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ABSTRACT 

Longwall mining results in a redistribution of strata stresses, which 
affect the natural insitu permeability regime. After a brief review of 
current conceptual models used to explain this phenomena, a comprehensive 
examination is made of all results obtained from investigations undertaken 
by Nottingham University to monitor insitu permeability changes under 
field conditions. To facilitate a unified approach, all the original 
results, wl~ere available, have been re-analysed using cumulative dif- 
ference analysis. The results are discussed with respect to three 
identifiable areas which occur around a longwall panel: ahead of the face 
line, the face end and the ribside pillar. 

INTRODUCTION 

Extraction of coal by longwall mining results in a redistribution of 
stress in the surrounding strata. This in turn causes 'strata failure' 
on both the micro and macro level, with a resultant change in insitu 
permeability. A change in strata permeability can affect the migration 
of fluids, such as water or methane, through the rock mass and into the 
mine workings. Gradual or rapid changes in these migrations can alter 
11)calised mining conditions and lead under exceptional circumstances to 
disasterous consequences. 

A research group over the p,~st five ye'lrs has conducted a series of in- 
vestigations, using field techniques, to monitor insitu permeability 
changes within British Coal bleasures strata [I, 2, 3, 4 ) .  

The object of this paper is to examine existing work undertaken by the 
Unjversity and present a comprehensive understandicg of the changes in 
permeability which occur around a longwall extraction panel. 

CONCEPTUAL THEORIES ON PERMEABILITY CHANGE 

Two distinct corlceptual theories exist to explain the mechanism of 
permeability change associated with longwall extraction. McPherson [5] 



proposes that the induced forward abutment stress due to mining results 
in the microfracturing of strata ahead of the face and in particular along 
bands of inherently weak rock, such as coal seams. This occurs in front 
of the face, both above and below the working horizon. Induced strain 
causes partial sealing to occur a1 ,g the planes of microfracture, which 
reduces permeability to a level below that of the virgin strata. 

Other workers have suggested that once microfracturing starts to occur with- 
in the strata, it intensifies in magnitude with increasing face proximity. 
In both models, a face position is reached when macrofissure development 
becomes dominent. However, once extraction has occurred and the stress 
becomes relaxed, a large increase in strata permeability occurs, where 
the degree of relaxation experienced is dependent upon physical properties 
of the sorrounding strata. Similarly, once caving and initial compaction 
has occurred, further time dependent compaction of the goaf material will 
result in a decreased level of permeability below the maximum value ob- 
tained, but still above the original virgin value. 

FACE ADVANCE VS. PERMEABILITY 

The spatial position of each test site in relation to the extraction panel 
is given in Figure 1. However, a full description and discussion of each 
site is considered beyond the scope of this paper and has already been 
adequately covered by other authors [I, 2, 3, and 41.  

Existing work allows the permeability change around a longwall extraction 
to be divided into three identifiable areas: 

(1) Permeability ahead of the Face 

(2) Permeability at the Face End 

(3) Permeability in the Kibside Pillar 

The test data has been analysed using a variety of techniques, including 
cumulative sum analysis [ 4 ,  61. However, it was concluded that all the 
test data should be re-examined for overall trends, rather than attempt 
an interpretation based on individual or consecutive readings. Cumulative 
sum difference analysis das therefore adopted for each test site. This 
technique involves calculating the difference between consecutive readings 
and summing the resulting values. In this way, fluctuations within the 
original data are smoothed and the results can be examined for positive 
or negative trends with respect to increased face proximity to the test 
site. Using this technique, a series of hypothetical fluctuating test 
results which produce a straight line, will indicate that no overall 
change in permeability is occurring with increased face proximity [ 7 ] .  

PEUIEABILITY AHEAD OF THE FACE 

Two sites have monitored permeability changes ahead of the face line and 
full details nf these can be found elsewhere [3, 4 1 .  At site 1, Lynemouth, 
the cumulative difference graphs, Figures 2 - 7. show that until the face 
comes to within 70 m of the site, strata permeability values rem<>in re- 
rndrkably consistent In all the test cavities, even allowing for minor 
fluctuations. These values can therefore be used to estimate virgin in- 
situ strata pt,rmeability. Once 70 m is exceeded, a general increase in 
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Figure 1 Spatial Position of the Test Sites in Relation to 

the Extraction Panel 
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Figures 2 and 3 Cumulative Difference Permeability Values for 

Lynmouth Nos 1 and 2 Boreholes, Cavities 1 and 2 

against Distance from Face Line 
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Figure  6 

F igure  7 

F igures  6 and 7 Cumulative DiEference Pe rmeab i l i ty  Values f o r  Lynmouth 

Nos 1 and 2 Boreholes, C a v i t i e s  5 and 6 a g a i n s t  

Dis tance from Face Line 
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p e r m e a b i l i t y  occur s ,  w i t h  s i g n i f i c a n t  f l u c t u a t i o n s  o c c u r r i n g  a t  30 m  and 
10  m from s i t e .  Although t h e  f a c e  s topped 7 m  i n f r o n t  of t h e  s i t e ,  read- 
t n g s  w e r e  contj-nued t o  mon'eor c o n s o l i d a t i o n  e f f e c t s  and an i n c r e a s e  i n  
p e m e a b l l i t y  FP thJs regLon can be seen  f o r  a l l  t e s t  cavities. Tb i s  can 
b e  as- ,ocla ted wi:h t h e  tzme depeqrient e f r e c t s  of s t r a t a  c o n s o l i d a t i o n  and 
a redLstrbbvtFon af s t x e s s e s .  

The f l u c t u a t x o r  n  pc tmt -ab l l i t y  jnc7ca ' e s  t h a t  s t r a t a  b c h ~ v l o u r  is occur- 
r i n g  i n  d l s c r e t e   mi's -athey +ha? a s  a  t y p i c z l l y  e L ~ s t - c  deformat ion.  
Th i s  can be  exp l p l q e d  by t%e v a r - a b l e  ,':ho ,oglca  and s t r u c t * ~ r a l  pro- 
p e r t l e s  e x h 1 b " t e r  ' ~ y  P , r C r 3 r r 3 n L  l o c k  Cypes. The e f f e c t  of t e s t  s - t e  geology 
on t h e  measu~ ed p ~ r i n t c b  1it.i~ - s  ' u i ' y  I, s c l s s ~ d  elsewhere  [7 , 91. It 
has  been obszrved "_at r ~.z?ges  $lls '_ D e g : ~  to occur  a t  t h e  t o p  of t h e  s i t e  
and move progress l '~7ely ~ O ~ ~ T W S P C  a s  +he f a ,n  .~dvances ,  w i th  t h e  onse t  of 
change appea r ing  fndepend'n of roc6 type  i 4  however, t h i s  on ly  i n d i -  
c a t e s  when c h a n g ~ s  begin t o  o - r l x ,  r a t t l e r  t han  t h e n  a c t u a l  magnitude. 
S i m i l a r l y ,  i t  has  been shorn rha t  p e r m e a b ~ l l t y  does  .lot appea r  t o  i n c r e a s e  
l i n e a r l y  o r  o the rwise  wi th  rncrc:sef  ne igh t  abovc t h e  seam and t h a t  bo th  
t h e  t o p  and bot to~i l  t e s t  cavlcisc .  exger ience? changes k i t h i n  t h e  same o r d e r  
of magnitude [ 4  1. 

V e r t i c a l  s t r a i n  d~ve lopment  bas diso monitorec' a t  t h e  s i t e ,  a l though  t h e  
r e s u l t s  were d i sappo in t i r lg  sirice i t  was not  undermined. However, an  i n i -  
t i a l  d r i f t  demons t ra t ed tha t  pe rmeab i l i ty  f l u c t u a t i o n s  were occur r ing  with-  
ou t  l a r g e  and obvious changes i n  ground s t r a i n  141.  Convent ional  s u b s i -  
dence theory  p r e d i c t s  t h a t  t h e  onse t  of l o n g i t u d i n a l  t e n s i l e  s t r a i n  s*lould 
occur  between 12 - 13  m  i n  f r o n t  of t h e  f a c e  l i n e  1 7 ,  91. However, when 
t h e s e  va lues  a r e  superimposed onco t h e  cumulat ive  d i f f e r e n c e  g raphs ,  
F i g u r e s 2 -  7 ,  f l u c t u a t i o n s  and a  g e n e r a l  i n c r e a s e  i n  pe rmeab i l i ty  a r e  
seen  t o  s t a r t  w e l l  i n  advance of t h e  conven t iona l ly  p r e d i c t e d  va lues .  

At s i t e  2, Wentworth, a  s t eady  i n c r e a s e  i n  pe rmeab i l i ty  a s s o c i a t e d  wi th  
f a c e  advance, i n  a l l  t e s t  c a v i t i e s  (except  No. I ) ,  can be seen  u n t i l  20 m  
passed s i t e ,  F igure  8. A g e n e r a l  dec rease  then  occur s ,  which i s  a s s o c i a t e d  
wi th  t h e  onse t  of c o n s o l i d a t i o n  e f f e c t s .  Although t h e  f a c e  s topped 33 m  
passed t h e  s i t e ,  r ead ings  were cont inued t o  moni tor  c o n s o l i d a t i o n  e f f e c t s .  

Convent ional  subsidence theory p r e d i c t s  t h a t  i n  t h e  top  t e s t  c a v i t y ,  Yo. 4 ,  
t h e  onse t  of pe rmeab i l i ty  change, i f  l i nked  d i r e c t l y  t o  l o n g i t u d i n a l  ten-  
s i l e  s t r a i n ,  w i l l  occur 11 m  i n  f r o n t  of t h e  f a c e .  Long i tud ina l  t e n s i l e  
s t r a i n  p r o f i l e s  have been superimposed on to  t h e  o t h e r  t e s t  c a v i t i e s ,  "ig- 
u r e  8, and show t h a t  t h e  onse t  of pe rmeab i l i ty  change occur s  w e l l  i n  ad- 
vance of the  conven t iona l ly  p r e d i c t e d  va lues  [ 7 1 .  The extremely low 
pe rmeab i l i ty  v a l u e s  seen i n  t e s t  c a v i t y  No. 1 a r e  due t o  a  blockage caused 
d u r i n g  i n s t a l l a t i o n .  

F i n a l l y ,  i t  is suggested t h a t  t h e  onse t  of pe rmeab i l i ty  change occur s  w e l l  
i n  advance of t h a t  observed by the  onse t  of s u r f a c e  subs idence ,  by a  d i s -  
t ance  of 40 m [41.  However, sma l l  d i l a t i o n s  seen on the  extensometer  
w i r e s  cannot be c o n f i d e n t l y  l inked  t o  pe rmeab i l i ty  onse t  cu rves .  s i n c e  a t  
t h i s  degree of p r e c i s i o n  t h e  v a r i a b l e  t e n s i o n  extensometer  is a t  t h e  l i m i t  
of i t s  measurable  accuracy .  

PERMEABILITY AT THE FACE END 

Two s i t e s  have monitored pe rmeab i l i ty  changes i n  t h e  f a c e  end reg ion  and 
f u l l  d e t a i l s  of t h e s e  can be found i n  t a r l i e r  p u b l i c a t i o n s  [ 2 ,  4 1 .  



Figure 9 Cumulative Difference Permeability Values for the 
Bagworth Test cavities against Distance from Face ~ i n e  
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Figure 10 Cumulative Difference Permeability Values for the 

Annesley No. 2 and 5 Test Cavities against Distance 

from Face Line 



At site 1, Bagworth, consistent base permeability values are seen until 
the face is 20 m from site, after which a general increase occurs, Figure 9. 
However, some fluctuations are seen prior to 20 m, with significant ones 
observable at 140 m, 85 m and 50 m from site. 

Records show that in holes 1 and 2 an increase in permeability is seen in 
going from the lowest to the highest test compartments, with increased 
face proximity [4]. However, in hole 3 a negative gradient occurs, with 
the highest compartments being affected first. 

Roadway deformation measurements were correlated with the onset of perme- 
ability in the boreholes. In holes 1 and 2, no effect of increased perme- 
ability associated with roadway closure can be found, although in hole 3 
there does seem to be a correlation. To explain this, if the roadway is 
initially sited in solid ground, then as the face advances, interaction 
occurs within the strata surrounding hole 3, which in turn affects the 
bridging properties of the strata overlying the roadway [4]. Initial 
permeability responses seen in the two inclined holes (1 and 2) might be 
due to yield zone effects in the roadway periphery which have been aggra- 
vated by increased face end proximity. 

At site 2, Annesley, monitoring was only successfully undertaken once the 
face had passed the site. It was observed that a variation in flow exists 
between test cavities when compared with the face position [2]. Similarly, 
a progressive upward movement in permeability occurred behind the face 
line which it is thought was related to the opening and closure of natural 
strata discontinuities and bed separation networks during undermining. 
However, at a point 40 m behind the face line, consolidation effects are 
seen to start reducing the overa1.l permeability changes experienced. 

Examination of the cumulative difference graph, Figure 10, reveals a 
general increase in permeability once the face has passed and this appears 
to occur at all levels in a progressively upward manner, irrespective of 
test cavity geology. Readings from only two test cavities have been plot- 
ted due to data availability problems. Some fluctuations do occur, but 
it is unfortunate that more readings could not be obtained prior to the 
face reaching the site, thus allowing changes in this region to be moni- 
tored and compared with those from Bagworth. 

PERMEABILITY IN THE RIBSIDE PILLAR 

One site exists at which investigations into the permeability changes 
associated with barrier and ribside pillars have been monitored [I]. 

If a pillar is constrained both vertically and horizontally along its 
major axis, the direction of principal stress should lie towards the ex- 
tracted region and result in the formation of fissive networks, which 
run parallel to the pillar edge. It has beenshown, 111, that a zone of 
gradual fracture promotes flow with increasing depth into the pillar and 
that once the face has passed, equilibrium becomes established when the 
face is approximately 120 m behind the site [I]. A correlation between 
vertical roadway closure and flow characteristics and hence the pillar 
permeability, appears to exist. It is therefore proposed that a stress 
abutment zone develops near the pillar edge, which is similar in nature 
to that experienced during longwall advance [lo]. 
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No cumulative difference analysis was undertaken, although flow character- 
~stics within the pillar are shown as iso-flow lines in Figure 11. Flow 
appears to increase appreciably within the first 5 m of pillar, after which 
a steady decrease occurs, which eventually becomes minimal at a distance 
of greater than 10 m. It is therefore concluded that a narrow fracture 
zone develops in the pillazs of shall-ow workings, before confinhg 
pressures within the pillar core significantly reduce the effect of in- 
creased permeability. Similarly, in deeper workings, .? nor0 intense 
fracture zone will occur which increases both the flow xate arrd penetra- 
tion depth into the pillar. 

DLSCUSSION OF RESULTS 

The overall objective of the investigation was to moriitor permeability 
changes associated with subsidence profile formation around longwall ex- 
traction panels. In essence, this has been achieved although certain 
limiting criteria and generalized assumptjons have been necessary when 
interpreting the data 

The Bagworth site was only installed on the understanding that the bore- 
holes would not exceed a vertical height of 10 m. The resultant test 
cavities were thezefore sited in cl~se prr,ximity to the rnadway and may 
Rave been subject to the effects of yield zone forknation. 

The Lynemouth and Wentworth sites both reveal that permeability changes 
cannot be directly linked to conventional ~uhsidence theory. However, 
permeability does appear to be a sensitive a~~dicator of change in strata 
behaviour occurring around dynamic longwall cxtractions, which cannot be 
monitored by converlti onal instr umerltatiorl t ,  hniques. 

At Wentworth, the magnitude of the permeability changes experienced were 
considered very small. for such a shallow site, with the greatest change 
being monitored near surface rather than near the seam [ 4 1 .  This might 
be due to physical properties of the intervening strata accommodating most 
of the induced strain. Similarly, effects in the topmost strata section 
may have been altered by a change in physical properties due to weather- 
ing. 

At Whitwick, the current design criteria for barrier and ribside pillars, 
based on one tenth depth, appears to provide an adequate margin of safety 
even though it was not devised on a permeability basis. Finally, at each 
of the sites monitored, potential errors may exist due to instrumentation 
and/or operational errors, although their magnitude is difficult to 
quantify. 

CONCLIJSION 

Changes in strata permeability can be linked to the induced ground strains 
formed around longwall extractions during subsidence profile formation. 
However, insufficient data exists at present to quantify these effects and 
either confirmor dispute the model concepts mentioned previously. Data 
from a great many sites f s  still required before permeability changes 
occurring around a longw~ll 2xtraction can he either comprehensively un- 
derstood or predicted by e ~ p  irical methods 
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