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THERMAL CONDUCTIVITY OF SOIL 

MILES S. KERSTEN

A ssistan t P rofessor of C iv i l  Engineering, U n iversity  o f Minnesota

SUMMARY.

Thermal co n d u ctiv ity  t e s ts  have been conducted on fourteen  d iffe r e n t  s o ils  at a 
wide range of d e n s it ie s , moisture contents, and mean tem peratures. The e f fe c t  of the 
various fa c to r s  upon the thermal co n d u ctiv ity  i s  discussed. In general, i t  is  found 
th at the thermal con d uctivity  of s o i l  v a r ie s  in  the fo llo w in g  ways:

1 . Above fre e s in g , in creases fo r  an increase in  mean temperature;
2. Below fre e z in g , shows very l i t t l e  change;
3. From below to above fre e z in g , v a r ie s  according to the moisture content;
4. At a constant d en sity , increases with an increase in  moisture content;
5. At a constant moisture content, increases with an increase in  den sity;
6. Is  dependent upon the grading and p a r t ic le  shape of the s o i l ;
7. D iffe rs  appreciably with resp ect to d iffe r e n t  s o i l  m inerals.

INTRODUCTION.

During the past two years a research pro­
gram fo r  determining the thermal con d u ctiv ity  
of s o i l  has been in  progress at the Engineer­
ing Experiment S tation  of the U niversity  of 
Minnesota. This work has been sponsored by the 
Coips of Engineers, Department o f the Army, as 
a part of th e ir  research study of construction  
problems in  regions of perm afrost, or perma­
nen tly  frozen  ground.

The purpose of the study was to determine 
the e f fe c t  of such items as temperature, dens­
i t y ,  moisture content, and mineral composition 
upon the thermal co n d u ctivity  of s o i l ,  as w ell 
as to  obtain c o e ff ic ie n ts  of con d u ctiv ity  of 
s o i ls  from te s t  in s ta l la t io n s  in  A rctic  reg­
ions. The data serve as a b a sis  fo r  p red ictin g  
thermal c o n d u c tiv itie s  of other s o i ls .

The t e s ts  were made with apparatus design­
ed and b u ilt  fo r  the in v e stig a tio n  at the Uni­
v e r s ity  1 ) . The s o il  was packed into the tu­
bular s o il  container of th is  apparatus at va­
rious d e n sitie s  and moisture contents, the 
d e n sitie s  varying from that obtained by loose

pouring to the modified maximum density  obtain­
ed by heavy ramming 2) and the moisture con­
ten ts varying from a ir-d ry  to  a few per cent 
above the optimum moisture content. Tests were 
made at mean temperatures ranging from 70 to  
-20® F<

The u n its used in  th is  report are as f o l ­
lows:

Thermal co n d u ctiv ity , k, represents the 
amount of heat expressed in  B ritis h  thermal 
u n its  transm itted per hour through one square 
fo o t of s o i l  one inch th ick  with a 1°  F tem­
perature d ifferen ce  between the two su rfaces;

A ll temperatures are Fahrenheit;
Density i s  the weight of dry s o i l  in 

pounds per cubic fo o t;
Moisture content i s  expressed as a per­

centage of the dry weight of the s o i l .
The theim al con d u ctiv ity  t e s ts  were made 

with a temperature d if fe r e n t ia l  of 10° between 
the hot and cold  fa c e s . A t e s t  with a hot tem­
perature o f 750 and a cold  temperature o f 65° 
i s  reported as having a mean of 70° ; a t e s t  
with 45 and 35 i s  reported as having a mean 
of 40°, e tc .
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In some t e s ts  a part of the contained 
moisture migrated toward the co ld  fa c e . In 
such te s ts  a s e r ie s  of 12 moisture samples 
were taken from the s o il  in  the tuhular con­
ta in e r  at the end of the t e s t ,  and an average 
was determined. The moisture contents reported 
h erein  are th erefo re  in  some instan ces average 
rath er than uniform values.

SOILS TESTED.

The s o ils  te s te d  have been furnished by 
the Corps of Engineers. Most o f them are from 
A rc tic  regions. The 14 m aterials te s te d  thus 
f a r  are l i s t e d  togeth er with th e ir  grading and 
other p h ysical constants in  Table I . Included 
are severa l sandy s o ils  and a g ra v e l, three 
f in e  grained s o i ls ,  a peat, and some crushed 
rock m ateria ls.

RESULTS.

More t han 600 thermal co n d u ctivity  te s ts  
have been made on the 14 s o i ls  tested  thus 
f a r ;  consequently, i t  i s  not p ossib le  to  pre­
sent the d e ta ile d  re s u lts  herein . I t  i s  intend­
ed rath er to  discuss the re s u lts  in  general 
eud to point out the e f fe c t  of the severa l 
fa c to r s  in flu en cin g  the r e s u lts .

E ffe c t  o f Mean Temperature.
Thermal con ductivity  t e s ts  were made at 

fo u r mean tem peratures: two above fre e z in g ,
70 and 40°, and two below fre e z in g , 25 and 
-20°. Considering f i r s t  the values at the tem­
peratures above fre e z in g , the co n d u ctivity  at 
70° averaged about 5 per cent g rea ter than 
th at at 40°. Only in  a very few instan ces was 
a higher value found at the lower temperature.

The te s ts  below the fre e z in g  point showed 
no marked v a r ia tio n , p a r t ic u la r ly  at low moist­
ure contents. In some t e s ts  with moisture con­
ten ts  equal to  or g rea ter than the optimum 
moisture content, the con d u ctivity  at -200 was 
5 to  10 per cent greater than that at 25°. In 
general, however, the two values varied  by 
le ss  than 5 per cent.

The most important re la tio n sh ip  in  a con­
sid eratio n  of the e f fe c t  of mean temperature 
upon thermal conductivity  i s  the change which 
occurs in  passing through the fre e z in g  p oin t. 
Tests on a l l  s o ils  were made ju st above fr e e z ­
ing, with a mean of 40°, and ju s t  below fr e e z ­
ing, with a mean of 25°. I t  was found th at the 
d ifferen ce  in con d uctivity  at these two tem­
peratures was c h ie f ly  dependent upon the moist­
ure content. On r e la t iv e ly  dry s o i ls ,  fo r  ex­
ample those in  the a ir-d ry  condition , there 
was p r a c t ic a lly  no d iffe re n ce . As the moisture 
content increased a few percentage p o in ts ,th e  
con d u ctivity  at 25° became le s s  than that at 
40°, but with a fu rth er increase in moisture 
the below -freezing value became p ro g re ssive ly  
g rea ter than that above fre e z in g . At the mo­
d if ie d  optimum moisture content the frozen 
s o il  has a con ductivity  of approximately 20 
per cent grea ter than the unfrozen s o i l .

E ffe c t  of Moisture Content.
The e f fe c t  of moisture content upon con­

d u c tiv ity  has been in ve stig a ted  fo r  the va­
rious s o ils  by attempting to run s e r ie s  of 
t e s t s  with a common density but with d i f fe r ­
ent moisture contents. Seven s o i ls ,  including 
the two s i l t  loams, the c la y , and the peat, 
were tested  with moisture contents of more 
than the optimum. The other s o ils  were tested  
at moisture contents up to  only approximately 
4 per cent. Based on these t e s ts  w ith  the dry 
density  constant, the best re la tio n sh ip  be - 
tween co n d u ctiv ity  and moisture content i s  of

k « A lo g  (moisture content) + B,
A and B being constants determined fo r  the 
given s o i l  and d en sity . Such an equation p lots  
as 9 s tra ig h t  lin e  on sem i-logarithm ic paper.
A re la tio n sh ip  such as the above f i t s  the re­
s u lts  down to  a ce rta in  moisture content, or­
d in a r ily  1 or 2 p er cent fo r  the sands and 
somewhat higher f o r  the f in e r  textured  s o i ls ,  
below which a fu rth e r  decrease in  moisture 
content causes only a small decrease in  the 
thermal co n d u ctiv ity .

The value of the constant A in  the equa­
tio n s fo r  the various s o i ls  and d e n s it ie s , 
which represents the change in  co n d u ctivity  
in  one cycle  of log  paper, i . e . ,  1 to  10 per 
cen t, 2 to  20 per cent m oisture, e t c . ,  v a r ie s  
from as low as 4 to as high as 15, w ith an 
average of about 8. The con d u ctivity  of a 
s o i l  of average d en sity  at 1 per cent moist­
ure content i s  about 6; thus, an in crease of 
moisture from 1 to 10 per cent more than 
doubles the co n d u ctiv ity .

Tests were not conducted on any s o ils  at 
moisture contents grea ter than per cent; 
on the sands 17 per cent was the grea test 
va lu e. Consequently, the e f fe c t  of very high 
moisture contents on co n d u ctivity  i s  not 
known. I t  may be stated  th at to  the point 
th at te s ts  were made, any increase in  moist­
ure resu lted  in  an increase in  co n d u ctiv ity .

E ffe c t  of D ensity.
The e f fe c t  of density was studied on a l l  

s o i ls  by making s e r ie s  of te s t  at a common 
moisture content and d iffe re n t d e n s itie s . 
Figure 1 i s  a p lo t of the re s u lts  of such 
te s ts  on one s o i l .  The re la tio n sh ip  i s  ex­
pressed by the equation,

k - A (10 )B z  deasity^
A and B being determined by the type of s o il  
and the moisture content. I t  was found that 
the rate  of increase of con d u ctiv ity  w ith an 
increase in  d en sity  was approximately the 
same fo r  any moisture content fo r  a given 
s o i l .  This i s  i l lu s tr a t e d  by the uniform ity 
of the slopes of the curves in  Figure 1 . The 
rate  o f increase was found to be quite s im il­
ar fo r  the 14 s o ils  te s te d . The rates varied  
from 1-J- to  4 per cent increase in  conductivi­
ty  fo r  each 1 pound per cubic fo o t increase 
in  d ensity  and averaged about 2-J- per cent.

E ffe c t  of P a rtic le  S ize and Shape.
Tests were made on three d iffe re n t  sam­

p le s , a l l  pure quartz but with d iffe re n t  gra­
dings or p a r t ic le  shape. S o ils  P4-701 and 
P4702 were standard Ottawa sands from Ottawa,

the form

Variation of thermal conductivity with dry 
density of s o i l .  S o il P 4602, Fairbanks s i l t  
loam,mean temperature 70 F. Values on curves 
give constant moisture content.

FIG .1
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I l l in o i s ;  P4701 was a f in e  graded m ateria l, 
and P4702 was 20 to  30 mesh m ateria l. Both 
had rounded p a r t ic le s . P4703 was a crushed 
angular quartz, grading from £ inch down to 
dust. The comparison of the co n d u ctiv itie s  i s  
presented in  Figure 2 fo r  a d en sity  of 98 
pounds per cubic fo o t and at a mean tempera­
ture of 70°. The two rounded sands, PA-701 and 
P4702, gave quite s im ila r  r e s u lts , but the 
crushed quartz was found to  have co n d u ctivity  
values as much as 50 per cent g rea ter fo r  the 
moisture range te s te d . This one s e r ie s  of 
t e s ts  would in d ica te  th at grading and p a r t ic le  
shape have a marked e f fe c t  on co n d u ctivity .

E ffe c t  of Mineral Composition.
(To determine the v a r ia tio n  in  thermal 

co n d u ctivity  of common s o il  co n stitu en ts, 
te s ts  were made on fou r crushed rocks: quartz, 
trap rock (b a s a lt) , potash fe ld sp a r , and gran­
i t e .  A ll fo u r m aterials had approximately sim­
i l a r  gradings. (See Table I)  Figure 3 shows 
the te s t  re s u lts  on these m aterials at a dens­
i t y  of 103 pounds per cubic foo t and at a mean 
temperature of 70°. There i s  a marked d i f fe r ­
ence in  co n d u c tiv itie s , p a r t ic u la r ly  with res­
pect to  the quartz and the other three mate­
r i a l s .  The order and approximate r a tio  of mag­
nitudes of thermal con d u ctivity  fo r  these ma­
t e r i a ls  are as fo llo w s: trap rock, 1 .0 ; gran­
i t e ,  1 .3 ; fe ld sp a r , 1 .4 ; and quartz, 2 .5 .

The d ifferen ces  found f o r  the crushed 
m inerals were also encountered in  the te s ts  
on natural sands. For example, the thermal 
co n d u ctivity  values fo r  the two Northway sands, 
which co n sist la r g e ly  of b a sa lt are r e la t iv e ­
ly  low, whereas the Lowell sand which has a 
higher quartz content g ives high valu es.

In d iscussin g mineral composition, the 
r e s u lts  of the te s ts  on the peat are of in ­
t e r e s t .  This s o i l ,  which from appearances was 
almost e n t ir e ly  fib rou s organic m aterial,gave 
lower co n d u ctiv ity  values than any other s o il  
te s te d . At 9 per cent moisture content and 22 
pounds per cubic foo t density (the highest ob­
ta in a b le ), the con d uctivity  was only 0.4; no 
other s o i l  gave values le s s  than 1.0 . At 300

Comparison o f thermal co n d u ctiv ity  o f three 
quarts s o i ls  P 4-701, P 4702 and P 4703. Density 
98 lb . per c .F . jinean temperature 70 F.

FIG. 2

Comparison of thermal conductivity  of four s o il  
constituents P 4703, P 4704, P 4705 and P 4706. 
Density 103 lb . per c.F.^mean temperature 70 F.

FIG.3

per cent moisture content the co n d u ctivity  of 
the peat increased to almost 4, s t i l l  a re­
la t iv e ly  low valu e.

Some of the highest co n d u ctiv itie s  ob­
tain ed  thus f a r  are fo r  the g rav e l, P4601.
This is  due in  p art to  the high density  to 
which th is  m aterial may be compacted. At a

TABLE I

S o ils  Tested

Soil
No.

Soil
Desingation

Mechanical Analysis x )

Gravel Coarse Sand Medium Sand Fine Sand 
Over . 0.54 to 0.177 to 0.05 to 
6.68 xa) 6.68 0.84 0.177

Physical Constants

Silt Clay Liquid Plasticity Specific Textural 
0.005 Under Limit Index Gravity Class xb) 
to 0 . 0 5  0 . 0 0 5

P4502 Northway Fine Sand 0.0 0.5 43.6 53.0 3.0 0.0 — N. P.xc) 2.76 Fine Sand

P4 5 0 3 Northway Sand 1.6 5.4 86.0 7.0 0.0 0.0 — N. P. 2.74 Bed. Sand

P4 5 0 5 Northway Silt Loam 0.0 1.0 2.0 19.0 64.4 13.6 27.3 N. P . 2.70 Silt Loam

P4601 Chena River Gravel 56.0 26.0 14.0 3.4 -0.6- — N. P- 2.70 Gravel

P4602 Fairbanks Silt Loam 0.0 0.1 0.5 7.0 80.9 11.5 34.0 N. p. 2.70 Silt Loam

P4604 Lowell Sand 0.0 14.0 80.0 6.0 0.0 0.0 — N. p. 2.67 Had. Sand

P4701 Graded Ottawa Sand 0.0 0.0 98.3 1.6 -0.1- — N. p. 2.65 lied. Sand

P4702 20-50 Ottawa Sand 0.0 0.0 100.0 0.0 0.0 0.0 — N. p. 2.65 Coarse "

P4703 Crushed Quarts 0.0 44.5 37.3 12.7 -5.5- — H. p. 2.65 Coarse n

P4704 Crushed Trap Hock 0.0 59.0 24.2 6.8 -10.0- — N. p. 2.97 Coarse "

P4705 Crushed Feld Spar 0.0 5 1 . 8 54.2 9.8 -4.2- _ N. p. 2.56 Coarse n

P4706 Crushed Granite 0.0 47.8 32.4 13.0 —6.8— — N. p. 2.67 Coarse "

P4707 Fairbanks Peat ~ — — — __ — N. p. _ Peat

PA-708 Healy Clay 0.0 0.3 0.7 0.9 20.1 78.0 39.4 1 5 . 0 2.59 Clay

x) Aviation Engineers Method, Manual TM5-255. 

xa)Slze in millimeters.

xb) U. S. Bureau of Chemistry and Soils, 

xc) N. P. = Non-plastic.
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d en sity  of 125 pounds p er cubic fo o t and 3 
p er cent moisture content, a co n d u ctiv ity  of 
17 was obtained a t 70° .

CONCUJSIOBS.

Thermal co n d u ctivity  t e s t s  on 14 s o i ls  
warrant the follow in g conclusions:
1 )  The c o e ff ic ie n t  o f thernal co n d u ctivity

of s o i ls  above the fre e z in g  point in creas­
es w ith an increase in  mean tem perature.
Values at 70° average about 5 p er cent more 
than those at 40°;
2) In most cases the c o e ff ic ie n t  of thermal 

co n d u ctivity  does not vary  appreciably in
a mean temperature range from -20 to  + 25°;
3) The d ifferen ce  in  thermal co n d u ctiv ity  

above and below the fre e z in g  p oin t i s  de­
pendent c h ie f ly  upon the moisture content of 
the s o i l .  For a ir-d ry  s o i ls  there i s  p r a c t ic ­
a l ly  no d ifferen ce  in  the two va lu es. At 
s l ig h t ly  higher moisture contents (2 per cent 
in  sands, 5 to  10 per cent in  fin e  grained 
s o ils )th e  co n d u ctivity  i s  lower below free z in g  
than above. With fu rth e r  in creases in  moisture 
content the co n d u ctivity  o f frozen  s o i l  be­
comes p ro g re ssive ly  grea ter  than unfrozen. At 
the modified optimum moisture content the con­
d u c tiv ity  below free z in g  i s  on the average 
about 20 per cent g rea ter than th at above 
fre e z in g ;
4) At a constant density an increase in  moist­
ure content causes an increase in  conduct­
i v i t y .  On the average, the co n d u ctivity  of a 
s o i l  at 10 p er cent moisture i s  more than 
tw ice th at at 1 per cent;
5) At a constant moisture content an increase 

in  density  re s u lts  in  an increase in  con­
d u c tiv ity ;  the average increase i s  about 2-J- 
per cent per pound per cubic fo o t increase in

den sity;
6) The thermal co n d u ctiv ity  o f a given mate­

r i a l  i s  dependent upon i t s  grading end part­
i c l e  shape as w e ll as i t s  d en sity  and moisture 
content. T ests on three m a te ria ls , a l l  pure 
quarts but w ith d iffe r e n t  gradings and p a rt­
i c l e  shape, showed th at at common moisture con­
ten t and d en sity  an angular w ell-graded mate­
r i a l  had a co n d u ctivity  o f from 20 to  50 per 
cent g rea ter than rounded, poorly-graded ma­
t e r i a ls ;
7) The thermal co n d u ctiv ity  of crushed rock 

m inerals of approximately s im ila r  gradings
d i f f e r  appreciably. The order of co n d u ctiv itie s  
of fo u r m aterials te s te d , from the le a s t  to  
the g re a te s t, i s :  trap  rock, g ra n ite , fe ld sp a r , 
and quartz; the r e la t iv e  magnitudes are: 1 .0 , 
1.3» 1 .4 , and 2.5 .
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FOR A SYSTEMATIC STUDY OF THE PROPERTIES OF SOILS AS BEr.ATED TO 

THEIR PERMANENT CHARACTERS AND TO THEIR NON-PERMANKKT CHARACTERS 

( STRUCTURE AND MOISTURE CONTENT )

R. SPRONCK

Professor -  U niversity of Lidge (Belgium.)

1. INTRODUCTION.

Among the numerous fa c to rs  which a f fe c t  
the p h ysical and mechanical p ro p erties o f soils, 
are be considered:
1 . the permanent ch aracters : physico-chemic­

a l composition, shapes o f p a r t ic le s ,  kind
o f th e ir  su rface , p a r t ic le  s iz e  d is tr ib u tio n , 
e tc .
2. the stru ctu re and the moisture conten t.sup­

posed uniform, which are capable o f  fre e
v a ria tio n  w ithin ce rta in  lim its .
The moisture content i s  easy to determine by 
the measure o f the d iffe re n ce  between the wet 
weight P  ̂ and the dry weight Ps o f  a sample of 
s o i l  having the apparent volume V, from which 
are deduced:
the s p e c if ic  g ra v ity  o f the wet s o i l :^ =  P^A 
and the s p e c if ic  g ra v ity  o f the dry

s o i l :  bs 

Hence:
P sA - 

e > Ph -  -Ps 
---- P 7 ~

¿h- ój

The structure  i s  much more d i f f i c u l t  to 
defin e and even to conceive. I t  i s  r e la t iv e  to 
the arrangement of the p a r t ic le s  and o f the 
in t e r s t ic ia l  liq u id  in the s o i l .  I t  is  not 
s u f f ic ie n t ly  ch aracterized  by the measure o f 
the r e a l s p e c if ic  g ra v ity  o f the s o i l  which 
permits to cipher the 3 fra c tio n s  c , I and a 
o f an U nitarian volume occupied by the s o lid , 
the liq u id  and the a ir . This measure permits 
to define the value o f the compacity:

p 6te » —


