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EVALUATION OF METHODS FOR CALCULATING
SOIL THERMAL CONDUCTIVITY

Omar T. Farouki

INTRODUCTION BeCaUse 01 tile eXteMle Coiiiplexil\ u

The U.S. AritO Cold Regions Research and Ii igi - cal cuola i in tiche 101n al ciiiduivi is es",
neering Laboratory monograph enti tled Thermnal and Is followved heie. I lence tle itietlods men.
Properties of Soils (Farouki 1 98 1 ) describes the being eithe tiehleoicticalls baised with emipiricalii-
various methods that are available for calculating tle ficmr oris or totall\ ciripirical. are tested ag~ainsti e\-
thermal conductivity ol soils. lIn chronological oi dei . perimental data ito determine flie conditions ol their
these are thle methods of Smoth ( 1942). Kersten \Alidit\ ini pracui and 1(, enhance their triistwoi th-
1949), Mickleyv 1951 ). ;eiant (1952). De Vries ine." on dIci these ciinditioiis .

sito qutin(Woodside anid Messmner 1961 ), Mc- ANALYSIS OF METHODS FOR CALCULATING

Ca is reor V99 n oansRen and75). ror THERMAL CONDUCTIVITY itptarietr

conductivity values given by these miethods for Introduction
appropriate types and conditions of soils. This is lit order to pertor in a detailed anals siN ofdth
done for unfrozen and for froZcnl soils having a thermnal conductivit\ equatiow, tesuiii ig rain therneof moisture contents anid drN densities. For varis mehds 1or.te riea10o tee qamethod andods eachl soil condtion thees srsitit

e calculate ad eahil condctivithe valenivt. ton cpeard*Temi iptprmtr
variaeionscinamoistuera conntit nd u dr esto i we. Sifi rvt ftesi ois ae s2
detrained in m itr2otn ri r e s s. Tepeii ra tfesilsld .ta e s27

heermetds r vlae yc aigter3 Temprat ouctrtf ae ado c
preditose wethod eeiealdata fyompsrils ofei 3. atethat temperture\ofae kad f

prdnons opoit xio mAcnita r paarograsoils utof 4. aft tve thmeratodure ivoftei
calwcumphedeitions Aouter pr i aue fro 4.allecing formmoist re igrationinthe anr
claethe xei etlvaluens ofo resoitd clerti proer sugowgese byr Doue igra o 16)ane

ties. The conditions of applicability and the extent S. Th~ermal conductivits\ of the Soil solids k,
of validity of each of these methods are thus de- 6. Moisture content it,
termined. Fromt this follows a recommendation (if7.Dydniy .

the miethod or methods to apply to soils of different 7 r est

tvpes, which may be frozen or unfro/en, range from
dry to saturated and have varied dry densities. *The programming was done by S.A. James Clarke anut

Albert Smith on the ICL 1906S computer of the Queen's
Un~iversity of Belfast using FORTRAN language.



Tlte lasi tv~o propet ties A~ete sat ted o5ci I 55 ide iauce O)Nokilk. scitsiii\ I js .ci.s II ahsItlIic Ii

tisits :otuld he deteitied. Mi tl.siii4~ s5) S t' B% c~ii Ilt.l,
T lie :oIlitputel pII tout 1.11 iS ~ded tilie tue i iii'l ofl isa i IClCJiiIX L 11! iti c Cii l .'iii.I . I

dUIIctIstt sailies, ltediced~ h\itte equrations loi ithe ITT the iiiiddlc 'I thl. ivi1.1C 111"c1li 11 ilC

Piset Input data. ailctiltitkiots wkets' nude.I 10i huth i I kA lw 'M 111ki. . iti i .

thle utitri/eti and tile l'o/eli coniditions. III Tile ilette ohl'iiicd. I ,1kiil I!\ijss il 1

/Crri to] this sellsitvi t\ jiial4,sis. A-,%a eti iCti 8.0 CAL'tll ipc .ttft ik.11 Jh"Iliii, alidl Ijik
Win K tor colt se sis. and al 2.01 \k In K liiit tic m l. e N 'IIiI I. I loll 11Ctu ck%'li J ts

Thle tioiui conltenit It- \\s vatid Lit consiamli '. I 1 .4 -, I [I \\Iill 'Ic" 0s c.u
dlx detisti1 -Y to dercil)Ititile NCIIhIlis it tlile .tliciti 0I casscciisiii\Itv1 ,I.ti

setieN kit 7tliiaioi )j N 555 aied Jt coliista!iit 1( Ig W itillslc. lh \ Ie' Lind \,Ili R'.~ 1

t' esaiiiaic tile inhlueii-e o! -, . ile seii1.itiVtsIi c )Ip~ L:0 S l "1\ d! c n~~

tile tilietiti.t cuiict j ok A %%LIN also' d'tetiitiitll ditititit j Tv ,I al 'iin llcutJr .i

h\s vats ir A, Iilot 2.0 To Ik.1) VITT K. keepti" ))otil tile sCitstiis tics Illa~ jt I ,iii l O.,k . I.>

tire degteeC of! NsaatItttI S atiidittle is\ detisMi :0I C\,ccpi lt tllos titut \lIlkc\ iiid \l.( .,\

stall!. ~ ~ ~ ~ ~ ~ m i tta)) ~tr a litss'sittt

lFnt tile 1.trsatoratesi lit/en coniditioni iii' t I I 111 tic e saIs i111 I I'Cii I si Ii. If11
mtethotds oft Keisteti, Nfitkle\ .lDe Vries aiid Johiatnsent slltfr Is. QV:ILp \I's X\ Ailst \11( ikk . hi&rd
courld be apiplied. Fi tile untsaiiatcsl itti/Cti Sitttiiat 1i5 'ttd. Thc 'CtNIMitIcl's Ieit itc, 1 1%1 N
contdsitiont iths re .IpQ picd~ tIitc'iitet Mth tile appreihi as i to T), tCascs l' S 7 IT 111,1. i c
(,etlatt. Vsan Rons- ell atnd MA~a\% ittetitids. hi tile nteid. lttssCcct 1t1a1 Jolhatiscil cisc' iIIMtililt

stitirtited state. t'itieti ort itrrtt, tile Iiiclitd of at alowIt- 7.55%, 5\ Iilc \ti R',o 'Icit isc jlt IjNitj~~
Kuttii'Sttith atid the modfideid tesistiti equs 1iiti at abtot Wt V.I \s 1,i ias 0 lc~sws
could additiottallv be applied. Irti i.so til e ii.\I(i5 iCticlsctctiiitc.ticd t

tmethotds nStitisnth. Mickies De Vwls and adtrisled \a]-. ittochn with letitile e 10I11Ctt0tctitl
De Vries. Vanl Rooxen. Kuril-sntlth. itroditied As coi son t tilec seilsilneite int t/c

resistor. MeGawv and Johanisent were applicable. coj soil to 111C cot tespoitittL "altics lot tit I uct!

Thle results ot' the scflsitivitV attals sis ate ,inei title skill slis 11t3atLall Tillittetlns is aitC 1 o\ '
and discussed Ii tfte text three Necilittis. c(Odlse soil 1hai Is fiiclit Oltitl Ii f11e Nodt. o\ 11h lcl

except lot' ot Kcrstei ll elvgie. LI 'ltgltlk luset
Influence of moisture content on thermial aLlu ticor coarse soil (Ci titpat' Ta hcs I Lindl 2 IT I
conducti,,ity dix\ detisit\ olt 1 .4 1- cut

3 
1.

Thertal corindi t\i \aloes wkere Calculated at F:o. Iit/en stils built Iti arid .'itIsci -ioc
a conistant yj tot Itroistire conitenrts %a ar from hut itar telatiotis betwokecir tile titetitial ctditsl
the dr\ to the neaw saturated cotnditioin i Incremtents and u,' at cintistatiiY itil)In t'l ai "" i'taiitls 101

of 5 Titis procedure was iepeated for diffetenrt each trieiL Wd. Ili fact. tiies'L toiW eItid 11110c1 tje Is
drs densities Ii Inicremtents of (I. guctn13 front a 'yd tite Saltie s, fint -o/ets fItie soil. jiatiseti 11i\111tc
itt 1.1 g/cild to oite oit 2.1 g~cttt 3 

. The results for sliirittiv larer \alloes at tire Inicte dix\ detisTiles. I-utl
unfro/eri coarse soil (k, 8.0 Wi/n K) at 4'C are trloizett coarse soil. titwei ,Johlattsetn gives all apple-
Shown inl Figure I While those for ott frToNet title ciabix' larger s,. beingt aboult 50' ;irIireC thatn tiIZa
soii (k, 2.0 W/rt K) are given itt Figure 2. Sevent ft 11 Kersteti at a -Yd of 1.4 sciii . De \rjes slti\s
inethods are applicable tot utntroiee soil: Kersten. tire itigiter S" at lossi w bitt irIS decreases to heticklk
Mickley, Getnant, De Vries. Van Rooven. Mc(;aw tire liwest at higk iv. Mickley. ott tite rithit hiatil.
and Johansen"'. except that Kerstets atid Gettrattlu a reverse trend (see liii. atnd 8).
do not apply for the dry or tnearly drN contditionr. It rita\ also he noted that thle so, values lot tmo/ell

For frozte n coiarse or tine soil four ierItod 5 are ti tle s.I Witae less thitan tho I rse ft ri t/en tioart Ise soil.
applicable: Kerstett. Mh~Ice. 1)De Vries atnd Johatnsens. The percetitage setlsirivite,,. ltiisevei . do. st sIliet
Tire result intg curves are shoitwn in Figures 3 -mdi 4. tnttict. except at I mw I v.alIlies wise re Johant sont andi

The sensi t ivi!v iof' die thle rtrral citrduct i vi tori De Vries sl ti, Ihighrer \al lies tint h t/ent cotarse stil.
tel ,) at constatyd is given ti Tables 1 -4 for foul Tahles 1 -4 shonw tirat for Kersteti. .Jnrhattsett
representative values tIf lit'. These tables give tire De Vries and Mickle\ , tile effect ifl ittcreasittg is

toinctrease thie valute oft s\\ %khet ttiiist te cotnttent
is Sitttilar.

*Mention of the method name in the text implies 3ppi Kersten. Mickles . De Vties atnd Johinlrseni are
cation o4f the aSSOCia ted eq la ti 4444. applicabhie to ith th te i tiot/Cit at d frtie tc otttins.
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Table 1. Sensitivity of thermal conductivity k (W/m K) of an unfrozen coarse
soil to moisture content w at constant dry density 'Yd for different methods of
calculating k (sw is the increase in k per 1% increase in w at constant 7/d).

ks 8.0 W/m K

us i(s I,., , o/Ii X'/,ona i]' tries .ljcA y -'iccGkle M I , (emanlt I an R..'..t,

d 
= 1.1 g/cnr

3

S', for 1' 0 tI 5"- - 0.085 0.0S2 0.007 negaliver 0.0917

k at ss - .5 - 0.378 0.610 1.625 - 0.308

s' as%of A 22.6 8.5 0.4 - 31.6

s, tor I 5- , o
r

... 01 0.0'27 0.007 0.0 -0 T 0.051 0.123

A aI w 10; 0,771 0.881 0.865 1.665 1.586 0.950 1.482

8, as '7 of A 3.0 5.8 3.1 0.4 0.4 5.4 8.3

I, for w- 15 to 45", 0,008 0.017 0.02) 0.012 0.007 0.022 0.002

A at 1s 30' 1.005 1.395 1.332 1.823 1.700 1,497 1.860

,tk 0.8 1.2 1.5 0.7 0.4 1.5 o.

)d = 1.4 g/cm
3

SfO I'w - 0 to 5 - 0.170 0.094 0.011 - 0.2S6

k at -2.5% - 0.683 0.950 2.213 - 0.788

i, as ', of k - 24.9 9.9 0.5 - - 32.5

for it,= 5 if, 101 0.046 0.086 0.053 0.012 0.007 0.096 0.192

k at I, - 7.5,'. 1.078 1.280 1.300 2.263 2.163 1.383 2.070

', as G of k 4.2 6.8 4.1 0.5 0.3 7.0 9.3

s,, for I, I10 To 20',' 0.023 0.043 0.042 0.014 0.007 0.050 0.010

A at I 5'7 1.320 1.721 1.649 2.344 2.218 1.891 2.525

is I A 1.7 2.5 2.5 0.6 0.3 2.6 0.4

s, for w = 20 t 30'! 0.013 0.025 0.033 0.019 0.007 0.031 0.000

A at . = 25% 1.487 2.040 2.008 2.500 2.291 2.275 2.532

s5 as % of A 0.9 1.2 1.6 0.8 0.3 1.4 0.0

)d = 1.7 g/cm
3

., for w 
= 

0 to 5% - 0.302 0.160 0.018 - - 0.565

k at I 2.5, - 1.262 1.475 2.870 - 2.612

s,, as '7 of k 23,9 10.8 0.6 21.6

tw for v 5 tto 20% 0.047 0.077 0.072 0.027 0.009 0.091 0.264

k at % = I0 
-  

1.827 2.357 2.297 3.026 2.921 2.604 3.939

-of 2.6 3.3 3.1 0.9 0.3 3.5 6.7

Id - 2.0 glerm
3

for s 0 to 5% 0.513 0.248 0.033 - - -

A at w - 2.5% 2.308 2.480 3.720 -

.V as % of k 22.2 12.0 .9 - - -

s, for iw to 10% 0.108 0.152 0.119 0.044 0.010 0.181

A a t w- 5%/ 2.273 2.984 3.030 3.797 3.829 3.222 -

s. as 'I, of k 4.7 5.1 3.9 1.2 0.3 5.6 -

7 j'



Table 2. Sensitivity of thermal conductivity k (W/m K) of an unfrozen fime
soil to moisture content w at constant dry density 7 d for different methods of
calculating k (sw is the increase in k per I% increase in w at constant yd)

ks = 2.0 W/m K

Kersten Johansen De Vries Aickley McGaw Gemant Van Rooyen

Ild = 1.1 g/cm
3

s, for w' 0 t) 5% - 0.000 0.026 0.006 -0.021 - 0.015
k at w i 2.5' - 0.131 0.333 0.460 0,777 - 0,116

sw as 7 of A - 0.000 7.7 1.3 -2.7 - 12.6
sw for w = 5 to I 0 0.038 0.044 0.014 0.006 0.004 0.030 0.022

k at w = 7.5% 0.405 0.200 0.435 0.490 0.740 0.362 0.210

sa as7 of k 9.4 22.0 3.3 1.2 0.5 8.2 10.3

s, forw= Oto 20% 0.019 0.025 0.014 0,007 0.006 0.015 0.024
k at w 

= 
15% 0.602 0.494 0.534 0.536 0.786 0.5)2 0.392

A. as '7, of k 3.2 5.0 2.6 1.2 0.7 2.9 6.2
s, for w= .0 t? 45, 0.009 0.012 0.012 0.056 0.006 0.008 0.007
k at %, 30= ' 0.792 0.740 0.724 0.645 0.871 0.676 0.634

s, as , of k 1.1 1.6 1.6 8.7 0.6 1.2 1.1

Yd = 1.4 g/cm
3

sw for w = 0 to 5% - 0.029 0.043 0.009 -0.025 - 0.022

A at w = 2.5' - 0.240 0.486 0.610 0.978 0.219
s,, as " of k - 12.2 8.8 1.5 -2.6 - 9.9
A,. for w- 5 to 1 0.058 0.054 0.025 0.010 0.007 0.041 0.028
k at w 7.5% 0.636 0.478 0.645 0.659 0.955 0.579 0.342
s,, as % of k 9.2 11.4 3.8 1.5 0.8 7.1 8.3
I,, for w= 10 to 20% 0.029 0.027 0.020 0.012 0.007 0.021 0.030
k at w 15% 0.926 0.765 0.807 0.740 1.010 0.787 0.576
s 45% of k 3.2 3.6 2.5 1.6 0.7 2.6 5.2
S, for w

= 
20 to 30% 0.017 0.016 0.017 0.016 0.004 0.012 0.018

kat w 25% 1.142 0.966 0.987 0.873 1.082 0.942 0.827
s, as % of k 1.5 1.6 1.7 1.9 0.3 1.3 2.2

Yd = 
1.7 g/cm

3

sw for w = 0 tow 5% - 0.071 0.064 0.015 -0.023 - 0.008
k at w 2.5% - 0.455 0.698 0.796 1.205 - 0.435
sw as % of k - 15.6 9.2 1.8 -1.9 - 1.8
s, for %v = 5 to 10% 0.090 0.054 0.038 0.017 0.009 0.005 0.099

A at w 7.5% 0.972 0.785 0.922 0.872 1.182 0.876 0.473
vw as % of A 9.2 7.5 4.1 1.9 0.7 0.5 20.9
S, for s = 10 to 20% 0.045 0.030 0.025 0.025 0.009 0.024 0.009
A at S 15% 1.426 1.096 1.146 1.016 1.249 1.131 0.540

sw as % of k 3.2 2.7 2.2 2.4 0.7 2.1 1.7

= 2.0 g/cm
3

v, for w = 0 to 5% - 0.120 0.098 0.024 -0.018 - -0.202
k at w = 2.5% - 0.800 1.057 1.020 1.440 - 0.907

s. as % of k - 15.0 9.3 2.4 -1.3 - -22.3
sw for w = 5 to 10% 0.138 0.062 0.039 0.033 0.010 0.057 -0.063
kat s = 7.5% 1.563 1.180 1.296 1.165 1.430 1.270 0.265
sw as % 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 k (W/m K) of
a frozen coarse soil to moisture content w at constant dry
density 'Yd for different methods of calculating k (sw is the
increase in k per I%, increase in w at constant /4.

A., 8.0 W/n K

, ,t " 0I .074 1I. t. 2 (.(24

a5, '0 24.. 1,8." .13

' r 1,' 5 U45t 0(004- 4 (7"4 O.7t, o 026

A a t( Ill (l54 (; .873 1.541 I .S13

a,, '; ofk 8.4 . 4.

"v, or , Ist 25; (.146 ().074 0(167 0.0 1

A at v, 20' 1.013 1.616 2.273 2.096

as ; f A 4.6 4.6 2.9 1.5

,N" for w 25 to 45'3 0.046 0.074 0.057 0.04h

at w 35" 1.701) 2.730 3.179 2.6(7

f k 2.7 2.7 1.8 1.M

1. gjrn
3

for w 0to 5' - 0.133 0.27h (.039

k at o 2.55M 0.505 1.488 2.453

% as of k - 26.2 18.7 1.6

T for w 5 to I 5 0.087 0.133 0.123 0.045

k at w = 10, 1.021 1.513 2.591 2.540

as ', of k 8.5 8.8 4.7 1.8

for V 15 to 25% 0.087 0.133 0.089 0.063

k at w = 207, 1.891 2.839 3.617 3.05,)

. as ,/ (k 4.6 4.7 2.1 2.1

sw for w = 25 to 30% 0.087 0.133 0.082 0.110

A at i, - 27.5" 2.538 3.825 4.238 3.6S5

s as % of k 3.4 3.5 1.9 3.0

Id 1.7 g/Cm
3

for w - 0 to 5/M 0.238 0.452 0.063

k at w = 2.5M - 0.858 2.463 2.950

o as of k - 27.7 18.4 2.1

.v for w- 5 to 151 0.163 0.238 0.159 0.085

k itt w - 10% 1.897 2.651 3.996 3.475

IS a ( A 8.6 9.0 4.0 2.4

s, for w 15 to 20'7 0.163 0.237 0.114 0.220

A at v 17.5% 3.108 4.418 4.968 4.318

'as if k 5.2 5.4 2.3 5.1

Yd = 2.
0 

g/cm
3

sw for w = 0 to 51 0.451 0.689 0.107

k at w, - 2,5% - 0.970 4.063 3.830
1
' . as% of A 46.5 16.9 2.8

s, for w 05oIO0t 0,307 0.450 0.93 0-59

h at w 7.5% 2.750 3.750 5.238 4.488

T' as % .f A fil 12.0 3.7 3.6

1q



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

ks = 2.0 W/rn K

Kersten Johansen De [ries Micklev

)d .I g/cm
3

s,, for w 0 to 5% - 0,041 0.068 0.016

A at w 2.5 - 0.230 0.360 0.450

s as 7 of A - 17.8 18.8 3.6

s. for w = 5 to t57 0.043 0.041 0.039 0.018

A at w 10% 0.481 0.541 0.684 0.579

sw as % of k 9.0 7.6 5.6 3.2

S, for w = Is to .S% 0.04- 0.041 0.038 0.022

k at w = 20% 0.915 0.952 1.077 0.779

sw as % of k 4.8 4.3 3.5 2.8

sw for w 25 t1 45% 0.043 0.041 0.036 0.036

k at w= 35'7 1.567 1.569 1.629 1.181

S as%ofk 2.8 2.6 2.2 3.1

= 1.4 g/cm
3

s,, for w = 0 to 5% - 0.062 0.109 0.024

k at w 2.5% - 0.337 0.605 0.609

sw as 7 of k - 18.3 18.0 3.9

Sw for w S to I 5% 0.061 0.062 0.057 0.029

k at w = 10% 0.734 0.803 1.066 0.808

sw as % of k 8.4 7.7 5.3 3.6

s for w = 15 to 25% 0.061 0.062 0.048 0.043

k at w= 20'7 1.347 1.419 1.584 1.152

sw as % of k 4.6 4.3 3.0 3.7
sw . for w = 25 to 30% 0.061 0.062 0.047 0.078

k at w = 27.5% 1.805 1.880 1.936 1.550

sw as % ot k 3.4 3.3 2.4 5.1

'd = 
1.7 g/cm

3

Sw for w = 0 to 5% - 0.091 0.161 0.035

k at w 
= 

2.5% - 0.495 0.870 0.800

sw as of k - 18.5 18.5 4.4

s. for w = 5 to 15% 0.087 0.091 0.068 0.050

A at K., 10%
,  

1.177 1.167 1.507 1.110

$ as %of k 7.4 7.7 4.5 45

s. for w
= 

15 to 20% 0.086 0.091 0.058 0.140

A at w - 17,5% 1.820 1.865 1.951 1.665

S,% as of A 4.7 4.9 3.0 8.4

)d = 2.0 g/cm
3

sw for w 
= 

0 to 5% - 0.139 0.216 0.053

k at w 2.5% - 0.756 1.285 I.04 1

rw as % of k - 18.3 16.8 5.1

fot w = s to 107 0.122 0.139 0.076 0.085

A at w z 7.9% t.715 1.450 1.765 1.375

Sw as % of k 7.1 9.6 4.3 6.2

10
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Flom11 a C,-omlpall+ ll of" tile lesuhl, tol thes e conitl i ons fitlhe lkho~l,.' lalntu' of )," ,and 11,' 0(} tlhe other' hijil+

if is C\IdClit that each 0i tliC.se C IIII1iill itethOdsk t ii lltlo/tii liIC oill ) KCISiC-1' .i0 IS i. . ih t'Ie

iles ain s,, talc l.hich i,, apuictabl. gi'eati tot itlhcst S ai the hinlict .aites I +l) (Ttble 6). The
it/el s ithl that tfor ki lto/et soil. This itas he \alliCs tiI V, (tot It'lt/tii il.. Still aic ho,\\ l 111a)

e\pected beci 1ts IL. 1a3, JIel llch hilg.hel thel lllA tile COI \tallttlldill ,ahties t, 1 1 lnit I n liiC t.il,
,:oIId ti\t\ than ,Itela . At l,%\ ,altIioe it \ (0-i'1 as exp,I'ct d. h .tise ti it hdt e highler 4a t ) thie

raige. Johasn It s ani exception p. I i a highel S,, latter
ftor thie uintt/ell colndiitt than ftol the lo/el Ile. -aies 7 anid 8 tot t/I t sodsil siokk h the iked

Icicaw. Il i. Gai d s 'a m It ii il at Ctinslalt

Influence of dr' density on thermal conductivity As ft till m/ siths. itlci.ascd It ,IlC s Itl't Iascd

rt ct inrn e tire ettec Of " - thelniil 1cond1.1tii.
+  .Se ltl li\ Oel a Sllinltr alI~e tn i yf ltt IIo/eIt

l\ it valuei \lCIC calculated dt a Stltaill t i ot co.rise s i I c ici genialtie ltie loiotsi 7

%alies tt tdaliil tttotl It.1 to 2.0 g c1ll13 In HI- while Jottliatscl and MtlickiC\ gltC tile Lalgesi at hi h

crelillti oI i).1 CI. Ts1j ttas d e for It values ValiCS Of It% lilt Ill/Cli fine sttii. KelStCii aid

fliont dr\ it) near satttationl. NI the higher iv vahlues. Jolhansel Ui\e S ) \alues near each other at it\
, 

"j

saitir.Itltil Cti tosptlldit1Cr . ales of -,d As il %itl'es. but KeiSteII tend., Ii ite hiIitCi ValUeS Ilt

tile preyittis sektlttl. lesults we e thtaini ed titli ,evenl the lighet ai raige,

imthttods tott the utitfro/e state ( Fig. () and 10) and Because tile degweC itt SALtIithSI Illa bC Mlfe

trollt inl ttethtds tot fiC tlto/1 Ntate (Fig. I I and ilhnportalit than tile absolute value ol It,. especiall.

S2) in affecting illliStile lliratlitn. tite]ttat cttndtlicti it

kin Rto\t vii clari\ Khovs itlctti leCl trends at \alues have been calculated at a cotIstailt ,'r value
high values ),I til W. Aiso. htth Mickley and but with vaiing ",j. The curves correspittding to

M(;aw giVe %alls for tehC dli\ thermal ctlildtCil several Sr tamles are shuown in Figutes 13-l0. Along
that are obiOusi\ itch tot higll. Iti Micklev's a constant S, curve. va\ ing ' ttplies a vart il iv:
case. this was expected b,, hilln, it lile tot McGlaw. tile of fect ol a varitL it. u a ctmlihtitllIe Iaclitl to

the interfacial etTicienct, e was assutted to be 1.0 in changzes in themial condtictivitv .
the calculatiotns whicl is too highlt the dr. it Apart Irtittt Vail Roovn . tlhese ctil\e (at constanut
iearly drx condition. S t O tile ltro/en stils sho\k a ltllte ltr les,,s col-

Tile selsitivit\ tf tile thiCitnial conducittvit.\ to statnt 1t1C of increase ill the illtCttal coIIduclivit\
(~ (at contstant t) is given it Tables 5-8 for several with increasing -y. This implies that s) (at constant

representative valies tif w. These tables give the Sd) is approximatcl. cotiStalt. Igt a given lnethod
absolute sensitititI, S; expressed as tie increase in the Ctr%,C colrresponiding tit different S, valles ril
therina. ctnductivity per 0.1 g/cin 3 increase in yd roughly parrallel to cach other. The same trends are
at constant it'. This increase has also been expressed indicated for the ou methods applicable to tie
in relative terins as a percentage of the thernial con- frozen coarse soil (Fig. 1 5). With regard to the frozen
drictivit value in tile nmiddle of tile dry density fine soil, however. file trends shown b\ these metlhods
rane. are soniewhat different (Fig. 16).

Van Rii ven is considerablv olt of' step with The effect of S, is interesting to note. f'or the
tile o hers for the titi fro/en soils ( Fig. 9 and I 0). un frozen soils. the curves given b, Ke rsten ( eta tl.
Fur these soils the other six methods give an in- De Vries and Johiansen show that the sensitivit\ of
creased s. as -y increases at constant w. It is also tdie thermnal conductivity to S, at Clnstalt "d de-
evident that s) increases as i., increases for a given creases as St increases (t.e. the curves become closer
"y}i ranige: however, the values froi Mickley and together). The opposite trend is shown bx Micklex.
McGaw do not vary tnuch. but this appears to be physically inorrect. Fuor the

For utnfrozen coarse soil Kersten gives the lowest frozen soils, Kersten. Do Vries and Johansen give
s) thrmughoit (Table 5). The relative sensitivity a nearly constant s,, as Sr increases at constant (I.h
given by Kerstert is constant at about 14.5' , lver density.
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Table S. Sensitivity of thermal conductivity k (W/m K) of an unfrozen coarse
soil to dry density Yd a' constant moisture content w for different methods of

calculating k es. is the increase in k per 0.1 g/cm 3 increase in Yd at constant w).

As = 8.0 W/i K

A erxsten J,'Iapsen 1)e I ries Alhckhv .McGaw, Gernant Ian R.. I Ven

*. " " I II, 1 .C , 31.2) 0.I 3 u,154 0..203 31.203 0.18U 0.342

A . .3 , 1 .n 0.;¢ 0.'9s 2.014 .43- 0.937 1.092

14.j 2 .3 1 .5 10.1 10.5 19.2 31.3

)0.260 0.277 0.341 0.477, ), ( I 5I, I '4 'C3' 3.21 , (I.31 7 ((.3317 . 0 027

A , t )I I. gu3 3 1 4- 1.7N2 I.()h 2.422 2.877 1.918 3.291

I 4.t 1 , 17.0 8.9 9.6 17.8 29.7

'r1 l I >( 3 1., 1 flo3 3()53 0.2 1 1 0.2(02 0.212 0.206 0.236 0.334

A at '1 I .3 1 .0 2,1 1.246 I .209) 2.063 1.971 1.354 2.095

1 ,.' . 4.6 (6.4 1(6.7 .0.3 (0.5 17.4 ( 5.9

(3 ", I 
'
, I-1 9/1c 3 t.2 ,6 0.3" 1 0.362 0.283 0.280 0.414 0.881

,At , I & 33
'  

12' 2.3 - 2,2 7 1.026 2.921 2.604 3.939

14.6 (57 (5.h 9.4 9.6 15.9 22.4

2 - 0'?,

t-hr ),j I. 1 1, 
, 
. 'cn3

3  
().1 7" 0.24L 0.25 0.236 0.223 0.293 0.256

a t( )j (3 1 3j n3 1.224 1.63') 1.568 2.173 2.037 1.800 2.259

-t.3 ' 1, . (4.6 1(5.2 1(6.4 (0.q (0. L b.J 1(1 .3

i. for ) , .5 I) (.7g'cm
n 3 

0.272 1.36" 0,372 0.326 0.261 0.414 0.541

A at Yj (., gIc333 1.88S 2.541 2.493 2.979 2.738 2.846 3.333

1 .''; ., A 14.4 14.4 14.9 (0.9 9.5 14.5 1 .2

40'

T f')r ),I [.I to 1.3 g/c (3 0.1 0.247 0,294 0.318 0.204 0.313 0.200

Aat ),1 1.2 g/cm-
3  

1.231 1.765 1.800 2.200 1.958 1.'057 2.041

"f'; A4 14.5 14.0 16.3 14.5 10.4 16.0 9.8
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Table 6. Sensitivity of thermal conductivity k (Wfm K) of an unfrozen fine
soil to dry density yd at constant moisture content w for different methods of
calculating k (sl is the increase in k per 0.1 g/cm 3 increase in Id at constant w).

ks - 2.0 W/r K

'.. .... A(' .S1(')1 .]1,l~jll vi.'I tI' ii ) l b. 1 At, 4), l~ * ,rI~~j t I. j ', 
1

S) "or "'d - 1.1 I.i 1.5 g crn0- . .'i l1.)3 )0 li. i)07 3 0, 00 'Ii, ii iii, io (144
k at j.1 .

3  jcn,3 0.A01 U.2;I I dl; ) ii I" k' N', I 10 '2 I

S for lj - 1.5t1 4 gicrn t . (, .I ' 0 111)4 O. " - , IW I 4 Oh 0.11
A at )j - 1.7 g/nt, 

3  
V.713 4.(,27 0.823 t). 2 "2 1)lV ( 2 ,-4A i

V. as4'. 0 A 15.6 I4. 13.3 N1. 6 '4 ,

j'l for -j - i.) II t 1 .5 f/cm- O.), (1c 1.00,( 9 0).0.0 I I .103 0 -. 1 (1 1h )1

A at )d - .3 gCm 
3  

0.(;4 o 0 I 4, 0.613 ,2 0 i ,.'
- 

I 1h4

V 1 k14j.I6 1. .6 10I N) 14.,) 4j6

1 for rd - 1.5 t" 2.0 g/tclr 
3  

0. 1 N 3 1 .125 0.1 1,) 0.101) ! o0.) II 1 -0) Of.'

A i a .) 1 1.762 -1.423 1.114 (1.,l 1 1.210s i0.44 .1.414
Sl al:. "I Ai it5I.6 13.5 I I.' 06 6 I . 2.6- I 3-

a,'' O2 12A 1

s) for j,, 1.1 o 1.5 glcrn,
3  

oI.1 32 0.i9' I ( 0084 (.II olFA . 100. 1 ,

k at )d 1.3 g~cm1 i 4)W 0.774 0 71 4 0.' 16 1.96bs o.717 ().644

4as% of A 14.6 12.5 .) I 1.5 K.1 - 3.3- 1-)0.(

S. for d t. 5 , 1. 7 gle,, 3  0.202 0.17 . 24 .. .24 .-0)83 .. . 120 -011
k at d I .bg ,/c i

3  
1.396 I.09-1 1.135 i.11 2 1 2 ) 1.10 4 (i.74N

V) as, 0(1f 14.4 40.7 40.) 13.) 6.4 i.6 --12.0

S-1 I fIr ' 1. II 1.3 g/cm
3  

0.145 .09h 0 1.26 (1.16( 11, .1 6 II)) 0.06Q
k at )>j 1.2 g/CM

3  
1.005 0.940 0.961 0.862 1.01)4 (.658 0."11 I

l as ' of', A 14.4 104 13.1 6 h.6 6 4 12.h I I4.6

. . .. . . . . . .. ... . . . . .



Table 7. Sensitivity of thermal conductivity k 4W/m K) of a
frozen coarse soil to dry density -'d 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 ?d at constant w).

As 8.0 W/m K

. for ) ,1 I tt 1.5 -1u1
1  

(Ll1. 0.1Y l.. I) 00 .o I

A at 'T I .3 ( ll .4 
"  

0.1. I 640 I'm

.1 A 1 . 0 18.1 lb .1

tor 1, I 1 2.0 9/c010 0.25 t.332 (14"o1 1(3! 2

A at H. - I, T gj.J11
3  

1.32 1. .74 3..411

.1 A 19.3 18.7 13.S '1.1

l..r ), l. 1 1.5 g;,'1
3  

II.1- o.144 3 1 11.2 2

A at )j 1.3 +/cIl
3  

0."430 1.2h.0 2.2t00 2.211

2, a ' ., 21.3 11.4 1 h II.I

t l for I., to 2.0 g]C11 3 0).4z4 ./'21 . 2 0.420

k at )j 1.8 glcn
3  

2.332 3.22 4.52- 3..-

5 a7'A A , I A 14 1.3 1 1.6. 10I

.. for d 1.1 t<, 1.5 g/,cm ).32
.  

1.452 o.4 .1
o

. 134t,

A at )J 1.3 gjcnl
3  

I 530 2.356 3.,140 2.-10
a . . . . . .. . 21.4 _ ..... ,2. (47 ( . . i28 .

S') for )d - 1.5 1,) j.7 g/C10
3  

0.6011 0.8(0 . 0 ,1-

k at ),I - 1.6 g/cm
3  

2. 4.142 4.653 4.006

V1 a' fA N1." I,) 1 1 98 16

S1 f(tr " . I. 1 4.4 g/Cm
3  

0.428 0.6.02 1o.4 18 11.5o8

k at t 1.3 g/cm
3  

2.242 3.451 3 K,) 3 3.2N5

as f "k . I7.4 1 3.3 1 5.5

S-r fr )d - 1.1 i 12 g/cm
3  

0.4q 1 0.615 (01.S6I 0.647

k at y1j 1 1.2 g/cm
3  

2.392 3.7610 4.11) 3.'2)

Ofas' " k 18.9 17.5 14.1 (8.3
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Table 8. Sensitivity of thermal conductivity k (W/m K) of a
frozen fine soil to dry density yd at constant moisture content
w for different methods of calculating k (s. is the increase in

k per 0.1 g/cm 3 increase in Yd at constant w).

ks = 2.0 W/m K

,t e ven .Iolaris, /t 1h I rwi 1it, A , w

V. for )d - .I ,, 1.5 g/crn
3  

(.0,1 0.057 0.094 0.063

at d 1.3 g/Cr11
3  

01.361 o.435 0.671 0.610

a,,; oI A 17.0 13 0 14.0 10.2

V for 4d 1.5 to 2.0 g/cm
3  

0.181 0.110 0.138 0.090
A at - I.7 g/cm1

3  
0.744 0.730 1.129 0.896

o a I, A 24.4 (5.1 12.2 10.0

V for ),1 1.1 to 1.5 gjcm
3  

00(3 0.093 0.132 0.(80

A at vd (.3 g/cm 0.63S 0.705 0.930 0.726

i ' ; 1 4 .6 13.2 141 11.0

Sf or ( - 1.5 to 2.0 g/,m
3  

0..235 0.179 0,146 0.144

k at )LI I 7 g/ci1
3  

1.177 1.187 1.507 1.110

ais ; t k 1 9 ) 15 9 9.7 12.9

A, f(r d 1.1 101.5 g/cn 
3  

0.157 (.166 0.170 0.136
A aI ), 1 1.3 g/cm 

3  
1.181 1.245 1.412 1.010

,s as (3.3 13.3 12.0 13.5

sY for 1.5 t 1.7 g/cm
3  

0.251 0.242 0.1 13 0.387

A at )d 1.6 g/c111
3  

1.771 1.841 1.927 1.554

as'; of k 14.1 13.1 ).11 24.9

w 30'7

S, for -d 1.1 t., 1.4 g/cm
3  

1.2(03 0.224 0.203 0.253
A at (cl - 1.3 g/cm-

3  
1.728 1.785 1.850 1,426

as ; of A I 1.8 (2.5 1 1.0 (7.7

040,

N-Y for )d - 1.1 to 1.2 g/cm
3  

0.229 0.260 0.230 0.370
k at Id 1.2 g/cm

3  
2.013 2.034 2.049 1.731)

A2 as , of A 1 1.4 12.8 11.7 21.3
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Table 9. Sensitivity of soil thermal conductivity k (W/m K) of an unfrozen soil
to solids conductivity k. at constant degree of saturation S, for different methods

7d  1.6 g/CM
3

F .uu,,srsH I a, N . ,

ars, I is, , D e I rfe. .M od. res. A 11t,111- Il,2J, ( i, 41A h _1, (; , a -- - ( ',an1r_

ST 1.0

ks  8.0 KA is K 2.71'9 2.736 3.265 2.2'70 3.218 2.77 1 3.066 ?.327

At 4.0 - - - - - - 0.643

A 30 1.i2I 1.521 1 - - - 41.41

A, 2.0 - 1.i197 1.247 1.324 1.129 1.208 1.253 1.181 -

Sells illills AJ A, 0.240 0.324 0.248 0.324 0.190 0.335 0.254 0.314 -0.71 I

8.0 'A Vy K 2.200 - 2 31 2.811 2.(78 2.444 3.32 "

4 .0 . - ( 4 3

A 3.0 1.1 3 .13 - - - 0.415

A 2 .11 ( 9 0 11 0 9 -73 (1-8 74 1. 4 0 0 5')

serlll , isr A k 0. 189 0.22 -
,  

- 0.323 0.255 0 248

S (1.25

k .O Ki 1.677 - ,6'7 2.696 2.625 1823 2.96b
ks  4.0 -

0.982 0.751 0628
k.A 2.0 - 0.621 0.790 0.780 1.09' 0.71t, 0.40"*

Se n si r 0,i j) / _ .139 0 .13 0 0 . 1I 0 ,3 19 0 .2 5 5 0 .18 5 0 .58 _3

S t 0 (dry)

ks  8.0 W i/n K 0.240 - 0.216 0.302 0.25
t)  

- 0.330

ks 4.0 - -

A 3.0 0.240 0.240 - - 0.198

A., 2.0 0.240 0.193 0.260 0.183 - -

Sensitivl) k1 , 0.000 0.000 0.0038 0.0070 0.0127 - 00282t

1-uOr ks varying froms 4.0 Iii 8.0 W/ns K

tFor ks varying froim 3.0 to 8.0 W/in K

Influence of soil solids' thermal conductivity Six methods could be generally applied at all Sr
A determination was made of the variation in the values to unfrozen soils, while only three of these

calculated soil thermal conductivity due to changes in were applicable to frozen soils. In the fully saturated
the value of the solids' thermal conductivity ks at a state, two additional methods. Kunii-Smith and the
constant ")j of 1.6 g/cm 3 and for a constant Sr. noditied resistor equation, were also applicable to
Calculations were made for several values of Sr,  both frozen and unfrozen soils. When Johansen was
ranging from dry to saturated. The resulting curves applied at k, = 3.0 W/ni K and below, the equation
for each Sr value are shown in Figure 17 for unfrozen appropriate to fine soil was used. This gives rise to
soil and in Figure 18 for frozen soil. The Kersten different sensitivities with this method for coarse
nethod could not he applied as it does not explicitly and for fine soils
take k into account so that it cannot allow for Tables 9 and 10 show the values obtained for the
variation in k,. absolute sensitivity of the soil thermal conductivity

26
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Table 10. Sensitivity of soil thermal conductivity k (W/m K) of a frozen soil
to solids conductivity k, at constant degree of saturation Sr for different methods.

ld = 1.6 g/cm
3

Johansen
('oars. Ijiw De I rie Mod. res. hAl i-S,,ith .fickl '

Sr - .o

A S 0 Ki I. 4.193 4.946 5.300 4.524 4.837

A 3.0 2.682 - - - -

A 2.0 2.110 2.111 2.113 2.136 2.110

Seip At/,,t A [ 0.422 0.572 0.481 0.531 0.398 0j.455

S r - 0- 7

A 8. \%/ii K 3.654 - 4.345 - 3.724

ks  3.1 2.070 2.070 -

A, 2.0 - 1.641 1.792 1.371

Sens, isiH Al k, 0.317 0.429 0.434 0.392

S r -0.5

A 8.0 \ m K 2.522 - .727 3.2.47

A 3.0 1.463 1.463 -

s 2.0 1.176 1.463 1.069

Svtislivtly A A, (.212 0.287 0.377 - o.363

Sr 0.25

h 5.0 W/m K 1.381 - 2.792 2.875
k, -3.0 0.851 0.851 - -

A, - 2.0 - 0.708 1.064 0.8,45

Sensitivity A/ As  0.106 0.143 0.288 0.338
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Moif-c Resi-sO Modfied Resistor
- Moied esvo -- a<n,. - Smith

r~, SmIS-.--von Pootie
--- Van Rooyen -- Joharisen

- jotonsen Kersten
5'----Kersten 2 0 - Gemonr

Gemont MickI ev
MCkley ...... De Vrfes

3.-

2 4 16 18 2 0 12 14 16 18 20
Yd, Dry Density (9c3 , Dry Density ig/crn)

Zut, 'I. Co mparison of thermal cynuctiriti Fiur v2 *oprsn thermatl (oflductivitY

ralucs mnah lated bY tihe tarion s methods frr a r'alues Maculatcd bY the m'rious niethods fo'r a
satirtr'dc~ IiY .ro-zen coarse soil at diftirent drY saturat ed unfkozc'n fine soil at diirent drY den-
~Jenwsjies / i=4'C, k, 8. 0 It/ln K). sities (t =4'C, k5  2.0 WInK).

Foi ,jtiiunited unf'ro/en fine soil (Fig. 22). The seven Curves Ior the partially saturated un-
ketsien gives ticlei~h~ I atisahv ay of' L 3 trozen sand (S = 0.5) all show a Similar trend.

"M I. eniRo-c, prov~des the lowest values and except f'or Van Rooverl's. which rises rapidix above
i rtieliable at values of' 'Y, oxer I .5gCm11-. Johansen, a ot' 1 .4 g,'cm 3 (Fig. 25). As with tlte saturated

lX, \sijes. mnodified resisti. Kunii-Sinith. Mickley coarse soil. Kersten gives thle lowest values while
anld (iemnt ditter tioticeabl% at low -y. values, but Mickley gives thle highest (apart from Van Roo,. en.
Nho"s a sotuflar. almost lineat. ti end and closely which shows odd behavior). The Curves given l'\
apprtoach each othter at high -y,, Johansen and De Vries are close together and repre-

In the case of saturated f-ro/en coarse Soil (Fig. sent roughly average Values.
23.Kersten giveS Ituchl lower values than the other With partially saturated unfro/.en fine soil, somle

live mthlods. Modified resistor gives the highest opposite trends are apparent (Fig. 26). Van Rooven
valutes. shoi tg a lineai increase to which De Vries. and Mickley. give thle lowest values. with Van Rooxen
Mickley and Johiansen are approximately parallel. showing an incongruent decrease at )'d above 1.3

With regard to saturated f'rozen fine soil (Fig. 24), g/cml3. Contrary to the coarse soil case. Kersten
tfte six itethiods give values which differ little from gives one o~f thle highest curves, while De Vries. Gemant
each other, In fact. Johatien. De Vries, mtodified and Johansen give curves at intermediate positions.
i esistlyr and Mitckley all give coincident curves. For partially saturated lro~eti coarse Soil. thle
Also, thle the0-ral conductivity does not vary miuchi four applicable mnethods give Curves which differ b\
wtith -ya as may be expected because thie replacentent large amounts. although they, show similar trends
of'rcc. having a k, of 2.2 W/tn K, by the tmiineral (Fig. 27). Kersteti gives the lowest thermal con-
solid, having a k, of'2.0 W/m K. should not make ductIiv values while Dc Vries gives the highest.
nitch difference to tilie overall soil thermal conduc- At hightd, .De Vries gives values that are more than
tivity. twice as high as those given by Kersten.
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saturated J'rozen coarse soil at diffrent dri, dent- satu ra ted frozeni fineit soil at di kr'n'utt dr i deti -
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Figure 29. Comparison of thernial conductivity Figure 30. Comparison of thernal conductivitY

vahes calculated by the various methods for a values calculated by the various methods or a
dry coarse soil at diffrent dry densities (t = 4'C. dry fine soil at dif.'ereut dry densities (t = 4C.
k, = 8.0 Wlir K). k, =2.0 W/m K).

The differences are less pronounced for frozen thermal conductivit above -t .5 g c1 3 . hut
fine soil at partial saturation (Fig. 28). Kersten Kunii-Smith appears reasonable up to "fd = 1.9 gjcnt-

and Johansen do not differ by much over the whole The curves from Johansen and adjusted De Vries

-YJ range. and Mickley approaches them at high -yd' are practically coincident, while Smith again gives
Dc Vries 6ves the highest values, about 15% greater lower values at a 7, above 1.8 g/cm 3 .
than Kersten and 30,; greater than Johansen or The temperature difference of 8'C between the
Mickley at the highest /d (.9 g/cm 3), frozen and unfrozen dry conditions does not product

For dry coarse soil all the applicable methods appreciable changes in the soil thermal conductivit,.
show a similar trend, except that the curves of Van In the next section there is a detailed testing of
Rooyen and Kunii-Srnith start to rise quickly above all the methods against actual experimental data Ior
^' = 1.5 g/cm 3 (Fig. 29). Johansen and De Vries different soil types and condititns. The methods are
give curves that are close together and nearly par- evaluated so as to determine under which conditions
allel. and modified resistor gives a similar curve that each method gives good predictions and in orde to
is higher. The adjusted De Vries equation gives recommend the best method(s) applicable to soil,
higher values than the modified resistor equation in various conditions.
at the highest 7 d- Smith shows a somewhat different
trend, giving the lowest values at high -Yd. For this
method the value chosen for a' (thermal structure EVALUATION OF METHODS FOR CALCULATING
factor) was 0.065. THERMAL CONDUCTIVITY

In the case of dry fine soil (Fig. 30), Van Rooyen
again shows an excessive rate of increase in the This section presents an evaluation of the varios

proposed methods for calculating the thernial
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ctinduclivitv ot'soils. 1.,is evaluation was can ed applicaLble) Lind file- tftetiml cidtcivt. a
owl using a comnpute r programn whlich ai ialo ,oed dat a rileadS u ed t ili t1. Sdimpe.
obtained by various experimlenterS Onils H With ()thei basic pat .tlteteis to) he input includec ilte
known chtaracteristics. Ill particular, knowledge tit tqUat t. content f/ (aS a tI'acttU0l Of tile NOSild Ocutil I
the quarti content was imlportant. The thecinal trid ft 'llies t 

tN.- ' e li0i oafJ cotid tet ivISitd Uthe

con ductivity predicted by each inethod vsas thten still CII loc tile 10lt tellpiaIoe 'd 04 iaswiOcnI.

cottptited at appropiiate values of' thle inoistute coin- -Ihese aire tile Illiitl 0litdUI~j ivit shIteS 1o1 tl
tent atid dryi denisity. Thle deviatiotn of this coittiplied Soil ait %%iLat atnd iWe. and those fill quai t/ Ik ) and
VaIlue tromt the mea sured value was thten obtaitied tile Solid cutllp4nen tlth ilei thtanti uart.' (k,). I loow

tshudbe noted that iiue..sured values ttta% no~t A'' and Aq tile progr~ion calculates k, using tile gci)-
always be accurate). IlltIl i& I ii(di qma i44t

Comtparison of' the deviations produced b,. tile
var IOLus tie t buds indicates wliich miethods give good k, = k,(I k
agreemient under tile relevant condit ions. The eval-
ua t i 4n is done for m ioist coarse aind fine soils, onI- Alternatively, k, ia he input rltrectls, it it Is kit us 4

tro,'en or fro.'en. and foli dr\s 54ids. or if a suitable value is assumed.
When Vati Roo~ en is aIplied to IThe soils, a valuce

Soils data used for evaluation for1 thle cl)a\ contet has to be input as ktt44ssI oi 444 as

All time mnethods for calculatinu soil thermal :ton- estimiated. \Van Roos et also) di? tmenitis title .wils
ductivit> except Kersteti. de~peid onl knowledge i ofInito Cla\ aiid silt. Wheti Sithl is applied I() di\'ol sk
tfile Solids thtermial comiduIciVIt k\,. The solids corn- (coarse otr fille) 3. Suitable Value iiiusr he itIrItI1 44

ponent witich cool d Itave a major intluece c oti the tilie theIienital structural fact or a'.
valute ofk, is quart.'. because quartl/ has a ilieritial The cOIutIM poir prgrtit CtuIvemI is thC inp)ut ValUe
cotOct Iivit appreciably larger than anyv other of' tieasured iliernial cotiductivito. into W ili K if it
possible stoil sotlid compOtient. lII tirder , therefore, is ntot alreadv in these units. It alsoi converts thle
to get a reliable value of kfor use iil aii (of' these dr% density to metric- unt1s. It then calcuIlats tile
imethods. it is essential tot know tile qluart.' content iteritial ctinductis'itv given by each mnethod selected
of' thle soil solids. So thle di fferent ie thuds we ic and determiiines its de via t in frot thle inieasri ed
evaluated by coumparitng their predictions with tilie value, This deviationt is es\piessed as a percen nice
thermal conductivity values measured onl soils wvith (fit te mneasured salue. Thme prttgiaiil also calc:ulates
knotwn quart.' content. The quartz content was thle portsit\ ofthlle soil, its (legice of sat utattot1 i ad
supplied by Kersten ( 1949) and Jofiansetn ( pers. its unflu/ci w"t]ciie a tact ion I1\ solititre!
coimni,) for each of thle soils and soil mtaterials they Of tile total soil1 volume,
tested.

The evaluation was also carried out oil other soils In1pUt pa7rameters
for which values of k, were either suggested by the Specific gra'it' of rte so4l solids. This wvas gen-
respective experimienters (e.g. Penner 1970. Smith erally taken as 2.70. unless a particular value \was
and Byers 1938) or could be suitably chosen. de- givent by thle experttini. The programi uses tfhis
pending on the type of soil. In these cases uncer- specific gravity and the input Soil dr\ denIsits toi
tainty about thle actual k, value makes thle evaluatiotn calculate the s'oil porosity
inaccurate to somne extent. I lowever. such anl eval- Temperature. It was neccss.ary ito knowv the
tiafion should show the main trends in the predictitons temperature at which thle inias tireiltenlt was omide
and deviations, providing at least a general comipar - so that thle values of thle thermal conductivity oit
ison. tile soil comtpotnents appropriatc to) this tetlipetaittie

could be input. III cases where the e\peritnentets
Computer program had not specified tile temiperatutre, a Suitable vaitle

The computer prograti* calculates thle Value 0tf was assumed.
the soil thermal conductivity for the giver) soil inpiut Thermal (Yiuductiijt of ''soil air k. Fort ir Soil
data. This is done for each of' the methods appro- k., wa ae s002 /i tOfo etwai
priate to the particular soil condtion. froz'en or 0.025 W/ti K at I ON. Where the soill \kI as ititi1
unfroz'en., and saturate4i uoNat urated or dtry. The and unsat ura ted, mutuisi ie ilingra lll efhectivefv %In-
itnput data consist oft thle soil sample's dry density, creases ka, depending upoti tile tettupeta tut e. h. tdei
nini sI re con ten t, un froz'en water con tenlt ( where these conitiions tle valutes of A ., cho tsentLit difftciiit

temtpera Itires were takenl tir it eptlihted trtii Table
*Avaitale froim the aut hotr. I I witich Iiollows hil it il(e suggec" iltolls, of D e Vries

( 100),
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Table 11. Apparent content of (li Soil1 expressd is a1 l.~ l 1 '1 11

thermal conductivity total soil volulle.
of moist pore air ki Pernial c'oducenai ' I oj Soil ice, k,. "F , de lei I mIile
(based on Die Vries tile Value of k, the following 101o1.r mulUuoed h\

1963)*. Sawada (1977) was used:

cnperuture ka Ai = 488.19/7 T+ 0.46)8i W,iii K

0 0.046 T beiig the absolute temlperature. Tile resulting

\'Sumi,; alie o ks at diffedrcnd tialvityl ]

9o 0.6 Table)1C 13 ti e male l m ea ie .k

.1 ~ 2 latr(0loka t . 9) -25cal 2.44plaed

-5 0..1.390

absolut t0.1p1 ir.TT eutn ah faiorpc ang a 3 Thelrodctal aale
areNsinn aiein al 1.Fr in tratt emea otecaisk getrta h conductivity afictk

Temperarture k

.7termal ~~~~ ~ ~ on ucivt ofnutvto si cae ,, ie022

25-2 2.44 __

t
iaedase int the formula) 0 .2

givgive bY T,,uiuka 25 17.

aboue pi" ai. Ti r 70 uti. 20ue 7.58aioroihvn tem lcnutiiyprle

are given iTabler 12.en F Wor Ine n t S tempeca. 4o 8.04xskgetrthntr onutvta
tiles unroe waiterpconatednt ealy known frome tto 0hi axs Ti.16 ril odut

Ttrcss a bl 12ah .val era aif wasC wasrmne assuied a2 8.84 rima
depeding o ndhe ctiit ye or thetio (F..V.C was830 ) . i

or ltr~e soils te k, au i h omue at o .~adAi

pritt~tt tle oi Apeni It' rereetn h mostr Taubleia 14. Thrat. l

0 0.50 conuctivty37



Iit: %alue, (it kAl~to 4 it tjttouts tetupetalituret pl rroea .1nd repiesented as (SO1IDS 1111ht

%\ei e taketi I it Ili I, l/irwm ph t'sica- PropIeriies III %_o, lot cripat 1M)II 'ind it was not uscd witther

.1 lat e r % C I t Iotr lo r k j \ t M I CI.~d~ t7 ) 'lt t t 'c ~ s t U e III I o rll i ta k ittt't li . it tl e o 3 p \ t o ti c til d "( 11 , r

Varttus Itutcarts [The results ale Ltvet iu; Tale '_'0d fCStlIS It tras dCctderl tot tIiHS atral\s III
14I anid thiese at ,.i \\cie Imtiaik itteiplrtatcrl tt) .iipll DC Vile., to kliflctcttt wttdittrtrs tht Ito/Ci
atris e at \allies (it Al to, ttrtletttdtatt telliperaits sNttls. i.e. NJtItatedt (it LuttS3Itutatd. and( palttall\ or

T-hermral t'itdutiitr-jt e tlire soil st'fids other ,tliti tne

Mhan eluart:. k,. As siigcested bh\ iansent I I)'I. I ot saturated to/en soil" ctrltiling solltt till-
tile value of k, wsas usttali\ taken to be 2.0W in K hot/tit Wa~ter. thtis watei ttta\ he ,ot-Icied a, ih,

llcspecltve of tetupQrartite. F-or coarse soils. hwk COM1ttttttthtS ImediumII. M) tile 10olluwiitg Ckilattollwa

e% el. ha),xIng .I qtrai content less titan 20, of tite usc tot th ,,i ficiial :oiidkiLtlitil A.
sojlds. Soniecaitaios were also tnladC Willi k,,

takent as 3.0 W ,nt K. a value assunted hN joiauseti vA 1 Ix + l lnt

o0r tic~soils. xA ii s0-
O\ v'tug to rite Lrtcertainty, in thre value of A,,

there was no t point in vary in g its In put Valuie Willit The equiJlon tor sucih soils that ate partiall' satur-
letipela Irire. It Shltttud be noted, however, thtat ated is
tile thrermral curt du1ctIvirv of feldspar increases as
tite temtperatutre intcreases. Feldspar msay he thle X%, A "-t-r ixk + T~ ,vak + j' ( ii Ks
cie cf curt!poneter ter than quart/. Titis behtavior k = xo+ +Fx; ' (1-1
of teldspar is exceptiontai amnong crystalline toateiials
witi cirusia liv sirow a decrease itt the thierttal cott- It rite frtt ert Str(,Is cart be c ottside red to thitave no rurt-
ducrivilrv as the temperature increases. Variations frm/err water cotntentt (e.g. tl ru/err gravels orI santds)I.
itt A,, with temtrperatunre rtay t here fore be somrewhatr tire ice is taken to be tire Conittintuotts rrte ditu.t gi sittg
daritpeie . thre equations

Thermal structural v'alue a' jir dr v soils. Whtere
tre Srtitit mrethod is applied to dry soils. a suitable X 1AA- + F, I -t1k,
vautle trfa muttst he itnput.k-x-+-h

Some prog'raml details for sat ura ted sod's hiere r, n, Ow i poiriy. art d
%%!tetl the data for a par1ticular soil we: e input. X Ik.+ 1F.x Ak + TF 1I -1)A-

tire soil Ita(] tor be specified as being coarse or fine k-------
arid its conditin as being unfroiert or frorten. artd X, + 1.,xa ± T'(iS t
unsaturated. saturated or dry. It had also to be for unsaturated soils.
spectfied as ntaural or crushed so that tire appro- Ii tite above equationts x represenrts rite Volutile
pria te equoa t itt in the Jo~hansen ruethInod coultid be frac tio n of fthe soril cotmtpontent rcrresponrdinrg 10 irts
applied, subscript (ILA for wvater . i tot ice. a tor air arrd s lt

The tire rrral conrdutr vi ty ruethuds to) be applied soil solids). The 'F' values are givenr b%
itt eacih case are specifled. For dry soils, tire progiram
a uronatically CaiCitlate S tire adjiusted De Vries value
fron trite value givern by De Vries' mrethrod. For sat- =-2_______

urated soils, the computer programt calculates tire T + [V&,'r) -i] 0. 12 5
geormetric mecan value assurring a twvo-phtase miaterial
(re. solid and water or ice). + -- ____

Gernant mrethod. This mrethrod is inrapplicable I + Fv k) -1 6
whnr tire moisture corntent is helow a certain value
corresponding to tire adsorbed film water. Tire12
solids thrermral corrductivity onbtained fromr tire F.
equation suggested by Gernartt* was comrputed by 1+ kik - 0.2

*This etluation I% s. - 5.84 - 0.33p Worn K where p is rthe I + (1 /ktj)-1 0.75
Percent of claN in the soil sotids (see I-arouki I 9M).



und -yd is its dry density , cm').

+- g Based on the expcrimental data and anals,,is
Van Rooyen and Winterkoin ( l959). the 'alue of a,

+ I was taken as 3.55 and tie I lloi g al ues Ito bI.
I+ As , and s., were chosen or the different soil t, pl.

F"01 cohesionlless O]

in which k1 is the thermal coiductivity of' tire thud
cont illous r iedi unl (tunfro ien water or ice). and tire bh = 1 6 .18
shape factors ga. g, for the pore air are given bv
Mle Vries l903) s2 

= 47.5

g, 
= 0.333 - x, W.33 3-0.035 s1

= 
200 - )4q for q . 0.75'I

for 0.0) <. xr " ,1, ol or S, = 435 - 407q for1 0.75 - q 0.20

ga = 0.013 + 0.944 x or s, = 353.6 for q - 0.20

for 0 - xf - 0.01). and where q is the quartz content Ifractional). For
collesive soils:

g. = -

silts

Mickley method. Although Mickle\ 's method
was originall\ derived for unfroen soils it was also b 5.6 x 10-4 p + 9.58

applied here to froi.en soils simply by considering
i,,e to occup. the place of water in the unit cube s, 134.6
srill model (Mickley 1951).

McGaw method hi applying McCaw's conduc- s, -202
tance equation. tire interfacial efficiency c was taken
as unity. A value for 11, (tile VIlurne of series fluid clays
in unit soil volumc) was required and this was calcu.
lated using h I 5.6 10-4 P + 9.58

nc = n(I-n) (0.304-0.09 log ks/k,, s = 1 55

as suggested by McGaw (pers. comm.). If this equa- s, = 317

lion, however, gave a value for n,c which was greater
than Sr, the magnitude of it. was limited to niSr. where p is the clay content (fractional).
(The computer printout tables in Appendix B give Thus the quartz content for coliesionless soils

the n, value in the form NC.) and the clay content for cohesive soils are required
Van Rooven method. Tire equation of Van Rooycit as input data. If the latter was not known, the

and Winterkorn (1959) is: following rough average values for b, were used:

I/k =A 10-1s' + s cm °C!W . b, = 11.8 for silts

Where A 10" or b = 9.58 for clays

B = bI -5.5yd Van Rooyen is the only method which differen-
tiates cohesive soils by subdividing thern into clays

s= s -S27 d  and silts according to the general description of the
soil.

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

In this section tire various ruethods for calculating
and thermal conductivity arc tested to see under what
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o)Ilittdtttti theit predictions agree with mteasured licks are shiownt in [igute 3 2j. *1hle piedictirrus

%,ltws of tie itetimal eriductivits and it) deterinte givetn by thle k cistet equationl 1,110" sinilat trends

lhe Q\tettt ot agreemnt. The deviations of thle w ith these gravels and crushed rocks as with the
pi dct.'11 d va[luIt our the mneasured valutes are de- sands considered above. Thus Kersten gives j)Icdic-

ici miniied at differet valuies of' drx densit\ and tions that are mulcht toio high for the low-quart/

'istotAe content. This is dotne tot soils that ale gravel GR7 (Table B3)and the deviations tenlain

Ilnllll Ci1i 11reti. CoarSe it1 6itt0. utnsaturated, substanitial at IngI values itt S,. Itt tlI( samte tmanner.

s at mated m drs . for all J0hanisen's crushed rocks which have low quailt/
con tent (PUI , PUS. P116,. P127. PU9. PU I0). Kersteln

lpphrrclit to mnfro:e', (-oars(, soils gives predict ions th(at are mtuchi too high. the devia-

1ioe 31 atid 32 show the deviations givenl b\ tions reaching 144'; (e.g. Table B4). Kersten alsot
tie sesenr* applicabhle ttethords which were tested gieL iacpal tgl rdcin o h lwqzt/
011 dAta lii1 Uittlir0101 Citare Soils a11L crushed tocks. crushed i cks tested b\ hurti. i.e. cri sited ttiap rorck.

These data i ae thte result iif mteasurettlents mtade b\ t uslied feldspar and crushied granite (e.g. Table 135 .

Kcisteit ( 1049) hott Iaitbanks sattd. Lrowell sand. This con firis that Kersten should tlrt be applied to

\oi thwa litte sand. Nrttiwoir. sand. standard tiateitals with trwk quart/ critteitl.

Or ass a sand. _,raded Otasa sand. (Chetta Rliser irir the itediuni-qularti grav~els (Cietra Rivet
lt.5c.e ied [[I) Ptrck. ci USlid Ildsjar. Crushed gravel atid Jiohansen's C RI . GR6 and (SRI 2 pravels

Cittitt1e. :I Uislted Lqt a n .d crushed fitne qUar t,: 10.40 _q __0.65 1 ). Kerstert applies well ti Is rown
I'. J.ltiset I l)etS mumtt. I kiltl saitds SAl SA2. SA4. Cliena River gravel and tri one sattple of Jolhatiset's

s \8R. I I 3'atrd iiael R I . ('10. ( R~ atnd (CR12. R 12 gi avel . but gives soite iitacccptabl\ high de-

oll rushed ltreks K I . Pt .; Pt 6. 1.7. P129 arid viations fori Johatnseni's CR1 attd CR6 gravels.

PI, It):, ti .% In IX' ries (1963)o ) Wageingeit sattul As with thle high-quartz, sands. Kerstert gives pre-
Wi dar ,it these stils are givenl in Appetndix A). dictirirs that are too low for thle Crushed quart/

Kr rstc'r itht'l. I-igie 31I a sitorws tilie devialt ils m a terials tes ted by Kers ten himself.
,ns err h\ Ket stn t ittI mii/eti sanids. As Kersteit To sumlari/e . when applied to coarse soils r
1t11t1sell tortd Ilis televant etquatitit does tnot apply soil ittaterials. Kerstett rverpredicts fotr those withi a

it) Ire sitd, lie tested lthat tad a lotsw quart/ cotilpo- low quart/ crtntetnt while it underpredicts for those
sittil. i.e. Nrirtisas\ satid atid Noittwas fitne sand. with a high quartz cirntent. Itt either case the devia-

If roe alues That ate lon high. vilti deviatioins tip tions are too large to be acceptable. Use oif tile

tno I o'; tnt toin rif' thle saturationi rattge (see Kersten tiethod shituld tlteref'ore be limited tin coiarse

\11petrdix [ables 131 attd B32). The Kersten equatioln soils withi itntermnediate quartz conttetnt. sa ' aronittd 60',
alog se si ltirzlt des tattiits ( 5,; for several of' the soil solids. The expected devatitrit woiuld

Jotlir ids %s fitll titer tiediate qjuart I/Content then generally' be withint 5'; . though mtany rna.\ be

3ig 1I. larger attd evert unacceptable. particularly for gravels.
I ,I tre m~tids testedi hbs Ke rs ten that htavye ite di Uill .Johansen mtethod. Joh ansen gi ves gituid pred ictiornt

tteilt qItrimit/ :omttent I Faurbatiks sand. Lowell sattd. (within - 25', ) fori coarse sotils atid crusited rocks oif

staidard attd gr'aded Ottawa sand). thte Kersteti varied quartz contet at S, values above 0.2 ( Fig. 3 I h
eiltiatititi getrally gives giood agreemtent within !20" ;. aid 32b). Between Sr 0.1 atid S, = 0.2 thle predic-

itatsi thre deVIatirns being tnegative. Suicht anl tions are somtewhtat wvorse, tile deviations shtowing a
igreetieit ria\ be e\pected because Kersuenti Ill hs ttarked negative bias extenditig tui -40". Tltis coiuld

eq alt itt toi t hese e xpenritteittal data. HoJiwever the be dute to tilie e fl~ct of' tto istutre ttigra tionti, wxicht
kc tc et eqtia tt i i i tide rphlclic Is when appl iedI to the Joihan sen does iioit take ittto accout attd wiicht cotuld
dha ta inued bx rthter wotrkers oit sattds having high appreciably increase thle mueasured thermtal coruduc-
ijiatt/ cowttutt. I tis Imtile sands of Johanseti attd tivity. Below about S, 0. 1 ,iJohansen gives lar ge

D e % ites tavuig tigh rhiart/ conttent (Jorhansen sands deviations. chtiefly tnegative.
SA4 aid SAl 3. D~e Vries Wagettingett sand jq -,0.651) De Vries method. At degrees of saturation greater
flie Kerstiti eqitat it i gives mtanty deviat ionts itt the range thuatn abrout 0.2. De Vries gives deviatiotns within -2Y,

-25 tio -W ' a. variet. values tf *S'. frr sands (Fig. 3 10,l and withiti 30", for gravels atnd
'File rdeviationts resuiltittg fromr thte applicatiitn of' crusied rocks (Fig. 32c). There is a tetidency for

thec Kersteti erIlairtitti tii uritne gravels attd crushed ttainly negative deviations itt thle ratnge S, = 0.1 tor
0.3. but it is less marked thtan that shown by Johlatnsetn.

rheare Kersteri. Johansen, De Vres. Gemant. Mickley. as Tillay be expected because De Vries attetlipts to
McGaw and Van Rooyen which appty to unsaturated (ior take tite effect rtf' ttoistuire ttigratiotn ito accoiuitt.
saturatedl) unfroz7en soils. I-or saturated soils two additinrit
muethods iprt't nimluitgfi resisltr and Kiinii-Sniith.
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(;OIw/It uet/ioc. BN its nitfure. (aellilan is Inl- For giaveis and pat tictili' low-quart/
ipplicabie bliw% a ceriati misture content. It ul- 0.40) crushed rocks. Ilic \ iin Roosen equatirin
he~liws to give iatrabie iosuhs above 'iii S, value does riot generailv appls wkel;. IT does. however, give
ot otighl\ 01.2 where the deviationis are geietalix Somne reasonable piedctown v :ruished quart/ fit
%Whun *20'; for N~rtds F ig. 31Id) or within -2S tile lange S 0.0) t o 0. 2 ( I f;g1
.rn d 3 5 tot gt as elIs anIId ,t usIi e d ro Cks ( IgI1. 3 2 d ).Summ~art. Above ant S, 0.2 Jt hansen gcnerailv.

Sinnl11,t i. to 101ltaIrell. (;ertiani showMs a Marked gives thle best agy e-nien t (within t±2 Sc ). while De Vries
riegtri hia' tt li t tigeSr .t.I t 0.. i Itcliand (ienain tate: ciowe hld - \lrc kie and NMcGw

otis he attibhUI t t ile effect ofItrtoistur e trriet'i- give g(od predictions ait Iiglie: S, r alues (i- 0.45
tlt - anid 0.6 t espectivehx .Vnde tie stipulated conditions

IfcltapW ihcGaw ,m'i~i s. These two I methods these tfive Mietlhods are appliCable to' coarse niaterials
mte gettr juy s rInia their predictrotis. III ettect of high, Intermtediate -,) lowN qjuart content. This is
both 'ssuntle 4ood part icle-t o-par ticle contact, because the\ take ilhe solids thermtal 011dUCtiVitV
rttlpl ilitg ei\- e fficieiit thermial tranisfer . Obviously A, inito accoutr which Ket stn's ticthod does riot.
ilts catilot be tile case Itl thle drx conidition which li the rantge tit , values tromt 0. 1 to 0.2. D~e Vres
time eole gives tIlse to ver large positive deviationls appears Ito be the best mthilod. girr des tatis be-
fromr both methods. I-lie presence ot soire %%ater tweet 10 irid -30, . JohatisNeri gives a wider ranige
,oorr Imiproves tue Itierfacial etficietics anld decreases It \artitloti. berweet 20 arid -4t(l . thtus Shlsr!
Olte detsiatiotis. However. these deviatiorts reitraiti mote extenlsive negtative deviatiotis.
p)OsItise. mraskinig airs cotiibtition to hicit tramister FelOW anl S, value Of 0.1 atid extenlding to aroutid

tlolr itoi1strit mrigration. wMitch \would tenrd to gms S, 0.015. Van Roo\ err gives tire best predictionis
itegaise deviations. For saiids Futures 3 le arid 3 If foM Sands. but sottie of tire deviations arc rather ex-
show tre inarked trenid lot thle deviatiomis to decrease tetisive (up to -:35' ). I-or thre gravels, atnd loss -quart!
J.is MIriree s F-or gravels 11111 cruIshed tOA o th iis cru,',ed rocks, however, at such low& S, vallues. Van

rield. %%title still esideltt. ts less consistent at Irglt1 Rooven does tnot appl\ %tell nor does irs one of tile
.', vjaes IL 1 2c arid .'21 I oilier miethods.

Iri thle case (1 satids MIC( aw shows a roi ughi I f'ct of rariation in k_. Tile effect on tire soil
linear dcrease it)thle destattotis asS, Irrcreases thtermtal oirdUCtIVits of variation Ii A, is greatest

(i.31 ft), ItN piedictirtis caii be imtipoved h% Ii- for italerialS isilt lowN quart, coritten. whicit Implies
trkodicing, a suiable value for (lie itreracral ellic- a tIght content of thle other tiiterals. Such ttaterials
locr ies 0 t Eto . Suicht a saltie wkould he rpprTciabiv tray sometimes have a larger k,, value tin the 2.0
iless titan uit ItI &ie ricaris drs coniditiotn. trtcreANrrrg W Itt K ISSLumed Ill all thle ealculatiotns onl which
mlleanl ito unit alt high S, salltes. Firrures 31 and 32 (except 31a anmd 32a) are based.

I Ir s"rrds Mickles, gi~es good agreelrielt (wOhmr Johtanseni (19751) suggested that ton his coarse matci.

'11 ) . oizil tor SIT %allies above 0.4 5,s bile Meiaw is wkit i quarti cotient tless than 20' ' a k,, value of'
diecs riot dot No uitiil .5, is, greanet than about 0.0, 3,0 W ,'it K Should be used. Figures 3 3 arid 34 showv
Wttitftle grtavels thle thresiroid tif' S, is lower, being tile deViationIs resulting front such ati aisslumptiuon as
about 0.25 for Mickley atrd 0.5 for Mc~ass (i tire comipred vith tire previous chnice if' 2.0 Winl K f'or
casew ti tire crushed ricks. tis threshold is. slidgll\i k, Titus these rlig res shOW tire effeCt of' uncertainl-
losser still, suggestiing thiat tire sutifatc eltaracteristics ties tin knowledge of' k,,, this effiect being greatest
ot iushied mraterials provide better erriract el ticieticY for miatcrials with a very lowv quart;, contentit (less
Faroriki 19 OX1I. titan 20', ). These mraterials Iniclude Kerstenl's tsv o

I an Roo in methodl. Vaii ROO. verr's eqUatioll Northsay sanids. 50 oft wich is derived tnout igineoris
,rnpcir I, h e getterahix applicable to satids hing iti rocks, and Johatnsen's cr ushed rocks PUI 1. pt" P11 Q,
iIVt ILIJi / content at S, \aiUes above 0.1 bitt riot arid PUIO. Trs lso) include Johianseni's sand~ SAlM

t wer 1 .5 Sr hue, Wimg. 31 g). It alsot 3ppeat s that arid irravel (;R7.
Yji .. e aplies well fitt tact better itan tlie F igures 33.'a arid 34a appl% ito tire Johransenr mietiod.
'tie' NI\ ruretirodsI t elow all '

5 , \,title of 0.1 tor sanids Ai expected, tire deviations eoltesportdtttg to ai valure
sstIrh11 'IT Ii rednru LItarni/ ..uttcrrt1. Fit this reginn oil 3.0) W/tr K fur A, shif't uipNvards comrpared to tire
it sic, ,\Juidc tite irearls dr-, conndition (S, < 0.015), deviationis cntrtespntnditrg to k,, 2.0 W/tr K. Tire
11t desIIWI titiri fil ie Itigltquiart/ (q - 0.IS) sanIds arges covered byv these deviatiorns are If) 0o40';

are niot very large, lying within ± 35 ; . wichl is, still ton tile saids Fg.33a) and 20 tut - 10 lY;ot giaveis
mlnicir better thrart) Jitrans anrd tire onther miethtods. anid cr ushed rocks corrresporirlirg to Sr valuies above
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0,2, %\ I 11 a A,, %valule Of 3.0 n~'id S, greatert of which is preferahle to Keisten for calculating tile
thin 0.2. De % ties gises destaril I the ranige 40) therm11al con~duct1ivit of1 salturatd coarse soils.
ito -' tot the sandsE i IV 3 1h) and Ili tite range 20

i 10' ior the crushed icks [ -iti. 34hb). [or Applicability' oftinfltods to wrj rozen ]ine soils
simiar ortdttits. etiati ~tves esitmots lingFigure 35 shows the deviations obtained Arthi tile

iI tile fl*e m( ito Id, tot thle sandsi I ig. 3 3c Iand seven applicable nmethiods ( Kersteti. Johanisen. De
.;o to 5' t or thIe rulShed rocks (Fig. 34c). Nlicklcv \ties, (,eiian t. Mickley, Mc(;aw and Van Roov en
ploduocs deviati'.s Ini tile range 35 to) -10,: tior thle I'01 soicl uttro,'et fine Soils at various values olt S,.
,arids *\ S salltis abo' 0.5 ( Fig. 33d ). %kihrle tot The evaluated data wetre tt soils tested b.\ Kersteri
rli, cr iu'ied ricks rho, deviantis lie Ili thme rangee 35 i.e. I leak clay. F-airbatiks silts\ clay liiami. Fairbatiks
it, -1h0 a: S, ,alucs abose 0.3 Fig. 34d I.M(assilt loamt. Nortlhm a silt loiamr attd Rairsey sand%
gisc-. de% iatuiiis lo't tite sands that lire toil hrigh 0 ig. loanm. The qjuarr/ contents oit these sils Aere kniiwn

'..bitt ilt te crushied rocks 0 Fig. 34 e) rthe doe- anid varied nm 0.15 toi 0.041 * (as a tactin of

Niaiisn -ie Toa-.,inable it S, %allies ahive U0.5 tile total Soltds l0nutitI I. In OI: COitPUItt prograrri1.
Applicability to a sandY silt-cia "i'. Wherie a sand k, wooas Net at 2.0 W. ttr K. Ini addition to Kerstens

con[tains a large atrirlunt i1f Slt-clay., such as Kerstetis soils, data 1wt Russiant chctto/ert givt b\ Koivajse%
D-akota sanrd\ loam wxith a silt-cAla\ conitetnt of 31' . ard (Grihlli ( 14 )s etCI valated as s'.eliIa data
tlte Kcistett equtationt lverestiiteS cililSIderaihh at givenl % Mickle\ ( 1I ) (anid h.\ Reno attd Wintier-

S saIlies eisabiout 0.45. giini deviarii irs up t0 kiirt ( 100-) ii finte souls. k, hetit taken as 2.0) \% ni K.
144 (see ITable B(i) Ii spite olf tire tad: that this Aorst(ciu Meth'id. Blelot art S, ot about 0.3."
,0oI] has a ifediunIi kiuart/ content. Ar htighter S, Kersretr\ C(Luattin for urutio/en tine soils gives, de-
%allies tile Kersteii miethiod piovidics reasonable viatiilts that are either too huioli. particitlar> for thle
.grerrenr as dues each of the othter sI\ methods chierniert soil, or tilt loss till Kersten's own Soils.

ec,ept \'all Roo> ert \citt particular. Jiihaisen and F-ron Sr = 0.3 to trill saturation, rhe Kersten equaJ-
Do Vlies. owhile os erestirriarit e at loss Sr valuies, give tiiit gives des rations that are scattered between .3'

reasonable agreemnreit Itiomi Sr vallties of 0.24 anid arid -35' . with somie of thre highest deviatioils occurring
U.32 respectivelv. Van Riiiverr uives giiid agreerrerit for Kersteti's own soils ( Fig. 35 a). particularly tor
at S, 0.24 arid (leraitt is generad>\ applicable his low-iquart/ NorthiwAa\ silt loam.
th roiiughoi tittlie ranrrge o S, va lues. Jo hanrsen methoi d. Ar low %allties o fS". Joihian setn

.4ppivabilit -to saturated co arse soils. For sat- gives better agreemnrrt than Kerstert. Nevertheless,
Urared coarse soils or soil mraterials (e.g. crushed Joharnsen still gives sorte excessive deviations beloss
rocks), nine riethords ria% be applied wohich. Iit addi- Sr 0.2. these gerieral> v-ary Ing betseeri 20 aind -45';
tiilr to the seven miethoids discuIssed above. include Ar higher valuies of'S, Johanssen gives des ilmis Ii
riditied resistor aird Kurit-Siritlt. Represerniative rthe range 35 tol -35 ' . roughlo . %\hich is sirtilar be-

deviations pilduced b\ all these netliods are given liviiir to Ker sler (see lig. 35b I.
fit Tables B7-131 I ar1i also for tie severn methods Above S, = 0.2 Joh~lanrsen gives posit ive devi ationst
fi Figures 3 1 anid 32 f'or tire Sr 1.-0 Points. for mrost ill Kersteii\ samiples. bun it tends tio gisc

Kersteri gives unacceptably high deviations Ior negative deviatiolts tilr the witie soils. possibl\ be-
rte saturated low-quarti crushed rocks (Johaniseni's cause the assuimed value of' A5 for Ithese (i.e. 2.0
PL'] , PUS. PU 6. PU7. 1)111 antd PU] 0) arid also for Whrtr K) rray generall\, be too low.
tire low-qluartz gravel GR7. Excepting Van Rooveti. Other metrhodls. De Vries gives deviations that
all thie ther rithiods getie ral ly give good agreemeri are miurch toot highi at Sr '0.3. but evset abhove IIis
(within ±25'; ) fill threse ma terials as well as for the Sr value tre deviationis for Kerste tfs sariples cotinrue
rtiedititi-quart/ saturated gravels (GR i . GR3 and to he unacceptably hrighi about 50'; 1 and rermaini so
(R6) and tire SA2 sand of Johansen. For the GR I at trear full satrirationr (Fig, 35c). Thre range of de-
anti CR6 gravels. Kersteir persists iii giving son un- viations for Kersten's soils is 1'rorr 50 tt -3" . iridi-
acceptabiy high deviatiotis wich, however, are not cahirig anl overpredicrion I'm these soils w~ich is
as bad as fi tile case of the low-qtrartz materials, similar to that given by Joharnsein. bitt greater. For
While f~or tire othrer tnreditirii-quarrz gravel (GR3) tire other stils Do Vries gives deviatirrns in thle range
Kersten gives acceptable deviatirons, these are wider of 10 to -35"; whlich is again simiilar to Johatnseon.
than those given by tire othier mrethords. Simiilarly. Ar St. - 0.3 (;eriatt. Mickley and Mecaw Shoiw
while Kersteri gives gomod agreemieint for the miediumr- trends generally simiilar to Do Vries. but thre theviatioi
qruart/ SA2 sand. six iothrer mrethrods give even better __________

agreemntrr. These are Johanrsen. IDe Vries. Kii- *Ail these Kersten soits contain almediumll amlunt it qtuart/
Smitr. odiiedresitri, M~awand ernritany(0.40 < q '0.65) except for the tiiw-quart7 (icaly cla% anid

- Nortirsa y silt humm.
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tanites ate laiic (see Fig. 35d-f ). (jenuatt. kifickle\( 19t00). Fori these calcuilatiotns. thle value of k, was
and Ni(asgive iiosl ositove deviations lt assumied to be 2.0 W/o K hill it could he greater.
Keisletis soils anid (,ciait and Nficklce give nostly\Nal llo'tl values given by the muethouds are
negato. c dc atin 00lor tile othltc Soils, lower tihan tile U.S.S.R. Code values. Kersten gives

As\ withI coaise NotIs Milc(;a%% slio\&. a pal t iculai lI diffet eices vat julg between -5 attd -33'i. these
tooiceable t tend of decc asing deviatioin as tile S, diffet ences tending to increase as time dry dcnilt\
vaIlue 101 a pat tictilat ty pe of title soil increases increases at a givent tmoisture cotttentt. Johmansent anid
(I:ig. 35t). Tlis again suggests that application ot'a thle other mnethods generally give lowet tnegative
pioper value oit thle motertfacial et tictemcN tactor C deviations.
.wuld give bettel agreemtent. As proposed in anl Applicabilittr to saturated unJrozentfine soils.
earit section. c wkould have a smiall va1lue at low The applicahility (if inte mlethods was tested fimi
S, values and it %%otild iticrease lintearly to tiear Kerst's Ilealv cla , (Table B) 3). Penner's Leda
uitt as toll sa turatiotl is approachevd, clay (Table B314) arnd the Dailies & Moore ( 1973)

\'ai Roo\ eitgives a scatter of deviations that is clay or silt (Tables BI15 and BI 0).
dit ft c t ti ll all tile othle r imethiiods ( Fig. 35 g). It TI e Kers te i ie thI rd gave gooid predictiotts. ex -
ioduceS MOtot negative deviations, except for cepitfor Penner's Leda clay, fo(r which it gave values

somell of Kerst ent's sa mples, atid thle range of devia- tia t were too hiighl. All tile (Ith11r mtIthiod s. except
tioils is Lltlacceptabs ex tenisive. I loviever. for thle Vail Rooven. gave good predictiotns overall. Thus

Russian cltcrmlo/etl. Vail Rooyetl gives good predic- seven mnethlods are inclre or less equally applicable.
0t0(1S for a c OtlI plet railge of 5

r valutes tril 01 the dry These are Johansen , D~e Vries. miodified resistor.
conlditiotn toI near saturationi. I'r such a range Kunii-Sitlih Mickley, Nfc(;aw atid Gerriant. Tile
Johlansenl is tile ontly other inell(id which produces Johansenintlltlmd is suggested as thle first choice.
reasonrable predictionis f'or thle chernozem).

Stnimar 'r. Kerstetl shouild tiot be uised below Applicabiliiz* of inetlttdS to frozen coarse soils
S,=0.3 as it woluld give excessive deviations. Above For frozetn soils only four methods could be used,

tihis S, value both Kersteil aild Johtailsetn give devia- i.e. Kersten. Johansen. De Vries and Mickley. The
tions withlin tile ranige 35 to -3 5',. so thiat either predictionls of these mlethods were comipared with
mthod is equally applicable. Below Sr 0.3. onily thle thlermlal conductivity measurements made by
Johanisen continues to give predictions in this range Kersteit aiid Johansen on frozen sands, gravels atid
aild does sol until S, reaches about 0.2. It is expected crushed rocks (Fig..36 and 37).
illat thle accuracy of Jollailsei would imlprove with Kersten method. As may be seen froml Figures
knowledge of'a proper value ofk s. 36a atid 37a, Kersten gives predictions that are geti.

Use of' the Johattsetr njteihod as it statnds for S, crally mtuch too highi for fruieti sands, gravels and
values lower than 0.2 may give more excessive de- crushed rocks having low quartz content. Onl the
viations. From thle tretnds in thle deviatiotns shown oth~er liand it gives predictions thlat are too low for
in Figure 35b the following suggested scemile could sands or crushed mlaterials with high quartz cointent.
be applied: This is in litle with the trends shown by Kersteti for

I i n the range of 0.1 <: Sr, < 0.2. J ohailsei gives titrol/eil soils.
deviatiorns between 30 and -40'7. i.e. a rough F-or frozenl miaterials with intermediate quart/
11average" of -5%l. The values given by Johansenl conitenlt, Kersten shows conflicting trends. For tile
could therefore be increased by 5%. sands it gives deviations lying between 35 and -25r,

2. In tite range 0 < S, < 0.1. Johansen gives at S,. values between 0.2 and 0.6. At S, values greater
deviations between i5 and -457(, i.e. a rough than 0.6. the range oIf deviations is narrower, between
1,average" of -1 5%. The values given by Johansen 35 and -10'7. Whiie, as may be expected, the
couid therefore be increased by 15% Kersten equation gives good agreenment for Kersten's

These specific suggestions are tentative, being based own Chena River gravel, there are inconsistencies
oin fairly limited data. and wide divergencies for Johansen's mnedium-quatt

Apart fromn Kersten and Johansen, the other five graveis GRi and GR6. Thus, even for Such materials.
methods generally show more extensive deviations, Kersten should be used with caution and iarge devia-
many of which are unacceptable so that use of these tions expected.
methods is ilot recommended. Johansen method. Above an Sr value of 0.1

Comparison of predictions with tabulated Soviet Joihansen generally gives good or adequate predic-
values. The predictions of the various methods are tions (within i35%) for frozen sands. graveis and

*compared in Table BI 2 with the values for Soviet crushed rocks of ally quartz content (Fig. 36h arid
* clay soils tabulated in tire U.S.S.R. Building Code 37b). However there are sonme exceptionis, such as
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t'Tgure 36. Deviations of calculated thermal conductivity- vfrtnr measutred
thermal conductivitYr vs degree of saturation off.ozen sands. Deria-

tions expressed as a percentage ofj"the mteasured value: deviations o ut-

side the limits of . 60'11. have been plotted directly on top or bottom
horizontal scales (a-Kersten, b.rohansen, c-De tries, d-iekle').

for several crushed rocks, where deviations that are even then. with caution, as it may give large devia-

hoo hLrge o~ccur at high S, values. tions.
De Vries method. De Vries generally gives good of rt oftvariation in k,o s As with the unrozen

agreement above an Sr value of' .8 but even sta coarse soils, calculations were made to determine

there ase some exceptions (Fig. 36c and 37b. the effect of setting k,, equal to 3.0 Wbo K instead

MicklelY method. For gravels and crushed rocks o2.0 We K (2.0 W i K Was used to obtain Fig-

Mickley appears to give good agreement at Sr values tires 36 and 37 lexcept 36a and 37a1 ). This pro-

greater than about 0.3 (Fig. 37d). while for sands cedure was carried out for the frozen sands and

such agreement is not obtained until Sr is greater crushed rocks having a quartz con tent of less than

than 0.6 (Fig. 36d). As with the other methods there 2W (Keisten's Notthwav sand atd Nortlwa% fine

are exceptions. sand; Johansen's satd SAIO. gravel GR7 arid crushed

Sumnmarr. Johansen is the method giving the rocks PtII . PT 7. PU9) and PU 0). The cfTect of the

best agreetnent and is generall, applicable fromn an variati(in in k, is shown in Figures 38 and 39. The

Sr at* 0. I tto hItlher values. D Vries and Mickley sensitivity ti k, of the Ihe inal conductivity trorn

appk witlt god agreement at high Sr values. greatet each of the three relevant ntethods is evident Irom

Ithan ahmitot (.8 and 0.6 respectively. Kersten should tIhese figures.

he Lscd 0nV with mediuni-quart/ materials and.
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1iure 37 Dev~iationisof calcuilated thermal conidue(tii'it- r* tonl Ieasured
thermial connductivjt -I vs degree ofsaturation of frozen gravels and
crushedl rocks. Deviations expressed as a percentage of the measured
wi-e lm' eviations outside the limits of- 60'1, have be'en plotted directly,

,,n ti, )or houi'n, horizontal scales (a-K crsteo, b-johansen, c-Dc V'ries,
dI-Mjckle',L

otiiklei ilic deviation in l-iguies 38 and 39 ApplicabilitY to a frozen sandY silt-cdaY.
coespilid[iw to I k,, value of 3.0 Whit K. [or the WIICre tile coarse soil conitains a large amount of-

110,cin StIIILI -' 381., Johansen gives deviati.jus silt-clas . as in the case of Kersten's Dakota sand\
Win hil mie 40 ti) 0'" provided Sr. less than loam, the above conclusions appear to hold. As

t) '\t di ier Sr values the deviations beconie too Tahle B 17 shows. Kersteri gives good agreement I'i
I , tho ti - en ci ushied rocks at Sr values this inediumi-quarii soil, hut Johansen gives even

jhhi\ - i 0_ I11t i'en -ives deviations witinI tile bettici agreement Again D~e Vi ies amnd Micklc\ give
itie i - (ie Sa)Dle Vries gives devia- good Predictions only' at high S, values

li1 tt a-e 1-1 i11g1, Iii sands at all S, vaLies Applicahiit) towsturated frozen coarse soils
F-ic ;b 3tho h t the :i nistid icks they become [or thme saturated condition. mu addition to the fotr

ii';b iic (25 I i -.5'' ) t S, values cecedivg 0.) methods used above, modified resistor anid KimitI-
0i~ihI \11, kle\ ams gives deviations11 that are Smith mnay he Used. Tables B 1 8-132 2 give I repre-

ii.li~i i ~mnkIL 38 c but generally reason- Scritatise icture Of thle reSItlimig devationS, as di0
m~l icii~iu,- me i'hmutcil fim thle crushed ricks Figures 36 anmd 37 0Iu tile pueioMIS 1tur Muethoid'

iSr \altiv, ihk,\c (,4~ i e. ,t9c. so (see values tiit Sr 1 .0).



'6 01- - -r --- -F. *y 601f*~ I 1 6 -T 1 A

40 A A 40

2 - 20  -

- 40 .40---

--6 __ __L <-60L -L t J l .
0 04 06 0.8 0 02 04 06 08

>- -- Kersten's Norfhway Sands

V -- k,L2W/m K]
-4 -,O°r-W/m Kj

Figure 38. 1:f'ect of rariatio i thtr,,i l ,hlUi-

0} o tiviti k,, (4*so sfolids other thin iuart- w ht h -
r •viations of calculated thermal co tidu(Iii i It

2j-o- -1 low-quartz sands (q < 0.20) at rari, ,us dcgrccs ,
saturation. Deviations expressed as a p'rcea ' ,.

-40- the measured value: deviati ons utsidc the lhntits

<-60 " 1 - LJL i 60K have been plotted directly' fo t , it or i b ( 'h m

0 02 04 06 0 8 horizontal scales (a-Johansen, b-De V ries, 4-.MitcA-h',,.
S, Degree of Saturation

>60 >60

40 - 40

20-. A 201

0 0

-20p -20-

-40- -40 us__ I
- '-60 1 I 60

0 02 04 06G 08 to0 0 02 0.4 06 0.8 1.0
>60

40- Johanson's Data k,*2W/mnK k.,3W/mK
* ~Crushed RocksPUt 1

0. • • - pu P 9 , PU 0

*20- *Gravel GR 7

0 ----- Figure 39. Effect of var/ation in thernal c, ,ndue-
o ° °tivity ko of soil solids other than quartz u'f ti' d-

"20- 4 viations of calculated thermal ennductivity.rom
-1 measured thermal conductivity oftrozen hw-qusartz

-40 crushed rocks and gravels (q < 0.20) at various dt-

< __ grees of saturation. Deviations expressed as a per-
o 02 04 0 o.6 0 centage of the measured vahe; deviations outside

Sr, Degree of Saturotion the limits of 4 60% have been plotted directly n,,

top or bottom horizontal scales (a-Johansen,
b-De Vries, c-Mickler).

51



-60 T T >60 --- ~ T-'--'

40- 40 0 -

00- M0--'~

0 K -,

-40'- - -401-

1-60L- -O0-

0 02 04 06 06 10 0 02 04 06 08 .0

30--- 2 QK 0 -

0- 0

-40 -40.~

02 0l 4 06 08 -10<6 0 02 -04 06 06 1.0
S, Degree of Saturation

iKer S~s eoy lo y
*Per ne~rs Leda Clay

4 _Sl~usarciuK and Watson's Permafrost
o ochen~rWuchsAove Layer Cloy

*Loctleabruchs Active Layer Silt
*Lacl'efltiruOh16 PermafrOSt Silt

LLL_4ysesCRRELVarved Clay

thertnal cronductji' v s degre'e ol saturation Olfrozei fine Soils. Dei a-
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thet limnits of- 6t(K hare been plotted direct/i' ont top or bottom hori-
zontal scales (a-Aersten, It-Johansen, c-De 1r'ies, d-Alicklei'}.

Kersten gives predictions that arc too high for the W/m K. In the case oft the Leda claN of' Petnner
low-qiiartt cr ushed rocks (except P17) arid high ( 1970). Ite Unttrozen water cotn tellt I WC) was
eVen1 forth I icildi 1111-clU art t gi avel I . The best obtIainted ioi his data. [or I i other Si ls LIWC waS
methods to lise are Jlohansen. D)e Vries, MickleN. taken as /cro or a suitable %amue assumted. The de-

ino0ditied~ resist o or Kuni-Sith . any of which viatiolls resultinig ttotire applicatiotn ot he four1

generalk, gives g-ood agreement (except for Crushed methods are showil in Figure 40.

rock PUts which is anotmalouis). Froth tese lim~ited results, it is seen that Keisleil
gives good predictions (generall% between 20 anid

ApplieahilitY o.jumethods to fozen f ie soils -35':; deviations) up to anr Sr value oft about 0.9.

The tour methods applicable to unsaturated above which it riverpredicts considerablx '\fo Pennei's
tmo/en soils (Kersten, Johatien. De Vries arid Mlickley ) Leda clay' anid for Sltisa clituk anid Watson's pernia-
were tested oil Kersten\s llealv clay. tire CRRFL Host. While Joharnsen shows a teitdenc\ to oveipre-

varved clav (havnes et al. 1980). the active layer diet helow an) St value of0.1 I, it othertwis gives good

silt or clay anid thre permaftrost silt of* Lac hen br UCl or a dequoat e agree me nt (general lN wit Ii il 35';
I pets. coit. ) Penner's ( 1970) Leda clay, and the tip to anid including tull satiratioti. Above atiS
undist iurhed perinafrost of SlUsareltUk arid Watson value of about 0.4. De Vries gives vatlues, veryr S1iini1l~
(1975). The value of Ac, was either that given by to Johanlsenl. Mickley is thle worst prediclt of all
tile xpertitiene oc r. if ittt knorwn. takeui as 2.0 aitd oitlY gives reasionable results at high values ilf
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Sr (above 0.8 rourtlv ) but evenu 10 tleu A hossomle extent for i-au batiks sill\ Cla.\ loam I lable 10).
excessive deviationis- Tile effect. irrwevei. ina lt he wfticiciii *~gsjIukNIIuI

Calculations weie miade using file data available that Johtanseni should inot getieiailk bc applied I()
for soils 4 through 10 Of Penner et al. ( 1975). These tin/Cl 0 Iauris. i.e. stlt-clays.
weie sillt-claNs iaterials with little or no sand. except De Vries and Nlicle% alko give iiiiaccijhls highi
tor soil 7 Whtich con tainted aboult 40'; sand-gravel values for thlese I nilis. hbut NIcc kl ented', t0 2ie
(but was nevertheless a plastic miaterial ). The actual good agreeiment at high S, values hoi Noi iliwas\ silt
values ofk, are unknown so a value of 3.0 W/utt K 'oi
was assumed. Tis ilt induces somle uuicertaittv intto Sununarr'. Keusten gives tile best agreemntmt up
the calculated deviations wIch are given in Tables to anl S, value ot 0.9: above this it pr ovides wm
B213-B29. Three values of UJWC were used in each unacceptably igh, predictions. It also gives higil
set of~ calculations. i.e. 0.0. 0.05 and 0. 10. Again (but acceptable) deviations for a lo\&-quar t/ Ioni
there is uncertainty about thle propei UW( valrie: (Nortliway silt baumI) bt ilt for1 a0 to l\-LualI-Z cla\
UW(' will var tront sii to soil depetiding paluticu- (Hlealy clay).
larly on the soil's specific surface area. However tile Johatnsen generall ' gives good pi edictions tioni aii
LUWC value is expected in everv case to be greater S, value CIA] 01Up to full] satuiration. provided a
than zero at -5'C. the tettiperattire to Which tile Suitable IJW( value is used. However this itethud
tmeasured values are applicable, gives Somiurnacceptably high predictiouns frir the

Kersten is of course independent of k, and tile rno/en loatis. De Vries gives similar results to Jnhiaii-
UWVC value. Tables B23-B29 show that Kersten gives seli tr S, values above 0.4. while Micklcy geitcially
agreement which varies fromt very grond tri barely gives griod predictions at higher Sr Value s.1 preferabl
satisfactory (up to 36'Q deviation ). In thle case of, greater thaii 0.8.
Joihansen, excepting sroils 8 and 10. thre agreetment Comparison ol/ predictions wtrhl tabulated So rict
is generally good, providing the UWC value is taketi v'alues. Thle predictioins of the four methods were
as 0.05 or 0. 10. This shows thre importance of coilpa red with tire data for trrr/en cI as soilIs taburla ted
assumI~ing a proper value for UWC in the Johansenr in lite U.S.S.R. Buiilding Codc ( 1960). The ks value
niethod. Soils 8 and 10 in fact conttain thle highest was taketn as 2.0 V!in K aird tire IWC as leri th le
proportiotn of clay-sized material ( -547). Thus the actual valumes being unknrwni. The comiparative re-
assumption of a value of UWC greater tht 0.10 for sults are shown iti Table B33 which gives the differ-
these soils should imrprove agreemtent by reducimg ences between the calculated values and the Soviet
the calculated values. tabuilated data. Below anl Sr value rof 0.36 (moisture

De Vries is particularly sensitive to thle UrWC crontent of' lI ). Kerstemi gives deviations that are
value, as is evident from Tables B23-B29. Apart trur low (extetiditig io -407). butl it agrees well at
fromt soils 8 and 10, De Vries gives good agreemienit, highter Sr values. Jrohatnsetn gives soiriewliat better
with thle assumption rof a certain value of' UWC. agreement thatn Kersteit, while De Vi es pirrvides thle
Mickley, onl the other hand, shows little sensitivity best agreentien t t hrom gh )it tlie sat urat ioti rainge fin i
to tlte UWC value, but gives good agreement at Sr ati Sr value of' 0.14 to full saturation . Mickley gives
values above 0.5. excepting again soils 8 and 10.r grond agreemetnt at high S, values and also. surprisingly.

Tables B30-B32 show the deviations obtained at S, valries below 0.2.
by the four methods frr Kersteri's soils: Fairbanks Applicabilit 'i to saturated frozen Jim' soils. Thc
silty clay loam. Northway silt loamn and Ramsey usable data thrat are available for saturated frruzeni
sandy loam. The deviatiotis were calculated at a fine soils are rathler limited. However they are sift-
UWVC value of zero, but in the case rif the Fairbanks ticient to shrow sortie trends.
silty clay loam alculations were alson made at a UWC Table B34 shorws thre results rifcalertlatiotis onl
value of 0.06 to determine the resulting effect. Ker- Pennier's data for Leda clay at temperatures tiri
sten generally gives good agreement for these loains. -2.5 tro -220C. Thre values fri k, arid LWC were
as tmay be expected because thle Kersten equation taken frot Penner's data (Pentner 1970). Kersten's
was fitted to these data, but it gives sonie high values equationi gives deviatirons that are toor high. ap:rit froiri
(arround 25X) for Northway silt Iriani (this loamn has the fact that it catinot allrow fir the effect of' tWC.
low quartz content, whereas thle others have mediurr Johansen atid D~e Vries give very good agreenient
quartz conten t). Johansen generally gives valures that throighorimt the temuperaturre ran ge. Thte tither tmethrods.
are too high, although predictions are acceptable frir tiodified resistor, Kiiiii-Snmith and Mickley give ade.
sotne samples of Ramsey sandy Iniam and for satmples qrtate or boirderline agreenmt (rip to a devia tin if

oif Northway silt loatn at high S, values. Assunmptioin 37% ).
rif a proper UWC value woiuld help to improve agree. Iii thle case oif Pennier's Sudbury silty clay. appro-
ittent when using Juohansen, as it dries to a certain priate values rif k atid IJWC were again oibtained hmr
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ntethods (Kersten, Mickley, De Vries and Johansen) undisturbed pertafli ost and Pennei 's Leda clay
show, generally sinilar trends with respect to varia- (Fig. 4 0a). On the other hand, while Johansent gives
tion of the theriial conductivity with ". at constant a tew ltghi deviations at values of S, below 0. 1 , it
it (Fig. I I and 12). With regard to variation of the otherwise generally gives good predictions (within
thermal conductivity with e at constant 7d. both t 35, ) up to and including Sr = I (saturation ). Thus.
Kersten and Johansen give a linear relationship. while Kersten may be applied for values of'Sr below
Dc Vries shows a lower rate of increase in thernial 0.9, Johansen should be used for higher values of
conductivity with increasing w, while Mickley gives S r . De Vries gives values close to Johansen at S,
a faster late. The latter behavior is contrary to ex- values above 0.4. Both these nielliods call allow in
pectation Isee Fig. 3 and 4). their equations for the presence of unfrozen water.

Above a moisture con tent of' 5. , s, is greater fm while Kersten canlnot do so.
frozen soil than for unfrozen soil (compare Tables
3 and 4 with Tables I and 2 respectively). This niav Applicability to saturated soils
be expected because the thermal conductivity of In a saturated soil the ratio of tile thernal con-
ice is considerably highei than that of water. Cor- ductivities oftihe phases is low. It varies from nearly
paring Table 4 to Table 3 one call see that s, is 15:1 for quartz-water to about I:1 for clay-ice.
greater for frozen coarse soil than for frozen fine Such a low ratio mreans that application of a geometric
soil. At a dry density of* 1.4 g;cii 3 , Johansen gives mean equation. as in the Johansen method, should
a value of S for the coarse soil which is slightly iiore give good agreement with measured values (Farouki
than twice the value for fine soil, while Kersteti gives 1981 ). In fact. for the unfrozen soils all tile applic-
a value only about 40'; larger. Both Johansen and able methods (Johansen. De Vries, (;etant. Mickley.
Kersten give values of s w that remain constant with McGaw. Kunii-Snith and nodified resistor, but iot
changes iii w at a given 'Yd. The value ots, increases Kersten and Van Rooven) gave good agreeluemit. The
with _ ', particularly so for the coarse soil. resulting deviations were within tile range _ 25' . The

As with unfrozen coarse scils, Kersten overpredicts easiest method to use is Johatlsen as it reduces to a
for frozen coarse soils having l]u\ quartz content, simple geomietric mean equation.
while it underpredicts when they have a high quartz The situation is similar for saturated frozen coarse
content. Figures 23 and 27 show the low values soils where any of the applicable methods (Johansen.
given by Kersten as compared with the other methods De Vries. Mickley. modified resistor and Kunii-Slniith
in which a k, value of 8.0 Win K was used. Also inay be used except Kersten. The Kersten method
Table 3 shows that Kersten gives a considerably lower overpredicts for low-quartz coarse materials. frozen
s, value than Johansen. or unfrozen, itl the saturated condition just as ill tile

For unsaturated frozen coarse soils, Johansen gives unsaturated condition.
the best predictions. These are reasonable for Sr For tile saturated frozen fine soils. Johansen and
values above 0.1 (approximately), while below this De Vries give the best agreenent. Moreover tile' are
value Johansen gives soile excessive deviations (though capable of taking tile unftrozen water contenl ilto
remlaining the best predictor). While Mickley and account which Kersten and the olher methods cannot.
De Vries ntay be applied with good results at high It is iilportant to know the unfiro/en water content
Sr values (above 0.6 for Mickley and above 0.8 for present in a given fine-grained soil at temperattres
Dc Vries), computations can be more easily carried below O°C. This depends iii particular oil the specific
out with Johansen so that its general use is suggested surface area of the soil.
for these soils. It should be noted that Johansen assumes that tile

With regard to frozen fine soils at Sr = 0.5. Kersten thernmal conductivity of the unfrozen water is the
provides a curve of thernial conductivity against yd sane as that of ordinary water. While this may be
which differs little froti the curves provided by Jo- true for a large part of tile unfrozen water, it has been
hansen and Mickley. while De Vries' curve is apprec- proposed that the strongly adsorbed unfrozen watet
iably higher (Fig. 28). Also Table 4 shows that Kersten (tile boundary phase) mav have a relatively high thermal
and Johansen give s\w values that are nearly the same. conductivity. perhaps even highet thathai ofice

While the predictions of tile methods were con- (Farouki 1981).
pared with only a limited amount of available data
for unsaturated frozen fine soils, certain trends can Effect of soil mineral composition
be seen. Kersten provides good agreement (generally In calculating soil therial conductivit, it is ill-
within - 30'7r ) up to an Sr of 0.9. Beyond this it portant to know the soil tinieral composition. par-
gives deviations that are too high for naturally occur- ticularly its quartz content, as has been stressed. It
ring frozen soils such as Slusarchuk and Watson's has been shown that the Kersten method should not

be applied to coarse soils having high or low quartz
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APPENDIX A: PROPERTIES OF SOME TEST SOILS

Soils of Kersten (1949)

Table Al. General physical properties of soils.

Mechanical analysis Physical constants Textural class
Sand 3lt Modified

GravelO0.W 0.005 clay optimum Modified Absorp- U.S. Bur. Unified
Soil Soil over to to under Liquid' Plasticity' moisture max. Specific nion of Chem. soil
no. designation 2.001 200 0.05 0,005 limit index content density gravity (%) and soils classn.

P4601 Chena River gravel 80.0 19.4 - 0.6- - N.P., - - 2.70 0.75 Gravel GP
P4703 Crushed quartz 15.5 79.0 - 5.5 - - N.P. - - 2.65 0.26 Coarse sand SW
P4704 Crushed trap rock 27.0 63.0 -10.0- - N.P. - - 2.97 0.20 Coarse sand SM
P4705 Crushed feldspar 25.5 70.3 - 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 Ottawa sand 0.0 100.0 0.0 0.0 - N.P. - - 2.65 0.17 Coarse sand SP
P4701 Graded Ottawa sand 0.0 99.9 - 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 70.0 - 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 fine sand 0.0 97.0 3.0 0.0 - N.P, 11.4 116.0 2.76 - Fine sand SP
P4711 Dakota sandy loam 10.9 57.9 21.2 10.0 17.1 4.9 6.5 138.5 2.71 - 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 loam ML
P4710 Fairbanks silty 0.0 9.2 63.8 27.0 39.2 12.4 18.0 102.0 2.71 - Silty 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 ClI
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 12.9 27.0 2.1 3.3
P4703 Crushed quartz SW 95+'
P4704 Crushed trap rock SM 3.0 10.0 50.02 34.0 2.0 1.0
P470S 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+

3

P4701 Graded Ottawa sand SP 99+1
P4714 Fine crushed quartz SP 95+1
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
P4S03 Northway sand SW 7.5 11.5 9.0 7.5 51.0 13.5
P4502 Northway fine sand SP 12.0 7.0 18.0 12.0 40.0 11.0
P4711 Dakota sandy 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 31.5 19.5 4.5 27.5 10.0 5.5
P4602 Fairbanks silt loam ML 13.3 40.3 28.3 18.1
P4710 Fairbanks silty clay ML 4.6 59.5 2.2 28.9 1.6 3.2

loam
P4706 Healy clay CL 22.5 S5.0 22.0 0.5

'By visual inspection; impurities less than 5%. 'Andesine feldspar. 3 By visual inspection; impurities less than 1%.
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Soils of Penner et al. 1975)

The tiain si/e distribution cives for soils no. 4 to The Attet berg limits for soils no. 4 to 10 are given
10 tested by Penner et al. ( 1975) are given in Figuie in Table A3. Table A4 shows the ielative proportions
Al . The sieve and h\ dronmeter analvses followed of mincials in lhe size fraction smaller tian pin.
ASTNI procedures.

Table A4. Relative proportions of minerals in the
Table A3. Atterrg limits. < 0.002 mm size fraction.

Liquid limit Soil Quartz Illite Chlorite Kaolinite Vermiculite
Soil at 25 blows Plastic limit, Plasticity index
no. WL (%) wI, (%J 4 +++ ++ ++ ++ -

5 + + - - -

4 37 21 16 6 + + + + -

5 25 18 7 7 ++ ++ + ++ -

6 30 21 9 8 +++ +++ ++ + -

7 28 14 14 9 +++ +++ + + -

8 43 24 18 10 +++ +++ ++ ++ -

9 33 22 i1 + = small amount present; ++ moderate amount present;
tO 48 23 25 +++ = large amount present.

US& Std Steve Sze and No

Hydrometer 200 100 40 20 0 /2100

/ I OG I~80 7

o / //"I'~60 /1- 9 4

S20 I

' O I I I]
0,001 001 0.1 1.0 10

Grain Size (mm)

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

Table A5. Soil materials of Johansen (pers. comm.).

Quartz Specific Uniformity
content witht do0  dio coefficient

Material (%) (kg/rn
3
) rm) (mm) d6o/4(0 o

Sand
SAi 50 2700 0.69 0.12 5.7
SA2 48 2600 0.27 0.067 4.0
SA3 58 2670 0.15 0.082 i.8
SA4 80 2670 0.16 0.125 1.3

SA5 45 2720 0.26 0.11 2.4

SA7 39 2700 1.5 0.10 15.0
SA8 61 2730 0.20 0.075 2.7
SAIO 10 2850 0.52 0.125 4.2

SAI 3 100 2650 0.70 0.60 1.2

Gravel
GRI 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
GR7 2 3000 1.4 0.06 23.3
GRI2 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
PU7 9 2750 35.0 26.0 1.3

PU9 3 2730 8.5 1.0 8.5

PUI0 9 3100 17.0 10.5 1.6

Clay

LEI 22 2800 0.040 0.0035
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APPENDIX B: COMPARISON OF THERMAL CONDUCTIVITY
VALUES COMPUTED BY THE VARIOUS METHOD)S AND OF
THEIR DEVIAT IONS FROM THE VALUES MEASURED
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Table B3 (cont'd).
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Table B3 (cont'd).
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RHlO . 2 C8 EP* - 64AA 62 8 2~ 1:1,@ 6.66 CLIS 3g!22 ALIVA ----- KA = 8.925
Koo* V 6.4 KOIE * . MU ~ j6 O 2.6 CSOLIUS2 8

SAMPLE MOISTURE DRY K MLASUREU METHOD K COMPUIEU DEVIATION METMOD N OMPUTLD DEVIATION PUP. 'C
CON? gNT DEN51I CPERCENT2 (PERCENT) SAT L

SAMPLE 12 .1 16 1.66 d.772 KEASTEN 3.6)12 .7. MICKMLEY 2.912 5.1 0.368
.IOMANS[ N 2. W3 6.5 MC.1 OA - - - .949 6.400

5FVR 2. 9 3 5.3 61 ,~ H ::
MESISTOK 2.3;6 ;. VAN ROOVE- -
HUITISMITHA 2.086 4.1 GLOM. MEAN 2.913 5.1

RHOK :8 EM .- 2 19 -- 11:4 CL 0.-MC .1D 1-A * ..... .4 (AH- - 4 V .5

SAMPLE MOIS UHF DM9 K MEASURED METHOD K COMPUTELO DEVIATION ME:THOD K L.DMPQTEO DFVIATION P49Q NC
SAMPLE 1.10 1. T1W 2.89 KEP5TEN. 3.d12 32. MICKLEY 3.020 4.RCY~ 0A .3 L

PIOHANSEN 34 62'k, 46 PC U .. 1.009. 4.04P.

9i VRR~ H 242 OE4.9.. .

AD3 jI 2R- - - - - - NT
NSIS UP 3.039 6. VAN ROOT EN -
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Table B22.

jORVJVDE) CRUSHVED ROCK PU9 SATURATED FROZEN

TYPE OF SOILI COARSE CVCSVED 51A"RATFED FQOTE'.

RHO m 2 7346 EM- -j16 f A 6.63 Cb 20:.9:; C5U .I V 2 489 ALPHA M ---- M A V 1 .925
MR 06 ACE K .36K 6526 80 2. CbOL DS2 ~ 4

SMPLE MC)I lUKE 0KV K EA:URED METHOD x COMPUTED DEVIATION METHOD K COMPUTED DEVIATION PUP. NC
C ON SENT DENS I! CPERE ENT2 IPEPCFNT) SAT A

SAMPLE M36 1.w. 2.408 MEUSTLN 4.366 99 HI CKLEY 2.1b1 -. 4 6.412
.l0MANSN 

2  
"~ .9A mC U 1.09 0 . JAW

2E VK JN o.8 -4 5HDT- - -
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S: . is MCE 2.A9K -2 ~36 KUK 2. C OLIUS2 K 4846

SAMPLE MOIST11 UM E 0KV K EASU.EU METHOD K CO
TM

PUTELI DEVIATION METHOD K LOMPUTED DEVIATION PU. C

CON N 06bT (PEWC EN T1RCNJ
SAPE 6V1.943 2.494 MERSTEN MICK6 E. H 'i224N

O M E 2.242 -979Ke
2W4 -9. MT El:E 1.94 K'7

&M . '!! 1NT
MRS I STQ i S -9. VAN ROOTE N

UNI-MP NH 22' -M.3 GEOM. MEN 29 -.
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Table B25.
-SgR FT AL S"IL A U.RRY''CATFi' Elyn'
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~~iA I.
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SAMPLE As 1n A.?7 u A., AIi- ' 700 A 1i~C' Io S 07

IrJ = 1E -RE --..
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YE'In E ?7A S A A*l -

-Y -R AR- -- - -- ------
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Table B26.
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1  

7 984 -is A CCiA 7 A97 7 
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Table 827.
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IRI - -
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RESIST ---- VAT. RUY' C4 -39l
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4 J O 3E MZf .46v !!± E-i
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Table 830 (cont'd).

SAMPLt d40 1.278 o,. 3t JKR$J 4 d 1,: L"~: 2 7j5 jC fy 1321 4
AMvIS N ,1 161. 00 ? 42b k-A. ...

04Dl v10 1 -i -O 7L'N - -O

-uNn s GEG", MLAN ...

SAMPLE 0.6 1.272 4,44 5OTtN 0.43C 2,d M714KLFV 1.2 01.7 1S

I24 00A NStN d.09 bA,6 C '1... A5 4%I2 44

" b ::: -- VAN PADVYEN 936 2,
x4 Nil -M!TT --- GLD. "LAN -

SAMPLE 8.08 1.272 0.424 LOEN 4430 ,4 "111 .o 7. .4

IASLN 4.84 4. :8 76 .12 44

A04 jE VW 1 5 N1 :~,
K NSO 5 VANOR,20515 .265.

SAMPLE 0.99 j.422 o.b2d ALORSrtE 4,0064 8 ko "lCXLF I 187 ;613. A,75
Dm A NSEN d.V22 78.86 7225! 46

AD 41 E S G,004 2, s"T ---
604 sAIL $IA N A

SAMPLE 6.9 1 .422 6,022 gEPSOEN 6 4 8 A M1t84.01 I .2 I1. .7
JO.ANSEN 4.02b 1P, 11^.24 4.
1!E RIES 4,680 t5. 3 a"1'- - -... ....

4 1 54115 51801
It !504 VAN 060IN ,44 -32

w 0iNIT .3MI11 ---"... rON. , A ..- -..

SAMPLE 12.39 i,24j 4d.836 4E06!LN 0.7A3 17.8 Nfl0LEY 1.5 15.0 P 72

40, AN0E 1,187 t87, -CLA 06.327 4;;0
uE 61 5 1.9 10S 60 - -

REJ 7 IS VAN 0401N 690 1,

SAMPLE 12,39 1,283 d.b34 4E0?L .743 17, b 1"E 1.5? 54. 652

IomANSEZ 4,47 e5 "C G.P3M 4.8

KU I.1MMT" ---- G M0. MEAN

SIAMPLE t2.29 1 .443 4.874 KEMOTEN 40 "~) 6 3 "lC"K.E1 106 1.4 0.467
084 NSEN J,034 76b G4,.A 1.411 0.470

AD S~ E F,6 105.8 A 1

0 I1 6E5 RITUVA orlMYEN

ALN1 .SM1TM------- .... "LAN-
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7.j3690 4.8
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;,29 3,A*j ----
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A A D550III ---- 8A8u-T? ...

KUNI D16G0~MA

SAMPLE 17.86 1.438 1,270 4EPST'LN 1,277 0,1 MICKLF
7  

2N.170 740 6, 400 ...

.105858 2:31 0 MC LA- *595 4049

05540 VAN7 5O1E 9.35 R-33A3
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Table B30 (coot' d).
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Table B31 (cont'd).
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Table B32 (cont'd).
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Table 833 (cont'd).
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