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FOREW.ORD 

K. B. Woods, Chairman 
Committee on Frost Heave and Frost Action in Soils 

Frost action,-is not a simple phenomenon. The elements of climate, soil, 
ground water, pavement, and traffic are factors which influence the nature of frost 
action, governing the intensity of its occurrence or the degree in which it is 
detrimental. The thawing of the frozen ground and the marked reduction in bearing 
capacity following the thawing are each as much a part of the overall phnomenon 
as is ground freezing. In fact, any action associated with soil freezing or thaw-
ing which unduly stresses the road surface.,base, or subgrade soil or changes their 
water content, porosity, structure, or ability to support loads, is essentially a 
part of frost action. Thus frost action includes the primary process of freezing 
as well as the secondary process of-thawing and the effects of freezing and thawing 
of pavements and their foundations. 

The Highway Research Board Project Committee on Frost Heave and Frost Action 
in Soils was reorganized in 1947. Its revised project assignment was to study the 
ovrall problem of frost action as related to highways. The complex nature of frost 
action brought out the need for a bibliography and review of published literature 
on the subject of frost heave and frost action in soil. As a result of recommendations 
made by the committee and the Department of Soils Investigation, the Highway Research 
Board assigned its engineer of soils and foundations, A. W. Johnson, to work with 
the committee and devote such spare time as was available to the project. An anno-
tatéd bibliography was prepared and published as Highway Research Board Bibliography 
No. 3, "Bibliographyon Frost Action in Soils," annotated in 1948. The demand for 
the bibliography required three printings. 

Following the release of the annotated bibliography, Johnson continued his 
work with the development of a review of the literature on the subject. This book 
is an out-growth of se4,eral months of part-time effort on the part of the reviewer. 
The review complements the 36-paper "Symposium on Frost Heave and Frost Action in 
Soil" presented at the annual meeting of the Highway Research Board in January 1951. 

The literature which pertains directly or indirectly to frost action in so1s 
is voluminous. Articles on the subject are to be found in many publications here 
and in other countries. A review of that literature would involve a study of the 
many separate and related factors which influence frost action. A comprehensive 
review should include study of all literature pertaining to those various factors 
presented in English, as well as a number of foreign language articles. The re-
viewer has, insofar as is practIcal, included data from abstracts or available full 
translations of foreign language articles. However, lack of facIlities for trans-
lation has made it necessary to omit many foreign language articles believed.to  have 
worth. 

Time has not permitted a complete review. However, the review is intended 
to be comprehensive in scope of subject matter. Soil freezing is treated at con-
siderable length. Some facets of the frost-action phenomenon which have no direct 
bearing on the design, construction, or maintenance of highways or airfields are 
covered. The intention of the reviewer here is to give breadth to the concept of 
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frost action, to aid in understanding the effects of soil freezing and thawing on 
foundations for pavement and structures. The review is not the normal digest type 
of review in which. the reviewer would completely restate in his own words, the con-
tents of the literature. Bather, it is an abstract type of review in which the re-
viewer has attempted to separate pertinent statements and tabulate and classify data 
and illustrations to make them available to the reader. In many instances the re- - 
viewer has chosen to quote directly from the authors writings to facilitate preéenta-
tion of the ideas of the author. The abstract .mothod was used because it greatly 
facilitated reviewing the literature and organizing the findings. The review summarizes 
the writings in chronological order and uses a form of referencing which permits the 
reader to know the year of publication of the writing. That method permits the 
reader to follow the development of knowledge and in some. instanc6s to observe the 
changing views of writers with the passing of. time. 

The problems associated with frost action in highways are as broad in scope as 
are the technological aspects of the phenomenon. They include proper road maintenance 
to hold frost damage to a minimum, regulauon of loads during and following the frost 
melting period to prevent unnecessary damage to pavements, and' proper design to pre- - 
vent detrimental frost effects on new construction. The reviewer has purposely 
ommitted from this review much available Information on the subject of regulátión 
of loads because, that phase of the frost problem is under study by another committee 
of the Highway Research Board, viz., Maintenance Project Committee No. 7: "Load 
Carrying Capacity of Roads as Affected by Frost Action." 

vi 
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P R E F A C E 

The first step in attempting to solve a problem is to acquire as much of the 
available knowledge on the subject as is practical. That can be done by reviewing 
published reports and by talking with investigators actually working on the problem 
and with others who have had close Working contact with similar problems f or a long 
time. This review of frost action in soil was prepared to help investigators in 
that first step and thus prevent unnecessary duplication of work which has already 
been reported. Newly developed engineering information is not readily accepted and 
put to use unless all engineers keep pace with developments.. The reviewer believes 
this presentation will also be useful to practicing engineers by not only acquainting 
them with design methods but also by broadening their concepts of the basic pheno-
menon of soil freezing. The degree of detail in4luded is indicative of the dual 
purpose of the text. 

The preparation of the review was a pleasant and rewarding task. However, it 
could not have been accomplished without the assistance of other staff members. 
Mrs. Dorothy Bright, Librarian, collected the various reports and edited the biblio-
graphy. Miss Donna McElhIney, secretary  to the reviewer, typed the abstracts, the 
Initial draft and the finalinanuscript for offset reproduction. Miss Evelyn Stoll. 
prepared tracings of many of the charts. 

A.W.J. 

WashIngton, D. C. 
February 1, 1952 
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HISTORICAL INTRODUCTION 

Ground freezing and heaving has from the earliest times, been a subject of observa-
tion and discussion among country people. Early Swedish literature indicated that the people 
in Sweden understood that frost caused uplift of boulders in fields. According to Beskow this 
phenomenon was described in 1644 by Hiarne who said "...in fields where boulders have been 
picked out and the land cleared, more boulders will be generated ... ". The early literature 
also indicated familiarity with breaking of plant roots by heaving of the ground surface and 
contained descriptionsof frost boils and ground hoar frost (needle ice). Heaving associated 
with freezing of the ground was mentioned by Ru.neberg in 1765, who found clear ice in the soil, 
and in 18511. by Volger. 

During development of stage coach traffic in the 1700's both here and in other countries, 
it was observed that frost heaving caused damage to culverts. People at that time recognized 
that they did not fully understand the phenomenon. No doubt the ordinary difficulties asso-
ciated with thawing of ice and snow, spring floods and softening of roads due to snow melt 
water were so great in the frost belt that they obscured the real effects of softening caused 
by soil freezing. 

The coming of the automob1e brought with it the necessity for preventing the softening 
and in some cases the complete break down of road surfaces during the spring thawing period. 
Then the technical problems associated with frost action attained real significance from a 
practical as well as economical point of view. The problem became an acute one prior to 1920 
and in the early 1920's causing investigations to be undertaken in different countries. 

The present concept that frost heaving.is. due to tegrpwth_of ice crystals into ice 
lenses 	 to Taber's study of the work of Lavelle, and Becker and Day 
on crystal growth. Lavelle observed crystal growth in saturated solutions in 1853. In 1905 
Becker and Day found that growing crystals in a saturated solution of alum were capable of 
raisrg a kilogram weight " ... several tenths of a millimeter". Taber, in a discussion of the 
work of Lavelle and Becker and Day in 1916 stated that "...the same argument applies to the 
formation of ice columns...". Two years later Taber showed experimentally that ice forming 
in clay soils lifted surface weights. He then concluded that heaving is caused by the growth 
of ice crystals into lenses or layers of ice. That, however, was only the beginning of Taber's 
extensive study of frost action in soils. 

early statement brought forth considerable discussion.in  the published literature. 
New designs appeared, some bordering on the whimsical and others unsupported by either facts 
or experience. Many engineers did not comprehendTaber's concept and continued to hold to the 
older concept which had been expressed in 1765 by Runeberg that frost heaving was due to the 
volume change of the contained water changing to ice.(approximately 9 percent volume increase). 
Others cited instances where the heaving was so great that volume change of water changing in-
to ice could not possibly account for the heaving when the depth of frost penetration was con-
sidered. The comprehensive report of Taber's great work in 1929 not only proved the validity 
of his earlier conclusions but gave some indication of the range of conditions under which ice 
crystals would grow into ice lenses and cause heaving. He dispelled the_old_conceptat 
heaving was due to the natural water-to-ice change in volume by producing growth of crystals 
and severe heaving with the use of benzine and nitrbenzin&hich solidify with a decree in 
volume. 

As early as 1897 Holaquist observed that in clay soils the soil between the lowest ice 
layers was often unfrozen indicating a lower freezing point after some water had been drawn 
out in the process of forming the overlying layer of ice. That observation was followed by 
extensive itudies of the freezing point in soils during the period 1914 to 1923 by Bouyoucos 
who found marked differences in the freezing points in different soils and for a given soil at 
different moisture contents. It was the findings of Ho].mquist and Bouyoucos and other later 
investigators which made possible a plausible explanation of Tabers concept of water contlnutng 
to flow to and nourishing growing ice crystals until they develop into ice lenses. 

Long before Johanason had confirmed his belief that water moved to the freezing zone, 
people were aware that heaving was associated with an increase in soil water content. Runeberg 
in 1765 had determined the moisture content of chiiijk of frozen clay and found it contained 
almost four times as much moisture as the unfrozen dry clay layer and said "Is it not a wonder 
then that a clay layer can displace a layer that rests on it, when the water freezes?" 
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Since that time much effort was given toward obtaining a better understanding of water 
movements in soils. Some of the early concepts developed on analogy between capillary tubes 
and sot], pores in which water rose or was held in the pores through tension in surface films. 
Several writers classified water into hygroscopic, capillary, and, gravitational or free water. 
Brigga (1897), Bouyoucos (1921), Lebideff (1927) and Zunker (1933)  are among those who held 
that forces responsible for water movements were analagous to those which move water in a 
capillary tube. Bickingham (1907) had a different view. He made his comparison with the flow 
of electricity through a conductor and assumed that water flowed. in an analogous manner, the 
driving force for the water being the result of the difference in moisture content in the soil. 
He called that driving force the "capillary potential". 

, 
Those who studied the freezing and heaving of soils saw in the existing concepts no 

completely satisfactory explanation of the forces responsible for drawing the water into the 
freezing zone. Taber agreed that during the growth of an ice layer in clay, water is supplied 
to the crystals through small capillary passages but held that "...the upward flow of water 
should not be attributed to capillarity as there is no free surface or meniscus. The uplift 
is due to the cohesive forces in the water". Beskow's concept of the fundamental processes 
of freezing and heaving did not differ materially from those of Taber. He saw the practicabIlity 
of recognizing water movement by what he called capillary suction, the rate of flow being de-
pendent on the pressure difference and the size of the pore channels. He developed a capillari-
meter to give a relative measure of the height of capillary rise in soils. His practical treat-
ment of water movement as it is related to frost heaving is perhaps the most comprehensive 
available. 

Some of the earliest field studies in the United States were measurements of soil mois-
ture content, and soil heaving of subgrades by the Illinois Department of Highways in the Bates 
Experimental Road in the early 1920 1s. Also, they conducted load-bearing tests with repeated 
applications of load. Their tests indicated a marked reduction in load carrying capacity of 
subgrades during the frost melting period. The acute need for means for preventing severe 
differential heaving and the consequent frost boils brought about cooperative studies by the 
Bureau of Public Roads and the State highway departments of Michigan, Minnesota and Wisconsin. 
Those studies brought out the effectiveness of different depths and widths of granular bases 
on different soil textures, soil profile arrangements and soil water conditions. 

Michigan's studies were started in the 1920's and included both laboratory and field 
investigations. They brought out the relation between soil type, soil profile characteristics, 
soil water conditions and heaving. The Michigan work reported in 1931 resulted in the state- - 
ment of a new theory on frost heaving in which a fluctuating frost line was held to be pro-
ductive of major ice segregation associated with severe differential'uplift. The discussions 
which followed included the presentation by Casagrande of one of the earliest statements on 
grain size limits for heaving and non-heaving soils. 

The study of frost action in Sweden closely paralleled the work in this country but was 
on a larger scale. In 1925 the Swedish Institute of Roads sponsored a conference on frost 
action in soils in which representatives from highway, railroad and other technical interests 
were present. The published proceedings of the conference summarized the practical knowledge 
of the frost heaving phenomenon and the preventive measures used up to that time. With that 
background of information and cooperation, Beskow and his co-workers attacked the problem. 
The results of his work were published 'piece-meal' as the work progressed and covered the 
various phases ranging from snow plowing, drainage, significance of geologic factors, supporting 
value during the frost melting period, the capillary properties of soil and how to measure it, 
measures to insulate and to isolate frost, the use of'chloride salts and sulfite liquors, 
corrugation and counter measures, to the technical aspects of the freezing and heaving pheno-
mena. The results of those fundamental researches were published in a single bulletin (1935) 
which remains one of the most comprehensive treatises on the mechanics of frost action in soils. 
It was translated into English by Osterberg in 1947. Many of the quotations herein attributed. 
to Beskow (1935)  are taken from Osterberg's excellent translation. 

It is not surprising to find scientists interested in the more vivid physical aspects 
of the freezing and thawing phenomena as evidenced in the heaving and in the erupting frost 
boil. But it is notable that scientists in the early 1800's were also interested in soil 
temperatures associated with frost action. Forbes, in 1837, not only observed soil temperature 
to depths of over 25 ft. but did so with specially constructed thermometers 26 ft. in length 
capable of measuring temperatures to one-hundredth degree Fahrenheit. Some of the earliest 
measurements in North America were made in Canada by Callendar in 1895. Callendar observed 
seasonal changes in soil temperature; the effects of rainfall in increasing soil moisture and. 
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in influencing the temperature and thermal conductivity of the soil; and the effect of snow 
cover as an insulator in protecting soil from freezing. Calleñdar applied those data in com-
puting thermal diffusivity of the soil under the different coflditions 'of moisture content and 
temperature of the diferent seasons. Pattens extensive laboratory studies (reported in 1909) 
on the flow of heat in soils first gave specific data on the marked effect of soil moisture 
content on the thermal properties of unfrozen soil. Electrical engineers, in their studies of 
heating of underground cables have added to the available knowledge on the thermal properties 
of soils. 

Engineers assigned to construction and maintenance of roads have long known in quali-
tative terms, the nature of climate and soil state necessary for the occurrence of damaging 
frost action. However, it was not until 1930  that Sourwine, a highway engineer, found he could 
interrelate frost 'occurrence and higEway frost damage so as to make use of existing climatolo-
gical records as a means of determination of probable ground freezing occurrence. The inter- 

/ relationship he worked out on the basis of freezing point in the soil, the air temperature and 
the duation of the cold period is one of the first developed. At about the same time A,,_Casa-
grande cqrr1ated depth of freezing and duration of,cold i,n,terms,of cumulative degree days of 
below itirë_with ob 	ed4epthof frost penetration. Water supply engineers 

iiay saw possib1ities in Casagrande's interrelationship as.. means for predicting when frost 
will penetrate to the depth of water service, line. 

The early studies which were in a large degree fundamental in nature were followed by 
field studies of various designs to prevent or reduce, the occurrence of major frost heaving. 
k symposium held at Purdue University in 1938  indicated that the problem of severe differential 
heaving at that time was well understood. Engineers could recognize, from soil survey data, 
areas where severe heaving might occur and would also prepare designs with reasonable assurance 
that they would be successful. Engineers were also aware of the marked reduction in bearing 
cap
'
acity which followed frost melting in areas of severe heaving and whichh expr 	d t essehemselves 

in the form of frost boils and a subsequent breakup of road surfaces of the lighter types. 
However, as the wheel loads of commercial traffic became heavier and the number of commercIal 
vehicles increased rapidly in the early 1940's it became evident that engineers had insufficient 
knowledge of frost phenomena to predict the effect which the heavier and more concentrated 
traffic would have on the great mileage of roads subject to a somewhat lighter form of frost 
action. Those more recent developments resulted in the extensive investigation of frost action 
by the Corps of Engineers. That work was begun in 195  and constitutes the most comprehensive 
field and laboratory studies of frost action conducted in this country. 

- The R2renniallyfrozen ground (permafrost) of the North,. estimated to cover one fifth 
of the earth's surface, has 1oig'beeñ tu'died by Russian scientists. Only recently Americans 
have begun extensive studies of permafrost. The presence of permafrost in the United States 
in areas near the limits of glaciation is indicated by recent discoveries of fossil ice wedges 
and soil involutions and stone rings which are evidence of extreme frost activity during a 
past glacial era. 

DEFINITION OF FROST ACTION 

Many different terms have 'been' used to describe the processes of soil freezing and 
heaving and thawing and their effects on pavements and structures. Some of them are: frost 
action, freeze damage, frost heave, frost boil, mud boil, and spring breakup. The term, frost, 
is definedas the act or process of freezing, that is, congealing of liquids with special re-
ference to water. Since freezIng is the fundamental phase of the overall phenomenon of freezing 
and thawing, the term frost action is used throughout this review to denote that phenomenon. 
The term freeze damage is a commonly used term but it has a more specific meaning in that it 
refers to the damage caused by freezing. 

The phenomenon of frost action and its detrimental effects on highways and airfields, 
if considered in its entirety is not a simple one. The elements of climate, the soil, the 
soil water, the 'pavement and the traffic, individually and collectively, are factors deter-
mining the nature and degree of damage which may result from frost action. Any action re-
sulting from freezing and thawing which alters the water content, porosity or structure of 
the soils or affects their capacity to support loads is essentially a part of frost action. 
Thus the term frost action is used in this review when referring to the primary process of 
freezing as well as the subsequent effects of thawing of. pavement foundations. 



Heave Damage to Pavements and Structures 

The damage to roads caused by frost action can take place in two ways. The actual heave, 
if non-uniform may damage pavements permanently by fracture, or may leave a rough riding sur- 

- j-  face. The secondary effect of softening of the road bed which accompanies thawing of ice layers 
may bring about a reduction in load carrying capacity which will result in damage by loads which 
can be carried during the su.miner, fall and winter seasons without damage to the road. 

Heaving itself would cause no damage if uniform. However, due to variations in soil 
composition, moisture content and depth to ground water, and other factors, severe heaving is 
seldom uniform in nature. It is the abrupt differential heave which causes the damage. Such 
heaving often fractures pavements. Cracks are usually transverse where they reflect changing 
,round conditions. Old rigid type pavements built without longitudinal center joints have 
often cracked longitudinally due to a greater uplift at the edges. Some more recent designs 
with longitudinal center joints have developed severe cracking at or about the quarter point 
as a result of heaving. Skelton /1940-12 found that "...the critical period for a concrete 
pavement due to frost action occurs when the subgrade and pavement are frozen solidly to-
gether... as any tendency toward differential heaving causes the pavement to break. Another 
form of heave damage to rigid type pavements has occurred in Minnesota. Lang, /1937-8 de-
scribed high joints in concrete pavements which in extreme cases measured as much as two inches 
higher at the joint than at the mid-point of the slab. 

Flexible type pavements likewise fracture both longitudinally and transversely on differ-
ential uplift. Since severe differential heaving is usually of a local nature, heaves can be 
equally as severe in flexible type pavements as in rigid type pavements. The principal damage 
to flexible type pavements, however, is caused by traffic during the frost melting period when 
the load carrying capacity of the subgrade is low. 

A common type of damage to roads, regardless of type is the lifting of the crown of the 
road. Such heaving has been attributed to incomplete snow removal, the snow along the edges 
of the pavement acting as an insulator and retarding the penetration of frost while cleared 
areas permitted deeper penetration and greater uplift; and also to difference in subgrade 
moisture under edges and mid portions of pavements causing differential uplift. 

The early literature includes many photographs showing the nature of heaving of gravel 
type surfaces as well as flexible type and rigid type pavements. A few of those are repro-
duced here to illustrate the nature of severe heaving and cracking. It is worthy of note that 
recent literature presents no photographs of severe heaving and associated pavement cracking. 
This indicates that present designs are generally adequate to prevent occurrence of severe 
heaving. 

Figure 1. Abrupt and hazardous frost heave of a concrete 
pavement. After Aaron, 1934-3. (Photo courtesy Bureau of 

Public Roads) 
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Figure 2. Cracking in concrete 
pavement due to frost heave. 
After Aaron, 193 4-3. (Photo 
courtesy of Bureau of Public 

Roads) 

Figure 3 
Longitudinal cracking resulting from an 
abrupt change from a higher soil moisture 
under the edges to a lower one under the 
mid-portion of the pavement causing 
different ial uplift. 
(After Bleck 1948-3) 

There are some published accounts of damage to structures by frost heaving. Few of 
those relate to roads. Damage to structures in this country has been limited largely to 
houses, retaining walls, culverts, manholes, inlets and similar small structures. Economically, 
the damage is of small consequence. Like many road ailments it is more annoying than costly. 
Severe differential heaving often occurs over pipe culverts, sometimes leaving a residual up-
lift which does not subside completely on thawing. The net result may be a bump in the road 
but it may also cause enough displacement of the pipe to cause sedimentation and reduction in 
capacity. It is not uncommon to find frost heaves where the road surface on each side of a 
culvert is lifted leaving a depression over the culvert. Possibility of damage to retaining 
walls due to lateral displacement is recognized by some practicing engineers, but the litera-
ture on the subject is meager. 

Load Damage to Pavements Following Thawing 

The effect of the softening of the roadbed due to thawing of the frozen soil and the 
consequent reduct!on in load carrying capacity of the soil causes more wide spread and greater 
damage than that caused by the uplift due to freezing. As thawing begins, the melting ice 
releases free water in the soil. The water is trapped in the thawed soil between the pavement 
above and the still frozen soil below unless a granular base course provides adequate space for 
its release. The weakened soil (or base course, if it is susceptible to frost damage), permits 
greater pavement deflections under traffic. These increased deflectiono disturb the soil and 
further reduce its load carrying capacity resulting in fracturing and if severe, in eventual 
failure of the pavement surface. 

If the ice content is high and the soil is sufficiently 'workedt under traffic a free 
flowing mud is formed which is forced out at pavement edges or at breaks in the pavement. The 
appearance is much like a mud boil hence this secondary effect following thawing has in severe 
cases been termed 'frost boil'. 

Early writings contain many descriptions and photographs of frost boils showing distress 
of light type surfaces approaching a condition of near or actual impassibility for vehicles. 
Present designs permit frost action to produce such vivid effects less often, although the re-
currence of climatic conditions favorable for frost action and concentrated heavy traffic caused 



their reappearance during the spring of 1948. The normal distress in flexible type pavements 
in the spring season is usually in the form of a close network of cracks accompanied by dis-
tortion of the riding surface. The distortion may produce a rough riding surface and, in the 
more severe cases, rutting followed by complete breaking of the surface. 

The usual distress in rigid type pavements is an accentuation of pumping in which soil is 
ejected at pavement edges and joints, followed by cracking as the process continues. Pumping 
is prevalent when rigid type pavements which are subjected to heavy truck traffic lie directly 
on fine grained soil; and, when conditions of climate and soil moisture produce ice directly 
under and in contact with the slab. Although frost is not necessary to cause pumping, its 
presence often produces a soil condition which makes the road more susceptible to pumping. 

Figure L• An example of pavement pumping caused by 
excess water during the frost melting period in the 

spring. (After Bleck 1949-11) 
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Figure 5. Severe frost action resulting in 
deep rutting and breaking up of a bituminous 
surface in Indiana. (Photo courtesy of 

K. B. Woods, 1950) 
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Erosion and Sloughing of Slopes 

The loosening .effect of frost action on surface soils is well recognized by farmers and 
agronomists who anticipate its benefits in improving soil tilth and crop productivity and dread 
its potential damaging effects on some crops like winter wheat. Its action sometimes creates 
problems in maintaining highway slopes. Hursh /l9Li8-7  reported that freezing and thawing is 
most severe on south facing slopes and has been known to cause "...erosion of one foot of soil 
in a single winter on a 1-1 slope clay bank". Winter heaving may leave the soil not only in a 
loose but also in a wet, sometimes almost fluid state in which it is easily eroded by heavy 
spring rains. Comparatively speaking, this effect is of minor importance yet it should be con-
sidered in some areas if slopes are to be protected. Means for protecting slopes are reviewed 
later. 

Extent, of Area in Which Frost Action Affects Highways 

Until the middle 1930's  frost action was recognized as a problem of economic importance 
only in areas where heaves and boils were evident. Those areas were limited largely to the 
northern tier of states. More recently, since frost action has been identified as the cause 
of reduced subgrade support in the spring, its occurrence has been recognized in all but the 
southernmost states. Shelburne, in his review of subgrade soil practices /19147-15  received 
reports from 28 states and the District of Columbia indicating that frost action was one of the 
subgrade problems encountered, miring 1950  SheIburne  /1951-146  again contacted State highway 
departments and found that only five southern states and California indicated that damage by 
freezing of road bases, sub-bases and subgrades was not a problem. The five southern states 
were: Louisiana, Mississippi, New Mexico, North Carolina and Oklahoma. Twenty-two states in-
dicated it was a major problem. 

Damage due to frost action in the northern states occurs every year, but differs in degree 
from year to year. Near the southern limits of ground freezing, some winters are marked by a 
total absenàe of frost action, others by severe spring breakup when ground moisture conditions 
are favorable for frost action. The time intervals between periods of damage increases pro-
gressively from North to South. 

Cost of Repairing Roads Damaged byFrost Action 

Numerous published accounts give estimates of road damage resulting from frost action. 
Reports usually have appeared inperiodicalsduring spring seasons when damage was greater than 
normal. No summary has been found which shows both the area involved and the amount of damage 
for any period, and no attempt has been made in this review to summarize data, as any summary 
made from published accounts would be far from complete. The two reports summarized below serve 
to illustrate the estimated cost of repairing damages following two winters which were pro-
ductive of severe frost action. 

One of these reports resulted from an Engineering News Record /1928-14 poll of states con-
cerning damage incurred during the winter of 1927-28. Eleven states replied. Seven of those 
gave figures on mileage and (or) cost of repairs. Those data are shown in Table 1. 

TABLE 1 

State 	 Mileage Affected 	 Cost of Repair 

Maine 	 $500,000 
Massachusetts 	 S 	 500 	 50,000 
Connecticut 	 600 	 75,000 
Rhode Island 	 10 
Wisconsin 	 50,000 
Michigan 	 2890 	 373,000  
Oregon 	 90 	 42,150 
New York 	 Greater breakup of old thin macadams than, ever before. 
New Jersey 	 Damage practically absent this year. 
Ohio 	 Very great damage 1926-27. Damage 1927-28 not more than half of 1926-27. 
Indiana 	 Bad, particularly on gravel roads. 
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The winter of 1947-48 caused extensive and wide spread damage to. roads. It was unique 
in that damage was severe as far south as Texas, Arkansas, Tennessee and Virginia. An example 
of estimated damage is that Kentucky /19148-2 reported that 1948 repairs to 924 miles of Ken-
tucky's winter-damaged highways averaged $5354 per mi. The total cost of resurfacing the roads 
broken up during the quick freeze and thaw period was estimated to cost $4,947,962. The account 
quotes the State Highway Engineer as follows: 

"It is estimated that an additional 1,000 miles will require the same costly 
treatment. The overall estimates show definite damage to nearly 5,000 miles of 
State highways. Almost 2,000 miles will require repair and resurfacing while 
repair will suffice for the remaining 3,000 miles." 

Otis /1951- analyzed road repair costs in New Hampshire and arrived at figures which 
were chargeable to repairing road surfaces damaged by frost action. The following list of 
costs indicates the effect of frost damage on road upkeep for the period 19148-50. 

Year 	 Primary System 	 Secondary System 	 State Total 

19148 	 $265,000 
	

$302,000 
	

$567,000 
1949 	 189.000 

	 204,000 
	

393.000  
1950 	 168,000 	 188,000 

	
356,000 

He brought out that the winter of 19148 was a severe one and that the winters of 1949 and 
1950 were relatively mild. Basing his cost on a mileage of :3,728 for the period January 1 to 
June 30, 1950,  the average cost per mile for all types was about $95. 

THE PHYSICAL PROCESSES OF SOIL FREEZING AND THILWING 

The Structure of Frozen Soil 

The building of layers or lenses of ice was mentioned in records of early observations. 
However, Kokkonen /1926-3  was one of the first to publish a detailed, well illustrated, article 
describing the variation in structure due to freezing different types of soils. He clasèified 
the structure' into massive, porous, and stratified frozen soils.. He stated that both massive 
and stratified forms can occur in soils of low porosity independent of grain size when the 
water content is adequate and that there is a certain water content below which soil becomes 
massive and above which it becomes stratified. Beskow 11935-1 gave detail descriptions of both 
the massive and stratified types of frozen soil and also of hoar frost (described in Appendix 1) 
which forms on the ground surface. 

Homogeneous Frozen Soil - Massive or homogeneous frozen soil is one in which water is 
frozen within the natural voids and there is no visible accumulation of ice lenses. This type 
of structure is associated with coarse grained soils, usually medium sands and coarser. Fine 
grained soils freeze without forming ice lenses when the water content is well below saturation, 
or when very quick freezing takes place. 

Stratified Frozen Soil - Stratified frozen soil contains visible ice lenses which occupy 
spaces greater in size than the original voids causing heaving of the surface. It occurs in a 
wide range of structure formations. The ice may range from clear blue to a porous white type. 
Cavities may be only partly filled in which case the ice - is usually white and porous, in the 
form of hoar frost. Ice may form around objects such as stones or it may appear as clean or 
partly clean lenses separating homogeneous soil. The remaining moisture in the soil may be 
frozen in the pores (massive structure), or in fine clays cooled only slightly below freezing, 
it may be unfrozen leaving the clay between ice lenses soft and plastic /1935-1. The occurrence 
of soft, plastic, unfrozen soil between ice layers near the frost line was described by Taber 
11930-9 and has been observed by many engineers in studies of frost. 

Beskow /19147-12  summarizes the nature of stratified frozen soil as follows: "The fine 
grained soils in the frozen conditions are composed of layers of clean ice which are essentially 
parallel to each other and parallel to the surface. The character of these layers depends 
mainly on the fineness of the soil. In clays the layers are thick and widely spaced, built in 
uniform and distinct systems, being more distinct and thicker the finer the clay is. The 



coarser the soil is, the less ice there will be both in thickness and In spacing of the layers. 
For example, In a silt we find very thin (a  few tenths of a mm.), short (a few cms.), separate, 
parallel and well oriented layers a few millimeters apart, which gives the mass a streaked appear-
ance. The coarser the silt gets, the finer and more distinct becomes the structure until fin-
ally at a certain range of grain size (0.06 to 0.1 mm.) it disappears entirely...". 

' ... aside from the regular structure...there exists...Ice strata of another character in 
these soils. These strata consist of unusually plane beds parallel to the ground surface, the 
ice layers being especially tou.gh  and thick.... The explanation is that at certain levels the 
rate of freezing is less than normal and the zone of freezing remains constant. The layer has 
a chance to grow thicker than usual...'. 

The Michigan field investigations 11930-10 showed " ... by far the most serious disturbances 
occurred in silts with ice banding very similar to that described in Taber's experiments /1930-9 
for clay". Burton and Benkelman /1930-10  showed that in nature thick ice lenses occurred In 
soils of very fine sand and silt texture. Figure 7 shows an example of ice lenses formed In a 
lean clay soil. 

Figure 8. Schematic diagram illustrating 
ice crystallization In open fissures 
and progressivs development of fissures 
below the frost line (dashed line is frost 
line). (After Beskow 1947-12) 

. Uneven soil textures may cause a variation 
in stratification 	A small variation In the 
average grain size or in the grading can cause 

-( apreciable difference In pore volume and there- 

41- fore in the water content at the beginning of 
freezing 	Stratification 	the 	has of 	soil 	a great - 	-. influence on the development of ice lenses. 	In 
sands, the occurrence of a very thin stratum of 

Figure 7. 	Ice Lens Formation In Lean silt or clay may cause the formation of a thick 
Clay Subgrade. (After Shannon 1944-1) ice layer. 	Any discontinuity in the form of a 

stone, crack or joint in structured soils may 
cause fissures to become filled with ice and 

widen the fissure. 	Beskow L97-12  found that at the frost line the freezing of ice In fissures 
causes them to wIden and work their way progressively downward. 	At the frost line the freezing 
stops but the open fissures extend slightly deeper as indicated in Figure 8. 

Taber L1922 and /1930-9  found that 0...in every experiment in which no addItional water 
cr.tered the system, the withdrawal of water from the lower part of the container to buIld up 
ice layers above caused shrinkage in volume, and, usually, the development of tensional cracks..." 

The Freezing PoInt of Soils 

Early observers /1897-1 found soft unfrozen clay between the deepest ice layers. Later 
observers found that a lower temperature was required to freeze the remaining water in clayey 
soils after the 	 water had, been moved upward and frozen during freezing of the over- 
lyIng soil. Bouycucos and MeCool Lj-2 pointcd out that the lowering of the freezing tempera-
ture in colloIdal substances (gels) can amount to a few degree C. and studied the concentration 
of the soil water by means of its lowered freezing poInt. During the period 1516 to 1921 
Bouyoucos made extensive studies J1916-, /1916-5, /1917-1, /1917-4,/1921, /1921-3 of the 
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freezing points of different soils at different moisture contents. He used two methods: the 
freezing point method Ll and the dilatometer method j.. He concluded early /19163 that among 
the internal factors which influenced the freezing temperature were the water content of the 
soil and the concentration of the soil solution. 

Bouyoucos found from his early studies /1915-2 that "...at low moisture content the.].ower-
ing of the freezing point is extraordinarily high and very different for the various types of 
soil, being lowest in the sandy types and highest in the clay types; at high moisture content, 
however, the lowering of freezing point is relatively  very low...with the exception of quartz 
sand the depression of the freezing point increases in a geometric progression as the percent-
age of moisture increases in arithmetic progression; in the case of quartz, however, the lower-
ing of the freezing point Increases directly as the moisture content decreases." 

Later /1916-5 Bouyoucos found that the freezing points of the coarser soils (sands and 
light sandy loans) remained constant with successive freezirigs but for the finer soils the 
freezing point rose with successive freezings. In explanation he stated the hypothesis that 
"...the greatest portion of the water which the soils cause to become inactive or unavailable 
and thus lose its solvent action is due to the colloids which the soils contain. This inactive 
or unavailable water may exist in the colloids/both as physically adsorbed water and as loosely 
chemically combined water. Upon freezing their colloids coagulate and the bonds uniteing them 
with the water break and the inactive or unavailable water becomes liberated. This liberated 
water becomes available or acts as a solvent and goes to dilute the original solution and there-
by decreases the lowering of the freezing point..." 

After amassing more experimental data Bouyoucos /1921-3 classified soil water on the 
basis of his freezing point determinations into broad groups as follows. Free water which 
freezes. at -1.5 deg. C. and unfree water which does not function as a solvent and which he 
divides into (a) capillary water which freezes at -1.11 deg. C. and, (b) combined water which 
does not freeze at -78 deg. C. 

Following his discovery of the effect of stirring /1923-3  he recognized the inadequacy 
of his previous hypotheses and explained further that "...upon freezing, the moisture in the 
small capillaries and that surrounding the particles as thick films accumulates in the'larger 
capillaries of the soil by the force of crystallization. In other words, the water in the 
larger capillaries, upon freezing, draws upon itself by the force of crystallization the water 
from the finer or smaller capillaries and films around the soil prticles, and, grows at their 
expense. Thus the water in the large capillaries affects the freezing point depression differ- - 
ently from that in the small capillaries... This hypotheses assumes that the solution immediately 
around the soil particles and in the very fine capillary spaces is less concentrated than the 
mass of the solution. This assumption which accords with the results presented in this paper, 
holds that the force of crystallization tends to draw the moisture from the finer capillaries 
and from around the particles as films into the larger capillaries. It is readily seen that 
during freezing and thawing the dilute solution from the finer capillaries and the films from 
around the particles go to dilute the solution in the larger capillaries or the mass of the 
solution. The consequence is that the orginal freezing-point depression is diminished. When 
the soil mass is stirred the moisture is again redistributed and readjusted and the freezing 
point depression becomes as before." 

/1 This method consists of observing temperatures at frequent time intervals by means of 
a thermometer Inserted in a freezing sample, the beginning of freezing being accompanied 
by a sudden temperature drop during an otherwise gradual lowering of the temperature. 

/2 The dilatometer method is based on the principle that water expands on freezing. A 
sample of moist soil is placed in a bulb to which 'is attached a graduated tube. The 
bulb is filled with kerosene or ligroin (a petroleum ether) and gradually cooled. The 
increase in the volume of the soil on freezing is taken as a measure of the quantity of 
frozen water. 
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The results of some of his work are shown graphically in Figure 9. Those results show 
that for a given soil, the greater the water content the more closely the freezing temperature 
approached 0 deg. C. the freezing point of free water. The sandy soils showed a small lowering 
while clay soils and highly organic soils showed a greater lowering of the freezing point with 
decrease in moisture content. 

MO6TURE ca(ruIT. PERVENT OF CRY WE,T 

Figure 9. Freezing temperatures of different' 
soils (curves 1 — 4 from tables 4 and 5, /1916-5. 
Curves 5 — 6 from tables 1 and 2 	 Types 
of soils tested are No. 1 humus loam, No. 2 and 6 
clay loam. No. 3 silt loam, No. 11. sandy loam, 
and No. 5 a quartz sand. (After Bouyoucos) 

Beskow /1935-1  In working with soil fractions 
found a straight line relationship between 
freezing point and grain size when soil is 
frozen in a saturated condition. Beskow ex-
plained /1947712 that the lowering of the 
freezing point was due to the "adsorption 
power" of the soil particles as follows: 
"...The water molecules are grouped together 
in a skin around the soil particles. This 
skin consists of thousands of layers of mole-
cules, the innermost layer being bound the 
strongest, the next, next strongest, etc." 
miring freezing an "extra force" (lowering of 
freezing point) is ne&ed to pull the water 
molecules from the skin and place them in the 
structure of the ice crystals. Zunker.L1928-10 
showed-that the force of adsorption is practically 
directly proportional to the surface area of the 
particles down to a diameter of about 0.002 mm.: 
for smaller grain sizes there is a definite in-
creasebut it is Inversely proportional to the 
specific surface of the soil. Thus the freest 
water which is essentially capillary water 
freezes first and as the temperature decreases 
more and, more of the adsorbed water is drawn 
to the growing crystal. 

Jung /1932-11.  found from his experi-
ments that the freezing temperature of 
soil water depends upon the adsorption 
characteristics of the soil particles 
and published results of his experi-
ments with a dilatometer to determine 
the freezing point of soils. Beskow 
/1935-1 pointed out inaccuracies in 
Jung's results due to errors in 
correcting for the volume change of 
the liquid and container and devel-
oped an improved apparatus and pro-
cedure for the freezing point method. 
Freezing point-water content relation-
ships obtained by Beskow for different 
textured types of soils are shown in 
Figure 10. 
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WATER CONTENT - PERCENT OF DRY WEIGHT 

Figure 10. RelationshIp Between Freezing 
Temperature and Water Content for Different 
Soils. (After Beskow f935-1) 

Taber /1929-2 also found that all soil water did not freeze at temperatures several degrees 
below freezing. In discussing Bouyoucos' work he stated that Bouyoucoe used small samples1 em-
ployed rapid freezing with heat conducted in all directions and that those conditions were not 
conducive to ice segregation. Therefore, Taber modified his methods using a larger cylinder, 
meta-xylene, instead of ligroin, and a slower rate of freezing. In all Taber's tests he found 
that "...the change in volume indicated that for each 100 grams of dry clay about 6 grams of 
water failed to freeze". Taber concluded that "...the failure of part of the water to freeze 
is determined by pore space rather thansize of particle..." 
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MacKintosh /1936-9, in a laboratory test showed that the_Q deg. C. line in a cylinder of 
c1ayoiiundgoing freezing was_about 2 cm. below _the 4ii1t 	n so of frozeil. Later tèts at 
Harvard University I 19L19-23 on soft clay showed that in one eeiies the temperature at the bottom 
of the zone of ice lenses ranged from minus 1 to minus 2 deg. C. (30.2 to 28.4 deg. P.). The 
boundary temperatures in the second series ranged from 0.5 to 0.7 deg. C. (31.1 to 30.7 deg. F.). 

Winterkorn /1943-15 held that Bouyoucost /1921-3  classification of soil water based on 
freezing point determinations was arbitrary and not founded on knowledge of the properties of 
water as worked out by Tamaan and Bridgeman. He discusses Tamman and Bridgeman's phase diagram 
for water (Figure 11) and concluded "(a) the melting point of water decreases with an increase 
in pressure only up to 2050  kg. per sq. cm. At all higher pressures, the melting point increases 
with increasing pressure, (b) the maximum expansion pressure obtainable in the freezing of water 
is 2050  kg. per sq. cm., and cooling below -22 C. does not increase the expansion pressure." 

to -22 deg. C.. (-7.6 deg. F.) and serving 
crystallization center", 

To this Winterkorn adds, The liquid state is 
an unstable condition for water below -22 deg. C. and 
if water does not freeze under expansion at this tem-
perature, this is because it is already solidified or 
is being solidified as a result of external or internal 
pressures as ice III. V. or VI respectively". 

Freundlich determined the adsorption pressure for 
alcohol and Florida fullers earth to be 20,000 to 25,000 
kg. per sq. cm. The work of Winterkorn and Bauer showed 
the adsorption pressure of water to be at least equal 
to-that found for alcohol. 

Winterkorn holds that water in a soil capillary 
is most strongly held at the pore wall, while in the 
center of the pore it may be free or No. 1 water. Thus 
there exists a gradation "...from water which is already 
solid above 0 deg. C. (ice VI or v) through water with 
melting points decreasing to -22 deg. C. and thence 
through water with melting points increasing to 0 deg. 
C." He computes that the decrease of pressure on nor-
mal water increases its melting point by 0.0075 deg. C. 
for each kg. per sq. cm. Then using a value of surface 
teision of 73 dynes per sq. cm., for a colloid radius 
of 10-5 cm. he computes the 'suction1  to be of the 
order of 15 kg. per sq. cm. which will result in an 
increase of the freezing point of water by 0.113 deg. 
C. That suction is present immediately below the 
meniscus. Winterkorn further states that "This place 
then is the normal center of ice formation: between 
it and the solidly adsorbed water on the pore wall is 
a zone of liquid water possessing melting points down 
as a passageway for the conduction of water to the 

Thus Winterkorn explains by means of the phase diagram for water what Taber and Beskow 
observed and deducted from general reasoning. 

Data from laboratory freezing tests demonstrate that fine grained soils do not freeze 
at 0 deg. C. (32 deg. F.). An example may be cited. MacKintosh /1936-9 presented a sketch 
from tests underway at Harvard which showed the temperature gradient within a cylinder of clay 
soil undergoing freezing from the top downward. The sketch shows that the Odeg. C. line is.  
about 2 cm. below thelimit of frozen soil. The temperature at the frost line was about - 

Data from field studies apparently are too erratic to permit drawing conclusions based 
on the small range in temperatures at which soils freeze. Examination of data from the War 
Departments field studies on airfields /1947-2  shows reasonably close agreement between depth 
of penetration of the 32 deg. F. line and the observed depth of frost penetration. However 
where the two did not coincide the depth of frost penetration was greater than that of the 
32-deg. F. line in more cases than it was less. Only at the Fargo and Pierre airfields was the 
32-deg. F. line materially below the observed depth of frost. Where the frost occurred below 
the 32-deg. F. line the soils were usually lighter in texture than those found at Fargo and 
Pierre. 
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Summarizing, it may be seen that Bouyoucos found the depression of the freezing point re-
lated to the soluble electro],ytes in the toil water, and that thereezing point .sdep.!sed_in 
ageometric progression when the percentage of water is deed. in arithmetic progression. 
Later researchers believe that the freezing point of the soil is related to the "tightness" with 
which the soil water is adsorbed. Some authors have stated that if it were otherwise, how can 
almost instantaneous base exchange reactions be explained. Investigators agree that for a given 
soil moisture content below saturation, sandy soils freeze at higher temperatures than do clay 
soils. 

The significance of the lower freezing point in clay soils is not that as subgrades they 
are, less apt to freeze, although from a practical standpoint that is true at low moisture con-
tents. Bather, it is significant that movement of water to the zone of crystallization is made 
possible by a depressed freezing point. Without that depression, the formation of icelenses 
and heaving in fine grained soils does not appear. to be feasible. 

Percent Preezeable Water in Soils 

Bouyoucos /1917-1, /1917-4 tested more than 100 soils from 19 states to determine the 
percentage of water which froze at temperatures of -1.5, -4.0 and -78 deg. C. The soils re-
presented a wide range of textural types. Bxamples of some of the data he obtained are shown 
in Table 2. 

TABLE 2 

Percent Freezeab].e Water in Soils (After Bouyoucos) 

When Cooled to 
When Cooled When Cooled Li and also to 

to -1.5 deg. C. to -Li deg. C. -78 deg. C. Twice 

1.39 1.39 
2.94 
5.27 5.07 
7.05 14.62 
9.17. . 	7.93 

11.36 9.85 
114.25 . 9.95 
16.22 .8.22 
19.76 13.41 
21.88 12.50 

Soils 

Norfolk sand, Anne Arundel Co., Md.. 
Plainfield fine sand, Wisconsin 
Miami silt loam,.Kentucky 
Miami silt loam, Delaware Co., md. 
Vernon clay loam, Archer Co., Texas 
Carrington silt loam, Wisconsin 
Marshall silt loam, Kentucky 
Carringtoxi loam, Goodline Co., Minn. 
Black clay. loam, Illinois 
Houston clay, Franklin Co., Texas 

It has been mentioned that Bouyoucos /1917-LI., J-3 classified soil water on the basis 
of the amount frozen at different temperatures. He classified water which freezes at -1.5 deg. C. 
as free water and, "...that which freezes at the super cooling of -4 deg. C. and also at the 
temperature of -78 deg. minus that at the above temperature is regarded as capillary-adsorbed 
water," while that which does not freeze at all at these temperatures is considered to be com-
bined. water. Applying these criteria to d.ata given in Table 2 results in the percentages given 
in Table 3. 	 . . 

Wintermeyer /1925-1 conducted tests on about 150  soils to determine the freezing point 
and percent freezeable water in much the same maimer as did Bouyoucos /1917-4 except that 
Wintermayer used a different procedure for wetting the soil. On certain soils Winterineyer 
founc a relationship between percent freezeable water at -1.5 deg. C. and the dye adsorption 
number of the soil., the percentage of freezeable water increasing as the dye adsorption de-
creased. He also found that soils freeze at different rates.. He found no relationship be- - 
tween mechanical analysis of the soil and percent freezeable water at -1.5 deg. C. He classi-
fied water content in the same manner as did Bouyoucos. 
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TABLE 3 

Relative Amounts of Different Forms of Water Based on the Amount of 
Water Added (5 cc. to 2.5 g. of Soil) After Bouyoucos 

Free Capillary Combined 
Water Absorbed Water Water 

Q)iartz sand. 100 
Plainfield fine sand, Wise. 89 11 
Miami silt loam, Kentucky 81 1 18 
Miami silt loam, Delaware Co., md. 72 12 16 
Vernon clay loam, Archer Co., Texas 74 6 20 
Carrington silt loam, Wisconsin 61 5 34 
Marshall silt loam, Kentucky 45 21 34 
Carrington silt loam, Goodline Co., Minn. 32 38 30 
Black clay loam, Illinois 314. 30 - 36 
Houston clay, Franklin Co., Texas 15 45 40 

Ice Crystallization in Soil 

Bouyoucoa, Wintermeyer, Taber, Jung, and. Beskow have shown that the freezing temperature 
of a portion of the soil water is less than that of free water and that the finer grained the 
soil, and the lower the soil moisture content, the lower the temperature at which soils will 
freeze. Thus the more nearly free water in the larger pore spaces freezes first. 

If there exiatà free water in a large pore, or fissure, freezing will begin there, as it 
has a higher freezing point than the water in the smaller clay pores. Ice crystallization be-
gins in the larger pores and fissures, the force of crystallization widens the opening, and the 
crystal contiiiiAesto grow as the unfrozen soil water flows to the growing crystals. The coarser 
the soil particles the lesser the difference between size of fissures and other openings and the 
natural pore space and the lesser the difference in the freezing point of the water contained in 
the pores. Thus crystallization can occur as easily in the natural soil pores as in the larger 
openings. 

In a fine silt or clay the particles are surrounded by concentric films of water. The 
binding force which holds these films decreases with increase in distance from the particle. 
These 'adsorption films' act partly to lower the freezing temperature of the water and also have 
a purely mechanical effect • Beskow L1947-12 states that "... if there is a small temperature 
depression underneath an ice crystal, the water molecules in the film nearest the ice crystal 
enter the crystal structure, that is, ice crystallization grows downward. This makes adsorption 
water film thinner, causing an increase in the negative pressure (pressure deficiency) causing 
water to flow to this surface, and the adsorption film swells until it reaches the same thickness 
as before. Actually, this-whole process occurs continuouslyli. 

The Volume Change of Water on Freezing 

Watson L911-1 states that the density of ice at 0 deg. C. is 0.91674 and that of water 
at the same temperature is 0.99987. The increase in volume of one gram of water when it solidifies 
is 0.0907 cc. or slightly greater than 9 percent. 

Theories on the Formation of Ice Lenses and Heaving 

Some of the earliest recorded literature on frost action from Sweden showed that Runeberg 
Jk765-1 believed that heaving was attributable to the volume increase of soil water on freezing. 
That opinion apparently was held widely until after 1900 when Johaneson /191141 discovered that 
water flows to the freezing zone and two years later /1916-4. when Taber explained the cause of 
heaving. 

It is difficult to learn the exact origin of presently held theories explaining the basic 
process of soil freezing and heaving. Experiments on growing crystals in saturated solutions 
were reported by Lavelle /1853-1 and confirmed by Lehmann j8-1. Later Becker and Day /1905-1 
found it practicable in a saturated solution of alum to "...grow clear crystals a centimeter 
in diameter which would raise a weight of one kilogram a distance of several tenths of a 
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millimeter". They found they could produce similar results by using a number of other salts. 
Abbe /1905-2 observed columns of ice oxuding from the bark of a tree and, as did several others, 
described the formation of long slender columns of ice which formed on moist soil on a clear 
cool night. 

Taber /1916- in a discussion on the growth of crystals reported by Becker and Day, the 
formation of ice columns by Abbe as well as his own experiments stated that "...all lead to the 
same conclusion: The essential condition for the formation of ice columns is that the water 
for growth of the ice column must be delivered through a small capillary opening at the base of 
the growing crystal which must not elsewhere come into contact with water." 

The literature at the time of Taber's statement contained many apparent contradictions as 
to the nature and cause of frost heaving. Gilkey /l9l7- described the case where bridge piers 
E4 ft. square and weighing 36,000 lb. were raised a maximum of 2 3/4  in. He argued that it is 
doubtful if frost penetrated more than one foot below the piers and that that depth of frost 
could not account for the heave. He believed the action to be similar to that of a hydraulic 
jack, the pier being analogous to the piston and the water or semi-fluid mud forced under the 
pier by pressure from the expanding strata nearer the surface, causing the piers to rise. 
Taber /1918-1 believed Gilkey's explanation inadequate and explained that the piers had greater 
specific gravity and greater weight per unit area and would. expect "...the frozen crust of the 
earth to be forced up rather than the piers". 

Taber /1918-1. placed metal weights on wet clays and sands and exposed them to freezing on 
cold. nights. Where the weights rested on sand, the sand froze without perceptible raising of 
the weight. Where the weight rested on clay, ice formed, raising the weight. Taber stated that 
"...the lifting of the weights (on the clay) was due to the growth of ice crystals". Wycof 
/1918- described up to 2 3/4 in. heaving of piers supporting columns and roof trusses. on 
excavating the soil he found ice layers and verified the findings of Taber. Norton L1918-5 
in discussing Taber's article /1918-1 presented a sketch showing how walls of a cottage in 
Ontario were heaved, leaving the center at the original level. Since he found no ice between 
the sheathing and the ground, Norton believed that it demonstrated that the ground heaves or 
rises in winter because the water in the soil expands and not as Professor Taber suggested by 
the formation of ice crystals. 

Bouyoucos and McCool /192 	explained that heaving of soils was due "...almost entirely 
to the accumulation or drawing of water at or near the surface upon freezing and to the building 
up of this water into capillary ice columns or long needle like crystals, or in some cases into 
solid ice". They stated further that "The principle...that underlies the heaving of pavements 
is also based on the natural tendency of water t_o_m_oye upwards_and accumulate at the pointof 
freezing; the movement 	

_ 
and accumulation being impelled by the force of crystallization". They 

emphasized that heaving is not attributable solely to expansion of water upon freezing. 

Taber had now completed his studies and in three reports /1929-2, 11930-7, /1930-9 gave 
the first comprehensive statements presented in this country on the process of soil freezing 
and heaving. His theory explaining the mechanics of heaving is based on the premise that (1) 
all soil water_does not freeze at the sametemperature_which makes it possible for water to 
move to the growing_cysta1, (2) the growing crystal displaces 

and, (3) thfrost line is relatively stationary during the growth of 
crystals forming the ice lens of ittum. The summary of Taber's work can perhaps be presented 
besbdiièctquotation6f those portions which explain the mechanics of freezing and heaving. 

He held that "During the growth of an ice layer in clay, water is supplied to the crystals 
through small capillary passages but the upward flow of water should not be attributed to capi-
liarity, as there is no free surface or meniscus. The uplift is due to the cohesive forces in 
the water" ... tofldjtiQns  existing during the growth of an ice layer in clay are particularly 
favorable for the uplift of water by molecular cohesion". 

"A growing ice crystal is in contact with a thin film of water similar to the adsorbed 
layer that forms on other solids. As molecules are removed from the film and attached to the 
crystal, they are replaced by others from the surrounding water. When an ice crystal grows in 
a direction in which growth is opposed by a solid body such as a clay particle, the pressure is 
exerted through this film which separates them. . - .After the available water has been exhausted, 
the film may be frozen, but it does not freeze easily. Cohesion is greater between the molecules 
in the film and between these molecules and the ice than it is between water molecules that are 
not close to ice crystals. 
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"Orientation and attachment of a water molecule to an ice crystal is accompanied by a 
slight repulsion, proportional to the change in volume, and this results in a slight displace-
ment of the whole crystal relative to the neighboring solid. Crystallization may be accompanied 
by the conversion of dihydrol into trihydrol molecules, as advocated by some physicists, but 
this would not materially alter the process here outlined. As the new molecule is attached to 
the ice crystal, another molecule is drawn into the film by cohesion, and this is the direct 
cause of most of the displacement. 

"The growth of ice layers in soils and the accompanying pressure effects are therefore 
attributed to molecular cohesion. The energy for the process is of course supplied by the re- - 
moval of heat. Water is not only pulled into the film under an ice crystal with force sufficient 
to lift the overlying load but considerable force must be exerted in pulling it through dense 
clay to the growing crystal; hence in these experiments, water had been placed under tension 
sufficient to lift a column of water over 150 meters (492 ft.) in height". 

"The growth of ice layers is stopped by lack of water supply, which mar be due to rup-
turing ofthe upward moving filamenits"aTnd' films of water under tension or to the inability of 
molecules to enter films that are under pressure. Pressure tends to reduce the thickness of 
the nourishing film by expelling some of the molecules, and since the expulsive forces are in-
creased the attractive forces must likewise be increased by lowering the temperature, else 
molecules can not enter the film. Pressure decreases molecular mobility in the film, retard.s 
crystal growth, and lowers the freezing point. The growth of ice crystals under pressure in 
open systems is possible because water occupying very small voids can be undercooled". 

Taber J92 	gave the following explanation of why ice layers do not form in coarse 
grained soils: "The freezing isotherm /I cannot advance as rapidly in water as in the minerals 
found in soils, for it is a poorer conductor of heat, has a higher specific heat, and also much 
heat has to be removed in converting water into ice. Hence, if ice crystals in growing down-
ward come in contact with the top of a large soil particle and begin to surround it so that the 
temperature at the top of the particle drops below freezing, then the temperature of the bottom 
of the particle will reach the freezing point before the water with which it is in contact. 
Therefore, freezing takes place in part outward from the surface of large mineral particles that 
are in contact with water, and not merely through the downward growth of ice crystals as in 
pure water". 

"When a growing ice crystal closely approaches a soil particle, the water separating them 
is gradually reduced to a very thin film and further growth of the crystal in this direction can 
take place only as molecules of water enter this film. if the soil particle is relatively small 
so that the molecules do not have far to travel through the film, and if growth is relatively 
slow, so that they have time to enter between the ice and the particle, then the growing crystal 
will exclude the particle; and if the particle is relatively large and if freezing is relatively 
rapid, the particle is gradually surrounded by the ice. To build up a layer of ice, which con-
sists of many prismatic crystals, the capillaries supplying the water must be closely spaced". 

Taber J393O-9 in referring to open systems believed that the total thickness of the ice 
layer equals the surface uplift and that the water content of the frozen clay between the ice 
layers is about the same as that of the clay below the frost line. He believed that under those 
conditions the freezing of the interstitial water was of little consequence. 

The early studies in Michigan during 1926 and 1927 showed that expansiân of water to ice 
could not account for frost heaves of the magnitude experienced. Burton and Benkelman 11930-10 
stated that "Only a theory predicated on a natural moisture increase during the freezing period 
could possibly account for the excessive heaving which is followed in the spring by a super 
saturation of the soil on thawing".teusive field and laboratory studies of frost action were 
made. Detailed studies were made of 156 locations where heaving occurred. The field experience 
showed that "...by far the most serious disturbances occurred in silts with an ice formation or 
banding very similar to that described in Taber's experiments with clay". 

/ 	Line of freezing temperature. 
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Michigan also conducted laboratory studies to measure heaving of different soils. Burton 
and Benkelman /1930-10 found that where silts were frozen in the laboratory, in contact with 
water at the base of the specimens, only minor heaving resulted, except when thawed and. refrozen. 

They showed. (see Fig. 12) that two methods can be used to obtain "...a shifting of the 
frost line upward..." by either changing the freezing temperature from -20 deg. C. to 5 deg. C. 
(Case No. 1) or by changing the soil temperature at the bottom from +5 deg. C. to 420 deg. C. 
They indicated that the former represents what happens in nature. The laboratory tests were 
made using a constant rate of cooling on cores from known silt frost heaves. Under the condi-
tions of freezing no frost heaving occurred. 

Two series of specimens were placed in 
open ended tubes /1931-11.  One series was 
frozen at a uniform rate of cooling (-2 deg. 
C. at top of specimen and 7L  2 deg. C. at 
bottom of specimen. Examination "...revealed 
the development of only a slight amount of 
éxpans ion due to change in volume of the 
interstitial water being converted into ice." 
A second series was frozen under a constant 
cold room temperature. However, the tempera-
ture of the freezing cabinet was increased 
and decreased to provide vertical insothermal 
line movements. The authors gave the fol-
lowing account of the effect of a fluctuating 
frost line on the nature of ice formation and 
heaving: 

TEMPERATURE IN DEGREES CENTIGRADE 
-20, 	 -5' 

+5. 	 .,--- 	 +5' 

"On the downward movement of the iso- 	CASE I - EFFECT OF EXTERNAL TEMPERATURE CHANGE 
thermal line, a slight expansion of the speci-
men occurred. On the upward movement a break 
or void in the soil column became visible which 
followed the contact of the frozen and unfrozen 	 -to. 
soil upward. As the movement continued the 	

7 
 

frozen soil particles could be observed to 
detach themselves as the ice films surround- 	 \\ 
ing them melted and settle through water pre- 
sent in the void coming to rest in a more 	 \ 
compact state on the unfrozen soil beneath 	 \ \\ 

Before the water void reached the top of 	 \ _ __ 
the specimen a reduction of the temperature 	 \ \\ 

within the cabinet caused the isothermal 	 \ 
line to again move downward The water in 	 \ 
the void space was then converted into ice 	 .. 	_Frost .!.1!2_—__ 	\ 
and, as the frost line progressed below 	 \ 	\ 
this level, a second increment of vertical  
expansion occurred due to another freezing 	+5' 	 +20' 
of interstitial water. A second thaw or 	 CASE 2- EFFECT OF INTERNAL TEMPERATURE CHANGE 
upward movement of the isothermal line 
resulted in the formation of another 	 Figure 12. Theoretical Analysis of 
cumulative water void which was subsequently 	 Temperature Movements in Soil 
converted into an ice plate in the same 	 SDecimens 
manner as before. The total thickness 	 (After Burton and Benkelinan) 
of the ice plates introduced and the vérti- 
cal expansion of the soil column were measured and found to be approximately equni in magnitude. 
In Figure 13 (1931-11) A represents unfrozen soil; B frozen soil slightly expanded due to 
freezing of interstitial water; C represents the cumulative water void after conversion into 
ice with an added increment of vertical expansion due to a second freezing of the soil beneath; 
E and F show the presence of a second ice plate devoloped in the same manner as the first". 
Similar tests were made on coarse sands. They behaved similarly to the silts. From the 
results obtained the authors concluded tentatively that excessive heaving may occur in soil 
of almost any grading or texture provided an adequate supply of water is present or available. 
The authors J 31-il also stated a theory that a fluctuating frost line occurs in nature causing 
a series of events simIlar to those which were produced artifically in the laboratory tests. 
They held that the theory " ... offered an explanation of the formation of ice plates of any size 
and number. All that is required is a soil saturated with water and a fluctuating frost line...". 
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1 WATER VOID 
	

FROST LINE 	 ICE PLATE _______ 

Figure 13. Ice Plates Formed by Controlled Isothermal Line 
Movements. (After Benkelman and Olmstead. /1931-li) 

The presentátion'of the theory by Benkelman and Olmstead was followed by some dis-
cussions. Watkins /1931-12 added that ice layers "...may also form in sands which are not 
saturated, due to the formation of an artifically high water table caused by the rise, con-
densation and freezing of moisture vapor. In stratified sands this vapor may cause ice layers 
between strata". Taber'/1931-13 held to his original position that frost heave is due to 
growth of crystals and not to change in volume. To support his position that increase in 
volume is not a factor in frost heaving in open systems, he substituted for water other liquids 
which solidify with a decrease in volume. For example he was able to show heaving obtained 
by freezing a clay column which stood in a sand saturated with nitrobenzine. Casagrande /1931-14 
raised the point that if a frozen sample in a cylinder is thawed from beneath, the frozen 
portion will adhere to the cylinder and cannot follow the subsidence of the thawing portion, 
while in nature the frozen layer does subside. He concluded in his summary of findings from 
M.I.T. and New Hampshire studies that no ice segregation was observed in sandy soil having 
less than one percent of material finer than 0.02 mm. even if the ground water was as high as 
the frost line. 

Housel /1938-13 believed that the findings of Benkelman and Olmstead " ... answeied the 
obvious discrepancy between Taber's theory and the field experience in Michigan soils and pro-
vined a more adequate basis for identifying frost heave soils and locations. The theory of 
the fluctuating frost line does not necessarily supplant Taber's theory, however, as It is 
entirely possible that frost heaves may be produced under the conditions of a constant frost 
line and soils of high capillarity. Both theories have practical value and, within their 
specific limits of application should be useful in identifying objectionable field conditions". 

Beskow's statements /1935-1,  /1947-12 explaining the mechanics of frost heaving differed 
but little from those of Taber. He believed that in freezing a soil In which ice is forming 

water next to the ice strata changes from a liquid to a solid state and has the same 
effect as a change into vapor by evaporation. At the frost line a drying out occurs, a 
squeezing together of the adsorption films, which spread further and further, causing a shrink-
age. If the zone spreads to a place of contact with a free supply of water..., the water be-
gins to flow upward from this point and the fundamental requirement for.., a subsequent frost 
heave is. fulfilled". 

Soils having different grain sizes act differently. Beskow /1935-1  explained that in a 
saturated clay the amount of Itmobilizedll water is large, becoming larger, the finer the clay. 
In a heavy clay, the amount of mobile water can be so large and the permeability so small that 
the formation of ice lenses is limited largely to those formed by local flow from the soil 
adjacent to the ice band, and it cannot suck up water from the ground water table. 
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In silts and silty • sands, the thickness of the adsorbed films of water is small. Thus the 
amount of water that can be set free by an increase in the capillary pressure is small though the 
permeability is great. Thus few thin ice bands develop in silts from the contained water alone. 
However, if the soil is in contact with groundwater, silts and silty sands, having relatively 
high permeability, cause considerable water to flow to the freezing zone causing large heaves. 
The phenomena described are indicated in Figure lLl.. 

COARSE SILT 	 DENSE HEAVY CLAY 

Figure lLl. Diagram' Illustrating the Difference by Freezing of 
(].) a Coarse Frost-heaving Soil (silt), and (2) a Dense Soil, 'a 
Heavy Clay, When the Soil-Column is (b) or is not (a) in Contact 
With a Free Water Supply. In each case is the original water-
content high (full capillary saturation). The differences are 
due to the following facts: No. 1 has a very slight water-
surplus in itself, but a great permeability, thus being a good 
water-conductor; No. 2 has a great mobile water-surplus, but is 
very dense and therefore a bad water-conductor. Intermediate 
soils (fine silts, silty barns and loans) behave intermedially. 

(After Beskow) 

The solid materials do not expand when cooled (in fact they contract). According to,  
Beskow there must be a-separation between the soil grains within the mass at certain places if 
ice lenses are to form. In order that growing ice crystals can expand they must push the soil 
particles ahead of them. This'can happen only if new water molecules can come between the grow-
ing crystals and the particle surfaces they contact. Figure 15 indicates what happens at the 
frost line during the freezing of a fine grained soil compared to freezing of a coarse grained 
soil. , Beskow explains the phenomenon as follows: "...The outer surfaces of the ice crystals do 
not rest directly against the particles but lie between the adsorption films. Assuming now that 
the ice crystals grow from below, displacing a layer of molecules taken from the adsorption films, 
these films become thinner and they in turn get back their thickness by attracting water mole-
cules from the side...In a course soil the meniacli are very wide and thin. Free passage of 
water is thu8 small because it concerns the innermost, tightly bound molecules which are the 
least mobile. In a fine grained soil... the meniscii or films are relatively short and thick, 
and the flow of molecules can occur much more rapidly." 

"In order to have frost-heaving there must be a certain rate of diffusion or molecular 
mobility, in the films between the soil particles and the ice. In coarse soils this is small and 
for practical purposes is zero (in sands); no heaving occurs and'the ice grows into the pores and 
surrounds the 'particles. On the other hand, in a fine grained soil such as a clay or a fine silt 
water molecules flow quickly through the adsorption films to the surface of the growing ice cry-
stals, which pushes the soil particles ahead, or actually lifts itself and the overlying mass up-
wards". In this manner thick ice strata may be-formed. 

Road Abstracts, /19142-4  in a review of an article by Schaid attributes the following theory 
on frost heaving to him. 

"Since the expansion of the soil caused by frost heaving is considerably greater than can 
be accounted, for by the freezing alone, it must be due to air freed by the drop in temperature. 
perirnent has shown that in the absence of such air frost heaving does not occur. In soils con-

taining colloids, frost causes alternate contraction and expansion of the colloids as the tempera-
ture falls and rises before and after the formation of ice. The place of the water absorbed in 



Figure 15. Schematic detail-picture 
of the frost-limit, or the contact 
between a growing ice-crystal and the 
underlying soil-particles (drawn as 
spheres), in two different types of 
soils; the upper one a clay, the lower 
one a coarse silt or fine sand. The 
points and the arrows show the maximum 
distances from pore mouths to ice-sur-
face, that the water-molecules have to 
move in order to cause frost-heaving. 

(After Beskow) 

Heaving in Open Vs. Closed Systems 
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swelling is taken by air released from the moisture. If the air is not sufficient to fill all 
the space, shrinkage of the soil occurs with every fresh formation of ice, but if the air is 
more than sufficient, expansion results. Thus the degree of frost heaving depends primarily 
on the air content of the soil or soil moisture, and only secondarily on the moisture capacity 
of the soil or on the ground-water". 

Winn /1914.0-10 summarized the findings of most 
of the principal investigators on conditions neces-
sary for frost action to occur briefly as shown in 
the following outline. 

l- Destructive freezing associated with formation 
of segregated ice. 

2 Total frost heave equal the sum of the total 
thicknesses of ice lenses. 

3.- Total frost heave in direct proportions to 
increase in total water content of frozen 
soil. 

14..SoIl must equal state of capillary saturation 
for ice segregation to take place. 

5.-  A supply of water must be available either in 
soil or from some external source, i.e. - 
water table. 

6.' For normal conditions of temperature, the 
percentage of 0.02 mm. diameter of grains 
is critical.  
one slow freeze will.cause heaving. Thawing 
and refreezing increases severity but does 
not change basic action. 
Cumulative curve of degree hours of freezing 
plotted against time is qualitative measure 
of increase of heave with t'ime. 
The following factors are all necessary for 
ice segregation and frost heave. 

Capillary saturation of the soil at be- 
ginning and during freezing process. 
A free supply of water from within or 
without. 
A minimum percentage of grains smaller 
than 0.02 mm. (3 to 10%). 
Gradual decrease in temperature of air 
above soil to below freezing temperature. 

When a soil is said to freeze as an open system, It is assumed that water for ice segre- 
gation 

egre
gation may be drawn from a mobile supply suspended in the soil and that the supply can be 
replenished from an adequate supply of ground water below oh that surplus water can be expelled 
downwards as freezing progresses in coarse textured soils. A closed system Infers that the 
water for ice segregation must come from that held within the soil and the soil does not have 
available an outside supply of water. 

Beskow /1935-1 considered the possibility that marked heaving might occur from the supply 
of mobile water within soils without the presence of an adjacent water table, and conducted 
laboratory tests to determine the nature of heaving under those conditions. He used segmented 
glass tubes to minimize sidewall frictIon, and-  tested a fine silt soil (15 percent retained on 
No. 200 sieve, 52 percent silt, 23 percent clay) having a capillarity of 9.6 meters (31.5  ft.), 
freezing itunder a load of 50 g. per sq. cm. (0.71 psi). He found that heaving IsrapId at the 
start as the first water is drawn up to the frost line but the rate of heaving decreases until 
the full capillarity is reached after which heaving occurs at a constant rate until the mobile 
supply of water is frozen. The resulting heave under the conditions inferred is usually small. 
However, it is significant that freezing does result in a marked increase in the water content 
in the frozen zone causing a reduction in load carrying capacity on thawing. 
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The Corps of Engineers /1951-32 tested four cylindrical specimens 6 in. high of undisturbed 
Boston Blue clay, 100 percent saturated in a closed system.. Heaving ranged from 8 to 14 percent. 
The lower portion of one of the specimens shrank from an initial of 4.27 in. to 4.04 in. That 
shows that Ice segregation and heaving can occur in fine grained soils remote from a water table. 

Beskow considered freezing of partly saturated soil as "...of some theoretical interest...". 
He made tests similar to those described above for a fine silt except they were made-on partly 
saturated sands; one a-fine sand having a capillarity of 54 cm. (21.3 in.); the other, a coarse 
sand with a capillarity of 10 cm. (3.9 in). Each was tested at about 10 percent moisture by 
weight. The fine sand was tested at three different rates of freezing and at different loadings. 
The results are shown in Table Li.. 

TABLE Li. 

Results of Freezing Tests on Moist Soil- samples (Not Saturated) (After Beskow 1947-12) 

Type of Soil No. 1 	Fine Sand 
No.2 

Coarse Sand 

TestNuniber 1 2 3 4 

a. 	Tenperature Gradient, deg. C'. per cm. 1.0-0.6 0.1-0.05 0.2 0.1-0.0 

b. 	Freezing Time....... 	. 	. 	. 	.hr. 2.5 6.5 6.0 2.17 

c. 	Load.. 	. 	.... 	. 	... 	. 	ps.i. 0.36 a) 0.36 a) 0.71 - 	0.36 
b) 0.71 b) 1.56 

d. 	Initial Water Content 	. 	. . .percent 10.7 	- 10.9 10.2 	- 9.8 

e. 	Final Frost Depth. 	. 	. 	. 	. 	. 	. 	. 	.inm. 11 7 '38 29 

f. 	Increase of Water in Upper Cm. of 
Frozen 'Soil. . 	. . 	. percent by Weight + 9.2 +4.2 +8.6 

g. 	Total Heave.........'. 	• 	.mm. 0.80 0.25 0.13 0.12 

Ii. 	Water Frozen in Sample (height)- -mm. 3.17 11.21 8.35 4.4 

Normal Expansion of Above in 
Freezing (0.1 h) 	...... 	. 	. 	.mm. 0.32 1.12 0.84 o.44 

Frost Heave Ojiotient .........1. 2.5 0.21 0.16 0.27 

Ic. 	Initial Height of Cylinder . 	. . 	.mm, 75 75 	. 75 65 

1. 	Initial Diameter of Cylinder . . .mm. 32.5 32.5 32.5 32.5 

The results show an expansion, though 'relatively small, on freezing partly saturated sands, 
the expansion being affected noticeably by surface loading. Forsmall-loads (less than weight 
of 6 in. of P.C.C. pavement) the heave is several times that-which may' be attributable to the 
volume change of the contained water on freezing, ranging from 2.5 times for the lightest load 
(0.35. psi.) to 0.16 as much for the largest load (1.56 psi.). Increasing the rate of freezing 
decreased the heave.  

From a practical standpoint the maxked increase in water; content of the frozen portion - 
of the sand is worthy of note (FIg. 16). 

Beskow considered the possibility that the relatively large moisture gain in the frozen 
portion was due to diffusion and applied the findings of Zunker /1930-  in computing the maxi-
mum possible water. He then discarded the' possibility: that di'f'fusion could cause 'marked in-
creases in water content. He set forth the following hybthes1s on flow to the freezing zone in 
moist sands:  



22 

10  

0 	5 	10 	IS 	20% 0 	5 	10 	IS 	20% 0 	5 	10 	IS 20% 
Water Gcrtent - Percent 

Figure 16. Distribution of Soil Moisture Content After 
Freezing Columns of Moist Sand - Columns correspond to 
test numbers 1, 2, and. 3 in Table 5. 	(After Beskow) 

"In freezing a moist sand, the adsorption-water membranes enclosing the surface of the 
particle also enclose (or try to enclose) the lower surface of the ice crystals in the frost 
line. The ice crystals grow in such a manner that the water molecules next to the ice enter 
the atom structure of the ice. This implies that the membranes or films which are in contact 
with the ice become thinner. But there is a tendency for the meniscii to have the same stress 
all over (i.e. the same thickness).. The decrease in thickness at a point then causes a flow 
of water to that point...". 

Taber /1929-2  froze a number of specimens of clay without access to free water. Because 
of the meager data available on the effect of freezing partly saturated. soils, ¶Paber's measure-
ments of the soil moisture in the bottom portions of-the cylinders before andafter freezing 
are shown below: 

Percentage Water 
	

Percéntagè Water 
Test Number 
	

Before Freezing 
	

After Freezing 

1 	 29.0 20.8 
2 	 . 	25.8 19.9 
3 	 24.2 18.3 
4 	 23.2 18.3 
5 	 19.9 16.8 
6 	 16.8 12.3 
7 	 9.5. 7.7 

It can be seen that there was a tendency for the water to become concentrated in the frozen 
upper part even in the soils with the lowest moisture content. Segregated ice occurred in 1, 
2, 3 and 4 with maximum thickness of 3 cm. in 1 and smaller in 2, 3, and 1•  Tests 5, 6, and 
7 showed no visible evidence of segregation revealed by moisture determinations. 

Taber and Beskow agreed that soils in nature seldom behave as absolutely closed systems. 
Taber mentioned the possibility that a closed system may exist when the water table is flat 
over large areas and nearly coincides with the surface. Of soil types only some inucks, gumbo 
soils and soils containing bentonite behave on freezing like closed systems because of their 
relative imperviousness. 

fect of Direction of Cooling 

Taber, Beskow and.others proved experimentally that ice crystals grow in a.plane parallel 
to the direction of heat transfer. . Taber /1930-9  inserted copper bars vertically into cylinders 
of clay. Their greater conductivity caused heat to flow to the bars and ice bands to form parallel 
to the bars. Beskow cooled large unconfined samples and they developed ice bands only parallel 
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to the surface. Under natural freezing conditions, heat is conducted away from growing ice cry-
stals in one direction and they are in contact with water in an opposite direction; therefore, 
growth takes place in a single direction. This may be of some significance with regard to re-
taining walls where thrust may develop due to "lateral" heave. 

Shrinkage of Soils on Freezing 

The occurrence of shrinkage in soils, usually clays, during freezing has been observed 
by soils engineers in the Northern States. Very little has been recorded in the literature on 
shrinkage associated with soil freezing. Apparently, shrinkage may be due to contraction and 
cracking as frozen soil is further cooled; or to a drying out with water loss to the air or to 
adjacent soils undergoing freezing. Taber 11929-2, /1930-9 found. that " ... in every experiment 
in which no additional water entered the system, the withdrawal of water from the lower part of 
the container to build up layers above caused shrinkage in vo].wne and, usually, the development 
of tensional cracks...". That shrinkage indicates the force with which the water is sucked out 
of the soil on freezing. Terzaghi /1925-2  showed that those forces are equal to the external 
pressures required to produce an equivalent change in volume, and may be very large. Hogentogler 
/1931-6 found that highly cohesive soils are apt to shrink on loss, of water due to movement to 
the freezing zone. Minnesota /l945-8  reported that fills of dense "gumbo clay" (A-6) soils in 
the Red River Valley shrank 0.5 ft. after freezing began and swelled to their original profile 
after the spring thaw. The shrinkage caused "bumps" adjacent to bridges and culverts. 

Illinois /1924_3 made careful measurements of soil movements at various depths under pave-
ments and found that in every instance, the increase in elevation of the soil above the frost 
line was accompanied by a decrease in elevation of the underlying soil denoting a shrinkage as 
water was drawn from it to the freezing zone. 

Transverse cracks or fissures which appear in shoulders and shoulder slopes and- which are 
coincident with cracks in the pavement at intervals as small as about 50 ft. were observed in 
Wisconsin by Bleck /1949-l1. Where that occurred, the pavement or base course or both froze 
solidly to the sub-base or soil to form an integral mass. Longitudinal fissures also occurred 
along the pavement edges concurrent with the transverse cracking. 

Bleck explained that under some conditions of low temperature8, there occurs a dehydration 
of the soil induced by heat loss from the soil and that if that moisture is not replaced from be-
low 

e
low or from precipitation, a shrinkage occurs causing rupture at critical locations. 

The Process of Thawing 

The thawing of frozen ground takes place from both upper and lower surfaces of the frozen 
stratum. Thawing often is morerapid from the upper surface downward although that is by no means 
always the case as the reverse is sometimes true. For some reason, the literature contains little 
information on the physical process of soil melting and the subsequent changes in moisture dis-
tribution which takes place as the soil adjusts itself to an-unfrozen environment. 

Tabér /1930-9 states that "...if the air temperature is well above zero deg. C. so that 
melting occurs from the surface, the water set free cannot escape downwards through the soil 
voids until thawing is practically complete". "If the air temperature remains barely below 
freezing for a long time a deeply frozen soil will thaw gradually from the bottom ... and the 
water may then return to the underground ... from which it was drawn. But since water is pulled 
to the surface during the freezing process by a force that is greatly in excess of the forces 
causing its 'downward movement in the soil, the water _may not be removed as rapidly as molting 
takes place unless the latter is very_slow.. 

Beakow /1935-1 is one of few authors presenting data on the rate of thawing. He found the 
rate of thawing from below to range from * to 1 cm. per day. These values refer to ordinary flat 
ground and different values may be obtained under roads. He showed data on the rate of thawing 
from below from five different locations as follows: 

Maximum Rate of Thawing From 
Locality 	 Below 

(cm. per day) 

Sunderbyn 0.1 
Trondelag No. 1 0.14 
Trondelag No. 2 1.2 
Trondelag No. 3 07 
Trondelag No. 4 .0.24 
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Bouyoucoa /1913-1 mentions a case where the soil at 18-in, depth thawed before the soil at 

12 in. Belcher J19140-1J stated that "Records of certain years illustrate that the majority of 
thawing occurs from below because of the fact that the air temperatures remain near the freezing 
point in the early spring.. .mild. winters seem to have this characteristic of prolonged periods 
in the early spring when the mean temperature remains near 32 deg. P. This would cause a cycle 
of freezing and thawing on the road surface each day but little thawing below 6 in. The thawing 
then, occurs principally from beneath". 

Several authors have written that d 	 most severe when the thaw to sudden 
and 	 surface wn 	s, causing theelt water to be released quickly. The 

Fis unable to draii.iThse through the soil because the undli frozen soil is tin-
pervious. The large amount of water in the thawed soil causes a correspondingly large reduction 
in its load carrying capacity. Repeated loading causes manipulation which further reduces its 
ability to sustain loads. Under severe conditions it is ejected from under a pavement in the 
form of mud boils. Slow thawing from the lower surface of the frozen layer may permit the ex-
cess water to move downward with only small reduction in load carrying capacity. 

Williams L1_955 found that during melting the frost line takes the form of a trough through 
a cross section of the roadway. After a warm spell following a deep freeze, rain or snow turns 
to slush entering the base above the frost partition indicated in Figure 17. In the spring when 
the water thaws the trouble begins. Williams states that "Time and again it has been found that 
the drop of the frost line in the center of the roadway was 15 in. or more deep while on the road 
shoulder it would be nearer the surface". 

Thawed zocw  

Road metal 	

upper thawed frost zone Precipitation 	
Free water trapped in 

by frost partition'. 
	 made numerous observations of depth of frost 

at var.ous seasons and plotted frost profiles 
showing progress of melting from upper and lower 

The Corps of Thgineere /1947-2, /l9i,!.923 

surfaces. Thawing usually progressed faster 
from the upper surface. However it should be 

	

Frost partition' 
	

borne in mind that where determinations were 
made under paved surfaces, those surfaces were 

Figure 17. Cross section of road 	 kept free of snow cover. 
showing location and shape of "frost 
partition," and course of precipita- 	 Settlement of Aggregates i)iring Thawing 
tion into upper thawed zone under 
road metal. Free water is trapped 	 Loss of road metal in frost heave areas is 
following early "deep Zreeze". 	 often a subject of discussion among engineers. 

(After Williams Ll95-) 	 Taber /1930-  mentions that soils when they 
become saturated on freezing and thawing permit objects with greater specific gravity to sink 
in them and states that "This probably explains the gradual settlement of gravel from under pave-
ments". Burton and Benkelman /1930-10 observed settlement of aggregates in their freezing tests 
on 3 ft. high cylinders (soil had 8 percent clay, 60 percent silt and 32 percent sand) in which 
they Inserted a gravel "cut-off" layer. Pieces of gravel from the cutoff layer settled a foot 
below their original position. They said "This serves as an explanation of loss of metal from 
gravel and macadam road surfaces which is quite common in Michigan". 

affect of Freezing and Thawing on Soil Structure 

Several reports by agronomists and soil physicists are available in the literature on 
the effect which frost has on soil structure. This phase of frost action is in itself a special 
study. Therefore only two writings are reviewed here. Attention is given later to the effect 
of soil structure as a factor governing the magnitude, rate and nature of heaving. 

Bayer 	found alternate freezing and thawing a factor in developing soil structure 
causing a granulating actIon on soil clods that is usually more effective than drying and 
wetting. He cites the studies by Jung in which it was found that freezing may cause either 
aggregation or dispersion, the nature of the crystallization of the ice being the determining 
factor. With slow cooling the crystals form in tension free pore spaces which brings grains 
Into closer contact causing aggregation. With rapid cooling, large numbers of small crystals 
are formed, breaking up the soil aggregates. The water content is as important as the rate of 
cooling. Aggregation increases under slow cooling with Increase in moisture content up to 
about 50 percent of saturation. Gradner J95-1  studied the effect of freezing and thawing on 
permeability of soils. Ice crystallization had a dehydrating and densifying effect in semi 
dispersed soils which developed a stable flaky structure in soilé high in replaceable calcium 
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and an unstable flaky structure in soils high in replaceable sodium. Freezing and thawing did 
not restore permeability in sodium-saturated soils nor did replacement of 'sodium ions with calcium 
ions without freezing. However alter calcium chloride was added, freezing did affect increase 
in permeability. Freezing and thawing aided in restoring permeability and srucure in soils 
injured by sodium salts. 

MAGNITUDE OF FROST HEAVE AND INCREASE IN SOIL MOISTURE 

Writers have often stated that a large part of the damage associated with frost action is 
caused by traffic loadings during and immediately following the thawing, period when the soil 
water content in the upper portion of the road is high. The increase in soil water is related 
directly to soil freezing. Investigators have shown that soil moisture moves in the direction 
of heat flow. Thus it is possible that some movement may 	 capillary or film flow 
or in the form of vapor flow without the presence of freezing. However, by nature that movement 
is generally small, while it is known that large water movements are associated with freezing. 
Because water movement is inherently a part of the frost action phenomenon it is mentioned through-
out this review. It has already been mentioned' under the subject "Heaving in Open Vs. Closed 
Systems". Because the magnitude of heave is related to magnitude of moisture increase they are 
considered under this common heading. 

Magnitude of Heave 

The literature contains a vast amount of observational data and some statistics on magni-
tude of heaves that occur under natural conditions. Information on magnitude of heave alone, 
without accompanying data on type of soil, proximity to water table, climatic conditions and the 
depth of frost penetration aids little in solving the problem but is of some general interest. 

Burton and Benkelman /1930-10 (Michigan) stated that "The average height for all heaves 
occurring in silt was 6 in., in very fine sand and silt 5 in., in very fine sand 4 in.; in silty 
clay 5 in., and in sandy clay 3 in.0. Lang /1930-4 reported heaves in Minnesota of as much as 
two or three feet." Beskow /1935-1 reported extensive observations of heaves in Sweden. He 
found depressions over culverts ranging from 6 to 16 in. in depth. Levels taken on railroads 
showed heaving up to 12 in. on " ... normal moraine material in a relatively saturated state...". 
A survey of a 20-kilometer' (12.4 ml.) section of a railroad in northern Sweden showed a magni-
tude of heave of 8 in. occurred over 3 percent, 4 in. over 15 percent and 2 in. over 25 percent 
of the total length. Beskow reported that heaving on Swedish roads ranged from less than 1 up 
to 21 in. Silt and' clay sediments showed normal heave of.8 in. with maximum of 16 in. Moraines 
showed average heaves about half as great but showed the greatest variation. Lean clay on 
gravel or bedrock showed average range of heaves of 9 to 13 in. 

Morton's /1938-10 and Gardner and Wright's /1939-5 observations in New Hampshire on the 
Granite State Park road over a period of several years showed that heaves of 6 to 7 in. were 
not 'uncommon. Ravn /19140-4  gave the maximum recorded heave in Denmark as 12 in. He found 
frost penetration of 32 in. can produce heaves up to 12 in. and penetration of 10 in. can cause 
heaves of 4 to 6 in. The Corps of Engineers /1947-2, /1949-23 found maximum heaves on airfields 
as follows: 

Bangor, Maine 0.71 ft. 
Presque Isle, Maine 0.54 ft. 
Houlton, Maine 0.20 ft. 
Madison, Wisconsin 0.18 ft. 
Sioux Falls, S. D. 	' ' 	0.16 ft. 
Fargo, N.. D. 0.12 ft. 
Watertown, S. D. 0.11 ft. 
Pierre, 	S. D. 0.1 ft. 
Bismark, N. D. 0.1 ft. 

Maximum heaves at Pratt, Great Bend. and Garden City, Kansas and Fairmont were 0.05 ft. 
or less. 

Lang J7 reported another form of heaving which occurred in Minnesota under "...high 
joints in concrete pavements  which in extreme cases measured as much as 2 in. higher at the 
joint than at the mid point of the slab. A later report gave differential movements at joints 
of the magnitude of 3/4 in. or more during the season 1932-33.  The Illinois Division of High-
ways devised a frost movement indicator /19214-3 for measuring subgrade movements, at various 
depths. A pit about 6 ft. deep was dug at the pavement edge. Metal plates were driven Into 
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the pavement side of the excavation. The plates were connected rigidly to vertical rods which 
permitted reading of movements on an indicator board. Pipes surrounded the rods to permit free 
movement. Surface movements were recorded from precise level observations. An example of the 
nature of data recorded is shown in Figure 18. It may be seen that some shrinkage occurred in 
the soil immediately underlying the frozen layer. Additional data on heaving are shown in 
Table 5. 
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Figure 18. Frost Movement Indicator No. 1. Diet 1, Rt 5, Sect 8, Sta. 256- 35 
Plato Township, Kane County — Topsoil-Yellow Gray Silt Loam — Vertical (Movement) 

Scale 50 Small Dlv. — 1 (After Illinois Division of Highways) 
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Magnitude of Moisture Content Increase 

Some of the earliest studies of highway subgrade moisture increase associated with soil 
freezing were those of the Illinois Division of Highways. The first of these were on the Bates 

perimental Test Road /1923-5. Observations were made in all of the original 63 test sections 
for the period. 1922-23 and for new sections from the f].l of 1922 to the spring of 1923. The 
average weekly subgrad.e moisture contents of all sections (and all soil types) are shown in 
Figure 19 which indicates moisture contents were high fn the winter and much lower in the summer. 
The considerable increase in moisture in the last month of readings coincided with the breakup 
of the pavement in the traffic tests. The results showed that the subgrade moisture content was 
influenced some by precipitation but perhaps more by the freezing of the subgrad.e and the maximum 
moisture content occurred at the time of thawing. Visual observations during thawing showed water 
on the top of the subgrad.e in some areas and the formation of a thin sheet of mud in some other 
areas. 
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AVERAGE SUBGRADE MOISTURE CONTENT OF ALL SECTIONS 

Figure 19. Average Weekly Moisture Content of All Sections 
(After Illinois Division of Highways) 

The Bates road tests were followed by studies /1924-3  of soil moisture in three southern 
and one central Illinois location. Altogether nine test Installations were made to measure 
heave (with frost movement, indicator described previously) and moisture content changes. ' The 
results of those studies are summarized, in Table 5. It may be seen that in every instance the 
moisture content increased on freezing and decreased on thawing. Reference to Figure 18 shows 
that the upward movement of soil water was accompanied by a shrinkage of the underlying soil as 
_water was drawn to the freezing zone. 

Taber L1929-2 observed marked movements of water and accumulation in the freezing zone, 
and the accompanying decrease in soil moisture in the unfrozen soil (see Heaving in Open Vs. 
Closed Systems). His many photographs of ice accumulation in laboratory frozen specimens are 
worthy of study. 

Beskow 11935-1 reported that the average increase in water content is about 20-30 percent 
by weight or 30-50 percent by volume. Where the thicknesses of ice layers are large (1 to 2 in.) 
they constitute a water excess of 100 to sometimes 300 percent of the original volume of the soil. 
He found that water transported upwards 'during freezing is divided unequally in' the soil volume 
causing different density and thickness of ice layers. 

1
. Usually where the rate of penetration of 

frost is small, ice layers  are thick. He made it clear that the Important consideration con-
cerning magnitude of water increase for highways is not the total amount of water increase, but 
the relative thicknesses of the layers in which this increase is separated and the tyne of uneven 
distribution within the frozen soil. The reason for the importance of the distribution of thewater.' 
is that It affects materially the bearing capacity of the soil on thawing, the reductIon being 
related to the nature of the soil. 
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Maximum Slab Movements, Soil Types, and. Moisture Change Due to Frost Heave 
(After Illinois /19214-3) 

- 	. 	 Moisture Change Maximum Approx. 

Indic- 	 Increase 	Decrease Slab Depth of 

ator 	County 	 Soil Type 	- 	 from, 	to 	to Movement Frost 

No. 	 : (in.) (ft.) 

1 	Kane 	- Topsoil-yellow silt loam 22 140 20-22 2.09 l 

2 	Kane Topsoil-gray silt loam 20 35 20-22 0.78 2 

3 	Boone Topsoil-black sandy loam 20 Li.? 20-22 0.87 2 
4 	Whiteside ' Topsoil-black mixed loam 

-subsoil drab clay 20 45 22-24. 1.43 l 

5 	Whiteside Topsoil-yellow sandy loam 15 37 20 & deer. 0.49 1 
6 	Whiteside Topsoil-brown sandy loam 21 4+ 30 & deer. 0.42 3/11. 

7 	sangamon Topsoil-brown silt loam 
-subsoil yellow clay no moisture data 0.63 3/4 

8 	sangaxnôn 6 in. clay subsoil, 8 in. 
black clay subsurface no moisture data 0.35 3/4 

9 	Sangamon 'Topsoil-gray silt loam 33 43 211. & deer, 1.92 1 

Schaible ,LiL11 observed moisture contents above and below the frost line as follows: 

Moisture Content 
Type of Material 	 Below Frost Line 	Above Frost 	Line 

Weathered. Clay - Slate 	 38 	 83 

Weathered Clay - Slate 	 18 	 220 - 290 

Loess - Loam 	 28.7 	 145 

Shannon 119414_i in his frost studies at Bangor, Maine reported that the water content in 
a silty clay subgrade increased from a normal value of about 25 to about 35 percent at the frost 
line below whch it dropped immediately to about 24 percent. A typical example of increase in 
water content in a lean clay is shown in Figure 20. 	 . 

Motl /1950-2  determIned subgred.e 
moisture contents when making plate bearing 

T522,T5790 	 tests in Minnesotals study of "Load Carry- 
OW 	44E ETC DMGRCMT' 	ing Capacity of Roads as Affected by Frost 

ction°. He observed. only'minor changes in 
* ,' 	DM40 AND GRAVEL 

soil moisture content but did note a maxi-
mum at the time of frost melting. Hi's 
results are indicated. in Figure 21. Motl 
felt his findings were yet inconc1usive but 
ventured that ...it does not appear that 
the small variations from the fall values 
are sufficient to account for all the loss 
of soil stability (an exception however,, 
should be recognized in those cases where 
the moisture content in clay loam soils may 

Noru 	
be close to the maximum). It is suspected 

EECAVAFtOGRONANFELEO 	 that frost action attacks the stability of 
a soil mass by altering its structure with-
out necessarily ohanging the moisture 
content". 

Figure 20. Typical Water Content Vs. Depth Profile 
(After Shannon J411) 
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The Corps of Engineers extensive studies of airfields /19117-2, /194923 showed moisture 
gains in one or more subgrade soils in 14 of 15 airfields studied. There were instances when sub-
grade moisture contents were lower during the frost melting period than during the normal period 
but those occasions were in minority. Generally the moisture gain ranged from 1 to 4 percent 
(based on dry weight). 

Lund /1951-12 reported observations of soil moisture 
- contents associated with spring road failures in Nebraska. 

MINN000TA MoITuR 	T0T' He made direct comparison between "failed" and "good" condi - 
tion of the pavement and obtained moisture contents at differ- - 	CHANGb IN MOISTURE CONI&NT IN - 	CLAY LOAM 	U0GRAOA OIL ent depths in base and subgrade. 	Some of Lund'.s results 

= are given in Table 6. 
- - - DePTH 0-6 	9AT VARIOUA DPTIIS. - - - - -

1$ 101 , 	Several authors have indicated a relationship' between 
: 	2 - 	= AVIRAGIOI8 POINT) measured heave and cumulative total thickness of ice lenses 

: throughout the frozen depth. 	Shannon /19414-1 showed the 
: = : = comparisons given in Table 7. 

ALAPN. MY J:N. JUL AUG. SIP. 	 'c 
1949 It may be seen that in 3 of the locations for which 

total thickness of ice and heave are given, the thickness of 
Figure 21. 	' ice exceeds the heave, indicating the possibility that shrink- 

Minnesota Moisture Test 	' age may have occurred in the soil from which the water was 
(After Motl 11950-2) drawn. 

Relationship Between Percent Moisture Content and Road Condition 
(After Lund) 

DRPTH 

Project Aa 	' Project Bb 

SAMPLED  
Percentage Moisture Percentage Moisture 

In 
Failed 
Areas 

In 	, 
Good 
Areas 

In 
' 	Failed 

Areas 

In 
Good 
Areas 

Base Course 	' 4.6 3.8 5.1 11.3 

1 in. Below 	' , 	' 	18.5 	' 	' ' 	17.2 19.0 17.0 

6 in. Below 18.8 15.9 19.8 .18.0 

36 in,'Below 19.7 17,3 20.4 17.5 

a 10 borings in failed areas,'7 in good sections 
b 27 borings in failed areas, 17 in good sections 

0 
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TABLE 7 

Comparisons Between Measured Total Ice Lens Thickness in Sibgrad.e 
And Measured Heave of Pavement 

Within or Cumulative Total Total Heave of 
Adjoining'Test Area Ice Lens Thickness Pavement at 

At Test Pit Test Pit 

in. in. 
1' 

II 0.84 0 
II 0.87 0.24 
III 2.9$ 3.24 
I 3.26 4.80 

III,  6.10 11.20 

BEARING VALUE OF ICE AND FROZEN SOIL 

Kereten and Cox 1951-119 conducted a series of penetration type bearing tests on soils in 
the unfrozen state. The test consisted of compacting soil in two 1-in, layers in a metal 
cylindrical mold having inside dimensions of 2 in. diameter and 4 7/16 inches high. The bearing 
value was obtained by loading a 3/4-in, diameter steelrod and recording loads at 0.1-in. 
penetrations. 

The study was made on four soils. Grain size and plasticity data, and compaction test 
data for the four soils are shown in Table 8. 

TLE 8 

Mechanical Analysis 
(Particle Size-Millimeters Diameter) 

Textural CiaBs Gravel Sand. 	Slit Modified 

U. S. Bur. 	Corps 0.05 	0.05 Plasti- 
Soil 	of Chem, 	of Over to 	to Under Liciuid city 	Opt. 	Max. 
No. 	& Soils 	Engrs. 2.00 2.00 	0,05 0.00$ Limit Index 	Moist. 	Den. 

pcf. 

p44604 	Med. Sand. 	SW 010 100.0 	0.0 0.0 N.P. 	12.2 	119.0 

P-4713 	Sandy Loam 	CL 0.4 53.6 	27.5 18.5 24.6 9.3 	9.0 	127.5 

P-11602 	Silt Loam 	ML 0.0 7.6 	80.9 11.5 34.0 X.P. 	15.5 	110.0 

U-4701 	Clay 	 CH 0.0 9.2 	37.5 53.3 77.0 53,5 	19.8 	107.1 

Teats were conducted at a number of different moisture contents and densities and for 
temperatures above and below freezing for each soil. 

The results showed that the density (drywt. per cu. ft.) had a marked effect on the 
bearing value obtained in . the tests. 	This is well illustrated by the values shown in Figure 22*  
which gives bearing value for the sand.. 	The high density soil (curve 5) had a greater bearing 



I 	I 
Curve 	Dry Density 	Moist. Cont 

Na 	Lb. per Cu.Ft. 	Percent 
5 I 	110.2 	11.8 

	

2— 94.7— 	9.3- 
3 	107.0 	12.5 
4 	109.8 	9.0 
5 	112.7 	14.6 

4  
_ 
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Figure 22. Summary of Bearing Value- 
Temperature Curves-Sand. (After Kersten) 
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value than the low density soil (curve 2). The results also showed the effect of variation in 
moisture content when the density was held nearly constant. The densities of the soil represented 
by curves 4, 1, and 5 are within a range of 3 lb. per Cu. ft. end have moisture contents of 9.00, 
11.78 and 14.55 percent. In the frozen range, the bearing value shows an increase with increase 
in moisture content. A similar trend was found for the silt loam soil. The sany loam and clay 
soils did not show the marked increases. It may be seen from Figure 22 that the freezing point 
for the sand is between 31 and 32 deg. F. and for the clay the average is about 29 deg. F. 

Kersten and Cox /1951-49 also found that 
the bearing value of the frozen soil is dependent 
on the texture of the soil. That is illustrated 
in Figure 23 in which the bearing value-tempera-
ture curves for each soil at the moisture content 
density condition, which most near]approxites 
the optimum moisture content and ma4mum desity 
of the modified AASRO compaction tes• 	Bearing 
value curves for ice at different temratures 
are also included. It may be seen that; the orr,  
of soils from lowest to highest in beaHng vali 
is clay, silt loam,' sandy loam and sand.r  That i5 
the order of bearing value normally expeôted in 
those soils in the unfrozen condition. 'i- 

Although the test method was an arbitray 
one it did indicate the marked increase in bear-
ing value with decrease in temperature for any' 
initial condition of moisture content and density. 
It indicates that highways may have high load 
bearing capacities when the soil is frozen to an 
adequate depth. 

- 

MAGNITUDE OF REDUCTION OF 

LOAD BEARING CAPACITY 

0 
-10 

• 
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soil 	Dry Density 	Moist. Cont. 
Lb. per Cu. Ft 	Percent 

\ 	Sand 	112.7 	14.6 
\ 	—SandyLoam 	1252 	9.7— 
\ 	Silt Loom 	106.6 	15.6 Clay 	101.9 	20.2 

0 	20 	30 	40 	50 	60 
Temperature - Degrees F 

Figure 23.  Bearing Value-Temperature 
Curves-Soil Approximately at Modified 
Optimum Moisture Content and Maximum 

Density. (After Kersten) 

Illinois /19214k cast a number of concrete 
slabs 3 ft. in diameter adjacent to the edge of 
the Bates Experimental Test Road for Iru.rpOse of 
measuring slab reflections under repeated loadings. 
Several series of repeated loading tests were 
made, each with 10 applications of load, to deter-
mine change in supporting value with seasonal 
change in soil moisture content. Older /19214-4 
reports the results as follows:  

Figure 21+  shows the results for Slab No. 3 
of a series of tests which included ten appli-
cations of a load of 6 psi, repeated 6 times with 
intervening rest periods of 24 hours each. The 
loads were applied in each case at 15 minute in-
teryals. The moisture content of the subgracle 
(26.8%) may be considered normal for this soil 
during the early fall months. The principal 
points of interest are: The permanent depression 
due to the first load applied after each period 
of rest; t}e recovery of elevation during rest 
periods; the resultant depression at the end of 
the third day; and the decreased permanent 
depressions on succeeding days. Figure 25 shows 
the effect of another series of load repetitions. 
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The excessive permanent depression recorded on February 20, 1922 may be accounted for partly by 
the increased moisture content, but probably was due chiefly to freezing and thawing of the soil. 
This may be inferred from the fact that excessive depressions were also recorded on March 8, at 
which time the moisture content was practically the same as on December 1. 1owever, the soil 
had been frozen and thawed once or twice between February 20 and March 8. All other slabs used 
for similar observations behaved in the same manner but in varying degree. 

Figure 24. (After Older 1924-4) 
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Figure 25. (After Older 1924-4) 

Beskow 11935-i. J1947-12 found that the relative thickness of ice layers with respect to 
the thickness of the frozen soil and their depth below the surface are important factors in 
highways where reduction in load carrying capacity is the major consideration. If the water 
excess is high in the road it will cause softening and possibly frost boils on thawing, even if 
on soils which are otherwise stable. The deeper the water excess the less the reduction in load 
carrying capacity. Also, 11934-8 the reduction in load carrying capacity depends on the nature 
of the soil, a saturated silt needing only a small water Increase to bring it to a liquid state. 

	

Winterkorn and Fehrman J19144 	made laboratory tests to determine the effect of freezing 
and thawing and wetting and drying on the density and California Bearing Batio of five soils 
ranging from clay to sand. The results showed that bearing values: (1) after k days immersion 
were 3 to 11 percent lower than before immersion; (2) after freezing and thawing were 1 to 5 
percent lower; (3) freezing and thawing plus immersion had a greater effect on bearing ratio; 
and. (4) after wetting and drying and freezing and thawing the bearing ratio was pact ically zero. 
The authors concluded that combined freezing and wetting have a detrimental effect on the "bear-
ing power" of all soils within the textural ranges investigated. 

The Missouri Soils Manual /1948-13 states that "Laboratory tests on granular soils have 
indicated a loss in bearing power up to' 80 percent when the voids are increased only two per-
cent above the voids present at maximum density". This is cited here to show how a slight re-
duction in density may affect bearing capacity. 

Flexible Type Pavements 

Shssnnon f94-1 reported the results of studies by the Corps of Bngineera at Dow Field, 
Bangor, Maine to determine reduction in bearing capacity of pavements due to frost action. The 
prevailing soil types at Dow Field were: (1) sIlty till containing about 50 to 80 percent sand 
and gravel, LL - 19 and P.I. - 2; and (2) a lean clay with 0 to 140 percent sand, LL a 29 to 33 
and P.I. : 11 to 13. Frost depth was a maximum of about 4 ft. Plate bearing tests were made on 
the flexible type pavement in areas and adjacent to areas tested by traffic to measure reduction 
in supporting capacity of the pavement from the summer period to the frost melting period. Two 
testing procedures were used. One was a static loading' which consisted of applying through a 
30-in, diameter bearing plate a 5-psi. seating load-for 10 mm., unloading, zeroing the extenso-
meters, then applying loads in five increments and observing plate movement until nearly complete 
deformation was reached. The total load applied was 60,000 lb. Seven tests were made in the 
frost melting period and seven in the summer. A summary of the results are shown in Table 9. 
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TABLB 9 

Summary of Static Loading Plate Bearing Tests on Flexible Pavements, 
30-in. Diameter-Plate 

Located Bitu- Combined: Gross Load on Plate Deflection Produced 
Test Adjoining Date of minous Thick- Which Produced De- By Gross Load in 
No.(a) or Within Test, 1944 Concrete ness, formation in Inches of Pounds of 

Test Pavement pavement 
Area Thickness and Base 0.0.5 0.10 0.20 10,000 20,000 10,000 

in. in. lb. lb. lb. in. in. in. 

20 I 12 April 4.6 21 2,000 3,000 6,000 0.40 0.80 1.41 
42 I 28 August 3,7 22 13,000 25,000 45,000 0.03 0.08 0.17 

21 I 13 April 4.1 21 8,000 15,000 25,000 0.06 0.15 0.34 
39 I 26 August 4.1 21 19,000 30,000 48,000 0.025 0.06 0.15 

22 II 15 April 3.4 47 17,000 26,000 50,000 0.04 0.08 0.15 
34 II 23 August 3.4 47 20,000 39,000 0.025 0.05 0.10 

23 II 17 April 3.21 39 15,000 36,000 65,000b 0,035 0.06 0.12 
54 II 3 October 3.21 39 22,500 144,000 60,000 0.015 0.045 0.09 

24 II 17 April 3.6 33 12,000 23,000 42,000 0.011. 0.085 0.19 
114 II 23 September 3.6 33 20,000 140,000 67,000b 0.025 0.05 0.10 

26 I 20 April 3.21 22 8,000 16,000 40,000 0.06 0.12 0.20 
35 I 24 August 3.14 22 25,000 . 	148,000 0.015 004 0.08 

32 III 1 May 4.0 26 14,000 27,000 218,000 0.03 0.07 0.16 
37 III 25 August '4.0 26 8,000 17,000 39,000 0.06 0.115 0.20. 

a Tests are arranged in pairs with approximately 5 to 20 ft. distance between companion tests. 
b Value extrapolated. 

ShRnnon found that tests performed at adjoining locations during the two different periods 
showed nearly similar load deflection characteristics where the thickness of the flexible pave-
ment and base was equal to or exceeded frost penetration depth. As the thickness of pavement 
and base were less than the depth of freezing, a given load produced a mtich greater deflection 
during the frost melting period. That is evident in Table 9. Repeated loadings showed that the 
increment deformation was greater during the frost melting period than during summer. 

Traffic tests made at Truax (Madison, Wisconsin), Pierre (South Dakota) and Dow Field by 
the Corps of Iigineers in 19421-1945 L1947-2 and the plate bearing tests made at Presque Isle 
(Maine), Dow, Pierre and Watertown, (S. D.) airfields and the C.B.R. tests made at all 15 air-
fields showed a reduction in the ability of pavements to support loads during the frost melting 
period. Although the traffic tests indicated a reduction, they were inadequate in number to 
provide quantitative data. 

The plate bearing tests made at 3.9 locations showed a range in maximum ratio of normal to 
frost melting period load for 0.1-in, deflection (30 in. circular test plates) ranging from about 
1.45 to about 2.7. 	Expressed as percentages, this means that the bearing value during the 
frost melting period ranged from 37 to 69 percent of the bearing capacity during the normal 
period with an average value of 55 percent. The data showed no distinct trend of increasing 
reduction in bearing value with increased depth of frost penetration. 

The report states that "The best measure of the reduction is by a comparison of C.B.R. 
values during the frost melting period with those during the normal period as obtained from 
both traffic tests and in. place C.B.R. Tests." 
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The C.B.R. values form the basis for the design curves shown later in this review under 
"Design Methods for Preventing Detrimental Frost Action". Motl /19117-13 reported the first of 
a series of tests by the Minnesota Department of Highways. His tests showed that the reduction 
in bearing was about 50 percent. The 19146-1947  tests were at 85 test points on 11 projects 
totalling about 100 miles in length. The work was continued during 1948, and 1949, and was 
extended to establish a working relationship between data obtained with the 12—in., diameter 
plate, the North Dakota Cone and. the C.B.R. equipment. 

Motlte Committee made a supplementary report /1950-2  of work done during 19148 and 1949 in 
measurement of reduction of bearing capacity during the spring season. The report covers studies 
in 8 states including Indiana, Iowa, Michigan, New Hampshire, New York, North Dakota, Ohio and. 
Minnesota. Measurements in Iowa were made with the Iowa Subgrade Resistance Meter. Michigan 
used, the Housel penetroineter, the North Dakota cone test and the Housel shear test. North 
Dakota used its cone bearing test; and others used plate bearing tests. 

It is of interest to note that the pattern of reduction in bearing capacity is generally 
similar from state to state. This may be seen in Figure 26 showing results of plate bearing 
tests from New Hampshire, and Figure 27 showing results of plate bearing tests from New York. 
The results of the North Dakota cone tests in North Dakota show similar reduction in values 
as may be seen in Figure 28. 

_HIGHWAY RESEARCH BOARD_  
T. OP MAIN?. 

PROJECT NQ 7 
500 _Deto by State of N.0 Haoip*h..  
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Figure 26. Increase in Base Capacity 
After Thawing Out of Subgrade — 8 in. 
Base—State of New Hampshire (After Moti) 
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Figure 27. Load—Deflection Relationship 
of Curves for Fall and spring, using 6 in. 
Diameter Plate on Subgrade — State of New 

York. (After Moti 11950-2) 

Minnesota reported results covering a three year period /1950-2. Figure 29 shows that 
while the pattern is similar there is a marked difference in the percentage reduction in 
bearing capacity especially between the 1947 and the 1949 spring season values. The Minnesota 
studies included typical profiles and cross sections of the roadway during test periods. Heaves 
associated with reduction in bearing value were all relatively small ranging from about 0.02 
to a maximum of' about 0.09 ft. Observations were also made of moisture content changes. Those 
are reported in a preceding paragraph. A more recent report by Lawrence J19137 summarized 
Minnesota's work (see L,2148-11 and. /1949-12 for details of results and test procedures). He 
stated that "The average loss in bearing value for the 126 test points was 142 percent of the 
fall bearing value". The percentage reduction, within experimental error, was substantially 
the same for all soil types and flexible pavement designs. The average values for the various 
soil groups are given in the following: 



Figure 28. Loss of Strength 
at Depths of 3, 9, 15 and 214 
in. below surface of Subgrad.e-
Average of Ten Test points — 

State of North ]kota 
(After Motl 11950-2) 
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Average Spring 
B.P.R. Number of Bearing Value 

Classification Test Points at 0.2-in. Def 1. Average Loss 

psi. - 

A-2 16 205 410 
A-If 9 222 46 
A-k-? 114. 145 45 
A-? 71 96 42 
A-6 13 85 40 
A-5-7 3 	. 62 41 
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Figure 29.. State of Minnesota — 
Dept. of Highways — Comparison 
of Results of 1947-1948 and 1949 

Tests. (After Mo1]. 11950-2) 

The 1914.4-1945  studies of the Corps of guneers /1947-2 were continued and "Addendum No. 1" 
was published /1949-23. A third report L1951-39.  summarizes the results of in-place C.B.R. tests 
conducted on top of the base materials and (or) on top of the subgrade at a total of nine flexi-
ble paved test areas where tests were performed during the normal period in the fall of 1944 and 
in the frost melting period in the spring of 1945. Data from those tests Bummnrized. in Table 10 
generally showed a reduction in bearing ratio in both frost susceptible base and subgrade materials. 

Plate bearing tests with the plate placed directly on the bituminous concrete pavement 
were made at six airfields. Two types of tests were made. Static plate bearing tests consisted 
of loading a 30-in, diameter plate in five or six equal increments to a load in excess of the 
proportional limit or to the maximum permitted by the test equipment. Repeating load tests were 
made with similar equipment except a 214-in. diameter.plate was used. 

Repeating load tests were made with a 24-in, plate (except at Dow Field where a 19-in. 
plate was used in the 1943-19144 normal period) using a seating load of 3,500 lb. for 5 miii. 
A load, of 20,000 lb. was then applied rapidly and maintained for 10 mm. and deformation readings 
were made after periods of 1/4, 1, 2 1/4, 6 1/4 and 10 miii, The load was released and deforma-
tion readings read after a 5 mm. period. Ten repetitious of the loading procedure were made. 

The results of the static load tests (30-in. plate) are shown in Table 11. Column 11 
represents average values for tests performed from September 1 to the start of the freezing 
period. Column 12 shows average loads at 0.1-in, deflection for the 2-week frost melting period 
when the strength was at a minimum. Column 13 shows the rat iqa between frost melting period 
and normal period static load test values. 

The wheel load evaluations for both normal and frost melting periods and their ratios 
were determined for each test area included on Table 11.. Normal period evaluations were based 
on in-place C.B.R. test results in the flexible pavement design curves for single wheel loads 
with 100 psi. tire pressure and "...frost melting period evaluations on frost condition design 
curves which are currently in use." 
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TABLE 10 

In-Place Values of CBR for Nine Airfields 	. 
(After Corps of Engineers) 

Average CBR 
Test 	 Normal 	Prost Melt fag 
Area 	- Material 	 Perio4 	Period 

A 	 ML Subgrada 	 14 	 18 
(GP&SP) 

A 	 G? Subbase 64 33 
CL Subgrad.e If 2 

B 	 GF Subbase Ill 31 
CL Snbgrad.a 5 

A 	 GP-SF Base 37 27 
CL-CL $ubgrade . 	12 8 

B 	. 	 GFBase . 30. 30 
CL Subgrade 12 16 

A 	 GCBase 	. 37 14 
CL Subbase . 	16 6 
CL-CR Subgrad.e 10 5 

A 	 CL-SF Subbase 15 8 
OH-CR Subgrad.e 7 	. 5 

B 	 GWBase 	. 58 28 
SF-CL Subgrad.e 27 21 

A 	 GFBase 24 21 
SP-ML Subgrad.e 24 . 	18 

Site 

Otis Field, 
Camp Edwards, 
Mass. 

Trxax Field 
Madison, 
Wisconsin 

Tru.ax Field, 
Madison, 
Wisoonsin 

Watertown 
Airfield, 
Watertown 
S. Dakota 

Pierre Airfield, 
Pierre, S. Dakota 

Sioux Falls, 
Sioux Falls, 
S. Dakota 

Fargo Mu.nicipal 
Airfield, 
N. Dakota 

Casper Air 
Base, 
Casper, Wyoming 

Biemarck 
Airfield, 
Bismarck,. 
N. Dakota 

The average value of ratio of frost melting to normal period static load for 0.1-in, plate 
deflection was 0.50.  That value may be compared with the value of 0.29 which is the ratio of 
frost conditions tonormal period wheel load evaluations for the same pavements. These ratios 
are shown in Figure 30 which also indicates the duration and magnitude of reduction in load 
carrying capacity of the pavement as determined by averaging static load test data from all test 
areas. 

The Corps of Engineers held that 'the static load tests as performed by them do not give a 
correct measure of the relative traffic supporting capacity during the frost melting period 
because "..the gradually applied load used in static load tests allows escape of water, con-
solidation and build-up of resistance in the eubgrade soils which influences to a great extent 
the frost melting period test results; and, the static load tests do not reflect the weakening 
due to subgrade remolding under repetitive loading such as the pavement is subjected to under 
traffic usage". . 

An example of the effect of repetitions of load is shown in the graph in Figure 31 which 
illustrates the marked effect of 10 pepetitions of load for each of the three test periods 
represented. 



TABLE U 	 ' 

SUMMARY OF STATIC LOAD TESTS ON SURFACE OF FLIBIE PAVEMTS 

Site 
Test. 
Area" 

Pavement 
Thickness 

Base Subgrade 

Frost 

Static Load Tests 
Load at 0.1-in. Deflection Design Wheel Load 

Finer Finer Frost tatio Frost Ratio 

Classi- Thickness than Classi- than Normal Penetration Normal Melting 'oads' Norma]. Melting Design 
fication 0.02 mm. fication 0.02 nm. CBR Period Period M/N Period Period/i FM/N 

(1) (2) (3) (J.) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) 

in. in. ft. lb. lb. lb. lb. 

Dow B 4.0 0W 27 3-6 CL 40-97 .8 4.3 34,000(4) 
17,000(3)Lc .50 80,000 27,000 .34 

3.5 to 40 ". 4.3 41,500(2) 26,000(1) .62 150,000 48,000 .32 

I&III 4.0 16 I' ii ft it 4.0 34,000(3) 15,500(2) .42 33,000 11,000 .33 

C 4.0 43 ft ii 4.7 44,000(4) 26,000(3) .59 150,000 57,000 .38 

3.5 32 it it ii 4.7 34,000(1) 17,000(1) .50 106,000 33,000 .31 

Presque 
Isle C 4.5 Cr. Rock 3 - CC 10-40 10 6.2 60,000(1) 32,000(4) .53 108,000 27,000 .25 

OW 24 0-6 . 

D . 	4.0 Cr, Rock 3 - cc 5.8 49,000(3) 24,000(9) .49 108,000. 28,000 .26 

OW 24 0-6 . . 

Truax A 2.5 Cr. Rock 8 - CI 60-80 5 3.9 36,000(2) 14,000(2) .39 32,000 7,000 .22 

CF 16 10-20 SF 7 

B 2.5 Cr. Rock 19 - CL 60-80 4 4.9 51,500(5) 24,000(7) .47 73,000 26,000 .36 
OF 23 10-20 SF 7 

Pierre B 1.5 OF 12 6-14 CL 30-58 13 3.7 42,000(1) 17,500(7) ' .37 27,000 5,500 .20 

6.0 OF 9 , , ,  , 6,500 .19  

Sioux A 2.0 CC 10 6-12 CL 35-48 10 3.7 23,500(1) 12,500(3) .53 14,000 4,000 .29 

Falls , Subbase 
kvg..50 Avg..29 

Design wheel loads for normal period were determined from the flexible pavement design curves (single wheel, load, 100 psi. 
tire pressure) dated 13 June 1950. 	 . 	 . 	. 

Lb..... Design wheel loads for frost conditions were determined from the Frost Design 'Curves dated 15 August 1950. The GF sub-base material 
at Truax was frost susceptible and was considered to control frost condition design. 

Le 	Figures in parentheses, indicate number of tests used in computing tF average loads at 0.1-in, deflection. 

N 	Norña1 Period  
FM - Frost Melting Period 
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FLEXIBLE PAVEMENT (FIGUREA) 	 RIGIb PAVEMENT (FIGURE B) 
FIG. 30 
NOTES:- 

. REDUCTION IN PAVEMENT SUPPORTING CAPACITY 

Curves based on static load tests from nine flexible paved test areas and from rupture tests on 
six rigid, paved test areas at six airfields (Reference Tables 2 and 3 ). 

Single wheel load evaluations 000 psi tire pressure) for normal period based on airfield 
pavement design curves dated 13 June 1950 and evaluations for frost melting period using 
frost design curves dated 15 August 1950. 	(After Corps of ngineers) 
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It was observed from the trend of static plate bearing test data for three airfields that 
the duration of the period required for the pavement to return from approximately 50 percent to 
80 percent of normal strength was approximately prportional to the depth of the frozen subgrad.e 
at the three sites (Presque Isle, Truax and Dow Airfields). 

Traffic tests were conducted on five flexi- 	02 

ble pavod test areas at the three airfields. 	 GO 

Traffic was applied on the basis of a specified. 	i.o- 
number of daily coverages during and after the 	 CL 

frost melting period to simulate the continuous 
use of a pavement by aircraft. The criterion for 
failure was a condition where about 20 percent of 
the area was map cracked or when the flexing of 
the pavement reached ow inch. 

U 	CL 
.8 	OR 

The traffic test data from all flexible 
paved test areas are summarized in Figure 32 
which ahows the percentage ratio of the actual 
pavement and base thickness to the Corps of 
Engineers frost condition design thickness for 
the specific test wheel load, number of traffic 
coverages and the pavement behaviour. It may 
be seen from Figure 32 that no pavement failures 	SF-CL 

nciirrer1 where the actual uavement was Ereater 

1, 

0. 

0.1 -_ 

04 112111 
0._____i 

::1ii±t 
than about 90 percent of the design requirement. 	

. 	

Mar. 	Ape 	May_ - 

This indicated, a margin of safety which was be- 
lieved justified to allow for heavy traffic in 	Figure 31. Results of Repeating Load Tests, 
emergencies and to prevent excessive maintenance -Test Area A, Sioux Falls Airfield (Load 25,000 
costs. 	 lb. — Plate 2411 Diem.) (After Corps of. Engineers) 
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NUMBER OF COVERAGES 	
LEGEND: 	

: 
NOTES:- 	 X Peoereenl Faded oral lnrmieent Failure. 

Data obtained from accelerated traffic tests pertorrned during the frost rnCltrng 	, 	. pavement Selistaclory. 
period on tiesible pavements at Dow, Trues,and Pierre Airtields. 

Numbers adjacent to plotted points reter to line numbers on Table 4. 	 .8 Paoerneet Failed at less than Indicated Number 
at Coverages. 

Figure 32 
Percent of Design vs. Number of Coverages 

Flexible Pavements 
(After Corps of Engineers) 

to 
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Rigid Type Pavements 

The War Department /1947-2 traffic tests at Tru.ax and flow Airfields on Rigid Pype Pave—
ments showed a definite reduction in pavement supporting capacity due to frost action". At 
Truax (Madison, Wisconsin) ice lenses occurred in the top L  in. of the base and ice lenses adhered 
to the bottom of the pavement. Lenses also occurred in the subgrade at depths of 3.0 to 14,7  ft. 
The reduction in supporting value was reported to be U...due directly to the ice lens formation 
in the top four inches of the gravel base as the ice lens formation in the subgrade was at a depth 
which is considered too great to be effective under a 30,000 lb. wheel load." Pumping of water 
through the joints and cracks (during the frost melting period.) carried out fines from the base. 
It was believed that the pumping weakened the base, causing a reduction in support where it 
occurred.. It was also believed that a non—frost susceptible base /11 would not have caused pump—
ing. Pumping occurred during the traffic tests at Pierre (South Dakota). The results indicate 
that pumping resulted from infiltration of surface water and not frost action. 

The results of subgrade modulus tests obtained at Pierre, Preaque Isle, and Dow Fields 
during the frost melting period are shown in Figure 33. Curve A represents the trend of the 
tests.. The type of subgrade at all of these airfields falls into group 3. The results form the 
basis for the design curves which are shown later under the heading "Design Methods for Preventing 
Detrimental Frost Action". Comparison of Figure 33 and the design curves shown later indicates 
that there is not a close agreement between curve A and the curve designated "3". It is stated 
that the three design curves were purposely drawn to indicate conservation values for the sub—
grade modulus during the frost melting period. 

The 19441945 investigation by the Corps of Engineers 	was continued through 19115- 
19117 /19149-23 by means of rupture tests and subgrade modulus tests conducted during normal-and 
frost melting periods at seven airfields. In addition, a traffic test was made at Selfridge 
Field. (Michigan). The results were analyzed and presented in summary form in a later report J]- 

The rupture tests were made by loading a 214—in, diameter plate placed on the surface of the 
pavement at the corner of a slab at the intersection of a longitudinal construction joint and 
a transverse expanaion joint. The results are summarized in Table 12. A comparison of loads 
causing 0.1—in, deflection during the normal and frost melting periods as given in columns 10 
and. 11 (Table 12) shows a consistent reduction in pavement strength during the frost melting 
period, the average ratio of frost melting to normal period load at 0.1.—in, deflection for all 
test areas being 0.69. 

Wheel load evaluations of the pavements at the locations of the rupture tests were made 
for both normal and frost melting periods ueIng the latest Corps of Engineers design curves for 
single wheel loads with 100 psi. tire pressure. Those evaluations are shown in columns 15 and. 
17 of Table 12. The average ratio of the frost melting to normal period wheel load evaluations 
is 0.79 as shown on Table 12 as compared with the average ratio of weakening of 0.69 indicated 
by the pavement rupture tests. A comparison of the ratios of frost melting period to normal 
period rupture test loads and design wheel loads is presented. in Figure 30. Although the ratios 
of weakening by both methods of approach are of the same order, the load at 0.1.—In, deflection 
on the bearing plate was on the average four times greater than the design wheel load for the 
same period. Since the rupture tests were carried either to the maximum loading capacity of 
the equipment or to slab failure which was in all cases at deflection in excess of 0.1—in. 
the rupture loads in all instances were many times greater than the design wheel loads. 

Consideration of the factors involved indicates that in these static loading tests on 
rigid pavements, as in the comparable tests on flexible pavements, many influences exist which 
tend to produce an Incorrect ratio for the reduction in pavement supporting capacity, in rela—
tion to that determined, by actual traffic testing. Nevertheless the agreement between the values 
0.79 and 0.69 here obtained for rigid pavements is clearly better than that obtained for 
flexible pavements. 

/l+ The base material consisted of a sand—clay—gravel material (GF) with 10 to 20 percent 
retained in the No. 10 sieve, and with about 20 to 35 percent silt, about 8 to 11 percent 
clay. L.L. ranged from 19 to 30. P.I. ranged from 2 to 9. 
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SUMMARY OF RUPTURE TESTS ON RIGID PAVEMENT SLAB CORNERS 

Base Subgrade . Load at 0.1-in. Deflection Design Wheel Load 
Test Pavement 

Classi- Thickness Finer Classi- Finer Normal Frost Ratio 
Normal 
Period 

Melting 
Period Ratio 

Site Area Thickness Frost 
Pen. 

Flex. 
trength 

Sub. Load Sub. Load ication than fication than Period Melting Loads t Conc. Design 

(1) (2) (3) (4) (5) 
0.02 no. 
(6) (7) 

0.02 inn. 
(8) (9) (10) 

Period 
(11) 

FM/N La 
(12) (13) 

Mod. 
(1.4) 

Lb 
(15) 

Mod. 
(16) 

/c 
(17) 

FM/N 
(18) 

in. in. % ft. lb. lb. - psi, psi. lb. psi. lb. 

1944-1945 

Dow A 7.0 GM 13 3-6 CL 40-97 4.1 50,000(2) 28,000(2) 0.56 600 315 16,000 75 11,000 - 
Ld Ld 

Truax C 6.0 GF 40 10-20 CL 60-80 4.6 86,000(1) 55,000(5)  0.65 750 250 14,000 60 	.11,000 .79 

1945 - 1946 
Dow F 7.0 GM 22.5 3-6 CL 40-97 4.5 40,000(1) 21,000(1) 0.67 600 315 16,000 120 12,000 .75 

Presque A 8.0 (7W 32 0-6 CC 10-40 5.8 60,000(1) 47,000(3) 0.78 690 340 27,000 170 21,000 .78 
Isle 

Truax C 7.0 GF 39 10-20 CL. 60-80 4.0 84,000(1) 48,000(1) 0.57 750 250 20,000 60 14,000 .70 
C 6.0 GF 53 10-20 CL 60-80 4.0 71,000(1) 43,000(2)  0.61 750 250 14,000 60 11,000 .79 

Sel- A 11.0 CF 8 3 ML 34 2.9 85,000(1) 61,500(3) 0.72 735 165 50,000 55 39,000 .78 
fridge . SF 20 

Pierre A 7.0 CF 7 6-14 CL 30-58 4.0 44,000(2) 37,000(2) 0.84 700 120 15,000 55 13,000 .87 

Sioux A 6.0 - - 	. - CH 55-83 3.5 35,000(2) 28,000(2) 0.80 675 48 9,000 30 8,000 .89 
Falls . 

19i4-1947 

Dow F 8.0 GM 19 3-6 CL 40-97 3.7 42,000(3) 282500(2)  0.68 600 .315 22,000 110 16,000 

Avg...69 • Avg..7 

/a 	N - Normal Period 
FM - Frost Melting Period 	 • 	 . . 

Design wheel loads for normal period were determined from the Rigid Pavement Design Curves (single wheel load, 100 psi, tire 
- 	pressure) dated 13 June 1950. 	 • 

Design wheel loads for frost conditions were determined from the Rigid Pavement Design Curves (single wheel loads, 100 psi. 
tire pressure) dated 13 June 1950, using subgrade nduli obtained from Frost Design Curves dated 15 August 1950. The GF.base 
material at Truax was frost susceptible and was considered to control the design. 	. 	. 	• 

Ld 	Figures in parentheses indicate number of tests used in computing the average loads at 0.30 in. deflection. 
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Traffic tests were made on portland cemeit concrete pavements at Dow, Truax, Pierre and. 
Seifridge airfields using wheel loads consistet with the evaluations of the specific test areas. 
The assumptions as to traffic frequency were the same as for flexible type pavements. 

/ LEND 
ierre 

Presque Isle 
IDow Field / 

.7 

10 	20 	30 	40 	50 
Thickness of Gravel Bases - Inches 

Figure 33. Summary of Foundation Modulus 
Tests Compared with Proposed. Design Curves. 
Curves (1) (2) (3) are design curves of 
"Recommended Revisions to Engineering Manual". 
All subgrade soils are frost susceptible and 
fall in group (3). Subgrade Modulus Determinad 
During Frost Melting Period.(After C. of Engrs.) 

The results of the traffic tests are 
summarized in Figure 34 which shows the re-
lationship between percentage ratio of the 
actual slab thickness to the frost con-
dition design thickness for the traffic test 
wheel load, the number of traffic coverages 
and pavement behaviour. Design thicknesses 
were determined using values of subgrade 
moduli from the Corps of Engineers frost 
condition design curves dated August 15, 1950 
and rigid pavement design curves dated 
June 13, 1950. 

Although the data are limited, failure 
occurred in all test lanes except one (Pierre) 
when the existing pavement was less than 
85 percent of that required by frost con-
dition design criteria for traffic test 
wheel loads. It may be seen from Figure 
34 that satisfactory pavement performance 
resulted when the slab thickness along the 
test lane was in excess of 90 percent of 
that required by the Corps of Engineers 
frost condition design criteria. 

The Corps of Engineers conclude from 
their compa'-tive studies of load supporting 
capacity on flexible and, rigid type pave-
ments that "The ratio of the safe wheel load 
during the period of maximum weakening due 
to frost action, to the safe wheel load 
during the normal period, is approximately 
0.3 for flexible pavements and approximately 
0.6 for rigid pavements. 

Rogers and Nikola /1951-3  made measure-
ments of the bearing capacity of 30 New 
Jersey soils under 14-by14-ft. concrete slabs. 
No effort was made to determine the supDorting 
capacity of the slab on the 30 soils. The 
determinations were made by plungers through 
the slab and resting on the subgrad.e. The 
results of that Investigation are reviewed 
Distribution Characteristics and. Frost in some detail under "Relationship Between Grain Size 

Act ion". 
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NUMBER OF COVERAGES 	 LEGEND: 
NOTES.— 	 X Panensent Foiled or at 

Dataobtained from accelerated trot tic tests. performed daring the frost nelting 	 Ireer isent Failare. 

	

period on rigidpavements at Dow, Truoo, Pierre and Seltridge Airtields. 	 S 	Panetnent Sotistoctory. 

	

Nambers adjacent to plotted points refer to line numbers on Table 4. 	 '-6 	Punereenl Foiled at less 
than Indicated Nu,nber - 
at (averages. 

Figu.re 311. 

Percent of Design vs. Number of Coverages — 
Rigid Pavements. (After Cdrps of Engineers) 

FACTORS INFLUENCING THE MAGNITUDE, RATE AND NATURE OF FROST ACTION 
AND REDUCTION IN LOAD CARRYING CAPACITY 

The nature of frost  action and the consequent reduction in bearing capacity following 
thawing are influenced by many and diverse factors. Climate alone is of major importance..' So 
also is the soil. The same may be said of the water conditions associated with the soil. There 
are other factors which if considered individually influence frost action in a lesser degree. 
Even those, if their effects are additive, are worthy of consideration by highway engineers. 

There exists a close interrelationship between the various factors and- their net effects. 
theassociatedwate __nditionsand 	____ _________ 	 -_ 	 .-'-_--___-_ - 

aires are favorablefor a sufficiently long peri'6'dof_tie.  This makes it dificult to break - 
down and iate the _factors and evaluate .theiinet effects individually. However, an attempt 
is made to explain, insofar as is practical, the influence which each of the various elements 
which are responsible for frost action has on its magnitude on the rate of heaving, and on the 
reduction in load carrying capacity. 

Influence of Climate 

The qualitative influence of the various elements of climate in producing soil freezing 
is well known. Some efforts have been made to. codify the available, climatic data and correlate 
the data with depth of freezing, height of heaving or severity of spring breakup (reduction in 
load carrying capacity of pavements). 

The Corps of Engineers Investigation L47 of frost action at 15 airfields showed that 
the d.egree'of saturation beneath paved areas varied generally with climatic condition; the 
lower degree of saturetion was found in the areas of low annual rainfall. They also found a 
reasonably closecorrelation between cumulative degree days of below freezing_temperatipLe _and 
depthof frost penetration. This is discussed in detail latel" in the review. 
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She].burne's /1951-146 questionnaire brought out several generalized statements indicating the 
effect of climate on degree of damage due to frost action in bases, sub-bases and. subgrades. He 
asked the question "Is there correlation between degree of distress attributable to frost action 
and climatic conditions?" The following statements are indicative of the nature of the replies: 

High precipitation plus low temperature causes extensive damage. Occurs about 
every 10 years. 

Distress varies with amount of moisture available and cycles of freezing and. 
thawing. 

Repeated freezing and thawing causes severe damage. 

Short periods of extreme cold alternating with above freezing temperatures cause 
most of damage. 

Degree of distress is in proportion to depth of frost penetration and degree, of 
snow removal.' 

A wet fall followed by severe winter and.quick spring thaw causes most damage. 
A great number of cycles of freeze and thaw also plays an important part in 
causing frost damage. 

Mid-winter thaws apt to increase frost action. Rapid spring thawing increases 
spring break-up. 

Shelburne and llaner f1914.9-8  compared data on average mean values of temperatures and pre-
ctpitation with data on spring breakup in Virginia. For a 30-yr. period, the winter of 1917-18 
was the coldest with a mean temperature of 33 deg. F. The next most severe were the winters of 
1935-36 and 1939-110 with a mean temperature of 37 deg. F. The winter of 1947 148 was fourth most 
severe with a temperature of 37.2  deg. F. In total precipitation the winter of 1936-37 was 
wettest with 15.5 in.; 1935-36 was second with 15.  in. Those values compare with a 35-yr. normal 
for the 3-mo. period of 9.3 in. 

The most severe spring breakup in recent years occurred in 1935-36.  During which time an 
unusually low mean temperature (second lowest in 30 years) was combined with abnormally high 
precipitation (second wettest winter). It may be pointed out that the winter of 19147-148 had the 
most favorable combination of precipitation and temperature for a severe breakup since 1935-36. 
The two phases of the:climate factor namely, temperature and precipitation, appear to go hand in 
hand towards produc.ng  severe damage to roads if traffic does its part. 'A cold winter,alone does 
not necessarily provide subgrade conditions for severe spring damage. 

BleCk /19149-].l brought out that generally, the effect of climate maybe Consid.ered under the 
broad aspects of humid, semiarid, cold, warm etc., but that within those broad climatic zones there 
are differentials crèàted by immediate weather conditions which affect, the amount of moisture in 
the soils which in turn is further affected by immediate temperatures. Those factors have large' 
influence on soil movements and soil bearing' capacity, both of which influence pavement performance. 
The range in values of annual precipitation in' Wisconsin is ci,ted by Bleck. 

During the past 12 years in Wisconsin there'have been three years in which the spring 
breakup was severe. The climatic conditions during those periods were generally similar. The 
three periods were 1935-1936, 19140-19141, and 19142-1943. Snowfall began early and considerable 
snow accumulated early. The early part of the winters were very cold, yet by late winter the 
most of the snow disappeared with very little runoff; thus supplying moisture to shoulders and 
subgrades where it froze and caused severe damage under traffic on thawing. Bleck constructed 
precipitation charts for the Wisconsin localities to illustrate the nature of precipitation cycles 
for those areas and held that consideration of climatic cycles is worthy of note because ",.. 
meterological conditions control and influence the quantity 'of moisture in the soil and the 
subsequent movements." 

Freeze damage to highway, base courses occurred in several areas in Texas during the winters 
of 1946-147 and 19147-148. During that period the Texas Highway Department 119148-216 conducted a 
state wide survey to determine the nature and extent' of the damage. No evidence of frost boils 
in subgrades under concrete pavements were reported. The damage was limited largely to reduction 
in bearing capacity of flexible type bases, axcept that possibly some freezing of the subgrade 
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may:have occurred in the Panhandle Area. The results of the survey made'it possible to suggest 
a southern limit for design to preventfreeze damage to bases.. 

Rate of Freezing — Taber L.g.2 ,  L3O. and Beskow /1935 found that the formation of ice 
layers is favored by a very slow lowering of the freezing isotherm; therefore the most favorable 
depths for ice formation are near the surface and near the.maximum depth of frost penetration, 
which Beskow said produced difficult thawing effects. Beskow found that rapid freezing in early 
winter, left the critical upper layers relatively barren of ice and. therefore more stable during 
thawing. In ,border-iine materials (in which very little segregation occurs) Taber found that 
ice layers form only near the top and bottom of the frozen part. 

The rate of cooling is affected by the amount of water converted to ice. It is affected 
in a small degree by the texture of the soil and in a large degree by the water content of the 
soil. 

Beskow's work 128-9, /1929-6. /1935-1 resulted in the conclusion that the rate of frost 
heaving is, for practical purposes, independent of the rate of freezing. He held that this was 
valid only for relatively permeable soils for which the effect of rate of freezing "...iz under 
all conditions, small and quit.e insignificant". An example of a frost heave-tIme curve obtained 
in the laboratory is given in Figure 35 which shows heaving progressing at a constant rate re-
gardless of large variations in below freezing temperatures. His conclusions were based on the 
assumption that the rate of.  cooling Is 'great -'-----., 	 4..4 .... 14 1.. e11ougL1'O.rezd Y. 	water as 	bU 	LU £0 

sucked up.'. If the water can be frozen 
exactly as fast as it 'is sucked up, the 
frost line remains stationary. 	If water 
can be sucked up faster than it can 
freeze, then heaving-is proportional to 
the rate of cooling. 	If the rate of 
freezing., is greater than the .rate at,  
which water can be sucked up, then the 
rate of heave is independent of the rate 
of freezing. 	In other words the measure 
of frost heave is approximately a mea- 
sure of the amount of water that can be 
sucked up. 	If freezing occurs rapidir, 
the water sucked up is frozen into many 
thin layers, If it occurs slowly the 
layers are thick.. 	Thus in uniform soils, 
the water content (which is a measure of 
the ice stratification of the frozen soil) 
regist ers the rate of freezing and 
ice ind.iates 
freezing. 

Beskow J935 stressed the im-
portance of the effect of the climatic 
factor as it affects the rate of freez-
1mg 'becausea1though rate of freezing did 
not influence the total heave, it did in-
fluence the thickness of the ice lenses, 
and thus the distributibn of the water 
excess and the consequent reduction In 
bearing capacity.. 

10 

I 
Frost HeoviflQ 

Time - Minutes 

Figure 35. 'An example of the results of 
freezing tests illustrating the independence 
of frost-heaving on the rate of freezing. The 
soil used was a very fine silt (38 percent 
coarser than 0.02, 75 percent coarser than 0.006, 
10 percent finer than 0.002) Pressure 410 gr. 
per sq. cm. (0.014 psi.). After Beskow 1935-1. 

When the rate of freezing is so small that the rate of heat conduction balances, the 
amount of water sucked up, the total amount of 'colds. is used in freezing the water and 
none is left over for further penetration of the. frost line. 'Then the frost line becomes 
stationary, a single ice layer grows as the water continues to be sucked up. 
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Numerous writers have stated that one slow gradual decrease in temperature well into the 
freezing range is necessary and sufficient to cause ice segregation. Belcher /1940-114  presented 
data to show that "..,the Ideal condition of one slow gradual decrease in temperature well into 
the freezing range is not found at depths of less than 12 or 18 inches. Rationally it would 
seem that the ideal condition for ice lens formation would occur with an unvarying rate of descent 
of the temperature gradient with an infinitely small increment of change". 

The above statements express, qualitatively, some of the relationships between temperature 
and frost action and emphasize that an important factor influencing the amount of heaving is the 
rate at which water can be drawn up to the freezing zone. The heat transmission characteristics 
of the soil and the manner in which they are Influenced by the soil moisture content, the tempera-
ture differences in the soil and the relationship between duration of cold and penetration of 
cold all need to be considered if a fuller understanding of the causes of frost action are to be 
understood. 

fect of Thawing and Refreezing - There is complete agreement among investigators that frost 
action is usually more severe after a thaw than after a single freeze, and that there is greater 
increase in soil moisture content and. reduction in load carrying capacity following several cycles 
of freezing and thawing. Some writers have gone so far as to state that heaving does not occur 
from a single freeze. 

Harrison /1918-2 found that pavements do not heave during the first freeze. He concluded 
that such swelling as may attend the first freezing is general in nature and is of no consequence 
insolar as its effect on hard surface pavements is concerned. Taber L192 	found by experiment 
that the melting of segregated ice near the surface and prompt refreezing resulted in greater 
segregation than occurred on the first freezing. He found further J1930- that a sudden drop in 
temperature, after a spring thaw has left an excessive amount of water in the soil, is apt to be 
more destructive to pavements than the slow freezing of an entire winter. He states "The effects 
of refreezing after a thaw are also accentuated by the fact that the first freeze leaves the soil 
in a more or less loosened or expanded condition. Experiments have demonstrated that heaving is 
greater on unconsolidated clays than on those that are thoroughly consolidated." Burton and 
Benkelman L1930-10 found greater heaving on refreezing. Benkelman and Olmatead /1931-11 based 
their theory of frost heaving on the severe expansion which occurred on rafreezing, especially 
when the frost line moved upwards and then again moved downward refreezing the thawed soil. 

Depth of Frost Penetration - Taber L29-2 pointed out that the amount of surface_heaving.is 
not proportional to the depth of freezing but, in_nature, the depth of freezing is a limiting 
ftr. Likef 	71935-1 f B1 oun 	 between heave and depth of frost. 
He recorded numerous measurements of heaving and depth of frost. He also brought out that the 
lowering of the line of freezing to zones of greater soil moisture (or nearer to the water table) 
provides easier access to water so it can be sucked up into the freezing zone. Therefore greater 
heaves are often associated with greater depths of frost penetration. The point brought out by 
Taber and Beskow is that it is not necessary to have gr 	depthffrostto_havegreat heave, 
if other conditions are favorable fr 1iii to occur. The influence of the various fctori -- -------.------------- ----- 
rela ed to depth of frost penetration 'are 	in more detail later in this review. 

Effect of Diration and Intensity of Cold - Several investigators ha7 found a reasonably close 
relationship between climate and both penetration of frost and magnitude of heave, when climate 
(that is the "quantity of cold") is expressed in terms of its combined duration and int.isity. 
Some investigators have expressed "cold. quantity" in terms of degree-hours of temperature while 
others have used degree-days as the measure of duration and intensity of cold. In either case, 
the 	sumofdegree-days or erehours , 
temperatures are considered _negatiVvalues_and. bel_freezing 	r tempeatures are pos{tiviii. __--- 	------- 	 - -- 	 __ 
Because the "quantity'f cold" is a large factor in influencing the dep

-
th of frost penetration, 

data showing relationship between duration and intensity of cold and magnitude of frost heave are 
reviewed later under the subject of 	 of Frost". 

Influence of Pressure on Heaving 

The pressure at the frost line, in the base course or subgrade soil in the case of pavements 
is made up of two components; the external load and, the capillary pressure. The capillary pres-
sure is a negative pressure (suction) but in effect it tends to compress the soil. Thus, capillary 
pressure may, insofar as its effect in tending to restrain heaving is concerned, be considered 
a positive value. Normally, capillary and load pressures act simultaneously and their forces, 
hence their effects are additive. 
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Load. Pressure - Taber L1930-9 stated that "a relatively small surface load, will entirely pre-
vent frost heaving in an open system if the material is of such texture that only a little segre-
gated ice forms under the most favorable cond.ition.0  He found however, that small loads did not 
greatly affect the heaving of clay soils. In fact, he tested clay soils with different types of 
cover (one test with wood cover weighing 0.1 kg, a second with same weight wood cover plus a 3.1 
kg, iron weight, and a third with only the iron weight) and found that the pressure had less in-
fluence on the amount of heave than' did the thermal properties of the cover, the specimen covered 
with the iron weight showing the grestest ratio of uplift to depth of freezing. The amount of 
heave in open systems decreases with increase in pressure and the maximum load which may be lifted 
increases with decrease in particle size, but with much decrease in size of particle the material 
would become highly impermeable. The limit to the load which may be lifted by frost heaving in 
an open system is not due to the inability of the ice crystals to grow under higher pressure but 
It ..to the failure of the water supply". Taber supplied water under pressure greater than atmos-
pheric pressure and found that under a load pressure of 14 kg per sq. cm. a total thickness of 
ice of 2 to 3 cm. was obtained while with water at atmospheric pressure no ice lenses were developed. 

Ravn /19140-4 also found that surface loading influenced the extent of heaving, the compression 
hindering the movement of moisture. He found the height of heaving varied inversely as the square 
of the applied load. 

The Corps of Engineers.L1950-32 used surcharge loads of 0, 1, 2, and. 3 psi, on a New 
Hampshire silt to determine the effect of loads (corresponding to 0 to 3 ft. of pavement and base) 
on heaving. The surcharge loads gave percentages of heave (in terms of depth of frozen soil 
before freezing) of 155, 1389 77 and. 50 percent. 

Beskow J3 	found that load pressure had a marked affect on heaving,especially in sands 
as has been mentioned under Heaving, In open vs Closed Systems. 

Load and C2p.4llary Pressure — Beskow /1935-1 conducted laboratory tests to determine how load 
and capillary pressures affected. heaving. Some of his results are shown in Figure 36, 37, and. 
38. 
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Figure 36. Diagram showing frost-heaving at different pressures (load or 
capillary). To every pressure corresponds a special inclination of the curve, 
i.e. a special frost-heaving rate. The frost-heaving per hour is measured on 
the straight parts of the curve, i.e. where the heaving rate has become con-
stant, and by use of these values the diagrams of type of Figure 37 is drawn. 
Soil-specimen: pure fraction, 0.01 - 0.005 nm. particle size (equivalent 

diameter). (After Beskow J935,) 

Figure 36 indicates the affect of pressure (surface load or capillary pressure) on the 
rate of heaving. Figure 37 shows the relationship between capillary pressure and rate of heave 
for various grain sizo groupings. Figure 38 shows curve of rate of heaving versus pressure 
on natural soils, the tests being made using load and capillary pressures independently to deter-
mine their relative effects on magnitude of rate of heave. Figure 37 shows the large effect 
which pressure has in restraining heaving in the coarser grained fractions, relatively low 
pressure being required to prevent heaving (for all practical purposes). He /1947-12 summarized 
his findings in part as follows: 
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"The rate of frost heaving for a given soil is inversely proportional to the square of the 
pressure (equals sum of load, and capillary pressure), after the pressure exceeds a- certain but 
not large value. The reason for this "initial pressure, increment" ie.that when the pressure 
approaches zero, the theoretical rate of heave does not approach infinity but approaches a limit-
ing (but quite large) value". 

Force of Crystal Growth — Tabers early discussion 
of frost heaving brought out.that the force exerted 
in heaving was due to the force of crystal growth. 
He cited' the work of Becker arid Day /1905-1 who had 
found it practicable, in a saturated solution of alum, 
to " ... grow clear crystals a centimeter in diameter 
which would raise a weight of one kilogram a distance 
of several tenths of a millimeter...". Taber /1917-2 
attributes the pressure phenomena during the growth 
of crystals"...to the molecular forces associated 
with the separation of solids from solution and the 
attraction and orientation of the physical molecules 
as they are brought into position on the surface of 
a growing crystal". 
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Pressure Developed During Heaving — The 
Figure 37. Diagram of frost heaving 	maximum pressure which is developed as heaving takes 
rate as a function of pressure, ob- 	place on different types of soils and under different 
tamed from diagrams similar to Fig. 	conditions of climate and soil water condition has 
36. Here the pressure is mOstly cap- 	long been a subject of observation and speculation. 
il'lary pressure (the only load pressure Gilkey /1917-3  cited the case of' bridge piers 8 ft. 
is that of the metal plate and the dial square and weighing 31,000 lb. which heaved a maxi-
Indicator spindle, about 16 gr. per cm ). mum of about 2 3/4 in. Taber /1918-1  in one of his 
Soils: Atterberg's pure fractions, 	early experiments, placed metal weights on wet sands 

(After Beskow /1935-1) 	 and wet clays and left the soils to freeze during 
cold nights. Where the weights rested on sand there 

was no perceptible raising of the weight. When resting on vet clay, ice formed, raising the 
weight. Wyckoff L1918-4, in a discussion of Paber's article cited the case of a brick wall 

\ = Capillary Pressure 

o = Load Pressure 
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Figure 38. Diagram analogous to that of Figure 37, i.e. showing 
frost-heaving rate as a function of pressure for some natural 
soils, and the pure fraction 0.02 — 0.01 mm. (After Beskow /1935-1) 
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weighing 2,000 lb4 per sq. ft. (14 psi.) which was raised 3/4 in. and several piers supporting 
columns and roof trusses were raised 1/2 to 2 3/11. in. Taber /1930-9 later conducted several ex-
periments to determine the effect which surface loads have on ice 8egregat ion. In doing so he 
obtained, some values which are indicative of pressures developed during heaving. He packed a clay 
tightly in a cylindrical paper container, placed the bottom on a sand saturated with water and froze 
it from the top down. He measured a maximum pressure of 7.31 kg.per sq. cm. (1014. psi.). In an-
other test with a cylinder of undisturbed clay surrounded by paraffin he obtained a pressure of 
11.25 kg. per sq. cm. (160 psi.). The layers of segregated ice were few and had a maximum thick-
ness of about one mm. Taber estimated that additional force (to that measured.) was required to 
separate the clay and overcome resistance which would add to the pressure developed but he doubted 
if the pressure would exceed. 15 kg. per sq. cm. (213 psi.) appreciably. He brought out that heave 
in open systems decreases with increase in pressure; also, that the limit of the load that may be 
lifted by frost heaving in an open system isnot due "...to inability of ice crystals to grow under 
higher pressure, but to the failure of the water supply". He demonstrated this by supplying water 
under pressure, increasing the pressure developed and obtaining greater thickness of ice. Taber 
/1929-2 recognized that if a frozen cylinder "... has no lateral support, the pressures would be 
limited by the crashing strength of the material". It is of interest to determine how nearly the 
pressures obtained by Taber approach the compressive strength of ice. Tarr and. von !ngeln /l915-LI. 
tested small blocks of pond ice at about 18 to 20 deg. F. and found a compressive strength of 
1,000 psi. in the direction of the principal axis of the crystals and 350  psi, when loaded in a 
direction normal to the principal axis. Barnes L1928-1 found. the compressive strength of St. 
Lawrence River ice at about the freezing point to be 363 psi. Taber /1929-2 indicated that in 
the presence of sufficient lateral support the compressive strength of the frozen material does 
not limit the load to which may be lifted. 

The effectof_pressureifor practical purposes, to give a small lowering of the freezing 
thus requiring a small lowering of the temperature if crystal growth is to continue. - 

Brld,geman 11928-1 found that a pressure of 1,000 kg. per sq. cm. (114., 223 psi.) lowered the 
freezing point 8.8 deg. C. 

Casagrande /1935711. filled the lower portion of a container with saturated mica powder and 
the upper portion with Boston Blue clay at the liquid. limit (42.4). The container was sealed. 
(frozen as a closed system) and the bottom kept at a temperature of + 3.5 deg. C. while the tem-
perature at the top ranged from -1.0 to -7.5 deg. C. in the different tests. The water content 
of the clay between ice layers was reduced to 27.5 percent and in the clay beneath the ice to 
29.6 percent. The mica was compressed more than one-fourth its volume and its water content was 
decreased from 75.3 to 41.7 percent. The clay between the ice layers was just as plastic as at 
temperatures above freezing, indicating that at -1.0 to -2.0 deg. C. none of the pore water in 
the clay itself froze. Casagrande conducted consolidation tests on the clay and mica used in the 
tests as a basis for estimating the pressures developed. The results are shown in Figure 39. 
gineering News-Record, in reviewing Casagrande's work 	 238  

concluded that, the tests indicate that the crystalliza- 	 36 
tlon pressures are not constant but increase approximately 
in direct proportion to the amount the temperature is be- 32 
low the freezing point. 

Influence of Physical Characteristics and Properties 
of Soils on Frost Action 

Several investigators have sought to develop re-
lationships 

e

lationships between soil characteristics or properties 
and intensity of frost action. Some of the authors who 
developed the theories reviewed in previous paragraphs 
showed that such relationships do exist. Others develop-
ed those relationships so they are useful in establish-
ing relationships which aid in defining soils which are 
essentially frost heaving from those which are not sus-
ceptible to d.etrimental frost action. 

Influence of Grain Size Distribution - Taber's 11929-2 
experiments were among the earliest to bring out the 
effect of soil texture on frost action. In one experi-
ment he inserted a vertical partition in a cylindrical 
container, filled one side with clay and the other with 
sand, allowed the mater±als to become saturated, then 
buried the cylinder in dry sand and froze it from the 
top downwards. The results he obtained are shown in 
Figure 40. He also conducted freezing tests on 
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Figure 39. Results of con-
solidation test of clay to 
determine pressures required 
to reduce the water content 
to the values obtained in the 

freezing tests, 
(After Engineering News-Record) 
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Figure 40. Frozen 
cylinder, half sand 
and half clay. Mu.ch 
segregated ice in 
clay but not in sand. 

(After Taber) 
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different mixtures of a sedimentary clay and standard Ottawa sand. The mixtures contained 50, 
40 and 30 percent clay by weight. Taber _11929-2 stated that "on freezing no segregated ice could 
be seen in mixtures containing less than 30 percent clay". The tests were made on compacted sped-
mena placed in wet sand which were frozen from the top down. 

Further tests were made on fine sands, so fine that water 
would rise to a height of 20 cm. (7.9 in.) in them, but heaving did 
not occur. Taber ground quartz in a ball mill and screened it over 
a 200 mesh sieve (sieve opening 0.074 mm.). Freezing under the most 
favorable condition gave only the faintest evidence of segregation. 
quartz dust with an average grain size between 0.006 and 0.001 mm. 
showed slightly greater evidence of segregation. He also used pre-
cipitated barium sulphate (av. grain size 0.002 mm.), lithopone 
(71 percent BaSO4  and 29 percent ZnS giving a grain size of 0.00005 mm.) 
and Kadox (ZnO with grain size of 0.00025 mm.). The results of the 
tests showed that well defined ice layers formed readily in material 
having a grain size of 1 micron (0.001 mm.). 

Taber J30-2  also tested mixtures of bentonite and clay. He 
described his results in part as follows "on freezing from the top 
downward, tension is set up in the bentonite immediately below a 
growing ice layer. Since the stress is uniformly distributed and 
the material homogeneous, vertical cracks tend to develop, which in 
horizontal sections form a polygonal pattern. The cracks are 
gradually filled with clear ice, and as freezing progresses they 
advance downward, forming a columnar structure, which, combined with 
the normal horizontal ice layers results in the peculiar cellular 
structures. •.". 

Burton and Benkelmari /1930-10  found from the Michigan survey 
that 65 percent of heaves occurred in moraines. Sixty-five percent 
of the heaves in moraines occurred on three soils, and were about 
equally divided among the Bellefontaine, Coloma and Miami soils. 
Regarding texture Burton and Benkelnan stated that, "Within the 
soil type itself the cause of heaving is due to definite associations 
of material favorable to this phenomenon. It should be further pointed 
out that from all indications to date, frost heaving due to ice 
segregation does not occur in material of a size greater than that 
in which capillary phenomena prevail". They made detaIled analyses 
of 156 heaves. of 94 heaves which occurred in fine grained soils, 
5.3 percent developed in silts, 32 percent in very fine sand and 
silt, 4.3 percent in very fine sand, 30 percent in clay, 8 percent 
in silty clay,  and about 17 percent in sandy clay. The average 

height of all heaves in silt was 6 in., in very fine sand and silt 5 in., in very fine sand 4 in., 
in silt clay .5 in., and in sandy clay 3 in. 

Burton /1931-5 held that trouble from frost invariably occurred where silty or very fine 
sandy silt textures prevailed. Benkelman and Olmstead /1931-11 after examining about 200 loca-
tions in Northern Michigan found that U...heaves in excess of a few inches may occur in coarse 
sands or even in gravelly materials providing an excess of water is present, either from seepage 
over impervious strata or from a naturally high water table. ...In silts and very fine sands, 
ii-ow-ever, even though drainage is provided, the amount of moisture either present by capillarity 
or drawn to the zone of freezing will be sufficient to fill voids created during a cycle of 
isothermal line fluctuations and cause excessive heaving. 

As mentioned before, field observations have definitely established the fact that excessive 
frost heaving is not restricted to soils of any particular grading or characteristics. Heaving 
has been observed to occur in clays, silts, very fine sands, and in textures approaching the 
grading of gravels". 

Casegrande /1931-  described the behavior of eight, 3  ft. square slabs laid on two types 
of soil and exposed outdoors at the Massachue€tts Institute of Techno1oi durIng the winter of 
1928-1929. The soils were placed to a depth of 3 ft. with provision for free vertical movement. 
The soils used were a sandy silt with a small clay content and a clean fine uniform sand. The 
soils came from New Hampshire where the silt had caused heaving and the sand had not. The rAsults 
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of accurate measurements of all movements showing the heaving and frost penetration record for 
bituminous concrete and portland cement concrete pavements on the New Hampshire silt and the sand 
and the prevailing temperatures and depth of frost penetration are shown in Figire Ill. He also 
presented data showing the record of soil conditions and frost heaving on 2,000 ft. of concrete 
pavement in New Hampshire during the winter of 1927-28. He drew the following conclusions from 
his studies: 
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Figure 41 
(After Casagrande 1931-13) 

"Under natural freezing conditions and with sufficient water supply one should expect con-
siderable ice segregation in non-uniform soil containing more than three percent of grains smaller 
than 0.02 mm., and in very uniform soils containing more than 10 percent smaller than 0.02 mm. 
No ice segregation was observed in soils containing less than one percent of grains smaller than 
0.02 mm., even if the ground water level was as high as frost line." 

In reviewing the work of Beskow /1935-1, L1947-12 it is important to bear in mind that he 
is one of the very few investigators who have made an effort to define what he meant by an 
"essentially non-frost heaving" soil. His definition of a zone of "essentially non-frost heaving" 
"..as that which has less than 3 to L  cm. (approximately 1.2 to 1.6 in.) heave during a winter...". 

Many engineers will agree that Beskowts definition was reasonable for that time. However, 
the present concept is that reduction in load cry1ng capacity during and following the frost 
melting period is also a significant phase of frost action. Soils near the border line separating 
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those which Beskow defines as essentially non—frost heaving from those which he defines as frost 
heaving may be dangerous in that they may produce critical reduction in losd carrying capacity. This 
point should 'be kept in mind where evaluating Beskow's work in terms 'of conditions which obtain 
in the reader's locality. Beskow used two methods: in his efforts to define grain size limits of' 
heaving and non—frost heaving soilO. One of these was laboratory testing 'of specimens made tip o 
"pure fractions", the other by gathering samples of thecoarsest frost heaving soils from different 
localities and determining their grain sizes. 

His first efforts were devoted to a' study of limiting sizes which are productive of homo—
geneous and stratified types of frozen soil structure. These studies were made on soil fractions. 
Some of the results are shown, in Table 13. It may be seen from Table 13 that Beskow observed no 
ice banding in material having a minimum grain diameter of 0.1 mm. and "...small but visible banding" 
at the surface when the minimum grain diameter was 0.5 mm. 

TARE 13 

RESULTS OF FRZING TESTS USING SOIL FRACTIONS (After Beskow) 

Sample 

Soil Fracticn change in Weight 
1)iring Freezing 

Freezing Temperature Remarks Grain Size Capillarity 
Number Limits K —2.0 deg. C. 

mm. cm. g 

1 1 	—0.5 11.3 —0.6 Non—ice banding. 
2 0.5 	—0.2 25.5 —0.8 Non—ice banding 

3 0.2 	—0.1 	' 41  —0.7 Non—ice banding 
0.1 	—0.05 99 +0.5 Small but vtsible bandin 

at surface .(to 7 mm. dep' 

5 0.05 —0.02 186 +1.35 Sharp thin ice bands 
throughout the whole Sam: 

6 0.02 —0.01 440 3.05 Ditto, but more prominen 

7 0.01 —0.005 820 ' 	 +8.6 Extreme ice banding 
8 0.005-0.002 1700 +18.05 Numerous and thick ice 

banding 

9 0.002-0.001 7000 , 	 +15. Numerous and thick ice 
(-0.0016-0.005) banding 

Beskow recognized in his study of the effect of grain size on heaving that there could be a 
difference in the development of ice strata in the laboratory compared to natural freezing. By 
very fast freezing he could cause clays to freeze homogeneously. Also, in the laboratory it is 
possible to freeze a soil quickly and obtain considerable heaving " ... without showing any ice 
strata under the most minute observation". He explains that the difference between such labora—
tory results is due primarily to the lower rate of freezing in nature. He concluded from his 
studies of grain size as related to structure of the frozen soil that in natural freezing 11 ... 

as a rule, frost heaving soil is practically always ice stratified and we can say that the actual 
size between homogeneous and. heterogeneous (stratified) frozen soil is the same as the critical 
size between frost—heaving and non—frost—heaving soil. Thus, insofar as soil fractions are-con—
corned he concluded. that " ... abova an average diameter of 0.1 mm. practically no stratification 
occurs...". He also attempted to evaluate the influence of grain size on heaving under different 
pressures as has' been mentioned earlier in this review. (Very small heaving occurred for the 
fraction 0.1 - 0.05 mm. 'grain diameter and that heaving was highly dependent on pressure). 

Beskow investigated the frost heaving properties of numerous 'natural frost heaving soils. 
Because of a difference in their frost heaving he summarized his findings into two groups de—
pending on the origin of the soil; namely, sediments and moraine material. 

Normal sediments (water, deposited material) tested. by Beskow are non—uniform in texture 
and resemble our own sediments. For those materials he found that the limiting-grain size is a 
definite boundary. By choosing values consistent with the soils studied he concluded. /1917-12 
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that "...this limit is at the point where 30 percent of the material is finer than 0.062 L6 mm. 
or 55 percent of the material is finer than 0.125 ./6 mm. All soils coarser than this are de-
finitely non-frost heaving. 

"But the soils that lie just under this limiting value - the coarsest soil that can be 
frost heaving, or actually a medium coarse silt - are not under all c!rcumstances frost-heaving, 
but only under certain conditions, such as a high ground water table and a very small load 
pressure. Such soils are only dangerous when located in wet slopes, where the load pressure is 
insignificant, and when in road beds with a very high ground water table (very' poor drainage of 
an abnormally wet fall)." . 

Beskow found it more difficult to distinguish between frost heaving and nozfrost heaving 
moraine soils in terms of grain size. The first. difficulty concerns what considerat ion. should. 
be  given the coarse fraction. He chose the arbitrary and conventional 2 mm. grain size (No. 10 
sieve) to separate coarse and fine particles and neglected the coarser material. 

From the results. obtained Beskow constructed the limiting grain size curves, for moraine 
materials.shown in Figure 1.1.2.  From the curves he states that 1  ... nonfrostheav.ing moraines are 
those of which less than 22 percent of the material passes the 0.125 mm. sieve and less than 15 
percent passes the 0.062 mm. sieve computed on the basis of percent weight of the material that 
passes .the 2 mm.'(No. 10) sieve". These values pertain to moraine materials having "normal", 
grading curves and also to mixtures of materials having approximately the same.type of. grading 
curve. 	 . 	 . 	. 	... 

Contrary to the results obtained by Taber, 
Beskow found that, as little as ;2i percent clay 10 

added to a sand causes a noticeable effect, 10 
percent.considerable, and 20 percent a very large 
effect in the frost heaving. 	He cautioned that 
for unevenly sorted mixtures such as disintegrated 

8 

soils and certain soils found in roadbeds, the be- 
havior is complicated and, the freezing properties 
cannot always be determined only on a basis of E 

sieve analysis. 	He held that 
material in such mix ures_the..greater,the dangerof 

et ough 	iemaje,..y,ery coarseWo'fl 
iiture.,He 	ndfurth 	at(:iarseft 
soils 

risoü1heir frQs..t heaving 	.etha,t the .12a
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is near 	e o .If the grain size is assumed to 
be v the surface load and the 
tance to ground water to be constant, the rate of 
frost heaving varies inversely as the cube of the 
grain size. 	It is then obvious that the rate of,  
heaving is very sensitive to variations in grain 

. 	size so that a small increase in grain size causes 
a large decrease in heave. 	Doubling the grain 
size decreases the rate of heaving eight times...". 
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Figure 42,. Limits between frost 
susceptible and non frost-sus-
ceptible mixtures of moraine 
materialR or similar mixtures. 
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It should be borne in mind, that all of the 	 '- 	Beskow) 

above is dependent upon the definition of what constitutes an "essentially frost heaving" or a 
"non-frost heaving" soil. 

In 1938 Beskow /1938-11 eatablished the following grain size and capillárlty limits for 
soils which are not subject to frost heaving. 

16 	Note that AASHO M 92-1.1.2 sieve size openings for No. 120 sieve is 0.125 mm.' and'No. '230' 
is 0.062 mm. 
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Passing the 
No. 200 Sieve 	 Capillarity 

in. 

Well sorted sediments 	 Less than 140 	 Less than 140 

raded moraine soils 	 Less than 19 	 Less than 140 
(determined on passing 
the No. 10 sieve) 

When figures exceed these limits the soils are classified as frost heaving. 

Housel L1938-13 brought out that frost heaving may occur in a wide range of soil textures. 
He held that uniform clay soil caused little trouble from heaving but emphasized that concentra-
tion of water in clay soils is the primary source of spring break-up. He held that it is the 
intermediate textural range from fine sand to silt which presents the greatest difficulty. 

Casagrande /1938-5 also explained that even heavy soils which do not lie within reach o 
ground water, but which have abosrbed large quantities of water can cause damage due to frost. 
He expanded somewhat on his previous /1931-14 statement on the effec.t of grain size, stating 
that li...In granular soils deleterious effects of frost may be expected. aecordiw to the 

ions orgi!Uamalie 	0.02 mm. in diametBamount a to 
at least 3 percent and in case of very uniform soils.05) exceeds 10 percent. Soils which do not 

on~ eiiit only a very 	 or none at all. 
Highly fiasile rock may likewise lead to localized damage by frost where the moisture conditions 
are unfavorable." He states that "The extent to which a soil is exposed to danger from frost can 
be determined with little experience by examining it with the naked eye and the band. Admixtures 
of 3 to 10 percent smaller than 0.02 mm. diem, are found., for example, in impure sand or gravel 
and makes the hand dirty when rubbed." When dry the soil has only slight cohesion and can be 
recognized from the dust which forms. In border line cases a hydrometer test is made. 

Bus /1948-25 states that when Casagrande's /1_938-5 Uheterogeneous number" is greater than 
5, the soil should have not more than 3 percent by weight of 0.02 mm. material if it is to be 
non-frost-susceptible, but, if the number is less than 5 the -0.02 mm. fraction may be as great 
as 10 percent. He defined the "heterogeneous number" as the relation dj . d10 where d6o denotes 
the grain size under which 60 percent of the material lies and d10 that under which 10 percent 
lies. Shannon f944-1 in reporting the results of Corps of Engineers frost investigations at 
Dow Field, Bangor, Maine. verified Casagrande's grain size limits for non-frost susceptible soils. 

Smith L146-1 investigated gravel bases under sealed surfaces which suffered frost damage 
in New Zealand. His samplings included bases from failed areas and from areas where no distress 
was evident. He found that "...frost damaged gravels show a shortage in the grading on siz,es 
8 to 148, that is, in the coarser sands, and the voids resulting from this shortage are filled 
with clay with a plastic index usually of over ten". (A typical value was given as 18.5). It 
may be seen from the chart in Figure 43 that the summary of percentages retained between the 
8, 14, 28 and 148 ies are, for failed areas approximately half that for areas free from frost 
damage. Smith recommends treating "...all pit gravels with suspicion rejecting any with a binder 
fraction cf over ten percent when placed". He also recommends placing the gravel in layers of 
not more than one-inch thickness to avoid segregation of material. 

The Corps of Engineers 11947-2, J12 	presented data from several airfields giving the 
percent of material finer than 0.02 mm. grain size in granular bases and the occurrence of ice 
crystals and lenses in the bases. Those data are summarized in Table 14. It may be seen that 
no ice lenses formed on material containing up to 18 percent finer than 0.02 mm. The Western 
airfields showed no ice lens formation and showed crystal formation only at Sioux Falls where 
the percent finer than 0.02 mm. was 7 to 11. The bases, however, contained relatively low 
water contents. The reviewer cautions that the moisture content of bases in all of the Western 
fields may not have reached a maximum in the short time since the fields were constructed. 

A survey by the Texas Highway Department L1948-146 of performance of road bases during the 
severe winters of 19146-47 and 1947-148 included data on sources of materials, hardness, absorption, 
and grain size distribution. 
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The Austin, Gober and Pecan Gap chalks of the upper Cretaceous are described as being 
highly absorptive (10 to 15 percent), susceptible to weathering, and degradation under traffic. 
Typical teat results indicate valuéa-.óf liquid - iithit - of 30to 43, - plastic index 13 to - 17, linear 
shrinkage 6 to 8 and Los Angeles abrasion of 55. 

U. S. Standard Sieve Sizes 
0 0 	' 	'' ' / / 

.1 	/ 	._/,. / 	/ I' 0 O' 0 q, 	 ', •& .• 	 '-% 	" 

Figure £1.3 
Mechanical Analysis of Gravels from Roads Damaged and Not 

Damaged by Frost. (After Smith) 

The Ogallala formation, occurs as a broad alluvial outwash plain consisting of gravels, 
sands, claya,volcanic ash and caliche. The caliche ranges from hard to soft and is often 
porous. An Investigation in 191+1 reported that all freeze damage occurred in bases having 
plastic indexes over 15 and with more than 50 percent soil binder. Since then failure has 
occurred on somewhat better materials. Typical limits of grading and soil constants of Ogallala 
caliche are Indicated in Figure 44. 	. 

Limestones of-the lower Cretaceous formation outcrop over a large area In central-and west 
Texas in arid, to semI-arid, subhumid climatic belts and where the average -frost penetration 
ranges up to. a maximum of 6 in. Much of the freeze damage north and northwest of San Antonio 
is credited to the "pulverulent" edwards limestone group of the-Lower Cretaceous in this area. 
The material shows a Los Angeles abrasion value of 80,. shows rapid failure in.the-s.oundness test; 
has a high liquid limit with-respect to the plastic index (L.L. to 25 to LI.)., P.I. - 1+ to 8); has 
a low shrinkage ratio (l,L. to 1.65) and, a high dust ratio. Figure £1.5 shows gradation-of total 
base and soil binder of the pu],verulent edwards member. 

The report indicates . that ft.. .gravel bases have shown a tan 
freeze. damage." Figure 146 shows the gradation anUoil coniEKtof three types of bases 
aTm-aged 	in comparison-with values of a good gravel baeerèsistant to freeze damage. 
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TABLE 14 

RELATIONSHIP BETWEEN PERCENT FINER THAN 0.02-mm, DIAMETER GRAIN SIZE AND THE 
OCCURRENCE OF ICE SEGREGATION IN BASES UNDER AIRFIELD PAVE?4ENTS 

(AFTER CORPS OF ENGINEERS /1947, L49-23) 

Airfield 
Class and 
Thickness 
of Base 

Percent 
Finer 

Than 0.02 mm. 

 Ice Segregation  
_)94)4-l94 -i546 	- 194_ 
Crystals Lenses Crystals Lenses Crystals Lenses 

Presque Isle, Me GW - 24-36 
22-38 

-. 
0-7 
0-7 

yes no 
yes - - no  

Dow, Me. • 
GW - 15-63 

19-49 
3-7 
2-6 

yes 
yes 

no 
no yes no yes no 

Houlton, Me. GW - 6 2-15 no no -- -. 

BedIord, Mass. GW - 13-19 3 no 

Truax, Wisc. 

- • 

CRa_ 8-20.5 
GF - 36-60 
GF - 25-36 

9-20 
8-20 

yes 
no 

_______ 

no 
aumerous 
0-1/16 

_______ 

yes 

yes 
________ 

no., 

mmerous 
0-0.05  

Seifridge, Mich. GF - 	7-20 2-5  yes no yes  

Pierre, S. D. GF - 6-16.5 6-13 no no 

Casper, Wyo. GW - 7-13 2-5 no no  

Watertown, S. D. GP - 8 4-15 no no - 
Fargo, N. D. Soil Cement no no 

Bismark, N. D. SC.- 6-6.5 5-9 no no  

Sioux Falls, S.D. GC - 	9.5 7-11 yes no no no no no 

Great Bend, Kan. SW - 6 1-3 	- no no 

Garden City, Ken. SC - 	10.5 1 	7-8 no 
I

no 	- 
Pratt, K8n. SF-CL - 0-121 24 no I 	no 

Figure 44 
Cumulative Mechanical Analysis 

Ogalalla Caliche 
(After Carothers 119.118-46) 
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gland experienced one of the most severe winters in 100 years during 1946-47. Considerable 
freeze damage to road surfaces occurred both in the form of surface failures and heaving with 
accompanying softening of the subgrade during thawing. Croney /1914924  and  /1951-36 reportedthe 
silty soils to be worst offenders and showed from the results of investigations by the Road 
Research Laboratory that, the particle size limits indicate. in Figure 47 were the worst offenders. 
Certain chalks and limestones having saturation moisture contents of 20 to 30 percent were serious 
offenders. He brought out that where the chalk was broken up and redeposited, in fill, the sus-
ceptibility to frost heave was increased, even the hardest chalks giving trouble. 
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Figure 11.5 
Cumulative Mechanical Analysis 

Pu.lverulent Zdwards 
LL a 41, P1 - 6, %SB • 32, SR - 1.43 x 62.5 - 89.4 #/Cu. it. 

(After CarotherB /19148-116) 

0 
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Cr 
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Figure 116 
Cumulative Mechanical Analysis 

Gredation of Freeze Damaged Bases 
(After Carothere /19148-146) 
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The Corps of, Engineers J,951-32  selected nine soils for laboratory. study to determine the 
relationship between'grain-size, distribution and frost heave, and to check th,e.validity of present 
criteria for frost susceptible soils. The soils ranged in texture from a well, graded sandy gravel 
to a:  medium plastic-  clay. The. laboratory study alio included, base and subgrade soili from 11 aIr-
fie]4s in northern United States. Sources of the soil samples, their descriptions,'and data on 
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20 7 
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Particle Size -mm. 

Cloy 	 Silt 	 Sand 	 Grovel 

Figure 47 
particle-Size Limits Within, Which Soils are Likely 

To Be Frost-Susceptible (After Croney) 
Based on failure in'vestigations carried out in Southern England 

grain size and density are given in Table 15. Soils with grain sizes smaller than 1/4 in. were 
compacted in 4.28-in, diameter steel cylinders. Soils having particles up to 2 in. in size were 
prepared in 5.91-in, diameter steel cylinders. Specimens were compacted to about 95 percent 
modified A.ASHO density or to,Providence vibrated density (soil placed in cylinder, loaded with 
1000 lb. or more and the cylinder vibrated with hammer blows on sides - maximum pressure of 4000 psi 
was used on- some materials)'. - After removal from the cylinder the specimens were coated with 
plastic material and a heavy coating of pet'rolatum and fitted smugly into 6-in, high open-end 
cardboard cylinders. Tests to date were all on specimens which were evacuated and saturated with 
de-aired water. They were frozen with the bottom of each' cylinder in contact with free water. 
Most specimens were loaded with a surcharge of 0.5 psi. The rate of penetration of freezing 
temperatures was about 1/4 'in. per day. 

The initial result's given in Table 15 may be appreciated better if illustrated graphically 
as in Figure 48. It may be seen that the blend of sandy-gravel and till (sample AGI-5 in Table 15) 
having 3 percent by weight of material finer than 0.02 mm. heaved about 11 pecent while some 
other soils-with nearly similar content of 0.02-mm. material heaved 2 percent or lesè. The 
results bring out that the nature, as well as the proportion

'
of fines' influenced heave.' That is 

further brought out by the tests of blends of Manchester uniform.fine sand-with Boston glacial 
till (samples MFS-1 through MFS-4) when compared with"the anise sand blended with New Hampshire 
silt (MFS-5  through MFs-8). Only the minus No. 40 portion of the till was used for blending. 
The Corps of 'Engineers states that "In general,, the test results:'available to 'date in this phase 
of the investigation indicate that the presently used criterion which states that well graded 

( soils with less than three percent, by weight, finer than 0.02 mm'. are not frost susceptible, 

2 has proven to be a useful rule but other factors, such as the character of the fines,must be 
) considered in recognizing frost susceptible soils with accuracy or in predicting the intensity 

7 of ice segregation which may be expected. 
Although the effect of boulders in soil on frost heave has been mentioned in the literature, 

little work has been done on the effect of size and percent stone within the range of 'normal 
aggregate sizes". The presence of stones in a soil may reduce frost heave because of the in-
creased rate of frost penetration due to the higher therrai conductivity of rock, the smaller 
amount of volumetric and latent heat in the soil mass and the reduced volume of frost susceptible 
material as well as the reduced overall permeability. The Corps of Engineers summarizes their 
results as follows: 
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Table 15. 	 . 	. 
10202.2! 01 TROT 0.02*. 

Groin Sic. 
% p 	ct 

R. 
ry 	it Void Pw- 

blit 
Dsgr., of 
S 	tn 

Atterbar g 
(5) 

Type 	F Out Mctioi 

Eff.ot ofPer 120-1 Li.o.thoe APR 26 11 4 - 100 Nu-PlLeIiO 	- 
Ct Vth 	ThOm 1.10-2 ssody 	oo.1 (3/4 	. sloe) 31 13 7 5.5 -  0.2 136.14 0.21.0 - . 100 
0.220 Sam. 150-3- .. 29 14 9 6.5 18.1 136.14 O.216 - 96 02 	-- 8 
(Op 	lyst..) LSO-14 27 17 11.5 9 114.7 136.4 0.21.0 - 100. 26 	7 

Aol-i P.mb04y 149 20 5 2 0.2 123.0 0.370 49.0 100 N..-Pl.otiO 
*01-2 SMy Grovel Biuded with 147 23 9 5 1.3 123.0 0.370 149.0 93 
All-S N.. 800p.hi.. Silt (1,/2" mom. Si..) 2.5 22. 12 7 2.3 123.0 0.371 92.0 87 
Aol-I. 11. 27 17 9 2.1 123.0 0.371 350.0 91 

*22-5 P..body Ss04y Grovel Sl.d with 66 31 7 3 2.1 125.0 0.31.6 7.0 100 N-Pbsoti. 
*02-6 New,  :sp.ar. Silt (1114'  mom. •t..) 69 32 11 6 7.3 227.0 0.325 255 91 
*02-7 72 33 13 7 5.8 127.0 0.325 2.05 97 . 
*02.8 70 32. 18 10 7.9 127.0 Q.385 1.06 86 

*51-5 P.obo' 30047 0100.1 21d.d with 51 23 6 3 10.9 133.0 0.268 0.85 100  
*o1-6 .t Boston 7111 (1/2 	moo. ci..) 147 23 8 5 10.5 133.0 0.270 . 	0.1.0 92 

1.9 25 10 7 12.0 1314.2 0.259 0.215 91 
AG1-8 50 27 11 9 11.0 1314.2 0.260 0.150 90  

IS-i I&pS11 S.cd Biud.d with 100 72 .6 3 0.9 104.0 0.611 - 96 Nc-Pbomtio 
LS..2 FOmt Bo.thn Till 	 . 100 69 8 2. 0.5 1014.0 0.612 - 87 
15-3 100 dO 10 	. 6 0.8 .,104.0 0.615. .- 28 

103 78 i1..5 11 1.9 - Sf4.0 0.618 . 90 

12-5 Lo..11 Seed RO..d.d with 99 69 13 95 7 	3.5 100.6 0.92.8 24.0 99 Som-Plomilo 
LS-6 East 30.080 Till 99 70 19 11..5 6.9 199.5 0.559 10.8 100 
LS-7 97 75 21. 18 21.1 109.5 0.5143 	. 14.9 103 
iS-8 97 77 31 26 25.3 120.5 0.561 2.8 	. 100 

S.l ?toch..tu Pin. Seed ROo,st.8 .608 100 99.5 11 3.5 8.8 107.0 0.564 7.2 100 lfon...Ple.tle 
'TS-2 SOot 30.08. Till 100 99. 17 6 11.9 107.0 0.565 3.05 

14.1 
100 
100 100 99.5 17 9.5 10.1 107.0 0.568 . 

MFS 100 99.5 20.5 ii 16.9 107.0 0.570 2.5 100 

2PS-5 iftnah-ter Vim. S..d Bluded witS. 100 99.5 16 7 1.0 107.0 0.560 8.1 99 Non-P1*..tAo 
cps-6 I.e isopsiiro Silt 100 99 18 9 2.1 107.0 0.562 5.7 99 
iSO-7 103 99:5 02 11 2.7 107.0 0.562 14.25 99 
MFS-8 100 99 5 27 14 . 2.5 107.0 0.5614 3.03 95 

011-9 M.mth..t 	04 Tic. 5. 	Bl.d .1.08 100 99. 29 16- 6.6 llli..0 0.2.65 1.147 100 Nmo-P1..tiS 
015-10 N.. flempahir. Silt 100 99. 32. 18 9.6 1114.0 0.465 0.71. 96 
UPS-11 103 99. 79 21 5.0 1114.0 0.1.70 0.88 100 
015-12 102) 99. 2.5 26 16.0 1114.0  0.1470 0.36 97 

TO-i 7140.0 *28 81 68 7 .2 3.7 125.0 0.3148 . 	- 96 Nom.Piomtio 
115-2 Silty, Grov.11y Scowl (r.gr.dsd to 83 72 11 6 8.3 127.5 0.321 - 100 - 
75-3 ory the fin.. 3/i. 	mom. sic.) 85 76 22 13 10.2 130.0 0.295 - 96 

90 82 36 20 17.1 132.4 . 0.270 - 100 

TO-S trumo iFB 88 79 20 16 23.2 129.5 0.300 . 	- 92 Nom.Plomtio 
70-6 Silty Grovelly Soosi (75-5 is . 88 78 35 21 28.2 126.0 0.315 . 	- 91. 11. 	2 

miotwo of tos oubgr.d. .sopi.s. 
75-6 is . typiul ..imr,1 .ubgrsdo) 

Off ..t of 50Cr.. 201-1 	. Now Hcocp.hire Silt 103 
103 

99 
99 

96 
96 

56 
58 

60.4 
68.8 

90.0 
95.0 

0.872 
0.773 

0.78 
0.415 

100 
100 

27 	0 
of Co,..pmoiloo 
(Op.. Sy.too) 

102-2 
281-3 100 99 96 50 .72.7 98.4 0.712 0.285 100 

100 99 96 50 126.2 106.0 0.509 0.131 100 

SOT-i Eomt Bootoc Till (3/14' mom, sic.) 80 72 56 2.24 109.1 110.0 0.565 0.13 103 23 	7 
80 72 56 24 1145.0 120.0 .0.1435 0.00146 100 

000-3 80 72 56 1.2. 95,5 125.6 0.371 0.00093 100 
EBT-4 80 72 56 1.4 47.7 130.0 0.322. 0.00028 103 

IF-i 1.44 Field, Alemin, Silt Subsoil 103 100 90 37 7.8 83.6 1.82.0 2.1 98 32 	0 
iF-2 103 100 90 57 11.2 90.0 0.899 1.2 96 " 
12-3 . 100 100 90 37 25.5 914.14 0.811 0.86 100 
iF-i. 100 100 90 57 36.5 96.1 	. 0,737 0.64 1023 

155-5 ilumobOce 328 Soody Grsc1 28 9 3. 2 13.9 123.0 0.3724- - 91 Nou-Pl,stio 
LSO.-6 (3/14".00m. 	greded to oomtalm 30 10 4 3 8.3 130.0 0.300 - 96 " 
1.30-7 .pprowlumt,ly 3%  flm,r them 0.00 on.) 32 11 4 3 18.3 136.7 0.237 - 100 
1.50-8 33 12 5 1 114.6 136.7 0.237 - 97 

¶5.7 Truo.m APR Silty Orovelly Semi 66 78 35 21 7.14 119.3 0.2.23 - 91 114 	2 
TO-S (3/1.' mom, sic.) 86 78 35 21 13.0 125.6 0.350 - 90 
¶5-9 55 78 35 . 21 22.0 130.0 0.305 - 100 
TO-10 88 78 35 21 114.7 132..0 0.265 - 	. 98 

181543 b0net.o 	Vim, Send Blocd.d .608 
08

ter  1100 99. 7 l 3.8 106,1. 0.573 7.1 
9.2 

100 
100 

Non-Fls.tio 
IFs-Il. SOot 00.. Till 100 99. 13 6 3,4 105,0 0.591. 
1213-15 100 99.5 111. 6 -5.7 110.0 0.520 2.08 100 
011-16 . 10) 99 114 7 6.5 110.6 0.513 2,30 100 

Effect .f Sio. -12G-9 Li.ceotoo. Soody Grovel (Sreded to 	2" 27 9 l 3 10,7 157.7 0,270 
0.2146 

- 100 Nom-Ploetie 
..d Per C..t 925-10 000tolm .ppooc. 3%  0.02 on, with 	1" " 

27 9 
12 

2. 3 
4 

14.0 
13.5 

135.14 
135.2 0.250 

- - 93 
100 St... iSO-li moo. etc.. so ' 

32 
1.0 15 

5 
7 4 02.3 133.7 0.264 - 95 (Op.. Sy.ten) 155-12 

120-13 Limootho. Sco.dy Grovel (So.opie. 	2' 214 9 . 	6 5 33.1 131..5 0.256 - 100 
96 

214. 	4 
120-11. 'soolped' 08 mom. eisoo so .2.0..) 1' 31 12 7 6 5,r 133.9 0.263 - 
120-15 " 37 11. 9 7 17.14 135.0 0.251. - 92 

99 1.92-16 " 59 23 15 13 56,7 133.9 - 0.265 - 

TO-11 Tr,.0 1.18 Silty Orov.liy lend 	2' 48 2.2 
56 

10 
21 

10 
124 

3.1 
9.5 

130.0 
130.5 

0.310 
0.302 

- 
- 

92 
100 

11. 	2 
20-12 (Coors. .ggrog.te .44.6 to 	1' " ve men. ci.,. cc .2.0...) 

65 
80 69 30 17 10.8 129.2 0.313 - 85 00-13 

To-li. ' 96 83 36 20 .16.6 120.2 0.519 - 86 

So. Segregetion BC-i. Undisturbed Boeton 01.. Cloy 100 100 100 84 9.5 83.6 1.030 - 
100 
100  

in Soturot.d 00-2 100 
100 

100 
100 

100 
100 

814 
82. 

11.6 
8.1 

83.3 
- 	79.1. 

1.037 
1.138 

- 
- - 100 

Cloy I. e Clos.d 20-5 
100 100 100 84 114.3 79.1 1.1146 - 100 

Syet 	 - 80-6 

Most of NO.13 N. Uenpohire Silt 	2 	0 100 
100 

99 96 
.96 

58 
58 

155.1 
138,14 

1824.7 
105.0 

0.609 
0.605 

0.147 
0.11.5 

100 
100 

27 	0 	- 
Soharg. NH-li. (Suroherge 0 	etc.., ibo/Im ) 	1 

2 100 
99 
99 96 50 76.7 105.4 0.595 0.135 100 ' 

(Op.. Syste.) 811-15 
00-16 3 100 99 96 58 37.0 105.6 0.595 0.135 1 	103 

eThic 082.1e presocts data .voSl.ble 	(1) U.S. Stsnda.-d $ieve No.1W 	- 	(3) Based an orionali.t of frozen poni.. 
up to 1 July 1950. 	Additi0...l tssts 	(2) U.S. Stomdcrd Siev,Nc. 200 	 (14) Botio of ..1...a of void, to osloe of oolids 
520 in progreOO. 	 (5) Toot, mod... mot,'iml p..oi.gth. U. S. 50804024 Be- 40  Sieve 
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"]ta from tests on four specimens of-sandy gravelfrom Limestone, Maine (samples LSG-9 
to LSG-12 inclusive) show decrease in heave with increase in maximum size stone from 1/4 in. to 
2 in. in diameter, the percentages finer than 2.0 mm. ranging from 27 to 40 and, the percentages 
finer.than 0.02 mm. equal to 3 and i.. The data obtained from tests of four specimens of pit-run 
sandy gravel from Limestone, Maine, (samples LSG-13 through LSG-16), wherein the maximum stone 
sizes were decreased (scalped), each time allowing the percentage of fines to increase, were in- . onsistent. However, tests results on four specimens of Truax Drumlin material (samples PD-il 
through TD-lJ+) show progressive increase in percent heave with decrease in maximum size and- per- 
centage of 'stone". 	 ' 

30 

LoweII,Mass. Sand Blended with East Boston Till-øJ 

I 	

(LS.-I thru L.S-8) 	 I 
I 

,Limestone,Me. Sandy Grovel(LS.G.-I thruL.S.G.-8) 
( 	 ' 	 X 	/ 
\ ... ç Manchester, N.H. Fine Sand Blended  

.. 	\witi  E.Boston Till (M.ES.-1 thru M.F.S.-4)/ 

\' Peobody,Mass. Sandy Gravel 	< çTruax Airfield Silty, 

\ \ 	1,A Blended with 	 Gravelly Sand (T.D.-1 

4 E. Boston Till 	 thru I D4) 

\ 	\, (A.G.l.-5 thru A.G.l.- 8),'T ' 	 1/ 

91 
1 
/ 
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'I 
A 

/ 

'ester Fine 
max. size / 

/ X 
 A 7

Sand Blended with 

New Hampshire Si It 
-A (M.FS.-5 thru M.ES.-12) 

I' 

—Peabody,Mass. Sandy Gravel 

Blended with New Hampshire Silt 
(A.G.l-1 thru A.G.l.-4) and (A.G.2-5thru A.G.2-8) 

5; 	. 	'tO. 	15'-: '. 	20 . 	25 . 	30 

Percent. Finer' by Weight Than 0.02 mm. 
Figure 48  

Effect-of percent Finer than 0.02 mm. Size, ,,  
on Percent Heave. (After Corps of engineers) 

Rogers and Nikola /1951-38 investigated 30 New Jersey soils to determine, their reaction 
to weather conditions during the winter of 1949-1950.,' The 30 soils included derivat4ves from, 
shale, .basalt and gneiss; and transported soils included those of marine, lacuetrine and glacial 
origin and are representative of the coastal plain and appalachian provinces of. New Jersey. 
They represent soils covering about 3/LI. of the State area. The results of soil tests are ehown 
in Table 16.  
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SUMMARY OF SOIL T]ST DATA 

Sample 
No. 

Agronomic 
Name- 

 Test Reéults  HP.B 
Designation Sieve Analysis Hyd.. Anal. - Physical Proctor 

Cumulative Percent Silt Clay s 	40 Max. Opt. Sub- Group (as mapped. 
Sizes P.I. 1917-27) aiz_ - Sizes Dens. m.c. grade Index 

3/41 L 40 % 
F31 

% p.c.f. % Group 

1-1 Penn I 	9-1 76 63 146 35 16 	' 19 7 106 17 A-2-4 0 
1-2 Wetherafieldl 94 86 82 64 43 19 23 16 119 13 A6 3 
1-3 Thineilen 100 98 95 76 27 - - 16 0 120 12 .A-2-4 0 

1-4. 
1-5 

(uioucester 
Whlppany 

1L00 
100 

90 
loc 

86 
100 

?9 
98 

56 
83 

31 
43 

21 
37 

25 
41 

6 
7 

109 
100 

16 
22 

A-k 
A-S 

4 
8 

F-6 Sassafras 99 95 93 79 42 . 20 21 28 12 177 114. A-6 2 

1-7 Sassafras 88 67 61 28 7 - -- N.L. N.P. 	. 120 12 A-i-b 0 
F-S Sassafras L00 100 98 78 4 - - N.L. N.P. 106 15 A-3 0 
F-9 Hagerstown 100 99 98 92 83 40 34 43 20 101 20 A-7-6 13 

1-10 Merrimac 100 90 77 41 11 - - . N.L. N.P. 125 9 A-i-b 0 
F-li Chester 89 74 70 55 46 26 16 33 ii 109 18 A-6 2 
1-12 E.kton 99 97 95 89 79 45 31 28 10 108 16 A-4 8 

1-13 Montalto 63 49 36 23 12 6 5 32 9 114 17 A24 0 
1-14 . Croton 97 80 73 68 64 23 27 41 21 100 21 A-7-6 15 
1-15 Lansd.al.e 99 87 85 69 55 21 32 41 15 95 26 A-7-6 6 

p-16 Lakewood 100 100 100 73 1 -- -- N.L. N.P. 102 15 A-3 0 
1-17 Lakewood 100 99 98 64 - 3 -- - N.L. N.P. 106 14 A-3 0 
1-18 Coil ington 100 100 100 80 26 10 15 32 8 105 23 A-2-4 0 

1-19 Collington' 96 91 87 69 39 12 18 48 14 .97 27 . A-7-5 2 
1-20 Portsmouth 99 87 84  56 7 - 	S N.L. N.P. 118 10 A-3 0 
1-21 Ro].yoke 	- 99 98 96 89 60 32 20 27 12 116 1. A-6 6 

1-22 WashIngton 93 88 85 6 64 25  36 31 10 104 18 A-k 6 
1-23 D.itchess 93 84  72 61 52 26 18 . 31 -9 -110 15 A.Ll 3 
1-24 Dover 82 72 66 54 37 20 14 .  . 31 9 112 16 A-k 0 

1-25 Sub-base 97 96 93 54 6 - - N.L. N.P. 106 15 A-3 0 
Sand Hills . S 

1-26 Sub-base 93 86 78 36 10 - - N.L. N.P. 120 12 A-i-b 0 
1rrington 

P-27' Sub-base 85 148 Lo 24 10 3 6' .25 	. 7 	. 122 12 A-2-4 0 
Nixon - - 

1-28 Sub-base 94 78 71 41 2 - - N.L. N.P. 108 16 A-i-b . 	0 
Perrineviii 

1-29:7  Sub-base.Bot.87 35 26 12 3 - -- N.L. N.P. 123 10 - A-i-a 0 
Jameaburg  

1-30 Sub-base To; 89 66 zs 17 4 - - N.L. N.P. 119 13 A-i-a 0 
Jamesburg 
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The soils were compacted in 6-in, layers in a trench about 2 ft. deep and 9 ft. square 
on which was placed a 4-ft. square concrete slab 6 in. thick, which were provided with brass 
pius at corners for purposes of taking elevations. Four l-in. dialiister brass-lined tubes 
were molded in the slabs at the quarter points of each diagonal. Monel clad (1.3.-in,  diem.) 
steel plungers (sealed with grease) were placed through the holes to bear on the subgrade. The 
four plungers were loaded with weights to develop contact pressures of 25, 50,  75 and 100 psi. 
respectively. Figure 249  shows nine of the 30 installatIons. A record was made of maximum and 
minimum daily air temperatures as shown in Figure 50. A graphic record of penetration readings 
as indicated in Figure 51 was made for each of the 30 locations. 

Figures 51, 52 and. 53 show the duration of the 
- 	weighted plunger application for the 30 installations. 

Figure 49, Arrangement of 	 The length of operation of the plunger has been mdi- 
Field Installations 	 cated by appropriate hatchures as 2hown in Figure 51. 

(After Rogers and Nikola) 	 These three figures demonstrate the superiority of 
granular materials in resisting frost action and re-

duction in supporting value on thawing. Seven of the eleven materials classed as A-i-a, A-l-b, 
and. A-3 continued to support one or more plungers for the duration of the test period. 

The most erratic performances were those of the A-2-4 class because of the wide range of 
gradings in that class. 

Although the New Jersey winter of 19249-1950 was a mild one, the authors felt they could 
draw the following conclusions from their work. 

Soils and soil material in the A-3 class, consisting essentially of fine sands, when 
confined, show little loss of bearing power in the lower range of the contact pressures when 
subjected to freeze-thaw conditions. Little heaving occurs in these soils when subjected to 
freezing weather. 

Silty materials, designated as A.-Ll, appear to be the worst reactors; both in heaving 
characteristics and loss of bearing power. 

Granular material, classified as A-i-a and A-i-b, show good support, especially for 
the lower contact pressures under conditions of freezing and thawing. Little heaving was 
measured when these soils were subjected to freezing weather. 

Clayey soils and soil material exhibit varied reactions as to lose of bearing power 
under freeze-thaw conditions. In consideration of the relatively mild winter, these soils 
showed considerable heaving under freezing conditions. This study was continued through the 
winter (1950-1951), when subsurface temperatures were obtained and movements of plungers and 
slabs recorded. 
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It may be seen that different investigators are in reasonably close agreement on limiting 
grain sizes for non-frost heaving soils. The reviewer has attempted to show graphically (Figure 54) 
the limits proposed by some investigators. Each of those investigators who has proposed limits 
has defined the nature of frost heave which occurs for the soil limits given. 

f- 21 II 	 I - 

A-4(6) 
r-22 I 

A --4 •(3) 
f-23. F\-\\\\-\\\\\\\\N I 	 0 

A 4- (0) 
f-24 M 	 0 

A3 (a) 
f -2$ 	 iXX X X X XXX \N\ \ \ \ \ 

f-2 

	

(0). 	- 
F-27 	 I 	 N\J 

A-?b  
F-28 	 IX-XXA\\\\N 	I 

f-29 	 VXXXXXXXX'XXXXJ\\I\\\
25  \ -\\f> 

A--/-Q (o) 	-. 
F30 	 I 	 XXXF\\\\\\N 	I 

/ Cl 	 ic' 	

'T 	M1  

Figure 53. DuratIon of Weighted Plunger Operation — 
Soils P-21 thru F-30. (After Rogers and Nikola) 
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Beskow giveé an average particle diameter of 0.1 mm. asT the maximum size that will permit 
ice segregation under any conditions. A. Casagrande gives the critical size for ice segregation 
as 0.02 mm. for actual soils. Taber found only the faintest segregation in ground quartz having 
a grain size of 0.07 mm. Some investigators found that grading was also a factor. Casagrande 
found, uniformity of grading important, allowing up to 10 percent finer than 0.02 mm. size if 
the soils were of ai.tniform grain size thus permitting better drainage. Smith found deficiencies 
in grading were a factor 'in' stability on thawing. Also some investigators have pointed to the 
increase in soil water content which is associated with freezing, while others have shown that 
marked reduction in bearing capacity may accompany the moisture increase or the change in the 
state of the soil water.  

Relationship Between Soil Classification Groups and Frost 'Action - A disturbed soil may. be  
classified on the basis of one or more charact:eristice of its constitUents', for example on the 
basis of its texture, that is grain size distribution. A soil may also be classified according 

CV to the physical properties of the soil mass, that is,' its resistance to lOad deformation, its 
permeability etc., or its susceptibility to frost action. The basis for c1assifcatiou is 
usually the results of tests (liquid limit, plasticlimit,' etc.) which are indicative of physical 
properties. The soil may alsO be classified on the'basis of the in-place characteristics of the 
soil profile as by the pedological method (sometimes called the agricultural method) or on the 
basis of the history of the soil deposit or parent material-as by the geologic method. 

With'the exception of grain size distribution only limited emphasis has been placed on 
the relationship between soil classification and frost action. The relationshipbetween soil 
texture and frost action have been brought out in the preceding review on "Influence of Grain 
Size Distribution". Hogentogler /1931-6 in listing performance characteristics of the "Uniform 
Subgrade Groups of the 1931 Public Roads Classification System", cites two groups as susceptible 
to frost action. Theyare: 

"Group A-k...Llicely to cause cracking in rigid pavement as a result of frost heaving, and 
failure in flexible pavements because of low supporting value. 

Group A-5...similar to Group A-k...". 

Morton /1936-5 found that the frost conditions in New Hampshire necessitated a revision 
in the grouping as established by the Bureau of Public Roads. He found need for further sub-
division of the A-2 group on the basis of its frost action characteristics. The various groups 
and their frost heaving characteristics for New Hampshire were given as follows by Morton: 

Group A-2G. Graded material that contains 10 percent or less, soil with a grain size 
smaller than 0.05 mm.; light frost action (2-4 in. heaving). Soils known 
locally as sand or gravel hardpans represent this group. 

Group A-2F. Graded material that contains between 10 percent and 25 percent soil, with 
a grain size smaller than 0.05 mm. Frost action to the extent of 4-6 in. 
heaving. Soils known locally as silt hardpans represent this group. 

Group A-2P. Graded material that contains over 25 percent soil with a grain size smaller 
than 0.05 mm. Excessive frost action (6-9 in. heaving). Soils known locally 
as clay hardpan or boulder, clay represent this group. 

Group A-3. Coarse materials only. Coheslonless sands and gravels. Free from frost 
action. Porous, will not support a ground-water table. , Readily adjust 

- 	themselves when used in deep fill sections. excellent support for rigid 
pavements. 

Group A-k. Silt without coarse.material. High and rapid capillary action. Excessive 
frost action ( 8-14. in. heaving). Free water as.a groundwater table not 
encountered. Underdrains constructed at standard depths (k-S ft. below 
,finished grade) are not effective in reducing frost action. Long period 
.of readjustment necessary when used as fill in deep sections. 

Group A-6. Clay without coarse material. Capillary action not' as rapid as that en-
countered in silt gr.oup.6-9 in. frost heaving. Free water as a ground-
water-table not., encountered.. tderd.rains constructed at standarddepths 
are ineffective in reducing frost action. Long period of readjustment 
necessary when used as fill in deep sections. 
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Group A-8. Muck and peat. Highly unstable. High organic and vegetable content. Capable 
of displacement or excessive settlement. 	- 

The Casagrande method of soil classification /1931-111., L1947-37, later called the air-
field system has recognized q,ualitatively six degrees of potential frost action in soils. Those 
are: (1) none, (2) very slight, (3) slight., (Li)  medium, (5) high, and, (6) very high. The 
relative range of frost potential for each of the airfield soil groups is shown in Table 17. - 

The Civil Aeronautics Administration /19115-24 combined, drainage condition with absence 
or presence of frost and set up four possible conditions which are applied to each of its 13 
subgrad.e soil groups in determining pavement designs. The four conditions are; (1) no frost, 
good drainage, (2) severe frost, good drainage, (3) no frost, poor drainage, and, (11.)  severe 
frost, poor drainage. Because the C.A.A. Classification system is--,a partof its design method 
It is explained later under " Design Methods for Preventing Detrimental Frost Action",with 
regard to both flexible and rigid type pavements. 

Livingston /1951-34 reports intensive frost action occurring in high mountain valleys of 
Colorado where the water table exists near the ground surface, winter temperatures are as'low 
as -40 to -50 deg. P. with frost penetration as deep°as 5 ft. and where surface drainage ii 
poor due to the relatively flat grades (about0.3 pèrceñt). 'The San Luis andTampa Valley 
locations are exemplary. The type of soils which occur in the Valley 'and in' high mountain passes 
where intensive frost action, takes 'place are indicated by the test values and soil grouping 
given In. Table 18. - 

TABLE 18 

SOIL TYPES SUBJECT TO INTENSIVE FROST ACTION IN COLORADO 

% Passing 
Area Soil Group L.L. P.I. NO. 200 Sieve CBR 

San Luis A 2-4 (0) 20-25 05 30-35 28.30 
Valley 

27 8 36 29 

A 7-5 (20) 65 32' 90 2 

Tampa A 2-4 (0) , 	35. NP , 211 , 112 
Valley  

A6 (12) 38 20 85 	' 2 

A 7-6 (15) 115 	,. 20 98' 2 

Wolf A 2'-5 (0) 11.5 8 	 . 16 	- 36 
Creek  
Pass A 2-7 '(2) 55 29 30 	, 10 

A7-5 (15) 68 	' 	' , 	25 	, 	' ' 	63 2 

Rógérs and Nikola /1951-38 investigated the effects of frost action on '30 New Jersey 
soils falling into the A-l-a, A-i-b, A-2-4, A-3, A-Li, A-5,'A-6, A-7-5, and A-7-6. The results 
of that investigation have been reviewed in some detail under "Influence of Grain Size 
Distribution". 

Moisture Retention and Moisture Movement in Soil - There can be no detimental,ostaetion, 
as frost action is'd.efined in this review, ithout movi 	water'ttho zone of freezing. w 	 _ 
ThFoift"ôfthovement is fundamental to water gain anc(heav tag on friiingrii as 
to reduction in load carrying capacity following thawing of 'the frost. The process is not a 
simple one. Nor' is there-'agreement on the nature of the process or the magnitude of the forces 
involved. It includes movement of water through a range from complete saturation to a condition 
'of partial saturation where the q,uant ity of moisture flow is not significant • Moisture flow 
is dependent on' the nature of the soil, that is, its grain composition and shape and the grain 
size distribution, as they. influence the amount and size and shapeof soil pores. It is also 
dependent upon soil density and initial water content, and on soil structure because structure 



MAJOR GROUP PRINCIPAL POTENTIAL 
DIVISIONS SOIL GROUPS & TYPICAL NAMES SYMBOLS CLASSIFICATION TESTS FROST 

(ON DISTUBBED SAMPLES ) 	ACTION 

Gravel Well Graded Gravel & Gravel-Sand None to 
• Mixtures, Little or No Fines GW Mechanical Analysis Very Slight 

Well Graded Gravel-Sand-Clay - Mechanical Analysis ___ 
Mixtures, Excellent Binder GO Liquid & Plastic Medium 

Limits _on_Binder  
Gravelly Poorly Graded Gravel & Gravel- 

Sand. Mixtures, Little or No GP Mechanical Analysis None to 
Fines' Very Slight 

Soils Gravel with Fines, Very Silty Mechanical Analysis, 
Gravel, Clayey Gravel, Poorly GF Liquid & Plastic Slight to 
Graded. Gravel-Sand-Clay Mixtures Limits on Binder Medium 

if_Applicable  

Sands Well Graded Sands & Gravelly Sands, None to 
Little or No Fines' SW Mechanical Analysis Very Slight 

and Well Graded. Sand-Clay Mixtures, S  Mechanical Analysis, 
Excellent Binder SC Liquid & Plastic Medium 

• Limits on Binder  
Sandy Poorly Graded. Sands, Little or None to 

No Fines SP Mechanical Analysis Very Slight 
Sand with Fines, Very Silty Sands, Mechanical Analysis 

Soils Clayey Sands, Poorly Graded. Sand- Sr Liquid & Plastic Slight 
Clay Mixtures Limits on Binder to High 

if_Applicable  

Fine Inorganic Silts & Very Fine Sands, Mechanical Analysis 

C-rained. 
Mo, Rock Flour, Silty or Clayey Liquid. & Plastic Medium to 
Fine Sands with Slight Plasticity Limits if Very High Soils Applicable  

Having Inorganic Clays of Low to Medium Liquid & Plastic Medium to 
Low to Plasticity, Sandy Clays, Silty CL Limits High 
Medium Clays, Lean Clays  

Compressi- Organic Silts & Organic Silt- OL Liquid & Plastic 
bility Clays of Low Plasticity Limits From Medium to 

Natural Condition & High 
• After Oven Drying  

40 	Fine Micaceous or Diatomaceous Fine Mechanical Analysis 
Grained Sandy & Silty Soils, Elastic MR Liquid & Plastic Medium to 
Soils Silts Limits if Very High 

Applicable  
Having Inorganic Clays of High Plasticity, Liquid. & Plastic 
High Fat Clays OH Limits Medium 

Compressi- Organic Clays of Medium to High Liquid. & Plastic 
bility Plasticity OH Limits From Medium 

- Natural Condition & 
After Oven Drying  

Fibrous Organic 	Peat and Other Highly Pt Natural Condition Slight 
Soils with Very 	Organic-Swamp Soils 
High CompressibIlity. . - ____________ 
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TABLE 17 

SOIL CLASSIFICATION FOR AIRFIELD PROJECTS 

C- — Gravel 
S — Sand 
M — Mo, Very Find Sand., 

Silt, Rock Flour 

LEND FOR GROUP SYMBOLS 

C — Clay 
Pt- Peat 
F — Fines, Matl(O.].mm 
0 — Organic 

W — Well Graded 
P — Poorly Graded. 
L — Low to Med. Compressibility 
H — High Compressibility 
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controls the size and spacing of fissures in the soil. Other conditions being equal 
water tends to move in the directionof.heat t.ransfer,, thus soil temperature and temperature 
differences are also influencing factors. 

The writings on movement, of moisture in soil, with special reference to. capillary move- 
ment, stem from engineers, agronomists, physicists, hydrologists, and others. The writers 
have contributed many experimental and observational data on capillary movement as' related to 
their particular fields of endeavor. They have also-presented theories, some of which differ 
in their basic concept, of the nature of the forces which cause water to move in the sot]. 
'capillaries. .. The total literature which bears on the subject is voluminous. It includes no 
single treatment which satisfactorily explains movement under conditions ranging from complete 
saturation to partial saturation. Limitations of time, and spacein this review make impracticable 
an: exhaustive 'treatment of this fundamental part of the overall frost"phenomenon. The best 
that can be done is to review the writings of a few recognized authorities who have'contributed 
to the subject with emphasis on those which make specific reference to frost action. 

Capillarity - Some researchers classified soil moisture into three main types according 
to its characteristics, including the manner in which it moves in soil. The three main types 
of soil moisture were:, hygroscopic or film water, capillary water, and. -free or gravitational 
water. They regarded capillary movement of water in soil as being analogous to movement in a 
capillary tube and considered that surface tension furnished the activating force for movement. 

Many investigators have' held the concept that surfaces of liquids exist in'a- dtate of,  
tension, although they agree there is no visible skin or film on the surface. The concept of 
surface tension is apparently accepted by some as a physical realityo - To others it is merely 
a concept that the surface resembles, in some of its attributes, a'film or skin under tension. 

Thus it is an 'anology which explains the behavior of water in soil and which can be used as a 
tool to evaluate the magnitude of capillary forces (pressures), the height of capillary rise, - 
and the rate of rise in soils of different textures if appropriate coefficients are determined. 
An explanation of the surface tension concept can be found in many text books on soil mechanics 
(see Terzaghi /19143-1LI., Hogentoglerll937-l14, Taylor /19148-62). 

In order to visualize surface tension and the magnitude of forces invo'ved  as applied to 
capillary rise, the problem is simplified by considering that the soil pores simulate capillary 
tubes. Then the effect of surface tension in limiting height of rise of water in'capillary 
tubes is as follows: . 

The upward pull of the liquid in a cylindrical capillary tube is 71 dST cos- • The down- 
ward pull (which is equal to the upward pull) is - 	d2hDg, where 

d - diameter of the tube in cm. 
ST - surface tension of water in dynes per cm. 

- 	 - angle of contact between liquid and wall of tube. 
Ii - height of capillary rise in cm. 
- density of the liquid. 

g - acceleration of gravity in dynes. 

Then. -' 
	 h - -----sç__ 

dDg , 

The surface tension of water is 75.6 dynes at zero deg. C hence water at that temperature 
would rise to a height of:  

h _X 756 X 1 	 :309cm - 	- 	- :rrrro-----  
in a tube 0.1 cm.-in diameter. (since cosoc and Dare approximately equal to ]. atequi].ibriwn). 

Winterkorn and Eyring 145-19 (also see Terzaghi /1914.3-14 and Taylor /19148-62) further 
illustrated the nature of the forces involved in capillary movement in soil. For purposes of 
simplification they assumed full 'saturation to the top of capillary rise. The following 
relationship was developed: 



. 	 .•• 	. .dz.k(hz) 	 / 
dt n( z-) 

in which 

dz — distance differential in vertical direction 
,dt — time differential 
k — coeff-icient of permeability of soil 
n — porosity of soil 
h — capillary potential 
z — distance of capillary meniscus from ground 

water level 

From this was obtained: 

-  
t • 	log 	

h 
 h—z 	•h ) 

Winterkorn derived experimental data on a K—Putnam soil, and computed time—capillary rise 
values from which he constructed the value8 given in Figure 55. 

2 A 2 16 90 24 24 22 26 40 44 48 52 51 

TIME IN TEARS 

If the reader wishes to study the works of investi—
gators who held to the capillary'tube—surface tension con—
áept, he is directed to the excellent contributions of Briggs 
/1897-2, Bouyoucos /1921-3, Lebedeff L1977. and Zunker 
/1933-8. 

Concurrent with the development of the capillary tube- 
surface tension analogy, some investigators believed that 
the capacity which a soil had for retaining moisture could 
be expressed in terms of energy, that is, its ability to do 
work. Buckingham /1907-2 believed that the movement of 
moisture in soil was analogous in some respects, to the flow 
of electricity or to the flow of heat through a conductor. 
The analogy was based on the concept that in each case flow 
was from a region of higher to a region of lower potential, 
the potential being pressure. Buckingham called this 
pressure potential the "capillary potential". Stated simply 
it is merely a measure of the attraction of the soil for 
water. As actually measured it is the work required to pull 
a unit mass of water away from a unit mass of soil. Russell 
and Spangler /1941-12 presented the capillary potential point 
of view to highway engineers. 

Figure 55. Rate of Capillary 
rise for K — Putnam soil 	 The capillary potential at any depth in a soil may -be 

(After Winterkorn and Irring) 	determined by measuring the pressure deficiency or the 
tension in the water at that point and dividing it by the 
unit weight of water. This pressure deficiency represents 

the amount by which the pressure-in the soil water is less than atmospheric pressure. Russell 
and Spangler showed that the capillary potential in soils can be measured in situ by the use of 
tensiometers so long as the negative pressure does not exceed one. atmosphere. Actually most, 
flow of moisture occurs .at pressures less. than atmosphere. 

Russell. andSpangler brought out that properties of soil water other than negative pressure 
can be used to evaluate capillary potential. Those include curvature of air—water interfaces 
in the unsaturated soil, water vapor pressure, and depression of the freezing point. They 
used these and other methods to deterininethe relationship between soil moisture content and 
capillary, potential for four Iowa soils for ranges of moisture. content from saturation to oven 
dryness. Their results are illustrated in Figure 56, which supports the currently held view 
that there exist no distinct classes of soil moisture. 

.Housel /1951-50 was among those who did not accept surface tension as a reality. He 
devised a mechanism for describing capillary rise to replace "hypothetical surface tension" 
and proceeded to demonstrate the validity of that method in satisfying the laws of static 
equilibrium. He held that a substitute mechanism must recognize the following which have been 
established by experiment: (1) the product (rh) known as the capillary constant (sometimes 
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called "specific cohesion"), (2) "...the weight of any liquid raised above the free surface 
by capillarity is a measure of the forces of capillarity and these forces must exist in the 
system whereby static equilibrium can be established ... and (3)  ... capillarity has its origin 
in the presence of a solid surface in contact with a liquid and, therefore, must be a boundary 
effect inseparable from the solid-liquid surface". 

70 
He illustrated the manner in which 

static equilibrium in capillary rise is 
achieved in Figure 57. 	Part (a) shows 
the pressures acting on the body of the CaO 

liquid above the free liquid surface. 
For purposes of illustration he selected 
a size of capillary such that the menis- 
cue is tangent to the free liquid surface ,5C' 

at the center where the capillary rise 
would be zero. 	part (b) shows 	.,. 
the equivalent pressures on the body of 
the liquid consisting of the internal 
pressure of the liquid (L)  acting up - 3.5 
ward and undiminished over the full 
cross section and the projected pressure 3C 
from the unbalanced molecular attrac- 
tion on the liquid surface of the men- 
iscus acting downward. 	Iie to the 
directional characteristics of the 
molecular attraction at the liquid 
surface, the projected pressure on a 
horizontal plane is diminished to the 
vertical component of the inclined 
pressure which varies from maximum at 
the center to minimum at the solid 
boundary". 

The meniscus is then curved 
upward in the vicinity of the solid 
	

Figure 56. Soil Moisture Sorption Curves 
boundary with vertical ordinates above 
	

for Four Iowa Soils 
the free liquid surface as prescribed 
	

(After Russell and Spangler) 
in the following equation: 

y_ .!GL (l - sin< ) 
wg 

Where y is the distance to which water is elevated above the free liquid surface, g the 
acceleration of gravity and w the density of water. This ordinate becomes a maximum at the 
solid boundary. "The area under this curve above the free liquid surface shown cross-hatched. 
In Figure 57 represents the ability of the system of forces originating in the presence of the 
solid boundary to sustain or support a volume of liquid in static equilibrium above the free 
liquid surface. In circular capillary tubes this area is a cross section of a volume of 
revolution representing the total volume of liquid sustained above the free liquid surface. If 
Figure 57 were considered as two plates of indefinite length perpendicular to the section shown, 
the area referred, to would be direotl equivalent to the volume of liquid above the free liquid 
surface per unit length of solid boundary. 

"In such terms the capillary rise may be described as shown in part (e) of Figure 57 
in which the volume of liquid supported by the internal pressure is represented as a boundary 
effect characteristic of the solid surface for the given liquid. It should be emphasized that 
the boundary effect. We  if expressed as grams per centimeter or P if expressed in dynes per 
centimeter, is a function of the integrated volume of supported liquid which is a constant for 
any given combination of liquid and solid. It includes the integrated effect of both the in-
ternal pressure arising from the unbalanced molecular attraction PGL  and the contact angle 0 
in ... "-the equation above. 
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Equivalent Pressure Diagrams 
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(c) Net Forces Acting on Meniscus 

Figu.ra 57, Static Equalibrium in Capillary Rise. 
(After Housel) 
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ltTAen this effect is applied to the closed boundary or circumference of a capillary tube 
the total weight raised above the freesurface may be equated to an equivalent capillary pressure. 

Impressing this relation in force units leads 
/ 	 to the following equation: 

tlIn capillary tubes of small diameter 
the capillary pressure created by the attrac 
tion of the solid walls of the tube may be 
equated to hydrostatic pressure wgh where the 
radius of curvature r is negligible with re-
spect to the capillary rise (h). 

GL = wgh . 	= 
r 	r 

rh = 2Wc  2F0  
-7-  — 

taken as water having unit density, this 
boundary effect may be evaluated in grams per 
centimeter of perimeter W0. or in force units 
of dynes per centimeter F.as is usually the 
case. 

w rhw 0.11488 X 1 = 0.074 g.per cm. 

c Wcg . 	= 0.07144 x 980 = 72.8 
dynes per cm. 

"With a mechanism d.escribed.by  which 
water may be supported above the free water 
level without use of the surface tension. 
analor, there remeins only to express the 
final relationships in a formula for capillary 
rise, which follows directly from the 
equation." 

PGL-TTr2  - Wg 217r - P02rrr 

p - GL r 

rgw 1W 

The above constitutes a brief and incomplete review of principal concepts of forces operative 
in bringing about so called "capillary" (antigravitational) flow of moisture in soil. -It may now 
be of interest to present some experimental data which have been obtained from efforts to measure 
capillary rise characteristics in soils. 	. 

Brigga and Lapham /1902-1 included data on capillary rise in both mOist and dry soils. 
They tested three sandy Michigan soils having the following grain sIze distribution:  

Percentage of Grains Finer Than Sizes Shown - 

Soil No. 	 2.0 — 0.05 mm. 	0.05 — OuOl mm. 	 Smaller than 
- 	 0.01 mm. 

1 	 97.6 	•. 	- 	0.8 	
- 	

0.1 
2 	 96.3- 	 . 	1.2 	 0.3. 
3 	 8.0 	 - 7.3. - 	 - 0.7 

The results of the capillary rise tests, giving capillary rise in cm. are as follows: 



,I2 

ID 

72 

Soul 	 -Soil 2 	- 
	 • 	

Soil- 3 
- 	Dry 	-Moist - - - 	 Dry 	Moist 

	
D17 	Moist - 

31.8 	112.6- -: 	 58.1 	114.1.8 
	

86.8 	1714.1 

The authors gave no data on degree of saturation or relative -rates of rise.' 

Taber L192., /1932 found that the height to which water rises varies inversely as the 
diameter of the capillaries and that in fine sand may be 10 ft. or more. Housel /1938-13 
summarized the work of Loughridge (1892-1894) and Hogentogler on the relationship between 
particle size and capillary rise. The results are shown in Figure 58. CurveA of Figure 58 
shows the theoretical capillary rise in 24 hours computed by Hogentogier /1937-1k. Carves B 
and C show maximum and. 24 hr. rise observed by Loughridge. 

- Valle-Rodas f411-16 investigated, capillary rise in sands. He supplemented his capillary 
rise measurements with determinations of relative capillarity as determined, with a Beskow type 
capillarimeter (described later). Valle-Rodas brought out some interesting relationships be-
tween water content at various heights above free water and capillarimeter value (shown as 
"passive capillary height"). Those comparisons are shown in Figure 59. Valle-Rodas showed that 
the moisture content at the capillarimeter value increased as the grain size decreased, except 
for very fine sand. 

IuIiiuiWiUuuuI1i•UlIHhI•I 
(IIIIHflhiiIIliIiiiUillhi•II IIIIIHIUlIIIIHIIIIIIII•II 'uuuiiiiiiuniiiiiuiiiiii•ui 

lIIliiIIUI1IllhilIiiiiiI•ii 
IIIuIHhI.II,uIII.IuuuIIII.uI IIIIIllIUILIIIIUIIIIIIIIUII 

iIIIiHI!iliiiIiiI•Il 
IBM III!lIIIIIIi 

1 
.010 	 IOU 	 IWJ 

PARTICLE SIZE IN MILLIMETERS 

Figure 58. Capillary Rise in Various Textural 
Classes of Soil. (Alter Housel /1938-1) 

The work of Lane and Washburn /19146-8 is of in- 
 terest because they investigated the capillary rise  

characteristics of eight soils., observed both capill- 	- 	
25 $0 

- 	 - - - 	 - 

ary rise and capillarimeter values (with a modified 	
fl"./er Con/en/. percent 

 

(larger) Beskow type capillarimeter), and because they 	Figure 59. Distribution of 
controlled density in their test samples. The grain 	 Capillary Water 
size distribution of the soils Investigated are in- 	 (After Valle-Rodas) 
dicated in Figure 60. The soils tested represent 
median gradatins of the corresponding grain size bandsof the Providence District Soil Classi-
fication (see Fahlquist and Kenerson on "Providence Soil Classification", discussion, Proceedings, 
A.S.C.E., October 1939). Capillary rise tests were made in 2-and 4in, diameter open-end soil 
filled Ixcite tubes. Tests were made on air dried samples compacted in layers. Tests on mater-
ials of classes 1, 2, and 3 axtended for periods of 3 to 6 -dab-s. Tests on the finer grained 
materials of classes 4 to 8 extended over periods ranging from 70 to over 400 days. Results 
showing height of capillary rise as related-to Hazen's effective size (the 10 percent size, d10" 
the size where 10 percent passes and 90 percent is retained) are shown in Figure 61. It may 
be seen that there is a gradual increase in difference between capillary rise and capillarimeter 
values. 
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GRAIN SIZE IN MILLIMETERS. 

Figure 60.. Gradation of Samples. Tested 
(After Lane and Washburn) 
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Figure 61. Capillary.Rise. — .fective Size Curves 
(After Lane and Washburn) 
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Figure 62. Water Content, Saturation, and Dry 
Density at End of Test — Class 6 

(Al t.er Lane & Washburn) 
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Complete test results including permeability values are shown in Table 19. 

TABLE 19 

CAPILLARITY TEST RESULTS 
(After Lane and Washburn) 

Sample 
Class No. 

Specific 
Gravity 

fective 
Size-d10  

Capillarimeter Tests Open Tube Pests 

Void 
tioa 

Dry Capi1lar Permea- 
bilityb 

Void. 
Batioa 

Dry Capillary 
Rise 

Permea- 
bility Density Rise 

kXlO4  
Density 

e e 1 kXlO 

pcf cm. cm. per sec. pcf. cm. cm. per Sec. 
1 2.70 0.82 0.27 132.2 6.0 1100 0.27 132.2 5.4 1100 
2 2.65 0.20 0.45 114.8 20.0 160 o.45 113.8 28.4 160 
3 2.70 0.30 0.29 130.2 20.0 71 0.29 130.2 19.5 71 
4 2.70 0.06 0.45 116.4 68.0 4.6 0.45 116.4 106.0 4.6 
5 2.69 0.11 0.27 132.0 60.0 1.1 0.27 132.2 82.0 1.1 
6 2.75 0.02 O.48 116.1 120.0 0.29 0.66 103.3 239.6 0.62 
7 2.77 0.03 0.36 126.7 112.0 0.096 0.36 126.5 165.5 0.096 
8 2.76 0.006 0.95 86.3 180.0 0.15 0.93 89.3 359.2 0.14 

aVoid ratio shown is overall value for entire sample. 
bpermeability coefficient taken from k-e curves at overall void ratio shown. 

Typical water content-saturation-dry density values for various depth increments in the capillary 
tube samples are shown for a silty fine sand in Figure 62 and for a sandy silt in Figure 63. 

i-12 	 I 	 I: 

0 20 30 40 	 20 40 60 90 100 90 95 00 95 

WATER CONTENT 	 - SATURATION 	 DENSITY pcf. 

Figure 63. Water Content, Saturation, and Dry 
Density at !nd of Test-Class 8 

(After Lane and Washburn) 
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Lane and Washburn considered that the capillarlineter value (which they termed the passive 
capillary rise) is controlled mainly by the large voids in the soil. They state "In these larger 
voids capillary tension is the least and, accordingly releases first, causIng a break in the 
suspeded water column. Contrastingly, the open tube rnethod...determines the active capillary 
rise which is influenced by all the voids in the soil., Here the capillary tension is much 
greater as it is controlled by the smaller voids and acordingly causes a much higher rise." 
They found a marked reduction in percent saturation above a certain elevation for sandy soils 
and a relatively uniform decrease for the more silty soils (see Figures 62 and 63). They com-
pared observed tine-rise curves from tube tests with theoretical curves computed from the solu-
tion given by Terzaghi (see preceding equation). The solution is based on the assumption that 
complete saturation exists below a height z, and that e and k are at all times constant through-
out the column. Figure 64 shows actual time vs rise for a class L  sand. To the left is the 
computed curve (No. 1) calculated from the observed values of h,  e, and k shown in Table 19. 
Negle4ing small changes in e the theoretical curve can be matched with the observed curve at 
point 	by recomputing with an effective value of k = 0.21 X 10 cm. per see. 
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Figure 614. Capillary Rise-Time Curves-Class 14... 
Actual and Theoretical Rise. (After Lane and. Washburn) 

Krynlne /19146-20, conducted capillary rise tests on six gravels, one sand and two silts. 
His results agreed generally with those of Lane and Washburn. Krynine observed that preceding 
the line of visable wetting there was an accumulation of moisture attributed to condensation. 
The condensation phenomenon suggested to Krynine that water vapor precedes the boundary of 
visible wetting. 

It is of interest to compare the work of Lane and Washburn with that of three early in-
vestigátors of capillary rise, namely, Hazen /1893-1, Atterberg j90-3  and Hilgard 
A comparison is shown in Figure 65 in which capillary rise is related to effective grain size. 
When it is considered that the work of Atterberg and of Hilgard was done on soil fractions, the 
results show reasonably close agreement. Lane and Washburn's capillarinietervaluesare also 
plotted for purposes of comparison. 

Lambe /1950-13 held that much of the confusion which now exists concerning capillary 
rise is due to the oversimplification introduced by comparing capillary water in soils to that 
of water in a bundle of nonconnected capillary tubes possessing a single definite capillary 
head. He concluded from his investigations that several capillary heads are required for ade-
quate representation. Figure 66 compares degree of saturation with height above elevation of 
free water for test IF, a drainage test on an initially saturated sample, and test VIA, a 
capillary rise test on an initially dry sample. 
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Lambe' designates. the distance from point A. on the drainage curve,, to the free water stir-
face as the maximum capillary head, h0 , and the distance from point B which is the highest point 
at which complete saturation exists as saturation capillary head, h02. On the capillai7 rise 
test curv,e he designates the distance from the free water to the highest elevation to whic 5 . 

capillary waterrose (point C) the capillary rise, her, and. the distance to the highest elevation 
at which maximum degree of capillary.saturation exists (point D) as h0 . The value designate& 

hca.is  a weighted average capillary head. The problem now is one of selecting the proper head - 
to use inmaking computations. The value obtained with the Beskow capillarimeter.corresponda 
roughly with the value h8i hence that value has practical use as -one readily determined as will 
be shown later.  

140 
I 	I 	1111111 	 I 	1111111 	I 	III 

ci \ 	,, —Lane - Cop liary rise in tubes (1946-8) 

iI!A11__•uiuiiui__•11 
___'L1lIIIIII_U1111111___ -- 

Atterberg (1905-3) 
So 

50 
(1893- 

__ 	:uinnn__ 
I0 

Groin Size - mm. Diameter 
Figure 65, Diagram showing relation between 
capillary rise and effective grain size from 
experiments by Atterberg, Hazon, Hilgard and. 
Lane. Atterbergs .and Hilgards work pertain 
to soil fractions. Hazen'-a and Lane's work 
pertain to soils, the grain size being the 
"effective size" (Diameter in mm, of size 
where 10% passes and 90% is retained. ) 

Spangler and PienL..  showed that capillary potential of soil moisture (under 
isothermal and isobaric conditions) is dependent only on the height above a free water surface 
and is independent of texture, grain size, density, wetting angle, etc. However, the moisture 
content of soil at a given height is dependent upon all these factors. Therefore the moisture 
in different soils at the same height above a water table must adjust itself. so  that the 
capillary potential is a constant value. corresponding to that height.. Where capillary moisture 
in a stratified soil is in equilibrium with a water table, the moisture content just above and 
just below the interface between two soil strata may differ widely. 

Spangler and. Pien placed strata of soils in glass tubes having their lower ends in water 
to permit absorption. After quasi-equilibrium' had been reached, moisture contents were deter-
mined at points throughout the height of the column. The moisture contents. were plotted against 
height above water and compared with sorption curves for the soils '(obtained by a soil. teneio-
meter. Two soils were used. One was a glacial till having 7 percent gravel, 42 percent sand,.. 
32 percent silt, 19 percent' clay (0.2 percent.colloid). The soil had aliquid limit = 23, 
P.I. = 8, Proctor density 121 p.c.f. and an optimum moisture content of 12 percent. The other 
was a bess soil having 19 percent sand, 71 percent silt,- 10 percent clay (0,5 percent colloids). 
The soil had liquid limit a 28, P.I. .5, Proctor density of 113 p.c.f. and an optimum moisture 
content 0  13.5 percent. 



14( 

C 
8C 

0 
S 

6C 

0 

4( 

77 

The soi'lé:were placed in glass -tübO'4n three lyers-'and';i'n 'd.iffrent arranemen-t"óf 
layers in each tube as follows: 	 - 	'. 

Layer Tube A Tube B 

Top 21.5 cm. bess 20.3 cm. glacial till 

Middle 30.5 cm. glacial till 31 cm. bess 

Bottom 63.5 cm. bees 64 cm. glacial till 

,.-Test 	IF 

UNIT _ 

II tv1A 

) 

IIIIILI- 

la 
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- . Beskow f947-12 summarized the characteristics 
o 	 of flow of water in fine-grained soils as follows: 

0 	 0 	40 	60 	80 	100 	 - 

	

Percentage Saturation 	 "The elastic adsorption films represent a stable re- 
servoir supply which, by causing a slight decrease in 

Figure 66. Bange of Capillary Heads 	pressure at a point when evaporation occurs, causes 

	

(After Lam'be) 	 a flow of water to that point by the tendency to equal- 
ize the pressure. This pressure change is transmitted inwards, and straightens out by straight-
ening of the films, but occurs slowly, due to the dampening effect of-the films. The water 
then flows slowly. The process of the rate of flow is taen regulated by the porosity of the 
soil and the viscosity of the water*.'' .  

"Now - in'a 'freezings6il in"which ice is - forming, the watei next- to 'the 'i'àO stratum 
changes from a liquid to a solid state and has the same effect - as a chang&'into vapor by 
evaporation. At the frost line a drying out occurs, a squeezing together of the adsorption 
films, which spreads farther and farther, causing a shrinkage....If now 'this zone spreads to 
a place of contact with a free supply of water 	water begins to flow upward from this 
point and the fundamental requirement for an -appreciable volume---increase-ancl. -a subse4uent 
frost heave is fulfilled.' 	 - - . -- . . 	- .. 	. •' 

Beskow's studies of the various factors which influence frost action led him to state 
that /1947-12 of the direct physical properties which might possibly beused to determine the 
frost heaving characteristics of a soil, capillarity has been found to be the most useful. 

- 	Aftar tha columns had beau absorbing water for 
about 24 weeke moisture content determinations were 
made at intervals thronghout the height of the columns. 

Having obtained the sorption curves for the two 
types of soils used to make up. the stratified columns 
in the tubei. Spangler and Pien constructed theoretical 
curves. f Or soil moisture versus height above the water 
surface. The theoretical curves consist of segments 
of the soil sorption curves corresponding to the thick-
nessof the, soil layers inthe.experimental columns. 
They are shown in Figures 67 and 68 for columns A and. 
B respectively. The aótual measured values of moisture 
content at various heights throughout the columns are 
plotted to show the degree of coincidence between the 
actual and theoretical moisture contents. 

Of the investigators of capillary movement of 
water in soils,-Beskow's writings L1935-1 gives per-
haps the most comprehensive treatment of both means 
for determination of the capillary properties of soils 
and the application of data on capil1arty to the prac-
tical problem of identifying the frost susceptibility 
of soils and eliminating detrimental frost heaving. 
The reviewer feels'that anyone who plans any investi-
gation relatIve to frost action will want to read 
Osterberg's translation /19147-12  of Beskow's work 
especially pages 214, 25, 29, 74, and 77-106. 
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He found that control of the rate of flow of water by what he called "capillary suction" 
is dependent upon: 

(0 	0 
0 0 0 

V V  RON 
CUR GE - - 
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Figure 67. Sorption Curves for Two Types of Soils Showing 
Actual and Theoretical Moisture Contents. 

(After Spangler and Wei To pien) 
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Figure 68. Sorption Curves for the Same Soils as in. FIgure 67 
cept that there Relative Positions Have Been Reversed 

(After Spañgler and Wei To Pien) 

The capillary pressure (k) at the frost line. The maximum value of k is the 
capillarityK of the soil. 

The permeability of the soil (p). 

The distance of the ground-water table (i?) (the ground water tablets a 
condition where the relative capillary tension is zero). 
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The following formula for flow is given 

;kK 

where Q, is the rate of flow of water (quantity per unit of time) = cu, cm, per sq. cm. per hr. 
cm. per hr. and M.is the specific.  rsietance which is the reciprocal of the permeability or 

a: 
p 

In the above formula, the values of permeability and resistance (P  and a) must be reduced to 
those of the actual occurring temperature due to change in viscosity. (Appropriate values are 
given by Beskow). Clays have such large capillarity that the effect of ground—water changes is 
small. Whencan be neglected compared to K, the formula becomes: 

K 

If K and a are inserted in the formula as functions of the grain size, 

Q. 	Ck'XCP X .• 

Thus assuming that temperature and grading are constant, for a given value of f for clays, the 
rate of suction is approximately d1ectly proportional to the particle diameter. 

Beskow developed a capillarimeter for determining the relative capillarity of soils. The 
capillarimeter, illustrated in Figure 69 served as a pattern for several capillarimeters built 
in this country. The results of tests by some of those have been given in preceding paragraphs. 
He established the emperical formula for capillarity (K) as a function of the particle diaineter(d): 

where c is an exponent " ... composed. of the capillary constant and degree of packing". The 
value o the exponent Ck was determtned as 0.60 when K is given in meters and d in millimeters. 

He found the degree of packing (compaction) to be of much importance in making the deter—
mination of the capillarity by means of the capillarimeter. 

He devised two methods 7 of packing and determined values of capillarity for two densities 
for each soil, one for a condition of loose packing (Ks) and the other for dense packing (KM). 
The density of the natural soil feflin between the two extremes. The value for loose packing 
was found to be the "most suitable value of capillarity as a characteristic soil property" for 
natural sediments. He cautioned that the values of K and K are difficult to obtain on some 
materials, notably mixed granular material (road meta') and Lirly pervious granular materials. 

The results of his many tests, and correlation of capillarity  with frost heave led him 
to state the following summary pertaining to capillarity: 

111. . Soils with. a. capillarity of Zp less than one meter (coarse silts, sands and gravels) 
are under no circumstance frost heaving. For sediments this is defined as material of which 
less than 30 percent passes the 0.062 mm. sieve and less than.55 percent passes the 0.125 mm. 
sieve. For moraine, it is the material of which less than 15 percent passes the 0.062 and less 
than 22 percent passes the 0.125 sieve, all computed in percent of thematerial that passes the 
2 mm. sieve. 	- 

"2. 	For small loads (and high ground water), soils with acapillarity of Kto 2 
meters and KM 1* to 4 meters may be dangerous (silt sediments: 30 - 50 percent less than 0.062 mm.) 
Such soils may cause bank slides even if they don't have any heave in roadways. For an extremely 
high ground water and slow freezing they may even be dangerous in the roadbed. 

12 	The coñdit ion under loose packing is approximately equal to the liquid limit, and that for 
dense packing is obtained by beginning with a liquid consistency, removing water by vaccum 
and the sample tamped. The process is repeated until no further compaction is obtained. 
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"3. 	Soils with a capillarity of Kp greater than 2' meters and KM greater than 3V meters (fine 
silts and. finer sediments of which more than 50 percent is less than 0.062 mm) are under all cii'-
cumstances frost heaving." 

iJ(sOIL) V. 

Pi1T,I 	/cysrHJ 
£bGE 

H20 

ff  1111 

\ j 
I 	V fCOMPRESSED') 	 V 

InCRCUPY V '  

)Yq 

F1re 69 	, 	 V 

Diagram of Beskow's capillarimeter. Figure.Iis thenorma]. apparatus, 
Figure II a detail of the specimen container, where -a =fiIterpáper, 	 V 

b = metal screen, c a porcelain filter, d = rubber edge. In a later 
model., c and d 'were replaced by a perforated glass bottom welded to 

. t13 container. Figure IV shows the arrangement forthe determination 	 V 

of'the.capillarity for a piece of undisturbed natural soil, (a"a Band" 
bcd, b" soil spécimen, c = stiff clay). 'Figure III 'shows the arrange- 	

' 	 : V 

ment withVair pressure for determining cápillarities greater 'than 9•5 
meters. 

The interrelationships between capillarity, grain size and hygrosc'opicity and frost 
heaving are given in Table 20. 
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- TABLE  20 

(After Beskow /1947-12) 

Soil Group 

0 	 •. 

Average 
Diameter 

.. 

Amount Passing 
Sieve 

Capillarity Hygro-
scopocity 

0.062mm 0.125 mm w 
mm 

0. 	Non-frost-heav'ingunderanySed.iment . 	0.1 430 <55 4 1 
circumstances 	- 	- 	Moraine 415 <22 

].a. 	Causing frost-heave only at Sediment 0.10.07 
surface and for yery high 30-50 - 1-1 3/4 
ground water Moraine'  

lb. 	Same., except effects whole 	Sediment .08-0.05 
road base for very Iigh 	 . . ., 15-25 ..... 2236 . 

ground water 	 Moraine - 1 1/42 1/2 

2. 	Normally frost-heaving and 	Sediment <0.05 . >50 .. 	. 
. 

liable to frost boils for 	. . 220 	. . 1-4 
ground water depths l. m 	. 
(moraine 	1 a) 	 Moraine . 	. 	. 25 36 

3. . Frost-heaving clays but 	. . . . 
not liable to. boils 	(Sediment) 20-? . 	5-(100 

24• 	Non-Irost-heaving stiff 	 . 
clays 	. 	• 	. 	. 	(Sediment) . -- 	., - ? .(> 10?) 

In a later report L1938-11 Beskow reported the following capillary limits related to grain 
size in terms of material passing the No. 200 sieve. The values he gave are shown in Table 21. 

PABLE 21 

Capillarity and. Grain Size Not Subject to Frost Heaving 	. . 
(After Beskow Lu) 	 . . 

Type Soil 	 Passing No. 200 	 Capillarity 

	

Sieve . 	 . 	In Inches 

Well Sorted Sediments 	. 	 Less than 40 	 . 	Less than 40 

Graded Moraine Soils 	 Less than 19 	 Less than 140 
(Determined on material 
passing No. 10 sieve) 	 . 	-. 

Beskowta comparative values of capillarity for the different grain-size fractions and for 
natural sediments given in Table 22 will be of interest to anyone making a study of capillarity. 
Additional data on capillarity are given later under "Permeability,fl 

Beskow gave much consideration to the influence of fissures, such as occur in structured 
soils, on capillarity. He concluded that fissures having no contact between upper and lower 
surfaces are practically perfect insulators for water flow, and that water movement across a 
fissure can occur only at pointeof direct contact. Thus numerous fissures can lower the capa-
city of soil to suck up water to a small fraction of the normal flow. He also investigated the, 
influence of stratification in soils on capillary movement.  

In that study he applied his method to the computation of capillary flow In a soil con-
sisting of layers having different grain sizes. He based his computation on the fact that in 
the distance between the ground-water table and the frost line, the negative capillary pressure 
can nowhere exceed the capillarity of the layer in which it exists; and the rate of flow is the 
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same at all levels and therefore the gradient of the capillarj-pressure difference L8 in each 
layer is inversely proportional to the perweàbilit of the layer. Beskow then starts from the 
bottom and sums up the resistances:.so thAt for any level the: resistance of the total column 
below that level is known. 	knowing the capillarity of any layer the rate of upward. "suction" 
can be computed. However the layer which gives the smallest rate of flow limits the entire flow.. 

TABLE 22 

(After Beskow /1947-12) 

Pare Fractions . 	 Natural Sediments 

Loose Dense 

Grain Size Grain Size Capillarity Soil Capillarity 
Classification - Type 

KF KM 

Coarse' Sand. 
mm 

.2 	-O;6 3 - 10 cm Coarse Sand. 12 cm 4- 15 cm 
Medium Sand 
Coarse Silt 	. 

	

0.6 	-0.2 

	

0.2 	-0.06 
10 
30 - 

,  30 
100 

cm 
cm 

Medium Sand 
Coarse Silt 

, 	10- 35 
30-200 

cm 
cm ' 

12- 50 
40-350 

cm 
cm 

Silt 0.06 -0.02 1 - 3 in Silt 1.5- 	5 m 2.5- 8 m 
Fine Silt 0.02-0.006 , 3 - 10 in Fine Silt 10 in 6- 12m 
Very Fine Silt 0.006-0.002 10 - 30 in Lean Clay 8- 15 in 10- 18 m 
Coarse Clay. 0.002-0.0002 30 - 300 in Medium'Clay 14- 	? in 15- ? m 
Fine Clay 	. 0.0002 300 in 

Assume a series of layers lettered from below as a, b,c, d, etc., having respective 
capillerities of Ka, Kb, etc., and respective' specific resistances of ma, mb, etc. If the soil 
in each layer has .a similar grading then 

ma = mb n in0 

.- 	
-C = Cone tant 

Since for similar-grading characteristics the' resistance is proportional to the square of the 
capillarity (in - cx K2). If the thicknesses of the layers' 'i 'a"4'fc'• 	the absolute 
resistance of each layer Ma, Mb, Mc...is then 

Ma = 	x ma; 	'Mb = 
4 

b X '5b' etc. 

If successive computations are made using the upper surface of each layer as the surface 
to which the flow is going, the following formulas will give the maximum upward flow to the sur-
face 

ur
face of layer a, b, c, etc. 	 - 

Ka 4 a 	 . 

II1XJ 

Active capillary pressure gradient, i.e., the capillary pressure difference in cm. of water 
nus the height above the ground water table in cm. If the absolute pressure difference 

dk 
d is n cm. of water per cm. of height (f) we have n - -f cj where P i the permeability 
ax!d c is a constant. 	' 	 ' 	' 	. 	 -. 



83 

Kb(/at/b) 

X f ambXb 

= L:!ib!I_ 
IflaXl°atmbx lPbtmc xlO  

If in this manner layer is added oz, layer, it is found that the largest rate of flow Q 
can never be larger than any of the computed values of Q. Thus, for example, the maximum flow 
to layer e which can be called 

Ae a Qd' Qc' Qb' Qa 

The layer having the smallest rate of flow determines the possible rate of fiew for all the 
overlying layers. - 	 - 

Figure 70 indicates schematically a sediment series a - f. The capillarity of each 
layer is laid out to scale on the left side. The curves for capillary pressure, K, (curves 
1 - 44.) are constructed for flow o various heights in the sediment. These are actually the 
pressure change per unit length 	g3 which is inversely proportional to the speóific 
resistance for each corresponding layer, which in turn is proportiol to the square of the 
capillarity. 

As an example of how this is computed, assume flow to the surface of layer d. Then the 
average gradient Gd  a Kd: Ld. The total resistance Md  is then 

where fa 1b 	c 	Ld the average specific resistance is then MdZL.  If we call the 
gradient . 	in layer a, ga, in layer b, gb  etc. we get 

df 

	

ma 	fla.-Ld 	 Ina.Id(Gdl) 
Gd7l =  Md:Ld = 	Md • 	a = 	Md 	

i 1; 

	

mb.Ld 	lflb.Ld(Gd1) 

-= N 	 tletc. 
d. 	 Thus for each layer, the 

gradient can be computed, and the capillary pressure curve constructed, as shown in Figure 70. 

Vapor movement - The movement of soil moisture from one depth of soil to another or 
from the atmosphere into the soil has long been an object of consideration. Bouyoucos /1915-1 
placed soil in brass tubes 8 in. lông and l in. in diameter and subjected the two ends to 
different temperatures 0 and 20 C. in one series and 0 and 40 C. in another leries of tests. 
The duration of the tests was 8 hours. Soils were separated by a i/Li. in, air space. Bouyoncos 
concluded from his test that "the thermal movement of moisture due to distillation is practi—
cally negligible." 

Lewis L1937-11 placed two pieces of 30—mesh screen 1 mm. apart at a predetermined point 
in a soil column (1, 2, L,  and 7 cm. from the open end) to determine the rate of upward flow 
in the form of water vapor across the small break in the column. He applied water at the lower 
ends of the columns at the rate of 11 and 44 mg. per hour. In presenting the results of his 
investigation, he stated: "These data seem to indicate that the moisture distilled across the 
break in the column and built up a moisture content, or capillary gradient, above that point. 
It appears. to have required a difference of moisture content of 12 to 17 percent to force 
8.5 to 12 mg. per hour of water in the vapor phase across an open apace of about 1 mm. These 
rates are equivalent to 2.24. and 3.4 mg. per sq. cm. per hour or 0.69 and 0.97 inch in depth 
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Height Above Ground Water 

- 811. 

(surface inóhe ) per month". Lewis concluded that if this is true, the movement through the 
soil pores is negligible. Perhaps that is true for aronornic purposes, but the amounts given 
are not negligible • when interpreted in terms of.moi'sture increases for influencing frost action. 
The average moisture contents of the soil at different distances from the open end for each 
subgroup in the tests by Lewis are shown in Figure 71. 

28 

26  I 24 

Figure 70. Schematic diagram, showing the effect 
of different layers on the capillary rise. Right 
aide: the soil column, consist lag of layers a to 
f, having capillarities shown. The capillarities 
are also shown graphically at the left as the maxi-
mum possible capillary pressure in the soil pores 
(negative pressure). The diagonal lines with arrow 

0 
0 	2 	4 	6 	8 	tO 	12 

DISTANCE FROM OPEN END (Cm) 

Figure 71. Average moisture content 
throughout length of five groups of 
four 6 inch cores of Willamette silt 
loam having 1-mm breaks at different 
d.i.stances from the open end. Water 
was added to all tubes at a rate of 
approximately 11 mgper hour. It 
was lost from the unbroken cores at 
an average rate of 10.3 ing per hour 
and at rates of 12.0. 10.2, 8.5, and 
9.0 mg per hour from cores having 
breaks 1, 2, L.  and 7 cm, respectively, 
from the open ends. (After Lewis) 

heads, 1, 2, 3, 14. represent the pore water pres- Beskow /1935-1 considered the 
sures at different levels, giving the maximum possibilities of water movement by 
possible rate of capillary rIse for-water flowing vapor. 	Vapor flow, that is flow by 
to the vàrioué levels shown by the corresponding diffusion, is caused by pressure differ- 
arrow heads. 	.The..slopeof these lines within each ence, the difference being in vapor 
layer (vl + v2 for, the bottom layer) is a measure pressure. 	There are two ways in which 
of the rate of capillary flow. if the slope angle differences 'in vapor pressure can occur. 
'is subtracted from it,'(the dashed line at a One 'is due to temperature difference in 

slope cC is the pressuxe. condition at which there which the upper surface would be cooler. 
is no flow). (After Beskow)'. He gives the average winter-temperature 

gradient at depths up to about 3 ft. as 0.02-0.011. C. per cm. 	Since air has a lower conductivity the temperature change in a crack or 
fissure would be larger. 	If the conductivity ratio is about 1:50 the temperature change across 
a fissure would.be ].-2.deg. C. 	At temperatures near freezing the change in partial pressure 
of water vapor is.about 0.35 mm. Hg per deg. C. 	This temperature difference would correspond 
to a vapor-pressure difference of 0.35 - 0.7 mm. 	Hg or 0.14.77 - 0.954 grams per s. cm. per cm. 

He takes the, rate of diffusion of water vapor' in air at a freezing temperature as 0.20 cm. 
sec. and. computes that, for the oonditione given above, the water moved by this method would 
correspond to a water -layer. of 6 to 13 hundredths of a mm. in thickness per day. 	Beskow, in 
considering water flow for heaving concludes "the diffusion due to temperature difference is 
so small that for water flow in frost heaving soils it is of no importance." 
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He brings out that a second possibility for a vapor-pressure difference is the difference., 
in capillary tension in the upper and lower surfaces (of .a fissure)., He. also concludes that no - 
appreciable amount of water can be transported in this manner. 	. 

Numerous observers have noted high-moisture contents under pavements, especially during 
the cooler months, and have attributed the moisture contents to condensation of moisture moved 
in vapor form. The reviewer believes this phase deserves further study, inasmuch as the amounts 
which need to be moved to merely increase the moisture content of the soil (and not to furnish 
large quantities of'watér for forinationof' ice lenses and heaving as computed by.Beskow) 
sufficiently to cause ice formation and reduction in bearing capacity on thawing were-small. 

permeability - It has been shown that capillarity (both the height to which water will 
rise and the rate of water which will be moved) is related to the grain size and the degree of 
compaction. Beakow /1935-1 found that the resistance to flow (non-turbulent) of water through 
a capillary tube is inversely proportional to the fourth power of the diameter, and directly 
proportional to the permeability. He conducted permeability j (and capillarity) tests on 
tterberg!z fractIons and also on saveral i 	 n ls of different texture. The history of the atural 

soils insofar as associated water conditions and frost action are concerned was known. The 
results of Beskow's:perineabillty tests are summarized in Table 23. 	- 

TABLE 23 

- 	. 	. 	(after Beskow 1947-12) 	
7 

Permeability of Atterberg .:fract ions 

'Permeability p Real Particle - - 
Capiliar- Size d RelatIve 

Grain' Size cm3/hour' cm  cm2 	cm/hour ity' From Capillarity p 	= c Permeability 
cm K d2  

(at) 	+ 200  C. 	- 	, 	- (d. 	0.06) PK2  

mm 

0.2 	-0.1 

0  

375 
m 

0.41 0.147 1.73*103  6.3 
0.1 	-0-05 5.3 	. 	. 	. 	' 	- .99 . 	0.066 	.. 1.21'10 5.2 

6.6 0.05 -0.02 1.74 1.9 	. 0.0322 . 1.6710 
2.L8103  0.02 -0.01 0.I46 4.4 0.0136 

0.01 -0.005 0.11 	. 	. 8.2 0.0073 	. 2.07lQ 
l.6210 

7.4 

0.005-0.002 , 	- 0.020 17 0.0035 5.8 
0.002-0.001 0.0012 	. 70 ' 0.00086 i.64'i0 5.9 

From this work Beskow held that permeability is directly proportional to the square of the 
particle diameter, and for -pure fractions, under a given degree of packing and temperature, the 
relationship is 

P- 1800 

When d is given in. min,'P in'cu."cm of' water per'hour, the cross section in sq. 'cm, the }ied equals 
the thickness of the sample and the temperature is 20 C.  

Table 24 contains Beskow's values  of permeability for different grain size groups and 
natural sedinents.  

Lane andWashbtirn /1946-8  alsopresented data'from capillarimeter, capillary rise and. 
permeability tests under conditions of controlled initial compactIon of'the samples. Their 
data, has been given in summary tabular form under the subject of "Capiflarity." 

The War Department's Engineering Manual 	states that the coefficIent of permeability 

1.2 Tests were made under constant hydrostatic pressure under consta& teznpeiat.ire control 
(at 20.5 0.) 



of sand and gravel courses graded between limits usually specified for stabilized material d.e-
ponds principally upon the percentage by weight of sizes passing the 200 mesh sieve. The manual 
presented the tabulation shown in Table 25 of approximate values of permeability for different 
percentages passing the 200 mesh sieve. 

TABLE 24 

Permeability (at 200  C.) and capillarity of various coarse materials (well sorted sediments). At temperatures near 00  C. 
permeability Is reduced to 60 percent of the values given. 

Pure Fractions Natural Soils 

Capil- Permeability P I Maximum Permeability P, cm/hr. Ilygro- 
Type Grain SIZe larity cm/hr. Soil Type Grain Size Capil- scopic  

Normal Vahs Limiting mm K (at + 200  C.) mm larity Capacity 
KM Values Wh 

Coarse Gravel 20-6 <1 cm 640.103-58•10 Coarse 	" 20-6 - - - - - 
Gravel . . 

Fine Gravel 11  

Coarse Sand 

Medium Sand 
0I 

Coarse Silt 	) 

Fine 0ravel . 6-2 1-3 cm 5810-6.410 6-2 1-5 cm 15,000-1,000 25,000-150 - 
Coarse Sand.. 2-0.6 3-10 cm 6.4.10-0.58•10 2-0.6 4-15 cm 1,500-70 2,500-15 - 
Medium Sand . 0.6-0.2 10-30 cm 580-64 0.6-0.2 12-50 cm ____  125-5 250-1.5 - 
Coarse Silt . 0.2-0.06 30-100 cm 64-5.8 0.2-0.06 40-350 cm 10-0.3 25-0.1 - 
Silt .....0.06-0.02 1-3 m 5.8-0.64 Silt 	. 	. 	' 

JmI 
Fine 

0.06-0.02 2.5-8 m 1-0.02 2-C.005 - 
Fine Silt 	. 	. 0.02-0.006 3-10 m 0.64-0.058 0.02- 6- 0.1-0.002 0.2-0.0005 - 

Silt. 	. (.'°i 
i 	a 

Lean  

c:a 0.005 c:a 12 m 

Very Fine 0.006-0.002 10-30 m 58.10-6.4.10-  10- 0.005-0.005 0.01-0.0002 2-4 
Silt 	. 	. 	. 	. Clay. 	. c:a 18 m 

Coarse Clay . 0.002-0.0002 30-300 m .410-0.06410 Medium - c:a 15-Its 0.001-0.00005 0.002-0.00002 4-7 
Clay.  

Fine Clay 	. . <0.002 >300 a 64.10-6... Stiff Clay. . - - - - 7-10 
0.64.10 6  Very Stiff Clay 10 

TA3LE 25 

Average Coefficients of Permeability of Sand and Gravel Bases 
(for estimating purposes only) (After War Dept. 19146-19) 

Percent. by Weight Passing 
No. 200 Sieve 

3 
5 
10 
15 
25 

Coefficient of Permeability 
(ft. per. mm .) 

l0' 
lO'2 
l03 
l0-L  
l0 5  

The coefficient of permeability of crushed. rock and slag, each with many fines is generally 
greater than one ft. per. mm . 

The manual brought out that the value of the coefficient of a base in a horizontal 
direction may be 10-times greater than the average values given in Table 25, which are based 
on remold.ed. samples. For uniformly graded sand bases the horizontal, value may be 4 times as 
great, while very pervious materials may have equal permeability in all directions. The manual 
suggests that coefficients be determined by laboratory tests for final design. 

Gard.ner L18 found that frost action affects the development of soil structure and 
this influences permeability. He fou.nd that freezing after calcium chloride was added to re-
place sodium ions in sodium-saturated soils restored the permeability of those soils. 

Permeability of Frozen Soil — Anderson, Fletcher and Edlefsen L1942-14 conducted some 
laboratory tests to determine the downward movement of water under gravitational force in 
frozen soils because of its importance in relation to soil erosion and runoff from water sheds. 
Tests were made on Yolo fine sandy loam and Capay clay. The soils, at various initial moisture 
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contents, were placed in glass tubes and frozen. The results, presented graphically in Figure 72. 
show that water penetrated the frozen soil when relatively dry. Little to no penetration occurred 
at the higher initial-moisture contents. 

I I 	 I 1 

P(RCENTAG( OF MO/s rOPE P(RC(NT4GC OF Mo/sr(rn/,/ /\ 

-12 

/0- (A) YOLO F/NE SANDY (B)CAPAY CLAY  
LOAM 

- rEMpEPArURE OF wAr(P 

22-Z4C 
\_ ----/0° C 

0° C - 
Figure 72. permeability of Frozen Soil. (After Anderson, et. al.) 

Relationship Between Capillarity, Permeability, and Grain-Size Characteristics - According 
to Beskow the resistance to flow through a capillary tube is inversely proportional to the fourth 
power of the diameter and directly proportional to the permeability. If the degree of packing 
and the grain shape are the same, the pore space is proportional to the square of the grain size 
and. 

P.cxd.2  where 

d. = average particle diameter, and 
c 	is an exponent which takes into account degree of packing and 

water viscosity changes due to temperature changes. 

He proved the v1idity of this formula by conducting permeability tests on pu.re  fractions 
(see Table 23).  In the right-hand, column of Table 23 he indicated relative permeability as a 
product of P and K2. Inasmuch as the values are approximately constant and show no systematic 
tendency to vary, he concluded the relationship was valid. 

He also held that the product of the permeability and capillarity is a measure of the 
grading. The more "unsorted a soil is, the smaller is the relative permeability." This was 
his explanation of why very poorly sorted soils, especially normal moraines, have so little 
frost heave in spite of their high capillarity. 

Hogentogler and Barber in discussing Passel and Spangler's work on "The Energy Concept 
of Soil Moisture" /19411-12 correlate the values of capillarity, permeability and average grain 
sizes obtained by test and shown in Table 26. (The capillary-rise data were obtained from 
capillarimeter tests, effective pore diameters were computed and values of coefficient of per-
meábility were obtained from variable head permeameter test data.) The relationships obtained 
are shown graphically in Figures 73, 74 and- 75. 

Bff act of Swelling Properties — Thicker L194'2-11  cites Schinid's statement that high-
swelling colloidal soils are dangerous for use In highways because of frost heaving. Thicker 
concludes that colloids which swell are not so frost ...s2nsitive  as those which 
"In other words, the 	ntoLfrost heav 	eras es wi 
inerals as thecapac.ity-fox—swallin g and the water ___ 

!!jncrea5!'l. He held that the proportion of colloids which promotes swelling hinders the 
access of water to the freezing zone. 



.01 	02 	05 	SI 	.2 	.5 	IJD 	2 	5 	Is 
PARTICLE SIZEd-MM. 

Figure 71.1. 
Relation Between particle Size 

and. Capillary Rise 
(After Hogentogler and Barber) 

5.000 
4.000 

3.050 

2.000 

0 .000 
900 
000 
700 
605 
500 

400 

300 

200 

b to0 
95 
00 

2 ,0 
60 

1: 50 

40 

30 

k= .2.222. 

TABLE 26 

FLOW CHARACTERISTICS OF DIFFERENT FRACTIONS OF RIVER SAND 

Fraction Mean 
grain 

diameter 

Capillary 
Rise 

Computed 
pore 

diameter 

Coefficient of 
permeability 

Passing Retained on Cl. h pb k 

Sieve No. Sieve No. Mm. Inches Mm. Feet per day 
10 20 1.183 2.48 0.472 1430 
20 30 0.693 3.74 0.313 665 
30 40 0.491 3.24 0.223 380 
40 60 0.313 7.88 0.149 190 
60 80 0.207 11.7 0.100 160 
80 100 0.162 14.0 0.084 75 

100 140 0.123 18.5 0.063 45 
140 200 0.087 26.4 0.044 20 
200 270 0.062 35.6 0.033 9 

h(iJ 
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Figure 73 
Relation Between Particle Size 

and Pore Diameter 
(After Hogentogler and Barber) 

Hygroscopicity 	— Beskow /l935-. /10 found the 
soil characteristic of hygroscopicity to be of little 
value in determining the upper grain-size limit of frost 
susceptible soil. He found that essentially frost-heaving 
soils had hygroscopic values up to 5, but since even the 
stiffer calys may be frost heaving he held that the ulti- 
mate limit of hygroscopicity beyond which damaging heave 
may not occur would be 10. 

20 
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Figure 75 
Relation Between Capillarity and. 

Permeability 
(After ilogentoglar and Barber) 

120 Beskow did not define the soil characteristic hygroscopicity. As used in the United States 
it is the moisture content (percent of dry weight) which the soil retains when air dried 
(usually at room conditions of temperature and relative humidity). 



Physico-Chernical Properties 

The fact that water infine-clay soils freezes only at several degrees below 32 P. was 
first explained as a super-cooling phenomenon. Later Beskow /1935-1, and others, explainê 
that the freezing-point lowering was the result of the attachment of the water molecules by 
the adsorptive force of the soil particles and that a certain amount of enerr (in the form of 
heat loss) is required to remove the water molecule from the adsorption film and build it into 
the growing ice crystal. Early investigators believed that the grain size alone was the prin-
cipal factor in governing the maimer of freezing. 

Ethefl /1938-12, /1911.1-8 found from studies of the behavior of clay minerals that the 
nature of the clay mineral and its water adsorption characteristics influenced its behavior 
under freezing temperatures. Thicker 11911-15, /1939-1 and 1142-11 also found that the minero-
logical content of clays, and. hence the physico-chemical natura, influences the susceptibility 
to frost action. 

- 

de1l concluded from his studies that we may differentiate between: 

(1) Cohesive soils, consisting chiefly of Kaolinite in which frost heave is very great; 

4' 	\ (2) Cohesive soils with a Montmorillonite (bentonite) content of not more than 15 to 
-, 	25 percent, which show more or less frost heaves; 

( (3) Cohesive soils with a Montmorillonite (bentonite)content greater than 15 to 25 per- 
'- 	cent in which frost heave does not take place. 

However, while Endell concluded that Na- bentonite shows little froát heave (in a single 
test), on repeated freezing and thawing there develops a polygonal structure traversed by many 
fine cracks. Because the fine cracks develop in a few years, it is not safe in case of frost. 

Ducker /19110-18 concluded that for highway cons truct Ion, all clay soils are dangerous in 
case of frost, whether Kaoliniteor Montmorillonite is their chief constituent, and that these 
soils should be provided with a frost protective layer. 

Grim /1951-27 points out Taber's findings /1930-7 that very-fine colloid-size clay materi-
als show little or no segregation of ice on freezing. He also brings out that a certain psi—
centage of water does not freeze at moderately low temperatures (as was found by Bouyoucos 
L216.21). These and other considerations suggest that water held in soil pores of all sizes 
and all kinds may not all have the sane characteristics. Water directly adjacent to (absorbed 
to) a clay mineral surface is likely to be in a different physical state than water in the cen-
ter of a large pore. Winterkorn IiLhlil summarized that difference as follows: Directly ad-
jacent to the adsorbing soil solidly adsorbed water is to be found, the center of a pore space 
is occupied by ordinary water freezing at about 0 C. and between the ordinary water and the 
solidly adsorbed water is a zone of liquid water possessing a melting point down to -22 C. which 
serves as a passageway for the conduction of water to freezing centers. 

Grim /1951-27  held that "the clay mineral composition is the major factor controlling the 
properties of most soils. The surface of the clay minerals provides the major adsorption sur-
face in soils materials, and the adsorption characteristics towards water and various ions and 
organic molecules vary for the different clay minerals." 

Montmorillonite - Grim /19.51-27 preferred to begin his analysis of the relation of clay min-
eral compositions to frost action by consideration of a soil composed solely of montmorillonite 
because in it adsorption water penetrates between the individual molecular layers giving it a 
large adsorption surface (computed to be 800 eq. m. per gin.) and an enormous water adsorption 
capacity. He believed there is little doubt the water adsorbed on the surface of montoniorillon-
ite grains would consist of molecules in a definite pattern, and that, therefore, the water 
would not be mobile. 

Montmorillonite has a high adsorption capacity for certain ions, and the character of the 
adsorbed ions governs, in a large degree, the thickness of water layers. When carrying sodium 
as the adsorbed ion, water can enter easily between the init layers and build up thick layers 
of adsorbed water. Thus even with large quant.ties of water there would be no fluid water. 
Such clays are quite impervious, and on freezing there is little or no concentration of ice in 



layers. However, when carrying calcium, magnesium, or hydrogen as the exchangeable ion, water 
contents greater than a relatively small percentage (about 40 percent of the dry clay) in com-
parison with sodium moatmorillonite clay is fluid. Ice layers may develop on freezing if the 
moisture content is fairly high. 

Kaolinite soils - Here the particles are 100 to 1000 times the size of inontmorillonite part-
icles and the surface area is relatively small. Even at relatively small moisture contents 
kaolinite soils would contain some fluid water. They are not impervious and should readily 
show a concentration of water in ice layers on freezing. 

Hallysite soils - Should act similarly to kaollnite soils. 

Illite soils - Many soil materials are composed primarily of the mica type of clay minerals 
illite and. chlorite. Their adsorption characteristics are of the same order of magnitude as 
kaolinite soils but they immobilize slightly more water. They are not impervious and should 
show readily the concentration of water in ice layers on freezing. Illite and chlorite soils 
have exchange capacities 2 to 5 times that of kaolinite but only * to that of montmorillouite. 
Some illite soils contain montmorillonite and hence take on some of the properties of montmor-
illonite. 

Vermiculite and Attapulgite - Palygorskite soils - These soils are relatively rare and their 
properties are not well known. 

Thermal Properties of Soils and Pavements 

The effect of thermal properties of soils and pavements on frost action is a complicated. 
one. The thermal properties, i.e. the rate at which temperature penetrates a material, may dif-
fer with differences in soil_compiion and grading, moisture ctent, and density, and may 
differ with pavement type. The literature contains many instances where writers remark on the 
effect of ti 	ities without citing data to give validity'to their statements. Some 
of those general statements are obviously contradictory. Because consideration of the effect 
of thermal properties involves mathematics beyond that desired here, the reviewer has chosen 
to present here a simple brief of the subject and review it in more detail later. 

Frost effects are the result of nature1s effort to create temperature equilibrium, i.e.. 
soil temperature = air T. 	In winter there is a flow of heat from the soil to the air, in 
sI.uImer from the air to the soil. 

The amount of heat transference is governed by (1) the difference in soil and air tempera- 
tures 	2EITëInthiiiW? the soil and the pavement. For example, if the ther- 
mal conductivity of dry sand is 2.7 Btu., dry snow 0.75 Btu.., and a solid plate of quartz 50 
Btu., then a road surface with a 1-in, thickness of dry sand would transfer 2.7 Btu. per hr.; 
one covered with 1 in. of snow would transfer only 0.75 Btu. per hr.; but one covered with a 
plate of quartz would transfer 50 Btu. per hr. per sq. ft. per degree difference in temperature. 

The total heat transfer required to change the temperature of a given mass of soil equals 
the product of the mass, the change in tenmerature, and the specific heat. The specific heat 
is the ratio of the quantity of heat required to raise the temperature of a unit mass of a 
substance to the quantity of heat required to raise an equal mass of water through the same 
temperatures. 

To clarify the relationship between heat transference by a practical example, assume a 
6-In, covering of quartz and sandstone (assume sandstone has a specific heat of 0.22 and quartz 
sand 0.19)  and a 10 degree differenâe in temperature. 

The quartz would transfer heat at the rate of 

50 Btu. X 10 deg. 	or 83 Btu. per hour 6in. 

and would be required: to lose 50 lb. X 10 deg. X 0.19 or 95 Btu. to equal the air temperature. 
It wou].d do this in 2 or 1.2 hours. Sandstone, having a thermal conductivity of 16 Btu. 

83 
would transfer heat at a rate of 16X10 or 26 Btu. per hour would be required to lose 50 lb. 

cu. ft.) X 10 deg. X 0.22 or 110 Btu. to become equal to the air temperature and would do 
this in 110 or 4.2 hours. -g 
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Smith /19146-1 obtained conductivity values for anumberof different pit materials at 
water contents equal to the field moisture equivalents, (No mention is made of density). He 
applied constant heat to a surface of material which hd been rammed into a wooden insulating 
box and read temperatures at various depths from the surface. From mean temperature differ-
ences for each zone (depth) and the known weights and specific heats of the materials, he do-
terxnined the thermal conductivities K of the materials from the general formula: 

XA(T1T2) t 

Where Q is quantity of heat transm.tted in Btu: 

Aisarea 
Tl and  T2 are mean temperatures at faces of zones 
t is time in hours 
D is depth of zone in Inches 

- 

He found difference in conductivity with difference in moisture content, and accordingly 
tested two materials at several different moisture contents. His test results are shoqn in 
summary form in Table 27. He found the mineral matter:  of the gravel appeared to have a bearing 
on conductivity, as far as quartz is concerned. The gravels with the higher thermal values 
are mainly quartz in composition. The temperature rise of gravels was not directly proportional 
to thermal conductivity but was modified by the specific heat of the materials. He computed 
the time of frost penetration through an 8-in, layer of gravel roadway as follows: 

TABLE 27 

Temp. rise 
Thermal in 1 hr. with 

Percent Specific Conduc- 100  F. differ- 
Source of Gravel Water Heat tivity ence of temp. 

for 3" layer. 

Mataura River Beach, Gore F.M.E. 0.206 13.1 6.210  
Gordon's Pit F.M.E. 0.236 14.2 - 4.260  
Woodend Pit F.M.E. 0.204 15.0 4.60° 
McKenzie's Pit F.M.E. .0.252 20.3 6.75°  
Awarua Pit 13.3 0.282 24.7 
Awarua Pit 	 . 10.3 0.261 23.3 4.80° 
Awarua Pit 7,1+ 0.241 230 8.800  
Awarua Pit 	. 4.6 0.221 . 	21,4 4.990  
Oreti Beach Sand. 0,0 0.177 3.74. 1.570 
Oreti Beach Sand 5.0 0.210 6.55 2.620  
Oreti Beach Sand 15.0 0.284 8.18 2.260  
Oreti Beach Sand 300 0.40 10..5 2.20  

Assume a ground temperature of 140 F. and an air temperature of 25 F. Using the formula 

Tm 	(Ti -T2) 
2.3 lotTTlfT2) 

Wheres 

Tm: average temperature of the affected layer 
Tl = temperatures of the subgrade 8 in. below the surface = 4O F. 

the temperature of the air = 25 F. 

Then: 	
. 	Tm = 	 31.9 F. 

2.3 log 40T  
(25) 

Table 27 shows Woodend gravel has a specific heat of 0.204 and a density of 105 pcf. 
The quantity of heat lost per sq. ft. of surface for this layer will be: 

8) 
(140 - 31.9) x (105 x 'j 	) X (0.2014) = 115 Btu. 	• 
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The temperature'at any'depth below the surface within' this 8-in, layer is given by the 
formula 	' 	:' 	.•' 	 .- 

	

B' 	Z log T' 

Where D = depth below the surface in inches 
T = corresponding temperature in deg. F. 
B and Z are constants 

at the surface D 0 in. 
T25deg. 	 - 

Substituting in the above equation 

0 in. = B 1.398z 	 - 
B -l.396 z 

at 811In, depth D. 8 in. T = 4.0 deg.. 

Again; substItuting, 8 " B 1.602 .Z Z 39.2 and B = -54.9. 

For, the depth, corresponding to a temperature of 32.9 F. 	 ,• 

	

.D. -54.9 	39.2 x l.504 4.2 in. 

and with a thermal conductivity of 15.0  from the general equation solving for time 
D 

KA(T]. -T2) 

- 

	

115Btu.'X4.2 	' 	4.67 hours 
15X1X(31.9 - 25) 

Smith'ccmput 
11 
 ed values for McKenzle1s pit gravel (Table. 27) and obtained a time of 4.74 

hr. and also made computat ions for dry sand (H = 0.177 and K = 3.74) and obtained a value of 
14.7 hr. He attempted to check these computed values by experiment.' ' He 'placed a 'wooden box 
with a 7 in. of Woodend gravel having a temperature of £44  F. and at the end of 44 hours the 
temperature had, dropped 9.3 d.eg. Correcting for an 8-tn, depth, the value becoms 8.1 F. which 
is equivalent to that calculated for the time of 4.67 hours. 

The effect of an asphalt covering is'to extend the time of freezing since thermal values 
of asphalt are less than those of dry gravels. Smith gives conductivities of 3.7 for" a dense 
honing mix" and. 7 for a road oil sea]. with 3/4 to 1 in. chips.  

Using a value of 5, a 1-tn, seal, and the same cond.it ions as the 8 in. of Wood.end gravel, 

	

the time of frost penetration'wou.ld be: 	' 

115 X 3.2 in. 7L un. 
- 	• 	 15 	 5 	6.9 hr. 

6.90 
compared to the previous value of 4.67 hr. From these values Smith concludes the thick-

ness of sealing has little practical significancoas far as thermal values are concerned. He 
further compared the times of frost penetration for similar depths, temperature conditions, and 
surfacing and arrived at the following values for the gravels given in Table 27: 

Gravel 	" 	Hr. 

Mataura River  16.7 
Awarua Pit 8,1. 
Wood.end Pit 11.9 
McKenzie Pit 10.8 
Gordon Pit 17.9 

Smith /1946-1 suimnarize8 the results of his work on thermal properties' of gravels and 
surfacing and concludes that "certain gravels and surfacing have greater or lesser rates of 
transmission of heat, but that this layer is relatively so thin that the few hours' of protec-
tion gained by the use of the most suitable material is almost negligible when considered in 
terms of a long continued frost of perhaps 36 days. The principal protection against a &eep 
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frost penetration is the ability of the earth to transmit heat to the surface rather than an 
efricThiit cover over tFie 	ilprov 

Taber 1079 brought out that the composition of soils is a factor, and that the thermal 
properties depend on the specific heat and concl.uctivitles of the soil constituents. He stated, 
however, that "the soil minerals differ little from one ariper 

'
in their thermal properties but 

they differ 	 i 	iiiFal 	Tre rapidly than 
andespecially large ones, favor the downward movement of the freezing isotherm in soils, and 
therefore tend to check the growth of layers of segregated ice. Other things being equal, soils 
with a high percentage of organic material might be expected to favor ice segregation, but from 
the tests so far made the difference appears to be slight." This is especially true when they 
contain sufficient colloidal material to make them relatively impervious. The following exmlana-
tion may serve to show the effect which the thermal properties of the soil ° materals have on 
frost penetration. The large effect which water content has on penetration of freezing will be 
discussed later. 

Influence of Soil Structure and Composition 

Several investigators have observed that the structure of a frozen soil bears some relation 
to the structure of the soil before freezing. Beskow L35-1 noted that ice crystallization 
occurred princIpally in open fissures which are progressively formed below the frost line. Ella 
/1948-25 believed the high frost susceptibility of chalk in Denmark to be due to the fine cracks 
which facilitate the passing of water. 

Nonuniformity in texture also influences frost action. Beskow found that very small varia-
tions in average grain size or in grading may cause relatively large differences in pore volume 
and therefore can influence the water content prior to freezing. The differences in pore volume 
may influence the rate of water movement to the freezing zone and thus influence the amount of 
ice segregation. If the grain size gets larger with depth with the coarsest soil nearest ground-
water level, the amount of flow is increased. The contrary is true if the grain size diminishes 
with depth. Also, if a very thin layer of silt or clay occurs in sands, a relatively thick layer 
can form, making it appear that a sand causes segregation. This is Illustrated in the schematic 
diagram in Figure 76. He cites several cases where that occurred. In one instance a single ice 
layer 20 cm. (7.87 in.) thick formed at the boundary between a silt sediment overlying moraine 
material. The importance is most marked in varved soils (fairly regular alternating layers 
usually of silt and clay). Smith /19146-1 found frost difficulties when small lumps of clay 
occurred in gravel bases under sealed surfaces. The clay lumps swelled when frozen causing small 
domes 6 in. in diameter and j in. high to appear on the surface. on thawing, the clay exuded and 
eventually caused the appearance of small pot-hole. 

o0.. 0.:o0.0. o 	.0 c. 	 0 •4 	• 	
•° 

bno.,o?pC.,o?3a0o 0. .o.°. QO• 000 

Figure 76., Diagram Illustrating the Origin of particularly Thick Ice Layers, Above the 
Surface Between Different Soil Layers. (a) Unfrozen Soil. (b) Frozen Soil. 

A Single Thick Layer of Ice Forming Over a Clay or Fine Silt Layer in Otherwise Non-
Frost-Heaving Saturated Sand. 
Very Heavy Ice Stratification At the Bottom of Clay or Clay Loam Layer Resting on 
Saturated Gravel or Sand. (After Beskow) 
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f act of Soil State 

It has been shown earlier that, unless water is fed under hydrostatic pressure, coarse 
grained soils are generally less susceptible to detrimental frost action. The susceptibility 
of fine-grain soils, i.e., silty and clayey soils, to frost action depends in a large degree 
on the water contained, in the soil, the proximity to a ground water table, and in a lesser 
degree on the soil density. 

Soil Water Conditions 

Moisture Content - Some data on the influence of soil moisture content on the occur-
rence of frost action have been given under preceding sections of this review, particularly 
under "Heaving in Open Versus Closed Systems" and under the items of "Capillarity" and "Per-
meability." Regarding soil moisture, it is of interest to know (1) what minimum limiting 
moisture content will cause significant ice segregation and heaving in different soil types 
and. (2) what minimum initial moisture content will cause sufficient moisture segregation at 
the frost line to result in significant reduction in load carrying capacity on thawing. 

- 

Unfortunately the literature does not adequately answer these questions. Taber's ex-
perimente with clay and Beskow's investigation of effect of moisture content in partly satu-
rated sands have been reviewed earlier herein. Data by the Corps of Bngineers 11947-2 are 
significant. They observed moisture contents during the normal (summer), freezingJnter) 
and frost melting (spring) periods for 15 airfields. The results showed that the segregation 
of ice in the form of crystals or lenses was negligible when the degree of saturation was be-
low 65 percent. Few very-thin lenses were found in k of 36 locations where the normal-period 
(late summer and fall) degree of saturation was less than 65 percent on soils found frost 
susceptible during the investigation. The greater the degree of saturation the greater the 
magnitude and extent of frost action. Soils with natural moisture content below the plastic 
limit prior to freezing showed negligible segregation of ice in crystal or lens form. 

- 

Summarizing, it can be said that the information available to answer the two questions 
set forth above is limited and is only qualitative in nature. Further research is needed to 
provide additional reliable data on minimum limiting moisture contents which cause detri-
mental frost action. 

Methods of Measuring Soil Moisture Content In Place - Because an accurate appraisal of 
frost susceptibility requires knowledge of the degree of saturation of soils and the effect 
of the degree of saturation on heaving and on reduction in bearing capacity on thawing, it i 
of interest to know of the various methods which are available for measurement of in-place 
soil-moisture content. 

 

Belcher /1951-20 presents the results of preliminary 
laboratory and field experiments utilizing the ability of 
some radioactive materials to react with great sensitivity 
to moisture. The instrument developed consists basically 
of a source of fast neutrons which rebound with reduced. 
velocity (becoming slow neutrons) upon striking the hydro-
gen miclei of soil moisture, and a detector and counter 
of these slow neutrons deflected back to the source or 
its immediate vicinity. Calibration of neutron count with 
moisture content has met with marked success, although 
some difficulties are apparent. A closely allied tech-
nique of determining soil density through measure of 
gamma-ray scattering is described in the same paper. 

A].dous and. Lawton /'1951-19 have described, in much 
detail, progress in the development of a suitable heat-
diffusion type, moisture-and-temperature-measuring cell. 

CAST WOODS METAL 

HEATER COIL 

NO.33 CUPRON 

WIRE 16 OHMS- 

TYPES OP SUPPORTS 

2800.D.X /4 I.D.COPPER 

TYPE Il-A 
THERMISTOR 

Figure 77. 	 Mary porous-block cells were tested. All were re- 
Latest cell modification. 	jected and effort was concentrated on the development of 
(After Aidous and Lawton 	a direct-contact cell. The latest modification in these 
1951-19) 	 studies is shown in Figure 77. Time-temperature rise 

characteristics of this cell are shown in Figure 78. The 
developers consider this modification unsatisfactory in 
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soils of moisture content above 15 percent by dry weight, 
and note difficulties of establishing and maintaining posi-
tive contact between cell and ambient soil. Modification 
cont inues. 

The plaster of paris block electrical resistance 
method has been much used for agronomic purposes. A some-
what more recent development, utilizing similar principle, 
is the nylon electrical resistance method. Bouyoucos 
11951-18 summarizes the advantages and disadvantages of 
the methods in their present stage of development. He 
lists the outstanding limitations of the plaster-of-Paris 
blocks as (1) short life under wet conditions, (2) lack of 
sensitivity at moisture contents approaching saturation, 
and (3) magnitude of influence by high salt-contents of 
the soil. As an illustration of the latter limtntcn, 

Figure 78. Time-toniperature 	the blocks should be placed at least 5 in. below a eon- 
characteristics of above cell 	crete slab. The nylon unit has significant advantages as 
(Aldous and Lawtonk) 	well as numercus limitations, among which can be numbered: 

(1) sensitivity to salt content, (2) tendency of air 
bubbles to adhere to the electrodes and nylon fabric wrapping, and (3) difficulty of achiev-
mug positive contact between unit and the soil. 

- Ground Water - A most useful, and important, and also perhaps one of the least under-
stood (from a fundamental point of view) factor related to frost action is the occurrence of 
ground water. This review makes no pretense of covering the subject thoroughly. Bather, an 
effort is made to devote most of the review to that part of the literature which analyzes 
ground-water conditions as they are related to frost action. 

The terms used to denote ground water are numerous and confusing. The term8 ground 
water, phreatic water, vadose water, subsurface water, water table and free water are a few 
of the more common. Meinzer 11923-1 recognized that "part of the subsurface water which is 
in the zone of saturation is called 'ground water' or 'phreatic water."' The subsurface 
water above the zone of saturation and in the zone of aeration he calls "suspended subsurface 
water" or "vadose water.". A number of investigators have gone to much effort to classify 
soil water into such groups as hygroscopic, funicular, capillary, etc. It has been shown 
that there is no sharp definition between any classes of soil water. 

Perhaps the best approach to defining ground water and understanding its behavior is 
on the basis of the pressure under which it exists. The pressure may be positive or negative, 
i.e., higher or lower than atmospheric. If greater, it can flow into a bore hole as free 
water. According to Beskow 11935-1 the ground water is the "water in a soil whose hydrostatic 
pressure is greater than atmospheric" and the ground-water surface is a pressure surface. 
WhBre it lies depends on the properties of the soil. 

The capillary rise in a soil depends on the grain size of the soil, which in turn gov-
erns the size of the pores. If a dry column of sand soil is placed with its bottom end in 
watr, the water will rise above the free water surface in an amount equal to the capillary 
rise. In very-coarse sands and gravels, which show little or no capillary rise, the capillary 
level and ground-water level will coincide, but as soon as the soil has some noticeable cap-
illarity, the capillary level rises above the ground water level. Beskow cites some examples 
to explain the phenomena. Assume a tube to be filled with sand, inserted in a container of 
water, with the water level in the column to its full height and with the system is in hydro-
static, 

ydro-
stati equilibrium. The-free water in the container represents the ground-water level. At 
this level in the tubes, the pressure in the pores is the same as atmospheric. Above that 
level the pressure is negative and is greatest at the meniscil of the capillary boundary and 
is equal to the total capillary pressure (capillary rise). The top of the capillary zone is 
a boundary between large and small water-contents. The ground-water table is in saturated 
soil and represents no increase in soil water-cortent. It is only a pressure boundary. Above 
that pressure boundary is the capillary zone which ranges in height between about 1.5 to 5 
in. for coarse sand and 5 to 20 in. for fine to very-fine sand, when full hydrostatic equil-
ibrium is reached. 

Fine-grained soils are seldom in hydrostatic equilibrium due to change in ground-water 
level or due to evaporation from the surface. This makes the determination of ground-water 
level in some fine-grained soils more complicated. Assume a tube of soil which is inserted 



I 

in water before a condition of equilibrium is reached (during capillary flow). At the bottom 
surface the full hydrostatic (positive) pressure is exerted. At the top of the capillary rise 
the full capillary (negative) pressure is exerted. The zero pressure (atmospheric) line which 
is the ground-water line lies between in a position such that "the distance to both surfaces 
is proportional to the capillary pressure (negative) and the pressure (positive) at the bottom 
of the sand column." For example, if the bottom of a tube of soil having a capillarity of 
100. en.is  Inserted 10 cm. below the free-water surface and the capillary surface is at the 
same level as the free water (io cm. above the bottom of the tube), then the ground-water line 
is 1 cm. from the bottom of the tube. In other words, the positive pressure head, at the time 
and for the conditions described is 1/10 of the capillary pressure (_10 and the ground water 

(100) 
line will stand 1/10th of the distance up from the bottom to the height of the water outside 
of the tube. If a hole were bored through the soil, free water would begin flowing into the 
hole 1 cm. above the. bottom surface. 

Consider the case where the soil and ground-water conditions are as shown in Figure 79. 
If a bore hole is made to the depth of the gravel, the water rises rapidly into the bore hole 
until it reaches a height indicated as the ground-water level. This makes it appear that the 
ground-water surface is parallel to and near the. ground surface as is indicated by the dotted 
line in the sketch, and that the danger from frost heave is the same all over. This is 
wrong. Actually, the ground-water surface is at some point in the soil above the gravel, as 
indicated in the figure and as explained above, and the deeper the hole is bored in the soil 
overlying the gravel, the higher the water will rise in the hole, reaching its maximum as the 
gravel is reached. The important distance, insofar as frost action is concerned, is not neces-
sarily the depth to ground-water table but the depth to the source of water, which (in this 
case) is the depth to the gravel. 

If the soil is a fissured clay, then the fissures will fill with water to the height it 
will rise in a bore hole and the ground-water level will be that shown by the dotted line in 
Figure 79. 

Figure 79. Schematic diagram illustrating position of ground water in nature: a cover 
of fine silt without fissures, resting on a highly permeable, water-conducting gravel 
ground. The ground-water level (Gr. W.) in such soils is only a pressure level with-
out any practical Importance. Decisive here is the distance to the coarse, water-
supplying bottom layer; but also the water pressure at this: bottom layer is of some 
Importance, the greater the more permeable the sediment is (coarser, or, on the con-
trary, loaniier and thus a little fissured). 

If the soil were a real clay or loam, with a well developed fissure system, the con-
ditions would be quite changed: then the broken line would represent the ground water 
level, below which the fissures, and certainly all the bores, would be water-fIlled. 

(After Beekow 11935-1) 

Beskow J191 7-12, in considering ground water in soils, classifies soils into three main 
groups: 

Gravels and sands - These soils are very permeable. The ground-water surface can 
be found easily by measuring the depth to the water surface in a bore hole. 

Fine silts containing no-clay - These soils have small permeability, small pores 
and no fissures. The ground-water level cannot be found practically and has no 
significance in determining its frost-heaving properties. 
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Q 	- Clays are quite permeable due to fissures between soil aggregates. The 
ground-water table can be found, as for sands. It is of great importance in de-
termining the frost heaving properties. 

The gravels and sands group include only the coarsest, heaving soils, the border-line 
coarse silts. However, the gravels and sands are important when they occur in strata in 
other soils. In fine silts without fissures the ground-water surface has little significance. 
Borings in fine silt, however, are very important in determining the depth to the permeable, 
water-bearing layer. The rise of water in the bore hole on reaching the permeable layer has 
little significance for the finer silts except that it determines whether or not there is an 
excess of water accessible to the upper layers. The coarser the silt the more significant 
is the rise of the water in the bore hole. The important thing to obserre is the depth of 
the water supply. 

The ground-water level in clays is critical, because the level oócurs in the fissures 
much the same as in the pores in gravel. The quantity of water is not so large, being about 
30-35 percent by volume in gravels and about 5 percent by volume in the fissures of the clay. 
Water rises rapidly in a hole bored through fissured clays. Beskow /1935-1 states that "the 
amount of water sucked up is a function of this very measurable ground-water depth, and the 
rate of frost heave is, for practical purposes, inversely proportional'to this depth." He 
cautions that the fissure system in clays exists only in the upper part; the number and the 
size of the fissures decrease with depth and usually disappear almost entirely at depths of 
9 to 10 ft. Thus • with increasing depth, the mobility of water decreases and the fissures 
affoct the frost-heaving properties of clays less. 

Summarizing, it can be said that soil types and ground-water conditions can be deter- - 
mined only through borings, and it is necessary to distinguish between two principal condi-
tions of ground water: 

Where free water rises in bore holes without encountering any change in soil com-
position or structure. This occurs in sands, coarse silts, fissured clays and some varved 
(stratified) materials having permeable, coarse layers. In those materials the level the 
water attains in the bore hole is the ground-water level which must be known if the frost 
heaving properties are to be known. He emphasized that it is the depth to ground water dur-
ing freezing that is important. 

Where free water breaks through and rises to a considerable height in a bore hole 
through fine silt (with practically no clay) when the hole reaches another coarser layer, Bes• 
kow states that "here the most important fact is where the water broke through and next the 
height to which it rose; but 'this level does not represent the ground-water surface." Here 
the true elevation of the ground-water level is almost impossible to determine practically 
and is not of major significance for frost heaving. 

Silt lies somewhere in between these cases. When, on drilling through silt, a coarser 
layer is reached and water rises in the hole, it is good practice to drill another hole to 
1/3 (then other hole to 1/2 and 3/4 of the depth) and wait 30 minutes or more to see if any 
water enters the holes in that time. If some water shows in the bottom of the hole in about 
a half hour, then it will be possible to determine the ground-water level and the level will 
have Borne significance. 

47 ffect of Depth to around Water on Heaving 
Taber /1929-2  recognized that where the soil texture is uniform differential heaving 

will occur where there is a difference in the position of the water table relative to the sur-
face, Casagrande Jj93i714presented data on heaving of and soil cond.itIons(du,ring 1927-28) 
along 2,000 feet of concrete pavement in New Hampshire but offered no discussion. The data 
are shown in Figure 80. It is interesting to note that the greatest heave occurred where 
the water table was nearest the surface. It has been mentioned previously that Beskow 
J3,,5-1 found a relationship between pressure (load and capillary pressure) and rate of heav-
ing, stating that "the rate of frost heaving for a given soil is Inversely proportional to 
the square of the pressure after the pressure exceeds a certain but not large value." It was 
mentioned that capillary and load pressure have a similar effect. The capillary pressure is 
directly related to the distance to the water table, increasing with increase in depth to the 
water table until the maximum capillary pressure (equal to maximum capillary rise) is realized. 
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Figure 80. Relationship Between Heaving and Soil Type and. Location 
of Water Table During the Winter Season 	(Lfter Casagrande) 

The relationship between rate of heaving and distance to ground-water is approximately 
a linear one, the rate being inversely proportional to the distance. That relationship is 
quite close for most soils, deviating for fine silts, unsorted silts, and silty_moraine 
material. Thus if the distance to ground-water is increased from 20 to 40 in. it will 
normally reduce frost heave by one half. Beskow J123) /1938-11 presented several good 
axamples from field data showing the effect of depth to ground water on heaving. 

The application of knowledge concerning ground-water is of some value in subsurface 
drainage, covered later in this review, The Corps of Engineers investigations 	showed 
a relationship between depth to ground-water and frost action: 

"Extensive to slight frost action occurred in frost susceptible soils where the water 
table is less than 12 ft. from the ground surface and where there is no stratum, such as a 
layer of clean sand, which will prevent the upward flow of water when freezing starts. Slight 
to no frost action occurred in frost susceptible soils where the water table is below 25 feet 
of where there is a stratum of clean sand above the water table which cuts off upward flow 
of water." 

It was found that the degree of saturation varied generally with the depth to ground-
water. The higher the ground-water table the . greater the degree of saturation. 

Densit7 - The capillarity and permeability of a soil are closely related to and are in-
fluenced by the total porosity and by the sizes of the soil pores, which are dependent on 
grain-size distribution, The inter-relationships between porosity and frost action have been 
given previously in this review in terms of grain size. A relationship exists, however, be-
tween frost action and density (state of packing) for a given soil. 

Taber /1930-2  stated, "Experiments have demonstrated that heaving is greater on uncon-
solidated clays than on those which are thoroughly consolidated.1' He also wrote, "A cylinder 
of u.ndisturbed cretaceous clay will heave at the rate of 0J.5 mm. per hr., while the same 
clay when pulverized and tightly packed will heave 0.8 mm. per hr." He gave no values on de-
gree of compaction nor did he discuss the effect of soil structure on his results. 

Beskow 193.5-1 found the degree of packing affects the capillarity of soils and, since 
frost action depends on the rate at which water can be drawn to the freezing zone, affects 
heaving. 
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(After Winn and Rutledge) 

Winu and Rutledge /1940 made laboratory tests 
to determine the relation between frost heave and den-
sity on a natural, sandy clay Jfl and on admixtures (q.v.) 
of the clay with other materials. The results are shown 
in Figure 81. Although the studies were limited in scope 
they showed a trend of increasing heave with increasing 
density until a maximum was reached. At greater den-
sities heaving was less. The soil had the following 
test values: Sand 12 percent, Silt 50 percent, Clay 
38 percent, L. L. • 46, P. I. a 27, A.A.S.H.O. Std. 
Density = 108 pcf. 

The authors concluded, "The available data in-
dicate that there is a critical density for sandy,  clay 
at which frost action occurs most readily when material 
is saturated. Below the critical density, frost action 
is directly proportional to density; above the critical 
density, frost action is inversely proportional to den-

°sity. Increasing the density above the critical density 
increases the period of inactivity before heaving starts 
and decreases the rate of heaving and total heave in a 
manner similar to the addition of adinixtures." 

Lang /1940-11 molded "Proctor" specimens (41n. 
diam. and 4.6 in. high) of a clay loam, a silt loam, and two clays at several moisture contents; 
covered them with rubber jackets; and allowed them to absorb water. They were frozen 5 cycles 
with one end in water causing appreciable volume change. In reporting his results Lang ques-
tioned the value of compaction stating, "When one considers the possible disrupting effect of 
frost action there may be some question as to whether the cost is justified. Under favorable 
conditions for the formation of ice layers the densif led soil may revert to its natural density." 

- 

Sloane /1949-10 conducted a laboratory study of the effect of freezing and thawing speci-
mens of four soils whici had been compacted to very high densities (to the maximum densities 
obtainable with the compaction equipment available). He concluded that if the soils are sat-
urated and water is available "compaction to ultimate density would not prevent heaving and 
destruction of the soil structure but would only delay deterioration." Comparative studies 
on a heavy clay, compacted at A.A.S.H.C). Standard Compactive effort, showed that it produced 
"a very much greater heave" than did the very highly compacted specimens. 

Bleck /1949-11, in discussing freezing of accumulated moisture in subgrades, states that 
"observations have been made where this moisture upon freezing had completely destroyed the 
density of so-called stabilized-aggregate-base courses compacted to measured densities of the 
order of lLO lb. per cu. ft." 

Hansen /191+3-12 observations concerning reduction in density due to frost action are quoted 
in part as follows: "From our knowledge of the properties of granular material which is likely 
to be used as subbase it is not believed that serious loss of density and increase in moisture 
is likely to occur in these materials." 

The sizes of the capillary pore spaces was held by McDonald /1949-19 to be a major con-
trolling factor in the susceptibility of a soil to frost action. He used the AASHO Standard 
Compaction Test to aid in identifying frost-susceptible granular-base materials. He modified 
the equipment by grooving the base of the mold to provide drainage during compaction and also 
observed penetration resistance readings and the behavior of materials at high water contents 
during compaction. He noted that some granular base materials when compacted, even at moisture 
contents above optimum, were firm and yielded but little under the impact of the rammer and 
gave a resounding blow when strucked. Other granular base materials gave a yielding and a 
cushioning effect under impact, and the blow of the rammer produced a "dull thud" with no re-
bound or the materials yielded readily and were deformed under the impact of the rammer. 
Drainage was recorded as none, slight, or large. McDonald found good correlation between 
spring-season softening (as indicated by distress in flexible surfaces) and the observations 
made during the compaction test as he performed it. He held that materials which are capable 
of holding water contents well in excess of optimum without drainage during the compaction test 
are likely to suffer instability during freezing and thawing. He concluded, "The relative loss in 
stability as measured by penetration resistance, from the optimum moisture content to the state of 
full water capacity is indicative of frost susceptible material when the stability loss exceeds 50 

Al Some textural classifications would term this soil a silty clay. 
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percent." Generally, base materials having 
more than 10 percent passing the No. 200 
sieve are susceptible to loss of stability 	

160 

on freezing and, thawing. 

The recent work of the Corps of Engi- 140 
r.eers L251z32  (see Influence of Grain-Size 
Distribution for Method of Preparing and 
Testing Specimens) included investigation 
of the influence of initial density on 120 

frost heave. 	The results obtained to date 
are shown in the second grouping in Table 
15 (used previously) and in graphical form ioc 
in Figure 82. 	It may be seen that for the 
New Hampshire silt and. the Ladd Field, 
Alaska, subsoil, heaving increased with in- 
crease in the initial dry density. 	E0w 8C 

cver, for the East Boston Till and Truax 
Drumlin materials, heaving increased with 
increase in density up to 120 pcf. and then 
decreased with further increase in density. 

60 

Thus heave may either increase or decrease 
with increase in initial density, depending 
upon the degree of densification attained, 40 

and the effect of density on heave may be 
large or small depending on the factors 
involved. 20 
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Figure 82. 1fect of Degree of Compaction. 
on Percent Heave. (After Corps of Engineers) 

Degree of Saturation in Subgrades and Bases- 

Inasmuch as freezing, segregation of water, and reduction in bearing capacity can occur 
from the water contained in soils and without benefit of proximity to a source of free under-
ground water (water table) it is essential to have an appreciation of existing subgrade mois-
ture contents if one is to have a full appreciation of the potential frost susceptibility of 
subgrade soils. 

The literature contains many writings which present data on subgrade soil moisture. The 
files of stato highway departments contain a Va8t amount of data on subgrade moisture. Much 
of the available data is not classified according to the time of the year. Nevertheless, 
those data do have value in that they do represent existing subgrade moisture contents. 

No effort is made here to make a comprehensive coverage of the literature, although soil 
moisture is one of the prime factors which influence frost action. Only a few of the important 
writings can be reviewed here. 

Kersten's work J14.1l-14 was the first effort to collect, organize, and analyze data on 
subgrade soil moisture contents under flexible highway for a wide area. His efforts were de-
voted largely to the Midwest region. He grouped soils by textural classes (U. S. Bureau of 
Chamistry and. Soils) and showed the'difference in subgrade-soil moisture content for different 
soil types. His work may be summarized by expressing soil moisture content in terms of per-
cent saturat.on and percent of opt imum for some of the textural soil groups as shown in 
Table 28. 
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Table 28; 

Subgrade Moisture Contents Under Flexible Type Highways (After Kersten) 

Textural Soil Type 	Saturation Percent 	Percent of Optimum 

Sandy Loans 	 50-75 	 65-90 
Loans 	 60-60 	 90-105 
Clay Loans 	 70-65 	 95-105 
Clays 	85-95 	 105-115 

That work was followed by a similar study of subgrade moisture conditions beneath air-
field pavements L19k5i2. The work on airfields did not alter materially the earlier findings 
except that the airfield study was natIonwide and produced evidence that subgrade moisture con-
tents in semi-arid regions were generally lower for all types of soils, than in the more humid. 
regions. 

The work of Hicks 118-52 was aimed at obtaining data on 'both moisture contents and 
densities of subgrades and soil bases in North Carolina as a basis for pavement design. His 
investigations were made at different seasons of the year to determine the yearly averages and 
ranges of soil moisture contents and densities under flexible pavements. He presented data 
not only on values of moisture content and density but also on the effect of compaction on.,.-
soil 

n-

soil moisture content. His findings are sumrarized in Tables 29, 30, 31, 32, and 33. It may 
be seen that the finer-grained soils showed a higher degree of saturation. A recent report 
from Norway (Ruse /1951-22) also showed higher moisture contents in the finer-rathed soils. 

TABLE 29 	 ., 	 TABLE 30 

Average Moisture Contents'Found in the 
Subgrade Groups 

H.R.B. 
Subgrade 
Group 

Standard 
Optimum 

Plastic 
Limit  

Saturated 

A-i-b 82.5 36.4 69.0 
A-2-4 75.5 43.7 62.9. 
A-2-6 l0L.3 62.3 	. 85.3 

106.1 65.0 	' 82.6 
A-S ,11.7 SLLO. 89.8 
A-6 lO9l 75.2 	' 85.4 
A-7-5 118.9 68.2 91.2 
A-7-6 'lO9. 70.9' . 90.9 

TABLE 32 
Subgrade (Silt-Clay Material) 

Influence of Compaction on Road Moisture 

Relative Densities Under 100 Percent, 

Average  
Relative Standard Plastic Saturated 
Density Optimum Limit  

95.7 117.0 68.9' 89.2 

Relative Densities 100 Percent and Above  

Average - 

Relative Standard ,Plastic Saturated 
Density Optimum 'timit  

100.9 , 	99.4 .. 	64.4 89-9 

Average RelativeRoad Densities 

Standard I Modified 

Bases 	 100.5 	96.5 
Granular Subgrades 	101.2 	96.7 
Silt-Clay Subgrades 	96.8 , 88.8 

TABLE 31 
Bases 

Influence of Compaction 
On Road Moisture 

Relative Densities Under 100 Percent 

Average 
Relative Standard Plastic Saturated 
Density Optimum Limit  

98.5 75.0 43.8 60.3 

Relative Densities 100 Percent and Above 

Average. 
Relative Standard Plastic Satu rat ed 
Density Optimum Limit  

101.1 	' 73.1 40.6 61.1 
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TABLE 33 
subgrade (Granular Materials) 

Influence of Compaction on Road Moisture 

Relative Densities Under 100 Percent 

Average 
Relative Standard. plastic Saturated 
Density Opt iirxum Limit  

98.1 85.1 46.9 67.2 

Relative Densities 100 Percent and Above 

Average 
Relative Standaid. Plastic Saturated 
Density Optimum Limit  

103.9 70.5 42.3 61.8 

Diring 1944 the Corps of Engineers began a study of soil moisture contents under 8 air-
fields located in New Mexico, Texas, and the Mississippi Valley. The purpose of the study was 
to obtain data on subgrade moisture contents for preparation of test specimens for setting up 
designs. The sites were selected in rainfall regions of less than 15, 15 to 35, and more than 
35 inches annual precipitation as shown in the tabulation below. 

Site 

Kirtland. Air Force Base 
Santa Fe Municipal Airport 
Clovis Air Force Base 
Lubbock Municipal Airport 
Góodfellow Air Force Base 
Bergstrom Air Force Base 
Keesler Air Force Base 
Memphis Municipal Airport 

Nearest Town 

Albuquerque, N. Mex. 
Santa Fe, N. Mex. 
Clovis, N. Mex. 
Lubbock, Texas 
San Angelo, Texas 
Austin, Texas 
Biloxi, Mississippi 
Memphis, Tennessee 

Rainfall Regn 

Less than 15 in. 
H 

p 

15 to 35 in. 
P 

ft 

More than 35 in. 
if 

The sites in each region were also selected to give a range of subgrade materials, and 
test locations were designated at the center of each runway, between an edge and the center, 
at the edge, and on the shoulder. In addition, tests were to be made on locations near an 
artificial crack-cut in the pavement. All moisture values were determined by direct sampling. 
The observations were begun in the fall of 195 in New Mexico and in the spring of 1917 in the 
other locations. In addition to the moisture contents in place densities and California Bear-
ing Ratio values were obtained at the time of the samplings. The results to date were reported 
by Red.us and Foster /1-2. 

The authors report that, although the observations have not been extended as long as is 
desired, the following trends are indicated.. 

Edge versus center - Gravel base courses with plastic fines, GC, and. Clay subgradee, 
CL and OH, generally showed higher values of moisture content and percent saturation at the 
edge than at the center. The other base courses and subgrades did not show consistent trends. 

pavement versus shoulder - Although exceptions occurred, the maximum moisture con-
tent and percent saturation were generally higher under the pavement than in the shoulder. 

Crack - The California Bearing Ratio in the base course and subgrade generally in-
creased with distance from the crack while the moisture content generally decreased. 

Time effects - A study of the changes in condition with time revealed a seasonal 
variation in moisture content in both base and subgrade except in the sand subgrade at Kessler 
field. 

Figures 83 and 84 show the frequency distribution curves (in percent of total observa-
tions) of the moisture contents and degrees of saturation for the base courses and subgrades 
at each of. the fields. The plots are grouped according to type of material and arranged in 
order of increaBing rainfall from left to.right. 
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The values of moisture content and percent saturation shown in Figures 83 and 811 are 

summarized in Table 311 and were read from the plots at the points where the curve crosses the 
20-percent-freq,uency line on the high side of the peak. 

TABLE 34 

SUMMARY OF MOISTURE CONTENTS AND 
DEGREES OF SATURATION 

Rainfall Moisture Percent 
Material Name of FielcL Zone Content Saturation 

Base Course 

Clay gravel, GO Santa Fe Low 11.8 78 
Clovis (before failure) Low 9.8 68. 
Clovis (after failure) Low 15.1 98 
Lubbock Medium 13.2 71 
Goodfellow Medium 12.5 98 

• Memphis .High 8.1 98 

Silty gravel, GM Kirtland. 	. Low 3.8 79 

Sand gravel, GW Bergstrom Medium 5.3 .65 
Keesler High 5.7 61 

Subgrade 

Pat clay, OH Bergstrom Medium 25.0 97 
Goodfellow Medium 211.1 	- 99 

Lean clay, CL Santa Fe Low 16.8 65 
Clovis (before failure) Low . 	12.5 75 
Clovis (after failure) Low 13.5 91 

. 	 .-. Memphis High 20.8 91 

C].ayey sand., SC Lubbock Medium. 13.5 92 

Silty sand, SM 	- Kirtland Low 10,8 67 
- 	. 	

•-,. Sand,. SW Keesler 	 . High 4.5 22 
- - 	

- NOTE: 	Eighty per, cent of the observations of moisture content and per 
cent saturation were less than the values shown in these columns. 

6-14 	
SIMILAR MOISTURE WITH DEPTH 	 There was a general tendency for,  

6 
DENSITY- LBS F ) 	7 PASSING it 20 

I O.  
117- 	 . 	33 
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a- -• 	 34. 
Ui 
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33 
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Figure 85.- . Comparatively uniform moisture 
distribution under, a pavement that had been 
d.own 1.3 years at the time the samples were 
taken. The soil is a very uniform sand-
micaceous silt and the moisture content of 
approximately 7% represents 44% of saturation. 

(After Hveem)  

the degree of saturation to vary accord-
ing to rainfall and for the finer-grained, 
clayey soils to exist at higher degrees 
of saturation than the coarser-grained 
soils low in fines, as found by Kersten. 

Hveem J51-21reported in summary 
form results of an extensive investiga-
tion of subgrad.e moisture contents be-' 
gun in 19114 by the-California Division:. 
of Highways. The sampling was done 

15 	through holes bored with a diamond bit 
through concrete pavements. He illus-
trated by charts five different types 
of moisture distribution. Those are 
shown in Figures 85 to 89. 
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Figures. 85 to 88 represent boz-
ings where the soil was of the same 
character for the entire depth. Fig-
u.re89 represents a condition of non-
uniform soil type. 

MOISTURE DECREASE WITH DEPTH 
G-20 

DENSITY-LBS PER CU FT 	 ¼ PASSING 

7 	 I\ 
w•.;. 	 I 	 It 

Hveem reported a trend of in- 	 104.0 	 I 34 

creasing saturation of subgrade soils 	 6Y. a  

with increasing age of the overlying 107.8 

pavement. Similar values were also 	 2 

reported by Lancaster in his discussion  
of Kersten's work /194J4-1LI. The re- 	

8 

lationship 	shown y Figure'90. Hveem 
24 

aio snowea a reJ.a1onBn1p oeween sur- 	 5 	 20 
face area and percent moisture, the mois- 	. 	 PERCENT MOISTURE 

ture content showing a trend of increas- 
ing with increase in surface area. That Figure 86. A mimber of samples were drilled, where 
relationship is illustrated in Figure 91. the moisture content was greatest in the upper layer, 

A review of reports on subgrade 	while the composition of the soil is virtually idea- 
moisture contents show various means 	tical throughout the depth sampled. This is typical 
of presenting data by comparison with 	of this type of moisture distribution. This pavement 
results of other soil tests as a means had leen in place for 13 years. (After Hveem) 
of interpreting their significance. 	. 
The most common method is by expres- 	 M-4 	MOISTURE INCREASE WITH DEPTH 

sing the moisture content as a per- 	 6 
centage of full saturation. Other 	 DENSITY-LBS PER CU PT) 	 ¼ PASSING #200 

means include perCent- of liquid limit, 
percent of plastic limit, and percent 	 05.9 	 53 
of optimum moisture content (based.on 	 6 

AASHO compaction test). A recent re- 91.0 
I port by RJ.ise J.1-22 expresses soil 	 2 

moisture content as a percent of capi- 
ilary saturation obtained in a capill- 	ie 

ary absorption test. 	 . 
24 
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Figure 87. Moisture distribution in reverse of Fig-
ure 86. In this case, the moisture content increases 
consistently with increasing depth below the surface. 
The éoils are very heavy silty clay type containing 
more -than 50%.passing No. 200. The pavement was 11 
years old when the samples were taken. (After Hveem) 

W-I 	
MOISTURE ERRATIC WITH DEPTH 

Summarizing, it may be said that 
the degree in which a subgrade soil or 
base course in service is saturated de-
pends upon: 

The nature of the soil (texture 
and. composition), 

The nature of the subgrade soil 
profile, 

Its porosity (degree of densi-
fication), 

Climatic conditions (including 
seasonal effects), 

The age of the pavement, 
The type and condition of the 

pavement, and in a degree on - 
The nature of the traffic. 

Those items need to be taken into 
consideration in any evaluation of the 
frost susceptibility of any soil for 
any given locality and the conditions 
under which it. is to be used. 
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Figure 88. Boring taken through the pavement into 
sandy, silty soil where the moisture distribution 
is somewhat erratic. No definite pattern evident. 
The pavement had been down .15 years. (After gv-eem) 
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Figure 89. This figure is included to show the 
marked differences in the moisture content where 
each layer of the soil is of a different type 
composition. This particular boring was taken in 
a location where the first six inch layer beneath 
the pavement consists of a lightweight porous, 
granular material, presumably of volcanic tu.fa. 
The second layer represents an old road surface 
composed of an oil mixed surface on a crushed 
rock base. The third is a layer of sandy material 
imported as a subbase under the original bitu-
minous surface, and the final layer is a local 
black adobe soil. (After Hveem) 
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Figure 90. This chart illustrates the degree of 
saturation compared to the age of the pavement. 
These points seem to indicate that the rate at 
which moisture accumulates may be quite slow. 

While the data are far from being conclusive 
because all pavement samples were at least five 
years old when soples  were taken, It is undoubtedly 
true that in some cases interlying soils may have 
been saturated at the time of construction. Never-
theless, there appears to be a trend indicating 

fect of Natural Formations 
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(eologIc Formations - Burton and. 
Benkelman /1930-10  made a detailed study 
of 156 heaved areas in Michigan during 
the period 1925-1930. They classified 
the occurrence of frost heaves according 
to land forms as follows: 

Land Form 	 Heave Occurrance 
Percent - 

Moraine 65 
Shallow outwash 15 
Till plain 12 
Lake bed 4 
Deep outwash 4 

Of the 65 percent of heaves occurring 
in moralnes, 65 percent of those were 
almost equally divided between soils of 
the Bellefontalno, Coloma and. Miami series. 
A detailed analysis of the cause and 
effects of the 156 heaves examined in the 
field showed that 94 occurred in a layer 
or pocket of fine textured, material such 
as silt, very fine sand and silt, silty 
clay, clay, or sandy clay surrounded by 
coarser bettor drained material; 22 
occurred in a pocket of silt of very fine 
sand and silt surrounded by cey; 30 
occurred in medium to fairly coarse 
sand and six occurred in moderately coarse 
textures. The remaining four of the 156 
heaves occurred where the subgrade soil 
appeared uniform with respect to char-
acter and. moisture content. 

The most severe occurrence of 
frost action in Wisconsin is in the" 
flat phase of the Colby silt loam in 
the central part of the state. Bleck 
L129-11 reports that the soils are 
wind deposited on old drift of granitic 
origin or on granite bedrock. The 
region also includes conte.ct with the 
water bearing sandstones and shales of 
the lower Cambrian formation. Heaving 
also occurs in some sandy loam outwash 
soils where they form thin mantles over 
Cambrian formations. Differential heaving 
is not common to the driftiess area al-
through most of the soils arehigh in 
silt. 

that it may require a period of more than ten years 	Otis L951-33 reported a survey 
for complete saturation to develop. (After Hveem) 	of 85 New Hampshire till deposits to 

determine the naturo of the materials 
they contained and discussed their susceptibility to frost action. Average gradings of upper 
till contained 15 percent gravel, 23 percent coarse sand (2.0 - 0.25 mm.). 30 percent fine 
sand (0.25 -0.005 mm.), 20 percent silt (0.05 - 0.005 mm.) and 12 percent clay. The material 
showed an average value of 40 percent passing the No. 200 sieve. He stated that the tills are 
frost susceptible, but because they occurred in large masses, differential heaving was not a 
major problem, although in specif IC instances heaves were up to 8 in..  
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Shelburne and. Maner' J.51i9_8 found a relationship between geologic origin of soils and 
their behavior during the "spring breakup" in 1948. They divided the soils in the Cifipepper 
district of Virginia (on the basis of parent material) into five general soil areas and 
rated the performance of various types of road construction for those areas. Outstanding as a 
poor performer in the district are soils derived from Priassic "red. beds". This was true for 
roads classed as primary as well as for the secondary type. An example of the relative per-
formance' of primary roads on the five different soil areas during the 1948  spring breakup is 
shown in Figure 92. The authors concluded that "the study showed the importance' of the general 
soil area as a major variable in road performance." 

SURFACE AREA VS PERCENT MOISTURE 
30 

20 

0 	 1- 
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Figure 91. This chart illustrates the relationship 
between the calculated surface area of the soil 
particles and the amount of moisture. This relation-
ship apparently represents the only discernable trend 
between characteristics of the soil and the moisture 
present. While the relationships indicated are not 
sharp or precise, it is also true' that the values 
shown for surface area equivalents are only rough 
approximations and may be considerably in error for 
the finely divided clays or soils containing an appre-
ciable amount of colloidal sizes. 

The indication that there is some relationship be-
tween particle surface area and the moisture accu.mu-
lates largely as a result of condensation from water 
vapor. (After Hveem) 

COASTAL PLAIN 	OIAH QUARTZ 	I_AN OUAXU 	EXTRUSIVE 	TRIASSIC 
SEDIMENTS 	GRARITOIDS 	GRADITOIDS . 	ROADS 	RED BEDS' 

COASTAL PLAIN 	RICO OUARTZ LOW DUARTI 	EXTRUSIVE 	TRIASSIA 
SEDIMENTS 	ASAXITOIDS 	GRASITOIDS 	ROCIS 	.Me. SEAs' 
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Figure 92. Primary Road 
Performance by Base Types. 
(After Shelburne and Maner) 

X I X  

Ledge Rock — Paradis /1934,  Lang /1935-3, and Bennett 1190-13 found that the occurrence 
of ledge rock near the surface sometimes created water conditions productive of frost heaving. 
Paradis e.'çplained that the irregular surface of ledge rock often formed dams for underground 
water. He suggested that such wet basins should be drained, and that "probably the best method 
of drainage in those cases is to crack the rock by blasting below the frost level in the ditches." 
Lang and Bennet,t found that excavation overbreak often forms pockets in the 'rock surface in - 
which water accumulates and saturates the soil backfill, 'producing diff'erential heaving. Otis 
J5l- reported that frost heaves are common in ledge excavation in New Hampshire. 

The Soil Profile — The literature describes and illustrates many instances where the nature 
ofthe soil profile is related to the degree of frost damage which has occurred. A major 
portion of the profiles described are from areas of glacial deposits and many of them are' ex-
amples of non-uniform materials below the weathered horizons. Although experienced engineers 
have little difficulty recognizing soil profiles and associated water' condi.t ions capable of..,  
producing damaging differential heaving, it is believed to be worthwhile to' reproduce a number 
of sketches showing typical profiles associated with heaving. 

Watkins and Aaron 	found, that "very fine sands, silt-loans, and silty clay-loans 
having little or no apparent soil structure to be the greatest sources of frost boils when these 
materials are found associated with water carriers or where they act as water carriers them-
selves." 'iey also,founxi frost boils in New Hampshire to be associated mainly'with stiatified 
silty clay-loans and very fine sand-loans that had retarded percolation or "had seepage char-
acteristics" and carried water into the subgrade where it froze. Aaron's report L193-3 of 
the cooperative survey made by the highway departments of.Michigan, Minnesota, and WiSconsin 
and the Bureau of Public Roads summarized the typical soil profiles in which detrimental frost 
heave has occurred in those states. Typical profiles associated with frost action studied 
during that survey are shown in Figure 93. Following are brief descriptions of the profiles 
shown in Figure 93. 
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Figure 93 
Soil Profiles in Which Detrimental Frost Heave has been Observed. 

(After Watkins and. Aaron J2) 

Pockets of silt and silty clay varying in shape and depth occur within a deposit of 
porous sandy soils. The heaving in the silt pocket is excessive while that in the 
surrounding sandy soils is negligible. 

The frost heave is confined to that portion of the road resting on the unweathered, or 
slightly weathered,Istructureless silt. The weathered upper layers of the profile are 
granular and' apparently 'do 'not suffer detrimental frost heave. ' The weathered silt barns 
and structureless silt are A-LI' soils while the underlying clays are A-6 soils. The silts 
contain high percentages of very fine sand and have high water-holding capacities. 

An exainple of detrimental frost heave on, sands of the A-3 group ranging from coarse to 
fine in texture, and having a water table close to the surface. 

- The relation between frost heave and the various layers in the profile in extremely'-. 
variable glacial -materials is similar to that in B. The heaving occurs in an un-
weathered till containing lime, sand pockets, and stratified sand and, silt.' Con-
siderable water collects in the' s-and pockets. The till is an A-i+"soil, but it includes 
strata of 'A-3 soil, which 'is especially productive of differential heaving. 

A soil profile where heaving occurs as a-result of"depressions in the surface of an 
impervious clay.  
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P. and. G. A surface layer of unstable A-S soil underlain by silts and very fine sand 
(A-Li soils) which vary in thickness. 

H, I and. J. Stratified silt and very fine sand which produce the greatest and most dan-
gerous heaving. 

Laminated silty clay in which very thin layers of silt assist in keeping the clay very 
soft and wet. 

The majority of clay loam soils similar to those Indicated are subject to detrimental 
frost heave only when wet and poorly drained, the sandy clay being more subject to 
heaving especially when it carries appreciable amounts of disseminated lime. 'No serious 
damage has occurred on lime-free soils of the A-? group. 

(Reviewers'Note: The soil groups given above are for the Bureau of Public Roads 
Classification system in use In 19314). 

Lund /1951-11.2 presented detail soil tests (see Table 35) from three different locations 
in Nebraska to illustrate the diversity of materials in which major heaves occur if water 
accumulates in a pervious soil. underlain by a less pervious one. 

Table 35 

SITUkTIONS SUBJECT TO FROST HEAVE 

Example No. - 
Upper Lower 

Stratum Stratum 
(Top- (pierre. 
Soil) ' Shale) 

Example No. 2  
Upper Lower 

Stratum Stratum 
(Fine (Pierre 
Sand) Shale) 

Example No. 3 
Upper 	Lower 
Stratum Stratum 
(peorian (Glacial 
Loess) 	Till) 

Liquid Limit 11.5 60 ' 	NP 60 35 45 
Plastic Limit 20 30 NP 30 15 20 
Percent Sand 15 15 98 15 15 20 
Percent Silt 55 1+5 1 45 	, , 	65 55 
Percent Clay 30 140 ' 	1 , 	140 20 25 
Percent Passing #140 100 	, 100 70 100 100 100 
Percent Passing #200 90 , 90 5 90 90 90 

Example No. 2 represents a region where pervious fine sands overlie the impervious Pierre 
shale over large areas. In those areas free water fills the pores in the lower 2 to 7 ft. of 
the sand. Frost heave results if the subgrade of a highway is constructed within about 3 ft. 
of the water table. Similarly, an excess of water occurs in the lower stratum of Peorian 
bess at its contact with till. Design practices to prevent detrimental frost action in those 
areas are described later. 

Many other Writers have presented data on and drawings of soil profiles which produce 
major frost heaves. Among them are Mullis 11230-8, Burton and Benkelman 11930-10  and Clark 
/1935-6. 

Pedoloical Soil Types - Belcher,Gregg, and Wood.s'/1943-5 brought out that much work had 
been done to correlate frost heaving with pedological types of soil. Their bulletin on Indiana 
soils describes matter of the various soil series, shows test data for the various horizons, 
and cites problems associated with the soils. In their description of the Conover series, 
they cite the occasional occurrence of frost heaving where cut sections intersect the weathered 
profile creating an abrupt transition from one soil layer to another. The Michigan Field Manual 
of Engineering /19146-16 has for many years shown in its design tables estimated lineal feet 
of frost excavation necessary for each 1,000 ft. of cut section through any particular soil 
series. The Missouri Eighway Department Soil Manual L19148-13 gives a description of the pro-
file'of each soil series.encoimtered in Missouri and cites the soil series (for example the 
Marshall, Shelby, and Patnam series) which are susceptible to damaging frost action. The 
occurrence of frost in the flat phase of the Colby series of Wisconsin (Black Li_21+9-n) has 
been mentioned. The Wisconsin Design Standards J)949-20 also bring out the effectiveness of 
the pedological classification of soils in the evaluation. 
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Effect of Grade Position 

Cut and Pill Sections - Several writers have observed that frost action occurred more fre-
quently and more intensely in cut sections than on fills. That has been given some recognition 
under the subject "Soil Profile." Burton and Benkelman /1930-10 studied 500 heaves in Michigan 
and found that 76 percent occurred in cut sections, 10 percent on fills, and. 14 percent on 
transitions from cut to fill. Of 141 heaves in cut sect ions given special study, 80 percent 
were located in cuts 4 or more feet below the original ground-line elevation. 

Effect of Pavement and Shoulder Design and Condition on Heaving 

The principal findings of the literature on Design to Prevent Damage Due to Frost Action 
are presented later in this review. It is intended here to present only those parts of the 
literature which make specific reference to the effect of design and maintenance condition of 
pavements in bringing about or alleviating conditions which cause frost damage. It is difficult 
to prevent some overlapping between this and the section presented later, hence the reader is 
asked to study the section on design in conjunction with this section. 

Observations on the Illinois Bates Experinental Test Road. 11922-5 showed that the type 
or thickness of a pavement had little or no effect on the amount of heaving, a 9-in, pavement 
heaving the same as a 4-in., although the thicker pavement responded less quickly to the first 
freezing. The literature has brought out that abrupt changes in design thickness of subbases 
and bases for pavements and in depth of granular backfill at culverts has resulted in differential 
heaving. Bennett /19140-13 observed that an abrupt change from a 214-in, to a 15-in, gravel base 
on a level grade may cause unequal heave. He also brought out that culverts are usually lower 
in relative elevation than the adjoining road during the winter. 

Observations by several investigators have shown that soil moisture under pavements differs 
from 'that under the adjacent shoulder and that the moisture difference is responsible for 
differential heaving. The Corps of Engineers studies /1947-2 showed that frost heaving at four 
test areas was maximum at the edge and decreased toward the center with some test areas showing 
a slight settlement during the winter. Data indicated. that "this type of heaving appears to 
be caused by a flow of water from adjoining turf ed area into the subgrade beneath the pavement. 
Greater heaving at edges than at center of pavements occurred only at test areas of 'bituminous 
concrete pavements without subsurface drains at pavement edges." H. W. Smith 11946-1 in his 
study of sealed surfaces in New Zealand found that the "most common and by far the most disastrous 
type of freeze damage" occurs near the outside edge of the traffic lane, due to freezing and 
thawing of moisture entering at the edges and through cracks in the surface. He associated the 
major damage with bases ôonstructed with this trench type of design. C. W. Smith /19148-28 
reported that the condition of the surface of flexible pavements had an influence on the freeze 
damage in the Amarillo area in Texas. Cracks in the surface formed during dry-weather shrinkage 
permitted entrance of surface water into the subgrade and caused reduction in bearing capacity 
on freezing and thawing. 

Lang L122±. L19140-1 and Allen 11945-6 presented data showing that leaking joints in 
concrete pavements in Minnesota resulted in higher subgrade moisture and greater heaving at 
the joints than under mid.sections of the pavement. Minnesota conducted an experiment to verify 
field observations of heaving at high joints where the joints leaked. The test section was on 
a new pavement on A-6 soil (P.1. - 32) having a moisture content of 18 percent prior to freezing. 
Five joints were open and water was fed into them continuously from November 10 to 20, 1932. 
Moisture increased to 29 percent for the 0-3-in, depth and to 23 percent for 3- to 12-in, depth 
below pavement. The record of movement in the watered and unwatered sealed joints and open 
joints is shown in Figure 94. 

The Corps of Engineers investigation 11947-2 gave evidence that surface water infiltra-
ting through joints into the base and subgrade prior to freezing "augmented to a slight degree 
the available water for frost action. At three of these test areas the heaving of the cement 
concrete pavement was more unliorm compared to adjacent bituminous-paved areas and the settle-
ment which occurred at three bituminous-concrete-paved test areas did not occur in the three 
cement-concrete test areas." 
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Influence of Adrnixtures on Frost Action 
Several investigators have sought to 

lessen the susceptibility of soilé t.o 
damaging frost action by the use of admix- 

8 	g 	8 	8 	8 tures. Some of the admixtures have enjoyed 
- 	

wide usage in the "stabilization" of soils 
- - ------------ ..:-::---------- to serve as base courses under wearing sur- - 

I 	w 	w 	W Nov.t,l932 	 W 	
faces and need no introduction here. For 
purposes of presenting the findings in the 11 	Note 

—Orqnal levels - Nov. I, 1C32 	 literature the reviewer has chosen to place 
--LeveIs-Dec.3,l932-Saree rest of winter 	 admixtures into three groups: (1) materials 

--LeVSlSFeb9,II34 	
. 	 which dissolve in the soil water; (2) mat- 

an 5foRSd 	and no rn.r~ movement 
oPodNovI%N32(before frost) 	 erials added to form a stronger binding 

ct 	j 't2 	ol?h
se 	

tro eeled 	 medium than soil water, and (3) mat erials 
Levels Veb.9,1934 Show p-eetest ophf I at OfOfl jthnts. 	 which cement the soil grains together. 

Figure 91+. Watered Joint Test Section S.P. 3-53-2 	Soluble Admixturee — Some of the early 
Near Brandon, Minnesota, 1932 Constiliotion 	work of Bouyoucos /1913-1 suggested the 

(After Lang /191+0-11) 	 possibilities of admixing dissolved sub- 
stances when he restated the axiom that solutions of greater densities have lower freezing points, 
higher boiling points, lower vapor pressures, and higher viscosities than solutions of lower con-
centrations. Beskow /1935-1 held that the rate of heaving depends on the thickness of adsorption 
films at the interfaces between growing ice crystals and the underlying soil particlese Increased 
pressure squeezes the films together and decreases the rate of heave. Decreasing the pressure has 
the opposite effect. From that reasoning he believed that admixing dissolved substances which de-
crease the thickness of films should decrease.the heave. 

Bouyoucos /1913-1 first admixed various percentages of normal solutions of potassium chloride 
(KCl) and of ammonium chloride (NHiC].) to sand and observed their effect on the lowering of tem-
peratures. He then admixed 750 cc of 0.5-, 1.0-. and 1.5-normal solutions of each of five salts 
with 6,855-gram samples of quartz sand placed in wooden boxes and recorded the freezing points of 
the different samplei. His results are shown in Table 36. 	 357 

Table 36 
Freezing Points of Solutions in Sand 

(After Bouyoucos /1913-1) 

Solution 	 Freezing Point 	IL 
Dog. F. 

Water 	 31.5 
Sodium chloride (0.5 N. NaCl) 	28.8 
Sodium chloride (1.0 N. NaCl) 	25.1+ 	1.0 
Sodium Chloride (1.5 N. NaCl) 	22.2 
Potassium chloride (0.14.N. Nd) 	29.0 
Potassium chloride (1.0 N. Nd) 	 25.6 	0.5 
Potassium chloride (1.5 N. xci) 	23.0 
Potassium carbonate (1.0 N. K2CO3) 	28. 
Potassium carbonate (1.0 N. KN) 	260 

n chloride1€1 	chloride (10 N Carl 	9.7 
' . 	 00 	IS 	30 	45 	- 	 60 	 75 

Amonium carbonate (1.0N.(NH)2CO3) 	28.2 	 TinsehrMiflotel 

Later /1917-4 Bouyoucos added 5 cc. of 	Figure 95. Frost-heaving curves of clayey loam 
normal solutions of three salts, (NaCl, CaCl2, B 28, with pure water and CaCl2 solution in 
and. xci) to 25-gram samples of air-dried fine 	different concentrations. Concentration is given 
sandy-loam, clay-loam, and. Wisconsin superior 	in normality: I-normal CaCl, - 55.50 gr per 1,000 

cm3, or about 5 percent; 1710 n thus represents clay, and determined the percent of water which 
a concentration of about 0.55 percent salt. failed to freeze with and without admixtures. 
(After Beskow) The water which failed to freeze was increased. 

from 16 (no admix) to 62 percent (NaCl) for the sandy loam, from 29 to 60 for the clay loam and 
38 to 58 for the clay. Values of water which failed to freeze with admixes of KC1 and CaCl2 were 
only slightly less than for NaCl. 

Calcium Chloride — Bouyoucos work given in part in Table 36 shows that soils treated with 
a normal solution of calcium chloride had a reduced freezing point and that the admixture also 
reduced the percentage of water which froze at a given freezing temperature. Beskow -/1935-1 made 
laboratory freezing tests on soils treated with calcium-chloride solutions ranging in concentrations 
from 1/20 to normal. His teat results presented graphically in Figure 95 show that the effectiveness 
of calcium chloride is small at small concentrations but increases very rapidly with increase in 
concentration. The laboratory researches of Winn /1938-9 and Winn and. Rutledge J07 included 
studies of the effectiveness of calcium chloride in reducing frost action. Their results can be 
summarized briefly as follows: 

Cloyey Loon, soil - 
with Adn,I.tore of N0  
ColoN,., Chloride - 

Frost Heaving Rot, in rn.. 
10 
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0.19 



The ground water had an effect on migration 
Simulated rain (series one) resulted in carrying 
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That calcium chloride was more effective in reducing frost action when used with 
well-graded soil mixtures than when used with natural silty clay Ji.': 
That calcium chloride (natural silty clay /13 plus 2 and4 percent and graded 
soil mixtures.L12 plus 1, 2, 3, and. 4 percent) provided good, resistanco.to  
frost action primarily because of freezing-point làwering. 

That silty clay Jj plus 3, Li. and 6 percent calcium chloride and graded soil 
mixtures J plus 1, 2 and. 4 percent calcium chloride showed, no frost damage, 
irrespective of initial moisture content. 

Slate /1942-1 continued work on calcium chloride by Winn and Ru.tledge broadening the scope. 
Slate divided his studies into three parts, consisting of (1) field studies of application of 
chloride through pockets in the road, (2) laboratory model studies on migration, and (3) labora-
tory freezing tests on admixtures to soils. 

Field studies of application through pockets consisted of digging three holes, ech 2-ft. 
square and 6-4-n, deep and spaced 12 ft. apart, on the center line'of the 20-ft. road, tamping 
66 lb. of commercial-flake chloride in hole No. 1, tamping 33 lb. in hole No. 3 and placing 
66 lb. (in a saturated solution) in hole No. 2. Soil was tamped in and the holes sealed with 
RC-3 liquid asphalt. 

Slate cqncluded from his studies that the chloride will migrate laterally if placed, in 
pockets but migration is slow for silty clay soils under pavements. Example of data on the 
extent of migration at the end of 12 months for each of the three test holes are shown in 
Figures 96 and 97. 

a 

Fire 96. Extent of Migration from Hole 
No. 1 after 12 Months. (After Slate) 

/1 
7V°L_ 

3 	6 	9 	 / 	M 
DepTh, 117the5 

Laboratory model studies on migration con-
sisted of two series, one to simulate field place-
ment in pockets (no surfacing was used), and the 
other of mixing the chloride and soil ./14 to a 
depth of 2 in, below the surfacing. The experi-
ment permitted the water table to rise to with-
in 12 in. of the surface. 

L)epi'/,. ,,thes 

Figure 97. Extent of Migration from Hole 
No. 2 after 12 Months. (After Slate) 

the chloride down with the moisture. Contrary, 
the soil. There was a tendency for diffusion to 
least concentration in the soils. 

evaporatIon carried the chloride upward through 
cause the chloride to migrate to the region of 

Laboratory freezing tests were made on prepared specimens containing 0, 0.5, 1, 2, 3 and 
percent of calcium chloride and water (total liquid content = 20 percent of dry weight of soil) 

/12 Graded soil mixtures were 11.5 - 88.5 percent (also 16.5 - 83.5) nonplastic gravel. 
silty clay mixes and 20 - 80 percent (also 40 - 60) nonpiastic sand-silty clay mixes 
respectively. 

Lii. The silty clay had, an LL u 46, P.1. = 27. 
L14 The soil contained 15 percent sand, 68percent silt, l6- perceht clay, the LL 22.5, 

P1 a 3.2 and sp. gr. a 2.72. 
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to the above silt soil. The specimens were compacted in a 7-in, high by 3-in. diameter tube 
(14 blows-per-layer, 3 layers 5'-lb. hammer). The specimens were frozen from the top downward 
with the bottom in contact with water. Relative heights of heave were recorded. 

The "Pennsylvania Road. Builder". /19112-12 states that calcium chloride increases density, 
thus reducing the water voids, and gives anti-freeze properties to the soil moisture. It 
suggests 0.5 percent calcium chloride in soil aggregate mixes, 1 percent in clay soils and 2 
percent in silty-clay soils affords effective protection to -10°F. It also suggests that treat-
ment should be made effective to an average depth of 18 in. below the surface in the northern 
half of the U. S. It does not presume it is practical to completely prevent subgrad.e freezing, 
but only to such depth which will "minimize and equalize the movement." The article gave no 
data to validify its statements. 

Nebraska /1949-11 used 0.5 percent calciumr chloride 
in the construction of a stabilized soil base and constructed 
another stabilized soil base without calcium-chloride ad-
mix (See Highway Research Board Proceedings, Vol. 18, Pt. 2 
Page 231, 1938). After comparing the maintenance records 
and performance it was concluded 11949-11 that the addi-
tion of chloride "did not improve the ability of the base 
courses to resist those influences which cause softening 
and failure", Additional data on the effectiveness of 
calcium chloride are given in later sections of this re- 
view. 	 . 	. 

Sodium Chloride - Bouyoucos 11913-1 showed that 
solutions of common salt admixed with soil reduced the 
freezing point and increased the percentage of water 
which failed to freeze at a certain temperature. This 
has been mentioned previously. 

IV  
ra 

Beskow /1935-1 made freezing tests on a silt soil 
to which he adi.xed concentraIons of salt solutions 
ranging from 	normal to -northa1. . He found that 
sodium chloride had a complicated effect: "In weak 
concentrations the salt solution increases frost heave 
over ordinary di8tilled water...at a certain concen- 
tration a maximum is reached; and then for increasing 	Figure 98. Effect of Calcium 
concentrations the rate of heaving decreases." Beskow 	Chloride on Frost Heave 

(After Slate) 
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Figure 99. Shift of Water in 
Soil Due to Frost Heave 
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noted that these observations agree with Matteonts /1932-5, /1933-7 work on the influence of 
electrolytes on films measured by the variation in volume of fine colloid.s. In explanation, 
Beskow /1935-1 as quoted from Osterberg's translation L1947-12, stated, "For certain colloids 
there is a maximum thickness of the adsorption films for a crtain concentration of a hydrating 
salt...with NaCl the particles adsorb the sodium ions which then form part of the film, swelling 
them up increasing the force of adsorption when the ion concentration of the pore water is very 
small. (This effect is interpreted by Mattson as an osmotic phenomenon, a sort of swelling of 
the films due to the difference in ion concentration between the films and the pore water). 
However, a further increase in the total concentration causes an increase in the ion concentration 
of the pore water and. therefore a decrease of the difference in concentration, and thus the 
osmotic pressure difference between the films and pore water is diminished, which results in a 
decrease in the size of the adsorption films. 	The results of Beskow's tests using salt are 
shown in Figure 101. 

Silt U296-HCI, Washed, S _- 	H10 
and Dried,Then Frozen 
with Admixture of NaCl/  Z _-- - 	-- 

• — ---/ -n 
10 

15 	30 	45 	60 	75 	90 	105 	120 	135 
Time in Minutes 

Figure 101. Diagram showing frost heaving rates when the 
soil specimen is frozen with solutions of different concen-
trations. This is the same soil as is indicated in Figure 103 
but prepared with HC1 and thereafter carefully washed and 
dried at e 105 deg. C., frozen with diluted water (H20) and 
with MaCi solution, the concentration of which is given in 
normality, I-n NaCl = 58.46 gr per 1,000 cm3, corresponding 
to about 6 percent. 

As seen from this diagram, the frost-heaving rate is in-
creased by a very diluted salt-solution, and, concentration 
being gradually increased, reaches a maximum, from which it 
begins to fall. 

The bend of the individual curves may be referred to al-
terations of ion-concentrations in the course of the freezing 
process. (After Beskow /1935-1) 

winn L1938 and Winn and Rutledge 1194077 ran parallel tests with sodium and calcium 
chlorides in their studies of chloride salts. The following conclusions are drawn from their 
tests: 

That sodium chloride was more effective in reducing frost action when used 
with well-graded soil mixtures jJ1 than when used with a natural silty clay L2. 
That NaCl (natural silty clay L11 plus 2, 3, and 6 percent salt and graded-
soil mixtures L11 plus 1, 2, 3, and 4 percent salt) provided good resistance 
to frost action primarily because of the freezing-point lowering affected by 
them. 

Silty clay L11 plus 3, 4, and 6 percentsalt and graded-soil mixtures plus 
0.51 is  2, Li, and 6 percent salt showed no frost damage Irrespective of 
initial moisture content. 

Lij Data on silty clay and graded-soil mixtures are given previously under 
Calcium Chloride. 	 S 
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Rowat /1939-3 described the use of salt in the prevention of frost heave on railroad tracks. 
He cites that soil temperatures at 15-  to 214-in. depths seldom go below 15 F.,, although the air 
temperatures may fall to -50  or -60 F. , and that temperatures at 6 to 7 foot depths are near .the 
freezing point. Because a 5 percent, salt solution will not freeze above. 15 F. it culd be ex 
pected to reduce the amount of heaving.. 

He stated that during 1936, 1937, 1938, and 1940, locations on Canadian Railways subject 
to 	 .and persistent frost heave" were treated with applications of salt. 

Rowat describes four methods by which the salt has been applied. 

Spread on.ballast. Work out of sight with hose and shovels. 

Spread on ballast. Build 9-in, dike at bottom of ballast section to 
prevent washing away of salt. 

Remove ballast and place salt at bottom level of ties. For small 
applications replace ballast immediately. For large application leave 
open and refill at later date. 

. Dig 6-in. holes 18-30  in. deep at2 ft. intervals center to center. 
Place 3 in. of salt in bottom of hole and refill with ballast. 

Apply salt in late summer or early fail. Provide thinner salt applications on entering 
and leaving heaved areas. Apply salt to the hu.mn  where maximum heave occurs. 

Rowat states the salt applications have reduced the amount of "shimming" required sub-
aequent to treatment "in approximately 90 percent of the locations, varying from 25 percent re-
duction to complete elimination, the latter in 28 percent of the treatments." 

Concerning application of salt to highway.subbases, Rowat states, "This procedure has been 
foilowed...in Nova Scotia...for the past 2 years, where 20-40 tons per mile have been mixed into 
the subbases of newly constructed highways...The results, we understand, have been entirely 
satisfactory." 

Migration of Soluble Salts - .Some of Slate's Ljl results pertaining to migration have 
been mentioned under "Calcium hloridet  and "Sodium Chloride". Slesser /l943  extended the work 
begun by Slate, first surveying the literature, second, conducting field and laboratory investi-
gations of migration and third, conducting labQratory freezing tests. Hisfield studies per-
taining to migration under surfaced roads (Purdue University Test Road No. 2) is of interest 
here. 

Test Road No. 2 was built in the summer of 1933.  It contained two chemical sections each 
50 ft. long, 20 ft. wide and 6 in. deep. They contained (1) 88.5 percent pit-run gravel 1 11.5 
percent soil + 0.5 percent (based on full depth) sodium chloride (section 21) and. (2) The seine 
combination of gravel and soil * .0.5 percent calcium chloride (based on top 2 in.)(Sectlon 22). 
In section 21 the salt was mixed full (6 in.) depth while in section 22 one half the calcium 
chloride was mixed with the top 2 in. and one half applied to the surface. The test.road was 
given a bituminous surface in August and September 1939  and was resainpied in March 1940. 

Slesser in reporting the results states that "the migratory characteristics of both 
calcium chloride and sodium chloride. . .were definitely influenced by the presence of an imper-
vious pavement. (See Figure 102). Whereas the surface sample showed the highest chemical content 
in the absence of the pavement it showed the lowest chemical content in the presence of the 
bituminous pavement." Thus a surface definitely accelerates downward vertical movement of both 
chlorides from coarse textured bases into underlying fine grained soils. 

Slesser also studied lateral migration. He concluded that "lateral migration of sodium 
chloride is greatly reduced by an impervious pavement; Calcium chloride shows little lateral 
movement either with or without a pavement." 

The Corps of Engineers /1949-23  conducted tests using calcium chloride and sodium chloride 
to prevent frost action in soils. Although the calcium chloride did prevent frost action in 
nearly every instance, the report stated that "the use of salts for frost action preventatives 
affords only temporary protection due to their tendency to migrate or leach out of the soil; 
therefore, they are regarded as unsatisfactory for use under pavements where permanent protection 
is essential." 



ac 

0.5 

117 - 

Sulfuric Acid - Beskow /1935-1 found from laboratory freezing tests that the effect of 
sulfuric acid (H2SO4) is noticeable for small concentrations but soon reaches a constantráte of 

heaving regardless of the increase in 
concentration ôfthentnn Th1 
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Figure 102. Variation of clithnical content with depth: 
second sampling of Test Road. No. 2, (After Slesser) 
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is indicated in the test results shown 
in Figure 103. The soil used. in Fig-
ure 103 is a èilt-. No dataaregiven 
concerning its characteristics. How-
ever, generally similar freezing re-
suits were •obtained on another silt 
havIng % percent fine sand, 50 per-
cent siit.and 14. percent clay size. 
The coarser the soil thequicker the 
constant rate is reached with'increas-
ing concentration. 

Sulfite Liquor - Beskow also 
experimented with sulfite liquor to 
reduce heaving. He moistened the 
sulfite leach to a syrupy consistency 
with 40 percent water. His results 
are s}own in Figure 104.. 

Resinous Materials - dare 
119148-22 added Vinsol resin in 'amounts 
up to 1 percent to pulverized and re-
compacted chalk from England. 'Sped-
mens were prepared in the standard 
compaction mold, and then subjected to 
an air temperature of -10 deg. C. (14 F.) 
while the lower surfaces were immersed 
in water at slightly above freezing' 
temperature. Untreated specimens con-
tained numerous ice lenses causing 
marked heaving while specimens treated 
with 1 percent Vinsol remained unchanged. 

Beskow L197.- used 
solutions of alkaline resin, 
adding quantities ranging up 
to 0.5 percent of the dry 
weight of the soil. He stated 
"Such treatments would reduce 
frost-heave rate and water 
suction to a trifl't, but only 
If the soil was dried out after 
treatment 	If once dried out, 
the soil sample, even after 
mixing with water lo full 
capillary saturati ,n, and in 
auction connection with free 
water, will show but a small 
part of the frost heave rate 
of raw soil". (See Figure 
105). 

The Corps of Engineers 
/19i4923 experimented with 
Darex AE& in laboratory tests 
to prevent frost action. It 
was concluded as being unsat-
isfactory as a preventative 
of frost action in the soil 
with which it was used. 

Silt U 296 with Admixture of H,SO4 - - 

Frost Heaving Rote-mm. Per Hour -- -- 
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Figure 103. Diagram showing different frost-heaving rates 
when the soil-specimen is frozen with solutions of differ-
ent concentrations. Silt U 296, unprepared, frozen with 
pure water (curve marked H20) and diluted with HSO4, the 
concentration of which is measured in normality (e.g. 
1/10-n). As I-n H2SO4is 49.04 gr pro i co cm3, or about 5 
percent, 1/10-n is only. percent.. As shown by the diagram 
the effect 9t also very diluted sulfur-acid is a marked. 
suppression of the frost-heaving rate, which for this soil 

escially great... (After Beskow 11935-1) 
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Sodium Silicate - Taber 
11930-9 summarized his findings 
on the affect of sodium silicate 
as follows: "Sodium silicate 
mixed into clay lowers the freez- Il

Ing point, increases the percent-
age of water that does not freeze, 
and reduces the permeability. In 

E practical use it would be slowly E 

leached out of soils that are 
alkaline. In acid, soils sodium 
silicate decomposes with the pre-
cipitation of insoluble gelatin-
ous silica which on drying would 
act as a cement and help' to bind 
particles together". 	
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Frost Heaving Rate -mm. per hr.  

lb 	 30 	 45 	 60 
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Liquid Binders 

Road Oils - Minnesota 
j_in its investigation 
of the effect of frost action 
in producing "high joints" in 
cement-concrete pavements con-
ducted an experiment to de-
termine the effect of an ad-
mixture of No. 2 road oil 
plus 25 percent kerosene 
to the subgrade of an exist-
ing pavement. The mixture 
was forced under the pave-
ment in the amount of one 

Figure 101+. Frost-heaving curves of clayey loam H 28, with 
pure water and with Suiphite-leach, i.e. a byproduct of the 
sulphite-process of paper-pulp manufacture. 'Concentration 
in this diagram not in normality, but in part of evaporated 
viscous leach (standard trade-article), with a concentration 
of 60 percent dry substance. E.g. 1/20 thus represents a 
concentration of 3.0 percent dry substance, 1/5 a concentra-
tion of 12 percent. (after Beskow /1935-1) 
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Figure 105. Effect of.Resin Preparation on Frost Heave Speed in Coarse Silt - Silt 
columns 70 inn., placed on sand base, water filled, and in connection with free water 
level, 10 cm. below bottom of silt column. Each pair of curves represents the same 
water content cefore freezing started, in each pair No. II was dried out after treat-
ment and then moistened, No. I was not dried out. Treatment with alkaline resin solu-
tion (water content = 23.2 percent (full saturation), resin - 0.3 percent, all percent-
ages per dry soil weight. (After Beskow 1191+7-23) 
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gallon per sq. yd. through holes drilled in the pavement. Elevations observed in December showed 
greater uplift on treated than on untreated sections. The report statei that apparently the oil 
"increased, the water holding capacity of the 'soil, thereby increasing the uplift." Maximum pene-
tration of oil into the subgrade was about 2 ft. Additional data on bituminous materials is 
given later. 

The Corps of Engineers L199-23 experimented, in laboratory tests, with Bunker "C" oil, 
tar (RT-2) and with calcium chloride in combination with Bunker "C" oil and ith the tar. 

It was held from the results that the water-proofing property of bituminous materials and 
the percentage of soil finer than 0.02 nm. by weight are two factors from which a quantitative 
method of design for bituminous admixtures might be developed. That possibility was based on 
the premise that if water proofing is regarded as being effected when the voids are filled with 
bituminous material so water cannot enter, there the void ratio of the soil gives a measure of 
water proofing. The void ratio here is defined as the ratio of volume of voids to the tota1 
volume of solids (including the admixture). Then, for any soil there could be a critical void 
ratio with admixture at which frost action would be prevented. Tests with Bunker "C" oil and 
-2 defined that critical void ratio. The void ratio (with admixture) at which no frost action 

occurs has been plotted against the percentage by weight of particles finer than 0.02 mis. as is 
shown in Figure 106. 

10 	Z0 , 50 	40 	50 	60 	70 
Percent Material Finer Than .02mm. in Diameter 

Figure 106 

The results indicate that the asphalt emulsion AES-1 gives best results followed by tar, 
asphalt cutbacks, and Bunker "C" oil. It was stated that additional tests using a wider variety 
of oils were necessary-before conclusions could be reached. 
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Tar - The Minnesota studies L19ó-8 also included an experirnt with tar. Prior to laying 
a new pavement (July 1932)  a clay till (A-6 soil poup) was treated with 1 gallon per sq. yd.. of 
TC-2 road tar. The tar penetrated to depths of l to 2 in. The subgrade was well compacted prior 
to paving. 	The report concludes. ljt  was found that ice lenses formed in the soil penetrated 
by the tar as well as in the untreated portion and that an impervious membrane was not formed". 
Added data on tar are given later. 

Influence of Cementing Materials 

Portland Cement - The War Department's Report 1194.9-2 on Frost Investigation 19441945 
showed that no ice lenses and no frost crystals formed in soil-cement bases on two projects, one 
at Houlton, Maine, the other at Fargo, North Dakota. Added data on cement admixtures are given 
later. 

Comparison of Effectiveness of Various Admitures - Winn and Rutledge 119407  (also Winn 
Ll938.0 conducted an extensive series of laboratory freezing tests to determine the effects of 
various stabilizing admixtures on the frost-heave characteristics of two Indiana clays and of 
mixtures of sand and clay, and gravel and clay, each with and without admixes. The admixes used 
were calcium oxide (CaO) (quick lime), sodium chloride, calcium chloride, Portland cement, vinsol 
resin, and the following bituminous materials: Cut-back asphalts, M0-1, RC-3 and. SC-3: tars 
TO and TM-2; asphaltic emulsion AES-1; and also a "bituminous stabilizer," 

The tests were made under controlled conditions of molding, curing, and freezing, which 
makes the results of value from a comparative standpoint. Hence, the report 119140_I is reviewed 
under this heading, rather than the separate results being presented under each of the appropriate 
subject headings which have preceded. Therefore, the report 11940-7 will be reviewed under this 
heading instead of under each of the appropriate subject classifications. 

The soils used, which were essentially silty and clayey, were sampled from two test roads. 
The grain-size distribution curves for the two soils, a sand, and a gravel are shown in Figure 107. 
rain size curves for typical graded-soil mixtures used in the freezing studies are shown in 

Figure 108. 
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Figure 107. Grain-Diameter Distribution for 
Individual Soil Pypes. (After Winn and Rutledge) 

All soil-cement mixtures were 
cured in a moist room for 10 days or more. Bituminous mixtures were air cured in laboratory 
at 70 F. for 10 days; vinsol specimens were cured by air drying. Since d.ifferent.methodg of 
curing gave d:Ifferent moisture contents the specimens were divided into two groups; one group 
was air dried to a low moisture content and the other group consisting of specimens that did 
not require curing, which were tested as molded at the optimum moisture content, and those that 
required curing, which were resaturated to near the optimum water content. Freezing took place 
in a special cabinet where specimens were placed on porous discs and insulation placed around 
the specimen so freezing was from the top downward.. 

In stating the results the authors believe that "percentage of heave data from individual 
tests should not be used as criteria for rigid comparisons of the frost action resistance of 
natural soils, treated soils, or stabilized soils but may be used as a basis for general classi-
fication of the materials into heaving and non-heaving groups." 

All soils and soil mixtures 
were air dried and pulverized as far 
as practicable without cru.shing soil 
particles. All ad.mixtures were based 
on dry weight of soil. Portland 
cement, vinsol and quicklime were dry 
mixed with the soil before adding 
water. Bituminous materials were 
added after water had been completely 
mixed with the soil. Chloride salts 
were dissolved in water and added. 
All specimens (except those used in 
study of effect of density) were com-
pacted in four equal layers by i4 
blows of a 5-lb. hammer (2in. diam. 
face) d.roDping 12 in. in a mold 3 in. 
in diem, and 7 in. high (1/30 Cu. ft.). 
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The reviewer quotes from theWin.n-Rutledge report J19407 in summarizing the conclusions 
of theirfindings: 

"All the adnixtures tested are 
much more effective in reducing frost 
action when used with well-graded soil 
mixtures than when used with natural 
natural sandy clay. 

CLAY-GRAVEL "CalcIum oxide (2, 6, 10 percent, 
in sandy clay; 4 percent in graded soil 
mixture) does not increase the mixture's 
resistance to frost action or moisture-
content fluctuation sufficiently to 
warrent its use for these purposes. 

O 	 "Sodium chloride (natural clay 

GRAIN DIAM IN MM. 	 plus 1, 2, 3, 6 percent; graded soil 
mixture plus 12, 2, 1, 3 and 4 percent) 

Figure 108. Grain-Diameter Distribution for 	and calcium chloride (natural sandy clay 
Typical Graded Soil Mixtures 	 plus 2, 4 percent; graded soil mixture 
(After Winn and xtledge) 	 plus , 1, 2, 3, 4 percent) provide 

good resistance to frost action primarily because of the lowering effect of the admixture on the 
freezing point. The data indicate that as long as the soil retains the chemical in its full con-
centration, 2 percent or less chemical prevents freezing at -10 to -15 F. and thereby prevents 
frost damage. 

"The resistance to frost action of a soil-cement mixture (natural clay plus 4, 6, 7, 10, 
12 percent; graiIed-soil mixture plus 4, 6, 7, 10 percent) is inversely proportional to the degree 
of saturation of the mixture at the beginning of the freezing period. 

"In general, the resistance to frost action to bituminous mixtures is inversely proportional 
to the degree of satruation at. the beginning of the freezing period. 

"Portland cement, tar, cutback asphalt, road soil, emulsified asphalt, and vinsol add stability 
to a sandy clay by inhibiting capillary motion of the water to various degrees, the amount being 
closely related to the percentage of admixture and moisture content of the mixture at the time 
It is exposed to the water. 

"Vinsol is effective as a waterproof ing agent and frost action preventive when the moisture 
content of the clay-vinsol mixture is between 4 and 10 percent. 

"On the basis of the data presented in this paper, the following group classifications can 
be made: 

'group No.1, damaged by frost action at all percentages of initial moisture content. Sandy 
clay (natural); graded mixtures of clay plus gravel and clay plus sand; clay plus 2, 6, 10 percent 
CaO; graded soil mixture plus 4, 6 percent CaO; clay plus 1 percent NaCl; clay plus 1 percent 
Cad2; graded soil mixture plus I  2  percent Cad2; sandy clay plus 4 percent portland cement; clay 
plus 2, 4, 6 percent TC; sandy clay plus 2, 4, percent AES-1; sandy clay plus 2, 4 percent MC-1. 

"Group No. 2, damaged only when initial moisture content was approximately 100 percent 
saturation. Clay plus 6, 7, 10, 12 percent portland cement; clay plus 4, 6, 8, percent TM-2; 
clay plus 4, 6, 8, percent AES-1; clay plus 4 percent Sc-3; graded soil mixture plus 2, 4, 6 
percent RC-3; clay and graded soil mixtures plus 1, 2,.3. 5 percent vineol (also when moisture 
content is below 4 percent). 

"Group No. 3, no frost damage at all degrees of initial moisture content. Clay plus 3, 4, 
6 percent NaCl; graded soil mixture plus. 1, 2, 4, 6 percent NaCl; clay  plus  3, 4, 6 percent 
Cad 2; graded soil mixture plus 1, 2,.4 percent dad2; graded soil mixture plus 4, 6, 8 percent 
portland cement; graded soil mixture plus 4, 6 percent TM-2; graded soil mixture plus 4, 6 percent 
AES-1; graded soil mixture plus 4.4 percent Bitumuls Stabilizer; clay plus 6, 8 percent SC-3; 
graded soil mixture plus 2, 4, 6 percent SC-3." 
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Slesser /1943-9 supplemented the work of Winn and Ritledge by conducting additional ].abora-
tory freezing tests on the effectiveness of calcium and sodium chloride on frost heave in a 
Laporte (Indiana) silt (80 percent silt sizes 0.05 - 0.005 mm; P.I. - 3.3 optimum moisture content 
21 percent; AASHO max. density :102 pcf) and also on a mixture of 80 percent concrete sand and. 
20 percent sandy clay. His results are shown in Figure 109. 

It may be seen from Figure 109 
that as little as 2 percent of either 
sodium or calcium chloride will re-
duce heaving when subjected to tem-
peratures as low as -15 F. No heav-
ing occurs when the chemical content' 
is approximately 5 percent. Slesser 
found the 'critical chemical content 
for the sand-clay (80-20 mixture of 
concrete sand and sandy clay) mixture 
at which no heave occursis about 2 
percent for both chlorides. 

The Corps. of Engineers /1949-23 
studied the results obtained by others 
with admixtures of calcium oxide, water 
repellents (Stabinol, 321, and ferrous 
sulfate plus 321), salts (eodium'and 
calcium chlorides), portland cement, 
vinsol resin, and bituminous materials 
(asphalt emulsions, asphalt cut-backs, 
tare and oil). That study indicated. 
that "only two groups of admixtures, 
the salts and the bituminous materials 
were effective in preventing frost 
at1on in the soils tested." 

Electrochemical Stabilization 

Solntzev and Sorkov J1941-il 
attempted to stabilize soils in'the 
field by electrical means to prevent 
heaving. The location was one where 
previous heaving had reached a magni-
tude of 37 cm (14.5 in.). They added 
calcium chloride to one section and 
sodium chloride to a second section. 
No materials were added to the third 
section. The conclusions were that a diminished swelling occurred in grounds e'tabilized in the 
presence of calcium chloride and particularly sodium chloride. The effect of electrical stabili-
zation alone was not noted. 

Patents on Use of Admixtures 

Sourwine /1939-12 was issued a patent (No. 2162185) June 13, 1939 which provides for means' 
of preventing the occurrence of ground freezing. The patent covers the use cf liquids other than 
water and, carrying in suspension less than 1.5 percent of solid matter naving a freezing point 
lower than water and possessing the physical capacity to form a thin capillary film for the 
purpose of incorporating with soil to. insure against ground freezing and heaving. The claimant 
specifically exempts bituminous or asphaltic oils or emulsion, any form of sulfide wastes," 
or any admixture of calcium chloride or sodium chloride as "not suitable for use as any part of 
this 	 The patent states that I'serveral alcohols, either undiluted or in solution or 
in chemical combination with other liquids, are suitable for use." The patent also covers the 
use of pOtassium hydroxide, kerosenes, ammonia compounds, or other compounds and solutions 
of nitrogen. The method of preparing the foundation is also specified. 
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Figure 110 
Average Annual Frost Penetration in Inches. (Based upon 

State Averages) (.fter U. S. Weather Bureau) 

Figure 111 
&treme Frost Penetration in Inches. (Based uponState 

Averages) (After U. S. Weather ireau) 



124 

£ , 	• 

' P4%1t1 a$ 

/ 	. 

I ..... 	• 	• 

a 	
w; 

9'IrJ*.l 
111* 	 4301 
(44t 



125 

PTRITIQN OF FROST 

Average Annual and Maximum Depth of Frost 

Dàta,on dep.th of, soiI freezing are useful in: arriirig;at adequate designs for,  roadways, 
minor., structures , and und.erground..conduits. Part of the available data are from the U. S. 
Weather Bureau andpartfrom-'muniàipalities, the latter largely from water department records, 

The U. S. Weather Bureau. has prepared maps of the United States showing isolines of 
average annual frost penetrato,n..(Pig..11O) and extieme frost penetration (F-ig.,lll). -The re—
viewer has been unable to, determine the date of publication of the maps shown- in Figures 110 and 
111 or their relative reliability 1n terms of period of observations on which they are'based and 
whether based on depth of frost under snow—covered pavements, cleared pavements,, or turf cover. 
The .U. S. Weather Bureau has published. the following additional maps which may be of some value 
in the, study of climate. as related to ground freezing: 

1.. Average dates of first killing frost in fall. 

2 Average dates of last killing frost in spring 

3. Average length of. frost :'e:pe1'i0d  (days)'. 

Heating and Ventilating Mgazi'neJ1938-8 presented a map (Figure 112) 'shówing.'the maximum 
deptiof frost penetration in the United States. The map is plotted' for several—hundred points 
for which data are a4ailable "through the U. S. Weather Bureau. The g zine stated that "the 
map is believed to be reasoñábly accurate, excepting in the Rocky Mountain region where few 
climatic maps are highly accüraté." Table 37, also from Heating and Venti1atin Magaine, gives 
specific data on maximum frost"pénetrat.on in 100 cities, and Table 38 gives approximate average 
dept'hof frost penetrdtlon In 45"states and the District of Columbia. The àrt'lclé'does not state 
whethr measurements represent penetration under paved or grassed areas. --' 

"MXIMUM DEPTH OF, FROST PENETRATION IN INCHES 	
' 	.. 

Fiaure 112 
Maximum Depth of Frost Penetration in Inches 
(Courtesy Heating and Ventilating Magazine) 
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TABLE 37 

MAXIMUM FROST PENETRATION (INCHES) IN GROUND IN 100 CITIES 

City 	 Depth. Inches 	 I - City 	 Depth, Inches 

Albany, New York . 	48 Lincoln, Nebraska 36 
Albuquerque, New Mexico 4 Los Angeles, California 2 
Atlanta, Georgia 	 . 6 Louisville. Kentucky . 	5 
Baltimore, Maryland. 20 Marquette, Michigan 24 
Binghamton, New York 72 Memphis, Tennessee 20 
Birmingham, Alabama 12 Milwaukee, Wisconsin 60 
Bismarck, North Dakota• 84 Minneapolis, Minnesota 108 
Boise. Idaho 42. Missotila, Montana 84 
Boone, Iowa 60 Mobile, Alabama 6 
Boston, Massachusetts 48 Monroe, Louisiana 8 
Buffalo, New York 48 New Orleans, Louisiana 2 
Burlington, Vermont 66. Newport News, Virginia 4 
Butte, Montana 84 New, York, New York 42 
Cedar Rapids, Iowa 60 Ogdensburg, New York 72 
Charleston, South Carolina 2 Ogden, Utah 48 
Charlotte, North Carolina 8 Oklahoma City, Oklahoma 22 
Chattanooga, Tennessee 15 Paducah, Kentucky 11 
Cheyenne Wyoming 60 Pensacola. Florida 3 
Chicago, Illinois . 48 Peoria, Illinois 48 
Cleveland, Ohio 	 . 60 Philadelphia, Pennsylvania 40 
Columbia, South Carolina 4 Phillipsburg, New Jersey 	' 32 
Columbus, Ohio 	 . 30 Pierre South Dakota 48 
Concord, New Hampshire 66 Pittsburgh, Pennsylvania ' 	24 
Dallas, Texas 12 Pittsfield. Massachusetts 96 
Denver, Colorado 	 . 60 	. Portland, Maine 	 . 72 
Dayton, Ohio 36 Portland, Oregon 6 
Detroit, Michigan 48 Prescott.!Arizona 24 
Dover, Delaware . 	.18 Providence, Rhode Island 60 
Duluth, Minnesota 96 Pueblo, Colorado 36 
El Paso, Texas 18 Richmond, Virginia 24 
Eugene, Oregon 8 Rochester, New York 48 
Flagstaff, Arizona 20 	. Sacramento, California 2 
Fort Wayne. Indiana . 	 40 Salina, Kansas 24 
Frederick, Maryland 24 Salt Lake City, Utah 34, 
Grand Canyon, Arizona . 	 6 San Antonio, Texas 5 
Grand Forks, North Dakota 84 San Diego, California 2 
Grand Island, Nebraska 36 Savannah, Georgia 2 
Grand Rapids, Michigan 58 Scranton, Pennsylvania 60 
Green Bay, Wisconsin 60 Seattle, Washington 26 
Greensboro, North Carolina 10 Shreveport, Louisiana 4 
Harrisburg, Pennsylvania 48 South Bend, Indiana - 	 48 

Hartford, Connecticut 66 Spokane, Washington 66 
Houston;  Texas 3 Springfield, Illinois 48 
Huntington, West Virginia 30 Springfield, Missouri 20 
Indianapolis, Indiana - 	48 . Syracuse, New York 48 
Jacksonville, Florida 2 Tulsa, Oklahoma 16 
Johnstown, Pennsylvania 48 . 	 Urbana. Illinois 33 
Kansas City, Missouri 25 -Washington, District of Columbia 18 
Knoxville, Tennessee 	. 9 	. . 	Wheeling, West Virginia 36 
Lafayette Indiana 47 Williamsport, Pennsylvania 48 
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TABLE 38 

Average Frost penetration, Inches (Approximate) 

ALABAM\ Marion 20 Natchez I Pendleton 1 
2 

Birmingham 3 Michigan City 30 Vicksburg 2 Portland 

Mobile 
Montgomery 

I 
2 

Richmond 
South B.nd 

IS 
30 MISSOURI PENNSYLVANIA 

15 
Terre Haute 20 Hannibal 20 Easton 

30 
ARIZONA Vincennes 10 Kansas City 

St. Joseph 
IS 
20 

Erie 
Harrisburg 19 

Flagstaff 13 
2 St. Louis 13 Johnstown IS 

Globe 
0 

lOW,\ 
3S SpringfeId 8 Philadelphia II 

Phoenix Cedar Rapids Pittsburgh IS 

ARKANSAS 
Clinton 
Council Bluffs 

31 
30 

MONTANA Reading 14 

Fort Smith 12 Pavennort 32 
Anaconda 
Butte 60 RHODE. ISI.AND 

Little Rock 4 D.s Moines 32 Great Fa!ls 36 Newport 26  

CALIFORNIA 
Dubur,ue 
Fort Dodge 

26 Helena 66 Providence 26 

Eureka Sir.ux City 
Kali s pcI1 6 

SOUTH ('AROLINA 
Red Bluff 2 

2 NEBRASKA Charleston. les, than I 
Sacramento KANSAS. Ilasting. 30 Columbia 2 
San Diego Atchison 20 I,incoln 27 Greenville 5 
San Francisco I Empoisa 12 North Platte 22 
San Jose Ilutchinson 13 Omaha 30 H SOUT 	DAKOTA 
Stockton 2 I.eavenvorth 16 Sidney 33 Aberdeen 30 

Sauna 17 Pierre 37 
COLORADO 

20 Topeki 14 NF.VADA Sioux Falls 40 
Boulder 
Denver 24 Wichit9 ii Caiaon 

Elko 0 TF.NNF.SSF.F. 
Durango IS 

36 KENTUCKY Reno Chattanooga 6 
S Fort Collins 

IS BowImni 	Grern Tonopah 27 Knoxville 
3  Grand Junction Franklort 10 Memphis 

Greeley 24 
66 louisville 10 NEW JERSEY Nashville 5 

Leadville Owen.boro 6 Atlantic City 6 
TEXAS 

CONNF.CTICUT Paducah S Newark 7 
:2 Dallas 3 

Bridgeport 21 Trenton 
F.l Paso 2 

Hartford 30 
23 

lOUISIANA 
Baton Rouge. less than I NEW MEXICO Fort Worth 4 

I  New Ilaen 
New Orleans. less than I Albuquerque 6 Houston. less than 

DEI.AWARE Shreveport 2 Ro.well San Antonio 

Dover 8 Santa. Fe 27 UTAh 
Wilmington ii M.\INE Silver City - 4 Logan 24 

Eastpoit 36 Nephi 16 
DISTRICT OF,COLLMBIA I.ewist,n 54 NEW YORK- Ogden 12  

Washington 10 Portland 48 Kingston 32 Salt Lake City 18 
Newlurgh 22 

GEORGIA MARYlAND New York 17 VIRGINIA 
,\thens 3 Annapolis 10 l'oughkeepsie 25 Lynchburg 5 
Atlanta 3 Raltiniore 12 Norfolk 3  
(' nliirnl,us 	 . 2 I:red,.rirk 16 NORTI I CAROLINA Richmond 4 
Macon 2 Ilageritown IS Asheville 10 Roanoke 10  
Rorn,. 5 Charlotte 	. $ 
Savannah. 	es, than I MASSACHUSETTS Raleigh 4 WASh IINCTON 

IDAI 10 
Boston 36 

NORIl I I)AKOTA 
\ toria  
Seattle 

Bois IS MI(l Ii(IAN 
I3isniarck 60 Spokane 24 

I.ewiston 
Iioratello  30 

24 
42 

Di,kinson 
Fargo 

48 Tacorn 
Walla Walla 

4 
7  

Twin F lI 12 
Battle 	('reek 

3 
Janiestown 54  

D6 etroit 
(iran,I 	Rapids 36 Minot 48 WEST VIRGINIA 

11.1 .lN( )IS 
lronw"tid 36 l3IueeId IS 

Aurora 3 
L.n.ink  2$ 

01110 Charleston It) 
Blooniinginn 25 

Mar,tutte 9 
Akron IS 

9 
Iluntington S 

aro 
Chicago 

6 
35 Saginaw 42 

incinnati 
Cleveland 22 

Parkerahurg 	. 
Wheeling 12 

l),atur 20 Sault Ste. Marie 10 Columbu. 10 
I'eoria 26 Dayton 	. II) WISCONSIN 

Quinry 22 MINNESOTA Toledo 23 Green Bay 24 

Rock Island 
Springheld 

32 
20 

Duluth 
International Falls 

41 
66 OKI.AI  IOMA . 

Madison 
Milwaukee 

42 
42 

Urbana 	. 22 Mank,t,u 39 Ciithrir 8 Racine 40 
Minneapolis 66 MiAlester 6 Superior 48 

INDIANA Moorhead SI Oklahoma City 	. 7 

Elkhart 2 9  Win,una 41 WYOMII1G 

Evansville 7 OREGON Cheyenne 24 

Indianapolis 20 MISSISSII'l'I - 	Ashland I Sheridan 26 

lafayette 22 Corinth 3 Ontario 12 Yellowstone 48 
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Garneau J9-10 lists the following maximum depths of frost penetration for Canadian cities. 
Data are for city streets with snow removed. 	 - 

Location . 	 Depth 
City Ft. 

Calgary, Alta. 	" 	' 12 
Edmonton,,,Alta. . 	 6 
Moose Jaw, Sasic. 9 
Regina, 	Sask. 	 . 	. .- 	7 
Winnipeg, Man.' 	 , 7 
Windsor,. Oat. . 	 7 
Ottowa, Out, , 	6 	- 
Q).iébe'c, Oat. 	 . .. 	 . 	14. 

The Corps of gugineers Manual /19146-5 presents a map on which isolines of "freezing index" are 
conducted to show the aereal distribution of ground freezing. That map is shown later under 
"Correlation of Frost Depth and Temperature' Data." 

Factors Which Influence Depth .of Soil Freezing 

Several factors influence soil temperatures and the depth of soil freezing. Some of the 
factors influence ground freezing by affecting air temperatures, sunshine, wind,'or precipitation. 
Other factors include those which determine the degree in which the soil is exposed to the elements 
of climate, e.g., the ground cover, and the response of the soil to exposure due to the thermal 
properties of the soil. These factors may, for convenience, be placed Into two broad categories: 
position and condition'.,  

The positional factors which effectS soil temperature through their influence' in climate or 
its effects are: (1) Latitude, (2) Altitude (of importance in mountainous terrain but of no 
significance in prairie states), (3) Proximity to bodies of water (Great Lakes and Oceans have a 
marked effect in modifying temperatures), (!.) Terrain (some protection is afforded by hilly 
country), and (5) Slope of ground (south'slopee often freeze later do not freeze as deep and are 
first to thaw).  

The above factors bear a direct relation to the climate and Its impact on ground temperatures. 
(The term climate as here used, Includes the, combined effects of temperature, sunshine, wind and 
precipitation). In,addttion there are factors of condition whiáh also influence soil freezing. 
They are: 	 .' 

Extent'and type of ground cover (this may include brush, grasses, 
snow, type and thickness of pavement, etc.; 

Soil moisture content. (an Important factor due 'to high specific 
heat of'water); 

Soil density; 

k. Soil color; 

Soluble salts in soil moisture; 

Thermaiproperties (specific heat, thermal conductivity) of soil mass. 

Bouyoucos /1916-3 classified the factors which influence soil temperature as (1) those which 
are Intrinsic.and (2)"thóse which are external. The intrinsic, i.e., the internal, are those con—
tained by,the soil and include the specific heat, heat conductivity, radiation,: water' content, 
density, evaporation of water, concentration of the soil solution,.topographlc position, condition 
of the surface,' etc. The eternal factors comprise the meteorological elements and include air 
temperature, sunshine, wind, barometric pressure, precipitation, etc. 
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Climate 

Temperature in Air and Soil 

fect of earthts radiation on soil temperatures - Forbes (Transactions of the Royal 
Society of Edinburgh, 1846, .16, P. 189) and Kelvin (Transaction of the Royal Society of Edinburgh, 
1862, 23, p. 157) showed an average increase of temperature with depth (in gland) of about 1 C. 
for 110 ft. The final conclusion of the British Association Committee was that an average of 
IILfLj gramme-degrees of heat escape annually through a sq. em.of a horizontal section of the 
earth's substance." This was believed to have negligible effect on soil temperatures at depths 
subjected to freezing. 	 . 	 . 	.. 

Temperatures in soil may change daily, periodically during a season, seasonally, and 
annually. The daily changes may be non-uniform or they may be cyclic in nature where the tem-
perature variations take distinct wave patterns. The daily change. in soil temperature is usually 
limited to small depths. Callendar /1895-1 and Callendar and McCleod /1896-1 reported some of 
the early measurements of soil temperatures made in North America. They used electrical resist-
ance thermometers for their measurements at Montreal, and extended their observations throughout 
the different seasons. Figure 113 indicates the distinct cyclic nature of soil temperatures at 
a depth of 4-in. daring April 17 to. April 22; the much dampened wave for the 10 in. depth, and 
the absence of daily cyclic variations at the 20 and 140 in. depths. 

- 

A large proportion of the many measure-
ments of soil temperatures referred to in 
the literature have been made by those 
studying the effect of soil temperature 
on the growth of plants. The results of 
Keen and Russell /1921-'l. are of interest 
because they illustrate the time lag in 
summer and the marked absence of a cyclic 
change in soil temperature even at a 6-
in. depth at certain periods in the winter 
when the soil is only slightly above 
freezing temperature. They also showed 
that the temperature fluctuation in the 
summer below the ground line is a "re-
duced image" of that at the surface and 
that at the 6-in, depth there is a time 
lag of several hours between the begin-
ning of change in temperature at the sur-
face and its appearance at a given depth. 
The daily temperature fluctuations in 
winter were small in comparison. Figure 113.  Diurnal Temperature Variations 

(After Callendar and MoCleod) 

Kimball, Ruhnke, and Glover J934-1, West /1932-1, Smith /1932-2, Mattimore and Ra1n 122. 
Bayer /19140-2, and many other Investigators have presented data on daily changes in ground tem-
peratures. 

Seasonal temperature movements - Data on seasonal temperature movements, like those 
for daily movements are available in many articles in the published literature. Callendar /1895-1 
measured seasonal changes to depths of 100 in. Bouyoucos /1913-1, 1 16- , }Iarrington /1928-3, 
Kimball, Ruhnke and Glover /1934-1, Thomson /193145, Mattimore and. Rahn 1 	2, Wint and Rutledge 
f19Lo, Belcher 	 Hieronymous /1944-9, Swanberg L195-7, and the Corps of Engineers 
Jj9L17-2 are among the many who presented data on seasonal changes in temperatures in soils for 
various depths below the ground surface. Some of the work done by these authors is of interest 
to those who study soil freezing. Thomson /193145 made measurements at depths of LiP, 10, 20, 40, 
and 66 in. and 9 and 15 ft. below ground surface at Wlnnepeg, Canada. Figure 114 shows the 
average values for a 3-year period. of interest is the annual "overturn" in soil temperatures 
and the relative change in temperature for the various depths. Swanberg's data L1945-7 covers 
the cold weather season for a period of 5 years and gives soil temperatures at depths to 60 in. 
under a concrete pavement in Minnesota. Swanberg's data which are shown graphically in Figure 115, 
permit the determination of the temperature gradient at various seasons of the year. 

The investigations tV the Corps of Engineers /1947-2 included measurements of temperature 
at seven airfields under rigid and flexible pavements and turf cover. Figure 116 shows typical 
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subsurface temperature data for the two types of surfacing and for the turf cover for depths to 
6 ft. at Dow Field, Bangor, Maine for the period from January to April 1945. The graphs also in-
dicate the depth of frost at different times during the 14-month period. 

Maximum depth of annual 
temperature changes — Several 
investigators have attempted 
to obtain data which aid in 
defining the maximum depth of 
seasonal and annual temperature 
changes in the earth. Thomson's 
data L193-5 showed an average 
annual change of about 3 F. 
at a depth of 15 ft. at Winni-
peg. Heiro'nymous /194-9 
observed air and earth tempera-
tures over a 7-yr. period for 
the purpose of obtaining data 
to facilitate computation of 
underground-elect nc-cable 
loading limits. The stud,y was 
made in a grassed ulot in 
Kansas City in loessial soils 

Figure 114. Soil temperature variations between its surface 	of the Marshall series. (60 
and 15 feet; 3 year average. (After Thomson 1924_) 	percent silt, 27 percent clay). 

His temperature observations 
extended to a depth of 12 ft. He found little change in cyclic levels at the 12-ft. depth. His 
method of determining the sink point, i.e., the value of depth at which there is no apparent re-
sponse to the variation in surface air temperature, is indicated in Figure 117. The value ob-
tained for Kansas City by his method is about 25 ft. 

Temperature at the frost line — 
Fiarly in this review consideration was 
given to the freezing point in soils 
determined by laboratory testing. It was 
found, that fine-grain soils generally had 
lower freezing points than did coarse-grain 
soils and that a saturated clay solidifies 
at a higher temperature than does a similar 
clay having a moisture content well below 
saturation. Beskow L935-1 found in nature 
a supercooling effect, the temperatures at 
which freezing begins being slightly below 
freezing. He presented data shown in Table 
39 showing temperatures at which freezing 
occurs. 

TABLE 39 

Frost Line Temperature 

Irpe of Soil Limits Average 
deg. C. deg. C. 

Medium Sand 0.015-0.02 --- 
(6% moisture) 

Silty Moraine, 0.02-0.08 0.05 
Stockholm 

Silt 0.15-0.2 -- 
Norrbotten 

Lean Clay, 0.4-1.0 
Vast ernorrland 

4 	 /944 	 I /945_4 	 5YZAR AVffR10IcS—.4 

Figure 115.  Minimum Temperatures at Various Points 
in Subgrade Under 7-in. Concrete Slab in Laboratory 

Driveway. (After Swanberg L1945-7) 
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When thawing takes place, however, the action is different, especially if ice lenses are 
present in the soil; Then, since the ice melts at .32 F. the receding frost line (from 1elow) 
is the 32 F. line. 

------- - - 0 

117 

Beakow /1935-1 attempted to measure the t mperature at 
the frost line by exact means. He obtained a cylinder of 
lean clay, installed thermoelements, insulated the sides so 
it would freeze from the top down, and allowed it to freeze 
outdoors. He found the. frost line was-slightly below the 
-1 C. line (about 30.2 F.). Mackintosh 	made tests 
at Harvard on a cylinder of clay and found the 0 C. line about 

cm (about 1 in.) below the limit,of frost line. The tem-
perature at the frost line was about -0.75 C. (30.65 F.) 

Data from field studies are apparently not sufficiently 
" 	accurate to 'use as a basis for determining the temperature 

at the freezing line. A review of the Corps of Engineers 
field studies /1947-2 on airfields shows a reasonably close 

, 	agreement between depth of penetration of frost and the 32 F. 
line. However, where the frost and the 32 F. lines did not 
coincide, the depth of frost was greater than the depth of 
the 32 F. line in more instances than less. Only at the 
Fargo and Pierre airfields was the 32 F. line materially  be-
low the depth of frost. Where the frost line was found to 
be below the 32 F. line the soils were usually lighter in 
texture than those found, at Fargo and Pierre. 

The 1945-1947 studies of the Corps of Engineers /1949-23 
made comparisons of temperatures observed by means of ther-
mocouples with those obtained by means of thermometers. A 
stud,y of typical readings at three airfields showed that the 
thermocouples generally gave higher temperature readings than 
the thermometers at comparative 'depths. Differences between 
the two methods generally ranged from 1 to 3 d.eg. although 

N 	— 	 — 
Temperature -*C 

Figxre 117 
Relation Between Air and Ground 
Temperatures. (After Heironymous) 

some readings differed by 6 deg. 
The higher readings by the thermo-
couples could well account for the 
discrepancy between depths of the 
32 F. line and the lower limit of 
frozen soil. In later studies. 
/1951- the Corps found. that the 
soil moisture in a number of soils 
tested, freezes at temperatures 
ranging from 29.1 F. to 32 F. the 
lower values occurring in the 
silty and clayey soils. Daring 
laboratory studies it was found 
that the 32 F. temperature, after 
progressing into the sample for a 
depth of 2 to 4 in., sudcleniy 
receded, usually 1 to 2 in. before 
proceeding downward again. It was 
believed that "this phenomenon is 
due to the release of latent heat 
of fusion when the soil moisture 
begins to freeze. at the top of the 
sample as a result of some triggering 
freezing point and heaving commenced 

AVERAGE WEEKLY TEMPERATURE GRADIENTS 
TEST ROAD NO. 2 

JANUARY - FEBRUARY. 1939 

Figure 118. Average Weekly Temperature Gradients 
(After Winn and Thitled.ge  /]940-7) 

action, after having become subcooled to below the normal 
only after the temperature recession had occurred." 

Temperature gradients in freezing-soil — The magnitude and the rate of change in the 
temperature gradient are largest at the surface and decrease with depth. In freezing soil, how-
ever, if the soil is well below the surface, the gradient often becomes quite small, especially 
in clay soils. BeskowJi93S-1 concluded that "at the beginning of freezing the gradient at the 
frost line is about 0.1 C. per cm (0.46 F. per in.) but decreases during the winter rather rapidly, 
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and at the turn of the year is about 0.05 C. per eni. (0.23 F. per in.) and at the end of winter 
is about. 0.02 - 0.03 C. per cm. (0.09 - 0.114 F. per in.). Winn and Rit1edge 119140-7 observed 
temperatures of the air and at depths of 3,7 (bottom of stabilized base), 12, 18 and 214 in. 
below the surface of a test road in Indiana. Freezing temperatures reached a depth of about 

3 in. during the two months of observations (Jan., Feb. 1939). However the temperature gradients 
reached a maximum of 3 F. per in. near the surfaces and up to about 3/14 F. per in. in the subgrade. 
The average weekly temperature gradients which they obtained are shown graphically in Figure 118. 

Swanbergts studies /19145-7 of conditions in Minnesota showed temperature gradients up to 
1 F. per in. and greater immediately under the slab, yet the gradient was only 0.2 F. per in. 
at depths of 36 to 60 in. Swanberg computed the maximum temperature gradients shown in Table 140. 

TABLB 140 

SUBGRADE TBMPBRATURE GRADUNTS 

Air Temperature -10 F. to -5 F. Bottom of Slab 
Temperature -5 P. to 410 F. (After Swanberg /19147) 

Depth Below 	 I 	 Temperature Gradient Deg. F. per inch 

Slab 
Dec. I Jan. I Feb. I Mar. 

in. 
0 to 6 1.17' 1.17 1.27 1.67 
6 to 12 1.17 1.11 .67 .75 
12 to 214 .65 .95 .62 .25 
24 to 36 .29 .36 .15 .08 

36 to 60 .20 .27 .15 .10 

Cycles of freezing and thawing of subgrade soils-There is general agreement among writers 
that several cycles of thawing and refreezing result in greater accumulation of water, greater 
heave, and greater reduction in load carrying capacity than result from a single cycle. There-
fore it is of interest to know something of the nuiber of cycles of freezing and thawing which 
take place in soils under pavements. Data on cyclic freezing and thawing of subgrades obtained 
on the Lawrence experimental concrete pavement in Kansas were reported by Arndt 	 He 
gave the results of temperature observations in air, in top and bottom of a 9-7-9-concrete pave-
ment, and at a depth of 6 in. in the subgrade for the period January 1936  to December 19140.' 
Arndt stated that "one freezing and thawing cycle ... is defined as thawing from 31 F. to 33 F." 
His results for the 5 year period are given in Table 141. It may be seen that during 2 of the 
5 years the subgrade did not go through a single cycle of freezing and thawing, yet during one 
year (1937), the subgrade went through 8 cycles of freezing and thawing. 

Swanbergts tests 	on a 7-in; concrete pavement in Minnesota also covered a 5-year 
period.. His temperature observations were made to depths of 60 in. The results showing number 
of cycl 	 d. es of freezing and thawing in air, at the top and bottom of the slab and at depths of 6, 
12, 214, 36 and 60 in. below the slab are shown in Table 42. It may be seen that at a depth of 
6 in. below bottom of slab there occurred an average of five freezing and thawing cycles per yr. 
for the 5-year period, and that two cycles of freezing and thawing occurred at the 12-in, depth. 

Influence of Darat ion and Intensity of Cold. - The preceding review of seasonal air and 
soil temperature has shown that the depth to which freezing temperatures penetrate the ground is 
dependent on not only the intensity of cold but also the duration of the cold period. It has 
been shown that the degree of damage resulting from frost action is ustally associated with a 
fairly long cold period, provided that the moisture contained in the soil or otherwise available 
for freezing is adequate. Thus the 'relationship between duration and intensity of cold and •the 
depth of freezing is one worthy of study by engineers working' in frost areas. The literature 
reviewed shows that the interest in that relationship is high in several branches of science. 
Of the work done in sciences other than highway and airport engineering, perhaps the work of 
waterworks engineers is of most interest. In all sciences, however, the work of developing the 
relationship. is comparatively recent. It is' worthy of note that some of the early observations 
of the intensity-duration relationships were by highway engineers. Illinois L1924-3, found that 
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the approximate depth of frost penetration is related to the average temperature below freezing 
and its duration being markedly less in Central Illinois than, for Northern Illinois. Sourwine 
/1930-5 presented a theoretical study of the relationship in which he gave consideration to "the 
intensity, duration, and frequency of low temperature occurrence over a period of years" in an 
effort to develop a method by which climatologlcal records can be used as a guide in predicting 
on a relative basis the probable highway damage. 

TABLE 141 

FREEZING AND THAWING CYCLES 

(31 deg. F. to 33 deg. F.) (After Arndt 19143-.11) 

Year 
(Jan. 

to Air 

Pavement 
Sub 
grade Remarks Bot 

Dec.) Top torn 

1936 90 39 25 2 First 30 days of year coldest on record. 
Summer second hottest on record. 	Maxi- 
mum 112 deg. 	Lowest 10 deg. below zero. 

1937 80 76 60 8 Average temperature below normal. 	14 months 
above normal. 	No extreme temperatures. 
Lowest zero. 	Maximum 103 degrees. 

1938 77 58 142 0 All but 2 monthe above normal. 	Maximum 
106 degrees. 	Minimum zero. 

1939 62 47 314 0 Average temperature above normal. 	Maxi- 
mum 106 degrees. 	Minimum 14 degrees below 
zero. 

1940 58 514 37 1 Mean temperature 2 degrees below normal. 
Maximum 102 degrees. 	Minimum 13 degrees 
below zero. 

TA3LE 142 

NUNBER OF FREEZING AND TELWING CYCLES 

Investigation No. 132 
(After Swanberg 19145-7) 

November Dcember I January I February I March J April I Total 

Location of Point 	 I I I I I I 1W I I I I I 

811218 7 0 8.2 810 011 8 	7. 
3 	6 
I 	1 

7 5 
0 3 

0 	4.2 
0 	1.0 

0 5 
0 	1 

0 II 
0 4 

6 	4. 
5 	2.1 

-Too of slab....................................
-Between slab and ouhgraele.....................
-6' below bottom of slab......................... 
-1 2' 	...........................................000000.0oIo241. 
-24' ...... 	. 	...... 	................. 	............ -3 6' 

000OO4.0l 10000. .. 

-60' 
0000O0.01000lo .......................................... 

...........................................
-Air temperature............................... 

0 0 
6151512 

0 0 0 	0.0 
610.9 

0 0 
9 	7 

0 0 
113 

0 	0.1 
8 	7.1 

!!..!. 	!!!A ! ! - - 4! 
32584971157023291012 6160234 7 1 344374376I2247 
802.00 I 6 7 4 3.611 It 7 73 8.800050 1.014322041 1324.0 
30 0.6 00 2 00 0.4 1110 10.8 000 10 0.2 23 3116 5.0 
000.0000 000.0101010.6000100.2111352.2 
0 0 0.0 0 0 0 0 0 0.0 0 I I 0 1 0.6 I 0 0 1 0 0.4 2 2 I I I 1.4 
0 0 0.0 0 0 01101 0 0.0 0 I 0 0 2 0.6 I 0 I 1 0 0.6 2 I 1 I 3 1.6 

I 0.6 0 0 0 1 I 0.4 0 0 0 0 0 0.0 1 0 I 0 0 0.4 1 I 1 2 2 1.4 
2 4 7.8 3 5 710 0 6.82626 9 10 7 15.6 2 8 7 8 2 5.4507942653654.2 

Critical air temperatures for ground freezing - Sourwine J1930-5'revjeweoj the results 
obtained by Bouyoucoe /1920-1 and Petit (whose results are discussed by Bouyoucos) and stated 
that the period of supercooling required to prod.uce freezing in soils ranged. from 160 mm. 
for sand to about 190 mm. for "average" clay. From climatological data he found that absolute-
minimum air temperature seldom endured longer than 31 hrs. (210 mm.), Applying this and the 
results of Bouyoucos /1920-1 and. Petit he arrived at a critical initial air temperature of 23.0 
to 23.5 F. for sand and 21 to 22.14 F. for clay and .adopted. 23 F. as the critical air temperature 
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to produce freezing and a depth of 3 in. as the critical depth. He then makes an arbitrary 
assumption of an allowable frequency of the critical air temperature of 5 percent — which means 
that "for any locality all cold periods sufficient to cause freezing of average surface soil, 
ground freezing below 3-in, depth may occur 1 time in 20." A frequency of more than 5 percent, 
he designates as "objectionable frequency." He then determines the "critical value of the lowest 
monthly average of daily minimum temperatures which corresponds with an average of 5 percent 
frequency of occurrence of highway ground freezing to a depth greater than 3 in." Again apply-
ing the results of Bouyoucos /1920-1 he arrives at an "absolute-minlEum soil temperature of 
approximately 26.11 F. coincident with inception of ground freezing." 

Again referring to the work of Bemyouóos /1916-3, Sourwine 	05 finds that the average 
minimum air temperature which is equivalent to a soil temperature of 26.11 F. at a 3-in., depth is 
16 F. That is, 1116 F. is the actual average equivalent minimum air temperature at which ground 
fazing begins at the 3-in, depth." with no allowable frequency permitted at the 3-in, depth. 

OXIAHOMA 
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From Table 11.3 Sourwine found an average 	

10 

difference of about 13 F. between the minimum  
temperature with a frequency of 5 percent and 	or 

 

the absolute-minimum temperature. By sub-  
tracting 13 from 16 (the temperature at which 
ground freezing begins at 3-in, depth) he found.  
a value of 3 P. as the critical absolute-mini- 	0 

____  

mum air temperature coincident with 5 percent 	 20 	

M M 	 lURE OCORECS 0 

	 0 

frequency of ground freezing at a 3-inch depth. 
Then going back to the records of stations, 	Figure 119. Minimum Temperature-'requency 
charts similar to Figure 120 were prepared 	Curves for Selected: Stations Showing Relation 
showing the relation between the monthly av- 	Between Minimum Temperature Occurring with a. 
erage of daily minimum temperatures and ab- 	Frequency of 5 Percent, and Absolute Minimum 
solute-minimum temperature for each station. 	Reported. (After Sourwine L1930-5.) 
From the line drawn (Figure 120) there was 
obtained for each station the monthly average of daily minimum temperature corresponding to an 
absolute-minimum temperature of 3 F. For example, for Amarillo this was 24.11. F. which corres-
ponds with the average. D.e to variations in the data thus obtained, Sourwine made a correction 
factor of -1.4 F. making the value 23 F., which repreents the lowest monthly average of daily 
minimum air temperature, as a critical design value for highway ground freezing. 

Sourwine /1930-5 then made isothermal maps for each state and cnibined them to arrive at 
Figure 121. According to Sourwine the 23 F. isothermal line in Figure 121 "marks a general 
critical-temperature line below which should lie areas relatively safe and above which should lie 
areas relatively dangerous from highway ground freezing." Sourwine considered the 23 F. line 
"a general line only ... and subject to modification or approval for any local area ... covering 
local conditions of soil, drainage, surface cover and exposure". 

Dxration of cold — Sourwine /1930-5  stated, "It is well known that several days duration 
of low temperature, even with a rather moderate minimum temperature, may produce effects equally 
damaging and possibly even more damaging than those produced by a minimum temperature several 
degrees colder but having only a short duration". He expressed cold duration in degree-hours and 
stated that the approximate value of degree-hours for any cold period is: 

He analyzed the air-temperature data from 
15 stations well distribatea across the United 
States for all periods where the temperature 
fell below 23 F. for a duration of 8 hrs. or 
more and for a temperature drop greater than, 
F. The records were summarized and curves 

plotted showing the relationship between the 
minimum temperature and frequency of cold periods 
as indicated in Figure 119. Thus in 5 percent of 
the cold periods the temperature in Amarillo 
reached a low of 9 F. Sourwine then tabulated 
these data together with absolute-minimum tem-
peratures as indicated in Table 1+3. 

Degree-hours = 
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TARE 43 

Minimum Temperature of 5 Percent Frequency Occurrence 
Vs. Absolute Minimum Temperature 

Minimum Absolute 
Tempera- Minimum 

Period of Study ture with Tempera- Difference 
frequency ture  

of 5 per cent (2) 
(1) 

Deg. P. Deg. P. 

11 yrs. 1911-1921 -0.5 -12.0 11.5 
do +1.0 -14.0 -15.0 

do +i.O -li..O -8.0 

15 yrs. 1907-1921 +5.0  -13.0 -18.0 

11 yrs. 1911-1921 -5.0 -28.0 23.0 

do . -t-4.0 - 7.0 -11.0 

15 yrs. 1907-1921 -2.0 14.0 -12.0 

11 yrs. 1911-1921 +1.3 -10.0 -11.3 

do -1.8 -16.0 -14.2 

do -2.0 -15.0 -13.0 

do -3,5 -16.0 -12.5 

do -2,5 -20.0 -17.5 

do -0.5 -10.0 - 9,5 
15 yrs. 1907-1921 .1-1.0 -11.0 -12.0 

14 yrs. 1908-1921 +5.0 - 7.0 -12.0 

Average -13.37 

Station 

New Haven, Conn. 

New York, N.Y. 

Philadelphia, Pa. 

Washington, D. C. 

ELkins, W. Va. 

Lynchburg, Va. 

Lexington, KY. 
Nashville, Term. 

Evansville, md.. 

Cairo, Illinois 

St. Louis, Mo. 

Bentonville, Ark. 

OkiahomaCity, Okia. 

Amarillo, Texas 

Tonopah,'Nev*  
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where D is duration in hours below the critical initial air temperature (23 F.) and T is the de-
grees Fahrenheit of absolute minimum air temperature below 23 F. He studied data from 35 statIons 

linz in the general oroximitv of the 21 F. lIna 
(Pig. 120). He then summarized the data according 
to frequency of occurrence, both relative to dura-
tion of cold period and to "minimum temperature 
of cold period." He plotted for each station 
a duration-frequency curve and a minimum tempera-
ture-frequency curve. From these two curves was 
dertved. a third curve, the degree-hour-frequency 
curv, 	amp1es of the above relationships are 
shown In Figure 122. 

As a measure of cold quantity, Sourwine 
selected as an index "the degree-hours frequency 
curve. These were plotted on a map and lines of 
equal "degree-hour index" for 5 percent frequency 
drawn as shown In Figure 123. 

Sourwine finally selected a degree-hour 
index of 900 as representing "the danger line 
for highway ground freezing, based on the com-
bined study of low temperature Intensity, cold 
period duration, and cold period frequency." 
He then prepared a "highway ground-freezing in-
dex map'J of the United States as shown in Figure 
124, 

Casagrande /1931-14 cast concrete slabs 
ona New Hampshire siitioil and recorded the 
elevation of water table, height of heave, and 
average daily air temperature. He presented 
one of the first correlations between cumulative 
temperatures, frost heaving, and depth of pene-
tration of frost. He used the average daily 
temperature (less 1 F.) and plotted cumulative 
degree-days of temperature against time. In 
plotting the cumulative temperatures he considered 
temperatures below 32 F. as positive and those 
above 32 F. as negative. Casagrande's Iiration 
and Intensity vs. Time Chart is shown earlier 
under "Factors Influencing Magnitude, Rate and 
Nature of Frost Action and Reduction in Load 
Carrying Capacity". 

Mabee /1937 correlated duration and intensity of cold with depth of frost penetration 
and also with the number of cases of frozen-water services in Indianapolis, Indiana.. The results 
of some of his studies are shown in Figure 125. In the figure Mabee shows the relationship 
between cumulative degree-days below 32 F. and depth of frost for a normal winter and for the 
winter of 1935-1936, which he cited as the coldest winter in Indianapolis in 65 years. The re-
sults show a reasonably good correlation between the duration and intensity of cold and depth 
of frost. For the winter of 1935-36, they also show a relation to the number of frozen services 
reported each day during the prolonged severe cold spell. The frost depths were measured from 
excavations. It was not noted whether the excavations were under paved or grassed areas or 
whether a snow cover existed. 

- 

The duration and intensity of cold also bears a relation to the magnitude of frost heave 
if other conditions are equal. Gardner and Wright /1939-5 observed air temperatures and heaving' 
in their studies of heaving on a section of road north of Dover. New Hampshire. The road was 
paved with a 9 In.-6 In.-9 in. X 18 ft. concrete slab laid in a gravel base 4 to 8 in. thickness. 
Figure 126, which was drawn from data given by Gardner and Wright, illustrates the relationship 
between accumulated temperatures and frost heave for two soils, one aclay and the other a sandy 
loam. Skelton f19140-12 also reported data on this same project, 
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OASN UHES INDICATE AVERAGE WINTER RAIHFAI.L 
IN INCHES, OURIN6 TNT THREE WINTER MONTHS DE 
CEMDER,JANUARY AND FEBRUARY. [ONLY LOW WIN-
TER RAINFALL BELOW FOUR INCHES IS SHOWN]. 

CONTINUOUS LINES INDICATE LOWEST MONTHLY NOB 
RAGE OF DAILY MINIMUM TENPEYATURE,IN DE0000F 
FAHREUTYEIT, DURING WINTER MONTUIS. 

EXPLANATORY LEGEND 
I 	PLAIN HATCHED ARCAS(OCING AREASHAVINGA LOWEST MONTHLY AVERAGE OF DAILY MINIMUM 	 40 

TEMPERATURE, IN EOCESS OF 03 DEGREES E),INCLUDE TERRITORY RELATIVELY SAFE FROM GROUND FREEZING. 

COOSO'NATCNEO AREAS(BEIRG AREAS GROINS LESS TROUT TWO INCHES OFAVERAGE WINTER PRECIPITUTIDN(OECEMDER 
FEBRUARY),WITH A LOWEST MONTHLY AVERAGE OF DAILY MINIMUM TERPERATURE OETVTEN IS OEUREES F. AND 03 DC 
GREES F.,] INCLUOE TERRITORY OF DOUBTFUL DANGER FROM HIGHWAY GROUND FREEZING. 

FROM RECORDS OF US.WEATH IER 
ENA. FOR TEMPERATURE RECORDS SEE BULLETIN W. 

FOR THE PMECIPITATION RECORDS SEE TYE AVERAGE WINTER PROCUTITATION CAART. 
- 3 ANSHAOED AREAS( BEING AREAS RAVING A LDWESR MONTHLY AVERAGE OF DAILY MINIMUM TEMPERATURE LESS THAN 23 	 SHOWN IN "NTLAS OF AMERICAR RGRICALTURE, PART 0, SUCTION G,PRECIPITATION 

000REES F, AND HAYING AM AVERAGE WINTER PRECIPITBTION OF TWO INCNES OR GREATER; OR HAVING A LOWEST MONTHLY 	 AND HGNUIOITY, U.S DEPARTMENT OF AGRICGLTARE 
AVERAGE OF DAILY MINIMUM TEMPERATURE.LESS TNAN 10 DEGREES F., REGARDLESS OF PRECIPITATION), INCI_UDETERNITORY 
IN SERIOUS DANGER OF HIGHWAY GROUND FREEZING. 

Figure 121. Isothermal Guide Map for Use in Determining 
Areas Subject to Ground Freezing. Compiled From U. S. 

Weather Bureau Records. (After Sourwine) 
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(After. Sourwine J930-5) 

Croney J1951-36 reported that the expei—
ience in the last 20 years indicates that in 
Great Britain the air temperature must remain 
at or about the freezing point for some 40 con-
secutive days before roads suffer serious damage. 
Temperature records taken over the last 100 years 
show that on this basis serious damage to roads 
(as presently constructed) would have occurred 
during 9 winters, of which five occurred in the 
22 years 18714-1895 and three in the period 1929-
19147. miring those prolonged periods freezing 
occurred to depths of approximately 18 in. Where 
the thickness of construction exceeded 18 in., 
damage was almost negligible. 

Influence of Sunshine on Subgrade Soil 
Temperature — Smirnoff /1923-14, in his studies 
of the relation between soil temperatures and 
electric-cable rating, charted the solar radia-
tion and the accolnpaDying soil temperatures under 
asphalt surfaced pavement in Washington, D. C. 
However, he showed no comparative data for other 
types of pavement. His observations were made 
to a depth of 18 in. below the pavement surface. 
He stated that the warmest soil temperature 
exists under black asphalt, which besides ab-
sorbing the sun's heat, prevents moisture from 
penetrating into the soil. 
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Highland /1926-1, in studies of soil temperatures associated with frozen water pipes at 
Davenport, Iowa, reported that frost penetration on the south side of an east—west street was 
greater than on the north side. He gave no data on the relative difference in sunshine available 
on the two sides. 

Influence of Preciation and Melting pit 
Snow on Soil Temperature 	— Generally speaking, 
precipitation causes an increase in the soil 
moisture and, because the rain is often cooler, 
has a cooling effect on the soil. Increasing the 
soil moisture increases the conductivity of the 
soil. However, since water has a specific heat 
almost four times that of dry soil, increasing 
the moisture increases the capacity of the soil 
to absorb heat and thus retard the rate of tem-
perature change. Actually, the greatest rate of 
movement of freezing temperature is between the 
two extremes of dry and complete saturation, 
where the effect of moisture on conductivity is 
greater than that of the increased specific heat 
and the increased heat which must be removed in 
freezing the soil water (approx. 80 cal. per 
gram). 

0.11 	 Some disagreement exists regarding the in- 
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T80.-•F. 	 fluence of rainfall and melting snow on soil 
temperature. Callend.ar  /1895-1  regarded rainfall 
and percolation as one of the greatest of the 

	

Figure 126 	 factors influencing soil temperature. He ob- 
Relation Between Frost Heave and Accumulated served, in Montreal, that a heavy rainfall on 
Temperature. (Mter Gardner and. Wright) 	November 3 caused a rapid, decrease in temperature 

in sandy soil. The drop was checked, on November 10. by a 4—in. snowfall. A severe frost on Nov-
ember 19 froze the soil to a depth of Li in. The fall of temperature near the surface'was acceler-
ated on November 23 by a rainfall percolating through partly frozen soil. The most remarkable, 
sudden fall of temperature began on December 12 and was .caused by a rainfall, which melted. about 
3 in. of snow and percolated through the partly frozen soil. That type of fall in temperature 
is more rapid than that due to thermal diffusion. 

Rainfall was found to raise the value of thermal diffusivity considerably. on the basis 
of a 3-year remrd, Callendar and MeCleod. L1896- found that the diffusivity of the soil during 
Febraury, when the ground was so frozen that there was practically no percolation, had a value 
of about 1/3 the annual average. It was concluded that the February value represented the 
diffusivity due to pure thermal conduction and that more than half the average value is therefore 
due to the effect of percolation. 

Bouyoucos 2'  whose views differ from Callendar's, suggested that the importance of 
rainfall had been over-estimated. He has stated that although rain is commonly considered a 
warming agent, his records reveal that spring rain lowers the soil temperature, not only by 
eliminating sunshine but by subsequent evaporation of the rain. 

Franklin J920-  considered rain a great equalizer of temperature between the surface soil 
and that at depth, due to percolation. In sand., due to rapid percolation of rain, the subsurface 
temperature will change very rapidly during a rainfall and afterwards return to normal. These 
changes take place with decreasing rapidity in loam and in clay. 

Keen and. Russell f1921-4 felt that rainfall not only cooled the soil in summer due to lower 
temperature but also prevented warming of the soil due 'to associated cloudiness. It was their 
belief that rain reduced the maximum summer temperature but tended to raise the minimum autumn 
temperature. The effect on the mean temperature was therefore somewhat less than might have been 
expected. 

/16  Taken in part from a review of the literature on Soil Temperatures by Carl B. Crawford. 
f951-i1i. 
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Smith /1922 found rainfall to have marked effects on soil temperature. When rainfall was 
above normal,.soil temperatures showed distinct variations. teen /1931-1 pointed out that rain is 
usually ata lower temperature than the soil and therefore has a cooling effect. Rain may per-
co].ate through the soil, distributing the temperature more evenly. The water movement will, of 
course, change the diffusivity as well. Atkinson and Bay L190-3 observed rainfall to have a 
hastening effect on the time of frost thaw in spring. It was noted that the rainfall was usually 
accompanied by higher air temperatures. 

Although opinions of its importance differ, it appears that rainfall has a definite modifying 
effect on soil temperatures, promoting both.cooling and warming depending on the season and the 
soil condition. Some observers have felt that a rainfall map could be closely correlated with a 
frost depth map. Permeable soils, of course, are affected to a greater extent than impremeable 
ones, due to freer percolation. Percolation seems to have the effect of equalizing the temperature 
of the soil at various depths. The increase in moisture content, resulting from rainfall, naturally 
raises the value of thermal diffusivity considerably. 

To a certain extent the effect of rainfall can be controlled. Modern highways prevent the 
percolation of rain, and drainage therefore determines the extent to which rainfall will affect 
the soil moisture.conditions. Further studies may show that control of rainwater is an important 
determinant of soil temperatures. 

Prediction of Depth of Frost Penetration 

Several investigators saw possibilities in the use of the relationship between the duration 
and intensity of cold and the depth of frost penetration in delineating areas subject to frost 
and predicting depth of frost penetration. Some developed the relationship from experimental 
data and set up empirical relationships, while others sought to develoo theoretical relationships 
as a basis for calculating depth of freezing from known or assumed data. 

Calculation of Theoretical Methods - Berggren L1943-1 developed theoretical relationships, 
in an idealized system, for computing the depth of frost penetration. His computations take into 
account density, moisture content, latent heat of fusion, specific heat, and the thermal properties 
of the soil in frozen and unfrozen state. The Corps of Rngineers J1947-2 expanded Berggren's 
solution in graphical form, reproduced here in Figure 127. The Corps also presented an example 
for computing the depth of frost penetration. In presenting the Berggren analysis the Corps of 
gineers stateds 

"It is realized that the prediction of frost penetration depends on the further 
study of thermal properties of soils in the frozen and unfrozen states and that 
present theories for analyzing frost penetration are complicated by the changing 
water content while the soil freezes. However, it may be shown that the depth of 
frost penetration varies as the square root of the thermal conductivity of the fro-
zen soil and the square root of reciprocal of the total heat required to freeze 
the soil." 

The recent work of Kersten 119149-13 on determining the thermal properties of soils should 
make the method more reliable in predicting depths of freezing. 

Shannon /1945-1 refers to Berggren's rigorous solution of the problem of computing depth of 
frost penetration and suggests that Berggren's equation may be written as follows: 

X a 2 B •;J--- 

in which X • depth of frost penetration 
t a time that the air temperature T is less than the freezing 

point of thesoil 
a thermal diffusivity a 

heat capacity 	
and,-  

B is a function of (1) the thermal conductivity and heat capacity, 
(2) temperature conditions, of air and: soil; and (3) latent heat 
of fusion of water in the soil. He did not show examples giving 
values for the various components of the equation. 

Different writers presented some differences in opinion on the relative accuracy and use-.. 
fulness of computed àlües...for dpth Of sdil freezing. KOil /1938-36onèIwed fiom hi stiiieC': 
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of frost in &erman highways that "with a given soil it is impossible to arrive in advance at a 
mathematical determination of the expected damage from frost which will enable suitable preventive 
measures to be taken, especially as each successive frost alters the conditions on which such a 
calculation would be based." Beskow J, 1+7-12 held the opinion that frost depth depends not on 
cold quantity alone and, that exact mathematical determination of frost depth is not possible. 
However, he saw the practical usefulness of computed values as means for comparing different mat-
erials whose properties are known. He believed Stefan's formula furnished the simplest method of 
comDuting frost depth as a function of time. That formula is based on the growing of an ice layer 
on a surface of still water, assuming a constant freezing temperature. The formula follows: 

I 2 t Cj P 
S. 

Where: 
S a thickness of ice after time P 
t = air temperature in dog. C. 
Cis coefficient of thermal conductivity of ice 
d. z density 
q = specific heat of ice 

The formula is recognized as an approximation, but it can be adapted for the freezing rate 
of wet soil by using appropriate constants. It is necessary to take into account the sum of the 
latent heat of fusion and heat capacity of both soil solids and soil moisture, which Beskow de-
notes "frost storing capacity." That is, 

Q, • 80 p + 4 (0.145 f + 0.55 a) cal./cm3 

Where: 
t • surface temperature 
f = water content per unit volume 
s = mineral matter per unit volume 
80 cal./gram = latent heat of fusion of ice 
0.145 cal./cm3 volumetric heat capacity of ice 
0.55 cal./cm3  = volumetric heat capacity of soil solids. 

He suggests that for most cases (mineral soils, except fat clays) the following is a good 
approxiinat ion. 

Q.: 80 f+ 0.14 j'cal../cm3  

Thus the formula becomes 
s_\[ 2 t CiT 

Q. 

Where Q is the "frost-storing capacity" given above. 

The above formulas neglect heat-exchange conditions between surface and air, radiation into 
space, heat conduction from below, the effect of snow covers, and the fact that not all water in 
line grained soils freeze. Of this group of factors, influencing depth of freezing, Beskow con-
sid,ered that the effects of the first two are rather small and can be neglected. He did find that 
heat conduction from below and the effect of snow cover are important. He accounted for heat con-
duction from below by substituting for the temperature t, a quantity t - hfG where h = depth of 
frozen layer, C. temperature gradient below the frozen layer (theoretically C. shouli be multi-
plied by.L where Cu  = coefficient of thermal cor.ductvity for unfrozen and of  for frozen soil' 
but the corection is so small it. may be neglected condering other approximations.) Beskow 
then suggests that for practical purposes, frost depth is not necessarily proportional to the 
frost quantity tP, because "moderately cold temperatures over a long time period do not cause 
the sane frost depth as a severe cold spell over half the time, even though the products tT are 
the sane.0 From this he concludes that "any exact mathematical treatment is not possible." 

Beskow 11947-12 also reported that in Norway use is made of calculations of frost depth for 
design purposes by determining the relative "freezing resistance" of different layers in terms 
of the "cold quantity" of each. For the top layer, this freezing resistance FR is given from the 
formula for frost depth: 



for the next layer 

145 2 

FR 	tT - 	 deg.—hr. C. 
2C 

2 

FR2 	4 Q'a h1 
2C2Cl 

Where FR - freezing resistance of the layer 
h = thickness of the layer 

Q, = frost storing capacity 
C 	coefficient of thermal conductivity 

For any deeper layer the formula would become: 
2 	 ho 

FRn = 	2; + Q. ' 

Where 	in the sum of h for all overlying  layers. 
Co 

The Corps of Engineers 11949-23 continued its workon the analysis of frost penetration by 
mathematical methods. That work is so extensive that it cannot be reviewed here in a manner which 
will be of value to technologists who wish to make a detailed study of that phase of the frost 
problem. For those who wish to study the work in detail the reviewer wishes to call attention 
to Appendix A of the report J49. 

Thermal conductivity tests weremacie for the Corps of Engineers by Kersten indicated, that 
values of thermal conductivity for cohesionless materials, as found in base courses, range from 
1.0 to 1.8 BTU per ft. per hr. per deg. F. That range does not include organic, volcanic, or 
cohesive soils, which may differ in thermal properties. A value of 1.3 was used in computations 
of the depth of frost penetration. 	 - 

400 
The latent heat of fusion of soil moisture 

L.X100 XI44 is proportiónal to the percentage of soil water 
WWATER CONTENT. PERCENT DRY WEIGHT 	 300 which freezes. 	For practical purposes, all soil 

/Lb VALIE3MLDUPOYWNTATO1FU R44tU 	
5000 	 250 

water in clean1  cohesionless soils of the gravel 
and sand textures will freeze at approximately 

4 200 32 F. 	Figure 128 shows the relationship between 
2000 density in p.c.f. and latent heat of fusion in 

BTU 'per Cu. ft. for various moisture content 
bound on the assumption that all .water freezes. 

2000 

L 	I Where several soil layers occur, each having 
000 

ao different moisture contents, the average latent 
heat may be obtained from the equation: 

7.0 

 - 
— 	50 Lldl* L2d2 + L3d3 $ . 	. . 4 L1 d = 

d1 	+ 	d2 	4 d3+ . . . + d 
40  

500-  

400 

u Where:  

000 

1- 
-j  
I L is average latent heat of soil moisture 

00  

in BTU per cubic foot. 

2 

i,' 	' L3, are latent heats of soil mois— 
ture 	BTU per cubic foot in layers 1, 2, 3, etc. 

d1, d2, d3, are the thicknesses of layers 
1, 2, 3, 	in feet etc. 

(note that d.,,1  t d2  t d3  4 ... 4 d 	equals 
the depth of freezing.) 

Figure 	.28 
An average value of 0.2 BTU/(lb.)(deg. F.) 

Latent Heat Determination 
for specific heat of soil, and values of 1.0 and 

(After Corps of Engineers) 0.5 for water and ice have been used in the ca1 
culat ions for predicting depth of frost penetration. 
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Figure 12.9 
Volumetric Heat Capacity Determination 

(After Corps of gineers) 
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The relationships between density and volunietric.heat, in BTU/(cu. ft.)/(deg. F.) for various mois-
ture contentB (frozen and unfrozen) are given in Figure 129. The volumetric heat of saturated 
nonfrozen soil ranges from 140 to 1+5 BTU/(cu. ft(deg. F.) within reasonable limits of unit dry 
weight; and for frozen soil is approximately 32 
BTtT/(cu. ft.)(deg. F.).' The following equation 	 j 
is used to determine an average value of volumetric 	J 	.. 
heat for several layers having different densities 
and moisture contents. 	 •. 

0 
U- 

Cld.1t C2d2t C3d3r ... e Cd 
Cm 	d1  td2 rd3 t...ed 

Where: C is the average volumetric heat in 
BTU/(cu. ft.)(deg. F.). 

C1, C21  C3, etc. are volumetric heats in 
frozen or unfrozen states for layers 1, 2, 3, 
in gru/(cu. ft.)(deg. i.). 

d1, d2, d. etc. are thickness of layer 
1, 2, 3, in feet, etc. 

Four equations (83, 93, 1514, and 158) are 
given below. These were used to compute depth of 
frost penetration for comparison with, observed 
depths of penetration. Comparison of the rela-
tive merits of each forumla is given below: 

842 

rrnal Winier 

--1935 and 1936 

Surfoce of Gmund'  

Dec. 	40fl. 	 I-eD, 	1.1Cr. 	, 

Figure 130.  Relation Between Accumulated 
Temperature'Deficiency and Frost Penetration. 
Winter of 1935  and  1936,  Portland, Maine. 

(After Puller 1940-9 
Equation 	Ratios of Predicted 	Observations 

	

to Observed Depths 	Within 6 In. 

	

!Ii. I.in. 	Percent 

	

83 1.60 3.39., 1.09 	6 
93 	1.32 	2.69 	.83 	.29 
154 	.91+ 	1.89 " .58 	42 

1511. 1 pave.].1O ., 2.31 	.67 	54 1 
8 (vurf , 	 ' 

Equations 83 and 93 gave values which were 
consistently too high. The results from equation 
151+ bracketed observed values. Equation 158 for 
areas of turf cover bracket observed depths but 
the dispersion of values is great. 

Several other investigators have developed 
theoretical methods for computing depth of freezing 

for' known or assumed conditions. The work of Ruckli J94-2 has been translated and is available 
to those who wish to go deeper 'into the' mathematical approach to determining frost depth. 

rrelntion_jrost_Depth with Temperature Data - The work of,  Sourwine 11930-5 and Casagrande 
/19317-14  developed the concept'of'rel2itingduration and intensity of freezing temperatures with 
depth of soilfreezing. Since these early studies, more effort has been given to developing the 
relationship by expressing cola in"terxs  of'cumulative degree-days below freezing. Later investi-
gators have named that relationship the freezing index, 
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The work of Gardner and Wright /1939-5 has been mentioned. In addition to the work of 
highway engineers, waterworka engineers have contributed to data on freezing index. Examples of 
their work are those of Mabee 11937-5 (cited previously) and Fuller 	 Fuller subtracted 
the mean temperature of the day from 32 F. and added the deficiency for each day to that of the 
preceding day, obtaining a cumulative temperature-deficiency curve for a winter as shown in 
Figure 130.  From long-time records he prepared the relationship between depth of frost penetra-
tion and accumulated deficiency in temperature. (Figure 131). 

F,o,t  	 60 54 48 42 	3024012 	 Belcher /19110-.lI+ concluded from his studies 
401 - 	of temperature-duration intensity vs. depth-of- 

______ 	freezing data obtained from the Manitoba Agri- 
20    

	cultural College and the Canadian Met erological 
_____ _____ _____ ,// / /7,,  / 	Service, that "the.depth of penetration of a 

ioo   	- 	given temperature is not a pure function of the 
algebraic summation of temperatures above and 

80  
	 below 32 F." He presented data to show that at 

depths of LO in., or less, the number of degree- 
600 

	 days below freezing required to produce a tern- 

400 
_____ perature of 32 F. varies considerably. He added 

that "a study of the rate of change of tempera- 

20   	______ _____ ____ ture and the temperature-penetration curve in- 
______ 	 dicates that there may be some correlation in 
-  	_____ ______ _____ ____ that respect with more rapid accumulation of 

Dec. Jw.. 	 Feb. 	 Ma,. 	A. 	 M.Y 	temperatures below freezing, producing a greater 
Figure 131.  Temperature Accumulated 	 depth of penetration per time-temperature unit. 

	

Deficiency Curves and Frost Penetration 	The average number of degree-days per in. of 
(After Fuller 1940-9). 	 penetration required at depths of 10, 20, 40 and 

65 in. is, in this case, 48. Undoubtedly varia-
tions in moisture and cover conditions from year to year account for the extreme variation in the 
amount of cold required to lower the soil temperature at a given depth. Therefore, it would seem 
unwise to base important prediction upon air temperature alone." 

Lang /1941-7 and Swanberg L945-2 made observations of air temperatures and depth of freez-
ing temperatures under a 16-ft. x 17-ft. x 7-in, concrete slab in Minneapolis. The slab was 
placed on a loamy fine-sand subgrade, had good surface drainage, and was kept free of snow and 
ice. The penetration of the frost into the subgrade is indicated in Figure 132 for.each of 5 
years during the period 19140-1945 and for the average-5-year period. Above the graph of pene-
tration are given cumulative temperature-deficiency data calculated by summing up the number of 
degrees below 32 F. for each day beginning November 1. 

Figure 132 shows a relationship between depth-of-frost penetration and freezing index. 
However, since readings were taken only to a depth of 5 ft. and frost penetrated in excess of 
5 ft., it is not possible to determine a close relationship. It may be noted, however, that the 
cumulative degree-days at the time the frost reaches a depth of 5 ft. differs markedly from year 
to year. 

Shannon fl945 constructed 
his temperature-deficiency curve 
by beginning with the first fall 
freezing temperatures. Differ-
ences (between mean daily tempera-
ture and 32 p.) for days having 
mean temperatures above 32 F. he 
assigned negative values. He 
termed the difference between the 
largest negative value and the 
largeat positive value the freez-
ing index. He indicated his be-
lief that it was possible to cor-
relate, with reasonable accuracy, 
the depth of frost penetration and 
the freezing index. He suggested 
further that an approximate value 
for freezing index may be corn-
puted from the monthly average 
temperatures using the formu].a: 

CONCRETE PAVESEIIT 	 FROST ZONE 

Figure 132. Frost Penetration as Related to Degree Days. 
(After Swanberg 1945-7) 
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Freezing Index a (32 y — x) 30.2 

in which y equals the number of months during which the. average temperature is less than 32 F., 
x is the sum of the average temperatures for these months, and 30.2 is the average number of days 
for the months of December, January, Febru.ary, and March. The value computed using this formula 
will always be less than the true index but will approach it with increasing magnitude of the 
freezing index. This approximate method should not be used at locations where the mean value for 
the freezing index is less than about 300. 

The Corps of Engineers /1947-2 extensive studies of subgrade freezing on airfields showed 
a reasonable correlation between freezing index and depth of freezing. They plotted all obser-
vations of frost penetration beneath paved areas versus freezing index. The trend of the obser-
vat ions is a straight line whçn plotted on a logarithmic scale as shown in Figure 133.  Figure  133 
shows dAta for both rigid and flexible pavements. The same relationship is presented for design 
purposes in the Corps of Engineers Manual L]9146. The Corps states, "This curve may be used to 
predict the depth of frost penetration beneath rigid and flexible pavements which are maintained 
snow free and have bases constructed of nom-insulating materials such as sand, gravel, or crushed 
rock." The Corps of Engineers also prepared maps showing isolines of mean annual air temperature 
and duration of normal freezing index as shown in Figure 134. 

___ui 

40 

2C 

- 	 0 CEMENT GONG. 
BITUMINOUS GONG. 

to 

- 	 -- -- ___-- 

I 	
4 

1000 	 2000 	 4000 

FREEZING INDEX 
RIGID AND FLEXIBLE 

Not es: 

Freezing index obtained from degree-day diagram on date 
frost peuetration.was measured. 

For this study the freezing index is not necessarily the 
maximum value of negative and positive values on the degree-
day diagram. 

Straight line equals the design curve showing combined 
thickness of pavement and base required to prevent freez-
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Index for Rigid and. Flexible Type Pavements (After Corps of 

Engineers 1947-2) 
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Sources of Climatological Data 

Some well-known sources of climatic data prepared in summary form are: 

Precipitation and. HUmtdZ - Kincer, J. B., Atlas of American Agriculture, Part 2, 
Climate, Section A, Precipitation and. Humidity, Advance sheets, No. 5, March  15, 1922. 

TemperatureSunshine and Wind - Kincer,.J. B., Atlas of American Agriculture, Part 2, 
Climate, Section B, Temperature, Sunshine and Wind., Advance sheets, No. 7, November 1928. 

U. S. Weather Bureau - Climatic Summary of the United States. Bulletin W, Sections 1 to 
105, 1930. 

Lj• U. S. Weather Bureau - Monthly weather summaries by states. 

Item 1 io made up largely of charted maps 
of the U. S. giving data on precipitation and 
humidity on basis of monthly seasonal and annual 
values. Records for the uniform 20 year period 
1895 to 19111 form the basis for the principal 
charts and diagrams. 

Item 2 presents charts and charted maps of 
temperature, sunshine;  and wind on the basis of 
	1' 

monthly, seasonal, and annual values. Records 
cover a 20 year period. 1895-1914. 

Item 3 contains complete climatic data 
from the establishment of the various stations 
up to 1930  inclusIve. The sections refer to 
sections in states, e.g., South Dakota is divided 
into two sections, the eastern half (east of 
the 100 merid.an) being section 37, the western 
half, section 36. This bulletin is available 
at local offices of the U. S. Weather Bureau. 

Item 4 gives the more recent climatic data 
from the monthly summaries by states. It also 
is available at local offices of the Weather 
Bureau. 

Eno, F. H. - The Influence of Climate on 
DURATION 	 Building, Maintenance and Use of Roads in the 

United States. Proceedings • Highway Research 
Board, Vol. 9, pp. 211-223, 1929. 

Item 5 shows copies of typical maps 
presented in items 1 and 2. 

The U. S. Department of Agriculture, Year-
book of Agriculture, Climate and Man, /ll 

Figure 1311. Isograms for Prediction of 
	

contains the following information on climate: 
Frost Penetration (After Corps of Engineers 

1947-2) 

Kincer, J. B. Climate and Weather Data for the U. S. General Background on Collection 
of Climate and. Weather Data in the U. S. and Territories. Forty-six maps showing 
distribution of temperatures, precipitation, snowfall, snow cover, humidity, sunshine, 
frosts, etc., pp. 701-7148. 

Climates of the States. Tabulated data and seven maps for each state showing 
variation in climate within each state. pp. 7491228. 

Reed., W. W. The Climates of the World. pp.  665-684, mean and extreme temperatures 
and monthly and yearly precipitation for 387 stations throughout the world. Dis-
cussion of principal features of climates of.  Eastern and Western Hemispheres. Three 
maps. 
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Influence of Location. Exposure and Topographic'Posit ion 

Latitude - The influence of latitude on climate and the resulting soil temperatures and depth 
of soil freezing is generally known. Some maps indicate depth of frost penetration as related to 
latitude. 

Altitude - Average temperatures generally decrease with increase in altitude. According,to 
Keen /1931-1 the rate of decrease is one degree C. per 550 ft. increase in elevation. Below 
3000 ft. elevation the decrease is slightly greater in summer than in winter. Some authors in-
dicate that local conditions alter the general rule, e.g., Moore /1910-1 explains that cold air 
has a tendency to settle down the slopes to bottom lands. 

Distribution of Land and Water - Masses of water give more equable air temperatures due to the 
high specific heat of water plus the increased water vapor in the air.in  the vicinity of large 
lakes and seas. The modifying effect of water may be seen readily by observing' the modified tem-
peratures in the vicinity of the Great Lakes. 

Effect of Slope of Ground on Soil Temperatures - Keen /1931-1 explained that radiation per unit• 
area is directly proportional to the cosine of the angle between a line perpendicular to the sur-
face and the direction of radiation. The larger the angle the less the radiation. He shows the 
following temperatures on 1:12 north and south slopes. 

Depth 	 North Slope 	 South Slope 
in. 	 deg. C. 	 deg. C. 

li 	 4.0 	 12.4 
3 	 3.2 	 8.6 

Shreve, F. "Influence of Slope Exposure on Soil Temperature," Carnegie Trust Year Book 
(Washington) 1924, 23, pp.  140-141, reported temperatures on sauth slope (alluvial clay, slope 
30 deg. at Desert Laboratory, Tucson, Arizona) to be 5 to  7 C. warmer than north slopes. This 
agrees closely with Keenss observations. Atkinson and Bay 	indicated there may be greater 
depth of frost penetration on north exposures, but their studies at the LaCrosse Station showed 
the difference to be insignificant. 

Influence of Soil Cover on Soil Temperature and Depth of Freezing 

'Effect of Soil Mulch .(Depth of Cultivation) - West /1932-1 (Australia) found that cultivation 
to a depth of 10 cm. (about 4 in.) to form a mulch influenced soil temperatures both above and be-
low the depth of cultivation. The uncultivated soil warmed 'more quickly than did the cultivated 
soil. In autumn the uncultivated soil cooled more rapidly. During winter there was a tendency for 
the temperature in the cultivated soils to fall below those which were not cultivated. The differ-
ences in daily temperatures at a depth of 15 cm. ranged from a maximum of about 7 C. to a minirmim 
of about 1 C. between the two conditions, being greatest in the afternoon when temperatures were 
highest. 

fectofVgetativeCover - Bayer ]J±& cites the work of Woolney in Germany who found a 
considerable difference in soil temperature at a depth of 10 cm. under grass cover compared to 
bare earth, the temperature of the bare soil being up to 8 C. higher in midafternoon. Keen L931-1 
brought out that during winter vegetative cover reduced the rate of heat loss. Atkinson and Bay 
/1940-, studied the effects of vegetative cover on the depth of frost penetration. During 1939- 1940 when the snow depths were practically the same for an u.ngrazed. woodlot and an open bluegrass-
pasture area, they found "the frost depth in the open pasture area was approximately twice as 
deep as in the protected woodlot area." The woodlot contained 1* in. of forest litter. Frost 
depths in plowed areas averaged 25 in. or about five times that in the protected. woodlot. Be-
tween the two extremes of plowed and protected woodlot areas are grazed woodlots, open pastures, 
hay, grain, and corn stubbles depending on the density and height of vegetation. The results are 
shown in Figure 135. 

Belotelkin 1941-4 observed frost penetration (during period 1937-40) in a spruce flat, a 
spruce swamp, in hardwood forest, and in an open field at the Gale River experimental forest in 
Northern New Hampshire. He found that (i) forest cover delays ground freezing prior to snowfall; 
(2) frost penetration was least in the hardwood plot and greatest in the spruce swamp; and, (3) 
thawing was completed earliest in the hardwood plot. 
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Atkinson and Bay 1940-3) 

licate plots with 6, 12, and 24 in. of snow 
and kept two plots free of snow. Snow den-
sities (expressed as inches of water per 
Inch of snow) were 0.256, 0.215, and. 0.27 
in. for the 6, 12, and 211  in. covers. The 
authors observed: 
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It may be that the soil type and condition influenced 
of note that he found that frost penetrates more deeply and 
and that fine-textured soils resemble poorly-drained soils 
drained soils in their influence on soil freezing. 

frost penetration, hence it is worthy 
stays longer in soils with good drainage 

and coarse-textured soils resemble well- 

Beskow's /l9L17-12 experience in northern 
Sweden showed that the effect of vegetation is 
generally to lower the temperature. That is true 
for moss and turf, whose effect is large, because 
during summer they are dry and poor conductors 
while in winter they are wet and good conductors. 
Beskow found. that on mossy ground, frost could 
often be found at shallow depths. 

The investigations of the Corps of Engineers 
/191+7-2 showed clearly the marked difference in 
depth of freezing and in temperature distribution 
at various periods during the winter in turf ed 
areas and paved areas. That has been illustrated 
earlier under "Seasonal Temperature Movements." 
At Bangor, Maine, the maximum depth of freezing 
temperature was about 2 ft. under turf while it 
was 3.5 to Li. ft. under cement concrete and bitu-
minous concrete respectively. Temperature gradients 
were generally greater under paved areas during 
freezing and also during thawing periods. More 
recent investigations L1949-23 added to the data 
but did not alter, materially, the findings. 

ffect of Snow Cover — The literature presents 
many reports of investigators who have recorded 
observations or provided data on the effect of 
snow cover as an insulator in reducing the depth 
of penetration of frost. Calleudar's Jj95-1 
temperature measurements showed the remarkable 
effect of snow in reducing depth of freezing and 
in producing uniform temperatures in the soil, 
although air temperatures fluctuated widely. 
Thompson L1234-5 and Mail L1936-1+ made similar 
observations of the effect of snow. Atkinson. 
119110-3 made controlled field tests to observe 
the effect of snow cover on depth of freezing. 
They covered a plowed field (having a north ex-
posure) with straw before freezing began. When 
sufficient snow had fallen, they covered dup- 

"Measurements during the first 10 days 
indicate the presence of frost under the three 	- 
different snow-depths and the bare plots. 
The frost disappeared from the 12-in, and 
plots, but continued to deepen on the six-
inch and bare plots. There were a few in-
stances in later measurements indicating 
the presence of frost under the 12-in. 
snow cover. The snow settled to some ex-
tent on the plots, and warm weather 
during the first week of March caused 
some thawing of the snow. It was nec-
essary to add more snow to build the 
plots up to the original levels. The 
bare plots were swept clean of snow as 

Figure 136.  Depth of Frost Penetration Under 
Different Thicknesses of Snow Cover. (After 

Atkinson and Bay) 
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soon as possible after each snowfall. That thawing may take place at the lower frost-line, as 
well as at the surface, was quite definitely indicated on the 6-in. and bare plots, beginning 
March 25 and April 1, respectively. 

"The two bare plots used in the snow depth experi-
mont quite consistently maintained the sane frost-depth 
and so one of them was covered with a 12-in, depth of 	13 
snow on February .26 and frost-measurements were continued..z 
This was done to determine whether a 12-in, depth of snow 
would have sufficient insulating value so that the frost 
could be drawn from the soil by warmth of the earth. 
Within a few days the frost in the newly covered plot 
softened considerably and less difficulty was encountered 
in driving the soil-tube into the frozen soil than on the 
bare 	4 where the frost was extremely hard - 1'4 v 1 

PE 

;1;ce under the bare and newly ;;;;;;d 
plots. Along with the softening of the frost there was a 
gradual rise toward the surface of the lower frost-line 
on the snow-covered area while that on the bare plot 
maintained very nearly the sane frost-depth until the 
first of April when it began to rise. 	 52 

"Snow, when of sufficient depth, will protect the 
soil against frost if the snow covers the area before 
frost has a chance to penetrate the soil. It has been 
found that if frost does penetrate the soil and snow-
fall of sufficient depth follows, frost may be drawn 
from the soil." 

Geslin L42-6 found that 6*-in, of snow was nec-
essary to completely prevent the freezing of the under-
lying soil in France in January 1941. 
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Berggrens L 	theoretical studies on frost 	 Figure 138. Temperature 
depths included calculation of the effect of snow cover 	 Distribution. 
on rate of freezing of soils. He calculated the depth 	 (After Berggren) 
frozen after different periods of time for dry, moist, 
and wet soil. He estimated the effect of a 4-in, cover 
of fresh snow by "computing the time required., under steady conditions, for the snow to conduct 
enough heat to lower its surface-temperature to 23.1.,  establishing a linear gradient to 32 F. 
at the ground level plus removing the latent heat from given depths of soil. Since the method 
neglects the heat removed from the unfrozen soil, the actual depth frozen under a snow or vegetal 
cover at any given time is certainly lower (possibly by £4.0 percent) than the estiinated.depth." 
The rates of freezing for the various conditions given above are shown in Figure 137. The 
temperature distrtbution in the Umjt$  soil after 10 hours when frozen 2-in. deep is shown in 
Figure 138. 

Beskow /1947-12 held that the effect of a layer of snow on the surface could be most easily 
evaluated by consideringit in terms of an equivalent (in terms of its heat-transmitting proper-
ties) thickness of frozen soil. The rate of heat movement is proportional to the temperature 
gradient in the frozen layer. After equilibrium has been reached as heat passes through a snow 
layer and a frozen soil layer, the temperature gradients are inversely proportional to their 
thermal conductivities. Thus, in calculating the effect of snow cover, Beskow simply added to 
the depth of frozen soil the thickness of snow cover multiplied by the ratio of the conductivity 
of the frozen soil to that of snow (conductivity of snow is 1/10 to 1/7 of that of soil). This 
exaggerates the effect of snow but the error is not great for wet soils. The manner in which 
Beskow /1914.7-12  computes the effect of snow is illustrated in Figure 139. 

The Corps of Engineers investigation J947-2 showed a marked difference in penetration 
of frost in turf ed. areas with snow cover compared to frost penetration under paved areas. The 
results are summarized in Table £44, 

Although the data in Table £1.4 do not separate the effect of the turf and the snow, it is 
believed they indicate generally, the effect of snow cover on depth of freezing. 
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TABLZ 144 

Comparison of Freezing Depth in Snow Cover Turf and Paved Surfaces 
(After War Dept. 1914.7-2) 

Average Snow Cover Average Total Frost 
Location of Durin.g Winter in Penetri tion in Feet 

Turf Pavement Turf Test Areas Turf ed. Areas 
(ft.) Bit. P.C.C. 

Dow Field 1.8 2.0 14.7 4.5 

Presque 1810 2.5 3.0(a) 5.9 5.3 

Watertown 0.75 3.5(a) 14.1 3.14. 

Pierre 0.75 0.5(a) 2.1(b) 3.5 

a) .trom suosuriace ieniperaure reaaings a j 
(b) Frost penetration February 3, 1945. 

The Importance of the density of snow 
cover in influencing its Insulating properties 
was shown by Crawford /1951-114..  It was illu—
strated by observations of Bou.y-oucos on one 
cold day when the minimum temperatures at 3in, 
depth were 7.5 F. under bare soil, 15.6 F under 
compact snow cover, and 32.3 P. under uncom—
pacted snow and a layer of vegetation. 

Beskow 11935-1 presented data obtained 
by H. Abels showing the monthly variation of 
the average density of snow cover. In addition, 
he published a curve of the variation of the 
heat conductivity of snow as a function of its 
density. This is a graphical summary of data 
from Landolt—Bornstein, and especially Jansson 
(1901). Table 14.5  illustrates the Insulating 
effect of snow cover during a normal winter. 
Both the thermal conductivity and the density 
of snow Increase rapidly in early spring. 

During the early part and middle of 
winter snow conductivity is about one—tenth 
that of soil. Frank1inj02 estimated the 
average conduOtivity of snow to be about one—
fifteenth that of soil. 

The protective effect of snow in re—
ducing frost penetration and soil temperature 
fluctuations has been realized for many years. 
Unfortunately, as prcviouay pointed out, it 

Figure 139. Bffect of snow. ireat conductivity is unreliable protection and may have to be 
of frozen soil assumed - 10 times that of snow removed. Nevertheless, in some engineering 

(Az' as - 10); thus a 0.1 m layer of snow 	work the insulating effect of snow cover should 
corresponds to 1.0 m layer of soil. . Shown also be considered for the sake of economy. It is 
is the surface temperature requlredto maintain clear that the density of snow will have a con—
freezing (in the given example - 6 C; in case sid.erable effect on its protective qualities. 
of no snow it would have been - 2 C). (After Even so, 1 foot of snow cover will normally 

Beskow) 	 provide as much protection against frost 
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penetration as several feet of soil. Snow cover on roads is, of course, much more dense than 
the above figures would indicate. 

TABLE 45 

Variation of the Average Density and Thermal 
Conductivity of Snow Cover 
(After Crawford 1951-14) 

Month Nov. Dec. Jan. Feb. Mar. Apr. 

Average Density 
of Snow Cover .139 .182 .193 .189 .233 .279 

Thermal 
Conductivity(a) .00029 .00033 .00037 .00035 .00045 .00057 

a)Qai* per cm. per sec. per o.eg. U. 

Influence of Soil characteristics and Soil State on Depth of Freezing 

The thermal properties of soil, that is, heat conductivity and heat capacity, determine 
the relative depth to which freezing occurs. Those properties are determined by the nature of 
the soil and the state of moisture ôontent and density in which it exists. The influence of 
thermal properties on frost action has been mentioned earlier in this review under "Thermal 
Properties of Soils and Pavements" and is also mentioned later under "The Flow of Heat in Soils 
and Its Relation to Frost Action." The paragraphs which follow immediately concern cases where 
investigators have found that soil composition and soil state influence depth of freezing. 
Soil color, although it has an influence on soil temperature, is not a factor in freezing of 
subgrades and is not covered in this review. 

Soil Composition and Texture — Moore 
/1910-1 found differences from 4 to 13 F. 
in air temperatures over bogs compared to 
other land (having different soil composi-
tion). He attributed the difference to 
higher specific heat and poorer conductivity 
of bogs, in 1916 Bouyoucos /1916-3 reported 
in detail soil temperature data taken since 	6C 
his first report 1 1 -1. The reviewer pre- 
pared, from Bouyoucos 1 16- , graphs show- 
ing relative temperatures at various depths 	5 

in gravel, sand, and clay, as well as aver-
age daily differences between maximum and 
minimum temperature. Bouyoucos found that 
the difference in temperatures for similar 
depths for various types of soil is quite 
small. It may be seen from Figure 140 that Si X 
the differences occurred during summer when 
soil temperatures normally show the greatest 
response to fluctuations in air temperature. 	

2C 

HiglandLLi926-1 in reporting soil 
temperatures from his studies of frozen 
water pipes, gave the following general 
relationships between freezing and texture 
of soils: 

.-6Grovel 
z--6" 

------- 
Clay 

6Sand — 

Dec. 	Feb. 	Apr. 	June 	Aug. 	Oct. 	Dec. 

1. Moose Jaw, Sask., found the 	• Figure 140, Average Monthly Temperatures of 
greatest depth of frost occurred 	Sand, Gravel, and Clay at 6-in. Depths. 
in wet clays, the penetration 	 (After Bouyoucos) 
being 50 percent less in sandy 
soils. 
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Lead.ville, Cob., found a smaller depth of penetration in clay soils. 

Syracuse. N. Y., found that clay soils do not.freeze as soon as sand and gravel. 

1. Calgary, Alta., found that frost penetrated in 1916 to a depth of 12 ft. in 
gravel and 8 ft. in loam. 

5. Glens Pails, N. L, found that no freeze-up troubles were encountered in rock 
trenches, the trouble being limited to areas where clay or heavy loam were 
encountered. 

Smith and Wers /1938-6 found that organic matter and texture are important in regulating 
thermal conductivity of soil. They state that "a sandy texture indicates a large ability to 
transfer heat, while a high clay content suggests less ability to transfer heat. High organic 
matter indicates least ability to transfer heat". Beicher /19140-14 points out that fine-grained 
soils having a high void ratio normally resist freezing to a greater extent than coarse soils 
containing less water. He cites records of frost penetration in 29 Indiana cities (Table 146) 
and shows that of 16 cities reporting observations in 1oth types of soil 10 cities reported 
deeper penetration of frost in sandy soil, k reported the same in.sand and clay, and. 2 reported 
deeper penetration in clay soil. 

TA3LE 146 

Frost Penetration Daring Winter of 1935_36* 

Location 
(29 Indiana Cities) 

Bed.ford. 
B1oominton 
Columbus 
Crawford.sville 
Danv ille 
Elkhart 
Evansville 
Fort Wayne 
Galveston 
Gary 
Goshen 
Indianapolis 
Jasonville 
Kendallv ill e 
La Porte 
Ligonier 
Marion 
Michigan City 
Newburgh 
Noblesvil].e 
Osgood 
Richmond. 
Rochester 
Bockport 
Scottsburg 
Terre Haute 
Union City 
Valparaiso 
Washington 

Maximum Frost 
Sandy Soil 

140 
60 
36 
54 

54 
514. 
50 

140 

60 
140 
63 
30 
148 
37 

52 
32 

60 
54 
54 
30 

Penet rat ion 
in inches 
Clay Soil 

36 
11.2 
148 
148 
140 

36 
148 
36 
60 
60 
48 
30 
40 
511. 
511. 
30 

30 

28 
14.5 
50 
30 
24. 

48 
48 
22 

* Reported at 29th Annual Meeting of Indiana Section of American Water Works Association at 
Purdue UnIversity, April 7. 8, and. 9, 1936. 
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Schaible Jlii_l found that coarse soils freeze more rapidly and more deeply than do fine 
soils. In contrast, Belotelkin /1941-4 found that fine textured soils freeze deeper and remain 
frozen longer than do coarse textured soils. 

Soil Moisture Content - According to Crawford /1951-14, the studies by Bouyoucos /1913-1 
and /1916-3 included experiments on soils having different amounts of organic matter. Organic 
matter in a soil alters its color and its water-holding properties. Bouyoucos planned his 
studies to determine the extent to which those characteristics would oppose each other in in-
f].uencin.g soil temperature, because with increase in organic content the soil color darkens 
and the water-holding capacity increases. Tests were run on sand with various amounts of or-
ganic 

r
ganic matter and on peat. The variation of percentage moisture content with seaons and the 
striking effect of organic content on moisture content is shown in Table 47 

TABLE 47 

Moisture Content of Natural Sand Soil with Different 
Amounts of Organic Matter (%) 

(After Crawford 1951-14) 
5-in. depth 

Organic Content 

1.81% 2.01% 3.32% 5.47% 6.95% peat 

April 3 16.96 12.95 21.80 26.90 32.53 256.5 

July 27 2.08 3.69 6.78 12.83 17.42 236.4 

Nov. 4 2.46 5.85 8.63 14.146 21.8 247.8 

Four years of observations showed that soils either white in color and with 1q moisture 
content or black with high moisture content had a lower average temperature during the spring 
and, summer than soils with these properties in medium proportions. From these observations It 
would appear that both surface color and moisture content have considerable influence on soil 
temperature. From the point of view of color, peat should absorb the greatest amount of heat 
and natural soil the least. on the other hand, the natural soil has a low specific heat and 
should therefore change temperature more readily. The 3.3 percent soil (Table 147)  became 
warmest in summer and had the greatest yearly amplitude. This is probably caused by the most 
favorable balance between surface color and specific heat due to moisture content. 

Bouyoucos 1191j31  gives the specific-heat properties of soils shown in Table 148. It is 
seen that peat has the lowest specific heat by volume and yet the highest specific heat by 
weight. It is the specific heat by volume that is important when considering soil temperature 
variation with depth. 

TABLE 1.18 

Soil Specific Gravity Specific Heat 

Equal Weight Equal Volume 

2.664 .1929 .5093 
2.707 .201.1.5 .5535 

Land 

2.762 .2059 .5686 
1.755 .2525 .1.1.397 



157 

Moisture content has great effect on the specific heat of soil in place, since waterhas 
a specific heat approximately five times as great as dry soil. As shown by Table 49, dry peat 
will heat or cool about twice as readily as sand or gravel with equal application of heat. In 
its natural, wet condition it will heat or cool only about one-third as readily. Hence, it is 
seen that moisture content will over-shadow in importance density and specific heat of dry soil. 

TALH 49 

Effect of Moisture on Soil Temperature 
(After Bouyoucos) 

soil 
Weight of 
a Cu. ft. 
(lb.) 

Percent 
Moisture 

Specific heat 
by 

equal weight 

Rise of Temp. 
of dry soils 
by 100 heat 

Units 

Rise of Temp. 
of moist 

soils by 100 
heat Units 

Sand 102.7 16.96 .1915 .011170 C. .005876 C. 

Gravel 109.2 10.45 .2045 .009854 .006520 

Clay 76.35 29.16 .2059 .013990 .005790 

Loam 72.93 40.7 .2154 .014010 .004848 

Peat 36.76 256.5 .2525 .023740 .002127 

Bouyoucos deduced that although sand and gravel have a higher specific heat by volume than 
peat and thus will heat or cool more slowly in the dry condition, when field moisture content is 
considered the sand and gravel will cool or heat three times as rapidly as peat (Table 49). For 
this reason sand and gravel would be expected to warm up more rapidly In the spring and cool more 
rapidly in the fall. This is true in the spring because the air temperature has a daily upward. 
trend and sand and gravel warm up early, but the peat, having the greatest heat capacity, warms 
up slowly and finally reaches the temperature of the sand and gravel. In the fall, the trend of 
air temperature is downward on the average, but the fluctuations are great. On certain days the 
temperature faliB very low and the sand and gravel cool most. Next day the temperature may rise 
considerably and the sand and gravel will heat most. These alternate cold and warm days tend to 
keep the sand and gravel as warm as the other soils. If, however, there is a sudden continual drop 
in air temperature the sand and gravel would cool faster than the other soils, viz., clay, loam, 
and peat.. 

Keen J31-1 points out that dry soil has a low conductivity due to poor contacts between 
grains, and hence temperature falls off rapidly with depth. Moisture improves the grain-to-grain 
contact and the conductivity increases, but specific heat also increases so the actual rise in 
temperature is small. Moreover, the vaporization of water will slow warming, since the latent 
heat of water is about 500 calories per gram. The latent heat may even cool the soil. The 
greatest temperature rise from a given application of heat occurs between the extremes of wet and 
dry soil where the conductivity increases more rapidly than the specific heat. 

Smith /1932-2 attributes variation in temperature lag at depth from year to year to varia-
tion in moisture content. Beloteklin /1941-4  observed that.frost penetrates deeper and remains 
longer in poorly-drained soils than In well-drained soils. Fine-textured soils resemble poorly 
drained soils In their influence on soil freezing; coarse-texturd soils resemble well-drained soils. 

Beicher /1940-14 suggests that fine-gralned soils normally resist freezing to a greater ex-
tent than coarse soils having less water. Beicher classified factors influencing soil temperatures 
Into two groups, those of position and those of condition. He held that moisture content is the 
most important of the "conditional" factors due to its high specific heat. He wrote: 
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Dry soil itself furnishes a better conductor for heat than water, yet water is a better 
thermal conductor than air. In a dry state the soil particles transmit heat or cold through the 
thermal contact between soil grains, the air in the voids acting as an insulator. Although water 
is a poor conductor, when it partially displaces air in the voids it improves the conductivity 
of that phase of the soil mass and the thermal contact between grains, and therefore, the soil 
is in an optimum condition for condu.ctthg heat. Increasing the moisture content further creates 
a volume of water that is in excess of the amount required to obtain maximum thermal conductivity. 
This excess of water then acts as a modifier by requiring more heat to raise the temperature, or 
a greater amount of cold to lower the temperature of the soil." 

Smith /1942-8 agrees that moisture content is an important variable, far more important 
than variation in mechanical composition or particle arrangement. He observed that although 
the influences of moisture content can be sorted out and dealt with in order, they are so inter-. 
dependent that under field conditions the total effect is complex. Leggett and Peckover./1949-28 
suggested the mechanism of water-vapor movement in soil is possibly a main determinant of soil 
temperature variation. 

From the standpoint of thermal conductivity it would appear that depth of frost in a dry 
soil might be less than if the same soil were saturated. This is not the case, for the depth of 
freezing is approximately proportional to -the square root of the thermal conductivity and. in- 

- versely proportional to the square root of the latent heat of water in the soil and the total 
volumetric heat of the soil. A change in water content from 5 to 10 percent will increase the 
sum of the volumetric heat and latent heat by about 100 percent, while the same change in water 
content will increase the thermal conductivity only about 20 percent. Thus the greatest depth of 
freezing will be at the lowest water content and decrease with increase in water content. 

- 

- 

It has been shown previously that capillary moisture in soils flows from regions of warm 
to regions of'cold. Thus, the existence of temperature gradients influences soil moisture con-
tent. Also, it has been shown that water flows from regions of low to regions of higher capill-
ary potential. Thus, the existence of large moisture gradient8 may influence the movement of 
soil temperatures. 

Soil Density - The influence of soil density on depth of frost penetration has been re- 
viewed under the item "Influence of Physical Characteristics and. Properties of Soils on Frost 
Action - 5ff ect of Soil State - Soil Density". 

Influence of Type of Pavement and. Base on Depth of Freezing 

Highland. /1926-1, in his studies of soil temperature with relation to frozen water services, 
found that frost reached greatest depth under roadways and least under grass. That was borne out 
by the comparative studies of the Corps of Engineers /1947-2 and has been mentioned previously. 
The Corps of Engineers studies showed that for practical purposes the depth of freezing is about 
the same for bituminous concrete and for cement concrete. That is based on the premise that the 
underlying materials used in bases and subbase and the soils have similar thermal properties. The 
War Department's report holds that the thermal conductivity of slag and cinders is about one- 

-_ha1f that of other materials (sand., sand-gravel, or crushed rock). Slag or cinders should reduce 
peneition under pavements, so they approach turf more closely in resisting depth of freezing. 

Measurement of Depth of Freezing 

Depth of freezing has, in most instances, been determined from excavations, or from soil 
temperature data, assuming that freezing occurred at the 32 F. level. Two other methods for deter-
mining depth of freezing have come out in recent writings. Cailleux and Thellier L1948- used 
porcelain tubes (80 cm. long by 30 mm. in diameter with 2-mm. walls) closed at the lower end and 
fixed vertically in the soil with the top covered, and barely above the ground surface. They 
placed thin, graduated strips of plastic or wood in the tubes so the zero marks coincided with 
the ground surface. On one side of the strips they fitted a series of open-ended capillary glass 
tubes (20-mm. long by 14-znm, in diameter) containing water. The water in the horizontal tubes 
freezes without breaking the tubes. The limit of freezing is then found by quickly removing the 
strip and taking a reading on the scale.. It is claimed that data so obtained are reliable. 

Colman Ll9146_9  developed a resistance-type soil-moisture meter (described in the U. S. 
Forest Service Manual of Instructions for the use of the Fiberglas Soil Moisture Instrument 
/19)48-9) which he feels has great promise in determining depth of frost penetration. He states 
11946-9: "Electrical soil moisture instruments can be used to detect freezing and melting be- - 
cause of the very great difference in resistivity between the solid and liquid phases of water• I 

He had had, no experience with the meter for that purpose but felt it had promise. 
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DESIGN METHODS FOR PREVENTING DL'PRIMENTAL FROST ACTION 

Paved. Surfaces - Flexible and. Rigid Type 

The subject of design is an important part of this review for it covers that part of the 
literature which has practical vlue towards the solution of problems involving soil freezing, 
heaving, and reduction in load carrying capacity of frost susceptible soils. The subject of 
frost susceptibility has been reviewed directly and in some detail earlier under the subject 
"Factors Influencing Magnitude, Rate and Nature of Frost Action and. Reduction in Load Carrying 
Capacity," and in a less direct manner under "Penetration of Frost. Those data on frost sus-
ceptibility presented mi the literature specifically as criteria for design purposes are re-
stated in part here for purpose of convenience. The reader should bear in mind, that criteria 
for non-frost susceptibility as they pertain to intense differential heaving need not lie identical 
to criteria pertinent to reduction in load carrying capacity during the thawing period. Accordingly 
the reader is asked to distinguish between adequacy of designs based on need. 

The reviewer has attempted to classify design requirements according to the purpose for 
which the design was intended. The writings are not always clear in stating whether the designs 
presented are for general use on certain types of soils or whether they pertain to special mois-
ture and drainage conditions associated with those types of soils which cause severe differential 
heaving. The literature is not always clear on whether the design is intended to alleviate con-
ditions of heaving from the standpoint of heaving alone or from the standpoint of reduction in 
load-carrying capacity, or both. The reader may draw his own conclusions as to the correctness 
of the grouping and not be swayed by the manner in which data are presented, for that grouping 
has been done merely to present the overall picture with some degree of orderliness. The review 
of older literature brings out designs no longer adequate or improved upon in recent years. 
Therefore, the reader is asked to consider the time at which each design was current, so he may 
beter appreciate the progress of design and the manner in which it has kept pace with increase 
in knowledge of frost phenomena. 

Design to Prevent Damaging Detrimental Heaving - The nature of any design used will depend on 
(1) the degree of the condition, (2) the aerial extent of the condition, and (3) the relative 
cost of correcting the condition by various methods. Perhaps the most Important single item 
which influences the economics of design to prevent damaging heaving is the availability of suit-
able natural or processed non-frost susceptible materials at reasonable cost. The literature 
recognizes the economics of designs, yet gives few data on costs. 

Prevention of damaging differential heaving may in some Instances be accomplished by change 
in road location. However, in most instances the solution is not that simple. It may involve 
change in grade elevation, subsurface drainage, excavation, and replacement (sometimes accompanied 
by drainage) or it may involve the use of Insulation, or other design methods. 

Change in Grade Elevation - Lang /1935-3 shows a condition (see Figure 141) where Minnesota 
topsoils are of a relatively stable nature and not susceptible to severe heaves and boils. Figure 
iLl.], shows that heaves and boils will occur if the grade line is placed in the position indicated 

by the broken line, while no severe differential 

	

Ground line.,Alternate Grade Lines 	 heaving need be anticipated if the grade line is 
WeatheredLoamsand 	 /1 	raised to the position indicated by the upper 
Clay oum7 

Stratified and Pocketed with Suit L0OmA-4 	 raising the road bed, this should be allowed for 
Silt5, Sandson Clays 

PROFILE VIEW 	 in preparing the plans." Stokotad j,]2,3-1O 2 	 T 	 stated that In Michigan the elimination of bad 
Probable Area of Frost Boils and Heones 
If Grade Is Laid in Weathered Material 	 drainage conditions is done by proper elevation 

of the grade line wherever possible, but occasion-
ally perched water tables makes drainage neces- 

PLAN VIEW 	 sary • Go cit z f1914&-15, after reviewing the 
Figure 141. Grade-line adjusted where soil seriousness of spring breakup conditions in St. 
survey preceding grading reveals inferior 	Clair Co., Michigan, holds that it will be nec- 

subsoils. (After Lang 11935-3) 	essary to dig new ditches, build up the grade to 
at least li to 2 ft. above the surrounding 

country, and to place a granular fill 12 to 18 in. thick so the "wearing surface would beat 
least 5 ft. above ditch location." Livingston 11951- brought out that, in high mountain valleys 
in Colorado where the ground-water table is near the ground surface, design grade lines are. held 
4 to 5 ft. above side-drainage ditches or the natural ground line to prevent intensive frost 
damage. 
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Subsurface Drainage - Wilson /1918-3 found the worst heaving in Duluth occurred on sub-
bases generally of the type recommended by Harrison /1918-2. As a substitute, Wilson suggested 
adequate provision for draining the subgrade by the use of edge tile drains suggested by the 
design in Figure 1142. Wilson believed the drains should be deep enough to lower the elevation 
of the zone of saturation below the subgrade. 
Burton /1931-5 made the following comments re- 
grading the effectiveness of drainage in pre- 	 Impervious 	 Slope Oil. 	Shoulder 

venting heaving: 
IF 

Solurotion It has been a matter of opinion that 	 Pervous-  --Tile Droin 

frost heaving could not be corrected by tile 	- 5- -----4------------Variobi--- ------- 

drainage because the phenomenon is purely cap- 
illary by nature, and to a certain extent this 	Figure 1142. Pavement Section to Bliminate 
is true. Many serious heaves, however, have 	 Frost Action. (After Wilson) 
occurred in Michigan in fine to fairly coarse 
sands to which water is fed under hydrostatic head by springs or in which water is held up in the 
frost area by an impervious layer of soil below. Such heaves can be prevented by a proper and 
intelligent design of tile drainage. On the other hand, heaves which occur in silts and. in some 
clays are the result of a capillary phenomenon and cannot be corrected by tile drainage." 

5S__ 	 - 	I 
I ••--•-- --_ 	II 
—J 	 -. - ------ 	 i_J 

'55 
'5____ 

An American Road. Builders 
Association committee on subgrades 
and pavement base j130-16 illu-
strated the relative effectiveness 
of side and center trench subsurface 
drainage. (Figure 11+3). The draw-
ing shows sections of side and center 
trench types or drains. The dashed 
line indicates approximate depth of 
frost penetration. As the thaw be-
gins in the center and moves down-
ward, it can be seen that no water 
can reach the side drains until thaw-
ing is complete. The center trench 
is said to keep the roadway dry prior 
to freezing and in a condition to 
receive thaw water as rapidly as it 
forms. The committee recommended 
this type of drainage in "a capillary 
frost-heaving soil." 

. - -- 	 A Michigan soil exhibit illu- 
Figure.  11+3. Center Trench Installation 	 strated three commonly found field 

	

- 	- 	 conditions associated with heaving 
and gave proper and improper methods -for correcting the conditions by subsurface drainage. The 
field conditions and suggested corrective measures are Indicated in Figure 1144. 

Aaron's J14-3 report of the cooperative studies of the Bureau of PuMic Roads and the 
State highway departments of Minnesota, Wisconsin, and Michigan illustrated a number of designs 
including subsurface drainage which had been used up to 1934. They included (1) drainage, (2) 
excavation and replacement, and (3) a combination of 1 and 2. The subgrade designs used are 
shown in Figure 145. The effectiveness of the various preventive measures is summarized In 
Table .50. The table shows that drainage of the types used was- of little benefit in preventing 
heaving. It should be stated, however, that in most cases the drains were placed at arbitrary 
depths of 3 to 6 ft. "without regard to the type of soil or the arrangement of the soil layers. 
Type M, when installed in water bearing sandy soils in such a manner as to conform to the soil 
profile, served to intercept and carry away enough of the water to prevent detrimental heave. 
This same type, when used in stratified silts, fine sands, and clays was of no value whatever." 
Failure to obtain the desired stability is definitely attributable in many instances to the 
attempt to apply arbitrary standards of spacing and depth in placing the drains without regard 
to prevailing conditions". 
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The problem of drainage in bedrock was discussed by Paradis /19314-Li.. He suggested, 
"Probably the most practical method of drainage in those cases is to crack the rock by blasting 
below the frost level in the ditches." 

Water Inlet 	
CASE — I 

:. 	AJIIJIN.1 	SILT POCKET 	. ... 
I'.::.AIIWIjJIN. 	SURROUNDED 	•.: -. 
I.(1IIIIILIIIIW-UJ 	BYSAND 

	

___ 	
111111 	TI Ill 

A. 	 B. 
Improper Grade Design- 	 . 	Proper Grade Design- 
Artificial Drainage in 	 . 	Silt Excavated to Depth 
Silt Not Capable at Re- 	 of Frost Penetration- 
moving Water -Respon- 	 Sand Backfill Tile 
sible for Frost Heaving 	

CASE-2 	Drained. 

SAND POCKET 
SURROUNDED  

Improper Drainage In- 	 Proper Design of Drain- 
stallation.Pocket of 	 age. Porous Backfill 
Sand Must Be Drained 	 Connecting Sand Pock- 
to Prevent Frost Heav- 	 et to Drain. 
ing. 

CASE-3 	=i 

ALTERNATE LAYERS  
.•' 	OF POROUS SAND 

IMPERVIOUS CLAY 	. .., 

A. 	 B. 
Improper Drain Inslal- 	 Proper Design of Drain- 
lation. Water Held in 	 age. Porous Backfillfor 
Sand by Impervious 	 Drain Extending Upward 
Clay Layer-Must Be 	 Thru Cloy Layer. 
Removed. 

Figure 144. Typical Field Conditions and 
Grade Design Measures for Elimination of 

Frost Heaving 

Beekow /1935-1 and. Osterberg /19140-5 found 
that the relationship between the capillarity 
of the soil and the depth to groundwater is 
significant in. drainage of soils to prevent 
heaving. (This item has been d.isctssed in part 
previously). Beskow /1935-1 found that the 
rate of flow was inversely proportional to the 
distance to free water and varied greatly for 
different grain sizes. If the depth to free 
groundwater is greater than the capillarity of 
the soil, there can be no flow to the freezing 
layers and no heaving will occur (other than 
any minor heaving which might occur due to con-
tained. water). For coarse soils of low capill-
arity, heaving can be prevented by lowering the 
groundwater below the limit of capillary.rise. 
ven for finer soils Beskow held that the ground-

water need be lowered only a few feet to decrease 
the heave materially. His earlier work showed 
that the depth for drainage to be effective in 
preventing frost heave in roads is about 1.8 meters 
(6 ft.) under the road surface. This means 
when the subgrade begins to freeze the water 
is about 5 ft. and the load is about 50 grams 
per sq. cm. (0.7 psi.). He points out, however, 
that only in special cases does such drainage 
make the soil completely nan-frost-heaving. 
Both his earlier and later works, /1938-11  and 
/1914.7-12, point out that for preventing frost 
boils, the effective depth of drainage is at 
least 1.7 meters for sIlts (5.6 ft.) and 1.5 
meters (5 ft.) for clay. He found that roads 
on side slopes react favorably to drainage and 
often can be drained with one deep drain while 
on flat ground two. deep drains as indicated in 
Figure 1146 may be necessary. 

TABLE 50 

Results. of Frost Heave Preventive Measures 
T'pe of I 	Type of surfacing 	Soil profile 2 

treatment' Results 	 I • 	 Remarks 

Heaved on sides during winter; surface softens during County roads; center trench 3 by 3 feet. 
thaw. Carries moderate amount of traffic satisfactorily. 

Heaved excessively on sides; no serious break.up during Center trench 3 by 3 feet. 
thaw. 

Heaved sufficiently to cause considerable cracking ------ - -- Center.trench 6 by 2 feet. 
Center trench 8 by 3.5 feet. Heaved a small amount on sides; no break-up.............

Heaved on sides; slight softening and rutting during Center trench 3 feet deep, 	6 feet at top, 4 feet 
thaw. 	Carries traffic satisfactorily. . at bottom. 

Heaved on sides removing crown; considerable cracking Do. 
No heaving observed; smooth and firm; no break-up Trench 24 by 1 foot. 
Heaved on sides in soil profiles D and J; surface broken Treatment is 12 feet wide on soil 	profiles 

but no rutting. 	Heaved badly in soil profile I; no D and J and 26 feet wide on soil profile 1, 
rutting V-type trench. 

Heave negligible, very small amount of.cracking -------- Slightly wider than pavement. 
No detrimental heaving; very small amount of cracking Do. 

Do. 
Heave negligible; small amount of cracking.............. 
Uneven and rough; small amount of rutting; carries Do. 

traffic satisfactorily. 
Slight amount of heaving; fairly uniform; small amount Do. 

of cracking. 
Heaved on sides of trenches leaving a narrow depression Rough riding and dangerous at times. 

along the center line and over cross trenches; reduced 

. 

surface break.up. 
Reduced break-up in most cases so that traffic could Very unsatisfactory in this soil condition. 

Heave negligible; very small amount of cracking.......... 

move across, although difficult; some sections impass- 
able. 

.Fro.m ditch to ditch. 

Considerable cracking typical of frost heave............. 
Impassable during thaw --------------------------------- This method apparently of no value in this 

soil. 
Heave negligible; small amount of cracking -------------- Depth of drains and location of cross drains 

varied to conform with soil profile. 
Soft and rutted in spots during thaw; carries traffic with 

difficulty. 

.. 

Impassable during thaw --------------------------------- 

.. 

No benefit doris-ed from this method. 
Heaved breaking surfacing; carried traffic without break- 

ing through. 
.. 

One section heaved to such an extent that the Heaved and cracked considerably......................... 
pavement had to be replaced. 

1 Refers to designs in Figure 145 	2 Refers to soil profiles in Figure 93 
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Stolcstad. /1938-10 found that where perched water tables were encountered in cut sections 
within 5 ft. of the road surface the common practice in Michigan was to place intercepting tile-
edge drains 5 ft. deep'and 2 to k ft. from the edge of the road metal on the side from which the 
water was coming. He found it important to place at least a 12-1n, outfall at the outlet to a-
void excessive maintenance. Roadside ditches are inadequate for drainage except when 6 ft. or 
more deep. 
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Figure 1115,  Subgrade Designs Used to Prevent Frost Heave 
(After Bxreau of Public Roads) 

----------------- 

Figure 1116. 	fect of deep drainage on ground 
water level. Broken line: ground water level 
before drainage. A: Side slope. Only one 
drain, along the upper road side. B: No side 
slope. Drain causes a depression in the ground 
water surface, the narrower the depression, the 
denser the soil. Thus as a rule two drains are 
necessary. (After Beskow) 

BASE COURSE 

EO FILTER MATERIAL 

WATER TABLE AFTER DRAINAGE 

6 	 6*' DRAINPIP 

CROSS SECTION OF SUBGRADE DRAIN 

Figure 1118 
Typical Subgrade Drainage Details 

(After Corps of igineers) 
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L. Casagrande /1938-2 observed two experimental road sections in Germany to determine value 
of subsurface drains. Borings showed that on an alluvial soil the drains were effective only to 
a distance of 20 in. on either side of the drains and heaving was noticeable on drained as well 
as undrained. sections. Later, 11938-5, he added, "Lowering the groundwater by providing ditches 
or seepages is possible only with relatively permeable soils. The provision of seepage ditches 
and underground drainage is successful on slopes with water conducting courses located adjacent 
to the surface." 

Ptecupitation 	•Tronsvnrne pipe placed for 
both drainopeand ventilation 

Rood metal. 	I 	of tmrgitudinal pipe 

not more than l5 below 
rood surface 

Figure 111.7 
Installation of perforated, pipe to 
relieve upper thawed zone of exces-
sive free water. (After Williams) 

Figure 111.9 
Drainage of Wet Sand over Clay - 

Berrien Soils 
(After Stokstad) 

Schmid /19142-14  found that deep drainage 
extending below the frost penetration will not 
check frost heaving but will control the thickness 
of ice segregated. Williams /19145-5, after pre-
senting his theory on water being trapped in a 
trough under the pavement above the 	part 1- 
tion", suggests that to be effective the drain 
must be placed where it will carry off the ex-
cess water after it accumulates. He suggests 
that the flow line should be not lower than the 
depth of the thawed subgrade above the frost 
partition, i.e., not more than 15 in. below the 
road surface. (Fig. 124.7). 

The Michigan Field Manual of Soils Engineer-
provides soil engineering data and 

recommendations for each of the agronomic soil 
series in Michigan. Included in the data are es-
timated lineal feet (per 1000 ft. of cut below 
natural ground elevation) of frost heave excava-
tion and Open joint sewer pipe to take care of 
drainage where needed. 

The Corps of Engineers Manual /19146-19 
describes two types of subsurface drainage: 
Subgrade drainage and interóepting drainage. 

—Cougucpo,i 

1A. 

:--.-- 

Figure 150. Subsurface Drainage Installation. Pictorial View 
of section taken at centerline showing left half of roadway. 

(After Lund) 
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Subgrade Drainage - is required at locations where seasonal fluctuations of groundwater may 
be expected to rise in the subgrade beneath a paved area to less than one foot below the bottom 
of the base course. It is provided primarily to drain subsurface water in areas of high ground-
water. The drains may consist of open ditches or of subsurface drain pipes. The type, location, 
depth, and spacing of drains depend upon the soil characteristics and depth to groundwater. A 
cross section of a subgrade drain is shown in Figure 148. 

Stokstad /1951741 states that where adequate height of grade above the water table cannot 
be obtained, subsurface drainage (although a poor substitute for a high grade) is necessary. 
Figure 149 illustrates the use of subsurface drains to solve a typical drainage problem presented 
by a sand-over-clay type of profile. 

Stokstad stresses the difficulty of maintaining a free outlet for drains and illustrates 
how tile-drain outlets without proper outfall soon become blocked. 

Lund 11951-42 described three conditions in Nebraska where heaves occur in areas where a 
pervious material is underlain by a less pervious material. Those areas are described under 
"Effect of Natural Formations - The Soil Profile." Subsurface drains can be used effectively in 
those areas provided: (1) the water bearing stratum is drainable, and (2) the topography provides 
sufficient slope. He mentions that "in practice, subdrains are now being installed only in up-
land or slope situations where free water is observed in the bottom of soil survey borings." An 
example of a design of such an installation is shown in Figure 150. It may be seen that the de-
sign 

e
sign includes an extra thickness of permeable granular base. 

Otis /l951- reports that 2-ft. gravel bases are used in ledge-rock excavations. Gravel 
base courses contain a maximum of 5 percent passing the No. 200 sieve to permit drainage. Under-
drains are Installed in ledge areas if there is Indication that water will enter the roadway. 

- 

Keene L1251-43 reports that on new construction in Connecticut an underd.rain (occasionally 
two) is placed in wet cuts to drain the subbase, intercept sidehill seepage, lower the water table, 
or do all three. The underdrain is located under the gutter or the middle of the shoulder. The 
depth of the underdrain depends on frost penetration, type of soil, and thickness of pavement and 
subbase; usually it is 5 ft. below top of shoulder in earth cuts. If the subbase extends to full 
depth of frost, the underdrain can be shallower, serving only to drain the subbase, but this will 
increase the cost of construction materially. In rock cuts the underdrain is 4 ft. below top of 
shoulder, serving only to drain the subbase. Six-in, pipe is used—usually perforated, asphalt-
coated metal pipe--except that larger pipe is used If it is to carry surface water also. Per-
forations are usually or. the top side of pipe, but If the water table is about level they are on 
the bottom side; the recently-approved design with perforations below midiIle of pipe is now 
being used. Backfill is i-in, stone, except that where the soil is fine-grained, with no coarse 
fraction, washed concrete sand,  is used. The choice is usually determined by the epiping ratio" 
of backfill to soil. 

Intercepting Drainage - is required where seeping water in a pervious stratum will raise 
the ground water locally to a depth of less than 1-ft. below the bottom of the base course. This 
flowing water may occur in pervious stratified soil layers, in exposed rock cuts, etc. The ob-
ject is to Intercept flow and collect water before it reaches the paved area. The type and depth 
of drain depend upon the soil and ground water conditions and may be open ditches or subsurface 
drain pipe. Sketches of typical installations are shown in Figure 151. 

Riis J]9)48-25 held that drains are useful 
only in preventing capillary absorption from a 
high ground water level and up into the subgrade 
Immediately beneath the paving. He believed that 
while drains only seldom counteract frost heave, 
"it is possible that by drawing off the excess 
water formed by the melting of the ice lenses, 
they may reduce thaw damage." He suggested that 
drains should never be placed under the riding 
surface as they create nonuniform drainage and 
nonuniform heaving, 
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Figure 151 
Typical Installation of Intercepting 
DraIns (After Corps of Engineers) 
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Joint drains under Portland cement concrete pavements — Minnesota reported to the 
Highway Research Board Committee on Warping of Concrete Pavements /1945-8 data on the effective-
ness of tile drains placed under joints in concrete pavements. A test section was built on a 
highway east of Brandon on a clay till subgrade similar to the soil on an adjoining project, on 
which heaving at joints during winter had occurred. Seepage drains were constructed at several 
transverse joint locations in an effort to intercept water entering through leakr joints and 
carry it to side ditches in order to prevent an increase in soil moisture content of the subgrade 
adjacent to joints. After fine grading was completed trenches were dug 1-ft. wide and 2-ft. 
deep at the center line, *-ft. deep at pavement edges and sloped down to the bottom of the side 
ditches, which were 3k-ft.  deep. Coarse aggregate backfill was used. 

Permanent "frost proof" bench marks were installed. The studies included periodic obser-
vations of elevations and subgrade moisture content. 

The conclusions reached from the. study were: 

"Seepage drains as constructed in this case were not successful in 
keeping moisture out of the subgrade near the joints. 

"Warping was produced as a iesult of high moisture condition in the 
subgrade soil near the joints combined with subsequent frost action. 

"Indications are that warping may be produced by a combination of frost 
heaving at joints and Blight shrinkage of soils at mid-portions of slab." 

Of interest in the experiment was the subsequent introduction of water (through holes 
drilled in the pavement) to mid-portions of the slab and the uplift of that portion, materially 
lessening the warping effect. 

Backfill for subsurface drains — It would be of interest to review all available 
writings on backfill for drains and also to summarize,data on backfill material for drains from 
specifications of state highway departments in the frost area. Space does not prinit that to be 
done here. Therefore only one fairly recent publication is reviewed here. The Corps of Engineers 
Manual /19146-19  suggests the following theoretical design of filter material for backfilling 
subsurface drains: 

U.S. Standard Sieve Openings-In. U.S Standard Sieve Numbers 
I 4 4 4 	3 	6 	10 	20 3040 50 

U.S. Bureau of Sails Classification 

Figure 152 
Design Example for Filter Materials 

(After Corps of Engineers) 
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To prevent clogging the pipe with small particles entering the openings, 
the following ratio of grain size to opening is suggested: 

85 percent size of filter material) 
Size of opening in pipe 	- 2 

To prevent movement of particles in the protected soil the following 
ratio of size of filter material to size of protected soil is suggested: 

15 percent size of filter material 
85 percent size of protected soil - 

When the protected soil is plastic and without sand or silt 
partings, the 15 percent size of the filter material need not be 
less than one mm." 

- 

To permit free water to reach the pipe, the filter material needs to 
be several times more pervious than the protected soil. The following 
ratio of size of filter material to size of protected soil is suggested: 

15 percent size of filter material 
15 percent size of protected soil - 

Ordinarily for most fine, sandy, and silty soils a concrete éand meets the design require-
ments. If the or.crete sand contains a su.fficient amount of fine gravel sizes (for pipes with 
small openings) it will also prevent infiltration into the pipe. An example of design meeting 
the above criteria is shown in Figure 152. 

ccavation and Replacement - jxcavation of wet frost-susceptible soils and replacement 
with non-frost-susceptible granular materials is often the simplest, surest and most economical 
method of preventing the occurrence of detrimental differential heaving. The literature mentions 
ma- Instances where the method has been used effectively and economically. The writings re-
viewed here do not necessarIly refer to'thie method as a design item. In fact most of the ref er-
ences reviewed discuss the subject in broad, general terms, showing typical profiles where it 
has been used, depth and width of excavation, etc. There is some difficulty in.distinguishing 
from the literature whether the work described is excavation and replacement for a specific 
location or whether it is more appropriately an item of base-course construótion. Nevertheless, 
an effort has been made to distinguish between the two and to review here the work of excavation 
and replacement as a design Item. 

Burton 119311.1. stated that Michigan has corrected serious heaves "simply by removing the 
undesirable textures and backfilling with a sandy loam obtained from the cut in question, above 
the level of the heave material." He illustrated typical profiles on which the offending soils 
were excavated. Three alternate designs for excavation and backfilling, two of which are com-
bined with subsurface drainage, are shown in Figure 153. Figure 153 also gives data on the 
relative costs of the three types at that time (1931). Burton cautioned that the thickness of 
the ballasting required depends upon the conditions involved. 

Aaron's /19324-3 report of the cooperative studies between Michigan, Minnesota, and Wis-
consin and. the Bureau of Public Roads showed typical sections of seven subgrade designs involv-
ing excavation and replacement. Those have been shown previously under "Subsurface Drainage". 
Referring to the cooperative studies, Aaron stated that "cept under the extreme climatic con-
dit Ions of the northern parts of Michigan and Wisconsin, heaving is negligible in treatments 
wherA the excavation and backfill is not less than 2 ft. Noticeable but uniform heave has been 
measured in treatments 1-ft. deep." He cautioned that such treatments should not end abruptly 
but should be tapered out and that 50-11t. tapers had been the most satisfactory. Lang /1935-3 
illustrated a condition in which the grade line passed through inferior topsoils and how those 
topsoile were excavated and backfilled with selected materials. Morton 11938-10 reported the 
following measures were being taken in New Hampshire to prevent excessive heaving: 

Construction of gravel bases 4 ft. deep through silt or clay deposit or the 
use of a gravel base course 18 in. deep through these areas where uniform frost 
heave is to be permitted. 

The construction of gravel bases 12 to 24 in. deep through graded soils. 
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The construction of 6- to 12-in, gravel bases through cohesionless soils. 

Fill sections less than 4 ft. above the original ground are treated as cut. 
sections. On fill sections over 4 ft., base:courses of gravel 6 to 12 in. 
deep are constructed. 

Stokatad. /1938-10 brought out the value of mixing non-uniform soils to obtain uniform 
heaving. He stated that simple excavation was the st common method of treating frost heaving 
materials in Michigan. He stated the 1938 practice of "backf 1111mg the excavation with material 
similar to the adjacent soils and then placing a 12-in, sand subbase over the entire area of 
clayey soils." That is done to a width 4 ft. greater than the proposed road metal and to depths 
of 2 to 4 ft.,, the 4-ft. depth being used only in very bad areas in northern Michigan. A later 
report 11951-41 again stresses the manner in which mixing of soils has been used to prevent detri-
mental heaving. 

IS' 
	

18' 

CIar 	- 	. - 	. 	 . 	- CIO 
= 	Clay 	 Gradel.75% 	-= .- 

Excavation to Ditch Lines 
Cost Per Station 

30°Cenleriine Excavation 3188 
24°  Centerline Excavation $131 
IS" Centerline Excavation 3 96 

Cloy  

Excavation 25 Width 3Depth Tile Edge Drains 

Cost Per Station 
30°  Centerline Excavation $135 
24'Centerline Excavation $124 
18°  Centerline Excavation $114 

I3'- 

Excavation 25 Average Widtt 
Tile Edge Drains Bottom of Excavation 

Cost Per Station 
30' Centerline Excavation $121 
24'Centerlino Excavation $104 
18°  Centerline Excavation $ 88 

Figure 153 
Alternate Methods of Subgrade Design 

(After Burton) 

L. Casagrande /1938-10 stated that in Germany the most common treatment was the use of 
pure sand, gravel, or cinders under the pavement. Depth of 15 to 20 in. was usually sufficient. 
When thinner layers are used he suggested they be protected with a filter layer to prevent pene-
tration of fine materials. Skelton /19140-12 concluded from his studies in New Hampshire that 
the granular replacement should extend to the full depth of the frost zone for deep deposits of 
frost dangerous soil, and that a sandbedd.1.ng course will alleviate most of the mixing of the 
base course and the underlying finer grained. soil. Hansen /1943-12 stated that it was the es-
tablished practice to excavate to depths of from 2 to 5 ft. in Minnesota and to backfill with 
granular material. He gave the following specifications for sand-gravel fill. 

Percent Passing 	 Sieve 

	

100 	 . 	3m. 

	

over 80 	- 	 2 in. 

	

0-60 	 . 	 No. 140 

	

0-20 	 No. 270 
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Shannon /1944-1  quotes from the Corps of Engineers Manual as follows: "If the subgrade 
consists of both frost heaving and non-frost heaving soils, highway experience has indicated that 
all the frost heaving soil should be removed to the full depth of average frost penetration. The 
area should be backfilled with compacted select material to provide uniformity." A later Corps 
of Engineers Manual, L19146-5, held that "conditions conducive to irregular heaving occur at loca-
tions where subgrades vary from clean sands to silty soils with ground water close to the surface" 
and suggested. that "where conditions are conducive to irregular heaving, freezing of the subgrade 
should be prevented; this is especially true for soils of the ML and SF groups, /1945-10, for 
which experience indicates that excessive differential heaving results if full thickness is not 
employed." 

The Michigan Field. Manual of Soils Engineering /19146-16 provides basic information on a-
mount of excavation of deposits of highly capillary soils and fine sands. The amounts designated 
are based on many years' experience and indicate the lineal feet of frost heave excavation for 
each 1000 ft. of cut, below natural ground elevation, through any particular soil series. The 
Manual also provides for additional excavation for those soils which require excavation in the 
transition from cut to fill. 

McLeod /1947-22 in his report on airport evaluation in Canada states that "the Department 
of Transport ... endeavors during construction to remove pockets of silt or ftne sand occurring 
In the subgrade, where they are likely to develop frost heaving or frost boils." 

Stoketad's most recent report, L1951-41, describes current requirements concerning ex- 
cavation of materials capable of destructive heaving of pavements. The bottom width of the 
excavation is 4 ft. wider than the pavement. The depth of excavation ranges from 2- to 3 ft. 
In the grey brown Podzolic soils to 3 to 4 ft. in the Podzo]. soils. These depths indicate aver- 
age frost penetration. Damage resulting from frost penetration below the depth of excavation 
has been found to be negligible. Figure 154 
shows the Michigan standard section for frost 
heave excavation. Frost heave excavations are 
backfilled with soil materials similar to the 
material surrounding the frost heave pocket. 
Rock cuts are undercut 1-ft. from ditch bottom 
to ditch bottom, crowned so as to drain to the 	 •1 

sides, and then backfilled with granular mat- 
erial. 	 - - 

	- 
Puller /1951-144 recommends that when a 	 / 

cut is made through an impervious, moisture-
retaining soil it should be under cut to a 
depth of at least 40 to 60 percent of the depth 
of normal frost penetration and backfilled with 
a layer of properly drained medium sand. 	- 
cavation in rock cuts is seldom uniform and may 
form a rough, non-uniform surface which holds 	 Figure 154 
water and is a source of heaving. Puller des- Section Showing Frost Heave Ezcavat ion 
eribes the use of a fine-grain bituminous 	 (After Stokstad) 
mix for backfilling rock excavation areas. 
The backfill is brought up in well-compacted lifts to form a smooth surface which will drain. 
He then suggests placing a minimum thiciess of 12 in. of run-of-bank gravel between the pave-
ment and the backfill. Puller also reported that heaving of boulders occurred under pavements 
In New York State. In the area affeàted., the subgrade is undercut to a depth of 4 ft. below 
grade to remove boulders, then backfilled and recompacted. 

Norwegian and. Swedish engineers (Beskow /1947-12) have long practiced excavation and back-
fill to prevent excessive heave. The backfill may consist of sand or sandy gravel to depths of 
24 In. or more, or may includ.e materials having insulating value. The use of insulating layers 
is reviewed later. Skaven-Haug /1951-45 reported that. uneven swelling of ground due to frost 
is one of the main problems of the Norwegian railroads, which employ three corrective methods, 
drainage, lifting of rails (shimming), and soil replacement. Inasmuch as the soils are re-
placed, with materials having an insulating value, these methods are described later. 

Lund /1951-42 reports that Nebraska removes the depth of offending subgrade material and 
replaces it with soil of better quality, or base course material. This method is used in those 
cases where it is determined that a relatively thin stratum of unsatisfactory soil occurs innne- 
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diately below the base course and that its removal would solve the problem. The most frequently 
encountered situations of this type are found on the older roads in the sand-hill area, in cases 
where the upper 6-in, or so of the original subgrade had been constructedof clay or binder soil 
for the purpose of providing temporary wearing surfaces. To repair such failures, the clay layer 
is removed and wasted and fine sand is backfilled in this space and the bituminous pavement re-
placed. 

The method of undercutting and wasting poor subgrade material is also employed in certain 
instances where deep strata of poor subgrade material cause failures for short ditances. Cre-
taceous shales of the Pierre, Niobrara,Car].yle, Granerous, and Dakota formations are sometimes 
encountered in excavations of the eastern half of the state. Usually Pleistocene dèposits'overlie 
those of Cretaceous age. 

If these projects were graded today, the shales would be undercut and replaced with granu-
lar materials of the younger formations. But this was not done on the older projects, and as a 
result, the maintenance forces sometimes find it necessary to perform this operatiOn to avoid 
being confronted with repeated failures in the same locations after each spring thaw. 

Des1n to Prevent Dazage Due to Reduction in Load Carrying Capacity - It has been found that 
where freezing of wet, fine- rain soil occurs, there is usually associated with frost melting 
a reduction in the load-carrying capacity of the soils. It would be unwise to attribute all 
spring-season reduction in load-carrying capacity, even in frost areas, to freezing. Other 
factors of drainage, precipitation, and conditions of the surface exert their influences on the 
subgrade moisture content, yet they also aid in setting the stage so detrimental frost action can 
occur if climatic conditions become favorable. In any instance, subgrade-moisture content has 
a habit of reaching its yearly maximum during the cold season and carries that high moisture con-
tent into the period of thawing. 

The designer who designs a road for year-round use needs to know what range in load-carry-
ing capacity he might expect in different soils and base materials in different seasons of a 
given year, or during a period of several years, and how that range is influenced by frost action. 
There are several aids to designing for a minimum reduction in bearing capacity during the frost-
melting period. Adequate drainage, while usually considered a means of preventing exces8ive 
heave, may also prevent excessive reduction in bearing capacity. The most universally-used method 
is the construction of base courses of material least susceptible to detrimental frost action of 
adeauate.thickness and proper cross-section. Drainage of bases may also be benefictal. Capi-
ilary cut-off courses may aid in holding down the water content during freezing. Insulation 
courses may lessen the depth of penetration of frost, and admixtures may be used to prevent 
freezing. 

Granular Bases and Subbases - If a granular base or subbase is used to lessen reduction 
in bearing capacity it must be non-frost susceptible. Much has already been said in preceding 
paragraphs to show the relationship between frost action and the various soil characteristics 
and soil properties as a means of distinguishing frost-susceptible from non-frost-susceptible 
materials. That will not be reviewed here. Only those limits stated dirctly in design criteria 
and those inferred from design data are given here. They include data on characteristics 
of soils (including granular materials) and on climate (depth of freezing or intensity and dura-
tion of freezing temperatures). 

Texture of bases and subbases - The Michigan Field Manual of Soils Engineering /19146-19 
states that granular subbases.have two prtnipal functions: (1) to prevent concentration of 
water under the travelled roadway, and (2) to distribute wheel loads. It states that 'the best 
material is coarse sand or sand-gravel mixture having less than 7 percent passing the 200 mesh 
sieveti. 

The Civil Aeronautics Administration Standard Specifications /191+8-14.2 shows the following 
textural grading and plasticity requirements for bases and subbases: 
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Percent Passing Percent Passing 
No. 140 Sieve No. 200 Sieve L.L. Lb P.I. J 

10-30 5-15. a 30 max. 6 max. 
10-25 3-I6 	b 25 max. 6 max. 
15-35 0-15 35 max. 10 max. 

0-15 25 max. 8 max. 

35-70 8-25iI 25 max. 4 max. 

Type of 
Aggregate 

Aggregate 
Crushed Aggr. 
Caliche 
Shell 
Sand Clay, Fine 
Aggregate Type 

/a The amount of the fraction passing the No. 200 sieve shall not exceed one-half of the 
fraction passing the No. 40 sieve. 

A Values based on testing in accordance with A.A.S.FI0. Methods T-69, T-90, and T-91 

Subbas es 

Type A Subbase (10-in, or greater frost penetration) 

Sieve designation 	 Percent passing by weight 

3 inch 
	

100 
No. 140 
	

Not more than 70 

The material passing the No. 10 mesh sieve shall meet the following requirements: 

No. 10 	 . 	100 
No. 140 	 25-70 
No. 200 	 . 	 0-15 

Liquid limit 25 maximum plasticity index 6 maximum. If more than 45 percent of the 
entire sample is retained on the No. 10 mesh sieve, the amount of material passing 
the No. 200 mesh sieve may be increased to 25 percent if the liquid limit and the 
plasticity index are not increased. 

Type B Subbase (less than 10-Inch frost penetration) 

Sieve designation 	. . 	 . 	Percent passing by weight 

3inch 	 100 
No. 140 	 Not more than 70 

The material passing the No. 10 mesh sieve shall meet the following requirements: 

No. 10 	 . 	. 100 
No. 140 	 25-70 
No. 200 	 . 	. 	. 	0-35 

Liquid limit 35 mazimuznplasticity index 9 maximum. If more than 45 percent of the 
entire sample is retained on the No. 10 mesh sieve, the amount of material passing 
the No. 200 mesh sieve may be increased to 45  percent if liquid limit and plasticity 
index are not increased. 

The Corps ofEngineer Mamal /1951-51 holds that the potential intensity of ice segregation 
in a soil is dependent in a large degree on its void sizes and expresses frost susceptibility 
in terms of grain size as follows: 

Inorganic soils containing three percent or more of grains finer than 0.02 mm. in diameter 
by weight are generally frost-susceptible. Although uniform sandy soils may have as high as 
10 percent of grains finer than 0.02 mm. by weight without being froet-susceptThle, their ten-
dency to occur interbedded with other soils makes it generally impractical to consider them 
separat ely. 
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The Manual classifies frost susceptible soilè into four groups, in the order of increasing 
susceptibility. (The textural descriptive names are defined in accordance with the Airfield Classi-
fication /1945-i0.) 

Frost-susceptible soils have been classified into the following four groups, listed in order 
of increasing susceptibility. The soils in Group F4 are of especially high frost susceptibility. 
Soil names are as defined in the Corps of Engineers Uniform Soil Classification. 

Group 	 Description 

F]. 	 Gravelly soils containing between 3 and. 20 percent finer than 
0.02 mm. by weight. 

P2 	 Sands containing between 3 and 15 percent finer than 0.02 mm. 
by weight. 

F3 	 (a) Gravelly soils containing more than 20 percent finer than 
0.02 mm. by weight and sands, except fine silty sands, containing 
more than 15 percent finer than 0.02 mm. by weight. (b) Clays with 
plasticity indexes of more than 12, except varved clays. 

pL 	 (a) All silts including sandy silts. (b) Fine silty sands con- 
taining more than 15 percent finer than 0.02 mm. by weight. (c) 
Lean clays with plasticity indexes of less than 12. (d) Varved 
clays. 

Varved clays consist of alternating layers of inorganic silts and clays and in some instances 
fine sand. The thickness of the layers rarely exceeds one-half-inch, but occasionally very much 
thicker varvea are encountered. The constituents of varvod clays were transported into fresh-
water glacial lakes by melt waters at the close of the ice age. They are likely to combine the 
undesirable properties of both silts and soft clays. Varved clays are likely to soften much more 
readily than homogeneous clays with equal average water contents. 

Inorganic soils containing less than 3 percent of grains finer than 0.02 mm. in.diameter by 
weight are generally non-frost-susceptible. 

100 

-- - _._.... 	___-- - - 
UUUI!!•__ 

1111111 	•P!ilhl I__U 
1111111 •iiuiuii__Ii 

I IIUIH 	1111111_I-U 
M 	_ - 	_________ _________ 	— -u ----I .. uuiui_______ __________ 

__•muiuui______ 	 __ 
11111!. 	•uifl! U... U.. 

FREEZING INDEX (DEGREE DAYS) 

Figure 155 
Combined thickness of pavement and base required to prevent 

freezing of Bubgrade. (After Corps of Engineers) 
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The Corps of Engineers Manual requires that all base-course materials lying within the depth 
of frost penetration shall be non-frost-susceptible.. Where the combined thickness of pavement and 
base over a frost-susceptible subgrade is less than the depth of frost penetration determined from 
Figure 155 the following additional design requirements shall apply: 

For both flexible and rigid pavements, the bottom 4 in. of base shall consist 
of any non-frost-susceptible gravel, sand, or crushed stone and shall be designed as. 
a filter between the subgrade soil and overlying base-course material. The gradation 
of this filter material shall be determined in accordance with criteria presented in 
paragraph 2-11 of Chapter 2, Part XIII, of the Hngineering Manual, with the added 
overriding limitation that the filter material shall in no case have more than 3 per-
cent by weight finer than 0.02 mm. 

For rigid pavements, the 85 percent size of filter or regular.base-course 
material placed directly beneath the pavement shall be equal to or greater than 

in. in diameter. 

The purpose of the latter two requirements is to prevent mixing of the frost-susceptible 
subgrade with the base during and immediately following the frost-melting period and to prevent 
loss of support by pumping soil through the joints of rigid pavements. 

The Corps of Engineers Manual, The Michigan Manual, and the Civil Aeronautics Administration 
Manual and Specification are the only manuals for design which the reviewer has found which state 
definite values of grain size or grading of materials for bases or subbases for use where ground 
freezing occurs. The reviewer recognizes that consideration of frost action has been given in 
setting up the A.A.S.H.0. gradings (AASHO Designation M 56-42 materials for stabilized base course 
and M 75-42, crushed stone and crushed slag for base course) for base courses and also that con-
sideration of frost action has been given in setting grading limits for base courses in most state 
highway specifications. However, the reviewer has found only few published data on textural 
gradings which make specific reference to frost action, and those arereviewed herein. 

General information on design of base courses - Under this heading is presented gen-
eral information and data on dimensions of bases used and experience with various designs. For-
mulated design methods used to determine design thicknesses are given in later paragraphs. 

The literature contains many writings which include statements of a general nature on 
drainage, textural grading, thickness, width, and other characteristics of base courses. The 
reviewer makes no pretext of having made a complete search of that literature but believes the 
following brief reviews and quotations arranged chronologically will give the reader a fair cross-
section of what the writings contain. 

Harrison /1918-2 belIeved many of the designs used up to that time were faulty because they 
did not take into account the freezing of subgrades. He held that a design should include, the 
following pointsi 

Ditches should be deep enough to prevent any leakage from them into any part 
of the subgrade which thaws during the winter. 

The base should permit drainage to the ditch of any water infiltrating through 
the shoulders or cracks in the pavement. 

The combined thickness of base and surface should at least equal the total depth 
of any winter thaws. 

All ditches should have sufficient slope to permit rapid surface drainage. 

Wilson /1918-3, in discussing Harrison's writings, believed the solution lay in the use of 
drains (see Subsurface Drainage) placed sufficiently deep to lower the zone of saturation well 
below the subgrade. 

An American Road Builders Association Committee on Subgrades andPavement Bases /1930-16 
cited the success which had been had in Bliode Island with the use of 6-to 214-in, depths of lTIn. 
to 20-mesh pit-run sand-gravel as a fleubbase.0  The "subbases" were built 20 feet wide for an 
18-ft. road. They stated It seemed to exhibit the following henef its as regards frost action: 
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Eliminates capillary water movement for its depth and decreases the extent of heaving. 

Eliminates strata, pockets, and laminated layers of unequal heaving material to the 
depth of the subbase and thus tends to equalize heaving, decreasing the detrimental 
action, and 

Decreases the depth of frost penetration by an amount equal to its thickness. 

The Committee cautioned that porous subbases1  unless well drained, may act as reservoirs for 
water and be detrimental. 

Aaron /1934-3 reported the results of cooperative studies by the Bureau of Public Roads and 
Michigan, Minnesota, and Wisconsin. Many of the designs used were considered to be replacement 
of excavated frost heave material. Therefore, his report has been reviewed under 	 and 
Replacement." 

Paradis /1934-4  reported some experiences in Canada with sand bases. He advocated the use 
of sand "as it has a much lower thermal conductivity than any other road building material." He 
reports use of 6-to 12-in, depths, the most-used depth being 8-in. The bases are built either 
in 22-ft. trench sections (for 20-ft. road) or full width (32 ft. for 20-ft. pavement). The 
results have been satisfactory. Some of the earliest 	 of 6-in, depth were used 
in Webec in 1918 and 1922. Seven additional projects were built in 1932-34  with thicknesses 
ranging up to 12 in. Where the sand cushion was used the roads were reported in good condition. 

Keil /1938-3 reported the use of coarse sandy gravel or fresh granite quarry waste (J in. 
to 2i in.) in depths of 6, 12, 18 and. 24 in, and to a width of 30 ft. (road surface width 214-ft,9 
6 in.) in Germany. Pipe drains were provided throughout under the outer margins and transverse 
channels 4 in. wide and 2 in. deep were out in the soil at the bottom of the excavations for the 
base courses. The surfacing consisted of 8 in. of concrete with 33-, 43-, and 56-ft. slabs. 
The average subgrade soil had 11 percent colloids; 42 percent clay (0.002 to 0.02 mm.); fine 
silt (0.02 - 0.05) 37 percent; coarse silt (0.05 - 0.5) 5.5 percent and the remainder sand 	it 
showed a capillary rise of 26 ft. and had a maximum and minimum permeability of 3.35 x 10' and 
2.35 x 10 respectively. Maximum and minimum P.I. 28.8 and 7.6 and a moisture content ranging 
from 12.3 to 29 percent. As a result he reached the following conclusions regarding use of 
f protect ve I courses (base courses) from the study of the experimental road: "The main line of 
defense against frost is a protective course of gravel or ballast below the surfacing. The 
required minimum thickness of a protective course on cohesive soil, assuming a frost of two 
months' duration and a frost penetration depth of 32 in., is 18 in". He did not believe that 
thickeningthe slab will overcome deficiences in the subsoil. 

Morton reported /1938-10  using thick granular bases to prevent frost damage. Data on their 
use are given under "cavation and Replacement." Stokatad /1938-10 reported using 12-in. 
sand subbase over the entire subgrade area of clayey soils in Michigan. The Michigan Soils 
Manual /1946-16 states that the thickness of the base varies with the type of subgrade material 
and the traffic, but "in no case should the granular base be less than 12 in. thick." More 
recently /1951-41 he reemphasizes that the most effective means for controlling spring breakup 
is an adequate granular subbase. Most subbases in Michigan are built 12 to 18 in. thick except 
an 8-in, depth is sometimes used where advantage can be taken of an existing gravel road. The 
material used for this purpose is the best sand or gravel most readily available. 

L. Casagrande /1938-10 reported the use of a 15-to 20-in, sand layer in Germany in 1938. 
A little later /1940-8,  after his study of the effect of the severe winter of 1939-1940 on 
German roads (frost penetration to depths over 40 in.), he concluded that, if for reasons of 
economy complete protection against a very hard winter is not generally possible, an insulation 
course of sand, gravel, or slag should be provided to a minimum thickness of 24 to 32 in. for 
motor roads and 16 to 24 in. for provincial roads. Tramper /1938-10 reported the use of blankets 
from 12 to 24 in. deep in eastern Washington, although frost penetrates considerably deeper and 
frost boils are of common occurrence on funba1lsteII  roads. He reported using a layer of sand 
or rock screenings on the subgrade to provent infiltration into the overlying ballast. Hansen 
J943-12 stated that "for preventing frost boils where differential heaving does not occur, 
excavation and backfill of granular material to depths of from 1 to 2 ft. has usually been sat-
isfactory. Shannon J)}414-1 cited Chapter 20 of the Corps of Engineers Manual then in use, which 
required that base courses in areas subject to frost action "extend to a depth of at least 50 
percent of the average penetration in order to provide suitable reinforcement to take care of 
reduction in bearing.I  The base course thickness so determined will govern only when it exceeds 
the thickness governed by other requirements. 
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Minnesota 11945-8 constructed a number of test sections and experimental projects using 
different types and thicknesses of base courses (up to 2 ft.) under Portland cement concrete 
pavements to prevent the occurrence of high joints due to differential heaving resulting from 
greater soil moisture contents under leaky joints and cracks. The effectiveness of base courses 
ranging in thickness from 3 to  9 in. is indicated in Table .51. It was concluded that granular 
base courses 9 or more inches thick proved successful in Minnesota in preventing pavement dis-
tortions attributable to frost action. 

TABLE .51 
Expansion joints 

Per cent warped 
No.of 
joints 8 in. to it), to 0 in. to 

8in. 8is. 8in. 

66 0 0 100 
56 0 1.8 98.2 
58 0 0 100 
47 1 	0 	1 . O -  I 100 

Contraction Joints 

Length 
of section  Per cent warped 

No. of 
joints (ft.) 

unto 8ia.to  I 	0 in. b 
I 
	

in. ume. Hit. 

129 0 2.33 97.67 6151 111 0 1.8 I 	98.2 5,221 
112._ 0 0.9 I 	99.1 5.280 
85 1.1 98.9 4,469 

Type of base 

3-in, sand over 3-in, stab. 
sand....................... 

6-in, sand base.............. 
9-in, sand base.............. 
3-in, stabilized sand base 

In more recent writings Beskow 11947-12 stressed that the main cause of road damage is 
the softening of soil from melting ice lenses, causing a reduction in bearing capacity of the 
soil: Scandinavian design measures are aimed, principally at guarding against that softening and 
use sand and sand-gravel for that purpose. Experience has shown that the minimum depth from 
road surface to bottom of sand-fill for Swedish highway traffic (2-}-ton wheel load for flexible 
type pavements) is 60 cm. (23.6 in.) for very frost sensitive soils (silts and liit silty clays) 
50 cm. (19.7 in.) for moderately sensitive soils (clay and moraine soils) (Note: those thicknesses 
correspond approximately to Corps of Bgineers values for 2.5 ton wheel load for C.B.R. values 
of 1.0 and. 1.5 respectively). 

Beskow held that the sand layer cuts the capillary connection between the overlaying soil 
and the subgrade, preventing capillary suction to the frost line. He stressed that the sand 
layer must not become water saturated but must be above the free-water table. Two examples of 
how granular materials are used are given in Figure 156. In alternative 2 (Figure 156) the sand 
may be a comparatively thin layer, the minimum thickness permitted being 12 cm. (4.7 in.). The 
refill of very frost sensitive soil (silt) should not exceed 20 cm. (7.9 in.). That method 
presumes good vertical drainage and that the distance to ground water exceeds the capi1larty of 
the sand by at least 10 cm. (3.9 in.). He suggested that for ordinary, thick sand subbases even 
a fine or "dirty" sand can be used if it is non-frost-heaving. However the thin sand cut-off 
layer must be clean, coarse sand. 

0.5 	Im 	 ALT.I 
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Figure 156 
Use of sand layer to prevent frost damage. (After Beskow) 

Alternate 1: Thick sand fill, acting as' a. non-frost sensi- 
tive backfill and subbase. 	- 
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Alternative 2: Thin insulating bottom layer of rather coarse 
sand, acting as an isolation layer, breaking capillary connec-
tion with overlying refilled frost sensitive soil material. 

Godskesen 	 brought out that the total frost ranges from 6500 deg.-hr. to 12,1400 
deg.-hr. in Denmark. That is equivalent to 1487.5 to 930 Farenheit-deg.-days. Frost penetrates 
from 1 to 1.85 meters (3.28 to 6.1 ft.). He reported that roads having a 37 cm. (11.1.6 in.) cover 
have suffered only minor damage. Others with 40-45 cm. (15.7 - 17.7 in.) cover have suffered 
considerable damage." Roads having covers up to 50-55 cm. (19.7 - 21.6 in.) were rarely affected 
while those having 60 cm. or more (23.6 in.) cover were safe against frost damage. A more recent 
report f503 showed that although frost may be exoected in some cases to penetrate to a depth 
of 6 ft., damage is not expected to result, even in frost sensitive soils, throughout this full 
distance. Depths below which damage is unlikely to occur are: In unsurfaced roads, 40 in; in 
railway tracks, 20 to 24 in; in concrete surfaced roads, 20 in; and in roads with other types of 
surfacing, 24 in. Rue /19148-2  reported Denmark is building subbases 60 cm. thick in cuts 
(23.6 in.) and 45 cm. on fills (17.7 In.) 

Bleck /1949-11 in his report of extensive observations on the performance of "ballast" 
(free-draining granular bases and subbases) in Wisconsin found that ballast courses ranging from 
9 to 15 in. thick "are-now considered for general use for both rigid and flexible type pavements 
in most caaes where the use of ballast courses are indicated by the soil-moisture-freezing and 
subsequent reactions. In those areas where extreme differential frost heave conditions are, mani-
fested these can be increased to be in the range of from 12 to 15 or 18 in." He states further 
that in Wisconsin "the practice now is to stabilize the upper surfaces of these ballast courses 
with several inches of crushed and graded gravel or crushed stone, the thickness ranging from 
3 to  5 in., depending u-son the traffic characteristics of the highway." 

Stokstad /1951-41 believes the use of granular bases to be the most effective means for 
controlling spring breakup. He stated that most subbases in Michigan are built 12 to 18 In. thick, 
except that an 8 in. depth is sometimes used where advantage can be taken of an existing gravel 
road. -The material used is the best sand or gravel readily obtainable. Figure 157 illustrates 
the type of section commonly employed. 	 - 

1 abthzr-a'Eo,-thihoJ/dQfJ 
Grod 	 1 	,'vc1uroI,-cjnd 

'/e'i'o/5 	
'Oo#om afiubbwe 
6rcdz lo 1hLi/Th 6rvjnd 

0/Id, oi 
for o,, p/ac-u 

Figure 157 
Sect ion Showing Granular Sub-base 

(After Stokstad.) 

Lund /1951-42 reports that in Nebraska baee course mixtures are "designed with a view to-
wards providing sufficient stability 'durIng the spring thawing period." In this connection, it 
should be pointed out that the aggregates available in Nebraska for use in base-course construc-
tion are almost wholly the rounded water-worm sands and gravels which were rolled from the'Boc1' 
Mountains' at the bottoms of Tertiary and Pleistocene channels. Some coarse sands found in the 
Nebraskan and Kansan Till sheets are slightly more angular in shape. All of these materials are 
relatively fine in texture, having maximum fineness moduli of about 5. With such aggregates 
particular attention must be given to gradation. The trend through the years in design has been' 
towards less binder, and the concensus now is that these base courses-should be laid with the mini-
mum 'clay content necessary for stability durIng construction. The following table indicates the 
typical test characteristics of granular mixtures considered to be stable during and after the 
thawing period, and at' the sanie time having sufficient cohesion so that surface course mixing 
and laydown operations can proceed on the compacted base course: 
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TABLH 52 

TYPICAL BASE MIXTURES 

Percent Passing 

P1 Percent Percent Percent 
Sand 	Silt 	clay 

2 	91 	4 	2 

No. 	No. 	No. 
4 	10 	20 

75 	50 	35 

No. No. No. 
40 100 200 

25 12 9 

Four different admixtures have been used in granular base courses in Nebraska in attempting 
to provide sufficient load-carrying capacity through the thawing period. These are aephaltic oils, 
tar, Portland cement, and calcium chloride. Sufficient success has been had, with the first of 
these that its use has become commonplace. It should be pointed out that more minus 200 matera1 
(15-20 percent) is added to these base course mixtures. 

Granular base courses for concrete pavements are constructed in Nebraska in all cases where 
the percentage of minus 200 material in the subgrade soil is greater than 35 or the plasticity 
index is higher than 6. 

eene 11951-43 states that the object of designs and treatments in Connecticut is not to 
eliminate frost action but to reduce it so maintenance will be small and, load restrictions will 
not be necessary. 

On new construction the primary requirement is an adequate subbase, as an additional amount 
cannot be added after the pavement is placed. The subbase is invariably clean, bank-run gravel; 
crushed stone with a sand filler is also included in the specifications but is never used because 
the gravel is abundant and probably will continue to be for a considerable time. The gravel 
specification is as follows: 

Sieve size 	 5 in. 	1/4 in. 	No. £40 	No. 100 

Percent Passing 	100 	30 to 65 	5 to 30 	0-to 10 

The portion passing the No. 100 sieve shall not have sufficient plasticity to permit per-
forming the plastic limit test, A.A.S.H.0. Number T-90. 

Frost action in such gravels •appears to be negligible. Little difficulty has been exper-
ienced in obtainir.g gravel to meet this severe specification, except in a narrow area of about 
200 sq. mi. around Hartford where the red gravels (of Triassic origin) have considerable clay. 
Specifications for subbase in use before 1942 were identical with A.A.S.H.0. Specification M-147-49 
for base course; some of the red gravels passed that specification and were used at that time and 
subsequently have given some trouble in slight heaving, break-up, pumping at joints, etc., but 
probably the chief reason for changing to the more severe specification is that the better gravels 
are abundant. 

Gravel-base course and gravel-surface (wearing) course, each 4 in. thick and together con- 
stituting the pavement, have the same specification as for gravel subbase, except that 100 percent 
shall pass the 3in. sieve. 

The lack of silt or clay binder in these pavement courses may be questioned by highway 
engineers. Such binder appears unnecessary in Connecticut highways as the gravel has excellent 
gradation and thus can be densely compacted, to about 130 or 135 lb. per cu. ft. and also the sur-
face is bound by oil, tar, or asphalt. 

On new construction of primary roads, such as parkway, federal aid, and trunk line, the com-
bined thickness of pavement (surface and base) plus subbase in earth cuts is from 20 to 32 in. which 
is.2/3 or 3/4 of frost penetratIon; the combined thickness is 32 in. in rock cuts and about 14 in. 
in earth fills. The last may be reduced to 8 in. if cuts exceed fills. On secondary roads these 
thicknesses are reduced slightly. On tertiary roads (town aid), these thicknesses of pavement 
plus subbase total 8 to 20 in. depending on conditions. In low fills over wet ground, subbase 
requirements are the same as for earth cuts. The reason for the latter is that the water table 
is as close to the roadway surface (say 5 ft.) at the low wet fill as it is in' a wet cut with 
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under-drainage. Therefore, unless such a fill is composed of clean material throughout its height, 
conditions for frost action are about the same in both cases and subbase requirements are the 
same. 

Depth of subbase also is influenced by soil types, the greater depths given above being used 
in silts and often in clays and the lesser depths in tills. In clean sand and gravels, subbase 
is reduced to 6 in. or zero. 

Subbase is carried out to the gutter on each side in cuts and to full width of shoulders 
in fills. Also the thickness in cuts is carried without diminution into fills for a minimum dis-
tance of 50 ft. before tapering down to the normal thickness in the fills. In the past this was 
not done, and bad heaves resulted in the topsoil at the grade points. 

Pavement Thickness Design Methods - Several State highway departments J.0 and Federal depart-
ments have developed criteria and methods evaluating the influence of frost for the design of 
pavement thickness. The methods are reviewed separately according to type of pavement. 

Flexible type pavements 

Civil Aeronautics Administration Method /19L18_13 

The Civil Aeronautics Administration Maal on Airport Paving 148713 states that it is 
possible to "draw up an engineering classification of soils related to their field behavior" and 
presents a classification which forms a part of the C.A.A. method of determining thickness of 
pavement and base. The method is based on the assumed use of bases and subbases meeting appro-
priate specifications L198-43 for the type of base and subbase material used. The specifications 
are reviewed under "Textural Grading of Base Courses." The method is also based on certain con-
struction requirements (coipaction, lift,, thickness, etc.) not reviewed herein but nevertheless 
which should be given consideration if a comparison more detailed than space permits here is to 
be made with other methods. The thickness design is also based on certain conditions of drain-
age and frost discussed later. 

The soil-classification system is based on only three tests: mechanical analysis, liquid 
limit, and plastic limit (for P.1.). The limits of each of the three test values def ining the 
various soil groups are given in Table 53. Figure 158 aids in classification of fine grained 
soils. 

Only the portion of the sample passing the 
No. 10 sieve is considered in classifying a soil. 
However, provision is made for upgrading a soil 
from 1 to 2 classes when the "total sample re-
tair.ed on the No. 10 sieve exceeds £1.5 percent 
for soils of the B-i to B-S groups and 55 per-
cent for the others, provided the coarse frac-
tion consists of reasonably sound. material," 
and is well graded down to the No. 10 sieve. 

Inasmuch as soil texture is an indication 
of the permeability of .a soil, a separate tex-
tural classification, similar to that of the 
U. S. Department of Agriculture, is used to 
determine the need for and location of under-
drains. The methods usedor the limits which 
govern drainability of soils are not given. 

Table 53 serves to classify the soil 
under conditions of good drainage or poor 
drainage for no frost or severe frost. The 
appropriate references to the different con-
ditions as they affect design thickness of 
rigid type pavements are given under the sub-
ject "Rigid Type Pavements." 

/17  Only those whose methods have been published are reviewed here. 
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"To distinguish between good and poor drainage requires a knowledge of the topography of 
the site, the properties and arrangement of the different layers of the soil profile1  and the 
elevation of the water table. Poor drainage is defined as a condition where the subgrade may be 
rendered unstable owing to (1) Inadequate internal drainage caused by the character of the soil 
profile, (2) capillary rise from a high water table, (3) topographic features, such as a flat 
terrain at elevations only slightly above sea level, or (Lf)  any other cause that may result in 
instability or produce saturation of the subgrade. 

"Good drainage may be defined as a condition where (1) the Internal drainage characteristics 
are such that there will be no accumulations of water that would develop spongy areas in the sub-
grade, (2) the water table is at such an elevation that the soil will not become water logged 
either by percolation from above or capillarity from below, and (3) the topography is such that 
surface water will be removed. rapidly. These conditions can be met by any of the soil groups 
with the exception of 10-13. 

SINGLE WHEEL LOAD - 1000 POUNDS 

"Good drainage cannot be distinguished from 
UJ 

poor drainage on the basis of test results alone. 
This criterion has been used in the past and has 
led to the erroneous conception that a good drain- o 

age condition cannot exist when the soil consists 
of clays and silty clays of the B-7 to B-12 groups. zu) 

There is no logical reason for such an assumption, 2o 
YZ  

although it is recognized that soils of these 
groups are expansive and subject to detrimental 
volume change with variations in moisture content. 

- 

The degree to which these detrimental properties 
may develop will depend on the drainage condi- 
tions as indicated by a study of the topography 
and the entire soil profile.... 	It is important 
to remember that while the soil group may be 
determined by means of the laboratory test re- I 
suits, the drainage conditions must be estab- 
lished by the surface and subsurface character- 
istics of the site. 

"With respect to frost action, a tsevere 
frost1  condition exists if the depth of frost 
penetration for the particular site is greater 
than the anticipated thickness of surfacing, 
base and subbase as determined for 1no frostl 
and the drainage condition as defined above. 
Otherwise the condition of 'no frost' prevails. 

4% 

MMMMMMMMMMMMMMMMM 

i-.......rn.__R._.-

MMMM 

MMMMMMMMMMMMMMMM 

iMI!l i

MIMI 

IR •l! 

MEMMMMMMOMMOMMMM 
MMMMMMMOMMOMMUMM 
MMMMMMMMMMMMMMMM 

MMMMMMMMMMMMMMMMM 
MMMMMMMMMMMMMMMMM 
MMMMMMMMMMMMMMM 
MMMMMMMMMMMMMMMM 
MMMMMMMMMMMMMMMMM 
MMMMMMMMMMMMMEMMM 

"Some explanation may be necessary rela- 
tive to a combination such as 'good drainage' 	Figure 159. Design Chart for Flexible Type 
and severe frost'. It is obvious that a good 	Pavement with Non-Bituminous Base for Air- 
drainage condition may exist in a location where field Runways. (After Civil Aeronautics 
the average depth of frost penetration exceeds 	 Administration)  
the required thickness of surface, base and subbase for a 'no frost' condition. In this case, 
the subgrade class would be determined on the basis of tsevere frostt. The importance of tsevere 
frost' in a location having good drainage has been questioned. From the standpoint of detrimental 
frost heave, it may not be important but it is well known that even under the best drainage con-
ditions, the penetration of frost below the non-heaving subbase material, together with alter-
nate freezing and thawing, produces a softening of the subgrade soil immediately under the sub-
base. The only remedy for this situation is additional subbase thickness to overcome the loss 
in stability." 

The Civil Aeronautics Administration method of design 19148-13 provides flexible pavement 
thickness designs for single wheel loads from 15,000 to 100,000 lbs. Design curves are given 
for (1) non-bituminous base, runways; (2) non-bituminous base, taxiways, aprons and runway 
ends; (3) bituminous base, runways; (Lb) bituminous base, taxiways, aprons, and runway ends; 
(5) bituminous coated aggregate base, runways; (6) bituminous coated aggregate base, taxiways, 
aprons and runway ends. 



TABLE 53 

CLASSIFICATION OF SOILS FOP AIRPORT CONSTRUCTION 

MECHANICAL ANALYSIS STThGRADE CLASS 
Material. Finer Than No. 10 Sieve Good Drainage 	Poor Drainage 
CoarsO Fine Combined Retained 

Soil on No. 1C Sand Sand. Silt & Clay Liquid Plasticity 
Group Siev.eLa Pass Pass Pass Limit Index No Severe No Severe 

No. 10 No. 60 No. 270 Frost Frost Frost Frost 
Ret. Ret. 
No. 60 No. 270 

Percent Percent Percent Percent 
B-i 0-45 40+ 60- 15- 25- 6- Pa Fa Pa Pa 

85- 25- 25- - 
Rla 
Fa 

Rla 
Pa 

Rla 
Fl 

His 
P2 I)-2 0-1.15 15+ 

_____ _________  His Rla Rla Pla 
B-3 0-11.5 -- -- 25- 25- 6- Fl Fl P2 F2 

__________ Rla Rla Rla Rla 
B-4 O-Li5 - -- 35-  35- 10- Fl Fl F2 13 

Rla Pie Rla R2a 
B-5 0-45 -- -- 45- 40- 15- Fl P2 F3 p4 

Pie Rib Rib R2b B-6 0-55 - -- 11.5± 40 10- 12 P3 F4 16 
Rla R2b R2b R2b 

B-? - 0-55 -- -- 454- 50- 10-30 13 14 P6 __________ Rib R2b R2b R2c 
B-8 0-55 -- -- 45+ 60- 15-40 14. i6 17 p8 _________ Rib R2o R2c R2d. 
B-9 0-55 -- -- 45+ 110+ 30- p5 F7 17 

R2b I R2c R2c R2d 
B-iC 0-55 - -- 45+ 70- 20-50 P5 17 P8 19 __________ 

R2b R2c R2c R2d 
B-il 0-55 -- -- 45-i- 80- 30-i- P6 P8 19 PlO 

R2c R2d R2d R2e 
5-12 0-55 - -- 45+ 804- - 19 P10 PlO 

R2d R2e R2e R2e 
P1-13 

- - - 
Muck and Peat - Field Examination 
- -- 	- 	.- - 	- 	- 	- 	- -: - Not Suitable for Subgrade 

øv 	 w. une porion oi rne sample passing the No. 10 
sieve. When a sample contains material coarser than the No. 10 sieve in amounts equal to or 
greater than the maximum limit shown in the table, a raise in classification may be allowed 
provided the coarse material is reasonably sound and fairly well graded. 

Figure 159 illustrates the design curves for (1) non-bItuminous base-runways. In Figure 
159 the Pa line represents the subgrade class which requires no base. Referring to Table 53 
It will be seen that the Pa subgrade class applies to all conditions of drainage and frost when 
the soils fall in the P1-1 group, and only under good drainage conditions for soils of the P1-2 
group. When the subgradea fall in Classes Fl to 110, subbases of varying thickness are required. 

A soil of a particular group may fall in several subgrade classes, depending on drainage 
and frost conditions. For example, soils of the B-S group may be classed as Fl subgrade for good 
drainage and no frost, F2 'for good drainage and severe frost, P3, for poor drainage and no frost, 
and P4 for poor drainage and severe frost. An p4  subgrade, on the other hand, is the result of 
one of the following combinations: 

Soil groups Drainage Frost 

P1-5 Poor Severe 
P1-6 Poor No 
B-? Good Severe 
P1-8 Good No 
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The method of developing the design curves is entirely empirical and is based on service 
records of pavements on different types of soils under variable drainage and climatic conditions. 

CALIFORNIA 8EARWG RA770(C8R)-10ERCE1V7' 	 To illustrate the use of the design curves, 
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Figure 160. Colorado State Highway Depart—
ment Design Chart for Thickness of Surface 
and Ballast Courses — Note: This is a dual 
purpose chart to Indicate required thick—
nesses using either CBR or GI values. The 
coincidence of the values on the chart does 
not mean that they are equal. When design 
is based on CBR, the GI values should be 
Ignored and. vice ver8a. 
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DESIGN REPETITIONS - TRAFFIC IN ONE DIRECTION 	3,84.4,725 

LO.O7. INCREASE 113 CQVEAR5 	(VARiABLE 	DEPENDVYG..QN TIlE 	ROAD) - LfA.CIORS.  FOR CONVERT(NG._TO. WI1LELLOA0 	(F.ROD&_.LDADOIIE.TERSTA1I.Oi) 

. 	USE 	DESIGN 	CURVE 	 4 	5 	6 	717 1106 	9 	(2 	IS 
TOTAL VALUE IS WITHIN 	LIMITS OF 	0 -2 	3R 	7-I1 12-I? 16-24 29-32 33-4) 4233 

EXAMPLE 	I E)(.AMPLE 	2 
SECTION THOU A HEAVILY IRRIGATED 	FLAT) SECTION THOU HIGH HENCII; ANNUAL 
WATER TABLE 3 FEET 	BELOW GRADE; 	VEAVY PRECIPITATION LESS THAN IX INCHES; 
FROST ACTION EVIDENT; EXISTING CORD) - 
lIONS ADVERSE DUE TO DRAINAGE PLUS OTHER 

NO WATER 	TABLE EVIDENT; 	NO FROST 
APPARENT 	EDISTING CONDITIONS TO CONDITIONS; TRAFFIC, US COMPUTED IN THE BE CONSIBERED EXCELLENT DUE 	TO TRAFFIC STUDY ABOVE, 	3.0 MILLION; 	TOTAL DRAINAGE PLUS OTHER CONDITIONS; 

VALUE 	35DESIGNATES USE OF THE DESIGN 
CURVE 	12. 	 . 

TRAFFIC 	SB MILLION; 	TOTAL VALUE 
6 	DESIGNATES USE OF DESIGN CURVE S. 

ASSUMING SOILS WITH * C. BR. LESS THAN .1., SEE FIGURE 2 FOB CONTINUATION. 

CIICOI USNIGN CURVES ARE USED, THROUGHOUT U PROJECT, AS CHANGING CONDITIONS 
SHOW TOTAL VALUES INDICATING THE USE OFA DIFFERENT DESIGN CURVE IN ANY SECTION. 

Figure 161 
Wyoming Highway Department 

Supplemental Design Data 

-6 soil, good drainage and. seve;e frost. The 
corresponding subgrade class for these conditions 
(from Table 53) is F3. For a non—bituminous base 
the pavement requirements are: 

Runways 

Bituminous surface 	 2 in. 
Base 	 8 
Subbase 	 6 

Total l6- in. 

Colorado /1949— 

Colorado recognizes, In addition to soil 
bearing values three additional variables which 
may affect the thickness of flexible pavements: 

DESIGN CURVES ARE EQUAL TO ACTUAL 00 
INTERPOLATED C. B. P. CURVES - I.E., 
DESIGN CURVE 4 IS SIMILAR TO C. 8. P. 
4000 LB. WHEEL LOAD CURVE, ETC. 

EXAMPLE 1 
DESIGNED ON CURVE 12 

:::2 BITUMINOUS TOP. 
CV. 'I(SCRUSIIED BASE. 1' MAXIMUM. 

6' SELECTED MATERIAL SURFA-
CING. C.B.R. 57_I. 4. 

5' IMPORTED FILL. SOIL WITH A 
C.B.R. OF 167.4. 

SUBGRAOE - UNDERLYING SOIL 
WITH A C.B.R. OF 3'I. -. 

EXAMPLE 2 
DESIGNED ON CURVE S 

k 	

BITUMINOUS TOP. 
CRUSRED BASE. 1144R. 

o" SELECTED MATERIAL 
V. 	SURF. C. B. P. 387.4. 

H- 7(.5 IMPORTED FILL. SOIL 
WITH C.B.R. II'I.-U. 

SUBGRADE UNDERLYING SOIL 
WITH C. BR. OF 3'1.-. 

NOTE; C.B.R. TESTS ARE 
NOT REQUIRED ON MATER-
IALS ABOVE SELECTED 

1 MATERIAL SURFACING. 

COMBINED TRICIINESS OF BITUMINOUS Toe,BASE, 
SELECTED MATERIAL SURFACING, £ IMPORTED FILL. 

FIgure 162 
Wyoming Highway Department Design Data 

for Embankment, Selected Material, Surfacing, 
Subbase, Base, and. Bituminous Top 

Fllowing are brief summaries of published 
literature on state highway department design 
methods which make specific reference to frost 
action or its effects. Although the design 
methods were published at earlier dates, the data 
given herein on the several methods were taken 
from the most recent publication (Highway Research 
Board, Current Road Problems /19499, No. 8—R, 
November 199) to insure that this review contained 
any recent revisions. 
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Frost Conditions. Values are assigned on the basis of depth of frost penetration 
and the frost susceptibility of the soil as determined from its grain size distri-. 
button. 

Moisture conditions. Values are assigned on the assumed possibility of relative 
saturation whether from surface or subsurface water. 

Traffic Conditions. See reference 1949-9 for method of assigning values. 

TABLE 54 

THICKNESS OF SURFACING AND BALLAST COURSES 

SPA. 	TO SPA. 	DATE_______________ 
NOTE: Use check marks to Indicate proper condition 

Assigned 
Frost Conditions: value 

Penetration of 0 to 12 in. and low frost potential................. 1 
Penetration of 0 to 12 in. and high frost potential................3 
Penetration of 13 to 24 in. and low frost potential ................. 2 
Penetration of 13 to 24 in. and high frost potential .............. .5.  
Penetration of 25 to 36 in. and low frost potential ................ 4 
Penetration of 25 to 36 in. and high frost potential.. .............. 7 
Penetration of over 36 in. and low frost potential................ 6 
Penetration of over 36 in. and high frost potential............... 10 

Moisture Conditions: 
Arid or high table land not subject to standing water...............2 
Ground subject to occasional standing water duringstorms .......... 11 
Ground subject to saturation only during periods when 

frost is not present ............................................. 7 
Ground subject to saturation during periods when frost is 

present........................................................10 

Traffic Conditions: 
Traffic of 0 to 50 vehicles per day ...............................0 
Traffic of 51 to 100 vehicles per day .........  .................... 1 
Traffic of 101 to 200 vehicles per day ...........................2 
Traffic of 201 to 300 vehicles per day............................ 3 
Traffic of 301 to 400 vehicles per day............................. 4 
Traffic of 401 to 700 vehicles per day ........................... 5 
Traffic of 701 to 1000 vehicles per day 	........................ 6 
Traffic of 1001 to 1500 vehicles per day .........................8 
Traffic of over 1500  vehicles per day......................... 	.10 

Total Assigned Value: 

Used in 
design 

Sum of Assigned Values 
From 0 to 8 
From 9 to 13 
From 14 to 18 
From 19 to 24 
25 and. Over 

Design Curve to be Used 
Use Curve A 
Use Curve B 
Use Curve C 
Use Curve •D 
Use Curve  E 

Laboratory Info neat ion: 
OBR Value 	GI Value___________________________________ 
COMBINED THICKNESS OF BALLAST AND SURFACING 
	

IN. 
THICKNESS OF SURFACING USED 
	

IN. 
REQUIRED THICKNESS OF BALLAST 
	

TN. 

Prepared by 	 Checked by 
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Table 51 indicates how frost conditions are evaluated and weighted for use in arriving 
at the total thickness of pavement and base. Figure 160 shows the design curves on which 
weighted values are applied to arrive at the pavement thickness, 

Michigan /1949-9 

The Michigan Manual of Soil Zngineering L196-16 catalogs the various design factors of 
location of grade line with respect to depth to natural ground surface, normal depth to ground 
water, drainage requirements, an estimate of the quantity of frost heave excavation, suitability 
of the soil, and minor factors of importance in evaluating the adequacy of the supporting founda-
tion. The method /191.19-9 states that "soil materials considered subject to d.etrimental frost 
action under final environmental conditions will be removed and replaced with suitable material. 
Finally, where conditions are not adaptable to subgrade improvement consistent with the require-
ments of adequate subgrade support, .a sand sub-base of some thickness may be recommended.depend- 
ing on characteristics of the peculiar type." The Michigan method presents no charts, graphs 
or formulas for determining pavement thickness, 

North Caro1inaJ19L99 

The North Carolina method is based on a formula relating pavement thickness to tire-con-
tact pressure, diameter of equivalent circular tire-contact area and the bearing value of the 
subgrade soil. The method states that "factors such as climatic conditions, drainage, frost 
action, and the physical characteristics of the soil itself are taken into consideration before 
selecting the final design bearing value." It does not state how those factors are evaluated or 
how the values are applied. 

Wyoming /1949-9 

The Wyoming method is based on California Bearing Ratio (OBR) tests and the use of eight 
different curves relating wheel load and CBR. The selection of the proper curve is indicated 
by a total emperical value obtained from evaluating job conditions. The conditions considered 
are annual precipitation, water table, frost action, traffic, existing conditions of surface 
drainage, subdrainage, and snow conditions which may influence required thickness. 

Frost action is evaluated in terms of the amount of heaving known to occur in an area and 
the "apparent detrimental effect of such heaving in respect to subgrade support. Frost action 
is light if only slight heaving is observed, medium heaving approaches 2 in. with some evidence 
of weakening of subgrade support, and heavy if heaving is inexcese•of 2 in. with noticeable 
weakening of subgrade support." 

An example of how data are assigned for different conditions of frost action and drainage 
is shown in Figure 161 and. 162. The quality of the base course is Indicated by the CBR value 
except that it should be borne in mind that a thin leveling, course of high-quality base materiel 
is used in the top li in. of base. 

Wisconsin /19119_20 

The Wisconsin Design Standards I1949-20 states: "Ballast courses are conceived to be 
permeable lift or Intermediary courses of sand, sand-gravel, stone debris, and similar materials 
obtained from roadway and drainage excavation, when available, or from outside sources. These 
courses shall be freely draining, extending across the full width of the roadway from ditch to 
ditch, or if this is not feasible, they shall be drained through the installation of conduits, 
such as perforated pipe or tile placed in a slight depression in the earth grade immediately 
under the ballast course., French drains or stone drains shall not be used.... Base courses 
composed of graded materials, ranging from coarse through the Intermediate sizes to and in-
cluding the fines, constructed of gravel or crushed stone, are essentially load-carrying and 
load distributing structures," The Manual provides for the use of a layer of materials with 
finer void spaces over the subgrade soils to prevent their intrusion into the base. 
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TAJE 55 

Thickness of pavement Surfaces 
(Wisconsin) 
Flexible Pavement 	 Rigid Pavement 

Cu.rrent Annual 	 Type 118 	Thickness 	 Thickness 
24 hour average 	 (exclusive of 
traffic volumes 	 base course) 

	

Under 100 	 L 	 1 or less 

100-500 	 LorI 	 2 

	

500-1000 	 L or I 	 21 	 7 

	

1000-2000 	 I or .H 	 3 	 8 

	

2000-3000 	 H 	 3 	 9 

	

over 3000 	 Initial 	Ultimate 	3 	 9 

	

Mm. H 	H 

Wisoonsin Design Standards /19149-20 also list the thicknesses of ballast required for 
flexible and rigid surface types for six different groupings of average 214-hr. traffic volumes 
as indicated in Table 56. The remaining part of the design standards which determine the thick-
ness of ballast and/or base course used is set up into five design classes depending on the 
nature of the soil encountered. The five design classes are usually used under the following 
conditions for the flexible and rigid types: 

Class 1 Design. Indicated where native soils are of a character equivalent to the mater-
ials used for sand or sand-gravel lift or ballast courses, provided detrimental stratification 
is absent and permanent water tableis deep. No base courses are used under rigid pavements 
when soils are adequate. 

Class 2 Design. Indicated for till of sandy and/or gravelly nature containing only small 
quantities of fines and "of a nature so as not to become sufficiently plastic to result in de-
formation under load when wet," also indicated for sandy loam outwash material and for sand if 
toward fine side of gradation, and for residual sands of finer textures if silt is not dominant. 
Class 2 design may also prevail for rigid pavements when the grade line would be within or near 
silty overburden. Under those conditions Class 3 design would be used for flexible pavements. 

Class 3 Design. Indicated for till when the grade line lies within the drift material and 
not in the overlying mantle of windborne material; .in outwash materials consisting largely of 
silty material; in residual or loessial materials for rigid pavements except when the grade line 
would lie in silty soils or near underlying clays conducive to saturation of soils in grade line, 
in which case Class 1  design would be used for rigid pavements. 

Class 1+ Design. Is employed when the grade line lies in a mantle of windborne material 
(over till) or within till if there is evidence of differential frost heave in the area; in out-
wash materials consisting largely of silty material; and, in residual or loessial soils with 
high porosities and low bearing capacity. 

Class 5 Design. Applies in areas where the grade line lies in silty or silty clay over-
burden where overburden over impervious bed rock or waterbearing formations is thin, or for flexi-
ble pavements where poor internal drainage is evidenced by mottling of the soil; also in glacial 

/18  L - low type, includes surface treatmerLtè, road mix mats 
I - intermediate type, includes road blade or travel plant mix - 

hot central plautmix using single aggregate or 2 bin saturation 
H - high type - hot central plant mix, usually asphaltic concrete - 

3 bin separation. 



TABLE 56 

ROAIMAY STRUCTURAL DESIGN - THICKNESS OF BASE COURSES IN INCHES 

DESIGN HOUR CLASSIFICATION (DHC) 25 100 200 400 800 1200 DHC—DUAL 

ANNUAL 24 HOUR AVERAGE TRAFFIC VOLUMES  Ta thanO0 100-400 460-800 001600 1600-3000 3000-5000 _ Over WOO___. 
DESIGN HOUR TRAFFIC VOLUMES  Less than 25 _J.QQ.. QQ-2QQ_ 200QQ. .400-800 QQ2Q.Q 
Roadway Design Class and Thickness of 

Ballast or Lift (Subbase) Courses. S  

Class 1 - Ballast Required None 
Base Course for Flexible pavbments 5 6 8 10 
Base Course for Rigid Pavements  4 - 4 4 4 

Class 2 - Ballast Required None 
Base Course for Flexible Pavements 6 8 10 12 
Base Course for Rigid Pavements  4 	- 4 6 6 
Class 3 - Ballast Required 9 in. 

Base Course for Flexible Pavements 5 6 8 10 
Base Course for Rigid Pavements  4 4 4 4 

Class 4 - Ballast Required 12 in. 
Base Course for Flexible Pavements 5 6 8 10 
Base Course for Rigid pavements 4 4 4 

Class 5 - Ballast Required 15 in. 
Base Course for Flexible Pavements 5 6 8 10 
Base Course for Rigid Pavements 4 4 4 4 

NOTES: Under certain conditions under Class 1 - the base course for Rigid Pavements need not be used - See Text. 
When the surface course is to consist of bituminous surface treatment, the thickness of the base course shall be 

increased 2 inches. 
When the material of the ballast course is inherently quite unstable, the thickness of the base course shall be 

increased by 25 percent. 

The above Design Classes are essentially for Rural Pavements. For, urban design contemplating, full width 
construction with curb and gutter, a design classification one step lower than would be indicated for 
Equivalent Rural Exposures may be used. 
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outwash and lacustrine deposits, if there is evidence of severe differential frost heave; in re-
sidual or loesslal soils of high porosity and low bearing capacity class 5 may be used for classes 
3 and for rigid pavements; and in alluvial and colluvial soils in lower portions of terraces and 
flood plains. 

Corps of Engineers /1951-51 

The Corps of Engineers Manual L1951-51 classifies soils according to frost, susceptibility, 
requires all bases to be of non-frost-susceptible soils, and provides for the uèe of a filter 
course between subgrade and base. The Corps requirements for those items are given-under the 
heading "Texture of Bases and Subbases." The manual provides two acceptable methods for design-
ing pavements over frost-susceptible subgrade8. One is to prevent freezing of the subgrade and 
thereby prevent pavement heave and subgrade weakening. The other method is to allow freezing of 
the subgrade and to design on basis of anticipated reduced strength of the subgrade during the 
frost-melting period. 

a. Preventing freezing of subgrade. The combined thickness of rigid or flexible pavement 
and non-frost-susceptible base should not be less than the depth of frost penetration as deter-
mined from Figure 155, (using the normal freezing index for the particular location) in the 
following cases: 

Over (roup p4  subgrade soils.  

Over other frost susceptible subgrade soils when frequent and/or abrupt 
changes in soil and ground-water conditions occur which would result in 
detrimental nonuniform heave. 

(ception to the above rule is made for, flexible pavements for areas of 
lesser importance where some non-uniform heave may not be detrimental, or 
where non-uniform soil may be removed to ameliorate conditions. In those 
conditions frost may be permitted to enter the subgrade and design is based 
on reduction in subgrade strength). 	 . 

- 

iVOTE -. 

Values of con/ours are 
Freezing Index expressed in 
Degree Days below 32°F 

Figure 163. Freezing Index Data Influencing Frost Action 
(After Corps of Engineers) 
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Where the normal freezing index in Figure 163 is less than 100, the freezing index should 
be computed for the coldest year of record for the past 15 yrs., and design should be based upon 
this value or 100, whichever is smaller. In mountainous areas, the normal freezing index should 
be computed for the particular location. In southern areas below the zero contour line on 
Figure 163,  where detrimental frost occurs infrequently, the upper 1+ in. of base course, if re-
quired., should be composed of non-frost-susceptible material. 

b. Reduction in subgrade strength. Design may also be based on the reduction in strength 
of the subgrade due to frost action, thereby frequently permitting less depth of pavement and 
base than that required to prevent freezing of the subgrade. This method may be used for both 
flexible and rigid pavements on subgrade soils of Groups Fl, 12 and. 13 when subgrade conditions 
are sufficiently uniform to assure that objectionable differential heaving will not occur or 
where subgrade variations are correctible to this condition as previously noted. The method may 
also be used where appreciable non-uniform heave can be tolerated in pavements of lesser import-
ance, used for slow-speed traffic, but in such cases it is limited to flexible-type pavements. 

Flexible pavements — When freezing is permitted in the subgrade the curves in Figure 161+ 
and 165 (Note: the Zngineering Manual also provides curves relating thickness and wheel load for 
the ranges of load of 30,000 — 120,000 (dual wheels) and 100,000 — 200,000 lb. twin tandem 
assembly) should be used to determine the combined thickness of flexible pavement and non-frost-
susceptible base required for various aircraft wheel loads and wheel assemblies and Figure 165 
should be used for highways. These curves reflect the reduction in strength of soil during the 
frost-melting period. The reduction in strength of eubgrades is believed to be greater in cuts 
than in fills. If field data and experience definitely indicate that the reduction of strength 

GROUP DESCRIPTION 
GRAVELLY SOILS CONTAINING BETWEEN S AND 20 PER CENT FINER THAN 

0.02.,... BY WEIGHT. 

SANDS CONTAINING BETWEEN 3 AND IS PER CENT FINER THAN 002 ... 
BY WEIGHT. 

(.) GRAVELLY SOILS CONTAINING MORE THAN 20 PER CENT FINER THAN 

F3 0.02 ,,l,I. BY WEIGHT AND SANDS, EXCEPT FINE SILTY SANDS, CONTAINING 
MORE THAN IS PER CENT FINER THAN 0.02..... BY WEIGHT. (b) CLAYS WITH 
PLASTICITY INDICES OF MORE THAN I2,EXCEPT VARVED CLAYS. 

(.) ALL SILTS INCLUDING SANDY SILTS. Ib) FINE SILTY SANDS CONTAINING 
F4 - MORE THAN IS PER CENT FINER THAN 0.02..... BY WEIGHT. (.) LEAN CLAYS 

WITH PLASTICITY INDICES OF LESS THAN ID. (a) VARVED CLAYS. 

When U0I is ,.,,dItsd I, p.0.1.01. ..,l F4 Soils,,,. I.,,. AssiOn OWOS HI for 
g.o.p F 3 SoilS. F,,.I sh,.Id be per,.iII.d to p.011,015 F4 soil. OOIy Aflder lIe.ibIe po..d 
GISOS of 11,5.,  ip.o,I.0C5 oMos .ppr.cioble r...-..Af.,,I paID0.flt Mo.. say be lo*0f,d 

________•.• 

PIP __... 
U.... Ind  

IIHi dRl 
Emil 

fl!iUIIII hUh __II 
LOAD IN POUNDS ON SINGLE WHEEL 

WITH 100 TO 200 PSI TIRE PRESSURE 

THE THICKNESS WILL BE REDUCED 10 PER CENT 
FOR CENTRAL PORTION OF RUNWAYS (AREA BETWEEN 1000 FT. SECTION AT EACH END) 

GROUP DESCRIPTION 
F I GRAVELLY SOILS CONTAINING BETWEEN S AND GO PER CENT FINER THAN 

0.021,.,,. BY WEIGHT. 

F 2 SANDS CONTAINING BETWEEN 3 AND IS PER CENT FINER THAN 0.021W. 
BY WEIGHT. 

(.) GRAVELLY SOILS CONTAINING MORE THAN 20 PER CENT FINER THAN 
F3 0.02 rn,.. BY WEIGHT AND SANDS,EXCEPT FINE SILTY SANDS, CONTAINING 

MORE THAN IS PER CENT FINER THAN 0.02.,,.. BY WEIGHT. to) CLAYS WITH 
PLASTICITY INDICES OF MORE THAN 12,EXCEPT VARVED CLAYS. 

(.) ALL SILTS INCLUDING SANDY SILTS. (0) FINE SILTY SANDS CONTAINING 
F4 MORE THAN IS PER CENT FINER THAN 0.02 rn... BY WEIGHT.).) LEAN CLAYS 

WITH PLASTICITY INDICES OF LESS THAN ID. (d) VARVED CLAYS. 
H 	WINO frost is 000lOiIl.d to p1,01,0k g.o.p F4 S0HS,A•• S.... deli0, clOp. HI to. 

g.o.p F5 Soils. P.0.1 should OH Plr,OiIkd to pWwtr.tH F4 Soil, ooIy .,.d.r fIssiON posed 
or... 

 
of Blur i,.p..Io... .11W, opp,.eiobl, lWIt-...fOfl. oous'SROI hosive say be Nss..I.d 

— 01 — 
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Figure 161+. Flexible Pavement Design Curves 
for Taxiways, etc. for Frost Aétion in Sub-
grade Soil. (After Corps of 2ngineers) 

Figure 165. Flexible Pavement Design Curves 
for Highways, etc. for Frost Action in Sub-
grade Soil. (After Corps of gineers) 
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in fill areas is less because of the height of fill and of greater depth to the water table be-
low the fill, a reduction in combined thickness of base and pavement for the fill area may be 
permitted. In no case should the thickness of pavement and non-frost susceptible base be less 
than 9-in, where frost action is a factor, 

a. Examples of flexible pavement design 

Example 1. Design an airfield taxiway for flexible pavement to withstand a 40,000 lb. 
single-wheel load with 100 psi, tire pressure for the following conditions: 

Normal freezing index - 1400 deg.-days 

Subgrade-uniform, lean clay, 40 percent by weight finer than 0.02 mm. 

Highest groundwater - 3 ft. below surface of subgrade 

Subgrade CBR - 8 percent (normal period) 

Base CBR - 80 percent 

Preventin , From Figure 155 the combined thickness of pavement 
and base to prevent freezing of the subgrade is 29 in. This would prevent 
or reduce to a tolerable value pavement heaving and loss of subgrade strength. 

Reduction in subgrade strength. The required total thickness of 39 in. 
according to Figure 164, is greater than the depth of frost penetration; 
therefore, this method of design is not applicable. Since the thickness of 
29 in. required to prevent freezing of the subgrade is less than the value 
from Figure 164 and greater than the 22 in. required under non-frost con-
ditions, 29 in. would be selected as the combined thickness of pavement and 
base. 

Example 2. Design an airfield taxiway for flexible pavement to withstand a 40,000 lbw 
single-wheel load with 100 psi. tire pressure for the following conditions: 

Normal freezing index - 2,000 deg.-days. 

Subgrade - uniform, lean clay, 140-percent by weight cf grains finer than 0.02 mm. 

Highest ground water - 3 .ft, below surface of subgrade 

Subgrade CBR - 8 percent (normal period) 

Base CBR - 80 percent 

Preventing freezing of subgrade. From Figure 155 the combined thickness of 
pavement and base to prevent freezing of the subgrade is 62 in. This would 
prevent or reduce a tolerable value pavement heaving and 1088 of subgrade 
strength. 

Reduction in subgrade strength. When allowing a reduction in strength of 
the subgrade due to frost action and allowing uniform heave of the pavement, 
a total thickness of 39 in. is required, according to Figure 164. 

Rigid pavements 

Corps of Engineers Method L1951-51 

The general provisions of the-Corps of Engineers Manual L1951-51 regarding frost suscepti-
bility of soil, the design of filter courses, and determination of freezing index of the area 
given under Texture of Bases and Subbases and under Flexible Pavements also apply for rigid 
pavements. Where frost penetration is permitted into a frost-susceptible subgrade beneath 
a rigid pavement, a non-frost-susceptible base course equal in thickness to the concrete slab 
shall be used. However, the following conditions are specific exceptions to this requirement; 
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where soils of Groups Fl, P2, and P3 occur under very uniform conditions in the sub-
grade and the freezing index is less than 500, the thickness of the non-frost-susceptible base 
may be reduced to 4 in., and it shall be designed, as a filter as specified for filter courses 
under "Texture of Bases and Subbases." 

Where soils of Groups Fl, P2, and F3 occur under very uniform conditions and the 
depth to the uppermost water table is greater than 10 ft., the thickness of the non-frost-sus-
ceptible base may be reduced to 4 in. and it shall be designed as a filter as specf led for 
filter courses under "Texture of Bases and Subbases.r 

Over Group P4 soils the combined thickness of pavement and base shall be equal to 
the full depth of frost penetration. 

The thickness of concrete pavement shall be determined in accordance with Chapter 3, 
part xii, for airfields and Chapter 1, Part X, for highways, using the subgrade modulus deter-
mined from Figure 166, which considers the reduced strength of the subgrade. If the tested 
k value is smaller than the subgrade modulus obtained from Figure 166, the test value should 
govern the design. 

GROUP DESCRIPTION 
GRAVELLY SOILS CONTAINING BETWEEN 3 AND 20 PER CENT FINER THAN 

0.02mm. BY WEIGHT. 

SANDS CONTAINING BETWEEN 3 AND IS PER CENT FINER THAN 0.02 mm. 
BY WEIGHT. 

(a) GRAVELLY SOILS CONTAINING MORE THAN 20 PER CENT FINER THAN 

F3 
0.02 mm. BY WEIGHT AND SANDS,EXCEPT FINE SILTY SANDS, CONTAINING 

THAN15 PER CENT FINER THAN 0.02,nn,. BY WEIGHT. (b) CLAYS WITH 
PLASTICITY INDICES OF MORE THAN 12,EXCEPT VARVED CLAYS. 

(a) ALL SILTS INCLUDING SANDY SILTS. (b) FINE SILTY SANDS CONTAINING 
F4 MORE THAN 15 PER CENT FINER THAN 0.02 mm. BY WEIGHT. (c) LEAN CLAYS 

WITH PLASTICITY INDICES OF LESS THAN 12. (a) VARVED CLAYS. 

Examples of rigid pavement design 

Example 1. Design an airfield taxiway 
for rigid pavement to withstand a £40,000 
pound single-wheel load with 100 psi. tire 
pressure for the following conditions. 

Normal freexlng index - 400 deg.-dsys. 

Subgrade - uniform - lean clay, £40 
percent by weight of graifl8 finer 
than 0.02 mm. 

Highest ground water — 3 ft. below 
surface of subgrade 

Subgrade CBR - 8 percent (normal 
period) 

Base CBR - 80 percent 

Subgrade modulus, k - 100 lbs. per 
sq. in. per in. 

Concrete flexural strength - 650 lbs. 
per sq. in. 

Preventing Freezing of Subgrade. 

From Figure 155 the minimum thick-
ness of pavement and base required 
to protect the subgrade from frost 
action is 29 in. The required 

0 	 0 	 slab thickness from Chapter 3 
THICKNESS OF BASES-INCHES 	 with no subgrade weakening is 

11.14' in. Chapter 3 of the Engin- 
Figure 166. RigId Pavement Subgrade Modulus 	 eering Manual specifies that when 
Curves for Frost Action in Subgrade Soil. 	 the thickness from the. design 

(After Corps of Engineers) 	 . 	 curves Indicates a fractional 
value greater than l/LI in. the 

next full-inch thickness is used for construction. The adopted thickness 
should be 12 in. thereby resulting In.a base course thickness of 17 in. 
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Reduction in Subgrade Strength. Since subgrade conditions are uniform and 
freezing index is less than 500, the exception in paragraph b above is 
applicable. A minimum base course of 4 in. is required as a filter to pro-
tect against loss of support by pumping. The subgrade modulus during the 
frost melting period is 25 lbs. per sq. in. as determined in Figure 166. 
The slab thickness required, in accordance with Chapter 3 of the Engineering 
Manual is 13 in. 

Example 2. Design an airfield taxiway for rigid pavement to withstand a 40,000 lb. 
single-wheel load with 100 psi, tire pressure for the following conditions. 

Normal freezing index - 2000 d.eg.-d.ays 

Subgrade - uniform - lean clay, 40 percent by weight of grains finer than 
0.02 mm. 

Highest ground water - 3 ft. below srface of subgrade 

Subgrade CBR - 8 percent (normal period.) 

Base CBR - 80 percent 

Subgrade Modulus, k - 100 lbs. per sq. in. per in. 

Concrete ulexural strength - 650 lb. per sq. in. 

Preventing freezing of subgrade. From Figure 155 the minimum thickness of 
pavement and base required to protect subgrade from freezing is 62 in. The 
slab thickness according to the design curves in Chapter 3 of the Engineering 
Manual would be 11.4 in. A 12 in. slab thickness should be used, in con-
struction thereby resulting in a base course of 50 in. 

Reduction in subgrade strength. If the combined thickness of pavement and 
base is to be lese than the depth of frost penetration, the subgrade modulus 
as determined in Figure 166, assuming a 12-in, base thickness is 65 lb. 
per sq. in. per in. Using this value of subgrade modulus, the required 
slab thickness, from the design curves in Chapter 3, is 12 in. which requires 
a 12-in, base thickness in accordance with paragraph b under Rigid Pavements. 

In the case of ground water table depth in excess of 10 ft. and all other 
conditions the same as given in Example 2, a 4 in. minimum thickness base 
is permitted in accordance with paragraph b under Rigid Pavements. The 
subgrade modulus in accordance with Figure 166 is 25 lb. per sq. in. per in. 
Using this value of subgrade modulus, the required slab thickness, from 
Chapter 3 of the Engineer Manual is 13 in. 

Civil Aeronautics Ad.ministration Method /1148-13 

The Civil Aeronautics Administration Method 119)48-13 provides thickness designs for both 
the concrete pavement and the subbase for single wheel loads from 15,000 to 100 ,000 pounds for 
various classes of soils and soil conditions. The subgrade classes and the recommended design 
curves are indicated in Table 53 giving the C.A.A. soil classification. The curves showing.the 
wheel load versus thickness relationships are given in Figure 167 for taxiways, aprons, and run-
way ends. 

Line A represents the subgrade class which requires no subbase (B-1 to B-6 for good 
drainage, no frost; B-i to B-5 for good drainage, severe frost; B-i to B-4 poor drainage, no 
frost; and, B-i to B-3 for poor drainage, severe frost). 

An example of the use of the design curves in arriving at thickness design is given as 
follows: 

"Assume a single-wheel load of 45,000 lb.,, and B-6 soil, good drainage and severe frost. 
The corresponding subrade class for those conditions is R-2b which will require concrete pave-
ment 

ave
ment 11 in. thick on taxiways, aprons and runway ends. The subbase requirement is 8 in. Thick-
nesses are taken to the nearest inch." 
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Wisconsin Method L199720 

Design standards for Wisconsin for rigid pavements are carried in the summary for Wisconsin 
L12k9-20 under Flexible Pavements. 

Pigttré 167. Design Chart for Rigid Type Pave-
ments for Taxiways, Aprons and Runway Ends. 
(After Civil Aeronautics Administration) 

Rigid pavement design details Their 
influences on efects of frost action Nearly all 
investigators concerned with design for frost 
action have limited their studies to the adequacy 
of thickness designs for the frost melting period. 
The literature includes few references which give 
information on design of pavement details in frost 
heave areas. 

eil 11937-12, 11938-3 and L. Oseagrande 
L190-8 after extenaive studies in Germany stress 
the neàessity of adequate dowelling of joints in  
rigid pavements when laid on frost-susceptible 
soils. 

Minnesota's /191+58 studies of high joints 
(warping) in rigid paveméñts showed that leaI' 
joints resulted in hIgher subgrade moisture con-
tents under joints and greater heaving at joints. 
It was found that slab length had an effect in 
that the uplift at joints on 20-and 30-ft. slab 
lengths was less than on 1+0-ft. slab lengths. 
The subgrade moisture distribution was more nearly 
uniform under the shorter slab lengths, and the 
differential uplift was smaller. The same studies 
also showed that where copper.seal expansion and 
contraction joints of the type used were properly 
installed "the special seals proved successful 
in preventing infiltration of surface water." 

Drainage of bases — It has been brought 
out that saturated base courses, especially those 
constructed of poorly graded gravels, have a 
reduced strength to resist loads Imposed by traffic 
as compared to drained base courses. Base-course 
saturation often occurs during the frost-melting 
period when the ice in the base and top portion 
of the subgrade is melted and escape downward is 
precluded by the frozen soil below. Prolonged 
rainy perIods and ponding of surface run-off may 
further aid in saturating base courses. 

Much talk has concerned the use of "free-draining" base courses as a means for preventing 
detrimental frost action but there has been little research. The only major field investigation 
which the reviewer came across in the literature is that of the Corps of Engineers /146-10 which 
was initiated to establish criteria for the design of adequate base-course drainage for iirftelds. 
While primarily for airfield drainage the data obtained are equally as valuable for application 
to highways, 

The following is an abstract type of review of the comprehensive report and four appendices 
to the report of the investigation by the Corps of Engineers. The study was dividd into four 
parts, namely: Theoretical Studies; Viscous Fluid. Model Tests;Pull Scale Field )rainage Tests; 
and Field Investigations. 

Theoret ical Studies 

The present theories of two-dimensional flow through soil were revIed and, applied to the 
base course drainage problem. The arbitrary design criterion that "a degree of drainage of 50 
percent in the base course shall be obtained in not more than ten days" was established. The pro-
blem then became one of determining theoretically the relationships between time and percent 
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drainage for various combinations of material type, and the depth, width and slope of the base 
course. 

The report reviews the present status of the the6ry, discusses various methods of analyzing 
drainage by use of different approximations, and gives the simplified method found by experiment 
to give results within the desired range of accuracy. 

From the standpoint of practical application of the theoretical analysis of drainage of 
base courses it is in many cases sufficient to know the time required to reach 50 percent drainage. 

The report gives two procedures for determining the time required to reach 50 percent 
drainage. 

Procedure 1. 
An example showing the computat ion of the 

time required to obtain 50 percent drainage is 
shown in Figure 169. 

11 

Figure 168 
If k is coefficient of permeability 

H is thickness of base 
D is length of base being drained 

is angle of slope 
S is slope factor 

H 
D tanaC 

t is time (t50  = time for 50% drainage) 

T50 is time factor (Figure 169 shows the re-
lat ion between time factor and slope 
factor.) 

ne  is effective porosity 
Volume of Voids drained. 
Total Volume of soil 	 D 

o is parameter whose value depends upon IT 
and the slope. (npirica1 relationships 
derived from facsimile model test data 
and given in Figure 170). 

Then t50  = cneT5oD2 
2kH 

SLOPE FACTOR S 

C 0.05 0.1 O.5j0

so  

_______ 

04 

::ii_  

Figure 169 
Procedure 	 Example 

Compute S • 
	H 
D tanuc 

and from this chart 
read. corresponding 
P50  

Compute time required 
for 50% drainage from 

Cfl T 0 O 2kB where 

cis determined from 
Figure 170. 

D u 75 ft. 
H = 2 ft. 

- 0.3 
k a 0.01 ft. per mm. 
= li.&i ft. per day 

Slope = 1.0% 
(tan= 0.01) 

Slope factor S = 2.67 
P50 . O.1445 
c M 1.87 
t50 	22.2 days 

Figure 169. Relation Between Slope Factor 
and Time Factor for 50 Percent Drainage 

The degree of drainage is expressed here as a percent of the amount of, water drained at 
a given time to the total amount of water which can be drained. 
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Figure 170. Empirical Relation Between 
Parameter c and Ratio D/H Derived from 

Viscous Model Tests 

t - TIME (MIN. 

Figure 171. Percent Drainage 609 cm 
Model 
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Procedure 2. 

For most practical purposes a further simplifi-
cation is permissible by the use of the following 
equation: 

— neD2  
t50 —  2k(H +D tanc'C) 

By using the values given in the example on 
Figure 169. 50 percent drainage is obtained in 
21.4 days compared to 22.2 days according to 
Procedure 1. 

Viscous fluid model tests — The pur-
pose of the model tests was to verify theoretical 
analysis of the drainage of base courses and 
particularly to determine constants used in those 
analys es. 

The principal tests for the study of drain-
age was performed on facsimile models consisting 
essentially of two parallel glass plates separated 
by a uniform distance of j in. and open to drain 
at one end. A temporary stop was placed in the 
open end and, the space between the two plates 
was filled with glycerin to which had been admixed 
anhydrous sodium carbonate to increase viscosity 
and phenolpthalein to give the fluid a light red 
color. When the model was filled, it was sud-
denly inclined in the desired slope and the tem-
porary stop removed, permitting the fluid to 
drain from the model. 

Facsimile tests were performed on models 
with height to length ratio ranging from 1:1 to 
1:40 and at slopes from 0 to 5 percent to study 
the effects of base dimensions and slope re-
spectively. Measurements were made of the rate 
of discharge, the position of the surface of the 
draining fluid, and the temperature of the fluid, 
all versus time. 

A series of tests were performed on two viscous fluid models to determine the coefficient 
of permeability which is a function of the viscosity of the fluid and plate spacing. 

Figure 171 shows test data obtained from the 609 cm. model, (one of several sizes tested) 
used in the facsimile model studies. 

	

Test 	Slope 	H 	 Test Temperature 	_Glycerin 	Coef, of 

	

No. 	 s 	 D 	 deg. C. 	 Mix. 	Viscosity Perm. k 

	

Percent 	 Max. Mm. 	Ave. 	No 	Sec. per cm. per sec. 
60 ml. 

1 	 5 0.0246 21.7 21,1 21.14 6 192 7.74 
2 	 3 0.0246 21.8 21.14 21.6 7 200 7.44 
3 	 1.5 0.02146 20.6 20.3 20.14 8 217 6.85 
1 	 0 0.0246 22.5 21.3 21.9 4 192 7.74 

The results show remarkably close agreement between facsimile model test drainage curves 
and theoretical drainage curves of time vs. percent drainage as indicated in Figure M. 
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Time in Minutes 
0.1 	0.5 1.0 	 5 	10 	50 100 	500 1000 

20 

4— C 

0 40 

5) 
C. 

:6C 

Sc 

-/ Theoretical Curve 
Triangular Approximation 

1.89 NOTE 

 
c is average of values N determined of 40, 50 and 

60% drainage in facimile 
model tests.  Test No.2  

Slope 3% —  
H =15.0cm. 
D = 609.1 cm. — 
k = 744 cm. per sec. 

200T.S.F. 
Spacing Between 
Plates 0.635cm. - 

Figure 172. Correlation of Test and Theoretical Curves 

Fall Scale Field Drainage Tests — Base course drainage tests were performed on four 
full-scale test sections to verify the theoretical analysis. The test sections were constructed 
on an area adjacent to the Bedford Airfield, Bed!ord, Massachusetts. Each section was 10 by 
75 ft. with a 1.5 percent slope in the direction of the long dimension. The sections were con-
structed using the following base course materials and design thicknesseag 

C,,n Size in MIhrnete,s 

L.'ee Gr..I 	Mean, (.a,I 	
J 	

M,mn 	,ne Sa,,J 	Ve,F,ne1
Sad  
	

I 

Figure 173. Gradat ion of Mat rial'tfed in Fall Scale Field 
Test Sections.,6 in, and 18 in, Depth of Base Section 1 and L 

Pea Gravel 
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Section No. 	 Thickness of Base 	 Base Materials 
in. 

1 	 18 pea gravel 

2 	 18 sand and gravel 

3 	 6 sand and. gravel 
4 	 6 pea gravel 

Grad.ing curves of the pea gravel and the sand and gravel materials are shown in 
FIgures 173 and 174. 
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Figure 174. GradatIon of Materials Used in Full Scale Field 
Test Sectlons.6 in. and 18 in. Depth of Base Section,2 and 3 

Sand. and Gravel 

The base course in each section had impervious boundaries consisting of PBS (prefabricated 
bituminous surfacing) on the top, bottom, both sides, and at the upper end.. A surcharge of sand 
and gravel was placed over the top layer of PBS to prevent uplift during saturation of the base 
courses. A drainage trench was constructed at the lower end of each section with an 8-in. 
corrugated metal drain pipe to collect and discharge the water from the base course. A 4-In. 
discharge pipe was connected to the middle of the drainage pipe and carried through the outer 
wall of the trench. Sixteen observation wells were installed in each section and two in each 
drain trench to determine the depth, of the water in the base course and drain trench during the 
drainage test. 

Two series of drainage tests were performed, the first in November and. December .1946 and 
the second in May 1946. 

In-place permeability tests and field density determinations were made. Laboratory tests 
were made to determine grain size distribution, specific gravity, coefficient of permeability', 
and effective porosity. 

Comparison of theoretical and test section drainage results — The theoretical and 
actual drainage curves sflowed fair to close agreement. The results are summarized. in Table 57. 

Figure '175 shows the correlation between theoretical and actual drainage curves for Section 
2. Table 58 of the comprehensive report shows the correlation of theoretical and measured rates 
of discharge of saturated base courses for all four test sections. 



195 

PABLB 57 

SeOtion No. Thickneee Base Materials Results 

in. 
1 18 - Pea Gravel Close agreement 
2 18 Sand. and Gravel check reasonably close for 

time of 50% drainage 
3 6 Sand and Gravel Vary appreciably exôept 

during first 20 	of drainage 
Close agreement except during 

6 Pea Gravel first LiO 	drainage when actua: 
drainage time was less than 
theoretical time 

Time in Minutes 
5 	10 	 50 	inn 	 irir 

r r ZZ Theoretical 
Average Theoretical Drainage Formula 

rTheo!etiCOI 	J 	= c 

2kH Range 	

Maximum 	
e 	kFt.rMin: 

0.09 	0.66 
Average 	0.07 - 0.54 
Minimum 	0.05 	0.42 
D 75 Ft. - s 1.63% 	H — 
H1.5Ft. 	c1.7 	Djan as 
IS'Sand and Gravel Section 

Field Test Dota 

___________ 

Figure 175. Drainage Correlation Between Bedford Test Section 
2 and Theoretical Analysis 

The reasons for variations between theoretical and actual test-section drainage curves 
are believed to be caused by a combination of factors. The theoretical percent drainage-time 
formula is predicated on the assumption that the portion of the base course above the theoretical 
draw down curve is at a degree of saturation consistent with the effective porosity of the base 
material and the material beneath the draw down curve is assumed to. be saturated. The draw down 
curve which is defined as the top boundary of the saturated zone, therefore does not correspond 
to the piezometric surface as measured in the observation wells due to the existence of a zone 
saturated by capillary water above the piezometric surface. 

Qiantitatjve measurements of the height of the capillary Izone were not made in the base 
materials used.. It is estimated that in the sand and gravel the height would be three inches, 
the bottom two inches of which could be considered. saturated. The pea gravel is estimated to 
have a capillary zone of 3/4 inch with the bottom -1  inch saturated. 

A variation in the coefficient of permeability throughout the depth of the section and 
(or) a difference between horizontal permeability would also cause a difference between the 
field test curves and the theoretical curves. 
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TABLE 58 

CORRELATION OF THEORETICAL AND MEASURED RATES OF 
DISCHARGE OF SATURATED BASE COURSES 

qkH Ho 
D60 

q.= the peak discharge quantity in cfs 
per linial foot of drain 

aol__ 

D 	. 3 
(a) Full Scale Field Test Sections, Bedford, Mass. 

D 	H 	Slope Ho 	k 	(cfs) q (cfs) Time After 
Material 	 from field 	 Start of Test 	Date 

ft 	ft 	% 	ft tests (f/rn) Computed Measured (Minutes) 

PEA GRAVEL 	75 1.5 1.146 2.59 	34 	0.30 	0.22 	3.5 	27 Nov. 1945 

PEA GRAVEL 	75 0'.5 1.40  1.55 	26 	0.044 	0.034 	2.5 	28 Nov. 1945 

SAND & GRAVEL 75 1.5 1.63 2.72 	0.54 	0.0049 	0.0167 	8.0 	10 Dec. 1945 

SAND & GRAVEL 75 0,5  1.50 1.62 	0.26 	0.0004 0.023 	2.0 	28 Nov. 1945 

Field investigations— Two types of field investigations were made, namely survey in—
vestigations and comprehensive investigations. The former consisted of inspections of the fields 
to determine the conditions, operation, maintenance, and effectiveness of the drainage systems 
and were made on four airfields in Massachusetts and one in Connecticut. Comprehensive investiga—
tions included studying the operations of the subsurface drains, measuring the discharge of the 
drains at selected locations, gaging precipitation and observing ground water conditions by means 

('....,... 	,,. 	 1 

Gran Sze in MIIrneter 

Figure 176. Presque Isle Airfield, Presque Isle, Maine - 
Typical Soil Characteristics 
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of observation wells, and observations on the operation of selected combination drains (Combina—
tion drains collect (1) surface water either by infiltration Into a trench with pervious backlill 
exposed at ground surface or by catch basins or drop inlets and (2) subsurface water from the 
base course and subgrade by seepage into a trenchwith pervious backfill.) 

Comprehensive investigations weremade at seven sites. Of those, studies of subsurface 
drainage were made at five airfields located, at Presque Isle, Maine; Bed.ford, Massachusetts; 
Bangor, Maine; Mt. Clemens, Michigan; and Madison, Wisconsin. Following are abstracts of the 
results obtained at those five fields: 

Presque Isle, Maine. The pavement at Presque Isle consisted of 3 in. of bituminous con—
crete over a 2—in, dry bound macadam and a 30—in, sand and gravel (Gw) base. The subgrade is a 
compact clayey silt sand and gravel (GF) till. The characteristics of the bases and soils are 
given in Figure 176. 

Although discharge measurements were not practical, readings of water level in observation 
wells were made. The base course in the test area with subsurface drains was 56 percent saturated 
on April 11, 1946 and this water was for all practical purposes drained from the base on April 
30, 1946. A correlation of theoretical and actual time for base course drainage is shown in 
Figure 177. 
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Figure 177. Correlation of Theoretical and Actual Time— 
Drainage, Presque Isle, AAF Test Area B 

Bedford, Massachusetts. The pavement consisted of 3 in. of bituminous concrete over a 
bank run sand and gravel base course (Gw) 6 to 9 in. thick over a medium sand (SW) which extends 
to a depth of 10 ft. It was indicated that although'subsurface drains were installed, the water 
table is controlled by open ditches and the subsurface drains are not required. 

Bangor, Maine. This field was selected for study because of the impervious clay subgrade 
and because extensive frost investigations were being conducted at this location. The 3—in. 
bituminous concrete pavement is on a sand and gravel (Gw) base from 3 to 4 ft. thick on a sub—
grade of silty clay (CL) with occasional silty, clayey sand and gravel (ac). The groundwater 
rose during the frost melting period suddenly a distance of 2 to 7 ft. to about 0.5 ft. above 
the bottom of the base. The groundwater to June 1st had not lowered appreciably. 

Mt. Clemens, Michigan. The pavement consisted of 10 in. of non—reinforced concrete over 
12 in. of bank run sand gravel (GW) base, on a subgrade of clayey, silty sand (ML) as indicated 
in Figures 178 and 179. Discharge studies and, observation of water levels, by means of observa—
tion wells were made. The water level was high up in the base on March 15 but by March 18 all 
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ows 

Figure 180. Apron Area - Section Through Observation Wells - 
Subsurface Drainage Investigation, Self ridge Field, Michigan 

TABLE 59 

(b) Ccapr.heuaiv. Sites 

Location 
D H Slop. Ho k 

(f/a) 

(cts 	q (of.) 
Data 

Cpztid Measured 

?ID 7TRUAX 
ISON 	WIS 
T ARPS aC 

1400 3 1.0 5 .000058 .00001 .00628 15 March '16 

THJAX ?IFD 75 .55 .144 .88 6. • Ba*• Bast Side 
MADISON, HIS. 
TS? AREA 	D" 

75 2.0 .144 2.33 .000058 .0O0 	Sub-basi  18 March 9146 
.J444 Total .0a757 

75 .35 .LaL .68 6.. .21105 Base West Side 
75 2,0 oU4  2.33 .000058 .000014 Sub-au  16 March 'lit, 

Total .21109 00106 
S.FRIDGE FIELD 
MT. CL$. MIQ 85 1.5 1 2.35 .036 .0199 .0107 15 March 2146 
RUNWAY TEST ARH& 
(5) Suhgrad. Dralnag. Inflow (See Below) .0000i  

 .019931 I 	I 	I 	I .0107  

2. 	Correlation of Theoretical and Measured Inflow from Subrsde. Refor0rice 
to Chapter 2.09b  of "Draft of Reconended Change. to E.W. Chapter UI 

khc 

h 0 k (cfe) 	q 	(cfe) 
Location Date Computed! j, j (f/n) Measured  

DGE FIELD 1.6 .85 .000015 .00031 (S) 

tWA I above 
Iff

S. MICH 
 TEST AMA .000015 .0002214 .000207 ia Dec. '145 

Notes: 	 S  
Estimated from Grain Size Distribution Curve, 	 - 	 .. 
Coefficients of permeability from laboratory tests have been multiplied by 10 
to allow for increase due to horizontal flow.  

. 	 . 	 .. 	 .. - 	 S . 	 0 
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Madison, Wisconsin. Three test sections were selected. The types and thicknesses of 
pavement and base and type of subgrade were as follows: 

Section A 

Pavement 	4-in. Bit. concrete 

Base 	8-in. crushed lime- 
stone 

Sub-base 	16-in. sand gravel 
(GF) 

Subgrade 	Grey silty clay (CL) 
and fine sand (SF) 

Section C 

6-in. cement concrete 

4-ft. sand-clay gravel 
(GF) 

Silty clay (CL)  and 
fine sand (SF) 

Section D 

25-In,  bit, concrete 
15-1n, crushed lime-

stone 

24-In, sand-clay gravel 
(GF) 

Gray silty clay (CL) 

Observations 

Section A. Contains no subsurface drains. Water was observed in the base before the 
freezing period and after the melting period apparently due to infiltration through and at the 
edges of the pavement. Water rose to within 0.2 ft. of the pavement on March 15 during the frost 
melting period and again on April 8 after a heavy rain. The limestone base drained during the 
three clays following April 8 when the high water table was observed. The sub-base was completely 
drained on April 17. This indicates that the limestone base is satisfactorily drained by lateral 
flow in the sub-base. 

Section C. Water rose almost to the top of the pavement on March 13 during the frost 
melting period, dropped until March 22 and again rose above the bottom of the pavement, then 
dropped approximately 30 inches by April 1 followed by another major :rise and fall. The slope 
of the water surface indicates base drainage took place toward the side without subsurface drains 
as well as to the side with subsurface drains indicating flow through the sand-clay-gravel fill 
at the shoulder. A comparison of measured andcomputed maximum base course discharge for section 
C is shown in Table 59. The measured discharge is approximately 600 times the computed. The 
difference is believed due to a greater horizontal permeability than the permeability determined 
from laboratory test. 

Section D. Water rose in the 'crushed. limestone base during the frost melting period 
and after the heavy rain April 8 at which time peakdischarges were "ecorded. The subsurface 
drains were apparently effective in maintaining the water level near or below the bottom of the 
limestone base. A comparison of theoretical and, measured rates of discharge is shown in Table 59. 
The large.discrepancy between theoretical and measured discharge quantities may be caused by the 
cross-section along obaervation wells not being typical of the test area. 

Conclusions 

The results obtained from this investigation during' the fiscal year 1945-1946 in gen-
eral substantiate the criteria for the design of subsurface drains given in Chapter 2, Part XIII 
of the Engineering Manual (Appendix A to the report). 

Drainage of base courses on frost susceptible subgrades is required where the pavement 
and base thickness is not sufficient to prevent formation of, ice lenses in the subgrade. 

Based upon the field investigations, base course saturation is more likely to occur 
during the frost melting period but often results from Infiltration of rainfall runoff through 
and at the edges of either bituminous or portland cement concrete pavements. 

It is possible to determine within reasonable limits the time-degree of drainage re- - 
lationship of a saturated base course on an impervious subgrade where reliable values of the 
coefficient of permeability in the horizontal direction, effective porosity, and height of capillary 
rise are known. 

Clean pit-run gravels or crushed materials commonly used for base courses are sufficientl: 
pervious to meet the design criterion given in Paragraph 2-08c which states that a degree of 
drainage of 50 percent in a base course shall be obtained in not more than ten days. 
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6. The inspection of drainage trench filter materials at the several field investigational 
sites substantiate the filter design requirements given in Paragraph 2-11 of the' Engineering 
Manual. In no Instance did detrimental movement of adjacent materials take piacs where the con-
struction ad.hered to the design requirements. 

The comprehensive report consists of 60 pages of text, 32 plates and 2 tables, and includes: 
Appendix A, consisting of Engineering Manual 'Part 13,  Chapter 2, "Subsurface Drainage Facilities 
for Airfields" 23 pages, 10 figures; Appendix B "The Theory and Technic of Permeability Tests of 
Drai.nable Soils," 29 pages. 

The Appendices to the comprehensive report are as follows: 

Appendix 1 - Report on Theoretical Analysis of Drainage of Base Courses 
by Louis A. Pipes. 57 pages. 

Appendix 2 - Report on Viscous Fluid Model Tests. 36 pages, 20 plates. 

Appendix 3 - Report of Field Investigations. 69 pages, 70 plates, 
13 tables. 

Appendix 4 -  1ill scale Field Drainage Tests. 22 pages,'52 plates. 

Altogether this constitutes a rather lengthy report. This abstract is intended only to 
convey a few of the principal findings and indicate the nature of the material contained in the 
report. A complete copy of the report is on file in our library and is available upon request 
on a 30 day loan basis. 

Design for Base Drainage - The Corps of Engineers following completion of its subsurface-
drainage investigation /19146-10 (abstracted in the preceding paragraphs), arrived at a method of 
design of base-course drainage /1946_19. The method provides means .for computing (1) the rate 
of discharge of a base of given dimensions and properties and (2) the period of time required to 
obtain 50 percent drainage. The method is based on the assumptions that the base is saturated, 
no inflow occurs during drainage, the subgrade is impervious, and water can outflow freely from 
the base into the drain trench. 

The Manual Li 946-12  suggests the following equation be used for determining maximum rate 
of discharge for a satursted base course of the dimensions shown in Figure 181. 

Base-course designis based,on the 
criterion that a degree of drainage Jof 
50 percent in the base course shall be obtained 
in 10 days or less. 

Degree of Drainage - The degree of 

BASE drainage is defined as the ratio, expressed 

DRAIN 
as a percent, of the water drained in a given 
time to the toal amount of water that is 
possible to drain in a given material. Fol- 

Figure 181. Design of Base Course Drainage 	lowing is 'a simplified formula which may be 
used

'
to determine time required to obtain a 

Where: 	' 	 drainage of 50 percent. 

- kH Ho o 	 ' 	t 	X 10 

k is horizontal coefficient of permeability Where: 
in feet per minute. 	 t is the time in dave for W percent 

H, H0  and D are dimensions in feet shown 
on Figure 181. 

q is the peak discharge quantity in cu. ft. 
per sac, per lineal ft. of drain. 

/20 The ratio, expressed as percent, of the amount of water drained in a given time to the 
total amount of water that it is possible to drain from a given material. 

drainage 
D and H0  are dimensions as shown in 

Figure 181 in ft. 
k is the average coefficient of per-

meability in ft. per mm.. a's determined 

by laboratory tests upon remolded 
samples of base material. 
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The time required for 50 percent drainage for bases of 6, 18, and. 36 in. in thickness and 
having slopes of 0, 1.5, and 3 percent and base lengths of 75 ft. are shown in Figure 182. 

• 

D:75FT. 	 Qj FOR EFFECTIVE POROSITY 

H:VARIABLE 	 yzOI, MULTIPLY TINE 

S :TAN a 	 BY FACTOR IOfl 

COEFFICII.NT OF PERMEABILITY IS AVERAGE VALUE DETERMINED 

BY LABORATORY TESTS ON REMOLOED SAMPLES. 

Figure 182. Time for 50 Percent Drainage of Base Course 
(After Corps of ig1neers) 

Another formula may be used when the coefficient of permeability Ic is known for a d.irec—
tion parallel to the surface and the effective porosity is known. 

Where: 	 fleD 2 

2880kH 

t is time in days 
e is the effective porosity of the soil. 

D and Ho  are dimensions as- shown in Figure 181, in feet. 
k coefficient of permeability of the soil in a horizontal directIon in ft. per mm. 

The following example, based on an assumed section as shownin Figure 182 and the values 
listed below, illustrates the application of the preceding formula. 

fle aO.l 
'D 	75 ft. 	 . 
E0  3.625 
Ic a 1 x 10 2  ft. per mm. 

Then: . 

t— . 0.1 X 75 X 75 	= 5•4 days 
— 2880 X 0.01 X 3.625 

Estimated average values of coefficient of permeability of sand and gravel bases are 
given in Table.60. 

Slag and crushed. rock (with.few fines) generally has a coefficient of permeability in 
excess of 1 ft. permin. 	. 

When computation shows the time required for 50 percent drainage to exceed. 10 days, the 
spacing of the drains is decreased or a more pervious base material or a greater thickness of 
material-  is used. 
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Base drainage as described in the Engineering Mamial /1946-19 usually "consists of sub-
surface drain pipes laid parallel and adjacent to pavement edges with pervious material joining 
the base with the drain." Figure 183 show8 typical installations using different filter materials. 

TABLE 60 

Estimated Average Values of Coefficient of Permeability L? 
of Sand. and Gravel Bases. (After War Department 19146-19) 

	

Percent by weight passing 200 mesh sieve 	Coefficient of permability 
(ft. per mm.) 

3 	 . 	. 	. 	. 	10 
5. 	 10-s 
10 	 10 
15 	 10 
25 	 . 	i 5  

JDl$.344 . PAVEMENT7 	. 
a. 

TURF -7 	. 

COMPACTED 
EASE COURSE I 	I 

FILTER 	

I 	
I MATERIAL N 

TOP OF SUBGRAOE 

6. 
JGe'RAIN PIPE 

(A) ONE GRADATION OF FILTER MATERIAL 

MIN: 01$. 31 
	

PEMENT . 

TURF 

BASE COURSE 
COMPACTED FINE 

	

FILTER MATERIAL 	 COMPACTED COARSE 
FILTER MATERIAL 

	

4 - 	 TOP OF SUBGRADE 

	

6" 	 MIN. 12" 

6" DRAIN PIPE 
6 

	 ... 

(9) TWO GRADATIONS OF FILTER MATERIAL 

Figure 183. Typical Details of Base Drain Installations 	. 	. -. 
(After Corps of Engineers) 

.L?.i Appendix A to reference 19146-19 provides a table for facilitat!ng the estimating of the 
coefficient k for sand and gravel base. Design values are based on results of labora-
tory tests.  
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The Engineering Manual requires base drainage where frost action occurs in frost-susceptible 
/22 soils and where ground water rises to the bottom of the base course, and at locations where 
inundation may occur where the subgrade is relatively impervious. The following table gives 
values of permeability (of subgrade) suggested as a guide to where base drainage may be required 
where inundation occurs. 

TABLE 61 

Base Drainage Required if Subgrade Coefficient of Permeability 
is Smaller than the Following Ft. Per Mm. 

Dept. to around Water (ft.) Coefficient of Permeability 

Less than 8 
Less than 25 
More than 25 

Base drainage may also be required at the low point of longitudinal grades in excess of 2 per-
cent except where k has a value of 1 x io3 or greater. 

Typical sections of granular bases and 
methods of drainage used in Michigan /19146-16 
are shown in Figure 184. The Manual L1946-16 
states, USand or gravel eubbases are desirable 
where grades may not be raised and where fills 
may be constructed of high capillary soils.... 
To be successful the sub'oases muát be drained. 
This is accomplished in the majority of cases 
by constructing them continuous from ditch to 
ditch on crowned earth grades". Otherwise they 
are drained as indicated in Figure 18, with 
adequate subgrade slope toward the drain, 

Capillary Cut-Off Courses — It was 
shown early in this review that movement of 
water to the zone of freezing was due either to 

Figure 1814. Typical Cross Sections for Sand thermal differences or to differences in hydro- 
Subbase (After Michigan Soil Manual) 	static pressures, &nd tat for practical pur- 

poses. the major part of the flow was due to 
capillarity. The uses of courses of sand or gravel having very low capillarity to cut off the 
f low have been mentioned in several instances previously in this review. A number of invests-
gators have proposed the use of capillary cut-off courses consisting of relatively impervious 
courses to prevent increase in soil water in the zone of freezing. 

riff in /1888-2 was granted a patent (No. 382,153) on the use of a course to limit the 
amount of water which enters the subgrade. He prescribed first removing earth 6 to 16 in. in 
depth to an even surface, then moistening and rolling the soil. He then suggested construction 
of drains on each side of the road as indicated in Figure 185 '!to take out the surplus water 
from the roadbed and thus prevent the road heaving by frost." After bringing the road to the 
elevation indicated by the number 3 in Figure 185, he suggests placing a felt or any other 
water proof material, then placing a layer of cement concrete which in turn is covered with tar 
to form a "water-tight layer." 

Lowell 11918-6 held that there is a marked difference in moisture distribution under a 
pavement, the area under the center of the pavement having low moisture content areas under the 
edges having maximum moisture content. He believed that since soil on freezing expands in pro-
portion to its moisture content the difference in moisture distribution (Figure 186 causes unequal 

TYPICAL SECTION To RH USC, THROUGH FILL 
SECTIONS. AND SECTIONS HAVING 'NO' OEEP(T DITCHES 

ALTERNATE SECTION TO RE USEDTHROUGH 
TEll DITCH AND VALLEY OITCO SECTIONS 

/22  Based on the manual's definition of frost susceptibility. 



Figure 185 
Griffints Patented 
Method of Paving Streets 

and Roads 
(U.S. Pat. Off.) 
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pavement distortion. He suggested that, as a means of preventing the occurrence of non-uniform 
moisture distribution of the nature he described, a vertical cut-off wall be constructed under 
the edges of the pavement. He indicated the "old style" 36-in, deep curbing with drain tile laid 
outside was the nearest approach made at that time but suggested that' a 3/8-in, thickness of 
licontious jointed or lapped sheets of bituminou'material" be 
used, to form underground walls 4 to 5 ft. deep along each side of 
the pavement with a 6-in. drain.tile laid. "on a good grade" just 
outside the base of the walls. (see Fig. 187). 

Taber /1929-2 found that a relatively thin layer of coarse 
sand will stop upward movement of water by capillarity and thus 
prevent formation of ice layers. Casagrande /1938-5 suggested 
both water proof courses and courses having very low capillarity. 
For courses of coarse materials (gravel and clippings) 
of the material, and such courses should be underlain with a 
filter course to prevent infiltration of fine-grained soil. 
Sourwine /1939-12 was granted a patent which provided for an 
"earthen subgrade foundation which shall resist the entrance of 
water in capillary form and by so doing shall limit the, occurrence 
of ground freezing in such earthen foundations." His patent also 
included the use of admixtures which lowered the freezing point for 
soils. A brief review of the patent has been given under "Admixtures". 
Mamanina /19411-2 reported that the rise of capillary moisture was com-
pletely prevented by the use of coarse sand 0.09 to 0.02 in. (about 
60-mesh to 270-mesh material) and that relatively thin layers (1.5-in.) 
give appreciable effect if the material was cleaned carefully. Williams 
/19455 held that both depth of freezing and winter thaws were greater 
under the pavement than under shoulders, and that a frost partition 
existed. Precipitation and melting snow caused'a state of saturation 
above the frost partition. Williams suggested sealing the shoulders as 
indicated in Figure 188 to prevent surface runoff water from 
entering the subgrade. 

Beskow /1938-11, /1947-12  illustrated the use of capillary "cut-
off" courses in Sweden. One method is illustrated in alternative No. 
in Figure 156 in which the layer of coarse sand acts as an "isolation 
layer," breaking the capi,llary connection with overlying backfill of 
frost susceptible soil. Figure 189 illustrates the use of a capi-
llary cut-off course which also acts as a drainage course. Beskow 
illustrates in Figure 191 examples of how not to construct layers 
to cut of f capillary water. 

ImperviOus Wall 

Area Not Affected 
t 	

.0 fNf, 4aNj 	I by Outside Moisture 
LL 

FrLt Line  

4 —1 ;-- 

HH1ttN II  

0 	2 	4 	6 	8 	10 	12 	14 
Width in Feet 

Figure 186. Distribution of Moisture Pre- 
vailing in Unprotected Clay and Loam Sub- 

grades. (After Lowell) 
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Figure 187. Effect of Impervious Wall 
Upon Distribution of Moisture in Sub-

grades. (After Lowell) 
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Surface Drainage. - A few writers have Indicated that surface drainage can serve to aid 
in reducing damage due to frost. Harrison /1918-2 suggested that ditches should be deep enough 
below the bottom of the pavement so there will be no leakage from ditches to the subgrade. 

Waterproof joint 
at edge of metal 

Thawed z,2  

Precipftation 	
Shoulder sealed with 
(\bituminous surface 

\ 

--Frost partition" 

Figure 188 
A third remedial measure. Capping of shoulders with bituminous 
treatment carries precipitation to roadside ditches, and prevents 
occurrence of excessive saturation of upper thawed zone. (After 

Williams) 

- 

- 	 Orcriricry 571 /XbmY7 

Pciuemeril, Upper Baie, 8ico79 Joi/ 

,cbcli- 
t\\ 	Re/i//ed .501/ 	 .• •. 

Drainaqe 

Figure .189 
Use of "sand-wedge" construction, for smoothening transition be-
tween different frost heaving road sections (avoiding abrupt 
ledges on surface of frozen road). Figure represents a soil cut 
(strongly frost-heaving) with rock base. Deep transition wedge 
between rock and frost-heaving soil; also the ordinary sand in-
sulation layer in the soil cut ending with a short wedge. (After 

Beskow) 

1r1enback /1937-3 reported that drainage by side ditches or channels proved entirely in-
effective in preventing frost damage. L. Casagrande /1938-5 also held that "road ditches do 
not prevent damage by frost, and...deep.d.raimage only does so in very exceptional cases." The 
exceptional cases refer to relatively permeable soils. His later report /19140-8 restated that 
side ditches cannot prevent frost damage. Smith /19148-28 brought out that the most common and 
most disastrous type of freeze damage in the Amarillo area in Texas occurs near the pavement 
edges where surface water (some from melting snow) enterè the base. He found the damage small 
where adequate shoulder slope was used. He suggested that "a minimum shoulder slope of 1-in. 
per ft. should be used in designing crown width or so-called feather edge base sections.. .that 
at least a Beal coat should cover the shoulder slope and thus provide water proofing." He 
stated that a side slope not flatter than 7 to 1 with 6 to 1 the usual slope and a minimum ditch 
depth of 1.5 ft. will provide better drainage for the melting snow. 

Design to Limit or to Prevent Freezing 

Insulating Courses - Beskow 11938-11 reported the use of insulating courses of moss, 
straw, or needle brushwood on gravel roads in Sweden. The manner of placing the materials is 
indicated in Figure 190. Beskow also illustrates in Figure 191 how not to construct insulation 
layers in trench-type construction. 
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Later Beskow L1947-1 reported the use of insulating mterials for railroads and rigid 
pavements (p.  C. concrete) on strongly frost-heaving ground. To obtain a backfill with great 
resistance to frost in order to limit the depth of excavation Scandinavian engineers have used 
wet moor. Frost penetration in wet moor is about half that in moist sand. Beskow suggested that 

-EXCAVATED MATERIAL REFILLED 
ç tSO.'60(70) cm. 	 I ISO) -50(70) CM. 

- RO.RO SURFACE 

-v 
M055 5TRAW, OR NEEDLE 8PU.5H WOOD 

Figure 190. Insulation against Frost Damage. Figure shows 
excavation filled with original frost-heaving soil above the 

- 

	

	insulation layer. This is cheap construction and satisfactory 
for gravel roads of minor importance. On more important high-
ways where a bituminous surface is used, a more satisfactory 
soil or a stone foundation is used above the insulation layer. 

(After Beskow) 
14 Bed-OAPE'P(E.Zrn,S 

when used as fill under flexible pavements, the 
minimum thickness of base and pavement should be 
0.5 m. (1.64 ft. or 19.7 in.). A 30 cm. (1]..8 in.) A33, .r1qqw 

layer of moor down to a depth of 0.8 m. (31.5 in.) 
would prevent freezing as long as would a sand. 	8 1QQZCN 

layer to a depth of 1.1 m. (43.3 in.). If then 
the moor is covered by a 20 cm. (7.9 in.) layer 
of very porous slag, the frost resistance of the 
combnat1on with a depth of only 0.8 in. (31.5 in.) 
would be equal to that of a sand fill of 1.3 to 
1.5 meters  (51.2 to 59.1 in). A graphical ex- 	C 0or F.4zL1 

ample showing the effect of moor is given in 
Figure 192.  The sand fill, if deep, has greatest 
frost resistance if the bottom part is kept wet 
to provide the greatest frost 'storage capacity." 

Beskow reported that Norwegian railroads 	Figure 191. How Not to Construct 
were using hard, molded blocks of moor 1 by 	Insulation Layer. (After Beskow) 
0.5 in. and up to 0.5m.  thick placed in uniform 
layers. Herepors some settlement due to consolidation of the moor. That settlement ranges 
from 50 percent for sphagnum  moor fill to 20 percent or less for Sphagnum moor blocks. Skaven-
Haug /1951-5 gave much added detail regarding the Norwegian practices. They developed methods 
for computing the penetration of frost into soil. He ecpressed the resistance to frost, H, in 
a layer deposited at a given depth under other materials by the equation: 

d 1  R = y 	r 
(1 	 Denomination h deg. C. 

The total resistance to frostR of the combined layers that lie upon each other and freeze 
completely through in-the course of the winter is equal to the amount of frost F. The symbols 
of the equations have the following meanIngs 

d - thickness of layer in meters. 
q - cold-storing capacity of matera1 in K. Cal. per cu. m. 
- heat conductivity of material in k cal. per m. h. deg. C. 

cC- heat transmission constant between surface and aIr in k. cal. per sq. m. h. deg. C. 
do - resistance to penetration of heat in top layer in sq. m. h. deg. C. per k. cal. 
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In Table 62, below, heat constants for the most commonly used materials are given, based 
on measured water content along the line in the course of the winter. 

TABLE 62 

V 
Substance Percent Water k calq per k cal per m. 

by volume CU. 	15. h deig. 	C. 

Hard-packed snow 50 0.5 
Ballast stone 8 7800 0.57 
Ballast gravel 13 12300 0.80 
Cinders (md, ash) 20 171400 0.140 
Peat 85 70700 1.05 

Figure 193 shows the necessary depth of 
replacement (d) for different materials depend-
ing on the amount of frost. This is based. on 
the assumption of stone ballast 0.5 meter deep 
which after freezing is covered with a layer of 
bard packed snow of 0.06 m. (2.4 in.) in thick-
ness. Figure 194 shows the depth of replacement 
when there are 0.20 m. (7.8 in.) of pressed peat 
at the bottom of the trench, and the zemainder 
of the trench is filled with gravel, stone or 
cinders. It may be seen that to obtain the 
greatest resistance to frost, the top layer of 
ballast should be as dry as possible and the 
bottom layer as wet as possible (and have the 
greatest cold-storing capacity). 	 - 

ME 6z NMI MMM 
EMIMMEEMIMEM 
MIMMEMEMIMMES 
MIMEMMEMIMMEMI ia•uu•uaur
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'Cold 	 t Qicn/l/y'— °Conchrs. 

_____ 	Computations show that for a cold quantity 
of 33000 h. deg. C. the road bed may be built 
of a combination of 0.50 m. broken stone ballast 

5•f8 °c•n over 0.87 m. cinders or cf a combination of 0.50 a. 
broken stone ballast over 0.38 a. compressed 
peat. 

Figure 192. (Redrawn from Brudal 1945). 
Frost safe excavation depth for gravel back 

	

fill on a layer of wet moor. Minimum depth 	 12 

to top of moor layer = 0.5 m, calculated for 
4 different dimensions of moor layer. Mat-
erial constants: 

Material 	 Gravel 	Moor 

Water conent F (vol %) 	7 	70 	 46 
Heat conductivity, 

	

(cal/cm.sec. deg. C......0.0014 	0.0025 	4'4 
Frost storing capacity, 

7 	58 	 42 

Note: No reduction for heat conduction from 
below. In reality the necessary depths are 
somewhat smaller. (After Beskow) 

Compressed peat consists of baled sphagnum 
peat 1 m. long, 	a, wide, and ranging in thick- 
ness from 0.3 to 0.5 m. The blocks are laid as 
indicated in Figure 195. 

Figure 193 
Frost Resistance 

(After Skauven-Haug) 
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Figure 194 
Frost Resistance 

CapacIty 33000 h deg. C. 
(After Skauveii-Haug) 
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miring the winter of 1945_146 observations were made of frost penetration on five Sections 
of railway. The results for one section are shown in Figure 196. The amount of frost in cumula-
tive deg. C. hours is shown in the upper half of the figure. The middle graph shows the calcu-
lated and observed depths of penetration through the ballast (which showed an increasing water 
content from 10.5 to 18.9 as winter progressed) and the peat mat which had a water content of 
86 percent. The lower graph shows that the frost heaving in the ballast layer was about 2 mm. 
and in the completely frozen peat 15 mm. With 86 percent water (by volume) in a peat layer 
0.4 m. (15.75 in.) thick the expansion of water to ice would cause a 30 mm. (1.2 in.) upward 
movement. The difference may be due to the compression of the peat. Movements of 30 mm. are 
small and do not affect railroad traffic. 
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Figure 195 	 AZ 

Methods of placing compressed peat blocks  
under railroad ballast (After Skauven-Haug) 	/8 

The Corps of EngIneers /1947-2 conclude3. 
from Its tests for thermal conductivity of base 	 I 

materials in the unfrozen state that the "thermal 
conductivity of slag and cinders is about one- 
half that of other base materials such as sand, 
sand and gravel or crushed rock. Since the 
depth of frost penetration, all other condi- 	Figure 196. Observations of Frost Penetra- 
tions the sane, varies with the square root 	tion in a section of Norwegian railway and 
of the coefficient of thermal conductivity in 	observed heaving in peat blocks and gravel 
frozen state it may be concluded that the depth 	 (After Skauven-Haug) 
of frost penetration into cinders or slag would 
be about two thirds of that into sand, sand and gravel, crushed rock. This conclusion is con-
tingent upon cinder or slag having approximately the sane ratio of thermal conductivity in the 
frozen state as in the unfrozen state to that of sand, sand and gravel or crushed rock." The 

gineerIng Manual /19146_5 provides for a reduction in the combined thickness of base and pave-
ment when an insulating material is used. Provision is made that "in the case of slag or cinders 
4 in. may be substituted for every 61n. of sand, gravel or crushed rock." That provision does 

fta Jon 	,'?nr I!crc,' Apr/I iQQ 
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not hold when design is based on a reduction in strength of subgrade. An example of design in 
which the insulating value of slag or cinders is considered is given in a preceding paragraph 
under "Design 

Use of Ad.mixtures - The use of admixtures has been covered previously in this review. 

Protection of Slopes 

Although there is a vast amount of literature on the subject of soil erosion, the writings, 
with one exception, contain few data on the effectiveness of frost as a Boil-loosening agent to 
facilitate erosion or to cause sloughing or sliding of surfaces of slopes. That exception con-
cerns the effect of frost as a factor in causing soil flow in arctic areas. The reviewer found 
one article which gives information on treatments to prevent soil movement on slopes, and that 
is the work of Lane L1948-24 on "Treatment of Frost Sloughing Slopes." No. doubt additional in-
formation could be obtained if a search were made of work done by horticulturists in the planting 
of slopes with shrubs to prevent frost sloughing. 

Lane described the usual form of frost slough in which the top 6 to 30 in. of surface soil 
moves down the slope, filling any ditch present. He cites cases in central New York where such 
flows have covered highways. The reviewer has seen several flows of that nature occur during 
the frost melting period in the central west. The movement usually takes place when the soil 
has thawed to only part of its full frozen depth. The underlying cause is the heaving and the 
large increase in soil water accompanying heaving which on thawing leaves the soil in a loose, 
saturated condition and having very low shearing strength. 

Lane showed that a silt having a dry weight per cu. ft. of 100 and a water content of 25 
percent would, if it heaved LO percent (increased in length of a cylinder of soil from unfrozen 
to frozen state), have a dry weight of 72 pcf. and a water content of 50 percent. He cited 
naturets methods of protecting slopes by bonding the surface to underlying soil with deep roots: 
covering with an insulating layer of vegetable matter or creating a more pervious surface soil. 
He also described successful methods'includlng (1) the use of cinder blankets 6 to 12 in. thick 
(one was 3 ft. thick) by New England railroads; (2) the use of 12 in. of sand plus 6 in. of top-
soil on a New Hampshire road cut slope through varved silt; (3) the use of 24 in. of gravel plus 
6 in. of topsoil on the Keene, N. H., airport; (14)  the use of 24 in. of sand and 3 in. of top-
soil on the Rutland, Vermont, airport; and (5) the use of a 214 in. sand blanket on 1 to l slopes 
on a Vermont road. From those experiences he concluded that a pervlcus blanket was considered 
a satisfactory treatment for frost sloughing. Unless there is also a problem of seepage, the 
adiitIon of underdrains appears unnecessary. He considered the cinder fill slightly superior 
because of its lower thermal conductivity. 

Hursh J1948-7, in discussing the planting of slopes in the United States, says that re-
peated freezings and thawings bring about the formation of ice crystals, the principal cause of 
surface instability of bare soils on slopes. He held that "alternate freezing and thawing of 
exposed soil can occur 50 to 75 times during a single winter. Freezing and thawing is most 
severe on moist south-facing slopes where it will account for the erosion of one foot of soil 
in a single winter on'a 1 to 1 slope clay bank." 

He found that ice crystals (needle ice) will raise fragments of soil which settle farther 
down slope or roil into the ditch and that uniform and polished slopes are particularly subject 
to this type of frost action. 

Design Methods for Structures 

Design engineers in areas when frost penetrates deeply and where soil heaving occurs are 
well aware of protective measures which need to be taken for structures. No effort has been 
made toward a complete review of frost action with respect to structures. The literature cIted 
is intended merely to call the problem to mind, so those who are not familiar with it may make 
a more complete study. While any type of structure not founded below frost. (and even those 
founded below frost depth should the soil ad.freeze to the sides of the structure) may be sus-
ceptible to movement, only retaining walls, piers, and bii1dings are considered here. 

Retaining Walls - The American Air Force Aviation Manual /1945-9 states that "heaving pro-
duced by frost action in soils used to backfill retaining walls will gradually force them out 
of line." The Manual suggests that silty and clayey soils should be avoided for backfilling 
purposes and that if clean granular fill material is'available it shoxld preferably be placed 
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in a wedge as indicated in Figure 197c. If the supply is limited it should be placed as indicated 
in Figure 197b but the thickness should be no less than the expected frost penetration. In any 
case, weep holes should be provided for drainage. 

Terzaghi and Peck /1948-12 showed illus- Total 	thickness 	greater 

trations for draining backfill to prevent for- than depth of 	frost 
penetration 

mation of ice layers by means of a blanket of 
pervious material over the original ground 
slope. 	The backfill along the inside toe of 
the slope below ground level (on the exposed All 	Clean Co 

I side) is made of impervious material. 	Tile Cloy 	Granular y Coorse'cloy 

drains are provided for,removing any water in- 
Soil -p I IGrariubr 

tercepted and collected by the pervious slope - 
blanket. Weees' 

Piers - It has been mentioned previously that 
heavy piers and abutments have been heaved out 

a. Improper 	b.Proper (With 	c. Proper (With of position due to the action of frost where limited 	supply 	ample supply of 
the depth of frost exceeded the depth of the of 	granular soil) 	granular 	soil) 
pier. 	McCready /1923-6 showed that it was pos- 
sible for a pier to be lifted due to adfreez- Figure 197. 	Backfilling around retaining 
ing of and heaving of the adajcent soil. Wall. 	(After AAF Manual) 
Mccread,y did not offer a design solution for 
similar cases but it is evident that founding to below depth of frost does not always constitute 
satisfactory design. 	It may be necessary to backfill adjacent to the pier with granular material 
and provide adequate drainage. 

Culverts - Keene /1951-43 brings out that a special case of frost action under pavements is 
due to what he terms "chimney action" in culverts, especially in cross-road pipe culverts of 
large diameter. Cold air circulates through the pipe, unless blocked with snow or full of water, 
and causes frost penetration into the earth around the pipe. This type of frost penetration will 
result in vertical and horizontal heaving if the earth is a frost-heaving type and sufficient 
moisture is available. 

An example of harmful chimney action is in a central Connecticut city where a dual-lane 
expressway crosses a wet area for about one mile. The 9 in. concrete pavement and 12 in. gravel 
subbase are on a low fill of alluvial silt; top of pavement is 4 to 7 ft. above ground. The 
ground is swampy, with water table at or near the ground surface. Elevations taken on 100 points 
on the pavement revealed that the ordinary heave here was J in. to lJ in., but at the four 
36 in. and. 48 in. cross culverts, heaves were 1 in.or 11 in. greater. The pavement was not re-
inforced, because of the steel shortage, and large transverse cracks developed at and near these 
culverts because of the non-uniform heaving. At the numerous 12 in. cross culverts, extending 
only one half the width of the expressway, heaves were about 12  in. greater than normal and cracks 
developed over and near them also. 

A good remedy for chimney action is to place non-frost-heaving fill around the pipe for a 
thickness equal to the frost penetration around the pipe. 	Above the fill would be the normal 
embankment material. 	If this amount is difficult to determine, an easier method is to fill 
with the good material up to subgrade and for some distance each side of the culvert, as in 
Figure 198. 	If the culvert is far below the pavement, this method would be expensive. 	In such 
cases, no remedy would be necessary, except in 
unusual cases, as the heaving around the pipe 
would be diffused over a wide area by upward PAVT-7 	YBAS5-) 

arching in the embankment and largely absorbed  
by compressive strains in the embankment. , 

?ROeT-KLAVIL_/'
4.  

) 
A working rule in Connecticut is to use PI.KATIUL 	 ) 

one of the above treatments if the embankment 
CULVOT 

will be a bad frost-heaving soil and if top of (Note: 	Foundation Conditions Under Pipe 
pipe will be less than 4 or 5 ft. below top of and Adjaceht to Pipe Should be Uniform 
pavement and flow line is less than 4 ft. above to Make Settlements Uniform (If Any)) 
ground-water table. 

Figure 198. 	Method of Eliminating Serious 
chimney action at box culverts is. not a Differential Frost Heaving Due to Chimney 

problem as the roof is usually 12 in. or more - Action in Culver. 	(AfterKeene) 
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in thickness and more than 5 ft. above water table. Pervious material placed for several feet 
beyond the walls serves to prevent capillary rise from below. 

Frost Safe Foundations for Buildings - Beskow /1947-12 suggests that the "first rule" is to 
extend the foundation to a "frostsafe depth.0  However, even if the footing is deep below frost 
line heaving may occur due to adfreezing (see piers) if soil moisture and freezing conditions are 
severe. For vertical foundations Beskow recommends the use of a coarse sand or fine gravel to 
a distance of 25-30  cm. (about 10-12 in.) out from the wall. If the footing is trapezoidal in 
shape, heaving due to ad.freezing is not likely to occur. 

Foundations for Cold Storage Warehouses - Several authors have described the effect of 
freezing of soil under cold storage warehouses. Cooling and Ward /1948-32 suggest that "The 
simplest way to avoid heaving under cold stores, where the ground conditions are favorable for 
frost heaving, is to build the structure above ground with a free air-space beneath." He cites 
instances of -6 to -10 C. where a 6-tn, slab of baked cork was not sufficient to prevent the 
frost from penetrating several feet in the ground in 3 or  5 years. In one of the cases mentioned, 
where such freezing occurred, a low-temperature electrical heating grid, was placed just below 
the 6 in. of cork insulation. About 0.15 watt per sq. ft. of ener'- was used. The input was 
controlled by relays operated by thermocouples einbedded.in the soil so that the temperature was 
maintained just above freezing. 

Ruckli /1948-26 calculated the insulation necessary to maintain an above-freezing temperature 
under a cold storage basement. He also computed the floor heating necessary to prevent pene-
tration of freezing temperature (0 C.) Into the ground. Ruckli's report listed eight references 
on the subject. 

CONSTRUCTION AND MAINTENANCE PRACTICES RELATIVE TO FROST ACTION 

Much of the information given previously or later in this review has practical value and 
can be applied in construction and maintenance of roads and airfields. A few items which have 
been overlooked thus far, or which pertain directly to construction or maintenance, are given 
here. 

Subsurface Drainage (With or Without Excavation and Backfill) 

Arnold /1917-5  made a study of 96 failed areas totaling 16 mi.. on bituminous macadam in 
New York (Wyoming County). Fifty-seven were on fIll, 17 in cut and. 26 at grade points. He 
found the cause to be water entering the pervious bottom course in cuts at the top of grades 
and flowing downhill to fill sections and suggested that a stone-filled V-shaped trench pointIng 
uphill and placed at the end of every clay cut will prevent breaks in such locations. He also 
suggested placing weeps through shoulders at 50-ft. intervals. 

White /1928-2 also reported good succe, with the French-type.drains. He marked boil 
areas in the spring. Later when they had become stable he cut trenches 4 ft. wide by 30 in. 
deep and filled them to within 8 in. of the surface with "one man-size common field stone, 
placing any smaller stones.,.on top." He then added 12 to 15 in. of gravel and also provided 
a 6-In, tile outlet. Regarding the performance of the drains, White stated, "Although the 
spring of 1927 showed severe frost boils in other areas, no location where drains had been in-
stalled failed." Henton /1928-6  and Buetow L1929-3 cite similar good results from installation 
of drains in Wisconsin. 

Lang 11930-4 described the use of a steam jet through heaved frozen areas to provide 
vertical drainage. He found it was not permanently successful. Lang emphasized the futility 
of placing drains above the water table in soils having high capillary lift. He ehoweda 
center drain construction which "successfully cured a very bad 8ection of frost 'boils which 
occurred in a silty soil." The depth of the drain ranged from 3i to  5 ft. Coarse gravel back- 
fill was used. Later, Moti i2 	described several 'types of frost-boil cures based on the 
principles of excavation and backfill with pervious material and outlet drains. He stated, 
"The designs vary in top width of trench from 22 ft. to only 2 ft. while the extreme depth is 
kept,at from 2* to 3 ft. Briefly described, the.various tpes can be grouped about as follows: 
(a) longitudinal center line trench 2* to 3 ft. wide and 274 to 3 ft. deep, oackf tiled with 
porous material and having outlet trenches at suitable intervals; (b) same as (a) except that 
longitudinal and outlet tile or pipe drains are used near bottom of trench; (c) longitudinal 
center line V-trench 10 to 20 ft. wide on top and 2* to 3 ft. deep at center, backfilled with 
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porous material and having outlet drains at low points of profile; (d) same as (c) excent pro-
vided with open subdrains as in (b); (c) longitudinal flat trench 22 ft. wide on top, 21 ft.deep 
at the sides and 2 ft. deep along the center lineprovided with side tile longitudinal drains and 
metal pipe outlets." 

Although frost penetration in Minnesota reaches a depth of 5 ft., Motl chose to place drains 
at a 30-in, depth, because (1) frost boil trouble was critical when thawing reached about 2 ft.; 
(2) greater depth of installation made costs excessive; (3) outlets exposed to air are preferable 
to deep tile connections and can be obtained readily if depth is held to 30 in.; (4.) the added 
time forthawing to penetrate to a deep drain may mean the difference between failure and success. 
He found that tile drains laid at 42 to 54-in.  depths in herringbone arrangement under coarse 
gravel were unsuccessful in many locations. 

Gould 12 . Z (Washtenaw Co., Michigan) installed over 6 mi. of drains 10 in. wide and 
L ft. deep in the center of the road; 212  in. maximum size stone and crushed gravel were used as 
backfill, and 14-in, tile drains were used to remove the water. The method was said to be success-
ful in preventing frost boils. 

Williams J55 presented his theory on the cause of spring break-up as being due to in-
filtration of surface water (and its reaction) above a frost partition under the pavement. He 
suggested an effective method of releasing excess water is to make openings through the frost 
partition with a steam jet. Another method is to dig holes with a post-hole auger and backfill 
with a mixture of crushed gravel and 25 lb. of calcium chloride to assure results lasting sev-
eral years. Williams illustrates this method in Figure 199. 

Precipitation 	,Holes at least 15'on 
centes, backfilled with 

Road meta I N 
	 chloride- treated gravel 

Thciwd 7ana-11  

On gravel- surfaced roads 
these holes could be dug 
through road center- line 

n 
d ' Frost partition" / 

--- 
I. 	-- 
1 

Ô itTcipproximately 4100 

or to bottom of frost zone 

Figure 199. Subterranean drainage one remedial measure. 
Here the subgrade has been provided with pits of chloride-
treatedgravel, to allow percolation of excess free water 

through "frost partition". (After Williams) 

Fuller 11951-W states that the most severe heaving occurs in cut sections, and that the 
causes are too much water and not enough drainage. The ditches may be too shallow or too 
narrow or both, or drainage may be blocked by snow banks forcing water to be held on the road. 
Fuller held that broken and cracked pavements "totalling countless miles in extent will attest 
the frost damage which has resulted from this one condition alone." 

Unexposed rock ledges also tend to prevent drainage. These should be undercut by a 
deeper ditch or drained by a tile under-drain. Fuller also explains that an excessive growth 
of underbrush.along backslopes of narrow cuts sometimes is a source of heaves. He also stresses 
proper marking of outlets for subsurface drains, keeping the ends raised so they will not clog. 
Blocked farm entrances are listed as a cause of heaves. 

Fuller also stresses the need for keeping concrete and macadam pavements well sealed, 
keeping shoulders well sloped so they will drain, and if shoulders tend to be rutted by traffic, 
to widen the pavement with a bituminous mix. 
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Use of Chloride Salts 

The use of chloride salts as a maintenance procedure for correcting frost heaves and frost 
boils has been reported on several occasions. A project committee of the Highway Research Board 
made several experimental installations and reported on the effectiveness of the use of calcium 
chloride for alleviating frost heave. 

Miller and Smith /1934-2 reported on a method in which 1-ft. diameter by 2-ft. deep holes 
were dug at 4 to 8 ft. centers in a heaving and frost boil area on a gravel road. Water-proof 
paper was placed on the bottoms of the holes. The holes were backf tiled with a mixture of pea 
gravel and calcium chloride. A second method consisted of pumping a solution of calcium chloride 
into the road through holes in which well points were inserted. They believed the first method 
more satisfactory and reported excellent re sults by its use. Later they observed spring break- 
up andundertook similar experiments on additional sections. Again, they found the method gave 
satisfactory results which lasted for at least two seasons. The results were reported unsatis-
factory on one project where the holes were only 15 to 24 in. deep. 

Engineering and Contract Record 11942-13 reported temporary benefit through the use of 
Calcium chloride or salt placed in holes. 

Thinn J1942-10 reported-that calcium chloride and hay cover were used to prevent freezing 
of the subgrade; 1 lb. of calcium chloride per sd. yd. was applied and worked into the subgrade 
to a depth of 2 in. This was covered with 9 in. of loose depth of marsh grass hay. The sub-
grade did not freeze although air temperatures reached 10 F. 

Calcium Chloride Association News L1943 reports on experience in six counties in Minne-
sota where calcium chloride treatments (generally similar to those described above) were used. 
All six counties reported less spring breakup on calcium chloride treated roads. 

Roads and Streets 11944-7 suggested that a mixture of 66 percent pea gravel and 34 percent 
powdered or flake calcium chloride may be placed in pockets at intervals of 4 ft. in silt, 
5 ft. in clay and 6 ft. in graded mixtures. Holes should be 20 to 30 in. deep and 8 to 12 in. 
in diameter. They also suggested another method in which the diameter of the hole is reduced 
to 2 to 4 in. 

Lang /1944-10, then chairman of a Highway Research Board Committee on Treatment of Sub-
grade Soils with Calcium Chloride to Prevent Detrimental Frost Action re-sorted on installations 
of maintenance test sections in Michigan, Minnesota, and Indiana in which calcium chloride was 
placed in test holes made through concrete pavements into the subgrade. Woods 11947-1, /19)48-19 
reported on the activities of the Highway Research Board CommIttee in its maintenance expert-. 
meats, using calcium chloride to prevent the recurrence of frost heaves in four states, which 
treated bases and subgrad.es  by Introducing calcium chloride in holes through the surface. Minne-
sota concluded from data obtained that the treatments appeared to be ineffective. Indiana con-
cluded that the chloride did not prevent but may have minimized the amount of heaving. Data on 
grounc-water movement indicated a transverse flow through the cut studied which may have removed 
some chemicals from the soil. Massachusetts concluded that Uwhile there was a reduction in the 
heaving due to the use of calcium chloride, there was surface damage resulting from the chloride 
treatment" Michigan studied four locations and concluded., in part, that calcium chloride 
"has not been effective in reducing frost heaving ... the desired migration has not taken place 
or...a greater part of the material has leached away." Thus, the results of the field experi-
ments were erratic. The indications were that adverse water conditions were responsible for 
removing at least some of the chloride. 

The work of Williams /1945-5 has been described above under "Subsurface Drainage." 

Thomas 11943-6 reported the use of calcium chloride to accelerate thawing of frozen sub-
grades. Applications of 2 to 6 psy, of calcium chloride were used. The most effective use 
was obtained when sufficient heat was applied to allow quick dissolving of the flake chloride. 
On one project an application of 6 psy.was effective to a depth of 15 in.; in another project 
2 psy. thawed stabilized gravel to a depth of 6 in. although the temperature was 0 F. 

Smith 11951-40 groups the chemical treatment of soils or soil aggregates for frost con-
trol by means of calcium chloride into two classifications according to the type of problem 
encountered: (1) treatment to permit the drainage of water trapped above frozen ground and 
(2) treatment to minimize frost action and controlling the loss of subgrade support during 
the spring melting period. 
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He writes that a soil containing a 10 percent solution will have a freezing point well 
below 23 F. A solution of calcium chloride does not freeze solid at its freezing point; Rather, 
a few crystals are formed which are composed of nearly pure 3water. The extra chloride is added 
to the remaining solution making it more concentrated so a 10 percent solution does not freeze 
solid until its temperature reaches -1.5 F. 

Smith explains that as the frost in the ground begins to melt from above and below there 
is an intermediate layer of frozen soil through which free water cannot drain and that a method 
of using vertical drains backfilled with gravel and calcium chloride has been successful in 
draining the water through the frozen zone. That method consists of drilling 7 holes with 
diameters at 5-ft. intervals with a power drill, filling each hole with clean sandy gravel to 
which is added ai gals, of solution composed of 100 lbs. of calcium chloride and 30 gal, of 
water. The gravel is consolidated with a vibrator. The cost of completed work was report.ed 
about $1 per hole. 

A similar method has been used in lonia County, Michigan, except that holes were bored at 
the edge of the roadway on 15-ft. centers. 

Smith also describes the use of calcium chloride to prevent soil freezing and the subse-
quent reduction in bearing capacity during the melting period. Permanency tests of calcium 
chloride-treated aggregate base showed that after 5 to 10 yr. one third to one half of the 
chemical originally placed still remained. Almost all the loss occurred during the first 
Syr. 

Recommended range of depth of treatment is 6 to 12 in. Recommended quantity is 1 percent 
by weight of the soil, for minimum temperatures of zero or below and - percent for minimum 
temperature of zero or above. Assuming compacted soil to have a density of 100 lbs. per cu. ft. 
these quantities represent the following amount on a sq.-yd. basis: 

Percent of 	 Depth of 	 Pounds of Calcium 
Treatment 	 Treatment 	 Chloride per Sq. Yd. 

in. 
* 	 6 	 2.25 

	

12 	 14.5 
i 	 6 	 14.5 
1 	 12 	 9.0 

The above treatment is considered as an added factor of safety in the design of flexible 
bases, in that bases designed for sufficient load-carrying capacity may fall entirely or be 
damaged severely due to the critical loss of bearing value during the short period of the 
melting action. The value df the chemical in the subbase has a dual purpose as a cornpactive 
aid and as a.frcst-action control. 

Field projects and laboratory research, sponsored by the Calcium Chloride Asoociation, 
are now under investigation in measuring the loss of load-bearing capacity due to frost action 
and, the effective control of calcium chloride treatments, which should be of value for considera-
tion in the design of flexible bases in frost-affected areas. 

Maintenance of Paved Surfaces 

P. 

Profil, - Feb23,l933 	 S.P. 0-54 
Profile - hoe. 17.1933 - 	 40 Panels 	 I Ml. WEST OF WAVEELY 
Profit,- Feb. 211934 	 1930 CONST. 

ng profile - Dec.7,1932 	40 Panels 	 5.P.3-40 
Strinq profile - Jan.31 1934 	 FEPCUS FALLS TO 'bENCH 

All joints (aolq ttglit to fall or lQ3. Espanslon joints were thaltered Jan.1934 	1931 COEIST. 

4. 

Not, 	 -- 	 - 
Profile—Feb.14,l935 Macfrost 	 S.P. 9-23-C 
Profile—Feb.15,1934 Macfrost 	40' Panels 	 EAST OF WOSTHINCTON 

1931 COI4ST. 

Figure 200. Effect of Special Joint Maintenance 

Minnesota /1945_8 reports in 
January, 1933, 160 ml. of distorted 
concrete pavements were recorded, 
but mileage dropped to 111 in Jan. 
1934. The decrease was attributed to 
special joint sealing during the fall 
months. The report states that where 
pavement joints were sealed in the 
fall months, tiwarping was reduced an 
appreciable amount; but in all in- 
stances where this maintenace was 	- 
omitted in the fall, warping was as 
severe as during the preceding winter.tt 
The report presented Figure 200 to 
illustrate representative sections 
on 3 projects where joints were 
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maintained in the fall "before frost action.r It may be seen that objectionable high joints have 
been reduced. Figure 201 illustrates representative sections of a pavement which did not have 
fall .oint maintenance. It may be seen that the joint raised to approximately the same hei-ghts 
as in the preceding winter. 

Goeltz 148-15 in discussing 
00 snow removal on secondary roads held 

that leaving a crust of snow on the 

1N-11N11hT-1 '4 deeply into the 	 dtht con- 
sequently breakup damage will be 

• 10 
01 . lessened when the frost goes out the 

14 folowing spring." 

Smith /19148-28 reported that the 
Note condition of the surface of flexible 

Prot4e 	Jan.933. 	Max. frost pavements in the Amarillo area had an prohie 	Jan. 1934. 
influence on the amount of damage due 

Jan. 934 -Joints crackod and shattored 
allOwinq leatcaqe to freezing. 	Cracks in the surface 

caused by dry-weather shrinkage per- 
Figure 201. 	Effect of No Fall Joint Maintenance initted water to enter, which caused 
S.P. 8-50-2 Crookston to 16 Ml. Corner 1930  Const. reduction in bearing capacity on 

freezing and. thawing. 	He reported 
that the most common "and by far the most disastrous type" of freeze damage occurs near the out- 
side edge of the traffic lane, due to freezing and thawing of moisture entering the subgrade at 
the edges of the pavement. 	He held that one of the sources of the trouble was water absorbed 
from melting snow piled adjacent to the pavement edge. 	He associated the major damage with 
trench-type base construction (as compared with full-width bases) and believed adequate shoulder 
slopes minimize the damage. 

Load Restriction miring and Following the Spring Thaw Period. 

Data on laws governing seasonal load restrictions, and practices on enforcement by several 
organizations of such restrictions are being assembled. These include Subcommittee No. 2 of the 
Maintenance Committee of the American Association of State Highway Officials; the National High-
way Users Conference; Project Committee No. 7 on Load Carrying Capacity of Roads as Affected 
by Frost Action of the Department of Maintenance of the Highway Research Board.; and the staff of 
the Highway Research Board. Because much Information is being assembled by these groups, no 
effort is made here .to summarize the published literature on the subject. 

PERMPPROST 

Perennially-frozen ground, which has recently been termed permafrost, denotes ground which 
remains frozen throughout the year and from yuar to year. It underlies an active zone subject 
to seasonal freezing and thawing in a like manner to the freezing and thawing in the North Tem-
perate zone. According to the Corps of Engineers /19146-7, permafrost may be continuous and may 
or may not contain ground ice; it may exist as islands in unfrozen ground or as layered perma-
frost. Typical sections through ground containing permafrost are illustrated in Figure 202. 

The same basic concepts which apply to soil freezing in a temperate climate apply to soil 
freezing in an arctic climate. However, soil freezing in arctic climes is more intense, and its 
manifestations stand out more clearly. For that reason, the reviewer believes a brief review 
of permafrost literature is of value to all engineers interested in soil freezing. Space per-
mits review of only a few of the available writings. However a fairly comprehensive list of 
publications pertaining to permafrost is given in the bibliography. 

Structure of Permafrost - The visible effect of freezing of the active surface layer in the 
region of permafrost depends upon the type of soil, water conditIons, and terrain. The type 
of structure most widely described in writings is that which has a polygonal outline. That 
form of structure may be associated with the presence of ground ice wedges. Tyrrell /19014-1 
described, wedges of clear ice 6 in. to 3 ft. or more in thickness but did not associate them 
with polygonal surface structure. They ranged in length up to 1000 ft. and in width from 
50 to 200 ft. Similar formations were described. by Maddren /1907-1 and Moff it /l913-3. 
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Leffingwell /1915-4, /1919-1, and Taber /1943-4 described wedge-shaped segregationa of 
ground ice which ranged up to 8 ft. in width and up to 30 ft. in depth. Paterson /1940-17, 
Washburn /1947-19,  and Troll /1944-12 described frost cracks without visible ice. Both ground 
ice wedges and the frost cracks were associated with distinctive polygonal patterns with "cells" 
ranging up to tens of feet in diameter. Leffingwell believed the ice wedges resulted from the 
filling of cracks with water and freezing, the development of thick ice wedges requiring many 
repetitions of the cycle. Taber held that the growth of the ice mass itself exerted an expansion 
force. Leffingwell /1919-1 presented several sketches showing the nature of ice wedges and 
polygonal structure. 

Frost 1951-31  defines two general types of perennially frozen ground: dry frozen and 
detrimentally frozen. "Dry frozen refers to a condition in elastic materials in which the mass 
is rendered solid by the freezing of interstitial water. In the normal and unfrozen state such 
soils would be well-drained internally. Ice lenses, ice wedges, or ground-ice areas usually 
are lacking and such soils can experience thaw without severe settlement. .. .Such soils are 
usually confined to granular areas situated high topographically and having what would normally 
be a low ground-water table. Typical soil types are those associated with sand dunes or high 
sand terraces. 

FROST ZONE 

Detrimentally Frozen Materials 
	 AND ACTIVE ZONE 	

GROUND 

	

IDENTICAL 	
ALTERNATELY 

	

- 	 FREEZES AND 

"This type of permafrost includes: fine- 	 THAWS 

textured soils which contain a large percentage 	 PERMAFROST 

of ice in their mass in the form of crystals, 
small lenses, or small wedges; soil masses which 
have been so arranged by segregation of ice and 

	
® FROST ZONE EXTENDS TO PERMAFROST 

soil particles that they form polygonal blocks 	
GROUND 

of varying size and types; materials situated 	 FROST ZONE 	 ALTERNATELY 

low topographically and having large masses of 
	

FREEZES AND UNFROZEN GROUND 
THAWS ground ice as an integral part of their mass; 	PERMAFROST TABLE 

-f ç?) - 	 ACTIVE ZONE 
and large masses of ground ice. In gencral, 	 ICE LENS 
the most detrimental permafrost situations may 	 ICE VEIN 	 PERMAFROST 
occur on nearly all common land_?forin types, 	

® CONTINUOUS PERMAFROST CONTAINING GROUND ICE provided that soil textures are fine and that 
the topographic situation is somewhat depressed, 
very slightly sloping, or exceedingly flat. 	 FROST ZONE-( 

Thus, such land forms as broad flat plains 
(level or slightly sloping), valley fill, tran- 	 UNFROZEN 	 PERMAFROST 

GROUND 	 ISLAND sition zones, low colluvial slopes, lake beds, 
backwater flood plains, and others of a similar 
nature which contain fine-textured soils can be 	

ISLANDS OF PERMAFROST IN UNFROZEN GROUND 
expected to contain detrimental permafroot.0  

UNFROZEN GROUND 

FROST ZONE- 	
GROUNDWATER 

	

PERMAFROST 	 ACTIVE ZONE 

UNFROZEN GROUND 

® LAYERED PERMAFROST 

Figure 202. Typical Sections Through 
Ground Containing Permafrost. (After 

Corps of Engineers) 
"The two most important types which are 

associated with permafrost are (a) those with depressed centers, or pans, which are enclosed 
by raised dykes or perimeters and (b) those with raised centers and depressed perimeters as 
outlining channels. Polygons of both types vary in size from 15 to 20 ft ...... to perhaps 
200 ft. across the polygon. The number of sides varies from four to six with five-sided fig-
ures being the most common.'1  

Perennially-frozen ground may or may not include ground ice. Leffingwell 11919-1 des-
cribes the following types of ground ice: (1) grains of clear ice, the largest an inch in 
diameter, mixed with earth; (2) thin undulating sheets or ribbons of ice alternating with thin 
beds of earth; (3) heavy horizontal beds of clear ice; (4) heavy beds of ice alternating with 
beds of earth; (5) heavy deposits of ice with isolated earth inclusions; and (6) a network of 

Frost adds "In arctic and subarctic re-
gions polygons indicate detrimentally frozen 
ground, with the one exception being a parti-
cular type found in a gravel-soil outwash area. 
Polygons are geometric configurations which are 
presumably formed by an adjustment of the frozen 
earth mass, just beneath the surface, to stresses 
from seaso;al expansion and contraction which 
are brought about by temperature variations. 
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vertical wedges of ice surrounding polygonal bodies of earth. The polygonal type is said to be 
the most widespread in occurrence along the Arctic Coast of Alaska. 

Figure 203. Ice Wedge In Detri- 
mental permafrost. (After Frost) 

Nelson /1949-14  found that perennially frozen ground 
occurred in all types of soil along the Alaska Highway. 
He found very few soils, however, which contained an appre- 
ciable amount of clay (3 samples in 100). He found soil 
type to be of importance because of the "variation in type 
and extent of permafrost ... found in different soils." Al- 
though the reviewer has found few data showing the effect 
of soil type, he concludes from the general statements in 
the literature that silts offer the greatest problems in 
the permafrost region. An example of an ice wedge in detri- 
mental permafrost is illustrated in Figure 203. Ice lenses 
in detrimental permafrost are illustrated in Figure 204. 
Airphotos showing examples of raised center polygons and 
depressed center polygons may be seen in Figures 205 and 
206 respectively. 

Soil polygons are also described by Hobbs 1 1 
H6gbom1 1  and Od.ell /1924-5, Nordeni7l2ll,  
and  

Termlnolo' - The literature is at variance regarding 
proper terminolor to describe permafrost. Perhaps the 
best recent discussion of terms which pertain to permafrost 
is given by Bryan /1948-1  and the discussions of Bryan's 
work. Bryan proposes a new terminology for permafrost and 
suggests cryopedology being derIved from the Greek Kryos" 
(ice cold) pedon (ground or soil) and logos (knowledge). 
The surface layer he would call congeliturbate from 
"congelare" (to freeze) and "Turbare" (to stir up) and per- 
gelisol from "per" (through) "gelare" (to freeze) and 
(soil). The characteristic parts of perennially frozen soil 
suggested by Bryan are shown in Figure 207. 

In a discussion of Bryan's suggested terminology 
Taber suggests the use of the term perennially frozen soil. 
Black takes exception to cryopedology and also pergelisol, 
moilisol, and tabetisol. Zeuner would prefer the word 
tJaele used by Scandinavian and Gorman scientists for fr- 
zen soil. Lewis prefers to avoid technical jargon wherever 
possible while Edelman and Tavernier agree on the term 
cryopedology yet they regret that the "already existent 
and generally accepted term tjaele has not found its way 
into the new American inveatigations,I 

Occurrence of Permafrost 

b 	 "f Vl 	" Geographical Distribution - Nlkiforoff 11928-7 wrote 
7% that permafrost covers an area of about 3 million sq. ml. 

'- in Asia alone. 	The area is bounded on the north by the 
Arctic ocean, although it has been found at several places 
at the bottom of the Arctic Ocean. 	He found the southern 

] boundary irregular but did construct a map showing its 
distribution in Asia or in North America. 	Cressey J39-7 

\ after making field studies in Siberia and reviewing Russian 
literature, held that the permafrost area was 750,000 sq. ml. 

Figure 204. 	Ice Lenses In Detri- greater in extent than the figure given by Nikiforoff. 	He 
mental Permafrost. 	(After Frost) found that the area of permafrost does not correspond to the 

glaciated, area, except possibly for still buried masses of 
Pleistocene ice. 	A more recent estimate by '1ilson J8-1 	is that permafrost covers one fifth 
of the earth's surface and is found in 80 percent of Alaska, 50 percent of Canada and practically 
all of Siberia. 
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Climatic Distribution — Leffingwell J199-1 held that the line limiting the distribution will 
closely the isothermic line f or 1 deg. C." He added, however, that the presence of lakes, 

flowing surface or subsur- 
face water, amount of snow 

ence on distribution of  
permanently frozen ground 	i, 	

,. 	 Il The War Department also  
suggests that perennially- 	 / 	 T 
frozen ground will occur  
where the mean annual tem- 
perature is at freeziig,  
provided the winters are 	 - 	..... •, 	.. 
long and cold and the sum-  
mere are short, dry, and 	 •':, 	 - 
cool and the annual pre-  
cipitation is low. Taber  
/19143-4 held that develop-  
meat of perennially frozen  
ground reu1res a mean an-  
nual temperature not higher 	 4 
than about 26 F. 	

- 

Cressy 	9-7 be- 
lieved the required, average 
annual air temperature need 
not be freezing and stated 
that "where the average an- 

AP 
Figure 205 

Airphoto of Raised Center Polygons 

 

(After Frost) 

nual air temperatures are  

ozen 
ground typically extends to 

046 
a depth of 20 wrIters have 

	f' Several 

 of development of permafrost 
 

is a statistical one or whe- 	 m 
ther the southern boinary 	 -, 
is extending or receding. 	 ... 	...A 	' 	 . ;' 	• 
Nikiforoff 11928-7, in his F7 , 
writing on Siberian perma-  
frost, ventured the pro- 	 ' 	 A 1¼ 
bability that its southern 	-'.' 	. 	-, 	 ''•. 	 . 
ooundary has moved north- 	 -•. 	 , 	 •:. 
wards because It has been 	 .- 	

., discovered "in at least 16 	 r 	a
r. 

.5 	 -. places along the southern 	 •.' S 	
i_aa  boundary". The surface of 	 - 	- 

the permafrost lies at a 	 Figure 206. 
greater depth from the 	 Airphoto of Depressed Center Polygons. (After Frost) 
ground surface than it does 
further north. He cites as an example an instance where a layer of permafrost 70 ft. thick was 
found with its surface 103 ft. below ground near its southern limits. Nelson /19149-114 states 
that extensive permafrost deposits occur as far south as the Sikanni Chief River in British 
Columbia, and isolated pockets can be found as far south as Athabaska, in northern Alberta. 

Soil Temperature in Permafrost - Perhaps the most widely discussed, set of temperature readings 
taken in permafrost are those obtained from the Schergin shaft at Yakutsk, Siberia. The "shaft", 
a well dug to obtain drinking water, was dug by hand during 1827-1837 to a depth of 382 ft. 
Temperatures were observed by MIddendorf in 181414 and. 18145. The temperature data he obtained are 
given in Table 63. Nikiforoff /1928-7 expresses - some doubt that the temperatures are representa-
tive as they were observed 8 to 17 years after the well was dug. 
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TABLB 63 

Temperatures in permafrost (Schergin Shaft) 
(After Nikiforoff /1928-7) 

	

Depth 	(ft.) 
	

Temperature (deg. C.) 

	

7 
	 -11.2 

	

15 	 -10 • 2 

	

20 
	 -10 • 2 

	

50 	 - 8.3 

	

100 
	 - 6.6 

	

200 
	 - 14.8 

	

300 	 - 3.9 

	

382 
	 - 3.0 

.SfrucIur, :0,4 	SoIls Ond ,w"n,,nL's 
... .,f,irsarkn.frms ofs,ceibrms 
0 
1 77 

MoII:so' 	 Congehturbate 

Intergelisol 

Depth of Permafrost - Leffingwell /1919-1 
believed the depth of permafrost at Yakutsk, 
Siberia, to be about 650 ft. He reported that in 
the Koyukuk region of Alaska the full depth of 
frozen ground was not reached. at 365 ft. Cressy 
/1939-7 held that at the time the greatest known 
depth (890 ft.) was at Arnderma,Siberia. Wilson 
/19148-17 reported that where found in continuous 
layers, the thickness ranges up to about 1500  ft. 

Depth of Active Layer - The depth of 
summer thaw depends on the climatic conditions, 
the type and amount of cover, water conditions, 
etc., and may range between wide limits. An 
example for a specific region is given by Black 
and Barksdale /19149-1, who found for the Point 
Barrow region in Northern Alaska that "summer 
thaw penetrates from 6 to a maximum of about 
30 in. The average summer thaw is about 8-20 in." 

Frost /1951-3 stated with, referenca to the 
Arctic that "in areas where a thick moss carpet 
exists the active layer is very shallow -- ice 
can be found beneath the moss in many instances 
even as late in the season as September. In 
southern parts of permafrost regions the active 
zone is much thicker, since soil temperatures in 
the permafrost are warmer and the duration of 
summer heat is longer than in the Arctic. In 
well-drained granular soils which are situated 
high topographically the active zone is much 
deeper than in the areas of fine textured soils.ft  

Surface Icing Associated with permafrost - 
Icing (sometimes called glaciering or water 
boils) is a mass of surface ice formed by succes-
sive freezing of sheets of water, whiCh may seep 
from the ground or come from a spring, small 
stream, or river. It occurs especially as a 
sheet or field of ice but may occur as a mound, 

or irregular crusts on natural or excavation slopes. It may occur in small streams and completely 
clog culverts. Although not a soil-frost phenomenon, it is related to freezing of thi ground 
and sometimes occurs in the United. States. The work of Eager and Pryor /1945-3 on Ice Formation 
on the Alaska Highway gives an excellent description of the surface icing phenomenon. The 
following summary is taken wholly from their work. Examples of icing are shown in Figures 208 
and 209. In some instances icing has been known to cover a continuous stretch of road a mile 
or more in length. 	 • 	 .1 

PergeIu,o 
SIight, 

disturbed 
ground 

Tahetusol 	 Undisturbed 
L )  

A 	 B 

Figure 207 
A. Characteristic parts of the ground in 
areas of permanently frozen ground: Molli-
aol, the layer melted each year: Inter-
gelisol, the layer temporarily frozen dur-
ing one or more summers: Pergelisol: Uper 
manently" frozen ground: Tabetisol, layer 
of body of ground. unfrozen. B. Character-
istic parts of the ground in periglacial 
areas: Congeliturbate: material stirred up 
and usually moved down slope by freezing 
and thawing of the Mollisol: Plications 
and Involutions when present show movement. 

(After Bryan) 
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Factors associated with icing - Climate and topography are the two major factors which 
cause icing. Other factors which have a bearing on the formation of icing are (1) the degree 
and extent of ground cover, (2) subsurface drainage conditions, (3) soil type, (4) road location, 
and (5) the occurrence of permafrost. 

Climate - Icing is  
most apt to occur in a  
climate having short, wet : 
summers and long, cold,  
dry winters, which is  
characteristic of the  
climate along a major 
portion of the Alaska  
highway. 	The mean an- 
nual temperature ranges 
from a high of 35 deg. F. 
at Fort $t. John, B.C. - 
to 30 at Fort Nelson, 
28 at Watson Lake, Y.T., 
to a low of about 26F. at 
Fairbanks, Alaska. 	The 
most severe icing occurr- , 	' 
ed between Fort Nelson 
and the Alaska-Yukon - \. 
Territory Boundary under 
a mean annual tempera- 
ture range from 27 to 
30 F. 	- 	 Figure 208. Icing in a Waterway at Culvert Inlet - 

Painted post in lower right of photo locates culvert 
The average mean 	inlet. (After Bureau of Public Roads) 

monthly temperature a- 	- 
long the Alaska Highway 
is indIcated in Figure 
210. An interesting 
fact observed from this 
chart is that the lowest 
mean monthly temperatures 
in two winters differed 
by 20 F. and that the 
greatest variation in 
mean monthly tempera-
tures occurs during the 
winter season. 

DirIng the 1943- 
observations of icing 
on the Alaska Highway 
the minimum temperature 
was reached in January. ------ 	- 	- 	,,. 	- 
The minor icings were  
most frequent in Decem- -------•- 	-• 

ber, but the major Ic- 
ins were most active 
during January and Feb- 	Figure 209.  Outlet of 6 ft. by 6 Ft. Wood Box 
ruary. The icing activ- 	Culvert Completely Plugged by Ice. (After 
ity did not begin to re- 	 Burau of Public Roads. 
cede until about a month 
after the occurrence of the minimum mean monthly temperature. 

Topography, location, and source of water - Topography and source of water are important 
in the production of Icing. Rough and mountainous terrain of the nature indicated in Figures 
210 and 211 forms "typical icing country." 
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Sources of water flow most likely to remain active during the winter and cause road icing 
are: (1) small streams or seeps draining muskegareas, (2) springs in porous or jointed strata, 
and, (3) subsurface water flow forced to the surface by artificial conditions. From Daweon - 

I\IIIIIII 
942-43 

'9 43-44 
NORMAL 

Figure 210. Mean Monthly Temperatures on 
the Alaska Highway, based on records at 
Fort St. Johi, Fort Nelson, Watson Lake, 
Whitehorse, Northway, Tanacross, Big Del-
ta, andFnirbanks. (After Public Roads) 

Creek to wnenorse, auring the winter or iu'j-
19144, springs, seepages, and small streams 
accounted for 16, 38, and 14.1 percent of the major 
icings, respectively, or a total of 95 percent 
of the total major icings. Examples of icing 
in waterways are shown in FIgures 208 and 209. 

The natural topography or the locations 
most frequently associated with icing are: 

a Wide, shallow exposed channels, glacial 
streams or alluvial fans. 
Slopes at or near the foot of a mountain or 
hill or on a hillside where springs and 
seeps will be intercepted in road construction. 
Locations immediately downstream from poorly 
drained areas, such asmuskegswarips, which 
due to heavy vegetative cover are apt to con-
tinue draining throughout the winter. 

d.. Any sudden reduction in natural channel 
gradient (of a channel not otherwise subject 
to icing) which tends to either force sub-
surface water to the surface or to cause 
debris to be deposited, Impeding draInage. 

Forty-nine percent of the icings during 
the winter of 1943-1944 formed where subsurface 
flow emerged naturally near the foot of a hill 
or mountain. Approximately two thirds of the 
major icings occurred on slopes up to 15 deg. 

Culverts may be constructed to reduce the 
stream gradient and cause icing. Figure 209 
shows an example of a wood box culvert ccrpletely 
filled with ice. 

Elevation was found to be a factor in 

.5' 

*4' 

A. 

2< 

-10 

-20 
MAY JUNE J%Jt.Y AUG SEPT. OCT. NOV. 0(0 JAN FEB. MAR APR 

producing icing. The 
greatest frequency of 
icings occurred above 
the 2100-ft. elevation, 
where waterfiows inter-
cepted by the road were 
numsrous and temperature 
fluctuations conducive 
to icing were greater. 

- 	... 	.. 	. 
E_ 	 .MIL • 

: 

2 ç 

Effect of cx-  
posure - Ground Cover - 
Moss, vegetal debris, and  

.' - 	.. 
rn . 

fallen timber form a good 
insulating medium. 	A thick- PJIT : . 
ness of 12 to 18 in. of moss, '--- 
low bushes and grasses, when 
densely matted will preserve  
underlying permafrost during 
the summer and prevent water Figure 211. 	Looking Eastward along the North side of Pick- 
from freezing near the roots handle Lake (Mile 1160.5). 	Showing Typical Icing Country 
of vegetation in winter. (After B.ireau. of Public Roads) 
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Seventy-two percent of the icings on the Alaska Highway occurred in areas of heavy (12 to 
18-in.) ground cover and. 25 percent occurred in areas of medium (6 to 12-in.) cover for. a total 
of 97 percent of the icings in areas where ground cover served to collect water, protect it 
from freezing, and release it slowly as seepage so ice would form where it emerged in open 
areas. 

Snow cover - Heat is conducted through moist soil from L  to 20 times as fast as 
through snow, the rate depending on the compactness, water content and type of soil and the age 
and compactness of the snow. A deep snow cover serves as an excellent protection against 
freezing of water as it emerges into otherwise unprotected areas. A close correlation was 
found between depth of snow cover and icing. An example of this was between Whitehorse and 
Mile 1,163 where icings occurred at regular intervals where the depth of snow was less than 
1.5 in. but did not occur where the snow cover exceeded 15 in. 

Soil type - Seeps and underground movement of water were most frequently associated 
with pervioue soils; 45 percent of the 1913-44 icings was associated with sand., gravel, and 
rock materials, and a total of 68 percent were found. in areas of pervious materials. 

Permafrost- - Of Interest from the icing studies was the fact that it was evident 
from observations along the highway that the mean annual temperature must not exceed 28 F. if 
permafrost is to be maintained. 

Where permafrost occurs one of the factors which causes icing is freezing of the active. 
surface layer  down to permafrost under the road because of its greater exposure to freezing 
than the soil under natural cover. This frequently forms an ice dam under the road, sealing 
normal seepage channels, forcing the water out on the high side of the road and leaving all 
drainage to surface drainage through culverts. The culverte, being exposed, become filled 
with ice, forcing the water over the road causing icing. 

The ratio between percentage of highway constructed over permafrost and the percentage 
of icings in such areas indicates a greater tendency for icing to occur in permafrost areas, 
because of its tendency to limit the downward movement of water, 

From Whitehorse, Yukon Territory, to Big Delta, Alaska, 28 percent of the road was con-
structed over ground classed as permanently frozen at the time of construction. 

Sixty-eight percent of all major icings between the two points were located in areas of 
permafrost. 

Methods to Prevent or Reduce Icing on New ConstructIon - The following rules have been 
set down from the experience on the Alaska Highway as being of value in preventing or reducing 
icing: 

GROUND WATER UNDER PRESSURE BREAKS 

r-  our HERE, FORMING tOE ON SURFACE OF 
GROUND. 

AREA TO 
FIECLEAR'I 	

LANDING STRIP 

ICE 

DIKE 
- - 

	
FI.LL 

I'''' '/t..PERMAFROST TABLE' '' TRENCH CREATES PLANE OF WEAKNESS ALLOWING PERMAFROST TABLE RISES UNDER FILL AND 
FREEZING TO PENETRATE TO PERMAFROST TABLE ELIMINATES LAYER OF UNFROZEN MATERIAL 
BLOCKING MOVEMENT OF GROUND WATER. DURING WINTER. 

Figure 212. Method of Creating Induced Field of Surface Ice. 
(After Corps of Engineers) 
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Construct drainage ditches for ice control by making them as deep and narrow as con-
ditions permit. Then considerable protection is obtained from close high banks and from vege-
tation growing on them. 

Place culverts at frequent intervals on sections subJect to icing. Culverts should be 
deep in the original ground and double the size normally necessary where no icing occurs. 

Construct a high grade line. 

Li.. Where feasible, induce icing at some distance on the uphiliside of the road by 
stripping so ice dams occur. This can be done where: 

The flow of water is light near the surface, and the storage area is large. 
(A flow of 7 gals, per mm. will cover more than an acre of ground to a depth of 1 ft. in a 
months time.) 

Conditions will not merely divert the flow around the ice formations and cause 
icing at new locations. 

Snow cover can be removed if it tends to prevent the expected induced icing. 

Construct diversion ditches. 

Construct subsurface drains if they can be prevented from freezing from the surface 
or from underlying permafrost. 

L Aio- 

.1' 

Figure 213. Induced Icing Area Across Water Course Uphill 
From Roadwar. (After Bureau of Public Roads) 

A diagram illustrating 
a method of creating an 
induced field of curface 
ice in shown in 1l'inr 212. 

An example of where 
an area was cleared to 
increase exposure and a 
dike built to impound the 
ice in an induced icing 
is shown in Figure 213. 

Frost Mound, Ice Mound, 
Pingo, Ice Formation, Soj 
Blister and Ice Cavern - 
These terms have all been 
applied to mounds which 
occur in the Arctic. 
These fliounds have been seen 
in several areas by differ-
ent observers. 

Figure 214 
Cross-Section of a Soil Blister 

a, accumulation of clear ice, both on the surface 
and under the raised frozen surface soil; b, frozen 
soil; c, water in liquid form; d, ever-frozen subsoil. 

(After Niklforoff) 

'•' •- 	' 	'• :. .- 
Figure 215 

Oblique Photo of a Pingo 
(After FThst) 
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Leffingwell 11919-1 described "gravel mounds (Pleistocene and Recent)" observed in the 
Northern Alaskan coastal plain, some 30 mounds in a relatively small area. The mounds were gen-
eral].y less than 40 ft. high, but some were 50 to 60 ft. in height, and one measured 230 ft. high. 
The general, aspect of some mounds was that of upheaved ground with a split in the middle. Leff-
ingwell includes descriptions of other mounds seen by several other observers. 

Leffingwell believed that the mounds were the result of hydraulic pressure set up when sur-
face freezing progressed downward Bufficiently in a sloping coastal plain composed largely of 
water-permeable materials. 

Nikiforoff f928-7 described ice-lined "soil blisters" which sometimes reached heights of 
20 ft. He held. that they were caused by expansion of water under pressure and found between the 
upper frozen layer and the underlying permafrost. When punctured, the water escapes and leaves 
an' ice cavern. A sketch showing a cross section of a soil blister and indicating its mode of 
formation is shown in Figure 214. 

porsildJj9387 also described two types of mounds and.called the mounds "Pingos." The 
first was similar to that 'described by Leffingwell' /1919-i . Porsild also described a second 
type of pingo much larger than the first, These pingos, which occurred in the McKenzie delta 
and in low lake-field country, are up to about 50 ft. high and have a dIameter up to 575 ft. 
He suggests that Leffingwell's theory of hydraulic pressure cannot be applied, to the second 
type of pingo. He believes they were formed by local upheaval due to expansion of the pro-
gressive downward freezing of water or semi-fluid mound or silt enclosed by the bed rock and 
the frost surface soil, much in the way the cork in a bottle filled with water is pushed up 
by the expansion of water on freezing. He shows a photo of a pingo near Puktuayaktok on the 
Arctic Sea coast of the Mackenzie delta showing the irregular rupture of the sunmit. The pingo 
was 134 ft. high. 

Studies by Frost /1951-31 led him to classify pingos in three types: (a) the true pingos, 
or frost mounds, which are believed to be the result of upheavel of the earth'a crust from 
pressure of ice from. beneath the surface; (b) the isolated dome-shaped terrace remnants, which 
are the result of peculiarities of Arctic erosion and dissection which rendered the mounds conical 
in shape; and (c) those mounds formed by upward flow of water and/or soils to the surface through 
an orifice of some type. 

Sharp /1914.9-9 also described the occurrence of mounds in the Yukon territory ranging in 
size from a foot or two high up to 1500 sq. ft. in area. 

Effect of Snow Cover on Permafrost - Nikiforoff /1928-7 showed that even comparatively small 
d.epth of snow cover had a marked effect on the temperature of frozen ground. The effect may be 
seen from Table 64. 

TABLE 64 

Effect of Depth 'of Snow Cover on Temperature of Soil at Bomnak, Siberia 
(After Nikiforoff) 

Years 	Month 	Depth of Snow 	Mean T of 	Mean T. of Soil 
_________ 	Cover (cm) 	Air (deg. C.) 	at 1.5 meters (deg. C.) 
1912-13-15 February 	17 	 -22.2 	 -14.3 
19114-16-17 February 	30 	-23.6 	 -2.1 

18-19 

Roberts /1903-1 reported that there is no perceptible thawing due to the warmth of the 
earth until the snow cover of at least 25 in. existed and the specific gravity of the snow had 
reached 0.25. 

Effect of permafrost on Topography 

The Development of Thaw Lakes - Permafrost and associated soil movements due to freezing 
and heaving development of frost polygons or the formation of frost mounds and later thawing, 
accompanied by the formation of small lakes or movements due to settlements or to soil flow, 
combine to show a marked effect on topography in permafrost areas. 
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FINE-GRAINED SOIL 

BODIES OF CLEAR ICE 

Figure 216. Diagrammatic cross sections 
illustrating the origin and development 
of a typical thaw lake. Stage 1 shows 
the Initiation of areas and deep thaw be-
neath frost boils (A) and beneath a small 
pool (B). Note shallow trenches (c) over 
buried ice wedges (D). In stage 2 the 
small pool has grown by thawing and caving 
into a thaw lake, which is migrating in 
the direction of strongest summer winds. 
On the windward aide (E)  active, caving is 
in progress, but on the leeward side (F) 
the lake is being filled with peat-forming 
vegetation. In stage 3 the lake has been 
drained and new perennially frozen ground 
has formed beneath the bottom. (After 

Hopkins) 
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The formation of frost mounds has been seen to occur so frequently as to give the hortzon 
an undulating appearance. When those mounds melt and collapse, they often form small lakes 
surrounded by rings of earth. The frost polygons, although they never develop to the extent 
that they show large differences in elevation, do mark the landscape, so it is easily recognized. 

Hopkins /1949-2  describes thaw depressions 
(from subsidence following thawing of permafrost); 
thaw lakes (which occupy thaw depressions and 
cave-ins); and thaw sinks (closed depressions 
with subterranean drainage believed to have 
originated as thaw lakes). Those occur in the 
Imuruk Lake area of Alaska north of Nome. He 
ascribes the origin of the thaw lakes to sub-
sidence following thawing of perennially frozen 
silty ground In regions containing large quan-
tities of clear ice. The process is indicated 
in the diagrammatic cross sections shown in 
Figure 216. The thaw lakes seldom exceed 1000 ft. 
in diameter. 

Hopkins also describes thaw sinks, -which 
are the result of drainage of thaw lakes in 
areas where the bottom of thaw lakes contact 
material which will permit subterranean drainage. 

Soil Flow and Its Effect on Topography - 
The effect of freezing and thawing on the un-
stability of slopeB and the creep or flow of 
soils has long been observed in the North Tem-
perate Zone and more recently in arctic areas, 
where it is often associated with the presence 
of permafrost. Kerr /1881-1 and later Davison 
/1889-2 studied the phenomenon experImentally, 
causing soil to move on a slope when thawed 
after freezing. Their studies showed that move-
ment took place by a normal (to incline of plane) 
rise during freezing and vertical settlement 
during thawing. 

Anderson 11906-2 refers to the work of 
G.eike L189-1 and held that the sluff lag of 
slopes was due to the melting frorn top downward 
of soil high in accumulated water. Anderson 
termed the process solifluction (derived from 
solum 115011,11  and fluere, "to flowtI). He 
bellevod solifluction to be one of the chief 
agents of destruction In regions having a "sub-
glacial" climate with heavy snowfall melting 
In summer. 

- 

Eakin /1916-2 took a somewhat broader view 
than the earlier observers, and brought the 
forces of frost action, the position of the 
water table and thaw effects more clearly into 
the picture. He held that the position of the 
water table near the surface "minimizes differ-
ential heave and gives a dominant expression 
to horizontal thrust." Eakin also found that 
vegetation influenced, soil flow, a thin covering 
of vegetation "favors stronger movement, a 
thick covering retards it." 

A C B 

--- ---- - 

STAGE I 

STRONGEST  
SUMMER WINDS 

LET- 

--- 	—p' 

STAGE 2 
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cblaw /1918-8, in writing about northern Greenland, stated that nivation is closely asso-
ciated with solifluction, (1ivation is the process by which quiescent neve (snow ice) effects 
the change of land forms.) Because the snow melts slowly most of the water Beeps into the ground 
softening it and, aided by freezing and thawing, results in solifluction causing the development 
âf terranes and solifluction slopes described by Eakin /1916-2. 

Taber /1930-9 and Mullis /1930-8  both were aware of the effect of freezing and thawing on 
the mobility of soils. Mullis cited instances of soil flow, and showed an example of soil move-
ment on hillsides. 

Sharpe /1938-1, in his work on landslides, recognized five types of soil movement and in-
cluded solifluction as one of the dominant forces causing soil movements in cold climates. He. 
stated that the type of soil flow indicated by solifluction is not limited to cold climates, but 
its usage has come to be associated with frost action and cold climate phenomena. He held that 
cold climates have the following features which favor solifluction: (1) A soil with sparse or 
no vegetative cover, (2) A continual supply of water (from melting ice and snow) and (3) Deeply 
frozen or perennially frozen soil which, when it thaws only a few feet, prevents vertical drainage. 

Troll /194-12 took a broad view on soil movements due to frost and included not only earth 
flow over a perennially or seasonally frozen substratum but also sorting of the debris on level 
ground (for example, the formation of stone rings described later) and the movements caused by 
short periodic or daily freezing and thawing of surface layers. 

Budel /1944-13, in his comments on the developmemt of land, forms in Europe, opposed the 
views of many that the land forms in unglaciated areas have been shaped largely by stream action. 
He argues that the low temperatures of the glacial ages promoted other powerful geomorphic pro-
cesses and that the surficial features produced by those processes still dominate the landscape 
because of small changes during the post glacial period. He held that a large portion of the 
debris was accumulated, by means of solifluction. 

S1gafoos and Hopkins /1951-29 studied the instability of soil on slopes in the Seward 
Peninsula region of Alaska and described certain inicrorelief features, soil terraces, lobate 
terraces, soil lobes, tundra 	mud.flows, and stone stripes directly attributable to this 
instability. The soil mantles encountered here showed considerable textural variation but all 
were noted to be particularly wet even in elevated hillside position. 

The downslope movement was attributed either to creep or viscous flow. The process of 
creep is shown in Figure 217. 

Sigafoos and Hopkins state further that soils are involved in creeps primarily during the 
autumn freezing cycle. tet  soils are distended upon freezing, owing to the segregation of 
lenses of clear ice. . . .Soil movement downslope is greater in the surface layer than at the 
base of the seasonally thawed layer because the surface, on freezing, is distended more and thus 
moves farther horizontally from its original position. Vertical subsidence upon thawing conse- - 
quently moves the surface material farther downslope than the underlying layers.0  

Two rates of viscous flow are defined, slow and.rapid, the former being productive of the 
terrace forms, the latter of mu&flows. Viscous flow is most eonspicuous in the spring and early 
summer when the soil may be so wet that it is practically a suspension. "Creep and viscous flow 
rarely occur separately, but one process or the other generally predominates in the movement of 
given bodies of soil." 

Local climatic variations were qualitatively correlated with the intensities of the creep 
and viscous flow movements. It was found that the "optimum climatic conditions..,are found 
in climates with large fluctuations between winter and summer temperatures and in climates with 
frequent summer frosts and winter thaws." Variation in intensity of movement with soil texture 
was also noted, the soils with a high proportion of silt being most unstable. 

L?.. Tundra is defined here as those areas in high latitude in which timber is lacking and 
the ground bears a partial or complete cover of sedges, willows, mosses, etc. 
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THAWED 

Peat & turf A.  Mineral soil 

Frozen 	
Feet 2' 

uigure 217 
Diagrammatic illustration of creep mechanism and terrace 
formation. (A)  Theoretical mechanism of creep. Wide black 
bars represent theoretical columns of soil whose distension 
upon freezing is shown by thin lines parallel to slope. Upon 
thawing, columns bend downalope, owing to vertical subsidence 
of soil. (B)  Illustration of terrace formation by creep, 
horizontal thrusting, and viscous flow. Soil moves downalope 
farther than vertical subsidence would carry it, as it is 
pushed by frost thrusting, and it flows. (After Sigafoos and 

Hopkins) 
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Sigafoos and Hopkins identified and classified soil terraces, lobate terraces, soil lobes, 
and tundra mudflowe as micro-relief features resulting from the instability of soil on slopes 
subjected to intensive frost action. They gave detail description of the topographic expression 
and position, the development process, the soil and substratum, vegetation, water table and per-
ennially frozen ground the character during periods of thaw, the appearance on aerial photographs, 
and the construction characteristics. 

The many sloping terraces, sloping benches, or altiplanation terraces in the arctic are 
described. by Frost /1951-31. "They vary in size from narrow dissected bench-remnants situated 
high on the side slopes of a valley to vast tilted surfaces of several square miles in area in 
large valleys.... The processes creating such features are believed to be peculiar types of 
solifluction, since they contain accumulations of loose rock materials which appear to have been 
moved by some types of flow." See also Smith /1939-18. 

Those interested. in the subject of soil flow may find additional material on the subject 
in the following references: 

Beicher L1855-1, pp. 306-9; Preetwich 11892-3, pp 263, 322-8; Geike /18914-1, pp. 389, 723; 
Hgbom 119114-2, pp. 259-60; and Lotze /1932-9, pp. 267-9. 

Physical Properties of Permafrost - Hardy /19146-2 conducted consolidation tests on frozen 
samples of soil from the permafrost zone using loads up to 10 tons per sq. ft. The loading tests 
were made at -0.5 C. No thawing or appreciable deformation resulted from the loading. He stated., 
"The result could have been deduced beforehand from the physical properties of ice." His studies 
indicated a foundation on frozen sand would not be appreciably affected if the sand thaws. How-
ever, for silts, the settlement might be equal to the depth of thaw if conditions were such that 
the soil would. flow. The minimum settlement would equal the reduction in volume on consolidation 
of the thawed specimen. 

Hardy found no ice banding in soils falling within a band ranging from about 82 to 98 per-
cent finer than 1mm. on the coarse and to 0 to 3 percent finer than 0.01 mm. on the fine end. 
However silts having from about 7 to 27 percent finer than 0.02 mm. diameter showed ice banding. 
That was also true of a well-graded gravel having about 6 percent finer than 0.02 mm. 

Problems in Construction of Roads and Airfields in Permafrost Areas - The first problem which 
concerns the engineer who must build roads and airfields in the Arctic is the recognition of the 
presence of permafrost, and, ihere it occurs, the nature of the permafrost. One method of locating 
and classifying permafrost involves the use of air photos. 

The current state of advancement of the efforts to identify permafrost features from air- - 
photos is indicated in part by the papers of Frost 1 0-11, L1951-31, Frost and Mintzer /19149-27, 
Frost, iiitt1e and Woods /19148-31, /1918-5, and Nelson 19149-114. 

It is believed. that *the use of airphotos to identify soil textures and permafrost cond.ittone 
in arctic and sub-arctic regions vastly facilitates site selection and development of adequate 
structural designs. Such identification is possible through understanding of the "pattern" of 
the surface features as it appears on airphoto prints. The more important elements comprising 
the various patterns are the nature of land forms, topographic position, drainage pattern1  erosion 
features, gully characteristics, vegetation, color tone, and others. 

Knowing the location of permafrost, the second part of the problem involves knowledge of 
how to construct roads and airfields at minimum cost. A natural first reaction of the engineer 
is to build very heavy strong structures to counteract the great forces brought-about by the 
freezing or thawing soil. He must learn that the easiest and most economical approach is to 
use flpassiveu methods which make permafrost work.for him. This means that designs must be based 
on insulation and preservation of the permafrost and control of the location of the permafrost 
table and of its effect on drainage and the structural properties of the soil. 

Frost 11951-31 states, "Structures placed on permafrost of the dry frozen type usually 
do not experience serious damage from the resulting thaw. Airfields, runways, roads, and build-
ings have been placed on frozen sands and gravels and have performed satisfactorily not only 
following construction but throughout the critical break-up seasons as well. Thereare, however, 
often local areas containing detrimental permafrost which lie within the bounds of dry frost 
and which should be avoided. in engineering construction. Such areas are common in land forms 
associated with water deposition. Those structures placed on detrimentally frozen material 
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experience severe distress almost immediately following construction." 

The Bagineering.Manual /1946-7:.,suggeats the following approach to the problem of designing 
a road pavement in permafrost: 	1 '-  

(1) Determine the typical thawing index by plotting the accumulative deg.-days 
above freezing for a particular site using the greatest number of years' ob-
servations of air temperatures available, from authoritative"sources. An 
example of a thawing index curve is VShQWfl in Figure 218.  

(2) V The thawing index indicated for the .site giv.en in the. example is 2,710. 

(3) Use Figure 219 to determine the estimated depth of' thawing, which is. 
V 9.2 ft. in the example. 

(LiP) Thus, to satisfy design at the site (9 ft.) •of base material is required 	
V 

to prevent the permafrost from melting. 

Figure 218 
Curve for Cumulative Degree Days Above Freezing (Thawing Index) 

(After Corps of Engineers). 

The first layer of an insulation course should be fine-grained granular soils which meet 
the requirements for filter materials. 	 V  

Muller's review /l945-1  of Russian studies brings out the importance of keeping in mind 
that the permafrost table will rise beneath the fill and may extend into it if the height of 
the fill is in excess of the thickness of the active layer. Also seasonal thawing will pene- 
trate deeper on the south side. 	 V  

The movement of water in an area traversed by a fill may also be affected by the fill, 
especially if it runs at right angles to the direction of flow, as is ind.icated'in Figure 220. 
The effect of berms in preserving the frozen condition beneath a fill and in preventing the 
thawing of underground ice is illustrated in 'Figure 221. 

Road cuts present even greater difficulties, and Muller suggests that the only solution 
appears to be a replacement of the unstable soil by material which is not affected detrimentally 
by frost, whether permafrost or seasonal freezing and thawing. 
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The problem of surface icing is a serious one in some permafrost areas rich in underground 
water. Surface icing has been described in previous paragraphs. One form of solution is that 
of artifically inducing a field of ice, which has been illustrated previously. 
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Figure 219. Tentative Curve for Deter-
mining Depth of Thaw for Pavements. 
(After Corps of Engineers) 
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Figure 220. Influence of Road. Con-
struction on Permafrost Table. (After 

Muller) 
The.above paragraphs by no means tell the 

whole story. They are intended merely to intro-
duce the problem and to indicate its complexity 
and the need for careful and thorough study of 
the nature of permafrost and the various solu-
tions which have been worked out or which are 
now being investigated. Investigations in pro-
gress: have been stated in part by Carison 
1194.8-37, and Nelson /199-l4.. 

Problems in Constructing Foundations for 
Bridges, and Buildings and Constructing Ser-
vices in permafrost Areas — Foundations for 
structures and proper handling of utilities 
presents difficult problems in Arctic areas 
where permafrost occurs. space does not permit 
even a superficial treatment of all phases of 
handling construction in permafrost. The 
reader if interested may consult the Corps 
of Engineers Manual /19146-7, Muller 11947-1Ll., 
Lewin J191484, Wilson 11948-17,  Carison 
/19148*31, and Nelson /19L19-114  for a brief 
Introduction into the problems involved. 

Figure 221. Effect of berms in pre-
serving the frozen condition beneath 
a road fill. (After Ilykov and Kapterev) 

Evidences of Permafrost in the United States — Field studies by geologists during the last 
50 years have, when taken as a whole, brought out a concept that a zone of indefinite width 
marginal to the continental ice sheets existed and was characterized by intense frost phenomena. 
Recently this zone has been termed the "perlg].acial" zone. There occur, in this zone, nunerous 
"fossil" forms which indicate the presence of intense frost action, such as is now found in the 
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arctic regions where permafrost occurs. This brings out the possibility of permafrost having 
existed in a large part of northern United States. 

While of no great practical 
significance to road builders, know-
ledge of its occurrence and the ability 
to identify some of the "fossil" forms 
is of interest to engineers working 
with soils. 

ft. 

Smith 119249-18 discussed 13 types 
of features which have been Inter-
preted as Indicative of former pen-
gleclal conditions. Those which 
are most generally applicable in 
areas associated with continent ial 
ice sheets are: casts of ground-ice 
wedges, involutions, and solifluction 

-deposits (including block accumulations. 

- 	
Schafer 119249-5 describes the 

existence of wedge structures in cen- 
Figure 222. Involutions in Soil Profile in Central 	tral Montana which consist of wedge- 

Montana. (after Schafer) 	 shaped vertical fissures in weathered 
bed-rock, which he holds were opened 

by ice veins developed when the ground became perennially frozen. He also described involutions 
(local deformation and interpenetration in stratified materials) in central Montana and found 
they are common throughout the area and occur in a variety of forms. One example is shown in 
Figure 222. They are believed to have developed by differential freezing and growth of ground 
ice in a seasonally thawed zone overlying permafrost. Horberg 119249-3 describes the existence 
of a possible fossil ice wedge in Bureau County (North Central) Illinois. 

Several authors have described the existence of stone rings and stone stripes in the United 
States while numerous authors have described similar surface features presently found in arctic 
regions. Sharpe /1938-1 gives an excellent review of the literature (and bibliography) on stone 
rings. He found that there is during intense frost action a sorting action which takes place 
in boulders or gravelly soils which produces a central area of fine debrIs. Sharpe descrIbes 
stone stripes which occur adjacent to U.S. 97 about 12 mi. north of Satus pass in South-central 
Washington at an elevation of less than 3,000 ft. Sharpe Illustrated the relationship between 
stone rings and solifluction in the development of stone stripes as indicated in Figure 223. 

Eakin f1916-2 was one of the earlier 
authors who studied intense frost action in the 
Arctic and who offered an explanation of the 
processes in the develoment of stone rings. 
His exDlanntion is well illustrated in Figure 2224. 

For further study of those phenomena the 
reader is directed to the following sources: 
Hobbs /1913-2, pp. 282-24; Högbom /19124-2, pp. 
309-18; Hawkes L19224-2, P. 509; Huxley and Odell 
119224-5, pp. 208, 2224-5; Nordenskjold /1928-11, 
P. 53; Anteva /1932-7,pp.49-58; Denny /1936-11, 
p.177. 

Figure 223. Frost action and solifluction. 
Stone-rings on the flat surface merge into 	Fossil ground-ice wedges or loam-filled 
stone-stripes on the slope. (After Sharpe) cracks have been described from Diropean areas 

by Kessler L1925-3, Lotze L1.932-9, Soergel /1936-15, 
Seizer 11936-16, Paterson /1940-17, Weinberger 1191414.17, and from Alaska by Taber L19243-24. Such 
casts as described by those authors are considered positive evidence of periglacial conditions 
comparable to present day arctic conditions. They could have formed only in association with 
perennially frozen ground. 

There are many other interesting formations which develop in areas of intense frost action 
and also under normal freezing in the United States. Some of the latter are described later in 
this review. 
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Origin of Permafrost - The origin of permafrost has long been a subject of. cont roversy, some 
believing it is a relic of the ice ages and others believing that it more nearly reflects the 
results of present climatic conditions. 

Russell /1889-1  reports the studies of 
Thompson, who made extensive calculations of 
the rate of heat flow from the earth under ex-
isting climatic conditions and concluded that 
even the deepest ice stratum reported in the 

Arctic might have resulted from a mean annual 
temperature no lower than now exists in Alaska." 

. ' 	•"- 	 :-' 
S-- ___  . -..• - 

N 	 , 

Nikiforoff /1928-7 was of the opinion 	sri' - c 	-cj 	.  
that each hypothesis is partly correct and 	 . .'• 	 ' 
partly incorrect. He questioned that if the  
glacial hypothesis were true how could the 
great ice sheets melt while the permanently 
frozen ground remains. He felt there was no 
question but that the present climate is 
favorable to the existence of permafrost. He 
stated that studies have been made to deter- 	Figure 224. Diagram illustrating segre- 
4nlne if the southern boundaries are receding 	gation of coarse and fine detritus and 
or extending, but the question remains unan- 	development of frost-heaved mounds by 
swered. It has been discovered "in at least 	solifluct ion. (After Eakin) 
16 places along the southern boundary" that 
the surface of permafrost lies at a greater 
depth below the surface than it does farther 
north. In one place in Siberia a layer 70 ft. 
thick was found with its surface 103 ft. below 
the ground near the southern limit of permafrost. 

Cressey /1939-7  points out the fact that 
the temperature of the lower dcptho is lowcr 
than fleer the eurfce and maintains this mdi- 	- 
cates ancient origin, while the presence of re-
mains of mirnirnths points to more recent freez- 
ing. 	 I 

The Corps of Engineers J1946-7 states that 
"permanently frozen ground may be expected where 
the mean annual temperature is below freezing 
in a climate with long, cold winters, short, dry Figure 225. Examples of layered needle 
and relatively cool summers, and small preci- 	ice (sometimes called hoar frost) which 
pitation during all seasons," 
	

grew at or slightly below the ground 

Hardy 1191462 states that "permafrost is 
	surface. (After Roberts) 

a relic of the last ice age" but 'lean readily be caused to form where it does not ordinarily 
occur" and cites cases where permafrost 23 ft. deep formed under a pile of boulders from mining 
operations and 25 ft. deep under a building in the latitude of Ednonton. 

Muller /1947-14,  in his extensive studies of permafrost, believed it could originate if 
the mean temperature were about freezing. 

ROAR FROST 

The growing of ice crystals, the migration of water as it moves to the growing crystal, 
and the forces developed during the development of ice crystals to form ice whether in soil or 
simply as ice on water, may be detected in many different forms. Hoar frost, or needle ice, 

Leffingwell /1919-1 presented three possi-
bilities: (1) that the present thickness is 
the result of successive additions of frozen 
soil, (2) that it is the result of a colder 
Pliestocene climate, and (3) the statement of 
Woodward given by Russell. 

- 	
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is one of those forms. Hoar frost as is described here is not to be confused with the silvery 
white deposit of ice needles on objects above ground, formed by direct condensation at tempera-
tures below freezing due to nocturnal radiation. Rather it is needle ice which forms on or 
slightly below the surface of wet soils during spring and fall nights when the air temperature 
falls below freezing but when the ground is unfrozen. It may occur as numerous separate or 
small groups of needles or as a mass or layer of needle ice on the surface. 

Roberts /1903 described hoar frost formed in the Puget Sound region when the air tempera-
ture fell to 24 F. on unfrozen ground. During the first night's frost a layer of ice 5/8 in. 
thick formed immediately.below the ground surface. The climate continued favorable for several 
days, and additional Ice layers continued to form for several successive nights. Examples of 
the needle ice described by Roberts are shown in FIgure 225. The three strata of ice represent 
three successive night's accumulation. 

Abbe /1905-2 described similar ice forms and added that they are belt developed in sheltered 
spots on a gravelly soil. He brought out that the ice columns are caused first by the capillary 
movement of the water to the surface. 

Several European investigators, begInning with Hessilman /1907-3, Hogbom J1914_2, Hamberg 
/1915-6, Johansson /1916-6, Kokkonen 11926-3, and Beskow /1935-1, described this form of soil 
ice. Their descriptions differ in regard to the type of soil necessary to promote growth of 
needle ice. Hesselman described needle ice on sod; Hamberg found the ice in clay. Johannson, 
Kokonen, and Beskow found that it can develop on all mineral soils from sand to clay but found 
that the fine sands, fine silts, and very silty clays are most susceptible. Beskow gives an 
excellent description and illustrates different forms of hoar frost. 

Bouyoucos and McCool /1928-5 found that a slow and gradual reduction in temperature, but 
not below about 20 F., causes the film of water at the surface to freeze and draw water from the 
underlyIng soil, which grows into long needle-like crystals. 

SAND 

Figure 226. Illustrating Water Movements, 
Frost and Ice Formations on a Wet Rutted 
Clay Surface. (After Bureau of Public 

Mullis Ll93o-8 held that the conditions 
essential for producing crystals of maximum 
length are found where the intensity of cold 
is such that the capillary movement is rapid 
enough to prevent freezing of the soil to any. 
appreciable depth below the surface. 

Mullis illustrated (see Fig. 226) that 
one-way needle ic forms by associating it with 
air-filled spaces under ice sheets, the water 
from ruts and pockets in the soil rising through 
the soil to the surface to form ice crystals. 

Roads) 	 Ruckl 1943-2, Troll /1944-12, and 
Hursh J1948_? also described this type of fibro- 

crystalline ice. Troll preferred the name librush_tce.It Troll and Eursh both stressed it as an 
important agent in erosion and sloughing of soil on bare slopes, particularly on moist, south- 
facing slopes. 

APPERDIX A 

THERMAL PROPERPIES OF MATERIALS 

This Appendix gives definitions of terms relating to heat transfer; presents limited 
data pertaining to the thermal properties of water, ice and snow, soil and other materials, and 
presents a partial review of literature on heat flow in soils. 

Definit ions 

Specific Heat - c1, of any substance is defined as the calories of heat required 
to raise one gram one deg. C. 

Volumetric Heat Capacity - C, is defined, as the heat in Btu. required to raise 
one cu. ft. of soil one deg. F. 
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British Thermal Unit - Btu, is the heat required. to raise the temperature of water 
one deg. F. at its maximum density. It is equal to 252 calories. 

Latent Heat of Fusion - L. is the quantity of heat required to changeunit mass of 
ice to water with no temperature change-. 	. 

Thei'malConductivity - k1  is the quantity ofheat that will pass auñit area ofiznit 
thickness in unit time under a unit temperature gradient. 

The following units used in studies of heat transfer are expressed as follows: 

specific heat = 	calories 
grams x deg. C. 

conductivity = 	calories 
cm. X deg. C. X seconds 

diffusivity = 	.conductivity 	
= 

specific heat X density 	sec. 

In the English system density is expressed as lbs. per cu. ft. 
Conductivity is expressed as: 

Btu. 
Ft. X deg. F. X hour; 

and diffusivity as 
ft. 

hour 

Thermal Properties of Water 

fect of Pressure on the Freezing Point of Water 
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Figure 227. Relation Between the Freezing Point 
of Water and the Pressure Under Which the Water 

ists. 	(Data from Smithsonian Physical Tables 
1921) 
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If 	TABLE 65 

Density and Volume. of Water 
-10 to +250  C. 

The mass of one cubic centimeter 
at & C. is taken as unity 

(From Smithsonian Tables) 

Temp. C. Den,ity. Volume. Temp. C. Density. Volume. 

-10 o.Si i.00,86 +350  o.o6 i.0098 
-9 843 157 36 371 633 
-8 869 131 37 336  669 
-7 108 38 300 706 
-6 912 088 39 263 743 

5 0.99930 1.00070 40 0.99225 1.00782 
-4 945 055 41 187 82, 
-3 958 042 	. 42 147 861 
-2 970 031 43 107 901 
-' 979 021 44 066 943 

+0 0.99987 1.00013 45 0.99025 1.0098 
I 993 007 46 0.98982 1.0102 
2 997 003 47 940 . 	072 
3 999 001 48 896 116 
4 1.00000 1.00000 49 . 	852 162 

5 o.ççg ,.0000I 50 0.98807 1.01207 
6 003 51 762 254 
7 993 007 52 715 301 
8 983 012 53 669 349 
9 981 019 54 62, 398 

10 0.99973' 1.00027 55 0.98573 1.01448 
963 07 Go 324 705 

12 952 048 65 059 979 
13 940 oGo 70 0.97781 1.0220 
14 927 073 75 489 576 

15 0.99913 1.00087 80 0.97183 1.02899 
6 897 103 8; o96865 1.03237 

17 880 120 99 534 590 
iS 862 13S 95 1t)2 959 
19 843 157 100 0.9838 1-0-134.1 

20 0.99533 1 .00177 110 0.9510 1.0515 
21 502 198 120 .9434 i.o6oi 
22 780 220 130 .9352 1.0693 
23 757 244 140 .9264 1.0794 
22 733 268 1 50 .9173 I.0Q02 

25 0.99708 1.00293 160 0.9075 1.1019 
.36 682 330 

1
70 S973 1.1145 

27 6 55 37 iSo .5866) 1.1279 
28 627 37S 199 .8750 1.1429 
29 598 404 200 .8628 1.1590  

30 0.99565 1.00434 210 o.S5o 1.177 
3' 537 .65 220 .837 1.195 
32 506 497 20 .823 1.21 
33 473 530 240 .Soq 1.23 
34 440 563 250 .794 1.259 

From -10 C. to 0 C. the values are due to 
means from Pierre, Weidner, and Rosetti; from 
0 C to +l C., to Chappuis 42 C. to 100, C., to 
Thiesen; 110 C. to 250 C., to means from the 
works of Ramsey, Young, Waterston, and Him. 

TABLE 66 

Lowering of Freezing Points by Salt in Solution 

In the first column is given the number of gram-
molecules (anhydrous) dissolved in 1000 grains of 
water; the second, contains the molecular lowering 
of the freezing point; the freezing point is there-
fore the product of these two columns. After the 
chemical formula is given the. molecular weight, 
then a reference number. 

(From Smithsonian Tables) 
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TABLE 67 

Specific Heat of Water 
(From Smithsonian Tables) 

Temper- 
ature C. Barnes Rowland. Barnes- 

Regnault 
Temper- 
ature C. 

Barnes 
Barnes-
Regnault 

-5 4,0155 - - 60 0.9988 0.9994 
0 	.. "1.0091 1.0070 1.0094 65 .9994 1.00014. 

1.0050 1.0039 1.0053 70 1.0001 1.0015 
10 1.0020 1.0016 1.0023 80 l.0014 1.0042 
15 1.0000 1.0000. 1.0003. 90 1.0028 1.0070 
20 0.9987 .9991 0.9990 100 1.0043 1.0101 
25 '.9978 .9989 .9981 120 - 1.0162 
30 .9973 .9990 .9976 1140 - 1.0223 
35 .9971 .9997 .99714 160 - 1.0285 
40 .9971 1.0006 9974 180 - 1.03148 
45 .9973 1.0018 .9976 200 - 1.014.10 
50 .9977 1.0031 .9980 220 - 1.0476 
55 .9982 1.0045 .9985 - - - 

TABLE 68 

Relative Humidity, Vapor Pressure and Dry Temperatures 
(From Smithsonian Tables) 

Al, Ta.p.,..,,m. d 6db,°  

1 6555544443 333333 	Oaa 
2 	2 II 0 0 9 8 8 8 7 7 6 6 6 5 5 $ 5 4 4 4 4 
3 	*7 *6 5 4 4.  *3 211111010 9 9 6 8 7 7 6 6 6 
4 	23 22 20 19 8 7 6 1$ 4 *3 13 *2 II II *0 0 9 9 8 8 

52927252403 Il 00 (9 iS 17 	6 15 14 *3 13. 2 II II 10 0 9 
6 	34 32 31 09 27 26 24 24 2* 20 (9 lb *7 lb l 	4 4 (3 2 2 II 

7 	40 38 36 34  31 30 OS 	1504 02 II 10 9 lb (7 (6 5 *4 3 *3 
8 	46 j i 33 3634 30 30 	27 25 o o o* 20 	8 716 *5 (5 
9 	52 49 46  43 4* 33 36 	32 30 09 07 15 14 23 02 10 9 8 7 lb 

10 	57 54 5* 48 	43 (0 33 36 34 32 30 :5 17 25 24 03 II 10 19 8 
11 	63 00 56 53 50 47 44 40  39 37 35 33 3* 19 13 16 15 24 01 2* 20 
12 	69 6- 44 58 54  5* 48 45 4 40 35 30 34 31 30 19 17 20 14 13 22 

j3 	75 70 66 61 59 55 52 49 46  44 4* 39 37 35 33 3* 19 15 26 25 24 
14 	8 76 7* 67 63 00 55 53 50 47 44 41 40 37 35 33 32 30 25 17 26 

15 8681767268646057535o 484'414033363430300917 
16 	92 87 81 77 71 6,S 64 60 57 34 *1 48 45 43 4* 33 38 34 30 3* 09 
17. 95  9  S7 8* 77 72 68 64 6* 57 54 3* 43 4 43 4* 38 36  3.4 33 3* 
18 	- 9 90 86 8* 77 72 65 64 60 27  54 5* 45 46 43 4*  39 37 35 33 
19 	-9791868176706864 6057345148454341393135 

- - - 96 90 S5 8 76 7* 67 63 60 57 33 3* 43 45 43 4* 34 36 
2-- -----95 89 84  79 7$ 7* 6 63 59 50 53 70 48 45 43 40 35 
2---- --- 94837  74 7066615956535047454240 
23 ---- -- - 909287 81 77 7369656153355149474441 
24 -------96 9* 8 8: 76 72 68 6.4 6* 57 54 5*  49  46 44 

25 -  -- - - - --Oo 94 89 84 79 75 7* 67 63 (0 56 54 5* 4546 
26 -------- 98 93 67 67 7 74 7° 66 6-'*q 96 c: 50 47 
27 ---------969* 8661767266656, c'l35149 
28 	 89 64 ------ --- --94 	79 75 7* 67 (.3 00 37 84 3* - 29 --------- 9791576278fl696761595(23) 

30 -- - -------- -- -959o855o767o65646,55 
31 -- - ---- - --- --95 93 88 S'S 74 70 66 6) *0 5*' 
32 -- - ----------96 9* 86 5* 77 71 9* ii; 6, 53 
33 -- - ----------99 93 55 54 79 75 7* (.- 4*; 00 
34 --- -----------969l86Sl77 -36.)6,61 

35 - - - -----------99 94 So 84 79 	6 (4 
36 -- - ------------*II',  9* 56 3, 77 73 	(0. 

37 	--------------- )Q.439S474757li7 
38 ----- --- - -- ----- 0*6  12* 66 3. 77. 73 10) 

.s 83 33 79 75 7* 

40 ---- - - -- ---------6690 3(131 7773 
41, ---------------9812388837975 
42 ----------------.., 55 90 55 8* 77 
43: ------------------91575378 
44 	---------------- 0(94 149 54 30  

45 ------------------6612,3681 
46 -----------------99933934 
47 	 .13903(1 
48 -------- - - -------------, 0157 
49, ---------------------)4 61) 

gllq* 
51-------------------9S*13 
57 -----------------------85 
53 	---------------------97 
54 ----------------- - - ----98 

55 ----------------------01 
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TABLE 69 

Thermal Conductivity of'Waterand-5alt Solutions 
(prom Smithsonian Tables) 

Substance °C kt Authority Solution 
In water. 

Density °C 
- 

k Authority 

0 0.00150 Goldschmidt,'ll CuSQ4  1.160 Li.Li. 0.00118 H.P. Weber 
Water 1]. .00147 . 	. KC1 1.026 13. .00116 Graetz 

25 .0.0136 Lees,198- NaC1 1.178 	. 4.4 .00115 
20 .00143 . NaCl - 26.3 .00135 H.P. Weber 

Milner, chattock,198 H2SO4  1.054.. 20.5 .00126 
- 1.180 21. .00130 Chree 
ZnSO4  1.134. 4.5 .00118 

1.136 4.5 .00115 H.P. Weber 

Thermal Properties of Ice and Snow 

The following properties of ice and snow were taken from Barnes /1928-1 

.- 	-- 	...... '- 	TABLE 70 

Propertieé of Ice 

Density 	 .'. 	. 	. . 	. 	
., 	_; 	. 	. 	. '.91676 

Heat of Fusion 	 . 	- . . ... 79.67 

Latent heat of vaporizations; 	. -. 

slow rate (av.) 	. . 	. 	. 700 	 Calories 
fast rate (av.) 	 - . 608 	, 	 Calories 

Specific heat . 	. . .. 	0.49 

Thermal conductivity . . 	. 	. 	0.0050-0.00517 

Coefficient of cubical expansion 0.000160 

Vapor pressure 

Compressive strength 

(parallel to crystals) 9 28 deg. F. 	30.0 psi 
@- 14 deg. F. 	' 	693 psi 

(rate of loading of 500 lb. per sec.@ 2 deg. P. 	811 psi 

Shear strength - St. Lawrence ice 

In a direction parallel to walls of crystals - 	1800 psi 
In a direction parallel to basal planes 1050 psi 

TABLE 7]. 

- 	 . Properties of Snow 

Density Varies widely 0.045-0.105 

Thermal conductivity . . 	0.00028-.00045 
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Table 72 gives thermal data on snow taken from Ingersoll and Koepp /192111. 

TABLE 72 

Specific 	 Density 	 Conductivity 

Material 	 Diffusivity Heat 	grains per cc. 	pef. 	- 

Snow, densely packed 	 0.0041 	0.50 	0.54 	33.7 	0.0011 

Thermal Properties of Soils 

The soil mass is made up of soil, air, and water. The water may be in the frozen or un-
frozen state. If in the frozen state it may exist as mass ice or as ice crystals occupying only 
a part of the spaces between grains. Because the water in fine-grained soils may range from 
loosely held pore water to "tightly bound" water in film phase, some of the water may exist in 
the frozen form while some may exiBt in the unfrozen state due to a difference in the freezing 
points of the different phases of soil water. Thus the composition of the soil grains, the 
proportion of soil water, and the density of the soil mass, each has an influence on the thermal 
properties of soils. 

Several investigators have made determinations of the thermal properties of soils in the 
dry state. One reason for making determinations in this state has been the difficulty of deter-
mining experimentally the conductivity of moist soils because of the movement of moisture in the 
direction of heat transfer during the test, making it difficult to maintain uniform moisture con-
tent. However, some investigators have made determinations on moist soils and have presented 
data on soil type (texture) and condition (moisture content and density). Data presented here 
are from only a few of the principal investigators. Additional sources of information are given 
for those who wish to extend their studies beyond the scope of this review. 

- 

Patten /1909-1 was one of the early investigators to bring out that the thermal conductivity 
of soil constituents varied but little from one soil to another. The work of Smith in determining 
thermal conductivity on dry disturbed samples /1939-11  and on dry undisturbed samples /1942-8, 
the work of Smith and Byers /1938-6, and the work of Bayer /1940-2  confirmed previous findings. 
The work of those investigators in the determination of thermal properties has shifted the 
emphasis from compostion to porosity and moisture content. 
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Tests were made at Harvard University for 
the Corps of Engineers /19145-17, /1947-2 to de-
termine the thermal conductivity of various co-
hesionless materials and aspha].tic bituminous 
concrete. The grain size distribution curves 
of the materials tested are shown in Figure 228. 

The materials used are described as follows: 

(1) Sand (Lowell Sand) consisted of a cohesion-
less, siliceous sand from a glacial outwash 
deposit at South Lowell, Massachusetts. 

Crushed Rock (Winchester Cru8hed. Rock) con- 
slated of a fine-grained quartz d±orite ob- 	100 

tamed from quarry at Winchester, Mass. 	90 

80 

7 

50 
U- 40 

230 

20 

10 

0 

Winchester Crushed Rock-1--- 
Sompte3E-3ond3E-4 - 

ester C
3E-7ond 3E-8Sample 

ndedBituminous
ncrete Aggregate

e
Sample 3G-1 - Z 

Cd Rock 
rus,'eSampe 3E 
nd 3E-6o P 

Slag (Mystic Slag) consisted of basic re-
aid3xe from blast furnace located, at 
Everett, Massachusetts 

#) Cinders (Somerville Cinders) consisted of 
commercial grade cinders obtained locally 
as a result of burning bituminous coal. 

(5) Sand and Gravel (Bangor Sand and Gravel) 
consisted of .a well graded sand and gravel 
of glacial origin obtained from Bangor, Me. 

00 50 	10 	. 	 0.5 	01 005 	0.01 0005 	0.001 
Groin Size -mm. 	 - 

Figure 228. Gradation of Base Materials 
(After Corps of Engineers) 
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(6) Blended. Bituminous Concrete Aggregate consisted of local],y processed aggregates of sand and 
partially crushed gravel obtained from bins at plant at Cambridge, Massachusetts 	- 
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TABLE 73 

SUMMARY OF T!ST DATA 

¼ () ApL1a.LTà1C 	U1U1nOU 	ncree 
consisted, of the blaMed bituminous-
concrete aggregate and 4.5 percent 
bitumen. 

Time factor carves for tempera-
ture change at the center of a cy-
linder and typical time curves 
(thermal conductivity determinations) 
are shown in Figures 229 and 230. 

Data from the thermal con-
ductivity tests are summarized in 
Table 73. 

The relationships between 
thermal conductivity and water con-
tent of the various base materials 
are shown in Figure 231. It should 
be noted that slag and cinders 
showed markedly lower values of 
thermal conductivities than did 
crushed rock and sand at comparable 
water contents. 
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34-8 103.0 4.5 2,66 0.20 25.3 . 	0.855 
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Method of Computing Thermal Conductivity - The equation used for computing the thermal con-
ductivity from the data obtained, together with the nmenclature, is contained on Figure 229. 
This equation (b) was derived for the following assumptions: 

0. 

a 

The temperature of the, exterior 
boundary of the soil is equal to the 
temperature of the liquid bath into 
which the container is immersed. 

The range of temperature change dur-
ing a test was either above or below 
the freezing point of water, hence 
latent heat of fusion was not a fac-
tor. 

Computation for, Thermal Conductivity-
From the test data the thermal conductivity 
k, may be computed if the volumetric heat 
capacity is known. It may be assumed that 
the volumetric heat capacity can be com-
puted for a given soil using equation (a) 
Figure 229. This equation is based upon 
the assumption that the volumetric heat 
capacity is equal to the sum of the vol-
umetric heat capacities of the dry soil 
and of the water present in the soil. 
The value for the specific heat, c1, of 
dry soil is a variable depending upon the 
mineral and chemical constituents of the 
soil. Reference to the tabulations of 
specific heat for various minerals, rocks, 
and dry soils based upon tests by various 
investigators will show that the specific 
heat of dry soil, minerals, and rocks 
varies within narrow limits and that a 
value of approximately 0.2 Btu per lb. 
(deg. F) is a good average value. The 
value of the specific heat of water is 1 
Btu per lb. (deg. F.) and of ice is 0.5 
Btu per lb. (deg. F..). Hence, using 
equation (a), the volumetric heat capa-
city of each test may be computed using 
the assumed value for specific heat of dry 
soil shown in Table 73, and the deter- - 
mined water content and density. Sub-
stituting the computed value for volume-
tric heat capacity, the thermal conducti-
vity, k, may be computed using equation 
M. An example of the determination of 
thermal conduOtivity k is as follows: 

Equation 	k - C D2T 

Test Data from Table 73, Sample 3A-B are 
used: 

Tim, in Hmjru - t 

P-Lowell Sand  

Lowell S ond X7  \_ Sample 3A-4 

Sample 3A-8 I 
SomervIlle Cinders — 

Sample 3C-2 
Lowell Sand 
Sample 

3 __ 7  inchester Crushed Rock 
Sample_3E-1 

—Mystic Slog 

Winchester Crushed Rock 
Sample 3D-2 

Sample 3E-5-  

12H-10.67" 
 

Figure 230 
Typical Time Curves 
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From Fig. 230 ' 	'•' 	2 -  
B2 	(5.36fl)-(0.L146') : 0.1995 Ft 2  
FOR.A4-: 50 percent-. t = 0.295 hours. 
(50% temperature change is arbitrarily taken. 
Any value of-A.'.. on the 8traight portion of the 
cirve may be used). 

From Fig. 229 Curve (2) 
FORJA- : 50%, T =0.05 

Substituting in equation 

k - C D2  T • (2.53) (0.1995) (0.05) 
- t 	 (2.95) 	 ' 

km 0.855Btu.pèr (Ft.)(Hr.)(Deg. P.) 

Patten was also one of the first to make comprehensive studies of the thermal properties 
of soils'through a wide range of moisture contents. Patten'sdata were initially published in 
tabular form. The Corps of Engineers, in its frost investigation /194517 summarized Patten's 
work in tabular and graphical form. 

Ingersoll and Koepp determined the thermal values for three different materials.. Their 
results are shown in Table 714. 

TABLE 714 

THERMPL'PROPERTIES OF SOIL AS DETERMINED BY 
INGERSOLL AND KOEPP /19214-1. 

Percent 	 Specific 	Density 	Conductivity 
Material 	Moisture 	Diffusivity 	Heat 	g.per cc. pcf. 	k 

:Cofltent S 

quartz sand 
medium, fine,dry 9 0.0020 0.19 1.65 103.0 0.00063 

Same with water 8.3 0.00314 0.24 -' 	1.75 109.2 0.00111 
Sandy clay 15.0 0.0038 0.33 1.78 111.1 0.0022 
Calcareous earth, 

water saturated 43.0 0.0019 0.53 1.67 1014.3 0.0017 

Figure 232.' Variation of Specific Heat With 	Figure 233  Relationship of Specific Heat 
Mean Temperature (Moisture Content .o.o%) 	of Soil Water Mixtures pLnd Moisture Content 
(After Kersten) 	 (After Kersten) 



111.0 
Ii II\ -!UIII 

, 	iv 	lu 	ui.i 	03 	30 	30 	40 	45 
MoIsture Content -Percent 

\\ \ \ 
I 	I 	I 

Unfrozen, Mean Temperature 40°F 
Degree of Accuracy2 25 Percent 

N - 

tO 	10 	20 	25 30 
Moisture Content -Percent 

TO 

9Cb 

3 

8C 

14C 

IOC 

243, 

Kersten /19148-33, 11948-41, and 11911.9-16 carried on extensive studies of the thermal 
properties of soils for the Corps of !ngineers. He tested 19 soils, five of which were sands 
and gravels, six were of fine-grained texture ranging from sandy loam to clay, seven were min-
erals or crushed rocks and one was àn.organic soil. In. addition, tests were made on a bituminous 
paving mixture and several insulating materials. Kerstén's extensive studies brought out the 
effects of temperature, moisture content, density, particle size, and shape and mineral com-
position on the thermal conductivity, specific heat, and diffusivity of the materials-tested, 

Figure 234. Diagram of Thermal Conductivity 
for Silt and Clay Soils. (After Kersten 

Figure 235. Diagram of Thermal Conductivity 
for Sandy Soils. (After Kersten) 

Space does not permit the presentation 
of data showing tho8e relationships for all 
the materials tested. The relationship be-
tween mean temperature and specific heat for 
six soils and the relationship between speci-
fic heat and the moisture content for graded 
Ottawa sand, are shown in Figures 232 and 233 	121 

respecUvely. The effect of the combined 
factors of density and moisture content on the 
thermal conductivities of soils is shown in the 
diagrams in Figures 234, 235, 236 and 237. The ' 
relationship between thermal conductivity and 	°' 
mean temperature of the bituminous paving mix- , 
ture is shown in Figure 238. 

Diffusivity - Kersten made no tests for 
diffusivity. However, the values may be calcu- 81 

lated for dry soils by the formula: 

h2 - 	 0.08333k 	 (a) 
- (specific heat) (density) 

in which h2  is the diffusivity ir, feet squared 
per hour. 

Figure 236. Diagram of Thermal Conductivity 
for Silt and Clay Soils. (After Kersten) 
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The effect of such items as temperature, 
moisture content, and density may be predicted 
by a study of the above formulas. 
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Figure 237. Diagram of Thermal Conductivity 
forSandy Soils. (1ter Kersten) 
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For moist, unfrozen soils the diffusivity equation.may be written: 

h2  = 	 0.05333k 
dry density (spec. heat soil 4 moisture content) 	- 	(b) 

100 

For frozen soils the equation is 

h2 - - 	 0.08333k 
dry density (spec. heat soil '0 moisture content x 03) 	(c) 

100 

The value 0.5 is the approximate specific heat of Ice. 

Bituminous Paving Mixture 
Moisture Content 0.0 Percent 

-40 -200 20 40 60 
Mean Temperature -°F 

Figure 238. Variation of Thermal Conductivity 
with Mean Temperature of Test. (After Kersten) 

fect of temperature on diffusivity - 
An inspection of the formula (a) given above shows that a decrease in temperature will cause ala o&t 
no change in diffusivity. For most soils, an inspection of formula (b) shows there would be a 
decrease. The value k changes very little with temperature at below freezing. temperatures. 
variations in specific heat are small, hence changes in diffusivity would be small. 

However, when the temperature changes from above to below freezing the diffusivity may 
change markedly, especially at the higher soil moisture contents. For example, if a frozen soil 
has a conductivity 20 percent greater than unfrozen soil and the specific heat is only 0.5 the 
denominator of the equation becomes less. At a, moisture content of.15 percent the diffusivity 
of a soil might increase 60 percent in being frozen, whereas, if the soil were dry, there would 
be no change. 

Kersten showed that doubling the moisture content of a soil gave an increase of 30 to 40 
percent in conductivity. Assuininga specific heat of 0.17 a change of moisture from 2.5 to 
5 percent would increase the denominator of formula (b) by only 16 percent; a change of 5 to 
10 percent moisture by 23 percent and from 10 to 20 percent by 37 percent. Thus at low, or moderate 
moisture contents increasing the moisture content produces a marked, increase in diffusivity. 
That is not true for high moisture contents. 

Since the specific heat of ice is only about half that of water, an increase in moisture 
content markedly increases diffusivity of frozen soils. 
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affect of density on diffusivity - Kersten showed that the thermal conductivity coefficient 
at IfO deg. increases about 2.8 percent for each lb.. per cu. ft. increase in density for all 
moisture contents. Inspection of formulas (a) and (b) 'shows that increasing the density will 
cause a slight increase in diffusivity. 

Dr. Terzaghi prepared for the Corps of Engineers /1949-23 a diagram showing the relation-
ship between thermal conductivity for sand and clay under various conditions of density, porosity, 
and degree of saturation. The diagram in based on Kersten's work. It shows limiting valueS of 
thermal conductivity for frozen and umfrozen clay and. sand. It may be seen that as the porosity 
approaches 100° percent the conductivity of a saturated soil approaches that of water and, if 
frozen, approaches the value for ice. The diagram is shown in Figure 238. 

Effect of mineral composition and parti- 
2.176 

cle size and shape - Mineral composition affects 
2.1 

diffusivity about as It effects conductivity 2.0' 

since the specific heats are about the same. 	For• 
example, the conductivities of trap rock and quartz 
may differ by 100 percent or more and hence I  

their diffusivities may differ. 	particle size 
and shape - may produce as much as 50 percent 1.6. 

difference in conductivity in quartz samples 
and a like difference in diffusivity. 

'.4 

Additional references cited for infor2na- 
tion on the thermal properties of soils are: .2 

Keen /1931-1; Beskow 	1 	-1; Smith and Byers 
/1938-6; Smith /1939-11, 	1 k2-8; Shannon 
/19115-1. 

Thermal Properties of Minerals 
> 

The following tabulation assembled by the. 
Corps of Engineers /1949-23 presents value of 0.6 

specific heat of various soils and minerals. 

SPECIFIC HEAT 
0.4 

___ 	 BTU per(LB)(Deg. 1.) 

Asbestos 0.195. 
Basalt 0.20 
Calcapar 0.20 
Cement 0.20 
Chai.k 0.214 
Clay, dry 0.22 
Cinders 0.18 
Dolomite 	. 0.222' 
Gneiss . 	0.18 
Granite . 	0.192 
Honnblend.e 0.195 
Huis . 	 0.144 
Kaolin 0.224 
Marble ' 	0.21 
Mica 0.206 
quartz . 	0.188 
Salt, rock 0.21 
Sand 0.195 
Sandstone 0.22 
Serpentine 0.25 
Talc 	 . 0.209 

(1) Such as dry asbestos or cotton. 

Figure 239. Thermal Conductivity Versus 
Density, Porosity, and. Saturation of. 
Frozen and Unfrozen soils. (After Corps 

of Engineers) 
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The following tabu.lations are from the Smithsoniafl tables 

TABLE75 

S?CIFIC HkT OF VARTOTJ SCT.TTS 

Solid Temperature Specific 

glass., normal thermometer 16 - 	19100 	0 .1988 
glass, French hard thermometer 	 . ..; .1.869 
glass crown 	 - 10-50 .161 
glass flit 	 V 10-50 .117 ice -80 .350 
ice -40 .434 ice . 	. -20 .465 ice 	 : 0 .487 
india rubber (para) 	 . 	0  ?-100 .481  
mica 20 .10 
paraffin -20- e 	3 .3768 
paraffin -19- t 20 .5251 
paraffin 020 .6939 paraffin 	

V 35-40 .622 
paraffin fluid 60-63 .712 Woods 20 	 1 .327 

- 	 V 	 TARE 76 

. 	 Thermal Conductivity of Organic Liquids 

Substance C Substance C kt Substance C kt 

acetic acid 15 .03472 1 carbon disuiphide 0 .03387 3 oils; olive - .03395 4 alcohols; methy 11 .0352 2 chloroform 9-15 .03288 1 oils; casto - .03425 L. 
alcohols; ethyl U. .03146 2 ether 9-15 .03303 1 toluene 0 .03349 3 alcohols; arnyl 0 .03345 3 glycerine 25 .0368 2 vaseline 25 .03144 2 aniline 0 .03434 - oils; petroleum 13 .03355 5 xylene 0 .03343 3 )enzene -15 .03333 1 oils; turpentine 13 .03325 5 

Ltezerences: I1) H. F. Weber; (2) Lees; (3) Goldschmidt; (Li.) Wachsmiith; (5) Graet *Temperature in degrees C. 
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TABLE 77 

Thermal Conductivity of Various Insulators 

kt is the heat in gram-calories flowing in 1 'sec. through a plate 1 cm. thick per sq. cm. 
for 1 deg. C. drop in temperature 

Substance Density C k Substance k Authority 

asbestos fiber 0.201 500 .00019 asbestos paper 0.00043 Lees-Chorl- (100 .00016 blottIng paper .00015 ton ) 85% magnesia asbestos .216 (500 .00017 portland cement .00071 
cotton .021 100 .000111 cork, t, 00C .0007 Forbes 
cotton .101 100 .000071 chalk .0020 H,L,D 
Eiderdown .0021 150 .0b015. ebonite, t, 490 .00037 
Eiderdown .109 150 .000046 glass, mean .002 Various 
Lanipblack, Cabot number 5 .193 oc5 .000074 ice .0057 Neumann 

~500 .000107 leather, cow-hide .00042 
quartz, mesh 200 1.05 00 .00024 leather, chamois .00015 1 Lees-Chorl 
Poplox, popped Na2SIO3 0.093 200 .000091 linen .00021 ton 

500 .000160 silk .00009 ) 
Wool fibers .015 100 .000118 caen stone, limestone .0043 )H.L.D 
Wool fibers .054 100 .000085 free 	tone, sandstone .0021 
Wool fibers .192 100 .000054 

Left-hand half of table from Randolph, Tr. Am. Electroch. Soc.XXI, P. 550, 1912; kt 	dol's 
values) is mean conductivity between given temperature and about 10 deg. C. Note effect of 
compression (density). The'following are from Barratt Proc. Phys. Soc., London, 27, 81, 1914. 

Substance Density 
k 

Substance Density 
k 

at 20 C at 100 C at 20 C at 100 C 

brick, fire 1.73 .00110 .00109 boxwood 0.90 .00036 .00041 
carbon, gas 1.42 .0085 .0095 greenheart 1.08 .00112 .00110 
ebonite 1.19 .00014 .00013 lignunvltae 1.16 .00060 .00072 
fiber, red 1.29 .00112 .00119 mahogany 0.55 .00051 .00060 
glass, soda 2.59 .00172 .00182 oak 0.65 .00058 .00061 
silica, fused 2.17 ,00237 .00255 ,It whiewood 0.58 .00041 .00045 

The following values are from unpublished data furnished by C. E. Skinner of the Westinghouse Co. 
Pittsburgh, Pa. They give the mean conductivity in gram-calories per sec. per cm,cube per 
°C when the mean temperature of the cube is that stated in the table. Resistance in thermal 

ohms (watts/inch2/inch/°C) = 	Conductivity. 10.7 

Substance 
Grams 
per 

________ 	
Conductivity  Safe 

temp. 100 C 200 C 300 C 400 C 500 C 
cu.cm* 

air-cell asbestos 	' 0.232 0,00034 0.00043 .00050 - - 	' 320 
cork, ground .168 .00015 .00019 - - ' - 	 - 180 
diatomit .326 .00028 .00032 .00037. 0,00042 0.00046 600 
Infusorial earth, natural .506 .00034 .00032 .000140 - -- 

in.fusorial 	earhid. 'pressed block .321 .00030 .00029 .00033 .00036 - 	' 400 
magnesium carbonate 	' .450 .00023 .00025 .00025 - 300 
vitribestos 	' .362 .00049 .00066 .00079 .00090 .00102 600 
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TABLE 78 

Thermal Conductivity of Gases 

The conductivity of gases, kt = *(9.- 	where'Vis the ratio of the specific heats, 
and A Is the viscosity coefficient (Jeans, Dynamical Theory of Gases, 1916). 	Theoretically 

kt should be independent of the density and has been found to be so by Kundt and Warburg and 

others within a wide range of pressure below one atm. 	It Increases with the temperature. 

Gas Temp 
kt Ref. Temp 

kt Ref Gas Temp 
kC. t Ref 

air -191 0.0000180 1 CO2  100 0.0000496 1 Hg 203 0.0000185 3 
air' 0 0.0000566 1 C2H4 0 0.0000395 2 N2 -191 0.0000183 1. 
air 100 0.0000719 1 He 193 0.0001146 1 0 0.0000568 1 
argon -183 0.0000142 1 He 0 0.000344 14 1 100 0.0000718 1 
argon 0 0.0000388 1 He 100 0.000398 1 02 -191 0.0000172 1 
argon 100 0.0000509 1 H2  -192 0.000133 1 11 0 0.0000570 1 
CO 0 0.0000542 1 H, 0 0.0001416 4 n 100 0.0000743 i 
Co - 78 0.0000219 1 H 100 0.000499 1 NO 8 0.000046 2 
co 0 0.0000332 1 c 0 0.0000720 4 N20 0 0.0000353 4 

References: (1) Eticken, Phys. Z. 12, 1911; (2) Winkelxnann, 1875; (3) Schwarze,  1903; 
(4) Weber, 1917 

*Air:k0 = 5.22(105)cal.cm. -1 sec.deg. 01; 5.714 at 220 ; temp. coef. a. .0029; 
Hercus-Ltby, Pr. R. Soc. A951100 0  1919. 

TABLE 79 

Diffualvities 

The diffusivity of a substance • h2  - k/cp, where k is the conductivity for heat, c'the specific 
heat and p the density (Kelvin). The values are mostly for room temperatures, about 18 deg. C. 

Material Diffusivity Matertal Diffusivity 

aluminum 0.826 coal 0.002 
antimony 0.139 concrete (cinder) '  0.0032 
bIsmuth 	 5 0.0678 	' concrete (stone) 0.0053 
brass (yellow) 0.339 concrete (light slag) 0.006 
cadmium 	 S C.467 cork (ground) 0.0017 
copper 1.133 ebonite 	 - 0.0010 
gold 	 5 1.182 class (ordinary) 0.0057 
Iron (wrought, also mild steel) 0.173 grmite 0.0155 
iron (cast, also i% carbon steel) 0.121 ice 0.0112 
lead 0.237 illestone 0.0092 
magnesium 	5 0.883 narble (white) 0.0090 
mercury 0.0327 paraf in 0.00098 
nickel 0.152 rock materIal (earth aver.) 0.0118 
palladium 0.240 rock materIal (crystal rocks) 0.0064 
platInum 0.243 saMatone 	 5  0.0133 
silver 1.737 snow (fresh) 0.0033 
tin 0.407 soil (clay or sand, slightly'damp) 0.005 
zinc 	' 0.402 soil (very dry) 0.0031 
air 0.179 water 0.0014 
asbestos (loose) 	 5 0.0035 wood (pine, cross grain) 0.00068 
brick (average fire) 0.0074 wood (pixie with grain) 0.0023 
brick (average building) 0.0050 

iuu.u..i.iuu Iu ILLe 	 11cUi rneory 01 iiea conctuction, Ingersoll and Zobel, 1913 
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The Flow of Heat and Its Relation to Frost Act ton 

The freezing of soils takes place when sufficient heat is removed from the soil to the air 
and, as freezing progresses, from the unfrozen soil to the frozen soil and thence to the air. 
The rate at which soil freezes depends on the difference between the air and soil temperatures, 
and on the thermal properties of the soil. It has been shown under Thermal Properties of Soils 
how the nature of the soil (composition, grain and shape, and grading) and the state of the sot]. 
mass (moisture content, density, and temperature) influence the flow of heat in soils. It has 
also been shown how the thermal constants may be used (assuming linear temperature gradients and 
a state of steady flow), to compute quantities of heat transfer and the heat quantity-time rela-
tionships for given sets of conditions. 

The flow of heat from the air to the soil or from the soil to the air under natural condi-
tions is seldom in the steady state except for periods of relatively short duration in the winter 
under cloudy skies and near constant day and, night temperature. However during winter it often 
approaches sufficiently close to state of steady flow that the method can be used to make deter-
minat ions. In the summertime and during most of the year in the tropics, heat flow is more apt 
to be a variable state of flow. 

State of Steady Flow 

Several writers, including Preston f904_2, Patten 11909-1 and Bayer 119140-2 use the case 
of a metal bar as a means of illustrating the flow of heat partly because it has been used in 
experiments to study heat flow. Assume a metal bar 100 cm. in length with one end in contact 
with a heat source which will produce a steady flow of heat with the hot end at 100 C. and the 
other at 0 C. (Figure 240). The steady flow of heat is indicated bythe temperature gradient 
of line 1. Thus the same quantity of heat will pass across any plane parallel to the two surfaces 
per second after steady flow has been established. 

faces. For layers of the same material but of 
the temperature difference (°i — '2) of the 

The heat flow is directly proportional to 	

Z71111 
WO'C. 

different thickness whose faces have identical 
temperature difference ('0-, — -O,) the flow 
is inversely proportional t8 the thickness. 

The quantity of heat Gkwhich flows 
through an area A of the layer in a time t, 
is proportional to A and also to t. That is, 	 Cm. * 	 L#,aIO,,LelWlfl neal Ource - 

Figure 2140 
Q = k A t 	— '02) 
	

Diagram illustrating the flow of heat through 
soils 

where k is thecoefficient of thermal conductivity. 

Assume the bar to be soil; that soil is isotropic (having the same properties in all 
directions); and that the flow across the element from warm to Cold is proportional to the tem-
perature gradient. 

If the area of element is A, its distance from the heated end, Xcm. its thickness L)', and 
the temperature of the element, the flow of heat through A per unit of time is 

— kk dt 	 (1) 

where d.Z is the temperature gradient and k the coefficient of thermal conductivity. The tempera-
ture of the element decreases as ) increases thus the negative sign. 

The temperature of A at X+LXdistance from the heat source is lower than atX and equals. 

(2) 

Maltiplying 	the rate at which the temperature decreases as Xincreasea, byLXthe dis- 
tance over which the temperature decrease occurs, gives the total decrease in temperature from 
toZ*, X. Thus the heat flow out through A at X*L Xis 
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- 	( 431-- 	L\ X) 	 (3) dX 

Less heat leaves the element A than enters it, therefore the temperature at X *4Xis lower 
than at X. Thus subtracting (3) from (1) and simplifying leaves: 

d2' 
(14) 

which gives the relationships for the bar illustrated, in Figure 2140. 

Before the heat flow reaches the steady state (line 1) the temperature gradient is indicated 
by curve 2 in which the amount of heat which leaves one side of element A is less than enters. 
In other words the element mist first be heated before it will allow heat to pass through it. The 
quantity of heat necessary to raise the temperature of the element will depend on the heat capacity 
C (also called thermal capacity or vó].uinetric heat capacity) of the volume of soil involved and 
will equal 

(5) 

where C is the volumetric heat capacity (density Xspecific heat). 

If no heat is lost transversely, then equations (LiP) and (5) areequal. 

or 	
(d)X :AC Lt) 	 (6) 

- 	•( d2& 
dt - C (dX 

The term is termed the diffusivity of the soil 

Equation (6) is the fundamental equation of heat conduction in soil 

(The explanation of the mathematical theory may be found in many articles and text books. 
Among them are Preston /1904-2,  Patten /1909-1, Keen L1931-1, Baver /1940-2-, and Ruckli /1943-2) 

Variable State of Flow - Several writers, especially in fields related to agronàmy, have pre-
sented data and theoretical analyses of the propogat ion of daily and seasonal waves of temperature 
in soil. The theoretical analyses have, in the main, been applications of Fourier's equation to 
compute temperatures in soil from known air temperatures and heat conductivity constants for the 
soil, or to compute diffusivity of the soil from temperature data observed in experiments. 
Ingersoll and Zob].e /1913-14, Preston 11919-2, and Keen 11931-1 presented general solutions to 
Fourier1s equation which satisfied the boundary conditions for simple harmonic variations of tem-
perature applied to the soil surface, a condition which would exist if the temperature-time re-
lation at the surface were a sine curve. Keen /1931-1 brought out that Ih5 condition is approxi-
mately realized in practice, especially in the tropics." 

Factors Affecting the Flow of Heat in Soils - The influence of soil moisture, density, and 
soil temperature as well as composition, grain size and grading of soils on specific heat, thermal 
conductivity, volumetric heat capacity and thermal diffusivity have been presented previously 
in this review. 

Some (eneral Effects of Wind, Rain and Snow on Soil Temperatures 

Effect of Rainfall - The effect of moisture on soil temperature can be determined in terms 
of broad comparisons. For a given density, dry soil has poor thermal contact between soil grains 
and thus has a low conductivity and the temperature changes rapidly with depth. Wet soil has 
better thermal contact through moisture films and thus better conductivity (that is, a greater 
quantity of heat will pass through a given depth of wet soil than dry soil under comparable con-
ditions), but the specific heat of the moist soil is so mu.ch  greater that the actual change in 
temperature is small. In other words, it has a higher heat storage capacity. 

- 

The marked effect of soil moisture önhet flow and soil temperatures and the effect of 
temperature differences on moisture movements suggest that"drought,' rain, snow, and wind may 
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modify the heat flow either in the warming or the ooling period. From the point of view of frost 
action, themost significant factor is" the effect of rain-water percolatl"ön"through the soil both 
because it carries heat with it and because it affects the moisture content and thus the conductIvity 
and diffusivity of the soil. 
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Figure 241 
Curves Showing the Variation of Temperature with Depth 

at Various Dates. (After Callendar) 

Callendar /1895-1 and. Callendar and McCleod /1896-1 mado some observations which throw 
light on the effect of rainfall on. the thermal diffusivity Qf the soil. They used a grehlcal 
method somewhat similar to that used by PattenLl9O9-1. Depth-temperature'curves weredrawn-
for days ending certain periods as indicated in Figure 241. The area between any two of these 
curves when multiplied by the volumetric heat capacity C gives the total quantity of heat ab-
sorbed per unit of area of stratum of the soil between the dates and depths for which the data 
represented by the curves were taken. The quantity of heat per unit area which passes by con-
duction into any stratum of the soil at a depth x at any time is equal to the product -of the 
thermal conductivity k and the mean temperature gradient d.-Ø 	at the depth x throughout the 

dt 
interval of time considered. The quantity of heat absorbed by a' stratum of soil between the depths 
X1 and X2 is equal to 

The mean value of dx 4-, the temperature gradient at any depth for any interval of time, can be 
found by drawing the tangents to the temperature-depth curves. By equating the two expressions 
for the quantity of heat absorbed, the value of the diffusivity is found. The process is 

equivalent to a graphic Integration of the differential equation (6) which is the fundamental 
equation for heat flow. 

Callendar and McCleod's results are summarized graphically in Figure 242. Figure 242 shows 
the change in the diffusivity for different periods during the year. It also shows the average 
daily rainfall for identical periods. Daring one 18-hr. period (not shown on the graph) when 
the rainfall was high and a large amount of cold water percolatedthrough the soil in a short 
time the diffusivity reached the exceptionally high value of 0.323 on the basis of the computa-
tions which is 200 times'greater than that due to conductivity alone. The low value of 0.0016 
which was obtained during February when the ground surface was frozen and covered with snow In-
dicates that diffusivity rate may be due to pure conduction. The'diagram indicates a seasonal 
variation but perhaps more nearly a rainfall and, therefore, also a soil moisture variation. 
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fect of Winds - Franklin /1920-2 and Keen /1931-1 found that the direct heating or coo1irg 
effects.of warm or cold. wind is slight, but that the Indirect effect is greater due to the evapora-
tion which takes place. 
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S 	Figure 242 
Diffusivlty of Soil at Montreal Between 20 and 100 in. depth. 

(After Callendar and. McCleod) 

Effect of Snow - The effect of snow as an insulating agent là preventing heat flow has been 
brought out earlier In the review. 
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Civil Aeronautics Administration Method of 
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of flexible type pavements, 176 
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Civil Aeronautics Administration Method, 
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Highway Research Board. Method, as used 

in Colorado and New Jersey, 66 
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Climatic conditions: Density: 
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intensity, 133-134 measurement of, 158 
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Conductivity, thermal: 	. 
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definition of, 235. CivIl Aeronautics Administratj6n.method, 176 
effect of density on, 211.5 Colorado method, 179 
effect of mineral composition, 245 Corps of Engineers method, 
effect of moisture on, 2144 Michigan method, 182 
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of ice, 238 Wyoming method, 182 
of organic liquids. 246 Design of pavement: 
of various insulators, 247 	 . effect on frost action, 111 
of water and salt solutions, 238 Design of rigid type pavements: 

Construction practices: 	 , Civil Aeronautics Administration method, 189 
relative to frost action, 212 Corps of !ngineers method, 187 

Cooling: ' Wisconsin method, 190 
effect of direction of, 22 	. Design of shoulders: 

Corps of engineers method of design: effect on frost action, iii 
of flexible type pavements, 185 	. Design standards, 183 

Cover: Diffusivity, 211.3, 252 
effect on depth of frost. 150 calculation, 211.3 

Critical air temperatures for ground computation,'243 
freezing, 134-135 	 . definition of, 235 

Crushed rock:  effect of density on. 245 
thermal properties of. 240 effect of mineral composItion, 245 

Crystal growth: effect of moisture on, 244 

	

force of, 48 	 , 

	

Crystallization: 	 , effect of particle size and shape, 245 , 
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' effect of temperature on, 244 
' . 	of various materials, 2148 

Cubical expansion: 	 . Direction of cooling: 
coefficient, of ice, 238 ' effect of, 22 

Culverts, 211 Distribution:. 
Cut and fill section, 111 	 , grain size, influence on frost action,, 4944 
Cut-off courses: Drainage: 

capillary, 204 	. 	 . classification of, 179 
Cycles of freezing and thawing, 133-134 design details, 162 
Damage: 	 , effect of deep, 163 
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to pavements, due to heave, 4 	. .- , . subgrade, 164 
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carrying capacity, 5 	:' Drainage of bases, 190 
Darex AX&, 117 	 . design for, 201 
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Drains: 
backfill for, 165-166 

iyu.rationof cold; 
effect on load carrying capacity, 116 
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nulsions, asphaltic, 120-121 
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Excavation and replacement, 166-169 
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cubical, coefficient of, ice, 238 
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associated with surface icing, 222 
effect on depth of frost, 150 

Fill and out section, 111 
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Flexible type pavements: 

design of, 176 
reduction in load carrying capacity, 
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factors affecting, 250 
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state of steady flow, 29 
variable state of flow, 250 
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percent, 13 
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physical processes, soil, 8 
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classification of, 179 

Frost action: 
definitIon, 1, 3 
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Frost damage: 
extent, 7 
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Frost penetration: 
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history, 1 
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classes of, 171 
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Frozen soil: 
homogeneous, 8 
stratified, 8 
structures of, 8 

Gamma-ray scattering method of. determining 
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Geologic formations: 
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Grain size distribution: 
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Ground water: 
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determination, 95-98 
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ice, 238 

Heat transfer: 
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effect of capillary pressure on, 47 
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theories, 14 
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source of data, 149 
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Ice: 

properties of, 238 
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Ice crystallization in soil, 14 
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soil type associated with, 223 
surface, in permafrost, 220 
surface, methods to prevent or reduce 

223-2214  
temperatures associated with, 221 
topography associated with, 222 

huts, 90 
In-situ measurement of soil water, 94-95 
Insulating courses, 206 
Insulating layerS, 175 
Intensity of cold: 

effect on load carrying capacity, 146 
Intercepting drainage, 1614 
Isothermal map, 139 
Isothermo-chronal map, 139 
Joint sealing, 215 
Joints: 

effect of leaking, 111 
ao1inite, 90 
Lake bed: 

relation to heaving, 107 
Lakes: 

influence, on depth of frost, 128 
Land and, water distributions 

effect on depth of frost, 150 
Land forms: 

relation to heaving, 107 
Landslides: 

associated with frost action, 227 
types, 227 

Latent heat of fusion: 
definition of, 235 

Latitude: 
effect on depth of frost, 150 
influence on depth of frost, 128 

Ledge rock: 
relation to frost heave, 108 

Liquid binders, 118-120 
Load bearing capacity: 

magnitude of reduction, 31 
Load carrying capacity: 

design for, 169 
factors effecting, 143 

Load pressure: 
effect on heaving, 147 

Load regulation, 216 
Load restriction, 216 
Location: 

effect on depth of frost, 150 
Magnitude: 

of frost heave, 25 
of increase in soil moisture, 25, 27 

Maintenance: 
of paved surfaces, 215 

Maintenance practices: 
relative to frost action, 212 

Materials: 
thermal properties of, 2314 

Measurement of water: 
in-situ, 914-95 

Methods of determining soil moisture: 
gamma-ray scattering, '914 
nylon-grid cell, 95 
plaster 'of Paris cell, 95 
porous-block cell, 914-95  

Michigan method of design: 
of flexible type pavements, 182 

Migration of soluble salts, 116 
Minerals: 

thermal properties of, 2145 
Minerology of clays, 89-90 
Moisture content, 914-106 

edge vs. center, 102 
effect on depth of frost, 156-158 
influence of density on, 101-102 
of bases and. subgrades, 100-106 
relation to age of pavement, 106 
relation to soil classification, 101 
subgrade vs. shoulder, 102 
under airfield pavements, 102-1014 
under cracks, 102 
uniformity, 105 

Moisture increase: 
magnitude, 25, 27 

Moisture movement and retention in soil, 
66-88 

Montmorillonite, 89-90 
Morainea: 

relation to heaving, 107 
Mud flows, 229 
Mulch: 

soil, effect on depth of frost, 150 
Needle ice, 233 
Nivation: 

association with soil flow, 227 
Non-uniformity of texture, 93 
North Carolina method of design: 

of flexible type pavements, 182 
Nylon-grid cell method of determing soil 

moisture, 95 
Oils: 

bunker "C", 118-119 
road, 118-119 

Open systems: 
heaving in, 20 

Outwash, deep: 
relation to heaving, 107 

Outwash, shallow: 
relation to heaving, 107 

Pavement design: 
effect on frost action, 111 

Pavements: 
flexible type, 176 
heave damage to, 14 
load damage to, 5 
rigid type, design of, 187 

Particle size distribution: 
influence on frost action, 149-614. 

Patents: 
on use of adnixtures, 122 

Pedological soil type, 110 
Penetration of frost, 125-158 

average annual, 125-128 
correlation with soil temperature, 146-1148 
effect of air temperature, 129 
effect of climate, 129 
maximum, 125-128 
measurement of, 158 
prediction of, ]42-]46 

Perennially frozen ground: 
See Permafrost. , S 
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Permafrost, 216 
airfield construction in, 229 
climatic distribution, 219 
construction problems in, 229 
depth of, 220 
effect of, on topography, 225 
evidence of, in U. S., 231 
foundation construction in, 231 
occurrence of, 218 
properties of, 229 
road construction in, 229 
soil polygons, 218 
soil temperature in, 219 
strength of, 229 
structure,. 216 
surface icing associated with; 220 
types, 217 

Permeability, 85-87 
effect of soil structure on, 86 
of frozen soil, 8o-87 
relation to capillarity, 85 
relation to grain size, 87 

Physical properties: 
influence on frost action, 49 

Physico-ohcmical properties, 89-90 
Piers, 211 
Pingo, 224 
Plaster of Paris cell method of determining 

soil moisture, 95 
Polygons: 

in permafrost, 218 
Porous-block cell method of determining soil 

moisture, 94-95 
Portland cement, 120-121 
position: 

topographic, effect on depth of frost,. 
150 

Positional factors: 
influence on depth of frost, 128 

Potassium carbonate, 112 
Potassium chloride, 112 
Precipitation: 

effect on soil temperature, 141-142 
source of data, 1149 

Prediction of frost penetrat,on, 142-1146 
Pressure: 

developed during heaving, 48 
effect on heaving, 46 
vapor, of ice, 238 

Processes: 
physical, soil freezing and thawing, 8 

Profile, soil: 
relation to frost action, 108 

Profiles: 
type affected by frost action, 109-110 

Properties: 
thermal, of materials, 234  
physical, influence on frost action, 49 

Rain: 	 .. 	 S  

effect on heat flow, 250 
Rate of freezing: 

effect on load carrying dapacity, 45 
Reduction in load bearing capacity: 

magnitude, 31 
Refreezing: 	 S  

effect on load carrying capacity, 46  

Relative humidity, 237 
Removal of snow, 216 
Repair cost: 

frost damage, 7.. 
Replacement: 

excavation and, 166-169 
Resinous materials, 117 ;  
Retaining walls, 210 
Rigid type pavements: 

reduction in load carrying capacity, 140 
Road oils, 118-119 
Sand: 

thermal properties of, 2140 
Saturation: 

degree of, 100-106 	. 
relation to texture, 100-106 

Sealing: 
of joints, 215 

Seasonal Changes in soil moisture, 100-106 
Shear strength: 

ice, 238 	 V  
Shoulder design: 	. 

effect on frost action, 11]. 
Shrinkage of soils: 

on freezing, 23 
Slag: 	 V . 	 V  

thermal properties of, '2140 	
V 

Slope: 
- effect on depth of frost, 150 

erosion, 7 . 	 V 

influence on depth of frost, 128 
Slopes: 

protection of, 210 	. 	 V 

Snow: 
effect on heat flow, 250 

Snow cover: 
associated with surface icing, 223 
effect on depth of frost, 151-154 

Snow remov1, 216 	V 

Sodium chloride, 112-116, 120-122, 214 
migration of, 116 

Sodium silicate, 118 
Soil blister, 224 
Soil cement, 120-121 	 V  
Soil creep, 227 
Soil flow: 

effect of, on topography. 226 
Soil profile: 	 . 

relation to frost action, 108 
Soil composition: 	 V  

effect on depth of frost, 1514-156 
Soil mulch: 

effect on depth of frost., 150 
Soil texture: 	 V 

effect on depth of.frost, 154-156. 
Soil types: 

associated with surface icing, 223 
Soils: 	 . 

thermal properties, 239 
Soils and pavements: . 

heat transfer, 90-93 . 
thermal properties, 90-93 	V 

Solifluction: 	
V 

effect of, on topography, 226 
Soluble. adalxtures, 112-118 
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Specific heat: Texture: 
definition1  234  non-uniformity, 93 
effect of moisture on, 244 soil, effect on depth of frost, 154-157 
ice, 238 relation to degree of saturation, 100-106 
of soil, 156 Texture of bases, 169-170 
of various solids, 246 Thaw lakes, 226 

Stabilization. 	See also Ad.mixtures. Thawing: 
Stabilization: physical processes, soil, 8 

electrochemical, 122 process,23 
Stabilizer: settlement of aggregates, during, 24 

bituminous, 120 Theories: 
State of soIl mass, 94-106 formation of ice lenses and heaving, 14 
Stratified frozen soil, 8 Thermal conductivity. 	See Conductivity, 
Strength: thermal. 

compressive, of ice, 238 Thermal properties: 
shear, of ice, 238 soils, pavements, 90-93 

Structure: of asphaltic concrete, 240 
effect of freezing and thawing on, 24 of cinders, 240 
of frozen soil, 8 of crushed rock, 240 
soil, 93 of materials, 234  

Subbases: of sand, 240 
granular, 169-170 of slag, 240 

Subgrade drainage, 164 of soils, 239-244 
Subgradea: Thickness of pavement: 

degree of saturation, 100-106 effect on frost action, 111 
Sulfite liquor, 117 Till plains: 
Sulfuric acid, 117 relation to heaving, 107 
Sunshine: Topographic position: 

influence on soil temperature, 14011+1 effect on depth of frost, 150 
source of data, 149 Topography: 

Surface tension concept of capillary flow, 68 associated with surface Icing, 222 
Swelling properties: effect of permafrost on, 225 

relation to frost action 87 effect of soil flow on, 226 
Tar, 119-120 	 S  Triasaic red beds: 
Temperature: relation to spring breakup, 108 

air, 129 Vapor movement: 
at the frost line, 130-132 experiments, 83-85 
critical, for ground freezing, 13 4-135 Vapor pressure, 238 
cycles of freezing and thawing, 133 of ice, 238 
duration of cold, 133-134  Vegetative cover: 
gradients in freezing soil, 132-133 effect on depth of frost, 150 
intensity of cold, 133-134  Vinsol resin, 117, 121 
of soil In permafrost, 219 Volume change: 
seasonal movements, 129-130 	 S  of water, on freezing, 14 
soil, 129 Volumetric heat capacity: 
soil, correlation with frost penetration, definItion, 234 

146-148 	 . Water: 
soil, effect of melting snow on, 141-142 density and volume of, 236 
soil, effect of precipitation on, 141-142 specific heat of, 237 
soil, effect of sunshine on, 140-141 thermal properties of, 235 
source of data, 149 Water and land distribution: 

Temperature change:. effect on depth of frost, 150 
maximum depth of change, 130. Water content, 94-106 

Temperatures: Wind: 
associated with surface icing, 221 effect on heat flow, 250 

Terrain: source of data, 149 
influence on depth of frost, 128 Wisconsin method of design: 

of flexible type pavements, 182 
Wyoming method of design:. 

of flexible type pavements, 182 


