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SYNOPSIS

Settlement and ground deformation were measured around a
horizontal, ﬁ,25m external diameter, shield-driven tunnel at an
axis depth of 13.375m at Willington Quay on the north bank of the
River Tyne, using an instrumented borehole and surface survey
array normal to the tunnel centre line.

The particular length of tunnel under investigation was
constructed to accdmmodate an inverted sewage siphon passing
beneath a brick panel infilled frame'factory structure at ground
surface.

The tunnel passéd through a recently deposited channel of
soft alluvial silt having an average undrained cohesion of 25 kN/m2
giving a stability ratio of .58 at axis level. This was reduced
to 5.97 by the use of compressed air at a pressure of GO kN/mz.

The silt had an average bulk density of 1.82 Mg/mz, a moisture
content of 42 to L6% and an organic content of 2.5 to L.0%.
Analyses showed an interrelationship between the moisture content,
organic content and clay content of various samples. The original
water table level was 2.25m below ground level and therefcre 9.0m
above the tunnel crown.

Surface and sub-surface settlement profiles (Figures 4.2 and
L4.%) show that there was a continuation of settlement after
completion of the tunnel and removal of the supporting air-pressure.
At 224 days a maximum settlement of 66mm et the surface and 88mm above

soffit level at the side of the tunnel were observed. Settlement

§2 JAM1978
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was continuing at a logarithmically-dccaying ratelFigure L.5).

ful

Ground movement vectors in the vertical plane of the instrumen
array (Figure 4.16) serve to isolate several major settlement phases.
Up to 51 dajs after the tunnel had passed the array deformation was
predominantly towards the tunnel amnulus. Petweerr 51 and 21 days,
movement was away from the tunnel under the influence of secondsry

. A 2 . .
grouting at pressures of 690 kN/m~.  Thereafter deformation

j3e

occurred in a vertical direction, althcugh the process was
interrupted at about 162 days by significant ground uplift which
coincided with the demolition of a settlement-damaged surface wzll
close to the instrument array. Uplift may be due to unlecading frem
the removal of the wall or to further secondary grouting arcund ths

tunnel.

belecw the surface at 119

instrument array, and it subsequently rose almost toc the ground sur=
face between 176 and 224 days after shield passage.

The main conclusion from the work is that the substantial grouand

the saturated, high moisture content silt, the tunnel acting as a
drain for the displaced porewater which was permitted access following

removal of the compressed air pressure from the tunnel.

;



Chapter 1

INTRODUCTION AND PREVIOUS RESEARCH

This thesis is based upon a programme of fieldwork designed to
provide data on the aground movement caused by the construction of
a shield-driven tunnel in soft alluvium. The tunnel is located at
Willington Quay in North Tyneside (Figures 1.1 ard 1.2) and is ﬁhe-
third in a series of projects undertaken by the Department of
Fngineering Geology in burham for the Transport and Road Researcih
Laboratory.

The instrumentation was based on experience gained from the
previous two projects with small refinements to suit the differing
conditions. The first project was at Green Park, london znd
concerned a tunnel !m in diameter, lined with cast iron segmented
rings and at 30m depth in the stiff, over-consolidated London Clay.
The second was at Hebburn, part of South Tyneside, and concerned a
2n diameter tunnel, lined with concrete segmented rings and at an
average depth of 7.5m in soft, normally consolidated and strongly
laminated lacustrine clay. It was overlain by a layer of stiffer
stony clay.

These projects form the subject of two research\reports,

provided for T.R.R.L., and several papers by P.B. Attewell and
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I.¥. Farmer. This literature formed the core of information upon

which the instrumentation and intervretation of data was based.

by

Similar studies of ground movements, caused by tunnelling in soft

ground, can -be found in J.V. Bartlett and B.L. Bubbers (1970),
R.A. Butler (1975), W.H. Hansmire and J.E. Cording (1972), R.B.Peck

(196G6) and B. Schmidt {(1969). Howaver, the conditions and

(_
hl
i3
o
8
9]

characteristics of the various tunnels were different from -
which is to be subsequently examined. Closer compariscns can be
found in H. Hartmark (1964) and K. Henry (197L), both of which sre

accounts of tunnels driven in very coft, normalily consolida

r}‘
3
3
2

recently deposited silts and clays. The former was located at
Trondheim, Norway and the latter at Grangemouth, Scotland =nd,
although compressed air was used in both the drives, extensive ground

Y

movements occurred. The Grangemouth tunnel produced msny cf the

features observed at Willington Quay, in particular the long s=ttle-

<

ment process, which was caused by the release of compressed 2ir in

the drive when the tunnel was completed.

Several comparisons are made between the cbserved ground rovas-
ments and those which have been predicted by the "Stochastic Theory'.
These ccmparisons were derived from research currently being carrizd
out in this department by N.H. Glossop intc the applications of this
theory, whichh is based upon original work done by J. Litwiniszym
(1956).  The research will be putblished in 1976 as part of a Ph.D
thesis.

The remaining refersnces concerning turnelling form a backzround

of information. The most important of theze is ths State-of-t



report on "Deep Excavations and Tunnelling'in soft ground", by

R.B. Peck (1969). This was presented at the 7th International
Conference on Soil Mechanics and Foundation Ingineering and its
content, which summarises the available knowledge on the subject at
that time, was considerably augmented by the discussions which
followed. The Ph.D. thesis submitted by B. Schmidt (1969) contains
several case histories of ground movements associated with
tunnelling and some of the theoretical aspects of these. Also the
extensive work of K. Szechj (1966) in "The Art of Tunnelling' forms
a comprehensive account of the various methods of tunnelling and
their effects on the ground.

The laboratory testing programme on samples cf the alluvium
incorporated standard tests taken mainly from T.N.W. Akrcyd (1964) aﬁd
the British Standards Institution publication (1967). The results
obtained showed similarities to those of V. Milligan, L.G. Soderman
and A. Rutka (1962) working on Canadian varved clays. Further work
on samples, using X-ray techniques for quantitative analyéis, was
interpreted using extracts from G.W. Brindley (1961) and R.E. Grim
(1962). This also required the use of calibration curves developed
by the X-ray Laboratory and the Department of Engineering Geology at
Durham.

The information available on the geology of the superficial
deposits of the North-east is largely of a general nature and
frequently deéls with areas to the north and south of Tyneside without
including Tyneside itself. Various workers, notably D. Woclacott

(1905) and (1921) and C.T. Trechmann (1952), have contributed to the

7



understanding of the glacial deposits of East Durham and vafious
sequences have been erected.

P. Beaumont (1967) provides the most recent analysis of the
‘sequence of deposits together with a map of the buried valleys in the
region. However, only.G. Armstrong and J. Kell (1951) deal specifi-
cally with the lower Tyne valley using information gained during the
construction of the pedestrian Tyne Tunnel. Thisfrevealed it o be
an overdeepened valley with thick deposits of alluvium underlying the
present river bed. It will be shown that the channel through which
the tunnel passes is a small version of the main Tyne valley and has a

similar origin.



Chapter 2

SUPERFICIAL DEPOSITS AND

TUNNELLING DETAILS

It is proposed first to outline the nature and possible origins
of the ground deposits through which the tunnel was driven, since these
factors have some bearing on the choice of tunnelling procedure. ihe
results of detailed investigations into the various properties and

characteristics of the deposits will be presented in Chapters 5 and

2471 Superficial Deposits.

The site of investigation was located at a point where a L.25 m
diameter tunnel was being driven at an axis depth of 13.375 m through
a buried channel of alluvium. This alluvium was underlain by beds of
sand and gravel with water under artesian pressure, and by boulder
clay which extended down to a rock-head of Coal Measures strata. The
surface of the channel is now overlain by 2 to 5 m of fill (Figure 2;1).

The drift succession generally accepted as being reasonably
representative of the surrounding region consists of three glacial

episodes. Separating these are two interglacial periods. The vpper
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interglacial material shows that this was a periocd of widespread
eposition whils he lower interglacia S 1y represenced at a
dep t hilst the lower tergla 1 is only J$ ted

single locality. The general succession is as follows:

Upper Till

Middle Sands - interglacial
Tower Till

Hutton Henry Peat - interglacial

Scandinavian Till

The channel in question is almost certainly of post-glacial
origin and it has been eroded into the underlying till by glaciszl
outwash. The glaciation which formed the Upper Till.was not wide~
spread and produced only thin deposits in Nerth-east Eanglend. Con-
sequently, the channel may have cut through the Upper Till - if indeed
any Upper Till was ever bresent - making the underlying material the
Tower Till. The deposit is found in the floor of a present-day
valley occupied by Wallsend Burn which beccmes the tidal Willington Gut
in its lower reaches where the instrumentation was located.

A plausible origin for the channel is that de-glaciation <f the
last glacial period produced meltwater which cut a deep valley infc tha

glacial deposits. Flowing water initially laid down sands andé gravels

1

carrying the finer sediment further dovnstream. The nost-g
in sea-level flooded the lowver part of the valley to produce a brackish,
elongate estuary, a tributary to the Tyne estuary. This resulited in
silt accumulating in the channel up to the present-day inter-tidal
level (Figure 2.1). The estuary, which must have conzisted cf inter-
tidal mudfilats, was.partly reclaimed by channeiling Will ingten Gut cowm
the west side of the valley and covering the mudilats with 3 to S m of

fili. A rope ;actord and access roads were subseguently built on this
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at a level which was 2 m above the High Watér Mark in the Gut.

The former course of Willington Gut has been inferred from the
pre-1933% ward boundary. Further evidence of its course was found
when sand and gravel beds were encountered in the tunnel face when
it passed below the inferred position. This indicates that alchannel
of flowing water must have persisted at Low Water, when the mudflats
were exposed, depositing the sand and gravel in its bed as the estuary
silted up. The geclogy of the channel is shown in Figure 2.1 which
is a cross-section taken along the centre line of the tunnel using
borehcle evidence and the geology of the tunnel face.

Organic debris from the established vegetation was washed down
into the estuary making the silt very organic. Large tree trunks
were also included in the sediment and several were removed from the
tunnel face by the contractoré. These were saturated with water, but
reducing conditions had préserved them in their original state. One
large specimen was identified as oak (Quercus). The locations of the
tree trunks, and the sand and gravel deposits encountered in the tunnel
face, are shown in more detail in Figure 2.2. The enlarged sections
have a horizontal scale equal to the vertical scale to show the true
shape of the deposits.

The alluvium, therefore, mainly consisted of a soft, dark grey
organic silt with about 2.5 to 4.0% organic material and L2 tc L6%
moisture content relative to dry weight. Small variations in the
organic content prcduced dark and light laminations of about 2 to 5 cm
thickness which were occasionally discernable at the tunnel face. It
is possible that these laminations were caused by seasonal variations

in the rate of sedimentation, similar to the variations which form

13
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varved clays. The properties of the silt are discussed further in

Chapters 5 and 6.

2.2 Details of the Tunnel.

The tunnel under investigation was the lower section of the Point
Pleasant Siphon passing under the valley of Willington Gut at
Willington Quay, North Tyneside. This forms part ;f the North Bank
Interceptor Sewer being constructed for the Northumbrian Water Authority
as part of the extensive updating of the Tyneside sewerage system.

A large part of the tunnel, between the two inclines of thé siphon
under the valley sides, passed through the channel of alluvium already
described. The instrumentation proved to be located at a point where
the‘tﬁnnel was 18 m into the east side of this channel. Here the axis
depth was 13.375 m below the ground surface.

In order to determine the stability of the tunnel faqe the stability
ratio of Simple Overload Factor was calculated. This is depéndent upon
the relationship of the overburden pressure acting upon the centre of
the tunnel face and the undrained shear strength of the alluvium
resistiné the pressure. The relationship was proposed by B.B. Broms

and H. Bennermark (1967) in the form:

where Y is the natural wet density of the clay
H is the depth to the centre of the face

c, is the undrained shear strength of the clay

N is the value of the stability ratio.



Theoretical analysis originally gave a critical value for
N = 6.28, above which the tunnel face would be unstable resulting in
higher intrusion rates of the tunnel face causing large surface
settlements and the increasing possibility of failure in the face
at higher values of N. The critical value was reinforced using
laboratory extrusion tests which produced vaiues in the region of 6
to 8. Evidence of large surface settlements and high tunnel face
intrusion rates in tunnels with lower stability ratiocs resulted in
P.B. Attewell and J.B. Boden (1971) suggesting a value of 4.5, based
upon the overburden pressure required to produce maximun acceleration
of the rate of extrusion in a laboratory extrusion test.

The calculation required the determination of the bulk density
and undrained shear strength by triaxial tests which were carried out
by N. El-Naga according to B.S. 1377.Table 1 lists the values obtained
and also various other properties using samples taken from boreholes
1 and 2 which were drilled for the instrumentation of the tunnel. The
shear strengths obtained for the samples from borehcle 1 were averagsc
to give a mean C, = 24.9 kN/hl2 or 36.1 lbf/in2 and a bulk density
Y = 1.82 Mg/m3 or 113.6 lb/ftB, which produces a stability ratio of
9.58. Conéequently.an air pressure of GO kN/'m2 (13 lbf/inz) was used
in the drive to stabilize the facé and reduce the rate of intrusion by
lowering the stability ratio to 5.97. As a result of the air pressure
the alluvium, although of a plastic consistency, apreared to be firm
aﬁd stable ih.the tunnel face.

The compressed air also had the effect of reducing the amount of
water made by the tunnel to a minimum despite the water-table being

about 10 m above the tunnel soffit.



Sample

Depth m

Liquid Limit
Plastic Limit
Plasticity Index
Moisture Content

2
c, kN/m

Sample

Depth m

Liguid Limit
Plastic Limit
Plasticity Index
Moisture Content

2
4 kN/m

Table 1:

1a
11.00-11. 45
148.50%
28.20%
20.30%
38.30%
25.99

Results for borehole

1b

1%.00-1%. 45
L8.50%
26.60%
19.80%
29.10%

25.20

1.

2a
13.00-13. 45
42.60%
28.49%
13.11%
40.22%
17.65

2b
14.00-14. 55
L. 50%
28.19%
16.31%
38.52%
18.63

Results for bvorehole 2.

ATTERBERG LIMITS AND COHESION VALUES

FOR BOREHOLE SAMPLES.

ic
e 50-14.95
46.50%
25.5L%
20.96%
38.75%
23.54

27.23%



Excavation of the alluvium was carried.out by hand usiné
compressed air clay spades ahead of a 4.31 m diameter shield (Figure
2.3). The bead was removed from the shield before the channel was
entered in order to recduce ground loss around the tunnel. This was a
deliberate decision bgsed on earliier analyses on the south bank of
the Tyne. The shield was 2.4 m long with & 1.2 m tailskin insids
which the rings of tunnel lining were built. These rings consisted
of 7 concrete segments bolted together to form a 0.6 m (2ft) long
ring. When the shield was jacked forward against each newly-erected
ring the annulus left between the ring and the ground was filled with
a water-cement grout injected under pressure through holes in the
lining. The grouting operation was usually carried out every twc
rings of lining. The cement used was "sulphacrete', a sulphate~
resisting cement.

The tunnelling sequence was generally as follows:

a) The ground was excavated by pneumatic spade tc a distance cf
about 0.6 m (2 ft) ahead of the hood of the shield and to slightly less
than the same diameter.

b) The shield was then shoved forward against the previously
erected ring, the cutting edge of the shield peeling off the final
layer of ground resulting in a precise fit of the outside of the shield
against the alluvium. About ﬁO cm of the previous ring were left
festing on the tailskin of the shield to prevent the tunnel from dipping.

c) A further ring was erected inside the tailskin and the
annulus produced from the shield advance was filled with grout through
pre~formed holes in the lining segments. i

The grouting operation tended to leave an ungrouteé void in the
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soffit. This was later back-grouted at a higher pressure of
690 kN/m® (100 1b/in®). The back-grouting of the tumnel within the
channel was not carried out until the tunnel had reached the far side
of the éhannel and even then the process was net completely successful
in eliminating all the voids.

On average, two cyclies of excavaticn and lining erection were
completed per 12 hour shift and two shifts per day were worked during
the period when the tunnel was in the channsl. After the boulder clay
had been re-entered three 8 hour shifts a day were worked to maintain
rapid progress. At weekends, the face was boarded up with thick breast-

boards held in position by four rams projecting forwards from the shield.

N
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Chapter 3

INSTRUMENTATION

3.1 location.

Four boreholes were drilled vertically through Gut Road to a
depth of 16m (juét below invert) formiﬁg an array in a line normal to
the extrapolated centre line of the tunnel. Borehole 1 was located
over the centfe line and borehole 2 was fixed at about 1m beyond the
point through wnich the tunnel wall would pass. Holes 3 and L were
located at a distance of 3.96m and 7.65m from the centre line
respectively. The records for each of these boreholes are illustrated
in Figure 3.1.

Iengths of Soil Instruments inclinometer tube will colliapsibla
telscopic joints were inserted into these boreholes and grouted in with
a water-cement-bentonite grout. This grout was designed to have a
similar cohesive strength when sét to that of the alluvium - Five
magnetic settlement rings were taped to each tube before emplacement in
o;der to monitor vertical movement (see Table 2 for initial 1oca£ion).
This installation operation was completed 7 months bgfore the drive
reached the measurement array and numerous calibration measurements

were taken.

22
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Table 2:
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Borehole

Ring 1 2 3 L

AN . o~ N

133 1.54 3.20 2.79
4.3L 3.09 5.94 6.14
7.35 7.65 8.81 8.86
10.40 8.60 11.50 12.21
15.88 10.99 13.76
15.18

INITIAL DEFTHS COF MAGNETIC EINGS
BELOW GROUND SURFACE.
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The keyways in the inclinometer tubes were orientated normal to
and parallel to the tunnel centre line,  When the tunnel reached
the measurement array a»section of tube 1 was exposed in the centre of
the face. Visual examination of this showed that the tube héd not
spiralled through the joints and‘that the borehole had not deviated
from the vertical.

Surface levelling stations consisted of a nail inserted through
a washer into the road or footpath surface. These were positioned %o
form an array of 10 stations, 8 of which were on the same side Qf
the centre line as the inclinometer tubes and the remaining two were
positioned on the opposite side of the centre line (Figure 3.2).
These stations were instailed 2 months before the drive reached the
array.

Two piezometers were also installed in boreholes 1 and 2. In
the former, the piezometer was located about ‘im abéve soifit ievel and
iﬁ the latter at axis level. They were positioned by being fastened
to the'inclinometer tubes at their.desigﬁ depths before the latter were
inserted. At these depths, grouting was interrupted and the piezcmeters
were surrounded by a sand filterrto provide continuity with the water-
table in the alluvium. After this operation, grouting was resumed, so

sealing the piezometers in from the surface (Figure 3.3b)

3.2 Surface Movements.

a) Levelling.

Vertical settlement at the surface was measured using a Cooke

S..LLO precise level and a one-piece metric staff. The staff was
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allowed to rest on the heads of the nails sunk into the road and
footpath surface (Figure 2%.3c). The array A to J was surveyed
using station B as a Temporary Bench Mark (TBM) which was itself
compared to a TBM outside the Railway Inn {Figure 1.2) znd therefore
beyond the influence of the tunnel settlement trough.

A base-level was established prior to the onset of settlement.
During settlement development frequent readings were taken and
referred back to this datum. Settlement was measured to the nearsst
O.1mm with an experimented accuracy of t C.2mm.

b) Horizontal Measurement

A steel band was used to measure the horizontal displacements

towards the centre line of the surface levelling stations. The band

o)
(o)

D

was kept at a constant tension of LLN {10lb force) in order to reduce
any errors that might otherwise have arisen where the band had passed
over kerbs. Readings were estimated tc O.%mm (0.001ft) so giving an
oyerall accuracy of I O.6mm (0.002ft). Undulations in the vath and
the road may have increased this vaiue slightly.

Inward movements of the tops of the inclinometszr tubes towards
the centre line were also monitored by inseriing specially designed
close~fitting plugs into them (Figure 3.3d). Distances between the
centre-punch marks in the tops of these plugs were measﬁred and the
relative movements were used as the surfazce datum for the tops of the
horizontal gfound movement profiles.

Again, datum yalues for all thne meésurements were ectablished

before settlement began.
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3.3 Sub-surface Movements.

a) Magnetic Rings.

Vertical movements were measured using the magnetic rings taped
to the outside of the inclinometer tubes. These were located by
lowering a reed switch down the tubes on the end of a steel tépe.

The reed switch closed in the magnetic field of each ring so emitting
an audible signal at the surface. Four readings were taken at ths
top of the tape, two going down as the switch closed and opened, and
two coming up as it again closed and opened. Readings were taken to
the nearest 0.5mm and averaging these gave an estimated accuracy of

: 0.25mm. A datum was established before settlement began.

b) Inclinometer Tubes.

Horizontal movements were measured by lowering a Soil Instruments
iﬁclinometer torpedo (1 metre long) down each of the four installed
tubes in turn. Two sets of readings, one going déwn and one coming up,
were taken with the fixed wheels in each of the four keyways in turn,
readinés from opposite keyways being averaged to reduce sumpation
errors. Plotting the changes in the profiles of the tubes generated
horizontal displacement data for>p1anes normal and parallel to the tunneil
centre line at intervals of 1m depth initially and 2m intervals when a
replacement 2m torpedo had to be used.

Datum lines were established by averaging tne results taken before
surface settlement began, after which frequent readings were taken.
However, tube 4 was blocked at a depth of 6ém until settlement had begun.
This movement caused the object creating the blockage to drop to a

depth of 1im. Thus, no datum was established for this particular tube
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until just before the tunnel reached the array. The movement up
to this time would probably have been very small, so the subsequent

profiles can be regarded as a good representation of the total ground

movement.

34 Piezometer Measurements. /

The depth cf the water-table below the ground surface was
measuredA;very day whilst the tunnel face was passing under the array
and until fluctuations had ceased. In order to take these readings,
water was pumped dcwn to the piezometer through one connecting tube
and back up the other to fill a graduated column attached to it. The
base of the gradu%ted tube was filled with mercury supplied through a
U-tube from a reservoir open to the atmosphere (Figure 3.4). When all
the air was expelled from the system, the water pump was disconnected
from the connecting tube and the water levels allowed to stabilize.

The level of mercury drawn up into the graduated column was then noted
and when the apparatus had been disconnected from the piezometer the
level was faken again. The difference between the readings was
equivalent to the depth of water-table below the ground surface.

The piezometer in borehole 2 at axis level continued to provide
readings throughout the passage of the face. However, the piezometer
in borehole 1 at 1lm above the tunnel soffit was affected by compressed
air leaking thrdugh the grout when the tunnel reached the array. This

penetrated the instrument and escaped through the connecting tubes

making the coliection of further data impossible.
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Chapter 4

RESULTS AND INTERPRETATION

L. Introduction

The majority of the results are presented graphically tc show
the development of surface settlement and sub-surface ground movement
with respect to time. Time was preferred to tunnel face pezition as

a reference base because of the on-going nature of the settliecument.

The majority of the settlement took place after the tunnel face wa

0}

too far away from the instrumentation to have any effect. However,
for the period when the tunnel face was within 34m of the array, soms
reduction in settleﬁent resulted from boarding up tne face for ths

L8 hour weekend breaks. In order to remove this effect the wesekends
are omitted from the reference base for the period when the face wzs
within 3l4m of the array. This gives a more realistic representation
of the rates of settlement within this critical period.

As a result of a fairly constant rate of progress of the drive,
as shown by the site records and illustrated in Figure L.1, ths
corrected time plots agree closely with the tunnel:face position for
this period. However, some of the illustrations use the tunnel facs
position in metres. These refer specifically to events thch occurred

when the tunnel face was within 34m of the array. Over this limited

period the zlternative reference base is a more accurate representation
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of the events, particularly for large scale illustratims.

In all cases the datum was taken as being the time when the
tunnel face reached the instrumentation array, that is, when the
inclinometer tube in borehole 1 was exvosed in the face. The only
major interruption to the tunnel progress was for iwo weeks wﬁen the
face was -4 days (-8.53m) from the array. This resulted from a
report of gas seeping irto the turmel and the hold-~up was to allow
flameproof lighting and equipment to be installed. The effects of ~
this bresk will be discussed later.

The various graphs give horizontai and vertical componsnts of
mevemernt. By combining these comporents vectors of ground movement

have been produced.

L.2 Surface settlement.

It can be seen in Figure L.2 that the surface settlement
development profiles for stations A to H show a coﬁplex settlement
history. The various stages of this Lisﬁory are examined serara
and some attempt is made to account for their origilus.

In the Pre-array stage settlement began, much earlier than
expected, at a time when the faée was -19 days (-33.75m) from the array
and initially formed a trough 28m wide. The width increased during
the development, thereby involving more surface stations. The
premature onset of movement may have been due to the vresence of the
organic 2lluvium just above the tunnel soffit level (Figure 2.1).

At -4 dayé (-8.53m) from the array the uplift of all the settle-
ment stations coincides with the two week hcld-up after gas was stated
to have been detected. During this time, the face was timbered up as

-
i

during a normel weekend and the breasting boards were held in place by



four hydfaulic ramns projecting.forwards from the shield. A
combinatién of possibly excessive pressure on the face from the
rams and the proximity to the array probably caused the reversal
of the established settlement.

It is debatable whether the uplift was permanently subtracted
from the maximum settlement or only temporarily subtracted and the
settlement rate subsequently increased until equilibrium was restored.
For the purposes of this fhesis the latter was assumed to be the case.
Some evidence_of the instability of the alluvium can be seen at
-3 days (-6.71m) in Figure 4.3. It is unlikely that the readings
exceed an accuracy of b O.2mm, therefore the ground surface must be
oscillating as a result of settlement and heave, the latter bveing
caused by the advance of the tunnel shield. The oscillation appears
to take place between two envelopes, the upper envelope has been takea
as the main profiles of settlement, the lower envelope is dotted in
to show its relationship to the main profiles. The ground surface in
the line of the array shows a particular facility for heave when the
tunnel face is between -9m and -4m from the array.

The contours of surface settlement (Figure L.4) further illustrate
the uplift due to the two week ﬁéld—up and also show the limits of
influence of the tunnel upon the surface séttlement ahead c¢f the tunnel

face. The contours in fronfof the face show initially a zone of

35

approaximately equal width to the tunnel which settled more rapidly than

the rest of the trough until such time as the face came within -2 days
(~4.27m) of the array. This could be a result of the high face-take
of about'0.82mm/hour which was not fully distributed over the trough

\

(see Appendix'1). The face-take was estimated from the volume of

ground lost at the time when the tunnel reached the array (Figure 4.8a).
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This reguires the assumption that the voWune of lost ground was
entirely due to face-take, although it is prcbable that some post-
shield ground losses are included in the value of O.32mm/hou The
value can therefore only be regarded as approximate. The boarding
up of the tunnel face at weekends prevented the in situ measurenent
of face intrusion.

Extrusion tests were performed by N. El-Naga upon samples from
axls depth in borehole 3 to find the change in lateral extrusion rate
through a 10mm hole for increasing vertical stress. During these
éxperiments the rates of extrusion of the alluvium were measured under
cénstant stress and the results obtained were extrapolated to include
the overburden pressure operative at Willington Quay. This value of
238 kN/h‘.2 was reduced by the air pressure of 90 ki 0w to 148 hN/m and
gave an equivalent extrusion rate of 6.1mm/minute or 3€6mm/hour.  The
result is obviously much higher than what wss actually ogerating in the
tunnel face and points to the limitations of the extrusion test for
soft silts and clays. Also the sample may have béen disturbed during
collection or may have had an‘abnormally low snear strength.
Alternatively, the shear strength may have been reduced inthe tunnel
face by the compressed air draining the alluvium, although it is
unlikely that this would account for the discrepancy.

The post-array stage typically accounted for the bulk of the
settlement which occurred. The settlement has veen divided into
several phases of movement which can be broadly attributed to events
wnich occurred in and around the tunnel. Imgediately after the array
was reached a significant decrease in the rate of settlement was
observed (Figure 4.3), particularly at stations D and E.. The feature
may be due to heave e, or alternatively it may be caused by the presence

of the shield below the array providing support to the ground. The
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effect persisted until the shield had passed beyond the array
suggesting the latter to be the case.

The rapid settlement which followed must have been largely
caused by compression of the grout and by the closure cf voids left
by the grouting process. The ground was beginning to stabilige when
the settlement rate suddenly increased again for a short period, after
which the slower rate of movement was resumed. No suitable explan-
ation for this second phase has yet been found. The site records
show that there was no change in the air pressure in the drive during
this period and sub-surface results show that the characteristics cf
the movement were the same as the first phase of movement. It is
possible,therefore, that high pressure backgrouting at 690 kNﬁnZ
(1001b/h12), carried out at this time in the vicinity of the array
disturbed the ground sufficiently to produce the movement.

After a period of slow settlement the rate again increased to form
a third phase, coinciding with the reduction and final releass of air
pressure in the drive thereby allowing porewater té drain into the tunnsi.
This resulted in consolidation of the ground which in turn caused the
settlement scen at the surface. When the settlement is vplotted agzinst
log time (Figure 4.5) a straight line, characteristic of primary
consolidation, is produéed from this phase of the profile. figure L.S
is confined to post-array settlement in order to allow comparisons to be
made with the time scale of Figure L.2.

The prolonged movemegt cauged damage to surface structures near to
the array and, as a result of this, a brick wall adjacent tc the array
had to be demolished before consolidation was completed (Plates?2). The
unloading of the ground, a reduction of 50.19 kN/ir!2 along the btase of
the wall, coiﬁcided with extensive uplift at the ground surface with a

maximum of 7mm on the centre line and would appear to be the cause of ths
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uplift. The renewal of consolidation after this formed the fourth
and final phase recorded. At the time of writing, the process was
still taking place and, if the settlement history so far is any
indication, movement will continue for some considerable time.

Surface settlements were also recorded by the contractors at
several stations located inside the rope factory. Exsmination of the
maximum values for stations above the centre line at 224 days show
that much larger settlements developed under the factory (Figure 4.5).
The feature may have several causes, most important of which must be
the additional weight of the structure upon the ground surface
increasing the overburden pressure and additicnally the presence of
vibrating machinery inside the factory. Both of these factors would
greatly facilitate setilement during the consolidation phase.
Consolidation in turn was pcssibly ailded by the =and and gravel
deposits located in the middle of the channel. These deposits, having
a much higher permeability than the alluvium, can be expescted to provids
much more rapid drainage to the middle of the channel (located under
the factory) and hence more rapid consolidaticn.

The development of the transverse setilement profiles is shown in
Figure 4.7 with profiles given at 20 day intervals from zerc to 220 days
advance beyond the array.  The most notable feature of these_is the

widening of the trough from 3Cm to 45m during the second phasc cf rapid

settlement. Similarly, during the consolidation phases the trough
widened to almost 60m. In addition to Figure 4.7 four transverse
profiles are included with Lateral Displacesmeat and Strain profiles

in Figures 4.8a to 4.8e. These were selected to illustrate the effects
of the phases of movement upon the ground surface and were located at
the time when the instrgment array was reacned, l.e. zero days, and

thereafter at 23, 51, 149 and 22/ days advance veyond the array

L,
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respectively. Overlays to these figures éive comparisons with
Gaussian Distribution or Error Curves given by:

s, = S§_max exp.(—y2/2i2)
where y is the transverse distance from the tunnel centre line and
Ss is the surface settlement at that point, i is the distance from
the centre line of the point of inflexion of the settlement profile,
(all three being along a line normal to the direction of tunnel
advance) and Ssmax is the maximum surface éettlement.

The value of i is found from the setilement at the peint of
inflexion where the settlement SS = 0.606 Ssmax. The area under the
Error Curve is found from: |

A = 2ni Ssmax

The shapes of the Error Curves and their areas thus calculated
compare closely with the measured areas of the troughs in Figures
L.8a to 4.8¢ and the results are included on the diagrams. The Error
Curve is therefore a good approximation of the settlement profile
developed in this case history.

There is a marked difference of up to 3.5mm between the cpposite
sides of the transverse profile in Figures 4.8a to 4.8c. Stations A
to G settled more rapidly than stations I and J (Figure 3.2). This may
be due to the closer proximity of vibrating factory machinery to stations
A to G than the latter two, thereby causing more rapid settlement on
that side of the array. Alternatively, the difference may be due to
variation in the resistance of the road and path surface tc deformation
by settlement. The discrepancy persisted until the phage of consolida-
tion began when it was reduced to less than imm (Figures 4.84 and

L.8e).



ROFPE FACTORY

-60

-120

\/

L0
60
. 80.¢
100-
Maximum
Surface
Settlement 120
(mm)

Figure 46: LATERAL VARIATION OF MAXIMUM SURFACE

SETTLEMENT (224 DAYS)

Lo

) //y AP
N /,/ 7
“ % /// 7 TWitlingtory
Instrumentatic; g / /4 // Gut
- / £
Ay | g, ////// //% 1
N S Y A
+_ + + |Former course of + 4 .. +« o+
\\twt"” Gut-- + El“ + o+ 4 +
.o + W), W
-t &
ull
Alluvium m
L~ T~ //Bpulder Clay
N R
and and Gravele S/ Tunnel
20 0 2 4 80 80 100
Lateral Distance (m) ' '
-20 -~ 20-
~ e



Tunnel Advance in Days.

0 20 40 60 80 1

Distance to Centre-line {m)
00 120 140 160 180 200 220 0 5 10 15

30

.......

6L §m— o

20 't A i W W S— A s A
. ""0 N
335
. iﬁo . N
b
— .iLl e
A A A i 10 i A A A - .

183k

i ' L A iol A ' -
LA
A A W ' A, 1‘0 A ' A 58
RV I -

Maximum
Settlement (mm)
Figure 4 7: TRANSVERSE SURFACE SETTLEMENT PROFILES

47



H

-

Compressios

-
s

t

{Tension)

!

L Latral Displacement (mi«:bn)

Surface Settlement (mm)
- x...Lateral Displacement (mm)
| +...Strain (%) “ -

00H-0

— 2%
thpral Distance

~from l_Tunnel Centre Line {m)

Strain %)

Area=0100m*
Area=0101m* I
00115 ]

-002-+10
Settlement {mm)

Figure 48a: THEORETIGAL AND MEASURED SURFACE SETTLEMENT, LATERAL DISPLACEMENT AND:
STRAIN\ TUNNEL FACE AT ZZE:RO DAYSG FROM A‘?RAY

87



Strain (%4]

Tension)

{Compression}

Lateral Displacement (mm)

-5
0-15-_\\ | - . e..Surface Settlement (mm)
—~ | x..Lateral Displacement (mm)
6 . +e.Strain (%)
010+
-4
005
./
A [ e e —
_ 5 . _ . 25
' Area=0-374 m* - T ' Lateral Distance from
, 10 red=stha/am ’ ) Tunnel Centre Line {m}
~005- Area= 0-365m* I hk @ - :
| ' // AN | o |
?0 ‘ \“"""“‘9"
MD}UM Settlement {mm)
i3(]

Fiqure 48b: THEORETICAL AND MEASURED SURFACE SET’ TLEMENT, LATERAL DISPLACEMENT AND

STRAIN . TUNNEL FACC AT 23 DAYS FROM ARRAY ‘ : -
| | '



ompression)

Strain (%)

020+

o

-

w
|

010-

005+

005

010~

-5

-0
eral Displacement (mm)

T . o..Surface Settlement (mm) -

x...Lateral Displacement (mm)
+..Strain (%) !

o

e

— 25

ateral Distance from

T // Tunnel Centre Line {m)

i
.

20 : h ¥ :
g ’ ‘\i g
7 R ¢

77 Figure L8c: THEORETICAL AND MEASURED SURFACE SETTLEMENT, LATERAL
20 DISPLAGEMENT 'AND STRAIN.TUNNEL FACE AT 51 DAYS FROM

G e - ” W \ g
Settlement (mm) AHR%‘{ | ‘

| Area=0619m?
10 Area= 0-602m*

05

-40)



e

{Compression)

{Tension)

Strain (%]

Latega! Displacement (mm)
b ' 3 -
03-] o....Surface Settlement (mm)
x...Lateral Displacement {mm)
35~ +...Strain (%)
02-
04
I4
‘ ) - - Lateret-Tistance from
Area=1160m “Tunnel Centre Line (m)
Area= 1156m" | . |
01+
-0%- |
dsp—""" Figure 48d: THEORETICAL AND MEASURED SURFACE SETTLEMENT,LATERAL
Settlement (mm) DISPLACEMENT AND STRAIN_TUNNEL FACE AT 149 DAYS FROM
- S | : » |

ARRAY i

|

S

¢
i
i



{Compression)

Strain { %)

{Tension] |

034

Latér Displacement {mm}
..16 .

e...Surface Settiement (mm)
x...Lateral Displacement (mm)
+..Strain (%) "

U l — SCS——Y
5 10 15 _ = 75
Area=1275m" T Letesarlance from
20 Area= 1208m* ‘ ~ g - .
.-O.'I— o - > - : ‘ )
.—1.0 ‘ i :
~02+ 1

" Settlement (mm)

Figure 48e:

THECRETICAL AND MEASURED SURFACE SETTLEMENT, LATERAL
DISPLACEMENT AND STRAI"N.,,TUNNEL, FACE AT 224 DAYS FROM
ARRAY 3 - ' o1

i
:
i



L.3 Surface Horizontal Movements.

Five profiles of the horizontal movement of the ground surface
towards the centre line have been selected and included with the
transverse profiles of the trough in Figures 4.8a to L.8e. The
original data for these profiles were normalised with respect to
station A in order to remove variations, caused by expansion and
contraction of the steel tape used for the measurements, under the
varying atmospheric temperatures encountered in the field. Maximum
movement in each case coincides with the point of inflexion of the
transverse profiles, making that point the boundary between tension
and compression in the ground surface. This is shown by the percentage
strain plots included in the same diagrams.

In the ovérlays the theoreticél profiles corresponding to the
measured profiles of surface settlement, laterai displacement gnd strain
are shown. These are calculated using a stochasti; model for ground
settlement and show good correlation with the measured prcfiles
(N.H. Glossop, 1976). The measuréd profiles and strain curves in
Figures 4.8a to 4.8c, that is movement caused by ground losses-at the
tunnel, correspond closely with the theoretical profiles. However, in
Figures 4.8d and 4.8e, where settlement has been attributed to consoli-
dation, the horizontal movements are considerably less than the thecre-
tical values despite the errorvcurves retaining a close agreement with
the measured settlement curves. Therefore, the different characteristics
of the two processes which caused surface movement have préduced
different degrees of lateral movement. Initially ground lossez at the

tunnel caused lateral as well as vertical movement in contrast to



consolidation, which is predominantly a vertical process and caused

relatively smaller lateral displacement at the ground surface.

L.4  Sub-surface Settlement

The complex settlement profiles (Figures L4.9a to 4.9c) derived
from the magnetic riﬁg results show that movement occurred in the same
phases as had been observed at the surface. Not all the profiles
are complete for one of two reasons. First, in borehole 1 it was
necessary to fill in the lower part of the tube with grout to prevent
air leaking out when the tube was cut off just above the soffit level.
Unfortunately, the tube was overfilled By the contractor and only the
uppermost magnetic ring was accessible. Second, some of the decpest
rings in the boreholes became inaccessible before settlement was
completed as a result of sediment gradually accumulating in the bottoms
of the tubes. This was washed in from the surface during persistent
and heavy rainfall in spite of attempts to build te@porary "coffer dams"
around the heads of the tubes. The sediment reduced the maximum dep%h
to which the reéd switch could be lowered. In this way the remaining
magnetic ring in borehole 1 became inaccessible before any significant
deviation from the surface settlement had been measured.

The results can be clarified somewhat by plotting the maximum
settlement against depth (Figures 4.10a to 4.10c).  The profiles
selected were again at 23',51 and 149 days of settlement, the movement
at zero days was too small to be significant and has not been included.
Similarly, no profiles are included after the reversal of settlement at
162 days. This is because the uplift made the profiles irregular and a

better representation of the movement can be found in the vector diagrams.
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In boreholes 3 and 4 all the rings lie close to the profile Afawn
through them. However, in borehole 2, rings 3 and 4 show avlarge
deviation from the profile and may not have fully faken up the movement
of the grout around themn. The depths of maximum settlement for each
borehole lie on a curve drawn in Figure 4.11; This separates the
regions of inéreasing and decreasing settlement wity depth and

represents the possible path of a shear failure zone in the clay.

L.5 Sub-surface Horizontal Movements.

The sub-surface horizontal movemeﬁts ére presented as a series of
inclinometer profiles taken at regular intervals throughout the case
history. The displacements have been calculated in the plane ofbthe
array and also in planes parallel to‘the centre line. | These are
distinguished by the borehole number with the suffix 1 for profiies
parallel to the centre line and 2 for profiles in the plane éf thevarray.
Theréfore, the profiles for borehbie L are 4.1 and L.2 respectively.

The surface displacements for the tops of the boreholes in the plane.
of the array were measured relative to the centre line. However, the
diéplacements parallel to the centre line were estimated from the
relative movements of the upper part of each inclinometer tube. Thisrwas
neceésary in order that vectors of movement could be drawn for planes
parallel to the centre line. |

In borehole 1 the profiles 1.2 showed no displacement as the tunnel
face approached. The profiles for 1.1 however, recorded the displace-
ment of the ground surface as the trough approached and deepened and the
face-take around the axis depth for the tunnel (Figure 4.12). Face-
take began before -3 days from the arréy, at which.time the facewas =-6.71m

distance. This small movement increased to 3.17mm at O.7m depth below
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the axis level when the face was -1.83m awa& at -1 days before the
array was intersected. Before intersection the tube was grouted to
within 2m of the ground surface preventing further data collection.

The remaining three boreholes (Figures 4.13 and L.1L) gave
results which can be divided into phases of movement as with the
‘settlement profiles. The first two post-asrray phases of the latter
’éorrespond to lateral movement of essentially the same character. This
‘perloa of dlsplacoment is progressively towards the centre line in
boreholes 2.2y 3.2 and L.2 whilst 2.1, 3.1 and 4.1 show very much less
;mngment parallel to the centre line. The small displacement which
,FQQK place was generally towards the alluvium filled channel, 3 featufe
which will be discussed later.  The movement towsrds the tunnel reached
2 maximum at 10m depth in 2.2, at 9m in 3.2 and at 8m in 4.2. The
.uhape of the profiles, and the depthD to maximum displacement, are
igharaqteyistic of gravity settlement caused bty the closure of voids and
compression of grout around the tunnel.

_ ,Th¢>movement corresponding to the consolidation phases of settlement
U@gyglqpment began after the air pressure was released from inside the
Ltqnngl. However, the process was interrupted by two events which
:ghanged tbe_direction of displacement. Site records show that back-
:g;pqﬁipgiwas carried out in the section cf the tunnel directly below the
arraxvat:71 days advance. The profiles for 2.2 at 72 and 91 days
-advance show a large reversal of movement around the depth cof the tunnel.
This must be a result of the high pressure of 690 kN/n (100 1o/in%)
_inyqlvéd in back-grouting forcing the alluvium away from the tunnel.

-. . After this event very little lateral movement took place indicating
that the settlement was almost vertical, which further points to

consolidation as being the operative procecss. At 162 days advance
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beyond the array, the demolition of the wali overlying the tunnsl

near the array caused widespread uplift. This also caused a

renewal of lateral movement seen in all profiles. The nature of the

movement suggests a buckling effect, particularly in borehole L when

the profiles for 162 days and j76 days, that is befcre and after the

uplift, are contrasted. The final profiles normal to the centre line

again show little change indicating thét consolidation had been resumed.
In the profiles 2.1, 3.1 and 4.1 essentially the same phases of

movement took place as described previously. In this case, however,

the direction of displacemént was towards the middle of the ailuvium-

filled channel, which became particularly evident after the air in

the drive had been released. The displacement was caused by the larger

surface settlements above the middle of the channel illustrated in

Figure 4.6 with the displacement occurring tcwards the largest sebtilement.

The profiles are very similar in shapé to those normal to the cenirs

line with a large movement at the surface and a second maximum at dertn.

L.6 Vectors of Ground Movement.

In order to illustrate and clarify the phases of movement further,
the settlements aﬁd laterai displacements have been combined to produce
vectors of ground movement for the post-array movements which occurrgd.
The pre-array movement was relatively small and has not been shown
separately.  The profiles for 1.1 (Figure 4.12) indicate that the ground
loss for this period was due to a high face-take.

The vectors of the post-array movements have been selected to
illustrate the phases which were previously erected in describing
individual profiles. However, the combination of data reguires that

certain intermediate events are also included te provide complete histiory.
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The periods chosen to delinecate these movemenfs are alsc restricted
By the availability of date. In order to clarify this Figure L.15
should be consulted to show the correlation of the vectors, settlement
and lateral movement diagrams.

The initial movement covers the period from the beginning of
settlement to 51 days advance, the majority of which was post-array
(Figure L.16a). This includes the first two phases of post-array
settiement and is therefore made up of two periods of rapid movement,
both of which have their origin around the tunnel lining. The first
rapid phase has already been attributed tc the closure of voids and
compression c¢f grout, and the second, tentatively to disturbances caussd
by back-grouting in a nearby section of the turmel. The evidence gzined
from the vectors makes the latter seem a more probable cause for the
second phase of rapid movement than an unrecorded reduction in air
pressure in the drive, aithough this is still uncertain.

The vectors from 51 to 91 days advance (Figure\h.16b) inciude the
release of air pressure from the tunnel at 66 days although the mcvement
represented was mainly caused by further back-grouting. This was
carried out at 71 days advance and caused movement of the alluvium away
from the tunnel.  The vectors include a substantial vertical zettlemsnt
component which is shownrto be diverted away from the tumnel. If the
data had permitted the movement caused by the back-grouting to be isoliated
it is very probable that it would be directly away from the tunnel.

The phase attributed to consolidation began at 66 d&ys although,
as a result of back-grouting at 71 days it was necessary to use the.
vectors from 91 days to 149 days advance to represent this movement
(Figure Le16c). The vectors support the consolidation hypothesis in

that they are almost vertical and decrease in magnitude with depth.
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This éhows that the movement originates from a process occurring
within the body of the alluvium and not around the tunnel lining.

At 162 days the process was interrupted by'the‘demolition of a
nearby wall. The vectors for the period of 149 to 176 days advance
delineate the uplift which resulted from this unloading (Figure L.15d).
The uplift was greatest in borehole 4 becauvse this was the nearest to
the demolished wall. The vectors for the remaining period of 176
to 224 days are again almost vertical showing that the consolidation
process had been resumed (Figure L.16e).

Ground movement vectors parallél to the tunnel centre line
(Figures L4.17a to L4.17c) have been divided into the same periods of
movement as vectors normal to the tunnel. The first phase of movement
was largely vertical corresponding to the predominance of ground move-
ment normal to the centre line. Thereafter the vectors show a
consistent movement towards the middle of the channel, which is somevhat

better illustrated by the inclinometer profiles (Figures L.1ka tc L.14el.
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Chapter 5

LABORATORY PROGRAMME

During the passage of the drive through the channel a number
of samples bf the alluvium were taken from the tunnel face. Thes=
were used for a variety of laboratory tests and amalyses te provide
data on the physical properties, mineralogy and geochemistry cf the

sediment.

5.1 Sampling Procedure.

The tunnel face was sampled at six stages during the passage of
the drive through the alluvium. The first two, labelled A and B,
were relatively close together whilst the rest frem € to F were sveniy

distributed across the width of the channel (Figure 5.1). At each of

these stages from 4 to 8 samples were taken, mairly in a line from

)

(u

goffit level to invert of the accessible face. Sampling was carrie
out as rapidly as possible so as not to hinder the work of the mirers,
particularly when they were excavating the face without a break through-
out a shift. Therefore no regular pattern could be established.
Subsequent examination of the results has shown that more regulsr
sampling would not have affected their interpretation (Figure 5.1J.
About 1 Kg of alluvium was taken from each of the sample lccziitiaes

A to C and these were stored in sealed polythene bags. This methed of
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storzge had proved to be the most efficient‘in preventing the loss

of moisture from the samples. A different procedure was used for
samples D to F in order to obtain information on the effect of air
pressure on the moisture content of the alluvium in the tunnel face.
For these samples several %m long steel tubes were driven horizontally
into the face tc produce cores of about 35cm in iength and Lem in

diameter. Polythene bags were used as temporary seals for ends of thk

9]

tubes until the cores were extruded.

As the drive re-entered the boulder clay on the west side of the
channel, two samples were taken from the weathered surface of the boulger
clay. Again the samples were extracted by driving two of the steel

tubes into the face, in this case at an angle which would obtain a cor

(¢+]

normal to the boulder clay-alluvium interface. These cores were
labelled G whilst a final specimen of unweathered boulder clay H wzas

taken from the tunnel face when the drive had passed several matrzs intis

the boulder clay.

5.2 Methods of Analysis

a) Moisture content, Organic content and Absorbed moisture.

About 30 to L4Ogm of sediment were removed from the middle of each
of the samples A to C and the various experiments were carried out ugon
these smaller sample;. Similar samples were cut at intervals from the
cores taken at localities D to F. Work commenced on the samples as
soon as possible after their collection, particularly in the case of D
to F where the delay between collection and the determination of moisture
content was kept below 1%—hours. The cores of boulder clay G were
similarly treated and a smaller sample of unweathered boulder clay H was
extracted from the specimen which had been collected.

Almost 150 samples of alluvium and boulder clay were produced and

subsequently submitted to the following experimental procedures:
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1)  Samples from localities A to F weré weighed and dried at
1C5°C to constant weight, which frequently took several days, iﬁ order
to determine.their moisture contents by weight loss. The samples were
coded to room temperature in a desiccator before the dry weight was
found.

2) The samples were then allowed to absorb atﬁbspheric moisturerat
room temperature for 7 days before being weighed again to determine the
quantity absorbed.

3) Samples from G and H were similarly dried but no determinations
were carried out. All the samples A to H were‘gfound down by pestle and
mortar and two portions of the powdered samples, of about 1.5 gm each,
were.again dried at 1O5OC to constant weight in small test tubes.

Usually the drying stage took 48 hours and was necessary for removing the
absorbed ﬁixture.

L) An estimation of the organic content was subsequently obtained by
placing‘the test tubes in an oven at 350°C for 48 hours, cooling then in a
‘desiccator fo room temperature and weighing to find the weight loss.

Some loss>of carbon dioxidevfrom the carbonates may havé caused the values
to be slightly too high.

5) Finally, the samples were again alléwed to absorb atmospheric
moisture for 7 days and the weight absorbed was determined.

All the weights were found to the nearest milligram whilst the
quantities of moisturé, absorbed moisture and organic material are
expressed as percentages relative to the dry weight of the sample to the
nearest 0.001%, (see Appendices).

Stagés 1 and 2 were carried out upon batches consisting of all the

samples from each locality in turn, whilst for stages 3,4 and 5 batches of



20 samples were used. In addition to these a control experiment was
'performed to monitor any differences in the experimental conditions for
each batch. A group of samples was assembled using one from each of the
above batches and these were subjected to the process outlined above.
Each sample, therefore, underwent the process under exactly the same
conditions.

Any variations between the control results and those obtained
previously peinted to an inconsistency in the experimental conditions for
the batch from which the sample came. The moisture contents could not be
checked in this fashion because of the difficulty in retaining the
original amount of moisture until all the samples had been collected.

The results for the organic content proved to be in agreement for all the
batéhes, however, considerable variation was found in some of the absorbed
moisture contents determined both before and after the removal of the
organic material. This resulted from the day to day variations in
atmospheric humidity, to which the quantity of absorbed moisture was
related. These variations can be seen in Figure 5.2 which shows the
absorbed moisture contents of five samples measured over a period of 10
days after drying.  The samples were from locality B and the absorbed
moisture values were those of stage 2 in the experimental procedure.
Inconsistencies in the results for both stage 2 and stage 5 have, therefore,

been corrected using the control values as follows:

Control Percentage < Experimental - Corrected Experi-

Percentage mental Percentage
for rest of
the batch

Corresponding Experimental Percentage
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t) X-Ray Diffraction.

In order to investigate variations in the mineralogy of .the
samples, some of them were analysed by X-ray Diffraction. The samples
used were further portions of the dried and powdered samples which were
produced for stage 3 described above. Analysis was carried out on all
samples from A to C and one sample from each of the cores D to F of the
alluvial material. The cores of weathered boulder clay each provided
eight samples, all of which were analysed to provide some information upcn
the possible development of a weathered profile in the surface of the
boulder clay. . Finally, the sample from H was analysed for a comparison
between unweathered and weathered bouldef clay as it was probable that the
cores had not penetrated beyond the weathered layer.

This resulted in 37 samples of alluvium distribﬁted across the
channel and 16 samples of weathered boulder clay with one unweathered
sample from the west side of the channel. Bach of these underwent the
following procedure:

1)  0.45 gm of powedered sample was weighed out and 0.05 gm of an
internal standard Boehmite added to it forming & 90% sample to 10% Boehmite
mixture. Both were weighed to the nearest 0.00005 gm.

2) The two SUbstanéés were mixed with ax agate pestle and meortar
for 5 minutes and the mixture was put in a labelled tube.
| 3) About 0.2 gm of the sample was placed on a clean glass slide and
a lake of acetone run around it.

L) The poweder was then spread out with a spatula and the slide
shaken to form an even film of the sample before allowing the acetone to
evaporate.

5) A slide prepared in this way was placed in an X-ray Diffracto-

meter and bombarded with X-rays at L5 kU and 25 nA. Measurement of the



diffracted radiation took place with the detector moving from 50 to
h}o 20 at 10 per minute, the radiation peaks being traced on a chart
recorder running at 10 mm/minute making 1° 2 6 = 10mm of chart.

For each sample the peak to background ratio was adjusted to a
maximum whilstestill retaining the relevant quartz peak within the chért
span. This was achieved by using electronic filters during the
amplification of the detector signal. The ranges used for the samples
analysed were 77 fo 81 for the Iower Level adjustment and 40 to 3L for the
Window adjustment.

Various minerals were found to be present from the 2 € values of the
chart peaks. These are listed in Table.B along with their respective
2 6 and D-spacing values. Background radiation resuiting from the glass
slide was removed as shown in Figure 5.3 and the areas of the various
peaks were measured using a planimeter. Peak areas produced by this
method vary with the different detector signal amplificatioh conditions
and with different sample thicknesses on the glass slide. Therefore, the
areas of each mineral peak were expressed as a ratio to the Boehmite pezk
to remove the effects of this variability.

Boehmite ratios obtained were compared with calibrétion curves to
find the percentage of each mineral. These curves were prepared using
various proportions of pure or nearly pure minerals, and Boehmite to give
a Boehmite Peak Area Ratio to Percentage of Mineral curve. A curve was
required for each of the main minerals present in the alluvium.  However,
for Kaolinite and Illite several curves were necessary because different
degrees of structural disorder in these minerals affected the peak area
ratios. The shapes of the peaks were also changed and the relationship
between the half peak width and the Boehmite half peak width gave a Shape

Factor which was used as a guide to the level of disorder. The Shane

30



MINERAL

Chlorite
Muscovite-Illite
Kaolinite
BOEHMITE
Quartz
Plagioclase
Orthoclase
Calcite
Dolomite
Siderite
Pyrite

735
10.%0
14.40
16.90
2h.35
25.73
32.07
34.35
26.15
37.42
38.58

13%.96
9.92
7.14
6.09
L.24
.02
3.2h
3.03
2.98

-79

<71

v

Table 3:  MINERALS IDENTIFIED IN ALLUVIUM AND

BOULDER CLAY SAMPLES.
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Factor was also used to choose which calibration curve should be used
for converting the peak area ratios into a percentage of the mineral.

The curves used were developed by T.J. Smith of the Department of
Engineering Geology and R. Hardy of the X-ray laboratory for use on
Mesozoic and Tertiary clays and Carboniferous shales respectively. This
places some limitations upon the interpretation of the results.

Although the absolute values of the percentages may not be completely
accurate, which applies particularly to the clays, thelr relative
proportions fof the same mineral between different samples should be a
gocd representation of the relative proportions of thekminerals.

c) X-ray Fluorescence.

A1l the specimens analysed by the X-ray Diffraction method zlso
underwent X-ray Fluorescence analysis. The varicus stages of the
nethod again described forthwith:.

1)  Further portions of the dried and powedered material were usad
in the analysis. About 10 gm were mixed with a bindirg resin Mowiol and
placed in a meuld.

2) A cdmpressive force of '/ tons pressure was applied for 2
minutes to produceva l% inch diameter réund pellet of about %inch in
thickness. Where insufficient sample was available the pellets were
given a borax backing for reinforcement and to maintain opacity to the
X~Tays.

3) The pellets were fun on a Phillips P.W. 12-12 Automatic
Sequentiai Analysér using a TE 108 Torrens Industry Automatic Sample
loader. Machine drift was monitored by using a standard analysed for

each run. Conditions used for this group of samples are listed in the
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appendices.

Samples were run with 12 International Standards for sedimentary
material and the results analysed by computer. Those appearing in the
appendices are uncorrected for mass absorption and were calculated on
a COZ’ C and H O free basis. These constituents make up the remaining

2
10-12% of the difference between the total of oxides and 100%.

5«3 Results and Interpretation.

a) Moisture Content, Organic Content and Absorbed Moisture.

Various combinations of these results are illustrated in Figures
5.4 to 5.7 to show the relationships between the various properties of
the alluvium. In order to reduce the amount of data the values for the
samples from cores D to F were averaged to find a mean for each core.
The closest correlation was obtained from the combination of the initial
absorbed moisture, that is, that of the dried samples, and the organic
content (Figure 5.4). These show an increase in the quantity of
absorbed moisture with an increase in the organic content. Also the
points fall into two distinct groups, one with 2.3 to 3.3% organic material
and a smaller group of 3.6 to 4.0% organic content, each group with
correspondingly 10Qer and higﬁer absorbed moisture values respectively.
The expeptions to this reiationship have been shown to have abnormally
high clay contents (B.6) or quartz contents (A.l, D.5, E.2), or in the
case of C.3 a lafge piece of organic material such as a twig may have
caused the relaticnship to break down.

By compariné the.organic and absorbed moisture contents to the
original moisture contents of the samples a similar distribution and
grouping of points results (Figure 5.5 and 5.6). However, there is
considerably more scétter with respect to the originél moisture content

values in both cases. The scatter was most probably caused by the
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action of the compressed air in the drive upén the face. This will
be examined in more detail in Chapter 6.

Finally, in the comparison of the organic content with the final
absbrbed moisture, that is, that absorbed after the removal of organic
material, the relationship has almost completely broken down (Figure 5.7).

In this latter case two things could explain the breakdown of the
relationship, the removal of the organic material and the desfruction of
the sedimentary structure. Both of these factors must be important in
creating the relationships observed between organic content, original
moisture content and the absorbed moisture. The presence cf finely
disseminated organic material within the sediment must have a profound
influence upon the openness of the structure of the sediment particles,
énd hence it is felt that the quantitj of organic material is the under-
lying factor causing the relationships observed above and their breakdown
in Figure 5.7.

The distribution of the organic contents into two distinct groups
indicates the sediment may be made up of two components. This was
observed occasionally in thé tunnel face when freshly broken surfaces
of the alluvium revealed alternating light and dark grey layers. It
would appear from fhe resulfé so far obtained that these layers are
caused by variations in the organic content, the darker layers corres-
ponding to the group with higher organic contents. In the tunnel face
the light bands were thicker than the dark bands by apprroximately 3 to 5 cm
for the light bands and 1 té 2 cnm for the dark bands, which agrees with
the ratio of higﬂ to low organic contents of 1 : 3. The layered structure
was much more cleafly seen in the upper part of the tumnel face, and if

the organic contents are averaged for the lower and upper half of each



somple locality the lower half contains 2.974% whilst the upper halfv
contains 3.429%. Similarly the mean organic content for each locality
reveals a lateral variation across the width of the channel (Figure 5.17).
These variations show a correspondence to the variations of the
mineralogy within the channel and will be discusszd further in the

following sections.
b) X-Ray Diffraction.

The results obtained show most of the samples of alluvium possess
a very similar assemblage of minerals. Those which zre present are
mainly Quart, Kaolinite, Illite and the Mixed layer Clays. Quartz
and Kaolinite form distinct peaks whilst the I1lite and Mixed layer Clay
‘appear as a series of low peaks forming a diffuse hump. A smallér,
sharper peak of Muscovite was usually superimposed'upon this nump for
the samples of alluvium analysed. The relationship of these latter
minerals is such that the Illite is formed from the.hydration of
Muscovite, a process which progressively lowers the Muscovite peak until
only the diffuse hump remains (Figure 5.3). The Illite forms the part
of the hump with the lower D-spacing, the part below the Muscovite peak,
‘ whilst the Mixed layer Clays form the part with the higher D-spacing.
By further alferation the Illite can become degraded into Mixed Layer
Clays‘which in turn can be altered to minerals of higher D-spacing.

Alteration also causes Kaolinite to become disordered in the 001
plane and the diffraction peak is lowered and widened (Figure 5.3).
Hence the presence of a tall narrow Kaolinite peak and a substantial
Muscovite peak in fhe majority of the diffraction charts shows that the
clays are relatively fresh, as ﬁight be expected, frem a recently deposited

. sediment.



Small amounts of chlorite, calcite, doiomite, orthoclase,
plagioclase, siderite and pyrite made up the remainder of the sediment.
However, the accuracy of the method was not sufficient for the reliabls
détermination of any trends shown by these minerals. Mineralogical
trends weré determined for the major constituents in the form of a
ratio of Quartz to Total Clays compared with the equivalent organic
contents (Figure 5.8). A very general relationship is shown in which
samples having a high organic content were more clay rich than those wiih
a low organic content. - However, the relationship is far from conciusive
due to the considerable scatter of the Quartz to Clays ratio which ray
be a result of the inaccuracy of the original percentages (listed in
full in the Appendices). The possibility will be examined further using
X-ray Fluorescence data.

Figures 5.9 to 5.12 show typical charts of samples with high and

low clay contents B.2 and A.6 and of two quartz-rich samples D.2 and D.3,

Y

the latter also contained gravel material. Sample D.5 was prepared T

sieving with a B.S. 212 sieve, followed by 15 minutes of grinding i

4
t
o

pestle and mortar of both D.2 and D.5 to reduce the size of the gusrtz
particles. This was carried out becaﬁse large quartz grains produce
anomalously low péék area ratios (G.W. Brindley, 1961). Muscovite and
carbonate peaks for thesé latter two are much reduced or absent showing
hydraticn and solution has occurred. Increased ground water percolaticn
in these more permeable beds is probably the cause of this feature.

The unweathered samplé of boulder clay H had a very similar
mineralogy to the alluvium samples (Figure 5.13). Two cores of
weathered material G.1 and G.2 showed, however, several distinct

differences in mineralogy, the most obvious of which was an absence of

calcite, dolomite and siderite removed by leaching from percolating rainxz:
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In addition to this the Muscovite peak wes much reduced or absent due
to hydratioﬁ to Illite by the same process (Figure 5.1@). Samples
taken from the deepest point in both these cores had a mineralogy in
which the carbonate minerals reappeared, in the case of siderite the
quantity was higher than that seen in any other sample (Figure 5.15).
This feature will be discussed further using X-ray Fluorescence
evidence.

Stones found in the samples were mainly of fine grained, iaminatsd
sandstones with coarser sandstones, shales and occasional coal fragments
indicating probable derivation from the Coal Measures. Fxamination of
the gravel meterial revealed a similar suite of fragments showing that
at least the lenses of gravel were deri&éd directly from the boulder

clay by stream action.
c¢) X-Ray Fluorescence.

The X-ray Fluoréscence results express the geochemistry of the
alluvium and boulder clay as the proportions of the~major elemente in
the form of percentages of their oxides. Scme of these can be takern as
being representative of thé relative proportions of some of the minerals.
Sulphur, when'present is ﬁainly that which is contained in iron pyrites
and changes in the quantit{es of calcium and magnesium are a goqd
indication of changes inﬁthe quantities of calcite and dolomite. In
addition variations in the ratio of Total Silica to Aluminium corres-
rond to variations in the proportions of quartz to clays. Although
this is only applicable to a group of samples with very similar clay
minerals and is not the normal use of the ratio.

When the ratio is compared with the distribution of organic contents

of the canples, a better relationship of increasing clay content

corresponding to increasing organic content (Figure 5.16). There is
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much less scatter from these results which further points to the
inaccuracy of the X-ray Diffraction data. By averaging the silica
to aluminium ratios for each locality a lateral variation was again
foﬁnd. This shows an increase in the amount of silica in the middle
of the channél where the lenses of sand and gravel were encountered

(Figure 5.17). Similarly, the mean of the iron oxide percentage

0

for each locality show a minimum content in the middle of the channel
which may be reiated to lateral variations of the clays.

By finding.the mean of the oxides for the two main groups in
- Figure 5.4 the contrast between the geochemistry of samples with low
and high organic contents can be demonstrated, Table L. Samples with.
a high organic content show an increased mean Silica to Aluminium ratio
of 0.2829 compared to 0.2367, which indicates they are more clay rich.
These samples also have a higher mean iron oxide content of 5.87%
compared to 4.86% and a higher sulphur content of 1.30% to 0.78%. The
latter shows a connection between the occurrence of iron pyrites and the
quantity of organic material. Pyrites is known to form within a sediment
under strong reducing conditions, such as those produced by the anaerobic
decay or orgaﬁic materiél. Therefore»the Jayers with a higher organic
content are the mést favourable for pyrites formation.

As with mineralogy, £he geochemistry of the boulder clay H was
very similar to that of the alluvium. Notable exceptions are the higher
Silica to Aluminium ratio of 0.3624 compared to 0.2383, which indicates
a higher proportion of clayé in the boulder clay, and the sulphur content
of 0.31% which is much lower than the mean of G.91% fof the alluvium.
Since the latter indicates there is much less pyrites in the boulder clay
it is unlikely that the pyrites of the alluvium was derivedlfrom the

drift.

C8
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Iow Organic High Organic Unweathered VWeathered

Oxide Alluvium Alluvium Boulder Clay  Boulder Clay
810, 55.10 56.51 53.67 55.29
A1203 13.04 15.99 19.45 20.57
Fo 0, 4.86 5.87 6.15 | 5.07
MgO 2.61 2.60 2. 40 5.73
CaC L.y 3.52 4.15 0.41
Na 0 0.75 0.72 0.60 .46
K0 _ 3. 47 340 2.19 2.67
Ti0, 0.77 0.83 0.86 0.98
S 0.78 1.30 C.3%1 0.20
P205 0.13 0.13 0.10 0.10
A1203/Si02 0.2367 0.2828 0.362}4 0.3720

Table 4:  COMPARATIVE GEOCHEMISTRY OF ALLUVIUM AND BOULDER
CLAY SAMPLES. '
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The geochemisty of samples G.l and G.2 clearily illustrate thel-
effects of leaching upon the boulder clay (Figure 5.18). Leaching
has remcved much of the calcium, magnesium and iron from the upper
samples and redeposited them in the deepest samples, which corresponds
to the distribution of calcite, dolomite and siderite in the
mineralogy. Iron was particularly concentrated to between 7.5% and
13%, which is shown to be mainly siderite by the mineralogy. 4An
accumulation of iron and carbonates in a weathered profile suggests the
presence of a hard iron pan at 10 to 20cm depth below the surface. A
feature which is commonly found in present day soils and weathered
horizons. The evidence shows, therefore, that it is very probable that
in the past the surface of the boulder clay was exposed to sub-aereal

weathering processes for a period of time.

5.4 Grainsize Distribution.

Grainsize distribution determinations of three samples were carried
out by wet sieving and pipette analysis according to B.S. 1377.

The fesults illustrated in Figures 5.19 and 5.20 show examples of
each of thé two main groups of samples, A.6 with a low qrganic content
of72.693 and B.2 with a high organic content of 3.984. These clearly
demoﬁstrate the highgr clay content of B.2 compared to A.6, - Figure 5.21
also illustrates the grainsize distribution of sample D.5 taken from a
thin bed of gravelly alluvium. Some of the larger lenses of sand and
gravel probably contained much greater proportions of sand and gravel.
The skew of these distribution curves is typical of alluvial silts

(T.W. lambe and R.V. Whitman, 1961).
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Number Sample

1 A6
2 B.2
3 D.S
(Gravelly)
L E.3
5 F.1
6 1.a*
7 1.b*
8 1.c*
9 _ 2.a%*
10 2.b*
11 : 2.c*

* after N. El-Naga

Table 5:

Plastic ILimit(%)

29.03
29.27
24.95

26.12
29.89
28.20
28.60
25.54
28.149
28.19
27.23

LIQUID AND PLASTIC LIMITS.

Iiquid Limit(%) Plasticity Index

49.40
50.00

37.05

L8.63
LE.71
48,50
48.50
46.50
42.60
L4.50
41.80

2037
20.73
12.10

22+51

1

/aly
\ic/
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5.5 Liquid and Plastic Limits.

Liquid and plastic limits were determined for the three. samples
which were used for the grainsize analysis and for several other samples
according to B.S. 1377. The results obtained are listed in Table 5
and have been plotted on Figure 5.22 of Liquid Limit vs. Plasticity
Index. The majority of the results fall close to the 'A' line with
the region of brganic silts, which complies with the analyses of the
samples, although some points cross into the region of inorganic clays

of medium plasticity.
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Chapter 6

GROUNDWATER AND CONSOLIDATION

STUDIES

6.1 Moisture Contents in the Tunnel Face.

The stabilization of the tunnel face by compressed air results
frecm the occurreﬁce of two processes. ‘Mainly the face is supporzted
by the force exerted by the air pressure upon the face.

Simultaneously the material in the face is strengthened by a reducticn
in the moisture content, which occurs when the air pressure excszeds
the pore watef pressure.

In order to investigate the latter phenomenon, the cores from
localities D, E and F were analysed in detail for variations in
moisture content and organic content with respect tc depth inte the
tunnel face. The results that were obtained aré presented in the
Appendices. The strong influence of the organic content has already
been noted in Chapter 5;- Considerable variations in the amount of
organic material were encéﬁntered from core to core and small variaticns
between different samples from the same core. As a result of this it
was necessary that the influence of variations in the orggnic content,
upon the moisture contgnts of each sample, should be remcved.

The gradient of the line through the two main groups of points in

Figure 5.4 was used to achieve the correction. For a given crganic



content, the intersection of the value with the line gave a moisture
content which the sample would have possessed in the absence of any
other influence. Therefore, by using the various organic contents,

it was possible to find the difference between the moisture content for
each sample, and that which it should have possessed under nrormal

conditions:

. Gradient x Organic Content Deviation from
Moisture Content - =
(Determined) - (4.32) for Sample normal m/c.
* (Determined)

Although the method relies too heavily upon the controlling effects
of the organic content over the moisture content, the corrected results
show a much more consistent pattern than before the correction was
applied. The results are illustrated in Figures6.1 to 6.3 for each
locality as a percentage deviation from the normal moisture content,
varying with depth into the face.

In general these show a reduction of moisture content ffom the
normal in cores taken from the top of the tunnel, and an increase for
cores from the bottom of the face. Also the profiles into the tunnel
face show a rapid increase in.moisture content, followed by a reduction,
préducing a peak value at between 5 and 10cm into the face. This is
particularly evidenf from cores taken from the lower part of the tunnel
face. It is possible thét the profiles may be a result of variable
compressive forces exerted on the alluvium during the insertion of the
sampling tubes andsthe extrusion of the cores. Alternatively, they
may represent the interaction of air pressure and pore pressure at depth

within the tunnel face.
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The de-watering of the upper half of the face, with respect to the
lower haif, is consistent with the increase in pore pressure which
occurs with depth relative to the constant air pressure acting over the
whole of the face. The de-watering indicates that the pore pressure,
in at least the upper part of the face, was overcome by the air pressure
in the drive of 90 kN/ma, whilst the pore pressure in the lower part wes
in excess of the ailr pressure. Observations of sand and gravel beds
in the tunnel face show_that the upper beds always appeared dry, and
those in the lower part of the face always seeped water into ths tunnel.
This supports the results gained from the samples. Although the levsel
of compensation in the face appeared to vary, probably due to chasnges in
the water-table level across the channel, it was usually located arourd
the middle of the face.

Cores from locality D were divided into five sections which proved
an unsatisfactory method, as can be seen from the results, for detecting
changes in moisture content over relatively short diéfances. Also core
D.5 gave very low values, due to the samples containing sand and gravel
material, despite the fact that the bed was at the base of the accessible
face, and was oﬁserved to be seeping water into the tunnel, The
profiles from localities E and F are more consistent due to an improved
sampling process which involved taking smaller samples at intervals
along the core. Figure 6.4 illustrates the various methods of sampling

of the corese.

6.2 Piezometer Results.

The pore pressures in the alluvium were measured before the tunnel
reached the array using the piezometer installed at lm above soffit and

axis depth in borecholes 1 and 2 respectively. Whenborehole 1 was exposed
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in the tunnel face air penetrated the grecut above the soffit and leaked
into the>piezometer and through the connecting tubes to the ground
surface making it impossible to take further readings. This leak
persisted for several weeks afterwards, however the piezometer in
borehole 2 remained operation and recorded a rise in pore pressure as

the shield passed the array.

The results are shown in Figure 6.5 with respect to tunnel advance
in metres rather than time which is less relevant in this case. Pore
pressures before the array was reached were 109.1 kN/'m2 in borehole 2 and
78.L kN/'m2 in borehole 1 at the piezometer design depths making the water-
table 2.25 m below the ground surface, assuming that there is noc 'aguiclude'
of significantly lower permeability between the piezometer and the ground
surface. As the tunnel face passed fhe array the pore pressure in
borehole 2 rose to 119.2 kN/ma, which would support a water-table at
1.22 m below ground surface, although the low permeagility cf the alluvium
may have prevented the air pressure from affecting the level of the water-
table until some time afterwards.  The pore pressure is equivalsnt to
that of 97.9 kN/m2 at the depth of the excavated sufface of alluvium above
the soffit of the lining, which is very close to the air pressure of
90 kN/'m2 uséd in the drive: The increased pore pressure may therefore
be a transmittance of the air pressure inside the tunnel,with the comp-
ression of the alluvium caused by the forward movement of the tunnelling
shield increasing the value from 90 to 97.9 kN/ma. Figure 6.6 illustrates
the balance between these opposing pressures.

When the compressed air was released the amount of water méde by the
tunnel increased as a result of the tunnel acting as a drain to the

alluvium surrounding it. This drainage facility progressively lowered
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Tunnel Face Position (m) Pore Pressure at2 Depth of water table
Axis depth (kN/m”)  btelow surfzce (m)

- 127 109. 1 2.25
- 2.50 108.3 2.34
~-.1.25 107.6 2. 40
- 0.40 107.0 2.25
1.22 | 112.5 1.90
3.66 117.1 1.43
475 1219 0.4
5.60 120.7 1.07
8.53 1213 1.01
11. 40 119.2 1.22

Data for Figure 6.5

Depth of water table below surface (m)

Day B.H.I. B.H.2
119 3.52 3.37
176 _ 1.05 0.29
184 1.16 . -
202 - 0.69
224 0.38 0.38

Data for latter part of consolidation.

Table 6: PIEZOMETER RESULTS.

)
~3
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the pore pressure in both boreholes until the water-table, which must .
have been in_equilibrium with the éore pressufes beéause of- the long
-time-period over which this took place, was 3.52 m Below ground surface
.in borehole 1 and 3.37 m in borehole 2. These values are equivalenf

to 66 kN/m2 and 67.5 kN/'m2 respectively both values Salculated to the
deéth of the piezometer in borehole 1. The measurement results tended
to be slightly erratic, however, because of varying weather and tidal
conditions.

The lowering of the pore pressure coincided with the consolidation
phase of ground settlement. During the latter part of consolidation
the joints in the tunnel lining were caulked in order to seal the tunnel
prior to carrying ou% further stages of construction. This process
effectively removed the drainage properties of the tunnel and resulted
in a gradual increase in pore pressure by thé re-establishment of a
state of equilibrium.

Readings for piezometer 1 were lower than those for piezometer 2
in each case, until the last results showed fhe same values for both
piezometers with the water-table at 0.38vm below ground surface or
96.8 KN/u® in borehole 1 and 127.5 kN/u® at axis depth in borehole 2.
'The lower pore pressure in borehole 1 at a given depth is due to méximum
drainage facility occurring along the centre line. An extrapolatiop of
these values ié illustrated in Figure 6.7 showing the lowering of the

water-table and its subsequent rise.

6.3 Flow-tank Analogue

InveStigations were carried out into the drainage process brought
about by the tunnel using a flow-tank model in the laboratory (Plate 3).

A piezometer was used to simulate a permeable tunnel and the flow-tank was
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built around it to accommodate a sufficient depth of sand to give
the correct depth to dilameter ratio of the Willington Quay siphon,
coincidentally the scale was very close to 100 : 1. The sand was
compacted under water by vibration until all the visible voids were
eliminated.
Potassium permanganate dye was used to trace the flow lines
produced when water was allowed to drain from the piezometer under a
head of water kept constant at just above the surface of the sand {Plate 2).
The latter was necessary to maintain continuity between the depth of
water in the reservoirs at either side of the tank. During the
determination of the flow lineé, the pore pressures were measured using
glass tubes inserted to various depths in the sand, the water levels
being read through the side of the tenk. Figure 6.8 includes the
results obtained for the pore pressures whilst water was draining into
the 'tunnel'. Tﬁese compare well with the distribution of pore pressures
measured in the field during the consolidation phase cof settlement.
Finally, after the completion of these experiments, a low zir
pressure was applied to the 'tunnel' to simulate the effects of the szir

pressure used in the drive to stabilize the face. It has already been

&

noted in the previous section that the air pressure was in excess of the
pore pressure af the top‘pf the face. Therefore, some permeation of

the alluvium above the tunnel soffit would be expected. However, ths air
found a channel to the surface and leaked away bhefore it could have any
effect, presumably this was due to variations in packing of the sand which
proved difficult to eliminate. In order to prevent this the air
pressure was replaced by water pressure, which, aithough not having the
buoyancy of air in water, nevertheless produced results consistent with

those for air illustrated by K. Szechy (1966). The flow of water was



traced by small quantities of dye distributed around the tunnel, the
flow direction of the dye and rates of flow being traced on the side
of the tank (Figure 6.9). For this experiment the pressure of water
inside the 'tunnel' was maintained at a level which balanced the pore
pressure about half way up the'tunnel'.

The limitations of these experiments are mainly that the permeability
of the sand is higher than that measured for the silt. Using a constant
head permeability apparatus the coefficient of permeability K, was

found in cm/sec from:

K = %;% cm/sec  (from T.N.W.Akroyd (1964)).

where ¢ = the volume of water passed in cm/sec.
L = the length of sample in cm.
A = +the cross-sectional area of the sample in cm
H = +the head of water in cm.

Using samples of alluvium of 6.7 cm in length and 28.3 Cm2 area,
the volume of water passed per second was measured for various heads of
water, after some time had been allowed for the sample to consclidate under
the pressure. The vertical permeability was found to be 4.03 x 10—7cm/bec
whilst laterally it was slightly higher at 1.25 x 10-7 cm/sec becauss of
the layers of mére silty sédiment. The samples were taken from locality
C. Permeabilities quoted for medium‘sand are around 2.95 x 10—7 cm/sec
(T.W. Lambe and R.V. Whitman, 1969). The anisotropy of the alluvium is
therefore not too great to affect the flow-lines drastically, although the
lower permeability makes thé processes oObserved much 51owér and may

prevent the significant permeation of air above the tunnel.
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6.4 Consolidation Experimeunt.

A large undisturbed block of alluvium was collected from axis
depth at locality C and stofed in a2lluminium foil. A sample was
Jater taken from this block and used in a consolidation test carried
out according to B.S. 13%77. The resultsof the test are listed in |
the appendices.

Figure 6.10 shows the decrease of the voids ratio with increasing
pressure, the latter being plotted on a log scale. Using the const--
ruction shown the original overburden pressure for the sample was found
to be 93.2 kN/ha. The value corresponds to the calculated effective
stress of 108.8 kN/'m2 and shows that the.alluvium is normally consolidated
supporting the view that it is a post-glacial deposit.

An additional sample was loaded to 93.2 kN/'m2 and unloaded in small
increments to give the rate of increase in voids ratic which could be
expected to occur if the ground surface above the alluvium was unlozded.
The values obtained are included in Figure 6.10. The estimated
unloading'of the ground surface caused by the demolition of the settle-
ment damaged wall was 50.19 kN/hz. Given that the tase of the
channel was 17 m below ground surface and that the upper 3 m was composed
of fill, the unloading at the centre of the alluvium was 1.08 kN/bz.

This was estimated by spreading the load on a 2{vertical): 1(horizontal)
basis. Using the valué in the unloading curve in Figure 6.10 an
estimate of the increase in voids ratio was determined which was inserted
in the following eguation:

€5 %4

Qi = e ®
1+ e
.o

H

where e is the original voids ratio at 93.2 kN/'m2
e, is the voids ratio after unloading
H is the thickness of the layer of alluvium in metres

all is the uplift at the ground surface in metres
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The'ﬁplift predicted was approximately.0;082 mm from a voids
ratio increase of 0.000012. This indicates that the unloading was
much too small to cause the observed uplift, althoﬁgh a number of
features of the uplift make 1t difficult to explain by any other
process:
1. All surface stations were uplifted by differeng amounts which

rules out the possibility of disturbance of the T.B.M. Also the

maximum uplift occurred, both at the surface and underground, in borehole

4 and surface station E which was the CIOSesf to the demolished Wall.
2. A more likely alternative is that back-grouting around the tunnel
caused the uplift, although the sub-surface movement pafticularly in
boréhdle 2 is not directly away from the tunnel lining. The lateral
movement which did take place appeared to be more the result of a
buckling of the inclinometer tubes rather than a movement controlled by
the tunnel.
3. Thefe were no exceptionally high tides or high rainfall around the
period of the uplift élthough an increase in pore pressure was measured
after this period. The latter feature may have been brought about by
the caulking of the tunnel lining which took place over that period.
: However, although this could explain the upl;'.ft by decreasing the
effective stress, the process of consolidation was resumed after the
uplift.
Therefore, the ﬁnloading of the ground remains the most probable

explanation of the observed uplift.

| ABy projecting the present rate of settlement on a log time basis
two years of movement will produce a maximum settlement of 100 mm and

after three years 112 mm-of settlement will have taken place. This
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assumes that counsolidation is an infinite process which, in practise,
is not the casec. The consolidation of the alluvium in the field,
brought about bty the lowering of the pore pressure by drainage of pore-
wvater into the tunnel, can be regarded as an increase in the effective
stressvacting upon the layer of alluvium. The increase caused by
lovering the water-table by 2.3 m is of the order of 9.02 kN/mZ.

Again using this value in the consolidation curve a decrease in voids
ratio of 0.008 was detérmined which gave an apprcximate predicted
maximum surface settlement of 55 mm. When combined with the settle-
ment which had occurred before consolidation began a total settlement

of about 101 mm is predicted.

6.5 Methane Determination

During the early stages of tunnel construction gas was stated to
have been detected when the tunnel face was within the boulder clay and
about 21 m from the edge of the channel, -40.8 m fr;m the instrument-
ation array. At this point five holes were augered into the tunnsl
face and soft clay was encountered at between 1.5 and 2 m depth. A
‘safety officer examined these auger holes with a lighted candle and
ignited gas at the mouth of one of the holes. The lense of soft clay
may have been a distributary of the main channel of alluvium and was
rapidly passed through by the tunnel face. However, the detection cf
gas,-probably methane, aithough’unconfirmed by Gas Manometer tests,
nevertheless caused concern about the possibility of further gas being
encountered when the main channel was interescted.

‘Eventually, when the tunnel was about 9 m into the main channel and at

=9 m from the instrumentation array the drive was closed down for two
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weeks for the installation of flameproof lighting and equipment. Llso
the rate of ventilation of the compressed air was increased to prevent
the build up of gas.

At locality D a éample of the alluvium from the tunnel face was
sealed in a U4 for an analysis of the gas. In the laboratory about
350 gm of wet sample was rapidly transferred to a flask and connected
to the apparatus illustrated in Figure 6.11. Initially the apparatus
was evacuated of air by means of a vacuum line and this assisted in
drawing off the gases from the sample. Then the sample was heated
over a water-bath and the gases released were passed through two traps.
The first was cooled by acetone-drycol at —7800 tc remove tne water

vapour and the second by liquid air at -190°C to condense the remainin

Cca

gases.
After about 2 hours of distillation, when most of the water had
been driven out of the sample causing a 28% loss ineWeight, the trap
containing the condenses gases was connected to an empty and evacuated
flask via a soda-lime container. By warming the condensed gases and
cooling the empty flask with liquid aif the gases were transferfed and
at the same time passed over soda-lime which removed most of the carbon
dioxide present. Removal of the carbon dioxide was important for the
analysis of the gases by Mass Spectrometer due to the dependence ef the
results upon the molecular weight of the gas. Carbon dioxide dissociates
to form oxygen ions (02—) which have an ionic weight very close to that
of methane (CHH). Therefore the oxygen ions must be kept as low as
poscible so as not to obscure the methane peak.
The results illustrated in Figure 6.12 indicate the presence of

methane in excess of the background which results from machine oils.



Although not quantitative, the peak shows that methane was evidently
present in very small quantities. It is unlikely that much inter-
stitial gas was retained during the sampling process, despite careful
sealing of the UL, and compressed air had probably progressively
driven the ges away ahead of the advancing tunnel face. Therefore,
the gas determined was that which was absorbed onto the clay particles
and this may have only been partly driven off by heating to 100°C.

The latter possibility is supported by a test carried out by a
consultant on behalf of the construction company in which a small
sample was heated.by a bunsen in a vacuum. After cooling air was
allowed into the container and a sample of the gases and air was
analysed by Gas Chromatography using a poropac column. After cali-
bration with a mixture of Methane, Ethane, Propane, Butaine and

thelene the gases listed in Table 7 were obtained.

A comparison was made with garden soil and in all the saturated
hydrocarbons the gases are present in greater quantities in the
alluvium with methane being the main compecnent. The unsaturated hydro-
carbons were found in greater quantities in the garden soil indicating
that these gases are products of the breakdown of humus, whick is in
turn formed byvthe aerobic decomposition of organic material.
Conversely under snaerobic conditions, such as those found within the
alluvium, methane with small amounts of ethane and propane are formed.

The test was performéd when methane was detected in the tunnel
after the compressed air was released. Using an M.S.A. Combustible
Gas Detector a level of 2% of the iower explosive limit of methane was
detected three days after the compressed air was released. Subsequently

extensive ventilation was installed in the tunnel to flush out the
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Saturated
Hydrocarbons

Unsaturated

Hydrocarbons

GAS
Methane
Ethane
Propane

Ethylene
Propylene

SAMPLE (17g)
1.32 cc
0.011 cc
0.033% cc

0.03%3 cc
0.020 cc

Table 7 : GAS ANALYSIS RESULTS

GARDEN SOIL (16g)

0.22 cc

0.007
0.00

0.06
0.055
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methane and prevent the build up of pockets.of gas in the roof.

It can be concluded that methane was present within the deposit
at pressures insufficient to overcome the pressure c¢f the air in the
drive of 90 kN/hg. However, once the air was released methane was
able to seep into the tunnel. Gas was observed bubbling through
water in the floor of the tunnel around the locality of the sand and
gravel lenses in the middle of the channel. The higher permeability
of these beds made them a focus for the secpage of gas into the tunnel.

Methane generation is a common feature of organic silts and in
this case the process may still be taking place. There is also an
alternative explanation which is plausible, that is, the methane may
originate from the old mine workings in the underlying Coal Measures

which are very frequent in the surrounding region.
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Chapter 7

SUMMARY AND DISCUSSION

The case history describes settlement and ground movement which
took place whea a 4.25 m diameter tunnel was shield driven at 13.375 n
depth through a buried channel of soft organic alluvial silt.
Investigations also revealed a number of features concerning the
channel itself which have some bearing upon the nature of the ground
novenents. The features are listed separately as follows:-
1)  The channel was formed by post-glacial erosion and subsequently
'filled with alluvium during the post-glacial rise in sea level (Flandrian
Transgression) to form a small tidal estuary, a tributary to the Tyne.
The estuary was partly reclaimed about 45 years ago by diverting
Willington Gut to one side of the channel and filling with about 5 mn
of briék, ash, stone and clay fill to about 1.5 m above high tide level
(Figure 2.1).
2) The alluvium consisted of a soft organic silt with light and dark
grey laminae caused by variations in organic content of 2.85% in the
light bands and 3.85% in the dark bands (Figure 5.4). The organic
contents pro&ed fo have a strong influence upon the moisture content and
noisture absorbing properties of the silt, with the low organic bands
containing L2.25% moisture and absorbing 0.87% and the high organic bands
containing 46.60% and absorbing 0.98%, all quantities being means

(Figures 5.5 and 5.6). An increase in frequency of the dark bands was

found towards the top of the tunnel face and a decrease towards the



middle of the channel. Sand and gravel lenses were found beneath

the former course of Willington Gut and some large tree trunks and
branches were found within the sediment (Figure 3.2).

3) Organic material, decaying under anaerobic conditions, created
significant quantities of methane(Table 7), which readily seeped into
the tunnel when the compressed air was released.

L) Iaminae with a higher organic content generally contained s higher
clay and pyrites content (Figures 5.8 and 5.16) and a larger clay
component in the grainsize distribution (Figures 5.19 and 5.20). The
mineralogy and geochemistry of the boulder clay in the sides of the
channel was very similar to that of the alluvium, except for the higher
clay content and virtual absence of pyrites in the boulder clay {Tavle L7,
The surface of the boulder clay in contact with the alluvium was leachad
of carbonates, which were redeposited at 15 to 20 cm depth to form an
iron-rich carbonate‘hard pan typical of sub-aereally weathered soil

(Figure 5.18).

L2

5) Moisture contents determined at depth into the tummel face reveaie
a dewatering in the upper éart of the face to the lower part as a resuli
of compressed air. Samples from the lower part of the tunnel face
generally showed a rapid rise in moisture content with a maximum zt 5 to
10 cm depth followed by a steady fall (Figures 6.1 to 6.3).

6) The alluvium had an undrained shear strength of 24.9 kN/'m2 end 2
bulk density of1.82 Mg/m3 giving a stability ratio of 9.58 at tunnel zxis

depth which was reduced to 5.97 by the application of compressed air.
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The main features of the settlement and ground movement were as
follows:
1) Surface settlement began when the tunnel face was 33%.75 m‘from the
instrumented array in a plane normal to the tunnel centre line (Figure
4.3). A maximum surface settlement of 35 mm had developed when the
compressed air in the drive was released at 66 days after the passage
of the tunnel through the arraye. Consolidation then took place and
continued long after the cessation of tunnelling operations increasing
the settlement to 66 mmafter 224 days (Figure L.2). Settlement continued
to take place as a result of consolidation after 224 days and had |
reached 74 mm at 296 days. At the time of writing settlement is
continuing to increase at a logarithmically decaying rate.
2) The surface settlement semi-profiles at all stages of settlement
(Figure 4.7) closely followed the form of a normal probability curve
(FPigures 4.8). Horizontal surface deformation and strain profiles,
computed oﬁ the basis of the normal pronability cur;e by a stochastic
analysis, were similar to the respective measured profiles until
consolidation began. During consolidation the measured lateral dis-
placements were significantly smaller than the calculated values.
3) Porewater pressure measurements (Figure 6.5 and Table 6) indicated
an initial watér table 2.25 m below ground surface. This level rose
to 1.22 m during passage of the shield, but then fell té 3.52 m below
surface level at 119 days;after the release of compressed air.
Subsequent rises in the water table to near-surface levels, mocnitored

from 176 to 224 days, followed caulking of the tunnel lining.



L) Sub-surface settlement to the side of the tuanel (Figure L.9)
generally increased with depth to a maximum value (Figure 4.10) and
thén decreased. The depth to the maximum value decreased from bore-
hole 2 to borehole L. Settlement just above soffit depth to the side
of the tunnel was 88 mm at 224 days.
5)  Ground movement vectors in the plane of the imstrument array
(Figure 4.16),computed from settlement and inclinometer data, have
isolated five main deformation regimes. The time periods which isclate
these regimes were sﬁbject to the availability of data énd therefcrs do
not precisely delineate movement which occurred during each regime.
Relative to the time at which the tunnel face passed the instrument
array these regimes were:

(a) Up to 51 days, predominantly deformation into the turmnel

annulus.

(v) Between 51 and 91 days, deformation awey from the tunnel

associated with the injection of large quantities of cemeni grout

at 71 days into the ground surrounding the tunnel at pressures

of 690 kN/mZ.

(¢) ~ Between 91 and 149 days, vertical settlement typical cf

consolidation of the soil.

(d) Between 149 ang 176 Aays, uplift céinciding with the
demolition of a wall adjacent to the array. Uplift may have
'Eeen caused by the unloading of the ground under and alongside

the base of the wall.
(e) Between 176 and 224 days, continuing vertical settlement of

a linear form on a settlement-log time curve (Figure 4.5) and 2gain
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typical of primary consolidation.

Ground mecvement vectors parallel to the tunnel centre line
(Figure 4.17) exhibited a tendency for movement towards the middle
of the alluvial channel throughout the case history.

6) Iocal damage to the factory above the tunnel may be related to‘
the measured zones of tenéile strain (Figure 4.8) on either side of
the tunnel centre line and perhaps, more particularly, be interpreted
in terms of ground tilté.

The volumes of settlement which had taken place at selected stages
in the case history are listed in Table 8 along with their relative
proportions of the total volume of ground loss. The value for settle-
ment which occurred prior to the onset of consolidation will decreaaze
as the proportion of consolidation increases with time.

The volume of ground lost during the first post-array phase can be
‘attributed to deformation into the tunnel annulus. _ However, this
volume of 0.548 m3/m would require the complete closure of an enrulus
of 80 mm depth around the entire lining circumference. Between a
beadless shield L.31 m in diameter and a lining of 4.25 m diameter, the
- minimum annulus available was 30 mm deep before any infilling of grout.
The method of tunnelling made it unlikely that there was any significant
overbregk causéd by excavation at the face, therefore several alter-
natives are suggested to ¢xplain the ground loss:

1) Face-téke continued to contribute to the ground loss after ihe
shield had passed the array.

2) Adhesion of silt to the outer surface of the shield created
overbreak.

3) Grouting compressed the alluvium and created a more deeply grouted



Time
(days)

149
220

Calculated

Table 8:

Measured volume Error curve

of settlement volume
(mB/m) (mB/h)
0.200 0.202
0.748 0.731
1.2%8 1.205
2320 24313
2+550 2.417

from measured volume of settlement.

-
N
o2

Proportion of
total ground loss

(%)
8

21

19

%

52

MEASURED AND CAICULATED SETTLEMENT VOLUMES
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annulus.

The settlement in both the first and second post array rhases
together would require an annular void 150 mm deep. Clearly the
second phase resulted from a disturbance around the lining énd the
previously suggested hypothesis of back-grouting at 690 kN/'m2 in thé
vicinity of the array remains the most probable explanation. The
second phase of settlement, and evidence of extensive ground movement
away from the lining foilowing back-grouting directly under the array,
point to the tentative suggestion that high pressure back-grouting
should be avoided when tunnelling in compressible ground.

Additionally the bulk of the settlement vas due to consolidation
with the tunnel acting as a drainage source. It is possible that this
process may be reduced or eliminated by caulking the lining prior tc tixe
release of compressed air.

The relationships of depth z, diameter D and the disténce betwesn
the points of inflexion of a trough 2i, have been included with Peck's
original data in Figure 7.1. A line through the points for soft to

stiff clays using the original data led Peck to derive the equation:

D - D)
The additional data from this case history and others monitored

by the Department suggests the relationship to be closer to:

Sl
(w1

The trough width after the first phase of post-array settlement
.gave a value for z/D of 2.92. It should be noted that the value lies
closer to the 'best fit' line than that of 3,41 derived from the trough

after consolidation at 224 days.
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The majority of ground loss at the surface is contained within
a trough of.width 6i. The relationship can therefore be used as an
indication of the trough width which can be expected to develop in
soft to stiff clayse.

Figure 7.2 similarly relates depth z, diameter D and maximum
surface settlement Ssmax for the case histories listed in Table 9.

The data originally compiled by P.B. Attewell and I.W. Farmer (1974)
using case histories for stiff clays, has been extended to include more
recent examples gnd three cases of tunnelling in soft ground.

The majority of points show an exponential reélationship between
z/D and S_max/D down to z/D ratios of about 3.5 (illustrated in a linear
fashion by using a log scale for Ssmax/D). . Below this ratio there is a
tendency for points to‘depart from the relétionship as a result of nigher
Ssmax/D values which indicates increasing difficulty in maintaining smali
ground losses with large and/or shallow tunnels. The deviation of points
16 and 17 from the main group may be due to these two tunnels being
horse-shoe shaped as opposed to circular in cross-section. Also they
were mined in short timbered drifts without a shield which greatiy
facilitates ground loss at the tunnel and therefore causes higher surface
settlemenﬁ;

Points 18, 19 and 24 are for tumnnels driven in soft ground and have
high settlements as a résult of the difficulties involved. Consolidaticn
accounted for much of the settlement in 19 and 24 (Willington Quay) and
it may be that 18 also underwent a phase of consolidation upon the
release of compressed air in the drive.

Point 23 is the value for Ssmax/D at Willington Quay after the first

‘phase of post-array séttlement of about 25 mm and lies close to the data
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No. Tunnel z/D Ssmax/D Reference
1. Regent's Park(Sthbd) 8.19 1.20 x 107> ?.R.R.L.
2. Ottawa 6.00 2.00 x 1072 Peck (1969)
3. Victoria Line 6.00 2.29 x 107> Peck (1969)
4. Victoria Line 6.00 2.08 x 1072 Schmidt (1969)
5. Victoria Iline 5.29 2.18 x 10-3 Bartlett & Bubbsrs (1970)
6. Victoria Line 5.29 2.43 x 1077 Bartlett & Bubbers (1970)
7. Regent's Park(Nthbd) 4.75 1.69 x 107 T.R.R.I.
8. Victoria Line L.13 3.16 x 1073 Bartlett & Bubbers (1470)
. Victoria Line 2.90 6.14 x 1077 Bartlett & Bubbers (1970)
10. Victoria Line 2.51 5.31 x ’IO'-3 Bartlett & Bubbkers (49792)
11.  Victoria Line 2.51 7.18 x 107> Bartlett & Bubbers (1370)
42. Victoria Line 1 2.20 9.24 x 1072 Bartlett & Bubbers (1570)
13.  Garrison Dam 3.35 3.87 x 1077 Burke (1957)
14.  Oskland 3.38  4.00 x 10> Kuesel (1959)
15.  BART 3.28 5.50 x 107> Peck (1969)
16. Chicago 3.21 11.25 x 10- Peck (1969)
17.  G.N.R.R.-U.S. 3.10 21.50 x 10> Peck (1969)
18.  Tokyo 3.22 26.10 x 107 Peck (1969)
19. Grangemouth 3.70 38.90 x 'IO'-3 Henry (1974)
20. Fleet Line 7.10 1.61 x 107 Attewsll & Farmer (1972)
21. Hebburn,Tyneside 3.65 3.50 x 1072 'Attevell & Farmer (1973)
22.  Howdon,Tyneside 3.9 3.10 x 107 (unpublished data)
2%. Willington Quay 3.15 5.88 x 167> present case history
2L. Willington Quay 3.15 15.66 x 1072 present case history

Table 9:

DEPTH-SETTIEMENT CASE HISTORTES

FOR STIFF CIAYS.



points for stiff clay. This suggests that in the absence of the
second rapid phase of movement and consolidation, settlement behaviour
would have been comparable to that of stiff clay.

The results indicate therefore, that the exponential reiationship
may be used to give an indication of the settlement which can be
expected to develop when shield tunnelling in stiff clay at z/DD 3.5.
Where z/D<{ 3.5 it is suggested that the extension plotted in Figuré
7.2 may be tentatively used, although additional accurate settlement
data is required to confirm this.

The complex case history serves to point out the variety of events
and processes which can contribute to surface settlement and ground
movement when tunnelling in soft ground. On the basis of the evidence
accumulated so far.it is reasonable to assume that settlement will
persist for some considerable time. Furthermore it is probable that
any future disturbance of the present relative equilibrium of slow
coﬁsolidation will cause a change in the rate of settlement.

The results suggest that tunnelling through recent alluvium is to
be avoided wherever possible, particularly where buildings and other
sensitive surface structures overlie the path of the tunnel. However,
és>with this example, the cost of repairing the damage to surface
structures compared with the cést of taking an alternative route

frequently makes the former a more viable proposition.
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APPENDIX 1.

Rate of Face-Take.

Area of Tunnel Face -« A =

Rate of Face-Take -~ SF =
‘Where D is the unlined tunnel diameter (4.31m)

V., is the volume of ground lost when the
instrumentation array is intersected {0.200 m’/b)

ﬁ}y is the average rate of tunnel advance
" excluding weekends (1.4Lm/day).

2
A = I‘M..: 14.589 mZ

= L
R
0.200 s

= - - . = - 7

SF 5,285 140 0.0197 m/day
= 0.82 mm/hour
Volume of Settlement Trough

Volume of Settlement Trough = 2n.1 Ssmax

(calculated from Error Curve)
where Ssmax is the maximum surface settlement

i is the point of inflexion of the Error Curve.

At zero days:

S, max = 6.5 mm ' i = 6.3%0

Volume of Trough = 0.202 m3/m
At 23 days:

§ max =23.7 mm i = 6.15

Volume of Trough = 0.731 m?ﬁm



At 51 days:
S max
s

“Volume

At 149 days:

S max
s

Volume

At 224 days:

S max
s

Volume

= 3501 mm

of Trough

= 60.7 ﬁnn

of Trough

= 66.5 mm

of Trough

6.85

1.205 m?ﬁn

7.60
2.313 m3/m

7+25
3
2.417m" /m
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APPENDIX 2 : FIELD AND EXPERIMENTAL DATA

Surface SettlementeeeeeeecscecesscscassssscscsscscsssssasessldD
Iateral Surface Movement Perpendicular to Centre Line.......167

Normalised lateral Surface Movement Perpendicular to

Centre LineesesesesecescesssacascasossssscscsesscccscasasasesslOB
Sub-surface Settlement (Boreholes 2,3 and L)eeeasecacceseeess169
Ground Movement Vectors in Plane of Array.ccecsscecessesssssl?2
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X.R.F. Analysis ConditionSeecesessssssssaccanas R X
Moisture Content, Organic Content and Absorbed Moisture.....184
XeR.De ANl ySeSeeeacesssnscscccssasssssaasncsaccnssssassacscessld0
X.R.F. Analyses............................;................192
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Lateral Sub-surface Movement towards Tunnel Face (1e1)e.....195

Iateral Sub-surface Movement Perpendicular to Centre Line

(202 3e2y be2)eeeeeerasasacasssssaasssascsccasssssncsasasseal03

lateral Sub-surface Movement Parallel to Tunnel (2.1,

3eTy Lel1)ecoeeccsecsasscesanassensacassscascsssssasascscaneeldd
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SURFACE SETTLEMENT DATA (MM)

TUNNEL FACE POSITION SURFACE SETTLEMENT STATIONS
DATE RINGS FEET METRES DAYS J 1 H G F E D

B:1:7% -57 -114 =34,79 =19 0.0 0.0 0.0 0.0 0.0 00 0.0
13:1:75 -50 - -100 -30.48 -1l4% 0.7 0.5 1.3 1.3 1.2 0.7 .1
14:1:75 -47 -04 -28.65 -13 0.0 0.3 1.1 0.9 0e 9 0.4 0.3
15:1:75 -43 -86 -26.21 =12 1.0 l.1 1.9 1.7 1.4 1.3 0.8
20:1:75 -32 -64 -19,51 -9 1.0 1.9 2.6 2.3 2.3 1.8 1.3
23:1:75 -21 ~42  -12.80 -6 1.9 1.9 2.9 265 2.7 2.0 1.1
24:1:75 -18 -36 -10.97 -5 2.3 264 3.1 3.2 2.7 2.1 le4
10:2:75 . ~14 -28 -8.53 -4 0.4 0.9 2.1 2.0 1.7 1.0 l1e 2
11:2:75 -11 -22 -6.71 -3 1.3 2.6 3.7 3.4 3.1 2e3 1.9
12:2:75 -7 -14 ~4.27 -2 0.4 l.4 2.9 2.6 2.3 1.3 1.2
13:2:75 -3 -5 -1.83 -1 0.6 2.5 445 4,0 3.7 2.5 1.9
14:2:75 0 0 0.00 0 1.1 3,7 6ol 5.5 542 3.2 2.3
15:2:75 2 4 1.22 1 1.3 4,1 7.2 6ob 60 3.3 2.0
17:2:75 3 6 1.83 2 0.9 4,2 7.8 He9 6¢73 3.8 2.2
18:2:75 b 12 3,66 3 0.3 o7 942 8.3 7.3 3.8 2.4
16:2:75 1 20 6.10 4 1.5 7.0 12.3 11.0 9.9 5.5 3.0
20:2:75% 14 28 8.53 5 1.5 7.7 14.0 12.5 11.3 6.5 3.6
21:2:75 17 34 10.36 6 1.7 9,0 15.8 14.6 12.6 7.6 441
26:2:75 20 40 12.19 7 263 10,0 17.3 15.6 1461 8ol 5.1
25:2:75 23 46 14,02 8 2ok 10.4 18.1 16 o4 14.8 Be? 502
27:2:75 31 62 18.90 10 2.9 11.7 19.7 17.9 16.1 9,0 5l

4:3:75 LD 84 25 .60 13 2.5 12.2 21.1 19.0 17.2 10.0 640

7:3:75 . 81 102 31,09 16 3.0 13.0 22.1 20.2 1803 10.7 6e5
14:3:75 68 136 41 .45 23 3.7 14.2 23.7 21.9 19.7 11.7 7.3
21:3:75 06 172 5243 30 6ol 18.0 28.0 25,8 2346 1446 9.3
24:3:75 88 176 53,64 323 649 19.0 293.8 274 25.3 15.8 10.4
27:3:75 Qg 198 60.35 36 8.7 21.7 32.8 3063 27.8 18.0 11.8
4:4:75 110 220 67 .06 44 8.9 22.7 34,1 31.7 29,1 18.3 12.3
11:4:75 129 258 78,64 51 9.4 23,5 35.1 32.6 30.2 19.0 12.6
18:4:75 164 288 87.78 58 9.8 24,2 35,8 34,0 30.8 19.6 13.0
2:5:75 169 338 103,02 72 11.8 276 39,1 25,8 33,4 21.2 15. 2
21:5:75 207 414 126,19 91 15.5 32,2 45,1 418 38.5 24.7 17.6
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DATE

30:35:7%
616175
18:¢:75%
1:7:7%
11:7:7%
18:7:75
13:8:75
21:8:75%
Q:9:75
30:9:7%
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RINGS

225
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FACE POSITION

FEET
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466
474
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LATERAL SURFACE MOVEMENT PERPEMDICULAR 70O CENTRE LINE (MM)

TUNNEL FACE POSITION LATERAL SURFACE MOVEMENT STATIONS
DATE RINGS FEET  METRES DAYS J I H G F £ N
g:1:75 -57 -114 -34,79 -39 .0 0.0 0.0 0.0 0.0 0.0 0.0
15:1:75 -43 -86 -26.21 -12 ~0.3 -0.3 0.0 -0.3 -0.° ¢.0 .0
24:1:75 -18 =36 -10.97 -5 0.0 -0,.3 0.0 0.0 0.0 -0.3 0.9
10:2:75 -14 -28 -8, 53 -4 0.3 0.3 1.0 0.0 0.0 Cob 0.0
12:2:75 -7 —-14 4,27 -2 0.6 0.3 2. 0 0.0 1.2 0.9 0.3 -
13:2:75 -3 -6 -1.83 -1 0.9 C.3 G.0 Do b 1.2 0.9 0.6 -
14:2:75 0 0 0.00 0 0.9 1.2 0.0 0.6 1.2 1.2 Jo 6 -
17:2:75 3 6 1,83 2 1.5 1.5 0.0 1.2 2.1 2.4 1.5
16:2:75 1G 20 6,10 4 1.8 2.7 0.0 2.1 3.0 3o 2.4
21:2:75 17 34 10.34 6 1.8 3.0 00 2.7 3,0 4,9 201
24:12: 75 20 40) 12,12 7 2:4% 3.7 0.0 2o 3.7 4.9 2.7
27:2:75 31 62 18.90 10 2.1 3.7 0.0 3.0 3.7 502 304
7:3:75 51 102 31. 09 16 27 4ot 0.0 3.7 4,0 5.8 40
21:3:75 g6 172 52,43 30 4.0 5.8 0. 0 4o 3 5.2 7.0 5.2
27:3:75 39 1oRr £0.35 36 4 o3 3R 0.0 409 5.8 1o b 6.1
4:4:75 110 220 67, 06 L4l 4,9 6.7 0.0 4.9 6.4 8 o2 7.3
11:4:75 129 258 78 .64 51 6.1 7.3 0.0 4, @ bols ) 7.3
2:5:75 169 338 103.02 12 6.7 7.9 0.0 5.2 7.0 Gl 7.6
21:5:75 207 414 126619 91 8.2 8.5 0. 0 6o % 8.9 11,0 10,1
6:6:75 233 466 142.04 107 11.0 16,1 0.0 7.0 9.1 11.2 107
18:6:75 237 474 144,47 116G 11.3 10.4 0.0 7.0 Vel 12.2 11.6
1:7:75 237 474 144 .47 132 11.6 10.7 0.0 7.3 9o & 12.8 12,5
18:7:75 237 474 144,47 149 11 .6 11.3 0,0 7.3 10,1 13,7 12,5
13:8:75 237 474 144,47 176 11.3 10.1 0.0 7.0 2.8 11,3 10.7
9:9:75 237 474 144.47 202 11.3 10.4 0.0 Aol Q.4 11.6 10,7
30:9:75 231 474 1441 22¢ 10.7 10.4 2.0 T.0 8.8 11.9 11.0

POSITIVE INDICATES MOVEMENT TOWARDS THE CENTRE LINE
MEGATIVE INDICATES MOVEMENT AWAY FROM THE CENTRE LINE
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MORMALISED LATERAL SUPFACE MOVEMENT PERPENDICULA®R T2 CEMTRE LINE (MM)

TUNNEL FACE POSITION LATERAL SURFACE MOVEMENT STATIONS
DATE RIMGS FEET METRES DAYS J I H G F £ D C
8:1:75 =57 -114 =-24.79 -B9 0.0 0.0 J.0 0.0 3.0 0.0 0.0 0,0
15:1:75 -43 -86 -26.21 -12 -0.3 -C.3 D.0 -0.3 -0,.% 0.0 0ob 0.3
24:1:75 -18 -36 -10.27 -5 0.1 -0.2 3.0 0.0 C.0 -0.2 0,1 0.2
10:2:75 -14 -23 -8,53 -4 0.6 Q.4 0.0 0.0 0.0 Cs7 0.1 0.2
12:2:75 =7 -14 4,27 -2 0.6 0.3 0.0 0.0 1.2 0.9 0.3 -0.3
13:2:75 -3 -6 -1.82 -1 1.3 0.5 0.0 C.7 lo4 1.2 1.0 0.2
14:2:75 0 0] 0. 00 8] 1.3 1.4 0.0 0.7 1.4 1.5 1.0 -0.1
17:2:75 3 & 1.83 2 0.9 1.2 e 0 1.6 1.9 2.0 0.9 D.3
19:2:75 10 20 6,10 4 l.1 204 0.0 1.9 208 208 1.7 0. &
21:2:75 17 34 10.36 6 16 209 0.0 2.7 3.5 4 o7 1.9 Qo2
24:2: 75 20 40 12.19 7 2.1 3.5 0.0 206 3.5 4o5 2o Dob
27:2:75 31 62 18,90 10 1.6 3.5 0.0 3.0 3.6 5.0 3.1 065
7:3:75 51 102 31.0G9 1o 2.0 Lo 2 0.0 34 4.6 5.2 3.2 0.7
21:3:75 86 172 52 .43 30 3.2 50 0.0 461 4.9 6.5 405 1.0
27:3:75 99 168 £0.35 36 3.5 5.5 0.0 b7 5.6 763 5.6 2.0
4:6375 110 220 657,06 44 2.5 5.7 0.0 40 3 5.6 6.8 5.4 Dot
11:4:75 126 255 78.64 51 4.9 &Eo7 0.0 &5 5.9 7.6 6.1 1.8
2:5:75 19 338 103.062 12 501 7ol 0.0 bo7 6.4 8.0 £.3 1.3
21:5:75 207 414 126,19 21 5,9 7ok 0.0 5.7 Te & Q.2 7.7 206
6:6:75 2323 466 142,04 107 8.7 809 0.0 6.3 8.2 10.2 ok 206
18:6:75 237 474 144,47 119 8.7 9. 1 0.0 e 3 Bo.4 10.3 9.0 3.2
1:7:75 237 474 146,47 132 8.7 Q.2 0.0 o5 8.3 10.6 9.6 3.8
18:7:75 237 474 144,47 149 8.9 Q.9 0.0 665 3.0 11.7 9.8 4.5
13:8:75 237 474 166,47 176 ©.2 ¢.0 0.0 Eos 8,9 G.7 Bs & 3.9
9:9:75 237 474 144,47 202 10.2 9.8 0.0 6ol 9.0 10 8 Q.6 408
30:5:75 237 474 144,47 224 9.9 16.0 0.0 6.8 9.5 11.3 10. 2 4ol

POSITIVE INDICATES MOVEMENT TOWARDS THE CENTRE L INF
NEGATIVE INDICATES MOVEMENT AWAY FROM THE CENTRE LINE
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SUB-SURFACE SETTLEMENT DATA-BORFHOLE 2 (MM)

TUMNEL FACE PASITION SUB-SHRFACE SETTLEMENT RINGS

DATE RINGS FEET METRES NDAYS SURFACE RING 1 RING 2 RING 3 RING & RING 5 RING
711175 -57 -114  -24,79  -19 N0 0.0 0.0 0.0 0.0 0.0 0.0
311:75 -50 -100 -30.48 -14 1.3 1.3 1.3 1.3 1.3 1.3 1.3
:12:75 -1l4 ~23 -8,53 —4 1.8 201 1.8 1.4 1.4 1.7 2.0
2:12:75 -7 -l4 ~4o27 -2 206 lo4 207 2.0 3.2 201 1.5
332375 -3 -4 -1.82 -1 % o () 4673 4ol 3.7 3.9 2.3 2.0
5:2:75 2 4 1,22 1 6o 5.8 8.1 503 5.1 Bo3 3.3
Fr2175 3 H 1.83 2 6o 10.4 Db 5.8 7.0 10.3 4oB
5:12:75 5 12 2. 66 E 8.3 Te2 11.9 Bok 608 15.3 5.1
G:2:7% 10 20 6,10 & 11.0 11,6 18.9 11.8 10.2 24,3 Go&
0:2:75 14 258 Be53 5 1265 12.6 215 12,8 12.2 2607 10.7
1:2:75 17 34 10,36 & 14.6 15,0 240 14.9 14,9 293 12.0
222070 20 40 12.1% 7 15.6 164 276 167 16,1 22.3 14.5
2:75% 23 &6 14,02 8 1604 17.0 29.3 1351 15.4 33,2 13,2
2175 31 62 18,90 10 17.9 1801 21.0 18.6 17.1 39.8 1407
13:75 42 B4 25660 13 19.0 19,2 34,5 21.1 19.7 35,5 l16o4
13:75 51 162 31,06 16 2062 20.9 356 21.5 20,7 40,1 17.6
:3:75 68 134 41,45 23 219 23.7 38.7 23.5 23.3 40,8 1¢.8
1375 &3 176 53. 64 33 27:6 31.9 42,9 28,9 28T 4hHel 2441
4275 1190 220 £7.06 44 31.7 2669 57.9 33,1 332.2 50.3 0.0
4375 129 258 T8.64 51 32.6 277 504 34,7 35.4 51.7 0.0
4:75 144 288 837,78 58 3460 4065 L2856 4068 37.0 54,0 0.0
5175 169 3228 103.02 72 35.8 2.0 65, 2 38,1 3G, 4% 59,72 0.0
5:75 207 414 126,16 31 4163 43,0 73.1 4366 45.5 64,0 0.0
£:78 233 4656 142.04 107 G4bo 7 53.7 Tha3 459, 9 46,1 H6al 00
tE:75 237 474 144,47 1196 50,5 5709 80.5 S4o4 5206 63,9 0.0
1775 237 474  lbb4.47 132 532.6 651.1 83,3 56,9 55.¢ £8 o4 0.0
18:7:75% 237 74 144,67 149 5667 6269 25,17 59,5 570 £%.1 0.0
2:8:75 237 474 144,47 176 54,1 6060 6£0.6 36,1 41,8 51.9 0.5
2118175 237 474 144,47 184 5%.3 6067 6262 3667 37,7 51,4 0.0
G178 237 474 144,47 202 5857 £3.5 bl 39,1 38,7 5206 0.0
G175 237 474 144,47 224 6l.0 65,8 67 o2 41,1 40.0 54,1 0.0

SUR=-SURFACE SETTLEMENTS SHOWED NO DEVIATION FROM THE SURFACE SETTLEMENTS UNTIL 10:2:75%

(o
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SUB-SURFACE SETTLEMENT DATA-BOREHDOLE 3 (MM)

TUNNEL FACE POSITINN SUR-SURFACE SETTLEMENT RINGS

DATE RINGS FEFT METRES DAYS SURFACE RING 1 PRING 2 RING 3 RING & RING 5
B:1:75 -57 -114 -34.,79 -1€© 0.0 0.0 0.0 0.0 0:-0 0.0
13:1:75 -50 -100 -30.483 =14 1.2 1.2 1.2 1.2 1.2 1.2
10:2:7% -14 -28 -8,53 -4 1.6 0.8 1.0 1.1 1.2 a5
12:22:75 -7 =14 4,27 -2 2.3 1.6 1.8 2.3 2.7 1.7
15:2:75 2 4 1.22 1 6.0 4o 4,0 6.1 451 3.0
17:2:75 3 5 1.83 2 6.3 7.3 545 ho3 5.9 3,8
18:2:75 6 12 3.66 2 7.3 09 5.0 8.0 5649 3.5
16:2:75 in 20 6. 10 4 9.9 10.9 9t 11.1 10,2 5.8
20:2:75 14 28 8653 5 113 12.4 10.7 13.3 14,1 5.5
213275 17 34 10.326 f 12.6 13.5 23 14,6 10.7 565
24:2:75 20 &0 12.19 7 14,1 15.8 15.0 17,1 15,0 502
2512:75 23 &6 14,02 8 14,8 14.3 15,0 17,1 13.4 5.9
271275 31 62 18,90 10 16.1 14.4 16.% 23,1 14,2 S
4:3:75 42 B4 2560 13 17.2 18.0 18.7 2003 16,4 7.9
t3:75 51 102 31,09 1& 18.3 18,1 2064 2163 17.4 3.2
14:2:75 58 136 41,45 23 19.7 18,9 22.8 2209 19.3 9.8
243132175 88 176 53064 33 25,3 24056 30,2 28,6 23,8 17.0
4:4:75 110 220 67. C6 44 29.1 286 40,7 33,1 2%.8 19,5
11:4:75 129 258 718,64 51 30.2 2907 4304 35.1 2R.3 0.0
8:4:75 144 288 87,78 58 30.6 33.8 4701 37.7 32.2 0.0
2:5:75 169 338 103.02 12 33.4 34,1 47,0 39,5 33.2 0.0
21:5:75 207 414 126619 g1 38,5 40,63 53,0 45,0 0.0 0.0
6£:6:75 233 466 142,04 107 43.5 45.6 57.5 50,1 0.0 0.0
18:6:75 227 474 144,47 119 4608 49,96 62,9 54,2 0.0 0.0
1:7:75 237 &£74 144,47 132 49,0 522 63,7 56,0 8.0 0.0
18:7:75 237 474 144,47 149 52.8 5402 677 58,9 0.0 0.0
12:8:75% 237 474 144,47 176 50.3 5661 47,9 61,6 54,7 0.0
G:1Q:75 237 474 144,467 202 54,8 6062 53.4 56,9 0.0 0.0
30:9:75 237 474 144,47 224 8766 E2.6 57.2 70.8 0.0 0.0

SUB-SURFACF SETTLEMENTS SHOWED NN DEVIATIQON FaNM THE SURFACE SETTLEMENTS UNTIL 14:2:75

0Ll



SUR-SURFACE SETTLEMENT DATA-BOREHOLE & (MM)

TUNNEL FACE PNOSITION SUB=-SURFACE SETTLEMENT RINGS
DATE FINGS  FEET METRES DAYS SURFACE RING 1 RIMG 2 RING 3 RING 4
B:l:75 -57 =114 =-34,72 -19 3.0 0.0 0.0 0.0 0.0
13:1:75 -50 =100 -30.48 -14 0o 7 0.7 0.7 0.7 0.7
10:2:75 -14 =28 -8,53 -4 1,1 0.8 1.2 1.1 1.1
12:2:75 -7 -14 ~40 27 -2 1.3 1.3 06 1.7 1.1
159:2:75 2 4 1.22 1 2.3 2s3 47 2.8 0.1
17:2:75 3 6 1.83 2 3.8 4ol 4 ot 3.7 0.7
18:2:75 6 12 3. 66 3 3.8 2.9 3.1 1.8 0.1
10:2:75 10 20 6.10 4 5.5 6.5 504 406 208
20:2:75 14 28 Bo53 5 605 7e5 6.3 4.8 2.0
21:2:75 17 34 10.36 6 1.6 8.1 602 504 2.1
2422175 29 &0 12,19 7 8.1 9,0 7.2 6.0 2.6
25:2:75 23 46 14. 02 8 Bo2 R4 67 5.6 1.2
27:2:7% 31 62 18,90 10 9.0 8.3 L0 8 5,8 2.1
4:3:75 42 84 25.60 13 10,0 9,9 8.1 7.1 3.0
7:2:75 51 102 31.02 16 107 1C.9 8. 7.1 2.9
14:2:75 &3 135 41445 273 11.7 12.4 Q.7 3.0 P
24:3:75 a3 175 53. 64 33 15.8 16,2 10,3 8.1 3.5
4142075 1106 2290 67006 44 18.3 18.2 11.8 Bo3 3.2
11:4:78 129 258 TRe b4 51 1¢.0 194 12.7 8.6 3.1
18:4:75 144 288 87.78 58 19.6 19.4 13,3 2.5 3.0
2:5:75 169 338 103,02 72 21.2 30.1 1501 11.0 4ok
21:5:7% 207 14 126619 21 2407 2602 18,7 14,3 7.2
6:6:75 233 466 142,04 107 28,0 30.0 21.9 17.3 Qa4
18:6:7°2 237 LT74 144,47 119 30.7 32.5 2403 1G.4 10.8
1:7:75 237 74 144,47 132 3363 34,9 2665 2067 11.4
16:7:75 237 474 144,47 14° 35.6 35.9 28 o8 21.3 1168
13:8:75 237 474 144,47 176 18.9 19,8 12.8 Q.7 1.5
21:8:75 237 474 146,67 0 184 20,72 2065 14.4 10.8 200
Q:0:75 237 474 144,47 202 22.9 23.9 16,8 13.0 3.5
20:91:17% 237 &74 144,47 224 2501 2607 18,2 14.9 4.7

SUB=SURFACE SETTLEMENTS SHUOWED NO DEVIATICON FROM THE SURFACE SETTLEMENTS UNTIL 10:2:75
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GROUND MOVEMENT VECTORS IN PLANE OF ARRAY UP TO 21 DAYS ADRVANCE (MM)

BOREHOLE RING HORTZONTAL VERTICAL VECTOR ANGLE
1 SURFACE 0. 00 35,10 35,10 0
2 SURFACE 0. 30 32,60 32.60 0
2 1 3,89 37.70 37.G0 5
2 2 3.54 £0.40 60.50 3
2 3 G.73 34,70 36,04 15
2 4 11.32 35.40 37.17 17
2 5 12.41 51.70 53,17 13
3 SURFACE 6040 30.20 30.87 11
3 1 6. 39 29,70 30.38 12
3 2 12,50 43,40 45,16 16
3 3 15,81 35.10 38,50 24
3 4 12.09 28.30 30.77 23
4 SURFACE 8023 19.00 20.71 23
4 1 40,32 19,40 19.88 12
4 2 5042 12.70 13.81 23
4 3 5. 68 8+60 10.31 33
4 4 4,15 3,10 5.18 53

POSITIVE INDICATES MOVEMENT TOWARDS TUNNEL
NEGATIVE INDICATES MOVEMENT AWAY FROM TUNNEL
LERO ANGLE IS VERTICALLY DOWNWARDS
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GROUND MOVEMENT VECTORS 1In PLANE OF ARRAY FROM 51 TO 91 DAYS ADVANCE (MM)

BOREMOLE RING HORIZONTAL VERTICAL VECTOR ANGLE
i SURFACE 40 18,40 14,00 Q2
2 SURFACE 1.83 9,25 9,43 11
2 1 B,16 18,34 10,39 ]
2 2 -, 9w 12,76 12,73 -4
2 3 =4, @5 8,98 9,78 —24
2 4 =6,14 12,15 11,86 —31
2 5 =-11.17 12,80 16,99 -4
3 SURFACE 1,83 8,30 8,54 12
3 i 5,66 18,6u 12,22 28
3 2 =2,67 9,60 9,96 -15
3 3 8,32 9,99 12,93 -4
4 SURFACE 7.91 B.706 5,77 9
4 1 =,58 6,80 6,82 -4
4 2 3,28 65,08 €.84 —28
4 3 =4,35 5,75 7021 -37
4 4 =3,17 4,25 5,30 —36

POSITIVE INDICATES MOVEMENT TOWARDS TUNNEL
NEGATIVE INRICATES MOVEMENT AWAY FROM TUNNEL
ZERD ANGLE IS VERTICALLY DOWNWARDS
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GROUND MOVEMENT VECTORS IN PLANE OF ARRAY FROM 91 7O 149 DAYS ADVANCE (MM)

BOREHOLE RING HORIZONTAL VERTICAL VECTOR ANGLE
1 SURFACE 0.00 15,60 15.60 0
2 SURFACE 0.92 14.85 14.88 3
2 1 1.19 14.30 14.65 4
2 2 1.03 12.70 12.74 4
2 3 2. 13 15.90 16,04 7
2 4 2.18 11.50 11.70 10
2 5 1.72 5.10 5.38 18
3 SURFACE 1.52 14,35 14043 &
3 1 0.91 13.90 13,93 3
3 2 1.45 14,70 14,77 5
3 3 1.36 13.90 13.97 5
4 SURFACE 1.83 10.85 11.00 9
4 H 1. 06 9.70 9.76 4
4 2 1,72 10.15 10,29 9
4 3 1.88 700 7.25 15
4 4 1.90 4,45 4o 84 23

PDSITIVE INDICATES MOVEMENT TOWARDS TUNNEL
NEGAT IVE INDICATES MOVEMENT AWAY FROM TUNNEL
ZERDO ANGLE 1S VERTICALLY DOWNWARDS
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GROUND MOVEMENT VECTORS IN PLANE OF ARRAY FROM 14G TO 176 DAYS ADVANCE (MM)

BOREHOLE RING HORTZONTAL VERTICAL VECTOR ANGLE
1 SURFACE 0. 00 -0.20 0.20 180
2 SURFACE 0.60 -2.60 2.67 132
2 1 -0.86 -2.90 3.02 -164
2 2 -0.12 -25.20 25.20 -180
2 3 =-5.61 -23.35 24.01 -167
2 4 ~7.87 -10.35 13.00 -143
2 5 -9:.43 -17.20 19.62 -152
3 SURFACE -0.30 -2.55 2.57 -174
3 1 =0, 65 1.90 2.01 —-18
3 2 -3.16 -19.80 20.0% -171
3 3 -8.48 2,70 8,90 -72
4 SURFACE -1.22 -16.65 16.6C -176
4 1 -2+ 63 -16.10 16.31 -171
4 2 -6.35 -16.05 17.26 -159
4 3 -6,24 -11.65 13,22 -152
4 4 -3.55 =-10.30 10.89 -161

POSITIVE INDICATES MCVEMENT TOWARDS TUNNEL
NEGATIVE INDICATES MOVEMENT AWAY FROM TUNNEL
ZERQ ANGLE 1S VERTICALLY DOWNWARDS
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GROUND MOVEMENT VECTORES IN PLANE OF ARRAY FROM 176 7O 224 DAYS ADVANCE (MM)

BOREHCLE RING HORTZONTAL VERTICAL VECTOR ANGLE
1 SURFACE 0,00 7.80 7.80 0
2 SURFACE 0.62 7.50 7.53 4

2 1 0.23 5.80 5,80 2
2 2 -0, 01 b.61 661 0
2 3 -0.10 5,00 5.00 -1
2 4 0. 04 6.70 6.70 Q
2 5 -0.84 2020 2.35 =20
3 SURFACE 0,00 7,30 7.30 0
3 1 -0.14 6.50 6.50 -1
3 2 -0.18 9,30 G330 -1
3 3 -0.22 §.,20 Q.20 -1
4 SURFACE 0.61 £o15 6.18 5
4 1 -0.16 6£.90 6,50 -1
4 2 -0.03 6,40 £.40 0
4 3 -0.1% 5025 5.25 -2
4 4 -0.14 3.25 3025 -2

POSITIVE INDICATES MOVEMENT TOWARDS TUNNEL
NEGATIVE INDICATES MOVEMENT AWAY FROM TUNNEL A
ZERDQ ANGLE IS VERTICALLY DOWNWARDS
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GROUND MOVEMENT VECTORS PARALLEL TO TUMNEL IN BOREHOLE 2 DFFSET 2,934 FROM CENTRF LINE (™)

TIME ROR EHOLE RING HORTZONTAL VERTICAL VECTOR ANGLE
2 SURFACE ~2.00 22,60 32,74 -5

2 1 -3.18 37.70 37,83 -4

9P 10 51 2 2 -1.40 60.40 60042 -1
T2 2 3 ~0.03 36,70 34,70 0
? @ -0.30 35,40 35,40 0

2 5 -0,95 51,70 51.71 -1

2 SURFACE -3,95 9.25 12.87 —46

2 1 ~7.32 15,30 12.664 -35

- 2 2 —5.71 12.70 14,36 -27
51 10 91 ? 3 ~0.35 8.90 8.91 -2
2 4 —0.42 10,15 10.154 -2

2 5 —4,08 12,30 13,72 -26

2 SURFACE -4.90 14.85 15.64 -18

2 1 -3.50 14,90 15,31 -13

31 T0 149 2 2 -2.09 12.70 12.87 —9
2 3 0,11 15,90 15.90 0

2 4 0.1R 11,50 11.50 0

2 ; 1.25 5,10 5,25 13

LLL



GPOUND MOVEMENT VECTORS PARALLEL TO TUMNEL IM BOREHOLE 2 OFFSET 2,973 BFROM CEMTRE LIME {MMM)

TIME ROREHOLE RING HORT ZONTAL VERTICAL VECTNR ANGLE

2 SUREACE 0.75 -2 560 2014 142

2 1 1.30 -2.G0 3,1R 156

1L_:’ 110 176 2 2 —0012 -26020 25020 —180

2 3 ~-15.27 -23,.35 27.90 -147

2 4% -14,82 -10,35 13,08 -125

2 5 -7.8A -17,20 18,91 -17364

2 SURFACE -2.00 7.50 7.76 -14

2 1 ~-1.51 5. 80 5,69 -14

- 2 2 -1,04 .60 Lo 68 -8
1 " r\2 z 4 o o o

76 10 22 2 3 0.43 5,00 5,02 4

2 4 Ong ‘6070 6075 é‘

2 5 1,17 2,20 246G 28

POSITIVE INDICATES MOVEMEMT AMAY FRAOM CHANNEL
NMEGATIVE IMDICATES MOVEMENT TNWARDS CHAMNEL
ZERD ANGLE IS VERTICALLY DOWNWARDS
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GECGUND

TIME

(33

51

™0 51

T0 91

TO 149

ROREHOLE

WO W 0w L W

W W W

MOVEMENT VECTORS PARALLEL T3 TUNNEL

RING
SURFACE

DW=

SURFACE

ot

[SUIRAS]

SURFACE
1
2
3

HORTZONTAL
-5,05
-0.12
-1.02
342

—40’32

-4 .92
0.08
-5.54
-2.07

—’%072
-0.52
043
1.55

TN BOREHOLE 3

VERTICAL
30,20
29,70
43,40
35.10
283. 30

B.30
10,606
P60
9.G0

14,35
13,20
14,70
132,90

AFFSET R3.G3M FROM

VECTNF

30,62
29.70
£3.41
35.27
28,63

G.65
10,60
11,09
10.11

14,82
13,91
14,71
12.9¢

CENTRE LINE {MM)

AMGLE
-9
G
-1
-5
-8

-30

641



GROUND MOVEMEMT VECTORS PARALLEL TO TUNNEL IN BNREHOLE 32 OFFSET 3,934 FROM CENTRE LINE (MM)

TIME BOREHOLE RING HORIZONTAL VERTICAL VECTAOR ANGLE
3 SURFACE D.50 -2.55 2.60 1A0Q

1L9 TO 175 3 1 .09 1,60 1.0 2
3 2 —bo &b -1%.80 20.29 -168

3 3 ~2.41 2.70 3,62 -41

3 SURFACE -1.80 7030 7.52 -13

1"76 TO 22L‘_ 3 1 -0.25 5,50 65.50 -2
2 2 -0.19 Q.30 9,30 -1

3 3 -0.36 19,20 9.21 -2

POSITIVE INDICATES MOVEMENT AWAY FROM CHANNEL
NEGATIVE INDICATES MOVEMENT TOWARDS CHANNEL
ZERD ANGLE IS VERTICALLY DUWNWARDS
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O

T0 91

T0 149

BCREHALE

4

A

N~

VECTORS PAPALLEL

RING
SURFACE

I N e

SURFACE
1

E SV

SURFACE
1

2
3
&

HORTZONTAL
“4.60
-1.26
-1.3¢6
-1.31
-0.86

-1.52
-0,48
%.2%8
0.29
0.01

-3.38
-2+35
-2.35
-1.02
-0s26

TO TUNNEL IN BORFHNOLE & OFFSET

VERTICAL
1G6.05
1940
12,70

8,60
3,10

5,70
50,80
5,00
5,75
425

10.8%
G 70
10,15
7,00

bolh

755" FROM (CENTRF

VECTOR
19,60
19: 44
12,77

8.70
322

5.90
5082
.01
5. 76
4025

11.3¢
G.98
10.42
7,07
4ot

LINE

ANGLE
-13

-17
-13
-13

-3

(1)

18l



GROUND MOVEMENT YECTORS PARALLEL TO TUNNEL IN BOREHOLFE & OFFESET T7.65% FROM CSNTRE LINE {MM)

TIME BOR EHOLE RING HORIZONTAL VERTICAL VECTOR ANGLE
4 SURFACE 0.30 16,65 16065 179
4 1 0,93 16,10 16613 177
149 70 176 4 2 4,58 -15.05 16,673 165
4 3 ~7.23 -11.565 13,71 -149
4 4 2,48 -10.30 10.59 167
4 SURFACE -0.40 6015 £ol6 -3
A 1 2.90 5050 752 23
176 TO 224 A 2 -1.69 £ oD & o2 -14
4 3 -2.12 5.25 5.66 -21
4 4 -1.39 3,25 3,76 -320
POSTTIVE INDICATES MOVEMENT AWAY FROM CHANNEL
NEGATIVE TNDICATES MOVEMENT TOWARDS CHANNEL
7ERD ANGLE IS VERTICALLY NOWNWARDS
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ELEMENT
S1
AL
FE
MG-PEAK
MG-BGRND
CA
NA_PEAK
NA=-BGRND
K
T1
S—-PEAK
S-BGRND
P-PEAK
P-BGRND

28
109.00
145,00

25.50
45,03
47.26
45,00
55.97
58.63
50.50
36,52
15465
73.53
89.76
31.61

KV
60
60
40
40
40
20
20
20
40
40
40
40
40
40

MACHINE DRIFT MONITORED USING STANDARD ANALYSED EACH RUN

MA

s
o]

et
0 MmOoOWMEPPPO®OW®OO R

XoRoFo

THALL TUM-AP
THALLIUM-AP

THALLIUM=-AP
THALLIUM-AP

ANALYSIS CONDITIONS

CRYSTAL
PE
PE
PE

PE

PE
PE
PE
PE
PE
PE

COUNTER
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW
FLOW

VACUUM PATH
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

TUBE
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CHROMTIUM
CHROMTIUM
CHROMIUM

COLLIMATION
COARSE
COARSE
COARSE
COARSE
COARSE
COARSE
COARSE
COARSE
COARSE
COARSE
COARSE
COARSE

FINE
FINE

€81



MOTSTURE CONTENT,3RGANIC CONTENT AND ABSORBED MOISTURE (%)

SAMPLE MOISTURE ABSORBED ORGANIC MOISTURE ARSORSBED BY
NUMBER CONTENT MOTSTURE CONTENT SILT MINUS DRGANICS
Al 46,117 0.949 3,657 1.030
A2 42,110 0.915 ' 2.896 0.875
A3 45,750 0,967 3. 780 0.995
A4 38.051 0.758 3.315 0.898
AS 41,469 0,852 20649 0.937
AB 40,969 0,871 2,693 0.960
AT 42,437 0.898 2.898 1.011
AB 43,191 0.879 3,254 0.935
AVER=A 42,512 0.886 3,143 0.949
B1 45,773 0,941 3.874 1.230
B2 47,798 1.029 3.984 1.290
B3 41,705 0,853 2,707 0,932
B 39,934 0.824 2.312 1.033
RS 41.503 0.808 2.848 1,001
AVER-B 43,343 0,891 3,145 1.097
cl 42,170 0,879 2.837 0,948
o 46,997 0,991 3,921 1.108
3 41,921 0.895 4,394 1.006
Ca 41,526 0.843 2,605 0.956
ce 40,500 0,846 3.109 1,030
AVER-C 42,623 0.891 3,118 1.010
D1A 44,362 0,669 4,192 1,363
D18 44,890 0.938 3.978 1.280
D1C 41,775 0,796 3,715 1.164
D10 £0.,458 0,758 2,793 1.230
D1E 42,087 0.802 3,974 1.174
AVERAGE 42.714 0.963 3.930 1.242

781



SAMPLE

NUMBER
DcA
D2B
DecC
D2D
D2E

AVERAGE

D3A
D38
D3C
D3D
D3E
AVERAGE

D&4A
D4B
DaC
D&D
D&E
AVERAGE

D5A
D5B
D5C
DsD
DSE
AVERAGE

MOISTURE CONTENT,ORGANIC CONTENT AND ABSORBED MOISTURE (V)

MOISTURE

CONTENT
39,125
39.686
41.335
43,251
42,053
41,090

39.910
40,215
39,399
39,197
38,927
36.526

38,718
48,793
42,968
41,080
43,075
42,927

35.312
35,072
36,159
35.355
37.101
35,800

ABSORBED

MOISTURE
0.816
0.837
0.862
0.877
0.856
0.850

0.882
0.840
0. 794
0.767
0,739
0.804

0.953
0.3500
0.858
0.855
0.8G3
0.852

0.652
D612
0.637
0.578
0.637
0.623

ORGANIC
CONTENT
2.904
2.834
2.596
2.689
2,925
3,498

20 589
2.677
2.855
2.541
20596
2.652

2.969
3.012
2.784
2.538
2.749
2.811

2.300
1.967
2.056
1.981
20207
2.102

MOISTURE ABSORBED BY
SILT MINUS ORGANICS
0.881
0.897
0,915
0,948
0.883
0,505

0.897
0.828
0.848
0.849
0.831
0.851

1.071
1.153
0.987
1.185
1.263
1.132

0.897
0.839
0.723
0.637
0,781
0.776

g8l



SAMPLE

NUMBER
D&6A
Dé6B
DeC
D6D

AVERAGE

DT7A

D78

D7C
AVERAGE

D8A
D8B
Ds8C
DED
DEE
AVERAGE

AVER-D

E1A

ElB

£1cC
AVERAGE

EZ2A

EZB

Ea2C
AVERAGE

MOISTURE

CONTENT
41.104
41.562
41.835
40,480
41,245

44,368
43,990
44,660
44,339

42.384
41,545
420146
416,575
44,045
42.339

41.248

45,843
47,330
47,083
£T.376

37.787
38,370
39,261
38.473

ABSORBED

MOISTURE
0.804
0.904
$.90¢
0.909
0.881

£.929
0,921
0.954
0.935

0,912
0.899
0.877
0.862
0.861
0,882

0.854

1.002
0.981
1.028
1.004

0.818
Do 740
0.734
0.784%

MOISTURE CONTENT,ORGANIC CONTENT AND ABSORBED

ORGANIC
CONTENT
2.911
2,891
2.882
2.892
2.894

3,131
3.005
3.006
3.047

2,850
2.741
20661
2.803
2.897
2.790

2.877

4,091
3.696
3.435
3.741

3.645
3.355
3.038
3.346

MOISTURE

MOISTURE ABSDRBED RY
SILT MINUS DORGANICS

(%)

0.942
0.939
1.001
1.145
1.007

0.96¢1
0.929
1,004
0.965

0.828
0.799
0.778
0.808
0.830
0.821

0.962

1.410
1,330
1.176
1,305

1.078
1.059
1.027
1.055
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SAMPLE

NUMBER
E3A
E3B
E3C
€30
E3E

AVERAGE

E4A
E4B
E4C
E4D
E4E
E&F
E4G
AVERAGE

E5A
ESH
£5C
ESD
ESE
ESF
€56

AVERAGE

MOISTURE CONTENT,ORGANIC CONTENT AND ABSORBED MOISTURE (/)

MOISTURE

CONTENT
45,004
45,780
45.258
44,124
42,270
44,487

47.603
48,733
485,616
43,925
41.673
44,328
474291
46,024

47,738
47,229
48,771
47,132
46,733
47.090
48,835
47,647

ABSQRBED
MOISTURE
0.922
0.950
0.934
0.964
. 900
0.93¢&

0. 904
0.898
0.894
0.845
0.834
0.813
0.865
D.865

0. 844
0.828
0.872
0.855
D.862
0.824
0,948
0.876

DRGANIC
CONTENT
3.064
3.061
2,951
2,730
2.801
2,933

30246
2.828
3.162
2.967
2:626
2.735
2.899
2,923

3.150
2,749
3,043
3,017
20,846
2.837
3,172
2,973

MOISTURE ABSORBED BY
SILT MINUS ORGANICS
1.17¢
1.203
1.293
1.261
1.121
1.211

1.065
1.101
1.053
0.972
0,942
0,935
0.947
1.002

1.274
1,290
1.140
1.157
1,302
1.226
1.286
1.232

L8l



MOISTURE CONTENT,ORGANIC CONTENT ANDC ABSORBED MOISTURE (%)

SAMPLE MCISTURE ABSORBED ORGANIC MOISTURE ABSORBED BY
NUMBER CONTENT MOISTURE CONTENT SILT MINUS ORGANICS
E6A 44,504 0.947 2.516 0,999
E6B 45,576 0.657 2,204 0.951
E6C 460299 0,977 2.688 0.930
EeD 5.409 0.970 2,563 1.005
E6E 45,404 0.987 2,240 0.925
AVERAGE 45,438 0.968 20442 0,562
ETA 40,132 0,798 2.364 0,721
E7B 40.622 0.822 2,609 0.824
E7C 39,425 0.829 20342 0.785
ETD 36,185 0.877 2.421 0.812
ETE 39.532 0. 844 2572 0.841
AVERAGE 38.779 0.83¢4 2462 0.797
AVER_E 44,174 0. 8395 2.974 1.116
Fla 42 .968 1.005 3,932 1.320
F1B 43,800 1,025 3.831 1.271
F1C 42,153 0,976 3,503 1.251
F1D 42.838 0.876 3.540 1.245
F1E 45.572 1.017 4.094 1.284
FL1F 43.873 1.014 3.647 1.296
F1G 42,889 1.008 3.717 1.269
F1H 43,319 1.028 3,801 1.360
F11 45,220 1.038 4,094 1,321
F1J 45,299 1.049 30645 1.251
AVERAGE 43,794 1.013 3. 780 1.290
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MOISTURE CONTENT,ORGANIC CONTENT AND ABSORBED MOISTURE (%)

SAMPLE MOISTURE ABSORBED ODRGANIC MOISTURE ABSCRBED BY
NUMBER CONTENT MOISTURE CONTENT SILT MINUS ORGANICS
F2A 40.231 0.880 3.128 1.281
F2B 42.260 0.886 3.174 1.323
F2C 42 .949 0.935 3.312 1.256
F20 42.526 0.941 3,240 1.315
F2E 42.%66 0,943 3.275 1.307
F2F 41.932 0.905 3.137 1.338
F26 41.662 0.850 2,996 1.287
F2H 41.910 0,911 3.117 1.238
F21 41,949 0,912 3.079 1.324
F2J 42.888 0.89¢ 3,079 1.251
AVERAGE 42,127 0.911 3,154 1,293
F3A 40,504 0.764 3,292 1.348
F3B 44,568 0.901 3.367 1.262
F3C 48,135 0.957 3,357 1.292
F2D 47,077 0.972 3.189% 1.299
F3E 46,025 0,920 3,499 1.391
F3F 45,057 0.890 3,072 1.224
F3G 45,127 0,300 2.836 1.198
F3H 45,614 0.868 3.205 1,202
F31 44,043 0.882 3,223 1.226
F3J 46.056 0.933 3.234 1.234
AVERAGE 45,221 0.899 30,292 1,268
Faa 41,475 0. 793 3,153 1.185
F4B 42,571 0.838 3.205 1.282
FaC 42,295 0.875 2.939 1.207
F4D 43,355 0.877 3.065 1,244
F&E 43,724 0.855 2.963 1,194
AVERAGE 42.698 0.855 3,065 1.207
AVER_F 43,460 0.919 3,323 1.264

PERCENTAGES CALCULATED RELATIVE TO DRY WEIGHT
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SAMPLE
Al
A2
A3
AL
A5
Ag
AT
A8

B1
B2
B3
B4
B5

Ci
C2
C3
C4
C5

D1C
D2Cc
D3C
D&4C
D5C
D6C
D7C
D8C

QUARTZ
49.0
34,0
47.0
62,0
45,0
42.0
42,0
48.0

34.0
33.0
41,0
29,0
40,0

47,0
35,0
40,0
44,0
54,0

31.0
4.0
38.0
79.0
49,0
28.0
42,0
42.0

KAQLINITE
16,6
2261
15.5
10.5
19.2
14,9
1602
14,8

?1.8
2501
22,7
227
19,1

Lot i S -
N WO oMW
® ¢ o o0 o
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o
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o

[N A NENIRVVIRY ; BN @ BEN NS 3}
o
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o

o

a

bt = N

XoRoldo AMALYSES_PERCENTAGES

ILLITE-MUSCOVITE

MIXED LAYEER

22.8
23,9
24. 4
157
22,9
27 .4
27.0
2259

31.9
34,0
22,7
37.2
2465

26.6
36,0
34,0
24,8
22,0

35.¢

277

31.9
8.
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CHLORITE SIDERITE PYRITE
ORTHOCLASE PLAGIOCLASE
FCHLOR,SID ™PYR,NRTHZPLAG
=CHLDR,SID, =PYR,ORTH,PLAG
HCHLOR,SIDe*PYRLZORTH,PLAG
CHLOR, *DRTH,PLAG=2,1 PYR
CHLOR ¢ #=SIDyORTH,PLAG=1.4
CHLOR,SID,ORTH, *PLAG=3,18
CHLOR?SIDq*pYQv*ORTHv pLAG:‘ﬁ‘

CHLOR s SIDy=0DRTH,PLAG=2.7

HIIH
-]
m:w‘ﬂ

H

2a
26
5o

CHLORySIDy#PYR,ORTH,PLAG=5,
CHLORySID*PYR,ORTH,PLAG=5,
CHLOR,ORTH,PLAG=1,5
CHLORSIDSPYRZORTH,PLAG=2,.2
CHLOR, SIGsPYRX¥NRTH,,PLAG=3,.5

¥CHLOR s SIDy*PYRGORTH,,PLAG=4,.6

HCHLORSIDGPYR,ORTH,PLAG=2,.4

CHLORSSID PYRyXORTH,PLAG=4.2
CHLOR ;#PYRy#=PLAG=3,:7
CHLDR y=#PYRL,ORTH,PLAG=2,6

CHLDR ,SIDs*=PYR,ORTH,,PLAG=4,5
CHLOR, SID,ORTH,,PLAG=2,.12

CHLOR y=PYRy*ORTH; PLAG=4.5
ZCHLOR s SIDy#PYRy=ORTH,PLAG=2,.8
RCHLOR s SIDy*PYRZOR TH PLAG=40 7
2CHLOR,SIDYPYRZORTH,,*PLAGC=3,.7
HCHLOR, SIDy%PYR,ORTH*PLAG=4,2
(HLOQ?SIDo~PYnyDPTH PLAG=5,1

06l



XeRoDo ANALYSES_PERCENTAGES

ILLITE-MUSCOVITE CHLORITE SIDERITE PYRITE
SAMPLE  QUARPTZ KAQLIMITE MIXED LAYER CLAYS CALCITE DOLOMITE ORTHOCLASE PLAGIOCLASE
£1C 4G .0 21.7 ’ 20,9 4,0 3.7 CHLORSIDZORTHPLAG=0 7
E2C 60.0 12.8 17.5 35 £e0 CHLOR,SIDORTH,PLAG=1,2
E£3C 43,0 l4o4 30.6 4.8 4.l #CHLOR, SIDy #PYRy*0CRTH,PLAG=3,1
£4C 38.0 21,0 28,0 6.2 407 ZCHLOR,SIDZORTH,PLAG=2,1
E5C 52.0 1608 1949 5.3 4ok CHLORGSIDyORTHy ®*PLAG=1,.6
E6C 39,0 16.5 2601 7.1 £a5 CHLOR s %= PYRSORTHs*PLAG=4.8
E7C 54,0 17.7 14.9 5.8 4.8 HCHLOR 3 SIDy=PYR*ORTH,PLAG=2,8
F10 41,0 19,9 29.0 45 3.6 CHLOR; SIDsPYRSORTH,PLAG=3,.0
F2D 55,0 14.6 16.7 5.7 €. 0 CHLNAR,; SID,=0RTH,PLAG=1,.9
F3D 47,0 18,0 18,7 5.6 5.5 FCHLOR SIDs*PYR,ORTH,*PLAG=2,.9
Fab 50,0 15.6 22,9 209 409 CHLOR, SIDyPYRy*ORTH,PLAG=3,7
GLA 25,0 38.3 . 3063 0.0 0,0 CHLOR s SID #PYR,ORTH,,PLAG=6. &
G18 54,0 20,6 246 4 0.0 0.0 CHLO"R,CRTH=0,5
G1C 43,0 19.0 37.0 C.0C C.0 ORTH,PLAG=1,0
G1D 32,0 3063 36.8 0.0 0,0 CHLOR,ORTH=0,9
G1lE 40.0 22.6 36.5 0.0 0.0 ORTH=G.9
G1lF 3600 18.5 4463 C.0 C.0 CHLOR=1.2
G1G 510 21,0 2606 0.0 6.0 CHLOR, ORTH, PLAG=1 o4
G1lH 55,0 15,1 12.3 5.5 Co3 “PYR,ORTH,PLAG=1,2 5ID=10.6
G2A 41.0 23.0 2851 0.0 1.5 CHLOR, SID, =PYR, *ORTH,PLAG=6.4
G2R 41,0 2201 35,6 0.0 0.0 ORTH=1,3
c2cC 55.0 22.0 22.0 0.0 0.0 ORTH=1,0
G2D 30.0 31.6 3567 0.0 0.0 CHLOR s ORTH,PLAG=2,.7
G2t 34,0 25.6 33,7 0.0C C.0 CHLOR 4 =0CRTH=6,7
G2F 47.0 23,0 2961 C.0 0.0 ORTH, PLAG=0.9
G26G 25,0 38,7 29.8 0ot 0.8 #SIDsPYRGDRTHSPLAG=5,.1
G2H 19.0 41.8 35. 4 0o5 0.9 SIDyPYR,ORTH=1,3

# INDICATES RELATIVELY SIGNIFICANT AMCUNT OF MINERAL PRESENT
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XoRoF o ANALYSES (24)

SAMPLE SI02 ALZ203  FEZDZ MGO CAD MAZ2O K20 Ti0? S P205 TOTAL
Al 57.21 15,02 50432 2,53 2,55 0,73 3.25 0.23 0.97 0.14 89,66
A2 57.37 15,07 5025 2,73 4024 074 3,25 0.83 G331 0.14 8D.06
A3 55.79 14,71 5.90 2,74 4,30 0.74 240 0.8¢ Cot2 0.14 88.00
Az 59,56 13,77 4034 2e34 2.65 Ne68 20,11 Q.72 1,84 0.13 88,13
AL 56,70 14,13 5.44 2.84 4,95 0.82 2.36 0,82 Do24 O0.14 88.45
AL 57.80 14.22 5.20C 2,73 4o 69 0.81 2035 083 0.27 0.13 B89.04
&7 56,81 14,14 5.88 2,77 5.05 C.79 2.38 0,81 0.24 0.14 89,01
AR 58,01 14,31 5,05 257 4,31 0. 79 2.33 0.79 0.69 0.13 88.99
B1 56,27 14,26 6048 2.38 3.53 0.73 3.28 0.82 -0.05 0,14 87.83
Rz 55,30 15,96 6,68 2.54 1.44 0D.72 3.G3 0.38 2.39 0.13 Q9l.28
3 57.63 13.84 5.28 2.81 4o 7 0.83 3.72 0.82 D.11 D14 B8G.94
Bé& 57.75% 14,68 4,99 2,60 4.58 C.86 3.85 Do84 0.35% 0,12 90,93
BS 57.56 14,02 5,41 2,78 4,72 0,84 3.19 0,83 0.37 .14 89.86
Cl 52,19 14.04 5.38 2.73 Lok 0.87 3.8% Go.82 0.27 0.13 90,73
c2z 55,70 14.90 6,27 2068 3,72 CoT6 3,91 D.83 C-01 0.14 88,292
C3 56,67 14694 « 25 2:.65 2695 0.75 3.07 0.83 0.56 Col& 8B7.91
Ca 58036 14,14 4o 12 2,81 4,81 0.89 3,83 0,80 D27 D.16 90,77
Cs 58.18 14.47 5.28 2.53 3.63 C.78 2,79 0.7¢ -0.24 O.16 89.38
D1C 58,43 14,08 5.26 2041 2091 0.72 2. 68 0.75 3.G2 J.12 ©0.3¢
DeC 58,49 14,13 bRk 2,59 4440 071 3.8C 0.82 0.97 0.13 ©90.38
03C 59.42 13.62 4.66 2,68 4,64 0.75 3,69 0.78 0.69 014 91.07
DaC 58,06 l4.11 4.78 2.75 4,92 0,71 3.79 CaT7 0,76 Col2 G0.87
DEC 61.75 12.00 4,21 2642 5.17 0.83 3046 0.68 lol1 D.12 ©0.77
DeC 58.61 14.46 4,75 2.79 Lo &G 0.76 2.88 0.81 0083 0.12 90,51
D7C Ble48 10,74 4o 76 2.31 4029 Da71 3,91 0.81 0.68 0«12 7T8.82
DrC 58,37 2,567 4.81 2074 4oEh 0,77 3,77 0,80 Do.£3 0.13 90,76
£1C 5¢.21 14.88 5.24 2.73 4.15 G063 3.62 0.82 1.25 012 G90.39
£zC 58.03 13.22 5.41 2.68 4,57 J.H6 3.46 C.80 0.40 0.14 B9.37
£E3C 58,10 14,00 5.10 2.76 4. 89 0.67 3.94 0.81 0.50 0.12 90.%0
FaC 58,05 14.7C 5.04 2.79 4,53 067 4,00 0.80 D.26 0.13 90,97
EsC 57T.75 13.67 5.01 2.73 5,073 0.67 3,94 0,79 0.55 0132 90.31
E&C 56.98 14.11 5.51 2072 4,84 C.66 3,86 N.30 3,57 0.13 ©90.19
E7C 58,95 13.55 4,63 2.73 4486 Je73 3.48 0.81 U033 0.13 90.23

Zbl



SAMPLE
F1C
F2C
F3C
FeC
GlA
~18
G1C
G1D
GlE
GlF
G1G
G1H
G2A
528
GzC
Gep
GZE
G2F
G2G
G2H
H1

S132
57,98
56,26
56.44
58.06
52 .0R
57 .94
54,59
54 .52
56,22
57.27
57.¢8
48,15
55%.8¢
55,71
57.57
54,21
54,7S
54,19
50,66
50.42
53,467

AL203
14.14
13.60
14.54
12,78
22.18
18.86
20,88
21,15
21.11
12,41
12,20
16.61
1£.48
21,30
1¢.,28
20.45
20.47
21.36
22060
21.22
19,45

[

prd

FE2(03
4,82
5.58
544
4, H8
5084
5.01
5. 36
5.63
Lo b1
4,38
4014
13.23
£,19
4,64
4.56
5.609
5. 60
5.8%
70,04
T.67
6.15

XoRoF, ANALYSES (%)

MG

2.72
2.69
276
2.830
208
1.5¢
1.85
1.76
1.82
1.463
1.71
1.65
2.37
1.75
1.50
1.77
1.82
1.85
1,39
1.53
2.40

LCULATED D

CAQ

3,42
4,90
4,58
5.02
0049
0.70
0.20
0.5
Q47
0.b4
DabHb
2,38
1.25
0.3

Codb
Dot
Co42
0.35
0.37
0.37
4,15

A CO2,C

NAZD
0.97
0,87
0,72
0.79
0.3¢&
8.45
039
0,40
D.43
0,45
0,43
033
0,79
0046

O

K20
3,95
3.91
L N
3. 94
Lo T4
3,91
3.49
3,45
.44
3.36
3.15
3,09
3.19
3,16
2.8%
2041
2040
20,52
2.70
2.68
3,19

TID2
D.81
0.80
0. 84
0.82
1.08
0.%6
0.97
1.01
0,99
Q.93
0.90
0.86
3o 98
0.599
0.9%
0,99
0.97
1.00
1,08
1.07
0.86

AMD HZ0O FRFE BASIS

w

o ©

L]

v e ;e

]

~N

L]

DO ==
o
W OO vwWU

|
D
(%}

o

0.1l
-0.36
-0.17
-0.28
-0.2
1.1C
-0.33
D50
D&
0.58
-0.16
-0.32
-0.38
0.31

P205
013
0.15
0.13
Oolzf
0.11
D.12
Ca13
0.13
0.13
O0el2
0.12
012
0-.12
0.10
C.10
0.11
.10
C.10
Go12
0.13
0,10

TOTAL
93.70
93,31
91.26
Qlo48
B, E8
BR3.51
87.83
88.42
88,85
88,02
88,01
B&6.03
88.27
87.92
88.45
87.00
87.58
B6.71
B6oh&
B&.17
B9.88

£61



RECENT ALLUVIUM-UNDISTURBED

ANALYSIS OF CONSOLIDATION DATA

INITIAL MOISTURE COMTENT = 45,35 PERCENT
FINAL MOISTURE CONTENT = 28,04 PERCENT
NATURAL BULK DENSITY = 1.7549 GMS/CC
NATURAL DRY DENSITY = 1.2073 GMS/CC
FINAL BULK DENSITY = 1.9879 GMS/CC
FINAL DRY DENSITY = 1.5526 GMS/CC
SWELL PERCENTAGE = 0.00 PERCENT
SWELL PRESSURE = 0.00 KN/M2
PRESSURE voIns STRAIN cv MV PERMEABILITY
(KN/M2) RATIO PERCENT {(M2/YR} {M2/MN) {(M/7S)
0.00 1.1950 ‘
26097 1.1445 2.30 3.4950552 0.9683882 0.000000001049216
51.49 1.1096 3.89 2.1£21158 0. 6692300 0.000000000446480
102.97 1.0497 beb2 5.G€434G7 05556445 0.000000001034753
154.46 1.0071 Be56 0.4892721 0.4077444 0.000000000061844
205.95 0.9651 10.47 b.,4968G48 0.4099802 0.000000000825715
308.92 0.9083 13.06 32.0920143 0.2850585 0.000000000273235
411.89 0.8622 15.16 12.6847658 0.2374390 C.0000C00000933676
823,79 0.7511 20.22 8.8228760 0.1492496 0.000000000408211
1647.57 0.6462 25.00 12.8733631 ~ 0.0749772 0.0006000000295215
3295.15 0.5409 29.80 9.6532145 0.,0401292 0.0000000600120086
1647.57 05479 29.48
823.79 05567 25.08
411.89 0.5681 28.56
205.95 0.5810 27.97
102.97 0.5975 27.22
51. 49 D.6166 26.35
2.594 0.7068 22.24

CCrsCs

-0.0524668
-0.1242757
-0.199057S
-0.2418195
-0.3355542

. —0.3228413

-0.3689339
-0.3689500
-0.3485349
-0.34G690621
0.0233328
0.0291661
0.0379158
0.0430199
0.0546863
0.0634361
0.0725746

761



Iateral Sub-surface Movement towards Tunnel Face

(1.1)

Positive indicates movement away from tunnel face
Negative indicates movement towards tunnel face

Displacement in mm.

(4
Ay}
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13.0
14.0
15.0
16.0

x

0.
656.
668.
698.
704,
696‘
694,
T12.
728,
738.
755.
B08.
828.
836.
853,
B5&.
834,

QRIGINAL DATA

TOWARDS

O.
654,
667.
696.
703,
695.
694,
712.
129
738.
754,
806.
828,
834,
855,
856,
835,

OO
B72.
858.
830.
824,
832.
836,
81lé6.
804.
792.
776,
725,
702,
696.
677
674
696.

1.1

-15.00

SURFACE DISPLACEMENT= (€.00

AWAY

O.
872.
858.
830.
824,
832.
836,
818.
806.
792.
777
727.
703,
696,
676,
673,
696,

-
T

AVERAGE
0.000
-10.850
-9.525
=6.650
-6.025
-6.825
-7.100
-5.250

3 -3.825
=2.700
-1.100
4.050
6.275

. 6.950
14.0 8.875
15.0 9.125
16.0 6.925

e o M

OWVWOPIJOIPMPWNF-OO
a o o o 6 & ¢ o &

QO OODOCOOO0OO0ODOOO D

—
p—

-
w N

DIFFERENCE
0.0090
0,150

-0.025
-0.050
-0.,025
-0.025
-0,100
-0.150
-0.125
-0.100
-0.100
-0.250
-0.025
-0.150
-0.125
-0.175
-0.175

DISPLACEMENT
0. 000
-0.150
-0.125
-0.075
-0.050
-0.025
0.075
0.225
0.350
0.450
0.550
0.800
D.825
0.975
1.100
1.275
1.450



191 —10000

SURFACE DISPLACEMENT= 0.00

ORIGINAL DATA

DEPTH TOWARDS AWAY DEPTH AVERAGE DIFFERENCE DISPLACEMENT
0.0 0. O. 0. 0. 0.0 0.000 0.000 0.000
1.0 666, 666, 883. 882. 1.0 -10.825 0.175 -0.175
2.0 678. 678. 868, 869, 2.0 -9.525 =-0.025 -0.150
3.0 708. 707. B40. B42. 3.0 -6.675 -0.075 -0.075
4.0 715. Tl4. 834. B36. 4.0 -6.025 -0.025 ~-0.050
5.0 706. 7107, B42., B842. 5.0 -6.775 0.025 -0.075
6.0 705. 705. 845, 846, 6.0 ~-7.025 -0.025 -0.050
7.0 723. 724, B26. B26. 7.0 -5.125 -0.025 -0.025
8.0 739. 741, 814. 8lé6. 8.0 -3.750 -0.050 0.025
9.0 74¢. 750, 802. 804%. 9.0 =2.675 -0.075 0.100

10.0 765. 766 786 788, 10.0 -1.075 -0.075 0.175

11.0 818. 820, 734. 136, 11.0 44200 -0.100 0.275

12.0 839, 839. 712. 712, 12.0 6.350 0.050 0.225

13.0 846. B46. 706, 705. 13.0 7.025 -0.075 0,300

14.0 864, Bbb6. 686. 686, 14.0 8.950 -0.050 0.350

15.0 867. 868, 684, 683, 15.0 3.200 -0.100 0,450

16.0 846. 846, 706, 706 ’ 16.0 7.000 -0.100 0.550
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11.0
12.0
13.0
14.0
15.0
16.0

xI

O.
654,
€68,
696.
704.
695,
663,
710.
728,
738 L]
753,
806 .
828.
834.
B54.
858.
834,

DRIGINAL DATA

TOWARDS

o.
655.
669,
6G8.
70%.
697.
695,
713.
730.
740,
757,
808,
828.
836,
856.
834,
834.

0.
870.
856,
828.
822.
830,
834,
816,
804 .
790,
774,
7124
701.
694,
6£T4 0
673,
696,

SURFACE DISPLACEMENT=

AWAY

O.
871.
856,
830.
824,
830.
835.
817.
804,
792.
T74.
724,
702.
694,
674.
674,
696,

1.1

-5000

e & o ¢ M

OQWVWB IOV pWN OO
OCOO0OQCOOQOOOOO D

0.00

—
X

AV ERAGE
0.000
-10.800
-9.375
-6.600
=5.925
-6.700
-7.025
-50250
-3.750
=2.600
~0.950
4,150
6.325
7.050
3.050
8.625
6.900

DIFFERENCE
0.000
0.200
0.125
0.000
0.075
0.100

-0.025
-0.150
-0.050
0.000
0.050
-0.150
0.025
-0.050
0.050
=0.675
-0.200

DISPLACEMENT

0.000
-0.200
-0.325
-0.325
-0.400
"'Oo SOO
-0.475
’00325
-0.275
-0.275
-0.325
-0.175
-0.200
-0.150
-0.200

0,475

0.675
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Pt ot
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14.0
15.0
16.0

I

0.
€50.
660.
690.
697,
687.
685.
703.
720.
730.
747.
799.
Bl&,
826,
846,
848,
826.

ORIGINAL DATA

TOWARDS

0.
649,
660.
689.
695.
687
684,
703.
720.
731,
747,
800.
818.
826.
847,
B47T.
826.

00
860,
849,
820.
814,
823,
826
808,
794,
781,
765,
T7i2.
693,
685,
664
665.
686,

SURFACE DISPLACEMENT=

AWAY

0.
861,
849.
820.
814,
822.
826.
806.
795.
782.
766,
7T13.
694,
685.
666
664,
688.

1.1

-4,00

¢ ¢ o 2 ® ® & o s e o M

OOV ~NTWMHWN-~OO
QOO0 ODOOCOODODOOO™®

ot

*

15.0
16.0

Pt et pest s
PO N e

0.00

—
x

AVERAGE
0.000
-10.550
~3.450
~6.,525
-5.900
-6.775
-7.075
=5.200
-3.725
-2.550
-0.925
4.350
6.225
7.050
9.075
9.150
6,950

DIFFERENCE
0.000
0.450
0.050
0.075
0.100
0.025

~-0.075
-0.100
-0.025
0.050
0.075
0.050
-0.075
-0.050
0.075
-0.150
‘0. 150

DISPLACEMENT

0,000
-0.450
~0.500
-0.575
-0.675
-0.700
-0.625
~0.525
-0.500
-0.550
-0.625
-0.675
-0.600
-0.550
-0.625
-0.475
-0.325



1.1 -3.00
SURFACE DISPLACEMENT= 0.00

DRIGINAL DATA

DEPTH TOWARDS AWAY DEPTH AVERAGE DIFFERENCE DISPLACEMENT
0.0 O. 0. 0. C. 0.0 0.000 0.000 0.06060
1.0 616, 618. 827. B824. 1.0 -10.425 0.575 -0.575
2.0 626. 628, 815. 812. 2.0 -9.325 0.175 -0.750
3.0 656. 657, 784, 784, 3.0 -6.375 0.225 -0.975
4.0 633, 634, 778. 778, 4.0 -7.225 -1.225 0.250
5.0 £52. 653, 786, 786, 5.0 -6.675 0.125 0,125
6.0 650. 651, 792. 791. 6.0 -7.050 -0.050 0.175
7.0 669. 668, T72. 7169, 7.0 -5.100 0.000 0.175
8.0 684. 684, 761. 760. 8.0 -3.825 -0.125 0,300
9.0 696, 696. 748, T47. 9.0 -2.575 0,025 0.275

1C.0 712. 7111, 731. 730. 10.0 -0.950 0.050 0.225
11.0 764. 763, 680. 680. 11.0 44175 -0.125 0.350

12.0 785. 784, 659. 657. 12.0 64325 0.025 0.325

13.0 793. 792, 650, 650, 13.¢0 7125 0.025 0.300

14.0 812. 811, 631. 630. 14.0 9.050 0.050 0.250

15.0 814. Blé4. 630. 628, 15.0 9.250 ~-0.050 0.300

16.0 791. 791, 650, 650. 16.0 7.050 ~-0,050 0.350



1.1 —2000

SURFACE DISPLACEMENT= 1.50

DRIGINAL DATA

DEPTH TOWARDS AWAY DEPTH AVERAGE DIFFERENCE DISPLACEMENT
0.0 O. 0. 0. 0. 0.0 0.000 0.000 1.500
1.0 620. 620, 830. 830, 1.0 -10.500 0.500 1.000
2.0 632. 633. 816, 816, 2.0 -9.175 0.325 0.675
3.0 €63. 665, 788. 789. 3.0 -6.225 0.375 0.300
4.0 670, 671, 784, 783, 4.0 =5.650 0.350 -0.050
5.0 658. 660. 7194, T9%4. 5.0 -6.750 0.050 -6.100
6.0 £56. 658, 799, 799. 6.0 -7.100 -0.100 0.000
7.0 674« 675 779. 778. 7.0 -5.200 -0.100 0.100
8.0 692. 693. 768. 769, 8.0 -3.800 -0.100 0.200
3.0 701. 703, 753, 754, 9.0 -2.575 0.025 0.175

10.0 716. 718, 738. 739, 10.0 -1.075 -0.075 0.250

11.0 768+ T70. 688. 688, 11.0 4.050 -0.250 0.500

12.0 790. 791, 664, 6Hb4. 12.0 6.325 0.025 04475

13.0 80C. 799. 656+ 655, 13.0 7.200 0.100 0.375

14.0 818, 819, 634, 635, 14.0 9.200 0.200 0.175

15.0 B22. 822, 633. 632. 15.8 F.475 0.175 0.000

16.0 801. 801. 654. 654, 156.0 7.350 0.250 -0.250



l.1 -1.00

SURFACE DISPLACEMENT= 1.90

DRIGINAL DATA

DEPTH TOWARDS AWAY DEPTH AVERAGE DIFFERENCE DISPLACEMENT
0.0 0. 0. 0. O, D.0 0.000 0.000 1.900
1.0 634, 634 840, 840. 1.0 -10.300 0.700 1.200
2.0 64T+ 650, 830. 828. 2.0 -9.025 0.4175 0.725
3.0 675, 678, 802. 800. 3.0 -6.225 0375 0.350
4.0 681l. 683, 796. 795, 4.0 -5.675 0325 0.025
5.0 670. 673, 806, 805, 5.0 -6.700 0.100 -0.075
6.0 666, 668, 812, 812. 6.0 =7.250 -0.250 0.175
7.0 686. 688, 792. 190. 7.0 -5.200 -0.100 0.275
8.0 702. 704 780. 781, 8.0 -3.875 -0.175 0450
3.0 713, 716, 765« 167, 9.0 =2.575 0.025 0425
10.0 125. 7127, 753. 1756. 10.0 -1.425 -0.425 0.850

11.0 770. 772, 708. 1711, 11.0 3.075 -1.225 2.075

12.0 797. 797 684, 683, 12.0 5.675 -0.625 2.700
13.0 8C6. 806, 674, 673, 13.0 6.625 -0.475 3.175

14.0 824. 824. 655. 656, 14.0 8.425 ~0.575 3.750

15.0 843. 844, 637. 636, 15.0 10.350 1.050 2.700

16.0 830. 830. 650. 650, 16.0 9.000 1.900 0.800



lateral Sub-surface Movement Perpendicular to Centre ILine

(2.2, 3.2, 4.2)

Positive indicates movement away from channel
Negative indicates movement towards channel

Displacement in mm.
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SURFACE DISPLACEMENT= C.00

ORIGINAL DATA

TOWARDS AWAY DEPTH AVERAGE DIFFERENCE DISPLACEMENT

G Os O, T 0.0 0,000 . 0.000 0.000
906, 906, 622, 622 1.0 14,200 -0.,100 0,100
G17. 917, £11. 611, 200 15.300 -0.200 0,300
914, Slé, 6l 614, 3.0 15,000 -0.100 00,400
882. 681, &b, B4bo 4.0 11.775 -0.025 Cot425
B4, 8BEb, 664, 665, 5.0 10.525 0.525 -0.100
B48. E50. £80. BHB2. 6.0 g.,400 -0.100 0.000
B60. 8620 669, 65689, 7.C 9,600 -0.100 0,100
5&. 858, 571  &74, 8.C Ga.225 0.025 0,075
821, 392, 6538, 638, 9.0 12.675 -0.225 0.300
@37. 937, 5G92. 593, 10.C 17:,225 -0.075 0.375
948, S48, 581, 582, 11.0 18,325 -0.C75 0450
Qt4, Gb&2. 566, 565, 12.0 19,850 -0.150 0.600
G64. G655, 564, 564, 13.0 20.025 -0.175% D775
873, F70. 553, ©55¢%. 14,0 206550 -D.150 0.925
GT6, Bid, 554, 554, 15.0 21,100 -0.100 1.025
978, 980, 551. 552. 16.C 21,375 -0.025 1.050
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922
G334,
Q30 .
£98,
£81.
868,
£78.
874,
a38a,
gc4,
965,
980,
982,
GE8,
G492,
GhE .

ORIGINAL DATA
TOWARDS

Cs
Q22.
934,
932,
358,
B81l.
BT
2880,
874,
910G,
954,
5666
982,
983,
GRB.,
G2,
366,

Do
835,
524,
628,
HED.
678,
6954,
AR2 0
£88,
652,
6507
567
P11,
580,
574,
570,
567

202 _10000

SURFACE DISPLACEMENT

AWAY

O.
638,
626,
529,
662,
580,
£97,
6H84,
£88.
£5%.,
608,
5G8,
582
580,
576
5706
568,

= 0,30

o

Mo RNe s REN NG SRV}
°
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O
o

o

°
COOODOOO DO

bt e
oW
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o

15.0
16-C

AVERAGE
0,000
14,275
15.450
15.125
11.850
10.100
B.550
9,800
G.300
12.800
17.325
18.400
18,6875
200125
20,650
21.100
21425

DIFFERENCE

0.000
-0.025
0,050

0.025

0,050

0.100

0.050

0.100

0.100
-0.100

0.025

0.000
-0.025
-0.075
-0,050
~0.100

0.025

DISPLACEMENT

0.300
0.325
0.375
0.350
0.300
0,200
06.150
0050
-0.050
C.050
0,025
0.025
0.05%0
0.125
00175
0.275
0.250



202 -5000

SURFACE DISPLACEMENT=-14,32

ORIGINAL DATA

DEPTH TOWARDS AIAY DEPTH AVERAGE DIFFERENCE DISPLACEMENT
0.6 0o 0o 0o Q. 0.0 0.000 0.000 -14.320
1.0 775, 7735 749, 151, 1.0 1.200 -13.100 -1.220
2.0 £93. 8B%2. 638, 634, 2.0 12.82% =-2.675 1,455
3.0 G199, 215, 604, 606, 3.0 15.600 0.500 0.855
4.0 g82, 379, £44., 648, 400 11.725 -0.075 1.030
5.0 B6Z2., 862, 662. &65, 5.0 G.325 -0.075 1. 105
660 848, 848, 680, 682, 660 8.350 -0.150 1.255
7.0 8§60. B60, &06. 66F, 7.0 11,150 1.450 -0,195
Ba 0 856. B56,. 70, 672, 8.0 2250 0.050 ~0.245
5.0 £38., B892, 636, 632, 9690 12.300 -0.100 ~0.145

10.0 G3R. 238, 590, 590, 10.0 17,400 0.100 ~0. 245

11,0 G49, 248, 580. 580, 11.0 18,425 0.025 0,270

12.0 G62. Q64 564, 564, 12.0 13.220 -0.050 -0.220

13.0 966, GE&o 562, 562, 13,0 20,150 -0.050 -0.170

14,0 C70. 970, 556, 558, 14,0 20.650 -0.050 -G.120

15,0 976 876, 552, 553, 15.0 21.150 -0,050 -0,070

16,0 979, G799, 550, 550, 16.0 21450 0.050 -0.120



202 _].oOO

SURFACE DISPLACEMENT= -G,75

ORIGINAL DATA

DEPTH TOWARDS AWAY DEPTH AVERAGE DIFFERENCE DISPLACEMENT
Je 0 Co Us Co 0. 0.0 0,000 0,000 -8, 750
1.0 B08. 808, 672. 672, 1.0 6.200 =7.500 =2.250
2.0 873, 874, 608, 608, 2.0 13.275 ~2.225 ~-0.025
3,0 895, 899G, 585, 586, 3,0 15,575 0,475 -0.500
4.0 856, 858, 623. 626 4, 0 11,625 ~0.175 ~0.325
5.0 840, 842, 643, b4b. 5.0 G.825 -0.175 -0, 150
6.0 824, 827, 659, 663, 6.0 8,225 -0.275 0125
7.0 B37. B840, 646, 548, 7.0 9.575 0,125 0.2%0
B. 0 833, 835, 650, 654, 8.0 9.100 -3,100 0.350
G0 868. 871, 615, 616s Q2,0 12,730 -0,200 0.550

10.0 Ql4. 915, 570. 570 10.0 17.225 -0.075 0.625

11.0 G26., 927 559, 559G, 11.0 18375 -0.02% 0.650

12,0 G40, Y41, 545, 544, 12.0 19.800 -3.200 0.850

13.0 G&2, 943, 544, 542, 13.0 19.975 =-0.225 1.075

14.0 947, 948, 538, 537, 14.0 20.500 -0.,200 1,275

15,0 @56, 955, 534, 531, 15,0 21,150 -C.050 1.325

16,0 859, 960, 520, 524, 16,0 21.875 N.475 0,850



2.2 +1.00
SURFACE DISPLACEMENT= -5.79
JRIGINAL DATA

DeEPTH TOWARDS LWAY DEPTH AV ERAGE DIFFEREMCE DISPLACEMENT
0.0 D Oo C. 0. 0.0 0. 0090 0.000 -5.790
1.0 802. BO2. 620. &22. 1.0 9., 0%0 -5.250 -0.540
2.0 847, 848, 576 516, 200 13.575 -1.925 1. 385
3.0 866, 868, 556, 557, 3.0 12,525 Qo425 0.560 |
4.0 §32., 831, 582, 592, 4,0 11,975 0175 0. 785 |
5.0 210. 809, 6l4. 615, 500 3,750 -0.250 1,035
6.0 794, 793 £31. 632, 6.0 2,100 -0.400 1.435
7.0 806, 8C7s 618, 618, 7.0 G425 ~0,275 1.710
8.0 789, 768, 624, 627, 8.0 8,650 -0.550 . 2260
5.0 B34, 833, 589, 59l, G.0 12,175 -0.725 2,585 .
10,0 885, 886, 537. 53%. 10.¢C 17.375 0,075 2.910
11.0 903, 903, 521. 522, 11.0 19,075 0.&75 2.235
12.0 G26. G924, 498, 498, 12.0 21.350 1.350 G. 885
13.0 S34. 934, 489, 490, 13.0 22,225 2.025 -1.140
14.0 306, 906, 516, 518, 14.0 19,3275 -1.325 0,185
15.0 901, 8¢G, 527. 529, 15.0 18.600 -2,600 2,785

16.0 934, 834, 489, 490, 16.0 22.225 0.825 1.560



SURFACE DISPLACEMENT= -2,35

ORIGINAL DATA

DEPTH TOWARDS AWAY DEPTH AVERAGE DIFFERENCE DISPLACEMENT
Ue 0 0. Ce 0. 0o 0.0 0,000 0.000 -3,350
1.0 70. 69 124, -122. 1.0 9.625 4,675 1.325
2.0 128. 129, 178, -174. 2.0 15.225 -0.275 1.600
3.0 126, 129, -179. -172, 3.0 15,150 8,050 1.550
4,0 87. 87 -139, -134, 4.0 11.175 -0.625 2.175
5,0 67 €5, “114, =111, 5.0 8.925 1,075 3,250
6.0 48. 53, -100. =94, 6.0 7.375 -1.125 4,375
7.0 64 63, ~114. -109. 7.0 9,725 0,975 5,350
8.0 69, 47, -98., -93. 8.0 7.175 -2.025 7.375
9.0 95. 97, -147, -143, 9.0 12.050 -0.850 8225
10.0 139,  140. -199, =185, 10.0 16,325 -0.975 9.200

11.0 165. 170 -218. -210C, 11.0 19,075 0.675 8.525

12.0 186, 189, -235, -231. 12.0 21.025 1.025 7.5G0

13,0 196, 199, -250, -245, 13.0 22.250 2.050 5,450

14,0 200. 203, -248, =250, 14,0 22,525 1.825 3.625

15.0 207, 2CT. 273, -274. 15.0 24,025 2.825 0.800

160() 22Qo 2300 _2730 —'27?)0 l\‘)oO 250125 30725 -20925
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12.0
13.0
14,0
15.0
16.0

I

O
&l
110,
110.
69
42,
29,
42,
25,
70,
il%.
142,
166,
177,
183,
135,

20
L4 °

ORIGINAL
TOWARDS

OO
6le
114,
112,
76
49,

—
=
~ 0

47,

31

T4,
121,
145,
170,
177,
186,
190,
216,

SATA

0.
144,
-194,
-195.
-158,
-132.
-115,
-130.
-11l4.
-157,
=204,
-2 300
-252,
-261.
"25;90
=273
-301.

SURFACE

AWLY

O,
=142,
-191.,
-191,
-152,
-128.
-111,
-126,
-1309,
-153.
-26GC.
=227,
=250,
~-258,
-268.
=272
=300,

202 +13.00

DISPLACEMENT= -1,83

DEPTH

L] ° o o o

o o

© ° o L]

o

W=D 0N wWwN = O
o o
QOO ODODODTLOODOOHO

4

ol pd bt pad e

©

—
oo

o

AV ERAGE
0.000
1D.200
15.225
15,200
11.375
8.775
7.250
Bo625
£.975
11.350
16.000
18,600
20,950
21.825
22,650
23.000
25,700

DIFFERENCE
0,000
-4,100
-0.275
0,100
-0.425
-1.225
-1.250
-1.075
-2.225
-1.550
~-1.300
0.200
0.850
1.625
1.950
1,800
4,300

DISPLACEMENT
-1.830
20270
2.545
2.445
2.87C
4,095
5.345
60420
Bo 645
10,195
11,405
11.295
16.345
8.720
5. 770
4,970
G.67C



242 +23,00
SURFACE DISPLACEMENT= -1.52

ORIGINAL DATA

DEPTH TOWARDS AVAY NEPTH AVERAGE NIFFERENCE DISPLACEMENT
0.0 O, 0. 0o 0o 3.0 0.000 0.000 -1,520
1.0 b6o b6 ~149, —147. 1.0 10,700 -2,600 2,080
2.0 111, 112 -156., -191, 2.0 15,250 -0.250 2.330
3.0 110, 110, -195. -190, 3,0 15,125 0,025 2.305
4.0 1. 71, -15%. -154., 4o 0 11,375 -0.425 2,730
5.0 Gh, Lk, -132. -127. 5.0 8,725 -1.275 4,005
600 29, 32, 115, -110. 6.0 7,150 -1.350 5.355
7.0 sho  4h4, -132. -127. 7.0 8.675 -1.025 6380
8.0 27. 30, ~114. =109, 5.0 7,000 -2,200 8,580
9.0 66o T2 -158. -152. @, C 11,200 -1.700 1C.280

10.0 11