficient
to raise the water table to 2 m below the ground surface. It is
suggested, therefore, that the rise in pressure measured at the
plezometers must be due to the driving of the shield itself increasing
the stress level in the ground and hence at least temporarily raising
the pore pressure close to the tunnel.

Long term changes in piezometric head are shown in Figure
5.37.. When the compressed air was réleased the tunnel was able to
act as a drain to the surrounding alluvium. This drainage facility
resulted in a lowering of the pore pressure in both plezometers until
at 119 days the piezometric head was down to 3.5 m below the surface.
Varying weather conditions tend to make the results somewhat erratic.

Between 119 days and 176 days a significant rise in the pore
pressure takes place. This may be attributed to a reduction of the
water inflow into the tunnel due to caulking of the tunnel along with
a period of high rainfall. It is significant that this increase is
associated with the uplift at 162 days,as noted in Sections 5.7.2 and
5.7.5.
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5.8) Howdon

Measurements were taken at the Howdon site between July,
1975 and September, 1975. A complete set of all readings was taken
each day during the period that the tunnel face was within 20 m of
the instrumentation array. As is described in Appendix C, due to
vandalism it only proved possible to monitor movements in two of the
original 5 boreholes. Neither of the piezometers was operational for

the same reason.

5.8.1) The tunnel advance curve

Figure 5.38 shows the tunnel advance curve for Howdon during
the measurement period July lLth to September 30th. As for the
previous case histories, the two curves represent the face position and
the grout injection position. These curves are close together due to
' the fact that no shield was used in this drive. Tunnel advance is
shown relative to shaft A/C (Figure L4.18). As at Hebburn and Willington
Quaysthe short vertical sections of the curve represent weekend
stoppages. Unfortunately at Howdon, one of these stoppages occurred
with the face only 1.5 m past the array. This may have had some effect
on the shape of the settlement development profile (Section 5.8.2).

The average rate of advance over the entire 120 m shown in
Figure 5.40 is 0.068 m per hour. The actual advance rate over the
week August Lth to August 8th was 0.155 m/hr, equivalent to 3 rings per
shift.

5.8.2) The settlement development profiles

Two centre-line settlement development profiles are shown in
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Figure 5.39, for stations o and i. These indicate that settlement
conmenced about 18 m ahead of the face. By the time the face was level
with the array,L.6 mm of settlement had . developed, and by the time
the face was 70m past the array settlementwas virtually complete. The
form of the profile appears much the same as that of Hebburn (see
Section 6.2). The profiles appear to steepen very slightly during the
weekend stoppage 1.5 m from the boreholes, although only about % mm of
settlement is indicated over this period. The major properties of the

settlement development profile are listed in Table 5.l.

5.8.3) The transverse settlement profile

The development of the transverse settlement profile is
shown in PFigure 5.40. It is clear that the trough does not have a
symmetrical shape, the points of inflection being at 6.02 m on the
east and 7.75 m on the west. This is thought to be due to the
curvature of the tunnel centre-line at this point. Once the face is
past the measurement array the trough appears to retain a constant
width throughout its development. Fluctuations in the level of
stations 1, m, n are due to thelir location at some distance from the
TBM and therefore belng less accurately levelled.

Figure 5.41 illustrates the ultimate settlement trough
along with the lateral movement profile. This settlement trough is
the mean of the measurements at either side of the centre-line. A
maximum of 11.2 mm of settlement is developed. The shape of this
profile and its comparison with the other case historles is discussed

in Chapter 6, but its main properties are listed in Table 5.L.
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5.8.4) Horizontal surface movements

The profile of the ultimate horizontal surface displacement
is shown in Figure 5.4]1 along with the surface settlement trough. As
in the case of Willington Quay, maximum horizontal movement is
developed at the point of inflection of the settlement trough. A
maximum displacement of 5 mm is observed at this point. At about
11 m from the centre-line horizontal and vertical movements are equal,

and beyond this point horizontal movement predominates.

5.8.5) Sub-surface settlement

Due to problems with vandalism at this site (See Appendix C)
it only proved possible to obtain a steady set of datum values for
tube 2, at 2.5 m from the centre-line. The development of settlement
with depth for this tube is shown in Figure 5.42. This diagram shows
the ultimate settlement which was developed. It can be seen that
settlement does not increase uniformly with depth. The unexpectedly
high settlement at ring 1 (4.8 m deep) may possibly be caused by
disturbance of the upper section of the tube due to the several
modifications and repairs which became necessary during the course of
the measurement programma. The lower sections of the tube show

settlement increasing with depth, reaching 19 mm at a depth of 11.6 m.

5.8.6) Horizontal sub-surface movements

Inclinometer profiles parallel to, and perpendicular to, the
centre-line are shown in Figures 5.43 and 5.L4. As at Willington Quay,
the movement was measured relative to the tops of the tubes and the

movement of the tops measured independently and superimposed on the
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final profiles. As previously discussed, it only proved possible to
monitor movements in two boreholes. Many of the sets of readings
obtained from these proved to be highly erratic, probably because of
instability of the upper sections of the inclinometer tubes, which had
been replaced prior to the measurement programme. The more unreliable
of these sets of readings have been discarded.

Figures 5.43 shows movement at the centre-line parallel to
the tunnel line of advance. Once the shield has passed the array the
boreholes can be seen to be distorted at their bases in the direction of
tunnel advance, due most probably to the "dragging" effect of the shield.
Above this the tubes appear to remain more-or-less vertical.

Movements perpendicular to the tunnel line of advance are
shown for borehole 2, at a distance of 2 m from the centre-line. The
final shape of the inclinometer profile, with the tunnel face 38 m
beyond the array, would appear to indicate movement towards the centre-
line at the surface o« 3.4 mm,increasing to a maximum of 11.3 mm at a
depth of 10 m, 2.3 m above soffit level. This is reasonably consistent
with the observations from the other sites,although there is no indica-
tion of the "bulge" inwards towards the tunnel which was clearly

observed at Hebburn (Figures 5.11 to 5.13).
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Maximum settlement (avg) 7.9 mm

0.65 mm/m advance

Maximum rate of settlement (avg)

= 0.13 mm/hr
Onset of settlement at 9 m ahead of face

Completion of settlement at 17.5 m behind face

Settlement above face L0% of total

Settlement trough width = 22 m

1.2 mm/m

Maximum gradient occurs at 2 m from centre-line.

Maximum gradient of trough

Table 5.1

Settlement parameters - Hebburn
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Pre-Settlement Post~Settlement
Mean Mean
Measured| Correction| Corrected | Measured! Correction | Corrected
Length Factor Length Length Factor Length
(m) (m) (m) (m)
1-A]11.961 -0.003 11.961 11.961 -0.0005 11.961
1l -B | 15.073 -0.0006 15.072 15.069 -0.0007 15.068
1 -C | 18.11k -0.0006 18.113 18.111 =0.0009 18.110
1 -0 | 2130 | -0.001 . | 21.129 21.126 | -0.00L4 | 21.125
D -2 | 18.14, -0.0006 18.1L3 18.142 ~0.0008 18.111
D -3 | 16.666 -0. 0006 16.665 16.666 -0.0007 16.665
D-L4 | 15.220 | -0.0006 15.209 15.211 | -0.0007 15.210
D-51] 12.203 -0.0003 12.203 12.20L -0.0005 12.203
3 - 16 9.670 -0.0003 9.670 9.6T1 -0.000L 9.671
12 - 10| 19.321 -0.0007 19.320 19.323 -0.0009 19.322
12 - 9 | 23.004 -0.0008 23.003 23.006 -0.0011 23.005
12 - 6 | 25.921 =0.0009 25.920 25.923 -0.0012 25.922
6 - 11| 15.940 | -0.0007 15.940 15.941 | -0.0009 15.940
Coefficient of expansion of tape = 12 x 10-6/00
Calibration temperature = 20%¢
Table 5.2

Horizontal surface movements -;Hebburn
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Maximum settlement, = 81 mm
Maximum rate of settlement = 1.2 mm/m advance
= 0,09 mm/hr

Onset of settlement at 36 m ahead of face

Completion of settlement at approximately L50 days after start.
Settlement above face = 8% of total

Settlement trough width = 50m

Maximum gradient of trough

L.l mm/m
Maximum gradient occurs at 9 m from centre-line.
Maximum lateral displacement = 12 mm

Maximum lateral displacement occurs at 7.5 m from centre-line.

All values for ultimate, post-consolidation settlement trough.

Table 5.3

Settlement parameters - Willington Quay

Maximum settiement = 11 mm
Maximum rate of settlement = 0.49 mm/m advance
= 0.03 mm/hr

Onset of settlement at 20 m ahead of face
Completion of settlement at 80 m behind face
Settlement above face L41% of total
Settlement trough width LOm
Maximum gradient of trough 1.2 mvm

Maximum gradient occurs at 6 m from centre-line.

Maximum lateral displacement = 5mm

Maximum lateral displacement occurs at 7 m from centre-line.

Table 5.5

Settlement parameters - Howdon
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Chapter 6
DISCUSSION AND COMPARISON OF EXPERIMENTAL OBSERVATIONS

AND THE STOCHASTIC MODEL

6.1) Introduction

To facilitate a comparison between the three case histories,
the principal results from each site are summarised in Tables 6.1 to
6.3. The results from a previous case history carried out by the
University of Durham Engineering Geology Laboratories under the super-
vision of Dr. P.B. Attewell are summarised in Table 6.4. This table
refers to measurements carried out during the construction of one of the
tunnels for the London Underground Jubilee line (then called the Fleet-
line) at Green Park. These measurements were carried out principally
by Mr. A. Gowland but the author was concerned extensively with the
processing and interpretation of the results.

The four case histories comprise a variety of geometries and
ground conditions and include excavations both with and without a
shield. As was pointed out in Chapter 2, in order to predict settle-
ment effects over a tunnel ip is necessary first to estimate the likely
volume loss. It is possible to calculate this approximately from a
knowledge of the rate .of intrusion of the soil and the dimensions and
rate of advance of the tunnel, or empirically, as will be shown in
Section 6.2.2. However, to make use of this information we must first
show that the predicted shape of the settlement trough corresponds with

that observed in the field.
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6.2) Comparison of the stochastic model with surface measurements

Figure 6.1 shows all four settlement troughs from the four
field investigations plotted to the same scale. Superimposed on these
profiles are profiles predicted using the stochastlc model as described
in Chapter 2. The curves were calculated numerically for an annular
source of ground loss using the program listed in Appendix E. The
settlement trough volume, one of the initial parameters fed into the
program, was set equal to the measured volume of the Observed settle-
ment troughs. It is immediately clear that,provided the settlement
volume can be estimated correctly,the stochastic model provides an
excellent fit to the experimental curves. The profile for Willington
Quay, although quite acceptable as a predicted settlament trough, shows
the greatest discrepancy, the measured trough being narrower and deeper
than the calculated profile. This profile shows settlement after 23
days, before the second, pure consolidation phase of settlement had
begun. However, it is quite possible that even at this stage a certain
amount of consolidation may have occurred, which of course is not
accounted for by the stochastic model. It should algo be noted that
whilst the other three profiles are for tunnels in p&rely cohesive
materials, the overburden at Willington Gut was of a more frictianal
nature, being alluvial silt with sand lenses, and this also may have the
effect of narrowing the settlement trough. The trough from Howdon
appears to be shallower and slightly wider than the predicted trough
but this is considered to be due largely to the asymmetrical shape of
the trough, itself possibly caused by the curvature of the centre-line.

Figure 6.1 also shows predicted lateral displacement profiles

(from equation 2.18) for all four sites, along with measured profiles
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from Willington Quay and Howdon, no lateral displacements having been
measured at Green Park or at Hebburn. Once again the agreement between
the predicted and measured profiles 1s considered to be quite good,
taking account of the error inherent in the measurement method
(Appendix C). Movements at Willington Quay are smaller than predicted,
which tends to support the theory thut some consolidation is involved,
since consolidation settlement would not be expected to induce lateral
movements. Lateral movements at Howdon are slightly greater than
predicted, again possibly due to the curvature of the centre-line. It
should be noted, however, that the discrepancies between the measured
and calculated latefal displacement profiles are not much greater than
the estimated measurement errors and may, therefore, be even less than
shown in Figure 6.1.

Figure 6.2 shows profiles of measured and calculated surface
tilt and calculated lateral strain for all four sites. The Willington
Quay and Howdon profiles also show "measured" lateral strain. Tilt was
measured directly from the observed transverse settlement profiles.
Lateral strain was measured indirectly as the gradient of the lateral
displacement profiles. As might be expected, these graphical procedures
incur further errors and in consequence the discrepancies between the
measured and theoretical curves are greater than for settlement or
displacement. This is particularly obvious in the Willington Quay tilt
profile and in the Howdon strain profile, in both cases the theoretical
curves underestimating the measurements. Also, the observed maximum
tilt at Howdon is closer to the centre line than is predicted by the
stochastic model, a direct consequence of the asymmetry of the settle-

ment profile.
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In the case of straln and tilt, therefore, the stochastic
model would appear to be a less satisfactory predictor, although one
should bear in mind that the errors in the observed profiles may be

quite great. Nevertheless, on the basis of these case histories, the

model does provide a rough estimate of the magnitudes of these

parameters, and seems to predict their distributions reasonably well.

6.2.1) The settlement trough geometry

As is shown above, the stochastic model, as developed in
Chapter 2, fits quite well with the data from the four case histories
so far observed by the author. This model uses the extremely simple
relation between the depth to the source of ground loss and the point
of inflection (i) of the resulting settlement trough:

Z2=21 (6.1

This relation takes no account of the size or diameter of
the opening since it strictly applies to the "source function"
describing settlement above an infinitesimally small source of ground
loss. Numerical methods c?n be simply applied to take account of the
shape of the opening, although in many cases it is reasonable to regard
the tunnel itself as a point source. Schmidt (1969) and Peck (1972)

have proposed the more general relation: -

. n
H-05) (6.2

where D = tunnel diameter,
and n = empirical constant
They have suggested the value of 0.8 for the value of n based on

empirical studies of several case histories. This relation is
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considered by the author to be unsatisfactory from a theoretical
point of view (see Section 2.9).

Attewell (1977) presents data from 30 case histories in his
state of the art review. These data zre reproduced in Table 6.5. Using
thesedata along with that from the three sites described above, a plot
of the point of inflection (i) against axis depth (Z) was drawn
(Figure 6.3). Although these data do show a certain amount of scatter,
‘the best straight line through it is fairly close to the theoretical
relation. The data obtained by the author, and that from Green Park
fit the theoretical relation (equation 6.1) almost perfectly. The
most divergent data is that collected during the construction of the
Washington, D.C. metro and the one data point from the TRRL tunnelling
trials in the Chalk at Chinnor. Table 6.5 shows the ground conditions
encountered for each data point. It is clear from this table that many
of the Washington, D.C. metro measurements, which give narrower troughs
than would be expected, were taken over tunnels constructed in sands or
gravels. As was discussed in Sections 2.3.2 and 2.4.4 there is some
théoretical basis, as well as evidence from physical models, that
narrow troughs may occur above tunnels in frictional materials.

On the other hand, the TRRL tunnelling trials at Chinnor,
carried out primarily to test tunnelling machine performance in Chalk
for the ill-fated Channel tunnel, indicate the formation of a settlement
trough considerably wider than would be predicted by the stochastic
model. It would, perhaps, be unreasonable to expect a good fit with
this data from what is in fact a rock tunnel.

Disregarding the above data we obtain the third straight

line of Figure 6.3 from regression analysis. As can be seen, this line
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is quite close to the predicted relation of Equation 6.1. To test
the data in more detail, and to compare its fit with the two relations
in equations 6.1 and 6.2, the data was analysed using the Michigan
Interactive Data Analysis System (MIDAS), a comprehensive statistical
package supported by NUMAC. This package provides a flexible and
simple-to-use statistical testing facility, considerably enhanced by
its capability for interactive data manipulation and processing.
Figure 6.4 produced using MIDAS shows the data of Table 6.5.
plotted as 2i/D against Z/D. This figure uses all of the data from
Table 6.5 and therefore includes frictional as well as cohesive soils.
The two straight lines show the theoretical relation of equation 6.1
and the best straight line fit to the data points from regression
analysis. The two lines are very close together. Least squares
regression analysis gives a multiple.r of 0.90 indicating the high
degree of correlation between the two variables. The equation of the
least squares regression line is:

Z _ 21
'ﬁ = 0.03 + 1-09 (? (603

This evidence confirms that at least for these case histories, the
stochastic model with its simple linear relation between tunnel depth
and trough width gives a good correspondence with reality. In order
to test the "goodness" of the Peck-Schmidt relation (equation 6.2) it
is necessary to apply a logarithmic transformation to both variables
(Z/D and 21/D) in order to enable & straight line to be fitted to the
data by regression. The relation of Equation 6.2 then becomes:
I.oge(z/D) = 0.8 I.oge(2i/D) (6.4
This transformation was carried out using MIDAS and the

resulting scatter plot is shown in Figure 6.5. As in Figure 6.k, this
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plot uses all of the data from Table 6.1, including that from the
Chinnor trials and the Washington metro. Once again, a straight line
fits the transposed &ata quite well. The three straight lines showm
on Figure 6.5 show Peck's relation (equation 6.2), the relation
derived from the stochastic model (equation 6.1) and the best straight
line fit derived by least squares regression analysis. It is clear
that the regression line fits best with the stochastic relation. This
is confirmed by the equation of the regression line, which is:

Loge (z/D) = 0.23 + 0.93 loge(2i/D) (6.5
2y 0:93

or Z _ 21

o

Although the above analysis indicates that both Peck's model
and that developed in this thesis both fit the data reasonably well, it
appears that the simple relation of equation 6.3 provides the best
straight line fit. This is sufficiently close to equation 6.1 to
provide at least limited confirmation of the validity of the stochastic

model as proposed in Chapter 2.

6.2.2) The prediction of settlement trough volume

As was discussed in Chapter 1 (Section 1.13) it is feasible
to calcﬁlate the volume of ground lost into a tunnel from a knowledge
of its geometry and rate of advance, along with an estimate of the
intrusion rate of the soil. At present, however, the latter is difficult
to estimate with any accuracy, although further development of the
intrusion test (Attewell and Boden, 1971) may prove valuable in this
respect. The accuracy of this approach also depends on the assumption
that there is no volumetric strain in the ground during settlement (or

at least that the degree and distribution of volumetric strain is known).
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This assumption is discussed in Section 6.5.

In the absence of an analytical method of estimating volume
loss, an alternative approach is to attempt to find an empirical
relation between the observed volumes of settlement troughs and some
other easily measurable or calculable parameter. It is reasonable to
expect that the volume of ground loss will be a function of the size of
the tunnel and its stability, and therefore, as a first approximation,
an attempt was made to relate these factors by relating percentage
volume loss (V;g)to the Stability Ratio. A plot of percentage volume
loss against OFS (from the data in Table 6.5) is shown in Figure 6.6.

A reasonably good straight line fit is obtained to this data, in spite
of the highly simplified model used. Regression analysis of this data
gives the equation:

v i = -114+1.33 oFs (6.6

Although this implies negative volume loss at small values
of OFS, the fit for wvalues of OFS greater than 1.3 is quite good, giving
an r statistic of 0.89 (that is, 80%) of the variance in'VS%"is explained
by equation 6.6). It is probable that the straight line relation
ceases to hold for small values of OFS, but,as a rough guide, it may be
assumed that equation 6.6 holds down to an OFS of 1.3, below which
zero settlement occurs (the effects of this assumption are unlikely to
be of great importance since for such stable faces settlement is
unlikely to be a problem in any case). Equation 6.6 can be used to
determine the likely volume loss ove:» any tunnel, and this factor can
be inserted into the stochastic equations (2.18 to 2.22) in order to
predict settlement. Figure 6.7 shows settlement troughs predicted in

this way for the tunnels described in Chapter L along with that at
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Green Park. Although thei? agreement with the measured profiles is
not as good as that shown in Figure 6.1, it is nonetheless adequate as
a prediction.

It should be noted that equation 6.6 takes no direct account
of such factors as ground intrusion rate, tunnel advance rate or
tunnel geometry and so on, factors which were shown in Chapter 1 to have
a direct bearing on the volume of ground which would be expected to be
lost Into the tunnel. In view of thls, the degree of correlation shown
between volume loss ad OFS is quite surprising. Whilst the tunnel
geometry is partially included in the volume term, since percentage
volume loss is used, and intrusion rate is presumably related to OFS,
it remains true that settlement volume would be expected to be directly
related to tunnel advance rate. The validity of equation 6.6 may be
partly due to the fact that tunnel advance rates are fairly uniform in
most tunnels. However, variations in tunnelling rate may account for
much of the scatter of the points in Figure 6.6.

In view of the above limitations an attempt has been made to
construct a more sophisticated model teking into account all the known
variables. From equations 1.1 and 1.2 (Chapter 1) we derive:

V_ = 1%23 ;1 *+ DR/ T (6.7

s a g
using the nomenclature described earlier. The standing time of the

ground (Tg) is equal to the average distance between the face and the

point of grout injection (L) divided by the tunnel advance rate (Ra),

iving:
g g 2 R R
v = KD -i + D-lL
s L Ra Ra
2 R
N L (6.8
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If we assume that the intrusion rate (Ri) is a function of the OFS,

then:
2
- OFS nD L;E
Vs F _Ra "E-_ (1 + D)
vg=r I (5. AL (6.9
s ua D

In Figure 6.8 Vs% is plotted against OFS/Ra (1 + LI/D) for the four

case histories described in Tables 6.1 to 6.4. A curve has been
drawn "by eye" through the fowr points and the origin. It can be
seen that an excellent fit is obtained using a smooth, first-order
curve. However, the sparseness of data used to plot this curve makes
the relation very tenuous, and in practice it is probably better to
use equation 6.6 for predicting volume loss.

It should be noted that the empirical nature of equation 6.6
implies that it predicts the "average" settlement to be expected over
a shield driven tunnel using "normal" construction methods. Any
unusual features in the construction of the tunnel may alter this
volume of ground loss. In particular, it is to be expected that any
factors causing a delay in the grouting up of the rings will result in
significantly greater ground loss, and conversely it may be possible to

reduce the settlement volume by grouting earlier than is normal practice.

6.3) Ground movement vectors

As discussed in Section 6.2 it would appear that the stochastic
model will adequately predict movements at the ground surface,
particularly settlement, from a knowledge of the volume of lost ground.
No consideration has yet been given to the nature of the sub-surface
movement, as described by the inclinometer and magnetic settlement

ring data.
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Inclinometer data in a direction parallel to the tunnel
centre-line indicates that as the face approaches, the ground directly
ahead of the face moves inwards towards the tunnel. Only slight
movements are noted above or to the sides of the tunnel. By the time
settlement is complete, little movement parallel to the centre-line is
visible except very close to the tunnel itself where movemsnt is
generally apparent in the direction of tunnel advance. It is considered,
therefore, that apart from in the distorted zone directly around the
tunnel, movements parallel with the centre-line may reasonably be
ignored in any consideration of the ultimate, or final, state of the
ground around the tunnel (that is, it would appear that ground loss into
the tunnel face, parallel to the centre-line, is ultimateiy translated
into movement in a plane perpendicular to the centre-line). This
assumption has commonly been made in the literature (Schmidt, 1967;
Peck, 1972; Attewell, 1977) and plane strain conditions have been
assumed in the development of the stochastic model in Chapter 2.

In order to clarify the general nature of the movements in
the plane perpendicular to the centre-line, vector diagrams have been
drawn for the data from Green Park (Figure 6.9), Hebburn (Figure 6.10)
and Willington Quay (Figures 6.11 and 6.12). No vector diagrams have
been shown for Howdon, due to the lack of adequate sub-surface data.
It should be noted that the vectors shown in Figufes 6.9 to 6.12 do
not represent actual observations, but rather a combination of inter-
polations from the inclinometer profiles and the settlement ring
measurements. This operation enables a regular grid of vectors to be
produced, both clarifying the diagrams and simplifying the subsequent

construction of contour diagrams (Section 6.3.2). Whilst in this form
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the data are not very amenable to quantitative analysis, the vector
diagrams do provide a convenient and clear visual impression of the
nature of the overall ground movemen;s around these tunnels.

The vector dlagrams show movement generally downwards and
inwards, towards the tunnel, as would be expected. Both at Hebburn
and at Willington Quay (23 days) vertical and horizontal movements
are of the same order of magnitude with vertical movements predom-
inating, particularly towards the ground surface. At Green Park
horizontal movements appear to be much smaller than vertical settle-
ments. It should be mted however that in this case the horizontal
displacements, teing extrapolated from inclinometer profiles, are
therefore relative to datum points at the ground surface. If any
inward surface movement occurred at Green Park, and was not detected,
then the resulting inclinometer profiles would underestimate the
horizontal displacements, causing the vectors apparently to tend to the
vertical.

The Willington Quay 1L9 day vectors tend to be more vertical
than those at 23 days, particularly close to the tunnel. This would
tend to confirm the notion that consolidation has taken place. It is
to be expected that ground movements due to consolidation would be
primarily vertical, and that these movements would occur in the drained
zone around the tunnel (Chapter 3). The transmission of this movement
to the surface wuld be expected to result in both vertical and lateral
movements, in a similar way to those caused by normal ground loss,
these movements developing above the consolidating zone.

Just above the "shoulders" of the tunnel the displacement

vector can be seen to be directed slightly outwards (Figure 6.12). The
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vertical extent of this outward movement is shown more clearly in the
inclinometer profile (Figure 5.35). This movement was explained in
Chapter 5 as resulting from high-pressure back-grouting of the lining
(Section 5.7). The vector diagram sgows that this outward movement is
sti1l accompanied by downward settlement. Sizer (1975) using the same
data produced a series of vector dlagrams for various stages in the
development of movement around the Willington Quay tunnel. These
diagrams indicate that at the time of back-grouting the movement is
predominantly outwards; with vertical, consclidation settlement occurring
immediately before and immediately afterwards.

It would appear from Figures 6.9 to 6.12 that there is a small
amount of downward and inward movement below the level of the tunnel
invert. -The cause of this movement is unclear. However, its mégnitude
is small apd it 1s quite possible that it is,in fact,a consequence of
the extrapolation pro¢edure, no measurements of settlement having been

obtained from this depth.

6.4) Sub-surface ground movement contours

As an alternative method of presenting the data of Section
6.4, contour diagrams of sub-surface movements and strains are
presented in Figures 6.13 to 6.25. For each of the four cases (Green
Park, Hebburn and Willington Quay 23 days and 1.9 days) contours of
vertical movement, horizontal movement, and total movement have been
plotted. Two sets of vertical movement curves are shown for Green
Park, since there was a small amount of uplift observed at this site.
The contour diagrams of vertical and horizontal movement were extrapo-

lated from the settlement ring data and the inclinometer data by
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producing a series of "sectlions" through the ground along a regular
grid'in both the horizontal and vertical directions and locating the
positions of the intersections of the contour lines with this grid.
The same "sections" were also used for the production of the vector
diagrams (Section 6.3). ‘In all cases contours have been shown below
the level of the tunnel and at distances from the centre-line well
beyond the positions of the boreholes. In these areas, where of course
there was no observational data, it was necessary to extrapolate the
sections by eye, assuming that the displacements in these areas would
be tending towards zero. Whilst this procedure is regarded as
providing a reasonable estimate of the ground movements, the contour

lines in these areas should be regarded as approximate.

6.4.1) Contours of vertical displacement

Contours of vertical displacement for the three sites are
shown in Figures 6.13 to 6.17. There is a reasonably close similarity
between all of these figures, indicating the same general distribution
of vertical displacement in each case. In all cases settlement
increases with depth over the centre-line but decreases with depth at
distances from the centre-line greater than about 0.3 of the depth to
axis. In all cases a small amount of downward movement is indicated
below the level of the tunnel invert, this movement reaching a maximum
at about 1.5 times the tunnel radius from the centre-line (see
Section 6.3). At Willington Quay 23 days (Figure 6.16),the contours
just beneath the surface in the vicinity of the centre-line turn
more or less horizontal and are fairly close together, indicating a

rapid increase in settlement with depth in this area. This phenomenon
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is reflected in the ground strain contours and is discussed in
Section 6.5.1. The contours for Willington Quay at 149 days (Figure
6.17) indicate clearly the widening of the trough during long term
consolidation, and also show that there is no apparent increase in
settlement below invert level, where little consolidation would be

expected to take place.

6.4.2) Contours of horizontal displacement

Contours of horizontal sub-surface displacement are also
shown in Figures 6.14 to 6.17. The contours for Green Park, Hebburn
and Willington Quay 23 days (Figures 6.1l to 6.16) all show a
characteristic pattern which can perhaps best be described as being
similar to a large ear emerging from either side of the tunnel. This
indicates the zone of maximum lateral movement, starting approximately
at the spring-line of tha tunnel and moving outwards and upwards
towards the surface. As noted in Chapter 5, the maximum lateral
movement at the surface coincides with the point of inflection of the
settlement profile. If this is also the case below the surface then
the contours would appear to show that the width of the trough, as
indicated b& the point of inflection, does not decrease linearly with
depth, as is predicted by the simple stochastic model. This is
confirmed by the contours of vertical movement. It may be partly due
to the effect of shape of the tunnel (that is, the distribution of
ground loss) close to the tunnel itself, and may also indicate that
below the surface the maximum lateral movement does not correspond with
the point of inflection of the settlement trough. This evidence does

suggest that the stochastic model is inadequate to predict sub-surface
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movements, in spite of its effectiveness at the surface.

At Green Park the zone of maximum lateral movement appears
to rise almost vertically from about invert level, which would imply
that at the surface the point of maximum lateral movement falls well
inside the point of inflection. As noted in Section 6.2 this is prob-
ably due to the underestimation of lateral movements from the
inclinometer profiles.

The Willington Quay contours for 23 days (Figure 6.16) show
that the maximum lateral movement occurs at some distance above and to
the side of the tunnel itself. This may indicate a reduction in
lateral movement due to slight "squatting" of the lining or possibly
may indicate a slight amount of coneolidation close to the tunnel which
would tend, of course, to be in a vertical direction.

In all three of these cases, lateral movement appears to
extend well below the tunnel invert, this being particularly noticeable
at Hebburn (Figure 6.15). The movement appears to extend to a lower
level than the vertical displacements, although once again the contours
are of a somewhat speculative nature. This movement bdow invert level
would tend to confirm that around the tunnel the stochastic model is
unable to explain or predict the actual ground behaviour.

The Willington Quay contours for 149 days (Figure 6.17)
show the movement away from the tunnel already noted in Section 6.3.
Beyond this small zone of outward movement there is only a small amount
of lateral displacement, movement below invert level having virtually
disappeared. The zone of maximum lateral displacement appears to have
migrated upwards towards the ground surface. This general reduction in
inward movement at depth.may be a response to the high-pressure back-

grouting discussed in Section 6.3, the continuing settlement being due
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entirely to consolidation processes. Conversely, the increase in
lateral movement at depths down to about 8 m indicates a normal
settlement response in this zone. Volumetric strain contours (Section

6.6.2) tend to confimm this view.

6.4.3) Contours of total displacement

The contours of total ground displacement, shown in Figures
6.18 to 6.21, are somewhat more difficult to interpret than those of
settlement or lateral displacement. At Green Park, Hebburn and Willing-
ton Quay 23 days maximum movement occurs in the crown and around the
"shoulders" of the tunnel, decreasing towards the invert as would be
expected. The Willington Quay contours for 1L9 days (Figure 6.21) show
maximum movement occurring at a depth of L m, well above the tunnel
soffit. This is due to the consolidation of the deeper ground around
the tunnel. The widening of the zone of influence between 23 dsys and
149 days is very apparent from these contours.

The total displacement contours can be considered to delineate
the "zone of influence" of the tunnel. This zone can be seen at Hebburn
to be quite wide at axis level, in compafison with the other cases.

It is indicative of the anisotropic nature of the laminated clay in

which the tunnel was excavated.

6.5) Sub-surface strain contours

Contours of vertical strain can be calculated by differentia-
ting settlement along the vertical direction and similarly those of
horizontal strain by differentiating lateral strain horizontally. This

procedure was carried out graphically on the same "sections" used to
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produce the displacement contours, since strain was not measured
directly. This method of estimating strain must inevitably introduce
further errors, as the contour plots should only be regarded as an
approximate guide to the actual ground strain. Volumetric strain is

calculated by summing the vertical and horizontal strains.

6.5.1) _Contours of horizontal and vertical strain

Contours of vertical and horizontal strains are shown in
Figures 6.22 to 6.25. Both sides of the diagram, vertical and
horizontal strain for each site, should be considered in conjunction.
As was discussed in Chapter 2, the "inward" nature of the lateral
movement implies that the ground within the inflection points of the
settlement profile should be laterally gompressed, whilst that outside
the inflection points should be in tension in the horizontal sense.
This appears approximately to be the case at Green Park, Hebburn and
Willington Quay 23 days (Figures 6.22 to 6.35). The narrowness of the
compressive zone above the Green Park tunnel would be explained by the
underestimation of lateral movements. At Hebburn (Figure 6.26) there
appears to be a compressive zone beneath the tunnel. It may be in
some way related to the anisotropic nature of the laminated clay
encou#aging lateral movement even beneath the tunnel, or may, on. the
other hand, simply be an error caused by extrapolation of the dﬁta
below the bases of the boreholes.

The tensile, or expansive néture of the vertical strain at the
tunnel at Green Park and Hebbwrn (Figures 6.22 and 6.23) is a résult of
increasing settlement with depth, the compressive zones at either side
indicating the reverse. The contours of vertical displacement at
Willington Quay (23 days) (Figure 6.24) are rather more complex. As in

the above two cases, the ground dilates vertically above the tunnel
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as is to be expected. The tensile zone directly below the surface
above the centre-line may possibly be due to a certain degree of
"arching" of the pavement structure beneath which these measurements
were taken. The reason for the compressive zone approximately midway
between the surface and the tunnel is unclear. It could result from
an anomalously low reading from one of the centre-line settlement
rings, which'would be quite feasible if coupling between the ring and
the ground were poor.

Figure 6.25 shows lateral and vertical strain contcurs for
Willington Quay at 149 days. Contours of lateral strain indicate a
compressive zone around the sides of the tunnel, presumably due to the
high pressure back-grouting carried out at 71 days (Chapter 5). Zones
of hgh compressive and tensile strain can be seen at a depth of around
4L m. In this area vertical strains are quite low. The relation
between the tensile and compressive zones at this point indicates a
localised inward movement of the ground towards the centre-line. This
localisation suggests the possibility of an erroneous measurement of
lateral displacement at this point, possibly caused by distortion of the
inclinometer tube. Convérsely, at the level of the lower part of the
tunnel a zone of positive vertical strain can be seen strétching about
2 tunnel diameters away from the centre-line. This is thought to
delineate the area in which consolidation has occurred. The dilating
zone just beneath the surface is still visible, although the maximum
strains are lower, so indicating som: breakdown of the arching effect of

the road surface.
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6.5.2) Contours of volumetric strain

Contours of volumetric strain for the three locations
are shown along with total displacement contours in Figures 6.18 to
6.21. These diagrams were constructed by summing the contours for
horizontal and vertical strain. In these diagrams positive strains
represert compression of the ground whilst negative strains show
dilation. In the cases where no consolidation is expected (Figures 6.18
6.18 to 6.20) these strains are fairly low, reaching a maximum of
0.8% at Willington Quay (Figure 6.20), 0.4% at Hebburn (Figure 6.19)
and only 0.2% at Green Park (Figure 6.18). Nevertheless, this does
indicate that a small degree of volumetric change does occur above
these tunnels, contrary to the assumptions in the stochastic theory.

At Green Park there appears to be compression directly above the tunnel,
up to about 8 m below the surface, dilation above and to the sides of
this, and another zone of compression beyond the dilational zone. These
contours are, of course, influenced by the measurements of lateral
displacement. If these measurements were erroneously low (Section 5.4)
we would then expect the true contours of volumetric strain to be
displaced laterally, away from the tunnel centre-line, relative to those
shown in Figure 6.18, resulting in a wider zone of compression above the
tunnel, and possibly removing the outer compressive zone altogether.

At Hebburn (Figure 6.19) the contours indicate a compressive
zone above the tumnel, extending up to the surfacc, another compressive
zone below, and to the sides of the tummel, with a dilation zone outside
these. Above axis level this corresponds with the pattern proposed for
Green Park. The compressive zones at elther side of the tunnel are due

primarily to the vertical strains noted in Section 6.5.1. In both cases,
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volumétric strain at, and close to, the ground surface is extremely
low, reaching a maximum of approximately 0.05% at Hebburn, and
indicating that the stochastic relationships proposed in Chapter 2
hold good in this zone.

At Willington Quay (Figures 6.20 and 6.21), where consolida-
tion is thought to have @aken place, the picture is rather more
complicated. At 23 days (Figure 6.20) the strains are quite low in
magnitude. The tensile zone directly beneath tﬁe centre~line at the
surface, noted in Section 6.5.1 is still visible, along with a dilation
zone directly above the tunnel, presumably caused by continuing ground
collapse into voids around the tunnel due to the extremely weak nature
of the soil. Apart from the dominantly vertical strains around the
centre-line, strains at the surface are once again very low.

The contours at 149 days (Figure 6.21) show the zone of
compressive strain to either side of the tunnel where consolidation is
presumed to have taken place, a maximum volumetric strain of 2.4%
occurring. The zones of high strain at L m below the surface probably
represent an erroneous measurement of lateral displacement (ggg Section
S.h). Disregarding this localised disturbance, the rest of the ground
at depth is generally in compression, as would be expected if
consolidation has taken place. As can be seen by a comparison between
Figures 6.25 and 6.21, this strain is principally in the vertical

direction.

6.6) Consolidation at Willington Quay

As was discussed in Section 6.5.2 the zones of high volumetric

strain at the sides of the tunnel observed at Willington Quay (Figure
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6.21) may well represent consolidation of the silt, a notion

supported to some extent by the very long-term nature of the settle-
ment. In Figure 6.26 centre-line surface settlement is plotted against
log time. It is quite clear that on removal of the air pressure from
the tunnel-the curve steepens and becomeé approximately linear if
allowance is made for the uplift at 160 days. This is very similar tc
the form of curve obtained from a standard consolidation test.

It 1s posgsible to calculate the amount of consoclidation
settlement to be expected at Willington Quay using equation 3.1l of
Chapter 3. We assume a compression index of 0.3 and a void ratio of
1 for the silt, and calculate the compression of a layer of silt
5 m thick (approximately the thickness of the zone of high volumetric
strain). The piezometer at axis level indicated a fall in pressure due
to the removal of the compressed air of approximately 22 kN/mz. If we

regard this as equivalen: to the increase in effective stress; then:

S=5x0.3 log10 (2052; 22)

=33 mm
The observed consolidation settlement is approximately 50 mm.
Taking into account the approximate nature of the assumptions inwvolved
in the above calculation the agreement is considered to be quite
reasonable. The fact that the predicted value is lower than the
measured settlement may be partly due to the fact that some degree of
consolidation occurred outside the zone of high volumetric strain and

that not all of the 60 mm long-term settlement was due to consolidation.



Depth to axis (Z)
Diameter (D)
Z2/D

Maximum settlement (S max)

Point of inflection (i)

Settlement volume (Vg)

Maximum lateral surface
movement (S, max)

Maximum lateral surface strain

(E max)

Maximum surface tilt (T max)

Maximum settlement rate (ds/dt)

Maximum intrusion rate (de/dt)

Cy of laminated clay

Bulk density of stony clay

Bulk density of laminated clay

Overburden stress at axis level

Stability ratio (OFS)

Advance rate - average

Advance rate - maximum

Table 6.1.
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7.5m

2.0l m

3.72

7.9 mm

3.9m

0.077 mm/m advance
2.42%

3 mm (estimated)

unmeasurable
0.13%

0.13 mm/hr
0.221 mm/hr
73.2 KN/m®
2.1 Mg/m>
1.9 M'g/m3
148 kN/m?

2.02
0.11 m/hr

0.18 m/hr

Summary of observations - Hebburn



Depth to axis (Z)
Diameter (D)
Z/D

Maximum settlement (S max)

Point of inflaction (i)

Settlement volume (V)

Maximum lateral surface
movement (Sj, max)

Maximum lateral surface
strain (E max)

Maximum surface tilt (T max)

Maximum rate of settlement
(ds/at)

Average intrusion rate (from
lab tests) (de/df)

Cu of silt

Bulk density of silt

Overburden stress at axis level

Air pressure
Stability ratio (OFS)

without air pressure
with air pressure

Advance rate -~ average
- maximum

Table 6.2

13.375 m

L.25 m

3.15

23.5 mm (23 days)

81.5 mm (ultima

Al LS W

)

[¢]

6.1m-8.5m
0.365 m>/m
2.57%
1.7k m3/m
12.27%

} 23 days
ultimate

12 mm

0.23%
0.55%

0.095 mm/hr

30 mm/hr
25.4 kN/m2
1.82 Mg/m’
239 kN/m
90 kN/m2
.5

5.95

.06 m/hr
.1 m/hr

[N/ uiNo

Summary of observations - Willington Quay
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Depth to axis (Z)
Diameter (D)

Z/D

Maximum settlement (S max)
Point of inflection (i)

Settlement volume (Vs)

Maximum lateral surface
movement (Sh max)

Maximum lateral surface
strain (E max)

Maximum surface tilt (T max)

Maximum rate of settlement
(ds/dt)

Maximum intrusiori rate
(estimated) (de/dt)

cu of stony clay

Bulk density of stony clay

Overburden stress at axis level

Stability ratio (OFS)
Advance rate -~ average

Advance rate - maximum

Table 6.3

14.18 m
3.625 m
3.91

11.2 rm

(¢,
\D

. (13

0.21 m}/m advance
2.07%

5 mm

0.142
0.098%

0.03 mm/hr

0.06 mm/hr
100 kN/m2
2.1 Mg/m’
292 kN/m2
2.92

0.068 m/hr

0.15 m/hr

Summary of observations - Howdon
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Depth to axis (2)
Diameter (D)

Z/D

Maximum settlement (S max)
Point of inflection (i)

Settlement volume (V)

Maximum lateral surface
movement (Sh max) '

Maximum lateral surface
strain (E max)

Maximum surface tilt (T max)

Maximum rate of settlement
(ds/dt)

Average intrusion rate
(estimated) (de/dt)

Cy of London Clay

Bulk density of London Clay

Overburden stress at axis level

Stability ratio (OFS)
Advance rate - average

Advance rate - maximum

Table 6.4
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30m
L.15m
7.23

6 mm
15m

0.23 m3 m

1.7%
Unmeasured

Unmeasured

0.033%
0.042 mm/hr

0.0055 mm/ hr
211.6 kN/n°
1.92 Mg/m°
565 kN/m2
2.6

0.116 m/hr
0.148 m/hr

Summary of observations - Green Park
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Table 6.5 (continued)
after Attewell (1977)
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CONCLUSIONS

1. Published studies, although providing information
on the character of ground movements caused by tunnelling in

soft ground, offer only limited insight into the actual

mechanisms generating these d;E;}mations. Obserf#tions made in
the body of the thesis indicate that further research into this
subject is necessary. In pariicular, research into the nature
of ground movemenis close to the tunnel excavation itself is
required, with the object of delineating the mode, and extent,
of "failure" of the soil, and to provide a better estimate of

volume losses into the tunnel.

2. Two distinct types of settlement phenomena have been
identified. First, settlement may be caused by "ground loss,"
both into the excavation and into the annulus around the lining.
This type of settlement results directly from the nature of the
excavation itself, and therefore its development depends upon
both the depth of the tunnel and the rate of tunnel advance. It
can be regarded as an undrained, constant-volume process.

Second, settlement may be caused by long-term volume
changes in the ground. It is caused in clay soils by consolida-
tion which results from drainage into, or around, the lined
tunnel. This type of settlement occurs with the release of

compressed air, when this type of ground restraint has been used.



260

Although these two effects may take place concurrently,
they can be regarded as entirely distinct, with their development
and distributions superimposed. When compressed air has been
used, consolidation settlement may develop some time after volume

loss settlement is complete.

3. Settlement (S), lateral displacement (Sp) and lateral
strain (Eh) at a transverse distance x from the tunnel centre-
line, and caused by volume losses into the tunnel; can be predicted
using stochastic or probabilistic methods, provided that the
magnitude of the volume loss is known, and assumed to be equal to
the volume of the settlement trough (Vs). The following relations
have been developed for a point source of ground loss at a depth

Z in cohesive soil:

Surface settlement (S) 2vs/(«/2rxz) exp (-2x2/Z2)
(x/Z) 8

(1 - bx%/2%) s/2)

Lateral surface displacement (Sh)

Lateral surface strain (Ch)

The model settlement trough takes the form of a Gaussian
distribution and is validated empirically by previously published
case history data. On the settlement curve there are two points
of inflection (I 1) at a distance of Z/2 either side of the tunnel
centre-line. The above relations should strictly be regarded as
"source functions", although for depth-to-diameter ratios greater
than 2 they can be used to determine surface settlement, lateral
displacement and lateral strain directly. For points less than
about two diameters from the centre of the tunnel, the "source

functions" must be combined numerically to provide an accurate




estimate of the above paraneters.

L. The volume of the surface settlement trough (Vs%),

expressed as a percentage of tunnel volume, is related

empirically to the ground stability ratio (OFs) by the expression:

-vs% = «1.1h4 + 1.33 OF3

This relation must be regarded as tentative and Temporary,

- being based on case history evidence available at the time of

writing.

5. Results from the three sites can be surmarised as

follows: -
Hebburn | Howdon Willington Quay
{23 days) | Long~-term
Depth to axis (m) 7.5 1L.18 13.375 13.375
Diameter (m) 2.01h 3.625 L.25 425
Advance rate (m/hr) | .0.11 0.068 0.06 0.06
C, of soil kN/m? -_73.2 100.0 25.4 25.L
OFS 2.02 2.92 5.95. ( 9.5)
S max (rm) 7.9 11.2 23.5 81.5
Sh mese (rm) 3* 5.0 6.0 12.0
'E; yax (%) - 0.14 0.15 0.23
i (m) 139 6.9 6.1 | B.5
Vs; 2.&2. 2.07 2.57 12.27

Results from Hebburn and Howdon correspond reasonably well

with predictions using the stochastic model and would appear tc

#*
estimated
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reflect undrained, volume-loss settlement. The early stages of
settlement at Willington Quay, up to 23 days after passage of the
shield, also agree with the stochastic model. In the long-term,
however, the settlement trough deepens and widens whilst lateral
displacement and strain do not increase to a corresponding
extent. This long-term settlement, developing after release of
the compressed air from the tunnel, is considered to be caused

by consolidation due to drainage into the tunnel.

6. Seepage forces, as estimated from flow nets, would
seem to have an appreciable effect on tunnel face stability.
These, however, would be largely counteracted by the use of
compressed air. They should therefore be taken into consideration
in those cases where a tunnel beneath the water table would
otherwise appear to be sufficiently stable to excavate in free

air.

7. As was evident at Willington Quay, settlement caused
by consolidation may be greater in magnitude than that atiributable
to volume loss. Where compressed air is not used, consolidation
may commence a short distance ahead of the face, and its onset
will be concurrent with volume-loss settlement. It may then be
difficult to distingulsh between the two phenomena. More commonly,
consolidation will occur on the release of air pressure, and can
be regarded as a distinct and separate phase of settlement.

The geometry of the consolidation settlement trough is

difficult to predict. It will depend on the extent of the drained



area around the iunnel and would be expected to be wider than
that due to volume loss, particularly in soils of anisotropic
permeability which may_drain horizontally for some distance from
the tunnel.

The effectiveness of caulking in reducing conselidation

settlement depends on the relation betﬁeen the permeability of

the caulked lining endthHat of the surrounding soil. In clays,
caulking will have little or no effect, although consolidation
in this case will be extremely slow to develop, where2s in coarse
silté the effect of caulking may be considerable.

At the present time, the effects and mechanism of
consolidation around tﬁnnels are not well understood. Only an
estimate of expected consclidaﬁion settlement can be made with
thé sid of flow-nets. It is considered that further research in:
this area.would prove invaluable, especially in view of the large
contribution that consolidation may make to the total sctilement.
In particular, more quantitative information is required i
changes in the pore-pressuré regime around tunnels, both duriﬁg

construction and after the release of any compressed air.

8. This thesis has shown how case-history evidence can
be used to support a theory of ground movement caused by tun-
nelling. Tt must be recognised, however, that the resulting

empirical relations between fixed design variables and geo-

‘technical variables-do not in any way cater for the effects

of eithér jinadequate workmanship or unexpected and poor ground
conditions at the tunnel face. Ground - and espécially surface
~ movement, prediction may proceed only with a concomitant
awareness that local anomalous deformations may invalidate

such predictions.
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Avpendix A
THE DRTFT MORPHOLOGY OF THE NORTH OF ENGLAND

Because the Tyneside area lies above a large buried valley,
the great majority of civil engineering works in this locality are
-econstructed- in, -or founded onj; either glactal-drift—or-post=glracial —
deposits such as alluvium or made ground. For example, of the 62
kilometers of interceptor sewer being constructed for the Northumbrian
Water Authority, approximately 50 kilometres will be in this drift, the
remainder being in the Coal Measures lying directly beneath it (Boden,
1967). All the tunnels on Tyneside which are described in this thesis
are constructed in either glacial deposits of one kind or another or in
more recent alluvium. The geological discussion here will therefore be
confined to consideration of the drift deposits, and will only briefly
mention the underlying rocks.

The swrface drift deposits of the North-East of Fngland were
formed mainly as a result of glaciation occurring during the Pleistocene
epoch. Estimates of the number of major placial episodes that have
occurred in this area vary from one (Francis, 1970) to five (Trotter and
Hollingsworth, 1932). It is generally agreed, however, that the
existing deposits have largely derived from the final stage of glacia-
tion and date from the last few thousand years of the Weichselian,
between 18,000 and 10,000 years before the present (Boden, 1972). Since
it seems likely that some glacial deposits must have been layed down at
an earlier stage than this, when, of course, glacial deposition is

known to have been widespread elsewhere, it must be assumed that these
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deposits were eroded away prior to the final glaciation by the
advancing ice.
The general succession for the North-East of England is
as follows:
Upper Till

Middle Sands

Lower Ti11 _ —_
Hutton Henry Peat
Scandinavian Drift
Weathered Rockhead
The weathered rockhead in the Tyneside area consists almost
entirely of Coal Measures rocks, typically sandstones, shales, mud-
stones, fireclay and coal, with localised Permian outliers in the south
east. |
The Scandinavian Drift dates from the first stage of the
Weichselian, the Saalian. It 1s very localised in occurrence.
Erratics ip this deposit come, not only from Scandinavia, but also from
Scotland, and the alternative name of Warren House Till has been
proposed (Francis, 1970). The Hutton Henry Peat is likewise very
uncormon. It is Eemian in age, dating from the middle, temperate stage
of the Weichselian, and was deposited during an interglacial period.
The Lower Till (Wear Till or Blackhall Till) has been dated
at about 18,500 years before the present (Francis, 1970) and is the
major component of the succession. It is a stiff, sandy clay containing
many erratics from the Lake District and Scotland. It represents the
main stage of glaciation visible in this area, reaching a maximum

thickness of 30 m. Overlaying this are localised sands known as the
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Middle Sands. These are alluvial deposits and represent the second
interglacial period of the Weichselian, corresponding with the Durham
Complex to the south.

In general, in the North-East of England, the Middle Sands
are directly superseded by the Upper Till. This is a brown stony clay

for which the alternative names of Horden Till or Pelaw Till have been

proposed_by Francis (1970). It-represents the—final stage-of glaciation————
in the area. The deposit tends to be thinner and less widespread than
vile Lower Till, put is found i1in most parts ot the Eastern section of the
area (i.e., East of Gateshead). It reaches a maximum of about 6 metres
in thickness but in general is only 3 or L metres thick. It is normally
or only very slightly overconsolidated, suggesting that the clay has
never been subjected to a ;ery large overburden such as an ice sheet.
Beaumont (1967) suggests that this stony clay may represent a reworked
boulder clay, probably the Lower Till, deposited as a turbidite, but if
this were the case the clay would be expected to show well-graded bed-
ding, which has in fact broved undetectable. Its lower boundary is
highly irregular, suggesting that the stony clay was deposited after a
period of erosion.
The above succession is complicated locally by the fact that
the Tyne valley was considerably overdeepened during the interglacial
period between the deposition of the Lower and Upper Tills. The Tyne
valley is overdeepened by about LO metres at its mouth, indicating that -
at this time the sea was at a much lower level than at present. The
buried valley is filled with a complicated series of deposits known,
not inappropriately, as the Buried Valley ﬁeposits. These consist

mainly of laminated clays with stony clays, silts, sands, and gravels,
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often overlying varved clays. The silts, sands and gravels are often
water-bearing. The varved clays at the bottom of the succession
probably represent glacial lacustrine sediments resulting from the
damming of the Tyne valley, at this time coﬁsiderably deeper than at
present, by the North-East ice sheet as the Western ice sheet withdrew
during the late Weichselian stage, some 10,000 years before the

present_(Francis, 1970). - - - A _

Above the varved clays the Buried Valley Deposits represent a
Wuch iwie chaugeable situation. They suggest a combination of simple
lacustrine sedimentation (laminated clays), with periodic re-advances
of the ice (stony clays), and much periglacial activity (sands, gravels,
and like deposits). .

The principal component of the Buried Valley Deposits is the
laminated clay. This is generally regarded as a lacustrine deposit.
Thin sections show both flocculated and roughly sub-parallel structures
of the clay minerals (Bewick, 1973). The former suggests slightly saline
conditions whilst the latter, found in the laminations, suggests fresh
water. Hence the laminated clay was probably layed down in rather
brackish conditions with perledic incursions.of fresh water.

Some of the sediments making up the Buried Valley Deposits,
particularly isolated units of stony clay, may, in fact, represent
slumps or solifluction deposits (Francis, 1970).

The mode of origin of the Buried Valley Deposits has resulted
not only in considerable vertical variation in material but also in
marked horizontal changes in 1ithology, making correlations of succes--
sions extremely difficult,.even between quite closely-spaced boreholes.

(Boden, 1972).
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Uppermost in the succession are a number of localised
occurrences of recent alluvium. These may rest on the Upper Till or
may lie in valleys eroded deeper into the drift (as at Willington Gut).
They consist largely of sand, silt, or gravel, sometimes containing
considerable amounts of organic material and often with bands of peat
or clay.

_The drift, quite naturally, tends to-be-.shallower-over—high

ground, increasing in thickness as the rivers are approached. The
muximum thicknesses or drirt are tound within the courses of the
buried valleys. For example, in the Team Valley depths to rockhead as
great as 60 metres have been recorded.

Details of the geotechnical properties of the particular
materials encountered in the fieldwork described in this thesis are
given in Chapter 4. A brief summary of the engineering properties of

the drift in general is given below.

1. Lower Till

This is a stiff, hard, dark grey or brown sandy clay with
scattered rounded pebbles and boulders. Its shear strength normally
lies between 120 kN/m2 and 170 kN/m2, but may go as high as L0O kN/m2
in places. This, combined with its uniform nature, makes it a good
material for tunnelling. It is quite stable,and under most conditions

would not require shield support (Boden, 1967), unless particularly wet.

2. Upper Till

This is a red or brown pléstic clay containing a few small,

generally angular, stones. Unlike the Lower Till it is not sandy. Its
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shear strength is generally around 100 kN/m2. It is also a good
tunnelling medium but would usually require the use of a shield to
avold excessive surface settlements due to its more plastic nature.
Both of the tills are virtually impervious, as would be
expected. Calculations based on consolidation tests from the site

investigation reports suggest a coefficient of permeability for the

t41Ts-of ‘around16-1%n/sec: —_— —_——— —

3. Buried Valley Deposits

Due to their lithological variation, the Buried Valley
Deposits show marked changes in their geotechnical properties. The
laminated clays are brown in colour and quite plastic. They generally
have an undrained cohesion of around 50 kN/mZ, but this may go as low
as 15 kN/m2 or as high as 100 kN/m2 in plaées. These valués, obtained
from the site investigetion reports, are the result of many undrained
tiraxial tests on 38 mm diameter samples cut axially at right angles to
the laminations and are, thereforg, representative of the strength of
the clay itself. The laminae are silty or sandy, are frequently water-
bearing,and much weaker than the surrounding clay. They make ideal
slip planes and endow the laminated clay with anisotropic properties.
Permeability in laminated clays can be highly anisotropic. Perpendicu-
lar to the laminations, the cpefficient of permeability is around ]0-9
m/sec, that is, it is practically impervious. Parallel to the lamina-
tions the coefficient of permeability may be much greater (Terzaghi,
1955). Chan and Kenney (1973), reporting on a Canadian varved clay,
find a permeability ratio (the ratio between horizontal and vertical

permeability) of only about 5, but this is for a clay with well-graded
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layers rather than with distinet laminations. Kenney (1963) suggests
that, in theory, soils with distinct laminations would be expected to
show a higher permeability ratio. Parry (1972) reports on strongly -
laminated Oxford Clay with a fine "dusting" of silt or sand along the
laminations (i.e., a soil quite similar to the laminated clay in the
North-East, although more highly overconsolidated). He finds a vertical
permeability of 5 x loflo.m/sec and—a—horizontal—permeability of
3.5 % 10-8 m/sec (i.e., a permeability ratio of 70). This anisot;opy
may nave a marked ettfect on the tunnelling propertiss of the soil, and
is discussed further in Chapter 5.

The properties of the stony clays found amongst the Buried
Valley Deposits are quite similar to those of the Upper Till, and they
should therefore prove to be good tunnelling materhls. Gravels and
sands in the Buried Valley Deposits are uncemented and often water-

bearing.
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AEBendix B
THE TYNESIDF SEWERAGE SCHEME

A1l the fieldwork carried out by the author and which forms

the basis of this thesis was on various sections of the sewerape scheme

" at present being constructed in the Tyneside area. It is therefore
considered appropriate to give a brief description of the scheme, its

scope and its development.

B.1) Historv of the Tyneside Sewerage Scheme

In the early 19th century, industrialisation and population
growth in the North-Fast of England began to cause pollution problems,
particularly in the River Tyme. During the 19th century, migratory fish
such as salmon disappeared from the Tyne due to pollution in the tidal
estuary, and by 1920 the conditions in the river had become sufficiently
bad to cause considerable public concern. A series of committees and
investigations followed,but no significant result was achieved.

In 1966 the Tyneside Joint Sewerage Board was formed from a
working party of representatives of the several public authorities on
Tyneside, whose primary responsibility was the planning and construction
of a new sewerage scheme. In 197L this responsibility passed to the
Northumbrian Water Authority.

At the present time, crude sewage from 88 percent of the
population of Tyneside is discharged directly inteo the river. According
to Norgrove and Staples (1976), the stratification of fresh water and

sea water in the estuary results in an overall upstream movement of the
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bottom layer of water, effectively trapping much organic waste in the
estuary. At certain times of the year conditions in the Tyne become
anaerobic and the smell may become offensive. The new sewerage scheme
has therefore given priority to the removal of suspended organic solids
from the river, with further treatment of the sewage as and when it is

shown to be necessary.

—— - Sewage—from—the—area will-be—intercepted—before—it—reaches
the river and directed to treatment plants where the sludge can be

sepurated and then dumped at sea.

B.2) Layout of the scheme

A map of the Tyneside drainage area is shown in Figure 1.1.
This map shows the location of the north and south bank interceptor
sewers, the treatment plants, the offshore spoil grounds and also gives
the position of the three instrumentation sites described in this thesis.
The drainage area covered by the scheme is a predominantly urbgn area of
about 33,000 Ha including the City of Newcastle upon Tyne, together with
industrial areas such as Gateshead, Hebburn, Jarrow, Howdon, and Wall-
send. The scheme has been designed to serve a population of 1.3 million,
which is the projected population of Tynéside in the year 205}.

The scheme will include three treatment plants at Dunston,
Jarrow and Howdon,and approximately 62 km of interceptor sewer. These
interceptor sewers, which are shown in Figure 1.1, run close to, and -
more or less parallel to the banks of the river with a spur at the
North-East of the area running northwards parallel to the coast. The
sewage from the North bank will flow South from Seaton Valley and

Whitley Bay, and East from Newburn to the main treatment works at



planning-uncertainties—concerning—future-population—growth-in-the

282

Howdon. Oﬁ the South bank, sewage from as far West as Gateshead and

as far Fast as South Shields will converge on the preliminary treatment
plant at Jarrow, and thence under the river via the Tyne siphon to
Howdon. West of Gateshead a separate system carries the sewage from

as far West as Ryton to be treated at the plant at Dunston. This

separate system allows for a more flexible approach, necessary due to

Southwest of the area, and also avoids the need for the construction of
major sewers beneath the high ridge running north/south through
Gateshead (Norgrove and Staples, 1976). The sewage is moved through
the interceptors mainly by gravity. The depth of the interceptors is
such that certain areas close to the river banks cannot be drained by
gravity and these, producing relatively little sewage, are served by
pumping stations and rising mains.

Eventually the area will have separate drainage and sewerage
systems, the sewerage scheme being designed to accept the "foul flow"
only of thé projected 1.3 million population. However, the sewerage
system will have to deal with stormwater runoff for the time being.
Vortex type overflows have been installed at all major intercept points
in order to make the most effective use of the interceptor sewers at all
times.

According to Norgrove and Staples (1976) the estimated
expenditure on the major construction programme is approximately 72
million. This expenditure is being phased over a long period, partly
to spread the costs and partly to balance the demands on the industries!
resources, the tunnelling industry in particular being "reasonably

stretched" by the several projects running concurrently in the area.
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Approximately 0.5 to 1.0 percent of the total estimated cost of the
scheme has been spent on site investigation, principally on boreholes

(about 1 per 120 m of sewer) and laboratory testing.

B.3) Sewage treatment

In 1964 it was decided, after a detailed investigation

(Oakley and Dyer, 1966), to use sewage treatment works_on the banks_of-

the estuary rather than a seé outfall. This decision was partly
econumic, & cost comparison indicating that in the Long term the cost ot
constructing and rumning the treatment works would be lower than that of
constructing major sewers to a long sea outfall north of Whitley Bay,
and also on the grounds of political pressure from t-he coastal authori-
ties.

The main treatment plant is under construction at Howdon (EEE
Figure 1.1). This plant will treat the sewage from the entire north
bank and from the south bank east of Gateshead. Preliminary treatment
consists firstly of screening the crude sewage through 100 mm and then
25 mm grids, followed by the removal of grit particles down to 0.2 mm
diameter. Moisture is pressed out of the screenings which are then
incinerated.

The sewage then flows into large settlement tanks (4 x 8000
m3) on the south bank where most of the remaining sludge is allowed to
settle-out. This sludge is removed to storage tanks, and thence—-
carried by barge to a dumping ground some 10-13 km offshore. Initially,
this is the only treatment the sewage will receive. However, once the
new system comes into operation, the quality of the river water will be

monitored in order to assess the need for further treatment. Sufficient
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land has been obtained to provide facilities for treatment up to

Royal Commission standard, .should that prove to be necessary. Pre-
liminary treatment (screening and de-gritting) of the sewage from the
south bank east of Gateshead will be carried out at the preliminary
treatment works at Jarrow, prior to the passage of the effluent through

the Tyne siphon to the plant at Howdon.

—_— —— --Effluent from—the—treatmentworks-at-Dunston will probably -

have to be treated to a higher standard than that from Howdon, since it
will be retained in the estuary for a longer period. The design of
this plant has not yet commenced, and the level of treatment has not yet

been decided.

B.L) Sewerage

The scheme will involve the construction of approximately 62
km of interceptor sewer. About 50 km of this will be constructed in
soft ground, the remainder in coal measures deposits (Boden, 1967). A
large proportion of this construction will be underground. This is
1argeiy due to the fact that the route of the tunnel carries it through
various types of urban and industrial developmént where the surface
disturbance of cut and cover workings would be impossible or at least
unacceptable.

The interceptors range in size from 0.6 m to 3.7 m internal
diameter, the smaller diameters being constructed in timbered headings,
the larger diameters in .tummel. For the soft ground tunnel construc-
tion a conventional bolted concrete segment primary lining has been
used throughout, although a modern smooth-bore concrete lining was also

considered.



The soft ground tunnels have been driven through a wide
variety of deposits including boulder clay, laminated clay, soft
organic silts, sands and gravels both below and above the water table
(see Appendix A).  This has provided a wide variety of tunnelling
problems. At Neville St. in Newcastle, ground freezing was success~
fully used to stabilise a water-bearing fine sand through which a shaft

was sunk. It has been necessary on a numbzar of occasions, including

one of the drives investigated in this thesis, to use compressed air in
cor growmd. Come
pressed air was used as & precautionary measure ‘hroughout the south-
bound drive of the Tyne siphon, due to the expected presence of water-
bearing fissures beneath the bed of the river. |
Many of éhe soft ground tunnel drives to the present time
have used a shieid, particularly those in the Buried Valley Deposits or
alluvium and where the ground is either unpredictable or of poor quality.
In better grouﬁd such as the stony elay, shields have proved to be
unnecessary. Two of the case histories presented in the thesis, at
Hebburn and Willington Quay were shield driven, the third, at Howdon,

being in the stony clay.
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AEEendix C
FIELD INSTRUMENTAT ION

C.l) Main aims of the instrumentation

The main objectives of the measurement programme at all

sites can be summarised as follows:

a. To measure the development of vertical settlement at
the ground surface on the tunnel centre-line as the tunnel face
progresses past the measurement points;

b. To delineate the shape and width of the surface settlement
trough both while settlement is occurring and after it is complete;

¢c. To measure the development of vertical settlement with
depth, both on the tunnel centre-line and at various distances away
from the tunnel;

d. To measure the lateral displacement of the ground surface
across the settlement trough perpendicular to the tunnel line of advance;

e. To measure lateral displacements of the ground at depth

around the tunnel.
These measurements were carried out at all sites.

In some cases, measurements of pore water pressure, deforma-
tion of the tunnel lining, and direct measurement of ground movement
into the face and onto the tunnel lining were carried out to supplement
the main measurement programme. Laboratory tests, including extrusion
tests (ggg Chapter L4),were also carried out on samples from certain
sites to supplement the data available from the site investigation

reports. Throughout the measurement programme the same methods and
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equipment were used at all sites, making the results from each site
consistent with one another and directly comparable. The methods used
to attain the above five objectives wére as follows:

a. In order to measure surface settlement, conventional
levelling techniques were applied, using a surveyor level and staff,

and surveying to semi-permanent levelling posts set in concrete or

nails-driven-into—theroad-surface.

b. Lateral surface movements were measured directly uéing a
steel band and measuring between the surface levelling stations.

c. Magnetic-ring settlement gauges were installed in boreholes
and used to monitor vertical movements below the ground surface.

d. The same boreholes contained aluminium inclinometer access
tubes permitting measurement of lateral movement at depth both parallel
to, and perpendicular tq the tunnel centre-line, using a Soil Instru-

ments inclinometer.

C.2) General layout of instrumentation

Site plans and detéils of the specific instrumentation layout
at each site are given in Chapter L. However, all the sites have
several aspects in common, and these aré detailed here. The principal
instrumentation that was installed at each site consisted of surface
1eve11ing monuments and boreholes containing inclinometer access tubes
and magnetic settlement rings.

| Generally, the boreholes were set out in one or mére lines
perpendicular to the tunnel line of advance, with one borehole on the
centre-line, one just outside the tunnel wall,and others at various

distances further away for completing settlement profiles. The boreholes
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were usually drilled to a depth 1 metre greater than that of the
tunnel invert.* Inclinometer access tubes were installed in each of

these boreholes, along with magnetic settlement rings at various depths.

0.3)_ Surface levelling stations

Since all sub-surface measurements of movement, both with
the settlement rings and-the_ineclinometer, were taken relative to datum — —
points on the surface, the accuracy of these measurements is therefore
iimited oy the accuracy of the surface surveying, which is itself
limited by the stability of the surveying points themselves. The
construction of these surveying monuments varled according to the
particular site conditions (EEE Chapter L4). All were designed to be as
rigid as possible, both in the vertical and horizontal sense. At all
sites the levelling stations were installed several months prior to the

commencement of the measuring programme, in order to allow time for them

to stabilise.

At Hebburn and Howdon the gréund surface was soft, being soil
at Hebburn and ashy till at Howdon. At these sites the surveying
monuments were constructed by excavating holes in the ground about
300 mm across and cementing steel pegs into them. The pegs were braced
with steel cross peces to keep them firmly in place in the cement.

The Hebburn monuments, illustrated in Figure 4.8, were installed on
public land by the side of a suburban street (see Figure C.1). It was
therefore necessary to install the entire assembly below the ground
surface and protect it with a box over the top. The holes were

excavated down to the e¢lay and the pegs were driven into this prior to

¥
Settlement measurements were referenced to surface surveying levels.
Otherwise, these boreholes would have to have been taken much deeper
to undisturbed ground.
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cementing them in place.

The Howdon site was on a piece of waste ground adjacent to
the railway sidings (see Figure L4.18). It was considered acceptable
here to install the monuments with the tops of the pegs above ground
surface, making surveylng easier and more accurate. The ground
consisted variously of ashy fill, ballast from the nearby rallway

tracks, and clay soill..—Sherter -pegs were used here and not set into

the ground, which would have provided only a poor hold. Stability was
ensured by using larger concrete blocks and bullding up the concrete
almost to the tops of the pegs. The Howdon monuments are illustrated

in Figure 4.22. In spite of the poor ground surface encountered at
Howdon, the settlement stations gave consistent results throughout the
monitoring period with little spread, and are considered to have performed
adequately.

Surveying stations at Willington Quay were set out on a public
highway (Gut Road) used extensively by heavy lorries servicing the
Bridon ropeworks. It was therefore impossible to install any permanent,
instrumentation which would have stood appreciably "proud" of the road
surface. Temporary stations were rejected because of their compléxity
and the probability of their silting up, a problem encountered with the
boreholes. Instead, very simple permanent stations were constructed by
driving nails into the road surface using a "Spit Gun." Nails of about
80 mm in length and L mm diameter were mounted,about 3 mm proud of the
road surface, using steel washers. These stations had a sufficiently low
profile to be harmless to vehlcles, and despite the fact that some of
them were subjected to the virtually continuous passage of heavy

vehicles, they performed quite reliably and consistently.
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The surveying monuments were installed in arrays running at
right angles to the centre-line of the tunnel. These arrays were long
enough to cover the whole width of the expected settlement trough,
rumning from the centre-line to a distance of 2 to 3 times the depth
of the tunnel. Surveying points were spaced evenly along this line,
generally at 5 metre intervals, with extra points adjacent to the
boreholes. A number of monuments was-placed on -the-oppesite-side of
the centre-line to check the symmetry bf the trough. A temporary
Uenich marh, uf slmilar construciion to the surveying monuments, was
installed at sufficient distance from the centre-line to avoid any
settlement, that is, more than L times the depth to the tunnel axis,
but close enough to the array to maintain a high degree of accuracy,
and all levelling ﬁas carried out relative to this point.

At all sites the surveying stations were used both for
settlement measurements and for the monitoring of lateral movements.
To facilitate lateral measurements the tops of the pegs were marked at

the centre with a centre-punch.

C.4) Surface surveying procedures

As mentioned above, all surface surveying had to be as
accurate as possible, since the sub-surface measurements were related to
dapum points at the surface. Offsetting this need for accuracy,
however, was the need to be able to take sets of readings reasonably
quickly, particularly when the tunnel face was close to the array, and
the need for the monuments to be simple and robust enough to withstand
the elements. At Willington Quay, for example, the settlement points

were regularly driven over by heavy lorries, and at Howdon they were
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vulnerable to contractors traffic and vandalism.

C.4.1) Surface levelling

Levelling was carried out using a Cooke 5LLO precise level
and a heavy, one piece metric staff. The level was manual in operation
and equipped with an internal optical micrometer. The staff used was
gradua%edri'—i%-—cm sections; the—optical micrometer beirig used to
interpolate between these markings to the nearest 0.05 mm.

Hanna (1973) suggests that a closing error of better than
0.5 mm is obtainable using this type of level. Similar results are
reported by Cheney (197L). This is the closing error which should be
obtainable over quite a long levelling traverse, but over the short
distances involved In the surveylng for tunnel settlement measurements,
better accuracy can be expected. Levelling results taken over the
period before any ground movement was detected at all instrﬁmentation
sitesyindicated that the overall precision of the levelling procedure was
around = 0.2 mm, which is quite consistent with the observations of
Hanna (1973) and Cheney (197L).

The levelling procedure was quite simple. The nearest
settlement point was levelled to the temporary bench mark from two
different level positions. The level was then moved to a position
offset a fgw metres from the array but close to its centre. From here
the remaining settlement points were levelled to the primary settlement
station, with the level in two positions. The use of an intermediate
level rather than levelling all points direct to the temporary bench
mark introduces another source of error, but it is considered that this

inaccuracy is outweighed by the increase in speed and precision from
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Placing the level closer to the surveying points. At Howdon, where
the array was 55 m long, two intermediate levels were used to avoid
levelling over excessive distances.

The arrays were levelled several times prior to the commence-

ment of tunnel construction in order to establish an accurate set of

datum levels. To improve the consistency of the results, levelling was

carried out as- far as-possible-using-the-same level operator and the  —
same staff-man. On the occasions where this was not possible, a siight
deterioration of the results became apparent, particularly where a

different level operator was used, but in most cases the results were

still acceptable.

C.L.2) Lateral surface measurements

In all cases measurements of lateral surface movements were
taken using the surface settlement monuments. Movements were monitored
by direct measurement using a 30 m (100 ft) graduated steel band. The
band was held at a constant tension of 10 Kgf during measurement using
a spring baiance. At Howdon, where the measurement points projected
well above ground level, this constant tension maintained a consistent
catenery between the stations, and this was reproduced precisely each
time measurements were taken. At the other sites, where the monuments
were below, or flush with, the ground surface, the constant tension
simply maintained identical conditions for each set of measurements.

Variations in the conditions at each site, coupled with
problems such as ground irregularities where measurements were taken
with the tape running along the ground surface meant that measurements

of the absolute values of the distances between the settlement points
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were not comparable. However, by taking care to ensure that the
measurement technique and the conditions were identical for each set
of readings, the relative movements between the stations could be found
with reasonable precision.

It is important, where small relative movements are to be
measured, to use as consistent a measurement technique as possible.

-—This not only-involves very-careful-observations, constarit tape — — "

tension and care to ensure that the tape is straight and unobstructed
throughout its length, but also means that the same personnel should be
used to take all the measurements throughout a particular experimental
programme. On the few occasions when it was necessary to take measure-
ments using different personnel, the results were often found to be
inconsistent and erratic. Generally, these results have been disregarded
and are not presented in this thesis.

Since we are primarily interested in the relative movements
of the surveying points rather than the actual distance between them,
it was decided not to attempt to correct directly for changes in the
temperature of the tape. These temperature changes were quite conslder-
able,.particulérly at Willington Quay, where observations were made in
hot summer conditions, with an air temperature of over 25° C, and in
winter temperatures below freezing point. Although direct correction
for these fluctuations would have been desirable, equipment for the
accurate measurement of the temperature of the tape itself was unavaila-
ble. The use of air temperature was considered unsuitable since at
times the tape experienced direct sunshine and would have been at a
higher temperature than the surrounding air, while at other times it was

submerged in water which would be expected to be below air temperature.
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To correct indirectly for fluctuations in tape temperature, all
readings at a given site were normalised to a nominal measurement
right across the array, where no relative movement was expected, but
where the tape conditions were precisely the same as for the other
measurements. This normalisation process is bound to introduce small

errors into the results, equal to the percentage error in measurement

of the. normalisation length,-and-the possibility -of -small—movements
between these primary points, but these errors are small compared with
other errors innerent in the measurement system.

The tape was calibrated throughout its length in decimal
feet, with marks at 0.0l ft (3 mm) intervals. Readings could be
estimated to 0.001 ft (0.3 mm) at each station by practised observers.
Under perfect conditions, the limit of accuracy of such a-system is
the sum . of the observational errors at each point of measurement. Since
readings were estimated to the nearest 0.33 mm the error should be
z 0.15 mm at each end, or a total error of 0.3 mm if the estimation
procedure at each end is perfect and there is no tape movement between
readings at either end. It should be noted that this represents the
ultimgte accuracy attainable fof measurements of relative movements
between the statiéns. The real accuracy obtainable with such a system
is naturally rather less than this. Hanna (1973) suggests an optimum
accuracy of H 1 mm in 30 m when corrections for tape sag, tension,
temperature and ground slope have been made, but the accuracy of relative
measureménts should be somewhat greater than this. Sources of error in
tape measurement are discussed more fully by Milner (1969).

For all measurements of horizontal displacement,at least

3 sets of readings were taken at each station using different parts of



295

the tape. Anomalous readings were discarded and extra sets taken to

give at least 3 sets of measurements within 2 0.002 £t (0.6 nm). The

readings were averaged to give the final value. The observatiqn

procedure was kept as simple as possible and remained precisely the same
throughout the three experiments. The tape was held tight along the

line of measurement, one man holding the tape winder firmly against the

ground, the-other-maintaining a—constant-10-kgf-in—tensionusinga -~ -——
spring balance. The two observers read off the distance at their

respective surveying stations simultaneously, to avoid as far as practi-

cable the possibility of tape movement between observatioms.

Several complete sets of readings were taken over a period of
several months before the commencement of tunnel construction in order
to obtain a good datum value for the distance between each station.
These datum values give a good indication of the overall accuracy of
the system, and are generally within z 0.5 mm of the average after all
corrections have been made.

Measurements of lateral movement were also taken to the tops
of the inclinometer access tubes, in order to ascertain whether the
movement of the tubes corresponded to the movement of the ground surface.
These observations were made using close-fitting steel plugs illustrated
in Mgure 4.17, readings being taken between punch marks at the tops of
the rods. To ensure maximum accuracy the plugs were made an extremely
close fit in the tubes, and required cleaning and oiling before

insertion was possible.

C.5) Boreholes

Measurement of sub-surface movement a; all sites was carried
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out in boreholes set in arrays across the tunnel centre-line. The
layout of the arrays is detailed in Chapter L and in Figures L.6,

4.16 and 4.20. All boreholes were of 6" diameter and were drilled

using convenﬁional shell and auger methods. In bad ground at Willington
Quay it was necessary to case the holes during drilling to prevent

them caving in. The depths of the boreholes are shown in Tables L.k,

L.8, and L4.10. The boreholes were generally .drilled .down -to-axis

depth,with some, particularly on the céntre-line down to a few metres
below invert leveli. ldeally, where borenoles are to be used ror the
measurement of movement, for example, using inclinometers and settlement
gaugeé, they should be drilled to a depth where no movement is expected
and movements calculated relative to this point (in the same way th-at
levels are measured relative to a bench mark beyond the zone of influ-
ence of the tunnel). This would improve the accuracy of the sub-surface
measurements and also provide a check on the surface surveying.
However, in the case of measurements around tunnels this would involve
drilling the boreholes down to a considerable depth (at least 2
diameters below invert). This would, of course, increase the cost of
the instrumentation considerably. In consequence, shallower boreholes
were used and the movements in them were referred to the surveyed

movement at the surface.

Soil Instruments inclinometer access tube was installed down
the full length of each borehole. This consists of extruded aluminium
tubing, 50 mm in internal diameter, with four orthogonal keyways
running along its length. The tube is installed in 3 m lengths held.
together by telescopic joints. The joints are made up by "pop-

riveting" a short length (200 mm) of slightly oversize tube over the
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ends of the access tubes to be joined. The "pop-rivets" are designed
to be weak enough to shear through any movement along two overlapping
tube sections once the tube has been installed, thus permitting the
tubes to move easily relative to one another. Magnetic rings were
fixed around the inclinometer access tubes at various depths (EEE Table

4.4y, 4.8 and 4.10) either by using small aluminium brackets riveted

relative to the tubes once installed. The entire assembly was surrounded
by a bentonite-cement-water grout designed to possess similar geo-

technical properties to those of the ground.

C.5.1) Ground coupling

In all field instrumentation procedures proper coupling
between the ground and the instruments is of vital importance. Although
coupling problems vary considerably with different forms of instrumenf,
the basic aim 1s always the same: to install the instrument or probe in
such a way that a) it meésures correctly the conditions in the adjacent
ground, and b) its presence does not affect the parameters it is
designed to measure. These requirements often entail making the
properties of the instrument as close as possible to those of .the ground,
for example, the elastic and plastic parameters, density and so on.

In the case of boreholes used to meessure ground displacement, it is
necessary to ensure that a) the inclinometer access tubes and settlement
rings move exactly the same amount as the surrounding ground, and b)
that the ground movement is not distorted by the presence of the tube or
the borehole. The first condition is fulfilled by ensuring that the

magnetic rings are free to move axially along the tube and that the
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inclinometer access tubes themselves are free to move in a lateral
sense. Free movement of the magnetic rings is ensured by mounting
them very weakly on the tubes, thus permitting them to slide freely
up and down with movements in the swrrounding grout. Movement of the
tube itself is taken up by flexibiliﬁy of the joints and to some

extent of the tube itself. Although more flexibility of the tubing

would be desirable this conflicts -with -the -necessity-for-the—tube
cross section to remain absolutely uniform to permit smooth access for
the inclinometer torpedo, and would also encourage twisting of the tube.
Th;s restriction of the movement to the joints is not very apparent from
the inclinometer plots (Chapter 5) but may be more obvious where larger
movements are involved. The telescopic joints also permit the tube
sections to move in the vertical sense relative to each other, reducing
the chance of interference between the tube and the settlement rings.
The second condition is fulfilled by designing the grout to
possess a three month cohesion identical to that of the ground. A
perfect maﬁch would mean that the grout behaved exactly like the ground,
thus faithfully transmitting ground movements to the instrumentation.
A stiffer grout would tend to resist the ground movement whereas a
softer grout would tend to absorb some of it elther elastically or
plastically. Both effects mean that the resultant observations woula
be too low, and therefore the results presented in Chapter 5 should be
regarded as minimum values. The loose flexible joints of the in¢lino--
meter access tubes should mean that they are flexible enough to offer

negligible interference to movement of the grout.
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C.5.2) Vandalism at Howdon

As was noted in Chapter L, the instrumentation at Howdon
was particularly vulnerable to vandalism. Since the boreholes were
installed some months prior to the commencement of observations,
these were effectively camousflaged in order to avoid this possibility.

- -—TPhis—proved to be-rather-over-effective-since—in—the—courseof-—
levelling the site the contractor inadvertently bulldozed over the
borehole tops. Of the total of five boreholes four were recovered
and the top sections replaced as shown in Figure L. The top
sections were concreted into place and caps padlocked over the tops.
These padlocks were broken open and the tubes blocked with stones by
vandals. Using a cloge fitting plug fixed to rigid rods it was
possible to reclaim tubes 1 and 2 (see Figure L. ) but unfortunately
tubes 3 and 4 remained firmly blocked at a depth of about 3 metrés and

therefore were not monitored.

C.6) The inclinometer

A Soil Instruments Mk 2 inclinometer with digital readout
was used throughout the fieldwork described in this thesis. The
torpedo consists of a tube with a pair of wheels, one sprung and one
with its axle fixed, at either end. These wheels act to ggide the
torpedo down the keyways of the access tube, the spring permitting
the torpedo to move smoothly past the joints in the tube, and also
taking up a certain amount of distortion if necessary. The fixed
wheels are either 0.5 m or 1.0 m apart, depending on the particular

instrument, and it is between these that the measurements are made.
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The principle of operation is as follows. The tube contains an oil-
damped, high-density metal tapered bob-weight attached to a spring
steel lead which is fixed at its top end to the body of the torpedo
itself. Temperature matched resistance straln gauges are bonded to
each side of the leaf spring forming a full bridge circuit. The whole
assembly is sealed against the ingress of moisture. When the inclino-
meter-torpedo—is--tilted; -the-bob-welght—swings—away—from—vertical
causing the leaf spring to bend. The strain gauges respond to this
distbrtion and this response is converted electronically into the

value of the angle of tilt of the torpedo or the lateral displacement
between the two fixed wheels. This is displayed as a digital readout
at the surface. The facility is provided for the automatic summation
of the displacements, giving a continuous profile down the hole. The
system is reasonably insensitive to changes in temperature, the drift of
an absolute reading being 2 secs/deg C (Green, 1973), but to ensure
maximum accuracy it is advisable to ensure that the torpedo is immersed
in water while readings are taken in order to provide a stable tempera-
ture. The readout unit is extremely sensitive to even slight amounts
of moisture, becoming erratic and sometimes unusable in quite light
rain. Several waterproofing devices were tfied, the most successful
being simply to cover thé entire equipment, readout, cable drum and
connectors, with a large plastic sheet. No method was entirely success-

ful, however, and the most reliable results were obtained on dry days.

C.6.1) Accuracy of the inclinometer system

We must conslder the accuracy of the inclinometer system in

two parts: the accuracy of the instrument itself (torpedo, readout
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and access tube assembly) in ideal conditions, and also the error due
to "environmental" factors (installation, poor coupling, the effects
of moisture, temperature changes, and so on). The accuracy of
inclinometér systems has been discussed by several authors, most
notably Dunnicliffe (1971), Gould and Dunnicliffe (1971), Green (1973),
Hanna (1973) and Cording (197L).

— -~— - The-Soil Instruments—Mk 2 system-has—a-digital-readout;— -—-
reading to 0.0001 m (0.1 mm) displacement. This gives a maximum
readable precision of - 0.05 mm per & m length for a half metre
torpedo, resulting in a total error over a ten metre length of M 1.0
mm. Green (1973) reported on the_performance of two inclinometers,
the Wilson 200 series slope indicator and the Soil Instruments Mk 1.
The Wilson slope indicator uses a pendulum operated rheostat to derive
an electrical analogue of inclination. The Soil Instruments Mk 1
is similar to the Mk 2 used by the author, but is only 12" (30L.8 mm)
in length and operates in plastic access tube of different cross
section. Tests on the two instruments were carried out in the labora-
“tory using 80' (24.38 m) lengths of access tubing calibrated against
plumblines. These, of course, represent ideal conditions and give no
indication of the system's compliance with the ground. The Mk 1
inclinometer uses a volt meter as its readout, reading to 0.5o ani by
estimation to 0.050. This is equivalent to a deflection of 0.9 mm per
metre. In practice the inclinometer was found to give an error in a
single fun of - 0.15" (3.8 mm) over 80' (24.38 m) with a 4" (101 mm)
deflection overall. For a deflection of 16" (0.406 m) the error is
-0.1" to +0.5" (-2.54 mm to +12.7 mm). If an average of two runs is

taken, one running down the tube and one running up it, the errors
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reduce to - 0.1" (2.54 vm) and = 0.3" (7.62 mm) respectively. This
would represent an error of : 1.56 m over 15 m (approximately 0.1 mm
per metre for the best case). According to Green (1973), who was
responsible for its design, the Soil Instruments Mk 2 inclinometer will
read to an accuracy of 0.01° which is equivalent to a deflection of 0.2
mm per metre of 3.0 m in 15 m in the worst case when all errors sum
together. "In practice, since the Mk -2- has-a resolution—five-times—as-
great as the Mk 1 (0.01° versus 0.05°) we would expect its overall
accuracy to be consliderably improved. Green (1973) reports the field
performance of the Mk 2 inclinometer in a 22 m length of casing. For a
3.3 mm registered displacement he finds a standard deviation of 0.3 mm
over 16 sets of readings. The principal sources of error outside the
instrument itself are spiralling of the casing (usually caused during
the manufacture of the tube), and lack of repeatability of the reading
position of the torpedo in the tube. The former was so small as to be
immeasurable in the Soil Instruments tubing used and any twist present
is probably restricted to the joints. Lengths of tubing 15 m in length
were assembled in the laboratory and no twist could be measured between
the ends. Green (1973) observed no twist in the aluminium tube, al though
in the plastic tubing used for the Soil Instruments Mk 1 instrument a
cumulative twist of 16° was observed.

Errors derived from inconsistency in the positioning of the
torpéao are dependent partially on the accuracy of the cable markings,
and partiélly on the skill of the operator. Careful technique and
regular calibration of the cable should reduce these to a minimum.

"Environmental" errors, such as those due to temperature

changes, can be avoided by careful operation. The consistency of the
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datum values indicates that these are negligible. The datum values
obtained at Willington Quay using a 1 metre torpedo show standard
deviations of on average 0.075 mm for a series of four sets of
observations. Occasional higher spreads indicate unstable measuring
points, possibly due to distortions in the tubes or measurements
taken close to joints. Proper grouting should ensure that the tube

movements accurately reflect those of the ground, but, as previously

noted, all sub-surface measurements should really be regarded as

[ e
SALAALIMWMIL VALUED «

C.6.2) Measurement procedure

Measurements were taken at intervals from the top of the
tube equal to the distance between the torpedo fixed wheels, both to
attaip the optimum accuracy and to simplify the data reduction proce-
dure. The automatic summation facility was not used. A complete set
of readings was taken with the torpedo moving down and then up the
tube. This process was repeated with the unsprung wheels of the
inclinometer in each of the four keyways. Thus four pairs of values
were obtained for each level. Pairs of observations differing by more
than 0.4 mm were rejected and the measurement repeated until consistent
values were obtained, although normally the values differed by less
than 0.2 mm. The data were then reduced and plotted out by computer

(see Appendix D).

C.7) The magnetic settlement rings

In order to measure the vertical movement of the ground at

depth, magnetic ring settlement gauges were installed around the
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inclinometer access tubes at various depths, generally one at axis
level and three or four rings equally spaced above this. The trans-
ducers themselves consist simply of radially polarised magnetic metal
rings with an internal diameter about 5 mm greater than that of the
incliinometer tubes. The rings were lightly attached to the access
tubes at the required depths prior to their installation, using
adhesive--tape or—small-brackets—"pop-riveted" in place. This ensured- _—
that the rings were free to move around the tubes with the surrounding
grout. It must be emphasised that the settlement gauges are probably
the most sensitive of all the instrumentation to poor ground coupling.
It would be preferable to use gauges that couple directly into the soil
rather than linking to it via the grout, such as are described by
Burland and Moor (1973), but this type of equipment is unsuitable for
installation around inclinometer access tubes. The rings used should
perform satisfactorily provided that the grout is correctly matched to
the soil, the rings are free to move and the strains to be measured are
not too great. If the grout is poorly matched, then the magnetic rings,
like the inclinometer, will give results which are too low. The sub-
surface settlements should thus be regarded as minimum values.

The position of each ring was ﬁonitored using a simple,
magnetically-operated reed switch connected to a battery and buzzer at
the surface. When the reed switch passes through a magnetic field of
sufficient strength the circuit is closed, causing the buzzer to
operate. The reed switch is sealed into a probe weighing about 0.5 kg
which fits fairly closely into the inélinometer access tube. A steel
tape, calibrated in millimetres throughout its length, is attached to

the probe. The weight of the probe ensures that the tape is held
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straight and under fairly constant tension throughout operations.

C.7.1) Method of operation

As the probe is lowered dovn the tube towards a magnetic
ring, the magnetic field increases in strength until the reed switch

closes and a note is heard from the buzzer. If the probe is lowered

still further—the field willdecrease until the—switch opens—and- the
note stops. A similar sequence occurs as the probe is raised. To
accurately locate the position of the ring, the opening and closing
distances with the probe ascending and descending are averaged.
Allowance must also be made for the distance between the reed switch

and the end of the tape. Readings are taken to a mark at the top of

the inclinometer tubes and are estimated to the nearest # mm. As four
readings are averaged to find the actual value the final accuracy should
be rather better than this, provided that all the observations are made
by the samé operator. Readings taken by different operators proved to
be so inconsistent that they were discarded.

As for the other instrumentation, a series of datum readings
were taken prior to the constructlon of the tunnels. Tests on some of
these observations show that they were normally distributed with a
standard deviation of less than 0.5 mm.

The reed switches used throughout the measurement programmes
were highly susceptible to the ingress of water and would endure only a
couple of months use before & replacement became necessary. After
repair it was necessary to re-calibrate the probe and for this purpose
a simple laboratory rig was built. The calibration was checked

regularly on this rig as a precaution against any movement of the tape
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mounting.

C.8) The piezometers

At the Willington Quay and Howdon sites piezometers were
installed in some of the boreholes (see Chapter 4). The piezometers
were attached to the inclinometer access tubes at the required depths
'prtor-tO“their—instailationrin—the—boreholesvm—?he—presencehef—%he e —
access tubes in phe boreholes means that the normal type of open stand-
pipe to the piezometer is impractical. Instead, a connection to the
surface was made via two small diameter flexible plastic pipes.

During installation it is imperative to ensure that the plezometers

are not surrounded by grout. The boreholes were grouted to within 0.2
m of the base of the plezometer (checked by calculating the volume of
grout required and then by dipping the boreholes with a plumbliﬁe). A
metre of uniform sand was then added to cover the piezometer and ensure
an uninterrupted flow of water followed by the rest of the grout as
normal .

The piezometers were read using the simple tensometer shown
in Figure C.1. The principle of operation is to pump de-aired water
down one of the plezometer tubes and back through the tensometer until
the entire system is free of any air locks. When the pump is detached,
the water in that tube falls to balance the plezometric head at the
piezometer, and the mercury in the tensometer is pulled up until it
balances this drop in level. The mercury level is read to the nearest
% mm giving the piezometric head accurate to 7 mm. The system will
only operate while the piezometric head is less than approximately 10 m

(i.e., the tensometer cannot measure a pressure drop greater than one
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atmosphere).

C.9) Other instrumentation

Various instrumentation methods were used for in-tunnel
deformation measurements at the various sites to measure clay movements.

Details of these are given in Chapter .
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AEEendix D
INCLINOMETER DATA PROCESSING

As described in Appendix C, the nature of the inclinometer's

operation means that a certain amount of "data processing" is necessary

“before the results can be plotted. Four readings are taken at either
lmor % m intervals, depending upon the choice of recording instrument.
These readings are averaged to give the displacement of the lower fixed
wheel of the inclinometer relative to the top. The displacements are
then summed to give the profile of the inclinometer tube and this is
subtracted from the datum profile (obtained prior to the passage of
the tunnel) to give the lateral displacement of the tube. This dis-
placement can be found relative to either the top or the bottom of the
tube. If the boreholes are deep enough, say to a depth of 2 or 3
tunnel diameters below invert level, it is reasonable to assume that
there is no movement at the base of the tubes and in this case movements
should be related to the base. For shallower boreholes, as described
in this fhesis, such an assumption cannot be made, anl movements must
therefore be related to the tops of the tubes. In this case it is
necessary to monitor the movement of the tops of the tubes and add
this to the "down-hole" displacements.

The above processing can best be carried out by computer. A
program (INCPLOT) to do this and to plot the results is listed at the
end of the thesis. It is written in Algol W, and was originated by Mr.
A. Gowland in the Engineering Geology Laboratories at Durham University,

but has since been extensively modified by the author. This program is
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capable of plotting data from either #mor 1 m inclinometers (or a
combination of the two) relative to the surface or the base of the
tubes.

The nature of the inclinometer readout makes it difficult to
identify certain types of erroneous reading. Readings are only
considered acceptable if both the upward and downward readings agree
to with = 0.2 mm.” However, it is Still possible to Tecord erroneous
observations if, when the inclinometer is turned through 180°, it is
not parallel to its original position. This can arise when the fixed
wheels are at a joint in the tube or due to distortion or dirt in the
keyways. This point is perhaps clarified by reference to Figure 5.l.
It is possible to detect "out of parallel" readings such as this
quite simply since for parallel readings the sum of the four observa-
tions will be constant. Erroneous readings found in this way are
replaced by the averages of the readings directly above and directly

below. A program (CHECK) to carry out these corrections is listed at
the end of the thesis.

In general it proved unnecessary to correct the data obtained
from Hebburn or Willington Quay, although corrections were necessary to
the data from Howdon.

The inclinometer plots presented in the main text of the
thesis are tracings of the computer plots. Tracings are used both to
improve the clarity of the plots as well as to reduce the large amount

of computer output to more manageable proportions. An example of the

computer output is presented along with the program listings.
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Appendix E
THE NUMERICAL CALCULATION OF SETTLEMENT AND LATERAL DISPLACEMENT

The program (STOC) described in this Appendix and listed
at the end of the thesis calculates settlement and lateral displace~
ment using the source funétions developed in Chapter 2. The program
is written in PL1. The above parameters are calculated numerically
for a tabular void and an annular void by summing the effects of
infinitessimal point sources evenly distributed through the voids.
These are plotted out along with the settlement and lateral displace-
mént calculated directly for a single point source located at the

centre of the tunnel.
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AEBendix F
THE FINITE DIFFERENCE PROGRAMS

F.1) The three-dimensional program

The first program presented in this Appendix (TUNPOT)
calculates the potential at the nodal points of a cubic mesh around
the tunnel as illustrated in Figure 3.1. The program is written in
PL1. The finite-difference calculation itself is basically that
described by Smith (197L), modified for three dimensions and to take
account of different horizontal and vertical permeabilities. The
tunnel is modelled as a cruciform-sectioned tube with a "radius" of
2 units. All other dimensions are scaled to this, thus restricting the
models to only approximate representations of the originals. Any
number of horizontal layers of differing permeabllities can be modelled,
1imited only by the mesh size.

Although for the examples shown a constant over-relaxation
factor of 1.8 is used, it is possible to arrange for this to be changed
during the calculation to improve convergence. Iterations are continued
until the maximum change in potential at any point due to one iteration
is exceeded by a pre-determined value.

The output consists of matrices of the node potentials
representing sections in the plane of the face and the centre-line,
alone with a horizontal section at axlis-level. These are contoured and
plotted using a Fortran program written by F.J. Rens of the Geography

Department of the University of Durham.
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F.2) The two-dimensional program

The second program presented in this Appendix (SECTION)
calculates the potential field around a lined tunnel of infinite
length. It is also written in PL1. It operates in a similar way
to TUNPOT but simply calculates potentials in a plane perpendicular
to the centre-line. In consequence its operation is considerably
more rapid -than the three-dimensional—equivalent. The-output-is—

contoured and plotted in the same way as that from the three-

daimensional program. BpoUN Programs are 11sued AT tne ena ol the

thesis.
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