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Iskopom otvora u stjenskom masivu dolazi do konce ntracijc napre-
zanja uz otvor, U radu su prikazane promjene naprezanja i deformacija
u neposrednoj okolini eliptiénog otvora i utjecaj olvora na okolinu.
Teoretsko rjesenje koriSteno je za odredivanje velicine podrudja u
kojem postojanje otvora izaziva promjene u stanju naprezanja u odno-
su na primarno stanje unutar prihvatljivih granica. Dana je usporedba
rezultata numeri¢ih proracuna metodom konacnih elemenata s rezul-
tatima po teoriji elasticnosti.

Numericki prorac¢uni provedeni su za slucajeve zadavanja rubnih
uvjeta: silama i pomacima. Zadavanje rubnih uvjcta pomacima daje
bolju aproksimaciju stanja naprezanja i deformacija.

Koncentracija naprezanja uz otvor i pojava zona plastifikacija
obradena je na primjeru iskopa cestovnog tunela. Proracun je prove-
den metodom konaénih elemenata uz Hoek-Brownov kriterij loma.
Rezultati analize stabilnosti ukazuju na podrudja u kojima moZzemo
ocekivati slom stjenskog materijala odnosno mjesta na kojima treba
poduzeti mjere osiguranja.

Od posebnog je znacaja usporedba rezultata numerickih modeli-
ranja i samih opazanja na terenu prilikom iskopa.

Uvod

Kod projektiranja podzemnih prostorija jedan od
vaznih 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-
drucju cela iskopa. Pri tome dolazi na rubu otvora do
koncentracije obodnih normalnih naprezanja dok
posmi¢na i radijalna naprezanja isCezavaju. Utjecaj
olvora na nekoj udaljenosti potpuno is¢ezava, pa se
masiv izvan zone utjecaja nalazi u primarnom stanju
naprezanja.

Dio stijene koji je neposredno iskopan nije moguce
istovremeno podgraditi. Proracun stanja naprezanja i
deformacija za takvu nepodgradenu dionicu provodi
se za ravninsko stanje deformacija §to odgovara stanju
naprezanja na nekoj udaljenosti od samog cela iskopa.

Metode projektiranja podgradnih sustava ovise o
lokalnim okolnostima, svojstvima masiva te primije-
njenim postupcima iskopa i podgradivanja. Modelira-
njem stvarnog stanja moze se predvidjeti ponasanje
podzemne prostorije tijekom iskopa.

Nastanak prirodnih materijala, kao §to su stijenaili tlo,
u slozenim geoloskim procesima uvjetuje vrlo Siroki
raspon fizikalno-mehanickih parametara (npr. jednoak-
sijalna tlacna ¢vrstoéa, modul deformacije, kut trenja,
kohezija i drugo) i prostornu heterogenost.

Stabilnost i sigurnost otvora ovise i 0 mehanic¢kim
svojstvima stijene odnosno tla, pa je za opisivanje
elasticnih, plasti¢nih i viskoznih svojstva masiva potre-
bno poznavati veéi broj materijalnih karakteristika.
Kako se karakteristike mogu ustanoviti obi¢no tek kad
se iskopom dode do odredene lokacije te kako one
vrijede samo za ograniceno podrucje, pretpostavljaju
S¢ na osnovu iskustva, pri ¢emu je potrebno usvojiti
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By excavation of opening in the rock, a stress concentration around
the opening occurs. The state of stresses and strains around an opening
is analysed by theory of elasticity and by Finite Element Method
(FEM). The aim of the paper is to determine the dimension of the FEM
model for the stress and strain analysis around an clliptical 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
statc 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
zones occur. The computation has been done after FEM comprising
the Hoek-Brown criterion of failurc. 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.

moguce vrijednosti. SvusloZenost problema nemoguce
je obuhvatiti pa je nuZno usvojiti ¢itav niz pojed-
nostavljenja.
Kriteriji za odredivanje sigurnosti mogu se temeljiti
na:
— pomacima i relativnim deformacijama
— naprezanjima u brdskom masivu/tlu, primarnoj
podgradi i oblozi i stupnju iskoriStenja plasticnog ponasanja
— nosivosti u smislu teorije grani¢nog stanja.
Faktori sigurnosti za svaki od navedenih slucajeva
mogu biti razliciti.

Teoretska analiza ravninskog stanja deformacija

Proracun naprezanja proveden za ravninsko stanje
deformacija po teoriji elasti¢nosti daje prvu informa-
ciju o zbivanju uz otvor. Teoretsko rjesenje koristeno
je za odredivanje velic¢ine podrucja u kojem postojanje
otvora izaziva promjene u stanju naprezanja u odnosu
na primarno stanje unutar prihvatljivih granica pri
primjeni numerickih metoda, metode konacnih
razlika, metode konacénih elemenata ili metode rubnih
elemenata.

Podzemnu prostoriju na odredenoj dubini proma-
tramo kao otvor u beskonacnoj ploci. Ovdje ¢e biti pri-
kazano rjeSenje (Pdschl, 1921) za elipticni otvor.
Veli¢ina je otvora zadana poluosima elipse a i b. Op-
terecenje p zalvara s ve¢om poluosi elipse a kut I1/2+a
(sl 1).

Funkcija naprezanja izraZzena elipticnim koordi-
natama & i 1 oblika:

2 2 o
O = !?-(ag—b ]{ Sh2E —cos2a-e 24 _2(chak - cos 20l):
: (1)
£ +[ch2(E-€,)-1]-e* cos2(n-a) }
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SI. 1. Eliptiéni otvor u stijeni
Fig. 1 Elliptical opening in rock

zadovoljava Maxwelovu diferencijalu jednadzbu:

vVio=0 )
i rubne uvjete za (sl. 2):
E=£ O =0 0,=0
) 0 €_ tn_ (3)
g_m Gy_plr Ux_pv

Komponente naprezanja izraZene elipticnim koordi-
natama glase:
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Za proracun sekundarnog stanja naprezanja sas-
tavljen je program koji na osnovu ulaznih podataka
(poluosi elipse a, b i optereenja p, i p,) izracunava
naprezanja u pojedinim tockama.

Analiticko rjeSenje po teoriji elasti¢nosti koriSteno je
za definiranje potrebnog obuhvatnog podrucja u analizi
?aprc)zanja 1 deformacija metodom konacnih elemenata
mke).

Numeric¢ka analiza naprezanja uz otvor

Slozenije probleme mehanike kontinuuma npr.
nepravilnu geometriju otvora nije moguce rijesiti
matematickom formulacijom tj. dobiti rjesenje u
zatvorenom obliku. Numerickim metodama proracuna
dobivamo priblizna rjeSenja odnosno rjeenja
odgovarajucih diskretnih sustava. U numerickoj analizi
postoji nekoliko razlicitih pristupa rjesavanju problema
s neogranicenim podrucjem.

Koriste¢i metodu konaénih elemenata najceséi je
inZenjerski pristup ogradivanje odnosno kracenje po-
drucja, gdje se iz promatranog beskona¢nog podrucja

|

0

SI. 2. Rubni uvjeti
Fig. 2. Boundary conditions

izdvaja konacni dio tako da se konacne granice s
odgovarajuéim rubnim uvjetima postave dovoljno

; daleko od podrudja 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 najcesée postavljaju proizvoljno na
osnovu iskustva ili intuicije. U tu svrhu proveden je
proracun za razlicite odnose poluosi elipsa b/a i op-
terecenja py/p,- Precjecista konfokalnih elipsa £ = konst.
i konfokalnih hiperbola 11 = konst. odabrana su kao
¢vorne tocke koje definiraju elemente. Usvojena je
mreza kvadrilateralnih elemenata. Dimenzije elementa
iduéi prema vanjskom rubu se povecavaju uz konstantan
korak. To ne uzrokuje slabiju aproksimaciju, buduci da
se na vanjskom rubu konture stanjc naprezanja
priblizava homogenom i 10 sa sve manjim gradijentima
deformacija i naprezanja. Vanjska kontura pret-
postavljena je u obliku elipse koja je konfokalna s
otvorom i vrlo priblizno odgovara kruZnici. Simetrija
pomaka i opterecenja osigurana je vertikalno i horizon-
talno pomicnim osloncima u osi simetrije.

Rubni uvjeti na vanjskoj konturi zadani su na dva
nacina:
a) zadavanjem opterecenja — sila u tockama konture

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

Vertikalna i horizontalna sila za toc¢ke vanjske konture
odredene su pomocu trapeznog pravila (sL. 3):

IAJa'.l'l

pl’_fr (pnnl+2p|n)+ (2p|n+pan+l)(8)

Az, Az,
p.’l,n_ — (p}:n I+2p1:n}+ (2phn+p.‘rrr+1)(9)

Pomaci konturnih toc¢aka dobiveni su integracijom
komponenata deformacija:

p,(1-v") v
=g dy=— 1-K
v J &Y i [ [

=

]y (10)

(11)

'.'.'=j£,,d3:_p--(l“") —K v L
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Za eliptican otvor s odnosom poluosi bla = 1/2 usvo-
jena je mreza od 72 kvadrilateralna elementa (sl. 4 ).
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Tablica 1. Veliéine naprezanja oy i o2 uzduZ osi y; za eliptiéni otvor
odnosa poluosi b/a = 1/2 1 vertikalno optereéenje py = 1,00

Table 1. Values of stresses Gyand Gzalong the axis y for elliptical opening
with half-axis ratio bla = 1/2 and vertical load p, = 1,

12b

Tablica 2. Veli¢ine naprezanja oy i 6z uzduz osi z za elipticni otvor
odnosa poluosi b/a = 1/2 i vertikalno optereéenje py = 1,00

Table 2. Values of stresses oy and oz along the axis z for elliptical opening
with half-axis ratio bla = 1/2 and vertical load py = 1,

p= 0,00 p= 0,50 p=_ 1,00 » . =

ya % 9 b % % e SI. 4. MreZa elemenata za proracun metodom konacnih elemenata

1,00 | 5,000 | 0,000 [ 4,500 | 0,000 [ 4,000 | 0,000 Fig. 4. Network of elements for using the Finite elements method

141 | 1,505 (0553 [ 1511 o782 [ 1517 | 101 Ep=ae m=te

2,00 | 1,170 | 0266 | 1,182 | 0,645 1,194 1,024 Tablica 3. l??gikc naprezanja u odnosu na primarno stanje uzduZ osi
2,83 | 1,072 | 0,129 1,079 | 0,571 1,086 1,014 Table 3. Differences in stresses related to primary stress along y and z axis
4,00 | 1,033 | 0,063 | 1,037 | 0,535 | 1,041 | 1,007

566 | 1,016 | 0,031 | 1,018 | 0,517 | 1,020 | 1,003 A 10,0% 5,0% 2,5% 0,5%
8,00 [ 1,007 {0,015 [ 1,008 | 0,508 | 1.009 | 1,001 ya &7 3,7 5,3 11,2

z/b 4,1 59 Tk 20,1

11,31 | 1,003 | 0,007 | 1,004 | 0,504 | 1,004 | 1,000
16,00 | 1,001 | 0,003 | 1,002 | 0,502 | 1,002 | 1,000

Tablica 4. Usporedba naprezanja oy u tezistima elemenata uz otvor
Table 4. Comparison of stresses &y, in centroids of elements along the
apening

Raspodjela naprezanja o, is 6, uzduz osi y prikazana je
u tablici I, dok su vrijednosti naprezanja o, i 6, uzduz osi
z za isti slucaj dane u tablici 2. Dobivene vrijednosti
naprezanja oy i o, uzduZ osiy iz usporedene su s vrijed-
nostima naprezanja za primarno stanje, uzduz osi y od-

ba=12 p,= 1,00 Elem. | Teorija clasti¢nosti [ mke-S A mke-P A
= = - = Theory of elasticity 0, 0
p=_ 0,00 pi=_ 0,50 p=_ 1,00 (%) (%)
z/a o, o, o, oy o, o, 1 0,500 0448 | 52 | 0444 | 56
9 0416 0394 | 22 | 0371 [ 45
0,50 | 0,000 | -1,000 | 0,000 | 0,000 | 0,000 | 1,000 = 0.295 0206 1 o1 | 0285 10
1,18 | 0,209 | -0,047 | 0,302 | 0,569 | 0,395 | 1,185 25 0,186 0202 | 16 | 0202 1,6
1,80 | 0,549 [ 0,056 | 0,612 | 0,591 | 0,676 | 1,126 33 0,110 0,126 16 | 0134 | 24
41 0,068 0,083 15 | 0096 | 28
2,69 | 0,762 | 0,045 | 0,794 | 0,558 | 0,832 | 1,070 - S voer 1o oom |23
391 (0,877 | 0,027 | 0896 |0,532 | 0915 | 1,037 57 0,054 0,071 17 | o080 | 26
5,59 [ 0,938 | 0,014 | 0,947 [0,516 | 0,957 | 1,019 65 0,063 0085 | 22 | o087 [ 24
7,95 0,968 | 0,007 | 0973 [0,508 | 0,978 | 1,009 Aprosjetno | 1.9 | Aprosictno | 2.8
frage A ! rage
11,28 | 0,984 | 0,003 | 0,986 |[0,504 | 0,989 | 1,004 A L
| 15,98 [ 0,992 | 0,001 |0993 [0,502 [0,995 | 1,002

nosno uzduz osi z za slucaj opterecenja py/p, = 0,5 za
navedeni otvor. Razlike izmedu stanja naprezanja za
slucaj otvora u odnosu na primarno stanje naprezanja,
izraZene u postocima, prikazane su u tablici 3. Vidljivo
je da su razlike u naprezanjima uzduz osiosiy gotovo dva
puta manje nego uzduz osi z.
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Tablica 5. Usporedba naprezanja oz u teZistima clemenata uz otvor
Table 5. Comparison of stresses oz in centroids of elements along the

Tablica 7. Usporedba naprezanja oy u teziStima elemenata vanjske
konture

opening Table 7. Compuarison of siresses Gz in centroics of outer contour elementy
Elem. | Teorija elasti¢nosti | mke-S A mke-P A Elem. | Teorija elasti¢nosti [ mke-S A mke-P A
Theory of elasticity (%) (%) Theory of elasticity (%) (%)
I 2,292 2,747 455 2315 23 8 1,022 0,999 2.3 1,027 0,5
9 2,148 2,321 17,3 2,138 1.0 16 1.025 1,008 1,7 1,028 0.3
17 1,890 1,999 10.9 1,855 4,5 24 1,029 1.021 08 1,028 0.1 |
25 1,563 1617 | 54 | 1519 | 44 32 1.028 102 |04 | 1022 [ 06 |
33 1,230 1,235 0,5 1,183 4,7 40 1,019 1,038 1.9 1,009 0.1
41 0,933 0,907 2,6 0,895 3.8 48 1.001 1,035 34 0,900 1.3
49 0,696 0,649 4.7 0,669 2,7 56 0,979 1,023 4.4 0,963 L6
57 0,527 0,465 6,2 0,511 1.6 64 0,957 1.009 5.2 0,940 1,7
65 0,437 0,363 74 0,427 1,0 72 0,943 1.000 5.7 0,926 1.7
Aprosjeeno 11,2 A’PYOSJ“‘"U 2.9 Aprosjeinu 29 Aprnsjcénu 0.9
A""M‘ d"’“”ﬂ" Aﬁ'wm re -Am'erg_gc

Sli¢ni rezultati dobiveni su i za odnos poluosi b/a =2/3
uz py/p, = 0; 0,5 i 1, pa se za velicinu obuhvacenog

Tablica 6. Usporedba naprezanja oy, u teZistima clemenata vanjske
konture
Table 6 Comparison of stresses oy in ceniroids of outer contour elements

Elem. | Teorija elastiénosti [ mke-S A mke-P A
Theary of elasticity (%) (%)
8 0,515 0,507 0.8 0,517 0.2
16 0,507 0,503 0.4 0,508 0.1
24 0,495 0,499 04 0,494 0,1
32 0,484 0,500 1.6 0.48] 0.3
40 0,480 0,509 29 0,472 0.8
48 0,484 0,527 43 0.471 1,3
56 0,495 0,550 5,5 0.477 1,8
64 0,509 0,573 6,4 0,486 23
72 0,518 0,588 7,0 0,493 2,5
Aprcsjc{no 33 Aprnsje-.“.no 1.0
Aunerage Aaverage

podrucja preporuca Sesterostruka vrijednost vece polu-
0si.

Usvajanje veceg podrucja iziskivalo bi znatno veéi broj
¢vornih tocaka i elemenala, te veci opseg numerickog
proracuna, pri cemu veca tocnost u zadovoljavanju rub-
nih uvjeta nebi ujedno povecala toénost numerickog
rjeSenja. Za matematsko modeliranje podzemnih pros-
torija to ne bi imalo smisla, jer su moguce mnogo vece
pogreske u procjeni fizikalno-mehanickih karakteristika
masiva.

Za elipticni otvor s odnosom poluosi bla= 2/3, jer je
to otprilike granicni slucaj koji se javlja u praksi izrade
podzemne prostorije, te odnos horizontalnog i vertikal-
nog pritiska K = 0,5 usporedena su naprezanja u
tezistima clemenata uz otvor (tablice 4 i 5), teZiStima
elemenata vanjske konture (tablice, 617), u polovi§tima
stranica elemenata uzduz osiy (tablica 8) i u polovistima
uzduz osi z (tablica 9) za oba nacina zadavanja rubnih
uvjeta: silama (mke-S) i pomacima (mke-P).

Razlike naprezanja izmedu teoretskog i numerickog
rjeSenja prikazane su u postocima od osnovnog vertikal-
nog optere¢enja p, = 1,0. U tablicama su prikazane
srednje vrijednosti razlika naprezanja Ay, (% ). Najveca
odstupanja pojavljuju se na mjestima najvecih koncen-

Tablica 8, Usporedba naprezanja o, i oy uzduz osiy u polovistima stanica elemenata
Table 8. Comparison of stresses o= and oy along axis y in midpoints of elements” sides

Naprezanje Naprezanje
Stress Oz Stress Oy
Elem. | Teorija elasti¢nosti | mke-S A mke-P A || Teorija elasti¢nosti | mke-S A mke-P A
Theory of elasticity (%) (%) Theory of elasticity (%) (%)
1 2310 2,726 41,6 2,305 0,5 0,496 0,400 9,6 0,401 0.5
2 1,546 1,602 5.6 1,486 6,0 0,654 0,665 1,1 0,631 2.3
3 1,276 1,319 43 1,230 4,6 0,631 0,636 0,5 0,616 1,5
4 1,159 1,186 2,7 1,113 4.6 0,586 0,587 0.1 0,579 0,7
5 1,090 1,115 2,5 1,056 34 0,562 0,552 1,0 0,552 1.0
6 1,054 1,069 L5 1,029 2,5 0,540 0,528 1,2 0,533 0,7
7 1,033 1,029 0,4 1,016 1.7 0,526 0,510 1,6 0,520 0.6
8 1,021 0,988 33 1,016 0,5 0,516 0,500 1.6 0,512 0,4
Apms;ccno 7'7 Aprosjcc‘.no 310 Aprusjuénu 2.1 Apfos_heélm 2.]
Ainverage Aierage Aaverage Haverage
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Tablica 9. Usporedba naprezanja o i oy uzduZ osi z u polovistima stanica clemenata
Table 9. Comparison of stresses 6z and 6y, along axis z in midpoints of elementy’ sides

Naprezanje Naprezanje
Stress Cz Stress Oy
Elem. | Teorija elasti¢nosti | mke-S A mke-P A || Teorija elastitnosti | mke-S A mke-P A
Theory of elasticity (%) (%) Theory of elasticity (%) (%)
65 0,431 0,367 6,4 0,429 0,2 0,064 0,088 24 0,089 25
66 0,603 0,605 0,2 0,618 1,5 0,294 0,276 1.8 0,270 2.4
67 0,621 0,683 6,2 0,668 4,7 0,506 0.450 5,6 0,439 6.7
68 0,677 0,768 9,1 0,723 4.6 0,589 0,516 7.3 0,508 8.1
69 0,786 0,863 7.7 0,804 1,8 0,566 0,524 4.2 0,511 5,5
70 0,860 0,933 73 0,865 0,5 0,545 0,524 2,1 0,497 4.8
71 0,910 0,982 7.2 0,908 0,2 0,530 0,531 0.1 0,480 5.0
72 0,942 1,017 7.5 0,937 0,5 0,520 0,552 3,2 0,461 5.9
‘Aprosjcéno 6.5 Apmsje(ﬁrm 1.8 A|Jn:;sj\-:t‘.n\t'.l 3.3 Apmsjcérm 5.1
Aa\‘erg&e Aam Aawrggg Am'en_fgf

tracija naprezanja kod zadavanja rubnih uvjeta silama
(mke-S).

Zadavanje rubnih uvjeta pomacima (mke-P) daje
tocnija naprezanja i uz otvor i na vanjskoj konturi, te da
je pogreska u naprezanjima 4,3% manja.

Posebno je interesantna usporedba pomaka v i w
¢vornih toc¢aka vanjske konture. Za rubne uvjete zadane
pomacima (mke-P) potrebno je zadati u svakom ¢voru
konture po dva rubna elementa. Mke-P reproducira
pomake koji su unaprijed zadani kao rubni uvjeti.
Znatna odstupanja od teoretskog rjesenja dobivamo u
slucaju zadavanja rubnih uvjeta silama u vanjskim kon-
turnim tockama (mke-S). U tablici 10 su odstupanja
izrazena 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-

Tablica 10. Usporedba pomaka v i w évornih to¢aka vanjske konture

Coulombov kriterij loma, koji izrazen intenzitetima
glavnih naprezanja 6, i o3 glasi:

G+ O~y
"

sing =c cos@

(12)

pri ¢emu je: ¢ — kohezija (kN/m?]
¢ — kut unutarnjeg trenja [”]
U mehanici stijena za stjenski masiv koristimo Hoek-
Brownov kriterij loma oblika:

O, =0, ++/mo 0, + 50
pri cemu je:

o1— kritino tlacno naprezanje [kN!mzl

03 — minimalno tlaéno naprezanje (KN/m?]

0. — jednoaksijalna tlaéna évrstoca stijene [kN/m?].

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 0,5 do
5,0 a koeficijenta s od nula do jedan. Primjena ovog
kriterija omogucéava oucavanje podrucja u kojima dolazi
do vlacnog loma odnosno klizanja.

(13)

Tabl 10. Comparison of displacements v and w of outer contour nodul points

Pomak v Pomak W
Displacement Displacement
Cvor | Teorija elasti¢nosti mke-S A (%) Teorija elasticnosu mke-S A (%)
Node Theory of elasticity Theory of elasticity
9 -0,001439 -0,001284 10,8 0,000000 0,000000 0,0°
18 -0,001418 -0,001286 9.3 0,000893 0,000848 5,0
27 -0,001353 -0,001287 49 0,001759 0,001691 3,7
36 -0,001247 -0.001271 1.9 ,002571 0,002522 1.9
45 -0,001103 -0,001216 10,2 0.003306 0,003319 04
54 -0,000926 -0,001102 19,0 0,003940 0,004054 29
63 -0,000720 -0.000917 27,4 0,004454 0,004687 5.2
72 -0,000493 -0,000660 339 0,004833 0,005177 7.1
81 -0,000250 -0,000346 38.4 0,005065 0.005489 8.4
90 0,000000 0,000000 0,0 0,005143 0,005970 16,1
Apms_]céno 17,3 fﬁpmsy:cnn 3.6
Anerage _Anerage
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S1. 5. Prikaz zona plastifikacija dobiven varijacijom koeficijenta m za
sluaj oc = 12.500 kN/m®is = 0,5
a)m=3.5 b) m=(.5

Fig. § Plastic zones obtained }1)' variation of failure coefficient m for the
case G =12, 500kN/m~is = 0.5

Odnos kriticnog i proracunskog naprezanja pred-
stavlja prividni koeficijent sigurnosti. Da bi se utvrdilo
postojanje ili nepostojanje plastiéne deformacije potre-
bno je stupanj efektivnog naprezanja promatrane tocke
usporediti s ekvivalentnim naprezanjem popustanja. Po-
java i nacin razvoja zone plastifikacije oko otvora tunela
proveden je metodom konacnih elemenata. U tu svrhu
je u program konacnih elemenata s elasticnim modelom
ponasanja materijala implementiran Hoek-Brownov
kriterij loma materijala koji najviSe odgovara ponasanju
slijena u slucaju iskopa tunela. Programom »Plast«
utvrduju se Gausove tocke koje se plastificiraju prema
ovom kriteriju. Rezultatii prorac¢uni spremljeni v file.rez
posebnim fortranskim programom konvertiraju se u
script zapis pogodan za crtanje u AutoCAD-u. KruZi¢em
su oznacene Gausove tocke u kojima je doslo do pojave
plastifikacije. Drugi nacin prikaza masiva u stanju
te¢enja je granicnom linijom, koja je u kona¢nom pri-
kazu zaobljena opcijom »fit line«.

Kao primjer navodimo proracun 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.

MreZa konacnih elemenata je generirana i sastoji se
od 144 elemenata. U ovom slucaju koriSteni su serendip-
ity elementi s 3x3 Gausove tocke. S obzirom na verti-
kalnu os simetrije promatrana je samo polovina profila
¢ime je pojednostavljeno zadavanje. Veli¢ina promatra-
nog podrucja usvojena je kao Sesterostruka vrijednost
vece dimenzije otvora. Stanje naprezanja na vanjskoj
konturi, koja je kruznica, moze se smatrati priblizno
homogenim. Prema vanjskoj konturi usvojen je konstan-
tan korak povecanja dimenzija elemenata, zbog sve man-
jih gradijenata deformacija i naprezanja. Vertikalno
pomi¢nim osloncima u osi simetrija ostvarena je i
simetrija pomaka. Kao optereéenje uzeta je tezina
nadsloja, ). pritisak masiva koji odgovara primarnim
naprezanjima:

(14)

(15)

Djelovanje gravitacijskog opterecenja elemenata
modelirano je konceptom pocetnih naprezanja u

Pv =PXEXZ
Ph :kxpv

10,000 kN/m*

m 15,000 kN/m*
% 25,000 kN/m

20 000 kN/m*

—

Prikaz grani¢nih linija za sluéaj m = 3,5; s = 0,35 uz razlicite
vrijednosti jednoaksijalne évrstoce oc

Sl. 6.

Fig 6. Plastic zones represented by contour lines for the casesm = 3.5; 5
= (.35 and various values of uniaxial strenght o

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

U proracunu su usvojene slijedece vrijednosti stjen-
skog masiva;

gustoca stijene p=270 ym’ y
modul elasticnosti E =5000 MN/m
Poissonov koeficijent v =0,3

odnos horizontalnog i vertikalnog pritiska K = pp/py = 0,5
jednoaksijalna cvrstoca oc = 10 000—40 000 kN/m"~
koeficijent m=05-5
koeficijent s=0,1-1
Zone plastifikacije za razlicite vri&cdnosli parametra
stjenskog masiva m uz ¢, 12500 kN/m*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 grani¢nih linija u ACAD-uzaslucajm =35 s
= (0,35 uz razlicite vrijednosti jednoaksijalne ¢vrstoce o,.
Svaka linija u stvari predstavlja odredeni koeficijent
sigurnosti prema Hock-Brownovam kriteriju loma.
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Zakljucak

Provedena je analiza stanja naprezanja i deformacija
uz otvor po metodi konaénih elemenata (mke). Prema
rieSenjima teorije elasticnosti kao optimalna velicina i
obuhvatnog podrucja preporuca se Sesterostruka vrijed-
nost vece poluosi. Usporedba rezultata numerickih
proracuna s teoretskim rjeenjem ukazuje na to da
zadavanje rubnih uvjeta pomacima (mke-P) daje bolju
aproksimaciju stanja naprezanja i deformacija od
zadavanja rubnih uvjeta silama (mke-S).

Za proratun stanja naprezanja i deformacija uz otvor
tunelskog profila usvojen je Hoek-Brownov kriterij
loma. Implementiranjem Hoek-Brownov kriterija loma
u program konacnih elemenata za elastican kontinuum
poboljdana je analiza stabilnosti otvora prilikom iskopa
tunela. Proracuni stabilnosti otvora provedeni su vari-
jacijom fizikalno-mehanickih karakteristika masiva.
Mijesta na kojima se pojavljuju i nacin na koji se prosiruju
zone plastifikacije prikazani su graficki.

Za mehanicke karakteristike stijene/tla treba uzeti u
obzir moguca odstupanja od prosjecnih vrijednosti. In-
situ mjerenjima na probnim dionicama treba grovjcriti
pretpostavke proracuna i koristiti ih za poboljsanje
racunskog modela.
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Stress and Strain Analysis around Underground Room

K Tor, L. Frgié and A. Jaguljnjak-Lazarevié

One of the important factor in underground room planning is
stress analysis around underground room. By the profile opening of
underground room the massif turns from the initial state of stress
into the new secondary. Thereby the concentration of normal circu-
lar stresses occults, while shearing and normal radial stresses disap-
pear at the inner boundary. The calculation of stress and strain
surrounding the underground room is based on the fact that the
influence of the opening on certain distance disappcars completely.
The massif outside the influence zone is in the primary stress condition.

The sccondary stress and strain state depending upon the rate 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 simultancously supported. The
computation of stress and strain condition for such unsupported sec-
tion 15 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 behaviour of the
underground room during excavation may be predicted.

The occurrence of natural materials i.e rock and/or soil, in the
complex geological processes result in a very wide range of physical-
mechanical parameters and in a heterogeneity of the area. In order to
compute the stress and strain conditions 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 arc valid for only onc
limited massif arca, 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 be adopted.

The criteria required for the safety determination can be based on:
— Displacements and relative deformations
— Stresses in rock/soil, primary support and lining, degree of plastic

behaviour utilization and
— Ultimate bearing capacity.

The safety factors for cach of the mentioned cases can be different.

However, the first information about the occurrence around the
opening can be determined for an elastic case. To compute the strains
and stress around the opening, an arca around the opening is to be
considered.

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 ellipse a and b. Uniform load p closes with bigger half-axis
of ellipsc a, angle ©/2+a (Fig 1). The stress function @ by expression
(1) is the function of elliptic coordinates § and 1. It satisfying Maxwell's
differential equation (2) and boundary conditions by expression (3) on
the Fig 2. The stress components in elliptic coordinates are given by
expression (4, 5, 6 and 7). _

For the calculation of sccondary 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, load p and angle @),

Theoretical 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.

The calculation is performed for different ratio of ellipse half-axis
bja and ratio of horizontal and vertical load pu/pv. Intersection of
confocal cllipses £ = constant and confocal hyperbolas 1 = constant
arc chosen as nodal points, defining the elements. The network of
quadrilateral elements is accepted. Element dimensions are increased
with constant step toward outer boundary. This does not cause a
slighter approximation, since the state of stress on the outer contour
boundary approximates the homogenous one, with smaller gradients,
The outer contour has form of an cllipse — confocal with an opening
and very approximately corresponding to the circle. The symmetry of
displaccment and load is provided with movable supports in the axis of
symmetry.

The boundary conditions on the outer contour arc givenin two ways:
a) Giving the forces in the points of contour (mke-8)

b) Giving the displacements in the points of contour (mke-P),
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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 obtained by integration of deformation
components by expression ( 10) and ( 11).

For an elliptical opening with the ratio of half-axis b/a =1/2 the
network with 72 quadrilateral elements is accepted (Fig 4). The values
of stress oy and o, along the axis’s y and z are given in Table 1 and 2.
The differcnces between the state of stress for the case of opening and
the primary state without opening (expressed in percentage ) illustrates
Table 3, Similar results are obtained also for other relations of the half-
axis a/b and loads pi/pv, so for the value of covered area a six times valuc
of the greater half-axis is recommended.

Certain arca around the opening must be included in the FEM
model. Better results can be expected with a larger area, but this would
re(luirc a considerably bigger number of nodal points and elements, as
well as of the scope of numerical calculation itself, This would not have
any much sense for mathematical modelling of underground rooms,
because much bigger errors are possible in E)ad estimation as well as
by the assuming mechanical characteristics.

Stresses oy and oz in centroids of clements along the opening and
of the outer contour for the ratio half-axis bla = 2f§and load pu/py =
0.5 are compared with the theoretical results (Tables 4—7). The differ-
ences in stress between the theoretical and the numerical solution are
presented in percentages of basic vertical load py = 1, (0, The Table
illustrates the mean values of stress differences Aaverage (%) as well.
The most expressive is concentration of stress along the axis y or z.
Comparison of stresses oz and oy 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
given as boundary conditions in advance. Considerable differences
from 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 theoretical values. The error
in dislplacemenls on the outer contour in giving boundary conditions
with forces (mke-S) are in average 11 % theoretical value. For the
stability analysis of an underground room during excavation the failure
criterion is to be defined i.c. 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 Hoek-Brown failure criterion is used for rock by expression (13).
The constants m and s by which the rock failure is defined are depend-
ent on the rock fissuring. For the real conditions depending on the
degree of rock fissuring the value of cocfficient m is ranging from 0.5
to 5 and coefficient s from zero to one.

The relationship between the critical and design stress represents
an apparent coefficient of safety. In order to establish the occurrence
or non-occurrence of plastic deformation the degree of effective stress
of the 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 clement 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 appropriate for the case of rock
behaviour during tunnel excavation, 'lphc Gauss points plastificd after
the above criterion are established by the »Plast« programme. The
Gauss points in which plastic deformation has taken place arc desig-
nated by dots. The other representation of the rock/soil in the state of

flow is given by contour line. In the final representation the contour
line is curved by the ACAD »fit linc« option.

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

The finite element network has been generated consisting of 144
screndipity elements, Considering vertical axis of symmetry solely half
cross-section 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 gradicnts become more and more reduced. By vertical
movable supports in the axes of symmetry also the symmetry of dis-

lacements has been achieved. The acting of the elements gravity

Foading has been modelled after the coneept of initial stresses in Gauss

oints without the occurrence of settlement. The weight of overburden

1.c. the rock/soil pressure corresponding to the initial stresses has be

taken as load bﬁcxpressian ( 14) and (15). In the analysis are adopted
e

an overburden height of h = 100 m and the following values of the rock
parameters: \

Density p=27tm

Modulus of elasticity D = 5,000 MN/m?

Poisson’s ratio v =030

Uniaxial strength Ge = 10,000-40,000 kN/m*

Cocfficient m=05-35

Cocfficient y=01-1

The plastic zones obtained by variation of failure cocfficient m, for
case gc = 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 = (.35 and for various values of uniaxial strength oc . In fact,
every line represents a certain coefficient of safety after the Hocek-
Brown failure critcrion.

The state of stresses and strains around an opening is analysed by
Finite Element Method (FEM). Theoretical solution is fined to deter-
mine dimensions of the arca 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 the results of numerical analysis 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
instresses 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 error in displacements on the outer contour in giving boundary
conditions with forces (mke-S) are in average 119 theoretical value.
Boundary conditions given by displacements are resulting with better
approximation in the state of stress and strains.

The analysis of stress and strain conditions at the opening of the
tunnel cross-section was carricd out after FEM. The Hoek-Brown
failure criterion was adopted as the most appropriate for the respective
problem. By introducing the Hoek-Brown failure criterion into the
finite element programme applied to elastic continuum the stability
analysis of opening during tunnel excavation has been improved. The
results of the opening stability analysis are given by graphs showing the
places where the plastic zones occur, the way of their extending and
the places where the failure of rock matcrial may be expected.

At the rock/soil mechanical properties the possible deviation from
the mean values is to be observed. By in-situ measurements carried out
at test seetions the computation assumptions shall be checked and then
used to improve design model.




