16th CONFERENCE ON GROUND CONTROL IN MINING

Control Mechanism of a Tensioned Bolt System in the Laminated
Roof with a Large Horizontal Stress

Song Guo, Asst. VP-Engineering
John C. Stankus, Vice President-Engineering
Jennmar Corporation
Pittsburgh, PA

ABSTRACT

This paper will present the roof bolting finite element
model developed at Jennmar Corporation used to study the
control mechanism of the tensioned bolt system in the
laminated roof with a large horizontal stress. In addition, it
will discuss general support concepts pertaining to the
tensioned bolt system which are derived from a series of
studies in conjunction with the authors’ working experience
and extensive research efforts over the years.

INTRODUCTION

The tensioned bolt system has been widely used in
underground coal mines to effectively control thinly-
laminated roof strata such as shale, sandy shale, and/or
sandstone. This bolt system is an active type support in
contrast to the passive bolt system such as non-tensioned,
fully grouted rebar. It not only provides a high installed load,
but also a high stiffness, and a quick interaction with the mine
roof once it has a tendency to separate within the bolting
range.

Over the last few years, extensive field research projects
with instrumentation studying the mechanics of this bolt
system have been conducted. Also, in conjunction with the
field testing, a computer model has been developed using the
finite element method permitting further investigation of the
control mechanism of this bolt system.

Horizontal Stress
Horizontal stress can be classified into two categories:

1. Low Horizontal Stress

In this case, the roof will fail in the form of tensile failure
in the entry center or in the form of vertical shearing at the

roof/rib comner. Normally, these types of failure are
associated with noticeable roof sagging and separation.
Within a certain limit, the larger the horizontal stress, the
stronger the strength of the bolted roof will be in terms of
reducing tensile stress (tensile failure) in the center of the
entry and shear stress (vertical shearing failure) at the entry
corner.

2. High Horizontal Stress

High horizontal stress can cause two major types of roof
failure. The first type is cutter roof either at the entry corner
or shear fracture in the middle portion of the entry.

Finite element analyses always indicate that the maximum
horizontal stress concentration occurs at the entry corner in
the roof surface, specifically, 1'-2' from the ribline when the
high horizontal stress is oriented perpendicular to the entry
direction in 2-dimensional modeling, and perpendicular to (or
close to perpendicuiar) in 3-dimensional modeling. It is
believed that if this concentrated horizontal stress exceeds the
lateral compressive strength of the roof, cutter roof
(horizontal shearing failure) will occur. The study of post-
failure process of cutter roof is beyond the scope of this

paper.

The second type of roof failure is the delamination or bed
separation of the roof strata and lateral shift due to low
installed load or delay in installation of the bolt. The roof
sags in the entry center, inducing tensile failure.

Roof Separation

Under the low horizontal stress condition, the bed
separation in the thinly-laminated strata implies that each
laminae behave independently in accordance with the classic
beam theory. The function of the roof bolt is to form the
multiple laminae into a monolithic beam that is more resistant
to the tensile stress developed at the bottom of the beam and
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shear stress at the center line of the beam (Fig. 1).

When a high horizontal stress condition exists, each
laminae would be subjected to compressive stress only,
except when tensile stress is developed associated with
excessive roof sag. As a result of lateral shift at the interface
between each laminae, the horizontal stress concentration
would occur in the bottom side of each laminae at the entry
corner (Fig. 2). Once bed separation initiates and propagates
across the entry width, the stress state in the roof at the
horizon where the bed separation occurs would be the same
as that in the roof surface at the entry corner. Therefore, if
the bolt is used to prevent any bed separation, it will allow
each laminae to react to each other and provide vertical
confining pressure, thus increasing the shear strength.

Two types of separation are defined in terms of roof
control:

* separation within bolting range (8,)
* separation above bolting range (8,)

Roof Bolting Model

Recently at Jennmar Corporation, a family of generic 2
and 3-dimensional finite element models for typical mine
layouts (room and pillar, as well as longwall mining with up
to 4-entry gateroad system) have been developed (Stankus
and Guo, 1996). All these models will serve as coarse
models. Other models (2 and 3-dimensional), called
submodels, are constructed based on the coarse model
output. In these coarse models, the number of layers,
material properties, and mine geometry can be specified. The
domain of the submodel is the area of concern that is cut out
from the coarse models. In the submodels, a much finer mesh
can be enforced while incorporating the gap and bolt element.
The submodels are designed to be generic, where the input
for the gap element, bolt system parameters, and element size
can be arbitrarily specified. The boundary condition applied
at the cut-out boundary is automatically applied with input
coming from the coarse model at the same boundary. This is
based on the assumption that the domain for the submodel is
large enough to overcome the boundary effect, since the
effect of delamination and the bolt is limited in area.
Therefore, the boundary at a certain distance from the entry
in the submodels will be identical to the boundary condition
without considering bolt and gap elements in the coarse
models. The same element size is maintained in the
submodels for all the elements in the domain in order to make
unique input values for normal and shear stiffness. Further,
it is more convenient to base the adjustment of stiffness
values on different element size. The input parameter for the
bolt element is size, length, bolt stiffness, and installed load.
The bolting pattern (bolt spacing and row spacing) can be
specified.

The coarse and submodel for 2-dimensional modeling is
illustrated in Fig. 3. Gap elements are utilized to model the
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bedding plane between each lamination. The bolts are
modeled using 1-dimensional bar elements with initial
installed load modeled by concentrated loads at two extreme
ends of the bolt. The characteristic curve of the gap element
is shown in Fig. 4. Three parameters unique to the gap
element are normal stiffness, shear stiffness, and the
coefficient of friction. Installed load and bolt length have
been identified as the most important parameters in bolt
design. Bolt design criteria can be centered around the
optimum selection of these two parameters.

Installed Load

It has been proven through the roof bolting models
described above, that for any given roof property and in-situ
stress condition (both vertical and horizontal), increasing the
installed load of the bolt, without being subjected to any
limitation, will prevent separation within and above the bolted
range for any given bolt length. This is conceptually shown
inFig. 5. This concept is, in principle, equivalent to restoring
initial confining pressure in the roof being released at the roof
surface due to mining.

With increased installed load, the horizon where the large
horizontal stress concentration at the corner occuring due to
lateral shift along the lamination planes, is reduced.

A. Under High Horizontal Stress Condition

Under a high horizontal stress condition, the relationship
between the installed load and total bed separation is depicted
in Fig. 6.

In this condition, when the installed load is low, the bed
separation occurs within and above the bolt range and can
reach a high horizon in the roof As the installed load
increases, both 8, and &, become smaller. When the installed
load reaches the point where 8, is zero, the bed separation
(8,) reaches zero. Further, sometimes 8, can reach zero
before §,.

Ensuring no separation within the bolt range can ensure
no separation above the bolt range (Fig. 6). This can be
expressed as:

Py=P 4.0

To satisty this condition, it is more practical and
economical to shorten bolt length without being detrimental
to roof stability.
B. Under Low Horizontal Stress Condition

Under the low horizontal stress condition, the relationship
between the installed load and total bed separation is depicted
in Fig. 7.

It can be seen that when the installed load increases to
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P,, - ,» bed separation within the bolting range is eliminated.
However, bed separation (,) above the boiting range still
remains. In other words, the installed load that ensures no
separation within bolt range cannot guarantee no separation
above the bolt range. This is especially true when the
bedding plane is weak and the roof material is soft. By
continuing to increase the installed load, 8, will tend to reach

zero.
The optimum installed load can be expressed as:

Py=P g0

BOLT LENGTH

In certain situations, the optimum installed load to
prevent 8 from occurring may be too high to be practicaily
achieved. In this case, focus can be given to adjustments in
the bolt length. Increasing the bolt length has been proven to
be more feasible and cost effective when the horizontal stress
is low. However, increasing length must also be
accompanied by a larger installed load.

There is a chance that increasing bolt length still may not
be able to eliminate separation within the bolted range. The
longer the bolt, it may be more difficult for the bolt to clamp
the thick beam tightly.

EFFECT OF FRICTIONAL COEFFICIENT

The frictional coefficient (i) between bedding planes has
been identified as one of the most important factors that
affect the optimum installed load. The relationship between
the friction coefficient and optimum installed load is depicted
in Fig. 8.

The scenario in which the optimum installed load might
be too high is when the friction coefficient is too low. Asp
increases, the optimum installed load would reduce
considerably.

Also, when the friction coefficient is low, the roof horizon
where the horizontal stress concentration at the corner occurs
due to lateral shift is high. As the frictional coefficient
increases, high horizontal stress concentration will be reduced
to a lower roof horizon.

SUMMARY

The magnitude of the horizontal stress dictates the control
mechanism of the tensioned bolt system. Under a low
horizontal stress condition, the tensioned bolt system builds
a composite beam. Under a high horizontal stress, it allows
each laminae to react to each other so that the vertical
confining pressure is maintained at the lamination plane, thus
increasing the shear strength of the roof.
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The developed roof bolting model takes into account
various factors such as in-situ stresses, material properties,
mine geometry, and bolt parameters. Modeling of lamination
plane through the use of the gap elements is a key in
analyzing the thinly laminated roof strata condition.
Currently, this model is being utilized for actual mine roof
bolting design.
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