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SYNOPSIS 
The variation throughout the year of the temperature in soils at varying depths 

beneath the ground surface might not appear, at first glance, to be a matter of 
much significance. A little consideration will show that a large number of eco­
nomic problems are dependent on soil temperature conditions. These include 
the operation of heat pumps, the depth at which water and sewer pipes have to be 
buried in colder climates, the design of house foundations, the stability of cold 
storage plant foundations, heat losses from electrical conduits, gas mains and 
other utilities, and perhaps above all the stability of highway and airport pave­
ments with special reference to frost action I t was one such economic problem 
which first attracted attention in Canada to the fact that very little was actually 
known about soil temperature variations. Some experiments were started 
in Canada in 1945 and these soon showed the importance of the state of com­
paction of the soil of which temperature was being measured Concurrently a 
continuing study of the available literature suggested many gaps in even a 
general overall picture of the problem. 

Further studies have shown the importance of moisture migration in soil and it 
now appears that this is probably the most important factor of all, when asso­
ciated with the state of compaction of the soil. Further field experiments have 
therefore been started to investigate these and other factors, some details of 
whidi are given in the paper. Because the experimental time cycle for such re­
search is unfortunately one year, and because results are affected by local clima-
tolopeal conditions, this progress report is being presented in the hope that i t 
may stimulate interest in the problem and assist in developing cooperation in 
further progress. 

I t is not uncommon for a very simple ques­
tion to initiate a study which may develop 
into a major research programme. I t was audi 
a simple question which started the work 
upon which this paper is a first progress re­
port. I n the early months of 1943 the senior 
author was asked, while assistmg with special 
problems on one of Canada's great wartime 
construction projects, if he could tell the Chief 
Engineer the temperature of the soil at the 
building site m question, 3 f t below the sur­
face of the ground at the beginning of the 
month of May. The mformation was needed 
since a pipe was to be buned at this depth de­
signed to cany benzol which has the unfor­
tunate property of freezmg at 40 F. I t was 
thought that the answer would be available 
in some suitable reference. The answer, m 
general terms, is still being sought. 

A search through appropriate literature was 
started but littie specific mformation was 
found in the records of engineering. When the 
search was broadened to mclude agricultural 
scientific papers, a number of publications 

were found which gave details of soil tem­
peratures as observed by a^cultural scien­
tists. In all cases, however, these records 
extended only to-shallow depths down to 
about 18 m. The search was broadened still 
further to mclude purely scientific papers. 
Finally a record was found of a series of meas­
urements taken on the campus of McGill 
University m the closing years of the last cen­
tury, the results of which were published in 
the Transactions of the Royal Society of 
Canada This work was done under the direc­
tion of Professor Callendar (of steam table 
fame) and the readings were obviously taken 
with great accuracy by competent observers. 
This paper provided the necessary clue to a 
few other records but even today the available 
prmted records of soil temperatures are few 
in the extreme 

Study of Professor Callendar's paper and 
the few other records which were discovered 
demonstrated vividly the annual cycle of soil 
temperature variation and the fact that any 
soil temperature records which did not cover 
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a period of at least one ful l year would be 
most misleading. Records of two or three 
years' duration are often desirable to obtam 
average conditions. The fact that the time 
unit in soil temperature studies is one year 
has probably been responsible in part for the 
neglect of tiiis interesting soil property. The 
limitations which this one-year interval im­
pose upon research work will become apparent 
in this paper. Since the writers are already 
conscious of the relative brevity of their re­
spective life spans, m relation to soil tempera­
ture studies, they have decided to present this 
progress report at this time in order to share 
their experience with others interested in the 
problem. They wish also to sohcit asmstance 
from otiiers who may be able to assist with the 
investigation of some of the many complex 
phases of this smgularly complicated subject. 

ECONOMIC ASPECTS 

The economic importance of soil tempera­
ture variations is not at first obvious. A littie 
study will show however, that the problem 
which started this investigation is probably 
the least important of those which are affected 
by soil temperature variations. The more the 
problem has been studied, the more wide­
spread have its economic implications been 
found to be even in the field of engineering. 
I t would not be fitting to list all those which 
have so far been recognized, but the fol­
lowing is a partial list of the more important 
economic aspects. The items are not listed 
in the order of t h ^ relative importance but 
merely as they have come to the writers' at­
tention. 

Heat Pump Operatum—The entire basis on 
which heat pumps operate is dependent on 
the temperature difference between the soil 
in which the ground coil is placed and the 
atmosphere, l ^ e long term operation of heat 
pumps involves changes in the soil tempera­
ture regime which are not yet fully under­
stood. 

Water and Sewer Pipes—In all chmates in 
which frost is likely to occur, water and sewer 
pipes must be buned for protection. The 
depth to which they are buried is dependent 
or should be dependent upon soil temperature 
variations. 

House Foundations—^The growing tendency to 
bmld houses upon flat slabs is creating many 

examples of structures which effect a change 
upon soil temperature patterns, the ful l sig­
nificance of which is not yet fully appreciated. 
Correspondmgly, the heat losses from con­
ventional basements are dependent upon 
ground temperatures. 

Radiant Heating Installations—Many domestic 
and industrial radiant heating installations 
consist of coils embedded in concrete floor 
slabs placed directly on the ground surface 
which mduce an even greater change in sod 
temperature conditions than ordinary flat slab 
foundations. 

Cold Storage Planto—The artificially cold con­
ditions set up in cold storage plants have 
abeady led to a number of unusual founda­
tion failures, due to the changes in soil tem­
perature conditions thus induced. 

VegetaUe Storage—The writers have been sur­
prised to find that approximately 80 percent 
of the vegetables used in the province of 
Ontario during winter months are stored in 
excavations which depend for their efficiency 
on suitable soil temperature conditions. 

Heat Losses From Canduetors—One of the most 
important economic problems which is not at 
first apparent is the heat loss from electrical 
conductors, gas mains and other buried util i­
ties due to the temperature difference between 
the conductors and the surroundmg soil. 

Permafrost Conditions—In those areas of the 
world where permafrost exists, the significance 
of soil temperatures is perhaps more obvious 
than anywhere else. 

Highway and Airport Construction—Probably 
the most unportant of all the economic factors 
so far con»dered is the profound effect .which 
soil temperature variations may have upon 
the stability of roadway and runway con­
struction, especially in connection with freez­
ing conditions. Correspondingly, in hot ch­
mates, troubles are already being experienced 
due to moisture migration which is now known 
to be one of the most important factors related 
to soil temperature conditions. 

When i t is recalled that the foregoing is 
only a partial list of the economic implications 
of soil temperature vanations, considered only 
in relation to engineering problems, the im­
portance of this somewhat unusual study of a 
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characteiistic of soil in place will be apparent. 
I t will also be clear that the problem cannot 
properly be studied except in relation to the 
specific soil types involved. A thorough inves­
tigation of past work and a programme of re­
search to augment available information has 
therefore been started by the Division of 
Building Beseaxch of the National Research 
Council of Canada. I t is hoped, with the aid 
of information from others who are mterested 
in the same problem, to establish the factors 
influencing temperature variations in soil, and 
the order of their importance. I t is planned to 
study these by means of field tests and obser­
vations, assisted by laboratory tests where 
necessary. When the several factors are evalu­
ated, means of controlling temperature vari­
ations in soil and of reducing frost penetration 
will be mvestigated. 

BRIEF REVIEW OF PAST WORK 

As has already been noted, when the prob­
lem was first mvestigated during the war 
years, no record could be found of any previous 
work in tills field related to the engineering 
properties of soils. A good deal of work, how­
ever, had been carried out and recorded in 
connection with the interest in soil tempera­
ture of agricultural scientists. Some progress 
had been made at correlation of temperature 
variations with moisture content, the presace 
of organic matter and soluble salts, the nature 
of surface vegetation (tiie presence of turf 
having an appreciable effect), the annual vari­
ation of climatic conditions, and tiie cooling 
effect of rain in summer. The heat-transfer 
properties of different kmds of soil had also 
been tested and results showed the order 
naturally to be expected, varying from sand 
(best) to peat (poorest). ' 

I n the last few years, and particularly in 
connection with studies of frost penetration 
and frost action in highway and airport work, 
some valuable work has been done in this 
field with engineering objectives m view. Men­
tion need be made here only of the work car­
ried out at the University of Minnesota by 
Kersten (i)> and Algren (2) m order to indicate 
the valuable type of information which is now 
bemg added to the general store of knowledge 
in this interesting study The bibliographic 

> Italicized figures in parentheses refer to 
list of references at the end of the paper. 

work of the Committee on Frost Heave and 
Frost Action m Soils of the Highway Research 
Board (6) is also reveahng information previ­
ously unsuspected. The authors are therefore 
engaged upon a critical review of all the m-
formation now known to be available and hope 
to pubLsh the results of this review when i t 
has been completed 

I t may be useful to mention briefly here 
some of the noteworthy investigations that 
have been made of soil temperatures. I t ap­
pears that some of the earhest work m this 
field was carried out in Germany, notably by 
Wollny {4). The first extensive mvestigation m 
the Umted States seems to have been undertaken 
by Bouyoucos (6) Some work had also been 
carried out m England, as mdicated by a paper 
by Rambaut (ff) Textbooks on soil physics re­
lated to agnculture, usually contain some treat­
ment of the subject, as for example the notable 
volume by Baver (7) Among the most sig­
nificant work earned out in recent years by 
scientists mterested in the agricultural imphca-
tions of the matter is that of Smith (8 and 9) 
I t should be noted tiiat all the earlier refer­
ences, those here mentioned and all others 
studied, dealt with the subject from the agri­
cultural pomt of view, investigations bemg 
generally limited to shallow deptiis. 

The first recorded measurements of soil 
temperature studies in Canada appear to be 
those aheady mentioned, made at McGill 
University in Montreal and reported by Cal-
lendar (10) and Callendar and McLeod (11) 
More recentiy, records have been published of 
observations taken in Saskatchewan by Har­
rington (1£) and at Winmpeg by Thomson (18). 
A useful summary has been published by 
Ruedy (14). I t was only after the initial searoh 
had ,been completed, while the senior author 
was on the staff of the University of Toronto, 
that i t was found that quite the most complete 
Canadian records were available less than a 
mile from the office. These had been taken at 
the grounds of the head office of the Meteoro­
logical Service of Canada by Dr. John Fatter-
son, then Controller of the Service, but they 
had never been summansed or publuhed. This 
valuable set of records was generously made 
available by Dr Patterson, and by Dr Andrew 
Thomson his successor, and some of the m-
formation contained in i t is presented graphic­
ally later m this paper 
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THE PBOBLEM OF SOIL TEMPERATUBB 
VARIATION 

With 80 many records now available, i t may 
be wondered why there should still exist any 
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Figure 1. Lines of Equal Soil Temperature 
¥rlth Depth and Time at Tiflls (from Hann, 
1906) 

straightforward. The top 20 or 30 f t . of the 
earth's crust may be regarded, for this pur­
pose, as a semi-infinite mass of sohd material 
at a constant temperature at any appreciable 
depth, and subject to a variation of tempera­
ture at its surface, this variation bemg that 
due to changes in air temperature and other 
dimatic factors, easily measurable and vary-
mg within reasonable limits. The thennal 
properties of the material of which the crust 
18 composed can be determined. By apphca-
tion of the laws of heat transfer, i t should 
therefore be possible to determine, theoret­
ically, what ttie pattern of soil temperature 
variation throughout the annual cycle of ch-
matic change should be. This can be done, 
and the results are reflected in the patterns of 
actual soil temperature which have been meas­
ured and recorded, such as those given by 
Callendar and by Algren. 

The general pattern is most clearly shown 
by plots of actual records obtained. Typical 
charts are therefore presented as Figures 1 to 
5. The first of these, taken from an old mete­
orological handbook by Hann (jf5), is of 
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^ ^ ^ l ^ e 2. Soil and Air Temperature Records at Montreal, 1895 (from Callendar and McLeod, 

"problem" connected with soil temperature 
vanation. Basically, the matter is relatively 

interest because, although taken at Tiflis in 
the Caucasus, i t shows tiie same general pic-
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tare of ground temperatures as that obtained 
from records in North America under com­
pletely different climatic conditions. Figures 
2 to 4 are reproductions of the charts whidi 
were originally published by Callendar. These 
show temperatures under grass in loose sand 
underlain by clay at a depth of 9 f t . , with 
water in the sand for a httie distance above 
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Figure 3. Variations of Soil Temperature 
with Depth at Montreal (from CaUendar, 1895; 
and Callendar and McLeod, 1896) 
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Figure 4. Dally Soil Temperature Variations 
with Depth at Montreal, April 1895 (from Cal­
lendar, 1895) 

the clay. Smce the Transactions of the Royal 
Society of Canada'are not widely available, i t 
was thought that these pioneer records might 
well be included with this paper and this is 
done by permission of the Society. Figure 5 is 
extracted from the set of records already men­
tioned, obtained m Toronto by the Meteoro­
logical Service of Canada, and is reproduced 
here by permission of the Controller. I t shows 
the variation of soil temperatures with depth 
m different months of the year in sand with 
the ground water level at some depth. 

Three different methods of plotting are used 
in these charts. I f they are carefully studied, 
they will be found to show the most prominent 
features of the pattern of ground temperature 
variation. Daily variations occur only to 
depths of a few inches, changes below 10 inches 
following only an annual cycle. The range of 
variation decreases witii deptii below the sur­
face, and a nearly constant temperature is 
reached at about 20 feet, even in cold climates. 
Below this depth, i t is well known that this 
steady temperature gradually increases, the 
rate of increase in northern Ontario being 
about one deg. F. for every 115 f t . of depth, 
as recentiy recorded by Misener (10). 

8 
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Figure 5. Seasonal Variations of Soil Tem­
perature with Depth at Toronto (from average 
records from 1924 to 1933) 

I t is with the top layer of 20 to 30 f t . that 
so many engineering operations are concerned, 
and i t is in this layer that the significant vari­
ations of temperature occur I t will be seen 
(notably m Fig 5) that the rate of decrease of 
the temperature range is not constant, but 
itself decreases with depth below the surface. 
This is to be expected from the laws of heat 
transfer In Toronto, for example, at a depth 
of 6 f t below the surface, the annual variation 
of temperature usually amounts to less than 
20 deg. F. Correspondingly, there is a pro­
nounced time lag with depth. Although obvi­
ous from the basic physics of the problem, 
this is the feature which usually occasions more 
surprise than any other on the part of those 
who come to look at the problem for the first 
time. The fact, for example, that the coolest 
region in Toronto m July is to be found 20 f t . 
breath the surface, due to the six months' 
time lag, is a seemingly ridiculous assertion 
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until records such as those given in Figure 5 
are carefully studied. 

Examination of other published records, 
such as those of Algren (Z) will show simi­
lar patterns of the variation of temperature 
throughout the year at mcreasing depths be­
low the ground surface. The variations are 
readily understandable and agree well with 
theory. I t would appear, therefore, that engi­
neers aheady have available to them all the 
information on temperatures which they need 
for then: diverse subsurface activities Unfor­
tunately, there are a few complications which 
mar this otherwise beautifully simple picture; 
these must now be considered. 

SOME COMFUGAHONS 

The term "frost penetration" is one com­
monly used in engineermg practice, i t usually 
connotes the deptii at which the soil tempera­
ture just reaches the freezmg pomt at some 
time during any one annual cycle. The term 
provides a serviceable and simple yardstick 
for a discussion of the general phenomenon and 
will be so used m this paper I f reference be 
made to Figure 2 i t will be seen that the frost 
penetration, even in a normal Montreal win­
ter, was not more than about 18 m.' Figure 5 
shows that the correspondmg average figure 
for Toronto is no more than 6 m. I f these 
figures be compared with the known fact that 
water pipes will freeze solid (under eastern 
Canadian conditions) at depths up to 6 or even 
7 f t , the first of the unusual features of this 
apparently sunple matter will become evident. 
I t may be noted that both at Montreal and 
Toronto there was an appreciable snow cover 
at the observation sites for most of the winter. 
The presence of snow is certainly a contribut­
ing factor to the low penetration of frost but 
smce i t IS quite usual to have some degree of 
snow cover over pipe trenches, i t does not 
provide the whole answer. 

Study has therefore been made of the man­
ner in which these and other available com­
parable records were taken I t is found that m 
all instances, temperatures were taken in un­
disturbed ground, usually by the msertion of 
a temperature measunng device mto a small 
diameter hole bored for some distance into the 
side of an excavated trench Pipes, on the 
other hand, are buned in trenches, the back­
filling of which IS always done with much dis­
turbed soil, compaction methods rarely being 

used at all. The available scientific records 
suggest that those responsible for tiie measure­
ments realised that tiie state of the soil had 
some influence upon soil temperature varia­
tion but surprisingly enough no written record 
of this suspicion has yet been found. 

Brief study of the effects of proper compac­
tion of soil on other soil properties suggested 
to the senior author that this was a matter 
which deserved mvestigation. Asa start, there­
fore, a relatively simple experiment was started 
at Toronto in 1944. I n the grounds of the head 
office of the Meteorolo^cal Service of Canada, 
a large pit was excavated about 10 feet away 
from the soil temperature measuring installa­
tion established m 1924. Bulbs of a simple 
temperature recording instrument (of the mer-
cury-m-steel type) were then buried m the 
backfill of the pit at depths correspondmg to 
three of the estabhshed points. The workmen 
who backfilled the pit were mstructed to pro­
ceed exactly as usual. Such compaction as the 
soil received was, therefore, no more and no 
less than would be the case in ordinary prac­
tice 

This dual installation is still m operation. 
The results obtained are so striking that the 
authors feel that they cannot possibly be 
typical and they are not therefore here given. 
Suffice to say that the frost penetration m the 
case of the disturbed soil is very much greater 
than that in the undisturbed soil, to such a de­
gree that, makmg every possible allowance for 
special local conditions, i t is clear that for com­
parable soil and surface conditions to those at 
this site, the state of compaction of the soil is a 
smgularly important factor m relation to its 
temperature. 

As a further step m the study of this first 
major complicating factor, the engmeeiing 
autiionties of a Canadian city (which for the 
time bemg must remain nameless) kindly 
arranged for the controlled backfilling of a 
number of trenches m different soil types in 
the fall of 1948 When the performance of the 
backfill with respect to frost penetration was 
examined by actual inspection m the spnng of 
1949, i t was found that, apart from some minor 
vanations, there was no significant difference 
between tiie frost penetration in compacted 
and uncompacted soil. 

This disappomting result added the second 
of the major comphcations so far recognised 
to the overall problem. For i t was soon noted 
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that, whereas in the Toronto experiment the 
surface cover was turf, the trenches m this 
more recent investigation were covered over, 
upon completion, with 8 inches of concrete 
overlain by 2 mches of asphalt, thus effectively 
sealing off the soil from direct contact with 
the atmosphere The relative absence of snow 
cover over the trenches, as compared with the 
Toronto site, may possibly be another factor 
but i t is not thou^t to be of significance as 
compared with the sealing-up of the ground 
surface 

I n the face of such discordant results, i t is 
natural to seek another approach. An obvious 
way of coming at the problem from another 
angle is to mvestigate the thermal properties 
of soils of different types to see if and how they 
vary. A start at this work was made in 1945 at 
the Umversity of Toronto. Professor E. A. 
Allcut, head of the Department of Mechanical 
Engineering at the Umversity, and Mr F. R. 
Hooper of his staff kmdly mterested them­
selves in the problem and carried out a series 
of tests on samples of soil at different moisture 
contents and at different degrees of compac­
tion. Most of the experiments were made on a 
glacial t i l l , but some other soil types were also 
studied. 

Results were obtamed which are sunilar to 
those recently pubhshed by Kersten (/) . One 
of the most important findmgs was a di­
rect mcrease m conductivity with mcreaae m 
density of the soils studied. This is to be ex­
pected in view of the nature of heat transmis­
sion. I t was found also by Kersten (see Figures 
15 to 18 of his paper). I f soil behaved in place 
in accordance with this well-observed labora­
tory characteristic, then the looser and less 
compact the soil, the less should be the frost 
penetration. Exactiy the reverse is the case m 
the Toronto experunent, thus adding a third 
complexity to the general problem, at first 
sight so suuple. 

Before reviewing the matter in a somewhat 
general way, two more practical aspects may 
well be mentioned. I n the first place, i t has 
been an old practical custom m the colder 
parts of Canada to cover the outlet pipes from 
septic tanks with a layer of tar paper imme­
diately before backfill is placed over them. 
These pipes carry a very small flow mdeed and 
are rarely buried to a depth of more than a foot 
or two I t is known, however, that if tar paper 
is used to cover them, there will be no danger 

of freezing even m extremely cold weather. 
Making all due allowance for the heat capacity 
of the contents of the tank, the prevention of 
freezing can still not be explamed merely by 
the msulating property of the tar paper, and 
this common material is not known to have 
any mysterious property which could be rele­
vant, i t IS , however, relatively impervious to 
moisture vapour 

The second practical matter to be recorded 
comes from the Canadian city already men­
tioned. A year or two ago, this city purohased 
a laige quantity of new snow removal equip­
ment; its snow clearmg staff are keen and 
efficient and operated then: new eqmpment, 
even m a winter of light snowfall, so well that 
all mam city streets were practically clear of 
snow throughout the winter of 1947-48. Dur­
ing the same winter, the water department of 
the same city encountered a very large num­
ber of frozen water mains and hydrants. This 
mcrease bore no relation at all to the relevant 
degree-days of freezmg, using this statistic to 
mdicate the seventy of local winter weather. 
The removal of the relatively thin layer of 
compacted snow, due to the efficacy of snow 
cleanng as compared with previous years, 
would not appear to provide a satisfactory ex­
planation of the change m frost penetration. 
This suggests the possibihty of otiier compU-
catmg factors, one of which may be the colour 
of the surface exposed to cold tempemtures 
durmg wmter nights, while even the effect of 
traffic (which would be influenced by the re­
duction of the compacted snow layer) may be 
appreciable. 

A QENERAL NOTE 

Without gomg further m discussion of some 
of the peculiar aspects of soil temperature 
variations which are revealed by study of ac­
tual field experience, i t can be seen that the 
matter is one of great complexity and not at 
all the straightforward phenomenon which 
theoretical study would suggest. In the first 
place, the solid material being considered is 
not a solid material m the usual sense of that 
word. Despite this, i t is rare to find any accu­
rate descriptions of the actual soils studied in 
most of the earher papers, the word "soil" 
being used in the delightfully general and yet 
vague way which was common until relatively 
recent years. Even in this paper, soil types 
have only rarely been mentioned. This was 
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done, however, in order to direct attention to 
other and less obvious influences upon soil 
temperature variation. Clearly, however, the 
type of soil will have a profound influence upon 
its behaviour under the conditions which affect 
soil temperature changes. 

(Consider next the fact that soil, far from 
being a solid material, is a complex three-phase 
system, including soil matter, air, and water 
both free and ^xsA, and some of the facts al­
ready cited take on a different complexion. 
The nature of soil temperature variations can­
not satisfactorily be considered without a 
detailed study of the effect of temperature 
changes upon the water associated with soil 
particles. The authors have been led to the 
pomt of beheving that i t is this phenomenon, 
more than any other, which really determines 
the "penetration of frost", reverting to this 
sunple term for simplicity. To justify their 
present opinion would mvolve a detailed dis­
cussion of the soil-water relation. This has 
been done so well by those expert m the field 
that i t would seem presumptuous to attempt 
even to summarize here the complex theories 
involved. Beference may rather be made to 
other workers and in particular to the papers 
of Winterkom (17) which explain most lu­
cidly an aspect of soil physics which will be of 
increasing concern to the authors as their work 
slowly advances. 

One other general aspect of the matter 
must, however, be noted. Whenever soil sam­
ples are tested for their thermal properties in 
any of the usual ways involving exposure to a 
temperature gradient, a migration of water 
will occur from the hot nde to the cold side 
of the experimental apparatus. The migration 
cannot be prevented. I t is usually noted by 
workers m this field, but generally regarded as 
an accompanymg nuisance "up with which 
one has to put" (if a satuic phrase of Mr. 
Churchill's may be borrowed for such a paper 
as this). I t seems apparent to the authors that 
this moisture migration is an important part 
of the phenomenon of heat transfer in soils 
and that its neglect may render results ob-
tamed in the conventional type of heat transfer 
equipment not as accurate as is desirable They 
therefore welcome steps which are being taken 
to develop means of determinmg the thennal 
properties of soils relatively quickly. A Dutch 
device for this purpose has already been de­
veloped which appears to be most promising. 

I t is at present under study at the University 
of Toronto (under Professor Allcut and F. R. 
Hooper); its perfection will provide a most 
useful tool for the study with which this paper 
is concerned. 

Once again, however, field experience does 
not seem to be in complete accord with lab­
oratory findings. Evidences of moisture migra­
tion which have been observed under roadwasrs 
in hot chmates and under heated slabs in cold 
chmates appear to suggest that moisture has 
accumulated in warm regions in preference to 
cool ones, rather than the reverse. Evidence 
in this regard is still very meagre but the re­
sults of tiie survey reported by Hicks {18) 
present enough food' for a great deal of 
thought, and suggest the need for detailed 
study, even of this single result of soil tempera­
ture variations. Wmterkom and Eynng {19) 
have dealt briefly with the matter; i t is almost 
certainly related to the complex action of the 
fixed water usually associated with soil par­
ticles. 

To go further would lead to discussion too 
detailed for a general progress report such as 
this. I t may be useful, therefore, to bring this 
brief general review to a close by hstmg what 
now appears to be the more important factors 
which do influence the pattern of soil tempera­
ture variations at any given locality, all of 
which must be investigated and assessed before 
any one set of observations can have full value. 
The authors suggest the following: 

1. I'ype of soil; 
2. State of compaction of the soil; 
3. Moisture content during test; 
4. Position of water table during test; 
5. Type of surface cover, including its col­

our; 
6. Amount and nature of traffic over site; 

and, of course, 
7. Local climatic conditions. 

CANADIAN WORK NOW I N FROORESS 

Attention has already been drawn to the' 
discouraging difficulties of solving the soil 
temperature problem by theoretical methods. 
I t is by no means on account of any mathe­
matical qualms that so many early investiga­
tors took to the field to improve their knowl­
edge. Actual readmgs of ground temperature 
are now, and because of the complexity and 
varied nature of the factors mvolved, probably 
always will be the best approach to tiie prob-
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lem. This line of attack is therefore being used 
by the Division of Building Research of the 
National Research Council of Canada to add 
to existing information. A programme of field 
observations under controlled conditions has 
been drawn up m two parts, one of which is 
of a more fundamental nature than the other. 

A basic field study has begun at the Mon­
treal Road Laboratories of the Council in 

those convenientiy located for testing as hav­
ing the greatest (Merence in theur heat-trans­
fer properties, and are therefore intended to 
represent two widely different conditions. 

I n each group of four pits, two were back­
filled in the usual manner with workmen 
tramping the soil in place. I n the remaining 
pits the soil was compacted in layers wil£ 
compressed-air vibrators, in an attempt to 
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Figure 6. Schematic Diagram of Experimental Test Pits In Clay 

Ottawa m an attempt to investigate some of 
the vanables in question. As a start i t is 
planned to study at one time the effects of soil 
type, state of compaction, and snow cover on 
ground temperatures, and the installations for 
this purpose will be briefly descnbed. Eight 
test pits have been dug, four in a clean, coarse, 
uniform sand and four m a stiff marme clay. 
This clay, which is remarkably hard and brittle 
m the undisturbed state, is medium soft and 
plastic when remoulded. Its natural moisture 
content is about 45 percent, with a hquid limit 
of 60 and a plasticity index of 32. The sand 
and the clay soils were picked from among 

replace i t at a density as near as possible to 
that of its natural condition. I t is recognized, 
of course, that this operation completely alters 
the original structure of the clay. 

The effect of the third variable—snow cover 
—will be found by clearing the tops of half the 
pits of snow in winter, while allowing the 
others to retain their snow covering. M are 
surfaced with turf. 

A vanety of continuous readings is needed 
to make these test mstallations as useful as 
possible. Temperatures are read in each pit at 
1-ft. intervals to a depth of 8 f t . To offer a 
useful comparison with temperature patterns 



LEGGET AND PECKOVEBr-SOIL TEMPERATURE 443 

in the clay pits which are densely compacted, 
temperatures are also obtained to a total 
depth of 15 f t . in the imdisturbed clay nearby. 
The level of the ground water table is followed 
at both test sites, and contmuous weather rec­
ords are available from a meteorological sta­
tion less than a mile away. The layout and 
dimensions of the test pits m clay are shown 
in outline form in Figure 6; those in sand are 
quite similar. 

A few of the details of these tests may be of 
interest to any who plan similar work, and for 
comparison with other installations described 
in the literature. 

Temperature measurements are being made 
with thermocouples and a portable potenti­
ometer with an ice bath reference junction. 
Thermocouples which can be easily made in 
the laboratory compare well in reliability with 
purehased units, in the authors' experience, 
and represent quite a saving in cost. Copper-
constantan wire of 20 gauge is used, provided 
with a waterproof coating. After soldenng, 
the ends of the wire are effectively sealed 
against moisture by dipping in a special type 
of plastic. Each string of •thermocouples is 
then mounted on a wooiden pole and installed 
in position in the test pit. 

Although the pits are thought to be large 
enough to suit tiieir purpose, thermocouptes 
have also been put horizontally at the 5-ft. 
level as shown in Figure 6. I n tins way i t is 
hoped to detect any side effect due to the pits 
that might affect the central readings. 

Piezometer pipes which are simple and easy 
to install are being used to follow the seasonal 
rise and fall in ground-water levels. Before 
dnving, the bottom end of each pipe was 
pinched, liberally drilled with holes, and filled 
for a short distance with coarse sand to act as 
a clean filter. Ground-water depths seem to 
range from 9 to 10 f t . m sand and 5 to 10 f t . in 
clay. 

The usefuhiess of being able to check any 
moisture migration in the sod that might occur 
due to temperature changes was recognized 
in planning the tests, and some satisfactory 
means of following such moisture changes was 
sought. Small resistance units for this purpose 
are sold commercially in two or three different 
forms, but a great deal of difficulty was en­
countered in cahbratmg them for these par­
ticular soils. Fmally, a nylon absorption type 
of unit developed and described by Bouyoucos 

(20) was adopted for use in the clay pits in 
portions as shown in Figure 6. So far, no sat­
isfactory means has been found of taking 
similar readings m sand. 

The installations which have just been de­
scribed were made in the fall of 1949. I t will be 
therefore some tune before proper results are 
obtamed from them. I t is planned to continue 
readmgs for at least two years and until what 
are considered to be typical results are de­
veloped. The test pits will then be excavated, 
correct values for density and moisture con­
tent of the soils obtained, and the accuracy of 
all the apparatus checked. 

The second part of the programme of field 
operations is being carried out i n that Cana­
dian city which, at the nsk of once more aroua-
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Figure 7. Schematic Diagram of Bzperlmen* 
tal Installation under a City Street 

ing the reader's curiosity, must still remain 
nameless. I t will be readily understood that the 
aun of the project in this case is to find tiie 
effect of snow cover on the frost penetration 
under streets, and the ful l cooperation of the 
water and engineering departments of the city 
has been lent to speed the work. As will be ap­
parent shortiy, however, no matter how well 
such work is planned and how promptly, car­
ried out, the weather very definitely has the 
final word in deciding if the results are worth 
while, or mdeed are obtained at all. 

I n this mstance, two locations have been 
chosen, one again in uniform, fine sand and the 
other m the same stiff marine clay previously 
described. At each location, the bulbs of some 
meroury-m-steel recording thermometers have 
been placed under a street in the positions 
shown in Figure 7, at depths of 2 and 5 f t . Ar­
rangements have been made with the city 
authonties to plow the snow level from the 
crest of the pavement to the top of the curb 
at these places The thermometer bulbs are 
therefore placed individually so as to be under 
the centre of the street where snow cover is at 
a minimum, under the gutter where snow cover 
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will be partial and, for the sake of comparison, 
behind the curb where snow cover will be 
normal 

At the site of the mstallation in clay (shown 
in Fig. 7), thermocouples were recently put m 
the ground bemde the recording thermometer 
bull», to check the relative accuracy and re-
liabihty of these two methods of temperature 
measurement 

These tests were started in the fall of 1948, 
but the following winter was the mildest for 
many years m that locality, with very little 
snow. As a result, frost penetration was far 
from typical and no worth-while records have 
yet been obtained. 

If research by the methods described is suc­
cessful, each may be expanded to find the 
effect of other important variables. Both may 
be extended to other typical soil types such as 
gravel and alt, and used to compare the 
amount of frost penetration under identical 
conditions, but with and without pavement 
cover and traffic. I t is hoped to proceed with 
studies such as these as soon as possible, but 
results will not be available for a few years at 
least. 

CONGLUSION 

Strictiy speaking, this paper should have no 
conclusion, since i t is a progress report upon 
work whicii has been started but which has 
not yet yielded any specific results. The rea­
sons for this have been explained and i t is 
hoped that the explanation has provided a 
reasonably clear statement of the many prob­
lems and difficulties associated with the inves­
tigation of soil temperature variations, par­
ticularly in disturbed ground. 

I t will be clear that the programme of work 
which has been described is but a part of the 
necessary broader programmewhich will benec-
essary before the phenomenon of soil tempera­
ture variation is properly understood. Since 
the time unit for all such experimental work is 
at least one year (but usually two or three 
years), the unusual course of the authors 
presenting this progress report may perhaps 
be understood and so appreciated. 

The first records obtained from the pro­
gramme which has been described are inter-
estmg and suggestive. I t is therefore hoped 
that a further report may be presented to sup­
plement this introduction just as soon as 
enough records have been accumulated to be 

of general interest and of value in connection 
with further investigations. 
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PAVEMENT PERFORMANCE CORRELATED WITH SOIL AREAS 

J . C. S T E V E N S , A. W. M A N E B AND T . E S H E L B U B N E The Virginia Council of Highway 
Investigation and Research^ 

SYNOPSIS 
This paper is a continuance of one entitled "Analysis of Spring Break-up Data 

in Virgima", presented by Messrs T E. Shelburne and A W Maner at the 
Twenty-Eighth annual meeting of the Highway Research Board The onginal 
paper considered data only from the Culpeper Distnct of the Virgima Depart­
ment of Highways, whereas this paper includes an analysis of performance of 
18,000 miles of roads throughout the State—nearly 8500 miles of primary and 
9600 miles of hard-surface secondary roads 

Road performance surveys were conducted dunng the spring break-up of 1948 
and uniform ratings were originated These ratings, five in all, which were de­
pendent upon the degree of pavement distress, depicted road conditions when 
lowest support characteristics prevailed. During the survey, maps of each county, 
showing performance ratings of primary and secondary roads were prepared. 
These data were summarized and a map of primary routes was developed for 
each of the eight districts By combiding these district maps a composite for the 
State was prepared 

An expedient method of digesting the maze of information collected was to tab­
ulate all data according to several categories Since non-hard-surface secondary 
roads vary so extensively, only primary and hard-surface secondary roads were 
considered under each category Road performance first was studied according 
to twelve general soil areas, established by grouping soils on a basis of physio­
graphy, geology and pedology. Further study of performance was made by group­
ing according to base and surface types 

Studying pavement performance on a soil-area basis was a valid approach, for 
the percentage of total mileage in any one soil area was about equal to the per­
centage of the State within that soil area Based upon the 1948 spring break-up 
data, pavements were found to perform best in three soil areas—sandstone and 

' An agency sponsored jointly by the University of Virginia and the Virginia Department 
of Highways. 




