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ABSTRACT 

 

The performance of Thin Membrane Surface (TMS) highways is largely 

controlled by the strength of the subgrade soil which in turn is a function of the soil 

suction (Fredlund and Morgenstern, 1977). Thermal conductivity suction sensors can 

be used to indirectly measure in situ matric suction. 

Thirty two (32) thermal conductivity sensors were installed under Thin 

Membrane Surface (TMS) in two highway locations; namely, Bethune and Torquay, 

Saskatchewan, in September 2000. The sensors were installed beneath the pavement, 

shoulder and side-slope to monitor matric suction and temperature changes with time. 

The monitoring system at Bethune was damaged after two years of operation. The 

thermal conductivity sensors at Torquay all appear to have been working well and data 

are still being collected. 

Other attempts had been made in the past to use thermal conductivity sensors 

for field suction measurement, but all were terminated within a short period of time 

due to limitations associated with the equipment. The long-term suction measurement 

at the Torquay site is unique and provides valuable field data.  

This research project presents and interprets the long-term matric suction 

measurements made between the years 2000 to 2005 at the Torquay site and from 

2000 to 2002 at the Bethune site. To help in the interpretation of the data, a site 

investigation was undertaken along with a laboratory testing program that included the 

measurement of Soil-Water Characteristic Curves (SWCC). As well, a limited 

laboratory study was undertaken on several new thermal conductivity matric suction 

sensors. 
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The matric suction readings in the field showed a direct relationship to rainfall 

and regional evaporation conditions at the test sites. At the Bethune and Torquay test 

sites, the changes in matric suctions appeared to be mainly due to the movement of 

moisture through the edge of the road. Relatively constant equilibrium suctions were 

encountered under the driving-lanes. Conversely, matric suctions under the side-slopes 

were found to vary considerably with time and depth. Matric suctions under the 

driving-lanes ranged from 20 to 60 kPa throughout the years. Matric suctions on the 

side-slopes changed from 100 to 1500 kPa over the years.  

The greatest variation of soil suctions occurred in the month of April from 

location to location in the subgrade. The soil suctions became less variable in June 

while larger variations again occurred from July to October.

The matric suction measurements obtained from the thermal conductivity 

sensors showed a general agreement with the values estimated using the soil-water 

characteristic curves, SWCC, measured in the laboratory. 
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CHAPTER 1 

INTRODUCTION AND FIELD STUDIES 

1.1 Background 

The strength of a soil depends on effective stresses as reflected in total stresses 

and negative pore-water pressures. The magnitude of the negative pore-water pressure 

is referred to as soil matric suction. Soil matric suction is an important factor in 

determining the shear strength of an unsaturated soil. Matric suction can be measured 

using thermal conductivity sensors. These sensors have proven to be a promising means 

of measuring field suctions. 

The roadways in the province of Saskatchewan, Canada experience harsh 

weather conditions with the daily low air temperatures falling below 0oC for about six 

months of a year followed by warm summer months of 22o C average daily high 

temperature. In the winter, the soil freezes and has a high bearing capacity. When 

thawing occurs in spring followed by precipitation in summer, the pore-water pressures 

increase and thus decrease the shear strength of the soil. A re-distribution of pore-water 

pressures occurs following spring and summer. 

During spring break-up, excess pore-water may be trapped within the soil from 

time to time because the frozen soil immediately under the thawed area does not allow 

the water to drain downwards. The excess water may not be able to drain laterally 

because the soil in the shoulders of the road is usually still frozen. The increase in pore-

water pressures in the soil reduces the matric suction and the bearing capacity of the 

highway subgrade. 
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The pavement structures of most secondary roads can be characterized as “Thin 

Membrane Surfaces”, (TMS). The subgrades of these low volume roads in 

Saskatchewan, Canada are usually composed of unsaturated soils. TMS roads consist of 

a layer of 3-10 cm cold mix asphalt concrete overlying a 1-2 m fill compacted from the 

native soils. The secondary roads were originally designed and constructed for low 

volume traffic. However, due to demographic shifts, the rail lines have been abandoned 

and these roads are now being used to haul various agricultural commodities. It is 

therefore necessary to study the seasonal changes in the strength of highway subgrades 

which depend on the distribution of the matric suction in the soil. 

In September 2000, Saskatchewan Highways and Transportation (SHT), 

Government of Saskatchewan, installed sixteen thermal conductivity sensors at each of 

two locations in Southern Saskatchewan; namely, Bethune and Torquay, to monitor in 

situ matric suctions under the roadways Marjerison (2001). These sensors recorded and 

retrieved both soil temperature and matric suction data. The data acquisition was 

performed on site and controlled from the SHT office in Saskatoon. Unfortunately, the 

monitoring work at Bethune was terminated as of 30 September 2002 due to flooding 

after two years in operation. However, the sensors at the Torquay site have all been 

working well and the data are still being collected. 

Other attempts had been made in the past to use thermal conductivity sensors for 

measurement of soil matric suction in highway subgrades. However, due to limitations 

in the equipment and technical difficulties, the matric suction measurements were 

terminated within a short time. Further details related to past attempts to measure soil 

suctions are described in the literature review found in Chapter 2. The long term suction 

measurement program at the Torquay site is unique and provides a valuable and a large 

volume of the field data set for researchers.  

Tan (2004) studied the temperature changes recorded from the thermal 

conductivity sensors at the Bethune and Torquay sites. The temperature variations can 

be combined with soil suction measurements to show the cyclic changes in soil strength 

under the highway subgrades. 
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This thesis presents and interprets the long-term soil suction measurements 

made using the thermal conductivity sensors between the years 2000 to 2005 at Bethune 

and Torquay, Saskatchewan. 

1.2 Objectives and scope of thesis 

Objectives 

The objectives of this thesis are: 

1. to analyze and present the measured suction data of highway subgrade 

over the past five years, 

2. to apply necessary corrections to the data and interpret the matric 

suctions with respect to the rainfall, 

3. to carry out field investigations and a laboratory testing program in order 

to better understand soil conditions at both the sites, thus aiding in the interpretation, 

and 

4. to discuss the role of the thermal conductivity sensor in the long term 

measurement of matric suction. 

Scope of thesis 

The collected soil suction measurements used in this study are the data from 

Bethune and Torquay. The laboratory test program was carried out at the geotechnical 

research laboratory of the University of Saskatchewan. 

This research project is not intended to compare or verify the data collected from 

other sites. 

Future Research 

Based on the results of this thesis, it is anticipated that the soil suctions below 

thin membrane highway pavements at Bethune and Torquay can be predicted using 

numerical modeling techniques and the results can be compared with the measured 

values. 
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1.3 Methodology 

The methodology used in this thesis is as follows. 

1. The field data including temperatures and voltage outputs were obtained, 

calculated and corrected to provide the best possible values for in situ matric 

suction. These soil suction data were then presented versus time, depth from the 

ground surface and distance from the highway centerline as well as plotted on 

contour maps. The trends of the matric suction changes were interpreted using 

rainfall and temperature data collected from Environment Canada; 

2. A field investigation including drilling, sampling and site description was 

carried out to characterize the encountered soil conditions at both the sites; 

3. A laboratory testing program composed of determining the soil-water 

characteristic curves and associated geotechnical properties was conducted to 

better understand the geotechnical conditions of the sites. The field investigation 

and laboratory testing programs supported the interpretation of the suction data; 

and 

4.  A study of the performance of the thermal conductivity suction sensors 

consisted of calibrating and evaluating several new thermal conductivity 

sensors. This part of the study allowed for a better understanding of the collected 

field data. 

1.4 Thesis layout 

The thesis consists of seven chapters. A brief description of each chapter is 

given below. 

Chapter 1: Introduction 

Chapter 1 introduces the main objectives of the thesis along with background 

information related to the thesis and information on previous field studies related to the 

two sites of interest to this research. 

Chapter 2: Literature Review 
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Chapter 2 reviews the relevant literature related to soil suction theory and typical 

soil suction profiles, thermal conductivity sensor background and the history of in situ 

installation of the thermal conductivity sensor and the measurement of soil suction. 

Measurement difficulties associated with the use of thermal conductivity sensors 

including the effects of changes in ambient temperature, hysteresis and freeze-thaw 

cycle are discussed in this chapter. 

Chapter 3: Research Program 

Chapter 3 provides the overview of the research program that was implemented 

to analyze, present and interpret the suction data from the field measurements. The 

procedural outlines for equation verification, matric suction analysis and the 

presentation of soil suction data are included in this chapter. The field investigation and 

the collection of the air temperatures and rainfall data are also presented in this chapter. 

Chapter 4: Verification of Equations for Suction Calculations and Suction 

Analysis 

Chapter 4 verifies the calibration equations as well as the equations for ambient 

temperature and hysteresis corrections. This chapter describes the assumptions and 

procedural analysis to convert the voltage outputs from the thermal conductivity sensors 

to matric suction values. 

Chapter 5: Presentation of Laboratory Test Results and In situ Suctions 

Calculated Using the Main Hysteresis Loop with No Temperature Correction 

Chapter 5 presents the in situ uncorrected soil suctions. The laboratory test 

results and weather data are also given in this chapter. 

Chapter 6: Presentation of in situ corrected soil suctions 

Chapter 6 presents the in situ soil suctions on vertical and horizontal grid-lines. 

The vertical grid-lines show the trend of matric suction changes with depth. The 

horizontal grid-lines present the mechanism of suction changes with distance from the 

highway centerlines. The monthly-average matric suctions in the highway subgrades are 

plotted on contour maps. To investigate the sensor response to a rainfall event, the 

matric suctions are presented in small time scales (i.e., daily data). The temperatures of 
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surrounding soil are shown along with the matric suctions to demonstrate the effects of 

the freeze-thaw cycle and the ambient temperature on the suction measurement using 

thermal conductivity sensors. 

Chapter 7: Interpretation and Discussion of Matric Suction Distribution 

Chapter 7 interprets the long-term data with time and with respect to micro-

climatic conditions and the limitations of the thermal conductivity sensors. 

Chapter 8: Conclusions and Recommendations for Future Research  

Chapter 8 summarizes and discusses the results obtained from the research. 

1.5 Field studies analyzed 

The following section provides background information on the two test sites and 

on the previous studies related to the sites. 

Site location 

The sensor installation sites were chosen because these locations had 

temperature thermisters previously installed in the subgrades of TMS. In addition, the 

two sites, among the four originally tentative sites (i.e., Bethune, Torquay, Bengough 

and Consul) in Southern Saskatchewan, met the criteria of maximum sunshine so that 

the sites would experience thawing at the earliest possible time. The SHT determined 

the matric suction sensors would be 5.0 m distant from the existing thermister 

installation at the sites. This would ensure sufficient distance to prevent any damage to 

the thermister installation, but would also be sufficiently close together to consider the 

site conditions to be essentially the same (Marjerison, 2001). 

The locations of the two sites are as follows: 

• Site 1: 3.5 km north of Bethune on highway No 354, and 

• Site 2: 8.6 km south of Torquay on highway No 350. 
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The map showing the site locations can be seen in Figure 1.1 and a picture of the 

TMS highway at Bethune is presented in Figure 1.2. 

 

Sensor Installation Sites 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 A map with field sites of Bethune and Torquay 
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Figure 1.2 The TMS highway at the site of north Bethune, Saskatchewan 

Schematic installation of the sensor  

Sixteen sensors were installed each test site. The sensors were placed beneath 

the pavement, shoulder and side-slope to monitor suction changes resulting from micro-

climatic changes within the subgrade. The installation layout of the sensors on a 

highway cross-section is shown in Figure 1.3. The sensors at the Torquay site are 

denoted by a prefix T (e.g. T1-1) and with a prefix B (e.g. B1-1) for the sensors at the 

Bethune site. 
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Figure 1.3 Installation layout of sensors on a highway cross-section (modified from 

Marjerison 2001) 

Equipment 

The main components of the field measurement system and the schematic 

connections are presented in Figure 1.4.  
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Figure 1.4 Schematic illustration of wiring connection of the system 
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The sensors were manufactured at the University of Saskatchewan and called the 

University of Saskatchewan thermal conductivity sensors. These sensors are connected 

to the multiplexer. The multiplexer of the system monitors and controls the various 

sensor readings. The multiplexer is positioned between the sensors and the constant 

current sink and amplifier. Relays are utilized to switch between desired sensor signals. 

In Figure 1.4, the constant current sink and amplifier are used to ensure 

precision of the heating voltage by maintaining a 200 mA current for the heater resistor.  

The constant current sink and amplifier compensates for varying lengths of extension 

wires. Temperature changes of the surrounding environment leading to changes in 

heating resistance are also minimized by the constant current sink and amplifier. The 

output signals from the sensors are amplified, isolated and filtered through the constant 

current sink and amplifier then stored in the datalogger. 

The datalogger, CR10X, can hold 60,000 data values for the in situ 

measurement. The datalogger supplies real-time information at designated intervals and 

reduces data saving storage space and minimizing the post processing work on the data. 

The datalogger is connected to the computer through either telephone line or cellular 

phone and a modem. The function of the cellular phone package is to send and receive 

signals while the modem transfers data files. The software for the CR10X is able to 

observe a poor electrical connection and retransmit incorrectly received blocks of data. 

A picture of the data logger is shown in Figure 1.5. 
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Figure 1.5 Data acquisition system in place (Marjerison 2001) 

A continuous power supply for long durations is important for the datalogger; 

therefore, a solar power was set up as an option of providing power. A picture of the 

solar panels is presented in Figure 1.6. 

 

Figure 1.6 Solar panels at the site of north Bethune, Saskatchewan 
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Field sensor installation 

The first step towards the sensor installation was to excavate a 2.4 m-depth 

trench using a backhoe. An electric drill was then used to make holes to house the 

sensors. The sensors were inserted into the holes using a special tool called Custom 

Built Insertion Tool (Figure 1.7). Once the drilling for the holes was completed, 

compressed air was used to remove any loose debris from the sensor hole. After the 

installation of the sensors was completed (Figure 1.8), a tamping dowel was used to 

backfill and compact soil around the lead wires. 

 

Figure 1.7 Custom sensor insertion tool (Marjerison 2001) 

 

Figure 1.8 Sensor installation on site (Marjerison 2001) 
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The functioning of the system was verified by connecting the installed sensor to 

the multiplexer and recording a sensor reading. The results were compared to the 

calibration curve to determine whether the system was functioning properly. The system 

was deemed satisfactory if readings matched with dry condition in the laboratory.  

The field sensor installation was connected to the data acquisition system, DAS. 

Soil matric suction readings and temperatures were continuously monitored and 

controlled at remote locations over a long time period.  

Analysis of field temperature data 

Tan (2004) obtained the field data from September 2000 until July 2002 to 

analyze the changes in temperature at both test sites. The temperature changes were 

presented with time and position on the highway cross-section. An uncoupled two-

dimensional heat transfer numerical simulation was conducted to compare with the field 

readings and to predict the temperature changes during freezing. As a result, a soil 

freezing profile was proposed that was useful to explain the interruption of suction 

readings from the sensors during winter months.  

Tan (2004) also concluded that there was a time lag for deeper sensors to reach 

peak temperatures. The same trends of temperature change for the sensors were 

observed in the same horizontal plane. The fluctuations of temperature happened with 

the same cycle, frequency and amplitude each year. However, the temperatures were 

more variable with time at shallower depths than at greater depths. In addition, the 

shallowest sensors provided more fluctuations in the readings of temperature than the 

deeper sensors. This assisted in understanding the mechanism of change in matric 

suctions. In light of these results, Tan (2004) suggested that the freezing profiles could 

possibly be used to improve the implementation of road bans limiting loads caused by 

vehicular traffic. 
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D = l / ρ * Cp (2.2) 

The formula for the heat flux is:  

f = λ * ΔT (2.3) 

Thermal conductivity should be noted as a property that presents a semi static 

condition when the temperature gradient is assumed to be constant. Once the 

temperature starts changing other parameters enter the equation. This partly explains 

why it is difficult to measure thermal conductivity. Ideally thermal conductivities 

should be measured under steady state conditions. This is not easy because it requires a 

carefully planned laboratory experiment and time to come to equilibrium. 

There are a number of techniques that can be used to measure thermal 

conductivity. The “steady-state” techniques perform a measurement when the material 

that is studied is in equilibrium, making the process of signal analysis easy (i.e., steady 

state implies constant signals). The disadvantage is that it takes a long time to reach the 

required equilibrium. The “non-steady-state” techniques perform a measurement during 

the process of heating up. The advantage is that measurements can be made more 

quickly. 

Typical values of thermal conductivities for materials and soils are tabulated in 

Tables 2.2 and 2.3. 
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Table 2.2 Orders of magnitude of the thermal conductivity (from Hukseflux 2005) 

        
  

Thermal 
conductivity 

at 20° C 
  W/mK 

Density 
at 20° C 

 
Kg/m3

Volumetric heat 
capacity at 20° C 

 
 106 J/m3

Thermal diffusivity 
at 20° C 

 
10-8 m2/s 

Air 0.025 1.29 0.001 1938 

Water 0.6 1000 4.180 14 

Ice 2.1 917 2.017 104 

Plastic 
insulation 
materials 

0.03 50 0.100 30 
 

 

 

Table 2.3 Thermal conductivity values for soils (from Hukseflux 2005) 

Saturated soil 0.6 to 4 W/mK 

Sand perfectly dry 0.15 to 0.25 W/mK 

Sand saturated 2 to 4 W/mK 

Clay dry to moist 0.15 to 1.8 W/mK 

Clay saturated 0.6 to 2.5 W/mK 

Theory of thermal conductivity sensor operation 

Thermal conductivity sensors indirectly measure the soil matric suction by 

measuring the thermal conductivity of a standard ceramic sensor. A thermal 

conductivity soil suction sensor consists of a cylindrical porous tip containing a 

miniature heater and a temperature-sensing element (Phene et al. 1971). Figure 2.5 

shows the structure of a thermal conductivity sensor developed at the University of 

Saskatchewan (Shuai et al. 1998). The porous tip is a specially designed and 

manufactured ceramic with an appropriate pore-size distribution corresponding to the 

range of soil suctions to be measured. The heater at the centre of the ceramic tip 

converts electrical energy to thermal energy. The temperature sensor (i.e., IC in Fig 2.5) 

measures the temperature rise with respect to time in terms of output voltage. Water can 

move in and out of the sensor ceramic (altering the degree of saturation of the sensor 
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History of in situ sensor installations 

van der Raadt et al. (1987) installed the AGWA-II sensors at highways 

subgrades in western Canada to determine the reliability of the sensor for the 

measurement of in situ matric suction. This research also presented the evaluation of 

several different methods of measuring subgrade suction. The research concluded that 

utilization of the thermal conductivity sensor was the most preferable means for 

measuring soil suction when compared to other forms of available soil suction 

measurement. The research also showed that the AGWA-II sensor produced 

interpretable results and could be compatible with a Data Acquisition System (DAS) for 

collecting data at remote locations.   

Khogali et al. (1991) installed twelve AGWA-II sensors in a primary highway in 

the province of Alberta, Canada.  These sensors were instrumented at depths between 

0.15 m and 1.15 m in the subgrade of Highway 16 west of Edmonton.  Attention had to 

be paid to prevent the fragile ceramic sensors from being damaged and to ensure good 

soil-to-sensor contact. The results confirmed the AGWA-II thermal conductivity 

sensors were promising and potential devices for field matric suction measurements. 

Fredlund et al. (1992) carried out in situ measurements of soil suction on a 

railway embankment in Manitoba, Canada using eighteen sensors.  The work was done 

in conjunction with some remedial design of damaged sections of the railway 

embankment.  The eighteen sensors were distributed over four different locations.  Two 

sensors had been broken before the measurement, one during calibration and the other 

during installation.  This required the improvements of the weak material used for the 

porous ceramic tips as well as great care during calibration and installation.  Matric 

suction readings were collected from September of 1989 to November of 1990.  Later, 

six sensors malfunctioned due to broken or cracked sensor tips or as the breakdown of 

electronics in the sensor tip due to penetration of water into the heat sensor device.  The 

data collected during the research indicated that the sensors performed satisfactorily in 

the field.  The matric suctions were interpretable with time. This study revealed that 

there were still further improvements necessary for the sensor tips and the sensor 
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electronics.  For example, it was determined that a stronger ceramic consisting of a wide 

range of pore sizes was required to eliminate some of the problems associated with the 

existing sensors. The integrated circuit needed to be improved for future applications. 

Loi et al. (1992) used sensors to measure suction on a full-scale track in an in-

door controlled environment operated by Saskatchewan Highways and Transportation, 

Regina, Canada. These tests were used to examine the performance of the thermal 

conductivity sensors under field conditions. The work consisted of the installation of 

several sensors at various locations and depths under a pavement structure. The test 

results indicated that the thermal conductivity sensors produced long-term stable and 

reliable matric suction readings as long as the sensors were not subjected to long-term 

positive pore-water pressures.  This was due mainly to the alteration of the sensor tip 

characteristics. Other observed problems resulted from poor backfilling of the sensor 

holes which provided an avenue for water flow along the sensor leads to the sensors.  

The vertical installation boreholes for the sensors exaggerated this problem.  

Desiccation cracking of the subgrade was attributed to the reason for the rapid inflow of 

water to the sensors.  The research conducted also found negative matric suction 

readings in certain cases during the testing and this resulted in further testing to 

determine the reasons for such readings.  During the research the sensor tips also 

exhibited deterioration leading to the need for the development of a more durable 

ceramic for the sensor tip. 

Szafron and Fredlund (1992) utilized thermal conductivity sensors and a DAS to 

monitor matric suction in the subgrade of a gravel road in Saskatoon, Canada.  Twenty 

four thermal conductivity sensors made by Agwatronics Inc. were calibrated in 1990. 

Fourteen sensors broke during calibration, handling and installation due to overheating 

of the ceramic tip during the manufacturing process. The remaining ten sensors were 

sacrificed due to their poor, unreliable quality. These sensors were installed at Site I and 

the integrity of the sensors and then the accuracy of readings recorded from Site I were 

later questioned. In May 1991, fourteen new sensors were installed at Site II, 

approximately 25 m west of Site I. Matric suction measurements from one of these 

sensors are shown in Figure 2.9. The research concluded that the matric suction below 
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the shoulder and side-slope of the road was lower than that beneath the traveled portion. 

The reason given to explain the results was that the shoulder and side slope are exposed 

to not only rainfall but runoff from the road surface. This runoff was a result of the 

compaction of the travelled portion of the roadway which made it less permeable. This 

is also an explanation for failures occurring on shoulders and edges of covered and 

uncovered roads. The research also pointed out that the suction profile is not constant 

and is a function of local climatic conditions. Some sensors showed erratic readings. 

Equipment problems such as poor contact in the relays of the data acquisition system 

and poor soil-sensor contact could explain irregular behaviors. The suction 

measurements carried out by Szafron (1991) were terminated after six months of 

operation due to damage of the data acquisition system. 

 

 Figure 2.9 Field suction data from one sensor (Szafron 1991) 
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2.3 Measurement difficulties associated with thermal conductivity sensor 

The main factors associated with the accuracy of thermal conductivity sensor 

measurements described in the literature are due to hysteresis, changes in ambient 

temperature and freeze-thaw cycles. 

Hysteresis in the ceramic 

The relationship between the water content of the ceramic and matric suction is 

hysteretic. For example, the water content at a given soil suction for the wetting path is 

smaller than that for the drying path. This phenomenon can be represented through the 

relationship between independent and dependent variables as shown in Figure 2.10. If a 

process is implemented from A to B, a certain set of independent values along ADB 

(Figure 2.10) is established. Conversely, if the process is vice versa, (i.e., from B to A), 

a set of values along BCA is recorded. The changes along the path from B to A (i.e., 

BCA) are different from the path from A to B (i.e., ADB). The term “hysteresis” 

describes all phenomena of this type. When a porous medium imbibes or drains 

immiscible fluids driven by capillary pressures the flow can exhibit hysteresis 

depending on the direction of flow prior to the point at which a measurement is made. 

This flow hysteresis caused by capillary pressures is referred to as the capillary 

hysteresis 

 

 Figure 2.10 A hysteresis process and scanning curves (Feng 1999) 
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Factors that cause hysteresis in soils include the following (Klausner, 1991):  

1. Irregularities in the cross-sections of the void passages or the “ink-

bottle” effect. 

2. The effect of the contact angle which is greater in an advancing meniscus 

then in a receding meniscus. 

3. Entrapped air or a vacuum condition in advancing or receding menisci 

and the corresponding soil suction. 

4. Thixotropic regain or aging due to wetting and drying history of the soil. 

The process of hysteresis can be simplified as shown in Figure 2.11. Two 

identical capillary tubes with irregular cross sections have different diameters (i.e., 

D1<D2). Each tube diameter corresponds to a certain suction value describing the state 

of the tube (i.e., dry or saturated), (i.e., ψ = Ts/D, where: Ts is surface tension of water). 

Suppose ψ1 and ψ2 are two suction values for two tube diameters, D1 and D2, 

respectively (ψ2 < ψ1 because D1 < D2). The height of the water column represents the 

magnitude of the soil suction value (i.e., h = ψ/(ρwg), where: ρw is density of water, g is 

gravitational acceleration). If two tubes are initially saturated, the tubes will be 

spontaneously drained when the suction exceeds ψ1. Conversely, if two tubes are dry, 

the tubes will be saturated spontaneously when the suction decreases below ψ2. The 

drying processes depend on the narrow radii of the connecting channel while the 

wetting processes depend on the maximum diameter of the large tube. The wetting and 

drying processes of a one-tube two-size system can be simply illustrated in Figure 2-12. 
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Figure 2.11 Schematic illustration of the “Ink-bottle” effect: (a) the drying process and 

(b) the wetting process (Hillel, 1980) 

 

 

 

 

 

Figure 2.12 Soil-water hysteresis curves for a one-pore size system (Pham, 2002) 

The capillary pressure function of a porous medium is defined as the 

relationship between the content of the wetting fluid and the capillary pressure in the 

porous medium. 

The definitions for different curves showing capillary hysteresis of the matrix in 

Figure 2.13 are as follows: 

1. initial drying curve (starting at saturated water content, θs),   

2. main drying curve (boundary drying curve, or primary drying curve), 
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3. main wetting curve (boundary wetting curve, or primary wetting curve), 

4. drying scanning curve (primary drying scanning curve), 

5. wetting scanning curve (primary wetting scanning curve), 

6. second order wetting scanning curve, and 

7. third order drying scanning curve. 
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Figure 2.13 Definitions of hysteretic Soil-Water Characteristic Curves (Pham, 2002) 

The two main hysteresis curves (i.e., main drying curve and main wetting curve) 

are referred to as the main hysteresis loop.  

The entrapment of air generally occurs during the first drying (i.e., the initial 

drying curve starts at saturation, θs) and the first wetting processes of the soil (Figure 2-

13). For most porous media there is no further entrapped air during the second drying 

and wetting processes. The initial drying curve is a relatively unique curve and is 

mainly applied for calibration of the ceramic sensor. 
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Effects of sensor ceramic hysteresis 

Feng (1999) investigated the properties of capillary hysteresis of the sensor 

ceramic and its effects on the measurement of matric suction. Feng (1999) carried out 

two groups of laboratory tests. One group measured the relationship between water 

content and matric suction of three ceramic specimens and the other measured the 

function between sensor output and matric suction for six U of S sensors. The basic 

properties of the ceramics used in Feng’s (1999) studies are tabulated in Table 2.5. 

Table 2.5 The properties of the three ceramics used for hysteresis studies (after Feng, 

1999) 

No. Dry density 

γd (g/cm3) 

Void ratio 

e 

Porosity 

n (%) 

Diameter 

(mm) 

Height 

(mm) 

1 

2 

3 

0.814 

0.836 

0.824 

1.56 

1.52 

1.53 

60.9 

60.3 

60.5 

28.5 

28.4 

28.4 

38.4 

38.3 

38.5 

Similar hysteresis curves were measured for three ceramic blocks and for the six 

suction sensors. Figure 2.14 shows the test results for Sensor-1. As can be seen in 

Figure 2.14, the main hysteresis loop is above the initial drying curve for the output 

voltage versus applied matric suction (i.e., V-ψ) relationship for the suction sensors. 

The results from the test program showed that even though the hysteresis loop is 

relatively thin in comparison with other coarse-grained materials such as silty sand; the 

capillary hysteresis effects are not negligible. Feng (1999) estimated the maximum 

possible relative error of suction measurement caused by the capillary hysteresis was 

from 24% to 50% (as defined by equation 2.4) for the thermal conductivity sensors. 

However, the hysteresis loop for the new ceramic tip is stable and reproducible. In the 

other words, the wetting and drying curves for a ceramic tip do not change with time. 
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Figure 2.14 Laboratory hysteresis curves for Thermal Conductivity Sensor #1 (Feng et 

al. 2002) 

The equation for calculating the maximum possible relative error caused by 

hysteresis is as follows (Feng 1999): 

 
w

wd

w

max
max ψ

ψ
ψ
δψε ψ−

==   (2.4) 
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where: εmax: maximum relative error; δψmax: maximum absolute error; ψw: 

suction measured based on the wetting curve; ψd: suction measured based on the 

wetting curve. 

As presented in Figure 2.15 possible relative errors tend to increase with 

decreasing suction when the suction is less than 100 kPa. 

 

Figure 2.15 Maximum possible relative error of suction measurement due to hysteresis 

(Feng et al. 2002) 

Four models for simulating the capillary hysteresis for ceramic materials were 

investigated in the research by Feng (1999). The models were: 

1. Néel-Everett Independent Domain Model, 

2. Mualem Independent Domain Model, 

3. Parlange Model, and 
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4. Nimmo Model. 

Studying the laboratory data from both the sensors and the ceramics, Feng 

(1999) showed most of the available models failed to predict hysteresis for the thermal 

conductivity sensor. Only could the Néel-Everett independent domain model produce 

close hysteresis curves for the ceramic. Although the Parlange model reasonably 

predicted the hysteresis effect of the ceramic, this model had been shown to be 

theoretically defective. In addition, the existing models required a large amount of 

measured data to make the predictions. The capillary hysteresis properties were found 

consistent from sensor to sensor and from ceramic to ceramic in the experimental data. 

Fitting equations for estimating the hysteresis properties of the sensor ceramic 

On the basis of the results obtained from the laboratory test program and for 

purposes of practical use, Feng (1999) recommended that curve fitting equations be 

used to fit the measured main drying curve and to predict the main wetting curve and 

the primary scanning curves. Generally, the calibration curves obtained in the laboratory 

test program show a non-linear relationship between voltage output and suction. Feng 

and Fredlund (1999) proposed the following non-linear fitting equation for the 

calibration curve as follows:    

( )  
Vc

aVb
⎟
⎠
⎞

⎜
⎝
⎛

Δ−
−Δ

=
d

ψ  (2.5) 

where: 

ΔV = change in voltage before and after heating of sensor 

Ψ = matric suction  

a = parameter designating the output voltage under saturated conditions, 

c = parameter designating the output voltage under dry conditions, 

d = parameter designating the slope of the calibration curve, and 
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b = parameter related to the inflection point on the calibration curve.   

A typical calibration curve listing the corresponding parameter values is shown 

in Figure 2.16.  From equation 2.5 the soil suction can be calculated from the output 

voltage of the sensor. Using equation 2.5, the calibration process is simplified and the 

time required for sensor calibration can be greatly reduced. 

 

Figure 2.16 Typical calibration curve for a U of S thermal conductivity sensor 

(Fredlund et al. 2000) 

The equations used to fit the scanning curves are as follows (Feng and Fredlund 

2002): 

From drying to wetting: ( )dw
1

w1w VVV),(V −⎟⎟
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where: 
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Vd(w)(ψ,ψ1) = output voltage at suction ψ on the drying (wetting) scanning curve 

that starts at a suction value ψ1;  

ψ1 = suction at which the scanning curve starts 

Vw = output voltages at suction ψ on the main wetting curve 

Vd = output voltages at suction ψ on the main drying curve 

1.8 = an empirical parameter that controls the degree of curvature of the 

scanning curves and is the only unknown parameter in the equations. 

Temperature correction for the thermal conductivity sensor  

The influence of ambient temperature was proposed by Shuai et al. (2002) as 

follows: 

 

  ( ) ( )
6065.0

5743.0T0014.0T,tTT,tT 1
10

+
= ΔΔ  (2.8) 

where  

( ),TtTΔ

( ),TtTΔ

0  : the rise in sensor core temperature that was measured at the ambient 

temperature (T0) during calibration at time t, and  

1 : the field measured sensor core temperature rise (T1) at an ambient 

temperature at time t.  

The testing results by Shuai et al. (2002) show reasonable temperature 

corrections when using equation 2.8 (Figure 2.17). This test program included three 

sensors placed in a thermally-controlled box. The controlled temperatures in the box 

were gradually decreased from 20o C to 4o C and then increased again in steps while the 

applied suction was kept constant. Three tests were implemented with three applied 

suctions of 10, 50 and 200 kPa. 
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Figure 2.17 Test results for temperature corrections using Equation 2.8 (Shuai et al., 

2002) 
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Nichol et al. (2003) suggested that the thermal conductivity of a sensor λsensor is 

a function of both temperature and matric suction from theoretical standpoint, 

   )()(),( _ TFT wsensordrysensor λψλψλ +=  (2.9) 

 

where: 

F(ψ)  = the fractional contribution to the total thermal conductivity from the 

     water phase, 

λw(T)  = thermal conductivity of water: -8 x 10-6(T1)2 + 0.002(T1) + 0.5607 and 

λdry_sensor = thermal conductivity of the dry sensor, 0.15Wm-1K-1 (Shuai et al. 

2002). 

The correction factors using equation 2.9 can be interpolated from the diagram 

on Figure 2.18 
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Figure 2.18 Correction factor for ambient soil temperature (Nichol et al., 2003) 

Tan et al (2002) concluded that the method proposed by Shuai et al. (2002) has a 

maximum difference of 26 % when compared to the results from the method by Nichol 

et al. (2003). This issue needs to be addressed through future research. 
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Sensor measurements in a freezing environment 

When temperatures fall to 0o C, part of the soil-water freezes producing ice in 

the soil. Water usually moves from the unfrozen zone to the frozen zone through a thin 

partially frozen fringe and as a result the frozen zone penetrates to a greater depth. The 

suction acts as a force tending to move water upwards. 

Williams (1982) described the change of suction in a frozen soil by the 

following relation: 

  f
wf

w dT
vT

)u(d −=−
L   (2.10) 

where: 

L = latent heat of fusion, which is the heat liberated when water turns to ice or 

the heat absorbed when ice turns to water (i.e., 333kJ/kg) 

Tf = normal freezing temperature in Kelvin (i.e., 273.15oK) 

dTf = freezing point depression either in degrees Celsius or Kelvin  

uw = pore-water pressure 

vw = specific volume of water [i.e., 1/ρw where  ρw is the water density (1,000 

kg/m3)] 

As expressed in the equation 2.10, soil suction in a freezing environment 

increases proportionally with the freezing temperature decrease dTf. 

Water in a porous medium does not all freeze at a single temperature and the 

freezing characteristics of the pore-water vary depending on several factors. In general, 

the smaller the particles, the greater the amount of unfrozen water present at any 

temperature below freezing. For some clayey soils, at 0o C, the unfrozen gravimetric 

water content is around 1 to 2 %. When the temperature is less than -2o C, most soils 

have a negligible amount of unfrozen water (Anderson and Morgenstern 1973). 

43 



However, as freezing proceeds, the remaining water becomes more and more difficult to 

turn to ice. The thermal conductivity of ice is some 3 to 4 times higher than that of 

purified water. During freezing it is expected that the thermal conductivity of the 

suction sensor increases. 

The higher rise of temperature showing a lower thermal conductivity in the soil 

corresponds to a lower water content. Therefore, a high temperature difference reading 

from the sensor indicates a high suction of soil, and vice versa. For a partially frozen 

soil or frozen soil, the temperature increase is expected to be low, leading to higher 

interpolated suctions from the standard calibration, as compared to that of unfrozen soil. 

The difference is because of the presence of ice with high thermal conductivity. 

Lee (1983) used MCS 6000 thermal conductivity sensors to measure suction of 

an in situ glacial till. The results indicated that suction variations followed consistently 

the variations of temperature and when the temperature decreased below 0o C the 

sensors were not able to record data. van der Raadt et al. (1988) installed AGWA-II 

thermal conductivity sensors under railway subgrade. The data, from the AGWA-II 

sensors, showed an increase in suction when the temperatures went down below 0o C. 

This was believed to be due to a significant amount of unfrozen water. Some suction 

values were registered during freezing.  

Fredlund et al. (1991) carried out a laboratory test program to evaluate the 

suitability of the thermal conductivity sensor for suction measurements in a freezing 

environment. A temperature of -22o C was applied at the top of the soil column that was 

insulated along the sides of the column as shown in Figure 2.19. Three sensors were 

inserted in the soil column at different depths. Thermocouples were installed next to 

those sensors to measure temperature. All the sensors seemed to give similar responses. 

When the temperature fell to the freezing point, the suction dropped sharply. As the 

freezing proceeded, the suction rose again to almost the same values as before freezing. 

When temperature increased from below freezing to the freezing point, the same 

behavior was also observed and a big drop of suction was recorded. After thawing, three 
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sensors showed the suction values ranging from 0 to 40 kPa as can be seen in Figure 

2.20. 

 

Figure 2.19 Set up for thermal conductivity sensor in a freezing test (Fredlund et al. 

1991) 

 

Figure 2.20 Test results from the bottom sensor in a freezing environment (Fredlund et 

al. 1991) 
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Fredlund et al. (1991) explained the latent heat of fusion was released at 

constant temperature during freezing. The water in the porous block does not all freeze 

simultaneously, rather it freezes gradually. Hence, the temperature rise by the heat pulse 

in a freezing environment is smaller than that in an unfrozen environment. This is 

attributed to the tendency of water to maintain the constant temperature during phase 

change. The reduction in the temperature difference by the heat pulse could lead to the 

interpretation of the drop in suction during phase change according to the calibration 

curve. As the temperature continued to be lowered, the majority of water in the ceramic 

block became frozen and the temperature rise was dependent upon the proportions of 

ice, unfrozen water and air bubbles. The rise of suction in a frozen state was believed to 

be the result of a high volume of air bubbles in the sensor (Fredlund et al. 2001). The 

latent heat of fusion is absorbed at a constant temperature during thawing. The tendency 

to maintain the constant temperature during phase change would again lower the 

temperature rise generated by a heat pulse. As a result, the suctions interpreted from the 

standard calibration reduced sharply when temperatures rose from minus values to 0o C. 

Shuai et al. (2002) also conducted tests to investigate the effect of the freeze-

thaw actions on the function of the U of S sensor. A pressure cell with three thermal 

conductivity sensors embedded inside was insulated in a temperature controlled 

chamber. The suction was kept constant while the temperature inside the chamber was 

lowered from 20o C to below 0o C. When the sensor became entirely frozen the 

temperature was increased again to above 20o C. The above procedure was repeated 

twice. The voltage output from the sensor and temperature measurements with respect 

to time are shown in Figure 2.21. All three sensors responded in a similar manner and 

showed the same trend as observed by Fredlund et al. (1991). As the temperature 

decreased from positive to negative values, the voltage differences dropped dramatically 

to approximately zero. As freezing proceeded, the voltage differences remained from 

zero to the original reading before freezing. A distinct drop of suction was observed 

during phase change including thawing and freezing. This could be attributed to the 

effect of latent heat of fusion on the thermal conductivity measurements. On the other 

hand, when freezing proceeds, the ratio of different phases in the sensor changes leading 

to high thermal conductivity of the sensor due to higher proportion of ice. Therefore, the 
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readings of thermal conductivity sensor are difficult to interpret and convert to suction 

in a freezing environment. Moreover, it might be anticipated that the ceramic block 

could possibly be fractured in a freezing state if there is high water content in the 

sensor. 
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Figure 2.21 Effect of freeze-thaw cycles on sensor readings (Shuai et al., 2002) 
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