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Ah&r&-Drained soil near warm impermeable surfaces heats up and may dry. It is proposed here, based 
on a theoretical study, that a soil pro~~y~riti~l temperature difference-is a measure of the sus- 
ceptibitity of soil to drying; near a surface of any shape or size, drying wiSl take place if a temperature 
difference greater than the critical temperature difference is maintained between any two points in the soil. 

The design of an experiment to measure critical temperature difference is discussed. 

INTRODUCTION 

WHEN A temperature gradient exists within unsatu- 
rated soil, moisture ten& to flow in the direction of 
decreasing temperature; soil near a warm imper- 
meable surface therefore tends to dry creating a mois- 
ture distribution (with moisture content increasing 
with distance from the surface) which encourages a 
natural flow back towards the surface. The flows away 
from and towards the surface occur simultaneously 
and the resulting moisture distribution depends on 
the relative strengths of the flows. If the outward flow 
under the temperature gradient dominates the inward 
flow under the moisture gradient, soil in a region near 
the surface tends to dry to a very low moisture content. 
Since dry soil has a lower effective thermal conductivity 
(defined here as the ratio of heat flux to macroscopic 
temperature gradient) than moist soil, such a region 
of dry soil will tend to thermatly insulate the surface; 
depending on the thermal characteristics of the 
surface, this i~uiation will either cause the surface 
heat flux to fall, or the surface temperature to rise, 
or both the surface heat Aux to fall and the surface 
temperature to rise. 

The natural development of a thermally insulating 
region of dry soil near a warm surface is sometimes 
an advantageous feature. One example is drying near 
underground pipes through which heat is transported. 
This is advantageous because the rate of loss of heat 
from the pipes and the rate of decay of the temperature 
and economic value of the transported heat will be 
reduced. The work presented here is not applicable 
oniy to buried pipes but is part of a wider study of the 
insulating properties of soil near buried pipes [l]. 

The natural development of a dry region near warm 
surfaces is not always advantageous. Buried eltitric 
power transmission cables and buried canisters of 
high-level nuclear waste emit heat. If drying takes 
place near such bodies, the efficiency with which they 
dissipate heat will be reduced and their temperatures 
will rise. They must therefore be designed with work- 

ing temperatures high enough to dissipate heat 
through a dry region of soil or must be designed (with 
large surface area, for example) so the probability of 
drying is low. 

Drying near buried cables and canisters has been 
studied by others. The aim has usually been to develop 
thermal design guides of which one part is the pre- 
diction of the conditions under which drying will take 
place. Drying near buried cables has been investigated 
in the field (21; and much work has been carried out 
in an attempt to understand the physical processes 
involved. Wowever, no concensus has yet been reached 
on the most important parameters. At a recent work- 
shop [3], based on both theoretical and experimental 
studies, several different combinations of several par- 
ameters were proposed as being important in the pre- 
diction of drying near cables. The parameters were 
soil properties, ambient temperature, natural soil 
moisture content, cable temperature and the heat flux 
at the surface of the cable. 

Some ideas developed here are similar to those 
developed by researchers considering drying near 
buried cables. The conclusions reached may be useful 
to specialists in cable design; however, they are not 
applicable only to cable design and they are not pro- 
posed as being the complete basis for a thermal design 
method for buried cables. 

Drying of unsaturated geological media near buried 
canisters of high-level nuclear waste was studied by 
Doughty and Pruess [4]_ They followed the analysis 
of Udell IS] and developed an expression, in terms of 
properties of the media and design parameters, for 
the conditions under which drying will take place. 
They considered canister temperatures well above the 
boiling temperature for the water in the geological 
media. Here the surface temperature is assumed to be 
below the boiling temperature. However, the 
approach adopted is similar to that of Doughty and 
Pruess in that it relies on an analysis of the distribution 
of moisture under steady conditions. 

In this paper the aim is not to develop a guide for 
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NOMENCLATURE 

radius of warm cylinder [m] 
dry moisture content [I] 
thermal moisture diffusi~ty [m2 s- ’ K- ‘1 
isothermal moisture diffusivity [m’ s- ‘1 
field capacity [l] 
effective thermal conductivity 
wrn-’ K-‘] 

r radius [m] 

sP distance along path p [m] 
T temperature [K] 
T, temperature at point 1 [K] 

TP temperature along path p [K] 
AT, critical temperature difference [K]. 

latent heat of vaporization for soil water, 
2.4 x 106 J kg-’ 
net rate of moisture flow at the dry/moist Greek symbols 
boundary [kg s- ’ m- ‘1 e moisture content [l] 
heat dissipation rate per unit length 0, moisture content at point 1 (11 

Wm-‘I 0, moisture content along path p [I]. 

the thermal design of buried surfaces but to isolate 
the soil properties which describe the ease with which 
properly drained soils dry near warm impermeable 
surfaces. The theory and results are contributions 
towards a general method for the comparison of the 
properties of backfill soils. 

Those soils which tend to dry under little thermal 
stress (heat flux, temperature, temperature gradient 
or other drying influence) can be. said to be more 
susceptible to drying than soils which dry only under 
greater stress. It is found here that critical temperature 
difference (a soil property) is a measure of the sus- 
ceptibility of soils to drying. The approach is not 
empirical ; this result depends only on the assumptions 
made. The assumptions are therefore of primary 
importance so are discussed in detail as they are intro- 
duced. The basic assumption is that combined heat 
and moisture transfer in soil is well described by equa- 
tions of the type developed by Philip and de Vries [6]. 
These equations have been widely and successfully 
tested for soil and other porous materials [7]. It is in 
effect shown here that critical temperature difference 
is a property of soils in which combined heat and 
moisture transfer is well described by equations of the 
Philip and de Vries type; and this property is, on its 
own, a measure of the susceptibility of soil to drying 
near warm impermeable surfaces. 

The approach adopted is to consider the dis- 
tribution of moisture under steady conditions. There 
are some similarities with the way in which Donazzi 
et at. 81 developed a method for the thermal design 
of buried electric cables. They assumed that drying 
will take place in the soil near a cable if the degree of 
saturation (the ratio of volumetric moisture content 
to porosity) of the soil falls below a particular value 
they cafl the critical degree of saturation. They 
then established a theoretical relationship between 
the temperature and moisture profiles under steady 
conditions. Their design method is based on the idea 
that the drop in degree of saturation near a cable can 
be predicted using this relationship ; and drying is 

predicted if this drop is greater than the difference 
between the degree of saturation of the soil before 
heating and the critical degree of saturation. 

Critical temperature difference is shown to be a 
property of soil by studying the theoreticaf relation- 
ship between moisture and temperature profiles under 
steady conditions. Donazzi er al. [8] took the first step 
along this route when they developed the relationship 
used in their thermal design guide. It was later noted 
by Germay f9] that the work of Donazzi et af. shows 
that “. . . the only possible critical value, if a critical 
value exists, is a gradient T,,- To.. ." where T,, is the 
critical temperature and T,, the temperature at some 
distance from the cable. They stated that this critical 
value will depend on the natural moisture content of 
the soil. This result is extended and generalized here : 
critical temperature difference is a property of soil so 
it is independent of both the shape- and size of the 
heated surface and the natural moisture content of 
the soil. 

Degrees of saturation, temperatures and heat fluxes 
have all been proposed as parameters describing sus- 
ceptibility to drying. Donazzi et al. @3] considered 
critical degree of saturation to be most important. 
However, although it may be a useful property in 
cable design, critical degree of saturation is not useful 
as a measure of susceptibility to drying: it does not 
give a direct measure of the thermal stress under which 
the soil will dry. In the theory developed here it is 
assumed that there is a low moisture content which 
characterizes the transition between (effectiveIy) dry 
and moist soil. It is called the dry moisture content. 
It is assumed to be a property of soil but should not 
be confused with critical degree of saturation; it is not 
a property describing susceptibility to drying; it is 
simply the maximum value of moisture content at 
which the soil is, by definition, dry. 

In cable design it is often assumed there is a critical 
temperature above which a soil dries out [IO, 111. This 
is consistent with there being a critical temperature 
difference : critical temperature is simply the sum of 
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ambient temperature and critical temperature differ- 
ence. Some approaches to the pr~ction of drying 
near buried electric cables are based on the maximum 
heat flux a soil can sustain without drying within a 
specified time [ 121. This maximum heat flux is not a 
property of soil: it varies with the speciiied drying 
time and the initial moisture content of the heated 
sample of soil [ 121; and will probably also vary with 
the shape of the heated surface. Therefore, although 
the maximum heat flux is an important parameter in 
the thermal design of buried electric cables, unlike 
critical temperature difference it is not a soil property 
describing susceptibility to drying of soil near warm 
surfaces. 

Direct me~ur~eat as a spatial temperature 
difference is proposed as a method by which critical 
temperature difference could be determined for a soil 
for which it is known or is assumed that equations of 
the Philip and de Vries type are appropriate. The 
basic features of a suitable laboratory experiment are 
described in this paper. No experiments have yet been 
run specifically to measure critical temperature 
difference but an approximate value for a very sus- 
ceptible soit (uniform medium sand) is calculated 
from existing experimental data. 

THEORY OF SlJSCEPTl6ltlTY TO DRYlNG 

To be most useful, any theory of susceptibility to 
drying must reduce to a minimum the number of 
independent parameters involved in the prediction of 
drying. The theory developed here is based on an 
analysis of the resulting steady distributions when a 
surface has warmed and the temperature and moisture 
distributions in the surrounding soil are no longer 
changing with time. It is assumed that the parameters 
needed to predict the presence under these steady 
conditions of an infinitesimally small region of dry soil 
near the warm surface are identical to those needed to 
predict drying. The soil is assumed to be a continuum. 
This indirect approach leads to a method of prediction 
of drying involving the minimum possible number 
of independent parameters--one ; this one parameter 
may therefore be said to be a measure of the suscept- 
ibility to drying. 

A clear definition of the term drying is needed 
before susceptibility to drying can be investigated. 
Here it will be assumed that if drying has taken place 
the local moisture content at at least one point in the 
soil is the dry moisture content-a very low moisture 
content denoted by the letter d. (The pra~ti~biiity of 
this definition will be considered later.) It will also be 
assumed that all regions in which the moisture content 
is at or below the dry moisture content are near &arm 
surfaces : the soil in regions beyond being moist. If the 
conditions under which dry soil is present are identical 
to those under which drying takes place, it may be 
concluded that the steady conditions under which the 
soil can simultaneously sustain (at different points) 

the dry moisture content and one higher moisture 
content are sutiicieat conditions for drying to take 
place. Here, in the development of a general theory of 
susceptibility to drying in drained soil, this higher 
moisture content is taken to be the highest sustainable 
moisture content-the field capacity. 

To be most useful to an engineer designing a buried 
surface these suflicieat conditions for drying must he 
related to the size, shape, and temperature of the 
surface and the heat flux normal to the surface. This 
is achieved by considering the constraints on the dis- 
tribution of moisture and temperature implicit in the 
theory of moisture ffow in unsaturated soil. 

A commonly used theory of moisture tlow is 
adopted here ; it is assumed that the net rate of mois- 
ture flow at every point is directly proportional to a 
weighted sum of the local gradients of moisture con- 
teat and temperature. This is the basic assumption 
made in the development of most theories of com- 
bined heat and moisture transfer in unsaturated soil 
and is usually supported by association with empirical 
linear laws: Fick’s law of diffusion and Darcy’s law 
of fluid flow in porous media. The most primitive (and 
arguably the most successful) use of this assumption 
is central in the theory of moisture flow developed by 
Philip and de Vries [6]. Using the nomenclature of 
Philip and de Vries, a vector equation may be written 
to describe, in mathematical terms, the assumption 
made about moisture flow. Under steady conditions 
there is no net flow at any point, therefore 

D,(B, ?-)ve+D,(6, I-)VT = 0 (1) 

where 0 represents moisture content and T tempera- 
ture. Philip and de Vries called the factors De and 
DT the isothermal and thermal moisture diffusivities, 
respectively. Although these names will be used here 
there is no implied association with the explicit equa- 
tions developed by Philip and de Vries for the moisture 
di~usi~ties in terms of other soil properties and water 
properties. No knowledge is assumed of the functional 
relationship between the moisture diffusivities and 
values of moisture content and temperature other 
than that the diffusivities are always positive and the 
functions are well behaved. Hysteresis in moisture 
distribution, which would require modelling using 
multi-valued functions for the moisture diffusivities, 
is not considered. 

No consideration was given above to the influence 
of the Earth’s gravitational field on the distribution 
of moisture. As the soil is assumed to be properly 
drained, it will be assumed that the presence of the 
gravitational field simply limits-to the field 
capacity-the maximum sustainable moisture content 
at ail points within the soil. 

Unique values of moisture content and temperature 
are associated with each point in the soil; in mathe- 
matical language, moisture content and temperature 
are steady scalar quantities and their relationship with 
points in the soil define steady moisture content and 
temperature scalar fields. The gradient of such fields 
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[ 131 (denoted here by placing the symbol V in front 
of the symbol for the scalar) is a vector field with 
direction at every point in the direction in which the 
scalar quantity changes most quickly with distance; 
at every point the magnitude of the gradient is equat 
to the rate of change of the scalar quantity with dis- 
tance in the direction of the gradient. Provided, there- 
fore, that there are no singularities in the temperature 
gradient field (associated for example with local max- 
ima in temperature), a unique path through the soil 
can be associated with each point in the soil ; the 
direction of this path is at all points in the direction 
of the temperature gradient. Starting at any point 
(temperature T, and moisture content 0,) the tem- 
perature distribution (T,) along the path in the direc- 
tion of monotonically decreasing temperature will be 
given by 

where sp is the distance along the path and ds, a 
differential increment along the path. Equation (1) 
is a vector equation and must be satisfied for both 
magnitude and direction ; it may therefore be deduced 
from equation (1) that the moisture gradient is at all 
points in the opposite direction to the temperature 
gradient ; the path followed in equation (2) is therefore 
at ail points in the direction of the local moisture 
content gradient. From equation (I) 

lVT{ = gqVQ, 
T 

and on the.path 

{WI = g. 
P 

Substituting these results into equation (2) gives the 
temperature distribution along the path in terms of 
the ratio of the moisture diffusivities 

Tp = T,- 

where 0, is the moisture content distribution along 
the path. 

This equation is implicit in temperature as the ratio 
of the moisture diffusivities is temperature dependent. 

Digressing from developing the theory of sus- 
ceptibility for a moment, equation (5) is very useful 
in the analysis of combined heat and moisture transfer 
under steady conditions; it shows that there is simi- 
larity between moisture distributions in the soil near 
warm surfaces. The direction of the paths discussed 
earlier are locafly in the direction of moisture and 
temperature gradient and will therefore (at least for 
isotropic soil) be locally in the direction of heat flow ; 
the paths are therefore paths of heat flow. Equation 
(5) is independent of the geometry of the warm 
surface, the magnitude of heat flux, and of the thermal 

resistivity of the soil ; it simply relates the temperature 
and moisture content distribution along paths of heat 
flow. This similarity between distributions may be 
used in the general study of steady conditions. One 
particular use is to relate the dist~butions seen at 
different physical scales for the same geometry of the 
warm surface. For example [ 141, distributions (given 
as functions of the scale Q In (r/s)/& where r is the 
radius, Q the radial heat dissipation rate per unit 
length of the warm surface, and s a reference radius) 
can be identi~ed for temperature and moisture con- 
tent near a buried warm cylinder. 

The idea of similarity of moisture distributions can 
be used in the analysis of susceptibility to drying. 
From equation (5)” each point in the soil at which 
the moisture content is the dry moisture content is 
uniquely associated (by being on the same heat flow 
path) with another point at which the moisture con- 
tent is the field capacity. The temperature difference, 
AT,, between all such pairs of points is given by 

AT, = (6) 

it can be seen that the temperature difference AT, 
only depends on three soil properties: dry moisture 
content, field capacity, and the temperature dependent 
ratio of the isothermal to thermal moisture diffu- 
sivities. The temperature difference is therefore a tem- 
perature dependent soil property; it will, through the 
general dependence of soil properties on degree of 
compaction, vary from sample to sample of a par- 
ticular soil depending on the sample bulk dry density. 

From equations (5) and (6), it can be deduced that 
if, under steady conditions, the temperature difference 
AT, is exceeded between any two points in a sample 
of soil, regions must exist where the moisture content 
is less than the dry moisture content or greater than 
the field capacity; moisture contents greater than the 
field capacity cannot be sustained so there must be a 
dry region of finite thickness-the soil near the warm 
surface must be dry, The temperature difference AT, 
is therefore proposed as a measure of the sus~ptibility 
of a drained soil to drying near a warm impermeable 
surface ; it is called the critical temperature difference : 
if this or a larger temperature difference is maintained 
between any two points in a drained sample of soil 
near a warm impermeable surface of any size or shape. 
drying will take place irrespective of the temperature 
of the surface or of the heat flux normal to the surface. 

Discussion 
Critical temperature difference is a soil property in 

the same sense that field capacity is a soii property. 
They are not intrinsic properties : field capacity is only 
fully defined if some details of the way it is measured 
are specified [ 15) ; and the same holds for critical tem- 
perature difference. (The design of an experiment to 
measure critical temperature difference is discussed 
in the next section.) Despite not being an intrinsic 
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property, field capacity is a useful property : it is used 
widely in the comparison of the water holding quality 
of soils. It is proposed here that critical temperature 
difference is also useful; it can be used in the com- 
parison of the susceptibility to drying near warm 
impermeable surfaces. 

The theory of susceptibility to drying was based on 
sufficient conditions for drying to take place; it is 
therefore a sufficient condition for drying to (eventu- 
ally) take place if the critical temperature difference is 
exceeded (for long enough) between any two points 
in the soil; it is not necessarily a necessary condition. 
It cannot therefore be assumed that drying will not 
take place if the critical temperature difference is not at 
any time exceeded between any two points in the soil. 

The theory of susceptibility to drying was based 
on an analysis of the distribution of moisture under 
steady conditions. Under non-steady conditions, dry- 
ing will tend to take place if the critical temperature 
difference of a soil is exceeded ; and a dry region will 
(eventually) develop if a difference greater than the 
critical temperature difference is maintained. The time 
taken for a dry region to begin to develop near a 
cylindrical surface was measured by Martin et al. [ 121. 
They defined drying time as the time elapsing between 
the surface first being heated (to emit constant heat 
flux) and the onset of drying; and showed that the 
drying time for Georgia clay soil varies both with the 
initial, unheated moisture content of the sample and 
the heat tlux at the surface. Experiments on a very 
susceptible soil [l] (uniform medium sand, critical 
temperature difference about 0.7 K) have shown that 
once a dry region develops near a cylinder, its size 
increases with time such that 

%Ol 
Q * 

where L is the latent heat of vaporization of soil water, 
Q the time varying rate of heat dissipation from the 
cylinder, and q the net rate of water mass flow at the 
boundary between the dry and moist soil. 

Designers of buried electric cables face the unusual 
problem that the rate of dissipation of heat from the 
cable can vary greatly from day to day. It is argued 
by some (for example Martin et al. [ 121) that a suitable 
guide to the drying of a soil near a cable is therefore 
best given in terms of drying time. A particular soil 
near a particular cable is defined as being thermally 
stable if its drying time under some specified maxi- 
mum thermal stress is less than a fixed number of days 
(the typical time between rainfall may be applicable 
[ 121). Since drying time varies with the initial moisture 
content of the soil and the heat flux at the surface of 
the cable, this leads to thermal design guides in which 
the important parameters in the prediction of drying are 
initial moisture content and the heat flux at the surface. 

Hartley and Black [16] concluded from the results 
presented by Martin et al. [ 121 that the onset of drying 
does not correspond to a fixed surface temperature. 

Particular results were cited [16]. For Georgia clay 
soil at a moisture content of 0.145 by volume and 
a dry density of 1360 kg m- 3, the onset of drying 
corresponds to a surface temperature of 32°C for a 
surface heat dissipation rate of 10 W m-’ and 65°C 
for 50 W m- I. This is not evidence against there being 
a critical temperature difference. Critical temperature 
difference is not the spatial temperature difference at 
the onset of drying. It is the minimum difference under 
which, if it is sustained long enough, drying can be 
guaranteed to take place. 

A guide to the thermal design of buried surfaces is 
not being developed here. However, a few things can 
be concluded about the role critical temperature 
difference would play in such a guide. Critical tem- 
perature difference is a property of soil. It is a measure 
of the susceptibility of soil to drying and would be 
useful for comparing backfill soils to be placed near 
surfaces. For surfaces heated steadily, critical tem- 
perature difference is likely to be the most important 
parameter in the prediction of drying : it gives directly 
the spatial temperature difference which if exceeded 
within a sample of soil will be guaranteed to cause 
drying. For surfaces dissipating heat at a rate which 
varies with time, practical design guides may be based 
on drying time. These will incorporate (implicitly or 
explicitly) the spatial temperature difference a soil can 
sustain (without drying) for a specified time. Except for 
naturally dry soil, this difference is likely to be greater 
than the soil’s critical temperature difference ; how much 
greater it is will depend on the specified drying time. 

Equation (6) gives the relationship between critical 
temperature difference and other soil properties : dry 
moisture content, field capacity, and the ratio of iso- 
thermal moisture diffusivity to thermal moisture 
diffusivity. The relation between susceptibility to dry- 
ing and the ratio of the moisture diffusivities can be 
deduced from the equation: the lower the average 
ratio of the moisture diffusivities (averaged, that is, 
over the range of moisture content between the dry 
moisture content and the field capacity) the lower is 
the critical temperature difference and the greater the 
susceptibility to drying. 

Equation (6) could be used in the calculation of a 
soil’s critical temperature difference from measured 
values of other properties. In practice, however, this 
is not a good approach: the ratio of the moisture 
diffusivities is difficult to establish over the complete 
range of moisture content and there is no information 
on which to base the choice of the value taken for the 
dry moisture content. A better approach to the 
determination of a soil’s critical temperature dif- 
ference is direct measurement using temperature 
measuring equipment. 

MEASURING CRITICAL TEMPERATURE 

DIFFERENCE 

It is proposed that the critical temperature differ- 
ence of a soil can be measured provided a suitable 
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sample of the soil can be isolated or created in the 
laboratory. It has been shown that critical tem- 
perature difference is the temperature difference 
between two particular points on any steady heat flow 
path; at one point the local moisture content is the dry 
moisture content and at the other the local moisture 
content is the field capacity. The points mark the 
bounds of regions of moist soil ; a suitable design 
of a laboratory experiment for the measurement of 
critical temperature difference is therefore one in 
which a full moist region is sustained under steady 
conditions and the temperature difference across the 
moist region can be measured along a heat flow path. 
It can be seen that this design does not directly con- 
strain the choice of shape or size of the warm surface, 
the surface heating pattern (over time), the magnitude 
of surface temperature or heat flux, or the extent of 
drying that has taken place. However, steady heating 
(for example, surface heating at constant temperature 
or heat flux) will be required if moisture hysteresis 
effects are to be avoided; and any other choice made 
must be such that the extent of the moist region is 
detectable and the temperature difference across the 
region can be measured accurately. 

Reports on laboratory experiments in which soil 
was heated have been reviewed [I]. Three types of 
experimental configuration were identified : soil in a 
container with two parallel plain ends, one of which 
is heated ; soil packed around a heated cylinder ; and 
soil packed around a heated sphere. The choice made 
for a study on the rate at which unsaturated sand 
dries near a warm cylinder [l] was a cylinder within 
cylinder configuration : soil was placed in the annular 
region between a warm cylindrical rod and a large 
diameter cylindrical container. The plain ends of the 
container were thermally insulated. Such a con- 
figuration is also suitable for the measurement of criti- 
cal temperature difference: the heat flow paths are 
known-measurements of temperature taken along a 
radial at the longitudinal centre of the soil sample will 
be measurements taken along a heat flow path. The 
least appropriate experimental configuration is soil 
within a container with two parallel plain ends, one 
of which is heated ; with such experiments heat flow 
paths are often distorted as some heat leaks through 
the (adiabatic) walls of the sample container [l]. 

In the introduction to this paper it was noted that 
dry soil has a lower effective thermal conductivity 
than moist soil ; this, it was said, will lead to significant 
changes in heat flow when soil dries near a warm 
surface. It is these changes in the heat flow from the 
surface which are of interest to design engineers and 
not the moisture content distributions in the dry and 
moist soil; experimentally, it is therefore most appro- 
priate to study drying by looking only at its influence 
on temperature distribution. 

This approach has been followed successfully in the 
study of non-steady conditions [ 11. Under conditions 
in which the radial heat dissipation rate (Q) varies 
little with radius, by Fourier’s law the temperature 

distribution in the soil near a warm cylinder of radius 
a may be approximated by 

dT Q -=- 
d In (r/a) Z&(r) 

where k is the local effective thermal conductivity at 
radius r. From this equation it can be seen that the 
slope of a plot of temperature against In (r/a) will 
be locally inversely proportional to effective thermal 
conductivity; dry regions will therefore be associated 
with steep slopes and moist regions with shallow 
slopes in such a plot. The dry region near the warm 
cylinder and the moist region beyond can be clearly 
seen in Fig. 1; in this plot of experimental data the 
boundary between the dry and moist regions is at the 
knee in the piecewise-linear curves. 

For other soils there may not be such an obvious 
choice for the boundary between the regions of dry 
and moist soil. The boundary is the point where the 
local moisture content is the dry moisture content. If 
it is assumed that effective thermal conductivity is well 
approximated by a single valued function of moisture 
content, the boundary will have a unique value of 
effective thermal conductivity associated with it-the 
dry effective thermal conductivity. The position of 
the boundary may therefore be found directly from 
a temperature plot by finding the point where the 
slope corresponds to an effective thermal conductivity 
equal to the dry effective thermal conductivity. This 
approach is practicable for any type of soil. 

No theoretical or experimental limitations have 
been set on the choice of dry effective thermal con- 
ductivity to be used in the determination of critical 
temperature difference; practical standards could be 
set at a fixed value (0.5 W m-’ K-’ for example) or 
as a fraction of the effective conductivity at saturation 
(0.3 for example). If (as in Fig. 1) there is a distinct 
knee in the temperature distribution. the measured 
value of critical temperature difference is insensitive 
to the choice of dry effective thermal conductivity : all 

1 2 ln(r/ol 3 

FIG. 1. Temperature in unsaturated medium sand near a 
12.7 mm diameter heater emitting 53.8 W m-‘. Reproduced 

from ref. [I]. 
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choices for dry effective thermal conductivity between 
the low effkctive them& conductivity in the dry region 
(0.42 f 1% W tn- ’ K- ‘, Fig, 1) and the high effective 
thermal conductivity in the moist region (1.82&3% 
W m- ’ K- ‘, Fig. 1) are associated with the knee. 

The full moist region must be sustained in the lab- 
oratory experiment so the moisture content at the wall 
of the sample container must be the field capacity. In 
the non-steady experiments [I], the field capacity was 
naturally maintained at the surface of the sample con- 
tainer as excess moisture drained under gravity. The 
drained water collected at the bottom of the sample 
container but did not detectably affect the radiaf tem- 
perature dist~bution. However, it would probably be 
better to fit a drain (kept at a liquid pressure a few 
kilopascats below atmospheric pressure) in an exper- 
imental rig designed specifically for the measurement 
of critical temperature difference. Water collecting in 
the drain during an experiment is a sign that natural 
drainage is taking place and a full moist region is 
developing. Steady conditions can be taken to have 
been reached when the temperature of the soil is 
changing by less than a given amount per day or water 
has stopped draining from the sample. On a plot of 
the steady temperature distribution, the boundary 
between dry and moist soil can be detected and the 
critical tern~~tu~ difference of the soil taken as the 
difference. in temperature between the boundary and 
the inside wall of the sample container. 

No experiments have yet been run specifically to 
measure critical temperature difference. However, a 
value for the critical temperature difference of a uni- 
form medium sand has been calculated from pub- 
lished experimental data. The sand is Garside grade 
21; it is very susceptible to drying and is ideal for use 
as backfill around pipes carrying heat. It is easily 
compacted to a dry density of 1580 kg m-’ at which 
its field capacity is approximately 0.05 by votume and 
its dry moisture content 0.003 by volume (corre- 
sponding to a dry thermal conductivity of 0.42 W 
m-r K-r) [I]. 

When heated by a cylinder emitting 53.8 W m-‘, 
the boundary between the dry and moist soil was found 
(by digging part of the sample out of the sample 
container) to be at a radius of94 mm. The radius of the 
sample container was 109.8 mm. The steady heating 
conditions correspond to those for the non-steady 
heating shown in Fig. 1. Assuming the effective ther- 
mal conductivity in the moist soil under steady con- 
ditions is the same as that under non-steady con- 
ditions (1.82 W m-r K-*) all the data necessary for 
the ~lculation of critical temperature difference are 
available. The data were inserted in equation (8) (inte- 
grated across the moist region) and the critical tem- 
perature difference of Garside grade 21 medium sand 
calculated as 0.7 K. 

CONCLUSIONS 

It has been shown that it is a sufficient condition 
for drained unsaturated soil near a warm impermeable 

surface of any shape or size to dry if a temperature 
difference greater than the soil’s critical temperature 
difference is maintained between any two points in the 
soil. 

Steady moisture transfer in the soil was assumed to 
be well described by the model of Philip and de Vries 

El 
DeVe+DJT = 0 (9) 

where 0 is the moisture content, T the temperature, 
and De and D, the isothermal and thermal moisture 
diffusivities, respectively. It was then shown that 
critical temperature difference (AT,) is a temperature 
dependent soil property as it may be expressed as a 
function of soil properties, one of which is tempera- 
ture dependent 

AT, = 

where d and f are the dry moisture content and the 
field capacity of the soil, respectively. It is probable 
that critical temperature difference can be measured 
directly in the laboratory. 

It is proposed that critical temperature difference is 
a measure of the su~ptibility of soil to drying near 
warm impermeable surfaces; and com~a~sons of the 
susceptibility of soils may be made by comparing their 
critical temperature differences. 
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SUSCEPTIBILITE AU SECHAGE DUN SOL NON SATURE PRES DES SURFACES 
IMPERMEABLES CHAUDES 

R&urn&-Un sol draini pres de surfaces impermeables chaudes se r&ha&e et peut s&her. A partir dune 
etude thtorique, on propose qu’une propriete du sol, la difference de temperature critique, soit une mesure 
de la susceptibiliti du sol au sechage: p&s d’une surface de taille ou de forme quelconque, le s&hage peut 
prendre place si une difference de temperature critique est maintenue entre deux points qualconques du 

sol. On discute dun protocole experimental pour mesurer la difference de temperature critique. 

ANFALLIGKEIT UNGESATTIGTER ERDE GEGENUBER AUSTROCKNUNG AN 
WARMEN UNDURCHLASSIGEN OBERFLACHEN 

Zusammenfassung-Entwasserte Erde heizt sich an warmen undurchllssigen Oberflachen auf und kann 
austrocknen. Hier wird, auf einer theoretischen Untersuchung basierend, eine Eigenschaft der Erde, 
nlmlich die kritische Temperaturdifferenz, als MaI fiir die Anfalligkeit von Erde gegeniiber Austrocknung 
vorgeschlagen; an einer Oberfliiche irgendeiner Form oder GrciBe setzt Austrocknung dann ein, wenn 
zwischen 2 beliebigen Punkten in der Erde eine Temperaturdifferenz auftritt, die grol3er als die kritische 
Temperaturdifferenz ist. Es wird der Entwurf eines Versuchs zur Messung der kritischen Temperatur- 

differenz eriirtert. 

HPOHECC BbICbIXAHMII HE HACbIIllEHHO~ XCHAKOCTbIO HOlIBbI B6JIH3M 
TEHJIbIX HEIlPOHHL@EMbIX HOBEPXHOCTEft 

Ararorsunn-Houaa, ocyuraeh4an ~6nmH -ren.nbtx xenpoimuaehibsx noeepxmmefi, tiarpeaae-rcn, A yore? 
npon3ofi-m ee awcbIxaHHe. Ha oc~one reopewvecroro wcneoBatwn cnenano npezmonoxewe, YTO 
MepOfi BOCllpHHMWBOCTH llOYBbI K BLslCbtXiMfWO RBJIRCTCK TaKaK CC XapaKTCpHCTHKa, KBK KpHTH’ECKaX 

paatiocrb rehmeparyp; abtcbtxaHsre B~JIKW noFiepxHoc~~ nro6oit r#iophibt H pa3Mepa npoxaoRrter B TOM 

cnyuae, ecnn ~eatny n~yM# npou30eonbnbhix Towcam B nowe 6y~fl nonnepxma-rbcn paanocrb feM- 
neparyp, npesbnnaioman ttpsrrn~ectcyro. 06c~ercn nocranomca onbtra nan si3hfepcmia xpsrrsmecrok 

paatiocrn rehfneparyp. 


