
CHAPTER 59 

Pillar Design to Prevent Collapse of Room-and-Pillar Mines 

R. Karl Zip!, Jr.' 

59.1 INTRODUCTION 
Room-and -pillar mining accounts for a significa nt portion of the 
total mineral production in the United States, As shown in Table 
59.1, well in excess of $6 billion worth of mineral commodities is 
produced each year by th is method. A substan tial portion ($3.55 
billion) of coal production still comes from room-and-pillar 
mining. Metallic minerals valued at about $1 billion, plus nonme­
tallic minerals valued well in excess of $1 billion, are also 
produced via room-and-pillar mining. A significam ($600 
million) and growing portion of stone and aggregate production 
uses room-and-pillar mining. In addition, many other mineral 
commodities not noted in this table such as talc, iron, and copper 
are or have been produced in the United States using the room­
and-pillar technique. 

Comparing current data with 1973 data compiled by Bullock 
(1982) shows that production by room·and-p illar method has 
declined in some commodities and grown in others. For example, 
coal production by room-and-pillar method has declined from 
90% of coal production then to 20% of the total today. However, 
since 1973, total coal production has almost tripled so that in 
terms of tons, room-and-pillar coal production has declined only 
from about 290 to 200 million tons today, which is still a very 
significant production amount. Prior to 1973, the room-and-pillar 
mining technique accounted for 60% of noncoal mineral produc­
tion or about 80 million tons of material. Today, the method 
probably accounts for no more than about 20% of total noncoal 
production; however, as shown in Table 59.1, the tonnage and 
value is very significant. Large increases in non coal mineral 
production using the room-and-pillar method have occurred in 
soda ash, potash, salt, and most recently in stone and aggregate. 

One important parameter in the engineering of room-and­
pillar mines is the pillar size, which coupled with the room width 
determines the achievable extraction percentage. Several 
opposing factors influe nce the choice of pil1ar size. Sizing pillars 
(00 large leaves valuable resources in the earth and risks poorer 
mining economics and waste of scarce mineral deposits. Sizing a 
pillar too small risks pillar failure and potential surface subsi ­
dence. Pillars that are too small can lead to a large-scale cata­
strophic collapse called a cascading pillar failure, which carries 
severe economic and health and safety risks (Zipf 1996 and Zipf 
and Swanson 1999). As shown in Table 59.1, with mineral 
production valued at over $6 billion coming from room-and­
pillar mines, changing the extraction percentage by just 1 % trans­
lates into over $60 million per year in resource conservation or 
mining revenue gains. Better understanding of pillar mechanics 
will therefore have significant impact on the economics of mines 
using the room-and-pillar method. 

The objective of this paper is to present a design method­
ology a imed at eliminating the risk of large-scale pillar collapse in 
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room-and-piBar mines. The design methodology involves evalua­
tion of Salamon's local mine stiffness stabili ty criterion. This 
section first summarizes traditional strength-based pillar design 
methods applicable to coal or hard-rock mines. Several examples 
of large-scale pillar collapse are reviewed, and the mechanics of 
these fa ilures is presented. To decrease the risk of pillar collapse, 
three al ternative design approaches are given-the containment 
approach, the prevention approach, and the full extraction 
approach. Finally, practical methods are presented to evaluate 
the local mine stiffness stability criterion and use results in prac­
tical room-and-pillar mine layout. 

59.2 TRADITIONAL STRENGTH-BASED 
PILLAR DESIGN METHODS 

Room-and-pillar mines may cover a small area several hundred 
feet squa re and contain just a few pillars as in a small zinc 
deposit. Al ternatively, they may cover many square miles as is 
typical with coal, trona, or limes tone mines. Large arrays of 
pillars are typically grouped into panels, which are in turn 
surrounded by barrier pillars. The small pillars within a panel are 
sometimes called panel pillars . Figure 59.1 shows typicallayollts 
for coal, limestone, and lead room-and-pillar mines. In devel­
oping these layouts, the mining engineer must develop appro­
priate dimensions for the room spans, panel pillar widths, panel 
sizes and finally barrier pillar widths. In addition to strength 
considerations, developing these dimensions requires evaluation 
of the consequences of pillar failure, which could happen 
anywhere in the layout at any time. 
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Traditional strength-based pillar design fi rst requires an esti­
mate of pillar stress and then an estimate of pillar strength. The 
safety factor for the pillar is then evaluated as pillar strength over 
pillar stress. An acceptable safety factor depends on the tolerable 
risk of failure. A safety factor of 2 is typical for pillars in main 
development headings or panels during advance mining. Safety 
factors of 1.1 to 1.3 are typical for panel pillars after retreat 
mining. Safety factors much less than one are possible within 
panels where pillar failure is the intent. 

59.2.1 Pillar Stress 

As summarized by Farmer (1992), traditional pillar design for 
room-and-pillar mining begins by esdmating the in situ vertical 
stress as 

(59.1) 

where t.. is the unit weight of rock and z is depth to the mining 
horizon. The tributary area method then provides a first-order 
estimate of the average pillar stress. For the square room-and­
pillar system shown in Figure 59.2, the average pillar stress is: 
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TABLE 59.1 Value and production by room-and-pil lar mining in the Unit ed States 

Totabl U.S. production 

Mineral commodity (tons) 

Coal (1) 1 ,014 ,000,000 

Lead (2) 493,000 

Zinc (2) 722 ,000 

Soda Ash (2 ) 10 ,100,000 

Potash (2) 1,300,000 

Sa lt (2 ) 40.800,000 

Gypsum (2) 19,000,000 

Stone and Agregate (3) 1.200,000,000 

(l) Coal Data 1999-National Mining Association. 
(2) USGS Mineral Industry Surveys. 1998. 
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(3) The Aggregate Handbook-National Stone Association- 19g6. 
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where W is the pillar width and Wo is the opening width. For 
rectangu{ar or irregular-shaped pillars, the average pillar stress is 
found using the extraction ratio as: 

apo = a,C ~ R) (59.3) 

where R is the extraction ratio. 
R is found as: 

R (59.4) 

where AT is the total area of the ore body, AM is the area extracted 
and Ap is the pillar area. 

The tributary area approach assumes that the mined area is 
extensive and that all the pillars have the same dimensions. It 
also ignores the deformation propenies of the surrounding rock 
mass relative to the pillar rock. In general, pillars at the center of 
a panel have a higher stress than pillars at the edge of a panel. 
Coates (1981 ) solved part of this problem by developing the 
following relation for average pillar stress that accounts for the 
width and number of pillars across a panel and the relative 
mechanical properties of the pillar and rock mass: 

(59.5) 

where H is the mining height, L is the lateral extent of the mined 
area, B is the individual opening width, N is the number of pillars 
across the panel, Ko is the ratio of horizontal to vertical stress, E 
and v are elastic constants. and subscripts rm and p indicate the 
rock mass and pillar, respectively. While this equation is based on 
two-dimensional elasticity theory and therefore only applies to 
long, narrow rib pillars, it illustrates the behavior of average 
pillar stress. As the ErmiEp ratio rises, the average pillar stress 
decreases due to the bridging effect of the stiff rock mass. Simi­
larly as the panel width L decreases and the HIL ratio increases, 
average pillar stress decreases. 

Similar to tributary area method, Coates' (1981) solution 
only gives average pillar stress for all panel pillars and does not 
give changes in pillar stress across the panel. Two-dimensional 

Room-and-pll iar Value of room-and-pillar Typical extraction 
production (tons) production " 202,000,000 $3,550 million 60 

444,000 $432 million 75 

433,000 $491 million 75 

8.00 Q,000 $66 4 million 65 

1,300,000 $320 million 50 

32,000 ,000 $592 million 50 

9 ,000,000 $66 million 75 

120,000,000 $600 million 75 

boundary·element-method programs such as ExamineTAB (2000) 
or quasi-three-dimensional BEM programs such as MULSIM/NL 
(Zipf, 1992a,b) and LAMODEL (Heasley 1997 and Heasley 1998) 
are needed to calculate changing pillar stresses across a panel or 
within an individual pillar. Figure 59.3 shows the changing 
stresses across a panel and within pillars using a BEM program. 

59.2.2 Pillar Strength 

Over the past several decades, a large amount of rock mechanics 
literature has addressed pillar strength, both in coal and metaV 
nonmetal mines (Obert and Duvall 1967; Hoek and Brown 1980; 
Bieniawski 1992; Brady and Brown 1993). Much of this work is 
empirical and has addressed two issues- the size effect whereby 
rock strength diminishes as specimen size increases and the shape 
effect whereby rock strength increases as width-to-height ratio 
increases. Using energy considerations, Farmer (1985) developed 
theoretical expressions relating strength to size. When failure 
occurs in a brittle manner, as it does in most rocks, strain energy 
within the specimen transforms to fracture surface energy, which is 
a constant for a particular rock. Based on energy conservation: 

SED x V = FExA (59.6) 

where SED is the strain-energy-density of the rock, V is the rock 
volume, FE is the fracrure·surface-energy, which is a material 
constant, and A is the fracture surface area. 

Rearranging gives: 

SED x ¥ = SED x L = FE = Constant (59.7) 

where L is a characteristic dimension or length of the rock 
specimen. 

Assuming that laboratory-scale failure is mechanistically 
similar to full-scale pillar failure. then 

SEDs x Ls = SEDp x Lp (59.8) 

where the subscripts Sand P indicate laboratory-scale specimen 
and full-scale pillar, respectively. Since strain-energy-density at 
failure is proportional to the square of stress at failure, 

as> x Ls = ap2 x Lp (59.9) 
or 

:: = (~r = (~:r = (~:t 7 (59.:1.0) 

where as and ap are strength of the laboratory specimen and full­
scale pillar, respectively and V is volume, which is proportional to 
L3. This theoretical relationship accounts for the size effect in 
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FIGURE 59.1 A: Typical room-aod-pillar layout for coal mine with pillar 
extraction on retreat (Farmer 1992); B: Typical room-and-pillar layout 
for metal/nonmetal mine (OravD 1974) 

FIGURE 59.2 Plan view of room-aod-pillar mine with dimensions for 
simple analysis 
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FIGURE 59.3 Pillar stresses across a panel and within pillars 
determined with the boundary element method probram MULSIM/ NL 

observed rock strength. The following empirical strength formula 
proposed by Hardy and Agapito (1977) for oil shale pillars 
follows this general theoretical form and provides some experi­
mental confirmation. 

Op = (VS)O.118 [WP HSJO.833 

Os Vp Hp Ws 
(59.111 

where Wand H are pillar and specimen width respectively. This 
er.npirical model also includes an additional term for pillar shape. 

Classic empirical pillar strength formulas usually follow one 
of two general forms. 

W' 
op ~ Kii 

H 
(59.13) 

Pillar strength formulas by Obert and Duvall (1967) and 
Bieniawski (1968a) follow the first form, whereas formulas by 
Salamon and Munro (1967) and Holland (1964) follow the 
second. In these forms, size effect is accounted for directly via the 
unit pillar strength Os or the rock constant K. Os is the strength 
of a cubical pillar (W/H "" 1) at or above the critical size, and K is 
a constant characteristic of the pillar rock. The constants a, b, 0. 

and 13 in these equations account for the shape factor and show 
reasonable agreement as shown Table 59.2. 

Several methods exist for estimating CJs or K in equations 12 
or 13, which is the strength of a cubical pillar (W/H' 1) at or 
above the critical size, where critical size is that size beyond which 
the rock mass strength remains relatively constant. For coal 
pillars, the critical size is widely recognized as about 0.9 meter or 
36 inches. For U.S coal mines, the recommended strength value 
for a cube of coal this size is Os "" 6.2 MPa or 900 psi (Mark 
1997b). This unit strength for a full-scale cube of coal can then be 
adjusted for shape effect using the recent Mark-Bieniawski rela­
don (Mark 1999): 

( 
W W2) crp ~ Os' 0.64 + 0.54j{ - 0.18 HL (59.14) 

which reduces to the original Bieniawski relation when pillar 
width W equals pillar length L. 
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TABLE 59.2 Values for constants In empirical pillar strength 
formulas 

Source a b 

Bunting (1911) 0.7 0.3 

Obert and Duvall (19S7) 0.78 0.22 

Bieniawski (1968a) 0 .64 0 .36 

Skelly, Wolgamott and 0.78 0.22 
Wang (1977) 

Greenwald. Howarth and 
Hartman (1939) 

Holland (1964) 

Salamon and Munro 
(1967) 

a 

0.5 

0.5 

0.46 

~ 

0.83 

1 

0.66 

Comments 

Pennsylvania anthracite 

Laboratory rock and coa l 

South Africa coat 

West Virginia coal 

Pittsburgh seam mines 

U.S. coal mines 

SA coal mines 

Hardy and Agapito (1977) 0.60 0.95 U.S. oit shale mines 

If laboratory·scale strength data ("s) is available, the full · 
scale strength of a cube of rock mass (O's') can be found from 
equation 10 as: 

(
VS)O.17 

0"5' ::: as -
Vs· 

(59.:1.5) 

This unit strength for a full-scale cube of the rock mass can 
then be adjusted for shape effect using the Obert·Duvall relation: 

"p = "s' (0.78 + 0.22~ (59.:1.6) 

Finally, the Hoek-Brown failure criterion can also provide an 
estimate of the strength for a full·scale cube of the rock mass. For 
most rock masses with good to reasonable quality, 

" 3 ( ,,' )0 
01 :;:::: °3 + 0 c mba; +s (59.:1.7) 

where mb, s and a are constants which depend on the rock mass 
quality, Oc is the uniaxial compressive strength of the intact rock 
pieces (equivalent to O"s), and 0"1' and 03' are the axial and 
confining principal stresses. 

The constams m b and 5 are estimated using a rock mass clas­
sification index called GSI, which is equivalent to Bieniawski's 
Rock Mass Rating (RMR) assuming a dry rock mass. See Hoek, 
Kaiser and Bawden (1995) for a complete discussion of the Hoek· 
Brown failure criterion for rock masses. 

59,2,3 Barrier Pillar Design 

The above pillar stress and pillar strength formulas apply mainly 
to pillars within a large array or so·called panel pillars. The 
barrier pillars surrounding this array of panel pillars also require 
sizing. Tributary area method can provide a conservative esti· 
mate of barrier pillar stress, if we assume that the panel pillars 
have all failed or else are all mined and therefore carry no over­
burden stress. Alternatively, numerical methods such as 
MULSIM/NL or LAMODEL can provide an estimate of barrier 
pillar load without making the conservative assumptions 
inherent to tributary area method. 

The empirical pillar strength formulas shown earlier apply 
to pillars with a width-to-height ratio less than 5. For barrier 
pillars and other pillars in coal mines with a W/ H ratio greater 
than 5, Salamon's "squat" pillar formula applies: 

"p = "s'(::o)(~((W~H)' -1)+1) (59.:1.8) 

where e = 2.5, a = 0.0667 and b = 0.5933. 
For hard rock and other noncoal mines, an equivalent squat 

pillar formula does not exist. It is necessary to extrapolate the 
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Obert-Duvall relation to high W/ H ratios or else use numerical 
methods and the Hoek-Brown failure criterion to estimate 
required barrier pillar size. 

Koehler and Tadolini (1995) review no less than ten empirical 
and observational approaches to barrier pillar design in coal mines. 
Most methods calculate minimum barrier pillar width as a function 
of depth, and some include seam thickness. Coal strength is gener­
ally neglected. Equivalent empirical approaches to estimate barrier 
pillar size in noncoal mines do not appear to exist. 

59,2.4 Summary of Traditional Strength·Based 
Pillar Design Methods 

For room·and-pillar coal mining, the ARMPS method developed 
by Mark (1997a) applies. This method incorporates tributary 
area method and empirical strength formulas for sizing coal 
pillars during advance and retreat mining. The method also 
includes adjustments to the pillar stress for factors such as side 
loading from previously mined panels. The ARMPS method can 
also determine barrier pillar size. Again, an equivalent program 
does not appear to exist for noncoal room-and·pillar mining, but 
the ARMPS method would apply with suitable adjustments to the 
input parameters. 

With the traditional strength·based pillar design methods, the 
user can determine panel pillar size and barrier pillar size, but 
these methods do not specify the panel dimension in any way. 
Operational considerations such as equipment and productivity set 
the panel width and usually set it as large as possible. Based on 
strength considerations alone, a narrow panel will require a 
narrow barrier pillar and a wide panel will require a wide barrier 
pillar. Rock mechanics factors do not enter the panel width deter­
mination with these methods. Maximum panel width may be 
determined by the size of air blast that an operation could with­
stand, but this is not a rock mechanics factor. Other rock mechanics 
considerations are needed to rationally determine maximum panel 
width along with panel pillar and barrier pillar sizes. 

59.3 CASE HISTORIES OF PILLAR COLLAPSES 
If the strength of a pillar in a room-and-pillar mine is exceeded, it 
will fail, and the load that it carried will transfer to neighboring 
pillars. The additional load on these pillars may lead to their 
failure and so forth. This mechanism of pillar failure, load 
transfer and more pillar failure can lead to the rapid collapse of 
very large mine areas. In mild cases, only a few tens of pillars 
might fail; however, in extreme cases, hundreds, even thousands 
of pillars can fail. This kind of failure has many names such as 
"progressive pillar failure," "massive pillar collapse," "domino­
type failure," or "pillar run." Swanson and Boler (1995) coined 
the term "cascading pillar failure" or CPF to describe these rapid 
pillar collapses. 

CPF can have catastrophic effects on a mine, and sometimes 
these effects pose a greater health and safety risk than the under­
lying ground control problem. Usually, the CPF induces a devas­
tating air blast due to displacement of air from the collapse area. 
An air blast can totally disrupt the ventilation system at a mine by 
destroying ventilation stop pings, seals, and fan housings. Flying 
debris can seriously injure or kill mining personnel. The CPF 
might also fracture large volumes of rock in the pillars and imme­
diate roof and floor, leading to the sudden release of large quanti­
ties of methane into the mine atmosphere. A methane explosion 
might result from the cascading pillar failure. 

Figure 59.4 gives a simple illustration of cascading pillar 
failure. Figure 59.4A shows a series of 12 equal·sized pillars each 
subject to the same tributary area load. These pillars are assumed 
to be near their maximum load or strength. If two of the center 
pillars are weaker than average and fail, their load is transferred 
to the neighboring pillars causing their .load to increase dramati­
cally, as shown in Figure S9.4B. More pillars then fail as shown in 
Figure 59.4C, and even greater loads transfer to the surrounding 
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FIGURE 59.4 Simplified mechanics of cascading pillar failure or 
" CPF." Arrows indicate the relative magnitude of pillar load. 

pillars as shown in Figure 59.4D. Thus, once the CPF has initi· 
ated, it becomes self·propagating. As shown in Figure 59.4, the 
loads on the intact pillars adjacent to the fai lure area increase as 
the extent of the failure increases, thereby driving the failure 
process even more. This process will continue until all pillars in 
{he array have failed, or until a substantial barrier pillar or other 
solid abutment is reached. 

The rapidity of these unstable pillar failures varies widely. At 
one end of the spectrum are slow "squeezes" that develop over 
days to weeks. Because of their slow progress, there is little 
immediate danger, and mining personnel and machinery have 
ample time to leave the vicinity safely. At the other end of the 
spectrum is cascading pillar failure, which can occur in a few 
seconds. With CPF, the failure occurs so rapidly that men and 
equipment do not have time to evacuate. Real danger of perma­
nent entombment exists. Significant seismic energy is released as 
a result of the rapid failure and collapse . In addition, the rapid 
collapse is almost always associated with a potentially damaging 
air blast. 

Many case histories exist of CPF in coal mines. The most 
infamous example is the Coalbrooke Colliery in South Africa 
where 437 miners perished when 2 square kilometers of the mine 
collapsed within a few minutes on January 21, 1960 (Bryan et a1. 
1966). Table 59.3 summarizes the mining dimensions of ten 
examples of rapid pillar collapse in coal mines. Most of these 
collapses occurred in the United States during the 1980s and 
1990s except where noted. In all cases except Coalbrooke, these 
collapses happened suddenly or without any significant warning. 
All collapses resulted in substantial air blasts and severe damage 
to the ventilation system. Recent repons from India (Sheorey et 
a!. 1995) and Australia (Galvin 1992) indicate that catastrophic 
pillar collapses and the associated air blasts have caused prob­
lems there as well. 

Catastrophic pillar failures have also happened in many 
metal mines. Table 59.4 provides the mining dimensions of four 
room-and-pillar mines in the United States that most likely failed 
by the cascading pillar failure mechanism. The collapse areas can 
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be huge. Fortunately, some of these failures gave advance 
warning. At the Bautsch mine, slabbing from pillars and roof falls 
began four weeks prior to the main collapse. At the copper mine 
considerable rock noise and smaller failures preceded the main 
collapse by five days. Visible signs of pillar deterioration and rock 
noise also preceded the failure at the lead mine. All of the 
collapses induced an air blast; however, due to the large room 
dimensions, damage to the ventilation systems was never severe. 
The only known damage occurred at the copper mine where 
several air doors were bent and a few stoppings were blown 
down. 

The largest and most devastating examples of CPF occurred 
in nonmetal mines. Table 59.5 documents the mining dimensions 
of seven nonmetal mines tha[ probably failed by the CPF mecha­
nism. Substantial air blasts resulted from most of these collapses. 
The occurrence of warnings was divided. Rock noise and other 
failure warnings preceded the silica mine collapse by three 
weeks. Evidently, both trona mine collapses occurred without 
warning. 

Mines experiencing a cascading pillar failure generally 
exhibit the following characteristics. 

1 . Extraction ratios are usually more than 60%. A high 
extraction ratio will put pillar stress close to peak 
strength and provide ample expansion room for the 
failed pillar material . 

2. Width-to-height ratio of pillars is always less than 3 for 
coal mine failures, usually much less than 1 in the metal 
mine failures and less than about 2 for the nonmetal 
mine failures. A low W /H ratio ensures that the failed 
pillar material can easily expand into the surrounding 
openings and that the failed pillar will have little 
residual load bearing capacity. 

3 . The number of pillars across the panel width is always 
at least 5 and usually more than 10, which typically 
ensures that pillars have reached their full tributary 
area load. Minimum panel widths for CPF are at least 
80m. 

4. Substantial barrier pillars with width-to-height ratios 
. more than 10 are absent from the mine layout. 

5. Depth covers the full range of mining conditions. 
Although CPF seems more prevalent in shallow mines 
less than 100 m deep, this may be due to the prevalence 
of shallow room-and-pillar coal mines. 

59.4 MECHANICS OF CASCADING PILLAR FAILURE 
In the simple explanation for CPF given earlier, rapid load 
transfer away from failing pillars is imponant in the failure mech­
anism. However, the underlying mechanics of CPF are more 
complex. The nature of the pillar failure process depends on the 
relative magnitude of certain mechanical properties of the rock 
mass and the pillar. Salamon's local mine stiffness stability crite­
rion accounts for these properties and predicts whether the 
failure process will occur in a stable, nonviolent manner or in an 
unstable, violent manner. This section will explain this criterion 
and the mechanics of stable and unstable failure of rock, first in 
(he laboratory, and then in a mine. 

59.4.1 Stable and Unstable Failure of Rocks 
in the laboratory 

Prior to the 1960s, compression testing of rock specimens 
produced a load convergence curve similar to that shown in Figure 
59.5A. Typical tests ended suddenly and violently upon arrival at 
or shortly after reaching the "ultimate load." Beyond some critical 
applied displacement (Le., convergence), the specimen had no 
load-bearing capacity, usually because it had disintegrated 
completely. Early tests were done with so-called "soft" testing 
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TABLE 59.3 CPF examples In coal mines 

Reference and 
year of collapse 

Bryan et al. (1964) 
Coalbrooke 1960 

Ropchan (1991) 
Belina Mine 1991 

Chase et al. (1994) 
Case 1- 1991 

Chase et al. (1994) 
Case 2-1990 

Chase et al. (1994 ) 
Case 3-1990 

Chase et al. (1994) 
Case 4-1992 

Mokgokong & Peng (1991) 
Emaswati Mine 

Abel (19S8) 
Roadside Mine 1983 

Khair & Peng (1985) 

Richmond (1998) 

Collapse area 
1m) 

2 km2 

300 x 450 

120 x 120 

90 x 120 

90 x 490 

120 x 150 

60 x 140 

200 x 400 

120 x 120 

180 x 450 

Depth 

1m) 

140 

1 70 

80 

75 

60 

70 

60-140 

210 

90 

30-120 

TABLE 59.4 CPF examples In metal mines 

Reference and 
year of collapse 

TouseuH & Rich (1980) 
Bautsch Mn. 1972 

Davidson (1987) 
Cu·Ag Mine 1987 

Collapse area 
1m) 

90 x 360 

90 x 120 

Straskraba & Abel (1994) 600 x 900 
Copper Mine 1988 

Dismuke et al. (1994) 
Lead Mine 1986 

120 x 200 

Depth 
1m) 

75 

300 

600 

300 

TABLE 59.5 CPF examples in non-metal mines 

" Extr. 

56 

56 

78 

78 

78 

64- 75 

75 

84 

75 

70 

" Extr. 

90 

60-65 

68 

78 

Mining height 

1m) 

4 .3 

5.8 

2.9 

3 

3 

3.3 

3 

2.1-2.4 

2.1 

2.1 

Mining height 
1m) 

27 

20 

3.5-8.5 

12 

Room width 

1m) 

6 

6.1 

6. 1 

6.1 

6.1 

Pillar slze 
1m) 

12 x 12 

12 .2 x 12.2 

3 x 12.2 

3 x 12.2 

3 x 12.2 

W/ H 
ratio 

2.8 

2. 1 

1.1 

1.0 

1.0 
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Panel width 
1m) 

210 

170 

210 

150 

90-150 

Alrblast 
damage 

437 miners killed 

Major, 1 injury 

26 stoppings, 
1 inj ury 

40 stoppings 

103 stoppings 

6.1 6x6 
9x9 

12.2 x 12.2 

1.8-2.7 180 37 stoppings 

6.1 

6.1- 12.2 

6 .1 

6.1 

Room width 
1m) 

23 

14 

8.5 

9.7 

3 x 24.4 

6 .1 x 6.1 

6.1 x 9.1 

Pillar size 
1m) 

11x11 

9 x 90 

22 x 22 (A) 
7 x 7 (R) 

8.5 x 8.5 

2.0 

1.3 

2.8 

2.9 

W/ H 
ratio 

0.4 

0.5 

2.0-0.9 

0.7 

80 

430 

120 

180 

Not known 

Minor 

Not known 

23 stoppings 
No injuries 

Panel width Alrblast 
(m) damage 

90 M inimal 

150 Not known 

Minor 

180 Mtnor 

Reference and Collapse area 
year of collapse (m) 

Depth 
1m) " Extr. 

Mining height 
1m) 

Room width 
1m) 

Pillar size 
1m) 

W/ H 
ratIo 

Panel width A[rblast 
(m) damage 

Swanson & 80[e(1995) 760 x 2. 100 
Trona Mine 1995 

Knoll (1990) 
Potash Mine 1989 

Spruell (1992) 
Silica Mine 1992 

Oenk et a1. (1994) 
Sa lt Mine 1993 

No Reference 
limestone Mine 1975 

No Reference 
Trona Mine 2000 

No Reference 
limestone Mine 
2000 

6 km2 

75 x 90 

200 x 200 

300 x 600 

760 x 340 

75 x 75 

490 

700-900 

18 

330 

<60 

490 

40-60 

60-70 2.4-2.7 

45 6.1 

56 12.2 

92 3.7 

>80 >6 

70 2.4- 2.7 

> 90 4-5 

machines, and they produced only part of the load-convergence 
relationship for the specimen. 

Modern compression testing with so-called "stiff' testing 
machines produces a complete load-convergence curve similar to 
the one shown in Figure 59.4.5B (Cook and Hojem 1966; Bien­
iawski 1967; Wawersik and Fairhurst 1970). A typical test does 
not end suddenly and violently at the ultimate load. The load on 
the rock first increases to ultimate and then decreases gradually. 

4.3 

10.7 

6.1 

16.5 

15- 30 

4.3 

10 

3.8 x 29 

30 x 30 

9 to 15 
ave. 12 

5.5 x 5.5 

5 to 15 
irregular 

3.8 x 29 

5x5 

1.4 170 Major 

5 Not known 

1 Not known 

1.5 200 None 

300 Not known 

1.4 170 Not known 

1 None 

The rock specimen maintains its integrity and some load-bearing 
capacity even after the ultimate load is exceeded. 

Jaeger and Cook (1979) discuss how confining pressure, 
temperature, loading rate, and other variables affect the shape of 
the stress·strain curve for a rock. For many practical mining engi­
neering problems, the width·to-height ratio of a test specimen is 
of primary interest. Figure 59.6 from Dos (1986) shows how the 
magnitude of peak strength, steepness of the post·failure portion 
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FlGURE 59.5 Typlcalloatk:onvergence curves for rock from a "soft" 
testing machine (a) exhibiting unstable failure and from a "stiff" testing 
machine (b) exhibiting stable failure (Swanson and Boler 1995) 
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FIGURE 59.6 Complete stress-strain curves for Indian coal 
specimens showing Increasing residual stength and post-failure 
modulus with increasing W/ H ratio (Oas 1986) 

of the stress-strain curve, and magnitude of the residual strength 
changes as the width-to-height ratio of a coal specimen increases. 
Specimen behavior is strain softening at first, then becomes 
elastic-plastic, and finally exhibits strain-hardening behavior as 
width-to-height ratio increases. 

Salamon (1970) developed a criterion [Q determine whether 
the failure process observed in the laboratory occurs in a stable, 
nonviolent or in an unstable, violent manner. Figure 59.7 illus­
trates the criterion. Stable, nonviolent failure occurs when 

(59 .190) 

and unstable, violent failure occurs when 

(59.19b) 

where Klms is the loading machine stiffness and Kp is the post­
failure stiffness at any point along the load-convergence curve 
of the rock specimen. If the loading machine stiffness is less 
steep than the post-failure stiffness, as shown in Figure 59 .7A, 
the fa ilure is unstable and violent. However, if the loading 
machine stiffness is steeper than the post-failure stiffness, as 
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FIGURE 59.7 Unstable, violent failure versus stable, nonviolent 
failure. (A) loading machine stiffness is less than post-failure stiffnes 
sin a "soft" loading system. (B) loading machine stiffness Is greater 
than post-failure stiffness In a "stl"" loading system (Swanson and 
Boler 1995). 
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FIGURE 59.8 illustration of scheme to measure loading machine 
stiffness. (A) pressurized Jack replaces laboratory specimen in test 
framej (B) loading machine stiffness Is slope of jack force versus test 
frame displacement diagram. 

shown in Figure 59.7B, the failure is stable and nonviolent. If 
the above failure criterion is violated, the specimen disinte­
grates at or just after reaching the ultimate load and only part of 
the load-convergence relation is observed. Satisfying [he above 
stability criterion can result in measurement of complete load· 
convergence behavior of [he specimen. 

"Soft" and "stiff' testing machines differ in much more than 
just ourward appearance. A stiff loading machine has a much 
larger steel reaction frame as well as a: much larger hydraulic ram. 
However, the fundamental difference bervveen "soft" and "stiff' 
testing machines that leads to stable or unstable specimen failure 
is in the way the loading machine itself reacts to induced load and 
stores energy during a compression test. Both the test specimen 
and the loading machine deform as the applied load increases. A 
"soft" tes ting machine will deform more than a "stiff' testing 
machine and thereby store more energy in the testing machine 
itself. Energy is stored in the test frame (the steel posts, the cross­
head and any steel platens), the hydraulic ram and the hydraulic 
fluid. Therefore, if the load on a specimen is the same, a "soft" 
testing machine will store more energy (load times deformation) 
than a "stiff' testing machine. When the specimen reaches its 
maximum load-bearing capacity, the "soJt1' testing machine will 
relax and displace inward and thereby transfer all its stored strain 
energy to the specimen, which will lead to an unstable, violent 
failure. With a "stiff' testing machine operating in displacement 
control. the testing machine itself will not displace inward suffi­
ciently to destroy the test specimen. Failure will occur in a stable, 
nonviolent manner, and it is possible to measure the complete 
load-convergence relation for the specimen. 

Figure 59.S shows a simple analogy to measure loading 
machine stiffness. In 59.SA. the rock specimen in the (est frame is 
replaced with an equivalent, pressurized hydraulic jack. Relaxing 
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FIGURE 59.9 Illustration of scheme to measureKLMS_ (A) lack replces 
mine plllarj (8) KlMS Is slope of Jack force versus mine roof·to-noor 
displacement diagram. 

the load on the jack causes the test frame to displace inward. The 
slope of the jack force versus test frame convergence relation, as 
shown in Figure 59.BB, is {he loading machine stiffness. 

59.4.2 Stable and Unstable Failure of Pillars In Mines 

A rock specimen loaded in a laboratory test frame is analogous to 
a mine pillar loaded by the surrounding rock mass. Based on this 
analogy, Salamon's stability criterion (1970) also applies to mine 
pillars, and it will determine whether the failure process occurs in 
a stable, nonviolent or in an unstable, violent manner. Stable, 
nonviolent failure occurs when: 

IKLMSI > IKpl 
and unstable, violent failure occurs when 

IKLMSI < IKpl 

(59.20.) 

(59.20b) 

where KLMs is the local mine stiffness and Kp is the postfailure stiff­
ness at any point along the load-convergence curve of the pillar. 
The local mine stiffness, KLMs, is an inverse load-convergence char­
acteristic analogous to the loading machine stiffness, Klnu . 

Similar to the means discussed earlier to measure loading 
machine stiffness, Figure 59.9 illustrates a means to measure 
KIMs in a mine. The pillar is replaced by a large hydraulic jack 
(Figure 59.9A). which is then pressurized to simulate a loaded 
mine pillar. Relaxing the load on the jack causes the mine roof 
and floor to displace inward. The slope of this force·displacement 
relation, as shown in Figure 59.9B, is KLMs. 

The local mine stiffness depends on the modulus of the imme­
diate roof, floor and pillar materials and the layout of pillars, mine 
openings and barrier pillars. Figure 59.10 shows how the local 
mine stiffness changes for different mine layouts, starting with a 
single pillar surrounded by wide openings, then an array of small 
pillars, and finally, a small pillar surrounded by barrier pillars. 
Consider the load-convergence response if a hydraulic jack 
replaces one small pillar and a unit load on the jack is released. For 
the case of a single pillar surrounded by wide openings, a unit-load 
decrease results in a large convergence increase. Therefore the 
local mine stiffness has a shallow slope as indicated by "B." In an 
array of small pillars, a unit-load decrease results in a smaller 
convergence increase, and the local mine stiffness has a steeper 
slope as shown by "C." Finally, if the small pillar is surrounded by 
large barrier pillars, a un it-load decrease results in a very small 
convergence increase, and the local mine stiffness is very steep as 
shown by "D." The worst case is that of "A" or dead weight loading, 
where the local mine stiffness is horizontal with zero slope. Such a 
local mine stiffness would always produce a violent failure if the 
pillars exhibit any strain softening behavior. 

At this time, theory cannot predict the speed at which an 
unstable pillar failure will propagate. In other words, current 
rock mechanics theory does not predict whether an unstable 
failure will progress slowly, as a "squeeze," or rapidly as a CPF. 
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FIGURE 59.10 RelatIve local mine stiffness for varIous mine alyouts. 
Shaded pillar Is analogous to hydraulic Jack from FIgure 59.9. Local 
mine stiffness magnitude as extraction Increases (Swanson and Boler 
1995). 

The speed of failure might depend in part on the degree in which 
the local mine stiffness stability criterion is violated. 

59.5 STABILITY-CRITERION-BASED PILLAR 
DESIGN METHODS 
The traditional strength-based pillar design procedures discussed 
earlier consider only the peak strength of the pillar. If the applied 
stress on the pillar reaches this level, its safety factor against 
strength failure is 1. There is great economic incentive to design 
pillars with a low strength·safety factor because as the strength· 
safety factor decreases the extraction ratio increases along with 
resource recovery, mining revenues, and potential profits. The 
most economic pillar designs are necessarily very close to the 
peak strength, but still on the prefailure side of the complete 
load-convergence curve for the pillar. Because of the inherent 
variability in pillar strength, it is also important to consider what 
might happen to a particular room-and-pillar mine plan if some 
of the pillars exceed the peak strength and enter the postfailure 
portion of their complete load-convergence curve. Such consider· 
ations are necessary especially when the number of pillars in an 
array is large. In that case even if the average strength safety 
factor of the pillars is large, say 1.5, and their probability of 
failure is small, the probability of pillar failure somewhere in the 
array is likely to be large. Failure of just a few pillars in an array 
may be sufficient to initiate a CPF even if their average strength 
safety factor is large. 

Engineers have known for some time about the strain­
softening, postfailure behavior of rock and the implications of 
this behavior on mine safety. However, it is another matter to 
translate that knowledge into efficient, economic mine designs 
fo r extraction of bedded deposits using room-and·pillar and 
related mining techniques. The proposed methodology goes 
beyond using only traditional strength-based pillar design crite­
rion and incorporates Salamon's local mine stiffness stability 
criterion for both sizing pillars and determining mine layout. On 
the basis of this stability criterion, three different approaches are 
proposed to control CPF-containment, prevention, and full 
extraction approach. 

59.5.1 Containment Approach 

In the containment approach, shown in Figure 59.11, an array of 
panel pillars. that violate the local mine" stiffness stability crite­
rion and can therefore fail in an unstable, violent manner if their 



Pillar Design to Prevent Collapse of Room·and·Pillar Mines 

strength criterion is exceeded, are surrounded or "comained" by 
barrier pillars. The primary function of barrier pillars is to limit 
the potential failure to just one panel. Barrier pillars have a high 
W/H ratio, typically greater than about 10, and contain panel 
pillars with low W/H ratio, typically in the 0.5 to 2 range. It is a 
noncaving room-and-pillar method in that panel pillars are not 
meant to fail during retreat mining. 

'!Wo factors help decrease the risk of a instantaneous ePE 
First, the barrier pillars tend to shield the panel pillars from full 
overburden stresses and thereby increase their strength safety 
factor and decrease their probability of failure. Second, if the 
panel pillars do fail, the failure will not propagate beyond the 
barrier pillars. A conservative approach is to size the barrier pillars 
on the assumption that all the panel pillars within have failed. 
Most important though, barrier pillars must have a sufficiently 
large W /H ratio to eliminate any strain-softening behavior. 

If an engineer chooses to use panel pillars with a low W/H 
ratio that exhibit strain-softening behavior and can violate the 
local mine stiffness stability criterion, then it is imperative to limit 
panel sizes and surround all panels with adequate barrier pillars. 
The load transfer method presented by Abel (1988) provides an 
approach for estimating maximum panel width. Use of this 
method will help insure that panel pillars never experience full 
tributary area stress. Even though barrier pillars shield panel 
pillars from full tributary area stress, the small pillars should 
have the ability to withstand this maximum stress. 

To summarize, the main design characteristics of the 
containment approach are: 

1. Panel pillars have a low strength safety factor (usually 
berween 1.1 to 1.5) and low W/H ra tios (usually less 
than 3 or 4). The panel pillars violate the local mine 
stiffness stability criterion and can therefore fail 
violently. 

2. Barrier pillars have high W/H ratios (usually greater 
than 10) and do not exhibit any strain softening behav­
ior. Therefore, they cannot fail violently. Barrier pillars 
also have sufficient strength to remain intact even if all 
pillars within a panel should fail. 

3. The minimum load transfer distance limits panel width 
to insure that panel pillar stresses are less than full 
tributary area stresses. 

4. Panel sizes are also limited by the maximum air blast 
size that the mine layout can withstand should CPF 
occur within a panel. 

59.5.2 Prevention Approach 

In contrast to the containment approach, the prevention 
approach "prevents" CPF from ever occurring by using panel 
pillars that satisfy both the local mine stiffness stability criterion 
and a strength criterion. Therefore, the panel pillars cannot fail 
violently, and CPF is a physical impossibility. Strictly speaking, 
this approach may not need barrier pillars to insure overall 
stability against CPF; however, their use is still advisable. To 
satisfy the local mine stiffness stability criterion, the panel pillars 
will usually have high W/H ratios (greater than about 3 or 4) and 
high strength safety factors as well (greater than 2). Another 
approach to increase the local mine stiffness and satisfy the 
stability criterion is to limit the panel width with properly spaced 
and sized barrier pillars. 

Figure 59 .12 illustrates the prevention approach for another 
typical advance and retreat mining sequence. In this example, a 
modification to the retreat mining system leaves remnant pillars 
with higher W /H ratio and more desirable postfailure characteris­
tics that satisfy the local mine stiffness stability criterion. As with 
the containment approach, it is a noncaving room-and-pillar 

~ . system. 

B: Stability condition 

Panel pillars Violate local mine stiffness 
slabilrty criterion. Barrier pillars cOOlain 
possible failure 
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FIGURE 59.11 Containment approach to room-and-pillar mine layout: 
(A) pillar fallure is 'compartmentallzed'; (8) stability condition is such 
that pillar with low W/H ratio violate local mine stiffness stability 
criterlonj panel pillars can, therefore, fall violently, but adequate 
barrier pillars that restrict spread of unstable failure surround them. 
Extraction for layout shown in 59%. 
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FIGURE 59.12 Full extraction approach: (A) fallure of pillar remnants 
along with overburen occurs Immediately after pillar extraction: 
(8) retreat mining must ensure development of sufficiently weak 
remnant pillars. Extraction for layout shown In 61%. 

59.5.3 Full Extraction Approach 

The full extraction approach shown in Figure 59.13 avoids the 
possibility of CPF altogether by ensuring total closure of the 
opening and full surface subsidence on completion of retreat 
mining. This approach does not require barrier pillars for overall 
panel stability; however, they are needed to isolate extraction 
areas and protect mains and bleeders. The main design character­
istics of a full extraction approach are: 

1. Panel pillars on advance must have adequate strength 
safety factors (greater than about 2). 
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FIGURE 59.13 Full extraction approach: (A) failure of pillar remnants 
along with overburden occurs Immediately after pillar extraction: 
(8) retreat mining must ensure development of sufficiently weak 
remnant pillars. Extraction for layout shown is 67%. 

2. In addi tion, panel pillars should satisfy the local mine 
stiffness stability criterion during advance mining by 
having high W/H ratios (greater than about 4). 

3. Panel pillars on retreat must have strength safety factors 
much less than 1 to ensure their complete collapse soon 
after retreat mining. 

59.6 NUMERICAL SIMULATION OF 
CASCADING PILLAR FAILURE 

59.6 .1 Boundary·Element·Method Implementation 
The NIOSH (former USBM) boundary element program called 
MULSIM/ NL was modified to evaluate the local mine stiffness 
stability criterion and simulate the mechanics of CPF. MULSIM/ 
NL calculates stresses and displacements using a displacement­
discontinuity approach, which applies especially well to thin, 
bedded-type deposits such as coal and certain metals. The in­
seam materials can follow a strain-softening constitutive model. 
This strain-softening model enables the simulation of CPF. 

MULSIM/NL calculates the local mine stiffness (KLMS) 
around a pillar as 

where 

(Su - SpIA 

( Du -Dp) 

Su '" unperturbed stress at an element, 

Sp = perturbed stress at an element, 

Du :: unperturbed displacement at an element, 

Dp = perturbed displacement at an element, and 

A '" element area. 

(59.21) 

The local mine stiffness for the pillar is the summation of 
all the stiffnesses composing the pillar. The unperturbed 
stresses and displacements are calculated in the usual way with 
MULSIM/NL. The perturbed stresses and displacements are 
then calculated by first removing the pillar where KLMS is 
desired and then resolving for stresses and displacements. In 
this approach, Sp is identically O. 
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TABLE 59.6 Unstable and stable model characteristics 

Unstable model Stable model 

Grid size cliO x 90 90 )( 90 

Element width (m) 3 3 

Pillar height (m) 3 3 

Depth 1m) 8{) 160 

Applied slress (MPa) 2 4 

Rock nass modulus (MPa) 3.500 7 ,000 

Coa l modulus (M Pa) 3,500 3,500 

Pillar WjH ratio 1 3 

Extraction on advance 59.1% 49.0% 

Extraction on retreat 79 .6% 81.6% 

The minimum postfailure stiffness (Kp) for the pillar is 
calculated as 

where 

Ep = postfailure modulus for material model, 
A :: element area, and 

= element thickness. 

(59.22) 

The postfailure stiffness for the pillar is then the sum of all 
element stiffnesses making up the pillar. 

Based on these calculations of local mine stiffness and post­
failure stiffness, the modified MULSIM/NL program applies the 
local mine stiffness stability criterion and ascertains the nature of 
the likely failure process, either stable or unstable. Depending on 
whether the criterion is satisfied or violated, the stress and 
displacement calculations with MULSIM/NL behave in vastly 
different manners. 

59.6.2 Example Unstable and Stable Numerical Simulations 
1\vo simple models of coal mines, one stable and the other 
unstable, demons trate the local mine stiffness criterion and its 
influence on numerical model behavior. These calculations 
demonstrate the feasibility of calculating pillar stresses for tradi­
tional strength-based pillar design and evaluating the local mine 
stiffness for stability-criterion-based pillar design. Table 59.6 
gives the basic model characteristics. 

Figure 59.14 shows complete strain-softening, stress-strain 
curves for coal pillars with different W/ H ratios as used in these 
simulations (Zipf 1999). The peak strengths in these curves are 
consistent with the coal pillar strength formulas summarized by 
Mark and [annacchione (1992). The postfailure moduli approxi· 
mate field data presented by Bieniawski (1968b), Van Heerden 
(1975) and Wagner (1974). Finally, the residual strength values 
for these full-scale pillar stress-strain curves are an estimate 
based on limited field data and observed laboratory-scale data. 

The mine geometry for the stable and unstable models is 
visible in the resulting stress and displacement analyses. In the 
unstable model (Figure 59.15), advance mining develops 6 m by 
27 m pillars and 6-m-wide rooms. On ret reat, 3 m by 27 m pillars 
are left for an overall extraction of almost 80%. These pillars have 
a W / H ratio of 1 and follow the corresponding S[fess-strain curve 
shown in Figure 59.14. In the stable model (Figure 59.16), 
advance mining creates 15-m-square pillars with 6-m-wide 
rooms. On retreat, 9-m-square pillars are left to achieve an 
overall extraction of about 82%. However, these pillars have a 
W/H ratio of 3, and as shown in Figure 59.14, have a higher 
strength and different postfailure characteristics. 
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FIGURE 59.14 Strain-softening, stress-strain curves for coal pillars 
with Increasing W/H ratio. Ep Is minimum postfallure modulus. 
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FIGURE 59.15 Unstable case) (A) stress and (8) convergence before 
and after pillar weakening. LIght to dark gray indicates Increasing 
magnitude of calculated vertical stress and convergence. 

Each model has two min~g steps. In the fi rst step, the 
applied vertical stress brings the pillars close to failure. For the 
unstable case, a vertical stress of 2 MPa results in an average 
pillar stress of about 8.7 MPa, which implies a strength safety 
factor of aboUl 1.15 for these pillars with a W / H ratio of 1. In the 
stable case, applying a vertical stress of 4 MPa results in an 
average pillar stress of 17.2 MPa and a strength safety factor of 
1.05 forth ese pillars with a W/ H ratio of 3. 

In the second mining step, each model is perturbed artifi­
cially. For the unstable case, 3 pillars in the middle of the array of 
77 pillars are weakened by decreasing their peak strength by 10% 
from 10 down to 9 MPa. In reality, this strength decrease could 
stem from creep or an undersized pillar. This small disturbance 
though is enough to trigger a CPF. Figure 59.15 shows the 
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AGURE 59.16 Stable case, (A) stress and (8) convergence before 
and after pillar removal. Light to dark gray Indicates Increasing 
magnitude of calculated vertical stress and convergence. 

computational results. The stresses ·in the small pillars shown in 
Figure 59.15A are near their peak stresses of 10 MPa prior to the 
CPF, and they decrease to their residual level of 3 MPa alter the 
failure. Convergence shown in Figure 59.15B is small before 
pillar weakening and increases dramatically after the CPF. In an 
unstable·type failure, Figure 59.15 shows that a small distur­
bance or a small increment of mining can result in a much, much 
larger increment of failure. 

. ~he u~stable case violates the local mine stiffness stability 
cntenon given by Equation 19. In mining step 1 where all the 
sI?all ~illars are near failure, KLMS calculated by removing one 
pillar IS -7,700 MNim while the post-failure stiffness for that 
pillar is -S4,000 MN/ m. Therefore, unstable failure is possible by 
the stabIlIty cntenOTI. In mining step 2) failure is already 
complete. KIMS for this pillar is computed as -21,500 MN/ m_ 
Again, the stability cri terion is viola ted and unstable failure is 
possible; however, it has already occurred. 

For t~e stabl.e case, a more radical disturbance is perpetrated 
by removmg 4 pillars from the array of 75 pillars. Even though 
thIS dIsturbance IS far grea ter than the pillar weakening done in 
t~e un~table case, a CPF does not result. Rather, stable progres­
sive failure of the surrounding pillars takes place. Figure 59.16 
shows the numerical model calculations. Some of the stresses 
shown in Figure 59_16A are already post-peak before pillar 
removal. After pillar removal, the size of the area and the number 
of pillars in the postfailure regime increase' however the increase 
is not radical. The convergence shown in Figure 59.i6B increases 
~fter pillar removal; however, that increase is not catastrophic as 
m the unstable case shown in Figure 59.15B. In contrast to the 
previous case of unstable failure, Figures 59.16A and S9.16B 
show that in stable failure, a disturbance or some increment of 
additional mining results in a more or less equal increment of 
additional failure in the model. 

. . ~he s.table case satisfies the local mine stiffness stability 
cntenon given by equation 19. In mining step 1, KlMS calculated 
by removing one pillar is -34,400 MN/m, and the postfailure 
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stiffness for that pillar is - 13,500 MN/m, which implies stable 
fa ilure. In mining step 2, KLMS decreases in magnitude to -32,100 
MN/ m; however, stable failure still pr"evails. 

59.6.3 Behavior of Local Mine Stiffness Calculations 

Initial research with practical Kws calculations indicates that 
KLMS tends to decrease in magnitude significantly as the peak 
strength of an array of pillars is approached, and then increase 
after failure is complete. The differences in KLMS stem from 
whether the perturbation used for the KIMS calculation is suffi­
cient to initiate the CPF itself. At lower vertical stress and higher 
strength safety factor for an array of pillars, removal of one pillar 
is not sufficient to precipitate CPF, and KLMS has a relatively high 
magnitude. When the pillar array is near failure and strength 
safety factor is near 1, removal of one pillar to calculate KIMS 

initiates CPF in the model. Perturbed displacements calculated by 
the model increase dramatically; and therefore, KIMS decreases in 
magnitude Significantly. KLMS calculations at a pillar within a 
failed array then seem (Q increase in magnitude back to the low 
stress, prefaiJure values. The magnitude of the decrease appears 
to be on the order of 3, 

This decrease in KLMS magnitude near and during failure has 
important implications in the mechanics of CPF and in design 
practices to eliminate it. As Swanson and Boler (1995) point out, 
once a CPF is initiated and KIMS decreases in magnitude. viola· 
tion of the local mine stiffness stability criterion becomes even 
more acute. Thus, once the CPF gets going, it becomes more self· 
propagating and more difficult to arrest the more it grows. It is 
possible that mine layouts that apparently satisfy the stability 
criterion, such as the stable case in the example above, could 
become unstable and CPF could result if the mine layout is 
disturbed by a sufficiently large "kick." In the unstable case, 
initial research shows that KLMS could decrease in magnitude by a 
factor of 3 during the failure process. Accordingly, this decrease 
sugges ts that using a "safety fac(Qr" of at least 3 is necessary 
when applying the local mine stiffness stability criterion. Further 
research on KIMs calculations is suggested in this area. 

59.7 ANALYSES OF CASCADING PILLAR 
FAILURE CASE HISTORIES 
Three recent case histories of CPF in mines are analyzed with 
numerical models, which calculate stress and convergence before 
and after catas trophic failure. In each model, best estimates and/ 
or assumptions are made for the strain·softening properties of the 
pillars. Local mine stiffness is calculated. and the stability crite· 
rion is evaluated to show how each case most likely violated this 
criterion, and a CPF resulted. 

59.7.1 Case History 1-Coal Mine Collapse 

Chase et al. (1994) document this case history of massive pillar 
collapse or CPF in a coal mine. Table 59.7 summarizes the impor· 
tant characteristics of the boundary·element·method model of 
this mine. The stress·strain curves for coal shown in Figure 59.14 
are applied in this model. Figure 59.17 shows the layout for the 
coal mine modeL Using 6-m-wide rooms, a system of 12-m· 
square pillars with a W/H ratio of 4 were developed on advance. 
On retrea t, these pillars were split down the middle with a 6-m· 
wide room to leave [wo 3-m·wide fenders with a W/H ratio of 1. 
The mine had split about nine rows of pillars with this method 
when CPF occurred causing seven rows of fenders to faiL The 
idealized numerical model contains just seven rows of fenders. 

In the two·step model, the applied vertical stress of 2.3 MPa 
loads the fenders close to their peak strength of 10 MPa. Average 
pillar stress is about 9.3 MPa, which implies a safety strength 
factor of l.08. In the second mining step, peak strength is 
decreased from 10 down to 9 MPa to weaken 8 fenders in the 
array of 138. This artificial weakening simulates time-dependent 
strength loss. This disturbance is sufficient to initiate the CPF. 
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TABLE 59.7 Case history 1-Coal mine collapse model 
characteristics 

Grid size 90 x 100 

Element width (m) 3 

Pillar height (m) 3 

Depth (m) 90 

Applied stress (MPa) 2.3 

Rock mass modulus (MPa) 6.000 

Coal modulus (MPa) 3,500 

Pillar W/H ratio-advance 4 

Pinar W/H ratio-retreat 1 

Extraction on advance 55.6% 

Extraction on retreat 77 .8% 
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AGURE 59.17 Mine layout for case history l -coal mine collapse 

Figures 59.18 and 59.19 show the stress and convergence 
before and after the failure. Stresses decrease from values near 
{he peak stress to residual values while convergence increases 
dramatically. As in the previous unstable Simulation, a small 
disturbance or increment of mining triggers a very large incre­
ment of failure in the modeL 

This case history apparently violates the local mine stiffness 
stability criterion. KIMS is calculated as - 6J 600 MN/m during the 
first step and -19,700 MN/ m during the second. Post·failure stiff­
ness is -24,000 MN/m; therefore, unstable failure is possible by 
(he criterion. Because the model is near failure under the 2.3 MPa 
vertical stress, computing KIMS by removing a pillar precipitates 
the CPF. Again, the KLMS value calculated during the failure 
process is about 1/ 3 less in magnitude than values calculated 
well before or well after failure. 

59.7.2 Case History 2-Evaporlte Mine Collapse 

Swanson and Boler (1995) and Zipf and Swanson (1999) 
describe the mine geometry and aftermath of the collapse 
analyzed. Figure 59.20 shows the layout for this evaporite mine. 
During advance mining, a system of chain pillars is developed off 
a set of mains. At the same time, rooms are mined down (he one 
side leaving long narrow panel pillars wi~h a W/H ratio of 1.33 
and a small intecpanel pillar with a W/H ratio of about 2.66. On 
retreat, additional rooms are mined on the other side of the chain 
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FIGURE 59.18 Coal mine stress before and after CPF. LIght to dark 
gray indicates increasing magnitude of vertical stress. 

pillars. In the actual mine layout, room width is 4.3 m, and the 
panel pillars are 3.8 m wide. The mine achieves an overall extrac­
tion of about 60% and extraction within a panel can be a little 
more than 70%. 

Table 59.8 summarizes key input parameters for simple 
boundary-element-method models of this collapse. Due to the 
constant element size restriction, both room and panel pillar 
width are 4 m in the model. This approximation results in an 
extraction of 50% in the model. 

In comparison to the available data for coal pillars. very little 
data exists for the complete stress-strain behavior of pillars in 
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FIGURE 59.1.9 Coal mine convergence before and after CPF. Light t o 
dark gray Indicates Increasing mgnltude of convergence. 

various metal and nonmetal mines. Direct measurements of the 
complete stress-strain behavior of pillars are difficult, very expen­
sive, and often simply not practical. Laboratory tests on specimens 
with various W/H ratios can provide useful insights similar to the 
coal data shown earlier in Figure 59.6. MSHA (1996) used FLAC 
(Itasca 1995) to calculate the complete load-defomation behavior 
of the pillar-floor system in this evaporite mine. The objective of 
this modeling effort was to estimate post-failure stiffness of the 
pillar-floor system for a variety of pillar W/H ratios. Figure 59.21 
shows the basic model geometry for these FLAC models. Each 
contained the same sequence of strong shale in the roof, strong 
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B 

FIGURE 59.20 Mine layout for case history 2~vaporite mine 
collapse. (A) overall layout for part of the mine, (B) layout of sDuthwest 
panels that collapsed and (C) details of a typical panel (MSHA, 1996). 

TABLE 59.8 Case history 2-Evaporlte mine collapse model 
characteristics 

Grid size 120 x 120 

Element width (m) 4 

Pillar height (m) 3 

Depth (m) 520 

Applied stress (MPa) 13 

Rock mass modulus (MPa) 3,500 

Pillar modu lus (MPa) 10,000 

Pillar W/ H taM 1.33 

Extraction (of model) 50% 

and weak layers of the evaporite, a thin, strong oil shale layer in 
the immediate floor and a very weak mudstone deeper into the 
floor. Strain-softening material models were employed for each 
layer, 

Figure 59.22 shows the computed rock movement after 
considerable deformation has occurred. The failure mechanism 
involves pillar punching through the thin, strong oil shale layer 
into the weak sub floor where a classic circular·arc·type failure 
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FIGURE 59.21 FlAC models of plllar·floor system for Increasing pillar 
width and W/H ratio 
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AGURE 59.22 Computed rock movement after considerable 
deformation has occurred 

develops. The computed failure mechanism matches field obser· 
varions qualitatively; however, the computed deformations are 
much smaller than those observed in the field. This difference 
may arise because FLAC uses a continuum formulation to model 
a process that gradually becomes more and more discontinuous. 

These computations provide an estimate of the complete 
stress-strain behavior of the overall pillar-floor system. Using the 
"history" function within FLAC, the model recorded average stress 
across the middle layer of the pillar and the relative displacement 
between the top and bottom of the pillar from which strain was 
computed. Figure 59.23 shows the effective stress-strain curves 
determined for the pillar-floor system from these four models. The 
initial post·failure portion of these curves provides an estimate of 
Kp for use in the local mine stiffness stability criterion. As stated 
earlier, computed displacements are smaller than observed, so the 
effective modulus and stiffness is also lower than indicated by 
these continuum-based computations. Figure 59.24 shows the 
strain softening, stress-strain relations as used in the boundary 
element models of the pillar collapse. These curves merely repre­
sent a best estimate of actual pillar-floor system behavior. 

The BEM model in this analysis has two mining steps, The 
applied vertical stress of 13 MPa in the first mining step brings 
the long panel pillars close to failure. Average stress in these 
pillars is calculated as about 30 MPa. Since the peak strength of 
these pillars as shown in Figure 59.24 is 37 MPa, the safety 
factor of these pillars is about 1.2. In many circumstances, this 
safety factor may seem reasonable for ·many roorn-and~pillar 
mining applications. In the second mining step, 8 panel pillars in 
the array of 184 pillars are weakened by 15%. The artificial 
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weakening approximates time-dependent strength loss. This 
small disturbance on about 4% of the panel pillars triggers the 
CPF. 

Figures 59.25 and 59.26 present calculated stress and 
convergence before and after the CPF. The model shows that 
stresses shih to the perimeter of the collapse area while conver­
gence increases dramatically in the middle. Once again, distur­
bance of a small area in the model leads to widespread failure. 

KIMS calculations suggest that this layout violates the local 
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FIGURE 59.25 Evaporit e mine stress before and after CPF. LIght to 
dark gray Indicates Increasing magnitude of stress. 

mine stiffness stability criterion. At one particular panel pillar, 
KLMS is estimated as - 60,420 MN/ m during the first step before 
pillar weakening. After CPF is complete, KLMS is - 42,520 MN/m. 
Postfailure stiffness for the panel pillars is calculated as -170,700 
MN/m. Therefore, unstable failure is a possibility by the local 
mine stiffness stability criterion. Again, good data on the post­
failure behavior of the long panel pillars and the pillar· floor 
composite is limited. However, the simple assumptions and 
numerical analysis presented here suppOrt the hypothesis that 
CPF resulted because the local mine stiffness stability criterion 
was violated. 

59.7.3 Case History 3-Metal Mine Collapse 

Dismuke et al. (1994) describe this large pillar collapse in a major 
section of a room-and-pillar base metal mine. Figure 59.27 shows 
the collapse area. The failure began in four centrally located pillars 
and spread rapidly to include almost 100 pillars. Table 59.9 
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Before Pillar Collapse 

After Pillar Collapse 

FIGURE 59.26 Evaporite mine convergence before and after CPF. 
Light to dark gray Indicates Increasing magnitude of convergence. 

summarizes the important characteristics of the boundary­
element-method model of this mine. Pillar width is 8.S m, and 
room width is 9.7 m. 1\vo different pillar models are used, one for 
12.1-m-high pillars in the central portion of the mine and the other 
for 7.6-m-high pillars around the perimeter. Figure 59.28 shows 
the stress-strain curves fo r these two pillars with W/ H ratios of 1.17 
and 0.70 respectively. 

In the two-step model, the applied vertical stress of 7.5 MPa 
loads most of the pillars to about 37.5 MPa giving them a safety 
strength factor of about 1.06. In the second mining step, fail ure of 
a third pillar in the array leads to collapse throughout the entire 
area. As shown in Figure 59.27. the actual failure stopped far short 
of that predicted by these simplistic numerical model calculations, 
which may imply considerable conservatism in the models. 

Figures 59.29 and 59,30 show the stress and convergence 
before and after the failure. Stresses decrease from values near 
the peak stress to residual values while convergence increases 
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(Dismuke et al. 1994) 

TABLE 59,9 Case history 3-Metal mine collapse model 
characteristics 

Grid size 

Element width (m) 

Pillar height (m) 

Depth (m) 

Applied stress (MPa) 

Rock mass modulus {MPa) 

PIllar modulus (MPa) 

Pillar W/ H ratio 

Extraction 

270 x 360 

1.21 
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AGURE 59.28 Stress-strain curves for 12.1- and 7.6-m-hlgh pillars 

dramatically. As in the previous unstable simulations, a small 
disturbance or increment of mining triggers a very large incre­
ment of failure in the modeL 

From the stress-strain curves input £0 the model, postfailure 
stiffness Kp is -240,000 MN/m. Local mine stiffness (KIMs) calcu­
lated at central pillars in the array ranges from -200,000 MN/m 
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FlGURE 59.29 Metal mine stress before and after CPF. Light to dark 
gray Indicates Increasing vertical stress magnitude. 

FIGURE 59.30 Metal mine convergence before and after CPF. Light 
to dark gray Indicates increasing convergence stress magnitude. 

prior to failure to as low as -27,800 MN/m at the moment of 
failure. Therefore, unstable failure is always possible by the crite· 
rion. As in previous examples, the KLMS value calculated during 
the failure process is much less in magnitude than values calcu­
lated well before or well after failure_ Unfortunately, very little is 
known of the postfailure behavior of mine pillars; however, calcu­
lations of KLMS from collapse case histories can provide bounding 
estimates for Kp. 

59.8 SUMMARY AND CONCLUSIONS 
Catastrophic collapse or cascading pillar failure (CPF) is a poten­
tial problem faced by all room-and-pillar mining operations. CPF 
occurs when one pillar fails suddenly, which then overstresses the 
neighboring pillars causing them to fail, and so forth, in very 
rapid succession. Within seconds, very large mining areas can 
collapse via this mechanism while giving little or no warning. The 
collapse itself poses grave danger to miners. In addition, the 
collapse can induce a violent air blast that disrupts or destroys 
the ventilation system. Further grave danger to miners exists if 
the mine atmosphere becomes explosive as a result of CPF. 

This paper has documented over 21 collapses that have 
occurred in the past 20 years mainly in U.S. room-and-pillar 
mines. Most of these collapses happened in coal mines since 
substantial production tonnage still comes from room-and-pillar 
mines; however, huge collapses have also occurred in various 
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metal mines (lead and copper) as well as nonmetal mines (trona, 
salt, and limestone) . Many other similar collapses are known to 
have occurred around the world . CPF, also known as massive 
pillar collapse, domino-type failure, or progressive pi llar collapse, 
is the likely mechanism underlying these mine failures. The three 
case histories given in the paper (Figures 59_17, 59.20 and 59.27) 
show that the risk of CPF is most acute where large arrays of 
developed pillars exist without interruption by substantial barrier 
pillars. 

Traditional strength-based design methods are not sufficient 
to eliminate the possibility of CPF in room-and-pillar mines, and 
the number of documented collapses in the United States alone 
provides mute testimony to that statement. Pillar arrays with 
large average strength safety factors can fail in a domino-type 
failure (CPF) if just a few pillars in the array begin to fail. Pillars 
with large strength-based safety factors (for example 1.5) still 
have a finite probability of failure, and if the number of pillars in 
an array is large, failure somewhere in the array can become a 
near certainty, and that failure could in turn initiate CPF. 

Traditional strength-based design begins by estimating pillar 
stress using tributary area method, boundary-element-methods 
or other numerical methods. Next, various empirical pillar 
strength formulas or rock mass failure criteria such as the Hoek­
Brown criterion provide estimates of the peak pillar strength. 
Finally, a strength-based safe ty factor is computed as strength 
over stress. The traditional approach provides required panel 
pillar size and barrier pillar size for room and pillar layout; 
however, this approach does not provide panel pillar width nor 
does it give any consideration to what might happen if pillars 
somewhere in the array begin to fail. More advanced rock 
mechanics considerations such as the local mine stiffness stability 
criterion provide this design information and a rational basis to 
eliminate domino-type pillar failures or CPF. 

The mechanics of CPF are well understood. Strain-softening 
behavior is the essential mechanical characteristic of pillars that 
fail rapidly via this mechanism. Pillars that exhibit strain-softening 
behavior undergo a rapid decrease in load-bearing capacity upon 
reaching their ultimate strength. The strain-softening behavior of 
piUars depends on both inherent material properties and geometry. 
Pillars with low W/ H ratio exhibit a greater degree of strain­
softening behavior than pillars with a higher W/ H ratio, which 
typically have elastic-plastic or strain-hardening material behavior. 

The local mine stiffness stability criterion developed by 
Salamon (1970) provldes a means to distinguish between mine 
layouts that fail in a stable nonviolent manner and those that fail 
in an unstable violent manner via CPF. Simple quasi-three­
dimensional boundary-element-method programs such as 
MULSIM/NL or LAMODEL with strain-softening material models 
can calculate local mine stiffness (KLMs) and evaluate the stability 
criterion. These computer programs apply to a wide variety of 
thin, tabular, bedded-type depOsits amenable to room-and-pillar 
mining methods. 

Field data on the complete stress-strain behavior of full-scale 
mine pillars is limited. The best data is for coal (Zipf 1999) _ 
Nevenheless, enough is known to evaluate the stability criterion 
and assess various mine layouts for their potential to fail via CPF. 
Three case studies of CPF are examined, and all (hree probably 
violated the local mine stiffness stability criterion. 

Three stability-criterion-based design approaches are 
suggested to minimize the risk of CPF, namely, containment, 
prevention, and full extraction. If an array of pillars violates the 
local mine stiffness stability criterion, the containment approach 
applies as shown in Figure 59.11 . Low W/H ratio panel pillars 
that violate the stability criterion are surrounded by high W /H 
ratio barrier pillars that shield the panel pillars from full tributary 
area stresses and "contain" panel pillar failure should it initiate. 
However, if all the panel pillars in an array satisfy the stability 
criterion, then the prevention approach applies. The panel pillars 
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do not exhibit much strain-softening behavior because their W/H 
ratio is sufficiently high (probably greater than 3 or 4) . In the full 
extraction approach, the stability issue becomes a moot point, 
because complete and controlled opening closure occurs immedi­
ately after the completion of retreat mining. 

Large mine collapses can pose enormous safety hazards to 
miners and room-and-pillar mining operations. Mining engi­
neers can limi t the danger of CPF through prudent application 
of the local mine stiffness stability criterion and the three 
stability-criterion-based design approaches suggested to 
decrease the risk of CPF. 
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