MINING AND METALLURGY INSTITUTE BOR

ISSN: 2334-8836
UDK: 622

UDK: 622.36:624.137(045)=20

DOI:10.5937/MMEB1303065C

Salko Cosi¢”, Mevludin Avdi¢”, Amir Susi¢™, Milenko Ljubojev™

FINITE ELEMENT ANALYSIS OF DEEP UNDERGROUND
SALT CAVERNS

Abstract

Fokkk

In this paper, the process of finite element analysis of deep underground salt caverns was described
with geometry and material properties related to caverns in the salt mine Tetima-Tuzla, B&H. The 3D
model was built based on ultrasound measurement and CAD modelling of planar geometry data.
Nonlinear finite element analysis was performed resulting in stresses and deformations data necessary
for assessment of cavern stability and time dependent behaviour.

Keywords: finite element analysis, CAD model, stress and deformation fields, plasticity and creep

1 INTRODUCTION

Besides the many advantages, there are
also some drawbacks related to leaching
exploitation of deep underground salt cav-
erns. Leaching process leads to enlarge-
ments of caverns and subsequently to re-
ducing of its stability. Due to high litho-
static pressure at cavern depth, failure of
cavern walls is possible if its dimensions
are above certain limit. In order to main-
tain stability, it is necessary to stop leach-
ing process when cavern reaches some
critical dimensions. Exploited cavern must
be filled with water and sealed. The leach-
ing process has to be continued at new
cavern(s) usually in the vicinity of previ-
ous one. The position, dimensions and
leaching dynamics of the new cavern is
influenced with other caverns in the vicin-
ity. There are protective pillars between
caverns that are necessary to maintain the
stability of caverns. The pillars are highly
loaded with internal (litho-static) pressure
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at cavern depth. The calculation of geo-
metrical disposition of caverns and its
critical diameters is a complex task. Up to
now, some recommendations were usually
used on the basis of elasticity theory mod-
els and empirical data from previous years
of exploitation. The theory of elasticity
allows stress-strain calculation in the case
of ideal, homogeneous, isotropic, linearly
elastic material and cylindrical, spherical
or elliptical shape of caverns. Unfortu-
nately, in the real-world conditions, the
rock salt deposit are layered with non-
homogeneous layers, the rock materials
are anisotropic; the constitutive behaviour
is nonlinear and inelastic. Also, the cavern
shape is usually far away from the ideal,
cylindrical or spherical case for which
analytical models can be useful. There-
fore, the analytical models, based on elas-
ticity theory, have limited usefulness in
the practical stress state calculations. It is
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therefore, necessary to have larger coeffi-
cients of safety related to the critical cav-
erns diameters and its mutual axial dis-
tance. It leads to stopping of leaching be-
fore it is really necessary at the moment
when cavern is fully formed and gave its
maximum production and transfer to a
new cavern with small size and small ca-
pacity. Also, the axial distance between
caverns must be larger, that means, lot of
salt material is permanently lost.

High improvement in this field came
with the finite element analysis. It allows
nonlinear analysis of stress-strain state
with advanced material models and realis-
tic geometry (shape) of caverns and layers
of rock materials. The result is more reli-
able prediction of caverns behaviour and
its mutual interactions. Such analysis with
geometrical and material parameters, re-
lated to the rock salt mine “Tetima” in the
vicinity of Tuzla, Boshia and Herzego-
vina, is given in this work.

Field: Tetima
Scale 1:2500
Date: 2011-12-07

2 THE FEM MODEL OF SALT
CAVERNS

The first step in FEM analysis is de-
velopment of CAD model with realistic
caverns geometry and positions in salt
deposit. The stress-strain state will be ana-
lyzed for the group of five caverns and
pillars between them, situated at the
Tetima mine, near Tuzla, Bosnia and Her-
zegovina. The actual geometry of cavern
walls is obtained by ultrasonic measure-
ment. The ultrasonic measuring head is
down warded, from the surface to the bot-
tom of cavern, taking series of flat scans
(2D) in the plane normal to cavern axis,
shown in Figure 1. Contour lines are mod-
eled as splines allowing smooth cavern
surface and solid model to be generated by
3D modelling software. Caverns are be-
tween 80 and 100 meters high and with
diameters up to 40 meters. All caverns are
situated at 500-700 meters from the sur-
face. The volume of one entirely devel-
oped cavern is approximately 100,000 m°.

Enc. |

From 488.00 To 636.00 m bgl
Base Well: T-72

Figure 1 Caverns cross-sections by ultrasonic measurements(a) and
appropriate 3D solid models (b)
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3D solid model of individual caverns is
shown in Figurel (b). Caverns are obtained
by subtraction of previously generated 3D
solids from layered deposit model (Figure
2.2). Model dimensions are 300 x 200 x 600
m. It is adequate to include all five caverns
and to exclude influence of the rest of salt
deposit. In order to reduce model height

(depth 500-700 m) at upper surface, a uni-
formly distributed external pressure equiva-
lent to litho-static pressure at appropriate
depth is applied. It leads to significant reduc-
tion of DOF in FEM analysis with minor
reduction of accuracy. All layers are mod-
elled based on geophysical measurements
and geological maps.
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Figure 2 3D layered CAD model of caverns and its disposition in the Tetima mine(a),
discretized domain (b)

3 PREPROCESSING

3.1 Model Partitioning and
Mesh Generation

Before discretization on finite elements,
it is necessary to do domain partitioning in
order to allow better mesh generation. The
complicated curved parts of domain (salt
cavern walls) are discretized on standard
linear tetrahedral elements but large part of
domain is discretized on more advanced
hexahedral elements, Figure 2. In this way,
there is a compromise between the mesh
quality, number of degrees of freedom in
problem and hardware (computing) capacity
of our computers. Total number of degrees

of freedom for entire model is around
380,000. After defining caverns geometry
and automatic mesh generation, the material
model, loads, boundary conditions and inter-
face between cavern and surrounding mate-
rial are defined.

3.2 Material Modelling

In the real conditions, the domain is
layered with many different rock mate-
rials. The base material (rock salt) under
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high pressure has the elasto visco-plastic
behaviour. Therefore, the FEM analysis is
nonlinear, time dependent, with many
increments of loads and many iterations
steps. The parameters for material model
are determined by fitting the experimental
measurement results on many salt sam-
ples, according to the standardised proce-
dures. Another rock material is modeled
as linearly elastic by the Drucker-Pragger
plasticity model. In the space of principal
stresses, the D-P model is given as (1) and
salt creep model is given by (2):

\/]_2 =a+b-1 ili
\E[(al — 5)2 + (01— 03)? +(0; — 03)?=
=a+b-(01+02+03) (1)

& =(A-o"[(m+ gzl ()

The constants (material parameters) a,
b, A, nand m in equations (1) and (2) are
found experimentally.
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3.3 Boundary Conditions

Dimensions of model are taken suffi-
ciently large so we can apply standard
geomechanical ~ boundary  conditions
shown in Figure 3 (b) for the 2D case. The
lowest surface of the model is fixed in
vertical directions and vertical lateral sur-
faces are fixed in normal to surface direc-
tions. In this way, the whole model is
properly fixed in space.

3.4 External Loads

The external loads are due to evenly
distributed gravity force and defined by
gravity acceleration level and directions
and material density. On top surface of
model that is at 180 m from free surface,
the apply external pressure is applied that
is equivalent to the internal rock pressure
at depth of 180 meters, with rock material
density of 2100 kg/m®. Internal salt water
pressure in caverns is linearly related with
depth, beginning from the free surface
(ordinary hydrostatic pressure p=pgh).
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Figure 3 Discretized cavern model (a), standard boundary conditions (b)
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4 DISCUSION OF RESULTS

Resulting system of equations in discrete
form were solved in approximately 200 min.
of PC time. Due to intense plastic deforma-
tion of several elements, the analysis was
performed in several increments of load (30)
and approximately 5-6 iteration steps in
every increment. The most interesting result
variables are displacement field, during
leaching process and after. The magnitude of
displacement field is shown in Figure 4.
Maximum vertical displacement is about 1.3
m. and it is located at free surface above

cavern no. 73. Due to visco-plastic beha-
viour of rock salt, it is assumed that vertical
displacements shall rise in cavern surro-
unding with time. Vertical displacements in
another cross section are much smaller.
Also, the effect of rising of bottom for all
caverns can be seen. It is easy to explain,
because the internal pressure at cavern bot-
tom is hydrostatic, p=pwaergh , but the exter-
nal pressure is much higher, equal to

p:Prockgh-

Figure 4 Magnitude of displacements in cavern cross section

In Figure 5, We can see displacements
distribution in horizontal cross section
(u,). High pressure outside of cavern and
lower pressure inside, and reduced hori-
zontal stiffness due to caverns (cavity in
material) leads to horizontal displace-
ments of magnitude + 2 102 m. In a case
when internal hydrostatic pressure is re

duced to zero (empty caverns), the stress
equilibrium is lost due to non-symmetric
shape of cavern and it leads to collapse of
cavern walls. In the simulation process,
this is related with loss of convergence.
Layered material and uneven distribution
of pillar thickness between caverns also
contribute to this effect.
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Figure 5 Distribution of horizontal displacement, u,

For stress analysis, the most important is
the effective stress related to the Drucker-
Praggerplasticity criterion. The nodal point’s
effective stress can be compared with unia-
xial stresses leading to the plastic defor-
mation, obtained experimentally at rock
samples. The analysis shows stresses higher
the 20 MPa that are beyond the layered ma-
terials yield stresses. The most severe stress
concentrations are at sharp corners in cavern
walls, but number of such situations is rela-
tively small with respect to the cavern

£, Max, Principal
(Aug: 75%)

dimensions. Also, such places are disjoined,
far away one from another. In the real condi-
tions, the geometry changes and sharp cor-
ners are not so severe, it can be assumed that
plastic deformations will remain loca-lised
and corresponding plastic zones will be
separated. Also, the local plastic deforma-
tion will lead to decreasing of stress gra-
dients in the local zone. In whole model, for
given geometrical and material parameters,
any larger plastic zone was not found, only
small, disconnected local plastic zones.

Figure 6 First principal stress distribution (op1)
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As rock materials have reduced
strength with respect to the extension
stress, distribution of the first principal
stress, op IS shown in Figure 6. It shows
maximum extension stress in every nodal
point. Checking many cross sections of a
model in three perpendicular planes, it is
realized that extension stresses op; are
relatively small, except in already men-
tioned areas with high stress concentra-
tions. In such points, the plastic deforma-
tions occur, leading to equalisation and
decreasing of extension stresses. The high
magnitude of another principal stresses
that are compressive (op; and op1) iM-
proves the global model stability.

CONCLUSIONS

The general conclusion obtained by de-
scribed nonlinear finite element analysis is
that the model is in stabile elastic state, with
localised stress concentrations and corres-
pondding plastic deformation at sharp cor-
ners in cavern walls. There is no any larger
plastic zone and horizontal displa-cements
are relatively small. The tangential stresses
are little bit larger in pillars between caverns,
but there is no severe plastic deformation
there. The stresses in the upper protective
plate have caused local plastic deformations
at several places, but it is still in stabile state.
In the first layer above the salt, the local
potential possibility has cracks due to low
ultimate extension stress for that material.
The material parameters of rock materials
are highly scattered, so the average values
are used in numerical analysis. With such
material parameters, there is no any indica-
tor of global cavern instability or global in-
stability of pillars between caverns. The
zones with plastic deformations are strictly
localised and separated. Visco-plastic effect
will lead to spreading of plastic zones, but
also to stress reduction and equalisation of
its distribution. The cavern volume will de-
crease with time. Maximum value of

vertical displacement includes displacement
due to the historical terrain subsidence and
excavation by leaching. Magnitude of the
last one is approximately 0.3 m at depth of
200 m from free surface. It is relatively
small related to the cavern dimensions. So,
the main conclusion is that the cavern group
is still in stabile state, but many local plastic
zones indicate that it can reach its ultimate
dimensions. Therefore, it is compulsory to
watch surface settling, to have regular ultra-
sound measurements of caverns geometry
and to perform subsequent nonlinear finite
element analysis.
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NAPONSKO-DEFORMACIONA ANALIZA SONIH KOMORA

METODOM KONACNIH ELEMENATA

lzvod

Fkkk

U ovom radu opisujemo proces naponsko-deformacione analize dubokih sonih komora metodom
konacnih elemenata. Geometrijske i geomehanicke osobine komora i stijenskih slojeva odgovaraju
istima na rudniku soli "Tetima" u Tuzli, BiH. 3D model je izraden na osnovu serije ravnih ultrazvucnih
snimaka duz ose svake komore. Izvodenjem nelinearne MKE analize doslo se do naponsko-defor-
macionog stanja masiva u zoni eksploatacije,neophodnog za procjenu stabilnosti i ponaSanja komora.

Kljuéne reéi: MKE analiza, CAD model, sona komora, distribucija napona i deformacija

1. UvOD

Eksploatacija  leZista kamene  soli
metodom izluZivanja osim prednosti vezana
je i za niz poteskoca. Sirenje podzemnih
komora (kaverni) velikih dimenzija u lezistu
soli vezano je za poveéanje opasnosti od
gubitka stabilnosti komore. Kolaps izaziva
litostaticki  pritisak kome je komora na
velikoj dubini izloZzena. U cilju odrZanja
stabilnosti tj. izbjegavanja kolapsa neo-
phodno je zaustaviti ekspolataciju kada se
veli¢ina komore priblizi kriticnoj granici,
istu hermeticki zatvoriti i pre¢i na izluzi-
vanje nove, susjedne komore. PoloZaj i
dinamika izluzivanja nove komore takode
imaju veliki uticaj na ve¢ zatvorenu komoru.
Potrebno je osigurati da zastitni stubovi od
kamene soli izmedu komora mogu nositi
visoke vrijednosti  spoljnih  (litolokih)
pritisaka na dubini komore. Odredivanje
potrebnih geometriskih parametara (precnici
komora i rastojanja izmedu osa istih) je
slozen zadatak. U dosadadnjim istrazi-

“ Univerzitet u Tuzli, Bosna i Hercegovina

empirjski ili obrasci teorije elasticnosti. Ovi
drugi omogucavaju da se za homogen,
izotropan, linearno elastican materijal odredi
naponsko stanje pri postojanju cilindri¢nih,
eliptinih ili sfericnih Supljina i1 njihovih
kombinacija pri odgovaraju¢im grani¢nim
uslovima [11]. Na Zalost, u realnim
uslovima, leziste kamene soli je daleko od
homogenog, izotropnog, linearno-elasti¢nog
materijala. Ono je najéeSée slojevito, sa
razli¢itim, nehomogenim slojevima, stijenski
materijal (kamena so, mineral halit) je u
opStem slucaju anizotropan 1 njegova
konstitutivna relacija je nelinearna i ne-
elasti¢na. Takode, oblik (geometrija) stvarne
komore bitno odstupa od cilindri¢nog ili
sfericnog oblika za koji su razvijeni
analiticki modeli. Jasno je da prethodno
spomenuti analiticki modeli mogu dati samo
pribliznu sliku naponskog stanja te da se
zbog sloZenosti i nepouzdanosti mora raditi

** d.d.Rudnik soli Tetima, Tuzla, Bosna i Hercegovina
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sa vecim stepenima sigurnosti. Ovo se u
prakticnom smislu ogleda kroz zatvaranje
komore (prestanak eksploatacije) moZda i
znatno prije nego Sto je to zaista neophodno,
u fazi kada ista ima najvecu produktivnost,
prelazak na novu komoru koja u pocetnoj
fazi izluZivanja zbog malih dimenzija ima i
vrlo malu produktivnost kao i ostavljanje
znatno vedéeg zastitnog stuba izmedu stare i
nove komore ¢ime je taj mineralni materijal
trajno izgubljen. Pojava FEM metode
analize napona i deformacija dovela je do
bitnog napretka u ovom podrucju. Ista
omogucava nelinearnu analizu napona i
deformacija u zoni komore sa naprednijim
modelima materijala i realistichom geome-
trijom koja uzima u obzir slojevitost
materijala i stvarni oblik komore. Time se
omogucava pouzdanija procjena stanja i
ponasanja pojedinatne komore kao i
medusobne interakcije vise komora u
leZistu. Proceduru takve analize na primjeru

Field: Tetima

Scale 1:2500 From
Date: 2011-12-07

komora rudnika ,,Tetima“ u Tuzli dajemo u
nastavku rada.

2. MKE MODEL SONIH KOMORA

Pocetna faza FEM analize podrazu-
mijeva izradu realistichog CAD modela
lezista sa komorama. U nastavku ¢e mo
prikazati naponsko-deformacionu analizu
zastitnih stubova izmedu vise (5) komora na
rudniku ,, Tetima“ u Tuzli, Bosna i Herce-
govina. Geometrija stvarnih komora utvr-
dena je ultrazvucnim snimanjem. Sonda se
spusta po osi komore sa povrsine do dna i
daje niz ravnih (2D) ultrazvucnih snimaka, u
ravni normalnoj na osu komore, sl. 1 (a).
Konturni presjeci se opisuju spline funkci-
jama koje se koriste za generisanje 3D
solida. Komore su orjentaciono 80-100 m.
visoke, precnika do 40 m i na dubini od 500-
700 m. Zapremina jedne komore orijen-
taciono iznosi 100.000 m®.

Sl. 1. Ultrazvucni snimak, presjek na odgovarajucoj visini komore (a), 3D solid modeli (b)

3D solidmodel pojedinacne komore
prikazan je na slici 2 (). CAD model obu-
hvata 5 komora koje su modelirane na
osnovu serije ultrazvucnih snimaka. Komore
(Bupljine) su dobijene "oduzimanjem" 3D
modela punih komora od prethodno pri-

premljenog modela sloja kamene soli, sl. 2
(b). Dimenzije modela (300 x 200 x 600) m.
su takve da se obuhvate sve komore od
interesa te da se bocni uticaji ostatka masiva
svode na standardne 3to podrazumijeva da se
fiksiraju pomaci svih taaka u pravcu

Broj 3, 2013,
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normale na povrSinu. S obzirom na dubinu
na kojoj se nalazi gornja povrsina komora,
da bi se smanjila veli¢ina modela, izostavlja
se stijenski materijal (sloj laporca), a njegov
uticaj se kompenzira dodavanjem ravno-

mjerno rasporedenog pritiska po litosta-
tickom zakonu po gornjoj povrSini modela.
Slojevi (litoloski ¢lanovi) su modelirani na
osnovu raspolozivih geoloskih podataka i
karata.
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Sl. 2. 3D slojeviti CAD model komora u leziStu rudnika ,, Tetima* (a), diskretizirana domena (b)

3. PRE-PROCESIRANJE
3.1. Generisanje MKE mreze

Prije diskretizacije na konacne elemente
je izvrdeno je particioniranje modela kako bi
se omogucila izrada naprednije heksago-
nalne mreZe elemenata tamo gdje je to
moguce. Zakrivljeni dijelovi komore sa
slozenom geometrijom modeliraju se pomo-
¢u standardnih linearnih tetracdarskih ele-
menata. Na ovaj nacin (particioniranjem)
postignut je kompromis izmedu broja
elemenata (broj stepeni slobode) u modelu,
kvaliteta aproksimacije i racunske mogué-
nosti hardvera na kome se obavlja FEM
analiza. Na sl. 2 (b) prikazan je diskretizirani
model. Ukupan broj stepeni slobode modela
iznosi oko 380.000.

Nakon definisanja geometrije modela,
preprocesiranje obuhvata automatsko gene-
risanje mreze, definisanje modela mate-

rijala, optere¢enja, grani¢nih uslova i
eventualnih interakcija izmedu dijelova
modela i okoline.

3.2. Modeliranje materijala

U razvijenom modelu, domena je sloje-
vita i sastoji se od viSe litoloskih ¢lanova.
Osnovni materijal domene, kamena so, pod
dejstvom dugotrajnog pritiska pokazuje
visko-elastoplasticne efekte $to FEM ana-
lizu ¢ini nelinearnom i podrazumijeva itera-
tivno rjeSavanje sa vecim brojem iteracija.
Parametri potrebni za izabrani reoloSki mod-
el materijala odredeni fitovanjem rezultata
utvrdenih eksperimentalno na uzorcima,
prema standardiziranim procedurama. Ostali
stijenski slojevi su modelirani kao linearno

Broj 3, 2013.

Mining & Metallurgy Engineering Bor



elasti¢ni sa Drucker-Pragger-ovim uslovom
teCenja u oblasti plastiCnosti. U prosturu
glavnih napona, Drucker-Prager uslov loma
dat je sa (1) dok je efekt puzanja modeliran
sa (2):

J=a+b-1ili
\E[(al — 53)2+ (0, — 63)? +(0; — 7;)=
=a+b-(01+02+03) (1)

& =(A-o"[(m+ gzl (2)

Konstante a, b, A,nimu (1) i (2) su
odredene eksperimentalno.

3.3. Graniéni uslovi

Dimenzije modela su izabrane dovoljno
velike tako da se na stranama mogu
primijeniti standardni geomehanicki granicni
uslovi prikazani na sl. 3 (b) za sluc¢aj 2D
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analize. Za povrsinu koja odgovara donjoj
bazi modela je usvojeno da je vertikalni
pomak jednak nuli. Za bocne povrSine
modela je usvojeno da su pomaci u pravcu
normalom na bo¢ne ravni jednaki nuli. Time
je model pravilno i dovoljno fiksiran u
prostoru.

3.4. Opterecenje

Opterecenje poti¢e od sopstvene tezine i
zadaje se preko faktora gravitacije 1 gustoce
materijala. Na gornju povrinu dodat je
eksterni pritisak koji kompenzira odgovara-
juéu visinu stijenskog masiva od gornje
plohe modela do slobodne povrsine. Veli-
¢ina eksternog pritiska jednaka je pritisku na
dubini od 180 m pri gusto¢i materijala od
2100 kg/m®. Pritisak u unutrasnosti komora
se mijenja linearno sa dubinom i jednak je
vrijednosti  hidrostatickog  pritiska na
odgovarajucoj dubini, p=pgh.

overburden pressure

rock salt

symmetri axies

SALT CAVERN
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I
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Sl. 3. Diskretizirani MKE model komore (a), standardni granicni uslovi (b)
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4. ANALIZA REZULTATA

Rezultuju¢i diskretni sistem (nelinea-
rnih) jednacina se rjeSava za cca 200 minuta
rada PC raCunara. Zbog izrazito lokalizo-
vanog plasticifiranja nekoliko elemenata,
analiza se vrSi u viSe inkremenata optere-
¢enja (max. 30) sa 2-6 iteracija po inkre-
mentu. U prakticnom smislu, od interesa su
polja pomaka koji nastaju u toku i nakon
eksploatacije. Distribucija magnitude poma-
ka za date parametre prikazan je na sl. 4.
Maksimalno utvrdeno vertikalno pomjeranje

iznosi oko 1.306 m i locirano je na povrsini
u zoni projekcije komore br. 73. S obzirom
na visko-elasto-plasti¢ne efekte koje poka-
zuje ruda soli, ocekuje se blagi porast
vertikalnog pomaka s vremenom, u Citavoj
zoni. Vertikalni pomaci u ostalim presjecima
su bitno manji. Uocljivo je i podizanje dna
komore $to je sasvim razumljivo s obzirom
na znatno vide vrijednost pritiska u masivu
soli izvan nego u slanoj vodi unutar komore.

Sl. 4. Magnituda pomaka u poprecnom presjeku

Na sl. 5 prikazano je polje horizontalnog
pomjeranja (u,) u horizontalnom presjeku
kroz komore. Visoke vrijednosti pritisaka
unutar i izvan komora te smanjena krutost
materijala u horizontalnoj ravni uslijed
postojanja  Supljina dovode do bocnih
pomaka reda veli¢ine od -2 do+ 2 cm. U
sluaju da se neutralie unutradnji hidro-

staticki pritisak (prazna komora) bocni
pomaci postaju bitno veéi i dovode do
kolapsa komore (u numerickom smislu gubi
se konvergencija nakon velikog broja
iteracija). Tome doprinose i neravnomjerno
rasporedeni boéni pritisci koji nastaju uslijed
neravnomjerne  debljine 1 mehanickih
osobina materijala slojeva.
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Sl. 5. Distribucija horizontalnog pomaka

Za analizu napona najmijerodavniji je
efektivni napon koji se u ovom slucaju
ratuna prema Drucker-Prager kriteriju
plasticnog teCenja. IzraCunate vrijednosti
napona u ¢vornim tackama (skalarne veli-
¢ine) pruzaju mogucénost poredenja sa
eksperimentalno  utvrdenim  jednoosnim
naponima koji dovode do plasticne defor-
macije. Analizom su utvrdeni naponi reda
veli¢éine 20 MPa koji prekoracuju granice
teCenja materijala slojeva. Najveci naponi se
javljaju na izolovanim mjestima na povrsini
komora u presjecima koji imaju nagle i ostre

£, Max, Principal
(Aug: 75%)

-L0ize+07

promjene geometrije. Broj takvih mjesta je
relativno mali i ista su udaljena jedno od
drugoga. U stvarnim uslovima, promjena
geometrije nije tako izrazita i konture nisu
tako ,,08tre” kao Sto je to prikazano na
modelu, tako da se smatra da se ovdje radi o
lokalnim plasti¢nim deformacijama. Plasti-
¢na deformacija tih elementa ¢e dovesti do
ravnomjernije distribucije napona i raster-
¢enja tih presjeka. U modelu, za zadate
parametre materijala i optereenja, nije
utvrdena  pojava nastanka i  Sirenja
plastificirane zone vecih dimenzija.

Sl. 6. Prvi glavni napon (sP1)
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Budu¢i da stijenski materijali ne podnose
istezanje, na slici 6. je prikazana distribucija
maksimalnog glavnog napona. Analizom
distribucije ovog napona sa promjenom
poloZaja presjeka modela utvrdeno je da isti
ima relativno malu vrijednost u ¢itavom
modelu osim u nekoliko kritiénih tacaka
koje se nalaze na mjestima nagle promjene
geometrije komore (oStre ivice ili uglovi). U
takvim tackama dolazi do lokalne plasti¢ne
deformacije ¢ime se naponi istezanja
smanjuju i uravnoteZavaju sa okolinom.
Visoka vrijednost druga dva glavna napona
(kompresivni) povoljno djeluje na stabilnost
komore tako da osim lokalnih plasti¢nih
deformacija u blizini ostrih uglova ili ivica, u
cjelini model se nalazi u elastiénom stanju sa
umjerenim vrijednostima napona i defor-
macija.

ZAKLJUCAK

Generalni zakljucak dobijen analizom
pomaka kroz &itav model je da nema
intenzivnih pomjeranja u zoni komora.
Tangencijalni naponi koji su 1 najveci
uzroénik pojave plasticnih deformacija
pokazuju nesto vecu vrijednost u dijelu
materijala izmedu komora $to je i razum-
ljivo obzirom na ve¢ spomenuto kod analize
pomaka. Analizom naponsko - deforma-
cijskog stanja u podrucju predvidene zone
zastitne ploce uocavaju se pojave plasticnih
deformacija, ali njihov intenzitet nije u toj
mjeri izrazen da bi dao pokazatelj even-
tualnog proloma zadtitnog stuba. Rezultati
naponske analize i plasti¢nih deformacija za
materijal iznad soli ukazuju na tacke poten-
cijalne zone pojave pukotina i narusavanja
homogenosti sloja. U prora¢unu su uzete
srednje dobijene vrijednosti geomehanickih
parametara. Podaci dobijeni ovom analizom
ukazuju da nema pokazatelja o spajanju
komora i naruSavanju postoje¢ih medu-
komornih stubova. Utvrdene plasti¢ne defor-
macije su male magnitude i obuhvataju mala
podrudja. Visko-plasti¢éni efekat Koji ispo-
ljava so ¢e dovesti do Sirenja ovog podrucja

ali sa opadanjem napona i povecanjem
ravnomjernosti distribucije. Dobijena veli-
¢ina maksimalnog vertikalnog pomaka, a
koja je navedena u radu sadrZi pored uticaja
slijeganja terena usljed eksploatacije i
"istorijsku™ vrijednost pomaka koji je bio
prije pocetka eksploatacije. Ako se uzme u
obzir i ovaj parametar onda se ta vrijednost
kreée u granicama do 0.3 metra na dubini od
200 metara od powvrsine. Opsti je zakljucak
da je naponsko stanje stabilno, naponi u
glavnini materijala su joS uvijek u elastic-
¢nom podrucju ali i da je blizu granica
plastificiranja i velikih deformacija jer su
neka najnepovoljnija podrucja ve¢ zahva-
¢ena istom.
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