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ApSTRACT

|

The rapid growth of the City of Edmonton nade tunneling
activity for different pur poses (transportation, storm“
dralnage and sanitation) almost continuous. Most of these
tunnels have been bored through soft ground (s01ls and soft

A

rocks);

Two tunnels uere‘seleéted for the present studys The
Whitemud-Creek Tunnel which is 19.83ft. (0.D.) boredhth_rougn
-clay-shale for storm drainage with an averaoe overburden
cover of 155 _ft. and the 170th Street :Tunnel * which is ‘a
'sanitation tunnel 'bored through glacial till (101" 0.D.)

-
S

with an averdge overburden cover of 70 ft.

(Y
The movement and _deformation of ‘three ribs in the

Whitemud-Creek Tunnel vere recorded, using prec15e surveylng.‘
and constant ten51on tape extensometer, over a perlod\ofn
more than four montn; before the secondary conorete lining
was placed. Verticil upward rigid body translation of the
ribs was recorded during the first twvo ueeks which is due to
the relativelyrdelayed response of invert u nloadlng. This
' was followed py a downward tran;latiom with significant

contraction in the diameters due to load-transfer to the

ribs at the crown.

Finite element analyses, using the deformed. shape of
the ribs as a displacenent‘boundqry'condition,. shovwed that

maximum compressive stress in the ribs four months after

iv



placing is 16.63 Ksi, which is 33% of yield stress. This
maximum stress represents only 20% of those corrésponding to
an assumed all-around radial overburden presgure on the
lagging. These relatively  1low stresses areﬁ due to
deformation of the ground, especially near the crown, before

the ribs were installed and yielding of the ground after

installation of the overlapping lagging systenm.

fhe stiffness ©of the ground surrounding the tunnel was
examined using . in-situ prgessuremeter testing. A pronounced
deérease of the deformaticg’modulus near the Eéﬁnel vall
after excavation could.be.:ttributed to the concéntration of
tangential stresses acconmpanied byla relief iﬁ the radiai
strésses due to excavation unloading.‘The results of another
set of tests before placing the secondary concrete liniﬁg

shcowed that the stiffness of the ground near, the tunnel wall

is time-depencent.
. g

éround surface vertical nmovement due- to boring the
i?Oth Street Tunnel was recorded vwhile the mole was
approaching, passing beneath and'continuing beyondfa set of
settlement éoints. The maximum settlemept occured while lthe
mole was approacﬁing folloved by a heave movement when it
reached under fhe settlement points.\ This behaviour was
suggested to be the result of stfessvchanges near the fa¢e
of this rapidly excavated deep tﬁnnel. The iéhifg of the
maxinum settlement awvay froi;the centre-line of the tunﬁel

wascrelated to the eccentric location of <the 170th Street.

_ v



over the tunnel.

AR

N

Measurements c¢f earth pressure and lagging deflection

in the 170th Street-Tunnel test section\ could assist the
+ .

-

interpretation of measurements of the ribs movement.
However, it was concluded that measurements of the ribs
‘movements are the most reliable 'and economical method to

study the behavior of the primary lining.

vi



their staff for their technical assistance during

ACKNOWLEDGEMENTS
0!

!

The work reported in tihis thesis was carried out under
the supgr;ision of Professor S. Thomson, Department of Civil

Engineering, University ‘of Alberta. The author wishes to

express. his sincere gratitude to Dr. Thomson for his

continual encouragement, guidance and support throughout the /

.

period of this study.

) Access to the tunnels and the cooperation of the Cit
of Edmonton iWater and Sanitation Department are greatly
appreciated. Im particular, the author wishes to thank

R. Ostez, P.Eng. and Mr. G. Emranuel, P.Eng.

The rewarding discussions with Dr. 2. Eisenstein, | the

pr. T. Hrudey aré:gratefu; x\acknouledged.

) :
The apthor wishes to thank Hessrs\\Pf' Kais,EZ L.
Medeiros, F. Evgin and 1J; Ramotar for their /helpful

criticism, discussions and assistance.

-
~

o

Many thanks are due to Messrs O. Wood, A. /Muir  and

the field

vork and in preparation of field instrumentation

i

>

The financial support provided by the Néyégnal Research-

Council of Canada and the University Sf Alberta is

gratefully acknowledged.

.

The author wishes to express his most sincere gratitude

vii 1



to his wife, Nany, for her moral support and continued

encouragement.

The excellent job of data entry of Marilyn Butchko at

Computing Services is also acknouledged;

i

/

-

viii



TABLE OF CbK?ENTS
CHAPTER : . ‘ - | ~ PAGE
..‘_.I. INTRODUCT ION
1.1 ~Literature Review of Soft Ground Tunneliﬁg L
1.17.1 Ground Movement due fo Tﬁnﬂeling esees 2
1.1.2 Design of Tgnhe; Lininggl.ﬂ.«4........ 5

1.1.3 _Finite Element Method .e..eo.iivieeess 7

| 21,%{ $;§?§a&§é;8§§5hizatibn of the Thesis ;;1.;.;.x 8
11 ‘DETAiLE'ofﬂTéo TUNNELS IN EDMONTON | |
2.1 introductipn A o
2.2 whitemud~Creék Tunnel ...............t...;..: 12
2.2.1 General .....;......f..............;.. 12
2.2.2 Subsurface Profile .;.......;......... 12
2.2.3 Tunne'! Boring Machine ciiceeceecnceceas 14
2.2.4 Lining SYSteMS .ccccecoseasscssssacccense 17
2.3 170th Street TunnDel ...cocecescccacncscccccss 17
2.5.1 General ....;...............;......... 17
2.3.2 SUDSUCFACE PTOFIle «evernseesssnnnnnes 19
2.3.3. Tunnel Boring M;chine .;.....7,....... 22
¥ 2.3.4 \Lining Systems Y
III FIELD MEASUREMENTS

3.1 Introduction ..............;................. 26

3.2 Field Measurements\ in the Whitemud-Creek

Tunnel .........'.........'...‘.‘...........l. 27
3.2.1 Deformation Of the RiDS .eeceveaccacncse 27
3.2.2 Level Changes of the Ribs s.vsvvaeec.. 38

3.2.3 1In-situ Pressuremeter TEStLS eeecsecese 38

ix



CHAPTER ' | PAGE

3.3 Field Measurements in the 170th S&reét

TUNNEL +secenveocovccccssaanssscessacsassessssee 40
3.3.1 Ground Surface Vertical Movement ..... 40
3.3.2 170th St?%et Tunnel Test Séction .ff.. 44
IV EVALUATION OF THE EJE}D MEASUREMENTS
yd

4.1 introductipn ceceseseccsesssstanrtsscsess o 55

4,2 Evaluation of the -Measurements in the
Hhitemud-Creek TUNNEL eeeceveccccsccsccassseen 90

4.2.1 Deformation of the Ribs c..cceeeccese. 56
4,‘.2.2 In‘Sitll PrESsuremeter TeStS " EEEREEEE N 61
4.2-3 Finite Element AnalYSeS TR R R 6"‘

4.3 Evaluation of the Measurements in the 170th
Street Tunnel ....l..ll...l.l.‘.....I.l".'.. 73

4,3.1 Gfound Surface Movements ..cceccecsess 73
4,3.2 Ihe 170th Streethunnel Tést Section . 76

V CONCLUSIONS ANb RECOHHENDATIONS FOR FURTHER STUDIES
5.1 CORClUSLiONS <esessacscesccossnsassencccccccns 17

'“5.2 Recommendations for Further Studies ecececcacse 80

REFERENCES l-ootno--u..-'o‘ol‘...cp..o.O...l--.-.o...-o'n-- 81




AN
LIST or TABLES
PAGE
2.1 Geotechnical Properties of the Clay-shale ....... 15

5.2  Geotechnical P' perties of the Glacial Till ..... 21

—-—— . R
N Vo

°
s A

s

— o

xi



Vaama N

» LIST OF FIGURES
FIGURE - . | , , ) | | PAGE
21 General Lécation Of the TUNNE1lS c.eceeccecnccasnes 11
2.2 - Soil Prqxile along the Whitemud-Creek Tunnel .... 13
2.3 Mole Used in the Whitemud—Creek'Tunnel csecessess 16
2.4, Details of Linings in the Whitemud-Creek Tunnel . 18
2.5 Soil Profile along the 170th Street Tunnel‘.{.... 20
2.6  Mole and Shield Used in the 170th Street Tunfél . 23
2.7 primary Lining in the 170th Street Tunnel ....... 25

3.1j' Details'of the Test Section in  the Westmud-
(/ Creek Tllnnel R EEEEEEERENIEI NI IS IS RPN SRR I SR B RURY YR R ) 28

3.2 Constant Tension EXteNSOmEter seeeecesescacaceesas 30
3.3, Change in Verticg; DiaBeter .csecccccvsccccsncsas 31
3.4 Change in Horizontal DiaBeter ..c..ceeecceccccass 32
3.5 Change in biagonal Diameter D-L .eeeceevecaascces 33
3.6 Change in . Chord L=R secseccocos EETEREE R R R 34
3:7 .Change in Chord D-R «cecceccasns .;...;......;..;. 35
3.8 cChange in Cﬁord DB eaecvecnn sessecescnnes ssnee 36
3.9  Change in Invert.LeQéls ..1...;.....;............ 39
3.10 Results of In-situ Pressuremeter{Tests .cccecece. 42
3.1T1 General Plén of the Settlement SZAnts over the
170th Street TUNDEl ..ce.cccesvccoceacccsoncacsaass 43

3.12 Details of a Settlement POAINt seseeveeeacanescens 45

3.13 Ground Surface Movement over‘the' 170th - Street

Tunnel .oo».f..-..qo.‘on....".'.,!;l.o.u.o-...'on.. Q6

-~

3.14 Details of;éké‘1ibth Street Tunnel Test Section . 47
3.15 Change i; HOLizontal DidRELETr s eeveescesecensones 49
~3.16 Change in Vertical Diameter ..........;....;rf;;. 50.
3.17 cCchange ip Invert Level .;....................;,,._55'

xii



FIGURE

Details of a Pressure-cell

e & 04 069 ® 006 8 600 e s

Measurements of the Pressure-cells .cccececcocoecn

Average Diameter and Chord Changes .........ocee

¥

Deformed Shapes of the RibS .ieeieeececcecnroans

Results o

.

the In-situ Pressuremeter Tests 1in
the Whitemud-Creek Tunnel

Ground Deformation around Unlined Tunnel .......

Calculated Deformation of the LiDiNg .eeccecoces

Pinite Element MeSh ccececcecsccccnscscsssnscscnas

calculated

S

tresses in

the Ribs Using the

Finite Element Method (Feb. 214,

Calculated

Pinite Element Method

'Measured

S

and

tresses in

Calculated

1977) eeececses

the Ribs Using the

(June 1st,

1977) e @ e 0 00t eoe

Settlement Profile

above the 170th Street Tunnel. .

® 8 200500 000000000

PAGE
52
54
57

59

63
66
68

69
70
72

75



LIST OF PHOTOGRAPHIC PLATES

PLATF PAGE
1 Measurement of Deformation .of the Ribs Using
the Constant Tension Extensometer ...cssceccccses 37
2 In-situ Pressuremeter Test in the Whitemu’

Creek Tllﬂnel- -.0..0.-0.‘-.......no.-o.co..:‘~r~'v “1

xiv



CHAPTER 1

INTRODUCTION

The interest in the use of underground space for
transportation, utilities, storage and nwmining has beén
growing rapidly during this decade. Most - of the
trénsportatioA and utility tunne}s vere bored near the
ground surfa through soil and soft rock. This increased
théfneed to 1npiove existing‘design methods of soft iground
_tupneling. There is also a need to create a body of reliable
full scale tunnel measurements for differeﬁt geologiéal
formations and construction methods tﬁ verify these
improvements and to establisﬂ an empirical evaluation when

theoretical analyses become rather formidable (Peck, 1969b

and Lane, 1975).

1.1 Literature Review of Soft Ground Tunneling

One of the significant contribufions to the knowledge
of soft ground tunneling was the 'State of-the-Art ‘Report'
by Peck (1969 b) which compiled most of the literature
published.priorlio that time and outlined the areas which

need improvement.

Among the ]requirements for a satisfactory tunnel in
soft ground, Peck‘ considered the evaluation of ground
movements reéultipg in damage to the surroundings and
adequate liﬂing deSign. The follouing is a literature review
of these two topics extending fron:Peck's,report;

1



"1.1.7 Ground Movement due TO luunesinyg:

:Tbe inmmediate settlement of the\groﬁnd surface over a
tunnel in soft ground is the result of a combination of‘
‘ground loss occurring from the tunnel face while the mole is
advancing, soil movement into the annular space left behind
th% shield, and to f£ill the ovércutting around the lining.
This indicates the dependency of such movement oOn the
construct;on details and the three dimensiogal nature of the
problem, especially if 5 large portion of this wmovement
occurs uhgie the.mole is passing under the test section.

<3
A reliable estimate cf ground surface movements could

only be obtained through an empirical evaluation of field
measurements. Schmidt (1969) advocated“a procedure using the
curve fitting of the error finction to a cross-section
through the settlemenf,trough. peck (1969 b) presented this
procedure with suppofting case histories and correlated the
width of the settlement trough with the depth o x‘é tunnel

for different soils.

Peck (op. cit.) concluded this section of his report
about ground movement by stating;

n, ..The present margin of uncertainty in
estimating the consequences of tunneling, even
vith the best techniques, can not be reduced
until many more records of settlements and
construction procedures become available for
all type of subsurface conditiomns.” '

a

This - conclusion showed the importance of field

measurements. As a result, many detailed records of ground



surface and subsurface movements have been published.:

3

Kuesel (1972) presented a record of the field

performance of soft ground tunnels for the San Francisco Bay

Area Rapid Tramnsit System (BART). The ground movement

observations included the ground surface settlement in the
longitudinal and transverse sections due to driving fouf
tunnels located on twvo levels. Also, the subsurfce
horizontai movement was mea$ured by an inclinometer
installed midway between two tunnels.

An intensive ground movement instrumentation system was
installed 'in a test section in the tunnels for the
Washington Metro. ' Twenty-two inclinometers and tuelve;
multiple posiéion rod—eitensometers vere installed fg.
measure the tﬁree dimensioﬂal patterh_of‘ soil displacement
around the advancing tunnels. Hansmire and Co}ding (i972)
- and Cordimng (1975)  presented the details and the
peasurements  of this test section. More details ‘and
interpretations of this test section are given by Butler and

Hampton'(1975) and Hansaire and cording (1976).

Attevell and Parier (1974, 1975) presented a record of-
ground movements due to tunnelingAthrough London Clay. They
.studied the rate of surface and subsurface vertical
movements related to position of the tunnel face and the

effect of the rate of the mole advancement on these

movements.



A

Tomlin and Sklucki (1977y presented the records of
ground surface and subsurface movements due to tunnel
excavation through 1layers of stiff till and w“eathered

sandstone. N

The geotechnical performance of the Edmonton Rapid
Transit tunnels was reported by Eisenstein and Thomson

{1977).

Successful estimat~s of the ground surface movements
using.-model«tests is limited by the precise modeling of soil
properties and conséruétion sequences: However, sqch tests
are useful to gxamine the mechanics of deformation around
tunnels if the soil properties were adequately modelled. The
;esults of plane strain scale models of tunnels in sand and’
overconsolidated clays veré presented by Atkinson et al.
(1974, 1977a, 1977b). ‘Abel and Lee (1973) used three
dimensional. models to study the étress change ahéad of an
advancing.tdnﬂél in rocks. |

A

Heuér (1976) differentiated between the gfound
settlement due to'tunngling, as defined previously ‘in this‘
section, and»thoge resulting from catastrophic ground loss.
He gave some details of cése histories showing the - second
type. A similar case of excessive dround loss was reéorted'
by Oster (1975) 1in one, of Edmonton'sr tunnels. He gave
alternative solutions to control such losses and the

advantages and limitations of each.|



The instability of the North Saskatchewan River Bank
induced by boring an 8 ft. storm sSewer tunnel inwthe

Edmonton area was reported by Thomson and Yacyshyn (1977).

1.1.2 Design of Tunnel linings: \

Peck (1969 b) discussed the behaviour, of essentially
rigid and essentially flexible linings. . The gap between
these two extremes  was filled ' by, "introducing  the

N

"flexibilify ratio" in the second 'St;{e of-the~Art Report®

{ ) . o
(Pecgw et al. 1972). However, Peck stressed in his
recommended lining design procedure in the first rerort that
the displacements of the ground while the mole 1is
approaching and passing a certain section will aiter the in-
situ stresses. That is, the analysis will be unrealistic if
it assumes that the 1lining is embedded in the soiltmass
befo:g the earth inside is excavated. This‘ includes 1lining
desigﬁ\kmethodé based on conventional active, passive or at-
rest-pressure, oOr even using the‘ modulus of subgraé;n

reaction. Examples of such methods are given by Szechy

(1966) . o

The ground reaction curve concept, &s originally
presented by ~Pacher (1964) and used by Rabcewicz (1964),
offered a pronising procedure for_gmalyziqg the interaction
between the 1lining and the surrounding‘ground. This method

takes into account the ground displacements and - the

corresponding stress change, before the 1lining starts



reacting with the surrounding ground. Theoretical analysis

based on this concept are given by Lombardi (1973, 1974).

Ladanyi (1974) derived a closéd-fotm sqlution of the
ground reaction curves for a circular tunnel in a uniforn
isotropic stress field taking‘ into account the plastic
volume dilation and strength decrease with time of the
ground mass. i

\

The Austrian Tunneling Method (Rabcewici et al. 1973,
1974) used the ground reaction vconcept and field
measureﬁents for lining‘design. This gives the present State
6f,»using Athe ground reaction concept for iihing design in

rock tunneling.

Peck (1969 b) discussed.the}use of the ground reaction
curves for soft ground tunneling. The limited’infofhation of
the case histories available up to that time concernidg soil-
displacement neafithe tunnel face have confined the“generali

use of this concept.

Mathis (1974) used the Anders Bull method for analyzing
the internal forces .and deflection of the lining. He

emphasized the need of field measurements and in-situ

testing.

¥

~ Field measurements and observations of a tunnel in a

squeezing rock are given by Browen and Hewson (1976).

Lo and Morton (1976) investigates the stress



concentration around tuhnels and its relation to the Trock
anisotropy. They discussed the 1lining design using the

observed time-dependent displacement of the tunnel wall.

In a review on the lining stresses, Peck (1975) pointeq
out that the field heasurements'of.ﬁiameter changes of the
liﬂing with properly e§aluated s0il and lining prsperties
are bresently the most promising procedure to investigate

stresses in a tunnel lining,

1.17.3 Finite Element Method:

Closed-form solutions of stresses and displacements
around lined and unlined undergrohnd openings ﬂsing linear
elastic model anA éimple boundary conditions have been
compiled and presented by Poulos and Davis (1974). The
extension of these solutions for complicated geometries and
boundary conditions using realistic deformation models of
.tge ground vas‘impoésible without using the finite element
method. The principles of this method and its use in soiving
many geotechnical pfoblems have been presented by

Zienkiewicz (1971), Desai (1971), and Desai and Abel (1972).

Houayx and Ladanyi (1970) used the finite element
method to analyize the gravitation stresses and deformation

around a soft ground unlined tunnel for three‘different.

~deformation models.

Results of finite element adalyses of shallow tunnels



in soft ground are presented by Peck et al. (1972).

Kulhawy (1974) used linear strain quadrilateral finite
elepments’ in modeling the undergro{nd incremental excavation.
‘He studied the effect of the.nuﬁb r of elements in the mesh

and the location of boundary conditions on the computed

stresses and displacementé\\ .

1.2 Scope and Organization of the Thesis:

From the preceding literature review, it was ~concluded
that any reliable analysis of the stresses iﬁ the lining and
broadening the acceptance of the existind empirical
evaluation of the ground surface settlement due to tunneling
are dependent mainly on field measurements iq tunnels bored
in different geological formations using  various
‘construction procedures. On the other hand, close
observations of linings and ig-situ tests are essential to
examine the behaviour of lining and the ground around

tunnels before any realistic large scale analysis can be

performed.

The present tunneling activity in Edmonton presented an
opportunity for obtaiping field measureménts in tunnels
bored through the geolggical formations of the Edmonton area
using the comstruction procedures of the Edmonton Water and

Sanitation Construction Branch.

Two tunnels were chosen for the present study.e The



first was ‘a 19.83 ft. {0.D.) storm tunnel bofed through
clay-shale with an avefage overburden cover of 155 ft. The
second was a sanitation tunnel bored through glacial till
(8.4 ft., 0.D.) with an average overburdemn cover of .70 ft.
Complete details of theseAituol tunnels are presented in

Chapter II.

The movement of three ribs in the Whitemud-Creek Tunnél
was recorded for more than four months until the secondary
céncrete lining was placed. The stiffness of the ground near

the tunnel was examined using in-~situ pressuremeter tests..

Ground surface vertical "~ movement dqe to boring the
170th Street Tunnel was recorded while the mole was
approaching and passing under é set of settlement points.
This tunnel wvas algo used for a test section_ containing

measurements of rib movements, pressure cells and deflection
- . ) 1 ‘ !

of the laégings.
\

Details of the instrumeqts used and the records of

their measurements are given in Chapter IIT.

Chapter IV contains the evaluation of all the

measurements recorded in the tunnels. It also contains‘the~?””

results of finite element analyses of the stresses in . the
ribs two weeks after their installation and before placing

the secondary concrete lining.

2

The conclusions of this research and recommendations

)

for further studies are given in Chapter V.



CHAPTER II

DETAILS OF TWO TUNNELS IN EDMONTON

2.% Introduction \

The construction of Edmonton tunnels for interceptor
sewers and storm drains started in 1955 as part of a progfam
to imprqve tﬁé wgste treafment of the'city (Beaulieu 1972).
In 1976, the accﬁmulated thnnéiing experience qas’used to
construct two tuqnels undef doﬁﬁtown Edmonton for the Rapid

Transit System (Eisenstein and Thomson 197H .

The rapid growth of the City made the tunneling
activity for different purposes (transportation, sanitation

and _storm drainage) almost continuous. Two of these tunnels

were chosen for this study.

3
The first was the Whitemud-Creek Tunnel. As shoun in
Figure 2.1, it is an extension of -the existing storm tunnel

cunder 30th Avenue to drain it into the North A Saskatchewan!

River. ' ' ,

~
The second, was a sanitation tunnel moled under 170th
Street. It connects the sewer network under ‘the newvly
developed  Gariepy Area with the existing§>main sevwer

interceptor under 79th Avenue (Figure  2.1),

10 | | .
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2.2 Whitemud-Creek Tunnel

2.2.1 Genegal

The excavated diameter of the Whitenud Creek Tunnel was
19* 10". It was bored through bedrock which was essentially
clay-shale interbedded with layers of sandstone with an

average overburden cover of 155 feet. ¢

This tunnel was provided with two 14 ft. "(0.D.)
construction shafts. The eaétern shaft was located in the
Whitemud-Creek Valley, while the western shaft was mid-way
between the Whitemud Creek and the ﬁorth Saskatchewan River
{Figure 2.1). Sma;l shafts (2'I.D.) were constructed to
provide access ‘for power, ventilation, and concrete and to

be used as drop holes in the future.

2.2.2 subgsurface Profile

The ground profile between the construction shafts is.

shown in Figure 2.2. The clay-shale cover over the crown of

“: the tunnel varies between 20 and 80 feet thick and is

overlain by glacial till, silty-sand and’lage sediments.
However, test holes near the eastern shaft showed that the
clay-shale is overiain by a layer gf sands and gravels. This
is probably the Saskatchewan Sands and Gravels deposited in
the preglacial valley terminateding at this location (Kathol

and McPherson, 1975 - Figure' 27).-

This part of the thnne; (betwveen the two shafts) was
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almost dry ‘before the secondarydgoncrete lining was placed.
Howvever, water seepage was noticeable into the undercut
below thr shafts and into a zone about 1500 feet east of the
western sha t especially after the spring snow-melt. This
Seepage could be gttributed to the relo*i~ly thin layer df
semi-impe ias ciay-shale and the accumulation of'a head of

water due to the snow-melt above the clay-shale surface.

f
!
/

Table 2.1 shows the geotechnical properties of clay-
f ‘

shilé samples collected from the tunnel face. Typical
ge%technical properties of the unweathered Upper Cretaceous

Edkonton Formation in general are given by Thomson (1970,

1%71) and Eigemnbrod and ubrgehstern (1972).

.2.3 Tunnel Boring Machine

This -tunnel was bofed”by two moles. The first advanced
;to the west fronm the:eastérn séaft-and'the \second advanced
in uthe ‘oppbsite direction from th§ Uéstern sgaft. They
reached a section about 3025 feet vgst‘of the Lastern shaft

in January 1977. £

The moles had a cutting diameter of 19' 10", by a wheel
contéining six spokes and a central conical front edge. The

féce“of the mole was provided vitﬁ a set of carbide teeth.

s

“'As shown in Pigure 2.3, each mole was provided with
four horizontal and two vertical jacks. These jacks wvere

used to advance the mole after a new rib had been placed



Table 2.1:

Geotechnical Properties of the Clay-Shale

Bulk unit wéight 135 pcf (2.2 t/m3)
Average moisture content 15%
Void ratio (av.) 0.44
Degree of saturation (av:) 92£H
Liquid limit (av.) C111%
Plastic limit (av.) 27.4%

Grain size (M.I.T.) Clay 56%

-~

Silt 443
Swelling Pressure: \
Horizontal Direction 0.75 tsf
Vertial Direction 0.50 tsfw

Permeability: (From consolidation tests)

Horizontal Direction 3.9x10-10 cm/sec
(1.54x10-10 jip/sec)

Vertical Direction 1.7x10-1t ca/sec
(0.67x10-11 in/sec)
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]

behind the wheel. The average rate of excavation was 15
ft./day (Emanuel, 1977). The muck was loaded into five cubic
yard mine cars}by‘a conveyor. These cars were hauled to the

shafts by diesel or electric locomotives.

2.2.4 Lining Systeams

The primary 1lining consisted of (WF 6x25) steél ribs
and 2" x 8" spruce lagging. The sutside diameter of the ribs
was 19* 29", Overlapping sysiem of lagging qutside’the .steel
‘ribs was used as shown in Pigure 2.4, This type of lagging
has the advanfages of simple placement agd providing»

protection to the tunnel crewvs.

The secondary concrete lining was placed using movable
steel-foras to gife a finished diameter of 17 " feet. The
concrefe was punpe& in steel pipes from the ground surface
througé the power shafts to £ill the space ‘betwegn the
lining and the steel-foras. No steel reinforcement was used’
in this tunnel. Howvever, the steel ribs were nieft embedded
in the secondary cbncrete lining to act tdgether as a

KA

composite structure.

2.3 17Q¢g Street Tunnel:
2.3.1 General:

This tunnel was constructed to comnnect the sewer
network under the newly developed Gariepy area to the

existing main sever interceptor under 79th Avenue (Figure
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2.1).~ The excavated diameter of this tunnel was 101 inches .
and the finished inside diameter was 60 inches with an
average overburden cover of 70 feet. The tunnel axis dipped

O.a9$ towards the northern shaft.

Two vertical construction shafts (1Q'O.D;) vere dug at
the éouthe;n end and near 69th Avenue (Figurg 2.1). The
tunnel was provided also with four drop~holes 3(2' I.D.)
which were used for .power 'supply; ventilation during

construction and pumping”cohcrete for the secondaty lining.

2.3.2 Sﬁbsu:face Profile

The tunnel was bored, starﬁing ftom the northern shaft,
through a.layer of glacial till as shown inuFigure 2.5, The
geotechﬁical properties of this till are given in Téble é.z,
vhile the propertiesvof the glacial layers in the Edhonton'
area in ééneral are given by Eisenstie; and Thomsor (1977).
The last 1000 feet was excavated through a silty-sand layer.
Tunneling through”this 1éyer using the same mole did not
cause any 'broblens. ‘This’ was pfobably because of the
partially saturated nature of this layersand the presence of
silt which gave the sand enough cohesion to prevent it from

raveling.

Excessive ground 1loss vas reported in one location
only, about 500 feet from the northern shaft where a pocket
of sand filled with water near the crown caused a flow of

sand slurry through the timber lagging.



L

aw_

*Jeuuny
393135 Y0/l 243 3uole 211301d 110§ G°'Z 2an8Tg

# 00S

St Y

(uojuowp3z o A119 a4 Ass1noy ojoQ)

pups=A1|1S

d -

. .

. 1\\\“\ /'),I}”

v : - : H1NOS



ble 2.2:

s

Geotechnical Properties of the Glacial Till:

Bulk unit weilght

Average moisture confent

Void ratio

begree of sa;uration

Liquid limit

Plastic limit

Grain Size (M.I.T.} Clay
Silt
Sand

Swelling Pressure Horizontal Direction

Vertical Direction

Compression Index Horizontal Direction .

t

Veﬁ;ical Direction

;-

15% |
42% ' e

- 31%

138 pcf (2.2 t%ms)
12.2%
0.36
89% ; |

31% !

27%
0.25 tsf
OKZS tsf
0.255

0.09 /



‘Large size boulders (up to 3 feet diameter) wvwere
reported during excavation. These boulders were mainly
sedimentary or igneous rocks with rounded to sub-rounded
shapes and smooth surfaces. These rocks delayed the mole
advance where their size was larger than the size of the
openings " in ‘the mole face. Jack-hammers were used to break

these boulders before the ﬂole could continue its advance.

2.3.3 Tunnel Boring Machine:

One of the City's moles (Lovat 100" 0.D.) was used in
boring this tunnel. As shown in Figure 2.6, it consisted of:
cutting head, o0il reservoir area, and the power‘plant. The
mole was connected to a éhield having the same outside
diameter.: The- wheel, onlthe front of the cutting head, was
formed of three spokes with a conical edge- at 1its centre.
The power plant contained all the operating values and
controllipg gauges. A muék conveyof was connecting the

cutting head through the power plant to the mine cars.

The mole advanbed, vhile boring, using eight jaéks on
the circumfefence of the power plant'by jacking against the
last plaCed rib. The average rate of boring by thi§ mole was:
90 feet/day working in three shifts. When the mole reached
‘the southern end it was taken 6ut through the prebored

southern constructional shaft.
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2.3.4 Liningqg Systens

{

As illustfated in Figure 2.7, the primary lining of
this tunnelbconsisted of steel ribs (WF4x13) and timber
lagging (2"x8"x5'). The ribs were preformed into rings with
average outside diameter of 8.27 feet. Each ring consisted

of three segments connected by two bolts in each joint.

\

Af;er' a new rib vas placed with untightened joints, a
rowv of'laggings was plaéed between the flanges.of ‘this rib
and those of the latter rib. Then, the mole started boring
again and advénced using its eight jacks. As' soon as the
shield had advanced past the new rib, the upper joints gf
this rib were opened using two hydraulic jacks and two 4%
séacers © (channel sectiqQn) e placed inside these spaces

. “
and the bolts were tightened. S
. | .. i

The plain concrete secondar~ lining'was placed starting

from the southern shaft ten days after the mole was taken

outside of the tunmel. The concrete used fof this tunnel was

4000 psi Type V, sulphate resistant. The steel-forms and the

procedure used for placing the concrete were similar to

~those used in the Whitemud-Creek Tunnel. The finished inside‘

diameter of the concrete lining was sixty inches.
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CHAPTER III

FIEL HMEASUREMENTS

3.1 Introduction

Field measurements and observational techniques vere
the basis of applied soil mechanics during the 1940's. At
that time, the observational method*ras adopted by ‘Terzaghi
Lo avoid a conServative design resulting from using an
excessive factor of safety and the danger of depending on a
general average experience alone (Terzaghi, 1961; Peck, 1969
a). This "Learn-as-you-go" method .dgpended on cdmparing
field measurements with theoretically ‘expe¢ted values and
modifying the design, if needed,‘during constructiog. The
Austrian Tunneling Method (Rabcewicz, 1973,197&) cdn be
considered as a Successful application of thé observational

" method for tunneling. ) ‘ |

. - For soft ground tunneling, it was .concluded‘ from the
literature (review given» in section 1.1 tﬂat any real
Progress in the design of tunmnels is dependeht on reliable
field measurements for different géological fprmation; and
‘methods of constructions. These measurements are hard to
-obtain but will validate the new analytical'procedures and
hence <close the 'gap in our knowledge concerning the
behaviour of the ground and the lining, and the' interaction -
between them. On the other hand, these measurements can be’
used in an empirical procedure wheneve£ theoretical methods

>

fail to. give a reliable solution as in the case of ground

a

26



surface movement due :to tunneling.

In this Chapter, the recce:.! of field measurements in
the Whitemud-Creek and the i.0i.a . et Tunnels is_presented'
with the details of the instrusentations. Evaluation and

analysis of these measurements are presented in Chapter IV.

3.2 Pield Measurements jin the Whitemuyd-Creek Tupnel:

The test section in this tunnel vas‘located about 3000
feet from the eastern shaft. Deformation neasureients of
three ribs were started as soon as they were placed and
continued for more than four months wuntil the secondary
concrete lining was placed. It was recognized that coupling
these measurements with level changes of the tunnel invert
was essential to calculate the absolute movements of the

ribs.

In-situ pressuremeter tests vere used to examine the

behavio™- + “e ground around the tunnel by determining the

deforma. :dulus in the ' horizontal and vertical
"y

directions. L

Figure 3.1 shows the details of this tést-s;§ction.~

3.2.1 L.formation of the Ribs

i. special imstrument, constant Tension Extensoseter,
wvas designed to measure the‘change of the inside diameters -

of the ribs with reasonable accuracy (x0.01%) , As
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illustrated in Figure 3.2, the extensometer consisted of a
four-inch dial gauge reading to 0.001" with a spring
attacﬂed to it. The spring was fixed to the dial from one
end and free to expand from the other. A hook was provided

to the movable end.

A steel Engineering tape, about 20 feet long, and 5/16
inch wide was provided with a hook on one end and a set oOf
holes on the other. The spacing between.these‘holes vas four
inches which is the fange of the dial gauge. The size of the
holes was suitable for the hook provided at the movable end

of the spring.

The main purpose of providing a spring to the dial was
to create a constant tension in the tape which eliminates

the éagging effects.

Small eye-bolts were fixed to the inside flange of each

b at the spring-points, crown, invert = 450-ld1agonal
points. For measurements, the tape was hooked to the eye-
bolt on one end and the instrument was hooked to a suitable
hole of the tape. A constant temnsion was applied and relased
three tlmes, using the spring, and the a;erage of-the three
corresponding readings of the dial gauge wvas recorded.’' The
nuaber of the ﬁole to which the instrument was attached was
also rec ded. The diameters and chords which ‘were chosen
for neasurenénts are shown in Figure 3.1. Figures 3.3 to 3.8

contain the record of the change in these measurements with

tile, Plate 1 shows the use of the constant tension
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extensometer for these measurements.

\\-/A

3.2.2 Level changes of the Ribs

——

The 1level changes of points L, B and R were recorded
for the three ribs. A point 74 feet east of this section was
used as a datum. Figure 3.9 shows the absolute level changes

of these points with tinme.

3.2.3 In-situ Pressuremeter Tests

Two sets of the in-situ pressuremeter tests were used
to determine the <=lay-shale deformation moduli two weeks
after placing the ribs 'and just before the concrete

secondary lining was placed.

For the first set, a five-inch diameter horizontal
borehole was drilled near the spring—ling. Prilling of this
hdle, 20 feet long, took about four hours. It was noticeable

that‘the ground is almost homogeneous clay-shale.

Drilling win the vertical direction thfough the inyert'
was difficult; and drilling through a layer of hard
sandstone eﬁcountéred at about 10 feet below the tunnel
invert was almost iupqssible. Two vertical holes vwere

drilled to this layer which took more than seven hours.

Before the secondary concrete lining was placed a
similar set of pressuremeter tests was done to study the

7T - .
\\\\change in deformation properties of the surrounding clay

\ : .
Y ' \ | \

-~
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1

\

shale with time.

Plate 2 shows the pressuremeter apparatus during
testing in the horizontal direction. Details of the
pressuremeter apparatus used in these tests are given by
Burgess (1976) and the theoretical formulation is given by

Gibson and Anderson (1961).

The volume change-pressure curves are given in Figuré
3.10, and the final results of the tests. with their

interpretation are given in section 4.2.2.

<
|
o
!

3.3 Field Measurements in the 170th Street Tunnel

4
A
)

g . In this tunnel, the ground surfage' vertical movement

4
was monitored near the intersection of 170th Street and 62nd

Avenue. The movement of three ribs and lagging deflections
was recorded in a'test*section which was also provfhed with

two pressure-cells.

3.3.1 Ground surface Vertical Movement

o . .
Thirteen settlement points were placed near the

" intersection of 170th Street and 62nd Avenue as shown in

 Figure  3.11. This ‘location facilitated placing the

settlemént points on both sides above the tunnel axis ' and

avay from the construction dctivity in the Gariepy area.
. -

The points were placed, during the first week of March,

with their discs at 4.5 feet below the ground surface (see

«
U )
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riyure Je.14) TU AVOla TNE IrosSt errect which vwas three feet
‘deep at this location. Two of these points, i and II, were\
placed at a horizghtal distance 6f more than éO feet from
the tunnel centre-line; to‘be used as bench-marks on both
sides. Thus, the effect of temperature changes and the
variation of water conditions near fhe ground surface during

the spring snow-melt could be excluded. Cooke level was used

for the surface level survey with an accuracy of $0.005 ft.

Figure 3.13 shows a completé record of vertical
m?vement of the ground surface at these points. Most of the
points showed the sanme trend‘ of movement with a maximum
settlement when the mole was at about 75 feet' before
reaching under point 5. This was followed by a sudden heave
when thé“moLe.was under the points followed by a . gradual

settlement which stabilized after two weeks.

’

3.3.2 170th Street-Tunnel Test Section

The measurements in this test section (see Figure 3.14)
consisted of deformation measurements of three ribs, the
level change of their inberts, the earth press - on the

laggings, and lagging‘deflectiog.

The measurements started as soon as the shield cleared
the test section and after the upper Jjoints were wedged.

This monitoring was continued for two months until the

.

secondary concrete lining was placed. : .
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The excavated diameter of this tunnel was 101 inches
vhile the outside diaméters of the ribs were 98 inches and
100 inches in  the horizontal and vertical directions
respéctively. Since the ribs 1lie on the "bottom of the
excavated space, a gap of 1 inch at the crown and 1.5 inches

at the spring-line existed. -

on examining 100 ribs which has been placed before the
test section, it was thiced that this space was completely
gilled githin\two weeks; Moreover, lagging deflecton of more
than 0.5 inches in some sectiqﬂé was not uncommon,
especially in sections near the northern shaft where
excavation started. As a Tesult of these observations,

monitoring the closure of this gap was essential in order to

simplify the interpretation of the other measurements.

The deformation of -the ribs was measured by the same
procedure used in the Whitemud-Creek Tunnel (sée section
3.2.1). Records of the change in the vertical and horizontal

diameters are given in Figures 3.15 and 3.16.

Figure 3.17 shows the change in fhe invert level of the
ribs. Heave movement was recorded during the first week
after installing the ribs, and was followed by a"gradual

settlement. = -

Two  pressure-cells were‘.installed on the outside
surface of the lagging. The details of a pressure-cell are

shown in PFigure 3.18. A preliminary calculation of the
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pressure distribution on the lagging, acting as a beanm on
elastic sﬁpports, Showéé that the calculated pressure omn
points at one third of the span will be equal to the average
pressure acting on the lagging. Thus, the pressure-cells
were placed at this location. The laggingé khich_wefe
provided with preSsure—cells were shortened by 1 inch to

avoid the effect of the advancement jacking on the pressure-

cells.

The pressure-cell nmeasurements are given in Figure
3.19. The naximum pressure -recgrded at the spring-line
(P.C. A) was abbut 5% of the errburden pressure at this
level. However, the pressure—cell which was placed at the
invert (P.C. B) recorded a lower value. On the other band,
the maximum deflection of the lagging at the spring-line ;a;
0.1 inch. Six inches of water and oil af the tunnel 1invert

caused  the discontinuation of lagging deflection

measurements at the tunnel invert.
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EVALUATION OF THE FIELD MEASUREMENTS

“.1 Introductjon

The need for tunnel experimention and reliable field
measurenents has been recegnized as showvwn in Chapter I.
However,. the value of these records‘ is limited by their
detailed interpreta;ion and analysis. The evaluarien of _he
records should correlate~these Beas: cments with tﬁe ground
condition and construction details, and with similar field

experiments and existing bypothesis.

A comparison of measurements and analytical results or
the use of field leasurelents in an elplrlcal evaluatlon
will verlfy the analytical nethdﬂ,ﬁ or extend th‘e usﬁém the
empirical evaluation for tunnels having sln1lar construction

procedures and subsurface condltlons.
2

This Chapter contains the evaluation of the measurement

~ords of the Whitemud-Creek aha the 170th Street Tunnels.

The finite element method was ‘dsed to analyze the
ground deformation Aaround an unlined tunnel, and m;he
dis;iacelent ' of lining using 4 fferent finite eleeept
qeshesr Conseqﬁently, the deformed shapes of the ribs in the.
Hhiteluq-Creek Tunnel (two weeks after their installation
(reb. 2nd, 1977) and before placingvthe seeendary concrete
lining (June_Jst, 1977)))vere used as Qisp;acelent Soundary

J s

-
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steel ribs.

Ground surface sovement measurements of the 170th
Street Tunpoel are compared with empirical values and the
anticipated trend. The test section measurements in this

)

tunnel are interpreted and discussed in this Chapter.

4.2 Evalgatijon of the geasuteggg;g in the Whitemud-Creek
~Tunpel: ‘

4.2.1 peformatjon of the Rjibs

The instrument used for these measurements, which is.

shown in Figure 3.2, incorporates a dial gauge reading to

0.001", A 'fluctuation 'of $t0.01" vas pnoticeable during the

[

initial readings, but no improvement’s on the instfment were

needed since this was sufficiently accurate for the ensuing
analysis. However, the average of three readings was
recorded for each measurement to minimize the effect of this

fluctuation.

The measurements this tunnel, given in Pigures 3.3

to 3.8, shoved a génerélkconsistenCy in the trend of the
changes of the threé'fibs for each diameter Aor chord. 1In
most cises, the average change in the three ribs was
considered. Bov!ﬁer,/the change in the horizontal diameter
of « Rib 2 vaS'exEluded becaﬁse of its inconsistency vith the
change in the other twvo ribs. This was probably due to
looéening ‘of the eye-bolt. Piguref'4.1 shogéfthe'average
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ribs. The difference between the average values and the
observed measurements of the three ribs shows the effect. of
manually placing and wedging the lagging outside the ribs.

- .
The vertical movement of points R, L and B, (see Figure

3.1) was recqrded by leveling relative to a datum point 74
feet east of Rib 1. It was found that the analyticai
‘modification of these measurements .to include the level
change of this datum with time is the most reliable “ﬁethoa
since uslng a remote datun vould require 1mpract1cally long

surveying dith larger error.

Using the average diameter and chord changes shown in
‘Figure 4.1 and the average level'changes shown in Figure
3.9, the deformed shape of the ribs could be drawn for

different dates as shown in Figure 4.2,

After two weeks (Peb. 2nd), a heaﬁe movement of the
ribs and a very small contraction of the rib diameters were
observed. This could be attributed to the unloading rebound
of the clay-shale mass at the invert. However, there Ha; no
distinct indication ’that the interagtion betueEn the ribs
and the surrounding ground had started. This aélay in the
soil-rib interaction could be attributed to.the overlapping‘
lagging system used in this tunnel which allo;s radial yield
in the free g; :rd thr the distance between the nfhs (see
Figure 2.4). Suc. an 1nterpretat10n can bé«sﬁ?ported by

comparing the eter changes of Garrlsonooﬁia&ﬁnnels given

LT
rs'é
.-



Figure 4.2

\

Deformed Shapes of the RiBs.

t=0

t =2 weeks .
——-— t=5 weeks
P t=6 we\eks
——— e t =4 months



- by Burke (1957). He presented the field measurements of
diameter changes in different test sections of these tunnels
vhere the ground yield was allowed in some sections and

restricted in the others.

The unexpected upward rib movement at the ;crown is .
probably due to ground 1loosening 1in response to the
immediate unloading at the crown before the ribs were
- placed. Field observations and measurements given by
Matheson (1970), Hansmire and Cording (1972) and Lo and
Morton (1976) showed this immediate tesppnse at the crown
which resulted in loosening or local failures at the tunnel
roofs. As a result, onl& the relatively delayed unloading
rebound at the invert had affected rib movemen£ and the
loosening of the géound at the crown enqpled the upward

movement at the ribs at the crown.

During the following three weeks, downward movement of

the ribs was reported with a pronounced decrease in the
‘ \ )

diameters and chords indicating the start of interaction and

load transfer to the ribs. -

Another heéve displacenent‘uas recorded for points R
and L during the fifth. week, and for point B during the
sixth;week which was accompanied by a slight release in the
diameter deformation. This behaviour was probably due to‘
stress redistribution in the ,clay—shaie mass around the

lining as a result of the interaction.

TAEEY i



The deformation of the ribs reached an equilibfium
state after about three months (April 1977). All the
measurewments shoied contraction, with a maximum of 0.6 .
inches occurring in chord D-B. However, an expansion of less
than 0.12 inches was recorded for chord R-L.

In general, the measurements in ghis tunnel showed that
the displacement of the primary lining‘lés comprised of two

components: ' \

X

Firstly, a rigid body translation which is either

heave, due to the relatively delayed unloading response of

: i , , :
the invert and the redistribution of\ stresses in the ground

around the tunnel, or settlement due to load-transfer to fhe

ribs ‘at the crown.

Q

‘Secondly, deformation of the ribs, mostly contraction

v

in diameters, due to their interaction with the surrounding

ground.

4.2,2 In-situ Pressuremeter Tesis

There‘iS an accunﬁlqted experience for determining the
properties of natural soils in Edmonton, and Western Cana@a
in general (Délaong 1971; Eisenstein and uorﬁigon 19735
Burgess and Eisenstein 1977). These sfudies showed that the
in-situ pressuremeter\éest could be used successfully to

measure _, the. modulus of instantaneous deformation .

-
/

Reasonable agreement between the results of analyses using
/'/‘



this modulus and deformation field measurements were
reported while the use of a laboratory determined moduli

overestimated these dgﬁotmations by at least ten times.

For +tunnels, Hudson énd Stephen (1975) discussed the
importance of using in-situ tests for deter&&ning Young's
Modulus.xThey showed that for the chalk mass at Chinnor, the
in-situ stiffness was less than 10% of that obtained from
laboratory tests on intact samples, The esfimate. of the
large' scale moduli of any bedded rock in two principai
directions before making a large scale analysis ~was
suggested by Ladanyi (1977) in order to obtain realistic

results.

The results of the pressuremeter tes£s in the Whitemud-
Creek Tunnel are given imn Figure 4.3. The moduli obtained by
the pressuremeter in Qhen horizontal direction, two weeks -
after placing the primary lining, tend to decrease near the
tunnel surface. This could explain the difference between
the theoretical and observed movements around tunneis
reported by Judd and Perlcff (1971). This shows also thai
even for intact soft-rocks such as clay-shale a drop in the

stiffness around the tunnel walls is expected.

_ %
On the other hand, it is interesting to compare the

values of the modulus (Figure 4.3) with the highgst
laboratory modulus of 14.8 ~Ksi. reported by Dedong and
qugenstefn (1973) . This differencey shovs the effect of

" sampling disturbance and the importance of in-situ tééting.
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The average of the moduli had dropped from 35 Ksi for
the first sef of horizontal tests to 28 Ksi for the second
set. The second set of tests showed a rather constant value

of the modulus near theée tunnel.

If:‘)»

In the vertical direction, the average of the first set
of tests was 36 Ksi which increased to 471.5 Ksi during the
second set of tests. Only five feet below the tunnel invert

could be tested since a layer of hard sandstone prevented

drilling to deeper depths.

The average values of moduli in the first$set of tests,
35 Ksi in ‘horizontal di£eqtion and 36 Ksi in ‘phe vertical,
shows almost equal values. However, the difference between
these values became more pronounced in: the second set of

tests.

The change in the modulus around the tunnel during the
period between the two sets of testing is due to the time-
dependent behaviour of the clay-shale and the corresponding

stress redistribution.

4.2.3 FPinite Element Analyses

Using the finite element method, the effects of

(o]

softening zone and K, ~on the deformation around unlined ¢

tunnel were studied. Also, deformations of the 1lining
idealized by three different meshes were compared.

Subsequently, stresses in the primary lining were analyzed

s WA



using the deformed shapes of the ribs as displacement

boundary conditiohs.

Constant strain triangle elements with plane strain
: EA
. ?v .
linear elastic model were uséd for the analysis. The pumber
of elements was increased to allow modeling of the linear

stress field in the ribs and the stress concentration in the

surrounding ground.

a) Deformation around Unliged Tunnel

\

Two methods ‘of excavation_simulation were ‘tried, turn
on gravity befqre and after excavation and stress  reversal
approach (Judd and Perloff 1971; Kulhawy 1974). The results
of the two methods were identical when K ,=v/1-v ~(where
v:Poisson's Ratio). Stress reversai approach was used for

the rest of the analyses in this séction. -

Figure 4.4 éhoﬁs the calcdlated deformation’ af the
ground  around an ‘excavatéd unlined tunnel for Ko=0.67 and
1.0. It shows also, the effect of-softening of a ring 40 ft.
(0.D.) having a deformation moduius 50% of the clay-shale

- modulus.

From these results, it could be concluded that the
effect of softening near the tunnel on the ' displacement of
‘the ground due to excavation has fhe same importance, and is
possibly ‘more important than the effect of varying K, from

0.67 to 1.0.
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\

b) Qefofmation of the lining

Three finite element models were used to examine the
N

convergence of displacement due to a set of nodal loads. The

nunber of elements was varied in both the radial and

—
tangential directions. As shown in Figure 4.5, mesh No. 3

shows reasonable convergence to model the ring curvature and
the linear stress field in the lining. This mesh was used to
model the lining in the interaction problen, .

Cc) Stresses in the Lining UsingﬁField Measurements
N y

The finite element mesh shouﬂ!in Figdre 4.6 was used io“‘
calculate thév Stresses in thé p;imary Alining due to
deformation and movement of the ribé.\It vas recognized that
vhile the actual problem is of a thqee ,dimensional‘inature,
it could be apprqﬁimated by a plane strain conditioB for the
ground elements and plane stress for the 1ining./éhe finite
elemen esh consisted of 244 nodal points and 422 elements.
About 45% of these elements were used to modél the. 1lining.

¢

The measured deformed shape of the ribs was usedﬂas a"

displacement boundary condition to calculate the stresses in

the lining.

Figure 4.7 shows thé calculated stresses in ;he ribs
two weeks after their placement. The sections examined
Vshowed a wmaximum tangential compressive §£ress of 9.667 Ksi.
The results also showved yigher stréss‘values a the - bottonm

segment while stresses in the other se ts were very low,

)



Sjuswa|g Jo squny

€ HS3IW

S|USWa]3 96
S3pON g9

js[otatals

4

. "Suguyy 8y
3O UOTjBWIOIIQ PI3ILINOTB®YH Sy 0u=wﬂ..m

v

=
Z HSIW I HS3W .
SiuswWwa|3 9z &.cmEQO .
SaPON 12

S3pON 6



*1841
-0491
: +0227
-1358 “1.541
. ) 24043 !
IS
-1360
\
e -1360
» ¥
[
N 1
\ Ol o
1y 756 -1.265 S
e -
\ L
vd [
AY 2*7.73/.
41& e
' -
. <o
¥ . <1814
4’;’1 ' . |
+21 -9447 ’
values.in ksi -
 vahes TR -686
; (-) Gonpression '
(+) Tension -17
° ? _966 -
9 Figure 4.7 Calculated Stresses in the Ribs,,JJs,ing the ) )
Finite Element Method (Eeb 2nd, 1977) o .

5y



~

For this kind of analysis, using the field measurements
-

~as displacement boundary ﬁbﬁditions, the softening of the
clay-shale around the tunnel resulted“ihia very small change

in the lining stresses. Hovefér, this change is expected to

be more pronounced if stgess ‘reversal., simulation
(Kulhawy,1974) vas uéed. It ghould vbe noted that the
‘heasuréd wovements of the ribs include the effect of this

softening zone internally.

Figure 4.8 shows the calculated stresses inlthe ribs on

June 1st, 1977. The stresses in the bottom segment had.
‘dropped, while a subsfantiél increase in compressive
sfresses were reported in the other segments. The maximum
compressg;éfétress in these sectiops'was 16.63 Kgi, which 1is
v'about 33% of the yield stress (éé%ﬂming, ~£;=50 Ksi). This
;aiimum stress rgpresents oniy 20% of those co;responding tpl

all-around radial overburden pressure on the lining. ' ”§ l

<

These rel&tively low stresses are the result of

~

&déformation of the ground mass near the tunnel face during
eicavation and the ground yield occurring due to theuuse of
*\tﬁg;overlappingflagging systen.

/: In the Rapid Trahsit tunnels in Edmonton;ﬁwhigﬁg: i

N '
R N

stresses 1in the 1ibs were -;eborted (Kulak, 1977) which
. corréspond fdfan'allfaround radial pressure of about 80% of

- : N e
the overburden stress. This difference is probably due to
TN . ’ i ‘ -
@ ’

o ‘ B . 4 » - : . ) : .
. R e o )
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Figure 4.8
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Calculated Stresses in the Ribs Using the
Finite Elemeat Method (Jine lst, 1977)
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the Rapid Transit. tunnels (Eisenstien and Thomson, 1977)

eliminate the space outside the lining alléﬁing only very
small yield of the till. oOn the other hand, the higher
strength of the clay-shale 1is a main factor in this.

difference.

Y
ion of the Measyrements in the 170th Street
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/g nd Surface Movements

S \

ye
Ground surfaée movements were recorded, as shown in the

pJ:e\fiou's,n qapter, while the mole wvas approaehing, passing

‘éunder and passing beyon the settlement points lqc\ved at

the intersection of 170tﬁ;5treet and 62nd Avenue. Using the

records glven in Flgure 3.14, the maximum settlement of the

ground surface “dque to tunnellng on March 16th was drawn as

shown in Figure'ﬂlQ. '\ N - ¥ .
For this tunnel (eee Figure A.9)

z=70 ft. R=4.17 ft. 2/2R=8.4 , ‘

y

From the chart given by. Peck (1969-b)-page 242

i/r=3.5 _i=20 43 ft - ' -

where 1-expec“ed horizonal dlstance from the tunnel centre-

an
line to point pf the maxymum.curvature.on settlement trough.

% . .
Assuming that the volume of the settlement trough as 4%

of the - volume of the excavated tunnel, the ground surface

settleient profile 'was estimated " using the prbbahility

»
~
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1(\“(;?0 .
- ) ' A‘i‘. - ’ .
Comparing the ground surface movement measurements with

the expected and estimated movenments, the following was
¢

[

-noted:

While the maximum settlement was expected to occcur

-

above the centre-line of the +tunnel when the mole was
passing under fhe settlement points, the measurements s@@qed
a shift of this maximum settlement about 30 feet to the west
(see Figure 4.9) which Qas recorded when the mole had 75

'

feet to go before reaching a section under the surface

3

‘ points;ATﬁisnwas folloved by a sudden heave and a gradual

small settlement.

S

':).

The shift of the nmaximum settlement location to the

west was probably due to the effect of compacted ground °

undes; ]i70tP Street on’ ground movement near the surface.
Similar ground heave movement when the mole :as approaching
the settlement points was reported for the Edmonton Rapid
Tranéit tunnels (Eisenstein and Thomson, 1977), - uhere' the
ground conditions and construction method were similaf.

Hoﬁever, the rapid rate of'boring (av. 90ft/day) ~and ‘the‘

greater depth of the 170th Street Tunnel could be the '

reasons for the early ocdurrence of the maximunm séttlement.
The greater depth of this tunnel increased the zone around

the tunnel
‘ “ 2 Sy &

T

~$3 i . ' . .
of the mole Eesulted in the incompressible behaviour of this

zone. Bartlett and Bub eés (1970) suggested a model for the
. . 5 ~ ) s FE N . .

D i
K . £
' e e . T iy

ace affected by stress change. The rapid”ddii%ée u':‘
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ground movement pattern ahead of a tunnel shield in an

. . A
incompressible material. "

1}

el Test Section

4.3,2 The 170th Street Tunn

Different measurements were tried in this test section.

The details are given in the pPrevious chapter.

The general trend of the invert movement was faster Hut
similar to that recorded for the Whitemud-Creek Tunnel. The
equilibrium state of the deformation measurements was
Leached in less than a month with an average ?ontraction in
the horizontal and vertical?diameters of 0.3 and 0.05 inches

respectively. ' i
: ) oy

The low values nmeasured by .the pressure cells, 5% of
the overburden Pressure, could be attributed to the radial
of the excavated till to fill the space butside the lining.
The higher values of pressure at the spriﬁg-liﬁé explains

the 1ar§er’contréction in the horizontal diameters.

¥ .
o L

The measurgménts Trecorded for the lagging deflection
: [t . H s .
Y N B
did not give a "sufficient basis for ,@stablishing™ a
. 3:):; . . .

rela&}onship between the pressure cells and the lagging

defl&tion.
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" loosening of the gro&?? at the crown of | the whitemud_ctqig,:

CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS FOR

4 . FURTHER STUDIES

————— — e

Field measurements are of great value to show - the
behav1our of full scale tunnels and to verify the analytlcal
methods; or to be wused in an empirical evaluatlon when

analytical methods are unrelijiable.

From the'evaluation of the field measurements in the

Whitemud-Creek and 170th Street Tunnels the following are

~concluded:

1. The pmovement of the primary lining in these tunnels

‘was comprised of two components:

Firstly, a rigid body +translation which is either
heave, due to the relatively delayed unloading response of

the invert and the redistribution of stresses in the ground

around the tunnel, or settlement due to load- tranﬁfgr to the

ribs at the crown.

Secondly; deformation of the'ribs, mostly contraction
in diameters, due to their 1nteractlon with the surrounding

ground.

P

a o N ' ‘ ‘“«d’:{;::k
2. The instantaneous nature of the displacement and . X

N PN
)
R,

Tunnel, ‘near the tunnel face prlor to the 1nstallat10n of a



#ew L4uvy ale postuldted to be the cause of the ' pure rigid
body heave of the ribs without any significant deformation

during the first two weeks aftef its placement.

3. K*ﬁéonounced decrease of the ground ' stiffness near
the tunnel .11 after excavation could be attributed to the
concentration of tangential stresges accompqnied by relief
in the radial stresses dﬁe to unloaéing by excavation. The
results of a finite element analysis showed that neglectlng
the effect of thls softenlng will underestimate t;e ground

deformation around the tunnel. Sucﬁ effect = is more

pﬁohodncéd than that due to changing K, from 0.67 to 1.0

/ 4, In-situ pressuremeter ' tests two weeks after

_/
- ‘ _ o

egcavatio% showed similar j@:)verage values of the mass
deformation moduli . in éhe hofizontal and vertical
directions. On the oéher hand, the results of éhe second set
of tests, performed before placing fhe secondary concrete
linihg, shoved that the deformatlon modulus of the ground

near the tunnel is tlme depegdent.

5. Finite element analysis, usingktue deformed shape of

t e rlbs as a dlsplacement boundary COndlthD, showed thét,

the max1mum compre551ve>&tress in the ribs four months after-

placing is 16.63 Ksi. f?&% ds 33% of‘the Yield stress or 20%

of rib stresses dué to an assumed all-around rédial pressure |
egﬂal to the overburden pressqre,at‘the tunnel épring-line,
This agrees;ziph the.remarks given byupéck (1975) that the

evaluation of the linihg stresses considering the lining

I\

/

> N
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embedded inside the ground before excavation is unrealistic
due to the ground deformation occurring at the tunnel head

and before the primary lining:is‘installed.

6. From different neasurenents used in the tve tunnels,
deformation of the ribs is the most reliable  field
Eeasurement to study the'bethiour of primary lining yhile
the in-situ pressureneter test enabled examination of the

behaviour of the. surrounding ground.

7. From the measurements of the ground surface movement

above .the 170th Street Tunnel, it was concluded that the
stress‘changes_ahegd 9@ a rapidly advancing deep tunnel in
glaeial'_iill mdy‘nnegult in the early occurrence of the
maximum settlement of the ground surface followed by a heave

v

movement when the mole reaches under the settlement points.

!

Tlme dependent deformatlons and those due to ground movement

8

_1nto the annular overcutting space will result in a gradnal

small settlement.';)
\

~

g. The maximum ground surface settlement due to borfng

a tunnel in soil conditlopé and using construction procedurs

v

"similar to those of the 170th Street Tunnel can b#® estlmatedi

by assuming that the volume of the settlement trough is 4%

Ll

] ) . ’
-of the tunnel volume and approximating the trough by the

probability function. However, shiffing of the  @maximum

settlement due to some surface conditiomns, such as a street

s

or a building;_ma}’be expe&ted; R ' ¢« -
\ , '

N . \ :
y . '

/
s [ [
. : .
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5.2.Recommendations For Purther Studies

1. The two tunnels studied in this thesis are
relatively deep. Similar} instrumentaton programs: for

v .
shallover tunnels in simillar subsurface conditions and using
A '

»

the same construction progedures would be.valuable.

. 2. The nmeasurement|records and the in~§itu testing
the Whitemud-Creek Tunnel éﬂoved that the behaviour of
Surrounding'ciay-shale is time-dependent. On the othe; hand,
. the grouing\bvidence of a séftening zone-dround‘the tunnels
and observations of %érge displacenments at fhe thpnel croug
shgwed 'tpe inelastic nature of this behaviour: These .
propertiestust be included“in any analysis in order to get'

a satisfactory comparison between analytical results and

; 7

tunnel field measurements.

3.  Three dimensional an “‘:'d-ﬁodel testing of the

b

deformation belkaviour ,aroubd - ! tunnel h {ding.and the -

S wly

corresponding ground surface

material is also fecommended.

h. The rélative&y‘“iow stresses in the ribs and the
\smalL ground surface settlement ;eporfed in. this study
sugport, geotechnicaliy, -tﬁé gconomicél need for‘studying
lining techgiQues which allov ceatinuous advancement of the

mole and. to 'replace the present- primary and secondary,
) . o , : ) ‘ RS o

liring. -
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