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ABSTRACT

- 'ﬂle finite elément method is used to .tudy h= static lnd dyn-lc -

. ' hehavxoux of ~underground cavities in rock. The static load

sumed freé fLeld initial stress state (m-situ state -

o = : remung from the
of s:ress) "along’ wllh “the d:aduelght of the rock. ‘l'he dynmic lcading A,

is 3 eotmtEdt: Step puue uaulung.fmm a blast excu-uan. Tempeu:uu .

. grndiencs thar. gnn follow an unexpected acciden( are Alu caken into

Y ccneidetatinn. In the rangé of' ‘lbads applied, the fock 1s considered

) homugenenus. isotropic and linearly elastic. Cracks due to high tensile

a:ressu -are .not. ullwed and rock slﬁing or joints are-assumed " noc to

exist. The eiiec:s . different - :ypes e liners such, gs reinforced L 5

com:tete. prest\'eaaed ccncrat‘e. sl’.ael plate liners, as, well as active " e

%' and pauivz zock bolting, on the stress plttérnl in the rack medta ad

“the lner are investigated.

Eamaeg An availdble computer programme is modified to take into account

i “all the variables.needed for the snalysis including different configura-
tion shapes. The -oufiea programe can deal uuh initial stiise ooy Vo
. Anitial stiain sfates which facilitates the n-ul.uen of tarsity ntren, -
,or expensions’ due’ tostenperature. - The initdal stresdes,’ Hhen apeciﬂed 2 G
.iin the bar elenzs, ..uou representation of praatrssu in the cases of
i \:he prestressed 1iner and lctive rnck balr_i.ng. - As ‘the original ptognme 3
danl: with/dynmic 1oading only, the modifications include ndnptutinn t

static loading.’ B T B . y s ’




vl,. &P

subltlt:uted hy -upping \rp the ut ic lold{nl deiined hy the peak’ v;rue 5 N
bya dynnsc load §

eorirpiging betwedd 1.15 md 1.25.

finlte €lement” cLle ,hl :oI’y annlyli

Hbuu:x){ a

should belcarried out for the, final'
s

de-s;n.» A~nf¢ty Eu:ter u !eq\lh’ed to take- inr.o lcmunl thermal™" = "’
stresses depending on the pmb.bm:y of oceurrence of tempériture rise . |
inside the cavity. [ ", e
© 7 Active rock bolting is' foind to be better than other Kinds of .
: Resiles o ‘: i from. the ised rier ere
“niot Yemsouibla 4 1ndlc-c1ng the nebd for further studdes m }mxfymg the
:endnu profile and other, arametets. ) . N
Aot . X o i
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R s , CHAPTER

T INTRODUCTION *

11 Gereral e, . EE R

The staté of T e~ opeiiings has been che
subject of many current ‘investigations in view of the many practical
;néineeting_apblichtioné in mining, transportation and energy x:;du‘s;,ries.
Powde pescton contalmsnts ie dF parelodiae lneadeny eo-Ehid sedlys’ %

Although underground lpcations in rock are —r'ecammgndiq, the- experdence 1n-
nining and transportation fields suggests deep soil locations as Feasible
alternatives. | : . ) ) " * v
nderground structures in rock or soil are in a state of static
" stress due to (1) the weight. of ‘the overlying material, and (ii) the
'hxsraucany induced stress.es wmch-‘rémai.n in the Tock. A dymanic
disturbance propagating through thie mediun changés the stress pattern. The

stresses due to interaction with the dynamic disturha‘nce shculd be superposed

" on the existlng static values to obtain the complete stress.picture.

2" Scope of this Thesis
: The finite element method is employed to study the interaction of -
a plane wave.with underground lined openings in rock media. Static

stresses due to the.in“situ state of stress including the deadweight of

the rock are also studied.’ The work includes the effect of different types

of liners such as 1 yrced concrete, , active and
passive rock bolts and steel plate liners on the stress patterns. A study

of thermal stress distributfon is also included. A computer mgr‘m‘e,,




1.4 Notation™- . N

modified to study these cases, can now handle ‘many new practical problems. .

L3 ousme of the Thesis - R

In Chapter I, the general description of the problem is- pteamted.

Chapter II reviews the literature vith pn’ticullr tefere’nce to xack bol/:ing

and prestressed mn:rete liners. In Chaptér m, ‘the finite element
s

fomulatmn for the diffel!nt cases sl’.ud!as As explain;d These include

* consideration: uf 1n-uicu es, thermal str N and rock

bolting. cnmu. for finite elenznt ‘modelling in'rock are lso discussed.

Chapter 1V gives a detailed account of the computer progiamme used.. Some

problens to check the s of the are ‘and

iollwed by a flow-chart Bz ek Aty atens of the programme. In, Chapter 'V

11 T e 1 are with grnphs_ of the effects -ai different
. § 3
variables on the stress patterns. Conclusions drawn from this ltudy ate

listed at this chapter with recomendar.iuna Eor fuuhez s:udy.

A area of cross section

{C]  dempingmatrix . - ) "
© critical damping )

G, . compressional wave velocity

C,  shear wave veiocicy_

[D] - elastiéity matrix . .

" E " Young's modylus
B spplied force
[K] global stiffness matrix * Nl

[Kz] element stiffness e Yies .

o o T s

“E length of member




S Ny

" Other symbols are defined as they oceur’

lumped mass, matrix for'the structure’

S L
lunped mass matrix for an element -
matrix of external- forces

load intensity ,

trans fornation matrix °

natural period of vibration

* tiné index

horizontal displacement
natural frequency
horizontal stress
verfical stress '

radial stress

tangential stress

Poisson's ratio
mass density

wéight: densfty -,

.deflection’ .-

" damping ratio

element strain matrix

i ’




- . CHAPTER II - : =

LITERATURE REVIEW-
Stress and Deformar,ioﬂ Prugettles . * 5
of Rocks LB

The stress comutions in rock are bssically differen: from chnse

:.n soils or in yn\mgar sediments‘ Whereas in soils Ver:ical stresses
ptedomin;\te and can be reldted _directly to the weight nf the nverlying
»1ayexs and lateral pressures are lower in nccordance with Pclsson s rar.in,
An rocks the stresses result £rom gravity and hl,s:orically induced stresses
such as’ teétonics, 1c2 loading, and lremnant Stresses from erosion of over—
‘ly‘ing material; at very great depths, the stresses are of a hydros:nl:ic )
nar_ure‘ Faulting and im:lined bedding of stratifiec_i rocks tesult‘ in the

developnent of inclined stresses.

Defotmation praperties of rock camnot be investigated, in ganelal
.- .
according to the simplifying assumptions com'monly dsed for metals. Rock
defornations cannot.be described by a single parameter in view of aniso-

tropy and dence of : on.-the and £ the

b Ny
acting forces., 'Plasticity plays an important role in deformation:

2.2 In-situ Stresses of Rock Masses

The. stresses which exist’ 1 Vitgin ok before excavation are
called in—situ stresses or residual stressesy- According to Heih's hypo-
thesis (11),. the residusl stresses have a geologicsl nrigin, a view to '
P T e the fact $HAE WuEy TAEYE-AHSGRELIE reck‘ahow

horizontal stress components to be much greater than the vertical stress.

(Fig:. 2.1). ‘the vertical. stress component S, to bes



p:cptﬁtienar to the weight of the rock cverhurden, the hptizonr,ak component

S 15, most pm\mhly, ‘of the same magnitude as the verr.lcsl component ‘due

- to creep of the rbck

g Terzaghi (30) used elasticity theory to point out that

rock 1s
strained in the vertical direction by its own weight, its Poisson effect
14 the hotidontal direction is restrained at gréat depths. by.the nelgh—
“bouring masses of rock and creates horizgntal stresses oppésing .thg Lateial
e.xpansivn.n. This gives horizontal stresses less than the vertical, ot
explanation different from Hein's hypothesis. o :
. A third e’xplanatinn which supports Heim's hyputhesls states that
“in static rock masses ‘theré’ 1s a tendency fof shear stresses to, be progrest
sively relieved giving 5 hydrostatic stress distribution (nssump[ian of
zero shear), with the horizontal components equal to the vertical.
' Fork in the fleld of rock mechanics Which includes the measirement
© of both rela[lvely deep’and near surface stress fields show that neteher fetm
dor Terzaght are wholly ‘correct in thélr theories. regarding stresses. The

state of'stress may be within or outside the predicted scresses stven ’by

these theories, in fact it is.very rare when a :heoretical generalization

can’be used to'predict stressés at a particular geol glcal locacdon in rock.

'3.3 Tnduced Stresdes
Expexien;:e has, sfiown, that. shortly after excavation of a gallery i

" préssurized rock the surrounding rock shows signs € being strained. Rock

© . bursts oceur and deformations are observed. lnte!pretation of these rock

deformations depends on the bnslc appraach to the general state of residual

stresses in rack masses., i

Based on flein's hypothesis, O =0 = p . 2.1)

Ezch case of 1uad5.ng G‘ or 6‘ will praduce twc)stresses at the boundary,

S and 6‘ By the classical theory of elastfcity one can get stress o




by superposing - the solution due to the two cases 6 and 0. Thé resulting

tangential stress is, A

= bp 3 @
Wheneve? this tangential stresl\ at a radfus © from the centre of the cavity

':dnches the elastic linit of the rock material, plastic:defornation will X

tske place in the rock with smah invard displacenents. This lesds to
stabilizatiun of the rock and :ha tunnel' (Fig. 2.2). Jaeger (11) referred

to ahother explanatlon given by Rabeeyterfor she p:oblem of induced
3 +
stresses 1n rock based on the assumpticn that che gallery excavated in rock

is subjected La a vertical stressl Sv = p with 6 h 0. At first wadge-
shaped bodies on aither sides’ of 'Lhe cavity shear nff and move towards the
cavity in the horizontal direc:icn (Fig. 2. Jay‘ aid Lieeran pressu§e 15

devéloped that, causel® ehe’ rack to move hm:izontally (Fig. 2.36). In the
"next stage (Fig. 2.3c) the movemen‘g is increased and the rock buckles under
continuous lateral pressure. Sque;zxng pressires’ (the last, s:age) are
_encountered m mihing, 1 the rock ' 15 of a poor nature. '

2.4 sStress Analysis of Sinmgle e

‘The common practice for stress aralysis of openings in-rock 1’5 to
wse elastic theory. This includes Certaln sinplifying sssunptions regarding
mechanital properties of rock, shnye of the opening and the stress Field.
-Generally all analysis is restricted to two-dimensfonal plane strain and

mathenatical solutions are available nnly for simple shapes that can be -

\:y_ ithematical expréssions such as cteiies or, ellipsoids. ' Three
types of ‘stress fields commonly considered are shown in Fig. 3.4, Appli-
cation of ‘the Einite element technique will be discussed in Chegter TIE,

éff"nznamic Progem.es of Rock Media
2.5.1 Seisnic Velocity

The velocity of propagation of waves through rock depends on' many

factors which include the state of stress, magnitude of the stress wave,




water content, rock porosity, temperature and direction, of propagation with .’

fespect to stratification. The compressional ‘and shear wave velocities,
C,.and C,, are given by N\ . .

2 E(1-y)

%5 " 720 (-9 2.3

25 il ;
%= T (2.4%

The relation between G, and C, ds expressed as

s Vic, ‘for Y= 0.25 (2.5) s

For'low intensity stress waves travelling through a material, there.is no
shear in the medium and the seismic velocity is due to a compressioral wave'
only which can be approximated by we g B )

2_E .

¢ =% ) % (2.6)

2.5.2 Dynamic Stresses Around a Cylindrical
Cavity o

The free Field solution for the stresses around a cylindrical
cavity due'to an incident wave propagating through an elastic media has
“been, given by Pao and Mow ‘(24). ' The reference also-gives the stresses

around the cavity reinforced by a rigid body. The mathematical solution

o ; R S
© “¥or the interaction problems is restricted to cavities with regular shapes. '

2.5.3 Wave P in One v

. i . - . . Co
Some of the characteristic features of wave motion’ in.a continuum

can be deternined by analysis based on one-dimensional geometry. .In pure"

one-dimensional longitudinal motion. all matertal particles move along

parallel lines, and the motion is uniform in planes normal to’ the direction

* of motién. ."Clearly, one.length coordinate and time are sufficient to

N




describe oné-dimensional longitudinal motion in A continuum. The differ- °

,. ential equation for one-dimensional wave propagation is

2u ﬂ)bc

2,7
b_x Bt %
; The ‘solution has the Yenéral form - ’ .
5 FU = £ ) + b c—x)‘ * B (z.a) ' .

=

S
Thus, the wavéitravels with a cumpressional wave velocity cp, and, propa-
gates without distortion, being.only changed by reflection o, refrar_tion
..at ‘discontinuities in the medium. & g

T6 get the lohgitudinal frequency and period of wibration of an

elastic bar, U'is assumed in-the form ’
U(x,t) = 6(x) -Sin (we+d) 2.9

Subsf_ituting into equation (2.7) ‘and solving gives

. ) ) 6= ¢, Cos WX 4, sin WX - @9 :
N ] P 5
“Yne gemeral solution for vibration is given by
S bt :
B VSR 6,0, Con ¥, SawD  @u10) - /

The constants for each mode-are detérmined from the initial conditions. - .
i ’ . : Przemintecki (26) has given a numerical method for solving such a '

problem in which the bar is divided intn two elenents ‘as shown in Fig. 2.5

Taking U = 0 to repfesent £ixation at-one end . . . .
R Ty P ) ;
; [l(-g_il =T 1 (2.11) .
. .
[M] =4ﬁ['; : ;] C o @

The matrix equatior of dynamic.equilibrium da"
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" analytical values.

(—wZEM] + k) fxp om0 T

Substituting (2 11) and (2. 12) 1nta (2. 13) glves

Z/VALI: ] zusl: -1:l J -0 @w

For s nonzero solutiod for {x) ‘the deteminant formed by the coefficlents i -

(2.14) mudt be eqisid to'merbs Making the suh-cicuuon/L “’/0" gives

2(1-2 5 7 -+ ) . \ 5wk o
/L v = . (2.15) :

~(,1+/u ) (1—y1 y ¢
From Eqn. 2.15 ; } # e ’ i
.7/u“ - 10/12 +1=0 k Gae L -

Hence

A

P -1V, W, < e By
. \//OL

Values of Wl and- w2 e 2. 6% and 19.5% highet than the corresponding N

i it
/‘»l =3 (5-3\/h 2, W =_1.611A

254 Waver on in

The two*dimenaiunsl wave equatian 15

2.7 2 i g T _:'
b 2 EZD—U : S0@an

i6 which U = f(x.y,t)
The solution of this equa:ion 1s : - 5y

.E(C t+lxtmy) + h(C -1 x-my) Tr2a8)
The functions £ and -h'reptésent plame waves propagating in the direction

"of a vector.with direction ¢osines 1 and m.

< . L y




solved by substiucturing. - i .

2.5.5 Aytical Solution for Interaction
Response E B I

o l’or any type of dmurhance in'a rock medimﬂ surrounding the struc™

ture, :he responses of the s::uc:ure and the medium are 1nteract1ve. This

problem, termed soi‘l-—sl:x‘ucture ‘interaction, is Qf wnsidezshlz intereet ln

“wmodern strucmrsl dynsmics. E W ’ s .

Sevezal types of finite-elements are lvailable to salve soil-
mué:“ure interaction problens;  three-dimensional solid elements,  axisym-
metric solid elements and ‘two- dimer:sinnal plane sr.min elemengs. The soil-
structure model can be-either analysed as aingle unit ‘or the aystem can be.

. 7 N

makéy [0 solved the problem by considerfng the ‘soil-structure

'moel as a single unit and taking \mcu account damping between elements
o .

only. Boundaries were set at sufficienr. dis:am:e frum the structure to

avoid errors ‘due to reflec:lan a; i bouniartas . N

The suhuruccuung “technique was dpplied by.Atchison (2) for onder-
water strugtures. In the first stage the response of the-fiedium and the -
SRR

consequent pressure on' the were’ ing the

m& rigid. In the second”stage external loads are appned to the Etruc-‘
turk to simulate the.préssuré obtained from the first stage. and the .

re '}mse of Eha apFicEira At uadfin web obtained. . The ‘Fipal solution {a
the| superposition of: the it G turs apprnac}; can be App1LEA Er .

studying the soll-steactice futhrastion by using the appropriate aqsdtion

for wave propag&tion and stiffness £or the rock média

Llaw and choyra {18) used I:he substructuz:lng technlque fo‘r studying
- the response of axisymmer.ric towers partly. submerged in water to earchquake

ground motion. The stfuctute and the body of vaeagTa considergd “tio



substructurds, The equations uf mu‘tion for the structure are dsveluped “n’ e

° terms’ of 1,cs‘moqa1 coordinates in

: intetantinn. Thé. fintte ‘elenent mefj-xod is used'to ubtain dfsplacements of.

S tvweg. The teris asaucxa;_ 'with hyd—rodynamic inurac:mn 1n the, modal

This pproach: can be utilized in

‘the: 1nve on of alternatives, siich_as- underground ! and offshore plancs

Coot. o Lwith inherent advantages nf biologi:al shielding. This study” Wil be.

festricted t underground plants

The adva‘ncage

‘han cempensa:e for' ddded

sites ‘ire availablt

- one of Ehe /sdvantages as

& the reduc:ion in’ complexity of seismic amplificstinn by virtue
of location dn a continuum compared by’ surface structures &nd
the, support provided by the rock media to™ the Functional stiuc--
tures such as a.turbine gineratur gystem, Currént exploratory

e’ . ' techniques for the locatipn'of ai underground site involving

s R . tunnels will expose faults which ig’ not the, case for surface -

o e siting which may 1nvolve risk of an undetec:ed hidden fault. N




_ment and possible shutdown: . L
% ST .2 Depth of Burial . . S - .

‘For rack to p(ovide effectlve radiation shielding, the depth .of.

hutial must be sufficient to prevent ctm:ks from opening to the surface

# -y under _:he 1infl of cavity pE following an unexpected
sceident,, Aldo, the s:ruc:ur: should be deep enough fn rbok medid to avoid
"the effeet nf ‘wave reflection at the ‘res surface.

” S To estinate the required depth of burial, a study was' perfomed by

Khe ﬂistrihutiﬂn of rock

Latson Kammer, Langely, Selzer’ and‘ Beck (33) f£o:
stresses between % unlined cavity and the surface for different cavity

o "' pressures. The results are rep!oduced in Fig. 2.6. The net tangential
“stress, &+ obtained by combining the. 1ithastat1c and’ intgrnal pressuxe
cnmponen:s, varies, between the cavicy and :he surface from :ension to" .

. 2
, o comprebsion. Due to the -low-and unpredictable tensile strength of most

Tock media, cracks are likely to open wherever a tensile stress exists

allowing djrect fiow to the atmosphere .(failure of the fock contafmment). '

Fig. 2.7.shows the minimum depth of burfal as a function of Tavity pressure
.for the no ’teﬁsile, str_ess condition. . * - )

Buibid Types'of Und"r‘éround opentnze o  * ’ g o s

P . Underground opex?ngs canbb broadly claasified configuration R

types and structural r.ypEs.

2.6.3.1 Configuration Types

Configuration.of underground openings'may vary according to the

" kirids ‘of equipment to be installed, types of media or the design copsid- .

_erations. !




by Kierans, Reddy anﬂ HealE (13) which are outlined below: - o

] . 13

- Table 2.1 shows typLeal undergrnund openings that have been adopted

for undarground power plants,

2.6.3.2 Structural Types S S A ]

. Fig: 2.8 indicates the basic types of underground openings as givan

" 1) ‘Cut-and-Cover Strictire. ¢ This typs 16’ didtable For Ronvudasive

and poorly ‘cemented’ materials: The réof and wall liners aré designed to
® & ] .

carry the soil overburden.

14) Unlined Cévity. This typé of cavity:is usually sultable for

non-faulted massive rock Rock bolting patterns are required to provide
4

ade uare structural 1ncegr1:y against creep ur\ seismic wave. ' - -
111) Lined Cavity. The 11n1ng s usu‘ally campused of conerete . or

steel or both,-to prévide additional prnbecuion or to,cope with hydro~ .~

logical conditions. Under certain cot\dir_ions, linings hay reduce stresses

_4n the mediun. However, the effects of very sofr_ liners are negligible.

“iv), Lined Cavit wlth Annula‘r Filling. A soft ﬂnnulat filling,

such as ‘oaned ceméne., can be used to pemit possible ground otiuns of 5.
to 6 feer. in shear zones adjacent to failts without damage to' the irternal’
lining. The integrify of the tumnel lining for berding in the Tongitudinal

‘diréction should,be chiecked approximately by using thé concept of bean on

““elastic Foundation. To minimize the };m straining dctiofs produced in

the longitugunal direction, the- R should be previded by fotnts at,

reuonnble distances along its’ length.

.v) Multigle Cuvil:les. The refined rlynamic analysis for multiple

cavities 1g complicated by pmblems of interaction. Tor approximate

dynamic anuysxs the Separating nedia- may be' ignored and an enveloping” .
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opening can be -considered. The finite element technique provides solution  /
for the static problem considering the separating media. As a structural

requirement, the distance apart should mot be less than’twice the cavity

span, * P o LT
2 Types of Limers . =~ *

Several typgs of liners are commonly used to i) provide support
for the cavity wall, ii) prevent radiation leakage, and 1ii) make the
underground openings serviceable. Figs. 2.9a and b indicate some types of

liners suggested by Ref. 33. ) - . Lt

1) Steel Linerst Liners from steel plates of different
thicknesses provide good protection against radiation leakage and are easy 4
to install. The disadvantages are higher costs and temperature conducti-

© vity.

1i) Reinforced Concrete liners, These are usually constructed with

a non-reinforced concrete structural inmer.plate to provide leak protection.

The costs are lower but large thicknésses are required.

111) Composite Steel and Concrete Liners. These are the.most

.;suitable from the structural standpoint. s ‘ 3
iv) Stéel Ribs and Posts. - Fig. 2.10 shows a steel tib and past

Jiner systen‘suggested by Parker and Semple (25). Steel posts in tractured 7

and joi;,:_ed tock formations' are usually loaded out;af—plgne causing torsion.
. and biaxial bending. Steel sets fabiicated from circular pipe or tubular P

box-shaped sections have been recommended because the closed structural

g of a box section resists nonuniforutorsional and ia:_en;l loads more
" effectively. Filling the pipe sect‘iom‘uith& concrete results im consider—

able saving of steel.



,closure of cracks (most important).

15
v) ‘Wire Fibre Reinforced Concrete. Wige fibre reinforced concrete
made with high, very early strength regulated—set .cement was suggested (25)

a5 a tunnel support material. The lining can be placed by a slip form

‘1ucated inmediately behind and contiguous with a'tunnelling machine.  *

iv) Prestressed Concrete Liners. This is a current trenmd in lining *

which eliminates most of the disadvantages of relnforced concrete liner

suchi as low tensile stremgth, pefmeability, thick cross sections, and alagh

2.6.4 Use of Prestressed as_Liner

Erestressed concrete has found wide applicability in underground
power plants by its inherent advam:ag‘es over steel’and reinforced concrete.
It gives considerable freedon inthe réélx_znzion of any shape of the
opening coflsidared to be: advantageous T the SEwbeitaL oE funetional
sense. It also affords the possibility of arranging ducts or ay special

‘channels within the cavity and increases strictural safety.

2.7 Rock Bolting. 3/

The iise of rock bolting makes undergiound structures 'self
. B — Bl

supporting,' The principal function of rocKJbblting’is to reinforce and

support the wulnerable, highly stressed: portion of the rock from failing

under the action of gravity and other 'ln—situ" stresses. Moreover, as
upposed to other’ mechads of supporting local areas of rock, rock bolting

1s, superior in a Eseser wayé. In some , underground s

that would nur_ be sazviceahle 1if the- surface rock vere. nat stabilized and that

/would becbme too costly ‘if supported with linings, are’made serviceable

within economic limits through the ‘use of rock bolting. ’

B
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) - -
. Passive and Active Rock Bolting . : .

Roak bolts consist of steél cables or bars in a.borehole in rock.

They vere. first used as dovels = pasaive reinforcement — in which the i
reaction force of thé bolts (up to a matimm of fts yield load) is availsble
to restst rock load after a slight rock movement) approximately equal fo the
" . étdth of the cnck in the rock.. They also prevent sliding between rock

layers. On the other hand, these bars or cables may be pretensloned induclng
compression in the adjacent rock mass and: thereby improving 1ts I
Thig type of rock bolting is termed.active ind is different from passive :
“primarily in.its greater ]‘.eng:h, strength ‘um’{ 1oading capscicy.

2.7.2 Rocl t_Applications

iy Hadial confiiienent of mdgzground "mi(. ‘and walls (Fig. 2:1la).

0 nauzonux preco-pre.ssion of rock pillar to increase its

vertl:al capa:i[y (Fig. .llb).

111).. In open pits, rock anchors may be. used to um.n 1.m= block.l

in :hg slupes or to’create, pnssuxes on jnlnu or faults to prevzn: slip!

(Fig. 2.11c)7

b 7.3 'Ruck Bolt Beh e © L

.

At lensz three I:heuties have be:n advanced to explaln -Tock bolt -

actionyand fo guide its deaign as. “rock: rexnmcamm:. ;

‘»i) In Ilmimted tack. the halr. stre re thcught ta 1nc!enne

interlayer shear s:rangch (Fig. 2. 12) tesulting frum the claiping An[ion

of temiionsd rock: bulr.s, thereby s:lffening ‘the roof fnto.a nad-\carrying




r E
rock axnund the gallery!

111) " Present -design. s genera.lly based on previous experience

and empirical criterion based on the rock behaviour. The major attention

seems to be focussed on controlling the failure of the critical regions.

‘2.7.4 Variables Controlling the Design of .
Rock Bolts ; . s -

A number of interrelated: variables have to be ccnsldered in

i TR designing rock halc pa:cems.

1 Bol: Length

Bolts must 'be long énough to ektend through this wadgen Whichiare

detefmined to be capable of displacing into the opening. °Amother cricermn‘ 3
1is that bolts, extend through the. zones whete tensile'stresses are perpen-

*, dicular to.the opening walls. In. case of opentngs with vertical side ualls,

d bolts should be extended harizan:nlly through the side walls to"prevent

lateral buckling of the slab into .the opening due to any existing planes.

of weakriess. & 8 'y

g " For all the ahove criteria, tha bolt length should be direcr_ly DA

prnpurtinneﬂ to the span of the gpening,: dnd shnuld be greater for flat
suxfa\:es and less for curved surfaces,d From prnc:lcal experience, ‘rock °
bolt lengths ranging between 0.2 to 0.4 spm inthe crown and 0.1 to o 5 B
' height on the side wsl;ls are recommended. ! ¥
e U2 2_Bolt Sgacin:&\ i

i " The first criterion for selecting bolt.spacing is the support

pressure required to maintain stability. .Also, rock quality governs the .

spaciig between rock bolts. Higher support pressures would be required
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for ‘flatter Toofs which meats closer  bolt spacings. e

2.7.4.3 Bolt Size énd Ord . .

required to maintain stability also mcrease,

"“Ihis is a process of optimization in a rock bolt design.

A5 the: size of the opening increases, | the support ‘pressures

ecessitating large size

bolts for larger ngs. ' 1t 1g. ical to combine widely

" spaced long; high capacily bolts with short, low capacity bolts. in betveen.

The orientation. of rock bolts is not necessarily optimum when placed at
right an;les,:o jotnts or laninated planes.” Of course & MR TR
stregs is induced ajong sliding planes when the prestressed bolt acts
nc;%mally to the plané. However; in sevievsl FOF bolted ayitsws f¢ Th moxe
beneficial -to develop the tansiie capacity of the bolt than to atr_‘empt to
develop its shear strength: The resson for-this 18 that when shearing occurs
by movements along the joints ‘in rock, failure of the rock will oceur'by
ceuabing e ‘the, joirit around: the rock bolt due o cherg{eae moduliss
difiezanc‘e. Thus ;t is’ important to. orient the rm:k bolts in opposicion

Of the forces acting in then from the rock mess 0 that the temsile capacity
of the rock bolt is called into play. Iy general, this means plicing the

bolt anchored upwards as much as possible, relative to'the failure plane.




alastic.

CHAPTER IIT
FINITE ELEMENT APPLICATION -

1 Stress Analysis Methods for Un gn;und T
Cavities : : :

Exact’ analytinal 1nvéstigal:iunx are tescncr_ed to s:lmple shapes
(etrcular, elliptical, et-:.) expressible by amele equations. Furthermore,

the medium is usuglly &ssumed to be and

The irré'gular shapes used in practice coupled with the interaction

of ‘the adjacent z:avities nakes exact analytical solutions impractical.
Experimen:al r.echniques such ‘as phntoelsstic atd méchanical .

wodelling are costly, time consuning and may involve considerable problems

of simulation. The finite element approach has ptovén to be one of the ;

'most powerful methods for analysis of nndergmund cavities that can take

" into considetation changes 111 material properties Df the surrounding media,

geoetry ‘and 1uad4ng on the tavity.- - " s IS

3.2 cal Considerations -

The incfeasing trend ‘towards large
in ronk at depths in excess of 1000 feec located 1 very diverse - geclogic

enviromments, demands considerable expertise in rock mechanics. In recent

*years, there has been some controversy regarding the validity of appl_ying .

elastic stress andlyses to rqck masses.. For example, Trollope (31) has

recommended that sich analyses be based upon a discontinuum mechanics

approach. Ziemkiewlcz (35),-on the other hand, contends that elastic

19 _. ‘
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continuum @alyses are vaud 1f the Tesults are interpreted on a macroscopic

 with careful conside:ation given to jeint eifents ‘In general, it.

15" jogsible to assume linear load-defomation zelattonshis’ sad-constant
elastic. parameters as long as rock masses exhibit Linear behaviour over
thie range of stress levels encountered with no slippags along joints, ‘Thé’

" in-situ -deformation modulus has almost ;:luzltys'been. less than the modulus -

~'obtainéd fron intact core specimens mainiy due fo the effect of joints.
The ratio of these values has béen observed to vary beteen wide Limits

(generally 2 to 10) and iz a function of the physical characteristics of

the Joints md othe: interns] flavs asd fractures, This, the evalustion

of deflections must be based on the deformation modulus derived from field

Ina medium, are
of ‘the elastic modulus. Thus, fof prelintaary insly‘sia of. xock masses
which approxinate this condition, reliable stress predictions can be made '
wichﬂ‘ut an accirate elastic modulus.’ Obviously, in-situ stresses at any
podst are related to the velght of the overlying réck, but there are ;‘;her
factors that influence the stresses such as tectonic activity and inelastic

behaviour during erosiom.” It was shown for example, that the horizontal

compressive stresses are often i Larger than the vertical stresses.

3.3 Simulg;ion of Boundary Conditions

' The true simulation of boundary condir.iuns presents some diffi-

culttes in the modelling of the infinite it d BAMEL reglon. The
_ problem of wave reflection at'a fixed' boundary implies simulating the

infinite boundary in case.of dynamic analysis different than sts:i:.‘

e

1. Static Loading * B . & #

Two ‘methods for ‘simulating the boundary éonditions in this case
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have been discussed by Benson, Kierans and Sigvaldunn @ and will be S
discussed herein. In the first approach, theibottom boundary is restrained
vertically allowing only for horizontal movements. To prevent :;gid.body
motion, only one node was restrained from both hatizén:al x‘md vemca;
aisplscemen:- (Fig. 3. 1) " In“eitu atresses sre applied alcng :h'_\ve(!tical
and "upper sidés of the relaxed rock- mnss, with. the ‘deadweight, of the rock
betng assigned to the nodes in aceordance vith defined principles that will
'be explained-later. .It can be seen, however, that the nununifotm side
1c‘>ad1:ng may. b:s Foptasuitad by & soalitoation BF ixtal Forces wnd bending
moments. In the absence of cavities, such a loading produces identical
stréss conditions on every vertical section accompanied by a bending effect
resulting from th bending moment. This causes g upward arching of 'the
rock mass’at the top which 16 partially restrained at the bottom due to-
the ‘condition of zero displacement.

In the second approach, all the boundaries-are fully restrained -

against perpendicular movements as shown in Fig. 3.2." The rock mhss is

assigned its assumed initial ih-situstress state with the deadweight of

the rock mass assigned to the nodes as before. ' The resulting equivalent

- 'nodal foréeés vanish at all interior nodes except at the internal boundaries
where force resultants act into the opening. It must be pointed out: that,
¥ . . g
‘vas the'two cases considered a véertical axis of symmetry, only oné-half of
*the'model needs to be analysed imposing horizontal restraints at the axis

of symmetry.

3.3.2  Dynamic Loadina
. \Lysmer and Kuhlemeyet (19) formulated a gene!al method in which an L

* infinite aystem is replaced by a finite system with ubsox‘bins boundlries.
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- The dynamic response of the interior region is determined from a finite -
l_xwde.l consisting of the 16:2:10: region s‘;bjected' to-boundary condir_ians,:
~which ensures that all energy arriving.at the boundaz.ie; 8 ‘abdorbed (Fig. |
3:3). On the other Rand, Moselhl (20) used displaced boundsries to simulate
sitipEintoenediiny Atieadimotbron sthe Touniadewvereiial i horizontal
springs were introduced. to represent vertical and hnr{zonf_al resistance cf
the rock. ‘Damping‘is alloved betueen the £inite elements. within the regdon.
The proper evaluation of the spring stiffness should include the elastic
and dynante propérties of the rack media. Biakey‘ (6) used a staple
approach to avoid deflection of the waves at the boundaries by restiiciing
the analysis to be confinegl to the time periud requireéd for the wave to
“reach ‘the nearest boundary. This is,a valid assumption for blast loading
(short duraticn) but not so For-ssismic loading (Long duration):

In this thesis:,‘ the boundaries are Located a sufficiently large
distance from the structure to emsure chat the results at the interface
ate ot affected by reflection at the bcundary. Energy absorbing boundary
conditions are not considered.

3.4 nmainic Analysis of Finite Element ,
Method

v {i} + ) (i) + (K ) = o} e

1 Mass Matrix [M] : :
The simplest mathematical model is the lunped ase representation
in which. the concentrated masses are placed at the node points at the v
locations-of the postulated eler’nent degreés of freedon. The masses are
calculated by assuning that the naterial wichin the meén locations on.

either side of the specified displacanent fﬂr each ‘element bzhivzs 1ike
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rigid body while the remainder of the element.does not participate in the

_motién. -.This assumption, therefore, excludes dynamic coupling between tha
element displacements, and the resulting element mass matx;x is purely

diagonal It has neen' deaonstrated that for ‘a given number of degrees of
fxe_ednm the lumped mags representation is less accurate than :he equivalent

e witriess desived on-the'basld OF Grertla forsds adtiiig ohithe ssbenbled .
structure.. However, in maiy practical applications it 1o pzefembie to
use thé lunped-mass matrices because of the sigiificant cumputn:innal
adyampagen {x the ue of atdgonal sateices. o

3.4.2 Damging Matrix {c}b

The numerical value Se:ehin dpias EosEHEtehtEan by Bbeassl 1
the ‘form L " . %, :

Cmo MG K * . 6D

where G, and C, are constants. T R

. This assumes that damping is not a single constant for all modes
but 4o p:;poxcio'ml‘m density and stiffness. Most media, such as rock,
have damping valies (C) far, below the critical damping value' ().

Now ' =2 V/KH = zum 3.3)

j (it FaETay = g— B
[ " Lo

For the n-th mode of any system for which damping is. expressed by ,
: J i

Eqn. 3.2 : . :
;o . C,K R i
Sn 2K 2\/KM . 1 3.4)
or ¥ =l et + 2% ‘
" fn 2W, 2 <
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“The minimum damping ratdo fn and the corresponding natural

‘frequency can be obtained by differentiating with respect to G,
W, i 4 8 fo spect to W

“and setting the resultant: derivative equal to zero whidh gives. o &

5 R : ) C
5 (3.5)
2 ¥

Kesuntng equal contributions from the qdditfve tems of equation (3.5) the

constants c and c may be calculated as
A i "3
< jn J. o R € NI

gdo, e

or in terms of the period of the system-

= ZF,fn/Tn “ : (3.8)

o
R S O
In practice one bf the two constants C, or C, is ‘specified and’ the other

sets equal to zero.

3.5 Finite Element Applications to Rsi
and Preattessed Ccmc:ete -

Ereous ‘nature presents no difficulty as.elementd can have .
erent material properties and shupes' é.g. two-dimensional elemerits:
can ‘represent. concréte and; rock mediaxwhile line elaments can repreéent

steel reinfcrcements or liners, - : -
i . .

3 l Special Considernticns for the
. MM_

prestressed concrete membera Arise frmn the fullowlng facts.

1) Representnticn of bond between steel and :onctete.




3.5.1.1 Bond Between Steel snd Conerete . : Ty Lo

" tric with the bar xmea;a:eu adjacent to u Jand s of ru?.te:e

11) Noa-lineai behaviour of the concrete materfal. it

X“fluence of shr'xnkage and. creep on concrete defnrmation.

Small ‘tensile strength values causing cracking at normal et

. warking loads. ' o . y

In the fallnwihg, the factors will be discussed separately.

Band representation. between steel .and canctete eléments and hm\d

‘Sllp is &’Eficult to incorporate in Lhe analysis. The two methods.used

¢ are: " a - - . c

1) Tntroduction of a ”houndary layer of special elemenr.s concen~:

. character-

cs., - This' me[hnd has ‘yet £6 be used -in, ok of .cumplexity of the " -
ol

Z’analysis‘ o B 5 o e W e

* stress ‘and bond slip

. elemen:s is assumed in the range of 16ads applied i -

11) Thé s’ecnnd nethod 1: ‘to iiser clnsely spaced«discrete spring
11nkages of zero length to comnect sr.eel it pnerata.aleneits &8 ahowm dn

Fig. 3.4, e figure shows the- ﬂpploximation of :the munded steel°bars to.

’ squate ines of side length —-—7L' itiere M is . the total. nusber of bars and

D: 15 \:he bar diameter’ This allaus the use .of a’ reduced .eross section

wmh at the “level of the steel xeiniqrcement. The' stiffness’ valueés fa;-

'_:he springs can ‘be obtatied expetimentally from the relation between boid

mhe nodal displacemam:s Ear r.he Liustural members :

are’, ob:ained f‘r m which the’ bnnd sttesses and consequently bnnd slip can

be obtained. The hnnd linkage le ent is asaumed to ‘fail, and cnnsequently‘

the comected’ steel element 1€ ‘bond sldp machea a peak value de:emined

5 experimentally. I this study; full bond between concrete "l steel

i
H
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3.5.1.2 Non-linear Behaviour of Concrete

Material .,
) The str ; 'm. rela “f<;r' 0 15 mon-linear and a’ v
ot o e " functinn, of many variables hile. that ‘of steel s Linar_up to vield:
’ ¢ oo i the'

jariable btiffness maprix’ a iaroach the elasticity matrix
: £ P £y ALY

is written as . - v .

. ~»,'(3w)

equilibiiun equations become. " w e : :
B B g R

\ i So,.at every level of/ the strest state reached,‘zhe strains can'be obtained

and a“new elasticity matrlx, formulated to d&temine thé final stiffness

i+ . matrix. ‘New yalues of displacements ‘strésses an\i strains can be ‘ebeatned

after applying anuthez‘ increment of load <mg 3 5)i This method 1 very

*tine: consuming. .

In the

nitial strain method" ‘the constitutivetrelations are of

the fom % =
it N el e f<{5}) SRR R 13}

For every il\cremenc of load the elastic strains can be. nbr_ained and the

s:resses calculated using the nirial elastitity matrix. The 1nelast1c’ | W :

S[rains can be obta1ned using Eqn. 3. lZ xnd the difference between the =%

“elastic snd vinelastim [tsins ca!\ be related to the nodal forces. -These

fiew ‘forces aré applied to the sﬁr‘;c:u:e and new values of wetbass St
_strains obtaired: These valyes are added to the inltial values and cng
1:53:10“ continued. until the ngdsl forees ytaduced £rom the i.nizial
amm.s bacsme: vety omall, theh another increment of,load is applied. This "

-me:l'_md fails tq-conveige for perfectly plastic or for work. hardening




patertals of very sasll degree.
.In the "l.qitlll stress" neﬂmd the elastic stxnms are obtained by
R npplyi.ng an fncrement of load. .The clistic atvessey-ave detersined using
the ‘clasticity ‘matrix. The relatiod ) A
g {5}'3({&})V'_ N ’ @.13) + % .
can be psed to o\ain the ‘plastic stresses and the differem:es.b:tveen '1
th&!& and the elastic values give the 1!\1:131 SIXEGDEB that can be trans-

formed to nodal: forces.  These: forces can be treated in_the same manner as

. in the initial strain method and when they become small a further increment

of load 1s ‘appiied until failure. ‘Schematic sketches for the three methods .
_explained are indicared in Figs. 3.5a‘and b.

"3.5.1.3. Limitidg Tension of

In some approaches cuaking hu been represented hy separating the
concrete-elements af their comeon edges and assigning a different nodal
.. point number on each side of the crack (Figs.3.6a and b). - In other

approaches the cracks are represented by separating the'element into two

parts keeping the numbering system unchanged (Fig. 13:6c) ‘and introducing

azer elasticity constant (E) for the cracked element. The directicm of" R

the c(ack is tgken perpendicular to the direction of the [enaile stress.

In the case of pregtressed concrete this problem does not arise as all the s i

s members are mainly in’compression. =
& 3.5.2 Transfer ress. from Steel to
Concrete

# Ptestreush\g toueu are transmitted fxum thn ueel elements to the
conérete elements :hreugh Vond el s aswuasdto; o conpletely develeped

N bétween the two types e! eleunta. The steel eleunn are nsuned to have
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. "+ . prestress equal to the initial scre.és in the bar. This,can be c_h-n;ed to
A . prestrain simply by dividing by the elastic modulus E. 'nne, strains are.
then converted to equivalent modal forces in the direction of local axe
(Fig. 3.72) as given by the: equation

41

. o

X e {F“} Axl. BEo 1.
e ] . i 4 o),

(3.14)
. 4x1

5 C2H The :rans"f_miauon matrix for one node (Fig. 3.7b) [r] is

Yoe @ " Cos -Sin €. -8 "
L B S 2 | ¥ £3.15)
. i L ]Z"Z [Sin_ Cae:| |:s c]’ L

, e
For a member of -two nodes, the transformation matrix [R]is

= & o e -s 0 of )
. [ = | © LA L L (3.16) o
! ) o rf |6 0o c -s o
o i o o0 s ¢
5 v The initial nodal force matrix in global coordinates ;F } is given by
th: equation 3
: ) ' -, {5, s @an
. G s { ne} £
ey R " -C :
T s s (- .
8 ) = EAE BNERT))

. Y : ‘s “

These forcés are added properly to the matrix of external forces acting on

‘the structure, The final stresses in the steel elements are those due to
the external forces plus those due to the initial prestress (with the .
proper sign conventions). Appendix A gives the formulation of the bar

element stiffness matrix dn the global system.. : .
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3.6 Thermal Stresses

“ Following loss of coolant accidents, " power. plants for :Lnur.lm:e,
I.he zalperlzure Hithin the ‘containment could rise.  This will result 1,!1
stress gradlents across the anainmen: walls.. Watson (33) calculated ths
fesulting stress distributfons in liner walls using analytical solutions

assuming that the.liner is prevented from lateral -expansion by the

* surrounding rock. This is'a conservative approach as the in-situ rock,

while admittedly stiff, is compressible. Extension of the wall liner by

r.mnpxessing the surrounding! rock would ‘relieve some of :ne stress.

* The following sction diacusses tha _analysis of “the prnblem by the .

fmi‘:e element method. The compressibility of the rock medid-is pem::ed
by hot changing the elastic properties of ‘the rock.

« v - N
3.6.1 Noddl Forces Due'to Initial Strains

“Thermal stress analysis by FEM is similar to that discussed before

for the ing forces. The nce 11€s only 1in the fact ‘that

thermal strains are present in isional, el while the

. 3 v @
acts only along line elae‘nz-. The method will be applied to triangular

plane stress elements. The same preceduu can be follwed for tectlnllllu‘

lements in the comp ; A tse withia the element
of AT will result in the initial strain matrix
1 . &
{gu} oot g1 T (3aey
e 5 ]
in uhi-:h o( is the cuaiﬂcient of thermal explnslon. These initial strains
o ahiss
are :anvexud to. 1..1;1;1 nodal forces {r} using the following energy
e :

equation:




{p}:

| &
oy 7k
“in whick

A" is the

t 4s the constant. thickness of the element.

1%

- [x) b1 {e} f el

i {eyie

area of triangular, element

[]" the transpose of the strain matrix

[0]. .the elasticity matrix of the material

EB] m

. dn which XZI XJ]

(32 00 wx32
o -x32 ¥
-¥3L .0 . X3l
0o . x31 -y

“ya o x|
0 syl . y2l

. are the dt nces in.nodal

,{[B]ﬁxi [D]3x3 {Eo} 3xl ERCSHIRNCE 19
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(3;11)

the. directions defined by the sequence of the subseripts) 1, 2 and 33"

shown in Fig. 3.8.

* The computer programie perforns the- matrix muleiplication in equncion 3.20.

"The'elasticity matrix is

Ly
v
oo

(3.22)

The resulting initial nodal forces will be ‘added properly to the

. matrix of external ‘forces that are a‘ssumed to"be acting nn_the structure.

The final ‘stresses and- strains in the-triangular elements are those due to

the applied Forces plis the initial values with the proper signs.

Xand‘l in




| ‘In‘i[iﬂ'l Stresses .

s stated in Ltem 3.3.1 thé rock elements will be‘asszvgned initial
stress values equal to the ln-situ stresses at the 'parl:icular location for
studying the induced stresses due to-an excavations The solution is
obtained by a procedure ‘similar to that in :hemsl‘s"cr‘ess calculation in .
section 3.6.1: 'The initial stressds are transforned into initial strains
by the equation . - . .

s AN [n]m (o3} - (.23)

. Using Eqn. 3.20, the 1;11:1-.1 strains are trsnsfomed to initial nodal
forces added propeérly to the force matrix for djsplacement calculatioms..-
The final ‘stresses and strains in the elements ‘are those due to the-applied
forces plus the initial values With the proper signs.
3.8 Finite Elenent Modelling :

Because the finite element model is an approximate representation,
considerable care must be exercised in the establishnént of the atmlytica.l
model to ensure that significant errors are fot:{ntroduced into the results
gecause of magequace modelling: In tﬁ'a following a bfief diséussion‘will
be made for the, severai factors to be taken into consideration in estab--

lishing the analytical model.

3.8.1 Flement Type and Mesh Size

Kulhawy (17) showed that linear strain quadrilateral elements are

the nost appropriate ior use. Higher ‘order elements provide additional

degrees of freedom which arg y in most al xpplica:ions.
Thé boundaries of the finite element mesh should be located at least 6
radii away from the centre of the opening to emsure that. the: computed

r
4
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stresses and displacemen:s are within an error of less than 102 of the’

theoretical. "It was also shown that within these bo\mdnries 125-150

elenents suffice for yses of simple in rock

alf of the systém.need be

where there is.a plane of sympetry and only on

analysed. Regarding the element length, RubiLeisyes and Lysuier (16) ‘zesons
mended a maximum element length equal ‘to one-eighth of the wave length of
the slowest body wave.propagating in the elastic material for the. analysis

of two-.or three-dimensional layered media.

2 Fin’ice Time Increment’

Higher frequency responise 1 vary importint for vave propagation”
* problems particularly for discontinuities 14 velocities and accelerations.
If the respanse in the region around r.hz disconr_lnuity is of interest, a
very small tine step should be used. ‘The characteristics of Equ. 3.1 are
best defined in terms of its natural frequanc);' and mode shapes., For-a

disuenzed system a maximum limit of these frequencies is called the
“dutete frequency or the stiffest system comporient.’ If ‘this discrerized
systen is excited by forcing functions having a Eféquency content above
" the &utoff frequency, such.as those induced in a vave propagation problém,
"noise is generaced‘ln the cutoff modal response. Nickell (22) indicated
that if the time step of integration lis‘ reduced in uxdje:v to accurately
integrate the-stiff components, then\ the step Wil be too small for the

lover frequency responses, resulting in excessive computer time for the

calculations. On the other hand, 1f the time step is chosen with regard
for 'the low-frequency response, instability will result for explicit

meﬂwds “and integration errors will giv! 1na|:cutate solucinns foz the sdff



componénts, Table 3.1,.reproduced from Ref. 6, outlines the recommenda-.
‘tioris of different authors which indicaté a range of s ( 2L (L.
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. CHAPTER IV
THE COMPUTER PROGRAMME -
.4.1 Introduction o
Yu and ‘Coates. (34) : a computer. prc to det the
static stress distribution around typical, irregularly shaped wining
openings. The programme takes into iderati ; 5 mech 1

properties of the rock and the stresses produced by elther’ or both grlvity
sl testbuic Forcas; ‘Thecomputer progzemme fn Refs § ia a:etupld plane
stress analysis for dynamic behaviour of circular openings in rock.

Different types of elements such as triangular, rectangular, bar and curved

1 with bending & are

4.2 ‘Comparative Study
The four computer programmes considered were 1) STRUDL-IL, 41)
SAP-IV, 111) Yu and Coates programme (34), and 1v) Blakey's programe (6).
The bnl; di‘ffi‘aﬂty encountered in STRUDL-II and SAP-IV was the absence of
- curved elements vith bending stiffness. The vork of Ref. 34 va‘q restricted
15" stabic maiysin; Hanse; Blilyte pecicmmme seessd Yo, e é‘;a_ vl -
suitable. - 1 A
As the problems studied were beyond the scope of Blakej's programme,

extensive modifications had to be made. In the £ollbwing, a gehezal

ption for this will be pres followed by an explanatfon

of the modifications and extensions to accommodate differemt kinds of

loading and geometry. PR 4 . &

i



procedures ‘followed within the programme.

443 The Blakey Programme (6) ~~ = =
The printipal part is the MAIN routine from which all other
subroutines are called. A-flow-chart is given in.Fig. 4.1 for the main -

In MAIN, all the input data for the problem are read and checked

for any input error. There are several:subroutines for stiffness and

stress ¢alculations in the programne. These are ASSEMB, BAR, TRIAN, RECT,

SHELL, ARC, LOAD, RECURS, SHELLS, RECTS, TRIST and MATINV. In-the following
: oL

a brief description for each subroutine will be performed.

1 Subroutine ASSEMB

Subroutines BAR, .TKSIAN an‘d RECT are called-from thls‘:ub‘roucine
after miling’ the Proper vheck fox-the caléulation of the stiffness matrices
for bar, triangular, and re‘ccangula:‘elmems respectively. After that, it
calculates the mass matrix in the form of lumped masses at.the proper node
and asgenbles the element stiffness matrices into a banded global stiffness
matrix. The proper boundary conditions are inserted and the cutoff
frequency Wy, and the corresponding periof of vibrar.'iun Togq caleulated °
in a'very rough manner. . The first increment of load matrix is prepared by

calling subYoutine” LOAD. Sub!uutines BAR, TRIAN and RECT are ur.ilised for

"ielement stiffress calculations as' previously indicated.

4.3.2 Subroutine SHELL :

Subroutine ARC is called from this subkoutine for the' formatién of
the stiffness matrix of each segment of the circular liner. The elemental .
stiffness matrices are supeiposed in an apprnp‘riate manner t’o form the
shell stiffness matrix. Thg contribution from the liner elements to the K

mass matrix is also computed. in this subroutine. The overall shell stiff-




. o ‘ %
fless matrix is assembled on the: basis of three degfees of freedom at each . -
node, viz. horizontal and vertical displa:emen(s.and rotation. Rearrange-
nent ‘of Ehis matrix is made fo move rotational terms to.the ‘bottx;in of!the

" matrix to take advantage £xon'the fact that the corresponding moments i - ’
the nmatrix’of external loads are zeroes. At the end of the.suh'_routine,
the overall shell stiffness matrix representing the circular liner;is

transforned to the overall banded stiffnesy matrix of the structure. - s

'4:3.3 subroutine ARC*
This subroutide forms the element s:iffness matrix for any segment

of the circular linen (aré) in lotal, coordinates and transforms it to the'w

system cnagdin/ates. U‘nder certain.conditions, this .au‘btout‘ine,re"al"tang%s o

the element ‘stiffness matrix of the arch to shift rotational terms to the

bottom. ) .

4.3.4 Sibroutine LOAD * ) )
The ‘programe calculates the increment of the*Toad to be used 1i

the matrix of external’forces Tor & Lorreséondmg tncremeht of tine

acéording tothe Load=tine function-provided withth the dati in. the MAIN

,znu:me. E . T

*'4.3.5  Subroutine mzcuxs e ow

The equauons of dynamic aquilibrium are solyed to give the

displacéments. The resulting displacementa, always functions of time, are

put into the matrix of external forces to reduce core storage ‘size. oo

4.3.6 Subroutine SHELLS

- 'This determines the -forces and bending moménts for the curved: - -

“elements and prints the resulting values for éach element.



a = X ¢ ¢ 37
.. . s .
.7_ Subfoutine RECTS N =

Withih this fubxou:xﬁe, stresses for the bar and rectangular
. elenants_are caléulgted after making the proper checks. The priictpal
‘strésses and the angles 6f inclination for the rectangular and triangular
elements are calculated at thelend of the subroutine. Stresses, principal.

stresses and ‘the angles of inclinatich are then printed.”

4,3.8 Subroutine TRIST : . . T : .

o It is called from RECIS, after the proper check, for stress caliu-
_lations. Principal stresses are’ calculated and printed in,subroutime

RECTS. . - =, e

9 Sublout.ine MATIIW

The name implies the Dper tion of MATRIX' INVERSI)JN.

bt on Blakey's.?
This programme was-limited to ‘the dynamic analysis of circular
openings in rock media. Although the analysis is indicated for plane

‘strain problems, the programme solvés plane stress problems only. Again,

there was ‘some restriction in feeding the data

4.5 . Modification to Blakey's

'
In the fullouing ya:ts, all modiffcationa that have been 1ntroduced

to Blakey's programme will be discussed.. Fig: 4.2 shows the Flow=chart

.for the modified programme.

.4.5.1 The Shape'.of the Opening

To make the programe applicable to all kinds of upenings, the

irame element was incrcduced to represent the liner. The Ftocedures

i
P



followed 1n formulating the stiffness. matrix and calculating the sf_rﬂining 3

actiuns for the frame elments were mainly the sm\g as those for r.he curved

elenents.
"SHELL, ARC and’ SHELLS for, the same purpose as nutlined before.

FRAME vas only introduced to calcula&e zhe sl:iffnesses of the frame

elenents in local ccordinatd system.’ This implies that wheneves the

computation’ involving all subfoutines, ¢iz. SHELL, ARC and SHELLS a'*

variable mht be used -£o.identify fhe curved of frand elements. This vas'

done through'a Varl?ble FREX (FRAM:E EXIST[NG) This vntiable is given a.

_ value of 1.0 ox 0.0 for fr. me or -shell calculazinnﬂ respectively. At the

_final séage, the straining abtions for the‘frsme elementa were printed

following those for the s elemem:s in’the same form.
The stiffness _matrix for the, frane element is given in A'ppendlx A

4 Ptestressing s . 4

In order to study prestressed concfete-liners and ‘rock bolting: as
active rein'fm.—cemen: , bar elegen:‘s were'used; At the sane tine bar

ele_ments uichout pres\crese are rzem:ed as ﬁornial steel remforcement

The - progg,ame was. modified ‘to allow for initial stresses to be

-given to the bar elements to represem: pnastressing for' both, cases. ' This

was 1utroduued in subroutine BAR as an auxiliary part. . The &nalysis.for

this is given in Chapter 111, 1:em 3 5.2

4. 5 3 Themal Sttesses

A part of the analysis wag' devoted to’ the study of fhe effect of a

temperature rise in"the tunnel following' an accident which csuses ‘strains
in‘the liner and the surrouriding media affecting. the stress distribution

ip both.” To take this effect into consideration, inifial étrains arere

So, the modificatien was doie making £ull use of the subrout ines

' Subzotitine




| Eien. to the triangular elenerits and initial and fynal stresses are

obtained. This-was done parkly 14 ASSEMB and partly in TRIAN. The dndlysis

" e
is'given in Chapler( III; item 3.6.1.

4. 5 4 In-situ Stresses - . ®

as stated before, any excavation fn rock is px‘eceded by an.in-situ
stress. scate due to geological cansidérations: *The complete analysis of
the prnbrem should fake thése stresées into consideracion. !nir.ial

i stresses were given to the triangular elemen:s to account for the in—sltu

'stresses from which 1n1:ial strains are calculated and the procedures

. follow the initial strain case; This was + dorie partly in ASSEMB and_ partly -

-4 S:atié Ana].ysl.s

in 'nmu The values of the initial Stresses are input o propertiaen ot , ¢

the triangular elements in the MAIN routine. These values aré obtaimed

from :heoi—ies‘rhac,bfst predict the in-situ state of stress.

The states of in-situ stress, induced sStress, prestressing and rock

bélr.ing dre static effects in nature.

SYMSOL was d to

solve the equations of static equilibriun. ‘statdc nodal displncemem:s are

GlEalaEd Fro WhieH setassad arad :alculated in-the same vay as in the
dypamic analysis. This modification made the programme so general that it

can cope with any combination of load¥ng. @ o g

4.5.6 "Body Forces

In some cases, it is Fequired. that: the own weight of the elements

. be taken 1nto considération. - This wigsaccomplished by miltiplying: the

lumped mass matrix, MASS by the gravitationsl acceleration and addlng in

the pioper locations to the stati(; 1cad matrix ¥P. Variable, KHALID was




+1‘._b‘rea vely. FE T

obtatned.

‘solved:

.- (maxtoun horizontal displncement)

S B gl ol g . 4o

" given valdes 1.0 or 0.0 to show whether. the own weight had to be taken into °

consideration or not. -

4.5.7 Other Considerations’ - y: e

ks a special case, the programe solves problems of Eircular
openings. - The varisble CIR was given values 1.0 or 0.0 for circular or
non-circular opening. A condition was spacified for plane’. strns or plame
stratn.analysis by assigning the variable ABIR two values, 0.0 o 1.0, for
the two cases respectively. Another veriable, AMAL npeclﬂad the problem

as static]. dynamic orlstatic And dynami: with three values, -1. 0, 0.0 ox

6_Prg ramne Check - i '_ # ‘

4
First, three pmhmg given by Blukay (5) um\ dlfferent 1oad—t1me s

functions wexrs dlacked lfl:er Lhe mdifii:ﬂtlolu and tha same !e!llltl were’

“Thé bean shown in.Fig. 4.3a vas tested £o:x different cases of

-loading. Taking advantage of uymel:ry, the mesh 1s restricted to one-

' fourth of the region as shown in Fig. 4:3b. The teuwug probleas were

Problem No. 1. ‘Beam axially loaded with 180 kips at node 21.
Theoretical solution S g g

" . 25 -mcx,ooo - 9000 pot. D i "

_E_lao,oor:xeg_““n =
20% 3 x 10 _




Finite element.solution °
* ¢S ranges betveen 8990 and -9003 . . g
8—017:002111\ : ’

The difference is due.to :he ‘fact Chac the F.E. sulution is tuo-dimensional

with a stress concertration at nﬂde 1.
Six pxesttessed steel elements G che upper boun—

M
* dary. A3 B e o AN
Prestress = 150 ksi . F, L
@R B R " hrea of steel =1.2in% C 2 Ly i
Theoretical solution ; o .
Preatressing for;:e 2 150°x 1.2 = u:o igs 0 T .
N e y E s:eel DHETm B g
. ) zguxvgenc area of cross section = A‘+ Areel
3 =(20x1)+3°"‘2 xl2=32ea . 1y
| d %10 ¢ » it 5 I
p

O—teex =.-150,000"+ 10 x5, 625 = -93750 psi

Finite elmenl: solu:ion : : . . .
" E _ 6" raiges betvigen #5580 and 5630 psi ;

6‘:221 rlnges batween =-93710. md 93210 psi

Two values of prestrain were given to the trian-

y o i

4 . " Broblem No. 3.
Bular eléments, that-is’ £, = & ='E'= -0.003. The member is unreinforced
through the hole Temgen. ~ 7. B )

‘ Theoreticsl snluuon “-'As there are nd x‘esr_taints on .the member, it wi].l
o o™ P iv,

contract fteely Yithoue caustrig I-my stresses.

5-=‘ ‘,"

.5 = (€ 1 = -0.003 x 60,

0,018 tn g,
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. Finite elément solution . B vt .
& O =-0.01 psi (negligible) ) . . .: ’
_' ,s-o.msm : g il Y 5 ;
Problem No. 4. A dynu"!c and static ;.;uy-u vas carried o\‘:t ..
o " similtineously in one run for a open‘i:ng with vercical side walls and :

arched roof. In-the dynamic analysis part,a load-time function.as shown

S Fig. 4.4 was used. ' The time step was 0.00005 second with total number

‘of-time ‘steps 'of 120.. The nodal.forces produced from the dynaaic load was
5 -ppuéd as static load in the static ;nuy.u patt. jl‘he Sesilin OF Hie . o
dyndntc m‘alyais'wero; slightly different from those of Ref. 6 for the 1
circular opening. Also, the ratio between the dpaiandisfacic ngzalssa. )

¢ 7 (dynamic load fdctor) varied from 1.15 to 1.25.




CHAPTER |V

Assume a certain location in frock with its in-situ state of hori-

zontal, and vertical stresses being kpown. After excavation of an under-

ground opening.of a certain shape, the overlying.rock will tend to push

the roof of the, excavation downvard[while. the surrounding rock will push
-the'depth and the ratio of horizontal
A

the side walls invatd. .Depending
“to, vertical in-situ sttesees, the ppening will take a deformed shape.

.stress relief will follow r.his pr cess dueto the freedom given to ‘the rock

mass’in this zone.

8.2 Finite Element Idealizatio
A constant stress-pland strain triangular element was used in this

study.” The boundaries of the (udied region were located five radii from

1y simulate an

the céntre line of thé cavity/so as to

region. -’ The rock medium and/the liner were assumed linearly elastic,

were not allowed in

isotropic and of limiting ténsile strength and’ erac
‘the range of the operating]loads. These Bre valid assumptiuna 1n the range
of loads encounteted.’

The in-situ statd of stress was repza_sentled as an initial Atress

state in the rock elements. The deadweight of the rock elements was taken

into consideration by Z signing nodal forces to the surrounding nodes,

e.g. £0F the constant strain triangle. used, one-third of the element weight
. . t 5 A
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5.3 Case Studies
A full scale plane finite elément ‘model .vas chogen for a cavity 8

feet wide and 105 feet. high "The thickness of the mndel was one inch as

the computer programme optates onunit thickiespes of the dimensions used.

“The davity was considered long eniaugh to validate the approxims:ian af

plane strain analysis. The dimension of the studied region was QZQ x hZO

feet and the shape of the opening was an nrched Toof. rith vexr_ical side

' walla., The plnpertias of the Tock and the depch of burial uould be changed

|

easily. Fig. 5.1 Shisusnilie genersl ].ayauc f‘or applica:ions\in the mining

,and energy industries.  The dHenatone are smaller for appllca:mns ‘in

‘transportation.

Both static and dgnanic loading cades were considered.’ The static
loading was the in—sil:u stress as 1n1:1a11y applied to the rock mass with

the deadweigh: of each element: asaigned to the surrounding nodes. as

g pteviausly explatned, The dynande loading:vas a constant step pulse shown

in Fig. 5. 2 represem:ing a blast exnitacion apvlied horizontally: ‘A unit

value ofo— (nnmal component of istress behind ami in_ the direction of

r.he incident wave) was u\ed inthe computational . wotk. %

For dynamic loading, the bnundaries on the right side yere assumed
free while all the uthet three sides were censidered fixed Since the .

stress uaves reflect from these bo\mdaries modifying the txue cuvity

sttesses, galy the. time history’ frée £rom these effects was e\xnmined. The - .

compressional wave velocity within the rock medium was_ approximately 100

. inches' per msec{ thus, reflection from the nearest boundary will reach the

gavity after about 80 msec. The duration of loading was restricted to

e % |




_only 60 msec:

The n;udel in Fig, 5.1 vas:analysed'in three stage.s:‘ First, the
rock ‘mass was subje\Cted to an assumed value of initial compreasion:in the
vertical ‘and hgxizoﬁcu directions along with the deadweight of the rock
within the, region. Salutinn of this case will give the actual state of
[T within the rock media. In the second s;(ge an ﬂpening was
: introdiced in the region as shown in Fig. 5.1'ahd the induced stresses and - | T
displacements are obtained for the unlined cavity. ' In the third stage,
d4€ferent types of liners were considered and.the effects on the stresses

. . ' —
and displacements were' obtained. . 5 :

 5.3.1 In-situ Stresses ¢

e ds ¢ g | .
The uniform mesh used in solving this problem is shown in Fig. 5.

The properties of the rock media used were as follows:

E= 1.5 x 105 pat

V=03
/0 = 0.00021 1b/4n°
The rnck mass qas given an averxge of p!ecampressicn of 250 psi in

,‘the . two directions. Undex the effect of the rock weight, the 'vertical

i
]

stress at ‘the top reached a compression of 66 psi and the stress at the

bottom 434 pai comp'ressun, both approximately equal to ¥h at the cofres-

ponding, levels. The change in :he hnriznnl:ul stress was only dde to
Poisson's effs:n and the ho:izom:al stresses varied from 329 psi from

bottom.to 171 psi at top. The reaulcs indicate an average ratio of 080
between horizontal and vertical stresses. %

5.3.2 Induced Stresses o -

1) Static Léad:n‘g. The Finite element model used is shown in
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Fige 5.4a. The-maximum horizontal displacement for the side walls was

0.123 inch inward, while the maximum vertical displacement of thé arched

roof (at the crown) was 0.194 inch doynward. The final deflected shape of

the opening after excavation is shown in Fig. 5.4b.

The whole region which was under compression before excavation
experienced’a relief of stress. The magnitudesvaried depending tpon the

‘location. The stfess relief values changed from'5% at the center of the

veréical sides to 19% at the middle point of the bottom: The veru:al'aue

walls: of the cavity indicated horizontal tensile stress values with a

maximum of 68 psi -correspond o 259 psi comprassion hefm‘e excavation. A

vertical tensile stress of 5.3 psi was obtained in the horizoncal parr.‘ It
is clear that for 1lrger depths of ‘burial or where the horizontal 1n~situ
strasses are higl\, tl'\e 1nduced tensians will ‘be higher causing crscku in

the roek before lining.

The maxtuun relief of vertical stresses was motified ‘st the crown

and vas of the order of 60%.

11)  Dynamic Loading. Stresses within the rock media were mainly.

compressive with a maximum value of. 1.94 O’v. The maximum tensile stress

in the ‘vertical side walls was 0.30 L

Three 1oc'acions, as_shown in Fig, 5.3 -- elements 1,2 and 3 —

were chosen £67 studying the change of stress with time. The values were

compared later with those for a lined cavityA

Figs.' 5.5a, b -and ¢ show the variation of horizontal stresses up

.to 0.06 sec, The stresses first increase with time. and then become asymp- *

totic to the static solution. .Stress, reversal from compression to temsion

was gbserved at lcation 2. ' The stresses obtained by assuming the dynamic

lodd to be a static one are alsg plottdd. The ratio between the dynamic

and static Values varies with the location (range: 1.15 to 1.25).
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* liners (R.C. & P.C. ), passive

and active rock bull:ﬂ.ng and steel liners weta analysed- for static and

dynamic loading.

BEda d Liner

'ms type of liner is umlly ‘used for rock of poor quality sinilar

to. that conuiderud ln this sr.udy. The concréte section is 10 5 feel thick

reinforced with sl’.eel bars (1¢5% of the cross settional Area) 1ocated on

the mcerior face. The properties are as fonws.

Ecanc =3x 10 psi ] )

b, Ve =017 R ' o
O < o.00021 /10>
Ewbt'“_l - 30 x 108 p;é '

forgumat 16 by bar el pnmp—

The steel
face neglecting the thickness of concrete cover for stmplicity as shom in
. Fig. s . [
1) staie Loadidg.

the vertical side walls wi

The maximum inward horizontal displacement of

0.101 inch and thaLnAxlmun vertical settlement

of the arched roof was 0 175 inch. This shows decrease of 18% and 10% in

the displaczmanta compared to tha case of no llnlng which will be considered

the reference case. The muimum vet:iul stress was ubuerved at r_he fno:

of the Vertical concrete wall with a value of 499 pa:l and the muxlmm

horizontal stress was 420 psi. Bo:h vnlues are far below the conorete

compressive strength of.4000 psi. Smlll hnrizontll tensile stress was

produced in the.vertical side walls with a maximum value of 60 psi which

r
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s sfill far below the pemissible congrete tensile strength £ 400 pt.
The steel elements were comyletely g it wich a maximm'value of
4797 pai while the minihmus compessive strength of the steel is about. 27,000
psi. The final deilected shape {s°shovn in Fig. 5. 7.
’ 14) Dynanic Loading”, The nascimum compressive: stress in the liner -
was 1.49 O ‘atthe bottom horizontal part and the maximum :ensue.s:us_s
was 0.11905; in the vertical side valls. The strésses in the steel rein-
. forcemeht were compies;ive with a mkimm value of 2607 ’
7 Stresses witidn the rock wiedia vere mainly cumpressive with .a
maximm valde of 1 3350—‘ - Smallex‘ than :ha maximum compressinn in che
" RJC. linér. Eleménts A, B and Cas shiowm, in'"Fig. 5,6 were studled
separately. The horizental stress vs. time relationsfiip for: the three
sTeics e ShoGTH FES, SJ8AD and.c. Plotted on ‘the same figures.
aré values of static stresses obtained by treating the dynamic load as a
‘s:auu ons, The dynamic stresses are generauy larger than' the corres-
‘pomung static values but maliay;fham those! axithe unliner:l cavity. The
Stresses wifhin the elements behaved in the same maimer as previously
explaiged in'the cage of the unlined cavity. - ‘ ;
Two steel elenents D and  were chosen for the same’ study and the
curves of stress vs time are shown in Figs. 5.9a and b.. For' these ’
elements, the ratio between dynamic and static stresses is. very high’bnt

“with no stress reversal. .

5.3.3.2 Concrete Liner
The tvo cases considered’ {n this study are shown inF\igB. 5.10a
and b, Tn Case 1, the prestreased steel is located on the interior face

of the cavity.' In Case 2, the prestressed steel is located on the interior
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face of the vertical side -walls only with the ends of the.cables jacked to

the concrete from the exterior sids at top and bottom of the walls. For
both cases, the concrete thickness was® 10.5 feet while the p:e'st.xessed
8F921 was 0.5% of ‘lhe concrete cross SEAC[anll area. The steel bars were
prestiessed to 150 ksi. 5o g
Y Statfc Loading. For Case .1, the maximus hordiontal dlsplace-
ment of the'vertical side valls was 0.124 inch and the vertical settlement |

of the arch 4t the crown was 0.239 inch. The correspondiny valges for

Caee 2 were 0 09 and 22 inch. The vexr_icll settlements for both cases

- are higher than: :\\uae fnr the unlined cdse due to the effect of the -
preatressing at the upper ends of the tendons. 'l'h= hordzontal displacement
_in Case 2 was 26% smaller than for Case I and the unlined l:nvi:y. The -
£inal deflected shapes for.both cdses are shown 1n Fig. S.7. .

As a result of the prestrdssing affect, the vertlcllvcnmprusive
stresses in concrete at the bottom of the vertical side walls were lncreased
up to a maximum of 879 psi for Case | and 677 psi for Case 2. The corres-
ponding value for the case of the unlined cavity was 477 psi (compressicn).

. The maximum' horizontal stresses’were 443 and 517 psi. There still some
tensile stress in Case 1 with'maximus of 34 psi while they were eliminated
completely in Case 2 exn'e‘y: in one element where the value was. 53 psi.
Stresses in the steel elements averaged 143 0,145 Kot indicating about

4.7% and 3.3% loss due to elastic shortening, In general, results obtained

from ‘Case 2 were better than those for Case l. For the best redistribution

of in the ¢ liner, more should be devoted to
tendon profile and area of steel with fessousble prestiessing Foree:
11)- mmic Lo-dLn!. The dynamic -lnnlysil for only Case 1 will be

discussed herein. However, the difference between Case 1 and Case 2 is
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" mainly- die to the charige of cable ‘profile as the ared of steel is the Same.

_ The maximum®compfessive stress in the liner was 2.52 O p and occurs

at the same location as in the case of the R.C.' Iiner. THe miximum tensile

‘stresses are of the order of 0.164 (37, and occur in the' vertical side

" vhlls.. Stresses within the medium were mafuly the sane as the previous

case with the ‘same maximum compression of 1.3 (7. As there was not much -

change” between the' prestressed and reinforced concrete liners for dynamic

oading, Figs. 5.7 and 5.8 are a’aequa":e o represent the. change of stresses -
s €2,

" with time for the cozrespondug elements in the case of the prestressed

cnncrete liner. .. 4 3! R S N

Active Rock Folts' i TR o

A-wide spncing of tm:k anchors was used -'.\s ahcwn i.n Fig. 5 11, . .The

lengths of r_he anchnrs varied from 21 feet “in the sid: walls to about 42

feet in the atd\ed roof and I:he area of éach anchn; vas 0.63 in® for a

one-inch thickness in the perpendicular direction. The dnchor pre-tensic ,

stress was 150 kol A

0 seatte Loading/ The maximun inward horizontal displacement in

: che vertical walls was about 0.08 inch and the maximum vertical settlement

of the ar::hed Toof was 0 119 inch. The two values, are smaller than those

for"the unlined case hy sbout: 29% md 18% for'Cases 1 and 2 respectively.

The final déElectéd shape is ‘shown in Fg.' 5.12.

Ouing. to the prestressing forces in the rock anchors, stress
concentrations around the anchors with a maxinum compression o e 696

psi was fﬂ\md in the Vextical and hDrizantBl directions in different placas.

aiidLe Acenmes were coplately alfnisuted fron the rock elenents around

the cavity, The streSses in' the steel anchors ranged between 147,950 and
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149,540 psx showing a decrease in prestress 1éss smaller: than :h&: +for
prestréssed concrefe. “The area of steel anchors may be reduced nd sar.is-
Eactoty results-still will be obtained.

11) ‘Dynanic Loading. The scresses within the rock media were
higher than those in the case of ‘reinforced or prestresged concrete liners.

. This may be due to the laculized effect of the rock anchors -and ‘suggests

thé 1dea%of using rock anchors in conjunctich vith any ofher -liner type.

|- However,: ‘this should be studied in relation. to the total cost fo obtain an f
eonnte design. ’l;hevmaxln'\\m recorded’ compressive sﬁxe'ss‘ was 1. e%c'
which is greater man the previous two caaes, reinforced and preutreeaed
conéreta Liners., The maxinum tensile .stress computed vag, 0. lig, 4n
the vertdcal side walla of the cavity.  This value wao smaller than that’ '

. forR.C. and P.C. linérs due to the restraint offered by the rock anchors ‘
at this reglon.

o The stresses in the anchors were mainly tensile with a meximum bf

T 144G, oaly a few elenents in the side faces were in compression. with

a maximum of 18.7(.\ The resulting tensile stresges should be taken into o

consideration during design as they incresse the final tensile stresses in
the anchors. . i o T L & ’

Elements F, G and  in the mediun and 1,7 and ’t.0f the anchors
were chosen for studying the changa of stress with time. Figs. 5.13a, b
and ¢ show stress-time relationships £or the elements in the medtum and
Figs. 5.14a, b &ud-c shoy the same relationships for rock anchors. Plotted
on the figures are the stresses at the same locations for the djriamic
loading treated as static one.' The elements within the rock media behaved
4n the same manner.as béfore but with ‘smaller peak values.of stresses.

Stress reversal occurred in element.G.  Load factors of 1.25 and 1.6 were’

),v o c/



obtained for elements F'and G Tespectively. ~Fiom the general stress field,
‘a.load factor ranging between 1:15 and 1.25 was obtained. In terns of

design values, the stress rew;-ersal.shodl‘d Dbe_given spe:ial care ds it can

“cause low cycle fatigue in the rock dnd- steel anchaxs. .
Stresses in the three anchors chosen changed from cmnpzession with |

small values to tension with high values. The ccrresponding static’

~screﬂses were tensite wir_h ~varying.load fictors of 145, 1.45"and 1,04 for
the three: anchors respec:ivgly 1 e e oy ow

64 &
5 3 3.4 Passive Rock Bolts

*. ‘The ssme arrangement, as shom in Fig 5.1, was used for étudying

pas;i‘ve rock balting The drea of steel bard .was lncreued “eo 17 89 1n

which {s’ :hree r.imes :hs: for active rock bolts. Pas—sive Gk bnlts aré

not cnmmonly used at present, so only comparative Atudies a:e res:ricced
.

to static loading. w e 7 ooy %

£
The maximum inwa'rd hnrizontal displacemen( in the veztical aide

walls %ias 0. 1,19 thch and che maximm vertical settlemeént of the mhed Toof”
was ‘0. 191 dnch, whlch are appraximately the'same as thoge. for’ the unlined
case and ccnsequenr_ly much higher cthan the values for active Tock hnln,ng_
*.The final defomed shnpe of the cavity is. 5hnwn in ngA 5:12.
The genetsl stress, pattetns around the cavity was kep: al\nnsl: the :
seme as. the yilined ¢ass. Only ome: eleient 4n the vertical side walls was

undez tensiul\ with a vslue of 28 psi. Almost “all the ateel bars were, under -

Steel Liner * § c o i

A stesl plate pf thicknéss 12 incli'vas used in this study. The .
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properties of the steel were assumed the same as those for the reinforce- |

ment of the concgete liner, ) g

*-1) static Loading. ' The maximum inward horizéntal displacement of

" the side wails'vas 0.119 inch and the vertical settlemeat of the arched:
roof 0. 171 l_nch. The hor}untu dlsplacaent was ‘almost the same as, :l:oue
for the unlided case while the vertical settledent was smaller by about
13%. The final deflgcud shape is shown in Fig. 5.15. The maximum .normal

" stress in the steel Liner was about 8500 psi.’, The largest mngnitude of

the tensile stres: in. the rm:k ad]acent to :he steel liner was 66 psi @

A whxch was algf n ¢ for. the unlined case. :
i) mmi: bouding. The general stress. plh:em within ‘the medium
was -].most as high as that 4n’the ‘case of the rock boumg. This’ m-y be
.due to_the mm-exisr.ence of a mssive 1iner system.- The haximum campuauon
- in* tl\e medium was 1. 5675- which is su;hcly llullet than :h-t for the
case of I ben u.nmg. Very Small values of tensile .mmu in
Cthe mediun vere fou-d with a uxtm-» of 0.09 c— A lFress of about 7.3,

. was nbtained in the side vlll! of I:he sted liner. The variations of Btr

with time l}lve beén plotted in Figs. Sl, b and ¢ fo! the i&iim at.

Jocations L, M and N. The v-rlltion ai bemﬁng Homent with time have hzan

_Plotted’ fur lwrlu 1 and 2,40 Fizs. 5 l7a ‘and b (nodes 1 and 2.are shm in
‘the same’ fxgm—e) Plotted on the.same. figutea are the cnrrupondiﬁg static
vnlues. A 1oad .factot of about 1.1 wus Eound (nl.’ ‘elenent L md stresses

chmged from cumprailion lolcensin at. llocation M with a high tensile




5.4 Thermal Stresses * o A
. . The stress distribution within the ‘medium -and the Linex wdis'studied .
considering only two cases, prestressed .cqncrete and active rock'bolt . 4

lining. Within the studied region'a temperature gradient from 150°F at
the intetint face of the .cavity to zero at the boundary was assumed‘ Coef-

ficients'of thermal expmsion of 5.5 x 10 in/in.F ~for concrete snd steel

S and 4 x 107° 1n/1n.F° for rock were assumed.
5.4.1 ressed C te Liner .. ' . - R : i \
5 7 R Lo - i .
o Figs. 5.18a and b show the hotizon:;l and’ v&rtical stress distri-

butlans Blong twa varti:al ‘and horizontal sec[lons. N In general, all [he

. stresses are in compression. In ug. 5.18a- r.he horizontal stresses g "
decrease, gradually with distance, fron the cavity. The raté of change is
very high within few fest from che cavity fate. This may be due to the’
effect of the steel :einfememqu at the interior face. A maximm hori-

" zontal stress value of 2930 pei Gccurred at the crown of the arch. The

maxinmum value in the horizontal section was 1660 psi.  In Fig, 5.18b the
hérizontal section shoved a'graduel décrease in thb vertical stresses with

a maximu\n ‘Islua of about 1920 psi. Along the vertical section the vertical

. stresses im:teased from zero ‘at, "the crown of :he E!‘Ch to'a mnximlm oi 718
Pt near the end Yivitien decreasdd slightly towsrda the upper boindary.
- The cnm:rete Liner sruund the cavity Vas ubjected to high tensile

s stresses) Sartisatenly 4 e vestieal éde valls With & maximm vhlue of |

263 psi.: Stresses in the steel :einfa;cgmenn were compréssive with high

values ranging between, 27,700 and 36,600 psi. . These values correspond to

18.4% arid 24.4% 10ss 'of prestress.
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2 Active Rock Bolts Ch : .

Figs. 5.19a 'and.b show the horizontal and vertical stress distri-

Y 'buuons. The, stresses are mainly compressive but'less in magnitude than

thos: for the prestressed Liner. Alsost siatlar sf ess gradients vere i .

& ob:nined but Hith no relu:lve high ‘value® u( the Elce of the cavity. The
maximum horizontal stresses in the vertical and. horizontal sections were

BPC 1750 and 1050 psi while the maximum vertical stresses were 745 and41345 psi

respectively. Some tensile stresses were found around the cavity with
maxioum of 226 ped:  The anesséa in some steel anchors ‘were compressive
X " with maxi.mum valie of 23,600 pel, and 1n the others were' tensile with low
Valuda of naxtaun 5180 ‘psi. These vatues correspond to's maximun loss of
prestress of 15.7% ‘and a maximum gain of prestress of 3.5% respectively.
. * The intent of any structural dulgvn' is to find the structural
;yv.u that functions and gives umx;m straining action under the effect
of the operating 10-:1.. This can be achieved by trial and error. .In the

underground cavities different shapes and different types of liners are

assumed and subjected to the operating loads. Displacements and strﬁ.:e-
are obtatned for each case and compared with other cases. On.the basis of
Ol thiese comparisbis a particular type can be chosen .dnd modified for better
reaults end studied again. Depending on the results other modifications
can be sl;ggeatud and the iteration repeated. Finally, a ressonsble shape ...
:wi:h a sluc.w,e Iining type is obtained. Ease of analysis depends mainly
. " on theavailable techniques used. . . g . ) T
. o this u:udy. & praceleal shape vaa asedued; el E1ve types o

liners wete studied. The operating loads considered were the ‘in-sity -,
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s!tasses including the deadwe{ghc of the rock, dynamic loading resulting
from nuclear explosions and temperature effects. .

Rock resists mainly compressive stresses and one of the functions '
of a reas‘;nabl'e linef is to minimize the :ens'ile stresses. Alsv;, the other
functions. are to reduce‘displac‘am&nts of the cavi(‘y sides and:to ensure
that the vcnmpresslve s:tessés‘ within the surrounding media are low. The
ingortance of costs. and the availability of the Lining materials are
obvious but cutside the scope of this thesis. ¥

® o van axpsttad that ‘the prestressed concrete liner would- satisfy )
some of these requirements but the two cases considered gave high}e; values
of displacements with tensile stresses in the:cavity walls.  Under the
‘temperature effect 4 high loss of prestress occurred and a high'stress
Gientiation ' wes Tnttodiced around the cavity due to the effect of the -

" prestressed steel.

Displacements resulting fim the case of reinforced concrete liner
were reasonable but the ‘tensile stresss were still there. - Stress reversal
dndér dynamic loading causes fatigue which reduces the strength of any

lining material, partitularly in the case of the concrete liner.

Passive rock bolting was not effective in decreasing the displace-
ments of strésses and tensile stresses could not be eliminated. | It is L
‘expected that this' type of liner is structurally effecéiv_e only 4if the Tock
1s 14able'to slide which is a spectal case: 2

The stress. values obtained fot the 12 inch steel ‘plate lining were

‘almbat the same as those for the case of the reinforced conerete itner and,

- ‘the stresses within the rock around the cavity were  relatively high.

Active rock bolting type gave fairly good results in reducing both

the disylacements of the cavil:y sides nmi the snr&ssee in ‘the surrounding

1




rock. . The loss of prestress due to elastic compression of rock was less

than that for the prestressed concrete liner and the behaviour.of the bolts .

wunder the temperature effect was better. The idea of using other liner
types such as a R.C. iiner in conjunction with the rock bolting-may improve
the drawbacks resulting from ysing the active rock bolting alone but the

costs should be given careful comsideration,

/Active rock:bolting gave the best results by decreasing displacements
 and elininating tensile stresses in the walls.. Its behaviour under)
the teémperature  efféct was better. The design ‘of anchors should take !
ipto_conbideration the tensile stresses résulting from the dynani¢

loads.

2. This study assuned ideal’conditions in rock with no joints or’sliding.

The static stresses obtained-were far below. the attual strength of the .
_rock or 11;:1::5‘ matertal. So the design based on these stresses ‘alone
" will give small thicknesses of liner T — and consequently -
1t will be unsafe design. Hence, for the safety o :he structuge, the
design should be based on the combined stressés resul:ing from the -

static -load and any expected dyndstc loadlng. .

3. A dynamic load facter in the range be:ween 1.15 and 1.25 is reasunable
far pteliminaxy design but Bpeciﬂl consideration should be given to
stress reveraals, parucularly, 1f the dynamic loading Ls repetitive.
This® causes fltlgua for the lining material and cannot be predlcted hy

the static application of the dynamic load vnlues. A teas?nable factor

of safety taking fatigue into account should be_assumed based.on the

available codes of practice.

— : 57
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4 ,Tho. stia] ‘Selnforeutent 4nd wichor boLES shovad load factors’ highar
than 1.25 indicating the need for different load factor. 'From n;e
results obtained a factor of 2-would be reasonable.

%,.. THt theraall stressasiwite very Bigh coapared vith thoss fer the dead-
weight of the rock. " Temperature stresses should therefore be computed
based on the probability of occurrehce of the temperature gradient

under operating conditions.

6." The redults obtained for the prestressed concrete liner were not

reasonable.

5.7 ions for Farther Study 5 p

1." The actual properties of e FroeK: diidh (s walbtropy, elaREsEEy) A

low tensile strength should be considered. . The same AL T
. the lining material. o

2. The problem of ‘simulaiing ah infinite /i(edi\m ‘should be given careful
constderdtion. The proper stmilacion should be suitable for both
static and dynamic analysis. "

3 In the case of the prestressed. concrece inér, the atidy should be
éxtended to include the! onsideration of a reasdnable tendon profiie,
acea of presttessed steel and the vilue of prestress that would give
better stress tedistrlbutinn sround the cavity. The me:hods‘of_ ’
prestressing underground should be included in the study. .

4. The substructiring technique,as presented by Atchison (2) and Liaw and

Chopra (1sy’u best. suited for this case. Adoption of this method

will facil‘ital’.e compu:a:ion f the nedi\m stresses using plane strain

analysie while the stresaes in t‘.he linings can be obtained usins three-

dimensional analysis.. S | R




The xes\llts of this analysis may be 1|npruved by cunsidering unenr'

strain q\xad‘:ilateral elements. .







Project

Rock | LengtH C
Typg, (feet) Shape

Pumping Chamber
at Lake Mead

Hard quartz-

biotite gneissic
chest and ‘a3
granite-gneiss

The Churéhill
Falls' Underground
Powerhouse

Diorite-gabbro,"
granite, seynite| g7z
and pegmatite . .

; ~a Y
Power Plant . ; @ .
or Uoder | Metadorphic rock| oo
Chost and granite
e Dam gl
<
b ! .
: E
- Mica chist . s
| Mica Project and granitic 1950

paragneiss

g

bt

. i -

Tablé 2.1. Typical shapes of underground power plants




Table 3.1 Summary of Several Recommendations

“

of Time Interval for Numerical

Integration (Ref. 6)

Author : nl.nl At
Levy 30 )
Newmark d‘ependl on method of
" 1ncegntlor{
Costantino | 5
3 Namyet 6 ‘.
\Biggs 6-10
‘Agbabian 10
Iycan 3 varisble
st e
H.lng- T "
Timoshenko 2% -
Salvadord 4 '
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. Fig. 2.2 "Stresses around cavities in isotropic rock. . A

Uniform residual stre‘ss(c—vwo‘h= p) (Ref. 11)
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APPENDIX A

Matrix

stiffness matrix 4n local coordinates

d e +.0 -1 0
z .
[k] '=| 0 0 -0 ot : )
| eddfy 0 10 e oS . &
i 6 0 0 0 5
R b), [xﬁlx[. ‘Transformation Matrix
' c -s 0 0 = . .
[“].1.;(4 G| B 22 S ‘,) .c= Gos 0 4 5 .
. i 0 0 ¢c.-§) ‘s=smo "
’ 0.0 s ¢ ; k0 b T &
4 ) [K],;, Element Stiffness Matrix in Global Codrdinates
xt : t
[K],“‘4 = [rIk] Gr]
o @ se. b -sc B,
: ] s s -cs | - ' ’ . x "
_4’“' =c? -sct & sc| - U
3 -cs -s? cs % " N
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0 0- 0 B 0 "
0. 0 0
N ‘ w
\ 0 0.0 0 1

1, m,, 1 and n are the direction gosines of the new axes x'and y *

relative to.the axes X and Y.

Kl = Wog ®° '
. g . ’ ¥ R
This' matrix multiplication is done within the computer’ programme.
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