Prerequisites for Appiication of Finite Element
Method to Solution Cavities and Conventional Mines

ABSTRACT

There are three basic prereguisites far a success-
ful application of the finite element method fo
problems of solution cawmties and conventonal selt
mines. The first requwement s to estublish the
constitutive equations of rock salt and adjacent
rock media bused on lzhoratory tensor analysis.
The second requirement is a labaratory model
technique for analyzing the interaction between
the tensor proporties of the materials and a given
three-dimensional geomelry of the underground.
Bv using the laboratory model, the fimite element
program can be culibrated in regard to ihe inter-
action. The thivd requirement is the field techmgue
af stress-strain distribution anelysis of boreholes
and mine structures whick enables the field evalun-
ton of the finile element program to true under-
ground conditions. Different techniques are devel
oped for Lhe solution cavity and conventionel salt
mine studles becuuse of the basic difference i the
rock mechanics conditions between the two.

INTRODUCTION

The use of the finite element method has be-
come popular in rock mechanics studies during the
last five years. Although its application to elastic
and some idealized media has proven to be quite
effective, 1is application to viscoelastic and visco-
plastic media requires a basic investigation of mate-
rial properties and geometry effects. The applica-
tion of the finite clement method for solving
problems of solurion cavities and conventional salt
niines in particular requires first, the critical cvalua-
tion of the tensor properties of halite, sylvite and
adjacent rock media prior to formulating the finite
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element program, Secondly, labcratory and field
calibration of the program is essential before its
application to actual underground conditions
which are illustrated i Figures la and 1b. Without

Figure la 'I‘vplcal problems of solution cavities stadied
by finite element method.

Figare 1b. Typical problems of conventonal salt mines studied by
finite element method.
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this calibrasion, solutions of the finite element
analyses would become numerical games. As a mal-
ter of fact, they are often erroneous and misiead-
ng.

The objective of this paper is to describe the
three basic prerequisites for developmng useful
linite clement programs for solving problems of
solution cavities and conventional salt mines, The
first prerequisite is to cstablish the constitutive
equations of the materials based on laboratory
tensor testing of sample specimens. At least ten
fimdamental tensor cocfficients are needed for
establishing the constitutive equations in order to
deseribe the time-dependent behaviors of rock salt
under the various siress-sirain stares; elastic, visco-
elastic, viscoplastic and brittle.

Unformunately, the values of the tensor coef-
ficients have not been accurately delermined by
those who have attempred to apply the finite cle-
ment method for solving these problems. For ex-
ample, the octahedral shearing strength, K, , of
halite is determined to be relavively constant al
650 + 50 psi under room temperature regardless of
the source of the specimen and method of testing.
This value was determined by using three radically
diflerent tensor testing techniques which were all
pioneered in my laboratory. The techniques are the
madified wansition method, ATT creep method
and cylindrical cavity methed. The K values re-
ported by other mvestigators vary widely ranging
from 80 to 2,500 psi, This wide range reflects the
effects of the individual testing methods rather
than the material property itself. This may be re-
garded as an indication of the complexity involved
in the determmation of the Lensor properties of
rock salt. The values of the other tensor coef-
ficients are even more uncertain than the K value.

The second prerequisite is to have an adequate
model testing techmique for calibration of the
finite element program which is based on the
constitutive equations of the materials. The model
testing is required for evaluating the coupled ef-
fects among the elastic, viscoelastic, viscoplastic
and brittle behaviors of rock salt which prevail
around the structural boundaries in both selution
cavities and conventional mine openings, A model
made of a thickwalled cviinder is most useful for
this purpose beczuse of its simplicity in mathe-
matical treatment. Tt is the accuracy of the lab-
vratory model testing that determines the accuracy
of the program.

The third prerequisite is a determination of the
underground stress field to which the finite ele.
meni program showld be adopted. In solution
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cavity analysis, deep test wells may be used for the
field determination of the stress field. In
conventional mine openings, distributions of stress
and strain around certzin mine struciures are meas.
ured for the field evaluation.

The basic concept and techniques needed for
fulfilling the three prerequisites are described for
analvses of both solution cavities and conventional
mines. The differcnces in studying solution cavities
and the conventional mines are discussed. Experi.
mental results given here were mostly obtained by
using the standard halite from a Texas salt mine.

SALT PROPERTIES ARQUND
SOLUTION CAVITIES

The structural behaviors of rock salt around
solution cavities are uniquely ditferent from those
abserved in conventtonal salt mines. The rock salt
deforms plastically without brittle fracture even if
the cavities are dry and exposed to the atmosphere.
This plastic nature of the cavity boundary is due 1o
the three-dimensional geometry of the cavities, as
Hlustrated in Figure lc.
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fracture zone shown in the figure does not exist if
the geometry is an ideal cylinder or sphere, The
zone of the brittle fracture may develop only if the
shape of the cavity deviates from these ideal forms.
Nevertheless, the extent of the brittle fracture zone
is imited regardiess of the shape of the cavity. This
is due to the natural restriction of the lateral earth
pressure in relation to the overburden pressure,
The plastic behavior of the cavities is explained
by the tensor properties of rock salt which are
presented in the 7 —a  diagram of Figure kd. The
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Figure 1d. Potential surfaces of halite determined by tensor testing
illustrating stress regtriction araund salt cavity.

tensor notations are summarized in Figure Z. The
three types of curves in the figure describe the fail-
ure, yielding and elastic strengths of rock salt in a
three-dimensional stress field. The geometry of an
underground cavity imposes upon itself the stress
restriction which is indicated by the cham line in
the diagram. It shows that the stress condition
around the cavity transfers from the elastic to
plastic states rather suddenly without experiencing
the brittle fracture. This transition phenomenon
was shown Lo actually exisi under the tensor test-
ing condition of the material, which is illustrated in
Figure 3.

The results of the tensor testing of rock sait
were then used to formulate the constitutive equa-
tions of rock salt in the following numerical forms.
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The total deformation for any given time, ¢, be-
comes:
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The deformation rate ;_;'.f_.:_'-:;he: _me.diai_ under the
plastic state similarly may b expressed-as:
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where
£y = components of strain tensor
Sy == components of deviateric stress tensor
G, = shear moduius
G, Gy,* == retarded moduli in viscoelastic state
G = rétarded shear modulus in viscoplastic state
T 17,% == Viscosity coefficients in viscoelastic state
73, M = viscosity coefficients in viscoplastic state
K = bulk modutus @ -
o = sum of principal stresses
& = Kronecker delta
74 == octahiedral shearing stress
K, = octahedral shearing strength

The ten tensor coefficients of the material are
determined in the laboratory at room temperature
in order to use the above constitutive equations.
The coefficients are also determined under elevated
temperatares in order to apply the constitutive
equations to deep solution cavities where tempera-
tures may reach up to 300°F. The elastic coeffi-
cients of K and G were found to be unaffected by
temperatures up to 300°F, as shown in Figure 4a.
The viscoelastic properties of the halite represented
by G, and f; were also found to be independent
of the temperature, as shown in Figure 4b. The
octahedral shearing strength K, of the halite is
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Octahedral shear stress, =,:

o =3 A ({0 — e’ + (o0 — 00)* -+ (o5 ~ 1) ).

Octahedral shear strain, yq:

Yo = :”V’f (&t — &) 4 {&n — &)* + (oo ~ )

mean stress: on = § {0y - oy + o)

mean strain: . = } (g + ¢ + ¢)

Figure 2. Notations of tensor testing of halite.
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Figure 3a. Theory of transition between elastic and plastic stages.
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however seriously affected by the temperature, as
illustrated in Figure 4c. The most significant effect
of temperature was found to be upon the visco-
plastic coefficient ny of the material, as shown in
Figure 4d.

The stress conditions of a cylindrical cavity are
determined from the tensor properties of the rock
salt. The stress distributions in the yielded, plastic
and elastic zones around the cavity are given in the
following.
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Stress distribution n the yickied zone.
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g, = Po
where
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o 0 &a, = three principa! stresses in cytindrical
eopriinate o+ 0p
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Dverburden and fateral earth pressures,
respectively.

g, gL ., :
o, = 0, __:_2_6_ in the plastic state

¢ = Angle of yield surface 1o the oy = Pi
fing,

Brerequisitas for Application of Finite Element

£ = pureshear strength at internal pressure,
I 2tan ¢

1-tan ¢

APL = Py -Fi = differance hetween the internal
and externat pressures.

¥igure 4c. Effect of temperature on octahedrut chearing strength.

The constitutive equations and the tensor coef-
ficients are usually unaffected by prolonged ex-
posure to fluids saturated with the sali. The test
specimens which were kept in various liguids for
over one month did not show any effect upon the
strength of rock salt. The widely reported effect of
liquid seems to be erronecus. The figuid exposure
of a testing specimen only changes the friction of
the loading surface hut not the strength of the
material. Yet the change in the riction causes a
serious reduction in the load-supporting capacily
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Figure td, Effect of (emperature on viscoplastic coefficient.

of the specimen which is independent of the mate-
rial sirength. This lahoratory observation has been
proven valid in various background solution cavity
measurements. The properties of vock salt under
the conditions of solution cavities can be deter-
mined accurately by using the tensor Lesting tech-
nigue.

SALT PROPERTIES IN
CONVENTIONAL MINES

The behaviors of rock salt in conventional mine
openings are significantdy differeat from those in
solution cavities. The difference arises entirely
from the geometry difference. Room and pillar
structures of mines result in two types of stress
states which are not usually found around solition
cavities. They are the brittle failure zone and the
stress-relieved elastic zone, as illustrated in Figure
5a. Although both zones are formed by different
mechanisms, they may cause similar failure hazards
ta mine safety,

The brittle fazilure zones which are created on
pillar walls are often badly fractured by large un-
confined stresses due to the overburden pressure to
the pillars. On the other hand, the stress relieved
zone 15 wsually not fracrured at first. However, it

255

5: €

§, ® Verticol stress
S, ¢ Axial siress

S.e Laterot strass

S

" Btress concemiration

A o -
Separation of \ Stress relieved
clay igyers * alostic zome
o
o
N
)

P I P L]

Figure Ba, Deovelopment of hritile zones around mine apenings.

gradually fails by a separation of kirge roof slabs.
This failure is mainly due to the separution be-
tween the stress relieved zone and the stress arch.
The separation is caused hy the sharp differential
strain which develops along the lower boundary of
the stress arch. Regardless of the difference in the
failure process, the brittle grain separation is re-
sponsible for both roof and pillar failures which are
not usually encountered in solution cavities. The
brittle grain separation is shown in the close-up
photograph of rock sall under brittle deformation
in Figure Ab.

A well-defined boundary between the brittle
deformation and viscoplastic yield has been found
in both laboratory and underground experiments.
The boundary is best described by the vield surface
which is in the three principal stress coordinates, as
shown in Figure Ga. The shaded cone-shaped sur-
face is the yield surface which forms the critical
stress houndary within which no brittle failure is
possible. Both brittle and plastic failures take place
outside of the vield surface. The plane cross sec-
tions of the potential surfaces including the elastic,
viclded and failure surfaces show that the brittle
failure 1s seriously affected by the intermediate
principal stress, while the viscoplastic flow is not




Fignre 5b. Grain separation and crystal fracture in britile deforma-
HoR.

Figure 6a. Yield surface compared to lajlure serfaces in principal
SEEESE space.

affected at all. The wn-plane cross sections are
shown in Figure 6b.

Conventional stress-strain testing fails to mdicatce
the stress stute with respect to those critical sur
faces of Figurcs 6a and b. All the test results in the
convenlional testing appear as diagrams of Figure
7u. If, however, the same experimental results are
analyzed in rensor, the condition of the stress state
may be identified. One result of the tensor analysis

Prarequisites for Application of Finite Element

Figure 6b. m-Plune crugs sections of vield and fajlure surfaces.
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Figure 7a. Conventional stress-strain diagrums of halite,

is the Poisson’s ratio and stress relation of Figure
7b. Under the brntde deformarion, the Polsson’s
ratio continues to increase, indicating the absence
of an elastic state, until the material disintegrates.
Under a large confining pressure, the Poisson’s
ratic changes from a consiant elastic value of 0.1
to a constant plastic value of 0.5 and remains at
0.5 with further increase of the applied stress. This
indicates the elastc to plastic transition of the
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material followed by continuous viscoplastic [low
without material failure. As iustrated in Figure
7b, most field conditions fall between the ahove
{WO extreme cases.

Rock salt specimens alwavs creep whenever they
are subjected to a change of the stress state. The
creep takes place regardless of the stress stale,
whether it iy inside or outside of the yield surface.
However, the creep vanishes withim a few weeks if
the stress state Is inside the vield surface, while the
creep continues indefinitely if the stress state is on
or outside the yield surface. By using halite, the
yield surface was found to be at K, = 6350 psi
under 2 confining pressure equal to or greater than
§,500 psi. Determination of the octahedral shear-
ing strength under the creep is itlustrated in Figure
8a. When the stress state is less than the creep
strength of K = 6580 psi, the creep takes pluce
mainly by grain consolidation as shown in Figure
8h. Whenever the stress state exceeds the strength,
the creep takes place mainly by molecular disloca-
tion as illustrated in Figure 8c. This difference in
the creep is utilized for analyzing the stability of
creeping rock media in the laboratory and under-
gr(.‘:und.

LABORATORY ANALYSIS OF
SOLUTION CAVITIES

There are three basic factors which determine
the behavior and safety of solution cavitics created
in a deep underground salt formation. They are the
tensor propertics of the rock salt, the stress field n
the formation and the geometry of the cavity in
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relation to the salt formation. Each factor can be
individually determined even in the underground
with accuracy sufficient for engineering analysis
and design. However, the combinaiion of the three
factors is a difficult problem to solve due to the
inefastic coupled effects of the properties of the
material. Schematic d:dgrams of long solution cav-
itics in salt domes are. shown in Figure 9a,

A laboratory model technique was developed to
study the cavity behaviors in relation to these three
basic factors and their coupled effects. The objec-
tive of the study is to numerically describe the
hehaviors. of solution cavities in the underground
by using the constitutivé equations of the material,
The laboratory model was found to be most useful
for the formulation of the cavity behaviors because
the three basic factors can be controlled ac-
curately. The standard halite was used to represent
the tensor properties of the underground. A hy-
draulic loading system was developed to regulate
the stress field. For the study of the coupled effect
of the geometiry, a circular thick-walled cylinder
was adopted. The behaviors of the cylinder were
analyzed by using the constitutive equations and
the results compared with the laboratory model
behaviors.

According to the results of the theoretical
analysis, the plastic zone first appears around the
inside boundary v = a when the external pressure
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Figure 9a. Comparison of plastic zones around single and multipie
sclution cavitics in salt damcs

exceeds a certain value of P = P* The radius of
the plastic zone expands outward until 1t reaches
the outside diameter of the cylinder, as llustrated
in Figuwre 9b. Then the whole specimen becomes
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“The creep closure of the model cavity of a
ck-walled cylinder tested under the temperature

igure 18a. Single solulion cavity model showing viscoelastic opcint
B+ = 2 000 pei and viscoplastic paing P*% = 5,000 psi at 250 F.

appreciable creep deformation for external
pressure less than 1,000 psi. With the pressure
fanging between 1,000 and 2,700 psi, there is a
consistent incremental creep responding to a given
incremental pressure increase. This transient creep
anishes within about a half day. The continuous
deformation starts whenever the pressure exceeds
2,700 psi. With a further increase of the applied
pressure, the viscoplastic creep starts taking place.
The viscoplastic creep continues indefinitely with

-

s rate proportional to the amount of pressure ex-
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ceeding 2,700 psi. The first critical pressure of
P, = P*¥ = 1,000 psi is called the “viscoelastic
point” at which the model cavity starts deforming
viscoelastically. The second critical pressure of
P, = P¥* = 2,700 psi is called the “viscoplastic
point” at which the model cavity starts deforming
viscoplastically. The experimental verification of
these two critical pressures may be considered as
partial evidence of the validity of the tensor theory
of halite. It is this cavity method that was utilized
for the determination of the octahedral shearing
strength K of the halite. The results of the cavity
test with respect to the temperature are compared
with the resuits obtained from the direct tensor
method as shown in Figure 4c.

The same technique was applied to analyze
multicavity behaviors by using 2 model which con-
sists of four circular holes in an axisymmetric lay-
out, as shown in Figure 10b. The fensor analysis of
the four-hele model indicates a similar cavity
behavior except for a considerable reduction of the

Figore 10b, Multiple solution cavity model showing substantial
reduction of viscoelagtic and viscoplastic points ar 250 F.
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two critical pressure points, P* und P*¥*. The re-
sults of the model expertments at 150°F also agrec
with the theoretical prediction as shown in Figure
10¢. Both the viscoelastic and viscoplastic points

Figure 10¢. Comparison of single and multiple cavity model behay-
iors ar twe different emperatures.

are significantly reduced by increasing the number
of cavities as well as temperature. The parallel
nature of the four curves of the diagram praves
that a set of multiple cavitics behaves like a single
cavity with the “eguivalent diameter.” It also
shows how quickly the cavity closes by the visco-
plastic flow as predicted by the constitutive equa-
tions of the material. Under the viscoplastic flow,
the closure data can also be used for determination
of the viscoelastic and viscoplastic tensor coef-
ficients. The viscoelastic coefficient analvsis is ius-
trated in Figure 10d. The vm‘oplam{ coefficienis
were determined under various temperatures, as
given in Figure 4d.

The experimental facilittes which were used for
the laboratory model experiments are shown in
Figure 11.
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Figure 10d. Determination of viscoelastic coefficients from single
eavity mode] under completely plastic stare.

FIELD ANALYSIS OF
SOLUTION CAVITIES

The behaviors of solution cavities may be
described mathematically by using the constitutive
equations of the material. The mathematical
theories are derived from the tensor properties of
the salt and refined by the laboratory model study.
In comparing the creep closures between under-
ground cavities and laboratory model cavities,
there is onc important difference. In the model
cavities, they may be completely closed by increas-
ing the applied pressure. In the underground cav-
itles, there is no complere closure rcgardlms of the
magnitude of the earth pressure. The difference is
due to the displacement restrictions imposed on
the underground cavities from the unlimited extent
of ground media. The Juboratory models lack such
displacement restriction.

The mathematical expression of the under
ground cavity deformation cun be described by the
finite element method in relation to the orienta
tion, magnitude of stress field and the material
property cocfficients, assuming plane strain,
homogeneity and isotropy conditions. For 2
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Figure 114, Thin section of multiple cav-
. Figure 1ic. Automatic contrel and re- ity madel showing uniform closure after
" cording system for cavity model test, farge visuoplastic flow

e “eircular cavity, the equations of the cavity radium change, u, and its time rate, i, are extremely simplified
s d expressed by a complex variable method as summarized in the following.
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The geometry and loading condition are illustrated
m Figore 12a. One example of creep closure rate
under hydrostatic pressure is shown in Figure 12
by using the tensor coefficients of the standard
halite,

The usefulness of the theory was tested in the
Prairie L\»a,ponte formations in Saskatchewatt
where various Jayers of halite, shale, and sylvinite
exist. The gamma log taken through the formations
at the test site is given in Figure 13, Corresponding
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1o the gamma loys are three caliper logs of the hole
chtained ar two diferent tmes; at the excavation
time znd 203 days afierwards. It shows a wide var-
jation in the closure of the 6" boreheole runging
from 0.5 1o 2.0 in. As demonstrated in the compar-
isonn of the logs, the closure of the borehole
diameter s dmectly rvelated to the mincrglogical
properties of the groumd. The closure is fairly uni-
form ar Lhe thvu halite zones as indicated in the
fizure. By using the constitutive (quatmns. the
average lateral stress field of 4,700 psi was caleu-
lated from the constitutive equations by using the
tensor coefficients of the standard halite,

This magnitude of the stress was found 10 he too
large for Tht ground. It was therefore reexamined
by installing an eclecironic borchole creepmerer
which recorded the borehole closure LUI]UTI!_I()U&E'}.
as shown in Figure 14, The recording ol the closure
disclosed a significant irregudarity of the curves.
Judging from the nature of the rregularity and
magnitude of the cavity dosure, we assumed that

Prorequusites tor Aaplication of Fipits Eltmony

both the viscoelastic creep and probable cryaiy
growth on the exposed surface contributed o the
excess closure

One method of elbnirating this growth is o,
analyze the closure with the cavity filled with 2 gy
saturated norn-volatife fluid. Such an example i
shown in Figure 13 in which four caliper [ogs tuken
at different times are compared. The calipor lawg
were taken at the 100 foor (10,212" 0 10,3727,
tess section of the experimental solution Cavily.
The results are in good agreemcent with the theo.
retical prediction, The swress fleld can be caleulaied
accprately if the tensor cocflicients of the material
are determined tn the laboratory.

Another method of cavity creep dclosure meus.
urement is 1o record the overflow of the fiiling
Hiquid from the test solution caviry. As ihe shl(,l\
imdicates, Lhe overflow rate continues to decrease
with (kme due 1o the establishment of the struee
tural equilibrium zround the cavity. A tvpical over
Now charactenstic from a test well made in u salt

L ATIVE CRATY CLASURE et A )

Figure 14, Continuous recording of cavity closure vsing #lrctronic herehole oreoprocter
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Figure 13. Creep closure of submerged solufion cavity analvzed by caliper logs at 180 fe. Test section between 10,212'--- 10,312'.

dome is illustrated in Figure 16. This method is the
simplest one. However, it requires careful casing
and sealing of the test well. A slight inflow of
ground water may easily upset the test result. {tis
therefore recommended to use at least one caliper
logging for a cross-examination of the overflow
measurements.

LABORATORY ANALYSIS OF
CONVENTIONAL MINES

The three basic factors in determining the behav-
iors and safety of underground mine structures are
the tensor properties of the rock, siress field of the
ground and geometry of the mine structures. The
method of determining the tensor properties has
been discussed extensively in Chapter 1L, In lab-
cratory testing, the application of the three-
dimensional siress for investigating mine stractures
is the most important requirement. The effect of
the three-dimensional stress ficld is illustruted by
using the three-dimensional testing devices. The
nature of the rooms and pillars of conventional
mines was studied and rthe results are summarized
in the followng.

The effect of the stress field was studied by test-
ing the creep closure of 2 circular hole under two

Figure 16. Charicieristic curve of overflow rate from experimental
solulitv cavity in deep salt dome.
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different types of loading, One type of loading is
triaxial in which the three principal stresses arc
equal as P, = P = P,. The other typcis a biaxial
one in which the two principal stresses are equal

Prerequisites for Applcation of Finite Elemeny

p(‘rlod following the loading. This cffect by the
experience is demonstralu] by using cavity closure
test, Two identical cubic specimens with a circular
hole were loaded to P, = 4,000 psi in two dif-

but the third one is zero as P, = F, . P, = O. ferent ways, as illustrated in Figure 19. [ shows 3

Under each type of loading, « he cuess was in- that the difference In the experience vanishes with = %

creased in steps, as ilustrated in Figure lf A circu- increase of the creep time. The creep closure par.

lar cavity was drilled after th(. "B X B terns under various loading pressurcs were obtained

specimen was preloaded, then the behaviors of by using the triaxial loading device, as shown in i

both the cavity and the cubic specimen were ob- Figure 20. The device creates a passive stress in the

served. As shown in Figure 17, the cavity closure direction of the cavity duc tn the restriction of the

under the triaxial loading is much greater than that axial expansion. The axial stress is determined by 3

under biaxial leading. the transition characteristics of the material, 3

A cavity created in a medium under an elastic The three-dimensional testing stand which ¥

stress stzle alwavs reaches a stabic equilibrium used for studying the opening closure in a uniform 3

after a certain creep delormation, as discussed in stress field is shown in Figure 21. The test openings

_ Chapter IV. When a cavity 1s created m a medium are drilled through the loading plate. The partially ¢
] under the viscoplastic stress state, the cavity will triaxial loading device is shown in Figure 22, A 57
: never reach a stable cquilibrium, Instcad, the cavity cubic specimen placed in the device is loaded exter-
: continucs to deform lincarly as shown in Figure nally in the two principal stress directions. A pas-
18. sive stress is produced by the conlinement in the

Previous cxperience in the stress-strain of a third principal stress direction. The confining plate

structure has a significant effect anly for a limited is exchangeable with two different types, one with K

B i F;
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Figure 17. Compurizon of blaxaal and trizxial loading etfects upon creep closure of circular cavity. A
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Figure 18. Continuous tinear closure of circular cavity dijlled through halite under viscoplastic stute,

drill holes {one or more) and the other with a large
photostress observation window as shown in Figure
22.

The geometry cifect can be studied by using
either the complex varjable method or & finite ele-
ment method. For studying the general effect of
room width for a given excavation height, the
complex variable method can be applied effec-
ively. However, the finite element method is more
usefu] for cvaluating the effects from specific
vers of clay seams which exist in and around the
re body. A specific finite element program is re-
uired for everv specific geometry and nature of
he clay seams.

In siudying the general characieristics of the
oom span effect, the complex varizble method is
10st useful. The expression ol stress distribution
around an opening with various widths is obtained
with respect to the boundary conditions and stress
teld by using the method, The result of the anal-
ysis can be used {or evaluating the laboratory
‘model and finite element program.

One example of the solutions from the

cquations is Hlastrated in Figures 23a and 23b. The
stress distribution shows the retreal of the stress
arch deeper into the roof with the increase of the
room width. The retreat is accompanied by the
spread of the stress arch and reduction of the shear
strain gradient, It should also be noted that the
stress distribution patterns change drastically with
the widening of Lhe room width.

The above theoretical results of the room behav-
iors were examined by using the photostress
analysis which enables us to observe strains in
actual rock speeimens under large deformations,
including both the elastic and inelastic strains. The
stress distribution patiern change by the widening
of the room width is demonstrated by the {our
pictures of Figure 25. It is apparent that the nature
af the strain distribution is in agreement with the
theoretical results, A similar wide-room model
study is nceded under a triaxial loading condition
because the photostress analysis is by necessity i
two dimensions. One typical three-dimensional
model test is lustrated in Figure 2.

The photostress model technigue is useful also in
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Tigure 19. Effec: of previous stress-sirain experience upon behaviar
ot circular opernng.

Figure 22. Partially wnaxial loading device with two prin- ¢ :

. . . i

cipal steesses externaily spplicd and ore internal confine- H

;

studying underground pillar behaviors. The time-
dependent behavior of a pillar created between two
entries which are driven at different rimes is shown
in Figure 26a. The phortograph shows the
nor-uniform deformation of the pillar. Another
experimental result given in Figure 26b illustrates
the behaviors of narrow pillars made between a
number of narrow entries, It demonstrates the
mechanism of the narrow yielding pillars which can
withstand  exwemely large overburden pressure
compared to the uniaxial strength of the material.

FIELD ANALYSIS OF MINE STRUCTURES

In the field analvsis of mine structures, the three
busic factors of stress field, vock properties ond
mine geometry should be considered, as similar 10
Figure 20. Rusic patrern of ¢reep closure rate of cireular openieg. the lale"c}_‘..t}T}’ analys.is. The stress field in any salt
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Figare 23a. Effeci of room width upon stress distribution abave

raon{ center.
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Figure 23b. Effect of moom width on stress distribution in pillar. :

Figure 24, Three-diimensionzl raodel testing of wide room to
suppiermenit photostress analysis.
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formation is usually not hvdrostatic. Therefore it is
important to know the exact stress fleld, partic-
ularly for the numerical analysis of mine design. A
veliable stress field determination method was
developed by using the Borehole Creepmeter which
is described in the next chapter. In this chapter,
the methods for analyzing the combined clfects of
rock properties and geometry in the underground
are described.

Since the rock propertics and stress field are
natural conditions for a given mine, it s the mine
geometry that we can artificially manipulate in
order to design the most cconomical and safe mine,
Therefore, all mine behaviors should be analyzed in
relation to the geometry. There are two basic

methods for the mine analysis; namely passive
creep and active loading methods.

Creep deformation of a mine opening can be
analvzed by measuring the displacement distribu-
tion around the structure. A typical creep station
of a mine opening is shown in Figure 27. A long-
term observation of the creep always yields infor-
mation most useful for evalualing the room safety,
An examaple of a long-term mine entry analysis is
shown in Figure 28 in which the room closure at
three different locations in the entry is compared.
The rapid decline of the creep rate at the inter-
section Station B compared to the room center
Station € indicates that the present width is not
wide enough and therefore should be enlarged.
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Figure 27, Deaign example of permanent referenice Creep station.
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A portable electronmic instrument called the
Serata Microanalyzer is used for immediate detec.
tion of the room closure characteristics, The uge of
the Microanalyzer is llusiraied in Figure 29, With.
out hydranlic leading, the Microanalyzer records
six creep deformations simultaneously. In a few
hours of recording, the structural characteristics of
& given area may be ascertained, In general, there
are two different types of mine roof which are
detected by the Microanalyzer, as illustrated iy
Figure 30.

The Microanalyzer can also be wsed Tor the
active loading analysis. The deformation responses
to an applied load by jacking indicate the condi-
tions of the room. A tvpical example of loading
response of a deteriorating room is shown in Figure
31. The contrast of the load displucement diagrams
between competent and  deteviorating rooms is
demonsirated in Figure 32, In Figure 33, the dis-
placement response profiles along the room center-
line are compared between competent and dete-
riorating rooms. The most important advantage of
the active Microanalyzer test is its speed as the
active test at one focation can be done in fess than
one hour. Therefore, a large area can be analvzed
by the systematic use of the Microanalyzer.

It has been shown by the Microanalyrzer study
that the safcty conditions of any opening can be
most accurately assessed by creep analysis of roof
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Figuee 29, Applicating of micrsanalyzer for mite sTructare analvsis.
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Figurc 31. Comparison of displicerment profile atong reom cenicr-
line between cornpetent and deteriorating rooms.

media. Individual mines have different rock

mechanics properties of their roofs which have
specific creep characteristics. However, regardless
of the complexity of the roof properties, the creep
characteristics of the roof are found to be the most
accurate and relizble reference for safety,

It is this charactenstic that the Microanalyzer
measures in order to detect the roof stahility
quickly. Further use of the Microanalyzer for an
anchor bolt studv is illustrated in Figures 34 and

35. The probes and recorder of the Microanalyzer
arc shown m Figure 36.

DETERMINATION OF UNDERGROUND
STRESS FIELD

A new method of determining the underground
stress lield was developed based on the tensof
properties of rocks. A special borehole instrument
called the “Borchole Creepmeter” was devised for
this purpose. The Borehole Creepmeter measures
the crecp rate distribution around a borehole B
axial and radial directions. The creep rate distribw
tion as a function of timce is then converted to the
initial stress field by using the constitutive equd
tions of the material.
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Figure 34, Determination of effective radius and eflective load of
anchor bolt using microanalyeer,

Figrre 86a. Six probes of microanalyzer capable of quick
instaifation and high resolution.
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Figure 35, Delermination of effective depth and effective load of
anchor bolt using micrcanalyzer.
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The Borehole Creepmeter consists of a number
of interchangeable units such as radial probe, axial
probe, rotator, roior, anchor and centralizer as il-
lustrated in Figure 37. The radial probe measures
diameter change while the axial probe measures
displacement in the direction of the borehole. The
anchor fixes the instrument at two separate points
for measuring the axial displacement. The rotator

and rotor are capable of setting the radial probe 4
any radial direction in the borehole,

An eddy-cuwrrent type transducer was adopted
for measuring the displacernent. The transducer has
the advantage of great stability with high
resofuation.

One of the field test setups is shown in Figure
38. Three Borehole Creepmeters are placed around

the test room, two in the roof and one in the wall,
¢
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t
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Figure 3B, Tust site (or stress field determinaion using
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- “‘ : nd 45 gtmnaviing eee borchole creepmeter
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The siress field determination made at the Allan

. . %) Potash Mines, Saskatchewan, Canada is sum-
T T a .
] ! [ ME:{L{T— marized as an example. The measurements werc
O R S S S ST S taken at the depth of 3,400 [vet, in the Prairie
| P i& o ] [ Evaporite formation of the mine

[ | b e P - LE TRHLC.

8} Amator

Four test holes werc used for the stress field

b 3 R e G e determination; two hori'f:ont'fﬂ holes in the two
o e mutually perpendicular directions at the north end
of North Entry No. 1, and two vertical holes m

West Eniry. The location of the test holes is shown
! i——j_ﬁlﬂ:i (r . 1 in Figure 39
A | The lateral stress was found to be in the follow-
Pl b e e ing range from the creep measurements made in
L et - S Test Hole Nos. 1 and 2, assuming the overburden
uJ ‘C,‘l,":‘:':::m —_ . pressure to be 3,400 psi:
!

sary
i Flasd parp

0.69 P, < P, < 0.77 P,

2,350 pst < Py < 2,620 psi
i s e
i P - - . . ) -
N = LT P IE T N The stress field in the horizontal planc was meas
QU AT T ured once more in Test Hole No. 5. A gimilar at-
F ~ . . . P
L g tempt in the center hole (No. 6} failed complotesy
f "_"‘J - T s\ E
ta¥ Coagretisar ) because of the continual movement of the mnme
S e e diate roof formations which were in the process of
21 gulding biocl ETE . - )
T falling. The continuous sliding among the separated
) ) £ et T e e fect
Figure 37. Schematic dingram of COMPonents of borehnle creep- slabs of the roof preoduced a4 microseigmic ef
meter.

which upset the creep measurement in the hole-
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Figure 59. Location of test holes used for steess field determination
at Allar Fatask Mines, Saskatchewan, Canacda.

The sliding eventually closed the test hole while
the Creepmeter was still in place, almost trapping
it. The distribution of the lateral stress determined
in Test Hole B 1s summarized in Figure 40,

The lateral stress at the depth of 47 feet was
computed to be 2,580 psi on the average which
gives the Py /P ratio of 76.0%. This value comes
very close to the two other values obtained in Test
Hole No. 1. The minimum limit of the lateral stress
for the ultimate stable state was given as,

3G, Ko
T
L %2 TG, 4 6y)

The value was computed to be 2,700 psi, which
ves the Py (P ratio of 79.4%.

At the depth of 24 feet, the tangential stress
sponse was greater than the axial stress response
hown in Figure 40. By assuming the top of the
stress arch over the opening to be at the depth of
24 feet, the siress distribution curve of Figure 40
as constructed. A riumber of measurements were
de in the region between 6 and 11 feer, in order

277

O MEASURED STPESS fowepes)
z J # I &7 ¥

Te—r

3
3
*
5

%L
£
-

O E Jor )
N
X T egpr é h}ﬁ"#dﬂ,ﬂ/
X 2o & 0
: ."' r-‘}‘v‘:‘
s S o Ay
y7) i Spinik e
Huctired |
k Abring !

Figure 40. Stress distribalion in {ost hole na. B
over failed roof in potash mine opening at depth of
3,400 11,

to locate the lower edge of the stress arch in this
depth range. Altogether 10 observations were made
in this range, bul they failed to produce any mean-
inglul result because of the continuous movement
of the fractured roof and separations of layers.
Two stable measurements were made very close
to the ceiling at the depth of 9 inches and 3.8 feet.
At these two depths, the siress response was taken
in the middle of separated slabs. Their response
curves are characterized by a large positive re-
sponse in the tangential direction, and an even
larger negative response in the axial direction. The
characteristics of the response indicate uniaxial
stress acting in the tangential direction of the slabs.
The stress field in the halite and sylvinite forma-
tions of the mine was estimated from the cverall
evaluation of the above analyses as follows:
Overburden pressure; P = 3400 psi £ 100 psi

Uniform lateral stress: Py = 2600 psi & 100 psi
Theratioof P 10 P,: P, /P, = 7652 7%

The stress field determined by the viscoelastic
method in the halite and sylvinite formations at
the depth of 3,400 feet in the Saskatchewan Prairie
was found to be in agreement with the theary of
underground stress field. The theory predicted the
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Iateral stress at the test gite to be in the range from
1,300 psi to 3,500 psi regaxdless of the direction
and magnitude of the existing tectonic stress. The
existing ecarth lateral stress was found to be at the
fower limit of the ultimate stable state, Le,, 2,700
psi. This indicates that there is no compressive
tectonic force acting in the formation, These find-
ings are in excellent agreement with the results of
another underground investigation previously
conducted in a neighboring potash mine operating
in the same ore formation. The previous study was
made Dy lone-term observation of the viscoclastic
deformation around g 21 fool diameter mine shaft,
The deformation was analyzed for both the diam-
eter change and internal strain distribution in the
rock medium surrounding the shaft.

The stress distribution determined over the mine
apening ilustrates how the opening establishes a
stable equilibrium condition after having suffered
extensive failure of the immediate roof. The nature
of the stress distribution indicates thal a stress arch
i formed over the fractured roof at the depth of at
least 24 fecr above the original ceiling level, This 15
considerably deeper than those of stress arches
commonly formed over competent roofs in the
mine. ‘Fhus, the depth of the stress arch seerns to
have increased lollowing the failure of the imme-
diate roof,

Na effect of the roof failure was found at the
depth of 47 feet. The stress distribution at this
depth was the same as the natural stress {ield ol the
formation prior to the mining. This stress distribu-
tion may be regarded as pasitive evidence of the
mine's safety against potential flooding from the
waterbearing formation which lies within 50 feet
from the ceiling. The viscoelastic method of deter-
mining stress field by using the Borehole Creep-
mcter has many advantages over other conven-
tional methods of im-situ stress determination. It is
more rebable in rocks which do not conform to
ideal elasticity. The method is practical in under-
ground mincs because of its speed, and simplicity
In operation as it does not vreguire uvercoring. The
methed is particularly suitable for stress determina-
tion of deep underground formations by using test
wells. Such field investigations have been carried
out in depths up to 10,300 feer, The viscoelastic
method would be applicable even at a shallow
depth if the K, -value of the {ormarion is suffi-
ciently small for viscoelastic deformation of the
borehole.

Prerequisites for Apolication of Finite Elemens

CONCLUSIONS

L. The successful development of o finite ele.
ment program which is uscful for analvsis of saly-
tlon cavities and conventional salt mines is soleky
dependent upon the constitutive equations of rock
salt bused on the tensor analysis ol the material in
the laboratory.

2. There is a significant difference in the hehay-
lors between soluiion cavities and conveniional salt
mines which is attributed to the effects of teniper
ature and geometry difference.

3. A finite element program developed {or soly-
tion cavities should be examined and calibrated by
using a model cavity of a thick-walled eylinder,

4. A finite element program developed for con-
ventional mines should be examined and calibrated
by using a three-dimensional laborztory model
which provides observation of various model struc
tures under strict three-dimensional eonirol,

5. A borehole drilled through the salt fermation
in which soluiion cavities are to be vreated should
be uved lor in sitk determination of the under
around stress lield to which the finite clement
program should be calibrated.

6. Time-dependent behaviors of relatively simple
mine structures should be observed in order 1o cali-
brate the finite clement program of the mines.

7. A Borehole Creepmeter was developed for
Insitu determination of the siress field to be used
for stress distribution  analysis of conventional
salt mine structures,

8. A finite element program which is examined
and modified through laboraiory and field cali-
bration can be used for “computer cxperi-
mentation’ of solution cavities and conventional
mine structures.
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