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k, thermal conductivity of air
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k, thermal conductivity of soil solids other
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Ky thermal conductivity of water

Ky thermal conductivity of quartz parallel
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volume

volume fraction of water in unit soil
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EVALUATION OF METHODS FOR CALCULATING
SOIL THERMAL CONDUCTIVITY

Omar T. Farouki

INTRODUCTION

The U.S. Army Cold Regions Research and Fngw-
neering Laboratory monograph entitled Thermal
Properties of Soils (Farouki 1981) describes the
varjous methods that are available tor calculating the
thermal conductivity of soils. In chronological order.
these are the methods of Smuth (1942). Kersten
(1949) Mickley (1951), Gemant (1952}, De Vries
(1952 and 1963). Van Rooven and Winterkorn
(1959), Kunii and Smith (1960), the moditied re-
sistor equation (Woodside and Messmer 19613, Mc-
Gaw (1969) and Johansen (1975).

This report shows in detail the predicted thermal
conductivity values given by these methods for
appropriate tvpes and conditions of soils. This is
done for unfrozen and for frozen soils having a
range of moisture contents and dry densities. For
cach method and each soil condition, the sensitivity
of the calculsted thermal conductivity value to
variations in moisture content and dry density is
determined.

These methods are evaluated by comparing their
predictions with experimental data from soils of
known composition. A computer program is used o
calculate the deviations of the predicted values from
the experimental values for soils with certain proper-
ties. The conditions of applicability and the extent
of validity of each of these methods are thus de-
termined. From this follows a recommendation of
the method or methods 1o apply to soils of different
tvpes. which may be frozen or unfrozen. range from
dry to saturated and have varied dry densities.

Because of the extreme complesity of suils .
of their behavior. a seni-empirical approach to
caleulation of thelr thermal conductivity is ess
and is followed here. Henee the methods men. .
being either theoretically based with empirical nian-
freations or totally empirical. are tested against ex-
perimental data to determine the conditions of their
validity in practice and to enhance their srustworth-
ineas under these conditions.

ANALYSIS OF METHODS FOR CALCULATING
THERMAL CONDUCTIVITY

Introduction
tnorder to perform a detailed analysis of the
thermal conductivity equations resulting from the
various methods. computer programs of these equa-
tions were prepared.* The man input parameters
were:
1. Specific gravity of the soil solids. taken as 2.70
2. Temperature
3. Thermal conductivity of water k, and of ice
k; at that temperature
4. Effective thermal conductivity of the air
(allowing for moisture migration in the manner
suggested by De Vries 1963)
. Thermal conductivity of the soil solids &
. Moisture content w
. Dry density v,.

~3 > '

*The programming was done by S.A. James Clarke and
Athert Smith on the ICL 1906S computer of the Queen's
University of Belfast using FORTRAN language.




The fast two properties were vaned over aowide ange

so that thew intluence on the sodl thermal conduc-
uvity could be determined.

The computer pruntout provided the thenmad con-
ducuvity values predicted by the equations tor the
gven mput data. Calculations were made tor poth
the untrozen and the tiozen conditions. o the futter
case the untrozen water content was asstuned to be
sere tor this sensitivity analvsis. A was set at 8.0
W.m K tor coarse soils and at 2.0 W m K for tine soils,

The moisture content wowas vatied at constam
dry density vy to determine the sensitivity of the
thermal conductivity to viiations inw. In anothe
series of caleutations, y was varied at constant w
to evaluate the influence of v The sensinviny ol
the thermal conductivity to A was also deternnned
by varying A tom 2.0 to 8.0 W m K. keeping hoth
the degree of saturgtion S, and the dry density con-
stant.

For the unsaturated trozen condition, onhy the
methods of Kersten, Mickfev. De Vries and Johunsen
could be applied. For the unsaturated untrozen
condition, these were applicd together with the
Gemant, Van Rooven and McGaw methods. In the
saturdted state, frozen or untrozen, the method of
Kunit-Smith and the modified resistor equation
could additionally be applied. For dry soils, the
methaods ot Smith. Mickley. De Vries and adjusted
De Vries, Van Rooven, Kunu-Smith, moditied
resistor, McGaw and Johansen were applicable.

The results of the sensitivity analysis are given
and discussed in the next three sections.

Influence of moisture content on thermal
conductivity

Thermal conductvity values were caleulated at
a constant 4 for moisture contents varying from
the drv 1o the near saturated condition in increments
of 577, This procedure was vepeated tor different
dry densities in increments of 0.1 giem® trom a vy,
ot 1.1 gicm3 o one of 2.1 g/em3. The results for
unfrozen coarse soil (k= 8.0 W/m K)at 4°C are
shown in Figure 1 while those for unfrozen fine
soil (= 2.0 W/m K) are given in Figure 2. Seven
methods are applicable to unfrozen soil: Kersten,
Micklev, Gemant, De Vries, Van Rooven. McGaw
and Johansen*. except that Kersten and Gemant
do not apply for the dry or nearly dry condition.
For frozen coarse or fine soil four methods are
applicable: Kersten. Micklev. De Vries and Johansen.
The resulting curves are shown in Figures 2 and 4.

The sensitivity of the thermal conductivity 1o
w(’7) at constant v, is given in Tables 14 for four
representative values of . These tables give the

*Mention of the method name in the text implies appli-
cation of the associated equations.

absolute senstvay expressed as the absolute e
crease i the el conductviny per 1 norease
mow Cdesignated bys b By expresann ifos valae
as . percentape of the theomal conductnar (rasen
in the mnddle ot the assocnied mossture connese
vatege b vdue tog the Trelatve sensitnny T e g
obtamed. Except tor Michioy and MUGoe s
craies s the mantire content increases

Frgures S5 compare thie absolute and relatinve
sersitpviies ton the sesen tocthiods gt a e
Yoot LA e ot Wathoone vi two excepiens 1
Pattern of pelative Sensinvies s seendar 1o gt e
absolute sensttivaties. Foruntiozen coase
(Fig Sy Johuansen. De Vies and Van Roov e show
cotmparatinely ngh seovnnvanes trons the diy o
dion toaw ot wound T30 Bevond thas we gl
the sensitivities dectease ma toatghly sinsban ane:
except tor those trom Alickley and MG wiadh
are small and merease shuhithy

In e case of utr ven e sosl (e o g1l the
methads,except Mic ey ana MeGuaw . winve toueh
similar trends. The sensitvsties gencrally degrease
appreciably s woncieases abone 7° I may be
noted. however. that Johuansen gives o NIt "
dtabout w = 7.5% winle Van Rooven ginves g masimun
atabout w = 137 As tor counse soid Mickley and
MeGaw give the Towest sensiivities: these do it
vary much with the moite content.

A comparison of the sensitivities o3 unfiozen
coarse soil 1o the contesponding values for untiozen
fine soil shows that all the methods give s o
caarse soil that is higher than for fine soil with the
exception of Kersten which gives u stightly fower
value for coarse soil (compare Tables 1and 2 a1 4
diy density of T4 2 amd),

For frozen soils both Kensten wnd Johansen ene
linear relations between the thermal conducivin
and woat constant Y amplying 4 cooastant s, o
cach methird. In tact. these twa methods give neah
the same s tor frozen fine sorl. Johansen giving
slightly larger values at the igher diy densities. Fory
frozen coarse soil. however Jolunsen gives an appre-
ciably larger s, . being about 3077 more than that
from Kersten ata v, of 14 giem?. De Vries shows
the highest s, at low o but this decreases 1o become
the lowest at higly w. Mickley. on the other hand.
shows a reverse trerd {see Fig. ™ and 8).

It may also be noted that the s, values for frozen
fine s.anare less than those tor frozen coarse soil.
The percentage sensitivites. however. do not difter
much. except at fow w values where Johansen and
De Vries show higher values tor frozen coarse soil.

Tables 1-4 show that for Kersten. Johansen.

De Vrics and Mickley. the effect of mcreasing Y 1%
to increase the value ot s when moisture content
is similar.

Kersten, Micklev, De Viies and Johansen are
applicable to both the untrozen and frozen conditions.
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Table 1. Sensitivity of thermal conductivity X (W/m K of an unfrozen coarse
soil to moisture content w at constant dry density v, for different methods of
calculating k (s, is the increase in k per 1% increase in w at constant 7).

kg~ 8.0 Wim K -

Aerstent  Johansen  De Vries  Mickley  McGaw Gemant Van Rooyen

19 = 1 g/cm“

sy forw - 0t 87 - 0.085 0.082 0.007 negative - 0.097
A atw = )87 - 0.378 0,610 1.625 ~ - 0.308
Sy as % of k - 226 8.5 0.4 - - 3.6
—x\:"fﬁ?n- T o 08l T TTT0023 0.051 0.027 0.007 0.006 0.051 0.123
Aatw =107 0,771 0.881 0.865 1.665 1.586 0.950 1.482
Sy as 7otk 3.0 5.8 3. 0.4 0.4 5.4 8.3
3y forw =18 1o 45% 0,008 0.017 0.02} 0.012 0.007 0.022 0.002
Aat w = 307 1.00§ 1.395 1.332 1.823 1.700 1.497 1.860
Sy as 7 oof Kk 0.8 1.2 1.5 0.7 0.4 1.5 0.1

Yy =18 g/cm3

5y for w- 0to A% - 0.170 0.094 0.01) - - 0.256
katw - 2.58% ~ 0.683 0.950 2.213 - - 0.788
Sy a5 Tofk - 24.9 9.9 0.5 - - 32.5
sy for w=510 10% 0.036 0.086 0.053 0.012 .007 0.096 0.192
Katw: 7.8% 1.078 1.280 1.300 2.263 2.163 1.383 2.070
S 48 T of K 4.2 6.8 4. 0.5 0.3 7.0 9.3
5, for w=101020%  0.023 0.043 0.042 0.014 0.007 0.050 0.010
kapw=18% 1.320 1.721 1.649 2.344 2.218 1.891 2.525%
5y 45 7 OF K 1.7 2.5 2.5 0.6 0.3 2.6 0.4
s, for w=1201ts 30%  0.013 0.025 0.033 0.019 0.007 0.031 0.000
Aatw = 28% 1.487 2,040 2.008 2.500 2.291 2.2758 2.532
5, a» % of k 0.9 1.2 1.6 0.8 0.3 1.4 0.0

47 1.7 g/cm3

5, for w= 010 5% - 0.302 0.160 0018 - - 0.565
Katw = 2,56 - 1.262 1.475  2.870 - - 2.612
Sy @8 % of k - 239 10.8 0.6 - . 21.6

e for we 810207 0.047  0.077 0.072  0.027  0.009 0.091 0.264
K at w = 1O 1.827 2,387 2297 3.026  2.921 2.604 3.939
5y a5 % of & 2.6 33 3.1 0.9 0.3 3.5 6.7

14~ 2.0 g/cm3

Sy for w= 010 5% - 0.513 0.298 0.033 - - -

katw = 2.5% - 2.308 2.480 3.720 - - -

Sy 88 G of k - 22.2 12.0 ;-9 - - -

5y fOr w < 3 to 10% 0108 0.152 0.119 0044  0.010 0.181 -

Aatw = 5% 2.273 2.984 3.030 3.797 3.829 3.222 -

5y a8 % of k 4.7 s 3.9 1.2 0.3 5.6 -
7
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Table 2. Sensitivity of thermal conductivity & (W/m K) of an unfrozen fine
soil to moisture content w at constant dry density v, for different methods of
calculating k (s, is the increase in k per 1% increase in w at constant v,).

kg = 2.0 W/m K

Kersten Johansen  De Vries  Mickley McGaw Gemant _ Van Rooyen

74 = 1.1 gjem?

sy for w=0rto 5% - 0.000 0.026 0.006 -0.021 - 0.015
Aat w = 2.5% - 0.131 0.333 0.460 0.777 - 0.116
S\ s T of & - 0.000 1.7 1.3 -2.7 - 12,6
Sy for w = § 10 10% 0.038 0.044 0.014 0.006 0.004 0.030 0.022
katw=7.5% 0.405 0.200 0.435 0.490 0.740 0.362 0.210
s, as%of k 9.4 22,0 3.3 1.2 0.5 8.2 10.3
s, for w=101t0 20% 0.019 0.025 0.014 0.007 0.006 0.015 0.024
Katw=18§% 0.602 0.494 0.534 0.536 0.786 0.512 0.392
3y 88 % of k 3.2 5.0 2.6 1.2 0.7 2.9 6,2
5y for w =201 457 0.009 0.012 0.012 0.056 0.006 0.008 0.007
katw = 30% 0.792 0.740 0.724 0.645 0.871 0.676 0.634
Sy a8 Gof k 1.1 1.6 1.6 8.7 0.6 1.2 1.1

4= 1.4 g/cm3
Sa for w=0to 5% - 0.029 0.043 0.009 -0.025 - 0.022
Aatw=25% - 0.240 0.486 0.610 0,978 - 0.219
Sy 48 T of k - 12.2 8.8 1.5 -2.6 - 9.9
S for w= 5 to 10% 0.058 0.054 0.025 0.010 0,007 0.041 0.028
Katw= 7.5% 0.636 0.478 0.645 0.659 0.955% 0.579 0.342
5y 28 % of k 9.2 11.4 3.8 1.5 0.8 7.1 8.3
S for w=10to 20% 0.029 0.027 0.020 0,012 0.007 0.021 0.030
katw= 150 0.926 0.765 0.807 0.740 1.010 0.787 0.576
sy, B8 % of k 3.2 3.6 2.5 1.6 0.7 2.6 5.2
swl'ol‘ w = 20 to 30% 0.017 0.016 0.017 0.016 0.004 0.012 0.018
katw=25% 1.142 0.966 0.987 0.873 1,082 0.942 0.827
sy a8 %of k 1.5 1.6 1.7 1.9 0.3 1.3 2.2

¥g = 1.7 g/cm3
S for w=0to 5% - 0.071 0.064 0.015 ~0.023 - 0.008
katw=2.5% - 0.455 0.698 0.796 1.208 - 0.435
Sy s % of k - 15.6 9.2 1.8 -1.9 - 1.8
Sw for w =5 to 10% 0.090 0.059 0.038 0.017 0.009 0.005 0.099
katw=7.5% 0.972 0.785 0,922 0.872 1.182 0.876 0.473
Sy 88 Bl k 9.2 7.5 4.1 1.9 0.7 0.5 20.9
S for w=10to 20% 0.045 0.030 0.025 0,025 0.009 0.024 0.009
Katw=15% 1.426 1.096 1.146 1.016 1.249 1,131 0.540
Sy as % of k 3.2 2.7 2.2 2.4 0.7 2.1 1.7

¥4 = 2.0 g/em>
sw for w=01t05% - 0.120 0.098 0.024 -0,018 - -0.202
katw=25% - 0.800 1.057 1.020 1.440 - 0.907
Sy a8 % of k - 15.0 9.3 2.4 -1.3 - -22.3
s for w =510 10% 0.138 0.062 0.039 0.033 0.010 0.057 -0.063
katw=15% 1.563 1.180 1.296 1.165 1.430 1.270 0.265
Sy a8 % of k 8.9 5.2 3.0 2.8 0.7 4.5 ~23.8
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Table 3. Sensitivity of thermal conductivity & (W/m K) of
a frozen coarse soil to moisture content w at constant dry
density 74 for different methods of calculating k (s, is the
increase in k per 1% increase in w at constant v, ).

k- B.OW/mK
Avrsten Jobgrisen 1) | reey Michles

Y (3] .L/cm“

sy forw 0o s - 0.074 0.162 0.023
Aatw 2.8 - 1 3G4% 0.863 1.630
ty L;,“LA L 2343 o 18.” l.<'
sa Torw S 1o 187 0.046 0074 0.076 0026
Aatw [ .544 0.873 1.541 1.13
Sa as F ot A 5.4 K8 4.9 1.2
Sa for w = 15w 257 0.046 0.074 0.067 Q.01
Aat w = 20% 1.013 1.616 2.273 2.096
wnfiefh e e 0 18
S for w = 25 to 487 0.046 0.074 0.057 0.04%
Kkatw 357 1.709 2.730 3170 2,637
Yy @ T of K 2.7 2.7 1.8 1.8

Yy © 1.4 g/cm3
s forw  0tos7 - 0.133 0.278 0.039
Katw = 2.58% - 0.508 1.488 2353
R - L S
Sw for w =510 157 0.087 0.133 0.123 0.04%
Kk atw = 10% 1.021 1.513 2.591 2.530
S a8 ool k 8.5 8.8 4.7 1.8
Sw for w= 15 to 25% 0.087 0.133 0.089 0.063
Kk atw =207 1.891 2.839 3617 3.059

_Sa a8 % of k 4.6 4.7 L 2.1 2.1 B

Sw for w = 25 to 30% 0.087 0.133 0.082 0110
Katw =27.5% 2.538 3.825 4.238 3.655
5y, 45 % of k 3.4 3.5 1.9 3.0

g 1.7 g/cm3
sy forw =010 S - 0.238 0.452 0.063
katw=25% = 0.858 2.463 2.950
Sy us % of & - 27.7 18.4 2.1
sy, for w = 510 18% 0.163 0.238 0.159 0.085
kgt w - 10% 1.897 2.651 3.996 3.475
Sy, 48 % ot K 8.6 9.0 4.0 2.4
sy forw =15 to 20% 0.163 0.237 0.1i4 0.220
hatw=17.5% 3108 4.4)8 4,968 4.218
S @5 TF of K 5.2 5.4 2.3 5.

14 = 2.0 g/cm3
Sw for w = 0 to 5% - 0.451 0.689 0.107
katw - 2.5% - 0.970 4.063 3.R30
S a8 %6 of K - 46.5 16.9 2.8
5, for w= 5710 10% 0.307 0.450 0.193~  0.159
katw=17.58% 2.750 3.750 5.238 4.488
Sy a8 % of &k tt.t 12.0 3.7 .6

9
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Table 4. Sensitivity of thermal conductivity £ (W/m K) of
a frozen fine soil to moisture content w at constant dry
density vy, for different methods of calculating k (s,, is the
increase in k per 1% increase in w at constant v,).

k' =2.0W/mK

Kersten  Johansen  De Vries  Mickley

4" 1.1 g/cmj

Sw for w = 0 to 5% - 0.041 0.068 0.016
katw =257 - 0.230 0.360 0.450
S5, 38 % of k - 17.8 18.8 36
Sw for w =510 15% 0.043 0.041 0.039 0.018
katw =107 0.481 0.541 0.684 0.579
Sy as % of k 9.0 7.6 5.6 3.2
s, forw=1510 [§%  0.043 0.041 0.038 0.022
katw=20% 0.915 0.952 1.077 0.779
Sw as %eof k 4.8 4.3 3.5 2.8
s, for w=25to 45% 0.043 0.041 0.036 0.036
Ak at w= 35% 1.567 1.569 1.629 {.181
Sy @8 % of k 2.8 2.6 2.2 3.1

Y4 = 1.4 g/cm3

sy, for w=0to 5% - 0.062 0.109 0.024 ;
katw=25% - 0.337 0.605 0.609
Sy 38 % of k - 18.3 18.0 3.9
sy for w =510 15% 0.061 0.062 0.057 0.029
AKatw=10% 0.734 0.803 1.066 0.808
Sw as % of k 8.4 7.7 5.3 3.6
sy for w=1510 25% 0.061 0.062 0.03% 0.043
k at w = 20% 1.347 1.419 1.584 1.152
Se 88 % of k 4.6 4.3 3.0 3.7
5y for w =25 to 30%  0.061 0.062 0.047 0.078
katw=275% 1.805 1.880 1.936 1.550
5, 3S % of k 3.4 3.3 2.4 5.4

7= 1.7 gfem’

sy for w =010 5% - 0.091 0.161 0.038
katw=2.5% - 0.49S 0.870 0.800
5, 38 % of k -7 a8s 18.5 4.4

sy for w=510)5% 0.087 0.091 0.068 0.050

K at w = 10% 1.177 1.187 1.507 1.110
soas Fof k 7.4 7.7 4.5 4.5

S for w= 1510 20%  0.086 (XJ] 0058  0.1a0
katw=175% 1.820 1.865 1.951 1.665
5, as Fofk 4.7 4.9 3.0 8.4

T4 = 2.0 g/cm:’

sy forw=0to 5% - 0.129 0.216 0.0583

katw= 2.5% - 0.756 1.285 1.04%

L as % of k - 18.3 16.8 5.1

s, forw=%1t010%  0.112 0139 0076 0.085

katw=7.5% 1718 1450 1765 1375

S, 38 % of k 7.1 9.6 4.3 6.2
10
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Figure 5. Absolute and relative sensitivities of calculated thermal conductivity of an
unfrozen coarse soil vs moisnere content (kK =80 Wm K, v, = 1.4 glem? ). Absolute
sensitivity is the change in thermal conductivity (Wim Kj due to 1% change in moisture
content. Relative sensitivity is the absolute sensitivity expressed as a pereentage of
the thermal conductivity.
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Figure 6. Absolure and relative sensitivities of calculated thermal conductivity of an
unfrozen fine soil vs moisture content (k. =2.0 WmK, y, = 1.4 g/em? ). Absolute
sensitivity is the change in thermal conductivity (Wfm K] due to 1% change in moisture
content. Relative sensitivity is the absolute sensitivity expressed as a percentage of

the thermul conductivity.
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Figure 7. Absolute qud relarive sensitivities of calculated thermal conductivity of a
frozen coarse soil vs moisture conrent (K= 8.0 Wm K, i LAg cm’) Absolure
sensitivity is the change in thermal conductivity (Wim Ky due 1o 177 change o moisture
content. Relative sensitivity is the absoluile sensitivity expressed as a pereentdge of

the thermal conductiviry.
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From a comparnon ot the tesufts tor these conditions,
1t evident that cach ot these common methods

wives an 8 vatue whichos appreciably wreater ton
trozen sotl than for untrozen soil. This may be
expected because jee has o much higher thermal
conductivity than water. At low value of w (0-3
range ). Johansen i an exception. giving a higher s

tor the untiozen condition than tor the frozen state.

Influence of dry density on thermal conductivity

To determme the etfect oty thermal conduc-
tivity values were culeulated at g constant w tor
values oty varving tom o 20 g NUERUEIE
crements of 01w em®. This was done Tor w values
from dry to near satwation. At the higher w values.
saturation corresponds to lower vilues of y . Asin
the previous section, tesults were obtained trom seven
methods for the untrozen state (Fig. 9 and 10) and
from four methods tor the Nazen state (Fig. 11 and
12).

Van Rooyven clearly shows incorreet trends at
high values oy orw. Also,both Mickley and
MceGaw give values for the dry thermal conductivity
that are obviously much too high. 1In Mickley's
case. this was expected by him, while tor McGaw.
the interfacial efficiency € was assumed to be 1.0in
the caleulations which is too high for the dry or
nearly dry condition.

The sensitivity of the thermal conductivity to
v, (at constant w is given in Tables 5-8 for several
representative values of w. These tables give the
absolute sensitivity s, expressed as the increase in
thermai conductivity per 0.1 g/em? increase in v,
at constant w. This increase has also been expressed
in relative terms as a percentage ot the thermal con-
ductivity value in the middle of the dry density
range.

Van Rooyen is considerably out of step with
the others for the untrozen soils (Fig. 9 and 10).
For these soils the other six methods give an in-
creased s, as 7y increases at constant w. {tis also
evident that s, increases as w increases for a given
74 range: however, the values from Mickley and
McGaw do not vary much.

For unfrozen coarse soil Kersten gives the fowest
s, throughout (Table 5). The relative sensitivity
given by Kersten is constant at about 14.5% over

the whole range ot y pand w. Owthe other Tand
tar uirozen tine soil Keisten tends 1o enve rhe
highest Syl the biigher values of 3, (Tuble 6). The
vatties of s tor unfrgzen tine soil are lower thun
the corresponding values tor unfrozen coulse soil
as expucted. because of the Ingher A value for the
futter.

Tables 7 and & tor frozen soils show the marked
merease 10 s, canised by 3y incieasing at constm
W As for unfrozen soils,atcreased 1 gives mmcreased
senstivity over astmlar range of v bor frozen
coarse soil Kersten generally gives the fowest s,
while Johansen and Mickley give the fargest at high
values of w. For frozen fine sedl. Kessten and
Johansen give s, values near cach other at jow v,
values, but Kersten tends 1o give higher values m
the higher y, range.

Because the degree of suturation S_ nuy be more
important than the absolute value of w. especially
in affecting moisture migration. thermal conductivity
values have been calculated at a constant S, value
but with varying 7. The curves corresponding to
several . values are shown in Figures 13-16. Along
aconstant S curve. varying v implies a varving w:
the etfect of a varving w is a contributing factor to
changes in thermal conductivity.

Apurt from Van Rooven. these curves (at constant
S.) tor the untrozen soils show g more or less con-
stant rate of increase in the thermal conductivity
with increasing v,. This implies that 5, (at constant
S, ) is approximately constant. For g given method
the curves corresponding to different S values run
roughly parrallel to cach other. The same trends are
indicated tor the four methods applicable 1o the
frozen coarse soil (Fig. 15). With regard to the frozen
fine soil. however. the trends shown by these methods
are somewhat ditferent (Fig. 16).

The effect of S, is interesting to note. For the
untrozen soils. the curves given by Kersten, Gemant.
De Vrics and Johansen show that the sensitivity of
the thermal conductivity o 8, at constant v, de-
creases as S, increases (i.c. the curves become closer
together). The opposite trend is shown by Mickley.
but this appears to be physically incorrect. Faor the
frozen soils, Kersten, De Vries and Johansen give

a nearly constant s as S, increases at constant diy
density.
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Table 5. Sensitivity of thermal conductivity k (W/m K) of an unfrozen coarse
soil to dry density v, at constant moisture content w for different methods of
calculating k (s, is the increase in k per 0.1 g/cm3 increase in v, at constant w).

k= 8.0W/mK

~_Ahersten Johansen  De Vries  Mickley  McGaw _ Gemant lan Rooven
W 8
torag 1l L gem i 017d v.154 0.203 0.203 0.18vY 0.342
Aatng 1 deem? [TRNS ] 0.8523 0.99% 2014 1.937 0.937 1.092
soan A 14.6 13 15.5 10.1 10.5 19.2 31.3
—L q.—.—" -
vtor gy LSt b uem [P I wi? 0.307 0.260 0.277 0.341 0.977
Katay 1.7 pem? 14" 1.782 1.508 2922 2.877 1.918 3.291
voan ot A 14.6 [l 17.0 5.9 9.6 17.8 29.7
w107
votoryy Vb b3 Lemd 0150 021 0.202 0.212 0.206 0.236 0.334
, R )
Aatyy 1 deom! 102K 1.236 1.209 2.063 1.971 1.353 2.095
s_oay - b A 14.6 le.y 16.7 0.3 10.5% 17.4 15.9
oy LSt gfemd 0266 0.371 0.362 0.283 .280 0.414 0.881
Aty 1T eem? 1827 2387 2,297 3.026 2.921 2.604 3.939
Voas ot 14.6 15.7 15.5 9.4 15,9 22.4
w - 2077
sy foryg  bdto s gremd 0,179 0.249 0.25" 0.236 0.22 0.293 0.256
Aatyy 13eiem? 1.22% 1,639 1.568 2173 2.037 1.800 2.259
stk 14.6 15.2 l16.4 1.9 10.9 16.3 11.3
wa for g 1St 1 7gems 0273 G367 T 0372 0.326 0.26) 0.414 0.541
| S .
Katyy .6 gem? 1885 2.541 2.493 2979 2.738 2.846 3.333
sy ol 13.4 14.9 14.9 10.9 9.5 14.5 6.2
wo- 407
sy for g bdto Lig/emd 007K 0.247 0.294 0.318 0.204 0.313 0.200
katyg - 1.2 g/em? 1.231 1.76% 1.800 2.200 1.958 1.957 2.041
s, a8 i nf 4 14.5 14.0 16.3 14.5 10.4 16.0 9.8
18




Table 6. Sensitivity of thermal conductivity k£ (W/m K of an unfrozen fine

soil to dry density 74 3t constant moisture content w for different methods of
calculating K (s, is the increase in k per 0.1 g/cm? increase in Y4 at constant w).

sy foryy s Liw LS glem?

katyg - 1.3 g/tm3
Soavr ot A

syforyy = 1.5 1 1.9 gjem!
Aatyg - 1.7 g/em3

¥y s T otk

Sy for Yg Uit LS g/cm-‘
Aatygy-1.3 tl/L‘m'!
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as T ot A
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N LT

syforyg = 1.5t 1 7g/emd  0.202
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\“’ as 7t of b

syforyg=1.1t0 1.3 g/em3
katyg = 1.2 gfem3

s,as T ofk

Acrsicn
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0,301

0.09%
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Table 7. Sensitivity of thermal conductivity X (W/m K) of a
frozen coarse soil to dry density 74 at constant moisture con-
tent w for different methods of calculating k (s, is the increase
in k per 0.1 g/cm3 increase in v, at constant w).

Ay = B.OW/mK

Aersan FIURITART] [e ey Vo ke
WS
sy for yy 11t Lagemd 000 012y 0.2 0
Aatyy 1.3 grem? 04" 0.713 | 63U N
yoan T ot A 210 8.1 e 3 105
‘ sy for 3 ,_‘ 1.5 ta 2.0 grem3 0.288 0.332 3.490 0,312
Aatyy LB gem? 1.32% 1.770 1834 a1
spanork 19.3 18,7 135 a4
" ta,
yforyg 1S gemd T 0.144 a.371 G252
Katyy - 4.3 gemd 0.830 1.260 2200 2.280
NORELE N 1A ey 111
vy for vy - 1.5 10 2.0 gem? 0454 0.621 0.52¢ 0.420
Katyy 1.8g/em? 2,332 322 3r6"
So a8l ot A 19.5 4.3 1.6 oY
wooat
LN for 1q - 1.1t 1.5 g,/cm-‘ 0.329 0,382 0462 0. 336
Katyg = 1.3 gjem3 1.536 2,356 id0 2.700
soas ootk 214 19.2 13,7 118
5y for yg > 1.5 10 1.7 gremd 0.600 0.800 0.5 078"
katyg © 1.6g/em? 2867 EREN 3,683 4.006
sy as i o 0.0 193 118 19.6
s R
sy foryg = 11t 14 gfem3 0428 0.602 0.518% 0,508
katyg=1.3g/em3 2292 3.45) 3893 3.2K8
s.as 7t of K 19.1 17.4 133 18,5
[TREE X 0
sy for yg = 1.0 10 1.2 g/em? 0.4 0.65% 0.561 0.647
katyg : 1.2 gfem? 2.392 1,760 1010 1820
.vxu\’,'é of & 18.9 17.5 14.0 1%.3
20
S 4
s




Table 8. Sensitivity of thermal conductivity kK (W/m K) of a
frozen fine soil to dry density y, at constant moisture content
w for different methods of calculating k (s, is the increase in
k per 0.1 g/cm3 increase in 4 at constant w).

k= 2.0W/m K

Aersten  Johansen  De b ries  Michley

w8
sy foryg = L1t 1§ g/em3  0.061 0.057 0.094 0.063
Aatyg 1.3 g/em3 0.361 0.435 0.671 v.610
\J_u\'} ol A 17.0 13.0 14.0 10.2
sy foryy LSte2.0g/em3 0181 0.110 0.138 0.090
Katyg - 1.7 g/em? 0.744 0.730 1.129 0.896
s, otk 24.4 15.1 12.2 10.0
wo 10%
sy foryy Lo LS gemd  0.003 0.093 0132 0.080
katyy  1.3g/em? 0.635 0.705 0.930 0.726
7 ‘;1 'n_’;,“,',k, N . 14.6 o 13.2 E_l‘ o 11.0
54 10T 34 5 1S 10 2.0 gfem3 0235 0.179 0.196 0.144
hatag @17 giem?d 1177 1.187 1.507 1110
ETRRY 199 151 9.7 12.9
W~ 200
syforyg - Lo 1.5 gjem? 0187 0.166 0.170 0.136
Aatyy 1.3 g/cm? 1181 1.24% 1.412 1.010
spasofh 133 133 120 135
syforyg - LSt 1.7 g/em3 0251 0.242 0173 0.387
hatyg=1.6g/cm3 1.771 1.831 1.927 1.554
a8 of & 14.1 13.1 9.0 24.9
w o= 30
Sy for yg = 1.1 to 1.4 gjem3 0,203 0.224 0.203 0.253
katyg - 1.3 g/em? 1.728 1,785 1.850 1426
11.8 12.8 11.0 17.7
w = 400
sy foryg s L1 to 1.2 g/lem?  0.220 0.260 0.230 0.370
Katyg = 1.2 g/em? 2.013 2.034 2.049 1.739
sy a8 7 of & 11.4 12.8 1.7 21.3
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Table 9. Sensitivity of soil thermal conductivity kK (W/m K) of an unfrozen soil
to solids conductivity k, at constant degree of saturation S, for different methods.

Ty - 16 g/cm3

Ionansen lTawRoo on
Caarse ! ane De Vries AMuod. res. Kwerut -Soitth 7\{it_l:l£'7\;ﬁ"ll;(_,'_u N Gemant _7('9.-1:\:
S, 10
ks ¥O0W,;mKk 2Tty - 2.736 3.265 2.270 3.218 .779 3.066 2327
k\ 4.0 - - - - ~ - - - 0.643
/\‘ 30 1.521 .82} - - ~ - - - 0.41<
A\.— 2.0 - 1197 1.247 1.324 1.129 1.208 1.253 1.181 -
Sensitnalv A/ A 0.230 0.324  0.248 0.324 0.190 0335 0254 0314 0.e71%
. 3
s, o
.'\\ 8O0W/m K 2.200 - 2,131 - - 2811 2.678 2.444 -
A, 40 - - - - - - - - [ ER]
k\ 3.0 1.253 137 - - - - - - 0415
Ay 20 - 0.909 0973 - - 0.874 {139 0950 -
Sensitivity ADA 0.b89 0228 - - - 0.923 0285 0.248 oyt
Ay 0.25
I\‘ 3.0W/m K 1.677 - 1.697 - B 2.696 2.625 1.8213 2.960
Ay - 4.0 - - - _ _ _ - - -
Ag= 30 0.982 0.751 - - - - - - 0.628
f\‘ =2.0 - 0.621 0.790 - - 0.780 1.007 0.710 0.40v
Sensitivity A/ Ao 0.139 0.130  0.15) - - 0.319 0.255 0.185  0.583°
Sr = 0 (dry)
ks =8.0W/mK 0.240 - 0.216 0.302 0.259 - - - 0.33a
kg=4.0 - - - ~ ~ - - - -
A‘ = 3.0 0.240 0.240 - - - - - - 0.198
ke 2.0 - 0240  0.193 0.260 0.183 - - - -
Sensitivity &/ k. 0.000 0.000 0.0038 0.0070 0.0127 - - - 0.0282¢

*for kg varying from 4.0 to 8.0 W/m K
t¥or kg varying from 3.0 to 8.0 W/in K

Influence of soil solids’ thermal conductivity

A determination was made of the variation in the
calculated soil thermal conductivity due to changes in
the value of the solids’ thermal conductivity k_ at a
constant v, of 1.6 g/cm? and for a constant S,.
Calculations were made for several values of .
ranging from dry to saturated. The resulting curves
for each S, value are shown in Figure 17 for unfrozen
soil and in Figure 18 for ftozen soil. The Kersten
method could not be applied as it does not explicitly
take k_ into account so that it cannot allow for
variation in k.

26

Six methods could be generally applied at all S,
values (o unfrozen soils, while only three of these
werc applicable to frozen soils. In the fully saturated
state, two additional methods. Kunii-Smith and the
modified resistor equation, were also applicable to
both frozen and unfrozen soils. When Johansen was
applied at k= 3.0 W/m K and below, the equation
appropriate to fine soil was used. This gives rise to
different sensitivities with this method for coarse
and for fine soils

Tables 9 and 10 show the values obtained for the
absolute sensitivity of the soil thermal conductivity

o




Seinsitiviy Af A,

Sensitivaty Ay A

Sensitivity A A

Sensitivity kf I\h

97 1.6 g/cm3

Table 10. Sensitivity of soil thermal conductivity & (W/m K) of a frozen soil
to solids conductivity & at constant degree of saturation S, for different methods.

Johansen
Coarse Fine  De Vries  Mod. res.  KAiwoui Mickley
S 1o
4.793 - 4.996 5.300 4.837
2,682 2.682 - -

- 2.H1o 2,111 2113 2.110
0422 0.572 0.48i 0.531 U.458
$p - 0.78
3.654 - 4.395 - 3.724
2.070 2.070 - -

- 1,641 1.792 - 1.371
0317 0.929 0.434 - 0.392
Sr - Q.8
2822 - 1.727 - 3.247
1.463 1.463 - - -
1176 1463 - 1.069
®.212 0.287 0.377 - 0.363
S 0.28
1.381 - 2.792 - 2.875
0.85¢  0.851 - - -
- 0.708 1.064 0.845
0.106 0.143 0.288 - 0.338
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Comparison of the various methods

The thennal conductivity values predicted by the
vartous methods wre compared tor the saturated
condrtion. tor 8, = 0.5 and tor the dry condinon in
Fraures 21300 This has been done over a 3 range
yom b e 20 pemd Apart lom Kersten the
values chiosen tor A were S.OW i K for coarse soil
and 2 0W m K tor 1ine sl

The mne methods apphicable to saturated untrozen
coatse soilall show g similar tiend tor the increase
m thermal conducnvity with mereasmg v (Fig. 21)
KNersten and Van Roor en give the Jowest thetmal
conductvity vatues while Micklev. maoditied 1esistor
and Geovnt give the nghest vatues. Johansen, De Vries
and MeGaw give almost coincident cunves,
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Figure 21, Comparison of thermal conductivity
vulues calculared by the various methods for a
saturated unfrozen coarse soil ar different dry
densities (1= 4°C. K = 8.0 Wm K).

For satuated untrozen fine soil (Fig. 22),
Kersten gives the Inghest values above a yy of 1.3
emt Van Roosen provides the lowest values and
i~ unrehable at values of vy over 1.3 g-em?. Johansen,
De Vies, moditied resistor, Kunii-Smith. Mickley
and Gemant ditfer noticeably at low v, values. but
show a similar.almost linear. trend and closely
approach each other at high v

la the case of saturated frozen coarse soil (Fig.
23). Kersten gives much lower values than the other
tive methods. Modified resistor gives the highest
values. showing 4 linea increase to which De Vries,
Mickley and Johansen are approximately parallel.

With regard to saturated frozen fine soil (Fig. 24).
the six methods give values which differ little from
cach other. In fact, Johansen. De Vries. maodified
resistor and Mickley all give coincident curves.

Also. the thermal conductivity does not vary much
with 4 as may be expected because the replacement
of ice. having a &, of 2.2 W/m K, by the mineral
solid. having a k¢ of 2.0 W/m K, should not make
much difference to the overall soil thermal conduc-
tivity.
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Figure 22. Comparison of thermal conductivity
values calculated by the various methods for a
saturated unfrozen fine soil at different dry den-
sities (1=4°C, k, = 2.0 Wim K).

The seven curves for the partially saturated un-
trozen sand (S, = 0.5) all show a similar trend.
except for Van Rooyen's. which rises rapidly above
a7y of 1.4 gfom?3 (Fig. 25). As with the saturated
coarse soil. Kersten gives the lowest values while
Mickley gives the highest (apart from Van Rooven.
which shows odd behavior). The curves given by
Johansen and De Vries are close together and repre-
sent roughly average values.

With partially saturated unfrozen fine soil. some
opposite trends are apparent (Fig. 26). Van Rooyen
and Mickley give the lowest values. with Van Rooven
showing an incongruent decrease at ¥4 above 1.3
g/lem3. Contrary to the coarse soil case. Kersten
gives one of the highest curves, while De Vries, Gemant
and Johansen give curves at intermediate positions.

For partially saturated frozen coarse soil, the
four applicable methods give curves which difter by
large amounts. although they show similar trends
(Fig. 27). Kersten gives the lowest thermal con-
ductivity values while De Vries gives the highest.

At high v,4. De Vries gives values that are more than
twice as high as those given by Kersten.
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Figure 23. Comparison of thermal conductivity
values calculated by the various methods for a
saturated frozen coarse svil at different dry den-
sities [t = -4°C, k, = 8.0 Wim K).
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Figure 24. Comparison of thermal conductivity
values calculated by the various methods Jor a
saturated frozen fine soil ar different dry den-
sities (1= ~4°C. k= 2.0 Wim K).

Figure 25. Comparison of thermal conductivity
values calculared by the various methods for an
unsaturated unfrozen coarse soil ar different dry
densities with S, = 0.5 (1 =4°C, k= 8.0 Wm K.
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Figure 26, Comparison of thermal conductivity
ralucs calcnlated by the various methods for an
wisatirated wnfrozen fine soil at different dry
densities with S, = 0.5 (t=4 C, k= 2.0 Wm K.
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Figure 27. Comparison of thermal conductivity
values calculated by the various methods for an
unsaturated frozen coarse soil ar different dry
densitios with S, = 0.5 (1= ~°C k= 8.0 W m K/,

Figure 28, Comparison of thermal conductivity
values calculated by the various merkods for an
unsarurared frozen fine soil at differen: dry den-
sities with' S, = 0.5 (1 = ~4°C, k; = 2.0 W/m K ),
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Figure 29. Comparison of thermal conductiviry
values calculated by the various methods for a
dry coarse soil at different dryv densities (t = 4°C.
k=80 WimK)

The differences are less pronounced for frozen
fine soil at partial saturation (Fig. 28). Kersten
and Johansen do not differ by much over the whole
74 fange. and Mickley approaches them at high v,.
De Vries gives the highest values. about 15% greater
than Kersten and 30% greater than Johansen or
Mickley at the highest v, (1.9 g/em3).

For dry coasse soil all the applicable methods
show a similar trend. except that the curves of Van
Rooyen and Kunii-Smith start to rise quickly above
vy = 1.5 g/em3 (Fig. 29). Johansen and De Vries
give curves that are close together and nearly par-
allel, and modified resistor gives a similar curve that
is higher. The adjusted De Vries equation gives
higher values than the moditied resistor equation
at the highest y;. Smith shows a somewhat differcent
trend, giving the lowest values at high y,. For this
method the value chosen for o' (thermal structure
factor) was 0.065.

In the case of dry fine soil (Fig. 30). Van Rooyen
again shows an excessive rate of increase in the
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Figure 30. Comparison of thermal conductivity
values calculared by the various methods for a
drv fine soil at different dryv densities (1 = 4°C,
K, =2.0W/mK)

thermal conductivity above v, = 1.5 g em?, but
Kunii-Smith appears reasonable up to y, = 1.9 glem?,
The curves from Johansen and adjusted De Vries

are practically coincident, while Smith again gives
lower values at a v, above 1.8 g/cm3.

The temperature difference of 8°C between the
frozen and unfrozen dry conditions does not produce
appreciable changes in the soil thermal conductivity.

In the next section there is a detailed testing of
all the methods against actual experimental data for
different soil types and conditions. The methods are
evaluated so as to determine under which conditions
cach method gives good predictions and in order to
recommend the best method(s) applicable to soils
in various conditions.

EVALUATION OF METHODS FOR CALCULATING
THERMAL CONDUCTIVITY

This section presents an evaluation of the vanous
proposed methods for calculating the thermal




conductivity of soils. i .us evaluation was carried
out using a computer program which analy 7ed data
obtained by various experimenters on soils with
known characteristics. In particular, knowledge of
the quartz content was important, The thermal
conductivity predicted by each method wus then
computed at appropriate values ot the mojsture con-
tent and dry density. The deviation of this computed
value trom the measured value was then obtained.
(It should be noted that meusured values may not
always be accurate).

Comparison of the deviations produced by the
various methods indicates which methods give good
agreement under the relevant conditions. The eval-
uation is done for moist coarse and fine soils, un-
tfrozen or frozen. and tor dry sauls,

Soils data used for evaluation

All the methods tor caleulating soil thermal con-
ductivity. except Kersten, depend on knowledge of
the solids thermal conductivity &, The solids com-
ponent which could have a major intluence on the
value of & is quartz. because quartz has a thermal
conductivity appreciably larger than any other
possible soil solid component. In order, therefore,
to get a reliable value of & for use in any of these
methods, it 1s essential to know the quartz content
of the soil solids. So the different methods were
evaluated by comparing their predictions with the
thermal conductivity values measured on soils with
known quartz content. The quartz content was
supplied by Kersten (1949) and Johansen (pers.
comm.) for each of the soils and soil materials thev
tested.

The evaluation was also carried out on other soils
for which values of k were either suggested by the
respective experimenters (c.g. Penner 1970, Smith
and Byers 1938) or could be suitably chosen. de-
pending on the type of soil. In these cases uncer-

“tainty about the actual & value makes the evaluation

inaccurate to some extent. However. such an cval-
uation should show the main trends in the predictions
and deviations, providing at least a general compar-
ison.

Computer program

The computer program* calculates the value of
the soil thermal conductivity for the given soil inpui
data. This is done for each of the methods appro-
priate to the particular soil condtion, frozen or
unfrozen. and saturated; uisaturated or diy. The
input data consist of the soil sample’s dry density,
maoisture content, unfrozen water content (where

*Available from the author,

applicable) and the thermal conductivity value
mieasured tor that sample.

Other basic paranieters to be input include the
Guarty content ¢ Gas a traction ot the solids contenty
and the valyes of the thermal conductivites ot the
sotl components at the temperatuie of meastrement.
These are the themid conductivity values tor the
soilatwaier and eeand those tor quany (& Yand
the solid components other than quarts (k). From
A, und A the program caleulates A usig the geo-

metre ean equation
k = }\ (L) k‘l .
5 1 8]

Alternatively, &, muy be input directly it it is Knowu
or 1t a suitable value is assumed.

When Van Rooyen is applied 10 fine soils. a value
tor the clay content has 10 be input as known o s
estimated. Van Rooyen also ditterentiates fine soils
into clay and silt. When Smith s applied 1o dry sorhs
(coarse or fine). a suitable value must be input 1o
the thermal structural tactor o’

The computer program converis the input value
ol measured thenmal conductivity into W m K it it
is not already in these units. [t also converts the
dry density to metric units. It then calculates the
thermal conductivity given by each methiod selected
and determines its deviation from the measured
value. This deviation is expicssed as g percentage
of the measwred value. The program also calculates
the porosity of the soil. its degree of saturation and
s untrozen water content as a fraction by volume
of the total sail volume.

Input parameters

Specific gravitv of the soil solids. This was gen-
erally taken as 2.70. unless a particular value was
given by the experimenter. The program uses this
specific gravity and the input soil dry density to
calculate the soil porosity.

Temperature. 1t was necessary to know the
temperature at which the measurenent was imade
so that the values of the thermal conducuvity of
the soil components appropriate to this temperatue
could be input. In cases where the experimenters
had not specitied the temperature, a suitable vilue
was assumed.

Thermal conductivity of soil air k. Vor div soil
k, was taken as 0.024 W/m K a1 0°C o1 below and
0.025 W/m K at 10°C. Where the soil was moist
and unsaturated. moisture migration effectively m-
creases A, depending upon the temperature. Undes
these conditions the values ot A, chosen at differem
temperatures were taken or interpolated trom Tabie
11 which tollows trom the suggestions of De Vries
(1963).
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Table 11. Apparent content of the sotl expressed as i Lacion o 1he
thermal conductivity total soil volume.
of moist pore air k, Thermal conductivity of soil ice k. Todeternnne
(based on De Vries the value of &, the tollowing formula quoted by
1963)*. Sawada (1977) was used:
Temperature h, l\" = ARK 19/ T+ 04685 W, m K
(Cy (W A
! o 0.086 T bemny the absolute temperature. The resultmyg
s 0.058 values of &, av ditferent temperatures are given 1n
10 0.667 Table 13, At intermediate temperatures. K owas
18 0.078 . .
sty internolate
0 0.099 lincarly interpolated.
25 0.120
30 0.151 Table 13. Thermal
® ASSuming air is saturated COIIdUC(iVit_V of ice kl*'
with water vapor,
Temperarure k‘-
C iWan K)
Thernal conductivity of svil water k .. The
. ) ) 0 2.26
thermial conductivity of the soil water k. was cal- -4 328
culated at different temperatures using the tollowing -10 2.32
cyquaticn given in the Thermophysical Properties of -is 2.36
. 20 2.40
Mateer (T St al. 1970):
farter (Touloukian et al. 1970) s 3 4a
-30 2.48
6k, =-1390.53+15.193 oo
1o I‘“ 139033 +15.1937T *Based on the formula
given by Sawada (1977).
- 0.019039877
which gives & in units of cal/cm s °C. T being the Thermal conduciivity of quartz k- Quarts is
absolute tempera ure. The resulting values of k. anisotropic, having a thermal conductivity paralle]
are given in Table 12. For intermediate tempera- 10 the c-axis k, greater than the conductivity ut
tures. K, was interpolated linearly. right angles to this axis & . The thermal conductivity
of a polycrystalline quartz aggregat2 of random otien-
. M y 2 . N M H v \ y M A
Table 12. Thermal !amml v lsgcun;:.n:i)(;;mn% a geometric mean
- 2quatio .
conductivity of equation (Farouki )
water K *.
w =(k & L V/3 =% 2/315 1/3
Ky =k k)13 =Ry 203 103,
Temperature Ky,
70 Wom K1 Table 14. Thermal
o conductivity of
0 560 . *
s 0.570 qu:.-tz kq ’
10 0.579
18 0.588 Temperature ky
20 0.597 °C) (W am Ky
28 0.605 S
30 0.613
;h;fsﬂd'[»ﬁfe_equ;mun 2‘2 ;22
given by Touloukian ) ’
etal. (1970) 20 758
) 15 7.72
o e 10 7.86
Unfrozen water content UWC. In some cases a 8.04
the unfrozen water content was known from the 0 8.16
expenimenter’s data (c.g. Penner's Leda clay). In -13 z'iz
other cases a suitable value of UWC was assumed. 220 8.84
depending on the soil texture, or the LWC was -30 9.8

‘E:I:t‘:l unr the tabulated
For untrozen soils the UWC vajue in the computer data for k and &, in
printout tables in Appendix B represents the moisture Touloukian et al. (1970).

stmiply set at zero.
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The values ot & and &
were taken ton the Thermophysical Properties of
Muarrer (Touloukian et al. 1970). Where necessany
these were honeawds mterpolated and then used

ab vanods lemperaties

the geametie mean equation to caleulae &
various temperatures. The results aie qiven i Table
14 and these agann were Imeandy interpolated 1o

atrive at values of K tos mtenmediate temperatues

Thermal conductivity of the soil solids other
than quarez, \ . As suggested by Johansen (1975),
the value ol K, was usually taken to be 20Wian K
irrespective of temperature. For coane sotls. how-
ever. having a guartz content less than 207 ol the
soltds. some caleulations were also made with &)
taken as 3.0 Wym K. a value assuimed by Johansen
tor these soils.

Owing to the uncertainty in the value otk .
there was no point in varving its input value with
temnerature. $should be noted, however, that
the thermal conductivity of feldspar increases as
the temperature increases. Fefdspar may be the
chiet component other thun quartz. This behavior
of feldspar is exceptional among ¢rystalline matertals
which-usually show a decrease in the thermal con-
ductivity s the temperature increases. Variations
in & with tempcerature may therefore be somewhat
dampened.

Thermal structural value & for dry soils. Where
the Smith method is applied to dry soils. a suitable
value of o' must be input.

Same program details

When the data for a particuldr soil we:e input.
the soil had to be specified as being coarse or fine
and its condition as being unfrozen or frozen. and
unsaturated, saturated or dry. It had also to be
specified as natural or ¢crushed so that the appro-
priate equation in the Johansen method could be
applied.

The thermal conductivity methods to be applied
in cach case dre specified. For drv soils, the program
automatically calculates the adjusted De Vries value
trom the value given by De Vries” method. For sat-
urated soifs. the computer program calculates the
geometric mean value assuming a two-phase material
(1.e. solid and water or ice}.

Gemant method. This methad is inapplicable
when the moisture content is below a certain value
corresponding to the adsorbed film water. The
solids thermal conductivity obtained from the
equation suggested by Gemant* was computed by

*This equation is kg = 5.84 - 0.33p W/m K where p is the
percent of clay in the soil sofids (see Farouki 1981).
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the program and tepresented as CSOLIDS >0 This
wis Tor comparison and it was not used torther

De Vries method. Wlile De Vies” tiethod wa
not onginally mtended 1o apply 1o frozen soils.
Penner (1970) apphed 11 to two trozen clavs with
good results Fowas decided for this analvsis 1o
apply De Vides to different conditions ot trozen
soibs e satiated o unsatuwated. and parusty o
completely Hozen

For saturated trozen soils containing some? un-
frozen water, this water may he considered as the
continuous medium. so the tollowing equation was
used 1oy the sal theymal conductivity A

- '\'\\k\\ t Fr\‘i/"i * [’-n th-n )/(5

SRy YA

i
;
i
i

The equation for such soils that are partially satur-
ated is
Xk vExK Y kY FO-mk

X+ I"ix, + /"u.\"_) +F (1-n)

W

It the frozen soils can be considered to have no un-
frozen water content {e.g. frozen gravels or sands).
the ice is taken to be the continuous medjum. giving
the equations
SR E R,
X+ I'\ (1-n)

tor saturated satls where X, = n, the porpsity. and

X, tF x

{0

&

Nk Fk, 4 F ek

IS A
+F (1-n)
for unsaturated soils.

In tiie above equations x 1epresents the volume
fraction of the soil component corresponding 1o 1s
subseript (w for water. 7 for ice,a for air and s tor
soil solids). The F” values are given by

l al
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and

o 2
R TR 1R 1Y

a
O S
v+ [k k) -] g,
in which & 1s the thermal conductivity of the thnd
continuous medium (unfrozen water or wee), and the

shape factors g, . g, tor the pore air are given by
(De Vries 1903)

for 0.09 < x, -

Hoot
&, 0013+ 0944 v,

tor 0« xp - 0.09 and

Mickley method. Although Mickleyv's method
was originally derived for unfrozen soils it was also
applied here to trozen soils simply by considering
ire to occupy the place of water in the unit cube
soil model (Mickley 1951).

MeGaw method.  1n applying McGaw's conduc-
tance equation. the intertacial efficiency € was taken
as unity. A value tor n_ (the volume of series fluid
in unit soil volume ) was required and this was calcu-
lated using

n,=n(1-n)(0.304-0.09 log kjk )

as suggested by McGaw (pers. comm.). If this equa-
tion, however, gave a value for n_ which was greater
than 1S, . the magnitude of 1, was limited to nS,.
(The computer printout tables in Appendix B give
the n_ value in the form NC.)

Van Rooyen method. The equation ot Van Rooyen
and Winterkorn (1959) is:

1k =A10"85 45 cmoCw .

~0.44v42
Where 4 = 107172 %%
i
B=b,-5.5,
§ES5 -5

S, = the degree of saturation of the soil
(fractional)

and

Yy s its dry density fgem?),

Based on the expernnental data and analysis ot
Van Rooyen and Winterkorn (1959), the value ot g,
was taken as 3.55 and the tollowmg values o1 b ﬁ
s, and s, were chosen tor the different soil 1y pes.

For cohesionless soil:

b, =16.18

(4

5, =47.
5§71 =200 -~ 94y forg .- 0.75 i

or §, =435 ~407q for0.75>¢ - 0.20

oy

or 5, =353.6 torg < 0.20

where ¢ is the quartz content (ractional). For
cohesive soils:

silts
b, =5.6x 107%P +9.58
5, = 134.6 ;
s, =202
clavs
b, =506 x107P +9.58
s, =185
5, =317

where p is the clay content (fractional).

Thus the quartz content for cohesionless soiis
and the clay content for cohesive soils are required
as input data. If the latter was not known, the
tollowing rough average values fov b, were used:

b, = 11.8 forsilts
or b, =9.58 for clays .

Van Rooyen is the only method which differen-
tiates cohesive soils by subdividing them into clays
and silts according to the general description of the
soil.

Applicability of the methods
In this section the various methods for calculating
thermal conductivity are tested to see under what




condiuons thelr predictions agree with measured
values of the thermal conductivity and to determine
the extent ot agreement. The deviations of the
predicted values trom the measured values are de-
ternmned at ditterent values ot dry density and
monture content. This is done tor soils that are
untrozen o frozen, codrse or fine. unsarurated.
saturated or dry .

Applicability to wifrozen coarse soils

Figues 31 and 32 show the deviations given by
the seven™® applicable methods which were tested
on data for untrozen coarse soils and crushed rogks.
These data are the result of measurements made by
Kersten (1949) on Fairhanks sand. Lowell sand.
Northway tine sand. Northway sand., standard
Ottawa sand. graded Ottawa sand. Chena River
aravel. crshied trap rock, crushed teldspar, crushed
aranite. crushed quartz and crushed fine quarts:
by Johansen tpers commi) on sands SAT, SA2, SA4,
SAR SAT and wavels GRECGRo. GR7 and GRI2,
on cishied tocks PUT PUS PUOL PUT.PUY and
PUTO:and by De Vrtes (1963) on Wageningen sand
(duta om these suoils are given i Appendix A).

Kersten method. Figure 31a shows the deviations
aiven by Kersten tor untrozen sands. As Kersten
himselt noted his televant equation does not apply
1o the sands he tested that had a low quartz compo-
sition. e Northway sand and Northway fine sand.
[t @ives vadues that are too high. with deviations up
to 1307 tor most of the sataration range (sec
Appendin Tubles BT and B2). The Kersten equation
also gives some high deviations (5577) for several
Johansen sands with mtermediate quarts content
(hig. 31

For the sands tested by Kersten that have medium
o bneh quantz content (Farbanks sand., Lowell sand.
stundard and graded Ottawa sand). the Kersten
cquation generally gives good agreement within = 20%,
many of the deviations heing negative. Such an
agreenment may bhe expected because Kersten fit his
equation to these experimental data. However the
Kensten equation underpredicts when applied to the
data obtamed by other workers on sands having high
quartz content. Thus for the sands of Johansen and
De Vises having high quarts content (Johansen sands
SA4 and SA13, De Viies Wageningen sand g > 0.65]),
the Kersten equation gives many deviations in the range
=25 10 =507 ut vaned values of S

The deviations resulting from the application of
the Kersten equation to unfrozen gravels and crushed

*These are Kersten, Johansen, De Vries, Gemant, Mickley,
McGaw and Van Rooyen which apply to unsaturated (or
saturated) unfrozen soils. For saturated soils two additional
methaods apphyv . modified resistor and Kunii-Smith.

tocks are shown in Figure 324, The predictions

given by the Kersten equation show similar trends
with these gravels and crushed rocks as with the

sunds considered above. Thus Kersten gives predic-
tions that are much too high for the low-quartz

gravel GR7 (Table B3)and the deviations remain
substuantial at high values ot S, In the same manner.
for all Johansen's crushed rocks which have low quarts
content (PUI, PUS, PUG, PU7. PUY. PUL0O). Kersten
gives predictions that are much too high. the devia-
tions reaching 1347 (e.g. Tuble B4). Kersten also
gives unaceeptably high predictions for the low-quarts
crushed rocks tested by hini e, crushed trap rock.
crushed teldspar and crushed granite (e.g. Tuble BS).
This contirms that Kersten should not be applied to
materials with ow quarts content.

For the medium-quartz gravels (Chena Rivet
gravel and Johansen's GR1.GRo and GR12 gravels
[040 - g < 0.65]). Kersten applies well to his own
Chena River gravel and to one sumple of Johansen’s
GR12 gravel . burt gives some unacceptably high de-
viations for Johansen’s GR1 and GRO gravels.

As with the high-quartz sands. Kersten gives pre-
dictions that are too low for the crushed quarts
materials tested by Kersten himself.

To summarize. when applied to coarse soils or
soil materials. Kersten overpredicts for those with a
low quarts content while it underpredicts for those
with a high quartz content. In either case the devia-
tions are oo large to he acceptable. Use of the
Kersten method should theretore be limited to coarse
soils with intermediate quarts content. say around 607
of the soil solids. The expected deviations would
then generally be within =257 though many may be
larger and even unacceptable. particularly for gravels.

Johansen merhod. Johansen gives good predictions
(within = 257%) for coarse soils and crushed rocks of
varied quartz content at §, values above 0.2 (Fig. 31b
and 32b). Between S, =0.1 and S, = 0.2 the predic-
tions are somewhat worse, the deviations showing a
marked negative bias extending to -40%. This could
be due to the effect of moisture migration. which
Johansen does not take into account and which could
appreciably increase the measured thermal conduc-
tivity. Below about §. = 0.1, Johansen gives large
deviations, chiefly negative.

De Vries method. At degrees of saturation greater
than about 0.2, De Vries gives deviations within = 207
for sands (Fig. 31¢). and within + 30% for gravels and
crushed rocks (Fig. 32¢). There is a tendency for
mainly negative deviations in the range §; = 0.1 1o
0.3, but it is less marked than that shown by Johansen.
as may be cxpected because De Vries attempts to
take the effect of moisture migration into account.
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Genwitt sethod. By s natare, Gemant s -
applicable below a certam mosture content. It
begms 1o wive reasonable results above an S, value
of toughly 0.2 where the deviations are generally
within 207 forsands (Fig, 31d) or within =28
and 3577 tor gravels and crushed rocks (e 32d).
Stularly to Johansen. Gemant shows a marked
negative bas mn the range §, = 0.1 0 0.3 which
may be attmbuted to the eftect of monsture migra-
ISR

Micklcvand MeGaw merhods. These two methods
are generally sismlar i their predictions. I eftect
both assume good particle-to-particle contact.
inplying very etficient thermal transter. Obviously
this cannot be the case i the dry condition which
thetetore gives tise to very large positive deviations
trom both methads. The presence of some water
soon miproves the interfacial etficiency and decreases
the deviations, However, these devigtions rennn
posttive. masking any contributian to heat transter
trom moisture migration. which would tend to give
negative deviations. For sands Frgures 3te and 37
show the marked trend Tor the deviations to decrease
ar Somereases. For gravels and crushed tocks this
nend. while still evident, s less consistent at hgh
S, values (Figo 320 and 321,

L the case of sands McGaw shows g roughhy
linear decrease in the deviations as S increases
(B, 310 {1 predictions can be nuproved by in-
troduging 4 surtable value tor the meertactal eftic-
ey factor €. Such a value would be appreciably
less than wipne an the nearly dry condition. increasing
finearhy 1o unity at hugh S values,

For sands Mickley @ves good agreement (within
<23 voughlvy tor §) values above 045, while McGaw
does ot doso until S, s greater thun about 0.0,
With the gravels the threshold ot S_is fower, being
about 0.25 for Mickley and 0.5 tor McGaw. In the
cise ot the crushed rocks, this threshold is slightlv
lower still. suggesting that the surtace characteristics
of crushed matertals provide better contact efficiency
(Farouki 1981).

Van Rooven method. Van Rooven's equation
appeats 1o he generally applicable to sands having a
high quarty content at S, values above 0.1 but not
for Tower S vatues (Figo 31g). Tt also appears that
Van Rooven applies well (i tact better than the
nther sy methads) below an 8, vafue of 0.1 for sands
with low o mediun: guartz content. In this region,
i we exchinde the nearly dey condition (S, < 0.015),
the deviations tor the high-quarts (g - 0.65) sands
are not very large, lying within : 357 . which 15 «till
el better than Johansen and the other methods.

For gravels and particularly -or low-quarts
tg - 0.40) crushed rocks. the N an Rooyen equation
does not generally apply well. It does. however, give
some reasonable predictions © v crushed quarty in
the range S, = 0.01 to 0.2 thie 32p)

Sutmmary. Above an S, 0 0.2 Johansen generally
gives the best agreement (within £25%), while De Vries
and Gemunt we close behind. Mickley and McGaw
wive good predictions at igher S, values 0o 0.45
and 0.6 respectively, Under the stipalated conditions
these five methods are applicuble o coarse materials
of high. intermediate or low quartz content. This is
because they take ihe solids thermal conductivity
A into account which Ketsten's niethod does not.

I the range of § vatues from 0.1 10 0.2, De Viies
appeats o be the best method. giving deviatons be-
tweent 10 and <3077, Johansen gives a wider range
ot variation. between 20 und =40 7. thus showing
more extensive negative devianons.

Below an S, value of 0.1 and extending to around
S, = 0.015, Vun Rooyen gives the best predictions
tar sunds. but some of the deviations are tather ex-
tensive (up to = 3577). For the gravels and fow-quarts
cruslied rocks, however, at such low 8| values. Vun
Rooven does not apply well nor does any one ot the
other methods.

Errect of variation in k. The effect on the sail
thermal conductivity of variation in & is greatest
for matenals with Jow quartz content, which implies
a high content of the other minerals. Such materials
may sometimes have a larger & | value than the 2.0
Wom K assumed in all the caleulations on which
Figures 31 and 32 (except 31a and 32a) are based.
Johansen (1973 suggested that for his coarse mater-
tals with quartz content fess than 207, 4 & | value of
3.0 Wym K should be used. Figures 33 and 34 show
the deviations resulting from such an assumption as
compared with the previous choice of 2.0 W K for
k.. Thus these fig ires show the eftect of uncertain-
ties in knowledge of k., this cifect being greatest
tor materials with a very low quartz conient (less
than 207). These matenals include Kersten's two
Northway sands. 507 of which is derived from igneous
racks, and Johansen's crushed rocks PUL. PU7. PU'9,
and PUT0. They also include Johansen's sand SA10
and gravel GR7.

Figares 33a and 34a apply 1o the Johansen method.
As expected. the deviations corresponding to a value
of 3.0 W/m K tor k| shift upwards compared to the
deviations corresponding to &, = 20 Whn K. The
ranges covered by these deviations are 10 10 307
tor the sands (Fig. 33a)and 20 to <107 {or gravels
and crushed rocks corresponding to §, values above
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U2 With a A value o1 30W 0V nd S greater
than 0.2, De Vies wves deviatn v the range 40
to =3 7 tor the sands (Fig. 33b)and w the range 20
1o =10 tor the crushed vocks (g, 34b). For
suntlar conditions, Gemant gves deviations Iving

in the range S0 10 1077 tor the sands rhg. 33¢) and
S0 to 377 tor the crushed rocks (Fig, 34¢). Mickley
produces deviations i the range 35 to =107 tor the
sands ot S, valves abor - 0.5 (Frg 33d). while o
the ctustied rocks the deviattons hie in the range 35
o =10 a s, vadues above 0.3 (Fig. 34d). MoGuw
gives deviations for the sands that are too ngh (Fig.
33e). but for the crushed rocks (Fig. 34¢) the de-
viations are teasonahle at S, vaues above 0.5

Applicability to a sandy silt-clay. Where a sand
contains a large amount of silt-ctay, such as Kersten’s
Dakota sandy loam with a silt=clay content ot 3177,
the Kersten equation overestimates considerably at
S, values below sbout 045, gving deviations up o
1447 (see Table Bo) i spite ot the tact that this
sot] has @ medium quartz content. At higher S,
values the Kersten method provides reasonable
agreement as does each of the other six methods
except Van Rooyen. In particular. Johansen and
De Vies. while overesumating at fow S, values, give
reasonable agreement from S, vatues of 0.24 and
0.32 respectively. Van Rooven gives good agreement
at S, - 0.24 and Gemant s generaily applicable
throughout the range of S, values.

Applicability to saturated coarse svils. For sat-
urated coarse soils or soil materials (e.g. crushed
rocks), nine methods may be apphed which, in addi-
tion to the seven methods discussed above. include
maditied resistor and Kunii-Smith. Representative
deviations produced by all these riethods are given
in Tables B7-B11 and also for the seven methods
in Figures 31 and 32 for the §| = 1.0 points.

Kersten gives unacceptably high deviations tor
the saturated low-quartz crushed rocks (Johansen's
PUL. PUS, PUb, PU7, PUY and PU10) and also for
the low-quartz gravel GR7. Excepting Van Rooven,
all the other methods generally give good agreement
(within £ 257%) for these materials as well as for the
medium-quarts saturated gravels (GR1. GR3 and
GRO) and the SA2 sand of Johansen. For the GRI
and GR6 gravels, Kersten persists in giving some un-
acceptably high deviations which. however, are not
as bad as in the case of the low-quartz materials.
While for the other medium-quartz gravel (GR3)
Kersten gives acceptable deviations, these are wider
than those given by the other methods. Similarly,
while Kersten gives good agreement for the medium-
quartz SAZ sand. six other methods give even better
agreement. These are Johansen, De Vries. Kunii-
Smith, moditied resistor, McGaw and Gemant, any
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ot which is preterable 1o Kersten for calculatng the
thermal conductivity of saturated coarse soils.

Applicability of methods to unfrozen fine soils

Figure 35 shows the deviations obtained with the
seven applicable methods (Kersten, Johansen. De
Vries, Gemant, Mickley, McGaw and Van Rooven)
for some untrozen tine sotls at various values ot S,
The evaluated data weire tor sotls tested by Kersten,
i.c. Healv clay, Fairbanks silty clayv loam. Fairbanks
silt loam, Northway silt loam and Ramsey sandy
loam. The quarts contents of these soils were known
and varted trom 0.015 to G.641* (as a fraction of
the total solids content). In the computer program,
A, wassetat 2.0 Wim K. Inaddition to Kersten's
sotls. data tor Russian chermozem given by Kolvases
and Gupalo (1985) were evaluated as well as data
given by Mickley (1931 and by Reno and Winter-
korn (1967} on fine sos, k; bemg taken as 2.0 W m K.,

Kersten method. Below an S, of about 0.3,
Kersten's equation tor untrozen tine soils gives de-
viations that are either too high, particularly tor the
chermozem soil. or too low tor Kersten's own soils.
From S, = 0.3 1o tull saturation, the Kersten equa-
tion gives deviations that are scattered between 33
and =357 with some of the highest deviations occurring
tor Kersten's own soils (Fig. 35a), particularly tor
his low-quarts Northway silt loam.

Johansen method. At low values of S Johansen
gives better agreement than Kersten. Nevertheless,
Johansen sull gives some excessive deviations below
S, = 0.2, these generally varving between 20 and —45¢7.
At higher values of §; Johansen gives deviations in
the range 35 1o =357 roughlv. which is sunilar be-
havior to Kersten (see Fig. 353b).

Above S, = 0.2 Johansen gives positive deviations
for most of Kersten's samples. but it tends 1o give
negative deviations tor the other soils, possibly be-
cause the assumed value of K _ for these (1.c. 2.0
W/m K) may generally be too jow.

Other methods. De Vries gives deviations that
are much too high at S; « 0.3, but even above this
S, value the deviations for Kersten's samples continue
1o be unacceptably high (about 50%) and remain so
at near full saturation (Fig, 35¢). The range of de-
viations for Kersten's svils is from 50 to -3, indi-
cating an overprediction for these soils which is
similar to that given by Johansen. but greater. For
the other soils De Vrics gives deviations in the range
of 10 to =357 which is again similar to Johansen.

At S, > 0.3 Gemant, Mickley and McGaw show
trends generally similar to De Vries, but the deviation

*All these Kersten sails contain a medium amount ot quartz
(0.40 < g < 0.65) except for the low-quartz Healy clay and
Northway silt loam.
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ranges ate knger (see Figo 35d-1). Gemant, Mickley
and McGaw give mostly positve deviations tor
Kersten's soils and Gemant and Mickles give mostly
negative deviations for the other sols.

As with coarse soils MeGaw shows a particulatly
nodceable trend of decreasing devianon as the §;
value tor g particular tvpe ot tine soil increases
(Fig. 351). This again suggests that application ot a
proper value of the interfacial efficiency factor e
would give better agreement. As proposed in an
carlier section. € would have a small value at low
S, values and it would increase linearly to near
unity as full saturation is approached.

Van Rooyen gives a scatter of deviations that is
ditterent trom all the other methods (Fig. 35g). It
produces mostly negative deviations, except tor
some of Kersten's samples, and the range ot devia-
tions is unaceeptably extensive. However, for the
Russian chernozem. Van Rooyen gives good predic-
aons for a complete range of §; values from the dry
condition to near saturation. For such a range
Johansen is the only other method which produces
reasonable predictions for the chernozem.

Summuary. Kersten should not be used below
S, = 0.3 as it would give excessive deviations. Above
this S, value both Kersten and Johansen give devia-
tions within the range 35 to -35% . so that either
method is equally applicable. Below S, = 0.3, only
Johansen continues to give predictions in this range
and does so until S, reaches about 0.2, Tt is expected
that the accuracy of Johansen would improve with
knowledge of a proper valie ot k.

Use of the Juohanser raethod as it stands for S,
values lower than 0.2 may give more excessive de-
viations. From the trends in the deviations shown
in Figure 35b the following suggested scheme could
be applied:

L. In the range of 0.1 < S, < 0.2, Johansen gives
deviations between 30 and ~40% . i.e. a rough
“average” of =5%. The values given by Johansen
could therefore be increased by 57.

In the range 0 < §, < 0.1, Johansen gives
deviations between 15 and -45%, i.e. a rough

t9

“average™ of -15%. The values given by Johansen

could therefore be increased by 15%.
These specific suggestions are tentative, being based
on tairly limited data.

Apart from Kersten and Johansen, the other five
methods generally show more extensive deviations,
many of which are unacceptable so that use of these
methods is not recommended.

Comparison of predictions with tebulated Soviet
values. The predictions of the various methods are
compared in Table B12 with the values for Soviet
clay soils tabulated in the U.S.S.R. Building Code

(1960). For these caleulations, the value of A was
assumed to be 2.0 W/m K but it could be greater.
Nearly all of the values given by the methods are
lower than the U.S.S.R. Code values. Kersten gives
ditferences varying between =S and =337/ these
differences tending to increase as the dry density
increases at g given maoisture content. Johansen and
the other methods generally give fower negative
deviations.

Applicability to saturated unfrozen fine soils.
The applicability of nine methods was tested for
Kersten’s Healy clay (Table B13), Penner's Leda
clay (Table B14) and the Dames & Moore (1973)
clay or silt (Tables B15 und Bio).

The Kersten method gave good predictions., ex-
cept for Penner’s Leda clay, for which it gave values
that were too high. All the other methods, except
Van Rooyen, gave good predictions overall. Thus
seven methods are more or less eyually applicable.
These are Johansen, De Vries. moditied resistor,
Kunii-Smuth, Mickley, McGaw and Gemuant. The
Johansen method is suggested as the first choice.

Applicability of methods to frozen coarse soils

For frozen soils only four methods could be used,
i.c. Kersten. Johansen, De Vries and Mickley. The
predictions of these methods were compared with
the thermal conductivity measurements made by
Kersten and Johansen on frozen sands, gravels and
crushed rocks (Fig. 36 and 37).

Kerstei method.  As may be seen from Figures
36a and 37a, Kersten gives predictions that are gen-
erally much too high for frozen sands, gravels and
crushed rocks having low quartz content. On the
other hand it gives predictions rhat are (oo low for
sands or crushed materials with high quartz content.
This is in line with the trends shown by Kersten for
unfrozen soils.

For frozen materials with intermediate quartz
content, Kersten shows conflicting trends. For the
sands it gives deviations lying between 35 and -25%
at S, values between 0.2 and 0.6. At S, values greater
than 0.6, the range of deviations is narrower. between
35 and -10%. While, as may be expected, the
Kersten equation gives good agreement for Kersten's
own Chena River gravel, there are inconsistencies
and wide divergencies for Johansen's medium-quartz
gravels GR1 and GR6. Thus, even for such materials,
Kersten should be used with caution and large devia-
tions expected.

Johansen method. Above an S, value of 0.1
Johansen generally gives good or adequate predic-
tions (within +35%) for frozen sands, gravels and
crushed rocks of any quartz content (Fig. 36b and
37b). However there are some exceptions, such as



>60 T T T yo R BT ‘ >60"—“*—“T'—v* B A o
l: o ° 4 re b -
I .
A a0~ © :
[ | .
l © ® 5
° & o o “
° oY 200 0. . ® o~ i |
: ﬁ ‘r "j et - : -«
"“'h(‘:“ — Q :' : .r’—*-o——_oi:b_‘;_f, ‘ q“
) . e sote < e
by oy ©°fo -
- “20M S0 . —4‘
v . .
. L]
€ -40‘r— #
«*t }, 1
- l__l_L_i._:_L_J_j <-60— | I R W S N
- 08 10 o] 02 04 06 08 10
! >60 o i T
o ™ L 4
- “ ©
° _1 40— °om L s -
> e L . T
o 0° ¢ .
o . ® 20— ° o ® ]
Ce
o @ o ®7] 2 °© ° . ." D o
. !
o] O[——A* B N R
' e c ©°
. -20f Lt
9 - -
— -40p —
4 L g —
1 . P R B S
08 10°%% 0z 04 06 08 10
S,, Degree of Saturation
Quartz Content (%)
Low Medium Hngﬂ
Data | (<40) | (40-65) | (>65) |
Kersten o ° o |
Johansen © | - J

Figure 36. Deviations of calculated thermal conductivity fronr measured
thermal conductivity vs degree of saturation of frozen sands, Devia-
tions expressed as a percentage of the measured value: deviations out-

side the limits of = 60% have been plott

ed directly on top or bottom

horizontal scales (a-Kersten, b-Johansen, ¢-De Vries, d-Micklev ).

for several crushed rocks, where deviations that are
100 Lirge oceur at high S, values.

De Vries method. De Vries generally gives good
agreement above an S, value of 0.8 but even so
there are some exceptions (Fig. 36¢ and 37¢).

Mickley method. For gravels and crushed rocks
Mickley appears to give good agreement at S, values
greater than about 0.3 (Fig. 37d). while for sands
such agreement is not obtained until §_ is greater
than 0.6 (Fig. 36d). As with the other methods there
are exceptions.

Summary. Johansen is the method giving the
best agreement and is generally applicable trom an
S, of 0.1 to higher values, De Vries and Mickley
apply with good agreement at high S values. greater
than about 0.8 and 0.6 respectivelv. Kersten should
be used only with meditim-quurt7 materials and.
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even then. with caution, as it may give large devia-
tions.

Effect of variation in k. As with the unfrozen
coarse soils, calculations were made to determine
the eftect of setting &, equal to 3.0 W/m K instead
of 2.0 W/m K (2.0 W/m K was used to obtain Fig-
ures 36 and 37 |except 36a and 37a]). This pro-
cedure was carried out for the frozen sands and
crushed rocks having a quartz content of less than
200 (Kersten's Northway sand and Northway tine
sand: Johansen's sand SA10. gravel GR7 and crushed
rocks PUL. PU7, PU9 and PULG). The cftect of the
variation in k| is shown in Figures 38 and 39. The
sensitivity to k , of the thermal conductivity from
cach of the three relevant methods is evident tfrom
these figures.
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Figure 37 Deviations of calculated thermal conductivity from measured
thermal conductivity vs degree of saturation of frozen gravels and
crushed rocks. Deviations expressed as a percentage of the measured
value: deviations outside the limits of + 60 have been plotted directly
o rop or bortom horizontal scales (a-Kersten, b-Johausen, c-De Vries,

d-Mickley ).

Consider the deviations in Figures 38 and 39

conesponding toa k| value of 3.0 W/m K. For the

tozen sands (Fig, 38a), Johansen gives deviations
withm the nge 30 10 07 provided S, 1 less than
0O At lnger S values the deviations become too
fugh. Yor the trozen crushed rocks at S, values
abeve 00 ohansen gives deviations within the
ranee I3 to -3 (B 39a). De Vries gives devia-
tons it are too fugh for sands st all S, vatues
(B 38by but tai the crushed rocks they become
reasonable (25 10 =30y S| values exceeding 0.9
Bz 3901 Micklev also mves deviations that are
too by tor sands (F 3Xey but generally reason-
able devianions are obramed for the crushed rocks
S8, values above 03 (B, 39¢).

Applicability to q frozen sandy silt-clay.
Where the coarse soil contains a large amount of
silt-clay. as in the case of Kersten's Dakota sandy
loam. the above conclusions appear to hold. As
Table B17 shows. Kersten gives good agreement fn
this medium-quartz soil, but Johansen gives even
berter agreement. Again De Vries and Mickiey pive
good predicrions only at high S, values.

Applicability 1o saturated frozen coarse soils
For the saturated condition, in addition to the tour
methods used above. modified resistor and Kuny-
Smith mav be used. Tables BI&-B22 give a repre-
sentative picture of the resulting deviations. as do
Figures 36 and 37 tor the previous four methods
(sce values ton S, = 1.0}
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o Kersten's Healy Cloy
® Penner's Leda Clay

a Siusarchuk ond Watson's Permafrost
o Lachenbruch's Active Layer Clay

« Lochenbruchs Active Layer Silt
"o Lachenbruch's Permafrost Silt

[~ Hayne's CRREL Varved Clay

Figure 40. Deviations of calcwdated thermal conductivity from measured
thermal conductivity vs degree of saturation of frozen fine soils. Devia-
tions expr-ssed as a percentage of the measured value; deviations outside
the linits of - 605 have been plotied directly on top or bottom hori-
contal scales (a-Kersten, b-Johansen. ¢-De Vries, d-Micklev ).

Kersten yives predictions that are too high for the
low-quartz crushied rocks (except PU7) and high
even for the medium-quartz gravel GR1. The best
methods to use are Johansen. De Vries, Mickley.
modified resistor or Kunii-Smith, any ot which
generally gives good agreement (except for crushed
rock PU6 which is anomalous).

Applicability of methods to frozen fine soils

The Your methods applicable to unsaturated
frozen soils (Kersten, Johansen, De Vries and Mickicv)
were tested on Kersten's Healy clay. the CRREL
varved clay (Havnes et al. 1980). the active faver
silt or clay and the permafrost sift of Lachenbruch
(pers. comm. ), Penner’s (19703 Leda clay. and the
undisturbed permafrost of Stusarchuk and Watson
(1975). The value of k_ was either that given by
the experimienter or, of ot known, taken as 2.0

W/m K. In the case of the Ledus clay of Penner
(1970). the untrozen water content (UWC) was
obtained from his data. For the other soils UWC was
taken as zero or a suitable value assumed. The de-
viations resulting trom the application of the tom
methods are shown in Figure 40.

From these linuted resubts, it is seen that Kersten
gives good predictions (generally between 20 and
=359 deviations) up to an S, value of gbout 0.9,
abave which it overpredicts considerably for Penner’s
Leda clay and for Slusarchuk and Watson's perma-
frost. While Johansen shows a tendency to overpre-
dict below an S, value of 0.1, it otherwise gives good
or adequate agrecment (generally within » 357)
up to and including full saturation. Above an S,
value of about 0.4, De Vries gives values very similas
to Johansen. Mickley is the worst predictor of all
and only gives reasonable results at high values of
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S, tabove 0.8 roughly) but even then shows some
excessive deviations.

Calculations were made using the data available
for soils 4 through 10 of Penner et al. (1975). These
wete silt=clay materials with little or no sand, except
for soil 7 which contained about 40% sand-grave|
(but was nevertheless a plastic material). The actual
values of A are unknown so a value of 3.0 W/im K
was assumed. This introduces some uncertainty into
the calculated deviations which are given in Tables
B23-B29. Three values of UWC were used in each
set of calculations, i.e. 0.0, 0.05 and 0.10. Again
there is uncertainty about the proper UWC value;
UWC will vary trom soil to soil depending particu-
larly on the soil’s specific surtace area. However the
UWC value is expected in every case to be greater
than zero at -53°C. the temperature 1o which the
measured values are applicable.

Kersten is of course independent ot &, and the
UWC value. Tables B23-B29 show that Kersten gives
agreement which varies trom very good to barely
satistactory (up to 36% deviation). In the case of
Johansen. excepting soils 8 and 10, the agreement
is generally good, providing the UWC value is taken
as 0.05 or 0.10. This shows the importance of
assuming a proper value for UWC in the Johansen
method. Soils 8 and 10 in fact contain the highest
proportion of clay-sized material (~ 54%). Thus the
assumption of a value of UWC greater than 0.10 for
these soils should improve agreement by reducing
the calculated values.

De Vries is particularly sensitive to the UWC
value, as is evident from Tables B23-B29. Apart
from soils 8 and 10, De Vries gives good agreement,
with the assumption of a certain value of UWC.
Mickley, on the other hand, shows little sensitivity
to the UWC value, but gives good agreement at S,
values above 0.5, excepting again soils 8 and 10.

Tables B30-B32 show the deviations obtained
by the tour methods for Kersten's soils: Fairbanks
silty clay loam, Northway silt loam and Ramsey
sandy toam. The deviations were calculated at a
UWC value of zero, but in the case of the Fairbanks
silty clay loam calculations were also made at a UWC
value of 0.06 to determine the resulting effect. Ker-
sten generally gives good agreement for these loams,
as may be expected because the Kersten equation
was fitted to these data. but it gives some high values
(around 25%) for Northway silt loam (this loam has
low quartz content, whereas the others have medium
quartz content). Johansen generally gives values that
are too high, although predictions are acceptable for
some samples of Ramsey sandy loam and for samples
of Northway silt loam at high S, values. Assumption
of a proper UWC value would help to improve agree-
ment when using Johansen, as it does to a certain

extent tor Fanbanks sty clay Joam (Tuble B30).

The ettect, however, may not be sutficient, suggesting
that Johansen should not generally be applicd 1o
trozen loams, 1e. silt-cluys.

De Vries and Mickley also give unacceprably hngh
values for these loams. but Mickley tends to give
good agreement at high S, values tor Northway silt
loam.

Summary. Kersten gives the best agreement up
to an 8, value ot 0.9 above this 1t provides inany
unacceptably high predictions. 1t also gives high
(but acceptable) deviations Tor a low-quarts logm
(Northway silt loam) but not for a low-quartz clay
(Healy clay).

Johansen generally gives good predictions fiom an
S, value of 0.1 up 10 full saturation. provided a
suitable UWC value is used. However this method
gives some unacceptably high predictions tor the
frozen loams. De Vries gives similar results to Johan-
sen for S values above 0.4, while Mickley generally
gives good predictions at higher S, values. preferably
greater than 0.8.

Comparison of predictions with rabulated Soviet
values. The predictions of the four methods were
compared with the data for trozen clay soils tabulated
in the U.S.S.R. Building Code (1960). The & value
was taken as 2.0 W/m K and the UWC as zero. the
actual values being unknown. The comparative re-
sults are shown in Table B33 which gives the ditfer-
ences between the caleulated values and the Soviet
tabulated data. Below an Sr value of 0.36 (moisture
content of 18%), Kersten gives deviations that are
too low (extending to <40%). but it agrees well at
higher S values. Johansen gives somewhat better
agreement than Kersten, while De Vries provides the
best agreement throughout the saturation range from
an S, valuc of 0.14 to fuli saturation. Mickley gives
good agreement at high S, values and also. surprisingly.
at S, values below 0.2.

Applicability to saturated frozen fine soils. The
usable data that are available for saturated frozen
fine soils are rather limited. However they are sut-
ficient to show some trends.

Table B34 shows the results of calculations on
Penner’s data for Leda clav at temperatures fiom
-2.510=22°C. The values for k and UWC were
taken from Penner’s data (Penner 1970). Kersten's
equation gives deviations that are too high, apsrt from
the fact that it cannot allow for the effect of UWC.
Johansen and De Vries give very good agreement
throughout the temperature range. The other methods,
maditied resistor, Kunii~Smith and Mickley give ade-
quate or borderline agreement (up to a deviation ot
37%).

In the case of Penner’s Sudbury silty clay. appro-
priate values of k, and UWC were again obtained fiom
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varous e thods s comparad waitho e aeasied
VitGes al temoetdtares vaivne om U ro =20 0
Pt B3 Reston wives o havi devianon (43 0y

O Cobutnecae Kesten™s predictioi does ot chang
with temperatare i azdiees well with the Larges meas-
mred values at =23 Cand Towers Johansen and

De Vines give exeellent agreement throughout the
temperature tange whereds moditied resistor, K-
Stnthand Mickley e satisfacton gt =270 and
below  These thiee fatter methods show hietie dir-

rereniee i ther predictions trom the values wiven by
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AL the methods wive excellent ot good agicement
vorsoil T ar =5 Cyor Penner evall (1975 and tar
the andistirboed permatrost (at =67Cy o Shisarchuk
and Watson ¢ 1973 as s evdent frome Lables B36
and B3 7 mwlhich UWO s assumed ze1o

Al thicre s generally pood agteement wiih the
U .S S ROButldime Code €190 data tor satmated
“roet e soilscespeanth st low diy densities and
Bgh morsture Giee) content (agam UWC s assumed
sero) as shown e Table B3,

Hmay be condluded that Johansen and De Vires
enve the bost agreement and e capable ot takimy
o account the effect of the unbiozen water con-
tent. Modimed eanstor. Kunir=Smth and Mickles
are notas good and miay not be quite adequate.
Kersten yves saine predictions that are too ngh and
i cannot altow Tor UWC or its viniation with temper-
ature,

Applicability of methods to dry soils

The Kersten equations are not apphicable to diy
sotls: non s the Gemant method. The Mickley equa-
ton gives valoes that are much too high and so does
the McGaw equaton when the mitertacial etficiency
¢ is taken as unity . The other methods that were
evaluated on data for dry soils were Johansen. De
Vires (and adjusted De Vies) moditied resistor,
Kunii-Smnth. Smith and Van Rooyen.

Applicability to dry coarse soils. The various
methods were eviduated by comparing their pre-
dictions with the measured vatues obtained by
Johansen (pers. comim.) m his experiments on certain
natteal gravels and sands as well as on some crushed
tocks, These particular data were used because the
quartz composition of these materials was known
so & could be caleudated and used in the various
methods. Johansen is the anlv method which spec-
ifies different equations for natural soils and fon
crushed matenals. In the case of Snuth, an appro-
priate vatue for @’ was used

Johansen wives the best agreement for the gravels,
mostly within « 25377 tollowed closety by De Vies

(oo Labie B3y Adjustcd De Vines, St Van,
Rooven gnd e shined osistos veaerally wive woed
arrecient hut there e sore miconssten aes cdevi-
Qons i excess of 23 0 aecnn Kun=Smith aies
A Jdeviations that ae too nah and shoald diere
tore not he apphed tovrnels

Anahysis of the dara ror tie sanrds shows thi
Tohansen is the bestmerthod. providing sood 1o
excellent agreement. with all the deviations bern g
necainve (but not beiow =237 The adjusted De
Vs micthiod abse Jves cood te evcellens predicnions
Moditied resstor and De Vies tollow closely hehiee
he renaring three methods, Kunn=Sonth Seath
and Van Rooven. while showing some good agreemient,
absoaive deviations that are excessive (ee Table B0
tar one of the sands

For the nattnal cowse sanss the giavels and sands.
Johmen 2ives the bestresults ewathm - 23770 De
Vites, adiusted De Vioes and modtied resistor gen-

S

crathy mve pood o adeguate predichons within 2
with some values shahtly beyvond. Winfe Seath and
Vi Rooyven give some good predictions, they alse
give some excessive deviations. Kuni=Smith wives
unaceeptably high deviations for the gravels and
should theretore be considered mapphicable.

Far the ciushed vocks. the madified resistor i the
best method. tollfowed by adjusted De Vies. Althoueh
Tohansen gives some good predictions it abso provdes
a number of excessive deviations. postiinve and newa-
ve. Abo Jobapsen, becase ttaccounts tor the poa
ostiy ondy s msensitnge o temperatire chunges which
attect the value of A The other o methods, Kunn-
Smnth, Seath, Van Rooven and De Vies, show o
aceeptable devianons and should theres e be e
ected (e Tabie B4,

Applicabidity ro dry fine soils. Comparisons were
miade between caleutated values and salucs measuied
on tae soils By Smith and Byers (1938), Adjusied
De Vies and moditied resistor give the best agrec-
ment, genetallv well within - 153770 The agreement
with Johansen s notas good. T provides negaipne
deviations extending to <2877,

A sinular pictwe holds o Tolansen's (pers.
comm ) dry silts, e adjusted De Vries and maoditied
resistor are best while Johansen gives negative devia-
Hons as Jow as =337

The results for Johansen s tpersc commiy diy chin
ate interesting. 1o this case Smith gives excellent
agreement while all the other methods give values
that are too Jow . This may be expluned by the
tormgnon of secondany aggregations in this ¢l
which would correspond to Smith's derivation and
dIve rise to more etfective heat transter mechansms,
The vesult wonld be o ereatey effecive thermal con-

ductiviny for the sorl




IISCUSSION AND CONCLUSIONS

The dnadvsis of Methods tor Caleudating Thermal
Conductivity section desaribed the basis o cach of
the methods tor celvulating the thernae sonductivity
ot oy The ertect on ts cadenlan e ol v
ttions e the sord mopstie contens aed the dry
density was determined. The wensirivny to chanues
i the solids thermal conductiviny A was abvo tound.
T ocder o deternune the predionoens of the methods
1wt nevessaiyte nitow the sadl gl coniposi-
Gaon par tcalardy the gqerarts content rom which
A contd be calealated. These predicnions were com
pared with expernmental data m the Frafudrion of
Vierhodds tor Calcularing Thermal Coanductivity
secton o detenmne the applicabiltie of the methods
Lo vartous types and condittons of soils.

For most practical applications itis sutficient to
kpow the thermal conductviny to within abouat = 2877
ol 1ty true vatue, Varation in sotl properties from
point to point i the field becawse of 4 lack of homo-
genetty coutd mean variations in the thermal con-
ductivity 1o a sinnlar extent. Tt is pointless to attempt
to caleulate thermal conductivity values to a higher
degree of accimacy. Reasongble predicuons are
thetetore considered to be those that do not de-
viate more than about =257 from meastred values.

Major errors gre causea by not taKing the soil
mineralogcal composition into account. According
1o Johamsen (1973 this error could introduce un-
certantios v about - 307 jnpo the thermal conductivin
valne, Itgs obviotsds impoiiast to e aosuitabte
A vatue in the methods thar are hased on the it
crai composition.

Applicability to unfrozen soils

Foruntrozen soils Kersten, Gemant, De Vries and
Johansen show roughly similar trends with respect
to variation of thermal conducuvity with moisture
content woat constant dry density v, or with y, at
constant w. Mickley also gives similar trends fon
tine sanl, but for coarse soil the curve of thermal
conductivity against w {at constant y ) has an oppo-
site curvature, indicating an increasing rate of change
of thermal conductivity with increasing w which is
contrary to what may be expected. Similar to
Micklev, MeGaw gives values that are too high in the
dry ot nearly diy conditionrequiring an intertucial
efficiency factor of fess than unity to be apphed.
This miethod also aives a very tow sensitivity of the
thermal conductivity o vanations maw. Van Rooven
shows rather odd thermal conducbviny behavior, pai-
tcularly at high values of wand v, where it becomes
obviously inapplicable.

A comparison of Tables T and 2 reveals that all

the methods, except Kersten. sliow an ahsolite senst

iy s o the thernad conducvin toow 1t con-
sty b that s sl v the tese sotl than tor the
cuatse soth Wil respect tothe abaolute sen ity
s, oot the thoaal conduceyity toy o st w),
Koo mves the fowest vabue tor antvozer Cogise

sethy bat the fnelieso valae o Gretrazen tine conds

Proares 21 wod 25 whet aoplhy to comse s

sbow bt Kersten sives thdowest carve o thoioal
condutivity g oerpgeed s the othior e thods,
Rersten's equation tor coanss sl cnpties g Ao
about S W Kthrouks T98 0 Kersion oh ol
thererore nap be apniied o ozt Codrse sols
havine o bk puartz correntosnee i senoosdy andder-
prodices o these ~ b Onthie oter Larnd i onves -
predicts for ol lving s dow goae 2 conient.
should theretore be apphed only e those aitrozen
coance soils with intermediate quantz content. say
about 6077 o the sotl solids.

For degrees o satiration S above 6.7 Johunsen
provides the beat agreement with the date tor un-
irosen coarse suls, giving deviations which are gen-
erallv in the range = 2370 winle De Vides and Gemani
generally deviate a little more. As can be seen from
Figure 25, which apphies to S, = 0.5, De Vries gives
a cwve paratlel and very close 1o Johansen's. while
Gemant's curve is somewhat higher. T the range of
S, vatues from 0.1 10 0.2, De Viies in fuct gives the
pest agreement, with deviations between 10 and =307,
shite Johansen Is next, covering a wider range between
20 and 4077, Below an S value of about 0.1, none
of the methiods gives good predictions 2xeept Van
Rooven. This method givesregsonabie vatues o
sabds and gravels down to S vatues ahout 0.015,
However it underpredicts excessively 1o the crushied
rocks o low quaitz content which man be because
Vin Rooven's empirical equaton is not hased on
dara tor such materials.

Figures 22 and 26 show that, for untrozen tine
sotfs, Kersten gives the highest curve Tor the thermal
conductivity (McGaw gives shighthy higher values for
unfrozen tine soil {Fig. 2610 The Kersten equation
for fine soil implies a & of around 2.0 W/m K (Farouki
1981). Johansen, De Vries, Gemant and Mickley
all give curves that are quite close togetherat S, = 0.3
and §; = 1.0 over the whole diy density range. lo-
hansen generally gives the best predictions over the
whole range of' S, values. Above S, = 0.2 it gives
devigtions Iving within the range - 357 but below
S, = 0.2 they mav be as tow as =437 Kersten may
he applied above S, = 0.3 where it gives deviations
withim the range - 357 as does Johansen. However
Kersten shuakd not be applied below §; = 0.3 hecause
1t then gives excessive deviations.,

Applicability to frozen soils

In the case o frozen sotks, the four applicable




methods (Kersten, Mickley, De Vries and Johansen)
show generally similar trends with respect to varia-
tion of the thermal conductivity with v at constant
w (Fig. 11 and 12). With regard to variation of the
thermal conductivity with w at constant y,4. both
Kersten and Johansen give a linear relationship.,

De Vries shows a lower rate of increase in thermal
conductivity with increasing w, while Mickley gives
a faster rate. The latter behavior is contrary to ex-
pectation (see Fig. 3 and 4).

Above 4 moisture content of 37,5 is greater for
frozen soil than tfor untrozen soil (compare Tables
3and 4 with Tables 1 and 2 respectively). This may
be expected because the thermal conductivity of
ice is considerably higher than that of water. Com-
paring Table 4 to Table 3 one can see that s is
greater tor frozen coarse soil than for frozen fine
soil. Ata dry density of 1.4 g/cm3, Johansen gives
avalue ot s for the coarse soil which is slightly more
than twice the value for fine soil, while Kersten gives
a vatue only about 4077 larger. Both Johansen and
Kersten give values of s that remain constant with
changes in w at a given v,4. The value of' s increases
with 7. particularly so tor the coarse soil.

As with unfrozen coarse scils, Kersten overpredicts
tor frozen coarse soils having low quartz content,
while it underpredicts when they have a high quartz
content. Figures 23 and 27 show the low values
given by Kersten as compared with the other methods
in which a kg value of 8.0 W/m K was used. Also
Table 3 shows that Kersten gives a considerably lower
s, value than Johansen.

For unsaturated frozen coarse soils, Johansen gives
the hest predictions, These are reasonable for S,
values above 0.1 (approximately), while below this
value Johansen gives some excessive deviations (though
remaining the best predictor). While Mickley and
De Vries may be applied with good results at high
S, values (above 0.6 for Mickley and above 0.8 for
De Vries), computations can be more easily carried
out with Johansen so that its general use is suggested
for these soils.

With regard to frozen fine soils at S, = 0.5, Kersten
provides a curve ot thermal conductivity against 7,4
which differs little from the curves provided by Jo-
hansen and Mickley. while De Vries® curve is apprec-
iably higher (Fig. 28). Also Table 4 shows that Kersten
and Johansen give 5, values that are nearly the same.

While the predictions of the methods were com-
pared with only a limited amount of available data
tor unsaturated frozen fine soils. certain trends can
be seen. Kersten provides good agreement (generally
within = 307) up to an S, of 0.9. Beyond this it
gives deviations that are too high for naturally occur-
ring frozen suils such as Slusarchuk and Watson’s
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undisturbed permatrost and Penner’s Leda clay
(Fig. 404). On the other hand, while Johansen gives
4 few high deviations at values ot S, below 0.1, it
otherwise generally gives good predictions (within

+ 35% ) up toand including §; = 1 (saturation). Thus,
while Kersten may be applied tor values of S, below
0.9, Johansen should be used for higher values of
S,. De Vries gives values close to Johansen at S,
values above 0.4. Both these methods can allow in
their equations tor the presence of unfrozen water,
while Kersten cannot do so.

Applicability to saturated soils

In a saturated soil the ratio ot the thermal con-
ductivities of the phases is low. It varies from neariy
15:1 for quartz-water to about 1:1 for clay-ice.

Such a low ratio means that application of a geometric¢
mean equation. as in the Johansen method. should
give good agreement with measured values (Farouki
1981). In fact. for the unfrozen soils all the applic-
able methods (Johansen, De Vries, Gemant. Mickley .,
McGaw, Kunii-Smith and moditfied resistor, but not
Kersten and Van Rooven) gave good agreement. The
resulting deviations were within the range « 25%. The
easiest method to use is Johansen as it reduces to a
simple geometric mean equation.

The situation is similar for saturated trozen coarse
soils where any of the applicable methods (Johansen.
De Vries, Micklev. modified resistor and Kunii-Smith)
may be used except Kersten. The Kersten method
overpredicts for low-quartz coarse materials. frozen
or unfrozen, in the saturated condition just as in the
unsaturated condition.

For the saturated frozen fine soils. Johansen and
De Vries give the best agreement. Morcover they are
capable of taking the unfrozen water content into
account which Kersten and the other methods cannot.
It is important to know the untrozen water content
present in a given fine-grained soil at temperatures
below 0°C. This depends in particular on the specitic
surface area of the soil,

It should be noted that Johansen assumes that the
thermal conductivity of the unfrozen water is the
same as that of ordinary water. While this may be
true for a large part of the unfrozen water, it has been
proposed that the strongly adsorbed untrozen water
(the boundary phase) may have a reiatively high thermal
conductivity. perhaps even higher than that ofice
(Farouki 1981).

Effect of soil mineral composition

In calculating soil thermal conductivity it is im-
portant to know the soil mineral composition. par-
ticularly its quartz content, as has been stressed. It
has been shown that the Kersten method should not
be applied to coarse soils having high or low quartz
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content. For the othermethods the quartz contens
iy required socthat the theraal cond v o the
sot solids A can be calcudated

There s some unceramesy regavdimng the “true”
value ot the thermal conductivite of gnartz. In
conternty with Fachenbiodi tane e cthera the
vatue wsed i the Aealvsis op Merhods 1o Caleulating
Therma! Conduc vy soctici wis Sl Droga

ceome T mean equation apphed o
i

iennial
shrctean values of the Gruasty oot e
along and at nght angles t B o purapa asis (4
and & respectively 1o Recenty Finak (vers conim
reported g quartz theima condu nvas o TOW m K
which was imterred trom rcasureiments onsatarated
materiab. However ot is doticnlt toosee how such
a hreh value can result trong the tabulated values ot
A and A (Table 14 Burther rescarch on this
NLLTICT Iy Uiy
Sumilarhy more data we required onthe theral
soother than quarts, that

conductivity of nunen
may be prasent i serh I particular measurements

of the values tor the vanous clay nunerals would be
usetul. There are indications that the the nal pro-
perties of kuohmite, dlite. montmorillomite. ete. may

be difterent.

It a coarse soil has o ligh quarts content, the
thermal conductivity ot the other nunerals present
k,, makes litte ditTerence to the soil's theymai cone
ductiviny. On the other hardswhen the quarts con-
went s low & and its vanation has a considerable
influence on A and therefore on the soil thermal
conductivity as may be seen trom Figures 33, 34,

38 and 39, With Johansen the etfect of o change ot
A, from 2.0 1o 3.0 W i K is toancrease the devia-
tions by 20001 307 at mtermediate S values tor the
untroz. condition (Fig. 33a) and similarly tor the
frozen condition (Fig. 3Xa).

For fine soils a k_ value o1 2.0 W/m K has gener-
ally been used in the calculations in carlier sections,
It would be more accurate to use a value dependent
on the tvpe of clay minerals present but turther in-
formation on these would be required.

Figures 17 and 18 can he used to determine the
effect of changes in & on the soil thermal conduc-
tivity according to the various applicable methods
(exeept Kersten) and for unfrozen or frozen soils.
The sensitivity of the there-al conductivity 1o A
tesulting trom Johansen, De Vries and Gemant in-
creases markedly as S increases, more o tor the
frozen condition. This implies that knowledge ot 4
more accurate value of A is mote important for soils
having higher values ot S,..

Assumption of a suitable A vafue i Gemant gives
better agreement hetween its predictions and incasured

values  Ehe namowian: of Makowshy and Mechbne by
(9o which s hased on Gennant s equations. shouid

theretore he redeseloped onthe basis ot anore

santable s atue tor A Thas could be calcalated e

Btz contor and its thermad condactnam
cathee thoe tom Gemani s subsidiany cquation o
A

N

[l ertect of temperature on the value of &

sheuld be tken mro account. The thermal condig
Vi of guantzoncieases a- the emperatane decicases
s shoanan Table T4 This vanauon was affowed
tor i the calcalanony ot the £raluanon of Yethods
tor Calewlaring Thermal Conductiviey section. Sing-
fn by the thenmal conductivity of the other soit
erals. eneept ferdspar. decreases wiathy mereustg
temperatite. Feldspar my be presentin coarse o
tine sorls and. it mimerals other than quantz e abso
present. the ettect of thie teldspar would be to pro-
vide some counterbalance to the vanation ot b
with temperataie (e A would e Tess sensitiviny
Lo teimpetattre saridtion ). Because of the uncertants
i the actual magnitude of A this value was not
vinted with temperature m the calculations using
the various methods. Such an allowance may be
made 1 the amounts und properties of the nnnerals
other than quarts are known.

Applicability to dry soils

Diy soils have o high raue of thomual conductan
of the two components Golids and wir). As o result
the regron encompassed by the Hashin=Shitrikiman
bounds s wide and a geometiic mean equation does
not give good results. The thermal conductivan s
highlv sensitive 1o varatons in nucrostiactone (see
Johansen 1975y, This s taken into acconnt by lohan-
sen’s method which allows tor two difterent cimpincal
equations, one tor natural and the other tor crushied
materiats. The tormet is a function onhe ol the soil's
dry density while the Jatter 1s o function ot s por-
osity alone. The implication s that the solids thermai
conductivity has little eftect.

The analysis of the predictions of the various
methods showed that Johansen applies well to din
natural coarse soils (within - 257 but not to dry
crushed rocks. The thermal conductivity of these
was hetter predicted by the modified resistor an
adiusted De Vries methods (the Kersten method is
inapplicable). These two methods also applied well
for most of the dry fine-grained soils. However. Smith
gave the hest results for a dey clay . This method
allows for structural eftects by means of u thevmal
structure factor. Consideranons of structure and
contact effects we particularly important m the

case of dry soils, fine or coarse.




Summary of apphicabitity of methods

Foomesterieds toannly tor ditterent iy pes and

B ot s e s foltawes, T most cases thoese
oo sy o gbout 223 whindh s
Cooacrt o e gl aephcanon

{nirazen coarw soils
[T Sooud Van Rooyen for sands and gravels

{00t for low quarte crushed rochs )

[ .\'r < Q2 De \'nv:;‘
&0 Johansen
Sandy silt dlay Gemant
Saturated Jonhansen, De Vhes, modified resistor,
Kunu-Smith, Mickiey., Gemant, or
McGaw

Note o Kersten's method should nor be applied to coarse soils
with low or high quares rtent,

Unifrazen fine soils

085 01 Juhansen (increase prediction by 15%)
o 8- 02 Johansen {increase prediction by 5%7)
§,om02 Johansen
Saturated Johansen, De Vries, modified resistor,
Kunir-Smith, Mickley, McGaw or
Gemant
Forozen coarse sotl
S - 01 Johansen
~aturated Johanrsen, De Voes, Mickley,. modified

resistor or Kutu-Smith
Nite  Rersten should not be applied to frozen coarse soils

with Tow ar high quartz content.,

Frozen tine sopls
N 0 Kersten
Johansen (with suitable unfrozen water
content)
Saturated Johansen and De Vries (Kersten should
not be used where unfrozen water con-
tent 15 appreciable)

Dryv coarse souds
Naitura) Johansen
Crushed rocks Modified resistor, adjusted De Vries

Dry fine soils
General Modified resistor, adjusted De Vries
Clay Smuth
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APPENDIX A: PROPERTIES OF SOME TEST SOILS

Soils of Kersten (1949)

Table Al. General physical properties of soils.

e A M

e e et

Mechanical analysis Physical constants Textural class
Sand Sitt Modified
Gravel 0.5 0.005 Clay optimum Modified Absorp- U.S. Bur. Unified
Soil Soil over 1o to under Liquid® Plasticity’ moisture max.  Specific tion of Chem. soil
no. designation 200! 200 0.05 0.005 limit index content density gravity (%) and soils classn.
P4601 Chena River gravel 80.0 194 - 0.6 — - N.P.2 - - 2.70  0.75 Gravel GP
P4703 Crushed quartz 15.5 790 - 5.5- - N.P. - - 2.65 0.26 Coarse sand Sw
P4704 Crushed traprock 27.0 63.0 -10.0- - N.P. - - 2.97 0.20 Coarse sand SM
P4705 Crushed feldspar 25.5 703 - 4.2 - - N.P. - - 2.56 0.75 Coarse sand Sw
P4706 Crushed granite 16.2 77.0 - 6.8 — — N.P. - - 2.67 0.56 Coarse sand Sw
P4702 20-30 Ottawasand 0.0 1000 0.0 0.0 - N.P. - - 2.65 0.17 Coarse sand SP
P4701 Graded Ottawa sand 0.0 999 - 0.1 — - N.P. - - 2.65 0.19 Medium sand SP
P4714 Fine crushed quartz 0.0 100.0 0.0 0.0 - N.P. - - 2.65 —  Medium sand SP
P4709 Fairbanks sand 27.5 700 - 2.5 — - N.P 12.0 122.5 2.72 —  Medium sand SW
P4604 Lowell sand 0.0 100.0 0.0 0.0 - N.P 12.2 119.0 2.67 —  Medium sand SW
P4503 Northway sand 3.0 97.0 0.0 0.0 - N.P. 14.0 112.8 2.74 —  Medium sand SW
P4502 Northway finesand 0.0 97.0 3.0 0.0 - N.P, 11.4 116.0 2.76 ~  Fine sand SP
P4711 Dakota sandy loam 109 57.9 21.2 10.0 17.1 4.9 6.5 138.5 2.7 —  Sandy loam SM
P4713 Ramsey sandy loam 0.4 53.6 27.5 18.5 24.6 9.3 9.0 127.5 2.68 —  Sandy loam CL
P4505 Northway silt loam 1.0 21.0 64.4 13.6 27.3 N.P. 15.7 112.0 2.70 —  Silt loam ML
P4602 Fairbanks silt loam 0.0 7.6 80.9 11.5 34.0 N.P. 15.5 110.0 2.70 —  Silt toam ML
P4710 Fairbanks silty 0.0 9.2 63.8 27.0 39.2 124 18.0 102.0 2.71 - Siity clay ML
clay loam .. loam
P4708 Healy clay 0.0 1.9 20.1 78.0 39.4 15.0 17.0 108.0 2.59 — Clay Ci.
P4707 Fairbanks peat - — — - - N.P. - - - —~  Peat Pt
! Size in millimeters.  ?Minus no. 40 mesh fraction. *N.P. = non-plastic.
Table A2. Mineral and rock composition of soils (percentage by weight).
Quartz Pyroxene, Kaolinite
Unified By By Ortho- Plagio- amphibole, Basic clay min. Hematite
Soil Soil soil  petrogr. X-ray clase clase and igneous and clay and
no, designation  classn. exam. analysis feldspar Felsite feldspar olivine rock coat, min. magnetite Mica Coal Others
P4601 Chena River gravel GP 43.1 11.6 129 217.0 2.1 3.3
P4703 Crushed quartz SW 95+!
P4704 Crushed trap rock SM 3.0 10.0 50.0° 34.0 2.0 1.0
P4705 Crushed feldspar Sw 15.0 55.0 30.0
P4706 Crushed granite sw 20.0 30.0 40.0 10.0
P4702 20-30 Ottawa sand SP 99+°
P4701 Graded Ottawa sand SP 99+3
P4714 Fine crushed quartz SP 95+
P4709 Fairbanks sand sw 59.4 3.6 5.0 6.3 8.0 10.0 2.5 0.1 5.1
P4604 Lowell sand Sw 72.2 20.5 3.0 1.3 3.0
P4503 Northway sand Sw 1.5 11.5 9.0 1.5 51.0 13.5
P4502 Northway fine sand SP 12.0 7.0 18.0 12.0 40.0 11.0
P4711 Dakota ssndy loam SM 59.1 12.9 1.0 12.1 12.4 2.5
P4713 Ramsey sandy loam CL 51.3 11.8 5.6 12.6 15.9 2.8
P4505 Northway silt loam ML 1.5 318 19.5 4.5 27.5 10.0 s.s
P4602 Fairbanks silt loam ML 13.3 40.3 28.3 18.1
P4710 Fairbanks silty clsy ML 4.6 $9.5 2.2 289 1.6 3.2
loam
P4708 Healy clay CL 22.5 55.0 22.0 0.5
' By visuaf inspection ; impurities less than 5%. ? Andesine feldspar. 3 By visusl inspection; impurities less than 1%.
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Sotls of Penner et al. (1975)

The wain size distribution curves for soils no. 4 to
10 tested by Penner et al. (1975) are given in Figure
Al. The sieve and hydrometer analyses followed
ASTM procedures.

Table A3. Atterberg limits.

Liquid limit

Soil  at125blows  Plastic limir, ~ Tlasticity index
no. Wi (%) Wo(%) Ip (%)
4 37 21 i6
5 25 18 7
6 30 21 9
7 28 14 14
8 43 24 18
9 33 22 11
10 48 23 25
Hydrometer
100

60

40

Percent Finer by Weight

n
(o]

(e}

0.001 001

Grain Size (mm)

The Atterberg limits for soils no. 4 to 10 are given
in Table A3. Tuble A4 shows the 1elative proportions
of minerals in the size fraction smaller than pm,

Table A4. Relative proportions of minerals in the
< 0.002 mm size fraction.

Soll  Quartz  Illite Chlorite Kaolinite  Vermiculite
4 +4++ ++ ++ ++ -
5 + + - . -
6 + + + + -
7 ++ ++ + ++ -
8 ++4+ +++ ++ + -
9 +++ +++ + + -
10 +++ +++ ++ ++ —

+ = small amount present; ++ = moderate amount present;
+++ = large amount present.

U.S. Std Sieve Size ond No

200 100

40 20 10

it lLth

0.1

10

Figure Al. Grain size analysis of soils tested by Penner et al. (1975).
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Soils of Johansen

Table AS. Soil materials of Johansen (pers. comm.).

Quartz Specific Uniformity
content weight dgo dye coefficient
Material (%) kg/m®)  (mm) (mm) dyo /8y
Sand
SA1l 50 2700 0.69 0.12 5.7
SA2 48 2600 0.27 0.067 4.0
SA3 58 2670 0.15 0.082 1.8
SA4 80 2670 0.16 0.125 1.3
SAS a5 2720 0.26 0.11 2.4
SA7 39 2700 1.5 0.10 15.0
SAS8 61 2730 0.20 0.075 2.7
SA10 i0 2850 0.52 0.125 4.2
SAl13 100 2650 ©.70 0.60 1.2
Gravel
GR1 49 2740 2.0 0.21 9.5
GR3 47 2700 2.0 0.20 10.0 .
GR6 57 2700 6.1 0.27 22.6 f
GR7? 2 3000 1.4 0.06 23.3
GR12 41 2700 1.8 0.15 12.0
Crushed rock
PU1 2 3000 31.0 24.0 1.3
PUS 33 2680 6.1 0.25 24.4
PUT 9 2750 35.0 26.0 1.3
PU9 3 2730 8.5 1.0 8.5
PU10 9 3100 17.0 10.5 1.6
Clay
LE1 22 2800 0.040 0.0035 -
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APPENDIX B: COMPARISON OF THERMAL CONDUCTIVITY
VALUES COMPUTED BY THE VARIOUS METHODS AND OF
THEIR DEVIATIONS FROM THE VALUES MEASURED

Table BI.
KEKSTEY NIRTH LAY SAN INSATURAYED UNFROZEN

TYPE J¢ SCLt  SAND NATURAL UUSAT JRATED '1ypRI2EN

Ru o .74 TEMP & UL 0.979 €L V.00 CSOLIBY = ¢ ¢ zgo ALPHA & pee 0,036
K¢ a 0.369 k1Ce » v 2,300 xa = 81920 K7 » 2.0U0 Cs0L1D32 = .80
. TyR N "MTASYRES [TALRI] UMPYTer FVIATION METHOL K COMPUTED DE YION PUR L 14
SWLE ST TIE | pn € TTASAE D K couTer praTy N LA
SAMPLE 0.00 1,677 Je202 CERSTEN MICKLEY 2.086 o 8.‘01 R 0.08'
PR MEaldd Llalfe i 19T 0.0
04 "B vRIES GEMANY  wowpm~ [y
TESISTOR an ROQYEN 0,180 =10,.9
[SLTREL R L] FOM, Me -1 P mermta
’ ERsY MIEKLEY 0.9
SAMPLE v, e 1,000 9.253 R REEBEY Bi53% « 0811
Ay vRlEs SMITH
A0 3 s!%*ii T8 iBBOg
KuNTfeSItH "
. ERSTEN MICKGEY 0,610 0,043
SAMPLE 0,80 1,618 1,256 5"53?;! " 3e040 « 0:01,
{ N
ADJ “E VRIES GEMANY
RESISTOR VAN ROQYEN
KINTIaSMITH GEQM, MEAN
v RSTEN MICKGEY 38 4
SAMPLE 0.80 1.098 4,284 JgsANs§~ i 3Au 8:03; . 8:81
a VRIES LI
A04 XHBi van R6BORT i
xuuy 47w GEOM, MEAN ;
5 AM ) 7 0,499 ERSTEN MICKLEY 0,462 0,086
SAMPLE 5,80 1,478 , 4 #5"03?5! MGy Y 0i121 + 0j086
ADJ 9E VRIES GEMANY
2ES1STOR VAN ROQYEN
KUNTImG4ITH GEQM, MEAN
* .6 ]y ERSTEN MICKLEY 142 0,069
SAMPLE 4,1y 1,811 14981 anAH!EN YR M 8"10 + 02088
2E VRIES 9:17:
W L L
KkuypieSrtn GEOM, MEAN
? T MICKLEY 383 9
SAuPLE “udu 1o v.78¢ 4‘$33?E§ nsnygg 8:333 « 0038
104 sg VATE . :DS::N
gS]STUR N
KuNt -§Mlvn XEO". MEAN
SAMP v.¢ 1,669 U, 388 EQSTEN MICkLEY 0,399 0,080
MPLE 0 0 Jf‘)JAVSEN ME GAY 0:303 * 0.754
YRR oEHALS
AESISTIR VAN ROOQYEN
KUNTIeSHITH GEOM, MEAN
SAMPE 14,09 t, 087 1,73¢ N6 MAEERRY B3l » 932‘1
a¢ VAIES SMITH
ADY stsv;;53 . :gg:uz
H !
(gg?'ﬂ&%l?ﬂ z!a”- HtiN
L] & 896 4 ERSTEN MICKLEY 0,389 0,059
SAMPLE 15,60 1 1,06 J;nnwseu ME GAVY 0,006 * 0,231
S AL L
KINPfaSHITH GEOM, MEAN
SAMPLE 13,50 1,818 1,204 EENEN MAE*BRY B33 o BiBRt
3 v N
ADY ¢ vnlss M
asslsvun xAs ROQYEN
KNt fadMLTH EOM. MEAN
SAMPLE 16,50 1,09> 1,17 KERSTEN MICKGEY 0,38¢ 0,089
. . . JARANIEN Hcﬂu‘; 0 133 * 0 ¢80
Aol 35s¥51§i VAN igosén
KUNT{eSMITH GEQM, MEAN
NOTES : CSOLIDS = Thermal conductivity of solids (calculated or assumed)
Moisture content in % CSOLINSY = Value from Cemant's equation
brv deasity in g/cm?, KA, KW, KICL, KQ, KO  conductivities of air, water, fce, quartz
All other units W/m K except where noted. and other minerals respectivelv (values irnut
DEVIATION refers to difference between value COMPUTED according to test TEMPERATURE)
bv respective METHOD and the MEASURED valuw. PAR = Porosity
TEMP = test temperature (00} SAT = Degree of saturatfon
ALPHA = parameter in Smith method NC = Parameter in McGaw's method
N - NQuartz content in sofl golids (fractional) LWC = Unfrozen water content (fracticn
ClL = Clav content i{n soil sollds {tractional) by volume of total soil veluwe)
RHO = Speciiic gravity of soil solids
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Table B2.
KERSTEN NURTHAAY FINE SAND UNSATURATEU UNFRUZCA

TYPE OF SULLE  SAND NaTURAL UNSATURATED UNFRNAZEN

LLEIE 2,760 TEMP » LRI ,120 €L = 2.0u@ C30L 2,363 ALPHA T mccemewe K4 z 2,754
Kn = 2,809 kI1Ce = v 2,320 & = a 720 X0 = 2,000 €500 L)
SaMpLe MOISTUKE DRY K MEABUREY METMUD K COMPUTFL Ot METHOUO K LOMPUTED DEvlatiew Lk, s
CONTENT DENSITY 143 {PERCLENT) SAY Ve
SaMPLE ¢,58 1509 v, 208 KE":*EN .¢57 MICHGEY n2’2 272,90 #.els PR
J RANSEN “E GAw 324 536,38 P.P18 + 9,008
vRIES SMlth
ADJ DE vRI $ GhMAN]
ESISTOR VAN ROOYEN
xunxx- MITm GLOM, MEaN
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In ﬁlo:tlng the figures the values corresponding to the temperature nearest 49C were used
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Table B20.

f JUNANSEN GRAVEL GR3 SATURATED FROZEn

TYPE QF SOILt COARSE NATURAL SATURATED FROZEN
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JOHANSEN CRUSHED ROCK PUY SATURATED FROZEN

TYPE OF 80ILt COARSE CRUSHED SATURATED FROZEN
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A0t olalt JERT. CReRf S E 12N
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