INTRODUCTION

According to accident statistics, Lyl roof fall accidents occur quite
frequently at the intersections of underground openings and account for
up to 30% of the roof fall fatalities. But this figure will certainly go
up considerably if roof falls not associated with any fatal accident are
included in the analysis. Unfortunately, nonfatal roof falls are seldom
documented.

In the underground coal mines, there are two types of entry intersections.
One is the three-way (V type) and the other is the four-way (T type) inter-
sections. A three-way intersection occurs whenever the mainline track haul-
ageway turns at an angle into a section haulageway. The four-way intersections,
by far the most common type in the U. S. underground coal mines, are formed by
the intersections of two entries which are oriented perpendicular to each other
or by the intersections of entries and crosscuts. However, crosscuts are
frequently driven at an angle to the entry to facilitate machine movements.
The four-way intersections formed by this method of crosscut development are
angled.

At the intersection of two underground openings, the diagonal roof span
i{s wider than the width of each individual opening. This is one of the
major reasons why roof falls are more likely to occur at the intersections .than in
the entry between pillars. Consequently, special intersection support plans are
usually employed (Figs. 1 and 2) for intersections. The most popular
practices are to decrease roof bolt spacing 1 ft less than or to increase roof
bolt length 1 to 2 ft longer than those employed in the entry between pillars.3
The increase in bolt length or decrease in bolt spacing can be applied to all of
the bolts in the intersection or employed only for the strategically located
bolts depending on the individual mine practices. These rather generalized
practices seem to be adequate for some areas but in many cases are inadequate for
others. Occasionally, the neighboring two lines of chain pillars are staggered
such that the crosscuts in one row of chain pillars face the centers of the
chain pillars in the neighboring rows. This layout forms T-tyze three-way
intersections which are also inadequate for most weak roofs.>:

A study was therefore initiated to develop special techniques for inter-
section supports. The first phase of the study was the analysis of the stress
fields for the underground entry intersections. A three-dimensional stress
analysis was necessary for this purpose. Unfortunately, the three-dimensional
problems of complicated boundary conditions are beyond the existing analytical
methods. The three-dimensional finite element method (FEM) was therefore
employed in this study. In the analysis, square pillars of 40 feet wide and
an entry height of 8 feet were assumed while entry widths varied at 14, 20, and
26 feet. This model was selected to simulate the mine where roof fall data
were collected. The second phase of the study was the collection of field
data. The sizes of the roof falls including heights, lengths and widths were
collected and analyzed. In the third phase study, the results of the first
and second phases were compared and discussed. The analysis of field data
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revealed an arching zone within which roof falls occurred. The arching zone
above an entry obtained empirically was compared with the calculated stress
contours. Assuming that the bolts must be anchored in the rock strata outside
the arching zone, the preferable systems of bolting were proposed. Also

the amount of pretension required to inhibit sliding between layers was
discussed.

FINITE ELEMENT MODEL ANALYSIS

The Model

The problem to be considered here is the analysis of a four-way entry inter-
section excavated in the elastic, homogeneous and isotropic materials subjected
to a vertical load equal to the overburden weight. A plane view of the four-
way entry intersection is shown in Fig. 3. 1In the analysis, an entry height
of 8 feet was assumed while entry widths varied at 14, 20, and 26 ft. Pillars
which consist of coal were assumed to be square and 40 feet wide. Because of
geometrical symmetry only the region, ABCD, was considered.

The idealized structural model of the region, ABCD, used in the finite
element method is shown in Fig. 4. The model consists of rock and coal. The
coal seam of eight feet thick is 592 ft. below surface. The material properties
used in the calculation are shown in Table 1. The model was divided into 521
three-dimensional hexahedrom elements each of which has eight nodes and 24
translational degrees of freedom. The model thus contained a total of 729
nodal points and 2187 degrees of freedom. Considering the symmetry of the
structure, boundary conditions were assumed as follows:

l. On the vertical planes at the boundary, the displacements
normal to each plane were constrained while external forces
parallel to each plane were zero.

2. On the surface, neither displacement constraint nor
external force existed.

3. On the bottom, the displacements in three-directions were
constrained.

The computer program '"NASTRAN" developed by NASA was used throughout the
analysis.?

Results

The stresses,® , & ,&,, and displacements d, dy, d, were obtained for each
of the 521 elements. Since it is rather cumbersome to present all of the data,

only those relevant to the subsequent analysis will be discussed here.

The vertical stress,S ,, on the horizontal plane at midheight of the coal
seam is shown in Fig. 5. The results indicate that for the 20 ft. entry
intersection, the maximum vertical stress, C_.., occurs at the corners of the
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pillar while the minimum stress occurs at the center of the pillar. The results for

the 14 and 26 ft. entry intersections show similar trends except the overall
stress level is lower for the 14 ft. entry intersection while higher for the
26 ft. entry intersection. Regardless of entry widths, the maximum vertical

stress 1s related to the average stress in the pillar by

Shax = 1.27 6. (1)

max

The average pillar stress is defined as

2
- e t W,
ave = (' -) ‘O (2)
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wvhere ©, is the overburden stress, and We and W, are the widths of entry and
pillar, respectively.

Fig. 6 shows the vertical displacement, d, at the roofline of the 20 ft.
entry intersection. The maximum vertical displacement (dmax) which occurs
at the center of the intersection is again related to the average pillar
displacement by a constant (Fig. 7).

dmax = ].47 d'[J (3)
and
H
d. = L
o E, ave %)

where H  1s the entry height and E. 1s the Young's Modulus of the coal pillar.
The dif?erence between the maximum displacement at the center of ithe inter-
section and the minimum displacement at the center of the pillar decreases as
it moves upward into the roof. The difference becomes negligible at a height
approximately one entry width above the roofline.

The vertical stress at the roofline is more complicated (Fig. 8). Small
tensile stress occurs at the center of the intersection and along the centerline
of the entry whereas compressive stress increases toward the pillar and reaches
the maximum value near the ribs. The areas where tensile stress occurs increase
with the entry widths (Fig. 9). It is restricted to a small circular area at the
center of the 14 ft. entry intersection but expands along the axes of the entries
as the entry width increases. A high stress concentration occurs at the corners
of the pillar (Fig. 10), the maximum value of which is found at the midheight of
the pillar. A highly destressed zone resembling an arch forms above the inter-
section.

The horizontal stress contours at the roofline are much more complicated.
The maximum tensile stress appears near the corner B (Fig. 11). A secondary
maximum tensile stress occurs at the center of the intersection. The maximum
compressive horizontal stress develops near the pillar ribs on the crossection
AB. However, the horizontal stress at the roofline is highly dependent on
the Poisson's ratio of the roof rock. A larger Poisson's ratio which
produces a larger confining pressure caused the tensile horizontal stress to
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restrict to a smaller area. As the Poisson's ratio decreases, the tensile stress
region increases (Fig. 12).

COLLECTION AND ANALYSIS OF FIELD DATA

The field data of roof falls at the entry intersections were collected
in an underground coal mine 592 ft. below surface. The coal seam was the
Pittsburgh seam with an average thickness of 8 ft. The entry width was 20 ft.
A total of 22 roof falls occurred and records were kept during the data
collection period. Since most roof falls assumed dome shapes with irregular
bottoms, the measured parameters are the maximum (D,,) and the minimum (D)
dimensions of the bottom, and the height of the roof falls. The maximum
and the minimum dimensions were measured at the roof line while the heights
were measured from the roofline to the highest points of the falls which were
generally at the centers of the falls,

The maximum bottom dimension of the fall ranges from 11 to 55 ft with an
average value of 28.27 ft. The minimum bottom dimension ranges from 9 to
30 ft “"with an average value of 18.9 ft, and the height ranges from 4 to 11
ft “with an average value of 8.45 ft (Fig. 13). If a nominal bottom dimension
(Dn) is defined as:

Dp "YPmax ° Pmin (5)

then the nominal dimension is related to the average height of the fall by
the following equation (Fig. 14)

Since the average nominal dimension for all of the roof falls was 22.65 ft. the
average height (Hg) of the falls based on Eq. 6 was 8.38 ft. Comparing the
values of these two parameters ( §e&, Dp and Hf) with the stress distribution
calculated for the 20 ft entry iutersection, it was found that the vertical
stress contour line of& . = 0.18, conforms to the arch shape formed by the
average roof fall dimensfons of Dp = 22.65 ft and H¢ = 8.38 ft (Fig. 15).
Using the criterion that the contour line,O, = 0.1, defines the boundaries
of the arch zone above the intersection that has more or less lossened up and
requires supports, the widths and heights of the arch zones above the inter-
sections of various entry widths can be determined as shown in Fig. 15.

PROPOSED ROOF BOLTING SYSTEMS

Suspension Method

If the rock strata within the arch zones discussed previously break and
require immediate support, the roof bolt patterns should be designed to carry
the rock weight in this region. The idea is to suspend the broken rock to the
overlying intact main roof. Fig. 16 shows the contour lines of the upper boun-
dary of the arch zone above the roofline while Fig. 17 indicates the proposed
bolt length distribution patterns for the 20 ft wide entry, assuming that at
least one extra foot of the bolts must be anchored at the strata outside the
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arch zone. Region I which covers the center of the intersection requires a
bolt length equal to or longer than one half of the entry width while those
near the corners (Region II) require a bolt length only one half of those in
Region I. The carrying weight per unit area in Region I is 1/25 g We and
that in Region II is l/l;ﬂl g We, whereﬁl g 1s the unit weight of the strata.

Similar criteria can be applied to the intersections of various entry

widths, including the 1l4-, and 26-ft entry intersections investigated in
this report.

Friction Reinforcement Method

T e S —S——

If there are thinly laminated strata in the immediate roof, roof bolting
patterns should also be designed to strengthen these strata. This can be
achieved by tightening them together to become a combined thick beam. A
thicker beam deflects or sags less than a thinner one. The principle behind
the beam building is to increase the frictional shear resistance between the
interstrata beddings which reduces or prohibits interstrata sliding.

The shear resistanée, Sr’ required to prevent sliding between strata may
be calculated by the following equations:

1f €20, s_={_ -/@‘-ZZ (7)
if¢5;<0, Sy 'iz; 'ir;

where Z:. -chz + Z' 2,/"13 the coefficient of friction andzo is the

esive shear strengthbetween strata. If the assumptions thatAd= 1 and
E?S = 0 are made for Eq. 7, the shear resistances required to prevent slidings
between strata are shown in Figs. 18 and 19. The most critical area where the
required shear resistance reaches the maximum value is located in a horizontal
plane approximately 3 ft above the roofline (Fig. 18). The maximum required

shear resistance on the horizontal plane is found near the corners. It decreases
toward the center and the corners of the intersection.

The required shear resistance varies with the widths of entry, coefficients
of friction and cohesive shear strengths. The effects of these parameters are
shown in Figs. 20 and 21. For a constant coefficient of friction, the required
shear resistance decreases either with increases in cohesive shear strength of
the interstrata beddings or with decreases in we/(w + We) andz:/d';, the

required shear resistance increases with increases in coefficient of friction
(Fig. 20).

The required bolt lengths for frictional reinforcement can be determined
by defining the region in which Sr?/O. The condition 817/0 simply means
that there is a need of frictional reinforcement to provide shear resistance.
Therefore, the required bolt lengths are the heights of the regions above
the roofline where S_.$0. Based on this criterion the bolt lengths for
various combinations of A, Wa/(Wa + Wg) andz-ols'a are shown in Fig. 21. For a
constant/‘ﬁ the required bolt lengths increase with increases in the ratios

of W,/ (W, + WP) and Z;/G'g. Similarly, for a constant value of we/(we + Wp)
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andéz;}cra, the required bolt lengths decrease with increases ing‘w. The
required bolt length for the frictional reinforcement can be either longer
or shorter than that required for the suspension method depending on the
various combinations of ¢ ,/& ,, W / (W, + Wp), and/" (Fig. 17).

Comparison Between the Two Methods of Reinforcement

The required bolt lengths in both methods are proportional to the entry
widths. But in the suspension method the required anchorage capacity or
strength and length of the bolt neither vary with the coefficient of friction
between strata, nor the cohesive shear strength whereas in the friction
reinforcement method they are highly dependent on these two parameters.
Therefore in designing an optimum roof bolting pattern for an underground
four-way entry intersection, the required anchorage capacities or strengths
and lengths of the bolts shall be calculated for both methods. A choice
between the two methods can then be made based on the available anchorage
capacity, bolt length, strata conditons and other requirements.

To illustrate the design procedures, an example is shown in Table 2 for
a 20 ft. entry intersection. Clearly the bolt length required for the
friction method is much shorter than the suspension method but the bolt
strength or anchorage capacity required for the friction method is larger than
the suspension method when / /& £0.02. If there are numerous thinly
laminated strata in the immediate roof, the minimum length and strength of the
roof bolts should meet the requirements stated in the friction reinforcement
method. Conversely if the immediate roof is fairly thick but breaks
easily without supports, the minimum bolt length and strength (or anchorage
capacity) should be selected based on the suspension method. However, in most
underground coal mines the roof conditions do not provide a clearcut dividing
line for either the suspension or the friction method. Under such conditions,
the most reliable method is probably to deisgn for the most severe case required
for both the suspension and the friction reinforcement.

CONCLUSIONS

1. The calculated results indicate that an arching zone is formed
above a four-way intersection and a region of vertical tensile
stress 1s developed over a short distance into the roof.

2. The analysis of field data combined with the calculated result
shows that roof falls occur within the region where&,20.108_.

3. Suspension and reinforcement methods of roof supports were studied.
Preferable bolting systems for both methods were proposed in the paper.
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TABLE 1. Properties of Rock and Coal

Young's modulus

Specific
kP/ft2 Poisson's ratio Gravitx
5
Rock 1.83 x 10 0.25 2.5
5
Coal 0.55 x 10 0.30 1.3



TABLE 2. Required Strength and Length of
a Bolt for 20' Entry Intersection

Assumed Values in the Calculation

We = 20° /: g = 150 le/ft3
Wp = 40 G = 89000 1bs/ft>
M= 1.0 bolt pattern: &' x &'
Suspension Friction
Method Method
Z;, /d'o Any Value 0 0.02 0.04
Bolt length (ft.) 10° S 7 4,9 3.7
Bolt Strength¥*(1lh)
or Anchorage 24,000 74,000 46,000 17,000
Capacity

R
Shear strength for a resin bolt and tensile strength for the others.
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Fig, 5 Vertical Stress Distribution at Midheight of the Coal Seam
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