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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 employed 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.

® IN 1957, the authors presented a
paper (102) on theorctical and practical
aspects of the thermal conductivity of
soils and similar granular systems. This
paper represented an exhaustive and
critical survey of knowledge available at
that time and pointed out the discrepan-
cics existing between actually measured
data on one hand and values calculated
on the basis of theoretical concepts and
of semi-empirical relationships, on the
other hand. The importance of structural
and textural relationships, in addition to
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
reality.

The following factors were deemed to
deserve closer consideration: volume re-
lationships between solid, liquid, and

gascous phases; interfacial phenomena;
particle size, shape, and other granulo-
metric features; degree of structure for-
mation and type of structure; and min-
eralogical composition of the soil solids.
The considerable number of these factors
and the existing coupling between them
did not permit their completely separate
treatment; but the experiments were so
designed that they yielded as much per-
tinent information on these factors as
could be hoped for within the time and
financial limitations of this investigation.

EXPERIMENTAL DETERMINATION OF
THERMAL CONDUCTIVITY

The phenomenological law for thermal
conduction is

q:k%Af)t (1)
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in which ¢ is the amount of heat that
flows in the time t through a cross-
sectional area A if normal to this area
a thermal gradient A6/L cxists; k 1s a
proportionality factor ecalled the coeffi-
cient of thermal conductivity and 1/k is
called the coefficient of thermal resistiv-
ity. In differential form Eq. 1 reads:

9
dq=—k A 7 dt (2)

Considering a small-volume element
of dimensions dz, dy, dz, of a homogene-
ous isotropic solid, and assuming that
k 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:

or?  oy* 0oz k ot
in which ¢ is the density of the solid and
¢p 18 the specific heat of the solid.

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

(3a)

o0 _100
axz_a ot

where a :ci =thermal diffusivity co-

(3b)

efficient.

For the experimental determination of
the coefficient &k, 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 it, 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
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thermometers, thermocouples, thermis-
tors, or other thermometric deviees. 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
7y (ry>ry) the applicable modification of
Eq. 11s

A6

—_— 4
(7'2"7'1)/7'17'2 ( )
in which g, is the heat flow per unit time.
For infinitely long coaxial eylinders of
radii r, and r, (r,>7,)
Af
Inr,/r,

q,,:k 4z

qc:k 27

(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 o and k.
Three types of temperature variations
with time have been employed: periodic,
aperiodic, and transient. Periodic tem-
perature variation was 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 which 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 (46, 47) for
determining the thermal conductivity of
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fairly 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 Stilhane 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
(14) 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.

In 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 (38, 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 methods 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).
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The rccent trend in measuring soil
thermal conduectivity 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 Stdhlane and Pyk (93),
which has been applied to soils and other
moist, porous systems by a number of
investigators (40, 52, 58, 69). The size
of the probes ranges from 5 to 8 ft long
with a 34-in. diameter (708), 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 1n 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; it is ho-
mogeneous and isotropie, and is em-
bedded in a homogeneous and isotropic
medium of infinite extent; and it 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 will
be heat loss from the ends, which in
turn will cause longitudinal heat flow
in the needle. The error duc 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 em 1n 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=14 in.) is
determined only by the material within
a 2- to 3-in. radius around it. 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. If the soil sample
is of cylindrical form and is well insu-
lated at the ends, no error is to be ex-
pected from 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 from
that of the soil, it 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 will be the same as in the
ideal case if 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 initial
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
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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 (40) 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 em
by 15 em 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, uncven temperature
distribution, and variability of compo-
sition and structure from location to
location. A great source of ecrror 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
limit 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 (40). 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 NEEDLE 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 cquation and that
the formulas used do not involve as-
sumptions that cannot be realized closely
in practice. If carcfully 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.

In 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 capacitics
of its components in the uncombined
state and should, therefore, bc deter-
mined experimentally. This means con-
siderable additional work.

The method of Stdlhane and Pyk pos-
sesses the advantage of being an abso-
lute onc for determining the thermal
conductivity of a inaterial. 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 climinated. 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. 3b in an infinite medium is given by
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the Fourier integral solution. If the in-
itial temperature distribution function,
6(x, 0), is integrable and piecewise regu-
lar, the solution may be given (24) in
the form:

o0 .
1 u/' 6(z'",0)e @M g
2Vrat) —0
(6)

in which 3 is a substitution factor and

1
~4ut (7)
For symmetrical radial heat flow in
which the temperature is a function of
radius r and time ¢, the pertinent equa-
tion is:

6z, t) =

M=

20 ad*(rf)
2t "t or (8a)
or
2(rf) _ ()
ot Y o (85)

The solution of Egs. 8 and 8b 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

(59):

[a ¢ o

6(r,t) = L [/ g(x, 0) e
2rV mwat 0

_/” (1, 0)e “*"’”’d)x:] (9)
0

For initial conditions,
6(r,0) =constant =46, for 0<r<<R
=0 for r>R
Eq. 9 becomes

R 2
6lr, ) =— 20— [ [ aetan
27’\/1rat 0

R .
_/ /\e(xnwﬂl d)\:l (10)
0

For an instantancous point source at
r=0 of strength ¢* while the rest of the
medium 1s at 0 temperature, the tem-
perature rise 6, of the small sphere of
radius B (in the limit R—0) may be
found from

QIZQOC{%WRR (11)
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Substituting 6 in Eq. 10, expanding the
exponential in a power serics, and neg-
lecting all terms except the first, yields

6(r,t) =g* 7 (4mat) ™ (12)

If instead of an instantancous source,
a constant-strength source liberating ¢
units of heat per unit time started at
time £=0, then at a later time ¢ the total
effect will be given by the summation of
each cffect ¢'=q dr, which started at
t—r 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 ¢ around
a continuous line source generating q
units of heat per unit time and unit
length of the source is given by

o, 0) /n/*\ /\\/4m1wtl—r)f

AN (12 dr

t (,7‘
(r,t) 4wk/0(t_f)

in which NV is a substitution factor and
1
4o (t—7)

This integral is tabulated in Appendix T,
p- 253 of referenee (55).
Eq. 13b also may be written

0(r,t) 471\/ f—dt (13c)

Expanding the exponential in an infinite
series and integrating gives

7.2 rZ
O(r, t) = T A|:—c~lnm-:-4a—t:| (13d)

For small » (in the limit »—0) or large
t, the expression for difference in temper-
ature Af between time ¢, and £, becomes

(13a)

(13b)

N=— (14)

a_ f_
Af= -l (15)
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Van der Held and van Drunen (101)
differentiated Eq. 13¢ and got, after in-
version,

dt _ 4=k
a9~ q

dt ekt 1Y
e~ q 40t " 20\ 4at

te (4‘”) (16a)

:l (16b)

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

T'_’

el
they obtained

dt 4=k
@ q [t‘i‘t()]

The correction t, can be evaluated by

(16¢)

plotting dt against £. The intercept of
dé

the linear portion on the ¢ axis yields ¢,.
The time in Eq. 15 is then corrected by
the amount t,; that is, (f£,+¢,) and
(t.+t,) are uscd instead of ¢, and ¢..

In accordance with Eq. 15, the coeffi-
cient of thermal conductivity is

q In tg/tl
4z A6
Therefore, if the temperature of the
ncedle is plotted against the logarithm
of the corresponding time during the
course of the experiment, a straight line
will be obtained. The slope of this line
will be proportional to the coefficient of
thermal conductivity of the surrounding
material.

k=

(17)

Design and Construction of Probes

The design and construction of the
thermal probes followed the pattern sct
by other investigators and the relative
sizes of the various components agrecd
well with those employed by De Vries
(40).

To approximate the theorctical infi-
nitely long, lincar heat source, stainless
steel Hypoflex tubing was employed; it
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had the following 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
aspeets. 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
left in place during subsequent treat-
ment, the main objective being to cause
as little 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-

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

Copper:
Resistance=1.0748 ohm per ft at
72 F
Guaranteed accuracy==+0 F from
—75 Fto +75 F

Constantan:
Resistance=29.86 ohm per ft at
72 F
Guaranteed accuracy — =11, F

from —75 to +200 F

In constructing the three needles em-
ployed, the stainless stcel tube was
soldered to a brass piece, which was
fitted 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

p
l'_ 8 - AN-3108 A - 165- IR CABLE-MOUNTED

|

T

STAINLESS STEEL TUBE

AMPHENOL CONNECTOR

i@ 033" 0.0.- ,006 WALL TH.
¢TI0 -
o GLASS CAPILLARY
1 014" §.b.- ,008" 1.0’
W
- %—J ' CONSTANTAN HEATING WIRE
|% — TEFLON INSULATED-;004"D.
Iuo
4 —————— |« AN- 3102 -165- 1B PANEL-MOUNTED W
"";" E —| AMPHENOL CONNECTOR
i T 4
i i
Wlo %.,D THERMOCOUPLE ——
H "
i = 3"D BRASS ROD SCREWED f
- | 4 INTO CONNECTOR
~lw 45°
'—*———‘ I;_IL CONSTANTAN T.C.
t..s L COPPER T.C.
F3 WIRE TEFLON INSULATED
,004" D, J
i
WELD —— =
DETAIL OF NEEDLE
L
B &£
nlc
;]
—o-||«:035"D. TUBE
WALL THICKHESS = 006"
CONTAINING THERMOCOUPLES
AND HEATING WIRE

Figure 1. Thermal eonductivity needle.
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- = 1
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74" - RED COPPER CAP u Y35
/4 THICK BISQUE 732
PERMATEX
{A) TENSION CAP vtk
- 3/""0_-
BAKELITE __ . 70 e W
EPOXIDE PLASTIC ~ D /4- Y8 0.0. X008 WALL. SOFT COPPER

'/q"» ML

AND

N -

t—,035 .
WALL THICKNESS :,006
CONTAINING  THERMOCOUPLE

SOCKETS 1/4" LONG.

D. TUBE

HEATING WIRE.

(B) THERMAL PROBE

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
fastencd to the sliding rod of the needle
stand. For constructing the 20 probes,
the Hypoflex tubing was soldered to a
brass fitting 34 in. in diameter and 34 in.
high with a hole {% in. in diameter and
14 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 de¢ 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 eircuit 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 pushed through
the Hypoflex tubing; the thermocouple
was pulled up until it was in the cen-
ter of the working part of the probe 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.
In the needles, the wires were then sol-
dered to the sockets of the Amphenol
connector and the cavities were filled
with 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 Am-
phenol connector sockets. These connec-
tions were made in accordance with the
manufacturer’s recommendations.

For the probes, special sockets 1/ in.
long and 14-in. outside diamcter were
made from 0.008-in. thick copper sheet-
ing. The special thermal-frec 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
N& and N14, and needle C, were altered
in such a way that the ecircuit con-
tained only copper and constantan wires

S.P.6.T.

12-VOLT
AUTO
STORAGE
BATTERY

SOILS, GEOLOGY AND FOUNDATIONS

connected by means of a thermal-free
solder.

Circuit and Equipment for
Thermal Probe Tests

The arrangement for the heater eir-
cuit and the thermocouple circuit for
one probe 1s shown schematically in TFig-
ure 3. Five probe circuits were used, re-
quiring five ammeters and five rheostats
in the heater circuitry, and five thermo-
couple circuits.

In 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, enamecl
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 refercnce junction, the
wires from the copper wires of the ther-
mocouples lead to a thermocouple se-
lector switeh (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. All connections
were made with the speeial, thermal-free

10.8-0OHM
RHEOSTAT AMMETER
[ !

T.c.C.S.

PROBE
HEATER

fcoPPER FCONSTANTAN
T.C. WIRE
LEEDS AND NORTHRUP STABILIZED
D.C. MICROVOLT AMPLIFIER N..9835-A

Figure 3. Circuit diagram of thermal resistivity apparatus.



VAN ROOYEN AND WINTERKORN:

solder. The T.C.C.8. cither switches the
potentiometer into the thermocouple cir-
cuit or shorts the leads of the poten-
tiometer.

The reference junction was placed n
a 1-qt wide-mouth vacuum bottle filled
with water at as close to the initial tem-
perature of the soil sample around the
probe as practical. The thermocouple
wires are enclosed in glass tubes filled
with parafin. 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 from the reference
junction.

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

Potentiometer

The potentiometer used is a stabilized
de microvolt amplifier having the fol-
lowing characteristies:

Limit of error:
(a) Of amplifier response, +0.4%
of reading,
(b) Of selfcontained meter,
of full scale.

+1%

(¢) 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
source resistance.
Power supply:
115 v, 50/60 cycles, approx. 50
watts. Speeial input connector with

max
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goldplated contacts to ecliminate
thermal emfs.

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 14-sec dial division.
The duration of the experiment is at
most eight minutes (480 sec). The tim-
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. It consists mainly of a base to
which a 17g-in. diameter rod is welded.
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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 plate. The soil
cylinder fits into a ring on the base plate
with its center in line with the center of
the sliding rod.

The sliding rod was provided with a
cross stud near the lower end to facili-
tate its handling. An AN 3106 A 16S 1P
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 connee-
tor, using the special solder and tech-
nique previously described. The cavity
above the Amphenol connector was filled
with paraffin.

Operating Procedure and Calibration

First, the 1-pt vacuum flask is filled
with chipped ice, frozen from distilled
water in polyethylene plastic trays. Dis-
tilled water is added to the chips until
all voids are filled. The ice-water sys-
tem will 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 i1s measured either with the
—1 to 51 C Hg-thermometer, or by
means of the thermocouple in a probe.
In 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 from the reference bath
is then heated or cooled (by adding
ice) until 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. It 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
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by including a certain number of cells
in the ecircuit, depending on the esti-
mated conduetivity 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 conduec-
tivities are low and when disturbing con-
vection and water movement features
are present. The desired probe lead 1is
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 will result in the maximum
deviation during the run of the test with-
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 drift
will be noticed.

The potentiometer readings are plot-
ted on a natural scale against the loga-
rithm 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
10z
z
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.

) of time is determined from the
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TABLE 1

THERMAL TEST ON DRY OTTAWA SAND

N1; probe; Ottawa sand size ##30 — ##40 U. S. sieves;
dry (0.09% moisture) ; density, 1.5635 gr/ce (95.8
Ib/cu ft) ; 6 v, 150 milliampere; No. 4 leads; ice bath
reading, 892 (22.7 C) ; potentiometer scale, 500

Readings (°C)

Time
(sec) Heating Cooling Results
0 4.5 —
5 41.0 63.0 From Fig. 5
10 40.5 53.0
15 5H4.0 47.0 Ap = 26.1
20 HR.5 43.5
25 61.0 41.0
30 63.5 39.0 k = 2.487 milliwatt/C em
35 65,25  87.0
40 67.0 35.5
ho G69.0 33.0
60 71.0 31.0
1.15 74.0 29.0
1.30 76.0 27.0
1.45 7.5 25.5
2.00 79.5 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 —_—

600

500

400

300

200

100 (——

70

60

50
40

30

HEATING TIME IN SECONDS

20 /|

Y,
/
/
/

7

W A O ONWO

40 50 60

70 80 90 100

POTENTIOMETER READING-500 SCALE

Figure 5. Heating time vs potentiometer readings for Ottawa sand.
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First, the potentiometer scales were
checked against one another for various
temperature values of the thermocouples.
All data given by the manufacturers that
could be checked with the available lab-
oratory cquipment 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
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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: E=2,986
ohm per 100 {t=0.9797 ohm per cm.
Heat supplied per em length of probe:

q=21* R=1.9594 x1*x 107
milliwatt per em

where 71=milliampere reading.
Thermal conductivity k of material is
obtained from the theory as

k————ln—
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Figure 6. Calibration of thermocouples.
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2.3026 log L
t

C

T p—p1)
milliwatt per °C em? per ecm

i,
log y
(18a)

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

C

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-
torily. 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 contaect in-
side the brass top of the probe. This re-
sulted in marked improvement.

From tests in air and in water, it was
found that in all cases (for needles as
well as for probes) convection will oceur
invariably after 60 scc and usually after

TABLE 2

VALUES OF ¢ FOR VARIQUS POTENTIOMETER
SCALE FACTORS AND HEATING CURRENTS

Scale
Factor 100 140 150 160 200
(microv) m-amp m-amp m-amp mM-amp  m-amp

100 141.193 276.74 317.68  361.85 564.8

200 70.697 138.37 158,80  180.93 2824

500 28,239 55.86 63.54 72.837 112.96
1000 14.119 27.67 31.77 36.19 56.48

30 sec of heating. From tests on dry
Ottawa sand, it was observed that dur-
ing the first 20 sec the limitations of the
instrument affeet the readings consider-
ably unless special correction factors
(40, 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 di-
ameter, fg-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 14-in. diameter steel rod 18
in. long for rodding (Fig. 7) and a me-
chanical sieve shaker to densify 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 414-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 14~ by 14-in.
brass lugs were screwed to the mold to
secure it to the base of the compaction
apparatus. A steel spacer disk 4 in. in
diameter and 34 in. thick with a 34-in.
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. In a modification of
this, the soil is compacted around a stecl
wire of a slightly smaller diameter than
that of the probes. The wire is with-
drawn after compaction and the probe
inserted.

Two sizes of compaction hammers
weighing 514 and 4 b, 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 so1l samples, two so1l samplers (Fig.
9) were constructed. A 12-in. long steel
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tube of 414-in. outside diameter and
14-in. wall thickness was bored to an
inside diameter of 4 in. over a length
of 11 in. The bottom inch of the sam-
pler was beveled and contracted to an
inside diameter of 312 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 414 in. in
diameter and 3 in. thick. Four 34-in.
diameter holes were drilled radially into
the head to allow air and water to es-
cape from the sampler. A 74-in. diam-
eter hole in the center of the disk was
threaded to rceeive regular drilling rods.
A 14-in. diameter steel ball seating on a
34-1n, diameter hole in the head shut off
the space inside the soil sampler when

- N 7 M

= 1

the instrument was withdrawn from the
soll. The partial vacuum thus created
contributed to full recovery of the soil
sample inside the eylinder. Four 1/4-in.
screws secured the sampler tube to the
head.

Operating Procedure

In 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 funncl 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
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Figure 7. Mold, rods, and hammers for compacting specimens,
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from rodding the full cylinder 10 times
with the 1/4-in. diameter steel rod. The
next higher density was obtained with
25 roddings. Tapping the cylinder con-
tinuously on the outside, while it was
being slowly flowed full, yielded a still
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 full
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.

With cohesive soils the standard Proc-
tor procedure was used except for the
previously described special hammers.
The steel wire was strung along the cen-
terline of the cylinder and the material
was compacted around it in three layers.
Then the wire was withdrawn, the sam-
ple was smoothed off, and the probe was
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inserted. In 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.

Auziliary Equipment

Constant Temperature Cabinet. To
run the conductivity tests at definite
and constant temperatures, a constant-
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Figure 9. Cross-section of seil 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
10A. The refrigeration cabinet consisted
of a used refrigerator left unaltered ex-
cept for two 2-in. diameter holes drilled
into the back panecl, 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 alr blowers were driven by the same
30-w, 110-v, 60-cycle, 1,500-rpm electric
motor. Two 2-in. outside diameter F5-in.
wall brass tubes led from 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 from the refrigerator
returns through a brass tube at the bot-
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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 clamps.

The tension table cabinet was con-
structed out of an old (6 cu ft) 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
2-1n. outside diameter g5-in. wall thick-
ness brass tubes, one at the top and one
at the bottom, installed through the side
panel. The tension table eabinet housed
all soil samples to be kept at constant
temperature. To prevent evaporation of
soil moisture in the ecirculating air, the
sample containers remained eapped while
reaching and maintalning 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 hecater 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 it reaches the
thermoregulator.

For work above room temperatures,
the refrigerator circuit is closed off and
the air is circulated through the mixing
and tension table cabinets only. The
temperature of the air from and to the
mixing cabinet is determined with a dry
Hg-thermometer reading from —1 C to
51 C with divisions of 14, C, placed in
the air stream in the 2-in. diameter brass
tubes. The temperature is read when the
thermoregulators switeh 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
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temperature. For temperatures not too
different from the ambient room tem-
perature, the system takes about 3 to
4 hr to reach equilibrium.

When working below room tempera-
tures, it is necessary to draw in cold air
from the refrigerator. The opening in the
tube leading to the rcfrigerator 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 cireuit
and following the previously deseribed
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, it 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
107® em per sec and fitted directly on the
cylindrical soil specimen molds. They
drained the soil within one day to about
5 em from the bottom of the sample.

Atr 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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EXPERIMENTAL
Muaterials and Systems

The materials used in this 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-density-
granulometry relationships, it 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. It also permitted
rapid compaction and determination of
the thermal conductivity by means of
the needle. The compaction procedures

TABLE 3A
DESCRIPTION OF MATERIALS EMPLOYED

No. or Size Dia. Sp. %
Name (U. S. Sieve) (mm) Gr. Finer
(a) GLaB8 PEARLS

G 107 35-40 0.47 2.496
G 110 60-80 0.20
G 112 120-140 0.12 2.500
G 114 170-200 0.082
G 116 230-270 0.057 2.468
G 119 < 325 0.028 2.413

(b) CRUBHED QUARTZ
CQ 40-50 40-50
CQ 60-100 60-100
CQ 100-200 100-200 2.638
CQ <200 0.074-0.007
CQ <400 0.050-0.0008

(¢) WHITE SaAND?!

WS 10-20 10-20 2.644 81.52
WS 20-30 20-30 66.0 2
WS 30-40 30-40 51.02
WS 40-50 40-50 2.643 35.02
WS 50-60 50-60 9.02
WS 60-100 60-100 1.02

(d) OrTAWA SAND 3
08 20 20 99.6
08 40 40 2.64 2.6
08 60 60 0

1944 percent quartz, by visual inspection.
2 Smaller sieve.
3 994 percent quartz by visual ingpection,

AND WINTERKORN:
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TABLE 3B

DESCRIPTION OF MATERJALS EMPLOYED
(Continued)

No. or Name

Tdentification or Deseription

(a) SoILs SurPLIED BY COMPANIES

CE1 Bank sand, Indiana,

CE 2 No. 1 top sand, Material Service Corp.,
Yard 18, Morris No. 1.

CE 3 Soil, 119th Street sub.

CE 4 Sand, 106th Street beach.

CE5 Sand, pit at Rt. 45, 107th St., south
end of pit.

PD1 No. 1 excavated soil.

PD 2 No. 2 excavated soil.

PD 3 No. 8 backfill soil.

PD 4 No. 4 backfill soil.

DE1 Backfill soil around 138-kv pipe-type
cable lines.

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

Dor Dorchester  special blend sand; clay
mineral is kaolinite.

Wh Thermal sand 1; backfill sand around
138-kv pipe-type cable; clay min-
cral is kaolinite.

Pt Thermal sand 2; proposed backfill

sand; clay mineral is mixture of
about 3 parts illite to 1 part kaoli-
nite,

(b) UNDISTURBED NATURAL SOIL FROM PRINCETON
VICINITY

NS 2-8 Sod P.
NS 2-8 Proj.

NS 10-16 Proj.
NS 18-24 Proj.

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. ; grass cover.

NS 2-8 SF Sampling depth 2-8 in.; side of cult.
field, no veg. cover,

NS 12-18 SF Sampling depth 12-18 in. ; side of cult.
field, no veg. cover.

NS 1-7 MF Sampling depth 1-7 in.; higher cen-
tral part, cult. field.

NS 8-14 MF Sampling depth 8-14 in.; higher cen-
tral part, cult. field.

NS 15-21 MF Sampling depth 15-21 in.; higher cen-
tral part, cult. field.

NS 1-7 MLF Sampling depth 1-7 in.; lower cen-
tral part, cult. field.

NS 8-14 MLLF Sampling depth 8-14 in.; lower cen-
tral part, cult. field.

NS 6-12 MLF Sampling depth 6-12 in.; lower cen-
tral part, cult. field.

NS 15-21 MLF Sampling depth 15-21 in.; lower cen-
tral part, cult. field.
(¢) ADDITIVES

Acid kaolinite Prepared from Ga. kaolin; sp gr, 2.50-

2.625; liq. 41.1%;
limit, 29.7%.

Sp gr, 2.4; liq. limit, 490.0% ; plastic
limit, 46.6%.

Normal-hardening.

RC-2.

limit, plastic

Sodium bentonite

Portland cement
Asphalt

Sodium chloride
Calcium chloride

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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TABLE 4
MECHANICAL ANALYSIS AND CONSISTENCY PROPERTIES OF GRANULAR MATERIALS

Mechanical Analysis (7%)

Consistency Limits

Sand
. Liquid P’lastic Field Moist.
Soil No. Gravel 1 Coarse ? Fine 3 Silt ¢ Clay s Limit (%) Index® Equiv. (%)

White sand 0 91 9 0 0 NP
CE 1 0 20 80 0 0 15.2 NP 27.0
CE 2 1 82 16 1 0 12.7 NP 25.2
CE 8 b 20 55 10 10 28.5 12,0 21.5
CE 4 1 35 63 1 0 16.0 NP 25.7
CKE b 40 26 6 15 13 26.5 8.1 29.5
PD1 7 65 21 5 2 13.4 NP 17.9
rb 2 19 59 15 4 3 13.1 NP 18.2
rb3 12 34 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 70 0 = NP .
CQ <400 0 0 0 71 29 — — —
Dor 7.6 46.4 37.0 3.0 6.0 16.4 1.9 15.0
Wh. 7.6 46,4 37.0 3.0 6.0 16.4 1.9 15.0
Pt. 1.0 58.0 33.0 4.7 3.2 — NP —
Nat. soil 1.4 4.6 28.0 43.5 22.3 — — —

12 mm. 22.0 to 0.235 mm. 30,25 to 0.05 mm. 40.05 to 0.005 mm. 5 Less than 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 14, 14, 1, and
2 percent.

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

(c) Asphalt at 14, 14, 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.

(c) Acid kaolinite at 1, 3, 6, and 10
pereent.

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

TABLE &

MAXIMUM DENSITIES AND OPTIMUM MOISTURE
CONTENTS

Optimum Max. Dry

Soil Moisture Density Method of
No. (%) (1b/cu ft) Compaction
WS 8 100.5 Altered Proctor
CE1 8.8 97.4 Altered Proctor
CE 2 11.5 102.3 Altered Proctor
CE 38 13.5 113.6 Altered Proctor
CE 4 8.0 96.1 Altered Proctor
CE 6 14.2 115.0 Altered Proctor
PDh1 7.5 104.5 Altered Proctor
PD 2 12.5 107.8 Altered Proctor
PD 3 9.2 120.8 Altered Proctor
PD 4 10.0 117.3 Altered Proctor
Dor 9.7 120.2 Dietert

1 Physical propertics determined according to appli-
cable ASTM specifications. Clay mineral types determined
by X-ray diffraction.

The sodium chloride and ecaleium
chloride were dissolved in the mixing
water before it was added to the dry
soil. The asphalt was added to the dry
sand and thoroughly mixed. The mixture
was then left overnight. Subsequently,
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 respeetive 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.

In the case of 1 and 2 percent asphalt,
and 3, 6 and 10 percent bentonite, the
material was still 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 pereent
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.

In the case of sodium and caleium
chloride mixture, two phenomena were
observed — high moisture content of the
material still present 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:

CaCl,
Conec.
(%)

14 Layer about 14-in. thick adjacent
to brass cylinder; easily disinte-
grated by fingers.

About 1 in. on top of sample, 34

in. on bottom, 34 in. on outside;

could be disintegrated by fingers.

1 About 114 in. on top of sample,
14 in. on bottom, 34 in. on out-
side; top crust hard to disinte-
grate by fingers.

2 About 134 in. on top of sample,
34 1n. on outside; outside crust
hard to disintegrate by fingers;
top crust could not be disinte-
grated by fingers.

Description of Crust

—
(R

In all casecs the material inside the
crusts flowed out as if it contained no
additive.

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

NaCl,
Cone.
(%)

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

Description of Crust

THERMAL CONDUCTIVITY 597

14 Soft (casily disintegrated by fin-
gers), about 14 in. on top, 14 in.
on bottom, 14 in. on outside; ma-
terial inside flowed out.

1 About 114 in. on top, 14 in. on
bottom, 34 in. on outside; crust
could be disintegrated by fingers.

2 Soil crusted on outside, leaving an
inside cone of somewhat eoherent
material; cone base 4-in. dia.,
height to about 1 in. fromn 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 completely
dry state.

To evaluate the thermal resistivity-
moisture content-secondary structure re-
lIationships, 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 em, respectively, of mois-
ture tension. In the granular materials
with large grain size, a reasonable vari-
ation in moisture content was possible
over the range of moisture tensions.
However, with the smaller size grains,
the variation in moisture tension was not
sufficient to obtain the desired range of
moisture eontent values. Determinations
at different densities were not possible
beeause 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, respee-
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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shrinking during the drying-out process.

The thermal resistivities of the soils
supplied by the various sponsoring com-
panies were determined 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. It was re-
garded as advantageous to express the
moisture content on a volume basis

AND TOUNDATIONS

rather than on a weight basis. This
treatment alds 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.
In 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=A 105" 4s (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 fune-
tion of moisture content m, but as a
simplification this is considered not to
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Figure 12. Thermal resistivity vs moisture content, crushed quartz.
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Figure 13. Thermal resistivity vs moisture content, white quartz sand.

be the case. A better fit may be obtained that s was a lincar function of density

by using some secries which will converge d and independent of the grain size,

within the given interval to the curves yielding the expression

shown. However, to express all the con- s=8 —s.d (20q)

stants in the series as functions of den- T

sity, granulometry, mineral type, and the ~Where s, and s, are functions of the type

other variables would be a formidable of material. Using the method of least

task. squares, the following straight-line ex-
It was noticed from the curves that Pressions were obtained:

for a value of m higher than 0.50 the Crushed quartz,

variation in resistivity was less than 10 s=107.08—47.91d  (200)

percent, or within the range of experi-

mental error. The value of s for each

density and each soil was thus deter-

Quartz sand,
§=116.14—49.26d (20c¢)

mined by averaging the values of resis- Thermal sand 1,
tivity for which m was larger than 0.50. s=118.8—48.58d (20d)
When these asymptotic values (for m> Thermal sand 2

0.50) of resistivity s were plotted against §=109.18—42.084 (20¢)
density d a scatter plot as shown in Natural soil

Figures 20 and 21 was obtained. Lacking atural sor, B ‘

a large variation in density at these s=128.14~45.22d  (20f)
moisture contents for each grain size and The values of s, do not differ much
to simplify the analysis, it was assumed for these materials. As a weighted av-
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Figure 14. Thermal resistivity vs moisture content, thermal sand 1.

erage, the value for s, was established
as 47.5, thus giving for s, the values
given in Table 6.

For the glass beads, there was no ap-
parent variation in s for variation in
dengity. In this case, s, was taken as
zero and s, was averaged as 137.3 for
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. It was noticed that
A will be an exponential function of the
type (Figs. 22 and 23):

A= (P _ S) o= 10:[1-{412(%}—(1:;(12 (21)

By trial and error, it was found that
a, is very close to zero. For all the ma-
terials, @, was taken as zero; as a fur-
ther simplification, a; was taken to be
the same for all materials. According to
these assumptions, only a, will be a
function of granulometry and type of

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

To determine B in Eq. 19 as a fune-
tion of density, the A 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 first
power of m was used. A higher power
of m against log (p—s) would give a
better fit 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 acceptable 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 wvalues
were plotted in Fig. 25. The equations
for the straight lines were of the form

B=b,-b,d (22)

The b, and b, cocfficients will be
functions of granulometry and solid
composition. Values for b, in Eq. 22
were found for the following materials:

Soil b,
4.213
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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 carth. Conse-
quently, the exceptionally large values
obtained for b, from the erushed quartz
and Ottawa sands were discarded in fa-
vor of those obtained from the thermal
sands and black carth. An average value
of b,=+5.5 was established. Values of
b, for all the other materials were caleu-
lated and tabulated in Table 6, based
on the same value (b,=5.5) for all soils.

Thermal sand 1 To account for variation of s,, s,, ay,
Thermal sand 2 6.628 and b, with different materials and soils,
Russia black carth 5.640 the additional parameters evoked are
Crushed quartz 22.873 percentage of quartz g, percentage of
Fine erushed quartz 23.404 clay ¢, and r the surface area per unit
Graded Ottawa sand 14.933 volunie of material larger than the clay
20-30 Ottawa sand 20.541 size. The percentage quartz g was em-
o
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Figure 15. Thermal resistivity vs moisture content, thermal sand 2,
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Figure 16. Thermal resistivity vs moisture content, Southern Russia black earth, Chernoxen Curves from
data by Kolyasev and Gupale, (63).

ployed to express the resistivity of the
solids and the clay percentage ¢ to ac-
count for the cementing of the particles
in the dry state. Both parameters ¢ and
¢ 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 was taken as the percentage
material smaller than 0.005 mm deter-
mined by sedimentation method accord-
ing to ASTM specifications. It is evident
that this method of expressing so com-
plicated a characteristic i1s fundamen-
tally inadequate. As an example, con-
sider the glass beads or crushed quartz
CQ<400. In the glass beads, there is no
quartz crystal: in CQ<400 there is 100

percent quartz, but 29 perecent of the
material is smaller than 0.005 mm. For
soils, however, there will be no glass
beads and a situation like in CQ<400
is very unlikely to exist. For the men-
tioned sample of erushed 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. If W; sig-
nifics the weight of material retained on
one sieve, the most probable diameter d;
will bear a certain relation to the open-
ing size of the sieve, the material passed,
and the opening size of the sieve on
which it is retained. The volume of a
particle with linear dimension d; will be
f1(d®). If n; particles are retained, the
total volume retained on the ith sieve
will be W;f,(d?). If G represents the
density of the solid, then W /G will also
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represent. the volume of the material re-
tained on the ith sieve.

r

i

G =n; [;(d¥) (23a)
or
W, .
— =nd; f(d}?) (23b)
G
%: G n; C xSurface area of one par-

ticle

=kxTotal surface area of par-
ticles retained on the ith sieve
(4;) (23c)

Over the whole range,
1w,
k d,

The factor &k may vary for different
grain sizes. As an average, it may be

3 A=% (23d)
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G .. . . . .
lc—_é The 4, will be i1 dimensions of

surface arca per unit weight. If the
right-hand side i1s multiplied by the
density of the solids, the surface arca
is obtained per unit volume of solid
material,

GW,
TZEAiG—EFTi (24a)
r:(az% (24b)

W, and d; 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 ¢>75%,

taken as that for a sphere; namely, $,=—47.5; §,=200—0.94q (25a)
5
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Figure 17. Thermal resistivity vs fraction of veids in white quarts sand conlaining saline (NaCl, CaCl,)
solutions of different concentrations.
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Figure 18. Thermal resistivity vs fraction of voids filled with water for white sand containing various per-
centages of kaolinite and asphalt, respectively.

For 75% >q>20%,
$,7=2q—200; s,=435—4.07q (25b)

A-factor:

a;=16r"+a;! (26a)

and
al=3.4 x 1070.008¢
B-factor:

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

(260)

content, the following relationship was
obtained:

b, =5.6X1070%¢49.58 (27)

DISCUSSION
Test Data

In the following, a qualitative account
is given of what it has been attempted
to describe quantitatively in the pre-
ceding section. Conecentrating 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. If the same
material is taken (Figs. 14, 15, and 16),
it will be noticed that increase in density
causes a downward shift of the curves
toward lower resistivity. However, at
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high moisture eontents, the reduction in 2. With respeet to the effect of the
resistivity with the same variation in eclay (<0.005 mm) fraction on the ther-
density is not so marked as it is at low mal resistivity, inspection of Figures 18
or zero moisture content. The result is and 19 indicates the following. In the
that the slope of the resistivity-moisture cases of kaolinite, bentonite, and even
content curve tends to flatten out with asphalt addition, it seems that increas-
inerease in density. This means that at ing amounts of additive will tend to in-
high soil densities additional water will crease the resistivity a small amount at
have a lesser effect on the resistivity the high moisture contents, but cause a
than at low densities. At high densities, large reduction in resistivity at very low
the permeability of the material is de- moisture contents. The same tendency
creased, with the result that moisture was found for all clayey and natural
movement will be slowed down; the wa- =soils; namely, a fairly flat curve for
ter will be held more tightly because of  resistivity p against moisture content m
reduction in pore diameters and also (taken at a specific density). This is
because the fraction of water close to evident from Figures 14, 15, and 16. If
solid interfaces per unit pore space will these curves arc compared with those
be increased. for crushed quartz and sand (Figs. 12

The same picture for moisture-density- and 13), it will be noticed that the gran-
resistivity relationship holds whether the ular eohesionless soils have a higher dry
material is sand, crushed quartz, clay, thermal resistivity and a lower resis-
or natural soil. The relative values will tivity at saturation than the clayey soils

differ for the various materials. of the same density. Also noticcable is
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Figure 19. Thermal resistivity vs fraction of voids filled with water for white sand containing various per-
centages of bentonite and portland cement, respectively.



SO1LS, GEOLOGY AND FOUNDATIONS

ASYMPTOTIC VALUE OF RESISTIVITY $ IN CM °C PER WATT
f
/ |
. — i : .
|
|
T

") [y = a0

o 10
DRY DENSITY d IN Gm. PER oc.

L

8
g
H

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
1s evident.

From m=0 to m=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 m>
0.50 all curves flatten out. Depending on
which moisture interval the resistivity
change is taken in, the sands will 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 eclayey soils. Under the
same climatic conditions, clayey soils
will retain moisture better than sands
and will not show as great a variation
in moisture. It may therefore be quite
possible to observe a great seasonal vari-
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. It
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 from 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 from 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 the dry re-
sistivity values. As a representation of
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the effeet of the grain size, the total
surface area per unit volume of solids
was employed. The glass beads show an
increase in thermal resistivity with in-
crease in total surface area, whereas for
all granular quartz materials the resis-
tivity decreases with increase in surface
area, as is evident from Eqs. 19, 21, and
26a. The reason may be that for larger
surface arecas there will be larger areas
of particle-to-particle content. It may
also be that with smaller grain sizes,
more moisture will be retained if the
material is not absolutely dry. In 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 i1s shown in Figures 17,
18, and 19. The influence of addition
of kaolinite, bentonite, and asphalt has
been discussed previously to some ex-

AND WINTERKORN
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tent. The sodium chloride and caleium
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. It 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
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TABLE 6
CONSTANTS 1IN RESISTIVITY — DENSITY-MOISTURE CONTENT RELATIONSHIP

o 7 Clay Quartz
Seil No. 81 s2 ai as b1 by (cm?/cc) ) (%)
(a) CRUSHED QUARTZ
CQ 40-50 106.5 47.5 3.558 —0.44 16.958 5.5 168. — 100
CQ 50-60 8.520 16.624 220 — 100
€Q 60-100 3.496 12.975 300 — 100
CQ 100-200 3.449 10.232 540 — 100
CQ 200 3.897 9.018 1,900 — 100
CQ 400 3.448 15.265 3,088 29.0 100
P 4703 3.611 14,522 169, — 96
P 4714 3.349 14.523 300 - 96
(b) QUARTZ SAND
WS 10-20 113.3 47.5 3.572 —0.44 18.7138 5.5 61.6 — 95
WS 20-30 3.544 20.846 83.4 — 95
WS 30-40 3.541 19.396 119.2 — 95
WS 40-50 3.568 19.854 175.5 — 95
WS 50-60 3.523 18.274 213.5 — 95
WS 60-100 3.514 17.998 244.0 — 95
WS Graded 3.634 147.7 — 95
Wageningen 113.3 47.5 3.556 —0.44 16.180 5.5 171.3 — 89
(¢) OrTawa SAXD
Graded 113.3 47.5 3.660 —0.44 16.400 5.0 97.83 — 99
20-30 3.697 20.925 84.0 — 99
30-40 3.712 135.7 - 99
(d) Narunran Soin
Nat. soil 131.5 47.5 —0.44 5.5 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 3.3038 —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 5.5 1,770 11.5 54
Silty eclay loam 187.2 134.6 —0.44 1,398 27 64
Healy clay 307.8 152.7 —0.44 5.5 420 78 23
(e) Grass BEADS
G 107 137.3 0 3.663 —0.44 16.859 5.5 128 — Glass
3110 187.3 3.667 13.086 300 — Glass
G 112 187.3 3.682 13.774 500 — Glass
G114 137.3 3.663 732 — Glass
G116 137.3 3.687 1,053 — Glass
3.703 2,145 — Glass

+ 119 137.3

caleium 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 problems to buried
pipes or metallic structures.

The addition of asphalt genecrally
causes an inecrease 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 eould 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 the material. It will
dry out more slowly than plain sand,
but, when dry, it will also wet much
more slowly.

The effect of kaolinite as additive has
been discussed. Another feature which
will amplify the desirability of kaolini-
tic clay as binder in the sand is that it
does not swell and shrink as much as
other types of clay minerals. With a
proper gradation of coarser material
(>0.005 mm), a clay content of between
6 and 10 pereent will 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
scparation 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; 1t 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
cither 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 it was thus not
possible to establish the influence of
bentonite in the dry state.

AND WINTERKORN:
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Portland cement constituted a some-
what different type of binding agent in
that 1t 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 eement 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 period of about 6
days; hence the cement had not reached
its full 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-
tivity per percentage added, but has the
drawback that cement-bonded sands are
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Figure 22. Dry thermal resistivity values (p — s) vs dry density.
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Figure 24. Thermal resistivity (p — s) vs fraction of voids filled with water.
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not =0 easily worked and placed, and
once hardened ecannot be handled as
easily as clay-bonded sands.

Influence of Structure

From the experimental investigation,
little could be learned about the influ-
ence of soil structure on thermal resis-
tivity. The tests on the natural soils
proved that structure formation can
cause large deviations in thermal resis-
tivities from 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. It was thought advisable
and faster to determine the pore size
distribution rather than the grain size
distribution of a structured soil. If it is
assumed that all the clods or aggregates
have the same density, grain and pore

s ie
DRY DENSITY 4 IN Gm PER cc.

SRR I

. - JR—
5 0

Exponential B factor vs dry density.

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

The knowledge gained on granular ma-
terials, without or with interparticle
binding (whichever is applicable) may
then be applied to structured soil. The
thermal resistivity of the primary par-
ticles will be different from that of
quartz and will vary with variation in
moisture content inside the aggregate.
It is clear that the density of the aggre-
gates must be more than the over-all
density of the total soil sample. The
clods will thercfore be saturated with
water before appreciable moisture will
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 aggre-
gates (internal porosity) will 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 will 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 will consist of gran-
ular particles, using as porosity value
the porosity between the aggregates.
Calculation of the total thermal resis-
tivity may then be attempted using this
equivalent system and employing the
established formulas.

There will be a number of difficulties
in employing this method. The effect of
variation in thermal resistivity of the
individual particles on the total resistiv-
ity 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.

In identifying different shapes and
types of structure formation, the aggre-
gates may be described by three dimen-
sions — 2a, 2b, 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-
tivity p equals 1/k, where k is the over-
all thermal conductivity and is expressed
as

D ki Xi K
k i=0

2 X K,
i=0
in which

k;=thermal conductivity of the ith
type of particles with volume
fraction X;;

k,=the thermal conductivity of the
medium of volume fraction X,;
and

n=number of different types of par-
ticles.

(28)
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K, is a factor dependent on the geometry
of the inclusions and the ratio of ther-
mal conduectivity of the tth-type particle
to that of the medium,

1 1 " 1
K,;:‘ &1 k,‘
3 1+<k0_1>A1 1+<E_1>A:

1
' k; - (29)
(1)

Yor ellipsoidal particles the values of 4.,
A, and A; are given in Stratton (94) as

_abe [
A= 5 )
ds »
V(‘S—}-a;":i/: (s+b2)% (S—}-Cg)"-' (30@)
abe (™
Ag_—zw .
ds
(s4¢%)? (s+b2)%2 (s+c?)t (30b)
_abe [
4= 2 Jy p
s
(S—{—a:ﬁ (S_[_bZ)% (S+Cg)3/2 (300)
For a spherical particle AIZAZZASZ%.

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

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 ¢ of the solids
and moisture axes will be 100 percent
air. In Figure 26 the point a on the
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x-axis represents 100 percent solid; aa!
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
cct 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 aa'. The
value of bb! may be altered slightly by
the amount and type of salts in solution,
temperature, or presence of other liquids.
Similarly, ce?, the thermal resistivity of
air may be changed a little by changes
in its composition and temperature. Con-
sidering these assumptions, the curve
b* ¢* will remain unchanged for all dif-
ferent soil types; however, curve b! ¢t
will not be encountered in systems of
practical engineering importance.

Curve a' b! represents the variation
in thermal resistivity for saturated sys-
tems in which the solid content varies
from 0 to 100 percent. It is not believed
that this curve will be a straight line,
but rather that it has a shape similar to
that of curves b* ¢! or a! e'. The curva-
ture of a! b* will be less noticeable than
that of b ¢! or a'c, because the differ-
ence between aa! and bb! will be much
less than between bb! and cc* or aa® and
ccl.

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 7 of the normal
to the surface a! b* ¢'. The slope 7 will
be a funection of the solid and moisture
content, or

n=f(d, m) (31)

For different soils, this funetion 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 (m=0), moist,
and saturated (m+d=1) states.

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

615

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 deseribed 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. It 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 respeets. 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 mnatural soils,
thermally-induced moisture transport,
ete.

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 funection
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 reduec-
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 resistivity 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.

SOILS, GEOLOGY AND FOUNDATIONS

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 arca of particles per unit volume
of solids caused a slight decrease in the
dry thermal conduectivity.

7. Effective binding or cementing of
the soil grains causes a decrease in ther-
mal resistivity. Portland cement proved
to be the most cffective additive, but
kaolinitic clay may be more practical in
application. Sodium and calecium 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.
It 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
effcct may be obtained by determining
the strength of dried elay pats.

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

4. Exercisc 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
corrcection allowed in the ealeulation.

5. Study the variation of thermal re-
sistivity and all the other relevant soil
properties with variation in temperature.
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