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Abstract 

Geotechnical factors influencing pillar strength and overburden stability are analyzed in this paper. The 

work highlighted the importance of geological, mining and design factors The influence of design factors 

is quantified using FLAC as well as load transfer data from U.S. coal mines. Dynamic effects are 

analyzed using UDEC showing how marginally stable pillar designs could fail as dynamic stress is 

transferred over a 120 m wide barrier. Popular empirical methods are evaluated while proposing means 

for accounting for confinement. New data are included for weaker coal seams in soft tertiary strata of the 

study site at shallow cover. 
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1. INTRODUCTION 

 

This Prudent design of coal pillars in room-and-pillar panels or highwall miner panels requires an 

estimation of in-situ pillar strength, overburden lateral load transfer capability, and a failure criterion. Pillar 

strength is typically determined using one of empirical pillar strength formulae which are either based on 

laboratory testing (Bieniawski, 1968; Salamon and Munro, 1967; and van der Merwe, 2002) or theoretical 

considerations (Wilson, 1972; Baron, 1983). These empirical methods are useful for preliminary 

investigations but lack provisions for including site-specific conditions including layered coal, confinement 

stress and groundwater conditions, among other factors. 

The determination of how much load a pillar is expected to take is partially dependent on the ability of 

overburden to transfer load laterally. The load transfer distance (LTD) is an important consideration for 

selection of panel widths and barrier pillar designs. It is the maximum distance over which the overburden 

can transfer loads. By limiting panel width below a distance equal to twice the LTD, the operator would 

prevent full tributary loading of pillars. To avoid any load transfer toward the next panel, the barrier pillar 

should be wider than the LTD. Because the LTD is depth dependent, wider panels can be protected by the 

pressure arch at greater depth but narrower panels are required at shallow cover near the outcrop. This is 

particularly important for highwall miner panels where panels are driven typically at low cover near the 

highwall face. Pillar stability near the free highwall face is further compromised by reduced confinement 

effects perpendicular to the highwall face. 

In this paper, based on back analyses of stresses associated with local and regional failures over a 

large number of highwall mining panels, the authors identify geotechnical factors influencing pillar strength 

and overburden stability, emphasizing the role of horizontal stress, among other factors. The usefulness and 

limitations of popular empirical methods are discussed while proposing means for accounting for 

confinement for U.S. coal seams 4257 including a new lower bound for some weaker tertiary strata at the 

recent study site. At this site a series of overburden collapse events, some preceded by seismic events, 

resulted in a significant amount of subsidence, over a large central area encompassing 10 highwall miner 

panels under a variety of hydrogeologic, mining and stress conditions. In addition, gradual failure of the 

overburden over few panels in the northern highwall miner district provided additional insights. Figure 1 

presents panel layouts and subsidence contours. Typical highwall mining layouts consist of 20-entry panels 

isolated by 10 m wide barrier pillars. 
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Direction provides required guidelines to authors to write their English papers in accordance with a 

standard identical format acceptable to this conference. The fulfillment of these instructions is mandatory for 

all contributors. Note that the appearance of this guide sheet conforms to the suggested directions and can be 

used for preparing your own paper after removing the guiding boxes/signs. 

 

2. GEOLOGIC AND ROCK MECHANICS DATA 
 

There are up to seven coal seams within the study area (D1 through D7, in ascending order) overlain 

by 75-110- m of cover. To the north, the seams of economic interest are the D41 (where the D1 through D4 

coalesce into one seam without much in the way of a parting) overlain by D5 reserves some 15 m above. D41 

thickness varies from 3.3-4.5 m and the D5 seam is 2.5 m thick in the northern area. In this multi-seam area, 

the D41 Seam is already extracted in the highwall study area as designated by D41 Panel 1 through 15. 

Future highwall miner plans call for extraction of D5 reserves. 

In the central zone, the D1, through D5 seams come together to form the D51 seam. The D51 seam is 

up to 10 m thick; D51 Panel 13-19 were mined in two passes creating openings 8-m high while leaving 

several feet of coal in the top and floor. Moving to the south within the central zone, a parting formed 

between D54 and D31 seams. The parting was thin in D51 Panel 13 and thus was mined with the coal during 

two pass operations. 

As the parting thickened to the south, operator shifted production to the top bench for the remaining 

panels D54 Panel 1-12 leaving the D31 Seam in the floor; 5 m thick D54 Seam was mined in a single pass 

leaving some coal in the roof and floor. 

The regional structure (jointing) is oriented N58 o W and N52 o E, with cleats aligned with the 

structure. Jointing is not well developed, and average spacings are approximately 2.5 m. Acting near-parallel 

to the structure is a mild biaxial horizontal stress field. Maximum measured principal stress is 3 MPa at the 

deepest highwall miner panel (equal to the overburden) and less at shallow cover near the highwall face. The 

author considers this horizontal stress field favorable in promoting pillar stability by providing confinement 

to the pillar core at depth. The least pillar confinement materializes at the highwall face (perpendicular to the 

face) reducing pillar confinement locally. 

Together with lower arching ability at shallower depth, the potential for pillar yielding is greater near 

the highwall face; an assertion supported by subsidence patterns, showing maximum subsidence often closer 

to the highwall face than at depth. 

Most enclosing strata are weak and soft with uniaxial compressive strengths mostly in the range of 7 

to 35 MPa. 

The uniaxial compressive strength of the D41 Seam is 11.5 MPa in the northern zone; in the central 

zone, tests have shown the D51 Seam to be stronger. Near-seam strata are also soft, with Young’s moduli 

varying from 0.7 to 11 GPa. These values are several times lower than typical values for Utah mines (Maleki, 

2006). 

The in situ strength and deformation properties of rocks are influenced by intact strength and the 

condition of geological discontinuities within the rock mass of interest. A number of simple to sophisticated 

indices have been used by practitioners in rock engineering for characterizing rock mass quality. A useful 

parameter commonly used in geomechanics is rock quality designation (RQD). It is the sum of all core pieces 

longer than 4 in, divided by total interval length. 

Rock mass quality is variable and influenced by high RQD values at one corehole to the north, but 

decline rapidly at another corehole in the central zone. The RQD is 100% at the northern corehole, indicating 

excellent rock quality using a relationship between RQD and rock quality suggested by Deere et al. al. 

(1969). The immediate roof and floor rock quality is poor based on low RQD vales at the central zone. 

Bieniawski (1984) proposed another rock mass rating (RMR) system by combining both intact 

properties and conditions of discontinuities. Because of high reported RQD values in general, and large 

spacings of discontinuities (2.5 m), the calculated RMR values exceed 64 for most overburden rocks. 

Having calculated RMR values, rock mass strength parameters representing roof, coal seam, and floor 

rock were calculated based on the best fit of the nonlinear Hoek and Brown criterion. Hoek et al. (2002) 

proposed a failure criterion for rock masses that is widely used in geotechnical analyses and as input to 

numerical modeling around the globe. Figure 1 presents average nonlinear triaxial strength (in-situ) for the 

D41 Seam. There is a weaker zone toward the top of the D41 Seam locally which was included in some of 

the numerical modeling analyses. 

There are three aquifers in the overburden, near the minable coal seams and below. Within the 

highwall mining study areas, ground water elevations are higher in the south and within the central zone and 

lower to the north. 
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Estimated pore pressure varies from 0.05 to 0.2 MPa within the minable units moving from north 

toward south. 

Thus ground water appear to have played a role in weakening the coal, reducing pillar confinement 

through the pore pressure effect and facilitating overburden subsidence events in the central and southern 

zones. 

 
Figure 1. Typical confining stress vs. axial stress plot for D41 Seam. 

 

 

3. EMPIRICAL METHODS OF BACK ANALYSES 
 

Two design approaches may be used for design of highwall mining layouts (1) use of narrow panels 

protected by the pressure arch separated by relatively wide barrier pillars and (2) use of wide panels 

(exceeding pressure arch) and very stable web pillars. Both design approaches could ensure overburden 

stability during the service life of the panel depending on safety factor levels used for the web pillars and the 

barrier pillars. At the study site, most panels were too wide to be protected by the pressure arch and the web 

pillars too narrow to remain stable in the long-term. 

Figure 2 presents an empirical formula and the upper confidence limit relating pressure arch based 

panel width to depth of cover (Able, 1988). In this figure the author has also shown the expected relationship 

for mine overburden rocks based on back analyses of overburden initial collapse over two panels. Note that 

the arching capacity of massive overburden units exceeds average values reported by Able (1988). Other 

factors favoring long load transfer distances are a lack of jointing and the presence of a moderate horizontal 

stress field. 

Since many mined highwall panels at the study site exceed 120-m in width, the author expects full 

overburden loading conditions toward the center of these panels. Overburden stability is thus governed by the 

stability of web pillars to a large degree and the subsidence events point to marginal pillar stability in many 

areas. 

An average web pillar safety factor (SF) is calculated by dividing average pillar strength by the 

tributary area load. 

Pillar strength is calculated using reported uniaxial compressive strength values while adjusting for 

size effect to account for the presence of discontinuities within the coal seam. To account for pillar shape (or 

width-to-height ratio), the author applied three equations including those suggested by Mark-Bieniawski (M-

B, Mark et. Al. 1997,  Maleki.,1992 and van der Merwe ., 2002). With the exception of the M-B method, all 

other methods discount the influence of pillar length and thus remain conservative. Strength constants were 

derived based on uniaxial compressive strength and back analyses of pillar failure in another area. Web pillar 

average stress is based on the tributary area method. 
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Figure 2. Pressure arch concept vs. depth of cover (after Abel, 1988) and the expected relationship at the study 

site. 

Figure 3 compares the calculated SF using three methods for both central and northern extraction 

zones while identifying the location of initial unstable panels. Clearly the M-B method overestimates pillar 

strength for longterm designs. Both the van der Merwe and Maleki methods, on the other hand, are 

conservative, predicting the potential for long-term stability problems. Note that thick seam conditions in 

D51-Panel 13-19 lent itself to twopass mining and thus web pillars achieved high width-to-height ratios. 

Pillar SF thus became quite low in several panels including D51-Panel 13 to 16. This led to a series of 

overburden collapses over ten panels; the collapses were associated with seismic events in the range of 2.4 to 

3.0 on the Richter scale. 

 
Figure 3. Web pillar factor of safety for different panels extracting D51 and D41 seams. 

The sequence of collapses were studied using highwall observations, a review of seismic energies 

associated with vertical displacement of overburden blocks, and a review of geology and pillar SF in the 

central zone. The first overburden collapse was most likely initiated over panel 14 approximately eight 

months after mining, probably due to weaker overburden, the presence of drainage on the top, the presence of 

a water-sensitive parting between the D54 and D31 seams, and marginal pillar stability. The failure rapidly 

expanded to the neighboring panels 13 through 16, then jumped over a barrier to panels 12 through 10 later 

during the morning and throughout the day. Dynamic stresses and ground shaking resulting from morning 

collapses and six associated seismic events, triggering pillar failure and overburden collapse over other 

marginally stable panels including D51- Panel 17 and 18 isolated with a 120 m wide barrier pillar, as 

analyzed in the next section. 

 

 

3. SITE SPECIFIC STRESS ANALYSES 
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The empirical calculations are supplemented with modeling for including (1) the heterogeneous nature 

of the coal seams, (2) the influence of reduced confinement near the highwall face (also influenced by pore 

pressure), and (3) dynamic effects associated with the overburden collapse. For an evaluation of the 

sensitivity of pillar SF to geologic factors, a two-dimensional, finite-difference code, FLAC, was used; and 

Dynamic effects were analyzed using UDEC (Universal Distinct Element Code) (Itasca 2006). 

 

 

4.1. FLAC ANALYSES 
 

The analyzed geometry consisted of half of a web pillar and heterogeneous material properties. By 

using lines of symmetry on the sides of the model, the author has assumed an infinite number of pillars 

typical for wide highwall miner panels consisting of 20 openings. Pillar stress is maximized, discounting any 

arching effect. These analyses were completed to study stress distribution within the pillars and to calculate 

the pillar SF while accounting for horizontal stress and exact pillar geometries (or width-to-height ratio) on a 

mechanical basis. The focus was on the stability of the pillars toward the center of a panel while considering 

heterogeneous coal strength, and confinement effects near the initial collapsed panels. 

Three conditions were compared (1) homogenous vs. layered coal seams (2) full pillar confinement 

for a typical section about mid-length of panels vs. reduced confinement near the highwall face simulated 

using plane stress solutions and (3) full confinement vs. reduced values due to pore pressure. Safety factor 

were post processed from elastic stress solutions. The Mohr-Coulomb strength parameters, cohesion and 

friction angle, used in the post processing were obtained from available site specific geotechnical testing. 

Figure 4 compares horizontal stress distribution for the central zone panels showing the importance of 

including layered properties for the calculation of horizontal stress and SF where applicable. For the 

analyzed pillar with width-to-height ratio of 0.7, horizontal stress are small but remain compressive for 

homogeneous seam properties. On the contrary, tensile stress forms within the pillar as layered structure is 

included within the Seam. The tensile stress is induced by the contrast of the stiffness between coal layers. 

This reduces pillar SF along stiffer layers below 1. Since reported tensile strength is low (0.05-0.14 Mpa), 

tensile slabbing may contribute to pillar failure. 

 
Figure 4. Horizontal stress concentration for (a):homogenous, (b):layered coal  

Figure5 presents the calculated average web pillar SF for typical pillar width-to-height ratios and far-field 

stress conditions in the northern study areas. Pillar SF is sensitive to the composition of the seam and 

potential for shear failure is highest for layered heterogonous seam conditions. Assuming full confinement 

effects, pillar stability is reduced at greater depths because of higher concentration of vertical stress in high 

extraction panels. 

Near the highwall face, pillar confinement is reduced and thus pillar SF. The reduced confinement effects are 

conservatively simulated by assuming plane stress conditions at 75 m of depth. It is interesting to note that 

pillar stability is lowest for the plane stress conditions and thus most realistic pillar designs should consider 

reduced pillar stability near the highwall face. Subsidence contours clearly show higher subsidence forming 

at shallow areas than deeper portion of panels. Among contributing factors are (1) reduced confinement and 

pillar strength and (2) lower overburden ability to arch at shallow cover. Three dimensional stress analyses 

are planned to verify plane stress assumptions. 

a b 
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Figure 5. Average pillar SF for typical mining geometries and analyzed conditions. 

 

 

4.2. UDEC ANALYSES 
 

UDEC code is used to study the mechanics of failure in the central zone accompanied by stress 

transfer over a 120-m wide barrier pillar. Since load transfer distances are lower than 120 m (Figure 3), it is 

very unlikely that static load transfer caused pillar failure in D51-Panel 17 isolated by a 120-m barrier pillar 

from Panel 16. The dynamic stress resulting from the overburden collapses over D51-Panel 16 is analyzed 

here to show how this and other events over D51- Panel 10-15 can trigger failure in marginally stable pillars 

in Panel 17 (Figure 6). 

Based on analyses of subsidence, event energy and wave attenuation considerations, the collapse 

mechanism is addressed and seismic stresses are estimated. The examination of full wave forms indicates 

low frequency and long period. Such events can induce particle velocities of 2.5-4 cm/sec at a distance of 

120-m from the source using particle velocity attenuation equations for sedimentary rocks (Arabasz et al., 

2005). Dynamic far-field shear and compressional stress associated with such events are estimated to be 0.15 

to 0.30-MPa at a distance of 120 m using site-specific measurements of wave velocities. 

To analyze web pillar stability in Panel 17, a series of UDEC analyses was completed using both 

static and dynamic stress. Analyzed geometry included D51 Panel 17 and the barrier pillar to the right. 

Dynamic stresses consisting of both compressive-extensive stresses (P wave) and shear stresses (S wave) 

were simulated with sinusoidal wave with frequency of either 1 Hz or 10 Hz. These two frequencies cover 

the range of frequency of the seismic event that occurred. Pillar stability, as indicated by development of 

yield zones within web pillars, is adequate if D51 strength properties are used under static loads. Considering 

the weaker nature of D41 Seam, the presence of ground water and the application of dynamic stress, 

significant yielding is projected (Figure 7). 

 
Figure 6. Element yield state is shown within the panel. 
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6. CONCLUSIONS 
 

Site specific analyses presented in this paper have clearly identified the influence of geologic and 

geometric factors on pillar stability, including (1) the heterogeneous strength properties of multi-layered 

benches forming the thick seam, (2) lower pillar confinement close to the highwall face, (3) time-dependent 

deterioration in the strength of clay-rich partings in certain areas, (4) the small amount of pore pressure, (5) 

low pillar W/H ratios and mining near the highwall face with reduced confining effects, (6) lack of 

systematic barrier pillars and (7) high arching ability of relatively unjointed overburden units confined 

adequately by horizontal stress eventually contributing to large seismicity after the collapse. 

The study also identified the usefulness and limitations of popular empirical methods revealing better 

agreement between the van der Merwe and Maleki methods for pillars with low W/H ratio. The latter method 

is enhanced by including data from this case study with weaker coal in the northern mining zone, including a 

lower bound for structurally influenced multi-layered coal at shallow depths (Figure 7). The formulations 

reflect non-linear behavior (Maleki, 1992) and the pillar strength is capped based on field measurements that 

showed coal pillars can sustain maximum stresses between 17 and 34 MPa, depending on structural and 

confining effects. Beyond these stress levels, stability problems may occur as a result of failures in the roof, 

seam, and floor and thus a conservative cap has proven to be prudent. 

 
Figure 7. Updated in-situ pillar strength for different width to height ratios. 
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