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E€cidikeuon / 'Epeuva

SHPAITOMNOIIA, YMOTEIES EKSKADES

UNIVERSITY

* EuotaBela Ymoyelwv Ekokadwv kat AplOuntikog Zxedlaopog Yrmootnpéng
ATIOKPLON UTTOYELWV EKOKAP WV KOVTA OTO HETWITO

*  Quowkég Aokipég Ttng YootpEng Znpayywv (AAAnAsnidpaon %<
Yrnootip§ng/Edadoug) - BeAtlotornoino

* Evopyavn NapakoAouOnon Mlewtexvikwv Epywv (Ontikéc Tveg) ¥ JuvSuaouévnC

* Discrete Fracture Networks Yoot pLéng

*  Evowpatwon MNewpnyxoavikng kot NewmAnpodoptkng Yrnootipin Edadoug:

* Ektipnon Emwkwvduvotntag kot Alakivduveuong oe Newtexvika Epya  Mpooopoiwon kat QUotkég AOKIPES
Driskos 3D Numerical Model

Inpayyormnotia / YOYELEC BeAtiwuéveg M€0odot
ExokodEc INgooouoiwong: 2D vs 3D

2D vs 3D 3D Model
{FLACSD)

2D Model
{(Phase2)




Simulation Time: 0,000 ms

Velocity Mognitude (m/s)
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FDEM 3-noded
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/7 Rockbalts

KAlpaka Epguvntikou
Mpoypaupatog

Forepoles
(Umbrella Arch)

JUVSUAGUEVN
Yrnootnpién

Steel Set
7

Napapetpot /
AAAnAsnidpaong Shotcrete
i} E6adoug-Yriootnpi§ng
Normal Resultant Rock bolt

Force

Force

Shotcrete

Epyaotnplakeg

s
\—' \Shear

Shear = *= Force
displacement &

Enti Tomou AoKIUEG

Xprion
OTTLKWV

Vlachopoulos (2015)



Travel supported for Students in the past 4 years

| ./ The world is a book, and those that do

* not travel read only one page
i St Augustine

- o
. 10 Students, 33 Locations, 16 Countries

O Conferences and Research Sites



MeBodol Zxediacpou Znpayywv- Kartnyopiec Ynootnpiéng

B

1

Apad aykupla + EKT. okupodpopua 2UOTNHATLKA 0YKUPLA +
EKTOEEVLEVO OKUPOSENQ

spiling or
D forepoling E Forepoling

1

[ elephant foot — . .
s
' ! f “shotcrete
e == shotcret% invert T < inverts 2

... + BAntpa / Sokol mpomopeiac ... + UVAwon HETWMOU

C

1
elephant foot

e e =

... + HETAAAKA TTA QLo

(Tpomomownpévo ano: Hoek, 2000)

Forepoling

----------

..........

2 / shotcrete

inverts

... + LLKpoTtAcoOAOL



EvowpatwpevVo
ayKupLo
(evioxuon)

= H unootnpiEn Bpaxopalac nspiypd@el TV
XpAon supouc O1adIKaociwv Kal UAIKWV Yid
Thv €€aoc®alion ThG suoTaBsiac

=  XwpileTal oc €NIPEPOUC KATnyopiec avaloya
HE OUVBNKEC ONWC:
- B£0n oTnV €KOKAPn,
- XPOVIKI OTIYUR £YKATACTAGCNC,
- npocdokwpevn diapkeia {wNG, Kal
- EVEPYNTIKN N NABNTIKN QOpTION

AOKOG

= JuvnBwg JdiaxwpileTal w¢ evioxuon n MpomopEeiag
UMNOOoTAPIEN: (evioxuon)
- Evioyuan, eowTepika Tng Bpaxopalag Maiocwo
(n.X. evepaTwpevo aykupio) (urtootipién) Ektoésupevo okupodepa

- YnootnpiEn, €&wTtepika TnG Ppaxopalag
(n.X. OTPWON EKTOEEUNEVOU OKUPOJEUATOC)

(urtootripEn)
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oTocC — EmAoyn Katnyopiac Ynootnpi&nc

= — (o) —
— (=] - =
o E 6 = 3, 233 S & <
0 3 S & el 3 W S 5' 1 Q
P O 3 Qg = o> O W % S o
b © - -3 ~ Q w O < 3 (o T
Q O o X 2 w Qg P o< c ©
¥ = 5 E 3 E 2w s K E
= s < X6 =2 = E
1.6 -2.5 | 5-15 4-7
2.5-3.5 | 5-15 9-11/1.5m ATIAO
3.5-5.0 | 3-5 15-19/1.5m ATIAO
6.0-10 | 1-3 >20/1.0m lvoTtALOEVO AKTUWTO
8.0-12 | 1-3 >20/1.0m lvoTtALOEVO HEB BAntpa/Aokol
OumpeAag nmpomnopeiog
10-35 | <1 >20/1.0m lvoTtALOEVO Me avaotpodo BAntpa/Aokol/Evowpatwon
T0é0 OumpeAag nmpomnopeiog
15-35 | <0.5 >20/1.0m lvoTtALOEVO Evéidovta BAntpa/Aokol/Evowpatwon
Yielding OumpeAag nmpomnopeiog

Baolopgvo o peon dtapetpo ekokadnc 10m (Tpomomoinuevo armo: Yuen, 2013)
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UNIVERSITY

elvaL meQLMAOKOG A0y w:

3D yewpeTOlA HeT@MOV,

YUMUETOXNG HEYAAOL aQLO OV
TIXQAUETQWV;

Emidoaomc ToL peTwmov — evotabewy;
3D avaAvong AauBavovtag vrtoym tnv
0¢om Tov petwmnov;

AAANAeTikadALYNG / Emtidgaong Aotmwv
OTOLXELWV VTTOOTNOLENG;

Aterupaveiac Edagoug / Ymootnoeng;
[TaxQAUETOWV TWV LAK@V.

>xed1a00C YNooTnpIENc Znpayywyv

O EX&@ ldW

The design of tunnel support is complex
due to:

3D geometry of tunnel face;

high number of parameters involved;
Influence of tunnel face — stability;
3D analysis to take into account face
position;

Overlapping / Influence of other
support elements;

Ground / Support interface;

Material Properties.



“H payoaia avénon tne xpnonc [twv
OVOTNUATWY VTIOOTTPLENC] OEV OVVOOEVTNKE
ATI0 MEPALTEPW KATAVONOT) TWV
aAAnAeridpacewy uetadv tnc vrooTnPLéng
KatL e eptparlovoac Bpaxoualac”

“ Xtov oXEDAO O ONOAY YWV, AAAX KAL OTO
7edL0, Ol TTAQAUETQOL TOV OCLOTI|UATOG
[vtooTELENC]. .. TEoodLoEICoVTaL pe Baom
eUTTEQIKES LEBOOOLS”

“ The rapid increase in use [of support
systems] has not been followed by an
increased understanding of the
interactions between the support system
and the surrounding rock mass”

“ Currently during tunnel design, as well
as on site, parameters for the [support]

system... are fixed by experience or an
empirical approach”

Volkmann (2003)



Mnxavikog ZxedIaoPOC

KUpla B€pata mou npeMeL va
géetaoToLV:

Geotechnical relevant parameters

!

Determination of
GROUND TYPES

Ground water

Primary stresses

QOrientation

Ground structure-tunnel

* PeaAlOTIKN EKTLUNON TWV Two major aspects need to be
QVOUEVOUEVWV €6 DKWV addressed:

ouvBnKwv Kal tne mbavng
ouunepldopac AOyw TNG
gkokadnc, Kat,

* JXeSLAOMOC OLKOVOULKNC KAl
aodalolc ekokadnc Kat .
neBodwv umootnpLEng yia TG
OVOMEVOUEVEC £0APDLKEC
ouumnepldopEc.

Austrian Society for Geomechanics (2010)

Realistic estimate of the
expected ground conditions

|
‘ Size, shape, location of structure ‘

v

Determination of
GROUND BEHAVIOUR

'

‘ Assessment of boundary conditions ‘

|

| Definition of requirements (RQ) |

v

and their potential behaviours 4»{ Selection of construction concept ‘

as a result of the excavation;
and,

Design and economic and safe
excavation and support
method for the determined
ground behaviours.

v

Evaluation of system behaviour in
excavation area

}

Detailed determination of construction
measures and evaluation of
SYSTEM BEHAVIOUR (SB)

Geotechnical design




AvaAuTikec Mpooeyyioeic Zxediaouou

2 X EOLXOLOG

1. EmAoyn agxkng didtaéng tng vmtoototéng

2. Emdoyn agxikn diapétoou kat i xoug LTtooTiOLENG ANayn Twv Change the

3. Emidoyn agxknc dtdta&ng petaAAkdv mAatoiov TINEIEPIEr  (eameiteal
) , j Mapapétpwyv Parameters

4. EmAoyn otolyelwv vmootoeng A

5. Extipunon tov urjkovg vmootroteng

6. EmAoyn tov Aopiko Lxnuatog

e

YmoAoyiwouog twv lepimtwoewv Kauyng
YmoAoyiwopog twv Taoewv oty Ymootoén
9. ZlbyKQton OLOUEV@YV YLX TNV eLOTADEIX TAOEWV Mn eTTapKAg
KL EQOVLOAGS IKAVOTNTAG TWV METAAA@V

x*

Not adequate

10. KaBoptouog tov Mrjkovg YmootroEng (dux@éoiua unxaviuata)
11. Kabopiopog tov Mnkovg Exoxkagrc

12. Xxedxopog TG EYKATAOTAOTG LTIOOTHQLENS KA Tporotoinuévo amod: Peila, 2013
HeTAAAKWV TTAQLOLWV



E€onAiopoc kal MapakoAouBnon
L KOTOG: Objective:

* ATIOKTIOT] TTANQOPOQLWV YL TNV
/ / / « Obtain information on ground response
XTTOKQLOT] TOL £DAPOVS OTN ONEAYYOTOUA 45 hunnelling

. HaQOXﬁ € Aéyxov g KO(TO(O'KEUﬁg » Provide construction control
 Verify design parameters and models

) Emﬁeﬁa L(’O(?T] Twyv 7'(0(@0(”8’[@(,0\}/ * Measure performance of the lining
O XEE) LXOMHOVL KX L TWV TIOOOOMOLWO EWV during and after construction

* Monitor impact on the surrounding
environments

* Metnoeig e anodoong g emeVOLOTG
KATA T OLAQKELAX KAL LETA TNV KATAOKEL)

Optimization of the design and
execution of safe tunnelling works

* [lapaxkoAovOnon g emidpaomg ot
YELITOVIKA TtEQLRAAAOVTA

* BeAtiotomoinon tov oxediaxopov kat —

EKTEAEOT) AOCPAAWV EQYWV ONOAYYOTIOUNG O AITES

INTI IONAL TUNNELLING

TERNATIONAL
AND UNDERGROUND SPACE
ASSOCIATION



’ Support In Underground Projects .

Procedures and materials used to improve the stability and to
maintain the load bearing capacity of ground near the excavation
boundaries

_._.J__ e



Significant roof failure in a metalliferous mine
(Courtesy of Li 2017)

Squeezing deformations necessitating reprofiling
(Courtesy of Barla et al. 2012)




Survey / LIDAR

Excavation
Influence Zone

Forbes, 2018



AcoToxiec kal MeTaTtonioeic Aoyw Ekokagnc
Queerns
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Tunuo cotoyouvtoc aykupiou. Moviun rAEUpLKN UETATOTTILON UTTO

HOpP®N LUovNC Kauync otnv KepaAn kat SutAnc kauync oto cnueio tnc
aotoyiac (Arto to npoowrtlko apxeio Brad Simser, Glencore).



Discrete Measurement at Periphery
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Support Element
Discrete Measurement Points
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Support Element

Discrete Measurement Zones

|
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Support Element

>UMBaTIKa npooeyyileTal Pe Xpnon OIaKpITWV opyavwyv

MapadeiypaTta: AvTIONGBNTIKOI HETPNTEC KATAMOVNONG
(strain gauges), kuweAsc gopTiou, LVDTs

MeploploPEVN XWPIKA avaAuon KATd PMAKOC TOU OTOIXEioU

MiBavr napspunveid, UNOEKTIUNON, Kal niavwc anwAsia
TNG anoKpIonC TG UNOCTAPIENG

Metpntric Katamovnong
(strain gauge) el
enupaveiag
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Discrete Measurement at Periphery
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Support Element

Discrete Measurement Points
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Support Element

Discrete Measurement Zones
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Support Element

>UMBaTIKa npooeyyileTal Pe Xpnon OIaKpITWV opyavwyv
MapadeiypaTta: AvTIONGBNTIKOI HETPNTEC KATAMOVNONG

(strain gauges), kuweAsc gopTiou, LVDTs

MeploploPEVN XWPIKA avaAuon KATd PMAKOC TOU OTOIXEioU
MiBavr napspunveid, UNOEKTIUNON, Kal niavwc anwAsia

TNG anoKpIonC TG UNOCTAPIENG
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Discrete Measurement at Periphery
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Support Element

Discrete Measurement Points
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Support Element

Discrete Measurement Zones
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Support Element

>UMBaTIKa npooeyyileTal Pe Xpnon OIaKpITWV opyavwyv

MapadeiypaTta: AvTIONGBNTIKOI HETPNTEC KATAMOVNONG
(strain gauges), kuweAsc gopTiou, LVDTs

MeploploPEVN XWPIKA avaAuon KATd PMAKOC TOU OTOIXEioU

MiBavr napspunveid, UNOEKTIUNON, Kal niavwc anwAsia
TNG anoKpIonC TG UNOCTAPIENG

Continuous Measurement Points

l
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Support Element




Strain (pe)

2000
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-500
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-2000
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Frrévirvivirtrivirirariririr =y Aviririririririrtririririr driviriririririrdrbriririr =71
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1.35 1.5 1.65 1.8 1.95 2.1
Distance along optical fiber (m)




Avaykn yia Alavepnuevec MeTpnoeic?

en’s MCgf CM
B h
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Frrévirvivirtrivirirariririr =y Aviririririririrtririririr driviriririririrdrbriririr =71
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1500
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Strain (pe)
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-1500

-2000
1.35 1.5 1.65 1.8 1.95 2.1

Distance along optical fiber (m)
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Distance along optical fiber (m)




¥  Avaykn yia Alavepnuéveg MeTpnoeic?
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Distance along optical fiber (m)




Avaykn yia Alavepnuevec MeTpnoeic?

AutAn Sokuun datunonc
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-2000
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Distance along optical fiber (m)
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- Avaykn via Ailavepnuevec MeTpnaoeic?

UNIVERSITY

Strain (pe)

0.65mm

L e e e P E T R T
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Distance along optical fiber (m)

Strain (pe)
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Distance along optical fiber (m)
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Apgoa O@EAN TNG XpRong OnTikwv Ivev

= [1oAU pikpoi aioBnTnpeC (EUKOAN
evowpuaTtwon/Tonodernon oto deiyua)

= IdiaiTepa aopaleic kal anpooBANTEC

» MeTaoxnuaTioTnC ano yuaAi (oTabepoTnTa oToV
XpOVO)

= [loAU XaunAo kooTtoc (peyaia pnkn)

= 'Evac aioBntnpac pnopei va xpnoiponoindei yia Tnv

uETPNON NANBouc onueiwv og pia diaTaén
Sensors are very small (easy to embed/surface mount to specimen)
Intrinsically safe and immune to EMI
Transducer/lead is composed of glass (stable over time)

Very low loss (long lead lengths)
One sensor can be used for an array of measurement points




ber Bragg Gratings

Aopn Bragg Grating: cuyKkeKpLUEVOC
SelKTNC EYYEYPAUEVOC GTOV TTUPAVA TNG
lvac amo €kBeon og umeplwdn
aktivoPoAla uPnAng evtaong

To Bragg grating Ba avtavakAa pio
OUVLOTWOO TOU GACHOTOC TOU
TPOOTILITTOVTOC MAKOUG KU LATOC

H katamovnon 6a petafaleL TOV TOTLKO
Selktn avakAaong KoL mepLlodika Tou
Bragg grating

To avakAWMEVO URKOG KUpaTOC Ba
UETOBANBEL ypOPUULKA LE TNV KATOTIOVNON

OnTikn Avixveuon Kartanovnong

Fiber Bragg Gratings

» Bragg grating structure: fixed index
modulation inscribed into the fiber core
from high-intensity UV exposure

= Bragg grating will reflect a component of
the incident wavelength spectrum

=  Strain will change the local refractive index
and periodicity of the Bragg grating

= Reflected wavelength will shift linearly with
strain

e et M

A - Transmitted spectrum

Incident spectrum

Optical Fiber _._1 ]|__ J

—
Light travel

.Fl

0
O Fiber Core S nj

1,€
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Tpotrotroinuévo amo: FBGS (2014)



OnTikn Avixveuon Katanovnonc

Tpomromoimpévo amoé: Fuji Technical Research Inc.

Alavsunm

* MapakoholBnon ToU eMOTPEGOUEVOU Distributed Optical Sensing (DOS)
$wtog » Monitors back scattered components
= XpnAon TUTILKNAG OTTTLKAC Lvag XapnAou of light
KOOTOUG » Uses a standard low-cost optical fiber
*  AvakAaotikotnta Tou Mediouv OmtikAg » Rayleigh Optical Frequency Domain
Juvyotntag Rayleigh (ROFDR): Reflectometry (ROFDR):
- uetpnon g dlaomopag Rayleigh - measures Rayleigh scatter
- H Sloomopd MPOKUTITEL OO TUXALLEC - scatter arises from random
Slakupavoelg tou deiktn Stabhaocng fluctuations in the refractive
- H katamovnon HeTafAAAEL TOV TOTILKO index
Seiktn 61aBAaong KATA HAKOG TNG ivog - strain alters the local refractive

index along the fiber
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- NepioooTepol ano 850 FBG acObnTrpeC
XpnoiponoinNénkav karta Pnkoc Twv 2.6 km 1n¢
onpayyag

- AUTOpATN QVIXVEUOT TWV OUYKAICEWYV

- 8 aI06NTNPEC EYKATEOTNHEVOI OE METAANIKN
papdo n onoia TonoBETNONKE NEPILETPIKA TNC
onpayyag (19m)

- Axial strain at location used to determined
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Barbosa et al (2009)





