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ABSTRACT

Software is often used to construct design models used
in longwall panel design. These models necessarily reduce
the abundant variability found in nature to a simplified
representation that, ideally, captures the relevant character-
istics of ground response to mining. The choice of stress
analysis software is an important step in the modeling
process. The importance of this step can be easily over-
looked, yet assumptions inherent in modeling software can
have a decisive influence. An appreciation of this step is
important for both practitioners and users of design model
results, particularly when decision-makers are integrating
results into design decisions or evaluating the adequacy of
design specifications.

This paper examines four different stress analysis
programs or tools for analyzing stress around a single
longwall panel at 610 m (2,000 ft) depth beneath
overburden containing some strong strata. The four tools
are: an empirical model that underlies the Analysis
of Longwall Pillar Stability (ALPS) program; the
three-dimensional displacement-discontinuity program
MULSIM/NL; the three-dimensional flexible overburden
program LaModel, which has largely superseded
MULSIM/NL; and the two-dimensional volume-element
program FLAC.

This study examines key aspects of panel simulation,
including stress transfer through the gob, stress con-
centration in abutment ribs, and stress transfer distance
into abutments. MULSIM/NL and FLAC results were the
most similar. LaModel results varied greatly in terms of
peak stress and stress transfer, while ALPS produced the
least peak stress. This study also examines the transfer-
ability of calibrated input properties between MULSIM
and LaModel. For instance, displacement-discontinuity
codes have been replaced, at least in part, by LaModel, yet
considerable experience exists in calibrated models with
older tools. Whether and how this experience can be incor-
porated into analyses using other tools is a subject of some
controversy and must be approached carefully. In all cases,
selecting models and properties appropriate to site condi-
tions is extremely important.
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INTRODUCTION

Stress analysis tools such as ALPS, MULSIM/NL,
LaModel, and FLAC have been used for some time to
evaluate mine layout design. However, each of these tools
has underlying assumptions that affect calculated results.
This study examines the relative performance of these
tools in building a generic design model for a single deep
panel in geology typical of western U.S. longwall coal
mines. The National Institute for Occupational Safety and
Health has been evaluating these tools as part of a research
project on control of bump hazards in deep western mines.

The questions posed for this study are as follows:

* Are these tools appropriate for deep western coal
mines where the overburden includes one or more
strong members?

*  What impacts do underlying assumptions have on
results?

*  Are there ways to translate experience gained with
one tool into input for another?

GENERIC MODEL

Larson and Whyatt [2009] used a generic site model to
compare the response of ALPS, LaModel, and FLAC to
cases with a strong strata member in the overburden
(Figure 1). The model’s stratigraphic column is typical of
deep western coal mines. Elastic properties and strength
properties used for each member were within the range of
those found in the Wasatch Plateau and Book Cliffs region
of Utah [Agapito et al. 1997; Haramy et al. 1988; Jones et
al. 1990; Maleki 1995; Maleki 1988; Maleki et al. 1988;
Maleki 2006; Pariseau 2007] and are presented in Table 1.
These properties were used in the FLAC models. Elastic
properties for the displacement-discontinuity codes were
averaged from these properties according to the equivalent
stiffness method and the weighted thickness method
described by Larson and Whyatt [2009]. Only a single
panel with 244-m (800-ft) width was considered. The
study was expanded to include results of MULSIM/NL for
this paper.

In this study, Salamon’s [1966] nonlinear reconsolida-
tion model with shale gob parameters as determined by
Pappas and Mark [1993] was used as the constitutive law
for gob in FLAC. In the case of MULSIM/NL and
LaModel, the linearly hardening gob model was used, with
parameters fit to the shale gob model used in FLAC.



by that model. Figure 2 illustrates these three points:
(1) the fraction of overpanel weight that is transferred to
the abutment versus the gob, (2) the distance into the
abutment that the overpanel weight is transferred, and
(3) the peak stress in the remaining pillars or abutment and
its location.

Figure 2.—Vertical cross-section across the width of a
panel showing important concepts of stress redistribution
resulting from excavation of a single panel.

Figure 1.—Stratigraphic column of generic model with Each tool - simplifies .the problem with underlying
indicated thickness of members used in models. assumptions. For any specific case, the user must evaluate
whether the underlying assumptions of a tool are appro-
riate. If a software tool is used without considering the
TOOL CAPABILITIES AND ASSUMPTIONS P . . ) &

underlying assumptions, the tool may give erroneous
Numerical stress analysis tools are used in most cases results. A brief summary of each tool with its capabilities

to evaluate mining layout designs. For any given case and assumptions follows.

where there is an excavation and adjacent pillars and
abutments, three key points of information are determined

Table 1.—Estimated properties of materials as used in the generic and FLAC models

Property Soft shale Sandstone Shale Coal
Young’s modulus, GPa 10.3 34.6 13.8 3.45
Young’s modulus, million psi 1.50 5.00 2.00 0.50
Poisson’s ratio 0.35 0.25 0.35 0.30
Density, kg/m® 2,310 2,310 2,310 1,280
Density, Ib/ft’ 144 144 144 80
Cohesion, MPa 20.5 33.8 20.5 7.09
Cohesion, psi 2,970 4,910 2,970 1,030
Friction angle, ° 30 25 30 30
Dilation angle, ° 5 5 5 5
Tensile strength, MPa 2.07 5.03 6.89 2.07
Tensile strength, psi 300 730 1,000 300
Ubiquitous joint angle, ° 0 — 0 —
Ubiquitous joint cohesion, MPa 1.4 — 1.4 —
Ubiquitous joint cohesion, psi 200 — 200 —
Ubiquitous joint friction angle, ° 25 — 25 —
Ubiquitous joint dilation angle, ° 5 — 5 —
Ubiquitous joint tensile strength, MPa 0.83 — 0.83 —

Ubiquitous joint tensile strength, psi 120 — 120 —




ALPS

Mark [1987] used case studies to empirically calibrate
a simple estimate of stress distribution around a retreating
coal panel. This method, called ALPS, considers a long-
wall panel across its width in vertical cross-section.
Analysis of Retreat Mining Pillar Stability (ARMPS) is its
equivalent for room-and-pillar retreat mining [Mark and
Chase 1997]. ALPS considers no geology, only width of
the excavation and overburden height to determine a stress
distribution on the coal seam. Load on pillars and their
stability factors are then calculated. Mark [1990] defines
the stability factor as the load-bearing capacity of the pillar
system divided by the design loading. A database of stabil-
ity factors for various cases and their classification of
“satisfactory” or “not satisfactory” allows the user to com-
pare the case at hand with many others. Thus, deficiencies
in estimation are “corrected” by using experience to define
the critical stability factor.

The original ALPS did not take into account the condi-
tion of the roof. Molinda and Mark [1994] developed the
Coal Mine Roof Rating (CMRR). ALPS stability informa-
tion was then modified to incorporate roof conditions.
Mark et al. [1994] noted that the line

ALPS SF = 1.76 — 0.014 CMRR (1)

separated “successful” cases from “not successful” tailgate
cases in 82% of the case histories in the database.

Advantages of this tool are:

* It is quick and easy to calculate the stability
factors.

* It has a large database for comparison with other
cases.

The assumptions of this tool are:

* Caving and load transfer fit a simple model. Fig-
ure 3 depicts supercritical and subcritical vertical
sections showing a wedge volume with unit
thickness of the overpanel weight that is trans-
ferred to the abutment. That wedge is defined by
the angle, S. No differences in geology are directly
considered. The overpanel strata between the tri-
angles are assumed to cave, and their weight is
fully supported by the gob.

e Mark [1990] found for six cases in the Eastern
United States, f ranged from 10.7° to 25.2° and
recommended that f be assumed as 21°. That
assumption is constant in the ALPS database.

Figure 3.—Vertical cross-section across the width of mined
panels showing geometry of supercritical (left) and subcritical
(right) panels (after Heasley [2008a]). The subcritical geometry
is used by Mark [1987] in ALPS.

Maximum load transfer distance is represented by the
following equation [Pariseau 2007]:

9.3vH , 2)

where D = maximum load transfer distance (ft);
and H overburden height (ft).

D =

The vertical stress profile on the seam is represented

by
3L )
o, = (Dij(D—x), 3)
where o, abutment stress distribution function;
x = distance from the edge of the panel;
and L, = total side abutment load.

MULSIM/NL

Boundary-element techniques, pioneered in the late
1960s and early 1970s, have a computational advantage
over volume-element techniques for problems in infinite or
semi-infinite domains in that the system of equations to
solve is much smaller for the same problem [Crouch and
Starfield 1983]. However, the equations are not sparse,
as with volume-element tools, meaning that there are not
many zero coefficients in the system of equations that must
be solved. The displacement-discontinuity method is a
subset of the boundary-element method, which solves the
problem of a discontinuity in displacement between oppo-
site surfaces of a crack over a finite length in an infinite
elastic medium. Such a solution can be applied to a tabular
deposit, such as a coal seam, where the behavior of the
deposit is simulated with the crack. The seam is repre-
sented by a grid, and each square or block in that grid is
assigned its own set of properties, strengths, and consti-
tutive law. Constitutive laws for seam elements include
linear elastic, strain softening, elastic-plastic, bilinear



hardening, strain hardening, and linear elastic gob. The
off-seam material is isotropic elastic only.

Crouch and Fairhurst [1973] developed software
implementing the technique for mine structural analysis.
St. John [1978] used the technique in his code,
EXPAREA. Sinha [1979] used the technique in the
development of three computer programs, one of which
(MULSIM) analyzes cases of multiple, parallel seams. He
included the ability to subdivide coarse blocks into finer
mesh so that the scheme was computationally more effi-
cient. Beckett and Madrid [1986, 1988] developed addi-
tional features for MULSIM (their version was called
MULSIM/BM), such as additional seam materials like
gob, pack walls, and cribs; graphical development of grids;
and an increase in the number of coarse blocks and the
number of blocks that could be subdivided into finer mesh.
Donato [1992] converted MULSIM/BM to a PC environ-
ment. Itasca Consulting Group added the ability to con-
sider multiple mining steps [Zipf 1992b]. Zipf [1992a,b]
added nonlinear seam materials such as strain-softening,
elastic-plastic, bilinear hardening, and strain-hardening
(MULSIM/NL).

MULSIM/NL can handle up to four parallel seams dip-
ping at some angle to horizontal as specified by the user.
Initial three-dimensional stress conditions and stress gradi-
ents with depth are specified. Once the system of equations
is solved iteratively, the full stress tensor and displacement
vector components are output for each element and at user-
specified locations in the surrounding ground.

The DOS version (or Zipf version) of the tool uses
coarse mesh to streamline calculations. For problems in this
study (68 x 68 coarse blocks with fine mesh in the middle
50 x 50 of the coarse blocks), a stress threshold of 1 psi
served as the equilibrium convergence criterion so that the
number of iterations typically ranged from 250 to 350.

The Windows version (or Heasley version) of the tool
lacks the coarse mesh, but allows a 400 x 400 fine mesh.
Meshes of this size were initially used in this study, but all
iterations were stopped at 90. Use of this version in this
study was eventually abandoned because of long run time.

Advantages of this tool are:

* Calculation time with the Zipf version is relatively
short.

* The full stress tensor is output.

¢ Nonlinear in-seam behavior is available, as men-
tioned earlier.

Assumptions of this tool are:

* Overburden and underburden behavior can be
adequately simulated with a one-material, elastic
medium.

* Interaction between an elastic off-seam material
and a nonlinear seam will adequately and realisti-
cally simulate gob-roof displacement and caving

behavior. In short, the roof does not fail and cave.
Instead, elastic sag of the overburden and appro-
priate in-seam gob constants can provide realistic
load to the gob.

LAMODEL

Heasley [1998] developed LaModel, a displacement-
discontinuity modeling tool that uses the thin-plate or
lamination formulation [Salamon 1991]. Each layer is
separated by parallel, frictionless joints in the overburden
and underburden at even intervals specified by the user.
Heasley also included the same nonlinear models used in
MULSIM/NL. The frictionless joints make the overburden
less stiff, increasing closure of excavated areas of the
seam. Heasley found this formulation tracked stress distri-
butions in a coal seam and provided a better match to
subsidence observations than an elastic model [Heasley
1998]. However, he cautioned that the user must calibrate
for displacement or stress, and calibrating for one entity
may not provide realistic results for the other [Heasley
2008b].

Solutions are completed about the same or faster than
the Zipf version of MULSIM/NL. Off-seam calculations
take a much longer time. Horizontal stresses are not
computed. In addition, the seam can only be horizontal.
Overburden and underburden are assumed to consist of
layers of elastic material interspersed with horizontal,
frictionless, cohesionless joints. The result is an increase in
mechanical flexibility and the amount of predicted surface
subsidence compared to the MULSIM/NL model, which
assumes elastic behavior of the overburden.

Heasley [2008b] suggested a method for calibrating a
LaModel simulation. He recommended adjusting the over-
burden Young’s modulus so that 90% of the load trans-
ferred to the abutment lies within

5VH | (4)

where H = seam depth (ft). Then Heasley recommended
using a layer thickness according to
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D, =

elastic modulus of the overburden;

Poisson’s ratio of the overburden;

elastic modulus of the seam,;

seam thickness (ft);

= extent of the coal yielding at the gob
edge (ft);

and H = seam depth (ft), as in Equation 4.

where E
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If E;, v, h, H, and d are maintained constant, then
Equation 5 can be reformed to find the product, ¢£, that is:

tE = constant (6)

In fact, this product is the actual overburden “prop-
erty,” i.e., calculated results will be the same as long as
this product is constant.

Advantages of the tool are:

* Calculation time is relatively short.
* Nonlinear in-seam behavior is available.

Assumptions of this tool are:

* Overburden and underburden behavior can be
adequately simulated with a one-material, elastic
medium with embedded frictionless, cohesionless
joints.

* Interaction between an elastic off-seam material
with embedded frictionless, cohesionless joints and
a nonlinear seam will adequately and realistically
simulate gob-roof displacement and caving
behavior. In short, the roof does not fail and cave.
Instead, elastic sag of the overburden and appro-
priate in-seam gob constants can provide realistic
load to the gob.

EQUIVALENCY OF MULSIM/NL AND LAMODEL

The transition from an elastic overburden mass in
MULSIM/NL to overburden with frictionless, cohesionless
joints in LaModel begs the question whether MULSIM/NL
and LaModel can produce equivalent or similar results for
appropriate inputs. Gates et al. [2008, Appendix V], based
on Heasley’s [1998] formulation, proposed defining
equivalent properties by matching midpanel closure. Solu-
tions for the two methods, assuming cracks rather than
coal seams, are:

Sh(x) = 4(1—1)2)%w/iL2—x25, and (7)
yi2l=v7) M)%(LZ —xY), ®

t

S/(x) =

where s, = seam convergence of the homogeneous
(MULSIM/NL) case;

= seam convergence of the laminated case;

distance from the panel centerline;

rock mass Poisson’s ratio;

layer or lamination thickness;

overburden stress;

rock Young’s modulus;

= half-width of longwall panel.
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Combining these, Gates et al. [2008, Appendix V] found
_ 3 E homogeneous L ( 9)
4 Elaminated \/1 - 1)2 ?

lEIaminared = kEhomogeneous (10)

or

Gates et al. [2008, p. V-1] present Equation 9 as a
method for finding the “required thickness” for translating
a calibrated elastic overburden modulus to LaModel over-
burden properties. More specifically, they state that Equa-
tion 9 “could be used to estimate properties that would
equate the laminated strata behavior with the homogeneous
rock mass used in other boundary element programs”
[Gates et al. 2008, p. 115]. This suggests that Equation 9
may provide equivalence beyond closure at centerline of
the panel. Such an equivalence would be a valuable link
between tools, even though limited to a particular panel
width (2L).

A simple test was devised to explore the extent of this
equivalence. An elastic model was constructed for both
MULSIM/NL and LaModel with layer thickness calcu-
lated according to Equation 9. Young’s modulus of coal
was set high (207 GPa (30,000,000 psi)) to minimize seam
contribution to closure. Figure 4 shows the stress and clo-
sure profiles for a case with panel half-width set at 122 m
(400 ft), Poisson’s ratio set at 0.35, and Ejomogencons =
Eluminaea = 10.3 GPa (1.5 million psi); and thus ¢ = k =
113 m (370 ft). At midpanel, LaModel calculated closure
to be 9.8% higher than MULSIM/NL. This difference
likely is a result of effects from element size and edges
[Heasley 1998, 2009; Zipf 1992b]. However, the stress
profile within 46 m (150 ft) of the panel differed signifi-
cantly. Thus, this “equivalence” is extremely limited and
should not be used if abutment stresses are a concern,
which is usually the case.

FLAC OR VOLUME ELEMENT

The concept of volume-element discretization for
stress analysis has been around for a long time, but has
become increasingly important since the advent of com-
puters. For example, the finite-element method was
developed in the aerospace industry in the 1950s
[Segerlind 1976]. Turner et al. [1956] are credited with
being the first to use the method in solid mechanics in
1956. Finite-difference concepts have also been long
known to the mathematical world [Dahlquist and Bjérck
1974]. Dr. Peter Cundall first used the technique in his
FLAC computer code to solve solid mechanics problems
specifically for geomaterials in 1986.



Figure 4.—A, Vertical stress profile; B, closure profile for
a purely elastic case with large Young’s modulus for coal.
The closures at centerline of panel were expected to be
equivalent.

FLAC, as with most volume-element codes, calculates
stress for each discretized volume element and displace-
ment at each grid point that defines the volume elements.
Each element has its own constitutive law and properties,
including the possibility of material yielding and plastic
flow. With FLAC version 5.0, used in this study, care must
be taken in choosing mesh size and strength properties. If
an element exhibits too much localized plastic flow,
numerical instability may result. To detect such an
impending situation, FLAC stops calculations if any tri-
angular subzone of an element has an area below a
threshold fraction of the entire element volume. However,
FLAC version 6.0 includes the capability of dynamic
meshing, thus eliminating this instability under large plas-
tic deformations.

Volume-element models discretize all modeled space,
so boundaries are needed to limit model size. As a result,
model boundaries must be far away from the area of
interest to avoid influencing results, but close enough to
limit problem size. Generally, this method needs a large
number of elements and, thus, the size of the model can be
very large.

Advantages of FLAC are:

* Each member of the stratigraphic column can be
represented according to an appropriate constitu-
tive law, specific elastic properties, and specific
strength properties.

» Failure of elements is determined by the code, not
by the user.

* The code has an embedded simple computer lan-
guage, FISH, that permits the user much versatility
in model construction, model running, and inclu-
sion of user-defined constitutive laws.

*  Complex boundary conditions and initial condi-
tions can be input to the model.

Assumptions of this tool are:

¢ In the case of a two-dimensional model, the verti-
cal cross-section of the model is far enough from
panel ends that a plain-strain condition exists.

* The first-order volume-clement response (in the
elastic formulation, terms with exponents greater
than 2 are neglected) adequately represents mate-
rial behavior. If beamlike behavior is important in
an analysis, then the grid must be fine to calculate
accurate deformations and stresses.

GENERIC MODEL RESULTS

The generic model study with each of the four tools
considered estimated three aspects of stress redistribution
resulting from panel mining, as shown in Figure 2. These
are (1) the fraction of overpanel weight that is transferred
to the abutment versus the gob, (2) the distance into the
abutment that the overpanel weight is transferred, and
(3) the peak stress in the remaining pillars or abutment and
its location.

Overpanel Weight Transfer to Abutment
or to Gob

Figure 5 shows the range of overpanel weight fraction
transferred to the abutment for roughly “equivalent”
properties. The range for MULSIM/NL was very small—
approximately 0.94-0.96 for the whole range of over-
burden properties used. MULSIM/NL and FLAC results
are similar. The larger range of FLAC results was likely
caused by various degrees of failure in the set of models.
The full range of LaModel results with the same
overburden elastic properties (£, v) was less than that of
MULSIM/NL. Stress transfer with LaModel using a
lamination thickness on the order of the overburden
thickness was clearly not the same as that calculated by
MULSIM/NL. The fraction of overpanel weight trans-
ferred to the abutment by ALPS for f = 21° was
approximately 0.73—clearly below that of FLAC and
MULSIM/NL. The upper value of 38° was chosen to test
the impact of increased bridging of strata on results.
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Figure 5.—Chart showing the range of proportion of over-
panel weight shifted to abutments for three numerical model-
ing tools and ALPS for a panel width of 244 m (800 ft) and an
overburden thickness of 610 m (2,000 ft). The locations of
numbers in the LaModel column represent average results
for that layer interval, where the interval is in feet.

Peak Stress and Location

Figure 6 shows the vertical stress profile on the coal in
the first 46 m (150 ft) from the edge of the abutment for
two generic model cases. Results from LaModel were cal-
culated with 1.5-m (5-ft) elements with eight yield rings,
while the results from MULSIM/NL were calculated with
3.0-m (10-ft) elements and four yield rings. Results from
FLAC were calculated using 0.76-m (2.5-ft) elements.
While these element sizes are not the same, they represent
the best results one can get for a single panel model within
the constraints of each numerical tool.

The peak stresses and their locations are significantly
affected by element size. To adequately compare results
using the Mark-Bieniawski formula (MULSIM/NL and
LaModel) and an equivalent-strength, elastic-perfectly-
plastic constitutive law (FLAC), the elements would need
to be the same size and probably smaller (0.76-m (2.5-ft)
or smaller).

For cases where only the seam is extracted (no imme-
diate roof shale caves (e.g., Figure 64)), FLAC tends to
calculate higher peak stress than MULSIM/NL and
LaModel. However, FLAC, MULSIM/NL, and LaModel
with layer thickness set at overburden height calculate
similar peak stresses and stress profiles.

Figure 6.—Vertical stress profile on abutment for the
generic model case of 61 m (200 ft) of roof sandstone. Gob is
modeled. A, No immediate roof shale; B, immediate roof shale
thickness is 15 m (50 ft).

FLAC, MULSIM/NL, and LaModel handle material
failure near the rib differently. In FLAC, zones stressed
beyond the elastic limit undergo plastic flow, thus reducing
the stiffness near the rib and shifting overburden weight to
stiffer coal farther from the rib. MULSIM/NL and
LaModel impose an elastic limit according to the Mark-
Bieniawski formula and allow more closure of the seam in
an eclement if stresses are above the limit. These two
methods are not equivalent and thus can affect the amount
of peak stress calculated. It is, therefore, not surprising
when FLAC peak stresses are significantly different from
either MULSIM/NL or LaModel. ALPS, of course, has no
ability to simulate failure of seam material near a rib.
Where it is assumed that immediate roof shale caves and
forms gob (FLAC results in Figure 6B), the location of the
top of the seam with respect to the geometry of the
opening affects the amount of peak stress. Such geometry
is not possible in the boundary-element codes, where full-
height extraction of the seam only is assumed.



Stress Transfer To Abutment

Figures 7 and 8 show the range of locations in the
abutment where total vertical stress returns to 150% and
200%, respectively, of premining vertical stress for
reasonable ranges of input for each tool. It is, in essence,
amap of accessible solutions. LaModel lamination thick-
ness significantly affects stress transfer distance. Results
with lamination thickness of 7.6-m (25-ft) plot at the
bottom of the LaModel range, while results with lamina-
tion thickness of 610-m (2,000-ft) plot at the top of the
LaModel range. MULSIM/NL stress transfer distance
seems to be at approximately midrange of the LaModel
results. MULSIM/NL stress does not seem to transfer as
far into the abutment as ALPS, FLAC, or LaModel with
layer thickness set at the overburden thickness. However,
FLAC results with smaller roof sandstone thickness plots
near corresponding MULSIM/NL results.
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Figure 7.—Distance from gob where vertical stress on coal
is 150% of premining vertical stress. Results include immedi-
ate shale thickness of 0, 3.0, and 15 m (0, 10, and 50 ft) and all
LaModel layer intervals modeled.

Equivalency of MULSIM/NL and LaModel:
Generic Model Results

Equivalence of MULSIM/NL and LaModel tools was
also tested for the generic model to see if some combina-
tion of input parameters might produce essentially equiva-
lent stress distributions. This was addressed by applying
generic model £ and varying ¢ in LaModel.

Figure 8.—Distance from gob where vertical stress on coal
is 200% of premining vertical stress. Results include immedi-
ate shale thickness of 0, 3.0, and 15 m (0, 10, and 50 ft) and all
LaModel layer intervals modeled.

Figure 9 shows stress profiles for the generic case
where immediate roof shale thickness is 0 m and roof
sandstone thickness is 61 m (200 ft). Stress profile equiva-
lency does not seem possible for this practical example
with inelastic rib properties. When layer thickness was set
to overburden thickness, peak stress calculated by the two
tools was nearly the same. However, LaModel results
showed more load closer to the opening than those of
MULSIM/NL. It seems that no value of the constant (£
will produce a LaModel stress profile equivalent to that
from MULSIM/NL.

Figure 9.—Vertical stress profiles across half-width of
panel and abutment for MULSIM/NL and LaModel for the
same overburden properties and various layer thicknesses
for LaModel. Properties were determined by the weighted
thickness method for shale = 0 m and sandstone =61 m
(200 ft).



Discussion

These results show that the underlying assumptions of
each of these stress analysis tools (ALPS, MULSIM/NL,
LaModel, and FLAC) significantly influenced results. Of
these, FLAC and MULSIM/NL with averaged overburden
properties provide the most similar results. The main
difference is that FLAC transfers overpanel weight slightly
farther into the abutment. The recommended f = 21° for
ALPS, which controls the portion of overpanel weight
transferred to the abutment, underestimates abutment load
transfer relative to FLAC and MULSIM/NL. Larger values
of f provide closer results, but nonstandard input to ALPS
makes comparison with the ALPS database invalid.

LaModel produces the widest range of possible
solutions and thus is most sensitive to input parameters.
Heasley [2008b] addresses this by recommending a
specific input development process. However, in deep
western conditions where the stratigraphic column in-
cludes a strong, stiff member, overpanel weight may be
transferred farther [Barron 1990; DeMarco et al. 1995;
Gilbride and Hardy 2004; Goodrich et al. 1999; Kelly
1999; Maleki 2006] than Equation 2 would indicate. In
such a case, observations or measurements of load transfer
would be necessary to determine the maximum load
transfer distance.

In this study, the gob model was not varied. However,
accurate simulation of gob behavior is perhaps the input
that most significantly affects stress transfer to the abut-
ment. All four tools may be able to adequately simulate
site-specific gob behavior where detailed observations or
measurements have been made of strata behavior, subsid-
ence, extent of cave, gob loading, etc. However, not all
tools can simulate important mechanisms. For example,
a strong, stiff overburden member may result in arching of
stress over the excavated panel and subsequent sudden
collapse. Displacement-discontinuity models cannot simu-
late that mechanism or its effects. Only models that
simulate the behavior of individual stratigraphic members
can simulate and/or predict this mechanism.

When moving between MULSIM/NL and LaModel,
it may be possible to get equivalent closures at midpanel
by limiting error resulting from edge and element size
effects, but equivalent stress profiles cannot be achieved in
this case. Equivalence seems to be approached, but not
attained, as lamination thickness is increased to

overburden depth. The user’s choice between these two
tools should be motivated by measured behavior or
characteristics of the stratigraphic column, such as the
strength of beds, bedding plane properties, thickness of
beds, etc.

CALIBRATION TO STRESS MEASUREMENTS

Comparison to actual conditions is the only way to
evaluate the validity of a model. It can also be used to
“calibrate” model input, i.e., results of the previous section
show only relative performance, not which is “best.”
Figures 7 and 8 show ranges of stress transfer distance that
each tool can achieve for a given geology. Therefore, it is
best, where possible, to assess whether a tool is appropriate
for a specific site.

As an example, Larson and Whyatt [2009] compared
stress in the abutment calculated with ALPS, LaModel,
and FLAC with borehole pressure cell measurements of
stress induced by mining at two sites. Figures 10 and 11
show the same results with MULSIM/NL calculations
added. Gate road entries were not included in the models
for convenience. However, aside from local perturbations
around entries, each tool can be optimized to provide the
best possible approximation of the measured stress
distribution.

While the borehole pressure cells were not located
close enough to the rib to capture the actual peak stress,
the ALPS stress distributions do not simulate the rapid
change in stress near the gob. Calibrated MULSIM/NL
stress change profiles reasonably matched the changes in
stress measurements. LaModel stress profiles varied
greatly, with either the peak stress too high or the stress
not decreasing as quickly as the measurements with
distance from the gob. FLAC models were not built to
closely simulate stratigraphy because stratigraphic mem-
bers or their properties was not sufficiently described
[Barron 1990; Koehler et al. 1996]. Instead, generic model
geometries with actual panel widths and overburden
heights were used to approximate actual site conditions. In
these cases, calculated vertical stress profiles with roof
sandstone thicknesses of 3 m (10 ft) and 15 m (50 ft) are
reasonably close to the changes in stress measurements,
suggesting that calculated results likely would match stress
change measurements closely if the actual stratigraphic
columns were modeled.



Figure 10.—Mining-induced stress around the 6th Right
gate roads at a Utah Mine [Koehler et al. 1996]. A, ALPS-
assumed stress distribution function and measurements;
B, MULSIM/NL and LaModel results; C, FLAC results with
measurements. (BPC = borehole pressure cell; Sh = shale;
SS = sandstone; YM = Young’s modulus.)

The importance of calibrating tool input properties to
site conditions is emphasized by these results. This point
was also underscored in a recent Program Information
Bulletin from the Mine Safety and Health Administration
[Skiles and Stricklin 2009]. In the bulletin, an eight-step
general process is outlined for successful calibration to

specific sites. The bulletin states, in summary:

Figure 11.—Mining-induced stress around the 9th East
gate roads at a Utah Mine [Barron 1990]. A, ALPS-assumed
stress distribution function and measurements;

B, MULSIM/NL and LaModel results; C, FLAC results
with measurements. (BPC = borehole pressure cell;
Sh = shale; SS = sandstone; YM = Young’s modulus.)

“Successful numerical simulation requires a substantial
effort including the observation of in-mine conditions
in many areas and the often repetitive process of
calibrating model parameters...It cannot be over-
emphasized, however, that in order to be of value,
a numerical model must be validated and provide a
realistic representation of the underground environment
for which it is applied.”



CONCLUSIONS

Empirical, boundary-element, and volume-element
tools are often used to evaluate mine plans. These tools are
not interchangeable. Site-specific information must be
used to calibrate and assess the appropriateness of each
tool. For instance, LaModel does not consider tectonic
stress. Thus, it might be a poor choice if high horizontal
stresses are present and can influence outcomes in the
mine. For empirical tools, application site conditions
should be compared with conditions at underlying cases to
determine whether the tool might be justified. The pub-
lished database includes a wide variety of geologic and
stress conditions, but it is possible that cases exist outside
of database conditions. If possible, additional cases based
on local experience should be compared to the published
database to establish validity.

Generally, a tool’s input properties should be cali-
brated to site-specific conditions and observations. This
point is even more important when a strong, stiff member
is present in the stratigraphic column. Calibration proce-
dures should include achieving the correct abutment stress
profile and reasonable stress transfer distance. Empirical
tools are often an exception, as the reference database typi-
cally includes a variety of site conditions. However, if
local behavior or cases depart significantly from the
underlying database, the user may need to make adjust-
ments. These can include revising coal strength and cave
angle, for example. Alternatively, a revised critical
stability factor might be proposed. In either case,
adjustments delink results from the underlying empirical
database and the established success criterion, creating,
in essence, a new empirical method that must be justified
on its merits.

Results of the generic model study show that assump-
tions and features of the tools studied differ too markedly
for a model constructed with one tool to be “converted”
into another through application of the same input
parameters. Thus, care must be taken when taking input
parameters from past analyses using different modeling
programs. New models should be calibrated to field obser-
vations and, ideally, measurements of critical behavior.

Results from this study show that if FLAC input
accounts for individual stratigraphic members and their
properties, then the seam stress profile that it calculates is
most similar to results calculated by MULSIM/NL, where
overburden properties were determined by averaging indi-
vidual member properties by some reasonable method.
However, the user should evaluate the stratigraphic col-
umn and the properties of its individual members with
respect to the caving mechanism of the site. An analysis
tool should be able to simulate the most important effects
of that mechanism.

LaModel results are highly sensitive to input param-
eters and, therefore, careful model calibration, adjusting £
to fit observed or measured stress conditions, is required.

LaModel results did not fit the example cases very well.
The quick decrease of stress near the rib requires tE to
be relatively small, but this increases peak stress
unrealistically.

ALPS stress distribution significantly underestimates
peak stress. However, using the default value of § may,
in many cases, be a reasonable estimate of total load trans-
ferred to the abutment.

In this study, we assumed a model for gob (shale from
Pappas and Mark [1993]) and kept that constitutive model
constant for all models. If a stiffer gob were used, less
stress would be transferred to the abutment. Determining
the correct gob stiffness relationship is one of the most
important parts of model calibration because that relation-
ship is the most significant factor in determining amount of
load transfer to the abutment.

The user must be very careful when selecting the
proper analysis tool. If caving behavior can be affected
significantly by variability in the strength and stiffness of
stratigraphic column members, then a tool should be used
that can take that influence into account. This means that
tools that assume a single off-seam material that is elastic
may miss details of off-seam strata behavior that may be
significant.
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