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Measuring thermal conductivity of frozen soil using fiber optic sensors

Abstract. The thermal conductivity is crucial for determining heat transfer in frozen soil.
However, it is a challenge to obtain accurate measurement values due to the instability of
soil properties. Recently, the fiber optic sensing technologies has enabled accurate and
distributed in-situ monitoring of a variety of geotechnical parameters. This paper aims to
explore the feasibility of actively heated fiber Bragg grating (AH-FBG) method in
measuring thermal conductivity of frozen soil. A series of laboratory experiments were
performed on frozen soil samples at different initial temperatures from -16 to 5 °C. The
theoretical upper and lower limits of thermal conductivity were used to evaluate the AH-
FBG measurements. The thermal conductivity recorded by a heat transfer analyzer was
used to identify the measurement accuracy. The experimental results that the AH-FBG
method can accurately measure the thermal conductivity of frozen soil when the initial
temperature is below —6 °C, and the measurement error is within acceptable range of
0.8%. When the soil temperature is between -6 and 0 °C, significant measurement errors
were observed due to the disturbance of heating to the frozen soil.

Keywords: frozen soil; fiber optic sensor; fiber Bragg grating (FBG); actively heated fiber
optics (AHFO); monitoring; phase change.
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Introduction

Frozen soils have complicated thermal properties governing the heat transfer and freeze-thaw
process [1,2]. In heat transfer modeling of frozen soils, thermal conductivity is one of the most important
input parameters [3]. It has long been recognized that the thermal conductivity of soil is strongly
influenced by its density and compositions (soil particles, water, ice, and air) [4,5]. In particular, the
thermal conductivity of frozen soil is hard to determine due to the complex phase change process.

In the last few decades, many studies have been conducted in this research area, and some
theoretical and empirical models have been proposed [3,6-8]. Transient and steady-state methods have
been used to determine thermal conductivity, but most of them are only applicable to laboratory tests. It
is therefore of great importance to develop an effective and reliable in-situ measuring technology of
thermal conductivity for frozen soils [4,5,9]. This is a bottleneck problem that seriously hinders the
development of fundamental theories and engineering design schemes of frozen soils.

In engineering practices, the heat pulse (HP) method is widely used to measure the soil thermal
properties based on the analogies of radial heat flow from a line source [8,10,11]. For frozen soils, this
method has been applied to estimate unfrozen water contents or ice contents [12-14], water and heat flux
[15], and snow density [16], as well as thermal properties [15,17]. It has the advantages of fast
measurement, low cost, and superior portability for field applications [18]. However, some drawbacks
are encountered during field monitoring, such as limited measurement ranges and low accuracy. More
importantly, only point-type measurement can be achieved, so large-scale and long-distance monitoring
can hardly be performed.

Fiber optic sensing technologies, which have the advantages of distributed measurement, anti-
interference, and corrosion resistance [19-22], have been dramatically developed and employed in strain
and temperature sensing in recent years [22,23]. Based on distributed temperature sensing (DTS), the
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actively heated fiber optic (AHFO) method has been developed to overcome the shortcomings of
traditional HP methods. For unfrozen soils, it has been widely applied for measuring water and heat flux
[24-28]. However, it was rarely used in frozen soils due to the complex phase change process and
temperature dependence of thermal properties [18].

In this paper, the actively heated fiber Bragg grating (AH-FBG) has been proposed to perform quasi-
distributed monitoring of thermal conductivity of frozen soils. A series of laboratory experiments were
carried out at different initial temperatures to explore the feasibility of the proposed method in thermal
conductivity measurement and determine its measurement accuracy and range.

Methodology

Figure 1 shows the working principle of an FBG sensor. According to Bragg's law, when a
broadband source of light has been injected into the fiber, FBG reflects a narrow spectral part of light at a

specific wave length A . For the FBG sensor, this wavelength is sensitive to changes in temperature (7’
) or strain (& ). To accurately measure the actual temperature, strain relief of the FBG sensor is very

important. In this study, the loose FBG sensor is encapsulated in a small corundum tube to avoid strain
effects. Thus this sensor is only for temperature measurement, and the temperature can be expressed as
[29]

Ay

AgCr

AT 1)

where cr is the wavelength sensitivity coefficients for temperature, Adp is the wavelength change,

AT is the temperature change.

FBG2 FBGN
Broadband ” —
light source ----HHH

Optical spectrum
analyzer

Figure 1. Working principle of the FBG sensing technology

When an AH-FBG sensor is inserted in frozen soil, due to the infinite line heat source model and

cylindrical geometry of the single probe dissipation sensors, the temperature (7" ) of the AH-FBG sensor

during heating is related to time (Z ) according to the theoretical solution for a line heat source [30]:

T—Toz—%lnt—kB 2)

where T is the initial temperature before heating (°C). # and ¢ are the heating time (s) and the heat
source strength per unit of length (W/m), respectively. A is the thermal conductivity (W/(m-°C)) of the

frozen soil. B is a constant.

Accounting for the finite dimensions of the heat source and the contact resistance between the heat
source and the medium outside it, Eq. (2) is valid for the constant heating strength and sufficient heating

time. Linear regression can be used to calculate A from the slope K of the heating data with Eq. (2)
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_q
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For frozen soils, the thermal parameters are related to several factors such as soil moisture, ice

content, soil composition, and density. The thermal conductivity has an upper limit (Ay ) and a lower

limit (AL ), which can be expressed as [6]

=Y 0.h @)

1

1
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where 0. and /A, are the volumetric content (m3/m3) and thermal conductivity of the phases (unfrozen

)

water, ice, soil particles, and air). The sum of the volumetric contents of all components is 1. Thus, the
thermal conductivity can be calculated according to the volume fraction of each substance in the frozen
soil, which can be used as the reference value for the thermal conductivity measured by the AH-FBG
method.

Material and laboratory test setup

To measure the thermal conductivities of the frozen soil using the AH-FBG method, a series of
laboratory experiments have been conducted. Figure 2 shows the structure of the AH-FBG sensor. The
AH-FBG sensor includes an aluminum oxide tube with high thermal conductivity, a bare FBG sensor, an
electrical resistance wire, and a stainless-steel tip and flange for packaging and protecting. The electrical
resistance wire is used for heating, and the FBG sensor is used for temperature sensing. They are
installed in parallel in different holes of the corundum tube.

Fiber optical cable

Aluminum oxide tube FBG Electrical resistance
y | | 4
|
l 40 mm i
Stainless-steel flange Optical fiber Stainless-steel tip

Figure 2. Schematic diagram of AH-FBG sensor

The experiments were carried out in a low-temperature test chamber. Different experimental
temperatures were set to control the temperature of the soil samples from —16 to 5°C. The soil samples
were collected from Huining, Gansu Province, China. The basic properties of the test soil are given in

table 1.
The experiments were carried out in a low-temperature test chamber. Different experimental

temperatures were set to control the temperature of the soil samples from —16 to 5°C. The soil samples

were collected from Huining, Gansu Province, China. The basic properties of the test soil are given in
table 1.
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Table 1

Basic physical parameters of the test soil

Liquid Plasticlimit Optimum Natural dry Maximum dry Specific

Soil type limit (%) (%) water content density (g-em?) density (g'm3) gravity
(%)
Low plasticity clay  34.0 17.3 13.8 1.42 1.53 2.76

As shown in figure 3, the soil samples were compacted and filled in the stainless-steel cutting rings
and PVC molds. The dry density was 1.4 g/cm3and the initial moisture contents were set as 16%. The AH-
FBG sensors were inserted into the center of the soil samples and connected to an FBG interrogator and a
direct current (DC) power supply, respectively. The FBG interrogator was connected to a computer for
real-time FBG data collecting. The total heating time was determined to be 300 s, and the heat source
strength was set between 6~8 W/m. The FDR sensors and thermistors were installed in the PVC samples
to measure the unfrozen water contents and soil temperatures, and both were connected to the data
logger. In addition, a heat transfer analyzer was used to obtain the thermal conductivity reference value

(Ac ) of the frozen soil sample at the temperature of —16 °C.

./ Data logger

22888338
00600000

Low temperature chamber
P Fiber optical cable

0 .

PVC sample

T Interrogator Computer
BB R B /e
D OO O DC power supply

Ring cutter wrapped soil sample e

Figure 3. Schematic image of the experimental setup

Results and analysis

The soil temperature data measured by the thermistors and the unfrozen water content data
measured by the FDR sensors are shown in figure 4. The results show that the freezing evolution of soil
samples can be divided into four stages. In Stage I and Stage IV, the soil samples were completely
unfrozen and frozen states, respectively. The compositions of the soil did not change. In Stage 1I, the soil
temperature was between -3.16 and -1.2 °C (severe phase transition zone), and the soil temperature
curve reached a relatively stable state, as shown in Fig. 4(a). Simultaneously, the unfrozen water content
decreased sharply as the temperature decreased in Fig. 4(b). This phenomenon can be explained by the
fact that the moisture in the sample underwent a severe phase change and the process of water freezing
into ice is exothermic [9]. The heat generated by the phase change offsets part of the heat dissipation of
the sample at a lower ambient temperature. It has to be noted that the thermal properties of the frozen
soil are very unstable due to the severe phase change in Stage II. While most of the free water freezes, the
temperature of the soil sample continued to drop, and the unfrozen water content slowly decreased to a
final value, as shown in Stage III. According to the measured unfrozen water content, the initial moisture
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content, and dry density of the soil samples, the theoretical limits of the thermal conductivity (AL and

Au ) can be calculated using Egs. (4) and (5).
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Figure 4. Evolution of (a) soil temperatures (7" ) obtained by thermistors and (b) unfrozen water contents

(w,) obtained by FDR sensors

Figure 5 shows the temperatures of the AH-FBG sensors during heating with different initial
temperatures. It can be seen from figure 5(a) that under the same moisture content and heating power,
the temperature rise rates of AH-FBG sensors varied significantly at different temperatures, which means
the variant thermal conductivities of the frozen soil.

As described above, when using the linear heat source method to infer the thermal conductivity of
the surrounding soil, the heat transfer time in the probe is invalid due to the sensor size and contact
thermal resistance [18]. As such, the measurement temperature during this period is also useless and
would not be considered. In this study, the sensor temperatures increase rapidly and have a linear
relationship with time in the first 40 s of heating due to the heat conduction inner the sensor tube, as
shown in figure5(a). After 40 s, the heat starts to transfer in the soil, and the temperature growth slows
down. Thus, the valid period for the soil samples is considered 40~300 s, as shown in figure 5(b). The

thermal conductivity measured by the AH-FBG method (4, ) can be calculated after substituting the
temperature within the valid period into Egs. (2) and (3).

Figure 6 shows the comparison between the limit values of thermal conductivity (AL and Ay)
calculated by Egs. (4) and (5), the reference value (),c) obtained by the heat transfer analyzer and the
measured values (A,) obtained by the AH-FBG method. As shown in figure 6, when the initial
temperature was less than —6 °C and greater than 0°C, A, is between the upper limit (Au) and the
lower limit (A ). They all have the same trends with the temperature, which indicates the rationality
measurement of /13 . In addition, at the temperature of -16 °C, /10 and /la have great consistency, and
the error between them is only 0.8%, which shows the high accuracy of A, . While the initial temperature

is between —6 and 0°C, especially between —3.16 and 0°C, A, fluctuates wildly. This can be

explained by the fact that the frozen soil with a higher initial temperature undergoes a severe phase
change after heating, and its properties are greatly disturbed. So, the accuracy of thermal conductivity
measurement is reduced. This result denotes that when the soil is unfrozen, or its temperature is lower

than —6 °C, there would have a higher measurement accuracy of the thermal conductivity using the

AH-FBG method. The proposed method is currently not applicable to measure the thermal conductivity
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of frozen soils with an initial temperature of —6 ~ () °C.
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Figure 5. Measured temperature changes (a) as a function of ¢ and (b) as a function of In# during heating

at different initial temperatures
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Figure 6. Comparison between the reference values of thermal conductivity (AL, Ay and A.) and the

measured values of thermal conductivity (4,) obtained by the AH-FBG method
Conclusion

The AH-FBG method for measuring the thermal conductivity of frozen soil is proposed and
developed. The feasibility of the proposed method was verified by laboratory experiments. Some
conclusions are drawn in this study: Due to the unavoidable process of ice-water phase change, the AH-
FBG method is only applicable to the soil with the initial temperature below -6 °C and above 0°C. And
the measurement error can be within the acceptable range of 0.8%. The disturbance of heating to frozen
soil will cause more significant measurement errors when the soil temperature is between —6~0 °C.

More theoretical and experimental studies are needed to solve severe phase change caused by
heating and further improve the measuring parameters of the AH-FBG method. Several field
observations stations have been established in Hebei, Gansu, and Sichuan Provinces of China. Long-
term fiber optic monitoring of in-situ frozen soils is in progress.
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Mys3aaTblaFaH TOIIBIPAKTBIH XXbIAY ©TKI3TIIITIriH TaAMIBIKTHI-ONTUKAABIK 4aTYUKTEePAi

KOAJaHy apKblAbl ©AIeY

Anpaarma. JKplay eTKisrimTiri MysaaTblAFaH TOMBIPaKTaFbl >KblAy OepyAi aHBIKTAy YIIIH eTe
MaHbI3AbI, OipaK TOIBIpaK KacHeTTepiHiH TypaKChI3AbIFbIHA OalldaHBICTBI 494 ©AIlley MaHAEepPiH aay
KUBIHFa COFaapl. JKaKbplHAa TaAIlIBIKTBI-ONTUKAABIK 30HATAy TeXHOAOTUAAAPHI 9PTYPAi reOTeXHUKAABIK,
IapaMmeTpAepai 494 >KoHe TapalaTblH OpPHBIHAA OaKblaayfa MYMKiHAIK Oepai. bya >xymbicra
MY34aTbLAFaH TONBIPAKTBIH >KBIAY OTKI3TIiIITIriH ealey KesiHAe OeAcCeHAl KbI3ABIPBIAFaH TAAIIBIKTHI
Bragg Topn (AH-FBG) aaiciHiH OpBIHABIABIFB 3€pTTeAill, My34aThlAFaH TOIIBIPAK yATidepi OObIHIIIA
Oacrankpl 16-gan 5 C-re geliinri ap Typai OacTamksl TemIleparypadapda OipkaTap 3epTXaHaAbIK
ToxxipuOeaep xacaaabsl. AH-FBG eamemaepin Oaraday YIIIH >KbIAy OTKi3TiIITIKTiH TeOPUSABIK
JKOFap¥hl JKoHe TOMEHTi IIeKTepi KOAAaHbLAABL. ©allley A9AAIriH aHBIKTAy YIiH JKbIAY ©TKIi3TiIITiK
aHaAM3aTOPhbl Ka3faH >KbLAy OTKI3riITik KoagaHblaabl, AH-FBG saici My3daTblafaH TOIBIPaKTBIH
KBIAY OTKI3TIITIK Koo PuiinenTin H6acTankel TeMneparypa - 6 °C rpagycrad ToeMeH D0afaHAa >KoHe
eAllley KaTeliri 494 OoaraHAa eAllleil adaAbl JereH TaXKipuOeaik HITVKeAep aAbIHABI, aa ©AIley
Kareairi 0,8% aeHreitinAe KaasnTacTsl. TonbipakTeIH TeMiieparypacsl —6 MeH 0 C apaabiFbiHAa 60aFaH
Ke3Je, My3JaTblAFaH TOIBIpaKKa KbI3yAblH Oy3bplayblHa OalidaHBICTBI ©AIleyAiH aiTapAbIKTail
Kareaikrepi OailKaaAbl.

TyitiH cesgep: My3JaTbLAfaH TOIBIPaK, TaAIIBIKTHI-ONTMKAABIK JAaTdMKTep, Bragg TaAIIBIKTHI
Topsl (FBG), Geacenai KpI3aplpplaran onTukaaslk Taamsikrap (AHFO), xpiay erTkisrimrik, ¢pasaabik

earepic.
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3I1Ixora epaxdarckozo cmpoumervemsa, Yruusepcumem Cyno HAmcena, I'yarnuxoy, Kumaii

MSMQPEHI/IE TeIIA0IIPOBOAHOCTYM MeP340I0 I'pYHTAa € IIOMOIIBIO OIITOBOAOKOHHBIX AaTYMKOB

Annoramst. TenaonpoBogHOCTL UMeeT pelllaoliee 3HaYeHUe 445 opejeleHus Teraonepeaun
B Mep3a0oM rpyHTe. O4HaKO IMOAYYUTh TOYHBIE 3HAUEHNs M3MEepPeHUI CA0XKHO 13-3a HeCTadMABHOCTI
CBOJICTB TIOYBBL. B mocaesnee BpeMs TeXHOAOTMU ONTOBOAOKOHHOIO 30HAMPOBAaHUS CAeAaau
BO3MOJKHBIM TOYHBINI I paclpeieJeHHbII MOHUTOPMHI Ha MecTe Pa3AMYHBIX TeOTeXHUYEeCKMX
napamMmeTpos. B ganHOI cTaThe MccaeayeTcsl BO3MOXKHOCTD MICIIOAb30BaHIsl MeTOAa aKTUBHO HarpeToi
BO/A0KOHHOI1 bparrosckoit pemerkn (AH-FBG) 4451 nsmepeHnns TernaonpoBoAHOCTI Mep340TO TPyHTa.

Cepmnst 2a00paTOPHBIX DKCIIEPUMEHTOB Oblaa IpoBeJeHa Ha 0Opasiiax Mep340ro rpyHTa IIpu
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pa3AMYHBIX HavyaAbHBIX TemmepaTypax oT -16 40 5 °C. TeopeTnueckue BepXHUI M HVOKHUI IIpeAEAbI
TeIA0IPOBOAHOCTY MCIIOAB30BaAUCh A4s1 oleHKU maMmepenuii AH-FBG. Jas onpegeseHnst TouHOCT
U3MEepEeHI s JICII0Ab30BaAaCh TeILA0IIPOBOAHOCTD, 3aperncrpupoBaHHas aHaA13aTOPOM
TerAonepeaadnt. DKcIepUMeHTaAbHble pe3yAbTaThl ITOKasbiBaloT, yTo MeTod AH-FBG Moxer TouHO
U3MepsATh TeILA0IIPOBOAHOCTh MEp340T0 TPYHTa, KOrda HadyaabHas TeMIleparypa Hiypke -6 °C, a ommoOKa
U3MepeHNsI HaxOAUTCS B Ipededax Jomyctumoro AmanaszoHa 0,8%. Koraa rtemmepaTypa MOYBEI
cocraBasteT oT —6 40 0 °C, HaDA104aI0TCs 3HAUMTeAbHbIe OIIMOKY M3MepeHIs 3-3a HapyIlleHNs Harpesa
Mep340r0 IpyHTa.

KaioueBbie ca0Ba: Mep34blil TPYHT, OIITOBOAOKOHHBIE A4aTYMKM, BOAOKOHHas bporrosckas pemerka
(FBG), aktmBHO Harpepaemas BoaokoHHas ontuka (AHFO), reriaonposogHocTs, n3MeHeHne ¢asbl.
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