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Abstract 
i'-'{ine seals can he rcrnole/_'v ,::onstr:.tcu,;d in untie:-groan::l C()u/ )nines through vertical borchoi{<> !·Yher; 
direct accl}S:'>' to a fire is jn1,possib{e or con.>'idc:red t.o be t<°JO d<:ilt/erous. Ihis rnetliod has gr<~,.!t i'nerit bi!-· 
cnuse the boreha!es can be drilled to s:1;ecijic rnine <Jr,~:.is: and rli!~ scat.Y can !;e .positioned close to :2 fl.re 
.zon,.}~ 7hc techn(J iogy, /u.'Jl.;;ever: can be largely inejJi)('fh·e if.the const:1..;cr1:d St~·ais do not pro vide t~fJ~.~(. ~1.i ve 
barriers to airfio=;v or if thev Ci.o :.nnt be used to hnpound Vi '(Jte:· and. orhet inert rnareria!.s. {}nf"or!!ltiar.e! y, 
n.t) ·~,idhh.~ i.dte~·nar.ii.··t~:,;· ·~::r isi'rl's settling rhc entire lnine af rhc ground sta:fac;.< .{lulf.~sca.1<1 l 't:~1no.~·c 1ni"ne )'e'a! 
ct';nstrr;.::.Jio11. research is b!.;.fng co11:,h.tclt·d at thr: i.\Jario lu?l !nstirutf for {)ct":u,:)af.it!na! ,),,~f'ety and f{t;.!.;.Jt!:. ;::' 
(/../ f ()SI! j I~ake .Lynn L.al:Jor~uos)· { L [ . L)~ crnder this ejJ"(1rt> (101<.:ard i::·ol'u: reic PuJJi[dnp. Cotrtpany and 
(rill C:i.'Jnsults.uus .h·zc. have johi.ed./orces !i.'l evaluate a pot-..)nriaf(v sigst.{fic,u it. ilj!J)tove,ri.<:nf to ihe c: . .u-rEnt 
state o_fr:he ar!. 77iis1u1;per covf!rs the de1'e!(;JYtnentofnovef tec!ut.(; /og:'J,! fi.>r t (~it!OU! rnine seal consrru..ction. 
th/?. e! ·ahu1tiO}:. oj' th e rna.reria(~ used~ rhe cons(tU<;tion .practice :uul lhe J;J!Jo!v-:.~p r.esting. 

!ntroduction 
lv[ne frres s.:i)nstii:ut-t O.th) ,.)fthe g.rtah'SLthre<1ts t.c th.t· he a.Ith :u1<l 

:infoty of thos,~ wm'k.·ing ic the ,md,:.rgrcni.id minE, en.v.inn.m.1.mt. 
F:orn l 991 thrcogb '2000 there \Vtre 76 nnr.lerground ;~oal n1i.1ie 

iir0s and 61. underground md,tl/nooms';td min(i ilrn:, reponed 
to the \, li ne S:1f'ery and Hi::nth A.dministration (MSHA, 200Ji . 
In the. ~ar.ly stager;: of H n1ine fl.re~ rn.iners try to fight the. :fire if 
pPss.ible \Vith v:arer, fo<1:rn., dry che.tnic:1.l pc-..;.\?dcr~ ro1..::k. dust or 
~a.nd. 'fhi::, practice~ hov.;~!vr.r .. (:an pL-1<.>.) m.iner.s dang,:rously 
c"lo~e t(• lhe fire zone and is typicdly ordy effouivi 1n the Yery 
rnriy :,tages ,:-,f:; rn.111,.:: fire. Wh.;;n a mine fi r~ gn);,'s cut ofconrro·1 
~nicl is 1.no dnngerous to fight.direct.ly, the:. fire ~1re;,1 is o:fre.n ;,ealeJ 
'to li1n.it the J.rd}o\v cf ~)xygen :.ind c.otnain th~ fire. \ .{ine s,·al:, 
cm1 be built. bv miners underground , bur :rnch dfo.rn bec,)rne 
p'mbk rnut:ic wl10n u.mkrgr,)und conditions becomf.: tmsnfr: for 
n:aso1b in.duding the potem.i:d for a mine expl,)Jt(m. 

An iffecti,·.;; solution when underg.round au.:c::,$ is imp,:;s­
sibk i~ to build :tirtight mine seah remotdy th.rough verti . .;;nl 
borehok$. The nec:d to C\'alm{te, improve and devei;)p nc.v 
re1:hnol<~gy to rc.rnott~l.y 1..:~)nstr:.Jct rn.ine :-;t~ai ~:: v,.:a:.:> ·jde.nti tied 

jointly by .NIOSE ,wd .?vJSE.~\ in 2001 , m:,d this need r<.'.,sulkJ 
in a tb.ret! .. ph:·i~<:-'!''i 'l()Si-l r~sean;h projei.; i:(N.l().Sl-:f~ 2001 ). ln ad·· 
dit.i.f)fl~ j\,J.Sl{/\ ,1g.r~~~d t.f) ~..;e.rve ,1s a ~;~-:-,opf:r~{tor in rhi:-:: c fio.n. 

.Ph.r1sP (?ne ~n,,oh:ed the quahtativt r~~vif~·.v of e.:(.isfrnr 
t.~~c.hnology o:,;ed to re1not.~~1y con~tru~.~t rrrine ~f~:J;.s . The :~~~\)le\\' 
indudd mati~:-i.il.s u:,(,d tc, con:-trnct mine ~eals. induding c:c-­
ment Jnd polyureil,ane fuam, and u11 ,mily;is (rf the ,tvai\1bl.e 
rnaterb-tl ln.ix"i.n.g ri;s~huo l.t)fif;S (:;nrt'ac~ versus ds)\Vnhole n:1.ix.lng) 
(I'rt';vi.t.s and U.rost~k. ·:.?J}O;:;. 

;::h(ise J)ru of rhe research (iJngo'irtg thrGu.gh .Dec.e.n.1.b~T 
20(H) inv<;lves th;:; .rnrnote G(iJ1Strr1.::tio:1 ur rnlnc se,,b at 
LLL. The :,ervkes of Hc'r,;vard Concr(·k Pumping Compa.ny 
(}·li.)\;:nrd\ t:udd.y, Penrisyi·v~ntia .. \ve.re·cont.i·acted by .N.f()SJJ 
to ,:on::.rn,cr the sc -ds for Phns,.: Two. CAI Crn1s1.dt,rnb, lnc., 
(GAI) of M:onrcx:.vJk, Permsylv:,11ia, pnwid,,d wch,1.ical ;:x .. 
pcrt:i;;e lo Ho\vard for remote .seal de:,igr; arnl for ,kve.loping 
the .irn1)!en1c.;ntatio11 pro<.:edure. 

Phc;se Three Gftbe re~earch v:as t0ntativdy phmn,:.d. ro bt'.gin 
91n-1,:rin1<; dtcr Janunry 2005 (pend.inf approval :w.J \mding). 
The work ·in v,;.lv<?.s a fidd ifomo1ni:r:.1tion nt :u1 ::ictua] mine :;ite 
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Figure 2 ------ Underground layout of the seal construGlii.m 
:$iT.~1. 

vihen.~ a rninc= s_cal \ViU be rernoteJ) .. Gonst.rtcted folkn-vrd i?y -~-:.n 

:-~~;r:t:~t~;;~;~r::.~,it~!:;~;~~~~r;-,.;~l-~ii.~;~~:i;~:;;1~:,,:,(~):t :;~::::.~~tr'.:::~-
;,~ dev(,\iped cbring Phase '[\,,;;;, e'-<,hwt'rrn (lf the mO.ttTifth · 
.u:~(~<l.~ ~.;.c.:->11.strncrion pra:..:Uce~~ c1 nd fol1<->~~;· .. 11p fest.in,;;.· .: 

Project plan 
:rhe ohiect1ve o:f this pr~}er;(Y-.: c'lS to d.f~-...:,?J.op a spt~{;~a1ty g.r1.>ut 
produc 1,nd a method for pfa,:ing 1.hr:•. prod or:, rhrollgh a (?or:;­
h(•k int.n 1,. mine npen.ing tq forrn &. rnine sci!] :it i re1;son::ibk. 
co~t. Se~;eral <tddi.tic~noJ t·ngiiH/f-.:rLng deBtg'.n cnnrJr~frnts \(:ere 
im;xi:<·d by NICS1-J and in.:hded tlk, fnllowing: 

the llH..!lhQdo.l"ogy dev~dop0d rnur,r be c~;p;,1blc of being 
deployed quickl.v: 
rh(.· n.1.Ln(,) ~~Ga1. rt1u:.;t b-e ;,.:apab1e. of bi~}ng rapiJiy .in.-­
stnlled; 

$IS rh(· n1at0r.iaI Uf~f.)J n1ust be -1.(,caUy rrvaHabii~; 
• foe St'al. must bt' made of n,)ncurnbihLde m~H<:.dd: 
~ rhc. grout nH:ttcri.·r~l ..rnust be ot a _consi!~h:~r:cy to :11.ln~H 

piai.:t~n1~1Jt .in ~~ -: :fn~t'· ~pa~'t. \\;ith~nlt ~~x~:t~~~.i\!(~ fioiv .if 
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the. rnme1" open mid unz:,bstrncteJ, but krve fio-wd,k 
diaractei'.is1.1cs 1,honki the min:;; orx::ning contain r<,of fuU 
debri.s, cribbing, i~quiprridH or conveycjr st:-n,~tures; 

• the grm1t an() tbe methoch :>f application must fa;iiitatf 
mine rs,of-w.f'loor and db-to-rib do,.ure; and 

• 'the sed 1mbl k ·strm;g enough to '-vithsu.nd the fon:e of 
a min,: ex;::ilo<.,i(,rt, up to 14U kPa (20 psi). · 

'The work was conchKlixl at LLL The Like L\nn Labora-­
tory i~ a highly sophbtkmed nnc1ergromid :m.J surL:i.c;:- 1alfor""­
wry lm:ateci about. JOO km (60 n:lilefi) south::1st of P.itt:;l:,nrgl;, 
.Pennsy'i v,.:.n.u1~ <H:td ] 6 kn1 ( l_O n1iles) northeast of !v1o.rgant o-.vn, 
\Ve~rt \!irg)nia.~ <.:/be.re l~rg_<.""~-scale explo~j<Hl tri3:i:\ ;_n.inr.) frre 
.rc.)searc.h ~.u1d a rnyria.J. of 0th.fr n.1.lnt saft~.ty -~tnd h.ealth .:.-cr~:t~arch 
prograr.ns ~u~e condneted. T'ht~ u.ncie.rgroun:.1 \VGrking:; <lre <.z.ed 
10 mi:.s'd1 tho~(, c,f c(immercia.l rnines, tbus rm,ki.ng l'hc:rn trw:, 
fnU-s,::de tt,si. galleries. t.fo,?ble bulkhi'.>.ad,; p0rm1t tlw. ~:d.q, 
s...1f sing]e. .. ~~ntry~ trij?lt~--·<:-ntry- {ind long-.van :face cnrifigr:ra~.ion.s 

.forl
1;/:~~:~;;:~;t:i '~'..{1'.~~.~_9f(~1

~?:'.)gcli~;;,et~r ased lx,njho1t 
· .;.v~1 s cornp1l:t,::d .ln thr .f1r:J: cn)~~ClH be:.t'\V<·en rht B ~nJ C~ I)rl!}; 
or· (he e\ps.:rimenta:i rninc, acd it v.-11s cbt:~nni1kd 1b1t 1hi':, 
bo1·(~holf:~ \va.s sn-it~fr>jc .fur r.he. st;<:1 co.n~f.ructi(H1 ·t;'(J.rk (Fig. 2.). 
'The th.Jcknc~~s of the OV(~rhurden ·in the 11:I~n ~)f the-, bc-,.rf:hOk:. ·it 
~1booi- 60 n1 (2CO fr.). 'fhe cro,Bs.cut !n rhi.: .rnine .r.ni~t1.su.n:.~d S . .8 rn 
( 19 :fr} ~vid.,: ~ 12 . .2 rn ( 40 ft) long and :2. 1 r.n (7 1t) high. 'l'h0 t .t.i(;r 

{ioptd on the. orJ.t·r of:" a J. TJ;J(. .. gradie:nr. l\.. S('C.(Hld bnrt)1ole. 
locared ~1hovt 9 rn (3G ft} U\V<l:Y., ·s:-la~ avail!lb.le fer ·;/i.esv.ing d1e 
h.int. Sc'al. ins1a.1latio1i 1:hrnugh u:,,.;; of ci ck,wnho1e vid<'.,<• t-:uii:c:ra. 
b-1Ti.irw to s,irfact com1minicati,)n. .,,.,,i;; facilitn!'eJ thr<:,ugh th~ 
u~;e of .~1 rn.inc pag{:.r phon<~- syste-.1n .. 

Groul nmteriaL C,)nstrnC'ting an effa:riv,' mint seal, rhrcmgb 
a single bordwk is 8. d.ifikulr engi1W,,;ring ,:hdi,:ng(: . The 
grorn rnixture -::mmot >.: roo n1.,id. or i1. wi)! fk-x n,,,ry fron) 
the b,)reh<>k. E the gnwt, nu;nire i\ trn, stiff, it will teild 10 

huikl qdd;:ly forming 11 rnmir1d at tbi: bU.wrn of tbe boi'diok 
and wall not !\,\;- ,,,nd ii Ii th,: nin,: r<.ivt ·ti~, ',J(::i<. . Tti.; Ho·,,v­
:J.rdiG.'\:l ,·;.;;am dctonnined flwt twc difii;rt·ni. g:wr,, pb:.:ernent 
t.ed1.n1que5, and grrn1t mi,,e~ were lk'(·dd \o nk<::t this dL,~i;p 
.:halknw:. Ir w,ts dt'cicbd tbl the first m;,,reriaito be pl,;ced 
i-n th,: .t:i.ino WDuld fill. mm;t. of the •.>pen r;pace . 'fhir; w,,~ <llso 
1he- i::,;s costly rnmpont·m of r!k i:111 rnmeri;,J ::mJ w.:,u1d ]1<.-:lp 
to bwer the overnll c,y;t of' the ';c::iL Tht d,:sign Df d1e bulk-till 
rrw.1.,''rid for the rn.ine ,,.enl ,.::al.bi for fiy ash, Ponbnd ,.::,:mont 
aJ1J t.t 2!~. (-"19~xnn1~ -3/4-1.n.). crttsb.cd 1.t-rner.~to.n.t) <lgg.rfg~1te.. :\ · 
c.<n1vfntl.on.al ~;o-nc..rere ::HJ:rn~.xni.rr,~ \~!(1~ usGd tn }H~ce!r;rare fht~ s~<f 
of rhe grour. ·rhe 1n~~tt~.ri~~l v,:a~, bk~nded tn a~-:hif\'{:. f;_ pqu;.pabJe _ 
rnixrnr<:: that had a.dcqnak i~txength and nxpid ,,erting prOfk't· 
(es. "ll,e am,:;unr ,A fly ,i,;h cid,Ld ',,',>, su!:Ii-:;i,)nt w prq,bc: 
a rni:x that could be pnrnped to tht, tnrehok, (-r;.vd dov:-n the 
bo.ri~ho1e ,virhcnH s;:.~gxega.ti<·,u and pn>vld0 a n1<.>dera(e. d<;gret 
(:f ftov .. 'abiH.ry. ()nee tht~ grout \Va/; in plnc.c, rh<:. ~1ggregcre 
'-Nquld provi<l,~ ~4uff:ic.ient s~1eat .r~~r.~is'lat)c0 'for tlye gruin io b~~. 
son:ie.wh,,.! .. irnmobik until th(: 1.n.i:x Sc'L Typical .initial. S(:t Ln,t 
for this ntixtu.rf c:oo.J.d be ac:].1~ev~~d i.n J. :5 to 20 n1.iJ.HHt~S an/ 
would support :foot ,r:,1ffi,: .in.30 to ,;5 1-riinules. 

The second maL!'.id tv he ,1sed i.f.) HU any ,X;Jr,aini-rig opm, 
sp:xe ,ibr}ve foe bulk frll along the r:nfcrib line wr1s 1,. f.1,h,-p,c( 

tt:~/11:.;:,;I~~::g (\::~:(~;~,:~:';1~~:~(;r';~~;::::::x~'.~1

;, 

1:';t~,:~~:~vi~:1·?:~~1'.\'~i:t::1: 
~rhe: "i.;<:.s.iz-:. gro:J.t. '.;.,.'HS to be u b"lend of }'\..ST},1 c:1a~;-;-.f~ f y ;.-;:~~h 
and Portland cernenr. The initial t('Sting oftbe grout inJ.icated 
that a conventi.<•na] sl:nkrt'tt· acc'.deraior woukl 1wt pr<>dt«::e 
suffk:ient stiffeil1ng 11: th~ cksfred time franw .. \.Jditicinal1y. i\ 



~td .nor. ~-;xJ.:.ibir su.tlD.b]i.! :rht(:sl(~g!ea.l Jnd bar{i~tn.i.ng p.rope.n:ies 
re.qu.~·n~d for the grout Hppilcatiun, Fun.ht.:: t<:·:-:~H.ng: deter~-ni.r: ,~d 
tt.:i :J. \frJ.Sfe.r J3 ui'kk:·r \ 'f(:(-: SJSfeJD. \Vc1~,; TJ.\Oh :! t:'ffeeti\;'{! J.n 
pro,,idiu,g tb :; desired grout ,:hnxi.ctc:ristics th::in ,:Ofl '•-:'nCun.d 
admixtures, 

The Tvlm;tet Bui.Ider TCC ~ystun is inad(' up of ,,1'(i-parts. 
P~1rt /\. '}.rnpn)ve~: the pu r:np.i.-ng :.~h,1rnc'h'r.i :~ ti,,;.s :~.nd _pr<rvi.df~?. 
a re~~et i.on pL~tfonn for Pa.r t rt : and ·it L..; add<:·d }usr prior t~) 
lnjec t-Ion into the pn r.r:p, Pan IJ is <;. liquid., high. _r: t=~rforrnanc~~ 
shntcrete un<l gronr 2~<.::.ce·!er;.uor th~,u rea(tf; \vi.th .Part ;.:.\,. ro ere<: re 
:in irn:intdi<trt stifftning of the gnut P,u:t .B .is ,added :,:r the 
spr:1y nozzle v~a a 1;1.r~~-trn nf air that lran:?.pcrrs the grout. to the 
milk: toGf .. and .. r i.b sm:f:tC(' . The n::wt.icn between 1:hc .Parti\ :md 
Pw't B :.1d:mi.xl 1.:re:, n ,\ cnlid!> pr:;vide~ d.1c: .iDiri n1 stiff,:ning 
thrcugh ;;,, floccul:,uhn prix.z, i~ that i\ unr,:'.bttd i.o the chem.i- _ 
ca) hydrnti.,>n ,:·,f rhs: cernt.tll' product~ in the grntxL 'fher;;;fon:·, a 
con,:.rf t0 ac (:.;:.=:: l0rato.r \Vas :ds(> added ~.1t the notzle r,.) :tccek::r:;1H; 
the hydration. p;."<lC,~Si , Th('. addiri,.K: d( the ,1<:-cs:krnwr akng 
wi.;h the u :.::nc:n'.. t (Hlknt v( the g'rt)cl/ fz16iitated r:ipid stt,:n;ih 
,l.cvebprw:nt )f tbe :.n-;'.'l.s,(\.' gF) t;l i pn,,y. 

the''.:i,!:~t!),::r:~
1
:i~r;;~;~:_:!!:~~

1/1:'i:t~::~;J:::;1~~~-~;~t::: !~;;~l\:1~::1\\:~:::l~;~:~ 
.roof-r.wd. .. db are::1", tb,: water comenr of rhe mix was adj ttskd 
w bik ,·et;/u; ing the f.r: i,hP,: trnd. pn r.hpability cf the 1n.ix through 
th<:} a.J.d~b(HJ ~:;f :::! !1igh-range -..;<;ater-r0ducixig r~dd:itivf.). 

;\~ d1t.~ rnaterin:l d,~~\:(;,]oprnenr pha;:>e progrts$z:;d~ it b<.~cr,x.nc 
,1ppa,(,nt lrlt' unifc,rm, con;istcrn bkndin.g cf ths:: ;:;c;n;;Lt .1enu u, 
du~ sp.r:iyed grotu \r:t; 1;·rijc~.d t<) tht g.rout .rx:-r.fbnnan~(~. ~fhe'f:ina1 
Fi.Jtt.io1: of the g.r(}t.Jt rn.ix (\::~<.g.rf ~...vork focn:St~d ~)n n s:ens·t iviJy 
study lh3t }('k':rH:ified the gro~n \ re.~;~ct.ion to r"ii.:"v .i;::tions ·ln the 
bk,1d'ing p.roces•,,. It W/\S conduded. th:,,,, ir. won.Id bt' n,",.:,~.ssary 
ro v;~ry fi·1;e'ly .1nett r the ti:g:rt~dienfs in the grout. :r,i.\ . to a.,~h].eve 
tli.i.~ des.ired 1.)0rforrnt? n~.e (r:.:-,u1 the f;pruyi.:~d grottL 

Groat placenwni. U•chniqw~s. As m.:ntion,xi ::h.:-,ve , the l::'l.,JW·· 
adKiAJ re::n-n determi, ied that two grout pL.icemf)na: :,:,:hnique:., 
'Y,;;rs: needed. It w,b be tic;'d tk.t p!acemcrn. ,)f the btdk i:U 
W<)ui.d form a 1Drnn,.d bdow the bonJ:10!.e :mJ \V(idd k?ve ari 
~)pen spa,·t .nt!ar i:he- ni.i.ne rc1o f...rib rlr:.::<L Ther(~fori\ ~1 :~ecQrHJ 
pJnccrnent f.fGhniqur:. \V,:.,..; nc~t:.d('d to nddres ~; th(J rc~n;u..ining 
o ptn arens . 

.. The fi.n::i. pr~>G(':;;s ..._:../as de~ig11t..xl rouse ~i tecb.n~<r.1e· very si.n:1.11:.u 
to t.har used w.hen r,faci:-!g. bulk g.n:mt with a trernie pipe. The 
(On~:ept: rallcd .f~>r {he boLh)r:1 oft.he i.njcJcti.(>n cu3ing to.be slot·· 
kd. ro fr1ci lit:ue son1e dircc.ion:ii coni:ro1 of the grnm str,::im, 
The bulk grout nnli:,c'iil v<ri.dd. be pfrice.d in ~epar:il(; lifts wixh 
rLn1<; b::. t-.vct~n l.i fts to vJl(s<,v t!:e :rwJ.erifJ t.o begin t~) stif(!r.t T'lH! 
:>xo.nd p!a,:,~rns::m ltchn:iqix , requin:,d the use:/ t\,·O strings ut 
pif;{~ t f:ne .i.n.s..idt!· ~)ftht ~)tbt.r'! to convey t :..:vo f/Te,:nn.s of ::nat~~6a1 
t:> ::t svny ,H)ZX.l<o. Tk ~:pr:.ry n,,zzl0 p0nniued the blending ,sf 

~t~'.i :i~~/:; r~:/ ~;:;:~:;;,i~t~~,'.;-,;;1;~:; :.'i:~~ t~~:;1:;:; ~~1 <;;·;~ ~ ~ 1:~; ~::
1
;'t.: '~1

1
;;:;:;;1_-

)\ sprny no.z.z.k: -<.vas \k~signed by c;,~\I for th.-is. purpose (.rt~'ft.~1: 
L~:~ F].g, 3t ln both iechniqu:.:.·:::. ~ an on-site vo lurnef.T.t(~ .1-r1~\j ·n~~ 

,·,f·nt " '"" u,-'d h iJkn(i the (tl'Ptit 1r1i'<'l'll'l" Tl>e bl'lk o·,·,·;,1!· 

;~-~~:1}:::::~i)~::/'.:;);r:::~(~.i(:i1~~:::~:,J~~~~i,,~~:ri:: :·~~~~)1~li;];::~:it~:~:~:-~ 
J C'(H1vr:1Hjonnl grout p~unp 2: nd co.n.1prr~s~ed ,1-ir. 

Mine seal construction 
·Priorl{><.:l'f.J~lructing the 1nines,:a.i atLLL,.:, inodd milk op,ming 
w·:F; z:onsrruct('d al Howard\ !'H6lit y in CucUy, P,cnn;;y lva.:ri:L 
'l'he rr.:.odeJ nri.ni.~ opening :;v:ts con:jtr:t1.cicd f~)r tc~ting ::1nd direct 
<.>hservarion of rhe per.fo.rrnanr._~e of the do~<.:·nhole nozzle ~uid 
pu.n:1ping cquiprrieor, The. rncd,3 min.: ,:-,pening contfrl-!:ed .:rf g 
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Figure 3 - Spray nozzle, 

Figure 4 ...... View ,)f the mode! mine, 

s;n<li.! exc:1vati< •1, in ,1 hiJLi.de (Fig. <i. The rod : cf tk modd 
-~.":.tine \.V:·!S for:rned u~;ing:cr8nr~ rn;its so a drU.l 1-Jg ,.;<)uhJ be lcc:ared 
over th:: rrrinc'. void h) hold the pi.pt for 1ht: ,;_prny ,H)nk 

··r:be t~q uiprnent lH.:cessa.r:y f(H: ::-! tf~;M vv~1s ,-1ssen1.!')\"d ar Lhe 
Je.t111)ristr:tti<)P ~:it(~.: and a ~!Iiui.f qutu;.t;ty~ ·i.t~ ... 3.3 11.:.·-~, {5 {:G yd)~ 
of k' :cn: rnatc- r.LJ was rdx t d in g c,mcrcte t,:un1 1, mi\ !.T t.n1d:. 
Jvlatt·r.in.l \Va~~ ~prayed intn 1:hc-- .n:txfe.1 rnine vojd and the n.~~uHs 
oft.be test -...v<~re i.~vn.lu~Ht d.. I)uring the ~; fJf~·ly.ing pn.>ces~J~ ::)t.;V·· 
t·r:cil :.id·ju~:trnc.•nis i.o tk ~ :,:d:rn:.;,:tur-11 fr,rmu.l:-,:.ion we·:::,: m<cde :is 
\~.-0n <L:f; a.ir. tTclJ{Sport <,e{oGifie':< and ~pray tol:·il..ior~u.l ·ve·!i)c.ity. 
S~;n1pl0 i; of the~ grout ~~_;fre p.n~pared for stn::ngr.b ~~-·.:aluation 
,rnd iime: .. of-r,el. F;-c;m tbe icfe i:m~iilon r:ofkct:.:d drwing the 
ini.riai dcrnnnstrn:int. mc,iilka.;.1,Hb ,vtre mnd!: w the nozZ!e 
nn:.l th.f~ drJl .rig H~">ed to snppo.::r r.hr pi.Jx~ strLng. Ch~·~ngt!s \v<.:.~1\.~ 
also rn.<;.de t(> the~ :.~~tnent conh.:nL. t1.d1n.lxlu.rrs ct:.1d. add it .ive n1ti.<.)S 
to irnpro'< stickJnef,S, tirne .. of-set :wd ,;pp:t.ic1tion ujform:iry. 
S<.>Ine.i:d),)r~Ht)ry ~ .. vnrk ·\va~} also Ci)nduc.:t;.:,~d !.G 1-nipr()ve· r.he gront 
bl~nds by niodifyi.ng ~1d1nJxru.~·,:s ~;nd. ad<l:it.ive ratios .. -\fttT ad­
d.it.inmJ Jh)f' tda).s :<nd m,)di hc:i tions to the ,)quiprnrnt:, n second 
fu il-'< HL~ sw-fg.c(:' demons1rnti(>,1 w:is ::·ondu,:11:d t:oevalune the 



Figure 5 ...... Lhrfor~;round vbw of bulk fi!l material for se(o l 
Ne,, 1. 

i r.np~.ct of the. n1,.xU:hcnti~)n~ .. . t.o rht 1nateria.ls r~nd equ.iprrt0nt on 
tbe s..::.haract.t·.r_if:.; ic ::. or tht . .resti TH:UH grout rn.ix. . 1~hc·>·~:su!.t {ff thi;; 
d:~'Inonstrarion \Va:-:: Lt:-t-d agaLn t~> rnodify rnat(·r.inl\ equipn10n-t 
m'!d tqu ipm,~nt 'l>:1g,.:. 

Aline Se}ll Nn, L On fo!y i 9, J:GDL l k\vu,c! nH:bihze.d th~fr 
mixing, pur:iping .mcl injccUun qnip.m,:nt ((\ i...LL Tht s:·qc1ip­
rnen! i.nc'lud~~d a ·volnr:n~!trf~; rni.xc--:t batch Dlffnt,, c~.e.:.T}t~n t s.f.orart~~ 
~~no .. \.VI~t:~~f });::1k :\ g.t(Hip ptn.r:p:\ .. ~jr con.1r;rf~S-'.'>ZY\ a d6U rig <:;-~.(f 
1n.isc~~r ~-;nfxru ~~ '.\ ti.pport e~1 u.rprn.ent :::uch ~-n tr:.tC'i\ a,:d io<:.ti~:~rA. 
Jniti.}l!. np~rnhott~f. t.n~::\n(k~( cc+lfbr?.:.tlng tht~ b-iltch pJan i. ::~o rhrn. ;:~ 

~::~~:;·;~:~,2;;~';!~;!:t~;~~ :~:r::;;;''.:~::'.l~i,~s; ::; ::::;:;t~;~,iJ) g,1.:~<li;~~~: .. ,; rf,W 

Ck hll.y 22; 2COL p)Ecem,.'. nl d the hulk ff!! fur H.'.aI \o. J 
1)V~·?.?:: initi ,1t{;d :.~~:·~ng: a n~.~xtu.rc ·.:;qJ:1piJsej (;f :2!·\ c i·:J:.~h t d f·irr.:.e­
~?. 1~>nc. =~i:!f"J.t~ttn.e . .A.y :t:!: l:: :::.nd c·t~rr:e.nt, ,r.··i·?i:_;; .:J ::.i}. t1;.re \Va~: .p~Irnped 
1111{1 the n.) .nt ~)pt.rJ1.n.g u;,~JJ1g ~"= \tt!-r1g ~)f c.asinr; .. :Bu.lk }iU \vgs 
pu.r.nr~e.(1. ev()'f· difftren.r T.ir.n.,~ ].r:tc~:rv <·1.\;:; \.V:ith 1;, paus,:. bJt-..:~'t/.>,.n 
3.:nrerv~d~~ t<) aflov/ fh:.~ in-phi.~·;~~ ·gn>nt to t~tif\::.n . ''Thls proc·es::; 
\'-'HS u:ced in hn auenxp, to u ·int, cd rhe l.'.Xf¢nt of bk·i':il rrwkTi1JJ 
f10'N our ({ thr -z.n}ne f;.t\}:·P:-c.ut ~~.r~~a?. 'The P,VJnp)·~g t"i.n.;{;: ~::nd 

Figure 'l ·- Under(.;rounci viEw, of ehovv 1)ac,ng tdk fir. --

tht~ pr:.r:se infr;r\=r.ds \,V\~r0 deL~.rrnined by v.isua} obs~~r..,::~t.ion. ·iv i::~ 

~~ d-;)\ '-d }hoi.e \:}de.o (.~~,1 rr:txt ,~n3 corn.r.n.u-nic~~ ~i()r.:. \Y.itb rh~; .rn_jn.t 

;;~\i! tr t;· '.:: ::: \. :'.:), ·::?;~:::~{~:i::~ \~.:::1~~:,~:~t:')~::t::~ti;.,r;~:1~::.i·~:;t:;,~ .~;: 
{T°ig. 5}. l l-"nd:.:;r.gronn·d eY-.:i:-.r:.1inatjnn .r0\=eak·d th::~.t the rn.lr: .. ~:­
•>p:,iir g had ram b-~,0n t'.mripktdy "t\J ed (op¢n space~ Wt'.'H: 

oher'.' t:d at the mine roof<JF:!-cb ,'treas). and ;,ume of lhe bu!k 
fill m:sttTial k .d fk,v,d irHP the 11dj fox1;t mint are:,is. 

,.A dual ~tring: of <lrJ ll r~ ipe ::u:id. (~ a~ing affixed ·\vifh ~be spr~~y 
no;,:zk was then pLccd into tilt borehok i.n prcparabo,-i for rfo., 
st.:~i.:::<>r:.J. part of th<.~ rrllbt' ~:-et~] con~:truction, ()n July 2~~~ 2Q(J:~:­
purnp.ing b:.:.~gan to (:.t.>rnp1e.te const rocti<Jn or tht~ n:ll'ne s::.<if 
tJn.f:<.:nTnnat.ely~ .af;e:r crJy a f~\v i:ninntes of ptunping~ n criti·· 
~;if l t1>1;~ fa/Jed (Jn £11.e surf:ttt~ and t.i::.¢ :pu1n:ping <$pern.ti<.>r.i \V~:: ::: 

t.(~rrninat-:.d. lJ ndt~rgrnu:nd exarnin:uJon c.f the sp.n:;yed are~,:.:~ 
indicmd d,df J, .~-~rm1y mixture did 1,0!' ;;t1ck to th¢ rn in t.' Iib 
r.;reas and Jl<~\.'ft-.d th'<.::;y. /\ l~c>, becart·H..!- rnin.inlal sp:;ce. aborr 
"300 r.nni CL2 1n.'J bi.:J)~:er-n rh~~ b1d.k frU ~lnd the hcrtton1 ·<>f °lrF> 
b()reh<>.it \~'as ft'-i~.til.iible~ .. it 'Na~ dec.ide to rt.rn(,>v::. 450 rr1nl (] g 
i.n.) of' bulk. fill makrinl. b<Juv,. ths" butt,.)m of the bordmlt h.' 
;)T<•Yide sl,fiki.,Jnt 41,Kc for foHow .. up backil ning work . 

Th,: Jisappoi.nfi.ng n~sub; <;f rlK,_ spr,iy nozth:. appikati<n 
indicate<l tb-\, nddjticnmi work •,,:2.;; needed to furlb:r r1!/lne tk: 
rnatedal rnix cornpouent:-;: bcfor~: the spray nozzle V/ t1~ 1~~·i ·d 
~gain. In d~k' ~.rH('din, nft(·r .re vf(~v-,:-ing th(~ p.rog.res ~:, rnade du:r~nr. 
fht. pl~:ce.n1ent Gf tht- bulk fill~ .i t \Vd:-; dt!-cidcd to fL: th(: end c:f 
th(~· r ~<~~r:g srring Gf p1pi~ "--Yith (tn 0!.bo\r tc~ ~p.r~)v.ide ~ rntan~~ of 
d.i;:e~; t.ionaU.y 1.::untrurting the. ph1('CJ:-t:e . .n.r. <ff gruut rn.a~e.ri.al (Fig . 
6). It was :ds0 1.h,ught rbF thh dYrw u,n flgurnt.ion ccukl 
fr1(:iI-it<li.f .rnof ... rib c-1.~~snre. v,~··ith thr:.:· ·bulk :fill n 'l<l1.t~da.L 

f)(l .A .. ngu~~t :~ 20U.2.: n nt.\v}.y d~~~~.igncd clbovt \Va:~i lo,s..: t~r~ . .>:J 
into t h(~ n::.int. ur~e.;1i.ng :fr~:-:1.n thit f::u.rfat(' hor<"J-10]'-'~. (}net th~.~ 

e.lb,)\V ·\:i?{~~~ pns·itir~.nfd .ir: r.he rn.ine opr.·n.tn.g~ :pu.rnplng o.f dK= 
seaJ ~ntcr.in1. b~~:ian u~)r:# <t 2,4.. li!nc),STI)n(~~ agg.:x;_gtn.~~~ fl y t.:.st: 
<u;d r;t~rn.ent rrti:>~·n;.rf. ()J:.r.~pre~~Si~d a.ir v:a:.::. ~H.lt:kd fr.> tht.~ f.U\? · 

strt~arn t~) f?.ciiit.~tt~ rnc\=enH/nt of tbe 1-.r;.<;.1:t~ri<.:.J t.o·~vi~.n:h~ the r.:J:i.1v:_ 
rffJ ~1r(~?:~. ·rh.~::-: El :".d.t :)i.:;.~ \ V<f.:: f HffflJ)e,J i:r:tp ~~e1e~.:t t{x:ati::t.n~ ::dor~f 
the Jn..fr1~ rib ~u~~~cJ,'.f: 1!;. a.n. <iHt~rnpr. To nn fbc-· n:.;int> ()pening: CF(~-
7). Pii.E1p1r:.g \\= O.:-:. tcrrn.i.nah~d a.fret \ppn:r);::in.1atfiy° '"IS .r.:J:~ ( J.OC 
ct~ yd.) o.f JnateriaI bD.d ~:·,ee.n pl;:~eed .. i.:J.tc~ the <:;rost"),~uf a.nd ,1ftt~r 
thi~ t~·ibo\v t~e,cr~rne. :pllrgged. 

lJnde:ix.r<~1,"i~1d ex.a1n.in~}tion r,ve.a]e.d thaJ tl1e n1h1e ~;peJ1.ir:? 
lHid nz)t. beon t{frnpl~~fe°!y \ei=i.l0d, ;,:; {)·rne t:rf the n(ite:ijcd, h?·( 



J:iO""-'ed ·beyond tht~ cTo~;scul and Lnto the adjacent nline aret.=.s. 
'The aren directly bt'kt<..v t.h<: b~)rch,.>le and i.n lh;.:.~ 1.rrtn-l::diat(~ 
<cinity of the elbow h.:1d t>e~:;1 cornp.1Ue1y ,<-akd tCl the ,.ri.Lle 
r0f\f. S(~verat un 5.tH·;r~f;~s fu I ~~ { ternpr.s \;>.:~;t(' rnade to dislndgt! dl(' 
plt g in the eJ.bov .. · .. bur ~t\f HS utt~:ntitf~Jy tJ~~c·idtd. ro tr rn:.i.nafe the 
=.::.on~t.ruct.ion Gr" rnine ::-:eal l"-~o. l. und n.!rno -.,e the t.~]bov,: frorn the 
.bnte. ln gener:ti , be.f")re the: ..:.·H:·so \-v bcctune p1u.gged~ s1.g:nifk:ant 
p:ogre~,; h"J. b ~cn n-wde towarJ<; !:nl.ing the mi.,k op,tning:. A 
~~uhsequ0nt n1('0ting \;/it.IT .F!cr,}la.rd!(t ·\I 1 earn .t\!vealed that ad . 
(Ed~!na1 dc~;ign ?lnd dtinnn~~rraticn >~v<~r.k s..va.s n=~·cessr1.r): b::k}fi,; 

i.::: t tnlbu:inn r.;f ~;ea1 No, ? c~~tdd hr.gin. I. ... a..r~~r=· .n.1.~.n~! se~d !\Jo~ 1 
·~.Ya;; re:n.HJ\ed .fron: 'J.H.~ LLL site u..'.>ing fHtnnis~~.ib le ·i~Y.pic~:iv;:~~ 
and pt~rrnif;sible bJasring ts.;cbn ique::-:. 

()n ()~tober H. 2(J02~ a tesf ~)f the -'Prety noz:de .;.v~\S stH:ccss· 
foHy ,:,)ndm tecl HJ ,.he How:ml HH)dd miJie: site Du/q th,:. 
l {)_.. ;.r/ { L3-cu yd; tesL, t!ng.inc~·:.rs \Vtrc~ ::11.;k; ro ~~th;cessfu i (y spray 
,,.nd build u.p rnarer/,l. on tb~ rn:ine , ih ,1n:~is. ·r:t1(~ n:iatI:rid was 
,p;.·,,yeci mar, es1.iruned tbiCKJi\;% of 300 n.:, 3<'~0 mn:i (!2 m IS 
-in.) on the mine rfo 1re:1~ tup tc the ro<1:f'i ,\·,th no bui]d--up on 
~.h<: floor belo\v Lh<,) spray nozzle ass,>rubly (Fig . 8). 'fhis ~ .. va~; 
:i rnueh diff,.oror!t nuconl(' as .:ornpm.·ed tu that se~n during 
pn,,viou.~ rests ,md. during th<'.' ,:<>n~i-n.iction ():i'1nin,~ scd N::i. :! . 
The GAl ¢t\gi;,e;;u :.U.ri.bt<tcd the ,;-ucc::¢:,sf ,d outcome ;)f rhi ,, 
wit to adjthtmenh ln th~ equipment used \ ; <;(•Ctr(•! rrw.teriv.l 
feed and :i signi:fis.:ant i.in(.lW'>',:1n~nt ,)f tlle m,1r.:rin1 mix. 

Mhw Seal No, 2, On C:.: ,(;b(~r ~, 2003, the !fow,,rd!GAI 1r:arn 
t 11ib~ited fhe :·ernote insu.Ji lt;,t.ic~n. cf xn.1 n(.~ s01d N·o. 2 til lJ .. L. 
Pumpir;g <•f ,he fir,,t pan elf th(; ,·,tmose ,;ei! (b,!lk rnakri<d} 
b(·gan using -8. sa.nd:, fry i:.sh ;tnd {;en;.ent rnixtu.r..:.·. 'fhis n'l>.neriai 
w;:i5 pw.r,p,:d i.nt,) ,h,: rr,.i,Jt~ qxin.ing 1sing the el.be,;,.·, Th~ bulk 
ntr;tt?rial \Vai: pur.nped lr: u .:.:;erf~i~ of Lfb: to f L the. n:.t.n t op(~O·­
tng. Pnrrrpi.ng \VHS. L~r.rni.nutt~d a:JJ:.r ~~pproxirnt:.ttly 42 rr:.:1 (55 
cu yd} of !nntcd.a1 bud btcn pL·i<.:~J .in tilt· cro.ssc.ul. Jt :)h(:ukl 
}x~ n.ot<;d tbal cornlntini.«:~Hinn s..v.hh undergrnnnd rK:rsnnneJ ·t.vas 
.rt qul.:.·{;J t0 orient the eHJov~: }nd cornpl-ete th(' GG1.:1.{truetion t>f 
:.he b:i~c. 

t Jndergronnd ex~n11i.natinn reven.led that the rnine (rp~ning: 
had not been. C<'•mpi.etely ,;eakJ. H,:,~vev,::r .. foc- scnl mcetenat 
W'as pla::d ::i> ',Yi.thin 0.46 m t.: 5 !\) of' ,:he- m.1110 rnof beh'-'-' 
thi: !.mrtbofo :ind within. G. 7(, m iJ9 m r'.!.5 to 3 ft) of th: mine 
roof nea,r the rib ~~n~ay, (F.ig. ·9). lt ~vas dec;deJ. to rer.n.C\\~ an 
;,dditicnnl 15:2 rnrn r,6 in.) ofr.naterinl bdos.v the boltoru ofthe 
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Figure 10 ······ S,Jrface test of spray groct system. 

b,:,n~hde to r.Jlow ;;uffic iint room to tr;;;t the cc1.pal:d i ty of 1.hc, 
spr~.;y nozz]-~. ... 

On CktGlxr !.4, 2003, a 7.t>··rn·' 00-,;u ydj rnrfoc~ ,e~t <'f 
r.h t~ iinHJ (!nn:p(HJ<;nI t)f th<~ $~'ai rnixn1r¢ (-fly ash. cern..:.'lH :rnd 
:1c,:·d0rnl/.: rs ·i v:as r:un<kd.(~d Ji LL!... (Fig. U)). Tb: resu: ! of the 
te~t showed thut rhc mi \ nire wotdd p,~rtorm ,ts requfr,:d (lin k .. 
r,) no slump}. A, dual string of drill p-ipe a.nd Ga',ing :.iff.i.;-{d '>vilh 
fh,t ~pray nozzle \\'HS then pla~<.?; <l. into the J 52.--:1.--in.rn .. (6-itt. --) 
di~1rnet,~r bor,:hoh: -in prtpiirmion for the ,;evm.d p,trt of the 
sea°! (.:onsr.rrn: !:,on. 

()n ()ctcber 15: 2CO? ! fh~! s.ccc-,n.d part t)f the 1rd.n0 se:Al ~v~~s 

in:::tnile<l using the spray nonle, The rri}ik :ri.u! w,is sp,ycd 1.n 
:1. badc :mJ .. for,h w :-.ticrn alnug the niine ri b m:e,, c; r.o nn in th: 
f;)ip~. Inten1ct1on bet;\ .. ~'0n obs(~r·,,,t~rs u n<lerg:ro.and and engineer~..: 
,)n the BHrf~~ce tnsurcd th:.-~t rht noz:d.~ \VH5 a.i1ned. int.be .PJOf.H.!r 
direction. Goi>d r.nirn'. rO<>f-w:d-r.ib ('(mt;ict was made with the. 
spr:iyed rnatcdd . Tbe pr()blerna ti<- r:orntr an~,1s at tb;;, mi11<: 
.r,:-,of--rib intersection ~-, er(· tflled.bd .. vn.' the g-n11Jt b,~g:w. to b,.1.iki 
up ,l.nd. .n.1igr:,k: tov,:ards th' ,,prny n<,zzk (Fig_ J ]). 

J?iiling of tbc rernaining are~:i nenr the b<JH!hcle y;::,;s tH> 
cimrpl ished by lowering th,; spray r10?..7.Je i.nto the -;vei: rn :iter i,ll 



Figure 11 ....... UnderQrourd vie.v of spray non.le during seat 
No. 2 construct/o,,, 

Figure 12 -~ Underwound Aevv o-r ink,"' seal No. 2 from 
the 3-Drift. 

btl<t,V _!11{:-: no?..ilf a.nd fhcn rotnting tht. spray noz:rl:. thn.:t·~gh a. 
36(.F ,trc, Evcni.1.nUy,, fhi.'. rnakTid btiill up irrnmd th: nuzzL'. 

'.~~i1(i~~-~~:: ~:i:.1) :~t:;~:~:~;:;~~i~i;;; ,,'.:~:-t;::,:;t;,'.> '.~;:~;;~i~l:;·,;l~~;~. 
or;;.~r;.ing-, .A.n un,krgmund 1i:<:,nninarbn AK>W('d th;;, ; the min(, 
::.ci1) .rn:ilf;_;:i::d (b,rth bulk and ,;prn:,:ed imu:ria]) had frn,ved ,d)(iUl 

~i,,7 ,n (12 fl) Crnrn i.he bcirdwk inward~ dk, B-J)rift ,md only 
nk.;ur 2.7 in (9 ft: from tilt hord~oletns,s.Qds (he C-Drift The 
shapf nfthe ~tn:l ;.;~ppn>:~ i.n::.ared ;,~ tr-c:ncrHt:d pynuuid \vhcst; b:i~~t 
,r,easured 5 .is ;n ( !.9 ft) wkk (th,: widfr ufthe ,.:;ross cu/) by 6.4 
ft:. (2 .1 ff} (:k~t~p (tDd Yrhnse h>p !'(l0asnrc.d5.8 rn. (19 fr) \Vide (r.hc.­
V•.tidth {)f fhe CF>S~ ctu1 by () ,9 h) :l .5 J'fj (3 t(~ 5 fi j dt~(-T~-

Materiaf and mine sea! tests 
lJ\1c:onfr.ie(I C-(J.r:n.prts:::~·~.ve tt~~:ti V/e.r-..:; L~.)nd~1cted·vr1 76-rrun- (3-
in.··) .<Ji:::tnK't:Cr c:,.,~1inder \~u-ripies (cyt i.nd-er.aret.-= 4 ~56C !nn/:· ·= 

i:i;;,: ~\~~j}~l;:l,~~;~l~:~;;;~;;;;~:·\'.~~l~~:l~~:;;i)~'.t;::;-;::;1~:~L:~;;:'.;::;~_:::r;~:\:~; 
·iquip.n:ie.nt r<1nkt a.nd ~A.hers v.ir~:rr r~olk;<:.ted u:n<lergronnd n.s fht 
i:r:at::-r.in]. ·;vns b-~~ing 1~ttc:ed lr: the rnine v~}kL ~rhe re~;uJt~~ of the 
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re~ts ,'!re ~inwnm T.1bk 1, :\ s p1;.n be obsen,e<l .in the t,{ble, th,~ · 
c'Ompressl ve str1.:ngth df tlk! bi.ilk LU tmrteri,11 i:, subst\\.ntiiEy 
higher tkm that nf the spro.yed HU m;ueriiL The rea~rin \,;­
the l<.:",\\3(~r.Gornptcr;sive ~treni.U1 .(Jf the spi·ayt~:d .rnater}a1 is rhnt 
r.hc ;;p,:aye<l rnix ,k,e,, JH:it contain san.d and had air bubbL::;, 
trip;_x-d in the ,dxi11rt'.. . · . . · · · .. 

_.\!{h(nigh thf.· rn8jur thn:ts-1. of th.i,; re,;cnrc:h dfort was airnd · 
~~t devqlopn:J<"~:nt. of tn.t:.t.criaf r:nixe/:. and rnin.e ;~tnJ. ·fOJJ$tin:.:tlon 
wchni.<p i.'S, frw b,!M>fh:-; of con.strncting he~- te:d at 1.he LLL 
f;i.(;ili ty incivk.d the 0ption of testing tbe ;;,::.:d\ <',.\Jity tc, 
confine .n:1tne air 1nd. al.so t°() \vjJbst<:.nd fhc fiJrccs of ti rninf 
e.\pios.iorL ;~\i.r~-lcttkage H:~~ts \\=ere conducted by bniIJ:lng <~ 

{::.~\;~t;}~'.~,~~~e,;'~;~~. 0r'.~~;'.~, 1i:,it:~:;::~~~1n ;n:~,,~:·;;:~~;!~giJ:tit;~,}~::~it 
tict~ cloth th.e s.iz.c <?:f ~u1 <n1c.1n.on:':etc.;.· tc r,1<.:-i.lit:He air v¢lOC'it.v 
n1ta~:urc . .r:nents, ()nc-t this ;-.:nrk '}-/as ·CCl t11pi.0t(~d - airt.1.<">\V i.n tb_;: 
r.n.-i n.e v<:as :.~djn~u~d. 1.0 pn)dnt;1,~ ·;;1 de:.-irc.d difft:n!nti(·ll. pre.~1~su.r:::. 
<.n;d t:be ~tir 1.ttflk ::~ge through 1.he :~:-(~fl l V-/as 111eJrs1trrd. i\.}rA1enl~::~ge 
,ests were ,:onduc.·tcd cm. m.ine :se.:d i:<o. 2, and tbe.r:::1,uln, nrt 
~~h()-;.Vi:l iil 'J)ib)e. 2 {\\\~·i'.:>S~ ?{)()~)}. 

·Pri.,.)r to c6nduc::ti::tg the air··+.:.akage E!-St-5~ seve:rnl ~tppre:xi -· 
.n1~ti.eJy 25 .-1-· n:nn ... { 1 ·· ln. -) dit11n.t>;;tf.r holes \:..'er ..=.~ ob.s0rYed :in the 
se,il ntnr th;:, m:ns:.Tx•f are;;. Therefore, t ! it', ,,ir .. k;;.bgc vdn,js 
obs0r-..:ed in the t:;,b1r \V(.<re not torit.ly nnexr.K·ck~d. 

Tt, ccnduc; the (·xpk,;for, te~t, "kn')'-','n qu:snrity ni'rndh,11,: 
g,1s ,>.:-:1s hlj,:ckd i.n the t,rd ..:,f (ht C -Dr.i:fl Xk',:1r \hs:. c,os\,; qt 
'.:-/hf . .:.'f;. tb(' ;:,c.r.J v-/n~ inm.a.Ued. Th.i~:. ru:e(: Vla~. 1en1pc::.r~1r.ily c1o~ed 
·'-'\~.ttb ,::. fra.1110 nnd hra1:ric-e c\>th f:<::~ conflne th~ ga~>. ;The.' g<is \1.?!12, 
d.ihHcd. \~=·it:h air tu <K:hi·tve an :~.x.p!.c.:>:~i.vc·~ conc-:.\'.:.n.fr<lLion .. ·rh.e gn'.\ 
V/~~H, tl-k~n ig.r.:itt::i piodn(.ing dl1 e xplos.ion. /-~.n C.} •. plo~~.ion. 1.~;st 
~;-:..:ilS conducted (H1 .. rrtin-e .se:~J 0Jo, 2 on Nov~~fftbe.r ·24-~ 2003. 
:T'ht, 1:1:~n<~ sf·~J. \t·~Thstond a prf·s~~urf· of l ?4 kP~t t -~? p.:;.i) Y/.r.h 
·n<, v:isib1(~ ~)gir~ qf d~unagt~ (\/./eis~,; -2003.). 

Research findings and recommendations 
~Tb::' f~vt!rH[ ob't~cti.v(· ~>f the ,vork V·/HS t(} det~!rr.r1i11e .if a r r.t~.nt 

~;{~al con1d bt2: :;·~;.::15tn.h;te.d.rc.:.n.ot).J); t>Jrn the g.rr.:nnd surfac~:~·, 
··rhis ur~je:.cJ~.vc. \Vas ~-1ch.i~·\~fd 11~ a :sc.::1 \Vati snccf)~:sfuP.y bu}h 
thxnugb f.i b(;r(,h<;h! hnd \\·'J:(tnn.hn~~d to the ;~_r(~ ~:.s;3nt ~;ftht~ rni.ue 
(rpt..rring. Tl =~:~ tr~.thr.:.ct:logy n~:cd t.) t.r:.Li1.d t.ht.~ :::ea1 -.\~~1.:1: h~:;tf·d a.nd 
i.Ls.- correct m?L.,ri,J rriix (ksign ·wns r.k,v,:.lop~d. Th9 n~\fl1(s of 
fo1}o\~; ... up h~;~ 1j·ng :S:hf) \;.,'ed. i.h ;f:f <l ~:·tro.ng ::::.r:.tf rtJbu~t. ~e.aJ w·as . 
c.nnstructe.d <t::.: requ.ired in th:: dejgn ;_:onsr.r,:;:inl~. yf'iu:. },S: '.\Uf 

of ~tlr L;.;ikage can be add1:0ssed b\ shH\·i.ng (be rnlatio;i of tht~ 
:,p1-;oy rnzik w aTiow f(•r ;i rnor,:' ~uhtarnbl huiJ.d<ip of if,,l 
Inut.t'dr.tl. ./·,. .. ::::. an addi.Uonttl r;.:.-r.nedy\ .it:n:w.y al:so be pn:~sibJ<; re.; 

!:!;~~::1~~:.:I:::~/cli1l:::~\!:~<;:.;1,~;~;~,;~.'.;':'.f\;\\1\;:~~'.~~:;~~;'.'nd ;;pr:,y 
Rt,sult,; ,\!'. :hsi wcrk 10 cLte su/g,:st thai, r:hi( 1\·,1n1e. ;;e;ll 

('(}n.~tructi(,.n ::.ystc-r.n rnny h~·iVe rnerit f<)r .i~:-<)1af:ng ~= n.-3.l.rn~ fire:.-. 
.:ThiS .h~chn.iqne .b()<..V(~Vi~.r due~ re.quire [~dd.it.innrd. tri~ds br!c~;U~i!. 
c·-n.rt~.i(k~ra:bJ{~ t~(rtr:rrGtJni~:a{.ien · .. A··; !h. tb.t3 ::~t=b~·~trfrK·c per::-orn1(~J \\:<;:.~~ 

. nf·{·dt.(l ro :.~chi c:.vt:· .rib--to"rib ;.:n:d .. r(.,of.-- to·-fiOf)r ;~1.n ~~n.rc. ()r:(: uf 
the. h.1rnlarne.nud kr.-y·::: to :succt~:~~;fuJ in-r.r.:."fne (XH.l$truet.kn1 i:-;. th,~ 
<1h}Viry to direcJly ot,sc.rve I.ht progre~-;s of cor.:.srruction. t3cc~H..1se 
this \VG.s a r(>C~trch ;,~ nd der.rt()nstr~:it!on Jn:l~j_t.;.c.t~ cornn1uiiicati<in 
be7.'-:v~:~;;n fb.(' :~u.rfr1t~e npe.r::::fi{)H a.nd the ondt.rgrnund ::,:..:.~<·d. loz-:::~ti.on 
.;\; as p~:~nr:d u.e<L T1d ~ ~x} U not be. the. c~.~~t~ \~/h..:.~n ? rnint~.1\n~ cc· 
curs. Ad,l·hi,)n.ilrest'.:.rr;;b i ;; Hlei·dor: propo;;uJ. k' further ;-d;.r,,:. 
tht~ conF:tr~J{;tion rr.:pthn-d. !\ r:nine .. :.;::.~tt3 siF)ti1d bt.j constiuct(d .::~t 

Ll.L \\: i.r.h:.)nt v~/~ce er=rn1n.nr.dce:t:io.n v; j(h d);.:.~ ~,urfa:c::c. ~The. onJ Y 
rne~~ns of obE:tf\-:ing the progre~f~ of C(Hlstruc.ti.<n:: ~;hor: kl. be \'in 
the nhltby bordiole equipp,:d wirh a duwnht:>k video camr;-ii 
·;rith si.1ffkH!.Jif r~'f;,)iution-cap,ibi.l.itie:, and Hghdng. Exixricn,:~, 
gr.r~·:ied dr:rir:.g ~-h:f~i -;vork ;,tl\(; :s-t;ggestf.; thnt ·n (!~)\Vn.ho1t 1n.:~, :~~-~· 



Seai 1 Sol!< Fil!' 

Ag<1.\ 
day$ 

'J 

Comp., 
~-t.r~n~r(h, 
p.::;! {MPM 

1,440 {~:1-9::} 

2~02G { 1 } .4:.~l 

<-: ;~ ,: ··-;::;~;-: .,. : •• -: ,.:, ~-:::",,::. ;:,: ... :·. :-

i\ge, 
days 

7 

2f 

;1trnngth, 
p$i 

or rad;.~r !.rnt~g'i'ng d.evk~t :~hntdd b(: :.::<.>.nstrncre.i:J that {~ f\~ . .r~ 
rt:ul--tlrne irnr.tg!.ng ffnd. i t:; c~;~pab\: of p~~n01:rating srnoke~ dust. 
ur the fog thut t~~nd.s to forrn in thf ;nb!.e C:.Pt!ning ~-1 => the sc;.J. 
1natt~r.ial bfg1.11s t<-, se~. 

/\ l 52..4-.. n:1.rn (6 .,.i.n._; bc=rt.hc,k' •Nas ustd dnr.int~ fhJ~ td.a\; ill' 
.L.LL.,, ~).n.d i:ht dc\V.n.hok~. tqtriprne.nx \V::lS d~~!> ig-r:tt d f.(~ -=nett this 
nct'::L 'Tle i~:<LK' Gf ,vorking <vv1 i.h th 1.s ,;q1,1.iprn,',ni. ·in '.,m ;,1fl,it d i:,trn· 
-t.ttrbc.n:.-!1\:,l~~\ ;,;h(r:.1·1d be acid.rcssed a.l(}llg :;fitb the L;,ct tiiat deept~.,. 
i)ve.rburde-n deprh::i \ViT!. ~.t ndoubl{:~dl~/ bt en~cn.:nt(~rf(.L "f\~rhnp~: 
::::.n :tddid~.>na.1 sp~·::;y nozz.h:. ::;hould be. cnnstructt·d tf> fw::.U.iLHe 
1x~s.r:01.~; :~1.{~:~,d conrjrruct.icn Ln s.r:n.an ··ditrric·t:~r bor(~boh:s . 

Fi.n<dly~ ·it i$ ~nggt;Sttd tb.,·:U. (hi'.:> t:tc1.1n<:.'dogy :~hot:Jd b<~ further 
t'<::·;:dL ~::ted. r.h'rouf/h t(Jt.snuc·Lon. tJ a ·:ni:r:c.:::--;~at nt L.1.J .. .in a rninc. 
-:.:.ntry tb;} t i-s -ubst1T:z·;red. \>,;i{t dt~b6t> (n}nf Y,:J.l r.rD·F.f;~ .. jal ·; and .rrri.ns.::­
~tru.cttrH~~ (lY)~:sibly ~::ribbin.g~ ~T::~c.k i.Jr·ctJ·: veyox sn~n<.·r:.ire.s}. T~hjs 
;,1ppr<·1<}ch -;vl.IJ t,~~i>t' U1:.:~ ttbility nft.h{t ~:.:~aJ r.nD.h.:r~.td. r.o fl (~.;r arou.nd 
cb,,;rnctions mid :-;;; 11 form u s0/I whik dosely ,.natching Ow 
;;,:.,ndi.tion,; most 1.ikcly fonnd .in cm tmdergromid rn.in0. 
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Table 2 - Rf.~~')u~ts {:d 3~r~?eaka9e :·-:;~,~-·~-<:: Dn rnin"::; se;~t 
f\Jo . 2, 

) .52 L32 

J.S2 

pnJ1::.~::,;.s}(rniit~nL.. dtd.i<.:.ab-:.: rn ;Jnd tis::; i\!.an~.~e. in ~'Le conduct of 
thi.s re:~t'D.:n~~h ~.:{fort. 
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