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Design and Data Acquisition for Thermal 
Conductivity Matric Suction Sensors 

J. K.-M. GAN, D. G. FREDLUND, A. XING, AND W.-X. LI 

The principles behind using the thermal conductivity sensor for an 
indirect measurement of matric suction are described. The factors con
trolling the thermal conductivity of the sensor are discussed. The re
quirements of the sensor for the measurement of matric suction in 
soils are examined from a theoretical standpoint by using the capillary 
model and a heat flow model. The current methods for the calibration 
of the sensors and the evaluation of the sensors' outputs are described. 
Alternative methods for the calibration of the sensors and the evalu
ation of the sensors' outputs are suggested in an attempt to determine 
a better way to evaluate the data. The data acquisition and the related 
electronics necessary for field monitoring of the matric suction sensors 
are discussed. 

The role of matric suction in the behavior of unsaturated soil is 
now well understood (1). As a result, the need for reliable matric 
suction measurements is becoming increasingly important. To date 
there are no simple, accurate, and reliable methods of measuring 
matric suctions above 1 atm. In many of the applications in en
gineering, matric suctions above 1 atm are common. The filter 
paper method and the psychrometer method have been used in 
the past. Both are indirect methods that measure total suctions 
rather than matric suction. It is matric suction, however, that is 
most important in quantifying the mechanical behavior of the 
soils. 

The concept of using the thermal conductivity of a standard 
ceramic as an indirect measurement of matric suction is attractive. 
The physics involved is readily comprehended; however, the per
formance of the sensor has thus far oeen disappointing. Various 
difficulties and shortcomings have become apparent as a result of 
increased usage in the field (2,3). The development of the thermal 
conductivity sensors for the measurement of matric suction has 
been presented elsewhere (4). 

Details of the ceramic design are important when using thermal 
conductivity matric suction sensors. Strength, durability, and rea
sonable accuracy over a wide range of suctions are the basic re
quirements of the sensors. Presently available ceramics with high 
strengths have uniform pore size distributions. Theoretical design 
considerations based on the capillary model show that there is 
need for a continuously varying pore size distribution to measure 
matric suctions over a wide range. The challenge is to fabricate a 
high-strength ceramic with continuously varying pore sizes. The 
requirements of the thermal conductivity matric suction sensor are 
also examined from a heat flow perspective to investigate such 
issues as the optimum size of the ceramic tip, the duration of 
heating, and the rate of heating. 
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The· attractiveness of the thermal conductivity matric suction 
sensors lies primarily in their field application. Data application 
possibilities provide for the continuous and remote monitoring of 
matric suction. Applications can be made in remote areas ~ith a 
battery power supply. Data acquisition systems with automatic 
control and large storage memories are possible. The electronics 
associated with the sensors and the data acquisition system are 
important aspects in the proper usage of the thermal conductivity 
matric suction sensors for suction measurements. 

PRINCIPLE OF OPERATION 

The components of the thermal conductivity matric suction sen
sors are shown in Figure 1. The key component of the sensor is 
the ceramic. The ceramic has unique water retention characteris
tics that are a function of its pore size distribution. When the 
ceramic is placed in contact with soil, water will move between 
the soil and the ceramic until the matric suction in the ceramic 
equalizes with the matric suction in the soil. The matric suction 
in the soil will determine the water content of the ceramic at 
equilibrium, in accordance with the unique water retention char
acteristics of the ceramic. 

The variables controlling the changes in the thermal conductiv
ity of the sensor are its air and water contents. Air is a poor 
conductor of heat. Under atmospheric conditions and a tempera
ture of 20°C, air has a thermal conductivity of 0.026 W/m K. 
Water, on the other hand, has a thermal conductivity of 0.6 W/m 
K, about 23 times greater than the thermal conductivity of air (5). 
Thus, the changes in the thermal conductivity of the sensor are a 
function of the changes in the water content of the ceramic. 
Through a calibration process, the matric suction of the ceramic 
can be correlated with the thermal conductivity of the ceramic. 
The thermal conductivity of the ceramic is reflected in the tem
perature rise of the ceramic when a precise heat pulse is applied. 

The current practice when using thermal conductivity matric 
suction sensors consists of the following process. An initial ref
erence temperature is taken. This is followed immediately by ap
plying a precise heat pulse for 60 sec. The heat pulse is generated 
by applying a constant voltage of 10 V to the heating element 
inside the sensor. At the end of the 60-sec heating period the 
power supply is removed and a second temperature reading is 
taken. · 

The temperature rise at the end of the heating period is the net 
result of the heat supplied and the heat that is dissipated during 
the 60-sec heating period. The heat supplied is a constant quantity. 
It is controlled by the electrical power that is supplied and by the 
duration over which the electrical power is supplied. The heat 



Gan et al. 

1~~~-Plastic 

Temperature,-~~• 

sensor 

jacket 

11-t~:i'.i:i!it-Heater 

resistor 

Epoxy 

FIGURE 1 Components of a thermal 
conductivity matric suction sensor. 

dissipated is dependent on the thermal conductivity of the ce
ramic. The thermal conductivity of the ceramic is a function of 
its water content. The water content of the ceramic is controlled 
by the matric suction of the soil in which the sensor is buried. 
Consequently, a relationship between the temperature rise in the 
sensor and the matric suction of the soil can be established. 
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DESIGN CONSIDERATIONS OF THE CERAMiC 

It is desirable that the ceramic of the thermal conductivity matric 
suction sensor be of high porosity to obtain large changes in the 
water content of the ceramic with varying matric suctions. The 
accuracy of the measurements increases with an increase in the 
porosity of the ceramic. Previous commercially available sensors 
had a porosity of about 70 percent. The calibrations obtained for 
some of these sensors are shown in Figure 2. The calibrations 
shown in Figure 2 show that the relationships between the rise in 
temperature due to the 60-sec heat pulse and the matric suction 
of the soil are nonlinear. 

The maximum change in temperature over a matric suction 
range of 300 kPa was about 2°C to 2.5°C for some recent, com
mercially available sensors with 320-fl heating elements operating 
with a 60-sec heat pulse supplied by a 10-V power source. Older 
model sensors have 1000-fl heating elements. Tests have been 
conducted to investigate the maximum change in temperature ob
tainable by using different electrical power inputs. These tests 
were performed on sensors subjected to two extreme conditions: 
at saturation (i.e., matric suction equal to zero) and in the com
pletely dry condition (i.e., corresponding to maximum suction in 
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FIGURE 2 Calibration curves of some thermal conductivity matric 
suction sensors plotted as a function of matric suction versus change in 
temperature. 
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excess of 500 kPa). The results are presented in Figure 3. The 
results show that for an electrical power input of 10 V, the max
imum difference in temperature between the two extreme condi
tions is about 2. 75°C. This maximum difference in temperature is 
increased to 3.75°C if the electrical power input is increased to 
12 v. 

It is desirable that the ceramic have a continuously varying pore 
size distribution to cover a wide range of matric suctions. The 
maximum pore size that can be sustained without draining the 
ceramic at a specified matric suction is defined as follows. 

Ts 
Ua - Uw = 2 - COS O'. 

r 

where 

u0 = pore air pressure, 
uw = pore water pressure, 
Ts= surface tension of water (i.e., 72.75 X 10-3 Nim), 
r =radius of pore (m), and 

(1) 

ex= contact angle between the water and the pore material (usu
ally assumed to be equal to zero). 

The theoretical relationship between pore radius and the matric 
suction obtained from Equation 1, over the range of 0.1 to 10 000 
kPa is shown in Figure 4. The corresponding pore radii vary from 
1 mm down to 1 X 10-s mm (i.e., both variables extend over a 
range of five orders of magnitude). The range of matric suctions 
of most common interest to geotechnical engineers is from 0 to 
1000 kPa. The corresponding variation of pore size distribution 
would range from 1 mm down to 1 X 10-4 mm, a span of over 
four orders of magnitude. 
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The conditions of a high-porosity and a continuously varying 
pore size distribution are required to ensure accuracy and range. 
These aspects make it difficult to obtain a high-strength ceramic. 
A high-strength ceramic is typically· of low porosity with uniform 
pore sizes. To avoid compromising on the strength of the ceramic, 
it is necessary to design a sensor for a specific matric suction 
range. For example, a sensor designed for a matric suction range 
of 100 to 400 kPa would have pore radii varying from 1.455 X 

10-3 to 3.638 X 10-4 mm according to Equation 1. 
It is desirable to have a linear relationship between matric suc

tion and thermal conductivity to ensure accuracy in the measure
ment of suction. A linear relationship between matric suction and 
thermal conductivity is possible if the sensor has a continuously 
varying pore size distribution in which the volumes corresponding 
to every pore size are equal. Materials meeting this requirement 
will have a linear water retention characteristic relationship similar 
to Relationships A, B, and C shown in' Figure 5. A typical water 
retention characteristic relationship for the ceramic from an 
AGWA-II sensor (6) is also shown in Figure 5 for comparison. 
The calibrations obtained so far have also shown that the matric 
suction versus temperature change relationship for the AGWA-II 
sensors is nonlinear (Figure 2). 

THEORY OF HEAT FLOW 

The thermal conductivity matric suction sensor should be as small 
as possible to expedite the moisture equilibration process between 
the sensor and the soil. However, the ceramic portion of the sensor 
must be sufficiently large to fully contain the applied heat pulse. 
Otherwise, the sensor reading will be influenced by the thermal 
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FIGURE 3 Seebeck voltage measured with time for a sensor in a saturated state and in a dry state heated 
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FIGURE 4 Relationship between pore radius and 
matric suction. 

properties of both the soil and the sensor. If this is the case, the 
calibration obtained for the sensor will not be unique but will vary 
with the medium in which the sensor is buried. Calibration tests 
have been conducted using a commercially available -sensor that 
has a diameter of 23 mm. The sensor was first calibrated with the 
sensor buried in a kaolin paste. The same sensor was then cali
brated with the sensor surrounded by air while only the end of 
the sensor was in contact with the high air entry disk via a thin 
layer of kaolin. The results from these calibrations are presented 
in Figure 6. The results indicate that the size of the sensor does 
not appear to be adequate. The calibrations obtained with the sen
sor surrounded by air consistently recorded a higher temperature 

(i 
CL 
~ 
c 
0 ·u 
~ 

"' (.) 
·c: a; 
::? 

800 

700 

500 

400 

300 

200 

100 

0 1 0 20 30 40 50 60 70 

Volumetric water content,(%) 

0.1819 

0.2079 

0.2425 

0.2910 

0.3638 

0.4850 

0.7275 

1.4550 
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FIGURE 6 Calibration curves of a sensor when fully 
embedded in kaolin and when surrounded by air. 
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300 

rise than those obtained when the same sensor was buried in a 
kaolin paste. 

An infinite sphere (Figure 7) with a radius r (0 < r < oo) can 
be used as a model to determine the optimal size of the sensor 
for a fixed heating rate and a fixed heating period. The heater has 
a radius r equal to a. The heater is assumed to be made of copper. 
The porous ceramic is assumed to be saturated with water. The 
thermal conductivity of the porous ceramic is at a maximum when 
the porous ceramic is saturated. This is the most critical case in 
the consideration of the optimal radius required to completely con
tain the applied heat pulse. 

The variable v( t, r) denotes the temperature ~n the sphere at 
time t and radius r. An initial temperature of zero is assumed for 
the theoretical study. That is, v(O, r) is equal to 0 for 0 < r < oo. 
When heat is generated at the center of the sphere for a period of 
time tP, there will be a temperature rise in the area near the center 
of the sphere [i.e., v(tP, r) > 0 for small values of r] and the 
temperature, v(tP, r), eventually becomes 0 as r increases. Since 
radial heat flow is being considered, there exists a radius R beyond 
which the temperature rise is less than a given error tolerance. 
The radius R beyond which the temperature rise is less than the 

FIGURE 7 Spherical model used for the 
heat flow analysis. 
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given error tolerance can be called the optimal radius. Any point 
with r > R is then considered not to be affected by the heat pulse. 

The radial heat conduction equation in an infinite medium, 
when expressed in spherical coordinates, is (7) 

(2) 

where v = v(t, r) is the temperature in degrees celsius and k is the 
thermal diffusivity (cm2/sec) of the saturated porous medium. 
Since the thermal conductivity of copper is much higher than that 
of the ceramic medium, it is assumed that the inner sphere (i.e., 
0 < r < a) acts like a perfect conductor. It is also assumed that 
there is no contact resistance between the heater and the ceramic 
(i.e., at r = a). Some of the heat generated within the inner sphere 
is dissipated. The undissipated heat will result in a temperature 
rise in the inner sphere. Let Q denote the heating rate (cal/sec) 
generated in the inner sphere. The boundary condition at r equal 
to a is given as follows: 

4 3 av ? av Q = - -rra· pc - - 4-rra-K-
3 at or (3) 

where 

K =thermal conductivity of the porous medium (cal/sec-cm
oq, 

p = density of copper (g/cm'), and 
c = specific heat of copper ( cal/g-0 C). 

The first term on the right side of Equation 3 accounts for the 
contribution to the heat balance owing to the heater, which is also 
the inner sphere in the model. The second term of Equation 3 
accounts for the heat that is dissipated in the porous medium. 

Solving Equation 2 using an explicit finite difference method 
gives 

V;+lj = V;,j + :~~ [vi,j+I - 2vi,j + V;,j-1 + a/fl:+ j (vi,j - V;.1-1)] 

i = 0, 1, 2, ... j = 1, 2, ... (4) 
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where At is the length of the time step and Ar is the length of the 
radius step. From the boundary condition, Equation 3, it follows 
that 

4 3 

drAtQ 3 'ITa· pcAr 4Tia2KAt 
V1+1,o = --A- + --X.-- V;,o + A V;+1,1 

(5) 

i = 0, 1, 2, ... 

where 

If the thermal conductivity K is not a function of temperature, the 
solution obtained is not affected by the initial boundary condition. 
If the thermal conductivity K is a function of the temperature, the 
solution will vary with the choice of the initial boundary condi
tion. As a result, a thermal conductivity suction sensor would not 
have a unique calibration relationship. Rather, there would be a 
calibration curve for each initial temperature. Fortunately, the ther
mal conductivities of ceramic and water are fairly constant within 
a wide range of temperatures. 

Using an initial boundary condition of v = 0 gives 

Vo,o = Vo,1 = Vo,2 = Vo.3 = · · · = 0 (6) 

Numerical results based on Equations 4 and 6 are shown in Fig
ures 8 and 9 for heating period tP equal to 60 sec. Figure 8 shows 
the temperature distribution (i.e., in the infinite sphere) at the end 
of the heating period for different heating rates. The heating rate 
currently used in thermal conductivity matric suction sensor mea
surement is approximately 0.024 cal/sec for a fixed heating du
ration of 60 sec. According to Figure 8, a minimum sensor radius 
of 15 mm would be required to fully contain the heat within the 
sensor. Figure 9 shows the effect of the surrounding soil on the 
temperature distribution within the ceramic, where K,. is the ther-
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FIGURE 8 Temperature distribution at the end of heating for various 
heating rates. 
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FIGURE 9 Influence of the thermal conductivity of the surrounding soil on 
the temperature distribution within the ceramic. 

mal conductivity of the surrounding soil. Figure 9 was obtained 
for a sensor of 10-mm radius subjected to a heating rate of 0.024 
cal/sec for 60 sec. 

CALIBRATION AND ACTUAL READING 

Calibration of the thermal conductivity matric suction sensors can 
be conducted by using a modified pressure plate apparatus. The 
modified pressure plate apparatus has special ports to accommo
date the sensor leads. The sensors are buried in the soil inside the 
modified pressure plate apparatus. The matric suction of the sen
sors is controlled by maintaining a constant matric suction in the 
soil by the axis translation technique. Details of the procedure 
have been described elsewhere (8). 

The current measuring procedure when using thermal conduc
tivity matric suction sensors has been to take two temperature 
readings: one prior to applying heat and one at exactly 1 min after 
the application of a precise heat pulse. The difference between 
these two temperature readings is the temperature rise due to the 
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heat pulse. The temperature rise due to the heat pulse is then 
calibrated against the matric suction. 

There are other possibilities for handling the data output from 
the thermal conductivity matric suction sensor. One possibility is 
to use a continuous recording of the characteristic Seebeck voltage 
outputs of the sensor over the entire heating and cooling cycle. 
The area enclosed by the characteristic Seebeck voltage output 
curve over an entire heating and cooling cycle (Figure 10) can be 
correlated against the matric suction of the soil. 

Another possibility may be to use the rate of change of voltage 
(or temperature) along some sections of both the heating and the 
cooling curves. The rate of change of voltage (or temperature) 
along the heating curve may prove to be more reliable. For in
stance, the rate of heat generated and dissipated early in the heat
ing cycle will not be affected by the soil surrounding the sensor. 
Later in the heating cycle, as the influence zone from the applied 
heat expands, the effect of the surrounding soil will become in
creasingly important, particularly if the sensor is not sufficiently 
large for the specified heating rate and the specified heating pe
riod. Further studies into the rate of heat generation and the rate 

3 

-

6 
~ - 2.125-- ------- s . 2 Q) 

O> 
I 

c ca 
..c. 
(.) 

.. ~ 
::> 

\.. 

\ 
\ 

"@ 
Q) 
a. 
E 
Q) 
I-

0 

60 80 100 

Time (seconds) 

FIGURE 10 Seebeck voltage output measur~d over an entire heating and cooling 
cycle. 
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of heat dissipation are needed to find the most satisfactory method 
for the indirect measurement of matric suction. 
, The Seebeck voltage outputs measured with time for a ceramic 

in a saturated state and in an air-dry state were presented earlier 
(Figure 3). It is possible to generate a series of curves between 
these two curves for any range of matric suction values (Figure 
11). That is, rather than using only the maximum change in tem
perature to correlate with matric suction, another possibility would 
be to numerically best-fit the Seebeck voltage response curves. It 
may be possible to obtain greater accuracy in the measurement of 
suction by this approach. 

FIELD MONITORING 

The thermal conductivity sensors constitute an attractive option 
for the field monitoring of matric suction because of their suit
ability to data acquisition systems. The data acquisition possibil
ities provide for almost continuous and remote monitoring. These 
are of value when attempting to obtain information related to en
vironmental changes. The pore water pressure conditions in the 
unsaturated zone are quite variable because of the influence of the 
microclimate and the variability of the soil properties. Multiple 
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sensors are usually required at each instrumentation site to prop
erly characterize the matric suction profile changes. 

A typical monitoring site is usually remote and usually has no 
power supply. The layout of one such typical monitoring scheme 
used in a railway embankment is shown in Figure 12. Typically, 
multiple sensors involving leads of various lengths are used. The 
electrical connections to link the sensors to the data acquisition 
system become complex. Having sensors with leads of various 
lengths is undesirable from a fabrication and calibration stand
point. Multiple sensors will require a multiplexing system to con
trol and monitor the sensor readings. 

Depending on the distance of the site from the control office, 
visits to the site to retrieve data may occur infrequently. The 
power source to the system must be able to last for long durations. 
Other means of providing power such as the use of solar power 
panels are options. The system should also be able to store large 
amounts of data between site visits. A modem may be required 
for communicating with the data logger. 

The data acquisition system must be able to take an initial tem
perature reading and then supply a constant heat pulse to the sen
sor for a specific duration (e.g., for 60 sec) and then take another 
temperature reading. The system niust be able to carry out this 
execution automatically and sequentially for all of the sensors. 

60 80 100 120 
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FIGURE 11 Idealized Seebeck voltage characteristic curves of a sensor at 
various matric suction values. 



FIGURE 12 Layout of thermal conductivity matric suction sensors installation in a railway embankment. 

The data acquisition system presently used in the field moni
toring of matric suction with thermal conductivity matric suction 
sensors is fairly complex. A simpler data acquisition system dedi
cated specifically to the thermal conductivity matric suction sen
sors would be desirable. 

CONCLUSION 

There is need for an indirect method of measuring matric suction. 
One such possibility is the use of thermal conductivity matric 
suction sensors. Fabrication of a durable ceramic for an accurate 
matric suction sensor is difficult. Theoretical considerations show 
that it is necessary to fabricate sensors for specific ranges of matric 
suction. The theory of heat flow in a porous medium shows that 
the calibration of a thermal conductivity sensor is unique since 
the thermal conductivity of the ceramic, water, and air are not a 
function of the temperature within the normal working range of 
temperatures. , 

The present method of measuring inatric suction by using the 
maximum temperature change does not necessarily result in the 
most accurate measurements possible. As a result consideration 
should be given to other possible procedures for analyzing the 
outputs from the thermal conductivity matric suction sensors. 

The data acquisition system presently used with the thermal 
conductivity matric suction sensors is complex. A simpler dedi
cated data acquisition system is needed. 
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