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Abstract

Due to the advances in *he knowledge of tunneling in
soft ground, a review of-thg design of the Edmonton tunne.. has

been undertaken.

The well-known polygonal method of Anders Bull has
beeh selected to cuiculate moments, thrusts and deflections of a
Tining under a given symmetrical loading. The method has been
programmed in order to provide a convenient tool for the design of

tunnels in an elastic homogeneous medium.

The crucial factors governing the lining behaviour have
been evidenced by ‘arametric study. The rib spacing and the |
concrete thickness are the critical factors determining the safety
of the Tining and the design is governed byfthe value of the soil
reaction coefficient, the extent of arching, and the reliability in
the long term Qf the temporary support as part of the permanent
Tining. The latter factors are as yef largely unknown and a definité
conclusion on the safety of the design cannot be drawn until-more

field data is available.
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Chapter I

Introduction

In 1955, the City of Edmonton decided to improve its waste
treatment faci]ities. The project called for the construction of an
extensive collecting system of sewer interceptors connected to a

centrally located Waste Treatment Plant.

Numerous advances in the understanding of tunnel behaviour
have been made since 1955 so that a review of the design of the

Edmonton tunnels was Jjudged necessary.

Edmonton tunnels are lined with a temporary lining
consisting of rib and lagging and a permanent concrete lining.
Because of the lack of field data, the loading was assumed to be
uniform and was calculated according to Terzaghi's a}ching theory
(1943). Drained soil parameters were used in the analysis for
both linings, since the temporary lining might be the only support
for as long as four'hohths. In the long term,'the temporary-
1ining was assumed to disappear by decay end the conc}ete liﬁfng
was designed to withstand the full loading. The ribisize and the
concrete thickness were selected so that the maximum compressive
stress in the 11n1ng does not exceed the maximum allowable

compressive stress for the steel or concrete. The maximum thrusts -



were calculated simply by dividing the total vertical Toad on the

tunnel above the springline by the cross-sectional area of the liner.

The previous assumptions led to approxim;tions of the
actual stresses on the safe-side but by an unknown amount. With
the availability of more powerful computational facilities, a
more refined analysis could be undertaken to appfoximate more
closely the actual conditions: the vertical loading is not uniform,
and the horizontal loading varies with depth depending uﬂon the
local geologic conditions. The load, due to undrained conditions,
is first fully supported by the temporary lining; with time, drained
condﬁifons prevail and the load is modified. With sufficient time,
the stress redistribution within the soil mass leads to a new static
equilibrium and no further deformations occur, with the exception of
possible creep effects. If.fhe permanent lining is set up at this
stage, no load is applied upon it. If the permanent lining is set
up while the temporary lining is still deforming, the loads are
shared between the two linings and the deformations come to a stop
under the resistant forces developed in both linings. The time
effects are two-fold: creep movements might develop and modify
the loading, and the lagging might decay with time; however, no

precise information is available on these effects.

On the basis of 'the previous description, it can be
understood that the actual load distribution at a certain time is -

still controversial, due to the lack of field data. In order to



provide for any findings from a precise measurement program, the
calculations must be performed with a method which can be adopted to
any type of Tload distribution. The purpose of the study is not

to develop a new method of analysis but to'app]y a reliable method
to the particular case of Edmonton. This led to the selection of a
method which presents the required flexibility and which has been
used sufficient]y to be considered reliable. After reviewing the
available methods of analysis (Chapter 2), the method of Anders

Bull was chosen; it was first described in 1946 (Anders Bull, 1946)
and has been widely applied since then. The lining is approximateg
by a polygon and the soil is assumed to be elastic. The method is

described in detail in Chapter 3 and an example of its application

Q3
to the Garrison Dam Tunnels is described in Chapter 4, : §

The method has the potential of predicting mdments,
thrusts and deflections of the 1ining as soon as a fairly accurate
load distribution has been measured. It is of interest to study the
differences due to severa]vtypes of assumed loadings and to study

-the relative importance of soil parameters needed in thelana]ysis

(Chapteﬁ 7).

The study which follows provides a practical method of
calculating moments, thrusts and deflections of a lining under a
given symmetric loading. It contributes also to the improvement of
the design approach by showing the important factors which govern the,

~

1ining behaviour.
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Chapter I1I

Literature Review

Many theories are available for the calculation of the
stresses in a lining. These theories can be classified into two
categories: the lining can be considered alone and subjected to
various empirical or semi-empirical loadings, or the medium alone
is considered, and the effect of a supporting liner is added

by various approximations.

The first group of theories require knowledge of the
Toa. 'istribution on the fining. The first mode]s used uniform
.0ads acting vertically and horizontally. Hewett-Johannesson (1922)
proposed a loading which took into account the earth pressure as a
“ynction of depth, the horizontal pressure as a function of the Ko
value, @ - .1e nydrostatic water pressure. The érching,effect
was provided Tor . “aking only a fraction of the applied stresses

under full overb -~ pressure. Terzaghi (1943) proposed a-more systematic

study of the arc: "~ mechanism, while Pfotodyakqppv. (quoted_
in Szechy - 1967) >~ ur sulation of the roof pressu;;\és\the
weiéht of a parabolc “or dimensions are given. In these
garly calculations. the »- assnmed . oe perfectly rigid

[

and the applied lcads » -+~ Luch aSSJnatiohs led to
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L
very conservati designs.

Wi a flexible lining, the tunnel is allowed to deform
and to generate,soil reactions which tend to decrease the moments
and consequently the thickness of the lining. The soil is assumed
to stay within fh elastic domain and it is characterized by
a soil reaction coefficient which is the force required to push
alsq. ft. rigid plate 1 inch into the ground. With this
description of the soil, Bodrov-Gorelik (quoted in Szechy - 1967)
proposed a mathematical ana]ysis'of the problem giving moments,
thrusts and deflections under a given loading. Anders Bull (1946)
and later Wissman (1968) proposed approximating the 1ining by a polygon
with each segment elastically supported by a spring to‘approximate

the e]aslic behaviour of the soil. Thrusts, moments and deflections

are calculated by use of tabulated coefficients. The limitations

of these methods are that the soil reaction coefficiaet&j:;fffymed—\
to be constant throughout the soil and only a linear el&s {c \j /
behaviour is investigated. \ /,/f

~

Elastic and plastic soils have been studied mathematiCéﬁ]y
by R. Fenner (1938) and elasto-plastic soi]s'by‘s. Reyes (1966) applying
the Finite Element Method to unlined openings. Brown, Green and
Ramsey (1968) extended the application of the Finite Element Method

to the design of culverts.

~According to Deere and Peck (1969) the effects of construction



procedure may totally invalidate the conclusions of the previous
methods. The soil deforms by moving towards the working face

even before the mole actually reaches it, deforms further until a
lining is installed, continues to deform with the lining until

the stress redistribution around the tunnel leads to a new statis
equilibrium; with time, further deformations may develop. Each
deflection imp?ies a reduction in the loads applied on the lining,
according to an empirical or semi-empirical curve which is shown in
Fig. 2.1. If an estimate of the deformations at each construction
stage is available, the corresponding load is immediately known.

It must be noticed that the ground reaction curve may vary +ith time.

Once such a ground reaction curve is known, it can be
approximated by straight lines and each of these segments can be
considerédwas s portion of an elastic soil. The methods of Bodrov-
Gorelik and Anders Bull can be readily adapted to the problem.

In this thesis, primary consideration was given to the
development of a convenient tool ior use in the design'of tunnel
linings. The method of Anders Bull (1946) yields directly momenfs,
thrusts, and deflections of the lining under a given loading. Its
application was restricted to symmetrical loadings, a]thoughva
program can be written for unsymmetrical load distributions. The
method has the advantages of presenting a gfeat flexibility to abp]y

to various evaluations of the original stress distribution in the

- -

o
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ground. It also applies to any type of material, except ideally

plastic, provided a ground reaction curve is available and can be

reasonably approximated by straight lines.



Chapter 111

Anders Bull Method for Computiry Thrusts, Moments,

and Deflection of a Lining

3.1 Description of the method.

3.1.1 Basic principles.

The method presented in this chapter is due to Andérs
Bull (1946). The tunnel lining défonns under a given earth pressure
distrbbution and generates soil reactions at the points where the '
lining pushes outwards. The surrounding soi1'is assumed to remain
in the elastic domain and the soil reactions are proportional to '
the displacements. This 1ead§ to the approximation of the tunnel
1ining by sixteen segments which are radially supported by springs
to simulate the effect of the elastic soil reactions. Concentrated

loads acting at the mid-point of each segment are then camputed

to approximate the earth pressure distribution.

3.1.2 Theoretical analysis of the problem.

- Thrust, moment, deflection at invert:

In a first phase, the thrust, the moment and the def]ectioﬁ?
at the tunnel invert are calculated for a loading consisting of a
single concentrated force P. (Fig. 3.1). The deflection at the

invert may be written as:
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Pr

T A B

FIG. 3.1 - CALCULATION OF THRUST, MOMENT, DEFLECTION AT JOINT A
UNDER THE ACTION OF A UNIQUE EXTERNAL FORCE P.

Fl

FIG.3,2 - SHIFTING OF A CONSTANTS FI1G.3.3 - SYMMETRICAL LOADING,
FOR CALCULATION OF THRUST, MOMENT, AND SOIL REACTIONS DEVELOP ING
DEFLECTION, AT JOINT C. AT THE U LOWER POINTS.
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o3
d = g x f(T,V,M,PR,PT)

where f is a linear function of the thrust T, the moment M, the
shear force V, the radial load PR and the tangential load PT.4 Since
the quantities T,V ,M are Tlinearly dependent on PR and PT, the
deflection d is also linearly dependent on PR and PT and the .
principle of superposition is applicable to«d,TsV,M when more

than one external force is applied to the lining.

23
T (LPRG*I P

T=1 Prbpg+l Prhy
Ve LlPr ARt I Pr Ay | oy
M= R() Pp Ayg + L Pp Ayp)

The 1iteral expressions of the coefficients AT’ Av, AM are given

in Appendix I,

- Thrust, moment, deflection at any point.

To calculate d, T,V,M at any other joint, the figure is

simply rotated until the joint under study is agdfﬁ\between the
j
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joints where coefficients A] and A16 are applied (Fig. 3.2). The
coefficients A are attributed to the joints now facing them.
Because of the sign conventions in the calculation of the A

coefficients, their sign must be modified.

A correction for the coefficients used in the calculation
of moments is-also included to take into account the approximation

of the tunnel lining by a polygon. (Appendix I)

Pra t Py

-M=-0.0164 —

being the radial loads applied to the segments adjacent

P'. and P"

R R
to the joint under study.

Iﬁ”fhé case of a symmetrical loading, the coefficients A
relative to symmetfica] joints are added and the correction for the
moments is applied. The-new coefficients are referred to as B
coefficients and the coefficients C relative to the deflections
lead to the new coefficients D. App]yiné the principle of
superposition, the deflection, the moment and the thrust at

po. >t N may be written for a symmetrical loading as:

. 3 ﬂ
\ 4t R (TP D (W) + I Pr0p (W)
My = R (] Pp Byg (N) + [ P; Byt (N)_)
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P

Ty = I PpBrp (N) + ] PrBr (N)

with BMR and BMT the moment and thrust coefficients to be applied
to radial loads, and BMT’ BTT the moment and thrust coefficients

- to be applied to tangential loads.
- Assumptions goncerning soil reactions and tangential loads.

o :
The soil reactions are assumed to be proportional to the

displacements of the joints.
F=pKA'

F soil reaction (kips)

p displacement (in.)

. A
K soil reaction coefficient el
A' area of lining on which F is acting.
The soil reaction coefficient K is the force in kips which is - -

rec. '-d to push a surface of lining of 1 sq..ft. 1 inch into the
“soil. Throughout the following calculations, it is assumed that

the width of the tunnel ring isll ft.

A mixture of gravel and grout is usually injected behind
the concrete lining to ensure a good contact between lining and soil.

For a day or two, this mixture is more or less in a plastic state



and cannot resist shear forces. Later on, the shearing forces
betwéen soil and ring surface are rep]aced\by tangential compressive
forces in the adjacent ground. When considering a rib'and ]agging-
support, the boards will slide against the ribs under shear action,
but without transmitting by frictjon any consequent tangential
forces to the lining. When the permanent concrete lining is cast
in' place, there wi]lbnot be eifher transmission of stc.r forces from
the ground action, because of interference of the rib and lagging
lining. Hence the tangential forces acting on the 1ining will be

considered as due only to the weight of the 1ining.

3.1.3 = Calculation of thrust, moment deflection and soil reaction.
’ . \ .

Assume that the loading is symmetrical and that the soil
reactions will develop at the u lower points of Figure 3.3. For

each of these points the soil reaction is proportional to'the radial

deformation:

N

(1) FN = (6 cos o du) KA

.
r

with ) settlement of the tunnel invert
§ cos ay, radial settlement at point N

d radial deflection at point N

N°?
<
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K, soil reaction coefficient

‘A', area of the 1 ft. wide ssegment projected on the

plane of its chord.

AN .
The deflection at these points is due to the combined action of the
radial forces PR, the tangential forces PT and the soil reactions F:

. R3 8 8 - .o
(2) dN=ﬁ[§PRDRN+§PTDTN+§FDRN]

Eliminating dN between eqﬁations (1) and (2) yields u equations
with u + 1 unknowns, i.e., 6, F], F2’ ceey Fu‘ Assume that the
applied forces are in equilibrium and project them on the vertical
axis: I |

u 8 ‘ 8

(3) % F cos a + % Pp cos o + § Py sin a =0

With the u previous équations there is now gvai]ab]e a’system of
u + 1 linear equations with uv¢ 1 unknowns. When solving the system,
we find § and the u soil reactions, hence the deflections frdn :
equation (2) and the moments and the thrusts fraﬁ the fé]]oWing

equations:



8 u : 8
M, = R (% PR BMR (N) + ; F BMR (N) + % PR BMT (N) )

8 u 8
TN = % PR BTR (N) + %,F BTR. (N) + ; PT BTT (N)

Thrusts, moments and deflectiond are now known, but with the
assumption that u selected points are moving outwards. The
calculated deflections must be consistent with this‘assumption.
Otherwise, another set of points moving outwards must be chosen

until the assumption is satisfied.

3.2 Description and use of the computer program:

The computer program.has been written to calculate
thrusts, moments, def]eétions, soil reactions relative to a tunnel
lining of any diameter . any type of elastic material, under a
symmetrical loading. The ca]culgfions are based upon the method
of Anders Bull and the basic aSsumptions concernfﬁgAthe loading are
respected, i.e, the only tangential forces acting on the lining

are due to the weight of the lining itself.

Type of lining

A non-reinforced homogeneous concrete lining and a rib
and lagging lining have been considered. However, the program can
be extended without any modification to dny type of lining,

composite ones or steel liner plates. A code differentiates the
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two cases which have been studied, since a spacing value must be
given only when ribs are used. KODE equal to 1 corresponds to a
rib and lagging lining while KODE equal to 0 correséonds to a

concrete lining.

Units:
The data must be input with the units given in Table 3.1

because certain coefficients within the program have been computed

according to this particular set of.units.

Sign convention:

The radial loads, the radial stresse€ and the horizontal
stresses due to earth pressure are counted pos{tively when they act
on the ]ining towards the center of the tunnel. The tangential
‘ loads are counted negatively whén they act clockwise. Tensile
stresses in the 1lining are counted positively and compressive
stresses negatively, while moments which tend to decreasé the radius
of curvature of the lining are counted positively. The thrusts
are always inen positively. The radial d1sp1acements are positive
at points where the tunnel deforms outwardly and are negative at

points where the tunnel deforms inwardly.

Loading:
The loading may be defined by the radial and tangential
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forces applied on the lining at the midqunt of the lining

segments or by the average horizontal and vertical stresses acting
on each segment, or by use of a subroutine LOADNG included in the
program which takes into account the soil properties, the tunnel
geometry ,the properties of the lining, the level of the ground water
table, and which evaluates the loading for the full overburde

L .

pressure.

Arching effect:

If the loading is imposed, the arching effect must
be taken intobaccount in the calculation of the data. If the
subroutine LOADNG is used, the arching effect must be simulated by

taking as depth df the tunnel only a fraction of the actual depth.

Geometric properties:

For a concrete 1lining, the moment of inertia, the net
section modulus, the weight of lining per foot of perimeter must

“be calculated for a ring 1 ft. wide.

For a rib and lagging 1ining or for steel liner plates,
these quantities must correspond to the cross-sectional properties

of the rib or of the liner plate.

Spacing:

The spacing must be equal to 1 ft. for a concrete lining,
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or equal to the;width of the steel liner plates, or equal to the

rib spacing, depending upon the type of support which is used.

Imposed original loading:

The loading may be defined by the horizontal and vertical
stresses acting on each segment; these stresses must be calculated
as the average stresses acting on a lining ring 1 ft. wide, regardiess
of the type of lining, because the modification of the loading according
to the spacing is included into the program. These stresses must
include the effect of the ground water table but not those due to
the weight of the lining, s.uce this is also provided for within the
program, It should be noted that the vertical stresses at the points

below the 'springline are due only to the head of water above them.

If the loading is defined by the radial and tangential
forces, these values must be calculated for a 1 ft. wide ring of
concrete lining or for a ring with a width equal to the rib spacing

or to the width of the liner plates.

Input data:
The specific details about reading order-are given in

Appendix II for each option of loading.

The data file consists of one part of 5 to 8 lines which
define the type of loading, the soil characteristics, the 1lining

properties, the tunnel geometry, the number of segments on which -
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50i 1 reactionﬁ/g;e assumed to develop, and another part which is

a listing of |the coefficients D (deflection), BT (thrusts),

M (moments ), éalcu]ated by Anders Bull relative to radial and
/ ~

tangentidl loads. Aﬁxgxamp]e of a data file is given in Appendix

B

/1t must be noted ﬁrat the second part must always appear in

I1.
the gjta file after thé last line of the loading data.

NP4

Organizétion of the program:

The program is divided into a part which reads the data, .
part whi;h evaluates the radial and tangential loads acting on the
lining, a part which calculates thrusts, moments, deflections, s0i1
reactions and a part which yields tables of results and plots of
curves. The organisational chart (Figure 3.4) shows the general
pattern of the program with the input and output files. A listing

has been included in Appendix II,

: e /‘/\\
Maximum stresses:

The maximum stresses in a lining cross-section occur on

the inner and outer diameters. They have been calculated according

to the formula:

S
“maxi A5

which is Va]id provided that cracks in the liner do not develop.
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READ INPUT DATA AND
COEFFICIENTS OF ANDERS BULL
FROM FILE 5. o

CALCULATE LOADING LOADING °5 CALCULATE LOADING

FROM VERTICAL AND GIVEN. FROM SOIL AND LINING

HORIZONTAL STRESSES .| PROPERTIES, GEOMETRY,
‘ G.W.T. LEVEL.

]

CALCULATE THE COEFFICIENTS
OF THE U+1 LINEAR EQUATIONS
WITH U+1 UNKNOWNS ,F1,F2,---,Fu

SOLVE THE SYSTEM

CALCULATE DEFLECTIONS, THRUSTS,
MOMENTS, ’

[WRITE RESULTS AND PLOT CURVES

FILE 9 : FILE 6 : FILE 3 :
STORAGE OF DATA PRINT~-OUT OF THE STORAGE OF LOADING
FOR PLOTS. RESULTS IN TABLES | |CALCULATION DETAILS
FOR EVENTUAL VERIFICATION.

FIG.3.4 - ORGANISATION OF THE PROGRAM
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A minus sign indicates compression. T is the thrust, M the

moment, A the cr5§s—sectiona1 area, S the section modulus.

Output data:

A summary of the input data is first presented to allow
easy verification, along with the loading as calculated in the
program. . The soil reactions, the deflections, the thrusts, the
moments, and the inner and outer stresses are tabulated with the
units given in Table 3.1. 'Thé output data can be plotted

éutomatica]]y if desired. A complete example is given in Appendix II.

3.3 - Check of the program:

The subroutine "loading" has been repeatedly checked by
hand computations and compatibility of the three types of loading

has been verified satisfactorily.

The calculation of thrusts, moments, deflections, have
been thepked on an examﬁ]e published by Anders Bu]f in the originai

paper. The soil and lining properties were as follows:

RO, outside radius 8.71 ft.
R, neutral radius 102.1 in.
A, 1ining section area 27.6 in2

. 4

Al, moment of inertia 136. in
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TABLE 3.1 - SUMMARY OF SYMBOLS AND UNITS,

INPUT DATA :

KODLD
B
PR(I)
PT(I)
V(1)
H(I)
KODE
GMA
GMS
GMW
SK
DEPTH
HW
PW
RO

SPACNG

N
R

AK

AI

E

AS

A
NZ (I)
OUTPUT

CODE "INDICATING THE SELECTED LOADING OPTION

23

WIUIH OF THE RING FOR WHICH PR,PT, V, H, ARE CALCULATED FT,

RADIAL LOAD ON LINING AT POINT I

TANGENTIAL LOAD ON LINING AT POINT I

VERTICAL STRESS ACTING ON LINING AT POINT I
HORIZONTAL STRESS ACTING ON LINING AT POINT I
CODE EQUAL TO O FOR STEEL RIBS AND i FOR CONCRETE

. UNIT WEIGHT OF SOIL

SUBMERGED WEIGHT OF SOIL
UNIT WEIGHT OF WATER

'COEFF, OF EARTH PRESSURE AT REST

DISTANCE FROM TUNNEL CROWN TO EARTH SURFACE
DISTANCE FROM GROUND WATER TABLE TO SURFACE
WEIGHT OF LINING PER FOOT OF PERIMETER, WIDTH B
TUNNEL OUTSIDE DIAMETER

RIB SPACING

NUMBER OF SEGMENTS ON WHICH SOIL REACTION DEVELOP
LINING MEAN DIAMETER

SOIL REACTION COEFFICIENT

MOMENT OF INERTIA OF THE LINING, XX AXIS
YOUNG'S MODULUS OF THE LINING

SECTION MODULUS QF THE LINING

CROSS-SECTIONAL AREA OF THE LINING

POINTS ON WHICH SOIL REACTIONS DEVELOP

DATA : B '

B(I)
AD(I)
AT(I)
AM(I)

SOIL REACTIONS

RADIAL DEFLECTIONS OF LINING
THRUSTS ON THE LINING
MOMENTS AT JOINTS I

SIGO(I)STRESS AT JOINT I ON THE OUTER SIDE OF THE LINING

SIGI(I)STRESS AT JOINT I ON THE INNER SIDE OF THE LINING '

KIPS
KIPS

«ST.
KSI.

PCF.
PCF.
PCF.

FT,
FT.
LBS, /FT.
FT,
FT.

IN,
KIPS.

IN
KSI.
IN
IN

KIPS
FT,

KIPS
KIPSxFT.
KSI.
KS¥.

v
k)
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\TABLE 3.2 - COMPARISON OF THE RESULTS OF THE PROGRAM
ON A NUMERICAL EXAMPLE GIVEN BY ANDERS BULL.

POINT RADIAL FORCES(KIPS)Y TANG. FORCES (KIPS)
1 8.966 -.147
2 10.388 -.418
3 12.144 -.625
4 12.920 -.738
5 12.505 -.738
6 13.102 -.625
7 14.290 -.418
8 15.159 A -.147

WITH THIS LOADING DATA FROM ANDERS BULL AND THE DATA GIVEN IN THE

TEXT, THE FOLLOWING RESULTS HAVE BEEN OBTAINED :

RESULTS FROM RESULTS FROM JOINT OR
ANDERS BULL THE PROGRAM " POINT

DEFLECTIONS (IN.) .1508 .1512 1

' 1264 .1260 2

.0947 .0948 3

.0673 .0672 4

.0284 .0288 5

-.0540 +.0540 6

-.1678 -.1680 7

©-.2524 -.2520 8

MOMENTS (IN.xKIPS) 5.31 5.4 A

, 4.5 -4.3 B

-20.5 -17.6 e

-15.3 -15.4 - D

+22.6 +22.7 E

+51.2 +51.4 F

+24.4 +24,1 G

-31.7 -31.8 H

-58.2 -58.2 J

THRUSTS (KIPS) 37.704 37.721 F

| 35.486 35,483 J

MAX ,COMPRESSIVE STREYS -3.56 -3.56 F
(KSI)

MAX. TENSILE STRESS 1.20 1.20 J

(XSI) - .

L 8
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AS, net section mgdulus 23.4 in3

AK, soil reaction coefficient 12.

The radial and tangential loads computed by Anders Bull were input

in the program and the resﬁ]ts, summarized in Table 3.2, are found

identical, when it is considered that the slight differences can

be attributed to the superior precision of the computer, especially

in the delicate eva)uation of the moments.
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similar to the temporary support used in Edmonton.

Once the first results were available from the tunnel
test section, the design of the main tunnels was modified-and
the actual work started. Measuring devices were also instalféd in
~ the main tunnels. In order to provide a valid comparison of the
resu]ts; the tunnel sections have been classified aécording to
the type of loading they were subjected to. The tunnel test section
loading has been labeled "single tunnel case", siﬁce there is no
interference with an other tunnel being built nearby. Sections
5E, 7E, 2E, 2B, 2F of the main tunnels belong to this category.
Furthermore, the loading must be similar, i.e., in the case of a
rib and lagging lining, the results for the main tunnels are
considered only for’the first three months, prior to the placement

of the concrete lining. Table 4.1 summarizes the measurements

for several sections during the temporary support period.

Burke and Lane (1957) assumed that the loading could
be approximated by avunifonn vertical pressure acting on the upper
part of the tunnel. They calculated a measured load based on the
collected data, while developing é relative yield method to predict

such a loading. The results appear in Table 4.2.

The first check will be to determine whether the
‘assumption of a uniform vertical pressure is justified or not.
Three different loading patterns, including the one proposed by Lane,

‘are considered and the thrusts are calculated by the method of
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TABLE 4.1 - SUMMARY OF MEASUREMENTS (BURKE,1957)

STEEL RIBS DURING TEMPORARY SUPPORT PERIOD FOR SINGLE TUNNEL CASES.

SECTION 2B 2F 2E 7E SE |4A 4C
RIB SPACING (FT.) |&4.. 4. 3.5 4, 3. 3. - |3,
BORE DIAMETER (FT.)]|35. 35. 35. 27, _|35. 36. 36.
RIB SIZE BWF48 | BWF48 | 10WF72 | 10WF72 | 10WF72 | 12WF99 | 12WF99
CLOCK ; . d |
MAX .WEB STRESS- | 3 |6,600 |6,000 |10,400{3,300 (8,300 {4,070 |2,160
COMPRESSION |6 {7,200 |4,600 |10,400(2,200 {9,700 |3,820 |2,250
(PSI.) 9 |12,400]5,900 |16,100(5,300 |8,600 |3,300 |2,160
\‘h 12|6,800 {9,000 |12,500|3,600 |8,300 |3,980 |2,160
MAX.THRUST |3 [23.3 [21.2 [62.9 [17.5 |[58.6 {39.5 |[21.0
KIPS/L.FT. 25.4 |16.2 |62.9 |[11.7 [68.5 [37.1 |21.8
9 |43.8 |20.8 |97.4 |28.1 [60.7 [32.0 |[21.0
12|24.0 |31.8 |75.6 |19.1 [58.6 [38.6 |21.0
MAX:: MOMENT 3 [-60. |-110. |-100. [+80. [-70. |+191. |+153.
(IN.xKIPS/L.FT.)| 6 |-170. |-50. |-90. [+s0. [|+180. |-175. |-197.
9{-120. |+280. |+780. |-80. |-320, |+155. [+225.
12]+190. |+260. |+360. |+200. |+300. [+292. |+350.
MAX .OUTER FIBER 40,000{2,600 |39,100| - - |8,700 [20,000
STRESS (PSI.)GLOCK |6 6 |6 12 6 6 3
MAX .HORIZONTAL +0.3 (+0.2 |[+0.7 |+0.1 |+0.4 |+0.9 ({+1.1
DIAMETER CHANGE (IN)) | | ,
MAX . VERTICAL 0.2 |-0.2 [-1.1 [-0.3 {§-0.4 |-l.1 [-1.4
DIAMETER CHANGE (IN}) ’ |

+ MEANS THE APPLIED

MOMENT INCREASES RADIUS OF THE RIB.
+ MEANS TENSILE STRESS IN THE RIB. '

~d
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TABLE 4.2 - LOADING EVALUATION FOR THE SINGLE TUNNEL CASE.

= (LANE, 1957)
L

SECTION OF TUNNEL|OVERBURDEN | LOAD COMPUTED BY |LOAD BACKCALCULATED

' LOAD (TSF.) |RELATIVE YIELD |BY LANE (1957)
METHOD (TSF.)  |(TSF.)

A 6.6 1.1 1.0
fac | 6.6 0.55 0.60

5E 10.7 1.8 1.60

7E 10.9 1.4 0.35

2E 10.8 1.4 1.55

2B 5.9 0.5 0.60

2F 5.7 0.5 0.45-
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Anders Bull and compared to the measurements.

4.2 Selection of a pattern of earth pressure distribution:

The thrusts are'the comparison criterion for the -
following study. The oniy available data consists of the méasured
thrusts, moments and deflections. The problem fs to determine the
pattern of load distribution which 1€b§§,to the observed thrusts
and moments in a given sectigﬂkflghen properly designed several
loading patterns can lead to the measured thrust distribution, but
the proper 1oading‘pattern leads to results which are consistent
with the observed moments and deformation distributions. This:

study is restricted to three types of loading on a given section.

Measurements in the tunnel test section have been carried
out on more ribs than in the sections of the main tunnels. Hence,
the results are mofe reliable and Section 4A of the test section is
chosen fof the study. The three different loading patterns which
are compared aré'éhown ianable 4.3. Loading (])ﬂhas been proposed
by Lane (1957) and is-based upon interpretation of the measured data.
-The uniform vertical load is 1 tsf,, and the horizontal load is null.
Loadings (2) and (3) are both hypothetical loadings which call for a
hydrostatic distribution of the vertical pressure. The horizontal
1odd is null in loading (2) and is calculated according to the Ko‘
value in loading (3). Using the method of Anders Bull, the over-
burden height H has been chosen for each of theﬁe loadings as the

height for which the ca]cu]afed thrusts are the closer to the measured
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TABLE 4.3 - SELECTION OF A LOADING PATTERN.

33

THE RESULTS OBTAINED BY THE METHOD OF ANDERS BULL FROM LOADINGS
(1),(2),(3), ARE COMPARED TO THE MEASURED VALUES TO DETERMINE
THE MOST PROBABLE LOADING.ON SECTION 4A.

CLOCK EASURED  |LOADING (1) [LOADING (2) |LOADING (3)
DATA |

THRUSTS 6 111.3 108.35 111.41 114.95
(KIPS) 3,9 96.0,118.5 |106.63 109. 69 113.04

12 115.8 103. 87 107..21 111.45
MOMENTS 6 43,6 -. 4846 -.4990 +0.0149
(FT.xKIPS) | 3,9 -38.8, -47.7 {-.0030 -.0816 -2.9021

12 -73.1 - -19.0305  |-13.6541 0.2485
MAX.OUTER FIBER STRESS+8,700 -5,260 -4,900 4,49
(PSI.) CLOCK 6 12 ’ 12 4.5
HORIZONTAL DIAMETER |.0750 0014|0014 -.0020
CHANGES (FT.) |
VERTICAL DIAMETER -.0920 -.0035 -.0031 +.0011
CHANGES (FT.) - '

WITH

LOADING (1)
LOADING (2)

LOADING (3)

]

: VERTICAL STRESS =1TSF., HOR.STRESS
: VERTICAL STRESS =J xH , HOR.STRESS
J= 123 PCF., H =
: VERTICAL STRESS
J= 123 BCF., H =

17.5 FT. _
xH , HOR.STRESS
8 FI., Ko = 0.667

0.TSF,
= 0.TSF,

Ko x IV

LOADING (1)

2

/

T\\\\\\(//f/’

“‘\\\

N/

LOADING (2)

LOADING (3)
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thrusts. The values of the height H were found to be 17.5 ft..
for loading (2) and 8 ft., for loading (3) with a K  value of 0.667.
Loadings (1), (2) and (3) differ from the total overburden pressure

because of the aréhing effect in the overlaying soil.

The three 'oading patterns are compared in Table 4.3.
The moments, thrusts and deflections ﬁave been obtained by use of
the method of Anders Bull. Loadfngs (1) and (2), characterized by no
horizontal pressure, yield similar results in agreement with the
general deformation patfern of the lining. Loading (3) however
indicates a shortening of the horizontal diameter with a lengthening
of the vertical one, in opposition to the field results.. Loading
(3) will then be diﬁregarded in further Analysis of this case
history. Loadings (1) and (2) give moments and deformations which,
although correct in signs, are much lower than the mggsured values.
This will be discussed in more detail in Seétion 4.4 - Table 4.3
indicates that moments and deformations should not be considered as
quantitative elements to check the method. The differences are
attributed to accidental irregularities in loading and in construﬁtidn

procedures, according to Burke (1957).

 In summary, both loading patterns (1) and (2) yield
results in good agreement with the observed data, but the Toading

-
pattern (1) will be preferred in further comparisons because of its

greater simplicity.
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4.3 Selection of an evaluation of the earth pressure:

In the previous section, a uniform vertical péessure
combined with a null horizontal pressure has been shown to lead to
a good approximation of the observed data. This loading pattern
will then be used in all the following sections. Now that a
loading pattern has been,se]ectéd, the probiem is to determine the
uniform vertical preésure itself. In the case of the rib and
lagging lining, the original data consists of rib stresses and
deformations. From this data, it is possible to back calculate
the applied unj%orm vertical pressure by varigus assumptions. Lane
(1957) proposed values of the vertical pressure for each section
but without making clear what data they'wére obtaineq from. He
developed also a semiempirical method, which hebrefers to as the
relative yield method, which leads also to an estimate of the
uniform vertical pressure. Fina]]y,‘the author of this thesis
calculated the average uniform vertical pressure which was applied
from the thrust data published by Burke (1957). For each éecfion
of the tunnel which has been instrumented, three evaluations of the
loading pressure are now available. In order to detgnnine the most
reliable one, these evaluations are compared in Table 4.4 to the
unifofm vertical pressure which is:found by trial and error by‘the
method of Anders Bull and which best approximates the average

measured thrust of each section. Table 4.4 shows that the loading
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TABLE 4.4 - SELECTION OF A LOADING PRESéURE EVALUATION.

SECTION
VERTICAL STRESS (KSF.)
(1)
(2)
(3)
(4)

2B

1.333
1.111
1.660
1.700

2F

1.000
1.111
1.280
1.333

2E

3.444
3.111
4,266
5.000

7E

0.778
3.111
1.415
1.600

S5E

3.556
3.999
3.520
3,800

2.222
2.444
2,050
2.300

4C

1,333
1.222
1.180
1.330

(1) : V.STRESS BACKCALCUIATED BY LANE (1957) FROM MEASURED DATA.

-

(2) : V.STRESS CALCULATED BY LANE (1957) WITH THE RELATIVE YIELD METHOD.
(3) : V.STRESS CALCULATED BY AUTHOR FROM THRUST DATA PUBLISHED BY BURKE

(1957).

(4) : V.STRESS CALCULATED BY AUTHOR WITH THE METHOD OF ANDERS BULL BY

TRIAL AND ERROR TO BEST APPROXIMATE THE MEASURED THRUSTS.
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recalculated from thrust measurements fs less subject to abrupt \
'variations than the 1oagjng back calculated by Lane (1957) or
than the loading ca]cu]afed by the relative yield method. It is
then considered more reliable, although not always the closest to
the value which, when input fnto the program developed in this

thesis, yields the best approximation of the measured thrusts.

4.4 Comparison of measured and calculated thrusts:

The two previous sections aéférmfﬁed the most probable
Toading distribution wﬁich occurred in the field. With this
knowledge, it is now possible to check the accdracy of the method
of Anders Bu]i. Table 4.5 compares the measured average thrust to
the calculated average thrust obtained by the method of Anders Bull
under the loading determined in Section 4.3. The method of Anders
Bull is shown to approximate the actual thrusts within 12% error and

to give thrusts which are always lower than the measured ones.

4.5 Comparison of mrasured and ‘calculated moments and deformations.

The calculated moments and deformations differ by a
consfTderable amount from those measured. 'Séction 4A provides
. 71cal results under the loadings (]) and (2) as shown in Table 4.3.
Ac:-rding fo Burke (1952), the bending stresses account for approx-

imately 75% of the total rib stresses. Such high values of the

NG

-

|



TABLE 4.5 - COMPARISON OF MEASURED AND CALCULATED THRUSTS

THE VERTICAL STRESS HAS BEEN BACKCALCULATED BY THE AUTHOR

FROM THRUST DATA PUBLISHED BY BURKE (1957) .-
ARE CALCULATED BY THE AUTHOR WITH THE METHOD OF ANDERS BULL
FOR SECTIONS UNDER LOADING PATTERN (1)

THE THRUSTS

SECTION
VERTICAL STRESS (KSF.)
AV.CALCULATED THRUST
(KIPS)

AV.MEASURED THRUST
(KIPS)

| RATIO CALCULATED THRUST/

2B
1.660
107

116.5

MEASURED THRUST (%)

2F
1,280
82.9

90.

92

2E
4,266
230.

261,

88 -

7E
1.415
67 .4

76.4

88

SE
3.520
162.5

185.

88

2,050
98.6

110.4

89

4C

1.180

58.1

63.6

91
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/

bending stresses cannot be attributed to the relatively moderate
difference between vertica1‘1oading and horizontal ground reaction.
Burke attributes them mainly td construction procedures: erection
stre§se5 and blocking load irregularities, caused by variations in
the size and spacing of the blocks and by the concentrated load
created at each blocking point by wedging. The ribs were also

found to be subjected to considerable cruss-bending.

However, the crown moment was constant in sign and
nearly always the largest moment Eiserienced by the rib. This is
in very good agreement with the sharp increase in moments obtained

at the crown with loadings (1) and (2). (Table 4.3).

The excessive difference between measured and computed
deformations is correlated to the difference between measured
and calculated moment distribution. However, one cannot conclude
that the method itself is safe for the evaluation of deformations in

a hypothetic undisturbed ca

4.6 Concluding remarks:

A critical analysis of the data published by Burke and
Lane (1957) has led to the adoption oﬁ a uniform verfical pressure
with no horizontal pressure distribution as the most likely loading
pattern. Latefd] pressures develop subsequently from the ground

reactions due to the lining deformations.
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The actual loading is not symmetric and the initial
moments in the ribs are not iero but are of considerable magnitude
even before any loading is app1ied, because of unavoidable erection
- Stresses, while the computation method assumes a symmetric loading

and moments only due to loading.

However, the average measured thrust is not very sensitive
to depaftures from the ideal case and it has been used as a criterion
to check the method of Anders Bull. The average computed thrus; is
approximately 10% lower than that measured. (Table 4.5). The 10%
difference may be attributed to the asymmetry of the actual loading

and to approximations in the back calculation of the Toading itself.

-

Moments and displacements, which depend upon the initial
construction stresses, do not‘correspond to the measured values.
However, the method eVa]uates maments and deformations qua]itative]y;
indicating the joints where maxima are likely to be.reached, in

good agreement with the field data.

Within these limitations, the method of Anders Bull may
.be considered reliable for the approximation of the rib thrusts;
'providing the loading is properly evaluated. Moments and de-
formations depend hain]yyon the.ceﬁstruction pfocedures. Field data
and computed data are in ?easoﬁably good agreement as shown in

‘Table 4.5.



CHAPTER V

Tunnel design and construction practice

of the City of Edmonton

>

5.1 Geology:

The sedjméntary deposits in the Edmonton area may be
divided, from the surface dde, intd four main strata, according
" to Beaulieu (1972):

- Glacial Lake. Edmonton sediments, consisting of silts
and clays deposited in a po§f§iébfaTnlake..The thickness varies
from 16 ft., to over 40 ft. The average composition fs 15%

sand, 35% silt and 50% clay sizes. The deposits vary from clayey

near the surface to silty at base of deposit.

- Ti11 - This unstratified glacial deposit underlies
most of the other Pleistocene deposits in the area. The till
éontains pockets of Water-beafing sand;. Its average composition is
43% sand, 38% silt and 19% clay sizes. _ :

- Saskatchewan Sands and Graveés of‘éarly Pleistocene Age,
consist of well sorted, rounded quartz séan with minor silt and
clay. They occur in the area as terrace and valley floor deposits.

Their average composition is 91% sand, 3% silt and 6% clay sizes.
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- The bedrock consists, of interbedded claystone, siltstone

sandstone strata with numerous coal and bentonite seams. The
ERELS '

bedrock surface resulted fram a long period of erosion during the
Beverly Valley extending west-east under the northern part of the
‘City. Table 5.1 indicates the engineering properties of the most

common materials in the Edmonton area.

5.2 Operation procedures:

_ From past experience and tests of several methods, the

Water and Sanitation Department of the City of Edmonton selected
as the most ecoﬁomica] solution to tunnelling, the use of moles whenever

r;/ggiiii?e for excavation, ribs and lagging for primary lining and

either a cast-in-place concrete lining or precast concrete pipes

with grouting aS“a permanent 1ining.

‘\Precast pipes consist of one large pipe inside which a
partitio;vhas been built. A single pipe is then used as a stom
_sewer for the major section and as a sanitary sewer for the smaller
section. This system. allows the treatment of the sanitary water

only instead of the total Sanitary-étonm water.

The sequence of operations is as follows:
- 1. Preliminary exp1oration.is undertaken.

| 1 - 7. Vertical shafts are drilled every 5,000 ft.
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e,

- 8; Excavation is pefformed in both directions for
2,500 ft. The ribs and lagging are set up\just behind the cutting’
wheel of the mole. This stage may last up to 6 months,.depending'
upon subsoil conditions and tunnel diameter.

- 4. When an average of 2,500 ft., has been excavated,
. the concrete 1jning is placed, starting ffan the end of the tunnel

’and préceedind tdwdrds the original shaft. Tpfs stage may last
. . 4 R

up t64 months.

5.3 Preliminary exploration:

The exploration program consists of a series of bore-
‘holes drilled close to the tunnel axis with a spacing varying in
the range 100-500 ft., depending upoh the expected difficu{ties.
Borehole data provideé a qua]itativé:deséription of the subsoil
materials. No laboratory tests are pérformed and the ground water

table is assumed to be at an average depth of 30 ft.

When sand bodies are found and whgn furthér exploration
proves that they communicate with some important water-bearing
sand layer, the tunnel direction is modified whenever posr{f1°.
A]though compressed air, chemical grouting and drainage pregram:
have been considered at times, none of these methods paVQ e been

actually applied in Edmonton.
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5.4 Excavation:
5.4.1 Types of moles: ' , »

Most tunnels in Edmonton are excavated with moles that fall
into two categories: g

- 1. Moles protected by a shield : in poor ground
conditions, the excavating process is safer; in large tunnels, the

shield 1ength/§gachés 18 ft., which makes it difficult to guide
p _

when a curve isjrequired.

- 2. Unprotected moles : This type of machine is
particu]a}iy well adap;ed to drill an important radius of curvature; °
primary lining is set up 8 ft., behind the cutting wheel, whereas
when using a shie]d-protected mole, it is necessary to’ éit until

the shield clears the way. However, unprotected moles may allow

development of large cavities in the crown of the tunnel when
hitting a sand or silt layer.

=3 S .
5.4.2 Jacking forward of the mole: I

When lagging is placed outside the ribs, the mole is
advanced by means of 4 jacks pushing pekpehdicu]arly on the lagging.
The lateral displacements of the boardg'acted upon may reach 4

inches locally.

4

' _ ‘When lagging is placed in between the ribs, the machine

. : N
is jacked forward by pushing on the lining in the diYection of the-



46

tunnel axis. In this case, the lagging works. in compression and

the surrounding soil is not disturbed.

—5.4.3 Tunnel diameter:

The cutting wheel of the machine has a nominal diameter
that may be taken as the qVéfa§e”diameter of the unsupported tunnel
Jjust after excavatién. Immediate deformations change this value
somewhat. However, the nominal diameter itself changes with the
condition of the cufting teeth on the rim of the mole. The
variation in diémetef may reach 2 inches. The ribs are dimensioned
so that a minimum avérage c1earance between ribs "and ground allows
eésy placing of the féggiﬁg. When the tee Are new, clearance
can be excessive in somelsections where\t e grodnd is exceptionally
good; clearance of 1 inch sometimes subsist 500 ft., behind the
working face, thus after a time interva1 yhich is:su%ficient for
most of the deformations to take p]ace._‘Cutting teeth are changéd

when placing of the lagging becomes difficult (no more clearance).

According to the Unive;sity of I]]inoié Report on . .
Tuﬁnél]ing (1969), clearance between ground and support-fg»pf
utmost importahce for the determination of the gctua] loading
acting on the 1ihﬁng. From the previous desqription,?it fo]idﬁs

that the load shou]d,be maximum-when using worn cutting teeth.

N

W
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" 5.4.4 Rate of advance of the mole:

Depending upon the subsoil conditions, the rate of advance
varies in the range 5 to 20 ft./shift, i.e., 15 to 60 ft./day.
/JﬁfZ,SOO ft., excavation would require 1.5 to 5.5 months for completion.

/7 ' :
<:;\”5{h.5 Unsupported section of the tunnel:

~Tn the case of an unprotected mole, a maximum length of
. €
8 ft., for an outside diameter of 8 ft., is excavated without

suppoft.

The rate of.advance is such that the unsupported time
for any point of the section does not exceed 3 hours. If the work
has to be.stopped, some kind of temporafy support is systematically

provided.

5.4.6 Time dependence of deformations:

Because of financial problems, some tunnels have been
left- for more than two years with the primary rib and lagging lining
only to support them; three months after excavaf}an, no deformations
were observed and this state was maintained unti1vﬂ]acement of the
concrete lining; unfortuhate]y no precise record/of the deformation

is available.

A time-deformation curve may be obtained by combining
)
j
f
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the following datafs settlements of the ribs are available along

the axis of some funnels; through the history of the excavations,

it is possible fto determine the elapsed time between installation
of the rib and Ypreasurement of its vertical diameter. The inifia]
diameter is assumed to be the nominal one. For useful comparisons,
a geologic profile along the axis of the tunnel is needed; borehole
.reports are also available for this purpose. Direct measurement: of
settlement of a particular rib with time would be of great interest.
A time-deformation curve would be a useful asset in determining
whether or not the pennanenf concrete lining will be subjected to

any additional earth pressure during its life-time. However, the

data available in Edmonton does not allow such a study yet.

5.5 Preliminary Tining:
5.5.1 Design of a rib:
The arching ﬁheory of Terzaghi is used to determine the
- vertical pressure on the lining. With a rib spacing varying
usually between 4 and 5 ft., the total load acting on a rib caﬁ be
calculated and the rib sizg selected with fFactor of safety of 1.5.

The rib sizes commonly used are listed in Table 5.3.

5.5.2 Lagging methods :

The lagging consists of 2 x 8 in. or 2 x 10 in., rough spruce

boards. Depending on the type of the mole, the lagging is placed
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1.D. OF TUNNEL| O.D.INJECTION PIPE| MINIMUM CLEARANCE

(FT.) (IN.) BETWEEN RIB AND

STEEL FORM (IN.)

5T0 7 - 4, 6.
7 TO 12 : 6. 8.
16.5 5,5 * 7.5

*10 INCHES DIAMETER PIPE FLATTENED TO 5.5 INCHES.

TABLE 5,2 - MINIMUM CLEARANCE BETWEEN RIB AND STEEL FORM.

PROTRUDING RIBS

MINIMUM CLEARANCE = 2 "

\ STEEL FORM

INJECTION PIPE i

FIG.5.1 - TECHNICAL LIMITATIONS TO CONCRETE THICKNESS DECREASE.
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outside or in between the ribs.

When the lagging is placed outside the ribs, the rib
spacing can be readily modified in the field to accommodate un-
expected conditions without having to cut the boards to a new length.
In some sections, the 1ag§{ng itself works in compression and
supports part of the vertical pressure. The bu]ging which is
induced has been observed to be so impbrtant that the lagging may be
as far as 4 inéhes from the outside surface“bf the ribs at the spring-
1ine.’ Because of this phenomenon and because of the»irregu]arities
due to the overlapping of 2 inch thick boards, the volume of

" concrete poured in place exceeds the volume calculated on the basis

of an ideal lagging wfth a constant thickness of 2 inéhes.

When the lagging is placed in between the ribs, thé rib
.spacing can be varied by increments only, and common ]engtg§ of
lagging of_3, 4 or 5 ft., must be cut precisely. With serious
subsoil conditions, the earth pressure is sometimes important
enough to push the boards out of fhe steel beams, thus decreasing
safety. This lagging method however,alleviates the problem of
having ribs protruding into the concrete lining, which is of interest
in case of an e§entua] reduction of the concrete thickness. The
lagdjng in this configuration works longitudinally when the mole

£Y

is jdcked forward. -
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5.5.3 Varying the primary lining stiffness:

When poor subsoil conditions require departure from the
recommended construction procedures, the lining stiffness is increased

three ways:

--1. Spacing is reduced according to the judgement of

the tunnel surveyor or the foreman.,

-a, ‘.‘ ‘
‘ifwy deflection, but

’r,r '

-3.A better qua11ty of@steel is se]ected

5.5.4 Sand or silt lenses:

When tunnelling through granular formations, cavities
may develop in the roof of the tunnel. After placement of the
primary lining, hd]es are drilled from the surface andvthe cavity
is backfilled with sand. HowevVer, such a loading is not taken into
account in the gesign of the ribs and it can result in failure of

1S

the ribs by huckling.

5.5.5 Decay of lagging:

This very controversial point implies the necessity or

- not of a concrete lfning designed to withstand the total eafth pressure.
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A general agreement seem$ to exist that most of the strength of the
lagging is conserved for the first fifteen years. It would: be of
considerable interest to study the strength of the lagging of the

oldest tunnels in Edmonton. Samples are available when connections

of a new tunnel with an old one are realized.

5.5.6 Clearance between lagging and ground:
é

To facilitate the placement of the 1agging when the
boards are placed outside the ribs, the intended clearance between
lagging and ground is 1 inch. HoweVer, the actual clearance in firm

ground varies from 0 to 3 inches because of overlapping.

When the poling boards are placed between the ribs, the
clearance between 1agging and ground depends_on]y on the diameter

of the base excavated by the mole. It varies from 0 to 2 'inches.

5.6 Permanent lining

5.6.1 Construction pfactice:

’

The permanenf concrete lining consists of precast pipes
complete with grouting or of a cast-in-place lining. Thickness
of concrete and of grouting have been compiled in Table 5.3. The
operation procedures for the castfin—p1ace concrete lining are as
follows:

- 1. The invert is_poured for the whole length. When
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completed, the railway track which is used for the removal of the
debris is replaced and a steel arch form is set in p]ace#for the crown
pour. |

- 2. The steel arch form is divided into collapsable
sections 10 to 25 ft., long. The length of the total form represents
the conc}ete pour per day. Concrete is dumped from the surface into
a pipe installed iqto the original shaft‘br into smaller holes
separated from the Qorking area by a maximum of 1,000 ft. This
distance represents the limit capacity of the concrete pump which
supplies the working area. A compressor is used for additional
power for pouring. Concrete is injected behind the form through a
pipe placed between fonhfgnd ribs. When the length of one section
has been poured, the pjgé;ﬁgvpu11ed back the same distance. }ébncréte
is allowed 8 hours to Sett]e, then the section is removed, carried
through the form and set in place at the other end, ready:fo; the
next pour. Crown pouf starts from the tunnel end, which is the

more recently excéyatgq;part, and proceeds towards the initial shaft.
The two-step pouring pkocédure is used for tunnels with
an outside diameter more than 7 ft., /

Monolithic pour is used f6r smaller tunnels and poumng ¢

also starts from the end of the tunnel. Vo

5.6.2 Design of the secondary 1ining: ‘
The permanent lining ‘thickness is determined by tak1ng the

i

rER -



least of the three following conditions:

: - 1. It must withstand the earth pressure acting on it
during its life-time. :If it is provéﬂvthat the 1ag§ing does not
decay with time, then the state of equilibrium which is reached
before concrete pouriné will not be modified with time. The pressure
on the concrete 1lining will then be only due to water pressure ond

its own weight.

However, the earth pressure may act locally when the
time al]owed for the deformat1ons to take place is not sufficient
or when removal of the poling boards or jacking-back of the r1bs
is performed.
- 2. Thichhess must be‘canpatib1e with : chnical
limitations, such as the necessary clearance betwee- injection
pipe and ribs. | oy
- 3. Because of the irregularities in rib settling, a )
mir ‘num riickness is required to’even out the inner surface of
the tunnel.

- Comments:

According to .the conclusions of Deere and Peck (1969) ,in
'the case; of Edmonton tunne]s, a]] deformations have taken place when
\nthe secondary 11n1ng 15 poured Th1s is an overs1mp11f1cat1on,

v ﬁSTOFe sect1ons c1ose to the end of the tunnel have not had enoagh
égmekko ful]y deform However, equilibrium jis reached for most

" of the tunne] 1ength and the th1ckness should be se]ected on the

;jfgas1s of cqnd1t1ons (2) and’ (3) Local prob]ems of bad ground may

oy J
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be coped with in the usual way of varying the stiffness of the
primary lining (rib spacing, rib type). Procedures involving
breaking of the boards or even their removal in order to eliminate
protruding ribs, Shou1d be avoided.

]

5.6.3 Technical limitations to cancrete thickness\Qecrease;/rﬂ\\>

[

The steel fonns used to pour the concrete are rigid and
-:h .

cumbersome, they cannot be adJusted to the 1rregu1ar1t1es due to

d1fferent1a] sett]ements of the ribs. Those wh1ch are protruding

: excess1veTy 1nto the tunne], and that would either prevent the

passage of the p1pe or reduce great]y the local th1ckness of the
concrete 11n1ng are jacked back into tiie ground. This usually
breaks up the,]agg1ng. Another method is to lower the forms

whenever possible or to remove the poling boards without  touching

.the ribs. In all cases, the earth pressure will act locally on the

permanent lining. Eliminz g these methods implies that a
minimum thickness which will a]low the form to pass anywhere must ‘
be adopted this resu]ts in overdes1gn where the differential

sett]ements are not 1mportant Figure 5. 1 111ustrates the probiem.

-Two inches 1s a minimum clearance between 1nject1on pipe and ribs

for fac1]1ty of;the operations. This Timitation implies a clearance
of 6 to 8 inches betweeh»tge steel form and the ribs. In the case

of precast pipes, a bractica] clearance of 6 inches betwéen ribs and
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pipe 1is the best compromise between volume of concrete required and

maintenance of an acceptable level of production.

5.6.4 Rate of advance:

Depehding on the forms . /ert and crown pour or
monq]ithic pour) the rate of advance can reach 100 ft./day but because
of unavoidable delays, it averages 80 ft./day. Comp1ed the
permanent lining would take 2 months for a 2,500 ft. tunnel; one
month for the invert pour and one month for the crown'pour. However,

the actual operations may take up‘to 4 mont!is.

5.7 Conclusions:

o
Bete

| In the Edﬁontodﬁarea, the tunnels are temporarily
supported by a rib and lagging lining until a permanent concrete
Jining is installed. With the exception of some sections of the
Jtunnel, where the permanent lining is set up very shortly after

' comp]etio} the excavation, the rib and lagging 1$$§ng is allowed
to deform suff1c1ent1y to reach a new state of equilibrium; unless 1
wood decay affects the lagging, the temporary lining supports
thereafter the whole of the effect1ve earth pressure, while the

concrete lining is only subjected to hydrostaticvpressure.

The.initial c]earancF between lagging and ground varies
- from 0 to 2 1nches and the deflections of ‘the ribs may reach 6 inches

"in diameter, with an unknown part to be attributed to the effects of

; _.\;
w Y4

N

WM



the jacking forward of the mole. .

The’ role of the concrete lining is to ensure that the
tunnel is safe even if the rib and lagging support happens to
disappear by decay andxto provide a convenient liner for the flow
of ‘water inside the tunnel.. Its thickness is determined from
the point 6f vieﬁ of safety with regard to the earth pressure which
is calculated according to Terzaghi's arching ef%éct theory.
Howeverf one must be aware that a minimum value of the concrete
thickness is imposed by construction 1imitations such as the
necessary clearance ‘of'l'inch between the ribs and the operating

pipe on the outside of the concrete-pour form.

N
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CHAPTER VI
Edmonton Available Data

6.1 Data availab]e from literature:
h‘6.1.1 Phygica] properties of the g]géial ti]]:i

The glacial till in Edmonton, Alberta, has been studied
bx}Christiansen (1970) and Dejong (7971)-,*E§gggﬁéin size.distribufion
is fairly constant and can be considered as ;ﬁ average to be 43% sands,
. 38% silt sizes and 19% clay sizes. The average 11QUid and plastic
lTimits are respectively 19% and 12%. The'effective parameters vary
from 23° to 31.5° for ¢' and from 4. to 6. psi. fqr ¢' according tq\-
Christiansen (1970). The approximate total parameters are 24° for ¢ -
and ¢. psi. for'c according to Dejong (1971). The natural water -;(

content varies from 6% to 13%, with an average value of 10%, and

"degree of saturation reaches an average 79% in Edmonton.

For comparisdn; the results of the tests‘carried out hy ohn

"~ (1965) on the glacial till of Saskatchewan and by Sherif (1973) on
the glacial ti11 of Seattle have been considered. ‘
6.1.2 ModUIus of elasticity: -

The in-situ modulus of elasticity has been found by

~



60
Klohp to be approximately 150,000 psi while for the Edmonton tifl!

Dejong found an in-situ va]de under full overburden pressure of

100,000 psi. However, this.value varies with the gontact pressuré in

excess of the overburden pressure, according to Figure 6.1. To
|

interprét this curve, it is necessary that the overburden pressure

be known at the depth under study. Lettiﬁg 0P be tHé overburden

" pressure and EP the préssuhe'app1ied in excess of the overburden pressure,

the total applied pressure P is equal to the sum of OP and EP:

(1) P=0P + EP

According to Dejong (1971), the soil modulus of elasticity E is a
function of the pressure applied in excess of the overburden pressure only

(Fig. 6.1):

(2) E = E(EP) RN

The averége depth of a tunnel ih Edmonton can baﬁ,aken'as BO'ff.;
‘ ' ' © R

which corresponds to an overburden pressure of .1Q ksf. This value

will be used in the calculation of the soil reaction coefficient

characferising fhe elastic béhaviour of fhe till.

6.1.3 Soil reaction coefficient calculation:

| By definition, the soil reac£1on coéfficieﬁt is thétforce
K» expressed in kiﬁs, which is nécessary to force ali sq. ft. rigid
plate of ] inch into the ground. The coefficient may be caicu]ated hy
using the formula given by Timoshenko and Goodier (1970). for the

7

settlement of a rigid circular.plate:
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SO wz)

with S = settlement (in.)
P = tota1‘1oad applied (kips)
a = radius of the plate (in.)
£ = soil modulus of elasticity (ksi)

u = Poisson's ratio.

It is possible to calculate K either by evaluating the modulus

of elasticity or by using the S and P results from plate bearing:

tests.

- Calculation of the soil reaction coefficient from the data of
Dejong (1971): '
Applying the definition of the soil reaction coefficient
to equation (3), with a 1 sq. ft. rigid circular plate pushed 1
inch into the ground and a Poisson's ratio of 0.4 the soil reactioﬁ‘

coefficient K may be written as: *

~ 3 R

K (kips) = 16.1'x E (ksi)

Using an averége overburden pressure of 10 ksf, the-preVious

equation is combined with equation (1):
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(4) P (ksf) = 16.1 x E (ksi) - 10. (ksf.)

The system of equations (2) and (4) is solved gfaphica]]y for E and
EP. The curve E(EP) must be extrapolated in order to cut the line
represented by equation (4). The limits of E(EP) are its tangent
at the last point given by Dejong (1971), i.e. E = 28 ksi, and the
vertical line passing through this point. Figure 6.2 represents
the extreme shapes.that E(EP) can take, along with an average

curve. The system of equations (2) and (4) now yields:

Epmaxi = 441. kips and E = 28 ksi~
EPaverage = 57. kjps and E = 4.2ksi
Epmini = 35. kips and E = 2.8ksi

which in turn gives, according to equation (1), a soil reaction
coefficient ranging from 45. kips (absolute minimum) to 451. kips
(absolute maximum).

- Calculation of the soil reaction coefficient from the data of Klohn (1965):

A load-settlement curve from Klohn (1965) is-given in Fig.'

6.3. The loads actually tested in-situ induced settlements which do not
exceed 0.3 inch, while the soil reaction coefficient is defined for a

1 inch settlement. However, it is not possible to calculate the soil
reaction coefficient directly from the measured data because a greater
>contact pressure is required for a 1 inch settlement and because the
501l modulus of elasticity, and consequently the soil reaction
coefficient, vary with the contact pressure as shown by Dejong (1971). It

is then necessary to extrapolate the curve Q(S), load versus settlement.

&
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The extrapo]ated curve is in a domain Timited by the tangent at ,

the measured curve at the last point given, and by an arbitrary curve -
which consists of part of the circle tangent to the measured curve

at this same point and the vert1ca1 tangent to this circle as an

asymptote. The radius of the circle has been chosen as the sma]]eat
probable value of the radius of curvature. This procedure leads to an
absolute maximum value of the load required to induce a 1 inch settlement

and only to an estimation of the minimum value of the same load.

The vertical lipe Passing through the last given point
is the absolute minimum, but it is very improbable that the extra—

po]ated curve has such a shape An average curve is ' ;1 ipn -

between the two ]imiting curves. For a settlement of . vich, and
wsing the: ‘extrapolated cué%es, a max1mum load of 550 kips, an
average load of 334 kips and a minimum Toad of 250. kips for a 12
inch diameter plate are found. Equation (3) indicates that the ratio
of the plate radiys to the load 1nduc1ng al 1nch sett]ement in the

same material is a constant

Py ¥
ey,

Py» total load on plate of radius 3y, for a 1 inch settlement.
Pos total load on p]ate of radius 355 for a 1 inch sett]ement

Using this re]at10nsh1p, a so1] reaction coefficient varying from a
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minimum of 282. kips to an absolute maximum of 620. kips, with a

probable va]ue'of 556. kips, was obtained.

- Calculation of the soil reaction coefficient from the data of
Sheriff (1973): '
The éJérage settlement due to a uniformly distributed

pressure on a flexible circular plate is g%ven by:

r.

(6) AL = 0.614 2%5 with v=0.5

with AL average settlement.

uniform stress.

> T

diameter of thébplate.

E soil - dulus of elasticity.

For the same material but different loadings and plate radii,

Equation (6) yields:

P8y 8Ly
- PyBy ALy

Applying this formula to the uniform stresses KL and KB inducing

u‘settlements of 1 inch on Q]ates with diameters L, corresponding to,'

a }sq. ft., plate aﬁea,rand B:
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By definition, the coefficient Ky is:

~—

_b_
(9) Kg = 4T

!

Combining Equations (6), (8), (9), the soil reactian coefficier

‘can be expfessedzas a function of E and L:

B E
“_O) K =088 D

Sherif and Strazer (1973) then propose a L value which corresponds to
a square ‘plate with a sUrface of 1 sq. ft. This is not cqrrecf
ssince the settlement has been calculated for a circular p]atet The

- proper Qa]ue of L is then 13.54 inches, and 1eads‘to the following
fo rmu@« L

(1\1).KL({<"§%.) . 8—53- (ksi.)

With the modulus of elasticity of 33.3 ksiquund by Sherif, the

soil reaction coefficient is equal to 577. kips.

It can be arqgued that the plate is ip fact behaving as a
rigid solid when compared to the soif} With this assumption, the
total load acting on Sherif's 2}§§. ft. plate can be backpa]cu]ated
and, using Equétion 5, the load induéihg a 1 inch sett]eaént and

acting on a 1 sq. ft. rigid circular plate is 596. kips.
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The'average value of the soil reaction coefficient is
ca]cuTated from the results of the two previous assumpfion§ concerning
the flexibility of the 1ining. The average soil reaction coefficient
is then 586. kips, bu{, due to the lack of information about the error

in the estimation of the soil modulus of elasticity, the precision

of this value is unknown. : : \

- Probable value of the soil reaétion coefficient in till:

“
.

In the previous study, the soil reaction coefficient of thé ©
glacial till in Edmonton has been found to be between 282. kips and

620 kips. For comparison, the soil reaction coefficient of a V
Saskatchewan ti1l is between 45. kips and 451. kips, with an unknown
precision concerning the measured data. Although the till properties

‘may vary locally, the compar1son is useful to assume a probab]e value

of the ~o0il reaction coeff1c1ent in Edmonton, and it is suggested that

the so11 reaction coefficient of the glacial till in Edmonton be assumed..

to be between 200. kips and 400. kips.

6.2 Field meaSuremgnts:
A surve§>téam was set up some years ago to he]p
predict the behav1our of the"rib and lagging temporary support and
to detect any movement indicative of a potential fa11ure ?He
measurements consist exclusiveiy of diameter changes of the.ribs, surveyed
at time 1ntervals dictated by the 1gca1 behaviour of the lining. |
&ghé"

Although several test hole plans giving the geologic profile o
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. “subsoil are available from the Cfty of Edmonton Water and Sanitation

Department only two rib profiles were obtained, one i]]ustrating

the case of a tunne] burfed into the bedrock with an ‘overburden

consisting of clay, till and water bearing sand (Fig. 6.4), the

| other one.illustrating the case of a tunnel dr111ed alternatively
into bedrock and til), with an overburden consisting mainly of clay

‘and till (F1g 6. 5) It can be noted that when the water bedaring

sand ]ayer (F1g 6. 4)'ﬁncreases in thickness to the expense of the
till layer, the radial deformations 1hcrease consistent1y. This is
consistent with the fact that the arching.effect in the till layer .
cannqt d%ve]op as fully anymore and the“1oading on the lining
tonsequeht]y ihcreases. Simﬁ]ér]y, a broad correlatior

observed (Fig. 6.5) when the tuhnel passes'throughﬂtil] 1, /
where ‘the deformat1ons are small and when 1t passes through bedrock,

where the defonnat1ons ‘are more 1mportant This can be attr1bute
\3 i % :\

, to the h1gh swe111ng capac1ty of the Edmonton bedrock However,

the scatter1ng of the measured datq do not a110w to pred1ct Y

S I )
av-\

prec1se]y the deformat1ons under a- 1oadmng due to a certa1n geo]og1c

‘ prof1]e. The prob]em is complicat#éd by theufact‘that,the influence
\\ot%the construction procequres‘which induce part of the ouserved

. deformations is unknown. The ﬂuality of the crew, “the type of mach1ne

used, and the construction pract1ce e;e'the factors detenn1n1ng the

displacements attributed to “the construction procedures, vRatherfﬂ

than trying to predict thébretica]ly,these displacements,it seems.-
/.

{

. e

FE : ol
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&
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“‘more practical to reiy upon data measured in previous tunnels

72

excavated with sim’ lar techniques'and a similar crew.

REY

The di- . lacements measured in the field are'the sum of

res and the’ disp]acemehts

cupd ;\5

the displacem= s due to the construction:pﬁacf
: A S

due to the ¢ pressure. The later displ3temgnts can be evaluated

from in-sit' :arth pressure measurements and use of the method of

Anders Bull. Hence the displacements due to the construction
[ ] "
procedures can be determined for the most common materials in

4Edmonton, from several case histories 1nd1cat1ng the final deformations

of the ribs, the geo]og1c profile and the measured earth pressure
distribution. Tabu]ated displacements due to construction procedures

and d1sp1acements calculated by the method of Anlﬁrs Bull wou]d L,

lead to the pred1ct1on of the f1na1 r1b d1sp]acements However,

at the present time, only the two cases presented in Fig.»6.4 and

'F1g 6. 5 are ava11ab1e, and their loading distribution is unknown.

.4
.

This empbas1zes the need to collect more meaningful and extens1ve
4

measurements from the Edmonton tunnels.

"

R
et b h A
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CHAPTER VII

Relative Importance of Some Factors

in tnc Design of a Tunnel Lining

7.1 Purpose of the study:

»

Th@?ﬁesign of a tunnel involves the knowledge of many .

soil parameters which are known with v%gious degrees of precision.

*The purpose of the study is to determine the most important of

them, thereby helping in the planning of a comprehensive'field

,measurement program and reducing the cq;i,of exp1orat1on and

@Enpﬁtht1on works. X R
B agm v
ks A tunnel settion of the Edmonton area has been arb1trar11y
. . )
chosen as a reference Section (F1gure 7.1). Everyth1ng rema1n1ng
the same, some parameters were varied and their effects were
compared. The tunnel sect1on is ]1ned with a pre11m1nary rib- and

1agglng ]1n1ng and a permanent coﬁ%rete 11n1ng

N

=In order to* find an upper limit for the moments "and -

thrusts in. the lining, three assumpt1ons were made.

- 1. The rib and lagging 1ining provides support‘aS‘

long as the concrete 1ining is not poured 1n place; the defonnatlons

S
of the tunnel were stud1ed with the rib aqp lagging 11n1ng only in a

N

fH"St ph‘ase‘} e S S e .

NNy
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- 2. In the long term, the lagging is assumed to

be unreliable because of possible wood decay with time and the

, concrete 11n1ng is cons1dered in a second phase as the only support

. of the sect1on, with neg]éct of the effect of the stee] ribs within

its mass. . _ ' R

[

- 3. Therloading”is ca1¢01ated as if the,ful].overburden
pressure'nmre acting on the tunne], whnch is the ¢ase for sha]]ow
tUnne1s only. Furthennore, the bas1c pr1nc1p1es of Anders Bu11 S
method are app11ed in the eva]uat1on of the 1oad1ng, The grouhd
react1on effects are approxnmated by spr1ngs w1t;1a st1ffness AK
ISprround1ng 5011 is suf?1e1ent1y -disturbed by the bor1nq
not to transm1t any shear erces to the 11n1ng Consequently, ‘

nly tangent1a1 1oads act1ng on the 11n1ng are due” to the

~dead weight of the 11n1ng 1tse1f

"It should be kept in m1nd that ‘the actua] 1oad1ng may
vary considerably from these assumpt1ons, with an arch1ng effect
usual]y leading to an earth pressure in the range 45% to40% of -
theioverburden pressure. .The rib and 1agg1ng 11n1n§ seems to

provide adequate and reliahle support for,as long as 30 years, with

_ no decay noticeably a?fecting the strength of the boards , provided

the ground water table does not vary. In the very.long term, f:\.

N

: however, the lagging rate of decay is unknown. At least during

30 years, the loading is diwiqed’between rib and lagging and
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concrete lining, further depart1ng from the assumptions. The S

results should then be cons‘gered as the actual upper limit that the

stresses can reach with this tunnel sect1on.

7.2 Rib and lagging lining: e
The section which is studied is an 8 ft. 8 in. O.D; tunnel
in till supportedby a rib and lagging lining using 1.7.7 beams of
Corten B Steel with an allowable compressive stress of 30,000 psi}
The geometric characteristics of the'section and the soil and the

rib properties are summarized in Table 7.1.

The selection of a rib size is based upon the knowledge

of the max1mum rib stress wh1ch;;s&expected, since the stresses are

[

assumed to be linearly d1stri:  through the section. Hence,

because of its meaning in design the max1mum stress in a rib has

been chosen as, the compatison criterion.

The lagging is assumed to provide a perfect contact with
the adjaceﬁ§ ground so that each rib supports the earth pressure on
.a 1enéth of tunne1,equa1 to.the spacing of the ribs. A full over=

burden pressure is applied according tolthe aégﬁmptionslin Section 7.1

and a K value of 0.67 is assumed. S e ¢

¥

. Rib spéciégffof the reference section was chosen as 1 ft.
- t. - ‘ : ‘ é . .
and 4 ft. The last value indicates a loading approximgte]y 4 times -

;he}one corresponding to a 1 ft. spacing. Accprdingl;/two setssof

Y

-
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TABLE 7.1 -~ REFERENCE SECTION DATA.
RIB AND LAGGING LINING

SYMBOL
GMA . UNIT WEIGHT OF SOIL 125, PCF.
GMS  SUBMERGED UNIT WEIGHT . ﬁég . I50. PCF.
GMW  UNIT WEIGHT OF WATER " 63.4 PCF.

SK COEFF. OF EARTH PRESSURE AT REST - .667

RO TUNNEL OUTSIDE DIAMETER 8.67 FT.

R RIB MFAN DIAMETER } 100. IN.
SIZE OF A RIB ' 4"17.7

AT MOMENT OF INERTIA, X-X AXIS 6. . *

AS SECTION MODULUS, X-X AXIS - . ' 3. IN:

A TOTAL SECTION AREA OF RIB : : 2.2 IN.?

PW.  WEIGHT OF RIB PER FOOT ' ©.7  LBS/FT.

E . YOUNG'S MODULUS OF ELASTICITY OF RIB 30 000 000 PSI.

" PARAMETERS : |

2y DEPTH DISTANCE FROM CROWN TO EARTH SURFACE 3. FT.
SPACNG RIB SPACING ' I.or 4.FT.
HW DISTANCE FROM GROUND WATER TABLE TO SURFACE 40,  FT,

AK SOIL REACTION C EFFICIENT 3 43,

LOADING IS COMPUTED FOR FULL OVERBURDEN PRESSURE.
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values have been obtained and are summarized in Tables .7.2 and 7.3,
for comparison of variations of ground water table, soil reaction

‘coefficierit, rib spacing and arching effect.

The maximum compressive stresses of -10.6 ksi and -37.5 ksi
obtained for the reference section for a rib spacing respectively of

1 ft. and 4 ft. are used as reference stresses.to evaluate in percentage

ks

s the variation of stresses.

v } The ground water table varied from the ground surface down
@i to a depth below the tunnel invert at 38.66 ft. As“exbected, most
3 of the maximum stresses occurred at the ¢rown or joint J because the .

deformations of the lining at this joint are usually the‘most'

. ' A . P
important. However, in the case of a 1 ft. rib spac1ng,btﬁe max-
imum rib stresses occurred slightly over the spfingling@atvjbint<

F. The results are plotted in Fig. 7.2. It may‘be noted that}thé

PRI
=

effect of the ground water'variations.increQSes with the loadihgi

‘The actual shape of the curves has Tittle importance because of the LI

. ) / .
very small range of variations of the stresses which.does not'e&peed

S

10% of the maximum reference stress for both spacing whiTe the . .

groundwater table varies from the tunnel invert up to the surface.

-

The coefficient of soil reaction will vary with the material,

[ . SN
the depth of ‘the tunnel apd the hydrologic conditions. For the purpose
‘ v : ‘ { ,
“of the parametrical study only, the soil reaction coefficient has;been

o

.(’ made to-vary beyond its probable range of 200 kips-400 kips for a‘g1acia1
till in Edmonton (see Chapter 6).- In this study, jt vacies from 0.1

kips to 451./kips and the results are plotted in Fig.7.3. With a 1 ft. rib

[P ; 3

/ R S
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spacing, a very sharp decrease of 22% in stresses may be noticed

in the low range from 0.1 to.léO.,-whi1e a moderate decrease in
stresses of 12% is experienced from 120. to 451. Rvsfﬁilar curve,
with more pronouneed variations, is obtained w{th a 4ft. rib spacing.
The shape of the curves indicates that the value of the coefficient
of ground react%on 1oses of its importance when the soil is
sufficiently stiff as-in till, since in this case an approximate
knowledge of it 1is sat1sfa:tory for detevmining the stress level.
-This conclusion has a direct implication on a field measurement
program which should be aimed at obtaining a grossdvalue of the soil
react1on coefficient for a stiff soil. For a variation of the co-
efficient of ground reaction from 0.1 to 45.1 kips, the correspondwng

total stress variation from the maximum reference stresse- is in both

cases- 1ess than 40%.

The rib sp2~ing variations have a very important effect
on the rib stresses <z lustrated in Fig. 7.4. For all practical-
purposes, the relationship between the maximum stress and the rib
spacing is linear, the effect of the lining weight being negligible.
From a 4 ft. spacing to a 1ft spacing, the maximum stress décreesed by 72%.
This emphas1zes the critical importance of rib spacing determination in the
des1gn. Although it is poss1b]e to evaluate a certain set of va]ues‘\7f
corresponding to the most common soi]s-to be found .. a part1cu1ar area,
in-situ changes of the rib spacing should be allowed in ordee to

provide for the unexpected local irregularities of the subsoil.

¢
3
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The arching effect reduces the pressure on the tupnel to
a fraction of the overburden pressure. In order to use an automatic
computation of the loading, this reduction of pressure has been achieved

by decreasing the depth of the tunnel wh11e ca]cu]at1ng the loading

/\4\,

for the full overburden pressure under this new depth. The effect

is similar to the rib spac1;g effect, although theoretically of
different nature but the effect of the lining weight is once again 4
(}egligible and the relationship maximum stress - arching effect can
be considered linear (Fig. 7'5).~ When reducing thg,earth pressure
to 1/3 of the overburden pressure the maximum stress decreased

by an average 70% for both sets of spacing values.

To summarize and compare convenienfly the results, the
relative importance pf the parameters is shdwn in Fig. 7.6. Each
‘column represents(the relative variation 4 o/o of the stresses in
percentage for a given parameter varying befween the values indicated
at top and bottom of the column. .The ground water table varies |

from the tunnel invert to the ground surface.

_ For both rib spac1ng values, the ground water tab1e
variations have very little effect while the var1at1ons of the
three other parameters influence the stresses considerably. How-
ever, it should be noticed that their relative importance varies
somewhat with the loading, as illustrated for the spacings 1 ft and

4 ft.

<
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Clearly soil reaction coefficient, arching é%fect and
rib spacing are the dominant factors determining the rib stresses.
If the results are discussed in the case of the Edmonton till,
further conclusions can be reached: the soil reaction coefficient for
ti11 is likely to be in the range 200. - 400. - Because of the
flatness of the curve Maximum stress - Soil reaction coefficient
in the upper range, an aéproximiig/knowledge of the soil reaction
coefficient will be adequate to ‘determine the maximum stress without

significant error.

On the other hand, a precise knowledge of the magnitude of
arching is required because of its great importance on the stress
level. The available data ig/Edmonton does ndt allow one to
evaluate properly thevextené and the value of arching in till.

Such knowledge, which is crucial for design as demonstrated in this

study, should be obtained from a comprehensive field measurement,

progranm.

Assuming all parameters known, the designer has to select
a proper rib spacing whose value is determinant on lining behaviour.
Revision of this choice should be allowed in the field as the work
progresses to meet the local subsoil non-homogeneities.

-

7.3 Concrete lining: -

The section studied is the same 8 ft. 8 in., 0.D. tunne]

which was used for comparativé study with a rib and. Tagging lining.

The tunnel is now assumed to be supported by a non-reinforced

concrete 1ining. The soil properties are similar to the previbus
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onei/g:; the geometric characte#?itics refer to a tupnel ring 1 ft.

/
wide\ The input data for the reference section - concrete lining -

S
Ve

is Hk\tm in Table 7.47

One deégdure to design a non-reiﬁforted concrete
beam is tu"apply certain load factors to live loads and dead
loads and to design the beam at rupture. The previous design
practice was to assume a linear distribution of the stresses through
the section and to cg]cu]ate the beam so that the maximum compressive
stress would never be greater than the allowable compressive‘stress.
Although the latter method leads to more conservatiye design, the
maximum stress occurring in a beam can still be considered as a
meaningful criterion for design. Since the purpose of this chapter
is essentially to compare the magnitude and the trends, as opposed

to the actual values, due to the variations of some parameters,

the maximum stress will be used as the comparison criterion.

The loading is taken as the fu11 overburden pressure for
reasons  given in Section 7.1. The K, value is assumed to be 0.667 and

soil and concrete lining are in ideal contact.

A summary of the results is presented in Table 7.5. The
max imum compresSive gtrésses occurred either at the crown outer
flange or joint J, or on the inner flange slightly over the springline
at joint F. The curves represent the maximum stresses versus the
—__ parameters without mention of the Joint where the maximum stresses

occurred.
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GMA
GMS
GMW

SK

RO

AL
AS

PW

DEPTH
THICKNESS
HW

AK

- PARAMETERS

TABLE 7.4 - REFERENCE SECTION DATA -
*  CONCRETE LINING

UNIT WEIGHT OF SOIL
SUBMERGED UNIT WEIGHT

UNIT WEIGHT OF WATER

COEFF. OF EARTH PRESSURE AT REST

TUNNEL OUTSIDE DIAMETER

THICKNESS OF THE LINING

LINING MEAN DIAMETER

wanﬁ\ALDNG TUNNEL AXIS, FOR AI,AS,A.
MOMENT OF INERTIA, X-X AXIS

SECTION MODULUS, X-X AXIS

TOTAL SECTION AREA WITH WIDTH B

WEIGHT PER FOOT OF PERIMETER WITH WIDTH B
YOUNG 'S MODULUS OF ELASTICITY FOR CONCRETE

\

e

DISTANCE FROM CROWN TO EARTH SURFACE
THICKNESS OF CONCRETE LINING

DISTANCE FROM GROUND WATER TABLE TO SURFACE
SOIL REACTION COEFFICIENT

LOADING IS COMPUTED FOR FULL OVERBURDEN PRESSURE.

90

125
150
63.4
.667
8.67
8.
96.04

12.

512.

128,
96.

45,14

3 000 000

¢

PCF,
PCF.
PCF.

FT.

IN.

IN.
IN.%
IN.3
IN.2
LBS/FT.
PSI.

FT.
IN.
FT.
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The ground water table va#iedfffan thé§$d%%@ce‘td#below the

tunnel invert, 38.66 ft. below the surface. This ;gsj;fion induced

a total stress variafion of -11% from the maximum‘reference stress

of -0.290 ksi. (Fig. 7.7), while the soil reaction coefficient

varying from the arbitrary value 0.1 to the probable maximum value

451. for till induced a stress variation +5% to-16% from the

maximum reference stress (Fig. 7.8). As expected, the stresses

decrease when the soil becomes stiffer, since deformations and

moments are reduced.

When studying the concrete thickness influence, no
attention was pa{ﬁ to the technical problems thch woujd be
involved when buiiding a concrete lining only 2 inches thick. This
study just aims at determining the effect of the thickness on the
streés 1eve1: and the 2 in. value should be considered only as
an assumption for the model. Fig. 7.9 shows the overwhelming
importance of the concrete thickness, especially in tﬁe low range
values. The total thickness variation from 10 in. down to 2 in.
would bring about a stress variation of -27% to+ 362% from the
maximum reference stress. However, when limiting the practical

range of variations to 10 in. - 4 in., the stresses reach -27% and

+ 75% variations from the maximum reference stress.

Limiting the minimum thickness to 4 in. is necessary
because the steel forms used in concrete pouring cannot be inserted

between the ribs because of their width. The minimum thickness of
AN
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FIG.7.7 - INFLUENCE OF GROUND WATER TABLE VARIATIONS ON A CONCRETE
LINING FOR THE REFERENCE SECTION. )
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FIG.7.8 - INFLUENCE OF SOIL REACTION COEFFICIENT VARIATIONS
ON A CONCRETE LINING FOR THE REFERENCE SECTION,
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the lining for one réeference section is then c¢qual to the depth‘of

the ribs, 4 in.

As in the rib and lagging case, the effect of arching has

been studied by varying the depth of the tunnel and calculating moments

and thrusts for the new full overburden pressure. Results are:

plotted in Fig. 7.10. The relationship depth - maximum stress 1is

‘linear when the arching effect is assumed to bé more than half the

overburden pressure. However, from 1/6 to 1/2 tbis value, the
maximum 'stresses have been found at joint D just below the spring-
line, instead of at joint J, and the curve is not linear. This ié
of importance since the archi;g effect is probably in the range of
20 - 50% of the overburden pressure. Because of a flatter curve in
the low range it may not be required to determine it with as much

-

precision as in the case of a rib and lagging lining.

_For convenient comparisgn of the influence of thé prev%ous
factors, the variations have been summarized in Fig. 7.11. The -
arching effect is clearly the factor dominating:the design and
this stresses again the importance of correctly evaluating it. Chojce

of the. thickness of the lining is also crucial. It should be

noticed however that saving 2 in. of concrete on a thick lining

does not change considerably the stresses while saving 2 in. on a
thin lining might be critical.. The curve maximum stress versus
concrete thickness should be carefully tomputed in order to determjne

whether”the proposéd reduction in thickness is safe or not. -

1N
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¥ 7.4 Conclusions:

The previous chapter presents a comparative study of the
1nf1uence of some factors on the design of a lining. A rib and
- lagging lining and a non-reinforced concrete lining have been

istudied separately.

The ground water table effect has been found to be small,
with less than 10% of stress variation when the water table varies

> from tﬁe surface to a depth below the tunnel invert.

In the range of values 200, - 400, unitshto which the ~
s0il reaction coefficient for till 1ikely belongs, an approximation
of this coefficient with 20% error yields the stress level with 3%

error only.

However, iﬁ the range of values 15% - 50% of the over-
‘burden pressure, which repreéents the probable domain of variation
of the earth pressure, an approximation of the arching effect with
the same 20% error yields the correct stress level wiih 30% efror

in the case of a rib and lagging lining, and 10% only in the case >f

° |

3 concrete lining.
This illustrates that only a gross knowledge of the s0il

reaction coeff1c1ent is necessary to determine the stresses w1th

reasonab]e accuracy, while a precise knowledge of the arching effect

is required for the same purpose.
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In the case gf a rib and lagging lining, emphasis in -
the design should be put on the selection of a proper rib spacing, -
since a difference of 1 ft. may well mean the difference between
safe and unsafe'deSign. This value, however, must be checked

constantly in the~fie1d to allow for local subsoil non-homogeneities.

For a non-reinforted concrete lining, the selection of
the concrete thickness migﬁt be critical if a thin lining is
projectedf The pregise knowledge of the variations of the maximum
stresses versus the concréte thickness is required for é proper
design. Although the final design should be based on'a ca]cuiation
of the ring at rupture, the above curve would indicate the approx;

imate values of the thickness for which safety is critical.
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CHAPTER VIII

Example of application : design of a tunnel

8.1 DeéEription of the case and loading assumptions:

}he problem is to design a temporary rib and lagging
support and a‘permapent concrete support for a tunnel excavated
in ti11. The case corresponds to the tunnel located at:30.Avenue,
from Whitemud Creek to Calgary Trail. »A geologic profile and a °
rib profile are given in Fig. 6.4. The 19.06 ft. 0.D. tunnel
is Jocated at an average depth of 115. ft. and the specific
weight of the overlying soil is taken as 125 psf. Thé sotl reaction
coefficient is assumed to be 200. units. The parametrica] study
(Chapter 7) showed that similar fesu}ts are expected when the
soil reaction coefficient is between 200 and 400 units. Because
of the lack of data in the Edmonton area, several assumptions must
be made‘in order to define the loadings on the temporary and
permanent supports. The rib and lagging lining is assumed to be
subjected fo the earth pressure due to the arching effect,
ca]culateﬂ according to Terzaghi's theory. Later on, when the
concrete lining has been set up, the lagging might decay and the
temporary support becomes inefficient. The Joading may also revert

from the arching state to the full overburden pressure; Consequently,

4
!
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it is assumed that the concrete lining must be designed to withstand

the full overburden pressure.

-~

N

For tunnels at great depths, Terzaghi proposed to calculate

the vertical stress by the forfula:
5 ;g%i-ZcZB[
v~ Ktané

with

B =2 [OéD' +0.D. x tan (45° - $) ]

- 0.D. outside tunnel diameter
Csd tota1>parameters of till
Y unit weight of soil
K coefficient of earth‘pfessure at rest.
For simp]ic?ty, the arching effect is assumed to deve]op in the

40 ft. thick till layer only.

Given : Depth = 115 ft.
Y = 125 psf.
0.0. = 19.06 ft. )
Ky =1,
c = 2 psi and ¢ = 24° (Dejong 1971).

the calculation leads to an arching pressure of 4.08 ksf and a total

overburden pressure of 14.37 ksf.

Id
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8.2 Preliminary design:

With the loading determined as in Section 8.1, the
thrust at the springline of the ribs can be ca1cu]ated provided a
rib spacing is chosen. The usual 4 ft; rib spacing is used in this
study and the thrust reaches 150.03 kips. With a 6x6WF25 Corten
B steel rib, the factor of safety for the thrust is 1.47- The
maximum moment can be approximately evaluated by the fo]]owing‘
formula:

' 3EI x A

Max. moment = ———~—2-9- (Deere, Peck et al 1969)

a _

E  Young's modulus of 11nfng

i moment of inertia of lining

A, radial deformation |

a neutfa] radius of lining
The deflection due to the earth pressure never exceeds 1% of the
diameter (Deere, Peck et al 1969).. With an average assumed deflection
of 0.5% the diameter, the maximum moment reaches 198 kips x in.
The maximum and minimum stresses are now ca]cuiated from the

values of thrust and moment.

The maximum compressive stress in the ribs reaches -32.9

ksi, compared to -30.0 ksi allowable compressive stress for Corten B.
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steel. Since the stresses are only grossly approximated by the
previous calculations, this result must not be considered as a
criterion_to reject the use of 6x6WF25 ribs with a rib spacing of
4 ft., which as a pre]iminary design of thd temporary support is

satisfactory.

For the concfete Tining, the thrust reaches 137. kips

per foot of tunnel. I; the following calculations, the concrete
lining is desigﬁed'according to the maximum allowable stress
concept. Although this approach leads to a conservative design,

its simplicity of application with the results of the method of
Anders Bull determined its selection. However technical limitations
usually prevail and for the preiiminary‘Aesign, the City of
“dionton 12.in. thick concrete liner is considered. With an

assumed vac’al deflection of 0.01% of the diameter, the maximum

moment "~ -~lculated by the previous formula and réaéhes\13.3 kips
X in. .- - the design approach which has been chosé;j\the\\\\\
stress diz ™ -ir % assumed to be .linear through the concrete‘
section anc :he 7 and minimum stresses are respectively
-1.044 ksi and *wh’ . shov: that no cracks’wi11.develop.
Itm - " the def'ections for both types of

lining have been asc - - ro'ire 1y & nat the final sfreéﬁes

| -which are calculate” give .. - 2 cr.de evaluation of the safety of

the preliminary design.

4

~_ |
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The preliminary design data is now input into the program
based on the method of Andéars Bull, in order to reach a more proper
design by the knowledge of stresses induced by the original

loading and the soil reactions.

8.3 Application of the method of Anders Bull and final design:

A 6x6WF25 Corten B steel rib at 4 ft. intervals has
been selected for the temporary support and an arbitrarily chosen

12 in. concrete thickness is first tried for the permanent lining.

The rib'spacfng and the concrete thickﬁess are selected

0 that the maximum compressive stress or the maximum tensile .
stress does not reach the maximum allowable stress divided by a
fattor of safety of 1.5 for instance. The max imum cgmpressive stress
varies linearly with the rib spacing as fir;t\shown in the parametrical
study (Fig. 7.4) and only two points are necessary to determine
the curve. For the concrete 1iﬁing, the maximum stresses do not
vary 1ineaf1y with the concrete thickness, (Fig. 7.9) and a minimum
of 3 points must be calculated to determine the curve. The cases
of a temporary support with 8x6 WF28 rib»with 4 ft. spacing and ;
8x8WF35 rib with 4 ft. spacing have also been studied. Results of

the calculations are summarized in Table 8.1. -

The results indicate a shdrténing of the Horizonta] diameter
and a lengthening of the vertical diameter, because the verticai earth |

pressure is calculated accarding to Terzaghi's arching theory and the
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horizontal earth pressure is ca]cq]ated from the full overburden
pressure with a Ko value of 1. The calculated thrusts are féund.higher
than those due to the overburden pressure only, because of the ﬁdded
effect of the soil reactions on tbe tunnel crown and invert. Finally,
no tensile stresses develop in the concrete 1ining, so that the

design of the concrete liner is based on the allowable compressive

stress. only.

For a factor of safety of 1.5, Fig. 8.1 determines a rib
spacing of 2.6 ft., with 6x6WF25 ribs and a.concrete thickness of
6 in., with CPA350 concrete. A rib spaéing of 2.6 ft., would rédute
the rate of advance of the construction, since the mole can be
jacked forward 4 ft., at once. An alternative is to use either a -
3 ft., rib spacing with 6x6WF25 ribs or a 4 ft., rib spacing with
8x8NF35 ribs, for which the factor of safety is respectively 1.3
and 1.4 (Table 8.1). With heavier ribs, the use of the mole is
optimised since‘the ris spacing is more important but the required
concrete thickness 1ﬁcreases because af the‘technical lTimitations
introduced by Edmonton construction‘procedures: the 1nject16n pipe
for large tunnel c~--reting is an elliptic pipe 5.5 in., high and
a clearance of 2 .., between pipe and ribs is judged necessary for
facility of construction. To this total of 775 in., of concrete
nust be added the depth of the rib minus 2 in., when the 2 in.,
thick lagging is placed in between the ribs. . The concrete thickness
is then 15.6 in., or 12;7 in., for 8x8WF35 ribs and 13.6 in., or

10.7 in., for 6x6WF25 ribs. Since a concrete thickness of 6 in.,

[
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only is required with a factor of safety of 1.5, the final concrete lining

is designed only according to the technical Timitations.

The final de: ign must also be the most economic and
consequently is a compromise between the cost of the required steel
and cdncrete. the cost of the required work-hours and the
optimisation of the use of the mole and the tunnel equipment. It is
then proposgd‘a 6x6WF25 rib with a 3'ft., spacing as temporary

support and a 12 in., thick concrete lining.

For comparison, the City of Edmonton design services
selected 6x6WF25 ribsvwith a 4 ft., spacing and the $ame thickness
of concrete. Tab]e_8.1 shows that for such a design, the factor of
. safety of the temporary support is 1.01. However, thisvéonclusion
is valid only if the aséumptions in this study are proved correct

B

by field measurements.

8.4 Conclulting remarks:

The previdus example of tunnel design illustrates the use
of the method of Anders Bull. The K, value was assumed to be 1.0 and
the soil reaction coefficient was taken as 200. units. The earth
pressure acting on the temporary supﬁort was calculated according
to. Terzagh1 s arching effect theory and the concrete 11n1ng was

des1gned to resist the full overburden pressure by 1tse1f The
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final design 1s valid as lorig as these assumptions can be checked

catisfactorily by field data. If no data is available, a

~ parametrical study gimilar to that described in Chapter 7 must be

&

undertaken.
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CHAPTER IX

Outline of a Field Measurement Program

9.1 Introduction:
The field measurement program must provide the data’
required for the calculations, and the measurements neceSsary to
D.
check these calculations.

The methods which are used (Bodrov-Gorelik, Anders Bull,
Finite Element Method) fequire the knowledge of the physical
properties of the material and of their elastic or non-elastic
properties defineg by the modulus of elasticity, the soil reaction

coeff. ient or the ground reaction curve.

9.2 Physical properties:

Dejong (1971) gave a detailed description of the glacial
till in Edmonton and a study of the variations of the modulus of
g]asticity with contact pressure. The physical properties of the

- Lake Edmonton Sediments have been describec by S. Thomson (1969)

. and Sharma (1970).

2O\

9.3 Elastic-plastic properties:

h In addition to the values of the modulus of elasticity

given by Dejong for the glacial till, it is swggested that the soil

A
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reaction coefficient be determined at the depths of the tunnels for
common Edmonton materials. No measurements of the elastic propefties
of the giacia] ti11 have been performed so far at great depths and
some Var{ations from the values given by Dejong might be found. The
soil rea&tion coefficient can be measured by plate bearing tests;

it is preferable to use 1 sq. ft., rjgid circu]af plates mounted at
the extremities of 5 fréﬁé—which js expanded 5n its middle by a jacking
system. The settlements of the plates are measured by extensometers.
The measuring apparatus and the tests can follow the pattern '
develdped by Sherif and Strazer (1973) for the determination of

s0il parameters in the design of Mt. Baker Ridge annel in Seattle.
The in%tia] loading on the 1lining should be deteﬁnined according to
the recommendations of Deere'et al (1969), prescribing the use of

a ground reactidn‘curve or earth pressure versus soil deformation

curve. )
‘ .
This curve can be divided into four parts, (Fig. 2.1):

1) deformations due to the flow of the soil towards the
workiﬁb face.

2) defo;mations of the unlined tunnel.

3) deformations of the tunnel with the temporary lining.

4) deformatiOQS-of the tunnel with the temporary and the

permanent linings. '
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The deformations which are considered here apply to the points
of the soil which are to became-er—are at the surface of the

excavation.

9.4 Measurements of deflections:

The deformations of parts'] and 2 can be determined with
inclinometers installed very close to the section of the future
excavation, on both sides of the tunnel axis. One must be aware,
however, that there is no easy way of measuring the corresponding
) stfess release at the same points, because they are still in the
soil mass. This implies that the ground reaction curve can only
be approximated for parts 1 and 2 according to the elastic theory
or to the results of plate bearing tests, on the basis of the
observed deformations. (See Deere, Peck et al 1969 f ineoretical

approximations).

The deformations of parts 3 and 4 can be measured from
the inside of thé tunnei; diameter changes can be measured betweer
brass studs fixed on the lining with a steel tape or a te]escopic‘
rod.- A minimum of 4 diameter; per rib or section should be
surveyed in order to give a feasonab]e picture of the 1ining
Adeformations. The settlements of the crown or the invert should
also be Survéyed. These measurements'should“extend over aire]evant
period of time to show the time effect. Because of the many

local irregularities, several consecutive ribs or sections should
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be observed.

9.5 Measurement of earth pressure:

The earth pressure distribution can be directly
evaluated from earth pressUre cells which are placed between lagging
and ground. A f]exib]e’thin rectangu]ar.membrane can be inserted
in the c]earance\and its volume variations recorded. ' The earth
pressure distribution is reasonably approximated by eight cells.
per rib or section. It is preferable at first to instrument a
tunnel which is subjected to a symmetrica] loading; even in this
tase, experience proves that the observed symetric lateral pressures
are not equal usually, so that the fu]]_perimeter must be
i?;trumented. To allow fqr possible local disturbances, a

minimum of three consecutive ribs or sections should be equipped.

One difficult point of the design is to determine the |
respective shares of the loads in the final configuration between
temporary and permanent linings. The two 1iﬁ;ngs however do not

'act perfectly independen?]y sincé the ribs may be within tﬁe concrete
mass, but the permanent lining cannot be considered‘reinforced either
since the ribs can be onf} partially in the concrete. For

simplicity of ca]cu]étions, it is assumed thal the two linings

are separated. The distribution of nheﬁoads on the 1inings can

onll be backcalculated from the displacements of the final configuration
,€

<]
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of the two linings.

Samples of lagging from old tunnels should QE tested'for
their strength and compared to the(perfonnance of new lagging. These
samples can be obtained when a tunnel under construction breaks
into an older part of the system. Thé tesfs would add
important knowledge concerning the.loadé the concrete liner has

to carry in the long term.

9.6 Measurements of lining stresses:

The previous data enables one to predict thrusts, moments
and deflections of the 1fn1ngs. Another set of data must provide 7
the stresses observed in-situ; the stresses in thé 1ining can be measured
by strain gauges which are installed on the innef and outer flange
and on the neutral axis of the ribs. Due attehtion should be paid
to the measurement of bendi&g moments which do ndt act in the plane
of the rib section. Strain gauge configuration and the genéra]
test procedure can be similar to the pattern desc;ibed by Burke (1957)
for the Garrison Dam fbnne]s. Exténsion-gauges are used in the

concrete.

For better understanding of the deformations, it is
useful to record the radial displacements of the lagging when jacks

act upon it to push the mold forward.

If the-lining is designed according to safety considerations
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only, the previous field measurement program is sufficient. However,
the design of the lining involves also the considerations of the
surface effects; surface settlements should be observed along 3 lines

perpendicular to the tunnel axis, while a set of piezometers éan@pe
L ]

- Yy

used to determine a possible drainage effect of the tunnel.

This field measurement program would enable one to
predict the behaviour of'avtunnel at any time and to verify the

validity of the analysis with the measured field vaglues.
. 7

- In the eventuality that new lining materials or new
constructi.- procedures are selected, it is recommended that a

teét section be built and instrumented as described previously.

—_——
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CHAPTER X

Conclusions

This study presents a method of calculation of the
moments, thrusts and deflections of a Tining under a gi&en symmetric

loading jn an elastic homogeneous medium,,
a

The calculations are based upon the coefficient of
ground reaction which must be known only approximately and on the

magnitude of the arching effect, which must'be known precisely.

The critical factors governing the behaviour of a lining
are the rib spacing for a rib-and-lagging lining and the concrete
thickness for the permanent Tining. These parameters are evaluated

by trial and error with the help of the méthod of Anders Bull. -

It has been found tsz the p?edicted deflections are

smaller than the measured ones,_and that the construction procedures

contributé:ta this discrepancy by an unknown amount.

Because of lack of field data to check the computed

stresses, a field measurement program is proposed.

Further developments can be undertaken: the method can be

written for an unsymmetric loading and can be applied to stratified
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homogeneous elastic materials. It can.also be extended to deal
with homogeneous e]asto-p]astié materials, for which the ground
reaction curve is approximated by straight lines, each of these

sections being‘considered as elastic for the calculations.

If the 1ong term re]iab111ty of the temporary support is
demonstrated, further stud1es wou]d have to solve the prob]em for doub]e-

lined tunnels.
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APPENDIX I

Some details of the analysis of Rpders Bull

I.1 Literal eXpressionsWof‘AT,‘Av, Am:

Coefficients relative to radial loads:

._ aSina
o i
r
A _  Sino-aco0sa
v c T 2m
v | A
A _ _ asinotl-cosa
m : 2n
r

Coefficients relative to tangential loads:

- - Sina-acoSa
A = o e
Tt 2n . ,
A - 1 2(1-cosa) - asina
v 2n

af]-COSa}

2n

=

with positive sign when a is between 0 and =, and negative sign when

« is between m and 2m.

1.2 Correction for the moments:

The pressure line due to a uniform load is a circle coinciding
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with the neutral fibers of the lining. (Fig. 1 of Appendix I).
Apprd&imating the circular lining by a polygon introduces moments

at each joint that have the fo]]bwing value:
M=+ 0.01644 x PR X R

where R is the radius of the neutral circle. Since the moments at .
the joints shou]é be null under a uniform pressure, a moment of
~equa1 va]ue.but opposite sign must be added atleach joint. The
value PR is taken as the average of the radial forces P'R and P"R

acting at the mid-joint of the segments on both sides of the joint

¢
under study:

Pl + PII

= - _R__R
//\-M = - 0.01644 x 5

/
/

No adjustment of the coefficients $§ required for the evaluation of
the thrusts and the shear reactions, since the appréximation of the

1ining by a polyg?n does not induce any consequent difference for

these quantities in the results.
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'NEUTRAL CIRCLE

POLYGONAL PRESSURE LINE

FIG.I.1 - CORRECTION FOR MOMENT COEFFICIENTS,

’

FIG.I.2 =~ POINTS AND JOINTS POSITIONS.

NUMBERING OF JOINTS :

| BY ANDERS BULL - A |B|C|D|E|F|G|H|J

' \\ IN PROGRAM - 1]2[3]4 8
CLOCK -6 3,9 12
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APPENDIX IT

w

Listings of the computer program and of input and output data

I1.1 Reading order of data:

The symbols which are used are defined in Table 3.1 of
the text. ‘ .
L
The three options of loading definition are considered.
- If the radial and tangential forces are given:
1) 00

2) PR(I), I=1,8

w

N, R, AK, AI, E, RO

E=Y

)
)
) PT(I), 1=1,8
)
)

SPACNG

D N

AS, A \

~

)
) NZ(1), I=1,8
)

8) Coefficients

- If the vertical and horizontal stresses are given:

1) 02

2) g, (1), 1=1,8
’;yB)Aq{(I),I=1,8»

4) N, R, AK, AI, E, RO

5) SPACNG ' Jf

6) PW |
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7) AS, A
8) NZ (I), I=1,8
9) Coefficients
- If the subroutine LOADING is used:

1) 0
2) KODE, GMA, GMS, GMW, SK, DEPTH, "HW, PW, RO, SPACNG
3) N, R, AK, AI, '
) AS, A
) N
)

(1), 1=1,8

4
5

6) Coefficients

3
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II.Z.; LISTING OF INPUT AND OUTPUT FILES FOR THE NUMERICAL

EXAMPLE OF ANDERS BULL.
$1ist buldat

2 00 _
3 05.966 10,388 12.14h 12.120 12,505 13,302 14,290 15,159
4 -U.147 -0.41§ ~N.F25 =N,73%8 =0_7%F =-0,f25 =0, K18 =-0.747
5 5102.1 12. 136, 12000, 8.71
G 1. :
7 25.127.6
8 12345000
9 =0.00215-0.00657-0.00753=0.00540-0,0011540,00300n _FALIR4N NT0RS
10 -0.00657-0.03747-0.05142-0_.0K0RE=0,N1252+40,02267+0 N535+0 07200
11 -0.00753-0.05142-0.09N92-0,0835L0=0,N330740 3455+0,097FF+n 13497
12 -0.00540-0.04065-0.0836N=0.N9R11-N NSI5H+0 0254640 TN2TR4N JH00N
13 -6.00115-0.01252-0.03397-0.05254=0,0665%-0, 0016340, 0553F+0, 0721
> 14 +0.00384+0,022FF+N 0345540 N2541=0,NN1R%-0,0273(-0,N3121-0 0235
> 15 +0.00816+0.05385+0, 0976640 _10276+0,0553F-0,03121-0,11747-P 1R714
> 16 +0.0106540.07200+0.134697+0,1458040,09291-0,02A35-0.1F714=-0, 26
> 17 -0.00016-0.00197-0.00057=0.NC740=0 ONFR3=0_N0S30=N NANAAL N3
> 18 -0.06065-0.00805=0,02731-0,0L611=0,05670-6,05502-0,03070=0 01445
> 19  © =0.00051-0.01135~-0,04034=0_N7L2R=N_ 10033-0,10043-0_27322-0 02715
> 20 -0.00036-0.00362-0.03332-0.07018-0,1010C~-0.10693=0,02117-0,0302h
> 21 -0.00007-0.00234-0.01125-0.0286R=N_N4534=0,05070-0_ 140000 01500
> 22 +0._U002640.0053140. 0170740, 020F 240 N3LGE+0, N28hG+0_ 01M 2NN ANGNS
> 23 +0.0005540,0120140. 0415440, 037560440, 11625+0, 1217040, 5014640, 03350
> 24 +0.00072+0.0150040.057h2+0, 1156740, 16554+0, 1AN15+P 1410340,054273
> ) 0.18290°0.45140 0,57160 0,.55170 0,42919 0,25980 0, 10420 0,01220
> 26 0.69257 0.69550 0.71420 0,.57500 0,33110 A _0N5400=0_10220=0 21710
> <7 1.20500 0.95520 0.GNEAN 0,4A%6N 0_20P0NA=N_11090=0,3F730-0,51150
> 28 “1.56780 1.20840 0. 73460 0,32330 0,05160=0 221400 KENIA-0 5F170
> 29 1.47120 1.26720 0.83340 0,202FN=N_00750=n_27700=P _K1570=0,4004L0
> 30 1.25066 1.65610 6.50520 0,41200=0.03670=0,20100-0 727400 71hEN
> 51 0.57550 0.80860 0.G7580 N, 47500 0, 21770-0 NPLEAN=A D2PEA=N 197NN
> 32 ©G.Nh3350 0.45420 N.47720 O,.LRNOLN 0, 42570 0,28800 N, 0501M-0 NER2N0
> 33 0.0122 n.1n42 0.2508 N, 4271 00,5517 N,5716 o0 4514 0,19°27
> 54 -0.951F =N.352h =N, RLFK =N K210 =N 2205 -N_NSIN =0 _N200 -0, 00N0%
> 35 . n.1392 -0.6015 -0,7190 -0.N6h1L 0,1128 0,103 A IFRT 0 NEKF
> 36 ‘0.2408 0.6727 -0.0163 0.2218 0,3507 0, %Z7GF n,277°f A 1000
> 37 . 0.2926 0.8261 1.213L 04042 D K795 04453 N 7128 0, 1123
> 33 0.2926 0.8334 11,2472 1.4712. 0.n804 0,4157 00,2778 0,075
> 39 0.2451 0.7138 1.0911 1.3327 1.4n74 0_.3220% 0,2005 0, NF70
> 40 0.17306 0.5059 0.7993 1.M273 11,1652 1.1°22 0,1130 © 0351
> 41 0.0547 D.2585 0.h421 0,.6318 0.8121 0.9554 1.02F7 0, 0101
> B2 0.0008 0.0209 0,0910 0,22FF 0.4210 0, F4FF  0,85%% 0, 0F1F
? 43 0.1603 0,%178 0.4302 0,2955 O0,0487 ~N,2353 =0, h7RP =0 F1P3
> by 0.6544 - N.G134 N.5592 0.3141 «N, 004G <0, 45277 =0, 7450 =0 0230
> 45 1.1075 0.£153 0.5074 0,2101 =0,1603 =0,5543 =N £727 =1,0604
> 46 1.2690 0.9914 0.4758 0.0210 =0,2905 -0,(N74 =0, 9500 =N, 000
> k7  1.1529 0.9280 0.5150 =0,0339 -0,4241 -0,50G61 =0,7340 -0 PNR7
> 48 0.8128 0.6765 0.4192 0,0700 =0.3395 =-0,5508 =N _cu4S0 -0,5433
> 49 0.3365 0.3031 0.2314 0.113f -0.0567 =-0,2083 =0_7F0AN -0,2796
> 50  -0.1732 -0.1086 =-0,0025 0,.7047 0.1648 0,1340 -n_0229 -0, NOF3
> 51 ° -0.6183 -0.4758 -0.2353 0,N487 0.2055 A, K302 0,772 0,1F03
> 5¢ 0.6180 0.1363 0,3G55 0.4528 0.5229 0,486 10,3434 0,1238
> 53 0.1341 0.3744 0,6130 0.7845 O,R4n8 0,7513 0.5176 10,1245
> 54 0.2223 0.6102 0.858% 11,0050 1,n18n n 8762 0.5924 0,203
> 55 0.2538 0.7062 1.,0022 1.0n8C8 11,0365 0,8591 N, 5fP0 0,1006
> 56 0.23n01 0.6459 0.9347 f10337 0.9279 0.7282 0.4653 N IFAN
> 57 0.1619 0.4586 0.6773 0.7758 0.7254 0,5341 n,32n3 Q0,1NFR
b 58 0.0666 0.,1933 0.2997 O n.3820 0,3175 0,1755 10,0536
> 59 -0,0351 =0,0924 ~0,1149 =0 -0,0389 0,0233 0,050R N,N152
> 60 -0,1238 =0.3434 -0, 4861 -N)5220 -0,4528 «0,3055 ~N,1369 «0,0718N
PEND OF FILE ° _




¢run bulcomen
#22:19.41
11POSED LOADI

!
1
2
3
L
5
6
7
8

-

rE)

‘. 6.1555
< 5.1525
3.8628
2.7482
1.1526
0.0
0.0
0.0
-0.0000

W NV W) e

STOP 0
#22:21.32 2,79
¢’

ssplibe*plotlih Sahuldat 9=-f 3=loares

tG :

PRCI)  PT(1)

6.966 =0,147
10.388 -0.418
12.144 -0.625
12,920 -0,738
12,505 -0,738

- 13.102 ~-0,625

14,290 -n,418
15.159 -0:147

AK
102.100 12,00

ADCY)

0.0126
0.01n5
n.oc79
0.0056
0.0024
~0.0045
-0.0140
-0.0210
=0.0000

1. RC=0

ﬂ!.

ATC1)

39.96138
39.7276
3951580
38,5801
38,1989
37.7206
36.8341
35,5823
35,4834

AMCTL)

.0.45n04
-0.3609
~1.4659
=1.28n2

1.8925

4,2828

2,0100
~2,6478
-4,8538

F AS
136.000 1200n,0

A
23.4n00

s'{io( D)
-1.2168

-1.6245
~2.1705

-2.0543

=N.4135

0.8296
~0.3038
-2.6579
~3.7748

126

27.600
sieren
-1‘5700\-'

=1.2543
=0,FfFR7N

=C.7h13 -

~2,3545
~3.563n
-2.3653
0,n577
1,2035
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I1.3.- LISTING OF INPUT AND OUTPUT FILES, AND COMPUTER PLOTS
FOR A RIB AND LAGGING LINING UNDER A SYMMETRICAL LOADING.
( 6x6WF25 CORTEN B STEEL RIBS AT 4FT. INTERVAL ).

¢run bulcom+sssplib++nlotlib S=huldtl 9=-¢ 3=lnares
r£2:00.53

STEEL SPACING = L.or0 FT,
LCADING = FULL OVERRURREN PRECSHRE

GHA s rH SK PEPTH  HW' Nk ro
125,000150.000 3,400 1.000 32,600200,000 91,037 9,530

.

[t 3 N P s:j‘-t'r -

f PR(1) PT(t)

|
i1 3.577 -0,018
< 2 28.834 -0.051
3 61.30n0n -n.076°
4 70,162 -0.089
5 75.373 <-0.089
6 68.977 <-0.076 '
7 64.082 -0.051
8 61.433 -0.018 4
N R . AK At F AS A
6 111.360 200.000 53.500 30000,0 16.800 7.370
! B(r) AD(C) AT(1) AMCY) . SInn(t) etni(l)
1 70,0311 0.002n 11,4126 N.RO28 -25.5413 =26, 4020
- 2 LE.3243 0.0014 181.3092 -0.F168 -26.3N08Y4 -25.5173
3 7.0438 - 0g.0nn2 191.5652 U, 0745 -23.09022 -28.9029
[ 0.0 -0.0044 101.1816 -0.1622 -2R.N778 -25.8032
5 0.0 -0.0036 110.6187 =5.1943 -29,5743 -22.1530
1] 1.9341 0.0001 191.1709 1.3843 -24.9503 ~2R_02727
7 12,3947 0.0003 191.1867 2,133 =24 .4167 -27.4E57
5 12,7320 0.0004 100.8521 ~0,.6060 -2A.3287 -25.4029
9 -0.0000 -0.000n0 19n.9046 0.2182 -25.7470 -26.0588
cTOP 0 . . .
#22:05.03 2.985 RC=0 «
f&run *calcompq scards=-f Coe
$22:03.23

sxw CALCOMP RECEIPT # 23604wew  PLOT LENGTH = 14 'IMCHFS; PLOT TItFa= 51
#22:03.28 1.131 Pr=0 ) .
#$11st buldtl(1,6)

01

1
2 1 125. 150, 63.4 1. 326 2N0, 265, 9.53 .
3 6111.36200. 53.5 30000,
y 16.8 7.37
5 12367800 )
6 -0.00215-0.00657-0,00753=0,00540=0,00115+0,00384+N,00R16+40.01065
END OF FILE o

-V VY

—
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SgIL REACTIONS

MAX. OF ABSOLUTE VALUE = 1.5 CM.
OUTPUT VALUES IN ANNEX I7.3

.
UNITS IN TABLE 3.1.

w

DISPLACEMENTS A

'FIG.II.I- DISPLACEMENTS AND SOIL REACTIONS COMPUTER PLOTS
FOR 6x6WF25 CORTEN B STEEL RIBS AT 4FT. SPACING

UNDER SYMMETRICAL LOADING.
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NORMAL STRESSES

"MAX. OF ABSOLUTE VALUE = 1.5 CM.
OUTPUT VALUES IN ANNEX II.3
UNITS IN TABLE 3.1. .

!

MOMENTS

FIG.II1.2- MOMENTS AND THRUSTS COMPUTER PLOTS FOR 6x6WF25 CORTEN B STEEL
RIBS AT 4FT. SPACING UNDER SYMMETRICAL LOADING.
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II.4 - LISTING OF THE PROGRAM BASED ON ANDERS BULL METHOD.

1 c
2 c .
3 C DIMENSTION (IF B,CoDNMDLABLACIL «MyABMLACM MUST RE N NR (NyN) OR (Nos1)
4 C THE VALUC NF THESE DIMENSIONS MUST BE CHANGED WHEN N 1S CHANGED .
5 <
a --C THE PRI} AND PT(1) VALULS MUST.BE. ENTERED THE L.CWEST _POINYT FIRST.
7 c i
8 DIMENSTON ow(a.n).01(8.8).DRM(6.8).AF(63.CO(el.SI(e)
9 DIMENSIOUN DRMRU(1CN) -
n ODIMENSTON BU1C}eC10)+DRMO(100)¢AB(10,1)+AC(1001)
11 DIVMENSION L{10) +M{1%) ¢ABM(10e1)4ACM{IC,1)
.12__m“_“~___WDINEN$IQN_ADI9)197?(8'9)-BTI(BLQJ,BHRJﬂJSl;BHILﬂ;QL;AILﬂlAAHLﬂl__
13 " DIMENSION SIGU(Q) 4SHOLHR) . .
1a DINENSION RF(9) NZI(8).8Z(8)
15 COVMMIN HIB)sAH(B) 1AV(B)+BTA(B)PR(B).PT(8)
16 ) COVMMON KUDE.GMA-GMSQGNVQSKQDEPTHOH"PW.ROQSFACNG
17 DIMENSIUN DATA(2000)
Ada. ¢
19 C N IS THE NUMRER OF SEGMENTS ON WHICH WE ASSUME SOIL REACTIONS wILL
290 C DEVEL NP
21 C
22 PEAD(S.600)KADLD
23 IF(KOOLD=-1)7,1+8
B4 C
25 C LOADING DEFINED BY RADIAL AND TANGENT [AL LOADS
25 c ’ : . .
27 . 7 REAC(5+:610)PR,4PT
28 p‘E‘D(5-620)N;R|AK|AXCEOR0
29 "PSAD(3,622) SPACNG
B WRITE(6.2050) ___ .
3 GO TO 5 ,
32 c .
33 (o ) .
3a C LOADING CEFINED AY HORIZONTAL AND VERTICAL STRESSES
3s 8 REAN(S,E10)PRLPT :
A .. READ(5+€22)NyRyAKAL2ELRD
37 REAC(5+622)SPACNG
k) . READ(Ss622) 0w
39 WRITE (86,2050}
an "WRITE(6+310C)SPACNG,PW
a1 PW=Pws,0327*R .
42 CALL LOAD2 . __
a3 GO T0 5 .
aa Cc .
a5 C LOADING AUTOMATICALLY CALCULATED FOR FULL DVERBURDEN PRESSURE
a6 c , } ”
a7 1 READ(S, 70C,"(UDE 'GMAnGNS'G'NUQSKQDEPTHQH"pU.RDospACNG
B READ(S5, 970 )N P AK (Al s . R
49 IF(ROPDE=1)243,3
£9 2 WRITE(6,702) ' A
st SPACNG=1,
52 GO TO a
53 3 WRITE(64703)SPACNG -
54 . ___..& conTINnE _ .
(1.3 PW=ws%, 0327%R
8 CALL LOADNG
57 WRITE(6,2060)
58 * WRITE(6,720) -
59 VRITE(6.730,G“AOG“S.G“VUSKQDEPTHQH'vPWORO

L0 S0 _T0 %



131

6y [d
62 5 WRITE(6420L5)
~3 00 & 1=1,8
6a 6 WIRTITE (64207C)14PR(T),PT(T)
6% READ(S,RBN0)AS,A
66 . e RFAD(S5,27ACINZ.
(%4 PFAO(b.110‘)((09(IoJ)-I=l-8)¢J=l-6)'((DT(loJ)vl’loﬂ)-J’lﬂﬁ)
68 READ(S, 110S)ETRBTT
69 READ(S, 11 05)RMH ,BMT
79 o S=7,%RO*SIN(3.1816/106,)8SPACNG
71 C
72 € _CALCULATION. Or _DEFLECTIONS, THRUSTS AND MOMENTS
73 c
74 =E*Al/((Rtt3.)‘AK#S)
75 DN 2C I=x=)l,.#
76 DO 19 J=1e8
77 1C ORM(T4J)=DR(1,4)
.rs — 20 DRM(1,]1})=DRM(141)-Q
79 c
a0 C CALCULATING CO AND SI
A c
82 AF(1)=3.1816/16,
a3 DO 30 I=1,7
B 30 AF(141)=AF(1)+3,1416/8,
as D) 47 1=1.8
AE COCI)=COSCAFCL) ) \
87 WO SI(1)aSIN(AF(])) “,
X BF (1) =0, '
a9 DN 45 1=1,8
.30 RV &' U
91 a5 BF(J)=AF(1)+AFC1)
92 C :
93 C CALCULATING B IN : DRMD®F=R$DELT4+C
94 C :
95 AQ=-~F*Al/(R#%3, )
96 __ .. ..DO S0 1=1,8
ar SC B(1)=AQsCO( 1)
98 c
99 C CALCULATING C
tco c
101 C DN 60 1=1.8
toz . CC1)=0,
133 . DO 60 J=1,8 :
104 6C c(x)sC(l)-PR(J)'DR(J.!)-PT(J)toT(J.I)
105 Ke .
108 C RESTRICTING DRM(B8+8) TO DRMDINGN)
127 c
1o L J1=1 —
199 DO 70 JE1.N
110 JZ=N2(J) .
111 DD 70 t=1,N
112 1Z=NZ(1) -
113 DRMDO{JL ) XDRM (1 Z,J2)
1ta __LRMD(J1})DORM(I2442) -
115 73 J1=J141
116 c - -~
117 C CALCULATING THE INVERSE MATRIX OF DRMD.
118 C . .
119 CALL MINV(DRMD N¢DolL oM}
1290 C




121 i C CALCi)LAT-lNG THE PRODUCTS ORMO-1%28 ANO DRMD-1®C :

o132

122 - c
122 " DO 80 Iwl.ti

124 . 1z=NZ(1)

125 AB(I,1)=B(12)

126 B0 AC(I.1ll=Cc(1Z)

127 CALL GMPRD(DRMD +ABsABMsNINs1) ¢
128 CALL GMPRD(ORMD¢ACsACMsNsNsl)

129 c ‘

130 C CALCULATING C2 AND C3 3

131 c

132 L C2=Q.

133 c3=0,

134 DO 170 1=1,N

138 1Z=NZ (L) )

136 C2=C2¢CO(IZ)*ABM{T,41)

137 100 C3aC34CO(IZ)*ACM{T,E)

13a_ c . e

139 C CALCULATING C1}

1a0 C

1a} c1=0,

taz DN 110 1=1.8

143 110 C1=C1=-CO(I1)*PR(I)}-SI(I)}*PT(])

taa . _ . C____ . L. . - . —_—
145 C CALCULATING DELTA "
186 c

147 DELT=(C1-C3)/C2

188 c

149 C CALCULATING THE RIGHT-HAND SIDE OF THE N EQUATIONS
1s0..____ . =

151 N9 120 I=1.N

152 12=N2(1)

153 . BLIZ)=DELT*B(12)+C(12Z)

154 120 BZ(1)=B(12Z)

15% c

156 ... C_SOLVING THE N SIMULTANEOUS EQUATIONS 3

157 c

158 - CALL SIMD(DRMDO,B2ZeN, IK)

159 . DO 124 1=1.8

160 124 8(1)=0,

161 DO 12% 1=14N

16 . XZ=N2(L)

163 125 A(12)=RB2(1)

164 c '

16% C RADIAL GROUND PRESSURE RESULTANT

166 c

167 DO 120 I=1,N

lee o tz=N2(L).

169 18C PROIZ)=PR(IZ)+B(1Z) /

170 c

171 C CALCULATING THE DISPLACEMENTS

172 c .
173 DO 147 I=1.8

t7a _ LCUi)=n,

t7s DO 135 Jy=)1 . &

176 135 C(1)=ClI)+PRUJ)SOR(JeI)4PT(JI)BDT(Jol)
17 AD(I)=(R*#%3,)aC(I)/(ESAT)+DELTECO(])
178 140 CONTINUE ) )
179 DN 148 (=1,8

lan___. 148 AD(I)aAD(1)/l12

FERTE



T T -

———— - L,

- . R, . . - {

1R2 C CALCULATING THRUSTS AND MOMENTS. . .
183 c ' T - e
1ha DO 190 1=1,9
1as B X3 SEL P
186 . AM(T)=0, e e e e
187 DO 185 J=1.8
188 AT(I)=AT(i)#PR(JltBTW(J.I)#PT(J)’BTT(J.I)
129 185 A“(l):Aﬂ(IJOPR(J)'BMP(Jo1)0P7(J).BMT(J.I)
190 199 AM(1)=R*AM(1I]1/12,
191 c
192 G _GALCULATING STRESSES IN THE LINING —_— .
193 c ) :
194 00 220 I=1.9
195 ST=ARS{AT(1)/A)
i 196 SM=ABS(AM([)*12/AS)
157 1F(AM(1))200+¢200,210
198 200 SIGO(1)}=-ST-5M e
199 SIGI(1)==-ST+SM
209 GO Ta 220
2¢c1 210 SIGO(1)=E-ST4SM
2¢2 SIGI(I)a-ST=SM
2013 220 CONMTINUE
208 _C e —_
205 C DUTPUT OF RESULTS
206 c
207 WRITE(64+2030)
2na WRITE(6+2040)NsReAKsALsEsASe A
219 WRITE(642010) .
210 _bn_230_1=1,9
211 - 230 WRITE(69+2020) T+B(TIsADII)eAT(TI )¢ AMCT)oSEGO(L)+SIGICT)
212 o .
213 C SCALE FACTORS
21a c
Ve 21% CALL SCALE(AD8,0D)
216 __ CALL SCALE(8sN.DB) = .
217 CALL SCALE(AM,9,0M)
. 218 , CALL SCALE(AT9.0T)} -
219 c R
220 C PLOTTING
221 c
222 CALL PLOTSIDATA(1).8000) -
- 223 catil A 0T (0,040,043) o '
224 CALL PLOTTR(3.5¢3.5+DD+s8sADsAF) .
225 CALL PLOTTR{3.,54+10.5sD8e84BsAF)
226 CALL PLOTTR(Z,5,17.5:DMs9+AM,BF!
z27 CALL PLCTTR{3.5:28.5:0T49.AT BF)
228 c . B —
229 7T T CALL SYMBOL AT 5 02,040,283 TIHOT SPUACEMENTS:0,0413)
23% CALL SYMBOL(7.5+¢94020.25s14HS01L REACTIONS 40.0,414)
231 CALL SYMBOL (7 516,020,253 7HNOMENTS»0,0+7)
232 CALL SYMBOL{7.5¢23,040.,2541 SHNORNAL STRESSE5+0,0+¢15)
232 . “CALL PLOT(0.,040,0+999)
23s C
235 600 FormaT(I2)
236 619 FOFRMAT(BFB8,3/8F8,3)
237 €29 FOFEMAT(13sF6.,21F6.1+F6.2+F20,2,F6,3)
238 622 FORMAT(F6,3) '
239 700 FORMAT({I1+2Xs9F7.3)
2a0 702 FORMAT(/20X«BHCONCRETE/)
A



a9

124

O ]

703 FULMAT(/ZGX.EHS'LEL-lOX.lOHS”AClNG m JF7,3s4H FT./)

281

242 720 FHPMAT(ji.‘NGNA.QX.jHGMS.ni.JHGMN-AX.2HSK.5X.5HDEPTH¢2K.
261 1 2HMW, BX ¢« 24P We SX ¢ 2HFO)

saa 230, FOMATLIX,9F7,37/}

245 A0A FORMAT(2F5,1) - e
246! 091 FARPAT{I3F6.2:F6a14F6.20F2242) e e

a7 1ae2 FORMAT(BF B, 3s /HF3,.3)

243 110° FORMAT(R(BFER.5/)e 7(BFB.S/) 4 AFB.S)

249 121 FOLMAT(EX-BFP.S-IJX.bFH.J)

2597 1119 FDFMAT}BK.A(&FG.S/SX)./B(BFB.S/SX))

2%1 1200 annnrl/ax.s(5Fe.51)./3x.5F5.5./3x.5F0.5)

252 _ ... 1305 FOFMAT{3X s4FBR.5) L e e - —
253 1400 PFOEMAT( /73X SIHNUMDER OF SEGMENTS ON WHICH SOIL REACTIONS DEVELO!
254 1 .137)

25 1195 Fouwnrto(aFﬂ.S/).a(an.S/).eFa.sl,,,”

256 2019 FOFMAT(zx.xnl.5x.4Hn(l).6x.5HAD(l)46x.5HAT(s).bx.SHAM(l).bx.
297 T7HEIGDU 1) 44X THSIGI (T )/}~ Lo '

258 __._....2020 FOFMAT(IB.Fll.4-1&-51E10.4;LLJ['A - . .

259 2039 FOPMAT(ISX-IHN.OX‘lHR.BX.ZHAK.?K.ZHAl.7X.1HE.BX.2HAS.7X'IHA)
2690 27490 FOFMAT(AK-12.6X.3F9.3cF9.lo2F9.3/)

261 2050 FORMAT{1X,17HIMPOSED LOADING /) '

262 2063 FOMMAT(1X,34HLOADING = FULL OVERBURDEN PRESSUREZ)

263 2065 FOCMAT(IIOX.!HIoZX-SHPR(l)oJK.SHPT(l))

264 _. -.ZSJO,FOFMAT(IDanlllx-ZFB‘Sl

265 2080 FISMAT(B(I141X)) -

266 - 3100 FORMAT(/10XeOHSPACNG = WFBe3s2X e SHPW = (F8.3)

267 STMP ’ _

268 - END S
269 ld .
27Q__—“___"_“SUBQOUTINE_SCALELAJKJDl

271 DI NMENSION A(K)

272 AMAX=ABS{A(1))

273 MK =K=1 ,

274 DO 37 1=l.MK

275 x=ABS(ACI+1)) ’ ,

2768 [F(X~AMAX)110,10220 e - '
277 - - 10 GO YO 3¢

278 - 20 AMAX=X )

279 GO TO 30 ' e - o
280 37 D=1 ,./AMAX

281 RE TURN

282 END i

2 5 3 I

FLYY SUBROUTINE PLOTTR(XD.Y0 D 1K sAAF)

285 DIMENSION A(K) AF(K)

286 d .

2R7 C CHANGING THE ORIGIN TO THE CENTER OF THE GRAPH 2

288 € i e ’

2R9 CALL PLOT(XOsY0De=3)

299 c '

231 C DRAWING THE AXES

292 C

2093 CALL PLOT(3,0+04Cs3)

294 __ _ .  CALL PLOT(=3,0+:00+2)

29% CALL PLOT(0.0+3.04+3)

296 CALL PLOT(0400-3.0+2)

297 C

298 C DRAWING THE CIRCULAR TUNNEL LINING ¢

299 c

-

CALL CIPCLE(l.S-O.010.-360.-1.5sLJSnOJLA



301
3n2 DO AN 1=1 4k

323 Al1)=1,.5¢D%A(1)

394 FI=AT(1)

Irs X=A(1)*SIN(FI)

36 . Y=-A(1)}*CNS(F 1) . U

17 IF(I-1)10,10,22

30k 1C CALL SMONTH{X Y 41} )

09 GO T S0

310 2% IF(I1-K)30,40,40

311 30 CALL SMCOTH(X ¢Y y=2)-

32, .. GD TO S0
3113 40 CALL SMOOTH(X .Y .-25)
Ila GO TO SO .
315 50 CALL PLOT(0.0C 0,043}
36 CALL PLOT (XY e2)
317 60 CONTINUE
e o Xy=m=XO o
319 , Y1 =z=Y0
320 CCALL PLOT(X14Y) =-3)
32} RE TURN
322 LEND
123 c J
324 U SUFRQUTINE LOAONG o

128 C .

326 < "COMMIN H(B) AH{B) sAV(B)+BTA(B) PR(B).PT(8]}

327 COVMON KODE.GMA.GMS.an.SK.DEPVH.Hw.Pw.Ro.§PACNG
328 c

329 C GMA IS IMN PCF, PW IN LB

30 € e

131 A=3,1416%R0/8,

132 D11 1=1,83

133 sSl=1-1

134 BYA(I)=3,1416%(.5+51)/8,

135 H( 1}=DEPTH+RO+RO*COS{ABTA(L))

136 . AH{1)=ADS(A*COS(BTA(1})))

.37 1 AVII)}=ARS(ASIN(BTA(I)))

3R WRITF(341170)HeAH AV BTA

39 WRITE(Z,1159)

43 WRITE(3.1160)

a1 c

42 DO SC I=1.A o

a1l SIGV=GMA®H(T)

aa SIGH=SK *S GV L
as IF(H{I)=-HW)}A 6.5

aK 5 SIGVEGMANHWHGMSH{H(I ) ~-HW)

a? SIGHISK*STIGV+GUWNR(H(T )=HW)*(] ,~SK) T
ag & CORTINUE o

a9 T 7T pu=SIGUeRAH( I} *SPACNG+PW

50 PH=SIGH®AV(1)#*SPACNG

51 IF(1-a)}v+9,2C

32 T 9 IF(H(I)~HW}12,13,10 -

53 $ 10 PVRPW~GMwR(H(I)~HW)®SPACNGRAN(T) .
8 . IFIPV)Illellel2

55 11 Pv=ABS(PV)

36 BTA(1)=-BTA(I)

37 12 GO 10 20 :

38 13 PV=Pw . : : . 4
9 20 CONTINUE ' : . _‘//
»0 Pz SORT(PVS%2, $PHE%2 ) ]

. 135

CALL SMOITH(2.Cr0e060)

v



136

RE AL CHz AT AN (DK 'V
62 TETAZALPHENTAL(T)

1R PR (1) =AUS{PRCOS(TFTA)) /L. 0N

tAaA PIL)==ABS{POW*SINIGTALLIY)}Z10035.
365 ALTH=ALEOHEL A,/ 3,1416

L3366 . TETA=TETA®I8C /3,146 . .. ...
k7 WQITr(?-I?'“)I'SIGV.SlGH.PV.PH.P.ALPH.T&TA-QR(X)oPT(l)
2RA 50 CUNTIHUE .
389 d
270 200 FNORMAT(A(BrT,37)) N
371 1100 FOFPMAT(A(/3X,8FT,.3))

372 0. 11150 FORMAT(/Z2 20X THRESULTS /) o
373 1167 FOrVAT(lHl.?x.AHSIGV.AX-uﬂSlGH-QX.zHDV.ﬁX'ZHPH.GX.
374 11HP , 7X e AHALPH ¢ 3X o AHTETA s 3Xs 2HPR 6X ¢ 2HPT )

275 11209 FORMATUIXSI2¢5FB8,2¢1XsF6.301XsF6,.3,2FB,2)

376 C

377 RETYRN ]
378.0_ . . END. ... - . .
379 C -

380 - SUBROUT INE LOAD2

391 c

192 COMMON H(B)AH(8) sAV(B)+BTA(B)PR(8B).PT(8)

381 COMNON KODE « GMA s GMS s GMW s SKsDEPTH . HW s PW ¢ RO ¢ SPACNG

384 C_ . . S —

335 - C GMA IS IN PCF. Pw xN Les.
3A6 C
397 A=2,1416%R0/8,
KT ] DO 1 I=1,.8
3ag9 SI=1-1 ) .
200 . . . . BETA(1)=3,1810%( ,5¢S51)/B.
3N AH{1)=AES(ASCOS(BTA(I)))
392 1 AV(1)=ABS(A*S IN(RTAC(L)))
393 WRITE(3+1150)
1934 WRITF(3,1160)
kL Cc
396 ... DO SO I=148 . __ —
397 SIGV=PR(T1)*1C00,
3ga | SIGH=PT(1)*1C0O0,
390 PV=SIGV*AH( [ ) #SPACNG+PW )
400 . PH=SIGH®AV(I)8SPACNG
ac1 rF(1-4)9,9,20
:%2__M____- -/ =PW-SIGYR*AH(] ) *SPACNG
3 T(PV)I11,11412
ana 11 PV=AIS(PV)

acs BTA(I )=-8TAL]) -
anek 12 GgN Th 20
407 ) 20 CONTINUE
ane . P=SART(PV A2, OPHttZ‘) -

409 ALFH=zATANZ (PH,PV) -
110 TETASALPH+OBTA(])

a11 PR{T)=ABS(P*COS(TETA))/1000., .

412 PT(1)=-ABS(PW*SIN(BTA(I)}))}/1000.

413 ALFPH=ALPH®16( ,/3.1416

arta __ _TETA=TETA%IBC ,/3,1416
415 T OWRITE(361200)1¢SIGV+SIGHPVPHsP+sALPHTETASPR.I)PT(I])
a1 6 S0 CONTINUE .
a7 C
A8 20C FOFMAT(A(BFT7,37))

419 1150 FOFMAT(/ ¢20X s 7HRESULTS,/)

UHL_.___ALAQ_EDBMAILLHLA2x4AhSlﬁ!4AlJAHSJﬁﬂ;AZ;ZHE!;ﬁK;ZﬂPH-GX-



a21 " ) L1HB s 7X s 8HALPH ¢ 3Xs AHTETA s 3Xs 2HPk s 6X4 2HPT)

422 1200 FNRMAT(1IXs1248FB.2:s1XsF0.301XF6.3,2FR,2)

a23 C '

aza RETURN

425 ENO
in aQF FILE [ .

-
£
S . -3 :
R
.
.
— — - - - - -— - — -— - — -— p— -— — - - - - - -— - - —— - - - - --"-"';




