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Abstract: Thermal conductivity, one of the most important parameters in the numerical
assessment of soil heat transfer, temperature-induced soil moisture migration, and ground
freezing, needs the utmost accuracy in its measurement. Thermal conductivity measurement
utilizes either the steady-state method or the transient probe method. The transient probe
method, being relatively fast, simple, and inexpensive, has been used pervasively, whereas the
steady-state method has been mostly overlooked due to its complexity of measurement and
cost. However, inaccuracies from the transient probe method can occur due to the air-filled gaps
in the soil and the heat loss in the needle-soil interface. This research aims to utilize the one-
dimensional steady-state heat plate method for thermal conductivity measurements in sandy
soils and its comparison with the thermal conductivity probe (TR-1 probe from Meter Group)
to address the shortcomings of the latter method while establishing a highly accurate
temperature dependency of the thermal conductivity of sands. The research will evaluate the
thermal conductivity of silty sand (SM) and poorly graded standard sand (SP) samples at the
average temperature ranging from 10°C to 60°C. The results will enable the development of a
more accurate temperature-dependent thermal conductivity model of unsaturated soil samples.

Introduction

Thermal conductivity is a key parameter that determines how rapidly materials can transfer
heat. Materials with higher thermal conductivity are expected to transfer heat more efficiently
than those with lower conductivity. The evaluation of thermal conductivity plays an important
role in the modeling of heat and moisture transfer through a given soil, which is of the subject
of interest to the scientists working with energy balance in the soil, frost depth estimation, heat
flow from buried cables, and pipes, geothermal heat pumps, underground steam lines, and
energy piles [1], [2], [3], [4].

Heat transfer through porous materials takes place due to the combination of conductive heat
transfer through particles and continuous water films, as well as vapor diffusion in the air voids
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[1]. The contact area between the particles directly affects the thermal conductivity of the soil
[5]. The addition of small moisture rapidly increases the contact between particles, leading to
remarkably high thermal conductivity change at lower moisture content. However, further
changes in moisture content do not increase the contact area between the particles significantly,
leading to a smaller rate of change in thermal conductivity [1]. The increase in dry density will
increase the volume fraction of solids with higher thermal conductivity, replacing lower thermal
conductivity fluids, air, and water, and will increase the thermal conductivity of the solids. The
temperature increase increases the thermal conductivity of water and air and increases the
water vapor diffusion into the soil pores, increasing thermal conductivity with temperature [6],
[7]. The necessity of thermal conductivity models has been realized due to demanding and time-
consuming setups for the correct thermal conductivity measurement [8].

Precise thermal conductivity measurement has always been an issue for granular materials. The
transient probe method has been used prevalently for the measurement of soils’ thermal
conductivity due to its relatively swift, easy, and economical measurements [9]. The transient
probe method includes a thermal needle containing a heating wire or resistor supplied with
constant voltage for a certain time, and another thermocouple is used to measure the
temperature rise of soil at a specific distance from the heating wire, allowing the measurement
of the heat transfer through the porous materials which leads to the measurement of the
thermal conductivity of the materials [9], [10]. However, both the air-filled cracks generated
during the insertion of thermal conductivity probes in soils and the heat loss at the sensor-soil
interface underestimate the thermal conductivity of granular materials. The surface of the
thermal conductivity needles can be coated with thermal grease to reduce the heat loss along
the sensor-soil interface, but the lack of study on this topic makes it hard to evaluate the true
thermal conductivity of the soils [11].

The steady-state method, although more difficult and expensive than the transient probe
method, gives a more accurate and uniform measurement of the thermal conductivity of the soil
[2]. Alrtimi et al. [12], [13] developed a radial heating system with the heater at the center and
sink discs at the outside of the heating cell, and used Fourier’s law of heat transfer for thermal
conductivity calculation. The advancement in the accuracy of heat flux sensors has led to the
fabrication of a custom-made, one-dimensional heat cell capable of generating unidirectional
heat flux through soil columns. Based on the placement of the thermocouple and heat-flux
sensors, the accurate measurement of the temperature (°C) and heat flux (W/m”"2) can be
recorded, which has been implemented to calculate the thermal conductivity of three types of
granular materials and compared with results from commercially available transient probe
SEensors.



Methods and materials

Heating Cell

The custom-made heating cell implemented in this work consists of two concentric acrylic
cylinders with an inside diameter of 8.89 cm and 20.96 cm and a cell thickness of 0.6 cm. The
internal cylinder is used to measure the thermal properties of the materials, whereas the outer
cylinder helps in attaining a steady state by reducing the radial heat flow and edge effect. The
soil is compacted uniformly with gentle tamping on four layers of equal thickness and height to
facilitate uniform compaction and easier sensor installation at different heights of the soil
column. The heating cell is equipped with two heat exchangers with spiral channels and copper
plates on top and bottom. Constant temperature heating/cooling fluid is supplied by two
temperature-controlled water baths (SD07R-20-A11B and SD15R-30-A11B from PolyScience,
Niles, IL, USA) with the temperature stability of + 0.04°C for maintaining the constant
temperature gradient during the test. The heating cell accessories, including their cross-
section, are presented in Fig. 1 and Fig. 2.
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Figure 1: Cross section of heating cell with approximate sensor location.
Sensors

The heating cell for thermal conductivity measurement consists of two heat flux sensors, three
thermocouples, one moisture sensor; and one transient probe sensor, shown in Fig. 1. The heat
flux sensors (FHF05 SC 50mmx50mm from HuksefluxUSA Inc., NY, USA) are general-purpose
sensors with heaters for self-calibration for long-term heat flux measurement with a large
guard-to-thermopile area ratio for high precision of unidirectional heat flux measurement. The
heat flux sensors are placed horizontally, making sure that they have perfect contact with the
testing soil for more accurate results. Two T-type thermocouples (Omega Engineering Inc., CT,
USA) are placed 1.25 cm (0.5”) apart from each other for measuring the calculation of
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temperature gradient across the soil element, and the third is placed at the center of the soil
column to measure the average temperature of the soil element during testing. The moisture
content during the test of moist soil samples is measured by an EC-5 moisture sensor (Meter
Group, WA, USA) using soil-based custom calibration following the company instructions [14].
One transient probe sensor (TR-1 from Meter Group, WA, USA) with a 10 cm length and 2.4 mm
diameter, shown in Fig. 3, was used to measure the thermal conductivity of the soil column at
room temperature.

Figure 3: Sensors (right) and data collection setup (left).

Test Soils
In order to accomplish a thorough verification of the heating cell, three types of predominantly

sandy soils were selected for testing under dry and moist conditions, namely, coarse-grained
(ASTM 20-30) and fine-grained (ASTM 70-80) Ottawa sands, from Humboldt (Elgin, IL, USA),
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and Benbrook sand, from Benbrook, TX, USA. Both Ottawa sands were classified as poorly
graded sands (SP), and the Benbrook sand was classified as silty sand (SM) based on the unified
soil classification system (USCS), with silty sand containing 35% non-plastic fines (silt). ASTM
20-30 sand is graded between No. 20 and 30 sieve, while ASTM 70-80 sand between No. 70
and 80 sieve. The particle size analysis of the Benbrook sand (SM) is presented in Fig. 4. The
summary of soil gradation of Benbrook sand is provided below:

Table 1: Essential gradation properties of Benbrook sand.

Deo (mm) | D3o(mm) | Dio (mm) | Gs | F200 (%)

0.186 0.064 0.005 2.66 | 35
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Figure 4: Soil gradation of Benbrook sand [15]

Steady State Method for Thermal Conductivity Measurements

The heating cell, with its insulation and outer soil, limits the radial heat flow to the atmosphere,
attaining unidirectional heat flux through the soil column. The steady state was attained when
the temperature and heat flux changed by less than 0.1°C and 0.5 W/(m.°C) in an hour interval.
All soil samples reached a steady state within 8 hours when 3°C temperature difference was
applied across the top and bottom heat exchangers (Fig. 1 and Fig. 2). The heating direction was
reversed every time the temperature was increased to reduce the moisture migration during
the heating test toward the heat flow direction. The thermal conductivity of the soil column was
then readily calculated by using Fourier’s law for unidirectional heat transfer, given by:

q
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Where, k = Thermal Conductivity (W /m.°C); q = Average heat flux (W/m?); and % =
temperature gradient (°C/m).

Results and Discussion

Verification of Thermal Conductivity and Comparison with TR-1 Probe

In this work, as previously stated, a TR-1 probe sensor (from Meter Group) and the newly
implemented heating cell (Figs. 1-3) were used to measure the thermal conductivity of the
same soil column using the transient probe method and the steady-state method, respectively,
both at room temperature of 19.5°C. Fig. 5 shows a comparison of thermal conductivity values
obtained from both methods for the Ottawa and Benbrook sands. The findings suggest the
probable underestimation of thermal conductivity of sands when measured using the transient
probe method at higher moisture content. Although this finding is based on limited data points,
the trend agrees with the results published by Kim and Oh [11] and Takemura [16].
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Figure 5: Comparison of thermal conductivity of Benbrook sand (SM) at room temperature.

Thermal Conductivity of Near-dry Sand at Different Temperatures

The thermal conductivity of three near-dry sand samples was measured to quantify the effect
of temperature from 10°C to 60°C. Small moisture content, however, was present in the soil
from the adsorption of the atmospheric moisture. The slope of thermal conductivity rise with
temperature was observed to remain virtually constant for all tested sand samples, regardless
of fine content or particle size, with different intercepts due to the fine content of the soil, as
shown in Fig. 6. The temperature dependency of thermal conductivity showed a positive trend,
which is clearly indicative of a significant effect of a large void ratio (= 0.40) in soil, as
previously reported by Tarnawski et. al. [17]. At higher void ratios, the increase in thermal
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conductivity of air outweighs the reduction in thermal conductivity of the sand particles,
resulting in an overall increase in thermal conductivity. The corresponding linear regression
equations for all near-dry soil samples are provided in Table 2.

Table 2: Initial conditions and linear regression for near-dry sands.

Thermal Conductivity k, W/(m.°C)
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Figure 6: Change in thermal conductivity of near-dry soil samples with temperature.

Thermal Conductivity of Moist Sand at Different Temperatures

In addition to near-dry samples, as described above, samples of Benbrook sand (SM) were also
tested at three different moisture contents for quantification of temperature and moisture
dependency on thermal conductivity at the same temperature range of 10°C to 60°C. The
variation of thermal conductivity of moist SM samples at incremental temperature, for three
different values of volumetric water content (VWC), is presented in Fig. 7. It can be readily
concluded that the temperature dependency of the thermal conductivity of SM soil increased
with increasing volumetric moisture content, followed by a reduced dependency above the
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moisture content of 0.077 m3/m3. The increase of diffusive heat transfer with moisture content
and reduction beyond a certain moisture content was explained by Phillip and Vries (1957),
which was observed in our findings. Alternatively, the effect of moisture content on the thermal
conductivity at different temperatures is presented in Fig. 8.
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Figure 7: Temperature effect on thermal conductivity of moist silty sand (SM)
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Figure 8: Dependency of thermal conductivity of moist silty sand (SM) on moisture content at
different temperatures

Conclusions and Recommendations

The focus of this paper was to verify the use of a double-column heating cell for thermal
conductivity measurement using the steady-state method. The stability of temperature in the
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heating cell, the non-existent moisture migration during the heating cell under a small
temperature gradient, the contact of heat flux sensors with the granular materials, and the
absence of heat loss through the outer cell and insulation layer allow very accurate
measurement of thermal conductivity of the granular materials. The transient probe method
showed a significant underestimation of thermal conductivity among the two methods for the
same soil samples, which signifies heat loss along the soil-sensor interface.

Further study of temperature-dependent thermal conductivity of standard sands showed a
positive correlation with temperature increase in near-dry conditions with high porosity
(=0.40) for sands, suggesting the significant effect of air on the thermal conductivity of the soils.
The temperature dependency of the thermal conductivity of moist sand was found to be a
function of moisture content, with lower moisture content having a smaller dependency and
larger moisture content with a larger dependency on the thermal conductivity with the most
impact of temperature at 0.077 m3/m3 moisture content based on the limited data sets.
However, more tests are required to establish the correct moisture content for maximum
thermal conductivity dependency on the temperature for the silty sand. Furthermore, to extend
the findings and determine the moisture content for maximum thermal conductivity
dependency in broader soil types, the test should be extended to clay-rich and silty soils.
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