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o stiffness teken intp- 'consi_derjatiOn. Available methods thst can solve the .

: ‘.; cavity problem e’ and an ava.ilable computer programme (pIane L‘

5?&‘,' N o » y » . -
k3 - . streas) .modified.,@ction of -8 ‘new reinforcing plate element neces—

f‘j-f . ‘. : o, I s
1 ‘ ] noR
E':‘ ) / sitated development of two new subroutines and the extension of -a- thga:d ’f;l'

{': . H . Q’ s
‘i - one along with certain modif.ieations in the other subroutines and t.he main >

£ '__‘- ) programme for matching requirements. The modifications enable the deter-— o

, . . ° o ° . .
PO . fﬂination of displacements and the internal forces - time histories of the ; .
° ] : . A' Al - - - ; ) .. E ‘.' P
. liner.x_ , ) ' ) e oo S . . oW -
e T T e T %0 Y ' . s - .
P S Aqquantitative study of the following parameters that affect “the .
& C - s
R response of the cavity reinforcement and the surrounding medium is carried°
3 A 'Y ‘ "’
8 out: 1). cdvity reinforcement 2) cavity shape,: 3),isolation of the entire
. KA - ! - A ks
Do . 2o structure from t’he surroamding me&ium by a soft, energy aabsorbing material- . w
L . .., _and 4) properties of the filling material in the, cut-and—éover structﬂral . ;
; - ) type. " The modified computer programe hde applicet:[ons to problems outsid‘e ' . |,
L ' 4 ey ¢ 3
Lo L the fielg of two-&imensional rock—atructure interaction such as the dytéamic <A
: . v ‘ S LAPREE R : PR ) ) oE
. o analysis of beams plane frames az'id arches. . ‘ C oo _‘D i e o
T . ‘ “ o~ A finite element model is developed to siniulat‘e the’ dynamic P KR
‘ ' ‘ analysis of | infinite spac,e.. The res'ults -of ’the study indicate that rein—
i R o forcing the cavity by a steel 1iner tlecreasee the ?s’tfesses ins the medium : c ’
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: - by, about: 10% while the use of ‘a rock bolting pattern with about 80/ of the o e,
v ' A A . R . L - ‘“
siee . amount of steel required in a reinforcing liner decreases the etresses oo et

'
r.'-

. around the cavity by 254 nd more. The horseshoe shape proves to. be the ; ST

: ‘ - o l’
o best among thé various shapes considered decreasing the etresses by 10—157 ' S

P

. !
.

g . Large reductions (of the otder of 80%) in shell (liner) membrane forces v Sl 7{
-4 v \‘. T ’ .' : . K ! ) . \A. M : ._. ..:;. . o
PR S, and bending moments are reached by isolating the entire etructure from the o ’ ’
Zi; ;L'u, SR surrounding medium by a soft1 energy absorbing material which agree with S
.é! “—.Lr " . e - ’ ’ " . * s 2 .A ’ )
WL UL Lthe results from anOther investigation.' It ia also pointed out that a ]j

PL R .

IO "proper selection of the properties of the filling material in the cut-and— 7

! P e e . . " o . o %
T P cover.structure can reduce the internal forces in the structure and the 5‘ Do

e et i e B e .

et S etresses in the adjacent medium. It ‘ig’ shoWn that a significant reduction il‘ v
v s . . .- .;6 L ; . -
o R ‘cannot be achieved by a single property variation but only through a proper _ '

e . &
. : o0 combination of differEnt propertiee“(Figa" 33 to 36) The resulta'obtained‘,~”“

"‘ ru.,,s s

PR fremﬁthe new model- indicate the need for*iurther modelling work in the
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practice today is of a. semi-empirical naturé (Benson and Kierans (6))
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CoLT - INTRobUcIION i '
) ' 1.1 Gen.eral Remarks _ N
: ’ ) The problem of analysing and designing underground unlined or'lined
: | ',.cavities of varioue ehapes to resist dynamic disturbances caused by nuclear
- ﬂ‘: explosions O% earthquakes.is of considerable importance.- The applinations‘
fﬁ-é : = could be in nuclear %oger plants, hydro—electric pover comelexes (e.g. Lt
f"é L'ni Churchill Falla)*_oil and natural gas chambers, and tunnels in the mining
) L S
X .and transportation industries.' ' : ol .
. ; - P Engineers are restricted ‘to a cert in extent by a lackAof adbquate
itz ‘litegature ih this area.- Even for static 1oags, much of the design ‘
i P - “ S

’.‘A‘ " R "-“‘. ~—.1‘.:\”‘.“' “' . ' . -
L5, o
: 1 2 Statement of the Broblem _’ oy .

4.,0"“".

The purposa of this investigation 1s to determine the elaetic Lo

N " t - H - .

. ,
RO SR I Y TR,

”2 ' response of reinforced and unreinforced underground cavities of various
S o o shapes when Subjected to. ground motion resulting from nuclear blnsts or '
R earthquakes. o o *hﬁ - ~_'n: L :
E k ﬁ~ﬂ : o The time dependept variations in the, displacement Velocity and
. .\{7-- 8 B . 0 Tt - ,;n
. . . A
P N acceleration amplitudes asﬁbodéted with representative points of the rbck—
S . ul : R o AR '
RN P structure Bystem are_ e‘%éégf" : T 1 {$'~:”--“
'.“. b: ., o . . - . .
“ » ) . - This Bection outlines the areae covered in this thesis..j .
, . 'A '. 3 ’u"
. , . 17 ' - , T
: ) : L
. . - ' - ‘ ’
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f, to’ Rock—Structure Interaction in the following fields. rock mechanics,

static analysis numerical or experimental methods- dynamic analysis of

structures inqluding both discrete structures and continua, numerical

v .t

'solutions of the equations of motion, wave propagation in solids, experi—

. K - " ° .
\\\T\\\~ T mental techniques for ana1y51ng soil-structure interaction problams, ”
Pl solutions based on numerical methods different from the finite element

'::._ : method finite element solutions of dynamic problems including wave @

.
) . . -

. L propagation problems, existing techniques for mpdelling an infinite under— ::

a

ground system.by the finite eiement method. . '“ ] '?, T

' P » BN ' ; f .

» i

Lo The third Chapter presents the practical side ‘of. the problem

\ S ' including siting criteria, geotechnical data requinements, configuration, : o
different methods of reinforcing a cavity, and design concepts.

Chapter four presents the general solution of the previously stated

. -
Y

\\g ‘ problem (section 1. 2) including the formulation of 8 computer programme to

. give the time-history of the. displacements and stresses in the csvity
. reinforcement (rock bolting or elsstic liner) and the surrounding medium. -

.;-.'u-f'. Factors affecting the response of the reinforced cavity ‘were investigated

The parameters considered are. i) cavity reinforcement (rock bolting And

» . v ',.'.\
structure and the surrounding medium and iv) filling material in’ the RPN
- o / . '
cut-and-cover structures. To formulate the general solution, a new-plate
C . .ﬂ-f "“:.
element was introduced for simulating the cawity liner together with two

-

new subroutines for calculating the time-history for displacements and

.
L

L. -t stresses in the newnplate elements; Mbdification of the other subroutines

N .

" and’ the main programme, originally prepared by Blakey (8), was carried out.,

The programme was algo modified to solve both plane strain and plane Btress--

LN . " P - > REREEIY

i/The second Chapter is a. brief 1iterature review of material related -

. : elastic liner), ii) cavity shape, iii) isdlation mgterial between the . R

~
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e .fnew'model:fof determining transient'responée_to'earthquahe'ercitation is

DU presented o 'f‘ - "1: i '. : o S
" \ o o :i The fifth and the last Chapter describes the verification*of the
o NG - .

.results obtained end checking of .the correctneSS of the new subtoutines
used in modifying Ref. E (8) computer programme. -THe results of the

o

_— i different shapes are compared with that of’ _the. circular shape ‘previously

*

. o analysed by Ref 8 while those of,the isolated structure are compared with

N -; L the resulte of Costantino and Marino (15) A comparison between the

results obtained by the‘new model and those of Kuhlemeyer (33) and

«

[}
.

the end. - = e a ‘ﬁf'.n" T

"A description of the. homputer programme is .glven in Appendix A.

s

Appendix B’ predents the damping formulation in terms of critical damping.

A numerical example of the dynamic—analysis of underground cavity using

: ' v - the new model is presented in Appendix C. o . ' - .
. 1.4 'No..tation . R ' ;' T o .
\ a sy f outer radius of the foam, and compressional ane
) N L - . velocity P S "- - A'f - !-i
a | -bl BRI length along the discontinuity halfway toward both
. ,\ . ' . 'adjacent nodes, and_the'sear wave YElOCitY . e
- . Lt S . ‘ ‘ " i : c o ‘
. hs%flénd:bi;al | FQ@iﬁl'(néﬁmal) and tgngénéialivisfqé-étre$5é83reePéC"..
o - o ‘?44.‘” ~u Y8 3 H. ti&ely‘AF- o . i:.l ‘3':.‘u.i ‘
[_IE] \ | . S 'trené'formatior:i m‘atriic' . ' )
. SRR :cl and ¢, T Mi cgefiiéients "ﬂ‘w"" L o .; -
, >9cf o : "critidalﬁdhmﬁfng | RPN ) . o -.'“'.;

e Lo proolemé as .the ofiginal'pfbgramme<was‘hased on,plane stress anal§ais: A
. . . . N - ’ : ) \' N . A .-‘

‘Caetellani (9) ‘is presented.“ DBiscussion an% conclusione'are preeented at- -

.‘ﬂ :

o)

o
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oL o L ..,  CHAPTER IL . ' . . L

i, ) hd . . . e : . 1 . - . LN, ’ .
o T .. REVIEW OF LITERATURE S I
. o N . ~ Yo, , R - e e “’ . .
O . L o o L
R 2.1 General . T T e N : A -
~ The general under_ground cavity problem can be analysed using the
L : finite element method and/or any other numetica'l approach, such as the RN , i

o ' 1umped parqmeter method (or soil-spring met‘hod or compliance method) using ST

5 ' equi‘valen.t frequency—independent foundat,ion springs, dashpots and -mas es. . ;
i ' B ‘Agrawa:l (2) hag indicated the finite elemen.t ‘to be superior for deep : i ;
H . N %
uf o .‘f embedrdents, inhOmogeneous soil strata and flexibl’e foundations. < - - - t:%
:\i . 2.2 History of, Rock Mechanics LT ' S w.j-:.,.“."u: ~‘§;
i ‘. BEES K . .' .. While- the medium could be soil -0F,; rock this inveatigation is ‘ . ' é
: . restricted to: rock media of RQD 75/,. : ' - _/~ ‘ f
. §_ . R The ~history of rock mechanics goes back to the s”ec;ond half of the \ '

PR

’-;;;. vele .' '1ast centﬂry when the first attempts in inv‘estigating the \nechanical and : ';f
f;- . : - _' ' physical pr perties were catried out.‘- However, most‘ researchers regard nn %
k- - - i
{ 1950 as the year in which systematic research int:o roc.k mechanics began in, -
% : . . the U S. A The history is now well documented in a numher of texts, e. g. 3 - .
) $2dehy (55, -Obert. and Duvali.- (41) Pand’ Jaeger (27) and «(28)." Refs. 20 . -
Co .' s and 47 include some of ther recent pepers which . cope with the theoretical ,A-‘ L )
- laboratory. and JEleld researches in rock-mechanics. B | ’}}.
23 V.Analysisf"'--. ’ T L T%“‘ - o IR oy - _
2.3.11.‘ Static Analyais o o B ' ' 0 . S . . )., . , ‘;
| Un't_i"l 1950, 'v‘i;'-tually‘ ail inv.estigatic:ln'e_ fdr e\.vr'alluatiq:g streeses;':‘ ‘o "

e e . . .-" ‘ . ' o ] .
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fraom.the mathematical theory'of elasticity. As-a.result, the, shapes of - - ™.

- sible by simple equations such as circular and elliptlcal tunnels and o

'such ‘as photoelasticity and geotechnical modelling were used for. analyeis. R

‘4
N
“
. i’ ooy B
s .
T g e

- ,g:r‘.‘rv' L

. . , P , . N : . R
o . . \ . . . . . . . 7 SR
P . . o 1 - . N \
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around undefground cavities were based on exact analyticgal- methods.derived:. ' - ’:: v

cavities, which could be properly analysed were limited to,those expres- -

4 L - .‘ . ¢

R
DUFINMY

-spherical and spheroidal cavities. Furthermore the rock or: soil medium

was, normally assumed to be continuous, homogeneouS, isotropic and elastic

.
l - 4

For shapes which are mot geometrically simple, experimental techniques ' o 1@
l. ‘ » o8 ' A:A

’ . 4
L N 3

- However, the - solution was time consuming and expensive,, e ' ) L
o With the ‘advent of the high-speed digital computer ahd the rapid ; .2;..’ ‘ ;é'
development of numerical methods of analysis, the finite element method N N dé
'(FEM) proves to be onelof the most powerful numerical techniques'for tne &%'
fstr’ess analysis of complex structural systems.. The first published s ol %

'given a brief formulation of the finite elqnent method with-aypical Do,

Pl

eomputer programme for an - underground cavity analysis using the FEM was:

“ - > . v

that- of Wilson (60) in 1963 Sigvaldason, Benson and Thompsnn (54) have

examples to demonstrate the versatility of the method in analysing under-.- B

s
.
M . o .

" ground cavities. Extensive static finite element analyses have already ‘F; . ;}

‘ simulate stress distributions around typical irregularly-shaped mining ‘

been carried out for noncircular cavities in rock for the ChurchilIHFalls :

project (6) Yu and Coates (62) developed a finite element programme to - e ﬁ':.f

.

) 0 o
" o - : PP oy -t
.-.:n
openings. The simulation takes into account the actual non—homogeneous

L)

mechanical properties of the rock and“\he possibility that the stresses . o ;f

'are produced by gravity and tectonic forces. Watson, Kammer, Langley,°

.Selzer and Beck (58), studied a horseshoe shaped containment for variations

of required arch ‘dnd wall thicknesses as functions of rock quality, seismic

;:loading, rise—span ratio and span were determined The.study included the .0

-
v ® . 4. . »
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determination of .vari,ations in thickness for different concrete. strengths -
s s " . < . i
SO _and percentages of reinforcing steel , and ‘a comparison of,.igp,s required

‘;thicknesses for flat and parabolic arch walls. Kulhawy (35) stated that L

e ’ e "as of this writing (1974), there have been no published journal articles, T )

to the best of ‘the writer 8 knowledge, which have established criteria for e

appropriate modelling of underground.o'penings using the -FEM." One of the oo >

:.‘purposes of this study was to establish some criteria’ for modelling under~ RC Lo

+ PEER Tt
e N . b .

' . ‘ ground openings in rock by the FEM For the sake'of clarigy and- simpli— o

- +
te

. -

. !

1 B

L N . city, thése studies were limited to plane strain analyses of homogeneous,
S N ) LI ’ - . . T~ . h '

Vo . h linear elastic rock maSSes.

i

CEAPARItN

A simulation of the incremental éxcavation
: 0 ) was presented Ref. 35 conclhde'sl'ths't'“;,
. : . 1. Arbitrary linear strain quadratic elements are. most appro-
A : priate. 2. Incremen&al excavation modeling should be eniployed
. for all, field cases except ‘when full face excavation occurs .or
‘ . wh the rock 1s treated as g homogeneous, linear elastic mass. oL
. 3.\’Encremental excavation® can be. modeled very effectively using '
' *  the techniqués described Jherein. 4. A minimum of 125 156 ele~
P nts should suffice for anslyses oﬁ_‘simyle structures in homo- , ’
) _ geneous rock where there is a plane of symmetry and only one— ’ !
. . * half. of the gystem need be analyzed. ‘5. Boundaries of the finite
o element mesh should be located at least 6 radii away from the ™ :
. céntre of the opening to ‘insure that the computed stresses and
displacements are wfthin an error.of less than 10 per. cent of

, " P - the theoretical. For more accurate results, the- boundaries must " )
o . : - be extended further. . L
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. %  2.3.2 Dynamic snalysis - T - o

2.3.2.1 . Methods Other Than the Finite 7\ R T R
NER ) Element Method °

. P - i
N . . . v i\
\ Voo . -

. - . Gilbert (22& studied the- stresses in the medium using a "high B 5

P frequency" approximation similar to, that in geometrical optics. The method . =

) T . ‘ y:rl-%
, t does not allow the solution to be carried out for sufficient time to obtain . =
{ G, * the maximum stresses. Pao (43) considered the stresses around a hole in a ¢
. 1 thin .plate vhen envelo‘ped by a plane stress wave varying harmonically
- %

\
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in time and space behind tLe wave front, i.e. the plane stress problem ' -* o

corresponding to the plane'strain_problem treated herein. In the analysisv
Aunlinedﬂ_cavity. were obtaineé\l by an integral transform.approach. ” The -
-solution of ‘the’ tr'ansform‘e'd,.iequations was exlpress‘ed using Hankel func't'ions

. and the evaluation of the irn:erse transforn needed considerable computa—

. tional effort. ‘Valhies of displacements obt.alned were' then used as Anflu- . :,' L
.an unlined cylindrical cavityl in .an elastic medium. The reflected and
!
=deve10ped .for determining the values of these potentials.' Logcher (36)
" away from the boundary; Also, possible failure mechanisms based solely on

" the elastic stress state were discussed Results vere presented in’ the

.form of contour maps of principal stresses' at each time interval. The &

-which has several advantages over the approach of Ref. 5. .The solution

Fourier series, were set- equsl to zero. at a fixed radius from the line .

- C e o °

pi‘es_'énted by Baron and Parnias (5) the displacements at the boundary of ak

.

l

I’. s o F—

‘e . .

.ence coefficients in determining the dis_placements of the. shell S : " -

~ » B

Paul (45)‘) analysed the effect of a plane stress wave incident on

"'-.

diffracted waves were describ\ed in terms of dis)placement potentials which .

[ R

* n

represent outgoinga shear (s) and dilatational (p). waves, | AL method was '

|
b .

used the same method as that of Ref -5 “and extended it to include stresses 5 .

CE . PN
e

«
L

P S T U L S P
N AR R Dyre ] VL LRI IR S L PR S Sl

e e FLR

orientations of possible failure planes were also presented. Ref 45

described -a different method for solving the partial differential equations
. . ¢ ' .

3

Rall

. . - ¥

':anolves superposition of the §tress field of an ‘incoming’ plane step wave

5 - Tt Ts

< e ‘o 4

and the stress field corresponding to waves which diverge from a line :

‘ » . -

source., In order to satisfy the boundary conditions, the sum. of the - U

. [ . .

stresSes due to the diverging wave and ‘the incident stress, expanded in

source. In general this* results in two linear integral equations, one

.
-

From the radial stress" condition and one from the shear stress cdndition, : "". .

‘ ‘ . -




TR 1 .

N .T ”r:which must be solved simultaneously for two unknown functions appearing in -

| -,:, the integrands of the integrals. The integral equations were solved
oo . . R

{ .numerically in order to determine these unknown functions. A'Fortran,

.6 . . . . .-

- : "programme was'used for solving the simultaneous integral eduations:and

‘¥ : - L. a"

P : "computing the warious -stresses at the 1oundary and away from_ it.

» * The results ohtained from ‘the computer were cheqked by solving the

same bach equations by another method called the short~time solution,(

i

which is only valid when the variable in the Taylor expansions, time, is

,small. The short-time solution was used not only to check the accuracy of

-

the machine solution for short—times, but* also to provide’ the initiab

values of the unknown functions involved in. the two linear integral

, ‘ equati which were obtained from. the boundary conditions as- stated above. g
: ‘It also determined the analytic character of the solution ‘at‘short times,

RV

. “”j and gave insights useful in developing the integration process. A5'a~ "

“"w - - o te

further ‘check on. the computer solution, the static stresses on the boun— <
13 -

. -

;daries and in ‘the medium were comparéd with those obtained from the machine

,solution at very ‘long times. ;Vf :f o ' -_ R

&

Yoshihara (61) studied the interaction of plane elastic waves with

‘°‘a thin, hollow, cylindrical shell embedded in an elaStic medium.and

v

. obtained the - response of‘the shell to a plane stress wave whose Wave front
o . \

travels in a direction perpendicular to the cylinder axis and envelops the .

.t

hell The shell waa assumed to be elastic, isotropic,.homogeneOus, and )

-

.« .. .of’ infinite length surrounded by an elastic, isotropic, and. homogeneoua
medium whose motions conform to the ordinary theory of elasticity." f"“y“7'3
. p .
C&-

. The reéponse of the shell was studied by expressing,the twozcompo- -
nents of displacement,.radial'and'tangential in terms‘of Fourier Series,: o
each:term.of_which'represents'a‘mode‘ The equations of motion of the shell
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) . - 4. .
‘t ' ’ N . ’, K it ' N - .;
i! 4..- . 5
!; M . '. . . '__" ) T
.: ‘ ,- . kS ' - . . * N . ' . . . ' e - .. L
LT i vacuo were derived from expressions giving the strain- and-kipetic . L
':: . ' ) ., . . L ) T o CRA
"energies due to generalized external forces., Fortes on the shell’result . =~ .~ . . .¢
_from ‘the stresses in. the medium at the boundary‘.:’ St'resses in"nhe me_diu'm~ LA R
. : 3 'were taken to be the sum of the stresses due to the incoming stress wave o S
A . - P , Caoe . - ¥ :
o -
. expressed in terms of Fourier Series whose coefficients are, known, and By
. L A
: _ iR e e T
E ~ _those due___vto the reflected and diffracted effects expressed in terms of a "_ J ,,
- . ) . ﬂ. ’ . ";\\,‘ R .t s . . ¢ ) ’ < ‘_— -:‘:'.
) pair o.f\i‘i’jlacement potentials represent,ing the effects of waves' diverging B
: ‘"' . " . - \ T 9 . . ! ‘.
"Z; ) : 'from the axis of the shell: 'The two paits of coupled integro differenti.al te s
."'.1.,2__«;_ ’ ~_.~_..;'fn equations in terms of the generalized coordinates of the shell and - the o B ' Cos
. S displacement potentials were solved mode—wise by a step—by—step, itexative N =.-'=. ‘
\." -.. / LN . ’\
NS ‘ inte r/ation technique using the Newmark-Beta 'Method to obtain thé values }
) ! the potential functions, the accelerations, velocities, and displace- - E L HE
B ‘ments of the shell The shell stresses ‘were found from the disp]_acements,, . EIN
et FEE - Coe el et . . e
P . - o . -‘1' s 3 s
; N and those 'in the medium from the potential functions..-' ; " SR ‘%
b ‘.-' . N “ : , : . B '_‘ .';3;'?
P / .o Although the equations account for an infinite‘ umber of medes,’ I ;

A .on.ly the f‘.lrst three modes were considered in detail The computed e

3

»
2

$ ., " . ,.o» .
B S . i

o T ‘solution was’ compared with values obtained from a series expansion of ‘the ,ér
: S ‘ -“equations, which is valid for short times, and with -the -static solution N : 30
%:; Lo . ,::. :based -on ‘the theory of elasticity to which. the ‘general solution should .‘ . I'
. :§ . . s ‘approach asymptotically.‘ R ~v B . .;': I o " :.- . - 'k
. ol Mow (37 38) solved the same problem by the method of undetermined ' . :
) pa‘ram:eters.. The dynamic and' -static results were presented for . the case of ,' _ @ R
. 'a harmonically varying incident wave. . Ref 37 reviewed the methods of . ' o "D
'dynamic analysis and through an attempted correlation concluded that the . ’
E ‘ - vdynamic streas eoncentration factors ~for cylindrical shapes underground .
. R are. about’ 10 to 20 percent larger than the static ones. Also, the effect‘",'

. of 1ining the cavity was studied A t;ime requirement ‘eq‘ual to nearly three |,

. . . . . B - \ [ . .
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g
LE

--“_1 studied.

o medium for structural safetyowas investigated

- Ioading,due to rock bolting.‘ 'f;f ;’1*;'[; e f;ﬁ ;5"5 ) 1‘7

2.3, 2. 2 Finimﬁlement Method (FEM) SR S ST

nation of changes introduced by an encompassing layer of isolation material :

R T R A I _ ' _
: T | N :
Lo ) R - .'.'. o :J ’ B VA

transit times (one transit time\being-the time for the stress vave to
. traverse the opening;.which is a function of: the waye velocity and the
diameter of - the opening) was indicated for the atresses to reach its peak "
.- values; _The’ investigation did not refer to radial stresses as these tend B .

B )
P .

to be zero for “the. unlined case, in the region near the'opening and increase .t

'in the-lined case where che liner provides support in the radial direction

through bending of the shell and increases stiffness of the opening near '}} N
‘the cavity. u¢ - o i . {1's: .y j; .‘1“")' . 'i"” el

The exact solution of Ref 37 s not satisfactory for “the’ general",':”"

vcase of a rock opening, where the elastic properties can vary through ?hi'."'

~ M
.

different regions of the continuum Additionally, for Openings which mayh

. B
k%

be rock—bolted it would appear that no analytical sqlution can be formu-:“

~ 4 -

lated to be sufficiently general to cover the random location and varying’

-

's

- o

_- 4 e Lt . M s ._‘_.“_""_0...'...,' . . (%
P - 3

Costantino (12 to 15) presented the use of numerical (finite

element method) and experimental techniques in studying the dynamic .

response of buried cylindérs. The influence of different variables on the o

displacements and stresses in the shell and the surrounding medium was

- el

[

The soncept of iSOIating the entire~structure from the surrounding

'
.

The study included the

~

behaviour of a fbam—isolated thin, cylindrical shell embedded in Ottawa

—
=

sand during the passage of a plane pressure pulse to develop a theqretical

a»

and/or(semi—empirical method of predicting the«response of - Structures

encompassed with energy absorbing materials.

- H

This enabled the determi-
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L R "free-field" motions at a given point in rock media to define the input A .

; A ring and the roek was ‘not considered as the effect of the ring on the rock e
. - - /% . ' . (=] . ot .

AU Y displacements was not accounted for. Furthermore*, accor’ding to Ref. 8,

A ?

instabilities appeared in the numerical method and the resulting ¢ .
y code,required 1arge amounta of’ computational. time invo fig complex o
: F ) * . computer systems, data manfRulatio h tape drives ond ‘other devices. . This ' i
oo . - . . . B
. - R : . ", . T R ‘o -7

Do - cproduced'unsatisfacto‘ry’results. o ’ .ﬁ‘ . R ) . oo .

D I . of reinforce : ar cavity iyz{ Sﬁbjected to blast excitation ueing e A

d for modelling and the Newmark Beta Method for

solving the resulting equations of motion. The computer programme

T

presented by Ref. 8 gives the" time-history for etressea and displacements

o -

Y
emngtm et Lo o o oY

)of the’ rock media and reinforcement of the circular cavity. Ref 8 studied
]

/- L

.the effects of changing many variables in a typical finite element formu—

- ‘

i

.

Lo 2N
(Y

. ‘
~ -, o Y

N, ‘ lation, such as mesh size, element shape and size,.- and time- step -of inte~ ™

e v

! pratiom:: The etability of the linear acceleration method as applied to :-.

A table summarizing several recommendations of the time interval - -y

LB
' A

for the differént methods. of numerical integratioﬁ was also presented

gated.

_However, the solution was restricted to circular shapes. Although Ref 8 .. - fi

. considered the meeh size and the element shape and size, these variables

e

s .
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.‘:.' . K : ' ) A - . . ¢ . .
: v ! 2 ) .1 o . . R . ' o : ] ’_"
L . .- . o, " - ' N 4 o
13 . e ¢ H \ o - .
; e "'—S' =.~ . -. N ol S R . ) .‘3 L T 14 .
e e ] were “not related. to the. type of load excitation. Based on the work of . - - .7
, . St IRUE: N . W e PR
ool e seveml investigators, =inq1uding his own Kuhlemeyer (34), pointed out that .
S . o Lo N RS
.~ ‘ a maximum element length equal to one—-eighth of the wavelength of the o
S TG o slowest body wave, propagating i “Q:he elastic material is recammended '(based -
R L o 4 ) .
S, -."\“ updn experienCE) for analysis of two=oT three-dimensiogual layered media._,, :
. . - n o
- .:-"a;" I . . . ; : - ;, - S . . . . 'lo:,
'-' R 2 3 2 3 Experimental Techniques “. - . o Lo - s
- N . 7 . « » -~ o . o . Lo 5 .
.- . g o . : v~ o .
LT e L CRAE AR The experimental work on buried cylinders has been reviewed by ‘ T

et ¢ R4 .
T Kierans, Reddy :and’ Heale (31) ‘1‘0 include the effect of medimn—stx‘u&glg_g L e e
ot . ‘37 .. \ ot e = L ¢ . R . L

- R . interaction,- Costantino and Ve‘.y (16) sugge,sted a virtual mass of the .- o

,O. * [ ':. . N - .o, . ' ' .~' ‘,'
: T 2 buried shell to be: 'l .- s St o B

. k 0
., o, n = ‘mv  vn

A a . . 1 . . -~

o ¥ . where = m = virtual ‘mass of a fluid- A S . Y
.‘ . . . '-.-' .. . , A .. . , . - a +1 .e -, " . ...l - ) ) ) o :l
. " .~ o - in'which- ) g; .= medium~den$ity e e - R P . £ "'gj
. a . R SN .o - . . o - < . AN . EI . .5

N . i . .- . . R o - ; ‘.. . . . . g
- S . a = outer. radius of foam o . &
BN o and *n =, displacement mode number - - o R R
ni

: .- - e o - et ST e e .
i R ok 'fractipn _h*etween 0 and 1 | \ T o LS T
T3 . ’ . ' N

S, . mv - DR
s 8 g T ' : . At . o . ; :
Ve . This is similar to the well—known added mass concept used in hydroﬁ- 3
N S ' TihIa el T l
"" - . - dynamic inter.action where the’ &d d mass is taken*-equa]:lto that of the——"'
g'.? " displaced water see. for examp e*-Kef..le 'j S .. Co /' R

5

t . Ref 16° concluded that crushable foams can significantly reduce . ,
» N ' <0 s
the lohds on’ the primary structure.. Costantine and Marino (15) ;pointed o ,

! . ront that large redu,ctions in the shell membrane forces and .,bending moments
i .
.. & N : - ’
. ’éi are pmigﬁced when isolating the entir& structure from the surrounding
- medium by a soft, energy abeorbing layer. R
. 3, _ - - . -, - - PR B
> . d s R : . ..ﬁ., o e . ‘. . . - . .
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: S - f ! k
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Voo v SR - Lty e T o T
VO L A . . ‘l . , . N . - Y f‘w_ L. ..,- N “,
. ~ " . .24 ' Boundary Confitioms in Transientﬁf Lo, i o BEREE
veoe .o : e a4 N . - - . - > .. . “
L - Lo Ri:sponse Problems . & - A . N
: . . ’ﬂ?“r . . . « A

oL - The rigid boundary conditiong used by Ref. 8 can only’be usedAfor

.analysing blast type of’ loading as the stress field due to the incident

.

wave will be unaffected by refledted wave e‘ffects only for the first few ” ' .

R - : milliseconds of the load application period. This is the 1imitation of cor L
? . .. - 2 . .

- this type of boundary in obtaining the response du€ to an earthquake type.

G e .
. . . . . -
5 . -

of loading with a, duration of 30 seconds. Although the total energy.. co < :
‘ _ o released even by a large nuclear blast is - small compared with that released o,
- . ’ -' Iig
- R by a moderate—sized earthquake and blasting vibrations contain only a RS K .
. ~"-r.' . - ° o~ : - Lll
- limited rang.e of prin'cipal frequencies coppared to those o‘_f,‘earthqu.akes, £ . :
N - o . -6 . ' < B N ' ’?f
the general character of blast-—excited ground motioh is sufficiently A <y H
: _ } . . : 2
. . . " . . L . . )
: similar ‘to earthquake-e‘xcited'ground motion. This enables large blasts. ‘to . K}
S . provide a- useful technique for studying the structural response to earth— g
e . . quakes.‘ . Lo ) _ . s
. . . R - ) i
N . EERIEE "To overcéme the: problem of . reflections &t rigid boundaries, which vl 3
R ' ) e 53
O . modify the stress and displacement in the medium ‘and the structure, Ref 33 . i
s : ) <4
,f) ) used energy abqubing boundaries. The basic purpose of this absorbing or :ﬁ
a g -.\\
‘ viscous bqundaryliSHto control the ratios between‘the transmitted energies N
, . . - . '\\.c ~ o .. R . . L, '
; . of the reflected and incident waves. Thege. energies can-be'ﬁ;'cofnput'ed from ) ;
o the‘amplitudes of the reflected-and incident waves respectively asfindi— )
S . 'cated by Ref . 33. T At o
Y, - L
T., B In the one—dimensional case the direction of wave propagation 1s .
e ‘QK *  known, which simplifies the problem of wave“energy absorption. For compli-r o
. ’ . 2 - e
’ N * - i
‘ cated two—dimensional mixed boundary value problems neither wave directions %ﬁ
T . nor the relative magnitudes of emergy" aseociated with the various types of S _%@
o o ' S i
& elastic waves are known.. This makes it impossible to develop an exact. S ~§§
. ) . o _
' ) | ' . £
o . ) . ’ - i
. . . . SN <
[ . e * .



s - [ .
g L : 16
oy ° energy. -absorbing boundary. \ g . ) S e e
L f - - ) 2 " . . ) . ) Ve .
e N . Ref. 9 used the “same technique as that of’ Ref 3'3'and examined the
e - ot Late y .
B oL _effectiveness of the artificial boundary conditions developed by Ref 33
£ . . '
Lo ) ) . Ref. 9 evaluated the errors involved in the boundary conditions defined by
] - X .Ref 33 in .analysing plane body waves. The errors were found to be propor—
. . . tional to the ratio of ‘ the wave lengt:h to the distance between the source
“ . ' of exci.tation and the artificiel‘boundary according*’t:o the follow:{.ng
ex’préséions:h e e - : .o o .
For compressidnmal waves . L
“r K N N - ’ ‘ : R A .
C | 2 Sl R LW S EL :
%:‘ . , .-bs-’i.;) a* . RZTI(I;U) . . ) ‘ .
e ' U .
oA e For shear waves : Lo * ®
- S : : .3 x
oL o P Top - B4 .. 2:2)
" . « ) . b’C b 2TR ) e
s 4 ’ re , ., o
where (see Fig. l) O . . - oo
° S 6" and 'T_‘e are the theoretical stress along the direction -
o : T r within an-'infinite spacé.' :
| . b.s-;-' and b q_';;_e are respectively normal and tangent viscous.
-‘ - ". i . ..' e . ' * ) . : -
P > sttesses used- 'by »Ref. 334 '
¥ . ' o ’ - ' . : ‘ . ) ,/ ” , 7 v -
LT o cli,and CI.{ - are the compressional and shear waveilengchs for
- o . ) _‘the frequency Wy Cli =2 'na/w and sl, = 27\‘b/w
- ‘ LT T . RIS . - aand b are the P, -and S .wave-velqcities. o
- T o) s the‘.Ppi‘sson'ratis.l e -
. , 3 is th'e distance sour'ce‘-boundary. I
In the two large and small n;odels shown in Fig. 2 :LnVest:igated by Ref. 9,,
PR ’ the following .cpnclusions Were _drawn 1) simulation of infinite’ space is-
, . o e - R
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L , more accurate with rthe large model; 2) in both models the errors increase .°  ".

at, the end of the excitation which is governed by the short frequency

" content of ‘the ‘exciting pulse.

a I . A new model for simulating an infinite space will be presented in -

this thesis in Chapter four. Using this model the t'ransient response
(' I CPEEIN P BN . Lot “y

. e '

SAR

e

~

_problems can’ be'analysed. - o ot J
O s 2. 5 Wave PrOpagatiOn in Solids . . . f"“'f": o A ' a
. . o / ' \ The basic theory of wave propagation in solids has been documented ;
' . by l(olsky (32) and Timoshenko (56), and recently (1973) in the two texts . L
! o of Ach_enbach (D and Pao and Mow (46). It has been also explained and ,
“ Lo “briefly summarized by Refs..8 and 3. The application of the FEM in wave i
2 - ! propagation problems has been studied extensively by Costantino (17) s Ref ’ 'i
Y . #
A . - \ ° Y
oL o 33, Re.f. 34, and recently b.y Bahar (4). . ;
. ) A © o 'ﬁn_ Ca d 5_;
., A N . M - e ’
» .n - ) . N o - . .z\i'
.- 2 5.1 General g* . o o o ' 'J;.
. o . ,}‘
. Impact (or impulsive) ‘loads are characterized by an almost instan— xé{
) Y taneous rise in magnitude followed by a rapid decrease, the duration of ’ '{_;i
: ) the impact . ‘load being of the’ order of a few milliseconds or microsecOnds. - ' ' "'};f{
. \ - 8 i
‘ Rt
) ‘Mos't frequently the load is applied over only a small area’ of tlﬁz body. k4
’ B Structures subjected to impact loads behav*é very- differently than
. e when subjected to cpnventional loads. Under cOnventional loading, each «
part &f the loaded body influences stresses and deformations that occur in’ S
.other parts of the body. Under impact, at the commencement the remote ’ . . "'{JJ‘
o portions of the body remain undisturbed and deformations 'produced'in the ' e
. , v ¥
, I o . vicinity of the loading are propagated through the body in the form- of '
- , . . - ° "J&.l
h Y
elastic waves,” If the dimensions of the body are large, the.. time taken by '
. B the waves to traverse the body becomes of practical importance and should - *
[N R o o gf
; ‘
. . {“ﬁ
i ?\f
¥ ‘m‘t
1) N =‘ i
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) be-cohsidered.
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2.5.2 . Wave Propagation in the Presence of o L .-
Discontinuties ’ . ) . .

o j' The theory‘of wavefpropagation in homogeneous materials has been

-adequately desqribed'by.a number‘ofﬁreferences stated in section 2.5 -This

s \ .
section considers the influence of discontinuties, such as a cavity, an

’
f

- underground structure, oYy diScontinuity planes in the medium due to

'

geologic surface of weakness or defects in the rock mass joints (fractures),

]
faults, unconformities, bending planes, or metamorphic foliation.

v

The behaviour of the cavity is’ dependent upon the "free-field" -

v

ground motion modified by the ngsence of the cavity. StructuraI response

is also a function of the: relative magnitudes of the effective duration of

' the ‘stress wave’ compared with the natural period of vibration of the \

structure. Both these considerations could be unimportant ‘if the stiffness

\ -

.Of the structure could exactly match that of "the removed rock and the”.

stress wave could pass through undiminished. But this is not a practical

\

solution ‘to ‘the problem. S ;,'~ .-_ - E ." T

Wang and Voight 57 described a two-dimensional discrete ‘element

(three noded triangular) method for the solution of rock mass stress

.

I3

analysis problems., Geological defects were included in. the analysis—modes‘
Y .

0y

:of displacement involving slip and separation along discrete discontinuity

/

Asurfaces._ Dual nodal points were utilized for- systems of non-intersecting L

‘planar diecontinuitiea (e.g. discontinuity traces 'A' 'and 'B' of Fig. 3).
vThe general equation of equilibrium was then written in’ the normsl mapner.

‘;.after adding a new force vector to the ordinary one (including initial and

L i , \ . ,
body and external forées). The new force vector accounts for. the forces
. o - - s . - .

" " at, nodal points along the discontinuity.- .The solution was obtained by

!

PN b erm e N PP " . .. . R X T
v B R T ST T4 o NP T S LS LA ST

s
o

-

i




-
z ‘ : y
M ; A
¥ ' . . Cd
- S
é - ) o - : g B
- ‘allowing” two degrees of freedom at each discontinuity node and. applying '
. . g LI "
. . . . o : ;
; the Coulomb-Navier Criterion with tenmsion 'cut off' (Fig. 5). According :

St .~ to this the criterion for'an averagé normal force,'fn; acting®*over length b,

o -

can be expressed:in the form: - o ~

. Lo P - e i oo e .. e e o .
/ .. .o . 7~ . SR - o ’ -ty
et £ b \TO i . (2.3) o o

J': N TR Slip will occur if .
(2.4)

< ‘. | " | _".‘_".'Y'= ‘ft':\—.so"—/fifn-A SRR .‘." L "

. oo where - o .-_ : e o . , .

i
(=]

e

0 e

- Pni .is the force vector at the discontinuity node i in the .E

v o : ' . , ‘ P o :’i

; Lt . : n—direction ‘(see Fig 4) ‘ L g 3

o \ :. " T T; is. the tensile strength of the medium at node 1. o
. ' . . .-_ "‘, * ’ ' * [ ! .

8 v %3

f ’ is the‘tangential_force.per unit length. . ' . te Y

A

' s .is the cohesive shear strength. '; . . ' "..'

(o]
e

Yttt %

“'. )44. is the coefficient of friction. . ‘ ’
.o et v . . o : A P .

R

— 2 5. 3 Finite Element Solution for Wave - ) . . ' .-
B ; Propagation in Lgyereﬂ Media S e e e ‘\ o
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'y ‘The principal advantage of the finite element analysis in this :
i - } L o investigation lies in the arbitrariness with which the element shape, size,:‘l ' - .iﬁ
; \ and properties may be specified. No - special consideration is required in . .

) the usa-of the associated computer code which makes.it a very(powerful _i

method in analysing~irregular shapes of underground openings located in . » jé%

i layered soil deposits; taking-inth account the coupling between ’ adjacent - ,?gé
~openings in analysing a cavity grohp. ‘.'s ‘ ' ‘“.“té‘h }g‘:~’; "" R ‘ - . 3
, In. all discrete approaches (finite element lumped mass, etc;), ; . -
.-: » '_.-lthe-gouerning partial differential.equationsiof motion Of‘the_@ontinuum §
Ve Dy A - .,»{}' . NSRS L ;:H - T %
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‘ s




o

TORE

Ay

g

W e Y AR
Dt

e

[N

P L R O R

s

2 PRSI o PSRy

.7

" where C1 and Cz.are'cdnstants to be chosen to provide the desired effect.’

H.s.. N ) R . o 20

" are reduced to a finite set ofgordinary-differential eQuations'with respect ; . ..

to time which describe the motion of a finmite numbér of points (or Llumped

‘masses) spaced over the free field. -As the finite element method is well

-egtablished (Zienkiewiez (63) and Desail (19)), comments will he :estricted
. . . . B ) . 1-“' . . . 95.‘ Y . . . . . ) ' ' . 1
" to some partitular features related to dynamic analysis..

\

When' uaing the finite element method in modelling, Ref. 34 recom— :

~
v

\mended a maximum element 1ength equal to one—eighth of the wavetlength of
the slowest body ‘wave propagating in elastic material for the analysis of
two- or. threé-dimensional layered media. The equations of motion defining

Al
the dynamic behaviour of the finite element model are given by

O RS GIC R IO T TR

/ 1

in which ML [C], and [K] are the mass, damping, and stiffness matrices

. and {U}, {p};ﬁ{p}) and {?} are.the accelerati?n, Ve10c_ity3 displacement,f. ,v;~l a

-

: and exciting force vectors respectively. Lo _‘ - ‘ '?

“ . . . N . N

The stiffness matrices for various types‘of elements and their
.. o ] ) . ] - ‘
.assémbly can be found in'a number of references. Lumped and consistent

) -
4

-mass'matrices have also been studied thoroughly. The damping matrix can

L4 . - . -

‘“be a simple diagonal matrix as uged by Ref; 33." on the other hand it can_;A

be symmetric 1f. expressed in terms of the consistent mass - and stiffness

matrices. If a. lumped mass matrix is to be used, the damping matrix will

- . we

. be a diagonal one as used by Ref. 8 and~can be expressed in the form: ) ‘l.;-“-

/

[ a8

: o [C]f cl[.n]~.+ Cz[K]. | o | (2.6) ,3,

.

- This makea-the.computation much sgimpler and:the next questiom is’ to rélate
the constants Gy and.Cf tptthe c"r:itical"dampinglcc or thelratio,(éé) of
damping~b to. the critical damping.Cc.‘ This is done, as shown-in:Appendix By
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".merely by using one of the constants Cl or 92 and setting the other equal

. to zero. o S L ,

\

) ‘uous systems.

.~ and the constants

S N

C

S

M

e

2

and C, are

I€i>m Q*%n;

l-‘ . 2 =. éz’m [ m

¢

where difﬁis the damping ratio and U) is the angular frequency (\/ ) for

the m=th mode. In practice, any desired damping ratio may be selected

A

.

~ e s s “ ’ . . . N

&

+2.5.3.2. Solution of the Equations of

DynamigiEquilibrium . e o .

Eqn. 2.5 can be solved by modal superposition or, as shown here,

[

by direct integration (step-by-step) The initial conditions for Eqn 2, 5

involve the displacement and velocity at the time, t 0; therefore, the

ot

direct integration procedure requires at least this amount of information

‘atvthe previous time, t:, to predict the state of motion at ‘the current.
o .. . D . . . S ) .

.

time,.tn+l.:.Also; the value of the acceleration at time, tn’ or the state

t

of motion at earlier time, is required'to start. the integrakion.

1',
When the characteristics of Eqn. 2.5 a?e defined in terms of the

nétural frequencies and mode shapes,-the frequency.spectrum ranges fr m .

the lowest, or fundamental frequency to an infinite limit point in contin-

For discretized systems, previously sthted in section

»

T 2 5.3.1, Nickell (40) indicated ‘that as the. infinite limit point

' frequency 1s called the "cut-off frequency

~

. exists, a frequency that corresponds to the most rapidly varying

1s to be considered instead of that at the infinite limit point.

‘o i 1

If the discretized

excited by forcing’ functions contain frequencies higher than the

frequency as might be encountered in wave propagation problems, noise

N .

b

'v‘rh

.
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mode'shape'
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L Recently Ref. 4 developed a method using a transfer matrix approach. '

‘of transfer matrices of the various layers as interfaces are traversed. Y

.Thérefore, the size of the matrix does not ‘exceed two by two, and'is inde- =
. - ) R . ‘_ ’ ‘ , T ’ . QI‘: )
pendent of the number of layers contained in the medium. In contrast, the g
. o s grrt

e ) ) . . . - L '.;Sz

classical formulation of the problem necessitates the simultaneous solution fa

- N s .
(rande-‘sp‘atial r'esponse)_ 1s- g’e'nerate.d in the ,C.ut""off mOdal“'IE_Sponse. . »
.. N — L B ’. ‘ . ‘ ' o s s . . . . . o RN ."I;
2 5.3.3 Layered Media’ T B . e - , .

i
- . . . <Z
’ . . . R b

to the elastodynamics of layered media.l’ The method ‘is baSed on the matrix
formula'tion of the Laplace transformed one—-dimensional wave, equation. The'
matrix formulation shows that’ the need for matching interface. conditions
explicitly 1is avoided by imposing the continuity of the gtate vector across

“aach interface., This. is accomplished through the continued multiplication

of 2n linear algebraic.equations in 2n \uhknowns. (n js the number of

layers.) - -

i

2.6 Soil-Structure Interaction

reference presented a three—dimensional finite element analysis o'f soil-

The subj ect has been studied in considerable detail by Allgood (3) N

Ref 2, Clough (10), Whitman (59), and Ruse and Dawkins (51).. - The last_

structure interaction The 3~ D analysis was also recomme.nded by Hadjian‘

(25) in t<\)rder to obtain a general solution for the soil -structure int
action‘]:roblem. . Ref 8 presented a brief aummary for the problem of

structure int:eraction and the problem was aolved using linear strain Y

rectangular (ESR) and constant st-rain triangular (CST) elements without

considering the rock and the structural response separately. Ref 3 ,’ . o

h .,

summatized the available knowledge on soil-structqre intersction outlining . ', -y
. ’ ‘\“ . A
the major areas of work. , ‘ o . . o
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)

Why UnderLound? . o A ) oL T

.

- . Reddy and Kierans -(49). . . . ,\ A .4 o S T : s

The following advantages of 'underground siting v.(ere: .summarized from f

1., Protection against ‘natura'l and man—caused damsge to s‘tructures. . .
2. Improvement in .plant conf:l.guration by . the ability to design three— ' o J
dimensionally as opposed to surface structure two—dimensionality. »

'4l

" 6.

;é_a_\&l "

.- Reduction of the seismic motion when compared with that at the base

i,

i

-

of a surface structure.'

3

Y -

Separation of component facilities such as containment structure . . N

:and turbine plant str_ucture. ) J e e L REER ‘é
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'Ihree-dimensional support capability provided by the surrounding

5
. ;f':x? '-j(’

medium to functional structures such- as a turbine—-generator system

Y
¢ .

etes - .0 ,. -
Reduci;"io'n of:,' p'o_\-ier_'trnnsmissio_n costs 'anci construction peri’ods by ] ,
g . A . -’ . . . ) ; ;‘-

location cfose'to -'lo_a.d .Centres. T o , o '
.‘_S‘avings in b‘fuilldings,. sube‘tructures a.ind'foundations. -' _' ' | . .. - : }t
Use of 'efcavated rock_ as construction mete’rial: : S g -
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‘3.2 Sitin& Criteria: and Structural Selection o T -

. The broad siting guidelines have been reported by Ref. 58.

'

| ¢ oo f

3.3 .Geotgechnical Data Requirements T . , ' .

vgfcal maping1 air photo—-interpretation for major structural features, .

'surface test* pitting for surface geology, bore hole core’ drilling in

Geotechnical inves‘tig.atiOns including field and laboratory tests '
and field surveying are well documented in texts .on Rock Mechanics

previously listed in Chapter.t‘;‘ro (‘section 2.~2).. Ref, 54 reviewed'the

“geotechnical considerations in analysing underground openings in rock

Ki:erans, Reddy,. and Heale (30) presented the required geotechnical data

for the’ design of nuclear power plant facilities.
From the above literature it can be atatéd .that the main steps that

have to- be followed in an underground investigation are: detailed geolo—

-~

' -

sufficient detail to delineate any faults which may intersect proposed
cavities, logging ‘of all cores, compression test of rock samples hydraulic ’

pressure testing for water permeability, plate—jack testing to determihe

P2

.in-situ rock characteristics, and historic da%? on seismic 1oading exper-

ience for- the general area. . ) s . ’ oL . :

3.4 ‘.S'eismic Loading
" Ref. 58 indicated that although the Aground motions -(a-ccelerations,‘l _‘

velocities, and displacements) occurring at some depth below the surface.

pre less than those at the surface‘ due- to the attenuation of surface‘ wave

bR

amplitudes aWay from the surface, gince the wave lengths associated with

: earthquake frequencies are much higher than the- probable depths of burial

for. underground facilities, significant att;enuation may not 'be observed.

Ref <30 pointed out ‘that due to soil layers, the seismic 1oading .on an
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1,

underground structure is not affected by the amplification of body (P and

L ]
e T

e
o

NeAN TR

S) .and surface (L) waves and that the magnitude of the’ seismic loading can
. . 7

be specified by’ response spectra or by actual accelograms. However, for

..‘,. -

e

bt
T

i . ' L _ low intensity stress waves travelling through .the soil medium, there is no

~
T

RPN

“ -+ " ghear in the medium and t:he seismic velocity is that due to compressional

h, rl . .

;f. - o waves’ only. . The seismic Veloci.ty in this ease can be approximated by o

2 s

T 'Ci = E/S, w_here Ci is the seismic velocity, E is the modulus of elasticity

L7 ae 3

e
LI TN

[pern

o : ﬂ ’ © . of "the mediu.m and - 2 is the meddum density In designing for this type of "o

:"loading, the stiffness of the, underground structures (tunnel liners, large

e

v

n A

T
LT

& diameter sewer pipes, installations of hydroelectric and nuclear power *
}a ’ plants) is a very important factor in the induced moments and shears. It - - ": : r;
%: is, therefore highly desirable to design with the largest possible flexi— E ‘%
,g bility compatib"le with the load to be carried ]:"urthermore,i t_hel j_oints %
%E . al.ong/the axig of the tunnel ~should be designed to transmi't'.'t‘:he shear o . ;_]:
L‘ ‘ forces_in‘duced in them by the gro,und 'm‘otion.u Flexibility will permit the' ;
. structures to follow'the_displacements of -the medium and hence reduce‘ the 3§

H

42

[}
-
’
SRR 'é”w_‘:'f.

SR

seismic forces to a minimum,

3
4

-

/ .~
.
i . e

3,

3.5 Configuration and Embedment *

T

'

The layquts and the configurations of typical underground nuclear'

" .

U

pover plaints., ydro-electric power complexes and tunnels in mining and .

transportation, are well documented in the literature. The eXperience in

.

those fields' recommends the. deep locations ‘of the' facilities in order to A . '“:‘
y ‘ provide additional protection from harmful radiation in the event of’ a T ;r
' ‘ ‘ . .‘ T T T TR
seismic incident or ‘a major internal a.ccident. - E L ) e . o
. 1] i
- s ! i
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3. 6 Factors Affecting the Size of Underground E
s E OEenings 2 N s °1 _
\ o - Ref. 58 indicates that while limitations on the cavity size are . ‘;;
a e AR R - . . N o
. R . _ E
. . .- e B i . X . . [t}
o - primarily based on experience rather than on theoretical foundations, a° ! i
\ ‘ N . " . . - a . - . L ) . "}’f
. . e (N - . R
: Lo . first approximation can e made on the basis of elasticity theory if the S
o0 : "
' . " excavation is 'for a flat roof cavity in massive sediment:ary rock However, 4
o .., the size and spacing of the cavities should allow coyventional equipment _
[/ - o .to ‘be used. 'I‘o avoid the” doubling effect of di,splacement amplitudes on’ the ’ ¥

strugture which occurs upon reflection of body waves &t the eax’th's surface,

Glass (23) indicates:;that the cavity shcbuld be*alocated dee‘?yer than ahout

g ' one—quarter wave’ length from tlge surfage. ’ ’ . o ;
’t«r 3.7”I Structural Types - : | o . R i
? : o The classification of primary undérgroupd cont"aimnents and descrip-., ' £
% : o “:., - tidns givens hy DRef. 30 are u'.sed in this se.cé:‘n.\o'l‘helmain types"a‘re ' . E
"E.b . . ‘incl:uded in Fig. 6. . \’ ' T T 21
? | , i) Cut:.-and-Co‘ver.Structures..'- 'l‘his type’ oi structure 1Sssuitab'le, “
' . . for-shallow locations in unnloo-s‘e ‘goils to minimize the cost of yretaining ’ ’;

3 . . N

s.'tn*ctur'es in the construction process and is only convenient in low

{;“,‘ Trecim,

T
e

intensity population areas. As the _Structure support‘s the fill this type

2 e, e
[Eihd

. o - o o

is not economical in Tock where the cavity is. almost self—supporting and

-~
]

requires only slight additional reinforcement (rock bolting or elastic . . )

liner). However, a proper selec.tion of the type of filling material with ,' ’ g

o : respect to the original properties of the medium can, reduce the straining .. ) :
- 'actions in the structure ‘and.:rotect :l.t from the high pressures associated | . I ;

. ., Wlwith nuclear blasts or earthquake.excitations._ v This is explained_ijn,mor.e o ':M

detail 1in the last two chapters in sf'ections_.4.'.4-,‘4{4(.2.'," 4.4.3, and 5.4, “f:"" 5
T ' : When réinfb‘g."“ced by prop"e'rl-.y designed 'ro)cl_ti o

" i1) Unlined Cavity.




PN
e

e e
S

o b e va we it by

»

S o a3 = 1

~

L of-the cavity configuration.

. - iv) | Eined Cavity with Annular Filling.

- ".) ( Ca

1 extensive and,refined analysis.,;

o bolting patterns, an_ unlined cavity develops the required adequate struc—

&

.
o Sna G

. < ¢ .- N . - . . g

-

. tural integrity for low~intensity seismic excitation.

3

-A procedure for

superposition of the post tensioned bolted rock stress field an the induced
i

-~

i' ‘stress fielq to obtain the final state. of stress has to be carried out.
. ° N s’
' iii) Lined Cavity A lined cavity is required for'high intEnsity
+ . Ny

. seismic .areas and for coping with hydrological conditions. Lininés, in

certainm conditions, may reduce stresses to the order of 30/ (Ref 61) n"'_’“

the, finite element analysisdpresented herein, tHe Jdiner will be represented - 3

-
N B

by thin shell agd plate elements to simulate the curved and straight parts Al‘ E

The/thickness of the liner is assumed to be.

sl

sm%ll to permit the expression of, all etress eomponents in terms of a ’

‘ 0
o

function whicn{describes the deflection of the middle surface (Flugge @n).

This type of construction .°

'l‘ Y 3

protects ‘the structure against possible large ground motions (Ref 15 and
: ¢

'Dawkins (lB)L.

.

Sectionsvﬁz4, 4.4.2,.and 5.4 in this thesis ipclude studies

,iof this type and the obtained results. , ' . a0 '

i i AN e g g e

. . v5.<MuLtiple Cavities. The multiple cavities presented in Fig..6

-

.shonldihe.investigated qithirespect to-final configuration and ‘the relative

'locations. The.- investigations will lead to the optimum layout in which a’

s -
‘ b

minimization of tension stress zones “could be achieved This is. done

through a trial and error procedure. Interaction in -the system complicates N

ﬂ_the exact dynamic analysis. However, preliminary design, as stated in ;-fA' - Tl
“ . . - ..>..
Ref 30 may be carried out by ignoring the structural effects of the - Tt

"=separating media in the analysis. Thexfinal design willnrequire ‘more
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 initial stress field and the manner of excavation, the pre—bolting stress
T state may approacﬁ the applicable elastic solution and conclude that only

favérage rock bolt pressure and -not the length and Spacing of bolts seens o

: computer programme to, determine the globaI stresses and plot the influende

considered, An important part of the design and install eiﬂh of a.rock iﬂ

'.; of 104 of the original rock -anchor load was reported by-Ref. 11. Benson, .

-
2
*
«
1
P
a
. o
. PRI SR
BRI EIT- WAL e .

<. 29 :
3. 8 ' Different Methods for Reinforcing R '7'”fwn.'“ e '.‘( ‘ -
the Cavity T : . :
tee - ,The'cavity,may be reinforced either by rock bolting or lining. The'

modifisd computer programme presented in Appendix A can analyse.any type '
. . R . ‘ s :

N I
d .
x

of cavity reinforcement.

i)__Rock Bolting. ‘Rock bolting represents tRe cheapest method of

.

. reinforcing underground cavities. It is convenient in areas of low . .

-

'ihtensity'seismic eicitationl The types df rock bolts, -design and their o

. - : 4
aéisation and installation alpng with the required field tests have been
Prﬁ

»

ented.by Refs. 41 and 28, Goodman and Ewoldsen (24)'and‘Coates and

Sage‘(ll). Rock anchors can'also.be used .to i)‘increase the vertical load

R e L

S
"

capacity of a pillar by compresaing it horizontally, ii) stabilizing slopes

R

including loose blocks and ii1) in preventing slips at .joints or faults.

Rock bolts ard installed in the inner surface of an excavation caryed in

4
3 ~,,v:-§-;;?~ruv5~:.t S

an initially stressed Hbdy (Jerry (29)) At the time of installation the | ’
¢, i\
stresses around the excavation approach the final values for .an unlined e -

S e

'tunnel However, Ref 24 stated that'"depending on the severity of the ’

I .

to affect the efficiency of the reinforcement. They alSO‘formulated'a

H —
e
N v

regions from which the costs’ of each trial .design can be calculated.‘ Thexgb -

.
»

solution is three-dimensional, and arbitrary joint orientations can be

v

,

anchor is the calculation of the extension expected on tensioning, a_loss

v

v : . .
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Conlon, and Merritt (7N concluded that the required length of arch rock
bolts is not affected by the gpan of the arch (see Fig.'7)..'

The principal advantages of rock bolting outlined in Ref. 30 are:

’

"(a) increase of interlayer shear strength in 1aminated or jointed rock, .

(b) radial cdhfinement around the gallery, and (c) passive, action in

preventing large deformations fron destroying the-keying action of.joint

" blocks.” Ref. 30 suggests~the'consideration of .the following pointd in“

. [ . . ‘ . N

_the-installation of rock bolts:

..

The spacings should be such' that relationship between the dtruc-
tural.stability of the cavity's rock bolted roof and walls and - .
“the possibility of inter-bolt rock’separation is optimized as to
cost, Rock bolts should be anchored within the zones of induced
compressive stress surrounding the cavity. The sequénces of
bolting should be consistent with the excavation pattern -- '
typical rock bolt lengths in the crown ranged from 0.2 to 0.4

span and on the side walls 0.1 to 0.5 height, 'and bolts are to

be tensioned to two-thirds of their yield strength T

<

11) Reinforcing Liner.~ The liner.could be ‘steel end/or.reintorced.

“concrete, or prestressed conerete. The computer programme of Ref; 8 was

modified to include a new plate element that simulates together with the

shell element .of Ref. & an elastic liner with bending stiffness for any

,irregular ‘ghaped cavity Ref 18 described different types of liners )

.together %ith a discrete model of the: liner—packing system for determination )

of the liner response. gThe total displacement\was considered to-consist

of two parts: one.corresponding'to the rigid body translation in which the

. . - . . L.
cavity retains its original shape and the second part corresponding to N

‘ distortion of the original boundary "It ‘was obserued'that the'rigid body'

motions are much larger than those corresponding to ‘distortion. A simple

S

single—degree-of -freedom system was suggested to .study the rigid body

displacement of the linex.v . - f ‘ '-_f .
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- ' Iﬁj'iﬁ 3 9 Design Analysis of an Underground

Cavitz - .o
'..'~" e e Ref. 30 describes the design procedure of a eavity located in rock

F S S
..
;

sr rbck—like material with a.Rock Quality Designation (RQD) 75%. The N

. . following sections review the preliminary and final design procedures.

i‘. 3.9.1 PreliminarzﬁDesign

] i) . Based on. the theory of elasticity and/or field.tests, determine ]

%t '_ o ‘the in-situ stress state with no cavity in the medium. R

% p "‘ i f ) iii From the project requirements and the éeotechnical data, -;
%@ decide the configuration and embedmgnt of. the cavity. S . K ﬂ'\

i'%-‘ , ' iii) With the finite element model shown in Fig. 8,1considering‘

&’ .

f : f;.". : . .the in-situ stresses and introducing the required cavity, determine the .

: [

; . . inducedﬂstress state. .Several trials based on changing the shape ‘and the

%' relative location of the cavities (1f more than one) may be carried out to

2, ' )] . .

\'x o determine the optimum solution where a minimization of the tension zones
| around the cavity' is achieved. . ’ '. ‘ . B

IAPI, A T T TS ® T T e e

' = T ov) Based on thqueotechnical data and the stress state (obtained
above), establish the structural type. In the case of a cavity reinforced
..f " with rock bolts, determine the rock bolting pattern as indicated in section--

R - N . . D A

4 S * ] . :'. . “ . ) .
" v) For multiple cavities, ilgndre the separating media and consider |

: . C o . .
’ ES -°° , an enveloping opening.. ST . @ : . ) 2t

R N 92 Final Desig_
i) Having obtained the :I.nitial stress state in (the medium after
- excavating the cavity, a finite_element‘time—history anal#sis should be

"csrried out. bA_description of the combuter proéramme is presented iﬁ‘

.-

- N ’ . '
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analysia on the gstatic stresses also obtained from a finite element analysis . : %,
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to obtain the final true stress state'(shéha (53)).
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. bolting or’ any elastic liner.

N N a
different parameters that affect the response are investigatedrstiew

T : i . .: T I | 33. ‘ ‘.IA{ ' . ‘lb

; 'CHAPTER' IV . - AT .

- o . - ) N ) I L l-‘ | . ‘\“'\.-.
"0 T . ANALYSIS AND RESULTS - .. o+ \\ :

. . ; l . ", '.- .‘ ‘ . ,. ) . :\\
1 Gemeral - - T e o DT \

‘This chapter presents the solution of thé problem including thd\

formulation of a’ computer programme tor give the time history of displac -

ments and. stresses in the cavity reinforcement and the surrounding medi

The cavity could be of any shape and the reinforcement could be rock "

Only one active reig,for\cement is considered
at a-’ time and when both rock bolting and elastic liner are used, the latter

is ignored as a reinforcing support and asfumed to only protect the cavity

IS

from radiation and moisture.. The solution allows for layered media and

\

the presence of a. soft, energy . absorbing packing material placed in the

annulus between the face of the cavity and the sttucturaL liner. ~The

model is presented which can simulate the dynamic analysis of infinite

space problems..: B R - oo T e

a . .
: : e . - ., e v

4.2 Solution for an Unlined and Lined Cavitl
of Anz Shape ‘ . . .

E For low-intensity seismic areas and high atrength rock without

discontinuities, rock bolting without lining represents a safe and econom- .

ical reinforcement. Ldter - in section 4.3.1 a numerical example for rein—

forcing the cavity by rock bolts is presénted. For poor rocks (low

strength and discontinuities) and soil deposits, rock bolting cennot

. e -t
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Sxn

. Y ‘ ’
provide the required structural integrity which makes the use of elastic

.(or rigid) liner essential. R . oo .m'

S

e

Al‘.though the 'bending stiffness of the elast,ic liner of the cavity -~ . ~ 8
' was consldered in the solution'in Ref. 8, the programme was suitable only *'g

g L L b
RNl

- for ecircular openings. Also, the solution was adequate only for blast—

1
X . - “

excited ground motion, since a true picture of th‘e response could be

abtained only for the first few milliseconds. The time-'-,his‘to‘r_'y- of dis- ,
placements and stresses is correct only until the’ exciting stress wave is. . ) :

B
b - A

_' reflected at the rigid boundary. This is why attention was focussed on L : oo

G

.
R e e, e T

-these two problems and a new pla,te element included in modifying the -

computer programme of Ref 8 to simulate together with the shell element

]

A

- formulated by Ref. 8 elastie liners of any shape. Also, a new- finite model
R e o
" i constructed for the dynamic modelling of . an infinite space. This model -

o
-

s

has. 4 displaced, elastic, energy absorbing boundary and is presented in

\
DA

. detadil ‘later in section 4.6 ) ‘ " . e I. .

- \

ey gt
S Ky

\

'..4 2 1 Plate System = Stiffness Matrix o . ' S 4 '0 »

OTO complete the cavity reinforcement tstiffness formuletion, the

’ plate element: rust be integrated into the general system of the structure.

< N

This involves the introduction of  the plate element stiffness matrix (6x6)

w.

-into ‘the overall structural system to be compatible w&ith the shell elements - " ,

L]

of Ref 8. Both plate ‘and - shell elements are taken as two—dimensional - oo ;4

(plane) elements for the plane strain (ox stré’ss) analysis of the whole '. Sy "

e e - Kr
. 41

. system. The .elements, therefore, can be termed frame and circular elements. g

g
The  plate element stiffness matrix [K] presented by Przemieniecki

. 0 .
\(46) is.used. Bssed on the orientation of- the element with respect to’ the S i

| .

global coordinates (x and Y) as ‘shown in Fig. 9, the transformation 'matrix. K ]
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‘. " * v, ds written in the following form:" . )

[ -cossx. ~stnxx 0 0. 0 07 .

. ] R L =Sinb{ -Cosox 0O 0 Q 0 } '

v o SR 0 0 1 0 0 -0 S

AIE:\.‘ .". A... [B] =‘. 0' 0 0 T_Coso( —Sinmv 0 ) (4-1)

o ‘ 0 - ‘o, O Sinx =Cosex o
e
N - >0 0 0 o - 0 1
- = - . e . .
. -Hence, the plate element stiffness mstrix in the global coordinates [i],'

Y m  can be obtained from the -relationship

B . v ; R T“ _ o . L
T oL e T [ ] = [BJ [KJ[B] v ' (4 2) .

’ %‘ ‘ .This is computed for each element in subroutine FRAHES developed by the .
% \'author. Assembly of the individual element stiffness ‘matrices to form the ,
¥
1 totsl stiffness matrix of ‘the plate system including the rotational degrees o
% . D o 5

k? ,'of freedom at each node[SS] is performed in the first part of subroutine o
; .' 7 :FRAME also developed by the author “in modifying the programme of Ref 8. |

~ %
y .
T Since the elements representing the rock media are allowed only two degrees
- {0 . .
;~‘? of freedom at each node, to agsemble the system (the structure and the~ .
L ’
% surrounding medium) into an integrated interactive one, the stiffness matrix\ N
3 o . L ‘:;:
'E of "the. structure [bs] must be condensed to ‘simulate the two-dimensidnal . S
K R , i . . -
~§" . _ 1inear loading at each node.
‘i . . . N ]
7

_4.2.2 'Reduction of the.Plate Element
Stiffness Matrix

The plate system stiffness matrix [SS] formulated as .a result of
assembling each of the plate élement matrices 1is of the ‘order NSE3 by NSE3
‘(where NSE3 = 3% number of nodal points of the system), ie. twa orthogonal

/

linear displacements and’ one rotation at ‘each node. In the case studied .

here, the forces are applied at these nodes as a result of the displace-

A
2

ments in the rock media. It is, therefore, sufficient to define the- plate

\
0
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Formulation of the [S] matrix following Eqn. 4 5 and its asaembly into ] S e

. 'l 4

° ’ . ’ : "_‘. < I. | ‘;

: - i

: . .. s . H
D ) e T ) 36 N =y
‘system coordinates in the directions in which loading occurs. Thus, the : ?F
_plate stiffnessmatrix must be modified to hove all '-rotational terms to i
e . .: . .

the 1ast rows and columns, resulting in, the following force-displacement o f
relationship. : V o T i . . . L T
{7} ¢ [s],. ! [s] .{'U}. N T EREE i
1 12 R . oo T

{5 [5121,|[5]2-2: "L{IT};" SR .

;o The matrix {P}R‘ representa the applied forcee on-the shell.from ' {

'the rock media and is-a vector of the order NSEZ (NSEZ 2 twice the number E C - ‘
of nodal points in)the system) The plate ,atif_fnese‘matrix is.'partitioned Co ,'

‘accordingly, and the displacement \-zector {U} -represents the'horiz‘ontal' :
and vertical diaplacement:s at each node. The submatrix {U} .containg the . . g

unknown rotationa that occur at each knode. The submatrix {P} ia a null / é

matrix, since there are no moments impoaed at the nodes by the” rock media. ~ ‘w

_ The required reduced stiffnesa matrix is.'defined as: [S] in the equation‘ . ;';
S : : | )

{PJR [S] {.U.}R o ' (4;'4)“ ’ :

/
2
34

N ) . - v
. .

Proceeding in the same'way -a8 Ref '8 in- d‘eriving the"reduced shiell o

TR
G

: 5

element atiffnesa matrix, the required reduced plate element stiffness 3

- matrix is evaluated from: the following expreasion. ) : “
S8R [s] . [s] [s’]2i A (4 5.
B . . nl:(

Ey YO

the total aystem stiffness matrix (including the rock media) are accom-=

N .o

g

'pliahed in aubroutine FRAME ) ¥
4.2, 3 Computation of. Displacementa and : oo B : . , o }

Stresses ‘ ‘, e ,, ) ‘ .7 )

After aasembling the overall system (the medium and the reinforce— o R

S : Y

' - '“m

P v e L
A i :!
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. {U} are evaluated in terms of {U} as follows
-L-Jo R

The«multiplication of the first two matrices on the right"hand side ofl-

ment) stiffness mati‘ix allowing two degrees of freedom at each node both :

4

horizontal and vertical displacements at each node are calculated for each

»

time step of integration using the Newmark Beta Method. This is accom~

s

. plished mainly in subroutine RECURS (2) and the MAIN progtamme. Stresses . -
’ ' 4 : .. - .
_in-the medium are then calculated in .subroutines RECTS and TRIST as will

.be-described'later in sect,iorx_ '4‘.2.5.. Stresses 'in .the shell and plate

"elements, of the elastic liner are evaluated 1n the form of straining

v .-

actions (normal, shearing forces and bending moments) at each node. This L

is accomplished in subroutine SHELLS which has been extanded., by the author

.
X s
v 120

to provide ‘the solution for the new plate element as follows:
After formulating the reduced plate system stiffness matrix from
Eqn. 4 5 and asserbling it into the overall stiffness matrix as. given in .’

the previous sectiqn, Eqn." 4. 4 is solved for the horizontal and vertical

L R AR e 35

displacements at each node,. :L e. the displacement vector {_U} is obtained

r w ‘

From Eqn. 4.3 the unknown rotations at each node of the plate elements, A i

o {. } [S] l-51:21 {U}a
'[TST] {.u}R \

' (4.6)

a N -

‘Eqn. 4.6 [’IST] is computed and the values stored in subroutine FRAME called

: from SHELLS. .After calculating all the displacements (horikontal vertical

and rotation), {u} subroutine mmms is then called from SHELLS to "con- -

Ry

struet, the individual plate element stiffness matrix with all rotational

A

. terms moved to the last two Tows. and colunns [K] Hence, for.each element, : -k

‘the straining ‘actions {P} are calculated according to the relationship. S ' ,' a7

e e ]
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;’ N in {P} the first, second and the fifth elements are the normal, shearing { %
; force and bending moments respectively at’ the first node of the element f!
"4 C .+ while-the other elements represent those at the second‘ node. )
4 . * : ' A : , * o A
% 4.2.4 Applic'ation _ . T, ,.' o . Loz -
- A o The formulation of the. general system stiffness matrix (rock med:l.a o ‘
L - S . 2
. S - plus cavity reinforcement) is essential to a consistent Eormulation of the :
" o :‘ proposed solution.’ The importance of such a solution is noticed when .\' ! ,6

cavity reinforcement is required in high-intensity seismic areas. “In such ' ST

‘ ' - a case rock bolting is not adequate and an elastic liner ds essential tio. ),
é | provide the” required reinforcement for the excited cavity. - | .,u :’
? A rigid liner tan cause damage in the surrounding media depending ! 2
3‘ L on''the relative motion of the rock media’ and the rigid body motion of the | :
‘ . .liner; Ref 59 pointed out that in the case of embedment in soil if the . :j"

) structure moves more'('than the medium), then the medium- exe,rts' a restr ain ing ‘ .}
| | o effect upon the structure,'b%t'.if the structqre moves le,ss than. the “'medidxn-,'.".\ ,1
' LTy . :
b

" "the mediim exerts a driving effect on the structure.

I

e e AT T T R R
. s

3 '"' - | . 4.2.5 Description off‘t‘he”Co,mputer '«Programme &
?’ .Appendiic A pr'esents.“th‘e flo’w chsrts. After the input of data' and - ‘:}’
f ' several checks for cdmpleteness and consistency, the MAIN programe éalls : :

. ) subroutine ASSEMB for assembly of the stiffness matrix for various types . ,

. of elements BAR (for rock bolting), TRIAN,JRECT (for rock media), SHELL ) %

and FRAME (for cavity liner) Subroutines SHELL -and FRAME assemble the ' %;;{

total liner stiffness matrix. Each of the 'a‘rch .components are, cslculated I 1:?
R in A.RC and the straight components in FRAMES.. . LOAD _is then called.'an'd the. SR ,
O L equations are solved by matrix recursion. . Displacements s.re calculated in ,;s'_ .- .. - ‘
RECURS (2), while in SHELLS, RECTS and TRIST, stresses in the cavity liner ' T

éﬁ.‘w - S e ETROE I W RN Y w0 et e T e e el e e s “‘{;‘ﬁf?
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(shell and‘plate-elements) end'medium (rectangular and triangular elEments)

. are calculated for each time step of integrationm. Stresses,in the rock

bolts:are also calculated in RECTS.

N \

4, 3 The Effect of Cavity Reinforcement .
on the Response

. o .

" Rock bolting and elastic steel. liner were investigated as cévity’

v

reinfordement. Edch kind was used in reinforcing the same’ cavity (84 in.).

outlined in Figs. 10 and 11 ahd excited by al. pai step pulse of infinite

N -

‘ duration as shown in the same figures.:

0.
'

Since the compressional wave velocity for the assumed medium is

approximately 150 inches per millisecond, only the time-history up to the .

first 3 m-sec. was determined to avoid the effect of the reflected waves

. .‘ from the used rigid boundaries. This is_also valid for the other investi-.

'.gations‘in the following sections of this chanter.

¢

. 4.3.1 “Rock 'Bolting S S

‘The semi-circular roof offthe 84 inch-spsn cavity presentediin
Fig. 10 was reinforced by eleteniéb_inches steel'rock'bolts'liz-inchf'
diameter @ 11 inches apart.- Each of the'vertical;walls was reinforcedAb;"
four 20 inches steel bolts 1/2 inch diameter @ 10 inches apart. ‘Steel
and rock properties are presented in the same figure."The model consists':

of 119 nodal points and 147 elements and is laterally excited by the step.

pulse defined in the previous section.‘ ResultSvarerpresented in Figs. 12

“ - and 13.;

' aes.ﬁ Elastic Liner L '. -

. - A one inch thick steel 1iner was used to reinforce the same cavity

described in,the preyiousgsection.‘ A modél of 100 nodes and 120 elements
- - . . ‘ °, - ’_\ . ,J . - .’:. . . ,: .

-
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ff . was‘used”éFig. 14) and excited laterally by the loading function described )
: in section 4.3. Fig. 15 presents the results. : ) gi ' , MR
i E ’ NG 4 4  The Effect of the ShapSLNS the Cavity . . _ .. e ) .
i - . i on the Response . . : .t S S e

B L . ' For .the same dﬁxamic 1oading as ~that described in seetion 4. 3, ‘the

. . ' o

N shape effect has been investigated through different configurstions outlined

in the\\our Figs. 16, 17, 18 and 19. Only the horseshoe shape was sub-

r jected to a parametric study : Three elements at different locations for e

g ey

. each of -the cavity configurations were examined. Figs. 20 21 and 22 J.u —_—

s ) present ‘a comparative study of the shape ‘effect on the time—history of the K

stresses in.the'three elements.

LS

-t 4;4.1 ‘Horseshoe Shaped Cavity

R L9

e P TRRT

ot

The horseshoe shape has been recommended as one of the most suitable

: '--‘- shapes for underground cavities (Refs. 55 and 58) In deciding the best
: relative dimensions of the horseshoe shape, the following parameters were ~ .

t. ' [ . & . "o
investigated. Lo

~

s . - . -i). roof, rise to span ratio H/L .

o T v e PR

\)

ii) wall,ﬂrise to span ratio H /L', see Fig. 23

. s - . . -t
) . a .

AlL cases were investigated using the same model shown in Fig 19 subjected

to the same dynamic load.. The results are presented in Figs. 24 25 and 26.

. " 4.4.2 Other Shapes

' . In hydroelectfic power complexes, the geometry of the complex

~»

,,',_, .' S (transformer gallery, power house, snd surge chsmber) 48 an assemblage of :
irregular shapes (Fig. 27). The relative location of the . cavities in the

cavity group should be investigated to obtain the optimum solution based

on a minimization of. tension zones in between the cavities. The modified

<t " -
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,4 5 1 The Effect of Isolation pn the Response

. - e . : : ] . - . 41
computer programme presentéd in Appendix A can eagily handle such. a problem
for short time dynamic analysis, si ce ‘the rigid boundary has’ not been

modified in the programme of Ref " 8. tater in this chapter, the standard

structural programme STRUDL—II is used in: apalysing thaddisplaced, elastic,

R a .

energy absorbing boundary used in the’ proposed finite dynamic-modei which Co

. simulates the dynamic agalysis of infinite space. e T

.
14 . .

4.5 Isolated Structures

-~
»‘

At the pregent time considerable effort is being directed toward

.

“the design of structures capable of withstanding the extremely high

pressures and accelerations associated with nuclear blasts" or earthquake
¥ g Vo

excitations. v e

_ The idea is ‘to isolate the structure from the surroundihg medium

s »

using”a.soft, elastic energ& absdrbing material'betﬁeen‘the-liner of the . .

cavity .and the medium This isolating material is easily deformed to

14

" absorb the energy produced by the exciting load i.e. acting almost like a )

- [

E rubber ring protecting the structure from any disturbances in the sur-.
rounding medium. On the other hand, a crUBhable material could be. used in

L isolating the entire structure providing the required protection. ‘In this -

-" 1 o

. case when the~stresses in the‘isolating msterial reach the crushing" -

strength nq mbre load will be transmitted to the structure through "the

’medium due .to the arching effect of the crushed material.- Jhis indhcates

"

. the need for further work to account for the elimination of the cracked

,and crushed elements from the system. :

> . P * ~ a * -
To study the effect of isolating the structure entirely from the
surrounding,medium by soft,“energy absorbing material, the’ quel shown in:-

-

. . : -
’ . o ) .y

A, -
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'} - 84 inches in diameter and one inch thick isolated from the surrounding

. properties of the thre& materials (steel isolation material and rock) ‘are
.presented in Fig 28.: The study shows a- signifrcant reduction in- Ehe

'straining actionSJof the structure together with a considerable reduction

structure and stresses in the medium C S S
- g ' - ’ L s o
- 45, 2 The. Effect of Layered Media bn_the - T : "_fn . :
i Resgonse ] - S . R S .,‘i o B

(._use ‘a filling material stiffer 6r softer than that of the medium? In-" .-,

y'through ‘a comparative study of the" internal forces in the structure and

. . . - . . . w“
X [ . - “, - . " ‘

\Fig. 28 was considered ‘ The model consists of a steel cylindrical shell

2

;\medium'by'closed cell polyurethan foam of @ 20 inches-thickness. rfhe‘\' - o

- [ ' . ..1,

L -

\

. 4 : :
inzthe stress state of the surrounding medium Figs. 29 30 and 31° illus- S e

’trate the isolation effect on membrane forces and bending moments in the

«

This study would be of particular interest for the cut—and—covgr
structural type. The investigation carriep out for the model shoWn in Fig,

32. mayvprovide the answer to the question. Whether it. would be better to -

L] o0 RN &

«

3

answering,the question, six difterent filling materials:were investigated

a

1

"the stresses in "two e%ements, one in front of the YE111 (EL. No. 106), the
® - e

other behind (EL. No. 150).. Both*normal (density £- 0.0002 1b. sec.? T

in.-a)'and heavy (density £- O;QOOS){concrete were ysed each as fillingA

material of three® g(%;ﬁerenc qualities, i.e. (E =2, 3,.6and 3, 7, 10x10°

“psi respectively) Results are»presented in Figs. 33 to'36-indicating that '

) N
a proper combination of the different properties of the filling materiél

'significantly reduces the internal forces in the structure and the etresses

A o
inthe adjacent medium. e : . .
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. perhaps less time than required for study of the stress—time history of

n and t are the unit normal and tangential vectore; a and b are the ' L Y

.where the incident angle of the" ‘body waves - is .gxreater than 30°. However, S

. For dynamic.enalysis no

will reflect from

) ‘ﬁi'ation of an approximate duration of 30 seconds cannot be analysed.'

.percentage of energy absorptiqn. For body wa\;}ﬁc

an Infinite Space '

. In static problems,

e boundaries of a continua are seletted based
; .

LAY

a

ch criterion'exists since the disturbing wave

r -
e

 boundary and return to the point of interest in

‘

the point. Thia is why with the rigid boundaries of Ref. 8, 'earthquake'

Ref 33 developed an approximate energy. absorbing Viscoua boundary
shown in Fig. 37 in which the' infinite half space is modelled to a finite

. r ¢ - " I B !
region bounded by a free surface, acted on by the following normal and

'tangential viscous forces: . . o . ’ V. ‘ B
bgr =¢, $a Uxn (4.8) L £
L oo n ' S S . BRI

‘ b =C, &b Uxt ' S Gy L | .-

. T: -2 o - ’ : T

Lo o > L . - . . . :_a

‘where ﬁ is the velocity vector of the particles at the boundary surface; - ) oo E‘

> .
.

s

compreseional and shear ‘wave uelocitiesé Gi;and Cé are coefficiente T TR
. [} . N %"

controlling the magnitude of the reflected wave amplitudes, it e. the, o s 13
\’ ' T, - ;.'z

1A= 2 —'1 leads to ‘the ) ngi

best energy absorptibn.. Almost perfect abaor tion is obtained in the range

83

since the diregtion of all elastic waves is not known in the general case,-x

LERY

_it'will not be possible to simulate an exact boundary for the absorption S
e, -y . _ ’
" of the energy aasociated with the incident waves. e Sl .

Co , & :

L
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5 . v " Based on a displaced energy absorbing boundary rather than a’

viscous one, the infinite boundary problem is solved herein uging the model .

o : ; . presented in Fig 38 in which the boundary absorbs strain energy instead

N “

of the kinetic -energy absorbed by the viscous boundary defined in Eqns.

4.8 and 4.9. 1In, considering the loss of energy during the motions,. i ep

°

. 4 .
damping in the system, Ref 33 considered the damping by a diagonal‘matrix

composed of the bohndary dashpot constants multiplied by’ the appropriate

area over. dhich they are applied all terms in- the damping matrix are zero

S

except for those terms corresponding to the boundary nodal points. In the . e

- proposed model presented in Fig. 38, the energy. is dissipated in the struc-
ture (not presented 'in the figure) as structural damping and in the soil

as material damping. Also, the extent of the finite element mesh.and the .

H

o energy absorbing displaced boundary takes into account the radiation or - - B 2?.

> . . - . .

\..3_ spatial . damping. Radiation damping is extremely important in problems of

'fy._‘ R . vibrating foundations but of minor importance in studies of earthquake
., . response (8Seed, Lysmer ‘and Bwang (52)) The modelhpresented in Fig._38 1g:
» - N - Y
© .

based .on a simple idea, that is plaeing an.elastic energy absorbing boun— .

st

Vel

dary consisting of a system of X and Y elastic springs at each supporting - -

A

. « “'I_ y li; node bn the boundary.~ These springs will. allow a time varying displacement
- at the boundary equal ‘to’ that of the free-field solution. The evaluation
_:3 of the appropriate values af spring constants to represent the deformation. :\ o

: '-:.characteristics of the~ soil or the roch media is very important in obtaining

a true picture of the response of the system to any dynamic excitation.-

For linear (elastic) systems, approximate values of the spring constants. ¥
" ., ..can be evaluated based on the goil resistance to 1ateral and. Vertical loads :'. (‘
- \.= which is a funetion of the defleetion of the artificial boundary defined '.‘1u{.

by the relationship. L .‘1.; .i ? ‘ ”::f S o L
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‘where - P

The modulus,

strength and the gtiffness of the soil but it is. also influenced signifi—

‘-cantly by such variables as depth below the 'soil surface, load magnitude

is not a unique property of the soil :Lt is ‘a function of the

p = ESU

deflection of the boundary, in.

soil modulus‘, psi

and m,ahner of load application.

increase with depth (Ros-s ﬁSO))

soil c;an be determined dynamically, according to Ref
the fr’equency of induced’ longitudinal vibrations in a’ specimen and substi—

tuting these values and the density of the rock into the expressions for

1

According to Ref. 8, the ratio of the dynamic “to . static values of Young -]

I IR n- ]

ll

a = 2fL

e g
.1ongitudinal wave velocity

fundamental longitudinsl frequency

density of rock

-Young 's modulus,

o

length of specimen

‘o

Y

s mmas g

7

N

(t, 10)

(soil reaction, lb/in of the boundary length

I

’

8 by determining

.

G

4.12)

o

. -

However, the Young 8 mcdulus, E

¢

In most cases the ‘soil modulus tends to

5° of the

the longitudinal velocity and the modulus of elasticity. rThese expressions '

Y

modulus varies between 0.85.and 2. 9 and more compact the rock the more

from the literature on the dynamic analysis of° laterally loaded piles and

from the investigations of Ref. 50 on determining the appropriate values

{

closely will the static and dynamic values agree,

<

It seems reasonable, -

.
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of the spring constants,.to assume that E, varies linearly. in shallow .

depths according to the relatiomship:

where - k = the mbdulus of subgrade reaction of the soil,'lb/in3
y = the depth below the ground surface, in..

.and.in deep locatidns, a constant value of E‘ can be used. For monlinear )

analysis the same principle of generating a displaced boundary to overcome '

the problem of wave reflection from the rigid boundaries is applicable.
N o._

By using elementary wave theory, the time—history of displacements o, the h

postulated boundary can be determined for a free—field with no cavity in

.pthe medium. At each time step, the dispIacements at the boundaries .are

e

used ‘as boundary conditions to solve the resulting equations of motion of

of

the system. Coe L Lot o . o

- .g Instead of modifyinh the‘rigid boundary used in the'computer

progranme of Ref. 8, the standais structural programme STRUDL—II was u&ed

_in analysing the example illustrated in Fig. 38 to test the proposed arti—-

ficial boundary for an overall system damping ratio of SZ.- The exciting

'_load. medium properties, and ‘the - time increment of integration are the
' same'as those of Ref. 9 presented in' Fig. 2. . Fig. 39 presents the results *

of the analysis. compared with those of. Refs. 33 and 9.
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CHAPTER V .. .- : =~ .. . A
- DISCUSSION. AND CONCLUSIONS .. . < "« . .. - . )'é?
5.1 Presentation of . Results S O e o ) bS
The results will be preaented in separate seta, each set repre- ) e ’ },

. senting one of ‘the’ problems investigated. . The cases” conaidered are.' 1)
cavity reinforcement 2) cavit:y shape, 3): isolation of the structure from . j
ST e e
the surrounding medium by a soft, energy absorbing material 4) the filling ) AR
A S|
) material in the cut—and—cm structure, ‘and 5) boundary conditione to :f
sinulate_infinite spaqefor dynamic analysis.__ The figuree of the results A%

el e RS

are presented at the end of this chapter.' e _' : RUEHE R

5.2 - éavig ,Rei‘nforcement

The results prea‘ente in Figs. 12 and 13 of the rock bolted cavity

described :Ln the previous chapter indicate a’ considerable reduction of
about 25/ in .the stress field around the cavity due to the rock bolting

reinforcement pattern described in section 4, 3 1 and a general reduction

\

in the dieplacements of ‘the cavity boundary. The time-histories for

stresses in the rock bolted cavity shown in- Figs. 10 and ll indicate most;' C R
Yo .,

of - the reinforcing bolts of the vertical walls to be in compreseion while '
This indicates the need for a .

those reinforcing the roof are. in tension.

study of the amount of preatreseing required for ro::k anchors (prestreased o R
h _bolts) reinforce\ment.‘i‘ - T o | S --".‘.1, e - "
o fas ‘- The uge of ‘an elastic 1iner generally reduces the stresses in the \ .
.-medium egpecially the tangential streaaee around the opening.‘ However,. :
. ‘“. . | "”q‘” 47 . . - S T '
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: shapes and in Figs. 24, 25 and 26 for the different configurations of the

\5 3 Cavity Shape

. © 48

'since the liner provides a support in the radial direction, it increases

:‘the stresses in'the'radial direction which are supposed'to vanish in the

* case of no lining. Ref 61 indicated ‘that under favourable conditions,

‘tunnel linings generally" reduce stresses in the medium by about 30/ or
Zmore. Fig. 15 presents the results of the study. )

' From the results obtained with the two "kinds of reinfdrcement the
'rock bolting with about 80/ of the amount of steel used in the elastic
.liner shows a higher reduction (three times or more) in the stresses,around

'the)cavity and in the rest of. the medium- than in the case of: the elastic

‘liner.' However displacements were reduced in the lined case more than

the rock bolted one. - - h

L Four different shapes were investigated 1) circular, 11) semi- i

ty u

circular roof with vertical walls, iii) flat circular roof with long

vertical walls, and iv) horseshoe (Figs. 16 to. 19) To cqmpare .the shape

AN

effects on displacements snd stresses in the structure snd the surrounding

- medium, the area of the opening was\rept almost constant in the four cases, °

This is the reason for considering t'e same model as that studied in Ref. 8

‘for the circular shapeland with sligh modifications in the other three

\ shapesQ The modelling was based 'on a., 00 node and 120 element finite,

'domain._ The. ‘results’ indicated the hors shoe shape to be the. best from the
: .

viewpoint of stress in the medium Ther fore, more attention was devoted

to the horseshoe’ shape in the parametric study deacribed in the previous,_

chapter. The results’ are illustrated in Figs. 20,,21 and 22 for the four o

horaeshoe shaper The results show a decrease in the bending moment at the

. 2

.
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N
i

e
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crown of .the horseshqe liner'with"increase of .tHe rise 'to span ratio‘ofg"

-

'éga;-;‘i. R

RN

i T

the roof, H/L, and the corresponding decrease-of the rise. to the span ratio

o Py

of the 'walls',' H'/L' (shape no. 3; Fig. 23) "Also, the examination of the

* ’

%f s . time—history of the normal forces at the croWn section of the three con-

SR e

figurations»-of the horseshoe shape outlined in Fig. 23 indicates that the

’

e

~

g’ . R maximum normal force decreases with the increasing H/L ratios. and corres-

ponding decreasing of H’/L’ ratios. This suggests that the’ high—horseshoe

t

‘shape is the best from the viewpoint of the internal forces in the lining

e g% E. L.
e N

' (the maximum bending moment in shape no. 3 was reduced to almost one—half

-
etlmer s 1

that in shape no. 1 and the~maximum normal forces were reduced to almost
one—fourth of: those for other shap,es) However, stresses in the adjacent .“‘ ‘
. C 'lumedium were higher for the high-horseshoe shape than those for flatter~

PEETL N [ .
. » B . )
. - A . e e . . N .
} + - . <
M .
. .
. .

,shapes_as-shown in.Fig. 26. . . ) - . T

2 5
L Gt e et i,

e

XD T

5.4 The' Medium

priE gty
&

[y

g o R . The medium adjacent to the structure was investigated Eor two

PRI different cases to study its effect on’ the internal forces in the liner -

v“, . LI . . I

: ) Aand the stresses in the rest'of the extended medium. The two cases

described in sections 4 5.1 and 4.5.2 and outlined in Figs. 28 and 32 were o
o

o c.m"ﬂ_\*#-_,f! %

o

as

investigated for a step pulse excitation defined in section 4, 3 In the o
v .

: first case, i.e. the'entirely isolated structure, a reduction as high as
80% in the shell (strudture) membrane forces.and bending'moments was . o

obtained using ckosed,cell‘golyurethane foam ( § = 6xl0-61b:sec%/in4,

1JJ ='0.3 and:E = 1400 psij df thickness about one-fourth of the sheIl :.

‘diameter (Figs..29 and 30) The annular material absorbs the energy

Kl

-produced. by the excitation causing this significant reduction of straining

r

b4

l _actions in’the structure. Also, since it allows for more displacements in

i




'the adjacent medium, the stresses in the medium were reduced by 10-152 A

(Fig. 31). In the second case, i e. the cut—and—cover structure the

e

results presented in Figs.- 33 and 34 indicate that neither the density. (g)

it et
R b

S

.of the filling material nor its eiasticity (E) as separate values can

.
PRSI
BTk

3 T ' : greatly affect the internal forces in the structure but a certain combi- .

R
e ig

'~nation between thé values .of the two. properties can produce the maximum

e

-.,reduction ‘in the straining actions in the structure i. e. protect the

S -
s T

structure from the dynamic disturbances. This is’ clear from Figs. 3 and

Lo S '::34 in which a concrete filling material whose density, g, = 2510 lb.sec[/in4

BTN

ks’ g

" and a modulus of elasticity, E, ad 6x106psi leads to almost the same :\
Also,

CHITL: gt SREER SN

h results as those of a heavy concrete whose‘f = 5x10 4-and E 10x10

=
-

.
Figs..33 and 34 show that for the same: material density, the internal
- TR S
. . forces in the,structure can be reduced‘:}gnificantly with the increase ‘of L
- ' ‘\f:}".:"
' the elasticity of the: filling material . On- the other hand the increase .

- of the elasticity generally increases the stresses in the adjacent medium.~

However, dense materials having a high modulus of elasticity increase the:

stresg values of the;medium in front of the fill’(between the‘approaching

wave front and.the structute), and decrease those behind (Figs. 35 and 36)..

In this case the fill actsias_a'fenderfprotecting the medium behind.'“-
5.5, BOundary Conditions to Simulate . Infinite
- ‘Space ‘ “. ) o ' . o
The postulated boundaries of the physical model - described in the S

- i\,
previous chapter (section 4, 6) were used in analysing the same example as o

that considered by Ref. 9 (Fig. 2) Because oﬁ the limitations on computer -

-

time which exceeded more than one hour CPU time to analyse the problem :

\

with the same finite element mesh used by Ref 9, a coarse mesh outlined -
oY ‘W .. . . ‘

.in Fig. 38 was used. The constants-of the elastic springs at eachln‘. . §

1A ‘ a y L .
) : N i . , . -

o
LA
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BT

'supporting node were approximately evaluated as the prbduct of the modulus

' spring stiffness on results of interaction spring analyses, it appears that h

. ‘the time shift in the maximum responae illustrated in Fig. 39 could be.

future work the bounda conditions should represent the Mass , damping and

) of the approaches for: considering this type of damping is the use of -

T to permit the inclusion of -variable damping in each element. Since this '

. damping is a frequency-dependent (see E'qns. 5 and 7 in Appendix B), very

N
PR

'.of elasticity and the - distance halfway to&ard both adjacent nodes The ' o \
,solution 1is based on plane strain analysis in which the rectangular . . ‘:'!I‘E
:elements~(PSR) and triangular elemen,ts (CSTG) have tw_o degrees»of'fre‘edom : - ;if
“at ehach node. The results are presented in’ Fig. 39. Although‘ the, peak. -~ Lo g
value of the response using the - proposed model is the_same as that obtained 3 . i:
by using the boundary conditions of Ref 33 the time for maximum response B ‘,. | . f

\

is.not the same. FrOm the review of literature and particularly the Lol

results presented in Ref 52 considering the effect of 'soil modulus and -

B Y. T S

F

-
-

[

)

related to the evaluation of the spring constants. Thisg indicates the )need L

3 e

s

Sc]

for further work to simulate dynamically excited infinite space. " From the'.

oo

!

general equation of dynamic equilibrium (Eqn. 2:55), 1t appears that in

Co .
R
) 3

~
Q)

sti.ffhess matrices .to clude the effect of the accelerations, velocities,‘
and displacements of the artificial boundaries. This could ~be achieved by

considering variable damping in the different elements of the system. _'bOne .

Rayleigh damping matrix of the form presented in Chapter. two and Eqn.. 1 in " 5
Appendix B for each element. '].'he damping formulation in the modified A f"
v - gk

computer programme is based on the 8ame equation and needs a modification C .}
SR

4 N . T B

high damping can occur at high frequencies causing' (according to Ref, 52)

e ewrs e e
- B G

a serioua limitation in the ;analysis ofv structures containing high-f.requency
. . R -, ' D AR Co .

o’

equipment such as nuclear power plants._,, Hovever, for other types of

.> . ’ : . !
;e ‘ . T Coe e . . L
e N 4 = .
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5. 6 Verification of the Results o ST y . : _’|'

L

52'

S -]
‘ - B .
i . . !

structures' this phenomenon can be bf littlle» importance. In’ general, the '
use of the finite element method in analysing high-frequency response

problems ls 1imit d to the cut-off frequency of\ the discret:e system.’
- :\- - ' . . .

‘t'o suit the general dynamic solution of underground reinforced cavities of

- resul-tls 'were obtained proving ‘-the correctness o?f th’e"nodifications ;in'some B
..of the subroutines emd the main programme. ‘The problem o'utlined‘in Fig. 14;’
. including 6 shell elements and -8 new plate elements in modelling the
. elastic 1iner of the cavity waa then analysed.- The resulta were. compatible
' _v'with those of the similar problem solved by Ref. 8 and 11lustrated:in A

" Fig. 6. T
" ments in the structure and the surrounding medium showed good agreement o .

'those of Ref, 15 in atudying a structure surrounded by an :Lsolated, goft, ¢ | = - !

After deciding the modification of the computer progrsmme of Ref. 8 ~ .

any shape, the solution of Ref 8 was examinedn Ref 8 studied .the

'stabil:!.ty of the method of the numerical integration (Newmark Beta Method) A \_
used 1in  the programn}e.' and verified the’ resultsv obtained by cimparing_the.ml‘ B Ny d
with:those of. the_theoreticel‘ so];ution of' Ref. .37'. . The "two problems ‘ ' ;:
: . pfgsented~hy lgef.-l 8_133- an 'ap-pl‘ication 'to undergro.und lined Fcylindrical ‘ § .‘
‘eavitiea-were' solved as a check \‘on "the,, corr'ectne.ss of the evaila-ble‘ ,‘ ‘ ‘3

£

programme. A’f_ter modifying the programme to include a new reinforcing

element:;"the ‘problems considéred ..in.'.R‘ef. 8 were eolved" again and the same

SIS A

e

‘v

»
+

" A study of var.ious parametera affecting the stresses and" displace—

[y

with certain. values obtained by previous investigators » particularly with

energy absorbing materi The results of the analysed problem presented

’

“in Fig. 38 using the new artificial, elastic, energy a'bsorbing bonndary .

A . . .
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"5.7 Conclusions

‘the medium, In this study a reduction of the order of - 10% was obtained

' reduction of the order of 10% in the stresa state of the medium compared

."--atru’cture;-‘affect the time-history of_ the ,'internel forces in the structure
. and the-stresses in the adjacent medium. '.It',appear*a that a proper 's’election, ;
of the combined properties, the denaity and the elasticity, of the £11ling

’ material can lead-to a eignificant reduction in the straining actions of

were compared with those obtained by Ref. 9 using the viscous boxmdary of

A -

Ref ’33 The peak value of the response ‘of the top node on the postulated

boundary Was almost the same with a shift of about 0. 05, seconds.' The

.

results have been discussed previously in eection 5.5

T . . X

y ~ The following conclusions‘ are-dravin from this .study:' . L R

1. Rock bolting reinf'orc'ement,' whenevEr feasible, providee'the

most efficient and economic solution reducing the atressea around the .

unreinforced cavity by, 25£ andemore. . -, . .

.
» R . -
«t ’

2 Generally speaking, \the cavity liner reducee the stresses in’

.

T3 The shape of the- cavity affects the response of the medium and

e

the structure (liner) ' 'l‘he horseshoe ehape proves to be the best, with a

L3

to a circular Cavity or aemi—circular roof and vertical wall cavity.

4o A reduction as high as - 802 in the membrane forces and bending B

moments was caused by isolating the entire structure from the surrounding

‘medium by a-soft energy absorb,ing material. The stresses in the medium

kT
.o

were reduced by ebout 10-15%.

—~_:5. The properties of the filling material in the cut—a.nd-cover

’ AR ' .
s

N K

the structure and the atresaes in the aurrounding medimn. . ‘ '

6.4 Further worl; should be done to simulate.an edequete finite

LA
. . - . ) .

T M« T
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.l.grou'nd cavity subjected to dyna.mic excitation, .

PRSP A

. - . ’ B ol - 54

boundary for the dynamic analysis of ‘infinite é;ace problems (4 oIt seems . o \ ;
that the formulation of this boundary shou‘ld include the mass, damping and 2{};
.‘stiff,ness matrices of the equations_ of, the‘dynamic equilibriup of the . ::
disciéte system. . ' o B ‘ xf

P

P
Py

5.8 - Contributions'« S s W e - .

«

ey

AR T

1.

e
»

Solutions for dynamically excited underground reinforced cavi-—

4

ties ‘of any shape. ST : 1, : - g

- S
-

N 2. Assembly of the plate element system stiffness matrix after .

condensing it to include only two degrees of freedom at’ each nodal point . “h

- o

- to match the elements of the adjacent ‘medium into the overall system (the ST

s

|
TR T NN N

~y

_cavity reinforcement and the medium) stiffness matrix.’

-3 Modification of the computer progra.mme of Ref, 8 to include a

F

new. reinforcing element through the development of two new- subroutines and

the modifications of the other subroutines‘ and the mai‘n.'pro'gramme to
account for thé new élement: °

4 . AP ° - . ’ . ‘ . . O - ’ o ’
4. 'Development of a new model .for aimulating a dynami‘cally. excited:

infinite space obviating the complications of wave. reflection.

5. -Study of the. effects of different parameters (i e. ca_vity.

o

reinforcement, cavity shape, isolating material between t.he structure‘ and

the medium and filliné' material in' the cut-and—cover stiucture) on the e

LRFERN

-

,time—hietories of’ the internal forces in the reinforcing liner and the

stresses in _the reinforcing rock Bolts and the medium., . )
o - o .
5.9 Summary and Recommendations - . - . , .

\

[

A general formulatio.n h'as-,_been .pré‘sented for a re'infrorced'under-.

The cavity can be of any

shape reinforqed by rock. bolts, an elastic liner or a combination of both; ’

a




] ‘ ; .
g ; ' ) < . . ; b
‘3 . i b ~ - b
‘;v . . //‘k 5"\ . ,.. - . . - . o . - " : ’ 3 N ' :!:

. ‘ . A new straight elemen}: with bending stiffness has been set up for the . .~/ .
Lo . reinforcing elastic féner of the opening consistent with the two-foree =
: . . _coordinate system of the finite element continumn. 'lwo new subroutines K

. . - . ‘_ T

- © were developed along with modifications in the other subroutines and the

) '. T - main programme of Ref 8, particularly subroutines SHELLS,; SHELL and
) ) ASSEMB, to account for the new element. Thé inf1:ences of the various .°* °
E o parameters listed in section. 5.1.0n the response ofhthe underground rein— o
. .’ . o forced cavity_wer,e-investigated‘. The modified ‘computer. ‘programme has' ' ;
: : oo applkiacations outside the immediate problem of the underground cavity Such . ’
o . - »- .- as ‘the dynamic analysis of beahms,, plane frames and arches. .A'new model ' “. %
; v ' . for the dynamic analysis of undergron.ind structures surrounded by an inf:l.nite
“‘(\ § medium is-p'resented ' o i N o o e 1 .‘ l;
L T C N . The work can be extend:l;%?he 'follo,w'ihg -'a):;:'eas,:,~ : - ’ j
‘ o R 1. No'nlin‘ear.c:r i'nelas‘tic. analysis in terms of sltiffness’ proper= - , %
) @ ' ties. _'A.compu.te'r code for calcul-ati:on of th_e time-history 'of multi:mfass L K . ‘*::,
C e . L systems.with consideration of no'nlineaarities’_-’has _ubeen ‘:cods.tru'cte‘d 'by{ : . ‘& ‘
. Dsterle (42) o e » ~.: , ., - ,S '
; ) _L'2. The analysis ‘of the crushable material used as annular filling o _.'w ;j."_"';

between the structure and the medium by considering the failure of elements .

[\

F) IS et

.in which stresses reach the ultimate strength of the material -(Ref. 63 has R

: ' - _ considered such elements)' . A o A | '_;& ‘
: : - T 3 Formulation of the damping matrix on an in_divi dualo eIeme!nt S %
. &3‘ . s ‘basis (variable damping) This can provide a good approach for the- simu— _i;!
d * lation of 'a findite artificial boundary in modelling an infinite space which ;o :
| ’  1s dynamically excited: Furthermore, azcording to Ref. 52,°the material - N
' ' damping of the\‘soil, in caaé of st'rong -siha‘king,,. wi_ll ‘be m‘}ch~larg.e1: than_ o : ﬁ
t .that in” the ‘struoture and consideration lo‘flth.e yari_abl-'-‘e -d'amping hee_omgs . .o .'
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, numb%r of degrees “of freedom, the stability criterion!mhy be too restric-"--~ o

"tive._. f'i" - ‘,: ‘3:Q'f\iflff,w; _’”::ﬁ.~" S “,f" :“ P

o . o - o .~’~';(,//v’ ‘;: ) " CT s L 56 . T é
important-'d: ‘ " - o :‘ . _,_.'.' -f o .'. - . : 1%
4. Approximate modal analysis for nonlinear systems (Newmark (39)) ’ ﬁ
- 5. . Inclusion of a.capability for node separation in the case of )
fracture of the medium or separation of the cavity lipmer from the medium._. l y
Ref 57 described ‘a; two—dimensional discrete element method for static - ‘_ _“.{"‘
stress analYSis'problems in the plesence\\f discontinuities. ] .'Al'ff Aﬂi :' o .
“f‘. -§1' Extension.of the numerical technique used in the original R :
computer programme of Ref .8 (Newmark Beta Method) as one of: the single~
point predictor—corrector methods, to_multi-point predictor—corrector , ;-: ( B
formulae for numerical inteération'v This is applicable ‘to elastic and : - ! ;
m ‘o -
inelastic systems ,with several advan ages in accuracy and computational N
time especislly in elsstic systems Q ere1thelstiffness matrix remains ;%
constant. Humar and Wriéht (26) presented ‘one such multi-point method and ;; .; El
exadined its truncation error and stability However,_for cases with large 1 51:; ¥

[N -~

v

R R
. . - o

L

'7.} Application of the transfer matrix approach for layered media S '
3 ' : o
(Ref. 4) ‘lhe main advantage of the method is that the size of the overall

2

5

transfer matrix is independent of the number of‘layers, and always remsins E
twakby twof‘_:-:_. "1"-, ‘ ,*‘ {I." .:wu e i TR R e
S 8.' Extension to three—dimensional analysis f'f'.n;_ . L i 5
9. Structure—Medium modelling problems for earthquake excitation.:. 5
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- s ' C -, ,DAMPING OF THE SYSTEM

: . As stated in Chapték Two, the damping matr:lx [C] could be written .
in the form - . A - : . u' S “?. - N ;
,, Cdeepdeed @
." ~“§ e . ' - . N 4'_ . . . o }
M : where [M] and [K] are the ‘mass and -stiffness matrices of the.system and- Ci s
'-? Lo Ry o . © e . s : : !
and C2- are constants chosen to provide the desired damping effect. . These
. / ‘
L constants can be related to the critical damping C oT to the critical
R M . . , -
v damping ratio (-CD in the following manner - S ’ L
.,‘i-{ . . ' ) . . . I o \
Lo, =2 A | : " o -
i 3 C, = 2,\f'1<.M ' 2) ,
_c ' T
& . & = C _ o (3)
\:" - C ) ! - ) 9 -‘:' N ‘{ - . T . , . R
Introducing Eqns. 2 nd 3 into Eqn. 1 gives ‘ ‘ )
¢ . ] . ) T ! -
a i o o C 'C M , C K N . e . . o
". I;;" . . ~' 5 ) ’é . . . .' ) . o <' . . ) -~ . . .-“,. '~

"i;e.‘thé critieal damping ratio<§§n'for theé n-th mode is

AT

‘where_' n is the angular ‘frequency for the n—t:h mode. ‘
- .“ ;»’ ) .

S ;
. “‘_\' It is clear from Eqn. 5 that E_> has some minimum value corres;;..

. ponding to a. certain value of- E_; Setting ‘the derivative of é with
~ . . ‘., . - . .
e :r,espect to"_an equal ‘to zero gives et T T .o ._-' -
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obtain the desired damping ratio, the constants C:

-

‘ag.follows: ’ g .

1

and C2 can be'determinéﬁ
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'
°

Assuming equal contribution from the: two terms, gives
. .. . . . . . . . . s N .t
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B oo 5) ‘ S (7
C, = w, -
PR WA : P
: X ’.u D ' ' . v
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oo - co= 20 /T :
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C,.= T /2 8
2 E;n n/ TT (8)
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