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ABSTRACT

This report presents the results of a design analysis
for the primary tunnel lining of the proposed twenty foot diameter,
twin tunnels of the Edmonton Rapid Transit System. The analysis and
design focus on the spacing of the supporting ribs and the adequacy of the
rib - and Tagging system to be used.

Several finite element analyses involving various
assumptions were carried out to assess the rib and lagging system. The
design of the primary iining indicates a rib spacing of four feet will
be adequate to ensure the long-term stability of the lining. Some
minor failure of the lagging can be anticipated if the maximum jackingj
pressures are reguired to advance the shield.

Estimates of settlement profiles above the tunnel sections
are based on recorded experience with tunnels in simiiar soil conditions.
Settlements above the tunnel are strongly dependent on the tunelling
technique and workmansnip involved. If good workmanship prevails,

minimum settlements witnin tolerable limits are anticipated.
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INTRODUCTION

Since 1855 the City of Edmonton has been developing an
extensive system of tunnels to provide new and adequate storm and
sanitary sewer facilities.

One of the main reasons for the preponderance of tunnels
whicn have been developed in the City, is the generally conducive soil
conditions which exist within the city limits and surrounding area.

The most recent major proposal for tunnelling in the City
is the planned construction of a rapid transit system to service the
city. Cut-and-cover techniques are proposed construction methods for -
a large portion of the planned route. However, in order to minimize
disturbance and disruption in the central area of the city, the subway
system will be constructed by tunnelling technigues in the downtown area.

This report deals with the subsurface phase of the project
(Figure 1) - a porticn of the North Fast Transit line - extending
between the Jasper Avenue Station at 100A Street and 101 Avenue and
Centennial Station at 102 Avenue and 99 Street.

This progect includes the construction of twin twenty foot
diameter tunnels at thirty-nine feet centre-to-centre. The horizontal
centrelines of the tunnels vary between thirty-four and forty feet
below the existing ground surface.

This porticn of tne rapid transit system has some specific
design constraints which must be taken into account due to the route
location beneath the'Edmanton Plaza Hotel and several other major

structures in the area.
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Tanis report does not deal with the special influences
of pite/turmel or footing/tunnel interactions but considers only
the design of the primary lining under general conditions. In this
respect, the final design of the primary lining obtained in tnis
evaluation can be extended to future portions of the proposed subway
system provided similar subsurface conditions exist and the construction
technique is similar.

The tunnels are to be constructed using a shielded mole.
The 1ining will be erected in two stages. First, the primary Tining
will be constructed as tne tunnel is advanced. In an attempt to
minimize the settiements above the tunnel, the primary lining will bhe |
assembled in the tailpiece of the shield and will come into contact
with the soil immediately after the soil emerges from the protection
of the tailpiece.

The permanent 1ining, consisting of cast-in-place, re-
inforced concrete will be poured in direct contact with the primary

rib and tagging lining at a later date.

STRATIGRAPHY AND SUBSURFACE CONDITIONS

Unless otherwise noted, all information reported in this
section was extracted from the geotechnical evaluation of the site by
E.B.A. Engineering Consultants Ltd. (1975).

The site Tocation plan is shown in Figure 1. A general

cross-section along the proposed subway route is shown in Figure 2.
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The subsurface conditicns generally consist of varying
tiicknesses of fi11 overiying a lacustrine silty clay. Beneath the
lacustrine deposit {or fill in some areas) is an extensive deposit of
silty clay till. he fi11 consists of three units-upper and lTower till
sheets separated by an outwash sand. The upper til1l sheet is columnar
jointed while tihe lower sheet has a rectangular joint system. The
sand seam is up to two feet thick and is termed Tofield sand (Westgate,
1969). Its location is neaf the springline of the tunnel. Geotechnically
the tills are essentially identical. In the vicinity of the tunnel,
the til1l 1is underlain by the Pleistocene Saskatchewan Sands and Gravels
which in turn overlie the overconsolidated bedrock of Upper Cretaceous Age
called the Horseshoe Canyon Formation of the Edmonton Group. Further
detailed information on the geology and general stratigraphy in the
Edmonton area is available from Mestgate (1969) and Kathgl and MacPherson
(1975). |

The proposed invert elevation of the twin tunnels is shown
in Figure 2. The tunnels generally pass througn the till deposit but

encounter the Saskatchewan Sands and Gravels at some locations.

Fill

The entire site is overlain by i1l varying from 1 to 18
feet in thickness. The fill is predominantly remoulded silty clay but
ranges from silty clay to rubble. The natural water content varies from
3 to 30 percent with an average of 20 percent. Standard penetration

tests in the fill gave N value ranging from 8 to 17 blows per foot.



For design purposes a saturated buik density of 120 pounds per cubic

foot was assunied.

Lacustrine Silty Clay

The glacial lake sediments were not encountered in the
vicinity of Boreholes 1, 2 and 9 but exist over the remainder of the site.
The Lake Edmonton sediments are usually oxidized, greyish brown and
calcerous (E.B.A., 1975). The in situ natural water content of the
silty clay varies between 20 and 35 percent with 29 percent being a
representative value. A saturated bulk density of 120 pounds per

cubic foot was assumed for design purposes.

Ti1)

The tocal til1l is a very dense, heterogeneous deposit
varying from sandy to silty clay and containing a few boulders up to
ten inches in diameter. The average natural water content of the till
is 15 percent and varies from 7 to 30 percent. The average liquid and
plastic Vimits of the ti11 matrix are 36 and 17 percent respectively.
N wvalues measured in the ti11 ranged from 12 to greater than 100 blows
per foot witn an average value of 57 blows per foot.

The undrained shear strength measured in unconfined
compression tests ranged between 1500 and 9300 pounds per square foot

(p.s.f.), whereas the undrained strength measured in unconsolidated,

undrained tests was significantly higher - between 2500 and 21000 p.s.f.



A value of 3500 p.s.f. is recommended for design purposes (E.B.A.,
1975). Recerded values of the effective strength parameter o' vary;
between 23° and 31.5° (Mathis, 1974) and 37.5° (E.B.A., 1975). A value
of 31° was used 1in design.

Due to the Jjointing in the ti1l {Westgate, 1969; Matheson,
1970), a cohesion intercept, C', of zero was assumed. A bulk densiiy
of 135 pounds per cubic foot i5 suggested for design purposes (E.B.A.,
1975).  The overconsolidation ratio of the i1l is approximately two.

One of the major difficulities anticipated during tunnel
construction through the till is the possibility of running or ravelling
ground due to occasional water-bearing sand pockets Tocated within the

till. The Jocation of these sand lenses cannot be predicted.

Saskatchewan Sands and Gravels

This granular deposit is of early Pleistocene age and
consists of well sorted, rounded quartz sands with minor silt and clay
fractions {Kathol and MacPherson, 1975). The natural water content
varies from 7 to 22 percent and the N values,as measured by the

standard penetration test,are generally greater than 100 blows per foot.

Horseshoe Canyon Formation

This very dense, overconsclidated bedrock formation consists
primarily of interbedded bentonitic mudstones, siltstones and sandstones.
Occasional coal seams extend througn the deposit. The planned subvay

royte encounters the formation only in the vicinty of Borehole 1. In



general, however, the bedrock formation will not impose any special
considerations on the design of the twin tunnels in this phase of the

construction.

Groundwater Conditions

The groundwater level, measured in a piezometer installed
in Borehole 3, is approximately 57 feet below the ground surface, or
seven feet below the proposed tunnel invert (E.B.A., 1975). Due to
the impervious nature of the til1l through which the tunnels will be
constructed groundwater conditions should not impose significant
construction problems. If occasional sand and gravel pockets are
encountered some dewatering may be necessary. However, the extent of

these water-bearing lenses is unknown and difficult to predict.

DESIGN OF PRIMARY LINING

As mentioned previously, the lining of the twin tunnels will
be composed of both a primary and a secondary lining. The primary
1ining must be capable of withstanding the applied loads and deformations
to obviate effects of ground movements in the downtown areas.

In an attempt to avert the Toss of ground due to localized
failures in the till, such as that described by Matheson (1970), or
through excessive tunnel squeeze, a shielded mole with an extended tail-
piece will be used for the excavation of the tunnels. The primary lining
consists of steel ribs and wood lagging. The ribs and lagging wijl be

erected within the tailpiece and expanded against the ftunnel as the shield



is advanced (Mayo et al, 1968),

The primary 1ining must be designed to support botn
short-and long-term loadings. In the short-term, the primary lining
is subjected to the action of construction joads such as axial forces
caused by snield jacking. Other construction loads sucnh as erection
loadings are not usually critical to design {Mayo et al,1968).

In the long-term, the primary lining must withstand the Tong-
term earth pressures that are transmitted to the Tining.

The design of the lagging has been separated into the

following four categories;

A - Rib Supports (1) Short-Term
(i1) Long-Term
B - Lagging {i) Short-Term
{i1) Long-Term

A Titerature review found that specific cases of primary 1ining design
are not well documented. OUne of the reasons for this is that one of the
least quantifiable inputs influencing the design of the linings is the
workmanship invoived.
One of the more extensive overall outlines of factors
important to tunnel design and construction was reported by Peck (1969).
Several methods of estimating the earth pressure acting on
a tunnel lining are available. 1If it is assumed that the lining is
completely flexible and can deform to a neutral position, then the
distribution of pressure on the Vining 1is as shown in Figure 4. In

this case the capacity of the lining must be adequate to carry the ring
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stresses from the applied radial pressure. However, if the member is
flexivle, it will deform such that no bending moments exist within the

structure.

Rib Desiagn: Lonu-Term

The standard rib supports used in constructing tunnels
of this size in the City of Edmonton are WF6x25 beams with a yield stress
of 50,000 p.s.i. |

The assumed soil stratigraphy used in the analysis of the
primary Yining is shown in Figure 3.

As outlined by Peck (1969), the flexibility of a rib and
lagging, primary tunnel lining lies somewhere between complete
flexibility and perfect rigidity. Since the rib supports are installed
in four segmants and the efficiency of the connections is low, an
assumption of near perfect flexibility is ya]id. The 1ining therefore
can deform to a position where a uniform stress distribution exists,
that is, bending moments are zero.

Using this premise of a flexible lining under the influence
of the pressure distribution shown in Figure 4, the design of the rib
spacing is worked out in detail in Appendix A - Design Notes. The basic
steps involved are (i) an assumption of the stress distribution acting
on the lining and {(ii) determination of the physical propérties of the
ribs to be used in the construction. From these data the proper rib
spacing is calculated.

Peck (1969) suggests that the stresses acting on the primary
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Iining after deflection can be estimated using the relationship

o= 3 (1+K)p, )

where P, is the total overburden pressure at the elevation

of the centreline of the tunnel.

In order to use. this relationship an estimate of KO must
be made. Brookey and Ireland (1965) suggested that K0 could be estimated
for a soil if the stress nistory and plasticity index were known. An

average I of 20% and an 0.C.R. of two yields a value of K, approximately

P
equal to 0.70 (Brooker and Ireland, 1965). The relationship

K, = 0.7 + 0.1{0.C.R. - 1.2) (2)
was suggested by Bowles (1974}, '
Using the above equation K0 is equal to 0.78. Other studies of the
behaviour of the till in the Edmonton area (Matheson, 1973) suggest a
Ko of unity. For design purposes a value of KO = T was used. This may
tend to give conservative results, however, it probably represents the
upper limits of K0 in the downtown Edmonton area. In addition, the
requirement for minimizing the ground movements suggests a conservative
approach.

Using a yield strength of 50,000 p.s.i. for the steel and
the properties of the wide flange section (C.I1.5.C., 1970; see also

Appendix A), the allowable axial load that the rib can resist is 220

kips.
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Using the stress distribution from eguation {1} and an
allowable axial load of 220 kips per rib, a spacing of 4.1 feet centre-
to-centre is obtained. (Appendix A). As pointed cut in the Design
Notes {Appendix A}, using the assumptions noted, no moments or shear
exi1st within the member.

The Factor of Safety involved in the design is applied through
the Factor of Safety in the design of the steel rib. The recommended
allowable yield stress is 0;6 Fy or 30,000 p.s.i., This corresponds to
a tactor of Safety of 1.67 in the design.

Terzaghi {1943) proposed an alternative method of estimating
the applied load exerted on the tunnel lining. Szechy (1967) outlined
several other methods of calculating the pressure distribution on a
tunnel 1ining. These methods deviate from the previous assumptions and
calculations in that they assume the full overburden pressure does not
develop due to arching in the soil. When the tunnel is excavated and
movement takes place in the surrounding soil, arching develops over the
tunnel and the actua) pressures on the tunnel supports are Tess than the
in situ pressures (Yardley, 1970).

Terzaghi (1943) developed the follaowing relationships for

arching over tunnels in cohesive soils.

7 ~- K tang D/B]
anveonnll | § BENE- ) BN (3)
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where 81 = [BO + 1 tan(45° - %)] e (4}
and vy = unit weight of soil
B0 = half width of the tunnel opening
D w height of overburden above tunnel
H = height of the tunnel {(diameter in this case)
K = coefficient of lateral earth pressure
) = angle of shearing resistance
C = conesion intercept

Substituting the appropriate geometrical and physical
properties in this relationship, the vertical stress acting on the top
of the tunnel, ays is approximately 20y. This is roughly one-half of
the value used in the design of this repoft. The methods outlined by
Szechy (1967) lead to results similar to the above.

Peck's {1969) assumptions were used for the design of thé
rib spacing since the form is convenient and conservative results are
obtained.

The rib spacing of 4.1 feet, as calculated previously,

represents the long-term condition after deformations have taken place.

Rib Design: Short-Term

In the short term design of the ribs substantially different

loading conditions exist. An asymmetrical loading condition exists while
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the primary lining is beina formed in the tailpiece of the shield.
Further, due to the jacking forces reguired to advance the shield the
load may vary witn time.

The analysis of the rib is given in detail in Appendix A.
However, the assumed rigidity of the stiffening rib is critical to the
final outcome. Under conditions of assumed perfect fixity a failure
sttuation wmay exist where the stresses in the web exceed the allowable
stresses by a factor of 3. However, since the lagging is not rigidly
connected to the WF beam and the beam is not fully constrained against
rotation { a pin or hinge connection is assumed) development of stresses
in the web due to moments will be minimal. |

Design of the rib support under these conditions is in fact
a compiex three dimensional problem. Simple statics have been applied
to this Toading situation and the results are in error but probably on

the conservative side.

Lagging Design

The Yagging must be designed to withstand the applied loads
and undergo only reasohable deformations in both the short-and long-term
cases.

The tagging that will be used in.this phase of the tunnel
construction is 4" x 6" spruce lagging (Personai Communication G. Emanuel,
1976). The tagging will be placed between the flanges of the ribs such

that the 4" width of the lagging is in the €" spacing of the flanges.
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The strength properties assumed vor the lagging are
dependent on the tyoe of load applicatien. A1l properties and formulae

used in the analysis were obtained from the Timber Design Manual (1972).

Lagging Design : Long-Term

In the long-term loading case the lagging can be considered
as a simply supported beam under the influence of a uniformly distributed
load. ‘

Assuming earth pressures equivalent to those used for deSign
of the rib spacing the regquired lagging section modulus is 3 1/2 times
that which is proposed for use. This is in direct conflict with the
current practice and performance of tunnelling operations in Edmonton,
hence a re-evaluation is presented in the following paragraphs.

The relative stiffness of the primary lining components can

be expressed in the following manner.

Etimber . 1

EsteeT 5

Therefore, when considering the rib and lagging system a significant
contrast in the relative stiffness of the members exists.
Re-evaluating the assumptions for design of the rib and
lagging system, reconsider a single cell in the length of the tunnel
consisting of rib/lagging/rib. Due to the relative stiffness of the
members scme arching of the soil between the ribs develops as the

lagging deforms.
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Again, using Terzaghi's theory of arching in cohesive
soils (1943) and accounting for the continuous nature of the tunnel
Tining (8]=BO) substitution in equation (3) gives:

G, = 1.66 B] vy where 8] = 2.05 .

Further, Terzaghi and Peck (1967) suggest that the zone of influence
of arching does not exceed a height greater than 2.5 te 3 times the
width of the opening.

In order to design against the worst anticipated condition
a rectanguiar stress distribution of g, = 2.5 By {where B = 4.1 ft)
was assumed to act on the tagging. Detailed calculations of the long-
term design of the Tagging are given in Appendix A. Under the Tong-term
symmetrical Joading conditions the lagging has a Factor of Safety of
1.05 in bending and 1.14 in shear. Further, correction factors have
been applied to reduce the allowable strength in the long-term {see
Design Notes, Appendix A).

In the long-term condition, considering the lagging as a
simply supported beam, 4" x 6" spruce lagging is adequate in terms of

both bending and shear.

Lagging Design: Short-Term

The short-term design of the lagging is more critical
nowever.

Using the proposed construction technique, the mole is
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advanced by propulsion jacks which Jack acainst the last stiffening

rib wiich has ween placed. This induces considerable axial lecad in the
member and further enhances the maximum fibre stresses set up due to
the bending of the lagging.

The maximum jacking load which can be developed for
advancement of the mole is approximately 3500 tons. The anticipated
working range of jacking Toads varies from 500 to 1000 tons {Personal
Communication, G. Emanuel, 19?6).

For timber members under the influence of both axial

foads and bending moments the following criterion must be met for design

(L.T.1.c., 1972).

%{§«+ géﬂi Y {5)
b a
where B = Bending moment, inch-pounds
P = axial load, pounds
S = section modulus, inches3
AN = net area, inche52
F'b = allowable working stress in
bending, psi
Ft = allowable direct working stress, psi

Considering the appiied jacking loads as uniformly

distributed pressures around the ring, the following results are obtained:
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P/A.
L OAD meso, W
F
b 2
3500 tons 4.70 ¥ 1
1000 tons 1.52 ¢ 1
500 tons _ 0.99 < 1

Therefore, if the jacking force required to advance the
mole exceeds 500 tons, failure of the lagging might be anticipated.
However, the recommended allowable stresses for the spruce lagging
used in the design do, on a statistical basis, contain a Factor of
Safety of approximately two (Personal Communication, Dr. J.G. Longworth,
1976).

It would be within reason therefore to anticipate that in
the normal operating range of 500 to 1000 tons the performance of
the lagging will be acceptable,

Moreover, the analysis detailed in Appendix A assumes that
deformation and arching develop immediately. In reality, in the short-
term, the uniformily distributed load acting on the Tagging will be some-
what less than the design value

However, if it is necessary to develop the full design jack-
ing Joad of 3500 tons to advance the mole, then some failure of the
lagging wiltl occur. This failure of the Tagging should occur within the
first one or two cells adjacent to the mole. The farther the lagging
is from the shield the Tess axial load impinged upon it since some of

the 1oad is dissipated as shear stress along the outer perimeter of
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the tunnel at the interface between the soil and Tagging.

SETTLEMENT

During the construction of the subsurface portion of
the Edmonton Rapid Transit system (Figure 1), the amount of settlement
that will take place is critical.

While all the buildings which are to be tummelied under
will have their foundations underpinned, any subsidence above the
tunnels may cause unacceptable damage to adjacent structures. Moreover,
settlement of the ground above the tunnels may cause lack of support
and cracking may develop in the floor siabs of the buildings which
have been underpinned. Utility and service connections are also
susceptible to damage due to settlement.

The construction of any tunnel represents a change in the
state of stress in the so0il mass accompanied by subsequent displacements.
The settlements associated with tunnel excavation can be broadly
broken into two categories. Those associated with the inevitable
displacements caused by the change in the state of stress and.those
caused by the construction techniques or workmanship.

The strains and displacements are necessary and unavoidable
in tunnel construction. Without allowing deformation to take place,
the arching effect in the soil, which reduces the applied loads on the
tunnel to a reasonable value would not exist.

In order to minimize the amount of subsidence above the

tunnel, the primary 1ining will be assembled within the tailpiece and
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"extruded" as the shield is advanced. The lining will be expanded

into contact with the soil and key blocks used to make the final joint
connection. One disadvantage of the system being used in Edmonton

is that the Tlagging width is 4 inches and the spacing between the flanges
on the WF beams is approximately 6 inches. Thus, it is necessary to
block or wedge the Tagging into contact with the soil. This operation
will have a significant influence on the amount of subsidence taking
place above the tunnels.

The nature and amount of setilement occurring above a tunnel
is strongly dependent upon the type of ground through which the tunnel
is passing and the groundwater conditions during construction. 1If good
workmanship prevails. it has been found by observation of various tunnels
that the settlements are usually symmetrical about the vertical centre-
lTine of the tunnel.

The shape of the settlement curve above a tunnel is a
trough-1ike depression. This depression can be roughly approximated
using the error function or probability curve (Peck, 1969}. The validity
of this approximation has been confirmed through model tests on laboratory
scale tunnels (Atkinson et al, 1974}.

However, in order to define the properties of the normal
distribution curve it is necessary that the characteristics of the
distribution be known. To fully define the settlement trough a measure
of the maximum anticipated settlement above the centreline of the tunnel

is reguired along with a measure of the standard deviation of the curve.
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Figure ba gives the properties of the settlement trough
above a single tunnel 1in terms of 6max and i1 (equivalent to standard
deviation).

Peck (1969} has assembled from observations of funnpels
through various soil types, a chart which can be used to estimate the
standard deviation of the settlement trough distribution. From Figure
5b, knowing the depth and radius of the tunnel, an estimate of i can
be made for a specific soil type. The curve representing soft to stiff
clays was used for the analyses in this report. In reality, the
properties of the ti11 will lie between the classification for rock
and hard clays and the soft to stiff clay group. Using the soft to
stiff clay classification should yield over-estimates of the subsidence
above the tunnel.

Since the value of the maximum settlement at the centreline
of the trough, 6max’ is not known, settlement profiles have been
determined for various percentages of the theoretical volume of the
tunnel excavation.

Using the following relationship, the maximum settlement,

émax’ can be calculated for any assumed volume.

(6)

Single Tunnel

Calculations, based on the guidelines established by Peck

(1969) for settlements above a single tunnel, are outlined in Appendix A.
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The estimated settlement profiles for a single tunnel are plotted in
Figure 6.

The maximum percentage of Tost ground assumed is equivalent
to 15 percent of the tunnel volume. This amount of subsidence is
excessive and unexpected on this project. The results were plotted to
indicate the influence on settiement of large runs into the tunnel
should they occur.

It can be seen that using the relationships described by
Peck {1969), the magnitude of the percent Tost ground has little
influence on the width of the settlement trough at the ground surface.
This is so since 1, a measure of the standard deviation of the distribut-
ion,is only influenced by the soil type and not the amount of lost
ground.

From Figure €, the width of the settlement trough over
which significant displacements may take place is approximately 80 feet

for a single tunnel.

Settlement Above Twin Tunnels

There are two methods available for determining the setile-
ment profile above a pair of twin tunnels:

(i)  Superimpose the settlement above two tunnels.
or (i1} Calculate a distribution based on using an equivalent

radius, R', calculated from the following

R' = R + g- where d = spacing of the twin tunnels, centre-

to-cenire.
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The curves resulting from superposition of single
settlement curves are plotted in Figure 7.

On the basis of an equivalent radius R', equal to 30
feet, the settlement profiles are shown in Figure 8. All calculations
are summarized in Appendix A.

It can be seen that in both cases the width of the settle-
ment trough extends approximately 60 feet on either side of the centre-
lTine of the twin tunnels. The width of the trough and the amount of
settlement that takes place above the trough have severe implications
for the structures adjacent to Jasper Avenue and 99 Street. Extensive
toss of ground into the tunnels can cause settlements of from 0.1 to
0.2 feet at distances of 50 to 60 feet from the centreline. If this
amount of subsidence took place, substantial damage to adjacent structures
would occur.

The matter of a single or doubie settiement troughs is not
easily defined. Depending on the soil conditions and tunnel spacing
either could result. Since the twin tunnels are passing through a stiff
ti11 material i1t is anticipated that the settiement curves obtained from
the superposition technique will be valid.

The amount of settlement is also very much a function of
the ground condition: if ravelling ground or soft clay were encountered
during the excavation, larger settlements would be anticipated. The
shielded mole to be used in the construction of the tunnels allows only
partial exposure of the face under adverse conditions. Thus, severe

running or ravelling of ground into the excavations can be inhibited
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and the asscciated settlements minimized.

Larger diameter tunnels in Edmonton usually have associated
with them small settlements at the surface (Personal Communication,

G. Emanuel, 1976). However, most experience has been gained with
.tunﬁe1s located at greater depths in the Horseshoe Canyon Formation.

In an attempt ito estimate the amount of settlement which
may take place the construction techniques and soil conditions must be
fully evaluated. Further, the problem is complicated by a variable
stratigraphy across the site. While the tunnels pass entirely through
the till, the varying thicknesses of the lacustrine silty clay and fill
across the site will give variable settlements along the tunnel section.

As mentioned previously. the construction technique involves
a primary lining which comes into direct contact with the soil as
soon as the soil is exposed behind the tailpiece. If improper wedging
of the Tagging takes place a maximum squeeze or closure of the soil of
approximately two inches into the tunnel may occur. This amounts to
1.5 percent of the theoretical volume of the tunnel. From Figure 7,
the induced settlements will amount to approximately 0.11 feet at the
centreline of the twin tunnels, 0.1 feet 30 feet from the centreline
and about 0.03 feet at distances of 50 feet from the tunnel centrelines.

The effect of the passing shield in the second tunnel may
also influence the deformations (and settlements) above the first tunnel.
However, since the till is a relatively stiff material, (Cu approximately
3500 psf} remoulding of the soil should be confined to the région

immediately bordering the tunnel and the influence on the adjacent tunnel



will be negligible.

From the case histories outlined by Peck {1969} for
tunnelling in similar ground conditions, where good workmanship
prevails, maximum settlements of from 0.1 to 0.2 feet were recorded.
This corresponds to a settlement trough volume of from 1 to 2 percent

of the excavated volume.

Finite Element Analysis

In an earlier design evaluation, in an attempt to evaluate
the stress changes and deformations taking place around the tunnel,
several finite element analyses were carried out. Both stress analyses
and deformation analyses were performed.

The simplified soil profile, with the appropriate elastic
properties which were used, is shown in Figure 9. The finite element
grid used in the immediate vicinity of the tunnels is shown in Figure 10.
The entire grid used actually represented a section 450 feet long by
100 feet deep. However, results of the analyses showed that the zone
of influence of the tunnel excavation was restricted to the immediate

vicinity of the tunnels.

Stress Analysis

The stress analysis was conducted in order to estimate the
deformations which would occur in the soil due to the excavation of

the tunnel. In these analyses, two different assumptions were made
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regarding the stiffness of the lining. Analyses were carried out

using a soft (flexibie) lining where

Eiining 1
Etitr

and a stiff lining where

Ejjﬁjﬁﬂ~ = 4

E4i1

This was an attempt to define the influence of Peck's
(1969) assumption of a flexible, primary lining on the deformations
occurring above the tunnel. The forces applied to the nodes are tabulated
in Appendix A and correspond to the stress distribution suggested by
Peck (1969) and shown in Figure 4.

The results of these two analyses are plotted in Figures
11 and 12. Using an elastic analysis, the calculated deformations above

8 feet.

the tunnel are negligible - in the order of 10
The analyses do confirm the likelihood of a symmetrical
settlement profile represented by the normal distribution curve. At a
depth of 8.5 feet below the ground surface no displacements were
calculated in the analyses.
In the analyses carried out, an error was made in the
direction of application of one of the nodal forces. This error was

such that it would tend to over-estimate the displacements above the

tunnel. Further, the zone of influence of the individual forces is
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relatively confined and the implications of the error are therefore

not serious.

Deformation Analysis

This analysis was carried out on the premise of a two
inch radial squeeze into the tunnel after the shield had passed. This
was Telt to be tne worst case but does not represent any lost ground
due to running or ravelling at the face.

Displacements of two inches radially inwards were applied
to the nodes. The x-y components of these displacements are calculated
in Appendix A. The results of this analysis did not prove conclusive
to any degree. The effect of the two inch radial displacement when
used with a linear elastic modeil of the soil was to develop a
localized area of high stresses immediately adjacent to the tunnel.

No influence was felt at the ground surfaée.

In an attempt to reconcile the zone of high stresses, after
the first analysis a zone of plasticity was delineated by studying the
stress levels and the available shear strength. An average
displacement of 1.1 inches was found at the nodes bordering this zone.
Since the zone of plasticity was above the available strength in the
soil, then the displacements of 1.1 inches were input acting on a circle
in the mesh where the size of the circle fepresented the zone of plasticity.

Using this approach, at a depth of 8.5 feet below the
ground surface, displacements were calculated and are shown in Figure 13.

Again, no deformations were calculated at the ground surface.
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Discussion of Finite Element Analysis

Finite element analyses, applied in the method described
previously do not give representative or realistic results. The major
problem is that the analysis is based on a linear elastic model for
the soil. Using this approach. the soil, when under the influences of
large stress changes or large deformations, acts as though infinite
strength is available.Because of the non-Tinear properties of the soil
stress-strain relationships, the use of a Tinear model for the tunnel
analysis is not vaiid particularly in the case of the displacement
analyses.

As an example of the stress tevels in some elements, the
maximum shear stress developed in one element during the displacement
analysis was in excess of 38000 p.s.f. The drained shear strength of
tne soil in the vicinity of this element, at a depth of approximately
40 feet, is 4000 p.s.f. The shear stress induced by the displacement
of two inches is approximately i0 times greater than the available
shear strength.

In order to obtain representative results from a finite
element analysis of the tunnel, a non-linear stress-strain model of the
soil must be used. Further, an incremental analysis would assist in
obtaining reasonable results.

Due to the limited resources available these necessary

refinements to the analysis were not carried out.



Anticipated Settlements

The actual deformations taking place above the tunnels
will probably lie between the empirical approach of Peck (1969) and
the results of a reasonable finite element analysis. Due to the
consequences of any settlements, the empirical approach of Peck (1969)
should be used as a yuideline in design even though it probably
represents an over-estimate if good workmanship and favourable ground

conditions prevail.

SUMMARY AND CONCLUSIONS

Analysis of the steel stiffening ribs indicates that a
spacing of 4 feet will be adequate. Various methods are available for
estimating the earth pressures which will act on the tunnel. The worst
possible cases have been used in design in order to obtain conservative
results. The pressures actually existing on the tunnel will probably
be substantially less than those used in the analysis.

The 4 x 6 incn spruce lagging is capable of supporting the
anticipated loads in the long-term loading condition. In the short-term
however, if the maximum jacking Yoad of 3500 tons is reguired to advance
the mole, failure of the lagging must be anticipated.

The settlements taking place above the tunnel are estimated
to be in the order of 0.5 to 1.5 percent of the tunnel volume, assuming
good workmanship and no running or ravelling of ground occurs. Minor
problems may be encountered with the occasional water~bearing-sand sea

or pocket within the till stratum.
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Construction techniques including wedging of the lagging,
and the rate of advance of the tunnelling operations will control the
amount of deformation to a large extent. Unfortunately. these represent
the least quantifiable components in the basic analyses carried out.

Finite element analyses must be extended to include non-
linear stress-strain relationships and incremental analysis if reliable

estimates of the deformations are to be obtained.

RECOMMENDATIONS

Construction of the Edmonton Rapid Transit system tunnels
provides an excellent opportunity to obtain information to re-eva1uate'
the design processes and assumptions at least on a local basis.

A properly conceived instrumentation program could be used
to obtain valuable information on earth pressures acting on the tunnel,
deformation of the Tining and subsidence or settlement above the tunnel.

Since the extent of this tunnelling project is so large,
measurements and performance evaluations could be used as a basis for
re~design of the tunnel Tining as work progressed.

The design approach in this report took the most conservative
approach possible. If accurate measurements were made the design could
be reduced to an efficient state and result in substantial savings in

the overall cost of the tunnelling project.
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Design Notes Tunnel Project

Assume that the temporary lining is completely flexible,
(and connections are not 100% efficient) thus the temporary iining will
deform such that the neutral axis in the stiffening rib coincides with
the Tine of thrust and no bending moments will develop in the rib (in
a plane normal to the axis of the tunnel).

Only radial pressures acting on the rib.

Design of Spacing of WF Ribs Within the Tunnel

The standard rib to be used in construction of the primary
lining for the rapid transit tunnel is:
WFe x 25 @ 50 ksi yield

and has the following sectional properties (C.I.S.C., 1970)

I -
E Area = 7.35 in°
+ | 1 % dw = 2.08 in®
T M’e“*‘% hiw = 17.1
T . e X - -1
m....,“,‘__,w d/Af - n30 m
' c=1/2 web » 1/16% wt = 25#/ ft
it )
d =6.37"
- » >
. b = 6.08"
1, = 53.3 ind t = 0.456"
Sy = 16.7 in° W = 0.320"
r, = 2.69 in a =27/8
Zx = 18.9 in3 T = 4 1/2"
Iy = 17.1 in® k = 15/16"
- .3 N "
Sy = 5.63 in K, 9/16
r = 1.53 in c = 174"
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Assume the following critical geologic profile and

conditions at the site:

Borehole Mo. 2

130N of Jasper Avenue

200'E of 100 Street

U.T.M. 5.934,2711:0 N
33.917-8 E
ELEV, 22283
FILEL OVERLYING
LAKE EDMONTON
v CiL.
5.0 LAY
=120 LBSE 3
ToEsion fex
ELEV. 25133
TiLL
153
T?Eﬂ&ﬁizijSLBSFTi
=z
P _ ELEY. 21980

22

e ELEY. 2177 5‘___

ELEV, 2173-a"
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Design_Notes Tunnel Project

Seil profile obtained from E.B.A. Geotechnical Evaluation
(E.B.A., 1975) Water table at depth but ground saturated {assumed)

Tunnel diameter of 20.5° from details of proposed mole.

Fo Va]ug

The tilt in downtown Edmonton area is known te be
overconsolidated. - However, significant lateral stress relief due to
influence of downcutting of Saskatchewan River Valley reduces the
coefficient of earth pressure at rest to Ko = 1.0
From Brooker and Ireland (1965}

K, = fn(Ip and 0.C.R.)
from E.B.A. (1975) Ip avg = 20%

' OlC-Rc

1t

2

From Figure 11 (Brooker and Iretand, 1965) for Ip = 20%, 0.C.R. = 2
KO = (0.70

Therefore, if Ko = 1.0 used for design results will be conservative.

Pressure Distribution on Tunnel Lining

From Peck (1969) have the following suggested design pressure

distribution around a flexible tunnel Tining (see Figure 4).
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Design Notes Tunnel Project

Where PZ = the vertical stress at the centre of the
tunnel {used as an average value)
If KO=] then the uniform applied stress on the primary lining
= 1/2 {1+1) ?Z = Pz

Basis of Analysis

Consider a 1/2 section of the tunnel since it must be

in equilibrium. The forces can be resolved in the following manner:
Y

Now considering equilibrium in the horizontal direction
Z = =
Fx 0 Ph Ph
LT - i
and Ph —OI rpcosade rpof cos8do
= rp [~Sin6]g = rp (0-0)
therefore we see that PH=PH:O and equilibrium exists in the horizontal

direction.
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Design Notes funnel Project

in the vertical directiogn

m
RPV :of rp sind db

ﬂ
= rp 6 $in0 do

= rp[cos@]i

= ppleosm -~ cosel = - 2 vp
therefore Pv =rp
From moment equilibrium it can be shown that the moments ai the ends
are alsg zero.
Further, since a uniform all-round state of stress exists then no
matter where the section is taken around the ¢irvcumference of the
tunnel, the shear force across the section and the moments will be zero.

Therefore, the only force acting on the section is:

= L
P, = 1P where p 5 {1+ KO)pz

Now consider the system

IE:-“*’”WJIMM~WI

| X
t

Fach stiffening rib has transferred to it via the 1agging a load

dependent on the spacing of the ribs.
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Design Hotes Tunnel Project

Tne allowable stress in the steal member is:

Gapy = 0-6 F, = 0.6(50,000) = 30,000 psi = 30 ksi

Since o1 © 30 ksi and the area of the section is 7.35 inz

Therefore PaH = g_ - A= 30,000 * 7.35 = 220 kips.

a

From the previous calculations know P, = R-pand p = vz {z @ ¢ of tunnel)

h
Y12y 1,2, = 120(15) + 135(25.6)

i

and in this case p

5260 #/ft (#/Ft/ft of tunnel)

i

Therefore P = Rep = 10.25 {5260) = 53900 #/ft of tunnel
Therefore the spacing of the yibs based on the axial compressive

strength of the WF beam alone is:

P .
Spacing = Pig} = gggggo = 4.1 feet.

Now consider the lagging/beam interaction

Considering the lagging board at the side of the tunnel
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Design Notes Tunnel Project

Say the boards are 12" pieces of lagging (N.B. this assumption makes
no difference to this portion

of the analysis)

Then, the foliowing condition exists

QLLI&LllLtL&jjifiLLLLujiliLullﬁ~«mmm_“~Earth Presggure

or on the flange of the beam (assume all Joad transferred to lower flange)

R

Therefore 0 = 1.0(5260) (1) = 10783# - say 11,0007/Ft of beanm

Total load § over 1 ft of beam for
a 4.1 foot rib spacing is

Q=K yz* & (for each 1/2 web )

Now if the upper flange of the beam is assumed a rigid support for the

Long-Term Condition the following condition exists:

Assumed perfect fixity

Koo R a
11000 #/T6. | |

fonsidering secticn A-A under symmetrical loading
p = 22000 1/t of beam.

Area of web for 1 foot = w*% = 0.320" * 12 = 3.84 in”
. 22000
actual 3.84

U171 © 0.6 fy = 0.6 * 50 ksi

Therefore o = 5730 psi = 5.7 ksi

30 ksi

1l



Desigpn_Hotes Tunnel Project

Therefore there is adequate strength in the web to resist the applied
toads.

Now considering the section B-B through the flange

Tactual ~ %122_0_ where Area = 0.456" * 12" = §.74 in°
']5“3’%(7)9' = 2010 psi

But = (.6 Fy = 30000 psi therefore flange strength 0.K.

tat
During the passing of a 2nd tunnel adjacent to an existing tunnel, it
has been shown (Peck, 1969)that the tunnelling alters the shear stress
distribution around the first tunnel and increases the applied load on
the lining of the first tube. However, in the cases considered by Peck
(1969) the applied pressures approached the total overburden pressure.
Therefore, in this case since Koxl has been assumed for design then the
design has been based on full overburden pressure. Therefore, one can
neglect the effect of the passing tunnel on the design of the stiffening
ribs in the primary lining.

Now consider this case.

This case may arise during tunnelling, i.e. where the stiffening ribs
have been left unsupported and there is only an applied load from the
tagging on one side.

Considering a gross approxXimation

F/4
11000”éi
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Wnere M = PAL where L = (245752“ 218y 916 < 1,720
Therefore 1 = 1500 % 1 72 = 1580 in"/in of bean
and PA = 9720 #/in of beanm

Therefore considering a rectangular section 1" wide

80 ine- 5
] 15 ln#l‘l"i

S o

3 .. 3
=P My _ bh? _1%(0.32)7 !
“max T KT I = 5= 17 = (1.00273 in
920 1580(0.16) _ .
®0.32 T 000273~ 90000 psi
31 = .?.. - i_ﬂ!; K .5
Iin =K 7 I 90,000 psi
but o.., = 0.6Fy = 0.6(50,000) = 30,000 psi

And the strength of the section has been exceeded by a factor of 3.
However the validity of this result rests on the initial assumptions
of complete fixity (rigidity} of the support, and lack of any
restrainihg force on the opposite side of the member.
Further, this is in reality a complex, 3 dimensional bending
probiem which cannot be adequately analysed using simple statics.
Because a moment is applied to a curved member, compressure

forces normal to the plane of bending complicate the analysis.
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The assumption of a fixed end is far from the actual case. In reality,
the support will tend to rotate and act as a pin (i.e. U moment developed)
Also, the interaction of the lagging/beam is not a rigid connection and
therefore the system should deform to a state of zero moment. Further,
the WF stiffening vib will generally be supported in the opposite
direction, either by Jagging (case previously analysed) or by the jacking
system for advancement of the shield.

Design_of Lagging

Must also consider the strength of the wood Tagging to be used in the
temporary lining of the tunnel. |
Information for Design

Lagging - al1 4"x6" spruce

Jacking Pressures 1)Maximum Pressure = 3500 tons
for shield/mole  2)Anticipated operating range 500-1000 tons

{Personal Communication, G. Emanuel, 1976)
Diameter of excavated tunnel = 20.5 feet
Thickness of ltagging in tunnel = 4" = 0.333 ft

Area of annular ring from 20.5' to 20.16667 ft is

Area = ﬁ(E%Lg)z - ﬂ(gg;§%9;§§§§ga
- 1077t
= 3533?”2

Therefore, jacking pressure on timber lagging is
~ 3500%2000

Maximum = ”—-’—5—33———” = 4,87 ksi
*
Maximum Operating = 19%25%999-: 1.31 ksi

Minimum Operating Eg%g%%xl = (.65 ksi

I
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Now consider the design of the lagging as a simply supported beam.

First consider the long-term condition where no axial loads are applied

to the Tagging from the forward jacking of the shield.

Long-Term Case {simple bending of member)

ARy —-—"

w, = (Kovz) 3 = 1(5260) & = 2630%/ft of Tagging = 219%/in lagging

? since exposed lagging section is 1/2' wide.
Therefore Ri=R, = 4k - 2630741 _ 5400"
172 2 2 2
S = section modulus = Q%M- for rectangular section
2
Therefore S = éﬁ%lm~= 16 Tn3

2 Es 2
L WRe L 219(4.1%12)° | . #
Muax = B g 66300 in
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From page 52 Timber Design Manual (1972)

M K

Sreq‘d = FTEE‘ where Km = Moment Factor = 1.0

_ M _ 66300
req'd F'b F‘b

Therefore S

For sawn timber F'b = FbKS KFKD

b
where KSh = service condition factor for bending = 7.0
KF = treatment factor =1.0 for untreated wood
KD = joad duration factor = 1.0
and Fh = 1150 psi
66300 3

Therefore Sreq’d = ‘m = B7.7 1in

Therefore, the required section modulus is much greater than the

actual section modulus and failure of the lagging in the long-term
condition can be expected.

Further, if axial Toads due te the applied jacking force are considered,

the situation is aggrevated.
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Using the previous analysis, substantial lagging sectional properties
are required in order to ensure the stability of the timber lagging.
However, this result is grossly inconsistent with the current practice
and performance of tunnelling carried out in the City of Edmonton.

Tne major probiem involved in this portion of the analysis is the lack
of capabiltity to satisfactorily quantify the soil/structure interaction
and to separate out the roies of the Tagging and stiffening rib system.
The theory of arching in soils when applied te the given houndary
conditions leads to reascnable results.

Previousiy, the rib lagging system was assumed flexible when considering
the design of the stiffening ribs. However, the ratio of the moduli

of etasticity for both the wood lagging and the steel ribs is:

Ewood

=L
E i

steel
and in fact the wood lagging is substantially more ductile than the

steel ribs.

Now, consider an individual cell in the tunnel consisting of two "stiff"

steel ribs and the lagging

Terzaghi (1943) has outlined the
theory of arching in soils.
Laboratory investigations have

{ ; shown that the pressure on a

; I yielding strip such as a-b is almost

} I

] 1

{

independent of the state of stress
existing in the soil at a height of

| more than 26 to 3B above the top
—— %ELJ W of the strip.




59

Design Notes Tunnel Project

Further, Terzaghi and Peck {1967) indicate that the uitimate pressure
imposed on a yielding strip is nearly totally independent of depth z
of the tunnel below the ground surface. Further, the pressure exerted
on the strip is approximately equivalent to the weight of the soil in
the shaded area abc on the previous figure.
}F this shaded area is assumed te be a rectangle having dimensions
Bx2.58 (4.1'x2.5%4.1'), the estimated stresses acting on the lagging
supported between the two steel stiffening ribs can be calculated.
Therefore, assuming arching is taking place between the individual ribs,
the earth pressure acting on the lagging at the top ¢ of the tunnel
is equivalent to:

(4.1*10.25")
or a layer of soil 10.25° thick resting on the lagging.
Consider the lagging as a simply supported beam under the influence of

the given pressure distribution {again Tagging is 6" wide)

LU L T5€30.257155)

e —coofhs. sz
' * =092#;t./2 £t of wall

_692%. 1

- #
2 5 = 1420

R}=R

v o= 692#/ft/]/2 ft of wall = 58#/1n/1/2 ft of wall
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Long-Term Condition

P x191%
Mooy = 5 = 228180 - 47650 4y 1ps.

max 8

From the Timber Design Manual {1972)

M
Sreq'd = FTg“ where Ky=10 (defined previously)
F = 1150 psi
. . . . 17550*1.0 . .3
Therefore, breq‘d = YRR 15.3 in
N 3
but Sactua1 = 16 in” therefore 0.X.
For shear in the member:
1.5V KN
Areq‘d = ~?T~w4m—- vhere KN = notch factor = 1.0
- Wy 2d 2837 2(4), _
¥ o= 5 {1 3 } = 5 (1 -~ 49.2) = 1188%*
and Flv for sawn lTumber is:
F v = FvavKFKD KD = duration factor = 1.0
KF = treatment factor = 1.0
KSV= service condition for horizontal
shear = 1.0
Fy = 85 psi (L.T.I.C., 1972)
. L.5{118s)(1) . 2
Therefore, Areq‘d = BE = 21 in
- '2 = o
but Aactua} = 24 in~ therefore G.K. in shear.

The anticipated deflection of the member under long-term conditions is:
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K, = deflection factor = 1.0
A = Mf——x bpnd %4>
384E'T A I = 35-2 —=%— = 32 in

12 12

where E' = EKSEKF where KF = 1.0

4
= 20584 1M12) . 10 inches

384*1,200,000%32
KSE = service condition factor = 1.0

E = 1,200,000 psi

Thus, in the long-term conditions a 4"x6" Tagging member is sufficient.
It should be pointed out that since the lagging is restrained against
buckling in 3 directions, the unsupported Tength is equivalent to the _
tength of the member.

Short-Term Design of Lagging

In the short-term the lagging/support system in the tunnel will be
subjected to axial forces due to the jacking préssures of the mole and
shield. It is necessary to evaluate this condition in order to assess

the overall performance of the lagging. The anticipated jacking pressures
have been outlined in a previous section.

A member under the influence of combined bending and axial Toad must

be designed to satisfy the following condition:

where M = bending moment
M/S P/AN S = section modulus
= + F < 1 F*b = allowable working stress
b a “in bending
P = axial load
AN = net area
F'a = allowable direct working

stress
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Consider the performance of the 1agginguﬁderthe maximum anticinated

operating pressure of 1.31 ksi:

W=692 %th,‘

» /.
1.31 1 ai
51 e L L L T 3650 Jest rd
32K 4 b2 K
4,11
W= 697%4. 1" = 2837 L = 49.2 inches
P = 32000#
TR U I =32 ink
38IEL | PLZ E = 1,200,000 psi
10E1
. 5(2837)(49.2)% ] = 0.115 * - inc
384(1,200,000)(32) RS 0.115 * 1.253 = 0.744 inches
V- 15(7.200,600)(37)
M = §£-+ P = 3§§Z%ﬂ9:§- + 32000(0.144)

= 17550 + 4608 = 22158 in"
3

S = 16 in
p = 320007
Ay 24 in?
F‘b = FbKSbKFKi]Where Fb = 1150 psi
Ksb= service condition faqtor for bending - 1.0
Kp = treatment factor = 1.0

P

toad duration factor = 2.0 since jacking
D pressure can be considered an instantaneocus
{oad

{i

K

therefore F'b = 2300 psi
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F'' = F K K-K-K vhere F_ = allowable unit stress
a ¢scTFDTC ¢ paraliel to grain = 800 psi
KSC = gervice condition factor for
compression paraliel to grain
={.91
KF = treatment factor = 1.0
KD = joad duration factor = 2.0
KC = slenderness factor = 1.0

Therefore F'_ = 800(0.91)(1.0)(2.0)(1.0) = 1450 psi.

P/Ay 22150 32000
Wou Mo + 24 = 0.60 +0.92
b Ta 2300 7450

Therefore

= 1.52 £ 1.0
Therefore the stresses at the maximum anticipated operating pressure
exceed the allowable stresses.

At an operating pressure of 500 Tons

f

A= 0.115% 5 = {0,129 “inches
, . 16000(49.2)%
T0(1200,0007(32)
Therefore # = % + P4 = 17550 +16000(0.129) = 19600 in®
ws PRy 19600 16000
and B2+ 1216 v 2 = 0.53 + 0.46 = 0.99 = 1.0
b 2300 1450

Therefore at the Tower anticipated operating pressure the stresses within

the lagging are at the design limit.
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At an cperating pressure of 3500 Tons

A= 0.115 * 1 5 = 0.37 inches
. 109000* (49, 2)
T0(1200000)(32)
Therefore M = g£-+ PA = 17550 + 109000(0.37) = 57900 in 1bs
P/A 57900 109000
and 42+ N =76 w2 = 47021
b Fa 2360 1450

and the design criterion is again exceeded.

From the previous consideration of the Tagging in the short-term case;
under the influence of the jacking pressure of the mole and shield,in all
~cases the stresses in the lagging members are at or above the design
Timit.

However, the recommended stress levels in bending and axial load
suggested in the Timber Design Manual (1972) are conservative. Dr. J.
Longworth, Department of Civil Engineering U. of A. (Personal Communication
1976} indicated that on a statistical basis, the stresses at failure for
a@ timber member are at least twice as large as the recommended design
values (i.e. Factor of Safety of 2).

It is therefore anticipated that the lagging will perform satisfactorily
in the short-term case when the applied jacking Toads are within the
range of anticipated working loads of 500 to 1000 tons.

However, if the jacking load required to advance the mole and shield

approaches the maximum capacity of the jacks,i.e. 3500 tons, failure of



65

Design Notes Tunnel Project

the lagging immediately adjacent to the tunnelling machine can be
expected.

At Targer distances from the tunnelling machine the applied axial

toads due to jacking will be some fraction of the actual jacking loads
due to the soil/structure interaction. Some of the load will be
dispersed as a shear stress development between the lagging and the soil.
The actual distribution is difficult to quantify however.

Design based on the critical section adjacent to the tunnelling machine
cah be considered as the limiting case.

As well, some flexure will be introduced into the lagging members

as they pass from the shield into contact with the soil.

Settlement above Tunnel

It has been found,through instrumentation and observation of several
tunnels, that the settlement profile above a single tunnel may be
reasonably represented by the normal distribution curve or error
function.

In order to estimate the settlement profile above a tunnel the maximum
settlement,Smax, must be known or assumed. Assumptions regarding the
maximum settlement that may take place can be made from observations of
the performance of other tunnels under similar soil conditions. Further,
the width of the sett?ement'trough must be known.

From observations and recorded data a relationship between the width of
the settlement trough and the dimensionless depth of a.tunnel has been
developed for various tunnels passing through different materials {Peck 1969).

This relationship is shown in Figure 5.
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An approach to estimating the settlements above a tunnel, is to
assume a certain percentage of Tost ground {a percentage of the tunnel
area over a specified length} and calculate the settlement profiles
for various quantities of lost ground.
The area of the trough can be estimated using the relationship:

Area = 2.5 1 &max
or Volume = 2.5 i émax per unit length of tunnel.
For the proposed tunnel:

7 = depth of ¢ below ground surface = 40°

R = radius of tunnel = 20'
Therefore %ﬁ- = gg‘: 2
and for soft to stiff clays from the relationship plotted on Figure 5

we have:

= 1.5 therefore i = 15'

le_:.

Now consider the settlement profites for Tost ground amounting to

1.,2,3,4,...% of the tunnel area.

Initial diameter = 20.5 t Area = 330 ft°
% Lost Ground Volume of soil Smax
(Area/unit Tength of tunnel) {ft)
1 3.3 ft° 0.088
2 6.6 0.176
3 9.9 0.264
4 13.2 0.352
5 16.5 0.440
7 23.1 0.616
10 33.0 0.880
15 9.5 1.32
vy v oy
from dmax = 52 = 5FMEy T 3%
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The calculations for the different assumed values of lost ground are
summarized in Table 1.

The different ordinate values were calculated using the properties of
the normal distribution curve (Neville and Kennedy, 1964).

Settiements above Tunnel Pairs

The settlement occurring above a pair of tunnels can be estimated using
one of the following approaches:
{a) Superposition of the settlements of the individual tunnels.

or (b} Determination of a settlement trough for a single tunnel using
an equivalent radius based on the diameters of the single tunnel.
The center 1ine of this combined settlement rough will correspond
with the line of symmetry of the iwo tunnels.

Approach A

From the previous calculations the effects of superposition of the

individual settlement curves can be summarized.

It has been assumed that the tunnels are at 40' centre-to-centre for

simplicity of calculations. The actual spacing is 39 feet centre-to-

centre. The differences in the estimate resulting from this assumption

are negligible.

The calculations are summarized in Table 1I.

Approach B

Using this approach an equivalent radius for the twin tunnels can be

calculated from

R' = R + g, where d = spacing (Peck, 1969)
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therefore R' = 10 + gg— = 30!

L -_d}g- -—3_.,..-.- ] = ¥
therefore SRS B0 g.67 = R (.70 therefore 1 21

therefore V = 2.5 1 Smax per unit length of tunnel

i)

therefore V = 21(2.5) Smax = 52.5 émax
The calculations are similar to those for a single tunnel and are

summarized in Table II1I.

Finite Element Analysis

Assuming the original stress distribution outlined by Peck (1969), the
nodal forces required to give a stress free boundary in the finite

element analysis are calculated below.
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At point i

0. = K
7 0

91

93

Tunnel Project

Y(zT - r $ind)

K0 'y(zI - v sin@)
Vi

wr(zul - r siné) cos6 + y(z] - r sing) sinZB

g, = Y(Zi - v sing) [Ko(l - sinze) + sinze]

/ . . 2
o; = ylzy ~r sing) [KO + sine (1 - KO)]

72

Calculating stress relief that takes place upon excavation of the _

tunnel,

Know:

e - - - -2 -
oj = 7{zy ~ rsing) [K, + sin®e (1 - K )]

vy = 125 p.c.f.

K, = 1.0

zy = 34

r =10 ft

o, = 125(34 - 10 sing) = 4250 - 1250 sino
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for nodes 90 and 67

15° +15°
r/ = (4250 - 1250 sinB)d6 = 42500 ¢ + 12500 cose |

-15°¢

R =
90 150

R90,67 = 42500 (0.2618 + 0.2618) = 22,253 1bs

for nodes 91,68

45°
qu =10 f (4250 ~ 1250 sing)de = 4250 * 0.5236 + 12500 (0.707 - 0.966)
15°

R91§68 = 19,016 1lbs

Node 92,78

R92 = 22253 + 12500 (0.259 - 0.707) = 16649 1bs
Node 79
Ryq = 22253 + 12500 (-0.259 - 0.259) = 15783 1bs

Node 89,66

R89 = 22253 + 12500 (0.966 - 0.707) = 25,940
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Hode 76,65

Ru6

Rea

Node

b4
65
66
67
68
76
78
79
89
90
91
92

= 27853

= 28723

Angle From
Harizontal

it
60
30
0

30
60
60
90
30
0

30
60

Tunnel Project

R({1bs)

28723
27853
25940
22253
19016
27853
16649
15783
25940
22253
19016
16649

Rx{1bs)

13927
22465
22253
16468
-13927
8325

-22465
~22253
-16468
~-8325

Ry(1bs}

28723
24121
12970
0
-9508
24121
~14419
~15783
12970
Q
-9508
-14419
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Finite Element Analysis - Imposed Displacements

Another portion of the finite element analysis carried out in the
previous investigation imposed a radial displacement of 2 inches inward
on the tunnel. The x-y magnitudes of the imposed displacements are

Tisted below.

Node %¥-Displacement (ft) Y-Displacement (ft)
79 0.0 -0.1667
92 -(.0833 ~0.1443
91 -0.1443 -0.0833
90 -0.1667 0.0

89 -(.1443 0.0833
76 ~0.0833 0.1443
64 0.0 & 0.1667
65 0.0833 0.12443
66 0.1443 0.0833
67 0.1667 0.4

68 0.1443 - -0.0833

78 0.0833 -0.1443



