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ABSTRACT 

This paper evaluates the strata dynamics associated with 
underground coal mining, particularly J.ongwall mining, and co111pares 
mining and strata control practices for European and us operations. 
Addressed in the paper are the effects of depth of cover and 
geological disturbances on ground control. Both gateroad pillar 
design and face support are evaluated. Load development on shield 
supports is addressed as are considerations for shield selection 
and determination of setting pressure and yield capacity. A 
historical perspective of the evolution of longwall support and 
recent developments in shield design are described. 
Recommendations are made for methods to evaluate longwall ground 
control effectiveness and methods to alleviate ground control 
problems. 

INTRODUCTION 

In situ stresses in coal measure strata prior to mining depend upon 
the depth of cover and geological factors. In most conditions, 
vertical stress is a linear function of the mining depth (1 psi per 
foot of depth, 23 kPa per m), and horizontal stress is typically 
about one third of the vertical stress. However, horizontal 
stresses are dependent upon the tectonic forces that formed the 
local geology and in many areas may reach or even exceed the 
vertical stress. In multiple seam mining, vertical stresses may be 
divided, if the mining of one seam destressed the local strata, or 
multiplied if remnant pillars are left in place. When a void is 
created by mining, there is a suppression of horizontal stress in 
the beds in which the void is created, and simultaneously an 
increase in vertical stress in the abutments created around the 
void. 

In summary, mining creates a void which modifies the in situ stress 
distribution and results in dynamic movements of the surrounding 
strata to reestablish a state of equilibrium. A good knowledge of 
the geological factors and distribution of stresses is essential to 
provide a safe working environment in underground coal mining. 
Horizontal stresses are a dominant factor in entry stability, while 
vertical stresses are more relevant to longwall face stability. 
The intent of this paper is to evaluate the dynamics of strata 
behavior associated with the differing geological conditions found 
in Europe and the United States in an effort to make the reader 
more familiar with effective ground control practices. 

1 P.E. and owner of R.A. Systems, Pittsburgh PA. 

2 Research Physicist, US Bureau of Mines, Pittsburgh Research 
Center, Pittsburgh PA 

.
3 Prof. Doct. Irresberger, Essen Germany. 
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STRATA DYNAMICS AROUND ENTRIES 

When d:civin9 single or multiple entries in a coal seam, the local 
modification of stress is described as follows: (1) the vertical 
stress increases on each side of the entry and (2) the in situ 
horizorrtal stress is suppressed in the beds where the void is 
created. The horizontal stress can cause buckling of the immediate 
strata wtiich is no longer supported by the coal seam. Laminated 
roof structures, typically shales, that are incapable of 
transferring this horizontal load without failure are most 
susceptible 'c.o damage from horizontal stress fields. Another 
common ground control problem manifested by the horizontal stresses 
is cutter roof (.l),. The most effective solution to horizontal 
,,tre,;,s-,.in�uc'."d pro�,lems �s �-o �eorii:mt the entries so that they are
parallel co che maJor principal horizontal stress. 

An appropt'iate pillar desi.gn depends upon k.nowledge of the pillar 
strength and stress distribution associated with the mining 
process. In room and pillar mining, pillars can be designed for 
relatively static loading associated with the increase in vertical 
stress as thA entrie� are mined. However, in longwall mining, 
pillars must be designed to carry the much higher abutment loads 
associatecl. with the ,extrc'.ction of the longwall panel. Several 
pillar design formulas have been developed, including the ALPS 
method developed by the Bureau of Mines CU . A primary factor in 
any pillar design formula is the depth of cover. 

In shallow mines, pillars can be made large enough to resist the 
mining induced stresses and relatively little convergence occurs in 
th,ce entries. The stability of the entries is mostly dependent upon 
t.he ability of the roof to span across the entry and the capacity
to transfer horizontal stress. The roof is largely self
::mppo, .. t ing, al though supplemental support in the form of roof
bultiDg and cribbing is often used, particularly in longwall
applications where the vertical stress is magnified several times
by ak'lut1nm1t loading ;ci,ssocii:!t,�d with the extraction of the longwall
pcn,ol,

In deE,pei'.· mines, the vertical stress may exceed the compressive. 
st;�enqtl! of a strata member or the remaining coal structure, and 
movement of the rock mass occurs which produces measurable 
convergence at the coal seam" In very deep mines, single entry 
design is the only practical solution since adequate pillar size 
and reentry stability cannot be achieved in multiple entry designs. 
In longwall operations, entries are driven upon advance to minimize 
t.he exposure of the gateroads to the high abutment stresses. At 
very great depths when the size of the barrier pillar that could 
separate single entry panels from one another becomes prohibitive, 
the same si1igle entry has to be used for both pa"nels. 

The following figures illustrate some effects of coal measure 
strata dynamics on entry stability. 

Figure 1. The coal seam may be squeezed from the overburden 
pressure. 

Figure 2. The floor may heave and fill the entry with debris" This 
typically occurs when the strength and loading of the 
pillars exceeds the load bearing capacity of the floor. 

Figure 3. Cutter roof may develop from high horizontal stress. 

287 



Figure 4. A strong immediate roof or floor may be broken by the 
plastic deformation of a softer stratum located just 
above the immediate roof or under the floor. 

Figure 5. An outburst of coal may be produced from dynamic loading 
caused by failure of the overburden strata or by 
excessive static loading of pillars. 

In the United States, coal mines are developed under relatively 
shallow cover. There is little experience in dealing with 
excessive strata movements common to mining depths greater than 
2000 feet, or in multiple seam conditions where stress 
concentrations are developed from remnant pillars in adjacent 
seams. In Europe, mining is hampered by greater depths and 
geologically disturbed deposits. 

EVOLUTION OF LONGWALL SUPPORT 

Longwall mining was first utilized in Europe as far back as the 
seventeen century. The strata dynamics associated with this 
complete extraction technology required new support systems. Only 
through several evolutionary improvements in support technology has 
longwall mining become the most productive and safest coal mining 
method employed in the world. 

Wood Timber 
Longwall faces were first supported by wood timbers. Since these 
timbers were generally not strong enough to support the caving 
line, moveable wood cribs and strip packs built from caved rock 
were often employed to stabilize the face. These early faces used 
light weight face conveyors that were dismantled and manually moved 
as the face advanced. 

f.l:op Free Front 
Steel props were introduced to reduce consumption of wood timber 
and suppress strip packing, But the most important step was the 
use of steel link-bar systems that allowed some cantilever, and as 
a consequence, a "prop free front" (see figure 6). A prop free 
front allowed the use of an armored face conveyor which could be 
pushed in one piece without dismantling. This facilitated 
mechanization of coal winning, leading to the development of 
current extraction machinery. 

While the steel props had higher capacities than the wood posts, 
the capacity was still small. The props were designed to support 
20 tons, but generally held about 5 tons. The load was limited by 
the floor resistance as the props tended to punch into the strata. 

In summary, serious roof control problems were encountered from the 
full caving and the inability of the steel props to control the 
strata. The props were particularly ineffective in controlling the 
horizontal movement of the roof associated with the caving process. 

Hydraulic Props 
A significant improvement in ground control came with the 
introduction of the hydraulic props towards the middle of the 
twentieth century. The hydraulic props provided not only a 
reliable yielding load but an active setting load as well. Another 
major advantage of the hydraulic props was that they could easily 
be moved and reused. The roof was generally supported by a line of 
two to three props. The distance between props was about 2 ft (60 
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c:'t,\ with 3 to 4 feet (1 to 1.25 m) between prop lines. The maximum 
yi�:d resistance provided by the props was 100 to 150 tons for five 
ft {\ 5 m) of face length. These props significantly improved roof 
contr�:, but still required a lot of skilled manpower working in 
hazard�1.q conditions to recover and advance these supports. 

Powered Roy-.:.:..support 
One of the fi:(;;,t ideas of powered support was to assemble four of 
these hydraulic'�:-,ops in a box frame and to advance this chock 
using a horizontal·,tydraulic cylinder attached to the face 
conveyor. These pow�red support systems provided mechanization of 
the roof support oper��;ions. Another significant advantage was 
their larger contact a�'- l)roviding less tendency to penetrate into 
the floor. On the other h.:i..1�"- individual props could more easily 
accommodate horizontal roof m���ments than the more rigid frame and 
chock supports, which often expe1�nced bending of the hydraulic 
props due to the dynamics of the caztng strata. 

An operational difference of significart):,, consequence was also 
realized with the utilization of these po�ered roof support 
systems. Prior to the use of the powered-s-qpports, single props 
were advanced and reset so that partial roof-support to the caving 
line was maintained at all times. Inherent in the chock system was 
the obligation of removing all support in an area from the coal 
face to the caving line and to repeat this process several times 
under the same roof area. This action limited the success of early 
powered support systems to relatively strong immediate roof strata 
that could maintain its integrity for a short period of time to 
accommodate the support advance. 

The most significant development in powered roof support technology 
was the development of the shield support. First utilized in 
Russia in 1960, the shield system was attractive because of three 
major advantages: (1) the shield supported only a narrow three-foot 
band of roof along the face; (2) it provided good roof cover and 
protection from roof falls and invasive gob debris; and (3) the 
shield provided strong linkage between the canopy and base to 
resist horizontal roof movements without bending of the hydraulic 
leg cylinders. Modern shields are now very different from these 
early designs. The concept of supporting only a narrow band of 
roof was abandoned, but the advantages of a mechanical linkage 
between the base and canopy were fully exploited. This linkage 
results in a horizontal force resisting the movement of the strata 
towards the gob, which helps to limit the fissurization of the 
immediate roof. Shield supported faces are able to advance through 
geologically disturbed areas without damage and maintain effective 
ground control. 

STRATA DYNAMICS AROUND A LONGWALL FACE 

strata dynamics associated with longwall mining are complicated, 
since complete extraction is permitted causing dynamic subsidence 
of the overburden into the void left by the extraction of the coal 
seam. In general, the extraction of the panel and caving of the 
roof into the void suppresses the horizontal stress in the coal 
seam, and after the first caving occurrence (first break), also 
alleviates the horizontal stresses in the immediate roof. At the 
same time, there is a multifold increase in the vertical stress as 
abutment loads are created as shown in figure 7 (d). 
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:t"f::sicJ.Ud1 �'jt::cr:.:i:.-1qt:l'l ti:.:.• t.tH:-. t.veiqht. c,:t th(:� .rock \•,1it.hin·· the arch. Yi0ld lar gater·oad designs ate commonly omployed

·:�oal ruir1es where the depth of ccv8r appr0aches 2000 ft (610
n), r.rhi;:}·y t.c::::c1d t:.,:) b,t) m()St: eff.,;;c·ti,te �hen, t�_,:::: -��mne:d.iate �t:�at:a �s:celat:L\tel�/ cou1pete11t. to t.1c.3:i,1sfer .t�orJ_.zon·ca�l scress and _t)rJ.d9e to
mo�e rigid coal st�uctures�
Sin•CP t.b.e: re:�'.our,:.::c� i£,. l,::.ss :::JYi.:tnc1.ant in Eu:r .. ope t.ha.n in tJ.1c United surface seams h�ve alr·eady been extractedms,c:aros ,.:int;� .1::,.:Ls:_rih_ j_11 situ str<?::�-�-;se.s
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:ng;ist:1rwf1 at yic,,ld lcm.d ., :=;uppu:ct C!apa,:ity :in tbc Ur, j b:,,.J 8t:.; b�.s 
va:d.,-rn: nvE:!.i: a wide, ranq,:; (250 to 900 t.on�·.), 1, ,,;urv,.�y of the 96 
operating longwal.l operatior1s in the lfnited Stutes rev��ls an 
a,i:,rer'i:1.gr:: rsuppo:ct capa.cd:ty 1Jif 585 ton:a v alt,hou9t1 moct. ne\•i/ 1:n: 1ppoxt':.:s 
pur�haeed in the past 3 years have been in the 600 to uoo tnn range 
(§_). Ttt12: tr!'lnd in the Urd.ted. .Sl.i:'1.bi:'r,: c•,n i;:,,1c,1r;n i.n Li,:;1.n:i:� 12 \s
b:iw,i:cc'.l:::, td9l1<u· suppoci.: carmc:ltier3 1,�: o.l,kr· :,nJpjX!f't:,,;; :.n·<'· rq.s..l.ucr;,d
(2) a This trend i.s also tru� fol Europear1 practices., Support
capacity in the f\mE,rican J.ong,,aJ.l inst.21lJ21t-.:i.0m: bc:1.s duu!1l1,;d ,�urin9
the past. de.cade,

Nearly all sh.ields in Germany are of the two··-lGg d 1:::r:2,i9r1 "{hile ,one·­
fourth of the US shir2�1as arE� four-legged coni�3tructions Q Hcn�'ever t 
the trend in shield selection in th,:2 Unh:ed Stat:.2s is in fdVC>J: of 
two-J.eq d,c,signs as hi9her Cc,pacity two-leq sJ:-d.Gld,,, b,cocome a,,i'!ilable 
(,;;:)E, fiqure J..J). !·U.�:tori.colJ.y, fo>.lr·"J.•,HJ shi(c-.•}.d,2'. \Javo b,,ert <:,n1ploy,�d 
in. tl1r::;: Uri.i'tE�d i:-;t.at12:i.: ir.i dtr.<�-P fiC\Ver xo:lnrs�:!2; ·1ir1Jt.h ;:t t.hicl•.i .Lrron.��13i;f.tf;'. 
dal�8ton8 roof strunture lh�t nnntj.lev0r�rl w�ll b8y00i tha supp�rt� 
( ?) 

Differences of opinit>n in r�gards ·to setting pre8Sllt·es have also 
developed through tb<2 evolution of long·1..-,aJ.J. rninin9,. ·rrw Gri,::i . .,;h 
initially favored lnw �;:ettin9 pr�assux·es ,:· .25 p,ct of yir,�ld c:apuc.it·.y) 
while the GE-:rmane, and l�me.ric:.ans have 9E:n-f:;.r;.3_l.ly fa·vo;c�c] J1i9t1(;.:c 
setting pressures (80 pct of yield capacity) (Q). Settiilg forces 
have increased in proportion to the increase in yield capasity· as 
the setting pressures have remained constant while the size (area) 
of the hydraulic leg,s has increased to accmnmodate the higb,er ','ield 
capacitieso Optimum setting pressures as a function of 9E<ological 
conditions are generally not pursuedo 

The highly fractured and jointed strata in European mines creates 
111ore friable and ofb;;n less stable immediate roof condj_1:ions, The 
trend i11 German support design is to use an artj_culat0d and 
crnten:::lible canopy (;,;e:1-i figure 14.) capa:bl.s, ,)f b,,dnq bcl.va.nc,�('1. t,Jl.1il,'" 
the support is set against the roof to provide immediate forward 
support", rrhis des.i9:n Eieems to p:.CO\/ide 9oorl cont:.col of 'i:htF.:sr::� 
friable roof structuras. In the United States, Lhe one-web-back 
system of support advance wj_th 1�i(Jid canopy cte;�.i.qnr; is typically 
employed. 

ThE1 most i2Ji9nificant ac tva.nce:i.n!'.;'::nt in shi•�ld desiy:n in the past 10 
year·s ha.s been t.he use of i2:l,ectrohydx:'aulic con·t:.1:·01 :--:;�;·:ste.m::.:-; t(> 
automate the support function (�). These systems are used m0rF 
t:?,)Ctt�n[t•i"vely in )\·flu�rican lon9w.:�.11 ope:.r:atic:.inf.,; t .. han E:u:ro:pE':,;:-1.:c1 
operdtjons, but this technology is cert�in to b� � wurl,] wide 
s tanda.rd,, One �ceport.ed advantage c:'.!f th. 1.::; elec-:.:::t ohyd:c�n.1.J ic.: c;nnt.:cc:1 
is: to prov"j_de programmable and con.siste:n.t s12:tt,ing pr1:'.;:ss.u.1:e:s ac.:coss 
the face,, Hc>wever v recent studieis l:Yy thI� US Bur-eat1 of J',LLnE�s shows 
that consistent setting pressures are not routinely achiev�d. 
Examples of setting pressure inefficiency are shown in figure J.5 
fr·om t:wo state-·of-the-art. 02lectrohydra.ulic American lon9vi12'.11 
operations. Apparently, the deman� placed upon these systems is 
greater than the capability of the system for these j_nstaJ_lations. 
Inefficient hydraulic fluid distribution has �lagued hydraulic 

�.::irice. t·h:-:'.'..i r irAC€:�ptit)t·1 217:1(1 :Et1.:r:thc::r l.nrpI-1)--:./c�mG.n·t.:�·: a.x·e: s.:ti l] 

r.f.'WO other de\rc.:!lOJ;,11\H:?.nts in shit�ld (is,.�:;i_1Jn Ci.t:-,:�� cu:cr;:;;n <::ly J:::,t:d_·: 
evaluated by European opera·tox·s. The recen·t tre�d in G,�rmany lias 
beBn to ernploy ca:nopy wetting d.,:::v ic-es tc, cont:.1::·..-)J_ •J··;.Vi.;t." Ii:· 
3ilc"2'.cessJ::ul .. this techx1.olo,gy should be t:',:�.c�d5c_}y ::t.,-,(·•,,-.:,1�-1t.i:, 1 ·:.1 t:l: ;:\Tn(2ricc-.. .,, 
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To prevent roof steps and excessive face convergence, experience 
has shown that the yield capacity of the shields h, important (1-JJ . 
The shield should have sufficient capacity to equilibrate detached 
blocks of strata. In Europe, where the strata t<;inds to cave 
regularly, smaller capacity supports (400 tons) are used, compared 
to the US where more competent strata can'cilevers and caves 
periodically in larger blocks. Support capacities in the US are 
typically 600 to 800 tons. 

To avoid roof cavities in th(� case of weak um,tabJ.e immediate roof, 
an articulated and extensible canopy is a gc;,;id solution. A long 
and rigid canopy may provide good protection from falling debris, 
but it does not provide good roof control since contact at the tip 
cannot be controlled. Studies have shown that the first point of 
contact is generally far from the face. With rigid canopy designs, 
the tip is often sloped upwards to promote roof contact. 
Articulated canopy tip designs are capable of ensuring tip contact 
and providing an active tip force of 5 'cons by pressurization of a 
hydraulic cylinder at the joint. 

Two-leg shield designs are preferred to four-leg shield 
constructions since the rear legs in four leg shields are not often 
set at full pressure. Therefore, the advantages of higher load 
capacity, resultant forces acting closer to the gob, and better 
load distribution are illusory in four-leg shield designs. 

In the future, shield width should be increased up to at least 2 
meters. This will reduce the total face cost since much of the 
expense in construction is due to hydraulics as opposed to the 
steel costs. Since the fracture development is generally parallel 
to the face, roof control is not affected by wider shield 
application, nor is there a need for substantially increased 
capacity with the wider supports. 

Electrohydraulic shield controls permit faster cycle times and 
programmable setting pressures. However, consistent setting 
pressures are not routinely achieved, particularly when several 
supports are moved simultaneously. Fluid supply and pressure drop 
should be carefully calculated to provide the proper pump capacity 
and sizing of fluid distribution requirements. 

American longwalls are among the most productive underground mining 
operations in the world. The average annual face production for 
the American longwalls is about 1.25 million tons. Daily 
production records exceeding 30,000 raw tons of coal have been 
reported. The productivity of European longwall operations is 
generally less than the American productivity because the Europeans 
are faced with more difficult mining conditions due to greater 
depths of cover, highly faulted strata, and inclined seams. As the 
American mining conditions become more difficult as deeper seams 
are mined, the European experience will bring solutions to the 
associated ground control problems. 
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Figure lu - Coal seam being squeezed £ram the overburden 

pressv.re� 

F�gure �m - Floor heave.

F�qure 3. - Cutter roof development from high hor�zontal stress, 

Figure 5. - Caal outburst. 

b"r ,,,,-,e/ 
Figure 6. - Proµ free front established with steel,link prop 

suppo:.rtm� 

Fiqur� 7. - Abutment stress dev�lopment a�ound 

Figure a. - Imbalance in confinement at lonqvcll £ac�. 

£�ce cousinq £ace-to-waste strata 

Figure 11. - Correlation 0£ £inal shield loadina dur·ing a m�!1ing 

cycle to setting pressure. 
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Fiat1re 12. - Trend of increased suooort caoaci1:v in American 

ionawall operations. 

Fiqure 1.3. - '["rend j_n support selecti.on sh□wJna oreference to 

two-leq shield desion (Ar11t�•rit.:an lonawa.ll in:--.,tal.l.-3.t.ions). 

Fiou1-e 14. - Extensible and ar·ticulated canopy desian is 

reola1�inu riaid desiqn in friable roof conditions. 

F ioure l ':::,. lnetfi1�iencv of electrohvd1· auli1� control sv�t.ems to 
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·Figure 7. - Abutment stress development around a longwall panel.
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Figure 8. - Imbalance in confinement at longwall face. 
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Figure 10. - Immediate roof acting as a cantilevered beam.
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