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C SINCE the earliest of pavements, it
hãs been lmown that ground freezing has
produced rough-riding surfaces and often
õracked pavementsas aresult of heaving'
In some instances of intense heaving,
subsequent thawing has produced such

markeã softening of the subgrade ma-
terial that traffic has forced the soil to
the surface in the form of mud, resulting
in frost boits. Associated with the in-
crease in the numbers and weights of

vehicles, there occurred a more wide-
spread and general structural failure of
pàvements duringthe springthawing seas-
õn, which became known as spring break-
up. Only in recent Years have manY

engineeré become aware of a general re-
duõtion in the load-carrying capacity of
roads during and following the thawing of
roadbeds. ihe overall effect of ground

freezing and thawing, as it is now under-
stood, is referred to as the effect of frost
action. Soils are spoken of as having a

high or low frost susceptibility depending
on-ttte degree in which heaving, reduction
in load-carrying capacity, and other physi-
cal nroperties are influenced bythe freez-
ing äáaìhawingproceqses' Fig¡rre 1 indi-
cales the possible effècts of freezing and

thawingprocesses on highwayand airfield
paving.' 

Ma=ny factors influence the intensity of
frost action. Climate, location, degree
of exposure, and the nature of the ground
covei (including the pavement) influence
the depth and rate of both freezing and

thawing. The natureof thesoit its chemi-
cal and physical composition and the-state
of the sõit its moisture content and dis-
tribution, its porosity and structure gov-

ern its thermal properties and influence
the nature of lreezing and thawing' Fur-
ther, the compositionand state of the soil
govern the physical properties of the soil
ánd thus infiuence the de$ree in which
frost action aJfects the load-carrying ca-

pacity of the soil. Any further improve-
ment of our lmowledge of frost action re-
quires detailed investigation of the effect
óf a number of influencing factors and

their relation to each other.
If the fundamentals of frost action were

weII understood, and means for applying
that basic knowiedge to design of pavements
for given loads were better deveioped, it
strouiO be possible to construct pavements

whose behàvior with respecttofrost action
could be closely predicted. There would
remain the economic phase of determining
which pavements should be built to insure
adequJte strength for all seasons, and

which pavements should be built to a given
design with legal provision to restrict
toadings during periods of low strength'
The piobtem of frost action in roads and

airfièIds is not one whichpresents a sim-
ple solution.
. The maiority of problems faced are of

such magnitude as to preclude their com-
plete solútionwithin a short periodof time'
'Extensive research efforts both large and

small, are required of many engineering
organizations. The total of this experi-
mentation is capable of gradually reducing
the complexity of frost-action problems'

The purpoge of this Paper is to Pre-
sent, in generalized statement, some of
the research needs relative to the frost-
action problem. Formulation of these

needs'ivas achieved through extended re-
view and analysis effort; The writers
have read several-hundred references,
studied the current research programs of
a number of important organizations, and

discussed f rost -action problems with many
qualified individuals. Some portions of

tnis review procedure dealt primarily
with seasonally frozen ground, others
with permafrosi. These efforts, added to
persónal experience, have constituted the
Èackground for and shaped the perspective
of this presentation.
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FACTORS IVHICH INFLUENCE FROST
ACTTON

Because the nature of frost action is
complex and involves many variables, no
systematic approach to increasing knowl-
edge of the subject can be made without
first separating the major variables and
then determining the relative influence of
them. . The factors which influence frost
action can be divided into extrinsic and
intrinsic, that is, those which are out-
side but which act directly on the soil and
those which belong to or areproperties of
the soil.

Extrinsic factors are those which de-
termine the nature of the climate and those
which modify the effect of climate insofar
as climate may influence the depth and
rate of frost penetration and the rate and
depth of thawing. The intensity of frost
action in abase courseor subgradesoil is
dependent in some degree on the weight of
the overlying pavement. Some engineers
believe that moving loads also influence
frost action, although the writers have
found no factual data to support such be-
tief. The extrinsic factors which in-
fluence the nature of frost action are sum-
marized in the blockdiagram of Figure 2.

Intrinsic factors are those inherent to
the soil mass which have an influence on
frost action. They include the composi-
tion of the soil, both chemical and physi-
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cal, and the state of the soil mass with
regard to soil moisture content, density,
and structure. They determine not only
the thermal properties but also Lhe physi-
cal properties. More specifically they
determine (1) Iatent heatof soil moisture,
(2) volumetric heat capacity of water and
soil, (3) thermalconductivity, (4) specific
heat, and (5) thermal diffusivity. They
also determine the load-carrying capacity,
the abitity of the soil to move water to the
freezing zone, and thus infiuence the
amount of heave or shrink. The maior
intrinsic factors are indicated in outline
form in the biock diagram in Figure 3.

AVAILABILITY AND USEFULNESS OF
INFORMATION ON FROST ACTION

Most differences of opinion on engi-
neering matters stem from differences
in experiences and in lmowledge gained
from the experiences of others. First
need for any engineering endeavor is for
all engineers to have available to them,
in usable form, a summary of knowledge
gained to date. Some of the knowledge
is not readily passed from the more to
the less experienced. However, much of
the knowledge gained is recorded in pub-
lished literature. There are now two
publications q, ¿) which present in sum-
mary form much of the available lmowl-
edge on soil freezing and related subject



matter. However more work needs to be
done with the information which is avail-
able and with new information as it be-
comes available.

Some of the needs briefly stated are:
1. Develop and standardize terminology

relative to ground freezing and thawing
processes and effects. The Corps of
Engineers has recently (3) worked toward
this end for their ownparTicularpurposes.

2, Make a critical study of presently
available information, state fundamental
principles where data are adequate to in-
sure their validity, and give such iimiting
values as can be set fromcurrent experi-
ence. This hasbeendonewithin the limits
of different engineering organizations, but
has not been adequately attempted by a
group of highway and airfield engineers
whose experiences cross all important
limiting boundaries of organizational per-
spective and geography.
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ment, Corpsof Engineers (4, _5), the High-
way Research Board Committee on Frost
Heave and Frost Action in Soil (0, Ð, and
others are recognized. Much valuable re-
viewing, abstracting, translating, sur-
veying of research facilities and person-
nel, and sponsoring of meetings and con-
ferences has been accomplished; but many
areas of activity remain undeveioped.

STATE OF THE SOIL MASS

The state of the soil mass, that is, its
moisture content and uniformity of distri-
bution, porosity and voLume weight, tem-
perature, and structure (inctuding notonly
the arrangement of soil particles in the soil
aggregatebut alsothe profile of the ground
as determined by mode of deposition and
intensity of weathering) alt strongly in-
fluencethenatureof frostaction. Of these
factors, soil moisture is of dominating

I . rl

Figure 2.

3. Expand present means for collect-
ing, systematizing, and disseminating
information as it becomes available. The
delay between time of experimental find-
ings and application of these findings to
practice is all toofamiliar. Certainlythis
difficulty can þe reduced by organizations
and committe'ss dedicated to the functions
of making new knowledge quickly available
in usable form. The efforts of the Snow,
Ice and PermaJrost Research Establish-

influence in determining the magnitude of
freezing and thawing effects.

Effect of Moisture Content a¡dDistribution

The moisture eontent of soil at the be-
ginning of freezing largely determines the
amount of segregated ice and the hgaving
of the soil on freezing. The increase in
amount of soil moisture and change in its
distribution through the soil plus the
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changes in soil density and soil structure
which result from ice segregation deter-
mine the magnitude of the reduction in load-
carrying capacity on thawing. Substantial
heaving and very marked reduction in
Ioad-carrying capacity can 'result from
freezing of water contained within the
soil. That is true for most frost suscep-
tible soils. Thus, an outside source of
free ground water is not a requisite for
frost action in soils. However, the avail-
ability of free ground water near the zone
of freezing greatly intensifies all phases
of lrost action.

The increase in moisture content in the
material during freezing is dependent
among other things on the initial moisture
content. The higher the initial degree of
saturation the greater the heave and the
greater the reduction in load-carrying
capacity on thawing. When free ground
water is not available, the moisture con-
tent of the soil beneath the frozen layer
decreases to a relatively constant value,
independent of the initial degree of satu-
ration but dependent on the nature of the
soil. Thus, soilwaterhas adoubleeffect.
Freezing may increase the availabLe water,
so a second freeze may be more detri-
mental than the first if the water content
was low during the first freeze.

The magnitude of the initial degree of
saturation necessary to cause ice segre-
gation and subsequent reduction in load-
carrying capacity differs for different
types of soil, conditions of water avail-
ability, and climatic influences. Meager
data show no detrimêntal frost action if
the initial moisture content is less than
65 percent of saturation [, 9). Normal
moisture contents of soils in service in
subgrades and base courses may range
from less than 50 percent for coarsely
grained sandy and gravelly soils to aI-
most 100 percent of saturation for the
finer-grainedsilty andctayey soils (9,!9).

The probtem here is one of determin-
ing: (1) the limits of moisture content at
which detrimental frost action begins,
(2) the in-service moisture contents of
different common base and subgrade gra-
dations, and (3) whether practicable means
can be devised to control frost action in
various materials bycontrollingthe mois-
ture content of these materials. The fol-
Iowing studies are suggested:

1. Expand determinations of the degree
of susceptibility of more soils to detri-
mental frost action. Include soils of
different textures and study the effect of
different degrees of saturation at the be-
ginning of freezing. This should provide
data on the minimum degree of saturation
at which ice segregation is possible in
various types of soils, without the avaii-
ability of an adjacent supply of ground
water. Such studies shouldalsoindicate
the relative intensity of ice segregation
(and reduction in strength) which occurs
in soils of various textural groups at dif-
ferent initial degrees of saturation.

2, Carry on field studies to check
field behavior under maximum, minimum,
and normal conditions indicated for the
above laboratory investigation.

3. Corollary Studies: (a) Develop for
practical field use, automatic devices to
record changes of in-place moisture con-
tents of subgrades and granular bases.
There are at present no entirely adequate
instruments for achieving this purpose
(6, 10, 11). (b) determine seasonal and
Iõng-Tlmõ-period ranges of moisture con-
tents of subgrades and bases of different
textures. The practical capacity to achieve
this is largely dependent upon success in
Corollary u (p) Determine practical
techniques of more effectively draining
pavement - subgrade combinations or of
stabitizing the subgrade materials so
that their water-holding capacity and thus
their susqeptibility to frost action is re-
duced, or develop some admixture which
will prevent the soil from attracting and
retaining water in detrimental amounts.

Ejlect of Porosity and Volume lVeight

The intensity of aII phases of frost
action depends on the amount of water
available, and the rate at which it can be
drawn to the freezing zone. Both the
amount of water contained by the soil and
the rate of water movement to the freezing
zone arecontrolled bythenature (size and
total volume) of the soil pores. Thus,
frost action in a given soil depends on the
degree of densification. Some laboratory
tests have been made to evaluate the in-
fluence of initialsoil porosityon the mag-
nitude of heaving and water gain (12, €).
These tests were made with the soil in
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contact with a water supply. The results
indicate that well-graded gravelly soils
having sufficient fines to permit detrimen-
tal frõst action show an intensification of
ice segregation withincrease in degree of
compaction up to a critical density about
equat to 95 percent of modified AASHO
maximum density. Above that critical den-
sity, further densification reduces ice seg-
regation. Intensity of ice segregation in-
creases in inorganic silt soils right up to
100 percent of AASHO modified ma:rimum
density. Uniformly-graded frost suscep-
tible sands are little affected by variation
in degree of compaction (see Fig. 4).

As in thecase of soil moisture, density
may have a double effect. Although asoil
may Uecompactedto adensity inexcess of
the critical density (maximum ice segre-
gation), a single freezing may cause suf-
fieient ice segregation to reduce the density
and increase the porosity so that subse-
quent frost action effects become more
intense.

The external load (surcharge) carried
bv the soil also may influence the magni-
tüde of heaving (13, S); thus, the density
of the soit aboveThe-Îreezing zone may
have some small inlluence on heaving.

The problem is one of determining the
critical porosity (or density) at which
different loils show maximum intensity of
frost action under different degrees of
saturation. Possessing such information,
compaction specifications for subgraded
and granular bases can be written to re-
quiré a degree of compaction consistent
wittr ttre best performance. That best
performance should result in the least
permanent change from the as-built to
the in-service condition and from season
to season after adjustment to the new
environment. The following studies are
suggested:-f. 

Continuation of laboratory studies
on a wide range of soiltypes to determine
the influence of degree of densification
on not only ice segregation and heaving
but also on magnitude and rate of reduc-
tion in load-carrying capacity following
the beginning of the thawing period.

2, Supplementaryfield studies to per-
mit correlation of and make possible bet-
ter interpretation of the data from lab-
oratory tests.

3. Determination of influence of degree

of densification onsoils treatedwith vari-
ous admixtures which have possibilities
for the reduction of frost effects or the
improvement of strength properties.

4, Corollarystudy: Thereiscurrently
in development amethodusing radioactive
materials in the determination of soil
density (10). There is need for continu-
ation of developmentof in-placetest meth-
ods and apparatus to determine soil den-
sity and periodic and seasonal changesin
this density.

EFFECT OF STRUCTURE

Unfrozen State

Normally the term structure is used
to denote the arrangement of soil particles
into soil aggregates forming granular,
prismatic, blocþ, platy, or other types
of aggregation. Structure is used here as
a comprehensive term which also includes
arrangement of soil into (1) Iarge irregular
masses of different textures; (2) strata of
different texture; and (3) into soil horizons
which are developedin the naturalproces-
ses of soil formation.

Structural arrangement and rearrange-
ment of soil into aggregates occurs only
in the upper few feet which also consti-
tutes the frost zone. Aggregation occurs
only in clayey soils. Aggregation has
many effects, one of which is the forma-
tion of fissuresalongthe boundariesof the
aggregates g!.). These fissures give
clayey soils tF capacity to contain free
ground water in much the same state as
water in sands, except in lesser quanti-
ties. That ground water may aid appre-
ciably in producing intense frost action.

The existance of textural differences
in soil may create nonuniform soil-mois-
ture conditions, that is, local zones of
saturation or bodies of ground water (see
Fig. 5). The occurrence of very thin
layers of silt orclay insand (fig. 6) vary
in lake deposited materials, textural dif-
ferenees from one soil'horizonto another,
pockets or "Ienses" of sand, silt, or clay,
any contact boundary of deposits which
differ in texture, aggregation or porosity
(and thus differ in ability to retain or
transport water and to conduct heat) are
examples of conditions where soil struc-
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ture may foster differential frost action

91, 1i, 13, 16).

-Some invesFigators have found it prac-
tical to correlate frost-action intensity
with pedological soil series and type (1?).

Others (!!, tg¡ have correlated geologic
origin ariã-degree of frost susceptibility.
The occurrence of ledge rock, boulders,
or stumps within or near the zone of freez-
ing has been recognized to be productive
of local and often intense frost action.

The effects of stratification, as in

varved soils, on flow of moisture to or
from a freezing zone have received only
iimited attention (13, 19).

Not only does sõil structure influence
frost action, but frost action may modify
soil structure. Freezing and thawing
may, due to pressures and fissuring pro-
duced by ice formation, foster develop-
ment of soil aggregates and permanent
fissures. Intense frost action of the type
found in permafrost regions may produce
a stirring or mixing of soil materials

105

Eosl Boston
lndiono Dune Sond
Lodd Field subso¡l
Sondy Grovsl

( Limeslone
New Hompsh¡re Sill

(l) Providence vibrolod Dens¡ly
(2)Modif ieo AAsHo Msthod
(3)Srondord Proclor Molhod

Hompsh¡re S¡ll

Eosl BoEîonTill



106

(20). Fossil remains (such as involutions
iñ-Áoit t¡orizons) indicative of intense f rost
action have been observed in areas on the
perimeter of the most recent glaciation in

the United States.

Frozen State

Frozen ground assumes a structure
which reflects the. intensity of the pro-
cesses offreezing andthawing onthe inher-
ent nature of the soil and its associated
water conditions. The influence of en-
vironmental factors of slope and cover
are sometimes strongly reflected in such
structure.

Seasonallv frozen ground is usually
chffinature and

distribution of tbe ice it contains. Massive
or homogeneous structure denotes soil
water froãen in the soilpores andnormally
occurs in coaråçgrained soils, and in fine-
grained soils of low moisture content, or
lhose frozenat a rapid rate. Stratified or
discontinuous-type structure contains visi -
ble ice segregation in lenses, wedges,
veins, or needles and is usually associ-
ated with wet, fine-grained soils. How-
ever, appreciabte ice segregation is ob-
served in coarse-grainedsoilsunder con-
ditions of great watêr availability and fav-
orable rates of freezing, particularly
cyclic freezing and thawing.

The CorPs of Engineers gl) has de-
veloped a preliminary nongenetic classi-
ficationand description system for Ïrozen
soils, which is intended to contain adequate
detaii for engineering purposes. This
classificatio4 subdivides homogeneous
structure into: (1)well-bondedfrozen soils
in which the ice firmly cements the ma-
terial together and (2) poorly-bonded to
friable materials. Under the stratified
or heterogeneous-type structure this sys-
tem noteã sevþral different types ofice
concentrations: (1) stratifiedice lenses or
lavers, (2) irregularly oriented lenses,
veins,'etc. , (3) coatings of ice on jndi-
viduai particles, and (4) individual ice
crystals within the soil mass. The oc-
cuírance of these various subtypes of
frozen structure has been correlated in a
generalway with soilgradation and freez-
ing conditions.

Perenniallv f rozen ground (PermaJrost)
str

basis of continuity of the frozen mass below
the active layer. One type is continuous,
meaning thai the ground mass is frozen to
full deplhwithoutunfrozen inclusions' The
other is discontinuous, and contains al-
ternate layers of frozenand unfrozen ma-
terials, or islaods of frozenground within
an unfrozen matrix. Permafrost has been

mapped on aÌr areal scale as continuoust
disðäntinuous, and sporadic (2-2, 23)' The
structure of the permafrostproper may be

homogeneous or stratified, just as the

struclure of seasonally frozen ground'

If the heterogeneous structure is such

that large ics masses are present,- de-

scription and classification must deal not
onlv with the distribution and shape of the

ice accumulations but atso with the charac -
teristics of the ice ProPer.

Frozen-ground structure may often be
identified through surficial polygonal de-
lineations, which are usually underlain by
wedge-like ice masses. Theories differ
as tothe formationand growthof these and
other types of "patterned" groundattribu-
tedto freezing and thawing inlluences. The
various types of patterned groundand their
possible origins have been summarized
\Z+). Recent studies (25) have devoted
aFt ention to the ai rphotti-i dent if ic ation an d
classification of various of these patterns
as indicators of soil texture, moisture
conditions, and the presence of perma-
frost. One very recent but unreported
study by the U. S. Geological Survey ex-
amined the genesis and morphology of ice
wedges in arctic Alaska.

The problems associated with structure
as a fabtor in frost action are twofold.
There is need for (1) better recognition
of different soil structure conditions and
their potentials for producing frost action
and (2) determining the most effective
methods for preventing detrimental frost
action in the various types of soil struc-
ture. The fo[owing studies are suggested:

1. The efforts to formulate a practi-
cal engineering classification of soil struc -
ture in terms of its influence on the inten-
sity of frostactionshould becontinued and
expanded. The classification should en-
velop both frozen and unfrozen ground so
a comelation could be made of structure
and water availability to permit better pre-
diction of the relative amounts and distri-
butionsof ice. Further studyof patterned



ground common to permafrost regions is
justified, as such study wiil reveal ad-
ditional details of the association of such
patterns with soil texture, drainage con-
ditions, and depth to permafrost. Sur-
ficial evidences of ground-ice formation
and modificatior¡ such as polygonal ground,
are particulariy adaptable to further an-
alysis and classification as indicators of
ground condition.

2, Practical, in-place field studies to
determine, for an extended time period,
the relationship between various soil struc-
ture types and intensity of frost action are
also needed. Such studies would yield
useful data, pertinent not oniy to natural
soil structure but also to artificial soil
structures consisting of bases of various
texture on subgrade soils of various tex-
tures.

3. Experimental studies to determine
the feasibility and effectiveness of various
methods (for example subgrade drainage)
to reduce or eliminate frost action for
various soil structure conditions are re-
quired.

4, Future emphasis should also be
placed upon the effeets of stratification on
water movement, particularly capillary
movement. Variations in moisture content
with height above the water table and rate
of capÍllaryflow areespecially needed for
such soils as silts with organic streaks or
laminations as are commonto permafrost
regions.

Effect of Ternperature

If there is to be improvement in accur-
acy of prediction of ground freezing and
thawing from climatic data, there must
be available more adequate data on depth
of ground freezing and thawing to use as
bases for correlation with climate. Data
on depthof the lineof freezingand thawing
taken at frequent time intervals over a
Iong period of time for a variety of soil
types and awide rangeof soilstates under
various thicknesses of different types of
pavement and surfacevegetation and snow
cover would be necessary to complete
correlation. Some recent data (26, 7 ,
27 , 28) have covered these variableG-ovãr
ã-¡riõf time period.

It is obvious thatbecause ofdifficulties
of observi¡rgdepth of freezing withpresent
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methods, data on depth of freezing and
thawing are costly to obtain. Therefore,
until better methods are available, corre-
lation must be through the use of soil-
temperatùre data.

Published data relativeto soil temper-
ature is voluminous. However, reviews
(L, 2, 29) have showna meager amount of
soil temperature data useful in the study
of frost action in bases and subgrades for
highway and airfield pavements. General-
ized charted data are available showing
average annual and maximum annual depths
of frost penetration. Howeverdataontype
and state of soil, type of cover, and con-
ditions of exposure all needed to make the
data really useful, are lacking.

This brings out the obvious needfor re-
liable methods for obtaining soil tempera-
ture data, and installations for collecting
temperature data. Both recording-type
thermometers and thermocouple installa-
tions can yield data of sufficient,accuracy
for the primary needs of knowing where
and when soil freezing and thawing occur.

f Rösîstors are avãilable which can distin-'l
f gu!Êþ- ¡-"-o"e..q fro-Rq .qn-f-rg?e. n glorlld.j The-'
problem concerning dataon ground freez-
ing and thawing is therefore, one of de-
termining depth of freezing and thawing
and accurate appraisal of conditions
of exposure, ground cover, and sub-
surface soil type and state which, to-
gether with climaticconditions, have been
responsible for the conditions of freezing
and thawing.

The following suggestions are offered
as means of extending the fietd of useful
knowledge in this regard: (1) Install tem-
perature -measuring apparatus in locations
of common or typical conditions. (2) De-
termine depths of freezing and thawing. by
means of excavation orby electrical {.ejiq- .

lg¡g-.e.¡¡1g?ns.¡" (3) Eváluäie paùement type,
soil type, ancl soil statefor placesof tem-
perature or ground-f reezing obse rvations.
(4) Corollary Studies: (a) Continue de-
velopment of automatic temperature-re-
cording devices for installations for frost
studies and (b) deveiop automatic devices
for determining time of soit freezing and
soil thawing. Possibly present resistance
type devices can be further developed so
they can record automatically when freez-
ing and thawing occur.
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COMPOSITION OF THE SOIL

rffater and temperature are the dynamic
elements in frost action. The soil soiids
may either facilitate or restrain move-
ments of water and freezingtemperatures,
both of which are necessary for frost ac-
tion. The problem as it concerns the soil
solids portionof the soilmass isto deter-
mine which quatities or characteristics of
their makeup have the greatest influence
in producing orin preventing frost action.
In attempting to find those qualities, it is
necessary to relate frost susceptibility to
the innerorchemicalcomposition, as well
as to the outer or physical composition,
for collectively they determine both the
thermal and physical properties of soil.

Chemical Composition

Chemical compositioru is usually ex-
pressed in terms of content of different
minerals which make up the soil fines a¡ld
organic matter. Clay minerals differ
greatlyin lhedegree inwhichthe particles
adsorb water to their surfaces. The clay
mineral montmorillonite, for examplg has
high surface area and great capacity to
adsorb and hold water in a state not con-
sidered fluid or mobile enough to feed
growing ice crystals. The mobility of the
water is governed in a large measure by
the nature of the adsorbed ion. Kaolinite,
on the other hand, has relatively low ad-
sorption capacity and thus can contain a
more mobile supply of water. Thus, for
soils made up entirely of fine particles,
one being composed largely of kaolinite-
type mineral would be more susceptible to
segregation of water and detrimental
freezing. However, although several in-
vestigators have agreed on this, they also
agreethat, regardlessof thetypes of min-
erals present, if the soils are dominantly
fine grained they are sufficiently suscep-
tible to frost action to be considered dan-
gerous.

The probiem becomes one of determin-
ing the influence of mineral (and organic)
content on frost action in sandy and grav-
elly soils which contain borderline propor -
tions of fines. Investigations made to date
have faiied to show clearly the effect of
mineral and organic contents, singly or
in combination.

It appears that chemical composition
may need to be analyzednot only in terms
of mineraland organic makeupbut also in
terms of the nature of the ion carried.
Also, the chemical composition needs to
be interpreted in terms of the propor-
tions of fines of different types and their
joint influences on the mobility of soil
water with respect to forces operating in
the freezing and thawing processes.

The increasing use of differentialther-
mal analysis, X-ray diffraction and colori-
metric methods to identify type and pro-
portions of clay minerals; various methods
including the electron microscope, to de-
termine relative grain shape and size
distribution; and methods for determining
the affinity of soilparticles for water, in-
dicate these tools have potential use as
aids in determining why soils differ in
degree of frost suscePtibilitY.

Physical Composition

The most-common means for distin-
guishing frost susceptibility of soils is to
relate intensity of heaving with size dis-
tribution in the fine-grain fraction. This
has been done on a more or less general
basis through some soil classification
systems, (and for a specific soil in terms
of the percentage passing the No. 200
sieve or the percent finer than 0.02 mm.
in diameter).

Some use has been made of the pedoiog-
ical systemas ameansof defining soils of
low frost susceptibility (]7, 39). The
results of testing and experience with
sands of some natural soil series have
shown them to be suitable for subbases
and bases where low frost susceptible
materials were desired.

Percent of Fines. Thepercentpassing
the-Tlo.-T0õ-Tîeve has been used most
widely by highway departments to relate
to frost susceptibility. Maximum values
specified for low-frost-susceptibility ma-
terials normally range from about 5 to 10
percent. This is in substantialagreement
with military-airfield practice, which
specifies maximum values of 3 and 10
percent finer than 0.02 mm. in diameter
for well-graded and uniformly graded
gravels, sands, and sand-gravels, re-
spectively. The Corps of Engineer" çf)
has further classified frost-susceptible
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soils according to texture into four F
groups of increasing susceptibility, the
group F4 having greatest susceptibility.

Swedish practice is somewhat similar
to that of airfieid practice in that it per-
mits a higher proportion of fines in the
more-uniformly graded sediments than in
weil-graded morainic materials. Gener-
ally, thefiner thegrains (in the fine-grain
fraction), or the greater the propórtion of
colloidal sizes, the more effective the fine
soil fraction is in producing ice segrega-
tion ($. The presence of plasticity is an
indication of the possibiiity of greater ice
segregation.

The standard specifications of several
state highway departments and federal
agencies recognize frost susceptibility,
although indirectly, in the grading re-
quirements for granular bases and sub-
bases, as they refleet experience in areas
where frost action has been a serious
problem.

Size andProportion of Coarse Materials.
T
types of the smaller frost-susceptible
sizes has tended to obscure the influence
of the coarser particles, both as to their
influence on ice segregation and on sta-
bility following thawing. The latter is
brought out under "Resistance to Load
Deformation. "

The proportion of stone or coarse ag-
gregate bears a definite relation to the
nature of frost action. Laboratory tests
(Ð have shown that for a given soil, in-
creasing the coarse aggregate content
decreases the rate of ice segregation in
proportion to the corresponding reduction
in fines. The same tests showed forma-
tion of ice lenses on the under side of the
coarser aggregates, similar to those
found in nature under stones.

The influence of the overall grading of
the coarse fraction (retained on No. 200
sieve) on the decrease in strength follow-
ing thawing has been largely neglected.
That is true particularly with respect to
their use in granular bases covered with
thin bituminous surfacing.

Although durability and wear tests are
in common use for aggregates for concrete
and bituminous surfaces, it has been a
common concept that any gravels which
met grading and plasticity requirements
are suitable for use in granular base
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courses. Some engineers are now quest-
ioning the suitability of aggregates which
appear to degrade under construction
traJfic or to disintegrate under freezing
and thawing under service conditions and
thus foster more intense frost action than
that.which is expected from preconstruc-
tion tests.

To summarize, much has been done to
refineand improve simple grain-size dis-
tribution criteria for use in definition of
frost susceptibility. The present criteria
are certainly much more accurately de-
scriptive than in the past. However these
criteria are still not abie to evaluate the
effect of the character of the finer fraction
and thus lend themselves to further re-
finement and study.

The problem associated with the effect
of composition on frost action is essen-
tiaily one of means of identification of
materials according to their susceptibility
to frost action. Knowledge of the basic
chemical composition may aid in identifi-
cation. However, it is evidentthat evalu-
ation of chemical composition must go hand
in hand with evaluation of the effect of the
grain-size distribution within the fine f rac -
tion.

The foliowing fietd and laboratory
studies are suggested:

ChemicalComposition. 1. Determine
the@ic matter, par-
ticularly in natural sands which are being
used more frequently as bases and sub-
bases under rigid and flexible types of
pavement, respectively.

2. Continue study of chemical com-
position of the soil grains as a means of
identifying frost-susceptible soils. This
may involve differential thermal analysis,
X-ray diffraction, colorimetric and elec'
tron - microscopy methods. The study
should go beyond mere identification of
type of mineral; it should include the effect
of various ions. The influence of a min-
eral maydiffer markedlywith the propor-
tions present; hence, evaluation of the
effect of chemical composition should be
in terms of the grain-size distribution
withinthe fine fraction and the proportions
of fines in the total material, Along with
fundamental research, a practical type of
research studies on materials based on
their parent rock may have value. For
example: Of soil f ines derived from quart4
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feldspar, limestone, schist, which are
assoðiated with the least frost action?
lVhich clays are the most effective in
small amounts sodium, hydrogen, cal-
cium, potassium? Are there different
critical grain sizes for different chemical
compositions ? To what extent are fines
havilg plasticity a measure of their frost
susceptibility in granular mixtures ?

Physical Composition. Continue studies
toffiof grainsize dis-
tribution, primarily on materials which
may be suitable for subbases and bases.

1. Are themaximumpermissible pro-
portions of frost susceptible fines identical
for weII-graded materials having different
maximum size? For examPle, maximuin
proportions of fines for a given degree of
frost susceptibility for a fine aggregate
sand-gravel (all passing No. 4 sieve)
compared to maximum proportions for
similar frost susceptibility in a 3-in.
maximum size material.

2, Relative f rost susceptibility of
different gradings from contained water
at various degrees of saturation (without
a source of free ground water).

3. Relate grain-size distribution in
both coarse and fine fractions more closely
to load-carrying capacity in before-frozen
and after -thawed conditions.

which are productive of frost action and
(2) relate wear and soundness with de-
gradation under construction and in service
traffic with frost susceptibility.

THERMAL PROPERTIES

Soil freezing occurs when sufficient
heat is withdrawn to reduce the temp-

o

Figure 6.

quick
fines

erature. of the mass to a point where at
Ieast a part of the soil water solidifies.
Finely grained soil first solidifies at
some temperature betow 32 F. The soil
continues to gain strength as its tempera-
ture is further reduced and more soil
water freezes G¿, !1). The rateat which
the freezing ternperature moves into the
soil (diffusivity) is dependent on: (1) the
speciJic heat of the soil water and of the
soil solids; (2) the amount of heat which
must be removed from a given volume to
reduce the temperature to freezing (volu-
metric heat capacity; temperature dif-
ference); (3) the latent heat of the soil
water (which depends upon the percentage
of the soil water frozenat a given temp-
erature); and (a) the rate at which the
heat can be conducted through the soil
(conductivity).

Knowledge of these thermal ProP-
erties of soils and pavements plus cli-
matic conditions makes possible calcu-
lation of depth and rate of freezing in un-

A B
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Corollary Studies. (1) DeveloP
tielcl-ãitls to identification of soil
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frozen soils and depth and rate of thaw-
ing in frozen soils. Much work has been
done in recent years (13, !J, !-Þ, 36) in
the study of thermal properties of soils
and factors which influence those prop-
erties. These studies have evaluated
more adequately than in the past the re-
lationships between thermal properties
and variations in temperature (above and
below freezing), moisture content, por-
osity, texture, composition, and natural
structure.

DiJficulties have long been encount-
ered in laboratory determinations of
soil thermalproperties. Principal among
these difficulties is the migrationof mois-
ture under maintenance of an applied
thermal gradient. The increase in temp-
erature at the hot face produces an in-
crease in vapor pressure of the soil wa-
ter, a decrease in surface tension and
viscosity, and a flow or a vapor movement
of moisture to location of cooler temp-
erature, lower vapor pressure, and
higher surface tension (91, gg). The
establishment of this undesirable mois-
ture gradient may be minimized, but not
eliminated, through use of small, short-
time-applied thermal gradients, the ef-
fects of which are measured over an in-
crement of thickness located as far as is
feasible from the hot and cold faces.

A number of field or in-place tech-
niques of determining soil thermal prop-
erties are being developed (39, 40, 29).
These techniques employ a heater, usually
electric, at whose surface temperature
change is measured under controlled
energy output. If experimentai time is
short, moisture migration is slight.
The theoretical heat-flow equations for
a source of no dimension within a homo-
geneous, infinite medium are at variance
with actual conditions; but these eqlra-
tions may be appliedand errors kept very
small by proper attention to such vari-
ables as time interval and eff ective radius
of measurement. The thermal probe and
the cylindrical heater have been studied
as line heat sources and sma-ll spherical
shapes as approximations of a point
source.

The problem associated with thermal
properties is to develop reliable thermal
data on various types of soil existing
under a wide range of conditions of mois-
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ture content and density in both frozen
and unfrozen state and also to develop
thermal data on various types of cover'
including pavements and bases. The data
need to be sufficiently inclusive that
practical calculations can be made for
almost any condition encountered

The following suggestions are made
for future studies:

1. The correct value for latent heat
of water depends on the proportion of
the soil moisture frozenat differenttemp-
eratures below 32 F. Knowledge of the
freezing point, or rather the range of
freezing temperature of soil moisture,
is inadequate. Studies ofa highlypractical
nature needto be undertakenwithtypically
fine-grained materials of common occur-
rence to ascertain theproportions of mois-
ture frozen within these materials at
various sub-32-F. temperatures. Not
only should moisture, density, and rate of
temperature change be incorporated as
variables in these studies, but also the
character of the clay minerals present
and of the adsorbed ions should likewise
be incorporated. These determinations
of percentage of water frozen could be
translated into further engineering mean-
ing by conducting strength tests on the soil
specimens at various sub-32 F. temp-
eratures (the percent moisture frozen at
these temperatures being known).

2. Values of the thermal properties
at conditions of low density and for high
degree of saturation are reiatively un-
known. This is of course iargely due to
inadequacies of laboratory thermal in-
strumentation. Since many of our more
serious thermal problems deal with wet,
Iow-density materials (particularly in the
permafrost regions), efforts should be
made to improve instrumentation and to
study these ranges.

3. The increase inthermal conductivity
e>çected from the presence of ice strata
in soii may be further increased where
consolidation of soil occurs between ice
strata or counteracted where freezing is
associated with a general loosening of
the soil. The effect of various ice-
stratified frozen structures on thermal
values can well receive more stu.ly.

4. Laboratory determination of ther-
mal properties is further complicated by
moisture migration, which is activated by

å=e
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application of a thermal graclient. Tech-
niques of minimizing or compensating for
moisture migration can well receive
additional attention.

5. Continued developmeht of the
thermal probe and other in-situ thermal
instruments to permit field measurement
of thermal values representative of in-
place moisture content and density values
in existing soil profiles is justified.

6. Corollary Studies: Study further
the forces operating in depressing the
freezing point of soils. This study could
weII be integrated with a fundamental
study to determine the nature of de-
pressants which can be mixed with and
retained by soils to improve their re-
sistance to frost action.

PHYSICAL PROPERTIES OF
THE SOIL MASS

The soil properties which more nearly
e)ipress the dynamic nature of the soil
also have a critical bearing on the nature
of frost action. Frost action, in turn,
alters the measure of those properties.
The properties which permit the soil to
transport moisture against gravitational
forces by capillary "suction, " or vapor
movement and distillation, or to move
soil water laterally or vertically under

Figure 7.

hydrostatic head or gravitational pres-
sure are of greatest single influence in
determining the magnitude of frost-
action effects.

The intensity of frost-action effect
may be measured in terms of magnitude
of volume change on freezing, swell
(the surficial manifestation of which is
heave), or shrinkage. The ability of a
frozen or of a thawed soil to resist de-
formation under load is another measure
of frost effecto whether this ability be
e><pressed as capacity to support loads,
to resistf rost-activated slope movements,
or to grip, throughadfreezing, foundation
or pavement members (see Fig. ?).

Moisture Movement

During Freezing. The susceptibility
of a soil to ice segregation and heaving
is governed by its capacity to retain
moisture and to move moisture to a fteez-
ing zone.

Disagreementexists as to thenature of
forces operative in moving moisture to
the freezing zone. It is generally be-
lieved that the forces effective in the
immediate zone of freezing bringittg
water into the growing ice crystal are
those of molecular cohesion in the film
water (16, tÐ. This results in a drying
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out (42, 13) near the frost line in the
manner that evaporation reduces mois-
ture content near the surface of the ground.
Consequently the reduced moisture con-
tent causes a water suction and capillary
flow. The magnitude of molecular co-
hesion forces are so great that they will
permit ice to grow under restraining
forces approaching the crushing strength
of ice (43). Regardless of the exact
nature of-the forces, the water suppty
to the freezingzone doesnot movethrough
channels of capillary size, and detri-
mental amounts of ice segregation de-
pends on adequate water contained in the
soil or from a ground-water source near
the freezing zone.

Freezing of moist soil in nature for
practical purposes is always associated
with some ice segregation, either in the
form ofcrystals or lenses. The iceis not
always visible, although it is usualty de-
tectable interms of water gain. Thatgain
may belimited to very thin strata, so thin
that they are often overlooked in routine
samplingof depths of 6 or 12 in. or more.

The effectiveness of vapor flow as a
means of moving significant amounts of
moisture to thefreezing zones isa matter
of some controversy. Limited laboratory
experimental results available (13, ð,4, 41,
.Q) indicate that smalt amounts ofïoilwafõi
are moved in the form of vapor and that
those amounts are of no consequence in
frost heaving. It is not clear exactly how
important vapor movement is as a contin-
uing process of moving and building up
soil moisture in subgrades to a degree
which makes frost action (in the form of
reduc ed strength) significant.

Following Thawing. When the soil
haçffied water content,
whether limited to relatively thin strata
or prevalent throughout the frozen depth,
seeks to redistribute itself in a manner
to satisfy forces which prevail. Regard-
less of the magnitude of moisture gain,
its rel.ease on thawingcreates a soil state
different from that which existed prior to
freezing. That water may be reÀtrained
f rom downwarci movement by the reiatively
impervious f rozen soii beneath or, on com-pletion of thawing, by saturated soil be-
neath. In the latter case, reduction and
redistribution of moisture to prefrozen
condition must be accomplished by forces
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of gravity and evaporation. If no ground-
water source was available during freez-
ing and all moisture gain above was at the
e>{pense of moisture loss below, the
normal forces of soil suction will bring
about redistribution.

The rate of that redistribution is de-
pendent upon (1) the length of time during
which it was moved upward by thermal
forces due to below-freezing thermal
gradients, (2) the duration of the freezing
period, and (3) the relative effect of all
forces operative during freezing. It
may be that the time for redistribution
following thawing is proportional to (1)
and (2) above. However, if the forces
operative in moving moisture to the freez-
ing zone are, as one investigator (41)
holds, greatly in .excess of the forð-es
causing its redistribution, that redis-
tribution may be a much slower process
than was the period of active freezing.

The problem here is one of a clearer
understanding of the forces which prevail
throughout both freezing and thawing
processes and how the elements of time
and those forces effect soil moisture
movements. .A clearer understanding
oJ ttre two-stage process of freezing and
thawing should make possible better base
and pavement designs and better appti-
cation of load restrictions for roads
which become seasonally inadequate.

The following studies are suggested
toward bringing about a better under-
standing of water movements, as related
to freezing and thawing:

1. Establish more clearly the forces
operative in moving water during f reezing.
Also, establish the relative distances
through which the forces are effective and
the influence of time on their relative
effectiveness in soils of differences in
texture and chemical composition and for
different degrees of saturation. Evaluate
the forces operative in causing a re-
distribution of water followingthawing and
the influence of time in changing soil
moisture condition.

2. Establish more clearly, by both
field and laboratory experiments, the
real significance of water movement in
the form of vapor. It is recognized that
it is difficuit to conduct small-scale lab-
oratory tests which bring all natural
forces into play with the same propor-

t**"
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tional effect as occurs under pavements
under natural conditions. Therefore,
laboratory erperiments need be supple-
mented with full-scate field e:iperiments
which include all natural variables and

not just those of temperature difference'

Volume Change

SweII (Heave). Frost action in soil
tras Tvõ mfrõrErimental eff ects of p rime
interest tó engineers responsible for
building of airfields and roads' One of
these iá differential volume change' The
other is its effect on load-carrying ca-
pacity, both inthe frozenand in thethawed
condition.

The gain in moisture content associated
with theJreezing of most soils is associat-
ed with an increase in volume, which is
spoken of asheaving if itoccurs in visible
almounts. When heaving differs markedly
within short distances or in limited area,
those diff erences in magnitude recognized
as abrupt heaving are capable of causing
severe iamage to pavement and culvert
structures. Such heaves are usually
associated with abrupt changes in soil
texture or soil water conditions and are
readily recognized by most engineers
elçerienced in construction in regions
where deeP lreezing maY occur.

Heaving is intensified inarctic regions
where peimafrost occurs. Deep freez-
ing in Joil whose drainage is retarded by

the underlying permafrost is provaca-
tive of destrucfive heaving (46)' The
condition is most severe in the sub-
arctic, where it is difficult to build with-'
out degradin$ the permafrost, thus tend-
ing to increase the depth subject to seas-
onal freezing and thawing and the intensity
of heaving.

Hydroãtatic conditions (g-, 60) further
increase the intensity of fround-surface
movements. In the fall season' pene-
tration of frost may trap large quantities
of ground water between the seasonally
froãen layer and the permafrost' Undei
such conditions the ground may bulge,
ice may form in the core of the upheaval,
and the upheaval may crack open and dis-
charge quantities of water. Many con-
spicùous-manif estations of surf icial heav -
iñg are observed in permafrost regions'
Suih features as pingoes, frost blisters,

icing mounds, peat mounds, andmud boils
are-indieative of intense ground freezing
in areas where ground water is available
in large amounts.

Miñor heaving, although the actual in-
crease in the elevation o! the pavement
profile may range |toms/nto 2 in' or
more, is seldom detectedby visual means'
Consequently, many engineers are un-
willing to iecognize its presence or to
appreciate its significance. It does not

crack pavements, but it does cause re-
duced load-carrying capacity and also
produces a more insidious eff ect in rough-
äning the riding surface of pavements,
particularly to the thinner pavements'

The problem, as it concerns major
heaving, is principally one of defining
different degrees of heaving according
to degree of detriment and identifying
and classifying ground conditions which
are pertinent 1o different intensities of
heaving, This needs to be dong in a
systematic manner. This problem is only
pärtly satisfied by information in present
literáture, partly because of differences
in terminologa and partly because the
information can be obtained only from
numeïous sources not available to many
engineers.

Shrinkage orl -Elgezilg. Shrinkage,

in different forms. Shrinkage beiow the
zone of freezing may occur' due to soil
consolidation on removal of water as it
is drawn into the freezing zone' This
form of shrinkage is never seen in nature
and noimally has tittle significancebeyond
ttrã 

"pp"ãciation 
that it reduces total

heaving so that heaving is not directly
proportional to the thickness of ice lens-es

õ¡tãine¿ and that it contributes to de-
veloping fissures in the soil.

e séconA form of shrinkage has far
greater significance. Such shrint<age (19)

Iesults frõm freezing water -saturated,
well-compacted, heavy clay soils' The

shrinkage manifests itself in the form of

marked downward movement of the soil

assõõÏilãf witF soil freezing may occur

surface (49) and for the development of
larEe and-often deep transverse crackslarge
(50) coincident with cracks or joints in
thã pavement. Such shrinkage cracking
may-be detrimental in that it permits
early spring rains to increase the soil
moiÀture content. This type of shrinkage

ep transverse cracks
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Figure B.

has been attributed to a change from
water to a high pressure form of ice (4!)
and to the natural contraction (50) of the
pavement on cooling which alsõ- moves
the frozen soil believed to be firmly
attached to the pavement.

The greater range in temperatures
below freezing in northern to arctic re-
gions makes shrinkage increasingly more
significant in the colder climes (24, 68).

The problem conc erning soil sñîinËãþe
attributable to frost action is essentially
that of identifying conditions whichcauses
the shrinkage and establishing the degree
in which it is detrimental, so it can be
prevented in new construction where eco-
nomically feasible to do so.

The following studies are suggested
to bring about better understandingof soil
shrinkage:

1. Conduct laboratory tests to deter-
mine the temperature, moisture content,
and density conditions necessary to bring
about shrinkage of the type associated
with cracking of the ground surface.2. Conduct full- scale field tests to
determine the validity of criteria estab-
lished above and the climatic and soil
conditions under which they obtain. This
project should have sufficient scope to
establish (1) the extent in whÍch they be-
come detrimental and (2) whether or not
it is practicable to prevent their occur-
rence on the types oi soil in which they
occur.
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Resistance to Load Deformation

Frost action has two and opposite ef -
fects on the capacity of soils to camy
loads. In the frozen state it provides a
rigid pavement which may develop tre-
mendous load-carrying capacity. But in
the early thawed state the soil may lose
up to ?0 or B0 percent of the strength it
had prior to freezing.

Frozen Soil. There is a great accumu-
tatiõñ*of inf-or mation availaúl e conc erning
the elastic and plastic properties and
strength of unJrozen soils. However,
there is relatively little known of the
strength characteristics of soil in the
frozen state. These strengths may be of
considerable significance where perma-
frost exists or where seasonally frozen
ground layers of appreciable depth are
maintained over t}le cold season. Foun-
dations and bases may derive principal
support from permafrost layers, Sea-
sonally frozen layers may make possible
increased loads on pavements and cross-
country travel over ground which has low
carrying capacity when unfrozen. Most
effective use of frozen ground in these
and otier ways requires that its strength
properties be more conpletely known.

The compressive, tensile, and shear
strengths of frozen ground have been
studied to some extent by the Russians
(!ll. These foreign studies have recently
been supplemented by American research
(2I, 32), These latter studies have at-
tempted to evaluate in an orderly manner
the effects of temperature, texture, mois-
ture, density, etc., on frozen strengths,

The Corps of Engineers study (21) re-
vealed that: (1) strength of frozeîsoils
increases with decrease in frozen tem-
perature, (2) clean, cohesionless ma-
terials have highest frozen strengths and
clays have lowest, and (3) clean, uni-
formly graded sand has greater frozen
strengths than more -well - graded sand
and gravel soils. (The specimens tested
were frozen slowly in one direction under
conditions of full saturation with free ac-
cess to water).

Among othe¡ lindings of interest (2L),
the following are noted: (1) ¿t temp-rá_
tures just betow freezing 1Zé to ¡O f,iãvenvery small cornpressi"é 'fo"à" 

p.oauceO
continuous ptastic oetormaiion-lnJ'tzl
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crystal structure of ice specimens frozen
simultaneously with soil specimens was
not indicative of the crystal structure in
segregated ice lerlses in naturally frozen
soit. Strength properties may bè e:ipected
to vary appreciably with successive thaw-
ings and refreezings. Strength properties
of frozen ground aredefinitely and closely
related to those of ice. Unfortunately'
the available data f or the ultimate strengths
and for the elasticity, plasticity and vis-
cosity of ice are rather unsatisfactory (51).

The grip or bond of frozen ground to a
pile or foundation wall or pavement is
termed "adfreezing force. " This bond
tends to produce a lifting of thefoundation
member as theground freezes and heaves
and to crack pavementswhere differential
uplift occurs. Tangential adfreezing
strength, a measure of the resistance that
must be overcometo producesliding of an
object with respect to ground to which it
was frozen, varies for any building ma-
terial with temperature , composition ,

texture, and moisture content of the sur-
rounding ground. The surface roughness
of the foundation member itself is an ad-
ditional factor. Few va"Iues of adfreezing
strength are available from other than
Russian sources (47). However, at the
present time the St-. Paul District of the
Corps of Engineers is.engaged at a sub-
arctic location in rather extensive pile-
loading and extraction tests which should
yield valuable data.

The following studies are suggested:
1. Additional evaluationof the tensile,

compressive, and shear sfrengths, plus
elastic and plastic constants, of frozen
soils of various compositions, textureso
porosities, and moisture contents and
ãistributions, under ranges of subfreezing
temperatures is needed. Effects of rate
and direction of freezing must a"lso be
considered.

2. Adfreezing strengths inherent to
frozen contact between various subgrade,
base, and pavement materials should be
developed. Particular attention should be
devoted to the rates of development of
this adfreezing strength under known ther-
mal influences.

Load-Carrying Capacity. One of the
mo@ativetofrost
action in soils has been the recent inves-
tigations of load-carrying capacities of

roads and airfields. Investigations have
been reported by eight state highway'1e-
partments (52, 53, 54, 55) and the Corps
ãf nnginee"l(@ Fdaitionat studies are
reported under way in permaf rost areas.
Highway studies were limited to flexible
pavements, while the airfield investiga-
tion inciuded both flexible and rigid types.
The investigations hadtwopurposes. High-
way stupies tvere made primarily to de-
termine the degree of reduction in load-
carrying capacity on which to base load
restrictions during the spring season.
The airfield study was pointed toward
evaluating pavements on specific airfields
for all season use. The findings are sig-
nificant and in general agreement, and
show a marked reduction in load-carrying
capacity of the average order of 40 to 50

percent of the faII season value.
Reduction in load-carrying capacity is

associatedwith a soil condition of increased
moisture, decreased density, and perhaps,
altered soil structure. Soils inwhich much
water is accumulated and segregated into
ice lenses during freezing wiII ordinarily
undergo great reduction in load-carrying
capacity on thawing. However, observa-
tions (5?, !t) have revealed that signifi-
cant reductions may occur with relatively
small water gain and littleice segregation
onfreezing. Most of thedatathus reported
were from tests after thawing and for
rather large depth increments.

Intensity and duration of thê reduction
are gieatly dependent upon the rate and
depth of freezing or thawing. Distribution
of the icewithin the frozensoil is critical.
Rates of freezing which produce large
segregations of ice near tle suiface and
deep frost penetrations, in combination
with early and rapid thawing to shallow
depthJ,Þrõduce the most unfavorable con-
dition of supersaturation above,a residual
frozen layer. It is thento be expected that
the impedance to internal drainage effected
by underlying f rozen soil, plus the presence
of large accumulations of ice in the frost
zone and also, perhaps, great depths of
this zone, produce a condition conducive
to large reductions in the soil's bearing
capacity. Further, reductions can be
expected to have longer durations in perr.na-
frost areas than prevail inseasonally fro-
zen ground regions. Settling and caving
actions are also in frequent occurrence.
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Efforts to evaluate reductions in load-
carrying capacity and the adequacy of
various subgrades and base and pavement
courses during the frost-melting period
have utilized accelerated tra,ffic tests,
plate-bearing tests, in-place California
Bearing Ratio tests, and other penetration
or instrument tests. A great deal of pì.ate-
load testing has been accomplished; how-
ever, such tests are criticized (56) because
the gradualty apptied load a[õws escape
of water, consolidation, and build-up of
resistance in the subgrade. In addition,
these tests do not reflect the weakening
due to subgrade disturbance under repeti-
tive loadings of the nature imposed by
traffic. It is significant to note that the
ratios of weakening as determined by static
plate tests on rigid pavements (rupture
tests cln slab corners) are reported (56) to
be comparable to ratios determined by
actual tra-ffic testing. However, such
agreement has not been achieved in the
case of plate ioading of f lexible pavements.

Certain small instrument tests, the
North Dakota cone, the Housel penetrom-
eter, and the Iowa subgrade-resistance
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meter are being studied by several state
highway departments under the coordi-
nation of a committee of the Highway
Research Board (52, 55). Emphasis has
been placed upon correlation of these in-
strument tests with field plate-bearing
tests. No extensive or conclusive results
have been reported as yet.

A statement of research needs would
include:

1. Present comprehensive programs
being conducted in determination of re-
ductions in load - carrying capacity on
thawing and in validation or formulation
of design criteria are producing signifi-
cant results. Compiementary studies
in point of soil areas and climatic cover-
age are needed, particularly in the sub-
arctic. Measured reductions in carrying
capacity for various soil textures and
moisture conditions under ciosely ob-
served clirriatic conditions should be
correlated with: (1) Amounts of ice
segregation and heave. (2) Degree of
saturation before freezing. (3) Changes
in soil conditionfromprefrozen to thawed;
(a) increase in moisture content, (b)
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increase insoil porosity, (c) modification
of soil structure. (4) Position and move-
ment of water table.

In making measurement of reductions,
attention should be given to the cycles of
climatic variation for the region in ques-
tion. It is hazardous to evaluate meas-
urements for any particular year, without
knowledge of whether that year was very
mild, very severe, or about normal, cli-
matically speaking.

2. Although the success achieved to
date in correlating the results of traffic,
plate, and instrument test evaluations of
load-carrying capacity are somewhat li-
mited, it is anticipated that efforts to
achieve such correlation will becontinued
and expanded. There is obvious need for
a testing technique that requires little time
and light equipment for performance.
ModiJication of test instruments to more
closely simulate traffic loading should be
given further consideration.

EXTRINSIC FACTORS 1VHICH IN-
FLUENCE FROST ACTION

Two major external factors have vital
influence on the nature of frost action in
soil: climate and load. The more im-
portant of these is climate, which exer-
cises control over ground temperature.
The major eleme¡rts of climate in normal
order of relative importance of influence
are: air temperature, precipitation and
humidity, sunshine, and wind. Ciimatic
influences may be considered to be modi-
fied by location, degree of exposure, and
the nature of surface cover.

The effect of location maybe evaluated
through the elements of latitude, altitude,
and proximity to bodies of water. Degree
of exposure tosunshine andwind is large-

Iy governed by siope and aspect. Surface
cover may be composed of vegetation,
snow or ice, highwayor airfield pavement
or other structures. Load (whetherin the
form of surcharge weight, such as over-
Iying subgrade, base and pavement, or as
moving wheel loads) has somewhat less
influence than climate but is, nevertheless,
an important factor.

Obviously, an attempt to evaluate the
relative influences of these factors on
frost action would necessitate a lengthy
summary. They are merely mentioned
here to emphasize that study of the in-
trinsic factors constitutes only a portion
of the overall needs.

PRACTICAL DESIGN AND CONSTRUC-
TION PROBLEMS

Emphasis in this outline of needed re-
search has been placed upon an under-
standing of the fundamental technology of
freezing and thawing processes. It is
felt that improved understanding of these
fundamentals is prerequisite to marked
improvement in engineering practice
relative to frozen ground. However, the
development of such basic data does not
mean that practical problems of design
and construction should be neglected.
There is need for field verification of
findings by investigations of full-scale
construction of embankments, subgrades,
bases, pavements, insulation courses,
subsurface - drainage installations. etc.
This phase of study should be carried on
concurrently with the fundamental inveq-
tigations. There is great need for corre-
Iation. of traffic testing with normal lab-
oratory testing, in order that the benefits
of incr:eased lmowledgeof laboratory per-
formance may be properly reflected in
field design and construction.


