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C onim ents

NRC Compiler Date

(A) Draft EA comment number. 2.\5 .
WM Branch. .

Corment topic. ~ Therwanl r—o‘:ﬁ'&u

Contractor ( )

(B) Was the comment addressed in the Final EA? @ o vnloss Haoo

Where?

welosiom oAy, weerth

wabaea Ll Haak  wand—e

(C) How was our Draft EA comment addressed?
1) New information?
2) New analysis?
3) Rewrite, with rationale, of previous
information?
4) Other? (Specify)

1) Modified conclusions?

S
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2) Same conclusions? edao zaezzi
3) Other? (Specify) />’ T

(D) Was our comment addressed as we suggested?

If not, specify.

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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DRAFT EA7FINtL EA EUW!NT FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. 4.4
WM Branch. .
Comment topic. E?j?'anla—:j sL\AF- ‘f;‘-‘;*‘&’ .
(B) Was the comment addressed in the Final EA?/;rd;;j
Where? ‘ Y
Tt\na-e o P Cope whiere csnslovs 2oco (ed.az o)
N m

Fﬁllv‘wa e Aol Heai- bocaXow
( sey 5- 6000 .ﬁ-) Ao./

(C) How was our Draft EA comment addressed? o
1) New information? 1) Modified conclusions? ?"V“‘ﬁ
2) New analysis? 2) Same conclusions? \oTee 2
3) Rewrite, with rationale, of previous 3) Other? (Specify) onc e
information? =

4) Other? (Specify)

(D) Was our comment addressed as we suggested?
If not, specify.

(E) Status. ‘
1) Has the basis for our concern changed?
2) Resolutfon deferred by DOE te SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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B
DRAFT EAJFINAL EA COMMENT FORM

NRC Compiler Date Contractor (

(A) Draft EA comment number. 4 =

WM Branch. . , o
Comment topic. Fuaag dAAT%korhc»q

(B) Was the comment addressed fn the Final EA? @

Where?
onlezs  Table 4.14 koowF&JLQL4 \MLQ{’S

(C) How was our Draft EA comment addressed?

1) New informatfon? 1) Modifted conclusions?

2) New analysis? 2) Same conclusions?

3) Rewrite, with rationale, of previous 3) Other? (Specify)
information?

4) Other? (Specify)

(D) Was our comment addressed as we suggested?
If not, specify.

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)



BWIP,NNWST,SALT
DRAFT EA L NT FORM

NRC Compiler Date Contractor (

(A) Draft EA comment number. 4, 10

WM Branch.
Comment topic. Growd wolir

(B) Was the comment addressed in the Final EA? No
Where?

(C) How was our Draft EA comment addressed?

1) New information? 1) Modified conclusions?

2; New analysis? 2) Same conclusfons?

3) Rewrite, with rationale, of previous 3) Other? (Specify)
information?

4) Other? (Specify)

(D) Was our comment addressed as we suggested?
If not, specify.

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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DRAFT EA L NT FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. 4 .13

WM Branch.
Corment topic. ExF\omA-or-\’ s\/\asj'i— DQJ(mrIw-&:

(B) Was the comment addressed in the Final EA? YES
Where? 1:4 30-4.52 T exbudd scctiom Y NSO
s } R Shecussed D& B S—M . ehkral,

(C) How was our Draft EA comment addressed?

1) New information? v~ 1) Modified conclusions?
?) New analysis? 2) Same conclusfons?
3) Rewrite, with rationale, of previous 3) Other? (Specify)
fnformation?

4) Other? (Specify)

(D) Was our comment addressed as we suggested?
If not, specify.

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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DRAFT EA?FIN&L EA iUﬂHENT FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. 5.%.
WM Branch. D
Comment topic. S\Mj*s Pove ) g«xcmg &Ncﬂof\ml’, .

(B) Was the comment addressed in the Final EA? Q(@
Where? 4. 36 Mo o relen ot Lot Hae

problom o} dowmage of Ahofwallo dve to b\ao-t;«a,
'S ﬁ M aawx?.“\

(C) How was our Draft EA comment addressed? }

1) New information? 1) Modified conclusions?

2) New analysis? 2) Same conclusions?

3) Rewrite, with rationale, of previous 3) Other? (Specify)
information?

4) Other? (Specify)
o
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(D) Was our comment addressed as we suggested? M\—w—h.\,wcc,, conmn O
If not, specify.
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o Vel o posii oF
N an
(E) Status. sl lo~ ouf’fw -
1) Has the basis for our concern changed? H recie Z_rmanst
2) Resolution deferred by DOE to SCP? t
3) Has a new NRC concern developed? be &9 .
4) Other? (Specify) TLu ’ - IS Jole



BWIP ,NNWSI,SALT
DRAFT EA L NT FORM

NRC Compiler Date Contractor (

(A) Draft EA comment number. 5. 4
WM Branch. T
Comment topic. 55‘\’39’ KX eruc~9*12za dhavc211>~ae-x:

(B) Was the comment addressed in the Final EA? ES |
Where?

(C) How was our Draft EA comment addressed?

1) New information? 1) Modified conclusions?

?) New analysis? 2) Same conclusions?

3) Rewrite, with rationale, of previous 3) Other? (Specify)
information?

4) Other? (Specify)

(D) Was our comment addressed as we suggested?
If not, specify.

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)



BWIP,NNWST,SALT
DRAFT EA7FINI EX EUHHENT FORM

NRC Compiler Date Contractor ( )

(A) Oraft EA comment number. 5.5

WM Branch. , '
Comment topic. Qa}nm/o.bu@&t»\ .

(8) N:s tge comment addressed in the Final EA? ND ,
Where? \ . _
* -\t"‘o M7 be cover? L / Mg CIESEAD  enA Y & ‘6'5/‘66 N
\" 6. ‘6§/‘64 bub Hase is lead?  Auscossiom "2’
rnoli- !: be bveaowr. Thaie o oo wﬁe’ ! ‘ 8 winlof

(C) How was our Draft EA comment addressed?

1) New information? 1) Modified conclusions?
2) New analysis? 2) Same conclusions?
3) Rewrite, with ratfonale, of previous 3) Other? (Specify)
information? -
4) Other? (Specify) | " 46 Jool form-,

5
o postponi® B T
-Hmo' fso oo V(/f’\ar a‘azm °M
i Tedole 4.4, \}- dose
Solli}*CL"‘A
(D) Was our comment addressed as we suggested? wot

If not, specify. corer€d

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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———=1_FORM
NRC Compi ler

Date Contractop ( )
(A) Oraft ga comment number, &. °
M Branch, :
Comment topic. vaQuoCt«.c\« Fr—oczaa .
(B) Was the comment addressed in the Fina) pas No _ preovanakl,
ere? . : o 'A—-—m
@W WAL2AA S

Seelicen 4 42 -y a4 . Ths
ot saks ,C‘4~oy

(C) How was our Draft ga Comment addresged?
1) New information?

1) Modified conclusions?
2) New analysis?
3) Rewrite, with

| 2) Same conclusions?
rationale, of previous 3) Other? (Specify)
fnformation?
4) Oth

e (et A.jm/\, APAIVY S r-ad\rs'n&lc
CN:z e | Ao co&»-oﬁv neafid wil,
CG'UHQ S\“GCAIL a«-ou\'s Conn..

i
. Iy, 'H«ue_ we
(D) Was oyr comment addressed as We Suggested? Hoo

f not, Specify,

Cnwm——— 3 ‘Z t“
s IO, SO - & .
(€) Statys C » ek M-ﬂa.-:]" wl
Has the basis for oyp concern changed? Surgeer /= N,
2) Resolution deferred by pog to sCp? g T
3) Has a pey NRC concern developed? "‘ﬂl(‘ '
4) Other? (Specffy)
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NRC Compiler Date Contractor ( )

(A) Draft EA comment number. 6. .10
WM Branch. . . i
Comment topic. St e pnzande 2} (7uajLézyuA?/ conAiFaon

(B) Was the comment addressed in the Final EA? Yeo

Where? E8% pwa 3 c.86/8
P i P 7

(C) How was our Draft EA comment addressed?
1) New information? _— 1) Modified conclusions? .

2) New analysis? - 2) Same conclusions? .—
3) Rewrite, with rationale, of previous 3) Other? (Specify)

jnformation? . : .
4) Other? (Specify) R ol o ig ol wHaaRe 6A»J$%ﬁ°vo

(D) Was our comment addressed as we suggested? ‘T '
If not, specify.

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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DRAFT EA L NT FORM

NRC Compiler Date Contractor (

(A) Draft EA comment number. 6. 14
WM Branch. ‘ .
Comment topic. Avmﬂ\aaw ook &womb!e oA Lo

(B) Was the comment addressed in the Final EA?  Ygg |

Where? , £ .
iii %V\ ‘n:vfw '1-JT
P61244£246
(C) How was our Draft EA comment addressed?
1; New information? .~ 1; Modified conc1usioniz/
2) New analysis? - 2) Same conclusions?
3) Rewrite, with rationale, of previous 3) Other? (Specify)
information?

4) Other? (Specify)

(D) Was our comment addressed as we suggested?
If not, specify.

(E) Status.
1) Has the basfs for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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NRC Compiler Date Contractop (
\
(A) Draft gaA comment numper, G. 2§
WM Branch,
omment topic. Slﬂl}u«mukf

T Ty o,
(B) Was the

coment addressed ip the Final a» UMaL.;zJ&QL,.;A‘/
Where? @-togfio) Tapl, 3.8 39

(C) How was our Draft ga comment 2ddressed?

New fnformation? v

2) New analysis?

Rewrite, with
infomatfon?

4) Other? (Specify) T

o uv\oz{}(,\lacja c,.'tjor-\) . Tt\ﬂ-m& A
s Sovree 3) oD 3,6<

1) Modified conclusions?
Same conclusiong?
of prevfoys 3) Other? (Specify)

rationale,

‘.SL\Q::-A—- 5.‘1»(%«1“’\_4)\'\/3:‘: W/ wa °c (»>
Rictkon, dowg saQie
(D) Was OuUr comment addressed as We Suggested? . -
If not, Specify,
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DRAFT EAJFINAL EA éUHﬂENT FORM

NRC Compiler Date Contractor (

(A) Oraft EA comment number. ©&.22

WM Branch.
Comment topic. $<ode cluarthk&%Slécé;

(B) Was the comment addressed in the Final EA? Y.
Where? Todole &6-9

No‘e, Wl’\»a, o wﬁ o)r ,oLn:«»O\*L\ 7 V.m'\.
‘6 — A &N o rovw ) A—QOb o
(st e 0 Tudoe o ey

ot &¢¢' Sk sheck

(C) How was our Draft EA comment addressed?
1) New information?

{nformation?
4) Other? (Specify)

(D) ¥as our comment addressed as we suggested?
If not, specify.

(E) Status.
1) Has the basis for our concern changed?

2) Resolution deferred by DOE tao SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)

-
r-od<>

1) Modified conclusions?
2) New analysis? 2) Same conclusfions?
3) Rewrite, with ratfonale, of previous 3) Other? (Specify)

rocic,
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BWIP ,NNWSI,SALT
DRAFT EA L NT FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. &. 23
WM B h. e
ent. W’vg 0} é“ﬂcw&b& condFionas

Comment topic.

(B) Was the comment addressed in the Final EA? ‘“foc
Where? P 6.102 <« Mm‘\ <
wa P A 03 .

M conmnads are ludirec—

(C) How was our Draft EA comment addressed?

1) New information? 1) Modified conclusions?

2) New analysis? 2) Same conclusions?
3) Rewrite, with ratfonale, of previous 3) Other? (Specify)
information? . )
4) Other? (SDEC‘lfy) Not Vv—o‘;)((z?/ DO resCO . -Tt\n& o Ver'ko-aag,,
Lit w0 dade. | TL\L Core wust Lore beea \S%&

R&aD, e Voo atre Hie  wnfor—ohas
.fi:;\ﬂck\a;Nﬂa *—%Dtj:SOw—w~ﬂCﬁ**45; Ettqur;:EJL . Uqﬁ below o

Oa' W\J\“‘UTOU N e3¢ Corns aTom abm#f-v.c‘td-«v—‘—- e core

(D) Was our comment addressed as we suggested? N forfxic’ ‘
If not, specify. e Lo |t‘—m

(E) Status.
1) Has the basis for our concern changed?

2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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B
DRAFT EAJFTNAL EA éUHﬁENT FORM

NRC Compiler Date Contractor (

(A) Draft EA comment number. ©. 24
WM Branch.

Comment topic. S-%Mm,\k—j, f\u% Lol ATorn

(8) Was the comment addressed in the Final EA? .

Where? o e (@) Takle €9 rcOL-w;?-\e 1:\-0)3.?,!.

(C) How was our Draft EA comment addressed?

1) New information? 1) Modified conclusions?

2) New analysis? 2) Same conclusions?

3) Rewrite, with rationale, of previous 3) Other? (Specify)
fnformation?

4) Other? (Specify)

(D) Was our comment addressed as we suggested?
If not, specify.

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE ta SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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DRAFT EAJFTNAL EA EUHHENT FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. 6&6.2G
WM Branch.

Comment topic. A-vwﬁ‘aa{o ,,a, aaNomlok condtzon

(B) Was the comment addressed fn the Final EA? T:\.:

Where? P&lo3  top U
{ ' , o o \«a,rC- , E\“’LW “H'\E—

‘V_;('/-Z‘W\mﬂ. Strero @%43 e @W&MM?
U»f“’tﬁoﬂ-— vw'*'wy\kat-d’e(

(C) How was our Draft EA comment addressed? . e
1) New information? 1) Modified conclusfons? " Wi
2) New analysis? 2) Same conclusions? e, A
3) Rewrite, with rationale, of previous 3) Other? (Specify) ‘

" énfomation? ] -*VNM«U&
ther? (Speci L .
(Specify) ; ~

::fﬂ' ¥»49<>«K:‘
Tha. elfpor Lodp
Carnrn® rs\r be

(D) Was our comment addressed as we suggested? ‘.awra
If not, specify.

(E) Status.
1) Has the basis for our concern changed?
2) Resolution deferred by DOE to SCP?
3) Has a new NRC concern developed?
4) Other? (Specify)
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ORAFT EA/FTNAL EA iUNREur FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. G. 27
WM Branch.

Comment topic. Awlvam o& 3Mavvd;?e, tn AL oo

(B) Was the comment addressed in the Final EA? Nt S%WL’\
Where? 6-103 .
P o Favrn/.) 1 , 2 LB bhovo

(C) How was ocur Draft EA comment addressed?
1) New information? 1) Modified conclusions?

2) New analysis? 2) Same conclusions? -
3) Rewrite, with rationale, of previous 3) Other? (Specify)

information? v~ . .
4) Other? (Specify) Thie o a  ve cortotovs wove K

- Y A w Al o4
”R’o“d \9’”?’7‘03':@. . &,mn' Strew wik
Jesolh  adc A s, e il Asdppen

belgneo - “
L AL o%c%a oA AQTAYL‘ , A4 WM W
o o A

(D) Was our comment addressed as we suggested? .
If not, specify. duchkile wramSv,
| IS NO EVIDENCE Aok

Hooe o wdLiomo N;\\
et A dé\\a °S’°“;3'9’

Tcre (S STRONG EVIDENCE

(E) status. ) tee rock-sedk
1) Has the basfs for our concern changed? C‘”‘\jf“ > P
2) Resolution deferred by DOE to SCP? ‘ yesdol T \

3) Has a new NRC concern developed? \ - =
4) Other? (Specify) Law co—,



BWIP,NNWST,SALT

DRAFT EAJFINAL EA tﬁﬂﬂENT FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. MATOR commenT 1
WM Branch.
Comment topic. FRACTURETS CF—A\)\_TS/ )O.NT5> K ANOMALDUS ZONES |

(B) Was the comment addressed in the Final EA? =< . it
Where?  rcliree un coprocic (p3.23/326) Anowaloos{zac, (?.3.26/5.30)
Spwe  Shear zowca CP 329) Fauks caprock (p 3.33/5.35'mc.$=|3 3,\5)
Pnomadovs <ile Zowes - manaian (T’ 3 éo/ 3.63) Anowalows Zowens - 8&»‘}*“@6”555}

Bironalor: zavws - vexle chunradl ot (p 8102, 6.403) Aeveras fous 2 oue, - precloove (g, IQ)
Towlo A (p6.167) P

(C) How was our Draft EA comment addressed?

1)-New information %}_’?Aﬁiﬁﬂm&ions?

2) New analysis _dame_conclusions

3) Rewrite, with rationale, of previous 3) OtheF'.TrSp?ﬂyj)
informatfon?

4) Other? (Specify) X

New (}OW\ thien  was  wacluddd  bok P cpatlsy C}m« excun .
WAAALD | e e MMQL& e Conclnl dowres > Huare o
o pwa ~ ALk (MQUM,?-L-B.\'\ ’) mudr\ hreo e M“-
(}0-‘%—(‘» w  latemon M%o@@SHCW - Mg co\,P rock ol Rletdsin

Dot cae P‘uycd‘ d.cwn(s.’z_eD, Whien a2l efoe oo Hae  blavkot comdution

(D) Was our comment addressed as we suggested? (pé1e2) ok Ny dediques
If not, specify. Corn  Sertonne iengHic e vnbrosedd,
P"O\:)"JD\)/ )/e"-: . .“Nc_ Lo o X ° omd_v-LM\i;‘ V-C’r‘veak-c) . a v
wheodled? a2 cre comoiderdd L tclyals, but ' e
rot Wuiscd . Own  belacec , Cuean wi A _Fraa -sFec.;oL F\cadaé«?,
wiv-oiucxzn\) Haa tujvw.«.«‘ra ort umwc.;.s%, .

(E) Status.

1) Has the basis for our concern changed?
(“2) Resolutfon deferred by DOE to SCP?
" 3) Has a new NRC concern developed?

4) Other? (Specify)

Tl\L cugu»«-ﬂ-v:xo ‘>v-</»<~J€€0k u»—-‘-n../\ﬁa, de"‘a"a» 'SCF .



BWIP NNWST,SALT
ORAFT EA7FINiL EX fUHﬂENT FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. TMAJOR COMMENT 5§ |
WM 8ranch.

Comment topic. EFFECTS OF HosT ROCK MASS HETERSGLWEITY

(B) Was the comment addressed in the Final EA? YusS . .
Where? Anowaliovs salk zos 3.26~ 3-30) Roche ctram &G rolico

2 cmonelloos st (p 3.54- 3.6%) G Cortugumatry- (.2.67/37)

(C) How was our Draft EA comment addressed?

1){New information?, 1) Modified conclusfons?

?2) New analysis? 72) Same concliustons?
3) Rewrite, with rationale, of previous "3} Other?-(Spertf
information?

4) Other? (Specify) » k.-t2y crrelay ands
SC’\\ NS v Ao "/‘-fv. %Cr AAVY d&l}.)ov\ [ JAWAN

-t

N
f\;«./\oMo»Q_L‘us 2008 A reck. o=
w oo MHULW&QC Lot vvo ACans  vyjoraaseskaena S AT,
CL\:\rn«"§~e,r—-vO+"<é> beevas becon  w bt Tt\a con U D ~s AT

docdeenl . The el redeonTtiy. o oBOressR A
1 dotaead r‘v'e»almo ) UENITEINves ¥ F :6-‘00 | vy

(D) Was our comment addressed as we suggested? Shlivads w _
If not, specify. ) vt Heose evplinliveva
No. An elovent ‘34%&*%“““\ e quoldcime
v Mb»uOW)cd@EE > Lot o ot - o ltta Homn AW%O\Q:
whedum  LEE anndyelo . W p 6-102 Conkoana~
—\:")e._ oo onanvbicra wq?arvvcl . e \ Atz +

w Caveart Apecd (Féo’s S . -‘3‘3> AN 4 s
(E;)Sﬁatus. : Wi ke (cee " Ri ko Dowe Savcfles
as the basis for our concern changed? ,«.((n,cuﬂb \ o be
2) Resolution deferred by DOE to SCP? ore ‘E‘_*_':Q.ifﬁi
3) Has a new NRC concern developed? repeestin bekine. 24T
4) Other? (Specify) rocke waars . Belugl
B:\/)Qo oéy COVAL € A rC.M,\aM;\.@, \\-ov.) vvo F‘c_&.w ’
P Wﬂ,} werle .



BWIP,NNWST,SALT

DRAFT EA7FINtL EA éUﬂﬂENT FORM

NRC Compiler Date Contractor ( )

(A) Draft EA comment number. MAJOR CeoAMENT 2

WM Branch,
Comment topic. SHAFYT SEALING .

(B) Was the comment addressed in the Final EA? Yye< | :
where:’ Sh‘«'\/“' SuvlJc.u'\f \V\CA‘»&O(LC st A f‘O\.‘w\\L‘\Nf'!’V‘ (0‘“'\‘:‘-0‘ (F 4 ‘ 33 - 4 42>
Seql 5)/Sl</\,v\, (p 4.4?44) Poshlo~cre eamlo Cp 5.49-5 53)

(C) How was our Draft EA comment addressed?

1)<New informationd 1) Modified conclusions?

2) New analysis? 2) Same conclTusions?

3) Rewrite, with rationale, of previous 3)<Ufﬁ€r?‘f5p2tff77/}
information?

4) Other? (Specify)
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ABSTRACT

i Time dependency in evaporites is commonly characterised, from the
iresults of maintained load laboratory tests, as an empirical or pheno- .
-menological relation between strain and functions of time, deviatoric
y6tress and temperature. An alternative approach, based on conventionsal,
itriaxisl testing techniques, using varying constant strain rates or
;programmed strain rate histories is suggested. It is argued that this
approach more closely simulates the mechanics of rock deformation
around an opening 'in & continuum, where & complex relation between
stress and strain rate determines time dependent deformation and stress

distribution.

INTRODUCTION

Time dependent effects are observed in the laboratory testing of
most rocks. These vary with the rock material, confining and
differential stresses and temperature. They may be characterised
through laboratory experiments as:

a) Time dependent strain or "creep" under constant differential
stress and temperature conditions.

b) Axial stress relaxation to maintain a constant specimen
length under constant confining pressure and temperature
C conditions.

c¢) Relations between axial and confining stress and strain
during triaxial testing at varying strain rates. f

In rocks - such as evaporites - which demonstrate strong time
dependency, it is common to describe this through empirical or pheno-
menological equations based on time dependent strain or stress
relaxation. Jaeger and Cook (1968) give examples of the former;

Fine et al (1979) give an example of the latter. It is relatively
uncommon to describe time dependenty on the basis of constant strain

- e e cm—— e ———
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rate tests, although the strain rate sensitivity of rock strength (see
for instance Patterson, 1978) has long been recognised through recom-
mended standard strain rates for rock testing. Since strain controlled
triaxial tests are the most satisfactory way ‘of demonstrating the
mechanics of rock fracture and deformation there would be advantages if
the results of such tests could be extended to provide .a satisfactory.-
description of time dependency. .

CONSTANT STRAIN RATE TESTS

Triaxial tests on 75mm diameter x 150mm long rock salt specimens
at a constant strain rate of 2.1 x 10 7sec™! have been described by
Price and Farmer (1980, 1981). These were carried out at a range of
confining pressures between 0 and 42 MPa, using a cell designed to
allow a high degree of axial and lateral deformation. Specimen dilation
was measured from the volume of oil displaced through a relief valve
preset at the cell confining pressure, and corrected for ram displacement
and oil compressibility “The results are summarised as deviatoric-stress
- axial strain curves in Figure 1 and volumetric strain curves in
Figure 2. They show a progressive overall change from strain softenlng

21001
=
A :
2 301
7 %
14 B2
x 601 7 3521 MPa
= b
> S
S 401
201
0 Z K3 % K
) AXIAL STRAN (%)
- e —_ - - |
Figure 1 - Deviatoric stress - axial strain curves for Cheshire

rock salt from Winsford Mine, Zone F, tested in triaxial
compression at a constant strain rate of 2.1.x 10~Jsec”
(after Price and Farmer 1981).

behaviour at zero confining pressure to strain hardening behaviour at a
confining pressure of 3.5 MPa and higher. Fractures are accompanied

by strongly dilatant deformation in the former case and by mildly
dilatant behaviour in the latter case, with dilation decreasing with
increasing confining pressure. The transition from brittle to ductile
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'Figure 2 - Volumetric strain - axial strain curves from the test
series in Figure 1.

'behaviour is illustrated in Figure 3 by plotting the stress invariants
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- A ——————— - 1. .
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Figure 3 - Peak and residual strength envelopes for rock salt
' at 2% axial strain from the test results in Figure 1.

It is interesting to note that this general pattern of behaviour
can be simulated in most rocks provided that the confining pressures ;
and deviator stresses are high enough. It can form the basis for a

——— ———— R R B —————— e .— i —————
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mechanical description of rock behaviour similar to the critical state
approach to soil deformation (Schofield & Wroth 1968, Atkinson & Bransby
1978). 1In the critical state model for soils, the critical state line
is defined as the single and unique line o failure points for both drained
and undrained conditions. Failure is defined as the state at which
large shear distortions occur with no change in stress or in specific..
volume. The complete critical state surface in q p' Vg space is defined
by three state boundaries (Figure 4); the tension failure surface,
Hvorslev surface and the Roscoe surface. The Roscoe surface, applies

to highly compressible materials and has no engineering significance in
rocks. The tension failure surface represents brittle fracture. The
Hvorslev surface is the state boundary for over-consolidated materials.

CRITICAL STATE

NORMAL CONSOLIDATI!
LINE

FAILURE

Figure 4 - The complete state boundary surface in q, p', Vs space
(after Atkinson and’ Bransby, 1978). Vg is the
specific volume.

The concept of stability is important in any consideration of
specimen deformation in terms of the critical state model, and in
particular of the Hvorslev surface. In terms of specimen behaviour two
specific concepts of stability arise:

(a) Stability of the microstructure, which in most rocks involves
microfractures, although in rock salt some deformations
associated typically with crystal lattice imperfections may
occur. In either case deformation is stable provided it is
caused at a microstructural level by a small increment of
stress increase leading to a new state of equilibrium

(b) Structural stability of the specimen, which exists if at a
particular point in its stress-strain history, further
deformation requires input of further energy_from the test __

~- 4 -~ FARMER/GILBERT



system into the specimen.

In practice the secopd condition is restricted to strain-hardening
materials. The change from structural instsbility to structural .
,stability occurs at the brittle-ductile transition. Here the confining'
pressure works_to suppress_spontaneous microstructural deformation, _or !
microcrack propagatxon, and the differential stress induces homogeneous'
 deformation in the specimen. This is represented in Figure 3 by the
Junct1on between the pesk and residual strength envelopes, and in |
.Figure 1 by the change from strain softening behaviour. X

: !

In. s0il mechanics, the Hvorslev surface can be represented
. (Atkinson and Bransby, 1978) in & similar form to the stress-dilatancy !
- equations of Taylor (1948) and Rowe (1962): .

afp' = m- ceee (1) ,

!
: des

‘ﬁhefé"M~i§"h'fficfiﬁnal"hbnstaﬁt‘ahafiﬁ"iha-EE'are‘rébﬁééfiVély )
‘volumetric and shear strains, having different signs. \

! .
l Evidence for this type of deformation in rock salt can be obta1ned
" by plottlng the data from Figure 1 on q/p', 8ev axes in Figure 5. i
l

i
bes §
| f
; : i | f
; qlp ,
| <1 o3 MPa ;
Z A f : 9 |
. I. . 35
1 [} - 7
' l « 21 } i
2 - 42 ;
: 1." {
[
! §

iFigure 5 - Representation of the Hvorslev surface, based on the
X test results from Figures 1 and 2 (after Price and

' ' Farmer 1981).

Examples for other rocks are given in Price and Farmer (1981). Figure
.5 indicates_an equation of the form:
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M-K — - ' eeee (2)

where K has a magnitude of about 8. The form of equation 1 assumes that
all the work transferred to a unit volume of the specimen during stable,
dilatant deformation is expressed as plastic frictional flow. Equation
2 implies, as already suggested by Gerogiannopoulos and Brown (1978)
that other yield and deformation mechanisms are involved in rock salt
deformation. For true frictional flow to occur in rocks, complete
cataclasis in a homogeneously deformed specimen (as illustrated by '
Scholz, 1968) must occur. In rock salt the deformation process is more
complex, with a probability that part of the deformation results from
irregular intracrystalline movements which do not result in structural
breakdown. This may explain the marked time-dependency of rock salt
under some loading conditions. Nevertheless the concept of frictional
resistance in rock salt - particularly at lower confining pressures as
evidenced by the change i in slope to mnear unity 1n F1gure 5 - is  strongly

validated by the results. R R

- s

EFFECT OF STRAIN RATE ON STRENGTH

In order to examine the degree of time dependency through the )
effect of strain rate on the strength envelope of the material '
“illustrated in Figure 3, the tests were repeated - without volumetric
measurements_- at strain rates of 5 x 10'3sec'1, 2 x 10~%4sec”! and
2 x 10 7sec™". The results are shown in Figures 6 - 8 as axial stress-
strain curves and -are summarised in Figures 9 - 11 where the relation
between q and p' is plotted at axial strains of 2, 4 and 10Z. Each of .
the curves is similar in form, comprising an origin in the brittle
field, followed by an extended transition to ductile flow, reachlng a
critical state at q/p' values between 0.74 and 0.9. The effect of
increased strain rate is to make the material appear more brittle, a
feature which may be deduced from the state of the tested samples
(Figures 12, 13) and from the extended transition zones at lower strain
rates.

100 Figure 6
Deviatoric §
stress -
axial strain
curves for
rock salt as
in Figure 1
tested at a
constant
strain rate
of 5 x 10-3
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(=
<
"

o
[=d

DEVIATORIC STRESS (4Pal
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Figure 7 -~ Deviatoric stress - axial strain curves for rock
salt as in Figure 1 tested at a constant strain
rate of 2 x 10 %sec”
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Figure 8 - Deviatoric stress - axial strain curves for rock

salt as in Figure 1 tested at a constant strain
rate of 2 x 10~7sec”l. )
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Figure 9 - Strength
envelopes at 2% axial
strain from the test
results in Figures 1

and 6 - 8.

Figure 10 - Strength
envelopes at 47 axial
strain from the test
results in Figures 1

and 6 - 8.
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Specimens of rock salt after testing at a constant
strain rate of 5 x 1073sec™l. Confining pressures
were: 2R - 42 MPA, 2S - 35 MPa, 2T - 21 MPa, 2U - 14 Mps,:
2V - 7 MPa, 2W - 3.5 MPa.
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Figure 13 - Specimens of rock salt _after testing at a constant
strain rate of 2 x 10 7sec”l. Confining pressures

were: R6 - 42 MPa, R5- 35 MPa, R4 - 28 MPa, R3 - 21 MPa,
R2 - 14 MPa, Rl - 7 MPa.

If the deviatoric stress intercepts of the q,p' curves in Figures
9 - 11 with the critical state line are plotted against the logarith of
strain rate as in Figure 14, the effect of strain rate on the strength -
of rock salt can be clearly demonstrated. This shows a linear relationm,
between q and € in semi-logarithmic space.

Constant strain-rate tes Back analyss

£ 70 {
= l
9 |
I
g 601 £ 210% |
7 i In tests 2/C and 2/(
o SH €1 is approximately 35%
<] .
<
S &0 N ‘
o
304
' - 3 est 2/0 '
204
Test 2/C
7 3 % B3 3 K B n
NS LOGy (t«ﬂ
Figure 14 - Plot of the deviatoric stress intercept with the

critical state line in Figures 9 - 11 against the
strain rate for the series of constant strain tests
in Figures 1 and 6 - 8. This is supplemented by data
obtained from back analysis of programmed variable
strain rate tests in Figure 19.

10 ~  FARMBER/GILBERT



_ ' Since a relation exists between p and q and q and €, it is .
possible to postulate a relation between the three variables in the
"form illustrated in Figure 15. This is only valid for deformation
i beyond the brittle-ductile transition. In less highly confined rocks,

’brxttle phenomena will become more pronounced and affect both p', q and
. q,. € relations. If, however, stresses_around an opening redistribute in'

(a partly frictional manner (q = Mp') then it should be possible to
; predict the strain rate in an element confined to any stated confining !

: pressure.

tress, strain-rate line

]

— \\ | F1gure 15. j

: ' ! Postulated stress-
; strain rate line in

i q, p', log € space.
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SIMULATION OF STRAIN RATE HISTORY AROUND AN OPENING

In-situ measurements to illustrate this hyposthesis are not readily
available. The most detailed measurement programme is that obtained by:
iCook (1974) who measured, using an anchor extensometer system,deformatlons
at depths of.0.6m, 1.5m, 3.0m and 4.5m from the unsupported wall of . |
-7.6m diameter shaft in the centre of a8 50m bed of halite at a depth of |
'1056m. These measurements allowed computation of a detailed strain 1

!
|

rate - time history for the rock between anchors. For the purposes of
laboratory simulation, the average strain rate history over the first
'25 days (Figure 16) between the four sets of anchors 1.5 and 3m into
the shaft wall were chosen (details are given in Gilbert, 1981). The
-initial elastic stresses were estimated from thick cylinder theory at a
depth of 2.25m into the sidewall as ¢_ = 13 MPa, o, = 35 MPa and

0, - 0_ = 22 MPa. Tests were carried’out on 75mm g1ameter by 150mm long
-cylindgical rock salt specimens consolidated in1t1ally to o, = 0,= 13MPa
for 5 days. _ Ihe axial strain_was then_increased, using the servo- _ i

—_— A DR ) )
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‘Figure 16 - Average strain rate history of a rock salt element
' between 1.5m and 3m into a shaft sidewall for the
first 25 days after construction (from Cook, 1974).

‘control system, at a strain rate programmed to simulate the actual
strain rate in_Figure 16 startlng at &€ = 10"9-5sec™! and terminating at
¢ = 1078.75ec™! after 486 hours in the case of Test 2C and 100 hours in
Test 2D, when the testing machine developed a fault.

The results are presented in Figure 17 as stress-time and in
Figure 18 as stress-strain curves. The stress-time curve can be con-
sidered in three regions:

(a) a loading curve to a peak q of 23-25 MPa after 9 - 30 hours

(b) a rapid unloading curve of about 105 hours during which the
deviatoric stress drops to about 15 MPa - a drop of 40%

(¢) a slow unloading curve during which the test appears to
approach an equilibrium condition.

The increase in stress after 265 hours was associated with
reprogramming of the testing machine.

In the stress-strain curves, both specimens have a "plateau"
rather than a peak stress feature in the strain range 1.5 - 3% - con-
siderably below any quoted strains associated with peak stress in rock
salt at the confining pressure (13 MPa) used. This feature may be
examined when the curves are expressed in stress-strain rate form in
Figure 19.
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i

. This indicates that in the first region - to peak stress or the
end of the stress plateau - stress is dependant on strain rate and on
cumulative strain, whilst in the second region, stress is primarily a
function of strain rate. The relation between deviator stress and
strain rate, defining a simple surface in q, & has some similiarities
with Heard's (1972) results from tests on polycrystalline salt -
indicating that steady-state dislocation slip is a dominant mechanism
within the deforming specimen. They can also be fitted to extend the
curves in Figure 14.

The results illustrate that a particular applied strain rate under
the test conditions will result in certain measured stress levels. If
this approach is reversed so that the phenomena are considered in terms
of the original prototype situation and the in-situ stresses involved
in that situation, two important conclusions can be drawn:

(i) The movement of the rock around the shaft during the
first month is associated with significant stress
redistribution.

(i1) The strain rates measured in-situ appear to result from
a fundamental relation between deviatoric stress and
strain rate. :

~
o
~

DISCUSSION

When describing time-dependancy in rock salt, it is usual to
perform maintained load tests and to analyse the data using some model
incorporating time-hardening or ageing. When constant and varying
strain-rate tests are performed on rock salt specimens, a radically
different view of the deformation process is obtained. There is no

- 14 -~ FARMER/GILBERT



evidence of hardening, and instead a relation between the stress in
variants and the strain rate is indicated which is unique at the critical
state line. When this approach is compared, by back analysis of data,
with in-situ deformation measurements, it seems probable that in-situ
deformation processes are the same as those operating in controlled’ .
strain-rate tests.. ... ____ ————em —

. The mechanlcs of t1me-dependency in rock salt are less ea611y
"explained, and uncertainty about their exact nature has led to confusion
"in salt rheology. The evidence to support stress redistribution and
‘the indications.of dilation at lower confining pressures suggests a
combination of brittle fracture phenomena and dislocation slip pheno-
mena. The effects of clastic phenomena leading to initial stress
redistribution should not be ignored, as they often are in conventional
- time-dependent models. An approach previously suggested by the authors
:(G11bert 1981, Gilbert and Farmer 1981) based on Ladanyi's (1974)
-descrlptlon of time dependant decay of strength parameters, following
‘short-term- stress redistribution may -form -the -most sat1sfactory approach
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ROCKBOLT SUPPORT OF UNDERGROUND STRUCTURES—
DESIGN AND PERFORMANCE STUDIES

LW. FARMER®* P.D. SHELTON*

SYNOPSIS

The design principles for underground rockbolt support systems are illustrated through
three case histories where performance of rockbolts has been observed and analysed.
These include (i) a shallow square section tunnel in strongly jointed Carboniferous mud-
stones where rockbolts were used to prevent sidewall wedge failure (ii) a medium depth
circular tunnel in Carboniferous mudstones and sandstones where rockbolts successfully
formed the major support system and (iii) a deep mine excavation in Permian evaporites
where excessive yielding led to difficulties with rockbolts.

INTRODUCTION

The process of underground construction leads to
a redistribution of stresses around the resultant excava-
tion, and—particularly if drill and blast is used in
construction—a loosening of blocks bounded by dis-
continuities in the excavation periphery. Where a
combination of redistributed stresses and excavation
geometry creates conditions for fracture of intact rock
and sliding along discontinuity interfaces, then some
form of support is required to prevent large displace-
ments and ultimately collapse of peripheral rocks.
Ideally for maximum efficiency and economy this support
should utilise the considerable structural properties of
the rock, and this is the ultimate aim of rockbolt support
systems.

A pre-tensioned rockbolt applies an active force to
the rock in which it is installed. If the rock comprises
a newly excavated sidewall or roof of an underground
opening and the rockbolts are installed in a direction
normal to the exposed faces, then they will produce
the following reactions:

(@) The rock influenced by the bolt will be placed
in compression. If the bolts are closely spaced,
a zone of peripheral compression can be formed
around the excavation, and if the pre-stress
and length of the bolts is correctly calculated,
the stress distribution in the rock surrounding
the opening can be restored to a level similar to
that existing before excavation.

(b) Frictional resistance to sliding along discon-
tinuities intersected by the bolts can be increased.

(c) Dilation of the rock whether through sliding
along discontinuiies or yielding of intact rock
will be inhibited, maintaining the shear strength
of discontinuities and reducing peripheral
deformation.

The resultant effect will be to minimise excavation
closure and surface spalling, utilising as far as possible
the inherent strength and shear resistance of the rock.
Whererockbolts do not work successfully then, provided
that the anchorage of the bolt, and the bolt itself, are
strong enough to resist design loads, failure is invariably
due to insufficient rock strength. This can result from
weathering or clay infill along discontinuity interfaces,
weathering of the rock itself, or stress concentrations
whichexceed the intact rock or discontinuity surface
strength.

Design of rockbolt systems is discussed at length
by Moy (1977), and some of his recommended design
procedure 15 included in Table 1. His major recommen-
dations are that emphasis should be placed on classi-
fication schemes for both feasibility decisions and
preliminary design. There are essentially two major
types of rockbolt design problem-—those where the rock
is of good quality and blocky and where design should
concentrate on support of individual blocks likely to
become detached from the excavation—a good example
of this is the Dinorwic scheme (Anderson et al 1977).
The other type is- where the rock is of poor quality and
the bolts are installed in an attempt to improve this
overall quality by inhibiting rock dilation in order to
maintain the inberent rock or discontinuity shear strength,
and restrict the development of a plastic yield zone.

®* Department of Mining Engineering, University of Newcastle upon Tyne, England.




TABLE 1 Rockbolt design checklist (after Moy 1977)

W eRme - Ty

TABLE 2 Excavation geometry and rock properties

1. Feasibllity

Determine whether rockbolt reinforcement is feasible by (@)
simple two dimensiona! elastic stress analysis related to daia on
intact and discontinuity shear resistance or (b) by refrence to
empirical rock classification schemes. Those of Bieniawski (1973)
and Barton (1974) define respectively “Rock Mass Rating” or
“Q-factor” based on rock mass, rock material and groundwater
properties. Theycan beused to give an indication of whether
the excavation will stand unsupported, whether continuous lining
is required or the degree of reinforcement likely to be needed.

2, Preliminary design

Determine mode of failure whih the rockbolt system skould
-withstand. Then

-
(a) carry out a discontinuity survey and using the methods of
Moy (1977), Hock (1978) and Goodman (1975) determine the
size of blocks and wedges kinematically capable of falling or sliding
from the roof and sidewalls bounded by the excavation geometry.
or,

(8) In poor quality rock use Wilson's (1977) approach to
estimate the size of plastic yield zone likely to be formed and the
magnitude of reinforcement pressure to prevent excessive yield.

3. Detail design

(a) where the excavation is in good rock and individual blocks
where movement is possible can be isolated, design individual
rockbolts to restrain these.

() where the excavation is in blocky interlocking rock, Lang

1971) suggests on the basis of model tests that the ratio between

" bolt spacing (s) and block size (b), s/b should be between 3 and 4
- and between bolt length (L) and (s), L/s should be greater than 2.

(¢) various empirical rules for span and prestress (P1) developed
for different conditions give similar values

L = 0.3 B for excavation span B—Rabciewicz (1969)

L = 6 + 0.004 B* dimensions in feet—Pender (1963)

Py = nBY—c (roof), Py = mHY (sidewall)—Cording et al (1971),
where y is unit weight, ¢ is cohesion and H excavation height.

" n has values from 0.1-0.25 and m, 0.05—0.13 each related to stabi-
 lity ratio.

CASE A CASE B CASEC
Depth (m) 110 280 1100
Dimensions '
(m) 3 x4.5 (span) 3.5 diameter 4 x6 (span)
Method of
excavation Drill and Blast Tunnel machine Drill and Blast
Roof Rock Limestone Mudstone Anhydritic shale
Strength
(kKN/m3) 80,000 35,000 12,000
Sidewall Shale-sandstone Silly Mudstone Potash
rock layers
Strength
kN/ms 40,000 35,000 40,000
R.QD.% 95 40 -
Rock mass
rating 53 33 —_
Q-—factor 2.6 0.29 —_

The three case histories which are described in the
present paper include one which fits the former design
category (CASE A), one which fits the latter category
(CASE C) and one which falls in between. Geo-
technical and geometrical data for all three cases are
summarised in Table 2.

SHALLOW TUNNEL IN CARBONIFEROUS
LIMESTONE SERIES

Case A was a square section 3m high < 3.5m span
main access tunnel in a fluorspar mine. The tunnel
was excavated at a depth of 110 m by drlling and blasting
in an interbedded shale-mudstone-sandstone unit of
the Lower Carboniferous, immediately below the Four
Fathom Limestone. Shortly after excavation it was
found that along a 150 m length of the tunnel where the

limestone-mudstone contact was 0.5 m from the roof,
failure of the north-eastern tunnel sidewall was taking
place by sliding of blocks of rock along joint planes.
The limestone roof and the south-western tunmel wall
were stable and unsupported. There were no signs
of yield in the relatively strong roof and sidewall rocks.

A scan line survey was carried out along a 50 m
length of the north-east wall at a height of 1.5 m above
the floor. Stereographic projections of poles to the
measured discontinuities, with the exception of bedding
planes, have been plotted and contoured in Figure 1.
The azimuth bearing of the horizontal tunnel centre-
line was 305°. There were four major discontinuity
sets with properties as follows:

St 79°/150° Average length 2 m spac-
ing 1 to 2 m. Moderately
rough, clean surfaces Not
present in limestone

$2 80°/216° to 85°/036° Average length 2m fre-

predominantly quently continuous. Spa-

vertical cing Im in mudstone,
4m in limestone. Wavy
surface, open 3 mm,
occasionally calcite or clay
filled.

S3 85°/258° to 85°/078° Similar to S2, but average

Predominantly vertical length Im in roof
S4  15°/292° I m spacing. Wet and clay
Bedding filled. Undulating

The average ¢ value of the surfaces was 37° and the
unit weight of the intact rock 25.7kN/m3.



The excavation geometry and discontinuity planes
are also plotted as stereographic projections in Figure 1.
This suggests four possible modes of failure:

(@) Wedge failure of blocks bounded by S/ and S3
and released at the roof by S4 can occur in the
direction FI in the north-east wall.

(b) Plane failure of blocks along the parts of S2
included at 80°/216° in the direction F2 in the
north-east wall.

(¢) Plane failure of blocks along the parts of S2
inclined at ‘80°/036° in the direction F3 in the
south-west wall‘.

(d) Vertical release “of blocks bounded by S!1. S3

and 54 in the roof. .

FIGURE 1 Countoured lower hemisphere projection of poles to
discontinuities and stereographic projection of main
discontinuity planes—CASE 4

In fact failure occurred only in the first two modes
and principally as wedge failure. In the limestone
roof failure was inhibited by the absence of SI and the
lack of continuity of $3. In the south-west wall,
although parts of S2 were apparently daylighting in the
wall, the probable reason for stability was that the
effective dip was nearer 80°/216°. Thé bias in the
collected data was probably due to the waviness of the
set. and the selected scan-line height, which was not
fully compensated by circumferential scan-lines.

Stability analysis of the largést wedge bounded by
S7 and S3 and largest block on §2 projected onto the
sidewall geometry indicated .a required rockboit pre-
tension force of 7.5 kN far (a) and 18.2 kN for (b).
Installation of 1.5m long résin-bonded bolts (see Figure
2) successfully stabilised the sidewall.

FIGURE 2 Rockbolted tunnel sidewall—CASE 4

CIRCULAR TUNNEL IN MUDSTONE

Case B was a 200 m section of a total length of 32
km of 3.5 m diameter aqueduct tunnel, at a depth of
280 m in the section under consideration. It was driven
by a full-face disc cutter tunnelling machine in Carboni-
ferous Limestone strata, comprising in the section,
moderately fissile silty mudstones and interbedded
siltstone and mudstones. The tunnel was supported
throughout by resin-bonded rockbolts at variable
spacings depending on rock properties, but usually at
about 1m centres in the roof quadrant of the tunnel.
The installation was apparently highly successful, and



a series of instrumented bolts were installed in 3 loca-
tions to examine force build up and distribution in the
rockbolts,

The instrumented bolts can be seen in Figure 3.
They were placed in the crown and shoulders of the
tunnel in between the permanent bolts. The instrumen-
tation comprised four stainless steel wires anchored at
intervals of 0.38 m from the base of 25 mm diameter
hollow section bolt, 1.5 m long. Relative extension
between the wires and the unstressed top of the anchor
were measured using a clip-on extensometer. The 32 m
diameter holes were resin filled to just below the upper
wire anchorage. Laboratory calibration of the bolts
showed they were sensitive to + 1k N of load.

A joint survey of the instrumented sections plotted
as a contoured stereographic projection of poles to
planes in Figure 4 shows the existence of numerous
near vertical joint sets, the most marked of which,
S I1and S 3, are closely spaced (0.1 m), largely non-conti-
nuous and are nearly normal to and parallel to the
tunnel axis which has a direction due north. There
is therefore a tendency for sliding of shoulder blocks
into the tunnel as shown in Figure 3.

Typical examples of axial load computed from
extension reading along central and shoulder rock-
bolts after installation are shown in Figure S. In the

case of the central bolt the major part of the bolt load is
concentrated over the first part of the bolt and reduces
towards the buried end. The peak load of 80 kN builds
up rapidly and remains constant over 100 days reading.
The ultimate stress pattern is similar to that demonst-
rated by Farmer (1975) for a fully bonded bolt. In
the case of the shoulder bolt there is little load at the
tunnel periphery and a rapid rise towards the buried
end of the bolt. This is consistent with the observed
tendency to detach and the position of detachment of
the shoulder blocks.

Using Wilson’s (1977) adaptation of the thick cylinder
plastic yield zone analysis, the annular yield zone
around the unsupported tunnel was estimated at 7 m
wide. Deformation of the carcass was minimal at
about 4 mm. The indications are that the bonded roc-
bolts have successfully resisted dilation of the yielding
rock and have successfully preserved the inherent shear
strength of the discontinuities in the rock mass.

DEEP EXCAVATION IN PERMIAN EVAPORITES

Case C was 2 4 m high by 6 m wide mine roadway
atadepthof 1100 mina potash mine. The experimental
work was carried out and the case described by Wiggett
(1976) and by Dunham (1975). The excavation was
formed by drilling and blasting in a sylvinite layer of

T, O NI

FIGURE 3 Instrumeated rockbolts in a mudstone tunnel roof —CASE B
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FIGURE 4 Contoured lower hemisphere projeciion of poles to
discontinuities and stereographic projection of main
discontinuity planes—CASE B

average thickness 3 m, overlain by up to 15 m of anhyd-
ritic shale. The shale displays distinct time-dependent
properties and observation have shown (Hebblewhite
el al 1977) that movements occur in the roof to a height
greater than 5m with initial closure rates of around
2mm/day. Floor and sidewall deformation are less
intense. The geology and particularly the marl thick-
ness tends to be variable,

The roof material comprised stratified and irregu-
larly fractured anhydritic shale. The purpose of ins-
talling the bolts was to form a beam or arch of the roof
layers capable of supporting the overlying strata. A
staggered pattern of 1.5 m long fully resin-bonded bolts
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FIGURE 5 Variation of axial load along typical central and
shoulder rockbolts—CASE B

untensioned and in rows of 5 with all bolts vertical was
installed. The rows were 1.2m apart., Convergence
and roof deformation using anchor extensometers to
a depth of 3m was measured in the bolted zone.

The results in Figure 6 show that roof deformation
due to creep and bed separation is high and in this
particular rock the objectives sought by rockbolting
were not achieved. The ultimate roof state after
abandonment is illustrated in Figure 7. This is not
altogether surprising considering the depth of the mine
and the nature of the rock. To prevent yicld an overall
pressure of around 25,000 kN/m? would have to be
applied to the roof which is not practicable, and some
degree of yield is inevitable. A successful rockbolt
system would be required to yield during the initial
period of very high strain at the same time providing
sufficient support to prevent spalling of small roof
blocks. In the present case failure of bolts by necking,
or of the bond was inevitable. Yielding bolts or
wooden spiles or dowels might have proved a better
solution,
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The case histories were chosen to illustrate three major
2 aspects of rockbolt support. For the particular cases,
25 they demonstrate

3m. DEEP

sL3m. DEEP (1) inshallow strongly discontinuous rocks, stability
2 can be obtained by designing and placing
individual rockbolts to support blocks where

08m.DEEP movement is kinematically possible.

(2) in deeper discontinuous rocks, rockbolts can

control deformation and prevent detachment
of blocks.

DEFORMATION (M)

(3) invery deep, weak rocks, rigid rockbolts do not
satisfactorily control deformation, and flexible
bolts must be adopted for successful support.
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A time dependent model for lining pressure

-based on strength concepts

M.J.GILBERT & [.W.FARMER
University of Newcastle upon Tyne, UK

SYNOPSIS

. Weak rocks when subjected to moderately

high confining and deviatoric stresses tend
to exhibit time dependent deformation.

This is most commonly characterised

through phenomenological models of time-

An
alternative description based on strength
reduction with time is suggested. The

"‘mplications of this approach for the

de. “gn of shaft linings in evaporite rocks
are Jiscussed.

INTRODUCTION

. Weak rocks when subjected to moderately

high confining and deviatoric stresses
continue to deform after initial applica-
tion or redistribution of the stresses
causing deformation. This time dependent
deformation or creep is most commonly

" characterised through laboratory maintained

load tests which predict a time-hardening

- strain rate of the form:

¢ = ac’Ceco) (1
vhere ¢t is time, o is deviator stress, £(8)
is some function of temperature and A,
B(<1l) and C(3.5-4.3) are constants. This

* relation can be represented by rheological

models of varying complexity, some of which
are outlined by Jaeger and Cook (1968).

Such an approach does not explicitly
consider the effect of stress redistribution.
Around voids in & continuum, however, if
the continuum material in its residual state
is capable of mobilising shear, deformation
must ultimately lead to stress redistri-
bution. Thus equation 1 is only strictly
applicable to isolated pillars.

1f the effect of stress redistribution is
significant, it represents a factor which

137

has been ignored in the complex rheological
models which have been developed for rock
salt in particular. The most complex of
these are the thermodynamic approaches of
Biot (1954) and Fossum (1977). This work
has often been based on developments in
metallurgy where studies of micro-mechanistic
phenomena (see Cittus, 1975) have been used
to explain the creep of larger units.
Although similar work on rock salt (see Le
Compte, 1960 and Heard, 1972) has yet to
yield any comparable success, probably
because of the random nature of natural
deposits, it does give a physical inter-
pretation of the power law strain rate/
stress relation of equation 1.
Rock salt does, however,exhibit
strength behaviour and behaves as a shearing,
C - ¢ material, when subjected to stress
conditions similar to those existing in the
vicinity of a void in a continuum during
excavation. It is therefore sensible to
suggest the existence of a zone of fractured
or deformed rock capable of mobilising shear
resistance under such conditions. This
could be particularly important where a
lining is introduced. Rheological models
(see Gnirk and Johnson, 1964) suggest,
ultimately,that full geostatic stresses are
transferred to the lining as no other
support mechanism is available. Shearing
or yielding models suggest much lower
stresses. Serata (1959) has suggested. such
a model, similar in concept to the critical
state models for soil (Schofield and Wroth
1968, Atkinson and Bransby, 1979). The
probability is that a true description of
rock salt behaviour fzlls between the two
extremes, To investigate this behaviour
does, however, require a different approach
to that used in time dependent deformation
studies, involving an investigation of rock
strength and involving the constant strain
rate testing of rocks. This is not new, but

classgical
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has not been applied on a large scale to
rock salt. It is, however, an obvious
approach to a redefinition of rock deform-
ation.

CONSTANT STRAIN RATE TESTS

Triaxial tests on 75mm diameter x 150mm
long rock salt specimens at a constant
strain rate of 21 pes~l and confining
pressures between 0 and 42 MPa have been
described by Price and Farmer (1979, 1981).
The confining pressures were selected to
represent & reasonable range of stresses
at sensible engineering depths. The
results are summarised in Figure la as
deviator stress agsinst octshedrazl stress
at an arbitrary 22 axial strain and in
Figure 1b as the ratio between octahedral
(p) and deviator (gq) stress against the
slope of the volumetric strain (e,) shear
strain (e ) curve at the same strain. The
relation between the latter two variables
indicates a relation for the linear or
ductile region of the curve in the form:

q/p-H-K%l‘ 2)
s
where M = 0.5 and K = 8. This equation is
a modification of Taylor's (1948) equation
for the dilation of sand, or for the
Hvorslev surface of critical state soil
mechanics -~ representing a state boundary
for heavily over-consolidated materials.
The linearity of the curve in Figure 1b
confirms the essentizlly frictional or
shearing nature of rock salt deformation
at the stresses involved, but the high K
value also indicates rather more complex
non-frictional deformation processes.

The relation between q and p in Figure la
shows that at low confining pressures the
rock salt behaves in a strain-softening

q MPa
40
Wlpesk ,—— .+ .
0
Z residual
10
0 75 5 pMPa

FIGURE la. Pesk and residual strength
envelopes for rock salt at
2% axizl strain (after Price
and Farmer, 1981).
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FIGURE 1lb. Ratio of q/p plotted against
Sey/8eg for stress-strain data
from Price and Farmer (1981).

manner having & peak and residual strength
envelopes. At higher confining pressures,
depending on the axial or shear strain,

the rock sslt exhibits ductile character-
istics. The change from brittle to ductile
deformation is represented by the change in
slope of the curve. :

In order to examine the effect of strain
rate on this relation a series of additional
tests were carried out on similar rock salt
specimens at strain rates of 5 x 10-3s-1,

5 x 10°%s"! and 2 x 10°7s-1 and at confining
pressures betwveen 0 and 42 MPg. In Figure
2 the relation between q and p, beyond the
initial brittle-ductile transition is plot-
ted at an arbitrary axial strain of 4X. It
should be noted that whilst 4% strain

was chosen to give the most complete curves,
similar but less pronounced characteristics
can be obtained at lower strains. Each of
the curves follows the general pattern of
Figure 1 reaching & plastic or critical
state (represented by q = 0.79p) at a
similar magnitude of q/p. The principal
aspect of time dependency illustrated by

the tests is however the reduction in shear
resistance with reducing strain rate during
testing - a feature noted by Bieniawski
(1970) amongst others. This physical
phenomenon is ignored in the phenomenological
models discussed earlier. The relation can
be characterised by abstracting a relation
between the deviatoric stress (or shear
resistance) at 4X axial strain at the
eritical state in Figure 3. This shows a
reduction in strength of approximately 507
over the range of strain rates used in
testing, and can be extrapolated to prgdict
zero strength st & strain rate of 1071
secl. (The work of Munson (1979) suggests,
however, there will be a change of mechanism,
altering the slope before such s straia

rate is reached.) Such a relation can be
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FIGURE 2. Strength envelopes for rock salt

at 4% axial strain obtained at
varying strain rates. The line
g = 0.79p represents a limit at
which the slope of individusl
curves approzches zero.

thought equivalent to & reduction in
'strength’ with time and as such will only
operate if the frictional resistance of

the Yailed' material is not mobilised, as is
the case with unlined voids in & continuum.
Thus significant difference would be expect-
ed in the behaviour of lined and unlined
voids. This can be illustrated by reference
to two case histories.

UNLINED SHAFT IN ROCK SALT

Data published by Hebblewhite, Miller and
Potts (1977) from a case history examined

by Cook (1974) illustrates strains computed
from sanchor extensometer measurements in the
sidewall of a 7.6m diameter shaft at the
centre of 2 50m bed of halite at a depth of
1056m. The sidewall was unsupported except
for alayer of bagged vermiculite at the

back of the 0.%m thick 5.5m internal dia-
meter r.c. lining. The design resulted frow
maintained load tests which had indicated

a creep function of the type :
(B +1)

» Ct

] 2)

. B
c:ad = At ct
This had suggested that g r.c. lining
cast agasinst the halite would quite rapidly
be subjected to the full in-situ pressure

from the deforming rock. Measurements of

N4
f
g
L4
%0
L[}
0
301
20
v, 3 "3 =3 3 3
LOGISTRAIN RATE M sac!)
FIGURE 3. Reiation between the deviatoric

stress (q) at the critical state
in Figure 2 and strain rate.

strains at anchors located in boreholes
0.6m, 1.5m, 3.0m and 4.5m from the unsupport-
ed shaft wall tended to support this hypo-
thesis, and the laboratory creep functions
fitted quite well the shape of the deform-
ation curves obtained over a continuing
observation period of 3 years. It was
concluded that they confirmed the concept
of time (strain) hardening. The results can
however be explained just as well in terms
of stress redistribution and an alternative
equation of the form:

i(e) = Dot (3
ra

can be proposed, where D and E are constants
and é(t) is the strain rate at a given time.
This can be illustrated by a simple laboratory
experiment designed to simulate the average
short term strain history of an element
between (say) the anchors 1.5m and 3.0m into
the sidewall, illustrated in Figure 4.

The initial elastic stresses were estimated
from thick cylinder theory at a depth of
2.25m into the sidewall as 5_ = 13 MPa
g, = 35 MPa and og - 0_ = 22 MPa. Tests
were carried out in & sesvocontrqlled test
machine on a2 75m diamter by 150mm long
cylindrical rock salt specimen consolidated
initially to o, = g, = 13 MPa for 5 days.
The axial stress, o}, was then increased
at & strain rate programmed to simulate
the average strain rate in Figure 4 -
approximating closely the creep function
described in equation 2.

The test results in Figure 5 are quite
revealing, comprising a loading curve for
9 hours followed by a rapid reduction in
deviator stress towards near stgble level
after about 300 hours_at which time the
strain rate is approximately 10°9 sec”l.

It would appear therefore, that the strain
history is closely associated with stress
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AVERAGE ..

15 20

0
TIME (DAYS)

Computed strains from &
instrumented boreholes contain-
ing fixed anchor extensometer
points between 1.5m and 3m into
an unsupported shaft sidewall

in rock salt at a depth of 1056m
(after Cook, 1974).

FIGURE &.

redistribution due to strength reduction,
rapidly reaching a near stable level and
thus is in close agreement with the
theoretical model of Boresi and Deere
(1963). The time hardening effects
observed in this case therefore do not
necessarily result from a maintained load,
although they can be achieved by & main-
tained load test. Baar (1977) has in fact
gone so far as to suggest that time (strain)
hardening in rock salt is a purely labora-
tory phenomenon. The reduction in the
deviator stress is consistent with the
nigration of a vield zone associated with
the reduction of rock strength with time.
This view is supported by volumetric
analysis of the anchor data for the first

(.19
i
2
|
TIME {HOURS)
FIGURE 5. Variation of deviator stress (q)

with time measured during a
laboratory test designed to
sicmulate the strain history in
Figure 4.
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20 days movement, which was not considered
in detail by Hebblewhite, Miller and Potts
(1977).

LINED SHAFT IN ROCK SALT

A recent experiment has been carried out in
which borehole extensometers, diametral
extensometers, vibrating wire strain gauges
and hydraulic pressure cells were placed in
and around a 7.%m internal diameter shaft
with lm thick lining at the centre of an &m
bed of rock salt at a depth of 324m. Tang-
ential lining strains, and diametral
measurements indicated that the most import-
ant factor affecting early lining deforma-
tion was concrete shrinkage. Results of
radial pressure measurements at the lining -
rock interface are illustrated in Figure 6.
It can be seen that the average lining
pressure {P_) increases logarithmically
with time in the form

P = 0.15 1n(t) 4

L

where t is in days.

Pressure change was not adequately
described by a power law. Two things are
apparent in the data in Figure %. The
lining stresses are significantly lower
than the geostatic stress (estimated at
7.35 MPa) and they show no indication of
approaching geostatic stress levels. The
most realistic explanation for this phen-
omenom is that a yield zone, increasing

[+
1.5m POSITICN OF CELLS
& AND THICKNESS
» '3 oF UG
12
b R 21¥5MPa
? ©

-

CELL PRESSURES {MPe)

W
THE (DATS)
FIGURE 6.

Measured radial stresses with
time at & shaft lining/rock
interface at a depth of 326m
in rock salt.
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FIGURE 7. Relation between S(t) and lining

pressure P(L) from equation 5.

slowly with time and encouraged by the
shrinkage of the concrete is being formed
behind the lining through reduction in
strength of and redistribution of stress in
the rock. Several models have been developed
to describe this process, and one of the
more racent, which allows for time depend-
ency is that of Ladanyi (1974). If yielding
rock is assumed to have no cohesion,
Ladanyi's complex general equation for
lining pressure (PL) can be simplified in

the form:
c;rkp-l)
P, = (Po - seMf2ste)1n/e -S4 7

1 -5y -
1 - s(v./r, )? (5)
1 8 10

where Po is the geostatic stress

S(t) represents a proportion of the
passive support provided by the
rock mass to the rock/lining
structure which varies with time.
This can be called a rock support
factor.

v is Poisson's ratio
E is Young's modulus

Kp is the coefficient of passive earth
pressure

€v is the average plastic dilation

tVi is the sum of displacements

Tio is the excavated radius

Irmediately before the lining is placed
when P, = 0, then either P_ ~ S(t) = 0 or
2s(e)(bevy/ECe) - €y ® 0. Since ¢ is
negative, P_ = S(t) at t = t,. If equation
5 is solved for various values of S{t) and
using values of ey, obtained from the data
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summarised in Figure 1 a relation between
s(t) and P, for the particular case studied
can be ploEted as in Figure 7. 1If a
relation between S{t) and time can be
estimated from the data in Figure 3 it should
then be possible to estimate the strength
reduction of the rock causing the increase
in lining pressure in Figure 6. 1If q is
linearly related to the logarith of strain
rate, it follows that q will also be a
linear function of the logarithm of time
taken to achieve a specified axial strain.
Hence a logarithmic decay of S(t) of the
form:

s{t) = Po(l - K, log (t)) (6)

1

may be suggested.

Arbitrary selection of values of K, of
0.033, .066, .099 give corresponding
reductions in S(t) of 15, 30 and 45% over
100 years. Values of P, for these values
of X, calculated from equation 5 are plotted
in Figure 8, together with the measured
data from equation 3. To allow for shrink-
age effects, the increase on the 25 day values
of P, calculated from equation 5 is compared
with‘the in-situ results. The comparison
indicates that over the predicted life span
of the lining, a 100 year time strength
reduction of approximately 25% would fit
the data best. The curvature of the
solutions based on Ladayni's equation would
be reduced if a linear function was sub-
stituted for a constant value of ey used
in these calculations,

15

2:(HPh)

LOGyg AGE OF LINNG N OAYS)

FIGURE 8. Comparison of predicted and
measured incresse in lining
pressure with time at a shaft
lining/rock interface at a

depth of 326m in rock salt.




DISCUSSION

Constant strain rate tests have shown that
rock salt can be described as a 'pseudo-
frictional' material, whose response to
stress involves additional complex non-
frictional deformation mechanisms
(equation 1). By wvarying the strain rate
of triaxial tests, significant changes in
apparent strength may be demonstrated.
Thus laboratory work shows rock salt to be
2 complex material with a stress response
which has both 'mechanical’' and 'viscous'
components.

During and immediately after the exca-
vation of a cavity, the mechanical
properties will be of a major importance,
determining yield zone formation and
ultimate stress distribution. Thus a
large reduction in deviator stresses and
deformation which is significantly non-
isovolumetric are observed during the first
10-15 days after excavation of a deep shaft
in rock salt. Beyond this period viscous
phenomena tend to mask any residual primary
mechanical behaviour,and 'secondary mechan-
ical behaviour' suck as passive support is
all that remains of this component of the
material stress response mechanism.
Secondary mechanical behaviour, which is
crucial to the liniag pressure can only
be inferred, however, in the cams considered.
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TEMPERATURE, STRESS AND STRAIN MEASUREMENTS
DURING AND AFTER CONSTRUCTION OF CONCRETE
LININGS IN FROZEN SANDSTONE

P.F

M.J. Bell

I.W. Farmer

C.J. Happer
ABSTRACT

Vibrating wire strain and tempera-
ture gauges and total stress cells and

piezc irg were installed in a 7.3m
inter dianeter concrete shaft lining
at a . th of 232m in frozen saturated

Bunter Sandstone. Observations of
temnerature changes during concrete hy-
dration and stress changes during thawing
of the icewall, led to the following main
conclusions:

a) Rises in temperature during hydration
of the cement in the concrete lining
raised rock temperatures to a level
where they would not affect hydration
of the concrete at the rock-concrete
interface.

b) Following thawing of the icewall,
hydrostatic and total lining stresses
were idéntical.

1. INTRODUCTION

When concrete shaft walls are cast
against frozen strata during shaft con-
struction, lining thicknesses are
increased by 150mm (Auld, 1979;
Weehuizen, 1959) to allow for incomplete
hydration of the concrete in contact with
the icewall. There is, however, no
experimental evidence to justify the
assumption that the temperature of the
concrete adjzcent to the icewall will be
reduced during the initial stages of
hydration to temperatures of around 4°C,
where hydration is inhibited.

During sinking of shafts through
frozen Bunter Sandstone in the Selby
Coalfield, an opportunity arose to
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measure temperature in shaft linings and
adjacent sidewalls at Whitemoor Mine.
Instrumentation was designed and in-
stalled with the objective of measuring
temperature variation in a nominal 600mm
thick lining and at distances up to Im
into the frozen ground. In addition
total stresses, strains and niezometric
pressures were measured in the lining
and at the lining/rock interface after
placing of the lining and following the
subsequent thaw.

2, STRATA AND SHAFT DETAILS

Whitemoor Mime shafts have a
planned depth of 920m. The first 20m of
shaft is through glacial drift overlying
260m of Bunter Sandstone. The remaining
succession comprises Permian marls and
limestones to 500m. These lie uncon-
formably on the Middle Coal Measures.
The surface level is 7m A.0.D. and the
ground water level is approximately 10Om
below ground level. The Bunter Sandstone
has high permeability and porosity.
Packer permeability inflow borehole tests
at an adjacent shaft site give perme-
ability coefficients of:

Permea- Estimated
bilégz inflow to 1lOm
Depth(m) ::73) : shaft (1/m)

5.01x106 175
130.79-143.53  1.80x10-6 205
200.94-210.63  2.10x107® 340

The average horizontal permeability
coefficient of borehole specimens was
8.14 x 107% m/s and the average porosity

42.34- 52.03



of borehole specimens wae 34.4X. Other
geotechnical average data from dry
laboratory specimens were:

Uniexial compressive strength 9.8 MN/m?

Uniexial deformation modulus 5.5 GN/mZ
Cohesion 2.8 MN/o?
Coefficient of intermnal

friction 0.50

Dry unit weight 1.84 KN/m3
Specific gravity 2.67

Some tests were also carried out on
frozen core specimens giving modified
geotechnical data:

Uniaxial compressive strength 36.2 MN/m?
Uniaxial deformation modulus 7.5 GN/m?

During drilling of exploration
boreholes there was low core recovery in
the Bunter Sandstone, confirming the
general picture of a wesk high porosity
sandstone in which the major part of the
water flow was through the porespace.
Selection of groundwater freezing to
control water inflows and ensure side-
wall strength at low depth was made at
an early stage in the project. Detailed
design of freezing is given by Wild and
Forest (1981).

The shafts at Whitemoor Mine were
7.3m (24f£t) internal dismeter with
nominal concrete design thickness of
0.6m, throughout the frozen zone. The
specified concrete was 45 MN/m? sulphate
resisting concrete to class 4 Building
Research Establishment (U.K.) Digest
174,

3. INSTRUMENTATION

The basis of the instrumentation
has been described by Altounyan (1982).
It comprised vibrating wire temperature
gauges, vibrating wire strain gauges
and piezometers and stress cells with
vibrating wire transducer outputs.
These were multiplexed at source and
monitored from the surface through a
gingle shaft cable.

The general arrangement of the
instrumentation layout at a depth of
232m is illustrated in Figure 1. At the
level selected, overbreagk had increased
the lining thickness to an average of
950mm, Temperature gauges were installed
at 90° intervals in the frozen rock and
concrete. Boreholes were drilled 1.2m
into the frozen rock and four tempera-
ture gauges mounted longitudinally in a
p.v.c. tube were inserted so that the
centre of the outer gauge was 50mm
from the shaft sidewall. The other
gauges were 320mm, 770mm and 1170mm

344

from the sidewall. The hole was
initially filled with grease to ensure
optimum conductivity. Three temperature
gauges were installed directly into the
concrete, mounted on & rebar attached to
the shuttering and hanging rods. The
gauges were positioned (see Table under
Figure 1) centrally and as close as
practicable to the surface, backwall and
axis of the lining. Strain gauges were
located at 60° intervals. These were
cast in pre-cured concrete briquettes and
located on the shuttering and backwall
to measure inner and outer lining hoop
strains. Mercury filled pressure cells
were located at three of these locations
at the rock-lining interface to measure
total radial stresses. Piezometers

vere located in 500mm boreholes back-
filled with bentonite pellets at the
same locations to measure piezometric
pressures.

4. RESULTS

The results can be grouped in three
categories: the change in temperature
during cement hydration in the setting
concrete; the change in temperature of
the saturated/frozen sandstone during
natural and forced thawing after
cessation of the freeze, and the increase
in ground water pressure and associated
lining stresses and strains during the
thawing of the icewall.

Continuous temperature observations
were taken for 37 days after casting of
the lining. The thaw was started 13 days
after casting of the lining.

Figure 2 shows typical temperature
measurements in the lining and icewall
from one array (gauges 8-13) of tempera-
ture gauges. These are reproduced as an
isometric projection in Figure 3. The
following points may be noted:

a2) A maximum temperature of 50.0°C at
gauge 13 near the centre of the
lining and of 49.8°C at gauge 12,
290mm from the rock concrete inter-
face, occurred 29 hours after pouring
of the concrete. A peak temperature
of 3B.49C at gauge 14 occurred 29
hours after pouring of the concrete.
The effect of the exothermic reaction
due to hydration is to increase
temperatures in the icewall to sbove
freezing point. At gauge 11, SOmm
into the rock an initisl temperature
of -1.1°C, initially relatively
high, due to the presence of warm

air in the excavation, was raised to
0°C efter 12 hours and reached a peak

b)



1 VIBRATING

2 TEMPERATURE
3 GAUGES 1-28
3

PIEZOMETERS

PRESSURE
CELLS .

2 23 22

VIBRATING WIRE
STRAIN GAUGES
IN BRIQUETTES

General layout of instrumentation around Whitemoor Mine No. 2 shaft at

232m in frozen Bunter Sandstone.
Position of temperature gauges

Figure 1.
Gge Dist
No mm

7 115
14 115
21 115
28 110

Gge Dist Gge Dist Gge Dist Gge Dist Gge Dist Gge Dist f
No mm No mm No mm No mm No mm No mm '

6 340 5 555 4 790 3 1060 2 1510 1 1910
13 490 12 755 11 1095 10 1365 9 1815 8 2215
20 145 19 615 18 875 17 1145 16 1595 15 1995
27 465 26 770 25 925 24 1195 23 1645 22 2045

* Gauge Nos 4, 11, 18, 25 installed in the frozen ground 50mm from rock surface.
Lining thicknesses, including overbreak, were 740mm at array 1-7; 1045w at 8-14;

825 at 15-21 and 875 at 22-28. Nominazl shaft diameters were: inside 7320mm; : ’
outside 9090mm. Average freeze tube spacing was 687mm in a 1400mm diameter ring.
Freeze tube steady state temperature was -30°C.

2
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Figure 2, Change in temperature with time after pouring of concrete at gauges in
array 8-14. Note position of gauges - 11, 50mm into icewall; 10, 320mm into ice-
wall; 9, 720mm into incewall and 8, 1170mm into icewall. The concrete was 1045mm
thick and gauge 12 was 290mm from the icewall; gauge 13 was 550mm from the icewall
and 495mm from the shaft surface, and gauge 14, 115mm from the shaft surface.

TEMPERATURE
GAUGES 8-14

CONCRETE

i 1 1l .l L 30 S\
0 500 1000 1500 2000 TME 180y
DISTANCE FROM SHUTTER (mm}

'DEGREES CENTIGRADE

Figure 3. An isometric projection of the temperature profile with time through
the shaft wall at array 8-14.
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of 16,9°C sfter 54 hours. Gauge 10,
320mm into the rock recorded an
initial temperature of -8.8°C,
reached 0°C after 46 hours and a
peak of 4.1°C after 98 hours.

¢) Gauges 9 and 8, respectively 770mm
and 1170mm into the rock recorded
initial temperatures of -12.4°C and
-14.2°C and although temperature
rose significantly, it did not reach
freezing point.

d) Gauge 11 did not monitor refreeze
until 13 days after initial pouring
of the concrete. None of the gauges
in the concrete had recorded a
temperature lower than 49C when de-
tailed observations ceased after 37
days.

Figure 4 plots change in temperature
with time at the shaft wall/icewall
interface, following cessation of
freezing. Forced freezing started at
-15°C and rose in stages to 00C. The
first major breach of the icewall
occurred after 209 days (Table 1) and
lining stresses ~ initially having a
minor geostatic effective stress com-
ponent - gradually rose to hydrostatic
stress levels.

previous observations by Altounyan
and Farmer (1981) of the very low
strata disturbance caused by ground-
water freezing.

ii) The lining strains can be shown to
exactly relate to the hydrostatic
stresses in accordance with Lame's
theorem, and a computed deformation
modulus of 33.6 GN/mZ compares with
the design modulus range for 45 MN/m?
concrete of 27-38 GN/m2.

CONCLUSIONS

2) The effect of the exothermic reactiom
during freezing was to increase
temperatures in the icewall to above
freezing. Gauges 50mm into the ice-
wall did not monitor freezing point
until 13-14 days after pouring of
concrete. It may be concluded that
the presence of the ice wall did not
inhibit hydration of the concrete at
the rock-lining interface.

b) Following thawing, total and hydro-
static stresses on the lining at the
rock-lining interface were identical,
indicating zero geostatic component
of radial lining stress, and minimum

Table 1. Total stress and hydrostatic pressure readings.
Time after Total stress-pressure
concrete cells OMN/m2)
pour(days) 1 184 111
15 0.37 0.40 0.33

200 0.40 0.42 0.36

209 0.67 0.66 0.63

217 0.68 0.69 0.65

300 2.20 2.11 2.17

Hydrostatic pressure-
piezometers (MPa)
1 11 ITI1

Q 0 o
0.03 0.05 0.04
0.50 0.53 0.56
0.48 0.38 0.49
2.22 2.20 2.21

From data on total stress and
hydrostatic pressures obtained from
pressure cells and piezometers in Table
1, the following points may be noted:

i) There is a close correlation between
piezometric and total stresses .
The average piezometric stress for
three gauges after 300 days was 2.21
MV/m2. This compares with a
theoretical piezometric pressure of
2.18 MN/m2 if the ground water level
is assumed 10m below ground surface.
The average total stress is 2.16
MN/m2, indicating zero comtribution
to lining stresses from the back-
wall rock - even though this was a
relatively weak rock. This confirms
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disturbance of strata by groundwater
freezing.
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