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ABSTRACT undérgone '}ﬁﬂx

The decisiom to apply any of the tools or tech-
nigues of rock mechanics to a mmmg opemtmn
rust be mzzde ot the mme baszs'-a j:-zmy ozher

and !‘he returns whsak reasona&ly can be expected.

Theoretical - elastic. anelysis and. laboratory
physicai- spectmen testing can-be used to predict
mck mspomf £ exczwatzon and 1o, mdscate pﬂ' -

used to measure tr’w az,iual respome of a rock mass.
The greaiest potential dollars and cents applica- e L S T R T

om app I'ﬁ Xi—

tion todey is probubly measurement verificition of w1th'
. a

existing mine designe, It is not necessary to accep.t
a room and pillar pattern as the best optimum de-
sign. Piller u.ze;__and roaf spans can be tested,

un?le qucstmh like “How

A > ) g”
ramfarcfmem is well - as. :ﬁr_: roof faﬁs As 2 matter . of

mmﬁd A pfaper pmgmm of

0 Let ‘me; taks the mne fcsr an. examplc uf the
the com_bmatmn of WD mut el .,'. develepment of one such acceptable approximate
tiens.” s solation,. The problem was selecting depths. and

ROCk s a complex mﬂtﬂm‘l widths. of underground openings such. that conver:
unperfccily elastic to 1mperf€_ gence would not, force the removal of an. It
that can be said is that while som building in a 151, high opening for at. leas

1deal ‘matetials the majority,. if o 0 years. THAT is convergence. We had to come-_.u“;"}'

e “Universal law of natural cussedness.” W with a set of equations to relate depth,. to room
ever we look at a rock we must remember we are width, to convergence rate. (Abei 19861). Figure 1
looking at one instant in its geologic history. Con- shows one of the sets of curves we developed. from

clusions must be drawn for a material which has
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FREQICTED VERTMCAL CLASURE AATE {FT/YR}
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OVERBLRDEN DEPTH (FT)

Figare . Predicted vertica! closure rates. Prediction
cquation: {Abel, 1961)

CR, =VE{8.77X 10" H + 6.56 X 107 1)
S = Bpar; I = Depth

a six-month convergence measurement program.
Qur approximate equation of relationship was infi-
nirely far from a rigorous mechanical solution. We
were anly able to predict the convergence rate 1o a
standard error of plus or minus 0,09 ftfyr.

The error 15 easily explained. We were working
in an sbmost ideal rock, ice; but we were unable to
make a precise prediction of convergence rate be-
cause of the influence of impurities in the ice. Fig-
ure 2 shows a part of one of the experimental
tunnels. Notice the banding in the walls of this
tunnel. Figtires 3 and 4 show scctions of this same
tunnel after two years. The inward wall movement
is variable. The movement rate was dependent on
the percentage of debris in the individual beds. To
put this another way, the geologic variations in the
rock influenced its response.

In this business we never seem to be able to
obtain an exact solution. We are bedeviled by ge-
ologic variations and approximate answers. This
need not necessarily affect the application of rock
mechanics, so long as the errors involved are bolh
known and acceptahie.

The history of rock mechanics is really a record
of observational hypotheses which were tested by
measurements to prove or disprove them. Fayol
{1885) proposed an observational theory of harm-

Rock Machanics—~Can It Pay 1ts Way?

Figare 2. lcc tunael as doven {12 ft. wide by 7 1/2 Tect high),

Fignee 3. Standard tunnel section & vears after mining, depth 170
fr., average | 12 fefyy convergence mate.

Figure 4. Standard tunnel section 2 vears after mining, depth 208
fi., average 2 1/2 ft/yr conwergence rate.
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less depth in 1885 (Fig. 5). His theory was that if
the opening were small cnough and {or) deep
enough the surface would not be affecied. Precise
surface measurements have been demonstrating the
crror of that theory almost cver since. But his

Figure 5a. Archecollapse theary of Favol (I885).
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Figure Gh. Vertical section, showing how failuze of roof of wurkings
affcets overtying rock. (Modified from FC 6301; Crane, W.R., 1951),

theory still lives {Crane, 1931). There may be no
engineering conseguences but the surface responds
to any excavation. No damage means harmless,
right? The evidence to disprove Fayol's theory
came as the result of damage to buildings on the
surface above and outward from mine workings
{Dartmund Board of Mines, 1897}, Measurements
by men in the ficld supplicd the evidence, in this
case to disprove a theory based on initial super-
ficial observarional ficld evidence.

Scholarly arguments are going on today in rock
mechanics. Many are relatively pointless academic
discussions to operators. One such controversy, or
tempest in a reapot, concerns the theories of how
the rock loads are carried across the workings at a
fongwall face comes closest 1o matching field evi-
dence.
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Haack (1928} proposed a “‘two abutment
theory” based on the observation of damage in gal-
leries driven in the solid coal ahead of and in road-
ways maintained through the cave arez behind
longwall faces. Figure 6 shows llaack’s theory. Tt
was based on the distress observed In mine sup-
ports ahead of and behind a longwall lace. The
“wwo abutment theory” assumes the load from
above the working area is trans{erred in both direc-
tions, ahead of and behind the longwall face.

Several mvestigators guestioned the existence of
the rear abutment assuming instead that the beam
in the rool was cantilevered out from the solid
face, and not {ixed at its gnds, as if would be in the
“two abutment theory.” Precise survey mcasure-

MEAR ABUTMENT

S vy St b e By

Hommar ! rar
L L L

Figure 6. The pressure vault or arch with abutments. (Modified from
Hask, 19281

ments by various investigators, including Grond’s
(1857}, shown on Figure 7, lent some support to
this cuntilever or “face abutment theory.” The sup-
port distress zone In the cave area using this theory
merely coincides with the zone of maximum recon-
solidation of the caved material as it picks up the
averlying rock lead shed by the progressively col-
lapsing caniilevered rool beam. What operator
really cares? He must live through alt of it anvhow,
borh distress zones!

The difficulty in obtaining rock Joad measure-
ments it the cave area has prevented the resolution
of this controversy, At this (ime we have only one
set ol reported measurements, Jacobi’s, {1956)
shown on Figure & This ser of results tends to
confirm the cantilever concept. We await more
meastrements.
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Figure 7. Movement trajectories around a longwall face. (Modified from Grond, 19573,

The first published paper on rock mechanics
applied to salt is probably Bernard Busch’s (1907)
where he reported on borehole deformation meas-
urements made in 1899 and 1900, One is termpted
to guess why he waited seven years to report. He
had obviously hoped to measure the convergence
rate for an entire mining level with a very limited
mumber of measurements of borehole closure. He
obtained some very informative und valuable meas-
urements, but not the ones he sought. He showed
that the deformation of the salt inte borcholes
varied from location to location within any hore-
hole and on the level and that at any given location
the deformation rate for the salt decreased with
time.

Subsequent  investigations have demonstrated
other valuable facts about the response of salt to
mining. Mchr (1956} measared the apparent
stresses in salt pillars and demonstrated stress con-
centrations near their edges, such as would be pre-
dicted clastically (Fig 9.). Potts {1964) reported
similar results from other measurements (Fig. 10).
The report of Baar (1953) and McClain (1964) pre-
sented evidence to verify the elastic prediction that

mining horizon.

The measurement programs cited have bes
helpful in understanding the response of salt an
associated strata to mining. They have been used.
estimate in a gualitative manner the deformation
response of these rocks under changed, or diffe
ent, stress conditions. If we stay in the s
geologic environment, real, economic use can’
made of the results. For example Mohr’s and Pott
peak stress levels indicate the true short-term |
carrying capability of the pillar. It sheould at les
be possible to temporarily raise the stress in an
particular pillars to the peak level measured in
piliar. This opens up the prospect of controll
pillar sizes, and that means dollars! .

This brings us to the concept of buying tim
which to complete any particular part of the o
ing plan. In the case of a room and pillar salt min
various pillars must stand different periods of il
Room pillars musi stand long encugh to mine :
the salt in the particular panel. Main entry pil
must stand the life of the mine. Failure of i



flock Machanics—Can It Pay Hs Way?

PREZ3CRE onm THE
Stoweo Goar

r—— e pitem f vrmm e mm— e ve—

Stowen Goar

k2000 LAr = 2800 ib/saim.

% 1,000 Lz 5 5 Soo LY

AguTmenT
Pressore

Borin' Cont

T T T f | I
400 m 30Cm 200m 100 m o ale TN 208
I#I2 [O84F 75 bft 828+ O azart TS &+

Figure 8, Pressure measurements Girendelle Seam Neumihi Colliery {after Denkiiaus, 1965).

DISTANCE INTO PILLAR (Merers)

o = Avimige Flw Srmegs

Figure 9. Stress Profiles for three pillars in rock salt—sirain guge
overcoring (Modified from Mohr, 1900).

type of pillar after its usefulness is complere does
not usually represent a hazard, Two diagrams (Figs.
11 and 12) represent this concept, even if deter-
mined only {or physical test specimens in the labora-

tory. The critical point here 1s the ability to predict
approaching failure by measureable accelcration
prior to failure. Unfortunately, this does not ap-
pear to be the universal sitnation, even for such a
relatively non-elastic material as salt. Particular
salis burst as well as creep. The ice shown in Figure
13 demonstrates that even ice can be pushed too
hard, and that brittle fatlure and plastic flow can
take place side by side.

Figure 14 is a representation I have for rock. It
is the result more of theft than oviginality, but, I
feel 1t has been instructive to develop a feeling for
what is rock. Failure of a particular rock may skip
one part of rhis stress strain curve, With salt the
elastic zone is drastically limited in extent;
whereas, the progressive deterioration zone and the
acceleration zone are extensive,

The response of a rock specimen in the lab can
differ drastically from rock mass response to a
major mined opening. For one thing the specimen
in the {ab starts in an unloaded condition; the rock
in the field is predoaded, or pre-siresscd. The
mined opening changes the previous stress field.
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Secondly, the magniiude and direction of stresses
applied to a specimen are known. In the vicinity of
a mining operaton the actual threc-dimensional
stress field is usually only estimated. It can be
measured, but at a price. binally, the faboratory
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Figure 10. Scrain ratc measurements in pillar 93 (after Pots, 1964).
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Figure 11. Greoergiized creep curve far sediments and evaporiies,
{Madified from Potts, 1864},
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Figure 12, Derviation of “time-sate steain®™ {(MoClain, 1963).

Figure 13. Combined brictie fallure and plastic flowage on pilla;
point i ice, original opecing height 7 1/2 £, depth 200 fu.
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rock specimen is restricted in size; it cannot con-
tain any but the smallest of the weaknesses in the
rock mass. This problem is not so serious with a lab
specimen of rock salt since generally the mass of
rock salt i not extensively fractured. Rock salt
does occasionally contain such features as old frac-
tures filled with pure crystalline sali, anhydrite
hands, and cay partings; these [eatures may locally
change the load-carrying capacity of the mass. It
has been demonstrated that changes in the crystal
size can drastically change the strength of evaporte
specimens.

‘Theoretical analysis and phyvsical testing can pro-
vide advance information about a planned mining
operation. It is possible to predict which salt bed
or what part of a salt bed is more prone to defor-
mation or failure. Geometric shapes of openings
and mining layouts which produce high stress con-
centrations can be avoided. How much is this
worth?

If the mining operation is alrcady underway a
theorerical analysis and physical testing program
can define the sequence of a complex failure pat-
tern. The pillars may be expanding and putting an
axial load on the salt in the roof cansing it to
buckle. The salt/marl contact 2t the base of the
pillars may, on the other hand, provide a lubricated
surface on which the pillars expand and deterio-
rate, ulttmarely destroying the roof beam. Rock
remforcement can be directed o buy time at the
critical part of the structure, provided you have an
wdea what part is eritical,

To reiterate: (1} Theoretical elastic analysis can
be emploved to estmate where high siress loca-
ttons are probable. (2) Physical specimen testing
can be employed to indicate where rock strength is
low, or where viscoelastic mobility is high. The
combination of siress and strength, or creep rate,
in the case of salt, is critical to the stability of a
G OpCning.

There comes a time in any program or rock
mechanics when the tie and white coat have to
come off, and one must prove the predictions in
the tmine. This means instrumentation. The best
preliminary mine design bhas a lot of far. Many fac-
tors of uncertainty are invalved in selecting room
widths and pillar sizes.

With vanous instrumentation techniques avail-
able it is possible te verify how good the mine
design is,

A case can be made for or aginst any particular
Lype of instrumentation, or instrument. My experi-
ence, and that of many others, indicates thar dif-
ferent instrumentation techniques produce
strikingly similar results when applied to the same
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mining problem. This results naturally from meas.
wring the same rock mass response by different
means. In any case, my purpose here is Lo describe
the application of instrumens for ceriifying a mine
design, not to argue their individual merits.

INSTRUMENTATION

Instrumentation techniques are dead simple.
They generally consist of periodic precise measure-
ment of the distance betwesn two points, or the
measurement of the load being cartied by a sup-
port. The real problems are encountered in the in-
stallation, the protcection, and the maintenance of
instruments.

Initernal instrumentation,.

The largest, simplest, and most useful group of
instruments are those designed to be used inside
underground openings. There are two classes of
these: those which measure the distance between
the points on the exposed ruck around the opening
and those which measure loads on supports. Typi-
cal locations for these internal instruments can be
seen on Figure 13, Results from such a group of
surface strain measurements is shown on Figure 16.

Opening convergence is determined from peri-
odic precision measurements of the distance be-
tween anchors placed in the rock on opposite sides
of an opening (Fig. 17). Surface rock strains are
derermined from similar periodic measurements of
the distance between anchors along the same sur.
face of the opening. Support loads are commanly
measured by inserting load cells between the

Figure 15, Internal rock mechanics msimumentation. (Abel, 1966,
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Figurc 16, Crack movement historizs {Abel, 1966).

;?il}mrﬁ and the rock. This is generally true for
P Umber, or rock bolt supports {Fig. 18).
tc;’;:;:rgencr_: and surfaceb measrtlremems.made at
dEFormaLiiermu a ca.lcula_tmn of eithcg the rock
'dCCﬁ:h:raLi) n or the .mck. 'dis;1la11ccix1{:_¥1t rate, and the
he v on or deceleration of the rock exposed at
B¢ walls of the excavation. Of course, the rock
a,d-]_a‘:e“t_ Lo an excavation indicates the stability of
ii’{éenaf;f Sltrlﬂcture only if cmuinpii:y cxists be-
- € rock exposed and that at depth, within
the pillar oy rai.
I[leTg:;is;PIpt}rt ﬁlo:td measurements are.rcla.a_cd ko
ﬁuppo‘r?g ‘oad for the pa‘-:t.u:ulm: support. Accurate
for rens. oad messurements ha\fe‘ bg&n employed
he o =:'-’"f—‘h and support df:mgnlm England since
irexizfr}’ 1950%. More rough and ready load meas-
._ 4 were made on tunna supports by Karl
Terzaghi in Austria in the 1920,

1y

Exteraal instrumentation.

The development of horehole instruments i the
1950°s permirted the monitoring of the dynami
rock response to mining operations that occurs a
depih into the rock and external to the apening
These types of instruments give us a chance to lool
nto 5 pi?lar, the hack, or {loor and sce how ant
where “it” is carrying the inposed load.

The two basic types of borehole mstrument
(Fig. 19} measure cither the axial extension of a
or a portion of a dyillhole or the change in diam
eter of one point in a drillhole.

The simplest and most valuable of these instry
ments is the single position type of borehole ex
tensometer. Such extensometers measure axi
movements of the rock beiween the toe and th
collar of the horehole (Fig. 20). Since the to

{
.
3
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b. Steel tape method,

5

¢. Dl indicator method.

Figare 4, Tunnel closure measurement reethods, (Abel, 1981),
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Figare 17h. Vertical ciosure in center of 32-ft. experimental
wom. The downivard curve indicates the decrcasing closure
rate as the result of decrease in size of the raom duc to the
ciasure, {Feomo Butkovich, 1959, p §14).

anchor of such a device can be some distance from
the borehole collar (Potis has reported employing
these instruments in 700-ft. driltholes) a consider-
able zone of rock can be checked, for stability or
instability, by such a device. One drawback of this
group of inswuments is the expense of the diill-
hole. The results must, at least partially, justify the
cost. The geologic information gained from the
‘borehiole will also have a value.

. A logical extension of the single-position bore-
hole extensometer was the placement of several
anchors @ the same borchole. This permits the
‘measurement of axial rock displacements at several
-positions along a single borehole {Fig. 21). From
uch measurements strain variation slong the bore-
lole can be calculated: indicating such things as
ed separation locations within the roof, variations

g‘% R rock competency or active sliding surfaces—in
';ii{g%; ddition to the general reading or stability or in-
S8 sability as measured by a single position ex-
BE Ensometer,
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Figure 18, Ranf boit load histories {Ahel, 1966}

Another type of borehole instrument is the
horehole deformation gauge, which records
changes in the shape or diameter of a borehole.
This class of instruments includes the ones de-
signed to measure the force required to prevent
deformation of the borehole. These instruments
are probably under the most intense investigation
at present. This is logical since the borehole defor-
mation gauge provides the only proven technique
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BOREHOLE EXTENSOMETER -

Measureameanls Taken Bealween "
Various Downbole Anchors ‘
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Figure 19, External rock mechanics instrumentstion, {Abel, 19468},
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Figure 20, Pillar extension histories. {Abel, 1966).

tor obtaining a quantitative indication of the stress
conditions or changes in the stress conditions at a
point in a rock muss.

The selection of a particular instrument type is
dependent on several factors. The precision of the
readout may reguire a more sensitive electronic
sensing device. If large movements are anticipated,

Rack Mechanics—Can It Pay s Woy?
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in the range of inches, cheaper and simple
mechanical instruments will probably be satisfac
tory. Mechanical instruments require the occupa
tion of the instrumented location cach time
readmg is taken. This may not be possible in
30-ft. high room. Electronic instruments can h

Decomenis
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GutiINE or Dcuurumul-
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Figure 2} Extensoweter readings cutlining decompression zone:
rock of tunnel roof, Slright Creek Tunonel, Filot Bore. (Modifl
from Hartman, 1966},
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remotely read. The period of time over which read-
ings are to be taken may dictate the use of less
expensive mechanical instruments. The load carry
capacity of the support will govern the capacity of
the ioad cells employed. The simple lack of an clee-
tronics technician may prevent the use of clec-
tronic instrumentation.

Even after instrumentation has been selected it
15 necessary to determine a reading frequency. As i
have found out cvery time Pve played the game,
readings were generally taken mare frequently than
necessary. As a result, 2 mountain of data was col-
lected. At this point [ want to recommend, in the
strongest way possible, that a computer capability
be made avatable. Don’t waste technical personnel
reducing data, let the computer do it. One partial
out, but no substitute, is the combined taking and
plotting of the data on graph paper. This technigue
provides an instantaneous visual display that dem-
onstrates continued stability, or the onset of accel-
eration and instability, It also permits changes in
reading frequency to be made on the spot.

CONCLUSION

If you are Interested in determining how effi-
cient a wmine design is, rack mechanics provides an
avenuc of approach, maybe the only one! Rock
mechanics is nor, however, a magic wand which
can be waved over a 50-ft. pillar to mn it Into a
150-ft pilfar. Rock mechanics, if it 1s to be given a
[air chance to make its maximum coniribution,
must be included from mine planning right through
mine production. It should include theoretical
analysis, physical testing, instrument venfication,
and all the geologie information you can get.
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