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\ ABSTRACT . - \

The haracterlstlc elements of the behaviour of a large

o

diametjr. | shallow tunnel constructed for the extension of

»

" the L1
been ddc nted and analysed in thls thesis.

ht Rail Translt System-in the City of Edmonton have
|

A/c mprehensive monitoring prbgram that included the
measuﬂemen of the displacements of the soil and primary
lining and the measurement of loads in the prlmary l1ining
was . used in the analysis of the factors that affect the
behaviour of the’ tunnel llning and surrounding soil mass.

,' The monitoring of ground displacements indicated that
ﬁost of the soil movements occurred * immediately above the
tunnel crown and that the tunnel construction did not affect
the nearby structunes

The measurement of loads on the primary lining system

showed that the steel ribs, at the tunnel crown, canr1ed
" loads from 9% to 26% of the overburden and that these loads
,are 85% to 213% hlgher than the average loads carried by the
t1mber lagg1ng ,

'The coupled analysis of the soil and ining behaviour
of the. tunnel reported herein and(‘/i ‘other tunnels
constructed in Edmonton indicated that there is no simple
theoret1cal design method, such as Closed Form Solut1ons or

Convergence-Confinement Method, applicable to the study of

shallow tunnels.

o
a ' ' N/
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“ 1. INTROOUCTION . =~ = .

Ty g™ ) .
N
.

1.1 General } |

The need for tunnels for transportation, drainage ahd
sanitary purposes has increased in the last decade due to
ufe growth of the cities. The 1r:bc1‘q:9 in  tunneling
activities is not proportonal to the improvement in the
understanding of . the compl$x~ phenoﬁona ,invovvcd¢‘1n the
transfer of load from the exg_avated ground to the support
during &nd after the tunne) construction. The need for
better understanding of the . factqrs affecting the
development of lining loads and displacements and ground

displacements is reflected by the fact that - the ,j:wglable

tunnel design methods do not take into account factors_vhat

&irectly affect the lining and . ground behavidwr,suth as
minor - construction detajls. The need for a better kn0w1edge

of factors affecting the interaction between tunnel swppOPt

v

system and the surroungﬂng soil mass enhances the 1moo#tanceq&'

of full scale field observations.

The City . of Edmonton is presently constructing the

extension of its Light Rail Transit System. This extension

crosses theé city core with two parallel, large diameter

tunnels,. bored close to the ground' surface. The lack of

detailed, full-scale, field observatiors on large diameter
‘turnels excavated in the Edmonton till led to a

comprehensive monitoring program.

Q
e



In this thesis, the monitoring program that in |
iyes

measurements of soil displacements and primary lining 16ads

and deformations carried out'during: the construction of ;the |

north tunnel of the South'Extensioh of the L.R.T. System of

Y

Edmonton is documented and interpreted..

N e
1.2 Aim of this Thesis ' . |

_—The field zdate. presented in this study should enable
the analysisfbf'the influehce of the constructioh gfocedure.
the e;fect of: the soil and lining strength and deformation
properties on the magn1tude and distribution of loads on the
lining and on the displacement field in the soil mass
surrounding the inétrUﬁentedftunnel.‘ The analysis of the
factors affecting the. lining and ground behaviour should
provide an insight into the.interaction'betﬁeeh the elements
of the 1lining system and the surrounding soil mé:s and the

effect of soil movements on the,structures near the tunhel
' Th; comparison of the f1e1d data documented here with
the data collected from another mon1tor1ng program carried
out 1n Edmonton, in a deeper, small diameter‘ tunnel
(E1-Nahhas, 1980) should enable the analysis of the
influence of the depth ratio (degth of the tunnel
._axis/tunnel diameter) on the mode of deformation and plastic
behaviour of the soil and how these affect the ‘lining’

—
____—-behaviour .



-

1.3 Scope of this Thesis

A brief outline of the Light Railway Transit System
(LRT) presently being extended in the City of Edmonton is

. presented in Chapter 2. This chapter gives an overview of

the geology of the Edmonton area, a description of the

subsurface soil profile close to the instrumented section

and the construction procedure employed in the tunnel

construction.

-*Chapter = 3 summarizes the ground displacement

- measurement techniques; It presents a detailed'description

of the design, installation and mééSurement~prqcedGbe of the
instruments chosén for the measurement of ground movements
used in tﬁe mdﬁitoring program carried out .durihg the
construction of the north tumnel of the LRT Soutﬁ Extension.

The measured soil dispiacements are presented- and

interpreted in this Chapter.

In Chapter 4, the methods available to obtain the

magnitude and distribution of groUhd.loadS'on linings are

présénted and discussed,.'A detailed description of the
design, installation‘ and measurement procedure of tHe\
instruments used in the study of the LRT primary 1lining
behavjour is presented. The results obtained from the lininé
instrumqntations ase presented "and discussed in this.

Chapter.
i N :
Chapter 5 presents 'an analysis of the interaction

between the soil and the tunnel support system based on the

data presented in “Chapter 3 and Chapter 4. In this chapter,

A}
N~ -

~

”\\/ .
’



the applicability of Closed Form Solutibns and the.
,Convergence-Confinement .Method " for thé . evaluation 6f the
soil and structure behaviour in shallow-tunne]s is. .analysed.
This analysis enables 1nsights into the factors affecting
the ground and lining fnt?ractipn to be discussed.

Finally, conclusions are offered in Chapter 6.

Y



. 2. THE L.R.T. SOUTH EXTENSION

*.2.1 The L.R.T. System | | .
The City- of Edmonton is presently building the géuth
Extension of the Light Rail Transit System - LRT. The South
Extension completes the connection of the southern region of
the City with' thenCﬁty core. |
1The North-East 1line, already built, connects the LRT
Central Station, located in the downtown core, with the
north-eastern suburbs while (he“ "South Extension”, under

v,‘construct1on will conne‘!b the Central Stat1on with the

Canadi X Pacific Railway r1ght-of—way, south of 100th-

‘avenue. paral]el‘to 109th street. ‘

A schematic repreéentation of the LRT South Extension

is shown on Figure 2.1..

;

2.2 LRT South Extension Construction Procedure |
The constructlon of the South Extens1on is divided into
three. d1fferent sections:
- The tunnel section
- The sfations : o
. ~ The portal section |
Each of these sections is describe& in the

following section.
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2.2.1 The Tunnel Section | B |
' Due to the  fact that the _consteaétipn aree is -
1ntensively developed and that the obstruotion of Jhe'
" traffic would lead to serious problems, it was decided that
the LRT Central Station, the 104th St and 107th St Stations
(Fig . 2.1) 'were to be 'connected by two paralliel tunnels. ,
employing the same constructionAprocedure as .that ’used for
the - construction of the wunderground portions of. -the
North-East line. | | | |
The north tunnel excavation was planned to begin fE6m
the LRT Central Station and proceed westwdrds under Jasper
Avenue."This procedure would ‘faciiitate the disposal of
“spoil material that wou]d be tranépdrted in.rail cars to the
‘ north*easterd region of Edmonton, usihg the ex{stihg LRT |
line. \ | ; | d |
The tunrielling boring machine (TBM), latér described ih
this ehapter.'wés p1anned‘to.pfoceed to 106th Street where
an aecess shaft is to be COnstructed The TBM willkbe
dismant led in this- shaft and taken back through the ex1st1ngﬂ
.+ tunnel to -the Central Stat1on. to beg1n the excavat1on of
~the'second tunnel (south tunnel). ) |
’ Section: 2 4 spec1f1cally, deals w1th the tunnel sect1on
-s1nce the north tunne construct1on between Central Station

and’104th Street Station 1s the ma jor focus of th1s thesis.



&

2.2.2 Statfons | |
Three stations will be built between the LRT Central
Station and the river crossing: ’
104th St Station \
107th .St Station
Government Station
The 104th St and the 107th St Stations will be built
using a cut and cover method. The walls of the excavation
wiil copsist of cast in place concrete tangent piles.. 2
The concrete piles will be installed to a depth of
about 18 metres below the existing grade (éfreet level) and
will carry the-latéral earth pressure fréh the soil, as Qel]
as the vertical loads from the station and street above.
Permanent horizonfallstﬁuts w{ll be provided at the street
tevel, the mezzanine level, and atifhegbase of the station.
The first of the LRT tunﬁels (Nor th tunnél) will be
bored through the 104th St Station after inSta]laéion.of thé

tangent pile walls. The excavation of the station itself .

. will be finished after the first one of the two tunnels has

been completed.

The Government Station. will be constructed near 98th
Avenue oh the existing CP rail right<gf way . The LRT ‘tracks
at this station will be near the existing.CP rail track

leVe].



2.2.3 The Portal Section |

The Portal: Section will consfst of twin tunnels which
curve southwards from the 107th St Statieh‘\end baés under
109th Street (Fig 2.1). In this section, the tunnels rise to
emerge on the exist'ing CP rail right of way south of 100th
Avenue where , at ‘the location of - the proposed tunnelA .
portals, the LRT tracks will be approximately‘53metres below
the existing CP rail tfack level. | .

From the tunnel porta]s. the LRT tracks rise: at a
constant grade and merge with the exisffng CP rail track
leve] between 98th and 99th Avenues, immediately north of

the pfoposed Government Station.

-

2.3 Geological and Geotechnical Description 1n the Edmonton
vand the LRT System Area -

Exper1ence has .shown that a knowledge of the geologic,
origin of glac1al deposits can provide a framework for an
analysis and interpretation of geotechnicel‘data (May‘and'

2,

.THomson, 1978) .- _ % -

Based on this experience, a summary of the. geology of
the Edmonton area is presented in this section. The
' geotechnical properties of the soil deposits in the vicihity
of the ground and lining instruﬁent‘\installation are also

presented in this 'section.
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2.3.1 Geology of the Edmonton Area N

The C}ty of Edmopfon,ia located in an. area ‘of low
relief, with elevatioﬁs rahging from 700 metres to 830
metres. The'surficial maferial is a glacial lake sediment
that caps a succession of Ple1stocene deposits that 1nf111ed
a preglac1a1 va]ley,system The present’ North " Saskatchewan.
river has’ eroded through the Ple15tocene depos1ts and into
the bedrock. . )

The pre-glaciai channels were ernded fnte the Horseéhoe
Canyoh Formation of the, Edmonton Formation. The matér1a1
. compos1ng this Format1on is of the Upper Cretaceous age (140
to 190 metres thch) andecons1sts of ‘mudstones, cTayshales
and sandstones, deposited ' in brackish to fresh waler of a
shallow inlaﬁd,sea. The presence-ef bentonite - in ' form of
seams and admixtures in this Formation. is ascribed to
volcanic ash deposition. | '

-After the uplift early in the Cenozoic, the bedfock '
sur face was eroded by a well integrated river"system (Kathej
and McPherson, 1975). Portions of these pre-glacial channels
. were.filled with late Tertiary sands and gravels ‘termed
Saskatchewan Sands and Gravels the thicknees of which varies
from 4 metres to 20 metres in tﬁe‘Edmonton area. \;"

The advangeﬂ of ice into the Edmonton area during the ‘
late Pleistocene laid down two till sheets. The lower unit,
up to 6 hetres ‘thick, rests directly on the Saskagchewan
Sands and Gravels. It was laid down by an ice lobe moving.

from somewhat west of north. The ice-advance direction can

a
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be 'evaluated from elongated pebbles with the longer axis
.oriented "in the NW-SE .direction. -The lower till is
characterized by its greyish colour and rectangolah joint
system. The upper till was derived from an ice Jobe
advancing from east -of north The ice reworked  the upper
metre'of the lower till. The upper nill of .brownish colour
and with a 'columnar' system of. jogp?s. is in some areas
Qseparated from the lower til}’ by strat1f1ed sand lenses,
called Tof1e1d Sands ;}Hese lenses vary in size and shape.
vary1ng from contort 1nclusions, less than 10cm in size, -
to more 1ent1cular shaped bodies, continuous over distances
in excess of 50 metres (May and Thomson. 1978) These sand‘
lenses often are water bearing and m1ght be a source of -
probtems/ddﬁing tunneling actiVities. The two till Layers
have ‘similar ‘geotechnical propert1es the lower one being
s]1ghtly stiffer than the upper one. -Dejong and Morgenstern
(1973) reported blow counts (SPT) h1gher in the lower till.

Above the upper till - are s11ty clays, dep051ted in
glacial ‘Lake Edmonton. Within.these sediments, large oieces
of till-like material are found and have been termed
diamicton by Nestgate (1969) or lacustro-till by Kathol and
‘McPherson (1975) |

The lake dep051ts “are covered in some areas by fill-
material, generally consisting of clay, mixed topsoil, sand
‘and occasionatWy rubbte; |

Figure 2.2 presents a summary of the Quaternary geo]ogy

 ofthe Edmonton area.



12

Allu\\riuﬁ._'Organic deposits, recent lake

@
-]
i9 _deposits. )
2
E:
Lacustrine sand, sflt and clay, organic
'v | y ~ deposits, aeolian sand and silt, rivér'." 3
) Alluvium e
Ti11
e ] o
. " 3] E, 9 .
i it t o . . ' . -
«Q & Y
« [ Y] &~ -]
Ve ] oMo : ?r . L . ¢
_ 5 é = .Sand and sandy gravel, some silt and clay
R . e
) T11.
Tertiary . Saskatchewan gravels and sands
(undivided)

;

Figure 2.2 QUARTERNARY. GEOLOGY OF EDMONTON AREA (AFTER MAY
AND THOMSON, 1978) . '
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" A ‘generalized east-west section through central:

{édmonton is shown on’Figure 2. 3.

by Thurber Consultants Ltd (1980)

.'-r

b

2.3.2, Stratiqraphy Along the, LRT Track Centreline in the
Area of the present.Study . o '

f The strat1graphy along the LRT trackxcentreline. close _
to the region where the ground and l1n1ng instruments were d
installed is presented in F1gure 2. 4

" The borehojes indicated in Fig 2.4 have been reported
)

-~
[N

« . . -
'

\2 3 3 Geotechnlcal Properties of the Soil Surrounding the

N
\.,

Tunnel '
‘ The results'.from laboratory tests oarried out on
undwsturbed samples extracted from the boreholes drilled
aloﬁg the LRT South. Extenswon are presented in Tables A1 to
A6 1n Appendxx A The locat1on of the boreholes from- which.
the ‘samples were removed is g1ven in drawing no. 14-31-1-6
in the report by Thurber. Consultants Ltd. (opt. cit.)
- Thei geotechnical properties of the Edmonton till have
been extensively studied and a*summary of some properties is
presented in “lable-2.1. The lao'tests results présented in

lables A1 to A6 are summarized in the last column ofttTeble

2.1,
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Figure 2.4
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2.4 Detai.led Description of the Construction of the Tunnel

Sections

2.4.1 Tunnel Boring Machine

The tunnel sectiqns of the existing north east line of
the LRT System were excavated wifh the tunnelling boring
machine (TBM) built by Lovat Tunnel EqUipment Inc., Ontario,
Toronto (Model M-246 Series 2100). The machine is owned by
the City of Edmonton and a section illustrating it§
operation is preseéted %n Figure 2.5. | '

The decision to use this TBM in the construction of the
LRT South Extension was based on the convenience of using an
equipment alreédy owned by the City (ini@al investment,
experieﬁzed operatiné .crew) and on the successful
construction of the existing;tunnels of the subway systgm of -
" the City of Edmonton. '

The spec%fications of the TBM are given in- Table 2.2
and more dgtails will be given in the construétion me thod

description, later in_ this séction.

2.4.2 The Lining System.

The system chosen for the LRT South Extension tunnei is
the same as that previdus]y‘used in the constructioh of the
tunnels Qf the ,exi&ting lines. The system is a two-phase
liniﬁg. that comprises a primary, Jof temporary, and na
secondary, = or final, lining. As‘sﬁown in Figdre 2.6, the

primary lining is composed ofJ segmented steel ribs W6x25



BORE

"CUTTING HEAD TORQUE
PROPULSION THRUST .
FRONT UNITIZED CONVEYOR

: 6.27 m
: 2412.5 KN.m
1 22.24 MN

:1.2m wide x 7.5m long

POWER : 995 HP

ROTATIONAL SPEED : 7 RPM

LENGTH | . 5.5m

MAXIMUM ADVANCE PER THRUST : 1.68m

TOTAL WEIGHT 1174 KN i
TABLE 2.2 - . SPECIFICATIONS OF THE TUNNEL BORING MACHINE

(LOVAT MODEL M-246 SERIES 2100)°
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OUTSIDE 'DIAMETER (AFTER i
\RIB EXPANSION) = 6.19 M S | N

" 30.4 38.0 CM
THICK CAST IN
PLACE CONCRETE

W 6x25 STEEL RIB
1.2M C. TO C

10x15CM TIMBER
LAGGING

SECTION AA

> " ~ SOIL

Figure 2.6 L.R.T. TUNNEL LINING SYSTEM



(yield point 300MPa) 1.22m centre to .centre and' 10x15cm -
tlmber lagging placed between the webs of successive ribs.

The secondary lining consists‘of cast in place reinforced
éoncretel and is- p1anﬁed .to be installed after the
construction of the second (south) tumnel .

| Since, throughout this thesis, the measured ground and
lining displacemehts and loads on the 1lining are taken
before installiation of the secondary lining inStaliatiqn.
detailed deScription of lining installation will only refer

to the primary lining.

2.4.3 Construction Procedure
The first phase of the tunnel constructiép (i.e. before

the instal]ation of the final 1lining) 1is discussed in

,detail. in the following paragraphs because its role in_ the

~ tunnel lining and ground behavioUr'ﬁS of utmost importance.

The tunnel construction .procedure basically qonsists

of:

1. Grqund excavation

2. Excavated material disposal _ '.‘ S
3. Material supply | |

4.f’ ﬁrimary lining erection

5. Parallel actjvifies |

Each of' these activities is described below:
- Ground Excqratlon
The ground is excavated by the TBM described in Sect1on

2.4.1. The cutting head of the TBM (Plate 2.1) is furn1shed



Plate 2.2 EXPANDED LONGITUDINAL JACKS
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v
with-stx spokes that give supcort to thevslide'gates "~ These
doors are hydraulical]y operated and are designed to prevent
.any major flow of soil towards the face of the tunnel.

The advance of the mole is provided by a set of 20
hydraul1c propuls1on Jacks located circumferentially around
the per1meter of - the mole. These jacks have an internal
diameter of 20.32cm (8") and a ma@imumlwquing pressure  of _
17237.5 KN/m2. (2500 psi) The distance travelled by the
mole, after one push is controlled by the depth of the jack
pistons that goes up to 167 64cm (Plate 2.2).

The 1nd1v1dual control of each Jack makes possible the
steer1ng of the mole. The mole alignment is guided by a
laser installed in the mezzanine level of the Central
Stationt | |

To reduce drag friction, the - cutting profile of the
mole is . 19mm (in ‘etraiS%t portions of the tunnel)}larger
‘thanvthe.djameter of the shield.~w%*~ - .

‘ All "the hydrau]ic systems and electric .motohs ahe

controlled by the mole operator from the dBntrol panel shown

in Plate 2.3. Ind1v1dual controls open the front doors, turn

the front wheel,'advance the mole, activate the conveyor .

belt and expand or_retract the rib expansion ring. - .
During the excayetion, there is one person in charge of |

, -the face control. This person is responsible for stcppinéﬂ

excavation whenever the behaviour of the soil at the face

departs from normal. \\>

Excavated Material Drsposal :



Plate 2.4 CONVEYOR BELT STRUCTURE
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The rotating cutting head detivers the soi1  to a
Cthexor Selt system composed of two independent conveyor
belts: the primary and the secondary. The primary conveyor
is suppofted by the structure of the mole and delivers the -
soil - cuttings to the secondary belt which is supported by a
heavy steel structure pulled by the mole (Plate 2.4).

‘ From the conveyor belt system, the excavated material
falls into track mounted hopper cars that are pulled back té
the Central Station by a small electric t;actor.. '

" The loadihg of the'cars is a three man operation: the4g"
mole:‘operator.' controlling the conveyor belt system; the |
tractor driver who advances the"car wheh a portionlof it is
fitled and the third man. stationed at the end of the
_ secondary cohveyor belt cohtrolling'the muck ~ level inside
the cars. - | , -

Material Supply

The basic material necessary for the first ‘phase of the
tunnel construction is the materjal for the primary lﬁning
erection (steel 'ribs and laggigg) and for the trécks. used
by the muck cars. This material\comes from the eastern end
of the North-East line, together with the empty -muck cars,
pushed by thq subway trains. This material is brought to the‘
‘face of the tumnel and unloaded by four men. |

Lining Erection ; -

After the‘mole advances a distahcé slightly lbngér than

the required 'spac{;g between ribs, Athe ]ongitUdina]

hydraulic propulsion cylinders are retracted and so is the
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mounting ring that rémains between the propu]sion jacké and
the last installed steel ribs. This ring is provided with a

chain that runs around its circumferehce and is connected to

"an electric motor that rotatés the chain.

The first.steel rib section is placed at the invert of
the shield and its ends are attached to the chain in the
mounting ring. The chain is rotated by 90° and the second
steel section is placed at the invert, attached to the chain

in the mounting ring and has one of the ends connected to

the first rib section. This procedure is repeated until the

fourth rib - section is inétalled. Sometimes it is necessary

to cut a few inches off the fourth rib in order to make it
fit within the space left between the first and the third
rib sections. The four ribs are connected to one gnotheﬁ

ihrough end plates with two sets of bolts and nuts for each

joint.

After the four ribs are installed, the pieces of wood ‘

- lagging are placed between fhe webs of the successive ribs

as shown in Plate 2.5. The spacing left between the last two
installed steel ribs Eings is §light]y larger than the
timber length (121.9cm) to facilitate its installation in
betweeﬁ the ribs. The lagging. installation starts frém the
invert and proceeds to the crown and is done by four men.

- After all pieces of lagging - are installed the
longitudinal jacks‘_afe actiYaged to close the additional
space -initially left between the last two vstee] Ejngs to

facilitate the lagging installation.



Plate 2.6 RIB EXPANSION
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|
\

The expansion of the steel ribs follows the lagging
instaliation. The rib expansion is done immediately after
these are exposed to the ground with the help of the rib
expansion ring. The rib expansion ring has its diameter
incréésed by the expansion of four jacks that can be
individually activated (Plate 2.6). Each expansion jack has
an internal diameter '6f 15.24cm and. a maximum working
pressure of 10343 KkN/m2. In the north tunnel of the LRT
South Extension, the two upper jointsuwere expanded and a
15.24cm spacer was placed in each of them.

After .the rib expansion..the,excavation pEoceeds with
the mole jacking . agéinét the lining.‘repéating the cycle
described in this section.

Para%:el‘fcflvlties _ R

Several activities occur simultaneously with. those

previously described in this section. SoMe of these paraliel

activities are listed below: . <>

i1. Extension of the power supply and telephone cable

< Verificafion of the laser alignment -

?3. Installation of the steel clamps that provide guidance
for the conveyor belt structure

4. Installation of the tracks for the muck cars

5.' Extepsion of the ventilatibn'plastic pipe to the head

.of excavation.

The activities related to the tunnel construction are

in the flow chart presented in Figure 2.7.
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2.4.4 Rates of Excavation

As explained in Section 2.2.1, the excavation of- the

- north tunnel, LRT South Extensionf was planned to start from

the west end of the Central Station and proceed to the 104th
St Station. The excavation beyond the east end of the t04th
St Station would depend on the end of the (\:onstr_uc‘tion of
the tangent pile walls, latér 1ncorporated to the structure

of .that statioq. The critical path on the construction row

construction was determined by Qhe work done in the 104th St
Statl&ﬂ since, well before the beginn1ng of the construction
of this station, the mole was in position to start digging
The beginning of the- tangent pile construct1on OCCUPPed in
early March. 1981, whereas the mole was ready to steft

’ dlgg1ng in late November, 1980. The distance to be excavated

before the mole reached the 104th St Station is 166 metres.

This distance could-be excavated in approximately 10 days if
thé excavation proceeged with three shifts of eight" hgurs
per day. The choice of excavating at a slower rate of

advance in this first stage of the tunnel construction was

encouragtng because - it would benefit all parts involved in

the tunnel construction. As}far as\\the monitoring program
was concerned, the decrease in the mole advance rate would
permtt é greater number of readﬁngs and give more time, if
necessary, to solve evéntﬁa] problems with instruments.

The beginning of excavation was January 19, 1981, with

ope crew working eight hours a day, and the 104th St Station .

A

‘chart of the., first: stages of the soutn extension_

b
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" was reached on March 16, 1981. The tunnel construction was

\Ehut\\\ until the completion of the tangent pile walls of \_

this staﬂhml\\ _ _
. The rates of excavation measured in the construction of

the first stage of the tunnel construction described in this

section can be obtained from Figure 2.8 where .the position

of the mole is plotted versus time.
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3. SOIL DISPLACEMENTS DUE TO T NNEL ING

3.1 Introduction

Obsgrvational and instrumentafibn programs tunneling
are extremely helpful for an understanding of e ground
' response, for the evaluation of the\stébjlity of th opening'
rbf the adequacy.of design and in the determination of the
sources of eventuai "problems relatéd 4to the tunnel
construction. )

Sfudies of the prediction of ground behaviour before
and after tunnel construction have gnhanced ‘the- importance
of full scale fiefd dbservations. Field obsérvaﬁions have
shown that uncharted grodnd_conditioné are common and the
?ffects of the construction procedure on the surrounding
5011’ is not easily predicted. o |

The monjtéring of soil merments around tunnels in.thé’
City of Edmonton is relatively modest when compared to the
'unneling  activity in this area. El-Nahhas (1980) carried
= ut aa¢omprehe;sive observagﬁonal.program to measure soil
vements in a small diameter. deep tunnel dug in the lower
3?11 of Edmonton. Eisenstein and ThOmgon (]978) moni tored
erface settleﬁents at the construction;of the Norih-East
tsecfjon of the LRT System. Thomson and Ef—Nahha§ (1980)
.presénted surface settlements due to the construction of ‘a
sTall diameter tunnel in the Horseshoe Canyon Formation, in
Edmonton. The few data available on the ground displacement

Jo ' B
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/
around large and shallow , tunnels in Edmonton ana the
necessity to accurately péedict the effects of tunneling on
the nearby structures a)ong Jasper Avenue (Fiq 2.1) made the

ground | instrumentation in the éarly stagés .of. the

~eonstruction of the LRT South Extension, north tunnel, of

utmost vailue. _ l ' ,
This chapter presents a brief description of ground

~ displacement measurement techniqueé .abd a more detailed‘

description of the instruments utilized. in the LRT South
Extension ground - displacement monitoring program are

presented.

~
|

3.2 Currently Available Ground Displacement Measurement

Techniques |

The movement of a ~point in the soil mass can be

described by a displacement vector. This' vector can be

resolved into three peﬁpendicular vectbré: one vertical and
two horizbntal, ﬂparallel and’ perpendiéular to" the tunnel
axis. | ' . |

fhe ‘knowledge. of the displacemeht vectors withih the
soil masg‘during tunneling enabies the .Construction of a

spafial dispiécement field that is the main tool for

'Vinterpreting'the ground behaviour. Vertical and horizontal

| ground movements recorded in different stages of the tunnel

construction provide data for the calculation of the three

dispiécement vectors mentionéd above.
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3.2.1 Vertical Displacements

3.2.1.1 Surface Vertical,Displicements
| - Settlement'PQints

Vertical movements at the surface are obtained by
comparing the elethion of-a measuring point, anchbrea to~
the soil surface, to the elevation of a bench mark. The
bench mark must not be affected by ‘tﬁé tunnel excﬁgption.
must be installed outside ‘the fanée of the constructién
influence and isola}ed from the overlying strata by casing.

The méasuring points (settlement points) should be
robust, well protected from damage, isolated‘from mpvements
associated with 6ther phenomena other i(han"tuhne] '
.constrUction ones and solidly anchored to the soil in ordgﬁ
to yield accurate and repeatable resulks.‘

There are many d%ffereht designs of surface settlément“
points. Some of these designs are desc;ibed by Burland and
Moore (1973), USBR Earth Manual (1963) and Cording et al.
(1975). A '

The accuracy of the elevat{sQ measurements is:.affécteg.

AN .

by the optical levelling. The surveying techniques can’be

s

\
N

improved by limiting the sight distan s.‘ba]ﬁhcﬁng ﬂgighté,
carefully pluﬁbing_the rod, using a éléagly'ha}qu §tpff”Hs
well as .selecting stable turning \poinis{ " Further
improvements in accuracy -can be obtained&by locating the
bench mark éo that it is directly visible, by \u§iqg‘\invéf

rods and self levelling levels.
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3.2.1.2 Subsurface Vertical Displacements
' - Single-Point Extensometer

Simple deep settlement points are used in the
measurement of settlements at various debths below the
ground surface. ]

The fequirements for the Single Point Extensometer. are
the same for‘othe Surface Settlement Point, cited in the -
previous section. Special care shouidvbe takeh to ‘prevent
the interference of the-soil leyer'above the anchored tip in
the Eeadings. | #‘

‘ Detaileq' description of the installation and design/e
detatls of'Single Point extensometers is given by Cording et

. 'al (1975) El- -Nahhas (1980), Hanna (1973) and Burlanq’end
. Moore (1973). | / |
Terzaghi (7938) introduced the “hose level™ manometer
to be used in locations where the 1nsta11atlon of tﬁe
trad1t10nal” Single Po1nt Extensometer composed of a steel
R rod anchored to.the soil, is not.poss1ble; Tﬁe' shOftcomings

and - further develbpﬁents of "hose level" settlement point °

are.discussed in Hanna (opt.cit.).

SRR -‘MUItfePofnt Extensometers

- The. same pr1nc1ple proposed by Terzagh1\in the “hose
leve]'~ settlement po1nts, can be applied to the measurement
._of settlements at several depths and positions by adding
) *severa] cells to the manometer tube (Ward et al. 1968).

. “The commoqest mth1.po1nt extensometers are those

installed in ia. vertical borehole, . called borehole
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extensometers; where displacements rela;ed'to the top of~the
borehole can be obtained at different depths of a Qertjcal
line. 4

According to Cording et al. - (1875) ~ borehole

‘extensometers are basically divided in three types:
- Rod type
- Wire type
- Probe fype

There are many draﬁbacks of the Wire type extensometers
-and most of them were reported by Hedley (1969) and Hansmire
(1975). The inaccuracy of 'fhe ‘wire type extensometer is
ascribed to the friétion existing between its compbnents
(wires, casing, ‘anchofs). Hansmire (1975) - reported
inaccuracy of up to 10mm in the Wire type extensometer.

The friction between the components is minimized in the
rod type extensometer by individually encasing the rods with
oil filled tubes (Cording et al., opt. cit.).

The friction problem present in the Wire and Rod
extensometérs does not exist  in the Probe  type
exténsometers. In the Probe~ extensometers there 'is no’
connection between anchored points in thelbofehole. Instéad,/
a probe, that transmits ~signals to ﬁhe surface when éﬁ
anchor lpoint is pa;éed. isvlowered,doﬁh the hole. The depth
of the probe, rel‘{éd to a reference point at the top.of the
borehole, is /4/3

4ead from a calibrated cable connected to its

top.




Three are the most commonly used Probe extensometers:
- the Radio transmitter probe extensometer
- the Impedance coil probe>extensometer
- the Magnetic reed switch probe extensometer

In the first two types of extensometers the 1ntensity
of s19nals transmitted to the surface changes when the probe
goes through a ‘circular plate.

In thel magnetic extensometer, the reed switch closes
when in the presence of the axial magnetic field existing
around the circular magnets anchored to the borehole walls

- and activates an indicator light or buzzerlat the surface.

The use of magnetic extensometers has increased since
it was first developed in the Building Research Station
(Burland et al. 1972)). | |

) The success of the magnetic exteneometer for. gbound
d?;placement measurements is ascribed to fhe simplicity of
its con;truction and use, to its reliability and low cost.

More details concerning the Magnetic extenSOmeteE are

given in Section 3.3.2.3.

3.2.2 Hbrizonta1 Displacements

3.2.2.1 Surface Horizontal Displacements

. Cording et a1'~(1975) recognize four principal me thods
of measur1ng surf101al hor1zonta1 movements
1. offsets from a trans1t 11ne

- . 2. direct cha1n1ng with . a steel tape or a portable
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extensometer .
3. electronic distance measuring |
4, triangﬁlation

Hanna (1973) also describes the photogrammetric method
which can be used when an accuracy not better than 5mm is
required.

‘ A1l the methods mentioned above are described by

Cording et al. (opt.cit.) and Hanna (opt.cit.).

The major use for measurements of surficial horizontal
movements. is to check the results obtained from-siope

-~

indicators, describedﬁlater in this chapter.

3.2.2.2 Subsurface Horizontal Displacements
- Extensometers '

The Wire, Rod and Magnetic'extensbmeters discussed in
Section 3.2.1.2 can be used in the measurement of horizontal
displacements provided an horizontal borehole can be drilied
within the soil mass. -

In  tunneling, the installation of hor izontal
extensometers is, often made from inside the tunnel which ¢
limits its'utility because displacements ahead of the tunh;? |
are difficult to obtain. |

For the measurement of horizontal movements within the
soil ahead of fthe tunnel face, the inclinometers or siope
indicétoﬁs, described in the next section are mofe commonly
used.'

- Inclinometers
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Inclinometers or slope 1nd1§atoqs are installed in the
ground} or structure to measure inclinations and change in
1nblinations at several ieveIS'which whén integrated over
the length of the vertical line defined by the casing, yield
A horizontal displacements
Inclinometers are divided into two major types:

- Portable borehole inclinometers

. i xed borehole inclinometers

ifve of the 1nclinometer type, the bottom of

-_,:jo{_b/e-; rea ateoted by the constructwn. thus ensuring
that the‘éﬁttom is fixed.
- Portable Borehole Incllnometers
Portable borehole inclinometers have been extensively
used due to their relatively low cost, good dLality results,
~easy installation and reading prqcedure.
It:is basically composed of three units:
- casing
- sensing unit and cable .-
- electrical readout
The alumin;um or plasiic‘é%éings are provided with four
vertical slots.which are pos%tioned dt the quarter points of
}its inside circumference and serve as guide for the torpedo
or sensing unit. ' '
The sensing unit is usually provided w1th four wheels,
twq of which are spr1ng-lohded which track within opposite

grooves of the casing and align the sensing unit in stable

‘ J '
. o
P

o
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and repeatable positions. ,

The élecirical readout supplies voltage to the sensing
unit and displays the measured inclinations as numerical
readings. A multi-wired, reinforced cable connects the
readout unii to the sensing unit and provides an indication
of depth through its colored neoprene markers, usually
attached at 30.5cm spacinqs.' . |
- The various systems used - in the sensingy unit
'transducgrs differentiate the types of *portable borehole(
inclinometers. c . |

" Cording et al. (1975) cited five different Kinds of
transducers: - , |
1. pendulum actuated resistors

vibrating wire strain gauges

2

3. differential\transformers

4 servo-acce lerometers

5 photograph%c cameras A o
The commonest of these. are the pendulum actuated

resistors and, more recently, the servo-accelerometers that

are less vulnerable to temperature effects and'zero drift.
The inclinometers that use the pehdulum actuated

resistors, known as Wilson Slope Indicator (Wilson, 1962),

convert. incT%nations into electrical measurements with the

help of a conventional Wheatstone bridge - circuit. A

precision-wound.'resistance coil is subdivided into two

resistances by a pendulum, that remains vertical, making up

one half of the bridge. The remainder of the bridge and

&
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associated circuitry is contained in the confnol box. The
precision of this device is reported (Savigny, 1980) to vary
between 1.7x10 4 to 8.3x10 4 (Precision given in units of
shear strain or simply metres of deflection per metre of
depth, defined by Gould and Dunnicliff, 1971).

A more accurate type of transducer is the
servo-aceelerometer.‘ A servo-accelerometer is compoeed of a.
“proof mass* that is free to swing within a magnetic field.
The proof mass is provided with a coil or torquer that
~allows a lineal force to be applied to the “proof mass" in
response to a current passed through the coil.(Savigny,
opt cit.). The sensor is energized by an applied voltage and
eﬁuickly stabilized in Eesponse to tilt by a chenee‘of
, current flow. The resu1t1ng voltage output is propgftional
to the sine of the angbe of inclination. Precision between
0.4x10 4 to 1.3x10 4 'has been reported in cases where the
servo- accelerometer 1ncl1nometer has been used.

Savigny (opt.cit.) performed extensive lab and field
tests with the bigitilt (servo-accelerometer type, made by '
Slope Indicator-Co.) and repoeted the internal and external.
fectosg affecting its accuracy. Sensor axis rotation, casing
spiral and temperature are some of the internal factors
whereas recovery of equilibrium conditions around the.
casing, changing the .degree of non para]lelism' of grooves
are defined as external factors. Mofe details concerning the
Servo- accelerometer Inclinometer -is given in Section

.-‘bﬁ'

3.3.3.

e e e Y M A s T
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- Fixed Borehole Incl inometers

As opposed to the portableﬂgorehole inclinometers, the
fixed borehole inclinometers remain in place. 1::\'the borehole
in order to continually monitor _1nclinat1bn° at discrete
points along the_boreho‘le. . ,

The sensing units used in the torpedo éf the portable
inclinometers are also used in the fixed 1n$11nometers.

The major advantage 6f the fixed boreh?le inclinometers -
js that the inaccuracy coming from 'trackinﬁ“ and repeatable
pdsitioning is eliminated. In most cases, tEe fixed sensor;
can be removed and re-used. _

Some of the potential problems are the lds; of accuracy
if the sensor units are removed fro& the borehole for
repairs and danger ;¥ buckling of the elements in the case

of settlement of the casing.

-

3.3 Ground Displacement Monitoring in the LRT South
Extension " |

3.3.1 Instruments Location * : _

| The i'uportance‘ of obseir‘vational anb instrunentation/-‘
programs in tu?peling is mentioned in the introduction ,3;/
this chapter. : ,sT‘he effectiyeness of the grd(:nd
instrumentation on the study of ‘the effects of construction

of the LRT South EXEFnsion. ndrth "tunnel, on the buildings
situated nearby theMaxcavation was favoured by the scheduled
> .

r



. 6. ,
LRT" South Extension construction sequence. The construction

- sequence described in Chapter 2 states that the t\angent pile

walls Gf thew104th Street Station should be completed before
the mole eftavates through this stetion. As the critical
path 2'; the early’ stages of the LRT j South Extension
construction was governed by the \nd of tr?e construction of
‘the - tangentepile walls of the 104th Street Station. there

was a choice of either starting the t nnel excavation as

‘sooo as possible from the Central Station (Sta.200 + 0.0) .

and stopping the mole at the east wall, of the 104th St
jon . finished

%
‘station (Sta.200 + 164.0) until wall conyfgl
or to time the beginning of excavahd‘i \v th the end of

construction in order not to stop the mole.

‘The first elt{native was chosen

anticipatlon of the’ tunnel excavati&i wou1d present time to.

e

analyse the data coliected from ground displacement'

be ﬁ;cessary in the

nskr\octwn of the r 1hg portions
. 10%th St Stat1on " '

102nd S e\et and dasper Avehue (F1g

ped approx1mately 60 metres

. ) away _from the west wall of the Cen"t'ral Stat1on and tunnelmg

-

in t;n's aneax"is cons idert
pnoxinﬁ ty of the S.tatioq'v‘,g?; |

As shown in-Fig?e.{,
between Sta.200 +°4.§‘.6\a'no Sta.20 SV 1 and has been

) -

nts were mstaHed
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~ "Instrumented Section”.

termed the 'Instrumen ed Section

sitions that would enable the

The  ground 1nst<§:ents,_‘discussed later in ' this .

_chapter, were located in
ana]ysis of the strain field\at ‘the south side of the north

tunnel, during and after its cehstruction. {:“ be carried

RV
Out. .‘\ e ’.\_w

Figure 3.2 depicts a transverse - iion of . the

[

Detailed description of the des1gn. installaffbn._

measurement .procedure and field data related to theM

1nstruments used in the LRT South Extens1on program -
presented in the follow1ng sections

e ‘ (

3'3 2 Vertical DispIacements
Vertical displacements were measured, close? to the
surface. at 3 metres depth, using sett]ement po1nts and at'

several other depths with magnetic mu1t1po1nt extensometers.

’ * L /
.

A1l readings prgﬁ‘bted in this §ect1on are referred to‘.lf

a bench mark, described below. = °*
. h! ..} . '( .‘b‘
3,3.2.1 Bench Mark . bt

several Bench Marks (BM) were available at the site
(Alberta Survey Control Monuments) but they were shallow and

c]ose to the  excavatéd area or too = far from the

'Instrumented Sectjohﬁ.

An  ideal BM should be installed :Cjose .to the

" Instrumented Segtibn“. in order to minimize the number of

Ve
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turning points and to keep the'sfght distance short (during

levelling),\ and anchored ‘in a region not affected by
tunneling. . S E .

The depth and location of the BM installed for the LRT
South- Extension ground monitoring program, indicated in
\\F1gures 3:1 and 312, fulfill the requlrements merdt ioned. »

. Bench Ma Design Detalls
' The details of lthe BM installed at 35m from the axis of
thexnorth'tunnéggér resented in Fig 3.3.

The BM. is basi ally composed of a 7.93 metres long

steel pipe (3 34cm 0. D.) which has on-its lower end a 15cm
jong nail, to provide good anchorage 1n the bottom of the

hole. A pve p1pe (5.85cm .D.) surrounds the steel’ inner

pipe to. prevent the 1nt rference of the so1l layers above-

the anchored\tipu
Bench Mark Instal

A°10.2cm diameter borehgle was drilled with a solid
"aoger 'ﬁo a depth of approx'mate1y48'mefres. The -auger was
:“retrieved and the steel pipe (
. ooréholeil No} sloughing of the borehole walls had occurred.
't By siowly'applying downward fortes to the top of the steel
. pipe, with thé help of the drillling rig, the bottom.of thé
steel pipe was pushed 15cm into the bottom‘%f the boréhole,

.

ygﬂsurmng a good anchorage

o The pve cas1ng was inserted into - the borehole,

1

surround1ng. the steel plpe Th void between the borehole

e
yal]s;gquthe pvc pipe was filled with clean sand.
T - | J

T St il ST AL R LS L A

.34cm 0.D.) Towered into . the .

e
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" Figure 3.3 BENCH MARK BM1 - DESIGN DETAILS
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The protection of the bench mark after installation was

-prov1ded by a quare steel plate (25.4cm x 25.4cm) fixed to

the pavement . .

: _3.3.2;2 Setttementipoint S

Nine settlement points (SP) were installed at d1fferent

) dtstances from the tunnel axis according to Table 3.1. These
'distances- were chosen in order to obtain the complete shape

- @f the settlement trought at surface-due to tunneling.

As mentioned in Section 3.2.1.1, settlement'point/e/-
should be well protected from damage isolated f;éh
movements associated with phenomena other than tunnel1ng/andv
solidly anchored to the sbil.

Prot emﬁon from damage was successfully proviéed by a

steel plate cover. Movements associated with phe omena "not

Hrelated to tunneling might be the effects of t traffic and

the frost penetration into the soil. Traffio//problems were
believed not to be of 51gn1f1cant 1mportanoé due to the good~
quality of the pavement but the frost pehetratlon recorded

in several locations in the City of/ﬁdmonton showed depths

up to 2.4 metres where -the snow drift had been " removed due

~

to trafch operations. This %aXCe (2.4m) was’ used as an

upper boundary of frost penetratﬂon because most of the data

analysed showed frost penetratﬂon no deeper ‘than 1%8 metres.

By the time the 1decision - to anchor the settiement
points at 3.0 metres bel surface was made the settlement

point SP4 had already been 1nstalled at 1. 5 metre of depth.
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' Lou ﬂBmmeratdres inside the’ Bbrehole where settlement
points were installed were prev nted'bx,the installation of_
_‘polystyrene foam guides inside the pvc'pipe (Fig 3. 4) and by
filling the void left under the protective pl‘atew
‘zonalite insulajion W

| Settlepent Point Design Details -

' Figure 3 4 depicts the desig details of the settlement
points used to monitor surface vertical displacements *
The settlement points are bas cally composed of a steel
rod (1.0cm diameter and 305cm long). and a pvc p1pe (5 1cm
1.D.). The steel rod has an end plate weldedfto\it at 14.5cm
from the lower end -(Fig. 3. 4j and an aluminium cap attached
to the upper end. This cap is prov1ded w1th a cone shaped
depres51on that fits the lower end of the levelling rod The

pvc pipe is 1nstalled around the steel rod,K to prevent~ the

'contact-between‘the ground and the steel rod.
The protection of the settlement p01nts against damage

was accomplished- with the installation of a square steel
platé at the surface. _ s
Settiement Point Installation i RS

A 10.2cm diameter, 320cm long borehole was drilled and

the inner steel rod inserted into the hole. The anchorage of
the steel rod to the borehole bottom was accomplished by
“hammering its end plate (Fig 3.4) from the surface with a
heavy steel pipe. The use of the heavy' steel pipe 1enabl§o

the application of the pushing force from the surface

without touching the inner steel rod.

*
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. Figure 3.4 SETTLEMENT POINT - DESIGN DETAILS

'
| _j



54

The vcjgipe was inserted in the borehole, surrounding
the inner steel rod and the void between the pvc pipe and
the borehole walls filled with clean sand. Two cylindrical
polystyrene foam guides (5.1cm diameter and 5.0cm long) were
pushed into the pvc pipe with the inner steel rod passing
ihrough its centre (Fig 3.4) due to reasons discussed
previously in this chapter. The middle hole passing throqgh
the polystyrene guides were slightly Jarger than the:
diameter of the inner steel rod and were carefully greased

before insertion in order to avoid interference between the
steel rod and the sqrrounding pvc pipe.

SP8 had. the void between the steel rod and the pvc pipe

filled with zonalité. Zonalite isj ry light and
Qdeformable insulating material. S ol .

Settiement Point Measurement Procedure
The = settlement points (SP) had their elevations -

A compared to the elevation of the bench mark (BM1) through a

o

very careful léwell1nq techﬁique ~T9 énshre accuracy and

| repeatab1llt& of level meaSuﬂtments, sight . distances ‘weref

less than 10‘metres. A special surveyinglrod;"provided with

a level bubgle ‘and 1mm divisions,- and a ;elf lg?eliné.
optical level_wére used. | | . i

| Gould-and'DunnicliFf (1971) suggest a maximum error of

cloéure of 0.6mm. for Jeveliné phgcedures similar to the ones

'fo]lqwed in -the presént study.' Mendes et al.  (1970)

'suggested a permissable error in elevation measurements, in

Manicouagan 5° Dam of 0.01JN feet, where N is the humber of

I
R

. T e e
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instrument set-ups. The 11mi§ation of the sight distance
(between the level and surveying rod) ;esults in an increase
in the number of instruments set-diﬁ; To level the
settlement points of the LRT South Extension, morth tunpel,
four level set-ups were’ necessary:
1st set up: between SP2 and SP3
2nd set up: between SPB and SP4
3rd set up: between SP13 and SP14
~ 4th set up: between SP15 ahd Sp16
Level readings were recorded on the field data sheet
presented in Figure 3.5. This field sheet is provided with
colmns  that enabled the level calculatjons to be made
immediately after the readings were taken. |
Settlemenf Point Fleld Data
The ground instruments (seftlement points, multipoint
extensometers and slope indicators)‘ were levelled three
times before the beginning of the’' tunnel excavation. These
readings were taken in November 29, and December 14, 1980
and .January 18, 1981. Most of the SP elevations obtained

from the zero readings had to be disregarded due to reasons

discussed later in this chapter. The SP elevations, related.
to the bench mark BM1, obtgined on February 01, 1981 yehe,

then taken as'reference. At this date, the nose of the mole -

was 19.1 metres away from the c]osest ground instrumeng

e -

is believed that, at th1s distance from the face o

mole, no ground deformatior due to tunneling had occurfeu
‘ ' ‘ ' N\
AN

L
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Table 3.2 depicts the diffcrence'in.elthiidn between
the settlement points and the bench mark BM1. The,settiement
661ht elevation data presented in Table 3.2 ware oLtlined in

sets of‘readings where the error of closure was always less

than 1mm except those obtained in February 11, 1981 when the

error of closure was 1.6am. This incresse in error of

'Instfumented.Section'; settlements were p+obably taking
place while settlement points were being levelled.

There were occasions that leveliing had to be - carriéh
out during fhe evening. When this happened the levelling

accuracy was found to be poorer than that: obtained during .

kg

Figures 3.6 and 3.7 preseat  the settlement point
A

elevations plotted.versus time and versus distance from the

face, of the mole, respectlvely Iﬁdfvidual settlemeni¢points .

elev§§1oht versus distance from ﬁbse of mole are plotted in

Figures 3.8 to 3.16.

The comb1nat1on of the datc Eiom Table 3.2 and Tables
B! to B4 (in Append1x B) made possible the constructwon of

graphs where elevat1oq' uere- Tq}ted versus distance from

tunhel face. ,‘#‘j o .‘
Figures 3.17 : and ‘3 18 present contour lines .and

settlement through' tr;nsverse sect1ons. respectively S
’

Discussions of the results-prssented 1n:thls sectfon

are presented in section 3.4.1.

. .
'
. v -
v ‘ A
- .
. . . N

k]

closure is probably due to the proximity of ihe mole to the ’
' )
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»
a. 3. 2 3 naen-tic uufiigoint-sxt.nsom.t-r
Three magnetic nu't'lpoint extensometeqs (ME) were
inftially insta]led to medsure  vertical displacemeAts at

several depths. Their Iocation and the magnets positions are

shown in Figures 3.1 and 3.2. They were ._installed on the

south side of the lnorth ‘tunnel to measure ground

deformations in locations not affected by the building to

the north of the turmel. ‘ e
. , .

Anether multipoint eXtensometer. (ME17) was ‘later

installed further west. ,‘ at 'the tunnel centreline due to

reasons explained later ih this section. v

’
»

Multlpofnt Ext ter design detalls

The successful the magnetic multipoint

.e;tensometerﬁi Edmont‘ .'7'..- ; qr ted ; QE] Nahhas. (1880).

- . The hégnetic exten’_‘ 4 is. a probe tybe
extensometer basically conposed of four conponentf
1. - anchor points (magnet points) | "
2 gu*tde casing(access tw;eak a@ - . “)
3. probe (reed switch) g S ’ Sl
4 buzzer ‘or hght 1nd1cator .
The anchor points ate 3t 1) have a ring of magnets in

the ,lovéer end. and move with the material (soil or rock) they

‘are embedded in, ‘in_dependent of other | assemblies ‘and the

-

proge guide pipe (Figur"‘ge5 3.19). -The gu1de p1pe. a flush

jointed pvc pipe, enables - the reed switch.- probe to be

lbwered through each of the magnet ring assenbhés As the

'probe reaches ‘the magnet field the reed switch, cqr‘ied by

p

68
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~ = the probe, closes and activates a buzzer or 8 lignt at+-

surface. Uith ] tape meeaure attached to heprobe the

| location ok the maqnet ring assemblies can be determined.

- The anchor points are ‘hxed to the borehole walls with-
four stee) aprings equally spaced, around 1ts per imeter

!

(Figure 3.20). e B o
The magnet rinqs"carried by the snchor. points are
couszed of 14 ceramic maqneta ihgerted between split steel

washers (Figure 3. 21), These washers concentrate and better

_define the magnatic fields of the maqnet rinqs, Figure 3.22

b

Hlu’strates the” magnetic fields@set up By the maqnet rings.

@he buzzer. (or Hgﬁt) is activated when the reed swncn

passes - throqgh any. of the 3. maqnetic fields The absence _of
any of . these fields _ 1ndicates that at leastptwo of. the
ceramic magnets were placqed upside down (El- Nahhas. 1980)

Ryzwk (1977) reported that the magnehc f’ﬁﬁld is not alterf?

. Wi th changes in tenperature. m th tm& vn th mechamcal
action or when plabed in any hqmd short of a strong acn'd,'c_‘_.\v-

solution. ) _
" The reed swi tch that sensed the magnetic fxeld as
encased in s1licone and 1s. carried ins1de a torpedo shaped
weight, made of, non magnetic material (brass) and is heavy

| enough to ensure that the tape mdasure attached to it is

kept taut during measurements. ‘ .
Muitipoint Extensameter Idstallat ion
thure 3.23 illustrates the multipoint extensometer

AP

lnstallahon procedure

~

[ TR
LI
s -

o4

/ D

o tra XL e
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probe guide - pvc pipe

(od 3.34,1d 2.43)
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Figure 3.20 MAGNETIC MULTIPOINT EXTENSOMETER - ANCHOR POINT
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334 251 o1 1705 (7.30
' A"
cerumic magnet
(height 0.95; 0127)
' section A -A (tig 3.20) '
4 ! .
g1 |
Z %
Z Z |
-aa
2 Z |
Z Z
/ o
split steel washers
thickness Q.16 - ‘
0d 6.95 id4.4f ' =016 3
095
. =016
,.10.95 |
A

scale 1:1

section B - B (tig3.20) unit; em

Figure 3.21 MAGNETIC MULTIPOINT EXTENSOMETER - MAGNETIC RING
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Figure 3.23 INSTALLATION OF MULTIPOINT EXTENSOMETERS (AFTER
EL-NAHHAS, 1980)
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~ For tbe three muitipoint extensometers installations,
MES, MES and ME10,, 15.2cm diameter boreholes, 20 metres
deep, were drilled. The continuous flight solid auger was
withdrawn and the boreholes were filled with bentonite grout
before or after the insertion of the access tubes_(F*g
3.23). The jaints of the access tubes (guide pipe) were
cemented with water tight fast setting ;dhesjve and sealed
at the bottom with an end cap so no material would get into
it. The bentonite.grout, a mixtdre of 36kg of bentonite and
0.3m3 of water, used to fill the borehole was thick in order
. to prevent sloughing of the borehole walls.

Once the access pipe was in place and the borehole
filled with bentoni te grout the magnefiassemblies (magnetic
points) wene individually pushed down the hole to the
required depth with the help of a 5cm diameter pvc pipe
(Plate 3.2).

'After in;erting thé first magnetic point in MEQ it was
realized that the steel springs wére not wide enough to
provide good anchorage: The diameter of the steel springs
were increased the insertion of 2cm thick pieces of wood
between tﬁe body of "'the magnetic points and the steel
‘springs. After this modification, the magnetic points
anchored tight in the » rehole wafls.

During the instaifation, most of the magnétic points
had to be hammered yggwn to force them through very tight
portions of the boreho?é. When these tight portions ‘were

found to be close to the planned depth of installation the,

[Py

/.
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magnets were left there, hence a good anchorage was ensured.
The orientation of the steel springs of each magnet was.
changed 1in cases where the installation of the previous
magnetic points_ in the same vertical rémulted in a
considerable increase in the borehole diameter (Fig 3.23)

For the muyiipoint extensometers, a special protection
system was installed at the surface fn order to protect the
boreholé from low temperatures and damage (Fig 3.19).

ME17 was installed at the tunn;l centreline at Sta.200

+ 133.5, west of the Instrumented Section, because ME10 had

- been damaged .by the mole, no readings were taken in

extensometer ME10. Extensdineter ME17 was. drilled to a depth
approximately 1 metre above the tunnel crown to avoid
damage .
The details of installation of the multipoint
extensometers are depicted in Table 3.3. 
MUItfpoint Extensometers Measurement Procedure
Readings of the multipoint extensometers are taKen in
two separate stages:
1. Levelling to the -top'of the access pipe to establish
its elevation '
2. Measurement of the aepth of the magnetic points relatedﬁ.»
to fhg top of the access pipe. |
To improve the levelling accuracy, a special pvc cap,
with a cone shaped depreséion machined in the middle, was
installed on the top of the.access pipe. The 1levelling of

the access pipe was run simultaneausly with the levelling of
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thé settiement points and slope indicators. Details of the
levelling are described in Section 3.3.2.2.

The depth of each mignet point was measured with a fape
measure connected to the reed switch probe. The probe was
lowered 1{into the access pibe and the depth of the upper and
lawer limits of the magnetic field 2 (Fig 3.22) of each
magnetic point recorded in the field sheet presented in
Figure 3.24. The difference between the depths of the upper
and lower 1imits of the magnetic field 2 should be
approximately constant for all magnetic points. This
constancy in the difference between limits of ths_magnetic
field '2 was used as a check of the quality of the readings.

, Multipoint Extensometer Fileld Data

. The data collected in the field was reduced by a
computer program written by E1-Nahhas (1980) and modified by
_the author. ' .

| Four sets of readings were taken for MES, MES and ME10
before. the beginning of thé tunnel excavation. These
readings were taken on Novembet 16 and 29, December 14 and
22, 1980. The analysis of the data collectgd on these days
allowed the verification of the repeatability of readings.
The repeatability of the~measurements of élevation of the
top of the access tube was 1mm and the repeatability of the
hagnet points depth measurements was 0.5mm fbr the shallower
magnets (less than 7 metres deep) and 1.5mm for the deeper
ones. However the repeatability of readings in ME17 was 3mm

which is worse than those mentioned above. ME17 was
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1n;tallq§ at approximately 80 metres from bench mlck BM1
resultihg in a poorer repeatability in the measuremenﬁ of

Y.
the elevation of the top of the access tube. ¢%{§J

=)

Chatter ji et al. (1979) reported /reprodgiﬂbilsty of

"&gnd 10mm.

magnetic

magnetic extensometer readings varyiﬁb;be&‘;:f:
E1-Nahhas (1980} reported an accug&sy of,gwﬁfiﬂ
multipolnt extensometors 1nstalﬂedkin E ¢ ,

The major source of °"’°r§;‘"‘fh$ mggo;t ¢ point depth
measurements s the presence of twd componénts attached to
.the reed switch probe namely, the tape measure and the lead
connected to the buzzer or light at the surface. At greater
depths these iwo components may get entwined yielding
unrealistic depths measurements. Differences as great as
50mm in depth measurements, at depth greater than 30 meters,
have been observed (Figueiredo and Negro, 1981) and ascr ibed
to the reasons noted. Figueiredo and Negro (opt.cit.)
' proposgd a new sensing system inLthch the presence of the
lead connecting the sensing probe to the buzzer is
eliminated. This elimination is possible by. using a coupled
oscillator that is activated by the reed switch and
generates waves that are conducted through the steel tape.
measure to the surface.

The reduced data qbtained from multipoint extensometers
are presented in Figures 3.25 to 3.28 and in Figures B! . to
B32 in the Appendix B. Figures 3.29 and 3.30 depict the.

transverse section of the settlement troughs at different

depths.
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ME : MULTIPOINT EXTENSOMETER .
SP: SETTLEMENT POINT

MES ME9 ME10
FROM "ME
b
D:30 - - - - 0.30] -
4
¢ )t
R N N T N
D= 8.7 - - '1.02 lrllnl‘,' - Py ‘.0.06 153
'n
[ ]
. .
D19 - ~ - p-0.08— =014
>
K ' lP
R r

D=150- — - $=f-031] 20.32 2.66

D:16.3- — -~ he={-032 0.33 3.07
DEPTHS (M)~ INTERPOLATED .~ —MAGNETIC POINTS
SETTLEMENTS (MM) N
- SETTLEMENT "« HEAVE _

-

Figure 3.29 SETTLEMENT AT 1.2M AHEAD OF THE FACE OF THE MOLE
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Comments on the data presented in this section are made

in Section 3.4;2 of this thesis.

3.3,3 Horizontal Displacements Y

;.3.3.1 Inclinometer |

Thre€' inclinometers, or s lope indicators were installed
at three different distances from the tunhel.é;is as shown
in Figures 3.1 and 3.2.

A SINCO Digitilt inclinometer, Model 50320, was used
due ty its adequate' accuracy, precision and proven
reliability (Savigny 1980). -

Digitilt Inclinometer - Specificat ion

Two servo-accelerometer sensing elements, mounted at
90" to one another, are housed in a 92.7cm long probe. This
probe'(torﬁedo) has two pairs ofvwheels, 6icm apart. Each
pair. consists of oﬁe-fixed wheel and one spring-loaded wheel
located in diametrically oppbsite directions. The tdrpedo is
connected to the . readout - unit- by a 0.95ecm (0.D.)
neoprene-coated six-strand cable. This cable has. ééloured
neoprene markers spaced at 30.5cm intervals.

~- The readout device, SINCO mo&elﬁ'50306, contains a 6
volt rechargeable battery which opé;ates continﬁous]y for up
fo eigﬁt hours at room femperature and supplfeé voltage 'to
the sensor ‘elements.

ABS-plastic casings (70mm 0.D.x50mm 1.D.) with four

“longitudinal grooves equally spaced were assembled in 3
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metre long sections. The c;sing sections were joined- by
special SINCO couplings, Model 57512, which do not require
cement and rivets for their installation. Water tightness is
\Qrovidqd by two "0" rings located on the inner walls of the
ACSUDIings. Two nylon strings run simultaneously through
grooves machined in the inside wall of the couplings and
outsideL?wa!l of the casing to preveni the separation of the
casings &he to tractioh. The lower end of the-deepest casing
section was provided with a SINCO grout shoe. This grout
shoe has a check valve that enables the drounting of the
borehole from within the casing. ' _

Specifications for the inclinometer mentioned above are
shown in Table 3.4.

Incl inometer Installation

The 20.3cm diameter boreholes were drilled with a
hollow stem éuger, to a depth of 28 metres. The 3.0 metre
long casing sections were assembled and inserted in the
borehole tﬁrough the hollow stem (Plate 3.3). No speciél
care was taken to pdsition the grooves in directions
perpendicular and parallel to the. tunnel axis. After . the
whole casing' was installed the auger was Qithdrawn and the
‘vojd between the borehole walls and fhe casing was grouted.
The boreho es were grouted through a pipe inserted
~beside the inc]iné@eter'casing; The groutfng started %rqm
the bottom of the boreholes and the grout pipe was sliowly
withdrawn to ensure that its tip was always immersed in

grout. The grout shoe was not used to aQoid the risk of
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SENSOR: Slope Indicator Company Model 50320

Sensitivity:

Total System Accuracy:

_Wheel Base:

Overall Length:
Outside Diameter (not
including wheels):

Sensors:

Operating Range:

-

+ 0.0015 m per 30 m casing
0.0076 m per 30 m casing
61l cm
93 cm’

i+

4.3 em

Two 0.5 g closed loop force-balanced
servo accelerometers

0° to 30° (from vertical)

CABLE: Slope Indicator Company 1.07'em O.D., six conductor with
0.16 cm stranded-steel core; waterproof neoprene cover
with external marks at 0.31 m intervals.

INDICATOR: Slope Indicator Company Model 50306

/ Dimensions:
Weight:
Internal Power:
Charger:
Operating Time, on
Batteries:
Digital Display:
Recording:

14.3 x6.0 x 22.9 cm
2.27 'kg

6V, 6 Ah

External; 6 VDC

8 hours
4 digits
Manual

CASING: Slope Indicator Company ABS Plastic Casing & Couplings

Casing Length!
O.D.:

1.D.

Couplxng Length
0.D.

I.D..

gs®ga"”

Table 3.4 INCLINOMETER SPECIFICATIONS (AFTER SAVIGNY 1980)
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-

discharging of grout inside the casing in the case of
malfunctioning of the check valve. The grout was mixed on
the sité with a bentohite/cement ratio equal to 0.1 and a
water/cement ratio equal to 1.4 (weight ratios). These
weight ratios were chosen based on local experience.

The anglie between the groove directione and the tunnel
axis (angular rotation B8) shown in Figure 3.31(d) was
measured at .the surface with the aid of a bompass. The
spiral distortion of the grooves along the casing (Fig
3.31(c)) with respect to the.groovg alignment at the surface
was obtained at 1.5'metre intervals with. a SINCO spiral
checking device. The “SPIRAL CORRECTION" column in Tabie 3.5
is the average angle between the "A" groove direction ‘and
the tunnel axis, measured anticlockwise from "AF to the
tunnel axis. Thé "A" direction is the direction defined by
the four wheels of the torpedo, parallel to the tunnel axis,
‘and‘the “B" direction is perpendicular to the *A" direcfion.

The inclinomgter casings were pfotected at the surface
with.a square (25.4cm x 25.4cm) steel plate.

More details of the three-inclinometers afe presented
in Table 3.5. | |

Inclinometer Measurement Procedure

No readings ~were taken until 30 days after the
inclinometers were grouted in order to allow a complete
setting of the grout.

To facilitate cable maneuvering, a 0.6 ﬁétre long

casing extension was assembled to the shallower casing



93

(18-20-04
aIowwva) R 4 4 B 2
K 19 vy
08 1IZT ry
! ° SINIOd
SIION NOI1J338¥00 ONIQY3IY
valds 40 "ON

NOILVIIVISNI 340 STIVL30 - SHILINONITONI - S E 378Vl

892

8 9T

(w) ONIQVIY
1534330
30 H1d30

P

418-20-04
18-T0-1)
18-20-01}
A8 Q3ssSvd

370W 3HL
a1va

08-01 -84 00 9°Er + 00Zi.S
08-04 -1 >R 4 L '8y + 00Z1S
08-04 -9i¢ 9 ¥y E¥ + O0TI1S
: (w) °

NOILY1TIViSNI ERET I nodd NOI1V¥201

40 31iva NOIL1YD01

ZHIS
L1S

91s

- EPEL ]
-ONITONI



94

s r
-—: —-d
Il -
b 4
1 3 T b
- r
p g
& ! — 4 L
- -
P p
- A F )
L -
b i 4
L A . - 5
L ! r "
- -
4 o
o -
b o
{1 I
4 2
Orilling a" hole Insert the casing Withdraw the Pump the grout
20cm diom. inside the hollow ouger ond insert
using hollow stem stem ond fill It grouting tube.
auger. with woter,

INSTALLATION SYEPS

(a) . - ‘

TUNNEL A -
AXIS———“!
B B A
A | » .
i A A B
| Section a!‘,”round Surface
|
B : B, B
\‘f/ . : A" B ¥ B
: B A
A ! .
s A
A A8 : Measurement Axes
“Deeper Section A8 Prefered Axes

SPIRAL DISTORTION  ANGULAR ROTATION

m (o) )

~ Figure 3.31 INSTALLATION OF SLOPE - INDICATORS  (AFTER
EL-NAHHAS, 1980) | |



95

-

section. A removable pulley and clamp system was attached to
the upper end of this casing extensio& and the probe
inserted- 1in the casing with the spring-loaded wheels facing
west (Plate 3.4). The probe was initially lowered to a depth .
of 27.4 metres measured from the clamp, and left at this
position for approximately 5 minutes to allow the sensors to
achive temperature stabilization. The probe was then 1ifted
and readings taken in 1intervals equal to the distance
between the upper and lower wheels (0.6 metre). The depth of
readings were chosen to ensure that during readings, the
wheels were never placed on coqplinqs. Once thé probe
reached the surface it was rotated 180" (spring loaded
wheels facing east) and the whole procedure Jjust described
was repeated to minimize the errors due to irregularities in
the casing and instrument calibration.

The readout unit remaiﬁed switched on during the entire

operation'and was Kept at temperatures above 10° Celsils.
The readings were recorded on the field sheet presented

in Figure 3.32. . | |
Inclinometer Field Data

The data obtained from the inclinometers were reduced
with the help of a computer program written by Savigny
(1980). The program provides plots of horizontal
displacements versus depth in any two desired perpendicular
directions,' and  produces tables wit the reduced
displacements and the sums of the readin taken at each

depth in both, "A" and "B" directions. These values, SUM A
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and SUM B, are helpful 1in the verification of the input
data. A statistical analysis may be carried out with the
- "SUmM*® values and a standard deviation of the “SUN" values
obtained in different sets of readings might reflect a
change in the degree of non-parNllelism of grooves or any
malfunction of the instruments.

For the three slope indicAtors, three zero Eeadings
were tikeﬁ before the tunnel excavation began. These zero
re;dings are present®d in Figures 3.33, 3.34 and 3.35. The'
repeatability of the inclinometers readings can " be
calculated from the zero readings. The rate, defined by
Gould and. Dunnicliff (1971), metres of deflection per metre
of depth, can be used to check the repeatability. The
repeatabilities calculated to points at the springline level

(11.8 metres deep) are:

INCL INOMETER CHANNEL A CHANNEL B
S1 6 1.19 x 10 ¢ 1.3 x 10 ¢
SI 7 2.79 x 10 ¢ . 1.9 x 10 *
SI 12 2.73 x 10 * 4.5 x 10 ¢

The 1nc11nometer repeatabilities are within éhe range
of repeatab111t1es specified by SINCO, 5.06 x 10 4 or +7.6mm
per 30 metres of casing. The Digitilt Model 50320 had been
preQiously used by El-Nahhas (1§80) ané Savigny (opt.cit.)
They reported repeatability of *0.67x10 ¢,

Figurés‘ 3.33 to 3.35 indicate that the three
inclsnometers used in the present study present erratic

movements of poinfs located close to the bottom of the
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casing which might be a‘ major source of error. The
statistical analysis carﬁieq ouf with,fﬁe values ‘of SUM A
and"SUM B, explained earlier in this section, indicated no .
major change in'the standard deviation values, reflecfing
the good performance of .the inclinometers througﬁout the
monitoring period. Figures 3.36, 3.37 and 3.38 depict the
position of an_initially'vé)Tical line, al different phases
of the tunnel construction, for 516, SI7 \nd sI12,
‘respectively, when the readings taken on December 22, 1980,
are used as reference. - | \\

| Figures— 3.39 and 3;40‘ depict the hoeronta]
disblacements. perpendjcular and parallelﬁ to the tunnel
axis, of points Jlocated at 11.58 metres below sﬁrface
(qpproximately'at the springline level). _

Tables B33 to B44° in Appendix B present the

inclinometer readings and reduced.pata.l '

Comments on the inclinometers data are presented in

‘Section 3.4.2 of this thesis.

3.4 Discussion of Soil Movements o ' . o,

+

‘ \\

3.4.1 Sufface VerticaJ‘ﬁisplacemenfs

The settlement.»point elevations_obtained on November
29, December 14, 1980 and January 18, 1981 wefe disregarded
due to erratic movements of SP11, used as a "turning point"

between the second and third set-ups (Section 3.3.2.2 -
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Settlement Point Measurement Procedure) . The erratic
movements observed in SP11 were probably due to the presence
‘of ice between the pvc pipe and the inner rod. The ice was
probably restricting the free movement of the inner rod. In
order to avéid the presence of ice inside the settleTent
pdints.. they were filled.with antinreeze solution. It was
not1ced that the erratic movements ceased after this measure
was taken

The "lqss“ of the zero readings made the caicu'ation of
the repeatabflity of elevation difficult. The fluctuation of
“%imm in the elevations of SP2, SP15 and SPi6 might be an
indication of the repeatability ofsthe elevation readings
because negligible cbangevin elevqtion was expected to occur
at these points. The heavy fraffic aﬁd adverse climatic
conditions during levélling of settlement. pojnfs probably
affected to , a great degree the repeatébility of eleyation._
Figuhe 3.18 shows that the construction of the north tunne]
- of the LRT: South Extension should not affect the bu1ld1ngs
located at 10 meters north of the tunnel axis.

The analysis of Figures 3.17 and 3;18 ind%cate that the
surface settlemeﬁt trough is not symetric to the tunnel |
axis. This asymmetry might be due to the presence»of
inter-till sand pockets, non-symmétric.to the tunnel axis or
due to the presence of the buildings at the north side of
the tunnel axis as opposed to open areato tﬁe‘ sqgth..'The
shallow foundations of ° these buildings (2.8 metres deep{

might locally increase the soil stiffness resulting in
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smaller settliements. The asymmetry obser?ed in the surface
settiement troughs indicates that these troughs do not fit
the Gaussian distribution of s&rfagg settlements proposéd by
Litviniszyn (1956) and Peck (1969). N\

Hansmire (1975) reportéd that the éurface settTement
data obtained in the Washington D.C. Metro consgruﬁ‘tion did
not fit the probabilistic curve but would better ?‘ig‘i‘ curve
comesedf;f two superimposed}normal probabilistic curves.

The association of the shape of the settlement with a
Gaussian curve 1is criticized by Mello (1981). The Gaussian
distribution of surface settlements was obtained from a
stochastic model proposed by Litviniszyn (opt.cit.) to
simulate the subsidence in a loess due to local underground
collapse. Mello (opt.cit.) states that Litviniszyn's model
has no direct association with the change.in the staté of
stress in the ground and corresponding 'étrains and
displacemenis associated with tunnel construction.'?igure 13
of Mello;sr paper (opt.cit.) depicts several theoretical
surface settlement distributions 6btained from stress_relief
at a given depth; These settlement distributions: are
different from that proposed by Litviniszyn;(opt.cit.).

The author beligves that Peck’s proposal fér.studying
;su;face'settlements based on Gaussian disfribufion is only
justified as a first estimate of settlemént distributions in
the early stages qf tunnel design where the detailed’
stratigraphy{ the effects of constructidn'procedure.qp the

* ground and the stress-strain behaviour o% the soil under
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different stress paths are not well Known.

The longitupjnal section of the surface sett lement
trough, along the'tuﬁnel axis.i‘preseﬁted -in  Figure 3.12,
indicates that negligible surface wvertical displacements
occurred ahead of the face of the mole and that the
stabilization of these settlements occurred at approximately
15 metres from the face of the mole. The‘ decrease 1in the
rate of surface settlements at 15 metres from the face of
the mole, 9 metres from the position where_ the. lining is
.'expanded, indicates that the effects of the lining expansion
are not immediately ndticed at‘fhe surface.

3.4.2 Deep Vertical Disp1aéeﬁents }

The analxsis of ‘the surface settiement data obtained
from settlement points and surficial magnet points indicated
that thg’ difference in settlement Sbtained from‘thé two
instruments (settlement point and- multipoint extensometer)
is always fess than 2mm.

Figures B1 to B32 in Appendix B 'indic§te that deep
vertical Qisblacements stabilize at approximately 15 metres
from the tunnel face. This had been also observed in the
settlement point data. ’

Extensometer MES situated at 10.4m from the tunnel axis
djd not detect signifi;ant soil movements due to tunneling.

Figure 3.26 shows that, in MEQ, the magnetic points
anchored below the spr?ngliﬁe level did not move

significantly throughodt the tunnel construction Whereas the
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points located abdve‘ the springline , detected uniform
settlement after the tunnel passed by. The vertical
'straining detected by the ﬁagnetic points in ME9 was less
than 0.1 per cent. | '

A Figures 3.27 and '3.29 indicate that in ME10, the
magnetic points installed close to the tunnel liner detected
héave when they were within one tumnel diameter ahead of the
mole. The measurements of lining deformagjon. Section
. 4.5.4.3, indicate that heave also occurred after the lining
- installation. No downward movement ahead of the mole was

noticed in magnet points anchored above the tunnel crowh

which indicates that neglIg1ble loss of ground, defined 1ndi,1

Section 3.4.4, occurs ahead of the tunnel face.
T As discussed in  Section 3.3.2.3, Multipoint
Extensometer Installation, ME17 was installed approximately
80 metres from the Instrumented Section because, due to thé.
damage of ME10. no ground movements were available above the
tunnel crown after the mole passed a given section. The
excavation of the tunnel through the section where ME17 was
‘installéd induced a roof failure. The upper bortion of a
sand pocket exca?ated by the mole caved in and left a void
above the tunnel crown of approximately 1.5 cubic mefre and
1.5 metre high. The magnetic point MP5 in ME17 was = anchored
in the sand pocket -that caved into: the tunnel.

The data recorded from ME17, presented in Tables B28 to
B32 in Appendix B indicate that large vertical extension due

to roof failure propagated up to 3.4 metres to 4.5 metres
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above the tunnel crown. The Isst reading in ME17 was taken
three days after the mole stopped digging, close to the east
wall of 104th St Station. This occurred when the face of the
mole was 24.9 metres from ME17. At this distance from the
mole the magnetic point located 3.0 metEes from surface, in
ME17, had settlied 11.4mm whereas SP11, in the Inst;umented
Section, at the same distance from the face of the mole, had
- settled 8.4mm. This difference in surface settlements
measured at the funnel centreline in SP11 and M17 is
probably due to the roof failure that occurred at ME17 and
did not éccur in the Instrumented Section.

The data obtained from ME17 cannot be analysed together
with the data gathered in the‘Inétrumented Section because,
due to the Ffailure of the roof, ME17 did not reflect the

standard behaviour of the ground surrounding the tunnel.

3.4.3 Deep Horizontal Displacements

The difficulty in ana?ysiﬁg the data presented in
Figures 3.36 to 3.38 led to the plots presented in ‘Figures
3.39 and 3.40. No treﬁd of horizontal movements can be
noticed in Figures 3.36 to 3.38 because the measured
movements were small compared to the accuracy of the
inclinometer. Figures 3.39 and 3.40 depict the soil
diéplacements_ in 2 horizontal plane located at 11.58 metres
below surface, approximately at the tunnel springline level.

The plots of horizontal displacements pérpendicular to

the tunnel axis at the springline level, in Figure 3.39, :

A

-
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indicate that points located at 1.2 metre and 3.3 metres
from __the liner moved approximately 3.0mm and 2.0mm,
resbectively. towards the tunnel axis. These mbvementl
started to occu:'at 3.0 metres ahead of the face of the mole
and stabilized at approximately 6.0 metres from 1{t, where
the primary lining was expanded against the ground. o
The plots of horizontal displacements parallel io the
tunnel axis, at the springline level, in Figure 3.40,
indicate that a point located at the tunnel axis and at 4.3
metres from it moved 3.5mm towards the face of the mole
before it passed by the inclinometers. This movement was
only ;1;Omm for a point at 6.4 metres from the tunnel axis.
~After.the mole passed by the inclinometers, the points that
were initially moving eastwards, against the tunnel advance
direction, started to move westwards, in the tunnel advance
direction, going back to their initial position. The soil
movements in the direction parallel to the tunnel axis
indicate that. analytical studies of tunnel behaviour based
on plane étrain conditions do not reflect reality. The fact
that the points in the ground move in the direction parallel
to the tunnel axis during tunneling and go back to their
initial position after the mole passes by enhances the fact
that a study of the final displacements abdut the tunnel’//

without taking into account the "strain history" of the soil

-is mot acceptable.



¢

113

3.4.4 Loss of Ground Around Tunnels

Hansmire (1975) defined loss of ground as the sum of
the soil displacements normal to, and over a unit area of,
the tunnel perimeter.

The loés of ground takes. place at three different
positions aiong;the tunnel exéévation:

a) Ahead of the face of excavation (face loss)

The face loss is the volume of soil excavated.at ihe |

tunnel face in excess of the theoretical excavation volume.
b) Along the digging machine (shield loss)

The shield loss is. the sum of soil displacements,
perpendicular to the tunnel profile, immediate1y'about the
shield from the time the leading edge of the shield passes a
section until the shield tail passes that section. Loss of
ground due to the shield results from plowing and yawing of
the shield and any displacement created by changes in the
cross-sectional abgg of the shield. |

c) Behind the tall of the shield (tail loss)
‘ ﬁfhe ‘tail loss happens because the. tunnel lining
insufﬁjcfeqtly replaces the cross sectional area of the tail
of Ehe shield. The losses due ‘to the flexibility‘ of the.

f"} PPN
lining .are congidered .tail ' losses and are wusually

' negligiﬁﬁe. R

the following equation in his study:

A’ comprehensive "study of ground movements around
tunnels developed by Hah%hire,(opt.cit.) i's based on the
mode] presented in Figure 3.41. Hansmire (opt.cit.) proposed

A

-
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DEFINfﬂON OF SYMBOLS AND UNITS

Vs © VOLUME oF SURFACE SET-TLEMEN‘T (M¥M OF TUNNEL)
Vb VOLUME OF BOTTOM DISPLACEMENT (M¥M OF TUNNEL)
Vi{  VOLUME OF LATERAL DISPLACEMENT (M¥M OF TUNNEL)
a7 VOLUME OF LOST GROUND (M¥M OF TUNNEL)

Vigng VOLUME OF LONGITUDINAL DISPLACEMENT (M3)

F1gure 3.41 THREE DIMENSIONAL GROUND MOVEMENTS ABBUT TUNNELS
(HANSMIRE, 1975)
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AV = Vs '+ Viat + V'lat + Viong + V' lopg + Vb - V1
3.1
PR
where l
AV = 504 1. volume change. AV is the sum of the

volumetric change of - the elements located
outside the nominal 1limits of the tunnel
excavation. It takes‘ place due .to\
stress-strain-volume changes in the presence
of - stress changes in the soil mass due to-;
. tunneling. | 7
Vs, Vlat, V’%at, Viong, V'long, Vb and V1 are
defined in Figure 3.41. | A
The model proposed by Hansmire (opt.cit.) enables an
analysis of  the developheng '6f ground volume changes at
several :stabes of -tunnel construction baéed on soil
instrumentation data to be carried out. _

For the north tunnel of the LRT South 'Extension, the
detailed study ofv the ground volume changeé at different
© stages of the tunhel'construction was not fbossible, because
no ground movement data was available inh the region between
SI7 (1.2 metre from the springline) and the tunnel axis
after the mole passed a section. Howeve}, the ground Qolumé‘
\ éhanges cén be calculated for ‘the final displacement

x*‘ situation if the following assumptions are considered:
a) The lateral and lower’bouhdaries in Figure 3.41 are

considered far from the tqnnel. In this case, Vlat = V’lat =

-~

e Tl
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Vb = 0.

b) For the final displacémentfsifuation. the volume of
longitudingl displacements, V]ong and V' long, are considered
zero. Actually, there 5re volume changes in the longitudinal
‘direction but_4they are expected to be small. In-the tunnel
excavated for the Washington  D.C. Metro. the maximum
longitudinal vo lume chénges were less than 5% of the volume
of lost ground. o

With these assumptions, equation 3.1 becomes:

AV = Vs - Vi | ' . 3.2

For the north tunnel, LRT South Extension, the volume
of the surface settlemeﬁt (Vs) calculated at 37.6 metres
away from the face of the mole is 0.14m3/m or 0.46% of the
~noéina1 tunnel area.

The volume. of lost g?ound (V1) is aSsumed to be the
difference between'the voﬁume definéd by the cross-sectional
area 6f the excavated féce and the cross-sectibnal area -of
the expanded primafy lining. It is aSsumed; then, that there
is negligiblé_?oSs of-ground'ahead of»the mole, there is no
shield loss due to plowing and yawing of the shield and the
soil fills the voids around the liming. With these
assumptions, V1 can be calculatéd: V1 =.0.73m3/m or.2.42% of
the nominal _;unnel area. The values - of Vs and V1 are

substituted in Equation 3.2 and- AV = 0.59m3/m or 1.96% of

v.
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4
the tunnel nominal area. This value of AV indicated that

an_average'incre;se_in ground volume‘occUrred around’the LRT
South Exteqsion tunnel. This increase in volume of ground is
similar to those measured by Hansmire .(1975), in dense
cohesionless soil: 0.32m®/m to 0.77m3/m. In shallow tunnels,
once the zene of disturbance, "or the zone where ground
plasticity occurs, reaches the grouﬁd ‘surface, no further
significant volume change takes place and the - further
increase of volume of lost ground is directly’related to the
downward movement of the block of soil above the tunnel. The
verifieation of whether or not the “zones of disturbance"
reached the surface is not possible with the data presenﬁed
in this chapter. However, the data from ioad cells and steel
.lagging presented in Chapter'4 of this thesis indicate that
-only a small fraction of the overburden was being supported
by the lining. This might be an indicat{en that the “zone of
disturbance" did not propagate to the surface

The change of volume that takes place in the soil mass

beside the tunnel can be evaluated through the relat1onﬁ1.}

between. Viat and Vs, indicated in Figure 3.42. Viat can be
compd;ed from the soil displacements measured by an

inclinometer (SI6 or S17). For no volume change in the soil,

the lateral volume of soil displaced along a vertical plane.x

- >
as shown in Figure 3.42, would produce an equal settlement

volume at the ground surface.

Figure 3.43 depicts the vailues of Vlat and Vs,

\

indicated in Figure 3.42, ca]culated with the data obtained

N~
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Figure 3.42 . RELATIONSHIP OF SURFACE SETTLEMENT VOLUME TO

LATERAL DISPLACEMENT VOLUME (AFTER HANSMIRE, 1975)

23

/



118

»

S3IWNTOA IN3W3DOVIdSIa
1V43LVT ONY INIWITLL3S 30  NOST¥VdWOD ey g =unbyry

[y
| " (W) SIXY T3NNNL WOY4 3JONVLSIQ
v - T 0 4 8
, ' ; . - 00¢
© T JINNAL HIMEN o
L 00Y
3ISVIHINI IWNT0A
N 1006
IWNT0A IN3IW3IILL3S O
INNTOA TVHILYY ©
0 {1 609
:aN3931
1 00¢
L1S 9IS

/CW) JANT0A

01 (W

9-



120

from SI16, SI7 and surface settlement points. The variétion
"of Vlat between Fébruary 06 and February 26 and February 01
and February ‘23. 1981, WQre éhosen for SI7 and SI6,
reghgctively, based on the inclinometer data prgsented in
_ Figure 3.39. ‘

Figure 3.43 indicates- that a small portion of the
ground volume increase (1.7% of AV), evaluated ‘earlier in
this section takes' place beéide_ the tunnel liner. This
indicates that the,volﬁme changes due to LRT South Exteﬁsion
tunngl construc?ion ~are restficted to the area above the

- tunnel crown.

3.5 Suﬁmary and Conclusions on Ground Disp]acemenfs
This chapter reviewed the techaiqUQS‘most commonly used
in measuring grbund displacements arougg tunéels.
| Details of thg desigq,L installaiion and.measuremeﬁt

procedure of ‘the instruments used to monitor - ground

displacements around the north tunnel of  the LRT South
o : ®
Extension were presented.

From the arialysis of the field data, the following was
observed:
1. .. The surface settlemént trough is not symmetric about
the funngl axis éﬁd does not fit fhe< Gaussian,
-{ distribution of surface settleméhts.

2. The maximum ;urface settlement was 10mm and occurred

above the-tuﬁnel axis.

-
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A small portion of the fiLa] vertical and horizontal
measured displacements tooK place ahead of the fdée of
the mole. - ‘ |

The magnetic extensometer MES‘ indicated that no
measurable vertical movements occurred 10.4 metres from

the tunnel axis.

MEY, 1.2 metre from the springline, detected negligibie'

vertical movements at points located below the
springline level! A

ME10, at the tunnel centreline, detected heévé ahead of
the mole in the magnet points close to the liner.

The final hocizonfal' displacement. in the direction
perpendicular to the tunnel axis ét the spbingline
level was 3mm and 'énnl at 1.2 metreland.3.3 metres,
respgctively, from the tunnel lining, direﬁted towards
_the tunnel axis.

A ground volume increase of 1.96% of the tunné} nominal
area was obtained. The inclinometers and  surface
settlement data 4ndicated that over 96% of this volume

increase takes place above the tunnel crown.

Ll
e '
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4. LINING LOADS AND DISPLACEMENTS

4.1 Introduction _

The tunneling act1v1t1es in the City of Edmonton have
increased in the iast decade with the growth of the city.
Tunnels have been constructed for rapid tEansit systems and

for storm and sanitary sewers.

The 1ncrease in tunneling activities has resulted in

the need for improved design methods\because the available
methods, d1scussed in Chapter Siof thls-thes1s. do not take
into account some of the details of construction and the
variability of natural deposits.

Full scale f1e1d measurements have been carr1ed out in
order to verify the design methods "and to provide an

empirical evalyation of the behaviour. of tunnels constrgcted

-in the‘g1acial till and the Upper Cretaceous clay;shale 6f

the Edmonton area. Soil movements and loads and deformations

of ihe lining have been measured. _ p

In this chapter,'only the behaviour of tunnel .1inings
is. discussed. |

Einsenstein et al.<(1977) and Einsenstein and Thomson
(1978) studied the normai loads acting on the primary lining
of the . north tuhnel of the LRT North-Eagt‘line,.Edmdnton,
based on electrical strain gauges bonded-té the steel ribs.

From this study it wasﬁconc1uded that the determination of

loads from strains measured in the strain gauges' is complex

! ' 429

e o
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and it proved diffiéult to separate stresses from the mole

jacks from those from the soil mass.

E1-Nahhas (1977) and Thomson and E1-Nahhas (1980)

L]

reported l1ining distortion and results from pressure cells’

installed at the interface between the soil and the wood

lagging of the tempobary lining of two small diameter, deep

tunhels constructed in Edmonton. They concluded that the

results from the two pressure cells were of little value

because the soil closing on the timber was unknown.
E1-Nahhas (1980) compared the performance of two lining
systems (rib and lagging and precast concrete segments) of a

small diameter, deep tunnel, constructed in the glacial till

of Edmonton. In this study, the precast\segmented lining was

extensively instrumented, with Jload cells and embedded.

strain - gauges whereas the.rib and lagging lining had Yoad
evaluated from four vibrating-wigg strain’gauges -Qe]ded' to
the steel ribs. - ’

. From the field instrumentation carried out in tunnels
construcfed ’jn Edmonton, it can‘ be concluded that the
.accurate magnitude and distribution of stresses acting on
the rib and lagging 1lining system has not, as yet, been

obtained. The lack of information concerning the behaviour

of the rib and lagging 1lining systems 1led to the

comprehensive instrumentation of the primary lining of the
north tunnel of the LRT-South Extensioh.
In this chapter, the methods of determining the

magnitude and distribution of stresses acting on tunnel

4
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liners are discussed in Sections 4.2 and 4.3. The
instruments used in the study of the behaviour ©f the LRT
primary lining and the discussion on the results from‘th%s
instrumentation are presented in Section 4.4.

The data presented in this chapter is used in the study

of soil structure interaction presented in Chapter 5.

4.2 Direct Pressure Measurement

4.2.1 Preéssure Cells |

There are two basic types,bf earth pressure measurement
possible Qith pressure cells. One is the measurement of
tota]- pressure at a point within a soil mass (often used in
earth dams) and the other is the measurement of total
pressure or contact pressure against the face of a
structural element (termed a boundary cell). The latter has
been]_used to measure radial sbil pressures acting at thé
tunnel Tiher intekface and has vyielded wunsatisfactory
results (Cording et al.,1975), {

One reason for the poor performance of boundary cells
is the difficulty in designing a pressure cell that behaves
in a manner éﬁmilar to the soil structure interface whgre
the cell is installed. This similarity must include

stiffness, wall roughness and simultaneous activation’ of

cell pressure and instrumented structures.
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Even in cases where these requirements are met, the
scale effects may adversely affect the resulting
interpretation: the contact pressures may not be uniform

over the areas of contact of the pressures cell (15 to 20cm
diameter). Local variation of soil contact pressures on the
tunnel lining (due to ground irregularity, construct ion
methsd, etc.) can cause a large variation in measured
pressures. Difficulties in obtaining reliable results from

" boundary cells are reported by Cording et al (1975); Thomson
and El1-Nahhas (1980) and Delory et al((1979).

.'4.3 Indirect Pressure Measurement.

The pressure distribution on a lining, obtained from
the measurement of thrusgs, moménts, shear' forces and
deformations can be used gb\‘evaluaté the lining safety.
These Qalues can be obtained.from: *

- strain gaﬁges: installed in or on the linﬁnﬁ}
- load cells: usually installed in joints of the
lining i

- iining deformation measurements

4.3.1 Strain Gauges

Strain Gauges are devices that measure displacements
over a known length.

The commonest strain gauges in geotechnical engineenring -

i are: - electrical resistance strain gauge
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- vibrating wire gauge

- mechanical gauge

- photoelastic strain gauge
_\&pscriptions of the pr:nciples:of operation, constructiopn
details, advantages and disadvantages of each gauge are
extensively discussed in the literature on instrumentation
(e.g. Cording et al 1975). Table 4.1 summarizes the most
important features of some strain gauges (Cording et al ,
opt.cit.) ’ | | | '

By installing strain gauges across the thickness of thg
lining one can obtain the strain distribution, and (once the
. elastic properties of this 1lining are known) the stress.

distribution within the instrumented se?tion. N&rma} forces
and bending moments céﬁ be back calculated from this stress
distribution and the safety of the structure can be
evaluated.

Strain gauges can be installed within'vthe lining
(concrete liners) or attachéd to. the surface of the-
.structura1 element (steel ribs in the rib and lagging system
on steel segments in the liner plate system).

‘Strain gauges embedded in a concrete lining will not be
di;cussed in this report. The present study.iconcerns the .
behaviour of primary lining (rib and lagging) wused #n the
LRT South Extension tunnel. |

The strains and stresses in a rib and lagging lining
can be measured in either or both of the éwo structural

members composing the system.
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" The steel" ribs are the wmost. cohmonly instrumented
components. The variation found 1in the mechanical and
geometric properties of the ribs is much less than that.
founo with the timber lagging elements. _
| In order to obtain stress distributions across the "H"
sections, usua]ly chosen for the steel ribs, strain gauges
have to be attached to both, web and flanges. Figure 4.1
illustrates the location.of strain“gaugos used in the rib
instrumentation of the north tunnel of the north-eastern'
section of the LRT 'system in Edmonton. Stresses . in steel
ribs . were also measured by'El-Nahhas i1980 and 1877) from
strain gauges'on the two flanges. Eiperience with strain
gauges bonded to steel ribs is quite discouraging Mahy
factors lead to the poor performance of strain gauges bonded
to steel ribs: ‘

- In tunnels where ribs are subjected to
longitudinal loads from the TBM, the - strains
'.ﬂ”j induced during jackingwmangicqed and_hence mask
tﬁose from,ground_loads 7

- Flanges areiusubjected to sécondady. bending
distortion effects

- Steel ribs‘ﬂ;re likely .to be subjected to

' eccentric or torsional loadings o : (;\,
- The protectioo cap covering the strain gauge oay

induce a local strain field distortion. |

All these factors combine to crqate a comp lex analysis

of strain distribution -across the rib section. It is
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Strain Gages

Ei e 4.1 LOCATION OF STRAIN GAUGES ON RIB CROSS-SECTION -
LRT NORTH-EAST LINE (AFTER EISENSTEIN ET AL, 1977)
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difficult' in such c¢ases to separate the sources  of
deformation of the steel ribs. For geotechnfcal engineering
researgp purposes, the loadings due to groqnd pressure .are
of major interest and can hardly be quantified given the
preceding factors. _ ‘

The wooden lagging of the priﬁary lining is seldom
instrumented due to the 'variation in  mechanical and
geometric properties of the timbers. To avoid ‘this
variability one can substitute for somé pieces of wooden
lagging, other pieces made of anotherjmateriél that present
more uniform propertigs (e.g. steel). The piece of laggihg
that replaces the timber ﬁust have sjmilar properties to the
origina]\timber lagging otherwise problems similar to those
descr ibed for bressure .cells will be éreated.' The
.installation of strainwgauges.on these speciqf 'pieces of
lagging allows the evaluation of loads supported_by these
pieces. | ' '
4.3.2 Load Cells

Load cells are often used in the ho&itoring of loads in
tuﬁnel liners in order to minimize ‘the difficulties in
interpreting the data, as descriBed°in Section 4.3.1. Load
cells also sfmplify the iﬁstal]ation procedure since they
~are easily transported and installed. |

Load cells are structural members of Kknown mechanical‘
properties, with strain gauges attached té measure the
deformatibn af the element under load. The - type of ’Sttain
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gauge attached to the 1dad cell defines the load cell type:

- mechaﬁ?cal‘load cells -

photoelastic load cells

@lectrical resistance load cells -

) vibrating wire load cells

Load cells have beenv'extensively used in segmented
linérs. The 1load cells are installed between 'segments.
yielding no significant Change in the original liner
-behaviour. Load cells can also‘be specially inStaIléd‘within
a segment o# the liner. This procedure facilitates the
%nstallation at the usuafly congested face of the tunnel as
no deviation from the normal construction sequence occurs
since this segment will have been previously prepared.
However, the installation of the load cell within a segment
cdmplicajes the load ceil design, since its presence must
- not alter ‘the mechanical behaviour of the segment. This i§
ﬁoﬁ éasi]y achieved. .

Usually Load cells are designed-to carry only normal
loads which can be achieved by providing sphericg] seats for‘
the structural members (usually part of a steel sphere). The
_ resuTts_from this type of load cell ‘will reflect the
behaviour lof the 1lining only if theﬁposition,-where the
device_{s installed, originally carries snly normal load.

Load cells designed to measure shear forces in addition

to nbrmal forces are also available{ One type of these load

cells is described by KQvari et al. (1977).
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4.3.3 Lining Deformation

Another means of obtaining the ground stress acting on.

“

the lining is the measurement of the 1ining deformation.

The deformed shape of the lining Eaﬁ- be used as a
displacement boundary in any numerical ana1ysis in which the
soi l-structure interaction is qnalysed (back analys1s from
known displacements) \,

Two of the commonest means of measuring lining

déformation are described in the follow sections:

4.3.3.1 Rod or Tape Extensometer

This is an easy, accurate and relatively inexpensive
way' of measuring the distance between two points of the
11n1ng Many types of extensometers have been designed and

details concerning them are considered by Burke (1857},

Obert and Duvall (1967), Cording et al (1975) and E1-Nahhas

(1977).
- Tape extensometers consist of a hicrometér or

mechanical dial gauge connected to a rod or series of rods

of Known length, or to a spring loaded tape measure, Kept

under constant tension: during' readings. Measurements are

taken by attaching the tape extensometer -between the

measurement bolts, fixed to the inside of the lining and

adjuéting'the rods or the tension of the tapes to the

requn-ed load.
The deformed shape of the tunnel can be determ1ned by

taking readings between several bolts spaced on the tunnel
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lining iﬁ'a plane normal to the tunnel axis. The larger the

number of réTa{jve displacements measured between

- measurement bolts, thé\belter the definition of the deformed

lining shape.

4.3.3.2 Integrated Measuring Technique

Kovari et al. (1977) prppésed a technique of measuring
lining displacements in order to‘obtain the normal loads and
bending moments .acting in the lining and a]so tb'obtain the
external loading (rad?al and tangential).This procéduré' is

termed Integrated Measuring Technique and yields reasonable

-results desphite some simplifications inherent in the me thod

such as deformations océur. ohly in the plane of the

\\nonitoréd ring and small deformation theory. Kovari et al.

( t.cit.)- repor ted tha} the déformation of the Gotthard
Road Tunhel liner were monitored with \the' aid'véf “three
displacement measuring devicés (curvometer, deformeter,
dist ter-ISETH), as proposed by their m%thod. The loads
predicted by the .Integrétéd Measuring\ Technique were
compared Fo those'obtainéd from load cells installed in the -
same ring of the 1liner. This comparisbn shoﬁed the

satisfactbry per formance of the method propos by Kovari et

al. (opt.cit.)
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4.4 The L.R.T. South Extension Tunnel Liner Instrumentation
, Loads and deformations in the prﬁmary lining were
measured in' the early stages of constructionjof the LRT
Etunhel in order{to)optimize-the initial.liner design and to
gstudy the soil-structure interaction. |

The selection of instruments used in the monitoring of
liner lgads ang displacements of the LRT tunnel was based
mainly on prleous experience in tuﬁneling instrumentation
at the Un{yersity of Alberta.

The interaction between the steel ribs and wood lagging
was investigated because little .is known about this
interaction and because it affects the cgnstruction costs
'and lining design to a significant extent. The study of the
rib and lagging interaction was agcomplished with the
instrumentation of twelve steel pieces of lagging and eight
Joad cells.. Two load cells were installed on each of four
‘steel f}b rings. Convergencé of other four ribs was measured
with fhe tape extensometer and eyebolts described later in
this chapter. ' ‘

Pressure distribution’ ‘acting on the lagging was
'obtained by measu;ing stratns on the internal face of 12
pieces of hollow steel lagging that were designed - to have
the same bending stiffness of the wooden lagging in order to
simulate its normal behaviour. ‘

Detail of = each proposed- “instrument, including
cﬁlibratibni |

tests, instaliation; measurement procedure,

field data and data reduction is presented in the following
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sections of this chapter.

4.4.1 Load Cells I

The choice of which method should be used to measure -
loads in the steel ribs was based on an analysis of the
lining installation procedurg. As explained~ in' the
descriptfon of the construction method’(2.3.1f1 the four
segments, composing one ring of the steel rib, are ihitiai]y.
erected within the mole shield and kept together by two
‘loose sets of bolts and nuts at each joint. The stéel rings
are exposed to the soil as the mole advaﬁces and the
-expansion ring (jacks) are'positiohed and aligned. The bolts
;nd nuts from the upper joints are removéd to allow full
expansion of the joints. The expénsion spécers, (15.24cm
jong) are tﬁgn p}éced between the end plates of the e&banded
joints. The bolts and nuts are then properly placed ' and
tfghtened with no particular predeterminéd tbrque.' By )
leaving the bolts and nuts.relatively loose (hand tightened)
the joints become free to rotate and to move radially.

The substitution of a joinf spacer by a load cell
designed to. have the same thickness as the rib spacers and
designed with spherical load caps on each end of .the load
cell insuring that only axial loads are transferred between

ribs, would not alter the normal behaviour of the lining.
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4.4.1.1 Load Cell Design Details

structural members of the load cells were a solid

cylinder of &Qld rolled steel (type C1018). Both ends of
these cylinders. had a spherical shape in order to fit the
‘concave seatings/of same radius welded to the end plates
according to Figure 4.2 This allows free rotation of the
séructural member of the load cell in the presence of any
bending moment. The mechanical properties of the structural
steel are: '
. Compressive yield strength = 461965. KN/m?
- Tensile yield strength = 572285 KN/m2
- Elastic deformation modulus = 204082000 KN/m?
A diameter of 7.62cm was chosen for the solid steel
‘c§'1‘“ and safety againsf'yieldinq was checked as follows:
Assuming fu]l overburden at the springline, uniformly
acting around the lining, the maximum normal load in the
load cell can be calculated:‘
w = 20 KN/m?3 o 4 .
h = 11.9m ~ w.h.s.R = 885.36 KN

n

= 1.2m |

o]

= 3.1m
where: = soiliggit weight

w
'h = depth of springline

[/

= ribs spacing -
R = lining ‘radius.
Based on the 'load ffom full overburden pressure the

load cells hdv§ a safety factor of 2.4 against yielding.

3
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Two SINCO 52621 vibrating wire strain gauges were
welded to the qylinder in diametrically opposite directiqns
o strains could be averaged hence a more accurate normal
load obtained. SINCO 52622 Pickup Sensbrs were placed over
the vibrating wire gauges and fastened with steel belts
we lded 'tb the cylihder. These sensors were connected to
leads .long enough to enab]g remote readings.

Details concerning the vibrating wire gauge, pickuﬁ
sdﬂsor and strain indicator are given in the manual grovided
by SINCO. |

Details of the load cells are depicted in Fig' 4,2 and
Plate 4.1.

4.4.1.2 Load Cell Calibration

Eisenstein et al. (197%) found that the maximum normal
. load "in the .ribs was approximately 630KN. Based on this
- information, load cells were calib;ated to a load of T700KN,
Each of .the eightrload cells was loaded and unloaded threé
times under a 1load controlled condition. Strains (from
strain gauges) and loads weré recorded for ‘every increéée or
decrease of 100KN.'Results from these calibration tests are
presented in the Abpendix C of this thesis. A relatjonship
between loads and strains for each load cell was obtained by
the 1linear regression of' the data related to the loading
portion of the three tests. These relationships are

presented in Table C5 in Appendix C.
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4.4.1.3 Load Call Installation "
~ 'The eight load cells were installed as shown on Figure

4.3. They were installed in such a way that loads in ‘each of -

the four joints of the steel sets could be measured twice.

The instrumented rings should ideally be. installed

exactly within the area of the tunnel where “ground

instruments® had been installed (between chainage Sta.200 <+
43.4 and .Sta.200 + 57.1). Unfortunately, it was only
possible to place the four rings in the following positions:

ring 1 ~ Sta. 200 + 60.6

ring 2 -~ Sta. 200 + 61.8

ring 3 - Sta. 200 + 63.0

ring 4.‘; Sta. 200 + 64.2
After the joint expansion, the load cells were placed
betwéen end plates of the steel ribs (Plate 4.2) and the

-

bolts and nuts plac;d in order to be tightened later.
The load cells were positioned so that one of }he
strain-gauges 'was Faéing }he soil ind the other facing the
tunnet céu%reline |
An additional 2. 54cm long spacer (W6x25 sec'ion) had to
be placed between one end of the load cell and the steel rib
plate in order tg complete the 15.24cm of length of the

original spacer (at the tithe the loed cells were built. it
-4

- was thought that spacers weré to be 12.70cm londS.

A departure from the normal constructlon procedure was
necessary in the rings where loaq‘ciﬁls had to be 1nstalled

in the lower joints as the expansion ip1nts ‘were usually

N 4
- | %
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"placed in the upper joints.'Expanding oneq_qr" two of the

lerr joints instead of the upper ones, prc;bably eltered the
behaviour of ‘the lining in that region “but~  not
significantly. ' o

| After the pressure in the expansion jacks was released

and the load cells activated it was noticed that a large

-radial displ&:emen“t of. vth! end plates of adjoining ribs and

_'relativelx{ {&‘Eﬁotatim of the. ?ructural member of the

. fynct.ton. : : oA

IOadr:fell‘,m e seats had taken place. The rotation of the

,'Qloaduﬂu&p)rated the sensor from the strain -gauge due to

G .

“, "énu?t between sensors and end plates of load cells The
’ sep‘sm:z{ were replaced and the stram gauges continued to

- v"n -
’ <

P

4.4.1.4 Measurement Procedure

Readings were taken with a SINCO Mode! 52601 Qrain
indicator. R.eadinds .,were.d'irectly displa_yed as mlc,rostr.ams.
and record'ed “in a field sheet presented in Figure 4.4.

Zero readings for data reduction were taken for each

cell immediately before installation. Subsequent reading§

'{w;ere taken soon after the 'pressure‘ in the ‘expansion jacks

was released and as often ’e§ \possi'ble"in ‘the proximity of

the-tho'le k:il' The number of readings cbllected was

restr1cted bﬁ' other readings that ‘had to be taken

smultaneously and by tge installahon \tm\e required  for

‘other instruments. . ‘ .

L,
..

.Q ‘ J ,‘-:4"‘ ' . | . - v R ; ".‘.—;‘ .

te

~
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s |
4.4.1.5 Field Data |
The data obtained from field measurements is presented
in Tables C6 to C13 in Appendix C. '
T Measured loads were plotted versus time (Figure 4.5 and
Figure 4.8), versus logarithm of time (Figure 4.6 and Figure
4.9) and versus distance from tail of mole (Figure 4.7 and

Figure 4.10)
Figures 4.5 to. 4.7 contain da:a from the losa cells

-

installed in the upper -joints .while Figures 4.8 to 4.10%

contain data from the load cells installed ih*”the loyeb‘ﬁ

l
r
A"q‘,

jo1nts. | L Neent _:

PN a ’J ,‘.“' .
%l‘o LA "‘

4 4.1. 6 Data Reduction

reflect the resultant of the stress distribution acting

A\ 4

" along the ribs and adjoining piacés'of laggisg
jons. act1ng in

There are many possible stress dlstrxb
the pemmeter of the'ring that yield the same\?t of loads
as those measured at this site..

The most often used stress distribution in the back
calculd}ion of field data is that presented in Figure 4.11.
The use of this distribution is reasonaple for deep tunnels
where the weight of the excavated soil has a minor influence
on the edui]ibrium of the tunnel liner (Mindlin 1840) . Ths
assumption of the stress distribution presented in Fig 4.11
{n.the calculaf{bn of4stresses acfing“gh fhe liner from the

loads measured in the loqg‘cell is only reasonable when load

o

Pt

o e
'ﬂ‘..t,'. e, ;v‘
The loads measured at the joints of {he ste rﬂgt“a; )

fzh.«._,:: e
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Figure 4.11° LOAD DISTRIBUTION AROUND TUNNEL® LINERS:
SYMMETRIC TO VERTICAL AND HORIZONTAL AXIS
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cells installed in both upper and lower joints measure

- similar loads.

In the present study where the loads in th‘ lower
Joints are significantly higher fhan those in the upper .
Joints, a stress dfstribution taking into account the side
friction along the tunnel walls seems to better explain the
results, and does not complicate the analysis (many other
more complex stress distributions could be used).

Figure 4.12 depicts the proposed stress distribution
and it should be 6oted. that, in this f gure. the ratio’
bgtwéen verfjcal and horizontal eﬁfective st)ess;s after the
tunnel construction was assumed tofbe unity, in order to
simplify the solution. | |

Figure 4.13 presents the calculatioqs carried out 16
order Eo obtain the relationship between measured loads in
the upper and lower load cells and the stresses acting on
the lining. These relationships are given below:

Ruppér~= 2.91p, + O.19pi | .
-Rlower ='2.91pi + 0.19p, " 4.1
" The meaning of each éomponent of th%s equation is given
in Figure 4.13. | | ’ |
'Values of p. and p; (pressures at the crbwn and_fnvert,
gespectively) can pe found by substituting a paif of 1loads
meaghreq  in the field (in the upper and lower joints) in
equations 4.1, | |
A decision was made to study the stress distribution
acting on the linér using load~cell’readings taken when the

R

L



Pi 111 , Pi

Figure 4.12 GROUND STRESS DISTRIBUTION ON STEEL RIBS TAKING

INTO ACCOUNT SHEAR ALONG THE -SOIL-LINER INTERFACE
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shield tai) was 36. 4 metres any This d‘ttance was found ‘fc

’be eogwenied!‘ because, st this distance from the shield,. the
' sections studied were’ considered to be far enough to avoid
‘mole jacking effects and cTooe enough to minimize the, t!me

.,_‘_». R
3

“dependent sl behavior effects ‘on the Tining prossurdh
i!eadings - Bf load * cells taken at epproximte'ly 36. 4tn ’?way
from the mole took plece within 14 ‘ay_s,.-!, of - their
instal‘ls!ion g -’ ‘“_:‘ .

" Due to the fect that the use of Equattons 4.1 requines
load: measurements ih the q:per and Iower Joints at the same
ring and that not alT t‘hstrunented rings. had load measured'
in. both u:per and louer joints. 1t e progosed that the

-
study of pressure d#stribution on the Hntﬁ I%e carried out

" by conbining the ‘data .Lobtaine‘t! fm:m"”two edjofnihg '

gio=

@g |

instrunented rinqs By doing so, stregs .dist

¥

_'tions can be’ Y
s ; '-..’,, n e SR

ﬂ’v

,obtained b9 conbining Toads’ measured in the ¢

joints of rings 1
(fi re43) o ,
gu ,.._\ . .
The values of’oad ceU readings at 36. 4m away ‘from the
mole and values of Pc and P; obtained‘rom the solution of

nd " 2, rings 2 end 3 and gings 3 and- 4

Equations 4.1 are’ presented . in Table 4 2

4.4.2 Steel. Lagging G ,

The instrunentataon and study of the laggmg in the LRTA
tunnel pr1mary hmng was not. onlyv impor tant from the
r'ese‘arch uoint of view, but also from an economic point of ~

vieu’ since an increase in the: originally specified ‘timber
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,;24 89 - 58.40% . . 4
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laggingqlangth wou ld yield an increase in U\V/ \/\/’\Mi thmce

rate and rﬁecrea;e ‘tn the nurberé of steel \4\/\ /WN“‘ed.

e 'thus resulting in an overall ‘cost decrease \ \

The presﬂ:re acting on the. timber

NW‘\ M\A be

." \/ s "{

'.'lx_‘

,qn e ﬂ‘.'.

s

'obtained by hstalﬂng pressure cells at thy V V\M Mtw”n

- “the ground and lagging but this proceduf\/ M\thy
disregardeg due to reasons discussed 1n Seq M A ‘

f.o"

It was “then deehed to‘?btain ground VV ‘\ H\/Wﬂ“ws"

3
by mtmitcﬂl lagg'lng '8
pressures by back calcin }

;#ins and “cony/ \\N V\M\’to

. Three woblems had,

R

R

T _f' & nﬁle ad'vance from those caUSed \ ‘VV\ V\&jo‘*’off
4; L . thquround« L N W :

Tl e - reproducib‘ﬁ sﬁain measuremntviw\/\//vv ~

/

‘*‘i _-.' - the vari%btlity of @gber%rope\/\ v Sy
W to separate the deforwionv \#vvv R{ the

.The first two prob “;an beavoWM \/\/ %Awrmg

. at this \N\M ( \ -

R thé: difficulty oof " obs;ainw AVN\/\AW snd

» stram m stee-l p1eces of l ggmg. cgnst’ruv \/\9\ Nﬂy the‘

§ame *bendmg- st1ffness as tnnber, and thw \/\j v Wk\ng

| these spec1al 1nstrumented p1eces of ‘N (v \/\/M vhtly

' shorter than the standard 121 .92cm length. Ny \/ V\ :
4.4. 2 1 Steel Lagging Design Detawils : {

Accordmg to the specificatwns for th%/ MV\'\)\ 1,*1\(\9.

the wooden laggmg should ‘consist of Sprw W AR/ 1 \/Q\Qnt

material having an allowab/e bendlng flbre / \/V\ﬁ\ W not

PO

e
woe S
Y 4%

W

A
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. o - Y
less.than 6895 KN/M2. Its dimensions shbuld be ‘:

[¢]

L. section .100x150 (mm)
- length 121.92cm

The 150mm cross-sec_‘-p

L .

. tlimension should be placed
J -l . } . ’

Three pieces of timber ]agging were brought to the
University laboratory and . loaded in bending by applying
equaJ concentrated loads at the one-third points of the

- 152, 4cm span it was decided to test longer. timbers than the

ones. that ‘were beigg used in tHe early stages of the

construction) and the central deflection versus load ‘was }

\

J_recogded in order to obtain);he average flexural rigiditx

Y

% &?ep)ace the or1g1nal timber lagging.

PR

- The f'lexural rig1d1ty ('EI) Was ‘To . to be 105 61KN’; and

the modulus of elastic1ty (E)°7929 25MN/m3 . : .
. 9, &
. It can be concluded‘that steel pieces of lagging with a

9

flexural rjgid1ty of 105 6 1KN. m2 should be built in- order to

o
1 .‘ N
W
4 14 and the steel section HSS 5x2x0.188‘ was the begt

g . :
Twelve p1eces of lagging were made actording to F1gure

ava1lable, at q%lt time, that ~ would Jsatisfy the

' requ1rements The relevant mechan1cal/propert1es of the beam

e

section chOsen are presengéd\Qn F1gure 4.14 .
»

Weldable A1ltedh electr1c .strain gauges, Model SG129

" were at}éched to the face of the steel ]agg1ng, fac1ng the

tunnel axis, 1n three ~"locahons 1n order to enable the&i&

evaluat1on of the ground str | d1str1but1on along . the f

_length of the beam A plece of steel lagging is shown on

/’?‘{,"g

g
4_ )
:
a@
‘
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i,
X
j ®

Plate 4.3. : | .
4.4.2.2 steel Lagging Calibration Tests . o

+* Calibration tests were cargiéd out on each of the .

.
’.‘twelvexpieces of stql lagging. Tests were carried out on a@
. . - . .. . ’ aé"J:‘v

Baldwin Universal "Testing - Machine''where the HSS 5 .188 .
: ke

‘ . R 8
test beams were Joaded in bending by applying equal,
L

concentrated loads at the one- third pointspg; tee 110. 48cm’a )
b - . w
free span ' . T -u” " ’

PR

Due to’ time ccnstraintsk: strain readings durtng the -;§37'
. calibratioQ tests were takeqpfrom all three gauges only fcﬁ
W piecd SLTO - wh1le &or tﬁe pthen beams readings were taKen

only at the centre sbrain gauge Stra1ns were measured with f”@*
the stra1n 1ndic r produced by Au&omaizon Industrles Inc -
‘The cal1brat13ﬂ results are,presen&od in Tables C14 to-
' €18 'in Append1x ; ‘ .-&5‘#; T
“ As expected the strain readings alomg - the lengtni of
test beam SL10 uere“proportiona1 to bending moment . The
strains.can also be'expected to be pronortional‘ to bend%ng

. moments for the other beams. ' o "

' i
The Incﬁ1natlon of the loading portion of the

g

ca]1brat10n curves were pracfically the same for all beams
‘with a mean value of B410KN.m (Fig" 4.15)¢ From this mean =

»Jcal1brat1on curve the emp1r1cal flexura] r1g1d1ty of the 12

=

tESt beams can be evaluated. . AUIT
O ° . J "‘ .. . ' .
@f:Hdraa_heam,under bendﬂg!pra» SRR ) SR
. e ',;.- | . .
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.Figure 4.15 STEEL LAGG1NG - MEAN CALIBRATION CURVE

’

-




Plate 4.3 STEEL LAGGING DETAIL
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For M/E = 6410KN.m

163

£ = M.y/E.1

where | £ 2 strein ' L

M= bending moment
'EI- flexural rigidity

= 0.0254m g. |
- R W -4

thus:  EI =1£¢o.0254 - ' ﬁ'

| El = 162.81 KN.m?
which is different frOm the tabulaied one: 132.81KN.m2.

It ‘can be concluded that the test bgams have a flexural
'Mg'idity 54% higher than ant1c1pateds &

Correct1ons have been made to the field data in order

" -to analyse them.

,°

4.4. 2 3 Steel lagging Insta]‘letion - h
The pieces of steel laugfgg were placed in position 1{
position 2 and pos1t1on 3 as shown on Figure 4. 16 |
P051t1on 1 was located between rings 1 and 2 where load
cells #1, #2, #3 and #4 were installed (see Figure 4. 17)

position 2, between rings 2 and 3 and position 3 between

rings 3. and 4, In each of these positions, four pieces of

lagging werejinstalledu They were placed in posjtions that

>

would enable the monitoring loads in most significant
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‘portions qf the circumference No steel lagging was

'1nstruments had tb be 1nstalled 51multaneously -

&~

at the invert because this region was being used as the base
for the tracks for the muck cars. :

The pieces of lagging were installed soon after the
‘erection of the steel ribs within the shield (Plate 4.4),

The ribs were erected at a distance, from the previous
h

. “

spacing, in order to facilitate the lagging’ installat1on
During the steel lagging installation, a space was left
between adjacent timbers by using *four pieces of‘ wood (1cm

| thick and 3cm wide) ‘two at each side of the contact to

minimize -side " friction and to allow -the vmeasurement. df' -

I
-

oyercore closure.

. R
trat‘" %a Lot -L_‘
4.4, 2 4 Measurement Procedure . ?

_installed \ribs. slightly larger than the standard 121.92cm

Strains‘ in the steel lagging strain gauges were -

measured with the read- out' unit produced by Autpmation
Ihdustrtes Inc.;4 1A;: N , .
'='Zer'o .'dings from ! the st.eel ﬁ.gging were ‘taken
innediately‘ er installation, when the pieces of lagg;ng

were within the sh1e1d The ﬁtrst reading follow1ng the ZEro

*-4

read1ng,' aftér 1nstallat1on was taken when ‘the steeﬂ

lagging was between 1 and 3 metres from the sh1e1d tail. [t

was not p0551ble to record the stra?hs more ’ frequent]&

“this stage because other readings  had: to be taken and other

di");:

4

45
¥
™

i
Lo
‘/ H
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Strains were read for the three strain gauges of each‘
piece of steel: lagging and recorded in the field sheet
presented in Figure 4._’}3. As the tunnel had its axis in, the
EAST-WEST direction, stpain .gaugesg from eech' piece of
_legging were given the letters E (eaet).ﬂb (centre) eﬁd W i

(west). . h

R

At least four sets ofg-readings ‘were taken for all
pieces of steel laggtng. when they’were within gne' diameter
of distance from the sl‘&ld tail. : - '

““- : h .' ‘_ . ‘. ' ]

*ﬂ}w Wéﬂ 4. 2 5 Field Date ST, . L
~‘§ . - The ‘dat; récorded‘in‘the Held 1s tabn,ﬂated 1n Tables’-
',@. C20 to C25 presented ‘in Appendjx C. - " 1 )

 The - strains _were, plqtted -versus'ttme and versus

L K )
ce from sh1eld tail and are presented 1n figures 4 19

. ,:v Iin &]f figures a'ncu‘ 'tables' referring to the steel |
'flagging data, the e DISTANCE FROM TALL OF MOLE" means
_the distance from the end of the’ steel lagging, that first,
leaves the shield,  to the tail of the mole (shield). N
In séme cases. strains coy¥ not be . pr::perly gecorded

due to the mal functmmng of the connectors at%'ached to the
> . strain gauges o _ '

- Data from the steel laggmg occupying. the same relatwe
* position a]ong ‘the pemmeter of the tu_nnel wall, were

plotted in the same '&raph:r

";'I;ﬁi .
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4.4.2.6 Data Reduction -
The measurement of strains at three different points
along the length of the pleces of steel lagging was taken to

obtain the magnitude and distribution of the sofl load' on

the lagging. ‘ . o .

Bending moments are\dirgctly related t6‘ Ame’a'sured,,
strains through the calibration curve, figgre 4.15, and are
tabulated in Tables C20 to C25 in Appendix C. -

Load distribution can be evaluated from bendingghnmpnts‘}}

_through. the structural concept:

oV, M

Ix 9 x2
where " p = load distribdf16n< ;ki_ ’ .
V = shear force . -

M = bending moment

As bending moments are only ava1llble at three
pos1t1ons along the pieces of steel lagging, the evaﬂdhfﬁon‘
of the bending moment d1str1bution is only approximate. The
load distribution calculated from»!he analysis is strongly.
affected by the assumed initial moment distribution. '

For the field data reduct1on tt was 1n1t1a11yw assumed
that the bending moments varied Tinearly between stra1n
gauges and between the outer strain gauges and the ends of .
the steel lagglng. Shear forces could be calculated from}
this variation of bending moments.and the same broceduéé Js
applicable to shear forces in order to calculate exterpa])

4.
load distributions. 5
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This procedure is {llustrated in Figure 4.31.

The results gobtained ;from this analysis were clearly
not reflecting the actual aoad distribution carried by the
lining. In some~base;; loads were found to be acting in the
opposite of the expected direction (i.e. acting outwards).

, It was then decided to submit the data to a simpler
aﬁiiysis_that'uould assume: »

- thg ground load was uniformly distributed &long

the léngth of the steel Hagging:

- no moments were carried by the ends of the steel

pieceés of lagging. ‘

- 'no-axial >load was transmitted to the steel

| lagging.

Since, for all pieces of lagging, it was impossible to
find a unique uniform lcad distribution that would yield
valueé of strains identical to those obtained from the
strain gauges, the uniform load'distribution obtained from
the data Waswnssuﬁed‘to be the average of \th different
uniform load distributions, calculated from the three strain
gauges és follows:,‘ ' '

obtaiﬁed from the strains measured by the

Puc =
central strain gauge. AN
Puo = obtained from ‘the average of the strains

measured by the two outer’ strain gauges.
Figure 4.32 depicts these assumptions. '
The load distribution along the steel 1lagging was

calculated using the data obtained when the pieces of

i
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MEASURED
STRAINS

CALIBRATION

“BENDING
MOMENTS

veSM
§X

SHEAR
STRESSES

fv

P

é§ X

LOAD

DISTRIBUTION

Figure 4.31 STEEL LAGGING STRESS DISTRIBUTION CALCULATED

FROM STRAIN GAUGES



184

S

NOT1OnQ3¥ v1va 3HL NO GIWASSY

NOTLNSI¥ISTQ SSIULS ONI9OVT 13315 Q314ITdHIS Ze'p ounbl 4
WD - “Isip
&
W/NXY -~ d
WNY - W :SLINN
| VAVQ Q7313 WON4 ‘SINIWON ONIAN3E « _ossw
“ 910€ 91°0¢
) \va v
( e o My
on
d ‘0 = ) .
o:a 88710 g
TR . gs1l
2 m, 84'4S
O_JQOU Q f —_—
| - \vi . v
2N J o}
d69910:="W W

Ny



¥ o 185

1agging were at 36.4m of distance from the tail.of the mole.
This"distance_was_Chosen for the same reasons giscussed
earlier for the load cellsd
- readings taken close to the tail woﬁ}d be
affected by the mole advance forces '
- Eeadings taken remote from the tail would\\be
- . affected by the ground time.d;pendent behavioF\
The reading taken at 36.4m from the mole tail todk
place less than 14 days after the tail passed any‘:
instrumented ring. In most cases readings exact]y“at' the |
distance of 36.4m from the tail were not taken and, in these
cases, bénding moments weﬁe’obtained by linear ‘interpolation
of available field data. The uniform, load distribution,
calculated based on the assumptions desc(ibed in this
section, is'presentedpin Table 4.3.
quing the éalipration tests, the flexural rigidity of
“the sfee] lagging wés found to be 54% larger than that of
the timber lagging‘g {162:81KN.m2 and 505u61KNm2
respectively). This means that the load”picked q# by the
' steel -lagging is probably larger fhan that carried by the
timbér. Hence, a correctién‘ is necessary since the main
iﬁterest is the grounq load aéting on the wooden lagging. .
FdrV the §ake of simplicity, it was assumed that there is a
linear relation between load carried and tHgb .bending
stiffness.A The loads originally calculated can be corrected
easily and'afé présented in the last column of table 473.

. More complex corrections are not justified since many
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simplifying assumpt ions have been already made, The
corrected values of table 4.3 are plotted in - their

respective locations in Figure 4.33.

4.4.3 Overcoring Measurement ‘

. The knowledge of the rate of closure of the void left
between the ground ‘and tﬁe lagging would be of great
interest, with reépect to. loss of ground studies and helpful
in interpreting the steel lagging and load cell results.

The distance between the pieces of steel lagging and
the ground will be referred as Qvencoring.'the overcor ing
was measured in six different locations along the length of
each steel lagging installed in poeitions 1 and 2, soon
after they left the shield. ~ '

.Shortly before the second set of readings was taken (a
couple of hours later) it was noticed that the ~ground was
beeing squeezed through the space left between the steel and
timber lagging. The soil that was coming towards the tunnel
was a very\ wet soft clay mixed with medium sand which was
probably coming from a inter-till water bearing sand pocket
mi xed with ‘cuttings from the mole. The presence of this

material around the lining determined the end of overcoring

rate closure measurements which was not measured later.
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~4.4.4 Lining Deformation

‘The monitoring of 1lining deformation can be very
helpful in the interpretation of the steel lagging and. load
cell results and provides valuable input for the computer
numerical analysis

For the LRT primary lining. ‘the dtstortion was recorded
by measuring the change in chords of the 1ining with a tape
extensometer and monitoring the level change of some points
welded to the lining.

The quality of. the distortion readings would be
‘ undoubfly improved if use had beep made of the curvometer
and deformeter proposed by Kovari (1977) but these
instruments were not available at tﬁe moment they were

needed.

4.4.4.1 Details of Instrumentation

The tape extensometer used in the distance read1ngs was
produced by Slope Indicator Co. Model P/N 518115. This tape
extensometer consists of a spring loadeﬁ$ steel . tape
connected to a dial gauge. Accurate measurements of
distances between two points are accomplished by hooking one
Aéng of the tape and the hook conheqted to the dial gauge to '
tEe eye-bolts, previously fixed to these two pqintsm

In thé primary liningl four steel ribs;were chosen for
defofmation observation. Eaéh of these steel rings had five
eye-bolts welded according to Figure.4.34. In this figure,

seven chords are indicated, which together with the level
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NOT TO SCALE

LEVEL CHANGE WAS MONITORED- IN ‘A" AND'B’

I T0 YII - MEASURED CHORDS

.

Figure 4.34 LINING DEFORMATION MEASUREMENT - POSITION OF THE
EYE-BOLTS AND MEASURED CHORDS

*
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change of the two lower eye-bolts, made possible the
location of the absolute position of the five points in the
plane of that ring.

4.4.4.2 Eye-Bolts Installation

The ribs that had deformations monitored were named
ring 5, ring 6, ring 7 and ring 8 located at Sta. 200 +
73.0, Sta. 200 + 74.2, Sta. 200 + 75.4 and Sta. 200 -+ 76.6
respectively. ’ '

The eye-bé]t insfa]lations were very simple and
consisted simply of welding them to the rib. The welding was
only possible after the joint ~expansion and , the spacer
placement because, during expansion, the rib expansion ring
was kept in contact with the ribs being exnggded. The
premature eye-bolt installation would inevitably have
resulted in their complete destruction.

In order to improve the accuracy of the level
‘measurements, the th lower eye-bolts of each of the four
. rings- wefe welded to the lining together with‘a specially

‘aesigned steel cylinder, Wifh a co;e-shaped depression that
fits tpe lower end of the surveying rod.

A1l level measurements were referenced to a steel pin
anchored to the concrete structure of the Cenmtral Station,
at the tunnel éntrance (approx?mafely at 70 metres from ring
5). A | . |

) A-tuEning point was welded to the 1lining between: the

Central Station and ring 5 in order to decrease the sight
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distance from surveying rod to the lébel.

4.4.4.3 uoasuﬁemontqprocedure

For ring 5, the first set of readings was taken soon
after the eye-bolts were installed at a distance of 0.4m
from the tail. At that moment, the mole was advancing. and
the jacking forces on the lining, ';ogéther with the
'.vipration from the mﬁck cars, made the readings
significantly difficult to obéerve. This set of readfngs
comprises the measurement of the length of seven.chords and
level of the two lower eye-bolts. Another difficu]ty that
was encountered while readings were being taken was the
interference of these readfngs with the construgtion
procedure.
Based on these experiences it was. decided to take
readings only when neither tﬁe mole nor the muck cars were
working. This situé%ion happened at a distance of 1.6m away
from the shield tail (1 push 6f the mole after the eye-bolt
installation). | |

The second complete'set of readings could not be taken

within the next 15 metres of mole advance becguse the

conveyor belt structure and the power generator (pulled by

the mole) directly interfered with the chord measurements .
The subsequehF set of readings was taken for all rings (5 to
8) when they were at distances between three and four
diameters from the shiéld tail. The third, and last set of

_readings, was taken one day after the sécond set.
‘ -
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Measurements were recorded in the field data sheet

presented in Figure 4.35.

4.4.4.4 Field Data

The field data related to the 1lining deformation
measuéements is presented in Table C26, in Appendix C, and
the reduced displacements are plotted in Figure 4.36.

The results 'shown on Figure 4.36 assume that the

central pdint of the chord I did not move laterally.

4.5 Discussion of the LRT South Extension Tunnel Liner
Instrumentation

In this section, data will be analysed independently
for each set of data obtained from each instrument and,

finally, a general discussion will consider all the data.

4.5.1 -Dis?ussidw of Loads and Displacements of the Steel
Ribs ‘

A sighificaﬁt_diffe}ence in normal loads obtained from
load cells installed 7n the same relative position of the
liner is noticeable ( Figures 4.5 and 4.6). This variability
of‘resulté happens due to the uneven application of jacking
forces around the perimeter of the lining during thé mole
advance. This uneven force application is necessary fof the
steering and alignment of the mole. It can be concluded,
.then, that the load distribution écting -on the lining is

strongly affected by the construction method.
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1
The variabil?ty of readings for each load cell was
evident when these readings were taken when the mole
propulsion jacks were within a distance of approximately éO

metres from the load cells (or 14 days after installation).

Ry
v}

A1l figures depicting the load cell data also clearly .

show that the lozg‘ cells installed in the upper joints

picked up lower nqrmal_loads thqp"those. installed in the

lower joints. This was the main justification for the

Tanalysis of Section 4.4.1.6 (Load Cell Data Reduction).

-ﬁigher loads in the lower joints are probably due to the

developement of shear forces between the'ground and tunnel

liner. The installation of load-cells in the lower joints

undoubtly induced this side friction because the joint

located above this joint. The tunnel construction was , shut

- down for five days (from 18 to 23-feb-81), when ring number

4 was four metres away from the shield tail. During this

'péfiod,“ the loads in the 1lower joints {numbers 2,3,4,5)

increased while loads in the upper joints (numbers 6,7 and

8) decreased (see Tables in Appendix C). This enhances the

| "exéansion was done w%th an upward movement of the steel rib

interpretation that the development of shear forces along _

the tunnel walls is not solely.due to thé expansion of the
Tower joip}87~\ ' )

~ The shear\ force at  the ’soil-liner interface has a
greater effect on the linind behaviour in shallow tunnels
than in deep tunnels. For. the latter, the shear forces are

small when'compared to the ring stresses induced by the
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stress field. .

There ‘are many methods of defining‘uhether a tunnel is
shallow or deep. These definitions can be based on the modes
o failure of the opening. the similarity of ground
displacements above and below the tunnel' whether -the
surface displacements are measurable or not* and the theory
of elasticity. The knowledge of whether a tunnel w11l behave
as a shallow or as a deep tunnel seems to be of enormous
consequence in the  liner design. ‘This impor tance '”is
diScussed in Chapter 5 of this. thesis. .

o The study of stress distribution around the tunnel,
presented in Section 4.4.1.6 (Load Cell Data Reductjon)
aided in interpretjng the fining behaviour. By comparing the
values of_ load distribution acting on'the crown and the
invert presented in. Table 4.2 with the stress at these
locat{ons before the tunnel _was excavated, it can be
conc luded that the avérage stress relief at the invert
(233KN/m?) is h1gher than that at the crown (138KN/m2). This
difference in stress relief might refleet the behav1our of a
shallow ntunnel, since for a deep tunnel this relief should .
be abproximately the same for crown and invert. The ‘'general
ud;and mpvement of the tunnel liner presented-in Figure‘4.36

“might‘aiso be related to the difference in stress relief in
the crown and inverts

The pldts of“load versus t:ne and Jlogarithm of time
show that loeds~continually increase after the'moJe p?sses a

section. This behaviour is attributed to the time dependent
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transfer'of loads from the soil to the tunnel liner.

The oqgérvaiion by Peck (1969-b) seems to be valid in
- this case: "For mény' tunnels the r?ng load appears to
increase roughly proportionally to the IOQaEithm of time".

It should be finally mentioned that load cells located
. at 36.4m away from ‘the ’shield tail indvcated a load
distribution on the ;*hlng varying from 9 to 26 per cent \of
 the overburden at .the crown. Fur ther comments on this

variation will be‘offered in Sectiori 4.5.4.

4.5.2 Discussion on Steel Lagging Resu1ts’

| Figures 4.19 to -4 29, whiéh _present strains measuredv
- versus time and versus distance from the tail of the mole,
show some points of -the lagging behaviour that are worth
mentioning: | -

It should be noted that there is no djreét relatiohship,
betweeh the load carried and the bosifion of the pieces- of
iagging as compared to. the load cells that consistently
heasured higher loads in the lower joints of the steel ribs.

The figures.also show tha}.thé~strains measured in fhe
three strain gauges attached to each of the- instrumenfed
. pleces of lagg1hg reflect the non- un1form nature of the 1oad
acting along each of these pieces. 1n some cases (SL2, SL5
and SL9) negatlve strains were measUréd indicating that
normal load w§$ present, probably transmitted through the.
four confact‘points of the steel lagging with the adjoining

timbers and through the contact between these pieces and

x
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steel ribs. It i; believed that these normal loads are very
small an ,éhould.not significantly alter the an;lysis.

 In st cases, activation of the lagging occurred at a
‘distance| between . 1.3 and 5.2 metres from the shield tail
thus givlng some indicatioh of where the arching between the
excévat soil ahead of .the mole and the lining is taking
place. After the lagging activation, the strains varied
withi -é relatively narrow fanQe except for SLS, SL2 and

fa

SL7.
/

It should be noted that most §tfain gauges reflected a
decrlease fn the magnitude of loads sUpported by the stegl
lagging after the molé stopped with the tail at 85.6 metres
from ring 5. This occurrence Qas probably . due to tﬁe‘
decrease in the i'négative_.gnound arching” induced by the
presence of a stiffer element i; the lagging and not to the
increase in 'afchin‘.ipf ground bg}ﬂeen steel ribs, which
., probably decreasés with time. i ) o - _ \

The reduced data,"preser;téa in Section 4.4.2.6 (steel
lagg}ng data‘reductioh) invdlved many"simplificatibns and
assumptioﬁs but still are very useful in interpreting the
lagging behavfour. Figpré'4.33,depjcts the reduced uniform
loads and' confirms the statemént made at the beginning‘of
this sectioﬁ: ?hene is no direct relat?bhship between the
load parﬁied and the 'positfon of pieces of 1agging. The
super imposed valué; ’presehfed in Figure 4.33 must be
analysed with care since values of loads - measured . in

different planes (different positions)  bear no
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[
VY

iﬁterrelationship.
The \maximum .measUred load acting on the fagging 36.4m
away from the mole is only 33% of the overburden (51% if no
stiffness correction is .made) which justified the increase
in the rib Spacing'from 121.92cm to 152.40cm. This increase
in rib spacing for the cpnstruction of the‘repainder of the
tunnel was pnhanced bx the loads acting on the lagging
measured by Thomson and E1-Nahhas (1980) from 3% to 63% of
overburden (tunnel in clay shale and TBM excavated). The
increase in the rib spacing promoted significant economy by
not only decreaﬁing the number of steel ribs:;required but
also increasing the rate of mole advance. S
More accurate load distributions would be possible if

"the steel lagging comprised the entire ring rather than just

~a part.

4.5.3 Discuésion of the Convergence / Divergence .
Measurements | '
N Results from closure measurements. in Figure 4.36
indicate fhe.upward movement of the liner as a "solid body"
since all these vertfcal displacements vary within a narrow
range (from 1.58 to 3.60mm) and most of the nodes (A to E)
had hqrizontaf'movements o% less than 1mm.

The apthbr is sceptical about the resulté of the liner
movements basicly due to §wb _feasohs.' Fifst, the zero
"readings were taken within the region where the lining

movements are basicly governed by the mole, and second, the
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Anumber bf readings was small. It seems, then, very diffﬁcult
«.to be sure whether the displacements shown in Fig 4.36 are
caused by ground ﬁction or by the mole éction. |
- The valuable item of infdrmatfon arising from the
monitoring of the liner deformation is its gymmetrical
behaviour with respect to the vertical line passing through
th; center of the tunnel and. the small magnitude of
displacements thch is in agreement with the low normal
loads measﬁred in the load célls. |
"~ The small. amount of distortion that occurred in the
lining might be an indication that the ratio between
vertical and hor?zohta] ground stresses by the time the
lining was installed was very close to one (K = 1).
Further ° discussions wiil be offeréd in the next

Section, 4.5.4.

4.5.4 General Discussion of the Lining Behaviour

The data presented in Tables 4.2 and 4.3 wé}e assembled
in Table 4.4 to enable the stddy of the interaction ‘between
steel ribs and lagging to be made.. In‘this.fable. loads
obtained from the pieces of lagging located between the two
lower joints. were considered as acting on the invert and
"those located between the upper and lower. joints were
considered as acting on the springline.

The aVerage values of Pcrown (stress at the crown)
Pspringline and Pinvert were plotted for each of these three

positions for both the steel lagging and load ceTl data, in
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-

Figure 4.37. In .this figure, the numbers are only
approximate and were plotted simply to elucidate an
understandingiéf the lining behaQiouE. - V
The decision to plot _average . values of' load
distribution was made because these, when evaluated from
load cell reflect the average of all loads'acfing along the
steel ribs and the 1lagging, while the load distbibution
.obtained from the steel lagging do not reflect the 1lining
behaviour as a whole. The Eesults~plotted 6n this figurev
consi§tently show ihat loads carried by the steel rtbs are
higher than those carried by the neighbouring timber .
.lagging. The opposite could be only-posgjple if‘the lagging
had a self §upporting -capacity, aéiiﬁé%féévoa perfectly
flexible lining. This does not happen due to the existence’
of the end plateg‘Welded‘to the steel ribs; all the radial
loads carried by the lagging is transmitted to the ribs'
through the end plates. _ N |
° Another factor affecting the load " distribution along
the tunne liner s the construction method. Ohe of the
steps of the lining installation procedure 'is the ‘rib
expansion where the jacks, through the rib expansion ring,
push the rib towards the soil, in order to minimize the
grbund loss around the lining._Since}thé expansion happens
on‘the ribs{ and these are projected 1.3¢cm outwards with

"respect to the;]agging; the difference in the load carried

is CIearly understandable.
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The magnitude of the difference in load supported by
. the 'components of the primary 1lining. can be roughly
expressed by the AVerage ring load véfﬁes presented in the
last two columns of Table 4.4, They show that ribs carry
loads from. 85 to 213% higher than those carried by the
ladging‘. It is of r:lajor interest to conparev.@henpressure on
lining obtained in this study with Eﬁosé‘vpresented by
E1-Nahhas(1980) (Table 4.5). For the LRT E:tension tunnel
currently being studied, the height of soil carried by the
steel ribs varies from 2.12m to 2.81m (obtained from average
“ring loads" in Table 4.4) as compared to the 4.71m obtained
from the noqth4éastern tunnel of the LRT. The difference in
~ load subpoﬁted by the two LRT tunnels might be due to a
greater self support capacity of the ground surrounding the
tunnel of the LRT South-Extension. Another reason for this
difference might be due to the different methods utilized to
measure normal loads in both tunnels. In the north-eastern
tunnel, loads were measured with strain gauges attached to
tHe ribs and these seem to have been affecfed by the advance
of the mole. . ‘ L

The .r-at.io (n) of height of soil carried by the lining
to the tunnel diameter vafies from 0.34 to 0.45 as opposed
to the values preéented in Table 4.5 where n varies from 0.8
to 1.09. | '

The great'.disadvantages of the cbmparison based on
ratios such as n are that it does not take into account the

construction effects that certainly have a major role in the
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lining and ground behaviour, nor does it take into account

local changes in stratigraphy.

i

4.6 Summary and COnclusidns
- In this chapter, the techniques most‘cdmmonly used in
the measurement of lining loads and displacements have been
revieweai Details conce}ning the installation, measurement
pnoéedurés and design of the instruments used to monitor
loads and dispfacements in the LRT South~Extension ‘tunne
liner have been presented. |
Froﬁ the analysis of the field dafa. the-fo]jowing have
been concluded: .
- Load cells yielded the bestMresulfs:
- Loads at the crown varied from 9 to 26% of the
- overburden; |
- Load cell measurements indicated that the shear -
developed along the ribs, acting downwardé, are
of comparable magnitude to the. ring stresses
which indicates that the tunnel behaves as a
shallow tunnel;

- Steel lagging picked:up loads lower than those
carried by the ribs, indicating archfhg be tween
ribs. These loads were alwéys less' than 33% - of;
overburden which made possible an increase of

- rib Spaéing in the continugtion of the tunnel

construction;
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Loads measured in the load cells increased

roughly with the logarithm of time;

Lining displacements measurements indicated a
A :

general upward movement of the liner with very
small distortion of the steel ribs;
The ratio of the height of soil carried by the

lining to the tunnel diameter was found to vary

from 0.34 to 0.45 which is lower than the wvalues

measured for other tunnels.
The load distribution acting on the lining is
strongly affected by the construction method.

-



’

5. SOIL-STRUCTURE INTERACTION AT TUNNELS

5.1 Introduction |

‘The t!;nsfer of loads from the excavated ground to the
tunnel lining (Soi]»Struc;ure Interaction) depends on the
construction method and ground artd ]ining deformation and
strength properties. The tunnel design methods endeavour  to
predict' the Soil-Structure Interaction. The many existing
lining design methods may be divided in three classes:

- Analytical Methods:

‘ Finite Element Method

Closed Form Solutions

]

L]

§

Subgrade Reaction Theory

Converbehce~Confingment Method
- Empirica] Methods :
- Hewett and Johannesson (1922)
- Peck ef al (1972)
- Design Specifications
- Observational Methods
E1-Nahhas (1980) provided a complete summary of some of
the currently used design. methods. Sophisticated metheds,
such as the finife element methods, reguire appropriate
input information in order to reprdduce properiy the ~gfound
support interaction. lﬁ most cases appropriate information

concernig construction details is not available and cannot

be easily predicted;

J.

J
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Empirical Methods, on the other hand, do not requfre

accurate input infqrmationprather they are based on easi1y

measured ground properties, | qualitative geological
description ﬁnd local experience. Usually, the lack of more
accurate input information in Empirical Methods‘ results in
éubstantial and indeterminable amount of overdesign. The
drawbacks associated with Analytical and Empirical Methods
are avoided ‘in _ the Observational Method. In the
Observational Method, the.information obtained-in thec early

stages of the tunnel construction is the input for the

wndificétions of the design of sections constructed
sqbsequently. This "learn-as-you-go" method is discussed in
the Ninth Rankine Lecture presented by Peck (1969-a).

The 'interaction' between the liner and thé surrounding

ground has been the subject of sevé;aJ recent studies

because its undérstanding certainly leads to improved. tunnel -

designs. ‘
~ =+ < The finite element Tﬁ}hOds' closed form solutions and
.3 the convergence-confinement curves have played an impor tant

. “role in enlightening'the complex soil-structure interaction
s

_in tunnels. Closed Form Eplutions and Characteristic  Lines

Méthod (Convergence Confinement Method) are referred to in
. e . ‘

+this chapter as "Simple Solutions”. ‘

The 'simble solutions are not oniy helpful in
iuﬁderstanding'tbe,interéction pﬁoblems related”té tunneling
. but also permit the désigner'to rapidly investigate a range

> offpbssible support alternatives. Accord%ng to Mﬁir Wood

e A S A £ e st S e e

a0 i,



(1975):

"A special virtue 6f'thé simple method 15 that it
serves quickly -to‘ indicate sensitivity of the ’
solution ‘across the range of the possible ground
parameters." ‘ :

The use ofJ the available simple ‘éolutions in the
: soil:SFructure analysis of shallow tunnels 1is questionable
and is the main purpose of the discussion of this chabter.
. Clésed Form Solutions and the'&onvergenge-C9nfinemeht Me thod
(C.C. Method) are also discusséd comprehensively in this
chgbter. : i S | ’

The applicability "of SimpTe‘ Solutions to shallow
tunnels is d1$¢sted on the basis of tﬁé data obtained from

three tunnéls . constructed in Edmonton. The defailed

descripfidh of the three tunneis is given in Section 5.4.

-

t

5.2 Closed Form Solutions
5.2.1 Déep Tunnels . ~

. Thé_ andlysis of  sitresses " and strains around ground
openings - based on continuum"‘meéﬁan;cs‘ gﬁave improved
signific?ntly in the last decade. The elastic solutions were
limited to unlined openings prior to:thé workloé Burns and
_Richard (1964). ° | | |

- Burns and Richara_(opt{ cit.) introduced the lining in

the conventional analysis and fhrough the exteﬁsiona] shell

.1 .
: . S .
» v . ’ : .
. : ..
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.

fheory_ and derivations of the. Airy’'s stress funcfjon,

. derived the stresses and displacements 'in both, the soil and

lining. The assumptioﬁ$ made.to develop Burns and Richard

(opt. cit) equations were:

. 1. Two dimensional ‘problem ' £

Both the lining and soil behave elastically
3. Gravity, farcgs ‘are ignored and so{l js loaded
symmetrically, with respect to'both the horizontal and
vertical'a;es, at surfaces considered as‘infihite (deep
tunnel with external loading)
4, fhe lining is placed bgfore the excavation takes place
- and before the meéfum is unstressed
5. The lining is a cylinder with constant thickness aﬁd
' constaﬁt elastic préperties. '
Burns and Richard defined two new coefficients: the
compressibility  and - the  flexibility ratios. The
compressibility ratio is Ade?ined _'as  the éxtensioha]

stiffness of the médium relative to that of the liner,

.wheréas the flexibility ratio is a measure of the flexural

stiffness of the medium relative to that of the liner.

The extensional stiffﬁgss is the uniform all around

pressure, applied to a circularipor\ion of the soil with the

same diameter as the tunnel liner, or the uniform pressure

applied to the 1in5ng, necgss@ry.to cause a unit diametral

‘strain.

The flexural stiffness 1is the pressure applied to a

-

circular portion of the spil with the same diameter as the

Ry O R R e
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-

© tunnel liner or the pressure applied to the tunnel liner,

/
under a state of pure shear, necessary to cause a unit

*

diametralkstrain.

The coefficients defined above are extremely useful in

the study of deep tunnels because . every in-situ stress

symmetric to the horizontal and vertical axis of the tunnel

can be divided into uniform all around pressure and a ‘state

of pure shear pressure distribution (Fig. 5.1).
A detailed derivation of the two ratios descr1bed above
is given in Peckvet al. (1972) who examined the effects of

the lining fiexibility and compressibility on forces and

deformatfon. in tunnel liners erected in soft ground. As the.

‘closed form solutions were limited to deep bur%ed cylinders,

the effects of fhe depth of cover above the tunnel crown

were ‘studied on the basis of elastic‘_finife ‘element’

solutions.

Peck et al (opt. cit.) found that the closed form
solutions proposed by Burns and Richard, developed for deep
tunnels, couldlbe applied to the étudy of tunnels with a
depth of cover (distance between the crown and the surface)

greater than 1.5 times the tunnel diameter.

Mohraz et al . (1975) wjth a deries of elastic finite

element sotutions, investigated the effects of different

-linihg loading conditions on the lining thrUsts and .

deformat1ons evaluated by the closed form so]ut1ons derived
by Burns and R1chard This study was necessary since Burns

and Richard’s solutions assumed an external lbading of the

Th et A R ey Sl e ¢ 4

'
!
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\
lining which did not simulate the actual lining loading
condition during the tunnel construction.

Mohraz et al concluded that the loading condition
affects the thrust and lining deformation to 'g’ significant
_degree' whereas transverse lshear (along the soil-structure
interface) and the bending moments are less affected.

Also in 1975, Muir Wood published another closed form
solution for deep lined tunnels in which the un]oadihé due
to excavation was taken into account and the ground water
seepage towards the tunnel was analysed. |

In fhe 'report by Muir Wood, the previous closed form

solution proposed by Morgan (1961) was corrected. Morgan’s

 derivation assumed the sum of the tangential and radial
stresses ((, and (7 ) constant throughout the soil mass. This
assuﬁption does not reflect the plahe strain condition where
the strains in the direction paraliel to the tunnel axis are
considered equa] to zero. For the plane strain case the sum
of the radial and tangéntia] . stresses is given by the
equation

0o .Q,:J%L | 5.1

" where szis the principal stress écting in the direction

parallel to the tunnel axis and V is the Poisson’s Ratio of

the medium.

Muir Wood's solution ignored the effect of the in-situ

shear stresses at the ground-suppor t interface. These shear

stresses were taken into account in Curtis’ derivation
. >

Sl A e e St TN
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- (1976). Curtis extended the closed form solutions for deep
lined tunnels to include the parameter of time in the
confext of visco-elastié beHaviour df the ground. . )
| In 1979 Einste}n and Schwartz proposed another

derivation for the ground-liner interaction problem. They

stated that despite the fact that Curtis’ solution took into

account the in-situ shear stresses_‘at the ground-support

interface, neglected by Muir Wood, it still was not

completely correct. Curtis’ derivation assumed that the

liner was inextensible for the state of pure shear loading .

(the loads on the lining were assumed to be the sum of two
componenfs: uniform compression and state of pure sheaf
loadind). The final equatio's derived by Einsﬁein and
Schwartz are presented in Figures 5.2 énd 5.3 for the

full-slip and no-stip cases, respectively.

Einstein and Schwartz (1980), based on parametric

studies, drew the following c¢onclusions concerning the

sensitivity of the thbqsts and moments relative to the

variation in the lining and ‘soil properties (the. terms are’

bdefined in Figure 5.2): |

.1: -~ T/PR is.strongly dependent on C* oniy withih fhe range
0.05 < C* < 50.0- and is relatively insensitive to
Varﬁatio;s~of‘F*,

2. M/PR2 is near iero for F* > 100 and is insensitive to

“variations of Cx.

3. For excavation unlioading conditions, both T/PR  and.

X Y . A . :
M/PR2 are insensitive to variations in Poisson’s Ratio

RO SR O R
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Figure 5.3 NO-SLIP CASE - EINSTEIN AND SCHWARTZ, 1979-1980
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of the ground.

4, T/PR and M/PR2 vary linearly with K.

5. the difference between the support forces calculated
from the full-slip and no-slip solution are small.
Einstein and Schwartz (opt. cit.), with the aid of the

finite elemerit method, introduced correction factors to’ the

fining thrusts and moments calculated by the proposed closed
form solutions. Correction factors were introduced>in order

'to take into account the spatial lag, or delay of support

and the‘yielding in the ground mass surrounding the°tunnel.

‘The correction factors are

Ad
4 7\Y

The final lining thrusts and moments are:

support delay factor

‘ground yielding factor

Tt=T.Ad. Ay ‘ 5.2
Mt =M. Ad Ny | : 5.3
4 .
where Ad=0.98-0.57(Ld/R) . 5.4

Ld = distance between the support and the face of the
tunnel (unsupported span)
R = tunnel radius

.Ay is presented in the form of graphs and tables in
Einstein and Schwartz (1980) as a function of

the in-situ stress level, in situ stress ratio



' derivation, the following equation is presented: -

7220
(K), the soil strength propertieé and .

5.2.2 Shallow Tunnels

The existing definitions of shaliow tunnels aré

presented in Chapter 4, Section 4.5.1.

The available closed form solutions for shallow tuhnels

are restricted to unlined tunnels. Mindlin (1940) presented
a solufion in which Gravity Loading , as opposed to External

Loading, was taken into account. In the Gravity Loading'case

the soil mass has self weight whereas in the External:

Loading case . the soils mass is *weightless:. Mindlih

calculated strains and stresses around openings in an

elastic medium under plane strain conditions with thé help

of bi-polar coordinates which simpiified'the solution.
igu Mindlin's derivation,,the effects of the prdximity
of the tunnel to the surface on thé stress distribution in
fhe " surrounding ground mass is expresséd by the difference
between the weight of the excavated soil and the in-situ
stresses ‘at level of the tunnel centreline. In Mindlin's
3-49 5.5
2-13

[(p Jywt, = - 26W - Ryw cosY

where [(,] = tangential stresses at the tunnel wall
| (unlined -tunnel)

é = the depth of the centre of the tunnel -

‘w = the unit weight of the soil (elastic)

= the tunnel radius

X
N
§

-

addi e v eccan o .
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Poisson’ s Ratio

<
"

the angle between the radius from the center

<
"

of tunnel and the normal to  the straight

boundary (surface).

The second term from this equation arises from the

weight of the material removed from the opering and the

first term is the stress concentration effect.

.Before excavation, the tangential . stresses at the
tunnel wall at a distance c below surface is -cw, so that
the term -2cw reveais a predicted sfress concentration
factor of 2.

The second term of the equation is small in comparison
with the first if Ryis small in comparison to c.

The conclusion mentioned above can be verified in
Figure 5.@ where values of normalized tangential stresses in

the crown'and invert are plotted versus the normalized depth

of the tunnel. In this figure, when values of tangential -

kY

stresses tend to be twice the field stress (w.éQ the tunnel
is said to be deep. To illustrate, the depth ratio ¢c/R2 =
3.8 (11.3/3.1) of the LRT tunnel, in Edmonton, is indicated
in Fig 5.4. It might be concluded that, according to
‘Mindlin’s derivation, the tunnel is at the boundary between
a deep and shallow opening.

It is interesting to note thaf, accordiﬁg to ﬁeck et al
- (1972) ,\the closed fornfso]utions deve loped for deep lined
tunnels are applicable to depth ratios (c/R2) greater than 4

el

‘ which 1is approximately the same value found by Mindlin’'s

Iy

e o o e

R X



222

T T TR R P B 4% o e - e

VPR St 1o A ey o gy .

-3

SI3INNNL

G3NIINN  ¥04 NOILNIOS WHO4 ommcj_w S.NITONIW b°§ 8Jnbt 4

¥/3 1124 St

o N oS N\

LHOI3M LINA 10S: m

H1d30 INITIVINID 13NNNL: 9
sniavy 13aNNNL = Ly

T4:4 IV SSIUIS IVIINIONVL %

143AN

3

!

|

[

i \
h .

i

.|

T3NNNL HIBON- 'LX3 HINOS 1y i

INTs %




223 ¢

solution for unlined tunrnels (Fig 5.4).
The role of Simple Solutions in tunnel design'is
discussed in the introduction of this chapter. However, the

lack of simple solutions for shallow lined tunnels leaves a

gap in the available tools that help in the rapid'

investigation of alternative solutions.

5.3 Th& Convergence Confinement Method (Characteristic Lines
Method )

The Convergence-Confinement Method is a method in which
the ground structure interaction is %nalysed Sy an

independent study of the behaviour of }he ground and the

structure.

-

The Convergefice-Confinement Method, therefore, requires
an understanding of the hehaviour of the ground surrounding
the opéning ip order to find.the soil cohvergence in terms
of‘fﬁe applied coﬁfining pressure and an 'Qnderstanding» of
the lining behaviour ip fi&d the confining pressure acting
on the lining, in terms of deformation.

The Jdealization of the ground-support interaction by
the two Characteristic Curves mentioned above is valid only
for ~the symmetfical}cylindrica1 model in whichn irrespective
of the lining and ground mechanical prope;ties (E,vy ), tﬁe
 s0i ) and support phesent the sam§' radial mode of
deformation. ; '

~

e L U S
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5 3 1 Tha Convergence Curve for the Ground . Surrounding the

Opaning (Ground Reaction Curve) .9 .

‘The determlnation of the convergence curve * (or Ground.
Reaction Curve) requires an understanding of the ground
behaviour For a homogeneous. isotroplc and continuous -
ground mass, the parameters .that- reflect the ground T
behaviour can be separated into three categories
a) elastic characteristics (E,v) v
b) shear strength charactertsttcs (c,v)

c) parameters ’representiﬁb. the soi’l behavlour
after maximum strength is .fully mobilized
(sensitivity and dilation) - | ’

A Knowledge of the soil propert1es mentloned abovev

; allows the development of closed form solutions for unlined

"openings. The closed form solutions developed for the
hydrostatic'stress field and for the case where the loaded

boundaries can be considered at infinfty are of major -

interest in the'study of Gdbund tion Curves. In the case
of the hydrostatic stress field, the problem can be modelted
by a thick walléd'hollow cylinder. Kaiser (1980) and ® Panet
(1976) presented - the derivation of a closed form solutlon
that yields the Ground Reaction Curve of "an open1ng
excavated in a’ materlal that is assumed to be line;r

elasticy br1ttle-ﬁbrfectly plastic, with vleld' surfaces'

N s

4 tdescr1bed by the Coulomb fa1lure criterion:
W T | , -
o U £ 0, = m63 + sO7 or
1"‘ S e
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strength ratio 0c ultimat'e/ﬁ" peak

soil friction angle
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A\l

,'G;=‘m0} + s0¢ ‘ 5.6

~ where .

principal stresses

unconfined compressive strength

tan “5’ ¥/2) -

tangential and radial stresses (a1so-pr1nciba]

‘stresses. for k=1)

imposing the continuity of radial stresses at é?elr

boundary between the elastic and plastic zone, the radius. of

the plastic zone can:be evaluated as:

where: R.a

0. 1-2\3)
As =

‘R

As =he ifG at r-= a. is equal to Oc.
Q= |

) (m-1)(1-As) 0, - s0c

1

T : m-1

(m-1)(1-Ac) G «s0c ] . '_' 5.7

- " i

radius of the plasticy zone and opening,

-

respectively
support pressure
shppoft pressure coefficient '

—J——~Dn-1 .fEEJ o 5.8

‘tem .

-

in sjtu field stress.

' : e C ~ .
The normalized radial tunnel wall displacement is given. by

the equation:

1

£4

W ’ ., PN i . .

“ Yy P '7\9 R 1+« : .
e - 2(—) +o-1 ., - 5.9
yr » 1‘# r ) .

~
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where uf g.G is the tunnel wall displacement under .
. ¢

condition of elastic material behaviour

;% is  the tunnel wall ditplacement under
condition of elastic-plastic material
behaviour

« : is 'a’ parameter  that measures soil djlation
during piastic flow (EE «182)

i

, ol =1 when no dilation takes place ‘ .

ol “=zm for flow associated with the Coulomb
failure criterion |
1 << m for non=associated,flow;

The combination of equations 5.6 to 519 enables the
determination of the pressure applied to the walls of the.
opening as a function of the wall displacehent

The influence of friction angle, cohes1on, sensitivity,

t1me dépendent behav1our- and stress h1story on the Ground

) Reactlon -Curve have been reported by Lombard1j/}970) Daemen

and Fahﬁmrst (1970 and 1872), Ladany1 (1974) and Kaiser

(1980) o X

. ':h
. .

»

5.3. 2 * The Confinement Curve for the Support . (Support
Reaction Curve) '

The Confinement Curve of a cylindrical .suppont loaded

S A Teos -

by a uniform radial pressure (pg ) s deflned by the

relationship between and the “torresponding radial

' diSplacement (up) g1ven in F1g 5.5. The support parhmeters

such ‘as elastic propert1es, 1oad capac1ty, behav1our after

«

o
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failure and the displacements.that occured before the lining

ergctiah afe néceséary for the determination of the Support

Reaction Curve.
{

The support stiffness (Ks) is deftned as the uniform
all around pressure required to cause unit diametral strain
6n the lining. Support.stiffnesses for different lingrs such
as bbncrete or shotcrete, block steel se{s,'rock bolts or
cables are presented by Kaiser (1981). Lombardi (1970) also
presents a ;ariety ‘of Support Reactipp Curves. Hoek and

Brown (1981) present the caléulated maximum  support

- pressures for various support systéms. The study of combined

~support systems can be carried out with the models presented

in Fig 5.5.

5.3.3 Determination of the Support Pressure and Ground

Displacement at the Soil-Structure'Interface

The _solution' for the soil-structure interaction,is
given by the inter§ecti§n of the two curves GRC and SRC (Fig .
5,§). The simple solution of the complex ground-sqpport.
interaction provided by the’Characteristfc Lines Method has
several limitations associatéd wfth it.

The limitations of the Characteristic Lines Me thod were
comprehensively  discussed by Kgrise],d.; Duddeck ,H. ;
Lombardi,G.; Fairhurst,@. ang Daemen,dJ.J.K. during the
Conferenée *onb "Analysis . of Tunnel Stability by the
boévergence-Confinement Method" held in Paris, 1978. ‘The

most significant limitations of this method are briefly

-
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discussed here. The 'Convergence-Confinement Method s

limited to:

a)
b)

c)

d)

e)

f)

g

Cylipdfical, or nearly cylindriéal, opening
and support | | '
Support with constant mechanical and geometric
properties (E, A, Vv, I)

Homogeneous, isotropic ;qd cont inuous . ground
Uniform sfate of stresses (=0, ): Elosed
form solutions for studie§ of non-elastic
grouﬁd masses are restricted to stress field
ratio equal to Sne (K=1)

Uniform radial mode of deformation: as already

,hoted in this chapter, the independent study
‘of the ground and support is not possible for

stress field ratios different than unity. This

restriction Timits the use of ‘the

Characteristic Lines Method to deep tunnels

because shallow tunnels are often subjected to

bending. This factor is not takgn into account

in the uniform radial mode of deformation

Time dependent soil behaviodr : Fairhurst and

~ Daemen (1972) present a qualitative discussion

of. the influence of the time © dependent

- behaviour of rocks on the Ground Reaction

Curve.

Gravity: the closed form solutiéné deve loped

for _the "hollow cylinder cése" ignore the

e
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effects of gravity around the tunnel. The

effects of gravity 1limit the Characteristic
Lines Method to a greater degree when La'
"decompressed zone" develops to a significant

extent around the opening and. forms an
unstablie area in the crown.

The weight of the decompressed zone above the
crown is an additionmal 1load not taken into
account in the Convergence-Confinehent'Method.

Kerisel ‘in the Conference on
Convergence-Confinement Method held in Paris
proposed a method that takes the gravity loads
into account. It is a method based on
experiments on_ mini-tunnels and on the

formulas for plastic equilibrium dfound a

‘tunnel. The method enables a designer to

calculate the gravf(y loads or "dead loads” as
a function of the tunnel diameter, the soil
unft weight and the. distance between the
support and face of the‘tunnel

Two dimensional behaviour of- the system:
Characteristic Curves are limited to plane
strain/plane stress conditions. This is a
significant . limitation of the C.-C. Methodi
since the face effects on the ground and
lining behaviour are of utmosf impor tance.

Egger (1978) proposed a simple method to take
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fnto account the face effects on excavation:
t;we/ face is analytically modelled by a

spherical face. | |
Lombardi (1870) proposed the simulation of the .
face by the sequential excavétion of a core
that has the tunnel diameter and length of one
tunnel diameter. As the core is excavated, its
load carrying capacity decreases and its wall
displacements can be evaluafed. The accuracy
of the evaluation of;the displacements that
. take place before the 1lining installation
'direétly affects the accuracy of the
prediction of loads and displacements by the
Convergence-Conf inement Method. Extensive.
finite element analyses have been carried out
in order .to study the three dimensional
effects. on tunnel design (Ranken and Ghaboussi_

(1975), Einstein and Schwarfz (18801} ).

5.3.4 Advahtages of the Convergence-Confinement Method

The simplicity of the Convergence-Confinement- Method is
its major advantage. With the aid of 6n1y two curves, G.R.C.
and S.R.p., the\C.-C.‘Method'provides a élear 'understanding

e .
and explanation of the process of tunnel: construction.

The transfer of stresses from the ground to the lining,
the effects of the delayed lining placement and concepts

. {:} such as stand up time and many others are represented with
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ease by the C.-C. Method whereas other simple solutions,
such as Closed Form Solutions, are limited to yield a
"frozen picture” of strains and stresses Jﬁthin the ground

ing at the equilibrium condition.

Thel C.-C. Method s - of enormous utility in.

" complementing the tunnel design but may, however, not bé
suitable for direct design procedures due to the reasons

discussed in this section.

5.4 Application of Simple Solutions to Tunnels Driven in

-

Edmonton Till
"In this section, the lining loads and displacements

obtainea'from threeAtunnels driven in Edmonton‘ till are
compared to the loéds and displacements calculated by the
Simﬁle Solutions deséribed in the last.two sections.

The th}ee tunnels discussed in this section are:

LRT- North-East liﬁe, north tunnel (LRT-NE tunnel)

LRT- South Extension, north tunnel (LRT-SE tunnel)

Experimental tunnel (EXP tunnel)

‘ The studies related to the LRT-NE tunnel are. reported
by Eisgg;teih et al (1977); and Eisentein and Thomson
k1978). \In the LRT-NE tunnel, sdrface settlements and
stresses in the lining were heasured, The LRT-SE tunnel is
described in Chaptehs 2 to 4 in this thesis. The two tunnels

mentioned above were constructed wunder very similar

conditions. The only difference between the two LRT tunnels,
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despite minor local soil heterogeneities, is the size of the
spacers installed in the two upper joiﬁts' of the primary
lining. The ’LRT-NE tunnel had spacers 10.2 cm long whereas
in the.LRT-SE the spacers were 15.2 cm long. The EXP-tunnel
was 'conprel;uensi've1y analysed by El-Nahhas (1980). It is a
small diameter tunnel (D=2.56m) driven at a depth: of 27
meters in the 1ower Edmonton till. Although the behaviour of

two diffen s of lining (rib and']aggihg.‘and precast

M‘-

on . NB were monitored in the EXP tunnel, only "
L_ | N , éhe rib ar;d leggi‘n‘g system were related to
:he;prm; < |

The 11n1gB’and ground parameters. related to the three
tunnels , used throughout the calculations carried out in
this section are presented in TabTe 5.1. |

The fheee tunnele studied in” this segtion were
constructed under‘very similaﬁ“éonditions. The construction
method and lining system is the same fer'the three tunnels.

. The differences in strength and stiffness -between the
lower till, where the EXP tunnel was excavated, and the
upper till, where the LRT tunnels were excavated are
considered not to significantly a;fer the analysis carried
out throughout thie secfion. ‘

The difference in the depth ratio (depth of the center
of ‘the tunnel / tunnel diameter) of the LRT tunnels and the
EXP tunnel is important in the analys1s of the validity of
the application Qf "Simple Solutions” in the analysis of

shallow tunnels. The EXP tunnel has a depth ratio of 10.56,

..
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and will be dealt with as a deep tunnel, whereas the LRT
tunnels have a depth ratio of 1.90, and will be dealt with

as shallow tunnels.

5.4.1 Analysis of the Results Obtained from Closed Form
Solutions

The discussion presented in section 5.2 of this chapter
showed the limitations of the available closed form
solutions for deep lined tunnels. The jon proposed by

-Einstéin and Séhwartz (1979 and 1980) was chosen for this

£

section. The‘assumptionsxinvolveq in the derivation of this
solution are summar ized ‘as:

‘ ,{

#‘ - Plane strain cond1tion

Elastic behaviour of the ground and support

)

\d

' - -"Lining with constant cross section and'COnstan{"
mechanical propertdes
- Soil is dsotnopic and homogeneous |
- The support and ground are simultaneously
activated: 'no delayed installation of the
support
- The unloading,due to excavation is considered
rather than external loading.
The requ1red.}nput for Closed Form Solutions related to
ground and elastic support constants and the geometry of the

support (diameter, cross sectional area, moment of inertia)

is presented in Table 5.1.

e ‘w\y%



The in-situ stress f1e1d is consider;d to be symmetric
to both the vertical and horizontal tohnel axis (k=1). The
magnitude of the field stress used in the calculations is
calculated at the depth of the tunnel centreline. 2

The assumption that the in-situ stress ratio is equal
to unity implies that in both cases, the full slip and
no-slip between soil and structure yield identical results.
The two cases yield the same results because when K=1, the
shear stresse# at the soil-liner interface is zero.

The gquations presented in Fig 5.2 and. the data
presented 1in Table 5.1 make possible the caiculation 9f the
thrusts and deformations of the lining presented ir- Table

5.2. For the calculations of values presented in Table 5.2,

the steel rib cross section area was divideds by the rib-

spacing in order to obtain the effective cross section area,

' as recommended by Mohraz et al (1975). o -

The wooden lagging, installed between ribs, s assumed
to have no self suﬁport capacity and does not enter into the
l cqtpu1ation§ of the loads and displacements of the lining. A
di;cussion'of the self supportléapacity‘q‘ the ‘lagging is
presented in Section 4.5.5.4,

] The correction factors due to the delayed support
installation’ and yielding ground, described in Section 5.2

are discussed in the next section. ;
~ "\
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. 5.4.2 COmmonts on the Evaluatiop ' of Ground Support

.Interaction by the ClOG.d Form Solution by Einstein tgd
Schwartz (1978, 1880) '

For the calculation of the ‘?lexibility ratios (F=)
-presented in Table 5.2, the existence of the four jolnts of
theL QRT tunnel primary lining and the three joints of the
EXP td?oel prdhjkyKJining was_neglected. Even neglecting the
)ﬁ:ﬁges x‘iﬂ the steel ribs. 1 values of F= are fqmd to be
naﬁ As disoyssed in ‘section 5.2.1, for values of Fs

';qreaterithan 100, the bending moments. on the lining are near .

‘tero and the thrust calculations are 1nsensltive to F* which

0'? :means that neglec;ihg the llﬁ?ng jants does not affect the

values of loads ahd displacements presented in Table 5 2.

The loads and lining displacements presented 1n-Table

. 5.2 indicate that for the LRT-SE tunnel and theMXP tunnel,

the . thrusts on 4he 1lining are overestlmated and - the
LY . )

..dispiacements underestimated when no corrections due to

‘delay in the liningyinstallation'is applied to the lineab

elastic, closed form‘solution

Table 5.2 also 1nd1cates that the loads measured in the

<LRT- NE tunnel were ved&“?lose to tﬁat estimated, and that no

-

tion factor due to delayed l1n1ng.1ostallat1on should

1{‘. - .,
The correczion due to the delayed lln1ng 1nstallat1on

proppsed by E1nste1n and Schwartz (1980) Xd , presented in

tunnels, stud1ed 1n this sect1on The correction. factor, Ad ,
Wy e

i , Tt g o E
@ L - '.-’9\ . i ) 'S 1 o 1) ‘. - ‘.{

' ! A Lo SRS
;e o . . B '.“-,

v : . . ~

. A,
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s a function of the distance between the face of excavation
‘an'dt the point ~wherel the 1lining first touches the ground
{Ld). However, for tunnels excavated with a shielded mole,

the span “of~ unsuppor ted- ground . is somewhat ¢1,"
estimate. ' i % \

In their study of some case histo*y‘oﬂ tunnel

.

cult to

construction, Einstein and’ Schwartz proposed ‘that, for
tunnels excavated by a shielded mole, Ld should be .th§-®
distance measured from the shield tail to. the position when"

-~y

~

‘the lining  touches the ground. Th1s proposal assumes full
contact betw_een the shield ahd soil whu:h is unreasonable
for - the stiff ground that surrounds the. LKT and fhe EXP‘
tunnﬂs Measurements taken from inside the LRT- *éE 1nd1c£te
~ that there is a gap between the soil and thg shleﬂd t’ﬂ
hence, supporting the assunphon that full contact‘ between
the soil and sh1eld is unreasonable.. .

‘ Values of Advarying frog 0 to 0.8 for the LRT and EXP
tunnels can be obtained’ Pr"om the calculahons proposed by_
E‘mstem and Schwartz, wh1ch ‘mike 'the‘ analys1s of the’
results of Table 5. 2 d1ff=|cult ?h“e yield factor ()\y ) based
'on finite element analyses carried out by Ei'nstein anpd
Schwartz 1nd1cate that yielding in the ;round would result

. .in an increase of up to 50% in the loads calculated from the .
Aelast1c ground behaviour (Table 5.2).

}f)\y is equal to 1.5, \d would have to be 0.3 for the

"'L-RT SE tunmnel -and 0.1 for the Exper1mental tunnel in order

1o obtam estimated loads s1m1lar to those measured at the

r
v.".,g'
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site. .
Einstein and Schwartz (1980) stated that the loads

calculated by their me thod are overestimated up to 75%. They .

also verified the difficulty in the evaluatton of7\d. which‘
is responsible for most of the inagcuracy of the method.

| From the discussion presented .1p this chapter, it can
be concluded that the prediction of lining th’rusts by the

Closed Form Solution is 1nmcurate for both deep and shallow

tunnels | o .

It‘ ip. believed that the constructidﬁ detaéls and Uu;iuub
heterogeneity of ‘the. soil mask the hu?éuricy 16F ‘the ;Qt&hpu
app11cat1on of Closed Form SO]Ut]Oh for shal 3311uhne1s - f‘%ﬁf?%

The influence of the constructdon denn1l:'f.i i;}é?nlllft’;ikj
heterogene1t1es on the lin1ng thrusts can be ver1k1edﬂﬁiaw *#ﬁc
compar ing “the lintng fthrusts measured in 'the two LRT

,tunneIS' the measured lmmg thr‘ts pre very d1fferent
despite of the fact that the two tunnﬁ- were bu11t under 1:

identical cond1t10ns. “

. h o .
o .
"5.4.3 Analysis, of the results obtained from the
Convergence- Confinement Method B . : Py
The normahzed Ground React1on Curve (GRC) for opemngs*

_the Edmonton till is plotted in ngure 5.7. Jhe.

. ®

assunptions and equahons involved in the'plot’of Ground

e

Reaction Curves are shownom Frgure 5.7 and described in

Section 5.3 of this chapter. It is .interesting to note that

: o _ g L R

the Ground Reaction’ Curve, in the normaiized form
. . . o . B , - "D :

, R :
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(Pi/Poin/qg) is a funct?ouncnly of’:Xe‘ an& *m" (defined in-
section 5.3). In tﬁexcase where the soil cphesion is assumed
to be zero, the normalized G.R.C. is a fUnctioﬁ only, of the
soil friction angle and the coefficient of dilation (),

irrespeczive -of the soil elastic paraﬁeters in-situ stress

field and size of the Sbening. The parameters E, v , 02, D,

arel qsed' when a‘specific displacement or preséure is to be
plotted on the riormalized G.R.C. plot.

The coordinates "Ae", for the displacement ratio, and
"1-he" for t/h,e. pressuré ratio, indicated in Fig 5.7, define
the pdint where the onset of plastic{ty takes place around
'the opening. . ‘ I B

Three different kinds of points of equilibrium ' of the
soil-structire intérface, for the LRT and EXP Funnels,' are
shown in Fig 5.7 as Ea, Eb, and Ec. |
1) Ea: i - 4@5 'J‘ .

This is Xhe pomﬁ of equilibrium qgfmed by the
intersection of two curves, viz., the gthéorééiééi‘.ground'
" reaction fand .the suppdrt reaction curves. | o '

‘The plot of the subport rea%tion curve;.showﬁ in Figqﬁe'
5.7 requireg'a-ﬁnqwledge of the cohpressive stiffness of the
support, calculated in Appendix D, and a knowledge of the
. ground 'displacemént close to the ground support inteéﬁ‘ke,

‘that takes place before the lining expansion (Ubl).-

---,3..'---:.::} ...... .

-1 The pointof equilibrium is defined by the coordinates
Pi/Po, pressure ratio, and Ui/Ud, displacement ratio, .
plotted’in t#Me characteristic lines graph (Fig 5.7).

)]
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The amount of ground displacement that takes place at
the soilfstructure interface before the lining expansion, is
defined as being the sum of two ground displdements® .

a) Ground displacements that take place ahead of
the face of the tunnel: as§Umeelto be one
third‘of the final elastic wall displacement

;:> of the unlinéd tunnel (US/3) (Ranken and
! o Ghaboussi, 1975).

b) Ground displacements that take place along the
length. of the excavating machine ;re assumed
to be one half o; the difference between the
excavated diameter and the diameter of the
expended pr1mary lﬁn1ng —

The est1matioﬁég? "Ubl' 1s presented in Table 5.3.
2) Eb: AT |

This is the point of equilibrium defined by the
intersection of two curves,viz., the theoretical ground
reaction and the support reaction cUrves,' ‘

The difference between Eb and Ea is associeted with the
ground displacement that takes p}ece Before the lining
expaneion (Ub1): i ' '.

In order }o find Ea, "Ubl" is simply estimated based on a
calculation, pfesented in Table 5.3.??uithout~ tekiﬁg _into
account any information from the tunnel instrumehtatio:. On
the other hand, the plot of the supbort reaction curve that

defines the- point of equilibrium, Eb, is based on the

measured ground displacements thaf take place before the
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lining expansion (Ubl-meas) obtained from  field

instrumentation A
The values of Ubl-meas/US are presented in Table 5.4.

3) Ec: ' - 1§@l¥

This is the range of points of equilibrium obtained

. from the lining and ground instrumentation.

fable' 5.5 indicates the pressure and displacement
ratios ﬁPf/Po and Ufinal-meas/US) calculated for three
tunnels: |

- LRT - South Extension - North tunnel
- LRT - North-East line - North tunnel
- Experimental tunnel .

The range of points of e‘qui_librAium (Ec) relatedigo the
LRT-NE tunnel was plotted on Figure 5.7 based on 4ceatain:
assumptions because no ground displacements at the?
springline were available for this tunnel. {t'FWas assumeé
that the ground displacements at the springline of the
LRT-Ne tunnel are equal to the ones measured in the #LRTQSE
gquel. }The assumption of equal lining displacgggnt in the
tWo LRT tunnels is based on the fact that these two tunnels
were built with very similar geometry, coﬁsfructions me thod
and - ground ‘ conditions, and caused similar surface
settlements.

The load and displacement ratios defining "Ec" aré
related to the springline of the tunnels studied® in this

section because at the springline, more complete information

was available.

.
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I

The value of the modulus of elasticity, E, chosen for

the Edmonton till, 150 MN/m2, is based on the pressuremeter

tests reported by Mbrrisqn (1872). »

5.4.4 Comments on the Evaluation ,of the Ground Support
Interaction by the Convergence-Confinement Method |

_ 'The analysis of the “"points of equilibrium" plotted for
the soil-structure interface of the EXP tunnel, in Fig 5.7,
indicates that thrusts and 1lining displacements can be

reasonably well predicted using the Convergence-Confinement

Method. _
he measured loads and disp1ibements, in the EXP tunnel

are greater than those estimated but not to a sign¥ficant

~extent. The reason for higher meaSured values may be

ascribed to a ‘higher degree of soil disturbance during

tunnel construction. An increase in the soil disturbance

would probably result in a decrease in the soil elasticity
modulus and shear strength that would yield greater loads
and l{ning displacements.

As 6bposed to the EXP tunnel, the predictions of loads
on the li®ing and ground displacements for theﬁLRT tunnels
based.on the characteristfc lines method yiélded loads and
displacements completely different than those measured.~3

The comparison between Ec, measured loads and

"displacements, and Ea, estimated loads and displacements

obtained for the LRT tunnels, indicates that the convergence
confinement method predicts much higher displacements and

kS
4

L]

1 4

*
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much lower thrusts in the lining than those measuréd.

The comparison between Ec and Eb, relang to th; LRY
tunnels, indicate that the discrepancy between measured and
expected loads and lining displacements~1s, basicly due to
the inaccurate estiﬁation of ground disp1acemehts ahead of
the lining expansion. The estimated loads and lining

displacements compare better to those measured when the

point of equilibrium of . the soil-structure interface is

estimated on the basis of the ground movements obtained. from
the fjeld‘instrumentat{on (Eb). }_

The inaccurate asSésdent of ground displacements that
take place before the 1ining expansion is believed to be the

result of the non-axisymmetric mode of deformation and

, development of plasticity around shallow tunnels, even in

the case where K (stress field ratio) is approximately,i.
The ﬁacf;that the mode of deformation is responsible for the
inaccuracy of the soil structure interactions predicted for
the LRT is. supported by the fact that after the
non-axisymmetric mode of deformation ceases, i.e. when the
lining is expanded against the ground, the loads - and
displacements predicted by the G.-C. Method become close to
the measuhed ones.

It is believed that the soil disturbance due to tunnel
construction strongly affects the boundary condition; and
consequently the mode of deformation of the soils around

shaliow tunnels. ‘ . _?

'



necessarily valid.
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As already mentioned in section 5.2, elastic ' finite
element studies - indicate that the LRT tumnels are-at the
boundary of being defined as a deep or shallow tunnel. The

study of the LRT and the EXP tunnels indicated thut this
definition, based on finite element analyses, 1% not.

v

The definition of difference between deep and 'shallow
tunnels based on stress and strain distributiod around
operings should take into sccount the constructjon technique

used and particularly the sequence of Hninq installation in ¢

order to evaluate more effectively the effect of the opening
excavation on the boundaries , _
The stody of the prediction of, the soil-structure

interaction for ‘deep ahd.s;hal'low 'tunll:gl,s. constructed in a

similar  manner, indicated  fhat, for mthe
Convergence-Conf i nement Method ~(Section 5.3.3),  the
limitatiogs rq‘lqted to the mode.of deforn,atlon on the, ground
and of the li,mng are of major mportan(:é

The di screpancy between measured nrﬂ estimated ground
displacements at the springline of the £RT-SE tunnel before
the lining is expanded might u.J,sa be qhe to the dlstance

between the inclinometers ahd ’ the 1in1ng The distance
between the mclmcmeter at thei” *sp‘}‘?nilipe Tevel , and ‘the
"LRT-SE lining is 1.2 metre 1f §ou 1 expansion takes Rlace

~within this 1.2 metre space, the measured disb]jabeutents
[ : ¢

o .
would be smaller than those at the ®il-liner interface.

e
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.eveluetion of the soilntructurc in‘terect-ion in sha
“tunhels was melysed Thiswlysi&,wes bhsed .on t. 4
‘coflected from two’ types of tqinels ‘
S .similqr cortiitions..f viz.; " the shalld
‘.deeprXP tunnel i T o

. The oonperative study ofwthe LRT tunnels ang i:he EXP:“;
. tunm’i‘ is not invelideted by the distance tsetween' the‘v.
inclinolleter and LRT lining because in the EXP tunnel, tbe".
inc)inometer that ,yjeldeq the results reporm 1n t&l;s'

,sect‘ion wn installed- at 0.6 metre from the lins which is

oomidered large conpered to the tunnel diemeter l.); .

. 3 ‘ : . a
. e - W
- y P
2 v | . ' 7
/

5.5 Suwary end/ Conclusions of - the Evaluation of
'Soil -Structure Irfterection by "Silple Solutions '
_ In th‘il chabter, “the applicability of losed Form
- Solutions and: the . . Convergenqge- Confinement hod for the‘

. . R
» o N a*y
.o e p ’

it ructed under very_ L
"l.RT tunnels and the :

It “wa concluded that the thrusts and lininqv [

displqca‘\enis predicted by tghe closed form solution proposed

those measured in the LRT NE tunnel
For the LRT-SE’ and EXP tunnels the measured thrusts
were much smaller than those predicted ' -

The correction to the lining thrusts and moments

'calculated by the Closed Form Solution due to delayed limng'

installation and yelding ground was discussed in this

‘chapter... It was concluded ' that the delayed . lining

- k?."_'; .
* . Y. ‘ E—- .

Y

-‘-by Einstein and Schwartz (1979 1980) were only comparable to -

b
o



© installatiom correction factor (Ad) is difficult to predieY +&

for tunnels excavated ir’ stiff ground by shielded tunne!

N n
B

A boring mhines . : "
= S The difficulty. in predicting )\d matks the effects of

iy acements caicgiated by the Closed Form Solutions.

-

deep tunnei i.e: ttie EXP tunne]l. The boundary conditigns

mod. ‘of z‘;eformat‘w ih the Experimentai tunnel are
@ ’,gy“"the;CharaEteristic Linis

A

o S, e M
S E Method "“xw, R .9%5,

o: S \EA" ‘
.. .. The Mning ]OBWﬂd groufid déformations predicted by*

probably c’loser to those u

A at the tunne! spric
| a's'ured._ The_ rea"ss.: the discrepancy between predicted
Elffrent s we‘i‘e ascribed to the fact tha;

- . the mode of deformation of the’ s?ii . surrounding the (LRT

1Method A ‘
) , e
.(aXisylmptric) assumed by the C. C * Me thod rmght be -due to:
- A lower value of the in situ stress ratio (K<1)
- The heterogeneous nature_,.of the upper till with

2o ,the presince of the

i%‘nter till sand in " the

tunnels | was not equal_ to that assumed in the derivation of'

A depar'tur'e from the uniform radial mode “of behav1our

A _\*\

s a LS . .t
‘ . - e
\"'..'“"1 "-,.\waimity ©f the surface on’ the ' thrusts and lining
. ]

’ The evaluation of the soil-st;pcture interaction by the':

KW

© the Characteristic “unes Methﬁ‘fer the LRT tunnels, wel'e .
different than th%se observed The @Pedicted displacements :

"idne were tmuch, greater than those'

the chag cteristic lines in the _Convergence- Confinement .

- ¥

L v

A

‘7 % Characteristic Lines ‘Method _was ~ found to be. good for the *
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%= the proximity of the tunnel to the surface

¥
Tl;e fect that an"in- situ stress rzatio close to’ uni‘;y

" has been verified in the upper Edmonton till and that only
. smal? ,sand d&:kets were detected close to the tunnel

_‘1rvstrwnehtation might be an 1nd1cation of the inportance of,

a3

pro‘kimit}of the tunnel to the surche on the. departur;e from ;| -

N
ttp,‘gsymnetric‘b*viour in the LRT-SE tunnel. 4
. .

e use of.‘e Bonyargence Confinement llethod in the

study of Jfhe .
, p‘resented in tf W "ctm was extremely usefulf rThe plot ~of

* .
4& estimat’ed and . m&ssured loads and disp‘lacements on the. ground

‘ ‘and Hning ‘on ‘!gure 5.7 gave’ uan,k”indicat'ion of t'hef‘

-‘

*Inportance o-f the proper %sunptiorws coﬁ)cenning tpe lpode of

T ere is a great need for. the developmdht 6’!‘ smple

"'solutwn‘s_for shallow tunhels The ex1st ce of §1mle

w -

- Sow'tion's‘would hel? tunneI des1gn but its l1m1tat1ons
c

vy -
e

'.'measured\in the -two LRT tunnels can

) ‘4 B N .
. ‘can be foreseen ause the d1sir\epancy between “the laoads

nJy be explamed by*“t'he
[

couplete knowledge of minor const.ruchon détails and local

. heterogeneitywy These can hardly be incorporated in a Sirrfﬂe

. " . ) . .':7

Solution. ‘ R

1n1eraction of ~the . tunnels";

. T A '
ber‘&av%oUr around ‘shallow openﬁ'bs S ‘t,ﬂ,

ve (3
a‘w .

s
¢ -

L 4

o~
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6.1 Introduction
‘The research

6.2 Soil Response to Tur'\nel,’ing{

6. CONCLUSIONS -

: . . . )
diameter, shallow tunnel; Qgilt in stief ground for the

- :xtension of the Lig_ht‘Rai?l Transit System of  the Cl-ty’ofa
! Edmonton, Alberta. | ) |

The analysis of the factors affecting the behaviour of

the turtnel lining and surrounding ground was basé'd on the

s '.'data collected ﬁrom ‘a conprehensive monitormg program fThe

conpamson of the resul‘ts from“‘a deeper, small dianﬁ

tunnel, with agiffepent &th ratio. (depth of the- cexf’re of

@

- the tunnel/tunnel dialgeter) allowed the angysw of., he'

1nfluence ‘of the,‘depth rat1o on thé mode Ef deformd'hon and

_plyttc behav1our of the soil and how these" ‘A’affectv, t’-he‘i

C AN

6.2.1 Sqrface Vertical D1splacements N,
¥

//, The surface settlement pomts indicated that the‘

» . ) '4,—
L, surfice settlement trough was not symnetmc to thq,' ARG

axis, Th1s asymnetry mlﬁt be due to the presence of
mter t1ll sand - pockets. non-‘synmet.rlc to the tunnel axis

-
L. . .
- L
- .

U T 2ss

0 : B
:

examined the*"behaﬁour of a large

“-

lining, behaviour. SR . i PR ;‘,;‘,
\ - The followmg sectwons%umn;amz”e the ma jor fmd';ngs of
‘this research. \ : ’ , |

'

>
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or/and due to the presence of buildings at only one side of
- The shallow foundations of these buildings

v' .9‘

o-_'

!v"“

K N

*a. .‘_‘.
«w g ®

. tadl

ahead of the facetoi the mole
sfgb1jlzed 15 metres behind the face of the mole

the

tunnel

axis.

mlght locally 1ncreese

smaller settlements

The asymmetry observed in the

1

the soil

256

stiffness., resulting 'in
o . s
transverse sections of

the surface settlements troughs indicates that they do not

fit

the Geugsian“ dlstributiod of

surface

proposed by Litviniszyn (1956) and Peok (1969).

settlements

R
4

The steepe’ portions of the transverse section{.of the

"B?"'

settlement troughs occur in a narrow region above the tunnel

and- dq;not affect the buildings located 10 metres

~ tunnel

axis,

where

approx1mately 1 lgzoo

“ '"l.

soil

the d1fferent1al
- -

.

:,«
b -
s

<,

6.2.2 Deep Vertical Displacements

settlements

the tunnel axis exper1enced heave of up to 3mm.

downward .moVements were detected ahead of the féoe of  the
- R - > . :

mole.

" During the tunne excavation,

besrde-the tunnel l1ner did
& .', \q‘} “sﬁ"‘
Si a1n1ng in the vertlcal direction (8vert< 0.1%)

J

not

.
\

hY

Negvgjble*rfnce vertical displacements wer‘e
These :

from ‘the

are

4

Before the mo;e reached‘a section, po1nts close to the

to. be excavated along a vertical l1ne pa551ng through

‘Negl1g1ble

the extensometers located

measure

s1gn1f1cant

soil

-
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The stabilization of vertical displacements of -the soil

~a

> 957
LT )

4 occurred approximately 15._"metres from’ the face of the mole..
The monitoring of: vertical movements above, a roof

_ failure indicated’ that large vertical displacements (‘Iarger w .

N 4 than somy* propagated up to 3.4 metres to 4.5 metres a&e ‘

| the tunnel crown. The settlements at the surﬁe, above this

roof failure, ‘were sma,l1 and should not affect the Q@rby_

building foundations. - Ske © ..

.5 ¥ "

n‘"’ : M . "
. < &

. ’ e T B A e
6.2.3 Deep Hori:ontal Dleplacements ' ‘;;\i A

_ “: &The 'incl'lnom\eﬁrs loca*’ted,;at 172, metre and 3. 3 metres"

w from the tﬂhngkl lirter, “at the »springlme.. ' meas%ed .

=

horizontal d‘l*splacements . of 3 Onm and 2 Omn, respectively.

.fowands tﬂtunnel ax1s' "The -development f horuontal .
3 CO

. movements

: of the f‘ace of the mo € and’ stab1l1zed approxmately 6.0

metres . ?rom the tatl of the mole where the prwmary lining

owards vt ‘tgnnel ‘ax1s started 3.0 metres ahead

was expanded agamst the ground. It can " be concluded tha't.'
the horlzontal d1splacements 1n the sojl stablhzet:l fastgg . w .
than the vert1caT ones. ' '
The deve lopment of 'soil movements in the direction
| parallel to the tunnel axis' 1nd1cated that analytical S
- studies ol‘ tunnel behavmur based on plane strain analyses |

. " do not reflect real1ty The fact that .the ._.pomts "in - the. .

v RER)

o »-ground move im a directidh parallel to the tunnel axis '
- ' ‘ R - s A
. ‘e, ‘during tunnelmg aﬂt‘rhturn to. their initial pos1tton. after . "

the mole passes, enhances the/ac.t that studies of the fmal

’ ) *
o

’
:: ‘ Co g ’ : .
B v »
’ . B
. .



dlsplacements about 'tUnnels that do not take 1nto;account!?

the soil "strain history" are not acceptable.

N
o

A ' ‘ i
‘ 6. 2 4 Loss of oround v ‘; :
| *Af- . '%he" coupled analysis of vertical and horizontal
| "d1splaoements around the LRT tunnel ylelded the conclusion
- that the ground ‘eXﬁertenced an dverage volume 1ncrease of
'{gt" . 0.59 m’/linﬁél metre.(rﬁ9§% of‘th tunnel nominal' volume)~

due to tunpel construction Similir ground volume increases

ﬂe;*J were measured by Hansmlne iﬂ§75) in a tunnel dug ﬁn dense

%f'. sand; : 7 o ~f"~« Cow “: T
More than 96% of the ground volume 1ncrease due to the:
A LI ,; & ¥ .
L&T tuanl ﬁonstructlon occurred in, the region above the
_ tunne] Crown, R °f';}” - “.e:~ SR N
. Lo by '.,.‘ _,’t .l,'« 5 ‘.’ ‘gg-'.‘;"‘if 5 o » .
. .L.'-Q.' < - v '
.6.3 Lining LoadS‘qu Dlsplacements e
Th loads carr1ed’by the iteel lagg1qg and load cells

. \J.-f;:w <

. were affected by the actioﬂ of the long1$81nal propufsion

" jacks of the mole on the primary lining.

¢ A

. The load cells installed in the lower rib joints

fconsdstently picked up higher loads than those installed in
the upper joints. This reflects the development of shear “at

ﬂ'.the 'sowl l1ner '1nterface, probably due to the upward -

movement of the Tiher detected in  the l1n1ng disolacement

‘measurempents. The load cells also _indicated higher soill”

.

stress relief at the invert .than at tfe crown. This

. - ) .
. ] ) ) .
. - . ¢ ) e ’
.o ‘ 3 . . e .
. .
. . . . >
. .
- . . .
P . . .

U
A
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Ve .7 . difference in Qg?i swress relief might also be due to .the

upward "ovement of the iiner. v |
THy..coup led study of the steel lagging and load cell
data indicated that the steel rnibs carried average loads 85%
to 213% higher than those.ﬁi:ried by tRbQES:::ng. This might
be an indicition ‘that soil arching. occurr \theen ribs.
The steel- ribs at the crown carried loads\\fro'm 9% .to

26% of the . overburden These loads are smaller than ;hose
measured inktﬂw LRT North East tunnel (71% of overbur )‘

» ' ﬁ"ﬂ .

The 1ihing displacements measurements ]ndiCated that~_,

after rib expansion, there is very little llner distortion

\a &l . -/

ture. Interaction

loads‘on the pr1mary lining in tunnels constructed in

" ¥ E#monton with dffferent depth rgfios (depth of center of the

tunnel/tuhnel - diameter ) enabled the gpalysis of the
'Aapplicaoﬁi?ey ’,of Closed Form Solofions and the.
' Convergence Conf1nemept Method termed Simple Solut1ons. 'to )

. shallow tudnels*'Th1s analys1s showed that the pred1ct1on of'

lining loads and d1sp1ao§Ménfs with Closed Form Solutions: is

ﬁ%ﬁaccurate for both ‘deep and shallow tunnels, b351ca11y due.

installation of the 11n1ng It was concluded that the
pred1ctlon . of tunnel behav1our _ based on -~ the

. Confinement - Convergence Methuu y1elded good results for deep

. \ - .

4 . - (A

'of the. soil dlsplacements associated with the‘f

to the difficulty- of taking into account the delayed -
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tunnels but not for shallow tunnels. @
The discrepancy between predicted and measured

displacements is ascribed to the fact that the mode of
. * .-§

deformation and development of plasticity of the soid 'éﬂbf

: surrounding the LRT tunnels was not_axisymmetric,.as ass

. by the Convergence-Cq@inement Method. The departure frigy
the uniform radial Jmode of behaviour (axisymmetric) wé
‘ascribed to the bfq;imity of the LRT tunnels to:the surface.

ﬁi& |

6.5 Recommendations for Further Studies
The conclusionsipresen;ed in this Chabfer indicate that

) . , |
there is no ;ﬂ*ple method that permits the . engineer to

*

- .rapidly 1nvestigate_ alternatives to problems. related to !

- shallow tunnels. It isw§ugg¢stedp_that further .studies ”tb‘
develop Closed Form Solutions® for shallow lined tunne]gm
should be carried out. Théée Closed Fobm Solutions would
probably lead to simple'design methods "applicable to shallow

“. tunnels. ) R ’

\\_ . LA e
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/‘ _ Table A.5 SUMMARY OF LABORATORY TEST RESULTS - INTER-TILL
i SANDS - ‘ '
o - '
»
\ 4 /
v
\
.\ . \ . .
Test Depth - | ‘ . :
Hole. (m Wi $ Sand ) $ Silt $Clay
79-6 8.4 - 8.7 5.5 66.0 240 " s.0
. 79-6  11.7 - 12.0 9.9 65.0 31.0 4.0
79-6 14.5 - 14.7 22,9 - 38.0 © 62.0 0.0
79-19 14.7 - 15.0 22.0 60.0 35.5 4.5
79-19 17.7 - 18.0 18,3 . 78.5 17.0 © 4.5
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Table A.6 SUMMARY
SANDS AND GRAVELS

J
Test ° Depth
Hole o Am)
79-28

raveremar e an e

-
273
OF LABORATORY TEST RESULTS - SASKATCHEWAN
wi’ | \ Sand $ Silt SClay
97.5 2.5
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7o

I g

LOAD(N)
0

100,006

200,000

300,000

400,000
500,000
600,000
700,000
600,000
500,000
400,000
300,000

- 200,000

100,000
0

0
100,000

200,000

300,000

400,000 -

500,000
600,000
700,000

- 600,000

500,000

400,000

300,000

200,000

100,000
0

A&

v

LOAD

LOAD

is the

TABLE C1 - LOAD CELLS

CELL #5

(1)

0
145
273
423
583
750
928

1113
932
754
580
409
249
120

CELL #3

200
364
518

- 673

822
974
1118
956
798
638

© 483 -

431
179

DNE
(2)

257
404
546
. 709
870
1043
1214
1031
850
867
492
325
187

256
414
563
722
885
1052
1212
10
8
708
535
386
226
-6

(3) -

" 202

379
537
710
881
202
1219
1039
858
680
500

. 325

171

237
413

578 -

748
912
1073
1188

1066 -

902

734

566
401

231

12

sum of channels A and B.

#3 AND #5 - CALIBRATION

¥
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]

TABLE C2 - LOAD CELLS #1 AND #4 - CALIBRATION

AN T ‘.'M”V.’\‘W"i'.,‘ B TR P

LOAD(N)

0
100,000
200,000
300,000
400,000
500,000
600,000
700,000
600,000
500,000
400,000
300,000
200,000
100,000
0

0
100,000
200,000

.300,000

400,000

500,000 .

600,000
700,000
600,000
500,000
400,000
300,000
200,000
1006000

LOAD CELL

(1)
0

185
335
447
620
768
918
1074
919
762

§07
453

[4

305 -

163
8

LOAD CELL

i 0
115
250
401
563
735
907

1083
906
73T
564
400

250

113
5

#1

AE

- (2)

0
209
364
522
686

849
997

1156

1890
829
660
505
336
176

0

#4
At

0
161
299
458
622
797
870

1140
963
782
607
424
265
130

0

(3)

232
406
2571
733
887
1029
1147
1020
858

- 706

540
369
200
11

158
330

504

681
846
1016
1152
1008
833

- 652
476

300
140
7

AE is the sum of channels A and B..

325
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- LOAD CELL #2

LOAD(N) (1) (2) (3)

0 | 0 0 | 0
100,000 - . 202 246 - 240 .,
200,000 356 369 407
300,000 506 500 576
400,000 668 646 748
500,000 824 812 924
600,000 - 981 979 1097
700,000 | 1142 1149 1227 ...
600, 000 978 971 1087
500,000 811 794, 904
400,000 645 - 619 725 -
300,000 477 451 541
200,000 . 314 295 364
100,000 153 164 188

0 BT 0 -1

LOAD CELL - #7

AL
0 0 0 : .0
100,000 - 156 170 191
200,000 301 283 367
300,000 460 423 . 537
400,000 613 574 - 705
500,000 - 781 738 872
600,000 - 881 908 1036 °
700,000 : 1107 - 1082 - 1168
600,000 942 909 1016
500,000 ' 770 734 848
400,000. ' 589 ' 565 671
300,000 : 439 398 500
200,000 ‘ 274 244 - 326
100,000 120 - 115 155

0 5 9 2

N E is the sum of channels A and B.

TABLE C3 - LOAD CELLS #2 AND #7 - CALIBRATION
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LOAD CELL #6

A . AE , .
LOAD(N) (1) ' (2) (3)
0 0 0 0
100,000 198 " 229 236
200,000 , 350 372 424
300,000 " 496 534 592
400,000 654 712 764
500,000 814 890 938
600,000 980 1070 1102
700,000 1152 1259 1229
600,000 979 1078 1085
500,000 806 885 911
400,000 635 700 728
~ 300,000 338 505 546
200,000 306 . 322 - 357
100,000 163 188 176
0 . -2 -3 - 0
3
LOAD CELL #8
: AE
0 | 0 0 0
100, 000 1208 245 253
200,000 : 334 364 384
300,000 448 481 508
400,000 567 617 641
500,000 | - 688 775 779
600,000 810 935 915
700,000 936 1097 1017
600,000 ‘ 803 925 899
500,000 872 750 746
400,000 522 583 592
300,000 394 421 438
200,000 286 274 302
100,000 | 152 158 165

~0 -3 3 0

"AE  is the sum of channels A and B.

TABLE C4 - LOAD CELLS ‘#6 AND #8 - CALIBRATION



Load cell no.

OO NEWN -

where y-

TABLE C5

Relationship
y=0.6236 x -17.8698
y=0.6039 x -17.3285
y=0.6013 x -24.0832
y=0.6091 x +15.0796
y=0.5922 x - 1.3322
y=0.5804 x -12.7504
y=0.6225 x - 3.3985
y=0.7053 x -32.1037

normal load (KN)

sum of micro-strains read in both strain
gauges (x = AVERAGE STRAINx10-6x2)

EQUATIONS RELATING LOADS TO MICROSTRAIN
FOR THE LOAD CELLS 1 TO 8.

(r2)

.9874
. 9882
.9901
. 9897
.9812.
.9889
.9853
.9793

328
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Determination



ZERO READINGS:

TIME

15:00
07:00
11:15
13:40
14:30
08:58
14:05
09:20
14:20
11:45
14:25
11:16

14 :00

18:00

-13:30

15:05

TABLE C6 - LOAD

A
-385
-362
-366
-366

DIST.F/
TAIL(m)

OAODH NN

OO0OO0OONDHROOBLLEBEBNNDN

10.

B
-293=* * tunnel
-269
-268
-268
A B A A-B
(zero
read/
tunnel)
-740 -249 -358
-720 -262 -351
- -291 ----
=577 -302 © -248
-616 -295 -280
-632 -284 -285
-655 -282 -306
-663 -276 -308
-678 ~-269 -316
-685 -270 -324
-694 -278 -294
-706 -274 -302
-719 -273 -314
-717 -274 -313
-755 -256 -333
-785 -248 -355

CELL #1 - FIELD DATA

329

LOAD
KN

210
205
140
160
160
175
177
180
187
170
172
180
179
192
205



ZERO READINGS:

* DATE
(81)

“17-02
17-02
18-02
18-02

. 18-02
19-02
20-02
23-02
24-02
25-02
26-02
03-03
10-03
17-03
18-03

09-04 -

27-05

Ot et ca QO t a
O —JUw

TINE

Who0OOH
ooUIodH o

:58

" 14:05

09:20
14:20

' 11:85

14:25
11:16
11:00
18:00
13:30
15:05

TABLE C7 - LOAD

A
-691

-692

DIST.
TAIL(m)

OO

COOCONDHEOOHLLLEANNDNOS

B-
-101
-1016

-1026+
-1016 _

-850
-861
-878
-883
-834
-868
-888
-897

- . =933

-911
-937
-931
-923
-926
-922
-953
-981

330

* tunnel

B

-1137
-1083
-1093
-1065
-1080
-1098
-1097
-1095
- 1097
-1114
=1115
-1123
-1136
-1145
-1147
-1142
-1141

AAB LOAD

(zero _ kN
read/
lab)
-270 145
-227 120
-254 135
-231 120
-197 - 105
-249 135
-268 145
-275 150
-313 170
-308 160
-346 190
-348 195
-353 200
-365 205
-363 204
- 389 217
-416 233

CELL #2 - FIELD DATA



ZERO READINGS: A

DATE
(81)

- 15:

+658%*
+87
+89
+82

DIST.F/
TAIL (m)

TIME

&0 S\ \
o 02
75 NP Ve

:58.; .2 )
14:05 . ™. 2.

09:20 8.8
14:20 14.8
11:45 17.2
14:25 37.6
11:16 . 64.0
11:00 86.8
18:00 86.8
13i30 86.8

05 86.8

TABLE C8 - LOAD

B
~636+
~611
-619
-624

-345
J‘347
352
-377
-354
-380
-390

-395
-395

-401

-397
-427

-452 -

* tunnel
B A AB
- (zero
-read/.
. tunnel)
-659, ----
-672 -458
-679 -456
-698 -477
-700 -484
-710  -519
-716  -502
“721 -533
717 -539
-723 -550
-729 . -556
-734 -567
-736 -565
-723 -582
-720

- -604

CELL #3 - FIELD DATA -

331

LOAD
kN

{

-\ -

25

255
265
267
287
275
297

-300

305
310
317
315
326

336

\

\
\



ZERO READINGS: A :
: -228%
-207

-208
DATE TIME  DIST

(81) TAIL (m)
18-02  07:40 1.3
8-02  13:38 5.2
19-02  14:30 5.2

20-02  08:58 5.2
23-02  14:30 7.2
24-02  09:30  B.8
25-02 = 14:20 14.8
26-02  11:45  17.2
03-03  14:25 37.6
10-03  11:16 64.0
17-03  11:00 86.8
19-03  18:00 86.8
09-04  13:30 86.8
27-05  15:05 86.8

- TABLE CS - LOAD

B
~343=
~-323
-326

A

-456

-488
~-505
-513
~539
-543
~548
~562

-572 .

-574
-582
-580
-604
-624

* tunnel
B [AA-B
'z, .
\tunnel)
-376 | -261
-360 =277
-366 -300
-358 -300
-365 ~-333
-362 -334
-370 -347
-365 -356
-370 =371
-372 =375
-375 -386
-378 -387
-377 -410
- ~383 -436

CELL #4 - FIELD DATA

¥

332

LOAD
KN

173
185
197
187
217

217

224
230
240
243
250
251
264
277



v.f..:my- RATIRS _,-@.mnup{w..v‘v‘w R ARG e % g pe e = g e -

333
ZERDO READINGS: A B
i ~96=* -315#* * tunnel
-87 -300
-84 -300
-89 -307
DATE TIME DIST A B AAB LOAD
(81) TAIL(m) ' (z. r, KN
tunne )
18-02 07:40 1.6 -320 -324 -233 135
18-02 13:33 4.0 -322 -312 -223 130
‘19-02 14:30 4.0 -348 -333 -270 157
20-02 08:58 4.0 - 366 -318 -273 160
23-02 14:05 6.0 -387 -331 -307 180
24-02 09:30 7.6 -383 -333 -305 180
25-02 14:20 13.6 -405 -333 -327 190
26-02 14:45 16.0 -428 -322. -339 200
03-03 1@:25 36.4 -440 . -331 -3860 210
10-03 11:26 62.8 -449 -334 -372 215
-17-03 11:00 85.6. -460 -338 - 387 230.
19-03 18:00 .85.6 -456 -340 -385 220
09-04 13:30  85.6 =495 -328 -412 240
27-05 15:05 85.6 -520 6333 -442 258

TABLE C10 - LOAD CELL #5 - FIELD DATA

ey



ZERO READINGS: A

TN ia e b e e vy @ a b -y

b

B
-422+« +115=
-403 +141
-400 +141
-415 +131 . -
DATE . TIME DIST A
(81) TAIL(m)
18-02 09:53 1.6 -578
18-02 13:33 4.0 -613
19-02 14:30 4.0 -630
20-02 08:58 4.0 -560
. 23-02 14:30 6.0 -589
24-02 09:30 7.6 - -645
25-02 14:20 13.6 -645
26-02 11:45 16.0 -650
03-03 14:25 36.4 -657
10-03 11:16 262.8 -660
17-03 11:00 85.6 ~-672
19-03. 18:00 85.6 -668
09-04 13:30 85.6 -685
27-05 15:05 85.6 -704
TABLE C11 -

c g, ’.'

*
= tunnel
B A A-B
(z. r.
tunnel)
+ 59 ~212
+ 81 ~-225
+ 69 ~254
+ 49 -204
+ 67 -215
+102 ~236.
+ 94 ~244
+ 91 ~-252
+ 81 -269
+ 80 - -273
+ 79 2864
+ 77 ~-284
+ 87 ~-291
+ 86 -311

LOAD CELL #6. - FIELD

DATA

334

LOAD

KN

110
120
137
107
114

125

130
135
145
147
155
" 154
158
170

'd



TABLE C12

ZERO READINGS: A - . B
+314=» -316=
+386 ¥ -306
+380 -309
+372 -316
+378 -308
. . !
. DATE TIME DIST A
- (84) TAIL(m)
o .
18-02 11:06 1.6  +154
18-02 13:334s, 2.8 +313
19-02 14:30., 2.8 +296 7
20-02 08:88 ' 2.8 .+329 . .-
23-02 -14:30- 4.8 +308
24-02 09:30. 6.4 +286 -
25-02 14:20 12.4 +265
26-02 11:45 14.8 +267
03-03 14:25 -35.2 - +249.
10-03 13:16 61.6 - +241
17-63  11:00 B4.4 +230
19-03 18:0p, 84.4 +234
09-03 13:30 84.4 +207
27-05° 15:05 84.4 +176
. o L
: . "

* tunnel .

"
8 AA.B
- {z. r.
tunnel)
-313 -195
-371. -58
-383 -85
-370 -39
-361 -51
-362 -74
-355 -88 .
-356 ~ -87-
-361 -11g
=360 -117 .
-358 - 120
- -360  -129"
-347 .=-138
-337 -159

- LOAD CELd! #7 - FIELD DATA

.

f3g

L
S
&
L of
a5
»
|

335

t"

LOAD
KN

125
40
L ] 57
0
5
50
60
80
70

W15

83

" 81

- 80

&



R N AL - Mgy o,

27-05

‘ZERO READINGS:

336
.
A B sy
-883 -237 tunnel
-867 -225 -
-871 -228
-872 -227
L”i -
TIME »DLST” A B A A-B LOAD
4 A< TAIL (m) 2 (z. r. KN
g, ' tunnel)
©711:00 ‘= 1.6 . -1038  -228  -142 70
7713:33 . 2.8 . -1086  -252 . -198 108
14¥30 - 2.8 -1091 -258 "~ -229 130
©:08:58 2.8 - 986  -250  -116 50
14:10 - 4.8 -1023  -240  -143 70
"09:25 6.4 -1086 -230  -146 70
14:20  12.4, .4 -10 -225 -160 80
11:45  14.8 ¢ -1060° -227 . -167 86
14:25 35,3 -1073  -232  -185. 100
11:16  61.6 -1079  -230  -189 105
11:00 84.4 -1092  -226 -198 110
18:00 84.4 -1091 -227  -188 ,.110
13:30 84.4 -1123  -211 -214 117
15:05. 84.4 -=1157  -202  -23g 135
’ ' k4
TABLE C13 - LOAD CELL #8 - FIELD DATA
e |
| }*\’ s
FY g +
,’ [ |
'i ‘ [ y |
4



VLT T A A TN s Y R s eyt e e .+

337

¥

SL1
Load Centre Gage Strain Stress
- (N) (Microinches/inch) (x10°%) ~ - (1b./1n.2)
o +2930 _ 0 |
4000 +3068 138
8000 S #3194 264
12000 : 1318 388
16000 +3440 510
20000 +3560 © 630
24000 . +3677 747
28000 +3795 o 865
32000 +3911 | 981
36000 +4030 ' 1100
32000 +3954 1024
24000 . +376) : 831
16000 +3508 578
. .
8000 , +3230- 300
0 +2930 . 0 \
SLY L 9
. . . ». .
Load Centre Gage . Strain - - Stress
(N) (Microinches/inch) . (x107%).  (1b./In.?)
. - . -~
0 +osé; -0 - 0
4000 +0703 134 4020* ~
8000 +0823 5 254 7620 -
12000 40947 (™ 378 .. 11340
. 16000 +1068 ) _h99 },(u.;TJSOOO
20000 . - +1180 il * 18300
24000 . #1295 . Spoe - 21800
28000 +1406 g 837 25100
32000 . #1513 7 9hly 28300
36000 +1627 1058 "~ »°31700
32000 +1538 969 . 29100
24000 - +1338 769 . 23100,
. 16000 +1121 552 16600
© X 8000 +0860 29 8730
.0 #0572 - - B 90
Tabte .,1.4’ STEEL LAGGING CALIBRATION - SL1 & SL?

\ ‘.
‘g _ -

Fd



L e e e v e e

J - . 338

SL3
Load Centre Gage Strain  stress
(N) (chrolnches/inch) (x10-¢) (1b./1n.2)
0 2360 . 0 0
. hooo ~2225 135 4050
8000 -2110 .. 250 7500
12000 =1995 " 365 11000
16000 -1880 : 480 14400
20000 - -1767 - 593 17800
24000 - =1657 703 21100
28000 -1s47 813 24400
32000 -14ko © 920 27600 N
360000 . -1330 - 1030 | 30900 <
- 32000 -1405 955 - . ,'.28700 et
L 24000 . ~1585 | 775 23300 . D
16000 - -1818 542 N 00 . o
8000 -2084 . 276 g0’
0 -2367 / 7 ‘ g
. X ““"é, "!',
4 ol JQ&Q‘»& RS
SL l. "‘3;\"&'15 ”‘
- Load Centre Gage . Strain ~ "Stress
(N) (chrolnches/inch) (x10-%y (1b./in.?)
} - .
0 . +2107 : }7‘;' 0
4ooo 42242 - 135 ’\, - hoso
8000 ¢ +2370 . 263 7890
12000 +2491 N 384 11500
16000 +2610 503 15100
120000 : 42725 618 18500
24000 - +2838 731 21900
28000 ° +2952 845 25400
32000 +3069 962 28900 _
36000 . - +3184 1077 32300 - 6
32000 +3090° © 983 29500 _ -
24000 +2880 773 23200 %
16000 +2667 560 16800 -
8000 +2395 .288 8640 -
[ +2096 n 330. °
m* ' o A '

~

‘Table C.15 STEEL LAGGI}‘JJG CALIBRATION - SL3 & SL4
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. SLS ‘ |
Load _ Centre Gage . Straln Stress
(N) . (Microinches/inch) (x10°%) . (1b./in.2)
0 =247 0o " 0
4000 . =2333. . 124 3720
8000 -2216 » 2h1° " 7230 . L Ly
12000 -2100 357 . 10700
16000 -1989 k68 14000
20000 -1878 579 17400
24000 -1770 # 687 : 20600
28000 -1658 - 799 " 24000
32000 ;ggﬁg “u 907 - 27200 |
36000 -1438 , 1019 30600 .
32000 -1519 938 28140
24000 -1722 735 22100
16000 -1932 525 15800
8000 -2180 277 8310
0 -2460 3 90
SLé
Load N ‘Centre.éage a Straln o Strcess2
pﬂ (N) (Microinches/inch) &IO ) (1b./in.2)
. 0 -0520 7o 0
/. .
hooo -0391 " 129 3878
8000 ~0272 248 7440
. 12000 -0160 . 360 -~ 10800 " -
S 16000 © - -0047 473 14200 -
20000 ' +0073 - 593 17800
e 24000 . 40183 - 703 21100
JLI - 28000 +0295 815 24500
. 5 o "4 32000 T 40L06 926 27800
‘ : -36000 40520 1040 31200
SSte - 32000 +0428 948 28400%
Cn .. vt 24000 40229 ¢ 749 22500
-f_ff‘i_,:, 16600 +0010 - © 530 15300
Dl .?@mf o 40250 270 8100
o YO . -0533 . 13 390
P i SRR NN - -
D re ! : k'ss T
) : DR & ' '
‘Table C.16 STEELQLAQ?}JE CALIBRATION - SL5 & SL6
5 . B '-‘,: -1‘ : ." . ‘ .
e ’ ‘

- v . ) u

Ead
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" N ‘
Y
st
‘Load - Centre Gage = Straln .  Stress_
(N) . (Microinches/inch) (x10°¢) © - (1b./in.?)
S0 - -1997 -0 0
4000~ -1861, : 136 4080
8000 1737 260 _ 7800
12000 -1617 380 11400
16000 -1500 497 . 14900
20000 -1382 615 . 18500
24000 -1273 : 724 21700
28000 ~1162 835 . 25100
32000 -1052 945 28400 -
36000 -0941 1056 31700
32000 -1019 978 29300
24000 <1214 783 - 23500
16000 -1450 & 547 . 16400
8000. o -1710 287 - 8610
0 <2000 3 | 90
: SL 8
Load Centre Gage ., . | Strain Stress
N, (chrolnches/Iﬁ (x10°%)  (1b./In.2)
0 et ¥ o 3. .
4000 -2636 © 138 NG
- 8000 | -2512 . 262 ° 7860
12000 ¢ -2388 | 386 11600
16000 -2268 506 15200
"+ 20000 ~2146 628 18800
24000 o=2025 749 - 22500
28000 - =1906 ' 868 26000
32000 -1798 976 29300
36000 -1688 : " 1086 32600
32000 ~ -1768 1006 30200
24000 -1970 804 24100
16000 - -2212 562 16900
8000 | -2487 287 8610
." . ‘L

Table C.17 STEEL LAGGING CALIBRATION - SL7 & SL8
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Table C.18 STEEL LAGGING CALIBRATION -.SL9 & SL10

Load Centre Gage Strain Stress
(N) (Microlinches/inch) . (x10°¢) (1b./in.2)
0 -2780 0 o0
Looo -2655 125 3750 *
8000 - -2535 245 , 7350
12000 -2412 368 110gQ.~
16000 -2295 485 146
20000 -2180 600 .18000
24000 -2065 715 21500
. 28000 -1953 827 ' 24800
' :>;~3zooo 1840 . 940 28200
36000 -1724 1056 31700
.32000 -1812 968 29000
24000 -2017 763 22900
16000 -2240 540 16200
. 8000 -2500 280 8400
0 -2791 ‘ n 330
St
Load = Gage (Microlnches/lnch) Strain ?xlo“) ' - Centre
(N) iy - - — Stress
- Quarter Centre @likrter Quarter Centre Quarter (1b/in.2)
Point Point Point .. ‘ - Point
0  -2953 -2960  +3847 0 0 0 0
2000  -2896 -2894  +3490 57 66 43 1980
kooo . -2955 -2835 +3935 98 125 88 3750
6000  -2809- <2773  +3979 14 187 132 5610
8000 ° -2765 f27lh +4023 188 246 176 7380
10000  -2719 -2653  +4066 234 307 219 9210
12000  -2675 -2594  +4110 278 366 263 . 11000
14000 -2632  ~2534.  +4152 321 426 305 12800
16000  -2590- -~2476  +4196 363 - 484 349 14500
18000  -2545 -2418  +4236 L8 542 389 16300 °
20000  -2503 ~-2362  +4280 450 598 433 17900
23000  -2460 ~-2304,  +4320 493 656 473 19700
24000  -2421 -2246 #4365 532 714 518 21400
26000  -2375 -2187  +4ko7 578 773 940 23200
28000  -2337 -2133  +4450 616 827 -603 2480p
30000  -2290 -2071  +4492 663 889 645 26700
32000  -2254 -2015  +4540 699 945 693 28480
-34000  -2210 -1960  +4575 743 1000 728 30000
32000 -2232  ~1996  +4557 721 964 710 28900
LOOO  -2376 -2195 _ +4k18 578. 765 ST 23000
16006 -2536  ~2420 . 4256 k17 540 409 16200
8000  -2735 ~2678  +406k 218 282 217 8460
0 ~-2961 .~2968 - +3845 8 8 2 240



W

SL11
Load Centre Gage Straln Stress
(N) (Mlcroinches/inch) (x10-%) {1b./1n.2)
0 -2472 0 ]
4000 -2347 125 3750
8000 -2234 238 - 7140
12000 -2120 352 10600
16000 - =2005 b67 Y4000
» 20000. -1896 5§76 17300
24000 -1784 688 - 20600
28000 -1636 836 25100
32000 -1560 912 27400
36000 -1450 1022 30700
32000 =1529 943 28300
24000 -1703 769 23100
16000 -1935 537 16100
8000 ~2200 272 _) 8160
0 -2467 5 150
. SL12
Load -, Centre Gage Strain Stress
*(N) (Microinches/inch)  (x107°) (1b./1n.2)
0 40958 0 _ 0
4000 +1086 128 ;%éﬁasao
8000 +1200 242 % 7260
12000 +1317 359 . 10800
16000 +1433 475 14300
20000 ~*1547 589 17700
24000 +1654 696 20900
28000 .+ +1765 807 24200
32000 +1873 915 27500
36000 +1983 1025 30800 -
32000 +1908 950 28500
24000 +1734 776 23300
16000 +1482 524 15700
8000 +1214 256 7680
0 40933 25 750

Table C.19 STEEL LAGGING CALIBRATION - 'SL11 & SL12

$y
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