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Abstract N

Contained within are field measurements and subséquent
analysis associated with the investigation of 1loads and
displacements along a 500m length of tunnel. The tunnel,
3.2m in diameter with an approximate debth of burial of
12.2m above crown, was excavated ~using a Tunnel Boring
\hachlne with a steel set and wood lagging primary 1liner,
Data presented covers a wide spectrum of btunnelling
conditiﬂns,’_a result of .-variable ground . conditions
encountered along the tunnel.

Dlsplacements investigated using 26 surface settleﬁant
-'points, 5 . mult1p01nt extensdmeters'and 2 slope indicatérs
showed increases in movement which could be -closely .
correlated with. changing geologic conditions. It was also
found, in an area whare all indicators suggested
non-yielding ground, that small equal vertical di'splacements
existed above the tunneli crown. These movements' were
.coﬂsidered analogous to the deflections at the centre of a
deep elastic beam as opposed to an indicatiqn of block 1like
failure into'the tunnel. ﬂ |

Load measurement along the tunnel necessitated the
development ofv an 1nexpen51ve but accurate system. It was
thus decided that deflections occurrlng at the 'cengfe of ©
regula: construction lagglngs ,could be wutilised to back
calculate pressure magnitudes if .certain aséumptions were

-made. Development of a system to detect such deflectioﬁa
resulgedvin the first"UniverSity_of,Alberta Defléctometer“

PR
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Measurement of éteel set loads was achieved using 16 load

‘cells. o |
Local tunnel behaviour,  together with accuracy

determination of wood lagging pressures, was investigated

o
using four formal test sections. These sections indicated

pressure distributions typical of a flexible lining system.

vRatios of steel set load to lining ;pad were found to wvary
. . /

between 1.2 and 3.8 with the lower values being observed

- under the poorest ground conditions. \ ﬁ

The acéurgcy of a siTgl? pressure préﬁiction by a wood
lagging was found to be (inﬁluenced by several factors.
Further investigation of the method, however, especially in
Test Section 3, indigated‘ that T"average" pressure values
could be obtained if more measurements than is usually
considered economical were made.

.Einally, a new measureme;t} technique based on
information gained from Test Sections 1 to 4, was applied at
16 sections along the tunnel. This resulted in -crown
pressure magnitudes which varied from 4.8% to 49.3% full
boverburden. All sections,i located directiy underneath a
surface settlement point, allowed investigation df the
in£errelationship between loads and displaceﬁents. This gave
" a trend of inéreésing load vwith —increasing displaceménts
although no direct numérical relationship was evident.

Conventional methods of lining 1load prediction, with

the exception of Terzaghi, proved to be overconservative and

insensitive to changing ground conditions. To investigate

B



the full sﬁectrum.of encountered ground conditions“q/wmetbod
referred to as the Convergence Confinement Method (CTM) was
used. In this method changing ground conditionslwere moéeled
by imposing decreased strength pérameters to material within
an %}panding circular yield zone. These strength par:meters;
defined as the "apparent shear strength parameters ¢ and c

", were chosen to model tempbrary effects such as excess
pore pressures and loosening, present around the‘tunnel
;Ekf. While more investigétion i? required into ¢* and c*
valﬁes, results indicate_that trends of pressure dependence

and maghitude could guite accurately be predicted given

correct apparent shear strength parameters.

vi
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1. INTRODUCTION

Edmonton, located in central Alberta, has had an active
tJ;nelling hfstory over the last forty years with an
approximate total of §0vkilométers being constructed in the
past ten years alone.‘ The vast majority of these tunnels
'hayp been construéted'for storm and sanitary purposes, e.g.,
BOkm of these tunnels in the past 10 years have been for
this purpose. In  recent years tunnelling activities
associated with the éxfension of the Light Rail Transit
Systenm within Edmonton have been major undertakings although
in total distante it has oniy accounted for approximately
1.6 km. |

In an effort to wunderstand the complex problems of

tunnelling in relation to the development of lining loads

and soil displacements, §everal stuaies, sponsqﬁed by the
}City‘of édmonton, have been undertaken by the Dépaftmqht of
Civil Engineering, University of Alberta,‘ Edﬁoh;on,
.(ElfNahhas, 1977; El-Nahhas, - 1980; Branco! 1981). ..This
present-study'{s a continuation of these efforts to obﬁain a
better understanding of the in;erdependency‘of construction
érocedure and ground conditions wupon measured loads and

displacements.

1.1 Objectives of this Thesis
Unlike the previous studies already cited which
investigated the performance of short, heavily instrumented

sections, this project wished to examine the variability of

-~
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loads and displaceﬁents along a larger portion of tunnel.
While surface displacements can be measured relatively
cheaply' the measurement of lining loads generally requires
more sophisticated and hence more expensive methods.
Although, economics did dictate development -of an
inexpensive measur}ﬂg\technique;L;o enable meaSurementA of
load along the tunné;, it was also an initial objective of
this project to develop~and investigate the éccuracy'of such
a . system. In this respec€3the first "University of Alberta
Deflectometer” was designed and constructed for use in this
study. This instrument, which measures lagging deflections,
satisfied a request of the City of Edmonton, Departmenp of
Water and Sanitation ( co-sponsors of the project) to have é,
simple put still accurate inexpensive monitoring system

developed for use in future similar works.

1.2 Scope.of this Thesis |
In the fbllowing'chapters the techniques and approaches
taken in pursuit' of the "aforementioned objectives. are
presented. -
Project details and geology are coﬁtained in Chapter ;@
while Chapter 3 introduces the,ihs;rUmentatiQn chosen, why
it was selected, how it was calibrated ang finally how it
' was installed. |
Chapter's 4 and 5 present the data obﬁained from all

installed instruments. Chapter - ¢ contains ground

displacement measurements while Chapter 5, the backbone of



this thesis, presents information on load measurements along
the tunnel. It also contains details of the measuring
technique used to obtain Jthe load measurements. After
" developing theoretical relationships.between aSSuméd ground
strength parameters and expected tunnel 1lining 1loads, the
interrelationship betwéén measured loads, displacements and
theoretical predictions are investigated.

Chapter 6 summarizes the conclusions of this project,

“



v2. PROJECT DETAILS AND GEOLOGY

2.1 Project Details
2.1.1 Location g '

Edmonton, a city of apprqximately 500,000.inhabitants,
is located in central Alberta on the banks of the North
Saskatchewan River. Figure 2.1 shows the genegal location of
the p;bject area within Edmonton. A more detailed map of the
site area together with the location of the tunnel centre
line i§ given in Figure 2.2. The tunnel, constructed in
glacial deposits, is inténded to convey'storm water to the
North Saskatchewan River. At present» the site area is

largely undeveloped.

2.1.2 Tunnel Details

The tunnel, 3.2m (126inches) inﬁaiameter had a total
plan length of 1670m. Construction followed wusual City of
Edmonton procedures wutilising a Tunnel Boring Machine (TBM
or Moie) together with a steel set and wood lagging primary
liner. Generally, steel set spacing was 1.22m (4feet)
although this was reduced to 0.91m (3feet) if ground
conditions deteriorated. The- decision to reduce the rib
spacing was taken if rib expansion resulted in consistent
wood lagging breakages. Lagéing was 80mm (3inches) thick and
130mm (5inches) wide in the crown area while below the

springline 50mm (2inches) thick and 250mm (10inches) wide
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boards were used. -

2.1.3 Tunnel Borfng'Mach}ne (TBM)

The TBM used in this project was a ;Lovatt M126— eries
' No 4800 _with a max1mum of 485 horsepower. Power was S
to the TBM by two 200 horsepower electric motors and a 75
horsepower auxiliary electric motor. The 10. horsepower
deficit 'is obtained using a charge pump systemft

AThe TBM which ‘was 3.2m (126,in¢hes) in diameter pushed :
itself forwardbusing a maximum of 10 propUlsion jacks. A
total max imum »'thrust of 5.3MN is . available although
" typically only 1.5MN was used. Using the Jacks a ‘'total
maximum advance of 1.68m (66 inches) was possible.

The .total %ehgth of the TBM was 6.1m (QOfeet) although
a feeder conveyor belt, desighed to remove.material from the
- face, extended. approximately another ém (30 fee&)'rearwagd.

o .

2.1.4 Construction Procedure and ExcavatrontRates

' The construction of the. tunnel involved' excavation of
~ the tuhqel in increments of . lehoth one 1ncrement be1ng
' equal to the r1b spacing. The excavation and 1nstallatlon of
each increment utilised the follow;ng procedure:
1. Using the installed lining as a reaction,force, the TBM

pushed 1tself forward into the so--. Dur1n9 pushlng, the

head of the TBM was rotated thereby excavatlng materlalJ

and advancing the face. The excavated material was

> removed from the cutting head via a feeder conveyor

A

i



"~ belt. The feeder conveyor deposited the spoil onto a
second longer belt. The second belt was supported well
ébove “ the tunnel 1invert on a hollow steel frame
structure. The frame allowed passage of the electrically
powered muck train underneath the belt to the tail area
of the TBM. Material from the second conveyor was
‘dischafged into the waiting empty muck cars. The cars
were filled consecutively as the muck train reversed
erm the frame.

| After the TBM haé advanced far enough for a rib to
be erected within the tailpiece, it halteé, at which
time the muck train departed to be wunloaded. Train
unloading was achieved by side)dumping capabilities of
thé muck cars into a hoist skip. Material was lifted to
the surface by the hoist and sqbsequently trucked away.

Awd

During excavation wood 1lagging required for the
next rib xwas stacked on the floor of the tunnel in a
convenient manner to aid erection time.
The three steel segments required to make the complete
circie were erected within the shield such that one rib
joint was located at the tunnel invert. To enhance the
erection time of a rib the two side steel sets, reguired
for the rib, had been fabricated at the conclusion of
. the previous rib. For storage} during excavation of the
present rib, the fab}icated twin steel sets were

attached to the top pushing frame of the TBM. The upper

steel set, stored up the side of the molé, was manually



lifted over the feeder conveyor belt and the steel set
ring complet;d. » (

After establisying the correct rib ‘distance by
inserting a lagging bcard at invert and pushing gently
on the newly formed steel set ring the lagging boards
were placed in position, starting- at the invert and
working up around both sides. |
Expansion of the steeiléets using radially poéitioned
rams was next performed. Due to.the Shield tail being
behind the now penultimate fing, only the trailing steel
set of that ring could be expapded at this time.
Expansion was achieved using two similar stages, each
one resulting in a 100mm (4inches) expansion of the two
upper steel set joints. The expansion spaces _were
maihtaiﬁed by 1inserting 100mm 1long "I" section steel
spacers. ‘

After the ram was retracted, chains vto hold the lést
three ribs together were placed on both sides of the
tunnel. The purpose of the chains was to prevent
looséﬁing of the end rib when thquBM push stopped afte-
excavation of the next ring. This was 'import;nto under
high 1load conditions as movement of the steel set ring
3
.would have led to lagging, followed by material,
:entering the tunnel. The newly formed rib* was now used

.as an extension to the reaction force and the. procedure

described in 1 to 4 repeated.
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- The advance rate wusing the éforementioned'procedﬁre
varied depending on the ground conditions. In good ground,
i.e., ground where the face was self-supporting, that is,
excavation could be pg}formed with the shield face doors
fully open and where no ground water was present, excavation
advances of 12.2m (40 feet;10 ribs) were not uncommon in an
eight hour shift. Occasionally advances in excess of 15m
(12-13 ribs%awas achieved. In poorer ground conditions where
water . ingress created major problems, . advance rates
decreased to approximately 6m (20 feet; 5 ribs) per eight
hour shift with advances as low as one rib being recorded
under the very.worst conditions.

Water 1ingress through the cohesionless ﬁaterial found
at the tunnel level, resulted in the following difficulties,
which were manifested in decreased advance rates:

1. Slower excavation due to the inability to fully open the

Shield doors.

2. Large ground losses due to material being washed into
the tunnel by water; and |
3. Increased difficulties keeping the TBM on line.

Point 2 had the largest impact as constant muckihg out
of material during excavation and prior to lagging
installation was reguired. In the areas where large amounts
of fine silty material were being washed into the tunnel,
the construction technigue was modified sliggtly to

incorporate location of a geotextile beh&nd the lagging in

an effort to stop the material. While this was effective
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away from the tail area it did nothing to improve conditions
at the tail and did in fact slow down the installation time
of a rib.

Periodic tunnel dglays occurred due to TBM maintenance
wvork, e.g., replacingvexcavating teeth and shut down whilst
surveying crewg set out fhe line. Random delayé occurred
from equipment breakdowns or instances where boulders were
located in front of the TBM. Depending on their size some of
these boulders required breaking up with a jack  hammer
before removal. One unique delay involved the hitting of a

steel pile belonging to a recently constrhcted bridge pier.

Q.P Geological Details:
& .

2.2.1 General Edmonton Geology

) The dominating factor of Edmonton surficial deposits
was the occurrence of glaciation by the Wisconsin ice sheet
which left the area.approximately 10,000 years ago. Westgate
(1969) postulated advance and readvance of this 1ice sheet
which deposited two .individual till sheets. "Kathol and
Macpherson (1975), however, question the existence of two
separate sheets expiaiping colour._differences of the two
layers as a proauct of oxidation. Recent personal
communication ( S. Thpmson, Department of Civil Engineering,
University of Alberta) indicates also that the till 1in the
Edmonton area 1is from one depositional episode. Tiedemann

(1984). presents evidence in support of a sinéle till sheet -



comprised of three different till types.

The'underlying bedrock which controls to a large extent
the surface topography is known as the Edmonton formation
(Kathol and Macphefson, 1975) although Irish (1970) refers
to it as the Horseshoe Canyon formation. .The formation
‘consists primarily of fine grained bentonitic sandstones and
siltstones 1interbedded with  bentonitic silty claystones
(Kathol and Macpherson, 1975). Coal seams, a product of a
shallow inland sea thch used to cover much of North America
and bentonite beds of variable thickness are common. The
bentonite beds are attributed to volcanic ash. -

The topdgraphy of the bedrock was established prior to
‘glaciation by a well defined dendritic drainage system
flowing easfwards from the Rocky Mountains. Tha thalwegs‘of
" these preglacial valleys have been mapped in the Edmonton
area by Carlson (1967/'. |
’ The preglacial channels have an important bearing. on
tunnel construction in the Edmonton area as they are
generally floored with watér bearing sands ang gravels'knqwn
as Saskatchewan Sands and Gravels. The valleys were infilled
as the .Wisconsin ice sheet advanced up the regional slqpevof
the 1land. The advancing 1ice sheet caused damming of the
rivers resulting in a velocity decrease and deposition of
some bedlqad and henca aggrading of the valleys. These
sediments, - due to velocity changes as the ice sheet
approached, generally show a gradatibn of finer to coarse

material with depth. After advance of the ice sheet these
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valleys and their sediments were filled with till. The final

cap in the Edmonton surficial lithology is the Lake Edmonton

Clay which is a sediment from glacial Lake Edmonton which
formed. during ice retreat.

| Present drainage of the area is achieved by the North
Saskatchewan River (and tributaries) which since
deglaciation has down cut through the glacial sediments to
bedrock. The North Saskatchewan generélly follows the old
preglacial valleys and only in some'Fegions has it eroded a

new channel.

2.2.2 Geological Details of the Project Area

surficial deposits in the project area are in excess of
30m (100 feet) due to the presence of an infilled preglacial
valley. A report by Kathol and Macphersonﬁ%ﬁ975) suggested
the lithology in the area consisted of 3-5m (10-15 feet) of
~”glacio lacustrine (Lake Edmonton Ciay) material, 16-22m
(50-75 feet) of glacial till overlying 6-8m (20-25 feet) of
Saskatchewan Sands and Gravels.

Site investigations at the project area confirm that

these numbers are correct. The presence however of a 3-5m

(10-15 »feet) thick layer of fine silty, water-bearing7

cohesionless material was not expected. This layer, which
was located beneath the tunnel invert for the first 650m
from the east portal, appeared at or above crown level éor
the. remaihder"of the project and resulted in severe

tunnelling diffi;ulfies. Using information obtained from the
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,

site invéstigation for this project plus other borehole logs
from the area, kindly supplied by Edmontonv Geotechnical
Consulting firms, a three diménsional plot of the top
surface of this sand layer(Fiqure 2.3) was prepared for the
project area. The approximate position of the tunnel centre
line isfalsobgivenrin Figure 2.3. ,

Figure 2.3 shows this layer to havela shape closely
approximated by a quarter basin wiﬁh its low péint located
in the south east corner of the area. Geologically this may
‘ beiexplained byhdepositioh close to the ice front-in an ice;
marginal‘ 1ake:L This is postulated since the present.sife
area was a large distance from the western lake margin which
resulted in all the co;rse material contained in the current
- flowing along the eage of the ice being deposited p;ior' to
reaching the site location. The stagnant ice front known to
exist in“the area (St Onge, 1972) had a sudden change in
shape, i.e., a change frém running approximaﬁeiy east-west
to running north-south. The sudden change in flow direction
of the current along the ice edge undoﬁbtedly resulted in a
velocity decrease éhd subéequent deposition of the silts
while smaller sized fines were carried on. The ogcufrence of
till on top of this lafer is believed to be a pfoduct of
eifher a flok till or an ablation till.

With reference to Figure 2.3 and personél knowlgége, of
geological conditions’ along the tunnel the four geological
regions as presented in Figure 2.4 were delimited. A brief

description of these regions follows.
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Area 1

Area 11

Area 111

Area 1V
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Tunneling conditions . in this region were
excellent with matgrial being é cpﬁpetent till.
Minor problems arose when discontinuous sand
lenses, typical of the glacial deposits in
Edmonton, were encountered.

Major problems concerning water iqgréss from the
sand layer delayed. construétion acéivities
considerably. '

In this area slightly moré clay binder increased

the cohesive forces in the sand layer. This

decreased the permeabil.ty and thus reduced the

-severity of the watgr problems'encountered.

In this region the material was similar to Area
iI but increased water problems, due to apparent
higher water pressures, created . the worst
conditibﬁs for tunnelling in the entire project.
The increased water pressure may be a result of
increased height of the fop sand sﬁrface above
crown. ExCess water pressures were further
complicated by the recent constru;tion of an

embankment on surface.

2.2.3 Geotechnical Properties of the Edmonton Surficial

Deposits

Published information regarding geotechnical parameters

of the Edmonton till have been largeiy associated with:

results obtained from the till 1in the downtown Edmonton
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area. Edmonton till in the downtown sector is known to be
very dense with typical blow counts in the order of 35-60
(DeJong and Morgenstern, 1973) although values in excess of.

100 are not uncommon. In regions away from the downtown

sector the blow counts are generally less.

The unconfined compressive strength of intact " samples
have been reported by. May and Thomson (1978) as varying
between 140-245kPa at a depth of 15m with stronger strengths
being obtained with depth. Informa;ion contained in the

unpublished borehole logs used in the generation of Figure

2.3 suggest a value of 300kPa for the till in the project

area. u
Deformation  modulus values as determined  from
pressuremeter studies conducted in the Edmonton downtown
(Eisenstein and Morrison, 1972) indicate a value of 1EOHPa
at a depth egual to that of the tunnel axis in-this project.
Consideriﬁg the downtown till is known to be extremely dense
a value of 60MPa was arbitrarily ‘chosen as representative
for the till in the project area.

Few friction 'angle values have been reported: in the
literétu;e, however assumptions of 30-35 degrees is usual
for sound tills. This range is validated by quoted values of
27° by Thomson and Yaéyshyn . (1977) .and 34° by Wittebole
(1983). |

A summary of quoted material properties for the

Edmonton till considering unit weights, gradation curves and

strengths can be found in Thomson and El-Nahhas (1980).



3.1 NSTRUMENTATION AND EQUIPMENT ¢
3.1 Ground Displacement Measurement

3.1.1 Principles of Ground Displacement Measurement
‘The ultimate -aim of any ground \ dlsplacement"‘
instrumentation program is to obtain a complete and accurate
record of dlsplacements that occur wlth time. Time dependent.
d1splacements, reflecting t1me dependent soil responses may
be long term (months or years), whereas movements associated
with construction activities are of shorter duration (days
or weeks). The reletive contributions of¥ these two
’ <q
displacement components may affect selection of instrument
type. While sensitivitp\is\of paramount importance for long
term movements continuous reliability and robustness are
also important considerations.,

In many lnstances, as in‘'the project. presented here,
the two | types of displacement occur 'simultaneously,
necessitating that one instrument type provides. both short
and 1long term records. Economy generally dictates the need
for dual purpose instruments. A criterion-of sensitivity and
robustness which  also satisfiedlthe desire for economy was
applled in this study such that short and long term " records
‘of displacements could be obtained.' ! A .

Details cOncefning instrument type, location  and
installation are presented in the foflow1ng sections. It

should be noted that these instruments,were» chosen largely

A
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because of experience within the Department of Civil
Engineering; University of Alberta (EL-Nahhas, 1980;

Savigny, 1980; Branco, 1981).

3.1.2 Vertical Displacements

3.1.2.1 Surface Settlement Points
Various types of - surface settlemént points are
available and described in the literature (Dunnicliff,
1971; Hanna, 1973). All are designed to fulfiil the same
basicvrequirement,_i.e., that they be firmly ahchored in
{f“ the ground so that the detected movements are only.
associated with the particular activity in quesfioh and
not with éxternéi factors such as frost action or
seasonal moisture changes. Hence, it is important that
the anchors be placed below the level ‘of seasonal
movements and that the settlement.gauges'bé protected
from damage caused by construction activities or

vandalism.

In this project the settlement point used consisted
of a 19mm steel reinforcing bar with a 100mm gisc welded
>approximately 1dOmm from the lower-eha. The upper end of
the 'bar‘was marked either by machining a spherical seat
or by vindenting using - a centering punch. This
fagiliﬁated. a consisteni repeatablevsurvéyingvmark; The.
whole assembly was approximatélyuz m in length allowing
it to reach below the leQel of expected frost

penetration. Installation followed procedures described
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by Branco (1981) which ensured that the settlement point

was solidly anchored and isolated from'downéf?g forces.

The point was protected by keeping the top point just
' N 7/ ‘ »

below ground level. Each point took approximately twenty

minutes tofinstall with all points being installed at

least - 100m ahead of - the tunnel face. The settlement

points were located at approximately 15 m intervals

along the - tunnel centre line (previously set out by a

City of Edmonton survey crew).
The instrumented section, which was 500 m in total

length, consisted of two separate lengths with a 170 m

(¥

stretch’ of road between them. A total of 26 surface

settlement points were installed with _10 being installed.
. T .‘ '

in the. first 157m section. The ‘positions ~of these

settlement points with assigned identification - numbers

are shown in the location plan ('sp' in Figu;e'3.1).
s 3

Measurements were  taken using “standard 'léveling

techniques as described in section 3.1.2.4.

3.1.2.2 Multipoint Extensometers , .

Measurement of wvertical displacement distribution

with depth involves the 1locating of  reference _pointgv

.within the soil mass and measuring their varying

“position with time. Various systems exist for this

purpose - as reported by Cording et al.(1975). Because of

a long term experience in the Department of Civil

Engineering, University of . Alberta, a systeﬁ modified

from the magnetic extensometers developed by Burland et
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al.(1972) was chosen.
| In this system a set of ring magnets,'combining to
form three magnetic ..elds (Figure 3.2a), are, positioned
outside a P.V.C. access tube located in the borehole.
The pfobe containing the magnefs is held inlplace by
spr;ngs which make\% positive'attachment to the borehole
: ; .

walls (Figure 3.2b) énd hence move in unison with the
\

\

soil. Space limitations would allow placing of measuring
uniﬁs at a minimum separation of 0.5m.

In this project a total of five multipoint
extensometers were installed following a procedure
similar to that described by Branco (1981) and located
as shown in Figure 3.1 as 'me'. In general, it was
attemﬁied to have the lowest‘proge about 1.5m above the
tunnel crown with the remaining probes being placed
equid;stant between bottom probe and ground surface. It
was not always possible, however,.to have the bottom
probe at’'1.5m above tunnel crown, because“ at the time
of installation, the exact distance to the tunnel crown
was not knéwn’and in some boreholes, nofably those for
ME 3, 4 and 5, sloughing at the botfom of the holes
‘prevented piacement of a probe at full depth. A summary
of probe numbers and their distances above tunnel crown
is given in Figure 3.3 |

The measurement procedure involved ‘locatihg the
magnetic fields of each gauge by lbwerihg a device

containing a reed switch down the access tube. As the
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reed switch passed through the magnetic field, it
c.osed, aétivating.a buzzer at the surface. For optimum
repeatability the middle -, stronger field, vas
monitored. Distahces from the top of the access tube to
the magnets, measured by lowering the heasuring device
with a tape, were recorded. After optical surveying of
the top of ’the access tube the total movements were
ca&éulated from the relative displacements measured.

As well as surveying errors described in section
_3.1.2.4 associated with leveling the top of the access
tube, errors arose from Qatiability with the reed switch

in locating the magnetic fields between readings.

Cording et al. (1975) quoted an error magniﬁude of %

0.'mm for this. A larger error resulted from the
variability associated with the use of the measuring
tape. Burland et al,(1972) reported additional errors of

+ 1-2mm due to this variability. In this project

estimated repeatabilities of + 1mm were achieved.

3.1.2.3 Benchmark Installation

The highest.levelling-accuracies can be achieved by
selection of a shorti circuit between' benchmark,
instruments and ‘benchmark. Expected error magnitudes
have been . related to surveying distance by the
relationship

1/2 ' . . .
Error=+0.0003 N m - (Mendes et al.,1970)
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where N is the number of instrument set ups.

It is therefore of paramount importance that the
benchmarks are located as close as possible to the test

' [

area but also far enough away such that they are
unaffeéted by construction activities

To comply with these requirements  four
benchmarks('bm') as shown in Figure 3.1, were installed.
These benchmarks consisted of a continudhs length of
50mm steel pipe, fiated with a surveying point.
Installation involved firmly anchoring the assembly at
the bottom of a borehole and isolating it from soil
downdrag forces by Ameans of a 75mm P.V.C. pipe.
Benchmarks Nos. 1, 3 and 4 were _anchored  at
‘approximately 12.5m below surface while No. 2‘ was
positiéned. at a depth of 6.5m due to its increased
distance from the tunnel axis and the presence of low
stfeng;h underlying material. Prior to installation of
- benchmarks 2 and 4 Standard Penetration Tests were
performed yielding values of 13 and ;2 respectively. The
bepéhﬁarks were protected from vandalism by special
preformed covers. |

While field measurements continued, settlement of
the benchmarks was monitored. All settlements occirring
were within the accuracy limits of the surveying and

therefore imperceptible.
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v
3.1.2.4 Surveying Detéils

All inst;uments installed to detect wvertical soil
displacements were surveyed regulafly to obtain a
COntinuous.recordvfor each point., Readings<were takén‘ a
minimum of once a day and occasionally twice, although
“due to inclement weather conditions at the time "of
surveying some reédings_had to be discarded.

Good levelling fechniques, as outlined by
Hanna(1973), which ' include 1limiting of sight lengths, 
balancing df back and foresights, plumbing the stéff,
clear staff markings and the wuse of stable turning

\

points were observed. Cording et al. (1975) quoted

errors of .#1.5mm on any measured point, obtained using

the above precautions.

Du{ing excavation of theA first test section,
between January and Harch 1983, a slightly .sub—sténaard
instrument was used wﬁich toggthér with a lengthy survéy
cirquit resulted in errors in excess of t1.5mm; For ghe
second seétion, however, an instrument with better
adjustment was used which coup}ed withrshorter'sprQeying
routes reduced the errors to below ‘+imm . This
emphasizes. the importance of ’uging good guality’
surveying'equipment in'field projects.

s

3.1.3 Horizontal Displacemeﬁt Measurements

>
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3.1.3.1 Inclinometers

Inclinometers are the most commonly.used instrument
for the detection of horizontal - movements with depth.‘
They have been employed successfully in monitoring slepe
instabilities (Wilson, 1967), movements around deep
excavations (Burland and Moore, 1974); as well as in
aetection of horizontal movements around °~ tunnels
(Branco, 1981; Palmer and‘Belshaw; 1979).. Hanna (1973)
presents a brief overvieﬁ of available inclinometer
types aﬁd their working principles. A more detailed
description of inclinometer types and a tﬁorough
investigation of instrument errors was given by Savigny
(1980) . |

In this project two inclinometers were installed on
the assumed tunnel centre'line (shown ig Figure 3.1 as
'S1'), and anchored at approximately 23& below surface.
This depth was chosen with cohsideration.of information
centained in Cording et al. (1975) where' i£ is
recommended that incliﬁometers be anchored at least 5m
below the expected zone of movement. For this project
- the expected zone of movement coincided with the” tunnel
inveft, 15m below ground surface.~Staﬁdard installation
procedyres were adhered to with both inclinometers being
grouted with a 4:1 mix by volume of benéonite and
cement. During installatien of Inclinometer 2 a stronger

more viscous grout was arbitrarily used in a successful

attempt to stop excessive losses 1incurred. when the
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original mix wés placed in the borehole. This neccessary
addition resulted 1in an excessively strong grout which
‘subsequently affected the performance of - the
inclinometer. Inclinometer casings were manufactured by
Sian'Inc;, Seatle, Washington.

A Sinco Digitilt Inclinometer model 50306, was used
as the sensing Aelemehtf It consists of two servo
accelerometer sensing elements mounted at 90 degrees‘to
each other and housed in a 927mm long probe. The'forpedo
like sensor ' has aﬁ upper and lower wheel assembly.each
consisting of one fixed and one spring loaded whgel. The
'gauge length or wheel spaciny is 610mm. This unit‘is
connected to the feadout device by a 9.5mm neoprene .
coated six strand cable. The depth is measured’
- coloured neoprene markers vulcanized to the cable
305mm(one foot) intervals. The readout device 1is a’
digital véltmeter that indicates vblfage on a four digit
display. Complete specifications of - the inclinometer
~system (Savigny, 1980? are given in Table 3.1 . . The
accuracy of the compﬁ%te system alldwing,for cumulative
errors in the sensor, digital readouf and casing,
provided care 1is taken to ensure readings are takén at
the same depth every time, should not-exceed +5mm at the
top of - a 30:5m casinq(Digitilt’Instruction Manual). In
this:project, using st&ndard inclinometer déta recoraing
techniques, as outlined in the Digitilt instruction

Manual, error magnitudes were estimated for the level of
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Table 3.1 Details of the Inclinometer System

SENSOR: Slope Indicator Company Model 503290

S

Sensitivity: 30.0015 m per 20 m casing

Total System iAccuracy: hd 0.0075 m per 3J m casing

Wheel Base: " 51 cm

Overall Length: . 93 cm

Outside Diameter (ncrt

including wheels): 4.3 om o~

Sensors: Two 0.5 g closed loop force-balanced
servo accelerometers .

Operating Range: 0% to 30 (from vertical)

CABLE: Slope Indicatcr Company 1.07 cm 0.D., six condurtor wis',
0.16 cm strand-d-steel €ore; waterproof neopren- cover
with external marks at 0.31 m intervals.

INDICATOR: Slope Indicator Corpery Model 5030

Dimensions: 1a.3 x 6.0 x 22.9 oa
Weight: ' . 2.27 kg '
Internal Power: 6V, 6 Ah
Charger: . Exterral; € v2C
Operating Time cn '

Batteries: 3 lours
Digital Displav: . 4 digits
Recording: Manual

CASING: Slope Indiéator.Coyaany ARS Plastic Casing § Coup.ing:

Casing Length: 3.05 m
0.D.: 7.0 cm
I.D.: 5.9 cm
Coupling Length: 0.15 m
0.D.: » . 7.0 cm
I.D.: 6.5 cm
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the tunnel axis to be *1mm for inclinometer's 1 and 2.
Errors of #2mm weré estimated for. the ground surface.

The frequency of readings taken prior to excavation
of the slope indicators were subject to tunnel advance
rates. Also a time delay existed between taking a set of
‘readings, enfering the tunnel to record face position
and returning to the surface to fake another set of
readings. The object was to obtain a good record of face
position and inclinometer movement. As is shown in
Chapter 4 a better record was obtained for Iﬁclinometer
2 because poorer grouhd conditions at thi§ location
résulted in slower.advance of the tunnel face. It should
be noted that although it. was attempted to have the
Inclinometers on the tunnel centrel’line, location
difficulties on the surface together with alignment
devianc{es of the mole, resulted in Inclinometer 1 being
located close to the . edge of the tunnel while
Inclinometer 2 remained,very close to the final centre
line. | |

Data from the inclinometers was‘ reduced wusing
stahda:d inclinometer eguations as set out in- fhe
Digitilt ‘Instruction Manual. The “related computer
program incorporéting these equations, formulated by

Savigny (1980), was used to reduce the data.
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3.2 Tunnel Support Loads

3.2.1 Lagging Load Measurement

To obtain'lagging loads fhe magnitude and distribution
of the pressure acting on the lagging must be obtained.
Integration of this pressure distribution ‘can be used to
give the total load. Alternatively,‘by application of the
integrated measuring technique‘(xovari et al.,1977) it s
theoretically possible to determine the lagging pressure and
locad from }agging deflection measurements. However, to
obtain pressure and pressure distribution, a large number of

measufements per ladging would be reguired and this 1is not

practically feasible. It was thus decided, to apply this

concept but in a simpler for by measuring iny one
deflection point and assuming a uniform, 'eguivalent'
pressure distribution. Under these assumptions it is

Apossible to relate distributed load directly to t@e lagging

deflections using simple statics principles as presented 1in
Appendix 'A 1. This alternative requires knowledge of the
stiffness properties of the 1lagging in terms of its:
magnitude and variability with time.

Pressure distribution could be obtainea using pressure
cells inserted between lagging ana soil but this is an
expensi&e'solution which only yields point measurements. fo:
measuring ‘1aggfng 'defiections a variety of systems, of

varying sophistication, embracing either strain measurement

(Branco, 1981) or deflection measurement (Kovari et al.,1977)
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are available.

Both of the above techniques are expensive and only
economically feasible for ’monitoring a few cfoss sections
and then, only if point -records are adequate.,  To obtain
inexpensive results élong large portions of the tunnel it
was necessary to develop a reusable instrument. In addition,
it was one of _the aims of ‘the project, to develop~ané
calibrate a system‘for ongoing safety monitoring of future
tunnels constructed using the same sﬁpport technigues.

With all the aforementioned constraints it was decided

that single point deflection méasurements on lagging boards

. could be measured relatively cheaply. This could result in a

/
simple, practical- monitoring system for the City of

Edmonton, allowing it to evaluate the degfee of risk (Factor
of Safety) and to optimise tﬁnnel construction by éomparison
of allowable with actual deflection measurements. |

| For this objective a methodology was. develope?}to
measure defléctions with sufficient accuracy, and t%is
resulted 1in = design and construction of the firét.

"University of Alberta Deflectometer".

3.2.1.1‘University of Alberta Deflectometer

? The deflectometer was designed . such that
deflections betweerr two measuring poigts placed neaf the
ends of the lagging boards'énd a central reference poinf
could be measured. The instrument .was designed to

incorporate a degree of robustness plus adequate

stiffness to ensure that measurement would not .be
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affected by self weight or operator induced forces. With

reference to a system used by Kovari et al. (1977) the
instrument shown in Figure 3.4 and Plate 3.1 wa§
conceived and built by the Civil Engineering Workshop at
the University of Alberta. As the\project con

minor modifications were made to the instrument main y

cohcerning‘protection of the dial‘gauge.v

| The“measurement technique ihvolved hdlding the
deflectometer at its extremities to prevénf opeqator‘
bending. This is shown diagrammatically in Figure 3.4.
Using this technique one reading took only seconds to
pérform} However, the instrument proved to be too heavy
for continual field use as after a few readings afm
fafique set in. A better design would have included a
lighter,: but stiffer framework system which would have
resulted in less discomfort for'the.operatér. Also, the

dial gauge could have been better protected by enclosing

it within the frame. » .

The acéuracy. of the instrument was user dependent
and not close to the sensitivity 6f éhe'dial‘gauge(0.1mm
gfadﬁated, 0.01mm by interpolation). With experience it
was possible to reduce the effect bf operator influence
resulting in repeatable readings with errors close'to
$0.2mm. Random larger errors d&d however oc;uf. )
Data collection was‘continUOUS, resulting in good

records of load development with face position and time

being . obtained in the formal Test Sections. Recorded

'y
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~

measurements were reduced into egquivalent pressures

using the computer formulation of equations presented in

Appendix A. During installation of 1instrumented

laggings, spacers were placed between boards to prevent
development of complicating hoop stresses. At the
location of Test Secéions 3 ahg/4, however, this was not
possib%é. as it would have led to large losses of ground

through'the spaces.

3.2.1.2 Simulated Steel Laggings

Because -steel 1is a much more predictable and
consistent material than wood it was decided to produce
simulated steel laggings which could be used tc validate
loads ;btained from the wood 1laggings. To = avoid
complications 1involving stiffness variations it was
necessary to design a steel cross-section with a similar

flexural rigidity (EI) to that of the wood laggings.

. Designing for a wood lagging 50mm thick and 100mm wide .

we obtained a rigidity of 10.42kNm? by assuming a

Young's Modulus (E) for wood of BGPa (Branco,1981).
UsiBg this information the steel cross-section shown in

Figure'{3.5a having a slightly higher EI wvalue of

17.5khm? was chosen. Laboratory calibration tests later

showed averaéé‘ values of 16.74KNm*> for the stegl
laggings and 14.0kNm® for the wood laggings.

Before calibration and installation of the steel

laggings central reference points and steel balls were

fitted to accommodate deflectometer . measurements as

.
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shown in Figure 3.5b.

3.2.1.3 Calibrated Wood Laggings
Typical construction laggings as used on a regular

basis during tunnel advance were fitted with three

deflection points to comply with deflectometer desigh.

This is shown in Figure 3.6 and Plate 3.2.

The deflection points were screwed into the timbers
prior to calibration. Two separate lots of timbers, one
being on average 50mm thick and the other being B80mm
vere calibrated. An increase in lagging thickness proved
necessary as a result of the larger loads experienced at
the location of the second two test sections (Test

Sections 3 and 4).

3.2.1.4 Calibration of Laggings

Calibration was achieved by placing two equal point
loads on the laéging at 152.5mm on each side df‘the
centre while simulating simplé suppdrﬁs at the ends. The
deflection wunder increasiné load was measured using the

deflectometer. A diagramatic sketch of the laborétory

13 ) » \\
arrangement is shown in Figure 3.7. \

N\
Initially the - laggings were calibrated 'usfhg

incremental loads up to a maximum total value of 2.532kN

for P (Figure 3.7). These incremental loads resulted in

linearity of deflections as shown in Fighre 3.8 and

hence, for reasons of time economy the loads were later

applied in one increment.
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% ~_ (@) 50mm WOOD LAGGING

(b) 80mm WOOD LAGGING

Figure 3.6 Wood Lagging Details
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‘Before a flexural rigidity for a given lagging can
be .calculated from the measured deflection it 1is
necessary to predict the deflected shape of the board
for the given load configuration‘. The methodology for
this is set'outfin Benham (1965) or any orher elementary
mechanics of = solids book. Full details of the
calculatrens_are,contained in Appendix B where final
equations can _also be found. Once the deflected shape
has been calculated, riéidity values. can be drrectly
related to the measured deflection. However, due to the
fact that the measuring end points were not piaced
exactly at the end of the beam a correction factor must
be applied to the measured deflection. This correction
factor is necessary because only the relative deflection

between end points and centre point was measured.

Analysis without this factor  would result in

overestimation on the flexural rigidity. Full details on

calculation of this factor are given in Appendix B.
It was ’thus found, after) correctiOn; that

~ average flexﬁral rigidity of the 50mm thick boards was
13.96kNm* with a standerd ~deviation of 3.35  kNm?

determined from 56 measurements. Using thirty 80mm thick

boards an average value of 45.11kNm? with standard

~deviation of 6.45kNm? was found. Full distributions of

both sets are given in Figure 3.9. These rigidities

AN

‘mhe\deflectlon measured is a relative deflect1on between
"the two end measuring points and the central reference
point.
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based on typical displacements of approximately 3mm for
the 50mm boards and 1.3mm for the 80mm boards. Although
these are guite small deflections a report prepared for
the City of Edmonton (City of Edmonton, 1983b) showed
linearity of deflection load measuréments up to JSmm‘fpf.
ithe 80mm boards. This is also phought applicable for the

50mm boards. rved linearity over Epds range, of

which our @
e o\ i
confldenéé" ‘ s accuragy. of calculated rigidities

\4'-

based"6n g

HE

-tighteen g

3

- ~ % .
pmulated steel. laggings yielding an
average value of 16.7¢4 kNm? with a standard deviation of

0.25 kNm® are shown in Figure 3.10.

Moisture Effects

:JTimber stiffnesses» are . known to be dependent on
moisture content, i.e., with increasing moisture content
the stiffness decreases to a lower limit at total
saturation, referred to és the "fibre)séturation point".
‘The fibre saturation point of most woods is around 30%
moisture content by weight. A report by the City of
Eamonton(19&3a) showed that timber stockpiles g% surfécep
prior to being installed had average moisture contents
of 24% (80mm boards). Information from the same report
showed tunnel average moisture contents of 27.1% in

known  "dry" conditions and 31.2% in known "wet"

et
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Tests performed on boards during calibration showed
very littlé stiffness change after'spending 4 days in a-
moisture - room (100% humidity); Tests on the same boards
however showed an average decrease in stiffness of 7.7%
after 72 hours immersion in vater.’ | -

No ﬁoisture content measurements :ere performed on
the boards prior to field use but the field daté
indicates bgards to be close to the fibre saturation
pqint'prior to installation; intimating little stiffness
variation thereafter. The 7.7% reduction of stiffness
found in  the l$§oratory' upon satu;ation, if
represeﬂtative of all calibrated boards, is thought to
bé partially self—compensated by an - increase , in
stiffness brought about by uhmsasured hoop stresses
between laggings. For these reasons and because of lack
of time to investigate this aspect pfoperly no .

corrections for'stiffness losses have been included.

3.2.1.5 Uncalibrated Laggings

In an attempt t§bmonitor thé load ‘vafiétion along
- large sections of the tunnel, deflection measurements on
‘laggings installed without any ‘additives, hereafter
,refefred to.as uncalibrated laggings, were measured. To
facilitate ‘this, 'siight modifications C to . the
deflectometer iproved necessary, such that .the measuring
points weéé‘f?gggd to thégingtfument rather than to the

laggings. These modifications took the form of two
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removable semi-hemispheres fitted equidistant from the
dial gauge and a flat disc shaped tip for the dial gauge
point:'-The increased areas Qf‘allbmeasuring points was
intended to mask the effe;ts of local timber
roughnesses; A flat headed nail'was alsd'fitted to the
:midpoint of the board to give a more remeatahie central»
measuring point. Centre ‘nails were .used for boards
contained in the first two ribs of Test Seetioanﬁ.
Dnring nail instailation, zeto deflection readings were
taken on the boards such that deflections ditecti%'
’attrlbutable to load could be ascertained. |
Deflectlon 51m1lar1ty measurements, between the
modlfledydeflectometer and those taken wlth the standard
technlque were performed yielding the results shown

‘\? : "{u

‘below.

;Bbard ¥ Deflectometer-Readings {mm) 5
Vo ; Unaitered - Modified Difference:
4 ’f ) »
4 X , ) o
1 2,91 3.16 0.25 .
2 3.52 3.71 L 0.19
3 . 3.40 3.58 7 0,18 <
4 5.19. - 5,18 ~0.01

¢
‘;,_; .

These results show that 51m11ar dd!lectlon measurements are

‘obtalned by both methods (less than +0. 15mm expected error).
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For boards installeo without any pretreatment, it was
necessary to know the magnifde of zero deflections. For
this purpose readings were taken“on‘ 72 unloaded 1laggings.
This-yielded a mean deviation from linearity of -0.33mm with
a standard deviation‘of 0.7mm and a distribution as shown in

Figure 3.11. From these results an average deviation from

linearity of zero was assumed for all uncalibrated untreated

0

laggings.

3.2.2 Steel Set Load ﬂeasurement

”

In a Steel and Wood lagging rti: g s?stem it is-

o 1mportant to know what percentage of .oads .n the steel sets

o )

are dlrectly attrrbutable to lago ng Sie essures. In the

. . ¥
‘preceding sections 'the, various techn.gues wused 1in aﬁhis

proizct for determination of 1lagging pressures have been

S0

.expancad. However, to obtain the aforementioned relationship--

active loads in the steel sets - for’ comparison with thosé

measured in the lagglng To obtain full details of steel Set“

L

P

load the magnitude and distribution of bending d@oment,

o

. . ~ N "L . . -
shear forceﬁ.and axial thrust around the stee@; set 1s

*lfqﬁlred Kovar1 et al. .(1977) proposed a load ‘cell from
wh1ch all of the above could be ascertalned whlch was thus

”hosenffor use - 1n this prOJect. Due to. dlffﬁcultles arlslng

.. -
B 3

Gﬁfrom the cell’\pelng: too short (product of steel set r1ng
fabricatioh)‘it proved 1mp0551ble,to use the -cell fb its

£ fu11j§potential.,:1t was. possible however, to obtain axial

between lagging and st€el set loads we must now determine .
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W' 3.2.2.1 Load cé:-llé

LR P _ .
7 the actu#l ‘valuef“ Based ,on this information it was_
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thrust from the load cells which unfortuiately results in an
increased need for assumptions regarding 1load distribution
around the steel set. Assumptions regarding .load

distribution will be presented in. Chapter 5 .

Details concernlng the de51gn andg calibration of

kthe load’ cflls Aare ‘given in Appendlx C A total of 16

. load cells‘;ete manufaoiured w1th cross sectlon details
és lwhownllg Flgﬁre 3.12. The reduction of cross section
'for Load‘tells 9 to 16 proved necessary "because load
build up calculated from tﬁe flrst 8 load- cells,
‘1nstalled in Test Sections 1 and 2 proved to bs less
than 10% of design load. The original cross section was

9 therefore halved in area to 1ncrease the sensitivity of

 the remaining load cells }

From ‘the cross :ctions shown in Figure 3.12 it can

be 'seen ‘that each cell?consists of an upper small cell,":

and a lower large cell. As.a function of the original
ﬂdesién criterion, "calibratlon - tests with‘”applied
1nc11ned loads were performed on " f;ve load cells. These
1nc11ned load tests vere thus used to compare predlcted
ax1a1 loads, from‘the two portlons of veach cell, with
those actually appl1ed The results. frdm ‘this are

| presented in Table 3.2. |
For Load Cells 5 through 8 it can be seen'that tﬁe

smaller celllconsistently'gives predictions closer to

e
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Table 3.2 Axilal Load Predictions from Load Celﬂ Calibration
Tests

R

!
AD CELL AXIAL LOAD (kN)
LOAD APPLIED
CELL LOAD
I (kN) Smalicell Largecel] Average
0.0 0.0 0.0 0.0
30.0 27.9 18.7 23.3
60.0 58.2 41.3 49.7
5 80.0 88 .2’ . '65.0 76.6
120.0 118 .5 91.5 105.0
150.0 144 .3 120.4 132.3
180.0 176 .1 147.4 161.7
0.0 0.0 0.0 0.0
30.0 27.7 31.3 29.5 .
60.0 60.6 55 .8 58 2 ’
6 90.0 8B .4 80.3 84.3 e
- 120/ 117.8 107.6 112 .6 o
150ﬁqn 146 .0 134.6 140.2
180.0° 176.2 161.2 168.7
. I K3
0.0 ¢+ 0.0 0.0 0.0
30.0 28 0 - 26.7 27 .4
60.0 55.6 54.5 55 1
7 90.0 83.3 79.6 81.4
120.0 110.9" 106.5 108 7
i 150.0 138.9 132.7 135.8
180.0 176.6 165 .8 171.2
0.0 0.0 0.0 0:0
o 30.0 30.2 28.0 299
60.0 60.5 52.1 56.3..
8 90.0 91.3 78 .1 B84.7
120.0~ 120.6 103.8 112.2
150.0 151.8 130.8 1411
180.0 183.7 159 6 171.6
0.0 0.0 -, 0.0 0.0
30.0 28.9 29.5 . 29.2
60.0 57.4 57.8 57 6
9 .90.0 86 .2 88.8 87.6
120.0 1171 118.9 118 .1
: 150 .0 145 .6 149-.6 147.6
200.0 195 .7 198 .9 187.3

o
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Figure 3.12 Load Cell Cross Section Details
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decided to usé loads predicted frqm the small cell
portion of Load Cells 1 to 8 1in Chaptér 5 . Results from
Load Cell 9 (red;ced area cell) show 1little wvariation
between upper and lowér cell and calculated values
compare well with actual vaiues. Hence, for Load Cells @
to 16 the avefage of upper and lower portions wiil be
presented.

The load cells were &n5&§lled when the ribs were

éxpanded as part of the usual tunnelling procedure. They
were 1nstalled, such that one set of strain gauges faced
perpendicular'po the tunnel axis. Plate’3.3 shows a load
céll immediately after installation. Measurements, usingp
an electrénic strain readout, were taken on (each gauge
of the 1load cell during measurement. Measurements Qefe
taken g} varying time inté%vals such ‘that good 1load
versusé‘face position and time records were obtained.
Prior to installation the load cellsrweré given at leas*-
one hour to acclimatize to tunnel temperatures with zero
readings being taken as' close as feasible to

.installation.

£



£

Plate 3.3 Installed Load Cell
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4. GROUND DISPLACEMENTS
“In the design of a tunnel there are two major conceips:
v1. What will be the magnitud and distribution of - tunnel
indﬁced gfound movement? |
: .what will. be the magnitude ang distribution of tunnel
liniﬁg load ?
The former ;is‘ the topic of this chapfer while the latter
will be discussed in detail in'éhapter's.

With | groﬁnd movements,;'wajor cohcerns involve  an
estihatidn of the complete ground displacement field. around
théﬁ tunnel. These estimates include, maximum settlements,
maximum'distortion g;adiénts and the width of the setfiéﬁent

I a

troughif'&% ‘rural areas

heée concerns are only: of academic

intereét 5u; in urbahua:ggéé whpre!éﬁéﬂgas; majority of soft
grduna tunnels are constrncted, accurété.ghowiedge of these
va;iablesfare essential if dangers t; surface bﬁildings are
& : , :

to be fully-realized and adeddate breventive measures taken.

Iﬁ conjunction with vettical movements, horizontal
movehents; occur which can al;o have detrimental effects on
sufface structufés.; Measurements of both vertfcél and
hprizontal_v displécementS' obServed‘ during this‘ present

project, will be presented in the following sg;gions and

‘their compliance with accepted theories investigated.

56
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4.1 Vertical Displacements

A Total of 26 surface Qettlement points and 5
multipoiﬁt extensometers, installed according to procedures
outlined 1in Chapter 3 and located as shown in Figure 3.1,
vere usad to monitor vertical ground movements over a . total |

plan d¥stance of 500 m.

4.1.1 Surface Displacemeﬁts

Individual %etflément Point (SP) records for each point
are preseénted in Appendix D while here only'trendg*)emerging.
from' the data shall be Wpresented.“In this \;espect, a
compilation plot of measured settlement at SP1 to SP24,
which‘ shows variations with face position is presénted in

Figure 4.1. After studying this plot, three regions' as

indicated on~Figure 4.1 emerge:

1. Pre-Construction Region %
- S

2. Construction Region (approximately 10 diameters)

3. Post-Construction Region.

Pre-Construction Region

N

In this region, whére-movements ahead of the face would

" occur, it is seen that little movements (+1 to -5mm) have

been measured. Downward, and occasionally upward, movements

prior to passage of the tunnel face have been quité commonly



58

Rat

UOI}1S04 8383 1BUUNL UM BujAuea SIUBWADRITS|A IUIOG JuUBWSL318S | (@ 0 3

(W) NOILISOd _uv4 JALLY T3

00Z 0S| 00l 0§ . 0O  0S- 00— 0Sl—
. | | | { | ]

'Bld U0IIR|IAWO) | p Bunb) 4

00Z—-

_
. |
uoibay uot) ANIISU0)-1S0d <—

uo1bay uoijoniisuo)

;J

4]

:J?Jfg

0¢

T
©

1
N
-—

I K
<

o

A
Y
'

(WW)INIW3OV TSI TVOILYIA

N



O

59

- observed (Braneo, 1981; EL-Nahhas, 1980; Palmer and Belshaw,

1980) .

Construction Region

‘ ¢

This region, whlchxextends approx1mately 10 diameters
(30 m) frbmlthe tunnel face, accounts for .the majority of
observed settlement for any given point. As all the
settlement points are at a similar distance above the
tunhel, the stress release for each point should be
apefoximately constant which leads to the  conclusion that
the observed difference in settlement magnitudes are a -
direct result of coﬁstruction activities and/or decreasing
groﬁnd» s;rength and stiffréss. From thls it may be 1nferred
that observed surface displacements are dependent on more

than the commonly used z/D ratio of a tunnel.
Post-Construction Region

This region exhibite 1 _largeiy constant . rate of
settlement whlch reflects consolidation processes and other

time dependent soil responses. around the tunnel

To investigate these regfens further, a compilation

plot of normalized curves, i.e.,
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where S = Settlement at a specific data point
1 .
S = Maximum observed Settlement
max
was prépared and is presented in Appendix D.
Resulting from these plots, a general trend, as

indicated in Figure 4.2, is observed. This figure shows that
the same relative displacement oécurred in the <construction
area irrespective of the final displacement value.- This
~point is further emphasized in Figure 4.3 which presents
seven normalized curves of settlement points with varying
total settlements. This Figure shows approximately 60-70% of

L

all observed settlements in this project occurred within the

Having'&%iscerned that the same relative am&unt of

construction region.,

settlement can be expected in the construction region, it

‘

becomes of paramount importance to undefstand the factors
Pt e -

which rgéulted in ’thef{observed settlement  difﬁefences.
Knowlédge  of these ifactors ;nd their remedies can then be
implementedv.in_ future éimilér works to -reduce ground
di§pléceménts. ) L

<1n“Cﬁapter 2 the_léngth) of instrumented ‘section Wwas
divided into four areas based on observed geologiC‘and
tunnel pergormahce' conditions. Figure 4.4, as well as
deiimitiﬁg these areas, has obsef&éd average settlements
recorded for thét afea;  Using. an empirical criterion of
incﬁeasing severity of tuﬁnélling cohditions these four

‘areas (Figure:4.4) would be ranked in the following manner:
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8.5mm

o

1. 'Area I = - AveragE'Observed Settlement s

2. .Area I11,~- Average Observed Settlement s 8.0mm

. 3. Area II - Average Observed Settlement.s 11.2mm > 7

4. Area IV - Average Observed Settlement s 300.0mm .4

Y.

oy N - - . ‘

% - , : . o
o i < ] 5

, ST I : : St

These ranks correspond'withaincreasing“observed' settlements

B with the 'exception of area's " and IIl. This therefore.

O : emphas1zes that one of the ma1n factors 1nfluenc1ng observed'
. g - e

a&i . © . surface settlement magnitude, is the ground .conditions.

. _ .- The effects of poor groundmcondltlons - »fold:
& . ) - .. . “/ - " .
o ' . The ground has less st1ffness and streng Jd therefore
, . e ﬂ

.t,/“ﬁi;"v less b111ty to absorb the stress loss broughibout by

B g L 1n§§rtlon of the stress free boundarx (tunnel wak 1) e

SVEd @

2. . Groundglosses, 1;e.,’the;voiume of~ maberzal lost L, over . .

- A . - o

and above the n&m"ialwexcavated volume 1ncr€%se due to

}more d1ff1cult ground coﬁkrol Ground loss at the tunnel

- —

. ‘ ", has_ been -related té}volume ofﬂsettlement trqugh at the
. )

{2y

surface (Peck 1969)\ S .

The former has been 1nvestlgated in Section 5.3.1 in..

v

relatlon to varylng llnlng pressures with radial .inward
movement of the gs01l for drfferlng strength oarameters.
AU Briefly, the. results show -increasing 16ad and siightly ‘

o - -."inoreasrngs crown :displacemeﬁts-kfor -deteriorating ground

Lo , S ) ; : : U
oonditfons.'flt can \be? assumed that increasing _crown
moyements_ ‘will be!; manifested’ in inereased‘\surfaee
displacementsr' R )

.
v ’ - . . ~ . , -

Y
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'are\known “to

41,2 “Vertical D1sp1acements w1th Depth»w:ﬁﬁ

> .
Y
oG

: : ‘ 65
] o ' ' 3

Literature regarding ground losses only reports

quantitative values Q@lground loss for clays (Peck 1969).

. ;3
Cohes1ﬁhless grouqﬁ conditions such as were present in:- Areas

1. and IV of wproject, ftogether with high water tables

v, ‘ 0

to large ground losses, :often with

L ¥ ‘ : o L
catastrophic. results (Heuer, 1976). The subject «of ground -

losses and #¥pgcted surface settlements is discussed: in
. Y43 ene , ,
Section 4.1.3. o T , :

¢ . 5 . -
THe vertical dlspfacement proflle w1ﬁhrdépth can be

n - L ; "4'.‘(»
'USedu an . indicatog sof “the_ e@é}nt ‘and magnltude of

geveloped shear strains within the so11 " mdss | above the

tunnel In the present project a total cf. f1ve MyitlpOJnt

H

’~Extensometers (ME s) 1nstalled as opﬁblned in Chapter 3 and

o

flqcated as shown 1n F1gure 3. 1,awereA

‘dlsanGEments .w1th-'aepth 'Meaéhﬁé“

'g?d o detect vértlcal S
\ {3

r"j[dlsplacement records
, .

3 l " ,J" =,

-

iggng w1th face posltlon and t1me are g1ven in Agpdndi E

while Flgure j4.5. conﬁalns the f1?al measured vertical

e

dlsplacement proflle for each mult1po1nt extensometer.'

The obserVed records in Appendlx "B are 51mtd%r to.those

ef the settlement_ p01nts in. that,}the _méﬁor1ty of _the

L4

settlement occurred within~; the construgtlon‘-region. .

Conclusions cannot. be drawn from the movement ezme records

)

‘as’ they are too short to overcome measurement accuracy. The -

records of ME 3 and 5 require additional explénatlof At ME

3 a constnuction void aporoximately 2m in height and equal



66

passog 3304
131v shkog v

Pl

$J433}8WOSUd I X] uc.oa_u;wz.>n paJnseay sv y
b

T
5 S
LN

© %

ke

6070

‘e

B

1dag ca.).m«cwswun_ﬂWmc
. ' .wr

tedj34an g p mg.:m_.u }

. wojjoq
hmo?dmmw
v S

ped

wes

S
R Y



&

~to the tunnel width occurred above the crown. After a few

wy oo %

4. . days this void :collapsed as evidenced by .the suddene large

movement of t e lower probe (Prob _#\ﬂf Somet ime between the

. pens! ] ‘ u:)) 5;‘;;&
last two ings thlS v01d < ropagated far - enough

upwards induce a large increase _in the vertical
q - A . .

_displacement-of Ptobe‘#2. ME 5 was destroyed by excavation

LS
t

)

) . ! . -\
actiVities ‘four days after passage of the tunnel face. An

* ‘attempt was made to find the extensometer sometime later but

results proved-useless. ..

)

Referring to the - vertical dleplacement profiles

. ’ " R PR

2 dlstrlbutlow of vertlcal movements %1tﬁ depth is possTble.Cﬁw

“
8]

Relatlve to’ thls, it is.considered prudent to use the ratior

L .
N . ot . - ; A T ; .
o - e : R 5
. . ’ : . . S R . )
PN h v W - R > " .
AT I N . . . . - «
o ; . \ - o
ey ) I .- - :
. . W .
¢ .- . . : 4
i N

g
S /5 “ R
w8 Cc R
@ ‘If' o v -7
o w_-‘)‘:
- .“v . - 2:3 v, ' .
where ... § =pbs#rved surface settlement ' ' s
oo s .0 T - :
S =observed crown settlement. » , o
c . .
S . (] )

L

This ratlo is a. measure of the’ "degree of -uniformity" of

) -
drSplacements. However ~measurement of crown displacements
) :
is practlcally very dlff;cult and as can be seen ~in Figure
oy

3.3 the.\nearest prQbe £o crown level was still 0. 74m above’

- it (ME 4). SUrface Settlements as. recordec_lat. nearby‘

presented“ﬁinv Flgure 4.5, an"11nv stlgatlon of the

RESLS - e

o

+

settlement kooints " have 'been presented in Figure 4.5 but_:.

the1r appl1cab111ty to the section in questlon is in  doubt

———

as they were obtained at least 15m away,»<With these

Y

o p}‘.\ﬁ.

BT
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shortcomings it was decided to calculate S /S ratios for
_ s ¢

each ME based on the ratio of settlement recorded at the

upper probe with that of the lowest probe. The results are

given in Figure 4.5, and show a range of values of 1.42 . (ME

4) to 0.72 (ME 5) if the anomalous value of ME 3'is ignored.

The decreas1ng vertlcal movement with depth observed in
ME; 4 1s believed to be a result cf plac1ng the probes in a . =
sloughln fine sand. Upon excaVatlon of the tunnel the loose
sloughed zone around the orlglnal borehole recompressed as a
result of downward dralnage towards the tunnel

Attention wlll now be focussed on observed S /S ratios
- I

i toﬁnd in this project jahd*ﬁtheir %mplications on the

/fﬁ‘w TP -
A% g§t1mat1on‘ of. sheardﬁstraéaf w1th1n the 5011 mass. Work in ﬁ%g'

304 . .-

. ¥ a
C . ; . i, ~ .
this- area has been aided by the advent of 1nstruments w1ﬁﬂ **

‘‘‘‘‘

suff1c1ent accturacy’ to determlne 5011 movements in three

.”mutually perpend1cular directions) and ~theﬁ ab;lrty of

e
! .

computers to quzckly and cheaply convert these measurements

into contour plots of displacéﬁ@nts from which shear strairs-

>@éﬁ’ be calculated (El1-Nahhas, 1980). "Resulting from these

advances, El- Nahhas (1980) and bthers (Atklnson¢ and Potts,
1977; 'Atkinston et :alss 1975;hCord1ng and Hansmire, 1975)

. , - ) . o . .
have delimited areas of consistently high shear strain as

ShOwn,qualitatively in”Figure 4.6 ,
)

The reported magn1tudes of shear strain’ in: these zones
\‘U ] ‘A’ M I -

B -
‘v/ $ 3 Ot FRSE ;"\Jx > a-f

"hvary but all are larger than'that required to reach maxlmum

shear strength of most soils (1-2%) This stralnlng beyond

peak creates plast1c,zones.wh1ch have been duBbed "plastic
, : _ ;

cd
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',éars*."Creation of these plastlc zones 1nd1cates that the

material contalned between the Wnears may bodily move

downwards , thereby representlng a volume iloss around the

*
¢ propagatlon, of movements through the so1l ‘mass becomes more

oriented. ~The IQSUItﬁ 1s.wa'wnarrower settlement trough.

Atkipson and iPotts Z (1974) reported ‘narrower, deeper .
9§

settlement troughs w1th assocxated greater dlstortlons ~when
) RN 7

3 ( " the plastlcl zones propagated to the\surface They d1d not

wil,

erous to’ buildnngs lwlll occur under conditions: of
ol c T _ cor L Ons
e T ”’. " Sj R .‘ N e v . .

éstic ~ear” development arouhd tunnels,( predictions?are
: - ’ Y »

v\

.tunnel With the development of these plastic ears, the

however report any Antermed1ate cpnd1tlons.. AcCeptlng that

rozer,i steeper settlement vtroughs,‘ potentlally more -

necessary as to where SUCh gond1tlons are llkely to " prevail-

L@

and to what extent‘.they occur. Any effects on sUrface |

~

dlsplacements and. l1n1ng loads would also be of 1nterest._.:

v ‘(Broms and Bennermark (1967) 1ntroduced the“term "Slmple
:. R i ‘ E '
. _ Overload Factor (OFS) in respect t% face stab1-1ty, of
. tunnelsl il e.,' Y
3 , T S

.8 ~ Simple Overload Factor = (p -p)/c’
. z 1 u .

where p =insitu vertical stress o .
z 4 '
p>internal pressure (if any)
i , .
¢ =undrained shear strength
u .
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. K
and Peck et al. (196§§ have related estimated ground loss to

~

its value. It is generally agreed that for OFS values < 1

_"movements should be elastic with little Saditionai—mqvement

£or values < 2.0. For values such tBfs. 2 < _OFS < 4,

settlements on- surface .become larger and as OFS increases
beyond 4 settlements increase and become uncontrolable at

values of 5 and 6 ;(Pec} 1969). As a corollary to OFS,

~Attewell (1977) suggeéteéfﬁ "Modified Overload Factor" (OFM)

such that

OFM = (o max-2p )/q - ERE S

wvhere o0 max = maximum tangential stress SR
S N s
% P . . S
N p ‘= internal pressure (if any) T
! o ’ v , .
g = ynconfined compressive strength of clay.
u ’ A

For ;bndition; ‘of a deep tgnnel nder Ko, = 1, OFM =
IOFS hqwever for shallow tunngls wfﬁﬁrxo 3\4
determlnlng- o max - is sllghéa; mgrei;cmpllcated Inireality
OFM values. é%pgess the extent to. whlch shearlng in the clay

the préblem'~of

‘can occur (Attewell 1977)( An OFM value of 1. 0¢1mp11es that

material located around the’ peyﬁphery of the tunnel is at

the‘ point of yielding (o = q ), and for alI values greater

6 u-

than 1.0 yielding will start to-propaga;e =from- the_ tunnel

wall into the soil mass, i.e., the development of a yield

R

This term has been used quite extensively in tunnellingi«

71

.
N
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zone. For deep tunnels and perfect elasto plastic behaviour,
this yield zone should be circular but for shallow tunnels
the effect of the surface boundary condition causes this
yield ‘zone to tahe: ah‘ axially asymmetric form leading
eyentualiy to development oi@&the plastic ears which
propadate towaros’the surface. | L :

The wusefulness of .the vertical displacement proflle an

'ntegard to predicting the extent to whlch plast1c shearhéé

\has occurred shall now be exam1ned what is required to aid

this are . typlcal profiles obtalned the no yleld,

partially yielded and fu}ly ylelded conditions.. In the

. 5. . oL . .
“following discussion an attempt is made to elucidate these

stages ' more ‘clearly based on empirical measurements in
cohesive materials. -

&

In the, present pro;ect ME 1 and 2 which show near

,constant dlsplacement wlth ~depth- (Flgure 4.5), are located

LA

.
in 'a@n area where the OFS value is 0.86 from whlch only minor

/lelng of the materlal if any, _would be exp@cted The
profiles 'however' 1nd1cate constant but-small shear:nq with
depth, i.e. the material above the tunnel behaves»1n & alock
like manner but should nob be falllng.}If a factor of sa‘ety
agalnst‘the block mechanism of failure as shown Ain_'Figure
4.7 is. oalculated based on a crite:ion- of -

r

T /T T (Negro and E1senste1n, 1981) -a value
available moblilsed ; NG
of 10 is found. Using an effective stress anal\;'?”s

~outlined in -Figure 4.8- a factor of safety of 3.3‘_i§

obtained. Although, the effective 'stress factor of‘safety is‘

1.

&

.

+
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s ~Factor of Safety.. - . =,2582/778

03' ’
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Factor of Safet& Calcuiéfion’_'

Actﬁbating Force .= 7DH = 778 kN )
Effectlve Re51stance Force (F), - . - #Qﬁéﬁu |
S 4 N
F ='c'H + 0 Tang"' d

e n ‘
o= 1ntegrated normal force = yH?/2

o' = J655 kN <.

YUt A F =20 (10 * 13.2) + (1655 * Tan35°)]

F 22582 kN .

. - TR
Factor of Safety - = 3,3

. .
F1gure 4, .8 Block Failure Mechanism for the Kennedale Tunnel
- Effective Stress- Analy51s :
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smaller than the undrained value it still indicatés

conditions to be Well_awayjfrom failure. Further evidence bf

.

the ground in the. region’of ME 1 and 2 being far removed

from failure has been obtained by small méasured 1lining

pressures at their location (Chapter 5). This shows that

equal verticalldisplacements with depth, 51m1lar to block

“type movement, can. also occur in non yielding ground

Accepting that the block is not fallzng but behav1ng

nearly elastically,‘ a s1mple elastic analy51s (assumlng An

infinite contlnuum) of the problem pred1cts ‘a settlement at

crown of 5.8mm taperzng asymmptot1cally to. 0. mm at - surface.

ThlS is at varlance with the constant ﬁ@asured value of 10mm

+2mm. The observed equal dlsplacements above the tunnel are, -

N vy

however, 51m11ar to those at the centre of deep elastlc

- deflectlng beam.. ThlS constant measured dlsplacement could

';Z?.s e

also be a, result of decrea51ng material stlffness ‘towards

A}

the surface:

’

As an example of y1eld1ng ground %}work donej' by

s

EL-Nahhas (1980) and reproduced '{ Flgure 4 9 shews. the =

7

dextent of developed. y1eld1ng wh1ch corresponds to ! the.

observed non llnearlty 1n the vertlcal dlsplaéement proflle.';u

In . this project. the OFS value was 1,86 whlch 1nd1cates somew

f‘degree f yleldlng should be expected Flnally w1th regard

to a fully ylelded profile, i, e. when the whole block has ,

-moved downwards bodlly, a large near constant movement w1th

depth would be expectedk Such results have been reported ‘by

»

Cording and Hansmire (1975) and Atk1nson et al. (1975),
A - s -

W
4

s
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| | C oy
addition those of MfJS in this project with displacements
greater than 300mm are anotheq‘exampler ’
" From these three cond{tions, the QUalitative diagram}
shown in F1gure 4.10 has been compiled. .The 'distributions
for unylelded,’ yleldlng and ylelded Tcast lioht ~on the
' kinematics of a fully developed block‘.failure. As has

already been - presented, stress concentraﬁions around,the!'

openlng will dlctate the development of plastlc zones,f i.e.

P

zones beyond peak strains. These zones originating at the S

tunnel per1phec¥ and propagatlng upwards towards the surface

. must do  so fu@}a manner 51m11ar to the prog‘resmve fallure

)
P

-.mechanism pr;rosed‘by Bjerrum (1967). The expected. vert1ca1 o
S il T ,
Settlement distribution with- depth under conditions‘ of

A .’ 3 l) 2 . )' ‘f”‘ ‘
advancing plastic ears are shown qua11tat1ve1y .in - Figure, '

i ~

4.10., If the material has a pronounced'posttpeak strength
loss;syigiding wili pﬁopagate.fufthe}%%nddsoii dispiadeheﬁts- o b
w111 i,1ncrease result1ng in_ éncreased support .éressure |
necessary to achleve stab1l1ty of tﬁ% open1nq As the y1e1dj$”ﬂ

\;\

‘zore expands towards the surface the non—yleldlng zone with

.near edual»vertical’ dlsplacements with Addpth disappears,

o

leadlng eventually to full biock fallure. ThlS aspect of the'

1nterrelat10nsh1p f ground strength dlsplacements and"'
4 . 3 .
l1n1ng loads has been 1nvestlgated in deta11 in Cgapter 5.0 . -

The extent of plast1c development was modelled as a c1rcularv. ;,
Yleld \ zone‘ ‘qof é radlus “'R f\from “uhlch fstlmated-. |
support drsplacement curves for 'theg crown reguon-' were

developed. The forego1ng presentatlon shoﬁs‘ that.in the
. ‘ L ‘

i N .. * v
Ly S . [

4’:.‘/
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crown region, the area of most interest, the radius R
actually represents the extent to which the plastic ears
have propagated above the tunngl crown. This is“explained in
more detail ¥n Chapter 5.

While this section _has cast light upon the
interrelation of 1loads, displacements and  strains, the
extent can only be estimated using a value quh as OFS or
possibly the more theorefﬁcally éérrect OFM value. These can
only be applied to cohésive materials and in this respect
~more work concerning the mechanisms of plastic ear
development and e*pected widths of shear bands which govern
the magnitude of the shear strain magnitude must be carried
out. Further work is also required concerning responses of
cohesionless materials under varying heads of water and

subsequent strength mobilisation.

4.1.3 Surface Settlemént Prédictiong

Loss of ground due to overexc;vation and spbsequent
soil invasion around tunnels has long been recognised as the
major cause of surface settlement above shallow tunnels.,
Quantification of these losses in and around shield drjven
tunnels has be2n attempted by Cording and Hansmire (1875)
for various overexcavations required as a function of
Steering the shield. Work invthe preceding section indicates

~ A

“that further loss of ground may occur if plastic zones due

to overstressing ‘occurs resulting in the bodily downward

mcvement of soil above the tunnel. When an estimated.volume

g
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loss is obtained per wunit ' length the problem of surface
settlement prédiction becomes'one of how these volume losses
propagate to the surface. |

‘with regard to this propagation, the most common method
iﬁ use is tﬁat proposed by Peck (1969) which is based on a
stochastic analysis of how t. . soil particles will occupy
the wvoid caused by‘the lost ground. This analysis, strongly
criticised by De Mello (1981) beéause of 1its complete
divorce from engineering parameters, resuits in a predicted
surface settlement shape‘given by a Gaussian probability

curve. Details of the curve are given in Figure 4.11 where

it is seen that the width of trough 1is dependent on the

value of "i", i.e. width of trough =, 6i. Empirical

relationship of "i" with depth of tunnel burial and tunnel
diameter forivarying ground conditions (Peck, 1969) is shown
in Figure 4.12. In the author's opinion too many geological
and geotechnical variables such as shear strength, water
conditiohs} stress-strain history, non-homogeneity, etc, are

masked . in the material boundaries as presented in Figure

4.12. This leads to the false impression that the width of

7

trough and ultimately S are most prominently dependent on

max

tunnel depth to crown. This was also an observation of De"

Mello (1981). Information in the preceding sections showed
how settlemehtg can Become more oriented if yielding around
the‘ tunnel 1s present, resulting in a narrower settlement
trough. This fact has been noticed by Cording and Hansmire

(1975) and Attewell (1977) who put a limit of S /z > 0.5%
) . max

}
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above which the normal probability curve fails to match
- measured profiles by overprediction of width.

]

Volume of surface settlement (v ) obtained by
‘ : s _
integration of the probability curve yields V =2.5 i §
‘ s . max

where S for a-single tunnel = § .

max , centre line
\ .

For tunnél désign conditions the problem becomes one of
estimatihg vdiume losses at fhe tunnel and subsequently
equating this .wvalue to surface volume after obtaining a
value for i from Figure 4.12. Estimations of wvolume 1loss
varying with OFS walues have been presented by Peck et al.
(1969) and are reproduced‘in Figure 4.13. This figure is
based on the estimated;encroachment volume, relative to the
nominal excavated volﬁme, of material into én unlined
tunnel. Also plotted in;the figure are reported values of
ground loss for differing OFS values which show 'good
agreement in the elastic zone (OFS<1) with decreasingly poor
compliance as the OFS increases. The discrepancy at higher
OFS wvalues 1is a result of real tunnels having liners
installed which arrest the displacements. 1In _this,: the
author is in agreement with El-Nahhas (1980) that measured
tunnel lining pressures should ‘be used as an internal
pressure in -obtaining an OFS such that‘smal¥er estimated
volumes would be obtained. |

If the design procédure, as outlined previéusly,are

followec for Area I (Figure 4.4), the only cohesive section,

an estimated surface settlement magnitude of 7.8mm at the
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centre line is obtained. This is in quite'gooa agreement
with the typically measured.B.Omm of this section although
there is no data for verification of the i value. The i
value was taken at the interface of‘Rocf, Hard Clays, etc

and Stiff Clays yielding a value of, 3.875m.

4.2 Horizontal Displacements -

As stated in Chabter 3 two §lope indicétoré (S11 and
S12) shown located in Figure 3.1 were installed on the
centre line of - the proposed: tunnel. Because of their
location, primary interest was in the development of
hovements ahead of and into the advanciné tunnel face.
Oﬁlained displa;ements in the longitudinal p%ane containing
the tunnel centre 1line, as recorded by SI1 and SI2, are
presented in Figurés 4.14 and 4.16 _respectively. Figures
4.15 and 4,i1 présent movements as recorded by SI1 and SI2
transverse to the tynnel centre line. |

Considering 1longitudinal movements (figures 4.14 and
4.16), large differences between inclinometers‘was observed,
i.e., épproximateiy 4mm maximum displacement into the tunnel
face at SI1 compared with 8mm at SI2. The development of
ground movements above the tunnel crown was also different
for.each inclinometer. This observed difference in behaviﬁur
was in keeping with the different geologic regions, as
defined.in Figure 2.4, 1in. which the inclinometers were
located, - i.e., SI1 was located in Area IIf while SI2 was in

Area 1V.

)
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Considering in more detail SI1, located in a région
whefe surface settlement was typically 8mm; displacements
show no pgrcebfible movemeht beyond 4m ahead of the face.
The final displacemenﬁ\prﬁfile as presented in Figure 4.14
- was influenced by the developmenf of,qui;e a large void in
front of the TBM and as sugh can only be‘considgred as
anomalous. The same void resulted in the anomalous behaviour
of Multipoint Extensometer 3 (Section 4.1,2).

Ignoriné thérefore the' final profile‘ a maximum
' displacement’of Imm was observed 1.6m ahead of the faceé. The®
subsequent set of readings, when the face was Im awa;x
indicates a displacement of only 0.5mm towards the‘faqj{
This reduction was bglieved to be a result of pushing forces
from the-mole. Ezidche of pushing of the soil-is also seen
by the displaced position of SI1 above .the level of‘ the
_crown. These observed movements,‘although withiﬁ the error
reported from calibration zero readings in Chapter 3, are
seen to be consistent with time and apparently sensifivexto
minor ground movements. |

Transverse movements of SI1 shown in Figure 4.15
indicate little movement or no movement trends. Fiﬁal
measured large movement; were believed to be influenced by’
the constchtion void as mentioned earlier. This
incliﬁométer due to alignment problems had a final pdgition
just inside the springiine of the tunnel and while some

lateral displacement might be expected at this location,

results presented .show no perceptible movements until
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influencéd by the construction vgid. -

Figure 4.16 shows 'displacemenis as recorded by S12.

Unlike SI1 no anomalous happenings  occurred during

excavation and therefore displacements can be assumed as.

typical of those occurring under ground~c6nditions such as,

present at SI2. Presented movements at the level of the

tunnel axis indicate behaviour similar to that observed by

in SI), i.e., the ground initially moved toward the face up .

to a distance of 5m away\ﬁ:om"it and thereafter with the

ekception, of thg‘last recorﬁéd reading éppears to héve been
pushea éﬁay from theﬁ face. The final measurement of
approximatély 8mm intor the féce was expectédaas during
excavation material could Qisibly be seen floﬁing "through
the TBM . face. It 1is believed that detected movements may

o

have been larger had an éxceptionally strong grout not been

used during installation of the slope indicator,‘Thé-grout,.

required due to stop excessive grout 1loss (Chapter 3),

resulted in the casing being too rigid allo&ing ground to
flow around it (especially pronounced closer to the fage).

oy . . ’ : )

1 .

Movements above crown level of SI2 was different to

that of SI1 in that- movements of 512 show %iltigg toward the

face as early as 9m (3 diameters) ahead of the face. {f
tilting increased as the tunnel face advanced up to \d

" maximum of 16émm at the surface when the face was 'Im away.!

Recorded vertical displacements in-this area showed Vélues_

in excess of 300mm (SP25 and SP26; Appendix D). This large

vertical movement resulted in slumping or doming of the

:

9
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ground .in front of the face as detected by SI2 measurements.
Large horizontal displacements. (> 10mm) such as were
detected here would be very dangerous fo surface buildings.
The meéhanism of domindﬁahead of the face with associated
horizontal movements hasvheen identified by Attewell (1977)
as potentialiy dangerous to surface buildings.

Evidence again of too strong a grout is seen from areas
of very sudden profile changes of the inclinometer, eg., the
5m depth level in the last three reported measurements of
Figure' 4.16. These sudden changes are believed to be a
result of cracking of the grout.

Transvefse movements as shown in Figure 4.17'indicate
no real disternable trend although léteral movement to the
north of approximately 1mm occurred”at the surface. This
value can be compared ;ith approximately 15mm horizontal
displacement toward the tunnel face at the same location.
Thé final recérded reading has showed quite large transverse
movements (approximately 6mm) although the zone of maximum
movement does not s£art until two me®* . above <crown. This
strange location may Ee relatec to the strong grout
surrounding this inclinometer. |

"Measurements ffom b6£h inclingmeters show little

movement below invert level.

v



5. TUNNEL SUPPORT PRESSURE MEASUREMENTS

5.1 Instrumented Test Sections

‘A total of four test sections, located as shown in
Figure 5.1 were installed between January 18“ 1983 and July
26, 1983. These four sections totaled 1é load cells; 78
calibrated wood laggings and 27 simulated steel l;ggings .
The .design and calibration of these instruments has been
explained in ChapteE\B

Test Sections 1, 2 and 4 were designed to validate wood
lagging preésures witﬁ those obtained wusing the more
predictable steel laggings. Test Section 3, described later
in Section 5.4, differed significantly both in design and
purposé from the other sections. In brief, it was designed

to validate measurements taken on dubbed "uncalibrated

laggings", also described in Section 5.4 .

5.1.1 Test-Section 1
Located as shown in Figure 5.1, this section consisted
of 4 l:ad cells , 18 wood laggings of nominal thickness (t)
50mm and 9 simulated steel laggings arranged as shown in
Figure 5.2 ; Depth of overburden to the tunnel centre line
was approximately 13.7m.~ |
| Observed "equivalent" lagging bressures obtained wusing
the method set out in Appendix A, are presented in Figures
5.3, - 5.4 and 5.5 for Ribs ’1, 2 and 3 respectively.

Calculated axial forces as recorded by Load Cells 1 to 4,

92
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loéated in this Test Section, are presented in Figures 5.6a
and b. On Figures 5.3 to 5.6 the face location relative to
the test section and normalized to the tunnel diameter, has
been presented to demonstrate any dependence of pressure
build up on the laggings with tunnel face advance.

Lagging pressures and rib loads both show ‘a generally
steady 1increase which had not tapered off after 50 days by
which time the face had ;dvanced well past the section. The
irregularities observed between 5 and 10 days can be
attributed to operator error. Negative pressures are a
result of mole related activities as explained in Section

5.2.1
Ve
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5.1.2 Test Section 2

Located as shown in Fiqure 5.1, this section totaled 4
load cells, 30 caIibrateé wood laggings(t=50mm) and 9
simulated steel. laggings arranged as ‘shown in Figure'5.7. As
with Test Seéfion 1, overburden was approximétely 13.7m.

Resulting "equivalent™ lagging pressures calculated
under the assumption of wuniform pressure' distributibn
(Appendix A) are presented in Figures 5.8 fo 5.13. vAxial
forces measured by Load Cells 5 to 8 are preéented in Figure
5.14a énd b . As in Test Section 1 pressure and axial 1load
developments are shown vérying‘with time and relative face
position, |

In comparison with Test Section 1, it is observed that
a 4 to 5 day delay between expansion and significant load
build wup exists., This is believed to be attributable to
construction shutpdqwn for three days which 1left rib 3
unexpanded until tunnel progress resummed.ﬁ It is also
possible that extra overcut occurred at ‘this ~section

resulting in smaller expansion pressures.
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5.1.3 Test Section 4

Likg the other test sections, Test Section 4 1is shown
located on Figure 5.1 . In total the section consisted of 4
load cells, 30 calibrated wood 1laggings(t=80mm) and 9
simulated steel 1laggings arranged as presénted in Figure
5.15. Overburden depth varied near the section because of
the presence of a recently constructed embankment. Full
geometric details of the tunnel 1in relation to - the
embankment are éiven in Figure 5.16 . Using a rectangle, of
equivalent area to that of the Eriangular embankment, an
overburden depth of'16.7m was calculated.

Derived "eqﬁivalent" lagging pressures and 1load cell
axial loads, calculated using similar assumptions and method
as those in Test Sections 1 and 2, are presented in Figures
5.17 to 5.23.

It should be noted that all figure§ presented in this
Chapter containing measured lagging and/or load cell values

are presented with a viewpoint facing WEST.
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Figure 5.19 Test Section 4 : Rib2
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5.2 Discussion of Tunnel Support Pressure Measurements

5.2.1 Performance of Wood Laggings

As has been menti&ned previously one of the main aims
0£  this project was tos¥est whether adequate accuracy for
pfediction of support pressures could.be obtained wutilizing
deflection measurements of regular wood laggings, as opposed
to the relatively expensive lagging simulations. With this
aim “in mind iti was decided to instrument a particular
location using sets of simulated steel laggings flanked by
twoa calibrated wood 1laggings. Using this technique it was
assumed that the pressures observed by the steel lagging
could be calculated with high enough accuracy to be used in
direct comparison with pressure values obtained from the
wood laggings. As shown in Figure's 5.2, 5.7 and 5.15, sets,
or groups of 3 laggings(wood steel wood), were placed at tﬁe
crown and shoulder points of a rib. Shear forces around the
periphery%of the lining, caused - by the relative movement
between soil and ,fﬁning, result 1in load vector rotation
which is more pronounced at the .;houlder point locations.
For this reason pressuregdobserved ip thé‘crown regi%ﬁ?were
investigated <«for compliance .with th; élreédy stated
performance criterion. These results are tabulated in Table
5.1 .. |

The data‘presented in Table 5.1 shéw that observed wood
iagging preséure values Qere consistently lower than those

3

for the steel 1laggings in the first two sections with the
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Table 5.1 Comparision Values Between Steel and wOod'Lagging

Pressures
13
1
A
§ s '
Test Derived Pressures (kPa)
Section Rib
14 .4
wWood Left]|Stee! Centre| Wood Right Average
1 17.80 . 27.23 0.82 15.30
! 2 9.40 24. 41 10.60 14.80
.. 3 12.90 31.60 - 14.10 19.50
1 10. 10 4.60 _ 7.40
2 2 7.10 32.00 9.90 16.30
3 1.80 16.50 7.80 8.70
T 437.00 240.00 298.00 325.00
4 2 . 274.00 157.00 - 215.50
3. 185.00 155.00 162.00 - 167.30




121
l

reverse occurring in the highly loaded Test Section 4.
Initially, therefore, it <could be concluded that our
performance criterion had not been met. Considering the full
loading history it is seen, however, (e.g. Fiqure 5.22) that
immediately after rib expansion, the steel and wood laggings
show a very similar 1loading hiétory, i.e., parallelism
between all tggee boards as would be expectéd. From this it
was inferrea, that during expénsion of the 1laggings plus
associatedlshoving forces from the mole, something different
happened between laggihg types resulting in the observed
pressﬁre differences. This dissimilarity is believed to be
directly attributable to a .Slighé difference in length
between the wood and steel laggings, 1i.e., the steel
laggings were constructed a 1little shorter than the rib
spacing so that end effects would not occur. The wood
laggings, which were not treated in this manner, may have
been loaded by end moments resulting from the two mechanisms
outlined 'in Figure 5.24. While the mechanisms .outlined in
Figure 5.24 could be readily identified, their exact
magnitudes were almost impossible to predict for a variety

of reasons.
Mechanism 1
1. The exact geometry was not known and was dependent

on the lateral position of the expansion ram.

2. The expansion force was not known accurately
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although it is suggested for future works that this
force be r corded as a reqular part of construction
activity. |

Some laggings were affected more than others dﬁe to

variable lagging thickness..

Mechanig@ 2

1.

Force "F" from the mole was not known although it is
again recommended thét a record of this be kept
during shoving. |

The eccentricity of the force was unknown and very
difficult to obtain. | ‘
Some boards were affécted more than others due éo

variability in lagging lengths, i.e., total push of

~the mole only goes through an unknown percentage of

all the boards in a particular rib.

-

Having qualitatively identified some causes for

variability in lagging deflections it was necessary to

-obtain a "representative value" for induced laggihg

pressures. Because of problem complexity this could not

be calculated and ‘therefore must instead be estimated

from field measurements. Investigation of the pressure

time curves of Test Sections 1 and 2 (Figures 5.3 to 5.5
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~and 5.8 to 5.13) yielded an apparent mean indﬁced
preséure due to Iexpansion related activities in thg
order of -10kPa. This value was determined mainly from
shoulder point boards where séil loads were les:
dominant. Although larger extreme values did exist, this
appeared to be a good average. This conclusion was
reinforced by a much. improved correspondence between
steel and wood lagging pressures, as liséedl in Table
5.1, when ypod values areqincremented by 10 kPa.

Considering pressure diagrams (Figufes 5.17 to
5.22) from Test Section 4" it can be seen that a reverse
in pressure values existed, i.e., wood pressures were
larger than those of the steels. As in Test Sections 1
and 2 similar loading histories were observed after
emergence from the mole "influenced area. in this
instance the pressure disparity was believed to be
attributable to differences in the stiffness of the
steel and wood laggings af this section,. 1i1.e., steel
léggings were one third the stiffness of the woods. This
stiffness difference resulted 1in a large difference
between observed steel and wood deflections, i.e.,
5u=5-10mm. These deflection variances may have caused
some stress transfer to boccur over the softer steel
lagging. ) , _ N

Although the original performance criterion of

pressure equality was not been met for reasons

previously stated, confidence in the predictive
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capability of wood'laggings was gained from observation
of similar load history records for wood and steel,
after emergence from the mole effected area. Further
confidence in the wood laggings 'was gained from ‘the
deveiopment .of similar records. of two wood laggings
ihstalled at the‘same location(e;g.Figﬁres'.5.8, 5.165,
5.18, 5.19af.

It is from 1load history‘ records and pressure
similaritiés at the sameilocation that we have concluded
wood laggings can be used to predict lining pressures.

wﬁilg confident in pressures obtained by the wood
laggings, it must be remembered ‘that an approximate
underestimatipn of 10kPa because  of .mole related
éctivities was concluded. While tﬂis error magnitude is
sﬁall it will have a very dominant effect on predicted

pressures under conditions of low soil pressure.

5.2.2.Discussion of Lagging Pressures

Reéuitaﬂt pressure distributions derived from lagging
measurements are presentedA in Fiqures 5.25, 5,26 and 5.27
for Test Sections 1, 2 and 4 'respectively. The pressure
plotted in - these diagrams was an average  of the three(or
two) laggings'lgéated togethér. Where negative pressures
existed, zero was assumed, unless after obtaining a negative

value upon expansion the pressure curves began to show an

increase. In this instance the net increase was taken as the

pressure. These pressures have been summarized in Table 5.2.

2

J



126

l

Table 5.2 Average Lagging Pressures for Test Section 1, 2
and 4

AVERAGE LAGGING PRESSURE (kPa)
Test
Section Rib
” v )
SL-South]S Point 1 Crown .|S Point 2}SL~North
1 - 0.0 15.9 4.7 -
1 2 - 3.3 14.8 2.2 -
3 - 4.2 19.6 3.2 -
9 10.0 7.3 11.5 2.7 9.9
2 2 0.0 0.7 16.4 3.6 6.1
3 1 &5 0.6 9.3 10.2 10.6 |
1 162.2 54.6 324.4 49.7 170. 1
4 2 206 .8 119.1 215.5 |- 244.7 197.5 |
3 1921 133.1 167.8 186.4 267.5
Crown
S Point 1 S Point 2
SL-North

SL-South
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b) RIB2

Figure 5.27 Average Pressures for Test Section ¢
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Near Test Sections 1 and 2 the loads were small with é
maximum of only B% of overburden (Test Section 1 Rib 3,
Figure 5.25c). Furthermore, most of the rings demonstrated
symmetrical loaéing with respect to thelvertical axis of the
tunnel. At Test Sectign 2 (Figure 5.26) equality of
pressures at crown and. springline was observed. This
observed éymmetry of loads and crown-springline 1load
equality were expected for a flexible lining system(Peck,
1969) such as the Steel and wood lagging system used in this
project. Minor discrepancies were caused by mole activities
as previously discussed and also because the iining»system
was neither perfectly faexible or symmetric.-

Focusing on Test Section 4 (Figure 5.27), observed
pressure distributions were again approximately symmetrical
about -the tunnel vertical axis. Near equal pressures at
crown and springline we;evalso'obéefved. Pressure magqitudes
were however, gréatly increased over those of Test Se;tions
1 and 2 (by a factor of abproximatelyv 10). This pressure
ihcrease'could be directly related to poor Qround conditions
at the sectionilocation;coﬁpled with increased overburden at
the section brought about by the recent construction of an
embankment on the ground surface (Figure 5.16). Using an
equiva’ . area rectangle, as préviouély explained, a depthl
of overburden = 16.7m and. a vertical stress of 318kPa
(y=19kN/m?) 'wére obtained. Using this fiéld stress value,
extremely high lagging pressures, typically 65 to 75% of

overburden were calculated. These pressures may have been
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slightly high as they were undoubtedly influenced by
excessive deflections of the ribs at Test Section 3 (Figure
§.1), Jjust,1.2m from Rib 1 Test Section 4 . This bending of
fhe ribs, which occurred due to the formation of a void
along the north side of the tunnel was remedied by creating
a stiffer section using shoring techniques. After
bverloading of these ribs stress ‘transfer mechanisms around
‘the void in directions perpendicular and longitudinal to the
tunnel axis was thought to have occurred. Occurence of these
me;hanisms was demonstrated by the higher pressures in 'Ribs
1 and 2 of Test Section 4 and the slightly higher pressureé
on the north side of the tunnel. Ignoring these slight
abnormalities, it was still evident that high eartﬁ
pressures existed in this region. This reflected the
influence of excess overburden and poor ground conditions.

Regarding Rib 1 Test éection 4, the very 1low —shoulder
'pointﬂpressures observed were believed to be related to void
infiﬁence,.i.e;) due to the proximity of the void iittle
pféssure was apﬁlied to. tue. rorth sidelbf this rib. As
pressure began to build up on the south side of the rib it
moved bodily northwards uﬁtil activating pressures from the
south? ceased.

Finally, regarding all sectiofls it was observed that
pressure distributions were typical~of thosg‘expected for a
flexiblé lining .system. These pressures, in the main part
controlled by wood 1lagging determinations, are further

evidence of the predictive capabilities of wood iaggings.
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5.2.3 Discussfon of Load Cell Results

Recorded axial loads, calculaﬁed using the method
presented in Chapter 3,‘are shown in Figure's 5.6, 5.14 and‘
5.23 for Test Sections 1, 2 and 4 respectively.

Considering Test Sections 1 and 2 (Figureg 5.6 and
5.14) placed in what was considered similar ground, gave
dissimilar load development in time and magnitﬁde, i.e.,
magnitude of approximately 60kN in Test Secfioﬁ 1 compared
with 30kN in Test Section 2 . This contradicted information
from the measured‘pressures in these two sections (Figure
5.25 and 5.26) which showed similar loads. Load development
ih the 1load célls was, however, in keeping with that
recorded . by the 1laggings, 1i.e., Test Section 1 showed a
steady increase with time while Test Section 2 remained
essentially conétant.b This soil creep behaviour , feported
by Peck (1969), was only present in Test Section ' and the
only area in this ‘project: vhere any appreciable time
dependancy was detected. This loading difference was thought
to be the result of subtle constructiob Qifferences between
sections. The earlier reported 3 day delay before expansion
of  Rib 3 of Test Section 2 was also believed a contributory
factor‘toQaras the observed differences. ItAshould be ndted
with regafd to load magnitudes in these se;tioné; thét due
to over design the Load Cells were operating at less than
10% of their design maxihum, therefore actual magnitudes may

be in error.
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Finally with regard to magnitude trends, it was seen
that similar axial thrust on opposite sides of the steel set
have developed. Again, this was expécted for a flexible
liner and co.vesponded with observations from 1lagging
pressures, i.e., symmetry of loads.

Focusing on Test Section 4  (Figure 5.23), it was
observea as with iagging pressﬁres that an enormous increase
,in léad magnitude occurred relativer to those of Test
Sections 1 and 2 . Irreépective, however, of loaa increase,
symmetry of loads was still observed, especially good in
Fiéure 5.23a . In Figure 5.23b the exact Fagnitude of ' Load
‘Cell 15 was not known ‘as the elastic limit of the cell,
‘céiculated at b500kN, was exceeded. It <can be asshmed,

however that its 1load was more than that observed by Load

o
A\ -~
N

Cell 16, present in the same steel set. The higher 1load at
this location (south side) was in. response to higher
shbulae; point préégures observed on the north side of - the
. tunnel (Figure 5.27b and c) . | g

With regard to load history it was observed, unlike in
Tes; Sections 1 and 2, that a contrast between lbad build up .
on the laggings compared to the load cells existed. In the
laggings, pressure after 10 days increased by an amount
approximately 10% of the 10 day load while vthe load cells
showed . an increase of 30 to 40% over the same time period.
This difference was thought tovbe directly attributable to

consolidation of the material found at the section. That is,

during excavation, generation of ‘temporarily high pore
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pressures reduced the effective stresses in the cohesionless

material and

as the tunnel acted as a drain

2T
material consolidation with an associated increase in

strength was facilitated. With this strength gain, stress
transfer mechanisms in the longitudinai direction Setween
’ribs according to Terzaghi (1943) could develop. This stress
transfer thus isolated the laggings from further increése in

load by transferring it directly onto the steel sets.

5.2.4 Interrelation of Lagging . ressures and Steel Set,LBads
A very impértaﬁt relationship for a steel set and wood
lagging liner-with regard to tunnel monitoring and design is
that of 1oaaé carried by the laggings compared with those
carried by .the steel sets. As a lower‘ bound all 1lagging
1Q§és‘ would be expected to be transferred directly to the.
stéel set. However, it has been found (Branco, 1981) that
the loads in the steel set may be as much as 3 times those
attributable to.lagging fﬁressures. This difference is a
resﬁlt of .stress transfef mechanisms in the longitudinal
direction between ribs. The deve;opment of stress transfer
mechanisms bgtween ribé was also aided by the large
stiffness disparity between the steel sets and laggings.
.3efore making (. mparisons between obse;&ed ~lagging
loads and steel"rt lo=7z the problém of having 1lagging
loads in the fcrm TCessur ~ile steel set loads take
,fﬁﬁre form of a normal force L - L vverqpme.'Treating the -

top steel set as a simply suppc .d arch and analysing the

¥
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vertical' equilibrium of the the system, it was decided to

use two comparison criterion as explained subsequently

Pressure Comparison
w \
In this case an average pressure "p bar" was
calculated such that the calculated pressure would
account for the resultant vertical force in the load
cells. A ratio between "p bar"™ and the average
measured pressure around the steel set was then

wo calculated.
<3

. Vertical Load Comparison

The résultant pressure ~iagrams as presented in
Figure's 5.25, 5,26 and 5.27 were analysed such that
the | totéi vertical force attributable to the
‘pressure distribution was‘calculated..The ratio of
this load and the resultant vertical force in the

load cells was thus found.

For calculation of the ratios, lagging loads were
assumed equal to the average value obtained from the two
flanking ribs surrounding the load cell infiltrated steel

set. The results of this exercise are contained 'in Table
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5.3. In Table 5.3 the self weight of the lining was not
considered as it was smail\(ZkN) relative to the loads. For
clarity the calculaged equivalent pressures were plotted in
Figures 5.25 to 5.27 . | S
In the author's opinion the integrated vertical load is
more correct as this more correctly takes into account the
influence of higher crown pressures. It was reassuring to
note, howeyer, that the pressure and load ratios were Quite
similar.
Considering the magnitude of observed ratios a range of
1.19 to a high of 3;86 was found. Ignoring extreme values a
. range of 1.38 to 2.57 includes nine out of the reported
~ twelve wvalues, This range 1is similar to that‘rpported by
Branco (1981) of 1.85 to 3.13 . ‘

l : .
) It has already been noted that quite different steel

éet loads between Test Sections 1 and 2 were observed which'

‘have resulted6}in quite different lagging to steel set load
ratios for both sections. It was expected that as ground

conditions deferiorated theﬂvalue of lagging locad to steel

set load would tend to unity. Results obtained yere

N \

. \\
inconclusive due to insufficient data. It was seen however

that Test Section 4 in bad ground had low ratios while 'Tegé

Section 1 in good ground had high values. Test Section 2

ratios do not fit readily into this scheme.

Accepting an average ratio of 1.5 to 3.0 to exist

between rib ang lagging load in Edmonton, this leads to an

important design compatibility criterion, i.e., the ultimate

A
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capacity of the laggings should range between 33 fo 66% of
the steel rib ultimat% capacity. This conclusion is based on
the wultimate capacity of the formulated lagging ring with
regafd to safety and integrity at failure, 1i.e., under
conditions of high load excessive deformation of the lagging
is more desirable and safer for escape of workmen than
buckling failyre of the steel sets which could totally block
t' = tunnel, possibly trapping workmen. This finding casts
doubt on present City of Edmonton tactics of reducing rib
spacing in bad ground while keeping the same steelr set
dimensions. This results from a simple comparative analys1s,'
whlch shows that as the rib spacing is reduced from 1.53m
(5feet) to 1.22m (4feet) to 0.91m (3feet) the lagging
capacity is increased by 56 and 178%, respectively. For the
same reduction in spacing, the capacity of the steel sets is
only increased by 25 and 67%. Hence, under a given grohnd
pressure, the factor of safety of the steel sets is
increasing less rapidly than the‘factor of safety of the
laggings which results in an unaesireable chenge in the mode
of failure, i.e, the steel sets .will collapse b fore. the
lagging exhibits large deformations. This 1ncompat1b111ty is
reflected by the -observed excessive deflections of the steel
ribs in the tunnel when rib spacing was reduced from 1.21m
to 0.91m in an area of high load, It i therefore
reccommended, that. systems of compatlble steel ribs and wood

laggings be 1nvestlgated for varying lagging lengths and

thicknesses.
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5.2.5 Conclusions

1. Wood laggings can be used to measure lining pressures
although they éeem more sensitive to construction
activities than simulated steel laggings. Altefnatively,
slightly shorter laégings coula be used for monitoring
purposes.

2. Lagging pressures varied from less than 10% overburden
at Test Sections 1 and 2 to 65-75% overburden at Test
Section 4. The drastic increase is believed directly
attributable to poor ground conditions at Test Section
4. |

3. In keeping with theory'regard}ng flexible liners, it was
found that equaliéation of pressure at crown and
springline occurred and that axial thrusts in the stee]l
sets were symmetrical. \

4. The ratio between steel and lagging load vary typically
from 1.38 to 2.57 with lower values being found in
poorer gfound conditions. This 1leads to an important
'desigh compatibility criterion. for steel and lagging
systems in Edmonton: Ultimate capacity of tﬂe wood
laggings should lie between 33 and 66% that of the steel

ribs.

5.3 Prediction of Lining Loads
The prediction of lining 1loads for the subsequent
design of  liners or lining systems has always been the aim

of tunnel engineers. Problems exist however because of the
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variability of soft ground tunnél conditions.‘To combat this
a host of sémi—empirical methods of prediction have evolved
‘e.g. Hewitt and Johanesson (1922), wWashington Metro ﬁetpod
(Sczechy, 1966), Moscow Method (Sczechy, 1966). Terzaghi, in
an attempt'to take ground conditions into account‘introduced
various qualitative loadings for ,different ground
conditions. These loads, given for long and short term, have
ﬂgSP reproduced in Proctor and White (1977). Terzaghi's
loads are based on an expected amount of arching for a
particular soil type and in this respect it is one of the
first réferences to soil strength influence on lining loads.

Lining load is, however, a soil interaction problem and

in this respect Peck (1972) introduced the terms

a) Flexibility Coefficient

b) Compressibility'Coefficient.

These terms, which can be found defined in the cited
:reférehce, are measures of ' lining flexibility and
cqﬁpresSibility compared to the medium.in th‘ the tunnel
iéJplaced. Peck (1972) presents chérts from which design
moments aﬁd thrusts based on values of the above parameters
" can be obtéihed._ln this method‘thé two main problems are
determination of. a representative Young's Modulus for a
composite lining system ;nd, more difficult, a

representative

3 Young's Modulus for - the ground. This last

i

parameter is in fact the controlling factor for a. given
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lining system as tb what magnitude of ioéds the lining will
be subjectéd too. While it is good that a predictive method
incorporates a ground mechaﬁical property, Peck has chosen
one of the most difficult, possibly most innaccurate and
expensive to obtain. It would thérefore, be advantqgebus if
another interaction method incorporating more reliable and -
inexpensive parameters couid be used.

| Such a method 1is that referred to as the Convergence
Confinemeﬁt Method which has " been }studied extensively by
Daemen (1975). The method and development of Daemen (1975), .
expanded in. the following-section; wés cﬁosen. here as . it
taﬁes into accéunt'well understood shear strength parameters
and relates this to 'expected ;load on the 1lining. The
_depenaency of load on ground strength parameters is thus
vestablishéd.

A summary of structurél design models in common use for
design of tunnel final liners ii Agivén by Duddeck and
Erdmann (1982). In fhisi paper all models -, with the-
exception of. one- proposed by Muir Wood (1975), assume
pressures. equal to the original - grdund_‘stresses. This
condition is based on the assumption that in the long térm
original conditiSns_will prevail. Evidencé'stating that this
is over¢onservative has not yet been found but certainly for
design pressures on temporary ‘liners this 4is much too
-conservative. One.model'presented- in Duddeck and ‘Erdmann
(1982) that 'of‘Sdﬁy;ze and Duddeck uses a beam model which

in simple terms cbnsiders-the equilibrium of block failure
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above the tunnel for various ratios of ground to support
stiffness.-Discussions presented in Chaﬁfer 4 of this thesis
cast light on the kinematics of such a model by suggesting
ghat such a failure occurred progressively. It 1is the
ability of the Convergence Confinement Method as presented
in Section 5.3.i to consider the intermediate states of such
a block failure which makes this method so _potentially

useful in soft ground tunnelling.

5.3.1 Convergence Confinement Method.b

The convergence cgnfinement method (CCM) refers to the
- ground suppoft interaction which occurs between excavated
tunnel and installed liner. The convergence, refers to the
inward movement of- the tu;nel boundary (Groﬁhd "Cohvergence'
Curve) - in ‘direct response to the insertion of the stress
free'bounaary (tunnel wall) in the original in-situ stress
field. Confinement is the response'of the liner installea'to-
arrest these deformations which fesults.in pressure build up
within the ‘liner (support reaction curve) wuntil an
equilibrium point is reached. These fagets of, the CCM afe
demonstrated diagramatically in Figure 5.28. The ordinate in
Figure 5.28 is the amount of internal pressure required at a
particular displacem%pt'to secure—equilibrium.

Reguired sﬁppbrt pressure is seen to déérease.as tunnel
wall displacement increases. This dependence on tunﬁel wall
movements steﬁs from the fact that' for ground . around the

opening to absorb the stress loss brought'about by tunnel

w
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excavation; it must assume a load carrying function by
mobilising some of its own inherent strength. This process
requires movements which are subsequently'manifested by the
inward movement of the tunnel walls,

Depending on the size of the tunnél, the strength of
the materiai and the in-situ stress field, ;he stresses near
the tunnel may exceed the ground strength causing
overstressing (yielding) of the ground. This may result in
the deveiopment of a yield zone around the opening.
Depending largely on material mechanical properties this
yielding wusually results in some degree of strengfh
reduction accompanied by developmént of plastic strains.
This point of yielding signifies the start of the non lifear
portion of the ground convergence curve, i.e., prior'to this
initial yielding, ground response was linear elastic. It is.
the shape of the convergence cﬁrve after yielding which
reflects the behaviour and thus stability of the tunneY.

After  yielding, as shown in Figure 5.28, the
convergence curve goes off to the right; ~i.e.,displacements
increase. In Figure‘ 5.28 the convergence curve does
stabilise but this is not always the case. In practise the
non iineaf'_pqrtion ‘may either stabilise as shown or may,
depending on thé.degree'of strength loss in the yielaed
zone, show an increase in required support pressure with
displacements. This phenomenom of‘ an upward turning
convergence curve), according to Daemen (1975), is common

unzer corditions of low field stress, such as are /ﬁoundﬁ’in

i
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shalldw tunnels, when gravity terms dominate within the
lower strength yfeld zone. They are also common where large
post peak strength losses occur. As will be shown . later it:
is the amount of re g?ﬁed__;actlon angle in the yield zone
‘wﬁich has a very doiggé%l effect on the shape of the
convergence curve and thus on the lining pressure. This
dependence on residual friction angle can bg viewed as the
self retaining capacity of a block "d" in widtﬂ and height
"R-d/2" from slipping into thegiﬁnnel where R is the extent
of the yield zone and "d" is the diameter of the tunnel. The
lower the angle the less it is retained and the more support
pressure must be supplied for stability. !

Another type of convergence curve 1is that  which
initially starts downward and only after some displacement
does it begin to turn upward. This deiayed upward tiend is a
result of moderate strength loss in a low fleld stress
situation (shallow tunnel). In1t1ally the effect of gravity .
is minimal but.after expan51on of the yield zone its effect
begins to dominate ovef stress uptake by intact material.
These three, types of curve are shown diagramatiéally~in
Figure 5.29. | |
| Having identifigd that certain types of 'grOUnd
convefgence curves exist, some of which represent more
‘beneficial modes towardé tunnel stability, for any design
situation the whole curve‘is redﬁired. Field measuremen£ of
the curves involves measu?emg@#%of the tunnel wall closure

befbre and after face advance plus measurement of 1lining

%

-
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pressure. In reality only the' latter ‘can relatively
.accurately be measured which'only yields one 'point on the
ground convergence curve provided some knowIEdge of ground
displacements exist at the section. As field measurements
are 1nadequate we must therefore develop theoretlcal curves
for wvarying ground conditions in the hope that f1eld
measurements will .relnforce the developed curves and prove '
their‘value for future'works; In the gollowlng sections, the
theoretical development jof ground conve;gence curves as
presented by Daemen (1975) is reviewed Ground convergEnce

. /
curves are then generated for varying strength parameters

~ thought applicable-to the present project.

(PN b

.- c—

°h5,3.1.J‘Theoretical Prediction. of the Ground Co-vergetce
1. ' Curve - ' | . .

This topic nas been exten51vely studied by Daemen

,,f.

’.(1975) who: adopr, a contlnuum mechanxcs approach.- In

, Daemen's op1n10n thlS is preferable over the too
. "u"x ‘ . ) v . . . ,ﬁ ' N
simplistic | pseudo emp1r1cal + ~approach and over.

_sophlstlcated approach of numerical methods. Daemen was

-however forced l1ke many ‘other workers in Geotechnlque,

\,. o

SR _ to _”ﬁake'“ 1mp115t1Cfrassumptlons regarding material
e beha$ﬁour.;§pd5 problem geometry Recognizing these

shortcomatgs baemen. (1975) developed equatlons knowlng.-

that theymgould notfprov1de " exact numbers but vratherv

that they would show trends of parameter dependence. It

‘is th1s parameter fdependence that we would like to

1solate fdr the Kennedale tunnel andj‘hence use to

e
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predict pressures along the crown of the tunnel.

Summary of Daemen's Theoretical Model

. Daemen .(1975) con51ders a Circular opening of

ra-di'us'_"aa be1ng driven through a ground under a

Hydrﬁstatxt Stress. "p" (Ko-75 The ‘ground (Dseméﬁ
oerJnally undertook thas analys1s for rock) is .assumed

f\vu . Ny
homogeneous, xsotroplc and 11nearly elast;c prior to
Sy n\ IR ’
tunnelllng After excavatzon 1t ;is assummed that “the

1nduced stresses exceeds %he ground strength caus1ng the

.....

development of a homogeneous,. 1sotrop1c,f_cy}rndr1cal
Jrlqelld jbr' broken zone of radius "R".  This is shown
diagramatjcally in Figure 5.30.

All material is assummed to follow the Mohr Coulomb
failure cr1terlon with the‘h1n1t1al materlal hav1ng
strength parameters of ¢ ana ¢varile material in the
broken -zone has ;aiues of ¢ aﬁd_,$‘='<£ “denoting

r r

residuél) The magnltude of ¢ and ¢ become one of the
r r g

Jmost domrnant varlables 1n this analys1s rang1ng between

T

0 <c <cand 0 < ¢ ¢ .
r , T L z .
For purposes of modelling soft ground behaviour

Daemen's c and ¢ shall be redgflned as the apparent
r* .r . * '
shear strength parameters o and ¢ . . This shall

therefore "avoid any confusion wlth Skemptons re51dualA1

' shearostrength,parameters. In the following analysis the

* *

values of c,_anQﬁo represent temporary strength losses
- T o T ) 4 .
R ) BRI & .

JEEN

.P/_';.
'
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as a result of tunnel excavation and-vonly in materials

which  exhibit post peak strength losses do they

represent long terimn conditions. Like Daemen, the
x

* t

magnitude of ¢ and ¢ vary such that 0 < ¢ < ¢ and 0 <
* . x

¢ < ¢. Physically the values of ¢ and ¢ in the
following anélysis were chosen to model strength losses

brought about by excess pore pressures, looséningm and
- :

other excavation disturbances.

~ After introducing equilibrium and boundary

conditions together with constitutive relationships the

solution follows two fundamental stages. The first
requires a calculation of stress distribution under the
assumption of small ' strains. Relationships from this
analysis are then coupled with matefial deformétion
parameters providing a relaﬁionship between ‘internal

pressure (p ) , the ratio R/a and u : whergfh is the

i a a
displacement at the  tunnel wall. For a more

comprehensive development the reader is again referrcd

to Daemen (1975). The governing equatien resulting from

the first stage is:
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x *

p = [p(1-sin¢) - ccos¢ - c coty ]

i
* 3 “©
(2sin¢ )/(1-Sing¢ ) * *
[(a/R) ] - [c cote ]
x x
* * (3Sin¢ - 1)/(1-Sin¢ )
+ ay{[(1-sing )/(1-3sin¢ )]I(a/R) - _

,///””\\\\ o | | |
1>N Eg. 5.1

\4iere p = internal support pressure . . o .
N 1
v = weight density

Considering the terms present in Equation 5.1 it is
seen that the first two terms are primarily concerned
with strength mobi;is%tjon while the third controls the
effects of gravityv in the loosened yield zone. In the
floor of the tunnel the loosened material acts as a
stabilizer, i.e., 1its weight acts with the internal
pressure thereby aiding stablllty inn the floor regioﬁ

and reduc1ng the .internal pressure required to achieve

1

equillbrlum.'Hence, the grav1ty term has a negative sign

in Equation. 511 for the floor.)In the crown area grav1ty

"acts against the k&ternal pressure thereby 1ncrea51ng

>..-.—)<

the internal pressure requxrpd to achieve equilibrium.

Hence, the gravxty tgrm assumés 5 pOSlthE' 51gn in

LR

Equation 5.1 .

o
I
.
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When - Equation 5.1 ds coupled with material
deformation parameters and made dimensionless Equation

5.2 is obtained :

u /a =[(R/a)*(psing + ccos¢)(1+v)/E] +
a |
%x x |

[(p + c cote )(1-2v)((R/a)*~ 1)/E]-

. X ‘ \ *
(1-2v + »Sin?¢ )/(a?E){+(2y(R*-a?)/3(1-3sing )+

(a +2) (a4 +2) a
(R r -a r )/a r){p +
. i

E 3 x M % %*
c cote¢ ?(a7(1-sin¢ ))/(1-3sin¢ )]}

; * .ox
vhere a = (2 Sin¢ )/(1-Sing )
r : o ;
E = material deformation modulus

v

Several other eguations can be dé;ived from Equations4
’ 5;1 éna 5.2 byv'imposihg special values of ¢* and c* (see
Daemen 19755. | |

Using Equations 5.1 and 5.2 it_ was possible to
_ calculéte jground convefgeﬁce curves 'fpr" assumed peak
W

strength parameters coupled -with -wvariable apparent shear

‘»strength parameters. The apparent shear strength parameters
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With reference to information‘presented in Chapter 2 it 'gas
{"décidedﬁ to use peak values of c' = 10 kPa and ¢' = 35
"degrees with the best approximation of a de ormation modulus

being 60 MPa and a weight density y = 19kN/m> . It should be

noted that i Daemen's analysis he  assumes. similar
éeformation modulus values in both the intact and plastic
zone. Although this"iS‘fhighly unlikely it should not
adversely effect | the shape of the -cufves presénted
subsequéntly even though ‘specific 'displaéements at. any
support pressure méy be underestimatgd.

To obtain a ‘lower bound value to internal pressure or

" lining pressure required for stability it was assumed that

w SR

no strength decrease: 6céurred in the-yie&@?%oheﬁwhile for an.

%* :Vfi *

upﬁér bound ahJéssumptfon of zero étréngth (¢ = O{J? = 0)

in the yield zone would suffice. An intermédiate strength
. % * E

‘case. with ¢ = 19.5 degrees (Sin ¢ = 1/3) and ¢ = 0 kPa

8’-
was also considered. In all- cases the field stress was

assumed equal to that present at the centre line of the

tunnel with a Ko value of 1 being assumed and more

importahfly ‘the effect of the proximity of the ground
surface was neglected, i.e., the tunnel was modeled as,deep.

Generatioh of the ground ‘convergence curves for the
three cabes ocutlined above required for each case that

relatibnships between p and"R/a, using Equation 5.1 be

~obtained. Having obtained these discrete values for g

o . >

particular case under consideration they were then used in.

b a

conjunction with Equation 5.2 to obtain 'p versus .u /a .

-
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_relaﬁionships,,i.e., the desired ground convérgence curve,
The fﬁhﬁee cases considered are sho#ﬁ in Figures 5.31, 5.32
and 5.33 where grouna convergence cufves for roof, floor and
springlines are included. As most of ﬁhe field pressure
information was obtained for the roof area the three ground
converdenée vcurves 1as obtained for the crown area in each
case are‘presented in Figure 5.34 for increased clarity of

predicted roof pressures with changing ground conditions.

Considering Figures 5.31 to 5.34 an enormous change in

pressures required for /equilribrium with decreasing apparent
shear strength properities  in the yield zone occurred.

Inspection of ‘Equation 5.1 illuminates pressure build up

dependencies upon yield zone strength parameters. With

regard to apparent cohesion it is seen for the zero gravity

case‘(springline) that pressure due to the friction angle

decreased: moﬁotonically' towards zero leading to the
conclusion that  if the material exhibits some apparent
cohesioﬁ“‘;he springline will self Stabiliseieven if it does
mean a very large yield zone radius. With regard to yield
zone apparent friction, large ?chéaseé in the gravity terh
of Equation 5.1 occur as ‘thEQE%;iction angle decreéses.
Possible post peak 'strength losses with respect to
developing a full block failuré~ébové a tunnel were cited
qualitativgiy in Section 4.1.2 as a possiblé cause for
increasing loaas and deformationé in .tunnels. Evidence in

supporto of ° this has emerged from the investigations

pfesénted in this section. This increase in the ‘“"gravity
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pressure” with respect to decreasing apparent . friction is
especiallf pronounced, as stated previously, in areas of low
field stress, i.e., shallow tunnels. This incre?se in
gravity pressure manifested in increasing roof pressures, is
emphasized in Figure 5.34 where the major strength loss

factor of decreasing the friction was seen to increase the
*

minuscule roof pressures of the ¢ = 35 degrees case to fuil °

% _ *
overburden for ¢ = .0 ‘case. For the -¢ = 0 case the

displacgments become very largg‘whithvwas recorded - in the
field (Chapter 4). - | U

The preceding parameter dependence discussion
emphasizes’ the importance of preserving as“mUCh apparent
friction as p0551b1e durlng construction whlch may involve
the use ﬁggound 1mprovement techniques, eg. dralnage of
wat;r saturated sand pockets'uhere temporarily, c¢' and ¢'
could approach Ozerb. This proven dependence ©of roof
preésures upon friction angle supports field ‘evi@ence as
observed on soft ground tunnels for years, 'i.e., the poorer

x

the ground condltlons (low ¢ ) the larger the deformationé

and higher the lining loads.

5.3.2 Discussion of Preaictgd Pressures Comparéd withA”Field
ﬁeasurementé‘

,In_tﬁis section only pressures obtained from . Test

Sections 1, 2 and 4 will be diécussed in the context.of

convergence confinement predictions while a -more detailed

gene?al - discussion of the method and results will be given

Y

BT
\{._ <
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in Section 5.4.
Firstly let us consider what pressures and/or forces
N '

.ot o ’

would be predicted using conventional methods. Using
B S . |

predictive methods we must first consider what is a "design

earth pressure” for a tunnel lining. One line of reasoning

suggests that a design pressure should be an envelop~ of all

3 -~

possible pressures which can occur along the tunnel, i.e.,

desigq for full overburden. Dégﬁgn'for full overburden jis'

prudenﬁ with regard to the long term where it is assumed
original conditibnsvwill'éventua@ly return. Such'an outlook,
even for a permanent, and definitely for a temporary'linef,
is conservative and coﬁtfadictofy .tp general ~-eng'ineering
practice’ wﬁich tené to apply a ~fé¢tor‘ of safety to an
éxpected load to account‘for‘unforeseén_elements as opposed
té having a design load which can not physiéallf, be

3

surpassed. In tﬁnnelling slightly different conditions -do

prevail compared to usual geotechnical practice, as workmen -

safety is always of, paramount importance and generally the

extent of  site investigations is limited. 1If grouiu
E L I )

, S _ ; S
conditions could be{%fixed more firmly with increased

investigation, it woula certainly be économical.with fégafdf

' . .
-

-

to priméry liner design if areas of expectedT-COhst%ht

pressure could be ‘delimited to which a ratioral factor of
safety codld‘bé applied to ensure adeqguate ééfegy.

s Présently only design pressures given by Terzaghi

(reproduced  in Proctor and White, 1977) - give f varying

predictioné depending on ground type'ghile]those of Peck

2

-

b



',jH qulte 'good agreement to that measured'

e
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) ' = 161

(1972)  and Schulze and Duddeck (Quddeck and Erdmann, 1982)

present designs based on‘ “full overburden assuming = no

displacements at  the ‘tunnel’ wall’ prior to lining

instalIation As mentzoned prev1ously des1gns of Peck (1972)

7assump&30n that 1n1t1al condltlons wlll eventually return..,

" . An 1nyestlgat10n of ~estnmated pressures and loadSVas '

would be predicted from the aforementioned methods 'as ’uell

those obtaxned from the‘ CCM . will now be- dlscussed
Q .
erring to Table 7.2 (Proctor and Whlte 1973) it was found

3

cgﬁditisns‘for~Test‘Section 4“bh4ch‘yielded:a f&va pressure

to Whlch groﬁhd descrlptlon most accurately descrlbed sthos%f.

o v s

encountered Tak1ng "Hbmogeneous Squeezﬁng Ground"“as the‘

r &‘v’

.and schulze and Duddeck are meant.. for long term based on the'

flowing ground was the best descr1ptron of_the,ground'

. of .120 kPa. For Test Sectioh 1 and 2 confu51on abounded asi:

most approprlﬁte a pressure of 30 kPa was obtalned whxch is+

A

Y

“.,

pressure for Test Sectlon & accounts for the UTables

&

1nab111ty to take account oq the surface embankmEnt

o Us1ng Peck s method (Peck 1972)" it —was found ,as

‘prev1ously mentioned, d1ff1cult to adequately dec1de on an
_ _approprlate lyg1ng st1ffness _value. Thrust howeuer‘ is -not
that - dependent on compre551b111ty factor 'for flexible

‘linings and subsequent analy51s led to a predlcted lining

S
3

©‘thrust ‘of 400 KN in, Test Sectlohs 1 and 2 and 440 kN for

o e

-

gred1cted low o

~

.. Test Section 4. ’Schulze and Duddeck iestlmate.r‘51m}lar -

‘magnitudes. - While the estimated thrust was correct for Test
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Section ¢ it largely overestimated those of Test Sections 1 .

and 2 by a factor of 10 The correct magnltudes in the poor-

\&
‘ground ~cond1tlons vece pred1cta£le as assumptlons for both

AN

e
paf e

of these methods are only mefk,lﬂ. Tpst Sgct;on. 4, 1.e.,

ground failure’ eXtend1ng to s‘**

G _h.

to full Qwerburden. When fallur

f:e result1ng in loads close

N

‘“idld not extend to the,,,;;

“surface, as 1in Test Secq§:§§ 1 and 2.,.the methods did not
b .y

take this into account and h nce the large overestimablons.,

Con51der1ng the convergenceJ curves of‘Flgure.ﬁﬁ§4 it

was necessary to galnflnformatlon regardlng crown*'moyement

I /

. 5 , S
before it was p0551h;e to use the curvks. From 1nformatlons‘g,;g.”

. '3 . . L
"Presqnted».in, chapt@r 4 the ground,fsurface a&&?e- Testﬂwj"

)‘

" Sections "t and 2 went down approx1mate1y 8 mm ; Iniormatloni ﬁ»\éf

S B Q Y

. ;Egm multlpoxhtfextensometers, also presented in Ch@pter 3 R
A . B . Y:E’- s Lo
S 'zndlcated near constant movement w1th depth in tge same
W% 3 ._x‘. , >
- 2 g&:’*i ¥ LiL -
area. As an uppgr bound therefore to expectedd pr ure ‘it S

/,- - . X e i

3 2 e A0 . ’

a groun movement.equal to that*oo?;; ing at g

S was assumed fhat
/ - . c
.+ .the surface, y1eld1ng a percentage d1splacement u /a = 0. 5% RS

o a L3
C would suffice. thfz extensometer resuits show near- Fonstant .

a
N en @

dlsplacement with depth it was assumed ‘that close to the

. crown dlsplacements_lncreased due to loosening and fience as §¢~

a ‘lower bound to expected pressure! it- was. assumed thaf -

:—7 displacements equalled 2 tlmes those at surface, yielding: a>?

: : o L I SR
u /a ratio of 1%. From Flgure 5. 34 u51ng the ¢ = 35 degrees ;;r
a % - St
and ¢ = 10 kPa curve, ‘thought most appllcable, .an estlmated :

- ’) .

pressure range of 42 kPa to 24 kPa was obtained. This agrees

qu1te ,closelx}_wlth typlcalf measured_ values of 20°
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indicat&ng the chosen strength parameters’ represent the

e

actual_ground'resgonse quite‘acCuratelv. .

COnsidering . Test ,Sectlonﬁt 4 where no ground
ddsplacements dére measured but surface Settlements obtained
under similar ground condjtionsishowed displacements'in the

- orderfof,300 mm from which it was assumed that . the u /a

, = . ’ . a
ratio was at least 10¥%. Ground condlthns at#the section
. . k ‘ ; n.r‘ . ' u
location are. known to be a . f1ne -51lty cohe51on1ess sand<
o x
thenefore e’ =0 was qu1te reasonable. As ﬁgg’thewassumed .
% : f S SRS '

e, the area. had a hlgh water tapﬂe recently"
B ;
}aﬁ} embankment therefore pore pressdres were 1n1t1ally hlgh

R A

fv, vy

'Construct1on 1nduced po?g pressures vwerﬁﬁ a&So l1ke1y,;
&

lead1ng to the conciﬁ%lon that effect1ve~fr1ctlon ang;e was

e i B
s oW, N *\ RN

o b

small-.and closely approx1mated4zby ¢ .= 0. From thqw'

"approprlate curve Fh‘Flgure 5)34‘9 pressure of at least 210'ﬁ

T <.

: kPa win keéplng w1th those measured gas obta1ned but " this

‘curve' .changes so rapldly at thls 901nt that fulde v&ibdrden

U i L
‘can be assumed under condv.'onsv such as those de5cribed

N r‘g,,,,“ !
above. Actual measurementa

>

\fowed’pressures 1n the order of

- 250" kPa. It should be noted that the ‘upper curve in Flgure
5.34 has not been - corrected for the higher stress field
. oy . -y - . N . .

ex1st1ng ‘at - Test Sectioh 4 but. since cloSe to . full

overburden had already been pred1cted 1t was_not necessary

/' 4

* t
methods were qu1te insensitive to changlng ground cond1t1ons

while pressures predlcted usxng the Convergence Conf%nement

Method can take account of varying condltlons with pred1cted

eﬁ’ Wlth”‘

Informatlon presented here shows that convent1onal'

“a /l'
“ler
[
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values 5$€105e to those actqally measured While 'more

can be obtained using the 1. ‘ S TP OV

5.4 Load Variétfon'Along Tunnelr

G

&

S
N Fed

de51gn presSure to, whlch a f ctor of safety could b”h

“:exber1ence w1th the CCM is recuired, it 1s“seen “here that 'a ‘

“ "w\h

[]

-

3 Y .

.5.4.1 Test Eegtiog 3

-

- A

5.4.1.1 Section Deteils.ahd'?urpOSet"'

Located adjacent to Test Section ¢ (Figureo~5.1)dv

<

this h7section céhsfstéd' of three ribs with 10ad gells

I »‘J,"

pos1t10ned as shown in Figure 5.35. Unlake -previeus_u

Lt

' L}no ca11brated lagglngs were 1ncluded In thls

) but 1nstead regular construct1on dagg1ngs were;
‘ v . o L
employed For.: two of,_the-'rlbs (1 and 2) initial .

o, / ‘

deflectlon measurements, u51ng the technlque set out iﬁﬁ°

Chapter 3 employlng central reference nalls, ‘were taken

©

" such that deformations directly attributable to pressure
., . s

~

.:

-
-

. o . s ey s .
increase tcould be ‘ascertained. No initial readings. were
* : . .

‘taken ‘on the third rib 'where for analysis, ‘a zero

deflectlon,. 55"obtdihgd _fromv.resultg , presented  in

’ - " ’-
Chapter 3 was assuped S

>

It was 1n1tlally expect ed that over a dastance of .

three ribs cond1t1ons would be qU1te slm11ar ‘resultlng

- 51m;lar pressure dlstrlbutlons in all three ribs.

" Under this - éssumptien, it was hoped that resultant

derived pressure distributions for the ribs_yould be

.



165

- : : Regular Laggings

y I . 'r1B 3) -
, S s Lo = == ———— V.
~ Uncalibrated Laggings
A ¥ (RiB2)
ce 4 LGS = S ——={ LC10

‘ - “Uncalibrated L‘hggings .

gt (RIB1)
. s a2 w
D e . N » 4 [ . )
¢ Y » o .‘ Y ‘.
. X} s Cde
SRR :
. L c ;‘.*/)?"vq
‘ Uy oA
. J\, . E
Ly T [N
Remedial. Shoring o
Configuration .
¢ - o - _
' ) Applied at Steel Sets ) .
~ . . .
Labeled “s™ N
' L}
. ) ) "
r ’J . ]
13 f '
L ks
. ~ S a.
;. ‘ o . . ) : - . “'.,,V;‘i ‘:-‘,)',‘ b‘_‘)l - .
= DOk L R . O T Bt TN
. Figure 5.35 Configuration of Test Section 3
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‘similar thereyyi .proving : conciusively that zero
deflection regdings were not critical. From the load -
cells positioned ffh the middle steel sets, iqu

intended to assess the accuracy of“xhe deduced pressure

distributions. by relating 1load cell -loads to "the

pressure distributions of the flanking ribs..
gt Installation "of the section foliowed typical“

constructlon, procedure, with the except1on of load cell
. g s :
1nsert1on Dur1ng excavatlon however, a large void

g

occurred along the north side of the tunneIQWh1ch Ied to

: failure of “the setion 8 days after 1nstall9t1on.““

Remed1al measures took the form of shorlng as. outllned

’

in: Flgure 5 %5 o S

.o S "y S
T . . a3 - a
N - : Wiy » -
5 : o . ‘ -, ]
.

" S 4.1.2 Lagg1ng Pressure Detalls@wg;* DR %g@??@:‘"’v
. .«..>'.“ . > ¥

Pressure dlstr1but10ns, obtained from each lagglng

board are presented in .Flgu;e 5736 which shows large
pressure variations to exist between ribs even ’though
the distancep\covered by the three ribs is only 3.7m.
This large variation ‘,‘ evidence  of soft‘ ground,
tunnelling variability, makes ifvvery difchult to draw
comparlsons between r1bs‘negat1ng our or1glnal objectlve
n@ya,.,; ~ for thls secrlon. Th1s h1gh variability was belleved to

‘ be d1rectly attr1bﬂtable to the constructlon ~void and-

"remedlal shorxng pattern._

pu} : ) 'Qsi

- As was-%xpected cons1derab1e pressure bu1ld up was
detected . around "the p01nts of shoring (espec1ally

pronounced in Rib 2). Th15v1nd1ca£es sen51t1v1ty of the

TR
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. a)RIB1

L
K
o . “:,
ik at
i . - . L4
. X 2 AL i . P
& f e

[

o

——19Days (shored)

Figure 5.36 Crown Pressure ‘Measurements of Test Section 3

L b)RIB2 & &

S

A

O
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Q‘i}&}‘) _ systemf Good repeatibility , an%ther important factor in

. 7 .a 'monitoring system, was observed in Figure 5.36 from
NQ“\\the mea5ured lagglng load development with time. ’

~ Evaluat1on of the induced error by not taklnﬁmzero

def;ection'meesurements,was not possible from comparison

of adjacent 'pressure‘ distributibns although the

dlstrlbutlon obtained for Rib 3 (Flgu;e 5. 36c) was very

51m11ar§pto that obtained in the f1rst rib ofiTest

Section 4l(Figure 5.27a). To c1rcumvent th1s problem it

was decided to reanalyse deflection measurements ef

.lagg1ngs between R1bs 1 and 2, Test Sectlon 3 using JEn

P . assumed zero deflectlon for all,y* fags. The results of

B

thrs analy51s for the 19 . day
'g} Flgure 5. 37 together with the or1g1nal derxved “correct*
dlstrlbutlon.),Flgure 5.37 1nd1cates very little

dlfferenqe between prediéted pressures by both methods.

~ Duplic¢ation of predisted pressuresﬁibsing both methods

v was especially bclesev fo;J ﬁib 2. Tthjtapp rent
T 1nsens1t1v1ty to exact lagging zero defiettigﬁfprlor to

'La.'f“l. g

1nstallat1on, gi-—es credence “to- results ob%ained at

— locations along the?ﬁ%ﬂnnel» where " .no - -informatiom
<~ N -
- regarding 1n1t1al deflectlon was kno%n .

Y
The pressure d15tr1but10ns presentqé w1th1n th1s

section we?e’ based on an average flexural rlgldlty‘
obtained from ealibration tests as presented-ln Chapter'
=~ 3. No attempt was made to investigate the effects of

Y

presented in’
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i
i
U

. ,
TS3:RIB 2

: , “Correct™ values
‘ 3 ’ Assumed. Zero Values

3 . : ' - - 1
- " Figure 5.37 Pressure Comparison Obtained between "Correct
Pressures” and those:Obtained Under the Assumption of Zero
w : Initial Deflection ' '

8

P
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lv'.v

this assumptaon on the calculated pressure dlstrn%utlon

k‘,‘"w

My
Knowledgq dé 1nd1v1dua1 lagglng stiffness wﬁﬂﬁé only

~serve to ?ﬁooth the pressure curve, rather than effect

its averagemvalue.

.

5.4.1.3 Load Cell Results.

g ~ Derived Load Cell axial loads, are presented in
ﬁigure 5.38¢hUncharacteristic'of other ioad ceil results
presented, a cons1stent d1screpancy between ax1al thrust
measured by two Load Cells 1n the same steel set was

<
Observed.. Not surprlslngly the lower loads were recorded

be those Load Cells found adjacent to the;' void.,

relat1dhsh1ps where load drbp offs weﬂe xfpund ter:via
f kS ‘%"‘ A,, y\

Indication of movement ‘'was evident ‘;rom the gd time

'days.‘.As;11nd1cated in ‘Figure‘5. 38‘1§p§§after shorlng'j

" increased sllghtly although some errat1c~ readlngs do -

exist. To Verlfy measured pressures it was hoped to back
calculate equ1valent pressures from measured thrusts.
However, with the addition of the shoring; accounting,

-for an .unknown amount of load uptake, the exactft)léecpfyl

thrust® vin ‘the steel sets  was - unknown. ‘ssdmlng the
. 14

i

system remalns in balance equrvalent pressures (p bar)

:were calculated ‘using the thrusts as Teasured by Load

Cells 9 and 11 (p051t1®ned poppos1te the void). The

-

~

'caiculated values are presentéd in Flgure 5.37. -

d P
Calculated equlvalent'pressunes agree fa1rlx well .
for Rib 1 while largely. underestlmatlpg those of Rib 2.

The large underest1mat1on for Rib 2 was predlctable as a
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pressure bias over the point of shorang was measured

ThlS bias pressure undOubtedly resulted in the shoring .

A

taking a larger amount of 'the load than that‘registereds

-

by Load Cell 11.

Concernlng the val1d1ty of pressures obtained from

the new measurlng technique direct ev1dehce,> ‘due

ut ’q’;di 1

to

upcontrollable circumstances, was not found. Obtained

“ pressures have ‘however complxed with those obtained " at

i

knowledge» that the structural. analys1s‘ anol ed

5

‘ @& the more controlled Test ‘Sect1on 4 and also ‘have
| appeared sensitive to pressure build up-in areds where
such build up would pe expected ThlS sen51t1v1ty and

seemzngly correct pressure est1mat1on, coupled w:tg the

15

that typ1ca1 average pressures can be obtalned us1nq

this technique. . ‘ o . L a \

e s -

o . . . ' oL l

5.4.2 Measurement of Lining Pressure Along the Tunnel

‘2’

This was.accomplished using the measurement techn1que

{

as descri&ed and 1nvest1gated‘1n Test Sectlon .3 Under the

assumption of zero. 1n1t1al deflectlon and an” average

flexura} rlgidity‘.of 45, 11 kNm?, - 16 Sectlons along the

tunneIMWere measured. Eadh sect1on 1nvolved measurement

(o] f’ ?i;

lagg1ng deflectlons around the” crown thlrd. of ‘the r1b

-~

Measurements taken on two adjacent lagglng rlngs, tota11ng

.

typkcally' 48 measurements,i constituted one Uncalibrated

Section (UC). UC locat10ns;’s$6wn in Figure 5.1; were chosen

,

ks
2

S1mp1e and, well. understood leads the author to conclude_g_

,y’

g2

a

N
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to lie directly below a surface settlement point such that

some knowledge pertaining to ground movements at the section

LY

was known. Measurements were taken’ long after tunnel,

b

excavation' (months) and subsequent presented pressures can
only be con51dered as long term. Data presented prior to
o f, this Sectlonv showed llttle time dependency and therefore

lpl'

these results are not Ilkely to have increased sxganiCantly

51nce their 10 day value. - ; _
}d .Pressure .plots o@galned from . the . ]6‘ Uncallbrated -
A - }J ) ‘ :
E Sectlons CUC 4" to UC'p") are presented in Frgures 5 39 to

5:46. In thesigplots the two dlfferenf lxnes_gzepréseﬁt thel
T
pressures obﬁalned from the two 1agg1ng rlngs whlch made thqa

e S _ o o
¢ - .total sect1on. _ ' : : o .

-
< - .

Sl TS, 4 3 stcuss1on offdad Variation along the Tunnel :
+ K Wh1le 1nstrumented Eﬁgt S?ctlons ﬁwﬁto'-4 . have gzven E
L ,2n’ o .

-inSight 1nto local behav1our oﬁ a tunnel with respect to
AN . . L . - & 5 )
e pressure bu1ld up in the steel sets and the lagg1ngs, :
: ) A LTy o ! ¢ o )

‘conta1ned ._i Fzgures 5 39 to 5 46 allow

gof load;hg var1ab111ty along the tunnel

: inve
L ) ‘ ‘-\_ % X R ..u'(‘.-' ,.}:1
_ %& f’f“ Informat1on conta1ned in Flgures’S 39 to 5, 46 show two’

4
: ‘ol

« © areas ot major: var1ab111ty~f

C- _1; Magn1tude of pressure~ thxs varles from a low fb: 11 97

P s
N -~ ; M

kPa at. UC d‘ (4. 8% overburden) to a- h1gh value of 123 3

kPa at UC'o' (49.3% of overburdeg) ’ 5 'f'&{ _
B . ‘ )

R . £

W32 . Pressure dlstrlbutlon around%the perlphery : symmetrical .

. ‘:'.-1?,3_ . l . , ' . X
fx\unlform -as in Sectlon uc'c’ , symmetrxcal with dominant

\\ », } . X \\ . PR ) - z ' . . _&‘h -

v l‘ | v ‘ \ ' o . PR

; X . . . . ¥ S,
. . LR \
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UC SECTION ‘a’ . .
3 P ‘ . Q

e

MUC SECTION b

/’.

' AVERAGE.PRESSURE: 23.8kPa

i

L " ’
: D ;- .
. . / . -
- : o . , "f !

F1gure 5.39 Crown Pressure Dzstmbumons for Uncah’brated

Sectlons ‘UC a and UC* .

L

- AVERAGE PRESSURE: 23.gkPa .

o \ . B . (, :



175

o~ - E ' UC SECTION ‘¢’

AVERAGE PRESSURE=16.7 kPa .

— Rib 1 UCc SECTION ‘d’
------ Rib 2 : \ -
' AVERAGE PRESSU™™- 11.9kPa

Figure 5.40 Crown Pfessure;Distributions for Uncalibrated
Sections UC ¢ and UC d
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UC SECTION ‘e

AVERAGE PRESSURE=56 1kPa

——Rib1. UC SECTION “f°

AVERAGE PRESSURE: 53 1kPa

Figure 5.41 Crown Pressure Distributions for Uncallbrated
Sections UC e and UC £
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UC SECTION g

e AVERAGE PRESSURE=72 3kPa

1 -~

---—--Rib 2 . . : UC SECTION h

AVERAGE PRESSURE:= 50.54 kPq

Figure 5.42 Crown Pressure-Distributions for Uncallbrated
Sections UC g and UC h
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UC SECTION |

AVERAGE PRESSURE= 547 kPa

---—-Rib 2 UC SECTION |

AVERAGE PRESSURE: 53.0 kPa

Flgure 5.43 Crown Pressure Distributions for Uncalibrated
Sections UC i and UC j
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UC SECTION k

AVERAGE PRESSURE= 26 5 kPa

..... - | ” ' UC SECTION |

RN

- AVERAGE PRESSURE:41.8 kPa

Figure 5.44 Crown Pressure Distributions for Uncalibrated
Sections UC k and UC 1
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UC SECTION m

. AVERAGE PRESSURE=26 SkPq

----- i N~ uC SECTION n

9

AVERAGE PRESSURE=20.9kPa

Figure 5.45 Crown Pressure Distributions for -Uncalibrated
Sections UC m and UC n ' '
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UC SECTION ¢

‘ - AVERAGE PRESSURE:=123.3 kPq

_____ : N UC SECTION p

AVERAGE PRESSURE:=122.2 kPq

~Figure 5.46 Crown Pressure Distributions for Uncalibrated
. Sections UC o and UC p

I3

NSy
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crown preséure as in UC'b' and heavily bias to one side
as in UC'g'.

Minor differehces in the derived breséures from two
‘adjacent rings, shown in all oflthe:UC sections is believed
attgibutable to minor tunnelling var;ations such-as slightly
more 6vercut between sections; formation of small random
side wall wvoids; minor 'éeologic differences and small
differences in constru&tion procedure, eg. varying tihes of
installation; different- expansion pressures (related to
overcut){ force build. up in the installed liner as a result
of mole shoving (especially prominert around alignment
turns). Thgse$observedv differences wvirtually nullify the
. concept of similar tunnel sections. |

Considgring point 2 1t was seen that thé ,pressure
arognd thie liner was not-always symmetrical or uniform as
would be expected for a flexible liner. The three types of
pressure d;siributions mentioned in regard to point 2 were
present, irrespective of -pressure level. With regard to
structural analysis of the lining the shape of the pressure
bulb is extremely important, assumming the bpressure
distribution obtained 1in the lagging is duplicated for the
steel rib. One pressure distributigp observed often in
Figures 5.39 to 5.46 is that of unsymmetrical bias_loading
(UC e, £, g, h, 1 and k). This loadﬁng:condition, thought to
be a produét of the expaﬁsion procedure, is critical with

regard to moment . generation at the joints. Its common

occurrence measured 1in these sections, explains the large
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amount of joint failure due to bending observed in tbh

kennedale tunnel. This unaesifable preésuretaistribugion is
believed a direct result of cohtinual similar first side
expansion of the lining, i.e., thlst expanding the first
side less pressure Qas activated in the lagginé, because of
the lack of constraint offered by the other side of the
lining. Also, the material into which it was expanding was
prdbably quite distﬁrbed due to excavation. Both of these
conditions combine to create more circumferential slip than
vertical expansion. Upon expansion of tﬁe second’ side,
conditions were much more constrained resulting in almost
total vertical expansion of the lining, créating increased
lagging . pressures. This ' problem 1is compounded by similar
first side expansion of évery rib. In the future to offéet
these wundesirable pressure bulbs it is recommended that
either stage expansion of the ribs be done or every rib hévé
avdifferent side expanded firsf.

To investigate loéding,variabiiity along the tunnel, and
to eliminate- the influence of expansion related pressures,
Crdwn pressures based on the eight centrally located boards
in each ring were calculated. The results _of this exercise
,together§with calculated standarq deviation;i?br the average
crown pressﬁreS' are présenéedlin Table 5.4. Given also in
Table 5.4 are magnitudes of observed surface settlements
above éhe Uncalibratéd Sections.

Pressures in Table 5.4 show a large variation

reflecting the influence of differing ground conditions. The
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reported large standard deviations are a reflection of local

pressure variations coupled with stiffness variations around
the assumed mean.

Everything being constant it would be expected that

tunnel loads were primarily dependent on ground conditions ...,
. ‘) ,_"/ = .

’

which should also b~ true for surface settlements, i.e, .. e
. ‘. . ;,IJ‘ '

. . S W T Sy
increased loads 1ncreased settlements. Converdgenceé - v/
TS <

™
confinemznt mcothod predicts that high loads may be obtainéﬁ%\

>

\'\‘. s
with small settlements if the equilibrium point is on the
initial arm of the converdence curve. In most soft ground'
tunnels the ability to install the lining prior to moving

substantially down the convergence curve are Quite remote,

0

\,
\

face has advanced typically 2 diameters before 1lining

‘certainly wunder conditions of shield tunnelling when the

activation. Using ground surface displacemenﬁ data as
presented in Table 5.4, it was possible to construct Figure
5.47. Although a few anomalous values exist a definite trend
between‘ crown pressure and, surface settlement exists.
Accepting a constant ratio Between movement at crown and
that at surface, Figuré 5.47 is proof of lining‘ pressure
dependency upon ground aisplacements. |

Ground displacement incréases can be expected under
conditions of decreasing ground strength and stiffness. This
expected incréase in displacements and loads has been
recognized in clay tunnels where the OFS v:lue, as discussed

in Chapter 4, has been used as an indicator of expected

tunnel performance. In this study, in an attempt to model
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Table 5.4 Uncalbration Section Pressures

P

. / .
| ) .
Mean CROWN PRESSURE DETAILS (kPa) .
Uncal Average . Surface
o Section Pressure Settlement "n"
i.d. (kPa) - ) (mm) g
Mean Stand Dev] % OBurden
14
a 23.82 27.89 15. 12 11.1 7.1 1.22
b 23.86 35.00 20.85 14.0 7.1 1.53
c 16. 71 12.95 10.8 5.2 1.3 0.60
d 11.97 19.65 16.8 7.9 11,4 /7 0.86
° ' 56. 13 66.86 |  13.9 26.7 9.1 2.93
f 53.10 €2 .24 29.2 24.9 10.7 2.73
g 72.30 60.23 24.2 24 ¢ 13.7 2.64
h 50.54 54 .96 12.0 22.0 15.0 2.41
1 54 .70 €3.63 10.9 25.5 18.8 2.79
3 52.93 44 .60 10.9 17.8 15 .6 1.96
K 26.48 37.91 12.5 15.2 8.8 - 1.66
L 41.80 61.02 32.4 24 .4 8.1 2.68
‘ m 26.45 31.51 8.1 12.6 B.O 1.38
‘\ n 20.88 34.04 31.6 13.6 7.6 1.49
o 123.30 125.61 22 .1 50.2 352.0 5.50
p " 122.20 133.10 27.8 53.2 315.0 5.83
.

2

"n" = Mean Crown Pressure/qD

Weight Density

where o] _
Rib Spacing (1.22m)
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[

gr&hnd §trength changes, three ?rOUnd convergence curves as L3

Gprésented in Figure 5.34 wG?e generated. Referring to the
trend shbwh in Figure 5.47 of interdepgpdency.betwéen lining
pressure . and surface settlements it is seen that this §ame
depenaency is present in the ground convergence curves- 6f
Figure 5.34. It should therefore be poésible to use tﬁé
convergence curQes as a means of predicting liﬁing
pressures. -v ' |

~“Referriﬁg to Figure‘5.34 which contains the generated
g;ound 'éonvergénce cugvés obgéiﬁed vfor the three cases
considgred'in Section, 5.3.1. These curvés were produced
under the éssumption that they were representative of

vconditidns present at the project ‘area. Estimating ground
conditions qualitatively from ‘
| a) fiefd knowledge
» b) knowledge of surface sgttlémenﬁs
c) defined geologic reéions of'figﬁre 2.4,
the following emerges: | | |

"1. UC sections ‘'a' to 'a' were best represeﬂted-by the

A curve based on parameters'of ¢ = &f = 35 degreés énd c =

c* = 10 kPa , i.e., good gfoﬁnd conditions. . |

2, UC sections 'e' -to 'l' were best repfésentedtby the
. v . : ' T

curve based on parameters of ¢ = 35 dégreeé;-¢_ = 19,5.

. . %x
degrees; ¢ = 10 kPa and ¢ = 0 kPa .

-

3. UC seqtiéns 'm' and 'n' probably lie~éomewherecbetween

case 1 and 2 .

=

4. Sections 'o' and 'p' were best represented by the curve
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based on paramaters of ¢ = 35 degrees; ¢ = 0 degrees; c
*

= 10 kPa and ¢ = 0 kPa .

.
Using estimates of crown settlements varying from 1 to

2 times that observed at the surface we obtain the following

ranges

1. Using a typical surface settlement of 8 mh the limits of
erown movements were 0.5% to 1.0% .- This yields a
pressure range of 42 kPa to 24 kPa which agrees Quite
well with the measured range of 35 kPa to 12.9 kPa

’

obtained from UC sections 'a' to 'a'.

2. Using a typical surface settlemeﬂi of 13 mm the 1limits
of crown movemeﬁt were 0.85% to 1.7%. This yields a
pressure range of 85 kPa to 72 kPa which is slightly
above the measured range of 66.9 kPa to 37.9 kPa.

3. no estimation given,

4. In this area the surface settled +~ r 300 mm which
corfesponds to a crzwn movemeht percen-age c¢Z 20% from

which full' overburden would be preci~ted 1In reality

-only 50% overburden was measured by the 1. -c¢ings.

Information from this pressure predictive exercise is
quite good and approaching accuracies acceptable for more

economical tunnel design in intermediate ground conditions.
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'Predicted pressures in poorest ground conditions were
suspect but in these ground conditions it is already prudent
for design on full overburden pressure. :

Further illumination of the Convergence Confinement
Method 1is obtained from Figuré 5.48. . /In this Figure,
average crown lagging pressuré (Table 5.45ﬂ normalised to
full overburden pressure, was plotted against the su;face
setﬁlement measured at the UC section. Superimposed on' this"
Figure are the Qround convéfgencé curves as obtained
presented in Figure 5.34. Transferral of the ground curves
onto Figure 5.48 was achieved under the assumptiop that the
ratio of surface settlement to crown settlement (s /S ) was
0.67. The value of 0.67 is slightly less than thz rgported
values of close to unity in Chapter 4. However, the
- multipoint extensometers of Chapter 4 were not able to
detect an expebted increase in displacements due . to
lbosening and/or yielding close to the tunnel crown. For
this reason the value of 0.67 was chosen as representative
average. Using this ratio the movements at the crown were
adjusted to th2 corrosponding movement at surface.

Measured pressures obtained from uncalibrated sections
of tunnel sections aléng the tunnel, presented in Figure
5.48, are seen to fall into two distinct.clusters one of
which 1is intersected by the gfound convergence curve

* *

generated under the assumption of ¢ = ¢ = 35° andc =c¢ =

10kPa. The second cluster, although lying slightly to the
*x

left of the intermediate strength curve (¢=35°; ¢ =19.5°; c - _
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Legend
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. *
= 10kpa; ¢ = 0 kPa), has a_treLd line similar to that of

the curve.

Earlier discussiqns on the Uncalibrated Lagging
Sections, cited groups of sections thag were thought best
represented by tybical ground convergence curves. Figure
5.48 supports these groupings with 6nly one measurement (UC
k) lying far away from its assigned curve. Sections UC m and
UC n, not given any designation in the earlier discussion,
lie very close to the ¢ = ¢* = 35° strength case.

From the measured pressures a "Support Reaction Zone",
as shown on Figure 5.48 can be dra&n. The shape and extent
of this zone casts light on the support-ground  interaction
responses of the selected support system/ for differing
ground conditions along the tunnel. Interpretation of this
Convergence Confinement diagram is aided by the fact that,
for Figure 5.48, no assumptions regarding initial
displacements prior to 1lining installation, has been made
before plotting the measured equilibrium points. It is
therefore possible to see the effects of local variances
such as overcut; variability in support expansion pressure;
delayed installation time which have resulted in increased
surface gdisplacements. The pressures are seen to drop“
¢ = 35°) and only slfghtlyrin

r. * ,
35°; ¢ = 19.5°).

rapidly in good ground (¢

poorer ground conditions (¢
Theoretical predictions in Section 5.3.1 indicate that
significant pressure decreases for inward movement of the

tunnel ,wail are only to be expected undetr conditions of
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relatively high strength. This has been confirmed by the

measured field pressures/resulting in the Support Reaction

Zone of Figure 5.48. This zone shows that the range of

surfacevsettlements widens as increased pressures, whiph

have been brought about by‘gr&und strength decreases, occur.

It also demonstrates: clearly that the " sﬁpport pressure

largely depends on the ground quality ‘while surface

settlements, aﬁthough dependent on the ground conditions,
can be controled to a larger extentcﬁf good constructionm
tect = 'es are employed.

\\' jround reaction zone, instead of a unique line, is

observed for two principa} reasons:

1. With decreasing ground quality it becomes increasingly
difficult to control the ground at the tunncl face and
larger movements occur;
and more importantly

2. Under strong_gropnd conditions, a little inward movement
results in quite a large uptake of the stress 1loss by
the ground, thereby decreasing the supporf pressure
required for equilibrium. Under poorer conditioné, the
ability‘ of the ground to take up the stress loss is
reduced and therefore larger displacewents -, extending
into the soil mass and eventually E? the surface, are
réquired to achieve a significant reduéﬁion in required
eguilibrium support pressure. |

Evidence in support of point 2 is seen from Figﬁre 5.48

by examination of the behaviour of the two individual
: “ .
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measured clusters. The lower cluster is seen to tend rapidly

i

to lower pressures with increasing movements while there is
little cﬁange iq v pressure. for the second cluster. In the
first case only modest movements and hence a narrow Support
Reaction Zone 1is observed. Cluster 2 exhibits very little
variation in pressure but has a larger range of surface
settlements, hence, the Support LReaction Zoné widens.
Further evidence of this widening of the Suppdrt Reaction
Zone is obtained from measured values for UC'o' and uc'p’
(not plotted on Figure 5.48) which have wvalues of 50%
overburden 'bressure‘ and over 300mm of 3urfa?é:§§ttlement.
This indicates that, as the Support Reaction Zg%e approaches
the ¢* = 0° and c* =" 0kPa ground convergence curve, ground
control at the tunnel face deteriorates rapidly and stress
uptake by tﬁe ground 1is very low resulting in- largely
uncontrollable displacements " and significantly higher
pressures. It is however of interest to note that even under
conditions of'extreme yielding  , only 50% of. overburden
pressure was measured on the lagging. Minor differences in
the Support Reaction Curve can be attrfbuted to ' variations
~in lining- stiffness but this variability is much less than
;.that.bf the varying ground éonditions.

In 'summary, the ground conditions constitutes the most
important factor with regard to the expected support
pressures while the support characteristics (stiffness,

‘overcut, expansion pressure, installation time etc.)

dominate the ground displacements for any constant strength
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situation.
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6. SUMMARY AND CONCLUSIONS

This investigasion of tunnel performance by extensive
monitoring' along the length of a soft ground tunnel,
provided valuable information on the variability of loads
and displacements. Contrary to other studies, the influence
of changing ground conditions and strength could be
evaluated, as encountered ground conditions ranged from very,
stable through to flowing. For ‘this project, regions Qf
éifferent geologic conditions could be closely correlated
with\ magnitudes of surface displacements and lining loads.
Larger values of both were observed as %found conditions
deteriorated.

Tne investigation for the project focused on the
variability along the tunnel in twe main areas: |
1. Ground Displacements; and
2. Load Measurements on lagging and in the Steel Sets.

Conclusions arising from this project can be grouped

accordingly. .
Ground Displacements

Observed settlements, found. to range between 6 and
v:300mm, could be related to increased difficultf in
tunnelling conditions as different defined geologic regions
were encountered. It was found that ground settlements were
.affected by the quality of ground control at the tunnel face

and the reduced ability to limit ground movements prior to

195
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lining activation (Figure 5.48). Only in very poor ground
was the performance entirely dominated by the ground control
af the face.

. Information from ground. displacements at depth and
fgubsequent analysis cast light on the kinematics of a fully
\developed block failure above a :tunnel. Arising from' tHe
field measﬁrements it was observed, that under conditions of
no yield (OFS = 0.86; undrained factor of safety against
block failure = 10; drained factor of safety = 3.3) equal
vertical .displacements with depth, indicating "block 1like"
‘movements, occurred above the centre line of the tunnel.
This movement profile, considered analogous to elastic
movements at the centre of a deep elastic beam, is similar
to the profiles observed 1in highly overstre'ssed ground.
However, the magnitude of' displacement (approximately 10mm)
is much smaller. Hence, analysis of the shape of the
vertical displacement profile to determine the extent of
yielding is not sufficient but must be used in conjunction
with knowledge of the whole displacement field. Discussion
presented in Chapter 4, however, suggest that yielding can
" be estimated from the point of non linearity in the vertiéal
displacement profile. |

| geasurement of horizontai displacements indicated under
conditions of good ground very little merment toward . the
face (<imm) occurred. In poor ground, however, observed

vertical surface settlements exceeding 300mm caused slumping

of the ground to occur at least 3 diameters ahead of the
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face. This slumping was reflected in large horizontal
movements (>10mm) at the surface. Large movements, such as
these , are potentially very dangerous to surface

structures.

Tunnel Load Measurements .
Y

Before fulfilling one of the project objecfives, that
of obtaining 1load wvariability along the tunnel, it was
necessary to solve another initial objective of the project,
i.e, develop a simple, accurate and inexpensive measurement
technique. Both these objectives were achieved by:
1. postulation of a measurement technique;
2. ‘validation of technique accuracy; and
3. wutilization of the technique fér load measurement along

the tunnel. |

The meésure&eﬁt‘technique poétulated involved measuring
déflections on typical conétruction wood laggings. After
attaining knowledge of the f}exural rigidity of the lagging,
measured deflections could be used to calculate equivalent
uniform pressures on the 1lagging. For measurement of
deflection a "University of Alberta Deflectometer"” was
designed and constructed. -

The accuracy of wood - lagging pressures ' s investigated
using 4 controlled test sections, each of which took the
format of three instrumented lagging rings with load cells

being inserted in the two middle steel set rings. Using
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simulated steel laggings, assumed to give pressure values
accuraﬁe enough to be used in direct comparision with those
derived from the wood 1lagging, it was found that wood
lagging was more prone to TBM influence. After emergence
from the TBM affected area, however, similar 1load records
were obtained for steel and wood laggings, indicating the
reliability and predictive capabilities of the wood
laggings. Accepting TBM influences and Qninvestigéted
moisture effects to give a larger natural variation in
predicted pressures, the ability to cheaply and easily take
measurements over longer tunnel sections than 1is usually
considered economic was feit to compensate for this reduced
accuracy. For these reasons it 1is concluded that the
monitoring of weood lagging deflections along a tunnel can be
used as an effective and adequate means of establishing load
magnitudes for the appraisal of- factor of safety of ﬁhe
temporary support. Further similar studies on  the
variability of ©pressures within tunnels, would aid greatly
in tunnel design.

In this project measured loads dgreed with typical
structural design 1loads only unde;’ conditions of full
failure to the surface. This was expected as models of Peck
(1972) and those presented in Duddeck and Erdmann (1983)
‘assume full overburden. Only loads by Terzaghi (Prpctor and
White, 1977) gave intermediate 1loads for comparison yith

those measured and in general they agreed quite well.
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Information on the 1local behaviour of this tunnel,
obtained from the formal test sections, indicat'ed symmetry
with regard to lining pressures and steel set axial thrusts.
Equalisation of pressure at crown and springline was also
observed. Such distributions are typical of a flexible
lining system (Peck, 1969).

Investigation of steel set to lagging load ratios
indicated values ranging typically from 1.5 to 3.0, with the
lower values being obtained in poorer ground'cbnditions. It
can thus be concluded that as ground conditions deteriorate
the ratio of steel set 1loads to lagging loéds will tend
towafd unity.

From. these measured ratios of 1.5 to 3.0 an important
design compatibility criterion emerges for steel &et and
wood lagging primary liners in Edmonton, i.e., the ultimate
capacity.of the laggings should lie between 33 - 66% of .the
steel set capacity. Further invesfigation on compatibility
of steel set and wood'lagging systemsa showed that as rib
spacing is reduced, while maintaining steel sets of similar
dimensions, the factor of safety of the steel set reduces
faster than that of the wood 1lagging. This may:lead to
undesirable modes of defofmation or instability. From this
it -was concluded that design of compatible steel sets for
varying lengths and thicknesses of lagging should be
investigated. 7 | | ‘ -
Satisfied - with the accuracy of the new measuring

. techniqgue, . it was subseqguently used to measure lining crown

2
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pressures at 16 sections along the tunnel. These sections,

which covered a plan distance of approximately 700m, showed

a pressure range of 5.2 - 53.2% of full overburden on the
laggings. As with increasing surface displacements, pressure
increases could be correlated with deteriorating ground

conditions, Study of the interaction between 1loads (ghd

displacements was possible becauge all 16 sections were

chosen to lie under surface settlement points. a plot of
surface displacement and mean crown pressure (Fiéure 5.47)
showed a definite relationship between the two.

.The interaction of lining pressures and displacements
was furthér investigated using the ‘coAvergence ;confinement
‘method :- a method generally thouggt only applicable to deep
tunnels. Using assumed” ground 'peak strength parameters
coupled with varying strehg£ﬁ parameters in the yielé zone,
tpree grou;é convergence curves were dgenerated assuming
different apparent shear strength barameters (é* and c*) in
the yield zone. These apparent shear ;trengﬁh parameters
were chosen to model temporary ground losses resulting frem

excavation activities. While they are temporary parameters

they dominate the support equilribrium pressure'found to’

"have occurred within a proxiﬁately 10 days' or 10-15

diameters after installatio; for this p#ojéCt. These curves,
tréﬂsferred to represent surface adisblacements, compared
well with measured. conditions. In this fashion a suppé?t
reactioﬁ zone could be derived to describe the support

performahcé. This. zone = (Figure 5.48) was seen to widen as

I



the support presSure,.required for equilibriﬁm, increased
a result ofvdecreasing ground strength. Meaigred equilibri
points, presented 1in Figure 5148} showed two clusters with
each clustcr representing points obtained in, regions whé e
ground condifions l;ere approximately vsimilav; Genéra .d‘
ground convergence curves, obtained with varying 'éﬁgund

strength parameters thought applicable, proved to lie very
close to each of these clusters. “

N From indestigatioﬂ of the interaction of displacements

>

and pressures it was concluded that: ..

1. the magnitude’of’iining pressure is primarily a function

of gfound stfength;

’

2. the amount( of grc .d displacements, observed for any'
ground ébnditiqn, is largely coﬁfrolled by';cpnstruction”
seguence (maihly time of installation ahd'aciivation)‘
and the sﬁpport characteristics; |

3. round convergence curves enerated by  assummin
Y

apparent ‘shear strength parameters, thought éctive in
the?yieid zone around the tunnel] gave‘ egpécted ranges
_of lining pressures along lengtﬂs of the tﬁnnei'which
agreed quite‘well» with those actuaiiy Ameasured; The

*

magnitudes of the apparent shear strength parametérs( c
* o7
and ¢ ) were chosen arbtraryily to °model expected

strength losses resulting from excavation procedures and

s

differing material types. Further investigations, With'f'

an aim to prove and justify more appropriate strength

. () 3 .
loss parameters, are however necessary. Research into

e .

LW
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the development of more analytically correct models for

the deformation mechanisms are also required.
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Calculation of Equivalent Uniformly Distributed Pressure on

Laggings : ®

Diagram of System

‘//UDL.“W“

] 7

v

For a uniformly distributed load the deflection at the

centre of a beam, which is also the maximum deflection, is
)

obtained by the expression . .
v = v = 5wl*/3B84EI
max cl '
where v = deflection at the beam centre line
cl
w = load per unit length on beam
1 = length of beam
ElI = flexural rigidity of beam

Therefore for a measured central deflection, the pressure

magnitude "w" is |

w =v 384E1/51¢ [ F/L ] ) Egq. Al.1
cl .
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The calculated "w" from Eq. A1.1 is in the form of a 1load
per unit ‘length of the beam, whereas we wish to have a
pressure (é). As "w" is calculated from the expression

W ; p * beam width
"p" is obtained from

p = w/beém width | Eg. Al.2.

In this project the parameter values were

1l = 1114mm (wood) ; 1187mm (steel)
b = 130mm (wood) ; 100mm (steel)

v = variable

cl '

Using these values the following expressions are obtained

w (steel) = w (wood) = 4.812 % 10-'' v EI [N/mm] Eg. A1.3

cl
p (wood) = 4.812 = 10-''" v EI/130 [N/mm?] Eq. Al1.4
cl
p (steel) = 4.812 # 10°'* v EI/100 [N/mm?]  Eg. A1.5
cl

The above <calculated values must be altered by a

correction because the fitted end measuring points were not
at end of the 1lagging. The efifect  of thﬂs is shown

diagramaticly below | I-‘«;

=0 ‘ , Deflected Profite " P

b a ,

o
Meas Point
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a5

a = deflection measured ' .

b

actual total deflection

Because the measured defleét}on is smalié; than that
actually occurring , pressures predictedsby Equa;ions Al.4
and. A1.5 will be smaller than actual. TS calculate the
appropriate correction factor it is .first necessary - to
calculatg' the deflected sﬁape of the beam, i.e., variation
of deflection (v) along the 1length of the beam. Having
obtained the deflectéd shape of the beam it will be possible
to ;calculate the relative magnitudes of deflections
occurring at the measuring points to the maximum value.

Using Macaulys' method (Benham, 1965) the moment variation

for a uniformly distributed load along the beam is given by
EI(div/dx?) = -wlx/2 + wx?/2 | Eq. A1.6
Integration of Eq. A1.6 twice yields: ' g

EI(dv/dx) = -wlx?*/4 + Qxié6 + A | o ' Eq. A}.7'
EIv = -wlx?/12 + wx*/24 +Ax + B | . Eq. A1.8
Introducing boundary éonditions J
x =0 vs=20
x=1; v=20
yiélds B=20 and.A =_w1’/24

Leor

Deflected §hape of the beam is therefore given by:
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v = [-wlx?*/12 + wx'/24 + wl’x/24)/E1 Eg. A1.9
which gives: |

vV = Vggy; = 2.0 % 10'°w/EI

cl , - o ‘
For the wood laggings measuring points were fiFteﬁ 50mm from
the lagginé end, therefqré: “~

Vso = 1.714 % 10°w/EI |
Therefore % underestimation = (2.0-1.714)/2.0 * 100% = 14.3%
In otherwords the calculated value is 85.7% of the actual

pressure and therefore the correction factor 1/0.857 = 1.167

must be applied to the woods.

p (wood) = [4.812 * 10-''v EI/130] ¢ 1.167 [F/L*) Eq. A1.10
‘ cl .

For the steel laggings where 1 = 1187mm and the measuring
points were fitted at a distance of 87.5mm from the end, a

correction factor of 1.305 is found. Therefore:

p (steel) = [4.812 * 10-'' v EI ] * 1.305 [F/L®*] Eg. Al.11

cl
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A
ation of Flexural Rigidities

o utilise laboratory deflection measurt
ted shape of the beam must be calculate
g configuration used for calibration.

uration is shown diagramaticly below

P/z | P/z
| |
| 153 1153 |-
N I‘_‘ [

dacaulys' method (Benham, 1965) the rec
ion along the beam can be calculated. %
diagram above moments are taken around
inctions Equation A2.1 as shown below w
>ortant thing about step functions is t

inside the [ ] is < 0 the expression is

RO

).
d?*v/dx?*) = -Px/2 + P/2[x-409] + P/2[x-

ition of Eqg. A2.1 twice yields the defl



219

EI(dv/dx) = -Px*/4 + P/4[x-409])* + P/4[x-715]* + A Eq A2.2

EIv = -Px*/12 + P/12[x-409])° + P/12[x-715])° + Ax + B Eq A2.3

n

Boundary conditions x = 0 ; v 0 yields B = 0
x =1; v=20 |
Using the second boundary condition Eg. A2.3 becomes:

0 = -P1124f/12 + P/12[715]° + P/12[409]° + 1124A

which yields A = 73108P mm?

General Equation for the deflected shape is therefore:

EIv = -Px?/12 + P/12[x-409]° + P/12[x-7151° + 73108xP [Nmm®]

Eq. A2.4 -

~ The calibration technique involved measurement of the

central deflection therefore substituting x = 562mm gives:

v = [ 26593100P]/EI mm
: max ’
therefore ’ ' .
EI = 26593100P/v [ Nmm? ] Eg. A2.6
: meas

- Because the measuring points were not at “the.end of a
correction factor as explained in Appendix A must bé
applied. For the woods the measuring points were located
55mm from the end, therefore substituting this value for "x"
i;to-Eq A2.4 yields:
" vgg = 4005200P [ EI ignored ]

e

———— e

In the calibration tests only the relative displacement
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between vgy and v was measured. Therefore we measure
cl

v = 26593100P - 4005200P = 22587900P
meas

whereas the correct deflection is:

v - v = 26593100P

correct cl
o
If EI is calculated from v , an overestimation of the
meas
flexural rigidity by an ammount = v /v would occur.

‘ , cl meas
This value 1is 1.17 therefore a correction factor equal to

1/1.17 = 0.847 must be applied to calculated wood values.

Therefore:

EI (wood) = [26593100P/v ] * 0.847 Nmm® Eg. A2.6
meas

Using a similar development for the steel laggings where 1 =
1187mm with measuring points fitted 87.5mm from the end

yields:

El (steel) = [31667598P/v ] # 0.775 Nmm? Eg.A2.7
. meas
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v

Load Cell Design Details -

Design of the cells was such that shear force, bending
moment and axial load could be calculated form the cell.
Design of this cell followed principles published by Kovari

et al. (1977).

Kovari Principles

x

Moment equilibrium at section B

M = Qa
B

o~

Moment equilibrium as section A

Q(a+b) = Qa + Qb

M =
A .
Substitution yields M =M + 0b
A B
therefore 0=(M-M)/b

A B
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To incorporate the above principles it is necessary to
instrument the-load cell at ﬁwo sections such that it is
possible to calculate the bgnding moments at those sections.
To achieve this it was decided to place four strain gauges

equally spaced around the periphery of the circular cells.
Structural design

Material steel with o = 250Mpa
: yield
500kN

Des&gn normal load

Li]

Design shear force 100kN (20% of the normal force)

The ‘design problem is shown diagramaticly below

e 107
[ 1 57

B | - | .

— A
Y2 71 Q
. . N o ’ F N .

~
B A

The longitudinal section lengths were chosen in regard to
allowable length permitted during expansion of the steel
sets. Critical design sections are at "A" and "B".

)

Critical stress at"section A is given by
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N/A + M * /1 = 250Mpa/F$§
max B max

i

o

Manipulation of the above equation for section "A" and "B"

results 'in

i

Y1 35mm

Y2 =(ZE;;\\\

Overall cross-section details are given in Figure 3.12.

Calibration

To obtain the moment present at a section it is~
. necessary to have each of the 8 fitted strain géuges (4 top
cell; 4 bottom cell) calibrated under conditions of normal
load. In an effort to achieve this the <cells were loaded
from 0 to 800kN in increments of iOOkN-under conditipns of
assumed axial load. Prior to recording strain gauge readings
the cell was loaded and unloaded for at least 4”Cy¢1esr To
check the cell ability toxﬁredict moment and shear force
inclined load tests were also performed. | |

Due to problems such as non axial calibration force,
stress concentrations, variability in symmetry of the cell
etc. it was not found possible to get accurate calibration
factdrs for each gauge and as a result the original purpose
of the; cell was not fulfilled. By. totaling all - the
compressive strains, 'however, obtained by the four strain .

\
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gauges located at a particular section and putting a best
fit line through calibration values thé axial force could
quite accurately be predicted (Table 3.2).

» Future design of a cell based on the principles
presented by Kovari et al. 1977, require that the cell be
made longer‘ and haQe a more comprehensive énalysis on
generated moments throughout the cell, if its usé i§gto be

|
l

successful.

£ *
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