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ABSTRACT

Thermal conductivity of unsaturated soil depends on soil water content and soil type. A

transient water release and imbibition method (TRIM) is modified to include measurement

of the thermal conductivity function (TCF) in conjunction with concurrent measurement of

the soil water retention curve (SWRC) and hydraulic conductivity function (HCF). Two pairs

of dielectric and thermal needle sensors are embedded in the soil specimen to monitor

spatial and temporal variation of water content, thermal conductivity, and thermal diffusivity

during drying and wetting processes. Three different soils, including pure sand, silt, and

clayey sand are used to examine the effectiveness and validity of the new technique. The

thermal conductivity data from the modified TRIM technique accords well with other

independent measurements. The results show that the modified TRIM technique provides a

fast and accurate way of obtaining thermal properties of different types of soils under both

drying and wetting states. The typical testing time for a soil going through a full saturation

variation is less than 3 weeks. We observe that the hysteresis in thermal conductivity during

a wetting and drying cycle is much less pronounced than that of the hydraulic hysteresis.
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Introduction

Thermal properties of soils play significant roles in shallow sub-

surface energy distributions. They have a profound effect on

temperature distribution of soil and moisture flow within soil,

especially near the land/atmosphere interface (e.g., Lipiec et al.

2007; De Vries 1987; Noborio et al. 1996). Thus, quantitative

knowledge of thermal properties of soils is required in numer-

ous engineering applications, ranging from ground-source heat

pumps, to energy foundation systems, geological carbon dioxide

sequestration, and recovery of unconventional hydrocarbon

resources (e.g., Adam and Markiewicz 2009; Cortes et al. 2009;

Brandl 2006; Brettmann and Amis 2011; Olgun et al. 2012).

However, in the literature, thermal property data are often

scarce, and are particularly inadequate with respect to their de-

pendency on degree of saturation (i.e., from dry to saturated

conditions) and soil type (e.g., sand or silt). Particularly, thermal

behaviors of soil during a drying and wetting cycle have been

experimentally limited. This is, in part, due to the experimental

challenges associated with the continuous measurement and

control of laboratory specimens under varying saturation condi-

tions. Thermal behavior- saturation laboratory data have most

commonly been obtained through destructive sampling techni-

ques or independently determining each property. Therefore,

non-destructive thermal property measurement techniques that

allow for the accurate and continuous measurement of transient

conditions and provide continuous data on soil thermal proper-

ties as a function of saturation are greatly needed.

Some experimental techniques have been recently explored

to measure the thermal properties of soils under unsaturated

conditions. These techniques can be divided into two categories:

the steady-state (e.g., guarded hot-plate) and transient-state

(e.g., line- or plane-heat source). The steady-state technique

uses guarded hot-plates to fix the temperatures at the bounda-

ries (van Donk et al. 2001). However, this technique needs spe-

cial preparation of the soil sample, and takes a long time for a

single measurement. The transient technique uses single- or

multi-needle probes as line-heat source sensors (Bristow et al.

1994; Wu et al. 2014) or resistance temperature detectors as

plate-heat source sensors (Gustafsson 1991). This technique has

been proven to be a simple, fast, and effective way to measure

the thermal properties. As summarized in Likos et al. (2012),

the general sample preparation approaches for thermal property

measurement over a wide range of saturation include: (1) inter-

mittent measurement: taking the measurements of separate

samples at various water contents with constant porosity, and

(2) continuous measurement: taking the measurements of single

sample initially saturated with a target porosity and continuing

as it dries.

Recently, the transient water release and imbibition method

(TRIM) has been developed to determine the soil water reten-

tion curve (SWRC) and hydraulic conductivity function (HCF)

along both drying and wetting paths for different types of soils

(Wayllace and Lu 2012). The TRIM has been proven to be a

simple and fast technique to obtain wide ranges of water con-

tent for various types of soils (Lu et al. 2013; Likos et al. 2013).

In this study, thermal needle sensors applying the transient heat

pulse method are incorporated into the TRIM to facilitate si-

multaneous and continuous measurements of both hydro-

mechanical and thermal properties.

Experimental Program

APPARATUS

A modified TRIM experimental setup for thermal property

measurement is illustrated in Fig. 1(a). A customized aluminum

cell filled with a soil specimen and sensors is placed in the

TRIM chamber, where matric suction can be controlled by

applying air pressure through the top plate. The chamber is

sealed on the top and bottom using O-rings and metal lids. A

saturated high air-entry (HAE) ceramic disk (13 cm diameter

and 0.483 cm thickness) of 3 bars (�300 kPa) is placed on the

bottom plate; it allows the cell to maintain a constant air pres-

sure in the cell and drain or imbibe water through the small

water reservoir underneath it. The bottom part of the apparatus

has two outlets. The first outlet is connected to a water reservoir

and is used to maintain the system under fully saturated condi-

tions; the second outlet goes to a high-resolution digital balance

to monitor the real-time water flow. A customized thin-wall

aluminum cell that is 6-in. tall and has a 2.75-in. inside diame-

ter is used as a soil specimen container. Two soil moisture sen-

sors (EC-5, Decagon Devices, 0.001 resolution and 63 %

accuracy) and two thermal needle probes (SH-1, KD2 Pro, Dec-

agon Devices, 0.001 resolution and 610 % accuracy) are

inserted into the soil specimen through the wall at different

heights. As shown in Fig. 1(b), the two pairs of sensors are

located at heights of 1.85 and 5.95 cm from the bottom of the

cell and the moisture and thermal sensors are placed perpendic-

ular to each other. The top and bottom sensors are connected

through two adaptors on the top plate to data logging systems

(Em50 series loggers for EC-5 sensors, and KD2Pro KeyPad for

SH-1 sensors, Decagon Devices).

SENSORS

The SH-1 dual-needle sensor consists of a probe with a heating

wire inside one needle, and a thermistor sensing the tempera-

ture change inside the other. The principle of this heat pulse

measurement is briefly described as follows. Conductive heat

transfer in soil follows Fourier’s law:

qt ¼ �krT(1)

where:

qt¼ the heat flux (W/m2),

k¼ the thermal conductivity (W/(m�K)), and
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rT ¼ the temperature gradient (K/m).

The governing equation for transient heat conduction in

soil is:

r2T ¼ D
@T
@t
¼ k

C
@T
@t

(2)

where:

t¼ time,

D¼ the thermal diffusivity (m2/s), and

C¼ the volumetric heat capacity (J/(m3K)).

In a SH-1 dual-needle sensor, an electric current (�0.13
Amp) passes through the heating wire for a short period of

time (e.g., a 30 s excitation) to give a heat pulse with power

around 15–20W/m along one needle and heat the soil sur-

rounded; at the same time, the induced temperature change

(�1.0�C) at a small distance away from the heat source (6mm)

is detected by the thermistor in the other needle for both heat-

ing and cooling (after the heating is completed, a 30 s recover

period is followed). The KD2 Pro uses the full analytical solu-

tion to the heat conduction equation to determine the soil ther-

mal conductivity k, thermal diffusivity D, and volumetric heat

capacity C. These values are calculated based on the line-source

analytical solution of Eq 2 described in Carslaw and Jaeger

(1959) and Kluitenberg et al. (1993), and a nonlinear least

squares procedure outlined by Decagon Devices (Decagon

2008). The relation among the three properties can be

expressed by D¼ k/C shown in Eq 2. The EC-5 soil moisture

sensor uses an electromagnetic method to correlate the dielec-

tric permittivity with the volumetric water content of soil

(Blonquist et al. 2005). Both EC-5 sensors are calibrated by a

two-point a-mixing model in order to determine the volumetric

water content (Sakaki et al. 2008).

FIG. 1

(a) Experimental setup of the TRIM system, (b) modified

flow cell with soil moisture and thermal property

measurements.
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SOILS

Three types of soils (Accusand #40/50, Bonny silt, and Hopi

clayey sand) are tested in this study. Table 1 lists the specific

gravity Gs, mean particle size D50, dry bulk density cdry, and po-

rosity / of the soils tested. According to the Unified Soil Classi-

fication System (ASTM D2487), Accusand #40/50 is classified

as poorly graded sand (SP), Bonny silt is silt (CL–ML), and

clayey sand (SC) for Hopi clayey sand. Figure 2 presents the

particle-size distributions of these three soils obtained by the

sieve analysis (ASTM D1921).

SAMPLE PREPARATION

First, the specimen of a given weight is prepared and compacted

in layers in the aluminum cell to a target porosity /. The sample

height varies from 8.1 to 8.6 cm for different soil specimens.

The openings on the wall of the cell for sensor insertion are

blocked before the specimen is saturated to prevent soil loss.

Next, the cell is placed in a desiccator that is half-filled with

degassed water. A vacuum is then applied for a sufficient time

to suck the air out of the specimen and to saturate the specimen

until some ponded water is observed above the soil surface.

Finally, the cell is moved to the TRIM chamber and the sensors

are carefully inserted into the specimen with minimum disturb-

ance to avoid the volume change of the specimen and to ensure

good contact between the sensors and the soil.

TESTING PROCEDURE

Prior to testing, the entire system must be saturated, including

the HAE ceramic disk, the small water reservoir beneath the

HAE disk, the bubble trap, valves, and tubing. The experiment

starts with a two-step controlled matric suction drying process.

First, a small increment of air pressure (matric suction) slightly

above the air-entry pressure of the soil sample is identified and

applied; as the outflow rate of water becomes zero or less than a

small preset value. Then, a second large increment of air pres-

sure is applied to allow for the drainage of most of the pore

water out of the specimen. The small air pressure in the first

step can be identified by manually increasing the air pressure to

the degree when an outflow is onset, marking the state when

the specimen starts to desaturate. The digital balance records

the entire water outflow during the drying process with an accu-

racy of 0.01 g. For sandy material, this step dries the specimen

to its residual volumetric water content. For soils with consider-

able fines such as silt or clay, the water content at the end of the

drying process could be higher than the residual water content,

depending on the soil type. When the balance reading of water

outflow becomes nearly constant or an outflow rate less than a

small preset value (e.g., 0.1 g/d), the TRIM system is flushed to

collect the diffused air from the small reservoir and tubing in

the bubble trap, so that the system remains saturated. The vol-

ume of the diffused air is used to calculate the real outflow data

used for the inverse modeling afterward.

After the drying process is finished, the air pressure is

released and the TRIM chamber is vented to the atmosphere so

that the matric suction is reduced to zero value. Under the zero

matric suction conditions, the “dry” soil specimen starts to

imbibe water back into the soil due to the high soil suction or

low soil water potential in the specimen. The wetting process

stops when the inflow rate reaches a small preset value (e.g.,

0.1 g/d). The mass of water inflow is monitored and stored in a

similar way to the drying process. The detailed description of

the TRIM test can be found in Wayllace and Lu (2012) and in

Chapter 8 of Lu and Godt (2013). Soil moisture and thermal

property measurements occur in conjunction with the soil

drainage and imbibition.

The current TRIM technique cannot obtain data below the

residual water content for sand, or �30 % saturation for silt or

clay, due to the air-entry limit of the ceramic stone. To measure

thermal properties below these saturation values, the TRIM

chamber is opened to the air at the end of the drying-wetting

circle to dry the soil specimen by evaporation (to �5 % satura-

tion). At the end of evaporation, soil specimens are completely

TABLE 1 Physical properties and the USCS classification of Accusand #40/50, Bonny silt, and Hopi clayey sand.

Soil Type Gs D50 (mm) cdry (g/cm
3) / USCS Classification

Accusand 40/50 2.65 0.36 1.67 0.37 SP Poorly graded sand

Bonny silt 2.53 0.039 1.44 0.43 CL–ML Inorganic silt

Hopi clay 2.69 0.11 1.59 0.41 SC Clayey sand

FIG. 2 Particle size distributions of tested soils.
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dried in the oven, allowing all sensors to measure the soil mois-

ture and thermal properties in the entire range of soil satura-

tion. The soil moisture probe EC-5 records the data every

5min, while the thermal property sensor SH-1 takes a measure-

ment every 1 h, throughout the entire testing program (drying,

wetting, and evaporation).

INVERSE MODELING

After one test is finished, the recorded high-resolution transient

water flow data is used as the objective function for a numerical

model in HYDRUS 1D that solves Richards equation (�Simùnek

et al. 1998). By providing initial values and setting maximum

and minimum bounds for the empirical parameters a and n

(defined below), the residual volumetric water content hr, and

the saturated hydraulic conductivity ks, the inverse modeling

process identifies the soil parameters for the SWRC and HCF

through optimization search and numerical iterations. The van

Genuchten and Mualem models are used to define SWRC and

HCF (van Genuchten 1980; Mualem 1976):

Se ¼
h� hr
hs � hr

¼ 1
1þ a ua � uwð Þð Þn
� �1�1=n

(3)

k ¼ ks
1� a � hð Þn�1� 1þ a ua � uwð Þð Þn½ � 1=n�1ð Þ
n o 1�1=nð Þ

1þ a ua � uwð Þð Þn½ � 1=2�1=2nð Þ(4)

where:

Se¼ the effective degree of saturation,

(ua – uw)¼ the matric suction or suction head, and

hs¼ the saturated volumetric water content.

The symbols a and n are the empirical-fitting van Gen-

uchten parameters with a being related to the inverse of the air-

entry pressure of the soil and n the pore-size distribution pa-

rameter; h and k are the volumetric water content and hydraulic

conductivity of unsaturated soils, respectively. Note that param-

eters hs, hr, ks, a, and n can have superscript d and w, represent-

ing the principal drying and wetting process, respectively.

Results and Interpretation

The measured data for transient water flow from both the dry-

ing and wetting processes for the Accusand #40/50, Bonny silt,

and Hopi clayey sand are shown in Fig. 3. As described in the

testing procedure, a small air pressure slightly above the air-

entry value of sand is identified and applied (�1.8 kPa for Accu-
sand, 5.0 kPa for Bonny silt, and 4.8 kPa for Hopi clayey sand).

Due to the high uniformity of the particle size of the #40/50

sand (Fig. 2), a small matric suction increment of 1.8 kPa

drained almost two-thirds of the pore water from the specimen

(Fig. 3(a)). For the Bonny silt and Hopi clayey sand, the fine

particle sizes promote small pore sizes, leading to higher air-

entry pressures. For the Bonny silt and the Hopi clayey sand,

good gradation in particle size distribution (Fig. 2) results in lit-

tle water drainage at the first small increment of matric suction.

Next, 50, 250, and 290 kPa air pressure are applied to the sand,

silt, and clay specimen, respectively, drying the sand to its resid-

ual water content, and silt/clay to �30 % in saturation. The total

testing time of both the drying and wetting processes for each

of the three soils is less than two weeks. An additional 3�4 days
are needed for the thermal property measurement from the last

water content measurement at the end of the drying process

through the evaporation process.

The transient water flow data shown in Fig. 3 are used as

the objective functions in inverse modeling to identify unsatu-

rated hydraulic properties; i.e., the SWRCs and HCFs of the

tested soils. Figure 4 presents the results of the inverse modeling

of the experimental data of water flow by using HYDRUS 1D.

FIG. 3 Transient water flow data obtained from the TRIM tests with

complete drying and wetting cycles for: (a) Accusand #40/50, (b)

Bonny silt, and (c) Hopi silty clay.
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As shown, the objective functions are well fitted with the simu-

lations, indicating excellent inverse modeling results in para-

metric identifications. Table 2 lists the van Genuchten

parameters (ad,w, nd,w) and saturated hydraulic conductivity val-

ues of drying and wetting (ks
d, ks

w) for the three soils identified

by the inverse modeling. Given those values, the SWRCs and

HCFs of the soils can be calculated based upon Eqs 3 and 4 (Lu

et al. 2010), as shown in Fig. 5.

The SWRC describes the amount of pore water a given soil

can hold at the equilibrium state of the prevailing matric suc-

tion; it is a reflection of the pore size distribution, surface ten-

sion, and contact angle of the soil-water-air interface. For

instance, the SWRC of Accusand #40/50 plotted in Fig. 5(a) has

a relatively flat plateau after the matric suction increased to

�1.5 kPa, which is around the air-entry pressure of this mate-

rial, and the matric suction barely changes until the water con-

tent drops to near the residual water content. This reflects that

the major change in water content in the range of 0.02� 0.35 of

the drying process is contributed by the pore network that only

holds the matric suction varying from 0.7 to 5 kPa. It implies

that the uniform sand particles construct a very uniform pore

size distribution (Lu and Likos 2004). As shown in Fig. 5(a), the

hydraulic conductivity monotonically reduces as the water con-

tent reduces. The saturated hydraulic conductivity is less than

0.01 cm/s, where ksat of the wetting process is lower than ksat of

the drying process. For Accusand, the matric suction and hy-

draulic conductivity of the wetting process are always lower

than those of the drying process at the same water content. In

contrast with Accusand, both Bonny silt and Hopi clayey sand

present higher air-entry pressure values and have a much

smooth and gradual variation of the SWRCs with the water

content (see Figs. 5(b) and 5(c)). This indicates that the pore

structures in silt and fine-rich sand have a network consisting of

different pore sizes, which holds a wide range of matric suction

over water content from the full saturation to the residual water

content. The difference in the soil water retention curves

between the drying and wetting paths also reflect a large hyster-

esis of matric suction for fine soil textures.

The measured soil water content data through the EC-5 soil

moisture sensor for the three soils are shown in Fig. 6. In each

specimen, the two soil moisture sensors (top and bottom) re-

cord the water content at the different locations of the speci-

men. Due to the relative large pore size in the sand specimen

compared to the silt and clayey sand, the sand exhibits clearly

unsynchronized drainage and imbibition processes as shown in

Fig. 6(a). The top part of the sand (shown as the solid line) dries

faster than the bottom part (shown as the dashed line) during

the drying process and wets slower than the bottom part during

the wetting process. When the air pressure or matric suction

increases, the measured water content exhibits an abrupt

change, which synchronizes with the matric suction variation

(shown as dash-dotted line in Fig. 6(a)). For the silt and clayey

sand specimens, the variation of the top and bottom sensors are

almost on the same pace (Fig. 6(b) and 6(c)), implying the soil

specimen dries and wets relatively homogeneously during the

drainage and imbibition processes.

FIG. 4 Comparisons of experimental data and inverse modeling results of

drying and wetting processes for: Accusand #40/50 (a) drying, (b)

wetting; Bonny silt (c) drying, (d) wetting; and Hopi clayey sand (e)

drying, and (f) wetting.

TABLE 2 Parameters obtained from inverse modeling for Accusand #40/50, Bonny silt, and Hopi clayey sand.

Drying Wetting

Soil Type ad (kPa�1) nd hs
d hr

d ks
d (cm/s) aw (kPa�1) nw hs

w hr
w ks

w (cm/s)

Accusand 0.77 4.07 0.37 0.02 6.54E-03 0.97 3.49 0.30 0.02 0.33E-03

Bonny silt 0.088 1.58 0.43 0.01 1.24E-05 0.32 1.37 0.38 0.01 1.08E-05

Hopi clay 0.033 1.56 0.41 0.01 5.43E-05 0.35 1.46 0.32 0.01 4.50E-05
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The measured thermal conductivity as a function of time is

shown in Fig. 7. The thermal conductivity measured by both

sensors decreases as the specimen dries, and increases as the

specimen wets. The thermal conductivity of the sand ksat under

the saturated conditions starts from a value of �3W/(m�K),
and decreases to �1.5W/(m�K) at the end of the drying process.

The saturated thermal conductivities of the silt and clayey sand

are lower than that of the sand. The measured ksat of the silt or

the clayey sand ranges from 1.5 to 2.0W/(m�K) and decreases

to �1.0W/(m�K) at the end of the drying process. Similar to the

water content variation, the top and bottom thermal sensors in

the sand specimen experience different paces during the drying

and wetting processes, whereas for the silt and clayey sand, the

variation of the thermal conductivities at the top and bottom

locations of the specimens is in consistent with the variation of

water content.

By combining the soil moisture and thermal properties

measurements, two independent thermal properties (i.e., ther-

mal conductivity and thermal diffusivity) of the sand, silt, and

clayey sand specimens are plotted in terms of water content as

shown in Fig. 8. For the sand, the thermal conductivity gradu-

ally decreases from 2.85 to 1.55W/(m�K) when the water con-

tent decreases from the saturated state to the residual water

FIG. 5 The SWRC and HCF of different soils obtained from the TRIM tests:

(a) Accusand #40/50, (b) Bonny silt, and (c) Hopi clayey sand.

FIG. 6 Measured soil moisture with time for: (a) Accusand #40/50, (b)

Bonny silt, and (c) Hopi clayey sand.
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content (shown as the dotted line at �0.02 water content for

the Accusand #40/50 sand in Fig. 8(a)). When the specimen is

below the residual water content, the thermal conductivity

drops significantly to the minimum value of 0.38W/(m�K) at
the dry state (h¼ 0). A clear inflection point can be observed at

the residual water content for the sand. The silt and clayey sand

specimens exhibit similar patterns of the thermal conductivity

variation. The saturated thermal conductivity of the silt or

clayey sand ranges from 1.5 to 2.0W/(m�K), and is lower than

that of the sand. This can be attributed to the higher thermal

conductivity of quartz in sand than that of the minerals in the

silt and the clayey sand. As the soil dries, thermal conductivity

gradually decreases to �1.0W/m�K over the three-quarter range

of water content from the full saturation to a threshold value

around 0.1 (shown as the arrow in Fig. 8(b)). Unlike the sharp

decrease in the sand specimen, the silt and the clayey sand pres-

ent a smooth and gradual variation of thermal conductivity as

the specimen dry out crossing over the threshold water content

(Figs. 8(b) and 8(c)). When the water content continues to drop

below the residual water content �0.01, the thermal conductiv-

ity of the silt and the clayey sand reaches the minimum value

�0.35W/(m�K) and keeps nearly the value at the dry state (see

Figs. 8(b) and 8(c)).

Figures 8(d)–8(f) present the results of thermal diffusivity

variation of all three soils over the entire range of water content.

In the range between full saturation and the residual water con-

tent, the thermal diffusivity of sand slightly changes from 1.2 to

1.5 mm2/s (see Fig. 8(d)). The thermal diffusivity of the fine soils

keeps at the same level (�0.5 mm2/s for silt and �0.7 mm2/s

for clay). When the sand is below the residual water content,

the thermal diffusivity decreases steeply to its minimum value

(�0.3 mm2/s) as the water content reduces to zero (Fig. 8(d)).

Similar to the thermal conductivity behavior shown in Figs.

8(b)–8(c), the silt and the clayey sand have a smooth transit on

thermal diffusivity over the threshold water content �0.1, and
become a constant at zero water content (Figs. 8(e)–8(f)). As

demonstrated by Smits et al. (2010) for the #30/40 Accusan, no

substantial hysteresis of thermal conductivity and thermal diffu-

sivity are observed with respect to the change of water content

along the drying and wetting paths, even though hydraulic hys-

teresis for these three soils are significant (see Fig. 5).

Comparison of the thermal conductivity behavior of differ-

ent types of soil provides a comprehensive understanding of the

effect of water content on the thermal conductivity behavior of

unsaturated soils. For sandy soil, the inflection point falls into

the transitory meniscus domain; i.e., capillary water retention

regime (Likos 2013; Tarnawski and Gori 2002), where pore

water is characterized by a gradual development of liquid

bridges at the particle contacts yet no continuous water path

exists. When the water content continues to decrease, the heat

transfer is hindered by the increasing thermal resistance at the

particle contacts, which leads to a sharp drop of the thermal

conductivity as the water content further decreases to a point

around the residual water content. The thermal conductivity

variation patterns in silty or clayey soil are different than that in

sandy soil. At the residual water content regime, the thermal

conductivity is expected to remain relative unchanged from

zero water content to a certain critical value of moisture content

due to the hydration mechanism (Tarnawski and Gori 2002). In

the hydration regime, water molecules are bounded to the fine

particle surface due to the large specific surface area and cations

in the double-layer (Revil and Lu 2013). This phenomenon is

usually prominent for soils containing high clay fraction

(Campbell et al. 1994), but is barely seen in sandy soil

FIG. 7 Measured thermal properties with time for: (a) Accusand #40/50, (b)

Bonny silt, and (c) Hopi clayey sand.
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(De Vries 1963). The overlap between the hydration regime and

pendular regimes leads to the development of a smooth increas-

ing pattern in the thermal conductivity variation.

Validation

To validate the accuracy and effectiveness of the modified

TRIM method for measuring TCF, the experimental thermal

conductivity data conducted on the same soils in the literature

are used to compare with the result from the modified TRIM

method. Figure 9 shows the comparison of the thermal conduc-

tivity measurement of Accusand #40/50 and Bonny silt with the

result from Smits et al. (2010) and Traore (2013). Theoretical

values of thermal conductivity of variably saturated soil based

upon the series and parallel models (e.g., Mickley 1951) are also

plotted in Fig. 9 for lower and upper bound estimations.

Smits et al. (2010) used a modified Tempe cell to measure

the water content and thermal properties, with a hanging

column containing different water levels to control the matric

suction and water content of the sand samples. The same soil

moisture sensors and thermal property sensors were used. How-

ever, this method (hanging column) is mainly suitable for sandy

soil as it can only control matric suction for up to a few tens of

kPa and it is relatively time consuming as a steady state for each

applied matric suction is required. The sand sample was com-

pacted to a porosity of 0.34, which is smaller than the value of

0.37 used in this study. Traore (2013) also used the same soil

moisture probes and thermal needle sensors to measure the

thermal conductivity variation with saturation of the same silt

in a closed-loop heat exchanger. The silt was compacted to a

porosity of 0.47, which is higher than the value of 0.43 used in

this study. The thermal conductivity was obtained only in the

water content range of 0.2� 0.32.

As shown in Fig. 9, the thermal conductivity data of Accu-

sand and Bonny silt obtained by the modified TRIM method

generally have good agreements with both Smits et al. (2010)

FIG. 8

Measured thermal properties as functions of water

content: (a)–(c) thermal conductivity, and (d)–(f)

diffusivity for Accusand #40/50, Bonny silt, and

Hopi clayey sand (thin lines: top sensor, thick lines:

bottom sensor).
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and Traore’s (2013) results. For the Accusand results (Fig. 9(a)),

the agreements are excellent in both the low (less than 0.08)

and the high water content (greater than 0.25) ranges. Some dis-

crepancies, no more than 9 %, can be found in the middle water

content range (greater than 0.08 and less than 0.25). The slightly

higher values of thermal conductivity values from the modified

TRIM than that from Smits et al. (2010) in this water content

range is likely due to the differences in porosity. The overall

good agreement between the two independent measurement

techniques confirms the validity of the modified TRIM tech-

nique. It is also shown that both the series and parallel models

predict the experimental data poorly and thus cannot be used

for accurate assessments of TCF as a function of water content.

For the Bonny silt results (Fig. 9(b)), the agreements

between the two independent measurements are excellent; the

discrepancies are less than 3 %, showing the accuracy of the

modified TRIM technique. The slightly higher values of thermal

conductivity measured by Traore (2013) are likely due to the ex-

perimental errors. The comparison with the lower and upper

bounds predicted by the series and parallel models again

confirms that these TCF models cannot be used for accurate

assessments of the TCF of real soils.

Conclusions

A modified TRIM technique, integrating water content and ther-

mal property measurements, has been developed. The technique

fully takes advantage of the fast transient variation of water con-

tent from an initially saturated soil specimen to a relatively dry

state in the original TRIM technique, thus rapidly measuring ther-

mal properties as a function of soil water content. Thermal prop-

erties (e.g., thermal conductivity and diffusivity) and water

content variation are measured simultaneously by embedding two

pairs of thermal and water content sensors in the specimen during

the transient water release and imbibition processes. The water

content of the specimen is also recorded using an electronic bal-

ance. Below the relative dry state, evaporation is used so that the

TCF across the entire saturation range can be measured. Three

soils, representing different soil mineral, texture, and particle sizes,

are used to test the validity and accuracy of the technique.

The measurement of thermal conductivity behavior of the

three soils provides a better understanding of the influence of

water content and pore water distribution on the thermal prop-

erty variations. We find that thermal conductivity of soil

can be as low as 0.2W/(m�K) at the dry state and as high as

3.0W/(m�K) at the full saturation state, and is highly dependent

on soil mineral composition and water content. Similarly, the

thermal diffusivity of soil is also highly dependent on soil water

content; it varies from 0.2 mm2/s at the dry state to 1.6 mm2/s at

the full saturation state. We also observed that the variation of

TCF can be related to some hydraulic behavior and water reten-

tion regimes of unsaturated soil. Specifically, the onset of the rap-

idly increase in thermal conductivity is highly correlated to the

end of the hydration regime and the beginning of capillary re-

gime. For sand, because there is very little hydration water pres-

ent, the onset water content is less than a few %, but for silty and

fine-grained soil, it could be up to 10 %. The comparisons of the

measured thermal conductivity with other independent works

show excellent agreements: the maximum difference is less than

8 %. It is found that the hysteresis of thermal conductivity

between the wetting and drying processes is much less pro-

nounced than that of the hydraulic hysteresis; typically less than

a few % of its mean value. Because the modified TRIM technique

concurrently measures a soil’s SWRC, HCF, and TCF in a fast

and accurate manner, it can provide a powerful and efficient tool

to explore the heat transfer mechanisms in unsaturated soil.
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