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Abstract. The thermal conductivity of soils is an important property in energy-related geotechnical structures, such
as underground heat pumps and underground electric power cable tunnels. This study explores the effects of
geotechnical engineering properties on the thermal conductivity of soils. The thermal conductivities of quartz sands
and Korean weathered silty sands were documented via a series of laboratory experiments, and its variations with
effective stress, porosity, and water saturation were examined. While thermal conductivity was found to increase with
an increase in the effective stress and water saturation and with a decrease in porosity, replacing air by water in pores
the most predominantly enhanced the thermal conductivity by almost one order of magnitude. In addition, we have
suggested an improved model for thermal conductivity prediction, based on water saturation, dry thermal
conductivity, saturated thermal conductivity, and a fitting parameter that represents the curvature of the thermal
conductivity-water saturation relation.

Keywords: thermal conductivity; quartz sand; silty sand; weathered soil; effective stress; water saturation;
correlation

1. Introduction

The thermal conductivity of soils is an important property that quantifies the ability of soils to
conduct heat, as thermal conduction is the predominant heat transfer mechanism among
conduction, convection, and radiation (Carslaw and Jaeger 1959, Murashov and White 2000). The
estimation of the thermal conductivity of soils has gathered significant interest because the
demand for energy-related geo-structures, such as underground heat pumps and underground
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electric power cable tunnels, rises as some of the promising renewable energy resources or
sustainable unban designs (Kumai et al. 1994, Brandl 2006, Johnston et al. 2011, Go et al. 2014).
There have been extensive efforts to understand the inter-relations between thermal conductivity
and various engineering parameters, such as mineral types, dry unit weight, porosity, and water
content (e.g., Batchelor and O’Brien 1977, Sridhar and Yovanovich 1996, Gangadhara Rao and
Singh 1999, Manohar et al. 2000, Singh and Devid 2000, Vargas and McCarthy 2001, Tarnawski
et al. 2002, Kumultas et al. 2003, Andersland and Ladanyi 2004, Esch 2004, Gori and Corasaniti
2004, Lu et al. 2007, Yun and Santamarina 2008, Nasirian et al. 2015). Accordingly, it has proven
that the thermal conductivity of soils is affected not only by the volumetric fractions and the bulk
conductivity of each phase but also by the inherent contact conditions, such as contact area,
coordination number, and presence of water menisci (Sridhar and Yovanovich 1996, Tarnawski et
al. 2002, Kumultas et al. 2003, Yun and Santamarina 2008, Nasirian et al. 2015). While effective
thermal conductivity models must consider the inherent contact conditions, their roles in soil
thermal conductivity remain poorly identified.

Inherent contact conditions in soils are heavily affected by the effective stress, packing density
(or porosity), and water content (or degree of saturation): the effective stress governs the grain-to-
grain contact area, the porosity represents the coordination number, and the degree of saturation
(or water saturation) can be related with the shape of water meniscus at the grain-to-grain contacts.
Therefore, this study explored the effects of effective stress, porosity, and water saturation on the
thermal conductivity of soils. The thermal conductivities of quartz sands and weathered silty sands
were documented via a series of laboratory experiments. The variations in thermal conductivity
with the changes in effective stress, porosity, and water saturation were examined. In addition, we
suggested an improved model for thermal conductivity prediction of quartz-dominant sands and
weathered silty sands with various minerals, and compared the results with the previous thermal
conductivity estimation models.

2. Materials and method
2.1 Basic index and physical properties of soils used

Ottawa 20/30 sand and the weathered soil cored from Gochang, Korea were chosen for this
study. Fig. 1 shows the grain size distributions of the two soil samples. The Ottawa 20/30 sand
sample was round-shaped and quite uniformly graded with a mean particle size (Dsp) of ~0.6 mm.
The weathered soil sample was found to be angular-shaped, and had a wide size distribution with a
mean particle size (Dsg) of ~0.42 mm. According to the Unified Soil Classification System (USCS),
the Ottawa 20/30 sample was classified as poorly graded clean sand (SP) with no fine content. The
weathered soil contained a fine fraction of ~8.3%, and was classified as poorly graded sand with
some silt (SP-SM). Table 1 summarizes the particle images and basic index properties of the two
soil samples used in this study. More than 99% of Ottawa 20/30 sand consisted of quartz (i.e.,
quartz sand) and the weathered soil consisted of 39.6% quartz, 22.4% kaolinite, 18.7% microcline,
12.4% illite, 4.5% albite, 1.3% magnetite, and 1.0% biotite, which was identified via X-ray
diffraction (XRD) analysis; the details are shown in Table 2. Herein, the Ottawa 20/30 sand was
named as the quartz sand (QS) and the weathered soil was referred to as the weathered silty sand
(WS). Among the minerals, quartz has the greatest thermal conductivity (e.g., ~7.7 W-m™"-K™") and
albite and biotite have the lowest (e.g., ~2.0 W-m™"-K™"). Therefore, if the weighted average is
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Fig. 1 Grain size distributions of the quartz sand and weathered silty sand samples

Table 1 Basic index properties and particle images of quartz sand and weathered silty sand samples

Quartz sand (Ottawa 20/30) Weathered silty sand (from Gochang, Korea)

Dsp = 0.6 mm Ninax / Nmin = 0.43/0.33 ° Dsp =0.42 mm Ninax / Ninin = 0.50 / 0.31
Do =0.45 mm Gs=2.65 Do =0.08 mm Gs=2.65
C.=144 USCS: SP Cc.=8 USCS: SP-SM
Cu=0.92 % passing #200 sieve = 0% C,=04 % passing #200 sieve = 8.3%

Note: * Yun and Santamarina (2008). Dsy and D are the mean particle diameter and the effective particle
diameter for which 50% and 10% of the particles are finer. C; and C, are the coefficient of curvature (i.e., C,
=Dy’ / (D1o'Dgo)), and the coefficient of uniformity (i.e., Cy = Dgo/D1g). Nimax and ny,;, are the maximum and
minimum porosity obtained according to ASTM D4253-14 and ASTM D4254-14. G; is the specific gravity
of the grains

taken, the thermal conductivity of solid minerals for the weathered silty sand is calculated as ~4.7
W-m™K'; this is significantly lower than that for the quartz sand (~7.7 W-m™-K™).
2.2 Experimental setup and procedure

Thermal needle probe method for thermal conductivity measurement:
The thermal needle probe method was chosen for measuring the thermal conductivity of soils.




774

So-Jung Lee, Kyoung-Yul Kim, Jung-Chan Choi and Tae-Hyuk Kwon

Table 2 Composition, thermal conductivity and grain density of the minerals
in the weathered silty sand sample

Mineral ® Portion * Thermal co_rlldu_(l:tivityb Densi‘[%/b
[%] [Wm K] [g/em’]
Quartz 39.6 7.69 2.65
Kaolinite 22.4 2.61-2.68 ° 2.6 °¢
Microcline 18.7 2.49 2.56
Muscovite/I1lite 12.4 3.48 2.85
Albite 4.5 1.96 2.63
Magnetite 1.3 5.10 5.15
Biotite 1.1 2.02 2.98
Quartz 39.6 7.69 2.65

Note: * The mineral composition was obtained from the XRD analysis;
® Horai and Simmons ( 1969); © Brigaud and Vasseur (1989)

In this method, a thermal needle probe that housed a heating wire and a thermistor, as shown in
Fig. 2(a), was used (Van der Held and Van Drunnen 1949, Carslaw and Jaeger 1959, von Herzen
and Maxwell 1959, Woodside and Messmer 1961, Manohar et al. 2000, ASTM D5334-14 2014).
A DC input of 24 V was applied to the heating wire of the probe for 180 s using a DC power
supply, and the current was measured using a multimeter in order to calculate the input power to
the heating wire. At the same time, the transient thermal response (i.e., temperature change) to the
input power was recorded once every 50 ms with the thermistor mounted in the probe. The thermal

conductivity was calculated from the acquired thermal response.
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Fig. 2 (a) A schematic drawing of the test setup; and (b) the measurement system for the thermal
needle probe method
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Thermal needle probes: We used two types of thermal needle probes (manufactured by East
30 Sensors): one was 30 mm long, and the other was 60 mm long. The thickness of both probes
was 1.58 mm, such that the length/diameter ratios were approximately 19 and 38, respectively.
Calibration of both probes was conducted using materials with known thermal conductivity, such
as agar (0.598 W-m™-K™', which is the same as for water) and glycerin (0.298 W-m™-K™).

Specimen preparation: An oedometric cylindrical cell, made of acrylic plastic, was used for
the experiments, as shown in Fig. 2(b). The thermal needle probe was mounted at the bottom of
the cell prior to packing the specimen in the cell. In the cases when the specimen is compressible
enough for the probe to contact the top cap during the loading processes, the short probe was used.
In all the other cases, the long probe was used. Each oven-dried soil sample was mixed thoroughly
with water to achieve the target water content, and the soil-water mixture was compacted into the
cell by hand-tamping. The initial heights of all the specimens were controlled to be ~90 mm, and
their resulting porosities were recorded. For the preparation of completely dry specimens, no water
was added, and the oven-dried soil samples were poured through a funnel, and then hand-tamped
to adjust the packing density. Likewise, for fully saturated specimens, oven-dried soil samples
were poured through a funnel into the cell fully filled with water, and then hand-tamped to control
the packing density. Upon completion of the specimen preparation, a cap was placed on top of the
specimen, and the initial thermal conductivity of the specimen was measured prior to the loading
and unloading procedure. The initial conditions of the specimens are summarized in Tables 3 and
4.

Table 3 Test results complied from the quartz sand sample

QS00 (Loose) W, = 0% QS00 (M.Dense) W, = 0% QS00 (Dense) Wo = 0%

o é S A o @ S A o é S A
0. 406 0 0263 01 381 0 0278 01 367 0 0316
274 406 0 0268 274 372 0 0289 245 363 0 0319
548 404 0 0270 548 367 0 0301 491 350 0 0324
1095 395 0 0280 1095 364 0 0306 982 347 0 0333

219.1 393 0 0294 2191 359 0 0325 1963 344 0 0341

4382 392 0 0299 4382 357 0 0345 3927 340 0 0352

2191 392 0 0295 2190 357 0 0339 1963 34.1 0 0349
109.5 393 0 0280 1095 358 0 0328 982 342 0 0345
548 393 0 0270 548 359 0 0321 491 343 0 0342
274 394 0 0287 274 361 0 0314 245 344 0 0341
0.1 395 0 0254 01 371 0 0297 01 347 0  0.325

QS05 Wo=5.1% QS10 Wo=9.7% QS14 Wo = 13.9%
o é S A o é S A o é S A

0.1 35.2 248  1.794 0.1 39 40.2 2322 0.1 37.4 61.9 2441
28 35 250 1.874 247 38.9 403 2351 246 37.2 62.4  2.468
55.9 34.8 252 1939 493 38.9 40.4 2401 492 37 62.8 2525
111.9 346 254 1966  98.6 38.8 40.6 24 98.4 36.8 634 2588
223.8 343 2577 2.003 1972  38.6 40.9 242 1969 365 643 2.624
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Table 3 Continued

QS05 Wo=5.1% QS10 Wo=9.7% QS14 Wo = 13.9%

o é s A o é S A o é s A
4475 338 264 2112 3945 383 414 2421 3938 358 662 2.647
2238 34 261 2012 1972 384 413 2433 1969 361 655 2.639
1119 342 259 1998 986 384 412 2407 984 363 649 2619
559 345 256 1935 493 385 4.1 2441 492 364 646 2572
28 346 254 1863 247 385 410 2436 246 365 644 2519
0.1 35 250 1806 0.1 386 410 2432 01 367 638 2486

QS24 (Loose) W, =24.1% S21 (M.Dense) W, =21.1% QS20 (Dense) W, =20.3%

o é S A o é S A o é S A
0.1 389 100 2852 0.1 358 100 3.177 0.1 350 100 3312
274 381 100 2875 274 355 100 3202 285 330 100  3.556
548 376 100 2.894 548 344 100 3245 569 326 100  3.616
109.5 373 100 2938 109.6 341 100 3279 1138 322 100  3.671

2328 368 100 3.037 2192 338 100 3418 2277 317 100  3.730

4656 366 100  3.111 4384 335 100 3361 5123 307 100  3.913

2328 367 100  3.079 2192 336 100 3.305 2277 312 100  3.803
109.5 368 100 2970 109.6 33.7 100 3253 1138 315 100 3.734
548 368 100 2915 548 338 100 3237 569 318 100  3.586
274 370 100 2879 274 339 100 3.188 285 320 100  3.573
0.1 380 100 2839 0.1 341 100 3.100 0.1  32.6 100  3.446

Note: W, (%) is the initial water content of the sample prior to compaction, ¢' (kPa) is the vertical effective
stress, ¢ (%) is the porosity, S (%) is the water saturation (%), and A (W-m™-K™") is the thermal conductivity

Table 4 Test results complied from the weathered silty sand sample

WS00 Wo = 0% WS09 1 Wo = 9.0%

o é S A o é s A
0.1 438 0 0313 0.1 40.2 35.5 0.726
25.3 43.6 0 0.318 28 39.3 36.8 0.737
50.6 43.0 0 0316 55.9 38.4 382 0.747
101.1 428 0 0.328 111.9 37 40.7 0.764

202.2 422 0 0.343 2238 34.6 45.1 0.847
404.4 41.6 0 0.375 4475 29.2 57.9 1.003
202.2 417 0 0.38 2238 314 52.0 1.001
101.1 417 0 0.377 111.9 32.1 50.5 0.999
50.6 41.8 0 0.374 55.9 32.6 492 0.999
253 41.8 0 0.357 28 33.1 482 0.984

0.1 419 0 0.388 0.1 34.1 46.1 0.96
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Table 4 Continued
WS09 2 W, =9.0% WS26 W, = 26.0%

o' ) S A ' ) S A

0.1 40.2 35.5 0.877 0.1 443 86.8 1.375

28 40 35.8 0917 24.6 43.2 90.7 1.423
55.9 39.1 37.1 0.928 49.2 42 95.2 1.459
111.9 37.9 39.1 0.943 98.4 40.4 100 1.525
223.8 36.1 422 0.984 196.9 38.7 100 1.47
447.5 34.7 449 1.067 393.8 353 100 1.539
223.8 354 43.6 1.089 196.9 36.3 100 1.584
111.9 36 424 1.088 98.4 36.9 100 1.539
55.9 36.5 414 1.077 49.2 373 100 1.552

28 37.1 40.5 1.071 24.6 37.7 100 1.56

0.1 37.8 39.3 1.063 0.1 38.6 100 1.571

Note: W, (%) is the initial water content of the sample prior to compaction, ¢' (kPa) is the vertical effective
stress, ¢ (%) is the porosity, S (%) is the water saturation (%), and A (W-m™-K™) is the thermal conductivity

Experimental procedure: A loading and unloading procedure (five loading steps) was applied
to ~400 kPa to investigate the effect of effective stress on thermal conductivity. At each loading
step, the thermal conductivity was measured three times, and the averaged thermal conductivity
value was used for the analysis. During the loading and unloading procedure, the variations in
porosity were determined from the changes in the specimen height, monitored using a dial gauge.

3. Results and analysis
3.1 Effect of effective stress ¢’ on thermal conductivity A

Fig. 3 shows the variations in thermal conductivity A with the vertical effective stress ¢' during
the loading and unloading steps. A general trend of increasing thermal conductivity A with
increasing effective stress ¢’ was observed in all the specimens of the quartz sand and weathered
silty sand samples. It is because the increase in ¢' increased the grain-to-grain contact area and the
coordination number (or contact number), reducing the porosity (or void ratio) of the specimens
(Batchelor and O’Brien 1977, Sdrdhar and Yovanovich 1996, Vargas and McCarth 2001, Yun and
Santamarina 2008). For the tested ¢' range up to ~400-500 kPa, the maximum variation of A
appears to be limited to ~10-25%. On the other hand, the relative increase of 4 by replacing air by
water was much more substantial than that by increasing effective stress, as shown in Figs. 3(¢c)
and (d). This is consistent with Cortes et al. (2009) and Roshankhah and Santamarina (2014).

Moreover, the effect of pre-loading was also found, where 4 on the unloading path was greater
than A on the loading process. It is presumed because such pre-loading densified the granular
packing and thus increased porosity ¢ and 4 for a given ¢'.
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Fig. 3 The variances in thermal conductivity with respect to vertical effective stress: (a) dry quartz sand
specimens; (b) saturated quartz sand specimens; (c) all quartz sand specimens; and (d) all
weathered silty sand specimens

3.2 Variations in thermal conductivity A with porosity ¢

Figs. 4(a) and (b) show the results of the dry and saturated quartz sand specimens with three
different initial compacted states: loose, medium dense, and dense specimens. Initial dry thermal
conductivity A4y before loading was observed to increase with the initial density, which
corroborates the work by Yun and Santamarina (2008). The same trend was confirmed for the
saturated specimens; the highest Ay, was observed for the dense specimen, and the lowest Ay, for
the loose specimen. The dry thermal conductivity increased from A4y = 0.26 W-m™ K" for ¢ = 0.41
to Zay = 0.35 Wm "K' for ¢ = 0.34 (refer to Table 3). The saturated thermal conductivity
increased from Ay, = 2.85 W-m-K! for ¢ =0.39 to Ay = 3.91 W-m-K! for ¢ = 0.31 (refer to
Table 3). The dry thermal conductivity A4y and the saturated thermal conductivity A, were found
to decrease linearly with increasing porosity ¢, as can be seen in Figs. 4(a) and (b).

Figs. 4(c) and (d) show the variations in thermal conductivity 4 with porosity ¢ for all
specimens of the quartz sand and weathered silty sand, respectively. For all cases, it was confirmed
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Fig. 4 The variances in thermal conductivity with respect to porosity: (a) dry quartz sand specimens; (b)
saturated quartz sand specimens; (c) all quartz sand specimens; and (d) all weathered silty sand
specimens

that the thermal conductivity A4 generally increased as the porosity ¢ decreased though the
variations depended on water content (or water saturation), soil type, and effective stress. It
particularly appears that the extent of thermal conductivity increase with decreasing porosity was
less distinct in the weathered silty sand (Fig. 4(d) or Table 4), compared to that in quartz sand (Fig.
4(c) or Table 3). It is presumably attributed to the fact that the weathered silty sand had the lower
thermal conductivity of solid minerals than the quartz sand did.

3.3 Effect of water saturation S on thermal conductivity A

Fig. 5 shows the measured thermal conductivity A plotted against water saturation S. Herein, the
water saturation S was defined as the water volume divided by the pore volume and was calculated
from the porosity ¢, water content w, and specific gravity Gs (i.e., S = Ggw-(1 — ¢) / ¢). For the
quartz sand sample, the thermal conductivity 1 increased from ~0.26-0.35 Wm ™K™' to ~2.84—
3.91 W-m"K" as the water saturation S increased from 0% to 100% (refer Fig. 5(a)). For the
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Fig. 5 The obtained relations of the thermal conductivity versus (a) water saturation for quartz sand; and
(b) weathered silty sand

weathered silty sand sample, the thermal conductivity A increased from ~0.31-0.38 W-m ™K™' to
~1.38-1.58 W-m""K'" as the water saturation S increased from 0% to 100% (refer Fig. 5(b)). It is
clear that the water saturation S had a much higher effect of the thermal conductivity 4 than the
other properties (e.g., effective stress and porosity), increasing 4 by almost one order of magnitude.
It was observed that the A-S relation was non-linear in the quartz sand; however, it was fairly linear
in the weather silty sand. While the dry thermal conductivities A4y, of the quartz sand and
weathered silty sand ranged the similar with the difference less than 0.ImW "K', it was
particularly noted that the saturated thermal conductivities As, of the quartz sand (e.g., 2.85-3.91
W-m™"-K™") was considerably greater than that of the weathered silty sand (e.g., 1.38-1.58 W-m™-K
Y. It is possibly because the thermal conductivity of solid minerals of the weathered silty sand (e.g.,
Ay =~4.71 W-m™-K™") was much lower than that of the quartz sand (e.g., As = ~7.69 W-m-K™"); the
weathered silty sand was composed of several different minerals, including albite and biotite that
were known to have low thermal conductivity (See Table 2).

4. Discussion
4.1 An improved model for predicting thermal conductivity

Among the factors that affect thermal conductivity A, including the mineral composition,
effective stress o', porosity ¢, and water saturation S, it was found that the water saturation S
caused the highest variance in thermal conductivity A. Furthermore, while the range of porosity ¢
in field conditions is fairly narrow (e.g., ¢ = 0.3-0.5 for soils), the in situ water saturation S can
vary in the extreme cases from 0 to 1. Therefore, an improved empirical model for thermal
conductivity prediction is suggested as follows

ﬂ':j’dry'{_(ﬂ’sat_ﬂ'dry)'sﬂ’ (D)
where A4y and Ag, are the thermal conductivity of the dry soil and saturated soil, respectively. S is
the water saturation and f is the fitting parameter that represents the curvature of the 1-S graph. A
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value of fitting parameter f = 1 indicates a linear A-S relation; the A-S relation will be a convex
curve when f < 1, and a concave curve when £ > 1. Fig. 5 shows the suggested model results fitted
for the compiled A-S data of the soil samples. For the quartz sand sample, the following parameters
were used: Agry = 0.31 Wm ™K', A =3.28 Wm™"K" and S = 0.41. For the weathered silty sand
sample, the following parameters were used: Agry = 0.35 Wm ™K, A = 1.54 Wm ™K, and g =
0.81. Accordingly, the lower value of f§ for the quartz sand sample showed that the A-S curve is
more concave, whereas, for the silty sand sample, the § parameter was close to 1, which resulted in
a fairly linear A-S curve, as can be seen in Fig. 5. Aforementioned, as the effective stress in the
moderate range of several hundreds kPa was proven to change the thermal conductivity by ~25%
at the most (Fig. 3 and Tables 3 and 4), it is worth noting that the suggested model does not
consider the effective stress; thus, caution is advised when the suggested model is used.

Semi-theoretical models (e.g., series and parallel models for the three components; Hashin-
Shtrikman upper and lower bounds; Hashin and Shtrikman 1963) and empirical models suggested
by previous researchers (e.g., Kersten 1949, Johansen 1977, C6té and Konrad 2005, Lu et al. 2007)
were superimposed in Fig. 6 for comparison. Table 5 presents the semi-theoretical and empirical
models used in this study. Table 6 summarizes the input parameters used for the prediction models.
It was observed that the parallel model acted as the upper bound and the series model acted as the
lower bound in addition to the Hashin—Shtrikman (HS) upper and lower bounds. These bounds
were placed far above or below the experimental data for the both samples. The empirical models
including those by Kersten (1949), Johansen (1977), C6té and Konrad (2005), and Lu et al. (2007)
also showed poor agreement with the experimental results. The model by Coté and Konrad (2005)
predicted a concave 4-S relation, which was not entirely suitable for our results. The models by
Johansen (1977) and Lu et al. (2007) produced similar A-S relations in the mid-range of water
saturation S (e.g., 30-70%); however, the dry and saturated thermal conductivities (A4y and Ag)
were poorly predicted. Therefore, it was confirmed that deriving one generalized semi-theoretical
model applicable to all types of soils appears to be nearly impracticable, mainly because of the
difficulty in predicting dry and saturated thermal conductivities (A4, and As). Hence, it was
concluded that the suggested model using experimentally determined dry and saturated thermal
conductivities (Adry and As) would be more versatile.

4 r r T T 20 —
() Quartz Sand ' ' i (b) Weathered Silty Sand ™~
T q T = Kersten
x Cote _H x Cotd
< Lu @ 1 < g
Pl Q e Kersten >
= 24 L I N 210
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S ' ’ S
8 1- - 8 05/ i
% T Series qg) }‘ g T “"Series )
2 |
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Fig. 6 Comparisons of the test results with semi-theoretical and empirical models: (a) quartz sand;
and (b) weathered silty sand



g :1a1sweaed Bumiy syl fp., e £
[-] s uonemyes 19eA gS A v- i +7Y =Y Aprs sty
. . A Aap,
_Hlu_ ﬁ %ﬁwo.ﬁom IS0 +ﬁ 9¢0—="Y ABOONV
96°0 = :1a)owesed Bumiy ayL T ermS— & »L dxo- A fip,, :J\v —y e n
S[BLIDJEW 3SIB0OD UdZOoJun 10§ (SL ¢+1)/(SL'Y) =X 7 — fap
[10S [RISUIW [RINJRU 10 7' = U Q-4 =""Y (5002)
_.M._.E.B SL0= bé £ip, + — )+ v |. Kap,, v, ) _ petuoy pue 310D
:sJs1aweded Bumiy ayL v T S Q v ﬁv\m ; A 3 4

[a/3] P Kysuop A1 (Pd%L6'0-00L2)/(L 9+ "I LET0) = "P

[ W m] ™y [10s pajermes Jo AAONPUOD [BULIDY L, Lwﬂ,&. M@\ ="y (LL61) uasueyor
[, ur.pp] “Py [10s KIp JO ANATIONPUOD [BULISY L
e [o 1+ ()01 0] (“Pr - "™¥) =7

[ wo/3] Pd Kyisuap K1 ) ) )
g M JUS)UOD JJe A\ Perzoo0 1 ? 0-+(%m)"'3o1. ovmil 0=v (6v61) vaIsI3
ane, 1918 e, W —)(p—-1)+"
(7 =0) (s 1)+ e | Y Qe D@ gy pmoasm
are, 1o1eM, +1 Y= >.W A >NI \Wvﬁm ALYS-urysey
(" =""v) ¢
Ahma\swxl :mﬁ\v. S+ Qm\s)\m . Lsmgxw B 3>~\ A#\I st& + ¢ o m@ L, punogq soddn
("™ —=")-(s-1)-¢ (r="%)-(¢-1)¢ HEURIIS-UHSEH
[-] ¢ Ansorog (¢-1)- m®+&.A__m~\Am —1)+ Ty wv =y oIreIed
[-] S uoneimyes 1018 A\
T.M;.E. M "y 116 Jo ANATIONPUOD [BULISY T, s e, 1)y e
[ W ] 7y 1o1em Jo K)IANONPUOD [BULIY i1 + Q\A S D /s =Y SOLIDS
[, w-M] *y PI[os JO AATIONPUOD [eULIdy ], _ -1 ¢
UOIRION uonenbg [9POIN

S[opow UoieWNsd AJANONPUOD [BULIAY], G O[qR L



Experimental investigation on the variation of thermal conductivity of soils with... 783

Table 6 Input parameters for the thermal conductivity estimation models

Input parameter Value
Thermal conductivity of water Ay [W-m™-K™'] 0.598
Thermal conductivity of air A,; [W-m'K"] 0.026°

7.69 for quartz sand °

Thermal conductivity of solid A, [W-m™ K] 4.71 for weathered silty sand ¢

0.36 for quartz sand °

Porosity ¢ [-] 0.39 for weathered silty sand ©

1.696 for quartz sand °

: 3
Dry density pq [g/em’] 1.617 for weathered silty sand ©

0.31 for quartz sand °

Thermal conductivity of dry soil Agry [Wm" K] 0.35 for weathered silty sand ©

3.28 for quartz sand °
1.54 for weathered silty sand ©

Note: * Cortes et al. (2009); ® Andersland and Ladanyi (2004); © Horai and Simmons (1969);
4 The value was obtained from the weighted average of those of the minerals from Table 2;
¢ The values were calculated by averaging the experiment results

Thermal conductivity of saturated soil Ay [Wm™'K"]

5. Conclusions

This study explored the effects of geotechnical engineering properties on the thermal
conductivity of soils. The thermal conductivity of quartz sands and weathered silty sands were
documented via a series of laboratory experiments, and these were correlated with relevant
engineering parameters to examine the effects of effective stress, porosity, and water saturation on
thermal conductivity. The main findings are as follows:

e Thermal conductivity 1 expectedly increased with an increase in effective stress ¢' because
of the increased grain-to-grain contact area and coordination number (or contact number),
and the decreased porosity. The variation of A caused by the effective stress increment of
~400-500 kPa was limited to ~10-25% for the particular tested soils (the quartz sand and
weathered silty sand samples).

e The dry thermal conductivity A4 and the saturated thermal conductivity A, were found to
linearly decrease with increasing porosity ¢. Moreover, at each water content, the thermal
conductivity A generally increased with decreasing porosity ¢ whereas the variations
depended on the water content (or water saturation), soil type, and effective stress.

e [t was experimentally confirmed that the water saturation S had a much more substantial
effect on the thermal conductivity 4 than the other properties (e.g., effective stress and
porosity), increasing 4 byalmost one order of magnitude. The A-S relation was found to be
significantly non-linear.

e For the particular class of the soils tested in this study, an improved model based on water
saturation S, dry thermal conductivity A4y, saturated thermal conductivity Ay, and the fitting
parameter f was suggested. This form of the prediction model using experimentally
measured dry and saturated thermal conductivity (44, and As,) can be useful in spite of some
limitations of not considering the effect of effective stress and porosity.
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