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THIS paper is a progress report of cold-room studies of frost action in soils
performed between February 1950 and October 1952 by the Frost Effects Lab-
oratory, New England Division, Corps of Engineers. They are part of a com-
prehensive field and laboratory investigational program for the improvement
of engineering design, construction, and evaluation criteria for pavements and
other structures constructed on soils subject to seasonal freezing and thawing.

Cold-room tests are being performed to determine the effects of individual
factors considered to influence ice segregation in soils. TestS have been con-
ducted on a large number of natural soils obtained from several locations and on
specimens prepared by blending soil fractions in proportions to give desired
investigational gradations.

Data from phases of the investigation which are substantially complete indi-
cate that (1) ttre intensity of ice segregationin soils is dependent not only on the
percentage of grains finer than 0.02 mm. , but also on the grain-size distribu-
tion or physical-chemical properties of these fines; (2) fine soil fractionswitha
high percentage of fine clay sizes appear to be more effective than silt sizes in
producing ice segregation in soils of near borderline frost susceptibitity; (3)
in well-graded frost susceptible gravelly soils, the intensity of ice segregation
increases moderately with initial density up to approximately g5 percent of
Modified AASHO density, above which there is a decrease in ice segregation
with increase in density; (4) in inorganic silt soils, the intensity of ice segre-
gation increases with initial density for the full range of densities attainable in
the laboratory specimens; (5) the intensity of ice segregation in soils is de-
creased appreciably by an increase in overburden pressure, all other factorso
such as rate of frost penetration.being equal, (6) ttre intensity of ice segregation
in a frost susceptible soil varies directly with the initial degree of saturation,
where water is available only by withdrawal of a portion of that existing in the
voids of the soil underlying the surface of freezeng; (?) the rate of heave ofthe
surface is generally independent of rate of freezing within the range of.7/4 to
L-3/4 Ln. per day, but the heave per unit depth of frozen material is inversely
proportional to the rate of penetration of the freezing temperature; (B) neglect-
ing effect of salinity of pore water, virtually all water present in clean sands
and inorganic silt soils freezes at 32 F. while in lean clay soils the freezing
temperature of the soil moisture is not constant but dec.reases below 32 F. with
decrease in water content; (9) the percentage heaves of specimens with fine
soil fraction (minus 200 mesh) composed of the three common clay minéral
groups decreased in the order of kaolinite, illite, and montmorillonite; (10)
soils may be made less susceptible to frost by means of trace (less than 1 per-
cent of dry weightof soil) chemicalswhicheitherdisperse, aggregate, or water-
proof the soil grains.

O tHn increasein thewèightsof military
andcommercial aircraftand the increased
use of highways by heavily Ioaded trucks
during the last decade has intensifiedprob-
Iems encountered in designof airfield and
highway pavements, particularly in the
northern latitudes where seasonal freezing

and thawing of the ground takes place.
The occurrence of ice segregation insoils
may result innonuniform heavingof pave-
ments and loss of pavement-suppörting
capacity durlng the frost-melting period
so that costly maintenance of repair meas-
ures may be required.
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To develop pavement design and eval-
uation criteria for such frost conditions,
the Frosf Effects Laboratory was estab-
lished in the New England Division, 1944.
by the chicf of engineers, Department of
the Army. The laboratory has since con-
ducted field investigations including traffic
tests at various fields in the northern part
of tJre United States to observe and siudy
the effects of frost action (1,2). The field
studies demonstrated the need for com-
prehensive laboratory investigations in
which each of the several variables con-
sidered to influence frost action in soils
could be isolated and studied under con-
trolled conditions. To meet this need,
cold-room facilities were constructed in
1949 and 1950 and laboratory investiga-
tions were initiated.

These facilities enable subgrade soils
and material proposed for use as base-
course borrow to be tested in the cold
room to determine their behavior under
freezing conditions. A more precise de-
termination of the relative degree of frost
susceptibility of the soils is thereby made
possible to aid in the selection of satis-
factory base materials which will not lose
strength due to frost melting and to allow
proper consideration in pavement design
of the relative frost susceptibility of sub-
grade soils.

This paper presents theresults of cold
room investigations conducted from the
initiation of theprogram up toabout Octo-
ber 1952 and includes nine separate in-
vestigational items. The present indica-
tions and tentative conclusions are subject
to revision as additional relatqd factors
are examined in the future. However,
presentation of these interim results may
be of interestor aid to other investigators
in this field.

DEFINITIONS

Definitions of the specialized words
and terms employed in this paper are as
follows:

Frost action is a general term used in
refEierrcãTo :[rãezingând thawing of mois-
tur-e in the materials and the resultant
effects on these materials and on struc-
tures of which they are apartor withwhich
they are in contact.

Ice segregation in soils is the growth

of ice as distinct lenses, layers, veins,
and masses commonly, but not always,
oriented normal to the direction of heat
loss.

Open system is a condition in which
free wãIeî-E-excess of that contained
originally in the voids of the soils is avail-
able to be moved to the surface of freezing
to form segregated ice in frogt-suscep-
tible soil.

Closed systemis the conditionin which
no source of free water is available during
the freezing process beyond that contained
originally in the voids of the soil at the
immediate zone of freezing.

Frost heave is the raising of a surface
due-to thãJormation of ice In the under-
lying soil.

Percentage heave is the ratio, ex-
pressed as a percentage, of the amount of
heave to the thickness of the frozen soil
before freezing.

Frost-susceptible soils are those in
whi@ationwiltap-
pear when the requisite moisture and
f reezing conditions are present. (previou.s
information has indicated that most soils
containing 3 percent or more of grains
finer by weight than 0.02 mm. are sus-
ceptible to ice segregation, and üris limit
has been widely applied to both uniformly
andvariablygraded soils. Atthough it has
been found that some uniform sandy soils
may have as high as 10 percent of grains
finer than 0.02 mm. by weight wilhout
being considered frost susceptible, .there
is some question as to the practical value
of attempting to consider such soils sep-
arateiy. because of their rarity and ten-
dency to occur intermixedwith other soils)

Non-frost-susceptibte materials are

-

materials@aveI.
sand, slag, cinders, and other cohesion-
less material inwhich ice segregation does
not occur under natural freezing condi-
tions.

Degree-hour is a variation of 1 deg. F.
frcim 32E-ñi-a period of t hour. The
degree-hour is negative if below 82 F. and
positive if above 32 F.

FROST CLASSIFICATION, SOILS AND
PROCEDURES

Test Procedures

In the cold room where conditions can



be controlled and varied within small lim-
its, soil specimens are subjected to con-
ditions simulating the most-severe prob-
able field freezing conditions. The soil
specimens are generally prepared for
freezing in a 5.91-in. -inside.-diameter
steel molding cylinder to an approximate
height of 6 in. and to a predetermined
density by means of static load or vibra-
tion. In some instances, however, undis-
turbed samples of cohesive soils are
trimmed to this same size. The trimmed
specimens, or those ejected from the
molding cylinder, are placed in a 6-in. -
diameter heavy -cardboard container coat-
ed inside with silicone to prevent friction
between the specimens and the container
walls during heaving. In the more recent
tests, a liner consisting of 1-in. -high
cellulose-acetate strips are lapped in the
form of a telescope within the cardboard
containers. The acetate strips are coated
on both sides with silicone.

Cohesionless soils are molded at a low
moisture content to improve the apparent
cohesion and aid specimen handling after
molding, while all other materials are
molded at optimum moisture content, as
determined by the Modified AASIIO test
procedure. Thespecimensare then evac-
uated from top and bottom and saturated
from the bottom using de-aired water and
allowed to ternper for aminimumof 24hr.
at 38 F. before start of the freezing test.
Thermocouples are inserted at intervals
along the length in at least one sample of
four placed in each freezing cabinet to
measure the temperature changes, and
granulated cork isplaced around the sides
for the full height of the speeimens. A
section and plan of a test cabinet showing
the soil specimens in place is shown in
Figure 1.

A free water surface is maintained
approximately L/B-in. above a porous
stone at the bottom of each sample. A
surcharge weight of 0.5 psi. is placed on
top of the samples. The samples are then
frozen from the top by gradually decreas-
ing the temperature above the samples in
the freezing cabinet, while the bottoms of
the samples are exposed to a cold-room
temperature maintained between 35 F. and
38 F. The temperature in the test cabinet
is lowered to obtain approximately 1/4 -in. -
per-day penetrationof the 32 F. tempera-
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ture into the samples. Heave measure-
ments are taken daity. At the completion
of the tests, usually aÍ.ter 24 days, the
samples are removed from the freezing
cabinet , measured, split longitudinally,
photographed,. examined for ice segrega-
tion, and finally broken up to determine
water -content distribution.

Since the majority of the tests per-
formed in the investigation have an un-
limited supply of water available at the
base of thé specimens, which is an ex-
treme condition insofar as water availa-
bility is concerned and generally results
in the maximum rate of ice segregation
and rate of heave which the soils could
exhibit under natural field conditions, the
results are not usually quantitatively ap-
plicable. The cold-room-test procedures
are considered satisfactory,.however, for
determining the relative degree of frost
susceptibility of various soils.

Measure of Frost Susceptibility

The following tentative scale of average
rate of heave has been adopted for rates of
freezing between L/4 and 3/4 in. per day:

Average Comesponding frost

mm. perday
0-0.5

0. 5-1. 0
1.0-2. 0
2.0-4. 0
4. 0-8.0
> 8.0

Soils Tested

Negligible
Very low
Low
Medium
High
Very high

Approximatety 60 different soils have
been tested to date. Some of these have
also been tested in combination with each
other in order to obtain various artificial
gradations. These soils have been ob-
tained from locations distributed over the
United States from Maine to rvVashington,

as well as from locations in Alaska, Can-
ada, and Greenland. Most of these are
from airfield and highway project loca-
tions. They range from a well-graded
sandy gravel (GW) to a medium plastic
clay (CL).
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COLD.ROOM INVESTIGATIONS

Effectof Percentage Finer Than 0.02 mm.

A series of tests were performed to
check the validity of the present criteria
for frost-susceptible soils and to deter-
mine, with soils df various gradations
ranging from well-graded sandy gravel to
very-uniform fine sand, the minimum
percentage of grains finer by weight than
0.02 mm. at which significant ice segre-
gationwill occur. The studyincluded both
tests on artificial soil gradations prepared
by blending various combinations of the
soils, whose grain - size - distribution
curves are shown in Figure 2, and also on
natural soils with various gradations and
percentages finer than 0.02 mm. in order
that the relationship between average rate
of heave and percentage finer than 0.02
,mm. could be determined.

The results of tests on specimens pre-
pared by blending various fine and coarse
soil fractions are summarized in Figure
3. Examination of this figure reveals that,
for equal percentages of material finer
than 0.02 mm., relatively largevariations
in the average rates of heave were record-
ed. The fine soil fraction of the Lime-
stone sandy gravel constitute the most-
potent fine soil fraction tested in this
series. When blended rvith the two sandy
gravels and the twocoarsesand fractions,
it resulted in greater average rates of
heave than wheneither the fine fraction of
East Boston till or New Hampshire silt
fines were used. Also, in two out of three
instances the East Boston till fines were
more effective in producing heave than
were t}e New Hampshire silt fines.

Based exclusively on grain size, it
appears that the finer the grains or the
higher thé percentage of colloidal sizes
contained in the fine soilfraction the more
effective the finer soil fraction is in pro-
ducing ice segregation. The Limestone
sandy gravel fines that were combined
with Limestone sandy gravel to give a
.sample composed of 3 percent finer than
0.02 mm. producedaverageratesof heave
of 1.0 mm. per day. Such a soil, con-
sidered to be of borderline frost suscep-
tibitity by existing criteria, would never-
theless be classified as a soil of low frost
susceptibility, in accordance with the scale
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presented in this paper. For a freezing
test of 24 days duration. a 6-in. - high
sample, when frozen to the bottom, would
heave approximately 1in. By comparison,
when the coarse and fine fractions of
Truax Drumlin soil were blended together
to contain 3 percent finer tÌ¡an 0.02 mm. ,
an average rate of heave of 0.35 mm. per
day resulted. This soilwould be classified
as asoil of negligible frost susceptibility,
in accordance with the adopted scale.

A second phase of the study to deter-
mine the relationship between percentage
finer than 0.02 mm. and average rate of
heave, consisted of performing freezing
tests on base course and subgrade soils
from various airfields and on materials
from proposed base-course borrow sour-
ces. The samples used were obtained
from locations with a wide geographical
distribution as shown in Table 1. Data
from the freezing tests are summarized
in Figure 4. Rxamination of this figure
reveals that soils exhibiting equal rates of
heave contain a relatively wide variation
inpercent of material finerthan 0.02 mm.
For an average sandy gravel or gravel
(CtvV) soil, with 3 percent of the grains
finer than 0.02 mm. , the average rate of
heave was E)proximately the same as ex-
hibited by a silty sandy gravel (GM) having
9 percent of thegrainsfinerthan 0.02 mm.
and.by silty sand and silty gravelly sand
(SM) having 18 percent of the grains finer
than 0.02 mm. One outstanding exception
was the Alaska fine sand (AFS,1 and AFS-
2) which had average rates of heave of
0.9 and 1.? mm. per day with only B per-
cent of grains finer than 0.02 mm. It is
also noteworthy that tlte sandy gravel soils
from Alaska and Greenland showed average
ratesof heaveof between 0.5 mm. per day
and 1.7 mm. per dayeven though the soils
contained only 1 percent of grains finer
than 0.02 mm. By the frost-susceptibitity
classification system presented here, the
susceptibility of these soils would be
classed as low to very low; although, by
the usual standards, these wôuld be con-
sidered very satisfactory base-course
materials of ne gligibte f rost susceptibility.
However, it is visualized that duiing the
frost-melting period, the water re-
leased from the segregated ice in these
soils wciuld be quickly drained or re-
distributed through the soil so that the
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Figure 2. fünditions of soils used to prepare soil blends for the
studi of effect of percentage finer than 0.02 mm.

weakening would be slight and of short
duration.
Hfect of Pe

In applyinþ the present criteria for
frost - susceptible soils, questions have
frequently arisen concerning the effect of
the percent and gradation of the coarse
soil fraction,on ice segregation. The in-
clusion or exclusion of even a small num-
ber of gravel sizes, (2-to 4-in. diameter)
in a 25-lb. sample from a proposed base
course bOrrow Area Or acOnstruction con-
trol sample, can appreciably affect the
indicated over-all percentage, by weight,
of sizes finer than 0.02 mm.

A seriesof tests wereperformed using
Limestone sandy gravel a¡d T ruax Drumlin
soil, the gradations of which are shown in
Figure 2. Desired investigational gra-
dations were obtained by scalpingthe max-
imum size aggregate in increments from
the 2-in. size down tothe lO-mesh sieve,
and allowing the percentage of fines to
increase as the maximum sizes were
removed. The weight of grains finer
than 0. 02 mm. range from 3 to 22 per-
cent. The average rates of heave re-
corded for these tests, plotted in re-
lation to percentage finer than 0. 02 mm. ,

are shown in Figure 5. As the percent-

age of the total sample finer than 0. 02
mm. is increased by the removal of
stone, the rate of heave increased in the
same manner as i-f the weight of coarse
fraction had been kept constant, and
fines added to increase the percentage
finer than 0..02 mm. It is apparent,
therefore, that the addition of coarse
sizes to a given soil would result in a
proportionate decrease in percentage
finer than 0.02 mm. with consistent
decrease in over-all heave potential.
The coarse aggregate in a frost-sus-
ceptible soil appears to have the func-
tion of an inert filler, which reduces
the volume of the f rost susceptible matrix
and effects a reduction in heave of the
total soil mass. Whether such lesser
over-all heave represehts a reduction in
bearing capacity in the spring is a matter
for further consideration.

In a limited test series in which the
maximum size or percentage of coarse
fraction was altered while holding the
percentage finer than 0.02 mm. con-
stant, there appeared to be no effect of
maximum size or percentage of coarse
fraction within the range of gradations
tested (2 in. to ?s-ín. maximum size).
When the percentage finer than 0.02
mm. was kept nearly constant, the rate
of heave did not change appreciably, all
other conditions being equal.

and Size of
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Figure 4. Relationship l¡erween
heave and pe,rcen tage finer t,han

in natural soils.

I
ed, exceptpossibly the well-graded soils.
The advantage of getting a high degree of
compaction in these latter soils is, how-
ever, questionable; if the soils are not
made virtually non-frost susceptible by
the compaction, a loosening of the soils
could result aJter a few freezing cycles.

Effect of Surcharge

A series of tests have been performed
to determine the effect of surcharge on
ice segregation in soils of various grad-
ltio-ns. Surcharge loads of 0, t/r, L, Z,
3, 4, and 6 psi. were placed on 6-in. -
diameter specimens during freezing.
Plots of average rates of heave versus
intensity of surcharge are presented in
Figure ?. The test data indicate the av-
erage rate of heave decreases with in_
creases in the surcharge toad for the
soiis tests. In using a semilogarithmic
plot, the data are arranged along a series
of lines whicti are nearly párallei.

Additional lpesting of a_wider range of
soil gradationb is believed necessary be_
fore attempting to generally appty ttre
relationships determined in this- test
series. Although this test series indi-
cates the rate of heave for a soil with an
overbu¡den pressure of 6 psi. is only of
the orderof l0percentof therate of heave
with a 0.5-psi. overburden pressure, it
is visualized that the effect of overburden
in decreasing rate of heave in the fietd
may be counterbalanced by acloser prox_
imity totheground-water table. Also, the
total heave per unit depth in the iield
usually increases with depth as the rate
of frost penetration is reduced.

Tests are continuing in this series to
evaluate the mágnitude of frictional re_
straint on heavingoffered bythe specimen

Figure 5. Effect of varying percenrage
of coarse fraction on ratã of heave.

t3 20 ðo

rate. of
0.02 mm.

before freezing rvere varied. The re-
sults indicate that heaving increases with
increase in original dry unit weight for
inorganic siit soils, such as New Hamp-
shire silt and Ladd Field subsoil for the
full range of unit weights attainable in
the laboratory specimens. Tests on
East Bciston till show increase in heav-
ing with an increase in dry unit weight,
!p to 120 Ib. per cu. ft. foltowed by a
decrease in heaving with further increase
in dry unit weight. Truax Drumlin soil
and Limestone sandy gravel show in-
creased heaving with an increase in dry
unit weight up to approximatety 130 Ib.per cu. ft., followed by a gradual de-
crease in heaving with further increase
in dry unit weight. The resuits of tests
on sandy soils, such as Manchester fine
sand, Indiana dune sand, and Alaska
fine sand, show negligible variation in
heale with change in' density. Clayey
sand from Fargo .A,FB shows an apparenl
decrease in heave with increase iñ initial
dry unit weight,

From the standpoint of decreasing the
effects of frost action, there appears to be
no advantage in compacting the soils test-
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Figure 6. Effect of variation in dry unit weight'

eontainers, together witha study of meth-
ods of minimizing the frictional forces.
Studies are also planned to determine the
effect ofsurcharge ondelaying the start of
freezing of the specimens, and a possible
effect in the alteration of the freezing
point of soil moisture.

Effect' of Rate of Penetration of 32 F'

A series of tests has been made to de-
termine the effect of various rates of
penetration of the 32 F. temperature on

ice segregation in frost-susceptible soils
of various gradations. Nominal penetra-
tion rates ôf '/n, 

L/2, 3/a and 1 in. per day
were used in the test. A summary plot
showing rate of penetration of 32 F. tem-
perature and average rate of heave is
ãhown on Figure B, bogether with the
grain - size - distribution curves .of the
ãight materials used in the test series'

The results o.f this test series indi-
cate that, superficially at least, the rate
of heave is approximately independent of
the rate of penetration of the 32 F. tem-
perature for tt¡e range investigated, L/sto

1/n ¡n, per day. Though the data for Dow
AFB clay apparently shows the rate of
heave to decreasewith increase in rate of
32 F. temperature penetration, the un-
disturbed samples of Dow clay used for
testing contained many fissures due to

weathering which may account for the
results not being comparable to the re-
sults of the other tests in the series.

This test series, besldes demonstrat-
ing that the rate of heave does not vary
appreciably with rate of freezing, within
ttré range óf tests, also shows conversely
that theltotal percentage of heave of the
frozen material and the intensity of ice
segregation should vary directly with the
raie ol freezing. This has been observed
in field explorations where the greatest
accumulatiòn of segregated lce results
from slow penetration of freezing tem-
peratures. Thus, for examPle, if the
iate of penetration of the freezing tem-
perature is reduced to one half, with the
-heave per day remaininþ constant, the
heave fòr any one day will represent the
freezing of only half as much of the origi-
nal soil, and theexpansion of that soil per
unit depth must be doubled, with twice as

muchsegregated lce, in order to maintain
the rate of heave.

FreezinE Point of Soil Moisture

Previous laboratory studies by Bouyou-
cos (4) atMichiganState College andothers
haveãemonstrated that the freezing point
of soil moisture in fine-grained soils is
generally below 32 F. and for a given
iine-grained soil the freezing point de-
creases with decrease in water content.
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Most investigators attributethe depressed
freezing point of soil moisture to: (1)
soluble salts in the pore water and (2) the
adsorptive forces by which the water is held
to the soil grains. Porewater at the cen-
ter of the interstices is considered to
freeze at a higher temperature than the
water closer to the surfaces of the fine
soil grains.

The freezing point of soil moisture
has been determined by the Frost Effects
Laboratory by measuring with thermo-
couples the temperature at the visual
boundary between frozen and unfrozen
soils in test pits andcold-room test sam-
ples. For proper correlation of these
results, however, comprehensive labora-
tory studies are required to analyze the
effects of such factors as moisture content,
dry unit weight, soilmineral characteris-
tics, and the dynamics of the freezing pro-
cess. Exploratory laboratory studies,
therefore, were initiated to obtain test
techniques and the freezing history of
several soil types at varying moisture
content. The soils selected for this ex-
ploratory test series were LoweII sand,
Manchester fine sand, New Hampshire
silt, and Bostonblue clay. Each soil type
was prepared at several water contents
by addingdistilled water to the oven-dried
materials, with the exception of the clay
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soil, which was air-dried. Test speci-
mens rÄrereprepared byplacing each sam-
ple into as/q-in, -diameter copper tube,
3.5 inches long, with a thermocoupie in-
serted at the midpoint of the sample. A
cross seetion showing the detaits of the
test specimen is shor¡¡n on Figure g.
These specimens were placed in a f reezing
cabinet held at aconstant temperatureand
the temperature change within the sample
measured continuously throughout the
freezing cycle. Typicat temperature-
time plots for a specimen of Boston blue
ciay and Manchester fine sand are shown
on Figure I together with pertinent test
conditions. The grain-size distribution
curves in these samples are contained in
Fig[re 2. It isnoted thatduring theinitial
stages of cooling, the temperature of the
specimens dropped at a relatively con-
stant rate to a temperature considerably
below 32 F. and then suddenly rose to a'higher temperature. In the case of Man-
chester fine sand, the temperature rose
to 32 F. and remained constant for approxi-
mately 25 min. and then the temperature
dropped off at a relatively constant rate.
On the other hand, the temperature of the
clay specimen rose to 2g. T F. , then im-
mediately began to decrease with time.

The sudden temperature rise in the
specimens after they have been Iowered
below 32 F. is attributed to the start of
crystallization of the supercooled pore
water. The temperature at which the
crystallization.starts appears to be prin-
cipailycontrolled byfactors outside of the
test specimens, since there does not ap-
pear to be a direct correlation between
soil type, moisture content and this tem-
perature. Outside effects such as vibra-
tions appear to cause the initial crystal-
lization in the pore wâter. It is recog-
nized that the characteristics of the pore
water and the presenceof nuclei for init!-
ation of crystal formation have an impor-
tant influence on the temperature of initial
crystallization.

The same phenomenon of supercooling
has been observed in the cold-room test
specimens that are frozen at a constant
rate of penetration of the 82 F. tempera-
ture. The start of crystatlization causes
a rise of temperature in the upper portion
of the sample after the 32 F. temperature
has penetrated2 to 3 in. belowthe surfacê
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of the specimen. In order to prevent this
effect and attain a more uniform rate of
freezing-temperature penetration, the top
of the samples are seeded with ice flakes
at the time the 32 F. temperature pene-
trates slightly below the surface of the
specimens.

Figure 9, togetherwith resultsof other
tests in this series, indicatethat the tem-
perature to which the specimens rise
aÍter start of crystailization is a function
of soiltype andwater content. The speci-
mens prepared using the two sand soils
and the inorganic silt soil, rose to a tem-
perature of 32 F. and the temperature
remained constant for a period of time
which was a direct function of moisture
content. It is visualized that in these
soils, after the start of cr.ystalliza-
tion and rige of .temperature, virtually
all of the pore water f.roze at 32 F. with
the release of latent heat maintaining
constant specimen temperature, In the
specimens of clay soil the temperature to
which the specimens rose after start of
crystallization is a function of moisture
content. For moisture contents of 11,
17, and 21.5 percent, the maximum tem-
peratures reached after start of crystal-
lization were 26. B, 29,7, and 30. B F. ,
respectively. After reaching these tem-
peratures, the specimen temperatures
then gradually decreased,'indicating that
the latent heat of soil moisture was not
being released at a constant temperature
but that only a portion of the soil moisture
became available.for freezing as the speci-
men temperature was.lowered. The cur-
vature of the temperature,time curve for
this portionof thefreezing cycle indicates
that a smailer and smaller quantity of
water is available to freeze as the tem-
perature is lowered, otherwise the tem-
perature-time plot would tend to become
asymptotic to the temperature of the
freezing cabinet.

.This test series is being contained at
the present time with consideration being
given to the minerals present in the fine
soil fraction. Since the surface of the
clay minerals provides the major ab-
sorption surface, the thiclmess of the
absorbed films and theabsorption charac-
teristics towards water in various ions
and organic molecules vary for different
clay minerals. The surface area of the
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soil grains should alsobe considered since
g.rains of similar size but different min-
eral composition have widely different
surface areas.

Information on the freezing point of
moisture in soils is required because of
the influence of this factor on the theo-
retical prediction of depth of frost pene-
tration. Present theoretical methods
either assume the soil moisture freezes
at 32 F. or at some constant temperature
below 32 F. Increased knowledge of the
f reezing point of soil moisture will aid our
insight into the phenomena of ice segre-
gation.

Effect of Initial Degree of Saturation In a

A series of tests wasperformed to de-
termine the effect of initial degree of
saturation on ice segregation in frost-
sysceptiblesoils in aclosed system, i. e.,
a system inwhich no wateris made avail-
able to the bottom of the sample.

The soiis used in this test series and
the pertinent results obtained are suin-
marized in Table 2. The tabulated data
indicated that the water content at the top
of the sample after freezing varies di-
rectlywith the initial degree of saturation.
The water content at the bottom of the
sample decreased to a relatively constant
value which appears to be independent of
the initial degree of saturation within the
range tested. The water content in the
unfrozen zone of the undisturbed and re-
moided lean clay specimens decreased
approximately to the shrinkage lim.its, as
water was supplied for ice-Iens growth to
the zone of freezing. However, in re-
molded and undisturbed inorganic silt.and
remolded glacial tiI.I samples, the water
content of the unfrozen zone decreased
considerably below the shrinkage limits
with the greatest decrease being in the
New Hampshire silt.

The test results demonstrate that an
outside source of freeground vyater is not
a requisite for frost action in soils. The
need of water for ice segregation can be'
satisfied to the extent that water is ob-
taina'o-le thnough a decrease in the mois-
ture content of the material direcily be-
neath the zone of freezing. The increase
in water content at the top of the samples
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in the cold-room test is not necessarily
considered quantitatively representative
of the results that would occur in nature,
since the samPles were onlY 6 in' in
height. In nature, of course, water may
be supplied for ice segregation from soil
at muõtr greater depths. Plastic soils,
tested in [tre closed system, exhibited a
tendency to shrink in diameter andpull
away from the containerat the lower por-
tions of the sPecimens.

ffltnrocouP!6
At ¡l0.POl¡l
of3^tr!t,

ice segregation in soits. indicated that the
particle size and distribution of the na-
iure of the fines (minus 200 mesh) in-
fluenced the formation of ice lenses in a
soil. To explore the relation between the

mineral composition of the fines and frost
susceptibility, the identity and percentage
of each of the mineral constituents present
in the fines were determined by the dif -
ferential thermal analyzer (5). Also, the

surface area per unit mass of the minus-
200-mesh soil fractions were determined
by the ethylene-glycol-retention test (6)'

In the éeries of tests discussed under
paragraph entitled "Effect of Percentage
finei than 0. 02 mm. , " the fines from
Limestone sandy gravel were found to be

more effective in producing ice segrega-
tion than the fines from East Boston till
and New Hampshire silt. The Limestone
sandy gravel fines (minus 200 mesh) had
40 percent kaotinite and 20 percent illite;
the East Boston till fines 20'percent kar,-
Iinite and 40 percent illite; and the New
Hampshire silt fines v',ere composed of
55 percent quartz withno kaolinite, mont-
morillonite, or illite. This might appear
to indicate that kaotinite has somewhat
greater frost susceptibility. However,
the fines from these soils were not of
similar gradation, as shown in Figure 2,

which also may account for the difference
in ice segregation in the specimens into
which they were blended. AIso, eorrela-
tion of the mineral composition of the
minus 200 mesh with intensity of ice segre-
gation in the soil blends and natural soils
fested is complicated by the fact that there
were usually several types of minerals
present and differences in the total per-
ðentage of fines present in the soils being
compared.

In order to isolate some of the vari-
ables, a series of tests is currently in
progress in which small percentages of
12 different monomineral fines are each
blended into a non-frost-susceptible sand
to study the effect on ice segregation.
Montmorillonite, one of the monominerals
in this series, has been prepared with six
differentexchangeable cations. The prin-
cipal indications so farobtained from this
test series are that:

(1) The nature of fines is important.
(2) The percentage heave for the fines

of the three common clay-mineral groups

coÞPÉn tu0tIcrAtt f¡¡cx[¿si
.06á'

Figure 9. Plot of temperature change
during freezing cYcle'

Presence of an appreciable consolidating
force in the lower portions of all samples
is indicated by the marked decrease in
water contentat bottomof the samples, as

compared with the original water contents'
In nåture, it is visualized thatthere would
be a tendency for vertical shrinkage cracks
tò develop in ptastic soils, particularly
during thè initialfreezing cycle. The lat-
eral sirinkage inthefield, however, would
probably be minimized due to the restraint
õffered by the materials above and below
the zone of shrinkage.

Effect of Mingral Composition of SoiI Fines

The tests performed to determine the
effect of percent finer than 0.02 mm' on
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îABLE 2

¿TTNCÎ OF IìTIÏIAT DEOREE OF S¡T'I'R.I.TTO}T
(ci,osED srsTan)

CON¡S O¡,E¡TCINæR,S
I¡TIFON}I SOTL CLISSIFICAÎION

GR.AIì¡ SIZE
PERCEI{ÎÂGE TTtrE3 ITAN

AÎERBENC
LIMITS
(1)

Lv Iy Sr.

WATEn Co!:IENT ErEmm'fIttATIOt{S I}¡ pER CENT

Pt¡ts-

I¡T- 1

EBT-I¡O

EBT- 8

DFC. 1
DFC- 2
DFC. 3
ItfC- l¡
DFC. 5

SC- l¡
sc- 5
sc- 3
sc- I
BC-19
BC-18
BC-22
BC-21

lluu lFB¡
l{i6coasd.D

Portsnoutb, lfeu
Halpshlre

Coffrs Fall.s,
ller llarqpsld.re

FaÍrbaoks, Âlaska

Eest Bosto!,
U¡as¡chusetts

Á¡8, l,t¡1Þ

Caubrldç,
l{assacln¡letts

-3Â" sllty GraveÌÌy
SAND (Renolded)

-3lr" Sffty Èave1ly
SAI{D (Rerlolded)

SILT (undisturb€d)

GraveilLy Sandy
CLtr (RenoJ.ded)

(ündlsturbed)

(R€úlded)

(ua¡t¡r¡'b¿¿¡

(RrÐldcd)

8?

100

100

82

8l¡

99

100

100

1.00

100

100

100

100

65

72

9E

100

4

85

9lt

l¡ó

56

93

99

99

100

ioo

1E

62

l¡O

32

l¡l¡

n

E

ró

12

22

26

lro

l{on-P1asti.c -

ù622

33622
23812
23?-

36 18

36 18

53 26

53 26

w6
128
L25
r28

tt2
L03

9?

128
128
r25
L26
L25
t27

115
111
u3
Ir3
It9

95
97
97
97

86
86
85
88

8.9
9 

","Dol¡
1t.o

22.8
23.b

7.8
7.7
9.7

10.9

26.8

11.9
12.2
e.5

10.9
12.2
12.9

t8.o
L3.)
r5.2
1?.1
16.3

28.0
2?.o
z',t.3
2?.O

3¡.3
3l¡.0
35.8
39.2

l70lø
l8e
199
I

7r
l8o

86
92

9t
96

100

96
98
70
tr
90
tm

loo
68
82
92

loo

e5
e5
96
e5

9l¡
9lt
96

100

8.3
9.3

L0.o
t3.1

t5.5
T5.T
22.b
22.o

38.2
\3.5

l¡5.o

20.2
20.6
10.6
r.3"?
13"7
20.9

23.L
18.1¡
2t.5
20.9
23.9

33.8
28.8
3l¿.6
35.6

5l.l

73.?
3b.3

L2.?-L5.9
L5.L-22.1

A"].43.l!
20.1-2t.2

,2
l¡.8
l!"1
l¡.ó

2.2
2"1

6"8

7.6

":'

1l¡.9

:

r.E.1
15.8
L7.5
17.5

21..8
2]-.s
18.9
t9.9

0.0
o.o
1.O
5"t

1.3
L.7
6.8
?.1

7.8
9;

r5.1

8.6
7.3
0.3
1..0
2"3
b.7

e.7
2.o
L"5
2.7
7.5

5.8

b.5
9.?

NOlES:
(1) f,r - LiqulC Lhlt

Ir - PldstJ.clty fndcx
$. - Sh¡{.-Lr8. LJd,t

DGgIGG of S¡t¡¡r¡tion ln P.r Câ¡t.

I¡ldirtu¡òcd Sh¡i.t¡tegè Lfdt. F¡
ctr
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decreased in the orderof kaolinite, illite,
and montmorillonite. This is the order
that one would expect from permeability
considerations, since the permeabilities
vary in the same order. This result \r'as
predicted by Grim (7).

(3) Specimens, i-n which thefinescon-
sisted of montmorillonite with Fe++ as the
exchange cation, showed greater heave
than other specimens preparedwith mont-
morillonite fines, with sodium montmor-
ilionite giving the lowest percentage of
heave. This also is as expected based
on lesser permeability and greater thick-
ness of absorbed water layers in sodium
montmorillonite.

(4) Carbonate fines weÌe generally
found to be the most effective in produeing
ice segregation,

(5) Finally, the highest percentage
heave occumed with fines of attapulgite.

Effect of Admixtures

Limited studies were made by the Frost
Effects Laboratory from 1944 to 1946 to
determine the effectiveness of calcium
chloride, sodium chloride, and various
bituminous materials in preventing ice
segregation in soils. It was found that
the soiuble salts tended to be leached out
of the soil after a fewcycles of saturation
and drainage, and therefore, field treat-
ments with these materiais would only be
of temporary benefit. It was found that
ice segregation could be prevented by the
addition of sufficient bitumento renderthe
soil impervious. However, the quantity
required to reduce ice segregation to a
negiigible amount approached the bitumen
content commonly employedfor construc-
tion of bituminous pavements. Cold-room
studies performed in 1950 indicated that
the admixture of calcium acrylate was very
effective in preventing ice segregation in a
clay soil but was not as completely suc-
cessful in a silt soil.

From the results of other test series,
it is evident that changing the permeability
of a soil is accompanied by a change in the
intensity of ice segregation. In the case
of the coarser grained frost-susceptible
soils, such asinorganic silts, the intensity
of ice segregation decreases with decrease
in unit dry weight and increase in permea-
bility. In borderiine frost-susceptible

soils, reducing thepercentageof the fine-
particle fraction reduces frost heaving.
On the other hand, in the finer-grained
plastic soils there appears to be a decrease
in frost susceptibility with decrease in
permeability, with a specimen of ben-
tonite showing negligible frost heaving.
Also, remolding lean clay soils has been
found to reduce the rate of heave to less
than half those for specimens of undis-
turbed material; the permeability in the
remolded state is in the order of l/200
of that in the undisturbed state.

Recent advances which havebeen made
in lsrowledgeof thepropertiesof clay min-
erals and base exchange characteristics
of soils give somewhat greater promise of
success to our quest for admixtures than
was previously possible. T. lVilliam
Lambe, of Massachusetts Institute of
Technology and director of the SoiI Sta-
bilization Laboratory, was retained by
contract to search for admixtures which
he considered to have desirable charac-
teristics from the standpoint of minimiz-
ing or preventing ice segregationin soils.

There are several possible means by
which soils, at least theoretically, can be
made lesssusceptible tofrostaction. One
such method would be to prevent or inhibit
the migration of water necessary for ice
lens formation. This might be accomp-
lished by use of an admixture that wiil:
(1) fill the soil voids to the extent neces-
sary to cut off moisture migration; (2)

increase the adsorptivity of soil grains
for water, thereby decreasing the ehan-
nels in the soil available for flow; (3)

absorb large quantities of water, thereby
reducing the channeis inthe soil available
for flow; (4) reduce the attractive forces
between soil grains so the soil will dis-
perse and may becompactedmore readily
to a greater unit weight thus decreasing
the volume of voids and permeability.

A second method of treatment by use
of admixtures is suggested by the sus-
ceptibitity of a sandy materiâI that is
effected by removal of the fine particle
fraction. This removal of fines can be
brought about, to some extent, by causing
the small particles to stick together and
therebyform largeparticles. AIso, treat-
ment of inorganic silt soils with an admix-
ture to join grains together would, in
effect, increase the effective grain size,
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FROST-HEÂVE DAT^â. ON BOSTON BLUE CLAYincrease the permeability, and thus, tend
to decrease frost susceptibility.

The cold-room studies in connection
with this phase of the investigation have
not adva¡ced, at the present time, past
the exploratory stage. The search-for
potentially suitable admixtures is con_
centrated on obtaining a material which,
mixed with a soil in a very small quantity
(Iess than 1 percent of thi ary wåignt of
soil) will permanenfly alter ihe fórces
between particles in the hope of decreas_
ing the f rost -susceptibility characteristics
of the soil. Michaels (B) has described a
number of mechanisms by which admix_
tures can cause forces of attraction or
repulsion between particles and thereby
either aggregate or disperse soil grains.

The available test data show that Ois_
persing agents effectivety reduce frost
heaving in soils. Additional testing is
required, however, to determine the môst_
effective percentage of admixture and the
permanence of treatment. The following
tabulation illustrates the effects of dis_
persing agents on frost heaving of lab_
oratory specimens:

Admixture
Sõäî-rn m ethyt s iliconate

Methacrylâte-chromic chloride

Stearato-chromic chloride

No admixture

Admixture
% of Dry Percentage
sgil.wt. Heave
0. I 3.5
0.5 0.5
1,0 0.6
0.1 9.0
0,5 6,4
1.0 t.3
0, I 18.3
0.5 t2.5
1.0 5. I

0 20+

Soil

New Hampghire
silt

Admixture

0

Sodium polyacrylete

Sodlum tetraphosphate

Fort Belvoir 0
sandy clay

Sodium polyacrylate

Sodium tetraphosphate

Other Cold-Room Studies in progress

In additionto thetest serieswhich have
been summarized in the foregoing para_
graphs, cold-room studies are currentty
in progress at the Frost Effects Laboratory
on other phases of the frost problem'.
These investigations which are e-ither not
withinthe scope of this paper, or the avail-
able data areinsufficient forreporting in-
clude: (1) investigations of ttrL effeìt ofproximily to water table on ice segrega_tion; (2) controlled-freezing teJts for
correlation with theoretical frost pene_
tration formulas; (B) investigatioir of
strength and consolidation charalteristics
of thawing soils; (4) determination of
percentage of water frozen in soils by
calorimetric method; (5) determination oi
thermal conductivityof soilsby transient_
heat method using thermal probes; and
f0l c-rystallographic studies ofseÀredateo
ice phase in frozen soil.
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In additionto ihe study involving aggre_
gants anddispersing agents, freezing tests
are being performed on soil specimens
which have been treated withchemicals that
waterproof the soil grains. The tabuiation
at the top of column 2 on this page illus-
trates the effect of adding small percent_
ages,of water-proofers to Boston blue clay.

Much additional data on the effeet of
admixtures on frost susceptibility must be
accumulated before acceptance of these
methods of treatment. Consideration also
must be given to methods of mixing the
additive into the soil in the field and the
cost of material and equipment required
for such treatment.
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Frost Design Criteria for Pavements

KENNETH A. LINELL, Chief, Frost Effects Laboratory,
New England Division, Corps of Engineers

THE increases in traffic andwheel loadingson airfieldand highwaypavements in
the past 10 to 15 years; the rising costs of pavement construction, maintenance,
and repair; the greater need formaintaining pavements in fully serviceable con-
dition at ali times; and theincreasing of operatingspeedshave madeit necessary
to consider frost action in greater detail in pavement design. This paper de-
spribes criteria formulated by the Corps of Engineers to meet the needs of its
construction in areas of seasonal frost.

The variation of subgrade strength through the seasons is illustrated, and it
is indicated that the frost-meltinþ þeriod is critical when conditions are con-
ducive to active frost action. Methods forrecognitionof conditions of soil, tem-' perature, and moistune which result in detrimentat frost action are described.
Base composition requirements are given. Load design charts for airfield and
highway flexible pavements for various types of loadings are presented. Load-
design criteria for rigid pavements are also given. The application of these
methods is illustrated by means of design examples. Needed studies to further
improve the present design criteria are discussed.

O fUn detrimentaleffectsof frost action during the winter and by ioss of strength
in subsurfacematerials aremanifested by of affected soils rvith a corresponding re-
heave of pavements or other structures duction in ioad-supportingcapacity during


