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ABSTRACT Coe

Utilizing the measurements drawntfrom an extensive
.field~monitoring=pro§ram} the characteristic elements of the
behaviour of tunnels in stiff soils are identified,
described and discussed The three dimensional displacement
field around a tunnel is used to 1dent1fy ‘the main sources
of ground loss which are found to oceur around the drilling
machine and up to 2.5 to 3 d1ameters behind the face. It is
apparent that the soil displacement'cah be minimized'by —
reducing the size ofttheddriiling'machine’s overcut and . (:)
expanding the lining into contact with the soil directly.
behind the tail of the mole as soon‘as possible.

The in situ behaviour of two lining systems precast
concrete segments and rib lagglng were studied In the case
of the rlb'and lagging system the ultimate radtal component
of the soil _pressure was found to. be. uniform and equal to |
12% of the overburden stress For the relatively -stiffer
: segmented concrete 11ning, the d1str1butvon of radial soil.
pressure was elliptical. At the crown the magni tude  of soil
' pressure var1ed between 45 and 58% of the overburden stress
while the springline values ranged between 27 and 36% -

The measured soil dlsplacements were used to drive-the i
strain field w1th1n the s011 mass. The mode of shear |
strength mobilrzation was studied and the failure zones “"'
around the tunnel were defined These zones do not form the s
uniform‘circular ring.vcommonly predicted by‘twp dimensional<
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<losed form analyées; However, there are some similaritieé
_to such ioneé observed in model tests and‘gbtained from
elasto—pl&stié finite,eiemeﬁt analyses. o

. The deve]opment.of failﬁré zones and the mobilization
of sheaﬁhétrength,.as described in this thesis, agrees with
the mode OF fa1lure of a tunnel roof obsebvéd ten years ago
in an unsuppérted portion of a tunnel.in thé same soil. The
' mobi]ization proces§ has also cdnfirmed the occurrence of
the arching of soil §tresse§ around - the tunnel which
consequently results in the relatively low pressuréS\

transmitted to the linings. 5
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. CHAPTER 1

-~ INTRODUCTION

o

1.1.GENERAL

%

h

The 1970’s were character1zed by a realization of ‘the
| shortage in ava1lable hydrocarbon energy, a mountlng concern
over disturbance of the environment, a rap1d growth of urban
'centres,_and a sharp increase in the cost of land,
particularly in large cities. The petroleum shortage ﬁade
unconventional energy sources, such as oilsard, seem o
feasible and attractive. Many of the possible schemes for
in- s1tu extract1on of- the deeper depos1ts would_be greatly
eﬁhanceﬂ by the construction of shafts and tunnels around
and within the o1lsand deposits. The environmental
restrictions and the continuous increase in the cost of land
espec1a11y in c1ty centres d1rected attention to the
vdevelopment of underground space for subway systems,. _
storage, and otherfpurposestvConstruction of tunnels‘fqr
storm and sanitaryfeewer systems also igcreased concurrent
with the repid-growth.pfpthese;cities,-and the development
' of“veSt areas for new subdivieione; As a result of these
faCtOre. a large number of tunneling'pﬁdjeets have been .
p]anned and constructed in the last 10 years.

The search for more efficient and econom1cal tunne11ng'
methods resulted in the introduction. and testing of hew
tunne]ing9téchnoldgitsypyhiehvin turn created a_poweﬁful

[
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thrust for efforts to increase our knowledge concerning the
behavidUr{cf tunnels in different ground cpnditions. Field
‘trials and in-situ monitoring of tunnels under construction
have played a maJor role in the assessment of new
technologies and the ver1f1cat1on of new design concepts.
Such tunnel monitoring programs will continue to fulfill

this important role until reliable analytical techniques are.
established and confirmed by case histories. Such
development can lead, eventually, to the development of a
general deeidn theory. ’

The design of tunnels in soils consists of two major
tpants: the dimensioning of the lining, and the prediction of
.soil movement associated'with‘tunnel advance and lining
installation. In soft soils, additional prcblems'such as -
groundtwate} ccntrol and stabilization of the tunnel face
_uwould require~special attentfcn in design.and construction.
The control cf r ing ground is another 1mportant e]ement
which must be ég::?:::ed in the design of tunnels in’ '

cohes1onless soils.

1.2 SCOPE AND ORGANIZATION OF THE THESIS

\

This thes1s investigates the main elements of the
'behav10ur of tunnels in stiff soils. The soil mass responeeL
to tunnel advance and the ;n-51tu per formance of two lining
systems were mon1tored in an exper1menta1 tunnel located in
nor thwest. Edmonton The tunnel ‘was advanced through an

overconsolldated silty clay us1ng a sh1elded drilling



machine.‘Conventional rib and lagging lining, and:precast
segmented 1inkpg, were used as support systems in separate
portions of the tunnel. This is the f'rst time pﬁecast
~concrete segments have been used to line a tunnél in the
overconsolidated soils and soft rocks of estern ‘Canada.

The in- s1tu performance of the two 1i 1ng systems was
compared, and the behaviour of the precast ségmented lining
was stud1ed in deta1] utilizing fleld measurements and
laboratory testing. Extensive measurements of soil
displacement were used to identify the eharacteristic trends
of ground response to tunnel advance. Field measurements
were also employed to 1nvest1gate the spatial deformat1on
and strain fields around the tunnel |

The investigation was extended to;{ncfude a‘study-ofs'(
the mode of mobilization of shear sthengfh in the immediate
vicinity of the tunnel. The manner in which this
mobilization occurred reveal$ important factors concerning a
possible failure mechanism of the soil, and the extent of
the arching of stresses around the .tunnel. |
| Chapter 2 of this thesiS‘contaids’a review of the
methods discussed in the literature'éhich deal with the

//des1gn of’ tunnel l1n1ngs and the est1mat1on of associated -

: \\5011 movements . The methods were class1f1ed .according to the
processes assumed and/or the techn1ques used One or more

examples of each group was d1scussed 1n some detail to

111ustrate the advantages and shortcomings of  the methods in

that group.
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Details of the experimental tunnel are given in Chapter
3 yhich includes an overview of the geology of the Edmonton
area, a description of the subsurface soil profile along the
tunnel, and the construction procedures employed. The layout
of the instruméntation program implemented in this project
is also described.

Chapter 4 contains a summary of var1ous 5011
‘1nstruments that may be used to monitor the behaviour of
tunnels in stiff soils. A detailed description of the
particular instruments chosen for this experimental'tunnel
is given. The measurements obtained from each test section
are presented and d1scussed to identify the trends and
characteristics of the soll‘displacements associated with -
this tunnel.
| Chagter 5 is devoted to the investigation of the
in-situ behavieur of .the conventional support system and the
precast segmented linlngT\A discussion of possible
alternatives tpvthe conventional lining system, and also a
summary of the instrumentation required to monitor the
'_performance of linings in $oil tunnels is considered. The
results obtained from the lining instrumentatlon in the
experlmental tunnel are presented and used together with the
results of laboratory'tests on the. longitudinal joints of
the concrete segments to evaluate the performance of the
lining systems . ‘

Based on the measurements of soil displacements given

in Chapter 4, contour maps of the spatial diaplacement and

| /Y



strain fields were construcied using a computér graphical
system (SURFACE II). These maps. are presented in Chabter 6.
The maximum shear strains aﬁoqu the tunnel and the results
-of laboratory tests on the till were used to investigate the
mobiiization of shear strengtH in the vicinity qf.the
tunnel. The results and implications of thisAinvestigétion
are discussed.

Fina]ly} the conclusions and recommendations for

- further studies are summarized in Chapter 7.

W
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CHAPTER 2

DESIGN OF TUNNELS IN SOILS

2.1 INTRODUCTION

the design of a tunnel in soil for Civil Emgineering
purposes can be divided into a number of steps. Fob'example,
determination of the size of‘a tunnel depends on its -
purpose. For é'subway\system. a medium size twinned tunnel
or a large single tunnel may,be-requiredl thle for sewer
funné]s the size varies according to the class of the
seWerlline énd the maximum volume of discharge. Similar
cons1derat1on usually determine the route depth, geometry
~and grade of the tunnel

Geotechni¢ally, the design of a tunnel in a stiff'soil
consists of twp major tasks. First, the design of the lining
and second, the es;imafe of sofl movement associated with
A/the tunnel construction. Although these two taSKs are.
'interrelated they are. usually dealt with separately to
t;1mpl1fy the analys1s

-This chapter-dlscusses the different methods descr ibed
in the literature forfthe analysis of lining behaviour and
"so0i1 deformations, due to tunneling. Limitations and
shor tcomings of the‘various design methods are pointed out.
”



2.2 DESIGN OF LINING IN SOIL TUNNELS | //
B The des1gn of a tunnel I1ning usually starts wi the
determinat1on of the soil pressure acting on 1t and/extends
to the calculat1on of the accompanying normal forces and
bending moments A complete design should also ex5n1ne the h/
deformat1on of the ﬁ1n1ng as an impor tant criter{pn '

govern1ng 1ts str ctural d1mensions o //
- Th1s sectlo contains a r.V1ew of the dif erent me thods
l néﬂdes1gn The - ‘ |

[
of, tunne 11n1

. M l

" accord1ng to e!concepts anA techniques

analys1s} At least oné meth ' |
some dela1l/to show the ad antages an li itations of the

concept /7d/or the techn ques employ

2.2.1 ethods on arth Pressur | heor1es

_s fhe analys1s pr /sed
gure-2 1 shows/th

is method un7er _
dohannesson //citJ)
1 forces and be {

these pre ure/

pre sure distrﬁg‘t1on assumed f r rt
nd long term o h1 ions. Hewett a

f ha e der

jved f rmul s for the nor

due ‘
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suggested that the unknown earth pressure coefficient be
assigned a value greater than the active earth pressure
coefficient but less than the passive coefficient. The
lining is assumed to adjust it's center line to c01nc1de
with the thrust line. Hence, the exact value of the earth
pressure coefficient is chosen to satisfy this conditionru
which implies that no bending moments are developed in the
lining. For the construction stage (short-term), they
‘suggested;the analysis of an isolated ring of the tunnel
lining under its own weight while being supported on two |
knife-edges as shown ip Figure 2.1. | ) |
i The Hewett dohannesson method has several weak pOint%.
First the assumption of a lining which is rigid and yet ].
' allowed to adjust its éenter line to eliminate bending ;
the determination of the coeffiCient of earth pressure cquld
result in values lower than Ka or higher than Kp. The usé of

moments is inconSistentl Second, the procedure suggestedlfor
one of the extreme values, in these cases, would result ?

the development of bending moments in the lining Third the

proposed anélySis for the short term case is unrealistic;and

-'archaic with respect to‘the tunneling technologies presqhtly‘

in use Féurth the s0il pressure distribution suggesi in
this met od does not take into conSideration the 37

redistVAbution and arching of soil stresses whichltake‘place
before the soil lining interaCtion starts. o !
- : ' ) !

i
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2.2.2 Methods Based on Subgrade Reaction Theory -

Unlike the previous group, the methods based on
subgréde reaction theory consider the dependency of the soil
pressure on lining deformation (Bull, 19445 W1ssmann. 1968) .
Soil'BehéviouF is assumed to be given by Wihkler’s subgrade
reaction coefficient (Teriaghi, 1955). which is simplified
by introducing single springs at the nodes of the framewo
‘rebreseﬁtihgvthe lining.

. In the method proposed by Bull (1944), the lining
periphery_is divided into sixteen segmenté which are
radiallyxsupported by springs to simulaté the effect of the
elastic soil reactions as showin in Figure 2.2; Bull derived
the influence values of thrust, bending moment and
deflection of mid-poihts of the sixteen segments.°The‘active
pressure on the lining (for points movjng‘inﬁard) is
~ estimated and replaced by equivaient point loads. The -

- magni tude of theée loads can be reduced empifical]y to
agcounf for the arching effecf; A deformation compatibility
'eaﬁatﬁéﬁ is formed for each of the remaining points as a
functidn of the annowh soil reacfions at these points and
an unknown seffTement of the tunnel ipvebt.rone additional
equation is formed by introducing the éondition’of
“equilibrium in'the vertical direction.. By sblving these.
equations simultaneousty, the passive forces acting on the
lining and the settiement of the tunnel invert are

determined. Fina]iy '‘the inteﬁnal forces and defpnmation of

the lining are calculated. If the pattern of calculated .
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Figure 2.2 Anders Bull method (after Bull, 1944)
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deformation is inconsistent with the assumed zones of active
-andﬂpassive pressure, the calcutations havehto be repeated
with-modified active point loads.

Due to the tedious calculations involved in forming and
s6lving the simultaneous equations, Mathis (1974) prepared a
I/computer program to perform the analys1s for: 11n1ngs unde>°
synnetr1cal loading with respect to the vert1ca1 axis
through the‘tunnel center line. He analyzed the ltning of
the Garrison Dam tunnets for three possible active°loadings.
The resuIts were compared w1th the field measurements -
repor ted by Burke (1957) as ‘shown in Table 2.1. '

" It was concluded that the,thrust-loads calculated by
" the Bull-method,Were]about 12% lowen\thah the measured ‘
loads’. The ditference in bending moments and deformations
were much ;arger Mathis (op. cit.) postuiated that the
fl1n1t1al construct1on stresses, and the poss1b111ty Of
asymmetrlcal soil pressures were the ma1n contrtbutors to
these d1fferences

The. methods based on the subgrade react1on theory avoid
" some of the weak points encountered in. ‘the methods using 4"

}earth pressure iheory However they stiﬂl haVe some
:.shortcomlngs First, the coeff1c1ent of stbgrade react1on is
| not 1ndependent of the magn1tude of the p essure and 1t does
not have the same value along the contact area between the
ﬂ'lin1ng and the excavated surface of the soil For the case
of a footing, for example. Terzaghl (1955) 1nd1cated that

thvs coeffiCJent‘varies w1thrthe‘size, shape and depth;of

>
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Table 2.1 Comparison;between;field»measuremeﬂﬂs and‘analyticqf:'\fi-
results using Anders Bull'meth&d“(altér Mathis, 1974) =

v A _ , -

|
PR

, ) . N\ .
Measured Data Loadingf(l) ioading (2)*Loading (3)
[ tmvere 1133 108.35 - 11141 114.95
Thrust (Kips){springline 96.0,118,5 106.63  109.69 113.04°
crown . 115.8 "~ 103.87 - 107,21 1111.45
_ invert = +43.6 | ~0.4846 -0.4990 +0.0149
Moments : ’ - ' o
(ft.Kips) J springline -38.8,-47,7 -0,0030 F-O.Q§16 " =2.,9021
| crowm -73.1 -19.0305  <13.6541 =  0.2485
Horizontal diameter 0.0750  -0.0014 0.0014  -0.0020
" change (ft) b S ’ . B
Vertical diameter -0,0920 -0.0035 -0.0031  +0.0011
change (ft) b : _ o
Maximum ‘stréss (psi) 8,700 - 5,260 . -4,900 = -4,490

R

\ | Loading (1) . N “’ Loading (2) = ' _‘Lbading 3) ; 

0 o L , R -
. o

g, =1 tef . O~Y.h=1.576 tsf oy Y.200.492 taf
' . (centre) - (centre)

o f 0‘ ,‘ :  "A ch-O g = FO'?v;(kb.Of§6?)
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the surface of oontactt Second these analyses require some
Judgment with respect to the magni tude and d1str1bution of
‘active loading, and the areas of active and passive
reaction. Third, the methods do not consider the effect of
~construction pr9eedures which in some cases aCCOunt for a
sign1f1cant port1on of the stresses in thé l1n1ng Fourth,
although these analyses do not put any Kestr1ct1ons on the
r1g1dity of the l1n1ng, they fail t0/conswder the effect of
the:Jo1nts in the lining on the tgnnel behaviour.
2.2,3 Ground and Support Reaét?on Curves '
”A ground reaction cuﬂ/; shows the relationship between

the radial deformation of a tunnel wall and ‘the radial

r

A

loading necessary to restra1n further deformatwon A suggg

e .

reaction curve shows the relationship between the ring .
thrust and-therradna] deformat1on of the lining. The two
curves cen be'coupled- as shown invFigure 2.3 for an ideaf
elastic:soil to determ1ne the. equ1]1bﬁ1um condition of the
soil-lining 1nteractlon . , o
Th1s method was described for rock tunnels by Pacher o
(1964) and was 1ntroduced as a des1gn tool for the NATM (New -
”Austrian Tunneling Method) by Rabcewicz (1964 1965).
‘FactOrs affect1ng the ground and support react1on curves 3 .
were examined analyt1cally by Lombard1 (1970 1973) Ladanyi.
f:(1974) der1ved a closed form solution of the ground reaction

, curve for»a circular tunnel in an’ isotropio\rock mass under

an isotrop1c state of in- situ stress for different
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-stress-strain models.

The use of reaction curves for soft ground tunnels was

examined and discussed by Deere et al. (1969) and Peck

9496gl¢/quxesﬁsimilar to those shown in Figure 2.4 were
approx1mated in a few 1nstances on the basis of field
observations combined w1th theoretical considerations. Peck
(op. cit.) concluded that: ‘
". . . The results, although extremely tentative,
suggest that the procedure is reasonable and could

serve as a basis for 1mproved des1gn if supported by
adequate field data . .

]

The‘reaction curves offer a more realistic
representat1on of the interaction sequence of the lining
W1th the surrounding soil. They are of great.value when used
as a tool for qualitative discussions on some of the
parameters involved in the design of linings for tunnels in
soil. HoWeyerq;some'points must be resolved before their use
can be-ﬁﬁtended‘to quantitative design. | |

First, the concept of reaction cufvesvassumes an
axisymmetficg% behaviour of both the soilvand the lining
which does not take 1nto account the development of bending

: moments in the t?n1ng Field measurements in many tunnels

have shown that most tunnels, even at great depths, do not

" behave ax1symmetr1cally/’F1eld studies of the behav1our of
’ tunnel l1n1ngs have also illustrated that bending moments

account for a s1gnif1cant portion of the stresses in the

11n1ng : ) : : :
| Sernd,“the'doming of stresses around the tunnel face,

RN
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and its ef%ect on ground behaviour, would be. included more
realistically if the gap between actual measurewents and
prédécf?bns based on theoretical curves was to be reduced. A
simplified an§4ytical treatment of‘this‘point was‘attempfed
by Lombardi (1973): o
Third, it should be noted that this method deals with
the soilflining interactioh in the vicinity of the tunnel.
It does not provide any indication, however, of the
development of soil displacement profiles near the ground
surface, which constitufgﬂthe second important element in
the design of soil tunnels.

L

2.2.4 Analysés Based on Continuum Mechanics

Closed-form solutions for the interaction of an elastic
med ium withfa buried cylinder were derived by Burns and
Richérd (1964) and by Hoeg (1968). These analyses were made
through .the use of extensionaf’sheil theory for the shell,
and Michell’s formulation of Airy’'s stress function for the
soil medium. °
| Although these analyses were originally develbped to

ustddy‘fhe hg?avioUr of culverts, Peck et al. (1972) used

them to calculate the internal forces and deformation of a
~tunnel'lining of'intermediate_flexibflity.iThey assumed that
the case of full sfiﬁpage between the lining and the 501 1

would.apprOXimate’more nearly théAbehaviour of soft ground

- iunhél lining. The lining stiffness was considered to be

divided into two séparate and distinct types. The firfst is

‘o
. -, -
W ' . Ve -
. ~
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an extensional stiffness, represented by the Compressibility
Ratio "C", which is a measure of the equal all- around
'Uniform,pressure,necessary to cause a unit diametrical ”
strain of the 1ining with no change in shape, .The second is
a flexuralnStiffness, represented bygthe,Flexihility Ratio
"F", which is a measure of the magnitude of the non-uniform
pressure necessary to cause a unit diametrical strain which
;esults in a change in shape or an ovaling of the 1ining.

The derived formulas for these coefficients are giyen in |

Table 2.2.

S

‘The variation of bending moment w1th Flexibility Ratio.

Aand the variation of thrust with Compressibility Ratio are -
given in dimensionless form in Figures 2.5 and 2 6
respectively. The effect of liner flexibility on the
diameter changes -of«the lining is illustrated in Figure 2.7.
Y‘In general the plots indicate that the lining behaves as a

flexible lining if the Flex ility Ratio is greater than 10
o A similar attempt to analyze the behaviour of'a tunnel
lining, using the Airy stress function, is given by Morgan
- (1961). His analysis was ‘based on the assumption that the
lining deforms in an elliptical mode This analys1s was
Vcorrected and extended to more realistic conditions by Muir o
,Wood (1975). Formulas for bending moments and def&rmation of‘:f
_the lining were derived and the effect of shear forces '
between - the Qround and the lininq was. examined For the . L
‘analysis of a real tunnel it was suggested that upper and ' jl

lower limits on the reduction of in- situ stresses due to

# ' N



| Table 22 Stiffness rdfib for tu.hnél iinefs

Compreséibility Ratio
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arching should be investigated. A simple formula was

propdsed to calculate an equivalent stiffness of the
segmented;lining taking into account the effect of the

JOlnts The equivalent moment of inertia of an expanded and
-articulating lining which cons1sts of eight segments is
suggested tc be 25% that of a solid lining hav1ng the same
thickness. ' ' ‘ | ' J

}Curtis (1976) discussed this analysis pointing out the
effect of shear stresses on'the radial defonmation of the
soil. He gave formulas for the tnrust andbbending moments in
the lining for cases of no shear inteﬁactton and full shear‘
interaction between the lining and tne surrounding soil.

The formulas for bending moment obtained by Peck et al.
(1872), Muir Wood (1975), Curtis (1976) and another three
methods were compared by Ebaid and Hammad (1978) as shown in
Figure<2.8. They indicated that the bending moments
calculated by Peck et al.'s method are in the range of 2.4-3
times those obtained by Mulr Wood' s method for a range of
P01sson .8 ratio of the soil between 0-0.5. The difference in
the bending moments calculated by the two methods ‘was
related to the d1fferent assumptions of the mode of it g
~deformation. Fvgure 2.8 also suggests that the modtf1ca.ion
proposed in the'Curtis me thod besulted in-SIightly higher
'}bend1ng moments in the lining compared to those calculated
by Muir Wood's method. | |
Thé” methods based on continuum mechanics have )

= 1ntroduced a few factors which were overlooked by some of

< s
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- the preceding methods. The assumptions of continuum
mechanics analyses however limit thelr use to deep tunnels
in a homogeneous, 1sotrop1cx elastic ground.‘The derivation
of similar formulas for different boundary conditions or for
advanced stress<straih}models of soil behaviour would be
tedious and formidable. It should also be noted that these
methods leave some 1mportant factors, such as arching of v
soil stresses and the effect of construction procedures. to

the Judgment of the designer

2.2.5 Finite Element Analyses '

- The finite element method assumes that the continuum is
divided 1nto elements interconnected only at a finite number
of nodal points at which some fictitious forces,
representative of fthe distributed stresses actually acting
on the element boundaries, are introduced (Zienkiewicz;
19l1l. Such an idealization made the analysisrof'many
complicated problems in continuum mechanics'possible.‘The
significant implicetions of introducing'this\method intog\
Geotechnical Engineering practice was described by
Morgenstern (1875): | | | ‘

. While less than ten years ago a review of the
complexity of soil behaviour would invariably ‘have
observed how difficult-it is. to apply well known

aspects of soi | behaviour to problems of practical
. interest, this is no longer true . . .

The use of the finite element method in analyzing .

",tunneling problems has been replacing closed form analysis

whenever the . boundary conditions or soil behaviour model



become complicated. hnalysis of unlined shallow tunnels in |
sensitive and insenSitive soft ground were studied by Hoyaux
and Ladanyi (1970). Peck et al. (1972) used the finite h
element method to extend their study (of the behaviour of
‘tunnel lining of intermediate flexibility) to the case of
shallow tunnels. An extensive parametric study usvng plane
strain finite element analysis was conducted by Kulhawy
(1974, 1975) to evaluate ‘the different factors affecting the
| behaviour of unlingd uhderground openings Hanafy (19786)
presented a finite element Simulation of the time- dependent
behav1our of tunnels excavated 1n rocks. The use.of finite
element analysis in the New Austrian Tunneling Method has »
been discussed by many authors,‘including Swoboda (1979) and
Wanninger (1979). | '

A two dimensional finite element analySis of a lined
tunnel ‘usually over- estimates the stresses 1n the lining |
This is a result of the unrealistic assumption that the
lining is placed before any release of: in- situ stresses in
the soil due. to the tunnel excavation occurs. A modified
plane strain analys1s, taking into consideration _
(empirically) the release of a.portion of‘the 1njsitu
stresses before the interaction'starts.fcould,yield;more'i.
realistic results (see for exanple: Sakurai;-1977l:~Anpther_-
procedure which ean circumvent this.problem in determining
- the stresses in a tunnel lining is the coupling of a finite"
element analysis WIth field measurements El Nahhas (1977)

measured the displacement of the 1nternal surface of a



' ',tunnels 1n elastic and elasto- plastic mediums They showed
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lining and imposed it as a boundary condition in a 2 -D
‘.finite element mesH The stresses in the lining were
" calculated using the deformed shape measured 16 and 134 days
after lining installation in the tunnel The‘results are
shown in Figure 2.9, 7 ,

The analySis of stresses and deformations aroun& an
advanCing ‘tunnel using axisymmetrical finite elements was
’vjinvestigated by Ranken and Ghaboussi (1975). They performed

a parametric study for the behaViour of lined and unlined 4

as illustrated in Figure 2.10, the 1mportance of including '
the effect of the tunnel face on the value of liner {hrust
A similar analysis for tunnels in soils whose behav1our are ‘
vtime dependent is given by Ghabouss i and Gioda (1976) Theﬂg\'
i_simylation of tunnel advance in«different s01lsvusing , -
axisymmetrical_finite elements.but withtnon-symmetrical o
_radial'loadinQS‘wancarried out b; Hanafy and Emery (1979l
‘With- the Significant 1mprovement in computer efficiency
| in the past few years. the cost of a true three dimensional
;analy51s is becoming mone-reasonable Ghaboussgfet al
(1978) suggested that three dimensional analyses may be -
.feasible for the stbdy of underground structures on: a case
-L by case basis but not for parametric studies » |
The use . of the finite element method as a tool for |
”_,tunnel design seems very promising However, its reiiability L
.‘:is governed by its ability to model the stress strain _ ‘f k
'5;behaviour of soils 9nd the excavatioq{and lining response in

S,
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Values in MPa .
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(+) Tension

(a) 6 DAYS o (b) 134 DAYS
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Figure 2. 9 Calculated.stresses in steel ribs using the 3
-field measurements of lin1ng deformatlon‘
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- uggiﬁ : - . '
tunneqs.~‘he growing number of case histories that compare
the results. of finite element,analyses with actual field

behaviour of tunnels will help introduce more refinement

- 1nto these analyses. and hence improve their reliability

2.3 SOIt MOVEMENTS DUE TO TUNNELING '
| The evaluation and prediction of soil movements

- associated with tdnneling represents the second task -
- under taken by the designer The prediction must include both-
the~magnitude and the mode of the surface and subsurface
,movements which are essential elements~for examining the
safety of existing structures above and adjacent to the
tunnel. Such an assessment requires an estimate of the total
and differential settlement along and perpendicular to an ﬂ
| advancing tdﬁnel - - . ’ o ' .

. Th]s section of the thesis reviews the methods |
available in the literature wh%Ch deal with prediction of
soil movements due to tunneliné. Someﬁof‘these methods are
‘described in detail and a discussion of their\meritS-and

shortcomings is presented. .

3.3. &__gm Surface M&_

The feasibility of constructing a tunnel under urban
t areas and c1ty centres is governed by how the expected

amount of total and differential settlement of the ground
) surfa?e compares with that which the existing structures may"
tolerate If the expected settlement exceeds the allowable .

-"‘~‘3ij . S , <
Ty . . t . )
o AL
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movements6 expensive meesures. such as underpinning and soil
improvement techniques, must be utilized“'The Canadian
Foundation Engineering Manual (1978) prov1des gu1delines for
the allowable total’ and differential settlement for
different types of buildings. Similar recommendations are
given by Bjerrum (1963).

- One of the procedures commonly used to estimate the
ground surface settlement associated with tunneling is the
method described by Schmidt (1969) and Peck (1969).‘This
method is suoported by extensive field measurements, which
have been accumulated during a period of three decadesf It
seperétes the brediction of the settlement trough
perpendicular to the direction of tunnel_advance into two
-components; the first is an estimate of the ground loss
inourred during tunneling, from which the volume of the
settlement trough may be estimated, and the second.is-a
prediction of the distribution of tne subsidence,ﬂor the
" shape of the settlement trough, (Peck et al., 1969).

For tunnels in clay, the volume oﬂ/ground loss (Jl)
above'unsupported tunnels, (volume of soil displaced'across
the perimeter of the‘tunnel) is related theoretically to
the overload factor (OFS) as indicated by the equations
given in Table 2.3. A comparison between these theoretical
‘~_relationships and the volume of ground loss reported in
jdifferent case histories is illustrated in Figure 2.11.

- Almost invariably, the measurements of ground ‘loss are much

-less than the theoretical values This is partly due to the

v
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Table 2.3 . Eqﬁations of theoretical volume of ground loag above

. unsupported tunnels in clay. (after Peck et al. 1969)

a). For OFS 21 T - '
LA 2
ViTTRE XA . 2.1
. . ! c ' - ;
. where A =35 exp (OFS-I)/
- . . . R
=
»)  For OFS <1 ) | |
."1. ',S(Pz - Pi)/E = 3 OFS C/‘E -0 2.2
. 3
® - . i}
. where
,,,,,, B ~ - OFs -,oyerIOad factor‘_-(Pz - Pi)/é :
C .= undrained shear stremgth -

(o]
]

. elastic modulus

overburden presgsure

m‘ .
]

L _ _ internal pressure -(air pressure) - -
. . | : o N

’

o
]
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fact. that in. almost all the case ‘histories used in this N
comparison, the tunnels are. supported at an early stage of
construction If measurements of liner thrust in these
tunnels were available, they could be introduced as an
internal pressure for calculating the‘overload factor.
Consequently.'the points representing the measurements in’
Figure 2. 11 could be shifted to the left closer to the
theoretical values
| Schmigt (1969 suggested that the settlement trough of
the ground surface be approximated by the Gaussian error B
function The important properties of this function as used
for subsidence profiles are given in Figure 2. 12 The chOice'
~vof this function was based pad&ly on some theoretical .
"justification, but more importantly on its very close fit torh’
 most of the measured subsidence profiles The volume of a ‘_
unit length of . the settlement trough (Vs) can be obtained by
integration This results in the follow1ng expression |
o Vs= 2. 5 i sme_ o R s 23
'i.’Vs and Smax are functions of ground loss. but ’i"
(which represents the trough width) is dependent on the -Ffﬁl,
~geometry of the problem Based on both theoretical e
;/3¢stochastic processes (see Litviniszyn 1956), elastic
~ analyses and model tests, Schmidt (1969) fitted the .
| following relationship betwpen i and the geometry of the

is,t“nnel for clays , TR T
| i/a (Zlga)**oxsisfiﬁi::f:fftfﬂ{'”’
’ ;where 'Z’ and a are t ‘ ‘
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and its radius respectively.

A comparison between' this relationship and actual
measurements‘over tunnels in clay is illustrated in Figure
\2 13. Similar'relationships~for different types of soils are.
given by Peck (1969). as illustrated on Figure 2.14.
| For predicting the ground surface settlement above a
tunnel)excavated in clay, Peck et al, (1969) suggested the
following procedure: ' | '

1. 'Estimate\the volume of lost ground from Figure 2.11.

2.. Use Figure 2.13 to estimate trough width.

3. Calculate the maximum settlement from equation 2.3.

4, Adjust the results for volume changes within the s011
~ (However, they suggested that such adJustment is

negligible ) | C
5.j The trough shape can be obtained by substituting in the
- equation for the Gaussian distribution function given on

’ Figure 2.12.

~

Peck et al. (1972Y considered. that'the VQlume‘of'the ‘
settlement trough can be assumed equal to 1% of the tunnel
Tume. They pointed out, however, that this value could be

Nas',ittle as half this amount—for exceptionally good soil
~ conditioné and workmanship L » | ,
. Attewell and Farmer (1974a) stated ithat the estimate of
’va settlement trough based on an error curve profile tends to'fr
| ”overestimate settlement for tunnels in. rocks.‘hard clays.- -

and sands above the water table and to. underestimate in the‘7’

‘ir S : ,\\
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case of cohesionless ravelling materials They also pointed

-out that high lateral in-situ stresses: (in overconsolidated

stiff fissured clays) could result in settlement troughs
wider than that calculated by the above ‘procedure. For

‘instance, the width of a settlement trough due to thé e

excavation of a tunnel in London clay, where Ko=1 65 Was
underestimated by 50% when ‘the above procedure was used |
They also suggested that the exponent‘of 0.8 (in equation
2.4) be replaced by 1. 0. This modification was supported by
the results of ‘a model test as reported by Hudson et al.

(1976) . T L

By replotting the data given by Peck (1969) and

- Attewell and Farmer g1974 b) as shown in Figure 2.15,

Attewell and Farmer (1975) . demonstrated that an empirical

: relationship might exist between Smg_ D and Z. They
-suggested that such a relationship could prov1de at least a*

f~first estimateaof Smax for tunnels in clay

Atkinson and Potts (1977) compared the results of plane‘:é

‘strain model tests on sand and overconsolidated kaolin with

.;the field measurements of Uashington Metro tunnels and the

t‘tunnels constructed in London clay They suggested the

';Athe error- function,; which represents the width of the
A,ground surface trough B

following empirical equations for the,standard deviation of itp
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for tunnels in sand 1 = 0:25 (Z+ 0.5 o) 28
for tunnels:in ' ‘. | SO
overconsol {dated clays: o= 0.25 (1.5 2 + 0.25D) 2.6
_where  Z = Depth.of tunnel center line o
) @ -Dl = Tunnel dienieter | |

1 . . &

iIn addition to the limitations mentioned above, it should be'_'

-noted that the use of the error function provides an |
estimate of settlements for the final transverse section

only. The method does not give any indication of the mode of'd
the development or the gradient of settlement in the
longitudinal direction which could be more critica] to the

existing structures-above the tunnel.

~'2 3 2 §gg§urface §g Movements

Designers use estimates of the settlement atiﬁhe groundfj'
_ surface to assess the safety of buildings above tunnels
Utilization of these estimates to identify the source of

‘lost ground or to study the behaviour of the soil and the
safety of structures in the vicinity of the tunnels can be
:misleading Realizing this fact most of the recent tunnel
/instrumentation programs have employed slope indicators and ﬁtf

, single and/or multipoint extensometers to monitor subsurfacef B
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subsur face soil mov‘pents were obtalned during the .
'-constructlon of tunnels through London clay and other soll
formations in the United Kingdom (Craig and Muir Wood,
- 1978) Some of these measurements are shown in Figure 2.17.
- Attenpts to develop an enpirical method to estimate ‘the
profile of subsurface soil movement has been ltml ted to |
‘relating the maximum ground sur face settlement -{88) to
vsettlement at ‘the tunnel grcmn (Sg) Atkinson “and Potts:
(1977) investigated: this relationship using the results of

model tes}and a few field méasurement\s They suggested'
Cthat: . R S

- - : TR '
S¢/ Sg = 1.0-n (Z-0.5D0)/D >0 2

ylwhere. .p=0.13 for‘ tunnels in clay,

for tunnels 1n sand

e . & '/R

g*#ﬂoccasions, the subsurface soil displacements .
3}3 tb' field or those measur-ed in’ model tests were

15

Rnhmthe'developmant of the strain fteld in the
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"2.3.3 Finite Element Analyses
| ~ Since the finite element method treats the sofl and the
1ning simultaneously in one consistent model, most o the
tfudies repor ted rn Sectiqn 2 2 5 consider the analysis of
aideformations. strainq andf;tr.sses in the sgﬂl around the
. tunnel as well”as the ﬂining Df spec1al iné&rest here,
however. is'ﬂu‘ ;k given By Ghaboussi ‘et al. (1978) on the
analysis;dE subSidence over soil tunnels They showed that
;;“:théﬂitnite_elAMent analyseQ of ten overestimate the width of
the séttlemgnt ‘trough. It‘was suggésted tnat this is the |
'result o; the incapability of linearly elastic models (;nd
even most of the elasto- plastic material models) of
'producing high . shear strains which develop in the soil mass v
in the v1cinity of ‘the tunnel.- De§p1te this present =
limitation of the fihite element analysis. the method seems

" to offer the mos t promising techrique for analyzing soil

. ;disp}acements assoc1ated_with tunnels I ;»

2. 4 SUMMARY O

A ' .

- This chapter preients a review and discussion of the

ﬁsidn of" tunnels in sovl

'different mejhods ava‘*able in, the literature which deal
/ elements of the _

’with the mai |

including an analysis of the lining and ‘an’ estimate of soil
|

deformation? The methods were classified according to the

3

c%ncqpts ar §echniques employed .‘-»J' o i ; 1; .
. 2 A T ’ T Doy
A Trom the discussgbn of the lining design, 1t was

pointednout.that the methods based on earth pressure '-37

. - . ‘o : . .
l‘u . » . s p o
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theories and the subgrade reaction theory suffer some
serious drawbacks regarding the applicabillty of their basic. p

- ¥
. ,,?
the surrounding soil. The ground and support reaction curvesﬂﬁ%ﬂk

=y

assumpq&ons to the actual behavi~ ~ of the tunnel lining and-

~offer a more realistic representation of the interaction
sequence of the ltning withAthe surrounding soil. The ;erlt

- of these curves is as a tool for oualitative discussions of
some of the parameters involved in the design of linings for |
soil tunnels. However, some of their shortoohings must be.

dealt with beforex their use can be extended to quantitative

v , %
design. . 7@2 ‘ ‘ '

. N . . - \

The assumptions employed in the tunnel lining design v

* methods based on continuum mechanlcs limit their use to deep .
_ jtunnels i homogenious. isotropic, elastic. ground only The
K derivat1on of similar analyses for dtfferentﬂfoundary
conditions or for advanced stress-strain moggls of soil . ..
_.behaviour.uould be ted1ous and formidable. These ‘methols "+ -
"~ leave some 1mportant factors, such as arohing o§h§o1l
‘stresses and effect of oonstruction procedures, to the
judgment of the designer. S o
’ The use of the f1n1te element method : as a tool for
-tunnel deslgn seeMs promtslng However, its. rellab1l1ty is
: governed by 1ts abil)ty to predict the behaviour and
_ performance of real tunnels The grow1ng number of oase
'.'historles comparipg the results of finite element analyses
to actual f‘le}d meaéurjéments will “help to refine the method

. and hence improwe its reliabillty

- "=~ er

ez VY ek
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_Available methods of predicting soil movements
associated with ‘tunneling in soils were reviewed. The
empirical use of the error functi-c.n for approximati_ng the
final lateral profile of the settiement trough was described
-and -its 1imi tations were: discussed The lack of similar '
enpirical evaluat1dns for the settlement of the ground
surface in the longitudmal directlon and for the :
subsurface settlement’profile was pointed out The pros:'.pe;if‘N
of usmg the finite elemerit method to fill th1s gap seems {f .‘z‘,Z
the most prolmi'smg. A _ ‘% ‘ ; ' - ) ’t’:.‘

o S
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CHAPTER 3

THE EXPERIMENTAL TUNNEL |

3.1 INTRODUCTION
~ Tunne!l construction tn the Cify of Edmonton began in
1955 when a" system oflinterceptor sewers'and storm drains
_was installied (Beaulieu, 1972). TUnne]ing activit§ has been
continuou5'since then, concurrent wtth the growth of the
city. .
* Edmonton Water and Sanitation Department builds about.
five kiiometers‘of tunnels annuailytu'ing'its‘own crews'and
equipment The?% past eXperience‘has L n'mainiy with a
| two- phase lining system which involves a temporary lining
foiiowed by a.cast-in- place permanent support The
geotechnical performance of the Edmonton Raptd Transit
tunnels which were constructed us1ng this technique, was

investigated and heported by Eisenstein and Thomson (1978).

The - resu}ts of a modest instrumentation program implemented :

. in two kéw:;,tunnels constructed using the same technology
‘during 1977 are giv%nr Thomson and ‘E1-Nahhas (1980)
| 1nf#118 o new. tunnft construotion method using a

! ot *&‘((
‘precast segmehted concrete iiniqprhas introduced on an

‘ experimentahjbisis in Edmcntcﬁ( The construction started on

= ‘a“ttnnef in early 1479 in which the segmented lin1ng was

"tlused in a section of construction ‘This is the first time

pﬁecast concrete segments have been ueed to iine a tunnel in
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the overconsolidated soils of the Prairies.
. The conventional”twqﬂphaSe support"system.and,the
precast segmented lining werelused in two separate parts of
| the tunnel. In order to‘compare:the per formance of the two |
1fh%n§'§ystems‘and in particular to study the performance B
of the new lining, a field instrumentation program was
implemented to monitor the stresses induced in the two types
of lining upon installation and to observ"the accompanying
deformation of the surrounding soil mass. | o _ ‘
The experimental \unnel was. constructed under 125
Avenue, north of the-Edmonton Municipal Airport (Figure
3.1). This tunnel will be used as a‘main storm sewer for'a
new freeway (Yellowhead Traﬁl) which is qgkyently under < °
construction The tunnel now extonds soutﬁ’under 122 Street 3.7,4'
to 111 Avenue where it joins a maiq sewer line On avenagb e'at
the tunnel s 217 meters bedow ground surface and- has an - o
4excavated diameter of 2. 58 metres | :
Since the behav1or of tunneis is highly dependent on’
both the cOnstruction technology and ground condition,y
| careful examination of these two factors constitute an
-essential’ part oanny tunnel instrumentation program ThlS
\chapter summarizes the genergl geology of Edmonton area and
"presents the subsurface soil cdndition along the
iexperimental tunnel in detail“lt also contains a R
: description of the construction procedures employed in this

S .

'_tunnel
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'3.2 GEOLOGY OF EDMONTON AREA |
"' Table 3 1 summarizes the currently accepted Quaternary
geolog’of the Edmonton area. The bedrock in Edmonton is the
) Horseshoe Canyon Formation (Irish, 1970) (termed Edmonton -
Formation by Katho!l and McPherson (1975)) and consists of
‘strata of Upper Cretaceous age Whlch within the city, vary
“in thickness from 140 to 190 metres These strata g;h51st of'i
lfine grained bentonitic sandstone and siltstone interbedded
with, and grading vertically and laterally into, bentonitic
silty. claystone and mudstone Coal seams and bentonite beds
Df variable thicknesses are common throughout the formation
together with beds of claystone and siderit1c sandstone |

; The Horseshoe Canyon Formation has a regional r
" nor thwest- jsoutheast strike and a dip of 3 to 4 m/km téh&he'
;-_southwest (Carlson, 1967) The topography of the upper,:' '
surface of the Horseshoe Cauyon Formation shows a series of.‘
dendritic preglacialmdrainage systemé\dominated by the’
tBevenly Valley which passes through the north center of the"

.-

“city

Most of the preglacial valleys and their tributaries

are floored w1th late Tertiary sands and gravels These

o fndeposits were derived from conglomerates which. in turn,'ﬁp&li\

~ were derived from ‘the Cordilleran region to the west which
inspreglacial times. oevi@ed extensive uplands areas . ,
‘(Westgate. 1969) The congiemerates have been reuorkedtand_<5;7
‘deposited:.in the early Pleistocene forming what 1s now Know
'?has Saskatchewan Sands and. GravelshﬂTheﬂridepositional .
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\ \ . ' ‘ N .
Table 3.1 . Quarternary geology of Edmonton area (after May and
Thomson, 1978) :

Alluvium, Organic deposits, recent lake

‘deposits.

Bolocéne

£

Lacustrine sand, silt aﬁHLCiay, organic

deposits, aeolian sand and silt, river

A\lllivium : : 3 -

Til1 3

-
A

L

v

‘Cenozoic
_Quarternary ~
' Pleistocne -

"N Sand and Eahdy g;aﬁél, some silt and élay é%f
- o o o ,

TI11

.

| Tertlary . |  Saskatchewan gravels and sands |

C@edtvide) |
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 environment wds established by the many preglacial |
structures observed in exposures in a gravel pit (HeStgate‘
and Bayrock 1864). In some locations the Saskatcheﬁan Sands
and Gravels are saturated and the water may be under
pressure This could cause tunneling problems if a tunnel
advancing through bedrock 1ntersects or passes very close to\
but under a preglacial valley (Oster, 1975) . |
Westgate ' leGQ) has considered that the Edmonton area B
has experienced at least two different glacial advances
resulting in two distinct glaC1al tilnl sheets ‘The first ice
advance 1nvaded the area more than 40, 000 years ago and
~deposited the lower till which directly ovenlies the o
Saskatchewan Sands and Gravels or bedrock The lower - till is
'characterized by its grayish color and rectangular Joint
system. The pebbles in this till are oriented NW- SE which
indicates th&direction of q_lg.pial movement. In some areas -
large blocks of bedrock were found embedded in this tiln
sheet . ' ' o ' | ‘ "
| | Pebble orientation in the upper till and- sole markings‘
_at the base of this sheet show that the second ice advance |
~invaded the area from the nor theagt . This till has a h
;brownish color and 1s columnar jointed The tills are ‘;;n
'. separated in plaCes by a layer of yellouish clean, vl ‘v
, which’ is termed the Tofield Sand

moderately sort )
~ which may vary in'thickness from 1 to 10 metgps
Despite the apparently different physical @%

characteristics of the upper and lower tills. thei‘«r;d';' )

v
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geotechnical behavior is similar. The»geotechnjcal
properties of the_EdLonton tills, as reoorted by various
authors, is summarized in Table 3.2. Both tills contain sand
lenses~whlch;vary~inlsize~and shape -from irregularly
contorted inclusions less‘than 10 om in size to more
lenticular shaped bodies continuous overvdistances ln e§cess
- of 50 metres (May and Thomson, 1978). Most of these lghses
are sat&hated and the water may be‘under pressure. Similar

tunneling problems maylbe encountered asgwhen tunneling )

_'rclose to preglacyil valleys, although these acquifers ar:l
much less extensive " '

| The two t1ll sheets contain large boulders ‘up to 2 |
metres 1n dia@eter These boulders are smooth, semfrounded
"‘*and of Canadran shield origin“ The tunnel advance is usuallyi
delayed from a few hours to a day or so. when the dr1lling
‘machtne enpounters a boulder larger than the opening in the _'
;face of the mole In most cases the. boulders must be removed '
fmanually,‘us1ng jackhammers before the mole can advance ~
'Fagain R T o i _ -
The till sheets are overlain by clays and silty clays

-of a buff to dark brown color These sediments were S

- deposited’ in glac'ial Lake Edmonton. michvuas orlg'inally
liiformed as a superglacial lake (Hughes. 1958) It then

'?ﬁfnortbeast becwme blocked as_a '

";‘enlarged into a problacial lake when the dralnage to the
t o the southward

ififadvance of a later glacier tha
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organic material or alluvial deposits.

3 3 soIL ERQFIL _L_gu__ THE XPER;!ENTA __Lﬁi_lig_L
. The subsurface soil proflle along the exper'lmental B
\tunnel is given in Figure 3.2, based on borehole logs - !
provided by the City of Ednonton end augmented by data
o qathered by the author during the instaﬁ‘ttion of soxl '
instrunentahon | | o |
, ~ The tunnel dr1lling machine passed through two, large
o ?aﬁtm bedrock blocks, which consisted of weathered:
‘ yers of coal and clayshale relatively dryer than" the o
__ glacial till The location of large boulders encountered -
_ dur*lng the tunnel advance and whigh delayed constructlon for -
' ﬁ.'l*s few hours are marked elong the tunnel center Tine in
Figure 3. 2 The mole enoountered only a few small sand |
‘. ""v_lenses filled wi th water. which caused minor problems The |
E free”uater in the Tofield sand end at the bottom of ‘the lake
"deposns caused some problems during the 1nstallatlon of :
’b'soll instrunents at- the test sect‘lons, and’ during the

|

slnking of construction shaﬁts B L
’ The extension of the experimental tunnel under 122
_' _"‘:["Street was oonstructed ustng the oonventionel rlb »tnd

__Pouer holes, ebout l m dianeter, uere
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The soil profile along the 122 Street based. on this

L infbrmation As given on Figure 3.3, . . . J;‘:.

- ‘ ‘The large diameter of the power hbles conpared with
the 15 cm diameter boreholes, allowed additional information .
to be gathered concer;,ning presence of boulders in ther R

sheets ‘These rocks stoppec\:he sinking of a power access

’hof’e 80 metres south of 118 Avenue at a depth 16.5 metres

'.'n‘

below thegground surface The drill,ing of this hole had to

be restarted twice. 2 and 12 me es to the south, to avoid:
" this large boulder\or group of bo lders Thet same probletn“;)i‘*:_ o
was encountered at dept‘hs 18 and 22-metres below qround Vi ~
32 e

siF¥race at the new two locations respectively One large
%"ock stopped Y‘he tunhel drilling maching about 400 metres |
‘nérth of -11% Avenue for about a wegk In gengra] the o
he upper and lower tills.

T

.'boulders: were encountered in bo ¥
wi th a. h'mher frequency in the lowe}.'til’l v
7\; 4The soil profiles (Figurefs 3 2 and 3. '3) also show that
some of the sand Tenses actually exist in the low fS'ing o
" areas of the upper surface of the’ lower tin. The. number of
| sand pocke”near the crown of the tunnel extension (Figure:'
3 3) were relatively high. however they dld not cause any :
serious problems R S A R
L ',Neither the power holes nor the borehole logs wer” i

-_enough to‘ locata the upber surface of the bedrock The maps
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‘. Y .
ot s)_agr‘t di&tﬁce%rimntally by. hand mimanhy part oféthe

S/
AR
/

.shaft 442@5 m dlametnr. ‘using hand;

. ’«'I:“ L o e | 50
A%nue 15 located near tbe base of the nor'thern valley wall

of tpe main preglacial channel (Beverly Valley) B v

)

3 4 QQNSTRUCTIO QETQIL

The construction of aé2 5@ m diameter tunnel 1n ‘

E&monton usually, sta;_\’t# with the sén‘lﬂng of a constructlon

: ’?e shaft i
“’\
f’ mber “lagging

: lined durmg s1nking;3&mth’steel‘

The lagging 1s wedged to;the so1l out,side the rl‘bs When Jwe .

shaft r;,eachgs ‘the requi réd depth‘%the tunnel ls advanbedf;a

' tunnel 13 térmed thE ugxdercut’ It usually has a horseshoe
o
shape zn tﬁ"overaﬁl d‘lmedsions Alarger ‘than “the. d'lameter of

ghe drjllmg/léchine l-'heq, ndercut is extended on bcffh sides
) "&he 'lnstallatmn of ,

of/ the shaft with a. W1de space to a] ¥y
A/double track swl tcﬂﬂinq mme cars o ‘

,/ main sﬁaft 1s usually provided wi th a sk1p hoist

,/

(»Pla,te 1) on the ground surface, which controls t@
elevator used to move matemals and crews into and out of
A/he tunnel The tunnel boring machine is then‘flowered
/ through the shaft and starts }dvancing from the undercut

S

o is located(near the intersection of 122 Strest and 125
"as sunk f“irst and provlded wlth ~an undercut The

.'f" : , N " | ., ' - jﬁ,

In the experlmental tunnel (F'lgure 3. ﬂ, shaft #1 whlch -

. T N
g
e
o

M
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the curve turning to the east.fShaft #2, 3.05 m diameter,
'.wa's sunk and 1ined with s'teel plates after the mole passed
.1ts location and shaft #3, 4. 27 m d1ameter,rwas dug when the
tunnel face approached its locatmn during the per1od _
between Noveﬂber‘ and - Decenber 1979 The mole was fma]ly
- taken out tmugh shaft #3., “ | ! -
@ The mole used in excavatmg pth”f’s tunnel, shcwn in. Plate
?2 ‘was built by Lovat Tunnel Equipment Inc., Ontar;c
(Model M 100 Series 1900) and is owned by the City of
g\ Flgure 3.4 shows a longwudinal ’iECt‘o" through
A w.}d"chme and its spemflca'tt%s are gwen in Iable 3.3. |
W :Irhe conventi&nal lining and precast segmented lming T w
,systems were used in two separate parﬁ of &ms tunnel " The . ?

tﬁ

v

Pt

‘_seqnented hmng was . used for 920 metres west of' shaft #3 .

- and _the remamder of t‘he tunnelfwas hned with the

}j.conventwnal limng I Ty - o

3. 4 1 Conventmnal _I_.ﬂu_r_\g _§1§_t_:___ p S e
Th1s system 1s a two- phaﬁe Hmng, a primary, or

o tenporqry, and a secondary, or fma*l Hn)\ng (Plate 3. 3) As _

:--.shown in Figure 3 5, the prmary hning conpmses segmented L

':"'sgeel pibs ‘{WE100. x 19), 1.5 metre ‘center to center, and 5 x |
.H&;ﬂ

I

__0“'m t r lagg_t,hg plaéed"ﬁﬂﬁéé‘ﬁm‘ﬁebs of successive
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;:.. # " "‘.""’3 ﬁ‘ »-'4 _&y (

Spec1ficat1ons of the tunnel bormg maqhine

)

\'r.& "

‘O ,

.*»

A

-

Rotatwonal speed | ,

Length (four

Max%mun advance pev thrust

Total weight

sections)
) I'

“LLQvat Model M- 1do Series 1900)U

s

. 418 KN

. »
s o, S oA

€ C Lo Bl
.

5'91 MN» . :"!'Dom v° ur
0 S‘Lm wide X 7 Sza&m }ong :
150 HP (112 KU) Electmc mOtor

10 i‘plg
5 94 .m-: (approximate) e

L

b

&

!

Sy [2vse ’_a,‘~.° LR e,
torque . - - ”*‘*268 8 Ku me e 0T

. ’

. _ : 4"“ - et
:,1,6.3 m. o S
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" Plate 3.3 Conventional lining syst ; B






'rjackmg agatnst the r‘lb"of the tenporary Iining Nhen the
_g, has been- advanced sufficiently that the Mb emarges 7j iy
from ‘the shield the rtb is” e;(panded by hydhau1 ie jac‘Rs, a‘s_“-'.."_'
shown in Figure 3 5. and 10 cm spacers are plaoed in the' two
up;‘r joints of the steel rib.. The next rib 1agging assenbly
is placed in the shield and the drHHng opertt‘h:m LT

LA

. . B A
L. . N . Loy

continued SRR
~ The secondary concrete Hning is usually placed after.- '_;,‘ ;

the drﬂling operation has been comleted The concrete is
e '»5 ,:

, pumped into the annular spa
X steel form shown ~in Pl&e

) . “ : ; - & 2 N RN P d . . ,}'.
‘\\,,.: . .’, > P ) _“- . . X ’ X - o S ‘ n ‘ l. .
S ’ = \ T ool e - ' .;‘t_-‘fgr
. K
/

| egnents The top and bottom segnents are‘_ofﬁ type
..:: concave longitudinal joints and the %%dg:_,‘. e
of type B having convex longitud'inal join;s"
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Table 3.4 Mix des1gn of concrete used for casting.the
AT segments (Courtesy of - Supgrcrete Incorporated)

’t B . . ) X . *

Ceﬁm’ént"'f e 30 - 4oo Kn&ums R
Ccorsteses  mbwges
10 mm Agg”eg“e , — Foeomﬁgarams | o *w
vater S, e KHOQPWS@& a;“‘
Admix MBAETG - . - 480 m1/4S kg sajuat
S “:;ufﬂwsﬁaw m_.sd?:& 
Cwigratio - T Who.ss e O A,
ziAverage 7 day strength'i.ﬁj 1ﬁi 37, .2 ﬁPa | e
,A,Average 28 day strengt?;?;{,.. ; 42 2 nPa T e i

s T R R R R O SO 1
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Each segnent fs provided with 3 longitudinal stress ~

ra‘lsere.and two Hf‘ting recesseu.AThe stress raiser acts as a

section q/f Tow moment resistance which incraases the ' ‘
flexibﬂity of the lining and reduces the bending momqnt 1n
the segnents. Ihe Hfting ﬁcesses' are used during assen'bly
af_ the Hni‘ rings AH swts are pravided wi th ligh‘t

-a'-,

’ ."wé n%orcement mesh. lcfated at thefr 'center Vine. ﬂnis
' _nforcement pravents chlﬂnq oﬁ\,the mcretabon | ;]
o vature changes and 1nct-easas the shaar strﬂ"gth of ‘tfhe

| segnents Huo pf type A ;md two of pre B) 1s assenbled “ \
f'*uit/ﬁ,iw‘the shield ue‘ing in erebtor hrm munted on the axle y
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\
.'of the ring, is opened further using th ring expander shown
on Plate 3.6. It is Kept epen by ‘steel spacers (up to 20 cm
_long) and Iater filled with eqncrete. lh successive rings,
the longitudinal joint opening is alternated (Plate 3.6)
thus forming'a staggered pattern leading to.in overall
symmetry of lining behavior. Th1; radial expansion minimizés
the annular space between the lining and the soil and hence

the need for grodting.

-

3.5 FIELD TEST SECTIONS ' .

In ordqr.to compare the performance of the two lining

systems and, in particular, to study the performance of the
new lining, a field }nstrumentation program was~ implemented
to monitor the stresses induced 1ﬁ\the th types‘of lining
upon installation and the accompanying deformation of the -
surroundjng soil. ;

Instrumentation was concentrated in three sites
referred to as Section 1, Sectfen 2 and Section 3 (Figure
3.7). Section 1 is located on the old lining system and
Section 2 was placed at an early stage of construction using
the segmented lining. Both of these sections have a l1mited
number of instruments, whose purpose was to 1nd1cate the
general trends of lining and soil behaviour. Section 3, the
main test section, is the site of a large number of
1nstruments installed in both the soil and lining. It is
located near the middle of the tunnel length. It should be t\

noted that the lining instruments of Sections 2 and 3 were
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installed at a distance from the soil 1nstruments as shown
in figure 3.7. A detailed description of the instruments
‘installed in these test sections and thé results-obtained -

i

will be given in Chapters 4 and 5.°

/
/ !

3.5.1 Jest Section
The 1gyout of Test Section 1 is qiven in Figure 3.8.

The soil instrumentation used consisted of one slope
indicator, two multipoint extensometers:, elght shallow
settlement polnts, a single point extensometer and a bench
mark‘\\hese 1nstruments were installed during the second
week of” November: 1978Y The tunnel drilling machine passéd .
under their location between February 14 and 1&. 1979.

| Four ueldable vibrating wire straln gauges were
installed on the top segment of a steel rib. The
1nstrumented rib was placed ln the tunnel on February 19,
18979 at a location 23 metres west of the end of the curve as
‘shown in Figure 3.8. o
3.5.2 Jest Section 2 N

As indicated in Figure 3.9, the 'sofl instrumentation of

 this sectloh ‘consists of two slope indicators, two )'
multipoint extensometers, seven settlement polnts a single,
point extensometer and a datum point. Soil 1nstruments were -
instailed on November 29 and 30, 1978 and . March 26 and 27,
1979. During the period May 28 to 31, 1979, the tunnel .
'L_drllling machine passed under the section. ' -

i
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On ﬁune:7 1979 a set of oncrete segments were cast -
for Test Section 2. They were 1nstalled in the tunnel on
duly 18, 1979 at a location 300 metres east of the end of
the curve (about 200 m east of the soil instruments of this
test section). These segmeﬁis were provided .with two’
embedded vibrating wire strain gauges, two surface vibrating
wire strain gauges, two load cells; two eye-bolts for tape
extensometer measurements, eight inspéqtion holes and a set

of Demec points.

3.5.3 Test Section 3

The soil instfumentation of this section, shown in
Figure 3.10, consists of four slope fndicators. ten
‘multipoint extensometers, five single point extensometers,
'tﬁenty shallow settlement points and a bench mark. These
instruments were jnstalled from April 2 to 19, 1978. The
tﬁnnel drilliné machine passed under them during an eight
day. period beginning July 31, 1979. "

. Five sets of speciaf concrete rings (20 segments) were
cast on Septémbeh 13‘ 1979.. These segments were provided
w1th specra1 recesses to accommodate two vibrat1ng wire load
cells to be positioned at one of the lower long1tud1nal
joints of each ring. Each ring was provided with twelve
inspection holes. to measure the size of any gap betw;en the
1ining and the soil, and eye-Bolts‘wﬁich were used with the

tape extensometer to measure diameter change.
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CHAPTER 4

MEASUREMENTS OF SOIL DISPLACEMENTS AROUND THE EXPERIMENTAL
TUNNEL

4.1 INTRODUCTION

Prediction of soil displacements due to tunneling is
one of the major questions to be answered in the design of a
tunnel in soil. This prediction includes the determination.
of the expected amount,;ndnmode of movement of any exifjing
structures above or adjacent .to the tunnel:—If these
movements are into]erablé, measures must be taken either fo
reduce the soil displaceﬁent or to strengthen the structures
by underpinningllipr such purpoées, prediction'og
differential settiement along and perpendicular to an
advancing tunnél. rather than just the ultimate settlemeﬁt
(after completion of the tunnel), is required.

As discussed jn Chapter 2, in view ofvthe‘bresent state
of knowledge, a complete generalized method of. such ‘
pﬁediction does not exist. There is a general agreement in
the r;cent state of-the-art repofts {Peck, 1969; Cordingwanq
Hansmire, 1975; and Ward, 1978) that full séale field
observations in tunnels are of outstanding urgency to help
to fill the gaps fn our Knowledge of tunneling. These
measurements have been considergd as the most reliable means
- of pré&ictihg soil movements, for guiding consiruction
through uncharted ground conditions, and when new

-79
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construction techniques are introduced. Nevertheless, the
lultimate_gdal of tunneling research would be to develop a
comprehensive theoretical concept or mode . which could be
used to predict tunnel behavior.

Although tunneling in the Edmonton area was started in
1955, only a few observational programs have been carried
out to measure soil movemeﬁts.(Eisenstein and.Thomson, 1978;
Thomson and EJ-Nahhas; 1980). The introduction of a precast
segmented 1ining as a new technology in aﬁ exper}mental
tunnel proQided an excellent opportunity to monitor soil
displacemenfs around both thé conventional and new lining
systems. Details of th? experimental tunhel have beeh:gjven
in the preceding chapter. In this chapter, the instruments
used for measuring soil displacements.éround the‘ | ‘
experimental tunnel are described in detail. The field
measurements from the three test sections are pEésented and
discussed to establish .the general trends and
characteristics of soil displacements around a tunnel
advancing through stiff gﬂaqial till using a shielded
drilling machine. Additional analysis of the heasufements«

are included in Chapfer 6.

4.2 SOIL INSTRUMENTATION

Excavation of a tunnel results in a spatial
displacement field. Displ#cemeht vectors can bE-rgsolved
into three mutually'pétbendicular components, one veftical'
and two horizontal. the latter being parallel and

80
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perpendicular to the tunnel center line. Choosino soil£> N
instruments to measure these components in the”éxpei?ﬂ('t l\
tunnel was based on two criteria. Ersy, as. thet\)f;%ijiabil :
of an instrument which was assessed by tﬁNin inf\\f\K-

A\

4 ’

consideration the expected order of magnitude of
displacements compared to the instrument sensitivity,
reproducibility and accuracy. as well as its capability o‘
functioning in the local ‘soil and climatic conditions.
Second, the availability and ccst of the instrument was
considered. ,
| A literature search, focussing on the advantages,
limitations, and practical experiences with various
instruments, provided valuable informaticn in the initial
'assessment and planning phases of the field‘instrumentation
program. Some of t’é instruments were especially designed,
_built'and calibrated at the Universitygof Alberta to avoid
the shortcomings of those commercially available and to
reduce the overall cost of the instrumentation program.
Details of the soil instruments used in the |
‘>experimental tunnel are presented in this section and some
published references are given for each instrument. In
general, the reports prepared'by Cording et al. (1975) and
Schmidt and Dunntcliff (1974), as well as the catalogues of
different geotechnical instrumentation companies cover a |
wide range ofytunneling field,instruments and were of value
"in the assessment and selection process. H

" For each of the instruments field data sheets and

v
e e
/S T
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computer progremm provided'WIGN plotting subroﬁtinee. were .
prepered 1n adyance to reduce the deta and plot the final .
- —pesults as soon as_practieelly possible. aftet—ibﬂu4—f~w~~m—mw-ww

Vo

measurements were obtained \

4.2.1 Settlement Point
~.This instrument is commonly used to measure the

vertical displacement of soil.near the ground surface. The
settliement is measured by surveying the level change of the
top of a steel rod inserted in the soil to a shallow depth
Different designs for settlement points are given by Burland
and Moore $1973), Marsland (1973), Hansmire (1975), Wrding
et al. (1975). and Barratt and Terr (1976) .

pe Figure 4.1(a) shows the details of the" settlement

points used in the experimental tunnel. A borehole. (15 cm
diameter), is drilled to a depth 1.85 metres which is

| deeper than frost penetration in this area. A steel’
reinforctng-rod. (1 cm dismeter having a 10 cm diameter
steel disc 0.15 m from the end), is driven into the bottom
of ‘the borehole A pvec pipe, (2 5 cm diameter). 1s placed
around the upper part of the reinforcing rod~before the hole -
is beckfil]ed with sand. The pvc pipe eliminates. edy
friction between the rod and the sand. ’

Optical levelling was carried out using a Geotec AL 23

surveying- instrument, and a special surveying rod uhich is
provided with a vertical ‘level bubblo and which cen be read

to the neerest 0.5 nm. Stnce a ground surface movement on.
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the: order of 10 mm was eipected measurements were taken to

‘ensure accuracy and repeatab111ty to within 1 mm. The sight

‘distance was 11m1ted to seven metres or less with a balarced’

-vferesight and backsight. Movement of the surveying

instrument to tie the settlement po1nts w1th the bench mark
:was kept to a minimum and one of the settlement points was
~used as a stable turn1ng point. These precautions reduced '

_the survey1ng clos1ng errors to *1 mm or 1ess One

sett]ement po1nt was installed beswde each bench mark to

.....

,mo1sture on the measurements However, read1ngs 1nd1cated

A

| 4.2,:2"51ng1e Poirit Extensometer

that such effects were within the accuracy of..the survey1ng

measurements w o ' . .

k\.

8 ‘, L -
& . . .
‘3. O, &_ . L~

p

- Th1s 1n§trument is used to measure the vertical

‘»d1splacement of the soil at one deep point. It is also used.

R
. ds’ a bénch mark 1f lnstalled outside the zone affected hmr

<

tunnel1ng D1fferent des1gns for this 1nstrument are given

il

‘by Burland and Moore (1973) Cheney (1973) and “Hansmire

A\y

(1975). A S S

3
i

The de51gn used in the exper1mental tunnel is given in

Figure 4. 1(b) A hole, (15 cm diameter), is"bored to the

" re_quiredﬁdepth.'A r\igid conduit pipe, (2.5 cm diameter),
having ahconical toe. is hammered into the bottom of the
" boréhole. It is then surrounded with a 5 cm diameter pvc

pipe® The space ‘between the borehole wall and the pvc pipe

]
2,
i,
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is filled &ith compacted sand. A steel cap is then placed on‘
the pipe. Surveying of the level change of the center of
thisbcap is carried out using the same precautions noted
previously to guarantee accuracy and repeatability within i

mm.

4.2.3 Multipoint Extensometer

Due to the high cost of drilling, ($500 per Qay at the
time of installation), there is a definite advantage in
measuring vertical displacements at several depths in the
same borehole, using a multipoint extensometer. The
principle of this instrument is tooinstaII anchored
measurihg pointé in a predrilled hole at different depths,
and to monitor the change of each anéhor position which --
corresponds directl? to the soil movement. Different types
of extensdmetef eﬁploy di:ferent forms of anchors and/or use
different metﬁods for monitoring the anchor movement.

Wire multipoint extensometefs were used by Shggnon and
Strazer (1968), Judd and Perloff (1871), and Hansmire
"(1975). The anchor for this type of extensometer is either -
grouted or wedged to the borehole‘wall, Each anahor is
attached to a stéinless‘éteel wire (1.2 mm diameter). A
constant tension is applied to each wire in a junction box
at the ground surface and movement of the wires is moni tored
using dial gauges, or electrical transducers. -

Hedley (196?)'1ndicated that this type of extensometer

suffers significant hysteresis in holes deeper than 10
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metres due td friction between the wire and the casing, or
the wire and the guides. Hansmire (1975) indicated that such
érrors were overstated when the ground éurface was settling
more than the anchors. > o

In rod multipoint extensometers, the wires are replaced
by aluminum alloy tubing. The maximum number of rods and
.anchors is limited by the size of the borehole. Solinst
(1975) recommends not more than six rods per holg.

.

4.2.3.1 Magnetic Multipoint Extensometer

The magnetic multipoint extensometer was developed and
used in different types of soil by the Buiiding Research
Establishment, U.K. (Burlana et al..1972; Bur land and Moore
1973: Marsland and Quarterman 1974; and Smith and Burland
1976). It was first‘tried in Edmonton by Medeiros'11979) and
in the Saline Creek Tunnel near Fort Mchrray, Alberta by
Chatterji et al. (18978).

This extensometer has two basic components, viz.,
anchored permanent magnets and an access tube. Axially
magnetized circular magneté are fixed to a rigid pvc housiﬁg}
(Figuﬁe 4.2). These magnet assemblies are-either embedded in
the soil or insértéd and fixed to the wall of a predrilled
hole at different depths. The access tube consists of flush
jointed pvc pipes installed in the center 6f the borehole.
It is used as a guide for the merment_of the magnet points
during iﬁstallation and provides‘an access to the probé of

the readout unit.
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The readout unit (Solinst, 1975) consists of a single
reed switch probe encapsulated 1nus$licone rubber in a brass
housing, with a head fitting for a steel or plastic
measuring tape. The probe is fitted with braided cable wound
on a drum, incorporating a dry battery and a buzzer.

The location.of the magnets is.determiﬁed by lowering
the reed switch probe through the access tube. As it reaches
the ceétral field of the magnet, it snaps shut thgreby |
activating the buzzer. This system appears to be simple .and
cheap since any number of points can be monifo#ed in one
hole at little extra cost, and without the need of a large
diameter borehole. It has also proven reliable if the.
installation is done properly dnd the measurements are
recorded by an exper1enced person. - ‘ ‘

Details of the magnetic mu1t1p01nt extensometér used in
the experimental tunnel are shown in Figure 4.2. It fo}lows
the principles given by Burland ef al. (1912)'usiﬁg a
modified design of magnet assembly (Ryzuk, 1977). As shown
in Figure 4.3, the magnetic ring is_fdrméd of 14 ceramic
magné.ts fhserted« between two split steel was\hérs. The
cerémic'magnets have consistent magnetic propértiés which
are independent of temperature change and are not affected
by hammer ing of by immersion in water or bentonite'grout.
Three distinctive magnetic fields are formed around diech
ring as; shown in Figure‘} 4. The split steel washers are
used to concentrate these magnetic fields. //’\‘

When the probe intersects each of the three magnetic’

~n.
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— Ceramic magnets

?

%
N
/\\\//@

NN

N

«

B

~ SECTION B

I /18

.Nwssx&s&&&W&x&uﬁxmmwx§x§axxw

 SECTION A-A .

_ Details, of'magnetié ring

* Figure 4.3



90

——

ssSnv9 )

Buird 3y} punodJe mupo: ‘o1)18ubey vy a4nbL 4

I

|

Qhu ‘
|
!
[

\

agn[ ss9Iy jo 8pIS auQ
Buojo painsodp pleld

i

\

aqn| SSady jo
34JUd) D PIINSOM D|di-

1
-

ful) L3IN9VYW 40
JYINII WOYS 3.‘)NV.£$I$

£013I4

107314

—— i . S—— — — —

U o e— —gam— Gt S—




fields ghe buzzer is activated. éach assemb]y of magnetic

rings was checked for the'presencé of three magnetic fields
(three buizes). The absence of-any.of these fields-indicates
that atAleast two of the ceramic magnets were placed upside

down .

4.2.3.2 Installation Procedure

The procedure used in installing the multipoint
extensometers in the test sections o; the experimental
tunnel is given in Figure 4.5. Avpbntinuous-flight solid
auger mounted on a B61 drilling rig'was.used to drill the
holes. As soon'as.the auger was withdrawn and while the
bentonite gﬁout was being miXed, the access pvc tube and the .
grouting plastic fube were assembled and inserted into the
boreholé. The joints of both.tubes were cemented using water
tight fﬁst setting adhesive. The same ;dhesive was used to
cement an end cap to the first length of access tube.

Nhérever‘the hole was filled or partly filled with
ground ‘water, the access tube‘th to be filled with water
during its placement  the hole to balance uplift forces.
.F1ll1ng the access tube #ith water could be delayed unt11
the ac%ess tube is compl ely 1nstalled but before grouting
is started if the hole 1s dry “he top two metres of all
access ‘tubes were f1lled W1th antufreeze

) A bentonlte grout (0.9 m3 water mixed with 2. 27 kg
"bentonite), Was pumped into the hole from the bottom through

the 225 cm dfameter plaéijc tube. This tube was withdrawn

»

)

-
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om the hole as soon as grouting was completed. The magnets
were then inserted one at a time into the borehole.
. \A group of threaded-pchpipeé. (6.35 cm diameter - 3
ahd metFes long), were cohnected with couplings and used
- to push the mﬁghéts (see Figure 4.4) to the required depths.
')In some'\holes, the magﬁets had to be hammered with these
§g pipes to force tﬁém through very tight portions of the
borehole: %he orientation of each magnet point was changed
so that the springs were anchored on undisturbed areas of
the borehole wall as illustrated in Figure 4.5. This ensured
the tightness of the springs to the soil.

The steel springs of the shallowest two or tﬁree
magnets in each hole had to be expanded, increasing their

.diameten by_0.5 cm, for the same reason. A dummy point, with
the same design as the magnetic anchors but’without the
magqéﬁ%c ring, was installed between successive magnet
poiéﬁs wherever the spacing exceeded four metres.

‘The installation of the first two multipoint
éxtensometers was;checked a few days later'by pushing or
pulling the access tube about 0.5 cm and comparing readings
of the magnet positions before and after this movement. A

- consistent change in. the readings of the magnefs'indicates
thét they are sufficiehtly fixed to the borehole wall and
free to slide on the access tube whenever  the suﬁrounding
soil starts moving. The top of each hole was covered by

ntimber,}as shown in Figure 4.5, él]owing the access tube

free movement and protecting the extensometer from the



dropping of soil lumps or foreign bodies into the hole.

4.2.3.3 Measurement gggdg

To read the multipoint extensometer. the reed switch
probe (with" the tape attached) is lowered through the access
tube. The depth at which the second buzz of each magnet
point starts and where it ends is recorded to the nearest
0.5 mm. The difference between these two readings, i.e. the:
length of the second magnetic field, is used as an immediate
check of the readings and to avoid transcribing mistakes. )
The average of .the two readings is used to denote the
location of the magnet point (see Figure 4.4). Since all
these readings are related to a marked point on the tip of
access tube, the elevation of this p01nt is determined by a
level survey immediately after each_set of readings. This
allows a computation of the absolute movement of each magnet

point in the extensometer.

4.2.3.4 Reproducibility

Chatterji et al. (1979ivreported that the
reproducibility of this tybe of extensometer Varies between
2 and 10 mm, elthoudh the tape can be read to the hearest
0.5 mm. Since the eXpected soil displacements at shallow
depth above the experimental tunnel were expécted to berin _
the order of 10 mm, different measures we;e examined at the_
planning stage to improve the‘reproducibility of the' M

instrument.
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A reading procedube was arranged~to allow recording the
location of the magnets twice for each set of readings, once
while lowering the probe and again while taking it out. In
both cases the probe was moved downward wﬁile taking the
readings ét the magnet levels. This specific procedure was
followed until confidence in the instrument repbdducibility
was established. The specfal surveying rod, as well as the
surveying precautions described in section 4.2.1 were used
_to ensure that the accuracy of the extensometer measurements
would not be masked by surveying errors. Also, a micrometer
head similar to that described by Burland et al. (i972) was
designed to fit the top of the access tube (Figure <4.6) .
Replacement of the reed switch by a gaussmeter was examined
-but the results obtained in the»laboratory were not
satisfactory. /

+ These alternatives were tried as soon as therfirst two
extensometers-were‘insta]led. The use of a micrometer head
could improve both the sensitiVity and repeatability of the
instrument, but its operatioﬁ, especially in sub zero |
temperatures, was time consuming and impractical.
Reproducibility of 1 mm or less was obtaiqed by fo]lowing a':
consistent reading procedure with accurate surveying of the
top of the access tube.

Field data sheets, shown in Figure,{.?, and a computer
program were prepared to record, reduce the data, and plot
the measurements as soon as prac;icalTy possible afteé the

.

readihQSJuere obtained. .
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4.2.3.5 Cost U

‘ The magnet po1nts used in the exper1mental tunnel were
built at the Un1vers1tyvof Alberta. Total cost of one magnet
point was $35. The reed switch probé and $ape'were purchased
from Solinst Canada Ltd.

The boreholes were drilled by a B61 drilling rig
equipbed with a pump for mixing the bentdnite grout and a
water tank. The drilling rig was also used during the
installation of ‘the magnet points. The average time requifed
for dri]ling aﬁd installing one 30 metre deep extensometer,.
having 12 hagnets and dummy points, was séCén hours. A two
man céew can record the magnet positions in 10 minutes.
‘.4(2 4 Slope Ind1cator

.....

SN /Th1s 1nstrument is widely used to measure the prof11e

of_hor1zoptal d1sp1acement with depth in a borehole. It
compriseé thrée components: casing, sensor and readout unit.
The casing consists of lengths of plastic or aluminum
tubing, provided with four longitudinal grooves equally
spaced around the inside circumference. It is placed and
grouted in a predrilled borehole. Specifications for the'
dimensions of different available casings are givqp }n

manuals of the Slope Indicator Company and Soil Instrument

o Ltd. | o ’

: The slope 1nd1cator sensor is a probe incorporating two
fixed and two spr1ng loaded wheels which are compatible in

the1r s1ze with the 1nternal d1mens1ons of the cas1ngs‘and

/ R ) ¥ 3
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the grooves. The probe contains one or fwo pendulums. The
deviation of these pendulums from the vertical is measured
using different principles by different instrument
manufacturers, as'describea by Dunnicliff (1971) and Hanna
(1973). The probe is connected to the readout unit by a
reinforced electrical cable The indicator (readout unit) is
a portab{e unit with a digital display of the tilt, and an
optional magnetic tape recorder.

The casing is installed with its grooves oriented in
the d1rect1on of- expected pr1n?]pa1 deformation. The probe
moves inside the cas1ng with its wheels located in the
grooves. The inclination of the casing from the vertical in
two directions perpendicular to the tube axis is measured by
the inclination of pendulums. Two sensing elements, (str;in
gauges or accelerometers), transform the tilt into an
electrical signal, which is traesmitted to the readout unit
through fhe'electric cable. The inclination of the casing is
measured at intervals of 0.6 m (2 feet). Typical results
from slope indicators which were used in tunnel test
sections are given by Peck (1969) Kuese (1972), Hansmire
(1975), Belshaw and Palmer (1978) and DeLory et al (1979).-

‘In the experimental tunnel, ABS plastic casing (70 mm
0.D. x 59 mm i.D.) was assembled in 3 metre tube lengths. A
biaxial probe, SINCO model 50320, was used with a digital
readout unit (SINCO model 50306). The probe has two 1.0 g
servo-acceierometersf One accelerometer has its sensing axis

" in- the plane of the spring-loaded wheels, and the other

<
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accelerometer has its sensing axis at 90" to the first.
Hence the angle of inclination of the probe and the casing
is measured in two orthogonal direction, (usually referred
to as the A and B directions).

The prgcedure followed durlng the installation of slope
indicators 1n'the experimental tunnel is illustrated in
‘Figure 4.8. A hole was first advancéd using a hollow stem
auger mounted on B61 drilling rig. The casing was then
assembled, 1nstalled inside the ho]low stem auger, and
filled with water. As soon as the auger was withdrawn, a
6.35 cm bvc,pipe was inéerted beside the casing. Sand-cement
grout was pumped into the hole at three equidistant depths.
One quarter of the grouting pipe length was withdrawn and
cuttafter each interval. The sand:cement weight fatio in the
grout was 3: 1 with a water/cement ratio of 0 8. Th1som1x was
determined from laboratory tests to model the stiffness of
the soil. ’

The installation of slope indicators in the th;ee test
sections followed the procedure outlined above thdugh‘
~occasionally with minor changes. Ogly one hajor change was
' necessary during the installation of the s lope 1nd1cators of
.test section 3. A sudden 1abour str1ke in most of the
concrete companies made the delivery of a small amount of
the sahd-éemeht grout (1 m3) for .one ho]e every day very |
'difficglt._The hole,drilied'for slope indicator SI31 was
left open more than fiye'houqS'before the grout was

delivered to the site by an indepéndent concrete supplier.
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This delay resulted in plugging of the grouting tube, which
stuck in the hole. Therefore, the grout was pumped into the

'hole through a ten-metre long pipe. The small amount of

grout pumped into the hole indicated that the hole was not

- completely grouted.

Because of these problems, it was decided to install
the other three slope indicators initially with a bentonite
grout, to keep the hole open. The béntonite grout was
displaced, in the three holes on the same day, with
sand cement grout using one large delivery. This system
worked very well and it was p0551ble to pump the grout into
each hole on three intervals. A quarter of the grouting ‘tube
length was withdrawn and out after each interval to ensure
the oonplete displacement of bentonite grout. / ’

Plastic casing was preferred to aluminum.oasing‘because
of the effectiuelwater tightness of its joints which
prevented” cemeht particles from being washed 1nto the

casing. Grouting of the hole through N-size drill rods

controlled by a ‘check valve at the bottom of the casing (see

Schmidt and Dunnicliff, 1974) was considered at the planning S

stage of the instrumentation program. This grouting method -
requires pumping of water at the end of the operation‘to
displace the grout from the rods before their withdrawal.

However, the method'was not used. in order to avoid the risK N

of discharging part of the grout inside the casing. Such a

' problem would require cleaning the casing with a stiff brush

to remove grit from the casing tracks (Burland and Moore,
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1973),

An ideal installaffon of a slope indicator results in
an orientation of the casing grooves in the direction of
principal diiPlacements. For example, in a slope indicator
installed beside a tunnel, directions A and B are chosen
perpendicular and.pera1le1 to the tunnel center 1iﬁé~J
respectively, as shown in Figure 4.8(b). In bractice,
however, the slope indicator casing usually has an angular
displacement, as shown in Figure 4.8(d). Ih such a case,
some additional calcudations are.required to rotate the axes-
-of the measured displacements to the preferred axes.

| Spiral d1stort10n of the grooves in the casing is
another possible irregularity which might occur during
" manufacture and installation of the casing. It results ‘in a
~rotation of deep sect1ons of the casing about its vertical
axis relative to its top (see F1gure»4.8(c)). A sp1ra1
checKking instruﬁent was rented from Slope Indicator Compeny
and ‘used to check the amount of this distortion in all the
s lope indicators 1nstal]ed in the exper1menta1 tunnel. |

Invest1gat10ns into the performance of s lope 1nd1cators_
are g1ven.by Green (1973) and Sav1gny (1980) Repeatability
and . accuracy of the instrument used in the experlmental
-tunnel were checked regularly by tak1ng read!ngs in a slope
1nd1cator ca51ng located at -far distance from the tunnel |
face. Similar repeatability tests were performed,by SaV1gny
{op. cit.) on the same ihclinometer prope and readout:unit
used in the.experimenta] tunnelg'The reéults of these tests -

AN
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indicate that the average perfdrmance is up to 10 times
better than the manufacturers specifleations, and even the
poorest repeatability exceeded the specifications by
apprdxihately‘a.factor of two: No obvious sensor axis

rotation was observed in the measurements.
. ‘ - £

d
5 .

4uB>FIELD MEASUREMENTS OF SOIL DISPLACEMENT

As indicated in section 3.5, the instrumentation is
’concentrated in three-test sections along the tunnel. The
layeut of these test seetions‘is given in Figyres 3.8, 3.9
and 3.10. The results from the soil instruments of each of
. the test sections are presehted'here Tables 4.1, 4.2 and

4.3 should be consulted for details on the 1nstruments under

discussion.

4.,3.1 Jest Section 1

This test section is located on the portion of the
tunnel with the conYentional lining.as ehdwn in Figure 3.7.
Its layout is given\ih Figdre 3.8; The subsurface vertical
displacement of the soil was monitored'using two‘mulfipoint
extensometérs. Extensometer MX11 was 1nstalled above the |
tunnel center line and extensometer MxX12 was placed bes1de
the tunnel. The vertical movement of the soil at the tunnel
crown was monwtored using a s1ngle point extensometer (SPX).
E1ght shallow settiement po1nts (SP1- SP8) were used to-
mon1tor the settlement of the ground surface The proflle ofi

hor1zontal dlsplacement thh depth was monitored using one
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Table 4.3 Details of settiement points and single point extensometers

‘used in the expedimental tunnel

Test Location
Section Depth from C.L.
No. Instrument (m) (m)
. 1 SP 1 1.35 S5.0S
SP2 1:35 1.3 §
sP3 1.35 00
P4 198 ‘1.3 N
< : SPS * 1.35 S.ON
SP6 1.35*° 00 |
- §P7 1.35 13.0 S, :
. . SP8 . 1.35 30.0 S
) SPX 24.%5 . 00
2 - sPY © 1.35 7.05S"
. sP2 ‘1.35 3.5 S
.SP3 1.35 2.0S
' ‘ . sPa . 1.3% 0.5 S
v A - §P§ 1.38 .3.0N ,
r s SP6 .1.35  20.5°S
_ SP7. 1.35 37.0S y
» SPX 24:0 2.05 °
3 sP1 1.3 4.2 N .
- sP2 - - 1.3 1.8.N. .
. sP3 - 1.35 00 ”
. 5P4 - 1,35 2.8'S -
. SPS 1.35 8.5 S
$P6 1.35 10.0 N
%;7 . 1,38 5.3 N
sPs .1.35 2.5 N -
sP9. 1.35_ 0.5 N
-~ . SPi0.. 1.35 2.5.S »
. g 'SP .1.35 5.0 S
. sP12 1.3% 8.5S
- . SP13 1.35 6.0 N
: SPt4 _ 1.35 - 3.0N
: *.SP{S 1.35 0.2 N
: , SP16 .35 2.08
: SP17 . 1.38 , 4.5S,
: spPi8 - 1.35 ° 12.8 N .
SP19 ‘1.35 "12.9 N’ .
SP20 1.35 . ( 26.0-N
: : SPX1 21.9 .00,
. o SPX2 17.0 00 ‘ "
PR . SPX3 1.1 . 00 Toow
. . _SPX4 . - 5%5.%0% 00 .
: 4.7 N

., SPXS ' 27.0
<. " Note: SP: Settlement Point _
* . SPX: Single Point Extensomster
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slope indicator (SI11) installed besitie the tunnel.

Subsurface vertical displacement, as measured using
three magnet points invextensometer‘MX11, is given in Figure
4.9. Figure 4.10 shows vertical displacement vs. tunnel
advance as measured using MX11 and SP6. A similar diagram
(Figure 4.11) was constructed using the.data obtained from
MX12 and SP2. The profile of the trough of final settlement,
as measured using the shallow settlement points is given in
“Figure 4.12,

Horizontal displacements perpeqdicular (direction A)
and parallel (direction B) to the tunnel center Hiﬁe were
-measured by slope indicatbr SI11 and the results are given
in figure 4.13. The displacement in direction A at depths
“1%, *2" and "3" (shown in Figure 4.13) is given in Figure

4.14 as a function of the advance of the tunnel face.

4.3.2 Jest Section 2

Test Section 2 was placed at an earlyvstage of

construction (Fxgure 3. 7) us1ng the new segmented lining.
Its layout is g1ven in Figure 3. 9 The subsurface vert1ca1’
displacement of the soil was monitored using two mult]point‘
-.extensoﬁeters and;aASingle point extensometer. Exiensometen‘}
MX21 and SPX webe'instailed above the edge of the tunnel
‘_while MX22 was placed above the tunnel center line. Seven
.settlement points (SP1- SP7) were used to- measure the
‘settlement of the ground surfac;\ -
S Two slope indicators were installed to measure the

r
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horizoﬁta] displacement profiles in this test section. Slope
indicator SI121 was placed through the tunnel center line to
enable the measurement of horizonfal displacement nearvthe
tunnel féce while the mole was approaching. Slope indicator
$122 was installed beside the tunnel. '

Vertical displacement,'as-meaSured using three magnet
points in extensometer MX22, is given in Figure 4.15. Figure
4.16 shoﬁé vertical soil d}kplacement vs. tunnel advaﬁce as
‘measured using MX22 and SP4. A similar diagram (Figure 4.17)
was plotted using the data bbfained from MX21 and SP3. The
ultiméte settliement trough profile, based'on shqilow‘
settlement point readfngs, is given in Figure 4.18.

The horizbntalidisplacemeht of the soil near the tunnel
face was measured using slépe iﬁéicator SI121 and the results
“are given in Figure 4.19. Slope'indicatdr S122 was installed
- too close to the tunnel. Egus :t experienced a large
. horizontal movement as "“soon as the tunnel face reached its

location. This large deformation made insertion of the probe

below crown level practically impossible.

4.3.3 Test Section 3 - \\\

Both Test Sections 1 and 2. have a limited number of
1nstruments whose purpdSeHwas to 1nd1cate the trends of
so1l behav1or and prov1de data for aéé%ﬁéral compar1son of
the so1l d1splacement around the two‘W\nlng systems. On the -
other hand, Section 3 (the mgin test section) is the site of

a large number of instruments as shown in Figure 3.10. The



116

!
) " ZZXW Jol9WOsua}Xd
Buisn paunseau ucwc.mom_am_n tediydopn GI -y aunbi g
_ yideq: g , .
“ _Wiog PubDRidW . |
. . .. | . . . . . . : i &
o | SAHG I WIL | . -
oor 08 08 oL 08 o¢ or o€ - 02 . o1 .0
1 — 1 L 1 1 . 1 1 . X i .
: : .
- (WLizz=0) 8dh | @
T T (Wezoz=a) 9d hEa
. _ ‘0
T (Wwe86=0) mm.zlvlllo\'/? e : .'..&
. . : : v_om
. : mc_mmc_m 30N 1




117

t

(TTXW) @dueape [auuny ‘sA ucoEmom—umwn _mo.pﬁ..m? gy 9unbry SEEEE

139\ @ JOH ——

weg :
GO ,,,
: $9]098
——s—— 9OUDAPD |2UUN} JO voyoema . K
N1 N\ - N
; \ W AW , ) _
| 1\ S W 1 S  —
AN
3
sl B vy . . , , R
- - > ; : ; , u +
0= - O_l 4] R 1 - 02 - 0¢ - ov
ﬂoc.zoooaaﬁ _ | (Aomp Buiroi ) : -

AEV 990} _mcc_: WwoJ) dJuDysiq - .



'

. . . - ) : : - .
o . . . .

4 T n

(1ZXN) 90UBAPER [3uun} SA Jusweoe | ds 1P [BOL3ISN L} Y 24DBid

” ‘HOA G.—OI .Il.ﬂﬂlls . ) . . o, : . ..._.eu::.o,:. 2‘.o,>_..!2. O /
s moee

ww- S . ;

, . 13XWN jo voiipog| [PRMOY

R LY

&

. ==t——  QOUDAPD [BUUN} JO UONOONQ . e \\

=/ RN~ -

oe- ol- ol . oz
.. (buiyooouddy) - (Aomp BuiAoW)

om e

© (w)edDy |auuny Wwoi 0UDISI



119

\
]
, - ,
N '
»*
. L‘ I ’*» »* a
5.1 4l3 2 6
[ ——t
!
o 5 a3 2 | 6 | |
E « |
€°f
C® ]
E 10}
@ . | S
pagll 15 | . e . ,
LTI ' . O ® June it 1979 - o
7 - | ® Tunnel face 46m past the section. “
' 1 ® 13 days after mole had passed under
! the section. =~
1 X ® June 5", 1979 | R
- @ Tunnel face 22m past the section.

L the section. .

F'ig'ure 4.18 ‘Settlement trough at Test Siect}vipq"Z

¢ 7 days after mole had passed under

.



120

- - ~

~0omm [auuny) ayy ile ucoEmof,n_m.—n_._mu\QONtﬂz 61y 24nbBL4

- -, . .
g NOILDJ3¥la SR Vv NOILO3YIQ -
WO LN3W32V1dSIa . WO  LN3W3OVdSIa
, om.o \ oa..o X o,u.-nr N 001~ , 00°1 , ) .ow..o , oe...o . ow..o... .. _8.—1
39UDAPD J3uuN) aulsajud
JO UoR3IP 3y} . 12UuN} 3y} PJOMO} :
4 uiuoypulgeg: ¢ ] 1 uoyjowlojeq:+ &
| wgi= _
-+ ) - - -
wgE=" § @ 3
i L . L 2
(-} .‘WI/ Q
, ] )
Em_wu.ﬂl..\ , MT “
. Tt 1 o
T , G -
X
N N :
$ -..
i . s b
ﬁ \
.
;
! & : &
: | S |
+ + + + + + o + + + ‘ + + + o




121

main objective of this test section was to measure the
spatial pattern of soil displacement around the advancing
tunnel. - -
“Ten multipoint extensometers, containing ninety-six
_ magnet points aqd'five single point extedsometers were used
. to measure the subsurface vertical.dispiacemeht The
}settlement of the ground surface was obtained by observ1ngx
twenty shallow settlement po1nts Four slope: 1ndicators were
installed beside the\tUnnel qt d1fferent distances from the

" -tunnel center line to measute\the profile of horizontal'

dlsplacements ‘with depth

Graphs portray1ng the deve lopment of vert1c '

displacement with time and with tunnel face advance,
observed in this section.'are similar to those of Section 2
(see Figure 4.t5, 4.16 and 4.17). Complete records of the
" measurements Obtatned from the ten multipoint extensometers
.are given in Appeﬁdix A. The final displacement indicated py
- these. extensometers is giyen in Figures 4.20 and 4.21. A
‘ stmilar diagram was coﬁstructed using the data obtained from
the s1ngle point extensometers and is given 1n Figure <.22.
Figure 4. 23 shows the profile of the final settlemer’ frc.ygi
as measured using the shallow settlement points in tf s
section. '

' The horizontal soil displacement at this section was
e measured as the tunnel face approached,'passed and moved .
eway} FinéT displeeement, perbendicular to the tUnnei center_

. line, ie shown in Figure 4.24 as measured by the four siope
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!

.'indicators, while Figure 4.25 shows the final displacement
paraliel to the tunnel center line. Complete records of
slope indicator measurements obtained from this test section

are giVen in Appendix B.

4.4 DISCUSSION OF THE MEASUREMENTS

A detailed examination of the measurements oflsoii
displacement obtained from the experimentel tunnei was
carried out.'The'immediate objective was to formulate the
general trends.and\sharacteristics of soil displacement
around a tunnel advancing through stiff glacial till using a
_;shielded driiiing machine._The measurements were elso used
to stqu the effect of the two different lining systems on
soi.l displacements ‘
The foilow1ng,discussion is limited to these two
: objectimes; however, é more detailed analysis of the.

measurements is included'in Chapter 6.

'Tﬂ.4 1”Develggmg of.Soil Disglac nts with Tunne] Aannce
| A smali portion of the ultimate vertical and horizontal
.displacement occurs before the tunnel face reaches a
specific. pOint (see Figures 4. 14 and 4 26) The rate of the
”.development of the movement increases sharply as the tunnei
2 face reaches that p01nt, and - then drops significantly when
the tunnel face has been advanced about seven metres (2. 7
'diameters) beyond the point 501ljnear the ground surface

cou]d experience some heave yhile the tunneliis approach{ng\

Py ‘ : . . . -
,‘/ N . -
/’ . . + B s PN - '
S 'S\k ¥, .

T
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The dashed curve in Figure 4.26, which was drawn by

as shownlin Figures 4.10 and 4.11.

connecting the measured points, illustrates that there are
two distinct stages of development of the soil displacement.
around the tunnel which are different from the portion
occurring ahead of the tunnel face. First, the soil moved
rapidly to close the annular space resulting from soil

' overcut around the mole As soon as this space was filled,
the soil displacement was stabilized by the mole itself. The
soil was able to move again ‘when the tailpiece of the mole
cleared the section. This movement soon stabilized as the
1ining became effective. '

A comparison of the relative magnitude of soi

displacements at various stages of tunnel boring indicates
that most of the soil movement occurs before the lining was

¢ act1vated;_ﬂence the size of tunneling overcut ‘and the

timing of lining activation are the most 51gn1ficant factors
affecting the magnitude of such displacement
Measurements from slope 1ndicator 5121 (Figure 4.19)
show that, w1th the tunnel face close by (L=1.5 m), the soil
along the center line of the tunnel experiences a net |
outward'movement The sense of this movement is a function .
of both tunneling machine design and the soil stiffness. On
the other hand, measurements from most of the slope |
-—f—indicators placed bes1de the tunnel indicate a Significant
: longitudinal displacement opposite to the,direction of
-tunnel;advance:(Figure 4.13 andh4.25). o
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k]

4. 4 2 Var1at1en of Soil D1sglac ements with Qggtn
The final vertical d1splacement along a line directly

above the tunnel center line decays rap1d1y from 30-40 rmm at
the tunnel crown to g-12 mm at the ground sur face, as shown
in Figure 4.10 and 4. 16. Vertical d1sp1acements along
vert1cal lines away from the tunnel center line show
different prof1les as illustrated in Figures 4. 20 and 4. 21
These two figures also show that po1nts below the tunnel '
invert exper1ence heaves of up to 6 mm. _

' The final horizontal displacement along a vert1cal line

'just beside the tunnel occurs mainly in the vicinity of the

' _tunnel (F1gures 4.13-SI111 and 4.24-S133). Some horizontal,

e

'movements occur at shallower depths further away from the
tunnel (Figure 4.24-S132).

Q Measurements from the three test sect1ons showed that
the horzzon&al soil movement .at the spr1ngl1ne and vertical
movement at“the'crown are almost equal. This indicates that

Ko in this‘overconsolidated glacial till is close to.1.0.

 4.4.3 Effect of Different Lining Systems on Soil
D1sglacgm§nt' S . | _
A compar1son between the vert1ca1 displacement near the
tunnel crown measured at Section 1 by extensometer MX11 and

at. Section 2 by extensometer MX22 is shown in F1gure 4, 27

- _Both extensometers were instal1ed above the tunnel center

line. The tunnel is lined with rib- lagging at Section 1 and

| fw1th precast concrete segments at Sect1on 2
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When- the tunnel face had'aannced to a point exactly
under eaCh‘pf these instruhents, both experienced the same
vertical movement. However,'extensometer MX22 showed a
greater displacement than MX11 when the tunnel face had
advanced another five metres beyond the instruments. At that
time the shield had not yet cleared the location of either
of these insthuments This seems to indicate a, larger size
of overcut around the tunnel at Sectton 2 compared to that
at Sect1on . ‘

“As soon as the mole cleared each of the instruments and -
the 1ining was installed, the difference between the
movement of the two extensometers reduced significantly, and
“with further travel of the mole, vertical disb]acementstat
Section 1‘became'a]mcst equal to th&%b of Section 2.

A1though overcut was greatér at Section 2, final soil

- movement Was the same at the two sections This -indicates

‘that the soil around Ahe rib- lagging is allowed to move more>
- than that around the segmented concrete l1n1ng because of
the dlfference in their stiffness and more 1mportantly due -
to the d1fference in the size of the gap 1eft between the
l1n1ng and the so1l

Expand1ng the segmented concrete l1n1ng is constdered

'Tto practtcally eliminate the annular space around the

tunnel, leaving a few 1solated small gaps, as will be
: dtscussed in ‘more details in Chapter 5. Usually the space
left around the steel rtbs is on the order of 2-3. 5 cm

i(Thomson,and.El -Nahhas, 1980). As-a result, the soil around
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dthe steel ribs is more free to move.

It should be noted, however, that the effect of
different l1n1ngs on soil d1splacement is more significant .
for points closer to the tunnel. The sett]ement at the
ground surface seems to be independent of the lining method

at least over the time period of these measurements.

4.5 SUMMARY _
‘This chapter rev1ewed ‘the d1fferentJ}nstruments wh1ch
can be used for measuring so1] d1splacements around a
tunnel. The instruments chosen for the}expeptmenta1vtuhnel /
were described in some detail and the principles of
loperation{ as well as installation’andtmeasurement
vprocedures were given. o ‘ ;n B o
Measurements of soil dxsplacement obtained from three_
test sect1ons of the exper1mental tunnel analyzed to
estab11sh the general trends and ~haractemshcs of soil
dlsplacements afound a tunne] advanc1ng through Stlff .
glhc1al till us1ng a sh1e1ded dr1ll1ng mach1ne.‘
' A1though more analys1s<of these measurements‘is given
'in Chapter 6, the following immediate conclUsionsﬂwere‘
Mz;»reaehed:n _‘ | R | '
I, The final vertical soil settlement at the tunnel crown -
above the two linings is on the order of 30-40 mm. The
«'finat horizontal dispIacement-at the elevatidn of the
springline is on the order of 25 30&mm and dvrected

t_toward the tunnel. The maximum settlement of the ground‘"



135,

surface above thé,tunne]~center line varies from 8-12
mm.
A small'portionlof the ultimate vertical and horizontal
soil displaéement-of a specifié point occurs before the
tunnel face reaches.that point. Most of the Femaining
~ displacement occurs while the molé is,passing the point
and:before the soil-linfng'interaction starts.
Meﬁéurements of horizontal movement at the tunnel face
~indicate that the soil at that location is actually
displaced outwards by the drilling machine rather than
 being allowed to move towards the tunnel.
Vertica]'soilwmoveméhf in the region of the crown is a
little largeﬁ when ribilagging lining is used rather
than'segmented concrete lining. The effect of the lining
is legg’pFoﬁounced on the soil movement at shallower
depths and at thé.ground surface the vertical movement
seems to be independent of lining. |
'The'measurémehts of soil displacement'indicateé that Ko
jin'the overconsolidated glacial till of Edmonton area is

close to 1.0.



CHAPTER 5

BEHAVIOUR OF TWO SYSTEMS OF TUNNEL LINING

/

5.1 INTRODUCTION

- The last decade represented an active period for a
wor 1dwide exchange of tunneling techpoibgies._One of the
most significanteratures of this exchange is the trial of
European 11n1ng systems in North America, specifically to
examine their feasibility in local contract1ng pract1ce and .
ground conditions. and to assess their cost. Precast
segmented 11n1ng and shotcrete gradually became competitwve

with the convent10na1 rib and lagging lining (Mason, 1968;

Bartlett et al., 1971; Cord1ng, 1973 Mahar et al. 1975
T1lp and Shoeman, 1977; Morton et al., 1977). Dur1ng 1978,
alternate lining methods for the tunnels in Edmonton area
were examined. v

‘ More than one hundred K1lometers of sewer tunnels have
~ been constructed in the Edmonton area S1nce 1955 All of .
| these tunnels were - built with the convent1onal North
Amer1can l1n1ng, which consists of a two-phase support
system. { a temporary rib and lagg1ng system and a permanent
cast- in place concrete lining). These tunne]s have been
dr1lled through glacial till and Upper Cretaceous
clay -shale, using both sh1elded and unshielded moles

.Field measurements on the pr1mary‘11ning in these

ok

Jtunnels (E1senste1n and Thomson 1978 Thomson and El Nahhas‘

138 e e | '.q



137

1980)- showed that the equilibrium state of soil-lining
imteraction is reached within two weeks for glacial till and
within three months for the clay-shale. If placement of the

secondary concrete lining is delayed until the primary

lining has reach;,p"J B i 1ibrium state, no stresses will
 be 1unediately§fr

lining. Thjssll;:;

"ithe soil to the final

: upon only by secondary stresses

resulting from, sh v/tempeéltdre change, construction

- of bu1ldings above the tunnel or drilling of tunnels

" near-by. The final l1n1ng also provtdes water tightness and
-smoothness which areuimportant requirements in sewer
tunnels. However,_if‘the-rib and lagging system deteriorates
with time, the soil pressure will be carried gradually by
the seebndary concrete lining. -

From the foregding discussion, it is concluded that'if
fthe'primary lining isfprotected‘against'deterioration, there
will Ee‘no need for the secondary 1lining except to withstand
"secondary effects’ mentioned and to provide hydraulic
characteristics. FUrthermore. the two supports ‘can be
!replaced by a single lining des1gned to res1st both the
earth pressure and the secondary effects

In this chapter, alternates to the conventional lining
system are examined. A description of the lining instruments
, used to monitor the behaviour of the steel ribs and the
/precast segmented lining in the experimental tunnel is.v
- ron each of the . three field .

given "The' results obtai"
test sections are presented The strength and mode of

S

o0
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failure of the longitudinal Joints of precast concrete
Segments were determined in the laboratory and the results
of these tests are\discussed in this chapter. Finally. the
behaviour of the conventional lining and precast segmented
lining .is discussed based on the field measurements and

laborjkory tests

#
«F

5.2 ALTERNATES TO THE CONVENTIONAL LINING SYSTEM

Iy

' The conventional two-phase lining has been used

uccesSfully for many years in most tunnels in North America
‘wand has developed a long record of short term and long term
satisfactory performance in differing ground cond\tions that
range from hard rock to. soft 5011 However, its us ‘requires
“that the construction be carried out in.two operatigns. viz.
'drilling the tunnel and installing the rib lagging system
‘ followed by casting the secondary concrete lining in place
'Thus the construction us1ng this support system is
| elatively slow and consequently the cost of the lining and
mits installation tends to constitute a large percentage of
the total cost of the tunnels o ‘"_ o s
" The: conventional lining presently in use 1n Edmonton.

“for example, accounts for about 50% of the total oost of a'{ .
'tunnel Peck et al. (1969) suggested that the cost of '
linings form 20~ 42% of the total cost of soft ground ‘
tunnels They showed that ’ is can be reduced to as little
as 5+10% if new systems pf'liﬁing such as shotcrete are _i.’v

¥

PN

_used; Bartlett‘et al. (1971) estimated that the cost of the
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cast iron lining in'Toronto subway tunnels was 40-50% of the
total cost Savings of 25% of the tunnels cost were achieved
by using bolted segmented concrete lining This indicates
: the.range of savings which may be expected if one of these .
new linings is used. Such a reductionpin tunneling cost o
‘would make rapid transit tunnels more competitive with other
techniques, such as cut and cover or surface systems.
Shotcrete has been used successfully on many occas1ons,
with or without 2 system of anchors, as a temporary
retaining strupture for exeavations in glac1al till or the
7Edmonton area. In Edmonton tunnels. shotcrete was used a few.
' years ago in a field trial to replace the steel ribs betore
| ethe secondary concrete lining was placeg (Oster, 1978). |
| ‘ A tunnel in the glacial till 1s usually excavated using
-ia shielded mole which is advanced by longitudinal jacking
_Wagainst the" lining Shotcrete, as a sole lining, can not
':’provide~the requ1red resistance to the mole thrusts An
@interestwng example of using shotcrete with a drilling
machine in a 10 70 metre diameter tunnel is described by -
Albert§¢&4973) A precast conbrete segment was placed at. the'

:tunnel invert and the machine reacticns were shared between -

this segment and hydraulic rams jacked to the tunnel wall
The system used allcws spraying of shotcrete uhile the mole
‘f:is advancing Theliﬁbtcrete ultimately forms a continuous |
ti]ring with the invert segment Using a similar lining system
‘:in an Edmonton tunnel uould require many modiftcations to

.the present tunneling.machines ‘However, such a system can -
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- P - i

reduce the lining cost and increase the rate of tunnel

advance‘ since the mole would stop on1y'to place one segment
o .

(R
Al

at the invert. . ' ' .
: Segmented lining is another alfernative to the o
convent1onal lining ‘of North America. Cast iron segments
have been used as a lining system of tunnels in the United
Kingdom since the 1860's . Bolted, segmented reinforced .

. concrete lin1ng was introduced in these tunnels due to the
shor tage of cast iron in the 1930' . The manufactur1ng cost
qQf tht&ﬁﬂ1n1ng was 60 per cent of the cosoapf the .grey iron
lining (Craig and Muir Wood, 1978). The success of this
drial and the sign1f1cant savings obtaﬁned. enhanced the
development -of dmfferent t&pes of precast concrete linings

asit%ldstrated in Figure 5.1.

¥, expanded lining (Donovan, 1974)

déress faster since the bolts

]
LB

Coa
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linin§ was used in a soft clay tunnel in Thunder Bay,
.Ontario (Morton et al., 1977). A similar system was used in
/a large d1ameter\ tunnel in Amzona. U.§.A. (Tilp-and

Schoeman, 1977) . = ”‘_,z‘

-v/

The segmeﬁted lkn%g especially dest&\ed “for the
experimeﬂ?al tihne in Edmonton is described in detail in
sec'tibn A‘.’f. “ ?N* .I't“ is an expanded ungrouted type In order to !
Tcenpere thenperformance of the conventional Hning with the
~|precastr sé’ﬁﬁents and, in particul;r,to study the -

h perfori‘nance of the new systeml a fietd instrumentatlon
program was implemented in the experimental tunnel to _
monitor the behaviour of the two Hning systems Results of m, -
: this momtormg program 1s given in. detaﬂ in the following
sections of this ‘chapter. _‘ 7

Through use of precast concrete segnented hmng in the
| _construction of the experimental tunnel veluah.le_ data was
'obtamed concerning unit costs (bosts per unit length‘ of' |
| tunnel) and achievable rates of ackgnce. when ﬁnploying this "
'.method of Hning éTab"Ie 5. 1 sumriz:s, ina detailed o
manner, the unit cogzs of this tunnel as well as those of
" four other tunnels,%f the s,' i

o S e R
, Edmon'ton Jsing similar moles The first four tunnels were

ﬂia;neter. coqstrpcted 'in - ”

','construct/ using the conventiona‘l tﬁo phase limng wh'ile
tunnel #5’ the experjmental tunne! was Hned mainly with L

,_.prQast J l!,,Q_.nted l,}'qing | | e o h
” Pri‘r to the, cqnstruction of tunnel #1 Ee Lovat »- 100 w#" 7y

C_"
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3

This accounts for the relatively high cost of this tunnel.
However, with continued use, in constructing tunnels #2, #3
and #4 costs were reduced. signifioantly

’ - " The' effect of utiiizing precast segmented iining‘in
_sUch tunneling. operations can be ascertalned by comparing~

" the unit costs of tunnel #5 with those.of the prev:ous ones

Sy

Such a comparison ledts to the fo]low1ng conclusions 'iﬂj'ﬁ

; "."w

a) the unit cost of labour dropped by about 40% fjﬁis"

believed that constructing the tunnel in one pha!& ;
contributed signifwbqﬁtly to that ‘\:eduction . ‘
b) the unit cost of equ1pment (charged to different
tunnel projects on a rental'ba51s) was slightly
higher for Tunnel #5 Severai special hines were
"used in that. tunnel to handle theasegmen!lv
A ¢) sav1ng of about $100 per metre of tunnel was
realized This represents about 12% of the unit cost
of tunnels in Edmonton .and was achieved even though
;the segmented iining was still being used on a triai
basis. ' '
_ Whiie advance.pf the drilling machine was: relatively
slow during the early stages of consQruction of the |
experimental tunnel, about 3 metres per 8. hour shJ?t. as'
soon as the tunneiing crews became familiar with the new

equipment and procedures. the rate of advance doubied This '
rate is approx1mate1y the same as that achieved when

advancing a éé el using rib and lagging lining Houe;ir,:‘
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should be noted that' in the latter case, the time‘required

to - finish the tunnel is almost double due to the oasting in

place of the secondary lining

5.3 LINING INSTRUMENTATION - 3% “

A complete instrumentation program to examine the
performance of a tunnel 1lining should include monitoring of
both the stress 1n and the deformation of the lining.
Stresses in the lining can be measured directly or

?1ndirectly using pressure cells, strain’ gauges or load .
cells, Tape or rod extensometers and optical surveying are
usually uged to monitor the deformation of the Iining

&-

5.3.1 Pregsure Cells - : : o -
Difficulties encountered with pressure cells used to |
| measure . the earth pressure on tunnel linings have been
népqrted by Tattersa]l et al. (1955)l Burke (1957), Cording
:yet)al (1975) DeLory et al (1979), and Thomson'and
CEF- gghhas (1980) Cording et al. (op‘hcit ) concluded that?fi
R :

"”33; Ar listic evaluation however of the
various 1n§¥r tation attempts over nearly 40

-vears shows sdre cells to be too small and too
sehsi ive -to in?.ailatJOn-details to measure a
«#@presentative o#d on. the~ lining .
’_! ."/f), .
é-_ .3"‘

5 3. 2 grgn Gamg "“' T

Wty
‘; strains across the lining thickness These measurements are,

ol
\_d'ﬂ' ‘..,.:i.-’iI
k N SS AT

used to determine both normal forces and bending moments in

’f‘.“* Different types of strain gauges Qyn be used to measurefﬁ,'



b s

the lining. Experienoes'with the use ot‘strain gauges in
tunnel 1ining are reported by Skempton (1943), Cooling and
Ward (1953), Burke (1957), Ward and Thomas.(1965). and
Curtis et al. (1§767 | |

| Figure 5.2 shows the three v1brating wire strain gauges
used in the experimental tunnel Plates 5.1, 5. .2 and 5.3
“show these gauges during or after the installation on the
lining. The principle employed in the vibrating wire strain
gauges is explained in detail by the Norwegian Geotechnical
Institute (1962) and by Thomas (1965). It is based on the
”fact that the natural frequency of a vibrating w1re,
restrained at both ends, varies with the square root of . the

_tension in the w1re ﬁny change of 1n in the lining to

which - the gauge is attached is 1nd1cated by a change in the .

vv.

frequency of the v1brat1ng wire.
‘This type of stngin gauge is m@st suitable for ‘use in

tunnels because of its resistance-to the dusty. humid '

i environment It has the added advantages of long- term )

"stability and independence.of length of leads. The recent

development of a digital, pOrtablerreadout unit,;(which |

displays strains directly) has made. the reading oi these

’gauges ea51er and fastqr -h o o | :
The strains 1n 2 steel rib at Test Section 1 were‘

monitored u51ng four weldable V1brat1ng wire strain gauges

| A pickup sensor (SINCO Model 52622) was mounted on each .

E gauge and the readings of strain and temperature were

,obtained using a Model 52601 strain indicator This gauge

. L )

Wy
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24mm |

IBOmm L
.l_A—- Jumper cable o
% Pickup sensor —

v 13mm

n
4 |
- Strain gauge
N NACRGRRRRRARTTERRSSSS S | .
' Tested material o Section A-A
yested! A o
r. ...................... NN
10mm

......

2.5mm
_..H.._'" \\—Spof welds ,

| . (SINCO 52621)
- Weldable vibrating wire
o . s?ran,n gdUge |

g

bR 7” s
C e

f Profec?ivé housing

'Housinq support bolt
Solder terminals

, 'S NSAASANAUURUNCARNNNNNNNNNN |
. o } E o :
: 11 l ERERWN L 20mm L
O-ring seal Gauge wire nnsidALMaqnef holder: \-Suppon posts ,
o F : steel tube .
L (GEONOR P200 - 220)

Surface vibrating wire
strain gauge ~

L ' T//_Stee’l end fla'nqes. A N s'hieldddfehbqe

B izyens / =
% Taunsuasa

Prestrosud proouambled sfrom
gmgo inlido protective tube

( GEONOR/PZSO)

Embedded vibrating wire
stroin gauqe L

R fFig”gr'e"S,.Z Stram gauges ‘used in the experlmental tunnel Ty
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i

~was also used as a sensing element in the load cells. It is
supplied as a pre-tensioned unit, hence no field adjustment
of wire tension is necessary. ' .

Strains in the concrete segments at Test Section 2 were
measured using four Geonor vibrating wire strain gauges; two
being of the\embedded type, Model P250, and the others being'
surface'gauges,‘Model P200-220. Some details of these strain
gauges are given in Figure 5.2. The use of surface gauges to
measure strut loads in a retaining structure is discussed by
;the Norwegian Geotechnical Institute (1962). The performanCe‘
of this gauge was compared with two other models of

| vibrating wire strain gauges by b‘RourKe and Cord1ng (1974).
vSen51t1v1ty and'prec1s1on of 1.5 microstrain with l1ttle or
1Bno zero drift were" reported | _ | | '

Geonor P250 strain gauges were embedded 1n the concrete

~ near the: outsade surface of the segments durlng casting (see ‘
Plate 5. 1) Tﬁe w1res were routed through the concrete to "
. ',the ins1de surface of the segment as shown in Figure 5. 3 a.
Geonor straln gauges.(Model P200-220) were installed on the
insideisurface of the segments jUst,after.their'expansion.
5ﬁThis'required the embedment of anchors with'internal threads
1nto the concrete, to enable: the attachment of the gauge
\ posts and the hous1ng bolts Prov1s1on was also made for a
recess tn the concrete surface around the anchors of about 1
- cm. This ensured that the gauge W1re was level wlth the -
,';;1nside surface of the segment ‘Figure 5.3.b illustrates the-‘_
‘* procedure followed to embed these anchors and create the |

—
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. A .
- Stress Raiser - - .:t ~
. ﬂ' .
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Ly b : Tl _Embkdded
. e lli VW, Sttain Gauge
'}1.~u ] g
v L ‘ : . /
ALY | /. - '
- —'—'—";—'" I _____—‘-/ l
A A | | o
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' Section A-A " Installation of Stra)in Gauge [GEONOR 250)

" DURING ~ -+ -
CASTING - :

717/, 'Casting"u Segment with
'\seg,;,mf Mold (\b) Anchors and Recess for
SR Strum Guuge &GEONOR PZW)

AFTER
" CURING -

T

| ’f :r{- :
&

 Figure'5.3 - Installation of concrete strain gauges
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e
o

recess. . _ ,

The same strain indicator (SINCC Model 52601) was used
to read the Geonor gauges. These readings, however, had to
be multiplied by a factor of 0.68 to obtain the actual
Vstrains (Slope Indicator Company,'1978)

'5.3.3 Load Cells o o ,bs,/
A strain gauge measures the strain at one point in the
lining. hence a large number of these gauges would be

requ1red to examine the overall behavﬂbur of the linin-

Since each Std‘ln gauge is relatJvely expensive (P250'Z
§270 and P200-220 costs $220), this would ‘usually be too
expensive. Oh- the other hand -a Single load. cell prOVides an
overall average measurement of normal forces in the lining.
‘Since fewer cells would beirequtred to monitor a particular
‘section of the lining, thia could proceed for a- more
reasonable cost ‘ , }‘
Measurements of liner thrust (resultant of hoop
j:stresses) u51ng load cells are reported by Tattersell et
al. (1955), Barratt and Tyler (1976) anid Curtis et al.
(1976) An extensive study of vibrating wire load cells lS
reported by the NGI (1965). | |
o ‘The development of thrust in the precast segmented
gslgning in the eXperimental tunnel was measured using twelve

i vibrating wire ‘load cells, (two in Test Section 2 and ten in

. Test Section 3). The load, cel-lsm.i‘"‘e* designed maohined and
L ‘calibrated at the University of Alberta especially for the

‘ :\»‘éf




&

__experimental tunnel. Figure 5.4 shows: the design of these .

.which s about half their ultimate capacity Their -
. sensitivity is about 2 KN The maximun load actually

O

-",-load cells. , o \—J

Each load cell is provided with s spherical seat to-

e take up residual non- aiignment due to machinirig and - to

reduce eccentricity on the load cells Two vibrating wire

striin gauges were welded to the outside surface of the cell

.wall“ \

The design of the load cells us,ed in Test Sections 2

'-and 3 differ only in the geometry of the lower cap Those

used ih Section 2 have a curved surface uhich fits on
longitudinal joints of type B seqnents Thus. recesses in

type A segments only were required fof their installation. o
"‘as shown in Figure 5, 4 'Some difficulties Were pxperienced

: during machining. calibrating and instaliing the cells in v,
'the tunnel Consequently,gthe design of the load cen was

modified with those of Section 3 having a fiat ended lwer

cap. Installation of . these lcad cel]s required recesses in
both type A and type B segnents as shown in Figure 5 4

WOrking capacity of each: of these load ceﬂs is 220 KN
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- of field monitoring of tunnel performange It can be
_ acoon'pHshed by mgasuring the change irr"‘the diameters and

@ -“chords_ of ‘the ”“‘"9 US‘"Ogrod or tape extensaneters and 1
.._monitorim the lavel chanqe of a point at. the t;unnel invert

L

| ,V._,;-Or crown using optical surveying techniques Di?f@drent
' ,_"desiqns of rod and tdpe extensomaters (re descr ibed by Burke
(1953), Obert and Duvall' (1967), Cording et al (1975). and )
E1-Nahhas (1977). B o
| The tnpe extenad‘i\eter shown in F‘lgure 5.5 was used to
”pme&sUre diameter change in the experimenta'l tunnel JAt has a
,sensitivity of 10 03 mm and an accuracy of :0 3 mn A _ |
'sﬂmi'lar type of instrm;ent was used thure the deformed .
shape Gf steel ribs in two, tunnels in. Edmonton (Thomson and. .
'.El Nahhas. -1980) . B ;,: T ’: A ‘ 0
. The tape extensometer consists of a steel tape in
: series with a spring and tro dial gauges The steel tape. s
 .' provided with a hook: on one end and a series of%ll holes"”,
.-on the other end. The spring 1s usedf; apply a tensﬂe N

) force in the tape Thts force 1s oontnolled using the .sman

‘d‘ﬂl 98099 shovm in Figure 5 5 so that for suooéasive
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. the, hrge?' dia& @ge from ap in'iti"al reading taken justl L

. after ‘the m expanded indicates the diameter
. g

mwge Every setpof diameter chanqe measdrements was “ w‘l

accon'p ‘by a level survey on one point on the lihing

l’ :

. ,.x"

T_; ROM Lrﬁlus NS Fip)

. K] LAY " ‘,:4(!‘5‘ " 5L o
¢ The Hi‘ngg instrumentation was concéh ' At "th
. Ty X '|' y -ﬁ‘*,j’

Me
s1tes, Referred to as Section 1 Sect'lén 2 a
The location of these tesﬂt ‘sectiorﬁg?'s shown oty Fig

O-o'}:

) ‘?he field measurements obtained from ‘he lminb lt‘;iq*?'ns‘fsunents ‘

-

o

v 'at each of the test sections areaapresentged here Mﬁ‘,."Bg

k&voy th:'ls‘ chapte" 0 . | 9' _\-"_"'.; .‘ . . ,"’.g: . ;
L ey ;', R A R 4 . e L
. il%»: T f”i&ff:

5. m Test Section 1 R A

. Four weldablp vibrating wire st.ra‘ln gauges were’
installed on the top. seqnent of' a steel rib as showh 1n P
' Figure 5. 6. The 1nstrunented rib was plgced in the tunne’(.on
| February 19, 1979 at a. location 23 metres west of the end of
o ’: the curve (see Figure. @*9) The strains measured during thet

four gauges are plotted in Figure 5 7 as a;,-.; function of time
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~

ribs in a similar tunnel, (E1- Nahhas. 1977), are shcwn in
Figure 5.9 and 5.10: regrectively |

5.4.2 Test Section 2 ~ T . o
N .o ' - :' . Q .
-0On dune 7, 1979 two special concrete segmlﬁ&s were - -~

¥ $.

L cast for this test section One of: thesé segments was of the
A type hav1ng convex longitudinal ﬁoints Provision was :
made for §pace akone of the Jo‘r?nts to accodi‘nqdate *the 1oadh

9\\ Y. .

ceils, and for a recess andc%cme anchors near the: stress
&J A3
' r‘raiser to aliow the 1nstaliation of a surface vibrating wire.

;»&e

strain gauge A §tthgj_.ecess wtth anchors. was provided .

»., on the second segment.‘(tvpe B, ha qg concave iongitudinal
301nts) Both~segments contained an d&bedded vibrating wire '
strain gauge near the stress raiser and four circular hoies

/, to enable the 1nspection of any gap oc;urring between the .

oiining and the sowi A Demec mechanical strain gauge was c
| also used tc allow the determination of’ strains on the . ‘

AL
surface of the concrete ®

These segments were’installed in the tunnel cn dul 18
1979 at & lccatidn 300 metres east of. the end of the curve o
(see F?gure 3 8) Details 1f this 1es »section are shcwn-in '
rigure 5 yE and Piate 5 4 0 £

The %trains measured av fﬂ:tcrbun and springline _
sections are given in Figure 5 12 To be abie to‘caiculate

the corresponqgng stresses, compression tests were carried
WQ .

out on three cylinders cast from the same.batchh tom.which

the concrete for the segments was taken ”An average vatue ofa_;
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of the curve (see Figure 3.8). Details of this test section
are shown in Figure 5.14. Ten vibrating wire load cells were
1nstalled to measure the liner thrust iresultant of hoop
s;resses). Two load cells were placed in each of five rings,
" in one of the'lower longiﬁddinaw joints. Measurements of
liner thrﬁst in rings number 1, 2, § and 5 are given in
Figure 5.15, 5.16, 5.17 and 5.18 respectively. One of the
]oéd Eells in ring'number‘4 malfuqctioned befpre the
‘ expansion of that ring. |
‘The .installation of the load cells in ring #2 differed
to some-extent from the other rings. The recesses in ring #2
were somewhat larger than»the load cells. Therefore, a 0.5
cmvthick rough plate was inserted under each of the load
. cells of this ring.'Rubber cushions, 3 mm thick, were placed
above and below all the load cells. '
The size of the gap between the outside surface of the
{ining angbthe,excavated'surface of the soil was measured
. through sixty inspeétion holes. Each of the ffve rings was
;NS:;vided with féur holes at the tunnel crown and four holes -
| in each of the side segments,llnftial measurements were
taken as soon as the rinb was expanded. Figures 5.19,'5.20.
5.21, 5.22 and 5.23 contaln measurements of gap size
| . measured at the fivg‘rings vs. timgf Negative gap siie in
these figures indicates that the soil moved into the
inspection holes. ‘
’The‘averages of the measurementsmof'diameteh and level

change taken at Test Section 3 were on the order of 2-3 mm.
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S~ . An extenetve testing_.program wes %erried out 1r}he |

———-structura 1~1&boret9ry~et th&ihMMiy_OLAlhem._Ihe_._. —
samples for these tests were pgeperevd and sq:plied by \. ' N
Supercrete.(Alberta) Ltd., the menufloturer of the segments.

.5 5. 1 _sssn_nt_gn of §nmnl=s snd Test B:ault:
A The tests ‘were performed to 1nvestiqete the strength
~ and mode of failure of the longitudinal- joints of the
. segments and their depsndence on the: concrete mix and
" reinforcement used. Figure. 5 24 shows the deta'lls of typical
\specimens ' . S ' * 4
. Five sets of sauples were tested Each of the first
three sets’ consisted of three reinforced end three o
. unreinforced patrs of Joints D1 fferent ooncrete mixes. +
designed. to give 28 dey strengths of 25 30 and 35 ﬂPe. were
used in:these three sets. Tuo differeht bttches of. 40 lPa
\ concrete mix were ueed fn odte " and #5 ﬂnly unreinforced
ooncrete joints, three, pﬂrs in set 34 end ‘four psirs in set
IS were. tested Three oylinders gere csst from esch betoh

--to determine the ectuﬂ strength ( e
| Senple sets 31 12 end l3 were cast 1n speotﬂ mds
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fresults are summarized in Table 5.2.

: cylinder L

S C .
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-

replaced by a flat one tc»!boid eccentricity of load during

testihg
‘All tests were performed one weeR after casting. ‘The

s
V4 o

5 5.2 Discussion of Test Rgsg‘rt

4 Test results obtained from the first three sets of

-~

.}samples indicated that the concrete strength does not appear

to affect the strength of the joints. Any%®ffect of the

"strenbth of gn; concrete was probably masked by the

nat{ceebly podr castzng procedure employed in prepgring sets

V;#2 and #3 An eccentricity of load of up to 5 mm, between

ffthe uppérnand lowen*pieces of joints tested was measured on
j'some ‘of theSe samples Also, it was apparent that the g#aVel
ﬂused in the dbncrete mix was relatively coarse (19 mm)

E flight 1ncrease iR jo1nt strength was. recorded with

.4
R

reinforcementy : ;
Highet'301nt strengths were measured in sets #4 and #5
&{his;ras the rgsult of using concrete of higher strength
smal1er gravel size. and a better method: of casting One of
these saﬁbles gave a s¥rength even higher: thari:all of the
‘reinforced samples Ekcluding this unique sample, the
strengths*of lOngitudinaT joints, from sets #4 and #5,

- ranged bqgueen 36- 42% of the strength of the concrete

2 : . A

The effect of reinforcement on the mode of failure was

,signifiéant as shown,)n Plates 5.5 and 5.6. The unreinforced

%
A
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.

joints failed By ‘sudden vertical splitting through the
center line of’the segment. This is shown in Figure 5.25.
The refnforced joints failed slowly after vertical cracks
had developed on al), of the vertical surfaces of tﬁe
samples, as shown {h Figure 5.25. These cracks were first
observed at loads of 40-60 KN lower than failure loads. This
1mprovement in the mode of failure was offset by the
_d1ff1cult1es encountered during casting with th1s special
reinforcement in the molds. Because of these difficulties

the use of such reinforcement was eliminated..

5.6 DISCUSSION ON LINING BEHAVIOUR

“ Jhe measurements obtained from the lining instruments
/ .
of the three test sections and the results of the laboratory
tests were analyzed to investigate the behaviour of the two

linihg systems employed in the experimehtal tunnel.ﬁuf

5.6.1 Rib-Lagging System

The measurements of strains in the steel.rib, shown in.
. Figure 5.8, indicate the develobment of both normal forces
and bending moments. The maximum normal force corresponds to
an average,sod] pressure on the iining of 63 KPaﬂ This is
'eduivalenf.to :2% of the overburden pressure.

The bending moments in the steel rib can.be related
mainly to the eccentric wedging of the ubper joints which is
shown in Figure 5.6. The bendfng moment measured by strain
gauges 1 and*2 was larger than that measured by strain

/

~~
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UNREINFORCED JOINT

<

REINFORCED JOINT

Q

<]

Figure 5.25 ';o?ef of failure of reihforc_ed ‘vnd" unreinforced
‘ oints _ - . ‘ -
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gauges 3 and 4. This is a result of different eccentricities
at the upper joints. However, the normal forces at the two v
sections of the steel rib, represented by the strains at the
neutral axes, are almost the same, as shown in Figure 5:26.
The measurements also suggest that bending stresses
constitute up to 50 percent of normai stresses due to normal
forces and bending moments combined. The strain measurements
also indicate. (see Figure 5.7), that the equilibrium state
of the steel ribs develops within a short per iod after
installation and well before the secondary concrete lining -

s placed . . A-" o

Av Distortion measurements of three ribs in a 51milar
tunnel, shown in Figure 5.9, indicate that the vertical
diameter undergoes a change of 2 mm or less while the
horizontal diameter decreases by 5 to S mm. Level change¥ of
invert elevation measured in that tunnel are given in Figure
5.10. The initial decrease in this elevation, due to

settling ‘in of the lining system is followed by an upward

| movement which reflects the load release and swelling of the
Tﬁ\\\t;lﬁ\at\the invert. .\ | - )

' 8 A continuous annél\lar space between the sml and the
lining. from the crown to tbe springline was obserVed It

varies in 'size between 2 -4 cm‘and closes within two days to //"

'\ .
one week after expansion. ‘\\

Previous field studies on the behaviour of rib and
lagging lining system in Edmonton tunnels are given in.

detail by Eisenstein et al (1977) and E1- Nahhas (1977)
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. Their results are summarized and discussed in the papers by

Eisenstein and Thomson (1978) and Thomson and El Nahhas
(1980). These studies established the fact that the
equilibrium.state of the soil-lining interaction was reached
within two weeks for glacial till and within three months
for the Upper Cretaceous clay-shale. This concept was
confirmed again for the till by the measurements obtained
from Test Section 1 of the experimental tunnel. Since the

secondary concrete lining is usually placed in the tunnel

after much longer than this period, the soi 1 pressure is: TL

actually carried solely by the primary lining.

| Soil pressure on the primary lining was determined in
the previous studies either by direct measurements using
pressure cells installed on the timber lagging, or indirect

measurements using electrical resistance strain gauges on

- the steel ribs or deformation of t imber laggings, or by back .

analysis of the lining using the field measurements of the

. deformed shape of the ribs as. imposed boundary conditions

/lable 5.3 gives a summary of the results and some

1nformation on each tunnel The results obtained from Test_,

/

'-i,Section 1 of the expersmental tunnel are also included in

this table._Many factors contribute to the difference
.between the pressure actfng on the lining of these tunnels

such as: soil type, COﬂStPUCthﬂ procedure, depth/diameter<

_'ratio .A.‘etc.

The whitemud Creek tunnel, for example was excavated
through clay shale uSing unshielded drilling machines |
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whereas the other tunnels were drilled through glacial till
USing shielded moles. Higher strength of the clay shale
-allows more arching of soi} pressure around the tunnel. The
use of unshielded drilling machines allows the installation
‘of the primary lining very close to the face, hence more
load tends to be taken by the lining. The Rapid Transit
tunnel was relatively shallow. (depth to center line = 1.7
diameters) while the depth of the other tunnels is more than
seven times the diameter. These differences between the
Whitemud CreeK tunnel and the Rapid Transit tunnels have
contributed significantly to the ratio betueen the soil
stress arched around the tunnel and those attracted by the
‘lining. However/ it was interesting to note that the height‘
of overburden carried by the lining of both tunnels were
equal.
| The 170th street tunnel and the experimental tunnel at
Test Section 1 were both drilled through:glacial till using
the same construction procedure. The soil pressure measured
by the pressure cells‘uere very low mainly because of,the
tranSfer\of soil‘pressures directly to .the steel ribs. The:
‘calculated values of soil pressure based on deflection of
three pieces of lagging varied over a wide range (29. 5- 63%
of overburden) The calculated pressure based on the
measurements of the more reliable vibrating wire strain
gauges in the experimental tunnel, seems to indicate more
vreliably the actual load carried by the steel ribs in these

‘small deep tunnels.

oy
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| Finally, it is of lnterest to note that the height of
the soil (above the crown) which is carried by this lining
varies withtﬁ the range of 0 B to 1.09 tunnel diameters.
5.6.2 Precast _s_qml\_t?gg Lining q
5.6.2.1 Strains and Stresses in the Lining
Stresses at the neutral axis at the springline and
crown sections were calculated using ‘the measured strains .

N
~given in Figure 5.12 and ar

average value of Young' s modu lus

.

of 25,1007MPa. The calculate

i

5.27. Their ultimate values are 2.9 MPa at the springline,3eg5

stresses are shown in Figure
and 1.7 MPa at the crown which represents 48 and 28 percent
respectively of the stresses that would develop in the s

lining if a uniform pressure e%gal to the overburden were

. applied. If unequal horizontal’and vertical pressures are

assumed, the calculated stresses could result from the
pressure distrlbution shown 1n Figure 5.28. ok

Although the strain gauges were 1nstalled or embedded
close to a stress raiser the measurements indicate the ,
_occurrence of large bendzng stratns, especially at the
springl1ne section It was also notloeable.‘that most of the
" stress raisers at the springline were unoracked These
observations suggest that thepstress raisers particularly '
those at the springline level carry some reS1dual bending

:moments.shh.t;
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5.6.2.2 Li iner Thrust and §Q__ Pressure

“The ultimate 1iner thrust (resultant of hoop stresses)
measured in Section 2 by the load cells was 138 KN/ring, as
shown in Figure 5.13. This is equivalent to an average soil
pressure on the lining of 22% of the overburden stress.
Slightly higher thrust loads were taken by the segments at
"~ Section 3. Ultimate thrusts of 170 250 180 and3155 KN/ring
were measured in ring #1, #2, #3 and #5 respectively '
(Figures 5.15, 5.16, 5.17 and 5.78). These loads indicate "
.average values of soi 1 pressure on the rings of 27, 40 29
_and 24% of the overburden stress, At both test sections.
each of the loads attains at least 85% of its ultimate value'
within a week of ‘the 1nstallation of the lining in the
.tunnel During'this period the tunnel face had advanced 45
metres (18 diameters) or more. = ’

The relatively higher tﬁrust measured in ring #2 (Test
Section 3) seems to be the result of- the special ’
installation procedure of the load cells in this ring (see
section 5 4.3). The insertion of additional steel plates
under the load cells caused a signtficant prestress in this
ring Excluding the results from. ring #?, the ‘ultimate load
' measured in the. segmented rings varies between 138-180 KN,
_indicating an average.uoiform soil pressure on the lining of
‘22-292 of the'overburden‘stress These values are consistent .
. with. measurements«of strain at crown (Test Section 3) but
are relatively lcuer than those meaaured at the springline

P
No strain gauoes were used»in Test Section 3 because of
. 5 .
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their high cost. Hence, xhe‘ten'load cells provided only a
range of variation of linér thrust carried by five rings ' On
the other hand, strain measurements in Test Section 2 gave
an ;nd1catlon of the ratio between the vertical and
horizonta] pressure on one ring only The 11ner thrust in
”th1s ring was also measured us1ng two load oells. Combining
all these measurements. the range of variation of
non- un1form pressure on the precast segmented lining was
‘ determ1ned. As shown in Flgure 5.29, the pressure
distribution has an elliptical pattern withhcertical
‘preSsure between 45-59% of the overburden stness and
-hor?zonta]‘pressure between 27-36% of overburden stress.
Compartson of the pressureJdistrtbutions«on-the-two
lining systems with the original-in-situ stresses (KQEO.B to
1.0)gindjcates a significant change'in the soil stresses in
‘the vic?hity of the tunnel. This decrease in stress occurred’
. mainly while the soil was moving radialty to fill the<
annular space around the dritling machine as suggested by

‘the soil deformation measurements shown in Figure 4.26.

‘5.6.2.3 Distort1on of nglgg

Each rlng of the precast segmented 11n1ng is prov1ded
with four stress ra1sers -and four j01nts as’ shown in thure
5.14. These jo1nts and stress ra1sers act as sections of low
-moment resistance. They’ were 1nc1uded in the design with the .
1ntent1on of ianSFslng the flex1b1lity of the’ lin1ng and
reduc1ng the bending. moments .in the segments

oy, i
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p/0,

l'n-S.itu stress
(K, =0.8-1.0)
| o Pressure _distribution
o | - on precast segmented lining
Pressure distribution on’ -~ - p/¥-D .
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’ ' ‘Oz'Overburden stress at tunnel ¢
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Figure 5.29 , Variation of soil pressure on the lining
: systems | : ,
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Measurements of lining distortion in Test Sections 2
and 3 showedyvery small diameter changes, on the order of
2-4 mm. Similar movements were measured for leveltchanges of
the crown and invert of the tunnel. Inspection of cracking -
of segmented lining after the tunnel was comoieted showed |
~that the stress raiser at the crown of almost all the rings
were cracked. Most of these cracks were about 1| mm wide.
Only-at a few locations wider cracks were observed and some
cracks were developed even outside the stress raiser. These
unusual cracks are the combined result of residual
deformations during handling and expanding the segments.
Possible correlation between these wide cracks and location
of boulders encountered during“the tunnel excavation could
\only be established at one orntwo locations. Only hairline
cracks Were observed in a few of the stress raisers at %the
springline. It'should be noted that the higher tendency of
cracrs to develop at the crown is consistent with the higher
vertical component of soil préssure on the lining shown in
thure‘5.28.' 4 | _

" Despite the measures taken to reduce the stiffness of
the segmented lining, measurements of small distortions. |
large bending strains and indications of non- un1form so1l
pressure suggest ‘that the segmented rings are behav1ng as a
relatively stiff l1n1ng.

5.6.2.4 Gaps Betwggn inigg oi]
The. measurements of the s1ze of the gap between the
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lining and the soil are given in Figure 5.19 to 5.23.

Negative gap size in these figures indicates that the soil

moved into the inspection hole. From these ‘figures the

following observations are offered:

1.

“"2\

Most of the measurements indicate a gap size less than 5

mm, with only a few gaps ranging in size from 10 to 20

mm. These gaps do not appear to form a continuous

" annular space, but rather seem to be isolated. Further,

there appears to be an equal probability that the gaps
might form either above the crown or arounq epringline.
These gaps could be resulting from unsmooth:areas on the
excavated sur face ef soil.

A significant number of the measurements indicate
movement of the soil into the.inspection holes. This is

represented in Figures 5.19 to 5.23 as a negative ‘gap-

 size. Aga1n.‘th1s was observed through holes .at both the‘

crown and springline. Low rates of water flow 1nto ‘the
tunnel tﬁrough some of the inspection holes were
observed at the springline. This made measurement of the

gap size impractical 57 days after installing the -

lining.

Although the gap size measurements might not portray

with great accuracy the dependence of gap closure on time or -

tunnel‘adyance, they do show a clear trend toward a :

reduction of size with-time}.Some of the gaps have never

' cﬁosed but they are isolated and do not form a'cdntinuous
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space. On' the other hand, if the segments were net expanded
a .continuous annular space with“average size on the order of
20-25 mm wdutd\extst.

. Frdm”these\above.pbservations, it is. concluded that
radial.expansion&of the.seéments.essentially, eliminates the
annular space betweer the lining and the soilr This
1ndieates~clearly that Qrouting is_not needed if tnis type-
of tunnel constructibn,-which'utilizes expanded segmented
. -lining, is used in stiff overconsolidated clay similar to .

the Edmonton glacial till.

f

5.6.2.5 Strength of Longitudinal Joints |
Results of laberatory tests on the 16n§ttudina1 joints _'
of the concrete segments are presented and dlscussed in '
sect1on 5.5. They show that the strength’ of these Jo1nts
ranges between 36-42% of the concrete strength as.1nd1cated
by test cylinders Failure of the joints OCcurs'by sudden :
vertical splitting through the center line of the segment
This failure is due to the concentrat1on of bear1ng stresses
along the contact area of the coneave convex' surfaees, whtch 

cause»tensile stresses perpendicular to the segment center .

line. -

Soil deformat1on measurements presented in the )
vprecedIng chapter. were comb1ned with the data obtained for :

fthe pressure and deformattonsﬂqf the two lining systems to
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construct the reaction curves of the soil and the two .
systems of lining as shown in Figure 5.30. As diseussed in
section 2.2.3, these curves'are of great value when used as
a tool for qualitative discussions on some of the parameters“
1nvolved in the design of linings for tunnels in soils.

Since the measurements indicate that the behaviour of
the soil at the crown is significantly diffehent from that
at the invert, the ground reaction is represented in Figure
5.30 by curves illustrating the behaviour at the crown and
invert zones sepahately. Severat distinctive phases are
apparent from the chowh cuhVes. Initially, there is stressv
release due to excavation of the face. Mole clearance allows
the soil to clese on the shield. This soil defohmation is
’a]so the single most important source of ground movement and
stress release. After the mole plears‘the profiie. the soil
closes further on the yet unexpanded lining until its
expansion. From this peint the segmented liner begins to
.counteract the soil pressures until an equ111br1um is
reached. In case of the r15‘hnd 1agg1ng, the soil continues
to deform to close the annular space around steel ribs and
only after this stage the lining begins to be_activated.' |
Thus, the final equi librium with the rib and laggihg is
: reached at a higher d1spla¢ement but 1ower 11n1ng stresses

| It 1s interesting to note’ that the so1l at the invert.
responds very similar to the theqretical elasto-plastrc
’behaviourt.However, the hehaviquf/of the soil at the crown

'.depsrtsisighifieahtiy from such ‘ideal elasto-plasticﬁ
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r

axisymmetrica] condition. As discussed in section‘6.5.3.
both the mode of shear strength mobilization and partial
loosening of soil at the crown contribute to th1S behav1our

The re]atively low pressures carried by the two linings
'suggest the possibility of shear strength mobilization for
the 5011 around the tunnel which consequently results in
significant arching of in-situ stresses. The deve lopment of
this process is examined 1n‘deta11 for the experimental

tunhel in Chapter 6.

5.8 SUMMARY | |

"An alternate to the conventional'two-phase tunnel
lining was examined in this chapter. The introduction of
.'Shotcrete as a lining system in Edmonton tunnels, as an
example, could be successful. However, its use in |
4conjunctien‘with full face_tunnefingAmachines onld require
'many medifications to provide proper procedures. On the
other.hand the use of. an‘expanded-type'precast'segmented
'7lining offers pos51b1e comparabie savings in lining cost,
a_and construction time with fewer changes in the drilling
machines and in the construction procedure.

. A review of the instruments required to monitor tunnel
lining behaviour in general is presented and description of
'the 1nstruments chosen for the experimental tunnel is given
‘.It was recognized that vibrating wire strain gauges and load
cells are the mos t reliable 1nstruments for measuring loads

‘~carried by the lining Pressure cells were not used to

-t
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measure directly the soil-1ining contact pressure. This was

a deliberate decision based on a generally unsatisfactory

performance of this Kind of instrumentation.

Based on the field measurements in the test sections,

and the results of the laboratory tests, a detailed

discussion of the behaviour of both the conventional lining

and the precast segmented lining is presented. From these

discussions qhe following conclus1ons were reached:

1.

Steel ribs of the conventional lining carry a low

J percentage bf the overburden pressure (12%)._The

ultimate load taken by the segmented concrete lining

" varies between 138-180 KN/ring, indicating.an'average

soi]-pressure of 22-29% of the overburden stress. More
than 85% of the segmented lining thrust.develops wi thin
one weeK, while the tunnel face had advanced a\dIStance
of about 45 metres (18 d1ameters). Stresses in the steel
r1bs develop at a relat1vely s lower rate ‘

Pressure distribution on the segmented l1n1ng has ‘an

,_e111ptica1‘pattern with the'vert1cal'pressure between

- 45-59% of the overburden and the horizontal pressdre:'

between 27 and 36% of overburden . stress

Sma]l d1ameter changes and level changes (1n the order
of- 2-4 mm) are exper1enced by the segmented concrete
lining. The vert1ca1 diameter of the steel r1bs usually'
undergoes a change of 2 mm or less wh1le the hor1zontal,
diameter decreases by 5 to 9 mm. The invert of the. r1b

and lagg1ng system also exper ience an,upward_movement on

.
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the order of 3-12_mm. The difference in the deformation
of the two lining systems is a reflection of their
stiffress relative to that of the soil.

A continuous annular space, 20-40 mm wide, 1s usually
left ungrouted between the crown and the spr1ngl1ne
areas of the rib and lagging system after its expans n.
A smaller space about 20 to 25 mm could develop if tr=
segmented lining was not°expanded. Radial expansion of
this lining; however, practically eliminated this space,
leaving 1solated gaps distributed random]y along the\
tunnel c1rcumference This indicates that grouting is
not needed if this type of tunnel construction, which
utilizes an expanded segmented 11n1ng, is used in stiff
overconsol1dated clay s1m1lar to Edmonton glacial till.
The strength of the unreinforced longitudinal segment
'joints varies from 36-42% of the concrete strength.
Tnese joints fail by sudden vertical splitting througn 4
their center line. On the other hand, ~reinforced. joints
fail slowly after vertical cracks have developed in all
d1rect1ons However ‘this 1mprovment in the mode of ..
‘failure is offset by the d1ff1cult1es encountered dur1ng
casting with th1s spec1a1 re1nforcement '

&



CHAPTER 6

STRAIN FIELDS ARGUND A TUNNEL ADVANCING IN A STIFF7$0IL

6.1 INTRODUCTION

Drilling a tunnel in a soil mass results in significant
changes in the state of stress in the adjacent so11 These
‘ changes can be considered as a reduct1on of the radial
'component of in-situ soil pressure and an. increase in the
tangential component. Add1t1onal,stress redistributIOn
occurs whenever Lhe shear strendth of thevsoil is exceeded
or if the soil behaviour exhibits a time-dependent
component‘ Other stress changes, which usually occur~around
-the tunnel face even in an ideal, elastic so1l, are
associated with the doming of stresses at the face. and soil.
=1nteract1on with the dr1ll1ng machine. Any change in the
stress state results in a subsequent stra1n ahd hence -
:deformat1on Deformat1on components are easier to measure
than stress, espec1ally in soils. -

Th1s chapter presents the spat1al deformat1on f1eld

b sed on measurements around an advancing tunnel in a stiff
so”T\~¥he deformation field 1s 111ustrated by sets of
contour maps of the coord1nate components of the
d1splacement vectors It -must be emphasized that these .
contour maps were deve]oped using the field measurements of
so1l d1sp1acement around the exper1mental tunnel A computer.

gngph1ca1 system (SURFACE II) was used to generate these

205
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plots, based on the measurements given in Chapter 4. Hence
some relevant details of this computer package are included
in this chapter. | ’ -
Based on the displacement plots, the gradients of

displacement were .derived and: the strain field around the
tunnel was obtained. The strain field is presented here as
”strain rosette plots, contours of normal andhshear strains,
and contours of major and minor principal strains. Finally,
the maximum shear strain field was used to investigate the

- mode of mobilization of shear strength around the tunnel.

- ~\‘

6.2 SURFACE 11 GRAPHICS SYSTEM

SURFACE II ‘is a computer program for creating displays
of spatially distributed data. It has been developed at the
Kansas Geological Survey by Sampson (1978) A1though the‘
program was originally prepared for the graphical analy51s
of geological 1nformation it was used’ in this thesis to )
| generate and plot contour maps of displacements and strains "“\
around the tunnel based on in-situ measurements Some of the
features of this progrann which are relevant to its use in
produc1ng displacement contour maps are d%scribed here The
'spec1al features emp loyed in developing stkain contour maps
are discussed 1n section 6.4.1.
- The program divides the area under study using
rectangular grid of any size The irregularly spaced field
‘data,\{eg measured displacements at different points), are
used to estimate the displacement values at the grid ngges
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These values are the ‘numerical representation of the in-situ

~ displacement field. Two numerical interpolation téchniques;

"giaBAi“fif“;aas16651‘?%i”fags“af?eraa“sy the program for P
estimating the displacement at the regular mesh of points.
The local fit technique. employed in this study. is based on
. the hypothesis that .a near-by measurement: is a better
_ estimate of the value of a point on a surface than a more
-~ distant one, and that a small dﬁmber of the nearest control
‘points provides essentially all -of the information that is
elevant in an estimate.. | -
| The program aliows the user to choose one of several
waysvin which the measurements in. the vicinity of a grid
point can be" combined to create an estimate “The method ‘
”_chosen uses the nearest eight data points as controi points
The estimation procedure (called~slope projection) consists |
of two' phases as. shoun tn Figure 6.1. First the slope of |
the displacement surfacé is estimated at every data point by
a weighted least square fit of a trend-plane to the L
édisplacement vaiues at the ‘control points Second the local?
trend- -planes of the control points around each grid node areifiy
extended to give different estimates of diSpiacement at that
node The weighted average of these estimates is considered -:y
,the most likely vaiue of the dispiacement at the grid node v
”\- The program, also, offers.different choices\of the |
: f'distance-weight function for the caiculaticns required in
the two phases (see Figure 6 2) The more compiex functicn
| is widely used in the commercial contouring aystems and uas

L
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used in- this study.

The procedure described above results in a reotangUlar
nesh covering the area under study with an estimate of
‘displacement at each‘of the grid‘nodes. An essential step,
a(before-constructing the contour lines), is to define the
area representing the tunnel through which no contour lines
should be drawn. A special statement is used for fhis
pufpose which ess{gn a very small value to dispiacement at
the grid nodes enclosed in that area. The contour lines are
then drawn through the grid. This is done by linearly
interpolating between grid nodes to locate the points where
a contour 1ine of specific value will cross the edge of a

- grid . ’ )
\ - Admittedly, the estimation(procedure described above
34\ results in questionable values at the edges of the area
\\upder study. Thls 11m1tat1on however, was controlled in
,xn1s 1ngest1gat1on by placing the cr1tgca1 area of the
ﬂcontour map (tunnel'face and tunnel center l1ne) away from
the edges Gﬁ“ds of d1fferent 51zes were tried at an earlyp
- stage of the 1nvest1gat1on The spac1ng of grid nodes was
| chosen to suxt‘the spac1ng of data points, g1v1ng smooth

}contour lines at a reasonablescost.

6.3 THE UISPLAQEMEN T FIELD AROUND AN ADVANCING TUNNEL
Aithough tﬁe‘displacements around an advancing tunnel
'develop in a three dimensional mode, most. tunneling studies

,fsimpl1fy this as 3 “two- dimensional problem This 1nev1tably
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masks some of the factors influenc1ng the actual behavior of
the soil For example. the history of soil unloading and the
mode of stress concentration around the tunnel differ
considerably for two and three'dimensional.cases, In the
two-dimensional mode]l the unloading is carried out in one
\ step inia plane'perpendicular.to the tunnel. The release of
radial pressure isﬂaccompanied by a concurrent archingwof
tangential ‘stresses. In a real tunnel, howeVerG ‘the
.unloading due to tunneling occurs gradually as a function of -
the tunnel advance and the soil pressure domes around the
tunnel-face'first, then‘ultimately arches along the tunnel
51des - . | A |
One way of illustrating the spatial characteristics of |
a tunneling problem is contour maps of in- situ displacements
fand strains It should be realized however, that these maps
~ can show the variation of a function over a two- dimensional
_area only. Since the,field of-each_of the displacement.and
strain’components‘varies in three-dimensional'space several'
cross sections through each of these fields are required to ‘
investigate their spatial characteristics S
Three sections (A, B and C) were. chosen for the present
 study as shown in Figure 6 3 Section A s a vertical |
section, perpendicular to the direction of tunnel advance
'taken at a distance*of about ‘50" metres (20 diameters) behind“
-hthe tunnel face At that location all the soil movements due
to tunneling were stabilized and. had reached their‘ultimete ‘:
value Section B is a vertical longitudinal section through -;i:
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the tunnel center line while Section C is a horizontal

longitudinal section taken at the level of the springline of

fthe tunnel

6.3.1 Displacements at §ggtigg A y |
The soil instruments ‘located at Test Section 3 provided

extensive data of_the verﬁical and horizontal‘displacements
around the tunnel as a function of the tunnel ‘advance. |
Measurements from ten extensometers (MX31 to MX310) three
slope,indicators (S132 to 5134) and a set of settlement
points from this test section were used to create. the
contour maps of final displacements at’ Section A, |
‘}Measurements from slope indicator SI3 were excluded because
~of.the unsatisfactory.installation_as described in section B
The bopndaries of the map area of Section A as well as
the - location of 172 data points of vertical displacement are;
shown in Figure 6 4 The location of the 342 data points of
horizontal displacement over the map area of Section A are ;
A.shown in Figure 6.5. Due to the limitations of the
contour ing’ method at the map edges. (mentioned in section
 6.2), the: area in. the vicinity of. the tunnel was
:lintentionally placed near the centre of the mnp Symmetry of; -
displacement ‘about ' the vertical axis of,the tunnel was. :j=*" i
| assumed. Conseguently. the displacemeot components at every }f{;
f;two data points of symmetrical location in Figure 6 4 and §g7ﬁg
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points, located directly above and below the tunnel center
- line, were a551gned a hor1zontal d1splacement value of zero

to 1mplement the assumpt1on of symmetrical d1splacement at

these locations. B

For~Section A, a rectangular grid with a horizontal

spacing of OfS metres and a vertical spacing of 0.25 metres
was chosen. fhe~magnitude of the displacement components at
the'nbdal peints oflthjs grid wasAestimated using the
SURFACE 11 Graphics System as describec - section 6.2. The
contour maps of vertical and horizdnia Jispl ‘cements are

- given in Figure 6.6 and 6.7.

6.3.2 D1sglac nts at Sect1on B _
- Development of soil dlsplacements along Sect1on B can .

‘best be described using the data obtained from slope -
'indicaterv$I21 and the multipoint'extensbmeter Mxéz Some of
‘these- measurements are g1ven in Flgures 4.19 and 4.26.
_F1gure 6. 8 shows the dimensions of the map area of Sectlon B
~ as well as; the location of 86 data points of vert1cal

'd1splacement The locat1on of five hundred data po1nts of

i

horizontal d1sp1acement is g1ven in Figure 6.9. Based on
.these 1rregularly spaced data, the value of the coordlnate
'd1splacements was estimated at the nodes of a grid 2x2

-,metres square The contour maps of vertxcal and horizontal

"’

'dlsplacements for th1s sect10n are given in Figure 6. 10 and

L

I 11 respectively “" | : .°,
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633232_&&@.&1_&9;&1 | .
Lateral and longitudinal horizontal displacements at

“the springline level in the vicinity of the tunnel were
monitored using slope indicators at the three test sections
These measurements were used to construct ‘the: displacement.'
contour maps for Section C. The location of eighty data |
points within the boundaries of the map area of this section
are shown in: Figure 6.12. The grid used has a spacing _

- 0. 5x0 5 metres The ‘contour maps of lateral and longitudinal
displacement of ‘Section C are shown irf Figures 6.13 and s 1@’”‘

,AT) .

respectively - : o ";, f\« ‘ ;5§‘ R _}f;
6 4 §TRAI IELQ§ BQUN AN DVANQ;N UNNg /, - i;:f'_-% :

. The description‘of the general trends of soil
displacement around the experlmental tunnel and the main ,
factors influencing their characteristics were discu!%ed in
detail in section 4.4. The: contcur maps given in the ‘ o
| previous sectibn illustrate these trends and S ~f°-;y_ e
: characteristics These maps houever. ﬁere specifically i
j"produced as’ a first step teuards an 1nvestigation»of the '.'»p
strain fields and the mobilization of ‘shear strength 1n the .

5yicinity of a tunnel in a stiff overconsolidated:soil SR




224

o copaowm ut mucwEOOm_Q@bb teutpnyiBuoy : - ‘”___;HZ
pue- |esaje| jo sjuiod aumn *o :o:qoo,_ N— 9 o..:uI

[

e

.
$3¥LIN
0 S- 1Y
OOﬂ' Ll L T ¥ M T ¥ L La T LIS T ¥ .! -‘b- LD

o - 4 +* +. L 4

_v * - . + + +
. e o .

+
+o. . R
r > L * +. +
7. + + *» +
N . ~
+ - + +

Lo N
4 . .

ﬂ.om - + * * +*
ﬁ * - » + L *
T .N. .
+ . . L. ® * + +

! .. ¢ » . L+ *

— " L i ' A s 4 A i i i A i i d A A A
r 3 m B 0 ' m- ’ OPl
! . . . )
! - gk *

- 8
“
- . u

t “
. Ay




295

4
=,

(3 UAL3235) Juswace|dsip (eusre| 4o dew unojuoy g1 r9 BunBiy” .

Cawaw

E e s

LBl e ve-ge"




226

, (3 Uoyyoes) .
ucmsmom_ampn _mc_bnupmco_ 40 dew g:oucao v_dm,mg:u*u ; ;

U33NAINT




o227

‘two components of displacement and three components of
}strain in the case of plane strain Table 6.1 contains the
elationships between the dispdacement and strain components_j
in these two cases..To calculate the strains associated with~
_a specific displacement field, the operation of determining
»the first derivative, or simply the gradient is required.
|  The SURFACE II system is capable of simple calculation
'operations as well as the. determination of the gradient of a
surface in any direction The displacement matrix (which | |
: contains one of the displacement componenfn at’ the nodal
vpoints of a rectangular grid) is used to calculate a new
ﬁ‘utrix containing an approx1mat10n of the first derivative
at the nodal points of the same grid. Figure 6. 15 | )
'1llustrates the method used by SURFACE/%i to approximate the

: flPSt derivative at each node First two imaginary lines \

'are extended from the grid node in opp051te directions T'_ . |
‘1length of each line is equal to 1/4 the diagonel; length of & :
’ grid cell Values for the surface at points 1 and 2 arega A
.festimated by double linear interpolation from the grid
“fvalues in the cells oontaining the imaginary lines Thef?iﬁi_"”

‘geriVative is then calculated—according to the equationffV~‘f
- given in Figure 8. 15 1t should be noted that this procedure
:*_does not allow the calculation of the derivatives for the”"“‘"
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_ shear,strein are calculated. Figure 6.16 summarizesethe
proCedure‘for a plane strein condition.
6.4.2 Strains'gt Section A ‘
'As defined previously, Section A is a vertical lateral

~section at a distance about 50 metres (20‘diameters) behind
the tunnel face\ At that location, the in-situ soil
displacements heve reached their final values Thus, the
‘longitud\nal strains (perpendicular to this section) were
talmost zero which is the oondition of plane strain.
Accordingly, the procedure outlined in Figure 6.16 was
followed. - o | o

| _The con'tour maos.of;the ma jor and minor principal
| strains are presented in Figures's 17 and 6.18 and the
strain rosette plot is given in Figure 6.19. These figures
t show ‘that most of the strains actually occurred w1thin -1
diameter (2 5 meters) of the tunne] wall, There was a

significant rotation of principal strains from the

ﬁivdirections of the original in- s1tu stresses particularly at

v.p01nts located around radial lines 1nclined at 45 degrees ,
'above and below the horizontal The maJoQ‘principal strains

: vary between -0.69 and 2 99%, and the minor principal
fstrainé between '-2.46 and 1.85%. s o

The contour map of volumetric strains shown in Figure ,

A'l6 20 indicates that a column of soil extending above and

]‘below the tunnel has experienced a decgease in volume.

fswhereas the soil elsewhere showed an, increase in volume. .,

o
i
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““This volume increase was noticeably large at the areas '

adjacent, to the tunnel.

6.4.3 Strains at Section B
' Section B is a vertical longitudinal section along the
direction of tunnel advance. The contour map:'of normal
~ strains in the longitudinal and vertical directions are
© given in‘Figures 6. 21u2hd 6.22 respectively The contour map
of shear strains ﬁn this plane-is given in Figure 6.23. In
general the stﬁg1ns in thls sect1on are much smaller than o
‘those’ calcu¢%téd#for SEction A. The longitudinal and lateral
stra1ns varied wit&%h ranges of -0.07 to §. 06% and -0.37 to
0 04% respectively. while the shearastrain values' were
between '-o 22 and 0. 05%. The longitudinal and shear strains
| reached their max1mum values near the tunnel face, ‘and
decreased s1gnif1cantly with further advance of tunnel face.
"On the other hand, - the vert1cal strains were initiated |
w1thtn 10 to 12 metres (4 t9 5 diamters) behind. the - tunnel
face, and uere only slightly affected by further advance of

"the tunnel SR

,'644§___g___§trin umg o .
' 6.3, Seotion C is ‘a horizontal

o section at the springline extendihg 1n the direction of

| ’ttunneiﬂndvance Figures 6 24 and §.25 contain the contour ‘
mdps of lateral ‘and longitudinal horizontal strains at this
Ievel Ihe u-qnitpde of the strain varies Qetueen -3.4 and
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3.1% in the lateral direction, and between -0. 37 and 0.43%

in the longitudinal direction. The maps show that the

lateral stratns were ftrst developed just beyond the” tunnel

face, and their magn1tude became larger with further advance
-of the tunnel. until they reached their final values about

12 metres (5 d1ameters) from thgygquel face. On the other

hand the longitudinal strain had reached 1ts max imum value

Just beyond the tunnel face, the,magnitude then dropped

stgnificantly with the;advance of the face. The shear
‘-strains‘in thts section, shown in Figure 6.26, seem to

concentrate along the sides of the’tunnelt They vary between ‘

-3 and +33%. | ; - ,‘ |

It should be noted that the stra1n cond1t1ons at

_Sectlons B and C ‘are three dimens1ona1 The calculation of

principal stra1ns in such a cond1tion mus t 1nclude all the.%"

six components of stralns shown in Table 6.1. Produc1ng all
'.these components us1ng the ex1sting fac1l1t1es of the

SURFACE 11 System would require extensive work whtch is
,beyoqd the scope of the present 1nvestigation It was
(,conqjﬁded however, that the contour maps of strains in the *‘
fcoordﬁﬂh;g’direct1ons of these sections could. 1llustrate the
general. trends of thiéy
‘~inveq£§ ftnﬁ the extehtsof plastfc zones and ‘the
mobttizatidn of. shear lqngth tﬁ the vicinity of the tunnel

ag,/;

as d1scusséd~in ‘the’ next~section
B | B
e R S

stratn f1elds This will ‘help in



243

. ._ * [ARS

“a
*

, .4Au to_guomg suiedys guwzwfmo,ami.gnouc00 

o
$3¥L3n

-r

SIYLIN

20-00-90 3iva. ‘o 10

«

L O YT I v T

?>K"

n_»x vaEaLrs

u;



244

: ' ' »
6.5 MOBILIZATION OF SHEAR STRENGTH | |
One of the aims of this research program was to ‘3;*

investigate the mechanism.of mobilization of shear strength
and the development of plastic zones in the vicinity of the
tunnel - The contour maps of stra1ns can be used together~
with stress-strain characterlst1cs of the soil for th1s
purpose.. Spec1f1cally. the max1mum shear strains occurring
in- s1tu are compared to those associated with the onset of |
.1nelaét1c behav1our of the soil based on laboratory tests on
representat1ve samples The manner 1n ‘which the soil
strength was~mobi11zed leadsuto conclu510ns concernlng the
vfa1lure mechan1sm of. the.so1l and the arching process around
the tunne]. Th1s,1nformatlon has a dlrect bearing on the
predi‘ption of the"stabil_ity pf the tunnel walls, in the case
of untinedvtunnels,'or'the determination of soil pressure on |

~ the‘lininolof a tunnel.

6. 5 1. Contour’ Maps of Max1mum Shear Stratns‘
tThé’strain at a p01nt in a soil mass can be fully
fdescr1bed in terms of magnitude and orientat1on of" nrﬁnc1pa1
‘ stra1ns On the other hand, the mobi 1ization of the shear
f .strength of the soil and the deveIOpment of plastic zones
'*can be invest1gated by util1zing the max1mum ‘shear stra1ns
For th1s purpose, a contour map -of these strains was ‘
';constructed for. Section A as shown in F1gure 6.27. Those
_ strains vary in magnltude between 0 to 3. 67% and are
:1iprimar1ly deve!oped w1thin 4 metres of the tunnel wall Thep A

&
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\ .

strain components calculated for Section B did not indicate
any zohes of possible‘signiflcant maximum shear strain. The
.lateral and shear strains of Section C, given-ln Figures
6.24 and.S 25 respectively, show the poss1ble development of
another zone of h1gh ma X imum shear straln whlch is located
beside the tunnel at the springline level. This zone could
not be identified from Section A alone since the -

longitudinal strains at Section A had dropped to zero.

6.5.2 Results of Laboratory Tests on Till

The geoteéhnical characteristjcs of glacial till of the
Edmonton~area’are_summarized in Table 3.2. Of special |
interest here, houever, is the magn1tude of the maximum,
Ibear straln assoc1atede1th fa1lure and the development of
shear strength A d1rect measure of these strains can be
obtained in the‘Jaboratory us1ng the s1mple shear testing %@
‘apparatus Alternat1vely, maximum shear strains can be .
determ1ned employ1ng the measurements of maJor and minor
~principal stra1ns in a triaxial test Mon1toring the ma jor
princ1pal strain in this test is a routine measurement The
m1nor pr1nc1pal strain could be measured e1¥her d1rectly
usxng a form of the lateral strain gauge, or 1ndirectly by
mon1tor1ng the volumetr1c strazn Attempts to monitor the
‘mlnor prigpipal,stratn using d1fferent types of lateral
°strain 1ndicators are presently underway at the Un1versity .
ujof Alberta in a var1e1y of tests performed on different

:nnterials ’ C . ’ ’_], TS R



"7«vstrains in conventionai triaxial (dr"‘

"24’,7“

' Problem involved using the volume change readings as an _;
indirect method of monitoring lateral strein forl38 mm E
diameter samples. were described by Medeiros (1979) Since 3
- the degree of saturation of the tTll is about 400% and the S
i characteristics might change with back saturation. the
| vo lume change is usually monitored by observing the volume '

“of  fluid moﬁMng into or out of the triaxial cell The volume ‘
ﬁ,change of . small samples could be in the same order'as the | |
‘volume change of the testing system (cell and lines) Even fff
tests on. larger samples (100 mm diameter), performed as a:
7t part of the present study, yielded unrealistic estimates of .
'lateral strain _ ‘, % . 'f “'
| Another method of determining the maximum shear strain B
at failure from laboratory results involves the idealizatidﬁ
yof the stress -strain curves obtained from the triaxial test
;into a bilinear relations§§p between axial strain and ’y
tdev1atoric stress similar to that used by Dunlee and Duncan 'ﬁ
(1970). As shovm in Figure 6. 28 ‘the initfal part of ‘the - |
curve is. idealized by a. linear elastic relationship

f{ Therefore. Hoeke s law ‘can be used to calculate the minor

:principal strain which corresﬂgnds to any mgjop Prlns'pa*?¥°"

h’,strain on this part.of the stress straih curvey;fhe f{:;f*ir
_'_shear strain c n then be calculated_ Table 8. 2Hsummarizes
",the relationsh

»,equired to calcuiate the maximum shear - o
vailblane undrained)'and_

active~compression triaxial stresﬁ pj
'h The results of two conventi”
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qable 6.2 ~ Strains in triaxial test samples under different

stress paths - = .
General Hookds Iaw: . g = lbo, — o+ )]
Triaxial Drained: v E's -.—NEI ]
: . h . = . o«
Triaxial Undrained: g, =g "V + v ¢ __é..l
“ | . . ’ . e
. ara

’ Drained Ap_five Compressioni | _ . ,
' . Where '(Ac'1 -0, .'Acr3 <0 and Au = 0)

g, m-f G
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dralned and one undralned) performd on 100 mm diameter
sanples are glven in Figures 6.29 and 6 30 respectively. The;‘ |
calculated mexlmun shear strains based on the results of
-_»-*-~these tuo tests as- well as the- results given by ﬁederlos
B (1979) are. presented in Table 6.3. A Poisson’s ratio of 0 4 \
was used in these calculations. The results ‘'suggest that- the |
: ’velue of the maxiuun shear strain is dep‘ghdent on the stress
path. However. the results did not show a clear trend forf
"~ the denendenqy of these values on the stress level of

g

, maxinm sheer stralrl at feilure oould range approximately

-shear consolidation. - Y

Based on. these observat'lons. 1t was eoncluded thet the

K betwe.n 1 and 2; The louer Timit would ‘apply to po'lnts with

stress paths slmllar to extension br actlve conpression -
~whi le the upper limit would apply to the stress path of a
conventional triaxlal test
"sssm___sgemw__tr !szn.f_t_i.zs__m
| '~ Guided by the cmcluslons reeched in the previous
| .seetion. the contour mep of mim shear stratn at Section
‘ };;IA (Flgure 6. 27) wes re-examlneﬂ The zones vhlere the sheam
| _;stm:gth of the ol was mbmzhd were idealized: ,gs shown,
. in Flgure & 31(&) '
1£ the shear strength of the tlll is mblllzed et 2%
f.sheer strein, <four dtstinct fallure zones develep 'rwo of .
"'{ these zanes extend elmost _ventice_lly for about :2. mt;res. ’i' o
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m : .
“‘“the horizontal axis e‘llhe other two zones start at points
nqer the. invert and extend laterally for two metres then
turn upwards terminating about 1 met*re above the. .Crown a$ &
. shown 1n Figure 6 31(a) On the other hand assuming shear ;"_' .
‘ 'stréngth mobilization atél% shear strain Wl” lead to the

| ;';formation of two' em\etrical rmgtw"Each of- these rings

.I

"variation of shear 'strains m.thin :t’he r@?\ge 1 'to 2% w11“hl : 2‘{3
v o " e
" ;'resu'],t only. t&'a slight Change.&i the correspondmg zw% of -
g " ‘% B o :
shper*stmﬁhgt,h mobi'lization* _ e & L @ A ,.

B Asfmentioned ﬂpre&\giously, _ the horizontal strains anty
shea’rtsmgins measured@at Sectmn C show a tendency for the R
development of a. sigmficant difference m principa‘l’ strains égf?

at the sides of the tunnel This ind ’atﬁs another Zone of

te -copf.igmat.ion of

in Figure 6. 31(b) LT

. lngeneral _,V tlﬁ fai lute zones do not seem to Qrm a u
‘ -;Jni‘form"lc'i‘rcdler ring around the tunnel as oon'monly assumed
‘for deep tunnels.. Their shape, however has s‘éme similarity |
to’ those observed in model tests and elasto plastic finite
_}}'_‘element analyses, which are shown in Figures 6 32 and 6 33 ‘
i"respectively The development ofpplastic zones similer to ' .
those shown in Eigare 6.31.could be one of ‘the ma jor factors.

“involved: 'n" the ,fai_lure of a tunnel in Edmonton till i

n .
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gnsupported sect10n of a tunnel roof and was preceded by the:
‘n‘ format1on of longifudlnal cracks in the tunnel roof as shown

1n Figure 6. 34 : The, fallure cons1sted of a serwes of falls

<

of dlscrete blocks from the“brown Basep on ghe hypothesis

\ that 1bds failure was in1b1ated by the developMent of

i

ﬁ tensile siresses at ghe roof, an unrealwst1c vaﬂue o: Ko of
0.33 was: calculated In these calcuﬂaf1ons‘ the tlll was.

. assumed to behave as an 1dga]ly elast1c materwal Mafheson '
"'«;Jt@ concluded th@t ‘the sand leres contr ibuted ‘to. the

ire. and:’ sugqested ihat ihe apparent low value of. Ko may
- due to the presence Oﬁ’the sand lenses erﬂfig, O
. | Bbth the saﬁﬂ len;es and 301nt1ng system in the tin .
have undoubtedly contr1buted svgnﬂfieantly to the w'
development of th1s fallure For example thebJotnts wh1ch
_+« are parhﬂlel to the tunne1 wall ‘were bpeged as afresult 6f
'the release of the radial pressure The presence of small
pockets or thinclayers of sand enﬁanced the failure. of some .
il_of the blocks as that shown in Flgure 6.34 near “the
’springline On the other hand “the mobil1zation of the shea:f
'H_lstrength and the . accompanyIng excess1ve shear. stra1ns '
'-«.l-esulted ina redistribution Qf\the, stresses around the
tunnel Réductlon of tangent1a1 stresses due tg,the stress
,g'--'j‘:_‘redistribution. Gonsequent Ty opened the }engitud'inal cracks
‘dﬂallowlng the blocks to fall under thelr own weight. - '. R
T Anothér important aspect of the mobillzation of. shear"'

N

ﬂgitgength is that’tt explains the significantly low pressure
“arried by thé‘linlng compared to the in situ stresses in ‘
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‘jghe soil The mbbilization'di'shear strength in the zones
shown 1n‘Figure 6.31 confirms the pr%ience of . arching of the

in- -situ stresses to the surrounding oill thus: leav1ng only a

small portion of these stresses to be carried by the lining

. ,Y;g

S E The measurements given ih most pubiished tunneling case :&@

histories show that .préssures acting on tunnel linings are
less than the overburden stress. In a few of the case
a~histories summarized by Peck (1969) pressure acting'on the
q]Iang was equal (or even excs eded) the overburden stress.
In these iso1ated cases, one or more of’ the follow1ng “
N conditions existed | ‘ . v _
- ‘a); 5011 was overconsolidated with a horizoﬁial stress
: exceeding ‘the vertical overburden stress
b) expanded wedged lining. such as Don- Seg. was used. ;

c). 5011 had swelling characteristics

N
Cg et
Soas ‘

S )‘A:_ ‘/

e Any one of the above or any ccmbination can result vn

.pressures on: the linings equal or (in some cases) higher

rthan the overburden stress This could occur even though the -

shear strength of 5011 was mobiiized and the archidg p{ocess
’*took place f: e ; i i'ﬂ_.’l o .
R o - _ e N

| It seems more meaningful to use the ratio of the
f“preSsuze acting on the‘lining to the average principai

‘in ~gitu stress as a measure of ‘the degree of archi

;:in-situ stresseswghound tunneis. Such a~definiti,_ _
_:iessential when' the horizontal and vertical pressures are

fgunequal&fcase a) Expanding the lining by wedging action

y of

o o
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(case.b) does not allow" any control of the loads applied

dutding expansvon and could ultimately prestress ‘the 1ining

to a pressure up to the original'1n’sltuéstreSS‘theucase“of‘:
tunnels in swelling soils (case c) is beyond the scope of

theés thes1s but case htstorles of tunnels in such soils show
-that the swelling characteristlcs could result in/pnesﬂures .
much higher than ‘those developed due to the in- sxtu :

,stresses o ' : 'j“’" o

Apart from the special ‘cases of swelling 5011s and
g
expanded wedged lin1ng. excavat1on of a_tuhnel results in a .

~mob1lizat1on of shear str-

the soil deformation all-.53¥fl

employed. As a result the in- situ stresses dome around the

. tunnel face and ult1mately arch on the sides of the tunnel

leav1ng the l1n1ng’acted upon by only a portion of the

in-situ stresses .)‘-,- ) e :1.-V-‘.,
\'u ' '.‘. . : o ' "‘V’ .;{L‘Q'-‘(A; 0:& 'cv‘-\,,: '4 ' ¢J‘ |
5 6 SUMMARY f Aﬂ An. o : %h.-’}d“;;fffi f;: ‘t i‘l&y
e
.This chapter has described the stra1n field !round an
advanc1ng tunnel in stiff soll The in- s1tu measurement of

t
‘soi}.displacement i nd this experimental tunnel wes used S

.. “to produce contour meps of these dlsdlacements The cdhputergéf

o ﬁof ‘the: dtsplacements Section Ais a vertlcal.laterel

‘Q;rsection about 50 metres fngm/the tunnel;face.rSoctlon‘& s'artr

‘;°Three/seot1ons were chosen to 1llustrate the spatlal,nature o

'W graphlcal system SURFACE 1L was4uged to generate the plots
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“section at‘the level of the ththl%soringline The
_dispiacement contour maps showed the same trends and _
: @araéteristics described ‘and discussed in section_ll.A.._
These maps were specifically ‘produced, however. as a first
step towards a study of the strain fields and an -
investigation of the mode of mobilization of sh,ear strength
in the vicinity of the tunnel C, Qo
' The general trends of the strain fiei;dawere 1dentif1ed
'and atl strains were developed mainly vntpih’S to 4 metres |

-of the tunnei wall’ The . later horizom“;

T

il

\ became "larger wrth further advance of the tunnel They .. \
out 12
-metres (5 diameters) beyond their location A si@ilar l :

i

reached thei‘r'c final values when the tunnel Fece ‘wa

) ‘history of development was experienced by tee vergical
““‘strains On the other hﬂd‘.’f' the longitudinal strains reached

o , '

‘ ; theiar‘ ma,rgi[ f X value just behind the tunn@faee.ﬁ -,Their ,

of the tunnei face
»(Hé

?waf?[ The.prinéipal strains anﬂ their orientition as well as’
the volumetric, and maximun sheer strainsvwere calculated for

the final lateral section (Section A) A con'parison of the

""'- vin-siitu maximum shear strains to t se associated with the
__-c behaviour _of the s\oil based on laboratory testing

‘:'ﬂn

9

A

. AY

\



" h soil ten years ago The mobilization of shear str"engt.h

the mnbilization of. shear strength was, limited to a well ;
~ ‘defined area around the tunnel. This procedure Indicated
‘that the plastic zone did no{ have swuniform circulsrushdpe, T_
;similar to that which commonly results from two- dimensional o
closed form analyses of deep tunnels Houever. the.defined
-failure zones are: similar to the pattern.of feilUre zones
observed in mode testsxand obtained fﬂom some B
-~elasto plastio finite element analyses The shapebof t.‘:se~ J\n
uzones also sheds a new light on the failuj% bf a roof ' ”‘-fflv

‘observed in an. unsupported portion a& a ggnnel do the jame ';f

a around the tunnel confirmed the.existence of: anwarching

3

t\ l"‘

"'process which consequently resplted in a relatively low~

: pressure on the lininﬂ L A_~ugf’ ,_rj 3HA¢“1
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T concn.du_smNsAND RECOMMENDATIONS FOR FURTHER STUDIES

‘rhe characteristic elq‘\ts of the behaviour of turtnels
’m /_‘stiff so s have been iﬁeﬂtified described and discussed

irt m various chqpters' of this thes‘is Tﬂese elements are S
Pe led and sumarize?l 1mt$s chapter. . _I ,3'
o s 'q _ £ v v

&-:_\'_,"{B'ased on the résoai'ch uork qivgn in,: this tr'siﬁ\. “,, -

several obncluéions have been rewhed and are prgmmd i«? S

. ﬁ
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; f_»tlﬁs c&n bez,of signiﬂcant iwtnpce for paradnetric o
ies. of ‘gone of the factors 1nf1uancim tumel/behaviour.;'_j
; the {nab‘tﬂy of ihese msthods to incl' % 1 "1 ‘
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advanced in stiff overconsolidated silty clay till using a:
shielded drilling machine. Conclusions concerning the
charﬁctgnigjicfglgments of the behaviour of Lgnnels in Stiff
soils are presented in the fo)lowing sections.

7.1.1 Soil Response to Tunneling .
a) Soil displacemént vs. tunnel advance

The soil displacement .associated with the advance of a
tunnel through a mass of stiff soil can be divided into
three distinct stages with respect to the location of the
tunnel face. In the jiigilggggg, while the drilling machine
is advancing, the soil ahead of. the tunnel face 1s‘pushed in
the dtrectioﬁ'of tunnel advance: The soil in the crown area
experiences a slight settlement during this stage while the
Qround.surface heaves slightly then begins a downward
settlement. The second §1§g§ of soil displacement occurs
"while the‘tunnel drilling machine is actually passing .
_through the measurement point. The soil then moves raqjally'
to-éaose fhe anpular space resulting from the overcut of tHe
machine. As soon as this space is filled, the soil is
temporarily stabilized by the shield. The second stage is
also characteri;ed by a lo%gitudinal displacement of'points
close to the tunnel at the springline in a direction
opposite to that of the tunnel advance. In the third stage,
the soil again moves when the tail of the shield clears the
section. This movement soon stab11izes as the lining is

expanded and becomes effective.
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In-situ measurements around this experimental tunnel
illustrate the relative proportion ot_scll displacement for
each of the three stages in stiff soils. Soil movement near
the tunnel crown indicated that the largest portion (47% of
the final movement) had developed during the second stage.
The first and third stages contributed by 30 and 23% of the
final movement, respectively.
| The measurements of seil displacements indicated that
"Ko in the overconsolidated glaciel till of Edmonton area is
close to 1.0: ’

b) Soil d1spla¢ement vs. dept h

The soil settlement decreases }ap1dly upwards along a
vertical line directly above the tunnel center line. Final
measurements above the-expertmental tunnel showed vertical
dtspbﬁcements on the order of 30 40 mm at the crown and 8-12
mm at the ground surface which was about 25 m above the -
crown. Points below the tunnel 1nvert experienced a heave of
Qp to 6 mm which was much, less than the settlement at the
crown. It is suggested that gravity is the main factor
"enhancing the downward soil movement at the crown. )

It must be noted that Qﬁenever the difference in the
behaviour of soil at the crown and‘ipvert areas is
significant, an axisymmetrical idealization of_tunnel

”
behaviour cannot be justified.

c) Effect of the lining system on soil displacement
. The soil around the conventional lining moves more than

that around the segmented concrete 1ining mainly because of
. . 5 '

~



267

the difference in the size of the gap between the lining and
the soil. The expansion of the segmented concrete lining
essentially eliminates the annular space around the tunnel
. 'while the continuous space left around the rib and lagging
system is ‘usually on the order of 2-3.5 em. The greate:—r
stiffnesd of the concrete segmented 1ining also has a
seeondary effect in reducing soi ] movements to a greater
extent than the conventional lining. The difference between
the soil displacements associated with the two lining
systems is more significant fer points closer to the tunnel.
~ for deep tunnels, such as the case in the exberimental
wmne ., the influence of lining systems on the settlement at
the ground surface would be within'the'range of
rebeatability of the settlement measurements, that is, in
this instance the ground surface movements are virtually the
same for both-tybes of lining.

7.1.2 Beraviour of Lining Systems ‘

" The in-situ behaviour of the two lining systems,
(¢onventional lining and precast concrete segments), was
investigated in this:t;ests. The conclusions of Lhi§ part of
the investigation are summarized in the follow Qg sec ti

a) Conventional rib and lagaing support - system

The final _average so1l pressure on the primary 1in1ng
installed in the experimental’ tunnel was equivalent to 12%
of the overburden stress The eccehtric wedging of the steel
rib Jo1nts could develop some. bending moments, wﬁjch could
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contribute up to 50% of tne normal stresses in the steel

ribs. ,
Previous studiea showed that the equilibrium state of

_’the soil-lining interaction was reached within two weeks for -

a tunnel excavated‘through the Edmonton till. This concept
was confirmed by the strafin measurements in this |
experimental tunnel. Based on these observations it can be
“concluded that the soil pressure is actually carried solely
by the primary lining until the steellbibs and timber
lagging start deteriorate. P

The brimary rib anq lagging lining in a tunnel having
sim{;:r geometry, ground\condition and construction

procedure to those of the\experimental tunnel undergoea a:
change in the verticai diaﬁeter of 2 mm or less while the.
hdrizontal diameter decbeases by 5-9 mm. The primary linin
could also experience a net prard heave refiecting the load
release and swelling of the §01i at the invert.

b) Precast segmented lining

- The distribution of soil pressure acting on the precast ‘

: segmented lining in Jge experimental tunnel had an
elliptical shape. At the crown the magnitude varied between'
45 and 59% of the overburden stress while the springline
values ranged_between 27-36%. The cracking pattern along the
stress raisers of the segments‘was consistent with thig
distribution. It should be noted, however, -that the

'development of these, cracks was not- enough to eliminate the
bending moments at the stress ratfers Significant désidual

J
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bending strains’ were measured near the stress raisers,
especially those near the springline area. The segmented
lining experienced small changee in diameter and at the

invert . leved, on the order of 2 to 4.mm.

Ithhe precast segmented lining was not expanded, a
continuous annular space (20 to 25 mm wide) could develop;'
Radial expansion of the lining;'however; practicallx
eliminated this space which indicates clearly that grouting

~is not needed if an expanded eegTented lining is used in
similar stiff soils

The joints of the unreinforced longitudinal segments
fail by sdﬁden\sﬂlatting through their center line. On the

‘other hand, reinforced JOlntS fail slow]y after vertical
cracks have developed in all directions "However, this
improvement in the mode of failure is offset by difficulties

.(encountered during casting when special reinforcement is

incorporated into the segment .

o~

7.1.3 Strain Fields around Tunnels

The results of thts s tudy indicate that soil strains
associated with the excavation of deep tunnels in stiff
soils are confined to the area in the vicinity of the
tunnel. The vertical strains and the horizontal lateral
strains. (perpendicular to the direction of tunnel advance)
are inftiated just beyond the tunnel face The magnitudes of
both vertigal and horizontal lateral strains are enhanced

with further advance of the tunnel and reach their- final

%
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values when the"Thnqel face is about 5 diameters beyond the
section under study. On the other hand, the longitudinal
strains reach their maximum vaiues just beyond the tunnel
face. Their magn1tude8wsubéequentlyfhecrease'with furthee
advancement of the tunnel”face. ' | |

~ The Qrientation‘of the final principal strains deviates
from fhe direction of in-situ‘principal stnesses.hThe
principal strains tend to have an orientation similar to

that of the flow of arching stresses around the openiﬁg.

7.1.4 Mobili;g;ioﬁ of Shear Strenggn‘arognd Tunnels

. Failure zones around the experimental tunnel were
identifie& using the ﬁqximum shear strain failqre criterion
by comparing‘the in-situ maximum shear strains developed in-
the so1l with those assoc1ated with the onset of‘inelast1c
soil behaviour as determined from the resultl\of triaxial
tests on representetive samples. The failure zones indicate
that the mobilization of shear strength is limited te a well
‘defined area in the vicinity of the tunnel. These zones do
not form the ‘uniform circular ring which is commonly
obtained using two-dimensional closed forim analyses of deep
tunnels. However, the defined'failure zones are similar to
the pattern of the failure zofes observed in model tests and
to those obtained from elasto-plastic finite element
ana]yses.v o . .

The development of failure zones and the mobilization
"Ef shear stnehgth, ae described here, agree with the mode of

.
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failure of a tunnel roof observed ten years égo in an
unsuppor ted portion.of a tuﬁqgl in the Same soil.\The
mobilization process has a1so gonfirmed the oécurrenée of
the arching of soil stresses around the tdhne] which
consequently'results in the relatively low pressures

transmitted to the linings. ) o

7.2 GENERAL CONCLUSIONS

Based on the research work described in this thesis as

well as that of others, discussed in the various chapter§.

the following general conclusions were reached:

1. Although the disblacement'field around an advancing
tunnel is three-dimensjonal 1n‘nature, most tunneling |
studies assume it to be two-dimensional. Inevitably, |
then, some of the factors influencing the actual soil
behavior are masked, since the stress.history of the
soi l mass'and patterﬁ of stress coﬁcentrdtions are
different for the two cases. Data from the_gxtéhsively

‘instnumented test sections in the experimental tunnel
described in this thesis illustrate the spatial
_yariation of the deformatioq field around advancing '

. tunnels. .

2. Detailed planning of a tunneling monitoring program can .

contribute significantly to its success. The choosing. of

appropriate instruments to measure the expected

movements and loads as well as the early processing of

field data, using computer programs for their reduction

'S
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and plotting, make the execution of “the. monitoring
prognam smoother especially if a large number of ‘
instruments are employed. If a large program of

"instrumentation is ‘planned, one or more small test .

sections, containing a 1imited number of instruments,
shoul;'be used at an early stage of construction to
identify the general trends of the tunnel behaviour.
Such small test sections help in developing confidence
in the instruments, show the need for any modification

in their design and permit the usefulness of subsequent

larger test sections to be enhanced.

~a g

Most of the movements due to tunheling in stiff soils
occur around the drilling machine and up to 2.5 to 3
diameters behind the face. These displacements can be
minimized by reducing the size of the overcut of the
drilling machine and agtivation of the lining, directly
behind the tail of the mole as soon as possibie. In this
regard, the expanded preégs; concrete segmented 1ining
was found preferable. ' '

Points below tunnel inverts, in soils and even in rocks,

“usually experience a heave, due to tunnel excavation, of

a huch'gﬁaller magnitude than the settlement at the
crown. It is suggested that gravity i§ the main factor
responsible forithe soil movements,ai the crown being
larger. The idealization of tunnel behaviour as
axisymmetric cannot ‘be justified under such‘condiiions,

even for deep tunnels.

i
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The manner in which the sfrength oflthe soil around ‘a
tunnel is mobilized forms an 1mbortant part of any
descfiption of the failure mechanism of the soil and

further clarifies the accompanying process of arching.

This information has a direct bearing on the prediction

of the stability of the tunnel wall in unlined tunnels
and the determination of soil bressure on lingq tunnels.
Failure zones araund deep tunnels in stiff cfays. as
illustrated in this thesis, indicate that the
;;bilizatioh of shear strength is limited to a well
defined area iH the 1hmediate vicinity of the tunnel.
They do not form the uni}orm circular ring.,cOﬁmOEﬁy
predicted by two-dimensional closed fofm analyses.
However , there are same similarities among the defined
failure zones those observed ih\model tests and,
obtained from elasto-plastic finite element analyses.
Defining the degree of arching around lined tunnels as
the ratio of the average pressure carried by the lining.
to the overburden pressure can be misleading; especially
where the horizontal in-situ stress isrthe ma jor

_ prihcipal stress. Hence, it is suggested that for Ko not
equa] to 1.0, the degree of'arching should be taken as
the ratio of the pressure carried by the lining to the
average in-situ principal .stress.

It is noticeable that most of the available case
histories concérning tunnels in soil give detailed

descriptions of either the soil displacement field or

-

RO
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r T . |
lining performance. Rarely is a balance in depth
maintained. It was realized during the undertaking of
this research that separation of the soil and lining
into two independent elements could simplify the design
of tunné]sﬁ}n soil. However, in the study of the
behaviour of .such tunnels, a similar separatfon must be
avoided. This approach was found to.be essential in '
inferpreting thé'measurements and 1dent1fy§ng the most:
important characteristics of the tunnel’s behaviour.

It is difficult to explain the relatively low loads
carried by the lining without considering the mode of
shear strength mobilization in the surrounding soil.
rgimilarly. it is uﬁrea]istic to’ ignore the presence of
the lining and its stiffness when examining the
deformation of the soil éroUnd the tunnel. The
étructural element (liningf and the soil interact.
Neither may be considered independent of the other if
meaningful, realistic .interpretations of tunnel behavior

' ‘ H
-are to be made. \

i

7.3 RECOMMENDATIONS FOR FURTHER STUDIES

The relatively high degree of success of the
1nstrumentation program described in this thesis should be
enhanced by the ful] utilization .of its results. It is
suggested that further studies be conducted in tﬁefarea of
~ finite element modelling, and speCifically that the results
of this investigation be used to guide the develépment of a

special three-dimensional finite‘element progfam,for



~including the _tunnel face. advance; t?e goi]_- }ﬁ %9 ;

)

7/ '~~

tunneling in stiff soils. Such & program should includé

_..;"\\y,,)

provisions to allow modelling of ;he construcmon oF re,

interaction, and the lining activation {g shou?ﬂﬁ‘?éé .
contain a reasonable idealization ot\the 1beﬂastﬂc behaviour
of the soil to allow realistic mobilization of shear
strength and the proper development of failure zones. As‘
discﬁssed in section 2.2.5, the efficiency of computers has
improved in'the last few years, which makes the cost of a
three dimensional analysis more economical. The mounting |
need for such analytical tool, on the other hand, may
justify the development and use of such a program.

The performance of the precast concrete segments as a
support system for the experimenial tunnel‘was satisfactory

for the short tefﬁr Lpng-term studies are required to

document the behaviour of segmented lining over the 1ife

\

span of the tunnel.
The present study investigated the behaviobr of :
reinforced and unreinforceﬁ longitudinal joints of the
segment; in the laboratory. Further laboratory studies on a
full segment and a complete ring of segments may yield more
insight into the structural behaviour of this type of
lining. . _ ' A S
The: study inc luded in this thesis ws;/mainly ¢oncérned
with the case of relatively deep tunnels in stiff soils.

Studies on the behaviour of shallower tunnels in the sqnn(

‘ sofis would be valuabl Specifically, such studies could

-
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show the different trend af\t.he development of failure zones
‘and mobilization of shear strength around éhallow tunnels.
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APPENDIX B

. Slope Indicator Measuremerits at ‘Test Section 3
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