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THERMAL PROPERTIES OF SOILS
Miles S. Kersten, Associate Professor, Civil Engineering, University of Minnesota

Calculation of depth-and rate of frost penetration or depth and rate of thaw of frozen
soils requires a knowledge of the thermal properties of soils. These properties include
thermal conductivity, specific heat and volumetric heat capacity, and thermal diffusivity.
Definitions of these terms, together with the units used in this paper follow: .

The coefficient of thermal conductivity, k, is a‘measure of the quantity of heat that
will pass through a unit area of unit thickness in unit time under a unit temperature
gradient. It is common in this country to express k in British thermal units trans-
mitted per hour through a body 1 sq. ft. in area and 1 in. thick with a temperature dif-
ferential of 1 deg. F. :

Specific heat, S, is the ratio of the quantity of heat required to raise a unit mass of a
substance 1 deg. to the quantity required to raise a unit mass of water 1 deg. Numerical-
ly, S may be considered as calories per gram per deg. C. or Btu's per lb. per deg. F.

Volumetric heat capacity, C, is the amount of heat required to raise a unit volume of
material 1 deg. With soils, a unit of Btu's per cu. ft. per deg. F. is commonly used.
Volumetric heat capacity of a soil is dependent principally upon its density, moisture
content, and temperature (frozen or unfrozen).

Thermal diffusivity, h?, is an index of the facility with which a material will undergo
temperature change. It may be calculated by the basic equation

n =5

C

With units of k and C as previously noted, -the equation becomes

p2 - 0- 08333k
== c

with h? in ft.? per hr.

Specific Heat and Volumetric Heat Capacity 19 ) /

The specific heat of the various rocks
and minerals present in soils can be found
in various handbooks (see Bibl. 2, for ex-
ample.) On the basis of such tabulations
many investigators have selected a value
of about 0. 19 or 0. 20 as being character-
istic for the general run of soils. Shannon
and Wells used such values in their de-
termination of thermal conductivity values
(12). A series of specific heat tests made
at the University of Minnesota (5, 7) in-
dicates that such values are entirely
reasonable at a temperature of 140 F.
plus or minus, but are too high for tem-
peratures close to the freezing point. @ /o
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Figure 1 shows a plot of the results of four
tests made on a single soil at four dif-
ferent temperatures. Figure 2 gives such
curves for six soils with the individual
test points omitted. These figures clearly
indicate the decrease in specific heat for

a decrease in temperature and that 0. 16 Figure 1, Variation of Specific Heat With
or 0. 17 is probably a reasonable value to Mean Temperature. (Soil P4701 Graded
assume for soils when temperatures close ©  Ottawa Sand).
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to the freezing point are being considered. The Handbook of Physical Constants of the
Geological Society of America (2) indicates a similar change of specific heat with change
in temperature for various rocks. Many of the rocks listed have a specific heat of about
0.17 at 32 F. i

The soils shown in Figure 2 represent a variety of mineral compositions and textures.
Tests were also made on six other soils but at only one temperature; these gave values
similar to those shown. On the basis of these tests it would seem reasonable to assume
a specific heat of about 0. 17 at 32 F. for most soils.

The volumetric heat capacity of a dry soil may be computed, if its specific heat and
density are known, by the formula '

' C=8-5

wherein C is the volumetric heat capacity
in Btu's per cu. ft. per deg. F., Sis the
specific heat, and s the density in lb. per

cu. ft.
4701 GRADED OTTAWA SAND // : It has been shown (5, 7) that the specific
100) - heat of a soil-water mixture may be com-
pa60d LOWELL SaND puted by proportion according to the per-
e centages by weight of the soil and water and

LT LoAM one may write

[ pasos NoRTHWY ’ S. = 100'% +w1.0
LT LOAM m + W

/ wherein Sy, is the specific heat of the mix-
LP

P4706 CRUSHED
GRANITE )

// 24602 FARBANKS the specific heats of the components. Thus

MEAN TEMPERATURE, DEG. F.

8 3
\\
N

ture (wet soil), S the specific heat of the
pasos norThwav sl dry soil and w the moisture content of the

20 soil expressed as a percentage of the dry
/ [ / / weight.
)i . . The 1.0 in the above equation represents
* s * " ® % the specific heat of the water. If the soil is
frozen, the specific heat of ice should be

substituted. This is about 0.5. Thus, for
Figure 2. Variation of Specific Heat #ith frozen soils:

Mean Temperature. (Curves for Six Soils). .
Sm = 1005g5ru0.0

If S is assumed to be 0. 17 for soils close to the freezing point these equations become

O
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For unfrozen soils, Sy, = 11(;70++ww

_17+0.5w

"For frozen soils, Sm = {00 +w
The volumetric heat capacities would be
For unfrozen soils, C,, =(1-10'g—’:_%,) s {1+ 1-‘6-’0)

-(17+0.5w W

Cy, is in Btu's per cu. ft. per deg. F., 3 is the dry density in lb. per cu. ft. R .and w
is the moisture content as a percentage of the dry weight.

For frozen soils,
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Thermal Conductivity

There have been numerous investigations to determine the coefficient of thermal
conductivity of soils. The earliest extensive results were reported by H. E. Patten
(9). Comprehensive reports have been made by W. O. Smith (13, 14, 15), W. L.
Shannon and W. A. Wells (12), and M. S. Kersten (6, 7). Gunnar Beskow has given a
rather complete discussion of the important factors to be considered in soil conductivity
(2). Recently studies of thermal properties of soil, including conductivity, have been
undertaken in connection with work on heat punips. Such investigations are now being
made, for example, at the University of Kentucky (10) and Texas A. and M. College
(7).

As would be expected, the thermal conductivity of a soil is dependent upon many
factors, including density, moisture content, temperature, (above or below freezing
point), texture, structure, and mineral composition. The influence of each of these
factors will be briefly discussed and the general range of soil conductivities noted in
the following paragraphs. This discussion is based largely on the investigation con- -
ducted at the University of Minnesota which was sponsored and financed by the Corps of
Engineers (6, 7). The general results are in agreement with the studies of the New
England Office of the Corps of Engineers (12). In some of the other investigations the
soils information reported is not sufficiently complete or does not cover a sufficient
range to yield exact relationships.

Temperalture :

The important aspect of temperature on the thermal conductivity of soil is whether
the soil is frozen or not. The difference in conductivity of frozen and unfrozen soils is
chiefly dependent on moisture content. On relatively dry soils no change in the coef-
ficient k occurs in passing through 32 F. At low moisture contents, i.e., up to about
6 percent in sandy soils or 12 percent in fine textured soils, the conductivity is lower
below freezing than above. With further increases in moisture, however, the k of
frozen soil is greater than that for unfrozen. Tests indicate that at the so-called
modified optimum moisture content, the k below freezing averages about 17 percent
greater than that above freezing; at 5 percent of moisture above this point, the frozen
k is 35 percent greater. Shannon and Wells (12) state that "for highwater contents the
thermal conductivity of the frozen material is (with the exception of one material tested)
approximately 50 percent greater than the corresponding value for the material unfrozen. "
Beskow is also in general agreement with these results if the soils are sandy, but not
for clays. For sandy soils he concludes that the increase in k when a soil freezes "is
about 10-15 and at the most 20-30 percent. ' (2). Data cited by Muller (8) show an in-
crease of about 50 percent for clays and an even greater increase for extremely wet
sands.

Density

Tests have shown that an increase in the dry density of a soil, the percentage of
‘moisture remaining the same, results in an increase in thermal conductivity. The rate
of increase is about the same at all moisture contents and is not particularly different
for frozen and unfrozen soils. As a general rule, it may be assumed for a given soil
that a change in dry density of 1 lb. per cu. ft. will result in a change of 3 percent in
its thermal conductivity.

Moisture Content

- The moisture content of a soil has a very important effect on its thermal conductivity.
At a constant dry density, any increase in moisture results in an increase in conductivity.
This result has been obtained by all investigators. (6, 9, 11, 12, 15) A characteristic
sandy soil, for example, might have a k of 6 at 3 percent moisture and 12 at 15 per-
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cent. The increase continues up to the point of saturation. The moisture content has a
like effect in the frozen state. ,

Texture

If soils of different texture are tested at equal moisture contents and densities it
will be found in general that the coarse-grained materials, such as gravels and sands,
will have high conductivities; fine-grained soils such as silt loams and clays, low con-
ductivities; and intermediate-textured soils values between these two. Baver (1) cites
several investigations which show this variation. Smith (15) states that soils with high
organic contents have the lowest conductivity, those high in clay an intermediate ability
to transmit heat, and those of sandy texture the greatest ability. Itshouldbe noted,
however, that in the field sandy soils ordinarily exist at higher densities and lower
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Figure 3. Chart for ustimsting Thermal Conductivity of Soil. '(k in Btu's per sq. ft,
per inch per hour per deg. F.) .

moisture contents than silt-or clay soils.. -Hence the differences noted in laboratory
testing may not occur in soils in their natural position. It has been found expedient at
the University of Minnesota to divide soils into two general classes for construction of
thermal conductivity charts, i.e., sandy soils, and silt and clay soils.

Mineral Composition

Consideration of mineral composition has shown that this factor does have some
effect on the thermal conductivity of a soil. It is a factor, however, which is difficult
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to evaluate, since mineral composition is not commonly determined in soil testing.
Compiled tables (for example, Table 17-4, Bibl. 2) indicate that the conductivity of the
various rocks of which soils are composed vary over a wide range. Quartz, for ex-
ample, is reported as having thermal conductivity values from 50 to 85 Btu's per sq.
ft. per in. per hr. per deg. F. whereas basalts, trap rock, and gabbro vary from 11
to 17. In general, tests indicate that sands with a high quartz content have greater
conductivities than sands with high contents of such minerals as plagioclase feldspar
and pyroxene, which are constituents of basic rocks. Soils with high contents of
kaolinite and other clay minerals have relatively low conductivities. It appears rather
difficult on the basis of available information, however, to take mineral composition
into account when estimating thermal conductivity . Smith has suggested an equation
for k in which the conductivity of the rock constituents is taken into account. (13)

Structure

Most thermal conductivity studies on soil have been on so-called ""disturbed' sam-
ples. Soils in the field may have distinctive structure or laminations which may have
a large effect on their conductivity. -Smith has considered this factor in his studies
(13). He found that for granular structured soils, there was little, if any, differences
in test results on undisturbed soils and materials which had been broken down and re-
compacted. However, for most other structure patterns, k values for the undisturbed
materials are greater than those on the same soil after a breaking down of the struc-
ture. In some cases it may be twice as great as that observed for the reduced state.
These results are for dry soils. Smith has suggested a structure factor .to take this
soil condition into account.

In frozen soils, particularly those with ice lenses, the effect of stratification may
be very important. This factor requires additional study.

Prediction of Thermal Conductivity

For most field calculdtions it will not be feasible to make thermal conductivity tests
of the soil under consideration. For this reason it is highly desirable to make use of
present knowledge to estimate a k value for the soil. Four charts for this purpose
were published in the 1948 Proceedings of the Highway Research Board (6). It is
hoped to modify and correct these charts as additional information is obtained. In
fact, changes have already been incorporated in two of them. The four charts are
shown in Figure 3. Two are for sandy soils and two for silt and clay soils; for both
classes of soil, one chart is for frozen soil, ‘and the other for unfrozen. The division
point in texture may be based on silt and clay contents (part1cles smaller than 0. 05
mm. ). Soils with more than 50 percent silt and clay are in the fme textured group,
those w1th less than 50 percent in the sandy group

Dxﬁusw1ty

Diffusivity values are of interest in frost calculations since they indicate the rate at
which a soil will change temperature when the temperature of the surrounding medium
changes. Since this constant can be determined if its volumetric heat capacity and
thermal conductivity are known, no specific values need be given herein. However, it
should be noted that for soils with high moisture contents, the diffusivity of a frozen
soil is appreciably higher than for the unfrozen condition. At 15 percent moisture con-
tent, for example, the diffusivity of a frozen soil may be 50 percent greater than that
of the unfrozen soil. Thus the average temperature of a frozen body of wet soil will
change more rapidly than a similar body of unfrozen soil at a given temperature dif-
ferential between the soil and the surrounding medium. :

In calculations involving the freezing or thawing of a soil it is necessary to take into
account the latent heat of fusion of the ice. This amounts to about 144 Btu's per lb.

If a soil is thawing, the temperature change is delayed because of the latent heat of fusion.
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Conclusion

Our knowledge of the thermal properties has increased considerably during the last
few years. Numerical values of the various constants permit mathematical checks of
various heat-transfer problems in connection with frost action in soils. The numerical
values of specific heat and thermal conductivity given in this paper, with which diffu-
sivities may also be calculated, are offered for use in such calculations. It is hoped
that use of these values and additional research may lead to corrections and improve-
ments in the stated values.

It should be noted that most of the thermal property 1niormat10n available is from
laboratory tests. The need for field checks is apparent.
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