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PROCEDURES FOR DETERMINING SUPPORT OF EXCAVATIONS 
IN HIGHLY YIELDING GROUND 

By J. D. Dixon, 1 M. A. Mahtab,2 and T. W. Smel ser 3 

ABSTRACT 

This Bureau of Mines report describes the results of an investigation 
for developing and applying procedures for stabilizing excavations open
ings in highly yielding ground. The approach developed in this report 
involves nonlinear modeling of the progressive relaxation of the zones 
of rock mass around the excavations opening where Coulomb criterion of 
failure is exceeded. 

Stresses are calculated by using a computer code; Coulomb-failure con
dition is examined for both intact rock and joints (using strength pa
rameters ~ and c). The rock mass in the failed zones is relaxed by re
ducing the Young's modulus of the rock based on an empirical formulation 
that is a function of the shape of the opening and the extent of the 
failed zone. In addition, the material in the failed zone is assigned 
reduced strength paramters ~' and c'. The limiting (or convergent) re
laxed zone is obtained through an iterative process by manually changing 
the rock modulus and the strength parameters between iterations. Sup
port pressures are computed by applying forces normal to the excavation 
surface. The approach is applied to the analysis of stability and sup
port requirements for an entry in a longwall coal mine. 

1Research structural engineer, Spokane Research Center, Bureau of Mines, Spokane, 
WA. 

2Associate professor of mining, Henry Krumb School of Mines, Columbia University, 
New York, NY. 

3Supervisory mechanical engineer, Spokane Research Center. 
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INTRODUCTION 

An important problem in underground 
mining is that of stabilizing excavations 
in highly yielding rock masses. In un
derground excavations, this behavior is 
manifested by the intrusion of rock into 
the opening made by the excavation. Ex
amples of rocks prone to this behavior 
are coal and coal measure rocks, fault 
gouge, uranium sands, and highly jointed 
or fragmented rock. In mining and tun
neling situations, these rocks produce 
relatively large deformations that lead 
to interference with mining operations 
and produce safety hazards. This report 
is concerned with the development of a 
rational basis for calculating pressures, 
applied against the underground excava
tion surface, that are needed to confine 
the rock, prevent instrusions, and bring 
about stability. This solution is useful 
for assessing the minimum requirements 
for artificial support for excavations in 
highly yielding rock masses. 

In a previous investigation (4),4 meth
ods were developed for calculating con
finement pressures for preventing Coulomb 
failure along the surface of an under
ground excavation in rock. The elastic 
stress distribution around underground 
excavations, and the Coulomb strength pa
rameters, c, and $, were used as the ba
sis for making this calculation. In 
overstressed rock, confinement pressure 
distribution around the excavation repre
sents a solution for determining artifi
cial support requirements for stabilizing 
the opening. 

For two reasons, the previous solution 
is conservative and overpredicts rhe mag
nitude of confinement pressure actually 
needed for stability. First, the stress 
distribution obtained from the elastic 
analysis overpredicts the magnitude of 
stresses in areas where the rock material 
yields. In such areas, stresses are re
distributed away from the edge of the ex
cavation, leaving lower stresses and, 
therefore, lower confinement pressure 

4Underlined numbers in parentheses re
fer to items in the list of references 
preceding the appendix. 

needed for stability. Second, the earli
er solution does not account for a degra
dation of the initial rock-strength 
parameters, c and $, that occurs in 
yielding rock. Beyond certain strain 
limits, these parameters degenerate to 
their residual values, c' and $', thus 
extending and modifying the plastic zone 
(or shear zone) that develops around the 
excavation. This further reduces the 
stresses at the boundary of the excava
tion and, therefore, the required con
finement pressure. This procedure is 
overly conservative and predicts much 
higher confinement pressures than are 
needed. 

By extending the methods developed in 
the earlier investigation, a solution ap
proach is presented here that takes these 
factors into account. This approach in
cludes the calculation of the elastic 
stress distribution around an underground 
excavation using the finite-element meth
od, a procedure for determining the zone 
of plastic yielding, a method for reduc
ing Young's modulus in the plastic zone, 
and a method for determining the confin
ing pressure distribution necessary for 
bringing about stability. 

There are no engineering solutions that 
adequately treat the problem of stabiliz
ing excavations in highly yielding rock 
masses, although some approximate solu
tions are available. 

Most investigators recognize that a 
support system in highly yielding ground 
must meet two requirements. First, it 
must supply sufficient confinement or re
inforcement to allow stresses in the rock 
to readjust until stability is achieved; 
and second, it must comply with the 
movements of the rock mass without losing 
its ability to provide confinement and 
reinforcement. 

The stability of underground excava
tions in yielding rock depends on the 
shear strength of the surrounding mass. 
Westergaard (8) published a solution for 
the stresses around a borehole, assuming 
that a plastic zone develops around the 
hole when the material fails according to 
Coulomb criterion. The results showed 



that a small radial confining pressure at 
the surface of the borehole enabled the 
radial stresses to increase rapidly with 
distance, such that the radial pressures 
at a fraction of the radius (behind the 
borehole surface) furnished sufficient 
confinement to support the high circum-
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ferential stresses. Hendron and Aiyer 
(5) advanced a solution to this problem 
by assuming that the yielding material 
behaved as an incompressible solid and 
account for the dilatant behavior of the 
rock mass. 

DISCUSSION 

PRELIMINARY CONSIDERATIONS 

Failure and Strength of Rock 

The behavior of underground excavations 
is manifested in many forms. In a weak 
rock that is considerably overstressed, 
the behavior is characterized by large 
rock deformations and intrusions of the 
rock into the opening. In a predominant
ly vertical stress field, these deforma
tions occur along the sides of the exca
vations, resulting in the material fall
ing out of the roof--a rock-loosening 
ty~e of behavior. 

The stress condition on the rock mass, 
relative to its strength, is a factor 
that preconditions the behavior of an un
derground excavation. For instance, if 
the rock is considered to be a Coulomb 
material (as it will be throughout this 
report), then the closer the stress con
dition is to the Coulomb failure surface 
(fig. 1) before excavation, the greater 
is the tendency of the rock toward defor
mation into the opening after excavation. 
While the magnitude of stresses in one 
rock mass may be at the threshold of 
failure prior to excavation, another may 
have low-level stresses and be capable of 
sustaining relatively large increases in 
stress before reaching this threshold o.f 
failure. 

The stress-strength condition of rock, 
usually unknown before excavation, is es
timated in the design assumptions and 
criteria for underground construction. 
This, in part, is due to the difficulties 
in determining either the in situ state 
of stress or the in situ rock strength. 

Stability Requirements 

Three mechanisms, stress redistribu
tion, reinforcement, and confinement, 
singly or collectively, promote a stress 
condition in the rock that does not ex
ceed the Coulomb failure surface. 

The stress redistribution that occurs 
due to the presence of the excavation is 
concentrated near the boundary. Tangen
tial stresses are in excess of field 
stresses, and the radial stress is zero 
at the boundary. If it is assumed that 
the circle A in figure 1 is the Mohr dia
gram for the stress condition on an ele
ment of rock near the boundary of the 
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excavation, then the tangential stress is 
the minimum algebraic principal stress, 
q, and the radial stress is the maximum 
algebraic principal stress, p. As shown, 
this stress condition exceeds the Coulomb 
failure surface and cannot exist indef
initely. Either the material will break 
down to allow further stress redistribu
tion to occur, or, if artificial support 
is present, the material can be rein
forced or confined sufficiently such that 
failure will be prevented. 

If unsupported, an overstressed excava
tion can achieve stability only through 
the mechanism of stress redistribution. 
In this process, material failure will be 
necessary. Material properties such as 
Young's modulus, Poisson's ratio, fric
tion angle, and cohesion will undergo 
changes as internal fractures and flaws 
develop, thus allowing material deforma
tions that are necessary for the stress 
redistributions to occur. High stresses 
near the boundary will be lowered as ex
cessive loads are transferred deeper into 
the rock abutments. In figure I, this 
process is represented by the reduction 
of the tangential stress, from q to q', 
such that the stress circle falls within 
the Coulomb failure surface. The stress 
redistribution that is necessary is shown 
in figure 2, section C. 

The two other mechanisms, reinforcement 
and confinement, are associated with the 
installation of support after excavation 
of the rock; these two mechanisms are re
presented in sections B and A, respec
tively. In general, artificial supports 
are not installed until excavation and 

mucking operations are completed and may 
not initially be fitted tightly against 
the excavated surface. Therefore, in 
overstressed rock, uninhibited deforma
tions will accompany the stress redis
tribution until the slack between the 
artificial support and the rock face is 
taken up. Reinforcement of the rock face 
results in lowering the minor principal 
compressive stress from q to q' as indi
cated in section B. Excessive stresses 
in the rock are shed to artificial rein
forcing members placed around the excava
tions as the overstressed rock yields. 
Concrete linings, shotcrete, steel 
columns, and timber posts are examples of 
such reinforcement. 

The third mechanism, confinement, is 
promoted by the normal pressures that de
velop between artificial supports in the 
presence of the inwardly deforming rock. 
The confinement pressure, p, is increased 
until the stress circle is contained 
within the failure surface, as indicated 
in section A. 

After excavation, but before the 
achievement of stability, the rock may 
slough if its strain limits are exceeded. 
Interaction between the support system 
and the rock mass leads to the develop
ment of forces that mayor may not stabi
lize the rock mass. If the support sys
tem is poorly adapted, or is inadequate, 
the induced rock pressures may cause 
failure in the support system before sta
bility is achieved. When rock bolts are 
used and the deformability characteris
tics of the rock mass and bolts are 
grossly mismatched, the anchorage points 
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FI GURE 2. - Meehan isms for achieving stress equi I ibrium around underground excavation. 



of the bolt may fail, or, in the other 
extreme, the bolt may not be adequately 
loaded to bring about stability. 

One approach for stabilizing the exca
vation would be to calculate the required 
confining forces without consideration of 
the support system, and then design a 
system capable of supplying these forces. 
This approach does not consider other in
teractions between the support system and 
the rock mass that may lead to premature 
local failures, either in the rock or of 
the supports. These interaction forces, 
not necessarily related to those required 
for stability (see discussion above), re
sult from the deformational interactions 
between the rock mass and the support 
system that are caused by changes in the 
stiffness of the two systems. For in
stance, as the rock mass deforms, the 
support system must adjust to this defor
mation, requlrlng the development of 
forces between the two systems. 

Another approach to stability would be 
to follow the excavation and installation 
sequence, thus evaluating the support
rock mass interactions at each step. 
This may allow a design of the support 
system that accounts for the interacting 
forces but does not supply the necessary 
stability conditions. 

The solution process that was evolved 
to treat the difficulties in the above 
approaches is discussed in the next sec
tion of this report. 

SOLUTION PROCEDURE 

An outline of the solution procedure 
for stabilizing drifts in highly yield
ing ground (fig. 3) is given below and 
is further discussed in subsequent 
sections. 

1. Perform a two-dimensional, linear, 
elastic stress analysis of the under
ground excavation (figure 3, section A). 

2. Determine the zone(s) of incipient 
failure of rock around the excavation 
using the Coulomb-strength parameters c 
and ~ (section B). 

3. Reduce the elastic modulus of the 
rock in the failed zone (section B). 

4. Repeat the stress analysis as in 
step 1. 

E, y 

o 

At Stress analysis of 
underground excavation 

C. Extended zone 
of Incipient rock 
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FIGURE 3. - Schematic representing steps of 

so I ut i on process. 

5. Determine the extended zone of in
cipient rock failure using the strength 
parameters c and ~ (section C). 

6. Iterate steps 3, 4, and 5 until 
convergence has been achieved. 

7. Determine requirements for achiev
ing ground control based on reduced
strength parameters c' and ~' of the rock 
elements adjacent to the excavation 
surface. 

a. Evaluate the confinement pres
sure necessary (section D), or 

b. Evaluate the combined confine
ment pressure and tangential reinforce
ment (section E). 

METHOD OF STRESS ANALYSIS 

In the solution procedure given above, 
linear stress analyses are made to ap
proximate the progressive rock-loosening 
process and determine the stability re
quirements. The finite-element method 
(2, 9) was applied in making these anal
yses7 The NONSAP computer code, developed 
by Bathe, Wilson, and Iding (3), and 
modified by Dixon and Mahtab (iT, was 
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used in this investigation. An independ
ent two-step procedure is used in per
forming this analysis. In the first 
step, the stress redistribution in the 
rock mass due to progressive rock proper
ty degradation is found. In the second 
step, stabilizing requirements of the 
support system are determined. In either 
step, the presence of the tunnel support 
is not considered as part of the finite
element mesh. The analyses assume two
dimensional plane-strain conditions. 

To approximate the progressive loosen
ing process, an iterative technique is 
used in which the modulus of rock in the 
loosened zones was reduced manually be
tween computer executions. This analysis 
is iterated until convergence of the so
lution is obtained. Convergence is con
sidered to be attained when successive 
solutions indicate no further extension 
of the loosened rock zone. At this 
point, the rock mass is readjusted in 
compliance with the existing stress and 
strength conditions. 

In the loosened rock zone, the rock 
strength parameters ~ and c are consider
ed to have degraded to residual values, 
c' and ~'. In the limiting case, cohe
sion is considered to be lost (c' = 0), 
and the friction angle is reduced to a 
minimum value (~' = 30°). Therefore, the 
excavation may be unstable unless con
finement or reinforcement is provided. 

In the next step of the analysis, the 
stabilizing requirements of the support 
system are determined as necessary to re
duce the tangential stresses around the 
opening to be in compliance with the re
duced rock-strength properties, c' and 
~'. The stabilizing requirements are the 
confining pressures and tangential forces 
that are supplied by the tunnel support 
system. 

In the process of designing a support 
system, not further described here, the 
forces due to confinement and reinforce
ment are applied to the support system in 
order to determine the internal stress 
distribution in the support system. This 
will allow the analyst to compare the ex
isting stress condition against the sup
port material strength, as in the design 
process. 

The procedure for determining confining 
pressure distribution is provided in the 
subroutine STABIL (4) used in conjunction 
with the NONSAP code. The subroutine 
does not consider the contribution of 
reinforcement toward stability, but a 
similar procedure is conceivable. Such a 
procedure would require additional ra
tionale for assigning the relative 
contributions of confinement and re
inforcement toward the achievement of 
stability. 

Some support systems, such as rock 
bolts, supply only confinement while 
others, such as rigid linings, supply 
both confinement and tangential rein
forcement to the adjacent rock. In gen
eral, confinement alone is sufficient for 
bringing about stability. However, rein
forcement alone cannot bring about sta
bility if cohesion does not exist. 

DETERMINATION OF FAILED ZONES 

This section presents the methods used 
to determine failure zones in the rock 
mass around an underground excavation and 
used in the computer solutions. The 
treatment given here is based on graphi
cal and analytical expressions utilizing 
Mohr's stress diagram for illustrations. 
The analysis procedures presented are 
used for comparing the existing shear 
stress, Tn' with the existing shear 
strength, S, at any point in the rock 
mass around the excavation. Where Tn > 
S, the rock is considered to have failed. 
These procedures are incorporated into 
the computerized solution technique. 
Considerations are made for evaluating Tn 
and S for both intact and jointed rock. 

The state of stress at a point is rep
resented in figure 4. An element is sub
jected to compressive principal stresses 
p and q. Obert and Duvall (6) give sign 
conventions and methods for constructing 
a Mohr stress diagram. 

The Coulomb shear strength equation is 

S = c + IOnl tan ~, (1) 

where S shear strength of the rock, 

c cohesion of the rock, 
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q 
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FIGURE 4. - Coulomb failure surface and Mohr 
stress circle at incipient fai lure condition. 

~ friction angle of the rock, 

and on the compressive normal stress 
on the incipient failure 
plane. 

In this discussion, the quantities ~ and 
c are considered to be positive. 

Equation 1 is plotted on the Mohr 
stress diagram (fig. 4). The failure 
condition occurs when the Mohr stress 
circle becomes tangent to the Coulomb 
failure surface (at points A and B). The 
principal stresses for this condition are 
p and q. Note that each of the two 
points of tangency represents a different 
failure surface. In relation to the unit 
stress element, these failure surfaces 
can be found by the usual graphical tech
niques. The stress condition at point A 
can be determined by rotating counter
clockwise at 26 from the p axis on the 
Mohr diagram and, conversely, clockwise 
at 6 from the p axis on the unit stress 
element. Note, that from trigonometry, 

1-61 = 45 0 -~/2. (2) 

We may denote this failure surface A. In 
the same way, we may find the stress 
condition along the other failure surface 
B (fig. 4). Note that in this case, 
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(3) 

Along these planes (A and B), the stress 
conditions that define the Coulomb fail
ure criterion are the normal stress on 
and the shear stress Tn' which can be de
termined graphically from the quantities 
given in figure 4. Here we find that 

rt = p+q + x. vn 2 

Since x :;; p-q cos 
2 

26, 

hence on = p+q + p-q cos 
2 2 26. (4) 

Also, we find that 

Tn = - p-q sin 26. 2 (5) 

The negative sign in equation 5 is neces
sary to assure that the sign of Tn is 
positive (note that the angle 6 is nega
tive i~ this case, and the quantity p-q 
will always be positive). 

Since ~ and 6 are related, equations 4 
and 5 can be expressed in terms of ~ as 
follows: 

+ sin ~, (6) 

cos ~" (7) 

Equation 7 does not prescribe a sign for 
Tn' since failure could occur in either 
of the directions ±6 from q. If the di
rection 6 is known, equation 5 may be 
used to correctly identify the sign of 
Tn" 

These equations predict the stress con-
dition at failure. 'An estimate of the 
severity of an existing stress condition 
compared with the strength is given by 
the quotient 

F Tn. 
S 

(8) 
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If failure were imminent, this quotient 
would equal or exceed 1.0. The calcula
tion for Tn is based on the preceding 
equations 5 or 7; however, the calcula
tion of S involves an element of subjec
tivity. This subjectivity arises because 
the existing stress condition does not 
necessarily provide a stress circle that 
has tangency with the failure surface, 
and there exist multiple possiblities as 
to what stress' change must be made to 
achieve the tangency condition. Even 
though the existing normal stress un is 
known, it is not generally possible to 
predetermine what normal stress, say u~, 
would exist at the point of incipient 
failure. This point is illustrated in 
figure 5. The existing stress condition 
can be modified in three different ways 
to bring it to tangency with the failure 
surface: 

1. Decrease the magnitude of p to pI 
(f igure~, section A). . 

2. Increase the magnitude of q to ql, 
and decrease the magnitude of p to pI 
(panel B). 

3. Increase the magnitude of q to q' 
(section C). 

As indicated in figure 5, un changes 
for each of these possibilities, and S is 
likely to be overevaluated or underevalu
ated. Since u is available from the ex
isting state o~ stress and represents an 
intermediate value of uti, it is a likely 
choice for the calculation in equation 8 
and is used whenever necessary, thus 

(9) 

T 

-0 -0 
q' 

When joints exist in a rock mass, shear 
failure may occur along the joint surface 
instead of through the intact rock. To 
evaluate the strength and stress condi
tions along a joint plane, the same 
approach (as used for intact rock) can be 
applied. In this case, failure must 
occur along the plane of the joint in
clined at e from q (fig. 6). The Coulomb 
strength equation is as follows: 

where 

and 

S· 
J 

(10) 

shear strength of the joint, 

Cj = cohesion of the joint, 

~j friction angle of the joint, 

= compressive normal stress on 
the plane of the joint. 

Equation 10 is evaluated by computing 
the quantities Unj and Tnj from a stress 
analysis of the structure. Given the 
state of stress at a point, and the ori
entation of the joint plane, this evalua
tion is illustrated on the Mohr stress 
diagram of figure 6. Since the strength 
of the joint computed from equation 10 
depends on the joint inclination e·, the 
joint strength may exceed the intac~ rock 
strength for certain values of ej. 
Therefore, both the intact-rock shear 
strength and the joint shear strength 
should be computed and compared with the 
shear stress along the potential planes 
of failure. 

T T 

p P' -0 -.+---r---~~~--+---~ 

/ 
" / 

A, Decrease p 

......... _-/ 

B, Decrease P
J 

increase q 
C, Increase q 

FIGURE 5.· Evaluation of normal stress on fai lure surface. 
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REDUCTION OF ELASTIC MODULUS 
IN FAILED ZONE 

The failed zones in the rock mass, de
termined by the procedures given above, 
are considered to have undergone changes 
in their effective stiffness. In the 
analysis procedure (steps 3 and 5), the 
modulus of the rock mass is decreased in 
these failure zones. However, a rational 
method is needed for determining this re
duction of modulus. Some finite-element 
codes, such as BMINES (7) or ADINA (1), 
provide nonlinear material models, based 
on Coulomb-type behavior, that reduce the 
modulus of the material in the failed 
zones. In this investigation, problems 
were encountered in obtaining converged 
solutions. 

Consequently, an empirical approxima
tion scheme was developed for reducing 
the modulus in the failed zones. A basic 
requirement was that the modulus reduc
tion must be compatible with the failure 
criterion; that is, the stress distribu
tion in the failure zone must everywhere 
satisfy the equation 

(11) 

Several candidate relationships for es
timating the reduced modulus in the fail
ed (plastic) zones were evaluated. The 
relationships that best met the criterion 
stated by equation 11 were characterized 
by having values that decay exponentially 
with distance from the nonfailed (intact 
or elastic) rock zones. That is, the re
duced modulus, Er , increases very slowly 

9 

near the edge of the opening (where rock 
has failed) and then increases nearly ex
ponentially as the elastic-plastic bound
ary is approached. 

A similar relationship between the re
duction factor for rock modulus, 
Er/Eseis, and quality of rock, RQD, is 
shown in figure 7 (5). This relationship 
is based on field -tests around under
ground excavations and suggests that at 
the boundary of the opening, where RQD is 
nearly zero, the effective modulus of the 
broken rock, Er , is about 15 pct of the 
modulus of the intact rock, Eseis. With 
increasing distance from the boundary 
(that is, with increasing RQD), the modu
lus of the rock increases gradually, up 
to a RQD of 0.65 and very rapidly there
after, finally becoming equal to the 
value of the modulus for intact rock when 
the RQD equals 1.0. 

Based on these findings, the formula
tions for reduced modulus of rock in the 
broken or plastic zone were developed for 
this study as a function of distance from 
the edge of the opening (in the case of 
simple geometries of plastic zones) or 
from the centroids of odd-shaped plastic 
zones. 

For circular excavations, the relation
ship 
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FIGURE 7. - Relation between rock quality and 

modu I us-reduct ion factor. 
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[ (~=:Y (~=:Y 1 
EriE = 0.15 3.95 + e (12) 

was formulated. This relationship was 
plotted in figure 8. In equation 12, the 
reduced modulus, Er , at a radial dis
tance, r, in the plastic region is re
lated to the initial modulus, E, by the 
radius of the excavation, a, and the ra
dial distance, R, to the elastic-plastic 
boundary. The symbol e is the base of 
natural logarithm (=2.71828···). 

In making the modulus reductions, iter
ations of the stress analysis are re
quired. After the first iteration, an 
approximation of the failed rock zone is 
determined. Then, by manual calculation, 
the modulus is reduced in this zone. The 

R-a R-a 
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FIGURE 8. - Assumed modulus distribution 

around circular underground excavation. 

second and subsequent iterations are re
ported in this way. The area of the 
failed rock zone is extended until no 
further changes occur between two suc
cessive iterations. This method was de
veloped by performing analyses using a 
circular excavation shape. An example of 
the progressive development of the plas
tic zone achieved by this method is given 
in figure 9. 

For noncircular openings, equation 12 
cannot be used because of its dependency 
on the radius, a. In this case, the fol
lowing modified version of equation 12 
was used: 

[ (fY (f/] 
EriE = 0.15 3.95 + e (13) 

The use of equation 13 is illustrated by 
figure 10. This is an example of an ex
cavation of rectangular cross section 
that contains failed rock zones of two 
different shapes. 

In the zone designated as "failed rock 
region 1," a focal point is determined 
from which the values rand R are mea
sured to points within and at the bound
ary, respectively, of the failed zone. 
The focal point is the approximate cen
troid of the zone. In the other zone, 
designated as "failed rock region 2," the 
values rand R are measured from the ex
cavation surface to the points c (within 
the failed zone) and d (boundary of fail
ed zone), respectively. 

The reduced modulus, Er , is thus com
puted throughout the failed rock zones 
and used in the finite-element analyses. 

Steps 1 through 6 have defined the ex
tent and properties of the failed zone 
around the excavation. In step 7 of sol
ution procedure, the confining pressure 
distribution is computed, based on the 
reduced strength parameters c' and ~'. 

In either instance (intact or jointed 
rock), the stabilizing pressure p is ob
tained by substituting the values of an 
and Tn (equation 5 and 6) into the fail
ure law (equation 1 or 10): 
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p 
q[sin 28 - tan p (I-cos 28)] + 2c 

sin 28 + tan ~ (l+cos 28) 
(14) 

Ova 300,000 Ibf/ft' mm 
_(r-a) k- --

R-a 

0h a 100,000 Ibl/ft' 

FIGURE 9. ~ Progressive development of plas
tic zone around circular excavation. 

Failed rock region 1 

Failed rock region 2 

~+-¥------------------------~ 

In general, f)3 (f 3 
EEr = 0.15 [3.9 5( R + e ~) l (13) 

For the failed zone in the shaded area, 

Er 
T=O.15. 

FIGURE 10 .• Method of modulus reduction for 
odd-shaped, fai led rock zones. 

The angle, 8, is the orientation of the 
failure plane with respect to the minor 
principal stress axis, q, as indicated in 
figure 4. For joints, 8 8j as indi
cated in figure 6. 

Equation 14 can further be simplified 
for the case of intact rock by noting 
that 

1±81 = 45° - ~/2, equations 2 and 3 

hence, for intact rock 

1 
p = l+si~ [q(l-si~) + 2c cos ~]. 

APPLICABILITY OF METHOD TO UNDERGROUND 
SUPPORT SYSTEM 

The objective of determining stability 
requirements for a yielding ground is to 
provide criteria from which a suitable 
support system may be designed. The pro
cedure described allows the determination 
of the confining pressure distribution on 
the excavation surface that is required 
to prevent rock intrusions. In addition, 
the procedure permits this evaluation to 
be made simultaneously with the evalua
tion of the effect of tangential rein
forcement placed along the excavation 
surface. The two criteria are thus suf
ficient to determine the structural re
quirements of certain types of support 
systems. For example, the confining 
pressure distribution can be converted 
into equivalent concentrated point loads 
that are ~paced on the excavation surface 
to correspond with the gridwork of a 
rock-bolt system. The strength require
ment of the rock-bolt system then would 
be known. Similarly, tangential rein
forcement can be sized to be equivalent 
in stiffness to a lining consisting of, 
for example, concrete or shotcrete. The 
axial stress computed in the tangential 
reinforcement members would be the 
strength requirement of a lining. If the 
excavation surface is curved, the lining 
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would also develop confining pressures 
against the rock, in addition to the 
reinforcement. 

In the foregoing discussion, it is 
assumed that a support system so designed 
could, if required, supply the necessary 
stabilizing forces. However, there are 
factors that would prevent the support 
system from achieving this. Design in
compatibilities could develop if the 
deformability characteristics of the sup
port system mismatched with those of the 
rock mass. For example, if a rigid sup
port system was used against a highly 
yielding ground, premature support 

failure could occur due to rock movements 
resulting from relaxation of the failed 
rock zones. The present method does not 
address this situation. 

The solution procedure developed here 
is viewed as appropriate for support 
systems that provide compliance or flex
ibility in coping with large rock defor
mations. The systems that qualify under 
this recommendation are various combin
ations of rock bolts and a shotcrete 
lining. A discussion of the requirements 
and behavior of this type of support 
design in highly yielding rock masses 
follows. 

APPLICATION TO DESIGN OF COAL MINE ENTRY 

A multitude of potential ground control 
problems (relating to roof, floor, and 
rib control) can be encountered in long
wall mining. Some of the factors that 
enter into the development of ground con
trol problems are the virgin field stres
ses, coal and rock properties, the plan 
view geometry of the mine, the relative 
stiffness of the gob material, and the 
sequence of excavation. 

A longwall mining system is illustrated 
in figure 11. The sketch shows a panel 
of coal being mined. The panel is typi
cally dimensioned in the range of 500 ft 
wide by 5,000 ft long. Before the coal 
is mined, the panel is accessed by driv
ing entries along both flanks. In the 
case shown, a two-entry system is used. 
Each entry is dimensioned 20 ft wide by 6 
ft high. The pillars created by the 
entries and crosscuts are dimensioned 60 
by 80 ft. The operation shown implies 
that the coal on either side of the panel 
being excavated has not been mined. In 
longwall mining practice, several panels 
are normally mined consecutively. After 
mining the first panel with solid coal 
abutments, the second and subsequent 
panels would be mined with one solid coal 
abutment and one extracted panel (the 
gob) as the abutment. The sequence of 
panel extraction would have significant 
effects on ground stress distributions 
around the panels. 

In the layout of the longwall mining 
system, consideration is given to the 
general and local instabilities that can 
occur. General stability considerations 
lead to the proper dimensioning of 
panels, entry systems, number of panels, 
and proximity of current mining to mined
out areas. This involves the redistribu
tion of field stress (as a result of 
panel-coal extraction) to the abutments 
around the panel. The choice of overall 

Trailing 
coal abulmant 

Plan view longwall retraat mining 
two-entry system 

first panel beIng mined 

Section A-A 

FIGURE 11. - Geometry of coal mine entry. 
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mine dimensions and the relative stiff
nesses of the gob, panel, pillars, and 
nearby mined-out areas influences the 
magnitudes of the stress redistribution 
that occurs. The magnitude of the stress 
increases, and the strengths of the rock 
determine whether the system is stable 
and mineable. In an overall stable min
ing layout, local instabilities can 
occur. These are due to stress concen
trations on areas of weak rock that re
sult in roof, floor, and rib failures. 
Proper dimensioning is necessary to avoid 
general instabilities, whereas artificial 
support is necessary to reinforce and 
confine local rock instability. 

The problem studied here is that of rib 
control in an entry being retreated on by 
the longwall face. The entry under 
investigation is located near the long
wall face. This is indicated in figure 
11 by section A-A. Each entry, as shown, 
is subjected to the following loading 
conditions: 

1. The virgin field stress. 
2. The redistribution of stress during 

excavation of the entry. 
3. The redistribution of stress caused 

during excavation of nearby entries and 
crosscuts. 

4. The redistribution of stress due to 
the approach of the longwall face. 

5. The redistribution of stress due to 
subsequent mining of nearby panels. 

The purpose of this analysis is to dem
onstrate the method. Dummy material 
properties, strengths, and geometries are 
used. Whether or not rib support is re
quired depends on the state of stress 
compared to the local strength condition 
and also on whether the strains in the 
coal reach the tertiary creep level. It 
is assumed that the overall pillar dimen
sions and material strength are suffi
cient to sustain the applied loading. 
Thus, the only instability being analyzed 
here is due to sloughing along the rib 
line. 

ANALYSIS 

It is required that the ribs of the 
pillars and the coal-panel rib sides must 
be controlled against potential failures. 
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This may require the use of rock bolts, 
tunnel sets, tunnel linings, wire mesh, 
or some combination of these. It is as
sumed that supports are constructed just 
before the effects of the longwall face 
advance occur. Then, as the increased 
longwall face loads are applied, support 
requirements are evaluated. 

The solution procedure is itemized 
below: 

1. Apply the far-field stress condi
tion around the entries, and perform a 
linear elastic stress analysis. 

2. Determine the zone of (incipient) 
failed rock about the excavation, using 
the strength parameters c and $. 

3. Reduce the elastic modulus of the 
rock in the failed zones. 

4. Repeat the stress analysis of the 
excavation. 

5. Determine the extended zone of 
failed rock around the excavation, using 
the strength parameters c' and $'. 

6. Iterate steps 3, 4, and 5 until 
convergence has been achieved. 

7. Increase the field stress condition 
due to the effects of the approaching 
10ngwal1 face, and perform a linear elas
tic stress analysis. 

8. Iterate steps 3, 4, and 5 until 
convergence has been achieved. 

9. Determine requirements for achiev
ing stability. 

In step 9, the necessity for using 
shotcrete and rock bolts for rib control 
is evaluated. The rock-bolt system is 
not modeled using discrete finite ele
ments. Instead, confining pressures are 
calculated along the edge of the entry in 
order to restore stress equilibrium under 
the application of additional field 
stresses. 

The finite-element mesh for the coal 
mine entry problem is shown in figure 12. 
The three axes of symmetry allow con
struction of a model that is considerably 
simplified. The coal layer in the entry 
horizon is considered to be 6 ft thick. 
The entry width is 20 ft. Other coal me
asure rocks, sand and shale, lie above 
the coal bed. The material properties 
needed in the analysis are given in the 
following tabulation: 
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Young's modulus, 106 Ibf/in2 : 
Sand stone....................... 1.5 
Shale............................ 2.5 
Coal............................. 0.5 

Poisson's ratio v ..••..••..•..•.... 0.20 
Initial strength: 

~ .............................. . 
c ••••••••••••••••••••••••••• psi •• 

Reduced strength: 
~ f ••••••••••••••••••••••••••••••• 

c' .••...........•.•......... psi •. 

The strength given to the coal and the 
applied loading are represented in the 
Mohr diagram in figure 13. The stress 
circles for the initial field stress and 
the increased field stress (due to the 
approach of the longwall face) are shown 
in relationship with the Coulomb failure 
surfaces. Two loading sequences are con
sidered. The first loading sequence 
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~. Sandstone 

I 
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L ~Ie 
3' Coal 

i :--1 ,--I #ir #rr 
40' 

FIGURE 12. - Finite-element mesh for coal 

mine entry. 

occurs when the entry is first loaded. 
It is subjected to the virgin field 
stresses, which are assumed to be 

Pvl = yh = 165 x 500 = 82,500 Ibf/ft2 , 

and 

v 
PhI = I-v Pvl = (0.25) x 82,500 

= 20,625 Ibf/ft2 , 

where Pvl = the initial vertical field 
stress, Ibf/ft2 , 

and 

= the initial horizontal field 
stress, Ibf/ft2 , 

y = the weight density of rock, 
Ibf/ft3 , 

h the vertical depth of the 
entry, ft. 

These field stresses correspond to a 
mining depth of 500 ft and an effective 
Poisson's ratio of 0.2. The second load
ing sequence on the entry is due to the 

Co = 1 4, 400 Ibf/ft· 

CPo= 40
0 

C' = 0 

CP'=30~ 

T 
100 

50 

50 

-100 
100 50 0 

NORMAL STRESS,""1 03 Ibflft2 

FIGURE 13. - Coulomb strength parameters and 
field stress conditions for coal mine entry. 



increase in field stress that results 
from the frontal abutment stress concen
tration of an approaching longwall. The 
actual increase in the field stress would 
require a separate calculation in which 
the overall changes in mining geometries 
would need to be considered. For this 
example, this increase is assumed to be 
25 pct of the virgin field stresses or 

Pv2 = 

and Ph2 = 

where Pv2 = 

0.25 PvI 
= 20,625 lbf/ft2 , 

0.25 
PhI 

= 5,156 lbf/ft 2 , 

the increase of vertical 
stress due to longwall, 
lbf/ft 2• 

the increase of horizontal 
stress due to the longwall, 
lbf/ft2• 

RESULTS 

Initial Loading 

With reference to the solution proced
ure, the stress condition due to the ini
tial field loading (step 1) exceeded the 
strength conditions in two zones (step 2) 
near the entry. In accordance with step 
3 of the procedure, the elastic modulus 
in these zones was reduced by applying 
equation 13, and the process was iterated 
until no further extensions of the fail
ed zones occurred in two successive 
iterations. 

The failed zones are located above the 
corner of the entry and at the edges of 
the pillar. These zones are shown in 
figure 14 section A-C. Section A illus
trates the location of the failed rock 
zones immediately after application of 
the initial loading, but before the modu
lus of the elements in the zones was re
duced. Section B shows the same condi
tion after the modulus reduction was made 
and after the analysis was iterated to 
convergence. 

A zone of tension is also present in 
the roof of the entry. This indicates 
that this entry configuration has a po
tential for roof falls. 

LEGEND 

Tension ~ 

Shear ~ 
Tension ~ 
and shear ~ 

A, After firsl loading-initial elaslic modulus 

FIGURE 14 •• Shear and tensi Ie zones in coal 

mine entry, 

Final Loading 
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The analysis procedure indicated by 
steps 7, 8, and 9 was performed to evalu
ate the effect of increased field loading 
due to the approach of the longwall face. 
The increase in the field stress resulted 
in expansion of the failure zones caused 
by the initial loading. This expansion 
is indicated in figure 14, section C. 

The tensile and shear zones that devel
op in the roof do not primarily influence 
rib stability. However, in the example, 
the shear zone developed almost directly 
over the rib-side abutment. Therefore, 
the modulus reduction associated with 
this zone had an important secondary ef
fect. Due to the softening that occurred 
in this zone, vertical stresses were re
duced both in this zone and in the 
neighborhood of the rib side. Conse
quently, the zone of rock failure was re
duced, both in intensity and magnitude, 
thus reducing any requirement for rib
side support. 

The zone of tension in the roof indi
cates a potential occurrence of rock 
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loosening, especially if the roof is weak 
or favorably jointed. Most roof rocks 
are weak in tension and cannot withstand 
tensile stresses and would, therefore, 
ravel from the roof. This mode of fail
ure is not within the scope of the pres
ent analysis. 

Also, in the roof~ both tensile and 
shear failure regions overlap in the area 
over the rib abutment. In these regions, 
there is a strong potential for initia
tion of nearly vertical cracks and caving 
if a low-angle joint set is present. The 
state of stress at a point in such a re
gion is shown in figure 14, section O. 

Stability Analysis 

The confining pressure analysis was 
performed using the residual strength pa
rameters ~' and c'. The distribution of 
confining pressure around the periphery 
of the excavation is shown in figure 15. 
The magnitudes of these pressures are the 
maximum needed to bring about stability, 

+--------

since not all of the rock would have 
strength parameters as low as those used. 
The pressures needed along the rib side 
are of the order of 80 lbf/in2 • 

The zone of instability extends to the 
intersection of the rib with the roof 
where the confining pressure peaks above 
200 lbf/in2 • The confining pressure dis
tribution given in figure 15 can be used 
as a criterion for evaluating support re
quirements. In this case, conventional 
rock bolts alone would not supply the 
equivalent of 80 lbf/in2 needed for most 
of the rib side. For instance, consider 
that the bolts are spaced in a 5- by 5-ft 
grid. The force requirement per bolt 
would be 

where 

and 

A = 5x5x144 in2 , 

oc = 80 lbf/in2 , 

P 288,000 lb. 

i: 
:::: ;e 

200 ,.... 
~ 
W 
IX 
::;) 

~ 
IX 

100 0-

o 

c:J 
Z 
Z u: z 
o 
o 

- ____ ... ___ L-.l. ____ .L...._ ~ 

o 100 200 I CONFINING PRESSURE (Gel, Ibfllnl 

FIGURE 15 •• Confining pressure distribution around cool mine entry. 



The strength of a 5/B-in-diam bolt, based 
on the yield strength of A36 steel, is 

IT(5/8)2 
= 4 (36,000) = 11,045 lb. 
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Consequently, the rib side would also re
quire tangential reinforcement, which 
might consist of a shotcrete lining or a 
rib-side pack wall. 

CONCLUSIONS AND RECOMMENDATIONS 

A rationale has been developed in this 
investigation that attempts to explain 
the behavior of excavations made in high
ly yielding rock and identifies the sta
bility requirements for controlling rock 
intrusions into the excavation. In this 
investigation, it was necessary to apply 
an empirically derived method of approxi
mation to account for the progressive re
laxation of rock that occurs in the fail
ed zones. The time-dependent behavior of 
the rock and the time factors involved 
with the installation of a support system 
we're ignored in this study. The report 
shows how the criteria for the design of 
a support system can be formulated. Be
cause of the difficulties in accounting 
for the time-dependent deformational in
teractions that occur between a support 
and a rock mass, these methods are most 
suitable for a flexible (or yieldable) 
type of support system such as rock bolt
ing used in conjunction with a shot crete 
lining. This type of support system is 
most compliant with large deformations 
that accompany the behavior of highly 
yielding ground. In many applications in 
mining, such a support system has been 
found to achieve good results while hav
ing economical advantages over rigid sup
port sys'tems. 

The application of this method has been 
made to the problem of entry development 
for longwall coal mining. The necessary 
role of a support system has been shown 
to be the control of the failed rock ad
jacent to the excavation surface. This 
requires relatively small confinement 
pressures or tangential reinforcement if 
movement of the rock is allowed to occur. 
This predicted behavior is often observed 
in mining practice. 

When rigid support systems are in
stalled, rock movements are prevented. 

This brings about the development of much 
higher pressures that often result in 
failure of the support. Consequently, if 
the support system is suitably compliant 
with these deformations and does not fail 
prematurely, then only relatively small 
resistance is required for the achieve
ment of stability. 

Further efforts are needed to achieve 
the overall goal of designing support 
systems in highly yielding ground. The 
following are suggested as areas requir
ing further study: 

1. Extend the solution capability to 
consider rock-mass loosening. 

2. Modify the analysis to include the 
excavation and construction sequence. 

3. Introduce an analytical model that 
will simulate the development of failed 
rock zones. 

4. Modify the analysis to provide for 
the introduction of the support using 
finite-element representations. The 
present analysis does this to some de
gree, but representations of several dif
ferent types of support elements are 
needed. 

5. Extend the analysis to account for 
the stresses in the support and along the 
support-rock interface. 

6. Select a computer program better 
suited for implementing the improvements 
listed above. 

7. Develop criteria that can be used 
to predict the tertiary-creep strain lim
its of various rock types. This is need
ed to predict the standup time that is 
available after excavation and before a 
support system must be installed to pre
vent premature rock disintegration. 

B. Verify the methodology thus devel
oped by investigating the field behavior 
of existing, well-documented support 
systems. 
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9. The subroutine STABIL should be ex
tended to include the stability mechanism 
that controls the magnitude of tangential 
compressive stress on the excavation 

surface. This involves the development 
of external tangential forces that are 
required to bring the Mohr stress circle 
tangent with the fai.lure surface. 
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APPENDIX.--MATHEMATICAL NOMENCLATURE 

$ == angle of friction. 

c = cohesion. 

r == subscript denoting rock. 

j = subscript denoting joint. 

aT == tangential stress. 

s 

q 

p 

confining pressure. 

normal stress on plane of Coulomb 
failure. 

shear stress on plane of Coulomb 
failure. 

Coulomb shear strength. 

vertical field stress. 

horizontal field stress. 

major compressive principal stress. 

minor compressive principal stress. 

e == orientation of failure plane with q. 

T == shear stress. 

a == normal stress. 

c' cohesion for failed rock. 

~' angle of friction for failed rock. 

~u.s. cpo: 198%05-017/20,118 

Pi = support pressure along surface of 
underground excavation. 

r == radial distance from the center of 
an excavation of circular shape 
to a point in the rock. 

a = opening radius or dimension. 

R 

Po 

distance from the center of an ex
cavation of circular ~hape to the 
elastic-plastic boundary. 

pressure required to prevent defor
mation of excavation surface. 

£ == strain. 

r == distance 
plastic 
rock. 

from "focal point" of the 
zone to a point in the 

R == distance from "focal point" of the 
plastic zone to the elastic-plastic 
boundary. 

E Young's modulus. 

Er == reduced modulus of failed rock. 

y weight density. 

v = Poisson's ratio. 

e = base of natural logarithm 
(=2.71818"·). 
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