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AL U H Detecting High Saturation- and Groundwater Flow Zones Using

Active Heating-Based Distributed Temperature Sensing
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Active heating-based distributed fibre-optic sensing (AH-DFOS) has emerged as a promising technique for
subsurface groundwater flow characterisation, yet its application in complex geological settings remains
limited. This study evaluates the applicability of a novel phase noise-compensated optical frequency-domain
reflectometry (PNC-OFDR) sensing method for resolving subsurface hydrologic features in turbiditic
fractured aquifers. First, two feasibility studies were conducted in a controlled laboratory setting.

In feasibility study-I, a heating cable (H-cable) was embedded within a 2 m-long cylindrical cement grout
specimen and subjected to various heating powers. A sensing optical cable (T-cable) was placed adjacent to
the heating cable to monitor the temperature distribution continuously. Two water-holding boxes were
installed along the specimen at two positions to retain water that mimics high-saturation zones around a
grouted borehole in practical applications. The study's results indicated that the PNC-OFDR technique
demonstrated a high sensitivity to even small AT, enabling it to pinpoint water locations at two distinct points
accurately with 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 AT. Three distinct phases of temperature increment were observed
for a given heating period: rapid, fast, and gentle increase.

In feasibility study-II, a novel method was introduced to monitor the location of high-saturation zones using
the AH-DFOS method with an optical fibre-embedded fully grouted rock bolt (FGRB). A 1 m-long cement
grout specimen with a fibre-optic cable instrumented FGRB was prepared, and water was introduced at

various positions along the axial position to simulate high-saturation zones/groundwater flow along rock



fractures. The results demonstrated a strong potential of the AH-OFDR method for water monitoring in
grouted bolt installations. When sufficient heating power was applied, the sensing cable’s distance from the
heating cable had minimal 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 of
water-saturated zones and closely spaced fractures. A concept of thermal halo formation on either side of the
high saturation zones was presented. The rate of AT decreased as the width of the high-saturation zones
increased. This method has significant practical implications for geotechnical applications, including slope
stability assessment, tunnelling, foundation monitoring, and dam reinforcement, where rock bolts are
commonly employed as stabilising structures.

The results obtained from feasibility experiments were validated by employing the method inside a 50 m-
deep borehole within a highly fractured turbiditic deposit. Heating and temperature-sensing fibre-optic
cables were installed into the cementitious grouted borehole, enabling high-resolution temperature
monitoring under controlled heating. By applying electrical power of 7.6 W/m through 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
that increases with time, while the 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 depth-dependent thermal responses, highlighting the influence of
geological heterogeneity on heat transport. Recovery (cooling) data following cessation of heating proved
essential for accurate localisation of water-bearing zones and estimation of thermal properties. Field-based
AH-DFOS results showed strong agreement with laboratory-derived A values. The rainfall events showed
evidence of alteration of the subsurface water flow, resulting in enhanced advective cooling or thermal
dispersion. This study demonstrated the effectiveness of AH-DFOS in providing high spatial and temperature
resolution, rapid data acquisition, and robust detection of hydraulically active fractures, which are key
information for advancing subsurface hydrogeological investigations.

sty S AL i o D B =

RIS, Hg 0 ORAAE R & O T K EREICREREELHE 2D, TOd tbKE
DK E, HTFAROZEEBZIEET 52 EPREEILR D, LL, EHERMERE FICKIT 2T
IKOZEBZE=F Y 7F 52 LIRS TIE R, BEEEIE, HTFKOEBHEZHMET L0
—VELT, BT T7ANRN—DNRT =AY b T ABRREIC L > TET D5 Z LITERL, W
e LT, K77 A= =T a2 HOTol FAREEHEREFEORBB LOEN S 2 W
KREEERBNC BT 578 41T > T&E T2,

FEEE O L ST, WEH R & U T FRME & Al 8O0 8 B S i ) 44 &F - (Phase Noise
Compensated-Optical Frequency Domain Reflectometry, PNC-OFDR) Z£H L, HIEH 274
FIE (77 T4 T e—T 4 7) SELHMENT 7 A N—k 7 (Active-Heating
Distributed Fiber Optic Sensing, AH-DFOS) (23S &, EEZLER L OB LEE OE VN D
N K ZEENLHR (B D AT, FUE O BRFE B TIXFEBLATREMEIZ BT 5 2 B O MGEER 21T\,



WL U 7= TR X0 BB 21T\, BHAIC BT 2 - FKRZEB ORI Z £ DT 5,

1 SDHORKFEFER T, 2 m ROMAFEALZ APERENITMEr —T Ve T 7 A = —T
NEFREL, ME LD 2 DENCHKIE 2R U7kl 2 %0 U, INEVE T2 B b S B 7k he
TOREBLZBIIL TV D, BHOFERE, PNC-OFDR (Z/h&72 AT 1256 LT 6B E 2R
L, 2 cm OZEMSEEEL 0.1° C OIRFESMFRET, 2 DO R/e 2 HRIZEIT 5 /KONE % IEfELC
BHETELZLERLTND, 2, KONEZ IEMIZFFET 5 72O LB/ O MEGE I
DNTHRLTWVND,

2 DHOMGEFERTIX, 7o W—LTHEHEINLZey 7RV NEBLIET VI 7 L—ANT
7 A N—Z WA, AH-DFOSVEIZ X 58l Z R A TNWD, 1 m BEOEEED v 7 AL MIK7
7AN—Z MDA, 4 HFTICTEED R DHKIBERT, HAKBIC L AEEL(LOBE AT -
TWD, RGEDFER, KADLERDEE LOKIRITRNE DD, KIZEFIL TV D8O A AT
BETHhHZLERELTND,

RO 2 oORGEEAESE 2, 2024 4E0 14ERNC, BFAAO 50 m EOHHIBTICIIT 5 9 [ OB
EHREII O S BRR SN a T REIOREEIT-o T\ D, BHIORE, BRgOBIIIZEWT, #
BEFTICREWTKRALEBIOKIZEM L TWDE LIS NDEHIAH L5 Z L 2P O LT
Do MHENTZEHITOL Ta 7RI W T OBAVBEINEFTE —BT 50, —&
ITBRAD BN WEFNISKIZEfM L TWAERSH Z LA /RL TS,

LIED X 9, HiEHEOM S TIEL, PNC-OFDR % iV /= AH-DFOS #7233 cm & D%
MASfRRE L 0.1° C DIRFESFFRE CBINTIRE R Z L 2R L, £l T —ZIENTRETH D
ZENRENTND, SHlta vy 7RV M7 7 A4 =& #biAte FiklL, #hmzElt, v
RV LE, AR SR <A STV D REEEMIZ B W TR AlRE/e Z L AR LT
D, HTFAFEAELZ K& ERIELIMIERELE S XD,

INH ORI, QlBELO Q2 EET 4 fMOEEEEICBE S TEH Y, HEMIZH M
DOWFRNPEDH SN TNDZ L EZRLTWD,
kXY, mEEHEomImCIE L (B%) O E L THH &l LT,



