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INTRODUCTION

Interaction between tunnel lining and surrounding geologic medium has been the
subject of many recent literature contributions, and it is now possible to deal
with complex interaction with considerable mathematical finesse. These
contributions, however, have not greatly improved our understanding of soii
behavior around a tunnel. In spite of the elegance and rigor of continuum
mechanics solutions, it is doubtful that they really offer an improvement in the
accuracy with which linings are designed.

The interaction problem will only be solved rigorously when the mechanisms of
soil behavior in the tunnel environment are well understood, both in the short
and the long term. This is a soil mechanics problem rather than a stress
analysis problem, and a practical solution has eluded researchers and practition-
ers for years.

It may be argued that accurate solutions to the interaction problem are not
greatly needed. Indeed, other factors based on purely practical and economical
construction considerations often control the concepts and details of lining
design. Nonetheless, because a lack of understanding of soil behavior occasion-
ally will lead to inappropriate and often too conservative (and sometimes
unconservative) designs, it is necessary to come to grips with the interaction
problem.

THE CONTINUUM MECHANICS MODEL

Lining design models based on continuum mechanics principles are described in
summary by Duddeck and Erdman (1982). A good example of this approach is
Muir Wood’s 1875 treatment of the subject, amplified by Curtis (1976). The
assumptions made for such models usually include the following:

o} Piane strain conditions are assumed.

[¢] Radial pressures on the lining are equal to the in-situ stresses in the
ground before the tunnel is bujlt, or some modification thereof.

0 Tangential pressures may be included or ignored.
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o Lining distortion and compression are resisted or relieved by reac-
tions from the ground.

o) Both lining and ground are assumed elastic.

Based on the assumed loading condition and the ground-liner interactions,
equations are established for calculating maximum thrust and moment in the
lining, as well as compression and distortion, for use in design. Both the loading
assumptions and the assumptions made in regard to the equivalent elastic
properties of the ground are subject to wide limits, even if the ground
conditions are well known. Thus, the designer has the advantage that he can
select such assumptions as will lead to a satisfactory design, in his judgment.
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Most continuum mechanics solutions make the assumptions that the applicable
vertical stress is equal to the vertical in-situ stress at the depth of the tunnel
centerline, Yzo (Y = soil density, zp = depth to tunnel centerline),
and the applicable horizontal stress is a proportion thereof, KoYzo,
where Ko may or may not be equal to the in-situ at-rest pressure coeffi~
cient. The resulting radial and tangential pressures on the lining are shown on
Fig. 1, and are

OrR=%%Yzo ((1+Ko) + (1-Ko) cos 20) (M
o =% Y zo (1 - Kyp) sin 20 (2)
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Fig. 1 Pressures at soil-lining boundary, assuming no slip, for continuum

mechanics approach (shown with Ko = 0.8). 1b shows data as
1a but folded out on the perimeter.

With these initial loading assumptions, and considering soil-lining interaction,
the maximum bending moment in the lining is

= - 2 3-2v EcR3
M= Y2l =K RY (4 s i 5 ) (3)

and the maximum thrust or hoop force is
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where R = Exterior tunnel radius
v = Poisson’s ratio of soil
E¢ = Equivalent Young’s modulus of soil

E = Equivalent Young’s modulus of lining
I = Lining moment of inertia per unit length
A = Lining section area per unit length

For Ko < 1, maximum N occurs at the springlines, and maximum moments
at crown, springlines_and invert.

Equations for hoop compression and for distortion of the lining are also
available. Hoop compression is usually small and can be ignored, but the
theoretical distortion (measured or calculated as the relative elongation of the
horizontal radius or diameter) is of some interest. This equation is:

3-2v E.R?
G+v@E-4ay & ) )

R3
BR/R = Yzo (1 - Ko) Fr/ (12 +

A similar set of equations is available for the assumption of tangential slip; ie.,
OT is assumed equal to zero. Calculations show that this assumption would
increase the maximum moment by 13 to 20%, generally decrease the hoop force
by up to 22%, and increase the distortion by 12 to 20%. While these differences
appear significant, it is doubtful that any of the parameters entering the
equations can be determined to an accuracy that might make this difference of
importance.
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Before making judgments about the relative accuracy of these types of
analyses, let us examine the stresses around a tunnel of shallow to intermediate
depth.

PRESSURES ON TUNNEL IN DRY SAND

ignoring for the moment the effects of groundwater, consider a tunnel in dry
sand with an at-rest coefficient K,. Figure 2 shows the case considered.
Assume for the moment that the initial radial and tangential pressures on the
upper half are equal to the stresses in the soil existing before the tunnel was
constructed. For balance of forces, it is reasonable to assume that the
_pressures on the bottom half, the foundation pressures, are equal to and
opposite those of the top half, plus a distributed reaction to the tunnel's self-
weight.
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Soil parameters: Density Y
Submerged density Y’
Equivalent modulus Eg
Poisson’s ratio v
At-rest coefficient Ko
Water density: Yw
Lining parameters: Modulus E
Moment of inertia |

Cross section area A
Weight W = 2TRw

Fig. 2 Tunnel geometry for analyses

With these assumptions, the radial pressure on the top half is

OR = %Y (2o ~ R cos ©) {(1 + Ko) *+ (1 - Ko) cos 20), (6)
and the tangential pressure is

o1 = %Y (2o ~ Rcos ©) (1 - Ko) sin 20. (7)
Let us assume tho self-weight of the tunnel structure

W = 2 TRw
The reaction to this load would be zero at the springline. and maximur) at the

invert. Of several optional distributions, let us use a parabolic distribution of
the reaction. We obtain for the radial and tangential reaction pressures:

ORR = %ﬂw (1 - sin28) ((1 + Ko) + (1 - Ko) cos 20) (8)
oTR = 31w (1 - sin26) (1 - Ko) sin 26, 9

We have assumed here that the vertical reaction results in horizontal soil
stresses equal to Ko times the reactive pressures.
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The pressures have been calculated for the example zg = 5m, R = 2m, Ko = 0.8,
Y = 18 t/m?, w = 05 t/m, and are plotted on Fig. 3. This figure also
shows the pressures that would result from using Equations 1 and 2.
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Fig. 3 Comparison between continuum mechanics approach load assump-

tion (Eq. 1 and 2) and assumption incorporating vertical stress
gradient (Eq. 8 and 7) with contribution from tunnel weight (Eq. 8
and 9), dry sand.

Note the following:

o] Although Ko is less than unity, the radial springline pressure is
significantly higher than the radial crown pressure.

o] The lining’s self-weight supplies a significant contribution.
o) Moments that could be calculated from these pressures would be

opposite (but less than) those calculated from Equations 1 and 2,
regardless of soil or lining modulus assumptions.

PRESSURES ON TUNNEL IN SAND BELOW GROUNDWATER TABLE
Below the groundwater table, a tunnel lining will be subjected to the hydro-
static water pressure (assuming the lining is tight). In addition, the tunnel
buoyancy is resisted by soil stresses.” These effects alter the lining pressures
considerably.

The contributions are considered one by one. First consider the effective soil
pressures, using the same method as for Equations 6 and 7. We find:

OR = Valzw (Y = Y) + Y'zo = YRcos 0) ((1 +Ko) + (1 -Kg) cos 20) (10)
o1 = Yalzw (Y = Y') + Y20 — YR cos ©) (1 -Ky) sin 20 (11)

These act on the top half. Assume the same for the bottom half for
equilibrium. '

The contributions from the lining’s self-weight are as before (Equations 8 and
9).

Water pressure acts hydrostatically, and there is no tangential pressure. The
radial pressure is .

ORW = Yy (hy - R cos 6), (12)

where hy, is height of water above tunnel centerline, and Y, is the water
unit weight.

The total buoyancy is equal to

Wp = TTRZYW
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It is not evident how the reaction to the buoyancy force is distributed. Since
the force is directed verticaliy upward, it is tempting to assume that it will be
absorbed as crown pressures. However, the reaction pressures cannot be
activated without some displacement, which would relax the invert pressures.
Just how much is absorbed by increase in crown pressures or reduction in invert
pressures will depend on the soil modulus, which is likely to be quite different
at the two locations. For the sake of simplicity, assume a 50/50 split between
these contributions.

Using a similar distribution as for the lining’s self-weight, wé then find the

_increase in radial and tangential pressures on the crown (equal to the reduction
in pressures at the invert):

ORRW = 5 TRYw (1= sin20) (1 + Ko) + (1 = Ko) cos 26) (13)
OTRW = -% TRYw (1 - sin20) (1 = Ko) sin 20 (14)
Lining loads have been calculated for the example (similar to before, see Fig. 2)
of zo = Bm, R = 2m, Ko = 08, v = 1.8 /m?%, v/ = 1 t/m?, vy = 1 t/m?,
w = 051t/m, 2y = 20 = hy = Tm. The results are shown in Fig. 4 and 5. These

figures also show the standard distributions according to Equations 1 and 2,
assuming Ko = 0.8 applying only to the effective stress contribution.
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Fig. 4 Contributions to radial lining pressures, compared to continuuim

mechanics assumption (Eq. 1), sand below groundwater table.
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Fig. b
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Tangential lining pressures, compared to continuum mechanics
assumption (Eq. 2), sand below groundwater table.

It may be seen that:

e

While the two distributions have some similar features, they are
different enough that thrust and moment calculated from them would
be significantly different.

The contribution from the groundwater and its reaction is responsible
for about one-half the loads in this example, and it is not necessarily
a uniform load.

The assumed distribution of the reaction to the buoyance force may
have a significant effect on the pressure distribution and, hence, the
moments and thrusts.

The tangential pressures are significantly reduced because the
groundwater does not contribute to these pressures.

The deliberations heretofore have assumed a cohesionless material above and
below the groundwater table. They also apply to the long-term, drained
condition in a cohesive material.

STRESSES AROUND REAL TUNNELS

We have, thus far, made the assumption that the vertical and horizontal loads
on the lining may be determined from the in-situ vertical and horizontal
stresses. Writers on this subject have recognized that construction and other
conditions would affect this assumption. At least the following assumptions are
affected by the construction of the tunnel:

o]

The vertical pressures may be reduced due to stress redistribution or
arching.

The horizontal pressures may be altered by relaxation and the effects
of arching.

The tanggntial pressures may be decreased by the fact that contact
between lining and soil is only made after some time.

Othef factors that affect the actual pressure and displacement performance of
the lining include at least the following:

o]

Inelastic behavior of the soil may result in a plastic zone develop-

ment; resulting lining loads will depend on the amount of plastic
displacement allowed, and the distribution of the plastic zone around
the tunnel.

Qonsolidation of cohesive soils in the plastic zone may result in
increased loading with time.

Creep phenomena, or secondary consolidation in cohesive soils, may
have effects similar to consolidation.
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o Long-term vibrations in cohesionless soils may result in altered stress
distributions.

o Anisotropy and variability of soil parameters may affect pressures
and displacements unpredictably.

Some or all of these phenomena are affected by construction details, such as:
o] The use of compressed air
o] Temporary face suppoit by slurry or other means

o) The size of the void behind the lining and the time at which the void
is filled

0 Overcutting around curves and for course correction.

Not toc mention accidental excessive ground loss, imperfections in lining joints
and the vagaries of natural soil deposits.

In the following we will discuss some of these factors.
EFFECTS OF GROUND RELAXATION

Ground relaxation is a well known phenomenon. if the ground is aillowed to
move toward the tunnel face or the tunnel periphery, a stress redistribution
occurs in the soil that will result in pressures on the lining lower than the in-
situ soil stresses.

In granular and certain other soils (e.g., some cohesive, residual soils), the
relaxation is nearly immediate and the resulting stresses are permanent, except
for minor effects due to creep or vibration. In cohesive soils, the relaxation is
also instantaneous, but readjustment of the porewater pressures often result in
a slow change (usually an increase in effective stresses and pressures).

The amount of relaxation allowed is very much a function of construction
methods, in particular, the methods used for immediate ground control and
ground support.

Tunnel face movements are generally quite small in granular soils (provided the
ground is prevented from running or flowing). They are also small in cohesive
soil tunnels when the overload factor (ratio between overburden pressure and
undrained shear strength) is less than two or three. In softer cohesive soils,
however, a full one-third or more of the theoretical relaxation may occur
through the face. Hence, in these soils, the pressure supporting the face (if
any) has a significant effect on the amount of ground relaxation.

Ground movements radially toward the lining are important in all soils. These
movements are limited by the strength and deformation characteristics of the
soil, but also by the details of the shield, the void space left behind the lining,
and the time it takes to backfill this void space.

There is a convenient way of assessing the amount of relaxation that actually
takes place during tunnel construction. By measuring the amount of ground loss
as a percentage of the theoretical excavated volume, one can assess the
average displacement of the soil toward the tunnel opening. It is difficult to
measure this ground loss directly, but experience shows that the ground loss is
usually nearly equal to the volume of the settiement trough appearing at the
ground surface. Such measurements are now done routinely. With this type of
information, it is possible to correlate ground loss with theoretical calculations
of pressures as a function of displacement or ground loss.

As it turns out, the ground loss commonly measured for tunnels in granular soils
(order of 2 to 4%) is sufficient to develop a full plastic zone around the tunnel,
i.e., full relaxation is likely to occur. This means that the originai in-situ
stresses have vanished, and the pressures resulting on the lining are those
balancing the boundary forces in the plastic zone. Needless to say, it is
difficult to assess these balancing pressures in a theoretical fashion.

It is generally accepted that stress redistribution through arching will result in
reduced crown loads. Arching will shed loads from the volume above the
tunnel, thus resulting in increased vertical stresses (and possibly horizontal
stresses) adjacent to the tunnel No rigorous analyses are available to
determine the actual distribution of the lining load, or even its magnitude,
except for finite element analyses with complex characterization of the soil
parameters and consideration of construction processes. Indeed, it is doubtful
that an accurate model would be of great use, as the results would vary greatly
with minor variations of soil parameters.
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Thus, while objectionable to purists due to insufficient theoretical justification,
the use of conventions for assessing lining loads is still useful. Such conventions
(based in part on arching theory, 'and in part on practical experience) usually
stipulate, for a tunnel in granular soil, a vertical load of a height of soil above
the crown of 30-60% of the tunnel diameter. As a practical matter, the
assumption is usually made that the vertical load on shallow tunnels is equal to
the overburden stress. This adds conservatism but will allow future excavations
and developments above the tunnel without great concern. As for the assumed
horizontal load, it is set at a value that will not result in a theoretical
distortion of the lining greater than some 1/2%.

In this case, a lining analysis method based on the continuum method will in
fact employ essentially fictitious loads and is only a convenient way of
assessing the sensitivity of design details.

GROUND RELAXATION AND LINING PRESSURES IN CLAY

In firm clays, with an overload factor less than about 3, the ground loss and
displacement usually occurring with standard construction methods is also
sufficient to completely relax the ground around the tunnel in the undrained
state. In fact, it is usually possible to erect the lining directly against the
exposed clay. For tunnels in clay with overload factors greater than about 3,
the ground loss is usually found to be significantly less than that theoretically
required for full relaxation. Thus, a plastic zone develops around the tunnel in
balance with certain initial pressures on the lining. These pressures can be
assessed theoretically, but this assessment is not particularly useful because the
lining must be designed against the ultimate pressures, which appear with time
as a result of consolidation and creep.

It is known that stresses (and distortions) in linings in cohesive soil tend to
increase as linear functions of the logarithm of time (see, for example, Peck
(1969)). This is true for normally consolidated as well as for overconsolidated
clay, regardless of the overload factor. Construction events, such as the
release of air pressure in the tunnel or the passing of an adjacent tunnel,
increase the rate of loading and start a new cycle of load increase with a new
zero time for the logarithmic increase. Long-term loadings even exceeding the
overburden stress have been reported.

It has been deduced (Clough and Schmidt, 1981) that for a normally consolidated
clay, the ultimate radial lining pressure may approach a value between

OR = uo *+ (1 - % sin ¢) o'y (13)
and

OR = Up + Oy, (14)
or the full overburden pressure. Here, ugo is the porewater (neutral)

pressure, ¢’y the effective overburden pressure, and ¢’ is the effective
friction angle.

It was also deduced that the ultimate lining load in an overconsoclidated clay
may approach a value of

OR = ug + (1 + K) d'y. (15)

If the overconsolidation ratio is greater than 3 to 4, the value of Ko is
likely «to be greater than unity and, thus, the ultimate lining load may be
greater than the overburden pressure.

The value of oR indicated in these equations is the average value around the
tunnel, assumed to be nearly uniform after tunnel distortions have taken place
(assuming a relatively flexible lining). The initial value at the crown would be
greater than the springline load for a tunnel in soft, normally consolidated clay,
and the tunnel would squat. For the overconsolidated clay, one might expect
that the horizontal pressure would be greater than the vertical (Ko > 1) and
that the vertical tunnel diameter would increase. Measurements show that this
is not the case; the tunnel still squats. This may be understood from the fact
that the large horizontal stresses result in essentially elastic stresses around
the springline, while the soil at the crown is overstressed and enters the plastic
domain. Once in the plastic domain, the soil starts swelling and the crown
stresses increase.
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It is seen from these deliberations, and supported by much field evidence, that
the initial or ultimate loading of the tunnel lining has little to do with the in-
situ stresses existing before the tunne! was constructed. Regardless of the in-
situ at-rest condition, the lining will squat, and the vertical load will be greater
than the horizontal load; the ratio between these two loads cannot be deduced
from the in-situ K_, value. It is a function of soil response to compiex
stresses created by the tunnel construction.

SOIL AND LINING PARAMETERS

Difficulties also arise in the assessment of the parameters entering Equations 3,
4 and 5. Poisson’s ratio is a notoriously elusive parameter for soils. Fortu-
nately, the results are not overly sensitive to the choice c¢f Poisson’s ratio
within a range of v= 0.1 to 0.4. In certain ranges of relaiive rigigity of the
lining, however, the choice of the soil modulus (E;) is important for the
continuum mechanics approach. ‘ :

For granular soils, the modulus to be used cannot be obtained from laboratory
tests on undisturbed samples, as undisturbed samples cannot usually be ob-
tained. The applicable modulus will vary with stress level and direction of
lvading and, hence, with location arcund the periphery. It could be obtained by
oedometer tests on reconstituted samples subjected to loading to the prestress
existing in the ground (which may or may not be equivalent to the overburden
pressure), unloading to a low stress level as might exist after excavation, and
subsequent reloading. Such tests have been performed by the author (Schmidt,
1867, and Steen, 1967), and the past stress history has been shown to be more
important than, for example, the soil density.

The undrained modulus of a clay is related to the undrained shear strernigth, the
overconsclidation ratio and the plasticity index, as described by Duncan and
Buchignani (1976) and discussed by Clough and Schmidt (1881). The values
found from laboratory tests are usually too:low. However, the applicable
modulus for use in the analyses is the long—term modulus. This modulus could
be derived from stress-path tests on undisiurbed samples, employing a stress
path similar to that experienced by the soil adjacent to the tunnel. Unfortu-
nately, such tests have not often been performed, and the applicable long-term
mndulus is basically unknown. As an approximation, we might use oedometer
test data from ar appropriate reloading path.

Ar.other difficulty appears in this approach. Tg use a drained modulus one must
determine the initial and final or ultimate efiective stresses in the soil. These

stresses depend on the induced porewater pressures and their dissipation. As
discussed in Clough and Schmidt (1981), these become rather complex, even
under simplifying assumptions, and are tractable only by finite element
computer methods or similar methods. Rigorously, a single modulus value
cannot properly be used for these analyses.

Comparatively speaking, the paramaters of the lining are easy to determine.
To determine the cross section area, modulus of inertia and moduius of
elasticity of the lining is simple. However, the joints in the lining must be
considered. A flexible, unbolted lining can transfer only a small (but calculable)
moment across the joints. The assumption of a uniform modulus of inertia
around the ring is not tenable. Even for bolted joints, imperfections of the
joints must be assumed. These imperfections essentially will allow distortions
at the joints to a certain limit before moment transfers become effective. In a
simple analysis, a reduced moment of inertia may be assumed, but great success
in predicting moments within individual segments cannot be expected.

VARIABILITY OF NATURAL DEPOSITS

Tunnels have to be built to serve a purpose; they need to go from here to there
regardless of the obstacles nature puts in the way. It is rare that a tunnel
traverses a path of even similar soil conditions. Nonetheless, practical
construction usually demands that the tunnel be built using the same equipment
through all the varying conditions, and using similar lining systems, varying in
detail as appropriate within practical limits, but not in basic concept.

Tunnel linings, therefore, are often designed to accommodate a variety of soil
conditions.  Usually, the stretch of tunnel is divided into reasonably long
sections with reasonably similar expected loading conditions, and the lining
designed for the worst condition of each of the sections. The practicality and
economy of varying details of the lining depends on the  type of lining but is
generally limited. Thus, the lining is, in principle, overdesigned for all but the
most severe conditions expected, and fine-tuning of the design is not economi-
ca.ly justified.
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Soils are also likely to vary locally across the tunnel section. They are likely to
bg layered or possess a uniform or non-uniform strength or modulus variation
with depth. Well draining layers are interfingered with pocrly draining layers
and often the left side differs from the right side. While the deposits were'
prepared for us by nature, the processes by which they were prepared are often
obscure, and the end result unpredictable by practical means.

THE EMPIRICAL APPROACH

It is evident that neither the vertical pressures on a tunnel lining, nor the ratio
petween horizontal and vertical pressures can be deduced from in-situ stresses
in the soil. Furthermore, these pressures are not simple functions of overbur-
dlen stress, Ko-value, soil strength, displacements or construction condi-
tions. They are likely to vary within wide ranges for a real tunnel project,
where the depth, the soil profile and construction details are bound to bé
variable along the length of the tunnel.

Equivalent elastic design parameters for the lining or the soil are equally
elusive and variable. Furthermore, practicality of construction requires the use
of only a few lining designs through, perhaps, a great variety of soil conditions.

In spite of the apparent impossibility of properly designing a tunnel lining,
thousands of kilometers of tunnel attest to the success of engineering ingenuity
in circumventing the obstacles. In the following, the American method (or at
least an important American method) is described briefly.

American convention, born in the mind of Karl Terzaghi, elucidated by Ralph
Peck and continued in American lining design practice, involves the following
assumptions:

o] The average radial pressure around the lining can be deduced in a
reasonably rational fashion and is used to calculate a hoop load or
thrust in the lining; tangential pressures are ignored.

o] The distortion of the tunnel lining almost always results in an
increase in the horizontal diameter and varies within bounds deter-
mined from experience. The distortion results in bending stresses in
the lining that are added to the hoop stresses. Some typical
distortions proposed by the author are shown in Table 1.

TABLE 1. ULTIMATE DISTORTION OF TUNNELS, AR/R,
FOR DESIGN VERIFICATION
Ultimate Distortion

Soil Type Range, AR/R
Stiff to hard clays, overload factor <2.5 - 3 0.15 - 0.40%
Soft ciay's or silts, overload factor >2.5 - 3 0.25 - 0.75%
Dense or cohesive sands, most residual soils 0.05 - 0.25%
Loose sands 0.10 - 0.35%

Add 0.1 - 0.3% for tunnels in compressed air, depending on air pressure.
Add appropriate distortion for external effects such as passing neighbor tunnel.

Values assume reasonable care in construction, and standard excavation and
lining methods.

o] As a practical matter, the hoop loads are important only for deep
tunnels, because construction considerations usually require a certain
minimum cross section area of the lining. Hence, for shallow tunnels
the average pressure is usuaily taken equal to the full overburden
stress. For desper tunnels, arching is considered and the design
pressures reduced. ‘

[o] Because a relatively flexible lining will suffer little distress due to
distortion, flexible linings are preferred. In many cases, where
waterproofing is not important, unbolted linings are considered,
allowing nearly zero moment acreoss the joints. In sofi clays and silts
with overload factors greater than 3 or 4, however, bolted linings are
always used.
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0 For bolted linings, an allowance is made for the imperfections of the
bolted joint, which results in a reduction in the lining’s modulus of
inertia.

o] If continuum mechanics analyses are carried out, they are carried out
for purposes of sensitivity analyses and for detailed stress determina-
tion. The horizontal initial pressure is considered an unknown
parameter, but a range of distortions is considered.

0 Some of the most important design considerations are not related to
earth pressures. They include:

- Construction loads such as the jacking forces for shield propul-
sion

- Watertightness requirements
- Construction tolerances
- Handling loads and potential for damage to lining components.

There is always a possibility that local adverse construction conditions will
result in distortions greater than those assumed in design. For this reason, it is
prudent to select a clear inside theoretical diameter such that excessive
distortions (judged on the basis of soil conditions and anticipated difficulties)
will not encroach upon the required interior prefile and will not result in
excessive distress. Most types of linings are, in fact, forgiving. Fabricated
steel segmental linings for the San Francisco subway (BART) at one location
suffered a distortion of 2.5% (it was designed for 0.5%) without distress. A
Mexico City boltless concrete segmental lining suffered distortions of 5% with
both tensile and compression distress, but without collapse. Good tunnel lining
design calls not for rigidity or rigor of design assumptions and procedures, but
for flexibility, redundancy and ductility, and for consideration of constructibil-

ity.
CONCLUSION

Continuum mechanics models using closed solutions are fine tools for paramet-
ric studies and, when properly calibrated, can be an aid in detailed lining design.
Continuum mechanics models using finite element methods go one step further,
allowing layered soils to be analyzed and providing a method of taking into
account the vertical in-situ stress gradient. However, these metheds require
the use of data input that is elusive, including representations of equivalent soil
modulus and presumed initial lining loads. The variability of natural deposits
along a length of tunnel, and the a priori unknown details of construction, make
a fine-tuned design of all parts of the lining infeasible.

The impossible task of designing tunnel linings is made possible by the forgiving
character of the problem, as demonstrated by thousands of successful tunnel
linings throughout the world. The fact is that tunnel linings only provide a
helping hand; most of the tunnel support is provided by the soil itself. A
circular lining made of conventional materials is capable of considerable
compression and distortion without losing its integrity, providing considerable
reserve heyond the nominal “design load.”

Although rational analyses, such as those provided by reasonable structural or
continuum mechanics models, should not be ignored, the most successful tunnel
lining design is one that properly considers practicality cf construction as well
as the final functional requirements of the tunnel.
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