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FIELD TEST OF AN ALTERNATIVE LONGWALL GATE ROAD DESIGN 

By Robert M. Cox,1 Thomas L. Vandergrift, 1 and John P. McDonneU1 

ABSTRACT 

The U. S. Bureau of Mines (USBM) MULSIM/NL modeling technique has been used to analyze 
anticipated stress distributions for a proposed alternative longwall gate road design for a western 
Colorado coal mine. The model analyses indicated that the alternative gate road design would reduce 
stresses in the tailgate entry without increasing stresses in the headgate entry. To test the validity of the 
alternative gate road design under actual mining conditions, a test section of the alternative system was 
incorporated into a subsequent set of gate roads developed at the mine. 

The alternative gate road test section was instrumented with borehole pressure cells, as part of an 
ongoing USBM research project, to monitor ground pressure changes as longwall mining progressed. 
During the excavation of the adjacent longwall panels, the behavior of the alternative gate road system 
was monitored continuously using the USBM computer-assisted Ground Control Management System. 
During these field tests, the alternative gate road system was first monitored and evaluated as a 
headgate, and later monitored and evaluated as a tailgate. The results of the field tests confirmed the 
validity of using the MULSIM/NL modeling technique to evaluate mine designs. 

IMining engineer, Denver Research Center, U.S. Bureau of Mines, Denver, CO. 
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INTRODUCTION 

The design and development of safe and stable longwall 
gate road systems are problems of paramount importance 
to the underground coal mining industry. Ensuring both 
the safety of longwall miners and the cost-efficient re­
covery of coal deposits depends on the ability of coal min­
ing engineers to design and layout gate road systems that 
will remain open during the high-speed mining of coal that 
is possible with today's mechanized longwall equipment. 
During the past decade, researchers at the U. S. Bureau of 
Mines (USBM) have been in the forefront in developing 
and testing innovative mine design and field monitoring 
tools as part of its mission to enhance mining safety and 
efficiency. 

One of the most recent USBM developments is a non­
linear numerical modeling program called MULSIM 
NonLinear (MULSIM/NL) (1).2 The program uses the 
displacement-discontinuity boundary-element approach in 
conjunction with nonlinear coal and gob properties to sim­
ulate ground stresses for a given mine layout. MULSIM/ 
NL provides mining engineers with a valuable design tool 
for projecting anticipated ground stress and displacement 
patterns for different longwall mine layouts. Thus the 
design engineer can analyze and test the merits of alterna­
tive longwall gate road systems from a ground control 
perspective. 

Another recent USBM development is a computerized 
Ground Control Management System (GCMS) that is cur­
rently being field tested at a longwall coal mine in west­
ern Colorado (2-4). The GCMS continuously monitors 
ground response to the high-speed extraction of longwall 
panels, and displays data such as shield loads and ground 

pressures in real time. The GCMS also processes and 
stores the data, and can be used to create graphic displays 
for the real-time examination of ground conditions and the 
historical trend analysis of the rock mechanics data for 
design purposes. 

As part of ongoing research efforts, the USBM has 
been investigating the design and stability of gate road 
systems at the test mine using the GCMS. Mine observa­
tions and analyses of the ground response data monitored 
at the mine during the excavation of the first two longwall 
panels suggested that the design and layout of the existing 
gate road system might be a contributing factor to the in­
stability of the tailgate roadways (e.g., floor bumps, pillar 
sloughage, and roof-cutter failures). Thus, mine manage­
ment decided that a reversal of the existing gate road pil­
lar arrangement might improve tailgate roadway stability. 

In a cooperative research effort between the USBM 
and mine management, a gate road test section incorpo­
rating the alternative system pattern was developed, and 
the pillars were instrumented with borehole pressure cells 
(BPCs) to monitor gate road ground pressure changes. 
A study of the proposed alternative gate road system 
was also initiated using the MULSIM/NL modeling tech­
nique. During the subsequent mining of panels 4 and 5, 
the ground loading behavior of the gate road pillars within 
the test section was monitored using the GCMS, and the 
resulting field data compared with the predictive model 
analyses. The alternative gate road system was first moni­
tored and evaluated as a headgate pillar system during the 
mining of panel 4, and then monitored and evaluated as a 
tailgate pillar system during the mining of panel 5. 

FIELD SITE DESCRIPTION 

The test site is located in a western Colorado coal mine 
that produces steam coal from the Wadge Seam. The 
mine uses a high-speed mechanized longwall system de­
signed to extract coal in a series of longwall panels that 
are progressively being mined up dip in a west to east 
direction as shown in figure 1. 

MINE LAYOUT AND GEOLOGY 

The Wadge Coal Seam in the test site area is about 
3 m (10 ft) thick, strikes N. 50 E., and dips about 8% to 
the northwest. The longwall panels lie beneath about 
340 m (1,100 ft) of overburden composed of interbedded 

2Italic numbers in parentheses refer to items in the list of references 
preceding the appendixes. 

shales and sandstones. The longwall panels are oriented 
at an approximate angle of 55° to the regional geologic 
structure, and the mine area is bounded to the northwest 
by a northeast-trending thrust fault, and to the east by the 
north-south-trending Oak Creek Anticline. The face cleats 
in the coal seam strike about N. 50 W., approximately par­
allel to the prominent joint set that occurs throughout the 
mine area. Several joint-shear zones oriented about N. 60 
W. dissect the mine area, and one strike-slip fault oriented 
about N. 30 W. occurs in the eastern end of the longwall 
panels as shown in figure 1. 

The typical stratigraphy of the strata enclosing the coal 
seam in the vicinity of the longwall panels is shown in the 
geophysical log in figure 2. The immediate roof above the 
longwall panels is composed of interbedded shales and 
sandstones (Beds A and B) that vary in total thickness 
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from 3 to 6 m (10 to 20 ft) going from east to west across 
the panels. The main roof above the panels is composed 
of a sandstone unit (Bed C) that varies in thickness from 
5 to 8 m (16 to 26 ft) going from east to west across the 
panels. Isopacs of the thickness of the A sandstone and 

. the immediate roof (A and B) are shown in figure 1. The 
relative thickness of these units is believed to be related to 
the location and occurrence of tailgate floor bumps. 

The Lennox Sandstone Unit, which is about 4 m (13 ft) 
thick, occurs about 21 m (70 ft) above the Wadge Coal 
Seam and is underlain by two· thin coal seams. The 
Twenty-Mile Sandstone Unit that forms the prominent 
bluffs in the region occurs about 210 m (700 ft) above 
the longwall panels. The intervening strata between these 
massive sandstones are composed of interbedded shales 
and siltstones. 

The immediate floor of the Wadge Seam is composed 
of carbonaceous shales and interbedded sandstones under­
lain by a weaker zone consisting of either a thin leader of 
coal and/or weak shale bed as shown in figure 2. The 
approximate location of this weak zone of coal and/or 
shale beneath a relatively strong immediate floor is con­
ducive to brittle fracture and dynamic heave of the floor. 
(i.e., floor bumps) when·the tailgate roadway is subjected 
to the elevated abutment pressures created by longwall 
mining. A sandstone floor channel occurs immediately 
west of the strike-slip fault zone as shown in figure 1. 
This structure may also be related to floor bump problems 
in the tailgate roadways. 

GEOMECHANICAL DATA 

Slickensided surfaces along the joints and bedding plane 
surfaces within the shale contact between the coal seam 
and the enclosing sandstones indicate strike-slip move­
ments roughly parallel to the dip of the coal seam in a 
northwest direction. The orientation and magnitude of the 
in situ stress field used in the model analysis was approxi­
mated from a consideration of the overburden pressure 
and the structural geology of the mine area to be: 

Maximum Principal Stress = 13 MPa (1,875 psi), N. 35 W., 

Intermediate Principal Stress = 9 MPa (1,250 psi), N. 55 E., and 

Minimum Principal Stress = 9 MPa (1,250 psi), vertical. 

The longwall abutment pressures and the orientation of 
the longwall panels at an approximate angle of 550 to the 
direction of the maximum principal stress would be expect­
ed to increase the magnitude of vertical and horizontal 
stress concentrations in the tailgate end of the retreating 
longwall faces. These stress concentrations would be 
expected to cause ground control problems such as the 

5 

tailgate floor bumps that have been observed during the 
extraction of the first three panels. 

A review of the rock mechanics data provided by the 
mining company, tempered with field observations and ex­
perience, suggests that for practical design' purposes the 
typical rock strength characteristics contained in table 1 
might be used. 

Table 1.-Mlne rock strength characteristics 

In the existing mine plan, longwall panels are being de­
veloped about 195 m (640 ft) wide by 2,750 m (10,000 ft) 
long using a three-entry gate road system composed of 
6-m (20-ft) roadways, one small pillar (about 10 m (35 ft) 
wide and 24 m (80 ft) long) adjacent to the headgate, and 
one large pillar (about 24 m (80 ft) squared) adjacent to 
the tailgate (see figure 1). Alternating crosscuts are driven 
on about 3O-m (l00-ft) centers, creating three-way inter­
sections for improved roof stability. For location and ref­
erence purposes, the gate road entries are numbered 1 to 
3 from south to north; No.1 entry being the tailgate road­
way of each successive longwall panel, and No.3 being the 
headgate (beltway) of each longwall panel. 

Field observations indicated that as longwall panels 2, 
3, and 4 were mined, the small pillars located adjacent 
to the headgate failed about 40 m (125 ft) behind the 
face and transferred the side abutment pressures onto the 
larger pillars left to protect the tailgate of the next panel. 
The· increased side abutment pressures being carried by 
the larger pillars, acting in conjunction with the frontal 
abutment pressures created by the extraction of the active 
longwall panel, are believed to be responsible for the in­
creased ground control problems encountered in the tail­
gate roadways of each successive panel. These tailgate 
ground control problems are manifested primarily as ex­
cessive tailgate floor heave (greater than 0.3 m (1 ft» and 
occasional tailgate floor bumps that damage roadway sup­
ports up to 30 in (100 ft) outby the operating face. 

Thus it was concluded that the existing design of the 
gate road pillar system might be a contributing factor to 
tailgate roadway instability. A reversal of the position of 
the small pillar and the large pillar in the gate road layout 
was proposed as a possible practical remedy to the existing 
tailgate ground control problems. 

f I 
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ALTERNATIVE GATE ROAD DESIGN TEST SITE 

To test the validity of an alternative gate road design 
under actual mining conditions, a test section of the re­
versed pillar arrangement was incorporated in a subse­
quent set of gate roads developed at the mine. During the 
development of the headgate roadway system for panel 4, 
a test section was mined in which the positions of the 
small pillar and the large pillar were reversed (see instru­
ment site 7, figure 1). 

After the development ofthe panel 4 gate road test site, 
several model analyses of the alternative gate road layout 
were conducted using the USBM's new MULSIM/NL 
modeling program. These model analyses indicated that 

stress conditions in the tailgate might be improved with a 
reversal of the positions of the gate road pillars. 

The alternative test site consisted of a three-entry sys­
tem composed of 5.5-m (18-ft) roadways, a series of large 
pillars about 27 m (90 ft) wide by 24 m (80 ft) long lo­
cated adjacent to the headgate, and smaller pillars about 
9 m (30 ft) wide by 24 m (80 ft) long located adjacent to 
the tailgate. The test site pillars were instrumented with 
BPC to monitor vertical stress changes during the mining 
of panels 4 and 5 adjacent to the test section as shown in 
figure 3. The alternative gate road system was first moni­
tored and evaluated as a headgate entry, and then moni­
tored and evaluated as a tailgate roadway. 

Direction of mining 

• Panel 4 

PanelS 

D2BPI-80 
D2BPI-70 

D2BPI-45 

D2BPI-20 
D2BPI-10 

:~~::~!~ ~ .. 1 ______ 1 C 
D 1P51-10 
D 1P51-20 
D 1P51-30 
D 1P51-40 

LEGEND 
D 2BPI-80 

CC76 

BPC location 

Crosscut number 

Not to scale 

Figure 3.-Locatlon and position of spes at alternative gate road test site. 
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NUMERICAL MODELS 

Numerical models of the exact layout and conditions of 
longwall panels using both the existing mine layout and the 
alternative gate road systems were formulated and ana­
lyzed using the USBM's nonlinear boundary-element pro­
gram MULSIM/NL (see figures 4 and 5). The resulting 
analyses indicated that the alternative gate road design 
might improve tailgate conditions without deteriorating 
headgate conditions. Subsequently, models of the exact 
layout of the alternative gate road test site were analyzed 
to provide data for comparison with the field ground pres­
sure measurements monitored during the mining of panels 
4 and 5 adjacent to the test site (see figure 5C). 

MULSIM/NL MODELING METHODS 

MULSIM/NL is a three-dimensional boundary-element 
method computer program recently developed by the 

USBM for stress analysis of complex coal mine layouts. 
The program is easily learned, simple to use, and can be 
run on a personal computer. It is a very effective design 
tool for quantifying the effects of changes in mine geom­
etries and coal seam properties. The program computes" 
stress and displacements within the coal seam horizon, and 
can be used to conduct realistic stress analyses of complex 
longwall gate road systems. Thus, the coal mine design 
engineer can easily compare alternative mine layouts, and 
avoid costly surprises and design modifications after min­
ing commences. 

The creation of a MULSIM/NL model involves three 
major steps: (1) definition of model parameters; (2) input 
of the mining geometry; and (3) selection of coal seam 
material properties. Input to the program is relatively 
simple. The input file consists of three sections: (1) the 
control section that defines basic parameters, such as the 

120 3-m elements 

50 15-m blocks 

Figure 4.-Basic geometric parameter. of MULSIM/NL models. 
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model size, the physical characteristics of the enclosing 
rock mass, the in situ stress field, and the depth of mining; 
(2) the fine-mesh section that defmes the detailed ge­
ometry of the modeled mine layout; and (3) the coarse­
element mesh that defmes the enclosing model geometry 
of the mine layout. Both the fine and coarse meshes are 
used to defme the coal seam material properties. Within 
each mesh, individual elements are defmed in terms of 
their stress-strain behavior. 

Figure 4 indicates the basic geometric model param­
eters used in these model analyses; a 50 by 50 grid of 15-m 
(50-ft) coarse-mesh blocks enclosing a 120 by 120 grid of 
3-m (10-ft) fme-mesh elements. The mine geometry was 
laid within the fme-mesh model as closely as possible to 
the existing mine geometry of 6-m (20-ft) entries, 9-m by 
24-m (30-ft by 80-ft) small pillars, and 24-m (80-ft) square 
large pillars. The longwall face area was modeled 6 m 
(20 ft) wide to realistically accommodate the presence of 
the longwall mining machinery. 

Based on a review of the rock mechanics data base pro­
vided by the mine operator, tempered with field observa­
tions and experience, the authors selected the basic input 
material properties presented in table 2 for the model 
analyses. 

Table 2.-Material properties for numerical models 

Seam thickness, m (tt) ........•. 
Depth of mine, m (tt) ••......... 
Modulus, MPa (psi): 

Coal seam ................ . 
Gob material .........•..... 
Rock strata ............... . 

3 
335 

2,750 
275 

8,275 

(10) 
(1,100) 

(4.0 x 105) 
(4.0 x 104

) 

(1.2 X 106
) 

Appendix A contains a printout of a typical computer 
input used in this study to demonstrate the steps involved 
in the formulation of a MULSIM/NL model. 

SELECTION OF COAL-ELEMENT PROPERTIES 

The distinguishing feature of MULSIM/NL is its non­
linear material model elements that provide the ability to 
simulate nonlinear behavior of coal as it loads and fails as 
observed in the mine and the laboratory. Of the three 
coal-element models available in the USBM MULSIM/NL 
program, the strain-softening model element is the most 
useful for coal mine design work, since it simulates the 
typical peak strength and residual loading characteristics 
of coal. The required input parameters for the strain­
softening model element are the peak stress, the peak 
strain, the residual stress, the residual strain, and Pois­
son's ratio (see figure 6). This model dictates that stress 
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Figure 6.-Strain-softening characteristics of coal elements, 
Model A analyses. 

remains constant beyond the residual strain level. There­
fore, by inputting the peak and residual stresses and 
strains, the complete stress-strain behavior of this coal ele­
ment is defined. 

The key to formulating realistic mine models of long­
wall stress distributions lies in the proper choice and 
arrangement of coal-seam~material elements within the 
MULSIM/NL model. In this study, two methods were 
used to select coal model elements: a practical approach 
designated as Model A analyses, and an empirical ap­
proach designated as Model B analyses. 

Model A Analyses 

The Model A analyses were formulated using the mine 
rock strength characteristics listed in table 1. Based on 
field observations and engineering experience concerning 
the design and layout of coal mine openings, the residual 
strength of the coal was assumed to be approximately 50% 
of the peak strength; thus yielding input-element prop­
erties of the coal strength as shown in figure 6 and listed 
in table 3. 

Table 3.-Strain-softening coal characteristics 

Seam modulus ......•...•... 
Residual strength ........... . 
Yield strength ..............• 

MPa 

2,750 
15.5 
31 

psi 

4.0 x 10S 
2,250 
4,500 

These coal-element properties were used to formulate 
the initial model analyses of the existing gate road sys­
tem and the alternative gate road design. In addition, the 
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panel gob was modeled using a linear-elastic element with 
a modulus of 275 MPa (4.0 X 1Q4 psi). 

Figure SA is a plot of the ground stress patterns result­
ing from the Model A analysis of the existing longwall face 
and gate road system. The results show the development 
of the abutment pressure zone ahead of and adjacent to 
the excavated longwall panels and the complete yielding of 
the tailgate pillars inby the face. Note that the smaller 
headgate pillar begins to yield about one crosscut inbV the 
face and completely yields within two crosscuts inby the 
face. The results also indicate that the yielding of the 
small headgate pillar causes the high stress pressure abut­
ment created by the excavated panel to form along the 
inby side of the large-pillar line adjacent to the tailgate 
roadway of the next panel to be mined. The location of 
this zone of high stress concentration corresponds with the 
location of the poor ground control problems observed in 
the tailgate roadways of the existing gate road system. 

Figure 5B is a plot of the stress patterns reSUlting from 
the Model A analysis of the proposed alternative gate road 
layout that reverses the positions of the small pillar and 
the large pillar. In general, the results indicate a more 
favorable distribution of ground pressures around the long­
wall panels. The resl,llting stress pattern of the alternative 
gate road layout indicates that the gob side (about 3 m 
(10 ft» ofthe large pillar does not begin to yield until the 
face has advanced about 60 m (200 ft) beyond a given pil­
lar, and that the high stress abutment zone created by the 
excavated panel is confined to the interior portions of the 
large pillar. The large pillars thus provide a stronger sup­
port structure for the tailgate of the next panel. The re­
sults also indicate that the large pillars, when placed ad­
jacent to the headgate, provide greater protection to the 
headgate roadway (i.e., lower stress concentrations along 
the belt conveyor roadway). The relocation of the large 
pillars also protects the small pillars from excessive abut­
ment loading after extraction of the first panel (i.e., lower 
stress concentrations along the tailgate roadway of the next 
panel). 

These model analyses suggested that the tailgate road­
way ground conditions, under existing conditions, might be 
improved using the new alternative gate road system. 

Model B Analyses 

The Model B analyses were developed as a second ap­
proach to the selection of material properties for coal­
model elements. This approach was based on a study of 

coal pillar pressure responses monitored using BPCs dur­
ing the mining of longwall panels 1, 2, and 3. After per­
forming a detailed analysis of the BPC data from five in­
strumented gate road sites in the test mine, three different 
coal material models were created for this study as shown 
in figure 7. Each of the coal elements has an initial 
modulus of 3,450 MPa (500,000 psi). The unconfmed coal­
model element, representing any coal structure within 
3 m (10 ft) of an underground opening, yields at 31 MPa 
(4,500 psi) and has a residual strength of 16.6 MPa 
(2,400 psi). The small-pillar core-model element, repre­
senting moderately confined coal structure, has a yield 
strength of 41 MPa (6,000 psi) and a residual strength of 
27.5 MPa (4,000 psi). The confmed coal structures, within 
the large pillars and the panel abutment zones, are mod­
eled to have a peak strength of 48 MPa (7,000 psi) that 
slowly yields to a residual strength of 24 MPa (3,500 psi). 
In addition, a strain-hardening gob-model element was 
used that allows the modeled gob material to stiffen as it 
strains (see figure 7). Based on data published by Peng 
(5), this model was given an initial modulus of 103 MPa 
(15,000 psi) and a final modulus of 345 MPa (50,000 psi). 
These material elements, as previously described, were 
used to formulate Model B analyses of the alternative gate 
road test section. 

A review of the results of Model A and B analyses, in 
combination with an analysis of BPC field data from the 
test section, has provided USBM researchers with the op­
portunity to judge the value of MULSIM/NL as a design 
tool, and evaluate the performance of the new gate road 
design under actual mining conditions. 

COMPARISON OF GATE ROAD MODELS 

Comparisons of the resulting stress patterns for Model 
A and Model B analyses of alternative gate road test sec­
tion are shown in figure 8. The two methods of selecting 
coal element properties yield similar stress patterns, and 
both support the conclusion that the alternative gate road 
design would improve gate road ground conditions. The 
only differences are that Model B indicates higher abut­
ment pressures ahead of the longwall face, and higher 
estimates of loading in the gate road pillars after mining 
of the longwall panels. Otherwise the location of the pres­
sure abutment and general stress pattern to be expected 
remains about the same for the two models. The details 
of the input data for each of the alternative gate road test 
site MUL~IM/NL models are presented in appendix B. 
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FIELD MONITORING 

Prior to the mining of panel 4, directional BPCs were 
installed in the alternative gate road test site to monitor 
vertical ground pressure changes within the coal structures 
during the extraction of panels 4 and 5. The position and 
locations of these BPCs are shown in figure 3. During the 
mining of panel 4, the gate road test site was monitored 
as a headgate structure. Later, during the mining of pan­
el 5, the gate road test site was monitored as a tailgate 
structure. 

GROUND PRESSURE INSTRUMENTATION 

Directional BPCs were developed by USBM research­
ers during the late 1950's and have been used extensive­
ly to monitor ground pressure changes in coal mines. 
Equipment designs and installation procedures are de­
scribed in detail by others, and several techniques for 
converting BPC pressure data to ground stress measure­
ments have been proposed in the technical literature (6). 
Basically, the cells consist of small hydraulic flat jacks 
encapsulated in cement for insertion in NX-size boreholes. 
After the cell is positioned in the drill hole, it is typically 
preloaded to a value approximately equal to the assumed 
overburden stress (about 8.3 MPa (1,200 psi) in this 
study). 

After the BPCs were installed at the test site, they were 
fitted with pressure transducers and connected to the 
USBM computer-assisted GCMS. Subsequently, the field 
data monitored by the GCMS are transferred to the 
USBM central control computer at the Denver Federal 
Center where they can be continuously monitored, stored, 
and analyzed by USBM researchers. 

The BPCs are designated by a code that describes the 
mine location, drill hole position, and depth of placement 
into the coal structure. For example, lYPI-22 references 

a BPC installed from entry No.1 into the small pillar to a 
depth of 7 m (22 ft). Similarly, 2BPI-45 references a cell 
installed from entry No.2 into the large pillar to a depth 
of 14 m (45 ft). 

The BPCs located in the test section were continuously 
monitored, using the GCMS, throughout their useful lives 
during the mining of panels 4 and 5. 

GROUND PRESSURE DATA 
ANALYSIS TECHNIQUES 

Several techniques for converting BPC pressure data to 
coal stress measurements have been proposed in the tech­
nicalliterature (6). To provide a basis for comparison be­
tween the BPC and MULSIM/NL data used in this study, 
a simple rationale for converting BPC pressure to vertical 
ground stress was needed. Observing that the pressure 
cells were installed at various gate road sites to measure 
changes and trends in the distribution of vertical loads 
on the coal structures in response to longwall mining, a 
simplifying assumption based on a review of earlier pub­
lished data was made. The vertical stress within the coal 
mine structures was assumed to be 80% of the BPC pres­
sure change monitored after installation of the BPC plus 
the addition of a preexisting vertical stress of 8.3 MPa 
(1,200 psi) created by the overburden load. 

This technique was used to analyze the BPC data from 
previous instrument sites, and to develop the nonlinear 
coal strength properties used in the MULSIM/NL Model 
B analyses (see previous section on Selection of Coal­
Element Properties). This simplified rationale was also 
used to analyze and reduce the BPC data from the new 
alternative gate road test site for comparison with the 
MULSIM/NL model analyses. . 

EVALUATION OF GATE ROAD PERFORMANCE 

Field observations of improved tailgate roadway con­
ditions in the new alternative gate road field test site 
area agree well with the qualitative predictions of the 
MULSIM/NL models. Mine roof conditions in the tail­
gate roadway immediately outby the face were generally 
good in the test site area, compared to the typical de­
velopment of cutter-type roof failures in the tailgate 
roadway of the existing gate road system. Also, the de­
velopment of floor heave and associated deterioration of 
the ribs were less pronounced. These observations all in­
dicate that the tailgate roadway of the alternative gate 
road system is exposed to reduced abutment stress levels, 

thus resulting in improved ground conditions. A detailed 
analysis of the BPC data versus the MULSIM/NL model 
predictions also supports these observations. 

PANEL ABUTMENT PRESSURES 

Four BPCs were installed parallel to the longwall face 
in panel 5 at depths of 3, 6, 9, and 12 m (10, 20, 30, and 40 
ft) within a borehole drilled from the tailgate roadway 
(entry No.1) of panel 5 as shown in figure 3. These BPCs 
were installed to monitor the ground pressure abutment 
changes ahead of the face as panel 5 was mined. They 
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were also monitored during the mining of panel 4 to de­
tect any changes resulting from the development of a side 
abutment that might be created by the mining of panel 4. 
The resulting pressure data were converted to vertical 
stress changes using the rationale previously explained in 
the section on Ground Pressure Data Analysis. 

During the mining of panel 4, only cells IP5I-1O and 
IP5I-20 were monitored, and the resulting data are shown 
in figure 9A. These pressure cells began to detect pres­
sure changes when the face of panel 4 was about 60 m 
(200 ft) inby the instrument site, and indicated a steady 
increase until the cells were disconnected from the GCMS 
when the face was about 240 m (800 ft) outby the instru­
ment site. The total pressure increase was about 5 MPa 
(750 psi) for cell IP5I-I0, located 3 m (10 ft) into the 
tailgate rib of panel 5, and 3.5 MPa (500 psi) for celllP5I-
20, located 6 m (20 ft) into the panel. These increases are 
in general agreement with the ground pressure changes 
to be expected from the development of a side abutment 
pressure zone created by the mining of panel 4. The field 
monitored pressure changes also agree well with those 
predicted by the MULSIM/NL Model A and B analyses, 
as shown in figures 9B and 9C, respectively. Model B 
analyses predicted pressure changes in the range of 2 to 
3 MPa (300 to 400 psi), whereas Model A analyses pre­
dicted changes in the range of 1.5 to 2 MPa (200 to 
300 psi). 

All four of the BPCs installed in panel 5 were con­
nected to the GCMS to monitor ground pressure changes 
during the mining of panel 5. The resulting data are 
plotted in figure lOA, and show the general development 
of the ground pressure abutment ahead of panel 5. The 
BPCs indicate that for practical purposes the ground 
pressure responses are elastic in nature relative to the 
location of the longwall face, with little indications of 
time-dependent loading. The maximum ground pressure 
changes prior to the mine-through of the instruments are 
in the range of 41 to 48 MPa (6,000 to 7,000 psi), with all 
of the instruments recording a similar loading pattern. 
Pressure cell IP5I -10 did yield at a load of 38 MPa 
(5,500 psi) when the face was about 20 m (65 ft) inby the 
cell; however, this behavior is interpreted to be an indi­
cation of rib yielding and sloughage because of its close 
proximity (3 m (10 ft» to the tailgate roadway as the face 
advanced upon the instrument site. Field observations in­
dicated rib sloughage developing about 25 m (80 ft) ahead 
of the 10ngwall face. The BPC data also indicate that the 
width of the pressure abutment ahead of the longwall face 
is about 45 m (150 ft). 

The pattern of field monitored ground pressure changes 
ahead of the longwall panel agrees in general with those 
predicted by the MULSIM/NL models (see figures lOB 

and lOC). The width of the abutment zone is predicted by 
both model analyses to be in the range of 35 to 45 m 
(100 to 150 ft) ahead of the longwall face. The Model A 
analysis predicts a peak abutment pressure change of 
24 MPa (3,500 psi), whereas the Model B analysis predicts 
a peak pressure change of 33 MPa (4,800 psi). In gen­
eral, it is concluded that the MULSIM/NL model analyses 
can be reliable predictors of the relative magnitude and 
extent of the pressure abutment ahead of a longwall face. 

SMALL-PILLAR BEHAVIOR 

Three BPCs were installed in the small pillar parallel to 
the longwall faces of panels 4 and 5 at depths of 2.4, 4.5, 
and 7 m (8, 15, and 22 ft) within a borehole drilled from 
the tailgate roadway (entry No.1) of panel 5 as shown in 
figure 3. These BPCs were installed to monitor the be­
havior of the small pillar as both panels 4 and 5 were 
mined. The resulting pressure data were converted to 
vertical stress changes using the rationale previously ex­
plained in the section on Ground Pressure Data Analysis. 
During the mining of panels 4 and 5, all three cells (lYPI-
8, lYPI-15, and lYPI-22) were monitored by the GCMS, 
and the resulting data are shown in figures l1A and 12A. 

The pressure cells began to detect pressure changes 
when the face of panel 4 was about 60 m (200 ft) inby the 
small-pillar instrument site, and indicated a steady pres­
sure increase until the cells were disconnected from the 
GCMS when the face was about 240 m (800 ft) outby the 
instrument site. The total pressure increases monitored 
during the mining of panel 4 ranged from about 9.7 MPa 
(1,400 psi) for celllYPI-8, located 2.4 m (8 ft) into the rib 
from the tailgate roadway ( entry No.1) of panel 5, to 
13.1 MPa (1,900 psi) for celllYPI-22, located 2.4 m (8 ft) 
from the rib line of entry No.2 (nearest to panel 4). Cell 
lYPI-15 was located in the center of the small pillar 
and monitored a pressure change of 11 MPa (1,600 psi). 
These pressure increases are in general agreement with 
the ground pressure changes to be expected from the de­
velopment of a side abutment pressure zone created by the 
mining of panel 4. The general pattern and sequence of 
field monitored pressure changes agrees well with the pre­
dictions of the MULSIM/NL Model A and B analyses, as 
shown in figures 11B and 11C; however, the models pre­
dicted pressure changes in the range of 3 to 6 MPa (400 to 
800 psi), which is much less than the magnitude of those 
monitored by the pressure cells. 

During the mining of panel 5, the BPC data indicate 
that the ribs of the small pillars began to yield and slough 
about 400 ft outby the longwall face as shown in fig­
ure 12A. The load on the central portion of the small 
pillar increased to about 48 MPa (7,000 psi) before the 
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Figure 9.-Comparison plots of Panel Abutment BPC data and MULSIM/NL model 
stress projections during the mining of Panel 4. 
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pillar completely failed about 60 m (200 ft) outby the 
longwall face. The MULSIM/NL Model A and B analy­
ses predicted that the small pillar would begin to take load 
about 60 m (200 ft) outby the face and begin to fail about 
20 m (65 ft) outby the face as shown in figures 12B and 
12C, respectively. Again the general pattern and sequence 
of loading predicted by the model analyses are in agree­
ment with the field measurements and observations. The 
peak pressure changes on the ribs of the small pillar 
predicted by the models are in the range of 20 MPa 
(3,000 psi) and agree reasonably well with the field moni­
tored pressure changes ranging from 7 to 24 MPa (1,000 
to 3,500 psi). Models A and B predict the pressure in­
crease at failure within the core of the small pillar to be 
about 21 MPa (3,000 psi) and 28 MPa (4,100 psi), respec­
tively, as compared to the field measurement of 48 MPa 
(7,000 psi). 

The MULSIM/NL models can account for the residual 
strength in the failed coal pillars; but by their design, the 
BPCs are not very effective tools for measuring the re­
sidual strength of failed coal pillars. In general, it is 
concluded that the MULSIM/NL model analyses can be 
used to predict the relative loading and failure sequence of 
the small gate road pillars. 

LARGE-PILLAR BEHAVIOR 

Five BPCs were installed in the large pillar parallel to 
the longwall faces of panels 4 and 5 at depths of 3,6, 13.7, 
21, and 24 m (10,20,45,70, and 80 ft) within a borehole 
drilled from the central roadway of the gate road system 
(entry No.2) as shown in figure 3. These BPCs were in­
stalled to monitor the behavior of the large pillar as both 
panels 4 and 5 were mined. The resulting pressure data 
were converted to vertical stress changes using the ration­
ale previously explained in the section on Ground Pressure 
Data Analysis. 

During the mining of panel 4, all five ground pressure 
cells (2BPI-I0, 2BPI-20, 2BPI-45, 2BPI-70, and 2BPI-80) 
were monitored by the GCMS, and the resulting data are 
shown in figure 13A. Because cell 2BPI-80 failed during 
the mining of panel 4, only the four remaining cells were 
monitored during the mining of panel 5, and the resulting 
data are shown in figure 14A. 

The pressure cells began to detect pressure changes 
when the face of panel 4 was about 60 m (200 ft) inby the 
large pillar instrument site, and indicated major pressure 
changes when the face was about 15 m (50 ft) inby the in­
strument site. The magnitude of pressure changes within 
the gate road system decreased with distance from the 
edge of panel 4. The monitored ground pressures steadily 
increased as panel 4 mined outby the instrument site until 
the pressure cell (2BPI-80) nearest to the edge of panel 4 
peaked at a stress change of 17 MPa (2,500 psi) and began 

to decrease when the face of panel 4 was about 180 m 
(600 ft) outby the site (see figure 13A). This pressure de­
crease is interpreted as rib failure and slough age of the 
large pillar adjacent to the gob of panel 4. 

When panel 5 was about 80 m (270 ft) inby the instru­
ment site (see figure 14A), ce1l2BPI-1O, located 3 m (10 
ft) into the rib of the large pillar from entry No.2, also 
peaked at a pressure change of 21 MPa (3,000 psi) and 
failed, indicative of failure and sloughage of the rib of the 
pillar. When panel 5 was about 40 m (130 ft) inby the 
instrument site, the load on both pressure cells 2BPI-20 
and 2BPI-70 (located 6 m (20 ft) inside the rib lines on 
either side of the large pillar) peaked and the pillar began 
to fail, shifting increased load onto the center of the pillar. 
The peak pressure changes were in the range of 34 MPa 
(5,000 psi) and 48 MPa (7,000 psi), respectively, for cells 
2BPI-20 and 2BPI-70. The cells both indicated complete 
pillar failure as panel 5 mined past the instrument site. 
The pressure cell located in the center of the pillar (2BPI-
45) reached a peak pressure change of 48 MPa (7,000 psi) 
when the face of panelS was about 30 m (100 ft) inby the 
site. This peak pressure was maintained until the face 
mined past the site and the instrument connections were 
lost. These ground pressure changes and failures are in 
general agreement with what is to be expected from the 
interactions of the side abutment pressure zone created by 
the mining of panel 4 and the frontal abutment pressure 
created by the mining of panel 5, 

The general pattern and sequt<nce of field monitored 
pressure changes and failures within the large pillar agrees 
with the predictions of the MULSIM/NL model analyses. 
Model A analyses are shown in figures 13B and 14B, and 
Model B analyses are shown jn figures 13C and 14C. For 
example, Model A predicted that pressure cell 2BPI-80, 
located 3 m (10 ft) from the gob of panel 4, would peak at 
a stress change of 18 MPa (2,600 psi) as compared with 
the field measurements of 21 MPa (3,000 psi). Failure 
was predicted to occur when the face of panel 4 was about 
90 m (300 ft) outby the instrument site as compared to 
field indications that increased loading occurred when the 
face of panel 4 was about 180 m (600 ft) outby the site. 
Model B had predicted a peak load of 15 MPa (2,200 psi) 
about 30 m (100 ft) Qutby the site. In addition Model A 
predicted the progressive loading and sequential failure of 
the large pillar as monitored in the field as the face of 
panel 5 approached the instrument site. 

SUMMARY EVALUATION 

To facilitate a realistic comparison of the MULSIM/NL 
model predictions and field measurements made at the 
mine test site, several stress profiles have been constructed 
as shown in figures 15 and 16. These stress profiles show 
the progressive .changes in load conditions predicted by 
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Figure 13.-Comparlson plots of large-pillar BPe data and MULSIM/NL model stress 

projections during the mining of Panel 4. 
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Figure 15.-Plots of MULSIM/NL and BPC data comparisons 
during the mining of Panel 4. 
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during the mining of Panel 5. 



Models A and B, and measured by BPCs at critical stages 
during the mining of both panels 4 and 5 adjacent to the 
field test site. . 

Figures 15A through 15E show the progressive develop­
ment of the side abutment pressure zone as panel 4 is 
mined past the test site. The MULSIM/NL model predic­
tions and the field measured ground pressures are in good 
agreement. The data indicate that the gob side rib of the 
larger pillar yields and fails as panel 4 is mined by the test 
site, and that the abutment profIle develops as predicted 
by the models. Field observations support the conclusion 
that the alternative gate road pillar pattern shifts the 
higher abutment loads toward the gob and thus provides 
better protection to the tailgate roadway of the next panel 
to be mined. 

Figures 1M through 16E show the progressive inter­
actions of the frontal abutment pressure zone ahead of 
panel 5 and the side pressure abutment zone from panel 
4 on the loading of the gate road pillar system. The data 
indicate that the small pillar ribs begin to load up pro­
gressively and slough when the face of panel 5 is within 
92 m (300 ft inby) of the test site, and that for practical 
purposes the small pillar has yielded as the face mines past 
the pillar. Likewise the panel 5 side of the large pillar 
progressively loads and yields as the face of panel 5 mines 
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through the area, and only the central core of the large 
pillar is carrying high pressure after panel 5 is mined. 

The Model A and Model B analyses are in general 
agreement with field observations and measurements made 
during mining. Of the two, Model A is in closer agree­
ment with regards to yielding of the large pillars. Both 
models significantly underestimated peak pressure changes 
in the coal structure as determined by field measurements; 
in the case of the peak frontal abutment pressure, field 
values are three times those predicted by the models. A 
possible explanation is that the pressure loading character­
istics of the BPCs are nonlinear and affected by the bi­
lateral stress field present in the abutment zone. Even so, 
both model analyses predict the general sequence ofload­
ing and yielding of the gate road pillar system. Thus it is 
concluded that the value of the MULSIM/NL techniques 
as a reliable design tool has been verified by this field 
experiment. 

The field experiment also has validated the proposed 
alternative gate road system, under existing conditions, for 
providing protection to the tailgate roadway escape route 
necessary for the successful operation of the high-speed 
mechanized longwall mining systems being used at the 
mine. 

CONCLUSIONS 

The field test has confirmed the validity of the new 
alternative gate road system under actual mining condi­
tions. Field observations indicated that the alternative gate 
road design significantly improved tailgate roadway stabil­
ity under existing ground conditions. 

Field measurements support the results of the model 
analyses that suggested that reversing the gate road pillar 
arrangement would shift the higher abutment loads toward 
the gob of the previous panel and away from the tailgate 
of the current panel, thus reducing ground pressures and 
improving tailgate ground conditions. 

The study has shown that the MULSIM/NL modeling 
technique can be u8ed with confidence as a coal mine 
design tool. The field measurements confirm that the 

MULSIM/NL models predict the general pattern and 
magnitude of ground stresses expected to develop in and 
around a longwall panel. The model analyses also remark­
ably predicted the pattern and sequence of abutment load­
ing and the progressive yielding and failure of coal ribs 
and pillars. 

The study also shows that the critical factor in applying 
the MULSIM/NL modeling technique is a careful evalua­
tion of geomechanical data and the selection of appro­
priate material properties .for the model elements. The 
MULSIM/NL technique provides the mine design engi­
neer with a powerful design tool for site-specific applica­
tions, that can be used with confidence to improve ground 
control conditions under actual mining conditions. 
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APPENDIX A.-TYPICAL MULSIM/NL MODEL FORMULATION 

Appendix A contains a printout ofatypical computer input used in this study to demonstrate the steps involved in the 
formulation of a MULSIM/NL model. 

BOBTOM6.INP EXISTING GATEROAD ANALYSIS, 120 x120 elements 
0.2500000. 120000E+07 1 

6 
2.00.450E+04.110E·01.225E+04.165E-01.250E+00 
3.00.500E+04.120E-01.000E+00.250E+00.000E+00 
3.00.300E+04.750E-02.000E+00.250E+00.000E+00 
2.00.450E+04 .• 110E-01.225E+04.165E-01.250E+00 
3.00.100E+04.250E-02.000E+00.250E+00.000E+00 . 
6.00.400E+05.160E+05.300E+01.000E+00.000E+00 
0.0.0917 . 0.0.0000 0.0.0000 0.0.0917 0.0.0000 0.0.0917 

600.00 50 . 50 14 37 14 37 
0.0 0.0-13200.0 120.0 

1.00000 0.00000 0.00000 0.00000 1.00000 0.00000 0.00000 0.00000 1.00000 
1.35 25.00 100 1 1 

Figure A-1.-lnputparameters used for initial MULSIM/NL model formulations. 
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Figure A-2.-Partlal fine mesh of existing gate road layout. 
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Figure A·3.-Partial fine mesh of proposed alternative gate road layout. 
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Figure A·4.-Coarse mesh for Initial MULSIM/NL model 
analyses. 
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APPENDIX B.-ALTERNATIVE GATE ROAD MULSIM/NL MODELS 

The details of the input data for each of the alternative gate road test site MULSIM/NL models are presented in 
appendix B. 

FLID1002.INP EXPERIMENTAL GATEROAD ANALYSIS - MODEL A, NON-LINEAR, 120 x 120 eLements 
0.2500000.100000E+07 1 

14 
1.00.500E+06.200E+06.000E+00.000E+00.000E+00 
3.00.750E+04.150E-01.125E+06.250E+00.OOOE+00 
2.00.450E+04.113E-01.225E+04.165E-01.250E+00 
3.00.200E+04.400E-02.000E+00.250E+00.000E+00 
2.00.450E+04.113E-01.225E+04.165E-01.250E+00 
6.00.400E+05.160E+05.300E+01.000E+00.000E+00 
6.00.100E+06.400E+05.300E+01.000E+00.000E+00 
6.00.300E+06.120E+06.300E+01.000E+00.000E+00 
6.00.200E+07.800E+06.300E+01.000E+00.000E+00 
6.00.400E+05.160E+05.300E+01.000E+00.000E+00 
3.00.300E+04.300E-01.250E+05.250E+00.000E+00 
3.00.300E+04.100E-01.750E+05.250E+00.000E+OO 
3.00.300E+04.150E-02.500E+06.250E+00.000E+00 
2.00.450E+04.113E-01.225E+04.165E-01.250E+00 
0.0.0917 0.0.0000 0.0.0000 0.0.0917 0.0.0000 0.0.0917 

600.00 50 50 14 37 14 37 
0.0 0.0-13200.0 120.0 

1.00000 0.00000 0.00000 0.00000 1.00000 0.00000 0.00000 0.00000 1.00000 
1.35 100.00 200 1 1 

Figure B-1.-lnput parameters for test site Model A. 

TLID1002.INP EXPERIMENTAL GATEROAD ANALYSIS - MODEL D, NON-LINEAR, 120 x 120 eLements 
0.2500000.100000E+07 1 

14 
1.00.500E+06.200E+06.000E+00.000E+00.000E+00 
3.00.750E+04.150E-01.125E+06.250E+00.000E+00 
2.00.450E+04.900E-02.240E+04.132E-01.250E+00 
3. 00.200E+04.400E-02.OOOE+OO.250E+00.OOOE+OO 
2.00.600E+04.120E-01.400E+04.160E-01.250E+00 
6.00.400E+05.160E+05.300E+01.000E+00.000E+00 
6.00.100E+06.400E+05.300E+01.000E+00.000E+00 
6.00.300E+06.120E+06.300E+01.000E+00.000E+00 
6.00.200E+07.800E+06.300E+01.000E+00.000E+00 
5.00.150E+05.500E+05.121E+04.300E+01.250E+00 
3.00.300E+04.300E-01.250E+05.250E+00.OOOE+00 
3.00.300E+04.100E-01.750E+05.250E+00.000E+00 
3.00.300E+04.150E-02.500E+06.250E+00.000E+00 
2.00.700E+04.140E-01.350E+04.840E-01.250E+00 
0.0.0917 0.0.0000 0.0.0000 0.0.0917 0.0.0000 0.0.0917 

600.00 50 50 14 37 14 37 
0.0 0.0-13200.0 120.0 

1.00000 0.00000 0.00000 0.00000 1.00000 0.00000 0.00000 0.00000 1.00000 
1.35 100.00 200 1 1 

Figure B-2.-lnput parameters for test site Model B. 
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Figure B-3.-Partlal fine mesh for test site Models A and B. 
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Figure B-4.-Coarse mesh for test site Models A and B. 
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