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ABSTRACT

The present dissertation describes some of the
ground movement problems associated with tunnelling in soft
ground. A possible response of pipelines to such ground
movements 1is also studied in the context of a case history
of pipes lying parallel to a tunnel centre line.

Analyses of tunnel excavation with and without
lining installation, and of the pipe behaviour, have been
performed by means of the finite element method. Four
examples of analysis and their results are presented, with
the main characteristics related the each being
highlighted.

Field observations of ground movements caused by
tunnelling in soil have been gathered together and added to
those presented by Peck (1969) and Attewell (1977) in order
to attempt to define empirical relations that could
describe a geometric form of settlement profile and to

predict its magnitude.

A three-dimensional finite element program has been
written in order to carry out the style of analysis that
two-dimensional models cannot accommodate. The
isoparametric hexahedral rectangular element has been used
in view of its facility in programming and discretising the
medium of interest. The computer program has been
developed to allow for different loadin¢ conditions and
calculations to be carried out using linear material
behaviour only. Features which have been considered in the
tunnel-ground-pipes analyses include simulation of

incremental construction.

Because it was clearly impractical to model the
entire system of interest by means of a single finite
element mesh, an alternative analytical-numerical hybrid

technique is described.
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strains (10° %) between steps 4 and 5.
Longitudinal section..cococcocococcsccccecnccsss233
Contours of equal variation of vertical
strains (107 %) between steps 4 and 5.
Longitudinal section..cccoccococescocccococcsas 234
Contours of equal variation of longitudinal
strain (10°% %) between steps 4 and 5.
Longitudinal sectiOnN.cocccoccoccocccccas coaos234
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NOTATIONS
24" pipe (parallel to and above the tunnel
centre line.

12" pipe (parallel to and 1.7 m from the
tunnel centre line).

18" pipe (parallel to and 6.5 m from the
tunnel centre line).

element stress/strain matrix.

undrained shear strength.

glement elasticity matrix.

external diameter of the pipe.

internal diameter of the pipe.

nodal displacement vector.

vector of nodal releasing forces variations.
modulus of elasticity of materials.
'equivalent' modulus of elasticity of pipes.
pipe stiffness.

'equivalent' pipe stiffness.

vector of nodal releasing forces.

moment of inertia for pipes.

'equivalent' moment of inertia for pipes.
inflexion distance (i=z°/2)°

coefficient of earth pressure.

element stiffness matrix.

'material’' constant.

empirical constant.

Simple Overload Factor.



tunnel radius.
excavated surface.

are the cartesian coordinates.,

z is vertical and perpendicular to xy plane.
y is horizontal and perpendicular to zx
plane.

X is perpendiculat to yz plane.

Tunnel and/or pipe axis is always positioned
parallel to the x direction.

Sign convention as indicated in the Figure
below :

z(+)
a

x(+)

. / e

are displacements in the x , vy and =z
directions , respectively. £ign convention
is similar to that for cartesian
coordinates.

ground loss.
volume of settlement trough.
maximum settlement.

depth to the point of ground displacement
interest.

depth of the tunnel axis.

are the normal strains in the x, y and =z
directions, respectively.

Tensile 1s positive and compressive 1is
negative.,

nodal strain vector.

applied stress.

confining pressure.
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lateral

vertical

longitudinal-

transverse

horizontal
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stress at failure,

nodal stress vector.

are the normal stresses the in x , y and z
directions, respectively. Sign convention is
similar to that for strains.

effective friction angle of the soil.,
Poisson's ratio of materials.

soil unit weight.

means Yy direction (horizontal and
perpendicular to the tunnel and/or pipe
axis).

means z direction (vertical and
perpendicular to the tunnel and/or pipe

axis).

means x direction (horizontal and parallel
to the tunnel and/or pipe axis).

means in the y direction and usually defines
a vertical (yz) plane.

means in the y and/or x directions and
usually defines a horizontal (xy) plane.

is related to vertical movements on ground
surface (negative w).

Distances preceded by a negative sign means behind
the tunnel face (opposite to the direction of tunnel face

advance) .



CHAPTER

INTRODUCTION.

1.1 THE NEED FOR TUNNELLING IN SOIL.

It is generally believed that tunnelling was one
of man's first construction activities in engineering. At
an early period,'he found necessary to enlarge his cave in
order to improve his living conditions and to protect his
own environment., Later, the collection of water and
minerals provided a major reason for men to bore through
the ground. Today, tunnelling has been used for many
purposes, such as drainage, sewerage, storage,

transportation and so on.

Social development and mobility has contributed
to increasing demands on passenger and goods
" transportation. These demands are particularly serious in

urban environments and the need for tunnels in these areas




is progressively increasing with the growth of

populations.

1.2 THE NEED FOR UNDERSTANDING TUNNELLING IN SOIL.

Increasing use of tunnels has created a
requirement for improved design methods because they are
regarded as one of the most expensive civil engineering

constructions.

In recent years many tunnels have been constructed
in densely populated areas. The construction of tunnels
in these areas 1is particularly critical because ground
movements must be kept below some allowable 1limits in

order to avoid damage to overlying or adjacent structures.

Considerable research effort has been devoted over
the past few years to understanding movements caused by

tunnelling in soft ground and its effects on structures.

Although many advances in design and construction
have been so made, the prediction of ground movements 1is
still regarded with major concern. The prediction of the
magnitude and distribution of ground movements still
depends largely on the skill and previous experience of

the engineer to apply an appropriate method of calculation



based on a simplified view of the ground medium. At the
present time, predictions of settlement are somewhat
speculative Dbecause of the complexity of the problem.
Because of the many simplifications necessarily made to
predict these movements, the results obtained by
theoretical means serve only as a guide to control the
process of tunnel contruction, to define the extent of
pre-tunnelling structural surveys, and sometimes to

apportion responsibilities for damage.

The reliability of the forecast of ground
movements bears on the overall cost of the project because
it may affect construction method§ additional calculations
and the investigations required. There are Dbasically
three methods for predicting the ground behaviour caused
by tunnelling in soil : theoretical (including numerical)
analyses, laboratory models, and surveys on case history
data leading to the formulation of empirical relations.
The choice of the method depends on the accuracy desired,

and mainly on parameters available for the analysis.

A tunnel design cannot be considered successful
until the magnitudes of the expected ground movements are

adequately known.

As a starting point three requirements must be

taken into account by the tunnel designer. The first one



is that the 1local geological and groundwater conditions
must allow the excavation face to advance safely and be
able to preserve the integrity of the opening at least
temporarily until primary support can be installed. The
second requirement is that the tunnel should be able to
resist all predicted adverse ground conditions to which it
may be subjected during its lifetime. The last
requirement is that the ground movements caused by
tunnelling should not excessively damag= any above-ground

and/or in-ground structure in the tunnel vicinity.

1.3 EXCAVATION AND SUPPORT PROBLEMS.

It is a normal procedure in soft ground tunnelling
to excavate the tunnel to a certain distance in advance of
the shield body first, and then erect the 1lining in two
stages to complete the sequence. The creation of the
cavity in a stressed medium at first, and then the primary
stage of support installation, allows the ground to move
until +the whole system acquires a new equilibrium
condition. The magnitude of these movements depends on
the time that the ground is left wunsupported, the rate of
shield advance related to the deformation rate of the
soil, and the flexibility of the lining. The objectives
of the most modern open-shield tunnelling techniques are

to reduce to a minimum the time between excavation and



placing of the lining. 1In doing so, the entry of wateg
into the tunnel is inhibited, and the loss of ground i
reduced. The 1loss of ground is a parameter which 44
defined as the difference between the volume of materlal
actually excavated and the design volume as represented by

the cut surface of the soil.

The purpose of the second stage of 1lining
placement is to provide a permanent finishing for the
inside of the tunnel if the function of the tunnel 40
requires it. This secondary 1lining should have no real
effect on ground settlement in particular, and on ground

movements in general.

Precast concrete or cast iron bolted segments arte
usually employed for the primary 1lining of most circular
soft ground tunnels. They are bolted together, caulked,
and erected within the tailskin of the shield. An annular
void around the outside of the assembled 1lining 1is
inevitable in this procedure. Later, this void is filled,
usually with grogt but sometimes with grouted pea gravel
or its equivalent (for example, Lytag), but any areas left
ungrouted will contribute to the ground settlement. In
the case of using a conventional bolted lining for tunnels
constructed with a shield it is usually decided to over-

cut the tunnel slightly in size in order to assist



steering of the shield. This procedure can also increase
the amount of contact grouting required behind the erected

lining.

An alternative method of tunnelling is pipe-
jacking. This process is more suitable for extremely soft
ground because of its cutting method. This method has the
"advantage of avoiding the degrees of settlement caused by
more widespread excavation and lining placement
techniques. The only significant source of ground loss
with this method is the intrusion of the soil through the
face, and it is noted that there might be some associated
ground heave ahead of the tunnel. The first applications
of this procedure have been restricted to short drives
because of high skin friction between lining and
surrounding soil. Nowadays, this friction can be reduced
dramatically by the use of bentonite as a lubricant, and

the drive lengths have been increased considerably.

1.4 STYLE OF GROUND MOVEMENTS WITH THE TUNNELLING PROCESS

AND METHODS OF LIMITING GROUND MOVEMENTS .

1.4.1 SOURCES OF GROUND MOVEMENTS .

Several phenomena take place during the tunnelling



process in soft ground. The following may be related to
the process : soil disturbance during construction,
drainage of ground through water seepage into the tunnel,
loss of ground, squatting of the primary lining,
limitations o©0f grouting, and 1o} on. Each of the
settlement sources depends directly on the ground
conditions. In the following Sections some of the most
important causes of settlement will be emphasized and an
alternative solution for displacement prediction will be

given.

1.4.2 GROUND LOSS.

A very important variable for any settlement
prediction is the ground loss (V), if the initial ground
loss 1s assumed to occur under undrained conditions. 1In
this case the volume of the settlement trough (Vs) can be
taken as equal to the volume of ground loss in the tunnel
because there is assumed to be no volume change in the

ground.

The value of Vs depends upon both ground
conditions and construction method. Ground instability,
construction procedure, shield design, ané lining design

are the main factors contributing to the volume loss.



a) Ground instability.

Soil instability can be distinguished in soft
ground tunnelling according to different types of soils.
In cohesive granular soils ravelling may occur in the face
or more usually in the roof of the tunnel. The effects of
ravelling can be mitigated to some extent by the provision
of support to the ground, notably by the use of forward

poling plates on the shield.

Running ground is a typical occurrence in dry sand
or loose dgravel. Peck (1969) pointed out that, if
unconstrained, these materials run into the face until
they reach their angle of repose. Even using special
techniques to excavate this type of soil, large
settlements may occur. There is also the problem of

collapse of such material on to the tail of a shield.

In the above types of ground, the problem is
aggravated if seepage pressures are permitted to built up,
because the soil particles will run into the face in the
manner of a liquid, filling the entire heading (Peck,
1969). This type of failure can be avoided by the use of
compressed air, by stabilising the ground by drainage
(usually well-point de-watering in advance of the face) or

chemical grouting, by temporarily freezing the ground, or



by the use of an enclosed-face type of slurry shield.

If a tunnel is excavated in cohesive soil, plastic
shear failure may occur at the face when the shear
strength of the soil is exceeded. This type of failure
could result 1in very large settlements, consisting of
rapid movements of ground axially into the face. The most
general practice is to stabilise the so0il by the use of
compressed air, a technique which is technologically most

simple but which has well-known physiological drawbacks.

Broms and Bennermark (1967) developed a type of
stability criterion to analyse the behaviour of cohesive
soil relating to openings in vertical retaining walls.
Attewell and Boden (1971) developed this criterion
further, extending it to tunnels and taking major account
of the soil deformation rate, a feature not considered by

Broms and Bennermark.

The two types of soil discussed briefly above are
those having well-known properties. However, most cases
of tunnelling (for example, in glacial clays) concern
mixed faces of cohesive and granular soils and the
judgement as to choise and feasibility of different
(temporary) ground improvement and construction options
becomes much more difficult than for faces consisting of a

single soil material type.
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b) Shield design.

Ground loss occurs around a shield in several
ways. The most evident one is the soil movement into the

excavation face proper.

At the tail of the shield, grouad losses are
caused by the soil intrusion into the tunnel through the
surface left unsupported until a primary 1lining offers

full resistance.

Ground loss also occurs due to the cutting of the
excavation area slightly greater then the rtunnel circular
section in order to counteract among other things the
natural tendency of the shield to dive off level into the
ground under its own weight. The use of a bead, either
round the whoie of the leading -edge ofA the hood of the
shield, or around the upper 180° of the hood, also

facilitates steering the shield on line and around curves,

Another source of ground loss is the disturbance
of the so0il around the tunnel when shield moves forward.
The remoulded soil is then compressed under the existing
ground stresses and so contributes to additional
settlement through its reduced shear strength and its

" ability to deform inwards more easily.
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Cording and Hanmire (19275) and Attewell (1977)
have analysed the effecfs of shield tunnelling on ground
settlement and have presented detailed discussions on the
subject. They have derived several expressions to

calculate the total ground loss around a shield. .
c) Construction procedure.

For bolted 1lining construction, the void formed
around lining rings and behind a tailskin is an inevitable
consequence of this method of tunnelling. This void is
generally grouted after the shield has passed, although
further inward ground movements can occur as the grout
"bleeds' during setting. The effect of this occurrence
during the excavation can be reduced by increasing the
mean rate of shield advance, reducing the time during
which a particular element of ground remains unsupported,
designing a guick-set, low-bleed grout, grouting.as soon

as possible, and using a shorter shield.
d) Lining design.

Real linings are neither perfectly flexible nor
perfectly rigid. Because of this property the 1lining
deforms when it interacts with the surrounding soil.

Typically, the vertical diameter tends to decrease (squat)
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while +the horizontal diameter tends to increase. The
magnitude of these deformations depends directly on the
stresses in the ground, the strength of the soil, and the
flexibility of the 1lining., It is noted that tunnel
linings in the London Clay still squat even though Kb'at

typical tunnel depths tends to 2.65.

1.4.3 GROUND DEWATERING.

Several problems arise when tunnels are driven
below the water table. The principal problem concerns the
face instability which becomes particularly serious when
the tunnel is constructed in granular soils. Another
consequence of excavation in such a condition is the
inevitable seepage into the tunnel through both the face
and the tunnel walls. Two distinct phenomena can be
identified : the first is the generation of seepage forces
within the so0il, the force acting in the direction of
flow, and towards the excavation. The second effect is the
dilation of the so0il adjacent to the excavation, the
creation of a zone“around the tunnel having reduced or
negative porewater pressures, and nearby the entrainment
of groundwater from above and from the sides towards the
tunnel, so leading to a situation of enhanced effective

ground pressures caused by drawdrown at and in the



vicinity of ground surface if re-charge facilities are

absent.

Seepage into the tunnel can be reduced by the use
of ground treatment and/or compressed air. However, if
compressed air is used it 1is usual to remove internal
pressurisation after re-caulking and before the
installation of a secondary lining. From this stage, and
with inadequate caulking until completion c¢f the secondary
lining, the water may continue to0 seep into the tunnel.
It is also possible that the tunnel continues to act as a
drain through the zone of disturbed soil around the tunnel
that has dilated and been only partially re-compressed by

lining resistance to inward soil deformation.

1.5 EFFECT OF GROUND MOVEMENTS ON STRUCTURES .

The response of structures t.o the ground
deformation is complex. It depends mainly on the shape
and stiffness of the structure, and the magnitude and
distribution of displacements. Many researchers have
considered this problem based on an observational approach
and they have proposed tolerable values of deformation
parameters for particular types of structures. For

buildings, they divided settlement damagz into categories:



architectural, functional and structural. The first
category involves only the panel walls, floors, or
finishes, and the structure itself is quite safe. An
intermediate, functional,level of damage involves only the
frame, and it can be redgardéd as unacceptable by its
occupiers, or intolerable in some places such as
hospitals, public buildings, and sO on. The last
category, structural, mustAbe avoided because weakening of
the building or part of the building can render it unsafe.
If this third possibility is predicted, decisions will
have to be taken with respect to the tunnel design or

strengthening of the structure under consideration.

Ground deformation may also damage services such
as sewers, dgdas mains, and so on. Usually, pipes are
provided for these services, and damage will also depend
upon the nature of the movements and material used. If
the pipe is made of brittle material, such as cast iron or
concrete and is old, it may then become more vulnerable to
failure, and may have to be replaced before tunnelling
proceeds by a more ductile and durable pipe material such
as polyethylene. Table 1.1, after Attewell and Yeates
(1984 ), shows different materials and their respective

typical properties as used in Britain.

For the point of view of the structural engineer,
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failure can be caused by joint leakage, excessive pipe
yielding or pipe fracture. A joint leakage type of
failure, which 1is the most common failure in old iron
pipelines, is accepted as an almost routine maintenance
problem. Pipe yielding failure sometimes occurs without
immediate fracture and only becomes apparent later when
the fracture has developed due to the increase of static

load and/or reduced fatigue strength.

It has been established that for pipelines made of
brittle material, the primary sources c¢f fracture are
related to differential displacements and/or corrosion.
The former source arises from traffic ioading, ground
temperature and moisture change, and ground movements
associated with any adjacent construction. The latter
source is related to the age and type of the material, to
the (variable) ground moisture content and the ground

chemistry.

Surveys on gas and water distribution systems made
in the United Kingdom and lOOulargest cities in the United
States revealed that over 90% of the distribution system

consists of grey iron pipework.

Before analysing the damage that may occur in the

structure, it is necessary to predict with some degree of
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reliability the ground displacements that may induce the
damage. So faxr, there has been little research performed
on structural (building) or pipe response to the soft
ground movements caused by tunnelling. In this thesis,
Chapter 2 is concerned with both the character of ground
deformation and its possible consequences with respect to
structures and services. The detail of building

deformation is not considered in this thesis.



TABLE 1. 1 Typical pipe material properties (Attewell and Yeates, 1984)
For short-term static loading in direct tension (gradually applied, ncn-repeated loading without c:eLp and at 20°C) (1) (3).

| | ULTI%A”E ILOWER YIELD | TYPICAL MAX. |DESIGN STRESS/ |DESIGN STRESS/|SECAHT ELASTICIZLASTIC
| f TENSILE |STRESS OR | DESIG! STRESS|ULTIMATE IYIELD OR - | MODULUS TO | 3TRAIN
| MATERIAL | STRESS | PROOF STRESS |FOR WORKING |STRESS | PROOF STRESS [|MAX. DESIGH | ZQUVALENT
i | | | LOADS | | | STRESS 170 DESIGN
! i f | | | } | STRESS
i | N/mr.\2 | W/mm? | | N/ ? | { | Gl1/m? [microstrain
| oo s - |- I -1 -r | | | ekttt
IGREY IRON i i 1 | | | |
jrit cast before year 1914 l110 | 70 | 27 [} | | 67 ] 400
! _ | o | to l to | | | to |
| 1140 i 90 | 35 | I | 87 | 400
|Vvertically cast to BS73:1917(145 [ 95 0.1% | 36 i 0.25 | 0.38 i 90 I 400
{Jertically cast to B578:1965]155 p220N/mu?]100 proof § 38 I | | 93 | 100
{Spun cast to BS1211:1958 | | stress | ’ | | } {
| over 16 in.éia. qgrade 12;}185 {120 | 46 { ! | 103 | 450
| 3 in. to 16 in.dia.grade 14215 1140 | 34 | ! { 108 | 500
| e e e [=—-- e B R e [REEE i - I f—--
IouCeILE IR0 | ] | | | | |
|5pun cast to BS 4772 | ] 9.2% - ! ! ! |

v |proof stress | i | ] {
lgrade 420/12 material | 420 min. {300 min. | 158 | 0.37 | 0.52 I 165 | 540
| I R e e fommmm ! | !
[4ILD STTEL I lyield or 0.2% | | depending on duty | |
lto A5 534:1966 |- lproof stress |generally i 1 |
lgrade 320 material | 320 min. {195 min. [80~115 10.25 - 0.36 | 0.4 - 0.6 | 210 | 380-550
| | i | {occasionally! (occasionally |(occasionally | |

| | | up to 140) | up to 0.44) | up to 0.77) | t
grade 410 | 410 nin. }235 nin. | 95-140 | i | | 450-660
i l | I I=- I | |
I ) (2) f i 1 | | A |
| PLASTIC | | l | | | |
| UPVC to BS 3505 | 45 min. | - t 20 i 0.5 1 - | 2.8 { 7000
fmm——- | | - =1 | | | 7
| MDPE N 130 at SO mw/{19 upper I 7 | 0.4 ] - - 0.7 | 10000
| i min. | yield ! ! 1 | |
| | === --1 | ! | { I=
| HDPE type 1 119 at strain| - | 8 [ 0.4 } - | - | -
1 Irate 125 aw/} | | | I ]
f min. | i ! | | i
| HDPE type 2 132 at strainlld lower | 8 f 0.25 | 0.57 | 0.9 | 9000
! |rate 125 mu/} yinld | | ! | {
i | min., 122 upper | | 1 | |
| [ I - yicld | i | ! i

(1) For iron and steel pipes, creep is
therefore also used for long-term loading.
(2) After S50 years, plastic properties

creep modulus = 1.4 GN/@P.

MOPE at 20°C - U.T.S. = 8.0 N/m?,

MDOPS type 1 at 20°C - V.T.S.
MDPE type 2 at 20°C - U.T.S.
MDPE type 1 at 10°C - U.T.S.
MOPE type 2 at 10°C - U.T.S.

= §.5

= 9.5 ./

not signific
are UDPVC at

max. design
11/a?, max.
/=R, fmax.
=l
W/xﬁ’.

(3) For all the above materials the maximuwa design

stress.

ant at 20°C at the ‘maximum design stress ind
10°C - UTS = 25 N/mm?, max. design stress =

stress = 5 N/ma®, creep modulus at 3 N/ma?s=
design stress = 5 N/mm’ crecp modulus at .3

‘desiqgn stress = 5 N/mm', crecp modulus at 3

tensile bending stress is not less than the

icated. These stresces are
12 N/mat,
0.13 GN/=%,

N/hm’= 0.13 GH/m’
N/ami= 0.13 GM/n?.

maximun design ‘direct tensile

LT



CHAPTER =2

METHODS OF ANALYSING GROUND DISPLACEMENTS.

2.1 INTRODUCTION.

Several problems arise when a tunnel is excavated
in soil. The most important of these concern the
stability of the excavated surface, displacements and
settlements at and close to ground surface, 1lining loads
and the effects of ground movements on in-ground and/or
above-ground structures. Each problem is interactive with
another or others, and is affected by parameters such as
loss sources and the magnitude, distribution and rate of
displacements which occur when the face advances. Many
theoretical relationships have been developed to deal with
these problems, but at present they are only
approximations of actual problems. Hence, every result

obtained by theoretical means must be verified by tests
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and field observations, and appropriate adjustments must

be made by using empirical factors.

There are basically three approaches to analysing
soft ground behaviour caused by tunnelling : theoretical
methods, laboratory models, and surveys on actual ground
movements. None of these approaches can take into account
the quality of workmanship which c¢an have a major effect
on the final state of the disturbed medium, particularly
in the case of tunnelling in granular s0il. It thus
follows that any calculated displacements must be treated
with caution, the actual factors 1likely to contribute on
site to the ground movements being given very careful

weighting at the site investigation stage.

2.2 THEORY.

All theories dealing with surface movements begin
with the size of the depression left in the wake of

excavation.

Several empirical mining formulae have been
developed over the past years, relating the amount of
surface subsidence to the size of the excavation and to

the depth of the cover. Martos (1969) investigated the
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problem of surface subsidence based on statistical
evaluation of actual observations. Later, he developed
further the assumed mathematical model in order to
consider not only vertical but also horizontal

displacements of the subsidence trough.

An interesting estimate of surface settlement was
worked out by Litviniszyn (1955), and by Sweet and
Bogdanoff (1965), based on stochastic theories of ground
movements. The model developed by the latter authors has
enjoyed some large measure of acceptance, and it is also

used in this work.

The stochastic approach assumes that the ground
material is represented by discs or spheres, if the
analysis 1is carried out in two- or three-dimensions,
respectively. All the model particles have the same size.
The removal of any particle within the media is regarded
as analogous to the tunnel excavation process. This
removal creates a empty space that could be filled by
either of the two particles above and adjacent to it.
These particles, however, would have to be replaced in
turn by the particles immediately above them. The
downward movements of particles (each particle movement
downwards having an obvious and simply-specifiable

probability) will take place wuntil the void reaches the
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ground surface. As a result of this mechanism, a
settlement trough will develop in the surface. Case
history evidence has shown that the settlement trough
formed by this process can conveniently be described by an
error function, or normal probability curve. The
variation of surface settlement (w) at a transverse
distance (y) from the tunnel centre line (y=0) is

expressed as

_ 2,..2
W = wmax-exp(=y /21%) (2.1)

where Whax is the maximum settlement which is assumed to
occur above the tunnel centre line, and i is the standard

deviation of the error function.

Equation 2.1 is completely defined if both Wiax
and i are known. Sweet and Bogdanof (1965) have suggested
the following general expression to calculate the standard

deviation i,

i/R = K- (z/R)" (2.2)

where R = half-width of the opening,
z = depth of the opening,
K, = 'material constant',

and n = empirical value.
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By integration of equation 2.1, a general

expression 0of settlement wvolume, V per unit advance is

[ ’

obtained

Vg = 2.5-dew (2.3)
Given a value of Vg and adopting appropriate
values of Ka and n , the settlement profile can be

evaluated.

Equations 2.1 to 2.3 give no indication of lateral

ground movements or displacements parallel to the tunnel.

Attewell and Woodman (1982) developed a method of
analysis for a full three-dimensional ground movement
profile, based on a cumulative probability function for
the longitudinal settlement distribution on the tunnel
centre 1line. They have shown reasonable agreement with

case history data for a range of ground conditions,

The stress path method (Atkinson and Branby,1978)
is another analytical approach well suited for examining
the actual ground conditions around a tunnel in clay.
This method is a procedure that may be used to estimate
either the strength or the deformation of representative

elements of soils in the deformation field. The basic
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idea involves determining in the laboratory how a soil
element behaves when it is subjected to specified in situ
loading conditions. Thus, the procedure followed in this
method of analysis is to remove severazl undisturbed
samples of soil from the ground, and subject them to the
estimated changes in total or effective stresses that
occur in the soil element in the ground during the various
stages of the construction process. Both the deformations
and the failure strength are observed and they may be used

to estimate overall deformation of the ground.

It is important to notice that the effect of
drainage in the field can be modelled by allowing the soil
sample to drain between each stage of loading 1if
construction is slow, or only at the enc¢ of loading if

construction is rapid.

Although the stress path method presents several
advantages, there are certain difficulties with the method
which must be faced. The major difficulty, if not an
impossibility, 41is to simulate the actual field loading/
unloading conditions in the laboratory. Nevertheless,
despite many difficulties, and accepting that the method
provides only qualitative and generalized solutions,
certain results and conclusions can usefully be noted for

practical purposes.



The finite element method is a powerful instrument
for solving engineering problems and it has been
successfully applied to tunnelling analyses over the past
few years. This method of analysis is considered in

Section 2.7.

2.3 ON SITE MEASUREMENTS.

Results from field measurements, their compilation
and their empirical use provide a powerful means cof
analysing ground movements caused by tunnelling in soil.
They may also be used to control the tunnel construction
process and they serve as a primary source of information
required for estimating ground movements with advance of
the tunnel face. The acquisition of relrable field data

is an essential prerequisite for any successful study.

The first major review of field data records of
tunnelling in soft ground was presented in‘Peck's State-
of-the-Art Report at the International Congress on Soil
Mechanics and Foundation Engineering held in Mexico City
in 1969. 1In his work, he grouped observed surface
movements for four distinctive types of soils and he
indicated several factors that govern the surface
settlement. As a rule, he pointed out, the settlements

above a single tunnel are more or less symmetrical about
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the vertical axis of the tunnel and they form a depression
with a shape roughly resembling an exrror function or

normal probability curve.

Several other workers (Attewell, 1977: Glossop,
1978; O'Reilly and New, 1982) have carried out surveys of
case history data and they have suggested different

empirical values for parameters Ka and n in equation 2.2,

In the present work, it was decided to develop a
little further the bank of case history data reported in
previous works, from which specification of new values of
empirical parameters in equation 2.2 could be attempted.

This matter will be discussed later in Section 2.5.

2.4 MODELLING,

Physical models are used in an attempt to
replicate} observe and record the actual deformations that
take place in the soil around an opening. This method
involves construction of a scaled model of a real tunnel
and then observing the nature of the soil deformation when
the tunnel experiences a range of internal aznd/or external
stress variations. The major difficulty in this procedure
'is to reproduce all details.of the tunnelling process in a

model . However, several tunnel model tests have been



carried out in clays and sands and from which the observed
data were used for comparison with existing methods of

calculation.

From model tunnels, Atkinson and Potts (1976)

derived two expressions for the point of inflexion i.

i 0.25 (zo+ R) for sand without surface loading

and,

i 0.125 (320+ R) for dense sand and overconsolidated
kaolin, both with surface loading.
Where z, is the depth of so0il cover , and R 1is the

excavation radius.

Cording et al.(1976) have also used physical
models to study the relationship between the volume of
ground loss into the tunnel, the shape of settlement

trough, and volume changes developed in the soil.

The laboratory experiments have been performed on
models under normal gravitational acceleration or
accelerated in a 1large diameter centrifuge in order to
increase the stresses due to body-weight forces. The
latter type of model has been tested in granular soils and
a constant acceleration applied to induce stresses in the
model equal to those in an equivalent prototype structure

larger than the model.
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It should be emphasized here that laboratory

experiments are basically plane strain models.

Another type of model is also used to analyse the
ground behaviour during tunnelling operations through
soils. When a tunnel is excavated the major problem is
the uncontrolled intrusive movement of soil from the
working face,. This movement is transmitted to the surface

and consequently a settlement trough is formed.

The intrusion of the soil into the tunnel is
directly related to the ground loss. Consequently, the
rate process is an important factor, since when taken into
account with the rate of tunnel face advance they

determine the volume of ground loss at the tunnel.

Broms and Bennermark (1967) studied the extrusion
of clay from a small vertical opening in the side of a
cylinder. This was deemed to be analogous to the soil
extrusion from a hole in a retaining wall. They found a
stability relationship to define the failure that could

occur
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where g, = applied stress,
o, = confining pressure,
and Cy = undrained shear strength.

In the context of the clay soil intrusion at a
tunnel face, Deere et al. (1969) termed the relationship
'Simple Overload Factor' (OFS). Broms and Bennermark
found an OFS value of 6.28 (Glossop, 1978) from a
theoretical analysis of semi-circular shear failure at the
tunnel face, and this value showed good agreeement with
the experimental results. However, Moretto (1969), Peck
(1969), Ward (1969), and Kuesel (1972) have noted unstable

conditions at lower stability ratios.

Attewell and Boden (1971) have proposed another
stability ratio based on extrusion tests. By examining
the failure concepts upon which previous similar works
were based they suggested that a ratio derived from the
maximum acceleration of intrusive movement more
appropriately defines the critical depth of interest in a
practical tunnelling situation. It was found that
acceleration of intrusive movement starts when cef/cu

exceeds 4.5, where o is the stress at failure. These

ef
authors, and Attewell and Boden (1972) have attempted to

relate cref/cu to the liquidity index.

The advantage of the extrusion test is that it
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facilitates prediction of the rate of soil intrusion at a
tunnel face for any depth of tunnel axis, and, by
measuring the actual extrusion movement, prediction of
levels of «criticality. This prediction is an invaluable
parameter in any attempt to relate . ground loss to the

tunnel construction process.

2.5 SURVEY OF ACTUAL GROUND MOVEMENTS : EMPIRICAL

RELATIONS BETWEEN VARIABLES.

The main purpose of this Section is to attempt to
define empirical relationships from case history data in
order to describe a geometrical form of settlement profile

and to predict its magnitude.

Several researchers (Peck, 1969: Attewell, 1977:
Glossop, 1978; and O'Reilly and New, 1982) have presented
several conclusions from the analyses of case history data
and given general guidance for predicting the surface
settlement when a tunnel is excavated. All of them have
demonstrated the reasonable validity of the normal
probability curve for describing the transvesrse profile of

the settlement trough.

In the present work, field data were gathered
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together and added to those presented previously by Peck
(19692) and Attewell (1977). This work 1is summarized in

Table 2.1.

Oone of the methods for estimating the parameters
of the normal probability curve 1is based on earlier
stochastic arguments (equation 2.2). Peck (1969) has
suggested a Ky value of unity and an exponent n equal to
0.8 for clay soils, both estimated from tunnel diameter
2R, and axis depth z e Attewell (1977) in his State-of-
the-Art Review suggests that the exponent n may itself be
closer to unity. This means that i is equivalent to half

of the tunnel axis depth for clay soils.

O'Reilly and New (1982) grouped field data on U.K.
tunnels for both cohesive and granular soils. Multiple
linear regression analyses were performed and they

presented the following relations

H-
i

0.43zo + 1.1 for cohesive soils,

and,

'.J.
il

0.2826 + 0.1 for granular soils

where, i and z, are in metres. Although these equations

were related to a particular range of tunnelling
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conditions, it has been suggested that for most practical
purposes they be simplified to a single expression of the

form

K*%. z-

'—I.
I

with K* = 0.5 for cohesive and K¥* = 0.25 for granular
soils. Reviewing the same field data, O'Reilly and New
(1982) suggest that K* varies between 0.4 for stiff clays
and 0.7 for soft silty clays. For dry granular materials,

K* varies between 0.2 and 0.3.

Schmidt and Peck (1972) have proposed a more

general relation
. n
i/R = (zo/ZR)

where n is an empirical constant. They have suggested the
value of 0.8 for this constant based on empirical studies

of several case histories.

In order to estimate the value of the standard
deviation parameter i, ninety field data have Dbeen
searched and assembled in Table 2.1. The study was
carried out separating these data in two oroups according

to the type of the soil. Dimensionless values of i/R were



- 32 -

plotted against another dimensionless value z/2R, for both
cohesive and granular soils. A linear regression analysis
was performed for both plots and the results shown in
Figures 2.1 and 2.2. The linear regression lines obtained
by .O’Reilly and New (1982) were also drawn inrthese
Figures. Nineteen data cases from Table 2.1 were not
considered Dbecause some of the information necessary for
this study was not found.
{

Analysis of data from 41 case histories for
cohesive soils showed thatithe linear relationship 1is not
unreasonable. Figure 2.1 shows .that the regression line
intercept with the i/R axis is close to 0.5 and its slope
is steeper than that suggested by O0'Reilly and New (1982)
from U.K. tunnels.

______ Al,though,,~3.0,.data..casesi for granular soils were .
used, the relationship between variablés is not confirmed.
As seen in Figure 2.2, 23 data points from the total of 30
are located within an area limited vertically between 0.5
and 2.0 (zo/2R), and horizontally between 1.5 and 2.5
(1/R). However, a linear regression analysis was also
carried out and it was found that the regression line

intercepts the i/R axis close to unity.

As can be seen in Figure 2.2 for granular soil,
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the two regression lines are approximately parallel and
the separation of intercept points with the 1i/R axis is

approximately equal to unity.

Based on data shown in both Figures, it seems to
be more appropriate to generalise and suggest an n value
equal to unity for both cohesive and non-cohesive soil.
This evidence confirms the suggestion made by Attewell
(1977). By adopting both K aand n equal to unity, i=zo/2
which is also compatible with the expression suggested by

O'Reilly and New (1982) for cohesive soils.

Once knowing the value of i (and the maximum value
of the seftlement, assumed to lie on the tunnel centre
line), the geometrical form of the settlement profile is
established. As was discussed in Section 2.2, the maximum
settlement Woax can be evaluated (édhation 2.2) once the

value of ground lost (V) is estimated.

An alternative approach to ground 1loss is to
attempt to find an empirical relationship between the

observed volumes, VS, and some obtainable parameter.

Glossop (1978) made an attempt to relate
percentage volume loss (V %) to the Stability Ratio (OFS).

Both values were plotted graphically using log-linear axes
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and the regression analysis has given the following

equation

v (%) = - 1,14 + 1.33 OFS.

Obviously, this equation gives the first member
negative if OFS is too small, but, as an approximate
guide, he suggested that OFS values should be greater than
1.3. Glossop attempted also to develop a model that takes
into account the tunnel advance rate, tunnel diameter,
rate of so0il intrusion and time elapsed between excavation
and contact grout injection. However, the model seems to

be tenuous because it has bzen tested on only few data.

Attewell (1977) has reviewed with detail the
sources of ground loss and the contribution of each of the
factors to it. For dense granular soil, with good ground
control at the tunnel, Vg was estimated to be 1% to 2% of
the tunnel face area. In clay soil, VS may be estimated
at 1% of the tunnel face area if OFS{(4 and 1% to 5% if

4<0OFS<6.

O'Reilly and New (1982) examined case history data
and they have suggested a range of values for VSAaccording
to so0il type and tunnel construction method. For stiff

fissured <clay, driven with or without a shield, Vs varies
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between 0.5% and 3%, and for giacial deposits excavated in
free air with the use of a shield, 2% ¢ VS { 2.5% and
1% < Vg { 1.25% if compressed air is used. For recent
silty clay deposits, with shield excavation in free air,

30% < Vg ¢ 45%, and if excavated with <compressed air,

5% < VS < 20%.

In order to estimate the valﬁe of ground loss, V,
an attempt was made using data from Table 2.1 assuming
that no volume change occurs in the ground during tunnel
excavation. Again, the field data were separated into two
groups, 41 for cohesive soils and 30 for granular soils.
For each of these groups, the values of VS were separated

and have given the following figures :

Number of cases

cohesive “non-cohesive
Vo (2% 23 17
23 ¢V, (4% 8 6
4 3 (V_ (68 2 2
VS > 6 % 5 2
Total 38 27

As can be seen above, the percentage of the total
number of tunnels having a ground loss below 2% is high

for both groups. If the upper limit of grouhd loss 1is
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increased to 4%, this percentage goes up to 81.5% and 85%
for cohesive and granular soils, respectively. This
difference may be attributed to the basic mechanisms of
ground movements in both types of materials.

Values of ground 1loss volume (log axis) and
Ooverload Factor (linear axis) for cohesive soil have been
plotted and shown in Figure 2.3, in order to examine in
some detail the potential ground 1losses. Logarithmic
regression analysis has been performed using these data
and the resulting curve is presented. When the Overload
Factor is smaller than about 1, the theoretical potential
ground 1loss 1is less than about 1%. For Overload Factors
between about 1 and 3, the potential ground loss might be
up to 2%. For a value close to 8, the VS is approximately
5%. Clough and Schmidt (1981) have reported higher wvalues

of Vg for the same range of Overload Factor values.

2.6 INTERACTION BETWEEN GROUND MOVEMENTS AND STRUCTURES.

Buildings and buried services respond to ground
movements by different degrees of deformation according to
their rigidity and the position of their constitutive

elements.
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Several workers have studied the effect of
movements on buildings and presented recommendations on
allowable settlements of structures. Among these, perhaps
the best-known studies are those of Skempton and McDonald
(1956), Polskin and Tokar (1957) and Burland and Wroth
(1975). More recently, Wahls (1981) has also studied this
matter in some detail. There is, however, a basic feature
in the tunnelling process that is not entirely compatible
with these recommendations : buildings impose long-term
self-weight settlement and deformations, and much of any
potential damage can be prevented by taking up deformation
during the construction stage, while tunnel construction
induces most of the movements in a structure very quickly

and prevention against damage cannot thus be achieved.

once the ground deformations due to tunnelling

have been égfimated, ﬁheir effects on ﬁeé£5;>structures
and services may be predicted. The analysis of
interactions between structures and ground are invariably
quite complex because of the uniqueness of conditions at
each site. The problem is inherently less difficult for
services because of the relative geometrical simplicity of
the system. Buildings vary so much one from another and
seldom perform as designed because the actual material

properties are_different from those assumed in the design.

It is well-known that ground movements may be modified by
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soil-structure interaction, but the behaviour of
structures or buried services subsequent to initial damage
is not usually considered in analyses. Such complexities
cannot be taken into account in any analytical solutions,
and these methods can be used only for certain simplified

situations.

In order to tackle the problem of soil-structure
interaction it is necessary to have a clear and consistent
set of definitions describing the types of movements and

deformations experienced by structures or services.

Since the response of above-ground structures to
ground hovements is out of the scope of this study, only
the case of in-ground structures will be considered. It
is noted that Attewell and Yeates (1984) have recently
stﬁaiea__fﬂe—égg diﬁensional grdund—structure interaction

problem of an open frame structure affected by tunnelling-

induced settlement.

The stresses and displacements developed in a
buried pipe during nearby tunnel excavation are very
difficult to predict theoretically because they are
strongly influenced by the néture of the soil-pipe
interaction. The problem is further complicated by other

factors such as the age of the pipe, 1its in-trench



- 39 -

construction, traffic 1loading, other 1long-term quasi-

static stresses , and so on.

When a pipe 4is laid in the ground it will
obviously be affected to some extent by the movement of
thét ground. In the context of soft ground tunnelling the
area where the ground is under tension is of the greatest
concern as regards the possible failure of pipelines. The
level of risk to a main is, in practice, véry wide because
of a large variations of material prowerties. In many
cases, old pipes might be highly stressed because of
deterioration in material quality and changes in past

loading conditions.

Although during recent years the effect of ground
movements caused by tunnelling in soft ground have been
reported in the 1iterature, the truly three-dimensional
situation of the problem has been ignored in these
studies. It is known that when the tunnel face
progresses, buried pipelines within the ground settlement
trough may respond by compressing, stretching, bending,
shearing, warping and twistingn Such a complex response
will depend largely on the relative stiffness between pipe
and surrounding soil, and the relative position of the

portion of the pipeline to the tunnel drive.

In an initial study it may be assumed that the
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pipe deforms conformably with the predicted ground
deformations which develop without the presence of the
pipe. A pipe on or close to and roughly parallel to the
tunnel centre line could thus fail in bending,
particularly if above a shallow tunnel where the induced
radii of ground curvature could be small. This same mode
of failure could apply to a jointless pipeline at right
angles to a centre line. Additionally, direct horizontal
tensions towards the limbs of a settlement trough could
suplement the induced bending tensions to facilitate
failure. The ground-structure interaction associated with
horizontal movements 1is somewhat analogbus to the skin
friction problem in piles (Poulos and Davis, 1980). Major
difficulties in such kind of analyses relate to the
definition of fixidity (zero movement) points on the
pipeline and to the definition of appropriate soil
physical properties.

once the result is obtained wusing a selected
method of calculation, comparison is then made with
appropriate allowable pipe deformations in order to verify
if damage may occur. Generally, axial tensile stress
(compounded from components of direct tension and bending
tension) may be chosen as the most appropriate 1limiting
criterion for failure of brittle pipe material.
Occasionally, limitation of extension on a pipeline joint

may be important.
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lerected up to  the face. Annulus,
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| three rings. Boulder/Stony clay. |

{Continued overleaf)
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{Continued overleaf)
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| ! I 2R {z/2R | (mm) 1(kt/{Tz/ | I (m3/1 | ] | | | 1
| { [ () | | I m2)l cyl(md/myl m) | (%) | (m) | | (m) | I |
| fm e | === e o | e |mmm— | e e | === | = | === 1 e e e e e ]
| | | 6.5 1 1.6 | 140 |- -1 -~ 5.58 | 1.36f 4.1 1 3.9 | 1.2 | 11.71 10 |shield construction. Bolted concretel
| ] ] | | | ] | | I | | | | (p=33° )Isegments. Sand with some limestonel|
il I | | | | ! | | | | ] f I land sand lenses. t
i I | | | | | | | | | ] ! | ! | |
fas in 13) | | | | | | | ] | | | ] | i }
| rem e e | | | | == | | | --1 -1 -1 jmmm—— |———— = e ]
}16. FRANXFURT,| 13.3 | 6,5 | 2.1 { 13 ]130~{0.6~] 0.16 | 0.23} 0.7 | 7,1 | 2.2 | 21.3] 18 IShieldless construction : heading and]
! N0 SHIELD, | i ] | | 5501 2.5| i ! | | 1 l(@=48’)|bench. Soil anchors; shotcrete and|
| BAULOS 17 | ! | | | 1{1.5} ! | ] I° i i Ilight steel ribs for support. |
| (Authors as | | i | ] lav. )| i | | | | i IFrankfurt Clay nmarl with sone |
| in 13) | | | | | | | ] | | | ] | |limestone and sand lenses. )
f | == | —memm e | e | = e m Il e ! ! | | —mm— | == |- | e e et e T T |
I17. FPRAUKFURT,| 13.3 | 6.5 [ 2.5 | 10 {130-{0.6~] 0.09 { 0.18] 0.5 | 7.1 | 2.2 { 21.3] 18 IShieldless construction : heading and|
! C SHIELD, | | | | | 550! 2.51 | | | [ | I (=43° )ibench. sSoil anchors; shotcrete andl
i 37:7L0S 13al ] | ] i j(1.51 | | ] | | | llight steel  ribs for support.|
! eonzn 13 | ! | ! ] fav.)] | | ! | 1 | |Frankfurt Clay marl with  some|
i (Avthers as | i | | | j | | | | | | | |linestone and sand lenses. [
| in 13} | | i | | ! | | } | | | | | |
R et T e |~ |~ |~ | | ] | === Rl Rt |- ! ] | | ———————————— e o
f18. umaTirow -1 13.3 | 10.9 | 1.2 | 12 |72- {1-4 } 0.04 | 0.19) 0.2 | 6.5 | 1.2 | 19.5! 16 |Shield construction and hand |
| CARGC TUJMMECL} | | | | 2951(2.51 | | ] | 1 5(@=38°)Iexcavated, No tail to the shield -1
| (wood & Gibb, | ] | | | lav.)i | ! | ! | ! |concrete segmental 1lining expanded|
} 1971:smyth- | | | | | ] | | | | | | | Ibehind shield. Upper section of|
| osbourne, ] | | | | ! ] | ! ] | | 1 [London Clay with 3.6m of clay coverl
] 1971) ! | | | i | i | | l | ! ! lunder wet gravel. i
] i = [ R e et |~ | m————— = | === | ———— |————— e atta e |
| | 2.2 1 70 {1 -} -} 6.0 ! 11.21 5 | 6.9 | 2.5 | 20.7%1 17 Ishield cornstruction with cowmpressedl
| ! i ' I | ! { | 1 ! { 1{@=50°)lair. Sand and clay lenses. 1
| i | | ! | 1 | | | 1 { i { i
l ] | 1 | | il | | i 1 ] | | ]
| | | === == | ===l m | —m=—- | == | = | —~m—= | m——m |———==—- | e |
120, IRUSSELS | 16 ! 10 | 1.6 1150 | - | ~4% 5.0 2.0 2.5 1 5.5 1 1.1 | 16.5] 13 |Shield construction, hand excavated.!
| METRO.{Vinnel] | ! : | : : | : : : | | l(@=26°)lLining segments built in tail., Upperl
| | | ] i | } |
i | | | | | 1 | ] | ] | !
| | ! | | ] | ] | ! | | l



Table 2.1 Continued. ,

GEOTECH.

! | ] ]
i I TUMNEL DATA SETTL. VOLUMES TROUGH | ]
i | PROPERT . i TUNNELLING METHOD AND !
| TIMIMNEL et e R e Dl T B L P S i SOIL CONDITIONS. !
| w=2.51 | |
] | |
! (m) | !
el R e i |

20 |Shield with oscillating cutters.Steell

(@ 58° )|lining. Lining grouted 8m behindl|
|shield. Cutters offer support tol
| three - guarter of face. Ground |
| dewatering before tunnelling. Plastic|
| lacustrine clay. i

7 |Shield with a rotating cutter wheel. |
=37°)|compressed air support. Grouted|
| segmental lining. Soft plastic clay.|

(i ARKET s,
I2.A.R.T.,SAR
I?’J\JCISCO

{Articulated ( 3 segment ) shield|

8%

|
i
|
|
]
1
!
|
]
i
]
!
i
]
|
|
|
i
|
}
!
|
8 | 20.3
]
]
i
|
!
|
1
|
|
I
|
i
|
{
|
|
]
i
i
!
{
|

|

| |

| i

{ |

| [

| |

| |

| |

| ]

| |

| I

! |

| i

! ]
| g ]
| D.C. ] I lconstruction. Excavation by large,] .
IrOUTE T | | lhalf moon shaped, hydraulically -|
[{Cording et | | | operated digger spade. Tunnelling|
| al, 1976). | | Iibelow the water table, but ground de-]
| 1 5.5 | 3.7 5 - - 0.06 [0.12 0.5 | lwatered by deép well punping in|
| 3 13 20.3 5.5 | 3.7 3 0.02 10.07 0.3 | | advance of tunnel construction. |
] 9 Iz 22.5 5.5 | 4.1 8 - - 0.16 (0.2 0.8 8.52] 3.1 125.56 21 |Segmental steel 1lining erected in|
! | | (@—39°)|ta11 of shield. Secrves as both al
j 10 I3 21.4 5.5 | 3.9 13 - - 0.42 }0.32 1.3 | 26 lprimary and secondary or temporaryl
i 11 13 22.0 5.5 | 4.0 10 - - 0.23 0.23 1.0 9.901 3.6 |27.7 l 25 lsupport. Very variable mcdium stiff-|
} i ' ! He= =45° )| to~hard clays ; clayey sands-sandy]|
] | ! ' ] i lclays: coarse sand and gravel. ]
ittt Il R ey - el et e B | - | ~m———== | e |
|24, MISSICX 10.97| 5.33 | 2.06| 10.5 - - | 22.3110.11 | 0.5 4.2 } 1.57} 12.6] 10.5 IMechanical shield tunnelling with 90|
[LINE. ©.A.R.T. | 1{9~12) 1 | | | 1x1/m? compressed air. Lense, siltyl
[N FRANTISCC | ! ! | | B | fine sand (N=30) with occasional thin]
| (Peck, 1969) ] | | ! ] 1 |lenses of pent. Dewatering by deep}’
| | | ! o I [ lwells. [
R et e el L E o | = e e Rl bl R Rttt | } | et |
]25. TORONTO 11.89130.5 | ! | 21,07 0.21 ! | IShield tunnelling, hand excavation.]
i SURWAY (13.41] ! | | ! | | IMedium-to-fine uniform dense sand |
| (peck, 1969) 10.36) 1} | | | : } : :(N=40 to 60) above the water table, |
| mmmmm e m e e | =~ === | -—— |- Rl e e el e Dl el [ et i
126. MI3SICM 10.97] 5.33 | 2.06] 1.5 - - } 22.31} 0.03| | | IMechanical shield tunnelling with 62}
{LINE. Z.M.R.7. | ] ] | } | | |kM/:a2 air pressure. Sllghtl{ cemented |
[ 3A FPRANCISCO | | | | | ! | |dense silty fine sand (N=40 to 60).]
j(peck, 1359) | | | | | ] | IDewatering Ly deep wells. |

({Continucd overleaf)



Table 2.1 Continued.

22.2 |Shield tunnelling with breasted face.|
|Liner segments crected in the shield. |
|Moderately sensitive clay (u.c.s.= 77|
Ikt/m?) requiring no cowpressed  airl
| support. f

* Bgtinated value. (Continued overleaf)

| SAIT FRALUCISCO
f(Peck, 1969)

[ | | | | | ! i
f | TUNNEL DATA | SETTL.| GEOTECH. | VOLUMES | TROUGH | !
! ! ] | PROPERT.| ! | TUNNELLING METHOD AND |
| TUNNEL fem e e fomm e e o l-- r—— e | SOIL CONDITIONS. |
| |Depth | Dian. | i | cy | | Vege ! Ve | Vg | i | i/R | 3i |w=2.5i | |
I - I 2R l1z/2R | {(rmm) |(kN/{T.z/ | I (md /| | | | | } 1
] I {m) |} (m) | | | m2)i culhnalm)l m)| (%) | (m) | I (m) | | |
e e = = | 1= ! e [ m———- 1 -1- | | ] [ e e e e ]
[27. WILSOM | 15.24]10.06 | 1.5%] 21.3 | = | -~ ] 79.48| | ! | | | |Horse-shoe shaped small drifts, hand|
| TUMMEL . "AWAII. | | ] ! | | | ] ! | | | ! |excavated with ribs and lagging.|
| {Peck, 1969) | ] | | | | ] ] ] ] ] | | IResidual saprolitic  tropically - |
| ] ! | | | | | | ] ] | | ] Iweathered  volcanic granular soil,]
| | ! | | | | : } 1 | | | | {readily cut by compressed air spades, |
R et R e | ==~ e el e e { -1 [ e i T !
j28. wInson | 30.48120.06 | 3.03] 62.0 | =~ | =] 79.48] | | ] ] | las for 27. I
JTUMNEL. HAWAIIIL (- ! ! i ! | 1 | | | | ] | |
I (Peck, 1969) | ! | ] ! | J i { i | | | | I
R | e | -1 -] f = [ | e | mmm—— | o | mm——- | |==——- | mmo——— e e {
129. GAR;:ISON | 36.88]10.97 | 2.36] 18.29| 958]0.77] 94.51| ! | | | i IRibs and lagging support. Full-face]
| TEST TUIIEL. | i ! (6.1~ | [ N | | | | | ! Iblasting in a clay shale having an!
| (Burke, 1957)! | ] 124.4) | | R | | | | | | lunconfined compressive strength of]
I | ] | ! | l o I [ | | I | {958 kN/m?. |
[~mmm - | —————- | R et e | | ! |- I | o= | e e E R 1
| 30. SUBWAY | 23.47] 7.31 t 3.2 | 36.6 |38- 18.09] 41.97| 0.08] 0.20] 0.9 | 0.25| 2.7 | 2.55 IHand excavated , horseshoe - shaped|
| COlITRACT D3, | | | | I 78] | | | | | | | lcross~section tunnel.Face benched and]
| CHICAGO. ! | ] { | | o | | | | | | | tunnel supported by ribs and linerl
| (Peck, 1969) | ] | ] | | | ! | | | | | Iplates. Compressed air pressure of 301
] | | | | | ] I l { | | | } IkN/mZ., Bottom half of tunnel in hard]
} | | | | [ | | | | | ] | | lclay. Stiff clay ( unconfined |
] ! ! 1 I | | | | ] ] | l | |compressive strength=96-192kN/ml) for]
i | | l | ] | | i | | | | ! |3m above crown. Soft~to-medium clay]
! | i } | [ ] I | | | | | | I(u.c.s.=36-96 kN/m‘) above that. ]
R o | = R e Dol B it |—wm=- | === |m———- |====- | [-—————~ e e ]
{31, G.MN.R.R. | 37.49) 11.89] 3.15) 18.3 { - | - ]J111.03] 2.88| 2.6 [€63.0 110.59]18).0] 157.5 lHand excavated using small drifts]
! SEATTLE | I I | l | | | | | | | | Iwith a central core. Timbered support|
I (Hus=sey et | | | ! | ] | | | A | | | |for hard clayey till. Ravelling at!
| al, 1913) | I 1 | 1 | ! ] ] | | | b lthe crown: poling bars used. !
R e [=——m= | -1 -1 | e == R R ! i ! R et i
132. KYOTO | 22.55] 7.u1) 3.221 12.2 | 77 15.8571 38.591 1.66! 4.3 §54.4 11£.521163.2} 132 |Hand cxuzavated sectional shield. Fecel
[P0KY0, SUBWAY | | | ] | ! | | l } | } | Ibreated and lining segnents ereccted|
|{Shiraishi- i | | | | | ] | | i | ! i lin shield. Normally consolicdated]
|personal I ! ! I ! | | | ! | | | | |sensitive clay ( u.c.s. = 72 kii/nl)|
|comnunication | ! ] ! | l ! | | | | i | Irequiring no compresscd air support. |
t0 Peck) | [ ] | I | { | | ! { | I | |
| ~===== —————— | =— - | e e el e | =—==- | === - | === jo——— | I e e L e e {

}33. 3.A.R.T. | 17.98| 5.48} 3.28}) 46.0 | 77 | 1 1.02] 4.3 | 8.9 | 3.24} 26.71

| | ! | | ! i | | i I ]

{ ! | | ! ] ! | | | | |

| | | | | { ! | | ! i |

} ! | | | | | | | ! | |

-9
.
o
—_——— 3
o
1 9%)
.
o
e
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i
| L )
}
|
f

Inepth!
| z
1 {m)
| o
i 3%. OT 11.29
I SEWRR (Lden
| % Jozozuk,
11362}
i
Il Rttt
P13 TORONTO 13.11
VauuAY L ( tatdish
{% Carling,
feipuulished)
| e m e | e
{25.CcuICAS0 D=5 |11.89
| (Peck, 1969)
i
i
|
‘. ____________________
I 37. TOPONTO
i ©3UMIAY
I {Pecck,1355)
P 7IS wuunsL 10.36
| 13.41

. .-
TIeN

(¢TReill

lz/2R

SETTL.| GEOTECH

!
. VOLUME |
PROPEDT. |
———— e e e l N —_— __...[__
cy | lv. . ve t v | i |
(ktt/1Tz/ 1 X | (=8 /] | [
m2)= Cu:(ma/ﬂ)l @)y bo(g) | (m) |
—————————————— e B |
35¢41.08% 7.31 1 0.121 1.6 | 7.9 |
i I | I i I
| [ | | | |
f | i I I !
1 | | I | l
—] | [ [— v i
67 13.91%22.31 | 0.21] 0.95] 3.8 |
| I 1(0.131 | i
| | |-0.3)1 | |
| ] ] | ! i
v | |-~ |- | e ]
67 13.55729.22 | 0.28] 0.95] 2.8 |
| | 1(0.23] ] |
| 1 |-0.3)1 | !
! I ! I I I
| | I I i !
——— e e | = | ~mmmm o !
1 I | I I I
| | | ] | |
! |- | I | |
- | = 22.31 ] 0.42} 1.9 } 1.9 |
- : - :22.31 | 0.85| 3.8 | 2.4 :
—————————————— SN PUVPO PR
] 15,9 | 2.97150.39] 5.8 |
| | | ] | |
———— | | =i e |
1 E i ! | |
| | | ] ! |
| | ! | i |
] b | ! I i
- 1 -1 | ! I I
- 1= i I [ I
! P l j | !
| ' 6.89 | 0.06] 0.87| 1.41|
) I | 6.89 | 0.061 0.87] 1.60]
———— fmme e | === |
| | | | | i
] | | | | |
| | | | ] |
- f - I 6.16 (0.086} 1.37] 1.73|
- 1 - | 6.16 10.071] 1.10] 2.00]
} I ] | | |
! L | | { |

TROUGH

FL N ]

|
4
I
|
|

| |
| {
| TUMNELLING METHOD AND |
| SOIL CONDITIONS. |
| |
| |
| i
|

|Mechanical shield excavation. Liner|
| segments erected behind the shield.|
|Sensitive Leda clay 5u.c.s.=354kn/m2)l
| required 28-34 kN/m¢ compressed air|
|support. |
e e e !
|shield tunnelling, hand excavation.|
lair pressure of £9-83 kN/n Siltyl
lclay (u.c.s.=77kid/1“) at invert levell
| ) i
et |
llland excavated benched heading with]
jrib and liner n»late support. Glaciall
[lake clay(u.c.s.=57kil/nfat axis levell
land 33kN/m‘ at 3m depth). Mearer|
lsurface, ground is stronger. |

IDense sand above ground water level. |
l
!
!
!

_____________________________________ i
|Tunnelling in stiff clay with many|
lconstruction difficulties. . |
R et e L D L DL B L |
ishield +tunnelling, hand excavation|
| through water-bearing raised beachi
isends of Clyde I&stuary,
ITinmger breasting with face Jjacks.|
| Internal pressure 1.4 to. 1.6 1
latmospheres absolute. Non-cxpanding|
lconcrete lining segments with ceuaent-|
|bentonite grout injected into void at|
lend of each l2hr shift. |

ISlurry (bentonite)
| excavated through a nixed facel
lcomprising mainly sand with soe |
lboulders but with a small proportion]
lof Nunter Sandstone in  the invert.|
fvater table 1level is partway up faceld
|Bolted precast concrete seywm. lining.|

shield, machine]

“stinated value.

(Continued overleaf)
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Table 2.1 Continued.

J l g o I ‘ ! | |
| } TUNNEL DATA | SETTL.| GEOTECH.!|. . VOLUMES } TROUGH ! |
i | I { PROPERT.| | i TUNNELLING METHOD AND |
| TUNNEL R e | mmmeem | l: e ———————— | I SOIL CONDITIONS. |
i |pepth | Diam. | | - -'.Ve bove b vl 14 | i/R 1 31 lw=2.5i | |
| | 'z 1 2R |z/2R | (mm} W(kn/1%2/ 1 %€ j(m37 | % | I | i n [
| | (m) | (m) | | I m2)l cylim3/m)| myl (%) | (m) | I (m) | (m) | |
| | mmmemm fmmmmmm | == e B L e R | e |- | - e et e e e i
|41.WHITE MUD | 15.25| 6.05 | 2.52] - 1 - 1 | | i | | | | Two moles without shields (each 6.05m}
| CREFK TUHNEL | } | | | | | | | ] | | | |diam.). Poorly indurated clay shalel
| o=DhodTen, | | | ] | | b ] | ] ! | | linterbedded  with thin sandstone}
|  ALBERTA | [ ! | o | | | ! I | ] | |strata.Bolted steel segmental ribs in|
{(Thonson & I ] | | ! | I | - } ] ] ] | temporary lining and replaced by}
|Zl-Mahhas, 19801 ! } | | : L ] | i | | | lplain concrete lining. i
[ e | —— | —m | ==—— [ —mm—m | === Jmmmm e |~ | momme | = ——— | -1 | Rttt e L |
{42, 170 STREET| 21.5 | 2.56 | 8.40] 12 - - | | | | | | IMole with shield. Temporary lining]
| TUMNEL [ I | | | | | | | ! | | ] |consisted of segmental steel ribs and}]
[BOE AR (WO R | } ] | ! i I | | | | | | llater replaced by -plain concrete|
| ALBERTA. | | | | ] | I | | | } | | llining. Major portion of the tunnell
1{As in 41) : | ! i ] : y ! : | ‘ | = lexcavated through till. i
Rt e | == | === | Rtattatd | ; | - | Ratated | = e e —————— |
{43 . NAGOYA | | | | | | | | | ] | | | |shield tunnelling. Twin circular|
| SUBHAY . i | | | | ] I | | | | ] ! ltunnels of 6.4m diameter placed side]
| {(Xawanoto & [ ] ] ] l | | | | | | | | Iby side. Tunnel constructed through]
{okuzona, 1977)} ] ] { | ] | | | | i | { | the alluvium deposit. |
| SECYION A 117.4 1 6.4 | 2.721 48 | | l | | | ! | I ] . |
[ sgcTron e | 19.2.1 6.4 | 3.0 | 45 | | I | ! I | | I [ i
| SECTION C | 16.5 | 6.4 | 2.581 46 | { I | | ] | | ] | 1
f | {————- {— | | [me——— { | ! ] | | e e e !
{ ] { 4.981 43.7 130.512.7 “ 1.25 | 0.38130.4 | 3.48] 3.47| 5.511 8.70 [Mini-tunnel systemn. Hand excavation| ’
! | ] i | ] I | [ | | | | | from shield. Three-segment, smooth, |
J INTERCEPTOR ] i | ] i 1 { i { | | ! | Iprecast concrete lining. Soft, silty,l
I SEIIER ] ! i ! | | | | | i | | | | sandy clay. . I
JIZASUREIENT. ! ! ] ] ] ! | l | { | { | |
! szering €0 i | | | | { | | |- | | | | |
I{iicCaul, 1978)| ! | | | | i ! | | i | | | I
| i | == =i Rt R | | o= | et === |~ R fom e - |
| | | 4.651 56.3 |41.712.2 | 1.25 | 0.52141.5 }41.7 | 3.68} 5.84] 3.22 |Mini-tunnel system. Hand excavation|
| | | ! | . ! . ] | | } ! | from shicld. Three-segment, smooth, |
i | i | | | | { | | | | [ Iprecast concrete lining. Soft,silty,|
| ! | I ! ! i | | | i ! } | | sandy clay. i
i | | | - | | I | | | ! | | | ' |
| SuECRION D | | | ! i i | j | 1 1 ] | | ]
| (#icCaul, 1978)1 | | | | ! | ] ! | | | | | |
e e omemm e fom——- | - R e e T |m=m—— |- | e o |—m——— Rt [ e G ]
j46.MEW Cross | 10 | 4.15 | 2.4 l21.5 } - | - 13.52 | 0.271 2.0 4 5 | 1.82] 15 | 12.5 _ISlurry (bentonite) shield. Sandy |
! ] | | ! | ! | | | | 1 | | lgravel. {
[ nnrieal | | i | ! ] ! ! ! | | | | ! ]
jTUimL . (3odent i | | ! | ! [ ! | { | | i f
}& MeCaul, 1974)1 | } ! | | l ] | | ! | | | |

~ ystinated value. (Continued overleaf)
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Table 2.1 Contin

j48. an
| METRO.

| (Jacob, 1978)
|
{

TWERP

ued.

149. AGASIGAWA

} SEWER 1AIN Ho2
| KATSUS!HI XAKY,

I TOXYC. (Lny.

150. TAKUNO
PATER MOIN,
| SUGUINAT-

| TOXYO.

-KUu,
(~1aki
1977)

. YOTUOUGUI

Wen Al

e BUANCH,

ATSUSHI A-XU, |
0. (ki et
' Q,/) l
______________ |

| 52 .50U% KRN l
i LIND PROPOSAL |
| ANISTERDAN |
{PEITRO. SECTIONY
|

|

|

|

|
|
|
|
|
|
|
|
|
}
{liews Record, |
!
|
|
i
|
|
|
|
|
|

o »2 30U
f (‘n ) y_;] (=

} CHURCHILHAM~
| SINGELGPRACHT
T{rubl.

| ')(‘ k.,

WwOrks
1975)

-

-2

-

|
|
TUNNELLING METHOD AND ]
SOIL CONDITIONS. |
|
]
|

|well bedded,sharp sand and gravel(0.2i
|-100 mm), boulders to 80 cm overlain|
by clay, peat and £ill. water tablel

116 m above invert. Hydro-shiecld. |
|Reinforced concrete lining, Air}
| pressure 1.6 m. |
| i
IHydro - shield. Reinforced concrete]

|lining.Fine alluvial sand,interlayersl|
lof c¢lay, overlying overconsolidated]
leclay. water table 12m above invert, |
| lowered to 10m before tunnelling. i

{Slurry mole , concrete segmental
iprimary 1lining. Mixed face of finel
| "quick" sand and silt and clay, N<20.|
{Wwater table 7m above crown.

|Slurry mole concrete segmental llnlnvl
|Cemented dense sandy gravel (2 - 150!
lmm), N > 50, overlain by clay , sandyi
lgravel and silty. Water table 11.5m|
=above crown. |
_____________________________________ i

Islurry mole, steel segmental lining.

|
|Loose alluvial sand with silt; N=5-20l
!Water table 5.4m above crown. |
| I
| |
N — S — |
IFully mechanized shield with fulll

| face support. Medium to very densel
Isand and silt, overlain by clay, peatl
fand £ill. wWater table 2.0m above |
linvert.

*istimated value,

(Continued overleaf)
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Table 2.1 Continued.

| | : | | | | | !
| 1 TUNMEL DATA | SETTL.| GEOTECH. | VOLUMES | TROUGH | |
| | ] | PROPERT. | ] | TUNMELLING METHOD AND |
{ TUNNEL e fmm——— | ===—- | B R e e T | SOIL CONDITIONS. |
| IDepth | Diam.| | l.cy | I v Vvl v b 141 i/R ] 31 {w=2.51 | I
[ Iz | 2R lz/2r | (mm) 1(kn/i%z/ | SXC | (F/1 5| | | | | [
! I (=) | (=) | | I m2)1 ey l(md/m)l =) | (&) | (m) | I (m) | (m) | i
[ —mmm e mmmm e [ mmmm e | == | —=—mem ] ieg P P [~ Jommme P— oo - e
{53 .CHICAGO S-6! 10.97) 6.10 | 1.8 | 25.6 [5-7 {3.85129.22 | 0.15) 0.5 | 2.3 | 0.75] 6.9 | 5.7 |Hand excavated benched heading with|
i {Peck, 1969) | [ ! {(15.0-| | i | I i I ! | frib and liner plate support. 83 kN/wl |
| ] } | 136.6) | ] | i | | | i ] |compressed air support. Glacial lakel
! | ! ] ! | | | I ! | | i ] lclay (u.c.s.=57 kN/? at axis levell
| I. | ! i | | ! | | i | ! | land 33 kN/m2 at 3m depth). Nearar|
! i | | { i | | | I | | ! | | surface, ground is stronger. A
e e S oo = e j = e Bl BT fomm—— | == |-~ j == | —=e== | ——— e et et |
{54 .LINTCR PLATE| B.0 | 3.6 | 2.22] 25.0 1250 }4.03i 10.5 (0.21312.03 | 3.0 | 1.67]1 9.0 | 7.5 {Full face hand excavation withl
f TUNIMEL, SABESP, lappr. | | | rav. | | { ! | | ] i ] leircular steel sagmental lining]
| 3RAZIL. (legyro | | ! | i I | | | | | | | {plates erected immediately behind|
|& Eisenstein, | i | ] | ] | ! ] | | | | Ithe face. Tertiary soft porous clay!
i1981) ! I | i | | | ] | ] I ] | land clayey dense sand. ]
R e R et | - o = e et EC R |- |—em— |omm- ! ] |- il e e EEE S P P E P e Pt j
|55.H50n5:-550% | 9.00 | 3.6 | 2.5 | 15.5 |250 |4.03] 12.5 {0.17111.37 | 2.5 | 1.381 7.5 | 6.25 |Same as above. |
| woNssn, SABESP, lappr. | | | ] | | i ! } | | { | |
| BRAZIL. | | | i 1 | | i | ] | | | ] |
f (Autheors as ind | ! | i | | ! | | i | ! | |
| 354} i | | ! | i g | | | | l | | |
fmmm e e e | —mm—m | ———= e == | e | m e | ———- | —mm= f-——-- | ! |-- | -]
156.MAT Y TUNNELL 8.5 | 3.96 | 2.141 5.0 1250 {4.281 12.8 {0.048[0.37 { 3.0 | 1.52] 9.0 { 7.5 {gand excavated in three stages :|
| 5ABE5P,32AZIL.) appr.| | | | | | | | | ] | | lheading, bench and invert. Shotcretel
| {Authors as in! | } | A ] | | | | | | | 110-13 cm thick, with 10¥10 cm steel]
I 34 ] | | ] | | i ‘ | } ; = | |wire mesh. Scil conditions as above. |
| ! | m———— |~mee |meme ] [ | e || R el B et
{ | | | ] | ] | | | | | | Ittand excavated in shield; lined with!
! ] | I | ] | i ] | | ] | lconcrete segments ; coupressed air)
] | | ! | i | i ] | ] { i lapplied about 20 days after |
! I ] | | 1 ! ] | ] | | 1 lexcavacion ; lower 60% of face stitf|
| i { ! | | | ! | | | ! | ! Istony clay (Grimsby Marine Warp).
H{o'Rel i | { | | ! ! | | | I | [ |overlain with 2.5 m of stiff clay. |
| Mew, 1932) | | | | | J 3| i 1 | | | ! | ]
| ajl | 8.0 { 2.7 12.96 | 95 | 12 j13.41 5,73 . 10.905| 15.8f 3.8 | 2.811 11.4| 9.5 | ]
] D) | 5.5 | 2.7 12.04 | 60 | 12 | 9.2} 5.73 |0.481} 8.4t 3.2 | 2.371 9.6] 8.0 | ]
| [} i 5.5 | 2.7 12.04 | 58 i 12 1 9.2% 5.73 [0.4071 7.1 2.8 | 2.07] 8.41.7.0 | |
] ¢) i 6.5 | 2.7 12.41 | 97 I 12 j10.81 5.73 11.046} 18.21 4.3 | 3.19} 12.9110.75 | |

=2gtinatoed value. {(Continued overleaf)

£§



~able 2.1 Continued,

i . ]
i

I ! ]

| GEOTECH. | VOLUMES | TROUGH ] |

| PROPERT. | | | TUMNELLING METHOD AND |

| o | —— e e - ! SOIL CONDITIONS. |

| ] | ¢, | i ' v i -i/R 3i w=2.51 |

| | | (g | e | (m’"/l s | | I | | |

! | ! 1 m2)l cyltm3/m)l m )] (%) | (m) | I (m) | (m)} | |

| | i Bl Rttt L S e | mem e | |m———— | e |————- e e e e I

! ! i | | | i | | | ] | |Hand excavated; stiff fissured Londonl

| ] | | | | | ] | l ! | Iclay. Hand excavated; firm to stiff|

| | | |- ] | | | ] | | ] |weathered London Clay. Full face]|

| ! | | | i ] | | ] ! | Imachine (mini-tunnel) excavated; firmj

| | i | | J | | | | | | fto stiff weathered London Clay. |

| | | {180 11.897 2.49 j0.0%613.86 {10.0 | 1.12{30.0 | 25.0 | ’ ]

| | | | 90 [0.76% 2.49 10.019{2.75 | 2.0 | 2.25| 6.0 | 5.0 | |

i | | I @ :l 09% 1.81 §0.054(2.98 | 3.0 | 3.95 9.0 | 7.5 | |

| | ! R Bt e jmem—- | === | mmmmm === | mew—m—— e |

|59.3RI3TOL CITY] 6.0 | 3.4 | 1.76] 20.0 | 18 [6.671 9.08 10.25112.8 | 5.0 | 2.94115.0 | 12.5 |Hand excavated within shield with]|

} 2GINEERS DEPT. | I ! | | ] | ! | ! ] |- | |compressed air: soft to very soft]|

JAVOLOUTH 2, | | | ! | i ! ] | | I i | lJalluvium overlain  with £ill for|

| SEVERAGE SCHEME] | | | ] | | | | | | i ! |motorway embankment i
| (Tocubs, 1980) | i ] | | | I ] i 1 | | |

——————————————— | —=mme] -4 -1 | [ =mmmd e e L me [mm f ee f me | e  | eeee|

i14.061 4.13 | 3.4 | 4.0 1230 }1.22713.46 |0.078]0.6 | 7.8 | 3.78123.4 | 19.5 |Hand excavated (no shield); cast iron]

i | | | | } i | | l | ! 1 llining; London Clay. |

GE | ] ! { ! l ] ] | | | | | | !

.7 KINGS| | | | i ] ] | ! ! | ] ! N {

LOMDON. | | ! | i 1 | ! ! | 1 | | | |

jest et al, | | I | | | 1 | 1 | | | | ! |

| | 1 ] ] | 1 | ! | 1 |- | 1 |

——————————— | | |t | 1 | |emmmm e | | | | |-- il e ettt |

THEANZS WATERI11.7 | 2.82 | 4.15) 2.2 1200-10.78%1 6.24 10.028| 0.44] 5.0 | 3.55! 15.0] 12.5 |Full face machine in shield 7 stiff]

ITv i [ | 1 1 400} | { | | ] I | |heavily overconsolidated  fissured|

UMK | ! | | | | | | ! | | | | lclay (oxford Clay). |

SEWER. | | | | | i | | | | { | | | !

v & | ] i | | | ] ! | | | | | l ]

1282) | | | | | | ! | ! ] { 1 | | |

e Jomeimm | mmmemm [ | e | mmeame [orm—n | m—mmemm | === oo e | === ! -1l - ! e e e ———————— ]

| | | 1 | | | | ! | | i | {Hand excavated within shiecld;loose to}

: } | i | 1 | | 1 | | | | 1 Imedium sand with some gravel. Hand|

I(0'Feilly & ] | i | | i | | | | | l | lexcavated in medium to dense sand]

| vew, 1352) i | | | | I | | | | - ] | Iwith some clay : cover of very sStiff]

! a) | 4.7 1 3.6 | 1.311 78.0 1 - | - 110.18 | 0.47} 4.6 | 2.4 | 1.33} 7.2 | 6.0 Isandy clay. Partially  stabilizedi

i B) 1 9.0 3.6 | 2.5119.01 - | - 110.18 | 0.12} 1.2 | 2.52| 1.40! 7.56] 6.3 Imedium dense sand and gravel with aj

! c) | 6.5 1 3.6 | 1.81}] 15.0 1 - 1 - J10.18 | 0.06] 0.6 | 1.59] 0.88| 4.77] 3.98 |little clay. Fully stabilized sand]

| al | 6.5 1 3.6 | 1.811 20,01 - } - {10.18 | 0.091 0.9 | 1.79} 0.99] 5.37] 4.48 land gravel. |

| e} I 6.5 1 3.6 1 1.81] 7.0 1 - | - 110.1 | 0.04| 0.4 | 2.28}1 1.27] 6.841 5.70 | : ]

e e = n e = A ¥ Tt = e R v 8 i et o T o e T R o i o > e A . o S oy o P ¢ o o T T S S S S S e T S " . P o e i o T A vt e o o o Mo o o S o T o S o o e At 7 o 0 ot o oo o
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Table 2.1 Continued.

Feilly &

flew, 1982)

[ _______________
| 64 . NORTHUMBRIAN
lkux.L Ll

HORITY

: 2 SCHIME
louﬁv' 1 VALLEY
1 {U'Reilly &

| New, 1982)

" BUDAPEST
ETRO
glrich,1974)

H-—S uIN‘-‘

166. TYMNG
| PASSHIGER
| TRAIISPORT
| THLCUYIVE,
IPUNIING TUNMNAL

| 2L D(“" ‘QUARE ’

& WEAR

[{o' Rellly &
| New, 1982)
SLVIAGE

| PIPELINE Mo.
{352,UCHT0-ClHO
IDARAKI. (Miki

i
jet al, 1977)

i

Diam,
2R

|
!

z/ 2R

| ]
| GEOTECH. | VOLUMES
| PROPERT, |
|=mm - fmmmm e
P ey | | v I v 1
H(xN/1Tz/ | S%C ) (nP/]
: mz)i cu;(m3/m)1 m) |
___________________ '
I -1 -1 3.14 | 0.231
| | | | |
| | | | |
| | | | |
| | | | ]
| | I | ]
| ] i | |
| ] ! | |
Rl et e | ——m—e !
| = 1 - ] 9.64 | 1.48]
| | ) | {
| | | ] 3
] | | | )
} | ] | !
| | 1 | |
! | 1 | i
e et e | m—me |
J | i} | |
| l | | |
| | | | |
! — 1 - {23.76 | 0.83]
i | | | i
b - 1 - §23.76 | 2.2 |
| | } |
lf-——l-——; —————— | == |
| 20011.4%(21.32 |0.132!
i | | |
! | | |
! l | |
| | } i
| | } |
{ | | i
| | ] ]
| ! i |
| | | |
| | | |
| | | |
| | | |
| | | !
| | i |

TROUGH
i | i/R ] 3i [|w=2.51i
| } |
(m) § : (m) ‘ {m)
3.2 1 3.2 1 9.6 | 8.0
] ] |
| | |
| | ]
| | |
o] |
| i |
| | i
----- e Bl Dt
7.291 4.20121.87) 18.23
| | ]
| | |
} . | |
| I |
| ] |
i | |
————— | e | e
! | |
| | |
| | |
9.23| 3.35127.66] 23.05
| | |
30.25|ll.00|90.75{ 75.62
f |
————— R el B
7.0 1 2.69121.0 |
| i |
| | i
| | |
| | H
| ! i
| | |
| | |
| | |
| 1 ]
| | |
| | |
| | |
| | i
I | J

| {
| |
i TUNNELLING METHOD AND i
| SOIL CONDITIONS. 1
|
}
|

|
|
|
|
iHand excavated within shield with|
|compressed air; variable loose siltyl

|sand with some soft clay ; tunnelling]
labout 4m below water table. |

| |
| |
| |
| - i
| e e i
|Hand excavated within shield ; recent|
|£i11 materials , rubble , timber ,|

lhousehold waste and ash in soft clayl
Imatrix.

I
I
i .
f - !
IShield tunnelling , hand excavated in|
loligocene clay overlain by sandy siltl
|Bolted concrete segmental lining. ]

|
|
!
|

lPpartial face machine excavated in|
|shield with compressed air. Glaciall|
1£il1l, firm/stiff clay with some sand]
|and gravel lenses.

I
i
i
!
!
|

|Slurry rmole , segmental lining. |
|Cenented fine (0.4mm) clayey sand ,|
loverlain by sand, «clay and 51lty |
|
|

|Water table 5.4m above crown.

Estimated value,

(Continued overleaf)

|
|
i
!
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Table 2.1 Continued.

]

|

‘;

i. TUNNEL |
| .

i

]

Depth
¥4
(m)
R ntatalett i Nt Bttt
| 68, BELFAST 5
SEWERAGE

|
|
|
|
|
| |
| SCUEME , SYDEAM |
| 3LLFAST. |
| (Glossop & |
| rarwer, 1977) |
| |
| |
| |
| |

SETTL.| GEOTECH.| | VOLUMES
| PROPERT.]| :
— B
[ v \'
(am) | (XN/ Tz/ !exc (a3
m2)| ¢y l{=3/m) m)
37.5 | 2.11 8.31 5.9 | 0.12

- ¥ Zstimated value.

TROUGH

i/R 3i
(m)

2.75]1 2.00

|
|
} TUNNELLING METHOD AND |
| SOIL CONDITIONS. ]
i
|
|

|
|
1
| e
12.74m diameter shield, 2m long + lml
f{tailskin. Conpresged air spade |
| excavation. 41kN/m¢ compressed  airli
|pressure for ground support. Seven|
|precast concrete lining scyments,0.6m]
llong. Each ring grouted individualilyl
| liunediately after shield shove; 3-41
|rings erected per shift. Belfast]|
| ‘sleech’ soft oryanic silty clayi
jwith a high noisture content. |

o]
o
3
2
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CHAPTER <=5

APPLICATION OF THE FINITE ELEMENT METHOD.

3.1 INTRODUCTION.

The finite element method has found one of its
major applications in the solution of geological/
geophysical problems. The versatility of the method
facilitates the detailed treatment of many complex. cases
unapproachable by analytical methods, provided that the
accuracy of the input data for the material involved in
the analysis is acceptable for the degree of

sophistication of the method.

3.2 THE FINITE ELEMENT METHOD.

The technique of the finite element method is also
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‘well established within many engineering disciplines.
Although there may Dbe considerable diversity in the
formulation, the method can be distinguished by four major
features

a) Representation of a body or a structure by an
assemblage of discrete units called finite elements;

b) Derivation of expressions for the variation of
the functions within each element and the relationship of
unknown variables at Jjunctions between neighbouring
elements;

c) Establishment of a relationship between all the
elements and the imposed mesh boundary conditions;

d) Solution of the constitutive simultaneous

equations.

In the following Sections, the general procedure
used 1in the finite element programming presented in

Chapter 5 will be discussed briefly.

3.3 FORMULATION PROCEDURE.

The finite element displacement method of
structural analysis was used. The governing equilibrium
equations were obtained by minimising the total potential

energy of the system, represented by the internal strain
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energy and work contributions of the ©nody forces and
distributed surface loads. The displacement is assumed to
have unknown values only at nodal points, so that nodal
values are described by means of an interpolation
function. The Dbasic steps for deriving a finite element
solution to an equilibrium problem can be summarised as

sub-division of the continuum, evaluation of the element
stiffness matrix and load terms, assembly of element
stiffness matrix and load terms into a global stiffness
matrix and 1load vector, solution of the resulting linear
equations for +the unknown nodal variables, and finally,

evaluation of additional element quantities.
3.3.1 IDEALIZATION OF THE CONTINUUM.

The discretization of the continuum is carried out
in such a way that a number of finite elements represents
the entire body or structure under analysis. If the
geological conditions are relatively simple, it is
possible to model the medium precisely. For complex
conditions, it is necessary for the engineer, using his
skill and his previous experience, to adopt a simplified
model of the medium, taking into account every parameter
and characteristic regarded as essential to the analysis.

The final results depend largely on this idealization.

There are no general rules for determining the
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exact number of nodes or elements required for a certain
model to be adopted. Nevertheless, the depth and diameter
of the tunnel and/or buried pipelines and the contours of
different materials are well-defined parameters. The
major difficulty of the idealization 1is to choose the
appropriate number and size of elements, and the 1limits
and boundary conditions of the mesh. In any case, it 1is
always necessary to take into account the computing time,

uniformity of material properties within each element,

sequence and number of load increments to perform the

calculation. The computing time is a particularly
important factor in three-dimensional finite element
analyses.

3.3.2 PRIMARY STATE OF STRESS.

Thé initiali stateA 6f stress in thé ground is a
very important factor in simulating excavation process
because it involves calculation of forces from the
existing stresses on the surface to be exposed by the
excavation. These initial stresses Are generally
specified in terms of vertical and hofizontal components.
At any point of the medium, the pre-tunnelling vertical
stress is usually taken as a product of the so0il unit
weight, vy, and depth, z , of the point. The horizontal

stress components at the same point are taken as a product



of the vertical stress and the coefficient of earth
pressure, K (see Figure 3.1). An appropriate value of K
must then be known. (K is here used without the subscript
'o' to denote the ratio of horizontal to vertical stress

in situ.)

Tests to determine K have been derived both for
the laboratory and in-situ. Often, the experimental
determination of K is substituted ULy semi-empirical
formulae which predict K from readily available data.
Many expressions have been developed and K has been
calculated from the effective friction angle, &', or the

plasticity index.

For normally-consolidated soft clays, the XK values
typically fall into the range 0.45 to 0.7.
Overconsolidation significantly affects K, and values of
3 or more has been assumed for London Clay at ground

surface (Burland et al, 1981).

3.3.3 MATERIAL PROPERTIES.

The basic material properties required in a finite
element analyses are the modulus of elasticity (elastic
modulus), L, and Poisson's ratio, v. The main difficulty

in the use of these parameters arises from the selection



of numerical values Dbecause soils are extremely
complicated engineering materials. The soil response 1isg
influenced by a number of factors, including its density,
water content, mineralogy, structure, particle size,
stress history, confining pressure, drainage conditiond,
duration of 1loading, and so on. Because of thid
complexity, a simple and realistic  constitutivi
relationship capable of describing the soil behaviour iy
still unavailable. This is also the reason why today, in
spite of the sophisticated analytical  procedured
available, results obtained by theoretical means have iti

many instances remained rather poor.

The stress-strain behaviour of soils has been a
subject of research for many years, and the advent of the
finite element method of analysis has given additional

impetus to this effort.

The finite element method has been applied to a
wide range of geological problems, involving materials
that obey 1linear or non-linear constitutive laws. The
linear behaviour of material requires only one application
of the solution process to obtain results for a particular
loading case. Meanwhile, there are two common approaches
.for treating the s0il as a non-linear material,

characterizing it as piecewise linear or elastic-plastic.



Specific applications to non-linear problems
include the use of hyperbolic formulation, spline
functions, empirical equations, and takular or digital

forms. All these models have given satisfactory results
if compared with field observations, but two common
difficulties are. revealed. The first one is the ability
to predict accurately the initial value of Young's
modulus, and the second is the ability of any particular
function to describe adequately the soil response over the

entire range of interest.

3.3.4 CHOICE OF THE ELEMENT AND ADVANTAGES OF THREE-

DIMENSIONAL FINITE ELEMENT ANALYSIS.

Selection of the most suitable element for a
particular problem is not an insignificant question. The
complexi£y of proéramming, £he accuracy or the solution,
the total computation effort and its cost are strongly
dependent on the element type. There are no well-defined
rules for choosing the best element for a particular
problem. All depends on the problem type, the boundary
conditions, the computer capacity, the geometry of the
boundaries, the accuracy desired, the maximum allowable
computing time, as well as many other factors. The
question of economy may generally dictate the choice of an

appropriate element. The wuse of higher order elements

|

b



reqguires some justification because the additional
complexity compared with simpler elements requires more

computer time to perform calculations.

A further econony in computing time can Dbe
obtained by efficient calculations of the element

stiffness matrix.

With the three~dimensional finite element method
of analysis, the cost of computation is higher than for
any other numerical method of calculation. It inherently
involves a large number of degrees of freedom, and even
with a reasonable number of elements the resulting system
of equations can easily have several thousands of

unknowns .

Although many difficulties exist it was fei£>tﬁét
the three-dimensional finite element analysis would be
essential to carry out the work presented in this thesis
in order to simulate more realistically the tunnel
excavation and the response of buried pipelines to ground
movements. It is clear that both problems are inherently

three-dimensional in character.

Several analyses have been performed over the past

years using two-dimensional plane strain models, but they



do not model the true development of deformations and
stresses during the process of tunnel construction. For
instance, taking a transverse section to the tunnel centre
line, as the tunnel face approaches and passes during the
process Of construction, there is a gradual development of
deformations and stress variations. When a lining 1is
installed at this section displacements have already taken
place behind the face and prior to the onset of ground-
lining interaction at the section iﬁ question. This
effect cannot easily be taken into account in a two-

dimensional formulation.

Another important effect which cannot be modelled
in two-dimensional analyses is the fact that as the tunnel
face advances, thé excavation takes place in a zone ahead
of the face in which the stress condition has already been

modified by the approach of the face.

In summary, the three-dimensional finite element
analysis 1is able to take into account all these effects

although some limitations and difficulties exist.

One of the most popular three-dimensional finite
element configurations available is the tetrahedral
element, although occasionally it is difficult to

subdivide a region into this type of element only. This



difficulty is aggravated, particularly in geotechnical
problems, because of complex physical conditions involved
in the analysis. For this reason, added to relative
simplicity in programming and good numerical accuracy, the
isoparametric hexahedral rectangular element, as shown in
Figure 3.3, was chosen. Obviously, the choice was made on
the grounds of economy, since more complex elements
require correspondingly more calculation time and larger

computer systems.

3.4 FACTORS AFFECTING FINITE ELEMENT CALCULATIONS.

Economical solution of problems by the finite
element method is based on using the computer efficiently.
In order to improve computational efficiency it is
necessary to balance each proééss involved in the
calculétion° A rational approach to confirmation of the
solution iﬁtegrity in finite element analysis requires a
categorization of the sources of error. A general scheme

of such sources is presented in Figure 3.2,
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FIG.3.1) Initial stress in the soil.



FACTORS AFFECTING FINITE ELEMENT SOLUTIONS
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F1G. 3.2) The finite element scheme.
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CHAPTER <&}

THE FINITE ELEMENT TECHNIQUE TO SIMULATE TUNNELLING.

4.1 INTRODUCTION.

The problem of predicting the actual ground
deformation due to the tunnelling in soft ground provides
a severe test for any method of calculation because, as
noted earlier, conditions found in the field are quite
different from those simulated in the analysis. It was
realised at the beginning of this research that the finite
element method could be more appropriate than any other
analytical method because it accommodates specific actions
involved in the tunnelling process that other methods
cannot take into account. This Chapter presents the
general procedure used in this work for modelling tunnel

excavation.
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4.2 SIMULATION OF EXCAVATIONMN AND CONSTRUCTIOM.

During the tunnelling process, the ground around
the tunnel 1is disturbed. If the magni.tudes of the
displacements exceed a certain limit they may damage the
structures present in the area affected by the excavation.
This potential damage is not only related to the maximum
vertical movement, but is also significantly dependent on

the distribution of horizontal movement.

In a finite element analysis, the actual
tunnelling process starts with the in-situ stress
condition and is followed by one or more stages of

excavation and support installation, if and as necessary.

The excavation process is modelled vy dividing the
region of the sdil to be removed info a number of pafts°
Each of these parts will represent one load increment, and
it 1is assumed that after each sequence of simulation the
stresses on surfaces exposed by excavation will be zero.
In early techniques ﬁo simulate excavation, the 1loads
required to create such conditions were obtained by
multiplying the computed stresses at the nodes on the
exposed surface by the projected area on which they act
(Clough and Duncan, 1969). Then a cycle of finite element

calculations is performed to find variations in stresses



due to the application of such loads. At the end of each
cycle, the wvariations of stresses are added to the
stresses computed 1in the previous stage. Often, the
stresses for computing loads were found by interpolating

stresses at the centroids of surrounding elaments.

It was shown by the use of the foregoing procedure
(Christian and Wong, 1973) that, for excavation in elastic
soil, this procedure yielded different results for
different numbers of load increments. The discrepancies
were only reduced by using a least-squares extrapolation
function to evaluate stresses on the boundaries between

adjacent elements.

Later, an alternative technique was developed by
the use of the displacements computed during the previous
Stages of excavation. This procedure does ndt require use
of an auxiliary extrapolation model, and it has been shown
that for excavations in an elastic medium the calculated
stresses and displacements are independent of the number
of steps employed to simulate the same stage of excavation
prccess (Ishihara, 1970; Chandrasekaran and King, 1974).
An approach based on this latter procedure is adopted in

this work and will be presented in Section 4.3.

The aim of the finite element calculations used to
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simulate excavation is to determine the change of state
(displacements, stresses and strains) at specific points
in the medium resulting from the removal of a stressed
portion of the system. The excavation is simulated by the
process of releasing forces calculated initially from the
stresses acting on the surface which will form the
boundary of the excavated region. The subsequent forces
are calculated considering the effects of previous steps.
Each stage of the excavation process is simulated by the
application of nodal force relaxation 1in the model.

Details of this procedure are explained in Section 4.3.

All the elements assigned to the internal portion
of the tunnel are initially active. At a Jdesignated step
when the excavation takes place these elements are
deactivated, that is, the stiffness matrix of this element
is not assembled in the global stiffness matrix -of the
system. The installation of a support system is simulated
by the inverse operation : first, the stiffness matrix of
elements representing the supporting structure is
calculated by wusing an appropriate elastic modulus and

then assembling it into the global stiffness matrix.

4.3 SIMULATION PROCESS.

The procedure was - proposed by Charndrasekaran and
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King (1974). One important feature of this procedure,
when applied to linear analysis of geotechnical
engineering problems, 1is the consistency demonstrated by
the final results regardless of the number of load
increments used. This 1s particularly important when

loading history is an integral part of the problem.

To illustrate the simulation process, we consider
that the tunnel excavation is carried out 1in N stages,
corresponding to surfaces Sl,SZ,S3,S4,,.o,SN,respectively,
as shown in PFigure 4.1. Each excavation surface is

defined by the face proper and the wall of the tunnel.

Initially the forces {Fl},{FZ},[Fs},fF4},,,,,{FN]

are defined on the surfaces S5.,S,,S.,,S

152 Sy -

3'74"'°°°'"N

The first stage of an excavation process is

carried out by applying the force —{Fl} on the surface Sy

and deactivating the removed elements. Let {dFé},{dF%},
1 1 o

{dF4},..,,{dFN} be the variation of {Fz},{F3},{F4},,,.,

{FN}, respectively, due to the first stage of excavation.

Each component of these variations is obteined from the
product of the stiffness matrix of elements located on the

surfaces SZ’S ..+,3. and the corresponding first stage

3IS4I

displacements.

N

The nodal forces on surfaces S5185¢84,...,8, can



now be expressed as

* 1
{F2} = {Fz} + {sz}

* 1
(FB} = {F3} + (dF3}

*
{Fyt = (F

*
(Fy) = (Fy) + (dF

in which the first member of each expression represents
the nodal forces equivalent to the stressed portion of the

soil to be removed.

The second stage of excavation is carried out by

w
applying forces —{F2} on nodes located on the surface 82
and neglecting (or deactivating) the removed elements. At

the end of this stage the forces acting on the remaining

surfaces are given by,

k24 *® 2
{F3} = {F3} + {dF3}
* % * 2
{F4} = {F4} + {dF4}
. - .2
{FN} = {FN} + {dFN}
in which {ng},{sz},oeo,{dFé} are the variations of the

respective forces due to the second stage of the
excavation. They are now calculated bv the use of

corresponding second stage incremental displacements.
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For the following stages, the procedure is applied
successively as described above. At the end of each stage
of the excavation process the incremental displacements,

stresses and strains are added to the previous values.

4.4 FORMULATION.

}

For the initial opening, the releasing forces {Fl
are simply calculated by integrating the virgin stresses

along the faces of elements around the opening

{Fl} = {(B)-{o}av
vol

in which, (B) 1is the strain/displacement matrix and (o}

is the stress vector for each node.

For subsequent analyses, the effects of previous
loadings are considered by the use of the following

equations to calculate the releasing forces {Fj}:

{ Fj} {F } - {dFj}

J-1
and,

]

{dFj} [K]»{dj}

in which, j is the increment number, {dFj} the wvariation



of the force, (K] the stiffness matrix and {dj} the

displacement vector calculated in increment j.

4.5 TUNNEL LINING INSTALLATION.

In practice,when the face advances during tunnel
contruction, a certain 1length of the opening is left
unsupported and this will change the stress field in the
ground. Most of the load will be supported by the lining,
particularly by the last ring. A significant part of the
load 1is also transferred to the unexcavated ground ahead
of the face, a process which cannot be accepted easily
into a two-dimensional formulation. Then a new segment of
lining 1is erected and the whole process is repeated
cyclically. A pattern of movements always takes place
between  the installation of two consecutive lining

segments.

The procedure used in the finite element method to
simulate the lining placement involves the reactivation of
the elements representing the support system. The nodal
forces equivalent to the new portion to be excavated are
applied and the response of both the ground and support

system is obtained accordingly.
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THE THREE-DIMENSIONAL FINITE ELEMENT PROGRAM.

5.1 INTRODUCTION.

A Finite Element Program (see Appendix B) for 3-
Dimensional Elastic Solution (FEP3DES) was written in the
Fortran IV language, level G, using the University (NUMAC)
IBM 370/168 mainframe computer with 2Mbytes core storage

capacity.

A short program (GRAPH), (see Appendix CC), was
also written in order to select desiunated variables
calculated by FEP3DES to be contoured using the General
Purpose Contouring Package (GPCP) public program. GPCP is

run separately from the FEP3DES and graphics subroutine.

The main program is comprehensive and automatic in

many features such as generation of missing input data,
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stiffness assembly, node fixing, solution of equations,
stress and strain computations and output data. It was
written taking into account a 1limit of computing time and

the storage capacity of the computer used.

The following Sections present briefly some of

main features, limitations and advantages c«f the program.

5.2 SCOPE OF THE PROGRAM.

As pointed out previously, a three-dimensional
finite element method applied to tunnel construction
analysis requires a large and fast computer. This was the
reason for writing the program FEP3DES in as simple a
manner as possible. The following features and scope of
operation are included :

é) The program is intended for geotechnical
applications.

b) Physical properties of materials are linear
elastic, homogeneous and isotropic.

c) Loading can be in the form of discrete forces
or prescribed displacements applied to selected nodes.

d) The simulation of tunnelling process is made by
calculating initial releasing forces from the primary
stress in the ground. For subsequent steps (if the

incremental procedure is used) the releasing forces are
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obtained from displacements calculated at the end of each

step.

e) The finite element mesh is generated
automatically.

g) Geometry and material properties do not change
longitudinally.

h) Primary state of stress is expressed in terms
of lateral, vertical and longitudinal stresses,

i) Elements representing the excavated portion of
the so0il are 'deactivated' to simulate the excavation
process.

j) 'Deactivated’ elements are ‘reactivated' at a
specified distance from the advancing face if tunnel

support installation is simulated.
5.3 DESCRIPTION OF THE PROGRAM.

The program consists of a main routine and 25
subroutines. The action of these subroutines is described
in Appendix A, the logic of the program is shown in Figure
5.1, and the program is listed at the end of this thesis.

5.3.1 MESH AND STORAGE DETAILS.

As indicated in Section 3.3.4, the finite element

used in this program has 8 nodes located on corners of the



element as shown in Figure 3.3.

In order to reduce the input data to a minimum,
coordinates, stresses, displacement conditions and element
node numbers are given in a similar way to that in two-
dimensional analysis. Associated with each node are
numbers defining the displacement condition, coordinates
and initial stresses. The maximum number of nodes and
elements are 1122 and 840, respectively, and the permitted
maximum semi-bandwidth of the global matrix 1is 351.
Although the number of nodes and elements 1is considered
adequate for most problems, this number may be increased

if necessary.
5.3.2 EQUATION SOLUTION METHOD.

In order to minimize the required core storage,
only the ﬁpper half of the banded global stiffness matrix
is stored in the designated array. The equations are
solved at each step using the Gauss elimination method.
The displacements obtained by the solution of equations

will generate the stresses and strains.
5.3.3 LOGICAL UNITS.

Four temporary files numbered 1, 3, 9 and 11, and

one permanent file numbered 12 may be used in the program.



- 83 -

These units must be declared at the begining of the
execution. File number ¢ is only required if the lining

placement during tunnel construction is simulated.
5.3.4 INPUT AND OUTPUT DATA.

Data for the FEP3DES program must be input in
appropriate format using any set of consistent units. The
values of displacements, stresses and strains calculated
at the end of each step will correspond to the units

adopted.

5.4 COMMENTS.

The finite element method of analysis not only has
to be economically sound but also precise enough in its
output information. This requirement can only be checked
through careful comparison between calculated results and
field measurements. The results will mainly depend on the
implemented stress-strain behaviour ¢f materials. As
discussed briefly in Seétion 3.3.3, a general constitutive
relationship describing this behaviour is still
unavailable. At the present time, the most common
procedure for approximating stress-strain properties of

soils is based on results obtained from laboratory tests.



Although some limitations exist in this procedure, the
relative simplicity and availability of the apparatus make

it attractive for practical purposes.

Typically soil behaves non-linearly, but many
workers have performed linear finite element analyses on
actual cases. Linear elastic analyses were used in the
present research, the reasons for this being discussed

later in this thesis.,

For many practical problems, particularly in
three-dimensional analysis, too many eiements and nodal
points are involved so that the task of preparing the
input data becomes extremely lengthy and tedious.
Consequently, some unintentional human errors may be
introduced during +the preparation of thousands of data
entries and may remain undetected in spite of the checks
‘which are usually made. The presence of such errors will
inevitably bring about incorrect results and, if detected
at this stage, would require a further calculation on the
computer after correcting the input data. However, if the
errors remain undetected the. consequences may be very
serious because incorrect results lead to incorrect
engineering decisions. The risk of introducing such input
data errors can be reduced by the automatic mesh

generation feature of the program. This consists of
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generating the whole domain automatically by the computer
using a minimum amount of information necessary to
describe the mesh geometry and the requisite mesh

divisions.

In addition to the two important factors discussed
above, the following requirements wer=2 regarded as
essential during the writing of the program

a) The introduction of the stress-strain law in
the analysis should not lead to high computing cost.

b) The applied mechanical properties of soils
might be determined by common laboratory testing
techniques.

c) The calculated results have to be close enough
to reality for practical purposes.

d) There must be easy understanding of the program
in order to allow further changes if necescary.

e) Realistic representation of the excavation and
construction procedure is required.

f) The program should allow analysis of the
response of Dburied pipelines to the ground movements

caused by tunnel construction.
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FIG. 5.1) Flow chart for the program FEP3DES.
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SITE AND MODEL USED IN THE ANALYSES.

6.1 INTRODUCTION.

The capabilities of the three-dimensional finite
element technique for analysing stresses and deformations
in engineering problems with complicated geometries have
been well established in the past litefature° However ,
the use of this analytical tool in geological problems hésA
been resisted, partially because of its high cost, both

in manpower and computer timne.

It is attempted, with the following analyses, to
put a more quantitative perspective on this objection by
examining the advantages of a typical three-dimensional
finite element study. An attempt has been made to
investigate procedures which would avoid the great expense

and some inefficiency inherent in the methods more
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generally used.

The elastic approach has been used throughout the
research to analyse the distribution of stresses, strains
and displacements. Although it does not predict specific
failure conditions, it does provide estimates of service

behaviour and of possible failure mechanisms.

Even with the present state of finite element
methodology and computer technology, three-dimensional
analysis for simulation of tunnel construction and its
effect on nearby structures can be quite expensive due to
the size of the mesh and large number of steps required.
While this approach may be feasible for studying on a
case~-by-case basis, parametric studies rejquiring several
analyses of a general problem appear to be impractical at
this time. A compromise has been attempted by combining
the finite element method and an empirical approach using
one set of material properties. In spite of these
limitations, it has been considered that a simple three-
dimensional 1linear elastic idealization «could provide
preliminary inforasation when attempting to model éround
movement caused by tunnel excavation and/or the possible

response of buried pipes to these movements.

Simulation of the excavation process was performed
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by varying the releasing forces at the tunnel surface
until a 'best fit' between results calculated by the
empirical method and the finite element approach was

achieved.

It is not intended in this work to discuss fully
all aspects of the tunnelling process in clay soil, nor
the effect of tunnelling on buried pipelines. This
presentation will concentrate on aspects of soil behaviour
relevant to tunnelliqg, with or without lining
installation, and the possible response of pipelines to
ground movements, essentially as seen from the point of

view of the engineer.

6.2 DETAILS OF THE SITE ANALYSED.

Figure 6.1 shows the plan of the area (Tyneside
Sewerage Scheme at Collingwood Street, Newcastle upon
Tyne) used in this study. The depth of the tunnel axis at
this section varies between 13.36m and 13.72m. Three gas
pipelines lie parallel to the tunnel centre line at depths
varying from 0.8m to 1.7m . A 18" diameter pipeline lies
under the pavement 6.5m from the tunnel centre line. The
smallest diameter pipe (12") 1lies 1.7m from the centre

line and the largest diameter pipe (24") 1lies directly
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above the tunnel centre line. For ease of finite elemenht
idealization, it is assumed that all three pipes are
located at a depth of 1.5m and the tunnel axis at a depth

of 13.5m, as shown in Figure 6.4.

6.3 GEOLOGICAL CHARACTER OF THE SITE.

Ground investigations carried out in the ared
involved the putting down of boreholes as indicated it
Figure 6.1. Four different fypes of deposit were found :

1) A variable depth of fill, comprising soft clay,
stones, ashes, bricks, sand, gravel, timber and codl
fragments, covers the whole area from a thickness of
between 1.0m to about 12.0m.

2) Silty clays, often finely laminated with sard
or silty intercalations. Clay thickness varies from about
1.0m to 6.0m,

3) Stiff to very stiff boulder clay, usually sandy
or silty and containing cobbles, boulders and gravel in
variable proportions; it underlies the laminated clay.

4) Sand and gravel horizons varying in thickness

and depth and containing clay bands and pockets of clay.

From the analysis of the site investigation data

Norgrove et al.(1979) suggested that most of the
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tunnelling would take place in boulder clay. Because of
the range of soil types they also suggested the
convenience, for analytical purposes, of considering the
deposits 1in three categories by grouping thke sandy clays

with the boulder clay.

6.4 SOIL PROPERTIES : TRIAXIAL TESTS.

Because of the 1large number of factors which
influence the ground response, some simplifications and
constant parameters have to be used in‘order to reduce
computer time calculations. Values of Young's modulus (E)
and Poisson's ratio (v ) for the ground were constant
throughout the analyses. The value of E was based on
triaxial tests while v was assumed to be equal to 0.48

based on local geological conditions.

Figures 6.2 and 6.3 show the results of undrained
triaxial tests carried out at the Northumbrian Water
Authority's Central Site 0Office, Howdon on 15th September
1977, These tests were performed on :00mm diameter
undisturbed soil samples described in both Figures,
retrieved at depths of 4.0m and 10.0m from borehole G2C.
Obviously, any number of possible secant or tangent moduli

can be obtained from both stress-strain curves,
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Choosing the best value of modulus applicable to
the problem is a difficult task. The solution 1is to
choose that modulus which best represernts the stress
changes which are expected to occur in the field. If the
condition is to represent a very wide vérigtyrof stress
levels, a secant modulus corresponding to one-half to one-
third the failure stress is often used (Lee et al, 1983).
The reasoning behind this is that a safety factor of 2 or
3 is usually applied to an assessment of strength, and
hence on average the so0il will be subjected to one-half to
one-third the failure stress. However, Lee et al.(1983)
pointed out that such an approach must be used with
caution because the stress-strain curve is influenced by
many factors such as the minimum principal stress,.
Bearing in mind the 1lack of test results and general
uncertainty in estimating E, further refinement in
obtaining the modulus value was considered unnecessary.
Thus, values of 0.6 MN/m2 and 1.0 MN/m2 have been obtained
from Figures 6.2 and 6.3, respectively, using one-half of

the failure stress,

Because the tunnel at Collingwood Street was
excavated below the water level, and the simulation of
tunnelling is performed for an undrained condition, a
Poisson's ratio wvalue of 0.48 is used in the finite

element analysis to simulate incompressibility.

S
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A sketch of an idealized model of the site with
values of the ground physical properties used in the

analysis is shown in Figure 6.4.

6.5 PIPES : MATERIAL PROPERTIES.

The three pipes under investigation are made of
cast 1iron and they are assumed to respond elastically to
deformation. The tangent Young's modulus and Poisson's
ratio were taken to be 65x103 MN/m2 and 0.26,

respectively. Table 6.1 shows the characteristics and

symbols used for the pipes throughout the analyses.

6.6 'EQUIVALENT STIFFNESS' APPROACH.

At the interface of a pipe and foundation there
can be a significant change in stiffness of the different
elements, In order to illustrate the nuwerical problem
which may develop, Wilson (1977) has presented a simple
numerical example consisting of a small-size element
having large stiffness connected tb the other elements
with comparatively small stiffness. He pointed out that
although most modern digital computers normally operate

with seven to fourteen significant figures, the numerical
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sensitivity can still cause problems. To overcome such a
problem, a logical and simple approach without affecting
computer time requirements involves applying the
'equivalent stiffness' approach to the pipes. The idea of
this method is to replace the original stiffness of the
pipe with a reduced stiffness on a transformed cross
section of the pipe in such a way that the response of the
replaced pipe is the same in terms of deflections. If
this approach is used, the bending and direct stresses
output from the computations will have to the transformed

back to actual values.

The following values have been used in the

analyses :

a) PIPE A' : External diameter (De) = 0.650 m

Internal diameter (Di) = 0.610 m

Elastic modulus (E) = 65x103 MN/m2
Moment of inertia (I) = 19.925x10 3 m?
Stiffness (EI) = 128.94 MN.m°

*
Values of I or I have been obtained by using the

following expression :
I = (w/64) (D€ - pi')

Taking the wall thickness equal to 6-times the
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actual thickness, the internal diameter of the transformed
section is 0.4064m. Thus, the ‘'equivalent' moment of

)
inertia (I ) is :

& —_

1 = 74,23x10”"% md
. * % *' ,
if EI = E I , where E is the 'equivalent' Young's modulus.
Then E¥= 17.45x10°5 MN/m?

Using a similar procedure for the remaining pipes,

we have

k [ ° *__ ""'4 4
b) PIPE B' : 1 = 1.86X10 m
® —
I =5.79x10 4 m4
L _F 3 2
Then E = 20.88x10" MN/m".
e * -4 4
c) PIPE C s I = 7.35x10 m

¥ —
I =25.66x10 4 m4

® 3 2
Then E = 18.6x10~ MN/m".
In addition to the primary reason for using such a
procedure, this approach avoids the use of excessively
distorted elements to represent the pipe.

6.7 DISPLACEMENT FIELD APPLIED TO FINITE ELZMENT MESH.

Because the dimensions of the pipelines relative

to those of the idealised media ‘of the site is too small,



the response of the buried pipes was analysed by isolating'
regions of design interest and applying to these regions
the displacement f£ields calculated by the ground movement
theory developed by Attewell and Woodman (1982). The
input displacement field data were generated using a
program run on an Exidy Sorcerer microccmputer at the

University of Durham and written by Reeves (1982).

Clearly, the success of such a method totally
depends on the realism and accuracy of the input

displacements to the finite element progran.

6.8 FINITE ELEMENT MODELS.,

In constructing a finite element model for
analysing the behaviour of a buried pipeline and/or the
ground due to the tunnelling, careful consideration must
be given to the number and the shape of the elements to be
employed in the mesh. An important question arises as to
what extent of the region should be discretized for the
finite element solution. The idealization should be such
that the accuracy of the solution is compatible with the
precision with which the soil properties could be
determined and to which the standards of the site practice

could be controlled during construction. To model a semi-
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infinite soil around the pipe and/or tunnel, a convenient
boundary for the finite element model had to be chosen in
order to duplicate as nearly as possible the stresses and
deflections that would occur in the free field away from

the region perturbed by the applied load.

Determination of the location of the external
boundaries for the mesh was based on Figures 7.1.1 to
7.1.6, themselves de:ived from the analytical approach.
Although the analysed system is not transversely
symmetrical in the field, only one half of it 1is
considered because the size of available computer core
storage is incapable of accommodating data for the entire

system discretized by finite elements.

Predicting the response of a buried pipe to ground
movement is difficult because of the indeterminated nature

of the soil-pipe interaction.

In the past, several assumptions have been made in
order to formulate a simple theoretical model of the soil-
pipe system for obtaining a practical method of design.
These assumptions mainly relate to the distribution of
load in the soil-pipe system., The finite element method,
which does not reQuire such an assumption, enables

analyses to be carried out for a range of conditions to
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which a soil-pipe system might be subjected. However,
because of the reason pointed out praviously, the
behaviour of a buried pipe is analysed by applying a
displacement field to two different finite element meshes:
one considering the pipe and sufrounding soil as a system,

and the other considering the pipe alone.

The analyses of soil-pipe and soil-1lining systems
were performed assuming a perfect bonding batween soil and

structure.

6.2 GENERAL COMMENTS.

Although considerable study has been devoted to
the analysis and design of both rigid and flexible buried
cylinders, little attention has been giveﬁ td the response
of buried pipelines to the ground movements caused by
tunnelling. The present investigation is aimed at
improving the tools necessary for predicting their

behaviour.

In all the cases studied and reported in this
thesis, numerical techniques are used and presented as
follows :

a) Simulation of a tunnel excavation without
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lining installation. This represents the case in which
the 1lining is installed after the full potential
displacements have developed.

b) Simulation of the response of a soil-pipe
system to the ground movement cauéed by tunnelling in soil
without modelling the surrounding soil 1in the finite
element mesh.

c) Simulation of the response of a soil-pipe
system to the ground movement caused by tunnelling in
soil.

d) Simulation of a tunnel excavation in a soft

soil with lining installation.

Cases b) and c) have been analysed by applying a
displacement field to the finite element mesh. The
analyses of cases a) and d) were performed on finite
element meshes without considering pipes lying parallel to.

the tunnel centre line.

The finite element meshes used in the analyses
were defined in such a way that the geometry and material
properties remained unchanged along the longitudinal
direction. The transverse planes are parallel to each

other and equally spaced.

The integration scheme used in this work is prone
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to numerical instability beyond a certain range of finite
element idealization. In the examples presented herein,
the double precision stafement was used in the program in
order to overcome this problem. The general question of
the choice of a best scheme having .optimum economy and
accuracy from among a large number of available finite
element schemes is a difficult task, and further
investigations were not carried out because this matter is

out of the scope of this research.

As pointed out earlier, analyses were performed
assuming the medium to be incompressible. This assunmption
may lead to numerical difficulties because stresses are

related directly to the elasticity matrix (D):
{o} = [D).{¢€}

For an elastic isotropic medium Poisson's ratio should be
equal to 0.5, and for this wvalue all terms in the
appropriate elasticity matrix become infinite,.
Consequently, the solutions obtained by this numerical

technique are unreliable if v is too close to 0.5.

Although the tone of the discussions outlined in
this Section may have appeared to enphasize the

difficulties encountered in the accurate modelling of the
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tunnelling process and the response of a buried pipeline
to ground movements, it is nevertheless possible within
the imposed limitations to examine various aspects of the
problem and obtain information that can be useful for

design purposes,
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TABLE 6.1 Characteristics of three pipes lying parallel

to the tunnel centre line at Collingwood Street.

" —— . ————— . s ——— ——— — — — — f———— A ———— " oy i e e U = T i . o —  — —————a—

[ | I | | |
| I | DISTANCE | | | |
I | INTERNAL | | EXTERNAL | INTERNAL | MOMENT OF |
| PIPE | | FROM CENTRE | I | I
| | DIAMETER | |DIAMETER | DIAMETER| INERTIA |
| | | LINE ! | | I
| === f—m e e | ——————— j——m I—————Z ————— |
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CHARTER 2/

FINITE ELEMENT CALCULATIONS AND DISCUSSION.

7.1 INTRODUCTION .

The computer c¢ode FEP3DES described in Chapter 5
has been used to carry out the analyses outlined in the
previous Chapter. To illustrate the possible applications
and difficulties in usiﬁg the;three—dimensional finite
element 1linear analysis for predicting displacements,
stresses and strains caused by tunnelling in soft ground,
and its possible effects on buried p.pelines, four

examples are presented in the following sections.

As a prelude to evolving an incremental elastic-
plastic analysis,'the present work deals with the elastic
analysis. In particular, various factors that affect
calculated results are considered, including relative
stiffness between so0il and pipe, and the finite element

mesh employed in the analyses. Each example is prefaced



- .108 -

by a summary of the assumptions émployed in the analysis,
and which outlines the essential problems in setting up
reasonable models for behavioural studies of soil masses
and/or nearby structures subjeéted to0 a programme of
tunnel excavation. only static deflection analysis 1is
considered, and a summary Of results discussed in this’

work is shown in Table 7.1.

7.2 TUNNELLING IN SOIL : DISPLACEMENTS, STRESSES AND

STRAINS.

Given the facfors outlined ir the previous
Section, it was decided to establish a rational criterion
of analysis which could provide appropriate information
for practical assessment and deéign purposes. A logical
conclusion for this stage of study was that, with the
present state of the art in tunnelling, the analysis
cannot be expected to :eprésent éll the important factors
influencing the ground displacements. Therefore, many
researchers have performed reasonable analyses by
assigning a Gaussian probability curve to the shape of the
transverse settlement trough over tunnels, as discussed in
Chapter 2. Thus, it was decided that +the displacements
calculated by the finite element method should be compared
with displacements calculated by the approach of Attewell
and Woodman (1982). Adoption of a Gaussian curve is

supported by the literature survey reported in tabular



form in this dissertation (Table 2.1).

Before starting finite elémént calculations, the
displacements and strains_ were calculated and plotted
using an Exidy SQrcerer microcomputer, as noted above.
The plots, comprising 10% (of maximum) contour lines, are
shown ianigures 7.1.1 to 7.1.6 inclusive, and they were
also used to 1limit the boundaries of the finite element
meshes. These Figures have been obtained using a value of
5% for Vg, together with K, and n values equal to unity,

as suggested by Norgrove et al.(1979) for this site.
7.2.1 FINITE ELEMENT MODEL.

The finite element mesh is shown in Figure 7.2.1.
This mesh was designed to represent only the major tunnel
opening and giving smooth stress and displacement
variations around the opening. Only one half of the
system was considered and the three pipes lying parallel
to the tunnel centre line were not taken 1into account
because of the 1limitation of storage capacity of the

computer used in the analysis.

Analysis of the excavation process was performed
to include the following :
a) the soil mass was modelled as a linearly

elastic, isotropic and homogeneous material.



b) the virgin stress field was simply assessed on
the basis of stress for depth, with the horizontal
stresses calculated by multiplying vertical stresses by
the coefficient of earth pressure, K.

c) the lower boundary of +the mesh- is restrained
from moving in any direction.,

d) the vertical surfaces of the mesh, except for
the frontal one, are prevented from moving pefpendicularly
to the surface considered.

e) all points in the interior, ground surface, and
in the frontal surface, except those located on the edges
of the mesh, were given no restrictions to novement.

f) no external loads or body forces were applied.

g) the only sources of deformation are the
relaxation forces due to the excavatioh.

h) since only an elastic analysis was available,
thé simulation procedure wasvpérformédf in one single step
of excavation, The shaded portion of the mesh in Figure
7.2.1 represents the surface exposed by excavation.

| i) no support structures were modelled in the
analysis,

j) no in-ground structures were modelled in the
analysis.

k) transverse sections of the mesh were equally
spaced in the longitudinal (parallel to the tunnel centre

line) direction in order to facilitate comparison between
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results calculated by the finite element method and the
normal probability curve assumption. This distance was
taken to be equal to 3.375m (i/4).

1) output data were plotted once the 'best fit'
between transverse settlement troughs’calculated by the
finite elemeht method and the normal'probabiiity émpirical
approach was achieved.

m) three transverse sections were selected in
order to achieve the previous objective : 3i behind the
tunnel face, at the tunnel face, and i ahead of tunnel
face, as indicated in Figure 7.2.2 by planes ABCD, EFGH
and IJKL, respectively.

n) matching of surface Asettlgment troughs was
performed by varying the applied horizontal forces only.

0) the maximum settlement is- assumed to be
achieved above the tunnel centre line and 3i behind the
face.

p) oﬁce the 'best fit' was assumed to be achieved
uéing transvefse sections indicated in m;, the ground
surface and longitudinal section, indicated respectively
by planes MNOP and OPQR in Figure 7.2.3, were also

consided.

7.2.2 COMPARISON BETWEEN FINITE ELEMENT AND NORMAL

PROBABILITY CURVE RESULTS.

Included in this Section 1is a gualitative
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discussion on the adjustment required to be made to the
curves obtained by finite element calculations in order to
give a more accurate approximation to a normal probability

curve.

Four surface settlement trougks for each
transverse section were calculated and plotted in terms of
percentage of maximum settlement, as shqwn in Figure
7.2.4., The vaiue of maximum settlement was taken at the
point located on the surface above the tunnel centre line

3i behind the tunnel face.

Three finite element calculations were performed
considering one case in which the horizontal forces were
not reduced, and two cases reducing 5- and 1l0-times the
values of the forces calculated from the virgin stresses.
rThe resulting vertical displacements on the ground surface
had td be adjusted based on the condition that no movement
would occur on the vertical boundary parallel to the
tunnel centre 1line. Thus, the displacements of nodes
located on the upper edges of this boundary were set to
zero and every node located on the same transverse section
was reduced by the same amount of displacement. This is
equivalent to a translation movement of each transverse
settlement trough by an amount of corresponding vertical

movement of the node located at the upper edge of the



- 113 -~

vertical boundary parallel to the tunnel centre line.

Results are plotted in Figure 7.2.4. The dashed
lines (1) represent the normal probability curve and solid
lines (2, 3 and 4) represent results obtained by the

finite element method.

The transverse settlement curves obtained by both

approaches have shown the following :
a) Transverse section 3i behind the tunnel face.

~ the maximum slope of curve 1 is steeper than
those for curves 2,3 and 4.

- the maximum slope of curve 2 is thé steepest
of the finite element results.

- the inflexion points of —all four curves are
located approximately at the same distance from the centre
line.

- the distance from the tunnel centre line of
the interception point of curves 2, 3 and 4 with curve 1
increases with decreasing horizontal forces. This means
that for distances smaller than 1 from the centre line,
the difference in the percentage of maximum settlement is
larger for smaller horizontal forces. The inverse applies

for distances greater than i from the tunnel centre line.
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b) Transverse section at the tunpel face.

- the maximum slope for +the finite element
models increases with the decrease in horizontal forces,

-~ the maximum discrepancy between curves 1 and 4
is approximately 2% for the same point.

- the percentage of maximum settlement on this
section calculated by the finite element method is lower
than 50%.

~ the percentage of maximum settlement over the
tunnel centre 1line increases with the decrease of

horizontal forces.
¢) Transverse section 1 ahead of tunnel face.

As expected, all four profiles have given lower
percentages of maximum settlement if ccmpared with both
previous transverse sections. Comparectively, the
discrepancies in terms of percentages between them are
larger than in the other two transverse sections, but it
seems that these differences are not significant for
pfactical purposes because the magnitude of displacements
developed in this section is small relative to the maximum

settlement developed in the medium.

Bearing in mind all the limitations outlined in
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previous Chapters and a lack of substantive geotechnical
data, the succeeding finite elementr calculations to
simulate tunnel construction were carried out based on the
model adopted for obtaining curve 4 in Figure 7.2.4. The
following bbservations can be ._made from the results
obtained using the model outlined above &nd in Section

7.2.1.
7.2.3 DISPLACEMENTS.
7.2.3.1 LATERAL.

An attempt was made to define some of the
mechanisms by which lateral displacements can accompany
settlement, and to investigate the nature of such.
movements that develop when a tunnel 13 driven in soil

under the conditions outlined in Chapter 6.

Contours of equal lateral displacements in
millimetres for all five sections were plotted, and shown
in Figures 7.2.5 through 7.2.8, where a positive sign
means towards the tunnel centre 1line. The following
observations can be made with respect-to thase Figures

a) There 1is no lateral movement on the ground
surface above the tunnel centre line (Figures 7.2.5 to

7.2.8).,
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b) At each location +the direction of the lateral
movement 1is toward the point of maximum settlement; that
is, the displacements are always positive.

c) The point of maximum lateral moyement on the
ground surface (Figure- 7.2.8) and the inflexion point of
the fully-developed transverse settlemént trough (Curve 4,
Figure 7.2.4) are located at approximately equal

horizontal distances from the tunnel centre line (1.5i).,
7.2.3.2 VERTICAL.

The magnitude and distribution of vertical
displacements calculated by the finite.element method are
shown in Figures 7.2.9 to 7.2.13. Contours of equal
displacements are shown (positive sign means upwards), and
the following can be observed :

. a) The lafgest settlement of each transverse
section is located above the tunnel centre line.

b) The maximum settlement may be taken at the
point 1located not less than 31 behind tunrel face (Figure
7.2.13).

c) The magnitude of the maximum settlement is
approximately twice as large as the magnitude of maximum
settlement generated on the transverse section containing
the tunnel face (Figures 7.2.9, 7.2.10, 7.2.12 and

7.2.13).
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d) The vertical displacement beyond i ahead of the
tunnel face (Figures 7.2.12) is less than 2% of the
maximum settlement.

e) The magnitude of the vertical displacements
decreases from the tunnel axis (centre) upwards, towards
ground surface (Figures 7.2.9 and 7.2.10).

f) The springline of the tunnel moves slightly

upwards (Figures 7.2.9 and 7.2.10).

7.2.3.3 LONGITUDINAL.

The distribution of longitudinal displacements in
millimetres is plotted and shown in Figures 7.2.14 through
7.2.,18., From these Figures, the <following can be
observed, taking the positive sign in the direction of the
tunnel advance:

a) The ground surface moves ir. an opposite
direction to that of the tunnel advance (Figure 7.2.17).

b) Longitudinal displacements on the ground
surface increase towards the tunnel face (Figure 7.2.17).

c) The shape of the curves representing contours
of equal longitudinal displacements above the tunnel face
are approximately circular with the Jlargest radius
approximately equal to i (Figure 7.2.17).

d) The maximum longitudinal displacement is

achieved on the tunnel springline (Figure 7.2.14).
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7.2.4 STRESSES.

Distributions of all three normal (to each primary
plane of section) stress components were plotted and shown
in Pigures 7.2.19 through_ 7°2e33,’wi£h a negative sign
indicating compressive and -a- positive sign dindicating
tensile stresses. These Figures highlight the following

points :
7.2.4.1 LATERAL.

a) cdmpressive and  tensile lateral stresses
develop on the ground surface (Figure 7.2.22).

b) There is no significant varia*ion in lateral
stresses beyond section i ahead of the tunnel face
(Figures 7.2.21 and 7.2.23).

c¢) The transition 1line between compressive and
tensile stressés on the ground surface runs parallel to
aﬁd at about 2i distance from the tunnel centre line until
a transverse plane including the tunnel face (Figure
7.2.22) is reached.

d) The absolute value bf maximum compressive
stress is greater than the abéolute value of maximum
tensile stress on the ground surface (Figure 7.2.22).

e) The tunnel excavation induces the same lateral
stresgs pattern on soil sections located behind the tunnel

face (Figures 7.2.19,7.2.20 and 7.2.23).
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7.2.4.2 VERTICAL.

Although the ground surface is an unrestrained
boundary of the finite element mesh, the normal vertical
stresses develop on it because of the transverse
displacement restriction imposed on the lateral boundary
of this surface. Associated with this condition, there is
another reason for such apparent ground surface behaviour.
The finite element used in the program gives constant
stress (also strain) on an entire wvolume of the element.
This means that any point in the element, obviously
including_ the nodal points, will héve the same magnitude
of stress (or strain). Then, the vertical stress
distribution on any plane parallel to the ground surface
intercepting the elements representing the ground surface
will have the same pattetn of distribution as shown in
Figure 7.2.27, exéept for the plane common to the adjacent
elements. Bearing in mind the‘limitatiCﬂs outlined above,

the following observations may be made :

a) Compressive and tensile vertical stresses
develop on the ground surface (Figure 7.2.27).

b) On the ground surface, the vertical stresses
are tensile ahead of tunnel face and compressive behind
tunnel face (Figure 7.2.27).

c) Observations b and 4 made for lateral stresses

also apply for vertical stresses.
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7.2.4.3 LONGITUDINAL.

Further comments on longitudinal stresses are
considered unnecessary because observations made for

lateral stresses also apply to longitudinal stresses.
7.2.5 STRAINS.

In a similar manner to the stresses, Figures
7.2.34 to 7.2.48 show the distribﬁtidn of turee components
of normal strains in the trahsverse sections ABCD, EFGH
and IJKL, ground surface section MNOP and 1ongitddina1
saection OPQR.

A positive sign indicate tensile strain and a

negative sign indicates compressive strain.
7.2.5.1 LATERAL,

a) Lateral strains. on plane OPQR (Figure 7.2.3)
’are,compressive (Figure 7.2.38).

b) The contour of zero 1lateral strain on the
ground surface is sénsibly parallel to ths tunnel centre
line (Figure 7.2.37).

c) The contour of zero lateral strain on the
ground surface is located approkimately 1.51i from the

tunnel centre line (Figure 7.2.37).



d) on the ground surface the magnitude of maximum
1ateral strain in compression is greater cthan the strain
in extension (Figure 7.2.37). The approximate respective
values are 0.075% and 0.025%. This ratio is larger than
the _theoretical ratio according to normal probability

curve theory.

i

7.2.5.2) VERTICAL.

Observations made for vertical stresses on the
ground surface also apply to vertical strains. Then, the

following can be observed :

a) The maximum tensile vertical strain on the
ground surface is located above the tunnel centre line and
behind the tunnel face (Figure 7.2.42).

b) The maximum compressive vertical strain on the
ground surface is located laterally 2.ti from the tunnel
centre line and i behind the face (Figure 7.2.42).

c) The pqtterns of vertical strair distributions
on any transverse planes distant more than i/2 behind the

tunnel face are similar (Figures 7.2.39, 7.2.40 and

7.2.43).
7.2.5.3) LONGITUDINAL.

a) Contours of equal longitudinal strains on plane
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OPQR developed within 2i ahead andrzi behind the tunnel
face are approximately symmetric relative to the vertical
transverse plane located i/2 ahead of th2 tunnel face
(Figure 7.2.48).

b) The magnitudes of loﬁgitudihal strains on the
transverse section at the tunnel face are much smaller
than on sections 3i behind the tunnel face and i ahead of
the face (Figures 7.2.44 to 7.2.46).

c) The patterns of the 1longitudinal strain
distribution contours shown in Figures 7.2.44 and 7.2.46
are similar, but a contour representing compressive strain
in one of the Figures (Figure 7.2.44) corresponds to a

tensile contour in the other (Figure 7.2.46).
7.2.6 DISCUSSION.

From the example of numerical analysis presented
above, some relations may be predicted between
displacements, stresses and strains that are likely to
develop on pipelines buried in an area disturbed by the

tunnelling process.

From contours of results calculated by the finite
element approach for the model adopted, and presented in
Figures 7.2.5 through 7.2.48, the following can be

deduced :
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a) A pattern oOf differén£i31 veftical movements
always exists with the magnitudegof settlement increasing
from near zero at the outer edggé of a-setﬁlémént trough
to a maximum at some point behind and on the 1line of a
moving disturbance source.

b) The point ~ of ‘"makimum Tataral  movement
corresponds to the point of zero lateral strain (Figures
7.3.8 and 7.2.37)

c) The pattéfn - of 'movements and strain
distributions on the gxound'surfa¢é obtained by the finite
element and noimal.probability approaches are similar.

d) The position- of>the max imum extensionql strain
‘arid zero strain are predicted to be approximately the same
by the finite element and norhalvprobability approaches,

e) The prediction that the maximum lateral
displacement, zero iatefalﬂstreSSVand_Zero lateral strain
on the ground surface should occur approximately at the
sémé point was not ‘confirmed ih £he Einite element
calculations (Figures 7.2.8, 7.2.22 and 7.2.37). This
situation may well be caused by the boundary conditions
adopted for the finite element mesh.

£) The mesh boundary cqnditicns adopted for the
finite element calculatioﬂs may cause the development of

spurious normal stresses on the ground surfice.

Additional information felating to the analysis

performed above can be found in Chapter 8.
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7.3  EFFECT OF GROUND MOVEMENTS ON BURIED PIPELINES.

An attempt was made to analysé a possible
responsé of buried pipelines to the ground movement caused

by tunnelllng ln soil. All three plpes studled in this

example lle parallel to the tunnel drlve°
7.3.1 THE FINITE: ELEMENT MODEL.

The basic COnfiguratibn of all three pipe meshes
used 1in the analysis is presented in Figure \7,3010 As
shown in the Figure only the pipe 1is modelled in the
finite element mesh in order to attempt to overcome the
problem of a high stiffness ratio between pipe and
surrounding soil. The positions of the pipes relative to

the tunnel axis are shown in Figure 6.4.

The procedure used to find stresses and strains in
the pipe is to apply a specified ground displacement field
on the boundaries of the mesh of the pipe (Figure 7.3.1).
Displacement field data for the soil alone (pipe
inclusions at that stage being absent) were first
generated by wusing a program, based on the normal
probability approach, on an Exidy Sorcerer microcomputer
and then inputting all the.dggg manually to the finite
element program thrbugh the maigﬁrame computer terminal.

It is noted that, in effect, this operation generates a




pessimistic strain condition in the pipe since, with the
pipe in place, the soil displacements at the pipe boundary
would be less than those displacements at the same point

without the pipe being present.

"As the Hif?éren%ial»Zéiéﬁiééemeﬁggrin'%hé x, y and
z directions in the pipe cause variations in pipe stresses
and strains, the fihite element program conveniently
adjusts these displacements before tfansforming them into
equivalent forces. This adjustmént is équivalent fo a
rigid body translétion movement which 1is made by setting
to zero the smallest nodal displacement in one direction
and subtracting the same amount from the remaining nodal
displacements in the same direction. After the removal of
such a tra#slation movement, the resﬁlting displacements
are transformed to equivalent forces by applying the

folléwing expression :
{F}] = (K)-{d)

where (K] is the element stiffness matrix and {d} is the

adjusted displacement.

The input displacements calculated by the
‘empirical approach, as outlined in Section 6.7, were
obtained by assuming that the tunnel face is located

halfway along the pipe length (that is, the length between
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'%he-crOSSésgqtion\boundariésvof the finite elemént mesh)
with the total length (27m or 4i) takeén to be equal to
twice the depth of the tunnel axis (13.5m or 2i).

The length of the pipes was determined by

analysigérgigures 7,l,lmto 7;l°6° As can be seen in these
Figures, the 1ohgitudinal components of displacemeﬁts and
strains may be assumed to be predominant parameters to
determine the appropriate position of the boundaries.
This predominance is related to the ground surface ghead
of the face affected by the tunnelling process, assuming
that the contour of 10% of maximum longitudinal strain is
an appropriate value to limit the pipe length of interest.
In retrospect, it would have been preferable to have
adopted boundaries beyond the 10% (of maximum) strain

contour .,

The secant elastic modulus and Poisson's ratio

3

were taken to be 94x10 MN/m2 and 0.26, respectively, for

all three pipes.
7.3.2 RESULTS OF THE FINITE ELEMENT ANALYSIS.
7.3.2.1 DISPLACEMENTS.

Values of so0il dispiéCemenfs at the levels of all

three pipe axes calculated in the last example are plotted



in Fgguges 7.3.2 through 7.3.4 in térms:qf perCentage of

maximum settlement, which was taken f£rom the point logated
on the ground surface over the tunnel ‘centre line and 3i
‘behind the tunnél face., Values of each point plotted in

these Figures fepresent the average displacsment of four

“nodes surrounding the pipe axis at é&‘é’ll_tr?i’risfflénf's,é “séction

used in the finite element mesh.

As expeéted, these Figures show that <the soil
lateral diéplacements at pipe axis levels are smalier for
pipes located near to the tunnel centre iine. bn the
other hand, and again as expected, the vertical and

longitudinal displacémEnts are greater.

In Figure 7.3.4, :the effect of the boundary
conditions are considerable, but théﬂEigure shows that the
-maximum value of loﬁgitudinal’displacément is located at

" {he tunnel face.
7.3.2.2 STRESSES.

Vaiues of stresses on pipes A", Bﬁ‘aﬁde' were
derived and plotted through Figures 7,3,5vto.7,3;7. .Four
fibfés ¢ upper fibre, lower fibre, outer riqht—hand side
fibre and outer leftrhand side fibre were chosen in order
to analyse the longitudinal stréséés likely to develop on

~such pipelines due to the tunnel egcavatiqn, In the
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following discussions, the term ‘longitudinal  stfess°
refers to the sum of longitudinal bending stréss and

direct stress in the x direction.

The information provided by Figures 7.3.5 to 7.3.7
indicates that the véfgiéal éifferegéiélmmoéééégf ih- the
longitudinal direction is a prédbminant factor
conditioning the longitudinal bending response of pipes.
As the pipes experienée'larger'differgntial movemehﬁs in
the‘vertical direction it was gxpected that the fibres
located on the c¢rown and invert of the pipes would
exXpérience higher (tensile or compressive) longitudinal
stress levels than in any other position. This prediction
was confirmed and can be observed in all three pipes
(Figgres 7.3.5 to 7.3.7) where the upper fibre is
subjécted to the. absolute highest and lowest longitudinal
stress levels ahead of and behind the tunnel face,

respéctivelyg

Figures 7.3.5 to 7.3.7 show that the outer right-
hand side .and left-hand side fibres are subjected
approximately to the intermediate 1longivudinal stress
levels between stresses on the upper and lower fibres in
each cross-section of the pipe. Figure 7.3.7 shows that
fibres located at the springline of pipe C' present
different characteristics from thoée shown in Figures

7.3.5 and 7.3.6. The magnitude of ‘the 1ongitudina1



stresses on the outér right-hand side fibre are élééér,fc
the magnitude of longitudinal strésses on the quef £ibre,
and those for the outer left-hand side fibre are closer to

the magnitude of longitudinal stresses on tae lower fibre.

‘Although longitudinal bending compréssive stresses
must be induced on the lower fibre of the pipe ahead of
the tunnel face as a result of the vertical differential
displacements, the finite element results have shown that
all points ahead of ﬁhe tunnel face are subjected to total
longitudinal tensile stress. Similarly, all points behind
the tunnel face are subjected to total 1longitudinal
compressive stress even though bending tensile stresses
must be induced on the lower fibres. This pipe behaviour
may be ca?se@ by the boundary _d;gplacement conditions
impdsed'én tﬁe finite element mesh, gréat riéidity of the
“pipe in the x direction and an assumed perféct bonding at

the interface betweéen soil and pipe.

The contﬁibutions of displacement boundary
conditions and rigidity of the pipe in the x direction are
related to each other,' Then, any force acting in the x
direction will induce development of high stress levels
(direct stress) in the x direction. Tﬁe magnitude of
direct compressive (or tensile) stress at one point is
greater than the magnitude of longitudinal bending tensile

(or compressive) stress at the same point, so causing an
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entite cross=section of the pipe to be subjected to the

total longitudinal compressive (or tensile) stresses.

if perfect bonding between soil and pipe is

assumed in the finite element mbdél, any'moﬁement in the x

direction of the soil located adjacent to the pipe will |
contribute tb'an increase inllongitudinal stresses on the
pipes. If the load is such thgt no significant amount of
relékive-slip.occurs between soil and _pr;é, it may be
admissible to assume that those materials remain perfectly
in contact. However, in practice and in some instances
there may be relative slip, leading to 1leccal de-coupling
betwéen soil and pipe and a-ane of closing and opening of

the soil at the soil-pipe interface.

Besides these factors, there are others that may
also contribute to the responsé of pipes as discussed
abové, such as flexibilityééf‘pipélinés ir the zx plane,

diameter of the pipe, depth and diameter of the tunnel.

It 1is obvious that the magnitudé of the
fdeformations induced by the tunnelling process on flexible
pipes would be greater than on rigid pipes .having equal
dimensions and occupying the same positicn in the ground
relative to that of the tunnel. Consequently, greater
longitudinal bending deformations would tend to be induced

on flexible pipes. 1In a similar manner (and now assuming



thét both pipes are made of the same material and
e&éériéncing same magnitude of defbrmétiOns at axis
levels), larger diamefer pigglines Wili be subjected to
greatgf bending stresses than those having smaller
sianeters.

The magnitude of the défOfmatiOns introduced to
the ground by tunnel excavation are obviously related to
the diaﬁexer ‘and the ‘depth 0of the tunnel, and these
deformations control the behaviour of the pipes. The
effect of both these tunnel parameters on the ground
movements are not described here because they have already

been discussed in Chapter 2.

In all three cases analysed, the output data have
shown that the maximum compressive and the maximum tensile
stresses are located behind and ahead cof the tunnel face
(?iéﬁres 7.3.5 to 7.3073, respectively, both at a4diéfahée |
approximately equal to half the depth of the tunnel axis

(13.5m).

Variations in direct and bending stréSses in the
upper fibres of the pipes are shown in Figures 7.3.8 and
7.3.9, respectively. As expected, these Figures indicate
that pipes 1located clbser to the tunnel centre ;Lne
experience higher levels of stress in both direct traction

and bending.




The longitudinal stresses in the scil at pipe axis

leévels, calculated in the example presented in SéétiOn
7.2, are shown in Figure 7.3.10. The graph shows that the
longitudinal stress varies according to the relative
position of the pipes in the excavated region. T;ht_l_‘gs_',_/ a
pipe located on the centre line is expected to experience
greater longitudinal stress (longitudinal bending and
direct stress) disturbance, and this was confirmed and

- shown in the Figure.
7.3.2.3 STRAINS.

In a similar manner to the long:tudinal stress,
longitudinal strain refers to the sum of longitudinal

bending strain and direct strain in the x direction.

As predicted, the patterns of- longitudinal strain
distributions on pipes are similar to those for
longitudinal stresses. The reasons for this similarity

lie in those same factors discussed in Section 7.3.2.2.

Figure 7.3.11 shows the longitudinal‘étrains on
the upper aﬂd lower fibres of pipes A', B' and C'. The
max imum compréssiVe and maximum tensile longitudinal
strains develop behind and ahead of the tunnel face,
respectively. This Figure also shbws that both maximum

direct and maximum bending strains take place on a pipe
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1§¢éted ,abgﬁg thHe tunnel centre 1line because at this
Iééatign fhé; ground experience larger differential
vm¢yemgnts than Ain- any othgr positiqno Aécqrding to the
.gfééh,”the points of maxi@um»lbﬁgitudinal.ccmpressive and

maximum longitudinal tensile strains are located 6m behind

and 6m ahead of the tunnel face, respectively. This
distance correéppnds apprdkimately to 920% of the assumed

inflexion distéhde i (6.75m).

Piedicted“longituainal.strains in the soil at pipe
axis levels, also calculated in 1last example, were
obtained in a similar manner to displacements and shown in
Figure 7.3.12. This graph also shows tha* the maximum
strains are located above the tunnel centre 1line and

approximately 6m from the tunnel face.
7.3.3 DISCUSSION.

The results obtained from the three-dimensional
finite element analyses of displacement, streés and strain
in three pipes along Collingwood Street, Newcastle upon
?¥neg‘promote_severa1 observations. However, the results
m@St bé‘interpreted with respect to the limitations of the
approach adopted. Nevertheless, information provided by

this study may be useful for practical purpcses.

" One important conclusion drawn from the analyses
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is that the total l@ngitUdinal stress at ary point behind
{or ahead) thé tunngl face is compressiva (or tensile)
dgégi;e the ,bending dgﬁbgmation induced by vertical
differential disélaCéments and the introduction oflbending

tensions (or compresdsioris) to the lower fibue of the pipe.

Fdf the éafficuiér modéi'adobted‘iﬁ fﬁis"?aﬁalysis,»‘the

following may contribute to such pipe behaviour :

a) Great rigidity of the pipe in the longitudinal
(x) direction.

b) Assumed (for the model) perfect bondiﬁg between
pipe and soil.

c) Depth of the tuﬁnél axis.

e) Diameter of the tunnel.

f) Diameter of fhe pipe.

h) Boundary displacement conditions of the finite
element mesh.

i) Length of the pipe.

Actual ground movements, and their effects on
these pipes, have been monitored at this location on
Collingwood Street, Newcastle upon Tyne. Recorded values
of direct (longitudinal) strains, vertical bending strains
and horizontal bending strains for the particular location
shown in Figure 7.3.13 are presehted in Figure 7.3.14.
Analysing the field data, Hurrell (1983) pointed out that,

although ground movements measured in Collingwood Street
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??é;iﬁ“‘.e in fact negligible, a definite xesponse of the pipe
to thése movements has beéén observed, From strain
megSumehts on the pipeline there aré signs of a Eensile
direct strain wave developing some 18m in advance of the

tunnel face, becoming com@féSSive and then t=2nding to zero

V'é;‘éﬁé-facé moved forward.

From  comparison with the actual field
measurements, the finite element results have provided
useful qualitative information on the responée of a buried
pipeline to the ground movements induced by a moving
disturbance source. The basic difference between the
field measurement results and finite elément calculations
shown, respectively, in Figures 7.3.11 and 7.3,14, is the
position of the tunnel face»reiative to the point (line)
représenting zero strain. Several factors may contribute
to this q;ffexence: unayoidable' simplifications made for
the- finite element model (éﬁéh ‘as the length of pipe; the
finite element mesh boundaiy conditions, no consideration
of the effect of adjacent buildings on induced' ground
displacements), the assumed input displacement field data
based on the normal prébability approach, material

properties used in the analysis, and so on,
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FIG.7.3.1) Finite ,;eil,emén,‘i%: idealization of the pipe.
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7.4 EFFECT OF PIPE STIFFNESS ON SOIL MOVEMENT.

In this example, an attempt has been made to
analyse the effect of pipe stiffness on the ground

movements caused by the tunnelling process.

A general procedure for analysing, by means of a
finite element meéh, the interaction behaviour of a soil-
pipe system with a tunnelling operatidn, is to model the
entire medium disturbed by the excavation. In this
example, it was not possible to apply this technique
because of the small size of the pipes relative to the
scale of the ground section, and so an alternative
approach had to be wused for studying the problem.
Accordingly, a displacement field was applied to an
isolated région of design interest, that ic, the region(s)

in the vicinity of the pipe(s).

Two meshes shown in Figures 7.4.1 and 7.4.2 were
used because using a single finite element mesh to

represent all three pipes would not be feasible.

One of the meshes (Pigure 7.4.1) inzludes pipes A'
and B', because it was considered that interaction between
them could be more significant than ﬁhat between pipes B'
and C'. This consideration stemmed from the fact that the

distance between pipe A' and pipe B' is smaller than that
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between pipes B' and C'. Figure 7.4.2 shows the mesh
which considers pipe C' isolated from the others. Contours
of typical transverse sections for both meshes are
indicated in Figure 6.4 by dashed lines abcd (MESH 2) and
efgh (MESH 3)° Also the positions of pipes A', B' and C'
relative to the tunnel axis are indicated in - the same

Figure.

Using the procedure outlined in Section 6.6,

3

Young's moduli adopted in this example were 17.4x10 MN/m2

20.9%10° 3

MN/m2 and 18.6x10 MN/m2 for pipes A', B' and C',
respectively. One single value of Poisson's ratio, 0.26,
is used for all three‘pipes° For the soil, the parameters
used in both models were 0.6 MN/m2 and 0.48, respectively,

for E and v .

The displacement fields, plotted by means of the
GPCP package program on the NUMAC computef system, are
related to three transverse sections 1.5i behind the
tunnel face (plane ABCD), at the tunnel face (plane EFGH),
and i ahead of the tunnel face (plane IJKL), for both
meshes. Perfect bonding at the interface between soil and
pipe was assumed in the finite element model. However,
some additional observations are made related to this

assumption,

The pipe (the strength of whick is much higher
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than that of the surrounding soils) and soil materials are
assumed to be linearly elastic in this analysis. When two
or more linearly elastic structural elements couple to
share a common load, the portion supported by each of them
depends on the relative stifﬁpess of the coupled elements.
Tﬁe stiffer eiements attréct a greater portion of fhe
load. 1If one of structural elements is linear and elastic
and the other is non-linear and inelastic, then the
concept of relative stiffness loses meaning in a
quantitative sense. However, 1in a qualitative sense the

concept of relative stiffness is still wvalid.

The above observations indicate that, at the
present time, the forces acting at the so0il/pipe interface
cannot reasonably be analysed. In addition, a finite
element idealization of a three-dimensional soil-pipe
system which takes full account of the soil-pipe interface
behaviour would nqt be practical for the present study
because the cost of computer time requirements would be
too high. A mesh finer than that shown ip Figures 7.2.2
and 7.2.3 would be required in a soil region close to the
pipes together with additional elements a* the interface

between the soil and the pipes.
7.4.1 RESULTS.

Contours of three componen: (u, v and w)
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displacements on the transverse sectioné described above
were plotted and shown din Figures 7.4.3 to 7.4.20,
inclusive. In all these Figures, the effect of boundary
conditions on the ground movements can cleacly be noticed
-on th@—bottQm and left-hand side -of the Figures, mainly on
the sides where 1larger displacements take place.
Obviously, the soil adjacent to the pipe 1is expected to
experience smaller displacements because of the presence
of the stiffer pipe material. This was confirmed and can

be seen in Figures 7.4.3 tb 7.3.20.,

Attention should be drawn to the fact that the
magnitudes of the compufed displacements in the soil
adjacent to the pipe could, in practice, be larger than
shown in the gfaphs becausé perfect bonding between soil
and pipe has been assumed to apply in the finite element
model. The effect of this factor on soil behaviour will
not be discussed in this example because it has already

been covered in the last example.

As expected, contours of equal Jdisplacements have
shown that perturbations due to fhe presence of pipes, on
the trends of the soil displacements, are md>re significant
where the soil ﬁass experieﬁces larger displacements.
This can be obéerved in Figures 7.4.3 through 7.4.20. The

effect of the presence of pipe A' on the soil lateral
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movements cannot be noticed in Figure 7.4.3 because this
pipe is located above the tunnel centre lire (the point of
transverse symmetry where there is no lateral displacement
of the ground). On the other hand, the presence of pipe C'
in the medium considerably affects the soil 1lateral

movements because it is located close to the soil région
where the largest lateral displacements are induced by the
tunnelling process. Again, as éxpected, the effect of
pipe B' on the ground lateral displacement is not as large
as with pipe C', because it is located¢ closer to the
tunnel centre line. These observations can be applied to
all three transverse sections ABCD (1.5 behind the tunnel
face), EFGH (at the tunnel face) and IJKL (i ahead of the

tunnel face).

For vertical displacements shown in Figures 7.4.9
to 7.4.14, the predicted behaviour of all three pipes was
confirmed qualitatively. Pipes located closer to the
tunnel centre line affect more strongly the soil vertical
displacements than do pipes located at greater distances

from the centre line.

Further comments on longitudinal displacements
(Figures 7.4.14 to 7.4.20) were considered unnecessary
because observations made for vertical displacements also

apply to movements in the x direction.
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7.4.2 DISCUSSION,

The results obtained in this example indicated
that soil displacements around (in close proximity to)
pipes would be larger if the presence of the pipes is not
taken into account during computations. This fact is more
significant in a soil region where larger displacements

take place.

As shown in Figures 7.4.3 to 7.4.20, the
differential displacements are caused by +the high
stiffness ratio between soil and pipe materials, which is
particularly great in the x coordinate direction. These
differential movements may be reduced if the behaviour of

soil-pipe interface is modelled in a finite element mesh.

Figures 7,4,3 to 7.3.20 also indicate that future
analyses must more comprehensively model the interfacial
behaviour of pipe and soil, accommodating the fact that
slippage may well occur, and thus substantielly affect the

movements in both ground and pipe.

From the results obtained in this example the

following conclusions may be drawn :

a) Movements in the so0il adjacent to a pipe are
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reduced by the presence of a pipe.

b) The relative stiffness of the soil-pipe system
dictates its performance.

c) It may be overly conservative tc design buried
structures ~ based on the strains de&éioéé&“ in the free
field.

d) The approach wused can be expanded to analyse
the response of different soil-structure systeins°

e) If a buried pipeline is subjented to large
displacements, and perféct bonding 1is assumed to exist
between soil and pipe, potential errors may be introduced.

£) The. magnitude and distribution‘ of
displacements, particularly in the longitudinal (x)
direction, may be affected by the bourdary displacemenf
conditions associated with the distance trom the source of

soil disturbance.
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FIG. 7.4.16) Contours of equal longitudinal displacements
(mm). Transverse section 1.5i behind tunnel
face. (MESH 3 - Pipe C').
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7.5 SIMULATION OF AN ADVANCING EXCAVATION FACE AND LINING

INSTALLATION.
7.5.1 INTRODUCTION. _ , ) , _

This example is concerned with the three~
dimensional finite element simulation of the short-term
effects that develop when a tunnel is driven in a soft

ground and a lining is installed.

The excavation process 1is simulated by applying
seven sequences (or steps) of load increment, which values
are obtained as outlined in Section 4.3. The element
stiffness matrices are calculated accordingly and
assembled into the global stiffness matrix as described in
Section 4.2, Again, all three pipes lying parallel to the
tunnel centre line are assumea not be present in the

analysis.

The presence of an unsupported zune between the
face of the excavation and the leading edge of the lining
is considered. The length of this unsupported zone is
assumed to be equal to half of the inflexion distance, i,
(3.375 m) for this particular tunnel dep*h configuration.

The concrete lining is assumed to be monolithic, so this
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does not strictly replicate the actual conurete segmental
lining which does permit slight articulation about the
longitudinal joints. Such articulation tends to shed a

little vertical 1load and mobilize a 1ittle horizontal

load, thereby creating a more uniform radial stress
distribution in the immediate vicinity of the tunnel
extrados. Clearly, this effect 1is not replicated under

the presént modelling conditions.

The first step of the analysis consists of
calculating stresses and deformations in the medium
without the presence of a lining. In the following steps
of the simulation process (or 1loading increment) the
lining is considered in the manner outlined in Section

4059

The geometry of the idealized medium and soil
properties (Figure 6.4), the finite element mesh (Figure
7.3.1), the ground surface and the longitudinal section
(Figure 7.2.3) used in this analysis are same as those

used in the example presented in Section 7.2.

Young's modulus for the concrete lining was taken

to be equal to l.4x103 MN/mz, obtained by wusing the

equivalent stiffness approach (see Section 6.6).
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7.5.2 RESULTS.

Although a large number of output results has been
obtained, only those results considered Lo be particularly

important are presented for selected surfaces.

Components of displacement and normal strain,
calculated in steps 3, 5 and 7 for the ground surface
(plane MNOP) and longitudinal section (plane OPQR), are
shown in Figures 7.5.1 to 7.5.3, inciusive, Typical
variations of three components of displacerent and strain,
calculated between two consecutive steps, are shown in
Figures 7.5.34 through 7.5.44. These results correspond
to those obtained between steps 4 and 5. Before plotting
them, each of the variables was multiplied by 1000 to make
the results suitable for use as input data for the GPCP
package program. Thus, the note on the rigure captions

3 3

"(10 7 mm)' and '(10 ° g)' is an intruction to the reader

to multiply each contour value by that number.
7.5.2.1) DISPLACEMENTS.
All the Figures presented in this example show

clearly that the ground disturbance wave follows the

tunnel face advance concordantly.
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The maximum lateral displacement on the ground
surface located behind the tunnel face, and 1.5i from the
tunnel centre line, is shown in Pigures 7.5.1 to 7.5.3.
Figure 7.5.1 shows that no lateral movement takes place on

~the ground surface for distances’  greater -than- 3.51 ahead

of tunnel face.

Contours of equal vertical movements on the ground
surface, shown in Figures 7.5.4 to 7.5.12, indicate that
the maximum vertical displacement is located above the
tunnel centre line and approximately 3i behind the tunnel
face. From Figures 7.5.4, 7.5.5 and 7.%.6 the vertical
displaéements may be considered negligible for the soil
mass 2i ahead of tunnel face; they may also be considered
negligible for the soil mass located beyond the line 3.5i

parallel to the centre line.

The vertical movement on the ground surface and
above the tunnel féce is less than 50% of the maximum
settlement (Figures 7.2.13, 7.2.14 and 7.2.15). The point
above the tunnel centre line showing 50% of the maximum
settlement is located approximately i/2 behind the tunnel

face.

The ground surface affected by +he tunnelling

process moves longitudinally in the opposite direction to
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that of tunnel advance, and its maximum value occurs
behind the tunnel face (see ¥Figures 7.5.7, 7.5.8 and

.70509)0

Figures 7.5.10; 7.5.11 and 7.5.12 show that there
is no significant vertical movement in the soil region

below the tunnel axis and ahead of the tunnel face.

Figures 7.3.7, 7.3.8 and 7.3.9 related to ground
surface movements have shown that the boundary conditions
adopted for the present analysis strongly influence the
longitudinal displacements calculated for nodal points
locafed on the edge of the finite eiement'mesh behind the
tunnel face. This effect may arise from the installation
of-tpe lining which replaces the removed soil with much

stiffer material than existed previously.

The longitudinal movement distribution on section
'OPQR is shown in Figures 7.5.13 to 7.5.15. These Figures
indicate that the maghitude and distribution  of
longitudinal displacements in the soil region located
above the tunnel centre line and between vertical 1lines i
behind and 2i ahead of tunnel face are similar for steps
3, 5 and 7. These Figures also show the distinct
behaviour of the ground close to the tunnel face. At the

tunnel axis level, results have shown that the soil moves



- 204 -

forward while the soil above and below the face moves
backwards. This behaviour may be caused by the assumption
made in the analysis that the soil is incompressible; and,
perhaps,bby numerical instability (too-small displacements
in —front _of- -the tunnel face)  caused - by~ -excessive

distortion of the elements used to model the tunnel,
7.5.2.2) STRAINS.

Contours of lateral strains on the ground surface,
plotted in Figures 7.5.16 through 7.5.18, have shown that
the boundary line between compressive and tensile strains
runs paraliel to and 1.5i from the centre 1line with the
tunnel face advance. The strong influence of meéh
boundary conditions can also be observed on the edge

opposite to the longitudinal section OPQR.

Vertical  strains on the ground surface, as
calculated in steps 3, 5 and 7, have been plotted in
Figures 7.5.19, 7.5.20 vand 7.5.21, respectively. The
distribution of vertical strains ahead of tunnel face is
similar for all three steps. Basic differences in contour
configurations between these Figures is to be found behind
the tunnel face and close to the tunnel centre line. As
the face advances, contours of equal vertical strains tend

to become parallel to the tunnel centre line. If the
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maximum vertical strain is assumed to be egual to 0.0004%,
taken from Figures 7.5.20 or 7.5.21, this maximum tensile
vertical strain has already been deveioped in step 3

(Figure 7.5.19).

Figures 7.5.19 to 7.5.21 also show that the
vertical strain on the groﬁnd surface over the tunnel face
is compressive and smaller than 50% of the maximum

compressive strain.

Longitudinél strains on the ground surface are
shown in Figures 7,5022 to 7.5.24. The effect of mesh
boundary conditions on thése strains is strong,
particularly on the edge of the mesh towards which the

tunnel face is advancing (Figure 7.5.24).

- Figures 7.5.25° to 7.5.27 show the lateral strains
deveioped oh longitudinairsectibn OPQR. I these Figures
lateral strains on large areas are compressive and the
magnitude of these strains is not significant for soil
regions ahead of the tunnel face. It is also demonstrated
that contours of equal strain become parallel to the

tunnel centre line with the face advance.,

From Figures 7.5.12 and 7.5.21, it can be observed

that the maximum vertical strain has already been
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maximum vertical strain is assumed to be e¢qual to 0.0004%,
taken from Figures 7.5.20 or 7.5.21, this maximum tensile
vertical strain has already been developsd in step 3

(Figure 7.5.19).

Figures 7.5.19 to 7.5.21 also show that the
vertical strain on the ground surface over the tunnel face
is compressive and smaller than 50% o¢f the maximum

compressive strain.

Longitudinal strains on thé Aground surface are
shown in Figures 7.5.22 to 7.5.24. The effect of mesh
boundary conditions on these strains is strong,
particularly on the edge of the mesh toweards which the

tunnel face is advancing (Figure 7.5.24).

Figures 7.5.25 to 7.5}27 show the lateral strains
developed on longitudinal section OPQR. In these Figures
lateral strains on large areas are compressive and the
magnitude of these strains is not significant for soil
regions ahead of the tunnel face. It ié also demonstrated
that contours of equal strain become parallel to the

tunnel centre line with the face advance.

From Figures 7.5.19 and 7.5.21, it can be observed

that the maximum vertical strain has already been
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developed on the ground surface for I‘ncrement 3, and
little change take place in the soil mass behind the point
of maximum strain as a result of subsequent load
increments., Simiiar behaviour can be observed on the
;bng%tgginalv section OPQR,- as shown in ‘Figures 7:5.28 to.

7.5.30.

With respect to longitudinal strains on the ground
surface, the strbng influence of boundary conditions on
‘edges MP, MN and ON can be perceived in Figures 7.5.22 to
7.5.24. However, the distribution contour of longitudinal
strains around the tunnel face, say between -i and i on
both sides of the face, presents a constant shape and

follows the tunnel face advance.

Contours of longitudinal strain on longitudinal
section OPQR (Figures 7.5.31 to 7.5.33) show that the line
(surface) separating compressive and tensile strain passes
close to the tunnel face. Generally, the longitudinal
strains behind this line are comprgssive and ahead of it
are tensile, except in a small portion of the soil mass
located approximately at the tunnel axis level and i ahead
of the tunnel face. This ground response can be observed

in all three Figures.

Figures 7.5.34 to 7.5.44 show the three components
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of displacement and strain on ground surface section MNOP
and longitudinal section OPQR. The vwvalaes plotted in
these Figures were calculated for a single load increment,
and correspond t0O those obtained between'the 4th and 5th
steps-as-mentioned earlier. - -Values showa-in these Figures
represent typical wvariations of displacement and strain,
which values are added to those calculated in previous

steps.
7.6 GENERAL DISCUSSION.

This Section considers, in a general way, the
information obtained from the examples presented in the
present Chapter. Difficulties faced during development of
this work, together with limitations and acvantages of the
approaches used will be discussed in general terms in the

following paragraphs.

The finite element method which was used in all
four examples discussed above, should :eplicate, with
adequate precision, the field prototype situation. The
quality of this replication can only be checked through
comparison of the finite element results with measurements
on site. With any real problem, the input data are not
usually available in their entirety, and the missing data

have to be estimated.
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In practice, any appraisal of calculated results
is made by comparison with measured data available for
only a few points (limited areas). Although complete and
precise measured data are not always avéilable,'judgement
- of  the computdd model output is necessarily augmented by
input engineering experience. If the results of the
modelling do not coincide with those expected, the
mechanical laws are modified empiricail'y° This much-used
and popular method may not al&aYs ba academically

legitimate, but is often apparently unavoidable.

The results obtained by the finite element
calculations are subject to certain 1imita£ions because
the geometry and the material properties in the mpdél
remain the same along the 10ngitudihal d‘i.rection° This
will rarely be the case in practice. Therefore, in view
of a lack of ideal conditions for computer calculations,
the authoxr believes that the use of such a representation

is (must be) satisfactory as a first approximation.

The method of combining structure and soil as one
unit has been shown to provide some answers for some
particular factors involved in the analysis. But the
major advantage of the approach used in this work is its
flexibility in being able to analyse practical problems

without needing to make assumptions far from the usual
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practice in £finite element calculations such as for

loading, material properties, structural shape, and so on.

The examples presented above have been chosen to
illustrate a-few of the many- tunnelling process and - soil=
pipe interaction problems that occur in practice. There
are other processes that could be modelled using the

system deveioped by the writer.

Although a simple form of 'pipeline has - been
studied (the presence and effect of joints, for example,
have not been considered), the response of a pipe to the
ground movement is clearly a compiex problew, particularly
if related to the tunnelling process, which itself
@eﬁérates numerous ground reéponse complexifiesu It is
obvious that if such complex .behaﬁiOur has to be
understood, detailed field measuremen=s for the
acquisition of suitable iﬁput parameter values and also
for checking model conclusions must be considered

essential.

The effectiveness of any finite element analysis,
and particularly any three-dimensional ana.ysis, -may not
be considered by some tunnel designers to be particularly
useful in view of the high cost and time required to

prepare input data, conduct analyses and interpret
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results, when compared with other numerical methods.
These designers are correct if only the preliminary design
stage 1is considered. However, the cases analysed and
presented in this work provide examples of problems in
~which finite element analysis can be-used-effectively. In
other cases, fqr example if the non-linear behaviour of
‘soil and if more complex excavation and support
installation sequences are simulated, th=2 cost would
obviously be higher. But, in the present author's
opinion, the costs of these analyses will no% be generally
prohibitive, especially if compared to the total cost of

the tunnelling project.

A combined (hybrid) analytical and numerical
(finite element) approach for studying the effect of
ground movements caused by tunnelling on buried pipeline
has been described. -This technique was used because field
data for thé site uéed in the analysis were not available
at the time of development of this work and also in view
of the difficulties of modelling an entire region of
interest in a single finite element mesh. 1Ia view of the
difficulties associated with predicting grcund movements
in the context of soil/pipe interaction in a realistic
manner, it was thought that the simpliest initial method
of predicting the ground movements involved the use of the

now—accepted normal probability approach.
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An ‘'equivalent stiffness’ approach has also been
described and used in this work. The reason for using
" this procedure lies in the fact that excessively distorted
and stiff (representing pipes) elements qoupled with much
sogterf-crepresentinq;'séilifrelemenfs ~"inducée . numerical

instability during computations.

In the case where the tunnel excavation was
simulated without 1lining installation, and w;thout
modelling the pipes in the mesh, the vertical
displacementé calculated by the empirical approach formed
the basis of comparison with the finite element results.
The normal probability method was also used to generate

the displacement input data as outlined in Section 6.7,
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CONCLUSIONS.

A three-dimensionéivfinite element method has been
used for analysing ground movéﬁents cauvsed by tunneliiﬁg
with or without lining installatioh( ané for investigating
‘the response of superadjacent buried pipelines tO“thoée
movements. The effect of theSe m§vemehts on above-ground
‘structures, has not~»beenvcpnside#ed- in thi$~;prk, An
élternatiVe_ hybrid techni@uev COmbiniﬁg anélytical/
empirical and finite element aﬁproaches 0 overcome some
difficulties such as finite element idealization of the
_médium, and the computaiional precision necessary to
aha1y5é the soil/pipe system subjected to the ground
movements, was examined. Sequences of construction,
difficulties and limitations of the procedure adopted to
analyse a tunnelling process with lining installation have

also been discussed.
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. From the experience gained during the course-éf
studyiﬁg case history data of tunnelling in soft grouﬁa
and performing three-dimensional finite element analyséﬁ
of tunnelling in  soil (with or  without lihiﬁg
-installation) _and “tHe résponseé of '-Bﬁri.é?i_gsfpé‘iiﬁé?,’-’ithe: -

foliowing observations can be made :

1) bifferential vertical movements always exiéﬁ
when a tunnel is excavated in soft grouad. The magnitdaé
of the settléments increases from near zero at the outéf
edges of a settlement trough to a maximtm at some peiﬁ%
behind and on the line of a moving disturbance source.

2) The finite element results have shown that in &
settlement trough caused by tunnel excavation in soil, ﬁhé
points of maximum lateral dispiacement on the grduﬁé:
surface correspond to fhe points of zero lateral strain.

"3) In a  buried ﬁipeline lying close to éna
parallel to the tunﬁel centre 1line, the section of the
pipe located behind (or ahead of) the tunnel face may be
subjected to direct longitudinal compressive (or tensile)
stréss higher than the bending tensile (o compressive)
stress induced by differential vertiéal displacements.

4) The fixity conditions on the boundaries of the
finite element mesh together with the posi:cions of pipes
and their directions relative +to that of the moving

source of ground disturbance dictate the pipe response to
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the ground movements.

5)

caused by

The gquality of prediction of ground movement

tunnelling is dependent on the character,

particularly the complexity, of the local surficial (soil)

- ;—geology§i”1_

t - -is necessary-_to adopt empirical _geotechnical

parameters representative of the local ground conditions.

6)

The development of mathematical models in

applied geomechanics must be conditioned by the following

points :

a)

The nature of the four interacting inputs :

p;escriptibn of the -g;ound material, the pre-existing

state of stress, the imposed lOading/unloéding conditions

and the

geometrical profile of the tunnei in-situ (its

size and depth).

b)

The dependence ' of the soil properties on their

stress and deformation history (although in most instances

these factors can only bé»éénjecfﬁ;édj?

7)
numerical
definition

does not

Despite dreat progress in recent years on
computational methods, a clear and precise
of the safety factor for tunncl construction

exist even today because of difficulties in

modelling the soil behaviour and soil-support interaction
mathematically.
8) The presence of rigid structures in soft ground

reduces significantly the computed strains in some areas

of the medium because the rigidity ‘of the included
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structurées provides resistance to potential deformation of
the medium. Thexefore, it may be over-cnnservative to
design such a structure based on the strains developed in

the free field and assuming that these strains are

9) Improved knowledge and understanding of soil-
structure interaction effects is required if safe and
edonomical desSigns are to bé produced in areas to be
disturbed by tunnelling.,

10) The combination of analytical/empirical and
finite element methods of analysis would seen, from the
experience in. this work, to>offer some advantages over
each method wused singly. It has been particularly useful
in the present work for resolving displacements, stresses
and strains in a structure that is small cn the scale of
the disturbing field.

" 11) Any computatiqhal method, SObhisiicatéd'as it
may be, can never represent real tunnel construction and
its effects on nearby buried pipelines in all their
complexities without much more detailed information on
ground geology and in-situ deformation measurements for
checks on computational veracity.

12) The selection of a suitable method for
predicting ground movements at a particular site to be
tunnelled is not an easy task for the designer engineer.

It depends on the importance of the project, availability
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of a large computer facility, the time in-hand before
construction, the funds available and so on. However, it
is hoped that, in <the course of +time, more actual
observations and measurements on tunnel -excavations and
- - Ttheibehaviouffofiburiéd;pipeliﬁéé["VE6§eEhé:-'ﬁ1th' closer
matching to theoretical/analytical/ numerical calculated
data will result in improvements on»presently—available
methods af analysis and/or development of new teéhniqdes
thét will enable an engineer to _predict more accurately
the groﬁnd movements caused by tunnelling and their‘

effects on structures.
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APPENDIX A

SUBROUTINE DESCRIPTIONS AND DETAILS.

~Calculates the element stiffness matrix and
‘stores it in file “number 9, This- ‘routine is

called when elements are activated at a
designated step.

Read input data. Coordinates, stresses, boundary
conditions and element node numbers are given in
a similar  way to that in two - dlmen51ona1
analysis. The routine will generete ‘the’ ‘mesh
automatically in the direction of the tunnel
centre line;

Reads material properties.
Defines the surface of tunnel to be excavated.

beiines the geometry of the opening in the first
t’r‘ans‘ver'se»sebtio'ri°

Calculates the inverse Jacoblan matrix and the
straln/stress matrix.

Prepares the abscissa and weight coeff1c1ents
for the Gaussian quadrature 1ntegrat10n° Three
lntegratlon points for each dlrectlon were used

Calqulates the equlvalent nodal forces on the
boundary of the opening from the initial
stresses.

Prints out the problem data.

Stores stiffness matrix of elem2nts located
between first and second transverse sections of
the meésh in file 11.

Calculates the element stiffness matrix.

Defines the boundary of loading forces.

Reads input prescribed displacements.
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Calculates the equivalent forces to input
prescribed displacements.

Reads and defines loading conditions.

pefines applied forces for each step.

Reads concentrated forces° B R R TIE
Defines applied forces forveach noae.

Assembles the global stlffness matrix and sets
up 1oad vectors. Requlres flle number 3.

Sets up mesh boundary condltlons ‘into the global
stiffness- matrix. :

-Calculates forces equivalent to the displacement

on nodes located on. the excavated surface. This
routlne is called 1f the excavation“is simulated
in 1ncrementa1 process. '

Solves 'sysfem .of linear equations by the Gauss
elimination method to. obtain increments of
nodal displacements. Requires file numbers 1
and 3,

Calculates stresses and strains for each node.

Prints out calculated results.

stores nodal coordinates , displacements ,
stresses and strain in file number 12.
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APPENDIX B

—- - LISTING OF-THE. PROGRAM FEP3DES.

A listing of the program is included at the end of
this thesis, and its general description: is presented in

Chapter 5.

Detailed action of each subroutine included in

FEP3DES is described in Appendix A,



APPENDIX C

LISTING OF THE PROGRAM GRAF.

A listing Qf‘the program GBAPH is included at the
énd of ﬁhis thesigé This prograh selects appropriate
vafiables (displaééménﬁs,<stresses or strains) éalcﬁlated
by the program FE?3DES.and prepares them to be contoured

by using GPCP public packéée program,



AP P ENDIKX B

Rk R R R A R A R A R A AR A R T R AR A R R AN T AR AR TR AR AR AR AR A A A A e Nk
c FEP3DES : FINITE SLEMENT PROGRAM FOR 3=D ELASTIC SOLUTION USING
c 3=NODE HEXAHECRAL RECTANGULAR ELEMENTS (ZIB%),
£ REQUIRES 3 TEMPORARY FILES : 1,3 AND 11 (NR 4 TEMPORARY
c FILES (1,3,9 2 11) IF¥ LINING PLACEMENT IS SIMULATED) AND
c ONS PERMANENTY =ILE (123,
o LAST REVISION : 14/JUN/S3,
A kR A R R R R AR R R T R R N R R R A A A R AR A R A A R A R A AR A R R AR LR AR AR A AR R AR
COMMCON /BLCKO1/ TITLE(20), NUMEL, NUMNP, NUMPLN, NPPLN, NELINT
COMMON /BLCKQ2/ DEISLOC(3,1122), DEFCR(1122,6), SIGMA(1122,6), NODE
COMMON /8LCKN3/ CENTRO(Z), RADYIUS, CFPTH, FACTOR, LINER, NSTEPS,
1 LOADC(3)
COMMON /B3LCKAN4/ DISPL(6732), NPO(3)
COMMON /BLCKOJ9/ CONRD(3,1122), FXYZ(3,1122), IDIST, NCODE(1122)
PRINT 40
PRINT &0
PRINT 62
: JVFZ = 0
r READ AND GENERATE MISSING INPUT DATA.
CALL MESH
c READ MATERIAL PROPERTIES,
CALL LINEAR
C QUTPUT MESH DATA,
CALL MSHOUT
J0 1% I = 1, NUMNP
DO 10 J = 1, 3

DEFOR(I,J) = 0.0
DEFOR(I,J + 3) = 0.0
FXYZ(J,I) = NN
CESLOC(J,2) 0.9

! N
o w

1C DISPL(G*Z + § = 3) =
R LOANDING TYPE,

C INPUT CONTRUCTION
CALL LOJTYP
C COMPUTZ APPLIEDN FCRCES FOR EACH STEP,
CaLL STE=EPS
C COMPUTE AND STORE STIFFNFESS MATRIX 0F SLEMENTS T0 BE ACTIVATED.
CALL RIGID
PRINT 50
20 JVEZ = JVEZ <+ 1
If (JVEZ .EQ. %) STOP
CALL LLOADU(JVEZD)
CALL STIFFLUVED)
CALL BANSOL
CALL COMPUT(JVEZ)
CALL DQUTPUT(JVETZ)
CALL FILET12(Jv=L)
IF (JY37 .77, NSTEZPSY STOP
GO 7C 20
3T FORMAT (NAL)
L0 FORKMATY (//, ° BECUP3NZS ¢ PINITE CLEMENT PROGRAM FOR 3=N ZLASTYIC SOL
TUTTON USTUNR 2=NCNE HTXSHTDRAL RECTANGULAR CELEMENTS (ZI38)Y°, /- 1Xs
PLT%7), BX, 99(7°27), fo 11X
TYRITTEN AT UNIVERSTTY OF NURHAM BY M.TSUTSUMI (1933)°, /-,
1T9%, 820°=°Y, [- 41%, “LASY REVISTON : 14/ JUN/19233.°0 /&

DA D AN

PR ¥



5 11X, 27(°=7))

5C FORMAT (/75 30X, 34C°%°), [, 23X, ° #%%x DATA PREPARATION CCMPLETS

10 =#x%x7, [, 30X, 34(°%°))
57 FORMAT (//, 11X, 120(°%x°))
END

SRR R Ry R R R R R R R TR R R L R R R R
SUBROUTINE MESH
R R PR R P R R PR RS P R R R R R L S R R R R g R g P L

CSIMENSION DSIG(é)

COMMOM /BLCKN1/ TITLEC(?0), NUMSL, NUMNP, NUMPLN, NPPLN, NELINT
COMMON /BLCKN2/ DZSLOC(3,1122), DEFCR(1122,6), SIGMAC1122,6),
COMMON /BLCKO3/ CENTRO(2), RADTUS, CEPTH, FACTOR, LINER, NSTEPS,

1 LOAD(®)
COMMON /RLCKO6/ IX(340,9), KL

COMMON /BLCKNI/ COORD(CZ,1122), FXYZ(Z,1122), IDIST, NCODE(1122)

COMMON /BLCK12/7 GLOBL(?32,351), MBAND, NUMBLK, NEQBLK

C NPPLN = NUMBER OF NODES PcR SECTION.
C NELINT = NUM3ER OF ELEMENTS BETWESN TWO CONCRQSS SECUTIVE SECTIONS.
c NUMPLN = NUMBER OF CROSS SECTIONS.
c ZDIST = DISTANCE 3ETWERN TWO CONCROSS SFCUTIVE CROSS SECTIONS.
READ 27J, (TITLEC(D),I=1,2)
READ 300, NPPLN, NELINT, NUMPLN, NOCS, ZCIST, SACTOR, RADIUS
C CENTRO = CO-0ORDINATE OF TUNNZL CENTRE(X-NIR=1,Y DIREC=2)
c LINER=1 ==> IF LINING IS °2LACED.
LINER = 0
IF (RADIUS oNE. 0.0) RZAD 210, LINER, (CENTRO(I),I=1,2), DEPTH
NUMBLK = 0
NEQBLK = 0
NUMN® = NUMPLN = NPPLN
NUMEL = NELINT = (NUMPLN = 1)
IF (NUMNP oLE. 1122 -AND. NUMEL .LF. 34(C) GO TO 10
PRINT 320, NUMNP, NUMEL
STHP
C
c INPUT DATA FOR NOCES LOCATED IN THE FIRST SECTINN ONLY.
C
C DIRECTION X = HORIZONTAL (PCSITIVE LEFT TO RIGHT)
C DIRRCTION Y = VERTICAL (POSITIVE UPWARD)
C DIRFCTION 7 = PERPENDICULAR TO XY PLANE (POSITIVE FORWARD)
c
C NCODE=1 = RESTRAINED 7O MCVE LATERALLY (X=NDIRECTION).
C NCODE=2 = RESTRAINED TO MCVE VERTICALLY (Y=DIRECTION),
c NCODE=3 = RESTRAINED TO MOVE PARALLZL TO THE TUNNEL CENTRE LINE
C (Z=DIRECTION),
c MCODE=4 —~ ALLCOWED TO MOVE IN Z=DIRZCTION ONLY.
r NCODE=S5 = ALLCMED TN MOVE IN X=DTRECTINN ONLY,
C NCOD®==6 = ALLOWED 7O MJVE IN Y=DTRECTION ONLY,
C NCODE=Y = MODZ RESTRAIMNED TO MCVE TN ALL DIRZCTIONS
e ="
C I = NODT NUMBER
£ NCCDE = NODAL CODE ACCORNDING 79 AEBOQVE LISTING,

27 ]BAD 290, T, NLONE(IY, COO0R2(1,2Y, COORD(2.,1), SIGMA(IL,1),
1SIGMAL(T,?
CONRD(S,7) J.0C
SIGMA(CI,Z) SIGHMACI,T)
00 3C J = 4, 6
DSIGCY = %Yy = 9.0

i u



DY OO

NSIGLJY = 0.0 :
30 SIGMA(ILJ) = 0.0
IF (I .3Q9. (L + 1)) GO 70 52

IL=1-=1L
DX = (COORD(1,I) = COORD(1,L)) / FLCAT(IL)
DY = (COORD(2,I) = COORO(2,L)) / FLCAT(IL)

Lo 40 JL = 1, %
40 DSIGCJL) = (SIGMA(I,JL) = SIGMA(L,JL)) / FLOAT(IL)
SO L = L+ 1 ’
IF (I = L) 90, 30, 60
60 NCODE(L) = NCODE(L = 1)
IF (NCODE(L) oNE. 7) NCCDE(L) = O
COORD(T,L) = COORD(C1,L = 13 + DX
COORD(2,L) = £OORD(2,L = 1) + DY
COORD(3,L) = 0.0
DO 78 MM = 1, 6
70 SIGMA(L,MM) = SIGMACL = 9,MM) + DSIG(MM)
GO TO 52
30 IF (NPPLN = I) 9C, 100, 20
90 PRINT 330, I
STOP
1700 CONTINUE
LL = NPPLN + 1
DO 112 J = LL, NUMNP
NCODEC(J) = NCODE(J = NPPLN)
CCARN(T,I) CNORD(1,Jd = NPPLN)
COORD(2,M) COORD(2,J = NPPLN)

COCRD(Z2, ) COORD(3,J = NPPLN) + IDIST
00 110 MM = 1, 6.
110 SIGMA(CJ,MM) = SIGMA(J = NPPLN,MM)
NPP = NUMNP = NPPLN + 1

CO 120 NP = NPP, NUMNP
NCODE(NP) = 3 _
I= (NCODE(NP = NPPLN) .EQ. 1) NCOCE(NP)
IZ (NCODE(NP = NPPLN) .EN. 2) NCOCE(NP)
IF (NCODE(NP = NPPLN) .GZ. 4) NCCDE(NP)
CONTINUE
N =

&
S
NCODE(NP = NPPLN)

I .|

Y
™
o]

INPUT JATA FOR ELEMENTS LOCATZD IN THE FIRST °“SLICE’ ONLY .
(INPUT FIRST FOUR NODE NUMBERS ONLY FCR FACH ELEMENT).
- IX(ELEMENT,Q) = MATERIAL NUMBER
“ 130 READ 230, Ms (IXIM,I),I39,56)s IX(NM,9)
167 N = N + 1

IF (M = NY 179, 170, 158
15 D0 140 I = 1, &
160 IX(N,T) = IX(N = 1,I) + 1

IX(NADY = IX(N = T,9)~ -
170 IF (M = NY 1820, 189, 148
180 I% (NSLINT = N) 193, 190, 130
120 CONTINUE

D0 200 M = 1, NEILINT

20 213 1 = 5, 3
220 IX(M,I) = IX(M,T = &) ¢ NPPLN
LL = NFLINT # 1
DO 220 T = LL, NUMEL
N0 210 J = 1, A _
IX(IsJd) = IX(I = NELINT,J) + NPPLN

IXCI,9) = IX(I = NILTINT,9)
J =0

NN
rJ =
[ 2 oy



O

C BAND WIDTH COMPUTATION.
DO 250 N = 1, NELINT
D0 253 I = 1, &
DO 240 L = I, &
KK = IX(N,I) = IX(N,L)
IF (KK oLT. N) KK = =KK
IF (KK = J) 2471, 24D, 232

e3° J = KK
JEL = N
2470 CONTINUE

257 CONTINUE
MBAND = % = (J ¢+ NPPLN} + 3
IF (MBAND .GY. 351) GO 70O 269
RETURN
260 PRINT 3410
STNP
270 FORMAT (20A4)
280 FORMAT (16I35)
297 FORMAT (2I5, 5F10.™M
307 FORMAT (4I5, 3IF10.0)
310 FORMAT (IS5, 7F1C.D)
Y20 FORMAT ("QEXCESSIVE SIZTE OF MESH, NUMNP =7, I5, ° NUMEL =7, I5)
337 FORMAT (/, ° ER0R TN INPUT DATA : NODE NUMRER =°, I5, //,

1 °  PROGRAM STOP2=D DUT TO ABCVE ERROR', /., 2X, 33(°%*°))
260 FORMAT (/, ° PROGRAM STQOPPED DUE TO SXCESSIVE BAND WIDTH, /7, 43(
1 %))
END

R R T R R R R R R R R R R e R T R R R R R R L B R R R
SUBROUTINE LINZAR
o A At kR R R R R A T A AR A A AR T AR A R RN R R R A AR A A R A R TR A AR A RARRR
COMMCN /BLCKODT/ YOUNG(IC), 20ISS(19), NMAT
READ 3N, NMAT
IF (NMAT oLE. 10) GO ¥n 13
PRINT 50, NMAT
STNP
70 DO 20 I = 1, NMAT
2C READ 47, MAT, YCUNG(MAT)Y, POZSS(MAT)
37 FORMAT (IS
40 FORMAT (IS5, 2F1C.0)
5C FORMAT (70700 MANY MATHERTIALS = NMAT =7, I5, /[, 1%, 32(°=%°))
RETURN
END

R R R A R R R R AR R R A R A R AN A R A R R R AR D A A A AR AR AR AR AN AR AR E R AL R
SURROUTINE EXCVTN(KKK)

R L R R R R R R R R R R R E R R R - B R R R g g g R R
CCMMON /RLCKDT/ TITLI(ZC), NUMZTL, NUMNP®, NUMPLN, NPPLN, NELINT
COMMON /JRLCKD3/ CEINTRNO(2), RADITUS, CUFPTH, FACTOR, LINER, NSTEPS,

1 LOAD(?)

COMMON /RLCKMS/ NELESCCINIL,E), NOZALT(R), MNPERON(350,R8),
4 NMERIONCE), NELFRO(553,3%, NSLF(?), NRPDEAC(S5S0,3),
2 NNDFAC(2), MSLTICE(8), MELACT(I00,"), NACT(3)

COMION /3LCKDG6/ TX{(84N,5), KL
COMMON /BLCKIZ/ YELESC(10D), IDEACT, IPFRON(INT), INFRON,



1 IFLFROCIOTY, IEL=, IPDRZAC(IAC), INDEAC
JACT = 9 :
JDEACT
JNFRON
JELF =
JNDEAC
NSLIC
Do 1C

3
0

itoO N N

0
n
= 1, KKK _
NSLIC NSLIC + NSLICE(D)
0o 26 = 1, NSLIC
D0 20 J = 1, IDEACT
JOEACT = JDEACT + 1
~ NELESCU(JUDEACT,KKK) = IF
KSLIC = NSLIC + 1
00 3C T = 1, KSL1IC
DO 30 J = 1, IMNFRON
JNFRON = JNFRON + 1 .
NPERONCJINFRON,KKK) = IPFRONC(J) + (I = 1) = NPPLN
DO 40 I = 1, NSLIC
DO &9 J = 1, IELF
JELF = JELT + 1
NELFROCJELF,KKK) = TELFRO(J) + (I = 1) = NELINT
00 50 J = 1, NSLIC
00 50 1 = 1, INDEFAC
JNDZAC = JUNDEAC =+ 1
NPDEACC(JNDIEAC,KKKY = IPDEACCI) + (J = 1) % NPPLN
IF (NSLIC .GE. (NUMPLN = 1)) G0 70 §0
CO 60 I = 1, INDEAC
JNFRON = JNFRON + 1
] NPFRON(CJNFRON,KKK) = IPOEAC(I) + NSLTC = NPPLN
D0 7C I = 1, I:ZLFE
JELF = JELF + 1

ned i

-

LESC(J) + (T = 1) = NELINT

70 NELFROCJELF,KKK) = IELFRO{I) + NSLIC * NELINT

DO 87 I = 1, IDEACT

JELF = JSELF + 1
NELFROCJELF,KKK) = ISLESC(I) ¢+ NSLIC % NELINT
IF (NSLIC = (NUMPLN = 1)) 123, 100, 122
0O 113 I = 1, INDEAC

JNDEAC = JNDEAC *+ 1
O NPDEACCJUNDEAC,KKKY = IPDEAC(I) + NSLIC =* NOPLN
- IF (LINER -EQ. Z) GO T2 149
NSLIT = NSLIC = 1
IF (NSLIC .ER. Q) GO 70 147
uo 133 I = 1, NSLIC

DO 133 J = 1, INEACT

JACT = JACT + 1

C NELACT(JACT,KKK) = IELESC(J) + (I = 1) = NELINT

50 NDTACTY(KKKY = JDTACT

NM=RON(KKK) JNFPON

NNDEACCKKK) JNDEAC

NELE(KKK) = JZLF

NACT(KKXY = JATT

PRINT 180, KKK, NDEALTIKKK), NNFRONCKKK), NNNDEAC(KKK), NELF(KKK),
TRACT (XK

PRINT 171

PRINT 450, (NELESCCI KKK 2TI51,dDRACT)
PRINT 199

PRINT 1570, (NPTRONI{L,XKKK) - L31,INFR0ON)
PRINT 127

PRINT 150, (NPDEACII KKK)-,TI=%,JNDEAC)



PRINT 207

PRINT 150, (NELFROC(I,KKK),I=1,JELF)

IF (JACT -EQ. 9) RETURN

PRINT 210

PRINT 150+, (NMELACT(I,KKK),I=1,JACT)
150 FORMAT (1615)

160 FORMAT (/, ° STEP NC."» 12, ° = EXCAVATION DATA’, /, 11X, 29(°=°),
1.1 NUMBZR QOF ELEMENTS CEACTIVATFEDocoocoococooocnconoocan™"

/s

- P
o

/
2 NUMSER OF NODES EXPOSEL BY EXCAVATIONcococoooocooeeo='»s

s £ s

14

I
4

OV B D D

()
£~
[0 TSNS S P B N O

T&/
ob NUMBER 0OF ELEMENTS EXPCSED BY EXCAVATIONocoococoao='»
A

/)

2oDTACTIVATED ELEMENTS. )

3.NODES EXPOSED BY EXCAVATION. )

L. DEACTIVATED NODES.?)

S, ELEMENTS EXPOSED 3Y EXCAVATION.®)
6. ACTIVATELC ELEMENTS.”)

o
A

170 FORMATY
180 FORMAT
190 FORMAT
207 FORMAT (/.
¢1C FORMAT
RETURN
END

—~ N N
NN
% %N N

% S 8§ 8 8%

~
~
%

R A R R R A R R I R R A AT R R AT A A A AT A R R AR A AR A AN TR AT RRARAN R Y

SURBROUTINGC DEFIN

(MR- X2 X2-X-22-2-X-2- 22 5 R 220 EEEEEEEELL25-0-L..0-2:2.3 .2 R 2R EF 2L F-E-LEEEEE-LEE-2-2-2-F-F- 81

DIMENSION ICUB0(30), MP(107), NELCOC(100)

COMMON /BLCKO1/ TITLE(?C), NUMEL, NUMNP, NUMPLN, NPPLN, NELINT
COMMON /BLCKQ3/ CENTRO(2), RADIUS, CEPTH, FACTOR, LINER, NSTEPS,
1 Loanca)

COMMCN /BLCKO&/ IX(840,9), KL

COMMCN /BLCKO9/ COCRD(2,11223, SXYI(3,1122), IDISY, NCOOE(1122)
COMMON /BLCKT13/ IELESC(100Y, INZACT, IPFRONC(108), INFRON,

1 . IELFROCINNY, IELF, IPOEAC(ING), INDSAC
INSRON = 0

IELF = 0

NEL = 9

IDZACT = 9

INDEAC = 1

X1 = CTENTRO(1) + RADIUS

X2 = CENTRO(1) = RADIUS

Y1 = CENTROCZ) <+ RA7TUS

Y2 = CENTRO(2) = RADIUS

DO 2C KL = 1, NELINT
NELCOD(KL) = 1
D010 I = 1, 4
NO = IX(KL,I)
CIF O (COORN(2,NOY oGTo YT oOR. COCRI(2-,ND) oLT. Y2)
1 50 T0 20
IF (COORDCUILNDY oGTo X1 oCR. LOOPDCILNO) LT, X2)
] 50 TO 290
172 CONTINUE
MZL = NEL + 1
ICURNINEL) = KL
20 CONTINUE
ML = 3
o 2n

I = 1, NFEL
L =9

105 }‘]UMBER UF SLEE‘?ENTS ACTIVATEDDCBCOODOBDOODOQQDODOS

1.3 NUMBER OF NODES DEACTIVATEDococoocosococaoooncosoa™"

4



KL = ICUs0C(I)
30 60 J = 1, 4
NO = IX{(KL,J)
XNP = COORD(1,N0)
YNP = COORND(2,NO)
COMP = SQARTC(XNP = CENTRC(1))*%2 + (YNP = CENTRO(2))*=22)
IF (COMP .EQ. 3.7 GO TO 53
ANGT = ABS(XNP = CENTRO(1)) / CCHMP
ANG2 = ABS(YNP = CENTRD(2)) / CCMP
IF C(ANG2 .EQ. 1.0) GO TG 3D

XCSUP = CENTRO(1) + 2,95 % ANGY1 » RADIUS
XCMAX = CENTRO(T) + 1.05 * ANGT % RADIUS
XCINF = CENTRO(1) - 0.95 = ANG1 * RADIUS
XCMIN = CENTRO(1) = 1.05 = ANGT * RADIUS

TF (XNP .GT. XCMAX +0R. XNP oLT. XCMIN) GO TO 20
IF (XN° . GT. XCIMNF ANDs XNP .LT. XCSUP) GO 70 50

GO 7O 40
3n YCMAX = CENTRO(2) + 1.05 » ANGZ *= RADIUS
- YOSUP = CENTRO(?) + 0.75 * ANG?2 * RADIUS
YCINF = CENTRO(2) = 0495 » ANG2 * RADIUS
YCMIN = CENTRO(Z2) = 1,05 * ANG2 * RADIUS

IF (YNP .GT, YCMAX O0R. YNP . LT. YCMIN) GO TO 820
IF (YNP .LT. YCSUP .AND. YNP .GT. YCINF) GO TO 50
40 ML = ML + 1
MP UML) = NO
50 L =L +1
67 CONTINUE
IF (L = 43 30, 70, 80
70 IDEACY = IDEACT + 1
TELESC(IDEACT) KL
MELCOD(XL) = O
32 CONTINUZ
NL = ML - 1
DO 97 1T = 1, NL
NT = MP(I)
K ='1+1
DO 93 J = K, ML
N2 = MP())
IF (N1 «EQ. N2Y MP(J) = 0
92 CONTINUE
DO 100 I = 1, ML
IF (MP(I) EQ. Q) GO 7O 130
INFRON = INFRON + 1
IPFRONCINFRONY = MP(D)
100 CONTINUE
DO 130 I = 1, IDREACT
KL = TELSSC(I)
Do 1?3, = 1, &
N2 = IX(KL,J)
0 117 K = 1, INFRON
M= = IPFRONC(K)
IF (NC .EQ. NF) GO 70 130
11C CONTIMNUE
INDZAC = TINCERAC + 1
IPNELCCINDTACY = NO
I7 (INDEAT .37, 1) 6N 7v2 132
I1 = INDEZAC -
LL = INDEAC
30 120 12 = 1, 17
N1 = IPDEAC(IZ)









W(2) = £1 * D1 = 22
DO 30 1 = 2, 1%

T W(2«T) = W(2)
W(S) = D1 =« D2 = D2

(¥

WC11) = w3

WCT3) = W)

WET15) = W(s)

W(17) = W(5)

W23 = W(3)

W(14) = D2 = D x D2
RETURN

END

R R T R R R g R R B g R R R R A AL 2R R
SUSROUTINE FORCET(KKK)

R A AR AR A AR AR AR R A R R A A AR A AN R A AR AR A R AR R A AR R AR AR ARR AR R AR oA AR R
DIMENSION FOR(3,8), SIG(3)
COMMON /3LLCKO1/ TITLE(2T), NUMEL, NUMNP, NUMPLN, NPPLN, NELINT
COMMON /BLCKN"2/ NESLOC(®,1122), DEFCR(1122,6), SIGMA(1122,6), NODE
COMMON /BLCKND3/ CENTRO(2), RADIUS, CEPTH, FACTOR, LINER, NSTEPS,

1 LOADC(R)

COMMON /3LCKO5/ NELESC(139,R), NDEACT(R), NPERON(55C,R),
i NMFRONCR) , NELFRO(S550,2), NSLF(8), NPNDEAC(5503,38),
2 NNIJIEAC(8), NSLICE(B), NELACT(100,9), NACT(®)

COMMON /5LCKNA/ IX(8460,9), KL

COMMON /BLCKD®/ COORD(3,1922), SXYZ(3,1122), ZDIST, NCODE(1122)
COMMON /BLCK13/ B8(3,3), A(3,27), DET, XE(S8,3), W(27)

COMMON /RLCK11/ FORCEX(1122,5), FORCEY(1122,%), FORCEZ(1122,%)
JNERON = NNFRON(KKK)

DO 12 T = 1, JUNFRON

FORCEX(I,KKK) = DN
FORLEY(I,KKK) = 2,0
10 FORCEZ(ILKKK) = 0.9

JELF = NELF(KKK)
DO 67 MM = 1, JELF
KL = NELFRO(MM,KKK)
DO 20 T = 1, 8
JL = IX(XL,I)
DO 20 K = 1, 3
FOR(K,I) = 0.0
29 XE(I,K) = COORN(K,JL)
20 30 x = 1, 27
CALL JACOB(K)
DO RO T =1, 3
NO = IX(KL,I)
99 30 LL = 1, 3
FORCLL,ZIY = =0RCLL,IY + BLLL,I) * SISMA(NC,LL) * DFET
A BN I = 1, 8
NO = ZX{(KL,I)
0o 4610 J = 1, JNF20N
MP? = NPFRONCJ,KKK)
IF (N0 NG, N2)Y 50 7D 41
EARTEX (U, KKK FORCEN(I,KKK)Y 4 FORCI1,1)
FORCEY (I KKKD FCRCFY(J,KKK)Y ¢ FOR(2,73
SORCEZ (I KKK FORCEZ(JIAKKK) + SCR(Z,1)
G0 T0 37
41 TONTINUE
53 CONTINUF

wd
€

Wofron
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CONTINUE
DO 77 T = 1, JUNFRON

MP = NPFRON(TI,KKK)

FORCEX(IAKKK) =FORCEX(I,KKK)

EORCEY (I,KKK) =FORCEY(I,KKK)

FORCEZ(I,KKK) =FORCEZ (I,KKK)

IF (NP .GT. NPPLN oAND. NP LT, (NUMNP = NPPLN)) GO YO 70

FORCEZ(I,KKK) = 0.0
CONTINUE
DO 80 ¥ = 9, JUNFRON

NP = NPZRON(I,KKK)

FORCEX(ILKKK) = FORCEX(I,KKK) / FACTOR
FORCZZ(I,KKK) = FORCEZ(I,KKK) / FAZTOR
RETURN
END

non o

R AR A AR R A A AT AR R AR AN A A AN AR R AR AR A A A A AR R R AR AR R G RN
SUBRCUTINE MSHOUT
A R AR R RN A AR R AR R R AR A AR A AT AR AR AR AR R AR AR T AR AR AR AR A AR AR

COMMON /BLCKOT/ TITLE(C2C), NUMEL, NUMNP, NUMPLN, NPPLN, NELINT
COMMON /8LCKN2/ DESLOC(3,1122), DEFCR(1122,6), SIGMA(1122,6), NODE
COMMON /8LCKD3/ CENTRN{2), RADIUS, CEPTH, FACTOR, LINER, NSTEPS,
1 LOAD(3)

COMMON /BLCKOS/ IX(36D,9), KL

COMMON /3LCKN®/ YOUNG(CICY, POISSCI3), NMAT

COMMON /BLCKD9/ COORD(2,1122), FXYZ{3,1122), INIST, NCODE(1122)
PRINT 40, (YITLE(I),I=1,2])

PRINT 50, NUMEL, NUMNP, NMAT, NUMPLN, MPPLN, NELINT, ZDIST

I (PADIUS oNZ. 0.7) PRINT 110, RADIUS, DEPTH, (CENTRO(I),I=1,2),
TFACTOR

1F (LINER = 1) 20, 10, 1D

IF (RADIUS NE. N.0N) PRINT 11)

GO 70 30

IF (RADIUS NE, D7) PRINT 130

PRINT 100, (MAT,YOUNG(MAT),POISS(MATI - MAT=T,NMAT)

PRINT 90, (I,MCODEC(I),(COORDCI,II,J=21,2),T=21-,NPPLN)

PRINT AD

PRINT "0, (Mo{IX{M/L)/L=1,9), M=, NELINT)

PRINT R0, (I,(SIGMACT,JI),J=1,3),I=1,NPPLN)

FORMATY (/7. 2DA&4, /1)

FORMAT (°01.GZ0OMFTRIC NATA OF THE MESH /., 1X, 28(°="), [/
1 ‘ AJU“4%ER 0= ELEr4ENTS°UODDODQQOOOnu00000OOQQOOQQODDQGQQUDO=0
2 s 14/

3 * NUMBRER OF NONAL POINTSccococococaocosccnnoccooocsocoanooasn
4 s 14/

5 ” NUM3IER OF MATSZRIALSccoooonnooscooncocooococonanoocnoadooaonos.
4 s 14/

K © MUMRER 2F CRO3S SFCTIONS.coccococoacooocooonooooonocaann™.
2 s 24/

? 7 MNUMREZR 0OF NODTS PER SFCTIONcouowooococonaoccooonooooooonanasal
® s 14/

1 C NUMRER NF ZLEMCENTS BETHESN TWO CONSECUTIVE S=ECTIO0OMScoeoo="’
2 s T4/

S TONISTANCT RETURTN THWC CONSECUTIVE SELTIONS (M)uococooooooo®™'
A 7 RB12.4)

FORMAT (/, “D&4.ELEMENT CATA (BETWEEN SFLTIONS 1 2 2 ONLYY s, /. iXe
1 LeL (=), [, 2C° L I J K L ] N 0 o MATL?

2 s6X3)



70 FORMAT (22X, 10314, 9X, 1014)

80 FORMAT (/, °“OS5.INITIAL STRESSES (TAU=XY=TAU=YI=TAU=ZX=0.0) (KN/M2)
1 = (FIRST SECTION ONLY) “» /, X, T6C°="), [/, 2(
2 ° NOCE SIG=XX SIG=YY SIG=227+%X)s /s
3 (1X,rI3,3E13.4,8X,T3,3817%:.4))

Of FORMAT (//, ° 3.NODAL CO-ORCINATES (M) = (FIRST SECTION ONLY) /.,

1 1%, 47(°="3, 1, 3¢ T (C0DE X Y 4 7.
2 2XYr 1 (T4, 3FR.6,3Xs2T4,359.4,3X,216,3F9,4))

100 FORMAT ("02.MATERIAL PROPERTIES®/, 1X, 21(°=°), /
1 ‘ MATL YOUNG (KN/M2) PRISS o 1o (IX,T6,2(2X,
P E12.4)))

110 FORMAT (' RAQIUS OF THE TUNNEL (M)ﬂ‘.'ﬂ.a‘n'ﬂ.q°°5.°.ﬂ0n0-0060°ﬂ9=
17, E12.4/
2 ° DEPTH OF THE TUNNEL CENTRE LINE (M)ecosccosasncsssascnocon™
3 i-E12;4/,
& * %X=COORDIMNATE OF THE TUNNEL CENTRF LINE (M)ocweonosaocann™"'
S 7 512-4/ '
6 * Y=-COORDINATE OF THE TUNNEL CENTRE LINE (M)ocooosoosnesoson="
7 r E12.4/
8 T VERTICAL ®QRCE/HORIZONTAL FORCE.asaccacemannscoccsnosacas
0 C12.4)

120 FORMAT ( LINING PLACE;“1ENT995‘,!'QB°Bﬂ-aBﬂﬂﬂ.ﬂﬂﬂe.eﬁ“‘aﬂﬁﬂa@nﬂvﬂ..ﬂ‘=
1 YES?) A .

‘]30 FOR}“.AT (' LINING ?LACEMENTeeuone-nade.aananmasn.mlno-unnnoe-ouomz
17 NO %)

RETURN
ZND

M ET TR E ST SS LT ETEESSEEESLERSRELELE LSS SRS RS R 2R3 R DX 27
SUBROUTIME RIGTD | |
C**‘k*ﬁﬁ'*&‘\'***w********'ﬁ'***ﬂ*k'******ﬁ*ﬁ*k************x&**s"'
COMMON /B8LCKJ1/ TITLE(20), NUMEL, NUMNP, NUMPLN, NPPLN, NELINT
COMMON /BLCKO7/ YOUNG(18), POISS(10), NMAT
COMMON /BLCKOS/ IX(340,9), KL
COMMON /B8LCKDB/ S(24,24)
REWIND 11
DO 10 KL = 1, NELINT
CALL 2128
DO 1D I = 1, 264 .
10 WRITE (11) (S€I,0),J=1,24)
RETURN
END

C*£¥“W§*§§W§§ﬁﬁ#k*ﬁ**ﬁ**&*ﬁﬁﬁ%ﬁf@*}*ﬁﬁ*ﬁkﬁ&kﬁﬁ*ﬁ*ﬁﬁﬁkﬁﬁ§§§§§§§§
SUBRCUTINE ZIASR
P*ﬁﬁﬁﬁ*ﬁﬁ"ﬁ'*ﬂ**‘k*ﬁ*ﬁ*ﬁ'**‘k*‘kﬁfi’*ﬁ#ﬁ**ft****ﬁ*ﬁQ******ﬁ**********ﬁ**
COMMCN /3LCKTG/ IX(8467,9), KL
COMMEN /BLCKD7/ YOUNG(CID) DG?SS(1Q)I NMAT
COMMON /BLCKDR/ S(24,24)
COMMCN /3LCKA9/ COIRNI(3,1122), FXVZI(3,1122)», ZDIST, NCODE(1122)
COMMON /nLOKANS 8(3,8), A(3,27), DET, XE(2,3), W{27)
U0 12 1 = 1, 24
D0 10 J = 1, 24
17 §(1,4) = 0.0
" MTYPE = IX(KL,?)
LD 20 = 49, 5



J = IX(KL-I)
DO 2N XK = 1, 3

20 XE(I,K) = COORD(K,J)

30

Ny =2

1
1

CC = YOUNG(MTYPE) / ((1. + POISS(MTYPE))*(%1. = 2.,%*POISS(MTYPE)))
C1 = CC = (1, = POISS(MTYPE))

C2 = CC * POISS(MTYPZ)

€3 = CC * (1, = 2.%POISS(MTYPE)) / 2.

0o 40 K = 1, 27
CALL JACO3 (KD
DO 30 1 = 1, 8
CO 33 J = 1, 8
SC3%I = 2,3%J =

* DET

S(3%xT = 2,3%xJ = 1) = S(3*%I = 2,3%J = 1) + C2 » B(1,I) » B(2,

JY * DET + C3 % 38(2,I) = B(1,4) % DET
S(3xI = 2,3%xJ) = S(3*I = 2,3%J) + C2 *« B(1,I) = B(3,J) =
DET + C3 » B(3,I) = A(1,J) = CZT

S(3%T = 1,3%*J = 2) = S(3%I = 1,3%xJ = 2) + C2 = B(2,1I) » B(1,

JY = DET 4+ C3 * B(1,I) « B(2,J) * DET

S(3*I = 1,3*xJ = 1) = S(3*I = 1,3%xJ = 1) + C1 = B(2,I) » B(2,
J) # DET + C3 » B(1,I) = B(1,J) * DET + C3 * B(3,I) » B(3,J0)

* DET
S(3*T = 1,3%xJ) = S(3*I = 1,3%xJ4) + €3 » B(3,I) * B(2,J) =
DET + C2 » R(2,I) ® 3(3,J) = CET

S(3%1,3%J = 2) = S(3%I,3%xJ = 2) + C2 % B(3,I) = B8(1,J) =
DE™ + C£3 = R8(1,I) = B(3,J) = DET
S(3%I,3%xd = 1) = S(3»I,3%xJ = 1) + C2 = B(3,I) %= 3(2,J) =
DET -+ C3 = R(2,1I) * 3(3%,J) * CET

S(3xT,3%xJd) = S(3*x1,3%xJ) + C£1 = 3(3,1) » B8(3,J) * DET + C3 » B(2,

I) * B(2,J) = DET + C3 + B(1,I) * B8(1,J) = DET

4G CONTINUE

RETURN
END

C*ﬁ*********k#*******k**k*k***ﬁﬁ#ﬁkw******&*ﬁk*ﬂ&k#ﬁ*wﬁ*ﬁ**ﬁ**ﬁ

SU3ROUTINE OND=IN(II)

R EEXEIEAZEEEIEEEILREESSRESRSS RS RER RS RS REELE RS S22 2 T2

N =

{212

1
2

COMMON /BLCKNI/ TITLRE(2L), NUMEL, NUMNP, NUMPLN, NPPLN, NELINT

COMMON  /BLCKNS/ NELESCC(12N,8), NDEACT(R), NPFRON(550,8),
NMFROM(B), NELFRO(557,8), NELF(2), NPDEAC(550,8),
NNDEAC(8), NSLICT(8), NELACT(102,8), NACT(3)

COMMON /BLCKJ6/ IX(240,9), KL

TELF = 0

JNSRON = NNFRON(IT)

DO 27 KL = 1, MUMEL

0171 =1, 2
B0 13 J = 1, JNFRON
TF (IX(KL,I) oNE. MPERON(J,IT)) GO TO 10
TELF = IELF ¢ 1 v
NELEROCIELF,II) = KL

GO T9 20
CONTINDZ
CONTINUZE
NELF(II) = IELF

RETURN
ZND

2) = S(3%I = Z2,3%xJ = 2) + C1 *» B(1,1I) » 8(1,
JY * DET + C3 = B(2,I) = B(2,J) * DEY + C3 » B(3,I) = 8(3,J)



St R R A R e R R R R R R R R R R AR R R A A AR AR A RN AR AR AR R AR A
SUBRQUTINE DISPLC(I)

€t ot o et e e oA A A R R A R A R R R A R
DIMENSION PD(3)
COMMON /BLCKO1/ TITLE(?C), NUMEL, NUMNP, NUMPLN, NPPLN, NELINT
COMMON /BLCKOL/ DISPL(6732), NPO(3)
COMMON /BLCKOS5/ NELESC(100,8), NDEACT(B), NPFRON(S550,8),

1 NNFRCN(3), NELFRO(550,8), NELF(R), NPDEAC(55C,3),
2 NNDZAC(8), NSLICE(8), NELACT(100,3), NACT(B)

READ 20, NPLN

NN = )

o 10 J = 1, NPLN
READ 20, JPLAN, NNOD
Do 19 K = 1, NNOD
NN = NN + 1
READ 30, NP, (PDCLY,L=1,3)
NP = (JPLAN = 1) = NPPLN + NP
NPFRON(NN,I) = NP
0O 10:M =1, 3
10 DISPL(3I*NP + M = 3) = PC(M)
NNFRONCI) = NN
20 FORMAT (161I3)
30 FORMAT (I5, 3F10.0)
~ RETURN
END

R R L R L R R L A N A A S A S A A O S A R O S

SUBRGUTINE FORCE3(III)

A T R A R AR R R R A A AR R R AR R A R AR AR AT AR A AR A A A A A AN AR R AT AR TR RAR
DIMENSION RWMIN(3Y, V(24), DF(24)
COMMON /3LCKIJ1/ TITLE(2C), NUMEL, NUMNP, NUMPLN, NPPLN, NELINT

COMMON /73LCKT2/ NISLOC(3,1122), DEFCR(1122,6), SIGMA(1122,6), NODE

- COMMON /3LCKO&4/ DISPL(6732), NPO(3)

COMMON /BLCKO5/ NELESC(100,3), NDEACT(R), NPFRON(550,8),
1 NNFRONCB) » NELFRO(550,8), NELF(8), NPDEAC(550,3).,
2 NNDEAC(S), NSLICE(8), NELACT(100,8), NACT(3)

COMMON. /BLLKO6/ IX(240,9), KL

COMMON /BLCKC7/ YOUNG(IC), POISS(10), NMAT

COMMON /BLCKOB/ S(24,24)

COMMCN /BLCKO9/ COORD(32,1122), FXYI(Z,1122), ZDIST, NCODE(1122)

COMMON /BLCK11/7 FORCEX(1122,2), FORCEY(1122,8), FORCEZ(1122,8)

JELF = NELF(IID)

JNFRON = NNFRON(III)

D010 XK = 1% JNFRON-

FORCIX(KK,IIZ) = 0.0
FORCEY(KK,IIT) 0.9
10 FORCEZ(KK,IIZ) = 0,0

KNFRON = NMFRONCIII) /7 2

LNZRCN = KMFRON

IF ((KNFRON®?) oMNE, NNFRON(CIII)) LNFRON = KNFRON + 1

O 22 T = 1, KNTROYN

NPT NPERON(CILIZI)
NP2 = NPFRON(I ¢ LNFRCN,III)

it o

20 PRINT 139, NP1, DISPL(3I%N®T = 2), DISPL(Z%NPT = 4}, DISPL(3Z®xNP1),

NP2, DISPLLT%=NP?2 = 2), DISPL(3*NP2 = 1), DISPL(3=NP2)
IF C(CKMERON®2) .32, NNFRONCITI)) GO F0O 3C



NP3 = NPERON(LNFRON,II™) 3
PRINT 130, NP3, DISPL(3*NP3 = ?), DISPL(3I%NP3 = 1), DISPL(I#NPX)
30 CONTINUEZ

00 4C 1 = 1, 3
L0 RMINCIY = 10096C.
00 5C I = 1, NPPLN

NP = (NUMPLN = 1) = NPPLN + I
D0 30 J = 1, 3
SO IF (ABS(DISPL(ZxNP + J = 3)) LT, ABS(RMINCJI)) RMINCJ) = DISPL(3=x
NP + J = 3)
DO 60 I = 1, NUMNP
DO 60 J = 1, 3
60 DISPL(3E*xT ¢ J = 3) = DISPL(3=I ¢+ J = 33 = RMINCJI)
€ 15 CONTINUZ
00 110 I1I = 1, JELF
KL = NELFRQ(II,IID)
CALL Z1In8
DO 70 J = 1, 8
LL = IX(KL,J)
DO 0L = 1, 3
70 V(3xJy + L = 3) = DISPL(3*xLL + L = %)
DO 80 K = 1, 24
DFCKY = 0.0
O 30 J = 1, 24 '
80 DELK) = DF(KY + SCJ,K) « V(J)
Do 100 LL = 1, 8
NO = IX(KL,LL)
DO 90 J = 1, JNFRON
IF (NO .NE. NPFRONCJ,III)) GO TO 99

FORCEX(J,III) = FORCEX(J,ITII) + NF{3xLL = 2)
FORCEY(J,III) = FCRCIY(J,III) * DF(3*LL = 1)
FORCEZ(J,ITI) = FCRCEZ(J,III) *+ DF(3%LL)
G0 TO 100

on CONTINUE

100 CONTINUE
110 CONTINUZ
POISS(1) = PPS
120 CONTINUE
PRINT 140 ,
130 FORMAT (2(%6,3%12.4+5X))
140 FORMAT (/, 11X, °EQUIVALENTY FORCEZS’, /-, 11X, 17C°="), /o
1 2C° NOIDE B8Xr"FX 210X, "FY 10X FZ°,10X))
RETURN ;
END

A AR A A R R AR I A T R AR N A R R A R T A A A A T AR A T A AR AR R AR RRARE
SUBROUTINE LODTYP
R AR e A N A R R R A T R A R A R A A T T N A IR AT AR AN AR A NN RN ARRANRR
DIMENSION TYRE(15) _
COWMON [BLCKNT/ TISLE(2C), NUMZL, NUMNP, NUMPLN, NPPLN, NELINT
COMMCN /BLCKO%/ CENTRO(2), RADIUS, LEPTH, FACTOR, LINER, NSTEPS,
1 LOADCS) '
COMMON /JBLCKTSL/ DISPLIA?Z2), NPO(3)
COMMON /8LCKOS/ NELESC(I0Q,2), NDeALT(R), NPERON(S550,8),
1 NNFROM(A), MELFROL{ESD,) ., NTLF(R8), NPDEAC(S550.8)»,
2 NNDEAC(3)», NSLICE(S3), NTLACT(123,9), NACT(3)
DATA EXCV /°X°/, DISP /°P°/, CONC /7°C°/7, BLANK /° °/, END /°N°/
NSTE2S = 0} '



10 READ %9, (TYPE(I),I=1,13)

20

(7]
[

40

D0 597 I

= 1, 18

IF (TYPE(I) .EN. BLANK) GO 7O 52
IF (TYPECI + 1) <EQ. END) RETURN
NSTEPS = NSTZPS + 1

MDZACT(NST=ZPS) = 0
NNFRON(NST=PS) = 0
MELF{NSTEPS) = 0
MNDEAC(NST=PS) = 0
-MSLICE(NSTZPS) =0
NMACTINSTEPS) = 9

IF (TYPE(I + 1) EQ. EXCV) GO 7O 20
I8 (TYPE(I) .EQ. CONCY GO 7O &0

IF (TYPZ(I) .EQ. DISP) GO TO 30

C DISTRIBUTED LOAD NOT INCLUDED,

G0 TO 10

Loan(

NSTEPS) = D

READ 70, NSLICE(NSTEPS)
G0 Y0 11
LOAD(NSTEPS) = 1
CALL DISPLC(NSTEPS)
GO TO 13
LOAD{NSTFPS) = 3
CALL LODCON(NSTEPS)
GO 7010
CONTINUE

FORMAT
FORMAT
RETURN
END

(15a1)
(1515

(R E-R:-R-2-F- 222 REEERERE R I R-L- L2022 X-E-2 2R -X.2-2-2- 2L X R X-2-L. LB 82255232

SUBRZCUTINE STEPS
o AR R R R R A A R R R A A R A R AR AR AR A R R AR A AR AT R R TR AR AR R AR AR AR R

N b
[N Rl )

COMMON
COMMON
1
COMMON
COMMON
1
2
COMMON
COMMCN
PRINT 1
JK = 90

/BLCKQT/ TITLE(2C), NUMSL, NUMNP, NUMPLN, NPPLN, NELINT
/BLCKOS/ CENTRO(2), RADIUS, LEPTH, FACTOR, LINER, NSTEPS,
LOADC?)

JRLCKOL/ DISPL(A732), NPO(3)D

/BLIKJIS5/ NZLESC{1C0,C%, NDEACT(3), NPFRON(550,8)/,
NNFRON(8), NELFRC(570,3), NELF(3), NPDEAC(350,3)~,
NNNDEAC(S), NSLICE(R), NELACT(120,3), NACT(3)

/BLCKO9/ CONRC(3,1122), FXYZ(3,1122), ZDIST, NCNDE(1122)
/BLCK11/ FORCEX(112?7,2%), FORCEY(1122,8), FORCEZ(1122,8)
50

CALL AMATRX

59 1193

I = 1, NSTEPS

TF (LOAD(I) .NFE, 0) GO TO 10
I (JK oF17. O) CALL NERIN

CALL
Jit =

EXTVTNCT)
1

PRTNT 167

CALL

FORCET(Z

GO TO &40
IF (LoAn(I) = 2) 2C, 110, 320
PRINT 150

CALL
CALL

INEIN(D)
FORZEZ(I)



50 TO &9
ic PRINT 16N
L JNFRON = NMFRCN(I)
N0 82 II = 1, JNTRON
NP = NPFRON(II,I)
NC = NCODZ(NP)
IF (NC .EG. 9) 50 TG 8D
IF (NC <EQ. 1 oOR. NC EQo &) GC 7O 50
T (NC -.EQ. ? .0R. NC Q-Qo 5) 6C 70 40
IF (NC .FEQ: T .0R. NC oEQ. 6) GC 7O 70

FORCEX(II,I) = DISPL(3*NP = 2)
FORCEY(II,I) = DISPL(3%NP = 1)
FORCEZ(II,I) = DISPL{3%NP)
GO T0 30

5¢ FORCEX(II,I) = DISPL(3xNP = 2)
IF (NC oEQ. &) FORCEY(II,I) = DISPL(3%xNP = 1)
G0 TO &1

60 EORCZY(II,I) = DISPL(3%NP = 1)
IF (NC .EQ. S) FORCEZI(II,I) = DISPL(IZxNP)
GO TO 210

By FORCEZ(II,I) = DBISPL(3%NP)

IF (NC <EQ. 6) FORCEX(II-.I)
8¢ CONTINUE
DO 80 J = 1, NUMNP
Do 20 K = 1, 3
30 DISPL(Z%xy + K = 3) = 3,0
MF = NNFRON(I) / 2
LF = NF
IF ((NF#%#?2) NE, NNTRON(I)) LF
DO 190 J = 1, NF
NP = NPFRON(J,I)
NPT = NPSERONC(J + LF,1)
100 PRINT 123, NP, FORCEX(J,I), FORC=Y(J,I), FORCEZ(J,I), NP1,
1 FORCEX(J + NF,I), EQRCEZY(Y + NF,1), EORCSEZ(J + NF,I)
IF ((2%NF) .%48. NNFRONCID)) GO T2 119
NP3 = NPFROMINF + 1,2)
PRINT 420, NP3, FORCEX(N® + 1,1)-, FORCEY(NF + 1,I), FORCEZ(NF +
1 1,1)
119 CONTINUE
1270 FORMAYT (2(I16,3512.4,5X))
130 FOPRMAT (/- ° CCNSTRUCTION OR LOADING TYPE. », [/, X, 23(°%°))
163 FORMAT (/, 11X, °“APPLIFD FORCES®, /., X, 14C°="), [/,

DISPL(3%xNP = 2)

LF ¢ 1

i 2(° NODE 28X, "X 210X, "FY 10X, "F2°79X) )
150 FORMAT (/- 11X, “PRESCRIBED DISPLACEMENTS , /o 1Xs 2646C°=°Y, 1, 2(
1 T ONODE A, DX 10X, DY - AKX, B2 29X))
160 FORMAY (/. 11X, “CONCENTRATZD LOADS s /. 11X, 18(°=2"Y, [/,
] 2¢° NODE s 8X s "FX 210X, "FY 210X, “F27,9X%))
RZTURN '
ZND

o R T T e TR R T T T T R R R R R R T T T R AT TR T IR AT R LRI ARRTNR
SUBROQUTINE LODECNCTSTP)
C?ZQ\’Zﬁﬁﬁ*#‘kﬁ**ﬁ’ﬁ"k‘fzflﬁ"k&ﬁ*f{**'ﬁ‘ﬁ**ﬁwﬁ**ﬁﬁ**ﬁ&}ﬁﬁﬁﬁ'ﬁ‘kﬁﬁ?ﬁﬁ**ﬁﬁ**ﬁﬁﬁ
COMMON /BLCH™A/ NILESZ(IDN,8), NDRACT(A), NPERCN(SSD,3).,
1 MNFRON(T), NELFROC(351Q,3), NELF(R), NPNEZAC(553.,8),
) NNOGALZ(AY, NSLIZE(S), NELACT(IAN,8), NACT(D)
COMMON /3LCKAT/ EORCEX({T122,R), FORCEY(1122-7), FORCEZI(1122.,8)
22A0 23, MNNFRON(ISTP)



NFORCE = NNFRON(TSTP)
30 11 I = 41, NFORCE
READ 30, NP, FORCEX(I,ISTP), FORCEY(I,ISTP), FORCEZI(I,ISTP)

17 NP=RCN(I,ISTP) = NP
20 FORMAT (146I5)
30 FORMAT (15, 3710.0)

RETURN

&ND

R A AR R R A R AR T A R AR R T A R AR R R A R R R AR R AN AR R AR AR AR AT AR
SUBROUTINE LLOADCJVEZ)

-2 TR R REEEEELELR-2 R R R RE-R-2 FEEEE R R EEEER LR E-E R R 1

COMMON /BLCK?3/ CENTRO(2), RADIUS, CEPTH, FACTOR, LINER, NSTEPS,

1 LOAD(S)

COMMON /BLCKOS5/ NELESC(109,%8), NDEACT(8), MPFRON(S50,8),
1 NMFRON{R), NELFR0(553,8), NELF(&), NPREAC(550,3),
2 NMDEAC(3), NSLICE(S8), N=LACT(100,%), NACT(B)

COMMON /3LCKN6/ IX(340,%9), KL
COMMON /BLCKO7/ YDUNG(ITY, POISS(10), NMAT
COMMON /BLLCKN9/ CONRD(3,1122), FXYZ(3,91122), IDIST, NCODE(1122)
COMMON /BLCKT1/ FORCEX(1122,8), FORCEY(1122,8), FORCEZ(1122,83)
PRINT 140, JVEZ
JNFRON = NNFRON(JVED)
JDEACT = NDEACT(JVED)
JACT = NACTWJVZD)
IF (LOADCJVZEZ) NE. ©) GO TO 30
00 172 1 = 1, JNEACT
KL = NELESC(I,JVEL)
10 IX(KLA,?) = 1D
IF (JACT -%8Q. 9) GO 7O 30
DO 28 I = 1, JACT
XL = NELACT{I,JVED)
20 IX(KLADY = 0
30 DO 4C I = 1, JNFRON
NP = NPSRON(I,JVEI)
FXYZCT,NP) = FXYZ(1,NP) + =ORCEX(I,JVEZ)
TXYZ(2,NP) = FXYZ(2,NP) % =0RCEY(I,JVEZD)
L7 FXYZ(3,NP) = FXYZ{(3,NP) + ©SQRCEZ(I,JVEIL)
IF (LOADCJVEZ) LNE. ) GO Y0 50
PRINT 100
GO0 70 "0
59 1IF (LOADCJVEZ)Y = 2) &0, 70, 8N
605 PRINT 110
GO TO0 9)
70 PRINT 120
G0 Y0 7N
32 PRINT 173%2
A7 CONTINUE
RETURNM
1975 FORMAT (/, 7 APPLIEL FORLCESS (DQUFR TO EXCAVATIONY°, /», X, 346(°=°))
190 FORMAT (/, “APPLTEN FORLES (FAQUIVALENT 7D PRESCRIBLED DISPLACEMENTS
1%, fo 1%, BE(°=7))
127 FORMAT (/, ° APPLIZD FORCES {(EAUTVALSNT 70 DISTRTAUTED LOADSY ., /o
1 iX, 62(°=7))
130 FORMAT (/, ° APPLIED FEOPCES (CHONCENTRATED LOADSI -, /-, X, 33(°=27))
160 FORMAT (/- 5X, 290°%°Y, [, 5Xs “#%xx STEOG NUMBER®, I2, ° %%2’, /[,
1 SHe 21(°%7))
END



st A AR A A Ak A A A A A T A R A R A A R A A A T R A A A T AR A A A AR A A RS Ak A e hd

SUBRCUTINE STIFF(JVEZ)

A R A A AT R T R AR R R A R RN R A AR R R A R A R R AR R AR A AR AR A AR S AN R AR AT RS R ko ®

10
C A
20

UIMENSION LM(8)
COMMON
COMMCH
1 LOAD(S)

COMMON /BLCKQ&4/ DISPL(6732), NPO(3)
COMMON /BLCKOS/ NELESC(100,8),
1 NNFRON(Z), NELFRC(550,%),

JRLCKDT1/ TITLE(2C)Y, NUMEL, NUMNP, NUMPLN, NPPLN, NELINT
/BLCKO3/ CENTRO(2), RADIUS, CEPTH,

FACTOR, LINER, NSTEPS,

NDEACT(8), NPFRON(S550,8),
NELF(8) .,

NPDEAC(550,8),

2 NNDEAC(8), NSLICE(8), NELACT(100,8), NACTY(8)

COMMON
COMMON
COMMON
COMMON

/BLCKDS/
/3LLKO7/
/BLCKO8/
/8LCKNG/
COMMON /3LCK12/
JACT = NACTC(JVEZ)
CIF (NSLICE(JVED)
REWIND 3
NB = 117
NEQBLK = % ¥ N3
‘ND2 = ? » NEQBLK
NUMBLK = O
_INTERY NUMPLN = 1
CO 10 N'= 1, ND2
DISPLIN) = 1.0
~J0 10 M = 1, MBAND
GLOBL(N,M) = 0.0
SSEMBLE GLOBAL MATRIX.
NUMBLK = NUMBLX ¢ 1
NH NR % (NUMBLK + 1)
NM N4 = N3
NL NM = NB + 1
KSHIFT = 3 % NL = 3
DO 110 KKL = 1, INTERYV
REWIND 11
D0 119 KLL = 1,

IX(84D0,9), KL
YOUNG(10) .,
S(24,24)

«MEas 1) INEACT =

o0

i

i

NELINY

KL = KLL 4 (KKL = 1) # NELINT
MTYYPE = IX(KL,9)
0o 30 1 = 1, 24

READ (11) (S(I,d)»,d=1,24)

IF (MTYPE) 110, 110, &N

DO 60 I = 1, 8
1% (IX(KL,I) = NL) 67, 50, 59
% (IX{KL,I) = NM)Y 70, 70, 60

CONTINUZ

30 72 110

CONTINUE

IXCKLA9) = =IY(KL,?)

Lo 39 1 = 1, 83

LM(I) = 3 % TX(KL,I) - 3

Lo 100 1 = 1, °
N0 100 K = 4, 3
IT = LMCT) ¢ K = KSHIFT
KK = 3 1 = 3 + K
o 100 J = 1, 8
O 10D L = 1, 3

POISS(10), NMAT

COORD(3,1122), FXYZ(3,1122), IDIST, NCODE(1122)
GLOBL(7C2,351), MBAND,

NUMBLK, NEQBLK"

JACT / NSLICE(JVEZ)



JJd = LM(@J) + L = IT 4 1 = KSHIFTY
I= (JJd) 1292, 100, 20
o0 LL = 3 % J = 3 ¢+ L
GLOBLCII,JI) = GLOBL(ITI,JJ) 4+ SIKK,LL)
10¢C CONTINUE
11C CONTINUE
IF (NM GT, NUMNP) NM = NUMNP
DO 120 N = NL, NM
K = % % N = KSHIFT
DO 120 M = 1, 3
120 DISPL(K + M = 3) = DISPLIK + M = 3) ¢ FXYZ(M,ND)
SET UP BOUNDARY CONDITIONS.
DO 180 M = NL, NH
IF (M = NUMNP) 130, 130, 190
1390 IF (NCODE(M) .2Q. 2) £O0 v0 180
N-= 3 % | = 2 = KSHIFT
IF (NCODE(MY .EQe 1 o2Ro NCONE(M) .EQ. 4) GO TO 140
IF (NCOREC(H) EQe 2 «0R. NCODE(M) .EQ. S5) GO TO 150
IF (NCODE(M) .2Qes 2 oOR. NCODEZ(M) .EQ. 6) GO TO 160
GO T0.171
140 U = FXYZ{T1,M)
CALL MODIFY(NDZ2, N, U
IF (NCODE(M) LEQa. 1) GO TO 120
U = FXYZ(2,M)
N =N + 1
CALL MDDIFY(NDZ2, N, U)
60 70 120
157 U FXYZ(2,M)
N N + 1
CALL MODIFY(ND2, N, 1)
IF (NCODE(M) .ERQ. 2) GO TO 1873
U = FXYZ(3,.M)

(L1}

N = N + 1
CALL MIDIFY(ND2, N, U)
GO T2 130

160 U = FXYZ(3,M)
N-= N+ 2
CALL MODIFY(ND2, N, U)
IF (NCODE(M) .5Q. ) GO TO 13D
U = TXYZ(1,.M)
N =MN'=2
CALL MODIFY(ND2, N» U)

, GO TO 190
170 U = SXYZ(1.M)

CALL MODIFY(ND?, N, U)
U = FXYZ(2,M)
N o= N+
CALL MODISY(NDZ, Hs U)
U = BXYZC3,M)
No= N+
CALL MONIZZY(ND?, N, U)
180 CONTIMUZ
190 CONTINUS
STORE EYUATIANS INTO =7L3 %,
LD 272N = 1, NETBLK
200 WRITE (3) DISPLAN)» (GLCBLCN, M) /M=, MBAND)
U0 210 N = 1, NEAPLK
K = N+ NIOBLK
NISPLIN) = DISPL(K)
TISPLIKY = 2.0

'



D0 213 M = 1, MBAND
GLOBL(N,M) = GLOBL(K,M)
GLOSL(K,M) = 0.0
IF (NM = NUMNPY 20, 222, 220
CONTINUE
RETURN

END

R EEETETTLTEELTEL TR ESELEESEL LS TELELEEELEEEFEEEEERLEEEEELEE L2 88

SUBROUTINS MODIFY(NEQ, N, U)

R A AR AR R AR AR AR AR A AR AR R A AT R AR AR A A AR A A AR A AT RAR AT A AR A kb ok

COMMON /BLCKOD4/ DISPL(6732), NPO(3)
COMMON /BRLCKI12/ GLOBL(702,351), MBAND, NUMBLK, NEQBLK
00 40 M = 2, MBAND

K= N=-M+1

IF (K) 2D, 200, 1D

DISPL(K) = DISPLLK) = GLORL(K,M) = U

GLOBL(K,MY = 0.0

K =N+ M=

IF (NEQ = K) 43, 30, 30

DISPL(K) = DISPL{K) = GLO3L{(N,M) =2 U

GLOBRL(NAM)Y = 0.0
COMTINUE
GLO3L(N,1) =
DISPLINY = U
RZTURN
cND

1.0

R LR LRSS EEEEESEEREEEFEELEEEESEEEESEELEEELESELEESSEEREE SR

SUBROUTINE BANSOL

R T T L L R L S S T L AL
c SOLVE SYSTEYM OF EQUATIONS BY GAUSS ELIMINATION METHOD,.

10

20

32
40

DOU3LE PRECISION C, DIS, GSL

COMMON /BLCKO4/ DISPL(A732), NPOU(3)

COMMCN /BLCKT2/ GLOBL(7(02,331), MBAND, NUMBLK, NEQBRLK
NL = NEQRLK + 1

NH = NEQBLK + NEQBLK

REWIND 1

REWIND 3

NB = 0

GO TC 3D

N3 = N3 ¢+ 1

D0 27 N = 1, NEQRLK

NM = NEQBLK + N

NISPLINY = DISPLINM)

DISPLINMY = Do)

DO 29 M = 1, MBAND

CLOBLAN,M) = GLOPLCNM,M)

GLN3L (NI, M) = ©.9
IF (MUMSLK = N3)Y 30, 50, 30
BN 4N N = NL, NH
READ (F) DNISOLAN), (GLAZL(N,MI 1=1,MBAND)
L= (NB)Y 50, 13, 50

¢ GAUSS REDUCTICN.-

5¢C

50 179 N = 1, MEAALK
TE (5LO3LIN,T)) 63, 1CDs 60



- 9n
100

1
2

tus IR 45 ]

1
1

DIS = D3LE(DISPL(N)) / DALECGLOBLIN,T))
DISPLIN) = SNGL(DIS)
D0 0 L = 2, MBAND

IF (GLOBLI(N,L)) 70, 90, 70

C = DBLE(GLO3L(N,L)) / DBLE(GLOBL(N,1))
I =N+L =1
J =10
DO 80 K = L, MBAND
J=J+1
G3L = D3LE(HLORL(I,J)) = C * CBLECGLOBLIN,X))

GLOBL(I,J) = SNGL(GBL)
CIS = DBLE(DISPL(I)) = DBLE(GLOBLIN,L)) * DBLECDISPL(N))
DISPLCI) = SNGL(DIS)
"GLOBLIN,L) = SNGL(G)
CONTINUE
CONTINUE
IF (NUMBLK = N3) 110, 130, 119
DO 120 N = 1, NEABLK o
WRITE (1) DISPLCN), (GLOBLCN,M),M=2,M54ND)
GO TC 19

c BACK=SUBSTITUTION.

130

140

193

21¢C

DO 150 M = 1, NEQBLK
No= NEJA3LK + 1 = M
DIS = DILIC(DISOLIND)
0C 140 K = 2, MBAND
L=N+K-=-1 A
IS = DIS = DBLS(GLOBL(N,K)) * DBLE(DISPL(L))
ISPL(M) = SMGL(DIS)
M = N + NEQ3LK
CDISPLUNMY = DISPL(N)
GLOBL (NM,NB) =-DISPL(N)
NB = N3 = 1 =
IF (N3) 140, 202, 160
0O 170 N = 1, NEQ3LK

D
D
N

DACKSPACE 1

00 120 N = 1, NEQBLK

READ (1) DISPLIN), (GLOBL(N,M),M=2,MB3AND)
D0 190 N = 1, NEABLK '

BACKSPACE 1

G0 T2 13C

K =N

DO 212 NB = 1, NUMBLK
no 210 M = 1, NFQBLX
MM = N + NEQ3LK

K = K + 1
DISPLIK) = GLOBL{NM,NB)
RETUERN

IND

C**#**Q**ﬁ#ﬁ*ﬁﬁﬁﬁﬁ?***ﬁ?kﬁﬁﬁﬁ&*ﬁ*ﬁ*******ﬁ*****k*?***ﬁﬁ*ﬁ**wﬁk*

SUBRCUTING COMPUT(IVEL)

ot T e R R R R R AN R R T R T A T TR N R R RN T AN R AT R TR R a R et

SIMENSTOM 75(5,1122), TUCTI120) . NISFL3.3), 21(6.2)

DIMENSTON 73IF(R,4), STRAIN({II12?,4)

COMMON /RLCKIT/Z TITLEC2O), NUMZL, NUMNP, NUMPLN, NPPULN, NELINT

COMMON /7LECKN2/ DESLOC(3,9122), DEFCR(1122,6), SIGMA(1122,8), NODE

COMMON /BLCKT3/ CENTRO(2), RADIUS, DFPTH, FACTOR, LINZR, NSTEPS,
LOADLD



COMMON /BLOKN4/ CISPL(4732), NPO(3)

COMMON /3LCKOS5/ NELESCC(120,3), NDEZACT(S)»,

NP=RON(SSQ,8),

1 NNFROM(S), NELFR0(550,33, NELF{R), NPDEAC(S550,),
2 NNDEAC(R), NSLICEC(3), NELACT(102,3), NACT(8)
COMMON /RLCKD6/ IX(840,9), KL
COMMON /8LCKD7/ YOUNGCIC), POISS{IN) ., NMAT
COMMON /BLCKN9/ COORD(3,1122), FXYZ(Z,1122), 1DIST, NCODE(1122)
COMMON /B8LLCKIAQ/ 3(3,8), AC3,27), DET, XE(B,3), W(27)
COMMON /BLCK1T2/ GLOBL(7TC2,351), MBAND, NUMBLK, NEQBLK
COMMON /3LCK1&/ PDES(1122.,3)
AC1,1) = 1.
AC1,2) = 1a
A1, = =1,
Al,46) = =1,
AC1,3) = 1,
AC1,6) = 1.
Al1,7) = =1,
A(1,8) = =1,
A(2,1) = =1,
AC2,2) = 1.
AC2,7) = 1,
A(2,4) = =1,
A(R2,5) = =1,
AC?2,6) = 1,
AC2,7) = 1.
A(2,2) = =1,
A(3,1) = 1,
A(3,2) = 1.
A¢75,3) = 1,
Al3,4) = 1.
A(gis) = =‘1°
A(3,6) = =1,
E€3,7) = =1,
A(R,8) = =1, .
0 129 N = T, NUMNP
2O 19 M = 1, 3
POES(NL,M) = 0,0
10 JDESLCC(HMANY = DESLOC{M,N) ¢+ DISPL(3%N + M = 3) = 1300.
po 20 1 = 1, 3
20 NPOCIY = 1
DO 30 N = 2, NUMNP
DO 30 4 =1, 3
IF (ABSCDESLOC(U,NY) o6T. ABS(NESLACC(I,NPOCIIIN)
1 NPDC(J) = N
30 CONTINUE
00 67 1 = 1, NUMNP
DO 40 J = 1, 3
IF (DESLOC(J,NPOC)) o%Qa J.0) GO YO 40
‘ PORSCI Y = (DESLACCIL,ID/DESLOACCILNPCLYIY) » 100,
40 CONTINUE
30 50 M = 1, NUMNP
TUMY = 0
no 50 JK = 1, 5
STRAIN{M,JK) = 0.0
53 2GCJK-M) = O,
DO 117 KL = 1, NJMEL ‘
TX(KL,?)Y = TABSCIX(KLA,D))
MTYPZ = IX(KL,)
IF (MTYPE .£9. 3) <0 70 110
CC = YOUNSIMTYPE)Y 7 ((1. % 20ISSIMTYPE)XI*(f, = 2.%PQISS{MTYP®)))



€1 = CC % (1. = POISSCMTYPE))

€2 = CC = POISS(MTYPZ)

€3 = CC % (1. = 2.*PNISS(MTYPE)) / 2,
00 62 1 = 1, 3 :

J = IX(KL,I)
0O 60 K =1, 3
XEC(I,K) = COORD(K,J)
67 DISP(K,I) = DISPLLZ%J 4+ K = 3)
DO 70 I =
DO 70 J

A
Co

W(K) = 1.0
CALL JACO3(K)
DO 80 T = 1, 8

DEF(K,1) = DEF(K,1) + B(1,I) = DISP(I1,T)

DEF(K,2) = DEF(K,2) + B(2,1I) % DISP(2,I)

DEF(K,3) = DIZF(K,2Z) + R(3,1I) » DISP(Z,I)

DEF(K,4) = DEF{K,4) + B(2,1I) » DISP(1,I) + B(1,1) = DISP(2,
1 I

DEF(K,S3) = DEF(K,5) + B(3,I) 2 DISP(2,I) + B(2,I) * DISP(3,
1 )

30 DEF(K,8) = D‘F(Klé) + B(3,7) % LISP(1,1I) + B(1,I)Y =« DISP(3,1)
21C1-,K) = €1 DEF(K,1) + C2 = DEF(K,2) 4 C2 = DEF(K,3)
Z1€2,K) = C2 % DEFCK,1Y + C1 = CEF(K,2) + C2 * DEF(K,3)
Z1C3,K) = C2 = DEF(K,1) + C2 » CEF(K,2) 4+ C1 » DEE(K,TZ)
Z1¢4,K) = C3 % DEF(K, &)

21(5,K) = C3 » DEF(K,5)
T1(6,K) = C3 * DEF(K,H)

90 CONTINUE
N0 160 J = 1, 2
I = IX(KL,J)
TUCIY = TUCIY + 1
DO 130 L = 1, 6
STRAINCILLY =
10N TGIL,IY) = Z2G(CL,DID
712 CONTINUE
0O 120 I = 1., NUMNP
IF (TUCIY .22 0) IULI) = 1
D0 12703 J = 1, A
12 = 1GCJ,I) / IuLT)
IF (ARS(ZZ) LT7. 0.COAN00%Y Z7 = 0.N
120 SIGMA(I,J) = SIGMAC(ILJNY + 112
DO 1323 1T = 1, NUMNP
D0 130 4 = 1, 4
9D = STRAIN(I,J) / IUC(CD)
IF (A3S(NDY LT, D.500N0C301)Y ot = 7,
130 LEFOR(Z,J) = DEFORC(CILJYY + DT
T (LOAD(CJVEZ)Y N, 7)Y GO TO 150
JNFRCN = NNFRON(JV=Z
N 140 T = 1, JIN=RON
o= NUPFROM{I,JIVEZ)
no 149 4y = 1, A

STRAINCI,L) + NEF(J,L) = 100,
+ Z1(L, I

2

T47 SIGMAC(K,JdY = 0.1
157 IF (NNDEACCJVEZ) FQ. ) R=TU2N

JNDEAC = NNDEAC(JVED)

00 1¢0 I = 1, JNDFAC
IZ = NPDEAC(I,JVEZ)
no 140 J = 1, 3



DESLOC(J,II) = O
JEFOR(II, I Vo
CEFOR(II,J + 3
SIGMA(II,J) = N

160 SIGMACII,J + 3) =0

RETURN
END

C********ﬁ*******************ﬁ#**ﬁ*ﬁ**k&*ﬁ#ﬁ*ﬁ****ﬁ******ﬁ***ﬁ*
SUBRCGUTINE QUTPUT(JVEL)
C****ﬁ***ﬁ***********ﬁ***********ﬁ*******ﬁ*******ﬁ*ﬁ**ﬁ**ﬁ*****
COMMON /BLCKO1/ TITLE(2(0)Y, NUMEL, NUMNP, NUMPLN, NPPLN, NELINT
COMMON /BLCKNO2/ NESLOC(32,1122), DEFCR(1122,6), SIGMA{(1122,4), NODE
COMMON /BLCKO3/ CENTRO(Z2), RADIUS, DEPTH, FACTOR, LINER, NSTEPS,
1 LOAD(R)
CONMMON /3LCKN&/ DISPL{6732), NPD(TX)
COMMON /3LLKT4/ PDES(1127,.3)
IF (DESLOC(2,NODZ) oNE. 0.7) G2 TO 10
HOR = 0.0
VERT = (.0
AXL = 0.0
-G60-T0 20 -
70 HOR = DESLOC(T,NPOCT)Y) / DESLOC(Z,NODE)
VIRT = DESLOC(?2,NPOC(2)) / DESLOC(2,NONE)
AXL = DESLACC(Z,NPO(3)) /7 DESLOC(2,NCCE)D
20 PRINT 110, NODE, DESLOC(2,NODE), NPC(1), DESLOC(1,NPO(1)), NPO(2),
IDESLOC(2,N20()), NPO(S), DESLOC(3,NPO(3)), HOR, VERT, AXL
DO 30 II = 1, NUMPLN
PRINT 1920, 1II
DO 30 K = 1, NPPLN
NP = (II = 1) = NPPLN + K
30 PRINT 69, NP, K, (DESLOCC(J,NP),PDESINP,J),JI=1,3)
PRINT 129
DO 40 II = 1, NUMPLN
PRINT 150, IZ
DO 49 K = 4, NPPLN
KP = (II = 1) * NPPLN + K
4LC PRINT 70, KP, Ko (SIGMA(KP,IY,I=1,4)
PRINT 130
DO S5C IT = 1, NUMPLN
PRINT 15N, II
PO 50 L = 1, NPPLHN
LP = (ITI = 1) # NPPLN + L
5C PRINT 70, LP, L, (DESOR(LP,Z),T=1,4)
IF (JVEZ .EQ. NSTEPS) PRINT 149
AT FOBMAT (I3, (%7 I2, Y70 T(E12:4,°0°,F6.12°37))
7C FORMAT (25, (%, 12, °)°, 6312.4)
3C FORMAT (I5, “(°, I?, °3°, 37F12.7)
AN FORMAT (/7. 5o 2910°%°Y, /7, BXs w2z STEP NUMBER’, 12, ° #w%2’, [,

1 SX», 29¢°%%), /1)
199 FORMART /o, ° <LK STCTTON NO.%», T2, 7 >>> s s
1
2° NOJE XCLATL) (Y MaXxy) YCVERT Y (4 MAXS)D ZCLONG Y (3 M
SAX.) )
1170 FORMAT (//7, ° AY DTESOPLAZTMENTS “» /1o 3%, 15C°=°), 7/,
1 " A.1)2c: PARAMETERS 3377/ '
2 ’ NODZ WTTH MAXIMUM SETTLEMFENTcoocoocacnancooe= s 14/

o ¢ MAXTIAUM S:TTLEMFNT (Mm)onoooooooocoaoooooou=”ﬂ E1294/



NDDE WITH MAXIMUM LATERAL DISPLACEMENTcoooo
HAXIMUM LATERAL ODISPLACEMENT (MM)ooooocooooo
NODE WITH MAXIMUM VERTICAL DISPLACEMENTasoo
MAXIMUM VERTICAL DISPLACEMENT (MM)oaococosooo
NODZ WITH MAXIMUM LONGIT. OISPLACEMENTcoaoo
MAXTMUM LONGIT, DISPLACEMENT (MM)oooooooooo
MAX  HORTZ . DISPLACEMENT/MAXSETTLEMENTcco0oa
MAXoVERTNISPLACEMENT/NMAX.SETTLEMENTcooaooo
MAXoLONG.DISPLACEMENT/MAX-SETTLEMENTcacaooo
/7 Ao2)xxx AMPLITUDT (MM) #x#2°)

120 FORMAT (//, ° B) STRESSZS (KN/M2) “», /, 3X», 16(°=7))
130 FORMAT (//, ° C) STRAINS (%) 7, /, 3X, 14(°=7))

2 o Q 9 «

L] a9 o 9

[PXIREVIE S-S ¢ N ' BN IR o RV I

[T S L LI { N | I I 1

8 8 8 © &8 & & 8 &
L N Y T TR W TR Y

14/
F12.4/7
14/
E12.4/
14/
E12.4/
E12:.4/
E12.4/
E12.4/

160 FORMAT (//, 2C/,25%,24(°%°)), /» 24X, ° %%+ END OF EXECUTION #x=°,

1 207 ,25X,2L0°%°3Y, 1))
150 FORMAYT (/, ° << SELTION NOL'» 12, ° >>>°, /o,
1 .
27 NODE SIG=XX SIG=YY SIG=712 TAU=XY
3Y1 TAU=IX “)
140 FORMAT (7, ° <<€ SECTION NOo%» I2, ° >>>°, [,
1
2° NONDE EXX EYY €72 EXY
3 EXZ )
170 FORMAT (/- ° <<<CSECTION NOL°» 12, ° >2>°, /s
1 h ’ NODE X(LAT ) Y{(VERT.) Z(LONG,)
187 FORMAT (/, ° <<< SECTION NOo"s 12, 7 >>>%, /o
1 g NODE STG=XX SIC=YY SIG=27°)
KETURN
END

TAU=

m
-
]
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SUBRCUTINE FILET2(UVED)

(OR-R-2- X222 R EEEE LR ER-LEEEEEE RS LR R LR LR RSS2 RL2 R -R-R 2R R R R R AR L0 8 R 0- 22

COMMON /BLCKO1/ TITLE(23), NUMEL, NUMNP, NUMPLN, NPPLN,

NELINT

COMMON /BLCKN2/ DESLNC(3,1122), DEFCR(1122,€), SIGMA(1127,5), NODE

COMMON /BLCKN4/ NOSPL(6732), NPO(3)

IF (JVEZ -EQ. 1) GO 7O 19

REWIND 12

WRITE (12) NUMNP, NUMPLN, NPPLN

WRITE (12) ((COOND(I K)Y,I1=1,3),K=T,NUMNP)
10 WRITE (12) JvzZ

WRITE (1?2) (C(DESLOC(JI,KI,J=1,3),(SIGMA(K,J)»2J=T1,8),(DEFOR(K,J)»J=

1 T126),K=1,NUMNP)
RETURN
£ND



APPENDTIZX c

c o
C***&*************************************************ﬁ************
C . ‘PROGRAM: GRAPH:

C****ﬂ'*******************************‘k****************ﬁ**#********‘k

DIMENSION COORD(3,1122), XGR(300), YGR(300), FGR(300), DIREC(80),

1 - VAR(80), FUNC(8,6,1122), NPL(13), JNODE(300) "

BATA BLANK /° “/s HOR /°H*/, RLONG /°L°/, END /°E°/

DATA DISPL /°P°/, STRAIN /°A°/

PRINT 150

REWIND 4

REWIND 12 )

‘READ (12) NUMNP, NUMPLN, NPPLN

CREAD (12) (CCOORD(I,K),I=1,3),K=1,NUMNP)

READ 1401 (VAR(I)II 1!89)
DO 10 II =1, 20
IF,(VAR(;I) «EQ. -BLANK)- GO -TO 10 i ~ » .
IF (VAR(II) .EQs. END) STOP
IF (VAR(II +°3) ".EQ. DISPLY NNN = 1
IF (VARCIT #°3) .EQ. END) 'NNN = 2
-IFt(VAR(II + 3) JEQ.. STRAIND. NNN = 3
60 TO 20 : - ' '
10 CONTINUE
2D,READ 140, (DERFC(I),I 1190)
“READ 120, IDIR, IVEZ
DO 40 II = 1, €0
IF (DIREC(II) .EQ. BLANK) GO TO 40
IF (DIREC(II) .EQ. END) STOP
IF (DIREC(II) <EQ. HOR) GO TO 60
IF(DIREC(II) «EQ. RLONG) GO TO 50
READ 120, LSECT ‘

NPP .= NPPLN
LL1 = 1
LL2-=2

00 301 = 1, NPP.
NP = (LSECT = 1) * NPPLN + I
30 JUNDDECI) = NP

GO TO 90
40 CONTINUE
59 LL1-=
- kL2 = 2
-G0-TO 70
60 LLi = 1+
LL? = R

70 READ 120, NN
“READ 120/ (JNODE(I)pI 12NN
NPPR = N
Do 80 1 1, NUNPLN

DO 80°Jd = 1, NN

. . . NPP \PP + 1 :

80, JNODC(NPP) = JNODECJY) + (I = 1) = NPPLN
LSECT = 1

CDL.IJ

29 QONT*NUL:,
100 R2AD €12) JVE?



READ (12) ((FUNC(1/J/K)/J 1/3)?(FUNC(2#JIK)IJ 1i6)r(FUNC(3iJIK)iJ“
1 1,60 ,K= 1INUMNP)

IF (JVEZ lNgn IVEZ) GO TO 100

NN = JNODE(1)

FMIN = FUNC(NNN,IDIR,NN)
FMAX = FMIN

XMIN = COORD(LL1,1)

XMAX = XMIN

YMAX = COORD(LL271)

YMAX = YMIN: s

DO 110 J = 1, NPP

NP: JNODE (U
XG&(J) = COORD (LLT1,NPY.

YGR(J) = COORD(LL2,NP)

FGR(J) = FUNC(NNN,IDIR,NP)

TIF (FGR(J) oLT. FMIN) FMIN = FGR(J)
IF (FGR(J) «GT. FMAX) FMAX = FGR(J)
IF (XGREJ) oLTe XMINI XMIN = XGR(J)
IF (XGR(J) «GT. XMAX) XMAX = XGR(J)
IF (YGR(J) LT YMIND YMIN = YGR(J)

IF (YGR(J) .GT. YMAX)‘YMAX~"YGR(J) _

IF (XGR(J) .EQ. 0.0 .AND. YGR(J) .EQ. 0.0) XGR(J) = 0.0001
Soo o CWRITE: (451300 “XGREIIr-YGRI s “FGR(I) - e
110 CONTINUE"

XGR(NPP +,.1) = 0.0
YGR(NPP ¢ 1) = 0.0
FGRINPP-+ 1) = 0.0

WRITE (4,130) XGR(NPP + 1), YGR(NPP + 1), FGRINPP + 1)
BLEV = ABS(FMAX):-+ ABS(FMIN) T
“DIV:= BLEV / 60 : b
PRINT 1607+ AVAR(I) »I= 1/15)/ (DIREC(I)II 1/15)1 IBERI IVle LS:CTI
INPP, FMIN, FMAX, DIV, XMIN, XMAX, YMIN. YMnx e
PRINT 150 °
120 FORMAT (1615)
130 FORMAT (3F15.4)
140 FORMAT (8041
150 FO]RMAT (/l?JX/ EOCT%)) : :
160 FORMAT (/[’“ FUNCTION T0 BE DRAWNenaaanacauo-noa ”-1 15§1/'

1 'POSITION OF THE SECTIONasaaasaaaaen . I 15A1/
2 ° DIRECTION OF THE FUNCTIONeaaagaeeaa=’i 147
3 ‘ INCREMENT NUMBERn---na-anasa.-oo-uo%’( Iﬁ/’
4 ’ NUMBER OF THE SECTIONaccesaoa-agaca-':"‘i Il’/
S "NUMSER OF NODAL POINTSeoeeeasaeeeneéff Ié/
é ’ MINIMUM VA UE oF - THE FUNCTIONacssee="s E12.47
7 7 MAXIMUM VAL "OF THE FUNCTIONnaaoa.ﬁpi‘ET2 &/
8 ° SUGGESTED" V&LUE FOR BLEVoooosssosco=’»s E12+4/
9 ? XMINaoeooooaoeoaauuouaooooooooueoousgﬂ E1%aé/
® ’ XMAXeeueeaooennoaaseaeeomcnaonooanoza? ETZnél)
STOP

END




