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Belationship of specific heat of soil-water 
mixtures and moisture content.
Soil P 4701 graded Ottawa sand. Mean temperature 

7 0 0  F .

F I G .  5

CONCLUSIONS.

1. The specific heats of a variety of soils- 
(sands , silt loams, and crushed rocks)-dif- 
fer by only a small amount (about 0.01) and 
average 0.19 at 140° F.

2. Specific heat values of soil decrease with 
a decrease in temperature. In a temperature

range of from 140° to 15° F, the change amounts 
to approximately 11 per cent for a drop in 
temperature of 100° F .
3. Based on tests on just one soil, it may be 

stated that the specific heat of soil-wa­
ter mixtures may be calculated by proportion 
according to the percentage by weight of the 
two components and the respective specific 

heats. ^
4. In making specific heat tests by the ad­

dition of soil to water in a calorimeter,
the heat of wetting of the soils must be tak­
en into account in the calculations.
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MILES S. KERSTEN

Assistant Professor of Civil Engineering, University of Minnesota

GENERAL DISCUSSION

As a part of a comprehensive program of 
research ou problems encountered in building 
structures, such as runways and buildings in 
arctic regions where a condition of permafrost, 
or permanently frozen ground, exists, the Uni­
versity of Minnesota, Engineering Experiment 
Station, under contract with the Corps of En- 
giueers, Department of the Army, undertook a 
study of the thermal conductivity of soil.
Since soil is a material with properties en­
tirely different from those types of materials 
which had previously been subjected to thermal 
conductivity tests, such as building materials 
and insulation, an entirely new apparatus was 
designed and built for these tests. The appa­
ratus had now been in use for about two years, 
and since it is thought to be unique and pos­
sibly useful in other fields of research, it 
is described herein.

The design of the apparatus was patterned 
in part on the hot-plate equipment in use at 
the University of Minnesota for testing mate­
rials used in insulating buildings and in part 
on apparatus used by the U.S. Bureau of Recla­
mation for tests on concrete. The testing of 
soils called for a test chamber into which the 
material could be compacted to any desired den 
sity and at any selected moisture content. For 
this reason a tubelar type container was se­
lected.

Foij purposes of description, the appara­
tus may be divided into the following parts:

1) A tubelar soil container consisting of a 
central pipe containing heaters and an out­

side cold chamber, together with a refrigerat­
ed, insulated box to keep heat losses at a 
minimum;
2) A motor generator with an exciter and vol­

tage regulator for supplying power to the
heaters;
3) A condensing unit, cooling and mixing tanks, 

and circulation system for supplying alcohol
to the cold side of the soil container, with 
provision for controlling the alcohol tempera­
ture to attain the desired soil temperature on 
the cold face;
4) A system of power and temperature measure­

ment and control.
A general view of the test apparatus is 

shown in Figure 1. In the photograph the cool­
ing and mixing tanks are at the left front.
This was originally constructed for four soil 
containers, but only two have been built. The 
alcohol cooling tank is in the center, with two 
mixing tanks on the opposite sides. The condens­
ing unit for the main tank is at the right 
front. The soil containers are at the left be­
hind the tanks; one, with the insulated cover 
down, is behind the column. The operating 
table is in the back beyond the soil contain­
ers. At the right and beyond the condensing 
unit of the alcohol tank is a smaller condens­
ing unit for the soil containers. Beyond this 
is the motor generator unit and. against the 
wall are two photo-electric relay units.
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General view of soil thermal conductivily apparatus.
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S O I L  C O N T A I N E R

A  c l o s e - u p  v i e w  o f  a  s o i l  c o n t a i n e r  i s  
s h o w n  i n  F i g u r e  2 .  F i g u r e  3  s h o w s  t h e  g e n e r a l  
a s s e m b l y  o f  t h i s  u n i t  w h i c h  i s  m a d e  u p  c h i e f l y  
o f  c o n c e n t r i c  s e c t i o n s  o f  t h r e e  s i z e s  o f  c o p ­

p e r  p i p e  w i t h  a n  o v e r - a l l  l e n g t h  o f  2 0  i n c h e s .  
T h e  s m a l l e r  p i p e ,  2  3 / 8  i n c h e s  i n  o u t s i d e  d i a ­

m e t e r  i s  d i v i d e d  i n t o  t h r e e  s e c t i o n s ,  t h e  u p ­

p e r  a n d  l o w e r  s e c t i o n s  e a c h  b e i n g  a p p r o x i m a t e ­

l y  4  i n c h e s  i n  l e n g t h  a n d  t h e  c e n t e r  o n e  1 2  
i n c h e s  i n  l e n g t h .  T h e  t h r e e  s e c t i o n s  a r e  s e p a r ­

a t e d  f r o m  o n e  a n o t h e r  b y  M i c a r t a  a n d  r u b b e r  
d i s c s  w h i c h  h o l d ,  t o  a  n e g l i g i b l e  a m o u n t ,  t h e  
f l o w  o f  h e a t  f r o m  o n e  s e c t i o n  t o  a n o t h e r .  W i t h ­

i n  t h e s e  s e c t i o n  o f  p i p e  a r e  l o c a t e d  t h r e e  
c a r t r i d g e  t y p e  e l e c t r i c a l  h e a t e r s ,  o n e  w i t h i n  
e a c h  o f  t h e  s e c t i o n s .

T h e  u p p e r  a n d  l o w e r  4 - i n c h  s e c t i o n s  a r e  
t e r m e d  g u a r d  s e c t i o n s  a n d  t h e i r  p u r p o s e  i s  t o  
r e g u l a t e  c o n d i t i o n s  a t  t h e  t w o  e n d s  o f  t h e  
s o i l  c o n t a i n e r ,  s o  t h a t  t h e r e  i s  n o  t e n d e n c y  
f o r  t h e  h e a t  f r o m  t h e  c e n t e r  o r  m a i n  h e a t i n g  
s e c t i o n  t o  f l o w  u p w a r d  o r  d o w n w a r d ,  t h u s  i n s u r ­

i n g  o n l y  a  t r u e  r a d i a l  f l o w  o f  h e a t  t h r o u g h  t h e  
s o i l  b e i n g  t e s t e d .

T w o  t h e r m o c o u p l e  c o n n e c t i o n s  a r e  s e t  i n  
t h e  o u t s i d e  w a l l  o f  t h e  c e n t e r  s e c t i o n  o f  t h e  
c e n t e r  c o l u m n .  T h e s e  m e a s u r e  t h e  t e m p e r a t u r e  
o n  t h e  h o t  s i d e  o f  t h e  s o i l  s a m p l e .

B a l a n c i n g  c o u p l e s  c o n n e c t  t h e  c e n t e r  s e c ­

t i o n  a n d  t h e  u p p e r  a n d  l o w e r  g u a r d  s e c t i o n s .  
T h e s e  c o u p l e s  a r e  u s e d  t o  c h e c k  t h e  t e m p e r a t u r e  
i n  t h e  g u a r d  s e c t i o n s  a g a i n s t  t h e  c e n t r a l  s e c ­

t i o n ,  a n d  t h u s  a i d  i n  p r e v e n t i n g  a n y  a x i a l  
f l o w  o f  h e a t  f r o m  t h e  m a i n  s e c t i o n .

T h e  a n n u l a r  s p a c e  b e t w e e n  t h e  h e a t e r s  a n d  
i n s i d e  w a l l  o f  t h e  p i p e  i s  f i l l e d  w i t h  a  s p e c i ­

a l  r e f r a c t o r y  m a t e r i a l  w h i c h  p e r m i t s  a  r e a d y  
f l o w  o f  h e a t .  T h e  p o w e r  a n d  t h e r m o c o u p l e  l e a d s  
a l s o  p a s s  t h r o u g h  t h i s  s p a c e .

T h e  c o o l i n g  c h a m b e r  c o n s i s t s  o f  t w o  c o n ­

c e n t r i c  c o p p e r  c y l i n d e r s ,  a p p r o x i m a t e l y  1 / 4  
i n c h  i n  w a l l  t h i c k n e s s  a n d  6  5 / 8  i n c h e s  a n d

8  5 / 8  i n c h e s  i n  o u t s i d e  d i a m e t e r ,  r e s p e c t i v e l y .  
T h e  i n s i d e  f a c e  o f  t h e  s m a l l e r  c y l i n d e r  s e r v e s  
a s  t h e  c o l d  s i d e  o f  t h e  s o i l  c o n t a i n e r  a n d  i s

T a b u l a r  s o i l  c o n t a i n e r  a n d  r e f r i g e r a t i o n  p l a t e s .

F I G .  2

i n  d i r e c t  c o n t a c t  w i t h  t h e  s o i l .  T h e  t w o  c y l i n ­

d e r s  a r e  a s s e m b l e d  w i t h  r i n g s  a t  e a c h  e n d ,  t h e  
s p a c e  b e t w e e n  t h e  c y l i n d e r s  s e r v i n g  a s  a  c h a m ­

b e r  t h r o u g h  w h i c h  t h e  a l c o h o l  i s  c i r c u l a t e d .

T h e  s o i l  t o  b e  t e s t e d  i s  p l a c e d  i n  t h e  a n -
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nular space between the 2 3/8-inch and 6 5/8- 
inch pipes. The center column itself is sup­
ported by an additional section of pipe placed 
below the bottom guard section, but separated 
from it by a Micarta spacer, and extending to 
the floor. At the bottom of the soil container 
the plug which encloses that end has a Micarta 
face in contact with the soil. At the top of 
the container the center column is held in a 
central position during filling by a metal 
"spider" having three arms extending across to 
the cold jacket. This is replaced after filling 
by a Micarta cap without arms.

Two thermocouple connections are made on 
the inside face of the 6 5/8-inch pipe which 
corresponds to the outside or cold face of the 
soil. These thermocouples are located directly 
opposite the two thermocouples on the center 
column.

A cover of bakelite and granulated cork 
fits over the top of the tubular container. The 
table on which the container is located and the 
plug at the bottom both have a 1-inch layer of 
cork for insulation.

The containers are located on a table ap­
proximately 2 feet high. The table top is fa­
bricated of 1/4—inch steel plate to provide rig­
idity for the compaction of soil, 1 inch of 
cork to provide insulation during low tempera­

ture runs, and a 1/4-inch Masonite surface.
The plug mentioned above which is used for the 
bottom of the container fits into a hole in 
this table.

To prevent excessive warming of the cool­
ing liquid during runs at low temperatures, 
covers are provided for each soil container. 
These’ covers, in the form of large bottomless 
boxes, are constructed of plywood and 2 inches 
of cork insulation. They drop down over the 
soil container from above, are mounted on pul­
leys, and are counter-balanced to provide ease 
in handling.

To maintain a low temperature within the 
insulated covers, two refrigeration plates are 
mounted on the table for each soil container. 
These plates are connected to a 1 1/2-horsepow- 
er condensing unit. The refrigeration system is 
complete with expansion valve, thermostat, li­
quid indicator, strainer, etc. One condensing 
unit serves both soil containers. Separate 
thermostats in each box and solenoid valves in 
the liquid line provide separate control.

COOLING AM) MIXING TANKS

The cooling and mixing tanK unit consists 
of separate mixing tanks for each unit and a 
common central cooling tank. The tanks are of 
galvanized sheet: steel and are insulated with
4 inches of granulated cork.

The cooling tank, which holds about 100 
gallons of liquid, is equipped with a cooling 
coil. A circulator mounted at one end of the 
tank continually circulates the liquid to 
provide more efficient cooling and more even 
temperature control. The cooling coil is con­
nected to a condensing unit which is control­
led by thermostats whose bulbs are mounted in 
the tank.

Each mixing tank has a capacity of about
30 gallons. From each of these tanks a circul­
ator feeds liquid to the cold side of a soil 
container. The mixing action is brought about 
by by-passing a part of the discharge of the 
circulator directly back to the mixing tank 
and also by the return liquid from the cold 
side of the soil container.

There are two inlets to the mixing tank 
from the circulation system in the cooling 
tank; one is controlled by a hand valve, the 
other by a solenoid valve. These provide a 
means for cooling the liquid in the mixing 
tank. An overflow connection is provided be­
tween the mixing and cooling tanks for the 
purpose of maintaining desired levels of li­
quid. An immersion heater is mounted in the 
mixing tank to provide necessary warming of 
the liquid for temperature control.

CIRCULATION SYSTEM

Separate circulation systems are provid­
ed between each mixing tank and soil contain­
er. The liquid is drawn from the bottom of 
the tank through a 1 1/4-inch circulator.
Part is immediately returned to the top of the 
tank to provide mixing action, the amount re­
turned being controlled by a hand valve. The 
balance of the liquid is conveyed in a single 
pipe to the table on which the soil container 
is mounted. A thermohm for detecting tempera­
ture change in the liquid is mounted in this 
line. At the table the line is divided and en­
trance into the cold chamber of the soil con­
tainer is made at two points at its bottom,
180 degrees apart. The exit is through two 
points, at the top of the jacket, 180 degrees 
apart. The inlet and outlet connections are 
90 degrees apart. This arrangement is meant 
to provide circulation throughout the entire
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v o l u m e  o f  t h e  c o l d  c h a m b e r .  T h e  c o n n e c t i o n s  
t o  t h e  c o n t a i n e r  a r e  f i t t e d  w i t h  h a n d  v a l v e s ,  
a n d  t h e  p i p e s  a r e  i n s u l a t e d  t o  k e e p  l o s s e s  a t  
a  m i n i m u m .

P O W E R  3 0 U R G E

T h e  p o w e r  f o r  t h e  h e a t e r s  i n  t h e  c e n t e r  
s e c t i o n  o f  t h e  s o i l  c o n t a i n e r  i s  f u r n i s h e d  b y  
a  m o t o r  g e n e r a t o r  s e t ,  1 1 0  v o l t s ,  B . C .  B e c a u s e  
o f  t h e  a c c u r a c y  r e q u i r e d  i n  t h e  m a i n t e n a n c e  o f  
s p e c i f i e d  t e m p e r a t u r e s  a n d  t h e  r a t e  o f  h e a t  
s u p p l i e d  t o  t h e  s o i l ,  t h e  v o l t a g e  i s  c o n t r o l ­

l e d  b y  a  v o l t a g e  r e g u l a t o r .

T T M P i m A T U R E  A N D  P O W E R  M E A S U R E M E N T  A N D  C O N T R O L

F i g u r e  4  i s  a  v i e w  o f  t h e  c o n t r o l  t a b l e .

T e m p e r a t u r e  m e a s u r e m e n t s  a r e  m a d e  a t  t w o  
p o i n t s  o n  t h e  h o t  s i d e  a n d  t w o  p o i n t s  o n  t h e  
c o l d  s i d e  o f  t h e  s o i l  s a m p l e .  O n  t h e  h o t  s i d e  
t h e r m o c o u p l e s  a r e  m o u n t e d  o n  t h e  o u t s i d 9  o f  
t h e  c e n t r a l  h e a t i n g  s e c t i o n .  T h e  l e a d s  a r e  
c a r r i e d  t h r o u g h  t h e  w a l l  a n d  d o w n  t h r o u g h  t h e  
r e f r a c t o r y  m a t e r i a l  i n t o  a  c o n d u i t  a t  t h e  b a s e .  
O n  t h e  c o l d  f a c e  t h e  t h e r m o c o u p l e s  a r e  m o u n t ­

e d  o n  t h e  i n s i d e  p i p e  o f  t h e  c o o l i n g  c h a m b e r  
a t  t h e  f a c e  c o n f i n i n g  t h e  s o i l ;  t h e s e  a r e  e m ­

b e d d e d  i n  p o r c e l a i n  i n  a  g r o o v e  i n  t h e  p i p e  
w a l l  a n d  l e d  o u t  u n d e r  t h e  c o o l i n g  c h a m b e r  i n ­

t o  a  c o n d u i t .

C o n t r o l  t a b l e

F I G .  4

T h e  c o p p e r  a n d  C o n s t a n t a n  l e a d s  s i r e  l e d  
t h r o u g h  c o n d u i t s  t o  t h e  c o n t r o l  p a n e l .  T h e i r  
c i r c u i t  i n c l u d e s  a  c o l d  j u n c t i o n  ( i c e  b a t h ) ,  
a  s w i t c h  p a n e l  f o r  t h e  s e l e c t i o n  o f  t h e  t h e r ­

m o c o u p l e  t o  b e  r e a d ,  a  L e e d s - N o r t h r u p  t y p e  
K - 2  p o t e n t i o m e t e r ,  a n d  a  g a l v a n o m e t e r .

T e m p e r a t u r e  c o n t r o l  i s  a c c o m p l i s h e d  i n  
t h e  f o l l o w i n g  m a n n e r .  F o r  t h e  c o l d  s i d e  a  
t h e r m o h m  i s  l o c a t e d  i n  t h e  p i p e  c a r r y i n g  t h e  
a l c o h o l  t o  t h e  c o l d  c h a m b e r  o f  t h e  s o i l  c o n ­

t a i n e r .  T h e  t h e r m o h m  i s  o n e  l e g  o f  a  W h e a t ­

s t o n e  b r i d g e  c i r c u i t  w h i c h  a f f e c t s  a  g a l v a n o ­

m e t e r  i n  a  p h o t o - e l e c t r i c  t h e r m o s t a t  b o x .  A n y  
c h a n g e  i n  t e m p e r a t u r e  f r o m  t h a t  s e l e c t e d  i n i ­

t i a t e s  a  r e l a y  w h i c h  e i t h e r  c o n t a c t s  t h e  h e a t ­

e r  i n  t h e  m i x i n g  t a n k  o r  o p e n s  a  s o l e n o i d

v a l v e  p e r m i t t i n g  c o l d e r  l i q u i d  t o  e n t e r  t h e  
m i x i n g  t a n k  f r o m  t h e  c o o l i n g  t a n i c .  T h e  t e m p e r ­

a t u r e  i s  s e l e c t e d  b y  a d j u s t m e n t  o f  t h e  r e s i s t ­

a n c e  i n  o n e  l e g  o f  t h e  b r i d g e

T h e  t e m p e r a t u r e  c o n t r o l  o n  t h e  h o t  s i d e  
o f  t h e  s o l i  s a m p l e  I s  a c h i e v e d  b y  t h e  c o n t r o l  
o f  v o l t a g e  a p p l i e d  t o  t h e  h e a t e r s .

W i t h  t h i s  a p p a r a t u s  t h e  p o w e r  i s  m e a s u r e d  
o n l y  f o r  t h e  m a i n  h e a t e r  a n d  n o t  f o r  t h e  
g u a r d s .  T h e  v o l t a g e  a n d  a m p e r a g e  a r e  d e t e r m i n ­

e d  b y  m e a n s  o f  t h e  p o t e n t i o m e t e r .  T h e  p o w e r  i n  
t h e  m a i n  a n d  g u a r d  s e c t i o n s  i s  r e g u l a t e d  b y  
t w o  r h e o s t a t s  i n  s e r i e s  i n  e a c h  c i r c u i t .  T h e  
a m o u n t  o f  h e a t  f u r n i s h e d  b y  t h e  c e n t e r  h e a t e r  
i s  r e g u l a t e d  s o  a s  t o  o b t a i n  t h e  d e s i r e d  t e m ­

p e r a t u r e  o n  t h e  h o t  s i d e  o f  t h e  s o i l .  A  b a l a n c ­

e d  t e m p e r a t u r e  b e t w e e n  e a c h  g u a r d  s e c t i o n  a n d  
t h e  c e n t e r  s e c t i o n  i s  a c c o m p l i s h e d  b y  c o n t r o l  
o f  t h e  g u a r d  h e a t e r s .  T h i s  b a l a n c e  i s  m e a s u r e d  
b y  a  b a l a n c i n g  c o u p l e  b e t w e e n  t h e  e n d  o f  t h e  
m a i n  h e a t i n g  s e c t i o n  a n d  t h e  a d j a c e n t  e d g e  o f  
t h e  g u a r d  s e c t i o n .

U S E  O F  A P P A R A T U S

W i t h  t h i 3  a p p a r a t u s  t e s t s  c a n  b e  m a d e  o n  
s o i l s  w i t h  d e n s i t i e s  v a r y i n g  f r o m  l o o s e l y  p o u r ­

e d  t o  t h a t  o b t a i n e d  b y  h e a v y  r a m m i n g  a n d  a t  
m o i s t u r e  c o n t e n t s  u p  t o  a n d  b e y o n d  t h e  o p t i m u m  
m o i s t u r e  c o n t e n t .  T h e  c e n t e r  c o l u m n  i s  r e a s o n ­

a b l y  w a t e r - t i g h t ,  s o  t h a t  t h e  w i r i n g  i s  p r o ­

t e c t e d .  T e s t s  h a v e  b e e n  m a d e  o n  p e a t  s o i l s  h a v ­

i n g  d e n s i t i e s  a s  l o w  a s  8  p o u n d s  p e r  c u b i c  
f o o t  a n d  o n  g r a v e l s  h a v i n g  d e n s i t i e s  a s  h i g h  
a s  1 3 3  p o u n d s  p e r  c u b i c  f o o t .  T e s t s  c a n  a l s o  
b e  m a d e  a t  a  w i d e  r a n g e  o f  m e a n  t e m p e r a t u r e s ;  
f r o z e n  a s  w e l l  a s  u n f r o z e n  m a t e r i a l s  m a y  b e  
t e s t e d .  W i t h  t h e  a p p a r a t u s  b u i l t  a s  d e s c r i b e d ,  
t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t s  h a v e  b e e n  
m a d e  f o r  a  m e a n  t e m p e r a t u r e  a s  l o w  a s  - 2 0 °  F .

U p o n  c o m p l e t i o n  o f  a  t e s t ,  m o i s t u r e  s a m ­

p l e s  c a n  b e  t a k e n  f r o m  t h e  s o i l  i n  p l a c e  b y  
m e a n s  o f  a  s a m p l i n g  t u b e .  T h e  r e s u l t s  i n d i c a t e  
w h e t h e r  o r  n o t  a n y  m o i s t u r e  m i g r a t i o n  h a s  o c ­

c u r r e d .

C O N C L U S I O N S

T h e  a p p a r a t u s  d e s c r i b e d  h e r e i n  i s  u s e f u l  
i n  d e t e r m i n i n g  t h e  e f f e c t  o f  t h e  f o l l o w i n g  f a c ­

t o r s  o n  t h e  t h e r m a l  c o n d u c t i v i t y  o f  s o i l s :

1 .  D e n s i t y ;

2 .  M o i s t u r e  c o n t e n t ;

3 .  M e a n  t e m p e r a t u r e ;

4 .  G r a d i n g ;

5 .  M i n e r a l  c o m p o s i t i o n .

T h e  r e s u l t s  o f  s u c h  t e s t s  s h o u l d  b e  u s e ­

f u l  i n  t h e  d e s i g n  o f  b u i l d i n g s ,  p a v e m e n t s ,  o r  
o t h e r  s t r u c t u r e s  t o  b e  b u i l t  i n  a r e a s  o f  p e r m a ­

f r o s t .  T h e y  s h o u l d  a l s o  p r o v e  u s e f u l  w i t h  r e s ­

p e c t  t o  s u c h  p r o b l e m s  a s  t h e  d e t e r m i n a t i o n  o f  
l o s s e s  o f  h e a t  f r o m  b a s e m e n t s ,  p a n e l  h e a t i n g  
s y s t e m s  i n  f l o o r s  s e t  o n  t h e  g r o u n d ,  a n d  o t h e r  
s i m i l a r  s t r u c t u r e s .
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