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Cover: Values of soil thermal properties were re-
quired in the thermal design of the trans-
Alaska pipeline. Heat pipes were installed
in the steel piles supporting the elevated
sections of the warm oil pipeiine to ex-
tract heat from the ground in winter so as
to maintain the ground in the frozen con-
dition. Where the pigeline was buried. the
heat pipes installed in the free-standing
steel piles sometimes served only to limit
the thaw below the pipenne.




Thermal properties of soils

Omar T. Farouki

December 1981

UNITED STATES ARMY CORPS OF ENGINEERS

COLD REGIONS RESEARCH AND ENGINEERING LABORATORY
HANOVER, NEW HAMPSHIRE, US.A.

Approved tor public release. dstnbution unbumited




Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

READ INSTRUCTIONS

1. REPORT NUMBER 2. GOVY ACCESSION NOJ 3.

CRREL Monograph 81-1

RECIPIENT'S CATALOG NUMBER

4. TITLE (and Subtitle)

THERMAL PROPERTIES OF SOILS

5. TYPE OF REPORT & PERIOD COVERED

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(a)

Omar T. Farouki

8. CONTRACT OR GRANT NUMBER(s)

9. P FORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
ER N AREA & WORK UNIT NUMBERS

DA Project IT665803M761
Task 10, Work Unit GOS

11. CONTROLLING OFFICE NAME AND ADDRESS

12. REPORY DATE

December 1981

U.S. Army Cold Regions Rescarch and Engineering Laboratory

Hanover, New Hampshire 03755 13. "”';‘;TR OF PAGES

15. SECURITY CLASS. (of thia report)

14. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Oflice)

Unclassified

1Sa. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

€

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public reiease; distribution unlimited.

i7. DISTRIBUTION STATEMENT (of the abatract entered In Block 20, !f different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reveras alde if neceasary and tdentify by block number)

Frozen soils Soil physical properties
Heat transfer Soil tests

Permafrost Thermal conductivity
Soils Water in soils

Soil dynamics

20. ABSTRACT (Continue e reverss sice If receasary and identify by block number)

This monograph describes the thermal properties of soils, unfrozen or frozen. The effects on these properties of water

and its phase changes are detailed. An explanation is given of the interaction between moisture and heat transfer.
Other influences on soil thermal properties are described, including such factors as soil composition, stri.cture, addi-
tives, salts, organics, hystercsis and temperature. Techniques for testing soil thermal conductivity are outlined and
the methods for calculating this property are described. The monograph gives the results of an evaluation of these
methods whereby their predictions were compared with measured values, thus showing their applicability to various

soil types and conditions.

3 FORM . .
DD |, a0 73 1473 EDITION OF 1 NOY 65 IS OBSOLETE Unclassified

i Sl i
o S R Rmnaugd

SECURITY CL ASSIFICATION OF THIS FAGE (When Data Entered)



PREFACE

The CRREL Monograph series is a continuation of the Cold Regions Science and Engineering
series published by CRREL between 1961 and 1975.

This monograph was prepared by Dr. Omar T. Farouki, Senior Lecturer, Department of Civil
Engineering, The Queen’s University of Belfast, Northern Ircland, United Kingdom. It was written
at the U.S. Army Cold Regions Research and Engineering Laboratory while the author was on
sabbatical leave from the University.

This work was conducted under Invitational Travel Orders No. 10 (1 February 1977) and No.
298 (12 June 1980) issued by the U.S. Army Research and Standardization Group (Europe).
Funding was provided by the CRREL Technical Information Analysis Center (TIAC).

The author is deeply indebted to the late Dr. Hans F. Winterkorn, who was responsible for the
original idea for this project, and who helped in getting it started. As a former student of his,
the anthor is conscious of the abiding influence of Professor Winterkorn, some of whose ideas are
reflected in this monograph.

The author expresses his gratitude to the Queen’s University of Belfast for the sabbatical leave
in 1977, during which this project was begun at CRREL. Thanks are given to Dr. Alan A. Wells,
then head of the Department of Civil Engineering.

Thanks are extended to William F. Quinn for his support and encouragement throughout the
progress of this work. Appreciation is also expressed to Albert F. Wuori for initiating the project
at CRREL and to Richard W. McGaw for interesting discussion.

This monograph was technically reviewed by Frederick J. Sanger and Dr. George K. Swinzow.
The author thanks them for their efforts and for their many comments and helpful suggestions.

Figures 34, 83, 84,96, 123, 148, 149, 152 and 153 are from Geotechnical Engineering for Cold
Regions by O.B. Andersland and D.M. Anderson (Eds.) (Copyright McGraw-Hill Inc., 1978) and
are used by permission of the McGraw-Hill Book Company.

The contents of this monograph are not to be used for advertising or promotional purposes.

Citation of brand names does not constitute an official endorsement or approval of the use of such
commercial products.




CONTENTS

Chapter 1. INTOQUCHION wuiviiicrsesnsessneessissssssonssssnsnissssesessssssessetosssssssasssassssassssesssseesnsassasassans
1.1 Soil and soil thermal properties
1.2 Importance of s0i! thermal PrOPEIiieS. i
1.3 Scope and purpose of this monograph

Chapter 2. Mechanisms of heat transfer in soils....
2.1 Heat conduction

2.3 Radiationu.cecimeressesesseinnserssesessenssnsasnn

2.4 Evaporation-condensation process

2.5 Other effects on soil heat transfer
Chapter 3. The effect of compositional, volumetric and other structural factors on the ther-
mal propetties of soils.

3.2 Correlations between thermal conductivity and soil density or porosity
3.4 Effects of porosity and density on other thermal properties
Chapter 4. The effect of water and its migration on the thermal properties of soils
4.1 Properties of water in soils and the influence of temperature
4.2 The effects of the amount and nature of water
4.3 Combined moisture and heat transfer in soils caused by temperature gradients
4.4 Combined moisture and heat transfer during soil freezing ...
Chapter 5. Further influences on the thermal properties of soils
5.1 Properties of soil comnonents influencing thermal benavior plus the effect of
teniperature

5.2 Effects of temperature on thermal properties of soils

5.3 Effects of jons, salts and other solutes on soil thermai properties
5.4 Effects of additives
5.5 Hysteresis and history
5.6 Organic factors

5.8 Conve:tjonal effects
Chapter 6. Measurement of thermal properties of soils
6.1 Steady state methods
6.2 Tra:sient methods
6.3 Cornparison of results from probe and GHP tests...
Chapter 7. Methods for calculating the thermal conductivity of smls
7.1 Parallel or series flow equations ard the geometric mean
72 Smith’s method for dry soils
“.3 Kersten’s empirical @QUALIONS c..cocuereereeveerereeteeteemaee reesee e sese e e s seeseeeeeneaemensan e resseeaes 103
74 Mickley’s method
7.5 Gemant’s method




7.5 De Vries’ method................. L eEeee e E e At h e e R e e b e st e nabe et aetereeresret e rentananaen
7.7 The empirical equations of Van Rooyen and Winterkorn .
7.8 The method of Kunii and Smith .....cccooivecnicnnincnrneinrisnsenn,
7.9 The modified resistor equation

7.10 McGaw’s conductance equation

7.11 Johansen’s method

7.12 Trends shown by the various methods

7.13 Evaluation of the methods ......ccoeveervreeinnesescssenieenenssnenns e e es s ene

Chapter 8. Discussion and conciusions.

8.1 The condition of water in soils
8.2 The degree of saturation ......viveerneesnsnerisens
8.3 Effect of increase in temperature above 0°C........cuvveverevereiisecnesererenne e
8.4 Moisture and heat transfer........occvevncerenmsenvereenes e sre e e e sae e
8.5 Effects of ions and salts........oe...... et n bt ettt e e se e e e e et t et et e e e e s e arte e aaaasanaanan
8.6 Additives, contacts and interfacial effects..
8.7 Frozen soil factors....cocveverncenierens vernenens e st bt ase e e et ht e e nanannes
8.8 Factors in measurements of thermal conductivity
8.9 Applicability of the thermal conductivity methods

&.10 Suggestions for turther research............... e R RTPRIIIN

Literature cited

—
(OISR SO (O I S I S I S I )
W W W W

w

ILLUSTRATIONS

Figure
. Heat flow through a prismatic element of soil
. Thermal properties and water content {or saturated soils
. Regions of predominant influence of the various heat transfer mechanisms
. Nusselt’s model of heat flow in a fissured body
. Volume relationships in binary mixtures giving minimum voids
. Shapes of air gaps in some common soil structures
. Effect of water tension on soil permeability
. Thermal conductivity of sand and ice mixtures as a function of sand content
. Thermal conductivity of quartzitic granular material wiih kaolinite binder..
. Comparison of thermal conductivity data

. Idealized models of heat tlow through a unit cube of soil

. Hashin-Shtrikman bounds for twe-component materials as compared to the Wiener

bounds at & set of thermal conductivity ratios and as functions of porosity
2. Miller bounds for two-component materials as compared to the Hashin-Shtrikinan

bounds at a set of thermal conductivity ratios and as functions of porosity assum-
ing spherical particles

. Miller bounds for normalized effective thermal conductivity of symmetric cell materi-
al compared to Hashin-Shtrikman bounds at ratio k /k. = 10

. Miller bounds for normalized effective thermal coaductivity of svmmetric cell materi-
al compaied to Hashin-Shtrikimar bounds at ratio & /k; = 100

. Curves for thermal conductivity compired with data on saturated quartz sand

. Thermal conductivities of sand and clay. unfrozen or frozen, as a function of dry
density




Figure Page
18. Thermal conductivity of unfrozen sandy soils vs dry deasity at constant moisture 23
19. Thermal conductivity of frozen sandy soils vs dry density at constant moisture content 24

. Thermal conductivity of unfrozen clayey soils vs dry density at constant moisture

COMLENLuiinririniiriteise et snrevenas . 24

. Thermal conductivity of frozen clayey soils vs dry density at constant moisture content 24

. Logarithm of thermal conductivity as a function of porosity of homoionic kuolinite

24

- Effect of texture and density on thenmal conductivity and on thermal diffusivity 25

. Thermal conductivity of dry soils as a function of dry density 25

. Thermal conductivity of dry Leda clay as a function of dry density. . 25

- Thermal conductivity of dry natural soils and crushed rock vs porosity 26

. Thermal conductivity of saturated Leda clay vs dry density.................. . 26

‘Thermal conductivity of ocean sediment vs water content

. Thermal conductivity vs dry uait weight for frozen cores of permafrost from Inuvik ...

- Moisture transferred upon freezing as s function of porosity of a silty glacial outwash

W B BRI N D N
[ =l S R

. Thermal conductivity of ice as a function of temperature

. Flow of water in frozen soil as a function of temperature below 0°C

- Relationships among dry unit weight, ice volume and water content of frozen soil

. Diffuse electric-double-layer relationships .

. Change in water density with distance from the surface of potassium bentonite at two
temperatures

. Hypothetical decrease of water viscosity with distance from the clay surface

. Effect of ion dissociation on the surface-induced water structure

- Zone structure of adsorbed water and variation of its activation eneigy with distance
from the mineral surface..........

. Thickness of adsorbed water film as a function of temperature..

- Specific heat of Leda clay during freezing and thawing

. The zone of ice nuclei formation in soil water

. Schematic illustration of the silicate/water/ice interface

. Unfrozen water contents of typical nonsaline soils

. Thickness of unfrozen water as a function of temperature for three representative clays

. Unfrozen water content of kaolinite and montmorillonite clays of various exchange-
able cations

. Curves of unfrozen water content vs temperature

. Unfrozen water content per unit specific surface area as a function of temperature

- Unfrozen water content of Leda clay during freezing and thawing

. Seasonal variation in water content of Leda clay .o.oucecseeseeeeeeeeeeeeeeesseeeseeeeeeseeneseens

. Suction and relative humidity of different soil types as » function of their water
content

. Thermal conductivity of three soils

. Thermal conductivity vs moisture content for Kersten’s Lowell sand..

. Thermal conductivity vs volume fraction of water

. Thermal conductivity as affected by density-moisture relations

. Experimental values of the thermai conductivity of sand at varying moisture contents

. Thermal conductivity of quartzitic gravel and sand

. Thermal conductivity of frozen material

- Assumed temperature-dependent thermal conductivity for gravel, clay and peat

. Percent water frozen in a soil model as a function of degree of saturation at -4.0°C.....

. Percent water frozen in a soil model as a function of degree of saturation at -7.5°C




o, . s ’ v [
& - . . Lo
Figure Page
61. Combined effect of degre of saturation and temperature upon the percentage ol
OMEINAl WALET fTOZETL oo it it c vt et e st e s et e sae e anann 43
i 62. Freezing point depression as a function of degree of saturation in a soil model............ 43
K 63. Ratio of thermal conductivity below freezing to that above freezing as a function of
IMOISHUTE COMIEIuiriiiirseiin sttt sttt sae s s st cesn e e st s s s s sme et esbeasasanesnaseness 44 .
64. Thermal conductivity vs temperature at different degrees of saturation (Penner) .......... 44 5
65. Thermal conductivity vs temperature at different degrees of saturation Johansen).. 44 1
66. Logarithm of thermal conductivity as a function of moisture content of fine sand ....... 44 ,
67. Thermal conductivity of unsaturated frozen Ottawa sand as a function of temperature 45
68. Thermal conductivity of silt vS teMPerature .......oeoeeciiiiier ettt 45
69. Thermal conductivity of clay VS temMPerature......coveeieiveetrirrier e cnenerassaessseesasesnnsessnns 46
70. Thermal conductivity vs temperature for a fine Sand ........ccceveeeeveecrernresercvresseresserearenns 46
71. Thermal conductivity vs absolute temperature for a fine sand. 40
72. Thermal conductivity vs 1aoisture ratio for soil B of Higashi ...oceeeeeeroeercnccecas . 47
73, Kersten number vs degree 0f SatUIALION ..cuvviueceeeere ettt teesesaear s emsesasenes 47
74. Hashin-Shtrikman bounds for the thermal conductivity of a saturated soil having dif-
: .._:i& ferent ratios Of frOZen 10 UNITOZEN WALET...curueireeieeirerieeeerveesereesesseressassesosmessessesnens 47
’ 75. Thermal conductivity as a function of the ice content of undisturbed permafrost
SAMPIES vttt et st e e enea s eraeannas .. 48
76. Thermal conductivity of mixtures of Ottawa sand and ice 48
. 77. Thermal diffusivity vs fraction of water BY VOIUME ...c.veevecni i 49
—_ ] 78. Thermal properties of Russian southern black earth vs moisture content at a dry density 49
79. Thermal properties of frozen glacial clay vs moisture content.....unennvrereereeescesviennnnn 49 B
80. Heat released in saturated silt and clay on cooling below freezing point.......ccccoeueuen.... 49
81. Apparent specitic heat capacity of two clays as a function of temperature.... 50 )
82. Relationship between specific heat capacity and moisture content of a partially frozen
Na-Wyoming DeNtOMIe ......ccccccrmiceiee e rcsecee e s e see s s enens e ss e es s esesnenn 50
83. Average thermal conductivity of frozen peat as a function of water content and d:y
QENSIEY oo e rie s et et re st e e s e e s et e e s e e b e e e saessas e seeseseseatennessnenen 51
84. Average thermal conductivity of unfrozen peat as a function of water content and drv :
GETISILY 1onterttiic ettt ettt st s bbb s s Rt e s e e et s an e et e sn e et een 51
85. Thermal conductivity of unfrozen peat vs volume fraction of water ............cceceueemevenee 52
86. Thermal conductivity of unfrozen peat vs degree of saturation ........ceeeevevverreceeennvennen 52
87. Thermal conductivity of frozen peat vs watel CONENT .coveeerriirireieecreeresrerasessessessanieennas 52 .y
88. Thermal conductivity of frozen peat vs degree of saturation 52
-~ 89. Variation of ice content of peat With teMPETALUIE ...c.coceveeirieeieveeeeeceeeeseeseeeeaeeesnennenas 53
90. Change in the amount of unfrozen water in a sphagnum peat with decreasing tem- .
PETALLITE oot e s e st e s s et sia e et et e e ee e nteeeas e eneasasannreas 53
91. Saturated apparent thermal conductivity due to vapor distillation at 1 atm and the v
. thermal conductivities of water and air as functions of temperature............o.n........ 56 ‘
92. Thermal moisture flux vs temperature gradient......c..ooeceicereercnrnrrcrr e sreesseseesee e 57 -
93. Rate of water transport in a coarse clay as a function of the temperature gradient........ 57
94. Variation of the thermal osmosis coefficient with the moisture content for Leda clay . 57 -
95. Thermal diffusivity as a function of moisture content for sand, clay and peat.. 8 .
96. Idealized ground temperature profile in permafTost terrain.....coooeevveeveieceeceeee e 60
97. Soil-freezing-characteristic data for second freeze-thaw cycle and soil-water-character-
ISHHC dALA coe ittt e e e e e en e e e s e eana s 62
98. Gravimetric water content of soil columns at the end of each experiment .................... 64
99. The liquid water content as a function of distance from the cold plate ......ccocooeeeeec . 64 .,
100. Soil moisture and soil temperatvre distributions during freezing 64




. Unlrozen water content vs temperature

. Freezing water-soil system with a fixed freezing iront

. Freezing water-svil system with a moving freezing {ront

. Dependence on temperature of the thermal conductivity of quartz single crystal ..

. Variation of specific heat of dry soil with mean temperature

. Variation of specific heat of fine soils with temperature

. Specific heat of silt vs temperature

. Specific heat of soil types as a function of temperature

. Variation of specific heat wiiii temperature for several representative rock materials
. Specific heat of 20-30 Ottawa sand vs temperature ai twe water contents

. Specific heat of Fairbanks silt vs temperature at five water contents.

. Specific heat of ice as a function of temperature

. Relationship between heat capacity and temperature of a partially frozen Na-Wyoming
bertonite

. Temperature dependence of measured values for the thermal conductivity of Ottawa

. Thermal diffusivity of a clayey sand as a function of temperature

. Apparent thermal diffusivity of permafrost at Barrow, Alaska

. Thermal diffusivity of a kaolinite suspension as a function of temperatute

. Unfrozen water content vs temperature for the kaolinite-water system

_ Unfrozen water content of organic soils at different temperatures

. Unfrozen water content of mineral soils at different temperatures

. Relation between temperature below the freezing point and suction in soil

. Effect of salinity on the magnitude of the ratio of pore area to total area in a clay

. Clay microstructure as observed in a transmission electron microscope using ultrathin
acrylate-treated specimens

. Meusured and calculated thermal conductivity values for air-dry and for saturated Leda

. Structure of Wyoming bentonite

. Thermal conductivity vs water content for natural kaolinite and its sodium, calcium

and aluminum homoionic moditications

. Sodium ion diffusion coefficient for frozen Wyoming bentonite, Fairbanks silt and
Barrow silt as intluenced by temperature

. Lattice collapse and r~expansion of sodium-bentonite during a freeze-thaw cycle

. Thermal conductivity vs degree of peat formation for ciayey silts with sand and for
sands in the thawed and frozen states

. Thermal conductivity of Ottawa sand vs applied temperature difference .

. CRREL guarded hot plate apparatus

. Kersten’s soil container for thermal conductivity tests

. Thermal conductivity probe

. Typical temperature-time profiles for a probe.

. Ratio of the amplitude of the temperature waves at the periphery and in the center of

a sample

. Comparison of measurements of thermal conductivity with probe and guarded hot plate
made on Johansen’s sand SAl at ~18°C

. Comparison of measurements of thermal conductivity with probe and guarded hot plate
made by Johansen on his sand SA2 at ~18°C

. Comparison of measurements of thermal conductivity with probe and guarded hot plate
made by Johansen on his sand SA8 at ~4°C

. Comparison of measurements of thermal conductivity with probe and guarded hot plate
made by Johansen on his sand SA13 at ~20°C

vii




" s
. . o
Figure Puge
140. Comparison of measurements of thermal conductivity with probe and guarded hot plate .
made by Johansen on his gravel GR7 at ~d°C .....oouooiooeooemeoeeoo 99
141, Comparison of thermal conductivity measurements with probe and with the guarded
hot plate on “dry™ ClaV..oeeeereeeera. crrerenenas rreeneareebr e sea e e ea st aaeerasaa 100

142, Comparison of measurements of thermal conductivity with probe and guarded hot
plate made hy Johansen on his sand SA2 in the dry condition at ~18°C and at

different densities.........c.oevnn...... rrre ettt e etteentee b ee e e e e sarasaane ae 100

143, Comparison of measurements of thermal conductivity with probe and guarded hot
plate made by Johansen on his sand SA4 in the dry condition at ~18°C and at ‘
different densities............ e e s e et e e e e e ea bt eaaee rerereaes e 100

144, Comparison of measurements of thermal conductivity with probe and guarded hot

plate made by Johansen on his sand SAS8 in the dry condition at ~18°C and at

AITRrent denSitieS cccuumneere e, crrnrrnensseseenseesessssanannnn 100
Comparison of measurements of thermal conductivity with probe and guarded hot

plate made by Johansen on his sand SA10 in the dry condition at ~18°C and at

ditferent densities ... e e sre e cereeeees 100 g
146, Thermal conductivity of unfrozen silt and clay soils as a function of moisture content

145

and dry density ...oevveereciire . 103
F47. Thermal conductivity of frozen silt and clay soils as a function of moisture content
and dry density .....coveuveerveennn.. 104
b 148. Average thermal conductivity of unfrozen silt and clay soils as a function of water
content and dry density ... ....vecvceeoroniniesenecs e sesse e 104
149, Average thermal conductivity of frozen silt and clay soils as a function of water con-
tent and dry density.....ooeveeeevevveiiiieeen, e e termeesreestenaas veeenens 105
150. Thermal conductivity of unfrozen sandy soils as a function of moisture content and dry
density...............
I51. Thermal conductivity of lrozcn sandy soils as a function of moisture content and dry
density 105
152, Average thermal conductivity of unfrozen sandy soils as a function of water content
and dry density....... 106
. 153. Average thermal conductivity of frozen sandy soils as a function of water content and
- dry density ... 106
154, Theoretical unit soil structure containing solid monolith ...........oocoiieioieeeoeennn, 107
155, Unitary cube of moist $0il.................... et annaae rveeeranes TP 108
156. Variation of adsorbed water with 1emperature. ... vveeeoooonoo . ceerees erreeeeeeenas 108
I57. Variation of the function f(5%/a) in Gemant’s formula coo.oveevee oo 109 -
158. Schematic model of the resistor equUation ..........eo.eeuecooeeoveeeeooeeosoeeo 11
. 139. Schematic model of the saturated conductance eqUALION e e 111
160. Thermal conductivity of unfrozen mineral SIS ........oeeevemoeemeeroeooooo . 114
161. Thermal conductivity of frozen mineral SOilS .......oeeenoeeoeoreeoeoeooo 115
162. Compurison of the methods for calculating the thermal conductivity of saturated un-
FTOZEN COUTSE SO rmnimimiiiiiiieces ettt 116
163. Comparison of the methods for calculating the thermal conductivity of saturated un-
- FTOZEN FINE SOMl trvoeoiie et 116
164, Comparison of the methods for calculating the thermal conductivity of saturated fro-
721 coarse SOl oiinnaeniie, OO YRUEPR 116
165, Comparison of the methods for calculating the thermal conductivity of saturated fro-
2RI NG SOI cooiiii et et 116
viil

&
W




TABLES

. Experiments with free convection in crushed rocks i .
. Thermal properties of soil constituents

. Physical properties of liquid water..............

. Physical properties of saturated water vapor

. Physical properties of ice

The pF scale in terms of the equivalent negative hydraulic head, the equivalent suction

and relative hUmidity...ocevveversreviriieeriecnens

. Comparative phase composition at selected temperatures

. Thermal conductivity of frozen sedge-hypnum peat at decreasing temperatures

The diffusion coefficient of water vapor in ail......oieiie e TN ertesesniiniies

. Effect of the magnitude of the temperature gradient on the amount of moisture ac-
cumulated by Migration...uiicrrerenseenns weeesernnnin rerressaanens teressessraeeesesataaneseaess 63

. Effect of the magnitude of the temperature gradient on the moisture flow during
fTeeZing.ccceeenicnrrnssensnnns et RSN eerenen ereereeesreeeseseneasta i beabe s n e R e e searaes

. Thermal conductivity of water at difterent temperatures.

. Dissociation and association of water.

. Theimal conductivity of Fairbanks silt, CRREL varved clay, and Ottawa sand

. Thermal conductivity of concrete

. Thermal conductivity of processed material

. Recommended thermal properties for dry asphaltic pavement...

. Assumed thermal properties of tundra soils

. Distribution of moisture in originally homogeneous soil after determination of ther-
mal conductivity by a stationary method

. Thermal conductivity results of six stone aggregate samples

. Thermal conductivity values of calibration tests

2. Thermal conductivity of dry sand SA13 at different temperatures, GHP tests
. Thermal structure factors
. Method for calculating thermal conductivity of mineral soils




CONVERSION FACTORS: U.S. CUSTOMARY TO METRIC (8N
UNITS OF MEASUREMENT

Multiply

To obtain

mcal/em s °C
kcal/m hr °C

Btu in./{1® hr °F
Btu/ft hr °F
atmosphere
calorie

cal/g °C

cal/em s °C
degrees Fahrenheit

0.4184
1.1622

0.1442

1.731

101.3250

4.1868

4186.8

418.4

e = (1-32)/1.8

W/m K

W/m K

W/m K

W/im K
kilopascal
joule

J/kg K

W/m K
degrees Celsius




NOMENCLATURE

latent heat of freezing of waier
heuat capacity per gram
pacity per s latent heat of evaporation of water

heat capacity per unit volume . .
svil porosity

x> o o

soil thermal conductivity quartz content

_

=l

the conductivi ai . .
rermal conductivity of air degree of saturation of soil

thermal conductivity of fluid in soil

-

time
thermal conductivity of ice

temperature
thermal conductivity of quartz

=

water content of soil

xR XX

thermal cenductivity of soil solids other than
quartz

unfrozen water content of frozen soil

- . . volume fraction of air in unit soii volume
thermal conductivity of soil solids acti ! ¢

N e . . volume fraction of solids in unit soil volume
effective thermal conduciivity of a mixture "

. . . volume fracticn of water in unit soil volume
thermal conductivity of frozen soil
e . soil thermal diffusivity
thermal conductivity of unfrozen soil
- soil dry unit weight
thermal conductivity of water

X . unit weight of water
thermal conductivity of dry soil iet

: - . i density
thermal coruuctivity of saturated soil

fraction of soil volume occupied by water in un-
frozen soil or by untrozen water in frezen soil

soil permeability or hydeaulic couductivity

Kersten number . .
soil suction







THERMAL PROPERTIES OF SOILS

Omar T. Farouki

CHAPTER 1. INTRODUCTION

Soil thermal properties are of great importance in
many engineering projects and other situations where
heat transfer takes place in the soil. For example,
they are of great iroportance in the design of roads,
airfields, pipelines or buildings in cold regions as well
as underground power cables, hot water pipes or cold-
gas pipelines in unfrozen ground. They are also im-
portant in such fields as agriculture, meteorology and
geology.

This monograph deals with the thermal propertics
of soils and the factors influencing them. An attempt
is made to provide a framework in which these various
factors and their effects may be placed. The problem
of heat transfer in soils is very complicated. To under-
stand it one must subdivide it into its constituent ele-
ments and facets. A study of each of these should
show its relative importance and contribution to the
soil’s behavior. The interactions between the different
factors need to be elucidated, leading eventually to an
overall comprehensive and comprehensible view. Analy-
sis 15 «ius followed by synthesis.

This monograph also considers the various mechan-
isms of heat transfer in soils and the methods of meas-
uring a soil’s thermal conductivity. The different meth-
ods of calculating this quantity are described and their
predictions shown in detait ac compared against reli-
able experimental resulis. in this way these methods
are evaluated to determine their validity under differ-
ent conditions.

1.1 SOIL AND SOIL THERMAL PROPERTIES

Agricultural “soil” is a complex, dynamic and living
system where biological processes continuously take
place. The term soil, as used by engineers, refers to a
complicated materia! consisting of solid particles of
various compositions (mineral and/or organic) and vari-
ous shapes and sizes that are randomly arranged.with
pore spaces between them. These pores contain air and
usually water in its various phases as vapor, liquid or
ice. The water may also contain mineral salts and ions.
Gravel and crushed rock may be designated as soil or
“soil materials’"; they have been used in construction,
for example,as pavement components or fills.

The composition of naturally occurring soil varies
continuously, chiefly because of changes in the amount
and phate of water at various locations. These changes
result mainly from the continuously varying temperature
field to which the soil is subject. The daily temperature
fluctuations are superimposed on the seasonal cycle,
and there is a geothermal heat flux resulting from the
flow of heat upwards from the hot interior of the carth.
These changing temperature gradients alter the soil
composition, particularly with regard to changes in the
amount, phase and condition of water. This leads to
variations in the thermal properties of the soil.

The thermal conductivity of a soil is defined as the
amouni of heat passing in urnit time through a unit cross-
sectional area of the soil under a unit temperatuie gradient
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Figure 1. Heat flow through a prismatic element of soil.

applied in the direction of this heat flow. Considering
a prismatic clement of soil having a cross-sectional area
A at right angles to the heat flow ¢ (Fig. 1), the soil
thermal conductivity & is defined as

=
A(T,-T)IE

k

where the temperature drops from T, to 7, over the
length ¢ of the element.* One must consider a soil
portion large enough by comparison with a representa-
tive cell of a homogeneous soil.

Use of the term “conductivity” is justified because
heat is transferred mainly by conduction in normal
circumstances. However, other mechanisms may, and
usually do, contribute in some measure to the heat
transfer, as described in Chapter 2. The definition
should thus be understood to iniply an effective ther-
mal conductivity. Measurement necessarily results in
an averaging of the thermal conductivity between two
sections that are a finite distance apart. The actual
thermal conductivity will vary between these sections
because of variations in soil composition and tempera-
ture differences.

A further complication is that the thermal conduc-
tivity of a given soil with a given moisture content does
not have a unique value because it depends on the
boundary conditions, which may cause a moisture re-
distribution (De Vries 1963). The techniques used to
measure thermal conductivity van cause such changes.
Therefore, these effects must be borne in mind and
the comparability of these to field conditions consid-
ered before laboratory results can be applied with con-
fidence. Temperature is another important influence
that affects the soil composition and also the values of
the thermal properties of the soil constituents them-
selves. Even at a certain ice content, a frozen soil

* The units now normally used fur & in soil studies are W/m K
(i.e. watts per meter per - .cin). Other units have been used
such as mecalfem s °C or ‘i:0 jo./ft* hr °F or Btu/ft hr °F.

may have different conductivity values from place to
place, depending on the specific ice distribution (Czera-
tzki and Frese 1958).

The situation resulting from the applicatiox of a
temperature gradient to a soil, whereby both heat and
mass transfer accur, is too complicated to be-handled
rationally, especially where freezing or thawing occurs
(Penner 1972). For simplicity, problems are often for-
mulated ia terms of transfer by pure conduction, but
using an effective thermal conductivity. Such an ap-
proximate procedure was followed by Nakano and
Brown (1972) as they derived a mathematical model
of the thermal regime in tundra soil in Alaska. Also,
the soil material properties and the boundary conditions
often need to be simplified to solve the heat transfer
problem in an actual soil. Recently, however, various
finite difference techniques have been used to account
for fluctuating boundary conditions and variable ther-
mal properties (Mohan 1975).

The definition of the thermal conductivity implies a
steady state condition in which the temperature at a
point does not vary with time. If, however, the tem-
perature is changing with time, it means that the soil
itself must be either gaining or losing heat. If the tem-
perature of an element of soil is increasing with time,
then some of the heat flow is being used for this pur-
pose, the amount depending on the heat capacity of
this element.

The heat capacity C per unit volume of soil is the
heat energy requised to raise the temperature of this
unit volume by 1°C. It is the product of the mass spe-
cific heat ¢ (calfg °C) and the density p (g/fcm?):

C=pc.
If the volume fractions of the solid, water and air com-
ponents present in unit soil volume are x, x,, and x,

respectively, then

C = xSCS +waw +x:l Ca
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Figure 2. Thermal properties and water content for saturated soils
{from Sauger 1968).

where C,, C,, and C, are the respective heat capacities Where an unsteady state exists, the thermal behavior

per unit volume of the solids, water and air. of a soil is governed not only by its thermal conductivity
The volumetric heat capacity Cy; for unfrozen soils but alsc by its heat capacity. The ratio of these two

is given by properties is iermed the thermal diffusivity a, which be-

cones the governing parameter in such a state and is

given by

Y :
Cy=t (0.18+1.0 A
7

w lw W
a=k/C
while that for frozen soils Cy is given by
A high value of the thermal diffusivity implies a capa-
T4 w bility for rapid and considerable changes in tempera-
Ce™ 5 (0'18+0'5 l—(ﬁ)c“' ture. A soil may | 1 iffusiv-
w . y have a much greater thermal diffusiv
ity when frozen than when unfrozen because of two
where 74 = dry unit weight of the soil factors: the higher thermal conductivity of the frozen
w = its water (or ice) content seil and the lower specific heat of the ice as compared
7, = unit weight of water. with liquid water.* In frozen soils, temperatures can
therefore change nuch more rapidly and to a greater
Based on these formulas for C and on the thermal con- extent than in unfrozen soils.t
ductivity data of Kersten (1949), Sanger (1968) pre- U— » o
. . .. * Ice has a thermal diffusivity about 8 times that of liquid water.
sented charts which give the thermal conductivity and ¥ It is important to bear in mind that two materizls may have very
volumetric heat capacity of frozen or unfrozen soils dissimilar thermal conductivities (e.g. soil and an insulator) but,
corresponding to a known moisture content (Fig. 2). at the same time, they may have very similar diffusivities.




1.2 IMPORTANCE OF
SOIL THERMAL PROPERTIES

Heat transfer in soils plays an important part in many
types of problems in such varied fields as engineering,
geophysics, meteorology and agriculture. An under-
standing of the thermal behavior of soil helps one deal
with these problems, and values of the soil’s thermal
properties are required for quantitative analysis.

Soil thermal conductivity is important in determin-
ing the effect of cold and frost on soil used as a founda-
tion material for roads, airfields, pipelines and buildings
in cold regions, Frost heave or thaw can lead to a seri-
ous loss of stability and cause damage. Calculations of
the depth of frost or thaw rely on reasonably accurate
values of thermal conductivity. in Sweden, for example,
the amount of soil cover required above water and drain
pipes may be thereby determined. In permafrost re-
gions the depth of thaw caused by a warm oil pipeline
can also be calculated from the soil thermal properties.

As Guymon and Luthin (1974) pointed out, the
thermal states of ice-rich permatrost soils are in a deli-
cate balance that may be easily disrupted by even slight
changes caused by man or nature. There are various
engineering and ecological implications of disturbing
the ground thermal regime in permafrost regions. 1f
the top organic layer of tundra soils is removed, a rapid
degradation of the underlying ice-rich permafrost takes
place (Linell 1973).

Certain engineering projects require artificial ground
freezing to get temporary stability and impermeability
prior to erecting permanent structures. Knowledge of
the soil’s thermal properties is needed to determine
the amount of heat that has to be removed and the rate
of frozen barrier establishment (Sanger 1968).

Knowledge of thermal properties is also of para-
mount importance in tackling the problem of heat ex-
change at the ground surface. Heat transfer influences
the temperature regimes near the surface in both the
upper soil layer and the lower air layer, affecting the
entire biosphere (De Vries 1974). Soil thermal behavior
is thus of great importance in microclimatological re-
search and in agriculture. According to Winterkorn
(1964) understanding ot the behavior of moist soil
that is subject to thermal gradients is of considerable
importance in understanding the role of water in living
biological systems. Szent-Gyorgyi (Low 1961) noted
that in biological materials water has greater order and
rigidity than it has in the free state. This orderly state
of water in living matter may be compared to the state
of the adsorbed water layers in soils (unfrozen or
frozen).

Studies of temperatures and heat flow in the ground
have a long history {e.g. Lachenbruch 1959). In geo-
physics. it is important to know the amount of heat

flowing upwards from the interior of the earth. This may
be determined fiom temperature measurements if the
thermal conductivity of the soii is known, using the lin-
ear steady-state equation

_ 3T
""‘(az)

where 8779z is the temperature gradient in the vertical
direction.

The depth of heat penetration into the soil and the
amplitude of the daily and seasonal temperature varia-
tions are influenced by the soil’s thermal propertics.
‘The diurnal penetration is on the order of 0.3-0.8 m,
while the annual penetration of the temperature wave
may be about 10 m.

Another situation where soil thermal properties are
important is the case of underground power cables. The
surrounding soil or backfill material must have a suffi-
ciently high thermal conductivity to transfer the gener-
ated heat away so that the cable does not overheat.
Moisture can migrate away from the cable and cause a
serious problem because it leads to a lowering of the
thermal conductivity of the soil adjacent to the cable.

On the other hand, the heat losses from underground
steam and hot water pipes need to be minimized. This
requires a surrounding soil of low thermal conductivity.
Such insulating properties are also required where the
soil is to provide a shelter from the effects of nuclear
expiosions or to dissipate the effect of very hoi radio-
active fuel capsules which may reenter the atmosphere
from space and penetrate the soil (Flynn and Watson
1969).

1.3 SCOPE AND PURPOSE
OF THIS MONOGRAPH

This monograph secks to describe the thermal proper-
ties of soils in a detailed and systematic manner. The
factors which influence these properties are elucidated
and discussed and the effects of these factors on the
various propertics are shown. Chapter 3 describes the
various mechanisms of heat transfer which possibly occur
in soils. The effects of soil composition, structure and
volumetric factors are described in Chapter 3. A very
important and complex constituent of soil is water
which exists in several phases and conditions. 1Its effect
on the thermal properties is detailed in Chapter 4, in-
cluding a discussion of the consequeices of water mi-
gration. Chapter 5 considers further influences orn soil
thermal properties, such.as temperature, salts, ions,
additives and hysteresis. The methods of measuring

soil thermal conductivity arc described in Chapter
6.




Chapter 7 describes the available methods for cal-
culating the thermal conductivity of a soil. This chap-
ter also gives the main conclusicns from a detailed
evaluation of these methiods (Farouki, in press). On
the basis of a comparison of the methods and their pre-

dictions with experimental data obtained on soils of
known composition, recommendations are made of the
method or methods to apply to soils of different types,
frozen or unfrozen, ranging from dry to saturated.




CHAPTER 2. MECHANISMS OF
HEAT TRANSFER IN SOILS

The thermal conductivity of s soil is the rate at
which heat energy flows across a unit area of the soil
due to a unit temperature gradier:it. While the flow of
heat by conduction is the predominating mechanism,
all possible mechanisms are employed for the flow of
heat from warmer to cooler segions. The temperature
levels, in particular, as well as the soil composition
and structure affect the contribution of each possible
mechanism to heat transfer. Figure 3 shows the con-
ditions under which the various mechanisms may have
a signiticant influence in the field. This figure gives a
rough idea of their domains of influence as related to
suil texture and degree of saturation. It is evident that
un:der such conditions heat transfer by conduction is
the predominating mechanism.

Convection and radiation generally have refatively
small or negligible effects but they may have a notice-
able influence in certain situations. To account for
conduction, convection and radiation in soil pores, one
effective parameter may be used (Martynov 1959),

Water phase changes in soils and their associated
energy may have a significant effect on the heat trans-
fer process. In unsaturated soils moisture may migrate
by a process of evaporation followed by vapor diffu-
sion and subsequent condensation at another place,
thus leading to heat transfer. Freezing of water or
melting of ice within soils may also produce significant
latent heat effects.

In many situations the transfer of moisture and
heat occurs simultaneously and inseparably. Such
combined transfer of heat and moisture is treated in
Sections 4.3 and 4.4, but as De Vries (1974, p. 5)
stated: **the main unsolved problems in the ficld of
soil heat transfer are connected with the combined
transfer of heat and moisture in soils.” The effects of
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104 103
dio. Equivalent Diameter (m)

water migration on soil thermal properties are described
in detail in Chapter 4. This includes a consideration of
the migration of water to the freezing front as well as
water movement in warm soils due to a temperature
gradient. Just as with heat transfer, nature employs
every mechanism possible for moisture movement but
10 different extents for different soils and soil condi-
tions (Winterkorn 1960b).

Theoretical studies of heat transfer in soils generally
consider the soil to be homogeneous and assume that
all processes of heat transfer take place uniformly
throughout the porous medium (e.g. see De Vries 1958),
In reality, of course, vapor transfer or air convection
take place only in the air-filled pore space a:ad liquid
movement only in the water-filled pore space, while
evaporation or condensation are associated with the
water/air interfaces. However, one must necessarily
take a macroscopic view in a theoretical derivation and
consider a “unit cell” of :he soil that is large enough
to contain a representative sample of the soil constituents.

2.1 HEAT CONDUCTION

Heat conduction occurs in all the soil constituents,
i.e. in the soil solids, the water (liquid, vapor or ice) an¢
the pore air. Conduction operates in air o1 water vapor
by a process of collision between the molecules and a
consequent increase in their mean Kinetic energy as
heat passes from warmer to cooler segions. A similar
mechanism is partly responsible for heat conduction
in liquid water; however, energy transfer by breaking
and making hydrogen bonds in water also appears to <
contribute to conduction. The behavior of liquid water
lies between that of gases, with their random molecular

Figure 3. Regions of predominant influence of
the various heat transfer mechanisms in relation
to soil grain size and degree of saturation. Ex-
pected variations in degree of saturation under
field conditions lie within region bounded by
dashed lines (after Johansen 1975). 1 -thermat
redistribution of moisture, 2—vapor diffusion duc to

moisture gradients, 3—free convection in water, 4 free
convection in air, 5—heat radiation.

-




motion, and that of crystals, with their orderly lattice
arrangement. The flow of heat in crysialline solids,
such as quartz, may be visualized as occurring by in-
creased atomic vibrations at one end causing the ne;gh-
boring atoms in the lattice to {ollow suit as if these
atoms were linked together by springs.

The thermal conductivity of soil solids and its vari-
ation with temperature are considered in Section 5.1.
Ice has a theymal conductivity aiout four times that of
ordinary liquid water. The thermal cunrductivity of
oriented water is likely -to be greater than that of free
water.* leat conduction through air is relatively un-
important but its effect may be included in the methods
of calculating soil thermal conductivity (see Chapter 7).
The amount of heat transferred by true conduction in-
creases as the soil dry density increases and as its de-
gree of saturation increases.

- Heat being conducted through soil will take all
available paths. Paths through contacting solid grains
genierally provide the major part of heat conductive

* transfer but contact resistance may exist. Other paths
consist of portions of solid grains and fluid-filled pore
spaces in series or solely of fluid-filled spaces. Chapter
7 describes how these considerations have been taken
into account in developing equations for the thermal
conductivity of soils, Contacts and interfacial effects
come into play and limit the heat conducted (described
in Section 3.1).

There is a contact resistance that gives a sudden dis-
continuity in the heat flow at the boundary surface be-
tween a gas and a solid or liquid (e.g. De Vries 1952a).
Considering two parallel flat plates with air in between,
strch discontinuities effectively reduce the temperature
gradient across them, with a consequent reduction in
the heat flux. Similar effects may be expected to occur
in the pore spaces of soils.

2.2 CONVECTION

2.2.1 Free convection

Free cenvection is a mass transport phenomenon re-
sulting from temperature gradients. It is caused in fluids
by changes in density with temperature. At the higher
temperatures the density of the fluid is lower, resulting
in an upward displacement. The fluid carries its heat
with it and creates a flow pattern that is often charac-
terized by polygonal cells. The process of free convec-
tion thus causes mixing cur-ents which facilitate heat
exchange by conduction.

The effective thermal conductivity of a fluid is in-
creased by the contribution to heat transfer of what

* Sections 4.2.2 and 5.1.2 suggest that the thermal conductivity
of the adsorbed water layer may even be greater than the ther-
mal conductivity of ice.

has been called *“lateral mixing,” “dispersien” or
“turbulent diffusion.” This contribution is proportion-
al to the fluid velocity, its volumetric specific heat, and
the average soil particle diameter. These three quantities
are incorporated in a iondimensional Péclet number
(Yagi and Kunii 1957).

In soils, convection through air or water is usually
negligible. The pores must be several millimeters across
for natural convective transfer to become apparent*
{Fig. 3 shows the conditions that may give rise to sig-.
nificant free convection effec*<). Soils with grain sizes
smaller than sand are usually ruled out. However,
Martynov (1959) mentioned the case of an unusually
deep (10 m) seasonal freezing because of convection
in air masses residing in ground fissures. He also noted
that heat transfer by convection™ increases rapidly with
an increase in soil pore diameter above a few millimeters,
with an increase in ground temperature above 30°C,
and with an increase in temperature gradient above
about 1°Cfem. Under natural conditions, the tempera-
ture gradient in the vertical direction is less than 1°C/f
cm, being usually in the range 0.01 to 0.1°C/cm.

De Vries (1952a) reported experiments with steel or
glass spheres in which the measured thermal conductivity
increased as the temperature difference increased. This
effect was attributed to air convection, which increased
with increased air pressure and with larger void spaces.
Measurable convection effects also occurrad in water-
saturated sand. For particles less than 1 to 2 mm in size
the influence of convection was generally very small.

In a given porous material filled with a fluid, there
is a critical temperature gradient above which convec-
tion occurs. When this value is exceeded, the heat trans-
port increases in proportion to the square of the temper-
ature gradient. A dimensionless group of parameters,
the Rayleigh number R, has been tound to be a signifi-
cant criterion for porous layers containing fluids (Johan-
sen 1975). The Rayleigh number is

R, - (AT)aghK

av

where AT = temperature diifeicnce across the layer
h = thickness of the layer
a = coefficient of expansion of the fluid
v = kinematic viscosity of the fluid
a = thermal diffusivity of the fluid
K = permeability of the porous material
£ = gravitational acceleration

* More than 8 mm in porous insulators according to Russell
(1935). The action of porous insulatars in limiting heat flow is
known to be due in large measure to their small pores (““cells’’)
which contain air that is practically stationary. Convection cur-
rents are thereby almost eliminated.

1 The same applies to transfer by radiation.




Table 1. Experiments with free convection in crushed rocks.
Upward heat flow with upper surface exposed (after Johansen

1975).

Temperarure Mean

difference AT temperatare Rayleigh

Experiment ro) °c

Effective thermal
conductivity k
(WimK)

4
number R,

2.6 5.8
4.7 3.3
9.0 -5.§
1.5 -13.4
19.0 ~28.5

0.50
0.46

8.26
15.82
31.99 0.55
44.72 0.79
87.40 1.13

If the thickness of the layer & is larger, a smaller tem-
perature difference (AT will provide the same value
of R;. This means that the critical temperature gradi-
ent js smaller.

The contribution of convection to the fluid ther-
mal conductivity gives rise to the effective thermal
conductivity k. When this is averaged over an area,
it is found to increase in direct proportion to the Ray-
leigh number R,. The ratio between the effective con-
ductivity and the conductivity without convection cor-
responds to the Nusselt number Nu* which may be ex-
pressed in terms of R,.

Johansen (1975) experimentaily determined the
effect of free convection on heat transfer in dry crushed
rock (particle sizes in the range from 2-8 ¢cm). Table 1
shows the increase in &, as the temperature difference
(AT) increases during heat flow upward toward an ex-
posed surface. Under field conditions in Norway, tem-
perature differences above the critical limit exist only
during a short period in midwinter. At this time there
may be appreciable heat loss from the underlying soil
upwards through a rock fill; however, temperature dif-
ferences across the fill soon tend to decrease below the
critical valuc.

Considering air moverment through a rockfill dam,
Mukhe'dinov (1969) assumed that the conductive com-
ponent (in the direction of air movement) is small com-
pared to the convective heat transfer. The coefficient
of heat exchange between the air and the contact points
of the fill was found to be directly proportional to the
Nusselt number. Separate, closed air streams formed
in the downstream shoulder of the rockfill dam and
heat was transferred between these individual streams
by conduction only, not by convection.

Later Mukhetdinov (1971) did a theoretical study
of the effect of naturai coavection on the thermal re-
gime of the downstream shoulder of a rockfill dam

* Nu expresses the ratio of the temperature gradient at the sur-
face to the average temperature gradient in the fluid.

with a vertical temperatur= gradient. Air movement
took place at a certain critical temperature difference,
and laminar, transitional and turbulent regimes oc-
curred, depending on the Reynolds number. The cal-
culated results and field observations we.e found to
be in close agrecment.

When a porous material is saturated with water, free
convection starts at significantly lower temperature
gradients (as compared with the dry material) and it
can occur in material with a smaller average grain size.
Johansen (1975) found that for a layer of water-saturated
gravel,* 1 m thick, the critical temperature difference is
7.3°C for an avc "z ze temperature of 20°C. However,
such temperature differences usually occur only in win-
ter when the temperature is too low for convection to
take place in the water.

2.2.2 Forced convection

Forced convection results when currents of air or
water are forced to move through the pores of soils or
rocks by pressure differences. One example of a forced
convection effect in the field is groundwater flow.
Groundwater flow is usually nearly perpendicular to
the direction of heat flow and it increases heat transfer
by dispersion effects. Such convection effects are usu-
ally slight in sandy soils, but in very coarse sands they
may cause the therm:al conductivity to increase by as
much as 20% (Johansen 1975).

Adivarahan et al. (1962) performed laboratory ex-
periments on porous rocks in which fluidst were caused
to flow. The moving fluid contribution to heat transfer
was found to be a function of the Péclet number. This
number incorporates the fluid velocity, which if in-
creased, causes an increase in the effective thermal con-
ductivity as a result of fluid mixing. It seemed that
some mixing occurred even at mass velocities near zero.
There also appeared to be no sharp boundary between

® Having d,, size of 1 mm.
T The fluids uscd were nitrogen, carbon dioxide an 1 helium gases
and a salt solution.




streamline and turbulent flow in poious rocks. As in
the case of packed beds of unconsolidated particles,

it was expected that there is a certain fluid velocity
that would give rise to the full etfect of mixing in the
pores. A greater veloci* would not increase the cffec-
tive thermal conductivity any further,

In the field, forced convection may have an im-
portant heat transter effect on exposed fill as the re-
sult of wind action. Such a situation was studied in
the laboratory by Johansen (1975), who determined
the effect of forced wind flow over the surface of a
bed of ¢rushed dry rock about 50 ¢m thick. The air
temperature was higher than the temperature of this
fill so that the heat flowed downward. Temperatures
were measured at various points in the fill and the heat
flow was monitored with gauges. Even small wind
velocities resulted in large changes in the temperature
distribution as the air penetrated the fill. The effec-
tive thermal conductivity of this fill more than
tripled--from 0.45 to 1,46 W/m K. Johansen noted
that such a mechanism can result in an extremely
heavy heat loss by the ground during cold periods
when there is no snow cover. (The term *“‘advection”
is sometimes used to signify the heat transfer caused
by the mass flow of outside agents such as water seep-
ing through sands or air blowing through the pores of
soil.)

2.2.3 Convection and thawing

Martynov (1959) pointed out the need for further
study of the convective mechanisms of heat transfer
in freezing and thawing soils, but Nixon (1975) found
that convective heat transfer played a very minor role
in determining the rate of thaw. However, because of
its energy requirement melting retards the rate of heat
transfer, leading to a decrease in the heat transfer coet-
ficient (Tien and Yen 1965).

2.3 RADIATION

Radiation occurs across air spaces (or within a trans-
parent medium) by heat energy propagation as electro-
magnetic waves. The temperature of the radiating body
is the most important factor, the tlow of heat being
proportienal to the fourth power of the absolute tem-
perature. ln soils, radiation usually makes a negligible
contribution to heat transfer. Its etfect in sand is less
than 1% of the overall heat transfer at normal atmo-
spheric temperatures. Figure 3 shows the region of
significant radiation influence on heat transfer. The
boundary of this region corresponds to a contribution
of about 5%. The effect is particularly noticeable for

using a particle size of 20 mny, showed that the effect
of radiation could amount to 107 of total heat transfer
at normal temperatures. Thus radiation can play a sig-
nificant part in heat transfer in dry coarse crushed-
stune materials.

According to Van Rooyen and Winterkorn (1957),
Nusselt derived an equation for the thermal conductiv-
ity k of a fissured body, taking the cffect of radiation
into account:

Lytl,
I

o +4073
“a
where k, and A = thermal conductivities of the air and
sulids respectively
T = absolute temperature
o = radiation constant* in Stetan’s Law.

He considered this body to consist of a series of parallel
solid plates of thickness L separated by air layers of
thickness L, with heat {lowing across them (Fig. 4).
Nusselt’s equation was applied by Van Rooyen and
Winterkorn (1957) to calculate the thermal conductiv-
ity of dry soils; however, vai.:es so obtained were cbout
one-fitth of measured values.

Van der Held (1952) noted that thermal conductivi-
ties of porcus materials measured by a transient meth-
od were higher than those obtained by a steady state
method. He attributed the difference to variations in
the contribution of radiation to the heat transfer.

This radiation contribution was found to increase lin-

carly with increasing thickness oi the specimen used in
the steady state method (Van der Held 1955). Wood-
side (1958) also observed the influence of radiative

Heat Flow
—
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Figure 4. Nusselt's model of heat

Jlow in a fissured body (ufter Van
Rooven and Winterkorn 1957).

ncarly dry gravel-size material. Wakao and Kato (1969)» * The commonly used value for o in this equation is 4.96X 10™®

ergfem’® s (Van Rooyen and Winterkorn 1957).




heat transter on the thermal conductivity of dry silica
aerogel that was measured under transient conditions.
Measurements of the thermal conductivity of dry
sands with the (steady state) guz-ded hot plate meth-
od also appear to point to possibly appreciable radia-
tive heat transfer effects which decreasc with decreas-
ing temperature (see Scction 6.3.2).

2.4 EVAPORATION-CONDENSATION
PROCESS

In unsaturated soils, increased temperature at cer-
tain locations causes the water to evaporate, absorbing
a latent heat of vaporization of 586 cal/g (at 20°C)
(see Table 3 for values of this latent heat at different
temperatures). Consequently the local vapor pressure
increases and the water vapor diffuses through the in-
terconnected pores to regions of lower vapor pressure,
the diffusion coefficient depending on temperature
(see Table 9). It mray then condense at such locations,
giving up its Jatent heat. By this process, and because
of the high latent heat of evaporation of water, a sig-

nificant amount of heat may be transferred. An expres.

sion for the consequent contribution to the effective
thermal conductivity of the pore air is given in Section
4.3.1. This contribution increases rapidly with tem-
perature so that at 60°C it becomes equal to the ther-
mal conductivity of water (Fig. 91). A detailed discus-
sion of vapor transfer and its effects is provided in Sec-
tion 4.3.1.

Figure 3 gives a rough indication of the condition
under which the process of evaporation-condensation
may have an appreciable effect (Region 1).

For soil under field conditions, Hadas (1977) sug-
gested two possible mechanisms for increasing the ef-
fective vapor diftusivity coefficient. The first results
from daily reversals of the thermal gradient, giving
rise to free convection within the air-filled pores of
the soil and its root channels. The second is due to air
turbulence at the soil surface which also increases the
effective vapor diffusivity. These mechanisms, which
are not taken into account by the Philip and De Vries
(1957) model (see Section 4.3), give rise to a “mass
transport enhancement factor” which causes an ap,.- -
ciable increase in the thermal conductivity as com-
pared with the value obtained from this model.

Jones and Kohnke (1952) showed that vapor trans-
fer is regulated by the volume of unsaturated pore
spaces. The influence of water vapor diffusion in-
creases as the dry density of the medium decreases
because more pore space becomes available tor the
process. At low densities, like those of snow (0.10-
0.60 g/cm*), water vapor diffusion has a considerable
effect on the rate of temperature propagation (Yen
1966).
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2.5 OTHER EFFECTS ON
SOIL HEAT TRANSFER

2.5.1 Properties and structure
of water

As the conditions and circumnstances in soil vary, the
properties of its water change. Changes may also occur
in the structural configuration formed by this water.
Such variations in properties or structure imply absorp-
tion or release of heat energy, thus contributing inevit-
ably to heat transfer effects. For example, oriented
water has a certain structure and a lower specific heat
than ordinary water, which consequently gives rise to
the heat of wetting. In frozen soils a “boundary phase™
of unfrozen water exists that has peculiar properties
and is of great importance. Chapter 4 contains a detailed
discussion of the properties of water and their effects on
soil thermal behavior.

It is interesting to note that viscous flow, dipole
orientation and self-diffusion of water all require nearly
the same activation energy. This suggests that all three
of these processes involve essentially the same activation
mechanism.

2.5.2 Exchange ions

The presence and type of exchange ions in frozen
soils have certain effects on heat exchange. In winter
monovalent cations enter the adsorption complex of
the soil mineral particles, with consequent heat libera-
tion (Tsytovich et al. 1959). In summer, however,
multivalent cations take part in the base exchange pro-
cess with absorption of heat.

2.5.3 Freezing or thawing

As Martynov (1959) noted, the freczing and thaw-
ing processes cause a great deal of heat transfer in the
“phase transition zone” of field soils. The result is
that the effective heat capacity is many times greater
than the true heat capacity.

The processes of freezing and thawing of soils are
retarded by latent heat effects. During freezing, heat
must be removed from the water to forni ice. In the
case of fine soils, freczing occurs over a certain tempera-
ture range that extends several degrees below 0°C, and
some unfrozen water may remain until quite low tem-
peratures are encountered. The gradual freezing and
release of latent heat may be taken into account in the
following expression for the apparent specific heat of
the freezing soil (Johansen 1975):

dw,
cte w te,(w-w, )+ L 37

where ¢, ¢, ¢; = mass specific heats of the solids,
water and ice respectively
w = total moisture content (fractional)




w,, = unfrozen water content (as a fraction by
weight of dry soil)
L = latent heat of freezing of water
T = gbsolute temperature,

This apparent specific heat is strongly dependent on
temperature, It may be noted that Johansen’s expres-
sion assumes that the specific heat of the unfrozen
water is the same as that of ordinary water; this is
questionable,

2.54 Ice movement

For frozen soils, Miller et al. (1975) postulated a
mechanism of series-parallel ice movement involving
the unfrozen water films, Due to liberation or absorp-
tion of latent heat, transfer of heat occurs but in the
opposite direction to the ice movement (sre Section
44).




CHAPTER 3. THE EFFECT OF COMPOSITIONAL
VOLUMETRIC AND OTHER STRUCTURAL FACTORS
ON THE THERMAL PROPERTIES OF SOILS

Soils consist of solid particles surrounding pore
spaces which contain water and usually air. The
solid particles may be composed of one or more min-
erals, such as quartz or montmorillonite, or they may
consist of organic material, as in peat. Water may oc-
cur as vapor in the pore air, as ordinary water in the
liquid phase above 0°C, or as ice below 0°C; unfrozen
water may also be present below 0°C.

The soil “*structure” or packing is important be-
cause it implies a certain arrangement of the solid pri-
niary or secondary particles, with respect to each
other, and a certain orientation with respect to the
direction of the heat flow or the impused temperature
gradient. The fiaer colloidal grains in natural soils are
usually aggregated into larger secondary units of differ-
ent shapes and sizes. Micropores exist between the
primary particles and macropores between the larger
secondary aggregates. These structural factors, which
may considerably influence heat transfer, are described
in Section 3.1..

Other important structural factors influencing the
effective thermal conductivity of a soil are the number
and nature of the contacts between the soil particles
themselves and the effect on these contacts of the
other soil components, particularly water. This is be-
cause most of the heat transfer occurs across these
contact points or areas, particularly in the case of dry
or nearly dry soils. If the solid grains are cemented
together, e.g. by a clay or other binder, the thermal
contact is much improved, as seen in Section 3.1.

Various changes in soil structure, and therefore in
density or porosity, may occur naturally. Drying of
cohesive soil leads to shrinkage and consequent fissur-
ing, while water intake leads to swelling. The processes
of freezing and thawing similarly lead to excessive com-
positional and structural changes, with consequent

changes in the soil’s thermal conductivity. These vari-
ous structural effects are also described in Sectien 3.1.
Further structural effects, and the influence of tempera-
ture on them, are described in Chapter 3.

The thermal conductivities of some of the imporiant
soil components are given in Table 2. They vary greatly.
Quartz has the greatest thermal coriductivity and air
the least, their ratio being about 350:1. Therefore, the
volumetric proportions of the various soil componcits
will influence the effective thermal conductivity of the
soil. Section 3.2 considers the effect of the volumetric
ratios of the compornents. The effect of the amount
and nature of water is described in detail in Chapter 4.

The porosity of a svil has a strong influcnce on its
thermal conductivity. The dry density Y4 of asoil is
related to its porosity n (expressed as a fraction) by

Yq = (1 -n)y,

where ¥, is the unit weight of the solid grains. Anin-
crease in the porosity means a decrease in the dry
deunsity and more space between the solid particles.

In the case of dry soils this means more air is present
and hence a lower thermal conductivity, especially if
the air is still. *Vhen the soil is saturated with water,
a larger porusity gives a lower thermal conductivity
only if the soil grains possess a higher thermal conzuc-
tivity than the water. The relationships betwezq ther-
mal conductivity and dry density or porosity in vari-
ous circumstances are described in Section 3.3.

The pose spaces in soils are avaijlable for movement
of air, water vapor and liquid water, the result being
the transfer of both mass and heat. Chapter 4 considers
water migration in detail but the specitic effects of
porosity on mass transfer are considered in Section
34.

Table 2. Thermal properties of soil constituents at 20°C and I atm (after Van Wijk

1963).

_ Specific
Density  heat

Material

Vol heat
capacity
[of

Thennal
Thermal conductivity diffusivity
k

F [ o
(glem®) (callg°C) (caljem® °C) [IG™ calfem s°C] (WimK) (107 cm?[s)

Quartz 2.65 0.175 0.46
Many soil minerals® 2.65 0.175 0.46
Soil organic matter® 1.3 0.46 0.60
Water 1.00 1.00 1.00
Ar 0.0012 0.24

0.00029

20 8.4 43
7 2.9 15
0.6 0.25 1.0
1.42 [1X] 1.42
0.062 0.026 0.21

* Approximate average values.




3.1 COMPOSITION AND OTHER
STRUCTURAL FACTORS

3.1.1 Packing, porosity and structure

A s0il possesses a certzin distribution of grain sizes
and shapes which determines its density, porosity and
pore size distribution. These properties, in turn, di-
rectly affect the soil’s thermal conductivity, Naturally
occurring soils may be conveniently and usefully sub-
divided into those which contain a granular contacting
skeleton (i.e. framework) and those which do not.
The former are coarse-grained soils with solid-to-solid
contact which contain a small proportion of fines
that does not interfere with the packing of the granu-
lar tramewoik. The latter include the fine-grained,
sift-clay soils which have water films between the
particles, although they may contaiit some pockets of
coarse granular materials, The behavior of these two
classes of soils, with respect to heat transfer, is essen-
tially different. Some natural soils may consist of a
mixture of these two classes and have intermediate
properties. A comprehensive description of packing
and structure is given by Winterkorn and Fang (1975).

Soils with a granular contacting skeleton may have
their grains packed together in numerous ways. For
an ideal material made up of spherical grains of uni-
form size, the cubic packing gives a coordination num-
ber of 6 (the number of contact points around each
sphere) and a porosity of 47.6%. The densest condi-
tion is obtained with the rhombohedral packing,
which has a coordination number of 12 and a porosity
of 26.0%. Smith et al. (1929) determined experiment-
ally the coordination numbers in a well-packed aggre-
gate of lead shot for various porosities. They found
that

107
1-n

N=265-

where A is the average coordination number at a por-
osity of n. The coordination number is important be-
cause it gives the number of solid-to-solid contacts
across which heat transfer can occur between the
grains. A decrease in the porosity leads to more con-
tact points and therefore better heat transfer.

A natural material consisting of grains of uniform
size may be treated as being composed of separate
clusters of rhombohedral or cubic arrangements
whose ratio to each other gives the observed porosity
of the material (Smith et al. 1929). For natural
coarse soils, Kolbuszewski (1965) showed by means
of photographs that packings of sands consist of a
mixture of orderly packed zones (thombohedral or
cubic) with disorderly packed zones between. Kunii
and Smith (1960) regarded a given packing as a com-

bination of the cubic and rhombohedral states that
gave an intermediate porosity. They obtained an inter-
polated number of contact points that was used in de-
riving an expression for the effective thermal conduc-
tivity of the granular soil (described in Section 7.8).

If smaller grains are added to 3 uniformsized mate-
rial, they will tend to fill the voids between the larger
grains, thus providing more solid matter per unit vol-
ume. However, some of the smaller grains may inter-
fere with the packing of the larger grains by pushing
them apart. This effect becomes greater as the size
ratio approaches unity (Furnas 1931). The data of
Furnas have heen interpreted by Winterkorn (1977)
to show these volume relationships in binary mixtures
(Fig. 5). The smaller particles can interfere with the
packing of the larger particles, causing a reduction from
50-25% in the volume occupied by the latter, whereas
the volume occupied by the smaller particles increases
by only a small percentage (from about 22-265% of the
total volume of the mixture). The result is an incy ase
in the porosity of the mixture.

With a wide size range and a continuous grading of
grain sizes, a lower porosity and a denser mix may be
obtained (this may be determined from the Fuller grada-
tion curves). The dry density and the number of contact
points per unit volume are thereby increased. The oppo-
site of this is an open-graded material, which shows a
smaller thermal conductivity (McGaw 1977). The de-
viation of particle shape from spherical affects the

80,

Small Particies

Partial Volume as Percent of Mixture Volume

02 04
Size Ratic (small o large particies)

Figure 5. Volume relationships in binary mix-
tures giving minimum voids. Data aalculated by
Winterkorn (1977) from test results of Fionas (1931).
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Figure 6. Shapes of air gaps in
some common soil structures.
Heat flow is from bottom o top
fafter Simth 1942),

packing characteristics. Flat, angular particles may be
fitted closer together to obtain denser packings as, for
instance, by mechanical vibration.

The grains’ chemical composition, surface charac-
teristics and shape may have important effects on heat
transfer. Chemical composition determines the intrin-
sic thermal conductivity, which is covered in Section
3.2 and in Section 5.1, where the influence of tempera-
ture is considered. The thermal conductivity of rock-
forming minerals increzses with their density (Horai
1971). Dry soils in particular show appreciable varia-
tion in their thermal conductivity, depending upon
whether they are composed of natural, rounded grains
or angular grains with fresh surfaces obtained by crush-
ing rock (see Section 3.3.2).

Natural fine-grained soils do not possess a granular
contacting skeleton. These cohesive soils generally
consist of small or large aggregations of particles
which reflect the history of the soil. The aggregate
may be platy, blocky, prismatic or granular, as illus-
trated in Figure 6, and results from a coherent soil
mass splitting up into crumbs. Aggregation means an
increased proportion of macropores relative to micro-
pores; the density of the aggregates is greater than the
soil’s overall density. Smith (1942) noted that a soil
with a blocky structure has fewer ajr gaps and there-
fore offers less thermal resistance than a soil with a
granular or platy structure. If a structured soil is dis-
turbed and finely fragmented, then more gaps are in-
troduced, the thermal resistance increases, and the
thermal conductivity decreases significantly. This was
confirmed experimentally by Smith (1942). It is
therefore important when testing soils to report whether
the thermal conductivity values apply 1o the undisturbed
or remolded condition.

3.1.2 Effects of grain and pore size
and of soil structure

The grain size distribution of a soil implies a certain
pore size distribution which determines the | armeabil-
ity of the soil. Winterkorn (1967) expressed the per-
meability K as a function of the soil porosity n and its
internal surface area per unit volume S by the equation

K =Dn(n/s)?

in which D is a constant, dependent on the viscosity

of the water. The permeability is proportional to the
cube of the porosity and inversely proportional to the
square of the specific surface area (measurable by the
ethylene-glycol retention method). As the grain size
decreases, the specific surface area increases rapidly,
leading to a substantial decrease in the permeability
and an increase in the number of capillaries per unit
volume. As the particle and capillary size decrease,

the role of the adsorbed water layers increases since
they acquire thickness of a similar order of magnitude
as the pore dimensions. During the frcezing process,
smaller capillaries mean a sharp increase in the curva-
ture of the water/ice interface. The radius of the water/
ice interface may be related to the particle size distri-
bution on the basis of various assumptions (Sutherland
and Gaskin 1973). The temperature of pore ice nuclea-
tion decreases appreciably as the pore size decreases be-
cause the smaller pore size implies a decreased distance
from the solid surfaces (Martin 1959).

An increase in density of a fine-grained soil (at a
constant moisture content) means that, on the average,
water is held more tightly. There is an increase in the
fraction of water (per unit pore space) that is close to
the solid interfaces and is appreciably influenced by
them.

Grain size distribution has been used as a basis for
determining frost susceptibility criteria. For example,
according to the Casagrande classification, soils having
more than 3% of their particles finer than 0.02 mm
could be frost-susceptible. Silt soils are especially so,
while the finer clay soils have too low a permeability
to allow appreciable moisture migration, in spite of
their high suction. The permeability of the main soil
types, as related to suction, is shown in Figure 7. The
range in grain size is also important since a well-graded
soil has some small channels that are characteristic
of its fines content (Linell and Kaplar 1959). But for
uniform sandy soils the Casagrande criterion for frost
susceptibility is raised from the 3% value for 2-um
fines to 10%.

The frost heave of compacted silty soils was related
by Reed (1977) to their pore size distribution (measured
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Figure 7. Effect of water tension on soil

permeability (after Martin 1959).

by mercury intrusion tests). According to Csathy and
Townsend (1962) the distribution of pore sizes is bet-
ter than the grain size distribution as a criterion for
determining frost susceptibility. They used the capil-
lary rise test to determine the pore size distribution of
subgrade soils. However, Gaskin and Raymond {1973)
criticized this slow test and, on the basis of faster meth-
ods, concluded that there was no advantage in using
pore size distribution as the criterion.

Soil structure in the freezing zone, as well as the
number and size of pores and capillaries, significantly
affects the nature and intensity of moisture migration
during the freezing process. Controlled Soviet field
tests showed that when the natural structure of a soil
layer was disturbed and the soil then recompacted to
the same density, it showed significantly less heave
than the undisturbed svil in the control site (Tyutyunov
et al. 1973). In addition the number and thickness of
the horizontal interlayers of ice were found to be con-
siderably tewer in the disturbed soil. However, after
a period of time, the disturbed soil regained its second-
ary structure and showed hezve characteristics as be-
fore, similar to the undistuibed soil.

3.1.3 Contacts and binding effects

The importance of heat transter at the contacts or
interfaces between soil particles has been recognized
and stressed (Smith 1942, Martynov 1959, McGaw
1969, Baver ct al. 1972). This heat transfer determines

in arge measuse the overall thermal conductivity of the
soil. In an evacuated powder, for example, the effective
conduction occurring through the solids is approximately
equal to the contact conduction (Merrill 1968). Thus no
matter how high the intrinsic solid thermal conductivity,
the contact conduction, acting as the weakest link, will
be the major factor limiting the effective overall conduc-
tion (Farouki 1966). While this applies particularly to
dry scils and soils with low moisture contents, general
interfacial effects (i.e. solid/fliquid, solid/air and liquid/
air as well as solid/solid) maintain their importance to
heat transfer in all types and conditions of soils. In par-
ticular they affect the relationship between the thermal
conductivity of frozen and unfrozen soil.

A temperature discontinuity occurs at the interfaces
mentioned above and it is a major factor in the efficiency
of interfacial heat transfer. Heat transfer may be im-
proved by adsorbed films of water between crystals, as
maintained by Birch and Clark (1940) in their discussion
of crystals occurring in igneous rocks, or by an oxygen
bedding between soil particles as visualized by Winter-
korn (1960b). Winterkom suggested that oxygen mole-
cules adsorbed on the dry mineral surfaces form a con-
ductive bedding which has heat transfer properties simi-
lar to those of the svil minerals themselves. This simi-
larity may be attributed to the fact that volumetrically
the most important component of soil minerals is oxy-
gen, which represents 98.7% of the volume of quartz
and 87.2% of that of orthoclase (a granite feldspar).

Data on dry soil materials show that the thermal
conductivity of crushed rocks is appreciably greater
than that of natural soils having a similar mineralogi-
cal composition (Kersten 1949). Van Rooyen and
Winterkorn (1959) attributed this to better particle-to-
particle contact, possibly due to the different physico-
chemical properties of the fresh (crushed) material.

Both the Gemant and Kersten equations underpredict
the thermal conductivity of crushed stone (Moulton and
Dubbe 1968a, b). Johansen (1975) recognized this be-
havior and suggested the use of’ two equations to calcu-
late the thermal conductivities of dry granular mate-
rials. One equation is for natural sois; the second, for
crushed rocks, gives a higher thermal conductivity at

the same dry density (sce Section 7.11).

The importance of contact resistance was clearly
shown by the Jata of McGaw (1968), who micasured
the thermal conductivity of mixtures of Ottawa sand
and ice at 18°F. The addition of the sand caused a
drop in the thermal conductivity of the mixture in
spite of the fact that the sand had a thermal conduc-
tivity much higher than that of the ice it replaced
(Fig. 8). The conclusion was that the boundary be-
tween the sand and the ice had a high contact resistance.
It is here suggoested that if adsorbed water layers had
been present at such boundaries, as in fine soils, the
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Figure 8. Thermal conductivity of sand and ice mixtures as a func-
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Figure 9. Thermal conductivity of quartzitic granular mazerial
with kaolinite binder in the nearly dry state (after Farouki 1966).

trend of reduction in the thermal conductivity with
increased soil percentage might have been reversed.

The contact resistance measured by McGaw ap-
peared to be less at the slightly higher temperature of
23°F. The increase in contact conduction with in-
creased temperature over a much wider range of -73°C
to 152°C was shown by the data of Hubbard et al.
(1969), who found an increase in the effective ther-
mal conductivity of various powders tested under high
vacuum conditions.

Increased pressure also improves the thermal con-
ductivity as it leads to larger contact areas. Langseth
et al. (1973) measured an increase in the thermal con-
ductivity with depth in evacuated glass beads which
they attributed to greater contact areas as the compres-
sive stress between the beads increased. The increase
in contact area follows from the classical Hertz theory
of contact.

Winter and Saari (1968) noted that the contact re-
sistance between glass microbeads increased as the size
of the beads decreased and total contact area rose.

These beads were tested under high vacuum conditions
so that the results could be applied to lunar soil mate-
ria].

Small amounts of clay colloidal particles added to a
cohesionless granular material act as a binder and im-
prove the thermal conductivity (Van Rooyen and Win-
terkorn 1959). With kaolinite, about 8%: was found to
be the optimum, giving the highest value of thermal
conductivity (Farouki 1966). The effective tharmal
conductivity improved considerably in spite of the
much lower thermal conductivity of kaolinite as com-
pared with the quartz grains (Fig. 9). The kaolinite
was thought to improve the interfacial conduction
characteristics, especiaily in the nearly dry state. To-
gether with its associated adsorbed water films, the
kaolinite provided good thermal bridges amongst the
granular skeleton. The implications of Farouki’s data
were substantiated by the calculations of Moulton and
Dubbe (1968a, b) which showed that Kersten’s empiri-
cal equations underpredicted thermal conductivity
values by about 50% as compared with values deter-
mined from field temperature measurements.
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Figure 10, Comparison of thermal conductivity
data related to consolidated sandstone and un-
consolidated sand, saturated with water or air
(after Woodside and Messimer 1961).

Data trom Adivarahan et al. (1962) show that the
cementation of quartz particles, as in sandstone rock,
increases the thermal conductivity of the solids frame-
work by about five times. This eflect is particularly
important when the material is dry, as shown by the
data of Woodside and Messmer (1961) from a compari-
son of unconsolidated sand with consolidated sand-
stone (Fig. 10). This figure shows that the effect is
less important when the material is saturated with
water. One may conclude that the eftect of water in
improving heat transfer is similar to that of cementa-
tion. If oil is the saturant, however, a corresponding
improvement does not take place (Woodside and Mess-
imer 1961).

In the treezing of svil. ice cementation occurs and
the adhesive forces increase as the temperature decreas-
es (Tsytovich et al. 1957). This pussibly leads to better
interfacial heat transfer with a consequent increase in
the thermal conductivity of the tfrozen ground.

The heat transter in soils across the solid-to-solid
contact area may be expressed as a function of the
porusity of the soil (Masamune and Smith 1963,
Huang 1971). The number of interparticle contacts
per unit area ol cross section is indicative of the struc-
ture (Mitchell 1964).

Various attempts have been made to account for
some contact effects by deriving parameters and coef-
ficients for use in thermal conductivity equations for
soils. Kunii and Smith (1960) introduced parameters
to account for heat transter across contact surfaces be-
tween cemented or clogged particles. Masamune and
Swnith (1963) related the solid-to-solid contact heat
transfer to the area of contact and to the characteristics

of the surfaces of the particles, among other factors.
McGaw (1969) supposed that in general there is no
actual solid-to-solid contact, but that there is an inter-
facial fluid region in between. He introduced an inter-
facial efficiency as described in Section 7.10. Because
of their importance, futusc rescarch on interfacial ef-
fects is necessary.

When soils having a low degree of saturation freeze,
sone of the effective “bridge water™ at the contacts
between the grains goes to form ice in the pores. The
result is a decrease in the efficiency of thermal transfer
across the contacts, leading to a lower thermal conduc-
tivity for frozen soil as compared with the unfrozen
soil. These effects are described in detail in Section
42.2.

The unfrozen water content in frozen soils appears
to play an important role in improving the thermal
contact between the soil grains and ice. This effect is
discussed in Sections 4.2.2 and 4.2.3 where it is shown
that with decreasing temperature, and the consequent
drop in the unfrozen water content, there is a reduction
in the thermal conductivity of both frozen inorganic
and frozen peat soils. This reduction takes place in
spite of the increase in both the ice content and the in-
trinsic thermal conductivity of ice as the temperature
drops further below 0°C (see also Section 5.2).

3.1.4 Structure of frozen svil and
volumetric effects

When water crystallizes, its volume increases by about
9%. Therefore, when soil with a 90% or higher satura-
tion {reezes, the formed ice compresses the pore air or
pushes the soil matrix apart. Taylor and Luthin (1976)
take this into account in their thermal model of frozen
soil.

Major increases in soil volume occur because of the
freezing of water that has migrated to the freezing zone.
For silt soils that have access to an external water supply
and are subject to a slow freezing rate the increase in vol-
ume may be several times 10%.(samples of fine-grained
soils tested by Penner [1957] under controlled freezing
conditions showed heaves up to 50% after 3 days).

Clays may continue to show a volume increase as the
temperature drops to -30°C and lower. On the other
hand, the volume increase in sands is slight and is prac-
tically complete at -0.5 or -1°C; the sand’s porosity
increases only slightly.

The typical “frost texture™ is formed by a reconsti-
tution of the entire soil system with a change in its
thermophysical characteristics. The ice crystals gener-
ated first continue to grow, removing water from the
surrounding soil (Tsytovich et al. 1959). The growth
of a crystal is proportional to its area of contact with
the liquid water (Mariin 1959). Crystals that arc ori-
ented with their base planes more or less parallel to




the surface of ihe soil mass (i.e. to the isothermal sur-
face) continue to grow, Hence there is a tendency for
crystals to fuse into polycrystalline ice layers.

Depending on soil type, rate of cooling and access
to a water supply, three basic types of frozen soil
structure (or texture) result:

1. A homogeneous or “massive” texture where the
contained water freezes in situ with no ingress
of water. This texture results from rapid freez-
ing and the ice crystals are not visible to the
naked eye if the soil is fine.

. A layered texture consisting of more or less par-
allel, lens-shaped ice layers. These exhibit rhyth-
mic banding analogous to Liesegang rings (Mar-
tin 1959). The distance between consecutive
lenses increases with increasing depth (Palmer
1967). This texture results from a slower rate
of freezing, which gives a certain balanced condi-
tion of heat flow and moisture flow at the freez-
ing front (Section 4.4.3).

. A lattice texture which is mesh-like and very in-
homogeneous, and possesses irregularly oriented
ice crystals,

Among these three broad classifications there exist
varjous intermediate textures “forming a continuous
series of transitions™ (Tsytovich et al. 1959). A clas-
sification of frozen soils is given by Linell and Kaplar
(1966).

Ice interstratifications in frozen soil may differ in
direction, configuration and depth. In silts, the soil
layers between ice lenses are more uniform in thick-
ness than in clays (Penner 1963a). Removal of water
from adjoining soil by the growing ice crystals leads
to compression of the mineral layers, with shrinkage
that is particuiarly evident in clay soils (Tsytovich et
al. 1959). Uneven variations in volume cause pressures
which lead to crack formation.

Freezing of cohesive soils results in an increase in
particle size by agglomeration of tiie smalier aggregates
(Tyutyunov et al. 1973), particularly if soluble salts
are present (Tsytovich et al. 1959). Ice cements the
mineral particles together, causing a new type of bond
that increases in strength as the temperature decreases.
The permeability of soil decreases when it freezes. If
water is removed from below the freezing front, cracks
occur which subsequently fill with ice (Tsytovich et
al. 1959).

3.1.5 Structural effects in
the thawing process

On thawing, the soil structure created by freezing
remains stable to a certain extent. The destruction of
this structure is not spontaneous but occurs under the
influence of an external load (Tsytovich et al. 1959).
In particular, layered or latticed structure often pre-
serves the pockets, cracks and other cavities which

formed during freezing for a prolonged period. There-
fore, the permeability of the thawed soil is greater than
it was before freezing.

Some of the liquid water released by thawing rehy-
drates the particles and aggregates, causing them to
swell. Excess water moves downwards and to the sides
wherever possible. The net effect is usually a reduction
in the overall volume of the thawed soil, resuiting from
reduction in the size of the macropores as the ice with-
in them melts and the water drains away. Jump-type
changes occur in the soil porosity with the destruction
of the ice~<ement bonds (Tsytovich 1963).

A somewhat ditferent process takes place when fro-
zen clay soil of homogene.~us structure thaws, particu-
larly if it has a low degree of ice saturation. The struc-
tural properties after thawing remain essentially the
same as before (Bakulin et al. 1972).

3.1.6 Changes in the structure of soils

Changes in the structure of soils have important im-
plications with regard to their thermal properties and
behavior. Structural changes may occur by natural or
artificial means by:

1. The process of drying and wetting. In
cohesive soils, drying leads to shrinkage and
the formation of fissures which introduce ther-
mal resistance, while subsequent wetting causes
swelling. Alternate cycles of drying and wetting
lead to a loosening of the soil, and the forma-
tion of a honeycomb of shrinkage cracks. This
is particularly evident in clayey soils of high
plasticity. They torm large clods with vertical
fissures between them, the clods themselves
being subdivided into smaller aggregates.

2. Freezing and thawing. Cycles of freczing
and thawing disturb the natural structural bonds
in a soil, thereby adding thermal resistance. Dur-
ing freezing, desiccation occurs in both the freez-
ing zone and in the zone below it from which
water may be drawn. Thus for cohesive soils,
the soil structure resulting from successive cy-
cles of freezing and thawing is similar to that
resulting from cycles of drying and wetting
(Czeratzki and Frese 1958). The soil forms
aggregates with fissures between them. An
overall loosening of the soil occurs and both its
porosity and moisture content increase, with a
corresponding reduction in its dry unit weight.

3. Compaction or densification. The purpose
of compaction or densification is to produce a
better packed material with a greater dry unit’
weight and more and better contacts, thus lead-
ing to a higher thermal conductivity. In placing
the backfill soil around buried electric cables,
for instance, this is a necessary and important
procedure (Winterkorn 1958¢).




4. Fragmentation and remolding. Fine-
grained soil samples removed from the ficld for
laboratory testing are often fragmented and sub-
sequently remolded before placing in the testing
apparatus, Fragmentation of fine-grained soils
produces more air gaps and l2ads to a lower
thermal conductivity (Smith 1942, Pearce and
Gold 1959),

5. Flocculation and dispersion. Clay of
flocculated structure can easily be destroyed,
leading to marked property changes. The un-
disturbed tlocculated structure changes to one
in which the clay plateles: assume a parallel ar-
rangement, where the two long axes are normal
to the direction of heat flow. The thermal con-
ductivity across the planes of cleavage is 10
times smaller than that along these planes and
the effect of this anisotropy is a considerable
reduction in the thermal conductivity (Penner
1962) (see Section 5.7). Flocculated and dis-
persed structures are influenced by salts and
jons as explained in Section 5.3.

Structural changes in any of the ways listed above
(1-5) can lead to significant changes in the processes
of heat transfer and in the thermal properties of the
soil concerned. Whether the changes are positive or
negative depends on the principles outlined in this
chapter and in Chapters 4 and 5.

3.2 EFFECT OF THE VOLUMETRIC
RATIOS OF THE CONSTITUEMTS

The relative volume fractions occupied by the vari-
ous constituents of a soil influence the value of its ef-
fective thermal conductivity. Consider first the simple
case of a material with two components, such as a com-
pletely saturated or completely dry soil. The relation-
ship between the effective thermal conductivity of this
material and the volumetric ratio of the constituents,
X, /xg, is influenced by the ratio of the thermal conduc-
tivities of the two components k_/k,. (The volume
occupied by a component per unit total volume is de-
noted by x; the subscripts s and f refer to the solid
and fluid, respectively.) However, the effective ther-
mal conductivity is not completely determined by k,
k¢ and the volume fractions of the components. It
depends also on the spatial distribution of the com-
ponents relative to each other, i.e. on the microgeome-
try of the material or its structure.

An upper and a lower “bound” (or limit) can be set
up for the possible variations in the thermal conductiv-
ity of a macroscopically homogeneous and isotropic
two-phase material which is heterogeneous on a micro-
scopic scale. For a given volumetric ratio, the effect of

microstructure variation is represented by the differ-
ence between the upper and lower bounds. The simplest
bounds, sometimes called the Wiener bounds, are ob-
tained by imagining first that all the solid particles oc-
cur together in one rectangular block equal to their
total volume and all fluid particles occur in a sccond
similar block. These blocks are then arranged in paral-
lel with respect to the direction of the heat flow (Fig.
11a) and the upper bound is obtained, an arithmetic
mean corresponding to parallel maximum Jeat flow.
The effective thermal conductivity K is then given by

ke=xk +xcke.
Arranging the blocks in series (Fig. 11b) gives the

lower limit. This limit is now a harmonic mean and k,
is given by the equation

Heat Flow

Fluid
—(n) -

1
a. Parallei-fiow Model

Heot Flow

1

b.Series-flow Model

Figure 11. Idealized models
of heat flow through a unit
cube of soil {after McGaw
1969).
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Figure 12. Hashin-Shtrikmen bounds (shaded areas) for 1wo-component materials

as compared to the Wiener bounds at a set of thermal conductivity ratios (k [k

)

and as functions of porosity (after Johansen 1975),

which expresses the etfective thermal resistivity (the
reciprocal of the conductivity) as the sum of the in-
dividual block resistivitics. The Wiener bounds are
represented in Figure 12 as functions of porosity for
different k /k, ratios.

On the basis of variational principles, Hashin and
Shtrikman {1962) determined narrower bounds which
lie within the Wiener bounds (Fig. 12). thus allowing
more accurate estimation of the effective thermal
conductivity. The upper Hashin-Shtrikman bound is
given by

] I-xy
Kupper = ,‘S+'\f/(ks—k, T3k, )

and the lower bound by

1 i
"‘.lm\\-r = kf+(l —'\:f)/ (L_’.—_—k-f+ irf')
v s

Tiese Hashin-Shtrikman bounds represent extreme
variations of microgeometry at a fixed volume ratio.
The effective thermal conductivity &, may be taken
as the mean of the upper and lower bounds. As the
ratio k /k¢ increases, the region encompassed by
these bounds becomes wider (Fig. 12), implying
greater uncertainty in predicting &,. in dry soils, for
example, the ratio I\'s/kf may be as much as 350:1,
making tt more difficult to obtain reliable estimates
of k. This has been generally found 10 be the case.
De Vries (1952a) found it necessary to use a correc-
tion factor to estimate &, of dry soils (see Section
7.6). The use of the nomogram of Makowski and
Mochlinski (1956) to predict the thermal conductivity

of very dry soils leads to inaccurate estimaices (Van
Rooyen and Winterkorn 1957). Kersten's empirical
equations do not apply to dry soils and Johansen
(1975) noted the high sensitivity of thermal conduc-
tivity to microstructure in the case of dry soils. The
latter proposed the use of two different equations for
dry soils, one for natural soil and the other for crushed
rock, as described in Section 3.3.

If there is more information available on the com-
pusite material than that used in expressing the
Hashin-Shtrikman bounds, the upper and lower
bounds can be brought closer together. Miller (1969)
developed bounds in terms of statistical information
expressing p-point correlations (Brown 1955). These
are functions which represent the probability that a
certain number of specified points will all lic in one
of the components. The one-point correlation is
equivalent to knowledge of the volume fractions of
the components and reduces to the Hashin-Sktrikman
bounds. Application of three-point correlations leads
to the narrower Miller bounds (Fig. 13). For real ma-
terials it may be difficult or impossible to obtain the
statisticai information necessary for evaluation with
three-point correlations. However, for certain ceil
materials that have regular shapes, the three-point cor-
relation function which appears in the bounds is siniply
a number for each component. For spherical-shaped
cells this number is 1/9, while for platelike cells it is
1/3. Other shapes have a number between these values.
Figures 14 and 15 show the Miller bounds for sym-
metric cell materials compared with the Hashin-
Shtrikman bounds.

For low ratios of k_fk¢, the sensitivity of the effec-
tive thermal conductivity to variations in microstructure
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Figure 13, Miller bounds {shadzd areas) for two-comporent materials as compared
to the Hashin-Shtrikman bounds at a set of thermal conductivity ratios (k /kf Jand
as functions of porosity assuming spherical particles (after Johansen 1975).
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Figure 14. Miller bounds (dashed lines) for
normalized effective thermal conductivity
k, of symmetric cell material compared to
Hashin-Shtrikman bounds (continuous
lines) at ratio k [k; = 10 (after Miller 1969).

is low. Under these conditions the geometric mean
equation has often been used to calculate &, since
this equation is simple to use:

Ko =kIKL

for water-saturated soils of porosity #, where & is
the thermal conductivity of the water. Although
this equation is not based on physical concepts, it
nevertheless generally gives good estimates, since the

T 1

Hashin- Shtrikmar:

i
| — — — Shape No. 3 l

Miller l
——— ——Shape No. §J / /// ‘
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0.4 [oX3)
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Figure 15. Miller bounds (dashed lines) for normal-
ized cffective thermal conductivity k, of symmetric
cell material compared to Hashin-Shtrikman bounds
(continuous lines) at ratio & [k¢ = 100 (after Miiler
(1969).

ratio k_/k . is not much larger than 10 (Woodside and
Messmer 1961). For saturated soils this ratio will be a
maxinmum of about 15 if the solids are compcesed of
quartz and this value is acceptable. Sass et al. (197%)
applied this geometric mean equation in determining
the thermal conductivity of rocks from measurements
mace on rock fragments saturated with water.

A similar form of the equation may also be used to
determine the effective thermal conductivity of solid
soil particles composed of minerals of different
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Figure 16, Curves for thermal conductivity compared with data on satu-
rated quartz sand at various K [k, ratios and a porosity of 19% (after McGaw
1969). The notation on the curves refers to the various models. P—parallel flow,
S-series flow, GAi-geometric mean, KS—Kunii-Smith, D, V—-De Vries, MR -modified

resistor, M—Maxwell,

conductivities:

m X
k= 1K
=1

where I represents the product of k factors, each hav-
ing an exponent x, the volume fraction. The subscript
J refers to the jth component, there being m compo-
nents altogether.

Judge (1973b) applied the geometric mean equation
to frozen soils in the form

ke =ky™" k0 kS,

where £ is the volume fraction of the unfrozen water
per unit soil volume and k; is the thermal conductivity
of the ice. Judge found that this equation gave as ood
a fit to Penner’s data (1970) as the De Vries model
which Penner applied to his own data. The same equa-
tion as that of Judge is used by Johansen (1975) in his
proposed model for calculating the thermal conductiv-
ity of saturated frozen soils and a similar equation for
saturated unfrozen soils (Chapter 7).

Besides the statistical approaches involving the de-
termination of bounds as described above, the effec-
tive thermal conductivity k, of a soil may be estimated
from various physical models with idealized geometries
(described in Chapter 7). McGaw (1969) compared
the predictions of sonie of these models with data on
quartz sand (Fig. 16). Only the "¢ Vries and modi-
fied resistor equations approximated the data over a
large range of k_/k values.

3.3 CORRELATIONS BETWEEN THERMAL
CONDUCTIVITY AND SOIL DENSITY
OR POROSITY

An increase in the dry density of a soil, with its asso-
ciated decrease in porusity, leads to an increase in the
thermal conductivity, mainly due to three factors:

1. More solid m.. ter per unit soil volume

2. Less pore air or pore water per unit soil volume

3. Better heat transfer across the contacts.

There have been various correlations made between
the thermal conductivity of soils and their density or
porosity. The importance of this link is illustrated by
the use of the thermal conductivity as an indication of
the porosity of oil-bearing formations (Zierfuss and
Van der Vliet 1956). Sails in situ may vary appreciably
in their dry densities. As early as 1909 Patten recog-
nized the importance of the density effect and also
the difficulty of achieving uniform soil densities in
experimental setups.

On the basis of Kersten’s (1949) data, Terzaghi
(1952) illustrated the variation with porosity of the
thermal conductivity of sands or clays, frozen or un-
frozen (Fig. 17). The thermal conductivity of the
frozen soils is appreciably greater than that of the un-
frozen soils because ice has a conductivity about four
times that of water. As the porosity approaches 100%
(i.e. zero solids volume) the conductivity of saturated
frozen soils may be expected to approach the value
for ice, while that of unfrozen saturated soils approaches
the conductivity of water. At the other extreine, as
the porosity decreases toward zero, the conductivity
should tend toward that of the solid particles. The
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higher value for the sands is a reflection of their gen-
erally predominant quartz composition in contrast to
the micaceous composition of the clays.

3.3.1 General correlations

In general, experimenters have found a linear trend
between the thermal conductivity of a soil or its log-
arithm on the one hand and the dry density or porosity
of that soil on the other. Increased dry density implies
reduced porosity and leads to an increase in the ther-
mal conductivity.

On the basis of numerous tests Kersten (1949)
found that at constant moisture content the logarithm
of the thermal conductivity increased linearly with the
dry density 4. This behavior was expressed by equa-
tions of the form:

k=A(10)"

in which the empirical parameters A and B depend on
whether the soil is sandy or clayey and whether it is
frozen or unfrozeni. For a given soil, the slope of the
linear relation is approximately the same for the dif-
ferent moisture contents.

The U.S.S.R. Building Code (1960) has tabulations
of the thermal conductivity of sandy and clayey soils,
frozen or unfrozen, at different moisture contents and
unit-weights. These generally agree in magnitude with
Kersten's results as shown by Sanger (1963). Figures
18-21 are based on the Soviet tables and show the

Figure 17. Thermal conductivity of sand and clay,
unfrozen or frozen, as a function of dry density.
A—frozen satwrated sand, B—unfrozen satwated sand,
C—unfrozen sand at Sy of 75%, D—unfrozen sand at Sy of
50%, E—saturated frozen clay, F—saturated unfrozen clay,
G--dry unfrozen sand.

same form as Kersten’s data, the lines at various mois-
ture contents being parallel for a given soil.

Thermal Conductivity (kcal/mh*C)

ol 1 1

1.0 1.2 1.4
Dry Density (g/cm3)

Figure 18. Thermal conductivity of unfrozen sandy
soils vs dry density at constant moisture w (data from
U.S.S.R. Building Code 1960).
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A trend of linearity between the thermal conduc-
tivity (rather than its logarithm) and the dry density
was established for soils tested under natural condi-
tions (Gorbunova et al. 1958) and for remolded soils
(Kolyasev and Gupalo 1958).

Perosity. instead of dry density, may be used to
show the variation of thermal conductivity as was
done by Reno and Winterkorn (1967). For the vari-
ous types of homojonic clays they tested, the loga-
rithm of the thermal conductivity showed a linear de-
crease as the porosity increased at constant moisture 0

. . . . o1} 10 1.2
content (Fig. 22). The rate of change is approximately Dry Density {g/cm3)
the same for the different types of ionic modifications
and tor the various moijsture contents. Figure 23. Effect of texture and density on thermal conduc-
tivity (solid lines) and on thermal diffusivity (dashed lines)
3.3.2 Relationships for dry soils of air-dry soils (after Al Nakshabandi and Kehnke 1965).

An increase in drv density has a particularly im-
portant effect on the thermal conductivity of dry
soils as it implics more solid matter per unit volume
(replacing poorly conducting air) and better thermal
contacts. In estimations of the thermal conductivity
for dry soils (or soils having low degrees of saturation),
there is a high sensitivity to variations in dry density
and in microstructure variations such as shape difter-
ences (Johansen 1975). Figure 23 shows the general
effect of dry density on thermal conductivity for dit-
ferent types of air-dried soils. This figure also gives
an indication of the dry densities 2t which these soil
types may exist.

Smith and Byers (1938) established ihat the ther-
mal conductivity of dry natural heavy soiiz increased : : tz 16 20 24
linearly with their dry density (Fig. 24). This trend Dry Density (g/cm?)
was verified by Woodside and De Bruyn (1959) for Figure 24. Thermal condiictivity of dry soils as a function
dry Leda clay (Fig. 25) and by Slusarchuk and Watson of dry density (after Smith and Byers 1938).

(1975) for thawed permafrost soils which were recon- i
stituted in the dry condition. De¢ Vries’ (1963) mocel
predicts a nearly linear increase in the thermal conduc-
tivity of dry soils at low dry densities, the rate of in-
crease becoming more rapid as the solids volume frac-
tion increases.

The microstructure and shape factors of dry soils
were taken into account by Johansen (1975) in his
proposed equations for determining thermal conduc-
tivities. On the basis of empirical observations he pro-
posed two equations, the first for dry natural soils:

0.135y, +64.7
©2700-0.947,

Tharma! Conductivity (mecal/ems®C)
Thermol Diffusivity (cm2/s)

Therma! Conductivity (meal/cms°C)
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o

Thermal Conductivity (BTU in/112n°F)
o

and the second for dry crushed rock:

4]
(V]

k=0.039n"22+25%.

Figure 25. Thermal conductivity of dry Leda
clay as a function of dry density (after Wood-
side and De Bruyn 1959).

The thermal conductivity (W/m K) is related to the dry
density 74 (kg/m?) for natural materials und to the por-
osity n (fractional) for crushed rock (see Fig. 26).
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3.3.3 Relationships for saturated soils
The presence of a small amount of soil moisture

improves the thermal contacts because of water bridges.

The effects on the thermal conductivity of more water
or ice, up to saturztion, are described in detail in Chap-
ter 4. In this section, the effect of dry density on satu-
rated soils, frozen or unfrozen, is considered.

Unfrozen saturated soils

For unfrozen, fully saturated soils,an increase in
dry density means that the solids fraction replaces
some of the water in the pores. An increase in the
thermal conductivity of the soil will therefore result
only if the solid has a higher thermal conductivity
than the water it replaces. Clay minerals have a ther-
mal conductivity about four times that of water. Fig-
ure 27 shows the consequent increase in the thermal
conductivity of saturated Leda clay with dry density
(Penner 1962). Permafrost soil samples, thawed under
load or reconstituted in a saturated (unfrozen) condi-
tion, show a similar trend (Slusarchuk and Watson
1975).

Sandy soils are often composed of quartz, which

o WitV AYMUABLE

saturated Leda clay vs dry density
(after Penner 1962).

has a thermal conductivity about 15 times that of
water. Therefore, sands are expected to show a greater
rate of increase in thermal conductivity with dry den-
sity than clay soils, but this effect may not be marked.
If the soil becomes oversaturated with water, as in
the case of ocean sediments, there is a rapid decrease
in the thermal conductivity as dry density drops. This
trend is particularly evident where the solid material
is quartz that is being replaced by water (Fig. 28).
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N
(%)

N
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Therma! Conductivity (mcal/em s °C)

8

Water Content (% we? wt.)
Figure 28. Thermal conductivity of ocean sediment
vs water content (after Ratcliffe 1960).




The solids in organic soils, on the other hand, have a
thermal conductivity of only about half that of water.
The effect of variations in the solid material fraction
of peat is therefore slight (Pavlova 1970) since peat
contains much water (see Section 4.2.3). Doubling or
tripling of this solids fraction causes only a slight in-
crease in the thermal conductivity of the peat (Mzc-
Farlane 1969).

Frozen saturated soils

As in the case of unfrozen soils, saturated frozen
soils show an increase in the thermal conducsivity with
the dry density. For undisturbed permafrost soils Slus-
archuk and Watson (1975) found a linear relationship
between the above variables (Fig. 29). It should,

24 — T T

Frozen Cores

Thermal Conductivity (W/mK)

20 40 60 80 100
Dry Unit Weight (Ib/¢1>)

Figure 29. Thermal conductivity vs dry unit weight
Sor frozen cores of permafrost from uvik {after
Slusarchuk and Watson 1975).

however, be noted that these values apply to oversatu-
rated ice-rich soils whose moisture content varies con-
siderably (25 to 2319%). If these thermal conductivity
values are plotted against ice content, as in Figure 75,

a marked decrease in the thermal conductivity is shown
as the ice content increases. This curve is similar to
Figure 28 for over-saturated ocean sediments in terms
of the water content because the two cases are analogous.

3.4 EFFECTS OF POROSITY AND DENSITY
ON OTHER THERMAL PROPERTIES

3.4.1 Effect on water transfer

Moisture transfer in soils is described in detail in
Sections 4.3 and 4.4. The specific effects of porosity
or dry density are considered in this section.

Diffusion of water vapor in soils is proportional to
the air-filled porosity (Section 4.3.1). The effect of
pore shape may be taken into account by means of
various coefficients (Currie 1960). In cases where
frost growth conditions prevail, the resistance to dif-
fusion increases as the effective pore cross section is
reduced by hoarfrost growth. The frost itself is por-
ous and this may be taken into account. Auracher
(1973) considered the variable cross section of the pore
path and graphically determined the mass and location

“of frost growth in the pores.

Dry density affects the value of the critical moisture
content, at which maximum moisture transfer (both
vapor and liquid) occurs in unsaturated soils above
0°C (Section: 4.3.3). A greater dry density reduces
this critical moisture content because the soil is more
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Figure 30. Moisture transferred upon freezing asa
Junction of porosity of a silty glacial outwash soil
{after Jumikis 1962).

tightly packed and the water films merge at a lower
moisture content.

The amount of moisture transferred, and therefore
the amount of soil heave. during freezing are profoundly
influenced by the porosity (Fig. 30). Maximum trans-
fer occurs at a certain porosity (Jumikis 1967). Low
permeability limits transfer at the lower porosities
while the decreased transfer at higher porosities is
due to less suction. A more tightly packed soil shows
greater heave characteristics (Taber 1930, Beskow 1935,
Haley and Kaplar 1952), but this applies only up to a
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certain dry density, beyond which heaving decreases.
(Winn and Rutledge 1940). There is a critical dry
density which gives the most favorable combination
of capillarity and permeability. Even sand may be-
come frost-susceptible if it is well-compacted (Janson
1963),

3.4.2 Effect of density on soil
thermal diffusivity

Thermal diffusivity a is the quotient of thermal
conductivity & and the volumetric heat capacity C
(sce Section 1.1), An increase in dry density causes
an increase in the thermal conductivity, as seen in
previous sections. However, the diffusivity does not
increase in proportion (see Fig. 23) because the heat
capacity also increases owing to an increase in the
solids volume fraction.




CHAPTER 4. THE EFFECT OF WATER AND
ITS MIGRATION ON THE
THERMAL PROPERTIES OF SOILS

“Water and soil are not only the most important
materials in this world, but also the most complex
ones, each in its own category, water as a liquid and
soil as a multi-phase dispersed system” (Winterkorn
1958a, p. 1), Water in all its forms has important and
very complex cffects on the thermal properties of
soils. It is the soil component most affected by tem-
perature changes.

The magnitude of the soil temperature affects the
intrinsic properties of soil water, the amount of unfro-
zen water in frozen soils, the rate of water movement
and other soil-water properties. For example, typical
soil temperatures near Fairbanks, Alaska, range be-
tween 0 and -5°C in winter for considerable depths.
This implies the presence of variable amounts of un-
frozen water. The properties of water in soils and the
effect of its amount are considered in Sections 4.1
and 4.2,

In nature there is always some water movement
taking place within soils as liquid or vapor (and pos-
sibly even as ice). In addition to transterring heat,
water movement leads to changes in the soil’s proper-
ties because of changes in the amount and type of
water at a particular position. Temperature gradients
induce water migration directly (Section 4.3). They
can also cause water movement indirectly by setting
up suction potentials and osmotic pressures. When
soil freezes, water is drawn to the freezing front,

st!:).}. Physical properties of liquid water (after Van Wijk
63).

Thermal
Specific conductivity
heat  {calfem s °C)

Dynomic

Surpace viscosity
Density tension  (gjem s)
lem®) (g1st)  Xio?

Heat of
evaporation
fealig)

(calx®C) x107

0.99794 603.0 1.02 -
0.99918 - - -
0.99987 597.3 1.0074
1.00000 — —

0.99999 594.5 1.0037
0.99973 591.7 1.00t3
0.99913 588.9 0.9998
0.99823 586.0 0.9988
0.99708 583.2 0.9983
0.99568 5804 0.9980
0.99406 §77.6 0.9979
0.992258 574.7 0.9980
0.99024 573.9 0.9982
0.98807 569.0 0.9985

thereby altering the soil’s thermal properties in both
the frozen and unfrozen zones. The nature and effects
of migration during the freezing process are examined
in Section 4.4.

Moisture flow and heat flow have been recognized
as coupled processes with complex interactions be-
tween the effects of temperature, heat flow and mois-
ture flow. Heat and mass transport are, in fact, the
two major physical processes taking place in arctic
tundra soils (Nakano and Brown 1971). The moisture
angd thrermai regimes of suchi soiis act in paraiiei in a
complex manner and must be considered together
(Guymon and Luthin 1974). The general coupling
eltect between moisture and heat flow is described in
Section 4.3, and the specitic coupling that exists in the
freezing process is considered in Section 4.4,

4.1 PROPERTIES OF WATER IN SOILS
AND THE INFLUENCE OF TEMPERATURE

Water may be preseat in soil in any of its three
phases: ice, liquid water and water vapor. Liauid
water, in particular, can have complex forms as a result
of its interaction with the soil. Temperature has a
paramount etfect, not only in determining the phase
distribution. but also by atfecting the properties of
the water, its movement and the degree of its inter-
action with the solid soil minerals.

Table 4. Physical properties of saturated water
vapor (after Van Wijk 1963).

Vapor pressuve Deusiry (gfcm’ )
Temp {rnun mercury) Over water Over ice
(°C) Over water Overice (X10°%) (x1u®)

-20 0.941

-15 1431
-10 2.15
- 5 3.16
0 4.58
5 6.53
10 9.20
15 12.78
20 17.52
25 23.75
30 31.82
42.20
55.30
71.90
92.50

0.774
1.24
1.95%
3o
4.58

1.074
1.61
2.36
341
4.85
6.80
9.40
12.85
17.30
23.05
30.38
39.63
5L.1
65.6
83.2

0.883
1.39
2.14
3.28
4.85

30
as
50
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Figure 31, Thermal conductivity of ice as a
Junction of temperature (after Sawada 197 7).

4.1.1 Properties of water and their
dependence on temperature

Some of the relevant physical properties of liquid
water, saturated water vapor and ice at different tem-
peratures are given in Tables 3-5. The increase in the
thermal conductivity of ice down to temperatures of
-150°C is shown in Figure 31.

The presence of water vapor in the pores of a soil
leads to an increase in the app: ent thermal conduc-
tivity k, of the pore air by an amount k, because of
the transport of latent heat. For the case where the
air in the pores is saturated with water vapor, an ex-
pression for the additional effect due to vapor move-
ment is derived in Section 4.3, the effect of tempera-
ture being evident from Figure 91.

4.1.2 Properties of soil water

The permeability of a soil decreases as the mois-
ture content decreases. In frozen soil, the flow of
water is a function of the temperature below 0°C
(Fig. 32). Pore ice formation reduces permeability
just as air bubbles do in the case of unsaturated flow
above 0°C (Guymon and Luthin 1974).

TEMPERATURE (°C)
[}
(L]

]
15 7] a0
FLOW (g/cm? min)

Figure 32. Flow of water in frozen soil as a function
of temperature below 0°C (from Hoekstra 1969).

For a fine-grained soil, the growth of ice at decreas-
ing temperatures is a gradual process due to the con-
tinued presence of unfrozen water below 0°C. At
very low temperatures, a limiting condition may be
reached where the continuity of the interconnected
unfrozen water films may be disrupted.

The relationships among the dry unit weight of
frozen soils, their water content and their ice volume
are shown in Figure 33. This figure assumes compicte
saturation and that all water is {rozen. The effect of
oversaturation with ice may be determined from it.

4.1.3 Soil-water interaction

Above freezing temperatures, water in soil may be
simply subdivided into **held” moisture and “free”
moisture. The latter may be removed from the soil by
hydrostatic pressure or by gravity drainage. The held
water may not be removed in this manner, being sub-
ject to complex attractive forces arising from its inter-
action with the surfaces of the soil particles. These
forces, which are still being elucidated, are intermolecu-
lar, electrical, magnetic and gravitational. Some of the
held water may be chemically combined in the surfaces

Table §. Physical properties of ice (after Van Wik 1963).

Specific

Temp p
{°C) (ealig°C) X107

Thermal
heat conductivity Heat of

fcallcm s °C) sublimation fusion Density

Heat of

fcalfg) (calfg) (gfem?)

-20 0.468 5.81
-~10 0.48S 5.54
] 0.503 5.35

6717.9 69.0 0.920
677.5 74.5 0.919
677.0 79.7 0.917
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Figure 33. Relationships among dry unit weight, ice volume and water content
of frozen soil (from Linell and Kaplar 1966 ).

or adsorbed onto them and some may be held at the
particle contact points or in the capillary pores.

The effect of temperature on soil water is impor-
tant because an increase in temperature increases the
kinetic energy of the water molecules and leads to
dispersion. Some held water may be changed into
free water and vice versa by the normal temperature
fluctuations occurring in the surface layers of the
earth (Winterkorn and Eyring 1946).

The attraction of the soil for water, or the degree
to which this water is held, has been expressed by sev-
eral terms that amount to the same thing: soil mois-
ture tension, capillary potential or suction, aH desig-
nated by ¥. This concept is defined as equivalent to
the work required to pull a unit mass of water away
from a unit mass of soil. It is expressed in terms of

the height of a water column that the suction would
support in tension. The logarithm of this height in
centimeters is termed the pF value. The necessity for
usitig the logarithm arose because of the great range
of suction values possible in soils. At the one extreme
of oven dryness, the suction may be many thousands
of atmospheres (pF = 7) and at the other of complete
saturation it may be zero (pF =0).

The tension of soil moisture is an intrinsic property
of a given soijl-water system that depends on the affin-
ity of the water for the solid soil surfaces. It represents
the combined action of all the system’s internal forces
in displacing soil moisture (Blomquist 1961). The suc-
tion or pF value depends on the moisture content at
the given point and leads to a certain associated vapor
pressure in the soil pore. The relationship between




Table 6. The pF scale in terms of the equivaleat
negative hydraulic head, the equivalent suction
(ib/in.?) and relative humidity (after Croney
1952),

Equivalent negative Relative
hydraulic head Suction humidity
PE [em) 70 {1bfin.?) (%)

| 3.26X10°?  1.42Xx107?
10 3,28%X10"  1.42%X10"
102 3,28 1,42
10 3.28X10 1.42X10
10 3.28X10° 1.42x10°
3.28X10° 1.42X10°

10°  3.28x10* 1.42X10*
107 3.28X10* 1,42X10°
0 0 0
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pF and relative vapor pressure (or relative humidity)
is given in Table 6 and is expressed by

v=p ,RTIng

where ¢ = relative humidity
p,, = density of water
R = gas constant of water vapor
T = absolute temperature.

Study of the important drying process in svils has
shown how the drying rate is considerably influenced
by the moisture content as it reflects the strength by
which the water is held. Sudden changes in the drying
rate probably occur where there are important changes
in soil moisture constants* which characterize the par-
ticular soil (Kolyasev and Gupalo 1958).

Water in soils is invariably a solution, containing
diverse soluble substances which move both within
and with the water. Some of the solutes may enter
into or come out of the soil’s exchange complex, i.e.
the adsorbed water layer. An increase in salt content
increases the number of ice crystals formed per unit
volume in saline water; this is dependent on the degree
of supercooling (Golubev and Lomonosov 1973).

4.1.4 Properties of the adsorbed
water layer

The adsorbed water layer on a clay particle surface
has been visualized as a diffuse electric double layer
(Fig. 34). There is an exponential decrease in the

¢ With decreasing moisture content, these are the “‘field
capacity,” the moisture content of “plant growth redardation,”
that of “‘steady plant wilting” and finally that of “maximum
hygroscopicity,” which are terms used in agricultural engineer-
ing.

clectric potential as the concentration of the swarm of
cations decreases with distance from the surface. The
adsorbed water itself has a high degree of dissociation.

The properties of this adsorbed layer are different
from those of ordinary free water. The density of the
adsorbed layer is less but increases with distance from
the surface (Fig. 35). On the other hand the viscosity
is greater than that of free water and decreases with
distance from the clay surface (Fig. 36). The portion
of the layer near this surface has been pictured as
being oriented due to the effect of the electric field
of the charged soil particle on the water dipoles. The
layer formation process has been visualized as one
whereby free water breaks its hydrogen bonds and
passes into a higher encrgy state, undergoing orienta-
tion and compression in the electric force field of the
surface. This process is accompanied by the release of
heat of wetting, which implies that the adsorbed water
'has a substantially lowered latent heat of freezing
(Williams 1962). Physical adsorption causes a reduc-
tion in the free surface energy.

The cations associated with the surface will bind
or restrain adjacent water molecules, forming hydrated
shells. This results in loss of heat of hydration which
contributes to the heat of wetting. The cations also
enhance the structure of the water molecules (Fig. 37)
and the nature of these cations influences the thick-
ness of the layer or film. An osmotic pressure results
which is inversely proportional to the film thickness
(Winterkorn and Eyring 1946). The cations tend to
exclude anions from the portion of the adsorbed layer
near the soil surface (Fig. 34).

Some of the latest Soviet ideas on the structure of
the adsorbed water are illustrated in Figure 38 (Dosto-
valov and Lomonosov 1973). Three zones are visual-
ized and the decrease in activation energy with distance
from the mineral surface is apparent. Heat of wetting
(80 to 110 cal/g of attached water) is released on forma-
tion of zone I which is termed a “hot ice,” the wetting
process being partially made up of icing. The proper-
ties of zone Il are considered te be a very important
influence on the behavior of the entire soil-water sys-
tem. There is a decreased activation energy in zone 11
and an increase in the mobility in comparison with free
water. The result is a lowering of the temperature of
phase transitions (i.e. a depressed freezing point) and
increases in the ion concentration, the heat capacity
and the thermal conductivity. At the same time the
viscosity and the density decrease. Zone Il has been
called the intermediate, mobile, “detached” layer.
Finally, zone Il is characterized by insignificant ad-
sorption surface forces: the water is almost free. With
freezing temperatures, the free water in zone I turns
to ice, while the hot ice in zone I melts.

The equilibrium of the adsorbed layer is dynamic
and constantly varying. 1t is highly dependent on
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Figure 35. Change in water density with distance from
the surface of potassium bentonite at two temperatures
(after Low and Lovell 1959, based on data of Anderson
and Low).
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Figure 34. Diffuse electric-double-layer relationships (from Figure 36. Hypothetical decrease of water vis-
Andersland and Anderson 1978). cosity with distance from the clay surface (after
Low and Lovell 1959).
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Figure 37. Effect of ion dissociation on the surface-induced water
structure {illustrative only ) (after Low and Loveli'1959),

>

Activation Energy
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Figure 38. Zone structure of adsorbed water
and variation of its activation energy with dis-
tance from the mineral surface fafter Dosto-
valov and Lomonosoy 1973).

temperature. Figure 39 shows how decreasing tem-
perature decreases the thickness of an ideal ditTuse
film. The structure of the water next to the mineral
surfaces may be visualized as resulting from the bal-
ance of two opposing tendencies, 1) the attraction of
oppusing electric charges and 2) the disordering and

Fiim Thickness (&)

S

f v i
02 -04
Temperature (°C)

Figure 39. Thickness of adsorbed water film as
a function of temperature. Caladated for an ideal
diffuse clectrical-double-ayer model of the film, with
radius of curvanae cqual to 20 p (after Miller ¢t ai,
1975),

dispersion effect of the kinetic energy (which is highly
temperature-sensitive). Application of a temperature
gradient “causes gradients in the surface tension of the
water films, in the thickness of the ion atmosphere on
the internal soil surface, in the hydration of the ex-
changeable ions, in the solubility of water in the solid
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Figure 49. Specific heat of Leda clay during freezing
and thawing (after Williams 1962).

surface and in the geometrical structure as well as in

the dissociation and association of the water substance
itself”” (Winterkorn 1958b, p. 336). A decrease in tem-
perature, especially below 0°C, leads to increasing sur-
face activity due to:

1. An increase in the concentration of surface
energy with decreased temperature,*

2. An increase in the concentration of hydrogen
ions in the adsorbted luyer because its thick-
ness decreases, and

3. Pressure due to crystallization of water
(Tsytovich et al. 1957).

The solids and the adsorbed layer exchange ions
and these exchange reactions are intensified with de-
creasing temperature belov 0°C.

When the adsorbed water layer has an interface
with pore air, as in unsaturated soils, this interface
has its own peculiar properties. Orientation of water
dipoles occurs at this interface to a depth of many
molecular layers (Henniker and McBain 1948), and
jons tend to be excluded from it. Because anions also
tend to be exciuded fronx .ae interface with the solid
surface, these anions concentrate in the middle region
(see Fig. 34).

According to Nerpin {1974) the adsorbed layer sys-
tem retains a “memory”’ of its previous state for a cer-
tain time. This has been termed hereditary creep and
it gives rise to a hystevesis effect which is particularly
evident during phase conversions. Hysteresis is obvi-
ous in the curves shewing the change in specific heat
of a soil during treezing and thawing (e.g. Fig. 40) and
is also well known in cycles of wetting and drying.

* This behavior is indicated, among other things, by the in-
crease in the heat of wetting as the temperature decreases.

4.1.5 Water in soils below freezing iemperatures

It has been established that the strongly adsorbed
water remains unfrozen after the soil freezes. This un-
frozen water has been called the boundury phase by
Deryagin in 1950 and the phase boundary water by
Anderson (1970). Tyutyunov (1963) has pointed out
the similarities that exist beiween the dynamic equi-
librium of soil water both above and below 0°C. The
phase boundary water corresponds to the hygroscopic
water and the freezing process is analogous to the dry-
ing process.

Anderson (1970) describes in detail the latest con-
cepts regarding the structure and properties of the
phase boundary water. The process of ice nucleus for-
mation js visualized with the help of a Rlickering cluster-
mixture model of water (Fig. 41). The long-range clay-
water forces are supposed to stabilize and promote the
enlargement of the postuiated hydrogen-bonded flicker-
ing clusters. The formation and growth of embryo ice
nuclei are thereby facilitated.

After the ice forms it advances towards the silicate
surface. Figure 42 shows the silicate/water/ice interface
and is based on the model of Drost-Hansen. Free water
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Figure 41. The zone of ice nuclei forma-
tion in soil water (from Anderson 1970).
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Figure 42. Schematic illustration of the silicate[waterice interface (from Ander-
son 1970). '

T T is supposed to consist of a mixture of monomers and
hydrogen-bonded clusters. The zone of enhanced
order shown in Figure 42 is believed to be more struc-
tured than free water in the sense that there are more

) clusters of a larger size that exist for a longer time
f,'::, ﬁg:‘:ﬂ;’:{;z (Anderson 1970). The opposite is supposed to hold
for the disordered zone.

The amount of urfrozen water has an important
effect on the thezmai properties of frozen soil as will
be seen in Sections 4.2 and 4.4. The decrease in the
unfrozen water content W, as the temperature de-
creases is shown in Figure 43 and some representative
values are given in Table 7. The effect of the type of

Loam clay and its exchangeable cations is shown in Figures
D 44 and 45. The influence of the original water content
\\M_‘, on the shape of the curves is shown in Figure 46. The
Quartz Sand \ L internal surface area of the scil plays a very important
o -4 -8 12 part; Figure 47 shows w,, valies normalized to unit
Temperature (*C) specific surface area. When freezing is followed by thaw-
Figure 43. Unfrczen water contents of ing, there is a hysteresis effect (Fig. 48).
typical nonsaline soils (after Nersesova
and Tsytovich 1963).
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Figure 46. Curves of unfrozen water conient vs fomper-
ature. Influence of original water content w; on shape of curves

(after Young 1963).

g -Montmeorillonite

0.80 T T T

0
=10

| Basalt

2 Dow Fisld Silty Clay
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Figure 45. Unfrozen water content of kaolinite and
montmorillonite clays of various exchangeable cations
(after Nersesova and Tsytovich 1963).

Figure 47. Unfrozen water content per unit specific
surface area as a function of temperature (after Ander-
son and Tice 1973).
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Figure 48. Unfrozen water content of
Leda clay during freezing and thawing
(after Williams 1962).

Table 7. Comparative phase composition at selected
temperatures (after Lovell 1957).

Unfrozen moisture content w,, (%)

o

Soil at-3°C  at-15°C at-25°C Raﬁo-‘z—“}a%

Clayey silt 4.4 3.1 2.8 1.55
Silty clay 11.08 8.0 7.2 1.53
Clay 23.6 15.8 13.9 1.70

4.2 THE EFFECTS OF THE AMOUNT AND
NATURE OF WATER

The important role of water in determining the ther-
mal properties of soils has been recognized for many
years. The earliest workers, Patten (1909), Bouyoucos
(1915) and Beskow (1935), all recognized the para-
mount effect of moisture content on the thermal con-
ductivity and thermal diffusivity of soils, unfrozen or
frozen. Unfortunately there are difficulties in deter-
mining moisture content values in the field.

Temperature changes in soils mainly affect the soil
water, which is the chief responsive medium. In frozen
soils, the presence of unfrozen water is 2 major factor
in the thermal behavior of such soils, influencing in
particular the moisture migration to the freezing front.
The freezing front will take longer to penetratc into a
soil with a larger water content because a greater
amount of latent heat has to be extracted.

When determining the thermal behavior of the back-
fill soil around buried electric cables or pipes, or when
assessing the thermophysical properties of permafrost,
it is essential to have inforination on the soil’s moisture
content in its various forms and its possible variation
with time. In the former case a runaway moisture con-
dition would be critical because moisture migration
away from the cable could lead to an e::cessive reduc-
tion in the thermal conductivity of the soil around the
cable. In the case of permafrost, a knowledge of the
moisture content distribution and its variation with
time is essential for determining the thermophysical
properties to be used as input parameters to a thermal
model of the permafrost.

A water content which varies from point to point
in a soil implies a variable thermal conductivity which,
in turn, affects the temperature distribution in the
soil. Inversely, the temperature stratification in the
soil affects its water distribution. The seasonal varia-
tion of soil water content in a clay is illustrated in
Figure 49.

Frost Action

Depth (in,)
F Y
=)

-3
=]

1 1 1 1 1 1
20 60

w, Moisture Content (%)

Figure 49. Seasonal variation in water con-
tent of Leda clay, depending on depth be-
low ground surface (after Penner 1971 ).




The rate of freeze is greatly influenced by the mois-
ture content, as is the depth of frost penetration.
Where the soil has a low degree of saturation, the for-
mation of ice lenses and the extent of frost heave are
reduced. The thawing rate of frozen ground is directly
related to its ice content, as shown in Section 4.4.6.

The interaction between water and soi} minerals,
and the state of the water in the pores, depend on the
amount of water in relation to the physico-chemical
properties of the soil minerals and their surface area.

4.2.1 Effect of the amount of water
in unfrozen soils

At very low moisture contents, water is held with
extreme tenacity on the surface of the soil particles
and within the lattice of crystalline clay minerals,
When all the soil particles have been coated with thin
adsorbed water films, additional water bagins to col-
lect around the points of contact between the particles.
This bridge water improves the heat transfer from
grain to grain. The presence of more water around
the particles leads to a decrease in both the degree of
order and the binding of the water as its distance from
the particle surface increases. As a result this water is
freer to move, either in the liquid phase or, as long as
the pores are unsaturated, in the vapor phase due to a
vapor pressure gradient. As indicated in Section 4.1.3,
the affinity of a soil for water, or the binding energy,
is expressed by the suction pF value Y. The variation
with moisture content of this suction is shown in Fig-
ure 50 for typical soils. The relative humidity ¢ of the
associated water vapor is also shown. As the moisture
content increases from the oven-dry condition (pF =
7) the suction drops sharply while the relative humid-
ity steeply increases. At the same moisture content,
different types of soils will have differences in the
amount and proportion of mobile moisture present
because of varjations in their specific surface arca and
their mineral nature. However, the significant point is
ihat if the thermal conductivity of the soil is related
to thz tension Y, rather than the moisture content,
similar curves result (Fig. 51).

The amount of water present in soils is usually repre-
sented in one of three ways:

I. The moisture content w (%) based on the weight

of dry solids

. The fractional volume of water @ or x, (i.c. the
volume of water in unit soil volume)

. The degree of saturation S, (%), which is the
fraction of the total voids that is filled with
water, expressed as a percentage.

The variation in soil thermal conductivity with each
of these parameters is illustrated in Figures 52-54.
As air is displaced by liguid water (which has a
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Fgure 50. Suction and relative humidity of
different svil types as a function of their water
content (after Johansen 1975).

thermal conductivity 22 times higher than air) the soil’s
thermal conductivity should increase. The effect of in-
creasing moisture content depends on the type of soil.
For example, in sand the thermal conductivity increases
rapidly with moisture content. Soils in gencral show a
high rate of increase in thermal conductivity at the
lower moisture contents. This is assumed to be mainly
due to the water bridges at the contact points. It could
also be due to the stage where the water filims of a cer-
tain degree of order and binding become continuous
around the particles.

Apart from the layer of highly adsorbed water at
the solid surface, there is also an oriented water layer
at the water/air interface (see Section 4.1.4). Clays
at the plastic limit usually have no intermediate free
water. Assuming a thermal conductivity value for the
oriented water (at the air interface) akin to that of ice,
Winterkorn (1960b) estimated the contribution of such
an oriented tilm to the overall thermal conductivity of
the soil and found it to be quite significant. Thus, as
was earlier recognized by Dimo in 1948, the increase
in thermal conductivity of soil with increasing mois-
ture content depends nov only on the replacement of
poorly conducting air by water, but also on the chang-
ing nature of the bond between water and soil as well
as the peculiar characteristics of water interfaces (Dimo
1969). Heat transfer mechanisms depend considerably
on the form of the soil water (Chudnovsky 1954, cited
by Kolyasev and Gupalo 1958).

The relationship between thermal conductivity and
amount of water in a soil was explored in some detail
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25°F (after Kersten 1949). See Appendix’

A for soil description.
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Figure 54. Thermal conductivity as affect-
ed by density-moisture relations (after
Baver et al. 1972, based on Van Rooyen
and Winterkorn 1959).

by Kersten (1949) on: the basis of numerous tests.
His emgirical equations showed that the thermal con-
ductivity is linearly velated to the logarithm of the
moisture content at a constant drv density. For un-
frozen silt and clay soils containing 50% or more silt
and clay, the equation for the thermal conductivity k
is

k=(09logw-062)10""""  forw > 7%

while for unfrozen sandy soils (clean sand) it is

k = (0.7 logw +0.4) 10°°' ™

forws 1%
where the units of k are Btu in./ft? hr °F, the moisture
content w is in percent and the dry density v, is in
Ib/f12. Van Rooyen and Winterkorn (1959) also ob-
tained an empirical relationship between the thermal
resistivity (the reciprocal of k) and the degree of satu-
ration (see Section 7.7).

Gemant (1950) attempted to account for the effect
of the bridge water in an equation for the thermal con-
ductivity of an idealized soil consisting of a cubic pack-
ing of equal spheres. The moisture was assumed to col-
lect in wedge-shaped rings around the small contact
areas. An expression was derived for the thermal con-
ductivity of this idealized soil in terms related to the
volume of water per unit soil volume (Section 7.5).
This expression is valid up to a moisture content of
about 20% by volume that corresponds {o the condi-
tion where the neighboring ring-shaped water wedges
contact each other.
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Figure 55. Experimental values of the tlhermal conductivity of
sand at varying moisture contents for temperatures of 20, 40,
60 and 75°C (after De Vries 1952a).

In his derivation of an expression for thermal con-
ductivity De Vries (1963), unlike Gemant, started
with the premise that water is the continuous medium
containing the soil grains and air pockets (see Section
7.6).

To calculate the thermal conductivity k of a soil
at partial saturation from known values of the conduc-
tivity in the saturated state, k., and that in the dry
state, kd,y », Johansen (1975) introduced the concept
of the Kersten number K, which is defined as

K-k
K, =—3%

knt 'kdry

from which it follows that

k=(kg,, -kd,).)l(e Ky
Basically this equation of Johansen is a simple interpo-
lation between the conductivities in the saturated and
the dry states that is based on K , which depends on
the degree of saturation (Section 7.11). Whiie this
equation may be adequate for certain engineering pur-
poses, it is not really based on a sound conceptual
model. It also does not take into account the moisture
migration which may occur at partial saturation and
cause an increase in the thermal conductivity, as illus-
trated by the data of De Vries (1952a). These experi-
mental results show this effect as brought about by in-
creased temperature, leading to increased migration
(Fig. 55).

If more water is added to a saturated soil, ine soil
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Figure 56. Thermal conductivity of quartzitic gravel and sand with 8% Linder
as a function of moisture content during wetting and subsequent dryirg (after

Farouki 1966).

skeleton begins to be pushed apart. This normally re-
sults in a decrease in the thermal conductivity because
the thermal conductivity of the water is usually less
than that of the soil solids. This behavior may be
seen in data on the thermal conductivity of ocean
sediments, where the decrease is especially marked
when these sediments consist of quartz (Kasameyer
ctal. 1972),

Hysteresis effects
The effect of the moisture content on the thermal
conductivity of some soils has been found to depend

A.Sand- grave! D. Bark __{u.cimlou
B. Stone E. Peat b. Shell - gravel

Therma! Conductivity {keal/mh°C)

1
o a0 60 ) 100

Ice Volume (%)
Figure 57. Thermal conductivity of frozen ma-
terial at a mean temperature of -5°C and indi-
cated dry density (after Skaven-Haug 1963).
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on whether the soil is in the process of drying or wet-
ting (Farouki 1966). During the drying process ther-
mal conductivity is higher (Fig. 56).

4.2.2 Effect of ice and unfrozen water
in frozen sojls

Figure 57 shows the important effcct of ice on ther-
mal conductivity. In coarse-grained soils, virtually all
the water turns to ice at 0°C. However, in finc-grained
soils, an appreciable percentage of unfrozen water may
remain even at temperatures as low as 40°C (Ander-
son and Tice 1973). This temperature dependence of
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Figure 58. Assumed temperaturedependent thermal con-
ductivity for gravel, clay and peat (after Gold et al. 1 972).




3 3 2

PERCENT WATER FROZEN

~N
<

0 PSS SRS | | SO S |
[+] o2 o4 [:13 o8 o010

S,, DEGREE OF SATURATION

Figure 59. Percent water frozen in a soil
model as a function of degree of saturatinn
at -4,0°C (from Lange and McKim 1963).
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Figure 61. Combined effect of degree of saturation
and temperature upon the percentage of original
water frozen. This percentage is indicated on the curves
which apply to a soil model fafter Lange and McKim
1963).
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Figure 60. Percent water frozen in a soil
model as a function of degree of saturation
at -7.5°C (from Lange and McKim 1963),

the phase composition may be important to the ther-
mal conductivity. In a simple manner, one may assume
the increase in the thermal conductivity through the
freezing point to be abrupt for gravel but gradual for
fine-grained and peat soils (Fig. 58).

Lange and McKim (1963) have shown that the phase
composition of water in an :... ized soil model depends
strongly on the degree of saturation. For a given nega-
tive temperature there is a sudden jump in the percen:-
age of frozen water at a definite degree of saturation.
This *“critical degree of saturation™ itself decreases
from about 57% at 4°C (Fig. 59) to about 8% at
-1.5°C (Fig. 60). The combined effect of degree of
saturation and temperature is shown in Figure 61. A
lower degree of saturation also causes an increase in
the freezing point depression (Fig. 62).
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Figure 62, Freezing point depression as a
Junction of degree of saturation in a soil
model {from Lange and McKim 1963},
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Figure 63. Ratio of thermal conductivity below freez-

R R ing to that above freezing as a function of moisture
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Figure 64. Thermal conductivity vs temperatisi
at different degrees of saturation S,. Duta taken o .
Jrom Penner et al. (1975) for their soil no. 8, a cla 1y-silt . e T
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Figure 65. Thermal conductivity vs temperature at different degreesof  Figure 66. Logarithm of thermal conduc-
saturation S,. These data apzly to the gravel no. 1 material tested by Johansen  tivity as a function of moisture content of

{pers. comnv). a fine sand (after Sawada 1977). For infor-
maticn on this sand see Appendix A.
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Figure 67. Thermal conductivity
of unsaturated frozen Ottawa sand
as a function of temperature (after
Hoekstra 1969),

A soil with saturation below about 70% (in particu-
lar if its moisture content is held below the plastic
limit) shows a marked reduction in the formation of
ice lenses and in the extent of frost heave (Johnson
1952, Linell and Kaplar 1959). Also, as shown below,
the degree of saturation affects the value of the ther-
mal conductivity of the frozen soil as compared with
the unfrozen value.

The thermal conductivity of ice is about four times
that of water. The thermal conductivity of frozen soil
k- may therefore be expected to be greater than that
of unfrczen soil k;. This is the case for saturated
soils and soils with high degrees of saturation. For
soils with low degrees of saturation, however, k. may
be less than ky;.

Kersten (1963) showed that the ratio k/k,; may
be less than unity at low moisture contents (Fig. 63).
Data obtained by Penner et al, (1975) indicate the im-
portant effect the degree of saturation has on this ratio
(Fig. 64). At low degrees of saturation, k. was some-
what smaller than ky;. Penner et al. explained this be-
havior by assuining that when freezing occurs at iow
moisture contents some of the effective bridge water
between the particles is removed to form ice in the
pores. The result is that the efficiency of heat conduc-
tion at the contact points decreases. This observation
is similar to one previously made by Martynov (1959)
and a similar trend is evident from Johansen’s data on
gravel that had virtually no unfrozen water below 0°C
(Fig. 65).

Sawada’s recent data (1977) on a fine sand show
the effect of moisture content on the thermal conduc-
tivity at temperatures down to -166°C (Fig. 66).
There is an evident crossover point at a moisture con-
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Figure 68. Thermal conductivity of silt vs temperature. Indicated
Ppercent water is based on the wet weight (after Wolfe and Thieme 1964).
For information on this silt sce Appendix A, ,

tent of about 16% which corresponds to about a 29%
saturation. Below this “critical moisture content,” kg
is less than k;, which conforms with the stipulation re-
garding the effect of bridge water depletion just men-
tioned. This depletion is accentuated as the tempera-
ture is lowered, leading to a drop in kg in the region
of lower moistute content. This trend was noted by
Hoekstra (1969) (Fig. 67).

When the moisture content rises above the critical
value (the crossover point in Figure 66) k. becomes
greater than k;. The increase in kg at the lower nega-
tive temperatures is now due to the increase in the in-
trinsic thermal conductivity of ice with decreasing
temperature (Fig. 31). As can be seen from Figure 66
this increase in k. is more pronounced as the moisture
(ice) content increases. A similar trend is indicated by
Wolfe and Thieme’s data (1964) on the thermal con-
ductivity of silt (Fig. 68) and of clay (Fig. 69) down
to temperatures of ~180°C. The behavior of the ther-
mal conductivity of the clay soil below a certain mois-
ture content value (about 19%) leads to several observa-
tions. There is a definite decrease in this thermal con-
ductivity as the temperature decreases from about
-25°C to about ~60°C. 'This behavior may be connect-
ed with a further reduction in tke unfrozen water con-
tent as it continues to convert to ice between these
very low temperatures. The effect of the increase in
the intrinsic thermal conductivity of ice with decreas-
ing temperature is completely counteracted and even
reversed with this further loss of unfrozen water. It
may therefore be suggested that the thermal conduc-
tivity of this unfrozen water is higher than that of ice
and/or that the unfrozen water has an important effect
in improving the thermal contact between the soil
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Figure 69. Thermal conductivity of clay vs temperature. Indicated
Ppercent water is based on the wet weight (after Wolfe and Thieme 1964).

For information on this clay see Appendix A.

skeleton and the ice, as has been suggested by Paviova
(1970) for peat (Section 4.2.3). The first suggestion
agrees with the Soviet idea, presented in Section 4.1 4,
that the adsorbed unfrozen water layer has a relatively
high thermal conductivity because of the high thermal
conductivity of zone 1l water. However, very low,
subfreezing temperatures may severely diminish the
thickness of this zone 11 or even eliminate it entirely.
Where there is no unfrozen water below 0°C, there
is a continuous increase in k. as the temperature de-

fine sand (Fig. 70 and 71) which has practically no un-
frozen water below 0°C. Sawada (1977) determined

a linear relationship between the logarithm of k. and
the absolute temperature T (Fig. 71) and expressed it
by the equation

kg = ATE

where A and B are empirical constants for the particu-
lar soil, depending on its moisture content.

creases. This is clearly shown by Sawada’s data on a
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Figure 71. Thermal conductivity
vs absolute temperature for a fine

sand {afier Sawada 1977). See Ap-
pendix A for additional information.

Figure 70. Thermal conductivity vs temperature for
a fine sand (after Sawada 1977). Sl is the dry sand and
§2, §3 ete. represent samples at increasing moisture contents
{see Appendix A for additional information).
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Figure 72, Thermal conductivity vs Figure 73. Kersten number vs degree o/ satura-
moisture ratéo r for soil B of Higashi tion (after Johansen 1975).

(1953). Thisis a frozen clayey silty
sand and the data are taken from Higashi’s
Table 7.

Equations for the thermal conductivity of
frozen soils in terms of their moisture content

Kersten (1949) showed that the thermal conductiv-
ity of a frozen soil is linearly related to its moisture
content w (%) at a constant dry density ¥, by an equa-
tion of the type

k=A+Bw

in which the empirical coefficients A and B differ for
coarse-grained and fine-grained soils and vary with 7,
in each case. The equation is not vaiid for moisture
contents below 1% for sands and gravels, nor below 7%
for silts and clays.

Somewhat differently, Higashi (1953) found a linear
relationship between the logarithm of the thermal con-
ductivity of a frozen soil and the moisture ratio 7 (i.e.
the moisture content w [%] expressed as a fraction,
w/100):

k=be?

in which b and d are empirical coefficients for the soil,
and e is the base of natural logarithms. Figure 72isa
graph of the data for one of Higashi’s soils. Except at
low moisture contents, Kersten’s data agree with the

form of Higashi’s relationship within experimental error.

S,, Degree of Saturation
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Froction of Water Frozen

Figure 74. Hashin-Shtrikman
bounds for the thermal conduc-
tivity of a saturated soil having
different ratios of frozen to un-
Jrozen water. The porasity is as-
sumed to be 50% and the partide
conductivity 3 W/r1 K f(after Johan-
sen 1975).

Sawada (1977) verified Higashi’s equation and extended
its validity to very low temperatures (Fig. 66).

As with unfrozen soils, Jchansen (1975) expressed
the thermal conductivity of frozen unsaturated soil in
terms of that of frozen saturated soil k_, and that of
frozen dry soil kg4,y, using the Kersten number K, in the
equation

k= (kut _kdry)Ke +kdry'

This linear interpolation is justified because Kersten’s
data give a linear relationship between the thermal con-
ductivity of frozen soil and the degree of saturation S,.
When K is plotted against S, a straight line through the
origin results (Fig. 73), implying that K, = S, for a fro-
zen soil.

Johansen (1975) and Judge (1973b) suggested the
use of the following simple geometric mean equation for
the calculation of the thermal conductivity of frozen
saturated soil:

— -0 16 -
ksn - k:' kwkgl g

where k; = thermal conductivity of ice
k, = thermal conductivity of ordinary unfrozen
water
k, = thermal conductivity of the solid soil mineral
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(average value)
n = porosity expressed as a fraction
0 = fractional volume of unfrozen water.

The use of the geometric mean equation was justified
by Johansen (1975) because of the narrow region en-
compassed by the Hashin-Shtrikman bounds for a
saturated frozen soil containing varying fractions of
frozen water (Fig. 74),

Oversaturation with ice

Permafrost is often ice-rich while seasonally freezing
soil may become oversaturated with ice because of mois-
ture migration and subsequent freezing. The occurrence
of ice in soils can be quite complex; ice crystals vary in
size and orientation. Ice banding may decrease particle
contacts and air pores may develop within the ice.
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Higashi’s (1953) data show that beyond saturation
the therma! conductivity of frozen soil tends to become
constant rather than continue increasing.

The data of Slusarchuk and Watson (1975) on undis-
turbed ice-rich permafrost (Fig. 75) show a decrease in
the thermal conductivity as the ice content increases,
They attributed this trend to the presence of many small
air bubbles and discontinuitics in the naturally occurring
ice-rich permafrost. The importance of various contact
resistances and discontinuities was shown by McGaw
(1968) in his experiments on the thermal conductivity
of sand-ice mixtures (Fig. 76). A sharp discontinuity
occurred as the mix changed from a sand matrix with
ice inclusions to an ice matnix with sand inclusions.

The latter system had the higher thermal conductivity,
implying better thermal contacts.

160

Ice Content (%)

Figure 75. Thermal conductivity as a function of the ice content of undis-
turbed permafrost samples. Data taken from Table 1 of Slusarchuk and Watson (1975).
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Figure 76. Thermal conductivity of mixtures of Ottawe sand (20-30) and ice

fafter McGaw 1968).
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Figure 77. Thermal diffusivity vs fraction of water by
volume fafter De Vries 1974).
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Figure 79. Thermal properties of frozen glacial
clay vs moisture content (after Higashi 1958).

Effect of moisture content on thermal
diffusivity and heat capacity

For unirozen soil, 2 maximum thermal diffusivity
occurs at a certain moisture content, while the volu-
metric heat capacity continues to increase with increas-
ing moisture content (Fig. 77 and 78). In the case of
frozen soil, the rate of increase in the diffusivity with
increasing ice content slows down but does not reach
a maximum (Fig. 79).

When a fine-grained soil is cooled below 0°C, its
latent heat is released in stages as the water freezes
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Figure 78. Thermal properties of Russian south-
emn black earth (chernozem) vs moisture content
at 2 dry density of 1.2 gfcm® (after Kolyasev and
Gupalo 1958).
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Figure 80. Heat released in saturated silt and clay on
cooling below freezing point lafter Joh.ansen 1975).

gradually. The rate of heat release depends on the re-
lationship of unfrozen water content to temperature
and specific surface area. Figure 80 shows how this
rate of heat release slows down with decreasing tem-
perature for asilt and a clay. The im:lications of this
behavior with regard to the heat capacity are illustrated
in Figure 81 and further discussed in Section 5.2.1.
There is a certain value of the initial water content
which causes a jump increase in the heat capacity

(Fig. 82).
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Figure 81. Apparent specific heat capacity
of two clays as a function of temperature
(after Hoekstra 1969).

4.2.3 Water and peat

“Water and peat are inseparable by virtue of the
very nature of peat formation™ (MacFarlane and Wil-
liams 1974, p. 83). Water or ice have a major influence
on the thermal properties of peats. The depth of freez-
ing in peat depends strongly on the moisture conteat
during freezing. The calculation of the rate of freez-
ing and the rate of thawing of peat soils requires in-
formation on their thermal properties and their varia-
tion with the moisture content. The water content of
peat can vary over a wide range; values as high as
2100% have been recorded (Pihlainen 1963).

In comparison with other soils, peat has a low ther-
mal conductivity which depends to a large degree on
the water content, while the fractional solids volume
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