Aektio G EAANVIkiig MewAoyikig Etapiag Tou XXXX, Bulletin of the Geological Society of Greece vol. XXXX, 2007
2007 Proceedings of the 11" (nternational Congress, Athens,
MpakTiké 11°2 AigBvoug Tuvedpiou, ABriva, Mdiog 2007 May, 2007

INFLUENCE OF THE GEOMETRIC CHARACTERISTICS OF
WEDGES ON THE SAFETY OF VRASNA TUNNEL IN
EGNATIA HIGHWAY, N. GREECE

Chatziangelou M."?, and Christaras B.’

! dristotle University of Thessaloniki, School of Geology, 541 24 Thessaloniki,
christar@geo.auth.gr

? J & P-/ AVAX Co, Amarousiou-Chalandriou 16, 151 25 Maroussi, Athens, mcha@geo.auth.gr

Abstract

The present paper concerns the influence of the geomelric characteristics of the po-
tential wedges on tunnels safery, which are supported by shotcrete and rock bolls,
during the excavation of poor and medium quality rock mass, in accordance to RMR
classification system. The geological and tectonic data which were used in our esti-
mations were collected in situ during the excavation of Vrasna's tunnel. According
to shear test along discontinuities planes, friction angle was considered 21° on
schistosity planes and 357 on joint planes. Furthermore, no cohesion was taken into
account, as the fractures were, more or less, opened. The orientation and spacing of
discontinuities were taken into account for estimating tunnel stability, given that
they affect the strength and the quality of the rock mass during the construction. The
collected data and the obtained, after elaboration, results were correlated statisti-
cally and power regressions were determined.
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NepiAnyn

H mapobou epyacia avapépetor athy exippol} TV YEUETPIKMV yapAKTHPITTIKDY TWV
oovHTIKOY fpayoopnvav atny svataleia anpayymy Tob Siavoiyoviar og TTwyNG Kol
UHéETptac mowdTiras Ppayouales. obugwve ue to obotnua tolvéunons RMR, koi vro-
oypifovtal ps extolevdpevo okvpodepo xai oykvpia. Ta vewdoyixd Kol TEKTOVIKG
aToLyYEla IOV YPHOHOTOIMONKAY, TPOENYOVIQL OO THY CKOKOPY THE onpayyes Bpao-
Vv, Zoppmva pe ¢ OOKINES JIGTUNoNS, 1 YOVIG TPIBHC TV ETIREIWY TWV GODVE-
w1y Oeawphbnie 21° via o erineda e ayiotétyrag kot 35° yia ta crineda twv dia-
KAdgewv. Emiméov, n ovvoyt) Gewphfnke undevix, i kafBo¢ to T01xduata Temv achve-
YEIOV fray, Aiyo i o, avoiktd, O TpocuveTOAOUOS KoL ) AROTTACH TMV AoDVE-
XEIDV AR@Bniay vTéwn KOTA THY eXTiunon ™S svaTalaiag ™G oRpayyag, apob exnpe-
alovv ™ guVoyI Kol GOVETWS KoL TV TOIOTHTA THE Ppayoudlos Katd Ty eKoKopi.
LHuQeva [e TG EKTIUCELS TV TTOLYEIwY, § TAEIOWRQIA TV fpayocenvav Tov on-
LIOVPYHORKQY KATa THY EKOKOPT THE THRPOYYOS, VROCTHPICETAL é EKTOCEVOHUEVO oKD~
podea uéyiotov nhyovs 3cm. H epapuoyn tov ektolevopsvon okbpodiuatos aviaver
OV guvtedsot) aapaleias tov fpayoconvay wépt 9,48. Ta ayripia pépotov unkovg
3m vroatypifovy ™y mAelownEia twv Ppoyoceiviy avidvoviag Tov oUVIEASsTH a-
opaleiac uéypt kol 9,43, Hap 6lo avtd, moiléc fpayocehves vrootipiloviar s a-
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pripropikovs 1 m. Zoyrpivoviag thy amoTELEOUATIKOTHTO EQAPUOYAS TWV AYKDPILV
KO1-TOL-EKTOSEVOUEVOD TKDPOOEUOTOS, 1] EQAPLOYH TOL EKTOCEVOUEVOD TROPOIEUOTOC,
léyiotov mayoug 10cm, cbupwva pe ™ pédodo RMR, avldver tov guvigieaty) aopa-
LEIOC O6KQ QOPES, EVA) N TOTOOETHGN TV aykupiwy uikovg 6 m, adupwva is ™ 1édo-
oo RMR, dev uetaficiiet tov auvteleotiy aopdleiog. Zovernds, i epoproyy 100 EKTO-
Cevopevov oropodEuaTes eival mio arotedeouoting yia v svoraleia twv aotafoy
Ppayocenviv. Ta ororyeio mediov koi to sCaydueva arotedéapata coykpiBnkay oto-
TIOTIKG KO TPOTOIOPIOTHIAY OOVOLUKES OYE0EIG HETUlD TOVS. ZOUQve. (e TIC OYETels
QUTEC, N LIKpT) ODENTY THE PAIVOHEVHC ETIPOVEIRS TV Bpayocpnvdy uéxpr 58m’ on-
LUOVPYEL GHUAVTIKY UEIWOR TOV GUVIEAETTH 00QGAEI0C OTAV 01 BpayocgRves OTOTTHPI-
{ovian ps 10 EAGYIOTO ORAITOUHEVO TAXOG EXTOLEVOEVOD GKRVPOOEUATOS. ATt 'THY dAlR
LEPIG, OTAV B QOIVOUEVY ETIQOVEIR TWV [payocenvay avlavetal meploootspo amo
58n7°, n peiwon wov TapaTnpeitar GTONS GUVIEAETTEC aopdleiag sivau ukpy. Emimiéov,
[ pkph addnon oto fapog ehappav fpoyoconvav (uéviotov fapove 15 tns) eivat
OVVATO VO TPOKGAECEL THUOVTIKT HELWON TOD GUVIEAETTI] QOQYGASIOG KATO THY EQOLHO-
W TV EAdyioTwV anaitovusvey uétpwv vrootipiéne. Ooov apopd ¢ Popitepss
Poayoconves (Bapoug ave tav 15 ins), n adénan tov fdpove twv fpayocenvov dev
mpokadel té00 onuavtiky peiwan Tov ovvigheoti aopdielas. Emmisov, e abdnon
oTov dyKko Twv fpayoopivay (uéxpt 83m”) 1 oto bwog Twv Bpayocpnvdy (uéypt 10 m)
QEPET GHUOVTIKN HEITY TOV GUVTEAECOTH GOQPAASIGE KOTO TRV EQUPLUOYT] OyKUPIWY EAd-
XIOTOV GTAITOVUEVOD Likovg. Mia eAappid, ablnan Tov OyKo tav fpoyxocenvay (ueypt
80 m’) Smuovpysi onpaviiy peiman tov coviedeoth aopdisiac kotd ™Y epapuoYh
EXTOCEVOUEVOL GIVPOIELOTOS EAGYITTOD GRAITOVUEVOD TEYOVE.

AéCerc wlerdia: Foatalsio anpayymy, Ppayocpivss, sKkToCeoUEVO OKDPOOCHA, AYKD-

pic.

1. Introduction

The geological and tectonic data which were
used in our elaboration were collected in situ,
during Vrasna’s tunnel excavation. The
Vrasna’s tunnel is located in northern Greece,
80km to the east of Thessaloniki City. It
belongs to the Nymphopetra — Redina’s part
of Egnatia highway. The tunnel (Fig. 1),
which is about 12 m high, consists of two
parallel bores, 140 m long each, being
oriented from the west to the east. A cavern,
which is called Drakopetra, is located at the
northern part of the tunnel.

2. Geological settings

Figure 1 - Medium to poor quality gneiss
and good quality marble

The area is geologically located in Serbomacedonian mass, consisting of metamorphic rocks. The
wedges in study are placed in cracked rock mass of weathered, brown colored gneiss and karstified

marble (Fig. 2) with pegmatitic veins.

The quality of gneiss, which is closely jointed, is generally characterized as poor (1V), changing to
very poor (V), near tectonic contacts. The quality of marble, which is widely jointed and less
weathered than gneiss, is characterized as good (11I) and near tectonic surfaces as poor (IV) (Table
1). The presence of karst phenomena, like the small cavern of Drakopetra, which were observed in
marbles, during the excavation, is also taken into ccount on the estimations.
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Figure 2 - Geological section along Vrasna tunnel

3. Support measures

According to the RMR system, the Vrasna’s Tunnel excavation was performed in two stages. Steel
ribs, grouted rockbolts and shotcrete were mainly used for the temporary support of the tunnel.
The support measures were placed in accordance with RMR system.

So, steel ribs were placed where the rock mass was very poor. Rockbolts were placed, at the very
poor parts, mainly around the excavation, in order to strengthen the rock mass. Rockbolts were
also used for the support of steel ribs creating more safe conditions. Rockbolts were also placed in
good quality rock mass at selected positions, in order to avert the fall of heavy blocks. Thin
flexible shotcrete lining was installed to take only a part of the load (Chatziangelou and Christaras
2003).

It is well known that the failure of a rock mass around an underground opening depends upon the
in situ stress level and the geotechnical characteristics of the rock mass. In highly stressed rock
masses the failure, around the opening, progresses from brittle spalling and slabbing, in the case of
massif rocks with few joints, to a more ductile type of failure for heavily jointed rock masses. The
presence of many discontinuities provides considerable freedom for individual rock pieces to slide
or rotate within the rock mass (Hoek er al. 1995). Failure, involving slip along intersecting
discontinuities in a heavily jointed rock mass, is assumed to occur with zero plastic volume change.
For this purpose, in shallow tunnels, as the Vrasna tunnel is, the geometry of the discontinuities is
considered to be the main instability cause (Christaras et al. 2002), taking also into account that no
groundwater is present higher than the construction floor. The stability of the potential wedges in
shallow tunnels, and the efficacy of rock bolts and shotcrete, were studied along the Vrasna’s
tunnel.
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4. Calculation methodology

The dip and dip direction of the major joint sets were in situ measured. So, the unsafe potential
wedges were determined and the safety factors were calculated resolving the sliding and resistance
forces along the sliding surface.

The geometrical characteristics of the wedges were calculated using geometrical analysis, taking
into account that the dips between wedges’ sides were estimated by the stereo diagram and the
length of discontinuities, which is equal to the length of a wedge’s edge, was in situ measured.

For our calculations, the strength of marble was estimated as 2,67 Mpa, using point load test. The
strength of moderately weathered gneiss was also estimated as 4,34 Mpa and the strength of very
weathered parts of gneiss was estimated 0,62 MPa. The strength of pegmatite veins was also
estimated as 4,45 Mpa, using point load test. Friction angle was considered 217 on schistosity
planes and 35° on joint planes. Furthermore, it was considered that there is no cohesion between
discontinuity planes.

Having found out the unsafe potential wedges around the tunnel, the minimum support measures
were determined. The estimations concern the length of rock bolts and the shotcrete thickness, as
shotcrete and rock bolts can be placed easier and more quickly than other support measures as still
ribs are. Actually, the safety factors, of the above wedges being supported by the minimum
support measures, were calculated, resolving the sliding and resistance forces along the sliding
surface. For our calculations, theoretical thickness of shotcrete usually of lem, 2cm or 3em and
length of rock bolts of Im, 2m or 3m were used. The software “UNWEDGE” (Hoek 2000) helped
our calculations.

5. Estimations

Thirty-seven unstable wedges, heavier than 5 ns, were estimated (Tables 2-5). At the beginning,
the position of unstable wedges, the direction and the type of the failure (sliding or falling) were
defined around the opening. The mechanical characteristics of the wedges were estimated; weight,
volume, apparent face area on the surface excavation.

After that, the increase of safety using the proposed by RMR support measures was calculated. For
this reason, the thickness of shotcrete was considered 10cm and the length of rock bolts was
considered 6 m. The quality of the rock mass, the mechanical characteristics and the geometry of
the wedges, the minimum support measures and the related safety {actors, are given in Tables 2-5.
Taking info account the orientation and the spacing of discontinuities, and the overall ground
conditions, the rock bolt spacing was considered to be varied from 1.5mx1.5m to {.5mxIm
(Bieniawski 1989).

In accordance to our estimations, shotcrete, up to 3 m thick, can support the majority of the
wedges, increasing the safety factor up to 9,88. Although some of wedges are very heavy, they are
etfectively supported by 2 c¢cm or lem shoterete as the rockmass is cracked and separated into
pieces. Also, the face area of the heavy wedges 1s foo extensive, and the weight is uniformly
divided, so as the wedge weight on a significant point is small enough in order to be supported by
2 ecm or 1 cm shoterete. The maxinum thickness of shotcrete, which can support successfully the
wedges, is 8 cm, although in the most cases, shotcrete | cm thick can effectively support the most
wedges. Rockbolts, up to 3 m long, can also support the most wedges, increasing the safety factor
up to 9,43. Rock bolts 1 m long, can support the most of these wedges. In some cases of cracked
wedges, the rock bolts do not restrain the wedges from sliding, but they are embodied iu the rock
mass increasing the cohesion. In that cases the length of rock bolts needs to be small, smaller than
the wedges apex height, so as not to increase the sliding forces. Five wedges cannot be effectively
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Table 1 - Rock mass quality elassification along the exeavation of the tunnel

Right bore

Ch. - Ch. RMR [Class RQD  [Spacing of Discontinuity|[Separation Roughness Infilling (gouge) Weathering @
discontinmties (m}length (m)  {aperture) (mm) C
28+238,50- 1a-a7| 111 [75-90 0.2-08 310 >5 Slightly rough or slickensided [Soft filling<Sor  [Moderately weathered <
28+242,50 R = I ; W
or hard Rling>3 Nw.
28 50- - ’ ; :
NMHWMMMW 38 IV [50-75 0,06-0,2 3-10 >5 Slickensided Hard filling>5 IModerately weathered \M
28+248.50- 3 A N Shightly rough, smooth or i ; . - N bt
28+263.76 13-47( 111 [SO-90 0,06-0.8 3-20 >5 slickensided Hard filling>6 Slightly or moderately ,<@.:.5Fn_m
28+263,76- . ) Slightly rough, smooth or AT ; ) i N =
284139,40 22-40 1V <90 <0,2 3-20 =>0.01 ickensided Soft filling<5 or Highly or moderately weathered _W.
or hard filling>5 1
28+339,40- . . ] o Soft of hard filling | ,. o o
28+373.40 21-39| IV [25-90 <0,2 3.20 >3 Shightly rough or shickensided Cs Highly or moderately weathered _m
28+373,40-28+380  |43-53| 111 [75-100 0,06-0,8 10-20 >3 Smooth or shckensided Soft filling<5 Shighily or moderaiely snu:_ﬁoam.
S
or hard filling>5 9
©
Leit bore —
Ch. - Ch. RMR [Class |RQD  [Spacing of Discontinuity[Separation Roughness Infilling (gouge)  |Weathering nw
discontinuities (m)|length (m)  [(aperture) (mm) m
28+262-28+272,95  |41-47| 111 [75-100 0,06-0,8 10-20 >5 Slightly rough or slickensided [Soft filling<$ or Slightly or moderately sﬂcw_”r@_.mnm.
or hard filling>5 N
28+272,95- ; . -~ _ ] . o
28+339.21 26-40] 1V |25-90 <0,2 3-20 >5 Slickensided Soft filling<5 or Shightly, moderately o1 W
or hard filling=5  |highly weathered >
28+339,21- >3 Slightly rough, smooth or Hard filling>5 .
= - 0,2 3 22 ; ¥ re
28+356.60 4 1-46( 11T |75-100 0,06-0,2 3-20 or rio separation Blickensided i Slightly or moderately weathered
28+356,60-28+399  [23-39| 1V [25-90 <0,2 3-20 £ ) Slightly rough or slickensided |Hard filling>5 or  [Highly or moderately weathered
soft filhng




Table 2. --.Geometrical characteristics of possible wedges along the left bore of the tunnel

Ch - Ch ASA Positen n )2 )3 Shdmng W{;:\g;“ Fa\?:l?)r 58 V;l:‘:;m H(a::__-)hl
284262 - 28427295 1 root’ 204/42r 143/41$ 182/77) 13 137 3997 50,07 438
28+262 - 2827295 2 1 weall 204/42F 143418 182/771 12 9.3 9.54 339 113
284262 - 28+272.95 3 roof 204/42r 1434418 34GS0) TALL 19 19,19 .04 .26
284262 - 28+272,95 4 I/h wall 204/42F 1437418 340:50] T2 51 3l 15,05 2,12
28+262 - 28+272,95 & /h wall 204/42T 143/415 340/50J 13 99 S 36,7 2,49
284262 - 28+272,95 6 rocl 143418 182/77) 340/504 FALL 97 48,74 35,77 2.49
28+262 - 2827295 i 1l wail 143/418 182771 3400504 HA2 30 27.43 11,06 1,29
284262 - 28+272,95 8 v/h weall 143418 182771 340s500 I3 34 31,2 12,6 146
284272,95 - 28+339,21 9 1/ wall lo6/487 65/44) 33843F n 651 86.33 241,15 2.94
28+272.95~ 284339,2] 10 /h wall | 66/48F 65/44] 338/4SF 1341 214 51,84 7943 1,07
28+272,95 - 28+339,21 1 raol 166/481" 05/44) 228/618 [FALL 286 79.91 105,84 5,36
28427295 - 28+339,21 12 171y wall L66/48F 65444 228/018 132 [} 10.:7 402 1.23
28+272,95 - 28+339.21 13 /v weall L66/48F G544 228618 3 24 23,92 8,73 1,44
28427295 - 28+339.21 1- raol’ 3384450 4514471 228618 FALL 80 47.84 29:55 2.54
28+272,05 - 28+339.21 15 U wall 338/45F 63144 2281615 12 13 51,64 4836 34
28+272,95 -28+330.21 16 v/h wall 33845F 65:44! 228/618 JI3 144 635,92 333 ENT
28+339,2] - 28+356,6 17 rih wall 3141518 174/47¢ 117/58F FALL 133 2773 49.43 6.01
28+339,21 - 28=336.6 I8 o/h wali 31818 256:40% 117758% )2 83 20,39 30,85 Sl
28+356,6 - 281399 19 1/ rool’ 102:9% 161466 95178 13 31 16,13 11,33 2.68
28+356.6 - 28309 20 r/h rool 102/98 161/66] 95171 12 18 12,06 6,48 2,09

Table 3 - Support of possible wedges along the left bore of the tunnel
Ch.- Ch. AJA SFifore minthickness SRR e min. length SFious S Feon=tem Slouks om
of sholerete (em) of bolts (m)

28+262 - 28+272.95 f [IRN] | 1,01 2 Tl 8,67 1.49
28+262 - 2827295 2 0,44 | 827 1 627 63,38 0,27
2841262 - 28427293 3 ] | 357 | 4.68 36,27 4.06
28+262 - 28+272.95 4 0,28 1 2,89 1 331 2035 5,12
28+262 - 28427295 S 0,59 | 2,07 1 3,18 1541 3,81
284262 - 28+272.95 [ 0 | 1,1 | 1.54 tl12 2,05
28-262 - 28+272.95 ¥ 0,44 | 3.8 | 5,86 34 5,86
284262 - 28427295 3 Q.59 l 3.63 | 6,3 31,16 629
28+272,93 - 28-+339.2] 9 0,73 & 125 2 116 205 1.63
28427293 - 28+339.2] 10 4] | 4.66 [ 6.58 41,52 14,32
28+272.95 - 28+339.21 11 0 3 118 3 1,18 3,86 1,17
28427295 - 28+339,2] 12 0.64 | 9.88 H 12,53 92,6 R 58

- 28+339.21 13 0.21 L 367 1 5,04 29,81 5.49

- 28+339.21 14 0 I 1:3 1 2,12 11,97 2,74
28+4272,95 - 28+339,21 15 0,73 | 181 1 2,56 152 348
28+272,95 - 28+339.21 18 0,26 § 1,24 1 2:35 10,13 3,32
28+339,2) -28+356,6 17 0 7 1.08 i2 0.28 1,54 0,22
28+339,21 - 28+356.6 18 3,46 1 .25 2 [8) 8,36 148
28+356,0 - 284399 19 0.24 1 2,08 1 322 18.66 2,39
28+356.6 - 28+399 20 6,31 1 2,11 1 .66 18,31 P
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Table 4 <‘Geometrical characteristics of possible wedges along the right bore of the tunnel

Weight Face area Volume Hegght

Ch.-Ch. A/A | Position " ” 13 Slidmg | (tns) (m%} (m) (m)
28+238,50 - 28~242,50 l I/h wall 223/49) 3531258 155/640 J13 22 16,43 821 1,59
28+238,50 - 28+242.50 2 r/h wali 223/49) 3537258 155/64) 12 30 22,26 11,28 1,73
28+238,50 - 28+242,50 2 1/h wall 223449j 3531258 155/33F 1143 30 19,34 1127 Lo
28+238,50 - 28+242 50 4 /h wall 223/49] 3583/23S8 155/33F 12 60 33,81 22,14 222
28+238,50 - 28+242.50 5 [/h wall 223/491 3531258 186/70) BTN 20 1744 7,29 1.32
28+238,50 - 28+242,50 | 6 rh wall 223491 | 3537258 186/70) 2 20 18.94 7.57 1,31
28+238,50 - 28+242,50 7 1/ weall 155/64) 353/258 186/70) b3 82 329 30,3 3,28
28+238,50 - 28+242.50 | 8 I/h ool 155/64) | 22349) 186/70] 3 i72 23,38 66,37 10
28+242.50 - 28+244,5 9 1#h roof 178/75) 246/268 134/42F 3 105 3338 3892 3,94
28+2438,5 - 28+263,76 10 roof 192/64]1 139432F 356:438 FALL 79 51.83 29,26 212
28+248,5 - 28+263.76 1l Vh wall 192/64] 139/32r 356/438 11413 156 72,87 579 2,76
28+248,5 - 28+263.76 12 r‘h wall 192/64) 139/32F 356/438 3 179 74,63 66.27 297
28-263,76 - 28+339,40 13 rfh wall 190/39F | 121/508 3597461 FALL | 22 1229 8,17 231
284203.76 - 28+339.40 14 r/h wall 190/39F 121/508 225/81 FHA3 204 4095 7551 599
28+263.76 - 28-330.40 L3 i roof 179/63F 121/508 225/8) M3 il 10,39 4,14 185
281263,76 - 28433940 16 1 wall 179/63F 1214508 225/8) J2 103 3438 38,1 4.44
28+339 40 - 28+373,40 17 1 wall 153398 | 63/31F 160/72F 132 992 53.56 36731 23,19

Table 5 - Support of possible wedges along the right bore of the tunnel

Ch.-Ch ASA SPeen min thickness SEauece min length SFhone Sfanmiom Sfoatsom
of sholerele (cm) of bolls (m)

28+238,50 - 28+242,30 1 0,66 1 6.62 1 5:1 60,95 584
28+238,50 - 28+242.30 2 0382 1 6.67 1 0,54 59.26 7,98
28+238,50 - 28+242,30 3 0,17 | 7,09 1 4,79 69,41 217
28+238.50 - 284242.50 4 0.82 1 435 1 Sill 36,08 6,58
28+4238,50 - 28+242,50 5 0,61 1 6.67 i 7,17 61,25 707
28423850 - 28+242,50 & 0.82 i 9.17 | 9.45 84,34 9,38
28-+238.50 - 28+242,50 7 0,25 1 1,35 1 i\5% 11,23 2,05
28:238,50 - 28+242,50 8 0,25 3 1iZ5: 6 0.82 357 0.892
28+242,50 - 28+248,5 9 0.19 I 1,12 | 122 8,65 ).89
28+248.5 - 28+263.76 10 0 | 148 1 2,08 13.84 304
28+248.5 - 28+263,76 1 9,34 1 1,49 | 2,31 11,06 2,86
28+248.5 - 28+263,76 12 041 1 1,38 1 1.87 10,11 2,96
28+263,76 - 28+339,40 13 0 2 t,22 3 048 6,08 0.48
284263,76 - 28+339,40 14 0 3 1.46 4 0,76 485 0,76
28+263,76 - 28+339.40 15 0 1 338 1 1.8 33,83 1.8
28+263.76 - 28-339.40 16 0,32 2 1,61 1 1,25 6,77 1,71
28433940 - 28+373.40 1? 0 8 [y 12 038 1.41 036
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suppotted by rockbolts, although they are effectively supported by shotcrete. Consequently,
shoterete can support with efficacy the unstable wedges better than rock bolts.

As it is observed, there is a linear relation between the safety factor of the wedges, supported hy
shotcrete of 10cm thick and the safety factor of the wedges, supported by shotcrete with the
minimum required thickness. According to the above relation, the safety provided by the
installation of the proposed by RMR system shotcrete thick, is about ten times the safety provided
by the shotcrete with the minimum required thickness instatlation (SFhor=10em= 9.6604*SF gcrere-
4.1394, R” = 0,97, Fig. 3). Furthermore, as it is observed, according to the linear relation between
the safety factor of the wedges being supported by bolts of 6m long and the safety factor of the
wedges being supported by bolts, with the minimum required length, the increase of bolts length
more than 3m, doesn’t increase the safety (SFpous=sm= 0.988%SFyo1s-0.5776, R = 0,91, Fig.4).

The geometrical characteristics of the wedges and the safety factors using the minimum required
support measures were correlated statistically and power regressions with significant correlation
factors (R) were determined (Figs 5-10):

Apparent face area of wedges (F) and their safety factor (SF), when the wedges are supported by
shotcrete with the minimum thickness required (SF=0.0033*F* — 0.3754 + 11.3744, R = 0,71).

Wedge weights (W) and their safety factors (SF) after the use of minimum required thickness
of shotcrete (SF = 32.93 W25 R2= ¢ 75),

Wedge weights (W) and their safety factors (SF) after the use of minimum required length of
bolts (SF = 36.039% W64’ RZ=0,75).

Wedge volumes (V) and the safety factors (SF) after the use of the minimum required length ot
bolts (SF =-2.7153 InSF + 12.124, R = 0,72).

Wedge volumes (V) and the safety factors (SF) after the use of the minimum required support
by shotcrete (SF = -2.6826 InSF + 11.85, R* = 0.8).

Wedge height (H) and the safety factors (SF) after the use of the minimum required support by
bolts (SF =9.7788 * SF'% R* = 0,84).

6. Conclusions

The aim of this paper was the investigation of the workability of shotcrete and rock bolts on
tunnels support being excavated in medium and poor quality rock mass. The data for our
estimations were collected during the excavation of Vrasna Tunnel.

The final conclusions were based on the estimation of the support of thirty-seven unstable wedges,
heavier than 5 tns, which were identified along the excavation. The majority of these wedges is
supported by shotcrete up to 3 cm thick, increasing the safety factor up to 9,88. Rockbolts, up to
3m long, can also support the most wedges, increasing the safety factor up to 9,43. On the other
hand, rock bolts with length of 1m, can also support the most of these wedges. Comparing the
efficacy ot rock bolts and shotcrete, there are some wedges that although they are not supported by
rock bolts, they are effectively supported by shotcrete. So, the application of shoterete is more
etfective than rock bolts, on unstable wedges’ safety. The proposed by RMR system thickness of
shotcrete is excessive for the safety, as the safety factor is increased ten times. Furthermore, the
proposed by RMR system length of rock bolts is also excessive as, it is proved, the increase of the
length of rock bolts up to 3m does not increase the safety factor.

The elaboration of our results gave power regressions with significant correlations between the
geometric-characteristics of the potential wedges and the safety factors, obtained with the shotcrete
and rock bolts. According to the above-mentioned relationships, a slight increase of the apparent
face area of wedges less than 58 m? causes a significant decrease of their safety factor (SF) when
the wedges are supported by the minimum required shotcrete thickness. On the other hand, the
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safety factors are slightly decreasing when the apparent face area, of the wedges, is more than 58
m’. Furthermore; a slight increase of the wedge weight causes a significant decrease of their safety
factors (SF) after the use ol minimum required support with shotcrete of wedges weight lower than
13 tns. On the other hand, the safety factors don’t decrease significantly by increasing the weight,
when wedges are heavier than 135 tns. Furthermore, a slight increase of the wedge weight (lower
than 15 tns), causes a significant decrease of their safety factors (SF) when the wedges are
supported by the minimum required length ol bolts. Nevertheless, when wedges are heavier than
15 tns, the safety factors don’t decrease significantly by the weight’s increase. A slight increase of
the wedges volume, which is lower than 85 m’, causes a significant decrease of the safety factors
(SF) after the use of the minimum required length of boits. Also, a slight increase of the wedges
volume which is lower than 80 m® causes a significant decrease of the safety factors (SF) after the
use of the minimum required thickness of shotcrete. A slight increase of the wedges height, which
is less than 10m, causes a significant decrease of the safety factors (SF) after the use of the
minimum required length of bolts,

The above estimations show that even if a small strength ol support measures, shotcrete or rock
bolts, is enough to balance the sliding strength of the wedges in medium and poor rock mass
quality having a small percentage of cracking.
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