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' ABSTRACT

fNT“\k < \ . ‘
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- CHAPTER 1

N ,
The performance of a tunnel or shaft is greatly influenced
by the excavation and support procedure used for ité
construction, as well as by the initial and long term ground
behaviour. A better Qnderstandihg of these influences and
proper consideration of their effect on support design and
installation should lead to more efficient and economic
tunnel and shaft construction. The objective of this work
7wéj-!B develop a numerical analysis which could be used to
7study the influence of construction related factors on liner
per formance and tunng] and shaft behaviour. The numerical
technique adopted is not particularly new or innovative but
the results are ne&erthe]ess relevant to a better
understanding of the influence Gf several different
construction procedurés and to the design of underground
openings and the interpretation of results from monitoring
instrumentation.

One dominant factor, namely rock damage during drill
and blést excavation, is often neglected when compar ing
predicted and observed behaviour . This may invalidate many
apparently well fFitted evaluations of field data because of
the significant effects i]lQEtrateﬁ ater, Aithe&gh there
.hgve been many developments in the use of t;ﬁﬁe] and shaft
boring machines, the drill and blast method of excavation
will continue to be used be;aﬁse of its adaptability,

espeéia11y_?aﬁ short drives and construction in mixed ground




(e.g. Golder Associates and James F. Maclaren Ltd. (1976)).

_Another technique used in tunnelling and shaft sinking
is excavation within a ring or arch of artificially frozen
ground, Jones and Brown (1978), Roesner and Poppen (1978).
This technique is used to strengthen soft deposits, prevent
saturated cohesion]ess material from flowing into the
excavation and to buijld up an impermeable barrier around the
opening. After supﬁbrt‘has been installed the ground is
allowed to.thaw, thereby changing.its material properties
and altering the equilibfium between the ground and support.

A third technique, which is being used more frequently,

is to:drill shaft; under Flgid support, Thyssen (1978). In
this method large diameter hgTési at present up to about 6 m
in diameter, are drilled by rotary methods using drilling
fluid to support the sides of the hole. Depths quat least
406 m are generally possible, but a problem is to keep the
shaft vertical and true in order that the liner, usually
steel, may be installed.

The results presented here are from an initial

investigation using a finite e1ameﬁt;aﬁa1ys1s which models
.construction procedure incrementally and, with simplifying
assumptions of the ground behaviguri,aiiaws the construction
procedures mentioned above to be analysed and cq@pared.'An
axifymmetfic analysis has been used which assumes that the
tunnels are deep and unaffected by the ground surface
-'boundary condiiion. THe axisywﬂefric'aﬁaiysis aiéa enables

somé tKree dimensional effects around the tunnel or shaft



face to be studied without having to use more costly three

dimensional finite element methods. Sﬁaiiauishafts have béen
‘modeTled by including the ground surface as one of the mesh
béu@daries, whereas deep shafts are similar to deep tunnels.
However the axisyﬁmgtric condition allows the influence DF’\;;

the coefficient of lateral earth pressure (Ko) on the

per formance of shafts to be studied.



~ The ﬂiéely available linear elastic finite element
‘prggram SAP4 (Univeréity of California, 1972) was used in
this study. Another program called CON(struction)STEP(s)2
was written to manipulate input and auiput data files to
SAP4 ‘and hence control a seqguence of excavation and liner
installation steps, with SAP4 being used to calculate the
increments of stress and displacement arising from each step
of construction. CONSTEP2 is discussed in more detail in the
Fai1gwing sections and a user manual fs being prepared and
will be-pubifshed separately.

Excavation was carried out by reducing the.deformation
m@duii of elements of excavated ground to a very low value,
ten orders of magnitude lower than the original ground.
modulus, and reducing the wall stresses to zero by applying
nodal forces calculated by a methéd simiiar to that Qu;iineﬂ
Ey Kulhawy (1977). The noda! stresses were determined by
interpolation from the stresses at the centres of
surrounding elements, and the nodal forces, equivalent to
the stresses along the sides of the gxcavateé¥eiament, were
calculated by the theory of viitual work. Appendix 2
‘presents the method used by-CONSTERZ for calculating the
nodal forces for an axisymmetric analysis, modified from



Kglﬁawy’s method for plane strain. A discussion of the
inaccuracies in the method, and ways uhic% were adopted to
redﬁce the inaccuracies, is given in Section 2.3. '
Where a liner was installed it was assumed to be in
direct, non-slip contact with the tunnel or shaft wall. This.
effectively modelled the case where a liner was cast insitﬁ
against the wall. Where a precast (or preformed) liner is

installed the bond between the liner and wall will not be as

the wall after excavation (considering mainly excavations in
rock) it is unlikely that there will initially be continuous
contact between the ground and a precast liner, although the
gap'Setween the ground and liner is usuaify filled at some
time during construction. ’

The sections below briefly describe how CONSTEP2 Q@rks
and discuss the verification of the method by comparison

with closed form solutions and with previ@usly’aub1ished
¥ R

numerical analyses.

Figure 2.1 sﬁows how the programs §6ESTEP2 aﬁdFSAPA.are
used to simulate a sequence of tunnel or shaft excavation

- and contruction'steps. A third'pragfam called START, which
was written for this study.'isra]sc required. The user sets

"up files containing information on the geometry and boundary

conditions of the mesh, the initial stresses in the
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elements, the material properties which will be used in the
analysis, and the écmmahds which specify the construction
sequence to be simulated. Communication between the programs
is also carried eut by using data files for interi% storage.
The dais files input by the user are processed by prcgfam
START which sets up files containing the initial information
in a format which is required by CONSTEP2. B

The exact details of the'ihput required, and the agtpuf
from CONSTEP2, are given in the user manual which also
contains more details on how CONSTEP2 works, and its
capabilities and limitations. Infgrm;ticﬁ on SAP4 is given
in Reacr@ 7é619, University of California (1972). Many
. different element types may be used with SAP4, but this
analysis only uses linear strain isoﬁaraﬁetric axisymmetric
elements with nodes at thé element corners. The facility for
using incompatible displacement modes was not used.

A brief descripti@ﬁ of each of the files used, and
shown in Figure 2.1, is given below. The first four files
are input by the usér. and the last one contains the results:

of the analysis. .

GEOM - Contains the details of the geometry of the mesh,
i.e. node coordinates, node numbers of the nodes at the
corners of the elements, the iﬁitialgmaterial type numbers,
and the boundary conditions of the mesh.

STRESS - Contains the values of the initial stresses within

each element.



MATPROP - The grounqd properties, e.g. deférmatiah moduli and
Poisson’s ratios, for each of the material types used in the
analysis are stored in this file.

CONSEQ - This file contains the commands which tell CONSTEP2
the sequence of ékcavatianxstEps required, It also contains
the current excavation step number, which is updated by
CONSTEP2. |

INIT - This file contains the initial information, output by
program START, in a form.that enables it to be input to
CONSTEP2, but it is not used during the analysis so that
comparison between the initial and final states mayfgzahaée
later if required. |

SAP - The information in this file is updated by CONSTEP2
with the increments of stress and displacement arising from
the previous construction step simulatedrby SAP4.

INCR - This file is output by SAP4 and contains the
increments of stress and displacement arising from the
caﬂstruet{gﬁ step that SAP4 has just analysed.

MESH - CONSTEP2 sets up this file which contains the data

SAP4 requires to run a step of

TEMP - A temporary workfile used by<CONSTEP2.
INFO - 4 file which is output by CONSTEP2 and contains
information on thé calculation of nédai stﬁesses, It iS,ﬁGt
normally used, the WRITE statements in the source program
are inactivated by turniﬂgithqm into COMMENT statements.

" EOCS - A ;113 output by CONSTEP2 containing the updated

information on stresses and displacements at the end of the



construction step just carried out.

2.3 CO

In order. to calculate the forces which are applied to

nodes of elements bejng excavated the stresses at thc§e
nodes must be gijained. As SAP4 does not output nodal
strésses they must be calculated from the element centre
stresses. As previo&sly described this may be done by a
method similar to that outlined by Kulhawy (1977) which uses
the stresses from the centres of the four elements '
sﬁrrbunding any particular node. Appendix 2 outlines the
procedure used by CONSTEP2 te calculate the stress at a pége
given the coordinates and stresses at any four points.
Kulhawy's calculations have been adapted to the axisymmetric
analyses used in this study._

A problem arises when one or more of the elements
adjacent to the node being considered have already been
excavated, as the stresses in those elements will be zero
(or in this numerical analysis, very close to zero) and ;iIT
adversely affect the calcutation of the ncdai stresses as
described below. Figure 2.2 shows the threg‘different ways
used by programs CONSTEP, CONSTEP1 and CONSTEP2 to
interpolate the nodal stEesses at the wall of a previously
excavated tunnel (of radius 5 m) from the ﬁtfcssai
calculated by SAP4 at the centres of nearby elements.

A
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It can by seen in Figure 2.2 that if elements of
tangential stresses are grossly underestimated, although the
radial stfesses are in fact modelled quite closely as they
should be zero at the tunnel wall anyway. The calculation of
- elements of excavated ground surrounding the node are
replaced by the average stress of the remaining unexcavated
elements which surround that node (CONSTEP1). The
calculation is further improved if all four elements used in

the interpolation are unexcavated, ‘and so have stresses of

stresses are to be calculated. Theée elements are not
necessarily attached to that node. Because of the way the
program is set up the four elements are actually chosen from
the nine elements around, ‘aﬁd including, the e‘ent
currently being excavated. CONSTEP2 ensures that the centres
of the four eiement% chosen ,for - the intempolation do not lie
in a straigﬁt line as then Eké-sa1cuiati§n becomes
indeterminate. Alirthree methods are the same where the four
elements 'adjacent to the'ﬁcée are unexcavated.

Figure 2.2 only presents a two dimensional case rather
| than the tﬁree dimensional situation which will exist around’
a tunnel face. F¥ure 2.3 indicates what happens in a three

dimensional case, and shows the radial wall disﬁlacemEﬁts
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for an EﬁTiﬁed tunnel. Details of the anaiysisrby Hanafy and
Emer§.(1980) shown in the figure are given iﬁxSectiDn 7.3,
and details DF the mesh and baundary conditions are given ;ﬁ
Section 2 5.

| Figure 2.3 compares five methods of calculating the
nodal stresses by showing their effect on radial wa]l
displacements The analyses agg for two sieps of tunnel
excavatio® the first being five tunnel radii in length,
Stage I, followed by a further excavation of length two
tunnel rad%ii Stage II. Al] the Stage I excavations carried
out by CONSTEP, CONSTEP1 And CDNSTEP2>shgu the same radial
displacements, but in Stage Il they show "Kinks" of various
sizes in the distribution of displacements.

The reason for these "Kinks" is the inaccuracy in
cafculating the values of the nodal stresses at the nodes
next to elements that have been previously excavated There
also appears to have been an gvercamﬁensatian at -the nodes
fur ther -away from the old face, and this is exp]a1ned=later,

As might. be expected CONSTEP gives the largest "Kink"
and CONSTEP2 the smallest. CONSTEP1 was also used in-a
ﬁpdifieﬂ form whereby the user could specify from which
e]ement% the nodal stresses could be interpolated. The
elements were not the-same as those chosen by CONSTEP2 and
gave slightly worse results. Hanafy and Emery’'s (1980)
results are even better and show no sign of a Kink. Their
analysis uses a mesh (Mesh 1, Section 2.5) which has twice

the number of elements as that used by the CONSTEP programs,
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which will improve the accuracy as described in Section 2.7,
and also it is not clear exactly how they calculated the

equivalent nodal forces. It will be shown later that a

of one s1ement‘at a time, in this case one R, and this may
have been d@%e by Hanafy and Emery as they later describe
excavations in one R steps. The~gffect of the element sizes
and positions in the mesh, and the number of elements
excavated at one step are discussed in Section 2.7. For the
same size and .positioh of elements CONSTEP2 gives the best |
results, and it is éﬁis program that has been used in the

analyses, except ﬁhgre comparisons with other CONSTEP-

programs have heen carried out.

The following commands were written into CONSTEP2 to
enable the user to choose-a sequence of excavation andé
construction steps to simulate the construction of a tunnel
or shaft. A brief description of each command is é1VEﬁ to
show what sort of construction procedures can be modelled by
usfng CONSTEP2. Each command when used gpp?fesvtc a
specified element, and the commands will contain éther
parameters, such_ as the number of a new material type for
that element. Any number of .commands, similar or different,

‘may be used at each construction step.
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EXC - Ex:avatgran elemeqi in the maﬁnergdescribed
previously, i.e. by .reducing the deformation modulus of the
element to a very low value, and by applying forces to the
nodes which are eqﬁigaIEﬁt taﬁtﬁe stresses along the e1emené.
boundaries. The stresses in tﬁe element are reduced to zero.
NMT - Cpagge the material of the element spec%?ied to a new
material which has a lower deformation modulus. The element
"moduli. The nodal forces are ca1cu{§tédras for EXC, but are
also rédu:ed, Fi)ahe minus the ratio of the new to old
moduli, apd arerapplied to the nodes to simulate thi%
"partial excavation'. Reduction of deformation moduliis
more fully described in Chapter 3 an;grcuné behaviour .

'MTP - Change the material of the element specified to the
materidl specified, bugino other changes are made.

LNG - Place an element of ii%eri The material properties of
.the element are changed to those of the liner specified, and.
the stresses -in the eingﬁt }edg;ed to £§rag i

CHV - Change the unstressed volume of the element specified
by using the SAP facility of termeratur-é cantraqtién or

expaﬁsigﬁi See the CONSTER2 User Manual for more details.

The following meshes, presented in Figures 2.4 to 2.12,

have been used in this study, and a brief description of the

Sy

use of each mesh is given below.
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L 4

Mesh 1 - This mesh was used by Hanafy and Emery (198@) in
their analyses and has 188 triangular elements with 104
nodes at the corners of the triangles. Meshes 2, 3, 3Ai 6 -
and 7 are based on this mesh.

Mesh 2 -- This mesh has the same geometey as Mesh 1 but with
- 84 rectangulér elements instead of 168 triangular elements.
It also has 104 nodes, at the corners of the elements. Many
of the initia) analyses were run using this mesh.

Mesh 3 - Similar to Mesh 2, but with extra elements placed
in front of three successive face positions in order ta
explore ways of reducing the errors which arise fram the
interpolation of nodal stresses from element stresses., This
mesh has 98 elementsand 120 nodes.

Mesh 3A -. A further modification of Mesh 2, having the same
‘number of elements and nodes as Mesh 3, but with a more
.regular increase in element size in front of the face
position at 5 tunnel radii from the control section. It was‘-
used to explore ways of - reduc1ng stress interpolation
errors. . ‘

Mesh 4 - This mesh was used.in a two dimensional plane
strain analysis to verify CONSTEP's ab1l1ty to model a
'~chanqe of material deformation modulus, The 80 elements used
‘were concentrated in the liner and in a region of stiff
frozen ground which was subsequently thawed and’ softened
There are 102 nodes.

" Mes 5 - The 55 elements in this mesh are mainly

c ntrated in the zone closest to.the tunnel wall. This

&
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.mesh was not actually used in the analyses.
Mesh 6 - One of the three meshes used most often in this
' study. It has a similar geometry to Mesh 2 but in the main
part of the mesh the elements are one quarter of a tunnel
radius in length along the tunnel axis rather than one ‘
tunnel radius. It has 264 elements and 306 nodes..
Mesh 7 - This is another of the meshes most frequently used
in this study. In the main part of the mesh the length of
the elements in the direction of the tunnel axis is one half
of a tunnel radius. The mesh has 273 elements and 308 nodes..
There is a concentration of elements in the liner and Zn the
zone near the tunnel wall.
Mesh 8 - This mesh was used to study:the variation of
;tresses wifhin a liner (not installed in the ground) under
certain simple applied loads. It has_ﬁ20 elements and 147
nodes . The analyses have not been.presented in this thesis.
Four different combinations of boupdary conditions were
considered in this study and-they are shown in Figure 2.13.
'Uith.Boundary Condition 1 no displacements are allowed
across the axis of symmetry (i.e. a rollered boundary), and
- there is a fixed corner on the éxis of symmetry aheéd of the

advancing face. Boundary Condition 2 is similar, but in <if/\\\“

addition no'displacéments,are.allowed across the side of the
-mesh perpendicular to the :xis and ahead of the advancing

face. Boundary Condition 3 has rollered boundaries on all ,
*its sides except the'outer side of the mesh_parallgl t¢ the |

/
tunnel centreline, and in Boundary Condition 4 this side is
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also rollered. é@uﬁdary_CQﬁditiQn 1 was used by Hanafy and
Emery (1980) in their a%a1ysés; Boundary Condition 2 was the

~__one used for most of the analyses in this'study and was also
used in the analyses by Einstein and Schwartz (1980).

Figure 2.14 shows the results from a one step
excavation of an unlined tunnel using the four different
boundary conditions. It can be seen that in the case where
Boundary Condition 1 was used the l@ngitudiﬁa1 displacements
for a point just ahead of thé face are :cnsidérab]y greater
than with the other boundary conditions. It was decided thg}
Boundary Cgﬁﬂitiéﬁi1 would not give reasonable displacements
and so was not used in this study. The displacements where
Boundary Conditions 2,3, and 4 have been used are all very
similar, although Mesh 2 was used with Condition 3, and Mesh
! with Conditions 2 and 4. !

Boundary Condition 2 was chosen for use in this s tudy
because it did not restrict the longitudinal displacements
at the boundary where tunnel excavation was EngEﬁEEd
(although ideally there should not have been compiete
freedom of longitudinal displacements e'ither). It was also
chosen because the results it gave appeared to be
reasonable, and the other éxisymmetrie analyses with which
this study is compared, (i.e. Ranken and Ghaboussi (1975)
(initially) aﬁé Einstein and Schwartz (1980), also used that
boundary condition. They did not B@wever explain why they
used the boundary conditions they did. It is possible to

apply stiff springs to the boundaries of the mesh to



simulate the partially restrained behaviour, but for these
analyses it was decided to excavate further into the mesh
instead. No case histories were encountered which gave

measurements of longitudinal movements with

these results.
Other twg'dimensi@ﬁal analyses also tend to use
Boundary Condition 2, with pressures applied to the free
boundaries, for example Gouch and Conway (1976). However in
the two dimensional analyses both the boundaries where there
are restrictions on the degrees of freedom are also planes
of symmetry, whereas in the axisymmetric analysis only the

boundary along the tunnel liner is an axis of symmetry.

In order to check that the numerical technique gave
reasonable results, comparisons with various closed form
solutions and other published numerical analyses were made.

These comparisons are described below.

2.6.1 Comparison with Closed Form Séiutians .

The results from the unlined analyses were compared o f)
the results from calculations using the formulae for a thick
walled hollow cylinder of infinite length under internal and
external pressure. The forMulae are presented in Appendix 3
which is referred to below, and in Appendix 1 where

bi-linear ground convergence curves are calculated for the
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discussion in‘Chapter 5. The formulae can be found in many
standard textbooks, for example, Timoshenko (1941). The'
situation analysed in order to obtain these formulae is one
where the pressure within the ho!llow cylinder is reduced to
zero under a state of plane strain. The cylinder is made of
a homogeneous 1sotrop1c elastic material and is acted upon
by a uniform pressure on its outside face. The displacements
are taken as those which occur after the cylinder has been
stressed to its initial state and occur only as a result of
changes from the initial state

Kulhawy (1877) states that the number of excavatlon
steps taken should not influence the stresses and

eneous isotropic body. Thus in the

displacements in a R
uqlined tunnels studi here there should be no difference
between those cases whe¢re excavation is cagried out inv o
several stages and the case where excavation is carrieq out
in one step. Unlin nalyses have been compared in Figure
2;20; but are discussed later in more deta}l in Section
2.6.2. '

The elastic hollow cylinder analysis may-oe extended to
include the effect of line: installation on the wall
‘ displacements and the ground and liner stresses. The liner
is assumed to be anotheﬁ hollow cylinder, concentric and iﬁ
contact w1th the first (which represents the ground), having
a dtfferept-elastic deformation modulus and being inserted
before the internal pressure is reduced. Continuity of

displacement and radial stress is maintéined across the

) A
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boundary between the liner and ground when the internal
pressﬁ?e is reduced.

Figures 2.15 and 2.16 show the results of a single step
excavation using SAP4 compared to the results from a hollow
cy]ind32 ca]zu1§tian as outlined above. It can be seen that
there is very little discrepancy between the two analyses.’

In a large part of this study it has been assumed that
with certain construction methods the elastic modulus of
deformation was altered, either becoming stiffer or softer.
The physical processes by which the modulus may ée altered
is discussed in Chapter 3 on ground behaviour. In order to
check that CONSTEP2 could properly mcdé] modulus reduction a
situation was analysed uheée a tunnel was excavated through
a cylinder of sti}F "frozen" ground surrounded by SQFter
(i.e. lower deformation modulus, see Seztiéﬁfa,i) unfrozen
ground. After tunnel ccﬁstfgatiaﬁ the Frgzeé'grcund was
thawed so that it had the ‘same deformation modulus as the
unfrozen ground. .

A two dimensional closed farm plane straim- .’ R

visco-elastic analysis was used to check the ﬁumériza1
simulation of a reduction in ground modulus. Only the
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were considered, which correspond to the initial and final
states before and after softening. The situation used for
the comparison was the excavation of lined and unlined

tunnels with a radius of 5 m through a cylinder of frozen

ground of radius 9 m, which was thawed (softened) after
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tunnel construction. The frozen ground modulus was three
times greater than the unfrozen and thawed ground moduli.
The calculations followed a method outlined by Flogge (1975)
and are presented in Appendix 4. A comparison between the
results from the calculations and ffom the analyses using -
CONSTEP2 are ;hown in Figures 2.17 and 2.18. It can be seen .
that the results from CONSTEP2 obtained by using Mesh 4 are
. very close to those célcu]ated. and confirm that CONSTEP2
can model a change in deformation modulus. The results
obtained by using Mesh 2 are not so good (oﬁly radial
displacements-are shown) because of the lower number of
elehents which are used iﬁ the most critical areas, i.e.

near the boundaries between different material types.

2.6.2 Comparison with Published Numerical Analyses

Three axisymmetric finite element analyses which
modelled the effects around an advancing tunnel face were
selected for comparison with the results from the present’
study. The studies chosen were by Ranken and Ghaboussi
(1975)? Hanafy and Emery (1980) and Einstein and Schwartz
(1980). These analyses are discussed more fully in Chapter 7
wheré details‘of the construction and analytical procedures,
the‘material properties and the meshes used are presented.
A1l three analyses studied tunnel excavation in a
homﬁgengous_isotropic linear elastic material (as well as
some  elasto®plastic mapterials which are not considered

here), with and without liner placement at various distancesi
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behind the face.

Figure 2.19 compares Hanafy and Emery’'s (1980) aﬁalysis'
w{th excavations of length 5R and 7R carried out in one step
using SAP4. Agreement between the analyses is quite
reasonable. (The applied pressure‘faciiity of SAP4 mentioned
in. the figure refers to a féature whichrenab%es a pressure
along one boundary of.an element‘to be specified, gﬁd thus
eliminates the need to calculate nodal forces equivalent fo

"this pressure.) Figure 2.3, discussed previously, cémﬁares
Hanéfy and Emery’s results with analyses using CDNSTEPi.
CONSTEP1 and CONSTEP2. Even with CONSTEP2 there i a 'Kink' -
as discussed earlier.vbut the figure aées show that the
results are similar, but might be better if more elements
were used.

Meshes 6 and 7 were set up with a greater number of
elements so that more refined analyses could be undertaken,
and they are similar to those meshes used by Ranken and
Ghabouss i (1975) and Einstgin and Schwartz (1980). Figure
2.20 compares the results from analyses of unlined tunnels
using CON TEP2 ana‘Meshes 2,6 énd 7, with the anaiysig
carried out by Ranken and Ghaboussi. The value of u/uo for
the unlined two dimensional plane strain case is equal to
1:0..uo is the ultimate radial displacement for an unlined
opening in a homodeneous hatérial. caléuiatéd.fram’plane
strain two dimensional cloéed'form solutions. The "initial
construction effects” arise in the analyses using Meshes 6

and 7 because the first construction step is 3R in length,

f
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rather-then {R It can be seeﬁ in the F1gure that there is
still a kink' where excavation steps are langer (alcﬁg the

- tunnel !x1s) than one element. ngever the analyses using

Meshes 6 and 7 approach the “"correct"” analysis by Ranken and

GREboussi, and as long @s corrections are applied to
efiminate the "Kink", the analySEs can be used to simulate
"the constructvon of a tunnel. L

The radial displacements at thesgbnnei wall for one af
Hanafy and Emery’'s (19807 lined tunnel cases is compared to
a similar 1nalys1s from this study 1h Fjgure 2.21. The liner
placement is.shown in Figure 4.1 - Case 1. The comment about
noda 1 e?eavation forces made on the figure is discussed in

Section 2.7.2 below. :The resu]ts from this stgdy using Hesh

2 lie below Hanafy and Emery’s results, .but thase from us1ng

Mesh 6 generally lie above: As the. results for the*un11ned
tunnel us1hg Mesh 6 (F1gure 2.20) would appear, if anyth1zy
to underpredlct tunnel wall radjal displacements it is

considéred that they would not-avérpredict displacemEﬁfs in

the lined - thnnel case, and as Mesh 6 has more elementsitﬁaﬁ '

that used by Hanafy and Emery (Mesh 1) it shculd give more
accurate results. ’The fact that a smnether radial
displacement distribution is obtained us1ng Mesh 1, but i
'IS not considered to be the mnst aceurate, 15 diseussed in
Section 2.7.1, '
Further confirmation of the accuracy ' of the 1ined
tunnel analyses, this tinfe us1ng Mesh 7 is giveﬂgiﬁiﬁiggre

2.22 where the analyses from this study are compared to
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gimilar analyses by Einéteiﬁ and Schwartz (198B0). Figures
22a and 2.22b show the non-dimensionalised ultimate radial
displacement and non-dimensionaliséd liner thrust plotted
against the maximum unlfned (Qn;upparted) distance, called
the  open ground, éuriﬁg tunnel EéﬁStFUEtiQﬁ..FjguFe 2.22¢
shows the radial wall displacement against distance from the

‘face. The analyses appear to agree reeasonably well.

2.6.3 Summary of Comparisons with Other Solutions

This section shows that as long as a mesh with
sufficient elements is used, CONSTEP2 can produce results
comparable to other closed form and finite element . .
solutions. There are still discrepancies very close to thei
face or close to areas of changing materiai properties, but
by comparison with other solutions, particularly the unlined
case, it $h§u1d be possible to saicuiéte correction factors
to eliminate them. This is discussed later and the me t hod
used to correct the results Fram-these analyses is shown in
Appendix 3. Numerical solutions using meshes simi.lar to
Meshes 1 and 2 (and similar stéﬁs of excavation) are not
éiuays accurate enough, and where excavation of length
(along the tunnel axis) eqqa] to only cne‘fiement width is
used a "Kink", which indicates the extent of the inaccuracy,
does not appear. The next seétien d%s;usses the accuracy of

the analyses in-more detail.
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There are several factors which have an influence on
the results obtained from the analyses. Two of these, namely
the method used to interpolate nodal stresses from element
stresses, and the influence of the mesh boundary conditions,
have already been discussed in Sections 2.3 and 2.5 |

respectively. Other factors are discussed below.

2.7.1 Effect of Element Size on Nodal Stress Interpolation

An attempt was made to reduce the "Kink" in the
relationship between radial wall displacement and distance

:aipﬁg the tunnel axis by using meshes with different sized
elements.

The first attempt used Mesh 3 (Figure 2.6) and the
results are presented in Figure 2.23. Mesh 3 contains some
small elements placed just in front of three successive face
positions in order to help improve the interpolation of
nodal stresses by reducing the size of the elements close to
the face and in the region of high stress gradieﬁts.AThe
results show that the radial dispiacemEhts at Stages IA and
I1 have been overestimated. It will be seen later that the
significantly drop below the initial insitu stress po and
are generally above po.

Figure 2.24 {11ustrates how the stress distribution
ahead of the face will be calculated,” in a two dimensional

case for simplicity, and how it overestimates the actual



39

£ USOn
'Sjuawadpjdsiq |DIPDY U0 3JD4 @Eu_%%{ JO 8duanu] €Z2'Z7 a4nbi4

‘suo

mﬁ_u,ﬁ; jauuny} 9AISSa2INg

ha_j,E_,

S Ju3wa|3 ajIui4 jo :cmiaaES

v ! ‘_ I .
s , | o
D = ——8 | (791901 ) Ly 1204 | |
) ,.,_ Buuny pautun | Lg
I apwwAs) xy | |
. dusop soauny| |
0 @ [OIIDADOXS §
IDjuawanur| 4
: | | |
AT | 11 = | g
€ HSIW |
- |7dVS 8 dILSNGD < VI S
| | |
. g 1 o Y
| o8 o
{0 | HsIw ‘'O o Fe
Asaw3 g Ajpupbp N
| 1 o -2
ﬂ@lﬂ-ﬂlﬂ WT é.
T T J 1 , ]E 0
j E L 42 HE dq7 - 4§ 49 dL ye 46 40l
Uo!})28s |043u02 |DIYU] (Wg = Y) "1
| ¢
NOILI3S T0HLNOD 3H1 WOH4 3INVLSIO

(Ww) INIWIIVIASI VIQVY



- | )
Glement | o — ' )
. boundaries

tunnel face

nexcavated

\

excavated
element (having
zero stress) is
used for inter-
polation with
CONSTEP

/ \

7 BN i/' - = 1-Q
of tunnel face

interpolated
stress —
distribution

actual stres
distribution

element centre
stresses

Figure 224 Error in Interpolating the Radial
‘ Stress Distribution

40



. 41

stress distribu}isﬁ within the ground beyond the inqgﬂiate
vicinity of the face. The use of a small element immediately
in fr nt of the face aids the interpc]ation of stresses near
the face, particularly in the method used by CONSTEP, and
the effect of any discrepancies are reduced beeaﬁse the
forces appiie& to the nodes will be smal]l as the area of the
element boundary next to the (future) wall is also small
(see Appendix 2). However, within the unexcavated ground,
and where the actual stress distribution is increasing as
shown, fhe interpolation aFiﬁadai stresses will produce
values larger than the actual values, and when a linear

stress distribution is assumed between nodes for the

i

calculation of nodal forces, the actual stress distribution
is further overestimated. Hence as the applied nodal forces
within the ground being excavated are greater than they
ought to be they will produce larger radia? displacements
than should occur, as shown in Figure 2.23.

A better method is ta;usé more elements within the zone
of ground being excavated, and Mesh 3A (Rigure 2.7) was
sdesiggzgibith the elements increasing in length (along the
tunnel axis) away from the face. Only two steps of
incremental excavation were carried out using this mesh, and
the results are shown in Figure 2.25. There is still a
"Kink" next to the face in Stage 1A, which will always be
the case when program CONSTEP is being used, as here.
However the distribution of dfspiacemEﬁts is more reasonable

than in the previous case, indicating that with a careful
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choice of elements the resujts can be improved.

- As the excavation of an opening was going to be !
simulated by a stepwise excavation off successive elements,
the effect of- excavating through diéi;rent numbers of
elements at each step was ;@ns{dered. and the resglts are
shown in Figures 2.26 and 2.27. These two figures show that
as long as the element geometry (i.e. the pattern of ° l £
elementé in the mesh) of the part of ground excavated at
each step is Kept the same, the radial wall displacement
irdistributian will be the same from one step to the next. °
When there is a change in the element geometry, as at Stage
IIA in Figure 2.26, and when the face is at B8R as in Figure
2.27, the radial wall displacement distribution changes as
shown in the figures. In fact a change in element geometry
in front of the face, rather than within the zone of
excavated ground, can also have some effect on the wall
displacements as shown in Figure 2.27 when the face is at
7R.

2.7.2 Longitudinal Liner Stresses and Nodal Forces

In these analyses the material has been assumed to have
iﬁf{ﬁite compressive and tgnsifé&;?F ngths. In addition
adjacent elements remain in contact with each other and are

not allowed to become disconnected. Thus no tensile fracture

important when the liner is placed right up to the face,
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with its leading element in direct contact with the ground
elementéré%dihe face. The numerical analysis thereafter
assumes that the liner and the faée are-tﬁsgparable, whereas
in rea\ity the bond between them, if any, is likely to be
small. Because of the various inaccuracies in calculating
the nodal stresses and excavation,forces. inappropriate
forces may be applied to the leading edge of the liner thch
‘cause additional, unrealisgic, stresses and displaéements.
For the first few analyses in this study excavation forces.
were_applied to all those nodes‘whiqh were not completely
surrounded by'excavated ground after?;xcavatidn in that
stép, Thus the forces could‘be applied to nodes, which after
excavation, were only attached to elements of the liner.
This’method is referred to as method A and tended to cause
large longitudinal liner stresses and longitudinal ground
movements. Thereafter the excavafion forces were only
applied to those nodes which after that excavation step were
still nodes of at least one element of ground (referred to
as method Bf;

Although the face is unstressed in a direction norm&l
to it the procedure used for -the stress interpolation tends
_to give a conpressi(re str‘ess normal to the face. Thus using
method A the corresponding nodal forces which are
subsequently calculated will be applied not only to the
nodes attached to eleﬁents of the ground and liner, but

incorrectly to nodes dttached only to elements of liner

after excavation has taken place. These incorrect forces

2
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will be applied in the same direction as the tunnel advance
iﬁcreasiﬁg the langitudiﬁal tensile stress in theg1iﬁer!_
This effect will accummulate dUF?ﬁg the incremental
excavation and inappropriately large tensile liner stresses '
"in the longitudinal direction, and longitudinal liner
displacements in the direction %f the tud%ei advance, will
"result. |

Figures 2.28 to 2.31 illustrate the longitudinal

and method B to apply the nodal excavation forces. The
tunnel construction cases are shown in Figure 4.1 and are
described in detail in Chapter 4, but for this comparison it
is sufficient to know that in Cases 1 and 3 the liner is
placed right up to the face, but in Case 2 the liner is not.
In éase 3 the ground in front of the face is ésfteﬁeﬂ, and
thus its stresses réduced, during excavation of the ground
adjacent to it. The nodal forces at the face were apgiied
according to method A in all the figures, except Figure 2.29
where method B was used. Because in Case 2 (Figure 2.30) the
liner is not placed right up to the face the nodal forces
are effectively applied according to method B. The results
show quite clearly that where nodal forces are not applﬁéd,
to the liner only (Figures 2.29 and 2.30, method B) the
longitudinal displacements ,are all gwayrfram the direction
of face advance. Where the nodal forces are applied to the
liner only (Figures 2.28 and 2.31, method A) relatively

large displacements occur. in the direction of the tunnel



Q) - | @sD) uun} paut
"sjuawadpids|q puipnjibuo uo
2204 bujpoubapy jo aduenyu] 6Z'Z 3.nbi4

(Ws=H} "3V WOHS 3INVLSIO
L —— ] 303 TMIONYAD Y

R o -

(SUDAPO 800§ [ WOLIIBNP W BAe)
(WW) INIWIIVIISIO  TWNIGNLEONGT
L% % Y B 2 - g v 2 £ Y s 8§ ¢

-y A ' " M i i i " N
, 4 )
1— HE W - e 30y
, AJ! 404
) ue
" " B 3"
e 1 I 4L TR HED KB 4304
oy g , 15T ¥ 4D 8304
TR by ,
| pem | I _ g
| ouuny poury | || P
uonpauaxa | Joe - Bay o pogom sasm) |
| USRI - | A S WHOAD N o JLON |
%v¥S puo | ,, (w)
Zd31SNOD 3NIT 34INTT TANNNL
WOHd JINVLISIO .

T HE
'l
" | |
p— | [
- R 1 N 2o
W (1] mzZ
L " 1 ..1, 1 - mgy
|| m 2
| { ; ] , -y |
;L »~ H - I L M m o
| W | | | — ,, ,W_N !
| [ | .2
- f , | , ,sM, 0¢
| [ | |
- | - ,__h,_r e e ~
—_— . .

(B} - | 8sp) jeuuny’ paur .-
Sjuawadoidsig  jpupnbucy” uo
304 buppuoapy jo asusnyur gz aunbiy

(WS=H] "Ivd WOHA IINVLSIO

o ——— BI¥S OMIONREOY
4T HE- M 2 HE
I 1
) og |
| Za s
32
,W - mg &
Z
L ]
- B el
3 |
- —4 521
| ma ), .
| Z oc
m
v -'.E'Eﬂ-ﬂnl.,

[33UDADD 200, 0 WOIANP Wi BAe)
(W) INIWIIVASIO  TYNIGN LIONOY
€9 S T € -0 L 7 €Y o§ g o

T I T 514
T g bt s s ¢ g
,u;‘f}..“_..e s”:‘,” or4 -
§ S , . e
WuUng Py 52
UG DADOXS |
IDpudwIIU] | 0€ 4 _ .
7dVS PuD {w) ) .
~ Zd31SNDD 3NN MINID 13NNNL Ot
: WO¥4 IONVLSIO . - |



48

o,

™ . :
€ 9503 jeuun; peur | Z 8503 jouuny paur
‘Sjuawaapidsiq [puipnpbucy wo ,J_m“__i,.m,,EmuEn‘mE [ouipn .‘_;_;m_,_r.gr uo
82D4 3,:,_9;@?@&. 0 @duanjjul Wwe ,w;.;m,_&, @04 ,@E,_u;_,._gﬁ{ JO 3duanpu] 0z @ l_j,m,_ 4

IWS=H]  IW4 WOHd IMVLSIO

b e R IIwd ShINEAD Y . n
CRAB - o - oMl- 14 e ‘ g7
L E (_F

fwg=y

3

W4 WOMS IINVISIO |
ALl IS CHEINTAG Y

L 3 atiownp =T . it T ;Lm .
x .} Y 1 | sgsf §ood ¥ | ams
[ I 1. 1 38af - T o1 L1 3Fof
- gm , ,._ { | , E m
. - Mg . | - ,,d._, mp
! zZm , @
, , ] ﬂ;c @ “1 | " r —“_ ,m.aﬂ |
| E , - . . m } . L - ) i = , )
| , 3 (1% : : | . i DE &
h | » | r L [
, i i ) B 4 Y
T . R e

wal.f

{#3unpD #00; 10 LOKDRIP W an. L [PIUDAPD 3304 0 UOINP W A+

(W) AIN3W3DYIESI0 WNIONLIONGT . . fww) I NIWIIY SIg TeNION S 19O
% & »y & -0 47 £ 9 S 8. ¢ , £ 9 S v & ¥ -0 4oz £ 9 S 89 ¢

i

r i L 1 " " i PR 'l 1 hg ko %y L
..ﬂ | -
Y- . B L -

/ﬁﬁ| , ) iy | - , mr
Wh- ey

LG Maened - 14

A L L 4 |

oy
[ e

[ T ,
119 \ﬂ:ﬁﬁ, "

P30 ¢ IMSSm

F e T R T I~ P " %
o A g . " C dmeewduey | 5 I
LI DT | . NYAOM swii] , ,j. - o0 . .
r T ; " — ,Eg, "
E o0 FA Y o] S »*
Muun) pewn

| ruuny paury | § 5 mm—v *

HICH K ENMIEI 0 | , %u,’tﬂn [ ] ) ._.
o T T O TV ) " N 4
" o |

3T 3MiNID 13 ML
Wlsd JINwLSIO

| WO DADINE - ,
| ”_E,EE,!.._U,E,E ~ E
Vs puo | o 7d¥S Pup
© Td3ILSNOD | 3N WLNTD JINNAL | 7431 5h00 |
il § WOHd FINVLISIQ A ,A Zd3LSNOD




advance, although the displacements are less in Case 3
‘because the face .is less stressed before it is excavated.
In most of the analyses method B has been used for the
application of the nodal excavation forces. However the
adverse effects of using method A were not discovered unti)
after the initial analyses were done and so it should be -
assumed that all the analyses carried out using Meshes 1,2,3

and 3A do not follow this procedure unless otherwise stated.

2.7.3 Triangular and Rectangular Elements

As CONSTEP, CONSTEP1 and CONSTEP2 were programmed to
handie an1y rectangular elements,- and not triangular
elements, a comparison between an analysis using friangu1ar
elements and a simiiar one using rectaﬁbular elements was
carried out with SAP4. The results are shown in _Figure 2. 32
where a stress of 8 MPa is app11ed to the inner Face of a
ring of material, the z axis being the axis of rotation.

Because the triangular elements. are not symmetrical about an

Vaxis in the plgne of the ring, non-symmetrical deformations
were produced, whereas with the rectangular elements

symmetrical deformations were produced. It was therefore

rectangular elements alone it was not ﬁéEeséary for the
initial #é}sians of CDNSTEP‘tQ have the ability to handle
‘triangular elements, which would have sdded some complexity
to the programming.
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2.7.4 Summary of Inaccuracies in the Technique

The accurate interpolation of nodal stresses becomes
very difficult in regions of high stress gradients. Where
these gradients occur at a boundary between the excavated
and unexcavated ground CONSTEP2 uses a teéﬁnique whereby it
selects only Qnexcavated elements for the stress
interpolation. This reduces errors at the walls of the -
opening. High stress gradients-also occur within the ground
and linear iﬁtérp@iatian, with the assumption of linear
stress distribution at the element boundaries, does not
accurately model the actual stress distribution unless the
elements afe small. Element sizes should be chosen so that
they are small in areas which will at some time during the
excavation have high stress gradients.

The boundary conditions chosen along the edges of the
mesh will affect the results. In the areé of interest,
arourid the tunnel face, the situation is neither plane
stress ﬁér plane strain, and so a compromise is reached by
‘using roller supported b@gﬁdarieseat the axis of rotation,
and at -the edgé of the mesh perpendicular to the axis of
rotation and which does not have the opening passing through
it. |

Care has to be taken with }he application of nodal
forces to simu]éte excavation, especially where these may
" not be acgurétely calculated. In most of the analyses in
this study excavation forces were only applied to those
nodes wﬁich were at corners of at least one element of

A1
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ground which remained unexcavated at the end of that step g}
construction. However it should be noted that this procedure
was not carried out with analyses using Meshes 1,2,3 and 3A
unless otherwise stated.

The shape of the element has an effect on the results,
and rectangular elements were used here because it was shown
that triangular elements G;ﬁ produce discrepancies, and also
the programming was greatly simplified if only rectangular
elements were used. This produces its own problems as
witheutitriaﬁgular elements it becomes difficult to design a
mesh having large elements in all the regions of low stress
gradients and small elements in all the regions of high
stress gradients. The compromise -between accuracy and

computing time then becomes more difficult to achieve.



In this investigation the ground was assumed té be
homogeneous, linear elastic, time iﬁﬂéﬁéﬁﬂent‘aﬁd to have
iﬁfiﬁité-strengthi The stiffness or deformation modulus of
the ground close to the opening was véried to simulate the
‘effects of various construction methods on the ground. These
assumptions obviously oversimplify the behaviour of ground
massés. whigh will be dependent on the intact ground
pr@perties.;zhe mass structure, the nature of the infilling |
in discontinuities and many other factors. Ground strength
*and stiffness will also depend on factors such as loading
rate, confining pressure and time,

During a round of blasting it has been assumed that the
rock to be excavated has been highly disintegrated and no
longer provides any substantial support to the surrounding
ground mass. The blasting process also fractures some of the:
surraundtﬁg rock which still maintains its ability to 1
support itself and provides confinement to the remaining
ground. An idealised picture of blast damage is shown in
Figure 3.1a, taken from Hoek and Brown (1980), where the
pulverised zone is equivalent to the disintegrated rock, and
tHe cracked zone fo the damagéd or fractured rock. The crack
pattern develapéé{during blasting' will depend upon the type ~

- $
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Idealised picture of
fracturing induced by
detonation of an ex-
plosive in a borehole,
(Hoek & Brown, 1980)

1. Borehole

2 Pulverised zone

3. Radial cracks with .
preferential growth
parallel to o;, the
major principle stress

/

— ﬁi'Inttjct rock

Broken (damaged) rock
modulus.
(Hobbs, 1970)
(Average for rocks tested)
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Figure 31  Damaged Rock Modulus
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of rock, its anisotropy, pre-existing fissures, the initial
state of stress and the proximity of the free boundary. The
extent of the cracking will also be influenced by the shot
-hole diameter and the size og charge. Gustafsson (1976)
states that a fully charged 40mm diameter hole in relatively
homogeneous rock of the gnefSSEQFgﬁite type may be expected
to give a 2 m deep cracked zone. Section 3.4 below éfscugses
how blast damaged rock was modelled and how it relates to
observed ground behaviour.

The technique of supporting an opening by ground
freezing has been often used, and its main functions are to
help support the excavation and to prevent water seepage
into the opening. It is only effective in ground which
contains pore water or water in the fissures (for rock) and
where the ground water flow rates are sufficiently low to
enable a complete ring of ground to freeze. In this s tudy
the frozen ground is, like the unfrozen ground, assumed tD!
be homogeneous, linear elastic, time independent and have )
infinite strength. However frozen soil in reality behaves
visco-plastically, i.e. creeps under stress, and is strongly
aependenf on time, femperatu}e and stress level. In addition
to grdund movements caused by stress relief during
excav;tion. there will be movements caused by frost heave
~and thaw consolidation. A general review of these effects is
given by Andersland and Anderson (1978), but the behaviour
of ground during freézing and .thawing is too complex to be
accurately modelled by the simplified method of analysis

4



used here. Section 3.3 discusses the way in which frozen
ground behaviour has been modelled and Section 3.6 relates

it to actual construction mgtheds aﬁdbfielﬂ observations.

Rock exhibits both weakening and softening behaviour
under stress, but as this study unly considers softening,
the difference between them s i'lustrated in this section.

A materiél becomes weaker if the maximum stress which

it can sustain is reduced, whereas it becomes softer if it

undergoes more deformation for the same change in applied

stress. Figure 3.2 illustrates the di?Ference between
weakeniné and softening for different conditions of
confining .pressure and strain rate shown by the results from
laboratory tests on several different rock types. The
Westerley Granite exhibits a decrease in material strength
for a decrease in confining pressure, althaggh;its stiffness
is not significantly altered under different confining i
stresses, particularly at low values of stress difference.
The stress-strain curves for the Tuff show that it;bEGQEES

weaker with a reduction in strain rate, but does not become

‘softer. The sandstone behaves in a different manner, its

stiffness reduces, i.e. the material becomes softer, with?
% ’ » . *
decreasing strain rate, but the peak strength is only

slightly reduced.
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In this investigation the strengths of the materials ,
are not altered, but the deformation moduli are changed _
during the course of construction. In the field both the "
strenqth and thé stiffnes€ of the ground will be affected to
a varying extent by the construction procedure. However,
even with ground of infinite strength a change in its

stiffness can cause a substantial stress redistribution

within the ground.

As described previously'the ground in this study was
assumed to behave linear eléstically..Howeversusiﬁg the
ability of CONSTEP2 to model a change of deformation - _- .
modulus, and to do so in several different ways, it is
possible to simulate in a simplified manner the change of
ground behaviour in responqe to the construction procedure.

Figure 3.3 shows four different models of ground
behaviour. The first, Figure 3.3a, is thé material which
behaves according to Hooke's Law, with a unique Young's
modulus, or Modulus of deformation, ‘E. In'Figure 3.3b the
- behaviour of a bilinear elasti; material is shown, which has
a certain stiffmess E1 up to some defined point and
thereafter afreduced stiffness E2. The change point has to
‘be defined by some criterion based on fhe factors described
" above which affect material behaviour. This Thodel can be

used to approximate non-linear elastic behaviour. If E2 is
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veryESmali a pseudo eiasticépérfectIQ plastic material may
be modelled where the vclume ghanges associated with plastic
yielding are hand]ed’thrgugh the select1aﬁ of an appropriate
Pc1sscn s ratio. Hawever, if the changes of stress at any-
’pqlﬁt are not aluays of the same sign during construction,
and the unloading modu lus is-ﬁcf the same as the loading
modulus, complications in the programming occur. *

In'Figure 3.3c the mechanism of safteniﬁé is shown. In
the iﬁiti%j state, point 1, the ground is Qnder an initial
insitu stress b@f?If.it becomes softened, but is not allowed
to deform, it can only sustain a lower stress, and mnve to
point 2, the balance of the rena1n1hg stress having beew
taken up by stresses Eﬂp11ed to the system. IF these
balancing stresses are removed the stresses w1thin the’
system are reﬂistributgd. displacements occur, and the
softenéd ground moves to point 3. The séftened ground has in
effect shed some of %ts stress to the surrounding ground.

A simple method of siﬁuiéting ¥reeziﬁg and thawing is
shown in Figure 3.3d. The model assumes that no volume
change occurs in the material solely as a result of
processes of freezing and thawing, i.e. there is no FFGSC’
heave or thaw consolidation. Tﬁé.stiffﬁess of the thawed
ground has been assumed to be the same as that for the _
unfrozen ground, but this need not be the case, and the
frozen ground is assumed to be stiffer than the unfrozen
ground. The ground is initially unfrozen, with a modulus E1,

and under an initial insitu stress po. It is then frozen and
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has a new st1f€;ess E2, but as there are no changes in
vo 1ume gyring freezing, and since the new stiffness only
iappiiés“ta subsequent stress changes, the material stays at
point 1. To verify that in this case a gtiffﬁess increase
does nét*préduce stress chaﬁées, ééﬁsidéF‘theegféQﬁd ta be a
saturated sand. The 5nitial effective strass.ié taken by the
isc11 skeletcn wh1ch an Freez1ng at no volume increase, or
other changes to the soil fabric, still retains the 1n1t1a]
effect1ve stress. The'FrD:en,water in the pores remains
.stressed only with the hydrastatie pressure, uh%gh'has been ;»
ignored in these'analyses: On excavation there are ground
movements and stress. chianges, and the frozen ground mass,
now behaving with a stiffrness E2, moves to point 2. When the
ground is thawed the process is similar to that de:cribéa
for a stiffness reduction, but In this case the origins of
the two stress-strain relationships will be different. This
must be the case, for if the ércund were frozen and then
unfrozen wit;;ut any excavation there would be no resultant
Eh&ﬁﬁe‘iﬁ the system, the soil skeleton would still be
carrying the initial effective stress, and not ’kﬁgw that
- the water in the pores had been frozen Eﬁd thawed. The way
in which these assumptions abggt ground freezlﬁg and thawing

relate to actual practice is discdésed in Section 3.6. -
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As described above blasting will not only loosen and
pulverise the rock to such a degree that it can be
" considered excavated, but will also fracture and damage
*§Urr§uﬁdin§‘rcsk and hence change its material préﬁerties.

Bieniawski (1978) has presented a re]at{cnship which
shows the rock mass deformation modulus décreasing with
decreasing rock mass quality, Figure 3.4. The fracture
sp%cing is one of the dominant paraﬁetéﬁs which affects the
deformation mm&uius. particularly for rock masses of fair to
good quality (NGl classification). In rock of poor quality
other factdrs, such as the nature of the infilling in
discéﬁtinuitigsiébesame more important and exert a géeatEr
~influence -on. the ground beﬁavigué. The patterﬁ and.extent of
the frhctures caused by blast1ng can have a considerable

_effect on the stiffness of the material in the damaged zone.

~ Hobbs '(1970) has tested intact and broken Sf"lmEﬁs of
English Coal Heasure rocks under'variaus confining
pressures, and average vafuas af his results have be
presented in Figure 3.1. The actUal results QF mndu] s
agginst ccnf1ﬁ1ng pressure Fgr solid- specimens, and or
spec1mens which were broken at different confining pressures
. but uith similar fracture pattern§ are shown in Figure 3.5.
»The modu 1us Qf the 1ntact ;peclmens was virtually

unaffectéd, but as thg confining pressure was reduced below

‘ ::;55Gut 1§:MP; the modulus of the damaged rock specimens

réaucad rapidly from an initial value comparable to the

13
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undamaged rock modulus. Near an excavation the local
confining pressure will be dependent on the three
dimensional state of stres;i which wéii itself be influenced
by the variation and severity of the damage arqund the
opening. It is therefore difficult to define a reasonable
confining pressure for the determination of the damaged rock

modulus and so the simplified approach described in the next

section and in Chapter 4 has been adopted.

Many published analyses of the behaviour G: underground
openings have assumed that a zone of rock around ‘the opening
has been damaged by the construction process, and various |
different assumptions on how this dimage should be modelled
have been made. Details of some of the published analyses
are presented below, and and further information is
presented in Chapter 7. <

Gouch and Conway (1976) have carried out a two
dimensional finite element analysis of closure in a
rectangular shaft sunk in the Coeur d' Alene mining district
of northern ldaho. Observations made by the U.S. Bureau of
Mines in the same region showed that the inner 0.5 m or so
of rock was fractured and could be considered a “no tensile
_strength material”. Gouch and Conway therefore assumed the
material around the opening to be considerably weakened,

i.e. reduced in strength, but to have the same deformation
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modulus as the surrounding undamaged rock.

Another way in which the zone of damaged ground may be
considered is to assume that it is not able to carry any i
load. Field observations at the trial excavation for the
Drakensberg Pumped Storage Scheme, Sharp et al. (19785i
showed that the faek at the surface of the excavation was
considerably loosened. In finite element analyses carried
out to model the excavation an inner zone of rock was
ignored. The thickness of this Zone was chosen to be greater
in the areas where the stresses around the trial excavation
would be concentrated, and the analyses cons idered only the
stresses and displacements in:- the undamaged rock beyond.

A thi%d way in which the damaged zone can be
considered, which was used here, is to assume that the
damaged ground is softened rather than weakened. Kaiser
(1981) reanalysed the data presentéd by Ward (1978) and Ward
et al. (1976) from the Kielder Experimental Tunnel and found
that a zone of softened material around the cpéning may be
more appropriate than a strain weakening plastic zone which
was used by Hoek and Brolg (1980) in their evaluation of the
performance of the tunnel. ’ '

In this study it was assumed that the damaged rock,
like the ui'hdamqu rock, is homogeneous, isotropic, and
behaves liké a‘?inear elastic material with infinite 7
strength gﬁdj; deformation modulus reduced from that of the
undamaged rock. Simulation of this modulus reduction has

, v o , y
been described previously, but it may be thought of ag\a
e \



partial excavation. Dilation of the rock during the process

of damaging has been ‘ignored in this study.

Wales, in 1862 (Jones and Brown, 1978). Since’ then the

technique has been widely used to provide temporary ground
stabglizaticﬂ during the construction of tunnels, shafts,
drifts and other underground excavations. Its main functions
are to strengthen and stiffen ground that would not .
otherwise be able to support itself around an excavation,
for example, in soft cohesive soil where other methods of
rgducing‘graund movements due to tunnelling (e.g. grouting)
may not be posible, and also to prevent seepage of water |
into thé excavation; for example from a saturated
cohesionless deposit or from rock ;quifersiilt can take
several months to form the required thickﬁeés of ring or
arch of. frozen grourid, which means that if ground freezing
is to be used it has to be started some time before the
excavation is begun. -, ;

1t is usual practiée when ground Fr&ezing is being used
to ajd shaft sinking to provide é relief well or wells
uithfn the ring of freeze pipes to ﬁhicﬁ the\excess water is
allowed to flow (Walli, 1964), In tuﬁne]-;@ﬁstructién
freezing is usually carried out from the ground sur face, and
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an arch rather than a ring of ground may be frozen and the ‘
excess water can be dissipated. It is not unusual fér the
excav?ticﬁ to be mainly carried out in a soft core of
unfrozen ground, which will be;signifi;aﬁtiy easier to
excavate than frozen material, although in this study a
solid cylinder of ground was assumed to be frozen. It was
therefore cgnéidered that the assumption of no volume
changes during freezing and thawing, due to the freezing and
thawing procdesses themselves, was not too ihgéﬁsistent with

normal practice, particularly for free draining granular

deposits. To completely model the ground fr and
thawing processes was beyond the scope of simple
analysis.

o When soil is frozen it not only becomes impermeable,

(although discontinuities in the frozen ground can be .a
ma jor source of construction difficulties), but its strength

aﬁd‘stiffness are usually greatly increased. Figure 3.6 from
Andersland and Anderson (1978) shows how the strength and
the stiffness of soils increase with decreasing temperature.
In this study it was not only assumed that fthe frozen ground
was, like the unfrozen ground, homogeneous, iﬁé&raﬁic linear
"elastic, and had infinite strength, but thatii{iwas
Ny B , ’
temperature and strain rate independent, with a deformation
modulus three times greater than for the unfrozen ground.
This*va‘lue of E was chosen so that reasonable comparisons
could be made with the other analyses, rather than being the

modulus for any particular type of frozen material. It was
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also assumed that the ground was a free draining material
such as a-clean sand, so that on freezing water would be
" expelled, and frost heave would not occur. For thawing it
was assufne;:i that there wer‘no massive ice lenses within thg
ground that would cause a change of volume of the ground

mass. ;o



I

A situation similar to the one analysed by Hanafy and

Emery (1980) was used in this study, i.e. construction of an

opening of radius R = 5 ml with excavation rounds of length
R. The injtial insitu stress was 8 MPa, except in the case

+ of-the sHallow shafts, and the initial ground and liner

- deformation madu11 were 5 GPa and 30 GPa respectively. The

" rock . mgdulus is that which might be expected for a good
gﬁ§]1ty c?ay;shalg, and the liner modulus is in the expeetéd
‘range for precast concrete liners. Both the liner and the
ground, whether damaged or undamaged, had assumed Poisson’s
- ratios éf 0.2, which wére the values used by Hanafy and

Emery, and are representative of the values for rock and

concrete. The thickness of the liner-was 600 mm, and it was

placed in lengths of one R. The p intfes of the different
types of qrcund and liner used are phes;nted 1h Table 4.1.
7 Mcst of the construction procedures used in this study
’are shﬂun in Figure 4.1, The diagrams show the liner!
positions just befarg excavation and rock damage takes
place, and the extent of the excavaiiéﬁ and damaée which - -
w1ll accur at the next step is shown by the dashed 11ﬁes,
Severa1 canstruct1an sequences are not shawn such as

gamb1nat1ans ‘of cases; for example, damage as Case 6 but

71



Table 4.1

Material Properties used in the
Analyses |

Material| Material

Y G Density
Numoer Tyce G ‘ . : K

Ki}/m?

o L
]
ks
o
]

L

]l Ground"| 5 0.2 2.033| o*
R2 ‘Excav- | Wx10 0.2 .417;1cﬂ 0

ated :
Ground : , :
R4 Frozen 15 0.2 { 6.25°] O
. ‘Ground &%%giis/ !
RS Damagzed 2. 0.2 - 1l.042|% 0.
Ground .

R? | Deamaged 0.5. (o2 0.20331 0
A Ground :

£

38 | Demaged | 3.75 0.2 | 1.503] o0
Gtound : : :

R9 . Water 3.6x10" 0.4999997 1’.0110"3 10

R10 | water . +6x100.4:999997) 1.0;1@”% 0

" (Wieight ) . ‘

=less)

. R11 |Damaged | 1.25 0.2 0,521 ©
Ground | ~ Lt e : . .

L1 Lingr 30 0.2 12,5 _ o*

wGround in initial state and in thawed state,
+welcht densaity equals 20KN/m® for shaft cases,
xwelght density equals 25iN/w’ for shaft cases,
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liner'placemEht as‘'Case 2. Also not shown is Tase 0, which
is the unlined, undamaged case. Other construction

following sections.
b]

4.2 Junnels b

A table suﬁmarisihg the analyses carried out is g}veﬁ
. A

on the ground t used, mesh numbers, excavation

. procedures an{d also _in which figures data for each analysis
may be found. _ ! |
U;Iined and lined tunnels with no F?ék:démage were
studied first and then tﬁe effect of rock damage on tunnel.
_performance ;risiﬁg from the drill and blast method of
construction was ccnsider%d. The main factors studied were:
1) the degree of damage, i.e. by how much the
stiffness is reduced; ' ’
2) \ the position of the damaged grqunﬂ.ii;e, in
\front of the face (eigiiCasE Byi aﬁé:radiiliy
.around the tunnel (ahead of the face) (e.g: Case
_ 45: and
3) the depth of damage in front of'the face..
_The radius of the zone éf damage (B) was Rgpt constant at

L~

1.3) and the length of the damaged zone in

6.5 m (B/R
" front of the face was varied between R/4 and R (Cases 4 to

~ 7). Different moduli for the damaged rock were chosen which,

]
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except in one set of analysee. Qere Kept censtant over.the )
whoﬁe~region of damaged ro;k. Where a varying damaged rock
" modulus was assumed (e.g. Case 6V) it Qas‘increased linear Ty, .e
in increments from zero at the tunnel wall to a maximuhb
equal to the undamaged modulus at the contact between the
'damaged)and undamaged rocK. The distributfon of the modulus
of the damaged ground is shown in Figure 4.2.

| Two 5=a1yses Qere carried out in which lined, tunnels,_
were constructed within ¥rozen ground which was subsequently
thawed. The sequence bf tumnel ‘construction was exactly the
same as Casos 1 and 2, except that they were carr1ed out
within a‘concenfric cylinder of frozen groqu of radius -
' 6.5m: Construction was halted part waylthrough the mesh (as

in the §revious analyses) and the ground thgn thawed.

by _
The ‘properties assumed for the frozen and thawed ground .

- are presented in Table 4.1. In order to model the s1mp11f1ed‘
frozen and”thaWihg ground behaviour explained in Section 3.3
and shown 1n F1gure 3.3d, a slightly different and unusual
sequence of us1ng the SAP4 and CONSTEPQ programs was
'requ1red. The reason for th1s is that in Figure 3.3d the
ratio of the stresses at points 2 and 3 is not

03/ 02 =E1/ E2 which would be calculated by the command
NMT. (Section 2.4), but is given by ' _
(g3-01)=(002-01 j x ( E1 / E2 ) . In other words
the original insitu stresses (at point 1) have to be
substracted from the stresses at point 2. before the command

NMT is used,-end then added again afterwards to give the
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stresses at point 3. This was achieved by thq\Tethad
described below. . o ?
‘Two files of data similar to file INCR, desclibed in
Sect%an 2.2, were stered.in files called INITNEG and
IRITPOS. In these files the increments of nodal
isplacements were zero and»the increments of element
Tstresses were set equa} tﬁgjhe initial insitu stresses, but
in file INITNEG the initiélinsi(i stresses were all_
multiplied by minus Gne-‘whézgthe last step of excavation’
had 5§Eﬁ carried ;qt in the frozen ground INITNEG was added
to file SAP (which contained the up to date stresses and
displacements) to give values equivalent to ( O 1 - 02 ) .
above. For programming reasons INITNEG was added to SAP
before file INCR (Section 2.2), which contained the
incremental stresses and displacements for the Yast
construction step in the frozen ground. This addition of
file INITNEG was carried out using CONSTEP2 in the usual
manner as if INITNEG had been file INCR. The frozen ground
was then thawed (softened) by usiﬁg the command NMT in the
usual way. The initial insitu stresses. stored in INITPOS, *
were then added back into file SAP using CONSTEP2. Again for-.
programming reasons INITPOS was added to file SAP before .
file INCR, now caﬁfainiﬁg the iﬁ;ﬁements of stresses and
displacements from the thawing. g v

{

< K c'



4.3 shafts

Ak table summar1sxng the analyses carried’ out on shaFt
constructlon is gsyen at the bog1nn1ng of Appendi x 6 The N
tabje presents 1nforpat1on on the ground types used,, é_
meshes used (which in all cases except the.drllled,shaft
case is’Mesh 2), the excavation pﬁoéedﬁfes. valpesvéf Ko the
coefficiént of leteral earth ressure at ré#t fthe-horizgﬁt;1 
insitu stress in the gro nd being Ko tim@s the'v;rtical
" insitu stress), and also in which fiQUrgs data for'éa;hf
analysis may be found' . | ,,-‘?

Unllned and l1ned shafts with no rock damage we;e
stud1ed with the,d1fferent values of Ko used being 0.5, 1.0
and - 2.0. Shallow shafts were»considered initially, aﬁg weré
excavated to a depth of seven tunnel radii, from the ground
surface, which was modelled by an.unresfr;ined medh f
” boundary.. The initial ins%tu vertical stress was increased
.{inearly from zero at ground level at a rate of 20 KN/mZ per
metré depth, which corresponds'to.the-ground having a bulk
density sjmflar to that of a saturated glacial till. The
horizontal initial insitu stress was determined by the value

4 —
of Ko used for each analysis, with the initial principal

stresses being ih-the horizontal aﬁd vertical directiaﬁs.
The liner was at first considered to have a weight
density of 25 KN/63. but in one of the analyses, indicated
on the figures, it was considered to be weightless. This
assumption'was not found to alter the results very much and,

partly because of the coarseness of Mesh 2, not investigated



furtheé. with shﬁséqbent}ané]yses«éésuﬁihﬁ the iiner had:
'”uelght IR T ' ' VA; L
Deep shafts were also considered These uere basvca11y
fthe same as the tunneluana}yses. but because the ] }
4-,long1tud1na1 axis was vertical the ax1symmetr1c f1n1te
elements uséd no, longer restricted Ko to unity, »
' Lastly R copatetely dlff¢rent form of shaft ' |
FOnszucQ s consrdered. namely dr1lleé shafts .

conspructed‘ under fluid support. In this mmhﬁeé study

_ the f1u1d was assumed to be water w1th a weight dEﬁ%;ty ¥ § jing

' ‘d0 KN/m3. Uater is generaliy cons1dered to be an
l 1ncompress1ble materral w1§h no shear strength Fraﬁksi
5(1972) gives ‘the isothermal CONpress1b111ty of water asf

10% bar-'. This gives a K ‘(bulk deformation Wpdulus) 7

apﬁroxjmately equal to 2 GPa. For {he shear modulus (G) to

be,zeéo, the Young's modulﬁs must‘ﬁlso be zero, but then k

is zero as well unless Poisson’s ratio is equal to 0:5,

which SAP4 cannot handle. ¥herefore Poisson’'s ratio was

chosen to be 0.4999997 so that with E = 3.6 kPa, K was equal

_ to 2 GPa. G shbuld have been approximately 1.2 kPa, but

actually 1.0 kPa was used in the analyses.

‘It was found that with water modeiled in this way it
was difficult to get the correct hydrostatic stﬁésses within
the elements of water in an incremental éeﬂuénce GF!
excavation and construction. A procedure was eventually
aaopted such that at eaéh stage of ground excavation all the

water was excavated as well, and then innediate]y‘reaiaceﬂ
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) 1. : i

,éﬁa?ﬁljin;luding'the e?eﬁents from which the ground .had just.
i .bEEﬁ excavatéé.*the,water métgﬁjai having its weiggt density
of Id RN/ﬁ3, (If should. be noted fﬁaf amy material-having
..-weight shc:uld only have*this weight considered once in the
sequEﬁce Gf ccﬂstruct1gﬂ At the step after the mater1al
~ngacEﬂ‘ w1;h1ﬁ Ehe mesh it should be "replaced” with a
‘similar, but weightless material so that SAP4 does not
%:;jnsﬁi&eﬁitﬁe'wejg'ht a second time). Figure 4.3 shows the
“range @f hydfcs;atic pressures calculated in such an
fin;rgméntaj unlined drilléd shaft analysis and the range of-
'ivélués is shcwn to be reasonably small, partiéb}arly if only
the element centre stresses are considered.

In the drilled shaft case studied heré the liner was to
be iéserted after the wh@13*5haf&;had béeﬁ excavated, and so
1t was considered that all the brcuﬁd could be excavated and

replaced with water at one step. Replacing the ground with
water ié'VEfy similar to replacing it with air, except there
is efféztige1y a residual appliegd internal pressure an!thé.
walls of the(shaft. The nexi!ané last stage was to place the
liner and ,%T%ve the water, which was done in the usual
manner . ?be liner was of similar dimensions to the one used:
throughout the st;dyi and was open.ended at the base of the
‘shaft, although in practice it would be more usual to

install a closed ended steel liner. e
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5.1 Introduction

Ground convergence curves (GCQ) and .support reacti jon
curves (SRC) are used here to aid the interpretation of
tunnel and support behaviou£>and'thé!intgggctiaﬂ be tween

- them. Such charac;éristic curves were frequent ly uéeﬂ in

"engjﬁeering at the turn of the ceﬁtuﬁy[,and have since DéEﬁ
reintroduced for use in tbnnélling by various authors,. for
. S example Lombardi (1973). A brief description of GCCs and ‘
SRCs follows which shows how they can assist in the
interaction between the ground and the jihéﬁ during
. excavafion of a core of -ground, and the insertion of a liner
of different compressibility énd initial size in the

_remaining cavity, which has since contracted.

-52ﬁnmm_cm¥m_ﬁlﬂﬁ

A typical ground convergence curve is shawﬁ in F1gune
5.1a, in a diagram of radial wall displacement u plotted
against the equivalent support pressure ps, for the opening

.as éhown in the figure, under two dimen%iaﬁal plane strain
deformation. As ps is reduced the ground behaviour is
assumed to be initially linear elastic, but on further
reduction the ground may yield or deform in a.ﬁcﬁ-iiﬁear

elastic manner and the GCC deviates from a straight line as

' 82
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shown.

The equivalent support pressuré should not pe confused
with the radial §tress in the rock at the wall of the a
cavity, although these two are equal in a two dimensional
case. for exé%ﬁie consider a three dimensional unsupported
tunnel. The radial movements in the vicinity of the face
" will be less than the ultimate value of radial disp lacement
because of the support from the core of unexcavated ground
at the face (which will be removed in the next round of
excavation). The actual radial stress in the core of grauﬁd; '
at a radius of R is likely to be in excess of po because it
is‘giving support to more raék than it did before excavation
of the rsck adjacent to it tsék place. Just beh%nd the face,
where the ground has already been excavated, the radial '
stress at the wall will be zero, although the radial
displacements will not have reached their ultimate value,
and the equivalent SUQD@FtipPESSQFE will not yet have become
Zero because of the supporting effect of the core of ground
atvthe face. i

For any particular @peﬁiﬁg the GCC is not usually
unique. In a Fhree dimensigﬁa1 supported cavity there can be
many GCCs, and different parts of the wall may be on
different parts of the same GCC. In two dimensions gravity -
and the value of Ko will produce several different GCCs for

different points of the same opening. Consider first the

case with gravity and Ko 1. At the roof, or crown, of the

-tunnel the weight of the ground will cause additional inward
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" movements and the GCC for the crown will be above the
average curve shown in Figure 5.1a. At the invert, or.floor,‘
of the tunnel the weight of the ground will reduce inward
(upward) radial movements, and the GCC for the i;vert Qill
lie below the average curve shown in the figure. At the
tunnel springline gravity should have little effect in a
homogeneous material, and the GCC will be close to the
average curve. If block; of material in the roof become
loosened they may fall out of the roof and the GCC curve
trends upwards, and does not intersect the ps = Ouaxisz eveh
for very large values of disp]hcement;'u. |
o With no gravity, but Ko z 1: the'ultimate radial
displacements around‘the walls qf the cavity will not be
uniforh, and so there will be a different .GCC for each point

along the opening wall.

- . .

5.3 Support Reaction Curves . _

The SRT can be plotted on the same graph ‘as the GCC,” .°
and this is also shown on Fiﬁure 5.1a. The support is only
activated after it comes into contact with the rock and so
will start from some point at ps = 0 and u > 0, which will
depend upon the ground. convergence before the support is
installed, and the size of any initial gap left between the
ground and the support. The intersection of the GCC and SRC
is the equilibrium position giving the final wall

displacement and support pressure. However this point may
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change with time. The ground 6r support may creep, or other
factors may cause them to soften or weaken, {ﬁ which case
lhe GCC Ehd/gf fhe SRCAyiii change position with a re§u}ting
change in the equilibrium point. | '

The m?nimum radial disﬁiaceﬁEﬁt at which aﬁppckt can be
installed is equal to the wall displacement at the tunne!
face or shaft base.and a ﬁajgriprsbiem in tunnel and shaft
design, based on the use of GCCs and SRCs, is to find its
;aiuel uf. For unIinéd tunnels iﬁihﬂﬁﬁgéﬁEﬁus‘grﬁuﬁﬂ uf can
be estimated from closed form saiutiaﬁsi for example by
assuming the face to be hemisphefcal. This is done by using

equilibrium equations similar to those used for ti#¥analysis

c@rrespéndiﬁg quatiaﬁs Fér a spherical cavity are used. In
this way the radial displacements for a spherical cavity
with no suppart'can be calculated for various different
ground behaviour, and these are taken to be uf.

In situations where the opening is supported uf becémés
ﬁaré difficult to predict because of the interaction between
the ground and support. Even where tunnel convergence in the
field iS.PéGQFdéd uf is often not known unless measurements
are taken from a nearby opening or from the ground surface,
and begun before the advancing tunnel causes any ground
movements.. An innovative approach to determine uf from
stress changes measured ahead of the face has been

illustrated by Kaiser et al. (1982).
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Kaiser (1981) ha§ calzu1ated‘tﬁ&’ECC for a prestressed
| body where a ring of softer materiai exists around the
opening. He assumed for the derivation of the closed form
solution a circular tunnel under hydf;static pressure,
linear elastic materials, plane strain :Qnd1t1ans and rad1al
stress and d1splacem3ﬁt continuity at the interface between
materials of different sjiffnesses. Furthermare he assumed
that a core of radius B was first softened and that an
opening @f radius R, 1&;5 than B was subsequently excavated
by reducing the support preséure,

The résuiting GCC's fér a similar analysis carried out
“here are presented in Figure 5.1b. In this figure the two
points marked with a star (»P correspond to the states
immediately after a core of radius B is softened, but befére
the tUﬁﬁE]EiS excavated, and are’iﬁdepenéént of B/R but
depend upon Ed/Eu, the ratio of the modulus of softened
- material to the mﬂduius of unsoftened material. The
behav1our during subsequent tunnel excavation depends on
both the B/R and Ed/Eu ratios. The equations of the 1ines
are given above the. figure, and their der1vat1%9 is

presented in Appendix 1. '_' "

?}



6.1 Introduction

In this section the information presented on the plots
~of raw data given in Appendices 5 and 6 is discussed -and
explained. The objectives here are to bring out details in-
the figures which.,are not considered elsewhere, and to
introduce those more important Figureé which are used in
Chapter 8 to discuss the practical implications of the
results from this study. The figures are presented in the
appeﬁaices and are discussed. in approximately the order in
which they appear. As this section will be mainly used for
reference the figure numbers, when mentioned, éré printed iﬁ
bold characters so that they can be more easily located

within the text.

6.2 Junnel Analvses : ?

6.2.1 Effect of Mesh Boundary and Initial Construction
Effects

_ In the aﬁalyseé which used Mesh 2 the first r@uné of
construction was usually only 1R deep into the mesh and took
place at the unrestrained side of the mesh where
lcﬁgitudinaiimﬁ§em3ﬁ}s could occur. The node at the wall of

the tunnel and at the edge of the mesh was thus free to move

88
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into the tunnel and also in the direction of the tunnel
advance. Figure A5.1 shows that this lack of restraint
causes the radial displacement at the edge of the mesh .to be
much greater than it-should be, and where this has been

observed and plotted in the figures it has been ignored in

In mést of the analyses using Meshes 8 and 7 the first
round of excavation is 3R into the ﬁesh, Where required the
liner is also placed in this first step, a;d because %he
moduli are changed before the nodal forces are applied
within the same construction step, the liner is, in effect,
installed before the ground is excavated. This causes the
ultimate values of radial disp]aceméﬁtvaﬁd liner stresses
within that region to be different from the ultimate values
obtained latér in the same analysis because the sequence of
construction is not the same. This region of different
ultimate values is marked "initial construction effects” on

the figures, and can be seen for example on Figure A5.7.

6.2.2 Radial Displacements; No Graund’ﬁamaga-

The radial dispiacements ahead of the face for analyses
of the same construction case, but using different meshes,
are very similar as can be seen fcr example in Figures A5.6,

A5.7 and A5.8, and therefore they are considered to be

reasonably accurate. N
. i ) ) /"'
Figures A5.6, A5.7 and A5.8 alquzﬁgz that for analyses

of the same excavation case, but usin§>diFFer2ﬁt meshes, all
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those nodes at the tunnel wall, which had beéﬁ at the face
at sbme‘hﬁmEht-during the excavation, have similar ultimate
radial displacements which are Jower than those of the
surrounding ﬁcdesr In an unlined excavation in hamagenecus
linear elast1: ground there should be no variation along. the
tunnel 1n the distribution of u1t1mate displacements, as the
displacements (and stresses) should be Tndepenaant of the
number of the excavation steps lKulhawyiv1977)g The reason
for this "Kink" in the displacement distribution is
therefore unclear, but as Meshes 6, 7 and even Mesh 2 give
very similar values of displacement it may be that the
stress grédient is very large at the corner aof the tunnel
cavity, and can only be accurately modelled if very small
elements are used in that area. However, in the lined case,
particularly Case 1 (Figure 4.1}, the reduced value of
Vradial displdcement at nodes in the tunnel wall which wére
once at the face will also be due in part to the supporting
effects from the face and the liner. A node in such a
position in the mesh will iﬁitially;be at the face and will
be supported by the "core" of uﬁexzavated rock at the face.
Its radial displacement up to that moment will therefore be
small. The liner is then installed, up to the face in Case
1, and exgavaticn takes place. Because of the suppcrt{ng
effect from the leading edge of the liner the additional
displacement is also small. Theirgdia] displacements at the
rest of the nodes along the unsupported span of wall will

vary. They will be least near the supporting "core" of
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unexcavated ground a§ the face and at the leading edge of
the liner, and will be greatest somewhere betweéen these two
points. The radial stress distribution will also vary in a
manner similar to the wavygradiai displacement éis;fibutian'
observed. |
6.2.3 Radial Displacements; With Damaged Zone A

* The radial tunnel wall displacements for three cases
having different lengths of damage ahead of the face (Cases

5.6, and 7) are shown in Figures A5. 10 A5.11 and AS5.12.,

In each of the three cases the node at the interface

between the damaged and undamaged ground ahead of the face
[

has a 1@wer radial displacement than the ncdes around it. An
inspection of Figuras A5.39 anhd AS5. 42 sh@ws that at the
tunnel face the displagements are longitudinal, and have
almost no raﬂigi component except near the wall. SimiI;r]y
Fiﬁ;ﬁe AS.42 shows that the di‘s;iiar:e,rfgﬁts;t the plane of
contact, perpendicular to the tunnel axis, between the -
undamaged aﬁd damaged ground ahead of the face are also
mainly longitudinal. This implies that when the modulus is
reduced by a factor of 10 (the analysis was cerried out with
Eu/Ed = 10) the plane of contact between the damaged and
undamaged zones behaves like a tunnel face. Because the
radius of the zone of damagé. B, is greater than R in Cases
5, 6 and 7, the influence of the "wall" of undamaged ground
on the longitudinal displacements at the interface is

insignificant at a radius of R, and points at this radius
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will tend to move longitudinally rather than radially. Other
poinfs not at the interface and so not acted upon by "nodal
open face, with both radial and l@ﬁgitﬁdinai components of
displacement. '

Figures A5.10 to A5.12 aiso show that there is a unique
pattern of ultimate radial wall displacements for each of ;
the three excavation cases (Cases 5, 6, and 7). gach pattern
repeats itsel?, and has a."waveleﬁgth“ equé] to the lengzh
of a round of excavation. The ultimate radial wall 7
.displacements are very mﬁch alike st nodes in different
excavation cases which are in similar positions with respéét
'to the zohes of damaged and undamaged ground. For example
the nodes in the tunnel wall which were adjécent to one or’
more elements of damaged gfpund wheﬁ ahead of the face
(except nodes which were at the!fac%) all have siﬁiIEF
ultimate radial displacements. Thc::ser nodes that were once. at
the tunne) face also have similar ultimate radiéiz |
displacements, as do those which were cempleteiy within
undamaged rock while ahead of the face. The' max imum raéia1
displacemgnt in each of the patterns is always at those
positions (on the wall) which were once at the interface

between the damaged and undamaged ground. s\‘
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6.2.4 Variable Modulus in Damaged Zone, and Excavation in
Frozen Ground

The distribution of radial displacements for cases
where the modulus in the damageé zone is varied to simulate .
the effect of a variable confining pFE;SUFE on the modulus
is shown in Figure A5.13. The curves show similar results to
those frﬁm'the other cases with rock damage, and are
discussed further in Section 8.2.

The distribution of radial displacements for cases
where excavation was carried out within a ring of frozen
ground are shown in Figures A5.14 and A5.15 along with the
displacements which exist after the frozen ring has been
thawed. Again thsse show similar results to those gescribed
previously. The ﬁatterh of displacements after thaiiﬁg is
the same as the pattern Eeféﬁe. but in those areas where a
liner has not been placed (eg. near théhface tn Cage 2)
displacements are greater because of the lack of support.
Excavation in frozen ground %s discussed further in Chapter

B 8 :

6.2.5 Liner Stresses; Analyses with Mesh 2

Figures A5.16, A5.17 and A5.18 show the radial, ,
tangential and longitudinal liner stresses respectively for
those analyses carried out using Mesh 2. Only the liner
shown, except in one case where those at the end of the

sixth step of excavation are also shown (marked "face at
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the face can therefore be seen by comparing the liner
stressés from the sixth and seventh steps (éee Mesh 2.7
Figure 2;5); The effect of the mesh boundary is also
‘evident. and extends about 3R into the mesh, as shown by the
increase in radial and.tangential stresses and the decrease
in IcﬁgithinaI stress. | ‘

The liner stresses in these figures have been
calculated from analyses where the nodal excavation forces
are applied even to those nodes, which after the ground has
been excavated in that GQH%tFUEtiéﬁ step, aée only attached
to liner elements. Différent ways of applying the caicuiated'
nodal excavation forces have been discussed in_Séctieﬁ 2.7.2
and are also discussed further in Section 6.2.6 below with
reference to the figures in Appendix 5. In the method used
for fhe analyses presented in these three figures (method A,
Section 2.7.2) unrealistically large tensile longitudinail
liner stresseé can be developed, as shown in some of the
cases plotted in Figure A5.18, particularly Cases 1 and 4,

The analyses are discﬁssed in more detail in Section
8.3, where the results are also plotted on ground

convergence curves.

6.2.6 Application of Nodal Excavation Forces
The influence of different methods of applying nodal
excavation forces to the mesh has been discussed in Section

2.7.2, in particular with respect to the longitudinal
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displaceménts. In this section the effects of thg ﬂifférent
methods are diécussed with reference to Figures A5.19, A5.20
and A5.21 where data from analyses carried out using Meshes
2 and 6 are presented. Thesé figures are also discussed
further in the next section.

Figure A5.20 shows that there is only a small
difference between the tangential 1liner stresses calculated
ffom analyses using methods A and B (Section 2.7.2) to apply
the nodal excavation forces (Case 1). There is also not much
difference in the radial stress distribution (Figunre:AS5.19)
except in the part»cf each liner segment closest to the face
.Qhen it was installed, where the ultimate radial stresses
.differ by a factor of about Eg_This difference arises from:
the reduction in scﬁﬁreséive radial liner stress at its
leading edge caused by the application of nodal excavation
forces, to the inside leading edge of the liner, which will

generally be in the direction of tunnel advance. The liner

- becomes slightly thinner and so the pressure of the

surrounding ground on it becomes less. Without these forces
applied to the inside leading edge of the liner the radial

stress there is highly compressive, as would be expected

\

from the transfer of load from the rock core at the:face to

the liner.

. The biggest difference between the two methods of
applying nodal excavation forces is in the longitudinal )

i

liner stresses, as shown in Figure A5.21. When excavation

forces are only applied by method B the longitudinatl liner



stresses are greatly reduced, and even iﬁ;Casér1 (Mesh 6)
become slightly compressive at the trailing edge of each
liner segment. In Case 2, where the liner never comes into
contact with any ground which will later be excavated, the.
always compressive. The tEﬁsiie longitudinal stresses at the
leading edge of the liner in Case 1 will be caused by ground
‘movement towards the new face. Further away, the ground Qiii
be contracting around the liner and causing it to -try and

;‘stresses in the liner.

6.2.7 Comparison of Results from Analyses using Meshes 2 & 6
Figures as. % A5.20 and AS.21 compare liner radial,
analyses using Meshes 2 and 6. Because Mesh 6 has four
elements for each segment of liner (where a segment is 1R in
length) rather than just one as with Mesh 2, it allows the
+ variation of stresses along the liner to be studied. Asg
found for the radial displacement distribution, there is a
pattern of stresses whicé is repegted for every 1R segment.
The Figurgsgshaw that generally the radial, tangential
and longitudinal stresses are greatest at the leading edge
of the liner and reguce towards thé trailing edge of each
segment (tangential -and radial stresses being compressive
and longitudinal stresses being téﬁSiTE)f The radial stress

distribution however shows a "Kink" in its curve, whereas
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- using Meshes ? and 7.

It tan be seen from the figures that the stress infa

liner element in Mesh 2 is always greater than the average

stress in the four elements of a liner segment in Mesh 6.
(Greater iﬁ E@mﬁressive radial énd tangential stress and 7
greater in tensile longitudinal stress). The reason for this
is likely to be that with Mesh 2 the liner segments have
only one elgment, which is not capable of fully modelling

thé bending in the liner, and so does not give accurate

values of stress. -29%21

6.2.8 Comparison of Results from Analyses using Meshes % & 7
Figures A5.22 to A5.27 show Iiﬁér rddial, tangential
and longitudinal stresses from analyses of C3525!1 and 6
using Meshes 6 and 7. The results shown in Figures A5.25,
A5.26 and A5.27 are from analyses of Case 6, but as the
results are of a similar form to those _shown in the first
three figures, which show results from an analysis of Casé’ﬂz
and are discussed below, they are not considered further,
except té mention that the degree of rock damage (i.e. Size-
of the modulus reduction) is different Fcrfthe aﬁ31y§es |
The main difference bétween;the an§1yses using Meshes 6
and 7 is that Mesh 6, having four elements along the length
of a 1R long liner segment, gives the 1@ﬂgi%ﬂ§?;a} variation
of liner stresses down the centre of ;pigliner. whereas Mesh
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7, having four .elements placed with a common apex, gives an
indication of the variation of stresses radially across tﬁe
thickness (t) of the liner as well as longitudinally. In
general the three figures show that the stresses at the
centre of the liner (Mesﬁ 6) lie befween those at'points 1/4
t and 3/4 t from the outer edge (Mesh 7).

Figure A.5.22 shows that the radial stresses vary
across the thickness of the liner much more at the leading
edge of the liner than at the trailing edge. However Figure
A.5.23 shows that the tangential stresses do not vary much
acros:.!gé liner th1ckness, which is to be expected for a
very thick ltiner under no bending. There is only a small
change in the difference across the liner with distance .
]ongitudinally along it. The longitudinal stresses:/shown in .
ngp'e_A.'5.24, do though vary greatly longitudinally as well
as radiallx across the liner, with the radial variation
reducing by 2/3 over the middle half of the liner segment
length. Another point to note is that although at the
trailing edge of each liner segment the longitudinal stress
at the centre of the liner is almost zero, there is still a
variation radially, with the longitudinal stress at a point
1/4 t from the inside of the liner twice as compressive
(about 0.2 po) as the stress at a point 1/4 f from the outer
edge of the liner is tensile (about 0.1 po) .
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6.2.9 Effect of Rock Damage on Liner Strésses

Liner stresses from analyses of Cases 1,2,5,6 and 7
using Mesh 6 are presented in Figures A5.28, A5.29 and
A5.30, which show radial, tangential and longitudinal
- stresses respectively. .The open symbols show results from
analyses using method B (see Section 2.7.2) fér,the
application of nodal excavation forces, whereas the sclidi
symbols are for analyses using method A. fhé results show
the variations @F.iinér stresses to be of a similar form to
those describéd previously. Different extents of damage
ahead of the face (Cases 5,6, and 7) do not appear to have
much {ﬁfluEﬁce on the liner stresses, although all the
stresses are below the ones of the uﬁdamaged case (Case 1).
This would indicate that the difFEFEﬁée between the resu1ts‘
from Case 1 and from Cases 5, 6 and 7 is due to the damage |
around the tunnel and not from démade in front of it.

An interesting result appears in Figure A5.30 where the -
longitudinal stresses are plotted. Case 1, when using method
B for the aé@]i;atian of nédai forces, shows greatly reduced
tensile longitudinal stresses as previously described.
However there is not as much reduction in tensile stress
from that given with method A when method B is used for -
excavation Case 5. Indeed with method B the longitudinal
tensile stresses in the liner in Case 5 are greater than
those in Case 1 for nearly the whole of the liner segment.
This may be explained by the fact that there is a ring of

sof tened (damaged) material around the liner to which the
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excavation forces are applied, but as thé liner is so much
stiffer than the damagéd ground it "attracts" the
longitudinal stresses and builds up a large longitudinal
tensile stress within itself. Applying a nodal force to the
inside leading edge of the liner is therefore not too
significant in Case 5 in comparison to the react‘icﬁ to the
"correctly” applied nodal force at the outside Teadfngsgdge-
which is mostly given by the liner and not significantly
shared between the liner and surrounding ground. However in
Case 1 the reaction to the "correctly” appl{ed force is
shared and the incérﬁgct application of another force
becomes more significant. Figure A5.30 shows the
longitudinal tensile stress to be more uniformly éiétributed.
along the lengfh of each segment in Case 5 than in Case 1.
This is because of the rock damage at the face effectively
"delays"” the liner installation wh1ch produces a more
uniform' distribution as dicussed in Section 8.6, and becguse )
the soft damaged ground around the liner spreads the
Tongitudinal $tress applied to it along m@reraf'its 1EﬁgtH.
The stress distributigﬁé in a liner éiéced where there
is a ring of damaged rock with a varying m@duiﬁs are shown
in F1gﬁres A5.31, A5.32 and A5.33. The stress ﬂi§€§§§uti@ns
are very similar to those shown in the previous figures for

corresponding cases of liner placement and rock damage.
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's of liner radial, tangential and

longitudinal stresses are shown in Figures A5.34, A5.35 and
A5.36 respect1vely, and generally have 51m1lar forms to
those d1scussed previously, but some comments on the
‘d1fferences are made below. '

The most obvious point to notef is that thawing causes
all the stresses to bécome more compressive, but with véfyi
little change in the shape of the stress distributions
within the liner segmentsg Before thawing, in other words
for excavation within the stiff frozen ground, the stresses
are, not surpr1s1ng1y. less than for excavation in the

ofter materials (qcmpar1ﬁg excavat1cﬂ Case 1 in the
unfrozen and frozen ground)i The inner e]emEﬁt radial
stresses in the frozen ground are uniform along the ]engfh
of the liner, whereas in the unfrozen ground they are
greater at the leading edge of the liner. The longitudinal
liner stresses for excavation in Fraéeﬁ grauﬁé'are near ly
all compressive, whereas they are tensile for excavation in
unfrozen ground the d1ffer3ﬁ:e being that ‘the frozen. .ground
is stiffer and more able to restra1n the 1@ng1tud1ﬁal
movements towards the face during excavation, and thus less
stress is applied to. the liner. After thawing all the
stresses become more compressive bQi tHey do not vary'as
much along each segmegt as they do for excavation within .

unfrozen ground
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6.2.11 Ground Displacements Around the ngning
The first of the figures showing ground displacemeﬁts

is Figure A5.37 which presents the longitudinal
displacements. along the tunnel centreline. It shows that at
a point about ‘3 R ahead of the face the ground movement
tcﬁards the face is about 10% of its (final) value when the
~ face reaches the point. This final value is very F]QSEitG
the value (9.6 mm} of u1timafe radial wall cghvergence in an
unlined 'tunnel. The similarity of these two values is not
too SurbrisiﬁgAas it has already been shown that when the
liner is placed at 2R from the face there is only a slight
‘reduction in ultimate radial movements from those in an
unlined tunnel, aﬁdéaf the face we have é similar
unsupported distance across the opening diameter. |

. Figures A5.38 to A5.42 shéwi in cross section, veétérs
of ground mﬁveﬁents around the opening. In all cases, except
Case 2, the longitudinal movements are too great in the |
direction of the face advance because of the method (method

A) that was used in applying the nodal excavation forces

rock damage occurs ahead of the face (Figures A5.41 and
A5.42) the longitudinal movements are less affected.

The main points breught out by these figures are that
the liner tends to "freeze" the displacements after it has
been placed (as was observed by Ranken and Ghab@ussil 1975)
and that, as noted earlier in Section 6.2.3, displacements

at the contact between damaged and undamaged ground at the
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face tend to be in a more longitudinal direction than
displacements at points in the immediate vicinity?
6.2.12 Ground Stresses Around the Opening

Figure A5.43 shows the radial, tangential and
Tongitudinal ground stresses along a radius at 0.15 R in
. front of the face (calculated using prgéram CONSTEP, see .
Section 2.3). The stress i; the z, or longitudinal,
direction is close to zero near the centreline of the
tunnel, because of the proximity of the face and the fact
that the minor principal stress lies in a 1aﬁgitudiﬁal
direction near the tunnel centreline (see 1atergfigures)% It
rises quicki?‘hp to fhe initial insitu stress at a radius of
justAslightly greater than R. The stress in the x, or
‘tangential, direction remains close to, but above, the
initial insitu étresé over the whole iengfh of the radius in
fraﬁE of the face. The stress in the y, or radiai direction,
varies the é@st rapidly starting élcse to the initial insitu
stress, but risiﬁg to about 1.5 times po at a radial |
distancé of R, and thergafter falling sharply to a value
- just below po. .
The next three figures; A5.44, A5.45 and A5.46, show

imilar ground stress variations, but within planes

perpendicular to the tunnel axis at a range of ‘distances
ahead of and behind the face. Program CONSTEP2 was used for
these analyses and so the stresses cdlculated will be more

accurate than those in Figure A5.43. One difference is that
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the tangential, or ;q;irectigﬁ stress, reaches a greater
value just in front of the face than shown in the-previaus
figure.

The variation of ground stresses around an unlined
tunnel is shaw; ﬁn.FiQUFa AS_QA. The radial stress
d}stributian has essentially reached its ultimate form in a
plane at 0.75 R behind the Faée, whereas it is ﬁat until
1.75 R-that the-tangential stresses are essentially at their
ultimate values. This important fact will be more fully

sdis:ussed in Section 8.7. _

A similar effect can be observed in Figure A5.45 for a
lined tunnel with no rock damage. The radial st}esses still
réach their minimum values in a plane at 0.75 R from the

face, but thereafter they rise again as the liner begins to

- provide support, and are at their final values at 1.75 R

behind the face. The tangential stresses r{se steadily up to
their ultimate. values, reached when the plane they are in is
at a distance of 1.75 R from the face.

The stresses in Case 6, lined with rock damage, are
shawg in Figure A5.46. The variations of stresses are
similar to the previous figures, except that in the daméged
zone the stresses, particularly the tangential stresses, are
lcwer; In the undamaged zone the radial stresses are lower,
‘and the tangential stresses higher, than for the equivalent
lined but undamaged case, showing that some stress has been

transferred from the damaged to the.undamaged zone.
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Figures A5.47 to A5.50 show the'priﬁéipal stressés in a
plane thrdbgh the tunnel axis.for various cases. Except for
Case 2, the liner stresses are more tensile in a
langituﬁiﬁai direction than they should be, on account of
the method (method A) of applying nodal excavation forces as
explained in Section 2.7.2. This has the eFfect of slwghtly
reduciﬁg the longitudinal cam&ress1ve stresses in the ground
behind the face, but because DF the lower relative stiffness
of the ground it is not affected as much as the liner. The
figﬁrés shbw that large compressive principal stresses are
buiit‘uﬁ across the corner at the face of the tunnel, with a
smai]ef principal stress in the*peépendiéﬁlaf direction,

- giving a large shear stress. Within the damaged ground
: ure A5.50. A

stresses are greatly reduced, as shown in F
similar reduction of stresses in the damaged“zone was
obtained in the analyses by Gouch and Conway (1976), and is
shown in Figure 7.6. However in their analyses the ground
strength rather than the modulus was reduced. This leadé to
the possibility that as the effects of weakening and
softening may produce similar ground behaviour, they may
often be confused when interpreting data from a programme of
monitoring. The figures also show that the ground outside
the tunnel experiences a rotation of principal stresses as
the tunnel passes. A more detailed analysis of this last /
point 1s beyond the scope of this study, but obviously
merits further investigation.

{
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Figures A5.51 to A5.54 present results similar to the

preceding figures, but the stresses shown are the cﬁangas of

principal stresses from the initial insitu stresses.

shaft Analvses J

[ ]

6.3.1 Radial wall Disp’lacamsnts Sha’l‘lcu Shafts

Figures A6.1 to A6.10 show the radial wall

displacements for shallow shafts, mined up to 7R from ground
level, and deep shafts, both lined and unlined, for various
values of Ko. Figu;s A6.1 presents a summary of the results
‘for the shallow shafts and shows that the radial A
cases and i§ greater for larger values of Ko.

Table 6.1 is a sunnéry of the ultimate radial wall
displacements uo, (at a depth of 4 R for the shallow shafts)
and the radial wall ﬂispigceniantsat the shaft bottogw uf,
for both shallow and deep shéfts; Numbers in brackets along
the rows show the factors between adjacent values. It should
be remembered when considering the table that the analyses
are not accurate because of the coarseness of the mesh and
the other factors described in previous sections. However it
is possible to compare results in the table, and the
following: observations have been made. |

As Ko is increased by a factor of two the values of uf

and uo for any particular excavation case increase by a



Table 6.1
Radial Wall Displacements in Shafts

Shallow Shafts.

ue (am) (face at

7R depth)

Case | K,

05

1.0

2.0

Unlined | 0,125
2 0.125

0,105

-1

(x2.48=)

(#E;éag)
(x2.2 =)

0205
0,280

Ce 200

(x2.002)

(x2415=)

0.570
0.565
0.5560

u, (mi) (at 4R deptn) A

Jdnlinea

6.195
1 0.145

{x2.05 =)

(x2,05=)

(x2, "=)

- 04315

" 0.14,00

0.375

(x2.04=)

(x2.08=) | ¢

(x2,022)"

Deep shafts,

e (mm)

Case |Ko,| 0.5

1.0

2.0

2| L6 [x2135)| 3 | (xea000) | 7.0

1 1.2 |(x2.53%) 3,0% | (xz.16w) | €.
U, (in)

2 3.8 [x2.16 1) 31 [(x1.93%) | 15.6

1 3.0 (xsi172) éig (xg_gafj 1310-
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factor of between 1.33 and 2.58. The factors aée generally
at the larger end of this range for an increase in Ko %rcm
0.5 to 1.0. For the same increase in Ko (i.e. from 0.5 to
1.0 or from 0.5 to 2.0) the factors between values of uf are
the same in Case 2 as they are in the dnlined case (for
shallow shafts): similarly for the factors between values of
uo. The factors between Case 1, Ko = 0.5, and Case 1,

Ko = 1.0 generally give the highest values by far within any
parﬁicQIar box of results shown in the table.

A factor of greater than 2.0 in the table indicates
that in a two dimensional plane strain analysis the inwafgd
fraﬁiai djsp]acement with.the 1Gwerxva1ue of Ko is reiatijzx;
}esé than chld be expected in comparison to that calculated
with a higher Ko. If it is assumed that.uith an accurate
aﬁa]ysis'the Faéisrs would be 2.00 in the unlined case (and
for. deep shafts assume ;ase 2 is simjlar enough to the
unlined case to be considered as such) ihe values of these
factors could be corrected, in a consistent manner .
throughout each box, such that the factors in the unlined
case are 2.00. If this is done it is found that the only
cases which give factors significantly different from (and
in fact greater than) 2.00 are Case 1! for Ko = 0.5 to Ko =
1.0 for both shallow and deep shafts and for uf and uo. This
appears to show that when the liner is placed close to the
shaft bottom before Zxcavatiﬂg the next round the radial
wall displacements are dependent on Ko. If Ko is less than

1.0 then, because .the factors are greater than 2.0, the
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radial displacements are relatively more restricted than if
Ko is greater than 1.0. In other words with a lower value of
Ko the ground behaves as if the liner were placed closer to
the bottom of the;shaft.

A1l the analyses were carried out using 371iner with a
weight density of 25 KN/m3, except one which was assumed to
be weightless and is shown in Figure AB.3. It can be seen
that at a depth greater’ than 1R there is very little
difference between the cases where the liner had weight and'
where it was weightless, and so this was not considered
further as iE was unlikely that Mesh 2 was suffiéientiy fine
enough to study this factor érgpetlyi - A

Figures AB.11 to AB.14 show the radfal, tangential and

longitudinal liner stresses for shallow shafts and radial

liner stresses for deep shafts, respectively. The results
have been summarised on Table 6.2, the values for the |
shallow shafts béing at a distance of 3.5 R from the shaft
base. The ﬁu,r*rbers‘ in brackets along each row are the factors
between adjacent values.

The values of the factors for the radial stresses
(shallow and deep shafts) and the tangential slresses are

not too dissimilar from those already discussed for the

results. The factor for Case 1, between Ko = 0.5 and Ko

1.0, being the largest in each box. This is consistent with
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‘the discussion in the previous section, because if the )
inward radial displacements are relatively Jless one would B
expect the radial and tangential stress also to be ’
Fé!atiVEIx less. ‘

The iangitudiﬁal liner stresses do not fallow the same
pattern as the radial and taﬁgentiailstfgssesi Instead of
the stresses becoming more. compressive with increasing'Ka
" and reducing distance of liner p?acement!frcm’the face, they
become more tensile with increasing Ko and increasing !
distance from fhe face. (Although the vai&es>§f_leﬁgitudikal
tensile stré;s in Case 1 are overestimated because of the
method used in applying nodal excavatigh forces as described
in previous sectiﬁns?ﬁ The factors show hat with Case 1 the
lower the value of Ko, the lower is the relative value of
tensile longitudinal streési however the stresses do not
appear to have reached their ultimate values (Figura AS,13)
and so the shaft would have to be excavated deeper for the
resu!ts to be meaningfully analysed.

2
6.3.3 Drilled (Water Supported) Shaft Case

Figure A6.15 presents the radial disp]aeemEﬁts for a
drilled shaft, and Figures A6.16 to A6.18 present the 1iner
radial, tangential and longitudinal stresses respectively,

The results in Figure A6.15 are compared to the
theoretical unlined case, the theoretical 1ined two
dimensional case using the relative stiffness solution, see
Section 7.2, and the results from an analysis of Case 1

)



using Mesh 2, corrected by using the method described in
Appendix 3. It can be seen that the radial displacements
with excavation undér fluid support are very close to the
relative stiffness solution before the liner is inserted and
the water removed, but are a lot less than if it were
excavated without fluid support. The final displacements are
less than with Case 1 which has the same liner but placed in
stages during the excavation (and hasiﬁa fluid support).

are not shown in Figures A6.16 to A6.18 because of an error
in the final step of the construction praéeﬂure, However the
following comments can still be made.

The radial stresses with Case 1. are between the
stresses of the inner and outer elements of liner in the
drilled shaft case: If excavation were carried out deeper
then the radial stress distribution for Case | would not
increase as rapidly with depth as with the drilled shaft
case because the liner in Case 1| applies less supﬁart |
pressure to the su?rauﬁding ground. This is more obvious in
Figure A6.17 which compares fhe tangential stresses. The
longit;dinal stfesses. shown in Figure A6.18, are édnpleteiy
°dlfferent as they are compressive in the drilled shaft case,
but at the centre of the 11ner segment are tensile in
Case 1. The longitud1nal stresses do not vary across the *
thickness of the 1iﬁgr in the drilled shaft case as they do
with the other excavation cases studied. Another point i;

that all the stresses and dispYaéemEﬁts in the drilled shaft
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case vary uniformly rather than periodically, as with Case

many steps, during the excavation.



7.1 Introguction
Pubtished results from other numerical analyses and
case histories have been compared with the results from the
“numer ical mode! developéd for this thesis. The numerical
analyses by. Hanafy and Emery (1980), REﬁHE; and Ghaboussi
(1975) and Einstein and Schwartz (1980) simulated the tunfed.
excavation seguence using ax;synﬂitric fiﬁité element models
and could therefore be directly compared to some gféthe ;
results presented here. Other finite element analyses did
not model the same situation, but the results, or the
methods that were used, have a bearing on this study. Such
analyses were carried aut!by Gouch and Conway (1976) and
Sharp et al. (1977). Three case histories were compared to
the results from this study, and these are‘the Kielder
Experimental*TQngei. the Garrison Dam Tuﬁﬁels,.and the
Lethbridge Shaft. The details of these numericai analyses
and case histories are presented in the seatiéns below.
To assess the s%miiarity between this study and the

other numerical analyses and case histories the vtzues

the compressibility ratio, C, were calculated and ctompared,
C is a dimensiénless number which depends on the relative
stiffness between the ground and the support, and is defined

in the next section.
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The original aﬁ31§5i5 of the deformation and thrust in

a tunnel ner wag pPESEﬁted by Burns and Richard (1964) for
buried culverts subjected to one dimensional overloads. Peck
et al. (19721 have presented another analysis in uhiéh they
considered a plane strain situation with the tunnel and
liner inserted into the ground before the initial insitu
stresses were applied to the boundary of the ground
considered. Two dimensionless ratios were defined which are
measures of the relative stiffness of the ground and the
liner under diffetent loading conditions. The
compressibility ratio is obtained by a comparing the:
extensional sFiFFﬁesseefQF thé liner and the ground uﬁder a
uﬁiform compréssign and the fiex1b111ty ratio, F, is |
obtained from a comparison of the f]exural stlffnesses under

- a pure shear loading. The extensional and flexural
stiffnesses of the ground are calculated for it%
unper forated (unexcavated) state. .

_ Einstein and Schwartz (1979) and (1980) presént another
method of calculating the compressibility and flex%biiity
ratios. They assumed the ground to be in plane stra%ﬁ and
applied the field stresses to the outside of the ground
considered before the tunnel is constructed. The stiffnesges
of the liner and the ground in its perforated state are then
compared and the cﬁaﬁges in displacements and stresses from

those existing before tunnel excavation are ‘calculated.
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The two methods give different definitions Q% the
compressibility ratio, the difference being a factor which
is a function of the Poisson’s ratio of the ground. For the
case considered in this study where there is no slip between
the liner and the ground, Ko = 1.0, and the liner is |
relatively inflexible the two methods also give éifferént
~values for the liner thrusts and dSSplacngﬁts which aE;
diffefent by a factor which is a function of the Poisson’s
ratio of the ground. In this report the definitions of
compressibility ratio and flexibility ratio given by 7
Einstein and Sehwartz (1980) have been used and are
presented in Fjgurg 7.1. The equations they have developed
for liner thrusts, moments and displacemEﬁis are given in
Figure 7.2. The greater the value of C the softer the liner
is with respect to the ground, and'it.will generally be
above 1.0 for supports in rock and less than 1.0 in saf%. A
larger F implies that the liner is more flexible Felative to -
the ground. It is a difficult parameter to determine
accurately as it depends heavily on.cbnstFuGtiDﬂ details,
such as the tiéhtness of the bolts joining segments &f a
precast concrete liner. . _

The values of the compressibility and_f+exibi 11ty
ratios have bee calculatea for t /ESF;Zimpgrtant of the
numerical analyses\Eﬁa’EEEELFTEfnges'pfésented. and are
given below in the relevant sections. The cgmgressibiiify
ratio calculated.for the situation studied here is 1.389 and

the flexibitity ratio is 1157.4,
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ﬁﬁﬂﬂﬂiJﬂELEﬂng (1980);

In their study they considered unlined and lined

tunnels in ground having elastic and elastic-plastic-creep
properties by using axisymmetric finite element analyses.
Only the unlined and lined linear elastic analyses were used
for comparison: The ground properties and the tunnel
geometry used in this study are geﬁera1iy the same as those
in Hanafy and Emery’s work. Their analyses used Meéh 1,
shown in Figure 2.4, with nodes at each element apex,
Boundary Condition 1 shown in Figure 2.13, and the
parameters listed below:
Tunnel radius, R m
Liner thickness, t 600 mm
Ground modulus, Eu 5 GPa
Ground Poisson’'s ratio, g = 0.2
Liner modulus, E1 ¢ 30 GPa
0.2

Liner Poisson’'s ratio, M :
Compressibility ratio, C 1.389
.4
8 M

L1}
Lo I |

Flexibility ratio, F =

" InTtial insitu stress, p@
Mesh length, 13 R ? -
Mesh width, 6.8 R ’
Length cf'excavat;iz round, -1 R

U"l‘ ]
[1] "J‘

Distance of edge of /1iner from face before next

excavation, . 1 R. \\ | , e

-

The- tunnel excavation and liner insta11§;iaﬁ sequence
consisted of "deactivating” the elements of éFQUﬁé being
excavated by reddéing the modulus to Eu x 10-¢ and applying
equiva]ent nodal forces in the same manner as in this studyT
Liper piacement involved react1vat1¢n of the cerrespGﬁd1ng

glements and reducing the stresses and strains within these
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elements, and the nodal displacements, to zero. The liner
placement cases studied were the same as Cases 0, 1 an(
studied herer(see Chapter 4). |

The results of the analyses, in terms of radial.

displacement plots, have already been shown, e.g. Figur
2.19. The tengential l+ner stresses are also shown in Hanafy
"and Emery’s paper, but appear to be 100 times too large- © e
because a linear elastic two dimensional closed form o
analysis gave the tangential»stressiat the 1iner centre as’
about 37 MPe, whereas Hanafy and Emery had a value of about
3800 MPa. However 1t is possible to ctﬂﬁareipeﬁcentaqés of !
‘the tangentlal stresses obta1ﬁe§ qugiases 1 and 2. They
report the max1mumu%1ner stress as 46% and 18% cf the two EZ;'
dimensional case whereas this study gives 24% and 7% .
respectively for the stress at the EEntre of the liner. The
d1fference in the results is prcbably due to their reporting
the ult\mate stress in the tr1aﬁgular elemeﬁt ;1asest to the
keading edge of a liner segment , where the stresses will be

. greater  than the ultwmate stress at the centre of the liner

. segment, but this could nctlbe canf1rmed

Ranken and Ghaboussi studied lined and uﬁlined*tunneis,:
in linear elast1c and elastic-perfectly plastic grcunﬁ They ,
used the finite element program GEQSYS, which i1s a m@d1fﬁed
-

form of a program written for the U.S. Bureau of M1nes by



-
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Agbabian Associates. Only the linear elastic analyses have
been used for comparison with the present work, and it
should be noted that the material properties listed below
are more representative of soft qround tunnelling conditions
than of rock tunnelling coﬁditionsl | i

The finite element mesh that was used is shown in

" Figure 7.3 , with nodes at the corners of the quadrilateral

elements. Boundary Condition 2 (Figure 2.13) was used

:inifially when boundary stresses were applied fo achieve a

uniform hydrostatic stress state throughout the mesh, before
the start of construction. Thereafter Boundary Cendition 3 .

was used during tunnel excavation. The mesh consisted of
v .

/ quadrilateral. isoparametric, axisymmetric finite elements.

. "The maip parameters used in their analyses are listed below:

-~.. Tunnel radius, R = 3.05 m
- ‘Liner thickness, t = 305 mm
Ground modulus, Eu = 34.5 MPa . -
Ground Poisson’s Ratio, g = 0.4 .
. Liner modulus, E1 = 13.8 GPa
' Limer Poisson’s Ratiq, »1 = 0.15
Compressibility ratio, € = 0.0291
Flexibility ratjo, F = 349.2

Initial insitu stress, po = 0.575 MPa
Mesh length, .14 R- )
Mesh width, 6 R ’
- Length of" excavation round, R/2, R/4 : '
Distance 'of edge of liner from face before next -
. ~ ~  excavation, 0 R, R.~

-

) The tunnel excavation and liner installation squenée

consisted of a series of analyses in which the elements

within the mesh were activated or deactivated according to
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:whgther-they were beiné excavated or a liner was beiﬁg
insfalled. When elements were deactivated they did not
contribute to the global stiffness of the finite element
system.

There were two lined cases studied, one with the liner
placed right up to the face thrcughgut:the excavation, and
‘one where the liner was always one R behind the face.,
However orfly the unlined case has been presented (see Figure
2.20) as comparisons.betuEEﬁ the lined cases and the present .-.
s tudy are~difficult betause of the great difference in
coMpressibiii#y ratios. It is interesting to note though
that Ranken and Ghaboussi mention that "minordistortions of
the data due to boqndary and other procedural eFFgcts have
been removed in order to isolate and clarify the. information
related solely to the behav1aur of an advanciqp tunnel™. It
is unfortunate that these dlstartians and how they arose,
were not discussed as a comparison with the 1naccura:1es in.

_th1s study woelid have been of interest.

Einstein and Schwartz studied lined tunnels in linear
elastic and elastic plast1c ground by using an incremental
_axgynmetrlc ¥inite elemer’it analysis. They used a gener-a]
‘purpose finite element program called ADINA which was
developed -at MIT as a further deva]apment of the SAP4 and

NONSAP programs.
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The finite element mesh used by Einstein and Schwar tz
is shown in Figure 7.4 which, in the area of interest, has
" nodes at the midpoints of the sides of the quaﬂriiateéa1
elemgnts as well as at the corners. The BcundaryVCDnditian
used is type 2, F1gure 2.13, with the isotropic 1n51tu
ground stresses applied as n@dal loads at the=bQUﬁdnries of
the mesh before any excavatiaﬂ took place. The aﬁEIysvs
- which had parameters similar ta those of the present study

was chosen for the comparison, and they are listed below:

"f«

Tunnel radius, R = 3.05 m
Liner thickness, t = 175;ﬁn*
Ground modulus, Eu = 1.03 GPa

L=
—t
wn

Ground Poisson’s ratio, 79 z

Liner modulus, E1 £ 20.7 GPa -

Liner Poisson’'s rdtio, ?1 = 0.15

Compressibility ratio, C = 1.0 -

Flexibility ratio, F = 4800

Initial insitu stress, po (not given) . P

Mesh length, 10 R : et

Mesh width, 6 R '

Length of excavation round, R/2

Distance of edge of liner from face before next C;
excavation, 0 R,.R/2, R. (see comments below)"

The sequentia; excavation of ground elements and
installation of support elements was simulated by using the
"birth/death” option in ADINA. Einstein and- Schwartz
compared the actual and simulated tunnelling sequences in a
diagram reproduced here as Figure 7.5. In the diagram it can
be seen that one round of actual tunnel construction
consists of a stage of excavation followed by a stage of

support installation. Their diagram shows that in a finite
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element analysis excavation and support occur at one
calculation step, equivalent to one round of tunnel
construction. However they do not point out that the
computer program does not necessarily carry out the two !
operations simultaneously. For inﬁtaﬁce with program
CONSTEP2 the ground may be excavated and the liner installed
at the same stepi but the nodal excavation forces do not
have an éffect on the system until program SAP4 is used,
i!é! until after the material property numbers have been
changed, and thus after the liner has been installed. The
liner segment is therefcée installed before excavation in
the samé construction step occurs. | ’

; Einstein and Schwartzigg on to say that theiﬁaiue of
Ld", shown Figure 7.5, Fa}:actual tunnelling sequences is
the parameter which corresponds to the value of Ld in the
 finite element sequence. This is true if in the. finite
element sequence the liner is installed before EXQ?VStiGﬁi
because then Ld is equal to the distance from the new face
after excavation to the centre of the closest liner segmeﬂt;
which is the same as the definition of Ld" shown in the
figure. If the results of this study are campared to

Einstein and Schwartz’'s results on the basis GF the IEngth

. =

Ld" they do not agree The differenceq is discussed in
Section 8.2 where it will be shown that there is better
agreement between the results if they are compared on the
basis of Ld'", the distance from the old face before

excavation to the centre of the closest liner segment.



Gouch and Conway undertook a series of elast1c-plast1c

two dimensional finite element analyses of the Lucky Friday

M{ne in the Coeur d’'Alene m1ﬁ1ng district of northern Idaho.
Thé actual s{tuation studied is not the same as the present i
case, but several points aré notewor thy and are discussed
he Tow. |

Excavation was simulated by app*??ng the insitu
stresses in ten 1ncrem3ﬁt5 to the ncdes along two
perpendicular, free, mesh b@uﬁdaries. Both the stiffness éﬁd
the strength of the ground were varied, and in particular
the inner two feet of F@CR around the opening was considered
to be a weaker material with no tEﬁSiIE:StFEHch!ET%iS was
done to model the zones of fractured rock observed in
similar situations and in the same rock stéatumi Rock bolts
were simulated by uSiﬁg three model bolts with adjusted
properies to represenf a larger ﬁuﬁber of bolts.

_Figure 7.6 pre;ents the distribution of principal
stresses qrbund the opening after excavation, showing the
stresses-in the assumed zore of fractured weaKer rock té'be
significantly lower than in the surrounding stronger rock.
This is compared in Section 8.3 to the results from the

present study.
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Sharp et al. compare the results from a monitoring
programme in a tria! excavation for the Drakensberg Pumped
%;Drage45cheme with elastic, presumably two dimensional
finite elemeﬁt; analyses. Data from the monitoring indicated
that the near surface zone of the rock, a sedimentary
sequence of sandstones and siltstones, was considerably
loosened. Figure 7.7 shows the different stages .of the trial
éxsavatigﬁ mcdelledi and in particular the three assumed
effective load bearihg.pr@files that were analysed (number
one being the actual excavation profile). The rock be tween
the wall of the opening and the load bearing profile was
;sgum;EaGG ¢afry no load and the resuiis from these analyses
compared {o those from the field measurements. In this way

 they were able to simulate the elastic response of the

. competent rock and to ideqtify the extent of the lg@seﬁed
rock at any stage. They did not discuss whether the
reduction in the load bearing capacity of the rock they were
!mﬁdel]iﬁg was a result of ‘softening or weék&ﬁing.!thaugh
they did show that relating Fieid measurements to even a
simple numerical model can improve fhe predictions of the

performance of the final excavated opening.
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7.8 Kielder Experimental Tunnel; Case History

This 3. 3 m diameter experimental tunne) was constructed

as part of the Northumbrian Water Author1ty s Kie]der Water
Scheme in Northern England. Several tunnels were actually
constructed in different strata, although it is the main -
investigation, in the Four Fathom Mudstone, which is
considered here. The objective was to measuré and compare
the performance of different support systems and excavation
" methods. Details of the project have been presented in
numerous papers, but thé information presented here and used
in this study has been taken from Ward et al. (1976) énd
ward (1978). The first 50 m of the tunnel in the relatively
soft and weak mudstone were excavated by drilling and
blasting, and four d{fferent types of support were installed
in this section. These were rockbolts with sprayed concrete,
sprayed concrete arch, rockbolts only and blocked steel
ribs. The rest of the tunnel was then excavated by a Dosco
roadheader down to about 1 m above the invert and by hand to
the final level. The %our types of support used in this
section were a steel liner, rockbolts and sprayed concrete,
sprayed concrete ring, and no support.

The following information on the machine excavated
portion with a steel liner for support is presented for

comparison with the finite element andlyses.

Tunnel radius, R = 1.65 m -
Liner thickness, t = 12.7\mm

Ground modulus, Eu = 5 GP

Ground Poisson’'s ratio, Yg = 0.25
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Liner modulus, E1 = 207 GPa

Liner Poisson’'s ratio, 71 0.3
Compressibility ratio, C = 0.3046
Flexibility ratio, F = 0.62 x 10*¢

Initial insitu stress, po = 2.56 MPa | ,
Length of excavation round, 2.1 m (1.273 R) if\ﬁs£;r>

Distance of edge of liner from face before next ~
excavation, 0.3 m, 1.0 m, 1.7 m,

The sequence of excavation and liner p]aceﬁEﬁtbiS shown
in Figure 7.8 and the thrusts after ten days in each of the
three liner segments were 1050 kKN, 550 KN and 400 kN, the
highest value was for the segment closest to the face, and
the lowest value for the segment Furthést from the face.

Kaiser (1981) has reanalysed the data presented by Ward
et al.(1976), and plotted it on a convergence-confinement ‘

diagram. The same data is presented in figure 7.8 but with a

Eight outlet tunnels for the Garrison Dam in North

.Dakota were constructed in the heavily overconsolidated Fcrf
Union Clay Shale Formation. Séveéaj of the tunnels were |
instrumented, and the information from one section (4A) of
tunnel 4 is presented here. The information has been taken
from Einstein and Schwartz (1950) who have summarised the
relevant data published by various authors. Section 4A was

chosen because it has a compressibility ratio similar to
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% that of the analyses in this study. The various important

parameters are listed below:

Tunnel radius, R , S
Liner thickness, | mm (calculated equivalent,
19801 Y S

4

z
Ground modulus, Eu = 192 M
Ground Poisson’s ‘ratip, Vg
Liner modulus, E1 = 200 GP
‘Liner Poisson’'s ratio, 71
Compressibility ratio, C = 1.69 . .
Flexibility ratio, F = 549 . .,
Initial tnsitu stress, po = 7.24 KPa .
length of excavation round, 1.82 m (0.331 R)
Distance of edge of support from-face before

'next excavation, 4.55 m (0.827 R). ;

-

%
&

The. sequence of excavation and support’ is shown in
Figure 7.8. The d;ili and blast method of excavation was
used, with a temporary support of ﬁiac&gg’steei éé;s agd

1gg§ing. followed much later by a cast in place concrete

liner. The measured value of T/po.R for section 4A was

0.132, with a value of T/po.R.= 0.410 given by the two

dimensional relative stiffpess solution presented in Sectian

7.2. This thrust is compared with’ the thﬁpstS'caicqlateﬂ by

numerical aﬁaigses in Section 8.2 and 8.8.

=

shaft with a finished diameter of

-

) A 238 m deep circular
4.3 m was excavated at Kipp, near Lethbridge, Alberta. A
monitoring programme was carried out by the University of

Alberta, and the results have been presented by MacKay
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The f1nd1ngs from the prc:gran'me were summarised by
Kaiser et al. (1982), from which the information beélow has
been taken.

The shaft was sunk through sediments of Upper
CretaséausiAggg At the levels inm the shaft where-the
instruments were installed the rock consisted of alternating ..
beds of sandg and shaiiy qustaﬁés of the BearpaﬂEFgrmatiéﬁi’

Only limited initia) jnsitu stress measurements were

a*

possible, but in :cnjunct1an with‘a review of the 11terature
tbey determined that the vertwcal stress HESnC]GSE to the i
DVerburdéﬁ.presere aﬁeut 4.2 MPa at the' 1BD m depth. The..
vaiue Gf Kc was :oﬁs1dered to be between 0.8, and 1,3 and ‘the
ngu]t1ng hcr1zgn(a] stress rat1é N to be greater than or

equal ta 0. 62 The ma x i mum princlpal stresseuas considere

.

 to be in the NE-SW direction. e
Instrqments were 1ﬁstalled at 111.m; 152 m and 180 m &

LA

depths The results considered later in Chapter 8 are from

- the meahan1:a1 mult1pe1nt extensameters at 180. m ~and the
'}tangent1al aﬁdﬁra§1a1 vibrat\ﬁg w1re bcrehelg stress change

gauges at 152 m. The layout Qf Ihese 1nsfailat19ns are shown

in‘Figure 7.10.
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- This section discusses the main E}Fects*gf construction
prcéedures. i]lgstratgd by the present study on the
 behaviour of tunnels and shafts. It is shown how these
factors affect the analysis of results from a monitoring
progranme of the behaviour during construction and the
compar ison of theléesults with ather numerical analyses. The
implications for the design of excavation and support |

" The main topics cansidéred are: 1) the effect of

delaying the installation of support on the ultimate radial

the effect of Ppﬁkédamage gauséd by the construction prdcess
(i.e. by drill and blast excavatton, simulated by ground

L scfténiﬁg rather than by weékéhiﬁg) on ‘wall convergence,
support stresees and oh the stress distributfon in the
ground surﬁéunding the opening; 3)the effects of

4) the variation of the radial wall convergence at the face;

5) the variation of radial and tangential stresses within

the ground as the tunnel pisses; 6) the variation of

and liner placement; and 7) how the tangential thrusts

190
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within a liner might be evaluated for various delays in
liner placement and for various extents and degrees of rock
damage around the excévatioﬁ. .
Shallow and deep shafts were studied and the “influence
of Ko considered. A shaff~constructed by drilling under |
fluid support, with the liner installed after excavation but .
before removal of the fluid, was analysed by a simple
method. The effects on the liner with this method of
construction were compared to the effect{s with the common

method of shaft construction, by drill and blast excavation.

Figure 2.22 presents some of the effects of varying the
length of the delay in placing the liner behind the face.
(The maximum 6pen ground is the greatest distance between
the face and the leading edge of the liner during a round of
excavation.) The figure shows the wall convergence and liner
thrust forces in a tunnel constructéd without any
surrounding ground damage, and shows that thgre:is little
increase in the ultimate radial displacemeﬁfs at the tunnel
wall, and liner thrusts become very smafi. if the open
ground exceeds two radii (Figures 2.22a and 2.22b). Even if
it were possible to install this particular liner before
excavation, the‘figures show that about 50% of the
convergence in the unlined case would still occur, and the

liner thrusts would not be greater ‘than about 50% of the
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original field stress.
The results from these analyses and from those by
. Einstein and Schwartz (1980) are compared in Figure 8.1- for
different definitions of Ld, the liner support delay
(Section 7.5). In the figure Einstein and Schwartz’'s results
(solid'and open circles) are from analyses of the cases
shownlin Tablé 8.1. The points in the diagram are
non-dimensional liner thrusté (T/po.R}, normalised by the
value of non-dimensional thrust given by the relative
,siiffness solution, plotted ég;insg difFEFEﬁtrdefiﬁitiQﬁs of.
support delay. The solid circles sérresp@nd t; the delay
defined as'LdQ, the distance from the newlface after
excavafion to the éeﬁtre of the c]@seét ]%ﬁEF segment, and
the open circles correspond to the delay defiﬁeé as Ld’', the
distance from the old face before excavation to ‘the centre
"of the closest liner segment (see Figure 7.5). It has been
assumed that within the same construction sieé!iﬁ Eingtein
and Schwartz's (1980) finite element analyses the 1iﬁér is
gliced before excavatigﬁ.
The results from the aﬁalyses,iﬁ this study, and from
/two case hjstoriés, are also p]éttgd on Figure 8.1. Again
the open symbols are for a suppa;t delay deFiﬁed as Ld’ ang
the solid symbols for Ld". It can be seen, apart from |
Case 2, that all the results agree very well if they are
plotted.against 1d’' . Case 2 would not be expected to follow
tﬂe linear relafionship shown by the other results because

in an elastic ana!ysis some thrust would be obtained even at
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large values of support delay, and the relationship beccmgs'
asymptotic to the Xd = 0 axis. This indicates that Ld’' is a
better parameter- than Ld" for describing the support delay,
and the equation of the best fit line through the points is
shown on the figure. This line is not applicable for values
of Ld' greater than about DiS.ELd“<has been used in Section
8.8 where a nontlinear relationship for Ad. valid over a
larger range of values of Ld’ than shown in Figure 8.1, is
discussed. It can be appreciated %hat whichever parameter is
taken to m;asure the support delay, it is an important |
factor which dominates support thrusts (and ground Vo
movements ). The complete‘ggéﬁetry~cf the seqqencé of
- excavation, and the exact locations of, the instruments
relative to the face are seldom adequate?y considered in the
’anaiysis of field measuremEﬂ}s.’aﬁd are often not reported
in the published literature, even where a comprehensive
monitoring programme has been carried out (e.g. kaiser et
al. 1982): Sections 8.6 and 8.8 discuss how the stresses
‘vary within a liner and the importance of knowing the
location of the instruments, both within the 1iner and
relative, to the face.
'

8.3 Effect of Rock Damage

‘ Several observations of practical significanoe can be
‘made from Figure 8:2 where the ultimate stresses in the

ground around a tunnel.can be seen. The four cases shown
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o ¢ t=—t——Tunnel wall ,

Y Mesh 7 .

P f—t——Damaged zone For lining place-
' E./Eq ment cases see
Figure 41

M
[N

TANGENTIAL STRESS
Unlined with no rock damage’

ol

.Unlined with no rock damage
Case- 1
Case 6

Case 6V o
RADIAL STRESS

-

"Distance from ——
tunnel centreline

L l L

OR 1R

\Tunhel centreline

Figure 8.2 Variation of Ultimate Ground
Stresses with- Dis’tcznca from Centreline
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are: Unlined, Case 1 - lined, Case 6 - lined with rock
damage, and Case 6V - lined with the daﬁéged rack having a
variable modulus.

A comparison between Cases 1 and 6 shows that the. o
tangential stressés in the ring of damaged ground are lower
than the stresses in the equivalent ring of undisturbed
ground. The princibal stress difference inVCase 1 is
greatest at the tunnel wall, whereas in Case 6 the maximum
occurs at the interface between the damaged aﬁé undamaged
zones (where higher confining stresses exist) and is lower
than in Case 1. The sfress distribution beyond the radius of
damage, B, is almost identical to the distribution beyond a
radius of B in an unlined tunnel with no rock damage. A zone
of sightly‘softeped rock, i.e. with a modulus reduced by a
factor of 0.5 (as in the case shown), may cause significant ‘
stresi redistribotion which influences t?é behaviour of
~tunnels in two ways.

First, it transfers stresses to areas where the
capacity of the ground is higher due to greater confinement
by the radial stress. Consequently high stress
concentrations near the opening wall, which may cause ground
yielding, are reduced and the opening may be more stable,
particularly where brittle failure modes such as spalling
are likely to occur. Some yielding may occur in the damaged
zone where the rock mass may have been weakened as weil:as
softened, however the progressive strain-weakening failure

process may be prevented or confined to the immediate near
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surface area. Kaiser (1981) has indicated that” in the case
of the Kielder Experimental Tunnel (Ward, 1978 and Ward et
al., 1976, the plastic zone in a strainéwe;keniﬁg rock (for
example see the étress=straiﬁ!cﬁrves shown in Figure 3.2)
would have to be unreasonably large té fit the observed
field data. The actual displacement measureﬁents %nside the
rock mass indicate that the assumption . of a softened zone
around the tunne) may:be more applicable. Furthermﬂre\the
time dependent deformations can be more easily explained by
the propagation of a softened zone rather than by a zone of
broken, weakened, material.

Seccna. the stress transfer from' the damaged té the
undamaged zone is associated with addi:ianéi deformations in
the rock mass outside the damaged zoﬁe; The overall rock
.mass therefore appears to behave as a softer material, or
alternatively, the tunnel behaves like an equiv§13ht gpéniﬁg
of larger éigeﬁiﬁxuﬁdamaged rock. This increase [in
convergence must be considered during tunnel desdign and when

comp®¥ring measurements with results from numer ica\_models.

The innt1F3Gaticn of zones of softened rock ar¢
opening should be.attempted from field measurements . talk
As rock stress measurements are rarely made and ra
displacements observations are more common, it would be
desirable to use the pattern of radial displacement,. or
strain, to Ydentify zones of softened rock. The variations
of ultimate rédiai straiﬁ around the lined tunnels, with and

without rock damage, analysed here are presented in
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03+ a) This Study

Strain %

ggzz gv For liner placement
Case 1 cases see Figure 41

0.1
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0.037 b) Lethbridge Shaft

(Kaiser et al., 1982)
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00 +—— =
c 1 2 3 4 S5 6 7 8 9
Distance from Tunnel Wall (m)

Figure 8.3 Variation of Radial Strain
- around Openings
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Figure 8.3a. In Case 6V the modulus of the damaged rock (Ed)
increases linearly from the opening wall to the interface
between the damaged and undamaged zones (Figure 4.2),
whereas in Case 6 Ed is constant. Case 1 is the undamaged‘
case. The figure shows that if the rock is softened so that
its modulus is uni form throughout the damaged zone the.
radial strain will level off to a constant value near the
wall, and a zone of softening can be idEﬁtiFiéd, If, as is
more likely around an actual opening, the damage isisuch
that the modulus in the damaged zone decreases towards the
almost not be differentiated from the case where there is no
rock damage. In these analayses the number of elements in
and near the damaged zone was rather small, and so only a
few points were aQailabIe from which to draw the strain J
distribution in the critical area at the damaged/undamaged
rock interface. This made ii difficult to reach any
conclusions and further study using a finer mesh is
required. However in practice extensometers will be
installed with a rélatively wide spacing between anchoring
points and interpretation of the information abtaiﬁed from
them is likely to be equally inconclusive.

Figure 8.3b shows the radial strains calculated from
extensometer readings taken in a sﬁaft at Lethbridge,
Alberta (Kaiser et al. (1982), see Section 7.10). The
extensometers were placed at a éeéth of 180 m and the
readings were taken 15 hours after installation. It would

A}



149

appear that there could be up to a 2 m thick zone of damaged
rock at the south west wall as the strains vary in a manner
not too dissimilar from Case 6, Figure 8.3a. It is more
difficult to ascertain whether there is a damaged zone at
the north wall, and the large strains observed may be due to
rock loosening or dilation which could have masked the
effect of softening. In fact the north wall has higher
tangential stresses than the south west wall and hence
laaseniﬁg and yielding is more likely to occur there. .As the
extensometers were installed above the base of the shaft tﬁe
readings gé not reflect the full rock straining, and will
also havgﬂbeen affected by rock and initial insitu stress
anistropy.

This difficulty in:assessing the zone of damaged ground
from measurements of radial ground mgveménts has
implications for the monitoring of the behaviour of a tunnel
or shaft during construction. It has a]reédy been shown that
significant stress reductions occur within zones of softened
rock (see for example Figures 8.2 aﬁd A5.50), particuiaﬁ]y
for the tangential stresses. The amount of this stress
change wiilidepend upon the Eu/Ed réti& and the radial
extent of tﬁe damage as well as other factors. Given the
same number of ﬁeasuriﬁg points it will be easiér_ta detect
a drop near the wall in the tangential stress distribution
than a difference in the strain distribution from the
distribution in the undamaged case (which is unlikely to

have been measured anyway), or to detect a change in the



Only if Ed is constant within the damaged zaﬁé. for exgm@ig
when theigraund is deforming perfectly plastically without S/f
dilatigg} wiii the strain d{stributicﬁ give an iﬁdicatienréf
"the damaged area. However other factors will have a bearing
on~the‘éh§ice of monitoring method. Sharp et al. (1977)

" discuss different types of instrumentation for monitoring
underground openings and point out that régh stress
mea;uremEﬁts are made only at a point in the rock, and

because the stresses will be very sensitive to the ground

conditions in the immediate vicinity of that point the
stress mEESQFE%i%tE are usually erratic. Measurements of
ground movements made by borehole extensometers are usuallty
response rather than the local behaviour.

It has already been noted, in Section 6.2.12, that
there is a reduction of stress in a zone of wgakeneq!ééoundi
as shown in themresuits presented by Gouch and Conway 7
(1976), Figure 7.6. Thig stress reduction is similar to that
obseryed in these analyses in a zone of softened ground. It
may be difficult therefore to differentiate between the
effects of softening and weakening in any particular case
based on only the resﬁ]té of monitoring, and so accurate
tests should be performed to measure the ins%tu rock mass
stréngth and deformation properties, and fhe effects and
extent of rock damagerdue to Gcﬁ§tructieﬁ procedures

considered. Although it may ke difficult tpo differentiate
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betwean the two processes cf softening and weakeﬁ1ng it

- should not be assumed that bath processes are equally valid
for modelling any particular situation. If-grcund paﬁameters
are adJustgd to fit the observed behaviour using only one gf
these processes the sarrect stress and stra1n fields may be
predicted, but extrapolations to other cases for stability
evaluation may ncf be ‘justified. For example where a ductile
rock is modelled by a strain weakenlng behaviour L
unreal1st1cally large zones of weakened rock could be
predicted for situations other than that from which the

~ model was deriwved. : )
. The results from G@u;h and Conway (1976), Figure 7.6,
and the results shown in Figures A5.49 and A5.50, indicate
that both with weakened and softened zones there is a high
stress concentration at the corners of the opening. If the
ground is assumed to have very low strength, as in the
analyses by Sharp et al. (1977) (Section 757)?§the stress
that would be.taken by the damaged ground will be transfered
further outwards, possibly creating or increasing a zone of
iweakéningi ’

The effect of rock damage on the liner stresses and
tunnel wall displacements is illustrated in Figure 8.4 where
all the relevant results from the analyses have been plotted
on a c@ﬁverggnce¥ccnfineh3ﬁt diagram. The ground convergence
“curves for- these analyses, calculated from the two

dimensional analysis according to Kaiser (1981), and

recalculated in Appendix !, are also plotted on this figure.
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Values of support pressure and wall displacements have beén‘
averaged over the length of a round of excavation. They have
been adjusted;fé reduce the inaccuracies arising from the
stress interpolation by comparing thgsresults from unlined
numerical analyses with those Fram'sg%ilar unlined cases
calculated from two dimensional closed form solutions. In -
other words, the correction factor, Ehat has to be applied
to the numerical analysis of the uniined case in order to
make it agree with the closed form two dimensional solution,
is applied to the other excavation and liner. placement
cases.. Appendix 3 shows how these correction factors are
obtained, and presents examples of the calcuig%igﬁ af the
adjusted results. .

The results of the analyses shown in Figure 8.4 lie
close to the bilinear ground convergence curves calculated
from the two dimensional plane strain equations. The scatter
of the results is largely related to the coarseness of the
.meshes, particularly where Mesh 2 is used for the Eu/Ed = 1Qa
analyses. For the various cases analysed the'fiﬁai wall:
displacements vary between 0.79 and 1.39 times the ultimate
(unlined) elastic convergence, uo. Accérdiﬁgly the support
pfgssure varies between 0,22 and 0.0 times the field stress
po. This shows that alteration of the ground properties 7
-during construction affects the tunnel and liner pgrfgrmaﬁgelﬁ
drastically. For example, damage ahead of the tunne) faée
causes a reduction in support pressure by about 20%

(considering Cases 1 and 3) and softening of the tunnel

L
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walls causes an additional 32% reduction in support pressure
(Case 4, Eu/Ed = 10). A delay inzliner‘instailatigﬁ by one
extra radius in the latter case reduces the support press;re
(Case 4) to igés than 10% of Case 1.

The effect of confining pressure variation can be -
evaluated by comparing Cases 6 and 6V. In Case 6 the damageﬂe
ground modulus is constant within the softened zone, whereas
in Case 6V it is varied in an attempt to simulate the
influence of a changing confining pressure. Figure 8.4 shows
“that there is slightly greater convergence in Case 6V, but

little change in support pressure. A comparison between the '

GCC galculated for Eu/Ed = 2, and that drawn in Figure 8.4
as a dashed line for the cases with a varying damaged,racg
modulus, shows that the equivalent constant modulus Pafi@,
Eu/Ed, for the variable modulus cases would be 'slightly
rock mass in Case 6V are almost identical to those in Case
6, as shown in F{gqre 8.2, except that'the tahQEﬁtié]_stresse
increases, stepwise, through the damaged rock zone.

The attual variation of the deformation modulus in a
zone of damaged ground.in the field will depend upon the
variation of the degree of damage caused-by the blasting and
the fiﬁai distribution of thE“ﬁGﬁfiﬁiﬁg pressures in the
ground. The 1ﬁitia1 stress field po will also have some
influence. If po is grgater than the confining préssure (say
pc) at which the damaged and undamaged rock moduli, are the
same, Figure 3.1b, the region of signifieaﬁtly réduced ;

e
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modulus in the damaged rock zone will be smaller than if po
were much lower than pc. For example, assume that the radial
stress is the main factor in determining the confining
pressure at ah§ point, and that around an opening it takes
the form shown in Figure 8.2. Also, only consider rock
softening, and not rock weakening. With a small po, below
" pc, even a small amount of damage-wiii cause aélargg modu lus
reduction which will occur throughout the whole damaged zone
(from the more highly damaged area close to thé opening to
the slightly fractured rock at the furthest extent of the .
zone of damage) because the confining stress is always lower -
than pc. With a po abcveséc, aﬁ!y in the region where the
confining pressure drops below pc will there be a
“significant reduction in modulus Ee?aw*the:gﬁdamaged value.
0f course the Fiéal stress field is difficult to determine
because it depends upon the relative stiffﬁessés of tﬁe
different areas of rock, which in the damaged zone in
particular will depend on the confining pressure, which in
turn is a function of the stress_Fie]d!‘Futher analysis and
éieid measurements are required to provide a more accurate '’
basis for the selection of the mgdu@&s distribution
function. BN |
| CDnQeﬁgencééécﬁFinamEﬁt data calculated by Kaiser
(1981) from the pub)ished results of the Kielder
Experimental Tunnel (Section 7.9) is shown in Figure 7.9.

+ Although the results for each support type lie over a

\.
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have been made in assessing the data, it appears that the
"information could be represented by bilinear ground
convergence curves. Different curves are drawn for the
'machine excavated and drill and blasted sections, and also
for measurements at 10 days and at 150 days after
excavation. Considering only the measurements at 10 days, in
the machine excavated case the ground ahead of the face
behaves as if Eu/Ed = 8.9 (comparing the curves with those
shown in Figure 5.1), and in the drill and blasted case as
if Eu/Ed = 14.7. Behind the face the processes of dilation
and additional softening due to reduced conf inement have
increased the convergence so that the equations in Figure
5.1 may no longer apply. However, if Eu/Ed is assumed to
equal 100 then B = 1.26 R in the machine excavated case, and
B = 23.3 R in the drill and blasted case. This latter result
would indicate that a significant amagnt of dilation or
‘additional softening has occured, because it is very
unlikely that damage would occur to such an extent. Further

work is required to study these effects.

Figure 8;5 sﬁcws the corrected results from the
analyses carried out on tunnel construction within a ring of
frozen ground which was subsequently thawed. The results lie
close to the calculated 1iﬁear‘gréuqd convergence curves for

a two dimensional plane strain case for an opening in a ring
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of frozen ground surrounded by unfrozen ground and for an
.opening in unfrozen ground. In each of the two cases of
liner piagément studied (Cases 1 and 2) the points move

during thawing along the support reaction curves ‘shown, and
end up with greatly increased_liner:suppcrt*ﬁressuresg

| The results for construction within unfrozeh ground are
also shown in Figure 8.5 for comparison. It can be seen tﬁat
the support pressures are ccns%derab1y lower than for
construction within stiff frozen ground with subsequent
thawing. There is a minimim value of support pressure for
this liner, no.matter how large the support de1$yi as long

‘ as it is installed before thawing and in contact with the
wall. This minimum value happens to be similar to the value
of support pressure ¥or Case 1 in unfrozen ground. However
freez%ﬁg is used where the ground displacements for the same
opening, but unsupported, are too large because y{eiding-
causes the unfrozen ground convergence curve to deviate to
the right of the straight line shown. As ground freezing
steepens (and linearises) the GCC it effectively enables the
“support to be installed earlier than with most other
G@ﬁstﬁuciigd hethads.}}ig} at lauer»vaiues of glua; Thus theg
giarge ground ﬁﬂveméﬁis can be reduced, but laréér Tiner

loads have to accepted instead.
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:.the magnitude of the radial displacement of the tunnel
or shaft wall at thé face of the opening is a parameter
required for the design of supports installed close to the
face using scﬁverg§n¢g=ganfineﬁgnt curves. This value is the
minimum value of radial wall displacemént at ;;ich a support
can be installed, but because of the interaction between the

| support and the ground ahead, and the response of the graﬁnﬂ
to the?excavatiah process, it is a_diFFiéuIt parameter to
predicfi
Figure 8.6 Qresénts the ultimate radial displacements
of the tUﬁﬁé] wall, and the radial displacements at the
tunnel face, plotted against the ratio of the damaged to :
undamaged rcﬁk-madulus. It can be seen from this figure that
the location of support installation has little effect on

the face ﬂiéplacement when the open ground immediately

before the liner is placed reaches one rndigs or more ip
" length. The normalised face displacement increases aimﬁ
linearly with decreasing ratio of damaged to uﬁdgmsggd r
modulus (plotted for Case 6); but this relationship will
;idEﬁEﬁd on éthér factors such>§s the size of thes damaged
"zome. This is in contrast to the ultimate radial
displacement which varies non-linearly and is affected by
.the liner placement seque;ce. Fgr,cpek ground of less than
one radius in length a sgmilar non-linear variation might be
expected in fa;e displacements. These observations are of

practtcal importance because they illustrate how sensitive
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X | Legend. e Mesh 7 m Mesh 6

" ¥ Calculated from Fig.

Number besides symbel
shows lining placement
case, see Figure 41

v IR % denctes lining placed as

Case 2
V denotes variable dam-
. aged rock modulus used

ultimate [displacemen

displacement
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Figure 86 Variation of Displacement with Damage
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extensometer or convergence measurements are to face damagg
and the location of the support installation, and that these
factors must be considered during numerical modelling and
evaluation of field measurements.

Figure 8.7 presents some results from the analys*' of a
tunnel with a varying extent of rock damage ahead of the
face |Cases 5,6 and 7 shown in Figure 4.1) and shows that
dFmage beyond one half of a tunnel radius ahead of the fﬁ&e
does not influence the face displacements significdntly in
situations where the Eu/Ed ratio is 10. For the same extent
‘;f damage ahead of the face an increase in the ratio Eu/Ed
:would be expected to increase uf. However Figure 8.6 shows
" that there is a limit to this value (about 0.58 uo for the
particular situation studied here).

Further study is required for a better assessment of
the effects of the position, eltent and degree of damage

near_the face on radial displacements at thé face.

8.6 yariation of Stresses within a Liner

The. periodic variations of stresses along a2 liner have
already been discussed in Section 6.3 and are shown, for
example, in Figures A5:22, A5.23 and A5.24. The
non-dimehsionalised liner thrusts and displacements have
been‘replotted in Figure 8.8 along the length of the liner
segment for construction Cases 1,2,5,6 and 7. It shows the

significant longitudinal variation in liner thrust which ‘is



02+ o,
014 Eu/Eq

00+ ——

10

T T T - 1
0 R/ R/2 3R/4 R
“Extent of Damage in Front of Face

Figure 87 Face Convergence with
Different Extents of
Damage in Front of
the Face

162

.



163

JHdW0D

]

’IVLLN JONVL 3AISS

y d/.j. 1SNYHL

Jaul] 8y} ut jsniyy
) :Em@cc._. puD juawadpjdsiqg-

IDIpDY  JO UONDLIDA jouipnyibuc  gg 2inbig

- 830 3y} 0} }S3SOP |
S0+ . 7 ﬂﬁg,@ﬂm ,g,_ §:, jo %ﬂﬂ_g ||ll” ._I.mg
Ly E:E 4 23S saspo | |
70 juawaspid buiul Joq - 70
BIE ,m py [®L 30D O | |
| 0= {agesm) o |
€04 vGaDy | - €0
I mZ 3¥IDY) O | ,,,, ," :
| ® | 2s0)o | [
Z04 | stuwewadodsig  sysnay | | Fkzo
- 9 HS3IW | |
F., 1, ;. -m‘; b= L
0 | .,..,,_,g
0D~ 1 T T , 00
¥ yHE 7/ H0
IN3WO3S ONINIT Vv 9NOIV 3IONVLISIO IVYNIONL1IONOT - -

|

LN3W3IVIdSIQ  IVIaY

= 'n 5

(a+1) 4

A



164

mainly influenced by the delay in liner placement, and the
radial extent and degree of rock damage, A
Damage in front of the face has ﬁrevicusly been shown

to have a similar effect as a delay in liner placement, for
example compare Cases 1,2 and 3 shown in Figure 8.4 where
Case 3, with face damage only, lies between Cases | and 2
(no damage) on the ground convergence curve. Hawever in
Figure 8.8 a variation in the extent of the damage ahead of
the face (comparing Cases 5, 6 and 7) appears to’ haye
relatively 1ittle influencg on the liner thrusts or
dlsplacements.,éﬁy effe&t isfprababiy insigﬁificani in
comparison to the effects frém ex;avating a round of length -
equal to one tunneI radius The difFerence betwegﬁ the
curves. ﬂraun Far Cases 5, 6 and 7 and fgr Casg 1 in Flgure
8.8 can be- explained 1nstead by the 1ﬁflugnce @* the ring of
scftgngd QFGUﬁd around the apenlﬁgs The two curves are in
fact very similar but are transpg:gﬂ such that the
:scftening QF rack .around the apening befare support is
iﬁsta]lad, is similar iﬁ this case ta an additional delay-in
liner placement of about 0.1 R, .and a reduction in the |

-dimeﬁsiaﬁal thrust by 0.04. A zane of rock damage right
at ‘the face may have same reﬂucing effect on the thrust in
the part af the liner. clasest to the face.: This may occur
because the_stresses have*beeﬁ reduced in the zone of
damaged. rock and so less stress will be, transfered to the
leading edge of the liner in the next round of excavation
than there would have been had the rock not been damaged.

L



Several interesting conclusions can be drawn from
Figure 8.8. A liner placed right up to the face will have a
large variation in tangential thrust along its length. This
thrust will be "locked in" and hence leads to a stress
variation repeated in each liner segment along the tuang1i‘
Placing the liner one radius away dramatically reduces the
liner thrust (comparing Cases 1 and 2), and the variation
along the liner becomes less pronounced. 1f field
measurements are made to determine the liner thrust the
distance,ffom the face to the poirnt of installation is a
very iﬁportant factor. Softening the ground around the

liner

tunnel before support iﬁstaliatign*aiéa reduc
thrusts by increasing the effective support de This
makes the ground mass behave as if it were undamaged but had
a lower stiffnesé than its original stiffness. Kaiser (1981)
outlines the concept of analysing apgﬁingg with surrounding
demage by conéideriﬁg the ground to be undamaged, but with
an equivalent (lower) stiffness.

fhe convergence-confinement diagram shown in Figuré 8.4
contains only the average points for each excavation case
considered. However as the stresses within the liner vary
along the liner segment the support pressures will do so as
well. In Figure 8.9 the points for individual liner elements
are plotted in a convergence-confinement diagram, the
support pressures:being calculated by the two dimensional
equations given in Appendix 3. It can be seen in the figure

that individual points in the liner do not lie on the same
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ground convergence curve, and are scattered abaunﬁ the curve
on which the average points lie. Thgrgférg»individual’parts
" of a liner segment cannot be accurately represented by a GCC
calculated by two dimghsi@nalk palysis, but that if the the
average point plotted for a selnt of liner (placed at one
round of excavation) is used to represent the ;hgle tunnel
then the GCC is a reasaéabje model of the tunnel behaviour.
The variation of support pressures shown in the Figuée
indicates that within the same liner segment therd will be a
large range of factors of safety against liner failure. In
Case 1 the factor of safety at the leading edge will be at
least four times that at the trailing edge. This variation

should be verified ih the field by appropriate monitoring.

The rates of change in tangential and radial~ground -
stresses at 8 point near the tunnel wall as the tdnnel
éasses are not the same; the radial éf;ess changesfmﬂre
_rapidly as the face passes whereas the “tangential stress
change is more gradual over a‘distance from two radii ahead
of the face to abaytituc radi} behind the facé, Thi; is
shown in Figure 8.10 where the stresses at a point R/20 from
_the tunnel wall are ﬁ]éttgd as the tunnel pagséé (for bcfh
lined and uniined cases with no rock dnmiqe). The ordinates
of the‘iéngentiai stress change data pa}ﬁts are plotted for

an increase in stress from the original insitu stress, and
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the ordinates of radial stress change are for a decrease in

data points no longer lie on smooth curve, and show a . .
‘periodic fluctuation, the reasons for which have been
diseusséy‘earlieri This fluctuation is @grtiy a function of
" ‘the iﬁgééuracy in the analytical method (particularly for A
the unlined case) and partly a function of the supporting ‘ng
(or "shielding") effect of the liner on the unsupported rock

" ‘between the leading edge of the liner and the tunnel face.

The plots in Figurek8i10 show that thelﬁadial stress

-

only begins to decrease just before the tunnel face passes,

and varies with distance from it in a manner similar to the -
radial displacement distributions, shown for example in
Figure 2.22c. In the unlined case the radial stress
continues to decrease and the tangential stress continues to,
increase behind the face, tEﬁéing!tawaré.the ultimate
stresses of 0.8 po and 1.84 po repectively. fThese stresses

are from a two dimensional plane strain 'analysis for points

t;e figure have not been corrected and so trend towards
inggtly lower ultimate values. In the lined (undamaged)
case the tangehtiaI stress also gradually increases behind
the face, but’}he radial stress, instead of decreasiég,
begins to iﬁcreasg as the liner taggs up load and applies a

L

shown the ultimate stréss changes are about 20% lower than
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in the unliﬁ;; case.

Similar diagrams for 11ﬁér placement Case 6 are shawn
in Figure 8.11. The stress changes are however more
ccﬁpii::ated in the zone of damaged ground, as shc:wn in the
upper diagram where the stresses are plotted for points R/20
from the tunne! wall. In the lower diagram the points are in,
undamaged ground, at a distance of R/2.4 Frém the wall (the
th’lckﬂes.cf the zone of damage around the c::pemﬁg bemg
R/3.3). The stresses in the damaged gréund show a per1cd1c
. fluctuation for the same reasons mentioned earlégr. as well
as because the damage ahead of the face wa§!ﬁ31f the length
of a round of excavatiéﬁ' which reduces the modulus and the
stresses in that part of the grcund and hence reduces its
capacity to take up fur ther stresses in cgmpar1s@n w1th the
ground undamaged before excavation.

Ahead of the zone of gamage the tanQEhtiaK stresses
increase in a similar manner to the incrgase observed in the
'undamaéeﬂ‘cas§; Behind the face the tangential stresses \ |
continue te_inérease as they did irr the undamaged case, but
withip the damaged zone they are reduced below the inftial
.iﬁgitu field stress. chevér the radial stﬁeg;es'shaw a
Sigﬁi%icant jncrease ahead of the zone of damage wﬁ{cﬁ was:
not. abserveﬂ ahead of the face in the unliﬁed case or in
Case 1. The radial stresses reduce very rapidly within the
ZQﬁE;Qf damaged ground ahead of the face whereas if there
had been no damage there would have been very little change

in this region. Behind the face the radial stresses, decrease

-,
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-in a manner similar to Case 1, having a slight iﬁcreaée

*

’ after the liner is 1nsta]]ed. due to the supporting effect.
Further details of the variation of stresses in the ‘
ground are shown in Figures A5.44, A5 .45 angd A5.46, from
which Figures 8.10 and 8. 11 were plotted. They show the
var1at1@ﬁ of ground stresses in several planes pEFDEﬁd1cu]aF
to the tunnel. axis and at various distances in front of and-
béh%ﬁd the face. - ) - ~
These observations have recently been confirmed by
1ﬁs1tu stress change measurements during the aﬂvance of a
shaft, in Lethbr1d%e Alberta, Kaiser et al. (1982) Details
of the case history taken from the paper are presented 1n7
Section 7.10. A plot of. the stress changes meagbred at
var ious qpihts §P6Uﬁdithé shaft at the 152 m“evel agaFRSt

£

distance behiﬁd the shaft base has been taken frgm MacKay

(1982) and is shown in Figure 8.12.Jhe stress changes have

been ngrma1wsed by é1v1diﬁg'them by the estimated value of
the maximum h@r1zeﬁtal stress at the 1§2 m level. A better
way of n@rmal1s1ﬁg the results.might have been to diviﬂe
them by the value @f the original insitu stress in the
vd1rect1aﬁ of the measurement, but this was not done because
of the difficulty in assessing accurately the original

stres} field.

N the same diagram results for the unlined case and
lineg/Cases 1| and 6 from this study have been piotted. In
~addition the results for the unlined case have been advanced

by one radius to simulate a highly damaged zone of one
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radius depth at the shaft base. This seems to be a
ngganabié assumption because of the high blast energies
that were uséﬂ in the excavation procedure, and on EZGGUﬁt \
of the muck that was left in the shaft, giving an inaccurate
measurement of the base elevation.:There is a good agreement
between the curves of field Dbservat1ans and the Case 1
cuése advaﬁceq by 1 R, garti:ularly in tﬁéirishapes and
positions. The ultimate values (at a distange of 3R behind
the face® say) of the n@rmal1sed§§tress changes d@ not agree
so well, but this is due to the difficulty: 1n measuring
consistent stress changes and the anisotropic stress field.
These observations have important practical
implications for the é;sigﬁ of supports, for the evaluation
. of field ‘observations, and for the use of rock bolts. For
example ﬁPcR boits should be installed where the tangential
stress increases and (ideally, but difficult practically)

before the radial stress decreases. At this point the ground

X : ' : SR -

has not fully deformed and -confinement by rock bolts will be
most effective. This might only be achieved in p}acticg by
installing rock bolts at the face, angled so they protrude
ahead of the face, called spiling or forepoling. Bolts
~installed close to the face, within about 2 to 4 radii, can
rely on ground stress’buiid up to provide a good bond
between the rock and the!bQTt Bolts 1n§talled Further away
cannot rely on elastic ground movements to prav1de a gcad
K

bond to the rock. In such cases bolts that have other means

» of transferring their loads to the rock will have to be.



used.
These stress variations are also very important factors
where the ground stress change during tunne! advance is
measured. It can be seen in Figure 8§1Q that %F,measurgmenfs
are not begun at least two radii ahead‘eF-the face a part of
the tangential stress chaﬁge may be missed, while the full
radial stress change is measured. This is important {f the.
field stress is to be assessed from radial and tangential
stress';hanées! Aisg. if ground ﬁ?gpgrties are to be f

-

ggaermiﬂed from radial displacement measurements, which are
) {

usually only begun after the face has passed (e.g. in the
. !
Lethbridge shaft, Section 7.10) the fact that the tangential

and radial stress changes will not be the same will affect
' i

the calculations.

In Section 8.6 the variation of the liner stresses in a
longitudinal direction were discussed, and were shown to
vary considerably along a liner placed close to the face.
This variation has important imgdications for the | i_ﬁ__i_‘g
interprefition of stress measurements within a liner because
it shows that varying the position of the instrumentation
within the same segment can greatly affect the readings.
Stress_measurngﬁts may be made in a liner to determine its
fa:ter of séfety-against either ;@ﬂpiefe failure, or against

cracking and the loss of water tightness (important for
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sewer tunnels far gxgmpie)! Stress measurements may also be
takéﬁ in the liner to determine the support it applies to

the surrounding ground, and this 'is one of the measurements
required to determiﬁg\the ground convergence curve. In order

to obtain these factors measurements of radial or tangential

calculated from the elastic thick walled hollow cylinder
equatians? Measﬁremaﬁts of tangential thruéts are usually
ﬁreferablg because of the ]agge variation in radial stress
across the thickness of the 1iner (from zero on the:insiqg';
to the support pressure ps on the outside of the liner), and
ff radial stresses are meaéuredqat the wall they may be
aFFeéteﬁ by any uneven contact between the liner and the

ground. Therefore only the longitudinal variation¥of

tangential thrusts is discussed below. )

he variation &f thrusts in the liner was shown in

|

Figure 8.8, and a diagram showing a similar variations is
given in Figure B8.13 in which the thrusts have been
non-dimensionalised and then normalised by dividing them by
‘the nan*dimensiaﬂaiised values of thrust given by the
feiative stiffrness solution (see Section 7.2). The points
shown are for the ultimate thrust in each individual liner
element in the numerical analyses (except for Mesh 7 where
pairs of liner elements at the same distance from the face -
were teken); or for esch measurement of thrust t:kgn:in the
case histories shown. They are plotted against the disiahce-

-

o ' , - , ,
between the location of the measurement and the face just
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before excavation is carried out.
( .

. In Figure 8.13 it can be seen that there is good
- ‘ ' ’

“greement between the results of the two differeﬁ% numeéica1

_anélyses.énd the two case histories. The distributgﬁﬁ of
liner thrdslg-in Cases 1 and 2 is almost continuous with

. distance from the face, altﬁgugh the thrust at the leading

"edge of the Tiner seqTent fn Case 2 is only jusi less than
the thrust at the trailing edge of t;e liner segment in Case
1. It is ®herefore possible'frém'Uﬁi graph to apprcximafely.
determine the tﬁrust at a point within a liner placed in
undamaged ground given its compressibility ratio, initial
insitu str¢ss-(assumed hydrostatic) and the tupnel radius in
order to‘célculate T/po.R from the relative stiffness
solution. and given the distance of the int from the
tunnel face before excavation. If the po ﬁ{ is close to the
leading édge of the liner segment it will be at tge higher
end of the range of the points plotted, and if it is at the
trailing edge it will be at the lower end of the range.

The graph in Figure 8.13 is similar in concept to that

shown in Figure 8.1 taken from Einstein and Schwartz (1980).

However Figure 8.13 uses a more flexible parameter to

.-

represent the support delay (Ld' ), extends the range of the
‘support deléy. and can be used to give the variation of
‘thrusts within the liner. (Note that one of Einstein and 5
Schwartz’s values has hot been plotted because th& liner was
most likely installed ahead of thé face.) Although only case

histories with a- value of C close to 1.0 have been plotted
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on.Figure 8.13, all Einsiéin and Schwartz’'s (1980) results
" for cases with very different values of C lie close together
‘on the diagram in Figure 8.1. The;e'Woujﬂébe,aisc expected
to lie closé“together'in Figure 8.13, and so the curve may
be vah’dkfor a lat.;ge range of compressibility ratios. |

Two curves on Figure 8.13 are for cases with groﬁnﬂ

2), and the radial

- "damage. If damage is only slight (Eu/Ed
and longitudinal extent of the d'é}nage is not too great, the
average curve for just below it) may be used. For greater
damage, .. Case 7 (Eu/Ed = 10). the curve ligs below the
average‘curve? A.further study is necessary to deiermiﬁe
other curves for various values ofkdegrée and extent of rock
damage. It should be noted that the damage occurs before the
liﬁer ¥s placed. Any damagé. softening, weaREhihg QF'QFQUﬁﬂ*‘l
creep that ‘occurs after the liner is placed will cause the i

thrusts to Eise,above the line shoWh.

‘8.9 shaft Analvges

The analyses carried‘:out 6n shaft construction were not
as detailed and as accurale as fhoge for tunnels, and so
only preliminary interpretfations and conclusions are
presented‘here. . , 7 ‘

The results of the analyses carried oyt on shallow and
deep shafts for values of‘Ko equal to 0.5, 1.0 and QEG_hEQE_
been corrected in the manner déscribed in Appendix 3 and are

plotted on a convergence-confinement diagram, Figure 8.14.
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The depths of the shallow shafts are 7 R, and the level for
whioh the points have been plotted is 3.5 R above the base
of the shaft. Also plotted on the figuré is the ground
convergence curve'calculéted from the two dimensional plane
strain closed form analysis presented in Appendix 1 and
Figute S.1b. Tﬁé values of po and uo used to normalise the
support pressures and wall convergence are the uniform
'hori%qtan stresses with the different values of Ko and the
corresponding value of the ultimate convergence calculated
from two dimensional plane strain analysis respectively’
The points plotted generally lie close to the
calculated ground convergence curve, with the exception of
those for. the .shallow shaft, Case 1, which lie above the
line because of the influence of the unrestrained ground
surface boundary. At the ground surface the ground is not
restrained by any material above and so the radial
displacements are not zero (which they would be in the
symmetric case with material above having a continuation of
the insitu stress field). These extra radial displacements
can be seen in Figures A6.1 to A6.8. (It is of interest to
note that where ko = 0.5 there is outward radial movement at
the ground surface in the first step or so of excavation
uﬁgcause of the extra heave at the base of the shaft caused
by the relatively larger vertical insitu stresses). In Case
2 tpese "extra" displacements have virtually ceased by the
time the first liner segment is placed, but with Case 1 the

first liner segment has to restrain a portion of them.
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The liner radial and tangential stress distributigns
are shown in Figures A6.11 and A6.12, and it can be seen
that extrapciatiaﬁs of the ultimate stresses show non-zero
values at the ground surface for Case 1, but not for Case 2.
The first segment of liner placed in Case 1 carries part of
the extra load caused by the lack of restraint abéve ground
level. The stresses \iissg next segment plac§d are
relatively lower, more so for Ko = 0. 5 and almost not at all
?cr Ko = 2.0, because it only carries a very small part of

this extra load. It would apbear that at degth the

of -the ground surface to be felt at greater depths. but this
is attéﬁuated by the increasing depth of the excavation. As
the shaft is sunk deeper these additional liner stresses
will become a smaller part1gﬁ of the total stress and become
1ﬁs1gn1ficaﬁt The pc1ﬁts on the canvergence ccnf1nem3ﬁt
diagram w11] then fall on to the GCC shown in' Figure 8.14,
Another pﬁiﬁt shown on F?gure 8.14 is that for any
particular case the values of convergence are greatest for

2.0,

>the case with Ko 1.0 aﬁé least for the case with Ko
and is most evident for the deep shaft Case 2. itrjs
considered that this is an effect of the analysis and the
method used to correct the results rather than any effect
from a variation in Ko. The differences cbse%veé are

geﬁéraliy quite small, ‘particularly with respect to the
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correction factors that were required, Mesh 2 (used here)
giving the least accurate results of all the meshes used.
For larger values of liner delay the values would be
expected to convenge to one point on the (normalised) GGC -
that for the unsupported two dimensional case. This appears
to occur with the shallow.shaft Case 2 results, but is not
é@ for the deep shaft Caée 2 results. Further work wigh a
Fiﬁér mesh’and shorter support delays is required to explore
any effects on the liher and shaft behaviour due to a
VEF‘TSFTQF! :m Ko. | C
The result from the analysis of a drilled fluid .

supported shaft is also plotted on Figure 8.14. This 1i&s on
“the GCC, and is at a higher level of support pressure than
:fcr a deep shaft, Case 1; excavated and supported in steps.
An equivalent value of support delay, Ld’', can be estimated
from Figure 8.13 given the non-dimensional liner thrust
(which will be constant except near the base of the shaft,
Figure A6.17), T};is is found to be R/4. Comparing the
néﬁ-dimensisﬁa]ised thrust with the other cases on Figure
8. 13 shows that it is at the upper end of the range, but s
‘sﬁct the largest. The leading edge of the liner pla:ed:by

Case 1 right up to the face is relatively more stressed. The

drilled, fluid suppor ted, method of shaft construction will

thEFEerE‘Eﬁabie weéker liners to be installed in—grcﬁnd

where by other methods the liner would have to be placed

clgse to the base. Although the liner thrust w11l on average

be larger in the drilled shaft case, it will be more
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unffarh, and the liner will not have to be designed for the
peaks of high thrusts at the léading edges of the segments
installed by other methods .

Figures 8.15 and 8.16 show the leﬁgitgginai variation
of radial and tangential stresses at R/3.3 from the wall*of
- shallow iiﬁed and unlined shafts. The stress.changes shown
are very similar to those presented in Figure.8.10, and the
here and is not repeated. These figures are slightly
different in that the stress changes have been normalised by
dividing them by the value of the initial insitu horizonta)
stress which varies with the depth of the measurement. There
-is also no "fluctuation” as the Teggth of the elements in.
Mesh 2 were the same as the length éf'a round of excavation.

There is a slight variation in the radial and
téﬁgentiai stress distributions with different vaIués}af Ko,
bgt generally the results lie in fairly tight bands. The
reiaiive stress change always éﬁpéars to be greatest for

Ko

0.5 ahead of the base, but the order behind the face is
reversed, with the relative stress chaﬁge greatest for
Ko = 2.0. The éxcepti@ﬁ is in the tangential stresses for
the liﬁéa cése. uhgre>the liner installation appears to have
“iccked in" the order of strass,shaﬁgeAmagﬁitudes that |
existed ahead of the base of the shaft.

Behind ;hé base the radial stress 1ncre£seé again in "~
" both the lined and unlined cases. In the lined case this can
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in the uﬁiiﬁéd case the reason is not so clear. The most
likely explanation is that it is an effect from the ground
surface. When a hollow cylinder has a linearly increasing
stress applied along its outer or inner faces its i
deFaFﬁatiens are not uniform, but éssume a wavy
distribution. This can also be seen in the distfibutfsﬁs of
Padii] stress in a liner shown, for example, in

Figure A5.18. Because of the linearly increasing initjal
insitu StFESS’diStFiEUtiDﬁ the same effect probably occurs
~here and the radial stress changes plotted against distance

. from the face will also vary in a wavy manner.
L 4



9.1 Introguction

A finite element analysis has been developed t@istudy
the effects of construction on tunnel and shaft behaviour by
modelling the excavation and support praéeﬁures
~incrementally. Ground behaviour was assumed to be linear
elastic and the ground strength to be infinite. The effects
“of rock damage during construction, and of ground freezing
and thawing, were simulated by a change in ground stiffness.
Although this technique was straightforward, various
practical implications follow from the results, and these
are summarised in Section 9.3. Several important aspects for,
the numerical mcde]iiﬁg'@f construction processes were also
revealed by the study, and these are presented in the

following section.

9.2.1 Introduction

The technique used here shows that the results from a

-~ . , ,
_numerical analysis have to be careful 1y assessed before
A

‘technique have a critical EFFEﬂtyQﬁ the information

obtained. The ma jor factors that need to be considered are

187 | :
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discussed below.
N %

9.2.2 Simulation of Excavation *

The method adopted for simu]ati%é ground excavation is
an important aspeci of any analysis. In this study the
!“ex:avatiaﬂ unloading” technique was used whereby the ground
is initially stressed before construction begins, and
displacements and stress changes from the initial condition
are ealculatédi Excavation is carried out by reducing the’
modulus of the excavated elements to a small value and
applying nodal forces to reduce the stress across the
Ecuﬁdaries of excavated elements to zero. The procedure uéed
to calculate these nodal forces has a large influence on the
ﬂiSplacémEﬁts and stress changes obtained. The assumption of
linear stress distributions be;HEEﬁ points within the mesh .
was shown to be inaccurate in areas of high stress
gradients. Tﬂgs is most important across the wall of an Ve
opening where the stress gradient is extremely large! Some
methods (e.g. Kulhawy, 1977) interpolate nodal stresses Fraﬁ
the centres of surrounding elements. An improvement in this
method was made by séreening the‘elements sa-that any which
had already been excavated were not used in the '

interpolation.
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9.2.3 Size of Elements

The size of the elements in Tglation to the size of the
opening within the mesh, and to the size of a round of
excavation, is very important. (In fact it is the node

spacing rather than the element size which should be:

had nodes at the element corners, and so the element sizas'

are equivalent to, the node spacings.) Within the ground mass

actual stress distribution to be overpredicted where

. stresses are rapidly increasing, and to be underpredicted

where they are rap1dly decreasing. The smaller the elements

are in refation to the stress gradients (and hence in
relation to the size of the opening) the better the
prediction. Near the wall and the face the stress gradients
will be very large and so it is important that the elements
are small in these regions. However it was shcwﬁ that a

smatll eiemént close to the face, but SUFPGUﬂdEd by large

within the graund mass close to the Face. CansequEﬁtly the
mesh should contain small elements in areas of large stress
grad1ents. which become gradual1y larger in areas where the
stress graﬂ1Eﬁts are low. Althcugh nat possible in Tﬁs
present VEFSiéﬁ of CONSTEP2, the use of elements with
additional nodes other than those at ‘the corners, and
interpolation functions of a higher order than the one used

here, would enable less elements to be used to achieve the
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sg@me accuracy.

'9.2.4 Mesh Geometry in the Region of the Excavation

The design of the geometry of the mesh (i.e. éattern of

elements in the mesh) in the region around the excavati ;
and in particular within the area that will eveétua?iy be
excavated, is also important for another reason. If the
geometry of the elements within the part of the mésh beiﬁg
excavated in one step is different from the geometry in
another step then ﬂiFFEEEﬁthéaial displacements are
calculated. This is a result of the inaccuracies in the
stress interpolation which depend on the particular
distribution and camﬁing%icn of element sizes that is used.
It is therefore essential that within the region affected by
the excavation the geometry of the elements in the mesh isi
.exactly the same for each round of excavation.

It was shown that if the length of one round of
excavation is equal ‘to the length of an element in the
direction of the tunnel axis, then a smooth displacement
distribution curve would be obtained. This smooth curve
would not necessarily indiéate that the analysis was
accurate, and because of the large size of the elements ir
‘relation to the size of the opening the analysis might in .
fact be quite ihaccurate. However |f more than one element
(along the direttion of face advance) is excavated at each
step, an inaccurate analysis produces results that show a

"Kink" in the radial distribution curve, and this ines an
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. ind1cat1an of- the magn1tude of the 1naccuracy égm Kink czﬁ
be Dbtained as a result of the canstructiaﬁ procedure as

- well, and so an analys1s of an unlined. e§cavat1§ﬁ in a
hcmgggneaus'ﬁater131 should be carried out to g1ve some idea
, of the performance QF “the numer1ca] analys1si as in this

situatigh there should be no kink.) This has important

implicatiops for assessing published results of finite

i

" element analyses, as most of these appear to excavate the

“ground in lengths of one element, and so will produce a
“smooth curve no mattér how inaccurate they are.

BN
9 2 S Application of Nodal Excavation Forces

Inaccurate calculation of nodal excavation forces also
causes aanher problem. This study shows that the places
where n@dﬁfffgrces are appl1ed have to be carefully
considered. In the f;ﬁite element meshes used here the
elements remain céﬁnected th%@ughéut téé aﬁa]yéis! This
means that un]ess the mesh is either ca;efu1ly designed, has
tensile stresses can develop across regions which usually
have no tensile strength, e.g. between the leading edge of
the liner aﬁé fhe face. Inaccurate nodal forces can
exagérbatérthis situation, and initially in this study such

forces werg applied to the liner sa that unreasonably large

displacements were developed. This problem can be partly

overcome by applying the forces to only those nodes which
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are directly affected by the removal of ground and not to
those where the stress in a direction normal to the boundary
of excavated ground should be zero.

9.2.6 Additional Effects

There are various other minor effects which are more
abviaus! but of which a user of the results from an
incremental finite element analysis should be aware. These
include the effects of the mesh boundary condition, the
depth to ﬂﬁich excavation into the mesh occurs, and the
effect from the first few exeavatian.steps which may have an
excavation sequence differeﬁt from the remaininéistEps,

Choice of the boundary conditions should take into
account the asymmetry of the analyses across planes
‘perpendicular to the tunnel axis. This has been achieved in
this study by using a mixture of rollered and free
boundaries, and by excavation sufficiently far into the mesh
for the boundary effeects to be small. Use of more comp lex
boundary conditipns, such as spring restrainedrbéundaries.
may help to reduce the length of excavation within the mesh
and éansequently the size of the mesh. Fgr'émalier lengths
of excavation eéch céﬁstructiaﬁ step may be identical, but
where larger excavation lengths are reqﬁiﬁeérthe first few
~construction steps may be longer than the final ones that
are to be studied. In such cases a difference in the

per formance of the two sections will be observed.

/
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9.3 practical Aspects

9.3.1 Support Delay and Liner Stresses

This investigation has confirmed that in a material
with linear elastic time independent properties the delay in
placing a support has a dominant effect on support thrusts
aﬁd gréund movements. If support is placed close to the face
of undamaged rock before the next round of excavation the
thrust at the leading edge of the supé@rt, after excavation,
‘'will be relatively large, and will diminish with distance - -
from the face. This variation in taﬁéeﬁtia] thrust becomes
less pronounced if the support is placed further away from
- the face. In addition ther@ris a variation in stresses
"across the thickness of a liner, which also generaély
vbecomes le;s proncuncgﬂ yith distance from the face.

. A method has been presented in Section B.2 whereby the A
'loﬁgitudinal distribution of thrust within a liner can be
estimated from a knowledge of the initial insitu stress, the
ground and liner mgdgli. the liner geometry, and a parameter
which indicates the support delay. This parameter, Ld', is
the distance from the point to the face immediately before
the next round of excavation, and Figure B.13 shows how the
thrust is calculated. -

The variation of stresses within a liner has imﬁartaﬁt
practical implications, particularly for the meaéuremEﬁt of
liner thrusts. The results from this study show that the

location of any instrumentation, both within the liner, ing
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most importantly. its distance from the face, should be
!aceurafejy determined during any monitoring programme. This
important factor is often not reported in the publiéhed
literature, even where otherwise a comprehensive monitoring
programme has been carried out. In addition a high factor of «
safety on the liner is required to withstand the very high
thrusts at its leading edge; Thus most of the liner sengﬁt;
where the thrusts are much. less, will be overdesigned.
Special measures could be undertaken to ]§C311vatFEﬁgthEﬁ

-the leading .edge of the liner segments. Alternatively, the
leading edge might be made more Gcméréssibie so that in does
not “shield" the part of the liner ?urth;p/Fram the face and

allows it to carry more of the load. VAN

9.3.2 Effect of Rock Damage

Damage to the rock around an opening was simulated by a

the ground. This was shown to be a Feasanable simplification
of the effect on PQGR,StPEﬁgth aﬁd.ﬂefarmati@n properties
due to rock fracture caused by driii and blast gxcavitiéﬁi
Ground weakeniﬁg was ﬁ@t considered in this study, éJthéugh
this process could also occur during excavation. fhe'varigus
excavation sequenc®s carried autvshawed that aifgratign of
the ground properties ahead of liner instafiitiaﬂ
drastically affected the behaviour of the ground around the -

£

- opening and the perfaﬁmaﬁce of the_1iﬁeri
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A softened zone aréund,the opening will cause a
transfer of stress to greaszwhere the ground capacity is
- greater due to the higher radial confinement. The reduction
in stress rear the wall of the opening may prevent, or
reduce, the propagation of a zone of strain-weakening rock,
and increase the stability 6f the opening. particularly
. where brittle failure modes such as spalling may occur. The

zone of softening will cause additional deformations at the .

wall of the ing, making the overall rock mass behave as
| fter. This igcrease in caﬁVQFQEﬁce due to
softening must be taken into account when analysing field
meaurements and comparing them to the results from numerical

analyses.

9.3.3 Identification of Zones of Softened Ground

Although the fdentification of zones of softened ground
should be attempted whenever field measurements are
available, this may often prove to be rafher difficult or

inconclusive. ldeally softened zones would be identifiable

nts or strains
§

" from the distribution of radial displac
around an opening, éarticu]ar]y as displacement measurements
are more common than stress measurements\ However, where the

contact between the undamaged and damaged zones because of .

increasing Péﬁiai caﬁfiﬁémgﬁt and decreasing severity of the

damage, the form of the radial strain distribution does not '
significantly differ from the distribution in the undamaged
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case. Only where the damaged rock modulus is constant can a
zone of softening be identified, but this could be masked by
any dilation that migﬁt occur in the same zone due to
yielding. |

Determination of softened zones by radial diséiacemEﬁt
measurements in borehole extensometers will be made more
difficult by the usually relatively wide spacing between
anchoring points. Ildentification éf soft zones wou'd
therefore appear to be much easier from measuremEﬁts of
stress changes. Changes in the tangential stress will be
particularly easy to detect because withiﬁ a séFtEﬁed zone
there is a reduction of stress from that in tﬁe adjacent
undamaged zone, and possibly even below the inftial insitu
stress. If only a few measurement positions are used, a
redu@%igﬁ in the tangential stress will be easier to detect -
than an extra increase in the radial strain or displacement .
éistribgtiani However rock stress meésurements are usually
merééeﬁrati; than rgdiQH displacement ﬁeasurements, éﬁd SO
care has to be takén in the installation of the gauges and
in the interpretation.of the readings.

There is also a stress reduction in zanés of weakened
réﬁk, and it may be difficult to identify whether weakening
or softening has taken place fn any particular case. Indeed
both processes may be occuring simultaneously. An attematf
should be made to identify which process is occuring because
although the correct stress and strain distributions can be

obtajned by using the wrong process model, the same model
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may not be applicable to other situations and predict
unrealistic zéhes of weakened or damaged rock as well aé
incorrect failure modes. |
The processes of dilation duriﬁé damage and of arching
have ;;;jéeen considered in this study. Both of these will
have an influence on the stress observations, and dilation
"can have a large effect éﬁ!magsuremgnts of strain and '

displacement .

9.3.4 Effect of Softening on Liner Thrust

ngten1ng a ring of ground around the opening and
before support installation causes significant reductions in
the liner thrusts. The effect on the 1aﬁgitud;nal variation
of thrus§-withiﬁ,a liner segment is equivalent to a delay in
the support in addition to a uniform reduction in the thrust
along the iiﬁer; Because of the equivalent delaying effect
there is_a reduction not cn1y in the maximum thrust in the
a reduction in the variat1an of the thrust
along the liner\ This tmplies that where damage occurs
around an excavation,_for instance when excavation is by

drilling and blasting, theme will be less variation in the

thrusts in the liner than wherd there is no dnmage.‘
example in machine excavated tufnels suppor ted by segmented

1inings.
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9.3.5 Bilinear Ground gonvergence Curves and Face
Convergence - <8

the ground convergence for the construction cases studied

were plotted on a two dimensional convergence-confinement

diagram. The results lay close tp'the bilinear ground

convergence curves ca]cui§ted from a two dimEﬁsian§1 closed

form solution that was deve loped té model the effect of a

modulus reduction ahead éf the face and around thé tunnel.
In. any design of tunnel supports using the

convergence-confinement diagram the value of the radial

it defines the earliest point at which the liner can be
installed. There appears to be no effect from the liner
support on the face convergence whén tﬁe distance from the
liner to the.Facé after the round of excavation is greater

than one tunnel radius. Ri?ﬁ\damage at distances of greater

than about half a radius ahgead of the face do not produce a
.change in convergence eithgfg A knowledge of the value of
the radial displacement at the face is impartént in order f@
be able to assess convergence measurements made at the face
of a tunnel or at the base of a shaft, or the resuits‘Frcm
borehole extensometer {ﬁstailaticns: These measurgments can
usually only be started once the face has passed the
meisuring point, and so after the radial face displacement

Lw

has occured.
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9.3.6 Changes in Ground Stresses

The rates of change in tangential and radial ground
stresses at a point near the tunnel wall as the;funnel
passes are not the same. The radial stress remains
relatively unchanged until the face is very close to the
point (it may even increase slightly), and as it passes the
change ip- radhal stress is very rapid and it quickly reduces
té its uTtimate value. The tangential stress change is more
gradual, with the stress starting to increase Hhen the point
iis still about two tunnel radii ahead of the_facéi and only
reaches its ultimate value at more than two radii behind the
face. Thesei@bservatiahs have practical important.
implications for the design of supports, the evaluation of
f{e1d observations and for ihe use of rock bolts. Where
ground stress change measureﬁe?ts are made they must be
started at least two radii aheﬂd of the face or else the |
complete ‘tangential stress chﬂnge w111 not be recorded. The
full radial stress chaﬁge~#111 be measuﬁed as long as the
measurements are started/ just ahead of the face. If any
damage is expecied at the Taece-<the measurements must’ be
commenced further ahead. Rock bolts which rely on the build
up of ground stresses to provide a good bcnd between the
rock and the bolt should be instaileﬂ'wifhin.z to 4 radii of
the face. Bolts installed further from the face would need
to be self bonding because the (eTastic) stress changes will

have virtually ceased.



8.3.7 Exéavatiaﬁ in Frozen Ground, and Drilled Fluid
Supported Shaft

Ex:avat{gn wi@hiﬁ frozen ground ghich is subsequently
sof tened by'thawiﬁg.:aﬁd canstfuctiaﬂ of a shaft by drilling
using fluid éupp@rt which is later FEmD;Eﬂq are- two ways by
which a liner can be installed earlier, i.e. at lower values
of radial convergence. In both these cases the liner thrusts
are on averﬁge greater than those for a similar construction
sequence without using ground freezing or fluid support.
However the thrusts do not vary as much along the liner. For
a drilled shaft the maximum thrust is in fact less than the
maximum thrust in a «Wnilar situation, but where the liner
is placed close to the face in steps as the shaft is

advanced.

9.3.8 Shallow Shafts

_ It was found that for these Analyses the performance of
a shaft could be generally represented by a ground
convergence curve normalised to the values of the initial
insitu horizontal stress, and to thegtuc dimensional plane

strain radial displacement calculated by usiﬁg that stress.

For shalTow shafts of depth 7 R, where the supp
placed close {o the bései higher support pres

obtained than indicated by the ground

veﬁggnce curve
because of the influénce QF the unrestraiﬂed ground surface

boundsryi
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9.4 Further Work

There are several aspects_of this inxgstigation where
further analysis could be carried out, still using the
numerical technique developed here. The extra analyses would
use finer meshes than the ones used and'descrjbed here, and
would have to incorporate the connents.made_§n the
" improvements in the mesh design required to increase the
accuracy of the results. ‘

More work is required to evaluate the variation of %d’.
the support delay factor, for a range of extents of damage
" ahead of the face and around the tunnel, and for a range of
degrees of damage (rock softening). This would lead to the’
development of a "damage factor" which could be used in a
similar manner as Xd’.

Fq?ther evaluation of the effects of the variation of
confining pressure and‘severity of the damage on the
- distytbution of the damaged rock modulus is required, and

this should be related to field measurements where possible.

This would be incorporated into an attemp o develop some -
method by which the extent of a softened zone
identified from field measﬁrements.
"Evaluation of the effects of rock dilation during
damage should be carried out. This will influence the radial
diﬁplacements and the ground stresses, and will be required
to‘ana!Qse the convergence-confinement diagrams obtained .

from field measurements. ) f "
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The variation of .the face convergence shgufd be
explored for shorter excavation rounds, when there should be
more influence a% the support on the face displacements.

The effect of different values of Ko on the behaviour
of shafts constructed by different methods should be *
considered further. This would initially be done by using a
finer mesh, and also with shorter excavation rounds.’

The numerical technique developed here is a relatively
quick and inexpensive method of analysing the performance of
shafts and tunnels constructed incrementally. It clearly
illustrates the significant effect that the construction

procedure has on the performance of an opening, particularly

gréLﬁd softening. : (:§§
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In this appendix the closed form equations are derived
for ground softening and subsequent excavation within a

linear elastic material. The equations are developed in two

are presented. In Stage 2 the opehing is excavated within
the softened ground by the excavation untoading techﬁiaué,
in which the radial stress at the boundary of the opening is
reduced to zero. The relationship between the radial stress
- (or support pressured~and the radial displacement at the
Qgi1 of the opening is presented for a range of ratios of
unsoftened to SGFEEﬁFd moduli for the two stages by means of

a bilinear ground convergence curve.



Ground Reaction Curves

and Modulus Reduction

Eu Undamaged Youngs Modulus
Ed Damaged Young's Modulus
~a Radius of tunnel wall.:
" b " Radius of damaged zone
c Radius of ground —= ao
Y Poissons ratio
P

Initial insitu stress

Stage 1 ,

Assuming 2D plane strain, reduce the modulus of the core from Eu. to
Ed. This ‘should be considered in two steps. Firstly the stresses in the
damaged zone are uniformly reduced but with additional forces applied
“at r=b to give no displacements ( At this step the undamaged ground will
not beé affected.) ' The next step is when the forces are removed and the

ground moves inwards Yo equilibrium and the sitresses adjust ' accordingly as
shown below, : .

2

o |
. . :
ot
Rp—— — =
Or
Pr———r m—
27
T b r
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Plane strain deformations n a hollow cylinder

U= 19-2(dPi -BPolr + (149)(a'B}(Pi- Pol )
E (b'-a’) E (b-alr

Consider the deformations within the cylinder of
damaged ground.

U= (1-¥-299 ( -4Pb) "

Ed 1
where APb is the pressure imposed at r=b as a result of the
modulus reduction.

- 1)

Consider the deformations within the hollow cylinder of Undamaged
ground.

Uz (1-9-24 (AB)r . V(Jrs*‘g)!(’b’{&:{?A ) 1
Eu (eot-p') Eu (@ -b)r

Y S (2)

Where - .
A = -[Po(1-Ed/Eu) -APb]

Solve equations 1 and 2 for APb at reb

APb = (1- Jed/Eu),Po.Ed ,
 (E4 + (1-2V.).Eu)

So deformations within cylinder of da&fne.g‘ed ground

u = - (10\").(1-2\7’).(’1‘775:!7/5.{),?%5 ) .

Ed + Eu(1-2Y) ' ‘
or at rea ’ | - where: with Ed = 0 :
u {1-2v)(1- Ed/Eu) o Ve = Poait -VY)/Eu

Uo (Ed/E0) +» (1-2v)

R



Now

o
L]

So

o
W

Po

For =02

Stage 2

Excavate the tunnel by reducing the radial stress at the wall to

Zero.

Po.Ed/Eu + APb

2 (Ed/Eu) (1-Y)

(Ed/Eu) + (1-2V)

Eu/Ed u/ue P/ Po
0.0 1.0 0.0
0.1 0.7 0.229
0.2 0.600 0.400
0.3 0.467 0.533
0.4 D.360 0.640
0.5 0.273 0.727
0.6 0.200 0.800
0.7 0.138 0.862

" 0.8 0.086 0.914
0.9 0.040 0.960
1.0 0.0 1.0

L

Damaged  ground

P and

the excaval

are the stresses due

to

Undamaged ground

210



Consider deformation in the damaged ground at re b

u = -V -2V a’P -bP%b « (1 V)(a’b? ').(P’-P'H_ _____ (3)
. Ed.(b*-a*) ~ €d.{b* - a?) b
Consider deformation in the undamaged: ground at r=zb
u = (1+V)b P* N
Eu :
*
Eliminate u from equations 3 and &
P* = 2.(1-Y)a'P’ L
(1- 291b*e a® « (b*-a®)Ed/Eu . R T
Now P’ = P from stage 1, so
PP 2.01-y)a | _ 2.Ed.{1-¥)
R . [(1-2V)b*+a*s (b*-a*)Ed/Eu  Ed « Eul1- 2¥)
Now consider the displacement at the tunnel wall
Y = [‘1-9-29).0.(#- P*b*/a%) .+ (1e¥)(b/ ) P- P'la Eu
Uo Ed.( (57/a") - 1) " Ed((bYaY- 1) Ra(1+y)
Simplify and tabulate values for ) = 0.2
Y = P Eu 1-2YMEd/Ey -1) -« (b/ali1-2Y.Ed/Eu)
w R Ed [1- Ed/Eul + (b/al(1- 29 + Ed/Eu)
Ed/Eu b/a . u/ue  (b) u/ue  (a) u/ue  (tot.)
0.0 q 1.0 0.0 1.0 1.000
1.3 0.548 1.0 1.548
1.8 o 1. 217 1.0 . 2.217
0.1 1.0 0.229 0.771 .1.000
1.3 0,706 0.771 . 1.477
1.8 1,247 0.77 2.018
0.5 1.0 0.727 0.273 1.000 -
1.3 0.961 0.273 T 1.234
1.8 1.168 ' 0.273 1.L4
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A procedure for calculating nodal forces equivalent to
the stress distribution along the boundaries of an element
is presented. The forces arekdetermined from the stresses at
the nodes which are interpolated from the stresses Known at
four points. The points are usually the centres of nearby
elements. These nodal forces are used to reduce to zero the
stresses across element boundaries to simulate ground
excavation. This prgceduré is similar to the one presented
by Kulhawy (1977), but has been adapted to the axisymmetric

situation.
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Generalised lProcedure Finding.
Nodal Point Forces from Eletnent Centre
| Stresses

-

The fotlowing procedure was developed by Clough and Duncan
and is described by Kulhawy in Numerical Methods in Geotechnicatl
Engineering: chapter 16 Embankments und Excavations edited by Desai and
Christian. |

The‘procedure has been developed for quadrilateral linear strain elements.
The nodal point forces to be .applied along the excavation surface are
compuled ‘from the nodal point stresses which are interpolated from the
centre stresses of the adjacent elements. :

The basic interpolation formula is:

o = 01 . 02X . ﬂay . Ony

where o

= (known) element stress ’
xy = coordinates where stress is known
012'3/. = interpolation coeffients

From the 4 elements surrounding a given nodal point the three .
stresses in each element become:

el = [mfa} - b
where {ce‘g known element stress vector

{m] = known stress coordinate matrix
fal = unknown interpolation coefficent vector

"

The nodal point stresses jonl of the element to be excavated are
-then: ’

on = Inlal = (nl!m]-'§U;3

nodal points shown in the figure overleaf.

Using the principle of virtual work and the linear boukdary stress
distribution shewn overieat ihe equivalent horizonlal- and.- tical . nodal
point forces cAn be estubished at each nodal point.

) .

//‘ ‘ \

)
/ | \
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) txyK
Oy tx)}'L
3 { —
Ox1f= ‘ i —
=
E
OxJ == ‘
i
Q. = {, t, ‘ —
x lxy K xy K

bot bou . m ok

oy1 o, Oyk

All stresses and gradients are shown positive.

For example, the force in the y direction at point J is:«

b1 .. — —
Fy = g L 0G0y« 200« Xy 10y, 0« IX4ey 19k 2

(Y1) teyr e 20Y15 o Yok Tty (YgK Vtxyk B |

where .
Yke® Yk N W oo

and similarty for the X direction,
This cpemiiéﬁ is repeated for all 8 nodal point forces resulting n:-

(Fake (HI{op) = “(HILodimIfg) = t01{e}

.
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where
{Fd = 8x1 nodal force vector
[Hl = 8x12 boundary geometry matrix
ic’,.,] =  8x1 nodal stress vector

.

o 5
["]

8 = 12 resultant matrix relating unknown nodal forces
and known element centre stresses.

Equation 1 may be calcuiated in the following manner. Work done
by nodal forces must be the same as the work done by the boundary
stresses in order to give the same internal energy.  Consider the forces
and stresses in the y direction : ‘ S

X
JI )
[ Tare 2@y ar)), o0 L o) o)) 0
0 J1 S I B v
7313 Y 14 Y, y y Yy Yy |
=) (d7 e L(a¥ . 4 J) = (¢t s =(t7 -t ) ldy
Jo 1 Yy I 1 Yy, J I ;.
Plus similar terms rotating 1)KL .2
¥

where d%’ is the y displace ment applied to point 1.
3
Equation 2 must :}:ld for any "combination of ds, thus collect
terms with the same d ip/ them on both ‘Sides and “equate. This gives
an equation for each FY which can be integated and simplified to give
equation 1. ’

Equation 1, and the similar equg!iaﬁs.pﬁly apply to 2D cases.
With an axisymmetric case the thickness of the element increases with
increasing distance from the axis of symmetry,

Sum the total work done by the bﬁundﬁry stresses in the x
(radial) direction.

’,Y”

, J

Work done a j l(

df +LidX -a¥) |(0X , Yiox T lxi e Lx )9 gy
Jg 1 YB J'_v 1 ,\'“J S viJJI

1

Xp_ - :
o] (d% o K (g% . g% P L LB BT (VO
L(dl x;u‘d*' dIH,HI*xHHJ tTIUx; « x)8 dx

Plus other terms rotating 1 J KL, .3
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This equation may then be mtegmﬁd and simpled Coliect terms
tmtqmmg the same d's and equate. For example sum up oll terms with

k4
dJ )
XX _
FJdJ =
..... L&
Simitarly sum the total work done by the boundary stresses in
the y laxial) direction, T
X .
a1 Y Y Y
Work done = (d . % o). "(6 -0, H(x +x )8 dx
J -1 4 I
. 1] JI
L, y y Y )y ig. s Y
| (e] «Lta]-af HHI -{au S RIETRE S I
Y0 Yu oy R
phjs other terms rotating I, JKL. il B
Now this equation is !tjhe same as equation 3 except that :-
t; and t, are replaced by oy and o, repectively,
c’ri and f:!:’ are replaced by ,EI and QJ respechvely
and that all the stresses ard dnsgzlm:ements are in the y durec:tu:h
Thus frem equation L
FlaY « BIJ —I]d Xy ‘E[—I ;ildyx X
| J 71N
- _31 _1' 1a v, x ,1 ]
- 8] E—* 3 ]dJYIJ‘l + B] ,] IJ JI
| ijyg ‘j’gyvyr _L g y
+84 3 ,.. E’IdJ xxfj’ . B[ - ldJ x“xKJ
e
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o

The procedure used to calculate the support pressure
.applied to the ground, given the radial stress. at the centre
of a liner, is presented. The two dimensional plane étrain
hollow cylinder equations are used.

A-method for correcting the radial displacements and
support pressures is Dutlinéd. in which the results from a
numerical analysis of an unfingd tunnel are compared to a

closed form two dimensional plane strain solution. Factors

=

-

are calculated which are applied to the results from thggfi;f
numerijcal analyses to gi;e the closed form solution results,
These factors are then used tg‘carre;t the resuifs from
numerical analyses of lined excavations where the same mesh ~

and excavation sequence have been used.
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4
- . : . .
Caleulation of Values for a
nvergence - Copfinement Diagram
and Correction of 'Results
P . . L _ . . _
Calculation of Liner Suppert Pressure - |
, LI ' ' . P . ; = .
[ . . f R =" [ :f"ﬁ{, ) -

. . With the analyses rried out using mesh’ number 8 (or number 2]
the liner radial stress . of% s knowrn at r=47m (r=dfstance from tunnel
centreline ). So fropr“the equation for- plane sfrqjy/ﬁ

, ‘/: N ;ﬁs"i:: R .
— 7 - . .
p b (181 —/wﬁ}re - SR
( b% -a) “b = radius of -outer edge of liner
a = radius of mner edge of liner
p, = liner slppoct pressure (ie the
. , ;7 tadial stress that the liner
-7 B = O Lo LAY . applres to the ground)
MO L VTR Y S '
p . = 182550 7y 4
ith the analyses carried out using mesh number 7 the radial Liner
st s known. at r=z &55m " apnd r=485m, Fronf the equation for plane
strain above:- - T ’ . )

R = 34780y , R = 12750,

_ ' These two values of p, should be the same, so. Qiierage; (he
results giving!'- : '

=

& 2 1'7400‘_‘5 * 0'6370’51“ ..!lii'gs‘; 2 L. R . S m e
/A' S - |
‘r v -
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Correction of Radial Displacements

The ultimate radial displacement at eqach node in the unlined case must
be factored to make it equal to the value of radial displacement given by
closed form solutions. This factoring is necessary to reduce the inaccuracies
arising from the calculation of the nodal excavation forces at the (old) face
In front of the face the radial displacements appear to agree with more
accurate analyses. Therefore the factor has been calculated
from the difference between the ultimate displacement and the dplccement
just in front of the face, see the figure below. "

vy
_ il _
—_— distance
along the
tunnel
radial R centreline
displacement '
it;i)ﬁ*éc:t value
’ — value calculated from
this analysis.

The factors A, A, etc. are applied to the vclues of x calculated
for the corresponding nodes n the lined cases, giving the corrected
“ultimate radial wall displacements at the nodes when added to the, z values.

Calculation of Corrected Values of p and u.

'The notation for the nodes and elements is- shown below.
: F B | I vesh 7 b F T A& 1]
P"E’S-h E l ! l A lE L C Mesh k |1 - l ,E,,,' j
' f f f

-=—- Direction of tunnel advance

-
The average radial di splacement of a liner segment is given by:-
Ugve = | Yg *ZuT 22u, s2uq sugl) / 8 (for mesh 6)

where the values of uf,uq,uz,u3 aré corrected values. Values of Ps
are corrected by muttiplying by the average of the A's from the
surrounding, nodes.

Examples of the correction. calculations “are shown on the next

page. /:,-' g

e
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In order to check the ability of CONSTEP2 to simulate a
modulus reduction an analysis was carried out which assumed
the groupd to be a visco-elastic material. The initial state

at t

"

0 was equivalent to the undamaged state, and the
final state at t = iﬁfipity was equivalent to the damaged..
softened, state. The situation used for the compdrison was
the softening, by thawing, of a ring of frozen grauﬁd in

- which an opening had been constructed.
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ViscojElastic Deformation of
a Thick Walled Tube

In order to model the stiffening and softening processes by a
closed form solution, consider the ground to be a visco-elastic material which
changes from E, at time =0, to E, at time t=om.

The calculations presented below follow those by Flugge MS77).
ring of

They consider a stiff frozen ring of ground Isurrounded by a soft
unfrozen ground) which is subsequently softened by thawing.

unfrozen ground

‘ frozen ground
. opening

Apply an inward stress, p, to
the outside of the ring of visco-elastic
material {frozen ground).

o By theory of elasticity for
plane strain,
v

o = A - B2 b ;
' O = A Br-z P V \l
-1 \
u = (1«VLIA(1-2Y)r+ Br '}/ Eg _ |

v : » \
, Or =0 ",
A - Br? ) p = A - Br? - ’\

0
A = pa?/(a2 -b2)
B = pa2b2/(%a2 - p2) , \

At rza ,0Oor = p ; at r=zb




or = pa? [1- 12]
{a? - b2) r2

ur = (1) pa? [(1-2V)r gz]
Eg 2-b2)

r

Elastic constitutive relationships are,

's. = 3Ke |, S = 2GE K
. , G

bulk modulus
shear modulus

where s, S and e,E stand for corresponding
components of stress and strain deviators.

For visco-elastic materials using the general correspondence principle,
use the operator pairs P',Q" ; P,Q which are independent of each other.

so - ,
P's = Ce Ps = QE

2

"
%]
o

For an elastic solid P"= 1, Q= 3K , P*='1, Q=

Subject the equations to a Laplace transform Dby replﬂﬁin% the differential
operators by the polynomials:-

Fit) 213)

)
where §is a function of the Laplace variable 8.

so
2l5)s
23E

‘/°'($ 14
%318

These eqq.otions are identical with their elastic counterparts, giving |

3k— X(3) 26 —=21%)
Pe1s ) ‘ _ (%)
in terms of Eg and
. Egw _31¥ Vo Fy-yen L2
. 207 + A" 2% - 4P

For Ep =15 GPa , Exp= 5 GPa and - Y= 0.2 , using the
relationships between the elastic constants, .

6.25 GPa Ko
2.08 GPa Koo

- _ Go
Goo

won
"
oo
o]
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Choose the viscn-elus;;\?faial shown.
The differential operators for this material are, MNWW— *
. = ¥ _ :l’l —% ) - .
-!!qji I "

[

Flg‘lipl!, . i: q

Distortion /
2

Dilation F; 1 *915 ::3 qD "'q1!
now, 26— - 2ff°
6 = 1 1 ‘q? qE'ﬂ ( 6 has been transformed
r 2 5 (1+ps) ' to Gs)
2 .
transform back to time t,
6 = 1 (g p;1=exp(_lt)-*q; l-exp(_ll)
2 ﬁ2 1 pz ) P2 2
Similarly for K
Solve for pvpz,qaiqquggﬁd q3 , gwen Gg ,G@?KB,Kmi Choose P, =pz=1

g =833, q; =250, g, =497, q; = 12.5

Substitute equatiens (2) for Eg and V _into equations (1),
Simplifying, A
‘U= /o’ 7 p a‘ 773/§-r - _bE
aZ-p2 [\2P' A L A
T paz[ 3 1Uesic o1 b2 (1. 5) J
2 _p2i2q. « 1+38) £0.r (1+135]
ac-b (zqo *qy) 5(1+3s3) £q,r (1+33)

t=0 and tzem ,

Transform back, but only consider times

pn.u.su( 0.144 r [f=04113

tzo —1 tz=oo —1

r

u =

Thus we now have u = p flr)
Now calculate the initial displacements in the frozen ground under the
{ by elastic hollow cylinder equations).

insitu stress of 8 MPg
tunnel is

original
u = 3.456 mm inwards, and occurs before the
constructed . It & not included in the finite element
analyses, but s inciuded in the displacements in the

visco - elastic ground.
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Consider the ring of unfrozen ground. Apply an inward stress p’ to
the inside edge of the unfrozen ground to give the changes from the initial
state .due to the excavation of the opening. )

i.e 8 MPa - p' = supporting pressure on the unfrozen ground

from the frozen ground.

4 u’rzgjunfrozen): _v2.L313 p’ (from elastic hollow
: cylinder equations)... . .. 4
Ur-g (frozen) = 094629 p {at t=0 equation 3).... . .5

\but this includes the initial displacement of 3.456 mm, which
must be subtracted to give changes from the initial state.

Now) ,

p = 8 -p
So solving -equations (4) -and (5)

p’ 1.2181 } ' _'
u 2.9616 at r=39

Similarly at t= 6o

Back substitute for p in equations (3} to give equations for Or, G and u,
at t=0.and t=: oo. A

Similarly for the tined case.
Sée Figures 2,17 and 218 for the results,

3
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"Presented in this appendix are the results of the
analyses carried out on unlined and lined tunnels, with and
without rock damage (simulated by rock softening). The
results from cases where excavation was carrigd out in
frozen ground, which was subsequently thawed, are also
presented. Table A5.1 gives information on the different
analyses carried out, and Tists the figures (both in the
appendix and in the main text) where the results for each
analysis may be found. ) '
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Presented in this appendix are the results of the
analyses carried out on unlined and lined, deep and shallow,
shafts. Ko was varied, and was set to 0.5, 1.0 and 2,0.
There was no rock damage. The results from a case where a
drilled shaft wae constructed wtth fluid support is also
-presented. Table AS,T'givesiinfarmatféﬁ on the different
ana]&ses Gérrigd out, and lists the f{gures (both in the
appendix and the main text) where the results for each

analysis may be found.
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