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ABSTRACT 

 

This project continues an investigation into the potential for a paste backfill system to be 

used in Illinois Basin room-and-pillar coal mines.  If paste backfill could be placed cost 

effectively, environmental and safety benefits could be significant.  The key to this cost 

effectiveness is whether the cost of underground placement can be offset by decreasing or 

eliminating surface disposal of waste and its associated environmental costs and by 

increasing extraction thereby enhancing revenue.  To investigate this, computer and 

empirical analyses were conducted to understand the theoretical implications of a paste 

backfill system.  These analyses were then supplemented with physical modeling to 

identify the qualitative support benefits of paste backfill.  Finally, cost analyses were 

conducted to compare conventional mining without backfill to that with backfill. Results 

of this study suggest that paste backfill is still not cost effective due to a net increase in 

costs of about 2.5%; however, potential productivity improvements associated with 

reduced pillar dimensions that could theoretically be achieved with a backfill system have 

not yet been considered.  They have the potential to easily offset any apparent increase in 

costs incurred by employing paste backfilling. 
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EXECUTIVE SUMMARY 

 

In considering a backfill system for underground coal mines in the Illinois Basin, high-

density paste, as opposed to low-density slurry, is essential in order to place a material 

that has low permeability and low moisture content.  This is to minimize the risk of water 

table contamination.  A previous study (Spearing, 2010) demonstrated that such a high-

density paste could be made from a typical Illinois Basin coal preparation plant waste 

stream.  The purpose of this project was to demonstrate the physical characteristics of 

paste backfill in a room-and-pillar environment that would justify its use. 

 

It is well understood that high-density fill has the potential to offer several significant 

benefits when applied in room-and-pillar coal mines.  These include: 

 

 Elimination of any long-term surface subsidence potential. 

 Improved extraction due to increased confinement of both pillars and the weak 

floor typically found in Illinois Basin mines. 

 Eliminating the need for explosion proof seals. 

 

Furthermore, placing a mine‟s waste product underground eliminates the need for a 

permanent surface impoundment and its inherent hazards such as impoundment failure 

and acid mine drainage. 

 

To examine the potential ground control benefits of a theoretical paste backfill regimen at 

a typical Illinois Basin room-and-pillar coal mine, a series of physical tests were 

conducted.  Test simulated both strong and weak floor conditions as well as high, 

medium, and low confinement scenarios.  Testing indicated that a paste backfill regimen 

utilizing a minimum backfill strength of 22 psi at a minimum fill height of 50% of pillar 

height could significantly increase the long-term stability of coal pillars in the Illinois 

Basin. Considering typical coal wash plant recoveries, 50% fill would be feasible.  

Technical feasibility issues that require further research include: 

 

 What are the interactions between pillars and floor with or without backfill? 

 Are temporary pillar or, where relevant, floor safety factors of 1.2 adequate for 

room-and-pillar panel extraction prior to backfilling? 

 Can fill be adequately placed remotely using proposed distribution systems?  

 

An economic analysis based on research conducted to date, but ignoring potential 

productivity increases (which may be significant), indicates that employing paste 

backfilling in a typical Illinois Basin room-and-pillar coal mine would increase current 

operating costs by $0.86 (about 2.5-3.0%) per clean ton mined. Whilst this is 

unacceptable currently, it indicates that further research is warranted to specifically 

investigate any increased productivity potential, and to update costs based on tightening 

surface disposal regulations and existing adverse public perception concerning surface 

tailing disposal sites. With a better understanding of these issues and factors, it is 

believed that backfilling will become a cost-effective option in the near term. 
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OBJECTIVES 

 

The objectives of this project were to theoretically determine the potential of paste 

backfill to increase extraction at an Illinois Basin room-and-pillar coal mine and to 

conduct a detailed cost comparison of room-and-pillar mining with and without paste 

backfill being employed. 

 

These objectives were accomplished by completing the following tasks: 

 

Task 1: Three room-and-pillar mines in the Illinois Basin were visited to obtain their 

mine plans, investigate pillar layouts, and access conditions underground. Mine plans 

were then used to determine safe theoretical pillar stresses using LaModel from NIOSH. 

These values were then modified to account for weak floor conditions typical of the 

Illinois Basin using the Vesic-Gadde formula. This information was then used to develop 

a theoretical room-and-pillar layout with paste backfilling. 

 

Task 2: Phase2D was then used to determine a panel-by-panel layout using paste backfill 

while maintaining theoretical pillar stresses at or below those determined in Task 1. 

FLAC
3D

 modeling was used to better understand pillar stability and effects of backfilling. 

Both models were calibrated by simulating current mine layouts. 

 

Task 3: Qualitative physical modeling was used to demonstrate the effectiveness of paste 

backfill for pillar and weak floor confinement (i.e., strengthening them). 

 

Task 4: Room-and-pillar panels with and without backfill were compared on the basis of 

extraction and mining costs. 

 

INTRODUCTION AND BACKGROUND 

 

Most coal mines in the United States use conventional surface impoundments to dispose 

of washing plant waste; however, as of recently, the Environmental Protection Agency 

(EPA) has promulgated more stringent rules for this disposal, which will increase 

conventional disposal costs. In addition, the environmental lobby continues to oppose the 

granting of new or modified impoundment permits. Therefore, a viable option in the 

future may be the disposal of waste products underground. 

 

One of the dominate issues with underground disposal is the potential contamination of 

the water table in the long term, mainly from water run-off through the placed backfill 

(Earthjustice, 2009). To mitigate this, placing the backfill with a low permeability 

coefficient (as yet to be determined) may be the solution; however, this can only be 

achieved by placing the backfill at a high density, low porosity, and also possibly with a 

cement addition. Fortunately, the effective placement of high-density backfill has already 

been achieved.  

 

Longwall coal mining with high-density backfill has been common in Germany and 

Poland for several decades.  There, its main purposes are to reduce surface subsidence 
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and help control stresses. Spearing (2010) and Spearing et al. (2011) established that 

high-density backfill could be made from coal wash plant waste and could be transported 

underground as required. This project continued that work by investigating four primary 

areas described as follows (Benton, 2013). 

 

Increased Extraction 

 

Two studies have been conducted directly relating the use of backfill to increased 

extraction in underground coal mining.  The first (Hume and Searle, 1998) investigated 

improving highwall mining recovery and reached the important conclusion that 100% 

backfilling of every underground void is not necessary to realize an increase in coal 

extraction.  This is especially important for coal mining because roughly 60% of the run-

of-mine material is typically recovered for sale in the market.  Due to the high decrease in 

volume of the excavated material, the maximum fill ratio using only coal mine tailings 

would not be expected to exceed 50%. This is because a 60% recovery of clean coal 

tonnage would leave roughly 40% of the excavated material for replacement into mine 

workings.  With swelling upon liberation, the volume of 40% of run-of-mine material 

would increase to 50% of in situ volume.  Another conclusion of this study was that 

“partial” backfilling may be used to selectively support portions of the excavation while 

totally avoiding filling other areas.  This would make it possible to completely fill every 

second void created through mining, as opposed to partially filling every void. 

 

A more important study investigated the ability of backfill to improve recovery in thin-

seam coal mines (Donovan and Karfakis, 2001).  While no backfill type was deemed 

strong enough to act as overburden support, it was concluded that increased extraction 

was possible due to the passive confinement backfill could apply to coal pillars.  The 

ideal backfill was determined to need a minimum density of 80 lb/ft
3
, and have a water 

content of roughly 10%.  This density and water content provided enough strength to 

allow for smaller macro-supports without sacrificing safety.  For this reason, it was 

suggested that paste backfill be used.  In addition to its greater support capabilities, it was 

also concluded that paste fill presented other economic benefits, such as reduced surface 

tailings and reduced underground dewatering costs.   

 

Weak Floor Support 

 

In the Illinois Basin, most mines are underlain by a weak level of strata known as 

“fireclay” or “claystone.”  A phenomenon called “floor creep” or “pillar punching” is the 

result of mine pillars displacing the weak floor due to overburden stresses, in essence 

sinking through the weaker material.  In some cases, this weak layer can be thick enough 

to lead to a near total burial of pillars from the combination of pillars punching through 

the floor and the displaced floor creeping towards the mine roof. 

 

Traditionally, the most basic estimation of a pillar‟s performance is achieved by 

calculating the Factor of Safety (FOS) for a pillar, which is the ratio of pillar strength to 

pillar stress.  Pillar stress is typically estimated using Tributary Area Theory and pillar 

strength is determined using an empirical formula (e.g., Obert-Duvall/Wang, Holland-
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Gaddy, Holland, Salamon-Munro, and Bieniawski).  In mines with rigid floors (e.g., 

limestone) FOS approximations are sufficient; however, in cases where the mine floor is 

exceedingly weak, as in the Illinois Basin, FOS calculations are inadequate because they 

do not account for excessively weak strata below pillars. Several attempts have been 

made to derive a more comprehensive calculation that accounts for weak floors.  The 

Pytel-Chugh floor stability equation was an early successful method for determining the 

effect weak floor strata had on pillar performance.  By adjusting pillar FOS for poor floor 

conditions, this method suggested that any Floor Stability Factor (FSF) below 2.5 was 

unsafe in the long term (Chugh and Pytel, 1992).  However, the conservatism of the 

Pytel-Chugh method caused discrepancies with real data once tested extensively.  In 

response, a more realistic attempt at addressing floor instability was made through an 

adaptation of Vesic‟s FSF formula (Vesic, 1975; Gadde, 2009).  The resulting Vesic-

Gadde equation essentially reduces pillar FOS values by 40%, giving a truer indication of 

the effectiveness of a particular pillar design in the Illinois Basin. 

 

Practical methods of dealing with floor instability have been largely counterproductive in 

terms of increasing mine extraction.  Typically, larger pillar dimensions are used to more 

widely distribute vertical stresses over a larger area of the weak floor.  Paste backfill may 

be a more attractive alternative by providing passive resistance to contain the mine floor, 

much the same way as it strengthens pillars by lateral confinement, and thus allowing for 

smaller pillar sizes and greater extraction.  By placing it in the excavated void spaces of a 

mined panel, backfill would totally or partially occupy the space into which the weak 

floor would be displaced in instances of floor creep, in addition to offering confinement 

directly to the floor.  At higher fill ratios (90-100%), backfill can decrease the total 

vertical pressure acting on the pillars by distributing the overburden load, consequently 

decreasing the concentrated load imparted on the mine floor by the pillars (Hu et al., 

2001).  As a result, it is expected that undersized pillars could be created for mine panel 

support in the short term and then backfilled without increasing the risk of pillar 

punching into the floor, thus increasing extraction without sacrificing safety or generating 

surface subsidence in the long term.  The most important factor to consider is whether a 

paste fill regimen could be implemented quickly enough to prevent short-term floor 

failure, which is impractical to stop in the long term once initiated (Chugh et al., 1987).  

For this reason, the water content and permeability of paste fill become crucially 

important as both characteristics can stymie early floor weakening due to water exposure. 

It is important to note that filling cannot begin until mining of a panel is completed; 

concurrent filling would be cost prohibitive due to construction of barricades and 

ventilation controls. 

 

Coal Pillar Confinement 

 

Studies by Zhou (1990) and Palarski (1994) considered the relative benefits of different 

backfill types in their ability to mitigate ground control problems in coal mines, the 

former considering varying fill ratios in particular.  The most substantial work regarding 

improvements to pillar strength using backfill was conducted by Hu et al. (2001).  The 

process by which paste backfill would increase pillar strength and floor confinement is 

twofold:  first, static compressive force is imparted by the backfill onto coal pillars; and 
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second, passive compressive pressure is applied onto the backfill by dilation of pillars if 

they start spalling.  By providing this lateral confinement, it was concluded that a paste 

backfill regimen would better maintain in-panel pillars, increasing their strength over the 

long term and preventing subsidence. 

 

What remains to be studied is the qualitative improvements to pillar strength that could 

be provided by backfill.  Considering that paste backfill has been shown to be the best 

candidate for allowing increased extraction, it would follow that this analysis be 

conducted using typical paste fill characteristics.  In the case of backfilling a room-and-

pillar coal mine, a fill regimen known as “void filling” would be employed.  

Determinations of the compressive strengths needed for this type of filling regimen range 

from a lower end of 22-44 psi, up to a higher range of 100-200 psi (Jewell et al., 2002; 

Brackebusch, 1994).  The lower range should be chosen for testing for two reasons:  first, 

it represents the most conservative estimates for backfill improvement to pillar 

performance; and second, it likewise represents the cheapest, and thus the most 

economically attractive version of paste backfill.   

 

Cost of Paste Backfill 

 

An important goal of this research project was to determine whether increased extraction 

allowed for by a paste backfill regimen could cover the cost of the regimen, and if not, 

what the penalty cost is.  Such a penalty cost would probably diminish over time due to 

increasing costs associated with surface disposal caused by more and more regulation.  

Accepting that new legal regulations do not force this cost effectiveness at present, the 

question becomes a matter of the economic usage of backfill.  Studies to date have 

established a rough cost estimate for the usage of paste backfill.  Including both capital 

and operational costs, these range from $3.00 to $6.00 per ton (Spearing et al., 2011).  

However, when considering the cost of backfill relative to increased extraction, the cost 

of primary importance is the cost of backfill required to produce an additional ton of coal 

(Donovan and Karfakis, 2001; Hume and Searle, 1998).  The following equation 

demonstrates how this cost is calculated: 

 

                                    [
                    

(                                            )
] 

 

Based on this equation, higher increases in extraction equate to lower costs of fill per ton 

of ore mined.  However, this equation neglects one very important variable:  the 

processing rate of mined ore.  It should be assumed that increased extraction would 

manifest itself in only increased mine life, thus making a net present value (NPV) 

analysis more important than merely establishing costs of fill per ton.  It becomes 

necessary then to first determine how much extraction ratios may increase for each 

decrease in pillar dimensions, and then how these translate to increased mine life.  Once 

this has been completed, a break-even cost per ton of backfill may be determined.  

Factors shown in Table 1 need to be considered for this analysis. Two studies provide 

information for a detailed cost comparison considering these factors.  In the first, Jung 

and Brackebusch (2000) broke down component costs required for paste backfill; in the 

second, Spearing et al. (2011) conducted a general cost analysis comparing capital and 
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operating costs of surface slurry disposal to underground disposal as backfill.  Results 

from the second study are summarized in Table 2. To date, no systematic cost analysis 

has been completed comparing conventional Illinois Basin room-and-pillar coal mining 

to room-and-pillar coal mining with paste backfill and increased extraction.  If current 

surface disposal costs remain the same, paste backfill would become viable only if 

significantly increased extraction and other tangible benefits could be achieved. 

 

Table 1 – Cost factors for comparing conventional mining and mining with paste backfill. 

INCREASES DECREASES 

Capital costs to construct an on-site backfill plant Real estate for and permitting of surface disposal 

Operational costs of an on-site backfill plant Operational costs for surface disposal 

Distribution system capital and operating costs Closure costs due to increased excavation stability 

Additives – cementing agents, super-plasticizers Blast-proof seals for finished panels 

 

Table 2 – Comparative costs for surface and underground disposal. 

PASTE BACKFILL  SURFACE DISPOSAL 

$7,000,000 CAPITAL COSTS $900,000 

$4,900,000/yr. 

(73% cement, 18% maintenance, 9% supply) 

OPERATING 

COSTS 
$2.49/ton 

 

 

EXPERIMENTAL PROCEDURES 

 

There were four main procedures to this project. The first was modeling of three Illinois 

Basin room-and-pillar coal mines using LaModel (Heasley, 1998).  LaModel results were 

used to identify theoretical changes in stress parameters induced by reductions in pillar 

size.  These changes were key to understanding how increased extraction may be 

achieved. FLAC
3D

 modeling was also used to better understand the performance of pillars 

and the effects of backfilling. 

 

The second procedure was calculation of floor stability factors using the Vesic-Gadde 

equation and Phase2 computer modeling.  Results were compared to traditional pillar 

safety factors determined by LaModel computer modeling to project the advantages of a 

paste backfill regimen. 

 

The third procedure was qualitative physical testing using simulated paste backfill and 

coal pillars.  Varying strengths of typical paste backfill mixtures were tested along with 

varying fill ratios in order to determine theoretical pillar strength increases.  Varying 

floor conditions and levels of backfill confinement were also tested. 

 

Lastly, a cost analysis attempted to combine the information provided by the first three 

tasks into an economically meaningful result.  Current and theoretical mine designs were 

used to create several cost scenarios, and thus determine what, if any, economic benefits 

paste backfill would offer. 
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RESULTS AND DISCUSSION 

 

LaModel Computer Modeling (Benton, 2013)   

 

LaModel, short for “Laminated Model”, uses the boundary element method (BEM) to 

generate modeling results (Heasley, 1998).  BEM is efficient for problems that involve 

simple surfaces with simple geometries, but becomes inefficient when modeling more 

complex systems. The objective of modeling for this project was to determine the 

maximum possible reduction in pillar size achievable based on tributary area theory.  

LaModel Version 3.1 was used for this analysis.   

 

Data from three Illinois Basin room-and-pillar coal mines, “Mine A,” “Mine B,” and 

“Mine C,” were collected for this project as shown in Tables 3 and 4.  Note that some 

collected data were modified for modeling purposes as indicated by arrows (), and in 

cases where several dimensions were given, typically maximum values were modeled. 

 

Table 3 – Mine data for main entry development. 

ENTRY DATA Mine A Mine B Mine C 

Number of entries 9 (3 neutral, 3 intake, 3 return) 11 9-13  9 modeled 

Entry width 19 ft 20 ft modeled 20 ft 19 ft 20 ft modeled 

Crosscut width 19 ft 20 ft modeled 20 ft 19 ft 20 ft modeled 

Pillar dimensions 
60 ft centers for entries,  

80 ft centers for crosscuts 
55x55 ft 70 ft centers 

Boundary pillar size 50-60 ft 50 ft modeled 100 ft 90 ft 

 

Table 4 – Mine data for panel mining. 

PANEL DATA Mine A Mine B Mine C 

Number of entries 20 9 15 

Entry width (rooms) 20 ft 20 ft 20 ft 

Crosscut width 20 ft 20 ft 20 ft 

Pillar dimensions 40x40 ft 45x45 ft 40x40 ft 

Panel length 5280 ft 3100 ft 10,000 ft 8880 ft modeled 

Barrier pillar size 50 ft 50 ft 55-75 ft 55 ft modeled 

STRATIGRAPHY Mine A Mine B Mine C 

Immediate roof 

(first 8 ft) 

0-2 ft black shale 

+2 ft limestone 
0-8 ft limestone 

0-4 ft black shale 

+4 ft limestone 

Immediate floor 
0-3 ft fireclay 

3-8 ft limestone 

0-5 ft fireclay 

+5 ft limestone 

0-3 ft fireclay 

+3 ft limestone 

 

Model calibration was completed using the Bieniawski formula to calculate expected 

results for pillar safety factors (Bieniawski, 1981).  LaModel also uses the Bieniawski 

formula. Mine A results are shown to illustrate how this was done.  First, pillar strength is 

determined, then average pillar stress is determined, and finally the FOS is calculated. 

 

      (         (
 

 
))         (          (

       

      
))            

where: σp = pillar strength;  σ1 = Coal strength; w = pillar width; h = pillar height 
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where B = entry width; L = Pillar length; Sp  = avg. pillar stress 

 

     
  

  
  

         

       
 = 5.5 

 

Similarly, the FOS for Mines B and C were found to be 5.11 and 5.63, respectively. 

 

It was recommended at a LaModel workshop to calibrate each specific model to an 

abutment load. To do this, the vertical stress of a mined out panel was taken next to an 

un-mined panel in order to create the abutment loading curve.  For calibration purposes, 

Analysis of Longwall Pillar Stability (ALPS) empirical equations were used as the 

abutment loading curve of a mined out panel (Mark, 1995), as opposed to LaModel 

abutment loading empirical equations, because LaModel over-approximates the loading 

curve by not taking into account the load taken on by the gob. By using the ALPS 

abutment loading equation, the load under the laminated model curve should be equal to 

the ALPS empirical value (Heasley, 2012).  It should be noted that gob technically does 

not exist in room-and-pillar mining, but for calibration purposes, a “width of gob” (i.e., 

panel width) had to be considered.  It is important to note that ALPS divides abutment 

loads into two parts – development loads and abutment loads.  According to Mark (1995), 

development loads are due to overburden weight directly above pillars and gate entries 

and abutment loads “arrive during longwall panel extraction.”  Figure 1 shows the 

development load for Mine A as determined by LaModel, which is nearing 350 psi at the 

edge of the abutment. 

 

 

Figure 1 – “Development Load” abutment loading curve. 

 

The approximate abutment loading for Mine A was then calculated using the ALPS 

formula.  This calculation resulted in what should be an induced 157 psi load to the 

abutment once the panel is mined out.  Figure 2 displays the final LaModel abutment 

loading curve next to a mined panel in Mine A, which is the summation of the 

development load (Figure 1) and the ALPS abutment load calculation.  As was expected, 
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the load was slightly above 500 psi at the edge of the abutment.  With validation from 

pillar safety factors and the abutment loading curve it was safe to assume LaModel was 

sufficiently calibrated enough to move forward.  Similar techniques were employed to 

calibrate models for Mines B and C. 

 

 

Figure 2 – Initial abutment loading curve produced by LaModel before calibration. 

 

All modeling was done for the Herrin No. 6 seam, which is the seam most commonly 

mined in the Illinois Basin.  For Mine A, nine seam materials were chosen to allow a 

sufficient gradation of stress states within each pillar.  A 40x40-ft pillar using 5-ft 

elements requires an 8x8 grid design for each pillar, as shown in Figure 3.  One seam 

material was used to model intact (unaffected) coal, while the other eight were used to 

satisfy the 8x8 pillar design.  Imperial units of feet and psi were used. 

 

 

Figure 3 – Basic pillar design used in LaModel. 

 

In Figure 3, the plan view of a pillar is shown.  Each element (individual square) is given 

a code, with “A” corresponding to un-mined coal and “1” corresponding to an excavated 

space.  The 8-element by 8-element red square represents a 40x40-ft pillar so each 

element has dimensions of 5x5-ft.  White elements represent a typical 20-ft room or 

excavation where coal has been removed and the surrounding red field denotes un-mined 
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intact coal.  Five-foot elements were chosen for purposes of future modeling.  Smaller 

element sizes would have required a grid too large to be handled by LaModel.  Larger 

element sizes would have made future extraction modeling too vague to be useful as 

pillar dimensions were decreased.  The number of elements in either axis were dependent 

on element size.  Two hundred feet of un-mined coal was left around the model so as to 

prevent edge effects. Overburden thickness and seam thickness are based on mine 

conditions.  The maximum overburden depth was chosen for modeling so as to generate 

the greatest stress magnitudes possible for Mine A. 

 

Table 5 – Seam geometry boundary conditions used for models. 

Mine A Mine B Mine C 

Element width 5 ft 5 ft 5 ft 

X-axis elements for full panel 800 430 620 

X-axis elements extracted 740 400 580 

Y-axis elements for full panel 1250 880 1990 

Y-axis elements extracted 1250 880 1990 

Boundaries Rigid north, south, east, and west 

Overburden thickness 
90-180 ft 

180 ft modeled 

65-230 ft 

230 ft modeled 

110-200 ft 

200 ft modeled 

Seam thickness (mining height) 7 ft 7 ft 6 ft 

 

Poisson‟s ratio and Young‟s (elastic) modulus for the overburden were determined by 

calculating weighted averages of all materials composing the overburden.  Since no 

physical rock property tests were done for this portion of the project,  elastic modulus and 

in situ coal strength properties for each strata used in averaging were collected from the 

Society for Mining, Metallurgy, and Exploration (SME) Handbook for the Herrin No. 6 

coal seam (Lowrie, 2002).  Coordinates of each mine were determined and matched with 

Illinois State Geologic Survey (ISGS) coal logs (ISGS, 2012).  The vertical stress 

gradient was set at 1.125, the default setting in LaModel, as this parameter has little effect 

on single-seam models (Heasley, 2012). Lamination thickness refers to the thicknesses of 

the strata in the overburden, which within LaModel represents the stiffness of the 

material overlying the mining area.  Consequently, lamination thickness greatly 

influences the amount of stress that can act directly on a set of pillars, and therefore 

needed to be carefully determined.  Since no individual strata could be accounted for, the 

lamination thickness had to be calculated using the lamination thickness wizard within 

LaModel. The width of gob was chosen based on panel width.   

 

Table 6 – Overburden rock mass parameters used for models. 

Mine A Mine B Mine C 

Poisson’s Ratio 0.22 0.18 0.17 

Elastic Modulus 3.85 x 10^6 psi 4.25 x 10^6 psi 4.00 x 10^6 psi 

Lamination thickness (full panel) 52 ft 100 ft 90 ft 

Lamination Thickness (extraction) 57 ft 103 ft 94 ft 

Vertical Stress Gradient 1.125 1.125 1.125 
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Elastic modulus of 5.08 x 10
3
 psi, in situ compressive strength of 916 psi, and Poisson‟s 

ratio of 0.42 used for the linear elastic intact Herrin No. 6 coal seam were also reported in 

the SME Handbook (Lowrie, 2002).  The same properties were used for all three mines.  

 

Three steps were used to identify the effects of subsequent panel development on the 

original panel.  Results were interpreted by examining east-west cross-sectional profiles 

of vertical stresses and factors of safety.  Cross-sections were taken midway through each 

panel (as shown by black bars in Figure 4) and examined for each mining step. Results 

for Mine A are shown in Figures 5 and 6.  It should be noted that the sequence shown 

was chosen to identify the greatest increases in stress parameters that may be expected in 

the “center” panel.  In reality, mining would progress from left-to-right, or vice versa, 

but for the purposes of this study the center panel was mined out first.  Since LaModel 

has no path dependence, this sequence was possible. 

 

 Step 1 Step 2 Step 3 

 

Figure 4 – Stepwise display of panel development used in LaModel modeling. 

 

 

Figure 5 – Total vertical stress acting on center pillars of central panel after Step 3. 
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Figure 6 – Safety factors of center pillars in central panel after Step 3. 

 

Table 7 – Modeling results for 40x40-ft pillars in Mine A. 

Step 1 Step 2 Step 3 

Max. In-Panel Pillar Stress (psi)  462.0 462.0 462.0 

Min. In-Panel Pillar Stress (psi) 425.0 425.0 425.0 

Max. Barrier Pillar Stress (psi) 
350.0 (left) 

350.0 (right) 

365.0 (left) 

350.0 (right) 

365.0 (left) 

365.0 (right) 

Min. Barrier Pillar Stress (psi) 
200.0 (left) 

200.0 (right) 

300.0 (left) 

200.0 (right) 

300.0 (left) 

300.0 (right) 

Min. In-Panel Factor of Safety  5.45 5.45 5.45 

*Note:  All data is for center panel mined during Step 1.  Data was taken 

from center cross-sections as shown in Figures 5 and 6.  

 

Effects of increased extraction can be seen by examining vertical stresses and safety 

factors after completing Step 3 for reduced pillar sizes.  Tables 8, 9, and 10 provide these 

results for Mines A, B, and C, respectively.  Only maximum stress values are shown. 

 

Table 8 – Effects of increased extraction for Mine A. 

40x40-ft pillars 35x35-ft pillars 30x30-ft pillars 25x25-ft pillars 

Max. In-Panel 

Pillar Stress (psi) 
462.0 

510.0 

(510-462) = +48.0 

(48/462) = (+9.4%) 

574.5 

+112.5(+24.4%) 

662.0 

+200.0 (+43.3%) 

Max. Barrier 

Pillar Stress (psi) 

365.0 (left) / 

365.0 (right) 

380.0 / 380.0 

+15.0 (+4.1%) 

397.0 / 397.0 

+32.0 (+8.8%) 

423.5 / 423.5 

+58.5 (+16.0%) 

Min. In-Panel 

Factor of Safety 
5.45 

4.50 

-0.95 (-17.4%) 

3.55 

-1.90 (-34.9%) 

2.71 

-2.74 (-50.3%) 

 

Table 9 – Effects of increased extraction for Mine B. 

45x45-ft pillars 40x40-ft pillars 35x35-ft pillars 30x30-ft pillars 

Max. In-Panel 

Pillar Stress (psi) 
546.5 

597.0 

+50.5(+9.2%) 

657.5 

+111(+20.3%) 

713.5 

+167(+30.6%) 

Max. Barrier 

Pillar Stress (psi) 

453.0 (left) / 

453.0 (right) 

469.5 / 469.5 

+16.5 (+3.6%) 

491.5 / 491.5 

+38.5 (+8.5%) 

519.0 / 519.0 

+66 (+14.6%) 

Min. In-Panel 

Factor of Safety 
5.00 

4.25 

-0.75 (-15%) 

3.52 

-1.48 (-29.6%) 

2.82 

-2.18 (-43.6%) 
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Table 10 – Effects of increased extraction for Mine C. 

40x40-ft pillars 35x35-ft pillars 30x30-ft pillars 25x25-ft pillars 

Max. In-Panel 

Pillar Stress (psi) 
517.5 

569.5 

+52 (+10.1%) 

628.0 

+110.5 (+21.4%) 

732.5 

+215 (+41.6%) 

Max. Barrier 

Pillar Stress (psi) 

399.0 (left) 

399.0 (right) 

416.0 (left) 

416.0 (left) 

+17 (+4.3%) 

437.0 (left) 

437.0 (left) 

+38 (+9.5%) 

468.0 (left) 

468.0 (left) 

+69 (+17.3%) 

Min. In-Panel 

Factor of Safety 
5.51 

4.60 

-0.91 (-16.5%) 

3.58 

-1.93 (-35.0%) 

2.71 

-2.80 (-50.8%) 

 

From these results, it is evident that increases in vertical stresses due to decreases in pillar 

size are not significant enough to lower in-panel factors of safety below the acceptable 

minimum of 1.5; however, the validity of these results must be considered in relation to 

model calibrations and limitations.  Results generated by LaModel correspond well to 

hand-calculated results indicating that model parameters and modeling procedures are 

appropriate for this task.  They indicate the role backfill could play in allowing for 

increased extraction, assuming that backfilling occurred immediately upon completion of 

the panel.  These vertical stress increases and pillar safety factors due to increased 

extraction now stand as a foundation on which the other components of this study can be 

used to understand the potential benefits of backfill.   Overall, LaModel results provide a 

useful basis for more detailed research, which was their intended function. 

 

Effect of Weak Floor 
 

Traditionally the most basic close-form solution of a pillar‟s stability can be achieved 

through the pillar Factor of Safety (FOS) calculation, which is the ratio of pillar strength 

to pillar stress and is empirically based. Pillar stress is estimated using the Tributary Area 

Theory and pillar strength is estimated using any one of several empirical formulae. To 

account for weak floor conditions found in the Illinois Basin, FOS calculations are 

adapted using the Vesic-Gadde formula, which calculates a Floor Safety Factor (FSF) 

used in place of the FOS.  A FSF value greater than 1.5 indicates that the pillar design 

will be safe in the long term (Gadde, 2012); however, this value is only acceptable if the 

immediate floor is not adversely affected by water in the long term, which tends to 

happen over time, especially in abandoned mines. This implies that surface subsidence 

could occur over time as the floor is weakened. For short-term stability, a FSF value of 

1.2 is currently recommended with short term defined as the time to mine out a single 

panel (Gadde, 2009). Assuming backfilling starts on each panel immediately upon 

completion, minimum pillar sizes are used to achieve FSFs of 1.2. 

 

The difference between the Tributary Area Theory FOS and the Vesic-Gadde formula‟s 

FSF were calculated and Tables 11, 12, and 13 show these results.  In every case, it can 

be seen that the effect of weak floors in the Illinois Basin serves to seriously reduce 

traditional factors of safety.  This means that floor stability factors are a better indication 

of pillar stability. 
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Table 11 – FSF and FOS for Mine A. 

Parameter 40x40-ft pillars 35x35-ft pillars 30x30-ft pillars 25x25-ft pillars 

FOS 5.45 4.50 3.55 2.71 

FSF 2.51 2.20 1.88 1.55 

Difference -2.94 (-54%) -2.30 (-51%) -1.67 (-47%) -1.16 (-43%) 

 

Table 12 – FSF and FOS for Mine B. 

Parameter 45x45-ft pillars 40x40-ft pillars 35x35-ft pillars 30x30-ft pillars 

FOS 5.00 4.25 3.52 2.82 

FSF 1.97 1.78 1.58 1.37 

Difference -3.03 (-60.6%) -2.47 (-58.1%) -1.94 (-55.1%) -1.45 (-51.4%) 

 

Table 13 – FSF and FOS for Mine C. 

Parameter 40x40-ft pillars 35x35-ft pillars 30x30-ft pillars 25x25-ft pillars 

FOS 5.51 4.60 3.58 2.71 

FSF 1.96 1.67 1.37 1.05 

Difference -3.55 (-64.4%) -2.93 (-63.7%) -2.21 (-61.7%) -1.66 (-61.3%) 

 

Version 7 (Rocscience, 2011) of the Phase2 computer program was used to conduct 

computer modeling that accounted for paste backfill usage (Benton, 2013).  Phase2 is a 

two-dimensional modeling program based on finite element analysis (FEA). It is a time-

independent program, meaning that long-term analyses cannot be conducted; only 

instantaneous change can be determined.  In the weak floor case, time is a key issue 

because most failures are not dynamic (i.e., instantaneous). 

 

To model this, it was necessary to first calibrate the program to theoretical conditions.  

The calibration process was considered adequate when Phase2 results were within a 

range of theorized or measured quantitative values for conditions experienced by Mine A.  

The first step in setting up the Phase2 model was to input in situ horizontal and vertical 

stresses.  Since physical measurements are costly and subject to possible error, models 

were calibrated to theoretical stresses and qualitative model behavior was observed.  This 

method produces models that only identify ideal (theoretical) behavior in the rock mass.  

Figures 7 and 8 illustrate stresses from the top of the modeled coal seam (180-ft depth) to 

the bottom of the model boundary (360-ft depth) and show that an adequate match 

between vertical and horizontal in situ stresses was obtained.  Overburden average 

density of 159 lb/ft
3
 produced the closest match to in situ stresses. Two models were 

created: the first, a linearly elastic model; the second, a Mohr-Coloumb plasticity model. 

 

Once in situ stresses had been replicated satisfactorily, the model was calibrated to 

theoretical mining-induced stresses.  This was done by modeling 20-ft excavations on 

either side of a 40-ft pillar.  The goal of this was to investigate mining-induced stresses 

acting through the pillar.  To accomplish this, “queries” were made through the pillar 

identifying stresses.  These queries are essentially arbitrarily placed cross-sections along 

which Phase2 provides numerical values for various parameters such as stresses, strains, 

and displacements.  Figure 9 shows the location of the queries made through the modeled 
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pillar.  The top, center, and bottom of the pillar were queried to determine the best 

representation of average stress acting throughout the pillar.  Queries revealed an average 

stress of roughly 300 psi acting through the pillar‟s center, as shown in Figure 10. 

 

  

Figure 7 – In situ vertical stress values 

used for Phase2 calibration. 

Figure 8 – In situ horizontal stress values 

used for Phase2 calibration.

 

 

Figure 9 – Model used to calibrate mining-induced vertical stresses. 

 

 

Figure 10 – Vertical stress acting throughout the pillar in the calibration model. 

Queried Areas of Interest for 

Vertical Pillar Stress 
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The goal was to achieve a modeled average stress equal to a theoretical value calculated 

by the tributary area theory for a plane-strain case.  The following equation demonstrates 

how the theoretical value was determined: 

Traditional Tributary Area Theory:       (  
  

  
)
 

 

For plane strain,       (  
  

  
) = (

     

   
) (       ) (  

     

     
) (

      

        
)          

 

As can be seen, the Phase2-generated average vertical stress value of 300 psi is 

essentially the same as that predicted by the tributary area theory.  However, one of the 

major assumptions made by the tributary area theory is that both overburden and floor 

material are rigid.  In the calibration model, the immediate roof and floor were both rigid 

materials (limestone, in this case), so the tributary area theory assumptions are valid. 

 

To account for weak floor, Phase 2 models were created incorporating  claystone/fireclay 

immediate floor and black shale immediate roof.  Model 2 has both, Model 3 has just the 

black shale immediate roof, and Model 4 has just the claystone floor.  Results for all 

models are shown in Figure 11. 

 

 

Figure 11 – Additional calibration of Phase2 using differing floor and roof rigidities. 

 

By creating these additional models, it was possible to investigate the effects of differing 

floor and roof rigidity on pillar vertical stress.  It was expected that in every case the 

average vertical stress acting throughout the pillar would actually be lower than that 

shown in the initial model due to a re-distribution of stresses through the weaker material 

surrounding the pillar.  As can be seen in Figure 11, Phase2 results adequately met this 

expectation.  Further validation was given by Model 2 results, which yielded the lowest 

vertical stress because it incorporated both weak floor and roof.  With these results, the 

calibration of Phase2 was considered complete. 
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Only Mine A was modeled in Phase2, as this provided enough data for complete analysis.  

A combination of three factors was used to create various model scenarios: pillar size, 

backfill height as a percentage of mining height, and immediate floor stratigraphy and 

properties.  Values for these factors were varied between the following options: 

 

 Pillar sizes:  40x40-ft (current design) and 20x20-ft (Vesic-Gadde minimum). 

 Backfill heights: 0% (no backfill), 50% (3 ft), and 95% (6.65 ft).  95% had to be 

used to model 100% backfilling because if 100% was used, Phase2 assumed no 

excavation had actually been made. 

 Immediate floor types: claystone (weak floor) at 4%, 8%, and 12% moisture 

content, and limestone (rigid floor). 

 

Twenty-four scenarios were modeled as follows: 

 

 Rigid floor (limestone), with current pillar sizes (40x40-foot), at 0%, 50%, and 

95% fill heights  3 models total. 

 Rigid floor (limestone), with minimum pillar sizes (20x20-foot), at 0%, 50%, and 

95% fill heights  3 models total. 

 4% moisture content weak floor (claystone), with current pillar sizes (40x40-

foot), at 0%, 50%, and 95% fill heights  3 models total. 

 8% moisture content weak floor (claystone), with current pillar sizes (40x40-

foot), at 0%, 50%, and 95% fill heights  3 models total. 

 12% moisture content weak floor (claystone), with current pillar sizes (40x40-

foot), at 0%, 50%, and 95% fill heights  3 models total. 

 4% moisture content weak floor (claystone), with minimum pillar sizes (20x20-

foot), at 0%, 50%, and 95% fill heights  3 models total. 

 8% moisture content weak floor (claystone), with minimum pillar sizes (20x20-

foot), at 0%, 50%, and 95% fill heights  3 models total. 

 12% moisture content weak floor (claystone), with minimum pillar sizes (20x20-

foot), at 0%, 50%, and 95% fill heights  3 models total. 

 

Mine data for Mine A was provided in Tables 4 and 5.  While Mine A panels consisted of 

20 entries, only two were used for Phase2 modeling because Phase2 assumes infinite 

spans when using an axis of symmetry, making it unnecessary to model the entire panel. 

Points A and B in Figure 12 show the limestone main roof and floor, the black shale 

immediate roof is Point C, the coal seam is Point D, and the claystone immediate floor is 

Point E.  Point F shows the field stress element, which was a 3:1 horizontal to vertical 

stress ratio, the generally assumed condition for the Illinois Basin.  The ground elevation, 

which is 180 feet above the coal seam, is shown by point G. Limestone roof and floor 

were extended far beyond the extent of the coal seam, which was the area of interest, so 

as to avoid any edge effects, while simultaneously allowing sufficient room for stresses to 

distribute around entries after excavation. 
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Figure 12 – The Phase2 model of Mine A with weak floor and current pillar dimensions. 

 

Material properties used for Phase2 modeling came for Gadde (2009), Zipf (2007), 

Chugh and Pytel (1992), Dirige et al. (2001), and Jewell (2002).   While most inputs were 

directly available or could be assumed, some required calculation.  Table 14 contains all 

rock mass and overburden material properties used in the modeling process.  To be 

conservative, backfill strength of 22 psi was chosen for modeling, which is considered to 

be the lowest compressive strength for paste backfill used in industry (Jewell, 2002). 

 

Table 14 – Overburden and rock mass parameters used in Phase2 modeling. 

Limestone Black Shale Coal 22 psi Backfill 

Unit Weight (pcf) 148 143.6 85.6 123.3 

Elastic Modulus (psf) 4.18x10
8 

8.35x10
7 

5.22x10
7 

4.18x10
6 

Poisson’s Ratio 0.25 0.25 0.42 0.30 

Tensile Strength (psf) 1.61x10
5 

1.25x10
4 

9.97x10
3 

2.94x10
3 

Peak Friction Angle (deg) 36 23 30.5 35.5 

Residual Friction Angle (deg) 36 23 30.5 20 

Dilation Angle (deg) 10 10 10 10 

Peak Cohesion (psf) 4.18x10
5 

4.18x10
5 

1.29x10
5 

2.11x10
3 

Residual Cohesion (psf) 4.18x10
4 

4.18x10
4 

1.29x10
4 
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In addition, a sensitivity analysis was conducted to consider varying moisture content in 

the immediate (claystone) floor.  Gadde (2009) suggested a general moisture content of 

8% to be used for Western Shelf mines, which is where Mine A is located.  Additional 

moisture contents of 4% and 12% were also modeled to gain a better understanding of its 

effect.  Properties of claystone for each moisture content are provided in Table 15. 
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Table 15 – Immediate floor properties used for Phase2 sensitivity analysis. 

 4% Moisture 8% Moisture 12% Moisture 

Unit Weight (pcf) 163.5 163.5 163.5 

Elastic Modulus (psf) 1.57x10
8 

8.07x10
7 

5.42x10
7 

Poisson’s Ratio 0.41 0.42 0.42 

Tensile Strength (psf) 2.57x10
4 

9.09x10
3 

3.21x10
3 

Peak Friction Angle (deg) 31 30 28 

Residual Friction Angle (deg) 20 11 8 

Dilation Angle (deg) 10 10 10 

Peak Cohesion (psf) 6.74x10
4 

1.76x10
4 

4.71x10
3 

Residual Cohesion (psf) 6.74x10
3 

1.76x10
3 

471 

 

The following list of assumptions was also made for the computer model: 

 

 The coal seam is not dipping, and all interfaces have been omitted. 

 Pillar ribs, floor, and roof are smooth-walled, and perfectly normal to adjoining 

surfaces. 

 Joint sets have not been defined; therefore the model represents a continuum.  

 The zone of softening was not defined.  This is the area under the paste backfill 

material which softens due to the release of water from the backfill during 

placement.  This water would be minimal but it nonetheless will percolate 

downwards, weakening the floor. 

 

Since no field measurements were taken as a part of this project, specific values 

generated for floor displacement and room closure are qualitative.  Table 16 shows 

Phase2 results for maximum floor displacement and vertical panel closure give the 

current 40x40-ft pillar design at Mine A, considering varying fill heights and immediate 

floor conditions.  In addition to nominal values for displacement, percent change relative 

to 0% fill was calculated. Table 17 presents the same type of analysis for scenarios with 

pillar dimensions reduced to 20x20 ft. 

 

Table 16 – Phase2 results for Mine A‟s 40x40-ft pillar design. 

Fill Ratio 0% 50% 95% 

Limestone Floor 
Max. Floor Displacement (in) 0.033 0.030 (-9.1%) 0.029 (-12.1%) 
Max. Vertical Closure (in) 0.052 0.050 (-3.9%) 0.047 (-9.6%) 

Weak Floor with 

4% Moisture  
Max. Floor Displacement (in) 0.035 0.033 (-5.7%) 0.032 (-8.6%) 
Max. Vertical Closure (in) 0.055 0.055 (-0.0%) 0.054 (-1.8%) 

Weak Floor with 

8% Moisture 
Max. Floor Displacement (in) 0.282 0.229 (-18.8%) 0.193 (-31.6%) 
Max. Vertical Closure (in) 0.306 0.262 (-14.8%) 0.245 (-19.9%) 

Weak Floor with 

12% Moisture 
Max. Floor Displacement (in) 0.473 0.308 (-34.9%) 0.266 (-43.8%) 
Max. Vertical Closure (in) 0.503 0.414 (-17.7%) 0.37(-25.6%) 

 

In Table 16, it can be seen that the immediate mine floor was displaced by 0.033 inches 

without backfill, a largely insignificant amount.  Maximum vertical closure, the 

summation of upwards floor displacement and downwards roof displacement, is also 

relatively minor.  Both of these values seem logical due to the rigidity of the immediate 

floor.  In both backfill scenarios for the rigid floor model, reductions in displacement and 
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closure are clearly shown validating the hypothesis that placement of paste backfill into 

mined-out areas will reduce ground movement. In the three weak floor scenarios, the 

same trend towards reduction of displacement can be seen, but in each case, non-

backfilled displacements are significantly greater.  Weak floor conditions allow for 

greater vertical displacement of the immediate floor, even at 4% moisture content.  The 

same may be said for the maximum vertical panel closure.  Most notable, however, are 

the percentage decrease numbers that result from backfilling.  In the weak floor with 4% 

moisture content model, placement of backfill seems to be relatively ineffective; 

however, at 8% moisture content, floor displacement and vertical closure were reduced 

by at least twice as much in the weak floor scenario than it was in the rigid floor scenario.  

These reductions were even more drastic in the 12% moisture content model.  Two 

conclusions can thus be drawn: first that paste backfill offers greater benefits to weak 

floor mining scenarios than it does in rigid floor scenarios, and second, that backfill‟s 

effectiveness at reducing floor displacement increases as floor moisture content increases. 

 

Table 17 – Phase2 results for Mine A‟s 20x20-foot pillar design. 

Fill Ratio 0% 50% 95% 

Limestone Floor 
Max. Floor Displacement (in) 0.042 0.041 (-2.4%) 0.040 (-4.8%) 
Max. Vertical Closure (in) 0.093 0.090 (-3.2%) 0.087 (-6.5%) 

Weak Floor with 

4% Moisture  
Max. Floor Displacement (in) 0.045 0.043 (-4.4%) 0.042 (-6.7%) 
Max. Vertical Closure (in) 0.100 0.093 (-7.0%) 0.081 (-19.0%) 

Weak Floor with 

8% Moisture 
Max. Floor Displacement (in) 0.301 0.236 (-21.6%) 0.205 (-31.9%) 
Max. Vertical Closure (in) 0.370 0.299 (-19.2%) 0.266 (-28.1%) 

Weak Floor with 

12% Moisture 
Max. Floor Displacement (in) 0.570 0.232 (-59.3%) 0.218 (-61.8%) 
Max. Vertical Closure (in) 0.684 0.313 (-54.2%) 0.288 (-57.9%) 

 

Similar to the analysis of Table 16, the analysis of Table 17 shows that in every case 

paste backfill reduces floor displacement and vertical closure.  The two important 

additional conclusions that can be drawn regard the effects of reduced pillar size on 

ground displacement, as well as the increased effectiveness of paste backfill in the weak 

floor scenario.  Regarding the former, immediate floor displacement increases in all four 

scenarios.  This is important because it validates the basic assumptions of the Vesic-

Gadde formula.  More importantly, however, is the relationship that can be identified 

between the two weak floor scenarios (40x40-ft pillars and 20x20-ft pillars).  In both the 

8% and 12% moisture content models, Phase2 analysis indicates that a 50% backfill ratio 

in a 20x20-ft pillar design can reduce ground movements to levels experienced in a non-

backfilled 40x40-ft pillar design.  While this was not the case in the 4% moisture content 

model, it should be noted that initial displacements for both pillar designs were largely 

similar (0.035 inches to 0.045 inches), leaving little to be gained by using backfill.  This 

validates the hypothesis that paste backfill can allow for increased extraction without 

creating increased long-term floor heave and panel closure. 

 

Physical Modeling 
 

Physical modeling was a “proof of concept” exercise to obtain qualitative data showing 

the ground control benefits of pillar and floor confinement provided by paste backfill.  

Due to the difficulty and impracticality of producing small repeatable amounts of paste 
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backfill from suitable washing plant waste, a plaster of Paris substitute with the same 

strength as pastes used in reality was created.  Representative and repeatable coal 

specimens, like backfill specimens, were also too difficult to obtain and test due to two 

factors: first, a proper width-to-height ratio (roughly 7:1) to simulate mining conditions 

would be difficult to test using available equipment; and second, cutting acceptably 

uniform coal samples is next to impossible.  As a result, simulated 4-in cube pillars were 

created using “fast-setting” Quikrete with an average compressive strength of 1,550 psi, 

which compared favorably with 1653 psi, the published average compressive strength of 

Herrin No. 6 coal (Lowrie, 2002).  In lieu of actual claystone/fireclay, a weaker Quikrete 

mixture was developed with a compressive strength of 600 psi, which conforms well to 

published values for claystone/fireclay specimens from the Illinois Basin (Lowrie, 2002). 

 

Strong Floor Testing (Benton, 2013) 

 

Strong floor testing refers to tests conducted with a steel box acting as the mine floor and 

a 4-in Quikrete cube acting as the coal pillar as shown in Figure 13.  In essence, floor 

(steel) strength is significantly greater than pillar strength.  It should be noted that the top 

and bottom of the simulated pillar had low coefficients of friction and no cohesion to 

either top or bottom platens in these scenarios, which would not be the case in reality.  

Testing was done on two primary variables: backfill strength and fill ratio.  Three backfill 

strengths were chosen:  one representing the strong end of the paste spectrum (44 psi), 

another the weak end (22 psi), and a third below accepted fill strength standards (11 psi).  

“Fill ratio” refers to the depth of placed fill relative to pillar height.  Each fill strength 

was tested at fill ratios of 25%, 50%, 75%, and 100%.  Of these, the most important are 

50% (i.e., partially backfilling every panel after mining) and 100% (i.e., completely 

backfilled every other panel after mining) as they represent the most likely scenarios in 

real practice. 

 

   

Figure 13 – Unconfined specimen in steel box (left); simulated coal pillar (right). 

 

Four specimens were created for each test condition with each test requiring 48 hours 

spread across three days to complete.  On Day 1, simulated coal pillars are poured.  On 

Day 2, simulated backfill is poured into open-topped steel boxes with simulated pillars 

created on Day 1 placed centrally inside each box.  On Day 3, laboratory tests were 

conducted using a 600 kip internal load cell on a MTS test frame.  Thus, simulated pillars 

are allowed to cure for a consistent 48 hours each, while simulated backfill cures for 24 

hours.  Each test was run at a loading rate of 0.02” per minute until specimens reach their 

residual strengths, with tests averaging between 25 and 30 minutes in length. Initial tests 
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were conducted on unconfined specimens to establish baseline pillar strength by which 

subsequent tests could be compared. Figure 14 depicts an unconfined specimen after 

testing and a specimen confined at a 50% fill ratio prior to testing. 

 

   

Figure 14 – Unconfined specimen after testing (left); specimen with 50% fill ratio 

confinement before testing (right). 

 

After each testing phase, load data for all four tests were zeroed, then displacement 

values were adjusted for uniform starting points.  For each test, the first 200 psi of 

loading was ignored to allow for uniformity in the early stages of specimen loading.  

After making these adjustments, stress/strain curves were created for each test, which 

were then averaged to create one curve for each fill ratio/fill strength combination.  In all, 

a total of 24 tests were undertaken covering each of the following scenarios: 

 

 44 psi simulated fill  25%, 50%, 75%, and 100% fill ratios 

 22 psi simulated fill  25%, 50%, 75%, and 100% fill ratios 

 11 psi simulated fill  25%, 50%, 75%, and 100% fill ratios 

 Unconfined (0% fill ratio) 

 

Observed increases in strength for simulated coal pillars with respect to strength of 

simulated backfill and fill ratio are shown in Table 18.  These values represent only 

qualitative improvements in pillar strength.  In practice, achieving modeled conditions 

will be a challenge, but observed strength increases should be considered relevant. 

 

Table 18 – Relative increases in ultimate compressive strength for strong floor scenario. 

Fill Strength 100% Fill Ratio 75% Fill Ratio 50% Fill Ratio 25% Fill Ratio 

44 psi Strain hardening 
Strain 

hardening 

+2400 psi 

(+165.5%) 

+1800 psi 

(+124.1%) 

22 psi Strain hardening 
+5350 psi 

(+369.0%) 

+2150 psi 

(+148.3%) 

+1750 psi 

(+120.7%) 

11 psi Strain hardening 
+4150 psi 

(+286.2%) 

+1750 psi 

(+120.7%) 

+150 psi 

(+10.3%) 

 

Figures 15-21 display graphical results of simulated backfill testing with Figures 15-17 

showing results of 44, 22, and 11 psi backfill tests, respectively, while Figures 18-21 

show results of 100%, 75%, 50%, and 25% fill ratio tests, respectively.  The initial 

unconfined (0% fill ratio) strong floor test curve is shown in each figure for reference.  
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Figure 15 – 44 psi fill strength test averages at different fill ratios. 

 

 

Figure 16 – 22 psi fill strength test averages at different fill ratios. 

 

 

Figure 17 – 11 psi fill strength test averages at different fill ratios. 
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Three important conclusions can be reached by examining Figures 15 through 17.  First, 

all three backfill strengths resulted in a post-failure response of strain hardening of the 

simulated coal specimen when filled at 100% of the pillar height.  This indicates the 

entire system behaves as a contractive structure in the post-failure state.  The practical 

implication of this conclusion might be that if every second panel was completely 

backfilled, they could, in essence, act as large inter-panel barrier pillars redistributing 

stresses over the entirety of the mining section, which, in theory, could reduce the 

magnitude of stresses in panels that are not backfilled.  Secondly, all three backfill 

strengths resulted in significantly increased pillar strengths at a 50% fill ratio.  In 

addition, the only test that showed little significant improvement in pillar strength was the 

11 psi backfill at a 25% fill ratio.  This indicates that if every panel was filled at 50%, it 

may be possible to negate any increased pillar stress induced by reductions in pillar size 

in the long-term.  Finally, in every test, the elastic modulus of the simulated pillar was 

reduced.  This indicates that the rate of failure, or the amount of displacement that could 

be sustained before failure, would be greater in any backfilling scenario. In other words, 

backfilling increases the amount of strain that can be sustained by pillars. 

 

 

Figure 18 – 100% fill ratio test averages at different fill strengths. 

 

 

Figure 19 – 75% fill ratio test averages at different fill strengths. 
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Figure 20 – 50% fill ratio test averages at different fill strengths. 

 

 

Figure 21 – 25% fill ratio test averages at different fill strengths. 

 

Examining Figures 18 through 21 suggests two additional important conclusions.  First, 

for a 50% fill ratio, peak pillar load bearing capacity could be expected to double in even 

the most conservative estimate (i.e., 11 psi fill strength).  While 11 psi paste backfills 

have not yet been used in practice, test results indicate that reasonable expected 

improvement may be slightly greater than double the initial strength.  Second, significant 

improvements in pillar strength were not observed in 25% fill ratio tests; however, since 

fill ratios less than 25% would be impractical to use (in regards to waste disposal), this 

conclusion does not present a problem. 

  

Weak Floor Testing 

 

To gain an understanding of how paste backfill may affect pillar strength in a weak floor 

environment, tests were also conducted simulating a weak floor.  Mixtures for the 

simulated coal pillar and paste backfill were identical to those for strong floor tests, but a 

2-in layer of 600 psi Quikrete was placed in the bottom of each steel box prior to testing.  
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The weak floor thickness (2-in) to pillar height (4-in) ratio of 50% is fairly representative 

of real Illinois Basin conditions.  Four-inch cubes similar to those used in strong floor 

testing were placed directly on the simulated weak floor, but were not adhered to the 

floor as would be the case in reality.  The coefficient of friction between pillar and floor 

for weak floor tests was significantly different than that for the strong floor testing.  

Simulated backfill was then mixed and poured directly into test boxes, surrounding the 

simulated pillar with two inches of fill (50% fill ratio) as shown in Figure 22.  Testing 

procedures and data analysis were identical to that for strong floor testing. 

 

   

Figure 22 – Unconfined specimen on weak floor before (left) and after (right) testing. 

 

Initial tests were conducted to investigate the relationship between floor strength and the 

strength of an unconfined pillar.  This included three sets of four tests each with the first 

set using a floor strength greater than the pillar strength (i.e., > 1450 psi), the second set  

using a floor strength equal to the pillar strength (i.e., 1450 psi), and the third set using a 

floor strength less than the pillar strength (i.e., < 1450 psi).  This was done to identify any 

trends regarding floor strength, and to calibrate the physical tesing with previous 

empirical data regarding platen strength influence on specimens.  Results are shown in 

Table 19 and Figure 23. 

 

Table 19 – Ultimate compressive strength for weak floor scenario. 

Floor Strength Load at Pillar Yield 

Greater than pillar 1450 psi 

Equal to pillar 3700 psi 

Lesser than pillar 2500 psi 

 

As can be seen in Figure 23, the strength of an unconfined pillar resting on a weak floor 

is significantly greater than that of a pillar resting on a strong floor.  Further, though the 

strength of the pillar itself has not changed when loaded in isolation, the strength of the 

system as a whole has increased when in the presence of a weak immediate floor.  This is 

because the less rigid floor is being squeezed out from under the simulated pillar allowing 

for the pillar to shed stresses normally taken on when resting on a much more rigid floor.   

This is corroborated by the equal floor strength test, which also indicated a higher load 

necessary to induce pillar failure than needed for the strong floor testing. 
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Figure 23 - Comparison of floor strength and pillar performance. 

 

Other factors contributing to the increased capacity of the pillar in weak floor testing 

include friction and floor confinement.  Regarding the former, the coefficient of friction 

between the pillar and the bottom platen was higher for the weak floor tests than for the 

strong floor tests.  This was because of the rougher surface of the bottom platen in the 

weak floor tests (concrete) than in the strong floor tests (smooth steel).  The increased 

coefficient of friction created a larger frictional force at the pillar-floor interface, 

providing more resistance to loading.  Regarding floor confinement, the minimal amount 

of floor heave observed acted as a confining force on the pillar.  As the floor crept up 

around the base of the pillar, it confined the weakest portion of the pillar, allowing for 

greater loads to be sustained before failure began in this portion of the pillar. 

 

Once the effect of floor strength on pillar performance had been investigated, the effect 

on backfilling on weak floor systems was tested.  Four sets of four tests were conducted 

to complete this qualitative analysis with conditions described as follows: 

 

 44 psi simulated fill  50% fill ratio 

 22 psi simulated fill  50% fill ratio 

 11 psi simulated fill  50% fill ratio 

 Unconfined (0% fill ratio) 

 

From results shown in Table 20 and Figure 24, it was possible to determine qualitative 

improvements to pillar strength in a weak floor system based on backfill strength used. 

 

Table 20 – Relative increases in ultimate compressive strength for weak floor scenario. 

Fill Strength Fill Ratio Improvement 

44 psi 50% +2600 psi (+104.0%) 

22 psi 50% +2400 psi (+96.0%) 

11 psi 50% +550 psi (+22.0%) 

No Fill 0% 2500 psi (base yield value) 
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Figure 24 – Comparison of fill strength and pillar performance for weak floor scenario. 

 

When compared to strong floor test results, these tests may seem to indicate that pillar 

failure due to compressive loading is less likely in weak floor environments because even 

the unconfined pillar had a higher ultimate compressive strength (UCS) than the 

unconfined strong floor pillar.  However, it should be noted that weak floors contribute to 

accelerated pillar failure (Gadde, 2009).  That is why it is important to remember that 

these results are again only qualitative, and that the goal of weak floor testing was to 

determine what improvements to pillar strength could be achieved by using backfill.  

This, in essence, means that actual loads sustained at pillar yield are not the key issue.  

Instead, the key issue is shown in Figure 24, where it can be seen that backfill does 

increase pillar strength in weak floor systems, just as it does in strong floor systems.  As 

long as the strength of backfill is 22 psi, one could expect roughly twice the amount of 

loading needed to initiate pillar failure.  Though the 11 psi backfill showed no significant 

improvement to pillar strength, it should be remembered that 11 psi backfill is not used in 

industry applications.  This backfill strength was chosen only to identify a point at which 

backfill does not significantly improve pillar strength. 

 

Low Confinement Testing 

 

A third category of testing was conducted to investigate “under-confined” backfill.  

Whereas strong and weak floor testing involved backfill confined by the sides of steel 

boxes, the low confinement testing provided no confinement to the backfill.  In reality, 

there will be some confinement placed on the backfill by the surrounding coal pillars.  

This level of confinement in situ would be somewhere in between the two extremes used 

in the physical testing portion of this project. 

 

Figure 25 shows how low confinement was achieved. Four-inch Quikrete cubes were 

confined at a fill ratio of 50% with fill material two inches in width as measured 

perpendicular to all sides of the pillar to simulate typical dimensions in Illinois Basin 

room-and-pillar panels that are 40-ft pillars and 20-ft rooms. Figure 25 also shows the 

typical failure mode of a low confinement specimen after testing. 
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Figure 26 shows results for a 44 psi low confinement fill at 50% fill ratio. It should be 

noted that the unconfined cube strength was about 1,450 psi, and this increased to about 

2,500 psi with low confinement fill, about half the increase achieved with strongly 

confined fill where effective pillar strength was measured at about 3,500 psi. 

 

   

Figure 25 – Low confinement test specimen before (left) and after (right) testing. 

 

 

Figure 26 – Effect of 44 psi low confinement fill at 50% fill ratio. 

 

FLAC
3D

 modeling 
 

FLAC
3D

 (Fast Lagrangian Analysis Continuum) Version 5.0 (Itasca, 2012a) was utilized 

to simulate a quarter coal pillar that was loaded uni-axially and confined at varying 

backfill ratios from 0 to 100%.  This simulation can be compared to the compression test 

of a cubical specimen in an MTS machine used for physical modeling.  Backfill was 

simulated as both cohesive fill, such as a paste backfill, and non-cohesive fill, such as 

sand or gravel.  Varying pillar-width to room-width ratios typical of Illinois Basin mines 

were simulated.  The influence of adjacent pillars on overall pillar strength at varying fill 

ratios was analyzed. The goal of this modeling was to develop a baseline for practical 

design if and when backfilling may be implemented in the future.   

 

Grid Generation  

 

The coordinate system of the FLAC
3D

 model is represented by the x- and y-axis in the 

horizontal plane and the z-axis in the vertical plane as shown in Figure 27. Taking 
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advantage of symmetry, the modeled pillar is square and represented by half the width in 

both the x- and y-directions, which can represent an infinite array of pillars and rooms. 

 

In Figure 27, half of total room width is represented by (Rw) and an arbitrary pillar width 

(Pw) of 1ft (B) was chosen. Thus, pillar width is six inches (0.5B) in the model.  Though 

this pillar width does not represent a realistic pillar size, the current model allows for a 

finer mesh and faster model run time. Secondly, the model was represented as a Mohr-

Coulomb material meaning there are no size dependent properties, further justifying the 

grid selection used.  Therefore, as long as results are reported in a normalized fashion, 

actual pillar size and room dimensions can be neglected and normalized results can be 

extrapolated to represent any dimensional scenario.   

 

A 4-in high pillar was simulated as this works well with the 0-100% fill ratios in 25% 

increments by requiring no adjustment to zone size and maintaining zone consistency 

throughout the model.  Overall, the model represents a pillar width-to-height ratio of 1.5.  

The vertical extent of the model was five times the pillar width in the z-coordinate 

direction so as to neutralize any effects which could be attributed from the floor material, 

in effect isolating both pillar and backfill mechanisms. 

 

 

Figure 27 – Example grid generated for a quarter pillar model at 25% fill. 

 

Meshing Scheme and Loading Rate 

 

Figure 27 also shows the mesh density, which, along with a consistent loading rate, plays 

an important role in modeling results. Itasca recommends the following when developing 

the mesh (Itasca, 2012b): 

 

 Run the same problem with different zoning densities to check the effect. 

 Keep the mesh as uniform as possible, particularly in the region of interest. 

 Avoid long, thin zones with aspect ratios greater than 5:1 and avoid jumps in zone 

sizes (i.e., use smoothly graded grids). 
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Modeling was done with an increased zone density, which produced little difference in 

results, so a uniform mesh was adopted with each zone representing a 1”x1”x1” section 

in all coordinate directions to simplify the model.  This avoided abrupt jumps in zone 

sizes and „long, thin zones,‟ which could have developed in a graded meshing scheme. 

 

For this particular problem, loading options were either “stress controlled” or “strain 

controlled.”  As mention by Itasca and reiterated by Gadde (2009), during collapse 

studies it becomes difficult to control the system when the “applied load approaches the 

collapse load” and using displacement controlled modeling allows for a “more stable 

[model] in the post-failure region,” therefore displacement controlled loading was 

selected.  For this problem, a displacement rate of 1.0e
-5

 inch/step was selected.  This 

velocity was applied at the top of the pillar and was represented as a smooth platen.  A 

smooth platen allows vectors at the application of loading to displace in the x- and y- 

directions while loading in the z-direction. The other option was a rigid platen which 

would fix all vectors movement in the z-direction only.  A rigid platen was originally 

simulated; however, a smooth platen produced more conservative results and therefore 

erred on the safer side.  Additionally, the loading rate of 1.0e
-5

 inch/step was selected 

because a faster velocity produced a transient response in the pillar, which misrepresents 

pillar behavior under quasi-static loading, and because a slower loading rate made model 

run times too long and did not improve the accuracy of results. 

 

Boundary Conditions 

 

All vertical planes were represented by roller boundaries implying that displacements and 

velocities are restricted normal to those planes, but allowed to freely move up and down 

in the vertical z-direction. On the other hand, the furthermost z-boundary plane was 

pinned in all directions; however, because the furthermost z-boundary plane was such a 

far distance from the area of interest (i.e., the pillar), edge effects were negligible. 

 

Material Properties and Failure Criteria 

 

The entire model was assumed to satisfy the Mohr-Coulomb failure criteria.  The 

physical testing for this project and other previous studies  on coal samples showed that 

coal will undergo either a strain-softening or strain-hardening response in the post-failure 

state (Singha et al., 2002; Wang et al., 2011). Because strain-softening and strain-

hardening represent a post-failure mechanism and the ultimate goal of this model was to 

examine UCS of the pillar, post-failure behavior was ignored.  Furthermore, pre-failure 

behavior of a Mohr-Coulomb material and strain-softening are quite similar.  Lastly, in 

order to adopt a strain-softening response for the coal pillar, some known material 

properties (e.g., UCS of coal) must be calibrated to zone sizes within the model as size 

dependent properties exist.  In contrast, when adopting a Mohr-Coulomb criterion no 

calibration to zone sizes is needed and no size dependent properties are employed thereby 

further simplifying the model and allowing adjustment of zone sizes if necessary.  The 

main floor was simulated as claystone material with 8% moisture content chosen 

arbitrarily.   Bulk modulus, shear modulus, and tensile strength were all determined from 

equations for claystone underlying Herrin No. 6 seam coal as derived by Gadde (2009). 
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Backfill also satisfies the Mohr-Coulomb failure criteria whilst the main floor was 

simulated as an elastic material.   The main floor was selected to undergo elastic 

deformation so as to isolate the mechanism of pillar confinement attributed only by the 

backfill.  As previously stated, the main floor thickness was simulated as five times the 

pillar width in the z-direction thereby representing a semi-infinite homogenous isotropic 

medium.  Gravitational effects were neglected and therefore the material is weightless, 

which further simplifies the problem.  The material can be simulated as weightless 

because gravitational effects should play little role in pillar confinement and more of a 

role in acting as a distributed load to control deformations in the immediate floor.  

Material properties of backfill, coal, and main floor are presented in Table 21.  Properties 

for non-cohesive and cohesive fill as well as coal were taken from Wang et al. (2011) and 

their study on backfill as a confining agent to coal pillars. 

 

Table 21 – Material properties chosen for the quarter pillar model. 

Property Coal Pillar 
Backfill 

Main Floor 
Non-Cohesive Cohesive 

Cohesion (psi) 148 0 17 150 

Friction Angle (degree) 36 42 40 0 

Poisson's Ratio 0.3 0.2 0.4 0.4 

Young's Modulus (psi) 159541 2900 81946 15557 

Dilation Angle (degree) 6 8 10 0 

Tensile Strength (psi) 6 0 15 63 

Shear Modulus (psi) 61362 1261 29267 5762 

Bulk Modulus (psi) 132951 1381 136577 17286 

 

Four separate interfaces were generated to simulate movement along planes between 

different materials.  Since no measured interface properties were known and lab testing 

for these properties (e.g., direct shear tests) were outside the scope of this project, Itasca 

recommendations for interface properties whenever actual properties are not known were 

accepted. According to Itasca (2012c), when the behavior between two materials with 

differing material properties is governed by the stiffer of the two materials, shear (ks) and 

normal stiffness (kn) of the interface can be interpreted as ten times the equivalent 

stiffness of the stiffest adjacent zone, as shown in the following equation: 

 

           [
(   

 
 
 )

     
] 

 

where K and G are bulk and shear moduli, respectively, and Δzmin is the smallest width of 

the adjacent zone in the normal direction to the plane. For the most part, this rule of 

thumb is adopted in most models. In some instances, if a much softer material exists 

within the model, interfaces should be based upon the softer material as behavior is 

largely governed by it. That was the case when non-cohesive fill was modeled. As 

recommended by Itasca, employing the above mentioned methodology appropriately 

causes interfaces to have little influence on overall model performance. 

 



34 

 

Interfaces generated within the quarter pillar model are shown in Figure 28.  In the case 

of cohesive fill, the following methodology was adopted: 

 

 Interface 1 – pillar-floor interface governed by stiffness properties of softer floor. 

 Interface 2 – backfill-floor interface governed by stiffness properties of softer 

backfill. 

 Interfaces 3 and 4 – pillar-backfill interface governed by stiffness properties of 

softer backfill. 

 

A summary of normal and shear stiffness properties of interfaces, their planes of 

application, and interface ID numbers shown in Figure 28 are summarized in Table 22. 

 

   

Figure 28 – Interface locations with and without representation of employment zones. 

 

Table 22 – Normal and shear stiffness properties of the simulated interfaces. 

Cohesive Backfill 

Interface ID Interface 1 Interface 2 Interface 3 & 4 

Location Pillar & Floor Backfill & Floor Pillar & Backfill 

kn  249689 1755993 2147674 

ks  249689 1755993 2147674 

Non-Cohesive Backfill 

Interface ID Interface 1 Interface 2 Interface 3 & 4 

Location Pillar & Floor Backfill & Floor Pillar & Backfill 

kn 249689 30621 30621 

ks  249689 30621 30621 

 

Modeling Methodology, Interpretation, and Results 

 

With the goal of observing coal pillar behavior at varying fill percentages of cohesive and 

non-cohesive fill, average pillar stress and strain were monitored within the coal pillar 

throughout loading (steps) via a FISH subroutine while adjusting the pillar-to-room width 

(Pw/Rw) ratio.  FISH refers to a language used within FLAC
3D

.  Each model was loaded 
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until the pillar stress-strain curve normalized and reached its ultimate load. Pw/Rw ratios 

varied from 1.5 (see Figure 29) to 6.0. According to Gadde (2009), this range should 

cover most, if not all, practical sized pillar and rooms encountered in Illinois Basin coal 

mines. An example of a stress-strain curve generated for a 50% cohesive fill at a Pw/Rw 

ratio of 1.5 is shown in Figure 30. Ultimate pillar loads are tabulated in Table 23.  For 

qualitative purposes, results were normalized with an unconfined pillar (0% fill) as the 

baseline value.  For example, if pillar strength at 0% confinement was 900 psi and pillar 

strength at 50% fill was 1800 psi, then the normalized increase in pillar strength ratio 

would be 1.0 for 0% fill and 2.0 for 50% fill. 

 

 

Figure 29 – Grid showing Pw/Rw ratio of 1.5. 

 

 

Figure 30 – Stress-strain curve for 1.5 Pw/Rw ratio with 50% cohesive fill. 

 

Results were interpreted by analyzing plasticity state plots, which display zones where 

stresses satisfy the yield criteria.  These plots can indicate plastic flow if interpreted 

correctly.  Figure 31 shows an example of a quarter pillar model at 50% non-cohesive fill 

after 85000 steps.  In the left pane, shear and tensile failure are the primary components.  

Zones identified as shear-n and tension-n are those undergoing some form of active 

failure at the time the plot was obtained, while zones identified as shear-p and tension-p 
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are those that satisfied the yield criteria in the past, but now fall below it.  According to 

Itasca (2012b), “a failure mechanism is indicated if there is contiguous line of active 

plastic zones (indicated by either shear-n or tension-n) that join two surfaces.” To further 

justify plastic flow, a velocity plot or contour, as shown in the right pane of Figure 31, 

should be used to show motion in the area of failure.  While the left pane of Figure 31 

indicates failure zones throughout the non-cohesive fill and coal pillar, the right pane 

does not indicate motion throughout that entire region.  The pillar is obviously dominated 

by shear failure and plastic flow, but fill zones farthest from the pillar edges show no 

motion indicating no plastic flow.  Zones undergoing shear failure (shear-n) while 

indicating motion are the regions of plastic flow. 

 

   

Figure 31 – Plasticity state plot of zones satisfying the yield criteria (left) and their 

velocity contours (right) after 85,000 steps. 

 

Table 23 shows that the non-cohesive fill attributed to zero increase in pillar strength 

except at 100% fill and Pw/Rw = 6. For those conditions, the model underwent over five 

million steps, yet showed no indication of failure. The reported value of >60.0 is the 

value at which model loading was stopped.  Since all other non-cohesive backfill models 

reached their ultimate load in fewer than 200,000 steps, it can be concluded that at a 

Pw/Rw ratio of 6.0 and 100% fill, the pillar is basically indestructible.  These results differ 

from a similar study by Wang et al. (2011), which also simulated a non-cohesive fill of 

the same properties, but include an immediate roof and a strain softening/hardening 

failure criteria.  Considering results from both studies, it can be inferred that the nature of 

non-cohesive backfill tends to provide no strength to a coal pillar whatsoever mainly 

because of the weak strength of the backfill itself. Wang‟s study makes no mention of an 

interface between the pillar and backfill, which could be an error within their modeling 

and account for discrepancies between results.  Additionally, the non-cohesive fill had 

zero cohesion and tensile strength, which represents a very weak material that would not 

handle large magnitudes of stress let alone provide confinement to the pillar based on 

strength parameters alone.  Because physical modeling showed how fill strength can 

influence pillar strength, it can be inferred that with a very weak non-cohesive fill 

material, little influence on overall pillar strength should be expected, except at near 

100% fill percentages and large Pw/Rw ratios. 
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Table 23 also shows that the cohesive fill increased pillar strength with increasing fill 

percentages as well as increasing Pw/Rw ratios.  As with the non-cohesive fill model at 

Pw/Rw = 6.0 and 100% fill, loading was stopped after five million steps with results again 

indicating an indestructible pillar.  Unlike results with non-cohesive fill, the nature of 

cohesive fill increases pillar strength, as was expected based on a similar pattern observed 

during physical testing conducted with increasing fill strengths. 

 

Table 23 – FLAC
3D

 modeling results showing normalized increase in pillar strength ratio. 

Confinement 

(%) 
Pw/Rw 

Normalized Increase in Pillar 

Strength for Non-Cohesive Fill 

Normalized Increase in Pillar 

Strength for Cohesive Fill 

0 1.5 1.0 1.0 

25 1.5 1.0 1.1 

50 1.5 1.0 1.3 

75 1.5 1.0 1.4 

100 1.5 1.0 2.4 

0 2 1.0 1.0 

25 2 1.0 1.1 

50 2 1.0 1.3 

75 2 1.0 1.4 

100 2 1.0 2.9 

0 3 1.0 1.0 

25 3 1.0 1.1 

50 3 1.0 1.2 

75 3 1.0 1.4 

100 3 1.0 4.1 

0 6 1.0 1.0 

25 6 1.0 1.1 

50 6 1.0 1.2 

75 6 1.0 1.4 

100 6 >60.0 >60.0 

 

Figure 32 provides a log-scale plot of the normalized increase in pillar strength ratio 

versus percent of cohesive fill confinement for increasing Pw/Rw ratios showing the 

supportive effect on the coal pillar provided by the adjacent fill footing, especially at 

higher fill ratios.  The y-axis is capped at 10 showing that for a large Pw/Rw ratio and 

100% fill, the normalized increase in pillar strength ratio possibly approaches infinity. 

The final value achieved after five million steps is not plotted so as not to misrepresent 

the unknown nature of the actual ultimate increase in pillar strength.   

 

Figure 33 displays stress-strain curves for all modeled scenarios showing that there is 

little difference in the material behavior of the coal pillar until 100% fill is approached.  

This would indicate that at higher fill ratios, the influence of the adjacent footing and the 

percent confinement provided by the fill becomes more prominent. 
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Figure 32 – Normalized increase in pillar strength ratio versus percent confinement. 

 

 

Figure 33 – Average pillar stress versus average pillar strain for cohesive fill modeling. 

 

Failure areas were then observed via plasticity state plots to better understand the 

influence of an adjacent pillar and which zones initially undergo plastic flow.  For a 

quarter pillar geometry confined with 50% cohesive fill at a Pw/Rw ratio of 1.5, the yield 

curve is shown in Figure 30 with Points A-E corresponding to plasticity state plots shown 

in Figures 34a-e, respectively.  Figure 34a is before loading (0 steps); Figures 34b and 

34c are at two arbitrary points along the elastic region of the yield curve (after 16650  and 

35200 steps, respectively); Figure 34d is at the pillar yield point (after 54900 steps); and 

Figure 34e is at the ultimate load of the pillar (after 85,000 steps).  Based upon the plots 

shown in Figures 34a-e, the following observations were made: 

 

 Before loading (Figure 34a), the system is in equilibrium and no zones are 

displaying failure in shear or tension. 
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 As loading starts to take effect (Figure 34b), shear failure (shear-n) initializes 

within the backfill at the pillar corner. Tensile failure (tension-n) also initializes at 

the bottom of the pillar along symmetry planes suggesting that it is likely due to 

“edge effects” rather than failure. 

 As loading progresses (Figure 34c), shear failure (shear-n) begins at the pillar 

corner and to a greater extent within the backfill. 

 As the pillar yields (Figure 34d), shear failure is the dominant failure mechanism 

throughout the pillar and backfill, though the pillar core remains intact. 

 When the ultimate load of the pillar is reached (Figure 34e), all zones have 

undergone some mechanism of failure.   

 

The plasticity state plot in Figure 34e is then compared to the velocity contour plot in 

Figure 36, which shows motion in nearly all zones of the pillar justifying a plastic flow 

interpretation.  The top, middle region of the pillar and the mid-pillar (top) region of the 

backflow have the greatest velocities.  It is interesting to note that until the pillar reached 

its ultimate load (Point E), velocities in backfill regions were nearly zero. This behavior 

indicates that for an indestructible floor, plastic flow within the backfill is largely 

governed by performance of the pillar, and in particular, as the pillar approaches its 

ultimate load where load is concentrated at the center of the pillar.  

 

Next, Figures 35a-e show similar plasticity state plots for a scenario with Pw/Rw = 6 at 

50% fill, which were extrapolated at the same loads (i.e., displacements) as those in 

Figures 34a-e (0, 16650, 35200, 54900, and 85000 steps, respectively).  It must be 

remembered that the stress-strain curve associated with Figures 35a-e does not 

correspond to the stress-strain curve shown in Figure 30; however, Figures 35a-e do 

represent the same displacement seen by the backfill and pillar  in Figures 34a-e. Based 

upon the plots shown in Figures 35a-e, the following observations were made: 

 

 Before loading (Figure 35a), the system is in equilibrium and no zones are 

displaying failure in shear or tension. 

 As loading increases to the same level of displacement modeled in Figure 34b 

(Figure 35b), the system displays no obvious zones of failure in shear or tension. 

 After the same magnitude of displacement seen in Figure 34c (Figure 35c), the 

backfill shows all zones undergoing some magnitude of shear failure (shear-n); 

however, velocity contours (see Figure 36) do not indicate motion, so plastic flow 

cannot be confirmed.  At this point, the pillar remains intact throughout. 

 At the same displacement where the pillar in Figure 34d yielded at its edges 

(Figure 35d), the backfill continues to show all zones undergoing some magnitude 

of shear failure (shear-n), but the velocity plot does not validate motion and 

plastic flow cannot be confirmed. Again, the pillar remains intact throughout.  

 At the same displacement where the pillar in Figure 34e reached ultimate load 

(Figure 35e), the pillar is starting to show failure zones in shear at the pillar ribs 

and tensile failure at the base of the pillar; however, this tensile failure occurs 

along imaginary boundary planes and is most likely due to edge effects and the 

pillar core remains intact.  Additionally, backfill zones continue to exhibit shear 
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failure; however, the velocity contour plot in Figure 36 shows no motion 

indicating that no plastic flow is occurring. 

 

a) 0 steps            

b) 16650 steps    

c) 35200 steps    

d) 54900 steps    

e) 85000 steps    

Figure 34 – Plasticity state plots for scenario with Pw/Rw = 1.5 and 50% cohesive fill. 

 



41 

 

b) 0 steps            

b) 16650 steps    

b) 35200 steps    

b) 54900 steps    

b) 85000 steps    

Figure 35 – Plasticity state plots for scenario with Pw/Rw = 6.0 and 50% cohesive fill. 
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Figure 36 – Velocity contours after 85000 steps for scenario in Figures 34a-e (left)         

and scenario in Figures 35a-e (right). 

 

Observations and Recommendations Based on Preliminary Modeling 

 

The following observations and recommendations are based on modeling done to date: 

 

 Non-cohesive fill attributed to zero increase in pillar strength, except for the 

100% fill, Pw/Rw = 6 scenario, at which the pillar is basically indestructible. Little 

influence on overall pillar strength was observed when using a very weak non-

cohesive material as a backfill agent. 

 Cohesive fill increased pillar strength with the level of influence increasing as fill 

percentages and/or Pw/Rw ratios were increased.  An indestructible pillar was also 

observed for the 100% fill, Pw/Rw = 6 scenario.  This same pattern was observed 

during physical testing conducted with increasing fill strengths.  

 Little difference in the pre-failure mechanism of the coal pillar was observed 

except at 100% fill. For cohesive fill at higher fill ratios, the influence of the 

adjacent footing and the percent confinement becomes more prominent. 

 For an indestructible floor, plastic flow within the backfill is largely governed by 

pillar performance.  This is particularly evident as the pillar approaches ultimate 

load where the load is concentrated at the center of the pillar.  

 For two coal pillars undergoing the same amount of displacement, pillars spaced 

with an adjacent pillar in close proximity (i.e., Pw/Rw = 6) were observed to be 

more stable at the pillar core under the same percent confinement. 

 Based on modeling results to date, it can be recommended that cohesive backfill 

placed at the highest fill ratio while maximizing the Pw/Rw ratio presents the best 

opportunity to improve pillar stability. 

 Future modeling scenarios should include modeling of Pw/Rw ratios other than 1.5 

and 6.0 and adjustment of the pillar aspect ratio to account for rectangular pillars.  

Strain softening behavior in coal pillar should be incorporated as it was observed 

in physical tests and it allows for interpretation of post-failure pillar behavior. 

 Future modeling should also analyze rough and smooth platens and/or footings 

and incorporating a finite floor thickness (i.e., a weak immediate floor) capable of 

undergoing plastic deformation. 

 Future modeling should also include seepage analysis (i.e., hydro-mechanical 

coupling implementation) as the ingress of water could play a role in overall pillar 

stability especially in the presence of a weak immediate floor. 
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Design and Cost Analysis of Backfill Distribution Systems 

 

The most important element of paste backfill distribution is beach angle (Benton, 2013).  

It is the angle at which backfill material naturally comes to rest after placement. 

Therefore, it has a direct impact on the number of discharge points needed for effective 

fill placement, and the lower the beach angle, the lower the amount of pipe required.  A 

coal mine in Australia has produced a high-density backfill material for a longwall 

application with a beach angle between 4 and 5° (Spearing et al., 2013).  Thus, a beach 

angle of 5° was assumed for this project. 

 

Distribution systems evaluated for this project assumed the following: 

 

 11-entry room-and-pillar panels 

 20-ft entry width 

 60-ft pillar centers 

 10,000-ft panel length 

 6-ft mining height 

 Mining rate of two panels per year 

 60% preparation plant recovery 

 

Given these assumptions, the mine‟s extraction ratio would be 55.6% and each panel 

would produce about 847,000 run-of-mine tons yielding approximately 1 million tons of 

clean coal per year. 

 

Two examples of potential distribution systems are shown in Figures 37 and 38. Ideally, 

fill is pumped overland to vertical boreholes above each panel and gravity-fed into 

panels.  At least two boreholes are recommended for each panel to minimize the risk of 

an accidental blockage that cannot be readily cleared during filling.  Piping is shown as 

red (main) and blue (branch) lines. 

 

In the herring-bone schematic shown in Figure 37, boreholes would be connected to a 

single central main pipe running the entire length of the panel.  In every other crosscut, 

cross-pipes branch off the main pipe in both directions and run perpendicular to the main 

pipe from the main pipe to the next to the last entry on both sides of the panel. 

 

In the ladder-type schematic shown in Figure 38, one borehole would be placed over each 

side of a panel and connected to a main pipe running the entire length of the panel in the 

next to the last entry on both sides of the panel. In every other crosscut, cross-pipes 

would connect the two main pipes.  Total piping quantity and cost can be estimated based 

on panel dimensions and mining geometry.  

 

A 5⁰ beach angle generates an effective fill distribution area of 140 feet in diameter for 

each discharge point (i.e., [2*(6/tan5⁰)] ≈ 140). These effective fill areas are shown as 

blue circles. One discharge point or spigot is required for each circle. 

 



44 

 

 
Figure 37 – Herring-bone pipe schematic. 

 

 
Figure 38 – Ladder-type pipe schematic. 
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Tables 24 and 25 provide comparisons of piping costs for four pipe sizes and six beach 

angles used in herring-bone and ladder-type systems, respectively. A fill ratio of 50% is 

assumed.  A 75:25 mixture of steel and plastic piping was assumed for distribution 

network cost models, but this needs to be optimized based on pressures involved 

(Spearing et al., 2013).  Schedule 40 A120 carbon steel and Schedule 80 PVC piping 

were chosen because of their high-pressure capacities.  Cost figures and pipe properties 

were found in the 2012 Coal Cost Guide (InfoMine, 2012). 

 

Table 24 – Piping cost comparison for the herring-bone fill system. 

Beach 

Angle for 
50%  

Fill Ratio 

Schedule 40 

A120 Steel 
Pipe Length (ft) 

Cost 

2"d, 400 psi 

$4.90/ft 

4"d, 320 psi 

$12.93/ft 

5"d 290 psi 

$14.61/ft 

6"d, 280 psi 

$20.75/ft 

2⁰ 35741 $131,349 $346,600 $391,634 $556,222 

3⁰ 53926 $198,177 $522,945 $590,891 $839,219 

4⁰ 72086 $264,916 $699,055 $789,883 $1,121,840 

6⁰ 108494 $398,714 $1,052,116 $1,188,818 $1,688,431 

8⁰ 145140 $533,390 $1,407,497 $1,590,373 $2,258,744 

12⁰ 219585 $806,976 $2,129,429 $2,406,106 $3,417,297 

 

Table 25 – Piping cost comparison for the ladder-type fill system. 

Beach 

Angle for 

50% Fill 

Ratio 

Schedule 40 

A120 Steel 
Pipe Length (ft) 

Cost 

2"d, 400 psi 

$4.90/ft 

4"d, 320 psi 

$12.93/ft 

5"d 290 psi 

$14.61/ft 

6"d, 280 psi 

$20.75/ft 

2⁰ 55398 $203,586 $537,217 $607,018 $862,124 

3⁰ 73697 $270,836 $714,674 $807,532 $1,146,906 

4⁰ 91914 $337,786 $891,341 $1,007,153 $1,430,419 

6⁰ 128379 $471,794 $1,244,959 $1,406,717 $1,997,904 

8⁰ 165055 $606,576 $1,600,619 $1,808,588 $2,568,665 

12⁰ 239529 $880,269 $2,322,831 $2,624,638 $3,727,668 

 

The backfill rate depends mainly on pipe diameter.  Flow rates were estimated for five 

typical pipe diameters based as rheology testing using paste material created from a spiral 

waste material (Spearing et al., 2011) as shown in Table 26. Site-specific and detailed 

rheology tests will be required before designing a distribution system. Assuming each 

panel is filled about 45% (by volume), the time to fill two panels as a function of flow 

rate is also given in Table 26 (Spearing et al., 2011). This assumes working 20 hours per 

day and a maximum of 300 days per year. 

 

Table 26 – Flow rate and filling time as a function of pipe diameter. 

Nominal pipe diameter 2" 3" 4" 5" 6" 

Flow Rate (yd³/hr) 21 45 80 125 180 

Days to 45% fill 1,638 764 430 275 191 
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From Table 26, it can be seen that the only viable options that would insure that the 

duration of backfilling a panel does not exceed the time it takes to mine out a panel are 

pipe diameters 5-in or greater.  If filling takes longer than mining, the time during which 

panels with undersized pillars will be left unsupported increases.  Conversely, if mining 

takes longer than filling, larger surface storage facilities will be needed to temporarily 

hold backfill material until it can be placed and the time before pillars are 

confined/reinforced by fill increase, which may partially negate any cost savings from 

eliminating surface waste disposal.  Neither case is desirable.  Ideally, the time required 

for backfilling and mining would be close to the same. 

 

Of the two delivery systems, the herring-bone system will always be the lower cost 

system, all other variables being equal, because it requires only one main feed pipe; 

however, there is less risk associated with the ladder-type system in that its two main feed 

pipes reduce the chances of a blockage prematurely ending the filling of a panel. On the 

other hand, the herring-bone design allows for more immediate filling of the center of the 

panel, which in essence reduces the effective width of the panel more quickly. The 

ladder-type system fills near the panel edges first, which, in effect, increase the effective 

width of the barrier pillar, but would more slowly reduce the effective width of the panel.  

Reducing effective panel width is more desirable as it minimizes the potential for and 

extent of panel closure and any associated subsidence risks. 

 

To complete the cost analysis part of this project, several costing scenarios were applied 

to each of the three mines considered earlier.  Then, a cost analysis for a hypothetical 

mine with typical Illinois Basin conditions was completed in an effort to tie together both 

distribution and cash flow analyses (Benton, 2013). 

 

The first step was to apply pillar FOS and Vesic-Gadde FSF values in determining 

possible reductions in pillar size.  As has already been shown, Illinois‟ weak floor 

conditions are more restrictive to pillar size than typical pillar FOS calculations indicate.  

For this reason, Vesic-Gadde FSF values were used as the determining factor for 

maximum possible reductions in pillar size.  As was stated earlier, any FSF less than 1.2 

is considered unsafe in the short-term (Gadde 2009), but this commonly-held standard is 

relatively untested.  Nevertheless, a 1.2 FSF was calibrated to Mine A‟s panel design 

with 30x30-ft pillars. To do this and account for pillar punching reported by Mine A 

personnel, a correction of 0.68 was subtracted from the calculated FSF of 1.88 to develop 

the most conservative estimate of maximum possible reduction in pillar sizes. 

 

Next, two pillar sizes were determined for each mine using the Vesic-Gadde formula.  

The “safe” size was based on the Mine A correction factor and the “minimum” size was 

based on Gadde‟s suggested minimum FSF.  Tables 27-29 show pillar and floor safety 

factors as well as extraction ratios for current, safe, and minimum pillar sizes at each 

mine.  The associated improvement in extraction ratios is also reported. 
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Table 27 – Analysis of pillar size reduction for Mine A. 

 FSF Pillar FOS Extraction Ratio (%)  

Current 40x40-ft pillars  2.51 5.55 56 

“Safe” 30x30-ft pillars  1.88 3.64 64  (64-56 = +8%) 

“Minimum” 20x20-ft pillars  1.20 1.93 75  (+19%) 

 

Table 28 – Analysis of pillar size reduction for Mine B. 

 FSF Pillar FOS Extraction Ratio (%)  

Current 45x45-ft pillars  1.97 5.13 52 

“Safe” 43x43-ft pillars  1.88 4.81 53  (+1%) 

“Minimum” 27x27-ft pillars  1.20 2.42 67  (+15%) 

 

Table 29 – Analysis of pillar size reduction for Mine C. 

 FSF Pillar FOS Extraction Ratio (%)  

Current 40x40-ft pillars  2.34 5.63 56 

“Safe” 33x33-ft pillars  1.88 4.23 61  (+5%) 

“Minimum” 22x22-ft pillars  1.20 2.24 73  (+17%) 

 

With maximum possible increases in extraction ratios determined, the next step was to 

develop typical capital and operating costs for a generic Illinois Basin room-and-pillar 

coal mine thereby establishing base case cash flow and net present value (NPV) values 

for conventional mining with surface storage of waste materials and no use of paste 

backfill, by which mining with paste backfill could be judged.  Table 30 contains 

operating costs and capital costs per short ton of clean coal produced derived from the 

2012 Coal Cost Guide (InfoMine, 2012).  This information was validated by current cost 

data acquired from cooperating coal mining industry personnel.  Production costs per ton 

were multiplied by 1 million tons per year to obtain an annual cost. 

 

Table 30 – Per ton and annual costs for base case. 

Cost Component $/ton $/year 

Hourly Personnel $5.75 $5.75 million 

Salaried Personnel $3.30 $3.30 million 

Supplies $20.35 $20.35 million 

Contingency* $5.90 $5.90 million 

Capital $0.70 $0.70 million 

TOTAL $36.00 $36.00 million 

* “Contingency” includes taxes, royalties, etc. 

 

Next, NPV-based cash flow analysis was conducted to determine a break-even backfill 

cost per ton of clean coal produced.  The break-even cost is the amount at which a 

decrease in revenue is not experienced due to paste backfill usage.  To reiterate, increased 

extraction is assumed to result in increased mine life rather than increased production 

levels, though increased annual production may also be possible with backfilling.  To 

determine this break-even cost, the current (non-backfilled) scenario was compared with 

backfilling scenarios in increments of 2.5% increases in total mine life. NPVs were then 
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determined and used to calculate a total break-even cost per ton of clean coal produced 

for each incremental increase in recovery.  These calculations utilized cost data described 

previously along with the following assumptions: 

 

 Conventional mine life (i.e. no backfill) of 20 years 

 Total clean coal tonnage of 1 million/year 

 Mining fixed at two panels per year 

 Sale price for clean coal = $50/ton 

 Cost of blast-proof seals per year = $250,000 

 Surface disposal capital costs = $900,000 (Spearing et al., 2011) 

 Surface disposal annual operating costs = $2,490,000 (Spearing et al., 2011) 

 Interest rate = 15% (assuming high rate of return based on industry practice) 

 

The cash flow analysis then proceeded as follows: 

 

STEP 1:  The base-case NPV for a 20-year conventional (no backfill) room-and-pillar 

mine was calculated to be $87.63 million. 

 

STEP 2:  Incremental increases of 2.5% in extraction were then applied to base-case mine 

life of 20 years.  For example, a 10% increase in extraction would equate to a 22-year 

mine life (i.e., 20*1.10=22).   

 

STEP 3:  NPVs associated with each incremental increase were calculated and the 

difference between them and the base-case NPV were determined.  For example, the 22-

year mine life yielded an NPV of $90.61 million with a difference of $2.98 million (i.e., 

90.61-87.63=2.98) from the base-case. 

 

STEP 4:  This difference in NPV was considered independently and yearly cash flows 

were back-calculated from it.  This yearly cash flow was then divided by the number of 

tons of clean coal produced (fixed at 1 million) yielding the allowable cost of backfill per 

ton of coal mined in order to maintain the conventional NPV.  In other words, the 

allowable cost per ton is the cost that will not result in a loss of profit. 

 

Results of this analysis for three scenarios are presented in Table 31.  The first scenario 

assumes no cost benefit to using backfill (i.e., surface disposal and panel sealing costs 

remain constant).  The second removes blast-proof seal costs from total cash flow.  The 

third removes both blast-proof seal and surface disposal costs from total cash flow.  It 

should be noted that temporary surface storage facilities would be needed for a backfill 

regimen, which was taken into account. 

 

Typical per ton costs of paste backfill are between $2 and $6 (Spearing et al., 2011).  In 

essence, this means that for a paste backfill regimen to be economically feasible, the 

allowable cost must be at least $2 per ton.  From Table 32, it can be seen that improved 

recovery alone is incapable of justifying a backfill regimen.  Even if blast-proof seals are 

eliminated, the allowable cost per ton of fill does not meet the minimum $2 per ton 

indicated by industry experience.  The allowable cost exceeds the $2 minimum only if 
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surface disposal and blast-proof seal costs are eliminated.  If, however, the actual cost per 

ton of filling falls short of the total allowable cost, the yearly difference between break-

even costs and actual costs may be considered profit.  Future studies may investigate this 

profit potential in the same manner as the preceding NPV analysis. 

 

Figure 39 shows the minimum allowable break-even cost of $2.00/ton determined by 

Spearing et al. (2011) versus break-even costs for each scenario used in the NPV 

analysis.  As can be seen, only the third scenario, in which blast-proof seals and surface 

disposal costs are eliminated, exceeds the minimum allowable break-even cost. 

   

Table 31 – Allowable break-even costs of backfilling as a function of increased recovery. 

Recovery 

Increase (%) 

Allowable Cost of Fill 

with No Cost Benefits 

($/ton) 

Allowable Cost of Fill 

with Blast-proof Seal 

Benefits  ($/ton) 

Allowable Cost of Fill 

with Blast-proof Seal 

and Surface Disposal 

Benefits  ($/ton) 

0 0.00 0.00 0.00 

2.5 0.06 0.31 2.94 

5 0.12 0.37 3.00 

7.5 0.17 0.42 3.05 

10 0.22 0.47 3.10 

12.5 0.26 0.51 3.14 

15 0.31 0.56 3.19 

17.5 0.34 0.59 3.22 

20 0.38 0.63 3.26 

22.5 0.41 0.66 3.29 

25 0.44 0.69 3.32 

 

 

Figure 39 – Cost of filling versus recovery increase for three backfilling scenarios. 

 

Finally, break-even costs of backfill for Mines A, B, and C are determined without 

sacrificing profit.  To do so, the NPV for each combination of the three NPV scenarios 

(no cost benefit, elimination of blast-proof seals, and elimination of both blast-proof seals 

and surface disposal costs) with the two pillar sizes (“safe” and “minimum”) was 

determined.  The difference between this NPV and the base case NPV was then 
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computed from which the allowable cost of backfilling was back-calculated. Table 32 

presents the results of this analysis. 

 

 

Table 32 – NPV and allowable backfill cost analysis for Mines A, B, and C. 

 Mine A Mine B Mine C 

Base Case 

Current NPV $87,630,641 $87,630,641 $87,630,641 

Current Mine Life (years) 20 20 20 

“Minimum” Pillar Size Scenario 

“Minimum” Extraction Increase (%)  19 15 17 

“Minimum” Mine Life (years) 23.8 23 23.4 

“Safe” Pillar Size Scenario 

“Safe” Extraction Increase (%) 8 1 5 

“Safe” Mine Life (years) 21.6 20.2 21 

No Cost Benefit 

“Minimum Pillar” NPV $89,974,984 $89,583,720 $89,779,352 

NPV Difference $2,344,344 $1,953,080 $2,148,712 

“Minimum Pillar” Allowable Cost $0.36 $0.30 $0.33 

“Safe Pillar” NPV $88,762,555 $87,779,407 $88,374,470 

NPV Difference $1,131,914 $148,766 $743,829 

“Safe Pillar” Allowable Cost $0.18 $0.02 $0.12 

Blast-proof Seals Eliminated 

“Minimum Pillar” NPV $91,581,680 $91,183,430 $91,382,555 

NPV Difference $3,951,040 $3,552,789 $3,751,914 

“Minimum Pillar” Allowable Cost $0.61 $0.55 $0.58 

“Safe Pillar” NPV $90,347,601 $89,346,896 $89,952,586 

NPV Difference $2,716,960 $1,716,255 $2,321,945 

“Safe Pillar” Allowable Cost $0.43 $0.27 $0.37 

Blast-proof Seals and Surface Disposal Eliminated 

“Minimum Pillar” NPV $108,484,374 $108,016,534 $108,250,454 

NPV Difference $20,853,733 $20,385,894 $20,619,813 

“Minimum Pillar” Allowable Cost $3.24 $3.17 $3.21 

“Safe Pillar” NPV $107,034,655 $105,859,090 $106,570,616 

NPV Difference $19,404,014 $18,228,450 $18,939,976 

“Safe Pillar” Allowable Cost $3.06 $2.87 $2.98 

 

Theoretical Example 

 

The following example compares a room-and-pillar mine with 40x40-ft pillars (FSF of 

2.17, FOS of 5.63) to a mine with 25x25-ft pillars that is backfilled (short-term FSF of 

1.34). The decrease in pillar size yields an extraction increase of 13.58%.  Mine depth is 

assumed to be 250 feet and mining height is set at 6.0 feet.  Backfill cost estimates for 

these conditions are given in Table 33. All other assumptions made in the previous 

costing analysis remain the same.  

 

The total annual excavated volume for this scenario is calculated to be 39 million cubic 

feet.  Assuming 60% recovery of run-of-mine coal and an in situ coal weight density of 

80 lb/ft
3
 meets the annual clean coal tonnage target of one million tons, leaving roughly 
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600,000 tons of waste material.  Then, assuming the weight density of paste backfill 

material is 70 lb/ft
3
, the total volume of waste that could be returned into the mine 

workings as backfill is roughly 45% of the excavated volume (17.5 million cubic feet). 

The resulting backfill tonnage is thus calculated to be roughly 600,000, which matches 

the amount of waste material that needs to be stored. 

 

Table 33 – Backfill operating cost estimate per clean ton mined. 

Cost element Cost estimate ($) 

Labor (4) 200,000 

Maintenance 100,000 

Admixture 1,000,000 

Cement (1.5%) 600,000 

Piping 1,200,000 

Power 200,000 

TOTAL ANNUAL OPERATING COST $3,300,000 

COST/CLEAN COAL TON $3.30 

 

Spearing et al. (2011) estimated a paste backfill capital cost to be about $7.0 million. For 

simplicity, a ten-year useful plant life was assumed resulting in a capital cost per clean 

ton for the paste plant of $0.70.  Thus, total estimated capital ($0.70/ton) and operating 

($3.30/ton) costs per clean ton for this example are $4.00. 

 

Having determined the theoretical cost per ton of clean coal for using paste backfill, the 

next step was to determine the theoretical break-even cost (i.e., allowable cost).  This was 

done in the same manner as the NPV analysis carried out previously, again considering 

three possible scenarios with results presented in Table 34. 

 

Table 34 – Break-even costs for theoretical example. 

Base Case 

Current NPV $87,630,641 

Current Mine Life 20 years 

Extraction Increase (%) 13.58 

New Mine Life 22.716 years 

No Cost Benefits 

New NPV $89,423,987 

NPV Difference $1,793,346 

Breakeven Cost $0.28 

Blast-Proof Seals Eliminated 

New NPV $91,020,844 

NPV Difference $3,390,203 

Breakeven Cost $0.53 

Blast-Proof Seals and Surface Disposal Costs Eliminated 

New NPV $107,825,539 

NPV Difference $20,194,898 

Breakeven Cost $3.14 

 

Ignoring any potential productivity benefits, which may be significant, the current 

breakeven paste backfill cost of $3.14/clean ton mined is less than estimated backfill cost 
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of $4.00/clean ton mined, thereby increasing working costs by $0.86/clean ton mined if 

backfilling is to be practiced. While such an increase is currently unacceptable, it is not 

exorbitant indicating that further research to specifically investigate potential productivity 

benefits may be beneficial.  Furthermore, tightening regulations and adverse public 

perception concerning surface tailing disposal sites may swing costs to the level that 

backfilling becomes the low cost option for waste disposal. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Conclusions 

 

 Paste backfill can increase mine extraction without sacrificing short- or long-term 

mine stability. 

 Current cost estimates for using paste backfill to store mine waste underground 

indicate a working cost increase of about 2.5% over existing practices.  This 

increase does not justify its implementation at present. 

 Other potential benefits of reducing pillar sizes such as productivity 

improvements were not considered and may be significant. 

 The effects of stricter waste disposal regulations may soon show that the use of 

paste backfill in Illinois Basin room-and-pillar coal mines becomes cost effective. 

 

Recommendations 

 

 Regarding floor stability, the supposition of the Vesic-Gadde theory of floor 

stability that a minimum FSF of 1.2 is needed for short-term stability needs to be 

tested further. 

 Detailed modeling is needed to better understand pillar, floor, roof, and fill (if 

applicable) interaction. 

 A more clearly defined distribution system is needed including risk analyses as 

premature failure of the distribution system could severely impact long-term 

stability. 

 Potential productivity benefits due to smaller pillar sizes, such as optimized cut 

sequencing and reduced cycle times, need to be investigated. 

 Site-specific rheology tests using available waste material also need to be 

conducted to better estimate pumping rates and costs. 
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