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Abstract 
::J{he National Institute for Occupational Safety and Health (NIOS}f), Pittsburgh Research Laboratory ( P RL), 
.. iin collaboration with the Mine Safety and Health ,4dniin.istrqtion·(MSHA), the mining industry and seal 
. . manufacturers, conducted a series of full-scale experinient-s within the. uridergr.ound experimental mine at 
·:: PRL' s Lake Lynn Laboratory:-The purpose' of the exper_'iments .. :was_rd:eya/~1ate ·-,_he explosion-r.esistant 
, • c}zaracteristics of seviral'new seal desigr1:s for rapid deplbyni'erzt <.f,uring_ mine ~me,rgeh.ciej. These seals:can 
· · be deployed in less th_dn 12 hours and afe capable of witfzs{dn_ding "exp{osi_on .. overpressures in f!?'Cess of 140 
·kPa (20 psi). These·f!o'v.'el seal designs use available mine.riu:Iterials, d,o not require conventiona/'rib'hitching 

· '~·and, most importantly,· can subsiantially reduce expos~re time Jor_'.coal m·tners· during sealing a11d mine 
.fJr;ecovery pperations. ' • ' -~ · ·;,. ) · · :·· · · , .:,: · · -
··,;..·· . . - : - ' 

'":')• 

ntr.oduction 
•·,~ obability of a mine fire occurring in the United States 

• :i but should one occur the local fire area must. be 
-i ,,~1,19:9µ'ed rapidly, safely and efficiently. Mine fires that are 

' "cjr.itrolled within the first two hours generally require 
· g ata cost of hundreds of thousands of dollars per day for 

Q~;~everal weeks of active fire fighting. Time is most 
-o_gant when constructing seals', and miners may be placed 
·:i at risk during construction. Even when mine fires are 
) J?~fully sealed, experience has shown that there is a high 
,o~bility of an explosion within 72 hours of sealing. There­
J~~ seal should be capable of withstanding explosion 
~ iessure shonly after construction. 

,Qntrolling a fire by reducing, the exchange of oxygen 
. ,;~es surrounding the fire are!l quickly with barriers ca­
~~: of withstanding moderate-strength explosions as the 
"!~tned atmosphere transitions from the fuel-lean to fuel­
~ 9ndition. Once the fire becom~s established, the chances 
fo~!,!Ccessful in-mine sealing decreases rapidly with each 

) hat passes. 
priori planning for sealing is paramount to successfully 

!!~oiling an underground fire and for rapidly constructing a 
1~,[#uring mine recovery. Rapid sealing of a mine section 
,ilJ~d be part of nonnal mine planning and layout. In the 
e~t of a fire, having developed sealing strategies can signifi-

. ' . ' 

c'ant1y' fulprove miner· safity. and reduce the. loss of time and 
dollars: . . , : · -, . . , , : . . , · 

.Tile. published works by Mitchell (1971, 1990) provide 
important' guideljnes_. for sealing · :f~e areas that should be 
considered when developing speciffc min~ strategies. The 
location of the seal is as. important a:s the quality of the seal. 
Seals shouid be located first in areas where the_least number 
of seals.are needed and the sealed area should be large enough 
for hot, ·combustible gases to expand without endangering the 
miners who are building the seals. The bottom, ribs and roof 
should be fum and above potential flood levels. Seals should 
be cons~rilcted in a "level area, preferably below the elevation 
of the fire, and they should be placed in areas where the roof 
is sufficiently supported . 

Storing sealing materials at key locations prior to the 
occurrence of a fire can significantly minimize construction 
delays and greatly reduce the burden on the miners who would 
be ·required to move and place these materials at the sealing 
location while wearing self-contained breathing apparatus. 
Also, communication with the surface should be maintained 
to all sealing areas, and the miners constructing the seals 
should 1;,e able to retreat swiftly to safery. 

If the decision is made to seal a section of a mine, the 
quicker the seals are built, the less exposure to miners. As 
part of !1TI effective sealing operation, materials should be 
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k~ye_d into the mine ribs and floor. Standard seal evaluatid 
within the Lake Lynn Experimental Mine (LLEM) req · 
that_ the_ seal be allowed to cure a minimum of 28 days be~ 
subJectmg the seal to the required 140 kPa (20 psi) exp lo ,·i_. 
pressure .. Given the_ time restraint of mine-foe scen~1

~5• . 

th~se rap1? seal designs were engineered to be capabI~r, • i'.'i : 

w1thstandmg a 140 kPa (20 psi) explosion pressure 24 hr i 
construction. 

This report discusses the ~onstruction techniques, tesf 
medthods ~dd exp~osifon perfom:iance data for the seal desi°gil 

.. , .. un ercons1 eranon orusedunngrapidsealingoperatio ·~, 
f l . . h I\SO 
or genera use m areas wtt someroof-to-floorconvergeri"'&; Leg11nd 

Irest~I 
-.- Dala-Qo1haring statlan 

/ Crosscut 

Fi_gure 1 - Seal test area in the Lake Lynn Experimental 
Mine. 

readily available at the mine,.should require minimum time 
for construe tion, should minimize air leakage. into and out of 
the fire area, should not crush out with ro9f/floor conver­
gence and should be capable of withstanding explosion 
overpressures'tbat frequently occur behind fire seals. Federal 
regulation 30CFR 75.335 (1997)requires a seal to withstand 
a static horizontal pressure of 140 kPa (20 psi). Construction 
of the standard-type solid-concrete-block seal with floor and 
r~b hitching as defined in the CPR requires considerable 
tune. 
. The strength of the standard-type solid-concrete-block seal 
lS ~Ue primarily.to an arching action that takes pl~ce withintbe 
thickness of the seal, which applies lateral thrust to the coal 
ribs. H.owever, strength increase due to archincr action be­
tween the mine rciof and floor is not realized in m;st cases due 
to inadequate coupling between the top of th~ ·seal .and ·tlie 
mine roof .. During construction of the standard-type solid­
c.oncrete-block seal, it is difficult to uniformly load or com­
pletely fill the gap between the top of the seal and the mine roof 
with mortar; thus the effectiveness of vertical archina be-

• • 0 

comes cnt1cal. In the field, most of ilie standard-type block 
seal strength comes from the rib-to-rib archina action. An 
alt~rnative des!~ concept is based on improvini the arching 
acuon by prov1dmg better coupling between the seal and the 
mine r~of, which can be done by preloading the seal with 
pressunzed grout bags. 
. _To ad~ess these issues, the following organizations par­

tic1pated m a joint research effort: NIOSH's Pittsburgh Re­
search Laboratory (PRL), Strata Products Inc., RAG Ameri­
can Coal C.ompany, FOMO Products Inc., Burrell Minincr 
Pro~uc~s International Inc. and HeiTech Corporation. Th; 
proJect s purpose was to evaluate the strength characteristics 
and air-leakage resistance of a preloaded wood crib seal 
design, a~ghtwei~h.t cementitious Omega block' seal design 
and a design cons1stmg of a series of grout-filled bags. These 
seals were specifically designed for rapid construction and 
quick setting as compared to the more standard method of 
constructing a mortared concrete block seal design'hitcbed or 

I Reference to specific products is for infonnational purposes and 
does not imply endorsement by NIOSH. 
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Experimental mine and test procedures . 
' Mine explosion tests. All of the mine explosion charac~ 
tics and air-leakage tests on the various seal designs ~ 
conducted at the LLEM (Mattes et al., 1983; Sapko et~ 
1987; Triebsch and Sapko, 1990). The LLEM is Joe~ 
ap~roximately 80 km (50 miles) southeast of Pitts burgh,'.ii 
Fauchance, Peruisylvania. The LLEM is one of the weir ·· . 
foremost mining laboratories for conducting large-scale hech 
8=1d safety research. This laboratory is unique in that itr~ · 
Slillulate current U.S. coal mine geometries for a varie 
m~~ng scenarios, including multiple-entry, room-and~pi 
Dllillllg and longwall mining. The dimensions of the drifti , 
crosscuts are typical of modem U.S. geometries for coal ''· 
entries and range from 5.5- to 6.0-m (18- to 20-ft) wide; 
approximately 2-m (6.6-ft) high. ::.:. 

Figure 1 shows an expanded view of the seal test area _.:•, 
multiple-entry section of the LLEM. All of the seall 
stoppings were constructed in the crosscuts between the 1f1 

C drifts. The nominal dimensions of these crosscuts) ; 
approximately 2-m (6.6-ft) high and 6-m (20-ft) wide. Pdot 
each explosion test, a 54-t (60-st) hydraulically opert 
track-mounted concrete and steel bulkhead was positio' 
across E drift to contain the explosion pressures in C drift: 
a typical evaluation test on a seal design for use in a U.Si" 
?10e, l~.7 m3 (661 cu ft) of natural gas (-97% CHJ(' 
lDJected mto ~e closed end of C drift. A plastic diaphra~ 
used to contain the natural gas and air mixture within the): . 
14.3 m (46.9 ft) of the entry, resulting in a -2IO-m3 (7,4CTO' 
ft) gas ignition zone. An electric fan with an explosion-pr.a. 
motor housing was used to mix the natural gas with tbe>l!.Ifi 
the ignition zone. -~' ' 

A sample line within the ignition zone was used to cod"' 
ously monitor the gas concentrations using an infrared : 
lyzer. In addition, samples were collected in evacuate 
tubes and sent to ~e PRL analytical laboratory for · ''. ., .... 
accurate analyses usmg gas chromatography (GC). Th~ G 
analyses verified the infrared analyzer readings of -9%/ 
methane in air. Three electrically activated matches/ 
triple-point configuration equally spaced across the face ( cl 
end) of the entry, were used to ignite the flammable naru:{· 
and air mixture. Barrels filled with water were located·"; 
ignition zone to act as turbulence generators to achiev .· 
projected 140-kPa (20-psi) pressure pulse. The pressure p 
generated by the ignition of this methane-air zone gene' 
resulted in static pressures ranging from -150 kPa (-22 p . 
crosscut X-1 , 129 lcPa (-19 psi) X-2 to -115 kPa ( ~ 17 p· 
X-3 the most outby seal. =t 

To ensure that all of the seal designs would underoo at ·-
a 140 k.Pa (20 psi) explosion pressure pulse, a small :moun ., 
coal dust was used for several of these tests in addition to,, 
natural gas ignition zone. The coal dust was loaded gfi. 
shelves that were suspended from the mine roof on 3-m .(9t 

!}_• 
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' jyfcr~ments starting at 13 m ( 43 ft) from the closed end (near 
·-e.end of the natural gas ignition zone). When ignited, this 

~B,"afoust increased the average explosion overpressure from 
'i40)cPa (20 psi) for the natural gas ignition zone itself tol 85 
· i;f(26.5 psi) for the hybrid natural-gas/coal-dust ignition 
-r~. 
l}y,,! 
~;-,. 

[ fu mentation. Each drift has ten data-gathering stations 
_e't.;;in the rib wall. Each data-gathering station houses a 
....... gauge pressure transducer and an optical sensor to 

~~tthe flame arrival. The pressure transducer is perpen­
ar to the entry length and , therefore, measures the static 

1,£ure generated by the explosion. The transducers were 
~~~\t zero to 690 kPa (100 psia), with zero to 5 V output, 

= 'te resolution and response time less than 1 ms. The flame 
tll~1ors used silicon photo transistors, with a response time on 
,.~

1~falder of microseconds. These phototransistors were posi­
, ~,Jt;!'. -,d back from the front window of the flame sensors to 

":'!the field of view and precisely indicate arrival of the 
ihg edge of the flame at each station. Pressure transducers, 
) p 410 kPa ( 60 psia), were installed in the face of each seal 
~sure the actual pressure loading. 
jhear variable displacement transformers (L VDTs) were 
to measure displacement of the midpoint of the back side 

112h seal during pressure loading. The L VDT was attached 
e'back (B-drift side) of a seal via fishing line to protect the 

·~'oi: from being destroyed in case of seal catastrophic 
i""'nj.ye. The L VDTs provide a reliable method for precision 

ement of linear displacement in the direction of the 
_ H/movement, perpendicular to the plane of the seal. The 
~ . > ·~.i,j:'-measures up to ±80 mm (3 in.) of bidirectional seal 
~~i:ment. The direction of displacement is indicated by the 

f..the output voltage. The L VDT calibration is verified 
. ing the position of the fishing line at the seal by 

et,ermined distances and measuring the corresponding 
~44-

)it:Voltage. The main body of each L VDT was attached to 
t~ lframe located on the B-drift rib and connected to the 

:,a a 2.7-kg- (6-lb-) test fishing line. The spring-loaded 
maintains tension on the line. 

:e data gathered during the explosion tests were relayed 
feach of the data-gathering stations to an underground 
··.ment room off C-drift and then to an outside control 
··,. g . A high-speed, 64-channel, PC-based computer data-

ition system (DAS) was used to collect and analyze the 
, This system collected the sensor data at a rate of 1,500 

·. :1~ per second.over a five-second period. The data were 
,9t.Processed using Lab View and Excel software and out­
~tµ ·in graphic and tabular form (discussed in the ' 'Explo-

d air-leakage test results" section). The reported data 
averaged over 10 ms (15-point smoothing). 

,tdeakage determina tions. An important factor to be con­
.~f~d for any seal design is its impermeability, or its ability 
~ ize air leakage from one side of the seal to the other. 
'l<f'_urements of the air leakages across the seals were con­
S~d before and after each of the explosion tests. A wooden 

>!.I .,fwork with brattice cloth or curtain was erected across C 
:~~~outby the last seal position. This curtain effectively 
· ~f.~liced the ventilation flow, which resulted in a pressurized 

.Ji3:\~n the C-drift side of the seal. By increasing the speed of 
e . Ur-level LLEM main venti1ation fan while in the blow-

.. ~, .. . ode, the resultant pressure exerted on the seals increased 
.'. ~pproximately 0.25 kPa (1-in. H20) for the lowest fan 
~·setting to nearly I . 0 kPa (3. 7-in H2.0) for the highest fan 
· ·Setting. 
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; .. ,.· ·~· 
On thi ,B-_drift sfde of each seal design, a diaphragm of 

brattice··with a 465-cm2 (72-sq in.) center opening was in­
stallecfa'&osseach crosscut. A vane anemometer was used to 
moriitoi'ifi~:airllow through the opening on the diaphragm to 

.deten,nin( iheleiµcage rates through the seal. During these air­
leaka:g< te,~ ~;:a'iressure gauge was attached to a copper tube 
on the B·-dnff s)qe: to moajtor the differential pressure across 
the seai.

1 

;~· _>:;~;i;f.·~:,,, -~ ' . -',, . 
A:s:the~t~nrilil;tion Jan speed was increased, the pressures 

and the airflows through each seal were recorded. Based on 
data (S,tep~an/ 1990ii; .Greninger et al. , 1991) previously 
ccillecteq·~g:the evaluation-program. with solid-concrete­
blr;,ckapd:~cqj.ei:ttitir;,us foam s~als, U.S. guidelines for accept­
able air:-ie~'a'ge·-rates through seals were developed for the 
LLEM se~ evaluation programs. The air-leakage rates through 
the seals during both pre- and post-explosion leakage tests 
were evaluated against these established guidelines. 

Acceptable air-leakage rates are as follows: for pressure 
differentials ofup to 0.25 kPa ( 1-in. H20), air-leakage through 
the seal must not exceed 2.8 m3/min (100 cfm). For pressure 
differentials greater than 0.75 kPa (3-in. _H20), air leakage 
must not exceed 7.1 m3/min (250 cfm). The flow rate was 
calculatf:~ from µie lin.ear air ~peed. measur~.d by. the vane 
aneipi;>meter_ and.tqe ii,r~a of the :ppenipg through the brattice 
be1iilid;each·seal;'' ·-~' ,. , .... :>·' ',: ,>. . ,', '·; . 
}\To;J9JlQYf10g iw9' 'secti~ii~· distuis the 'construction pro­
{es~.~ ·a :iJ?:~,per[orin:'imce te~.tlniof tll~s~ s.~als when ~ubjected 
to.'at pfo# );i:re :wav~ P,roduc·ed by,' !l·.# ¢thanei and ,cbal-du_st 

~0~:1trtti~'.:\):\:· · · ~ '.-':\/,;.\~;;t:~}/ < · · · · .. · , · · · ·. -
S,iat'~C·OnStiuCti'On . ::·.~~ ~:/ .. :.:::r·~· <: .·-~ - _ .. 1 

.W o;;J·se~l preloii'ded wit~;groutbags'. Wooci'crib type seals 
~t}i§~f~Y, us~ec( ·~ } ~~~~::c?.a1 ~,mlnes; .'lllaf ~peri~nce · 
e~c.~l,s,1vely high ro0f.and/.or_flo.9r ci;,nvergence, y.,hich resaj.ts 
in prem'.afuie inc(at times, caf'ii.stropllic failure·ofinoie.fradi­
tioci·;µ.~iype-;s.eal d,ei,/:gns'.. H~~ e~er,: privious. LL~M evalua­
'ti'o~~'C'~Y eis.{e~ ~:;.} 9~3f haye dete~ect that wood crib seals 
cannot wi'tiistand ~a· 140 kPa (20 psi) pressure puls·e· prior to 
conve~gen~e16ading ·on the seal without instituting labor­
intensive methods to strengthen the seal design. During LLEM 
explosion evaluations, the use of pressurized grout bags in 
conjunction with the use of an easily applied adhesive along 
the wood crib joints has been effectively demonstrated to 
provide several advantages when constructing underground 
coal ,mine seals. One· advantage is the time required for seal 
construction compared with the standard-type solid-concrete­
block seal and·other mortared block seal designs. 

With the construction· materials located at the site, it 
requires approximately seven hours for two miners to stack 
and glue the wood cribs, about 1.5 hours to fill the packsetter 
bags and about 45 minutes to foam and coat both sides. By 
comparison, two· miners require about 60 to 70 hours to 
complete a mortared standard:.type concrete block design. 
Additionally; wood crib seals are near full strength within 24 
hours of completion and do not require the 28-day cure 
period of mortared block seals. This quick construction and 
cure time is particularly beneficial when installing seals to 
isolate a fire zone and/or a gob area prone to spontaneous 
combustion . 

The use of hardwood cribbing reduces materials-handling 
requirements, which may further reduce injuries that are 
typically associated with hand4Dg the smaller, yet heavier, 
standard-type solid-concrete block. The hardwood cribbing 
timbers, 150- x 130- :;cJ60;mrn' (6- x.5- x' 30-in.), are com­
monly used for roofsupp'ort for many eastern mines. Finally, 
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Figure 2 - Wood seal design with packsetter bags. 

-: ~: . ; • . ·r. 

Figure 3 - Preloaded wood crib seal. 
I • "' .• 

the wood cribs are dimensionally consistent throughout and 
allow for easy construction with interlayer glueing. 

Figure 2 shows a schematic and Fig. 3 is a photo of a 
completed wood seal that was placed in Crosscut L The 150-
x 60-mrn (6- x 2.5-in.) half timbers were used to overlap the 
vertical seams. Two 13-mm-wide x 760-mm-long (0.5- x 30-
in.) beads of Handi-Stick adhesive were applied to each 
timber between rows, and two 13-rnm wide beads were 
applied to the vertical sides of each piece. Approximately one 
1-L (32-oz) can ofHandi-Stick adhesive provided two courses 
of wood crib coverage. The glue starts to set within 3 min and 
cures to full strength in 24 hours. During the seal construction 
at LLEM, the mine temperature dropped to 4°C (40°F), 
making it difficult to keep the glue warm during application. 
For optimal performance, the glue should be stored and us_ed 
at temperatures above 10·c (50"F). 

The packsetter bags, as manufactured by Strata Products 
Inc., Marietta., Georgia, were similar in design to the bags used 
during a previous seal evaluation program (Weiss et al., 
2002). The dimensions of the packsetter bags can vary de­
pending on the seal design thickness and construction tech-

niques used. Twelve 1.2- x 1.4-m (48- x 55-in.) pack; 
bags (working dimensions 1.2 x 1.2 m) were used aicin 
seal-rib and seal-roof interface to lock the seal into plad'e ~~ 
to further compress the glued joints. One polyurethane ri fj' 

pack ("Silent Seal," manufactured by Forno Products.'' 
Norton, Ohio) was used to coat one side of the seal periin' 
(-17 kg or 37 lb per foam pack). The Strata Mine ~~fil 
(manufactured by Strata Mine Services Inc., Richlanc(1'. 
ginia) consists of a latex-based cementitious producf..: 
nylon reinforcement fibers was used to coat the faces{,;,' 
seal. The sealant is packaged in 19-kg (42-lb) paili/ 
generally applied by hand; personnel wear protective~ 
gloves when applying the sealant. The recommendatio 
the manufacturers of Silent Seal foam and Handi-sticita 
sive were followed during seal construction. ·-· 

A modified grout pump powered by the hydraulic-talc'' 
from the mine's battery scoop was used to facilita · 
packsetter bag filling process. In cases where a ba . e . 
powered scoop or a compressed air supply are not b~; ·- "'" 
able, the bags can be filled using a hand-pump unit. ::'' 

The packsetter grout is a specially formulated P.o 
cement- based mixture that is blended and packag"·, 
Strata Products ~c. by Quickrete in Virginia. One of.th 
components of the grout is calcium aluminate, which: 
creases curing times and increases the compressive sire{ · 
compared with conventional Portland cements. Th~t 
pressive strength of the packsetter grout is 2.5 MPa (36i 
after 24 hours, 3.0 MPa (435 psi) after 7 days and 411' ' 
(580 psi) after 28 days. This grout is a high-yield grou"t:c, 
requires significant amounts of water compared to coh · 
tional cements. Approximately 55 L (14.5 gal) of w . 
required per 23-kg (50-lb) bag of packsetter grout 
packsetter bag is designed to contain the entire am9~ 
water with.no seepage to meet the maximum specific~\fo~ 
2% free water after the mixing with the grout is complete;;.r 
grout is also classified as a nonshrink grout, which sp:~cr'· es 
less than 1 % shrinkage during the cure period; this is a:cN'fic 
specification required when using the grout in a pre-s~~"t''-· 
operation. ,, ~ 

In the LLEM test, the packsetter bags were filled wi :. 
to an internal pressure of 350 kPa (50 psi) for th<( s. 
Crosscut 1. The packsetter bags along the mine roof 
injected first (starting at the center and working tow~ 
ribs) followed by the rib bag closest to the mine floor Qµ< 
side of the seal. The remaining rib bags were then filled 
particular order. When injected with grout, the packsett · 
overlapped both sides of the wood crib wall a minim 
mm (3 in.). 

On completion, sealant was applied to selected pe _ 
areas on both sides of the seal. Foam was used at the int.·."' 
between the bags and the mine roof to fill any gaps. The1i:\ 
sealant was then applied by hand to the back side (B ~t 
the wood crib seal and then covered with brattice c ··-!,:, 
Several pieces of 25- x 150-nun (1- x 6-in.) hardwood bg.1, 
were nailed over the brattice to the nonexplosion side.01\ , 

wood crib seal. About 300 mm (12 in.) of the rib aro~i&~ 
perimeter of the brattice was coated with foam; the fo~m 
used to adhere the brattice to the rib/roof/floor perimet~~ ;i, . 

front and back of the seal were then sprayed with Strata·s!?:~:&, 
to cover the brattice/foam interface and any exposed-;fQ,, 
(Fig. 4). A construction time of approximately 12 houri 
worker-hours) was required. Because this was a prot~tj; 
seal design and modifications to the construction proces~."i'! 
required, it is anticipated that the construction time W/!., 
decrease for future seal installations. ~-



it~. ' 
(§:~re 4 - Coating wood ·seal with Strata seal;·nt. 
'!~~· ,.., 
ir4 . !, ~ 
"·· 

~~;r· 

itfega low-density block seal. The -1-m- ( 40 in.-) thick 
1 

J ega block design, sche'matic shown in Fig. 5, was 5.8 m 
f;,~~2.1 m high (19 x 6.8 ft). Approximately 264 Omega 
~ s; measuring 200 x 400 x 600 mm (8 x 16 x 24 in.), were 

. j,tith an average block weightof20.3 kg (44.7 lb). Unlike 
~,(!f,i.~~~~viou~ly evaluated Omega bl~ck seal designs (Stephan, 
:~ ;J2:~; Weiss et al., 1993), no pilaster was used and no 
1 }ijtcljTog was required on the ribs and floor with this rapid seal 
~ i~&1: The block course was alternated to stagger joints from tt~

1
i;!l ~6 back and left to right (Figs. 5 and 6). About 26 bags of 

,~~ete Bloc-bond high-strength fiber mortar was used to 
~i;nortar the joints and as sealant on both sides of the seal. 

p9w-viscosity Bloc-bond was applied to all block-to­
~ interfaces to a mortar joint thickness of about 6 mm 
s:in.) 
0 ~ • 

• ,e 60-mm gap between the last course and the mine roof 
t[1:1Jed with 25- x 200-mm-long (1- x 8-in.) rough-cut 

1~ aligned lengthwise from rib to rib. One row of these 
. q~was placed in the middle of the top seal course with two 
f;~f additional boards place symmetrically on each side of 
cx,-~terrow, with the lengthwise board edges flush with the 
,and outby side of the seal. Each row of wood was wedged 
~?ut 300-mm (12-in.) centers and the gap between the 
· sand board rows filled with Bloc-bond. A 6-mm- (0.25-

;}~ck coating of B Joe-bond was then applied to both faces 
,t~eal. Seal construction was completed in 9.5 hours (28.5 
,.e~ hours). The Bloc-bond achieves 13.8-MPa (2,000-psi) 
...ressive strength within the first 24 hr. 
t..: 

.,, ech colum n bag pumpable seal. The HeiTech pumpable 
~that were used in this study are primarily used for ground 
PJ n in longwall mining. They provide improvement in 
~g~-support capability as well as reduced material han-
1 g::~ 
llie.pumping site for multiple seals can be located in excess 

,9QO m (10,000 ft) away and on the surface. For a surface 
· • · g station, a minimum ofa l O 1.6-mm- ( 4-in.-) diameter 
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Figure 5 - Omega block design. 

' 

borehole is required to allow 30-mm (1.25-in.) PVC lines to 
con_v_~Y. .the accelerator an!1 cemen~ slurry. This remote pump­
ing Jopaµon is especially benefici.al when several seals are 
required and _where the handling of material is difficult. The 
pumpable bag seal design (Fig. 7) was constructed by posi­
tioni.qg six 760-mm- (30-in.-) diameter cylindrically shaped 
column bags (with sewn in reinforcement rings or bands 
spiraling around the circumference of the bags) equally across 
the crosscut. 

Each bag was held in place to the mine roof using four 
PVC adjustable pogo sticks; nylon straps were used to secure 
the pogo sticks in place during the grout-injection process to 
ensure that the pogo sticks would not bow. These column 
bags were separated approximately 120 to 150 mm (5 to 6 in.) 
apart with the end bags approximately 100 mm (4 in.) from 
each rib. No hitching was required with this seal. The 
material used within each bag was a two-component 
cementitious grout. Equal quantities of accelerator (90 bags 
of PacBent UO Accelerator-M-PB20-Acc) and cement (90 
bags of Blue Circle Special Cement Pacset 140 Cementitious 
- M-PS30-Cem manufactured by Rockfast Mining Prod­
ucts) were used to fiil the c9lumn bags. The average bag 
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Figure 7 - HeiTech pumpable bag design. 

·Figure 8- Completed HeiTech seal. 

weight for both the accelerator and cement product was25 kg 
(55 lb). The bags were grout-injected using a.2.15:1 powder 
to water ratio; i.e., 100 kg (220 lb) of.Accelerator/Cement 
mix to 212L (56 gal) of water. A total of2,245 kg (4,950 lb) 
of PacBent accelerator powder and an equal amount of the 
Pacset cement powder were used with approximately 4,770 
L (1,260 gal) of waler. 

Based on the powder-to-water ratio used during this con­
struction, HeiTecb estimated the compressive strength of the 
grout to be .in the 41- to 55-:tvlPa (600- to 800-psi) range. 
Subsequent analyses of six batch samples showed an average 
compressive strength of 41.2 ± 4.3 MPa (597 ± 63 psi). Four 
mixers were used during the grout-injection process - two 
for each powder. An Edeco Mindeb single-action pump was 
used to inject the grout components into the bags. The pump­
ing distance was approximately 60 m (200 ft). This single­
actioa pump injected -4 L (1 gal) of the accelerator slurry on 
the first cycle followed by -4 L of the cement slurry on the 
second cycle; these components were then left to mix within 
the bag. 

Each of the six bags was initially filled with-300 mm (12 
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Table 1 

Seal type 

Omega low-density block sea/ 

HeiTech column bag pumpable seal 

1 Acceptable guildellnes S2.8 m3/min (5100 elm) al 
0.25 11Pa ( 1.0 jn. ol H20). 

in.) of grout; this alternating filling process was repe · 
each bag was filled to the mine roof. One bag wi -­
reinforcement bands was then inserted between eack 
column bag and between the rib aad the adjacent col~! 
a total of seven of these bags were required (Figs. 7 aric{8! 
wire was spiral~wrapped around two adjacent fillecf~o}l 
bags to provide a means of preventing the unfiliei .' 1 

between from bulging out too much on one side or th · 
during the grout injection process. The tie-wire was_-:~ 
removed before testing. A construction time of appro ·.~~. 
10 hours (50 worker-hours) was required. .':; 

Because this was a prototype seal design and modifi_9i 
to the construction process were required, it is anticipate1d I 
the construction time would decrease for future seal fu]f 
tions. The Silent Seal foam was used along the seal. P~wri 
and between the bags on the B-drift side to minirniz~.: 
leakages. ' 

Explosion and air-leakage test results 
Air-leakage rates through the seals during both pre-~,p 
explosioo leakage tests were evaluated against guidel 
established by MSHA. For pressure .differentials up :~&:,. 
kPa ( 1-in. HzO), air leakage through the seal must natl'.· 
2.8 m3/min (100 cfm). For pressure differentials greater:! 
0. 7 5 k.Pa (3-in. fiiO), air leakage mµst not exceed 7 .1 ni~nu 
(250 cfm). · 

The preexplosion air-leakage rates (Table 1) throu _ 
of the three seal designs were within the acceptable ., 
lines. - • 

~ 
Wood seaJ preloaded with grout bags. The press~. 
L VDT displacement data measured during the LLEM~'fes 
#396 on the preloaded wood crib seal are shown in Fr l ~ 
Within 0.45 sec, the pressure on the seal rose to about 150.fd'a ,~ 

~ ,,, r,l,, 

(22 psig), and the center of the seal showed a permiiM11 

centerdisplacementof-20 mm (0.75 in.). The woodcriJu..~. 
design with the packsetter bags survive~ the explosiotiJ}j11, 
no significance evidence of any outward damage. Forti<> <!J 
the perimeter sealant on each side of the seal at the packj;~ · i; . ·, 

bag and seal/roof interface were also dislodged during: 
explosion. -_ 

Post-explosion air-leakage measurements showed that: 
wood crib seaj design with the packsetter bags maint~.-"1 

minimal leakages (2.1 m3 /min at 0.17 kPa or 73 cf m at 0.;7j . 
H20) as listed in Table 2) and well within the acceptable,(a_.t~ 
Therefore, this design would continue to serve its inte,9~­
function to limit air movement into and out of a seal area:;. 

Toe~preloaded wood crib seal was also subjected: ~1~ . 

second slightly stronger explosion (LLEM Test #399). WJ.~ 
.. ~ . ~· ·~ 
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, 1 ;,. :raJ,-le 2-Air-leakage measurements after the explosion. 
' . ,~~· ."; 

Air-leakage rates,, 
m3/min (cfm), at pressure 
differential,kPa (in H20) 

'"~1d seal with preloaded grout bags 2.1 (73) at 0.17 (0. 7) 

• ~ga low-density block seal 0.3 (12) at 0.25 (1.0) 

~T:ech column bag pumpable seal 1.5 (53) at 0.25 (1.0) 
•: 

· cceptable guildellnes s2."B m3/min (S100 elm) at 
0.25 kPa (1.0 in. of H20). 

_·c, the pressure on the seal rose to about 155 kPa (22.5 
. ,and the center of the seal showed an additional displace­

'en£.~f33 mm (1.3 in.) for a total displacement of 50 mm (2 
~\ir both explosions. Following the second explosion, the 

~lik:age rate across the seal increased to 3.8 m3/min at 0.2 
"ii'.~135 cfm at 0.8 in. rfiO). However, the air-leakage 
ffe'lines were not applied since this was the second explo­
,,..,,. st against the seal. 

-ga low-density block seal. The pressure data measured 
,UMg the LLEM Test #404 on the Omega block seal are 
h~ ri'inFig. 10. TheL VDT failed to function during the test. 
•:t· l'°'!!' l ' i"W:n. 0.2 sec, the gau_ge pressure on the. seal rose fro.m zero 
·tiabout 180 kPa (26 psig). Post-explosion observatlons of 

11 1IDinega seal revealed ' little evidence of any outward 
,ge. Post-explosion air-leakage measurements showed 
i:Jie Omega block design maintained minimal leakages 
; ' 3/min at 0.25 kPa or 12 cfm. at 1.0 in HiO as listed in 
~2) and was still well within the acceptable limits for 
>-; valuations. 

'* i,~ch column bag pumpable seal. Figure 11 shows the 
TJ:ch seal pressure loading history and centerline displace-
't"from LLEM Test #404. Within about 0.4 sec, the 

J't.ure on the seal rose to about 170 kPa (25 psig), and the 
Ofer of the seal showed a permanent displacement of nearly 
1f ~ ·./ mm (1.5 in.). Even though the sealshifted40 mm, thepost-
'1l'.9~ion leakage (1.5 m3/min at0.25 kPaor 53 cfm at 1.0 in. 
' ~remained within acceptable limits. 

l : 

nclusions . ,~,,.. 
·s;.research effort was designed primarily to determine the 
,pgth characteristics of the three seal designs for use in 

m<(sealing operations during a mine emergency or recovery 
.; ~lion. The program objective was to determine the ability 
~ti§wly constructed seal designs to withstand a pressure 
1~t of at least 140 kPa (20 psi) while still maintaining 
i1;, .. cant resistance to air leakage within 24 hours after 
Jruction. 
:: · e wood seal utilizing the quick-setting grout-filled 
~~-etter bags, the Omega low-density block seal without 
,: .' g, and the HeiTech design with a series of interlocking 
"pable grout bags can be constructed in less than 12 hours 

~ ·~u withstood 140-kPa (20-psi) explosion pressure. 
~].1ese seal designs use existing ground support and stop­
~: materials, require minimum power and compressed air 

{~p~struction, do not require conventional rib hitching and, 
~l lffiportantly, can reduce exposure time for coal miners 

g sealing and mine recovery operations. 
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Figure 9-Pressure and displacement histories recorded 
on the wood seal. 
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· Figure 10-Pressure and displacement histories recorded 
on the Omega block seal. 
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Figure 11 - Pres_sure and displacement histories recorded 
on the HeiTech seal. 
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