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ABSTRACT 

Longwall mining-induced abutment loads on the munding 
coal pillan can be grouped into two categories in tamJ of the 
relative position of the coal pillars and the longwall fsce. They are 
the front and side abutment loads. Even though a lot of research 
and efforts have ken made to study the nature and behavior of 
these longwall mining-induced abutment loads, their influence 
mes and magnitude are still not well defined and fully u n d d  
due to the camplexity of geological mnditions and the longwall 
mi&&induced ovabunien strsta movement. The uncertainty 
about the mining-induced abutment load8 often forces d W  
and mining engineers to employ a conservative approach in 
designing coal pillars and entry roof control plans. The problems 
with this approach are that (a) it increases CM development- 
longwall retreat footage ratio, @) it decresss coal recovery, and (c) 
it incream fie operating costs. H~wver,  a more liberal appoach 
may create safety issues and result in loss of prcduetion. 
Therefm, the impartance of accwately def- the influems 
zones and & M e  of the front and side abutment loads induced 
by ion@ mining can never be ova emphasized 

The authors in this paper attempt to & h e  the influence mes 
and discuss the magrhde of the longwall mining-uuiuced 
abutment loads by analyzing the field data measured at RAG 
American Coal Company's longwall mines In addition, the 
d d p  between atry stability and the balance among 
moffflm conditions, pillar desim and mof mtrol plan is also 
briefly discussed 
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INTRODUCTION 

For the iast several yeam Mure A has been employmg the 
current chain pillar configuration (a yield-aud-abutmat ppillar 
system) to successfi~Uy mine 10 longwall panels lmda a cova 
depth of less than 1,200 A. As the depth of cover incrass  up to 

1,300t A in the Mure panels, the question is that can the c u m  
chainpillar&guratiimstill~fullybeusedwithoutoausing 
roof control pb lems  in both the longwall headgate and tailgate 
e n h ,  and without inducii tailgate pillar bouaces or floor bumps? 
If not, wfiat pillar configuration should be employed? To rmwa 
this qwdon, a joint research p j e c t  to mearane panel and pillar 
&eases was initiated with NIOSH in 2000 and was completed in 
May 13,2002. The field data from this project and others in which 
stress and entry convergence data were collected in last several 
yearsatRAGlongwallminesareusedtoanalyzethelongwal1 
min ing -~abutmart loadsandUle i r~onp i l l s rdes ign  
and d r y  mof control p h  for diffemt roof and mining mditions. 

STRESS AND ROOF COVERGENCE MONITORING 
SYSTEMS AT RAG LONGWALL MINES 

To better mdershd the nam of ovwbmden strata 
movement and the impacts of abuhuent lo& on the stabilities of 
prllars and entries during longwall reheaf M o l e  pnssure cells 
and~nvergmcernetershavebeenusedtomeasurepillarstressand 
m~try convergmce at our four longwall mines in the U S 

Strear Monitoring System at  Wner A and B 

Mine A is located in Colorado and mining the Wedge seam, 
which has a thickness ranging Eum 8 to 9 A and a cover depth 
ranging from 800 to 1,650A. As i l lmted in Fig. 1, a yield- 
abutmentpillsrsystemwiththreeentricsiscmployedbetween 
longwall panels. The yield pillar is 35 A wide and 80 A long and 
the abutment p~llar is 80 A wide and 180 fl long. A total of 8 
M o l e  pressure cells (BPCs) wae installed m s a  the chain pillar 
system and 3 BPCs wem installed inside each panel. At the 
moni~site,theMalseamthiclmesswas8.7AandtheQpthof 
cover was 1,310 A 

Mine B is located in Utah and mining the D seam, which 
has a thickness ranging h m  8 to 23 A and a cover depth musing 
from 1,000 to 3.000 A As ill- in Fig. 2, a yield pill5 system 
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Fig. 1 St- Monitaiq System at Mine A 

Fig. 3 Entry Aotivily Monitoring System at Mines C md D 

At Mine D, two COR-P convergence meters were d e d  in 
the future tailgate entry to measure both the total entry clamre and 
roof deflection To measure entry mof deflection, an expausion 
shellwasusedtoatl~horthebottomoftheconverg~mete~into 
the main floor (3 A deep). At the monitming site, the Mal stam 
 was 6.5 A and the depth of cover was 600 A. 

Fig. 2 Stress Monitaing System at Mine B RESULTS AND DISCUSSIONS 

with two entries is employed between longwall paaels. The yield 
pillar is 28 fl wide and SO A long. A total of 10 BPCs wer 
instslledatthernotoringsite. Atthemonita@slte,thewalseam 
thickaw was 23 A thick with the top 10 A mined and the depth of 
cover was 2,290 A (1). In addit~on, at h B mtha stress 
mglitoringliocincludinggcvenBPCswasalsoinWledinside~ 
350 A wids hi6 pillar along the Dl panel's setup room, w k e  
the depth of cover was 2.000 A. 

Entry Convergence Monitoring Sgstenu at Mtner C and D 

BothMincsCandDarplocatedmPenng1vaniaandmining 
the PiUsbnr$~ seam, which has a thickness rsngiag from 6.5 to 7.5 
A and a wver depth rsnging from 450 to 1,093 A. As illustrated in 
Fig. 3, a two-stable pillar systan with tlnee entries is employed 
betweenlongwallpenels. IngmaaZhheChasathiclrerseam 
raogingfrom7to7.5Rmdadcepa~verrsngingfrom650to 
1,050 A. Thc width of the chain pillar system at Mine C is 200 A 
centg'4wente with a 16 A wide eatry. Mine D bas a thinnu wan 
raogingfrom6.5to7AandaWowacoverranging from400to 
850 R However, a wider &ad pillar system of 230 A center-ta- 
center was used at the time that the enh'y convagence was 
monitotedin1995. TkentrywidU.stsleDwasalso 16ftwide. 

TherdressdatafromMineAwerecollededthmaghtwo 
adjacent panew mining and am plotted in Figs. 4 thm 9. Since the 
~ c h a a g e s i n t h e ~ p i l l m a n d 1 3 R i g h t ~ f e f l e c t a  
wmplete cycle of the 1- mining process, the innuace mms 
and magn~htdes of the Eunt and side abutment loado induced by the 
whole mming process can be duived. 

The stress data from Mine B wae collected for me-pmel's 
mining. S i  the yieLd pillar yielded about 60 A ontby the 
longwall face snd D Z  panel was only 48 A away from the Dl 
panel's gobline, the data from DZ p l  and the veld pillar m o t  
b e u s e d t o s w e t h e ~ o f ' t h i s s t u d y .  Thm5fore,dythe 
p s u r e  data from the BPCs inside D-1 psnel wan used to analyze 
~ m a g n i t u d e a n d i n n u e n c e n m e o f t h e ~ t ~ l o a d ( F i g .  
10). 

ThesevenBPCswithinthehiapillarwcreinWledat25, 
55,120,150,190,227, and 323 A m y  from the setup Tk 
stress inixmmb (diffmme between the initial reading and the 
6nal reading when the Dl panel's face was advanced 1,030 A 
away itam its setup mom) inside the h i e s  pillar wae mkted 
andareplottedinFig. 11. lhestrerrsdatafromthismanitoringsite 
canbeusedtodetaminethei~ueacenmeofthesideabutment 
load and the trend of its dddmtion c m .  

At Mine C, four COR-P convagence meters (2) wae instaled At Mine C, the enh'y convergnw data mm&d m the 

100Aapar tmtheheadgateentry~  ' y outby the headgate entry are plotted inFig. 12. Since the convergence metas 

woada are CM1-P -ySd io the were lmt-~ in the belt eatry and 4 to rdect the mtry 

fuhnc tailgate entry to measure the total entry closure muing 
convergence,the.datafromthismonitGlings1tecanonly b e d t o  
deduce the influence zone of the front abutment load. However, 

longwall meat At the W r i n g  site, the coal wan t h i w  
the mhy Mnvagence data in the futme tsllgatemtry 

was 7 fl and the depth of cover was 850 R 
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Fig. 4 Yield Pillar Stresr vs. 12 Right Face M o n  (Mine A) Fig. 7 13 Right P a d  Strew w. 12 Right Face Location (Mb A) 

Fig 5 Abutmmt Pillar S t ~ s  vs. 12 Right Facc Location (Mine A) Fig. 8 Abutmmt Pillar Stress vs. 13 Rqht Psncl Face (Mine A) 

Fig. 6 12 Right Panel Stress vs. 12 Right Face Lccaticm (Mk A) Fig. 9 13 Right P a d  Wess vs. 13 Right Face Loeation (Mine A) 
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Fig. 10 Dl Pace1 Stress vs. D l  Face Lucufion (Mine B) 

Fig. 11 Influence Zone of the Side Abutmat Load 
(Minc B, depth of cover = 2000 fl) 
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Fig. 12 HG Enhy Convergence vs. Face Location (Mine C) 

Fig. 13 Future TG E m  Convergence vs. Face Location (Mine C) 

Fig. 14 htme TG Entry Convergence and Rwf Deflation vs. 
Face Lourtion (Mine D) 

(200 A away fmn the hfadgate enhy) can be used to dotermine the 
iut l~zoneofthes ideabulmeat loadscmssthechain~.  
The convergeme date in the future tailgate enhy vs. the faoe 
location seplattcdin 13. 

To determine the im- of the Emnt and side abutmnt loads 
on the mvpgence, roof d e f l d q  and floor heave of tbe fUtme 
tailgate entry, two conve~gen~e mctas at Mine D were installed a% 
the entry cents with one being mchmd into the main floor. The 
d t s  fimn this monitoring site are illwtrated m Fig. 14. 

Intluence Zener afthe Froat and Side Abutment Lwdd 

As illillustrated in Fig. 4, the yield pillar stress &xted to 
inmease when the 12 Right panel's face wss spproachiog 6% A 
iaby the monitoring site. However, the s tms  changes of the three 
BPCs lnside the yield pillar minimum or mgligiile within the 
m e  of 659 to 350 A mby the rnmbring site Thm, an obviow 
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pillar streess change oceurred d e n  the face was less than 350 A 
inby the BPCs. A dramatic dress b~uement can be observed when 
the face WBS less than 150 A inby the monitoring site. This b d  of 
stress imement was continuing until the face reached the 
monitoring site. 

It should be noted that once the face passes by the monitoring 
site, any change of BPC pressure at the site is under the influence 
of the side abutment load. It can be seen from Fig. 4 that the yield 
pillar stmted yielding on the gob side (BE-11, 8 A from the 
gobline) h e n  the face was 160 outby the monitoring site and the 
whole pillw yielded when the face was 240 A passing by the BPes. 

For the influence zone of the front abutment load dusing the 
12 Right panel's mining, the similar trend of pnsswe changes can 
also be found among the B E s  except BPC-4 inside the abutment 
pill% as illustrated in (Fig. 5). It should be noted that the 
monitoring site was 635 A inby the recovery rarm of 12 Right 
panel. In order to see the IXl impact of the side abutment load, the 
presslne values of the B E s  inside the abutment pillar wae 
collected in seven and half months later a f k  the 12 Right panel's 
face reached the recovery mom or when the 13 Right panel's face 
was about 1,000 A inby the monitoring site. 

The effeet of the fmnt abutment load on both p e l s  ahead of 
the 12 Right panel's face can also be roughly divided into three 
zones discussed earlier during the 12 Right panel's mining, as 
illustrated in Figs. 6 and 7. The peak load was reached when the 
face was 7 A inby the BPCs (Fig. 6). 

In summary, the influence zone of the iiont abutment load 
induced by the fust p e l ' s  mining can be divided into thm 
different zones in tams of the pressure incment rates of the BWs 
ahead of the longwall face and the face locations Ibey are: 

Zone I: Initial influence wne - 650 to 350 A 
Zone U: Obvious influence zone - 350 to 150 A 
Zone llI: Significant influence zone - 150 to 0 A 

Examination of the presslnr changes inside the abutment pillar and 
13 Right panel whcn the 13 Right panel's face was a p p m h h g  
indicats that the influence zone of the fmnt abutment load can 
reach as far as 950, as illustrated in Figs. 8 and 9. However, zones 
I1 and III are ahnoat identical to those induced by the fua panel's 
mining. In addition, the abutment pillar started to yield at a depth 
of 10 fl into the pillw ffom the tailgate when the 13 Right panel's 
face was 33 fl inby the monitoring site, as illustrated in Fig. 8 
(BE-4) However, the stresa at the pillar center (BE-6) kept 
inarasing until the wire of BPC-6 was cut due to the deteriorated 
rwf and rib conditions when the face was 27 A inby the monitoring 
site. By the time when the wires were cut and the data logger was 
removed, no panel rib's yielding was o b d  or recorded (Fig. 9, 
BPC-1, 10 A deep from the tailgate entry). However, BE-2, 
which was 20 A deep into the pan& did show a pressure drop when 
the face was 60 fl inby the face. This may be caused by local 
weakness of the coal seam around BPC-2. 

Analysis of the pressure changes inside Dl panel at Mine B 
show the similar trend of the h t  abutment load effect (Fig. 10). 
It can be seen h m  Fig. 10 that the yield zone depth ahead of the 
longwaUfacersngesh6to9A. 

As illmated m Fig 12. the headgate entry convmgence data 
recorded at Mine C mdmie that the effect of the fmnt Bbutmeat 
load on the headgate enby convergence can be felt as far as 650 fl 
at COR-P3 and as near as 300 A at COR-P1 and COR-PZ, 
depemimg upon the local rGQf and floor d h o n s  

Based on the analym of the fieid data, it can be concluded tbat 
(a) the Influence zone of the front abutment load can reach as fat as 
650 A outby the longwall face dmng the first panel's muung and 
950 A outby the longwall face dunng the second panel's muung, 
and (b) the yeld zone depth ahead of the longwall face ranges h m  
6to9A. 

W o n  and intluence zone of the side abutment load 

The distribution and iaaumce zone of the side abutment load 
within chain pillars or bamier pillars surrounding a l o r n  gob or 
gobs are critical to determine if the fuW tailgate enhy, the 
adjacent t d g a k a d  face, a bleedu enhy, or a mein enhy is under 
the influence of the side abutment load Lkpading on its hmction, 
service life, and mflfloor conditions, an entry can be developed 
within or beyond the influence zone of the side abutment load if a 
sound maf control plan is made and implwmted 

According to Peng and Chiang (3), the maxnnum influeme 
zone of the side abutment load mainly depends on the ovabuden 
depth of a coal seam and can be estimated by the following 
equation: 

where D is the maximum dislance h the pbline, in A and h is 
the depth of cover, in A. 

For a mver depth of 1,310 A st Mine A, the maximum 
iaauence zone of the side abutment load may reach as f a  as 336 ft 
by Eq. 1. Since BPC-1 inside the 13 Right pariel was only 195 A 
fmm the 12 Right panel's gobline (Fig. 7). it is obvious that BPC-1 
war within the influence zone of the side abutment load induced by 
the 12 Right panel's gob, which could be verified by the relative 
stress increment indicated in Fig. 7. 

For a cover depth of 2,000 A at Mine B, the msxinunn 
influence zone may reach as far as 416 A away ffom the gobline. 
Therefore, the B E  located 323 A away from the D-l panel's 
gobline was also within tbe influence m e  defined by Eq. 1. 
However, the stress inmements at l d o n s  of 227 A and 323 A 
were far less than those at the locations that were near the gobline. 
In addition, the monitoring results within the bamier pillar at Mine 
B once again indicated that an expmentid distribution curve of the 
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side abutment load is expeated in the coal blocks m* a 
longwall gob or gobs. 

Even though the entry convergence or roof Meetion data in 
the Mure tailgate entries at Mines C and D m o t  be used to 
dacrminethe~huleofthesideabutmentload, theycanbe 
usedtodeducetheinfl~mcezoneofthesidesbutmentload, At 
MioeC,theMuretailgateentrywas 184 Aaway fromthelongwall 
gobline and lmda a cover depth of 900 ft Since the maximum 
inn- zone of the side abutment load may reach 279 A f a  a 
cover depth of 900 4 the Mure tailgate entry was within the 
i n n w m  zone of the side abutment load, At this m a  site, a 
28mmofentryumverg~lceaftathefacewas900Ao~the 
monitoring site was rewrded with obvious root sagging and broken 
roof a m m i  the convergence meta. 

AtMineD.thefuturetailgateentryentryZ14Aawsy fromthe 
longwall gob and unda a cover depth of 600 A. Smce the 
maximum lnilwm zone of the slde abutment load was 228 A for a 
wverdepthof6M)A.the~tailgateentrywasalsolmdathe 
influence ume of the side ebutment load with a 17.5 mm of entry 
convergence 8 days aftathe face reachedtherecoveay rn 
whichwssabout38%lesthanthstmordedhthefuture 
t e i l g s t c e n t r y a t M i n e C d u e t o t h e d i r t a n c e d i f f ~ h t h e  
longwall gobline. 

In summary, the tiled data wllected from Mine D fmtba 
proves that the maximum influeme zone of the side atutment load 
candasikaspndictedbyEq.1. 

Magultndes of the Front and Side Abutment Loads 

and the front abutment siress on pillars at the tailgate side (the 
accumulated front abutment 1oads)is detamined by: 

where as = side abuhnent stress 

To venfy the muracy of Eqs. 2 and 3, the average abutment 
stressesinthechainpillarsand 13RightpanelatMineAwereused 
to calculate the ratio of the front and side abuhnent loads and listed 
inTable1. Iteanbe~fmnTablelthatduringthefirstpanel's 
mining (12 Right) the magnitudes of the front and side abutment 
stresses anere the l q e s t  in the yield pillar before it yielded and the 
d e s t  in 13 Right panel. Tbis again indicates that the degree of 
impact of the longwall minillg-induced ebmmnt loads on longwall 
chain pillars and the adjacent panel is mainly detamined by the 
distamebmvecntheindividualpillarofinterStorthe~panel 
and the active panel. 

Since the yield pillar had yielded before it was exposed to the 
full si& abutment load, the ratio of the front and side abutment 
stresses is of lags inter& for conventional pillar design. In addition 
duriog the 12 Right panel's mining, the absolute &es incremmt 
rather than the frontlside abutment ratio in 13 Right panel affects 
the stability of the Mure tailgateend face and thus is our major . . urn-indekmmngthewidthofthechainpillarsrJtem 
between pels .  ?berefore, only the d o  of the front and side 
a b u t m e n t ~ o f t h e a b u i m e n t p i U s r i s ~ ~ t o s e r v e t h e  
purpose of longwall chain pillar design. 

Threticallv. the side abutment load can be estimated, 
aepenain~ on wid& depth of wver, and angle of the It is obvious h Table 1 that the first front abutment elfeet 
ovaburden z%ab along the goblme !4,5). However, no dytical the *ent pillm or the stress on pillars at the 

is to determine the limt abutment load. Based On bdgnte side is far less than that predicted by Eq. 2. However, the 
the USJjM's limited field iuskumenthn, the front abutment strms front sbuhnent stnss on the tailgate pillar or the second front 
On at the beadgate side (Or called the first front abutment a b m t  rdress far gr& than that predicted by Eq. 3. The 

I 

siress)canbeeshatedby: 

Table 1 Front and Side Abutment S-s and Their Ratios @fine A) 

t 
I 

650 A outby the face 
stress inuanent 
stress i n m e n t  
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significant increase of the front abutment stress on the abutment 
pillar during the 13 Right panel's mining indicates that for the 
tailgate pillms thnt have already been exposed to the abutment 
loads induced by the previous panel's mining, the impact of the 
second front abutment stress on tbem will be 10 timea greater than 
thntofthefirsthnta~entloa4whichmybeduetothefacts 
thnt (a) they are immediately adjacent to the second panel's face 
and @) the M y - d i m b e d  overbuden strata above the chain 
pillars are more sensitive to the approach of the second face. 

In summary, the significant &nation of the h t  abutment 
stress on longwall chain pillars behMcn the field data obtained 
through this study and what recommended by Mark (4.5) should be 
further s i ded  to avoid eitha wdemihate or overestimnte the 
overall pillar stre= for longwall chain pillar design. 

PILLAR DESIGN VS. ENTRY STABILITY 

One of the major plrposes of leaving chain pillars between panels 
is to maintain the stability of the outby tailgate mtry during 
longwall retreat Underground observations indicate that the 
stability of the tailgate enky outby the longwall face depends not 
dyonthepillar&tybutalsouledistancehthepnvious 
gob or the wimh of the chain pillar system, geological conditions 
(mf. Urn, and rib), and roof control plan Thesfme, the balance 
among those factors is very critical in pillar design and roof control 
design to make a longwall operation more productive and safe. In 
other words, for a specific geological condition, a prcductive and 
safe longwall operation can be realized with a maximum coal 
recovery and a minimum roof control cost if the longwall chain 
system between panels and the m f  control plan for longmll gate 
e n h  are pIopRly designed. 

A proper or optimized pillar system and roof control plan can 
be designed if the rooflfloor conditions and the mining-induced 
abutment stresses and their dishibutions amund a longwall gob or 
gobs are fully undastwd For example, since Mine A has a 
CMMR (Coal Mine Roof Rating) of 68 to70, the safety factor of 
the longwall chain pillar system is only 0.6 under a cover depth of 
1,310 A. The total width of the chain pillar system with 2 pillms 
and 3 entries is 155 ft (cater-tocenter). In orda to ensure a stable 
tailgate mtry outby the longwall face, an unequal-sized pillar 
system has successfully been used with a namwa pillar (35 ft rib- 
to-rib) adjacent to the headgate entry and a uider pillar (80 A rib- 
to-rib) adjacent to the headgate enky. In doing so, the stability 
factor of the tailgate pillar is i d  to 0.9, while the yield pillar 
yields pmpaly inby the longwaU face without causing roof wmtrol 
problems in the headgate entry outby the longwall face. In addition. 
Can uibs and truss*, have also being used in the tailgate entry as 
the secondary roof supports. 

However, at Mines C and D the stability factor of the chain 
pillar system between panels is 1.3 under a cover depth of 900 A 
beesuse a much weaker m f  condition with a CMMR of 40 to 42. 
The mud pillar system has a total width of 200 A cater-to-center 

with two equel-sized pillars. When two mws of wood cribs or fiber 
cribs were used in a relative tight spacing of 6 to 8 A, roof 
detezimtion was st i l l  expected in the outby tailgate cr&y where the 
depth of cover scceeded 900 A. Since pump cribs war used as the 
m d a r y  roof support in the tailgate entries, tailgate m f  falls 
have been eliminated 

In summary, to maintain the stability of an unde~gmund 
opening (gate entries, bleeders, or mains), pillar design and roof 
control plan must be compatible with its mflfloor conditions, 
service life, and its location or distance from the gobline. 

SUMMARY AND CONCLUSIONS 

Based on the analysis of the stress and enky convergence data 
collected h RAG longwall mines, the influence zone of the front 
abutment load induced by two adjacent longwall panels have keen 
&6ned. The h t  abutment &esss on healgate pillars and 
tailgate pillars are also d i s u s e d  S i  the magnimdes of the fust 
and second front abutment stresses on the longwall abutment pillar 
at Mine A are signiiicady different from what we have been using 
for longwall chain pillar design, more field data are needed to 
define the h t  abutment load 

The d u m  influence zone of the side abutment load found 
in this study agrees well with what e c t e d  by Eq. 1 and bns 
critical implications on bmie pillar design and roof control for the 
bleedas and mains. A talmced considemtion mong geological 
conditions, pillar design, and m f  control plan is very critical for 
the stability of a speciiic enhy and thus may affect the productivity, 
coal resave recovery, and safety of a longwall opaation. 
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