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Iskopom otvora u stjenskom masiw dolazi do koncentracije napre- 
zanja uz otvor. U radu su prikazane promjene naprezanja i deformacija 
u neposrednoi okolini eliptihog otvora i utjecaj otvora na okolinu. 
Teoretsko rjesenje koriSteno je za odredivanje veliEine podruqa u 
kojem postojanje otvora izaziva promjene u stanju naprezanja u odno- 
su na primarno stanje unutar pr~hvatljivih granica. Dana je usporedba 
rezultata numeritih proraEuna metodom konatnih elemenata s rezul- 
tatima po teoriji elastihosti. 

NumeriEki proratuni provedeni su za sluZajeve zadavanja mbnih 
uvjeta: silama i pomacima. Zadavanje rubnih uvjeta pomacima daje 
bolju aprohimaciju stanja naprezanja i deforrnacija. 

Koncentracija naprezanja uz otvor i pojava zona ~lastifikacija 
obradena je na primjeru iskopa cestovnog tunela. Proracun jc prove- 
den metodom konatnih elernenata uz Hoek-Brownov kriterij lorna. 
Rezultati analize stabilnosti ukazuju na podruEja u kojirna moiemo 
otekivati slom stjenskog rnaterijala odnosno mjesta na kojima treba 
poduzeti mjere osiguranja. 

Od posebnog 'e znaEaja usporedba rezultata numeriEkih modeli- 
ranja i samih opdanja na terenu prilikom iskopa. 

Uvod 

Kod projektiranja podzemnih prostorija jedan od 
vainih faktora je koncentracija naprezanja uz njihove 
otvore. Otvaranjem cijelog profila podzemne prostorije 
dolazi do promjene stanja naprezanja u neposrednoj 
okolini otvora. Iskopom otvora primarno stanje 
naprezanja u masivu prelazi u sekundarno stanje 
naprezanja i deformacija, ovisno o brzini napredovanja 
iskopa i podgradivanja, te drugim okolnostima u po- 
druEju Eela iskopa. Pri tome dolazi na rubu otvora do 
koncentracije obodnih norrnalnih naprezanja dok 
posmiEna i radijalna naprezanja isEezavaju. Utjecaj 
otvora na nekoj udaljenosti potpuno istezava, pa se 
masiv izvan zone utjecaja nalazi u primarnom stanju 
naprezanja. 

Dio stijene koji je neposredno iskopan nije moguCe 
istovremeno pod grad it^. ProraEun stanja naprezanja i 
deformacija za takvu ne odgradenu dionicu provodi 
se za ravninsko stanje de !' ormacija Sto odgovara stanju 
naprezanja na nekoj udaljenosti od samog Eela iskopa. 

Metode projektiranja podgradnih sustava ovise o 
lokalnim okolnostima, svojstvima rnasiva te primije- 
njenim postupcima iskopa i podgradivanja. Modelira- 
njern stvarnog stanja moie se predvidjeti ponaSanje 
podzemne prostorije tijekom iskopa. 

Nastanak prirodnih materijala, kao Sto su stijena ili tlo, 
u sloienim geoloikim procesima uvjetu'e vrlo Siroki 
raspon fizikalno-mehanickih parametara (npr. jednoak- 
sijalna tlatna EvrstoCa, modul deformacije, kut trenja, 
kohezija i drugo) i prostornu heterogenost. 

Stabilnost i sigurnost otvora ovise i o mehanitkim 
Svojstvirna stijene odnosno tla, pa je za opisivanje 
elasticnib, plasticnih i viskoznih svojstva masiva potre- 
bno poznavati veki broj materijalnih karakteristika. 
Kako se karakteristike mogu ustanoviti obiEno tek kad 
se iskopom dode do odredene lokacije te kako one 
vrijede samo za ograniteno podruEje, pretpostavljaju 
se na osnovu iskustva, pri Cemu je potrebno usvojiti 

Key-words: Underground room, Finite Element Method, Failure 
Criterion 

By excavation of o ning in the rock, a stress concentration around 
the opening occurs. a state of stre&$&$ and strains around an opening 
is analysed by theory of elasticity and by Finite Element Method 
(FEM). The aim of the paper is todetermine the dimension ofthe FEM 
model for the stress and strain analysis around an elliptical opening in 
rock massif. 

The numerical calculation have been performed for two different 
boundary conditions: with forces or with displacements. Boundary 
conditions given by displacements give better approximation in the 
state of stress and strains. 

An example of the excavation of a road tunnel is used to represent 
stress concentration at the opening and the places where the plastic 
zoncs occur. The computation ha? been done after FEM comprising 
the Hoek-Brown criterion of failure. The results of stability analysis 
point to the zones where failure of the rock material may be anticipa- 
ted. This is important when planning and designing the primary supp 
orts. 

The comparison of the results of numerical modelling and field 
recording during excavation is of particular significance. 

moguCevrijednosti. Svu sloienost problerna nernogude 
je obuhvatiti pa je nuino usvojiti titav niz pojed- 
nostavljenja. 

Kriteriji za odredivanje sigurnosti mogu se temeljiti 
na: 
- pomacima i relativnim deformacijama 
- naprezanjima u brdskom masivu/tlu, ~rimarnoj 

podgrad1 i oblozi i stupnju iskostenja plasticnog pan-ja 
- nosivosti u smislu teorije granitnog stanja. 

Faktori sigurnosti za svaki od navedenih slubjeva 
mogu biti razlititi. 

Teoretska analiza ravninskog stanja deformacija 
ProraEun naprezanja proveden za ravninsko stanje 

deformacija po teoriji elastitnosti daje prvu informa- 
ciju o zbivanju uz otvor. Teoretsko rjeienje koriSteno 
je za odredivanje veliEine podruEja u kojem postojanje 
otvora izaziva promjene u stanju naprezanja u odnosu 
na primarno stanje unutar prihvatljivih granica pri 
primjeni numeritkih metoda, rnetode konatnih 
razlika, metode konatnih elernenata ili metode rubnih 
elemenata. 

Podzemnu prostoriju na odredenoj dubini proma- 
tramo kao otvor u beskonatnoj ploti. Ovdje Ce biti pri- 
kazano rjeSenje (P 6 s c h 1, 1921) za eliptitni otvor. 
VeliEina je otvora zadana poluosirna elipse a i b. Op- 
tereCenje p zatvara s veCom poluosi elipse a kut W2+a 
(sl. 1). 

Funkcija naprezanja izraiena eliptitnim koordi- 
natama 5 i q oblika: 

@ =  ' - b 2 )  { sh25 - ms 2 a .  e-'"-" - 2(ch25 - cor 2a). 
8 /1\ 
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SI. 1. EliptiEni otvoor u stijeni 
Fig. I Elliptical opening in rock 

zadovoljava Maxwelow diferencijalu jednadibu: 
v4cp=0 

i rubne uvjete za (sl. 2): 
5 = t o  0 4 4  = O  

{ = m  o, ,=ph  

Komponente naprezanja izraiene eliptiEnim koordi- 
natama glase: 

a2-b2 h =- (ch25 - cos 2 ~ )  
2 

Za proracun sekundarnog stanja naprezanja sas- 
tavljen je program koji na osnovu ulaznih podataka 
(poluosi elipse a, b i opterdenja pv i ph) izraEunava 
naprezanja u pojedinirn toEkama. 

AnalitiEko rjeienje po teoriji elastiEnosti koriSteno je 
za definiranje potrebnog obuhvatnog podrueja u analizi 
naprezanja i deformacija metodom konaEnih elemenata 
(mke). 

Numerirka analiza naprezanja uz otvor 
Sloienije probleme mehanike kontinuuma npr. 

nepravilnu geometriju otvora nije moguCe rijeiiti 
matematickom formulacijom tj. dobiti rjeSenje u 
zatvorenom obliku. NumeriEkim metodama proraEuna 
dobivamo pribliina rjeienja odnosno rjeSenja 
odgovarajueih diskretnih sustava. U numeriEkoj analizi 
postoji nekoliko razliEitih pristupa rjeSavanju problema 
s neogranitenim podruejem. 

KoristeCi metodu kona~nih elemenata najCeSki je 
inienjerski pristup ogradivanje odnosno krakenje po- 
drucja, gdje se iz promatranog beskonaEnog podruEja 

S1.2. ~ u b n i  uvjeti 
Fig. 2. Boundary conditwn~ 

izdvaja konaEni dio tako da se konaEne granice s 
odgovarajutim rubnim uvjetima postave dovoljno 

, daleko od podruija interesa. Kod ovakvog pristupa os- 
novni je problem koliko daleko od ruba otvora treba 
postaviti vanjske granice da bi se dobilo zadovoljavajuCe 
rjeSenje. Granice se najEeSte postavljaju proizvoljno na 
osnovu iskustva ili intuicije. U tu svrhu proveden je 
prorai5un za razliEite odnose poluosi elipsa bla i op- 
tereCenjaphlp, Precjeciita konfokalnih elipsa 5 = konst. 
i konfokalnih hiperbola q = konst. odabrana su kao 
borne toEke koje definiraju elemente. Usvojena je 
mreia kvadrilateralnih elemenata. Dimenzije elementa 
iduCi prema vanjskom rubu se povehvaju uz konstantan 
korak. To ne uzrokuje slabiju aproksimaciju, buduCi da 
se na vanjskom rubu konture stanje naprezanja 
pribliiava homogenom i to sa me manjim gradijentima 
deformacija i naprezanja. Vanjska kontura pret- 
postavljena je u obliku elipse koja je konfokalna s 
otvorom i vrlo pribliino odgovara kruinici. Simetrija 
pomaka i optereknja osigurana je vertikalno i horizon- 
talno pomiEnirn osloncima u osi simetrije. 

Rubni uvjeti na vanjskoj konturi zadani su na dva 
naeina: 
a) zadavanjem optereknja - sila u toEkama konture 

mke-S 
b) zadavanjem pomaka u toEkama konture mke-P. 

Vertikalna i horizontalna sila za toi5ke vanjske konture 
odredene su pomoCu trapeznog pravila (sl. 3): 

Pomaci konturnih toEaka dobiveni su integracijom 
komponenata deformacija: 

Za eliptihn otvor s odnosom poluosi bla = 112 usvo- 
jena je mreia od 72 kvadrilateralna elementa (sl. 4 ). 
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~1.3.  b o r n e  sile 
Fig. 3. Nodal forces 

Tablica 1. Velitine naprezanja oy i 0 2  uzdui mi yz za eliptihi olvor 
odnasa poluosi bla = ll2 i vertikalno opteretenjep = 1,00 

Table I. Values of stres~e.~ oy  and 01 along the axis y for eUiplical opening 
with half-& ratio bla = 112 and vertical load p = 1,00 

S1.4. Mreia elemenata za proratun rnetodom konaEnih elemenata 
Fig. 4. Netwonk of elements for using the Finite elements method 

a) m = 3,5 b) m = 0,5 

Tablica 3. Razlike naprezanja u odnosu na primarno stanje uzdui osi 
y i z  

Table 3. Differences in st me.^ related to primary stress alongy andz axis 

Tablica 2. VeliEine napre-ja 0 i oz u d d  osi z eliptitni owor Tablica 4. Usporedba naprezanja 0~ u teii.ftima elemenata uz otvor 
odnma poluosi b/a = & i vedkalno opter&n~e pv = I,()() Table 4. Comp+on of s1res.se.r Go,, in centroids of elements along the 

Table 2. Values of stresses o y  and ozalong the axis z for elliptical opening operung 
with half-& ratio bla = 112 and vertical load p, = 1,00 

nosno uzdui osi z za sluEaj opteretenja ph/pv = 0,5 za 
Raspodjela naprezanja oy is o, uzdui osi y prikazana je navedeni otvor. Razlike izmedu stanja naprezanja za 
u tablici 1, dok su vrijednosti naprezanja oy i o, uzdui osi slubj otvora u odnosu na primarno stanje naprezanja, 
z za isti sluEaj dane u tablici 2. Dobivene vrijednosti izraiene u postocima, prikazane su u tablici 3. Vidljivo 
naprezanja oy i 0, uzdui osi y i z usporedene su s vrijed- je da su razlike u naprezanjima uzdui osi osiy gotovo dva 
nostima naprezanja za primarno stanje, uzdui osiy od- puta manje nego uzdui osi z. 
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Tablica 5. Usporedba naprezanja oz u teiistima elemcnata uz otvor Tablica 7. Usporedba naprezanja oz u tciiStirna elemenata vanjske 
Table 5. Compurison of .stresses oz in centroids of elements along [he konturc 

opening Tubk 7. Comparison of stres.ses or in eentrorh of outer contour e1emem.y 

SliEni rezultati dobiveni su i za odnos poluosi bla =2/3 podwEja preporuh Sesterostruka vrijednost veEe polu- 
uz phlp,, = 0; 0,5 i 1, pa se za veliiinu obuhvaCenog osi. 

Umajanje veCeg podruija iziskivalo bi znatno veCi broj 
Tablica 6. Usporedba naprezanja oy, u teiiStima elemenata vanjskc &omih te veCi 'pseg numeriCkog 

konture proratuna, pri Eemu v e h  totnost u zadovoljavanju rub- 
Table 6 Cornparic.on of stre.s,se~ oy in centroids of outer contour elements nih uvjeta nebi ujedno poveCala toEnost numerizkog 

rjeSenja. Za matematsko modeliranje podzemnih pros- 
torija to ne bi imalo smisla, jer su moguCe mnogo veCe 
pogreike u procjeni fizikalno-mehaniikih karakteristika 
masiva. 

Za eliptitni otvor s odnosom poluosi bla= 2/3, jer je 
to otprilike granitni sluCaj koji se javlja u praksi izrade 
podzemne prostorije, te odnos horizontalnog i vertikal- 
nog pritiska K = 0,5 usporedena su na rezanja u 
teiiitima elemenata uz otvor (tablice 4 i 5f teZiStima 
elemenatavanjske konture (tablice, 6 i 7), u poloviitirna 
stranica elemenata uzdui osiy (tablica 8) i u poloviitima 
uzdui osi z (tablica 9 za oba naeina zadavanja rubnih 
uvjeta: silama (mke-S i pomacima (mke-P). 

Razlike naprezanja izmedu teoretskog i numeriikog 
rjeienja prikazane su u postocima od osnovnog vertikal- 
nog opterecenja p, = 1,O. U tablicama su prikazane 
srednje vrijednosti razlika naprezanja APraj.(%). NajveCa 
odstupanja pojavljuju se na mjestima najveCih koncen- 

Tablica 8. Usporedba naprezanja oz i oy uzdui osiy u poloviitima stanica elemcnata 
Tuble 8. Compuri~on of.stresses oz and oy along axis y in midpoints of elements' sides 
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Tablica 9. Usprcdba naprczanja OZ i oy uzdu2 osi z u poloviBtima stanica clcmcnata 
Table 9. Comp~rison of slres~e.~ OZ and Or, along axiv z in midpoinL~ of elemenLsl sides 

tracija naprezanja kod zadavanja rubnih uvjeta silarna 
(rnke-S). 

Zadavanje rubnih uvjeta pomacima mke-P) daje 
toEnija naprezanja i uz otvor i na vanjskoj onturi, te da 
je pogreSka u naprezanjima 4,3% manja. 

I, 
Posebno je interesantna usporedba pomaka v i w 

Cvornih toEaka van'ske konture. Za rubne uvjete zadane 
pomacima (mke-Pj potrebno je zadati u svakom &om 
konture po dva rubna elementa. Mke-P reproducira 
pomake koji su unaprijed zadani kao rubni uvjeti. 
Znatna odstupanja od teoretskog rjeienja dobivamo u 
sluEaju zadavanja rubnih uvjeta silama u vanjskim kon- 
turnim toEkama (mke-S). U tablici 10 su odstupanja 
izraiena u postocima od teoretske vrijednosti. PogreSke 
u pomacima na vanjskoj konturi pri zadavanju rubnih 
uvjeta silama (mke-S) iznose cca 11% od teoretske vri- 
jednosti. 

Kriterij loma 
Za analizu stabilnosti podzemne prostorije prilikom 

iskopa potrebno je definirati kriterij loma tj. stanje 
naprezanja pri kojem deformacije postaju neogranicene. 
Za koherentna i nekoherentna tla pogodan je Mohr- 

Coulombov kriterij loma, koji izraien intenzitetima 
glavnih naprezanja ol i 03 glasi: 

Tablica 10. Usporcdba omaka v i w bornih tohka vanjske konture 
Tobi la Compuri~on ofalsplcicemen~.s v and v qf wler  conlour nalul poinl.~ 

pri k m u  je: c - kohezija [kN/rn2] 
cp - kut unutarnjeg trenja ['I 

U mehanici stijena za stjenski masiv koristimo Hoek- 
Brownov kriterij loma oblika: 

o, =03+ Js (13) 
pri Eemu je: 

01- kritiEno tlaCno naprezanje [kN/mz] 

o, - jednoaksijalna tlaina6vrsto~a stijene [kN/m2]. 
Konstante m i s kojima se definira lom stjenskog 

masiva ovise o njegovoj raspucalosti. Za realne uvjete 
vrijednosti koeficijenta m kreCu su u granicama od 0,s do 
5,O a koeficijenta s od nula do jedan. Prirnjena ovog 
kriterija omogukava ouEavanje podruija u kojima dolazi 
do vlaEnog loma odnosno klizanja. 
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S1.5. Prikaz zona plastifikacij3dobiven varijacijom koeficijenta m za 
sluhj cc = 12.500 kNIm i s = 05 

a) m=3.5 b) m=0.5 
Fig. 5 Plastic wmc obtained v~iai ion of failure coeficient m for the 

case oc =I 2500kNlm r s - 0.5 

Odnos kriticnog i proraEunskog naprezanja pred- 
stavlja prividni koeficijent sigurnosti. Da bi se utvrdilo 
postojanje ili nepostojanje plastiEne deformacije potre- 
bno je stupanj efektivnog naprezanja promatrane toEke 
usporediti s ekvivalentnim naprezanjem popultanja. Po- 
java i naEin razvoja zone plastifikacije oko otvora tunela 
proveden je metodom konaEnih elemenata. U tu svrhu 
je u program konaEnih elemenata s elastiEnim modelom 
ponaSanja materijala implementiran Hoek-Brownov 
kriterij loma materijala koji najvf e odgovara ponalanju 
stijena u sluEaju iskopa tunela. Programom vPlastct 
utvrduju se Gausove toEke koje se plastificiraju prema 
ovom kriteriiu. Rezultati i DroraEuni s~remlieni u file.rez 
posebnim fbrtranskim p;ogramom konvirtiraju se u 
script zavis wnodan za crtanie u AutoCAD-u. KruZiCem 
su dznakni Gausove toeke b kojima je dollo do pojave 
plastifikacije. Drugi naEin prikaza masiva u stanju 
tetenja je graniEnom linijom, koja je u konaEnom pri- 
kazu zaobljena opcijom nfit linecc. 

Kao primjer navodirno proraEun stanja naprezanja i 
deformacija prilikom iskopa cestovnog tunela i to 
otvaranjem cijelog profila. Odabir potrebnog broja, 
oblika i dimenzija elemenata zasnovan je na prethodno 
provedenim uporedenjima. 

Mreia konaEnih elemenata je generirana i sastoji se 
od 144 elemenata. U ovom slubju korilteni su serendip- 
ity elementi s 3x3 Gausove toeke. S obzirom na verti- 
kalnu os simetrije promatrana je samo polovina profila 
Eirne je pojednostavljeno zadavanje. VeliEina promatra- 
nog podruEja usvojena je kao Sesterostruka vrijednost 
veCe dimenzije otvora. Stanje naprezanja na vanjskoj 
konturi, koja je kruinica, moie se smatrati pribliino 
homogenim. Premavanjskoj konturi usvojen je konstan- 
tan korak poveCanja dimenzija elemenata, zbog sve man- 
jih gradijenata deformacija i naprezanja. Vertikalno 
pomiEnim osloncima u osi simetrija ostvarena je i 
simetrija pomaka. Kao opterekenje uzeta je teiina 
nadsloja, tj. pritisak masiva koji odgovara primarnim 
naprezanjima: 

SI. 6. Prikaz granihih linija za slubj m = 35; s = 0,35 uz razlizite 
vrijednasti jednoaksijalne Evrstote fi 

Fig 6. Plastic zones represented by contour l ins  for the cases rn = 3.5; s 
= 0.35 and various values of uniwcial strenght 

Gausovima toEkama bez pojave slijeganja, koji je jedino 
prihvatljiv u analizi mehanike stijena i tla. Pret- 
postavljena je visina nadsloja 100 m. 

U proraEunu su usvojene slijedeke vrijednosti stjen- 
skog masiva: 
gustoCa stijene p = 2,70 t/m3 
modul elastiEnosti E =5000 h4bI/m2 
Poissonov koeficijent v =0,3 
odnos horizontalnog i vertikalnog pritiska K = plJpl= 0,3 
jednoaksijalna irvrstob o, = 10 000-40 000 W m  
koeficijent rn = 0,5 - 5 
koeficijent s = 0,l -1 

Zone plastifikacije za razliEite vri'ednosti parametra 1 stjenskog masiva m uz 0,12500 kNlm is  = 0,5 prikazane 
su na slici 5. Zbog simetrije, zone plastifikacije su 
iscrtane samo za polovinu presjeka tunela. Na slici 6 dan 
je prikaz graniEnih linija u ACAD-u za sluEaj m = 3,5 s 
= 0,35 uz razliEite vrijednosti jednoaksijalne hrstoCe 0,. 
Svaka linija u stvari predstavlja odredeni koeficijent 
sigurnosti prema Hoek-Brownovom kriteriju loma. 

Djelovanje gravitacijskog opterekenja elemenata 
modelirano je konceptom poEetnih naprezanja u 
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Provedena je analiza stanja naprezanja i deformacija 
uz otvor po metodi konaEnih elemenata (mke). Prema 
rjeSenjima teorije elasticnosti kao optimalna veliEina i 
obuhvatnog podruEja preporuk se Sesterostruka vrijed- 
nost veCe poluosi. Usporedba rezultata numeriEkih 
proraEuna s teoretskim rjeSenjem ukazuje na to da 
zadavanje rubnih uvjeta pomacuna (rnke-P) daje bolju 
aproksimaciju stanja naprezanja i deformacija od 
zadavanja rubnih uvjeta silarna (mke-S). 

Za proraEun stanja naprezanja i deformacija uz otvor 
tunelskog profila usvojen je Hoek-Brownov kriterij 
loma. Implementiranjem Hoek-Brownov kriterija loma 
u program konaenih elemenata za elastihn kontinuum 
poboljiana je analiza stabilnosti otvora prilikom iskopa 
tunela. ProraCuni stabilnosti otvora rovedeni su vari- 
jacijom fizikalno-mehaniEkih kara ! teristika masiva. 
Mjesta na kojirna se pojavljuju i nasn na koji se proSiruju 
zone plastifikacije prikazani su grafiEki. 

Za mehaniEke karakteristike stijeneltla treba uzeti u 
obzir moguCa odstupanja od prosjeEnih vrijednosti. In- 
situ mjerenjima na probnim dionicama treba provjeriti 
pretpostavke proraEuna i koristiti ih za poboljSanje 
raEunskog modela. 

Primljem: 2000-05-10 
PrihvaCem: 2000-09-21 
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Stress and Strain Analysis around Underground Room 
K Tor, L. FrgiC and A. Jaguljnjak-Lazamvit 

One of the important factor in underground room planning is The safety factors for each of the mentioned cases can be different. 
stress analysis around underground room. By the profile opening of However, the first information about the occurrence around the 
underground room the massif turns from the initial state of stress opening can be determined for an elastic case. To compute the strains 
into the new secondary. Thereby the concentration of normal circu- and stress around the opening, an arca around the opening is to be 
lar stresses occults. while shearinrr and normal radial stresses disau- considered. 
pear at the inner.boundary.  hi calculation of stress and strain 
surrounding the underground room is based on the fact that the 
influence of the opening on certain distance disappears completely. 
The massif outside the influencezone is in the primary stress condition. 

The secondary stress and strain state depending upon therate of 
excavation and support work progress as well as upon some other 
conditions in the zone of the excavation face. The section of the rock 
that has been just excavated cannot be simultaneously supported. The 
computation of stress and strain condition for such unsupported sec- 
tion is done for the plane state of strain. 

The design method of primary supports depends upon the local 
conditions, rock properties and the procedures applied in excavation 
and support. By modelling the actual condition the bchaviour of the 
underground room during excavation may be predicted. 

The occurrence of natural materiaLs i.e rock andlor soil, in the 
complex geological processes result in a very wide range of physical- 
mechanical uarameters and in a heterorreneiw of the area. In order to 

Underground room at particular depth is observed as an opening in 
infinite plate. 

The solution of stress condition for infinite plate with elliptical 
opening was established Poeschl(1921). The opening size is given by 
half-axis of ellipsea and b. Uniform loadp closes with bigger half-axis 
of ellipsc a, angle Im+a (Fig 1). The stress function @ by expression 

is thc functionof elli ticcoordinates and q. It satisfying Maxwell's f krent ia l  equation (2Pand boundary conditions by expression (3) on 
the Fig 2. The strcss components in elliptic coordinates are given by 
expression (4,5,6 and 7). 

For the calculation of secondary stress condition the program is 
composed. Program calculates stresses in particular points on the basis 
of input data (half-axis of the cllipse a, b, loadp and angle a). 

Thcorctical solution is fined to determine dimensions of the area in 
which the opening existence provokes certain alterations in the stress 
condition related to the primary condition. 

compute thd stress and strain conditioGs in direct surrounding of the 
opening and the impact of the opening on the surroundings, there is 
necessary to know bigger number of material characteristics of the 
rock, which define mechanical elastic, plastic and viscous properties. 
The characteristics can be established only, when particular location is 
reached by excavation. Unfortunately they are valid for only one 
limited massif area, so generally they have to be assumed on the 
experience basis. 

It is not possible, however, to cover the entire complexity of the 
problem and therefore series of simplifications need to bc adopted. 

The criteria required for thc safety determination can be based on: 

The calculation is performed for different ratio of ellipse half-axis 
bla and ratio of horizontal and vertical load p,Jpv. Intersection of 
confocal ellipses 5 = constant and confocal hyperbolas q = constant 
arc chosen as nodal points, defining the elements. The network of 
quadrilateral elcments is accepted. Element dimensions are increased 
with constant step toward outer boundary. This does not cause a 
slighter approximation, sincc the state of stress on the outer contour 
boundary approximates the homogenous one, with smaller gradients. 
The outcr contour ha$ form of an cllipsc - confocal with an opening 
and very approxirnatcly corresponding to  the circlc. The symmetry of 
displaccment and load is provided with movable supports in the axis of . . 

- Displacemcnt5 and relative deformations symmetry. 
- Stresses in rock/soil, primary support and lining, dcgrcc of plastic The boundary conditionson thcoutcr contour arc given in two ways: 

behaviour utilization and a) Giving thc forccs in thc points of contour (mke-S) 
- Ultimate bearing capacity. b) Giving thc displacements in thc points of contour (mke-P). 



The forces for the points of the outer contour are determined by 
trapezoidal rule by expression 8) and 9) and on Fig. 3. The displace- 
ments of contour points are o b "  tained b y integration of deformation 
components by expression ( 10) and ( 11 ). 

For an elli tical opening with the ratio of half-axis bla =1/2 the 
network with h quadrilateral elements is accepted (Fig 4). The vducs 
of stress cry and az along the axis's y and z are 'ven in Table 1 and 2. 
The differences between the state of stress fort% case of ooenine and 
the rimary state without opening (e ressed in illus&ates 
~abPe 3. Similar results are obtained3.0 for other relations of the half- 
axis alb and loads iJpv, so for the value of covered area a six times value 
of the greater half-axis is recommended. 

Certain area around the openin must be included in the FEM 
model. Better results can be emctelwith a larger area. but this would 
re uire a considerabl bigger xiumber of nodal iioints &d elements, as 
wJ1 as of the scope o~numerical calculation itself. This would not have 
any much sense for mathematical modellin of underground rooms, 
because much bigger errors are possible in &ad estimation as well as 
by the asuming mechanical characteristics. 

Stresses cry and crz in centroids of elements don the opening and 
of the outer contour for the ratio half-axis b h  = $and IoadplJip = 
0.5 are compared with the theoretical results (Tables 4-7). The dfler- 
ences in stress between the theoretical and the numerical solution are 
presented in percentages of basic vertical load p. = 1, 0. The Table 
illustrates the mean values of stress differences &emgc: (%) as well. 
The must expressive is concentration of stress along the axis y or z. 
Comparison of stresses oz and q in centroids of elements along the 
axis y and z in midpoints of elements' sides and differences according 
to mke-S and mke-P are given in Tables 8 and 9. 

For the boundary conditions given by displacements (mke-P) it was 
necessary to assign boundary elements. 

Noticeable is the comparison of the nodal point's displacements of 
the outer contour. Mke-P reproduces the displacements, which are 

8i ven as boundary conditions in advance. Considerable differences 
rom theoretical solution are obtained in case of the boundary condi- 

tions given by the forces in outer contour points (mke-S). In Table 10 
deviations are expressed in percentages of theorct~calvalues. Theerror 
in dis lacements on the outer contour in giving boundary conditions 
with Rrces (mke-S) are in average I1 % theoretical value. For the 
stability analysis of an underground room during excavation the failure 
criterion is to be defined i.e. the stress at which deformations become 
unlimited. For cohesive and non-cohesive soils the Mohr-Coulomb 
criterion of failure is applicable by expression (12). In rock mechanics 
the Hock-Brown failure criterion is used for rock bv exoression 113). 
The constants m ands by which the rock failure is d6fineb are depknd- 
ent on the rock fissuring. For the real conditions depending on the 
degree of rock fissuring the value of coefficient m is ranging from 0.5 
to 5 and coefficients from zero to one. 

The relationship between the critical and design stress represents 
an apparent coefficient of safe In order to establish the occurrcncc 
or non-ururrence of plastic de8mution the degree of effective stress 
of thc point under consideration should be compared to the equivalent 
stress relaxation. 

The occurrence and the progress of the plastic zone at the tunnel 
opening has been determined by the finite element method. For that 
purpose into the finite element programme with the elastic model of 
material behaviour the Hoek-Brown criterion of material failure has 
been introduced being the most ap ropriatc for the case of rock 
bchaviour during tunnel excavation. ?he Gauss points plastificd after 
the above criterion are cstablishcd by the ~Plastct programme. The 
Gauss points in which plastic deformation has takcn place arc desig- 
nated by dots. The othcr representation of the rocklsoil in the state of 
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flow is given by contour line. In the final representation the contour 
line is curved by the ACAD *fit line< option. 

The computation of stress and strain during the excavation of road 
tunnel by opening the overall cross-scction is tllustrated. 

The finite element network has been aenerated consisting of 144 
serendipity elements. Considering verticahis of symmetry sdeIy half 
cross-sectlon is considered. The sizc of the area under consideration 
has been adopted as a six time value of the greater opening dimension. 
The choice is based on the previously comparisons. The stress condi- 
tion at the outer contour which is a circle may be considered about 
homogeneous. Towards the outer contour a constant ratio of the 
increase of element dimensions has been adopted because the stress 
and strain gradients become more and more reduced. By vertical 
movable sup orts in the axes of s mmetry also the symmetry of dis- 

lacements Ras been achieved. ?he  acting of the elements gravity 
Lading has been modelled after the concept of initial stresses in Gauss 
points without the occurrence of settlement. The weight of overburden 
I.C. the rocklsoil pressure correspondin to the initial stresses has be 
taken as load bye ression ( 14) and I!) In the.analysis are adopted 

parameters: 
d an overburden he$t of h = 100 m an the followng values of the rock 

Density p = 2.7 t/m3 
Modulus of elasticity D = 5,000 M N / ~ ~  
Poisson's ratio v = 0.30 
Uniaxial strength crc = 10,000-40,000 kN/m2 
Coefficient m = 0.5 - 5 
Coefficient s=O.l  -1 
Thc plastic zones obtained by variation of failure coefficient m, for 

case oc = 12,500 kN/m2 and s = 0.5 are illustrated in Fig. 5. For the 
purpose of symmetry the plastic zones arc drawn for half tunnel 
cross-section. In Fig. 6 the representation of the contour lines the cases 
m =3.5;s = 0.35 and for various values of uniaxial strength crc . In fact, 
every line reprcscnts a certain coefficient of safety after the Hoek- 
Brown failure critcrion. 

The state of stresses and strains around an opening is analysed by 
Finite Elcmcnt Method (FEM). Theoretical solution is fined to deter- 
mine dimensions of the area in which the opening existence provokes 
certain alterations in the stress condition related to the primary condi- 
tion. Comparison of the results according to the theory of elasticity 
with thc results of nurncrical analyst indicates, that boundary condi- 
tions given by displacements (mke-P) results with more accurate 
stresses both on the outer contour and around the opening. The error 
in stresscs is 4.3% smaller. The greatest differences occur on the places 
of the greatest stress concentration, when the boundary conditions are 
given by forces (mke-S). 

The crror in displacements on the outer contour in givingboundary 
conditions with forces (mke-S) are in average 11% theoretical value. 
Boundary conditions given by displacements are resulting with better 
approximation in thc state of stress and strains. 

The analysis of stress and strain conditions at the opening of the 
tunnel cross-section was carried out after FEM. The Hoek-Brown 
failurc criterion wns adopted as the most appropriate for the respective 

roblem. By introducing the Hoek-Brown failure criterion into the 
mite element programme applied to elastic continuum the stability F 

analvsis of o~ening during tunnel excavation has been improved. The 
rcsujts of thdo nyng stability analysis are given by raphskhowing the 
places where t c  plastic zones occur, thc way of tkeir extending and 
ihe places where the failurc of rock material may bc expected. 

At thc rock/soil mechanical properties the possible deviation from 
the mcan values is to bc observed. By in-situ measurements carried out 
at test scctions the computation assumptionsshall be checked and then 
used to improve design model. 


