
J. Jpn. Soc. Soil Phys.

No. 124, p.11 ∼ 16 (2013)

·
1 · 1,2 · 1,2 · 3 · 1,2

Thermal properties of sands at variably-saturated condition:

Effects of particle size and shape, and quartz content
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Abstract: Thermal properties of sands with different par-

ticle size and shape were measured. All sands showed

the similar trend for the change in heat capacity, increas-

ing with increasing in water content (θ ).The gradient of

the thermal conductivity (λ ) to θ under the dry region

(θ < 0.05 ∼ 0.10) increased with increasing particle size

for sands with rough shape, indicating an increase in con-

tact points per soil particle highly enhanced thermal con-

duction. Oppositely, for the wet region (θ > 0.05 ∼ 0.10),

the gradient of λ to θ were similar for sands with different

particle size. Equations of λ at completely dry condition

and water saturation were derived from obtained relation-

ships between quartz content and λ in this study. By in-

serting these equations, existing models for thermal con-

ductivity were modified, which markedly improved model

performances.
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Table 1
Physical properties for sands.

Sample
Particle size

d50 (mm)

Porosity

Φ (m3 m−3)

Particle
density

ρs (Mg m−3)

Dry bulk
density

ρb (Mg m−3)

Quartz
content
Q (%)

Roundness

R

Sphericity

S

Glass beads
0.22 0.40 2.55 1.53

- 1.00 1.00
0.53 0.40 2.62 1.57

Accusand

0.36 0.33 2.66 1.77

99.8 0.80 0.80
0.53 0.33 2.65 1.79

0.71 0.32 2.65 1.80

1.11 0.32 2.65 1.81

Narita

0.18 0.40 2.70 1.62

33.7 0.30 0.730.34 0.40 2.63 1.58

0.64 0.40 2.60 1.56

Granusil

0.20 0.40 2.65 1.60

77.4 0.20 0.70
0.31 0.39 2.66 1.61

0.50 0.39 2.66 1.61

0.72 0.39 2.65 1.62

Toyoura 0.19 0.40 2.64 1.58 75.0 0.25 0.74

2.

2.1

0.22 0.53 mm Accusand

0.36, 0.53, 0.71, 1.11 mm 0.18,

0.34, 0.64 mm Granusil 0.20, 0.31, 0.50, 0.72

mm 0.19 mm Table

1

Table 1 Accusand, Granusil

Q Accusand, Granusil

Oda 1972

Table 1 R S
Roundness Sphericity R
Youd 1973

Granusil R
Accusand R

S

S 100

Scion Image Scion corporation

S

2.2
Table 1 5.6

cm 4.1 cm 100 cm3

8

cm 70 cm

3

KD2-Pro Decagon 2 SH-1

2

20 ◦C

3.

3.1 ·
λ θ

C Fig. 1

0.05 ∼ 0.10

θ ∗

Accusand

Fig. 1b

2.1, 4.2, 0 MJ m−3 K−1

2005 0.6
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Fig. 1 (a) (b)

(a) Thermal conductivity and (b) heat capacity as a function of volumetric water content for all samples.

Fig. 2 (a) Accusand (0.36 mm) (b) (0.34 mm)

Thermal conductivity as a function of volumetric water content and water retention curves for (a) Accusand

(0.36 mm) and (b) Narita (0.34 mm).

0.3

Accusand 0.36 mm

0.34 mm

Fig. 2

van Genuchten VG

G θ ≤ θ ∗ Region 1 θ ∗ < θ Region 2

G G1 G2

λ = λdry +G1 ×θ (θ ≤ θ ∗) (1)

λ = G2(θ −θ ∗)+λ ∗ (θ ∗ < θ) (2)

G1, G2, θ ∗

λ ∗ θ = θ ∗

Fig. 2 Accusand

0.36 mm 0.34 mm θ ∗

VG

θr θ ∗ Fig. 3a

θr θ ∗

θ ∗=1.26θr θ ∗

Fig. 3b θ ∗

G
Fig. 4 θ ≤ θ ∗

G1

Fig. 4a R
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Fig. 3 (a) (b)

(a) Inflection point of thermal conductivity as a function of residual water content. (b) Inflection point of thermal

conductivity as a function of particle size.

Fig. 4 (a) θ ≤ θ∗ (b) θ∗ < θ
Gradient of thermal conductivity with volumetric water content for different sands under (a) region 1 (θ ≤ θ∗)

and (b) region 2 (θ∗ < θ ).

R G1

— —

Accusand G1

θ ∗ < θ G2 Fig. 4b

G1 G2

— —

θ ≤ θ ∗

3.2
Vs

Fig. 5 Fig. 5a, 5b

λdry/Vs = 0.38 (3)

λsat/Vs = 0.02Q+1.67 (4)

Johansen 1975 Côté

and Konrad 2005

Johansen

λ =
(
λsat −λdry

)
Ke +λdry (5a)

Ke
∼= 0.7logSr +1.0 (Sr > 0.05) (5b)

Ke Sr
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Fig. 5 (a) (b) Normalized thermal conductivity by

volumetric solid content as a function of quartz content for sands under (a) completely dry condition and (b) water saturation.

Fig. 6 (a) (b)

(a) Scatter plots for comparison of model performances for existing models for thermal conductivity. (b) Scatter plots for comparison

of model performances for modified existing models for thermal conductivity.

λsat λdry

λsat = λs
(1−Φ)λw

Φ (6)

λdry = (0.135ρb +64.7)/(2700−0.947ρb) (7)

Φ ρb λs

λw = 0.594 W

m−1K−1 , 20 ◦C Lu et al., 2007 λs

Q % λq = 7.7 W m−1K−1

λo

λs = λq
0.01Qλo

(1−0.01Q) (8)

λo 2.0 W m−1K−1

Johansen, 1975

Côté and Konrad Johansen

5b

Ke = kSr/ [1+(k−1)Sr] (9)

k
Côté and Konrad 2005 3.55

Côté and Konrad 2005 λsat

λsat = χ10−ηΦ (10)

χ W m−1K−1 η
Côté and Konrad 2005

0.75 W m−1K−1 1.20 Côté

and Konrad λdry 7

Johansen Côté and Konrad

Fig. 6a

λ 1.5 (W m−1K−1)

λ 1.0 (W m−1K−1)

3

, RMSE

= 0.54

3 4 Johansen

6 7 Côté and Konrad

7 10 Fig. 6b

Johansen Côté and Konrad

RMSE = 0.35 0.37
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Evaluation of management practices in forest soil environments using a multi-frequency

electromagnetic sounding system

Tamami MIYAMOTO 1, Madoka KAWAHARA2, Yasushi MORI1, Hiroaki SOMURA2, Jun’ichiro IDE3,

Erina TAKAHASHI2, Yasumichi YONE2, and Atsushi SUETSUGU1

Abstract: A multi-frequency electromagnetic sounding

system (MFEM) enables non-destructive and instanta-

neous measurements of soil electrical conductivity (EC)

profiles. Because agricultural and forest lands are possi-

ble sources of pollutant loads transported to aquatic envi-

ronments, we applied MFEM to develop a procedure for

conducting efficient soil environmental surveys for evalu-

ation of management practices on forested lands. We in-

vestigated two types of forested sites: thinning sites (TS)

and delayed thinning sites (DTS). The MFEM-EC data col-

lected from surface soils were well correlated with the EC

data collected by a conventional sensor. MFEM-EC map-

ping revealed higher EC values in surface soils of DTS.

Delayed thinning had reduced understory vegetation and

hydraulic conductivity of surface soils. Therefore, low

plant uptake and shallow infiltration of soluble salts would

have allowed them to remain in the surface soils of DTS.

Forest sites that had been fertilized as farmlands could also

be distinguished with an MFEM system. The proposed

MFEM system would be a useful tool for screening sur-

veys of forested sites prior to detailed analysis of a wider

area.

Key Words : multi-frequency electromagnetic sounding,

electrical conductivity, infiltration, soil environment
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Fig. 1
Theory for multi-frequency electromagnetic sounding method.
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Fig. 2
Location of investigated sites: Oki-island in Shimane, Japan.
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Table 1 .

General characteristics of the survey sites.

* ** ***

0 2008 19

1 2009 8

6 > 10 18

7 > 10 39

8 1999 34

10 > 10 21

11 > 10 21

12 2007 13

13 2008 18

∗ : >10 10
∗∗ : > > >
∗∗∗ : 2009

12 13 0

1

4.2
1 6 7 8 10 11 12

13 0 9

5

2008

6 13 Fig. 4

·

Fig. 4

47970 Hz

47970 Hz

25

Fig. 5 47970 Hz

0.891

0.5 ∼ 1 m

·

2008

Fig. 3 :

No. 0 : No. 7

Appearance of soil environment. Left: The thinning site (No. 0).

Right: The delayed thinning site (No. 7).
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Vertical profiles of electric conductivity differed by thinning. No.

13 The thinning site, No. 6 The delayed thinning site.
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Fig. 5

Relationship between electromagnetic sounding EC and soil sen-

sor EC.

Fig. 6
47973 Hz

Horizontal distribution of electrical conductivity data at the thin-

ning sites (Frequency 47970 Hz).
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6 10 11
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Fig. 7
47973 Hz No. 10 EC

Horizontal distribution of electrical conductivity data at the de-

layed thinning sites (Frequency 47970 Hz). EC scale was sepa-

rately added to No. 10.
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Fig. 8
Average hydraulic conductivity at each site.

Fig. 9 TC

Vertical profiles of total carbon contents.

Fig. 10
Relationship between electromagnetic sounding EC and total car-

bon contents.
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