Cold-Room Studies of Frost Action in Soils,
A Progress Report

JAMES F., HALEY, Agsistant Chief, Frost Effects Laboratory,
New England Division, Corps of Engineers '

THIS paper is a progress report of cold-room studies of frost action in seils
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 ona large number of natural soils obtained from several locationsand 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) the 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 susceptibility; (3}
in well-graded frost susceptible gravelly soils, the intensity of ice segregation
increases moderately with initial density up to approximately 95 percent of
Modified AASHO dengsity, 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 factors,
such as rate of frost penetration being equal, (6) the 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; (7) the rate of heave of the
surface is generally independent of rate of {reezing within the range of 1/4 to
1-3/4 in. per day, but the heave per unit depth of frozen material is inversely
proportional to the rate of penetration of the freezing temperature; (8) neglect-
ing effect of salinity of pore water, virtually all water present in clean sands
and inorganic silt soils freeges at 32 F. while in lean clay soils the freezing
temperature of the soil moisture is not constant but decreases below 32 F. with
decrease in water content; (9) the percentage heaves of specimens with fine
so0il fraction (minus 200 mesh) composed of the three common clay mineral
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 weight of soil) chemicals whicheither disperse, aggregate, or water-
proof the soil grains.

® THE increasein the weights of military
and commercial aircraftand the increased
use of highways by heavily loaded trucks
during the last decade has intensifiedprob-
lems encountered in designof airfield and
highway pavements, particularly in the
northern latitudes where seasonal {reezing

and thawing of the ground takes place.
The occurrence of ice segregation.in soils
may result innonuniform heaving of pave-
ments and loss of pavement-supporting
capacity during the frost-melting period
sothat costly maintenance of repair meas-
ures may be required.




To develop pavement design and eval-
uation criteria for such frost conditions,
the Frost Effects Laboratory was estab-
lished in the New England Division, 1944,
by the chicl 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 the United States to ohserve and study
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 behavier under
freezing conditions. A more precise de-
termination of the relative degree of frost
susceptibility of the soils is thereby made
posgible 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 the results of cold
room investigations conducted from the
initiation of the program up to about Qcto-
ber 1952 and includes nine separate in-
vestigational items. The present indica-
tions and tentative conclusions are subject
to revision as additional related 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
reference to freezing and thawing of mois-
ture 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 water in 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 frost-suscep-
tible soil.

Closed systemis the condition in which
no sourceof free water is available during
the freezing processbeyond 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 the formation 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 {reezing.

Frost-susceptible soils are those in
which significant ice segregation will ap-
pear when the requisite moisture and
freezing conditions are present. (Previous
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 this limit
has been widely applied to both uniformly
andvariably graded soils. Although 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 without
being considered frost susceptible, .there
is some question as to the practical value
of attempting to consider such soils sep-
arately, because of their rarity and ten-
dency to occur intermixed with other soils.)

Non-frost-susceptible materials are
materials such as crushed rock, gravel,
sand, slag, cinders, and other cohesion-
less material inwhichice segregation does
not occur under natural freezing condi-
tions.

Degree-hour is a variation of 1deg. F,
from 32 F, for a period of I hour. The
degree-hour is negative if below 32 F. and
positive I above 32 F.

FROST CLASSIFICATION, SQILS 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 meoisture content, as
determined by the Modified AASHO test
procedure. The specimensare then evac-
uated from top and bottom and saturated
from the bottom using de-aired water and
allowed to temper for aminimum of 24 hr.
at 38 ¥. 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 ithe temperature changes, and
granulated cork isplaced around the sides
for the full height of the specimens. A
section and plan of a test cabinet showing
the soil specimens in place is ghown in
Figure 1.

A free water surface is maintained
approximately 1/8-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 samplesare then
frozen from the top by gradually decreas-
ing the temperature above the samples in
the freezing cabinet, while the hottoms of
the samples are exposed to a cold-room
temperature maintained between 35 F. and
38 F. The temperaturein the test cabinet
isloweredtoobtain approximately 1/4-in. -
per-day penetration of the 32 ¥. tempera-
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ture into the samples. Heave measure-
ments are taken daily. At the completion
of the tests, usually after 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 the 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 1/4 and 3/4 in. per day:

Average Corresponding frost
rate of heave | sugceptibility classification
mm. per day

0-0.5 Negligible

0.5-1.0 Very low

1.0-2,0 Low

2,0-4.0 Medium

4,0-8.0 High

> 8.0 Very high

Soilg Tested

Approximately 60 different soils have
heen 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 Washington,
as well as from locations in Alaska, Can-
ada, and Greenland. Most of thege 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

Effect of 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 of various gradations
ranging from well-graded sandy gravel to
very-uniform fine gand, the minimum
percentage of grains finer by weight than
0.02 mm. at which significant ice segre-
gationwill occur. The study included both
testsonartificial soil gradationsprepared
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 onspecimens pre-
pared by blending various fine and coarse
soil fractions are summarized in Figure
3. Examinationof this figure reveals that,
for equal percentages of material finer
than 0.02 mm., relatively large variations
in the average rates of heave were record-
ed. The fine soil fraction of the Lime-
stone sandy gravel constitute the most-
potent fine goil fraction tested in this
series. When blended with the two sandy
gravels and the two coarse sand fractions,
it resulted in greater average rates of
heave than when either the fine fraction of
East Boston till or New Hampshire silt
fines were used. Also, in twoout of three
instances the East Boston till fines were
more effective in producing heave than
were the New Hampshire silt fines.

Based exclusively on grain size, it
appears that the finer the grains or the
higher the 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. produced average rates of heave
of 1.0 mm. per day. Such a soil, con-
sidered to be of borderline frost suscep-
Libility by existing criteria, would never-
theless be classified ag a soil of low frost
susceptibility, in accordance with the seale

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 than 0.02 mm. ,
an average rate of heave of 0.35 mm. per
day resulted. Thig goil would 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. Examination of this figure
reveals thatsoilsexhibiting equal rates of
heave contain a relatively wide variation
inpercent of material finerthan 0.02 mm.
For an average sandy gravel or gravel
(GW) soil, with 3 percent of the grains
finexr than 0.02 mm., the average rate of
heave was approximately the same as ex-
hibited by a silty sandy gravel (GM) having
9 percent of the grains finer than 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
wag the Alaska fine sand (AFS-1 and AFS-
2) which had average rates of heave of
0.9 and 1.7 mm. per day with only 3 per-
cent of graing finer than 0.02 mm. It is
alsonoteworthy that the sandy gravel soils
from Alaska and Greenland showed average
rates of heave of between 0.5 mm. per day
and 1.7 mm. per day even though the soils
contained only 1 percent of grains finer
than 0.02 mm. By the frost-susceptibility
classification system presented here, the
susceptibility of these soils would be
classed as low to very low; although, by
the usual standards, these would be con-
sidered very safisfactory base-course
materials of negligible frost susceptibility.
However, it is visualized that during the
{rost-melting period, the water re-
leased from the segregated ice in these
soils would be quickly drained or re-
distributed through the soil so that the



TABLE 1
AATURAL SOTLS TESTED 10 DETERMTHE THR RELATIONSRIP
BETHEEN RATE OF REAVE AND PERCENTAGE FINER THAN 002w SHOWN I¥ FIGURE
CORPS "OF ENGINEERS GRATN SIZE
BAMPLE SOURCE OF S01L YNIFORM SOIL CLASSIFICATION PERCENTAGE FINER THAN ATTERBERG
KUMBRR v LIRS
LETTER #y #o #00 0.02 0,005

PESCRIF?I0N SYMBOL | STEVE [ STEVE | Sreve | sm. m | onL, R
BPR- Alaska Sandy GRAVEL o 6 2 3 [ Hor-Plastic
spn-? i ¥ o Eg 1 2 1 8.5 ?on *
BPR-3 or Lg 13 3 1 8,5 " N
FBJ-11 Greonland Sandy GRAVEL e ] 45 16 3 1 0451 b "
LSG-9 Limestons AFE, Maine Sandy GRAVEL o L2 8 h 2 2 " "
ADG-1 Alsaln Sandy GRAVE], an k1 10 3 2 1 "
ADG-2 {Dooomponed Grenita) ax 55 13 L 2 1 " "
PBJ- Greonland Sandy GRAVEL an 38 18 L 2 1 * "
LSG=36 Limestone AFB, Maine Sendy GRAVEL o b1 & L 3 3 " "
L5610 ow L2 g N 3 2 * "
L96-37 a Lo 10 6 L 3 " "
Ausey PRIV Sandy GRAVEL o 28 9 5 3 1 " "
ANs-2 {Mion Schist) o Ll 16 7 L 5 " "
186-13% Limestone APB, Naine Sandy GRAVEL G i1 9 3 5 3 “ "
REG-1; o Lo 12 7 3 N " "
BPR-2 Alaska Sendy GRAVEL [ =) 12 5 3 3 » “
ACR«1 Alaska 516y Sandy GRAVEL oM 34 16 1 7 3 26 I
ACR-2 {Alsake-Canadiun Resk} G 38 19 11 8 5 26 4
Ke-1 Repid City AFB, South Daket 811ty Sandy GRAVEL GH 58 1] 12 a & 13 2
BP~1 Sioux Falls Afrflsld, 5ilty Swmdy GRAVEL L] 12 28 15 i ] 2l [

South Takets
LG Wandover AFB, Uten S1lty Sendy GRAVEL GN &0 27 b g & 22 3
RPRei, Alanks 813ty Sendy GRAVEL M 58 38 =t 1 2 Hea-Plostic
CL-1 Clinton County AFB, Ohie Clayey Bandy GRAVEL ¢ 23 29 20 U 5 25 7
PT=1 Patterson AFB, Ohio Clayey Sandy GRAYEL [ 62 3 22 15 5 22 6
ar-1 Great Falls AFB, Kontmns Clayoy Sandy GRAVEL oc L5 36 22 17 12 53 25
SPK-1 Spokane AFE, Weshington Gravelly SA¥D SPaGP 56 n T L 1 Hon=Plastio
PRJe13 Greenland Sravelly 5400 W ol 32 1o in 2 n "
FPBS-3 Greenland 8ilty Gravelly SAup SM 71 L6 10 N 2 " "
PBJ-g SH 82 53 21 T 3 s *
Phul Pierre Airfield, 341ty Grawvelly sawp GM-EM 68 3 17 g 4 25 7
Sauth Dakota

PAFB-0 Portsmouth, Hew Hampehira 511ty Gravelly SaND sK 68 s 23 1y & Hon=Plagtic
Ch=3 Chaper AFB, Wyoming 8ilty Gravelly SAND 5K 92 L7 23 15 11 2z 5
-5 Truex A¥H, Wisconeln Silty Gravelly SAND S g2 19 28 16 9 Hon=Plaastio
PRI-T Gresnland Silby Gravelly SAND 5U T0 e 31 18 8 16 4
TD=E Trusx AFB, Wisconsin 811ty Gravelly sAND s 92 78 35 21 11 bH 2
AFS-1 Alasin S11ty Shnp M 100 100 33 3 0 Hon-Flestio
APS=2 L 100 200 33 5 o " "
PAPB-T Portemouth, New Rampshire Silty SAND M 98 ol 29 e h * "
HFw) Rill AFB, Utah Silty SAMD sM 100 ol 27 13 8 " "
A= Casper AFD, Wyoming Silty SAND SH 98 62 21 16 22 22 é
CA~2 su 97 67 29 18 Uy 22 5
Fa-1 Farge Mrefield, North Dakote! Clayey SAND $C BL] 3y 146 k] & n 11
PBI=1 Graonland Clayey SAND 1 T35 56 35 28 15 25 8
Li~1 Lowry AFB, Colorado Claysy SAND ¢ 99 85 36 2}y hvs 2l ]
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Figure 2, Conditions of soils used to prepare soil blends for the

_study of effect of percentage finer than 0.02 mm.

weakening would be slight and of short
duration.
Effect of Percentage and Size of Ag-
gregates Greater than 2.0 mm., in Soil
Gradation

In applying the present criferia 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 evena small num-
ber of gravel sizes, {2~ to 4-in. diameter)
ina 25-1b, sample from a proposed base
course borrow area or aconstruction con-
trol sample, can appreciably affect the
indicated over-all percentage, by weight,
of sizeg finer than 0.02 mm.

A seriesof tests wereperformed using

Limestone sandy gravel and Truax Drumlin
soil, the gradations of which are shown in
Figure 2. Desired investigational gra-
dations were obtained by scalping the max-
imum size aggregate in increments from
the 2-in. gize down tothe 10-mesh sieve,
and allowing the percentage of fines to
increase as the maximum sizes were
removed, The weight of graing 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 if 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 so0il appears to have the func-
tion of an inert filler, which reduces
the volume of the frost susceptible matrix
and effects a reduction in heave of the
total soil mass, Whether such lesser
over-all heave represents a reduction in
bearing capacity in the gpring is a matter
for further congideration.

In a limited test series in which the
maximum size or percentage of coarse
iraction 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 Ys-in. 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.
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formed on various soil types to study
the effect of initial dry unit weight on
intensity of ice segregation,.

Plots of rate of heave versug ranges
of dry unit weight are shown in Figure 6,
The gradation and percentage of fineg
in the Samples were held constant while
the initial dry weights of the specimeng
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Figure 4. Relationship between rate.of
heave and percentage finer than 0.02 mm.
in natural soils.

hefore freezing were varied. The re-
sults indicate that heaving increases with
increase in original dry unit weight for
inorganic silt 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 Boston till show increase in heav-
ing with an increase in dry unit weight,
up to 120 1b. per cu. ft. followed 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 approximately 130 1b.
per cu. ft., followed by a gradual de-
crease in heaving with further increase
in dry unit weight. The results of tests
on sandy soils, such as Manchester fine
sand, Indiana dune sand, and Alaska
fine sand, show negligible variation in
heave with change in’ density. Clayey
sand from Fargo AFB shows an apparent.
decrease in heave with increase in initial
dry unit weight.

From the standpoint of decreasing the
effects of frost action, there appearsto be
no advantage incompacting the soils test-

i
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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 after a few freezing cycles.

Effect of Surcharge

A geries of tests have been performed
to determine the effect of surcharge on
ice segregation in soils of various grad-
ations. Surcharge loads of 0, %, 1, 2,
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 7. The test data indicate the av-
erage rate of heave decreases with in-
creases in the surcharge load for the
soils tests, In using a semilogarithmic
plot, the data are arranged along a series
of lines which are nearly parallel.

Additional testing of a wider range of
goil gradationg is believed necessary be-
fore attempting to generally apply the
relationships determined in this test
series. Although this test series indi-
cates the rate of heave for a soll with an
overburden pressure of 6 psi. is only of
the order of 10percent of the rate of heave
with a 0. 5-psi. overburden pressure, it
is visualized that the effect of overburden
in decreasing rate of heave in the field
may be counterbalanced by a closer prox-
imity tothe ground-water table. Also, the
total heave per unit depth in the field
usually increases with depth as the rate
of frost penetration is reduced.

Tests are continuing in this series to
evaluate the magnitude of frictional re-
straint on heaving offered bythe specimen

9|
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Figure 5. Effect of varying percéntage
of coarse fraction on rate of heave.
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containers, together witha study of meth-
ods of minimizing the frictional forces.
Studies are also planned to determine the
effect of surcharge ondelaying the start of
freezing of the specimens, and a possible
effect in the alteration of the freezing
point of soil molsture.

Effect’ of Rate of Penetration of 32 F.
Temperature

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 of %, ‘4, % 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
shown on Figure 8, together with the
grain - size - distribution curves of the
eight materials used in the test geries.

The results of 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 the range investigated, Ya to
1%4 in. per day. Though the data for Dow
AFB clay apparently shows the rate of
heave to decrease with 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, besides demonsirat-
ing that the rate of heave does not vary
appreciably with rate of freezing, within
the range of tests, also shows conversely
that the total percentage of heave of the
frozen material and the intensity of ice
segregation should vary directly with the
rate of freezing. This has been observed
in field explorations where ihe greatest
accumulation of segregated ice results
from slow penetration of freezing tem-
peratures, Thus, for example, if the
rate of penetration of the freezing tem-
perature is reduced to one half, with the
heave per day remaining constant, the
heave for any one day will represent the
freeming of only half as much of the origi-
nal soil, and the expansion of that soil per
unit depth must be doubled, with twice as
much segregated ice, in order to maintain
the rate of heave,

Freezing Point of Soil Moisture

Previous laboratory studies by Bouyou-
cos (4)at Michigan State College and others
have demonstrated that the freezing point
of soil moisture in fine-grained soils is
generally below 32 F. and for a given
fine-grained soil the freezing point de-
creases with decrease in water content,
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Most investigators attribute the 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. Pore water at the cen-
ter of the interstices is considered to
freeze at a higher temperature than the
water closer tothe surfaces of the fine
50il grains.

The freezing point of soil moisture
has been determined by the Frost Effects
Laboratory by measuring with thermo-
couples the temperature at the wvisual
boundary between frozen and unfrozen
soils in test pits andcold-room {est 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, soil mineral 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 Lowell sand,
Manchester fine sand, New Hampshire
silt, and Bostonblue clay. Each soil type
was prepared al several water contents
by adding distilled water to the oven-dried
materials, with the exception of the clay
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go0il, which was air-dried. Test{ speci-
mens wereprepared byplacing each sam-
ple into a %-in. -diameter copper tube,
3.5 inches long, with a thermocouple in-
serted at the midpoint of the sample. A
cross section showing the details of the
test specimen is shown on Figure 9,
These specimens were placed ina freezing
cabinet held at aconstant temperature and
the temperature change within the sample
meagured continuously throughout the
freezing cycle. Typical -temperature-
time plots for a specimen of Boston blue
clay and Manchester fine sand are shown
on Figure 9 together with pertinent test
conditions. The grain-size distribution
curves in these samples are contained in
Figure 2. It isnoted that during the initial
stages of cooling, the temperature of the
specimens dropped at a relatively con-
stant rate to a temperature considerably
below 32 ¥. 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 29.7 F., then im-
mediately began to decrease with time,

The sudden temperature rise in the
specimens after they have been lowered
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-
cipally controlled by factors outside of the
test specimens, since there does not ap-
pear to be a direct correlation between
501l type, moisture content and this tem-
perature. Outside effects such as vibra-
tiong appear to cauge the initial crystal-
lization in the pore water. It is recog-
nized that the characteristics of the pore
water and the presence of nuclei for initi-
ation of crystal formation have an impor-
tant influence on the temperature of initial
crystaliization.

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 32 F. tempera-
ture. The start of crystallization causes
a rise of temperature in the upper portion
of the sample after the 32 F, temperature
has penetrated 2 {o 3 in. belowthe surface
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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, together with resulis of other
tests in this series, indicate that the tem-
perature to which the specimens rise
after start of crystallization is a function
of soiitype and water 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 aperiod of time
which was a direct function of moistare
content. It is visualized that in these
soils, after the start of crystalliza-
tion and rige of temperature, virtually
all of the pore water froze 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
c¢rystallization 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 26.8, 29.7, and 30.8 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 availablefor freezing as the speci-
men temperature was lowered, The cur-
vature of the temperature-time curve for
this portion of the freezing cycle indicates
that a smaller 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 cahinet,

This test series is being contamed 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 thickness of the
absorbed films and the absorption charac-
terigtics towards water in various ions
and organic molecules vary for different
clay minerals. The surface area of the
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soil graing should alsobe congidered since
grains of gimilar size but different min-
eral composition have widely different
surface areas.

Information on the freezing point of
moisture in s0ils is required because of
the influence of this factor on the theo-
retical prediction of depth of frost pene-
tration. Present theoretical methods
either asgume the soil moisture freezes
at 32 F. or at some constant temperature
below 32 F. Increased knowledge of the
freezing point of soil moisture willaid our
ingight into the phenomena of ice segre-
gation.

Effect of Initial Degree of Saturation In a
Closed System

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

The soils used in this test series and
the pertinent results obtained are sum-
marized in Table 2. The tabulated data
indicated that the water content at the top
of the sample after freezing varies di-
rectly with 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-
molded lean clay specimens decreased
approximately to the shrinkage limits, as
water was supplied for ice-lens growth to
the zone of freezing. However, in. re-
molded and undisturbed inorganic silt and
remolded glacial till 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 free ground water is not-
a requisite for frost action in soils. The
need of water for ice segregation can he
satisfied to the extent that water is ob-
tainable through a decrease in the mois-
ture content of the material directly 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 much greater depths. Plastic soils,
tested in the closed system, exhibited a
tendency to shrink in diameter and pull
away from the container at the lower por-
tions of the specimens.

4 T T T
TEST CONOETIONS

RMATERIAL {oRyumT |[WATER |DEGREE OF
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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 content at bottom of the samples, as
compared with the original water contents.
In nature, it is visualized that there would
pe atendency for vertical shrinkage cracks
to develop in plastic soils, particularly
during the initialfreezing cycle. The lat-
eral shrinkage inthefield, however, would
probably be minimizeddue tothe restraint
offered by the materials above and below
the zone of shrinkage.

Effect of Mineral Composition of Soil Fines

The tests performed to determine the
effect of percent finer than 0.02 mm. on

ice segregation in soils. indicated that the
particle size and distribution of the na-
ture 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-giycol-retention test (6).

In the series of tests discussed under
paragraph entitled "Effect of Percentage
Finer 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 kaolinite and 20 percent illite;
the East Boston till fines 20 percent kao-
linite and 40 percent illite; and the New
Hampshire silt fines were composed of
55 percent quartz withno kaolinite, mont-
morillonite, or illite. This might appear
to indicate that kaolinite has somewhat
greater frost susceptibility. However,
the fines from these sgoils were not of
similar gradation, as shown in Figure 2,
which also may account for the difference
in lce segregation in the specimens into
which they were blended. Also, correla-
tion of the mineral composition of the
minus 200 mesh with intensity of ice ségre-
gation in the soil blends and natural soils
tested is complicated by the fact thatthere
were usually several types of minerals
present and differences in the total per-
centage of fines present in the soils being
compared.

In order to isolaie 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
different exchangeable cations. The prin-
cipal indications so far obtained from this
test series are that:

(1} The nature of fines is important.

(2) The percentage heave for the {ines
of the three common clay-mineral groups



TABLE 2
EFFECT OF INITIAL DEGREE OF S:TURATION
( CLOSED SYSTEM)
ATTERBERG WATER CONTENT DETERMINATICNS IN PER CENT
CORPS OF ENGINEERS GRAIN SIZE LIMITS DRY S ™ PER-
ONIFORM SOIL CLASSIFICATION PERCENTAGE FINER THAN {1} ONIT | ToTaL SamPiE AETER FHEEZING CENTAGE
SAMPLE SOURCE OF WELGHT | BEFORT FREEYTNG  FROZEN ZORE UNFROZEN | HEAVE
NUMBER S01L DESCRIPTION FLETIER #i | U0 [ #200{0.02 | 0,005 WATER G | TOP |SOIL BEIWEER 20NE
SYM301) SIEVE STEVE| STEVE| mm, | wn. | Lw  Iw  Sw | pef, |CONTENT| (2} | Iwom| 1eE LENsES
TO~15) Truax AFB, =3/l" Silty Gravelly 1.3 93 78 35 51 11 |k 2 - 130 7.5 70 8.3 - 0.0
TD-}& Wisconsin SAND (Remolded) 130 1.7 & 2,3 - 0.0
TD=17 130 9.7 89 10.0 - 1.0
TD=18 130 | 1.9 99 [13.7 6.5 5.l
PAFB- 9f Portsmouth, New |~3/4" Silty Gravelly 5¥ 87 | 58 | 2o | 18 B | Non-Plastle - 126 8.2 7L |15.5 S 1.3
PAFB-10{ Hampshire SAND {Remolded) 128 9.3 86 15,1 b8 1.7
PAFB-12 125 | 11.h 88 22.h ho? 6.8
PAFB-11 128 | 11,0 92 22,0 . 7.1
Ni-1iB| Cof£1s Falls, SILT { Remolded) ML 1100 f100 | 85 | 62 | 16 iy [ 22 | 102 | 22.8 91 | 38.2 33.7 2,2 T.
NH-i9| New Hamshire 103 23,k 96 u3.5 3h.3 2.7 Fo
LFT~ 1|Fairbanke, Alaska|SILT {Undisturbed) ML 1100 {100 | ¢k 4o | 12 |33 6 22 97 26.8 100 k5.0 6.8 15.1
EBT-10|East Bosten, -3/L" Gravelly Sandy oL 82 | 65 § L6 | 32 22 |23 8 12 | 128 | 1.9 96  |20,2{ 12.7-15.9 1.6 8.6
EBT=-i:1] Massachusetts CLAY ( Remclded) 128 12.2 98 20.6 15.1-22.1 10.0 743
EBT- § 8t 72 56 | W | 26 23 7 - 125 9.5 70 {10.6 - 0.3
EBT- & 126 | 10,9 82 [13.7 - 1.8
EBT- 7 125 12,2 90 113,7 - 2,3
ERT=- 8 127 | 129 100 | 20.9 - k.7
DFC~ 1 |Doy AFB, Maine CLAY (Remolded} cL 99 98 1 93 12 Lo {3 17 - 115 | 18,0 10 231 14,2 9.7
DFCw 2 131 | 13.2 68 18,k - 2,0
DFG- 3 113 15,2 B2 21.5 - 1.5
IFe- & 113 | 171 92 20,9 - 2.7
DFC= § 119 16.3 no 23,9 - 7.5
5C= Li}Searsport, Maine [CLAY {Undisturbed) CL 100 {100 | 99 8¢ 12 [36 18 - 95 28.0 95 33.8 18.1 Se8
Sc- 5 97 27.0 95 28.8 15,8 T3
SC- 3 97 27.3 96 3h.6 17.% b5
5C-~ 8 CLAY (Remolded} CL {100 [100 f99 |80 |12 {36 18 18 9t | 27.0 95 | 35.6 17.5 9.7
BC«19 INorth Cambridge, |CLAY { Undisturbed} CL 100 [100 [1oo 9k 81 153 26 25(3) 86 3ha3 ol Si.l 21,8 11,3
2C=15] Massschusetts B6 3L,0 ah 16,5 21.5 B.9
BCw22 ) 85 | 35.8 96 152,32 | 29,1.33,] 8.9  |10,7
BC-21 CLAY {Remclded) CL (100 [100 {100 |94 | Br 53 26 23 88 3.2 {100 | M8.0 | 20,1-21,2 19.9 11.0
HOTES:
(1) Lw - Liquid Limit {2) Degree of Saturation in Per Cent
Iv = Plasticity Index
Sw « Shrinkege Limit {3) Undisturbed Shrinkage Limit.

ST
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decreased in the order of 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 was
predicted by Grim (7).

(3) Specimens, in which the fines con-
sisted of montmorillonite with Fe++ as the
exchange cation, showed greater heave
than other specimens prepared with mont-
morilionite fines, with sodium montmor-
ilionite giving the lowest percentage of
heave. Thig also is as expected bhased
on lesser permeability and greater thick-
ness of absorbed water layers in sodium
montmorillonite.

(4) Carbonate fines were generally
found tobe the most effective in producing
ice segregation.

(6) Finally, the highest percentage
heave occurred with fines of attapulgite,

Effect of Admixtures

Limited studies were made bythe Frost
Effects Laboratory from 1944 to 1046 to
determine the effectiveness of calcium
chioride, sodium chloride, and various
bituminous materials in preventing ice
segregation in soils. It was found that
the soluble salts tended to be leached out
of the soil after a fewcycles of saturation
and drainage, and therefore, field treat-
ments with these materials would only he
of temporary benefit. It was found that
ice segregation could be prevented by the
addition of gufficient bitumen to render the
gsoil impervicus. However, the quantity
required to reduce ice segregation to a
negligible amount approached the bitumen
content commonly employed for construc-
tion of bituminous pavements. Cold-room
studies performed in 1950 indicated that
the admixture of calcium acrylate was very
effective in preventingice segregationin 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
soilg, suchasinorganic silts, the intensity
of ice segregation decreases with decrease
in unif dry weight and increase in permea-
bility. In borderiine {frost-susceptible

goilg, reducing thepercentage of the fine-
particle fraction reduces frost heaving.
On the other hand, in the finer-grained
plastic soilsthere appears tobe adecrease
in frost susceptibility with decrease in
permeability, with a specimen of ben-
tonite showing negligible frost heaving.
Also, remolding lean ciay 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 1/200
of that in the undisturbed state.

Recent advances which have been made
in knowledge of the propertiesof clay min-
erals and base exchange characteristics
of soilsgive somewhat greater promise of
success to our quest for admixtures than
was previously possible, T. William
Lambe, of Massachusetts Institute of
Technology and director of the Soil 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 less susceptible tofrostaction. One
such method would be to prevent or inhibit
the migration of water necessary for ice
lens formation. This might beaccomp-
lished by use of an admixture that will:
(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 chan-
nels in the soil available for flow; (3)
absorb large quantities of water, thereby
reducing the channelg inthe soil available
for flow; {4) reduce the attractive forces
between scil grains so the soil will dis-
perse and may be compacted more 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-
ceptibility of a sandy material 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. Also, treat-
ment of inorganic silt soils with an admix-~
ture to join grains together would, in
effect, increase the effcctive grain size,




increase the permeability, and thus, tend
to decrease frost susceptibility.

The cold-room studies in connection
with this phase of the investigation have
not advanced, 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
{less than 1 percent of the dry weight of
soil) will permanently alter the forces
between particles in the hope of decreas-
ing the frost-susceptibility characteristics
of the soil. Michaels (8) hasdescribed 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 dis-
persing agents effectively reduce frost
heaving in soils. Additional testing is
required, however, todetermine the most -
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:

FROST-HEAVE DATA

Admixture
% of dvy Percentage

Soil Admixture sotl wi. Heave

New Hampshire 0 160
silt
Sodium polyacrylate 0,05 37
" B 0.10 G9
Sodium tetraphosphate 0, 10 49
" " 0,50 iz
Fort Belvoir 0

sandy clay 22
Sodium polyacrylate 0.10 23
" " 0. 50 i6
Sodium tetraphosphate 0, 30 5
ir 4" 1' 00 3

In additiontothe study involving aggre-
gants and dispersing agents, freezing tests
are being performed on soii specimens
which have beentreated with chemicals that
waterproof the soil grains. The tabulation
at the top of column 2 on this page illus-
trates the effect of adding smail percent-
ages of water-proofers to Boston blue clay.

Much additional data on the effect of
admixtures on frost susceptibility must be
accumulated before acceptance of these
methods of treatment. Considerationalso
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-HEAVE DATA ON BOSTON BLUE CLAY

Admixture

% of Dry Percentage
Admixture goil wt. Heave
Sodium methy! siliconate 0.1 3.5
0.5 0.5
i.0 0.6
Methacrylate-chromic chloride 0,1 9.0
0.5 6.4
1.0 1.8
Stearato-chromic chloride 0.1 18.3
0.5 12,5
i.0 5.1
No admixture 0 20 +

Other Colid-Room Studies in Progress

In additionto thetest series which have
been summarized in the foregoing para-
graphs, cold-room studies are currently
inprogress at the Frost Effects Laboratory
on other phases of the frost problem.
These investigations which are either not
within the scope of thispaper, or theavail-
able data areinsufficient for reporting in-
clude: (1) investigations of the effect of
proximity to water table on ice segrega-
tion; (2) controlled-freezing tests for
correlation with theoretical frost pene-
tration formulas; (3) investigation of
strength and consolidation characteristics
of thawing soils; (4) determination of
percentage of water frozen in soils by
calorimetric method; (5) determination of
thermal conductivity of soilsby transient-
heat method using thermal probes; and
(6) crystallographic studies of segregated
ice phase in frozen soil.
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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 and wheel loadings on airfield and highway pavements in
the past 10 to 15 years; the rising costs of pavement construction, maintenance,
and repair; the greater need for maintaining pavements in fully serviceable con-
dition at all times; and the increasing of operating speeds have made it necessary
to consider frost action in greater detail in pavement design. This paper de-
scribes 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-melting period is critical when conditions are con-
ducive to active frost action. Methods for recognition of conditions of soil, tem-
perature, and moisture which result in detrimental frost action are described.
Base compoesition requirements are given. Load design charts for airfield and
highway flexible pavements for various types of leadings 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.

@ THE detrimental effects of frost action
in subsurface materials are manifested by
heave of pavements or other structures

during the winter and by loss of strength

- of affected soils with a corresponding re-

duction in lead-supporting capacity during




