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This paper treats briefly the common methods used for determining thermal 
conductivities of materials. A critical review of the test methods for soils 
leads to the adoption of a recently developed procedure for the laboratory 
investigation. The equipment emjjloyed in the research is described and 
evaluated. 

The data obtained from the experimental investigation are interpreted and 
an equation is proposed showing the relationship between thermal resistivity, 
density, and moisture content. The constants in this equation are modified 
by parameters such as solid composition, grain size, temperature, and struc­
ture development. 

Available theoretical and experimental knowledge on water and its move­
ment in soils is utilized in an attempt to clarify questions which arise in 
heating of underground electrical cables. Practical considerations concerning 
soil surveying and trench design for the installation of underground cable 
are suggested. 

I N 1957, the authors presented a gaseous phases; interfacial phenomena; 
paper (102) on theoretical and practical particle size, shape, and other granulo-
aspects of the thermal conductivity of metric features; degree of structure for-
soils and similar granular systems. This mation and type of structure; and min-
paper represented an exhaustive and eralogical composition of the soil solids, 
critical surv^ey of knowledge available at The considerable number of these factors 
that time and pointed out the discrepan- and the existing coupling between them 
cies existing between actually measured did not permit their completely separate 
data on one hand and values calculated treatment; but the experiments were so 
on the basis of theoretical concepts and designed that they yielded as much per-
of semi-empirical relationships, on the tinent information on these factors as 
other hand. The importance of structural ^ouid be hoped for within the time and 
and textural relationships, in addition to financial limitations of this investigation, 
the commonly used density and moisture 
factors, were indicated. The present pa­
per gives the result of an experimental 
study designed to bridge, or at least to 
narrow, the gap between theory and The phenomenological law for thermal 

. , , , , ^ conduction is 
The following factors were deemed to 

deserve closer consideration: volume re- ^ ^ J ^ ^ ^ Q ^ 

lationships between solid, liquid, and L 
576 

EXPERIMENTAL DETERMINATION OF 
THERMAL CONDUCTIVITY 
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in which q is the amount of heat that 
flows in the time t through a cross-
sectional area A i f normal to this area 
a thermal gradient \d/L exists; fc is a 
proportionality factor called the coeffi­
cient of thermal conductivity and 1/fc is 
called the coefficient of thermal resistiv­
i ty . I n differential form Eq. 1 reads: 

dq=- -k A-rr dt 
dL (2) 

Considering a small-volume element 
of dimensions dx, dy, dz, of a homogene­
ous isotropic solid, and assuming that 
fc is independent of temperature, time 
and direction, and that no heat is gen­
erated or absorbed within the element, 
one obtains, by the law of the conserva­
tion of energy, the general equation for 
heat transmission in a body: 

d-e ^ d-e 
dy- dz-' fc dt 

(3a) 

in which t. is the density of the solid and 
Cp is the specific heat of the solid. 

For one-dimensional flow, Eq. 3 re­
duces to 

d^e _ 1 de 
dx'' ~adt 

where a = —- = thermal diffusivity co-

efficient. 
For the experimental determination of 

the coeflScient fc, two main groups of 
methods are available. These employ, 
respectively: (a) Steady-state condi­
tions for which Eq. 1 and 2 apply; and 
(b) Non-steady conditions for which 
Eq. 3, or others derived from i t , apply. 

Steady-State Methods 
The steady-state methods consist 

chiefly either of measuring by calori-
metric methods the amount of heat 
withdrawn from the system, or of using 
electric heating elements and deter­
mining the amount of electric energy 
changed by the elements into heat and 
supplied to the system per unit time 
after the steady-state temperatures have 
been reached. The temperature differ­
ence at the steady state across the length 
of path L is measured by means of 

thermometers, thermocouples, thermis­
tors, or other thcrmometric devices. The 
geometric shapes which lend themselves 
best to mathematical evaluation are 
spheres, infinitely long cylinders, and 
infinitely wide plates. 

For concentric spheres of radii r^ and 
>'2(?"2>?'i) the applicable modification of 
Eq. 1 is 

ir.J!)Mr. 
in which Qg is the heat flow per unit time. 

For infinitely long coaxial cylinders of 
radii r^ and (?'2>ri) 

= fc 2ir 
In r^ / r i (5) 

For the plate methods, Eq. 1 is used in 
its original form. Practical application 
of these methods are given elsewhere {8, 
9, 10, 16, 32, 43, 70, 88, 89, 90). 

Methods Involving Variation of 
Temperature with Time 

Solutions of Eq. 3a for different 
boundary conditions give rise to as 
many different experimental methods for 
determining the coefficients a and fc. 
Three types of temperature variations 
with time have been employed: periodic, 
aperiodic, and transient. Periodic tem­
perature variation w'as first used by 
Angstrom {5, 6, 7) ; the procedure was 
later modified by King (62). Neumann 
(75) was the first to employ aperiodic 
temperature variations. His method has 
been modified and improved as described 
by Jakob (56,57). Tanasawa [95) used 
a periodic heat flow to measure the 
thermal diffusivity of moist foundry 
sand in order to eliminate moisture mi­
gration during the experiment. A similar 
method was developed by Albrecht [1) 
and applied to soils by Bracht {22). 

Transient methods are applied prefer­
entially for cases in \vhich the possibility 
of convection exists, as in liquids, gases 
and systems composed of two or more 
phases (such as moist soils). A method 
using transient and steady-state condi­
tions is given by Forbes [1^6, 47) for 
determining the thermal conductivity of 
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fa i r ly conductive materials such as 
metals. Transient methods in use for 
liquids and gases are the cooling ther­
mometer method of Kundt and War­
burg {66) and the warming up method 
of Stalhane and Pyk (93), which was 
developed further by other investigators 
(39, 100, 101). The pioneering work of 
Patten {78) on soils also employed tran­
sient conditions. 

Beatty, Armstrong and Schoenborn 
(1J^) described an unsteady-state method 
to be used for materials such as plastics. 
The method is based on a solution of 
Eq. 3a with suitable boundary condi­
tions and the simplifying assumption in 
the mathematical analysis that only the 
first term in an infinite convergent series 
is significant. A block of pure copper is 
sandwiched between identical plates of 
the material of which the conductivity 
is to be determined. The outer ends of 
these plates are suddenly raised to a 
higher constant temperature. The tem­
perature rise of the copper block is 
measured as a function of time. The 
slope of the straight line obtained by 
plotting the time against the logarithm 
of the temperature rise easily yields the 
coefficient of thermal conductivity of the 
tested material. 

I n addition to these more or less ab­
solute methods, a number of relative 
methods have been developed. Of special 
interest are those described by Ingen-
house (54), Biot {15), Depretz {36, 37, 
38), De Senarmont {33, 34, 35), Thelen 
{96), Voigt {104, 105), Bosworth {20), 
Keyes {61), and De Vries {40). 

Methods Used for Soils 

Almost all the methods mentioned 
have been applied to soil. The heated 
sphere method {23, 88), the coaxial cyl­
inder method {70, 88), and the hot plate 
method {8, 89, 90) have become stand­
ard metho(ls for testing porous materials 
and have been applied to soils as well. 
Soil scientists have used the periodic 
heat flow methods {22, 95), as well as 
the aperiodic method of Neumann (75). 
There is, of course, also the method of 
Patten {78). 

The recent trend in measuring soil 
thermal conductivity is in the direction 
of employing transient methods which 
give results within a short period of time 
and with small temperature differentials. 
The most suitable of these is the warm­
ing up method of Stahlane and Pyk {93), 
which has been applied to soils and other 
moist porous systems by a number of 
investigators {40, 52, 53, 69). The size 
of the probes ranges from 5 to 8 f t long 
with a % - i n . diameter {108), which is 
now widely used for field determinations, 
to needles with a diameter of 0.03 in. 
used for liquids {39) and of 0.055 in. 
with a length of 4.3 in. for measurements 
on soil in situ {40). The ratio of length 
to diameter should not be less than 100 
(68). 

The theory of this method is based on 
the assumptions that the heating ele­
ment is a straight line of infinite length 
and infinitely small diameter; i t is ho­
mogeneous and isotropic, and is em­
bedded in a homogeneous and isotropic 
medium of infinite extent; and i t pos­
sesses the same thermal properties as 
the surrounding medium. Because com­
pliance with these theoretical assump­
tions is impossible, errors are introduced 
because of (a) the finite length of the 
probe, (b) its finite diameter, (c) the 
difference of its thermal properties from 
those of the surrounding medium, and 
(d) the limited radial dimensions of the 
medium. These errors have been con­
sidered by van der Held and van Drunen 
{101), Mason and Kurtz {69), and 
Hooper and Chang {52). 

For a needle of finite length, there w i l l 
be heat loss from the ends, which in 
turn wi l l cause longitudinal heat flow 
in the needle. The error due to this ef­
fect has been found to be negligible for 
needles possessing length-to-diameter ra­
tios larger than 100 {68). De Vries {40) 
estimated a maximum error of 1 percent 
for his setup, in which the heater wire 
was 0.02 cm in diameter and 15 cm long 
{L/D = 750). Mason and Kurtz studied 
the effect of the finite diameter of the 
soil sample on the thermal flow lines 
using an electric analog. They concluded 
that, for at least the first 15 minutes, the 
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behavior of the needle ( r = y g in.) is 
determined only by the material within 
a 2- to 3-in. radius around i t . After long 
time intervals, the finite length of the 
probe and the finite radius of the soil 
sample enter into the picture and affect 
the measurements to an extent that they 
are practically useless. I f the soil sample 
is of cylindrical form and is well insu­
lated at the ends, no error is to be ex­
pected f rom its finite length for the 
measuring times normally employed. 

A correction that depends mainly on 
the thickness of the heater was devel­
oped by van der Held and van Drunen. 
This correction is taken as equivalent to 
a heat production prior to zero time; 
that is, the time when the heating cur­
rent is actually switched on. Because of 
the finite diameter of the needle and the 
difference of its thermal diffusivity f rom 
that of the soil, i t is reasoned (69) that 
at the point of temperature measurement 
(which is not at r = 0) and after a defi­
nite time interval after switching on, the 
temperature wi l l be the same as in the 
ideal case i f the heating current had 
been turned on before or after the ac­
tual zero time, depending on whether 
the thermal diffusivity of the probe is 
greater or smaller than that of the 
surrounding material. After the ini t ial 
warm-up of the needle, the rate of tem­
perature rise at the measuring point in 
the probe should be the same as in the 
ideal case. A radius correction in ac­
cordance with this concept has been de­
scribed by Hooper and Chang {52). 

The effect of the difference in thermal 
properties of the probe material and 
surrounding soil was discussed in the 
preceding paragraph. Nonhomogeneity 
of the probe itself cannot be treated 
mathematically, but must be evaluated 
by the actual behavior of the probe [52). 
Mason and Kurtz (69) considered the 
fact that the temperature rise of the 
probe is measured rather than that of 
the surrounding material. The effect of 
contact resistance between probe and 
surrounding medium has also been in­
vestigated {17, 18, 19). 

The effect of the limited radial extent 
of the soil sample was investigated by 

Mason and Kurtz {69), who calculated 
theoretical temperature rise curves for 
different values of radial distance from 
the center line of the heater, using 
typical soil constants. From expressions 
given by van der Held and van Drunen 
{101), De Vries {^0) calculated that the 
correction due to the finite dimensions 
of the soil sample was less than 0.1 per­
cent for his apparatus, which consisted 
of a rectangular copper container 10 cm 
by 15 cm high and a central heating wire 
of 0.02-cm diameter. 

A number of other factors influence 
the values obtained from needle probe 
measurements. These, however, depend 
more on the characteristics of the sur­
rounding material than on the theory 
and construction of the probe. Soil con­
ditions that give rise to errors, especially 
in the field, are layered structure, non-
homogeneity with respect to density and 
moisture content, uneven temperature 
distribution, and variability of compo­
sition and structure from location to 
location. A great source of error may 
be deficient contact between needle and 
soil, especially in the case of dry soils, 
and also the "wall effect" of the geom­
etry of the needle surface on the ar­
rangement of the neighboring particles 
of granular soils. This effect sets a lower 
l imi t to the practically permissible di­
ameter of the thermal probe. 

Despite the described limitations, the 
thermal needle method possesses definite 
advantages over others previously devel­
oped and used. As a laboratory method, 
its value has been established beyond 
any justified doubt ( 4 0 ) . The same is 
true in the field in the case of uniform 
soil deposits of appreciable thickness. 
However, when long probes are used in 
markedly stratified non-uniform soils, 
the values obtained must be handled 
with caution, not because of the inad­
equacy of the method but because of the 
variability of the soil. 

COMPARISON OF N E E D L E AND STATIONARY 
METHODS 

The various stationary methods require 
considerable time to come to equilibrium 
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and often necessitate an elaborate setup 
in order to control temperatures and 
make measurements with sufficient ac­
curacy. Due care must be taken for 
insulating or guarding the test por­
tion of the sample. Stationary methods 
possess the advantage that the thermal 
conductivity can be calculated directly 
from the definitive equation and that 
the formulas used do not involve as­
sumptions that cannot be realized closely 
in practice. I f carefully employed, these 
methods are the most reliable ones avail­
able for certain materials, including soils 
in such conditions of moisture content 
and porosity as preclude convection from 
becoming an important factor (70, 88, 
89). When convection becomes impor­
tant and thermal moisture migration 
enters the picture, the stationary state 
methods become obsolete and data ob­
tained with them must be mistrusted. 

I n the case of methods yielding ther­
mal diffusivity values from which the 
conductivity coefficients must be calcu­
lated {22, 78, 101), the density and heat 
capacity of the soil system also must 
be determined. The density of a moist 
soil may be taken as total mass divided 
by total volume; the heat capacity of a 
moist soil, however, is not necessarily 
equal to the sum of the heat capacities 
of its components in the uncombined 
state and should, therefore, be deter­
mined experimentally. This means con­
siderable additional work. 

The method of Stalhane and Pyk pos­
sesses the advantage of being an abso­
lute one for determining the thermal 
conductivity of a material. By choosing 
sufficiently short times of run and small 
temperature rises, errors induced by pos­
sible convection and thermal moisture 
migration can be minimized, if not com­
pletely eliminated. Because of its proven 
advantages, this method was adopted for 
the work reported here. 

Theory of Thermal Probe 

The derivation of the equation used 
in connection with the thermal probe is 
given in a summarized form. Solution of 
Eq. 36 in an infinite medium is given by 

the Fourier integral solution. I f the in­
i t ia l temperature distribution function, 
6{x, 0) , is integrable and piecewise regu­
lar, the solution may be given [21)) in 
the form: 

eix, t) 
2V7ratJ -

M = (7) 

Kx^',0)e'''-^'" dx' 

(6) 
in which M is a substitution factor and 

1 
"4a^ 

For symmetrical radial heat flow in 
which the temperature is a function of 
radius r and time t, the pertinent equa­
tion is: 

_ a 9̂  ( r ^ ) 

dt ~ 
or 

dire) _ 

t dr-

dHre) 

(8a) 

(86) 
dt dr-

The solution of Eqs. 8a and 86 is a spe­
cial case of Eq. 6 arrived at by consid­
ering that for every positive tempera­
ture at X there is an equal negative 
temperature at —x. The solution is then 
{55): 

Hr, t ) = 
2r\/-Kat J: HA,0)e ( X - r ) y / 

-r6{X,0)e''^'-''''dX 
J 0 

(9) 

For init ial conditions, 

e{r, 0) = constant = ^ 0 for 0<r<R 
= 0 for r>R 

Eq. 9 becomes 
% ir, t) = 

2 r V 7 r a ^ J 0 

(10) 

For an instantaneous point source at 
r = 0 of strength while the rest of the 
medium is at 0 temperature, the tem­
perature rise 6o of the small sphere of 
radius R (in the l imit i2—>0) may be 
found from 

q'^OoC^^^R' (11) 
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Substituting 6 in Eq. 10, exi)anding the 
exponential in a power series, and neg­
lecting all terms except the first, yields 

nr,t) (47raf) (12) 

I f instead of an instantaneous source, 
a constant-strength source liberating q 
units of heat per unit time started at 
time t = 0, then at a later time t the total 
effect wi l l be given by the summation of 
each effect q^ = q dr, which started at 
t — T previously, 0 < T < ^ . By summing up 
a continuous series of point sources, a 
line source is obtained. The summation 
of the effects of the point sources con­
stituting the line source yields the net 
effect of the line source. 

Performing the indicated operations 
on Eq. 12, the expression for the tem­
perature distribution after time t around 
a continuous line source generating q 
units of heat per unit time and unit 
length of the source is given by 

Oir,t)=fU 
J uJ - V . fcV4W Vit-r)--' 

c(r-'+^)y dz dr (13a) 
or 

e i r , t ) = ^ . - f ' ^ f ^ ^ d r (13b) 
47rfcy o(t — T) 

in which iV is a substitution factor and 
1 (14) 

4:a(t-T) 

This integral is tabulated in Appendix F, 
p. 253 of reference (55). 
Eq. 136 also may be written 

0{r 
t 
- dt (13c) 

Expanding the exponential in an infinite 
series and integrating gives 

Hr, t) = 
47rfc 

-c —In 
4:at 

r-
'4^ 

(13d) 

For small r (in the l imit r ^ O ) or large 
t, the expression for difference in temper­
ature A6 between time ti and tz becomes 

^'=tk'^j; (15) 

Van der Held and van Drunen (101) 
differentiated Eq. 13c and got, after i n ­
version. 

de' 
_47rfc 

q 
47rfc 

^ g ( 4 a O 

de q L^"^4' 

(16a) 

(16b) 

For small r and large t values, only the 
first two terms need be considered. 
Setting 

they obtained 
dt_ 
de'' 

4^fc 

' q L 
t+to (16c) 

The correction to can be evaluated by 

jilotting ^ against t. The intercept of 
de 

the linear portion on the t axis yields t„. 
The time in Eq. 15 is then corrected by 
the amount to] that is, ( ^ i + f,,) and 
{t', + t„) are used instead of ti and t-,. 

I n accordance with Eq. 15, the coeffi­
cient of thermal conductivity is 

q In t,/t^ 
fc: (17) 

471 

Therefore, i f the temperature of the 
needle is plotted against the logarithm 
of the corresponding time during the 
course of the experiment, a straight line 
wil l be obtained. The slope of this line 
wi l l be proportional to the coefficient of 
thermal conductivity of the surrounding 
material. 

Design and Construction of Probes 
The design and construction of the 

thermal probes followed the pattern set 
by other investigators and the relative 
sizes of the various components agreed 
well with those employed by De Vries 
(40)-

To approximate the theoretical i n f i ­
nitely long, linear heat source, stainless 
steel Hypoflex tubing was employed; i t 
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had the followmg dimensions: 0.035-in. 
outside diameter, 0.006-in. wall thick­
ness, 6-in. length. Two types of needles 
were constructed, differing only in minor 
aspects. The first type (Fig. 1) was 
intended for testing soil samples into 
which the probe could be pushed and 
afterwards withdrawn. The second type 
(Fig. 2B) can be inserted in the cylinder 
before compaction of the soil sample and 
lef t in place during subsequent treat­
ment, the main objective being to cause 
as li t t le disturbance as possible of the 
established soil structural arrangement. 
For easy differentiation in this report 
probes of the first type are called needles 
and those of the second type are called 
probes. 

The thermocouples were made of 40 
B & S gage (0.004-in. diameter) teflon-

insulated copper and constantan wires. 
The pertinent properties were: 
Copper: 

Resistance =1.0748 ohm per f t at 
72 F 
Guaranteed accuracy = ± 0 F from 
- 7 5 F to +75 F 

Constantan: 
Resistance = 29.86 ohm per f t at 
72 F 
Guaranteed accuracy = ± V/> F 
f rom - 7 5 to +200 F 

I n constructing the three needles em­
ployed, the stainless steel tube was 
soldered to a brass piece, which was 
fi t ted onto an AN-3102-165-1B panel-
mounted Amphenol connector, as shown 
in Figure 1. The flange on the panel-
mounted connector was trimmed off in a 

7"D 

A N - 3 1 0 6 A - 1 6 5 - I R C * 9 L E - M O U N T E D 
A M P H E N O L C O N N E C T O R 

S T A I N L E S S S T E E L T U B E 

n|o . 0 3 5 " O . D . - , 0 0 6 W A L L T H , 

* -

6 L A S S C A P I L L A R Y 
, 0 1 4 " O . D . - , 0 0 6 " I . D 

C O N S T A N T A N H E A T I N G W I R E 
T E F L O N I N S U L A T E D - , O 0 4 " D . 

. 1" 

. , _ A N - 3 1 0 2 - 1 0 5 - I B P A N E L - M O U N T E D 
A M P H E N O L C O N N E C T O R 

T H E R M O C O U 

ml* 

L | i " 

. A " D B R A S S R O D S C R E W E D 
I N T O C O N N E C T O R 

C O N S T A N T A N 
C O P P E R T C . 
W I R E T E F L O N I N S U L A T E D 
, 0 0 4 " D . 

D E T A I L OF N E E D L E 

^ 0 3 5 D . T U B E 
W A L L T H I C K N E S S = OOS" 
eONTAININO T H E R M O C O U P L E S 
A N D H E A T I N O W I R E 

Figure 1. Thermal cotiduetivity needle. 
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l/eOD. '/32WALL 
RED COPPER TUBE 
7/8 LONG. ' ! „ 

4 3/32 0 0. 

POROUS PLATE 

'W - RED COPPER CAP THICK BISQUE \ '^32 

(A) TENSION CAP PERMATEX 
S E A L 

3/4 D-
BAKELITE , . 7," _ , „ 

EPOXIDE PLASTIC n ^ 4 - ' / e 0 0 X.008WALL SOFT COPPER 
E r i f t v r f e - r , r - r SOCKETS 1/4" LONG. 

- , 0 3 5 D. TUBE 
WALL THICKNESS =,006" 
CONTAINING THERMOCOUPLE 
AND HEATING WIRE. 

(B) THERMAL P R O B E 

Figure 2. Tension cap and thermal probe. 

lathe. The needle could then be con­
nected to an AN-3106A-165-1R cable-
mounted Amphenol connector, which is 
fastened to the sliding rod of the needle 
stand. For constructing the 20 probes, 
the Hypoflex tubing was soldered to a 
brass fitting % in. in diameter and % in. 
high with a hole in. in diameter and 
i/o in. deep, as shown in Figure 2B. The 
thermocouple and heating wire connec­
tions were cast into this fitting using 
Bakelite epoxide plastic. 

In making the thermocouples, the ends 
of a copper and a constantan wire were 
bared. These ends were pushed through 
a short capillary tube so that the bared 
ends touched each other. The other ends 
of the two wires were connected to the 
positive terminal of a 50-v dc source. 
The negative terminal was connected to 

a small puddle of mercury. By just 
touching the surface of the mercury with 
the bared ends of the copper and con­
stantan wires, the two were welded to­
gether. 

A length of constantan wire was folded 
double and pushed into a glass capillary 
(0.014-in. outside and 0.008-in. inside 
diameter) to form the heating element. 
Care was taken that the glass capillary 
did not strip the insulation off the con­
stantan wire. This and the other electric 
circuits were checked by measuring their 
resistances. As pointed out by De Vries 
(40), the resistance between the thermo­
couple circuit and the heater wire should 
be in the order of 10" ohms to give good 
results. This necessitates enclosing the 
heater wire in a glass capillary. 

The heating element and the thermo-
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couple wires were then piislied tlii-ougli 
tlie Hypoflex tubing; the thermocouple 
was pulled up unti l i t was in the cen­
ter of the working i)art of the ])robe or 
needle (that is, 3 in. from the end), 
whereas the heating element filled the 
entire length of the tube. The stainless 
steel tube and, as far as possible, the 
glass capillary were then filled with mol­
ten paraffin to insure watertightness and 
provide good heat conduction from the 
heating wires to the outside of the tube. 
I n the needles, the wires were then sol­
dered to the sockets of the Amphenol 
connector and the cavities were filled 
wi th molten paraffin. A special, thermal-
free solder (Leeds & Northrup Co. Part 
No. 107-1-0-1) having a low thermal 
emf against copper was used in connect­
ing the thermocouple wires to the A m ­
phenol connector sockets. These connec­
tions were made in accordance with the 
manufacturer's recommendations. 

For the probes, special sockets y_i in. 
long and % - i n . outside diameter were 
made from 0.008-in. thick copper sheet­
ing. The special thermal-free solder was 
used in making the connections; after 
the Hypoflex tubing had been filled with 
paraffin, the sockets were set in a Bake-
lite epoxide plastic. A cross-section of 
a probe is shown in Figure 2B. Probes 
N8 and N14, and needle C, were altered 
in such a way that the circuit con­
tained only copper and constantan wires 

connected by means of 
solder. 

a thermal-free 

Circuit and Equipment for 
Thermal Probe Tests 

The arrangement for the heater cir­
cuit and the thermocouple circuit for 
one i)robe is shown schematically in Fig­
ure 3. Five probe circuits were used, re­
quiring five ammeters and five rheostats 
in the heater circuitry, and five thermo­
couple circuits. 

I n the thermocouple circuits, the wires 
from the thermocouples were led to the 
reference junction. The five constantan 
wires were all welded to one common 
copper connecting wire (size 18, enamel 
insulation); this junction was kept at 
the temperature of the cold junction. 
Each copper wire from the thermocouple 
was similarly welded to a separate cop­
per connecting wire (size 18, enamel in­
sulation) . These junctions were also kept 
at the temperature of the reference junc­
tion. From the reference junction, the 
wires from the copper wires of the ther­
mocouples lead to a thermocouple se­
lector switch (T.C.C.S.) and are then 
connected to one lead (positive) of the 
potentiometer through a thermocouple 
circuit switch (T.C.C.S.) The wire from 
the constantan thermocouple wires was 
connected directly to the negative lead 
of the potentiometer. AH connections 
were made with the special, thermal-free 

lOJ-OHM 
HHEOST»T 

IZ-VOLT 
- »UTO 

STORAGE 
BATTERY 

VOLTMETER 

THERMOCOUPLES 
C O P P E R _ 

I P R O B E 
, H E A T E R 

/ ^ I 
t C O P P E R ^CONSTANTAN 

T.C. WIRE 
. L E E D S AND NORTHRUP STABIL IZED 

D.C. U l C R O V O L T AMPLIFIER N . . 9 8 3 5 - A 

Fieure 3 . Circuit diagram of thermal resistivity apparatus. 

COLD 
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solder. The T.C.C.S. citlier switches the 
potentiometer into the thermocouple cir­
cuit or shorts the leads of the poten­
tiometer. 

The reference junction was placed in 
a 1-qt wide-mouth vacuum bottle filled 
with water at as close to the ini t ial tem­
perature of the soil sample around the 
probe as practical. The thermocouple 
wires are enclosed in glass tubes filled 
with paraffin. The temperature of the 
reference junction is measured by one 
junction of a copper-constantan thermo­
couple. The other junction of this ther­
mocouple is kept in melting ice inside a 
1-pt thermos flask. The wires leading 
from the ice-bath are connected to the 
potentiometer in the same way as de­
scribed for those f rom the reference 
junction. 

The dc heating current is supplied 
by two 12-v heavy-duty car batteries. 
Coarse selection of 2-v increments is 
made by including a varying number of 
cells in the circuit. The current through 
the heating element is measured by 
means of a 0-200-scale dc milliammeter 
connected in series with a 0-10-ohm 25-w 
rheostat and a circuit switch. 

Potentiometer 

The potentiometer used is a stabilized 
dc microvolt amplifier having the fo l ­
lowing characteristics: 

L i m i t of error: 
(a) Of am])lifier response, ±0A% 

of reading. 
(b) Of selfcontained meter, ± 1 % 

of f u l l scale. 
(c) Of zero maximum offset, ± 0 . 5 

microvolt. 
Indicated sensitivity: ± 0 . 5 % of scale 

span. 
Response time (approx. values to within 

1% of balance): 
(a) 2 sec for 2,000-ohm max source 

resistance. 
(b) 3 sec for 10,000-ohm max 

source resistance. 
Power supi^ly: 

115 V, 50/60 cycles, apiirox. 50 
watts. Special input connector with 

goldplated contacts 
thermal emfs. 

to eliminate 

Timer 

A Gralab synchronous electric timer 
is used as a stopwatch to measure the 
time intervals. The range of this timer 
is 15 minutes, with i/2-sec dial division. 
The duration of the experiment is at 
most eight minutes (480 sec). The t i m ­
ing error must include the reaction time 
of the observer. The total error in read­
ing the instrument depends on the rate 
of increase in temperature, which varies 
as the test progresses. 

Needle Stand 

To accommodate the needles and to 
insert them precisely and with the least 
possible disturbance into the soil sam­
ples, a needle stand (Fig. 4) was con­
structed. I t consists mainly of a base to 
which a ly^-'m. diameter rod is welded. 

3/sD. ROD 

3" 

L 
7-POINT AMPHENOL--

CONNECTOR-CABLE TYPE 

' / ,6 4'/2D,-

1/2 D. BOLT 

I '/B 0, 

34 

_ L _ J - -

I'M 
1 -
I 

Flaunt 4. Nt'iMlle s tand . 
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Two connecting pieces fit into this rod 
and position the 1-in. diameter sliding 
rod to slide vertically and perpendicular 
to the plane of the base p ate. The soil 
cylinder fits into a ring on the base plate 
with its center in line with the center of 
the sliding rod. 

The shding rod was provided with a 
cross stud near the lower end to faci l i ­
tate its handling. An A N 3106 A 16S I P 
cable-mounted Amphenol connector was 
screwed into the tapped end of the slid­
ing rod, forming the connection between 
the thermal needle and the sliding rod. 
The heater wire leads and the thermo­
couple wires were soldered to the lugs 
of the cable-mounted Amphenol connec­
tor, using the special solder and tech­
nique previously described. The cavity 
above the Amphenol connector was filled 
wi th paraffin. 

Operating Procedure and Calibration 

First, the 1-pt vacuum flask is filled 
wi th chipped ice, frozen from distilled 
water in polyethylene plastic trays. Dis­
til led water is added to the chips unti l 
all voids are filled. The ice-water sys­
tem wi l l then be at 0 C at normal baro­
metric pressure. The cold junction of 
the thermocouple from the reference 
bath is then replaced and time is allowed 
for the setup to come to equilibrium. 

The temperature of the soil sample to 
be tested is measured either with the 
— 1 to 51 C Hg-thermometer, or by 
means of the thermocouple in a probe. 
I n the latter case, the temperature dif­
ferences between soil and reference junc­
tion, and reference junction and ice bath, 
are added to obtain the soil temperature. 

The water f rom the reference bath 
is then heated or cooled (by adding 
ice) unti l the temperature as measured 
with the Hg-thermometer corresponds to 
within - 0 . 2 C with that of the soil. The 
water is stirred continuously and thor­
oughly in order to insure the same tem­
perature throughout. I t is then poured 
back into the vacuum jar and the cold 
junction of the thermocouples is re­
placed. 

A coarse selection of voltage is made 

by including a certain nuiiil)er of cells 
in the circuit, depending on the esti­
mated conductivity of the material un­
der consideration. Higher voltages are 
used when the thermal conductivity of 
the material is expected to be large and 
when there is no danger of convection 
and moisture migration. Lower voltages 
(and therefore lower heating currents) 
are selected when the thermal conduc­
tivities are low and when disturbing con­
vection and water movement features 
are present. The desired probe lead is 
selected and the plug inserted in the 
probe, which may be already in the soil 
or is inserted after connection has been 
made. By closing the heat circuit switch 
and adjusting the rheostat, the heating 
current may be set at any convenient 
reading of the milliammeter. This ad­
justment must be made as quickly as 
possible (should take less than 2 to 3 
sec) to prevent any considerable heating 
up of the probe. 

The potentiometer is switched on with 
the thermocouple leads short-circuited. 
The appropriate potentiometer scale is 
selected that wi l l result in the maximum 
deviation during the run of the test wi th­
out necessitating switching from scale 
to scale, if possible. Usually, the lower 
scales (0-50, 0-100) are used for highly 
conductive material and the higher 
scales (0-500, 0-1,000) for the least con­
ductive materials. 

The temperature of the reference junc­
tion is read (for convenience called ice-
bath reading) usually on the 0- to 1,000-
microvolt scale for room temperatures, 
and the difference between reference 
bath and probe thermocouple is read on 
the scale selected. The thermocouple cir­
cuit is left open and the timer and heat­
ing current are switched on simultane­
ously. The potentiometer is read at 0, 5, 
10, 15, 20, 25, 30, 35, 40, 50, 60, 75, 90, 
105, 120, 150, 180 sec, 4 min, 5 min, 
6 min, and 8 min. Care must be taken 
that the heating current remains con­
stant during the test; usually no d r i f t 
w i l l be noticed. 

The potentiometer readings are plot­
ted on a natural scale against the loga­
r i thm of time passed after switching on 
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of the heating current. The best repre­
sentative straight line is drawn through 
the plotted points, preference being given 
to potentiometer readings taken after 
more than 15 sec from the start of heat­
ing. The change in potentiometer read­
ings Ap for one logarithmic cycle (log 
10a; 

) of time is determined from the 
straight line. A constant C divided by 
Ap gives the value of the coefficient of 
thermal conductivity of the material sur­
rounding the probe. A sample run is re­
corded in Table 1, and the corresponding 
plot is shown in Figure 5. 

As a standard for temperature meas­
urements, the — 1 C to 51 C Hg-
thermometer, 0.1 C scale divisions, was 
selected. The 0 C point on this ther­
mometer was checked in an ice-water 
mixture as previously described. 

TAHI.U 1 

T H E K M A L T E S T ON D R Y OTTAWA SAND 

Nl ; probe; Ottawa sand size #30 — #40 U. S. sieves ; 
dry (0.09% moisture) ; density, 1.635 gr/ce (i)6.8 
Ib/cu ft) ; 0 V, 1,50 milliampere ; No. 4 leads; ice bath 
reading, 802 (22.7 O) ; potentiometer seale, 500 

Time 
(sec) 

Readings (°C) 

Heating Cooling 

0 4.5 — 
41.0 03,0 

10 40.5 53,0 
15 54.0 47,0 
20 58.5 43,5 
25 (il.O 41,0 
.SO 03.5 39,0 
35 05.25 37,0 
40 B7.0 35,5 
50 00,0 33,0 
00 71.0 31.0 

1.15 74.0 29.0 
1.30 78.0 27.0 
1.45 77.5 26,5 
2.00 70.6 24,5 
2.30 81,75 22,5 
3,00 84,0 20,75 
4.00 87.0 — 
5.00 89,5 — 
6.00 91,5 — 
8.00 95.0 — 

Results 

From Fig. 

: 26.1 Apr 

: 2.487 milllwatt/C cm 

50 60 70 80 90 
POTENTIOMETER R E A D I N G - 5 0 0 S C A L E 

00 

Figure 5 . Heating time vs polentitiiiietcr reatliiigs for Ottawa sand. 
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First, the potentiometer scales were 
checked against one another for various 
temperature values of the thermocouples. 
A l l data given by the manufacturers that 
could be checked with the available lab­
oratory equipment were found to be 
satisfactory. Some trouble was encoun­
tered in calibrating the thermocouples, 
as running the stirrer in the constant-
temperature bath employed caused de­
flections of the potentiometer indicator. 
The procedure finally adopted was as 
follows. 

The reference bath was filled with ice-
water mixture and the test bath with 
water that had been cooled with ice. The 
thermometer and probes were placed 
into the latter, which was stirred thor­
oughly by hand. The time and ther­
mometer readings were taken and then, 
as quickly as possible and compatible 
with the desired accuracy, the potenti­
ometer was read for the nine thermo­
couples in succession, after which the 
thermometer was read again. Then the 

temperature of the water was raised and 
the procedure repeated. The tempera­
tures were plotted against corresponding 
potentiometer readings for each of the 
nine probes (Fig. 6). The thermocouple 
(No. 6) for measuring the temperature 
of the reference bath relative to the ice 
bath was calibrated in a similar manner. 

Calculation of Thermal Probe Constants 

Resistance of heating wire: 7? = 2,986 
ohm per 100 f t = 0.9797 ohm per cm. 
Heat supplied per cm length of probe: 

g = 2 P E = 1.9594 X X10-3 
mill iwatt per cm 

where i = milliampere reading. 
Thermal conductivity k of material is 
obtained f rom the theory as 

t. 

1.9594 .„ 100x10-
scale factor 

Po) 22.0 

1.45 1.47 
TIME 

INTERPOLATION FOR TEMPERATURE OF BATH 

40.00 

30.00 

- 20.00 

C. PER 10 
MICROVOLTS 

MICROVOLTS 
PER 'C 

READING 
FOR 0*C 

10.00 
- 9 . 0 

200 400 600 800 1000 1200 
POTENTIAL IN MICROVOLTS 

1400 1600 

Figure 6. Calibration of thermocouples. 
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2.3026 log 

C log t2 
( P - P i ) " i i 
mill iwatt per °C cm^ per cm (18a) 

in which p and pi are measured as per­
centages of the table scale reading on 
the potentiometer, or 

\p 
(18b) 

where Ap is the difference over one dec­
ade of time. Values of C for various 
scale factors and heating currents are 
given in Table 2. 

The probes were tested in dry Ottawa 
sand and were found to work satisfac­
tori ly. When saturated sand was used, 
serious trouble developed. Because of its 
high conductivity, high heating currents 
were necessary to produce a perceptible 
rise in temperature of the probes. This 
caused the brass connecting piece on the 
top of the probe to heat up, too, as some 
heating wire length is present in the top. 
Heating of the brass top causes a dif­
ference in temperature between the two 
ends of the copper connections and cre­
ates a secondary thermocouple working 
against the couple in the probe. The 
contacts of the thermocouple were then 
converted so that they would be as close 
as possible to the same temperature by 
constructing the leads in such a fashion 
that the thermocouple wires leading to 
the reference junction make contact in­
side the brass top of the probe. This re­
sulted in marked improvement. 

From tests in air and in water, i t was 
found that in all cases (for needles as 
well as for probes) convection wi l l occur 
invariably after 60 sec and usually after 

T A B L E 2 

V A L U E S OF C FOR VARIOUS POTEXTIO.MKTKR 
S C A L E F A C T O R S ANIJ H E A T I N G C U R R E N T S 

Scale 
Factor 100 140 150 160 200 

(microv) in-amp m-anip m-anip m-anip in-amp 

100 141.193 270.74 317.68 361.85 564.8 
200 70.597 138.37 158.80 180.93 282.4 
500 28.239 55.35 63.64 72.87 112.96 

1000 14,119 27.07 31.77 36.19 56.48 

30 sec of heating. From tests on dry 
Ottawa sand, i t was observed that dur­
ing the first 20 sec the limitations of the 
instrument affect the readings consider­
ably unless special correction factors 

52, 101) are applied. Experimental 
procedures were developed for obtaining 
dependable data {102a). 

Apparatus for Preparing the Test 
Specimens 

Brass cylinders of 4-in. outside d i ­
ameter, iV-in. wall thickness, and 6-in. 
length were used as containers for the 
soil samples. Red copper caps (Fig. 2A) 
were provided for closing off the soil 
cylinders. 

To obtain various densities, different 
compaction methods were used. Equip­
ment employed on dry cohesionless soil 
included a % - i n . diameter steel rod 18 
in. long for rodding (Fig. 7) and a me­
chanical sieve shaker to density the ma­
terial by vibration. For moist or co­
hesive soil, the compaction molds of a 
Proctor apparatus were modified (Fig. 8) 
to compact the soil in the sample con­
tainers. A compaction mold was made 
of a 4V2- in . outside diameter, 4-in. in ­
side diameter brass cylinder 6 in. long, 
to accept the 4-in. outside diameter soil 
sample cylinder. Two 1- by I/2- by % - i n . 
brass lugs were screwed to the mold to 
secure i t to the base of the compaction 
apparatus. A steel spacer disk 4 in. in 
diameter and % in. thick with a %-m. 
diameter hole in the center is fitted into 
the bottom of the mold to allow the soil 
to be compacted in the cylinder around 
the thermal probe. I n a modification of 
this, the soil is compacted around a steel 
wire of a slightly smaller diameter than 
that of the probes. The wire is wi th­
drawn after compaction and the probe 
inserted. 

Two sizes of compaction hammers 
weighing 51/2 and 4 lb, respectively, were 
used (Fig. 7). The samples were com­
pacted in three layers with 25 blows per 
layer, using a drop of 10 in. 

To obtain relatively undisturbed nat­
ural soil samples, two soil samplers (Fig. 
9) were constructed. A 12-in. long steel 
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tube of 4y8-in. outside diameter and 
Vg-'m. wall thickness was bored to an 
inside diameter of 4 in. over a lengtli 
of 11 in. The bottom inch of the sam­
pler was beveled and contracted to an 
inside diameter of 3^f in. The bored-out 
part received the 6-in. long brass sample 
cylinders and a 4-in. long brass spacer 
cylinder of the same diameter as the 
soil cylinder. The head of the soil sam­
pler consisted of a steel disk 4% in. in 
diameter and 3 in. thick. Four % - i n . 
diameter holes were drilled radially into 
the head to allow air and water to es­
cape from the sampler. A % - i n . diam­
eter hole in the center of the disk was 
threaded to receive regular drilling rods. 
A V2-in. diameter steel ball seating on a 
% - i n . diameter hole in the head shut off 
the space inside the soil sampler when 

the instrument was witlidrawii from the 
soil. The partial vacuum thus created 
contributeti to fu l l recovery of the soil 
sample inside the cylinder. Four i/4-in. 
screws secured the sampler tube to the 
head. 

Operating Procedure 

I n cohesionless materials the desired 
range of densities was obtained by var­
ious means. For the lowest density the 
material was made to flow into the soil 
cylinder by means of a funnel without 
a drop. To eliminate subsequent disturb­
ance, the probe was inserted before the 
cylinder was filled and the handling of 
the cylinder was minimized. A higher 
density was obtained by using a 6-in. 
drop. The next higher density resulted 

4 '0 .0 . 

• 37/g I D. 

2 0 % 

1^ n\ 

( A ) SOIL CYLINDER WITH 
CALIBRATION DISKS 

5/8 D HOLE TAPPED 
FINE THREAD. 

3/8 D. 

(B) RODS FOR 
RODDING 

- 11/2 D. -I 

(C) COMPACTION HAMMERS 

Figure 7. Mold, rods, and hammers for eonipacting speeimeiis. 
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SOIL 
CYLINDER 

I SPACER 

THERMAL PROBE 

Figure 8. Compaction mold, soil cylinder, and spacer. 

from rodding the f u l l cylinder 10 times 
with the 14 - in . diameter steel rod. The 
next higher density was obtained with 
25 roddings. Tapping the cylinder con­
tinuously on the outside, while i t was 
being slowly flowed f u l l , yielded a sti l l 
higher density. The two highest den­
sity values were obtained by using the 
mechanical sieve shaker. Running the 
shaker at half speed for 30 sec yielded 
a slightly lower density than at f u l l 
speed for 15 sec. For the higher densi­
ties, the material was densified with the 
probe in place in order to avoid subse­
quent disturbance of the packing by in­
sertion of the needle. 

W i t h cohesive soils the standard Proc­
tor procedure was used except for the 
[)reviously described special hammers. 
Tiie steel wire was strung along the cen-
terline of the cylinder and the material 
was compacted around i t in three layers. 
Then the wire was withdrawn, the sam­
ple was smoothed off, and the probe was 

inserted. I n addition to providing sam­
ples for thermal conductivity testing, the 
optimum moisture of compaction may be 
determined at the same time. 

For natural soil samples the soil cyl­
inders are fitted into the sampler and 
the latter is pushed hydraulically into 
the ground. Subsequently, the sampler 
is withdrawn and the soil cylinder with 
sample and spacer cylinder is retrieved 
from the sampler. The sample is trimmed 
to size, capped, and taped to prevent loss 
of moisture. The regular tests may then 
be run on the sample in the laboratory. 
The sampler performed satisfactorily in 
cohesive soil that was not too dry and 
dense and did not contain large pieces 
of stone or gravel. 

Auxiliary Equipment 
Constant Temperature Cabinet. To 

run the conductivity tests at definite 
and constant temperatures, a constant-

D T H R E A D E D H O L E 

BRASS B A L L 

SPACER 

S O I L 

C Y L I N D E R 

H O L E S 

Figure 9. Cross-section of soil sampler. 
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temperature cabinet was constructed. 
For greatest ease of control, the desired 
constant temperature was obtained by 
thoroughly mixing cold and warm air 
and pumping it through the constant-
temperature cabinet. The complete unit 
consisted of a refrigeration cabinet, a 
heating and mixing cabinet, and a ten­
sion table cabinet. 

The arrangement is shown in Figure 
lOA. The refrigeration cabinet consisted 
of a used refrigerator lef t unaltered ex­
cept for two 2-in. diameter holes drilled 
into the back panel, one at the top and 
one at the bottom. This refrigerator sup­
plied the ice and the cold air needed. The 
mixing cabinet, constructed from an old 
ice box, contained the air blowers, heat­
ing coils, probe stand, air pycnometer, 
reference temperature and ice baths, and 
the needle and probe connections. The 

two air blowers were driven by the same 
30-w, l lO-v , 60-cycle, 1,500-rpm electric 
motor. Two 2-in. outside diameter j ^ - i n . 
wall brass tubes led f rom the blowers 
through the top panel of the cabinet, one 
to the refrigerator and one to the tension 
table cabinet. A slot was made in the 
tube leading to the refrigerator opposite 
the heating coils through which air could 
be blown over the heating coils. By 
varying the opening in the tube above 
the slot, the amount of air which is 
circulated through the refrigerator could 
be controlled. For temperatures above 
room temperature, this tube is closed off 
and all the air is passed over the heaters. 
The return air from the tension table 
cabinet is led back to the mixing cab­
inet through a 2-in. brass tube in the 
top panel. The air f rom the refrigerator 
returns through a brass tube at the bot-

T H E R M O S T A T S 

H E A T -
T E N S I O N 

T A B L E S 

A I R B L O W E R S 

R E F R I G E R A T I O N A I R T E M P E R A T U R E 

C O N T R O L 

C O N T R O L L E D T E M P E R A T U R E 

A N D H U M I D I T Y 

A. C O N T R O L A P P A R A T U S 

- M O I S T U R E S E A L 

- C H E E S E C L O T H 

- B L O T T I N G P A P E R 

G L A S S 

P L A S T I C T U B I N G 

F R A M E 

B. D E T A I L O F T E N S I O N T A B L E 

Figure 10. Constant-temperature control apparatus and detail of tension tabic. 



VAN ROOY'EN AND W I N T E R K O R N : T H E R M A L CONDUCTIVITY 593 

tom of the rear panel. Connections be­
tween the various brass tubes were made 
by means of 2-in. inside diameter heater 
hose and hose clam )S. 

The tension table cabinet was con­
structed out of an old (6 cu f t ) Frigid-
aire cabinet with the cooling system re­
moved and the shelves discarded. Lugs 
were installed in the walls to support 
four tension tables. The air from the 
mixing cabinet was circulated through 
2-in. outside diameter nV-in. wall thick­
ness brass tubes, one at the top and one 
at the bottom, installed through the side 
panel. The tension table cabinet housed 
all soil samjiles to be kept at constant 
temperature. To prevent evaporation of 
soil moisture in the circulating air, the 
sample containers remained capped while 
reaching and maintaining constant tem­
perature. 

The heating system consisted of two 
circuits, each having its own heater and 
thermoregulator. A Cenco DeKotinsky 
bimetallic thermoregulator was installed 
in each of the 2-in. brass tubes leading 
from the tension table cabinet and the 
mixing cabinet. The thermoregulator in 
the outflow air from the tension table 
cabinet actuated a 220-w heater ele­
ment; that in the efflux of the mixing 
cabinet was connected in series to a 
100-w light bulb. This arrangement could 
be improved by placing the latter heat 
source in the air stream leading from 
the mixing cabinet, before i t reaches the 
thermoregulator. 

For work above room temi)eratures, 
the refrigerator circuit is closed off and 
the air is circulated through the mixing 
and tension table cabinets only. Tlie 
temperature of tlie air from and to the 
mixing cabinet is determined with a dry 
Hg-thermometer reading from — 1 C to 
51 C with divisions of Yio C, jilaced in 
the air stream in the 2-in. diameter brass 
tubes. The temjierature is read when the 
thermoregulators switch on and off regu­
larly. The setting of the regulator is 
then adjusted, if necessary, until the 
average of the temperature readings of 
the inflow and outflow air from the mix­
ing cabinet corresponds to the desired 

temperature. For temperatures not too 
different f rom the ambient room tem­
perature, the system takes about 3 to 
4 hr to reach equilibrium. 

When working below room tempera­
tures, i t is necessary to draw in cold air 
f rom the refrigerator. The opening in the 
tube leading to the refrigerator is in­
creased slowly without the heater work­
ing. The air is circulated through the 
system and the temperature measured 
as described previously in the influx and 
efflux of the mixing cabinet. When the 
average readings correspond to or are 
slightly below the desired working tem­
perature, the refrigerator tube opening 
is kept at that setting and finer adjust­
ments are made by incorporating the 
thermoregulators in the heating circuit 
and following the previously described 
procedure. 

Measurements by means of an 0.08-
in. diameter copper-constantan thermo­
couple in the air stream showed that the 
temperature in the working part of the 
system was constant within 0.5 to 1 C. 

Moisture Tension System 

For determination of the pore size dis­
tribution in the soil samples, and also 
for reducing the moisture content of 
samples in a natural manner, i t was de­
cided to use a moisture tension system. 
After considerable experimentation with 
the previously mentioned tension tables, 
individual tension caps were constructed 
for each specimen mold. The caps (Fig. 
2A) had a permeability in the order of 
10*" cm per sec and fitted directly on the 
cylindrical soil specimen molds. They 
drained the soil within one day to about 
5 cm from the bottom of the sample. 

Air Pycnometer 

For the measurement of the air vol­
ume within the soil specimens, an air 
pycnometer (Fig. 11) was employed (42, 
65, 77, 86, 98, 103, 106) . The volume 
percent of air within a soil specimen can 
be measured by this instrument with an 
accuracy of about 1 percent. 
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( M E R C U R Y MANO­
M E T E R ) 

S T E E L Y O K E ~ ~ ^ | 
1/4 D. 

BOLTS , 

I'A X I 1 / 4 x 3 / , ; 
A N G L E IRON 

FRAME W E L D E D 
/ C O N S T R U C T I O N 

» 3 

o 

F R O N T V IEW S I D E V I E W B A C K V I E W 

Figiii-* 1 1 . Air pycnomt:ter. 
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EXPERIMENT.'VL 

Materials and Si/strins 

The materials used in tliis investiga­
tion, together with their properties, are 
given in Tables 3, 4, and 5. The experi­
ments with these materials were designed 
in a manner that would furnish, within 
the available time and funds, data that 
would throw light on such factors as 
density, moisture content, granulometry, 
temperature, mineral composition, sec­
ondary structure, inter-particle binding, 
and composition of the aqueous phase. 

For the thermal resistivity-dcnsity-
granulometry relationships, i t was 
thought profitable to run the tests in 
the dry state on six different sizes of 
glass beads, crushed quartz, white quartz 
sand, and Ottawa sand, respectively. The 
dry state was selected because moisture 
migration and convection would be com­
pletely eliminated. I t also permitted 
rapid compaction and determination of 
the thermal conductivity by means of 
the needle. The compaction procedures 

T A B L E 8 A 

D E S C R I P T I O N OF M A T E R I A L S E M P L O Y E D 

DESt'HlPTlUN l)F M A T E R I A L S E M P L O Y E D 
((Vmtimied) 

No. or Name 

No. or Size Dia. Sp. % 
Name (U. S. Sieve) (mm) Gr. Finer 

(a) G L A S S P E A R L S 

G 107 36-40 0 .47 2 .496 
G 110 60 -80 0 .20 
G 1 1 2 1 2 0 - 1 4 0 0 ,12 2 .500 
G 114 170 -200 0 .082 
G 116 2 3 0 - 2 7 0 0 . 0 5 7 2 .468 
G 119 < 3 2 6 0 .028 2 .413 

(b) C R U S H E D QUARTZ 

C Q 4 0 - 5 0 40-50 1 
C Q 6 0 - 1 0 0 6 0 - 1 0 0 
O Q 100-200 100 -200 ^ 2 . 6 3 8 
C Q < 2 0 0 0 .074 -0 .007 
O Q < 4 0 0 0 . 0 6 0 - 0 . 0 0 0 8 J 

(c) W H I T E SAND i 

WS 1 0 - 2 0 1 0 - 2 0 2 .644 81 .6 2 
WS 2 0 - 3 0 2 0 - 3 0 66 .0 = 
WS 30-40 30-40 5 1 . 0 2 
W S 4 0 - 5 0 4 0 - 5 0 2 .643 36 .0 2 
WS 50-60 50 -60 9.0 2 
WS 6 0 - 1 0 0 0 0 - 1 0 0 1 .02 

( d ) OTTAWA SAND-'' 

OS 2 0 2 0 1 99 .6 
OS 40 40 y 2 .64 2.6 
OS 60 0 0 J 0 

^ percent (nmrtz, by visual iiispectioTi. 
2 Smaller sieve. 
'•̂  !M)+ jierfenr. quartz by viisuul iiispoction. 

Itlentiticatiori or Description 

(a) SOILS S U P P L I E D BY COMPANIES 

C E 1 Bank sand, Indiana. 
C E 2 No. 1 top sand, Material Service Corp., 

Yar<l 18, Morris No. 1. 
C E 3 Soil, n 9 t h Street sub. 
C E 4 Sand, 106th Street beach. 
C E 5 Sand, pit at Rt. 45, 107th St., south 

end of pit. 
PD 1 No, 1 excavated soil. 
PD 2 No. 2 excavated soil. 
PD 3 No. 3 backfill soil. 
PD 4 No. 4 backfill soil. 
DE 1 Backfill soil around 13,S-kv pipe-type 

cable lines. 
DE 2 Backfill soil around 138-kv pipe-type 

cable lines. 
Dor l>orclK'ster special blond sand; clay 

mineral is kaolinite. 
Wli 'l liernial sand 1 ; backfill sand around 

138-kv pipe-type cable; clay min­
eral is kaoliPite. 

Pt Thermal sand 2 ; proposed backfill 
sand ; clay mineral is mixture of 
about 3 parts illite to 1 part kaoli­
nite. 

(b) UNDISTI n i B E D NATURAL SOIL FUOM P R I N C E T O N 
V I C I N I T Y 

NS 2-8 Sod P. 
NS 2-8 Proj. 
NS 10-16 Proj. 
NS 18 -24 Proj. 
NS 2-8 SP 

NS 12 -18 S F 

NS 1-7 MF 

NS 8-14 M F 

NS 16-21 MF 

NS 1-7 M L F 

NS 8-14 M L F 

NS 6 -12 M L F 

NS 16 -21 M L F 

Acid kaolinite 

Sodium bentonite 

Portland cement 
Asphalt 
Sodium chloride 
Calcium chloride 

Sampling depth 2-8 in. ; sod patch. 
Sampling depth 2-8 in. ; grass cover. 
Sampling depth 10-16 in. ; grass cover. 
Sampling depth 18-24 in 
Sampling depth 2-8 in. ; 

field, no veg. cover. 
Sampling depth 12-18 in. ; 

field, no veg. cover. 
Sampling depth 1-7 in. ; 

tral part, cult, field. 
Sampling depth 8-14 in. 

tral part, cult, field. 
Sampling depth 15-21 in. 

tral part, cult, field. 
Sampling depth 1-7 in. 

tral part, cult, field. 
Sampling depth 8-14 in. 

tral part, cult, field. 
Sampling depth 6-12 in. 

tral part, cult, field. 
Sampling depth 16-21 in 

tral part, cult, field. 

(c) A D D I T I V E S 

Prepared from Ga. kaolin ; sp gr, 2 .50-
2 .625 ; liq. limit, 4 1 . 1 % ; plastic 
limit, 29.7%. 

Sp gr, 2.4 ; liq. limit, 4 9 0 . 0 % ; plastic 
limit, 46 .6%. 

Normal-hardening. 
R C - 2 . 

; grass cover, 
side of cult. 

; side of cult. 

; higher cen-

; higher cen-

. ; higher cen-

; lower cen-

lower cen-

lower cen-

lower cen-

were as described previously; the various 
methods yielded densities that varied 
from the loosest possible to the densest 
dry condition that could be obtained by 
vibration. 

The influence on thermal resistivity of 
inter-particle binding or cementing and 
of the composition of the soil-water solu­
tion was investigated by running tests on 
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T A B L K 4 

MECHANICAL A N A L Y S I S AND CONSISTENCY P R O P E l i T I E S OF GKANIJLAH M A T E R I A L S 

Soil No. 

Mechanical Analysis C/r ) 

nd 
Consistency Limits 

Gravel' Coarse ^ 
Liquid Plastic Field Moist. 

Limit (%) Index» Equiv, (%) 

Wliite sand 0 »1 9 0 0 NP 
C E 1 0 20 80 0 0 15.2 NP 27.0 
C E 2 J 82 16 1 0 12.7 NP 25,2 
C E S f) 20 10 10 28.5 12.0 21.5 
C E 4 1 3.-) 03 1 0 16.0 NP 25.7 
C E 6 40 2« 6 15 13 26.5 8.1 29.5 
PD 1 7 65 21 5 2 13.4 NP 17.9 
PD 2 19 5U 15 4 3 13.1 NP 18.2 
PD 3 12 84 41 9 4 12.0 NP 11.4 
PD 4 13 33 40 11 3 14.2 NP 18.0 
CQ<200 0 0 30 VO 0 — NP — 
CQ<400 0 0 0 71 29 — — — 
Dor V.fi 46.4 37.0 3.0 0.0 10.4 1.9 15.0 
Wli. 7.(i 46.4 37.0 3.0 0.0 16.4 1.9 15.0 
]'t. 1.0 58.0 33.0 4.7 3.2 — NP — 
Nat, soil 1.4 4.6 28.0 43.5 22.3 — 

1 2 mm. 2 2.0 to 0.2. ") mm. 3 0.25 to 0.05 mm. < 0.05 to 0.005 mm. I.ess UiaTi 0.005 mm. 
" NP — non-plastic. 

graded white quartz sand (WS) without 
and with the addition of the following 
materials (on a dry-weight basis) at the 
indicated percentages: 

(a) Sodium chloride at i/4, 1, and 
2 percent. 

(b) Calcium chloride at 14, V2, 1, and 
2 percent. 

(c) Asphalt at V+j ¥2, 1, and 2 per­
cent. (Percentages based on the weight 
of cutback asphalt used per unit weight 
of dry soil.) 

(d) Portland cement at 1, 2, 3, and 
5 percent. 

(e) Acid kaolinite at 1, 3, 6, and 10 
percent. 

( f ) Sodium bentonite at 1, 3, 6, and 
10 percent. Percentages determined on a 
dry weight basis. 

MAXIMUM D E N S I T I E S AND OPTIMUM MOISTURE 
CONTEXTS 1 

Optimum Max. Dry 
Soil Moisture Density Method of 
No. (%) (Ib/cu ft) Compaction 

WS 8 100.6 Altered Proctor 
OE 1 8,8 97.4 Altered Proctor 
C E 2 11,5 102.3 Altered Proctor 
C E 3 13.5 113.6 Altered Proctor 
C E 4 8.0 96.1 Altered Proctor 
C E 6 14.2 115.0 Altered Proctor 
PD 1 7,5 104,5 .Mtered Proctor 
PD 2 12.6 107,8 Altered Proctor 
PD 3 9.2 120,8 Altered Proctor 
PI> 4 10.0 117.3 Altered Proctor 
Dor 9.7 120.2 Dietert 

^Physical properties determined according to appli­
cable .4STM specifications. Clay mineral types determined 
by X-ray diffraction. 

The sodium chloride and calcium 
chloride were dissolved in the mixing 
water before i t was added to the dry 
soil. The asphalt was added to the dry 
sand and thoroughly mixed. The mixture 
was then lef t overnight. Subsecjuently, 
the mixing water was added and the 
samples were compacted. The portland 
cement, kaolinite and bentonite were 
mixed with the sand in the dry condi­
tion and the mixing water was added 
afterward. Allowance was made in the 
amount of water added to obtain the 
optimum moisture content and to pro­
vide enough water for the hydration of 
the Portland cement, also to bring the 
kaolinite and bentonite admixtures to 
their respective plastic limits. 

Each composition was run at four dif­
ferent moisture conditions, as follows: 

1. Moisture at which compacted. 
2. Oven-dried for 24 hr. 
3. Soaked for 4 days. 
4. Oven-dried for 5 days. 

I n the case of 1 and 2 percent asphalt, 
and 3, 6 and 10 percent bentonite, the 
material was sti l l moist after 5 days 
oven-drying. This was attributed to the 
low permeability of the materials. The 
materials with 1 and 2 percent asphalt 
exhibited shrinking during the moisture 
change cycle, whereas the sand contain­
ing 3, 6 and 10 percent bentonite swelled 
considerably during wetting and shrank 
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during oven-drying. The largest volume 
change was noticed in the 6 ])ercent 
bentonite material, mainly because sand 
with 10 percent bentonite was more im­
pervious to water penetration than sand 
with 6 percent and therefore could not 
satisfy its absorption capacity within 
the time allotted for soaking. The data 
for the obtained thermal conductivity 
are somewhat erratic, which reflects the 
disturbance of packing and sand grain 
contact during swelling and shrinking of 
the material. 

I n the case of sodium and calcium 
chloride mixture, two phenomena were 
observed — high moisture content of the 
material still jiresent after 24-hr drying 
in the oven, and crusts formed in the 
completely dry material. The crusts 
formed by calcium chloride could be 
described as follows: 

CaCla 
Cone. 
(%) Description of Crust 

1/4 Layer about y 2 - i n . thick adjacent 
to brass cylinder; easily disinte­
grated by fingers. 
About 1 in. on toj) of sample, % 
in. on bottom, % in. on outside; 
could be disintegrated by fingers. 

1 About 11/4 in. on top of sample, 
1/2 in. on bottom, % in. on out­
side; to{) crust hard to disinte­
grate by fingers. 

2 About 1% in. on top of samiilc, 
% in- on outside; outside crust 
hard to disintegrate by fingers; 
top crust could not be disinte­
grated by fingers. 

I n all cases the material inside the 
crusts flowed out as i f i t contained no 
additive. 

The crusts formed by sodium chloride 
could be described as follows: 

NaCL 
Cone. 
(%) Description of Crust 

1/4 Very soft, about i/4-in. thick ad­
jacent to brass cylinder; soil in­
side flowed out. 

1/2 Soft (easily disintegrated by fin­
gers), about Vi; in. on top, i ^ in. 
on bottom, i ^ in. on outside; ma­
terial inside flowed out. 

1 About l i / t in. on top, 14 in. on 
bottom, % in. on outside; crust 
could be disintegrated by fingers. 

2 Soil crusted on outside, leaving an 
inside cone of somewhat coherent 
material; cone base 4-in. dia., 
height to about 1 in. from top; 
outside material could be disinte­
grated by fingers, inside cone 
loosened by light scratching. 

The sodium chloride-sand adhered to 
the metal cylinder much more than the 
calcium chloride-sand in the comjiletely 
dry state. 

To evaluate the thermal resistivity-
moisture content-secondary structure re­
lationships, tests were run on systems 
with varying moisture contents. Instead 
of running the tests at selected moisture 
contents, the thermal resistivity was de­
termined at definite moisture tensions, 
the motive being that the moisture re­
tention, pore size distribution, and ther­
mal resistivity could be interrelated. The 
samples were each run at 0 (saturated), 
30, 60 and 100 cm, respectively, of mois­
ture tension. I n the granular materials 
with large grain size, a reasonable var i ­
ation in moisture content was possible 
over the range of moisture tensions. 
However, wi th the smaller size grains, 
the variation in moisture tension was not 
sufficient to obtain the desired range of 
moisture content values. Determinations 
at different densities were not possible 
because of difficulties encountered in re­
taining the same density throughout the 
course of the experiment. The greatest 
trouble was encountered when a low-
density saturated granular material was 
drained. 

The materials used for this phase were 
the six different sizes of glass beads, 
crushed quartz, and white sand, respec­
tively, and the undisturbed natural soil 
from the vicinity of Princeton. The un­
disturbed soil samples were also tested 
in the dry state. Some of these undis­
turbed samples underwent considerable 
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sliriiiking during the drying-out process. 
The thermal resistivities of the soils 

supplied by the various sponsoring coni-
l)anies were deteraiincd in the moist and 
dry states. The Dorchester special blend 
sand, thermal sand 1, and thermal sand 
2, were investigated more thoroughly be­
cause of the known low resistivities of 
these materials. The last three sands 
were compacted to different densities 
and each density was run at five differ­
ent moisture contents (one being at zero 
moisture content). 

Analysis of Experimental Data 

From the experimental data, Figures 
12, 13, 14, 15, 17, 18, and 19 were con­
structed. Supplementing the authors' 
data, some reported by other workers 
(40, 60, 63) were employed. I t was re­
garded as advantageous to express the 
moisture content on a volume basis 

rather than on a weight basis. This 
treatment aids in visualizing the soil 
system and permits comparison of soils 
in which the specific gravity of the solid 
particles varies. As a further simplifica­
tion, the moisture content is represented 
as the fraction m of voids filled by water. 
I n Figures 12, 13, 14, 15, 16, 17, 18, and 
19, the resistivity p of the different ma­
terials has been plotted against m. 

Of all the simple functions attempted, 
the type of equation that fitted the ex­
perimental data best, was found to be 
of the form 

p = ^10 - i"" + s (19) 

The constants A, B and s are functions 
of density, mineral type, granulometry, 
and the other respective factors men­
tioned in the preceding section. Gener­
ally, the constant s may also be a func­
tion of moisture content m, but as a 
simplification this is considered not to 

CO 4 0 - 5 0 l l ' I . M S 
— CO 9 0 - « 0 d ' I S I Z 

CO 6O' l00 
a CO 100-200 d* 1.497 

CO < t o o a> I. t03-I 411 

CO < 4O0 i ' \ 307-I iOO 

CUBVC TAKEN fKM OC V««E$ DATA 

MOENtNOEN SANO d'1.512 

FRACTION OF VOIDS FILLED WITH WATER-M 

Figure 12. Thermiil re.si.'^tivity vs nini»tiire roiileiil, criislieil qiiurtz. 
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Figure 13. Thermal resistivity V8 moisture eontent, white quartz sand. 

be the case. A better f i t may be obtained 
by using some series which wi l l converge 
within the given interval to the curves 
shown. However, to express all the con­
stants in the scries as functions of den­
sity, granulometry, mineral type, and the 
other variables would be a formidable 
task. 

I t was noticed from the curves that 
for a value of m higher than 0.50 the 
variation in resistivity was less than 10 
percent, or within the range of experi­
mental error. The value of s for each 
density and each soil was thus deter­
mined by averaging the values of resis­
t iv i ty for which m was larger than 0.50. 
When these asymptotic values (for m > 
0.50) of resistivity s were plotted against 
density d a scatter plot as shown in 
Figures 20 and 21 was obtained. Lacking 
a large variation in density at these 
moisture contents for each grain size and 
to simplify the analysis, i t was assumed 

that s was a linear function of density 
d and independent of the grain size, 
yielding the expression 

s = S i —Sad (20a) 

where S i and s-, are functions of the type 
of material. Using the method of least 
squares, the following straight-line ex­
pressions were obtained: 

Crushed quartz, 
s = 107.08-47.91r/ (206) 

Quartz sand, 
s=116.14-49.26d (20c) 

Thermal sand 1, 
s=118.8-48.58d (20d) 

Thermal sand 2, 
s=109.18-42.08d (20e) 

Natural soil, 
s = 128.14-45.22f/ (20/) 

The values of s-, do not differ much 
for these materials. As a weighted av-
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I 531 

FRACTION OF VOIDS FILLED WITH WATER M 

Figure 14. Thermal resistivity vs moisture content, thermal sand 1. 

established 
the values 

there was no ap-
for variation in 
S; was taken as 

iged as 137.3 for 

erage, the value for was 
as 47.5, thus giving for Si 
given in Table 6. 

For the glass beads, 
parent variation in s 
density. In this case, 
zero and Si was averj 
all sizes. 

From the data on the dry material, 
the values (p —s) were calculated for 
each dry density. The term A in Eq. 19 
was then evaluated. I t was noticed that 
A w i l l be an exponential function of the 
type (Figs. 22 and 23): 

A = ( f j - s ) „,.„ = 10"^+''"'+«'-"^ (21) 

By tr ial and error, i t was found that 
a-, is very close to zero. For all the ma­
terials, a., was taken as zero; as a fur ­
ther simplification, O;, was taken to be 
the same for all materials. According to 
these assumptions, only fli wi l l be a 
function of granulometry and type of 

material. An average value was found 
to be as= —0.44. The a,-values are tabu­
lated for each grain size and material 
in Table 6. 

To determine B in Eq. 19 as a func­
tion of density, the .4 term was calcu­
lated for Eq. 21 and the (p — s)-values 
were plotted against the moisture frac­
tion m on semi-logarithmic paper (Fig. 
24). As stated before, only the finst 
power of ?« was used. A higher power 
of m against log (p —s) would give a 
better f i t of the points, but this refine­
ment was not justified in view of the 
limited range of the experimental data. 
Only data for which m was less than 
0.40 gave acce])table values for the slope. 
Errors are present because the shape of 
the experimental curves does not follow 
a true exponential. 

Variation of B with density could be 
obtained only on the thermal sand 1, 
thermal sand 2, Russia black earth. 
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crushed quartz P4703 and P4714, and 
Ottawa sand P4701 and P4702. An ap­
proximate linear variation of B with 
density d was found when the values 
were plotted in Fig. 25. The equations 
for the straight lines were of the form 

B = b,-b,d (22) 

The b, and 62 coefficients wi l l be 
functions of granulometry and solid 
composition. Values for 6̂  in Eq. 22 
were found for the following materials: 

Soil b. 
Thermal sand 1 4.213 
Thermal sand 2 6.628 
Russia black earth 5.640 
Crushed quartz 22.873 
Fine crushed (juartz 23.404 
Graded Ottawa sand 14.933 
20-30 Ottawa sand 20.541 

For the first three soils, the deviation 
of experimental points from the selected 
curve was much less than for the last 
four; also a larger density range was 
covered in the case of the thermal sands 
and the Russia black earth. Conse­
quently, the exceptionally large values 
obtained for b^ from tlie crushed fjuartz 
and Ottawa sands were discarded in fa­
vor of those obtained from the thermal 
sands and black earth. An average value 
of 6 , = + 5 . 5 was established. Values of 
61 for all the other materials were calcu­
lated and tabulated in Table 6, based 
on the same value (62 = 5.5) for all soils. 

To account for variation of Si, s-,, (ii, 
and 6, wi th different materials and soils, 
the additional parameters evoked are 
percentage of quartz q, percentage of 
clay r, and r the surface area per unit 
volume of material larger than the clay 
size. The percentage quartz q was em-

FRACTION OF VOIDS F I L L E D WITH W A T E R - M 

Figure 15. Thermal resistivity vs moisture content, thermal sand 2. 
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DENSITY 
DCN«TY d 
DCNSITT d 
KH9ITY 
DCMITT d 

FRACTION OF VOIDS FILLED WITH W A T E R - M 

Figure 16. Thermal resistivity vg moisture content. Southern Russia black earth, Chernozen Curves from 
data by Kolyasev and Cupalo, 

ployed to express the resistivity of the 
solids and the clay percentage c to ac­
count for the cementing of the particles 
in the dry state. Both parameters q and 
c contain the additional property of ex­
pressing the state and amount of water 
absorbed on the solid surfaces. The per­
centage quartz was determined by visual 
examination of the larger fraction un­
der a microscope and the clay type by 
means of X-ray diffraction. The per­
centage clay Avas taken as the percentage 
material smaller than 0.005 mm deter­
mined by sedimentation method accord­
ing to A S T M specifications. I t is evident 
that this method of expressing so com­
plicated a characteristic is fundamen­
tal ly inadequate. As an example, con­
sider the glass beads or crushed quartz 
CQ<400. I n the glass beads, there is no 
quartz crystal: in CQ<400 there is 100 

percent quartz, but 29 percent of the 
material is smaller than 0.005 mm. For 
soils, however, there wi l l be no glass 
beads and a situation like in CQ<400 
is very unlikely to exist. For the men­
tioned sample of crushed quartz, the ma­
terial was treated as 100 percent quartz 
and the clay size fraction ignored. 

The factor r is determined from the 
grain-size accumulation curve. I f Wi sig­
nifies the weight of material retained on 
one sieve, the most probable diameter di 
wi l l bear a certain relation to the open­
ing size of the sieve, the material passed, 
and the opening size of the sieve on 
which i t is retained. The volume of a 
particle with linear dimension di w i l l be 
/ i ( d / ) . I f Ui particles are retained, the 
total volume retained on the i th sieve 
wi l l be Wiji_{di^). I f G represents the 
density of the solid, then W/G w i l l also 
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represent the volume of the material re­
tained on the ith sieve. 

or 
G 

G 

= « i / i ( ( / r ) 

= nidif2{di-} 

(23a) 

(236) 

di 
••GuiCx Surface area of one par­

ticle 
= fcxTotal surface area of par­

ticles retained on the ith sieve 
(Ai) (23c) 

Over the whole range, 

2 ^ „ IWi 
'-^k d, 

(23d) 

The factor k may vary for different 
grain sizes. As an average, i t may be 
taken as that for a sphere; namely. 

k — -^. The .1 , \yill be in dimensions of 
b 

surface area per unit weight. If the 
right-hand side is multiplied by the 
density of the solids, the surface area 
is obtained per unit volume of solid 
material, 

G W-
r = :$AiG = :S,^^ (24a) 

r = 6 2 ^ (246) 

Wi and di are obtained from the grain-
size accumulation curve for grain sizes 
larger than 0.005 mm. 

Employing these additional parame­
ters, the following was deduced: 

s-factor: 

For q>75%, 
S2=-47.5; S i = 200-0.94g (25a) 

» 0 | 

i 
K. 

• WHITE SAND 4- W% NOCL ( lY weiflHT) 
' WHITE SAND + ^ % H O C L • 
- WHITE S M D + I % MOCL • 
- WHITE S M D * t% NflCL -

- WHITE SANO + M l % M C L t (SV WCISMT) 
- WHITE SANO * CaCLi • 
- WHITE SAND • I % C0CL2 • 
- WHITE SAND -f 2 % C0CL2 ' 

FRACTION OF VOIDS FILLED WITH WATER-M 

rigtire 17. Thermal rt^sislivity vs frat-lion of voids in white quartz »and coulaitiing saline (NaCI, CaCl.,) 
Holiitions of different coiieentratioiis. 
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MHITE SAND + 1% KAOUNITE <BT WEIOHTI 
WHITE SAND + 3 % KAOUNITC 
WHITE SAND + C% KAOLlNtTE 
WHITE SAND +IO%KAOUNITE 

WHITE SAND ASPHALT (ST WEI8HT1 
WHITE SAND + ^ % A S P H A L T 
WHITE SAND + I % ASWALT 
WHITE SAMD + 2%A3PHALT 

FRACTION OF >AJIDS F I L L E D WITH WATER-

Figure 18. Thermal resistivity vs fraction of voids filled with water for white sand containing 
centages of kaolinite and asphalt, respectively. 

anous per-

For 7 5 % > g > 2 0 % , 
S2 = 2g-200 ; s, = 435-4.07(/ (255) 

A-factor: 

and 

a / = 3.4x10^ 

B-f actor; 

(26a) 

(26b) 

Most of the values of 6i and for 
the cohesionless materials were obtained 
from only two points. There seemed to 
be a trend that the larger the r-factor, 
the smaller the 6i-values. The trend was 
inconsistent and closer inspection showed 
that this trend was only because the 
intervals of 7H-values were different for 
the various materials. Averaging over all 
fai-values for cohesionless materials the 
value of 5i = 16.18 was obtained. Ascer­
taining the dependence of on the clay 

content, the following relationship was 
obtained: 

6,=5.6xlO-''-»-"--h9.58 (27) 

D I S C U S S I O N 

Test Data 

I n the following, a qualitative account 
is given of what i t has been attempted 
to describe quantitatively in the pre­
ceding section. Concentrating mainly on 
the figures, rather than on the equa­
tions developed, the following points are 
evident: 

1. The relationship between density, 
moisture content, and thermal resistivity 
can be stated as follows. I f the same 
material is taken (Figs. 14, 15, and 16), 
i t w i l l be noticed that increase in density 
causes a downward shift of the curves 
toward lower resistivity. However, at 
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high moisture contents, the reduction in 
resistivity with the same variation in 
density is not so marked as it is at low 
or zero moisture content. The result is 
that the slope of the resistivity-moisture 
content curve tends to flatten out with 
increase in density. This means that at 
high soil densities additional water wi l l 
have a lesser effect on the resistivity 
than at low densities. A t high densities, 
the permeability of the material is de­
creased, with the result that moisture 
movement wi l l be slowed down; the wa­
ter wi l l be held more tightly because of 
reduction in pore diameters and also 
because the fraction of water close to 
solid interfaces per unit pore space wi l l 
be increased. 

The same picture for moisture-density-
resistivity relationship holds whether the 
material is sand, crushed quartz, clay, 
or natural soil. The relative values wi l l 
differ for the various materials. 

2. AA'ith respect to the effect of the 
clay ( < 0.005 mm) fraction on the ther­
mal resistivity, inspection of Figures 18 
and 19 indicates the following. I n the 
cases of kaolinite, bentonite, and even 
asphalt addition, i t seems that increas­
ing amounts of additive wi l l tend to in ­
crease the resistivity a small amount at 
the high moisture contents, but cause a 
large reduction in resistivity at very low 
moisture contents. The same tendency 
was found for all clayey and natural 
soils; namely, a fa i r ly flat curve for 
resistivity p against moisture content m 
(taken at a specific density). This is 
evident f rom Figures 14, 15, and 16. I f 
these curves are compared with those 
for crushed quartz and sand (Figs. 12 
and 13), i t w i l l be noticed that the gran­
ular cohesionless soils have a higher dry 
thermal resistivity and a lower resis­
t iv i ty at saturation than the clayey soils 
of the same density. Also noticeable is 

•HITC SAND + 1% fORTLAHO CCtiENT 
WHITE SAND 4 2 % POKTLANO CEMENT 
WHITE SANO • 3 % PONTUWO CEKENT 
WHITE SANO + 5 % POBTLAHD CEMENT 

WHITE SAND 4 1% BENTONITE 
WHITE SANO 4 9 % SENTOHITE 
WHITE SANO 4 6% BENTOMITE 
WHITE SANO 4 IO%iENTOHITE 

FRACTION OF VOIDS FILLED WITH W A T E R - M 

Figure 19. Thermal resistivity vs fraction of voids filled with water for white sand containing various per­
centages of bentonite and Portland cement, respectively. 
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DRY OCHSITY 4 IN On. KH ec. 

Figure 20. Variation with density of asymptotic value of thermal resistivity at saturation. 

the steep slope in the resistivity-moisture 
curve of the sands at low moisture con­
tent, compared to that of a clayey soil 
over the same moisture interval, both 
being taken at the same density. Com­
paring Figures 12 and 16, the following 
is evident. 

From m = 0 to ??2 = 0.10, the slope for 
the sand is much steeper than that for 
the clay. Between m = 0.10 and m = 0.50, 
the slope for the clay becomes steeper 
than that for the sand, whereas for TO> 
0.50 all curves flatten out. Depending on 
which moisture interval the resistivity 
change is taken in, the sands w i l l show 
a larger or smaller variation in thermal 
resistivity than the clays. Over the low 
moisture content range, the thermal re­
sistivity varies considerably more for 
sand than for clayey soils. Under the 
same climatic conditions, clayey soils 
wi l l retain moisture better than sands 
and wi l l not show as great a variation 
in moisture. I t may therefore be ((uite 
jjossible to observe a great seasonal var i ­
ation in thermal resistivity in sands and 
not in clays, as has indeed been observed 
in practice (27). 

3. To investigate completely the ef­
fect of grain size, the clay-size particles 
should be included in the considerations. 
However, in the clay size range, other 
phenomena are encountered which do 
not appear in inorganic material of sizes 
larger than 0.005 mm. Some of these are 
the cementing property of the colloids, 
their interaction with water, as revealed 
in the consistency limits and swelling 
and shrinking properties, and their re­
action with ions or organic matter. I t 
should thus be more appropriate to con­
sider the effect of the grain size on 
thermal resistivity for sizes larger than 
0.005 mm apart f rom that of the clay 
fraction. That the separation of clay 
from the rest of the materials on the 
basis of size alone is not sufficient is 
clearly obvious f rom the data on quartz 
samples that contained large percentages 
of the fraction smaller than 0.005 mm. 

The moist systems were not so thor­
oughly investigated with respect to grain 
sizes as were the dry materials. In the 
development of the equations, the grain 
size was only considered in tlie dry re­
sistivity values. As a representation of 



V A N R O O Y E N A N D W I N T E R K O R N : T H E R M A L C O N D U C T I V I T Y 607 

th(! effect of the grain size, the total 
sm-face area per unit volume of solids 
was emi)loyed. The glass beads show an 
increase in thermal resistivity with in­
crease in total surface area, whereas for 
all granular quartz materials the resis­
t iv i ty decreases with increase in surface 
area, as is evident from Eqs. 19, 21, and 
26a. The reason may be that for larger 
surface areas there wi l l be larger areas 
of particle-to-particle content. I t may 
also be that with smaller grain sizes, 
more moisture wi l l be retained i f the 
material is not absolutely dry. I n addi­
tion, the smaller quartz particles had 
been crushed to size and were, therefore, 
not of spherical shape. 

4. The effect of additives to the white 
quartz sands is shown in Figures 17, 
18, and 19. The influence of addition 
of kaolinite, bentonite, and asphalt has 
been discussed previously to some ex­

tent. The sodium chloride and calcium 
chloride salts do not have any noticeable 
effect on the thermal resistivity at high 
moisture contents, but caused a signifi­
cant decrease of resistivity in the dry 
state. A complete evaluation of the ben­
eficial effect of interparticle binding un­
fortunately could not be accomplished 
because the cemented crust formed on 
the outer surfaces of the samples, but 
the thermal probe was inserted along 
the center line. I t is believed that if the 
salt had been deposited homogeneously 
throughout the material, a much larger 
reduction in thermal resistivity of the 
dry material would have been obtained. 
The capacity of the sand to retain mois­
ture during drying, when the soil water 
contains the mentioned salts, is of im­
portance in inhibiting the loss of mois­
ture when the temperature of the soil is 
raised. Mixing of sodium chloride and 

FAIRBANKS SILTT 
CLAY LOAM 
FAIRBANKS SILT LOAM 
HCALY CLAT 

DENSITY d IN Gtn. PER cc. 

Figure 21. Variation with density of asymptotic value of thermal resistivity at saturation. 
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T.VHI,!'; (i 

CONSTANTS l - \ li KSISTI V I T Y — DKNSITY-MOISTUKE 00-NTH,NT l i K I . A T l O X S I I I P 

r Clav Qnartz 
Soil Xo. SI ai {t:t bi (cm"/cc) (%) 

(a) CitUSIIKI) Ql AHTZ 

OQ 40-50 106.5 47.5 3.558 —0.44 10.953 5.5 108. — 100 
CQ 50-60 3.520 16.624 220 — 100 
CQ 60-100 3.486 12.975 SCO — 100 
CQ 100-200 3.449 10.232 640 — 100 
OQ 200 3.397 9.018 1,900 — 100 
OQ 400 3.448 15.265 3.088 29.0 100 
P 4703 3.811 14.522 169. — 90 
P 4714 3.349 14.523 300 — 96 

(6) Q L A R T Z S - \ N D 

W S 10-20 113.3 47.5 3.572 —0.44 18.713 5.5 61.6 — 95 
W S 20-30 3.544 20.846 83.4 — 95 
W S 30-40 3.541 19.396 119.2 — 95 
W S 40-50 3.563 19.854 176.6 — 96 
W S 60-60 3.523 18.274 213.5 — 95 
WS 60-100 3.514 17.998 244.0 — 95 
W S Gradetl 3.634 147.Y — 95 
Wageningen 113.3 47.5 3.556 —0.44 16.180 5.5 171.3 — 89 

(c) O T T . I U A SAND 

Graded 113.3 47.5 3.660 —0.44 16.400 5.5 97.3 — 99 
20-30 3.697 20.925 84.0 — 99 
30-40 3.712 135.7 99 

( d ) XATUIIAI . S O I L 

Nat. soil 131.5 47.5 —0.44 5.6 2,030 22.5 60 
Th. sand 1 116.8 47.5 3.213 —0.44 5.5 239 6.0 88 
Th. sand 2 118.8 47.5 3.303 —0.44 5.5 266 3.2 78 
Russia black earth 326.2 157.9 3.475 —0.44 9.595 5.5 — — — 
Fairbanks silty loam 216 134.6 —0.44 6.5 1,770 11.5 64 
Silty clay loam 187.2 134.6 —0.44 1,398 27 64 
Healy clay 307.8 152.7 —0.44 6.5 420 78 23 

(e) G L A S S BKADS 

G 107 137.3 0 3.663 —0.44 16.859 5.5 128 — Glass 
G 110 137.3 3.667 13.086 300 — Glass 
G 112 137.3 3.082 13.774 500 — Glass 
G 114 137.3 3.663 732 — Glass 
G 116 137.3 8.687 1,053 — (ilass 
G 119 137.3 3.703 2,145 Glass 

calcium chloride with clayey soils may 
prove beneficial in reducing the thermal 
resistivity; however, the sodium ion may 
cause the clay to swell and shrink during 
wetting and drying. A disadvantage of 
these salts is that they tend to leach out 
and present corrosion jn-oblems to buried 
pipes or metallic structures. 

The addition of asphalt generally 
causes an increase in resistivity over 
that for the plain white quartz sand, ex­
cept at low moisture contents. Increase 
in asphalt percentage increased the ther­
mal resistivity. Some reduction in re­
sistivity was found for 0.5 percent as­
phalt. Unfortunately, the significance of 
this could not be established. Additional 
tests might have indicated whether this 
was to be expected or was just due to 
errors in measuring. When the asphalt 

content was increased, the density ob­
tainable by the same compaction method 
was decreased. The low permeability of 
asphalt-treated soils obstructs the flow 
of water through tlie material. I t w i l l 
dry out more slowly than plain sand, 
but, when dry, i t wi l l also wet much 
more slowly. 

The effect of kaolinite as additive has 
been discussed. Another feature which 
wi l l amplify the desirability of kaolini-
tic clay as binder in the sand is that i t 
does not swell and shrink as much as 
other types of clay minerals. Wi th a 
proper gradation of coarser material 
( > 0.005 mm), a clay content of between 
6 and 10 percent wi l l result in a ma­
terial of low water permeability. A high-
density material is most desirable and 
enough clay should be present to obtain 
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this without causing swelling and thus 
sejiaration of the coarser grains. 

The unwanted effect of swelling was 
noticed in the case of the bentonite ad­
mixture. The 6 and 10 percent bentonite 
clay additions caused erratic results. 
These were probably due to changes in 
density during the drying-wetting-drying 
cycle; i t is also possible that during these 
cycles the quartz-to-quartz contacts are 
replaced by bentonite clay bridges. Judg­
ing from the position of the dashed 
curves of Figure 19, bentonite has a 
much higher thermal resistivity than 
either quartz or kaolinite. The thermal 
resistivities of wet bentonitic materials 
are about of the same order as was 
found for the asphalt admixture. Unfor­
tunately, the dry resistivity was not 
determined for all the percentages of 
bentonite addition and i t was thus not 
possible to establish the influence of 
bentonite in the dry state. 

Portland cement constituted a some­
what different type of binding agent in 
that i t does not soften with wetting after 
having set up. Figure 19 shows the effect 
of increasing amounts of portland ce­
ment on the white quartz sand. The 
addition of cement decreases the thermal 
resistivity both in the moist and the dry 
conditions. However, certain points must 
be remembered, such as that the tests 
were run within a i)eriod of about 6 
days; hence the cement had not reached 
its f u l l binding strength. Aging of the 
material would probably further decrease 
the thermal resistivity of cement-bonded 
sands. Higher percentages of portland 
cement facilitated compaction of the 
material, with resulting higher densities, 
using the same compaction effort. The 
Portland cement addition gave the great­
est over-all reduction in thermal resis­
t iv i ty per i)ercentage added, but has the 
drawback that cement-bonded sands are 
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Figure 22. Dry thermal resistivity values (p — j>) vs dry density. 
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Figure 23. Dry thermal resistivity values (p — a ) vs dry density. 
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Figure 25. Exponential B f a c t o r vs dry density. 

not so easily worked and jilaced, and 
once hardened cannot be handled as 
easily as clay-bonded sands. 

Influence of Structure 

From the experimental investigation, 
l i t t le could be learned about the influ­
ence of soil structure on thermal resis­
t iv i ty . The tests on the natural soils 
proved that structure formation can 
cause large deviations in thermal resis­
tivities f rom one location to another. 

The main manifestations of structure 
formation in a soil are the formation of 
clods or aggregates and the subsequent 
deviation of pore size distribution and 
water and air permeabilities from the 
values that would be expected if the par­
ticles were uniformly dispersed. As dis­
cussed previously, pore size distribution, 
permeability and aggregate sizes can be 
interrelated. I t was thought advisable 
and faster to determine the pore size 
distribution rather than the grain size 
distribution of a structured soil. I f i t is 
assumed that all the clods or aggregates 
have the same density, grain and pore 

size distribution, the aggregates them­
selves may be considered as primary 
particles. 

The knowledge gained on granular ma­
terials, without or with interparticle 
binding (whichever is ap])licable) may 
then be apjilied to structured soil. The 
thermal resistivity of the primary par­
ticles wi l l be different f rom that of 
quartz and wi l l vary with variation in 
moisture content inside the aggregate. 
I t is clear that the density of the aggre­
gates must be more than the over-all 
density of the total soil sample. The 
clods wi l l therefore be saturated with 
water before appreciable moisture wi l l 
collect between the aggregates. The 
density of the clods may be determined 
if the pore size between the secondary 
particles (as one measure, the noncapil-
lary porosity may be used) has been es­
tablished. The porosity inside the aggi-e-
gates (internal porosity) wi l l be the dif­
ference between the total pore volume 
and the porosity outside the aggregates. 
From knowledge of the moisture con­
tent, the fraction of internal voids (in­
side the aggregates) filled can be cal-
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culated. Having the density and fraction 
of voids filled of the aggregate, as well 
as its solid composition (which wi l l be 
the same as for the total soil) the ther­
mal resistivity of the secondary particles 
may be evaluated, using the formulas 
previously developed. Using this value 
as the thermal resistivity of a primary 
particle, the system wi l l consist of gran­
ular particles, using as porosity value 
the porosity between the aggregates. 
Calculation of the total thermal resis­
t iv i ty may then be attempted using this 
equivalent system and employing the 
established formulas. 

There w i l l be a number of difficulties 
in employing this method. The effect of 
variation in thermal resistivity of the 
individual particles on the total resistiv­
i ty was not uniquely determined, but 
was implied in factors such as quartz 
percentage and clay percentage. Possibly 
equations developed for the glass beads 
may be more applicable. 

I n identifying different shapes and 
types of structure formation, the aggre­
gates may be described by three dimen­
sions — 2a, 25, 2c — representing the 
three principal axes of the ellipsoid ap­
proximating the form of the soil clod. 
The theory developed by Maxwell (70), 
Burger (26), Eucken (44), and applied 
to soils by De Vries (40), may be used 
to determine the effective thermal con­
ductivity of the entire sample. As pre­
viously given (102), the over-all resis­
t iv i ty p equals 1/fc, where fc is the over­
all thermal conductivity and is expressed 
as 

— 0 

1 = 0 

in which 
/ C t = thermal conductivity of the i th 

type of particles with volume 
fraction Xi; 

fco=the thermal conductivity of the 
medium of volume fraction X„; 
and 

n = number of different types of par­
ticles. 

Ki is a factor dependent on the geometry 
of the inclusions and the ratio of ther­
mal conductivity of the ith-type particle 
to that of the medium, 

1 1 

1-
(29) 

For ellipsoidal particles the values of Ai, 
Ao and A^ are given in Stratton (54) as 

. a b c 
^ 1 

b c 
2 7„ 

ds 

A,= 

'- {s + b ^ ) i (s + c-)-

b c 
2 J 0 

ds 
(s + c^)^ is+b"}''-' (s + c-)' 

br 

2 Jo 
ds 

(s + a - j ' (s-f 5-) ' (s-f-c-)"'-

(30a) 

(306) 

(30c) 

For a spherical particle Ai = A2 = A3=~-
o 

Either the air or water phase, which­
ever is continuous, may be used as the 
medium. Treating the air as the medium 
w i l l give conductivity values that are 
too low, because touching and inter-
particle cementing is neglected. The best 
way wi l l therefore be to treat the mois­
ture as the medium and the aggregates 
and air as inclusions. 

(281 Interpretation of Equations 

The equations developed suggested the 
type of surface shown in Figure 26, in 
which the density is expressed as the 
volume fraction of solids per unit vol ­
ume of material on the x-axis, the mois­
ture as the volume fraction of water per 
unit volume of material on the y-axis, 
and the thermal resistivity along the 
z-axis. The intersection c of the solids 
and moisture axes wi l l be 100 percent 
air. I n Figure 26 the point a on the 
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RESISTIVITY 
OF DRY AIR 

RESIST IV ITY 
Of S * T U R * T E D AIR lOOC 
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THERMAL SAND t 
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SOLIDS VOLU 

TEMPERATURE • + 20«C 

Figure 26. Three-dimensional surface depleting thermal resistivity as a function of solid, air, and water phases. 
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X-axis represents 100 percent solid; aâ  
is then the thermal resistivity of the 
solids alone. The point b on the y-axis 
represents 100 percent water and bb^ the 
thermal resistivity of water. The length 
cĉ  along the z-axis will constitute the 
thermal resistivity of air. 

For different soils, the only limiting 
value in the sketch that will show a con­
siderable change will be the effective 
thermal resistivity of solids alone, which 
is represented by the z-value aâ . The 
value of bb^ may be altered slightly by 
the amount and type of salts in solution, 
temperature, or presence of other liquids. 
Similarly, cĉ , the thermal resistivity of 
air may be changed a little by changes 
in its composition and temperature. Con­
sidering these assumptions, the curve 
b̂  will remain unchanged for all dif­
ferent soil types; however, curve b̂  ĉ  
will not be encountered in systems of 
practical engineering importance. 

Curve â  b̂  represents the variation 
in thermal resistivity for saturated sys­
tems in which the solid content varies 
from 0 to 100 percent. I t is not believed 
that this curve will be a straight line, 
but rather that it has a shape similar to 
that of curves b̂  ĉ  or â  c\ The curva­
ture of â  b̂  will be less noticeable than 
that of b̂  ĉ  or â c, because the differ­
ence between aâ  and bb^ will be much 
less than between bb^ and cĉ  or aâ  and 
cc\ 

In addition to the variable aa'- (p 
solids) for different soils there will be 
other variables, the most important of 
which will be the slope n of the normal 
to the surface â  b̂  ĉ . The slope n will 
be a function of the solid and moisture 
content, or 

n=j{d,m) (31) 
For different soils, this function will not 
be the same, but will depend on the re­
sistivities of the solids, grain size, inter­
action of the solid surfaces with water 
and ions, temperature, and the cement­
ing or cohesive properties of the solid 
constituents in the dry (?n = 0), moist, 
and saturated {m-\-d=l) states. 

As an illustration of this variation, the 
dotted curves were drawn, which are 

thought to be representative of a clay 
system with lower thermal resistivities 
in the dry state and somewhat higher 
resistivities in the saturated state, than 
would be expected for a pure quartz ma­
terial (represented by the solid curves); 
also indicated is'the variable range over 
which data have been accumulated dur­
ing the present investigation. 

The complex form of the surfaces 
shown will indicate to what extent the 
equations developed have described the 
relationship between thermal resistivity, 
density, and moisture content. Within 
the range of the experimental data, the 
equations may be used to predict the 
thermal resistivity of a soil for given 
values of the variables treated. I t is be­
lieved that the accuracy to which this 
prediction is possible will be better than 
20 percent. 

CONCLUSIONS 

From the study of theoretical expres­
sions developed with a view toward ob­
taining the over-all thermal resistivity 
of granular systems, and interpretation 
of the experimental data accumulated, 
the following conclusions may be drawn. 

As in most investigations of this na­
ture, the results found are not as con­
clusive as desired and are found lacking 
in many respects. This is due mainly 
to the fact that although many experi­
mental data were accumulated, they 
were not sufficient to establish the ob­
taining relationships with the desired 
degree of accuracy. In addition, because 
of practical problems, the tests could 
not be run at close enough intervals or 
over as wide a range of moisture and 
density as would have been advanta­
geous for a good theoretical interpreta­
tion of the problem. The characteristics 
and properties of materials used were 
not varied over a range sufficient to 
determine accurately their effect on ther­
mal conductivity. A formidable obstacle 
presented itself, insofar as there exists 
no simple basic numerical measure by 
which the properties of materials could 
be determined and compared with one 
another. In all materials, the engineering 
constants represent numerical attempts 
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to describe the behavior of the particular 
material under selected conditions over 
a limited range of the variables involved. 

With all these limitations in mind, the 
following were observed. 

1. Soil thermal resistivity is affected 
by as many variables as are operating in 
a soil. The most important of these were 
found to be moisture; density; mineral 
composition; amount, type, and compo­
sition of the binder fraction (smaller 
than 0.005 mm); and the grain size dis­
tribution of the material larger than 
0.005 mm. Additional parameters will be 
temperature, effect of organic matter, 
structure formation in natural soils, 
thermally-induced moisture transport, 
etc. 

2. Increase in moisture causes decrease 
in thermal resistivity. The rate of de­
crease of resistivity with increase in 
moisture is different for different density 
values and depends also on the type and 
amount of clay material. This rate of 
decrease of resistivity is also a function 
of the moisture content. 

3. Increase in density causes a de­
crease in thermal resistivity. The rate 
of decrease of resistivity with increase 
in density is a function of the density, 
moisture content, amount and type of 
binder material (smaller than 0.005 
mm), and grain size. The effect of den­
sity is more pronounced in the dry state 
than in either the moist or the saturated 
condition. 

4. Increase in inorganic clay content 
(smaller than 0.005 mm) causes reduc­
tion in thermal resistivities in the dry 
state, but small increase in resistivities 
at saturation. The magnitude of reduc­
tion and increase depends on the type 
of binder material. 

5. The lower the resistivity of the 
solids and the better their interaction 
with water, the lower will be the over-all 
thermal resis-tivity of the soil. In this 
investigation, the percentage of quartz 
was taken as a measure of the effect of 
the mineral composition of the material 
larger than 0.005 mm on the thermal 
resistivity. 

6. The effect of granulometry of the 
material larger than 0.005 mm on the 
thermal resistivity of a soil was found 
to be of importance only in the dry state. 
For quartz materials, an increase in the 
surface area of particles per unit volume 
of solids caused a slight decrease in the 
dry thermal conductivity. 

7. Effective binding or cementing of 
the soil grains causes a decrease in ther­
mal resistivity. Portland cement proved 
to be the most effective additive, but 
kaolinitic clay may be more practical in 
application. Sodium and calcium chlo­
ride give increased moisture retention 
capacities to the soil and cement the 
particles together in the dry state. These 
salts tend to leach out and may not 
result in permanent lowering of thermal 
resistivity. 

The following suggestions are made 
with reference to possible future work. 
I t is desirable to: 

1. Run additional experiments in order 
to establish the nature of the functions 
where assumptions had to be made be­
cause of lack of information within a 
certain range. 

2. Try to correlate the cementing and 
binding effect of the fraction smaller 
than 0.005 mm with thermal resistivity 
in the dry condition. The dry cementing 
effect may be obtained by determining 
the strength of dried clay pats. 

3. Obtain more specific relations be­
tween thermal resistivity and other soil 
l)roperties, possible linking with such 
characteristics as water absorption, 
shrinkage, ion exchange capacity, and 
soil-water composition. 

4. Exercise care that the sample from 
whose properties the prediction is made 
will be representative of the soil in 
that area before practical application is 
made of the established relationships. 
The variables which may change with 
respect to time must be established and 
correction allowed in the calculation. 

5. Study the variation of thermal re­
sistivity and all the other relevant soil 
j)roperties with variation in temperature. 
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A C K N 0\y LKDG MEN TS 
Tlii.s paper was prepared in eoiijuue-

tion with a ref^eai'cli project rlealing witli 
the thermal characteristics of soils that 
has been carried out during 1956-58 at 
the Soil Physics Laboratory of the De­
partment of Civil Engineering, Prince­
ton University, under the direction of 
Dr. Hans F. Winterkorn, Director of 
the Laboratory. The project was initi­
ated by the A.I.E.E. Committee on In­
sulated Conductors and was made pos­
sible by financial contributions of the 
Edison Electric Institute, the Associa­
tion of Edison Illuminating Companies, 
the Engineering Foundation, the Insu­
lated Power Cable Engineers Associa­
tion, various cable manufacturers, and 
certain governmental and municipal 
power agencies in the United States and 
Canada. 
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