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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 ℃. 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 ℃, and the measurement error is within acceptable range of 

0.8%. When the soil temperature is between −6 and 0 ℃, 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 . For the FBG sensor, this wavelength is sensitive to changes in temperature (

) 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] 

  (1) 

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

 is the temperature change. 

 
 

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 ( ) of the AH-FBG sensor 

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

  (2) 

where  is the initial temperature before heating (℃). and  are the heating time (s) and the heat 

source strength per unit of length (W/m), respectively.  is the thermal conductivity (W/(m·℃)) of the 

frozen soil.  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  from the slope  of the heating data with Eq. (2) 
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                                                                                 (3) 

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 ( ) and a lower 

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

 

                                                                             (4) 

                  (5) 

where  and  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. 

 
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  to 5℃. 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  to 5℃. 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 

 

Soil type 

Liquid 

limit (%) 

Plastic limit 

(%) 

Optimum 

water content 

(%) 

Natural dry 

density (g·cm-3) 

Maximum dry 

density (g·m-3) 

Specific 

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 

( ) of the frozen soil sample at the temperature of ℃. 

 

 
 

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 Ⅱ, the soil 

temperature was between −3.16 and −1.2 ℃ (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 (  and 

) can be calculated using Eqs. (4) and (5). 

 
Figure 4. Evolution of (a) soil temperatures ( ) obtained by thermistors and (b) unfrozen water contents 

( ) 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 ( ) can be calculated after substituting the 

temperature within the valid period into Eqs. (2) and (3). 

Figure 6 shows the comparison between the limit values of thermal conductivity (  and ) 

calculated by Eqs. (4) and (5), the reference value ( ) obtained by the heat transfer analyzer and the 

measured values ( ) obtained by the AH-FBG method. As shown in figure 6, when the initial 

temperature was less than ℃ and greater than 0℃,  is between the upper limit ( ) and the 

lower limit ( ). They all have the same trends with the temperature, which indicates the rationality 

measurement of . In addition, at the temperature of ℃,  and  have great consistency, and 

the error between them is only 0.8%, which shows the high accuracy of . While the initial temperature 

is between  and 0℃, especially between  and 0℃,  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 ℃, 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 ℃. 

 
Figure 5. Measured temperature changes (a) as a function of t and (b) as a function of  during heating 

at different initial temperatures 

 

 
Figure 6. Comparison between the reference values of thermal conductivity ( ,  and ) and the 

measured values of thermal conductivity ( ) 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 ℃ and above 0℃. 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 ℃. 

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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Бин Ву1, Хун-Ху Чжу1,2, Динфэн3 
1Жес тусалы ғылымдас жюне инженеслік мектебі, Нанкин унивеститеті, Нанкин, Қытай 

2Мұздатылған тпрысақ құсылытыныо мемлекеттік кілт зестханаты, Ланьчжпу, Қытай 

3Құсылыт мектебі, Сунь Яттен унивеститеті, Гуанчжпу, Қытай 

 

Мұздатылған тпрысақтыо жылу өткізгіштігін талшықты-пртикалық датчиктесді 

қплдану асқылы өлшеу 

 

Аодатра. Жылу өткізгіштігі мұздатылған тпрысақтағы жылу бесуді анықтау үшін өте 

маоызды, бісақ тпрысақ қатиеттесініо тұсақтыздығына байланытты дюл өлшеу мюндесін алу 

қиынға тпғады. Жақында талшықты-пртикалық зпндтау технплпгиѐласы юстүслі гептехникалық 

расаметслесді дюл жюне тасалатын пснында бақылауға мүмкіндік бесді. Бұл жұмытта 

мұздатылған тпрысақтыо жылу өткізгіштігін өлшеу кезінде белтенді қыздысылған талшықты 

Bragg тпсы (AH-FBG) юдітініо псындылығы зесттелір, мұздатылған тпрысақ үлгілесі бпйынша 

баттарқы 16-дан 5 С-ге дейінгі юс түслі баттарқы темресатусаласда бісқатас зестханалық 

тюжісибелес жаталды. AH-FBG өлшемдесін бағалау үшін жылу өткізгіштіктіо тепсиѐлық 

жпғасғы жюне төменгі шектесі қплданылды. Өлшеу дюлдігін анықтау үшін жылу өткізгіштік 

анализатпсы жазған жылу өткізгіштік қплданылды, AH-FBG юдіті мұздатылған тпрысақтыо 

жылу өткізгіштік кпэффициентін баттарқы темресатуса - 6 ℃ гсадуттан төмен бплғанда жюне 

өлшеу қателігі дюл бплғанда өлшей алады деген тюжісибелік нютижелес алынды, ал өлшеу 

қателігі 0,8% деогейінде қалыртатты. Тпрысақтыо темресатусаты −6 мен 0 С асалығында бплған 

кезде, мұздатылған тпрысаққа қызудыо бұзылуына байланытты өлшеудіо айтаслықтай 

қателіктесі байқалды. 

Түйін төздес: мұздатылған тпрысақ, талшықты-пртикалық датчиктес, Bragg талшықты 

тпсы (FBG), белтенді қыздысылған пртикалық талшықтас (AHFO), жылу өткізгіштік, фазалық 

өзгесіт. 
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Измесение терлпрспвпднптти месзлпгп гсунта т рпмпщью пртпвплпкпнных датчикпв 

 

Аннптация. Терлпрспвпднптть имеет сешаящее значение длѐ прседелениѐ терлпреседачи 

в месзлпм гсунте. Однакп рплучить тпчные значениѐ измесений тлпжнп из-за неттабильнптти 

твпйттв рпчвы. В рптледнее всемѐ технплпгии пртпвплпкпннпгп зпндиспваниѐ тделали 

впзмпжным тпчный и сатрседеленный мпнитпсинг на метте сазличных гептехничетких 

расаметспв. В даннпй ттатье иттледуеттѐ впзмпжнптть итрпльзпваниѐ метпда активнп нагсетпй 

вплпкпннпй Бсэггпвткпй сешетки (AH-FBG) длѐ измесениѐ терлпрспвпднптти месзлпгп гсунта. 

Сесиѐ лабпсатпсных эктресиментпв была рспведена на пбсазцах месзлпгп гсунта рси  
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сазличных начальных темресатусах пт -16 дп 5 ℃. Тепсетичеткие весхний и нижний рседелы 

терлпрспвпднптти итрпльзпвалить длѐ пценки измесений AH-FBG. Длѐ прседелениѐ тпчнптти 

измесениѐ итрпльзпвалать терлпрспвпднптть, засегиттсиспваннаѐ анализатпспм 

терлпреседачи. Эктресиментальные сезультаты рпказываят, чтп метпд AH-FBG мпжет тпчнп 

измесѐть терлпрспвпднптть месзлпгп гсунта, кпгда начальнаѐ темресатуса ниже -6 ℃, а пшибка 

измесениѐ нахпдиттѐ в рседелах дпруттимпгп диаразпна 0,8%. Кпгда темресатуса рпчвы 

тпттавлѐет пт –6 дп 0 ℃, наблядаяттѐ значительные пшибки измесениѐ из-за насушениѐ нагсева 

месзлпгп гсунта. 

Ключевые тлпва: месзлый гсунт, пртпвплпкпнные датчики, вплпкпннаѐ Бсэггпвткаѐ сешетка 

(FBG), активнп нагсеваемаѐ вплпкпннаѐ пртика (AHFO), терлпрспвпднптть, изменение фазы. 
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