Brillouin — I'Iapaéslyua E(papuovr]q
EUO'raesla [Mpavouc

= Zwvn aoToxiac evToniohevn ano
LEYAAEC NAPAPOPWOEIC

= Mia aduvapn nepioxn oTo avaxwpua
nTav duvaTov va dIakpPIBEl KaTa TN
OIAPKEIa TOU NPWTOU OTAJIOU EKOKAPNC
(42 wpec npiv TV aoToxia
napouaialovral oTo oxnua o&ia)




Fiber Bragg Gratings

Brillouin Optical Time
Domain Analysis

Rayleigh Optical Frequency

Domain Reflectometry

(FBG) (BOTDA) (ROFDR)
Technique FBG BOTDA ROFDR
(Micron Optics Inc., (Omnisens, 2014) (Luna Innovation
2012 & FBGS, 2015) Inc., 2014)
Max. sensing length ~ 1000 m -~ 1000 m - 40 m
Measurement _
iy - 5
repeatability +=0.1-10 ne = 1 ne =5 ne
Spacnlg of mea suregnent 10 cm 05_1m 125 mm
(1.e. spatial resolution) (practically)
- p— - _2
Max. number (:_)f 10 . 20 ~ 1000 - 1000
measurement points (practically)

Unit price
(approximate USD)

$15.000 — $125.000

$100.000 - $250.000

$60,000 — $150.000

Sensor price
(approximate USD)

~ $300 - $1000

Per sensor

$0.10 per meter of
fiber

$0.10 per meter of
tiber

Max. number of
connected sensors

=10

>

i

1

25,000 micro strain




Uses standard, low-cost, single mode

AI GVEU r] |J évr] O I-'ITI Kr'] AViXVEU Or] optical fiber as the transducer and the lead
Ql_,een’s KGTG L OVI’] OT]C; =  Optical sensors are small (easy to

UNIVERSITY embed/surface mount)

"'\ » Intrinsically safe and immune to EMI
— “  " Very low Signa] loss (|ong lead |engths)
=  Captures strain every 0.55mm along the

Alavepnuevn OnTikn Avixveuon pe Baon 1n diaonopd Rayleigh optical fiber (one sensor captures an array
"  Xpnon TUMIKAG, XGHNAOU KOOTOUG, HOVN IVa WG HETAOXNHATIOTN Kal lead of measurement points)

»  MiKpoi onTIKOI aiIoBNTNPEC (EUKOAN EVOWHATWONTONOBETNON) T B B

» IdiaiTepa acpalng kai avennpsacTn ano EMI
*  [loAu xapnAn anwAsia onuatog (long lead lengths)
»  Kataypael katanovnon kabs 0.55mm kaTtd PAKOG TnG OTIKAG ivag (&vag
aIobnTAPAg KaTaypasl £va NAnBoC HETPOUHEVWY GNHEIWV)
Additional

Buffer coating protective coating

Jacket
Cladding
N/ X
C@ I|
Care " v
Ny >Ny Suflor Coalg”

SXNUATIKA anegikovion onTIKAG ivag Fiber core Strengthening
(National Instruments, 2011) and cladding fibers




¥y  >uvexnc NapakoholBnon Katandvnong
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Awave évn Omttikn Avixvevo
(DO S)unu n n n

* [lapaxkoAovBetl v emoTEOPT)
* Baoet twv Raman, Brillouin, and Ray-
leigh aovaAvomn g emotoepouevng
OLATIONAG KATA UNKOG TNG OTITIKNG

monitors back-scatter

(voc " based upon Raman, Brillouin, and Ray-leigh
, , analyze back-scatter over the entire length
" AKTIPelx evgovg +10uE of fiber
- BO‘““’H?*’W 0& XaHnAOU KOOTOUS, " Operational accuracy is within £10u€

TUTUKTN VX TNAETUKOLVWVIWV .
T M " |s based on low-cost, standard telecom fiber

- ’EVO(Q/ F‘ETO‘UX‘W paTLGTﬁg Yix XLALé(bgg ® One transducer for thousands of
OTHEIX HETQTOEWV measurement points



E0WYEC KOTA MNKOC TNC
paBdou omAlopou

H omtikn tva
EVOWUOTWVETOL KO
gyKAwBL{eTOL pE TNV

Xprion €noékng pntivng #6 Grade 60 6¢eiypo pafdou
2 mm sowxh

00 Connector Sensing Length 1
’“ memmubaﬁgm@ubmm%
1§0° End Sensing Length 2

Termination

Katepyaopévn
pafdoc om

|

LR
|

4

;-. o f- -"_l

Omtikn tva

¥ A



oIS
UTIO OUVONKeC afovikng ¢opTLong oto

gpyaotrnpLlo tou RMC

* No. 6 Grade 60 &eiypata pafdou omAlopoU
edoblacpeva pe DOS alobntnpeg evtog
QVTLO LAUETPLKWY ECWYWV

* H omtikn va KoLl To HETAAAO EVWVOVTOL ME TN
XPNon HETAAALKNCG KOAAQLC

Side 1 Side 1

[331 [1b] Sensor loop
() o T )

(2b] [2a]

Side 2 ez

= Metal bonding adhesive

E W




[/

0° Connector Sensing Length 1 _L . _
_ “ memaﬁmunmummuumm% ._‘_ds ) OF LOOp )/ \ S -
n 18.6;’ End Sensing Length 2 ] M i
Termination
D-Bolt

AykUpLo TPLBNC KaAwdlako aykUplo eMTA OKEAWV



n’s [ANPWC EVEPATWPEVN UNOOTNPIEN

UNIVERSITY

Ta GYKﬂpI;;T;_

papdol
Ta kaAwdiaka aykuUpia anotsAouvTal ano 7
MeTAAAIKG okEAn (1 KevTpIKO, 010 OKEAOC
Kal 6 EWTEPIKA, NEPITUNIYHEVA OKEAN)
H @opTion MeTagepsTal otnv Jdismi@aveid
ayKUpPIOU-EVENATOC HEOW:

1) ZuykoAnong

2) MnxavikoUu aAAnAOKANSwHATOG

3) TpiBng

Load is transferred at the support to grout
interface through:

1) Adhesion

2)  Mechanical Interlock

3)  Friction

~Six — outer strands-

Deformed “ribs” S

Anchor position Smooth segment Anchor position

| | P —

D-Bolt



TOTTOBETNHEVN ETTI =~
ETTIPAVEIAG

MeTpnTAG KATOTTOVNONG
(Trpog emiBeBaiwon Tng DOS)

OTITIKN iV EVOWUATWUEVN | &£ 114

Kal EYKAWRIOPEVN OTIG 7 b g E-E-,T.GA,A'KOG
ETWYXEG TN of 5;?”)\”,"% )



F(kN) Er;d (3.2m)

.uum:umuwumuuguuwnmuwmgumurmj : .' : .' : LOOp
N E
Start (Om) . ed i
900mm 900mm 200mm

200mm tTuAo OTALOOU
pNTIVNC/HETAAALKOU CWANVA EVEMATWLEVO
og 31mm mpooxedlaopEVN YEWTPNON

BpOyXOC OMTLKWY OpyaAvVwWY O0TO TEAOC TOU
EVEUATWHUEVOU TUNHATOC
Opota pe Benmokrane et al. (1995)



" Juppetpkn Znpetakn Ooption Kapdng

J{F (kN)
Start 1.12m 0.8m 0.8m OF Loop

End 0.8m 0.8m

= Afovikn €A&n (Mwkpo Evowpatwpevo Mnkog)

F(kN)  End (3.2m)

Start (Om)

900mm 900mm 200mm

= Awataén AutAng Alatpunong




MNa OUGiﬂ_

- Kataypaon ToU dlavuouaTog gykapaiag
kaTanovnong (HEyeBog kal popad)

- AIGkpIoN OHOAEOVIKWV KAl EYKAPCIWV GUVICTWOWV
- Kataypa®n diaTpNTIKAG CUKNEPIPOPAC

JUMMETPIKA Kapwn 2uvOuaopEvn aoviKn Kal KaunTiKn QopTIion Aiata€n dinAng diaTtunong



>uokeun Aokiunc 'EAENC

V7
/4

Machine 32941 mTs
Movement

322.41 Material Testing System ———

Actuator/Load Cell /
Rock-bolt | | | | 11H /
Threaded rod §
. . /
Threadedrod * Ilapauetpor Aokiung: {

O  Papdoc (19.05 mm A.)
O Xxvoodesua (0.40 w:c)

Load bearing plate

O  KoAwdpoc okvoodéuatog
35 MPa _
O 31 mm didpeTtEog yewTonomg _ ade

, , Attachment plate
0 Evowpatwpévo pnkog mov =N S T

KupAwvetal éwg 183 mm 322.41 MTS

Attachment plate
322.41 Material Testing System




:,

T T TS

28 Y

‘ ‘ ctuator and m A J
Ioad cell

ZUOKEUI’] AOKIUNG E)\Enq

A ‘/{r

DAQ and

power supply \

Strain gauge

s ESESFSFEETE

ODISI-B analyzer unit !

and computer

Epyaotnplakeg Eykataotaosig RMC




Papdoc OnAiopou
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ueens

200mm

F(kN) |
<« JOEhE

Loop
(1.20m)
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2.1

1.95

Distance along optical fiber (m)

1.9

1.85

0.6

0.4

Distance along optical fiber (m)

0.2



& Aoxiun AZovikng Anokpiong: Papdoc OnAiguou
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Strain (pg)
co
o
o

1.85

1.9

1.95 2
Distance along optical fiber (m)

2.05

2.1

OL TEPLOOLKEC Statapatelc
Talplalouv HE TIC UTTOSLOLPECELC
Tn¢ pafdovu.

Avtarmnokplvovtal otnv enidpaon
TNC AYKUPWONC TwV TIPoeEoX WV TNG
paBdou oto gvepa.



en’s

Cantilever loading — p€on amoAutn Katamovnon

KQTA NKOG TNG Kopudng Kal TN Baong
TUAMUATOC LETAAALKOU CWARVa

Afovikn €AEN — LECN KATATIOVNON TWV
aAVTLBETWY MAEUPWV UETOAALKOU CWARVA

300mm g 400mm - 300mm » 400mm .
F(AN)
X F(kN)
| ———————————
_— - )

1200

750 1
— 1000 Psi S L =
o I Spacer Location
1
600 —600 Psi
800 i
——450 Psi I
— 300 Psi
3 600 = 450 :
= e 150 Psi
E = e
S 4 5
& 400 E
& 300 e
200
o 150 1
I
-200 '
0 0.15 0.3 0.45 0.6 0.75 0.9 0 !

[} 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Distance along pipe (m)

Distance along pipe (m)
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— 0k
—i0kg
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| ——70kg

‘Strain {microstrain)
-

=250,

-500 -

-750 -

-1000°
.66

1.00

1.50 2.00°

Drstance {1}

2.50

@ewpttikn Anotuntwon

350

Stratn (microstratn)
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Distance {1k

Melpapatikny Altotunmwon

3.5



Xpnion petaAAikov cwAnva 4 inch
Schedule 40 (OD = 114mm, wall = 6mm)

AloOnNTNPOAC EYKATECTNUEVOC EVTOC
E00XWV

Qoption kapng Tpwv & Tecoapwv
glwv




1400mm

Strain (pe)

-200

-400

-600

1200

-1400 -

-1800

0.2 0.4 0.6 0.8 1
Distance along Forepole (m)

— 20 kN

—— 2 5 kN

1.2

Melpapatikn Altotunwon

Strain (pe)

100

-100

-200

-300

-400

-500

-600

—— ) kN

—=—0 kN - Unloaded

Distance along Forepole (m)

YroAAsipatikn Katamovnon




500mm F(kN) 500mm

ﬁ 1 I

1400mm

5 kN
600 =7 | 15 kN

25 kN
700

—t—5 kN - Calculated
-800 —=—15KN - Calculated
200 —= 75 kN - Calculated
(0] 0.2 0.4 0.6 0.8 1 1.2 1.4

Distance along Forepole (m)



s ENAAnBeuon twv OnTiIKwv AyKUpiwv

#napouciah

- Kataypapn Twv €EalpsTiKA HeTABAAAOMEVWV MPOPIA
kaTanovnong o kahwdiaka kar D-Aykupia uno agovikn
POpTION

- M&Ttpnon TNG NPOOdSUTIKNG acToxiac KaAwdiakwv
ayKupiwv PE au&avopevn agovikn QopTIon

- AIGKpIon TOU KNXaVvIoHoU aykupwaong Twv D-Aykupiwv

| 30 ton hollow plunger cylinder |

Domed plate

Optical sensor
lead

Optical standoff
to analyzer




s ENaAnBeuon Twv ONTIKWV AYKUPIWV )

UNIVERSITY Capture the highly variable strain profile of cable

bolt and D-Bolt elements under axial load S
" Mapouciaon Thc AUGNHC VId:

- Kataypapn Twv €EalpsTiKA HeTABAAAOMEVWV MPOPIA
kaTanovnong o kahwdiaka kar D-Aykupia uno agovikn
POpTION

- M&Ttpnon TNG NPOOdSUTIKNG acToxiac KaAwdiakwv
ayKupiwv PE au&avopevn agovikn QopTIon

- AIGKpIon TOU KNXaVvIoHoU aykupwaong Twv D-Aykupiwv

| 30 ton hollow plunger cylinder |

Domed plate

Optical sensor
lead

Optical standoff
to analyzer




Strain (pe)

8000

6000

4000

2000

-2000

0.3

0.6 0.9 1.2
Distance along cable (m)

—No load

1.5

1.8

0.3

0.6

Distance along cable (m)

0.9

1.2

---160 kN
---128 kN
—96 kN
—64 kN

32 kN

1.5

1.8

Aplotepad:
Katavoun

KQTamovnong

Agéla:
Katavoun
dladoonc tng

dlatunong

1,E (e}c‘ — gttt

y =
X 2 xm — xn—l

)



400

300

Strain (pe)
o)
8

(=
(=]
(=]

—20 kN (post adhesion loss) —15 kN

—15 kN (post adhesion loss) — 10 kN
12 kN (post adhesion loss) 5 kN

—No load o

0.1

0.2 0.3
Distance along D-Bolt (m)

0.4

0.5

=, DOpTiON pETA TNV

QTTOKOAANGN

ZUYKOANON KATA UKOG

. (

Aelou THAMATOC
Apxikn ¢option)

Atovikn €AEn D-bolt

i grout (MPa)

MpodiA dtadoong tng dtatpunong

0.50 m

> F (KN)

4
—20 kN (post adhesion loss) —15 kN

——15 kN (post adhesion loss) — 10 kN

0 0.1

12 kN (post adhesion loss) 5 kN

0.2 0.3
Distance along D-Bolt (m)

0.4

0.5
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EvowpaTwHEVO TUAMA LETAAALKOU TTO.OCAAOU Emonrtela eveHATWIEVOU TUAMATOC —
adALPEUEVO ATIO TO UMAOK OKUPOSEUATOG

— 1000 Psi
— 770 Psi
——— 600 Psi
525 —— 450 Psli
300 Psi
150 Psi
— = Exponential Fit

175

e — —
— — - — S ——

I:;icl:anu along pipe [I';I:I



Dimm:.- along pipt (m)

Emornteia Ttou
EVELOTWUEVOU TUAMOTOC —
adalpELLEVO ATIO TO
oKupOdepa

‘EM\ewdn kevou Ko

EVELOTOC TTOU OXETLlETAlL
e avwHoAn doptwon
EVTOC TNC EVEUOTWHEVNG
TePLOXNG

MBavotnta kataypadnc
APoodOKNTNG
oupTEpLPopAC — N
YVWOTNG €& apXng




Failure
mechanism

System
response
Axial Axial

Load
Load
Load

E Two distinct failure mechanisms
Axial Axial
displacement displacement displacement displacement
AKTIVIKR Snpiovpyia pwypwoewv

Acto)ia otnv Siemipavela ayKupilou-eVEUATOC
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Rock Support Testing - Forensics

distlirBed
Ridges=
Support | Specimen
Element -

with Grout
Fiber Optic

Grout displaced outside of,
borehole






