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ABSTRACT

Active heatingbasedlistributed fibreoptic sensing (AFDFOS) has emerged apr@mising
technique for subsurface groundwater flow charasatgon, yet its application in complex
geological settings remains limited. This study evaluates the applicability of a novel phase
noisecompensated optical frequendgmain reflectometry (PNOFDR) sensing method

for resolving subsurface hydrologic feasrin turbiditic fractured aquiferssirst, two

feasibility studies were conducted in a controlled laboratory setting.

In feasibility studyl, a heating cable (fdable) was embedded within 2a mlong
cylindricalcement grouspecimen and subjected to various heating powers. A sensing optical
cable (Fcable) was placed adjacent to the heating cable to monitor the temperature
distribution continuously. Two watdrolding boxes were installed along the specimen at two
positions b retain waterthat mimic high-saturation zones around a grouted borehole in
practical applications.The study's results indicated that the RPEEDR technique
demonstrated a high sensitivity to even sredll enabling it to pinpoint water locations at
two distinct points accuratelyith a spatial resolution of 2 cm and a temperature resolution
of 0.1 °C.The research determined the minimal heating power required to successfully locate
the water positions. The magnitude of the heating power exerted a significant impact on the
&l. Three distinct phases of temperature increment were observed for a given heating period:

rapid, fast, and gentle increase.

In feasibility studyll, a novel method wamtroducel to monitor the location of high

saturation zonessing theAH-DFOS method with an optical fiolmbedded fully grouted
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rock bolt (FGRB). AL m-long cement grout specimen with a fiboptic cable instrumented

FGRB was prepared, and water was introduced at various positions along the axial position
to simulate high-saturation zonegfoundwater flow along rock fractures. The results
demonstrated a strong potential of the-®FDR method for water monitoring in grouted
bolt installations. When sufficient heating
from the heating cable hadinimal impact. Due to its high spatial resolution, even fine,
closely spaced hydraulically active fractures can be detected. Centrally grouted instrumented
bolts required slightly higher heating power for effective water detection, and sensing cables
closer to the heating cable provided more uniform temperature responses. The results indicate
that using a separate sensing cable provides clearer detection cbatatated zones and
closely spaced fractures. A concepttioérmal haloformation on either side of the high
saturation zones was presented. The ragelafecreased as the width of the hggturation

zones increased. This method has significant practical implications for geotechnical
applications, including slope stability assessment, tunnelling, foundation monitoring, and

dam reinforcement, where rock tohre commonly employed as stabilising structures.

The results obtained from feasibility experiments were validated by employing the
method inside a 50 fdeep borehole within a highly fractured turliididepositHeating and
temperaturesensing fibreoptic cables were installedtmthecementitious grouted borehole,
enabling higkresolution temperature monitoring under controlled heating. By applying
electrical powenf 7.6 W/mthrough an embedded metallic wire and analysing the resulting
thermal response, several zones of saturation and active groundwater flow were identified

under ambient conditions. The heating thermal response curves exhibited noticeable noise
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that increases with time, whildne recovery response exhibited a much smoother trend
decreasing noise with time. The results indicate that approximately 25% of observed fractures

were hydraulically active. Moreover, lithological variability induced deggpendent

thermal responses, highlighting the influence of geological heterogemeltgat transport.

Recovery (cooling) data following cessation of heating proved essential for accurate
localisation of watebearing zones and estimation of thermal properties. -beted AH

DFOS results showed strong agreement with laboraterivedawvaluesT hreai nf al | even
showed evi dendéeheofs ualstuerfatcieonwadfer fl ow, resu
cool i ng or tnhTais study dentbnssaped ttedectioeness of AFDFOS in

providing high spatial and temperature resolution, rapid data acquisition, and robust detection

of hydraulically active fractureswhich are key information for advancing subsurface

hydrogeological investigations.

Keywords: Di st ri but ed t etntpeerrmaa lu rorget sspecanssi-afiogmeagq ne n c y
refl ectometry, cement -sgatowrtat i grno uztoende sr, o cgkrboou

det ecttitbpenmr mal conductivity
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CHAPTEIRNTRODUCTI| ON

1.Gener al background

Understanding the physiaxratth'pshematmemal tdydt

more critical in recent years. |t has becon
physi cal s quaohbtnetrpteireast urset,r apmme § sumat i on. Si n.
factors significantly impact our physical e
As a resul t, the scientific community i s v
physical parameter measurements.
Temperature is one of the most prevalent

Earth's Meryistt@mi. ng under g1 @wen diastt ieonppea ratt aurr te
investigate subs®™Maff damef | @w ldiy ntahma2cdsE®R gi n g

especiinaltitye case of groundwaduweea tfd otwhea ni rfri

di st rob and close spacing of fractures. A
temperature is by wusing thermometers, ther
i nebdrelf&¥rbhees et All ,oRORBese devices are

separate wire consecttihans tthe tslpatsaltf aeces o

temperature data is determined by the numb:

Optical fibres were primarily developed
during the past two decades, their applica
technol ogi cal di sciplines, includih@21s;t ruc

G-mez ,202@&@), geohazard asSL90e90s mezh,a2gPlugztr i al
industrial engine2bil6y, (€Eathpaneli ranmentabl
al ., 1200 2rle)c.ent-o pyteiaad sserdfsibmge (FOS) steéchheque

study of groundwater temperatur e, of feri ng



temperature resolution compared to tradit.i
2015; Maldaner et al., 2019; Read et al .,

of a specific energy along the eftthmg ¢ dbr
backscattered | ight. Changes in the freque
determine variations in temperatuon@lkuda, str
201&poscientists have moni te0O8dhoi gmpsr aftour
continuoutsi mendmorneiatlor i ng of Sseapdge&,aphena
tunndgIMiinmg do ,etmignhTi.anngg2 @h&) Chamdy,o0i2l0 18nd ga
moni tORemget . alSeyek@l 8k @®BpImedfchdoidesnise oEHM of
engineering structures af ¥e adtspaldlojcaingh4 ed

2074

Di stri buotpetdi cf isbernesmentgg od®FO8pe of hR®® tec
received much attention since they have unrtr
DFOS incorporates Rayl ei gh, Raman, or Bril

domain to measure parameters such a@z®usemp

prope(rkiiselsi da et al . 2014 ;Coplag realt ot oetc oal
geotechnical sensors, this sensing technol c
benefits, including easy and fast data tra

|l ohg@r m dur adii Isittayn,c e -t mmgl mea rail t-eofrfiencgt,i veones
compatibility,Baamd arse $ita tahl b p b2u0t1g6s) s R 0t21Be s
|l essons gaienedmpéeammoauls act iswd tti lees iamsi @mip $ ¢
over the past two decad®€OSorgmodi hgrithme k@
and supporting elements in underground exc
empl oying the DFOS technigue based on thei

graphi calllSenisrorBi ased on DFOS, when embe



function akin to the nerves in the human b
assess the health condition of the | andsl i

approaches serve as uninterruptiendg smeoms aros is

of various physical parameters such as stre
wor ds, using the DFOS method is equivalent
potbmtsed monitoring tools (Wei et al., 2022

The active heati nghDéFAOBE c mé iclpengnouwnt iyl ir ®if reg
as -BHOS) for groundwater characterisation
technique, the heatthe met alf lioicpddbndanpal meth | e c t ¢
the temperature rise amtdl)h acemei ng aenlid otr

subsurface water movementun(i Apygar yac het h aasl

advant agmet of Smp#ddimeg,momedlor i ng, and di st
measuremesshaswmewlpiotcent i al esfatnuornaitti o@ni tragos reehse
groundwatBeark x et al ., 2019; Briggs et al .,

Among DFOS met hodsomapti ¢ &ff | fece gumenacy ( OF
as a particularl yrh®@F®RiI soiffger 6 e celxnciegpu e .on al
resolution, nesctabet wéet mi hl amenoni t oring ra
meter s, al ong wi t h superior measur ement
demonstrated the advantages of tdies tOF DbRu tsee
temper at D ESsysrnleanssegd on Ramam scaieeiingg co
spati al and tempor al monitoring of soi l [
i ntroduced -naoimeeyv eclo npleansseat ed OFDR approach
saturation zones, achi evi ntge nap ey pad tuir el rreesod
0.1 AC. Further, the same research team del

optic cable instrumerntFecdRIBd ul itlgdg edmdotgutread i rom

(0]



zones. Al t hough OFDR shows -agcicgimiafciyc adnett eprt
groundwater fl ow, applications of this met

indicating a need for further research and

12Fi bre structure and concept of | ight scat
The fundamental structure2ofAnaonpdpiciat sl | bicl
or p-basedclight conduit that carries | ight
and buffer are the three concentric | ayers
The core is the central cylindrical |l ayer

the other. The core is)) geaedat hy maldei ngp pob
glass is 1610 mhb@r at awev e/ra,r itelsi sdetpeendi ng on

( Mi kol aj ek. efthealc.or e20i2s0)covered by gl ass cl

inside the core due to the difference in r
(Addanki et Tahle. , o n2@p &josdl pl astic |l ayer,
encapsul ates both | ayers. The buffer prote
the optical fibre from scattering | osses ¢c.

The phenomenon of |l i ght scattersitmd| akbeg
SsinckE9The. However, in the field sl séemsienc

t he 1G9 ¥YG®Exn. that the angle of the incident |
angle, the function of the optical fibre i:s
which occurs at the intelAf acghbetwaegeni nherc
atoms and mol ecules s eltectrnaivel diedlecdh demd a t
pol arisation dipole when tlBesbhghtewaVThei s
di pole generates a secondary el ecBaommagadet

Wang021)Due to variations in density and <co



the fibre, and some photons return to the

and i nel-pmprsapagabtaicnkg | i ght hel ps (8aachandct
Wan@021; Bar20h6)Tdite @plroperties of t he bact
characterised by phase, frequency, and ampl

such as strain and temperature along the f

backscatteirged fliigant ifsor predicting fault |

Singpgbeée fibre (SMF) and multi mode fibre (
based on theAn 8SbBecammberly propagate one
MMF has a | arge core that.c8MFpcopagatgpma
from Bmtion 1di a mantbesritnygwii ¢ &l 8 Si gnal s with wa
1550 nm can propagate through an SMF core
are designed to maintain each optricladngsi g
di st ances, all owing data to be delivered f

whean 2. .whibc,h is defliAded nky0 1#8y). a( 1)

2an-n

3=

(1)

%

whexies the nor maaliss @ ¢h ef f @ dpuasinsc yt,rhee dii agnhett eprr,¢

wavel enmahdaraendt he RIs of the core and cl ad

MMFs have co62ensianagls cafn m@commodate a va
l i obtdes within(Alded ao@ileleds MMFstthr-baschiwi dlbhihgt
data across a small Mdil $ti anee paft hways Tloawre
through the MMF's core; the signal wuswually

bet ween 810 ( NgeB&kadt3dmg a@abyalto the slight |



and |l ow coupling efficiency of the input [

approximately 10 dB (Nakazt@®taén that of an

13Types baofptfi c sensing

The FOS methos#sd anéeéocawegdriifferent catego

di strib4dtedvhiEihgare briefly described in t

13. 1Fi bre Bragg grating (FBG)

An FBG is a short portion of an optical fil
modul ation. This modul ation creates a disti
of I'ight while allowing ot hemgs wtooHkpldgsett harl

(1978%9ho introduced the first FBG sensor, t

the field of engineering geology and civil

over traditional el ectrical gaugesgnetuch a
interference, and multiplexing capacity. W
temperature abnormali M) ewi,|l It heh®8mgag,g Igeadin

in the reflected wavel engt haagyal Beé.dy. Thhies B
property makes FBGs highly responsive and
bet weearagne &he combined &fafmectte mpferaxiuale

(% is linear anmwW BeHi(be dedcMebed, 1997)
%’f"%@lfﬁé}CTcpT )

wheCQanCrare strai-optaind sdmegsimoi vity coefficie

Thé&aBG sensors respond t o mechani cal st

necessitating the need to account for and



measuring temperature with an FBG sensor,
Consequentl vy, changes in the reflected wav
primarily attributed to alterationsheinn t he
using FBG sensors for strain measur ement ,
temperature effects. This compensation i s .
in close proximity to the FBG strairweslenso
in the FBG temperature sensor fr om etlhaatte do f
influences on the wavelength data are eff e

FBG sensors to bdkehn madh ampipaale ng® reg hamt d(e r m:

di stinction between these two typuessi nof Eq.r e

@R(Shiratsuchi: and I mai, 2021)
Che c natl b a P22 ( iem/ m) €

whekKseepr esentfsactthor .gauge

13. 2Di str i buotpetdi cf isbernesi ng ( DFOS)

DFOtSechnol ogy all ows continuous measur ement
cabl es; hencea,stirti.bwhéeghe | | ast'rates the f unc

behind DFOS.-badasedes®rO&Br s are integrated

similar to how the human nervous system fu
ThPFO®Bet howrsrently in use | everage three
occurring in the fibre core: Brillouin scat

either 1 n tdmenaomt i(OAIDRY) I me -dbmaiopti efall ed r @
( OFDR) , as dbpi the®TDR, Fagbrief I ight pul s

the backscattered signal i's recorded basec



provideangenmgpeasur ements of physical pr ope
resolution, which i mproves as the bandwid
reducing pul se power sti-mmiide craattily (@ &PR)c tasn
range oOofLUWTeDR.®&h. 1t h20bd®her hand,-waOWFelRe regnpH «
|l ight source that generates two signals: a
and a reference signal. The |l ight backscatt
signal aby betaected photodetectors (BPDs).
and reference signals allows the deter minasa
transform to the detected signal enabl es t

mappimegr ew t he backscat(tDeirnegd esti. galpl-p 808§ 8 @8 )n a

OFDR applications are |l ess common than the
(typically spanning tens of meters) and th
un.it

Bot h Brillouin and Ra man scat iSemikreg e
characteristics. The absorption of a mol ec
hi gher energy | evel. When the electron ret

with an energy difference proportionate t«
power can either be higher, | ower Whenemher
emitted photon is stronger t han tShteo kiesci d
component ( a6c)Gdmwear 3§ eMlSyF, D gtelse caomtpionent com
when the emitted photon possesses | ess ene
i s susceptible t o Ltienapnedd aZ.hiahreeg ,\' a2cfazdi2 )it oennsp e
measurement can be determined by exatni ni ng

Stokes and St@karsahHhamihtamsddgoGuedvaldlsa ,wolro9toh9 )n o



that in Rayleigh scattering, there is no c¢

photons

The most widely employed method for meas

geotechnical applicabasead DBEOSHhesucke as Br

ti me domain analysis (BOTDA) and Brillouin
(Hu et .all.n t20e2 0BaO TpDuAmps epu luspe of | i ght i s |
optical fibre and travels towards the oppoc
emitted in the opposite direction. This a

bet ween theabwiongatvvies, diest ri buted measurem
shift (BFS) wi{Xhiett.hel.nf icBoOnkt8rgaosrte, BOTDR i n
of a | aser pulse into an oespctatctaelr efd blrieg h twir
the input end for measurement. This scatter
bet ween t hhet iarcd dtemd dex gi t ed photons withi:
|l ight propagates, |l eading to a c¢hTaanbglee iln f
il lustrates the performance diffeFenceas b
compr ehensente oafs stehsesnper f or mance characteri
readers can refer (Acbarypr amd o wogrpeu bd eit2adi Pl
the operational features of {(RFesbesersiag.:

VI achopoul os, 2023)

l4Basi c obtinsépt bmp e dsaetnusrien g

The <copper havatrienigmmpclaadm¢ead cieme igd éitust otulse hea
source for the distribut edsetnesmpnegr Bcuaglriéeopt b
hi gh heat capacity@ahdwhher mat heohdaoat i vée mnj

affected by the presence of the water. | f t



t hDeFOSystem by meastriaig gtaidutr até om ko nlesc at
and mohiSuomRedL&NT.hi s i s the primary idea be
wi tDFOS enskEqggatdideerscr i bes t he relatiqgnship

tempenatusethradi€deng2k2l)al
cBr=CropT+Cet) 4

whemprei s the Rayl eiGhn@petehe abemsdiitfisfiory co:
t empermatdu rsd ersap encatnivheellgyp,end on the materi al
geometry of t @Ba naedprt 6 pcrad s efnit b a tee m pset hraahi gre & |

respectively.

Under no infludncanofbestwraitn enEa@a.s: (

3R:CT$T' (5)
15Mot i vat iiesr ufdgyr th

Accur at er asndl thtiigdan moni toring of Ssubsurfac
understanding hydrogeol ogical processes, a:¢
sl ope stabi-progeinegiaons-badeddimeilhanal (o re
spati al continuity needed to capture subt]l
fl ow. sEMG&frfgerpr omi sing alternativei mg ena
t e mp e rmetassrug ement s over l ong distances. Ha
met hods, ieahpagdil yl g wicteir eslgmaaems | i mited.
motivated by the need to enhance groundwat
heating -OWFDR, PNICming to achieve high spat.i

det ect ksnagt uwaatteerd =z one g s adsjl ascteundoy oapitnbsenb € h o Q



par anmeuchr sas heati ng amawerash | a&n & ocdhu ri ggtuiraarnt s ,0 |

t he advancement of DFOS applications in gec

16Thesis objectives

Theentoabs of this settlgci stvhhapgdsadiunh e obhha
hig9phecision DFRag.isenglMlOFDR s efnosre mger at ur e
measuremehttshe ai msaft udatte otni rmgqr dhiggMouoedwat e
specificallyl, diems ihtbag lalitdug aattd Wody g-nenteesmnog

cylindrical cementitious grout where heat|
insertead minuairdeg.,, -feagimslioyresoldye the i s:
studywhere sensors werwsiimgea treac k nlsad Idte. t Thte
aims to timeeesftfigatt eof DFOS sensor plaade ment
the applicability of tuesmmpmegr at wrdanpresad dgwrdecmer
stuwdyns to validate and demoneiar &t e [Tthtres caé¢
field t est f ur tthheere nai mg met hporde'ssesm & btihlei t vy
groundwat egataurdathiogh zones, and to determ

geol ogi cal |l ayer s.

17Theer gamnii on

Theontofnttshi sot qhaemsinse¢edheef ol | owi ng ways.

Chapter 11 introduces the fundament al prin

particular focus on active heating technigqg

devel opments in DFOS met hodssataip@hha petdert ol Id
presents the detailed methodol ogy of this
PNOFDR technique. It ® f3F00 Sckenssuosresth e s he dei
configurations, and assocChaptderdalt @ a@auwtqluii

M M



experi ment al desi gn, faesiuliuldiyt yawhd chnteemapua
potenti al o f théopr wpboseed popwicthihobhuglet prec
Chapter V cfeasi Buwblisyt,wiotfhf er i ng f uprrtehseern tiends i
technique' soampmphitcabi DFO$ sensor instrument
gr oundGaa petrer VI f esccuaslees doenmoen sftiraltd o n, W h €
vali dated met hodolwogil eds gaerod oagp pclail e s etta irnegasl
and practicTale cchhadllleenmggeess. and future direc
strain/temperature sensing for s |Foipnea | moni t
Chapter VIitItheyhkhehedineds ngs of this researc

|l i mitations, and recommendations for futur



CHAPTHEPBIISTRI BUTED TEMPERATURE SENSI NG

21 Fundsome mtcali ve heating and heat transf er

|l 1 hAHDFOS met hod, the change of temperatu
Subsurface water movement by injecting heat
source by applying elecdtAchaalyapewvdrastans 210
cabllteabl ei)nstall ed adj swarfteEetlpl es)pashesat hegr
di stributed temp®F&®&Surmre.prksersthorthe Adoupl
component s: (a) heatTang, Tdared a(plp) i sahsbng o
technique helps to I mprove our under standi

processes in hydrCagpe ®ltoaqilcgl 29yls8t;emn | e man

Figibra |l lustrates the heat $toanséernpgtackek
grouted borehole when heated at a soamrsteant
to the surrounding rock follows a sequenti e
wire to the cable buffer, then to the grout
out ward fr om stohuer cnee,t atlhlei ct elmpneer at ur e decr es
from the source. The radial di stribution

temperatures closest to the sourc)(repres:

The radial distribution of heat i s gover:
I nitially, with the p@pwdri caltd g sodfe rcooentsa haénat

is quickly absorbed by the cable buffer. \

capacity, transferring heat efficiently to
hi ¢ghcts as a conduit, ensuring effective h
As heat is continuously applied, it gradual

Due to theagirochkhbsotbseheat more sl owly, (I

M O



temperature over time. It shdaul ¢ s smuammtead tt

i s no groundwater movement, which woul d ¢
particularly i n farl ascotoureedd tzhoante st.h el ,tsawgsuli of uel rd
as variations in subsurfaé¢pambtehealpresensn

fractur esamrsilaqryiefriscantly aff echDF OhSo v yhset aetm, i

which is crucial for accurately characteri

Fodi stributed temperature measurement s, t
adopt ed: (a) dual cabl e arrangement ; and (
scenaHicapl @, comprising one or more metall

di st ance -dabflreomt haatT cont a(imiSg)Bhteh opablcad

encapsul ated within a monitoring -fmeldliadn (

borehol e), all owi ngabéat tonjcontdaucct byt hr be g
mat erial and induce measur achalbHnet.empesac an @
asingle composite cable incorporates both

fibres withBmlai s hiemttdagr ated design el i mine

cables andtbi xeflespaaoabsgrface fluid flow I

| geohydraglpdgicati ons, the measur ement of
conduecntpeldoy i ng -nbeontth oaleadv(eBeoalsei euesal . , 201¢
there have been few studies available in
objectiwe®tupuchonsi sts of electrically he
armoing while continuously monitoring the
section using the fibres iTheireéd orke c¢tabke :
i nvest iegdteecst itvleeness of asdng ¢ wogbhkefpemrompes

| ocating the positioeanoifndgwametrhasing the O



22Active heating of grouted boraholne for fr

The -DNHHOS meptbwddes a cl edar acnibann scta@di $§ &awd o
patt errnmasc$iend iemhe nt @ F P dCaassen als wfaltew and no heat
representing a baishedatnei ncpountdiwtiitohno,u tC awsaet elrl
t her mal conduction throughmuhéeaheomat henat
groundwater flow along ,hyHWirg@hlliightilryg aadv
transport. The resulting heating curves re

enabling the identification of hydrAa uleiepall

vertical borehole often penetrates sever al
watmay f | ow. When heat i sumwnij @édctgeduindiwat ar
t hrough a -smoeutraclel,i ci tl iinse transferred via t wt
and convecti(avral dadweaecteitom) ., .2009t i MMUhy, et

applied byurke Iproepagates primarily throu
through the grout and surroundi rpg edochk ama &

temperature distribution based on the the

temperature profile is wuniform in regions,
conduction occur s. However, i nctzomed svihrefr &«
t he heat transfer process is altered by co

it actively carries heabturaova,y dirsormu ptthien gmsi
conductive temperature distribution. Thi s

noticeabl e anomalies inheéhmaiMamgmewmda: ale , p 2«

areas with active groundwater f 1l ow, the te
water i s absent or stagnant, due to the <co
These temperature anomalies reflect differ

M p



T High saturation zonesa&l(ilsow ewel opridrnyo umnacre

movement of water is sl ow, and heat i's ca
T water flow zones (high velocity zones): T
faster removal of heat . This creates shar

of more dynamic water movement.

By analysing these variati omBOS ns ytshtee nt ecm
effectively map groundwater flow and ident
a&lar e e x pheicgtheldi gthot areas of act i gles uwgagteesrt me
zones with |little to no f 1l ow, urprodv isduibnsgu rcfr
water Howteems . t wouhimghbhyi depend upon the

bet ween cabl es.

2. Reviewsdofi duted t ermmpar gtrwruen dsvearnt ssirngnoni t or

Characterising ¢hheaatdwtart 2¢i Mfd omwetblyod i s i m
Ssubsurface flow processes and assess t he
unpdeaneadaci titesneof disalri buted, and contin
area, DF OSo pteencehdn iugpu etshe possi bility to stud
a f-oprec sensor can provide a vast number o
Such DbBRO®8%8d sensors, when instalinéadricretme ntt s
function osihmw atrhe human nervous system fu
continuous (MAedaankKamnene,l n20x2x4)ent years, geo
monitored temperature fields usingi DEOS t
monitoring of g&apane OBasgloomea alascsheasrsyme na n C
Kogu2roe22 3y nn g IMiinmag @200 1e8t)mia(hT.anngg a n2d0 1Bh)amd o i |
and gas(Remec¢ti neafeveNdl8)appl methdhiodHENe of

civil engineering structur é¥ealt®ldl)lso docu

MC



| n -BHO$BSet hod, t h-epheaitredtbdlelbped i nsi de t he
considered the heat source for monitoring
sensing fibre installed next to the heatec
providing the dbrfaooam@Babkeonfetwabler, 2015;
The AH creates thermal ,adndegquwbhde duenutm Heaati
all ows the dieceercmirmati an sofri but iThMT&f, gr o
which is based on Raman scattering, i's th
measuring ground temperature an@Cohamaat et
al ., 2015; Freifeld et al ., 2h@&FTS Kietph kad,v
|l ight scattering along a fibre core is a r
measurements require a (dakgerateéefmealobT 3p02
system can measure temperature over signif
the range of N1 AC at a resol tUikdad eft G&.lQ1
Af tLeiru et BméponR2&d 3)MTeS ufsdeli rod i ehtligrees ol ut i on
groundwat er rmhdasxurveameinattsi,ontshe field trials
hydrogeol ogy vabpepeln cqeti toinsg hwor | dwi de atten
technique has received a great attention f
groundwate(HdHWK aalwa reatt eal . , 20220, rodhdwagt et
variationgSiomenr dt, maesle.e,pa®g@23moni toring in

engineerifdgGhatowcti urees al . anahyQ; 2022Mg, Yam2

2015)so0i | moil BenBeelcgatenhtahd , s29flédedwat er
(SMW) intéBaonkisors al ., 2022)

A few examples oBAHDEOS of orst mdhesoring t e
hydrol ogi ¢( Goplpd macmtdtonasl ., 2015 Hakal a et

et al . .Mun20k4) miesdrRt0d )t he first-Dibefdelbdt



tests conducted wunder di fferent hydraulic
borehol es were seal ed wit h-cfolnenxeichtleed acnodn diimp
forced gradient condition) to quanhedriyoagk o
aquiSfiemo.n et i ales{ Rffge@aBspidit ibABHE TyS oniet hod t o mo
and guanti fy groundwater fl ux variations
demonstrat edeoff het hex coepltlicanamlai mr egll é mcy omet r
met hod compared to the DT-Bebel{&dtumerdf ailt. 5§ &
The study highlighted that this novel sensi
patterns in geological formations such as
critical | ayers prone to di sasatherds tgan ober
geol ogi cal hazar ds. Re c e ritiluy ,eti nahYaend2a0ng ait)ee
a 77 m deep borehole consisting of compact

unsaturated hydraulic conductivity.

MYy



CHAPTERMATERI ALS AND METHODS

3. Di striibbuotpetdi cf measur ement system

A Rayl-bagéad OFDR sensing techniqgue was adi

temperature datian falolm ttthreed i dxmerciomeht al s
and 11, and fielOdr demosshngatsiedru)p compri se
components, such as a power supply, tunabl
(BPDs) , coupl elrisne cpolcadiage®nrs, amd ampl i fi

activity wastbarkrakdrauory.

Figub@el usgtheratseshemati c diagram of the ope
OFDR system. The emitted | ight from the sw
t wo branches (auxiliary interferometer; Al

optical ¢owmleere QOQ) of the power propagat

for t hneoipsheasceompensati on. Il n general, t he
nonlinear; the beat signal freduerak alidrg
fast Fouri er transform (FFT) anal ysi s. T

compensated by adding,bay rsafgenridneapiabity ali fng
resoluti-dehndeMacimt erferometer with a del a

for compensation.

The first OC's other 99. 9% optical power
test (FUT). The injected | i gshbty ias 99plIli OCi, nt
99% of the power enters the reference ar m,
circdlnaRg@8ystem, the FUT is the specific s
used to monitor a physical quantity, such a

|l ight generated by the interaction mgd a | a

M ¢p



to be sensitive to the measured quantity (i

in the materi al or Téhter betaumr d i lgditn o rroeraigtad

will continuously produce Rayl eigh backscat
and inhomogeneities. External faBRaplei glhuct
backscattering in the sensing fibre, and
spectrum distribution. The | iegshtatprtolpeaglaali

photodetectors (BPDs) (PD1 and PD2) before
bet ween the two arms and hend€hemhe®iRdaer at
After polarisation splitting by a polarisa
the MI and signal from the Al are detected

acquiati td osnampl ing rate of 150 Hz.

The data fr om stenee asocitlhleo peameonal comput
compensation process. The distributed temg

transforming -ddmaiarc quii greall ttianet he frequency

correl ations eneirse ntaldee itmf serymathi on i nto pic
t he measurement pri ncainpleet caaln. b(e2 OfCo7uynd, e .

Il n RNM®@FDR senesihmg, we adopt an auxiliary
ti mMhetto provide phase noise information ab:¢
resample the tempor al signals of the measu

f or dy-dit-€t vy phase (nFoans, 00 &)lm

L(t) =(E-dit-G u)r-]%—“[d(t)-d(t-”rr Jls (6)

e

whedtd s the optical parague sndihsee ttodrarh dti mei m
been del ayed fronm)a reeaqbLhbisghal plithewiElgler

be cancell ed, all owing for the best compen:

H N



I n thi,s tmee hloengt h of theewWdBadowlnd Herdi
compensation using different concatenated

foll owilng Eq. (

Xy t =BRio(tnl 9 ¢ ()

wheXn® i s a phase tauwuxmi lbbaray nie cinédr Daemr. aimett eeq ¢
320ptical cables wused in this study

The present study employed:(ta)o uffffeeredtcdl
calbfloe healadalgl €@9nd - b p efl iglelseddo rc atbd mper at ur e
(i .®cab( €3aB)ITeh e-c &bl e mu ssttirraeabdid d et ed caomposit
devel ofpwrjdiikiyr b4, Tokyodhe Jadgmheypdl2ad mm) i n

whi c hc otpwpoer wi res are insulated with a spec
high insulation resistTdince carbd edii sl & diter is@a m
Kogure and .OkkRiMdea ¢ 2fadd8ynd al so ensures addi
because of i1ts oxygen and temperature inde:

all owabl e bend radius of this cable are 23|

The midsection of the c aobfl edicfofneprreinste sc ofl o

white, pink, and grey, which are positione:d
concentric | ayers: core and <cl adding, hav
respectively. Two coppesri twi roens tahree opultaecre ds il

to add additional strength to the fibres.
rigid PVC outer sheath. The sbhei ffiovi tsytrao
t emper atO.rle3 ace@i8/. 36 GHz/ AC[Ua nfdi sipoegcutriev ea nyd

Oku@® 1.8)



Si mil arclayb | et Ihiest Siddpee c ® ovehb lcen i nc |l u-thedef our
fibres (blue, green, -modlel dw,braemnsd rAdd) farbd et
st ai-ntl esletsuebweh i ¢ h  ptrhoev i Meecshani c al strength r
and installing i nadiodbe et Hea bleoragh alng.e mMemts udat

' i mited elongation (tbkE%Womet GEylfaeé mreat i aki de:

3. 3 Hesttriantgegi es

The effect DFOBSegdepemndAHon the precise cont
cabls¢'e® luraanrdmot he system' safsansieti \biyt ygrtoa n
mo v e mecnotn.stAant heat -cabtl puti nalsprag et mendH t i me
t he 'cealbelcet ri cal resi stance varies in time
al so (vGorlieensan et Fal . AH2Mm&6hods, tHiceabpoewer o
[ Wcan be cal culPxY]Jedwhldéecrseo t i e nygloiksb atglhee ealnac t
curwebhh their units. ofThd t@otdalA,tchuemp hec dd we i
by the I ength of the heated section to ob

(refeqtrherdkouvagshout this paper)

| n t hihse setluedcyt,r itcal heati ngc abdl ¢ hwa snep e fl c
usi ng a DTakgeesnaeeoarti icreg (-Mb@®0 M,ZXTakasago Mant
Co. , Lt d.h&€ XIapmeen)he anvtaiemp | syaidle maf our f ea
experiments and( Aclkeaddy a eembhlaitsr ad \0idele f eat u
voltage 1B820g¥, od ©Ouilr2eOntA,r aanngde a fmadx i mum oI
1600 W. The power supply deviceHowabl eonhlkee
cressesstion of coppefTheviceppesr 1wiSr amsm wer e co0

mi ni mi se atlhees ieslteamtcrei d n aeddiles erabé k. d B incge AH



stronglyqgdedehdabdnnkl edpuirkactviag nett heal i. nv &90t2i29 «

requir eand eraddégumvpetriyon pri or to conducting e

| easi bi Hist w st i der e wterhee aeetmhipd gpypoadmwedes heat
t hheet al | i ¢ wiarhbd eofcl tubdg nB. 4, 3.5, (4T.a®,l.e6. 2,
Alt hougdioenost in the first 30 to 60 minute
extentied momutceod | ea&Ttd adSdeny uiaderdbsyit vy -Isithe dy
bolt-embedded grout specim&ras heatedmaintaining a constant heating power of 7.6

W/m for 150 minutes.

| af i el d ralteimomtsknt emel ydi f f er egn3t. 7h,e a5t.i8n,g apnodw e9r
have bedhet ¢vota@ad heating durati ofi Qot eal |
shows t hHe oee ateisngrom a depth of 25 m to 30
cable along the borehol@ WwWihteh ptulrg osep loif c & th
compare the ther mal responsegef ogenleo @d leids i bny
groundwater -sfaltwawadnaonhizghgsupheas s&l y. WAM
W/ m, the position of groundawatadma&taprsnat st
resulted in a negatigeuwvhal ae. 9HbOgV @y at lA@nN
and watercdn olwe zolnheat t Woudédnt hei éeéating cur
fl uctuati omnsreeTshuelrtesf osrueg, g etsht gheo meareisrsg ttyo o
| owgem t hifso 6sBhan ddyi)amet er grouted borehole to
A total heating duration of 18I0t msmoaaled In
emphasitzhhal gigle &t 9. i4n W umr ssstudiy | arselceotnmpvaeleyd |
the previ(Zhangt edi &adter 20@6q¢t itfhyei ntg nteh er ebge
fully heat the borehole and preciseways | oca

al so determi ned
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41Background

I n this study, with the goadleacsfi boflfidryi mg v
PNOFDR met hod for ther mal mapping and gr ol
borehol es, the effectivenesed-OPDRLtmMet h cach o e
temperature monitoring wasadeasl gatted andl S«r
to create temperaturea memsenali speas e dieimg

| abor atgorwa tdhd tntei mes ol uti on and rapid measu

42Experi menhadlds

42. Preparation of specdaltelnesand installati on

For feasthbinl ytiyghhstt agoduyf(lfreessneg d o n @)aveiemnpT aobyl eed .

One was for temperature senscall €Y emapedat o
was for heati ngahbTnee)a.ciop@ ec a lndiabel seH owe rteh eweH d
each other to fTohrgm ocaptecd iomerd wa g cpaitdrpean ggetdh i
PVC pié&, (VRAner diameter: 77 mm, outer di a
with a mixture of water and Tcheanemamertt au swed
i s ptrineé x e dNBdrmor t drFu®Ly@ama Cenmedmag Cwof) 245 dk ¢
comprising processed s aredne(nhdr amintde )e,x pamdii nv
ahi gher proportion 4o.f iSdmmel e N6 0 s 7 Lbah e dsasbrhda t
content of the grouting materi al has, a sub:
i .be, htgher the sand content in the grouti
of the ancHoeiagtee rsfyasd(eznda d, 2@ @Aady. c a-lmalnads (T

Hcables) were inserted within the speci men



the spacing between RKih#) .t wiowoc achilrecsu | waars cla5b |
used at both ends of the PVC pipe to propet
cables were positioned at 14 mm from t he ¢
positiomindg adbohe sT gndemeunt itshleu rPryC ipnitpce, t he
was stored in controlled i2@viAConméeret PVt ea
was carefully romwrvsedi nmdg teer itchde,e n7vt2e d wee gt

performed on the speci men.

The primary rationale for employing two
rooteddymamihces of wiheat tthreanhsefaetri:ng cabl e
activation through electrical power, heat
by the sensing fibr AHHfotwenv ea , spectci higec f dur a
wWhet kcearb | Tec @i @ bot h heating and sensing
interference between these two operations.
affect the accuracy of temperature measur e
i naccur atde ndjatt @ mpegart ure di stri bMoi @emv &i t h
combining them within a single cable coul d
potentially damaging or affecting the opt

accurately detect and | ocate water positio

The test sample was connected to the OFL
Rayl eigh backsgatatt srtihield ERBeal , it i s esse
t hreefl ectance of et lkeanpd ptyieada It exihgin agglue.s Wo mi
whil e appOFRDRgf oPPNCt emper ature seasi hgpt iSpel
termination" at the end connector to reduc
test . We wused an @rPECledc opmescitmwal, aovdintcdictr e
reflection and4d0 Sdof IdBct aArsc e hteo ref | ect ance |

H P



cleanliness, the connector ferrule was car
addition, the fusion splicing was done acc
protected wusing a Suwcsh @muiagphr by edtusi ol s@\ e
mi ni mal signal |l oss Werhagel ugdd twanpgmli &si
both branches, Al and MI, to adjust the po
fibre or rotating the paddle of the polari :

and i mproweatlhe ysi gnal

42. Pescri pt goaocuddfunmnhespeci men

The experiment alFi $3wausp dielsliugsnterdatwidt hi nt he ¢
highturat(@(ione.zonkesxes fill éd rwaicttharneait reedo)naet’
borehol e. First, the entire | engthfrofm the
sectiVon¥wd polyethylene terephthal ate (PET
were installed in sections Il and IV to ret

to assumwaltiee dbrisiegldi onat jwhrerzmamses he ot her t

(1, I'I'1, and ‘nvgva aseuep pdl ei secdo isbeecpgtuinosn sc onduct i o1

The PET boxes were filled with stagnant v
thermally conductive zones and inveASHIigate
Speci fically, the areas with stagnant wate

temperature fielAIHi Thegel arietnises adurbieng der
saturation zones, which is. aTkernefpornacitphe
Tcabl e wil/l coll ect thewhiesnhd dr abteu rneo nfiiteolrde c
time using an oscil lanegdpadju mdlet enohmal t ben
(i .e., unheated conditions). This means t he

whediare artificially i mposed (i .e., I n heat



42. 3est procedure

The experimental case was designed to anal:
heating wires embedded in the test speci me

di fferent hoéatitrg mhoanwle ricsogripdefsder tthhee vari ous

phases. First, tihnes isdpee ctihnee re xwaesr ipmeancteadl r oo
fluctuations were kept as small as possit
equilibrated with the room temperatur e; a
experiments. Thtaldeprotedurapwas masn f ol | ows

Stepi Ll two PET boxes with tap wat@&@akand Kk

the initial temperature measurement of the

Step QonnectTctalbped eFUT o( t he OFDR measudemémre:
baseline tempeartgeishhe ei (f orallOmenasur ement t a
heating serves as a reference, such that a

indicates$. ongoing

St ep Gonndcabltdhet o the heagatngl devWcm. add]j

unchanged throughout the test.

St eep Recoal eT temperatumnée adatidudé ¢éic g n t3i0n unoi U
heati ng. Shut off the power to equilibrate

the first cycle of the test process at an

St eep Roespteeapthr tAiggs2 . 4, 3.5, 4.8, 6.2, and 7. 8

Step Analyse recorded data with the referei

environmeoabr bgl atobes between Rayl eigh specH



43Experi ment al resul ts

43. Rel ati onship between temperature change

The elastic dispersion of Il i ght caused by
particles along the optical fibre results

di stributed RBcablgeais Bhengpéebemédiundaoears .

We observed a shift in the spectralalcharacHt
occurred. A thorough examination abdcrndies r el
di fferent el ectrical power ctoadi triedmst | dre

characterised by a Téasroped.&B7ap ACd GiHma tualdye
conditions, as demorbstr dabeexeéemplyahy et hiad .
anal ysis was performed under specific work

data points obtai Adfdr camh t e c t1180n nlitnluit¢ekn gtfe

t hat the experiment al setup employed to e:
procedure outlined imj.tehe, "eTmizd d pirrog edaily le€ s
speci mens and supply.ing water in two cont a

43. Zemperature change along the speci men du

Fi glbrpr esents the tempor al evolution of te
heati ng mparastodixf d3 fH er @ abSlsapnpnlaire ¢ ewso ltthag &
t he ampéldtisde i ®fut ed within five distinct s

ohight umwatsi aambi guous when the sample was

forowBr d9However, a slight depression can be
nosi mil ar nature of temperatsreof| pcoviadeodr
5. Thus, from the presented dat a, It i's 1 m

water withinghbhdaleow pkITdkdhimadtr eapdor t(e2d0 1t9h a t

H'Y



material witbofa @edb@t WhoafKy2 aVi/wm i ndelced r ea

however, for mabehighsrwpbiwehi gohgr be neces:

When the speci mRliHatwaas rsautbej eocft e2d. 4thawg m, t h
saturaticoorul dombees di st iThguipsrheesdenc ke arfl ywat e
identifiable within the boxes posi AHoned a
Sections |1 and IV exhibited two similar di
by the heated coppegraphetr dowvetvvery ¢eeme
possibly becpasal oél tali goroment of .th& <cab
significant peak at about 9.2 maingc @lblve ous|
whican be seen in all wor ki nfgh escan dfiitnido nnsg s
indicate the considerable challenge of ac
attempts at parallel cabBbobe casésaq Wiathit b midgviné
3.5, 4.8, 6.2, and 7.8 W m, similar temper e

the water position wasg distinctly discerni |

While the observed temperature fluctuat:.
changes in the ambient temperaturenpetrlae us @
reachingt,e&6d)f orhilmowed by a f awtte AH c ITéha sse warst
foll owed by a afowmduat hienc ewtaesta ithhge 6h0e amiinn g
Thelrate hingltthuer at was zsogasficantly sl ower
sections surrpundedobgdai neferedesced by t
Hdetected uwtfased o 8rO8Trhien sl ow i ncreabkieghn te
saturatwasn lziokelsy due to the heat taken wup
a0of water is |l ess than concrete, whereas it
t hrrevatsewrppl i ed s etchlieio w®sf dalier .t 0An e xpaummien at i ¢

conductiroervezadreaes t hat the temperature rise

H ¢



incline with cable | ength in section 111 c

from the gradual proximity of the two cabl
are not supplied with water andaflaltceg atsesd t wiets
three sections does not foll ow taheuonrieftoircma | pl
For i nstance, considering a powdAH i npet C

temperature r anlg7e 3i nAG,e cwhiidne 42 2i. 8 e&R.€7 oDi i |
after ut@®Hmithnhe temperature-30amgeCin asiactinc
V, it -4i8s 73 AC2 B)s.eeSuTcatbl & signi ficantasfl uct
attr imhutnddgvot d acitrorresg:ul (aar)i t i es:TihmomabhEl €Ihs
ali gnmeandcafb | ¢ sp adwrriimg of cement sl urry, d
results in the measursamemty o h.&deiefpfe arnigend trh et et
cables parall el at a AHxexpan iHiegrhoesy it ¢ mplea
were detected where the cables were closer
were farther aparteglgr apmd@bangri al ahéffTaebgal
nomni form rate of heat transfer within 1t he
var i amidl iuthgeewweenl oped during cement pae@lring,
detect eec atbP®et b8 dreate a more complex heat
heat resistance and reduci nAiddihtei oradlelryi,alVv a
in pore size, shape, and distribution cont
in uneven heat dhestefifoadtwioamtt tHloeveerert he f | |
&lcannot be clearly distinguished because w

array i n amehdes peci mahi on of materi al het er

Theoreticall yaglwihehiamptlhiet ucdoen corfet e specin
process should exhikhgt aldvakbpedbyngntreadin

| owgpr such as 2.4 W m and 3.5 W m, it was



deviated from this expected behaviour and
heated fwtresTh@rmifmneesfugaheon and anal ysi

determine the exact cause of this deviati o

44Di scuarsd okme y off iagfid inlgisit y st udy

Thei stributed t dmrmfeeaaithirlldietmp sstt udyt enunequi v
t hOeF D-Ra sDeFdOS siesnssouscepti bl e to temperature
mi nalr The distributed-toagmpeEptad umen awas gman

using thdaRagl OFPR sensing technique to ¢

intervals surrounded by water. The measurer
with a fine spatial and temperature resol u:
The heated <copper wire embedded i n the

temperature variations along the speci men.
sections 11 and IV |l ed to spatial wvariatior
such tchas easmp &disteredre dofi nconsi stent at some p
the supplied water in sections |1 and IV |
fields. Theref dighttuheatmeomni tzooecneesyi sy as di
dips in the temperature profil gsignif iwaanta
influea&iced hehé, gthlee doihdedt ¢ehetc@epper wire e
the specimen is heated, the temperature of
we supply more heat toqgomhaFThbédeiemfluernsi ofe
in the |iterature, S teét naolt.ab((20kd)ntian d u$u

the context of water seepage monitoring.

Theswlts of this stuwdeqahowedttohaobocatmi ni

should be established before conducting fi



using a boisholoe®. | lofw,t hei t her the temperat.
i mpact on the surrounding Asvi hedqanmegpritd a&sie si,n
the difference becomes more prominent, and
watleiru et Rilghl(i2@Htggsd otul adt bhei gshrel ect ed as f
a reasonabl e range in engi neleirietg alp.glof z2@&2
concluded that the heating cable with a hi
seepagldo e wavr , it should be nqdepgendatgrntdat
on the diameter of the borehole and the pl
anchorage relative Tloertenfeoreyr riotunidd ngs gerct
practicality of monitoringtipr gjeaetnmsptea nad udr eet

ri se with a good SNR to | o©O&DR sSlkeeswaige mep

More significantly, @ Ha mdrcwuhhwets eo asspsaunnse do
be emkdedpdharall el with the hel p adWag abh emgwue a
(a case of »ad4 Whmelxeaumpg ge)t.abhbo 62ALBY t ha
the installation ohsndmetbesspaualktiuele, f i br d

uni formity i nWheé emeédeuOédmM&ntsensi ng met hod

and repeatability, actual measurements (s
exhi bstmooatom curves due to environment al C C
pl acement. Oshgwnalgdafacmay fluctuations,
of specific temmar aitewcres/sdttraaiimgt mehredsapapl i c

processing methods for noise rRORRYt.i on and

The trendeeldoét aveedghmyetrhietnhde showed t hr ee
phases for five kinds of poweteBupbéyheatrt
period), fast -12a@rmiaseofl belhevee@mattiong peri oc
60 miefs t he heatiohg permedhs(Fhg.rilse of te

OH



beginning and foll owed a decreasing trend

for asdlagagest el apsed time was perfarmed a
y=ax" 8)

whexies t he el ayisse dt hteiadeevhesrinadgee t h& saaifme n.
constAastsdy cairieeéedadwsto(BMDdD)ed the three s
fibre temperature difference with time at t
The researcNapnaeriadso(@2abyesHwwewmeournoesu
the equation in this study is a rough appr

showed moon h curves with significant fluctu

The heat transfer between the heated copg
phenomenon that will differ with the vari al
successfully monitored | ocalised temperatu

around the concret ©®FDReciemeasn ngsitreg htnh e uRNC

critical factors that need to be addressed
i Wat er abTshoer ppteiromeabi | ity coefficient of a
| ower due to the presence of smaller pores

highly dependent on the pore sizes and th

towardg ntleri or of the concrete, which is
inside the specimen. Therefore, analysing
transport mechanisms in cementitious mater

ii . Heat t:r ambaufeert o t beef reedmdrievted ycdmpvar ed t
the temperature inside( Suh et baEr eatree ai mdr et
concrete specimen in contact with the hea

transfer rate than the surrounding areas.

00



concrete specimen, with the area near the
Therefertehenrmodynamic property of the opti

guantity transmitted between the copper wi

Fi nahilfsi,egtper i ment al study demonGEDRted 1
sensing method to accurately wmowvietrerd ardti
wi t hi amea-lrtewg cement mortar speci men. Thi s
monitoringoius adeabdodaddrt poupetat ure sensor s
a dense array of temperature data with fin

and high processing speed.

The keyobtit adnelfeefarsd rbi-llairtey ssutmimday i sed as f

O«

Heating of copper wires caused a continuo
clear dif f eriegilactewsr abteitome eaand pHirgghatcwmatuicd m
zones showed sl ower temper agdaunrgdg eicnd i €a e
capacity.

0O Higlgéed toslgr éatéeowing three distinct p h
incr édawies . 2.4 W m was sufficient to detec
water zones, though hogihtiromodvetr e cntaidoen W
temperature fluctuations were observed, p

0 Accurate temperature mERBRrmentemdad despemgd
factors: heating power, cable placement,
relative to the specimen surface.

O Further i nvestigation into ther mal inter

optical cables is crucial for improving t



CHAPTEREASI BI LI TYX STUDY
51Background

Theswul t shfderacsm bi-lrait sae of tewd gsnitg ng ufe sl teido ntso at nhde
devel opment ofl.iIfteasbbi-l, Hyaynde el dgs wer e fr
inserted i nsi de tvhlei che nteend wutriiieddos inmg rt ceantp e r ¢
measur ement s, somet i el ek édp@rda nigmittoy voefr yt wa
althowgig latt ue atwerne zolneasrTlihye rietf eowrteist tedg f oc u:
i nvesttilgeat e ibfigreCxSte nsfo r pl acement relative t
temperatureumeagume ge mtug perdo vimodcikn gb oilntsi ght s
sensitivity ™DHe tateudyecthmrn tghueerr i nvestigated
composi theHap®b li &€ agtmoaurmdeteliraomrac t.Mo i s @d ¢ Othudi e s
have yet expl ored tDHFeOSi mted chroadt iwint ho fg rtolud e
identification of grad wr daw dTtdeer -NO&@p aoaac hi ¢
preseénifrereasi bi-ll prtoyvasdramsvye!l framewor k for se.
the vicinity of grouted bolts, enhancing t}
and assessing structural i ntegrity i n gec
conditions, tphbreosvimdebBodpaobamAlkydnsoni buo e
flow but al so shows strongngpuwdecedtisal aifmoyr

broadening its -teefrfre cmhonvietnoersisngi nandonegar |l y wa
52Experi menhads
52. Bobtructombslteal | ati on, and sample prepar a

| heasishidldiytay 20 mm T-r2% gmpoismnft ameé nwas us

simul ate the &EMEBpYI dhe o6 ameboli den202f0,ed a

op



had a |l ength of-s@00Dommlnmdda dfecaud ed a g
of 6 mm and had.lat nwaasss aosfs u0Omebaom tkihgad/anmme hwe u lad
a suitable representation for the intendedc
Despite itsseotmpdrex tchestrame was consi der
purposes due to its geptmeed rdech eagdragttiadon ,| ienye
presence of a |l ongitudimhpapiygablocw&d dodtfsl at

steel due to their high strength and durabi

creating a longitudinal sl| ati lopdcaadsidaelnd er
i mpeeeetereahaohalal enges, including sl ot orient
sl ot depth, inaccuracies in fi b(rito eHrmcetmeal

2020)To overcome t hese hies samigeost,éad rudgodsnn § r @ dng U
with-neadgerel ot , all owing for easier and mo
field scenariineg,aldiamiiloanr cfoiudrde be achi eved
t he boltds ssutrrfeancget hu sepnogx yniogrh embeddi,ng it
whil e acknowl edging the afMorremeretri,oiseand ctee al

hashi gdf 237 (( Wh aniKg,2a80mi2d3 )iLti i s sui tabbne a or A

| aborat droweseal et i's itnh@ed mimanmtf rtaane n atoe st
replicate the mechanical properties or str.
Il n sl ope stability applications, rock bol

with grout slightly exceeding the bolt siz
sqguare <condition, the bol't i n theiddnsaudy
hypot heti cal bor e7h7o | nem.wiRohr ad idsipal maecteemne notf mo
t hlro | t di ameter (19 mm to 50 mm) has bee
di spl a(carse nan20 51 ) Hphwever, no specific guid

borethiozta@sheiadhpl|l i cati ons. I n t hi sb esttwiedem t he



bolt ame@mgrost rel atively | arge, t hough a
heating and quicker | watwars iarsfsluumerdc & hddt e cht
sufficiently permeable so that the hydrauld.

rock. mass

A DFOS(€abli&ura Lt d:OGATEOTKYSHRESELCHas, usRd
for both heating and temperatur-emodens$i bges
and two met all’rbl)i.c Qwirr etseanMfrihgas previously de
for strain monitoring i MHéapdsiAwmemtrspas saend
Kogu202Mi)ghl i ghted three FO sensor installa
surface bondi ngmbesdlnetnt or agdoocMea mpi ng. The
techniques have been Tahdeo phteeadt iinng tchaeb Iyer, e sreenf:
cabl e, was embedded i n tsheen sgirmmgo vceafbdwelm ielde t tol
Tcalblewaef ft ®oed he outer sur-talbweeaef r ahgedfr ame
two different faces of the fr af(re bichTchremi ng
|l oop was formed by t he fTuhsei osne cstpiloinc eo fo ft hfei
l o6ph) was desi-ganmltee,d valsi Itehet el secti on al on
t hecdBI| e. The ditasntdacnachel se so ff-creobne etf/Thee r&in3d
mm, r es pbeucrtiinvge liynst al | ati on, the cables wel
being tensioned to ensure pr opveerr spalta-cleeme nute
resistant, silylpa¢ mihamd))etmrancuacedinhy (Kdni sl
Co., Ltd. After attaching t he mcpathilnea | ac osunpall

bet ween the cable andhetitcearboflar, duwrciing tmdn i

The ¢ alslte umented frame (i .e., mock- bol t)
strength PVC pipe, 1000 mm in | ength with &

was poured in to encapsulate i1 t. Tfmhet greut

oOT



of Portland cementt-caennme mtat(ew/ cw)i trhatai owadferO
the outer PVC (phiepree iwaasf trgarmaviendsi tle memoatc k b ol
to as théAcspedimgn) o theitenmewnterl emp@tulf aguiuc
and the compressive strength of the mortar
70. 2 N/ mm] after 28 days. fToakel as¥Midagpmrirmngent
per.i oMot abl vy, the section of té&rgdcocnanbd rel ye mb
referred to as ,wheO@nbedvdhedel emgt i bre un
measadBed n .I elnhget hp b bsepteico nmeonf was at a di st an

7.33 m along the FUT cabl e.

52. 2ctive heating and heat transfer

Two experimental cases (casend casdl) were considered in this study (Taléle In the

casel, the specimen was heated using the metallic armour of-ttebléat aconstant of

7.6 W/m for 150 minutesThe &I was monitored via T1 and T2cables, and thermal
response curves were generafiemsimulate the effect of water along rock fractures within

a grouted borehole, water was introduced at four specific sections of the specimen (marked
in blue, Fig.18a). In other words, the entire specimen was divided into higher and &®wer
zones by the supply of stagnant water. A study also highlighted thad- tifethe
cementitious grout under aitried conditions decreased by 15.838.30% as compared

with the saturated conditidn K i m a2 1 Bdwatersupplied sections, in this study,
referred to as enhancednduction dominant (ECD) zones, represent areas where heat
transfer is influenced by the presence of water. Since the water remains stagnant, there is
no significant advective heat transport; instead, heat transfer occurs prithesilygh
conduction, with potentiaininimal infiltration-driven convection (Fig.18b). The water

supplied sections are labelled as ECIECD 2, ECD 3, and ECD4. Notably, ECD2 and

oy



ECD-3 wereplaced close to each other to replicate closely spaced hydraulically active
fractures in a natural field. Water was supplied to ECIECD3, and EC4 before
heating began, while ECB receivedwateronly after90 minutesof continuousAH to
simulate the sudden appearance of water in fractured Zdotsthat the recorded water
temperature before supplying was ~16.5 &ctions without stagnant water, represented

in grey, consist of a mortar matrix and serve as pure conduction zones (i.e., corduction
dominant; CD)(Fig. 18c). These are labelled as €D CD-2, CD-3, CD4, and CDB5. In

these regions, heat transfer is goversady by the thermal properties of mortar.

In the second experimental scenaffcasell), the Ttcable was converted into a
composite cable, meaning it functioned for both heating and sensing. The goal was to assess
whether a single composite cable could effectively perform both tasks to detect water
presence. The metallic armours of thecBble(compositewere loopedo form a line heat
sourceand heated at the same electrical power (7.6 W/m for 150 mintitessgel’ was
measured using optical fiss embedded within the same cable, whienperatre
measurements weedsorecorded using the adjacent-table(d=17 mm) It is important

to note thatall of theexperimers in this study wereonducted in an open environment,

rather than withinrockorsoil The room temperature was mai

I

53Experi ment al resul ts

53 Ther mal resiplonse (Case

Fi gl9rpg esents the spatial and tempor al t her
axi al l ength of the grdAHted D50t misombd est ad
of 7.6 W/ m. The ther mal di stribution vari
influenced by the presence of water, whi cf

o ®



increased heat conducti on. Tohpet idca tcad: brl@éecso r dT
mm) and T3 (mm), il lustrate the impact of

propagation and dissipation.

I n BEag. the ther mal respoalleer &lcwnmisifedr mme n
temperature distribution along the bolt |Ie
After 150AHni hheedighest temperature rise (
(CDbh) , whil e the | owest temperatur4) .(3Bhet?
sl ower temper a2 uyr €&8CDiasmcd aBQRECDs t s enhance
di ssipation duecubawaoar Notwrdilfay, BH&L Rsfhtaerrp
90 minutes signifies the I mpact of water s
flow through fractured rock zones in pract.i
(B0 minutes), 52% of thd bypt-thelt&@hpas ad ahie
Il n comparicabn,e reeofT2ed 56% of its total r
percentages were afbetwéane@Obmsedt es & he 1°C
averaged. This rapd dt o ntite ad arrliys ed amsi naatntcrei

transfer before t hestsegyasdy nstagptpa.oached a qu.

The maxi mum temper ataalel e-lstel@BRBED4AGDed by
and-5Chvere 51.47 51.47 AC, 49.51, 42.61, 4 G
the maxi mum temper at-di,r eBCD sedr @€0r dOd 52t B
and439AC, respectively. The trend ofl.the t e
ThaTafter 90 minutes was 44.53 AC. Since th
temperature dropped and started to fncreas

47.69 AC after 150 minutes.



Similar 9%, dFsglags the thermal -cabdpondgdder
| arger distance from the heating cabl e res:!
with | ower peak temperatures and more gra
maxi mupern @tmure ri seablecoafdteer AHWba0s2 mi 9. udt2e sA G
recorded at O0.05 m, and the minimum temper
More specifically, the maxi-munmrDh jip@Dat ur e
and-5Cbhwere 49.42 AC, 47. 11, 40. 34, 40. 85,
maxi mum temperatur,r iBE® arnedc owra@lbe d3 7a.t3 4EC D3 7 .
36. 07 AC, respectiil,elwhe rRe gwmatde m gwanh s EEDI, i

the ta&evmad ofi mi |l acabdbet hat of T1
5.3.2 Trend of temperature rise (Casell)

The temperature variation al ongunihfeoramitarle
as recor de-danhdyc atbd tels 2TWIH il guusrter at es t he t empo
temperature at di fdremetheorngogirbiudoes ambochkg bb

to 150 minutAKHd of continuous

I n the eadomduwatnitorrones, the mode of heat
by ther mal conducti on, resulting in -a stea
1, t here wasl ianme@mraduwalr,eamse®n icrabil e mpareamspteu rad

sl ightly hkiaghee? G(}JFhaghh & 2r egi on i-dso npirniamatr iwiyt
mi nor deviations between the two caabndearne
identical temper atur e -ransde-c 8alse sr,e cwirtdhe d ma
recorded temperatures of 4@B7 .AThdrsd zdh.e49 |

exhibited a | ower overal/l temperature rise



to water supply effecf2s amdd)aCDdhacknmi sedt]

cm) o fQbDrther constrained heat retention,

l enhanced -domidua&nt otmhoen etse mper ature ri se
mi ni mali nwvadt, & rwehtiicchn al t ered the therdnalatr al
di stinct ther mal anomaBAhp omraakrerde do ya fat esrh a9 Qp
temper at2zne (Thieg.mode of heat Hdoamnsafaecedwas
beginning; however, after 90 minutes, the e
This is evidenced by the danmndcihl ddve ki @emgp &
another enhanced coAduatmomoizomiec inereasetE
ti me, showing no abrupt c¢hamndes., Teixec & ptmpfear
rise Fn sEIQDg est s an edhdhmnc&tde dcomelatct itogrmmn
Further mor e, +tahned-crdebslpeosn sies onfealrll y i denti cal

di fferences.

53. Bicable as a composite cable (Case

Fig2ipeesents the results of AH exper-s ments
cable as a composite cable. The he-atbWwas ap
while temperature monitoring was c-omldaacted
(composite) ancdabtlhee -cadjeacT2retcoTaded a t emper
clear indication of2lda)h.e TPliss tcaml eofalwad ede
supply of WwWatéit eat 9HBMIOMuttehse, coft her t empdr a
di stribution meablbeed cbwmpddiet e)1 di spl ayed
i nconsi stent fluctuati-bng ,Ribgar tAcdiltairdmnyal &
temperature conR2t raasd3 Bbiefdsweleens SECID sti nct , m ¢

pinpoint the exact | ocati on of water i nfl u



after 150 micrabtl es (kcy mploes iTtle) was 49.3 AC,

maxi mum temperature r-ealblredded by the adjace

54Di scuasgkeyn findings olfl feasibility study
54. Techni cal s tPINeEDRD A smetfh d dch e

One of the key strengths of t-OFBR smeaitdlyo d'ss
effectiveness in identifying water effects
|l ess than 30 minutes with a powemgnihpectanof
i mprovement over previous studies that reqg
power input of -de&e pW/ g o unt(ecadmab8ap2 @it 8den. t hei r
wor k, -parmewbil ity quartz sand grout (hydr a
used, and DTS technology served as the mon
in that study was guided by nbmatiogl dsr mt
exceeding 5.6 hours were nesweshanmyatcepdc al
margins. However, such prolonged heating di
costs and | imit the pr mestencsailt iuvtei |fiiteyl do fc ot

contrassOFDRhappHoach applied in the presen

of subsurface water effects and thermal an
and energy input. uTlhairsl ye fvfailcuiaebnlcey fiosr peanrgt
investigations, where time and resource o0
(cooling) data may stil]l be necessary in p

fl ow under ambinagntalcdoyn ceixttiemms ,ngpdthee moni to
2007) . Moreover, the authors have sacncesst

a S5@emp cementitious grouted borehol e, Co



|l ocalising groundwater but also for ther ma

conditions.

Anot her kepreseengdeddtdfe 2 cm spati al res

t he -PRNIER sensi hlgi snet odi mi |l ar to the resol

stuldyor accurately detecting and delineatin
ECEBB and4 EICD this study), a high spatial re
bet ween adjacent fractures is essesti auchPr
as DTS, offer spatial resolutions in a met e
spaced fractures precisely. Addi tionall vy,
acquisition time of 2.5 ms, compared to th

mi nutes required2BO2DTSThiHak @loanbemnaali.on of
and rapi d data col-OFERBR I onmet madk e p art thiec uR NaC |
monitoring highly fractur esde nasqgiutiifveer fzroancetsu r

is cruci al

54 2 Effects of cable distance and al umi num

The-chBbl e, positiamdd ec| oeernrtde dt k¢ ight |l y h
smoot her tempor al pcabl eesl otatednfaashert:
exhibited minor fluctuati ons asnds ungog esset si nt
increasing the distance between the sensir
di ffused and |l ess stable ther mal response
temperatur es-arnedcoahllee Wwer eT12. 05 tAICv ealnyd. 3B y4
comparing theames@abte, fromi $1levident that,
not very significant, the proximity of the

role in recorded temperatbhothveabhesonmste



positions of supplied water with slight te
temperature rise wsasgppluicehd | Davetri oants w ahtaenr
regimes in our previous study, whebeddodh h
inside mortar (Ashag yeda2edt)ld ayeveles in this st
recorded comparati vel y hsiugphpelri et de nspeecrtaitounrse,s

to theefhitde al uminum bol t.

The mock bol't used in this studyaoifs mad
approxi mately 205 W mK compared to other
W/ mK). When the metabl eciarimeag edhat genkEoa
heat rapidly transfers along t hedrbeodar,dedde a
by tdaend¥icIla®dl es. Cement ga(oluWlSmids w@nderc hs dow
in the case of both WKicmaad@ld®la nr atl iuoni & g una
behaves as a ther mal barrier around the Db
armour accumul ates around the bolt, | eadi n
sensing cables. Therefore,attihwelty ntpieghadrurien
as compared t o tAreh arreysau letd s erl ¢hp guRtoeedl) b yni nu m

bolts |looamf thement grout.

54. Bor mati bar médadndnadet ecti on | i mit

Smadderture transmissive fractures may not
resolution duetthermié apabosmen od dodfhea mal i nf
beyond the actu-bkbawi dyghMuwnrnc,dte @afautcehr a t her
hal o forms a@dica ubg dthlee senfafregpb € r méelxwhenkos. wle |
beyond the actual fracture aperture, maki n

accurate®yl | Bsgunees ther mad mah&kil opsolft aof

np



anomalies induced by supplied waterhalEBoven i
can devel op, extending beyond the actual

transmissive fractures are closely spaced,
cooler regtilmer mal mhakogbet he distinction be
(Mal dane2rO1d9t)Toalresol ve stultdrr nca,o sded fyb Bsep acea
resolution,psoachdad -OfhER ometPN&Cd empl oyed ir

essentiatesdohusi bnghpproach enables the det

i mproving the accuracy of fracture identif]
abibobftyhe monitoring system to identify imr
resolution of the individual monitoring un:

544 Ef fect of-samiwrteht iodn hagrhe on temperature

The prop-OBEPR P8ELsidregnomesttircad ed cl ear capabi
zones with widths ranging from 5 to 13 c¢m.
showed strong potenti al for i dentifying ev
~2 ¢cm in widthurvAan iiomt ermegtgierdg faolmsne t hi s st
t he wi dtshu popfl iwvead esrect i on)s. (Wi.dee.r, EQDa csteucrtei ow
greater volume of water to dcabéract awit httah
effictentahsfher from the cable to the surrc
observed qglecremper atnure chanhl aitéar i 6Cr ma

fracture 2¢i.dtClonckipg.ual | vy, when an E&LIDo zone

occurs at both ends, and in between, t empe
the ECD widths varied, none were | arge eno
zone. Further experiments with fubhgewvwaECDa
this behaviour. Under the conditions adopt

from tamae-cTalb|l es showed onlgfy. mHoowre veard f leehen d

nc



exhibited a stRrorg@r 90dr celnpthi ed (odt bat iTd

sensitivity. While the general tr ecnodntoafctdec
area may hold true, the specific ther mal r
due tolstamdc tmanar i al compl exities.

54 Bpplicability of a composite cable

I n AH applications, the measur ement of ten

either separate heating and sensing cabl es
metallic wires (&8reds s e@dliénagin.f obr eprevi ous
effectiveness of using two separate cabl es

sensing method( wWakadgyyd@elgH avaetveedr , t her e hav

number of studies available in the literat
Such aoxnestisps of electrically heating a FC
continuously monitoring the elevation in t

fibres IingiSiemonh@2)dhlee experi ment al result
composite cabl e -pcuarnp osseer veenassora doualshowed.
Il i mitations i n ecnlheaanrcleyd isdaetnutriaftye dn gz etatteasn g | i
nature affecting temperature sensing accu
di stinguisshilegvhirnati ons in water distribu
spaced2 ELDD-3)EC Al t hough t he resul ts of t
effectiveness of using a separate sensing

under varied structur al configurations to

This study introduced a set of | aborator
gualitativel ysatdemmati oynwi rgonlkeisglml ong a rock

using -DM&S Alet hod with an optical filreda ins



the AH techniqgues, where ther mal energy we
optical cabl e, and temperature responses Ww
thermal anomalies associated withsdiihfermen

hydraulic conditions. The key findings of

T The -DAFHOS met hod, par thiacsuelda rdFyD R haep pR aoyal cehi, g |
significant potenti al f orelraatpea d | tyh edremeelc t a
making it particularly advantageous for

ti&fefi ci ent assessments are c¢critical

T With a spatial resolution of 2 c¢cm, this
delineation ofsaitosatltiyospaceeds hi ghe prese
potential to detect the sudden appearance
the fracture zones in natur al field appldi
of 2.5 ms represents a substanti al i mpr o\

often require tens of minutes for data co

T Temperature variations are influenced by
the heat source. However, under the exper
gi s applied, two widely spaced sensing ca
show mini mal di screpanci es, ensuring rel
slightly diffuse temperature readings, po

T While a composite cable can functien as |
heating nature introduces measurement unc
i n identi fying enhanced saturated zones
fraces. The findings indicate that using
resolution and I mproatsr atheddzorees i ohihio$



a

S

a

a

(0]

e

t

the rock bolt apanhdccabbtliecsn awhee raet ttalceh el t o

which would require further study.

At the | oeattiuamtafd deiogaddesromesd @i t her si de of
Detecting cl|l essadluy as g aome dz omiegh taltmedr mahle i hra Ico
requires fine spatial resol UOFDR, mesulkdd a
empl oyed in this study.

The ra&@tdecofeases as the width of the high
wi der saturated zone all ows a greater vol
heat generated by the heatabolisedbyoaereea
The integtebadFtGSon ecfthnfoH ogy with a mock FGR
pproach for | ocating high saturation zone
ignificant practical i mplications for geo
ssessment , tunnel ling, foundati on monitor
re commonly empl oyed as stabilising stro

ptimising the ther malhuepe opfermorees ©déalniasmtin:d
nhancing data interpretation techniqgues t

his met hod.



CHAPTNERI ELD DEMONSTRATI ON

6.1Background

Ch

s u

t e

De

gr

aracterising ¢ hheaatdwtart 2ci fd omwetblyod i s i m
bsurface flow processes and assess the
chniques have beenthevael apteear iamnat iuotni | dfs ¢
spite the great amount -DBOSprefeousnf womh

oundwater dynamics in highly fraThered r ¢

has been only one study to oun hAHDOFWISe d g e

me

t hod -piemr meawi | ity fractured media at t he

(Kl epi kova. eThiad .hi @mWl2i2ght s a critical nee

be

en

fr

r e

co

a

Te

tter characteri se flow and heat transp
vironment s. Mor eover, t he r eloipathbiicl i dab |oef
eel ywgtbunedeep boreholes for i ndepender
mai ns uncertain. To address these gaps, t

mpensated o¢gpdmaian f e felgaDEtadye twiyt h( FANHC t o i 1

hy gtlilractur ed turbiditic rock formati on

mp e rdaetputrhe profil es were derived from the
ating, enabl i ng tbhleeri chgn tfirfaicd aitrieo nz oanfe s w:
siigmttass subsurface hydrogeol ogi cal behavi
e vtiwfauesa s i bi | i dpyr eessxeme reidme n t



62Experi mebhhalds

621 Reseamdhi ssteumentati on

According to the existing materi al (1: 50,

Geol ogi cal Survey of Japan, 1995), the inv

6 6 mm) sist ecdaitre t he Josoj i Formati on near
35A32615. 200/l ongitude: 133A60610. 4.24))., i n
The altitude of the borehole | ocation is 4
of the Mountain. The Formation wag.i&®posi

16.n89% | i on Weawy& @a2d®hympd dharacterised by the
deposits consisting (&fangalmddsltgaree anwer muwistt
Formation, rhyolite and andessuiptpeo rvtolncga ntihce
volcanic activities and hydrother mal altel

formation of the,1®9®8dan Sea (Kano et al

Borehole ores provide a means for directly observiagk fractures joints, and other
discontinuities. Ithe AH-DFOS technique, a fingcale description dhevertical core is
necessary to identify the fractured zones that are responsible for the temperature anomalies
duringAH. Therefore, @omprehensive stratigraphic column ypasparedo scrutinise the
cores in detai{fFig. 24b). Thin to thickbeddedandslightly to highly weatheregdhale is the
dominant lithofacies in the core, which has the highest net to gross of all cores (~50%).
Within this dominant facies,ntensely fractured zone@aturally fractured)that are
hydraulically most importantvere identified Additionally, thin to massivetliicknessup
to 1.7 m) nosstratified and less fracturedandstone layers are amalgamated with the
dominant lithofacies along the core (especially betweedA33Mh), with commonly sharp

bed contactsSandstones are fine to coarse sand with an upWang trend, internally

P M



structureless, and poorly sorted. Such massive deposition indicates rapid and turbulent
deposition from suspensiofhin bands of rhyolitic tuffsthiicknesaupto 5 cm) sandwiched
between other pronounced lithofacies are also present. These lithofacies are distributed
especially in the upper section of the core. These bands are believed to have been deposited
from the eruption of volcanic ash or pyroclastic enals, transpoed due to turbidity

currents, rapid burry and compaction by the overlying sedsnent

In the uppermost shallow horizon, up to approximatelydemp the material is highly
unconsolidated and retrieved mainly as rock fragments or short columnar cores. From a
depth of 7.10 m onwards, the material exhibits a more prominent yellgwagh
colouration and transitions to a predominantly flaky to fragmented texture. A highly
weathered zone is observed between 9.50 m and 11.10 m, where the material becomes
distinctly flaky. At 16.50 m, clay infilling isobserved along fracture surfaces, and
interbedded clay with a yellowidbrown hue becomes apparent around 22.25 m. At
approximately 25 m depth, groundwater inflow was encountered at a moderate intensity.
Beddingplane (horizontal) fractures are notably eleped between 15.10 m and 25.75 m,
whereas below this interval, the recovered core appears relatively fresh, suggesting reduced
weathering. An intensely weathered zone occurs between 35.25 m and 35.45 m,
charactesed by a sandy, flaky texture with clagmaixture. Flaky material persists between
35.88 m and 36.00 m. Vertical fractures with yellowlisbwn staining were identified
between 41.6%42.45 m and 43.734.45 m, while clay infilling along lithologic
boundaries is noted at 44.58 m. The material Imesoslightly flaky around 48.20 m.
Notably, the tuffaceous rock units show fewer fractures compared to the mudstone intervals,

which exhibit abundant fracturing, suggesting lithological control on fracture development.



The present stdudy eemmltotgpeswvorfi obgd iical Ta
Thec &bl e cwansp ashiet e HRIR fFeu reEdb, cwdhlacaTwlats h e
| oesueb ef iglpllecdo cTahbel esame Fuji kura cabl e was i
pur powseet s-, g5 athdb T esi-a(nid-ceH b | 16dsn d-cSSbl es, anc
T-randcables) were prepared to btehtewpos tsaeltlsed
only one set 1-0f,S caafodad®B e6) . wereHconnected
sensing &hkosttheetn smad noitn ctobpeneevt eds set cann
goegdial ity dat a. Since this study foeused ¢

cabl es are not descri bed.

Figlbaeshows toenfiogiemetliednng the positi ol
installed 1 nsi da&bd hiel Ibuosrterteapl ees. c ¢Hhieg uekset @i | i n
optical cabl es itnhger dett hg mMmet bBbdl e Twadcabl
highly resistant against cor rtohsg nowe raen du si entp

propemtgeatabl es. Du2i0ngiipest avlelr at i oser Vied

so as to vertically instal/l the cabl es. T
pretensioning &t wuls&t omongenotut ed data i s h
chardgmtgerniat ur al flow system conditions, f

fluxes, and for i(Mpoloevrman detpltahl trheis®0 s g doyn,

was permanently s enalbalid cwir tahtiporeedenrlt: dw eorutti c &

within the hoesethablei saslndt te® natur al fl ow cor
Al |l -eolpgot ronic components weraet hkee pgr oiunnsdi
sur face. The FO cables ran from the contai.l

and then to the bojtfatnamt drfe dt huept dee g hleo rceona |e
again. The whole | ength onf. tTloe paabklech&asa bd

container house to the top of the borehol e

po



cabl e prowkbcthonsem@misiye xiob lhehn dglhe nercch amda c a | ¢
and then |l aid oAftdér gmeumdntshirdéfcetabilis
constmwastcompl et@FOR tsheensPNNGQ assembiBlewas o

i nstruments were set i n a container on the

The electrical heati ng-cafbol ehevametpalr If ioc ma
Takasago DC gdascabcbeigd3dDme BAK experi ments w
out usingctdrnifda®lremoawed Shats dit fufdegs amdd Ctoiyme & .
OFDR sensimgedneitmodr evi oufsodif sasti dmi eerdyt usrtea
sensWenghave selected a spatemperreetswrlautn esnol

0. 0f ocACthis field monitoring

622Met eor ol ogi @dl tdendittuidynsi t e

Thmet eor cwlomgliiatta lotnhse i tsheruoduyg hout 2024g26re pr e

highlighting the daily wvariations i n maxim
well -msur24r ai nf al [Thehataumesemehe wendMa h s ue
observator yawttamd toend omhe ttehcer ol ogi c al data a:

rundJ apnent eor algeqdcalhe t ot al momn dhil cya tread nd ta
bot thang,h| itdplet immag or r aiJruy yp ernidd @lsetnidleasm)e s had
i n | i glhhte btliuvddeHenxgp eorfi ment s i s marNoeda bd lyg n A Ht

experiments conducted before and after the

25) provide valuable insights into the thel
pr-&and -rpaisnf al | conditions.
Figurceompares daily weather conditions fo

which targeted AHThesteswete obndAductagerin

these two darfd eeemprcdtvdidaestsoi nsi ¢ hetrweiantthoe rt h e

pn



infl uences on ex merJiumeen 2Za0)2,40 titFeogme 6 e r ecei -
of rainfall, with a notable heavy rainfall
t hAeeHt est on June 30. Thiwsodk kmaiygriraeusnedl wiaet de ri
flux, which would have enhanced comhwnecti v
contrast, .2bner2@25dedi g ower tot al precipi

more dispersed raAHdfomnductveechtosn pumea 27. t h
623Det ermi nation of physical and mechanical

Thi-mitiye cylindrical speci mens were prepare
hori zomodknsqgual i tRQPDdabsugnabdnhgnn@g fAlom tbhée. 8
speci mens underwent water saturation in a Vv
continuously monitored wuntAflt eaer cfowlslt asndt uwe
speci mens wer edrciagdke fwdilnyg sarrhaicet c¢cl ot h so
removed and no fragments wer e lbotsati.n Tthhee snpas
angdaturated ddeamrsistpyeci mens isnfhtelwaveatvetated
(VMp)was measured i mmediately to avoid water
inside the oven at a otugaspdhreatspree i anfe ns0 wek @
a desiccator f or-dr3i0e dni ;mpud ceisme nlfsh eweorvee nt h e n

mass anddageafsittlye (speci mens.

The water wabsvasptoibdmi hped by calcul ating
weights at saturated &H)dforyastascepeci Bpaci
usi ng powder speci mens (pycnometer met hod
Standards ((JJRAS20 Mol A0 2aantd op)fred i tay s© cal cul

using the following equations:

pp



e=S% (9

1100 iy
whexies the unit woeiisghtthe fdrwatuwemri,t ameaeli ght of

Th¥,at room temperature and ambiemitner ess
speci mens under fuidlry saduyoertesda ta@Ssc oapseiyn d a
devel oped by Marui and Co. , Ltd., Japan.
employed, with a ereead, nfgolalcawirrag yt lod «Nt0ard a
C59176( ASTM, .2-0FA8ae) trawp!| wermegetorded thre
speci men by rotating it, and velocity was

(H) Vp¥H/a#). T h e rwgvaasluureesd wer e cl assified based ¢

The UCStest followed the standard defined by h®TM-D293895 (ASTM, 2017)
using a loading machine with a loag capacity of 600 kN and a constant loading rate of
0.20 kN/s. A total of 15 specimens were examined under dry conditions, while 16
specimens were tested under full saturation. Out of 15 dried specimens, 13 specimens
underwentUCS testing. Unfortunately, we encountered technical issues with the strain
gauge during thelCStests of two dried specimens (A7 and A36), which prevented us from
obtaining deformation data. Nevertheless, we were able to record the peak compressi
strength in these casésr those specimens whose lenggtdiameter ratio was not on the
order of two,USCwas corrected for standardising those-standard sizes defined by the
ASTM-D293879. ThetangentYoung's modulus obtained from thECStest is the static
elastic modulusHstati). Moreover eight samples were analysed for BlEStest and equally
divided into two groups for testing undeily saturated and drstates The planar loading

platen established by the ASTM D3968 and ISRM 2018 watstilised (ASTM, 2023b;



ISRM, 2018) BT Stests were carried out using the same loading machine used to determine

UCSs
624Cal cul ati on of thermal conductivity
agEffective ther mal conductivity

Il n t D&EOSH sensing met hod, conductive heat t
forced convective heat transfers from adve
effective thermal aa¢cenesstintiay.oflatbheernc ok,
eight specimens taken from a depth ket ween
which defines the condition with newagsr ound:
determined using the transi emturlteatt hpwlrge u
TEMPOS t her mal properties analPwddrma(nT T RV),

foll owi ng -2RST(MAMEZTRREBI .. A2n3 RKensor (60 mm in
3.9 mm in diameter) desi gamweidt hfior treonc ki mwat:

inserting the sentsoofr tihnet os truodci ke da osepeescg niehmes ,

pycnometwargetnestas | y | ow and ranges from 0. 2
2. 82 %.

bApparent thermal conductivity

The apparent t ha)rancalo ss o nvdau d toiuvsi tlyay(er s i ns

cal cul at eDdF QuSs itnhge rAMtvh i cbspoggests the verti
the geologMabhtdamerdi.dhealgeomdhBEPHCOS sensing
met hod in a grouted borehole can be approxi
all ows t heaa&lsaengnatt h ®hndgrw.fe hW/l mK was selected

&, Wwhich is in t(htakalnag eeAd uagg.e,sat 200PfAf)yi ci ent

pPT



of heati ng, the rise in cable temperature
asymptotic strai guctanl ibree cwail tchu | sa(t by nf ré&otme at | h

2020)

= —— @y

4 m

whegq(eW/ m) represents the heaableadandpes uhe
temperature vs. natur al |l ogg@art hdmsbbpei me
regression |ine thrawsghdalrlatdfert hd adhatsa mpdad
bet ween the start andWe nda It ednpaetreach ah e s aimp |
interval (i .e., 0.05 m spatialTheesetaveon)
after ceasing the heat are much | ess noi sy

esti mut(dPehme etThaer. epfwdre0,@ a1l cul ated using r

63Resul t s

6.3 .Plhy smeccohamaindal hpearrmaamietf er ®ck cores

The avatagat gsdotlenbectagstpuedciiemlens was 2. 64 g/
ofsavari ed, with the | owest recorded at 2. 6]
standard devi ati odr yofd g@m)e0e2hh g eSd nfirlcam 12.,5 8 he/
g/ cmj, with an average value of 2wd®df2 tghe mj
studied sandstone rocks ranged frdm&0. 52 t
values range from 2.62 to 2.8, wihteh samuda
specimens is generally | ow tamdam aamgyersadea oo
Moreover, the void ratio i s (rTelbdTiéiivse | nye a nosw,

that the specimens are characterised by the

py



fluids due to the presence of c¢clay miner al

degree of compaction and cementation.

Theat uYpdhsvdal ues range from 4.59 to 5.52
5.01 km/ s, whjilne at &, yyvyoslitadelse ,mét ween 4. 45 ar
an average value) ofl 4.85 &wmi/idernVhaihs ein. 0 B e
1.09 tVoovesT Nahsed ues ar edisoefgh egrp ntdlmdm me gener a
a nfdal | "hiirg htawmelr y" hd lgdhs ses-wiaw eANONM'ssiPicati on
under saturated connxEiltli)oawssrsedihfVi'gand nap €6 Yome |
speci mOnsvaEs y" hVpghLi kewi se, in dry condit.i
(nr=14) f alhli'gihrctad etgloeg vy, andh=220 % alf ¥ sipr'tch imeghes
categ®y dfhe datVai s elvieghert hiam t he presenc
compared to wheéelm asveegoctkhe sralrgti onship b
conditions, approxi mate gq@amdny odadymNg J.€ e st ¢

revealing a stromg positive correlat

For saturatedCSpecememetwebae 103.77 and
average value of 150.28 MPa. Similarly, thi
dry specimens with an average of UZTH.y.68 MP
was hi glh@S: tThaeBssawvacsi cal cul at ed i n -stthriasi nst u
di ag(fia?®). For sat urBktaerdasnggoendd ibteitowneseen 14. 9 t o
an average OGRd.ueForf ®A&By: HBadngietdi dores ween 12.
GPa with an aver aAge |l BadhegatC A Al d1.8a gadPjan s t
UC&showed that they were Riovdéuat ofy 0c&Or alr
respect i3ve layn dhkoi)gd.&/dsati ewe d UCHatinndsitc at es a s

scatter in the results bREOWIBRBO4 Fd é¢ifoiwreivtee

P @



in the dry condition, data points are hig

correl al3f@n (Fig.

TheTwal ues for specimens under full satur
a mean value of 6.79 MPa, whereas the drie
spanning from 7.67 to 12.57 MBa3wn ¢ herat anea
graphical representati on Vpoafn BtTt®ef isnpteecri rimeel nas
Empl oying the pd&pwearriedveaB®B8ndwertcrs,at ur at ed
conditions. Al t hough the number of data p
demonstrated a pronouncedRRsdlrvey Ppocunt eck

and 0.97 under saturated and dry conditi on:

The results of transient headf ptulH e es pnedihr

c

nder saddui &tde d-dami@e doveandi ti @n86par &/ K66 2 |

)

2:21.837) W/ mK, -2n82p. WBmKz2. 083 pe &thial aileys ( F
decreasetl7 by3WBdidibedhi condi ti-b%s0 X% dd mbi yoodle3n ¢
conditions compared to saturated condition:
akdrr i ed amdadalv.een., 0. 078 W mK), the differe
ovalmia@d comparatively Hhemlu(it.se.deplacd2 Y aW/
depending on the moisture content, suggest

factors in ther mal anal ysis studies.

6.32Spa-t emporal thealmang rtels@ olmsreehol e

The heating curwerst irceaslull v edli gtnr iab usteetd al on
the cable waddiskBapeél addi hha &cquisition
all owed for forward and reverse dat a, t wo
| ocati on. However, onl yanpre sreead idg 8hBedr eo m

cn



il lustr attegsnptoreal s g ateirana |l response owues dep
monitoring period under -aatsraépgesdnesthe:
mi nut es, with two distiih80 upmjesaas: thkeerlkect
phasd3¢Q&mlers One of thefownmndcerwad itnlyedr keisgh ity

durtiimhegeati ng phasé hreesc ocvoenrpya.BpBhjla Istieoc f Fmigg ht h

been generated due to three effects: (a) a
content ~umirf r(cm maml e al i g nommebnitn. aa¥ihoeno eochfe r e ,
t her mal resptomeee ovenr yvawhhmicab latnhheeuartvien go fp has

numerous zones of accelerated heat dissipa:

With a constant heat i nput (9.4 W/ mK) i
t hermal response at each depth was observec
Low temperature DFrmOSs | d&kted ¢yt e sluy tAHrom ac
in a single fracture or gsloedt odi sfsriapca tuircer
temperature zones correspond to |l ow transm
strong surface influence, data above 1.2 m
caused by the fluctuatnearsr fianc es (sSdedsanebrnttesmp
Sel ker, 2018; AMdrammgt edt mdy ,h&2028l)so shown t

on temperatur e war itatnisd ndst odnzu lteck .slee w@p ., 20

Af t ecuo3BHh t he rmxfi mv@uas recorded at a dej
antdhnei ni @bodf ABW&ds recorded at a depth of 3.5

both the heating and rempereatyudat aoeedyveads

into two types: (i) sewatbegr rfalpavd zyamasn,d wah an
(i1 )satigrhati on zones, associated with el ev
closely spaced hydraulicalabycamcspati abnesgs)



t he -PNER sensing met hod. Howevesandnhiygh el

saturation zonfmeadv8 &@re described in
The rate of temperature increase also va
heat di ssi pati on. For exampl e, i n a water

temperature i|+fhoseasti myeperihed 3was 0.64 AC

water flow zone | ocated at 39. 47s an, urtatei orna
zones, the temperature rose slightly more,
20. 67 m. |l Bctedi bgsguopahfiwat er movement, t|

notably higher. At a depth of 26.67 m, for
1.02 ACcC. This indicates that in such zone:
conducrtoiuogrh tthhe grout material, with mini ma

t o water movement .

A prefereeampat atliorme zone between 2 and
moi sture content within | odblaeng uatf.aaHer. osne2l0 -
10.77 to 11.52 m, a -ltirlaen sina t @& mheia-gola trga radvtsei | 0 né
zone. A distinct cooler zone observed bet we
suggest s enhanced convective heat transf e
confirmed by c¢c®Bred weampl3d . BrRalayngdi 85 m, str a:
zones were identified, and the recowvery da
fl ow zones, each associatderwi sketaodelfernat

enhanlkaebs | ity to transfer hdlatghhtMad daynem eh

al . (2@add) tionally, sever al vertiscaal by di
significantly =elevated t engpsepectiualel yr ebseploonve
Among them, four prominent war mer zones at



showed maxi mum temperature i ncreases of

respectivel yprdhemienaonley @aomposed of hard
shale. The el evated temperatures in these
of -athdc albl e. Such el evated tamygpeAHatax ger icnaer
when cables are freely embedded inside the
(Acharya .etl mlsuchRO0O2ad4s)es, the cl ose spacing
apparent temperatures during the heating pl

occur during the recovery phase in the pre:

6.3 hangdswi Hfifeld in response to |l ocalized

Figurpag e34ents a compar at gpveev earn atliyme sd wrfi nsgu
DFOS heating event s caonndd ulcutleydB €d5w e ialy2t4h ® s e 2
dates, the site experienced 569 mm of cumul
up to May 29, only 89 mm ®&)Fl friag . ndp4 he whlayr
29 reseldt sy edhlaaw vely gfiwr ahdiwebthepdatwaemerofin
zones. Most depths exhibit a steady increa:
barriers or conductive | ayer s Fapgp(ebajr4 afsr ohno
July 25, highlights distinct chAngkeBciaatBh:z¢
t herdmaslsi waad i oblsetr w2kmdm2 ( mar ked by a dash
i ndi datcirretps st urien dfhfaegcti nterval. Be7l oawn dt hi
38 depth, rdl oewewzwatei s inferred due to th
response, which whe tesslesxddeMapnadl ne nec:
of the bor ehb | ma awiodeni M of pooocsaoslierl yz osneeass

saturation €&f hebthsfloermMmadea emesr.



6. 8Lontgeryndhaul i ¢ charegn eafaftauates rars e

The monitoring results of both times showe
except at (FigawdHdddplbbdsappear ance -aafnfde cwiedde n
zones can be seen at specific intervals. F
and 41 m, the results from June 27, 2025, r
be attributed to increased mai sguoendwat en
At a depth of 46 m, the June 30, 2024, res.
high heat dissipation, which wassabyvanti oinr
suggest a dynamic redistribution of subsur
may have dried out or experienced reduced f
change indicates increased hlydvalulcditakgdhyne
driven by seasonal recharge or evolving sat
The dvwpqghl i peofil es ORI Bchead3)diugdhther suppor
interpsleowtngnmorel pcobnaunoed in the June

2025 profile appears sghoal bhes. a®@degehbkr at hg
a notable shift in subsurface moisture dyn:
of -BHOS to capture subtle but significant

f raectounrter ol Il ed .fl ow pat hways

FigwrélB8Bstrates the seasonal effects on t
AHDFOS t hrou@haomnuar2y 2t4bh & edcetmbielred met er eol
be seen6ThmeoFneg. @r ageaates mal heemapbosseng t he

vari atilircercoafded aft AHwilt2l0 dne mtult essn d ft i me.

T he ¢ h alnhpgtiemsgthrogoghout time clearly sheavthe seasonal influence.

Because of surface temperature buffering, shallow zon€d () often shoed fairly



c o0 n s tTaalues, vgih somewhat higher values in September. On July 25, the highest

me a s uTaestallay depth was 29.3 °C at 8 m. On the other hand, the deeper and mid

depth zones (particularly those between 30 and 47 m) exhibit more noticeable temporal
fluctuations, which could be due to seasonal recharge eféestatiations in groundwater

flow. Notabl vy, some zones Tealds,iddicating eithen si st e

persistent hydraulic features or lithological control at those levels.

The dti apfruarmt her supports thglsriemtder pvetrat.i
selected depths (23.95 m, 31.16 m, 45.91 m,
prat 47.65 m i megpleiraneadi dryyorvohewwi th mini
whereas the more fluctuating trend at 45. 9
heat advecti oaseufllfbegcettihveerl,y tcheemonethanhgese hov
subsurface properties jointly i -DFO@8nce t

providing valuable insightss for hydrogeol o

6. BEf f e chteirwvem It conductivity

The results of | aboratory m@medsthememntre sShe
was 2.66 W mK, ranging from 2.58 to 2.86 W
heat transfer occurs by enhanced conducti
infiltration). The detail eAHDM@S nmad a scuornednuecn
during the reeovesysFp#&na elihrei .nea.x,i mume and mi
val ues c atlheanltdtreed bfommhobyeBdepfXTP and 1. 5:
respeomiitvhelayn average valbval aes3wdB8eWmmHKs uf
core specimens from a de pavha lbueet weaesn d3e2t eromi4
the same depth range for compatusonf ,Zh&Or ¥

demonstrating agreementwmwead heshd ahakhovratag!

cp



W/ mKal t hough there were a | i7mitédonumbers peé
showed sl ightly hiDgFhOeSr vvadluedas mi lgdan thlee aAH r
buoya@amewen natur al convective heat transfe
core specimens mig#t Tahlisso choanvsei satfefneccyt ecdo ntfhi
t he-DAKS met hsoidt U orharnmdtieomi of tAhe ompak i maNn

bet weenDEGRe &AHur ed amae alsavveldaesr gyhowed t he

of data points to the 1:1 | in®FOBSuappbepoacute
(FiB . The results further indicate minor Vv,
hi gher t her mal conductivity values obseryv

attributed to differencasndi grmimesalzegi oval
affect the conductive heat transfer proper:t
Mal daner et ianl .ou(r2 0cleBs)rma yash aweel | g Itdseser i

mi neral ogy hdeeea@aiumermadl lhewerogeneity.

64Di scusssi on

64 .Pler formance hi gOFDR hmest lodd t he AH

One of the key strengths of t-DFOGS smaeitdlyo d 'ss
effectiveness in identifying saturats on zo
within a remarkably short monit droinmgg hpeertii mc
ceasedqgofwi9%.hd aWw/ m. Thi s rapid response is a
studies that required extended heating tim

compapgabl . p H&Wk eml a et Teels.t, dad2az)i on for AH

beome an unexpectedly controversial subj ect
sufficiently | ong heating durations to get
mean an additional cost . Thereforentdadei ma



this study is particularly advantageous fo
mi ngmig operational time i s crtuhcaitals.u ctho weevceh
parameters may vary according to the speci
sever al factors such as borehol e geometr
heterogeneity. Although préeiacusngstpedi o, h.
the discussion of ther mal i ,mthe rcfhe rneingchet flreo
potential signal degradation. Therefore, tfF
t hermal diffusion daftledesecali bowbphgamoreel

the spread of heat i nto the surrounding me:

Another key strength dfeld demonstratioris the 5 cm spatial resolution achieved by
the PNCOFDR sensing method. For accurately detecting and delineating closely spaced
transmissive fracturesa high spatial resolution that is finer than the distance between
adjacent fractures is essentf&lunn et al., 2020)Previous widely used and established
methods, such as DTS, offer spatial resolutions in a meter range, which limit their ability
to resolve closely spaced fractures precig@gnse et al., 2016)Additionally, the
presented method offers a rapid data acquisition time of 2.5 ms, compared to the
significantly longer acquisition time of up to 5 minutes required by [H&kala et al.,
2022) This combination of high spatial resolution and rapid data collection makes the
PNG-OFDR method particularly valuable for monitoring highly fractured aquifer zones

where detailed, timsensitive fracture mapping is crucial.

64 . Anal ysi stempempalt itoher mal response

The wixsaudInati on o fpldgheenremaalt erde sfprooms eAd ex per
gualitative 1insi ghtddz oanse st oa rweh ahty dfrCasutl el enticaa | fl

et al ., 2015;. Muhnas reetrseuslle nsfteldddyB @) dbmenstr at



effect of actiwerdg-ha tgddzaodnieesn ofnl otwe. mpTlelreat ur
natgradi ent fracture flow is highly wvariab

bul k of the ambient f r ascetqureen cfel oaw ot crcaunrsrmi nse

Bel aw5 m depth of borehole (excluding upp

ayers), approximately 291 fractures were
fractures per meter. It further shows a me
frasgtuarly 25% fractures are found tthe be |
t her mal t &rsepcoonvseer yofphase. This suggests tha
is |'ikely distributed throughootatéee boaeh
zones. The high spati alOFDRseknsiaoag mBt b md
resofivecrete frtadet Wredgafdtwwnednaaoder movement w
fractured zones, maki ngs ng aubalbuoubabte hgpdl
Al't hough the drilled cores, i n some sectio
results of AH grhmeve slerdc e vo fd esnmal-plo fof nrea czt ounreess
For instance, from 39 to 40 m, therbkbeis o
sandstone. However, three high heat dissipe
which might be due to the odewggynar mmdr me
seams( B9 uch porous | ayers alAtHerx pke ame tton
all owing the method to detect even subtl e
focus on the presence of pBr oFmg9 miidar o fsr d atr
evident that while highly fractured, not a
previous findings that transmissive fractur
natur al Momuai €t ooabFRofr 2i0m2s0t)anc e, at 44.6 m,
fracture zone f i I(dGYR/ v tchatceapalrddwing btldc | apl o

systasm)obsehdereid liend cor e.

cy



I n this study, the eftftheertr @wdndihregh ciarbdetea Im
heat transport and temp-enbat er ¢ sRanle g\¥aelc heetd s
(208030 mentionedt huasaet oifn stehpea rcaatsee hoefat i ng
this efifgiceé. | Howelweecomes i mportant when dea
and senOuhegasi miel. bnn yDBE O & chgsatbrluement ed ful |y
moni t orriiansge salgqsuoesti ons regardi hglrettteetu g adf
highturat Momeadadweeeffect of a growmtedelcdreah
Suamegl i gi ble effect of grouted boZbhbfe on

et al. (2023)

At the zone of active groundwater fIl ow,
convex patternthaeuaendt.o Athhee fefrfmradti onf of suc
saturation wadeaksoi-ivbgr sbaeadggnant water

al anmgepeci fic positi elhwaasefo na tgrrtebdeFabdRi bnogltth oadn. d

The trend of temperature rise andi sdecl i
demonstr @gt4edd Tihre Fieating curves foll owed
approaching a maximum | imit-mi Theatiemgpepat u
exhibited three distinct phases: raipiod, mo
mi nut es) , a rapid increase in temperature

gradient and strong heaé¢ sondogechdiongf medi t

60 and 120 minutes, the temperature contin
ongoing heat diffusion into théel&Urmiomumtde Y
the rate of iIincreageabgrcateabenappepashgges
Heating was terminated at 180 minutes, aft
ambient conditions. After terminating heat
dropping fastwn, Thenrstowkenyg daoarves follo

c®



decay trend. Nearly 53% of the maxi mum t e mj
recover4d0 uFithere depdicd sndthadcdomédret o i ts ori

even after 180 minutes of cooling.

64 .B8rehol e grout and relative cable positi

This study highlights the effectiveness of borehole cementitious grouting for AH
applications. The heating curves exhibited no signs oflaienal water movement (i.e.,
vertical flow), a common issue in open boreh@@sleman et al., 2015; Munn et al., 2020)

The complete grouting of the borehole likely facilitated optimal coupling between the
sensing cables, grout, and surrounding rock, effectively msmimivertical flow
interference and preserving the integrity of lateral thermal profiles. Additionally, grouting
may have helped restore the natural groundwater gradient, as previously suggested by
SelkerandSelker(2018) The effectiveness of using permanent ceitient groutcan be
highlightedto seal the borehole as compared to the sealing with liwbish couldmake

the installation and removal of liners in poorly consolidated rock or unstable barehole
problemati¢ asreportecby Munn et al(2020) Although recent work suggestsegligible

impact of grouted boreholes on strata fl@&hang et al., 2023}hey may overlook critical
differences in hydraulic conductivity between grout and the surrounding rock. Addressing
these variations is essential for accurate, quantitative assessments of subsurface water flow

rates.

The a-of cement mortar with a w/c of 0.50 under natural conditions is 2.67 W/mK
(StolarskaandSt r z a § k o w ShksisimilarRyOs@g@ests that the grout used in the
borehole behaves thermally similar to the surrounding (tiek average> value is 2.66

W/mK for shaley sandstone in this studihereby justifying the assumption that the heat



source in the AFDFOS measurements can be treated as being embedded within a

homogeneous rock mass

One inherent challenge with the AH met ho
positioning of-ainmdetlhl ee)d wabhes (He bor ehc
inconsistent temperature readings, iwghh so
values due to cable overl ap, whil e other:

i nconsistencies were (bBbesbaved .enTa Lirmpreaiavial }

reliability of flow zone identification, m
phase can provide valuabl e i nsights. A pi
measurement inconsi stenctaensdc albd € Bcce mam at 1 &1t
in the feaslHbwévery, stmplyementing parall el

borehole monitoring presents significant t

6. Meed for recovery dat a

Figdli €l ustrates the evol-ahbshoenatoifn gt epnepreiroad uf
by -mos8Brecovery (coolinmggt eorerb otdt avint e ot it dire
(480 m depth). The thermal Hdajpexhe bcar e g
noi se that i ncreases over t.4hbe). slhno weso nat rnale
smoother trend with decreasing n®iehene e@aons

al . (2007)

As mentioned earlier, -tamdacalel asi vesipdsi t

wasincertai nOFDBR ntcempdedr at ur e measurements a

spacing between these cables, the resul ting
sever al studies have recommended uss ng coo|l
groundwa(tFerreiffledwd et al . ,. 2Ad0Mdi;t tHegkallddyeea tn de

TM



from the heating phase, it may | ead to si
borehole section, due to the vaamvabuéestyin
this study, calcuwanedi dfrexc elelconvterygrdad mer
meas@avad Hakal a etalalo. efrBbhiabsy t recovery da:
reliable @&stimmadg,esi mdorporating recovery o0

identi fyiangrwater zones and estimating subs

An additional obser.wlz4a iaond ids -chsitbgl hele i rgehceoer dd
high temperatures forming a concave profil
rapid heat dissipation, resulting in a sli:
interpreting groaddwaltelry porskPeati h@asdat a
concl usi ons. For exampl e, in the depth int
temperature increase was observed in the he
to a-imdttesrencecd azoreée edadvy the recovery dat

argument that ibeastuifrigcdama dloona@el i neating

64 .I15mpact of |l ithol ogical heterogeneity on

The employed AFDFOS sensing method provided detailed insights into ssoalk
heterogeneities. Closely looking at F&p, the stratified thermal response closely matches

the lithological layersThe thermal response observed duihg experiments is governed

not only by groundwater flow but also by intrinsic rock properties sueft apermeability,

and degree of fracturinyiolante et al., 2024; Zhang et al., 2020; Zhang et al., 2@%3)
reported in section 6.3.1, the sandstone and shale horizons below 30 m depth are relatively
fresh and compact with higdCS BTS V,, and lowt . This deep horizon corresponds to
higherael during AH-DFOS experimentaith maximumael reaching ugo ~27°C (Fig.

33). Theadl were recorded comparatively low within shallow horizamsich corresponds



to highly fractured shale, tuffaceous layers, and gravel like mateitiisugh the physical

amd mechanical properties of rocks above 30 m depth were not investiatedlearly
shows that ariations in properties across different lithologies result in dépgendent
differences in temperature profileShe heating curves reveal pronounced temperature
fluctuations in the shallow subsurface, where loose-li&eil materials are highly
susceptible to environmental temperature variations. atatius layers show less
consistent heating, possibly due to highetn contrast, deeper sectiofiselow 45 m)
exhibit more stabland higheredT, corresponding teompactedand less fractured black
shaleformations.This pronounced thermal response in shale is attributed to its relatively
high &. Laboratory measurements indicated that shale specimens had &igla&res,
ranging from 2.73 to 2.86 W/mK, compared to muddy sandstone specimens (between 32
m to 35 m and 38 to 40 m), which ranged from 2.58 to 2.68 WIFhK higher- enabled

more efficient heat conduction and storage within the shale due to its compact and fine
grained nature, leading to greater observadlduring the heating phase of the ABFDR
experiment. AftelAH stops, the recovery rate also shows that the shale zones cool more
slowly, retaining heat longer. Similar results of frm@mogeneousate of heat dissipation

with depthwerereported byMcDaniel et al(2018)

A particularobservation occurs at 40.2 m, where heating curves indicate a lithological
boundary between coarse sandstone and shale, chastteyia loose tuffaceous layer.
Such abrupt gradient shifts highlight significant changes-iat formation contacts.
Similarly, the interval between B37 m shows a loose soil and gravel layer sandwiched
between compact sandstone, evident from distinct heating and recovery responses. The
faster cooling in this zone suggests the influence of active groundwatehfgwighting
the combined effect of lithological contrast and fluid movement on heat transfer. Overall,

the qualitativerisualisationof AH resultsreinforces the role dithological heterogeneities



in governing subsurface thermal behawjo essential forinterpreting distributed

temperature data in geotechnical &ydrogeological investigations.

65Key findings of field demonstration

I n condtleuaipph, caDIFOI® oftshkdelg bAH gh scatterin
in a deep downhole environment hashefghect i
resol ution groundsaatien fhowf rabadauaederaqui
demonstrated the ability to identify satur
significantly reducing operational ti me co
tens of hour sOF DIRoepirdee af hPgG spati al reso
precise detection of <c¢closely spaced transn
DTS systems-scwalteh rneestoelrut i on. The rdpid. 5dc¢
mi |l |l i seconds and tshcealab itlhietrymatl o -BrRe@s®oal Wweek $f in
suitedtifme memiltoring of complex subsurface
conditions, the techniqgue i daermtni fainedd g eowenrd

movement, providing valuable insights into

The study also establigBhed Whee éEhigdet eel

saturation and wahbeain§l coweaopaest her mal res
power | evels. However, i n shall ow, unconso
temperatures introduced irregular temperat |

data al ongatiaeprhevwad nags dent i-dail s sfiopra tdirosnt i (nig.tL
active) zonespeempeabilbildwyali nekmwg dde agr eer
wi eand s howdleedp ednedpetnht v ari ation, with higher
sandstonfeheudietnagn. moni toring of grouted bo

information about the hydraulic changes du.



Given the sensitivity of heat dissipatior
fract urpeesr menaddiolwi ty formations, future work
this relationship. Additional ltyi,ng hand engres
cables suggest that future designs may ben
heat di stributi o@vearnbdlflidesitttdu dy eluinalleirlisictoy .e s
applicabi IDFtOS osfe ntshhengAHnet bbdr acrosesl vudir hgu
energy, carbon sequestration, hydraulic fr
understanding subsurface flow and cont ami
advancements in groutedapprehohei AHpappkidc

powerful toolsatoobnsaedmthggdaogeoivdogi cal mo



CHAPTNENRCHALLENGES AND FUTURE PROSPECTS

7.1 Challenges

While the |iterature analysis has revealed
temperature/strain monitdevaebopmbnsat eshagl

the numerous advantages offered by applyi:r

constraints hinder their practical use in
and industries have ecthan tqaids diansdsinvaa bld rhd tso rs:
and field applications, i ndsacda@inng |l t her atet
sur,vefyeasi bility studiesi demtdi ffiieedl ds piencvi efsit

associated withguksesepaenhscogareéghooncerni

data processing.

Optical fibres areSit@ipbcal by madensdr ghma
ultimate strain ishemlifyr adiolue DRG] sNakdcamt i

mechani c(aWu settr eada.r,i o206t udi es have explor

sensors compared to traditional transducer
chall enging environment al conditions witho
met hodst r Uootrur al h e ablatrhe nkdOn isteonrsionrgs ar e oft

structures and covered with epoxy resin.

installation due to the vulnerability of ba
Consequmaost yinshances, it is iIimperative to
ensure survival i n harsh fiel(dGaonngs teatl laalt.i,or

The precise p-@a3idd almlne nign vifde ha MHor ehol e i
yet i1t is a critical factor i n accurately

The cabl e plvaicssarklinitn cueamposhbleelya) t he di st ance

TC



andcalbl es, and (b) the distance of each cab
shorter di st aamde altbhd tevse et Atolwes M thhed dt ect heal

during a short heating peri odn tCoenvealsled s/,

require a | onger heating durati oAHtfiome t he
i ncreases, the effect of c abelte asdpaci2n0g2 3gr. ¢
second case, as the distefide bhotrwdeon eaianzh
cable moves closer to the borehole wall. I

more heat -cfarbdme .t W eHa rbdctafb | else alHe posi ti ol
borehole wall, groundwateteedmmoemdrtame tbfi ¢ d tt
stuldhy ghl i ghted the influence of cable spac
al ., 2024). Al though c abaéedcgalbildeess -weet+leer nu sae
|l ong cement mortar, the heating rpauvhalbel g\
| eadi ngsetd oHlegipalriat ure readings where the ¢
This finding underscores that even minor d

introduce significant errorsetialthee2ma2ld; pi

Lembcke et al ., 2016) .

When considering integrating FO sensors
task is ensuring the precise transmission
the rock/soil to the reinforcememdtsalalnat i ar

FO cables for monitoring unstable sl opes,
divided into two component s: (1) from rock.
of the (Zhacngbleeg kh.¢ceR0OD&I0N Iinstances, cabl
protective measures t o endur e chall engin
reinforcements through the use of adhesi ves

materi al s t vyapilcoaslsl yofr essturlati ni nt ransfer as tF



( Al j et Aadldi ti 2020) y,s ulns urhfea cceo nttéeexit maolli ec h a
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antitative heat-cdblae stfagbrit dagaalldy € ihe fi md h uke
out hetaenrdo geomramau s ons 0 B r @heaal t| eTnhgearmegff. cerre ,
mprehensive 1 nvesteimpatriaonosfient onetalek dsisssnalifi

the FO coreilhgadmmebanmpalamometoring of

Being a novel sensing technology, t he F
aditional el ectriAdadalhomghi WdBidGsihyga reemp i @ yne d
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Tabl es

Table 1 Relative performanceharacteristics of each type of distributed sen@aged on

Barrias et al. 2016; Lu et al. 2019; Schenato 2017)

DistributeSensing Spatia MeasurerTand Fi bre t

technique resolu ti me

Coherent 10 m 1.3 mm42 ms Yes S MF

OFDR (COFL70 m 1 cm 1e@0 s

Coherent Up to 44 m 2606 ¢ Ye s S MF

OTDR (COTLC100 km 5 m n/ a

BOTDR 45 km 5 m 1800 s Yes S MF o r-
260 km 1 m n/ a mode

BOTDA 10 km 1.5 m 4 s Yes S MF o r-
60 km 4 m 600 s mo d e

Raman OTDF137 km 1 €em mn/ a Tonl SMF/ MMF




Table 2 Technical specifications and functional comparison of the two types of cables used

in this study

Cabl e name

Buf fered composi

Loogselpeécocabl e

@ 3.4 mm

V
ol N

17

12 mm

Optical
fibre

Natalide \ \ Optical fibres Ficgtbe
wire High strength PVC outer sheath PVC sheath
Heating for ffea:
Pur pose L and field d(Temperature sens
. Loose tude fsbre
Tight buffered hydrophobic gel)
Manufacture Fujikura 2014, -Nip@parel Torrpdirmg
Tokyo, Japan
Di mensi on L e n @3t. imwm ; w2 dmim: Coat!ng ouseb dP
coating)
. . +t0. 25 t0. ;i (same for &
Cladding di MMF )
Core diamet t0. 125 t0. 125
Al l owabl e s 230 147
Allpwable b70 40
radius ( mm)
Wavel emyt h 1310 1310
Transmissi o
1 LO. 35
(dB/ km) 0 65 i
Hi i i .
!gh |ns_ulat|on Superior water r
dielectric strer . .
airtightness, | a
Reason for due to oxygen art . .
. . resistance, i gh
i ndex probantte(efficienc
for heating and y




Table 3 Different stages of electrical power used for heating.

Vol ta CurrerHeatinCabl e r Power pE€
(V) ( A) cable per uni |l ength,
( m) (ohm/ m)

8 1.22 6. 3 1.04 1.6

10 1.53 6. 3 1.04 2. 4

12 1.83 6. 3 1.04 3.5
Feasili-bit,, 2.14 6.3 1.04 4.8

16 2. 44 6. 3 1.04 6. 2

18 2. 75 6. 3 1.04 7.8
Feasili-bltjg 2.75 6.4 1.04 7.6
Field demcago 2.04 110 1.04 3.7

250 2.94 110 1.04 5.8

320 3.22 110 1.04 9. 4




Table 4 Composition of the cement grout used in 8tigdy.

I tem Name Mi xing r Dens

(g
Binding Ordinary Portland ceme37.1 3.16
Aggregat Processed sand (crusheb59.7 2.60
Admi xtur Cal ci unoro xdiudireeR( (expeaon 3. 2 3.12

i mprcoovmnepr es s i arerdesdturceen g
shrinkage
w/ c rati 0. 45




( mi n)
180
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120 150
5.-%. 2 .-&4.
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30

4 -81. 8
4.2
9.1

3
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spec

peSections
t he
I

|l engt h,

Power
( W/ m)

10

Table 5 & at different times detected at five different sections along the specimen.
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Table 6 Cables and heating strategies in two different experimental cases.

Casel

(Separate cables)

Casell

(Composite cable)

Heating cable
Sensing cable
Heating power

Heating time

H-cable
T1- and T2cables
7.6 W/m

150 minutes

T1-cable
T1- and T2cables
7.6 W/m

150 minutes




Table 7 Results of destructive and noestructive tests.

Group SamplTop Bottaj|g,, Jdry Vesat t w Voary UCS BTS
I D (mbs ( mbs ( km/ (%) (km/ (MPa ( MPa
GroAp A1l 33.833.932.641 4.871 T i 103. 1
A2 34.134.222.611 4.871 T T 144. 1
A3 34.434.522.631 4.821 T T 124. 1
A4 34.534.622.621 4.751 T T 142. 1
A5 37.237.302.631 4.831 T T 107. 1
A6 37.337.402.66 2.6:4.551.331.34.47109. 1
A7 37.437.542.642.6:5.050.280.94.67170. 1
A8 37.537.642.652.6.:4.832.681.04.67178. 1
A9 37.637.742.642.6:4.893.671.04.75192. 1
Al10 37.737.842.632.6:4.874.151.04.75182. 1
Averag 2.642.6:4.832.421.04.66 145.
GroBp A1l1 38.338.432.66 1 5.28 1 T T 6.88
Al2 38.438.482.631 4.86 1 T T 6. 72
Al3 38.438.532.631 4.781 T T 6.62
Al4 38.538.582.641 5.281 T T 6.93
AlS5 38.538.642.672.6'5.290.440.65.091 11.3
Al6 38.738.782.672.6!5.080.870.74.951 8.89
Al7 38.738.832.67 2.6(5.430.460.55.321 12.5
Al18 38.938.982.612.5(4.822.681.24.701 7.67
Averag 2.652.6:5.101.110.85.02 8.45
GroGp A19 39.139.1€62.652.6:5.390.240.75.19175. 1
A20 39.139.232.632.6(4.962.611.14.86111. 1
A21 39.239.3C2.702.6°4.900.630.94.63186. 1
A22 39.339.372.682.6(5.512.520.65.34154. 1
A23 39.339.432.632.6(5.044.631.04.93141. 1
A2 4 39.439.542.652.6:5.066.330.94.89246. 1
A25 39.839.9C2.692.6°5.434.820.55.35115. 1
A26 40.040.072.67 2.6!5.330.340.65.18176. 1
A27 42.542.582.612.54.815.411.44.71241. 1
A28 44.744.762.622.5(4.905.051.34.76230. 1
Averag 2.652.6:5.133.260.94.98177.
GrobDp A29 31.831.872.662.6:4.963.17 1.04.81170. 1
A30 31.831.922.66 2.6:5.440.460.65.13206. 1
A31 32.432.4¢2.652.6:4.762.871.24.52116. 1
A32 32.732.822.652.6:4.943.440.94.66127. 1
A33 32.832.862.672.6!5.061.970.84.83193. 1
A3 4 32.932.942.67 2.6!5.053.340.94.84199. 1
A35 33.633.642.612.5(4.594.801.84.45188. 1
A36 33.633.682.642.6:4.903.871.04.69180. 1
A37 33.733.742.672.6'5.341.630.75.04229. 1
A38 33.733.782.612.5°4.694.911.74.50197. 1
A39 33.733.832.652.6:4.975.141.04.69238. 1
Averag 2.652.6:4.973.241.04.74186.
Ma x i mu 2.702.6°5.516.331.85.35206. 6.93
(AA39) (sat (sat
246. 12.5
(dry (dry
Mi ni mu 2.612.5t4.550.240.54.45103. 6.62
(AA39) (sat (sat
109. 7.67
(dry (dry
Averag 2.652.6:5.002.821.04.85150. 6.79
(AA39) (sat (sat
191. 10. 1
(dry (dry




Table 8 Description of selected water flow and highituration zone.

ZonesDepth (mtMaxi mum Fractures and |litholo
temper at
chandmk (
after 18
mi nut es

heating
Wat-er 8. 8712 7.3 Vertical fractumaddipo
flow and bl ack shale
15 .-1457. 57 14. 7 Vertical fracture wit
29 -3/®. 17 8.9 Vertical and horizont
35 .-3#A5. 72 6.3 Loose gravel and soil
38.-0&. 27 11. 4 Vertical fracture wit
41.41567'10. 9 Hori zont al fracture w
43.43517'11. 2 Highly weathered and
46.48532'6.5 Fractured bl ack shal e
Hi gh 2 .-7. 3 3.5 Hi ghly weathered and
satur cl ay ilnatyeerrcsad rag seednce o
zone 10 .-1717. 52 6.5 Gr avel -lankde snmoaitler i al
20 .-8®. 67 8.7 Hori zont al fracture w
21 .-205. 47 9.2 I ntense horizont al cr




Table 9 Thermal conductivity values of rocks determined from laboratory measurements

and AHDFOS tests.

Depth a[W/ mK a[W/ mK Lithol ogi cal description
32.32b 2.73 2.74 Sharp boundary between sh
32.55b 2. 86 2.97 Shal e

33.50b 2.63 2.7 Finteo megriasimmed sand
39.00b 2.58 2.63 Medi-ggrmai ned fresh sandsto
39.55b 2.58 2.71 Me d i-girma i n esda nfdrsetsohn e
39.65b 2. 63 2.65 Medi-garmai ned fresh sandsto
39.75b 2.58 2.52 Coawgsaismedl st one with mud
39.90b 2.68 2.67 Coarse sandstone with sca




Figures

Unparalleled resolution Capability to “see” and

and accurac .
Y “sense” into the ground

Thousands of strain Measurement of true

measurement points strain along the element

Capture of complex support \\ /// Highly applicable to variety

mechanisms of shear of tunnelling, mining and
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Figure 1 Various advantages of DFOS sensing methods summarised by Vlachopoulos

(2023) after two decades of laboratory and field experiences
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Figure 8 Schematic illustration showing the ABIFOS sensing method (dual cable
arrangementd represents the relative distance between two cables); and (b) a composite

cable configuration.
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details that simulate the bolt in this study; (b) structure of the optical cable, and (c) final

view of the instrumented bolt.
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Figure 29 Typical stressstrain curves of studied rocks in (a) saturated condition; and (b)

dry condition.







































