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Cold-Room Studies of Frost Action in Soils,
A Progress Report
JAMES F. HALEY, Assistant Chief, Frost Effects Laboratory
New Engiand Division, Corps of Engineers

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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SILT or CLAY

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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Figure 7. Eff¿ct of surcharge.

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

11

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

13

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



the period of weakening which ensues. In
pavements, these effects mayresult in un_
satisfactory riding qualities, excessive
maintenance, hazardous operational con_
ditions, or pavement breakup.

In highways, the great increases in
traffic and wheel loads in the past decade
may cause pavements which formerly
appeared adequate to deteriorate in the
spring. The interruption or slowing of
traffic and damage to equipment which may
result from frost action involves much
more money value under the increased
traffic conditions than in the past. The
corresponding cost for maintenance, re_pair, and rebuitding of frost_damaged
pavements iS also increased.

On airfields, the great increases in
wheel loadings have cr.eated problems
not encountered on highways, because gf
deeper and more intense s[ressing of ilie
subgrade. There mustalso be conãidered
the possibility of damage or hazard to
expensive present-day þlanes and their
crews. This involves the necessity for
maintaining smooth surfaces on runways
whgre speeds may exceed 100 mph.

Thus, the detrimental effects of frost
action must be taken intoaceount in pave_
ment design. At the same time, we must
strive to avoid over design, since every
extra inch of pavement structure will add
enormously to the cost of pavements when
multiplied over all highway and airfield
pavements constructed over soils subject
to the frost action.

Thepresent paper describes frost design
criteria developed by the Corps of Engi_
neers to meet design needs in areas-of
seasonal frost action. The criteria are
based on the assumption that permanent
military pavements should be dósigned so
that there will be no interruption õf traf_
fic at any time of the year ãue to differ_
ential heave, reduction in load-supporting
capacity, or deterioration'of the pãvement
resulting from frost action.

The criteriahave beendeveloped in the
Frost Effects Laboratory, New England
?luigi9l, Boston, Massachusetts, fo-r the
Airfields^Branch, Engineering óivision,
Military Construction, Office ót ttre Ctriei
of Engineers, U. S. Army. The studies
are continuing, and it is anticipated that
improvements will be made in the cri_
teria from time to time in the future.
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DEFINITIONS

The following specialized terms are
used in this paper:

Degree-day is each degree in any one
day-Iñãt--Iñõ average daity ãir te-p""ät,r""
varies from 32 F. The difference be-
tween the average daily temperature and
32 F. equals the degree daysfor ihat day.
The degree days are minus when the aver-
age daily temperature is below 82 F. a¡d
plus when above. A cumulative degree-
days-time curve is obtained by ptotttng
cumulative degree-days against time as
illustrated in Figure 2.

Freezing index is the number of degree_
daysTffi eêñTñã-h i gh e s r and ro *"li pTint s
on the cumulative degree-days_time curve
for one freezing season (sðe Fig. 2). It
is used asa measureof thecombined'dur_
ation and magnitude of below-freezing
temperatures occurring during any given
freezing season. The index ãetei"rñmeo
for air temperatures at 4. b ft. above the
ground is commonly designated as the air
freezing index, while thai determined for
temperatures immediately below the sur_
face is known as surface freezing inàex.
. ,Mea! free?ing. index is the fieezing
rnoex determined on the basis of mean
temperatures.

Frost action is a general term used in
refõFenõffi-Tieezing and thawing of mois_
ture in materials and the resultait effects
on thèse materials and the structures of
whic.h they are a part or with which they
are in contact.

- Ice segregation in soils is the
ot ice as distinct lenses, Iayers,
and masses; commonly, ¡ut noi
oriented normal to the direction
Ioss.

growth
veins,

always,
of heat

Frost boil is the breaking of a highway
or ffifiõIìlGîrrface under trJtic 

"nãäu.-tion-of subgrade soils in a soft and sðupy
condition caused by the melting of the
segregated ice formed by frosi action.

Frost heave is the raising of a surface
due-ïõTñ-eErm-ation of ice i-n ttre unãer_
lying soil.
,, Frost:.me.Iting period is an interval of
rne year during which the ice in the foun_
dation materials is returning to a liquidstate. It ends when all thã ice in itreground has melted or when freezing isresumed. Although in the generaliäed

'J¿-
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Figure I. Hesults of stabic-Ioad tesls \¡/rth 30-in.-diameter plate
on lB-in, bituminous-surface-treated gravel base course for Lime-
stone, ltlaine, frost test section' average of Positions 3 and4'

case there is visualized only one frost-
metting period, beginning during the gen-
eral rise of air temperatures in the spring,
one or more significant f rost-melting
intervals may occur during the winter
season.

Frost-susceptible soils are those in
wh@gation willoc-
cur when the requisite moisture and freez-
ing conditions are present.

Non-frost-susce4iqs_jrnateria]s are
ma gravel,
sand, slag, cinders, or any other cohe-
sionless material in which ice segregation
does not occur under natural freezing
conditions.

Pavement pumping is the ejection of
soiffim jointsand cracks
of rigid pavements under the action of
traffic.

A coverage is one application of the
wheeT-Iõ-over each point in the most
heavily travelled area of the traffic lane.
Four and 40 coverages are assumed here
to correspondapproximately to30 and 300
Ianding and take-off cycles, respectively,
on an airfield.

Frost capacity design is a pavement
des@uateundermaxi-
mum traffic usage throughout the frost-

melting period. For airfields, this usage
corresponds to approximately 40 total
coverages per day during the period of
weakening due to frost, by the design
wheel ioad and assembly. Greater fre-
quencies of operation can be tolerated
with loadings lighter than the design
loading.

Frost timited design is design intended
to b@ef initelY r est ricted
number of coverages per day during the
period of weakening due to frost, by the
design wheelload andassembly. For air-
fieids, this design corresponds to approxi -
mately four coverages per day. Greater
frequencies of operation can be tolerated
with loadings lighter than the design
loading.

ICE SEGREGATION AND ITS EFFECTS

Evidence indicates that ice segregation
witt always occur in a frost-susceptible
soil when it is frozen gradually, under con-
ditions similar to those experienced in
nature, with ample water available. A
cross section through such a frozen soil
will commonly show the segregated ice as
lenses, Iayers, veins, and irregular mas-
ses. However, under someconditions and



with some soils, the segregation may oc-
cur so uniformly through the soil mass
that it maybe difficult to determine visual-
ly the extent to which ice formation may
have occurred.

In soils where appreciable water is
drawn from below into the zone of freez-
ing, pavement heave is the most obvious
signof icesegregation. However, in clays
considerable ice segregation may occur
without appreciable heave, the water to
form ice lenses being obtained by pulling
it òut of the di'rectly adjacent soil, which
tends to be consolidated in the process.
In this case, the oniy heave is that repre-
sented by the relatively small expansion
resulting from change of a portion of the
soil water from the liquid to the solid
state. Spring breakup of pavements on
fine-grained soils may sometimes be
attributed erroneously to other phenomena
than frost action simply because no heave
has been noticed. Also, it is a normal
tendency to dig an exploratory test pit
only afterthe failure hasbecome apparent;
such an investigation may find no signs of
ice segregation, the ice having, by that
time, already melted.

Atthough pavement heave is definitely
a problem in design, the subsequentweak-
ening in the frost-melting period is more
serious. As frost melting penetrates a
frost-susceptibie subgrade underlying a
pavement, the melting of segregated ice
releases an excess of water which must
(1) escape upward to the surface of the
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subgrade or (2) beabsorbed by the thawed
soil. In either case, the tharved soil is
loose, with a disrupted structure and an
excess of moisture. Its shearing strength
is therefore low. Even though ice segre-
gation may have been weak, marked weak-
ening of the load-supporting capacity may
result if the soil conditions are such,ti¡at
a small increase iri moisture content re-
sulting from the frost action will cause
appreciable loss of strength. The most
critical period is usually from a few days
to 3 weekfs duration, and as the excess
water drainsfrom thesubgrade, the pave-
ment gradually regains strength. The
time duringwhich strengthcontinues to be
regained varies from a few weeks to sev-
eral months, depending upon the intensity
of ice segregation, depth of frost pene-
tration, rate of thawing, permeability of
the soil, drainage, and traffic conditions.

Figure 1 shows the variation of subgrade
strength under a bituminous-surf ace-treat -
ed, l8-in. gravel base course at Lime-
stone Air Force Base in Maine during
1950 to 1952, as measured by plate-bear-
ing tests. A plate bearingtest on a frost-
softened subgrade is not considered a good
measure of magnitude, of reduction in
bearing capacity under traffic. However,
it does provide a means of picturing (1)
the relative change of strength through
the season and (2) theduration of weaken-
ing. Conditions representedby the series
of tests shownin Figure 1 arenot atypical
of many pavements on frost-susceptible
soils, in areas subject to frost action.
The regain of bearing capacity after the
sudden drop during the spring frost-melt-
ing period is seen to be rapid at first,
then somewhat slower. It is interesting to
note that the loss of strengthwas apparent-
ly considerably greatér in the spring of
1952 than in the spring of 1951. The test
area did not receive traffic during the
series of tests. If it had, the wheel load-
ings might havehastened the reconsolida-
tion, but aiso the remolding effect of the
traffic might have increased the degree of
weakening.

It is obvious from Figure 1 that under
seasonal frost conditions the bearing ca-
pacity of thepavement isnot a fixed thing,
but is something which is constantly
changing. If our design is based on field
soil tests and natural conditions, we ar'e
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liliety to obtain different designs depending
upon the particular time of year when we

oLtain oui field data.' The strength in the
frost-melting period is seen to be the
critical value which must be considered in
design. This spring weakening has long
been recognized in the practice of limiting
wheel loads to arbitrarily reduced values
in the spring. On some airfields a com-
parable result has been obtained by limit-
ing number of dailylandings and take-offs
duiing the weakened period. IJVhile such
approaches are practieal in many instan-
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data influencrng trost actlon.

ces, theypresent anenforcement problem
and are impractical for high-traffic-ca-
pacity roads or airfields.

Less conspicuous than either heave or
weakening due to frost melt is the general
roughening of an iriitially level pavement
with time as a resqlt of either differential
changes in subgradbdensity as a result of
frost action, or of overstressing during
the frost-meltingperiod, causing deterio-
ration at a f aster ràte than otherwise wor¡ld
appty and which Ìogically must be con-
sidered as an ecoq'omic loss.

RE COGNITION OF FROST -SUSC EPTIBLE
CONDITIONS

Direct evidence of the frost activity of
the subgrade may not be una'¡ailable or
inadequate, or it may not be feasible to
perform necess¿ry field invesitgations
during the freezing and frost-melting per-
iods. Therfore, determination as to
whether or not frost-evaluation criteria
are applicable is usually based on the
gradations of the base course and sub-
grade soils, and on ground-water condi-
tions and air-temperature records. How-
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ever, all reliable information on past
performance of comparable pavements in
the area during the freezing season and
f rost -melting period should be considered.
Maintenance and traff ic records may assist
in confirming whether or not frost-sus-
ceptible conditions exist. Visibie surface
effects which maycontribute to the picture
and which areassociated with frost action
are pavement heave and surfaee cracking
during the winter season, and alligator
cracking, frost boils, noticeable weaken-
ing, shoving or deflection, and pumping
in cracks and joints during the frost-
melting period. When the presence of such
defects, or the absence of them, is used
as aguide inthe design, the freezingindex
and moisture-condition data for the loca-
tion during the actual years of record
must be examined carefully to determine
whether the severity of the frost conditions
during the period of observation can be
considered representative.

In order for ice segregation to occur,
three conditions must exist simultaneously:
the soii must be f rost susceptible; freezing
temperatures must penetrate the frost-
susceptible soil, and a sufficient supply.
of water must be availabie.

sgr

The potential intensity of ice segrega-
tion in the soil is dependent to a large
degree on its void sizes and may be ex-
pressed as an empirical function of grain
size as follows:

Inorganic soils containing 3 percent or
more of grains finer than 0.02 mm. in
diameter byweight are considered gener-
ally frost susceptible, Certain sandy soils
may have as high as three or four times
this percentage of grains finer than 0.02
mm. without being frostsusceptible; how-
ever, because of their tendency to occur
interbedded with other soils, it has been
considered generally impractical to con-
sider them separately. Inorganic soils
containing less than 3 percent of grains
finer than 0.02 mm. in diameterbyweight
are generally not frost susceptible.

In borderline cases the Frost Effects
Laboratory performs freezing tests on the
.soils to measure the relative frost sus-
ceptibility to ice segregation. ThiS service
has beenperformed onsoils from govern-
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ment construction projects covering a wide
range of geographical locations.

Frost - susceptible soils have been clas -
sified into four groups, listed in order of
increasing susceptibility. Group F4 soils
have particuiarly high frost susceptibiiity.
SoiI names correspond with those defined
in the Department of the Army Uniform
Soil Classification.

Group

F1

F2

Description

Gravelly soils containing be-
tween 3 and 20 percent finer
than 0.02 mm. by weight.
Sands containing between 3 and
L5 percent finer than 0.02 mm.
by weight.

F3 (a) Gravelly soils, containing
more than 20 percent finerthan

0. 0.02 mm. by weight, andsands,
except fine silty sands, contain-
ing more than 15 percent finer
than 0.02 mm. by weight.
(b) Clays withplasticity indices
of more than 12 except varved
clays.

F4 (a) All silts including sandy
silts.
(b) Fine silty sands contain-
ing more than 15 percent finer
than 0.02 mm. by weight.
(c) Lean clays with plasticity
indices of less than 12.
(d) Varved clays.

Temperature

The depth to which frost will penetrate
below the surface of the pavement kept
clear of snow depends principally on the
magnitude and duration of below-freezing
air temperatures, of which the freezing
index provides a measure, ând on the
amount of waterwhich isfrozeninthe sub-
grade. Figure 2 illustrates the computa-
tion of thefreezingindex. An approximate
value of the mean freezing index may be
obtained from Figure 3, on which are
plotted isograms of mean freezing index
for the continental United States. How-
ever, it is prefereble to compute the freez-
ing index from actualdaily mean air tem-
peratures measured at aweather observa-
tion station in the particu,lar locality, based
on a long period of record.
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An empirical chart showing the rela-
tionship between air freezing index and
depth of frost penetration for tlte case of
a drained, granular, non-frost-suscep-
tible base course beneath a paved area
kept free of snow, is shown on Figure 4.
The relationship shown on this chart is an
approximátion, since it averages together
the effects of such variables as pavement
type and base-course density and moisture
content. More comprehensive methods,
which take these variables into account,
have been studied in the Frost Effects
Laboratory (1, 2) and the Perma-frost
Division, St.- Pãul District, Corps of
Engineers. Carlson has described the
Perma.frost Division studies (3), in which
emphasis is on calculation õf depth of
thaw. Improvement of these methods is
still in progress. These methods should
be used where detailed computations are
required.

Fluctuations in the severity of winter
freezing and in the rateof spring thawing,
combined with fluctuations in seasonal
ground-water conditions, cause wide vari-
ations in frost action from year to year
and alsobetween localities in anyone year.
Experience in the continental United States
indicates that in 1 year out of perhaps
every 5 to 10 yearsfrostaction conditions
at any given locality are considerably more
severe than the aveïage. The results of a
comparison between the mean freezing
index and the freezing indices during the
colder years, for a B0-year record from
approximatety 35 Weather BureauStations
with a wide geographical distribution, is
shown on Figure 5. It will be observed
that inareas of relatively lowmean freez-
ing index the relative variation from mean
temperature conditions maybe very large.
This condition also exists for some dis-
tance south of the zero mean freezing
index isogram (see Fig. B).

The design freezing index is, at pres-
ent, usually based on the mean freezing
ind9x, However, thedata onFigureS sug-
gest that a more significant freezing indéx
value would be obtàined by setecting the
value which occurs, Iet us say, aboui oneyear in ten, particularly in areas of low
mea-n freezing index. On Figure b this
would correspond to the aveiage of thetnree highest freezing indices ìn the 30years of record. In general, the magni_
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tude of the freezing index value is not a
measure of the intensity of ice segregation,
but rather of the depthof frostpenetration.
Use of the one-year-in-ten freezing index
in place of the mean freezing index would
bringunder thefrost designcriteria pave-
ments and regions to which they would not
otherwise appty. The greater depth of
frost penetration would also correspond
with longer critical weakened periods un-
der traJfic. The selection of design Lreez-
ing index involves abalancingof the cumu-
lative loss from frost damage over the life
of theconstructionagainst thecost of pro-
tectivemeasures. Theproposalforuse of
a one-year-in-ten freezing index rather
than the mean is tentative and is still un-
der study.

Water

Moisture required for formation of
segregated ice within the soil may be de-
rived from an underlying ground-water
table, from infiltration through the pave-
ment orat the shoulders, froman aquifer,
or from the water held within the voids of
fine-grainedsoils adjacent to the freezing
piane. A potentially troublesome water
suppiyfor ice segregation is considered to
be present if the highest ground water at
any time of the year is within 5 ft. of the
proposed subgrade surface or of the top of
any frost susceptible subbase materials
used. When the depth to the uppermost
water table is in excesé of 10 ft. through-
out the year, a condition of troubiesome
water supply is considered usually not
present. However, these water-table
criteria are not necessarily applicable for
impervious clay soils if the water content
is sufficiently high, sinceit hasbeenfound
that ice segregation will occur in homo-
geneous clay soils at moisture contents
down to approximately shrinkage timit of
the clay, without any other water being
available for freezing than that originally
contained in the soil voids.

MAGNITUDE OF SUBGRADE WEAKENING
DUE TO FROST ACTION

The degree to which the soil loses
strength during the frost-melting period
and the length of the period during which
the strength of the soii is reduced depend
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on the type andcondition of the soil, depth
of frost penetration, temperature condi-
tions during freezingand thawing periods,
the amount and type of traffic during the
frost-melting period, the availability of
water during the freezing period, and

drainage conditions. The application of
traffic may cause remolding or develop
hydrostatic pressures within the pores of
the soil during the period of weakening,
resulling in subgrade strength reduced
appreciably betow that measured by static
tests. Traffic tests performed by the
Corpsof Engineers (4) haveshownthat the
wheel-load-supporting capacity of a ftexi-
ble pavement during the frost-rhelting
period may be of the order of one third of
the normal period wheel-load evaluation.
Rigid pavements, on the other hand, have
been found to retain about three quarters
of their normal period wheel-Ioad-sup-
porting capacities. The smaller reduction
in strength of rigidpavements due to frost
action is attributed to the fact that the
supporting capacities of rigid pavements
are not influenced to as great a degree as
flexible pavements by changes in the sub-
grade strength, and in addition, there is
Iess loss in strength due to shearing de-
formation and remolding during the criti-
cal spring frost-melting Period.

BASE COMPOSITION REQUIREMENTS

All base-course materials specified by
the design criteria are required to be not
frost susceptible, except for any portions
which may extendbelowthe predicted depth
of frost penetration. Where the combined
thickness of pavement and base over a
frost-susceptibte material is lessthan the
predicted depth of frost penetration, the
foltowing additional design requirements
apply:

1. For both flexible and rigid pave-
ments, the bottom 4 in. of base course is
required to be composed of any non-frost-
susceptible gravel, sand, or crushed stone
and is required to be designed as a filter
between the subgrade soil and overlying
base course, inorder to preventmixing of
a frost-susceptible subgrade with the base
during, and immediaiely following, the
frost-melting period. The giadation of
this filter material is determined in ac-
cordance with the filter criteria used in

subsurface drainage design, withthe added

overriding limitation that the filter ma-
terial shall, in no case, have more than
3 percent by weight finer than 0.02 mm'

2, For rigid Pavements, the B5-Per-
cent size of the fiiter or regular base-
course material placed directly beneath
the pavement is required to be equal to or
greater than a given diameter in order to
prevent loss of support by pumping soil
through the joints of the rigid pavement'
This diameter is presently specified as

'/, ín. , but study has indicated that this is
probably too conservative under modern
construction practices and consideration
is nowbeing givento reducingthis 85-per-
cent-size value.

LOAD DESIGN CRITERIA

Where the investigations of soil, tem-
perature, and moisture conditions indicate
that a frost-weakening problem does not
exist, the pavement designis made in ac-
cordance with the standard methods for
flexible or rigid pavements. However,
if the investigations showthata frostprob-
lem does exist, then twoalternate methods
of design are available which will assure
safe carrying of the design wheel load.
First, enough thickness of pavement and
base can be provided so that frost does
not enter the susceptible soil. Second,
we can base our design on the reduced
strength of thefrost-susceptible soil dur-
ing the frost-meiting period and provide
sufficient thickness of pavement and non-
frost-susceptible base above it to carry,
during the most critical days of the frost-
melting period, the anticipated rate of
coverages of the design load.

Pref¡enting Freezing _of Subgrade

In this method the combined thickness
of rigid or fiexible pavement and base is
chosen to be not less than the depth of
frost penetration determined from Figure
4, using the design freezing index deter-
mined for the particular locality. This
method is required (1) over the extremely
frost-susceptible, type F4 soils or (2)

wherever significant diff erential pavement
heave will be detrimental to high-speed
traffic. However, the method is not re-
quired in the case of flexible-pavement
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areas where appreciable differential heave
may be tolerated, such as parking areas.
Exception is aiso permitted when the
causes of nonuniform heaving can be sat-
isfactorily corrected by the removal of
isolated pockets of highly frost -susceptible
soils for the full depth offrostpenetration
or by providing gradual transitions at
abrupt changes in subgrade conditioils.
In these cases, frost may be permitted to
enter the subgrade and design is then based
on reduction in subgrade strength.

The full-protection-design method pro-
duces pavement+upporting characterist ic s
which are fairly uniform through the year
but which may be very conservative with
respect to strength. The cost of this meth-
od rises with increase in depth of annual
frost penetration. In regions of deep
seasonal frost penetration the method is
not feasible, even in cases where heavy
wheel loadings would require heavy base
courses in any event, and here arbitrary
limits must be set upon the maximum
thickness of base course. In extreme
northerly areas the situation is reversed,
and thère full protection against thaw of
the subgrade may be possible. The full-
protection - design methods described
should be considered limited to conditions
comparable to those encountered within
the continental limits of the United States.

Reduction in Subgrade Strength

Design based on the reduction in strength
of the subgrade during the spring frost-
melting periodwill frequently permit Iess
depthof pâvement and base than is required
for prevention of freezingof the subgrade.
This method is appticable for both flexible
and rigid pavements on subgrade soils of
Groups FL, F2, and F3, when subgrade
conditions are sufficiently uniform to as-
sure that obj ectionable differential heaving
wiII not occur or where subgrade variations
are correctible to thiscondition. As pre-
viously noted, the method may also be
used where appreciable nonuniform heave
can be tolerated, in flexible pavements of
lesser importance not subject to high
speed traffic. The design procedure pro-
vides a pavementwhichis justbarely ade-
quate during the frost-melting period but
which necessarily has excess strength dur-
tng the remainder 'of the year.
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For airfield usage, two design cate-
gories have been chosen for design based
on reduction in subgrade strength. Frost
limited and frost capacity are used to de-
note approximately 4 and 40 total cover-
ages per day, respectively, during the
period of weakening due to frost, by air-
plane with weights equal to the design
ioadings. The frost-Iimited information
represented here is tentative only. It is
subject to revision and is presented only
to illustrate the concepts involved in cur-
rentstudies. The frost-capacity category
is normally used for design. The frost-
limited category will normally be used only
for evaluation of existingpavements to de-
termine what loadings may be tolerated in
the springunder a relatively small number
of traffic operations. For flexible pave-
ments, separate design curves have been
prepared for the two operational condi-
tions, the frost limited curves being ten-
tative, as noted. No separate frost-limited
design curves have been prepared for rigid
pavements. However, where this condi-
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tion must be considered, 10 percent less
pavement thickness than that reguired for
frost-capacity design is considered ade-
quate for the frost-Iimited traffic.

1. Reduction in Strength Criteria for
Flexibt
@rade, the combined
thickness of flexible pavement and non-
frost-susceptible base required for the
design assembly and loading is determined
from the applicable curve among Figures
6 through 10, Figure 10 being the highway
design chart. The designs produeed by
these curves have previously been com-
pared with the results of a.n extensive
series of traffic tests in the frost-meiting
period, in a paper presented before the
ttigtrway Research Board in 1951 g).
Ho-wever, since the referenced paper wãs
presented, the curves have been adjusted
to give approximateiy 10 percent less re-
quired pavement thickness and the frost-
limited concept has been added.

The curves reflect the reduction in
strength of the soilduring the frost-melt-
ing period. It is considered that the re-
duction in strength of subgrades tends,
generally, to be greater in cuts than in
fills. If field data and experience defi-
nitely indicate that the reduction in strength
in fitl areas may be expected to be less,
because of such factor as the greater depth
to water tablq, a reduction in combined
thiclmess of base andpavement forthe fill
area may be pèrmitted. In no case is a
combined thictmess of pavement and non-
frost-suseeptible baselessthan I in. per-
mitted in design, where frost action is a

factor, atthough smaller combined thick-
ness may have to be considered in evalu-
ation of an existing pavement. Curves on

Figures 6, ? and 10. are therefore shown
dotted below f-in. thickness.

2, Reduction in Strength Criteria for
Rigid
t io-ñs,-tnon:Î ro s f - sus c eptiblebas e c ou r s e

equal in thiclicress to the thicli¡ress of the
concrete slab is requiredwhere frost pene-
tration is permitted into a f rost susceptible
subgrade beneath a rigid pavement. The
specifie exceptions to this requirement
are as follows:

A. lVhere soils of Groups Fl, F2, and
F3 occur under very uniform conditions
of subgrade and the freezing index is less
than 500, the thickness of the non-frost-
susceptible base under a rigid pavement
may be reduced to 4 in. ; it is designed to
meet filter requiremehts outlined pre-
viously under "Base Composition Require-
ments. t'

B. rffhere soils of Groups Fl, F2, and
F3 occur underuniform conditionsand the
depth to the uppermost water table is
greater than 10 ft., the thickness of the
non-frost-susceptible base under a rigid
pavement may bereduced to4 in., and the
base is designed as a filter.

C. Over Group F4 soils the combined
thickness of rigid pavement and base is
determined according to ihe criteria for
prevention of freezing of the subgrade.

The thiclmess of concrete pavement is
determined on basis of anticipated flexural
strengths and subgrade modulus using

Loao lN poul¡o3 oN ouaL WHEELS 37,6'c.0.
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standard Corps of Engineers rigid-pave-
ment-design methods. Subgrade modulus
values for use in these computations are
determined from Figure 11, which allows
for the reduced strength of the subgrade.
Should actual field test subgrade modulus
values prove to be lower than those ob-
tained from Figure 11, the field test val-
ues govern the design.
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EXAMPLES OF PAVEMENT DESIGN

Example 1

Design an access-road pavement for a
flexible pavement to withstand a 12,000-
lb, wheel load (24,000-tb. axte load) un-
der maximum traffic conditions during the
frost-melting period, for the following
conditions:

Design freezing index, 700
Subgrade, silty sand 20 percent finer

than 0.02 mm.
Highest ground water, 1 ft. below top

of subgrade
Base CBR, B0 percent
1. Preventiònof Freezingofsubgrade.

From
pavement and base to prevent freezing ef
the subgradefor a designfreezingindex of
700 is 38 in.

- 2, Reduction in Subgrade Strength.
From F
of pavement and base is required over the
type f3 subgradesoil toprovide sufficient
supporting capacity during the weakened
period in the spring. Since this thickness
wiII still allowsonle frostpenetration into
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thè subgrade, some heave should be ex-
pected, but it should not be detrimental in
this application provided it occurs uniform-
ly, i. e. , there are no abrupt changes in
subgrade conditions.
Example 2

Design an airfield taxiway for both
flexible and rigid pavernents to with-
stand a 25,000-lb. , single wheel load
with 200-psi. tire pressure undqr maxi-
mum traffic e.onditions during the frost-
melting period, for the following con-
ditions.

Design freezing index, 300 degree-days
Subgrade, uniform lean clay and plas-

ticity index 14.
Highest ground water, 2 ft. below sur-

face of subgrade
Subgrade CB& B percent (rormalperiod)
Base CBR - B0 percent
Subgrade modulus, k - 100 lb.

in. per in.
Concrete fiexural strength,

per sq. in.

per sq.

650 rb.

1. Flexible Pavement. (a) Preventing
freezi@m Figure 4, the
combined thickness of pavement and base
topreventfreezingofthe subgrade is 25 in.

(b) Reduction in subgrade strength:
Soil is type F3. From Figure 6, the re-
quired total thickness of pavement and base
for frostcapacityoperation is 28 in. This
is greater than the depthof frost penetra-
tion; therforg design on bases of reduction
in subgrade strength is not applicable.
Analysis by standard California Bearing
Ratio procedures shows that a thickness
of 22 in. is required forthe normalperibd
subgrade strength. Since the thickness
of 25 in. required to prevent freezing of
the subgrade is less than the value from
Figure 6 and greater than the 22 ín, re-
quired for thenormal period, 25 in. would
be selected as the combined thickness of
pavement and base.

2, Rigid Pavement. (a) Preventing
freezin{iFGõ[iãiêl-Trom Figure 4 the
minimum thickness of pavement and base
required to protect the subgrade from
frost action is 25 in. The required siab
thickness from standard rigid-pavement-
design chartg with no subgrade weakening,
is 11.4 in. The Corps of Engineers' de-
sign manual specifies that when the thick-
ness from the design curves indicates a

ooôooooooooo
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fractional value greater than 1/4 in., the
next full-inch thickness is used for con-
struction. The adopted slab thickness
should therefore be 12 in. , resultingin a
base-course thickness of 25-12=13 in.

(b) Reduction in subgrade strength:
Since subgrade conditions are uniform and
freezing .index is less than 500, exception
to the ri gid-pavement-base-course-design
criterion is applicable. A minimum base
course of 4 in. is required to protect
against loss of support by pumping. The
subgrade modulus duringthe frost-melting
period is 25 lb. per sq. in. per in. as
determined in Figure 11. The slab thick-
ness required, from standard rigid-pave-
ment-design charts, is 13 in. Cost com-
parison then indicates whether this design
or the one obtainedin the preceding para-
graph should be used.

El3ryls_3.

Design an airfield taxiway for both
fiexibie and rigid pavements to withstand
a 25,000-1b. single wheel ioad with 200-
psi. tire pressure, under capacity opera-
tion during the frost-meiting period, for
the foliowing conditions:

Design freezing index, 2000 degree-
days

Subgrade, uniform lean clay and plas-
ticity index 14

Highest ground water, 3 ft. below sur-
face of subgrade

Subgrade CBR, B Percent (normal
period)

Base CBR, B0 Percent
Subgrade modulus, k is 100 Ib. Per

sq.

sq.

irt. per in.
Concrete flexural strength, 650 ib. per
in.

1. Flexible Pavement. (a) Preventing

required to protect subgrade from freez-
ing is 62 in. The slab thickness according
to standard rigid-pavement-design curves
would be 11.4 in. A 12-in. slab thickness
should be used in construction, thereby
resulting in a base course of 50 in.

(b) Reduction in subgrade strength:
Assuming a 12-in. base thickness, the
subgrade modulus, as determined in Fig-
ure 11, is 65 lb. per sq. in. per in. Using
this value, the required siab thickness,
from standard rigid - pavement - design
curves, is 12 in., which requires a 12-
in. base thiclness in accordance with the
previously stated general criterion for
base courses under rigid pavements.
This confirms the original assumption of
base thickness. Fortheuniform subgrade
conditions, this would be the adopted
design.

If, in this case, the ground-water-
table depth should be in excess of 10 ft. ,

with atl other conditions the same' a 4-
in. -minimum-thickness base would be
permitted in accordance with exception
previousty outlined. The design subgrade
modulus in accordance with Figure 11

would then be 25 Ib. per sg. in. per in.
Using this value of subgrade modulus, the
required slab thickness, from standard
rigid-pavement-design charts, would be
13.

NEEDED IMPROVEMENTS IN CRITERTA

Actual application of traffic on frost-
susceptible areas is the only effective
means we have at present of evaluating
simultaneously all factors rvhich influence
weakeningof frost-susceptible soils. The
traffic method gives us, particularly, ân
evaluation of the remolding action of traf -
fic and ofany subtlechanges insoil struc-
ture resulting fromthe frost action on the
soil strength. Therefore, we should at-
tempt to obtain additional fuliy correiated
records of traffic experience on border-
line designs during the frost - melting
period. These should extend coverage
over a fullrangeof soil, temperature, and
moisture conditions. Frost traffic tests
to date have covered a fair variety of con-
ditions, but much remains to be learned.
It is essential that the surface obierva-
tions be carefully correlated with data on

the coverages, wheel loadings, soil mois-

freezin@m Figure 4 the
combined thickness of pavement and base
to prevent freezing of the subgrade, for
the design freezing index, is 62 in.

(b) Reduction in subgrade strength:
When allowing a reduction in strength of
the subgrade due to frost action and al-
lowing uniform heave of the pavement, a
total thickness of 28 in. is required, ac'
cording to Figure 6.

2. Rigid Pavement. (a) Preventing
freezirfõIffi[iãõ:-Trom Figure 4 the
minimum thickness of pavement and base
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Figure I0.
ture, depth of freezing, soil density, and
other basic soil information.

A thin base under a rigid pavement is
believed to contribute relatively litüe
structural effect, since the layer is so
thin relative to the depth to which the ma-
terial is stressed. However, a thin base
course will definitely have some drainage
function in distributing and'removing in-
filtration through the pavement or excess
melt water which emerges from the sub-
grade during the frost-melting period.
This function wiII, of course, vary with
the permeability of the subgrade, amount
of ice segregation which has occurred,
Iateral drainage distance, rate of thaw.
AIso, it is assumed the thin base course
will reduce or prevent pumping, if it is
satisfactorily designed as a filter. pos-
sibly conventional filter criteria may be
too eonservative for this special apptica-
tion. Much work needs to be done to
crystallize design criteria in this field.

It may be that we should give greater
attention to the difference in spreading
effects of different base courses under
Pavements, as for example, between
rounded natural gravels and angular
crushed rocks. These effects possibly
are of iittle consequence in relatively
thin base courses but may be of distinct
importance when base courses reach
thicknesses of the order of 2 ft. or more.

The question of how much heave ispermissible under a rigid pavement is
also a thorny problem, nôt süsceptible of
tneoretical analyses.
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We need better methods of analyzing
those combinations of precipitation, freez-
ing and rate of thaw which are conducive
to especially severe spring pavement
weakening.

We need to obtain better information on
the duration of the maximum weakening
period in various soils. In relativety
pervious frost-susceptible soils, the melt
water may escape nearly as rapidly as it
becomes available. In soils of lower
permeability the effective time of drainage
may be slower and the duration of the
weakening may be greatly extended. We
also need more information on the effect-
ive permeabiiity of soilsduring the frost-
melting period, whichmaynot be thesame
as the permeability of a homogeneous
sample, due to fissured structure.

- -F.osl 6holl not ba pô.n¡ltcd to poncl.ote group F4 ro¡t8 bonooth
.¡g¡d povomenlg.

Figure 11. Rigid-pavement-subgrade mod-
ulus curves for frost action in subgrade

Study is needed to determine whether
the present rule, which states that a soil
containing 3 percent or more of grains by
weight finer than 0.02 mm. is generally
frost susceptible, can be improved. Var-
ious possible methods of making use of
borderline frost-susceptible base-course
materials should be explored. More data
are needed onthe effectsof depth to water
table, degree of saturation, soil struc-
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ture, surcharge, depth of cover and other.
variabies. James F. Haley described in
the previous paper cold-room studies
presently being made in the Frost Effects
Laboratory to investigate some of these
effects with the objective of deriving im-
proved design criteria (B). Actual field
performance data and celtain basic theo-
ietical studies are needed in addition to
the cold-room studies.

England Division, Corps of Engineers,
U. S. ArmY, BostÖn, Mass', "Frost
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to Repórt on Frost Investigation 1944-
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a THE Michigan Hydrologic Research
Station was established at East Lansing
in 1940 as a cooperative study between
the Soil Conservation Service of the U. S.

Department of Agriculture and the Michi-
gan Agricultural Erperiment Station to
study the effectof landuse on thehydrology
of farm landsunder varying types of snow
cover and frozen soil. As additional
objectives, it was planned for the station
to: (1) determine the manner in which
freezing and thawing of soils on water-
sheds with varying types of land use
contribute to runoff, erosion, and flood
flow under northern' winter conditions,
and (2) to determine the fundamêntal
hydrotogic relationships of typical Mich-
igan soils under varying types of land
use, witl esþecial emphasis upon the
movement of water through the soil pro-
file during the faII and winter months.

In order to accompiish these objectives,
one of the most complete hydrologic in-
strumentations in this country was de-
vised and installed on lands of Michigan
State College and the Rose Lake Vfildlife
Ex¡leriment Station, near East Lansing
(14),

--The mqitiplicity of climatic ánd hydro-
logic factors working together to cause
run'off , erosion and flood flow, and con-
trolling the hydrologic relationships of
soils requires a broad program of basic
reSêarch tci include investigatiöns in many
little known fields of climatology that are
of coirsiderable interest to highway engi-
neers, agronómists, agricultural engi-
neers, and many other specialists, as
well as hydrologists. One set of rela-
tionships which interests both the hy-
drologist and the highway engineer is
the air-soil temperature relationship.
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Daily records of soil temperatures at
depths up'to 60 in. , as weII as air tem-
peratures, are kept on the watersheds of
the MichiganHydrologic Research Station.
These watersheds, three in number, con-
sist of two cultivated watersheds and a
wooded watershed. All three watersheds
are quite similar in size, slope, soils,
and ex¡losure. Their primary difference
is a variation in land cover; the two cul-
tivated watersheds being planted to a ro-
tation of corn, wheat, and alfalfa brome,
which permits ready comparison between
the hydrologic effects of close growing
and row crops and wooded cover. Among
other differences found in the hydrologic
relationships of these watersheds, are
soil temperature differences occurring
under differentvegetal cover. This paper
will discuss these differences in some
detail, and attempt to present causes for
the differences.

Soil temperatures play an important
part in determining the hydrologic re-
lations of soils. Soil moisture changes
are a-Imost always marked by an accom-
panying soil temperature change. Soil
temperatures also play an important
part in the actual measurement of soil
moisture. At the East Lansing station,
soil moisture on the cultivated water-
sheds is measured by the Bouyoucos
method, with plaster - of -paris elec-
trical-resistance blocks. This method
utilizes variations in the electrical re-
sistance of pòrous units buried in the
soil (14). The resistance of such units
is directly related to the moisture con:
tent and temperature of the blocks. The
gathering of daily records of soil mois-
ture content also gives a daily record
of soil temperature. This paper will
take such a record for severa-I years
(1947-51) and show temperature varia-
tions in the soil in relation to depth,
cover, and air temperature.

LOCATION OF WORK AND DESCRIPTION
OF INSTRUMENTS

The studies here reported rilere con-
ducted near East Lansing, Michigan,
rvhich has an average January tempera-
ture of 22.9 F. . and an average July
temperature of 71.1 F. The average
date of last killing frost in the spring
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is May 5, and the average date of first
killing frost in the fall is October 10.

Average annual precipitation at East
Lansing amounts to 31. 43 in. , while
the normal annual amount of insolation
received is 102,602 langleys. I

The three watersheds upon which this
study is based consist of two cultivated
areas on the lands of Michigan State
College, approximately 3 mi. south of
East Lansing, Michigan, and a wooded
watershed on the lands of the Rose Lake
'Wildlif e E><periment Station, approxi-
mately 10 mi. northeast of East Lan-
sing. These three watersheds, varying
in size from 1. 3 acres to 1.9 acres'
have overall, average, weighted slopes
of from 6.0 percent to 6. 5 percent. Soils
of the two cultivated watersheds are of
the Hillsdale, Miami, and Spinks series,
while those of the wooded watershed are
of the Hiltsdaie and Miami series. AI-
though these soils differ in character-
istics sufficiently to justify separate
classification, they are similar. Their
major diJf erence is the presence, in
certain sections of the cultivated water-
sheds, of an area of soil underlain at
from 30 to 60 in. by a 2- to B-in. Iayer
of silty clay loam which is relatively
impervious. Station A, in Watershed B,
is not a-ffected by this layer, whereas
deeper readings at Station B, in Water-
shed A, indicate its presence. There-
fore temperaturesfor Station B areshown
only at the 1-in. and 6-in. layers. The
soils are generally classified as gray-
brown podzolic, and have textures of
Ioamy fine sand and fine sandy loam.
Physiographically, they are classed as
consisting of undulating and rolling till,
moderately good to weil drained.

The general instrumentation of the
three watersheds basically follows the
standard hydrologic instrumentation pat-
tern of the Soil Conservation Service,
with facilities for measuring precipita-
tion, runoff , erosion losses, wind move-
ment, and relative humidity. In addition
to these basic measurements, compara-
tive precipitation measurements are de-
termined with different types of rain-
gages; evaporation rates with standard
and experimental types of equipment;
soil moisture at di-fferent depths and
'A langley is defined as 1 gm. cal. per cu. c¡n. (13).
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Figure l. Conparison of mean daily air terperatures with 1- and 6.in. soil temperatures under meadow cover at East Lansingt
Michigan, 1949.



under different covers, utilizing the
electrical resistance and gravimetric
methods; air and soil temperatures by
electrical resistance, thermocouples,
bimetallic and mercurial thermometers;
and insolation. In view of the fact that
this paper deals only with variations
in soil and air temperatures, specif ic
descriptions will be given only for those
instruments which deal with this phase
of the study.

Air temperatures are measured at the
watersheds by means of standard USWB
maximum-minimum thermometer sets,
supplemented by mercurial current-
reading thermometers, thermographs,
and resistance thermometers. Mean air
temperature (that used for comparative
purposes) is obtained by averaging the
maximum and minimum air temperatures
of any one day, at the cultivated water-
sheds. In addition to this record, the
instrumentation at each watershed in-
cludes a. hygrothermograph, which si-
multaneously records air temperature
and relative humidity bY means of a
bourdon-tube thermal unit and moisture-
sensitive hair element.

Soil temperatures at the woodedwater-
shed are recorded automatically by a
three-pen, bimetallic, soil thermograph
which simultaneously records the tem-
perature at the 1-in. and6-in. soil depths,
and at a point 6 in. above the soil sur-
face. At the cultivated watersheds soil
temperatures are measured by thermo-
couples and resistance thermometers.
The thermocouple temperatures are read
and recorded manually each day at B

a. m. The resistance thermometers
are connected to a recorder which auto-
matically reeords, at 15-min. intervals,
soil temperatures at each of 14 dif-
ferent locations, and air temperature 3
in. above the soil. For the purposes of
this paper, study will be made of the B

â, trr. soil temperatures at all three of
the wetersheds.

Temperature records are available
for bothsoil and air, at eachof the water-
sheds, continuously since t942, This
paper will deal only with daily records
from the years 1947 through 1951 (see
Appendix B).
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SOIL AND ATMOSPHERIC CLIMATE:
DISCUSSION

The atmospheric climate of the East
Lansing area of Michigan alternates be-
tween continental and semimarine with
changing meteorologic conditions (1Ð.
The semimarine type of climate is pri-
marily occasioned by the influence of
the Great Lakes, which surround the
state on three sides. This lake influ-
ence is controlled by the force and di-
rection of the winds. During periods of
slight wind movement over the area
the climate follows the continental pat-
tern, with sharp variation in tempera-
tures, ranging from hot summers to
severely cold winters. These extremes,
however, may be sharply and quicklY
modified by a strong wind from the lakes
(12).

-It has been shown by many techni-
cians that soil climate is largely depend-
ent upon the basic factors of atmospheric
climate, such as barometric pressure,
temperature, and humidity. Aeration of
soils, as inJluenced by these phenomena,
is also a major factor in soil climate.
Camp and rüalker (5), Harrington (6),
Smith (9, 10), and Aaylor (U, haîe
demonstiated that atmospheric temper-
atures affect soil climate, and that this
in turn has a pronounced effect on plant
growth.

Atmospheric climate is one of the five
majorfactorsin soil formation. It affects
the characteristics of soils over broad
areas (12). Soil climateis modifiedby the
atmospñèric climate immediately above it,
and vegetation further modiJies the soil
climate. The effect of vegetation de-
pends to some extent upon its height and
density. Wooded cover is generally most
effective in modifying the climate of the
soil, although the effect of grass cover is
also marked. Topography has a modify-
ing effect. SoiI climate is particularly af -
fected by direct radiation from the sun,
particularly in summer. Soil cover a.ffects
this solar modification by interception of
the sun's rays. SoiI temperature varia-
tions from season to season are some-
what dependent upon theangle of the sun's
rays to the soil surface, cloudiness, and
air temperature. The effect of the latter
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is muchmoreapparent in theupper layers
of the soii. It is generally believed that
the average temperature of the surface
soil is higherthan that ofthe air above it,
but the dãtaat East Lansingindicatethis to
be true only incases of littleor no cover'
The daily fluctuations of soil temperature
are generally less thanthose of air temp-
erature, and soil-temperature changes lag
behind atmospheric -temperature changes,
especially in the lower soil depths. D-aily

vaiiations are largely in the surface lay-
ers anddecrease withdepth, so that below
approximately 42 in. , the soil temperature
dõãs not readily reflect daily changes at
the surface. There is usually a lag in
soil temperature f ollowing seasona-I varia-
tions in the air temperatures. The maxi-
mum temperature of the lower horizons
is reached many days aJter the average
air temperature has passed the seasonal
maximum. The amount of these varia-
tions also descreases rapidtywithdepth,
and at a depth of 4 to 10 ft. most soils
are nearly constant in temperature (f?).

Although some minor differences in
the amount of heat absorbed by soils are
due directly to the color and conductivity
of the soil material, by far the most im-
portant differences result from varia-
tions in moisture content and organic
matter. In order to change the tem-
perature of soil, so much heat is re-
quired to change the temperature of
the water in it, that other differences
in specific heat are relatively insig-
nificant. Porous, weII-drained soils,
such as sandy soils or those witì well-
developed porespaces through which the
watermay pass rapidly, warm up earliest
in the spring; that is, they follow more
closely the changes in the average air
temperature. Soils with poorly de-
veloped structure such as massive clays
and clay loams, are frequently so moist
that they warm very slowly in the spring-
time (12).

SOIL-MOISTURE VARIATIONS

Soil - moisture determinations were
made in atl three watersheds at reg-
ular intervals.' The wooded watershed,
subject to 'much less change in moisture
content and being rather difficult of ac-
cess, was sampled at 2-week intervals

for soil moisture determinations, util-
izing the gravimetric method. This was
accomplished through use of a Veih-
meyer Tube for sampling at three depths,
0 tó 6 in. , 12 to 18 in. , and 30 to 36 in.
The samples were reduced to oven dry-
ness and the soil moisture percentages
were calculated. At the cultivated water-
sheds, hQwever, a much more intensive
study has been made of soil moisture
variations at different depths. Here,
daily determinations \Ã/ere made at B

a. m. of soil moisture and temperature
at different depths ranging to 60 in. Soil
moisture was determined by means of
the electrical resistance method (11). In
view of the fact that the electrical re-
sistance of plaster- of -paris moisture
units is affected by both moisture and

soil temperature, soil temperatures
were determined through use of copper-
constantan thermocouples and a portable
potentiometer catibrated in degrees
Fahrenheit. The electrical resistance
method is one of the most successful
vet devised for determination of soil
moisture in situ (9, 0.

INTERPRETATION OF FIGURES

Previous studies of soil temPera-
ture (10) have tended to utilize data as
to sþ conditions, cloudiness, etc., in
the interpretation of the temperature
data. However, in view of the fact that
pyrheliometric data, showing actual
ãmounts of solar heat received in the
area, are available, this information
will be used in interpretation of results.

Precipitation records are available
for the period of the life of the study
from bothareas of record In the graphic
presentation, actual daily precipitation
lor the watershed in question is plotted
above the temperature data. In Appendix
B daily amounts of precipitation at the
cultivated watersheds are tabulated with
each day's temperature recordfrom each
watershed so'as to provide a measure
of this climatic effect on temperature.

TEMPERATURE RECORDS

Temperature records are given in
tabular form in Appendix B for the period
194? through 1951. Similar records are



generally available for thg perlod of 1941
to date. In Appendix B, 'daily entries
show air-soil temperature relations for
1-Ín. depths at Watersheds A and B, and
the wooded watershed; 6-in. depths for
Watersheds A and B, and thC wooded
watershed; t2-, 18-, 42-, and 60-in.
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.lepths for Watershed B; alt in relation to
the mean airtemperature atthe cultivated
watersheds for that day. The mean air
temperature uras used as being most in-
dicative of average daily air tempera-
tures, and that of the cultivated water-
sheds v/as accepted as typical for all

TABI,E 1

SoIL-AIB IEI{FERATUnE EXTn$¡!ES, 1o¿?:5!

lfean ].lr A lt'B Iil Tll 6n ¡. 6n B 6il Tf l2,r A Ig{ .t æt A 60ll A
** I:P; l:Tnr T:pi T:pi T:*pr T:pr T:tpr T:tpr Tstp: Tçsp:

"F.) ( o

L947 84 86 82

Lgt+ß 84 87 e5

L9t8 84 84 75

L950 80 78 79

L95J. 79 75 74

l[a¡c. of
perlodr 84 87 gj

L947 6 23 22

Lgtß -3 2/+ 28

L949 6 27 29

L950 5 22 26

195L 2 25 27

lill¡. of
period: .4 22 22

MAXIMU'Í

TL 77 m 7L '15 ,14

.7o 86 78 6S 75 75

78W797t7876
68 74 'tt, 65 n 69

6 7O 74 65 "to 6s

78 86 79 TL

MINII,IUU

2L 28 28 30

22 23 3L 25

23 29 30 30

2Lt3028
L7 28 29 28

w76'18

283033
25 28 33

3t 3L 38

2ß 30 25

30 32 35

69 66

69 65

79 66

67 62

63 60

66

36

36

t8

35

36

n?.9282525282535
RANGE

1947 644 23-€,6 22-€2 2Lr7t 28-77 28-77 3É'r]- 28-75 3V'r4 3349 3Uß
1948 -3-8tr 2t+47 28..45 z2-'.ro 2346 3L-78 25-68 25-75 æ-75 33{,9 3645
1949 æ4 27-s4 æ-75 23-78 2g-w 3o-7g 3o-'L 3L-7g 3L-76 3s-7g /,J..66

1950 5..e0 224q 2Ç79 ?f.48 2Ç74 3c-74 2ú5 2f*73 3úg 251,7 3512
1951 2:w 25-75 27-74 L7J,6 2*70 2944 ã'--.65 3o-?o 3248 3543 3ÁORange of
pe¡1od:-3-84 22-8? 2245 L7-"t8 2346 2g_'lg 25_'lt 25_7g æ_i6 25_W 351Á

Extrernes of por{.od, atJ_ depthsr L7-{'7

E:rt¡'enes of perlod, mean al¡r -3,-54
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1- and 6-in. soil
Michigan, 1949.

temperatures under deciduous forest cover at
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watersheds after consultation with cli-
matologists of the U. S. Weather Bureau.
In addition, Appendix B shows, for each
day, the precipitation received at the
cultivated watersheds, and the amount of
insolation received, thereby clearly re-
lating the cooling effect of precipitation,
and the heating effect of solar radiation.

Temperature extremes, bV years, for
air and soil are summarized in Table 1.

These should be used with caution, as
they are undated values. Dates may be
obtained by consulting Appendix B.

DAILY THERMOGRAPHS

Daily thermographs have been pre -
pared, graphically presenting tempera-
ture fluctuations by 30-min. intervals for
24-hr. periods, at times of seasonal
change. Although temperature data from
the recording resistance thermometer
are available for depths of 1, 4, 10, 12,
!8, 27, 27, and 33 in. in Watershed A, 1

in. in Watershed B, and air temperature
at a point 3 in. above groundlevelbetween
the two watersheds, comparison by
thermograph was made only for air tem-
perature, and depths of 1, 12, 18, and
33 in.

The most noticeable attribute of the
daily thermographs is the relative con-
stancy of the temperatures found at the
1B- and 33-in. levels. Almost no hourly
variation of temperature was found at
these depths, and what little there was
occurred in the "dead hours" of pre-
dawn, when the heat stored in the soil
the previous day tended to dissipate it-
self to some extent. Temperatures at the
1- and 12-in. levels showed the hourly
effect of atmospheric temperatures and
insolation but, nonetheless, v/ere sur-
prisingly stable. Analysis of these tler-
mographs points to the conclusion that soil
temperature variations, at the lower
depths, are not so much the product of
hourly, or even daily, air temperatures.
but of accumulations of heat gradually
stored in the soil profile. Preliminary
plottings of thermal data, wherein soil
temperatures wêre piotted cumulatively
on an annual basis in comparison with
cumulative mean air temperatures and
insolation values, illustrate this very
clearly. The curve resulting from mean
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air temperature reflects Ure insolation
curve with remarkable accuracy, and
the soil temperature curves follow the
mean air curve almost exactly. In fact,
the only reason this curve was not used
as an illustration for this paper was the
lack of separation between the l-in. and
6-in. soil temperatures when plotted
cumulatively and the fact that thermal
curves for other depths were so close
as to be confusing.

INTERPRETATION OF CHARTS

During January of 1949 at cultivated
Watershed A, under meadow cover, the
1-in. depth showed the most stable tem-
perature; the B a. m. average reading
being 31.0 F. Watershed B had a slightly
higher average temperature under small
grain and stubble cover. The average
1-in. soil temperature here was 31.3 F.
The wooded watershed had the lowest
average temperaturefor the ¡;eriod: 30. 3
F. Mean air temperature for the periocl
was 28. 1 F.

Wooded-soil temperatures at the l-in.
depth were more variable than the corre-
sponding cultivated soil temperatures. On
days when snow covered the ground. a lag
of approximately one day between air and
soii temperature changes was noted.
However, on days with no sno'fl cover,
the lag could be measured in hours. It
was noted that the percentage of moisture
in the soil was consistently greater under
wooded cover than under cultivation.

On January 26, the wooded area had a
4-in. btanket of snow onthe surface and a
1-in. soil temperature of 30 F. Air
temperature took a slight drop, and very
slight rise, and then a sharp drop from
2B F. to 6 F. within 48 hr. One day after
the air reached this low temperature, the
wooded soil reached a Iow of 28 F.

An appreciation of the insulating effect
of snow upon soil temperature can be
gained by a comparison of the data for
January with that for late November and
December of the same year. In late
November, with B in. of snow cover, an
air temperature drop to 12 F. lowered
the woodedsoil temperatureto 32 F. atthe
1-in. Ievel, in aperiod of 3 days. Pre-
viously, an air low of 22 F. without snow
cover brought about a soil low temperature

{
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of 32 F. within one day. From a rather
constant lag of less than a day under
snow-free conditions, a change to a lag
of three days under snow cover was
noted.

The same Period under meadow cover
in Watershed A showed a low reading of
onty 33 F. , with a time lag of one daY.

The effect of snow was here minimized
by cover. However, soil moisture was
greater at the wooded watershed than at
Watershed A, where moisture conditions
were more favorable for heat transfer.
It must also be remembered that under
wooded cover' the tree stems deflect
and slow down air velocity, and mini-
mize snow btowing. On meadow, how-
ever, wind has futl play in moving and
drifting snow' and at times large areas
are blown almost compÌetely clear.

Watershed B during the same Period
showed an average 1-in. soil depth low
temperature of 31 F. This watershed
was under small grain stubble and meadow
cover. The soil temperature changes
were very erratic.

Average monthly temperature for the
watershedsfor Decemberwere: 31. 2 F. ,

wooded watershed; 32.2 F., Watershed
B; 33. 3 F. , Watershed A; and 31. 1 F. ,

mean air. The wooded watershed, with-
out snow cover, had the most variable
temperature, while Watershed A, under
a heavy meadow cover' showed the most
uniform temPerature.

A comParison of the 6-in. dePths
shows that for the period, of rapid temper-
ature drop, the soilsof the wooded water-
shed cooled much slower than those of the
two cultivatedwatersheds. Meadow cover
was next, with small grain showing rapid
response to a drop in air temperature.
The 6-in. low at the wooded watershedfor
themonth of December was 32 F. , thatfor
small grain was 32 F. , and for meadow
32 F. It is of interest to note that the
wooded-watershed temperature reacted
more sharply than the cultivated water-
sheds when snol was not Present.

On December 13, a drop in air temP-
erature to 16 F. brought a corresponding
drop in l-in. soil temperature to 23 F.
with a time lag of less than a day at the
wooded watershed. Small grain register-
ed 28 F. , while meadow recorded 31 F.
in response to this change.

On December 20, a rise in average
air temperature to a peak of 48 F. brought
a corresponding increase in 1-in. temp-
erature to 45 F. within one day at the
wooded watershed. SmaII grain cover
for the same period showed a lag of less
than a day with a Peak of 3? F. Meadow
cover recorded a peak of 3? F. with a iag
of a few hours.

Under small grain cover, for the first
6 mo. , temperatures were quite stable
fot the month of January, and generally
more etratic during February than in
either of the other two watersheds. The
modified cover conditions found there
caused a lag of from 1 to 3 days. There
was a le-g of 3 days in connection with the
air temperature droP to 6 F. in late
January. This change occasioned a drop
of 1 F. in soil temperature, bringing
the 1-in. soil temperature to 30 F. under
small grain cover. There was a snow
blanketat the time. Woodedcoverallowed
a 2 F. drop to 28 F., while meadow
cover permitted a 1 F. droP to 31 F.

After the disapPearance of snow at
the cultivated watersheds on February
11, a drop in air temPerature to 19 F.
brought a correspon'ding change in soil
temperature from 30 F. to 26 F. under
small grain cover. During this period
the wooded watershed showed no reaction
to the change in air temperature be-
cause of continued snow cover. Meadow
cover showed a reduction in soil tem-
perature of 2 F. to 29 F.

The period of March 1 to 20 was one
of winter air temperatures. The soil
temperature under the small, grain-
covered' watershed was most erratic,
while the..wooded watershed was the
most stable of the three for this period.

Watershed B, with smail grain cover,
on March 19, one day after the last snow
melt of the winter season, showed the
effect of the beginning of spring weather.
In two days the air temperature rose
from 22 F. to 52 F. The soil temPera-
ture at the l-in. depth rose from a low
of 29 F. to 31 F. the same day. There
were less radical changes in soil temp-
erature occasioned by air temperature
changes than at any time during summer
or autumn. A fa^ll inairtemperaturefrom
56 F. to 35 F. during this period produc-
ed a fall in the slowly rising soil temp-
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erature only after a period of three
days; that is, the peak for soil temP-
erature lagged three days behind the
peak for air temperature. The 6-in.
soit depth's reaction to the rise in late
March air temperature was a steady rise
instead of a series of rises, as was the
case at the l-in. depth. Ho'üever, the
temperature fall at the 6-in. layer only
Iagged one day behind the air tempera-
ture change, showing the effect of the
still cool layers below.

Meadow cover on Watershed A at the
one-in. depth, for the period March 19

to April 1, showed a rather steady in-
crease, with little fluctuation or response
to the rapid rise in air temperature. How-
ever, a drop in air temperature of 22 F.
over a period of two days occasioned a
drop of 6 F. at the 1-in. soil depth, and
this occurred after a time lag of 3 days.
The peak temperature for tlre period
lagged 3 days behind air temperature.

Under wooded cover during the same
period, the response of l-in. and 6-in.
depths to air change was more raPid
than under meadow. The Peak Period
under wooded cover was reachedSdays
earlier than under either meadow or
small grain cover. The peak tempera-
ture for both small grain and wooded
cover was 44 F. , whíIe the peak temp-
erature for meadow was 39 F. This
period marked the end of winter and
the beginning of spring. The tempera-
ture rise of the 6-in. layer in the forest
was more nearly coincidental with air
than similar depths under other covers.

On April 13, air temPerature began
a descent from a Peak of 59 F. In a
Z-day period, it dropped to 35 F. and
was followed one day later by the 1-in.
soil temperature, which fell to 34 F.
The bottom of the trough showed a one
day lag. This was under meadow cover.
Also under meadow cover, the 6-in. depth
showed a lag of two days and dropped to a
low of 38 F.

Under wooded cover, the 1-in. dePtl
showed a lag of two days in dropping from
a peak of 48 F. to a low of 34 F. 'The
6-in. depth showed aone day lag in begin-
ning its fall, and in reaching its low of
38 F.

Under smatl grain, the same time lag
was noticed. The lowest temperature at

the 1-in. layer was registered under
this cover, with wooded cover causing a

considerabty higher temperature. The
same pattern held for the 6-in. depth.

AII depths at Watershed B showed the

eff ects of the temperature drop. The
Iowest depth, 60 in. , registered its low-
est temperature of the year up to this
point. The 42-in. and 60-in. depths
had heretofore shown small reaction,
if &ny, to extremes in temPerature.
They had shown a steady decline in tem-
perature untii the latter part of March,
then a rapid, steadY rise.

The lowest recorded air temperature
for 1949 was 6 F. This occurred on Jan-
uary 30. The lowest recorded tempera-
ture for the 60-in. Iayer, 3? F. , occurred
during the period March 20 to March 2B'

The lowest recorded temperature for the
42-ín. depth was 34 F. This was reached
on March 26 and March 27.

The highest recorded air temperature,
84 F. , occurred on trulY 3. The high
temperature reading forthe 60-in. layer,
66 È., occurred August 19. The 42-in.
high of ?9 F. occurred on JuIY 30.

An analysis of the temperatures of the
42-in. and 60-in. soil depths leads to
the conclusion that soil temperatures at
these depths are not the obvious result
of daily temperature change but are the
result of seasonal accumulations or
losses of solar heat.

The next major change in air temP-
erature came about during the period
of May 5 to 10. Air temperature dropped
during this period from 78 F" to 44 F.
The L-in. wooded temperature dropped
from 5B F. to 45 F. within one daY.
Meadow temperatures f or the same period
dropped from a 1-in. temperature of 64

F. to 47 F. For the first time, the forest
temperature showed the eff ect of the
foliage in shielding the forest floor.
Under small grain, the peak tempera-
ture for the period was much higher,
70 F. , while the low was 48 F. This
illustrates the effect of cover in con-
trolling heat absorption and retention by
the soil in the spring. Soils under small
grain showed greater temperature ex-
tremes than either of the other stations.

Under wooded cover, the 6-in. layer
rose to 57 F. and dropPed to 50 F. ,

while meadow cover reached a peak of
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60 F. a¡rd a trough of 50 F. Under small
grain, meanwhile, the soil at 6 in. heated
to 6? F. , and cooled to 53 F. Thus, it is
seen, as the seasonbecameprogressively
warmer temperature peaks and troughs
became more extreme in inverse pro-
portion to the amount of cover. At the
60-in. depth, the five-day variation was
not apparent.

Inspection of the charts and data thus
far indicates that, with warmer weather,
one may e:ipect lower soil temperatures
under wooded cover tha¡ under cultivation,
showing the effect of the verdant growth
of foliagefound at thistime of year. Fur-
ther examination of the charts shows that
under small grain, during the period of
June 1 to 13, when soil moisture content
at the l-in. depth was 4.5 percent, the
soil reacted immediately to air tempera-
ture changes. However, wooöed cover,
with a higher moisture content and a
more dense cover, caused a time lag of
3 days for the same temperature change.
Under meadow cover the lag was one
day. Again, the soil moisture was high-
er than under small grain.

On June 13 to 1?, the area received
enoughprecipitation to bring soil moisture
content at the 1-in. depth under small
grain to a content of 8.5 percent. The
time lag for the moisture rise and the
corresponding drop in soil temperature
varied from 1 to 2 days. The same lag
was noted for the 6-in. depth. Under
wodded cover such time lags practically
disappeared towards the end of June.
However, the soil temperature under
this type of cover was still far below
that for the other two covers.

JuIy 3 had the highest peak air temp-
erature of 1949, 84 F. The 1949 temp-
eratures and dates for all soil depths
were as follows:

Woods Meadow Small Grain

Commencing in August, under wooded
cover, the differencesbetween air and soil
temperature tended to become less and
lag greater. This trend was very pro-
nounced in September when tin:e lags of
two days were frequent between peaks of
rising temperature and lags of one day
common between troughs in falling temp-
erature. After the middle of September,
these lags disappeared and -'esponses

were almost immediate. Soil moistureí
during this period was relatively stable,
within the range of. 4L/z to ? percent, In
October, rapidly falling air temperatures
fell below the more slowly falling soii
temperaturesat the 1-in. depth. This oc-
curred at the 6-in. wooded depth in mid-
August, two months previous to the re-
versal at the 1-in. depth.

Undermeadow cover, the lags intemp-
erature changes became less pronounced
about the middle of July.

In July, the soil temperature under
small grain showed rapid response to
air temperature changes, and continued
to vary until mid-November. In late July
the smaII grain was harvestedand meadow
cover (stubbte) remained. Under this
cover the fluctuations of soil temperature
were rnarked, and the extremes were

'nearly as great as those of air temp-
eratures.

SoiI temperature was higher than the
average air temperature on the following
dates:

SMAII
Wooded Grain
Cover Coverin.

1 Oct. 13, Nov. 15,
Mar. 20 Mar. 20

6 Sept. 19, July 6,
Mar. 20 Mar. 20

Meadow
Cover.

Nov. 13,
Mar. 20

Aug. 10,
Mar. 20

In.

1

The first below-freezing average air
temperature in the falL occurred during
the period November 10 to 26. This was
preceded by aweekrs falling temperature,
reaching a low of 33 F. Under grain
stubble a two day lag of soil temperature
was finally overcome and the soil temp-
erature dropped to within two degrees of
thelow airtemperature. This wasfollow-
ed by sharply rising air temperatures to'
59 F. Soil temperature responded very
slowlyand rose to 48 F. , wheretheagain-
falling air temperature carried it to 81

73 F.
Juiy

71 F.
Aug.

77 F.
JuIy 6

76 F.
JuIy 6

26

11

7B F.
July 5 and 26

81 F.
Juty 26

78 F. JuIy 26

?6 F. Juty 26

?9 F. JuIy 30

66 F. Aug. 19

t2

1B

42

60

ìi

ÉL
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F. on November 22. Wooded-soil temp-
erature for the same period showed less
fluctuation, but reached the 32 F. temp-
erature on the same day as the stubble
covered watershed. Meadow soil temp-
eratures were lhe most stable for this
period, and reached a iow of 32 F. at the
1-in. depth on December B.

The winter season under meadow cover
was a period of relative stabitity. The
lowest soil temperature was 31 F. , re-
corded on December 9, 13, 1'5, 16, and
1?, in response to air temperature drops
to 12 F. and 16 F. The 6-in. laYer re-
corded a December low of 32 F. on De-
cember 20 in response to the 16 F. air
low. Under woodedcover, the 1-in. layer
reached a low of 23 F. on December 14.

The low for the 6-in. layer was 32 F. on

December 16.
On December 14, the stubble covered

watershed's 1-in. layer reached a temp-
erature of 2B F. , while the 6-in. layer
had a temperature of 32 F. on December
16. The 12-in. layer at this watershed
recorded its lowest temperature on De-
cember 16, 33 F. ; while the l8-in. Iayer
reached, on December 20, a low of 34 F.
The 42-in. depth, meanwhile, registered
its low of 38 F. on December 28. The60-
in. layer's low of 42 F. was reached on
December 28.

SUMMARY

The most stable period for soil temp-
eratures was found to be tlle months of
January, February, and earlY March.
Meadow cover was most stable for this
period, while small grain was most sub-
ject to fluctuation. Falling air tempera-
tures during this period were usually ac-
companied by rains, which helped melt
the snow then present on the ground and,
in infiltrating, rapidly cooled the 1- and
6-in. Iayers.

Woodedtemperatures in late March and
early April were in a state of flux, re-
sponding rapidly to changes in air temp-
eratures. As soon as the IeaJ coverbe-
came dense enough to shade the ground,
the wooded soil temperatures began to
Iag behind the rising air temperatures.

Under small-grain cover during the
same period, temperature response was
slower thanunder wooded cover, and time

lags were greater because of the ad-
vanced development of the small -grain
crop. Æter this time, however, soil
temperatures followed air temperature
more closety than under any other cover.
Small-grain soil temperatures during
this time were slightly lower than air
temperatures.

Response to air-temperature change
was slowest for the period of late March
and early April under meadow cover.
Until eariy May, the soil temperature
response under meadow was slower tha¡r
under wooded cover. After this, soil
temperature more nearly followed air
temperature under meadow than under
timber.

Bouyoucos (2, 4) observed that heat
penetrated uncultivated soil more rapidly
than cultivated soil. It.was his conclusion
that sod-covered soil would be slowest
to warm up. The findings of the current
study completely substantiate his hypothe-
sis. A comparison of the charts for l-in.
depths wilt show a sharp rise in soil
temperatures of the wooded watershed
in late March. Smail grain cover gave

a slower temperature rise, while meadow
showed the slowest rise of the three.

The lowest average soil temperatures
under the various soil covers in the sum-
mer months were found at the wooded
watershed. Here, temperatures were
quite low untit mid-trúIy. The charts for
the L2-, 1B-, 42-, and 60-in. depths
also indicate that this period marks the
peak temperatures for these depths.
It should be borne in mind that trans-
piration has, by this time, removed
Iarge quantities of water from the soil,
so that the moisture content is near the
optimum for heat transfer. After July,
the differences between 1-in. soil temp-
eratures and air temperatures were
smaller. In September, the falling air
temperature and the slowiy falling soil
temperature were in equilibrium for the
first time since early April. This con-
dition was maintained during September
and October. In early November, the air
temperature, falling rapidly, f ell far be-
Iow the sóil temperature and until late
January, soil temperatures fluctuated
until a stateof equilibriumwas established
between the upper and lower depths. Tn

this area, under wooded cover, the ev-
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idence of local records points toapprox-
imately 30 F. as the normal winter soil
temperature, once it has been eposed to
cold air long enough to cool the lower
depths.

The situation in the 6-in. wooded soil
zone was essentially the same as the 1-in.
except for time lags. In mid-September,
the air temperature fell below the soil
temperature and the 6-in. Iayer reached
its winter equilibrium at approximately the
same time as the 1-in. layer. Theequili-
brium temperature was 31 F.

The 1-in. and 6-in. layers under small
grain showed the effects of cover in hold-
ing soil temperature to a slow rise in late
March. However, summer soil tempera-
tures under this cover were very high in
relation to the other two types of cover;
and after the grain was cut in late July,
soil temperatures at the L-in. level were
higher than the air temperatures. A con-
dition of pronounced soil temperature re-
sponse to air temperature existed until
mid-November, when the soil was cooled
rapidly at the 1-, 6-, and 12-in. depths
by a sharp drop in air temperature. Be-
cause of suddenchilling ofits less shallow
depths, this watershed reached its equi-
librium point of approximately 31 F. in
Iate December.

Meadow cover, consisting of alfalJa
and brome grass, was cut twice during
the summer of 1949. Cutting dates can
easily be located on the 1-in. and 6-in.
temperature charts. In May and August,
after the cutting of the meadow cover,
soil. temperatures rose sharply in relation
to air temperatures.

There have been many broad state-
ments made concerning the tempering
effect upon soil climate of vegetation. It
is generally conceded that a forest cover
has the greatest effect upon soil climate.
The studies at East Lansing indicate that
this statement is true in part. The effect
of a forest cover ,upon soil climate wiII
depend upon whether the trees are coni-
ferous or deciduous, their density, depth
of leaf mat, etc. The wooded watershed
under study, being a hardwood forest, ex-
erts itsgreatest influence uponsoil temp-
erature during tìe summer, when the
foliage tends to screen the soil surface
from solar heat. This inftuence is some-
what lessened by the decrease in soil
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moisture, through evapotranspiration, to
an optimtfm condition for heat transfer.

Under wooded conditions it was ob-
served that snow covers the ground for
Ionger intervals than is t}te case undgr
other vegetative cover, a¡d exerts its
influence more markedly in ameliorating
the effects of extremetemperature drops.

There is, of course, an exchangeof air
between the surface atmosphere and the
pore spaces of tle soil. As rain infil-
trates the ground, it occupies pore space
usually filled with air, thus forcing the
air out. As the soil dries, air replaces
the moisture. This is one methodby which
changes in soil temperature are encourag-
ed (1). However, the studies at East
Lansingindicate that a greater influencing
factor is solar heat. Any vegetal cover
tends to reduce thereceipt ofsolar heatin
proportion to tìe density of that cover.

. As the various covers were harvested,
small grainand meadow, there wasgreat-
er opportunity for solar heat to exert its
warming influence directly upon the soil,
and soil temperatures were much higher
in relation to air tlan at other times.

There exists no doubt as to the effect
exerted upon soil temperatures by soil
moisture, barometric pressure changes,
soil color and physical makeup. It is
the belief of the authors, however, that
the greatest factor in soil temperature is
the modification of thesevarious phenom-
ena by vegetative cover. The effect of
cover is more widespread than its solar-
shielding effect. Vegetai cover also
markedly influences each of the following:
1. Moisture content at diff erent soil
depths (19). 2. Porosity, permeability,
and thus aeration of tìe soil (10). 3. The
color of the soil and organic content (!!).
4. The length of time snow will remàin
on the soil surface (2).

Vegetation exerts then, not only a
direct influence upon soil temperature,
but also an indirect infiuence upon al-
most every other factor affecting soil
temperature changes and other hydrologic
factors.
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As pointed out by the authors, Bou-
youcos observed similar effects of grass
cover in his work many years ago. Algren(E) found temperatures under soãded
ground to be?. 6 F. lower than under bare
ground at a depth of 1 ft. in September.
At a depth of 16 ft. the diff erence was
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Discussion
CARL B. CRAIüFORD, Division of Build-
ing R es earch, Nationa! ties eãrch-Tõüñõt

th-is pafF-Tllustrates the value of co-
operation between two normally unre-
lated sciences. A great many of the
unanswered questions concerning soil
temperatures have been posed by agri-
culturalists and many problems have
been solved jointly by agriculturalists
and engineers.

In this discussion the writer can pre-
sent some data in support of the author's
conclusions. Part of this information has
been published by Legget and Crawford
(G). These observations have been ob-
tained from a general study of soil temp-
eratures being carried out at Ottawa, by
the Division of Building Research of the
National Research Council of Canada (F).

The coolingeffect insummer of grass-
cover is shown in Table A. Although it is
thought that grass also has a warming ef -
fect in winter, no comparisons are pos-

sible sincethe effectsare maskedby snow
cover.

TABLE A
MAXIMUM SOIL TEMPERATURES OC-
CURRING UNDER PAYEMENT AND

ADJACENT GRASS COVER

Year Depth Max. Temp. puringyear
ffi

ft. F.



SoiI Type

3. 6 F. Both Belotelkin (C) and Atkinson
and Bay (E) observedconsiderable differ-
ences in frost penetration between pas-
tures and forest covers.

The value of undisturbed snow in re-
ducing frost penetration was quite evi-
dent in the Ottawa work.

TABLE B
THE EFFECT OF UNDISTURBED SNOW-
COVER ON FROST PENETRATION IN

1950-51

Frost Penetration
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of this paper will be the authors' refer-
ence to the measurement of soil mois-
ture in situ using the electrical-re-
sistance method. These instruments
are an agricultural development which
seem to perform adequately their original
use which was to follow moisture changes
in relatively dry soils. Attempts by the
Division of Building Research to use the
electrical methods in soils of higher
water contents have not been successful.
Work is now going on in an effort to de-
vise a similar method which will give
satisfactory results.
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Table B shows the variation in maxi-
mum frost penetration in prepared test
pits with and witJrout snow-cover. The
Average sno'rv COVer fOr tJre winter was
about 1 ft.

In addition to the test-pit measure-
ments a record of frost depths in ex-
cavations has been kept by the Ottawa
Water Works Department for several
years. A study of these records re-
vealed that on the average the frost depth
was reduced about 2 ft. for each foot of
snow cover. This study has shown a
greater effect than that reported by
Atkinson and Bay (Þ) who found that snow
reduced frost penetration by an amount
equal to its depth.

Thompson (4) studied soil temperatures
at Winnipeg, Canada. He found the annual
average soil temperature to be 4.7 F.
warmer than the average air tempera-
ture. Part of this difference was attrib-
uted tothe insulatingeffect ofsnow cover.

In his theoretical studies Berggren (Ð)
estimated that the depth of frost penetra-
tion during a given time would be reduced
to about one sixth by 4 in. of fresh snow.
Many investigators have noticed this
marked effect of snow cover, but quite
naturally the degree of effect has been var-
iable dueto thevariety in snow properties.

Of particular interest to many readers



Appendix A

cRop HIsroRY, CULTIVATED WATERSHEDS, 194? THROUGH 1951

IYATERSIIBA A

Plowed.
Plowed f.c harzoned, oats
& alfalfa-öronre planted.
@ts harvested.

L9¿+'l

].9t+8

Alfalfa-brome cut.
ALfaLfa-l¡rone cut.

11949

Alfalfa-brone cub.
Alfalla-brono cut.

L950

5-23 llarrowedrplan'red corn.
@1 ,a/rrt" 19 Corn cult'i-vated.
"14 Corn cr¡ftivated.
8-6 gre seeded.
IW23 Com huslced;stocks Left in fleld.

Heariy gronfh of rye.
32-l+ Corn stocks choppéd in field.

].)fL

5-:¡- We 22n high plowed u¡dor.
5-2L Com planted.
6-l? to ?:L? Corn Cultfvatod

six tl¡es.
10-30 Com han¡ested.
'l-L? Se cover crop seeded.

4-'J,8

4-r9

8-1

6-L6
*L2

6-ro
7-20

4..L964et,
6-24 e.25
9-lJ.
10-5

II¡ATERSI{ED B

Plowed.
Dlsked & planted corn.
CuLti-r¡ated corn.
ÐrilIed rye in corn.
Han¡ested corn.

Plo¡pd 8c cuLti-packed.
Plar¡ted covn.
Cultivated. corn.
Corn cut for ensilage.
ISe drilled inccom

stubble.

Plowed.
Harroned; plar¡ted oats
8¡ alfalfa-broue.
@ts cub.
Oats harvested.

AlfaLfa-brpne cut.
Alfalfa-brone cut.
Alfatfa 6il to 8rr taII,
thin ¡¡rowbh.

ALfalfa-brorn cut.
Alfalfa-bro¡rp suü.

5-5
5-25
6-5 s;5-9
9-23
10-9

&43
lr-U

7-t5
6-10
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Appendix B

DAILY RECORD OF SOIL AND AIR TEMPERATURES, PRECIPITATION, AND INSOLATION, 194? TIIROUCII tg5t, BT' MONTIIS

JANUAry 191¡? fEBR¡rAru l.9l¿l

DÂtE: m@ERATUnES (%.) ¡ Tor¡t :Total DA!E: TF¡,fPERÂrunES (o1.) lÎotsl tTotel
:Ilsc1p.:rnso1.:¡l"*.soi1DepthsfnInchesstations.{I¡B¡&1{o:Pr6gÍp-¡I!so1.
; *;i trn.; :(ia¡¡g., 

, oi", 1ra'7 :1i'ar'6'7

.o2 100
r2l2
- 1ó3
r 263
I f'56

.o2 L33

.o2 r97

"0L ZlL3

-2'B_ 103

- zb9
-2ó8
- ìo<
- r92

.01 39

"01¡ 169
T II?r 258- 9.?
- 328

.01 ?3L
- 29r
.o2 26
.o2 r79
. ry?

r 339
- ?72
- 378

33 37 lro
33 36 ù0
33 37 l¡0
32 36 39
T3 36 39

33 36 3932 36 l¡o
32 36 39
33 36 39
32 37 l¡0

32 36 3932 36 39
31 35 38
32 36 39
32 36 39

32 36 39
32 36 39
32 36 39
33 36 39
32 35 38

32 35 38
32f 38
32 37 39
32 36 38
3r 3t 38

31 35 38
3L 35 38
32 35 38

32 32 32 32
32 32 32 3?
3L 32 32 32
11æ323È30 30 32 32

30 29 31 32
þ30JL3L
30 30 31 31
þ31313À
31n3131
30þ3131
303c3131
29 30 31 30
31 31 3L 3r.
32 3L 31 32

32 32 31 32
32 3L 31 32
3t 31 32 3r
31 29 32 32
29 28 3f, 30

29 28 31 30
29 28 fr 30
28283030
29 28 30 30
29 29 3r. n
?'303L3o
28 ?9 31 ?9
28 29 3L 29

223232n
æ 3r. 32 30
29313]þ
!23029n
6292829

13 29 28 29
829?929
8282928

18 28 30 28
2230æ28
23 29 29 28
2629n29
32 29 29 29
lo 30 3t 30
32323130
2b3232n
26 32 31 30
2031n3l
L32929n
15 27 27 29

L7 28 27 29
1E 27 26 28
16 26 25 28
27 29 28 28
28 29 29 29

26 ?9 30 29
æ282929
20 27 29 29

1
2

)+

5

6
7

q

10

11
T2
r.3
rl.
r<

1ó
L7
18
t9
20

?).
22
23
2lr
z5

26
2?
28
z9
30
31

rù-79
l8 .tú nl¡3 .ez 69
b3 - rl¡8¡¡3 I L77

b3-55l¡3 - 2)tl¡3 T 112
¡¡3 .01 1tr
L3-62
b? - 3l¡bz - 190lûr26
\z .08 3l¡1 - It?
l¡1 .o1 ó8
l¡o I a59
l¿ - L73
bz - 189
l¿1 .l¡5 29

39 I ].óL
l¡0 - 1.82
l¡o - 96l¡o r 33l¡1 'r 75

l¡1 .0L 1.91
lro .0L It9
Lo - II9
l¡o .67 r7
Lo 1.09 3r.
39 .a3 ]J'8

39
38

38
38

9
38
38
âq

38

fi
38
38
38
37

36
36
37
38
37

36
37
37
36
37

37
37
36
36
37
36

32 3b
1Ò tt

32 33
n 3¡¿

32 33

32 3ù32 3l¡
32 33
32 33
51 t)

32 3333 3t+

3 33'
32 33

32 33
3r. 33
32 33
32 33
32 33

3Ì 32
32 333f, 33
3r. 3232 33

32 33
32 33j[ 32
32 32
3? 33
31 n

3L
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jlr
3f 33
31 33

32 3!32 3¿¡

32 3lr
31 3l¡
31 3l¡

3L 3l¡32 3b
31 lt
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3L 3l¡
31 3L
31 3L
32 3f+

30 3l¡29 36?9 33
3r. 33
32 32

)¿ ))
32 3331 3lt
32 33
32 33
32 33

3À
3r-
3128 3229 31

832
3032
30 32
30 32
30 32

þ32
þ3230 32

32
3&

3L28 3028 3!28 3L29 32

æ3127 3027. rL
28 'r31.28 32

28 3?
30 323tI
31 TL
3L. 32
3f, 3r

30 29
31 303r. rr
31 æ
3L 29

31 3L
32 .A
31 31
31 30
31 31

32 3r.
32 31
31 31
32 32
TT

31 3f,
30 3029 29
29 30
3? 32

28 27
29 27
30 28
JL 31
32 32

32 32
32 22
3L 3r
32 32
32 32
31 32

I r.1
2 2l!
317l+ r¡5t3
6æ
728
823
9æ

10 26

11 33
)2 20
13 30
ll¡ 38
t, 3b

16 26
L7 30
18 33
t9 37
20 30

2L 13
22 11
23 26
2b 38
25 38

26 b0
2? l¿l¡
28 30
29 26
30 28
31 25

Note: l{eaJx aL¡ te¡peratu¡e,Ls average daiÌf ¡u:(ln:n æd ni¡l¡ûu t€q)elatures.
Âlf. other t€rperatures irre as of 8:oo A.M. Station lt is locåted l¡ CuLt¿vated
l,Jatsrshed B¡ St¿tion B is l¡ Cu].tivated Uat€rshed Â, a¡¡d St¿tion lI 1s in the
lrooded. Letersù\ed.
nTn i¡dlcates a trace, or æout too sm]1 1'or reasurerent.
BLak q)aces j-ncricat€ i¡conplete record for thaù dry üd station.

Not€: Ì!a¡ alr ter@eraturo 1s average dal.]Y na)dm ed ¡Ût¡i!l!! tæ4Flatu¡es.
AlL othe.r te,rçeratues a¡e as of 6:00 A.M. Stat'io! A ls Locat€d 1¡ G\:ltlvetèd
I{atersbeã B¡ Station B ls l-:1 cr¡ltlvated ¡'Iater6hêd Âr aûl Statlo! }J l-s I'B the
I,¡ooded l'at€rshed.
nTn i¡dicêt€s a t?ac6r or amut too snall fc reesueænt.
glank spaces indlcate incoq)let€ recød for tbat dry å¡3d stetioa.

ct¡ts



I
I

I,ÍARCH ].9I¡?

CJ¡
È9

¡¡an 191¡7

: tÐt¡I ¡ Tot's1
mMmnÄnnEs (or.') : Totå1 :Total DAIE: mMPe.[fnRÈs cr.)

Soi]. Depth ln Inches Station8 Â, B, & y.statlons & ¡f. Pæcip.:IßoL. ' u"* So11 Ðepths in næhes statio¡s Âr B, & lll. :t ld""¡ SoiL Depths in Inchesre& . ùou FPv¡r! ¡u ¡¡Þusù eEv¡v'E Ãt u, s {' . l!n.ì :ll¡ng.l

, F,ln¡.:lnB ¡ fttl{: órrÂ. órB: órri,I:12ttA¡. 1U"Ar l¿znÂ: éOtt't :

P¡sclp.t IDsoL
(In") :(leg.)

.o2 ly¿

.97 rt?
- 5r8
.æ6

2.57 97

-72
- 287
- 200
- ?2?

"35 96

3l¡ 37
35 37
3l¡ 37
33 36
3l¡ 36

3l¡ 37
3l¡ 36
,¡ 36
33 36
3L 36

3l¡ 36 .L1 3l¿

3l¡ 36 .ol¡ 88
37 37 - 2TL
36 36 - 5r8
3ó 37 .03 369

36 37 .oó 282
37 38 .09 \32
38 38 .32 287
38 38 .t9 ù3o
39 39 .31¡ f91

9z L8 b5 50 I+2 38 b3 38 3l¡
36 38 35 l¡a 39 3l¡ lP 39 38
3l¡ 3l¡ 32 3l¡ 35 32 37 37 37
l¡À l¡8 Lùlt 35 39 35 37 37 36
lt2 37 35 3? 37 33 39 38 38

36 36 3l¡ 38 3? 3¡¡ 39 38 38
)Ê l-15 lP 3l¡ 39 36 37 37 37
l¡o lß bz 39 I!2 l¿ 38 l¡1 lro

38 l¡L b3 36 l¡o 38 38 39 39
3l¡ 37 ú 3l¡ 38 37 38 39 l¡o

29 30 3r þ 30 3L 3L 30 11 3l¡ 37j? tl 3r -þ ¡r 31 3l- 3L 3 - 3l¿ 37

38 30 ¡r ¡o 30 31 31 30 30 3l¡ 36 '2t
iá tt tf 30 31 31 31 31 2? 3l¡ 3? r
t á, 2g âg 30 30 3L 31 31 3¡r 37 r

38 38 - 52o
39 39 - 1?l-
38 38 - 2]-7

39 39 .r2 522
39 39 - dto

l¡o h0 - 527
bz l¡o .o3 b23
l¡f l¡O - 62
bl l¡o .o5 25lt
l¡1 l¡o .?3 273

38 b5 LI 32 38 36 36 37 37
t$ 39 38 3? 39 37 36 39 39
5¡l 5l- L8 tr2 b5 b2 38 l¡1 39
itt Ll L6 b5 b7 l¡ó l¡Ì¡ l¡ó l¡3
irl BB Ití l¡i¡ l¡ó l¡l¡ l¡l¿ lú b¡

5o l¡1 Ùo l¡o l¡3 l¡1 b2 I¡l¡ l¡It
lro l¿7 b6 L6 l¡? b6 l¡6 Ll b5
lr3 52 l¡S 3? lú l¡l¿ Iû l¡3 l¡3
re h Ló l!5 I$ l¿l¡ l¡l¡ l¡l¡ hll
ss óo 5? 5e fi 5L I!9 lr9 l¿6

bz 32 32 29 32 31 31 31 32
36 33 32 31 32 32 31 32 32
36 32 31 30 32 31 31 32 3?
l¡o 32 31 30 32 31 31 31 32
tg l¡ó l¡3 l¡3 3l¡ 32 35 32 32

l¡6 3? 35 l¡l¿ 3l¡ 32 l¿o 32 32
38 38 37 35 33 32 37 32 32
l¡o 32 32 35 32 32 36 32 32
l¡3 ld¡ I¿2 38 35 33 * 32 32
,L38]63831¿33?83232

L
2
I

l¡

6
7

9
10

11
L2
13
il¡
ú
16
r7
18
to
20

2L
22
23
?I}
?9

26
27
28

'Q
3o
3L

182
27b
332
328
279

19¡¿
237
361
20?
b35

l¡¡0
356
f0lr
?Jû
2&

3llo
2.1¡o

lß2
l¡l¡
359

L53
299
207

32
295

)95
5L3
2U.
2r9
532
tto

.03

':'

:

?h 26 28 28 28 8 31 2' 31 35 38

& àg 29 28 30 29 31 3L 32 39 3?

ztt ,i zi 28 2a 29 31 29 3t 35 38

ái ái zi 29 zs 2e 31 28 æ 3b 38

,6 õi ri zi zB 2e 3r ze 31 35 æ

3? 29 30 31 29 30 3] 29 30 3l¡ 37
áltóþb3o303L30313538
2)t âa 2g 29 29 æ 9 29 3t 3l¡ 37

&àa3o2ezö3030aB3o3L37
21 àg JL 29 29 31 31 29 3] 3b 37

26 29 29 29 30 30 3L 31 32 35 38 f
àt,t zç 30 29 29 3L tr 31 35 37 I
25 ,i 28 ¿9 28 28 31 29 31 3l¡ 37

;s ,à ù 30 28 z8 31 29 31 3l¡ 37

tt t ir to 30 31 31 30 3L 3l¿ 37

32 31 3L 30 31 30 30 3r ¡l 3L 37 'ot
3t' Ã tl ¡o st 3r æ 31 3? 3L 37

ú¿ tt lt 31 3 tt 1z 3I 11 3l¡ 37 "2))
[o lt tz þ 32 lz n 32 32 35 37 "*
àt' tz iz ¡o 32 lz ¡o 32 32 35 3? "ol¡

2L 32 31 Ð 32 31 30 ?1 ?1 3b 37 r
?)t t, 3i N 32 31 30 31 31 3¡¡ 37

,S 3I Zz 30 31 32 P 31 31 3l! 37 '01tó 1l¿ tz ¡o 32 3? 30 32 32 35 37 .12
ái ta tt -p 32 32 30 32 32 3l¡ 3?

,t t, tt ¡o 32 32 30 32 32 3L 37 "o1

1
2
3
b
I
ó
7
I
9

lo

t]'
w
13
il¡
t5

16
a7
r8
10
20

21

22
1)
2L
25

26
27
28
oa

30
JL

Note: ¡{eæ air teq>eratue ls ave¡ago daiþ naxiro æd rini¡tu ten¡Þratur€s'
-Allothertæ-lperatuesæeas-ofu:tx.¡¡.¡t.st¿tionAislocâtedinCultivated

üatersfred B¡ Station B ls 1r1 Cultivated !üatershed À, a¡d Station 1l is 1n the

llæded Watershed.
nTt l-¡dicates a trace, or åuount too sIÉ1I for ¡neæureneat'
Blank spaces in<ücate iacouplete record for that da¡¡ and süation'

Noie: l,tea¡ air tenlEratu¡€ is aærage daily naximn ed nd-rrj'nu ten¡rratues"- 
All other te-lperatrrres ar€ æ of 8:oo Â.M. station A is Iæatad ln cuftiveted
iJa&rshed B, 

-station 
B is in cdtivated l.Ietershed A, æd statlon lf is in tbe

ltroodad !'atershed.
dÎr iiadlcates a trece, or eout too sna:Ll- for reæur€rent'
Blank spaces i¡dicat€'i-r¡cô4)1ete record for t'lrat day ad statiorl'

r;Ìii.;';'- : I



l,lÁI L9l¿7
JIINE 19!¿7

DÂTE: lElPm.afl,RIS (%.)

Not€: Uea alr terperature is average dâllJr nÐdm)tn snd rúnû.nu[ t€ßperatu¡es.
A.LL other te¡Ferstur€s are as of 8:00 A.ìL StatloD Â 1s locet€d l_lr 6\:ltlvet€d
Wat€rshed B, Statj-on B Ls 1n ú\rftlmted lfatershed Â, and Statl.on I{ 1s l¡ the
'!{ooded lfatershed.
nTn i¡dlcates a trace, or æut too sral1 for neasu¡:ereuto
BLenk spaces i¡öcate incolrplet€ record for thet day eBd st¿tion

Q'
]-97
68L
597
l¡ll
3b5
236
L57
6¿-
58b

t26
¡l¡
296
LZ)t
!+9

65L
267
67
5t3
639

67t
6l¡5
6]'5
2&
516

5l¡8
l¡85
@¡
l¡Zo
578

5t 53 5b 5\ 93 fi 5z 50 l¡s .665z 5? 53 5\ 53 53 53 50 l¡S .2r57 58 56 5t! 5I 53 51 9o l¡857 l¡9 5t 5t 5I 5? 52 t¿9 !858 56 55 55 5b 5t¿ 53 I¿9 t+?

62 ts 6 59 56 58 SS þ l¡S .ts63 56 62 óo 56 @ 5T tl ¡¡B .?o
? 58 62 6ir. 5? 61 58 Sz b9 ¿33ó8t765&576260SzL9

71 6L 68 67 6 65 61 53 l!9

q6167é6ó167635950.2!
60 5t! 6r éo s7 61 ó1 1E çt5.8 tt! 59 59 56 éo 6 lo 9t .t3595659ó157¿r Ø56Szoo1
55 5z 55 57 55 56 58 55 52

ó1 5? 58 5e 55 57 56 55 5z5e 9+ 58 5e 55 5? 5? l5 Sz62 5) 59 60 59 5? 56 t5 sz629r660S5S95aS55z63 53 62 6t 55 59 58 55 53

6) 55 6r. óù 55 6 59 55 536 56 óit 59 57 6r- 61 56 lZ63 56 63 6r. 5? 63 62 57 ll6r. 57 63 61 57 6l¡ 63 56 93 r67 58 65 63 58 q ó:r S? ll .31

6t 59 65 63 58 6l+ I 58 5\6t ó1 65 6U 59 65 63 5S stt67 62 67 65 6 6? ól¡ 58 5l¡70 d¡ 70 67 62 69 69 5? 537?ór71686rØ6?(o5t

t5957
,5052
35073
b565r
5éf 62

6716ó
76!72867ó8
9687710 ?9 79

1r.66
12 5z 7t1362v],^
rÀ 5t+ 5715 5l+ 5t

16 56 69
t758&
18 59 7t19 59 7l¡20 60 73

?l d¡ 72?? 67 €ù
23 ó8 6?
Ðr 63 6l¡
25 68 7b

26 69 68
27 7L 67
28 75 7029 75 ?tt
30 7t 82
n

DÂæ: ïEMP[L0.TUnES (o¡,.) : Tota] :Tot¡l
; l{6 i"""rp.ti*õ.
, aurl¡.A:IñB:y!¡ :(Ia.) l(fang.)

llot€r I{es¡ d-r t.rq)eratue is average aa:{y nædaun æd ¡rini¡r:n teq)eaatures.
lll otåer terrp€ratures æ as of 8:00 A.ll. süatLoD A 1s Loca:tea:¡ crrltlvate
lfa¿ershed B, Stat!.on B is i¡ Ctrltivåted l.¡atershed ¡.r. ad Ststion l¡ is l.r¡ ttr6
I{ooded l{eta]lrbod.
ttr l¡dl.cates a tlace, or anou¡t too snaal for reaaurenont.
Blaak epaces i¡dl-cate l¡co¡ryLete record for that dÂy ard atatloD.

ltZ l¡o 1.21 1ó3l¡3 bz .ol¡ 206l¡l¡ tt2 - 380b5 I+3 .ol ù6l¡¡ L2 r L62

1 5¡¡ 56 5\ I!? 5t L9 t¡s b9 tll
? 5! 53 5) l¡s 5z 5o l¡9 lo b9
2 5? tI l¡8 U6 l¡8 t¡ö b7 lO l¡itt lr 9o L9 l¡s 9o So l¡B lo lo5 ttÛ 5z L9 l+? l¡8 l¡C l¡B t Z li

" q !o \? l¡ó b5 I¿5 l¡6 lú l¡ó tú
I 35 l¡o f¿2 \z Ip l¡l¡ l¡ó l¡3 ßI *' 3.j 37 38 38 l¡o l¡3 ¡.i ú9 28 53 l¡¿¡ 36 39 l¡t l¡1 3S t].10 l¿ö l¡3 l¡o 38 39 l+r trz h Ir2

b5 b3 .r9 390bt l¡3 - 25Lb5 lû - 262l¡3 l¡3 - 63
¡3 I¡3 - 630

l¡3 l+3 - 623lt2 l¿2 - 513b3 b2 1.31¡ 3ztItí L3 .o3 l¡éol¡6 l¡l¡ .33 l¡óO

.l¿ó l¡t - lreo
.l¡? Ir5 .31 l¡60¡¡8 \5 .o? l¡60
b7 lrl¡ .o9 b6l¡8 b5 .oz 538

It9 ùó .72 3l¡3l¡9 l¡6 - 623l¡9 1¡6 .59 20¡¡
50 ,¿7 .o2 285
50 \7 .23 218

50 Ii .vz 529!8 b7 I 281
þ' l¡8 .33 ?85o l¡8 .29 r?5
50 [8 .03 I!33
b9 l¡8 - 592

lù l¡i¡ b5.l¡8 l¡8 l$
5z 52 b950Sttul¡9 50 b9

53 56 5?52 5b 5\52 9It 53'5ttu9253tu9t
?J5)ó153fr53525b5351¿, 59 óo 5b 50 52 53 53 t, ïz2? 5.e 62 58 55 57 56 5I¿ 55 St,4 * ót 55 5z 9s ss sz ítt stt25 52 tr 5z 50 53 5b 53 9L 5b

?9 5J 6) 5? 5z 56 55 5z 5U 53?!**5350535b52s2t,?gþq*e525353535352æþ91îlßl¡eíoç¿frtr
4!q59b2t+?t¿75oþfuW30. 56 óù tu 98 ,L 52 So ,ó 

'ri

l¡3 l¡3 l¡l¿ l¡3 \369 57 l$ 52 5ró1 56 5ó 5b 535z 5t l¡8 St 5tóo 52 l¡8 5t 55

76 63 56 éo 5?56 5L 5? 59 stt56565255*
7A óo tr .58 5ô5955n9/45t

r.1 5b1266
13 591¡ ¡¡6
L5 

'e1ó ó¡r
t7 5b18 

'819 60
?o 5z

gtl
C¡¡



JULT l9l¡? Â¡nûsÎ 19h7

DA!E: 1B.ÍPERÂÎURES (o¡'.) : tot"r :got"r: rrecip.ilæol.
: * : L¡,1,: ilB: td1l: ó¡'A: ór!9 ¡ 6r.,r. L2r¿- I8trjl: Þfl: óofÀ. \¡¡¡'l -\F5',/

t Preclp. :rnsol.
: Air: (r"".) :(rang.;

Î5}fåRAfit¡ES (o¡.) ¡ Tota]. .:totaL

l¡78
Loo
L3l¡
b63
lù8

Í8
307
93
323
557

,*z
b2b
b75
l¡31
386

l¿52
l+79
t$3
276
Ltó

380
\37
5n
35t
zu

93b
ól¿
233
2l¡0
36
677

:
.:3

.31¿

i
I

.06

T
.o7
.TL

.3

.86

.0L

.59

"30.95
.06
.02

r 5g 70 6 63 67 65 63 68 68 61 6
2 70 72 68 6 ó8 66 65 6 68 6l¡ &
3 76 73 69 6l¡ 69 68 65 69 68 6l¿ óL
l¡ 78 86 79 5T 7b 72 62 z? 69 ól¡ 50
5 go 8l¡ 80 & 75 7,! 6t 72 To 65 6r.

6 A2 83 8o 6[ 76 75 63 7b 72 65 6t7 80 79 79 6l¡ 76 76 6l¡ 75 73 65 61B ?o 70 70 6? 72 rr 6 73 73 66 6r.
9 æ 70 69 69 69 68 68 70 7I 66 6r

Ic 71 6 66 7o 67 67 68 69,16 6 62

55 .û 556
56 - 571+
55 - 600
59 .zz 37lt
59 .83 35]-

57 - 2b2
57 - 650
57 - 62lt
57 - 3t$
t7 - 963

67 63 70 68
65 60 67 67
6-a596óéó
6259éóé6
6t ó1 65 65

65 63 67 66
67 61 6é, 65
6l¿ 6 ól¡ 6t
6¿¡ 6 66 65
69 62 66 6t

73667069éó
7365727066
75 6l¡ 73 72 6
76 65 ?l¿ 72 6
71+ 67 7L 73 66

?r 68 71 7r 67
71 69 71 7L 67
76 68 7L 7? 67
76 65 75 73 67
?5 69 ?L 73 67

75 ?o 75 7b 68
7\ 69 ?tr 7U 68
73 69 7b 73 68
75 ?r 75 ?l+ 68
77 7x 7t ?l¡ 69

72 69 73 73 6il
70 67 70 71 68
72 67 71 7L 68
69 67 70 70 6B
69 67 70 69 68
69 69 ó8 67

62
62
6?
62
62

63
63
63
63
63

6¡¡
dl
6l¿
6l+
6t

6l¡
6l¡
65
óL
6b
6¡¡

72
?3
79
75
73

70
7A
l)
76
75

t>
7U

75
77

72
69
72
7C
(U

69

t! .c8 4, u 76 7e ?e 6627-¡fwòoä1i62)o - 4ff l? B2 BO BO 6158 .o5 308 ;í s? sz 6. 6358 "2Ir 273 rt 70 ?r ?z 68

t2 "16 2L?_ 1ó 68 73 ?z ?o5Õ - >Jz 1a 7g 72 72 705e .?9 2?l iå ét éb Bà às
Ze- .91 ?9\ Le 83 81 80 6259 .27 3?6 zô Aó s2 go 6s

te .13 v! 21 77 ?s ?7 ?ozr- - \y 22 ?6 75 ?tr 6?,: - >*>- 23 80 75 ?L 69
2v^ - 2!? z)t Bz ?6 76 TL>Y - >(r 25 7e 79 79 70

,? :- ?9t 26 6e ?2 ?r. &352 .77 \?o z? 6ð 6e 6e 6e
9-5]2287?72?ióB27 - ,J? 29 70 7o 69 6859 I 33L rÀ ?tt 70 ó9 óUa-5e8'!àS7o6i

6
6L
60
60
ø
ol
óL
6r.
61
6T

61
6í
62
62
62

63
OJ
63
6¡¡
63

63
62
62
62
6]-

6L
62
63
63
63
63

676
676
70 67
7t 69
69 68

69 ó8
69 68
?r 7067 69
6l¡ 65

ô¿¡ O>
6r. 63
ó1 63
63 6)
69 65

67 66
69 68
69 ó8
69 68
7r 69
70 69

6t
6
62
63
63

6l¡
6¿¡

65
62
6
60
t9
<A

5e
6
62
63
63

65
63
67
Iõ
67
67
69
ô5
ó1

ÞJ
óo
61
62
63

65
68
70
ó8
70
69

6676706371
6l¡ 70 67 59 67
l,669æ5865
67 7o 6l¡ 59 6
7? 57 66 ór. 65

6968666267
66 7b 70 60 6U
65 69 67 58 6l¿

68706ó60&
69 69 67 62 67

ó86661¡6067
?26661¡&6
7b 82 72 62 72
7b 76 72 6l¡ 72
70 ?? 72 6li 7I

73 7L 70 ói¡ 70
72 75 Tr 6l¡ 7069 71 69 66 ?r
59 60 62 98 6t
6 57 58 96 6r.

98ó86ßd¡
566à615b606 66 611 55 ó1
66 67 6l¡ 58 63
70 63 62 & 6l¡

72 69 66 62 67
TlJ 73 7L 65 70
72 82 79 63 7t
79 75 7r 69
78 79 71, 7267 76 Ta 7r

1
2

l¡

6
7
ö
9

10

IT
L2
'r.3
1l¡
L'
1ó
I7
r.8
t9
æ

2!
22
23
d+
29

27
28
to
30
3r

Not€: Mean air tenperature is. arerage daqy n¿xinn¡r æd ni¡inun terq)eratul€s.
.A.lf. other te¡q)eratures are as of 8:00 A.M. station A is loceted ln cìrltivated
Ì,ratershèd B, Stêtion ts is in úrrltivated llaiershed .{, a¡d Station g is i:l the
tfooded ltat€rshed.
tlt indicates a trace, or &þut too snËl-L .for ne¿suemat.
IJLank speces indLcate incorpLete record for tÌ¡at day æd statj-on.

Note: l{ean aj¡ t€npe"ab¡re is ¿ve?a3e daily n2i.itì!î an(ì ni¡iÌt¡n ten¡Þretu¡es.
-q]-1 other te¡peratules are as ot 6:C0 il.li. Station À is located in cultivated
L'atershed B, .qt:tion 3 is in Cu].ti.rateô ijatershed A, and Siation I.f is in the
Itooded 1¡atershed.
rÎtr indicates ?. trâce, or a¡lount too snâ.ll for neasulenent"
Elank spaces indica'"e incompLete reco¡d for that ia¡' æd statlon.

q



SEHIEI'ÍEEA 191¡? oCÎOBER 19h7

3 rþt¿1 :Tots]-
DÂ18: rBæER{TUnES (o¡..) ,To* . Tóta1.

: Uca¡ - SoiL Dêpbbs in fnchea Stau.ons A, B, sd I,¡. 
-:Plôcip. 

: fnsoI.
: .Àir : (r-n./ : (¡,aDg.) : ilêa¡ . Soi-L Dcptirs in fnches Stations A, B, a¡td I,I. ---l Precip.:InsoLr

3 *¡tnl 
,t.tn')'(¡"a¡C')

lÙ'rPnAruRES (oF.)

l¡02
265
3].2
283
348

313
291+
2æ
301
329

26
236
267
288
237

26;.
2l¡o

332
201

188
æ9
262
?f6
r32

13¡¡
13ó
109

?n
28
l¡l¡

!? 50 \? b5 b7 t+9 51 50 53 59 ó1.L7 þ9 ¡¡8 t!7 h8 l+9 5r þ {z fi óoó1 b9 l¡t 51 fr tr 5z 5z 53 SA éoó8 5e 56 58 55 5b 5? 5b $ 56 5s "oLóu ó1 57 57 56 59 57 55 5L 56 57

{ ó¿¡ 59 57 57 56 5u 56 55 55 56ó8 ó1. 59 óo 59 58 59 59 58 io 5?52 61 58 57 óo 59 59 ó., óo 57 58I$ 56 53 51. 55 5l! 56 5ô 59 5S 59fr 52 b9 l¡ö ,L 5I ,t! 5b 5? 58 59

5o 52 b9 b9 51 50 9t 53 St 58 59ór¡ 55 53 5b 53 9z 56 5b 5t 5? 5?56 5E 56 56 56 55 58 56 55 99 569+ 5z 5o 5o 53 53 55 55 5e * ia67 62 55 56 5L 52 57 5b 5\ 5t+ 5b

6b 62 56 56 56 tb 57 t5 55 5b 5Ló8 62 58 6 58 96 & 57 t6 tu 55 t"5o626159óoû58659585656
62 59 56 58 57 56 óo 57 57 56 5559 57 52 stt 5\ 53 58 55 56 55 5b

d¡ 59 5z 56 53 53 58 55 t6 56 556 61 56 fi 5r t3 5e 5b lrr. 93 53

^ 
96 5t 57 53 9z 5e 4¡ 55 56 l9l¡9 þ l¡6 5t 5t 5o 56 5b 57 * t856 52 be 5¿ 5z tu 55 tb 56 96 56

63 55 5z 59 53 S 56 53 5t! fl! 55 r63 t3 5b 58 53 52 59 53 5z 52 53 "239z 53 tt¿ 56 t6 56 58 57 58 57 58 .15!8 50 50 5t+ 53 53 56 55 57 58 * .815o b9 t+9 53 50 5t 55 5z tU 57 5? rl¡9 5o l¡8 52 fr 5t 55 5z 5L 5? 58 r

I
2

l¡
t
6
7
o
9

10

t1

L3
1]¡
15

l6
n
18
10

æ

27
22
23
?11

1>

26
27
28
29

31

ó8 68 6? 6l¡ .oS 3?oó& 67 6 ól¿ - 5o5ó8676d¡
6Eó86ód¡
6E ó8 6 65 .06

6e@
68 68óE 69
69 7069 ó9

6968€666
69696665
70 ?0 66 6b
?170ó66l¡
72 71 66 d¡

727J.6ó
72 72 67
?L 71 67
70 70 67
70 70 68

,6 @ 6¡ d¡ ds 6,5 65 6? ó8 67 65ó157576860616?q66ór,
lg 6,? ó_] ó8 63 63 67 65 6 6 dr?2 97 6 ó8 67 6 6? 6? 67 65 d¡72ó867ó8ó867éóóöóó656t
9.2 62 62 6 d¡ 6b 66 65 6 65 63 t.?Ll+ ry 57 63 & 6r: 6 ot 6s 6 ãt lói\7 * 5? 62 55 56 65 5s cíz 65 6tr -:'12 q 5,7 fu 58 57 5z sB óo éÃ 6ir¡1 50 50 l¡8 t¡ 55 t6 5? óo 6¡¡ 63

lrtl 59 þe !q þ * tu 5L 58 63 63
\6 l¡! b9 l¡8 5j- 5z Sb Str SZ oz ol?. A 52 5o 53 53 tu 5b t7 ó1 62 o¡¡.þó 5, 55 tt! 5t 5t 5s ss ia 6 ¿i :1,l¡o l¡8 b7 l¡ó 50 Sr ¡,3 lz SS Ø 61 --

óö ó8
68é9
69 70
?2 70
73 7t

72 7A
7I TI69 706? ó8
ó8 68

66 7L ?o
70 71 7t
71 72 72
72 73 73
70 70 69

7167€6
7l¿ 68 69
zb?o@
?7 73 7r7b ?7 ?b

7b 7b 7372 71 7t70 70 69
71 69 67
586665

I
?
3
.l¡

5

6
I

I
9

10

L].
12
T3
1l¡
15

L6
L?
18
L9
20

2̂2
23
?b
25

26
27
28
29
30
31

Notê: Uræ aå! t€¡peratuc 1s aæragê datþ na:dmn srd mi¡i¡rm terperatwes.
!-1L otù¡er telperatu¡€s æ as of 8:OO Â.8 St¡tion Â ls Læated 1¡ C\¡ltd.vatod
l{atershed B, Station B ls 1n Cu].tivat€d iûtershed A, and Station lI 1s 1¿ tho
I,fooded l.latershed.
tT¡ indicates a trace, or eoûlt too s¡alL for neasuroncut¡
F3.aù spaces indLcate i¡co¡tpLete rècot.d fo! tl¡at day ed st¿tfon

êr o2o
d¡ 3.1$
ól¡
ól¡ .ol¡
65 c22

Note: ltàe¡ al¡ telp€laturo is avenge dairy rûaxilM ed ñrñ{ro t€nperahr¡es.
À11 ot'ber teûper¿tu¡es are as of 8:oo A.M. sLatioq A is 1æ¿ied in curttyate¿
Wetershed B, Stetion B is tn Cì¿tivated lletershed ,[, ed. StatÍon l{ 1s 1n üro
liooded I{etsrsihed"
nÎ¡ 1¡diccte6 e trace, or uou¡t too sr0âJl- i.o¡ reasu¡erent.
BlÐk spsces ildicatc incoq)Let€ rccold for that day ed statio¡,

ctl
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FETTRUAnY 191¡8

1

JÆiu-q-rg 191¡8

¡ soil DeptÀs ln Incheè @ Frecl!.¡ Inscl.
: (1n.) :(I'aDs.)

¡Jt
3*
a*¡-*
¡ 7I.9

t 177.3
s 1L6.7
z 7O.7: ó3.ó
¿ L98"ó

¿ !¿e.7
: 88.7
. 125.3
z â.2
. 83.9

. 721.5
: ld¡.ó
¿ 231.7
¡ Li¡1.8
: 2l.Co1

: X¡l¡.?
¡ 189oo
¿ 26!o2
z !?2.7
z 2b9.o

¡ 183oó
s 1J¿ó.0
¿ 262e6
. 206.9
z 297ù
:21¡ìo8

DAÎE: IEtfPERAfiInEs (of.) t Tot t t Tot¿
I ¡æar . Soil Depths.iD. Incbes Stations A¡ B¡ & i¡-. : ksclp.: Iæo1.
: Atr : : (rn.) :(¡æc.)

- 203.8
- 235cO
.03 197"7
.01¡ 223.b
- 262¿6

- 229.9
r t35.5
- 325.7
- 320"9_ 26r.7

"07 99.r
- 272.0

.3ó ó9.8

.01¡ 211-oI
2L3.6

iu.rDrATuP.Es (oT.)Ð.{fE: 3 Total ¡ ?otåL
: lleæ
- Al.r

32 36 39
3t 35 39
31 35 38
3r. 35 38
3t 3tt 38

31 35 38
3r. 35 38
3t 35 38
30 3L 37
30 3l¡ 3?

30 3L 38
30 3¡r 37
30 3l¿ 37
3I tt 37
31 3l¡ 37

182531
2222631
3 ll¡ 25 31
L13263r
5 10 2? 3r.

6ù273L
722273r
8 ll¡ 26 3I
96253L

1082b31

31 i+ 37 - 259.2
3L 3b 37 - 25I.!+
32 3h 37 - 2L9"?
3t 3l¡ 37 - il¡3.1
3rÐ36-219.6
29 33 36 2,1¡8.1
29 33 36 - fug"z
28 3ù 36 - 282.5
þ 3¡ 37 I 279c?
3\ 3L 37 .01 121.0

3L 3y 36 - 27b.2
31 33 36 .88 89.5
31 3l¡ 37 .33 óL.?

I 191"1

29 29
29 29
29 28
29 29
29 29

29 29
298
29 29
29 28
?9 ?7

29 27
29 28
tQ to
29 3029þ
29 3029 3t29 31
n3129 29

29 25
29 25
29 25
29 29
30 3t

29 3t29 3129 31
29

7?
32
32
)¿
32

32
3?
32
32
32

32
32
32
32
?t

n
32
32
32
32

32
32
)¿
32
32

32
3L
32

28
27
27
28
28

?8
28
28
27
25

26
27
28
30
3o

?9
3L
31
3r
27

23
23
23
28
31

31
31
32

25
26
26
27
,7

27
27
27
25
?5

26
27
2?
28
tA

28
?8
28
29

?b
22
22
27
28

3o
29
T
29

lrLB29î
)2 23 26 3113 27 27 31ll¡ 20 30 3215 20 30 32

r.ó 38 30 3117 39 32 3218 37 32 32t9 32 32 30?OX+283o

^ 
r.3 2\ 3022 17 2:\ 3023 26 2b 29

2b l¡0 30 3L25 38 32 32

26 39 32 3r27 33 32 3L
?8 36 32 3229 28
Ð
31

lz 2Q ¿ 32:32¿ fu: 32t 332 35: 33¡ 3lr¡ 38: l¡2¡ .822.25 ¿ 32¿ 32¿ 3t+z 3?¿ 33¿ 35¿ 33: 3l¡¡ 38: lr2i f3: 28 ¿ 322 32¿ 332 32¿ 33.35, ¡J¡ Li ¡ei túi :lr¡ 30 ¡ 322 322 33.32t ZS¿ 351. B;3tri iéi Ël .æ5z 29 z 32: 32t 33¿ 322 3j¿ 35r 11:. Stt i :0i úi -:

6: zlt z 322 32:,33¿.32: 33t 35t 33¿ fu¡ 38¡ l¡t¡ -!t 2lt t 32¿ 32:33.32t 332 35¿ 33¿ 3t¿: 3g¡ l¡f: ¿8: 32 : 3?z 3?z 33¿ 32z 332 35. ¡!.:L, 33; ù1; -?, ?? r 3Lz 32¿ 332 322,33¿ 35:33:31r. :2, lri -lO:18 ¿ 3L:322 32t 32:3j¿ 3l¿. ll, I,t; ii; É; -
\t 22.3I.32:3C:32¿ ?3t 332 332 3b:3?: l¡t¡ oOt
?r 39 t 32¿ 32:3Oz 32t 33.33: 3t¿:31¡¡ 38: l¡I: --
\?, t9 z )!:32¿ -s2:32¿ 332 332 332 33, :2. l¡oi -1l¡: 9.:rz 322 32¿ 32t 33:33:3t¡. 3l¡,:2, úoi15: 1ó z 3r¿ 322 3]-¿ 3?¿ 33¿ 32: :U, 3l¡i ¡ii l.oi r
J!: r8 ¿ 3L¿ 322 30¿ 32t 33¿ 3?: 3l¡:31¡:3?: l¡o: -11, 7 t 30z 3?t 292 32z 33 ¡ 31: 33:33: j?: l¡O:i8: 2 t þ:32¿ 28:32¿ 33:30:33: ¡3:32. ûoi I19: f3;z 29¿ 32¿ 28:31¡ 33¿ þz 332 332 i?z bo¿ I?O2 2Q z 30:322 28:31:33..302 32:33:3?: ì¡O: -
2lz 22: æ:312 28:3t: 33: 3oz 32:.32:3ó: l¡O: oo222: 6 z 30z 3lz 28:3t:32: gz 32¿ 33t 36: Z9z2)z -3 : 26: JIz 272 3o¿ 32¿ p¿ 32¿ 33. 36, 1g, -2L¿ 2 ¿ 26¿ 3!: 2e,. 29. 3?: 3o: 3r, ll¿ 3Oi lSi .or?52 ro t 2?z 3!z 26¿ ?9:322 N¿ 3t¿ 32. t6r 3ia -:

26; tl¡ z 28_¿ 3!.26:.9¿ 32z 29:31:32¿ 36¿ 392 I?!, 9 z 28: 3Iz 26¿ ?9-¿ 3?z 292 3ez 32l. SOr ligi -2ti: 10 t 262 JL: 26¿ ?82 32t 292 3O¿ 3Zz 362 192 -29a Ll z 26¿ 3l¿ 262 282 32z 29¿ 29¿ 32 ¡ ¡0,39¡ r39, 6 z 26¿ 32¿ ?6: 28¿ 32¿ 29¿ z9¿ 3ii lSi lgi :
31¡ 7 t 25:3Lz 252 28:32:29¿ 29¿ 3Zz 3O¿ 3i)t

Not€r l.fean alr tøperature ls ã"re¡age dajÀv ¡la:C!¡tt¡t and td¡fuum tenPeratu¡es.
4.11 other t€q)e"etilrês.æe as of 8:0O.å.1{. Stêtion A is located 1n Cutivatæd
l{at€rshed B, StatLoa B 18 tn Cutivated Ûetelshed Àr e¡d Stetion 9l is ln tàe
I{ooded Wat€rshsd.
nÎr 1adtcates a trace, .æ æomt too.self for ææuremn¿.
BLaDk sPaces i¡dlcat€ i¡colp1et€ rscold for tbat day and statlon.

ctl
-ì

No¿e: I'feal¡ air teEperature is ã¡elage daity DË¡wl ei dñ{ñth t@perêtu¡eso
.rùL other te4reratures are as of 8:oo a.u. sta:t1on !, is r.ocatãd i¡ curilvated
batershed_B, StatioD B is i¡¡ Cultivated l¡atersbed tr¡ and Ststlon !l 1s i¡ tbe
l,¡oúded ¡,ratersheC.
rTù ùadicat€s a t¡ace, or aEoÌr¡t tco sn¿l_]. for D€srcDt.
Blank spaces inClcate iaconplete reco¡C for tåat dqy and, ststloB.
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JIDY 191¡8 AUGUST 191¡8

DÂE: IEMPER{IWES (oF.) t Tot"r : Tot"].I preclp.: Insol.I ¡e"ll, SolL D€Pt'hs in Inchss Stations Â, B, &W. , íll"t"'t iÏ. '--rË; i;", ; .::"
: Mea¡. Soif. Þpths ,¡ Inches Statl.ons .á.' B, & I{. I pre.tp.. fnsol...'.
; ¡¡r: (Þ.):(IÉ¡s.)

DATE3 mæEÂrûREs (%.)
Tot&L ¡ lotsL

- 1J97.2

- ,t-tl'o
\ ?3?.3

.01 1?0.0
- 567"6

- l¡88.o
- l¡07"?
r 388"3
- 506.5
- 332.7

.81¡ 279.7
- 362.8
- 289.8
' l¿81¡.6

- l¡3I.1

T l¡l¡2.9
- 388"ó
' 35L.2
- ù¡2.1
- 502.3

- l¡79.1
- L¡l¡.8
- 385"!
- l!22.2
- l+5r.6

- 330.1¿
- 3¡9.8
- 3l¡6¡,8- br3"e
T 313.7
- l¡1ó"0

67 62
68 62
66 62
r,ó63
f.ó63
(ro63
&63
éó63
69q
65 62

66 62
65 62
É,ó63
65 63
65 63

65 63
65 62
65 62
65 62
65 62

65 63
65 63
65 62
6 ólr
6t 63

66 63
6? d¡
67 63
68 d¡
69 ól¡
68 ó¡¿

70
69
69
69
ó8

ó8
ó8
ó8
67
67

ó8
ó8
69
68
68

67
ó8
ó8
68
67

69
69
69
TI
7?

73
73
?3
7l¡
75
?2

d¡ 706l¡69
6? 69
6? 69
ó1 66

éo 69
óo ó8
óo ó8
éo 67
6r_ 67

63 69
63 ó8
62 ó8
ór. 67
61 67

ór. 68
61 ó8
63 69
62 ó8
ó1 67

ó1 ó8
63Ø
ól+ 7065 7367 7b

67 7l!ó8 75ó8 7568 7566 ?5ó¡¡ 7r

69 67
ó8éó
69éó
ó8 óó
6d¿
70 óó
67 ól¿

67 6¡+

6dr
67 65

69 66
69 67
ó8 óó
oo Þ5ó8 67

70 70ó8 67
69 68
69 68
&67
67 67
69 69
7L 7T
73 72
?b 73

75 7b
78 78
76 75
75 ?l¡
7b 7370 69

62
óo
OU

60
>t

55
59
58
56
60

62
OJ
éo
OJ

59

óo
6
62
60
6
6
62
d¡
66
?0

69
7O
70
ó8
6lr
óo

ó8
67
67
6
Ò5

70
6l¡
65
6
6
6
68
óó
65
69

t)
?o
70
7r
ó8

&
7I
76
77
75

78
85
79
?5
T
7A

ó8 7róó ?068 726ù ó8
éo 67

62 75
67 6?
é6ó8
6ó 69
72 69

I

b
5

ó
7
8
9

lo

2I?26
22 76 69
?3 ?8 73
ù8277
25 8l¡ 75

26 83 ?827 8l¡ 8l¡
28 83 78
29 78 76
n6773
31 63 7r

b9t.2
535.8
62? 

"7
578.b
383"o

l¡99"0
b58.0
ild¡.9
lß2"3
555.2

.dr

"13

f

':'
.Lt

.88

.t3

.o:

.o2

.08

57
>t
57
57

57
57
58
58
58

>0
59
&
óo
60

óo66
6r
60

ót
ó1
ó1
ó1
d

61
ó1
ó1
&
63
62

éÉ.2.9
308.0
567.8
532.9
lû2.o

39+.5
l+92"6
bo?.7
l¡80.2
395.2

2L9.r
2l¡l¡.1¡
18r-.2
5r2.3
373.9

523.8
l¡11¡.5
.l¡99.1
l+?8.o
i¿83.ó
586.ìl

65 ór. 65 6 6?
d¡ óO 69 65 ó1
67 ól¡ 67 6 ó1
ó8 6l¡ 69 67 ó1
70 65 Tr 69 6?

TL ól¡ TL 69 62
69 6l¿ TL 69 62
6? 62 69 69 63
67óf,106963
68 6¿¡ ?t 69 63

70 d¡ 72 70 6¡¡

?2 69 73 ?r óL
70 65 7b 72 65
6? 63 ?o 7t 65
6É63697065
ó8fó7t7065
68 & 71 70 6l¡
ó8 6t ?r ?o 6[
69 ól¡ ?t 70 65
67 65 70 ?o 65

69 65 71 70 65
70 66 72 Tr 66
69 65 7L 70 65
€É62676865
67 6b 67 ó8 65

ó8 65 ó8 68 65
67 6¡¡ 69 69 65
67 63 ó8 68 ólr
6663óóóó61¡
72óó737166ó865707!6

ól¡
&
ó8
69
7t

72
72
69
7L
76

81
86
7u
70
ó8

72
7o
70
7L
70

72
73
?o6
67

69
?o
68
&
75

58
58
62
67
65

6
6l¡
ó0
ó:.
63

6t
67
6¡¡
6?
59

63
6l¿
66
63
6?

6
67
63
6
6
ól¡
6l¡
62
62
6
65

ó¡l
63
69
7o
7z

73
70
67
72
7b

75
7?
TI
67
6
70
ó8
69
7\
69

?0
72
69
o5
ó8

7L
69
69
ó8
75
ó8

1éOd¡
2686¡¡
37970l¡ ?8 TI
57873
6727b
?6?9
8ó8?o
972æf,o 79 81

1r 80 8l¡
12 78 87
13æ75
ll¡ 6 ?0
t5 6' ó8

16 ?7 ?l¿
r?78Ø
1{l 7b 72t9 73 75
20 7b 73

2r ?t4 73
22 7b 76
23 62 69
?n656É
25 70 69

26 76 73
27 7t+ ?2
28 ?O 7t
29 73 67
æ7b79
317069

11 TI 70wó87o
13 d¡ 70
r¡665
L5 ó8 69

16 ó8 7b17 73 Tr
1870?].
19 ó8 73æ67ó8

Note: Mean air taperature is average dei\y lsxlE¡n a¡d ni¡i:øua ten¡nratures.
Al]. ot¡rer tenEEratEes ae æ of 8:OO Â.!1. Statlon ¡, Ls læated in cultivated
lÍat€lshed B¡ Station I is in Cr¡-Ltivat¿d l,Iatershed A, and Statlon l{ is ln the
Ifooded ÌJat€rsbedo
tTr inùicates a trace, or a@unt too sna]-} for reærerento
Bla¡k spaces i¡èicate i-nco4ì-etæ record for tbet dey and station.

Not€¡ ldaaÊ air ta4eratue 1s averege dai\¡ naxfm ad nlni¡u terq>eratures.

^â1,-1. 
otùer teu¡leraturee æ æ of 8:0O Â.il. St'atLon A is loceted j¡ Cultieted

lfatergh¡d Br statLæ B i8 l¡ cl¡j.tiEted lJatershed Â, æd statl-o¡ w 1s in ths
lfoodôd l{atærshed.
¡1r lûdLcet€s e tlecer or anount too sEÂ![ for neaswrent.
BLs¡¡k s¡nces ùldLcete l¡couplet€ record for tlxat day æd statlono

' :,:.:-':!:;: 4€;¡'Þ. 4€.



i
gr €= i=r ¿:: r¡- ç=a

CCTOBER L9l¡8SEPTnTBER L9l¡8

TUPEEATI¡RES (OF.) : rott t totat
StatioDs A, B, & I.¡. : Feclp.' ürsoI.i tP, sor.r IþPùb€ i.D I¡ches

: Toter : Totel

229.8
?l¡.1

35r.L
27L.lt
2&.5

!¡8.2
b6.2

ll¡6.8
2b9.6
309.o

'L'7r.63.0
9.9

tn"3
273.8

56.2
79"7

238.8
129"9
267.6

r7r.6
131¡.9
11.ì,.1

63.7
205.9

222"9
203.?

, 181¡.?
20L.9
L77..5
13oS

6 65 d¡ 55 62 61 59 62 62 61 6L .otl¡8 58 58 \9 6r ór. 55 63 63 62 ó1l¡8 5b 55 Iú 5l+ 5? 5t! 56 59 62 ó]l¡9 57 5I lû 5r+ fi 5b 55 58 ó1 ót
5z 55 5L l¡E 5b 53 5l! 55 58 ót óL

l+9 53 5I l¡9 53 t3 5l¡ 55 57 éo óL
5o 55 5L 52 55 5h 9¿ 56 t? óo ó1 .26l¡8 53 53 l¡9 53 5z 56 5\ 56 6 6r .o550 5z 9z b9 n 5L 53 5z 5U 59 óol¡8 tI 5o l¡E tr 50 5z 52 5b 59 6
l¡ó b9 l¡8 fu 50 l!9 5z 5t 5,t 59 6 olob8 51 5? i¡8 5o 50 5z 5o 5z 59 6 .o1b5 l9 b9 l!9 50 5o fu 5L 53 57 59 "o1L6 5o b9' l¿6 lt9 l¡9 5t 5t 53 58 &!8 þ l$ b9 l¡9 50 .52 5? 59

55501J9505l.li525658
38b7t$!8b95052565Sr
3l¡ l¡l¡ b3 L6 l¡ó lÉ 5z 5? 583e l¡6 46 b6 !6 Iú 50 t5 5? .ol¡l¡0 \5 \z l¡ll b5 b5 l9 lró l¡9 59 5?

l¡l+ bT l$ !¡ l$ \5 l¡9 It7 l¡8 5l+ 57l¡l¡ ItS lß L3 I!9 llt b9 l¡ó to Sb 5?5r LB b7 l¡9 l¡8 L8 50 l¡8 U9 5L 56 .o3l¡8 5o l¡8 b9 l¡8 l¡8 5o l¡8 50 5b 56l¡l¡ 53 50 ù3 l¡9 l¡B ¡¡9 b9 51 5:l+ 56

5z 53 50 b6 b9 tú 50 bg to 
'l 

565l+ l¡9 l¡6 l¡6 l¡9 I¿? 5o þ 52 S,! 569z 53 5t r¡6 5o L8 I ,[e 5r 53 555z 50 )t? l¡6 l¡8 t¿7 5t b9 5t ,3 555b l¿8 l+7 lú l¡9 l¡8 5t 50 5L 53 555b 52 5t 56 51 50 5z 5t 5L 53 55 .08

I
2
t
l¡
5

ó
7
I
9

10

u
12
1?
tl,

t5

1ó
T7
r.û
t9
20

2L
22
ta
d+
25

26
27
28
to
N
?l

290.1
279.9
379.9
l¡:¡.0âñÉ

2].o.2
r95.3
2?2.6
b27.5
36?.r

323.3
399"1+
367"3
3n.7
72.5

3?3.9
267.7
r99.5
29L.1
92.O

fpó8ó8566766ól¡ó8Toó8&
7t 70 70 ór. 69 ó8 62 @ 69 ó8 ób
?0 72 72 62 70 ó8 63 69 69 67 d¡?b 69 69 ó1 69 óu 63 ?o ?o 6? 6t¡
7b 72 7? 62 7t @ 63 TL 70 6? d¡

76 76 75 óó 73 7t 65 72 Tr 67 6L 
"o5?U 7l! 73 6 ?l 70 65 7I 70 67 6L -6 ?o 69 d¿ 7o 69 ól¡ 70 ?o 67 ól¡ 
"936261é66f 62f;ó6?69696?61¡óo 6¡¡ ól¡ 57 65 65 ó1 6? ó8 6? 6l¿ 
"oB

6ó1óO586362ó0656?6?dr
?l! d¡ 6l¡ 62 65 d¡ 62 ó6 67 óó ól¿7.o 67 68 6¡¡ 67 67 ól¡ 67 67 6 63& 63 65 5? ól¡ 6¡1 62 65 6 65 oz
58 63 63 58 63 ól¡ ó1. 65 66 67 d¡ 

"23
?0 63 6? 58 ó3 6? @ ól¡ 66 67 6573 æ. 62 ó1. d¡ d¡ 62 65 65 65 637b 6 ó¡¡ 65 óô 65 ól¡ 6 65 65 63 I78 ó8 6 65 6? 67 65 ó8 66 6l¡ 6365 72 69 66 69 69 67 69 67 & 63 .o5

5865&586f,d¡63666?6563
55 62 62 f¡ 62 ó1 60 63 6t 6 ó3
5b 57 98 5b 59 59 53 ó1 63 a* 625b 58 58 55 59 59 58 59 62 63 62
56 5? 58 5z 57 g? 57 t8 ó1 63 62

58 ó1 60 52 58 57 5? 58 ó1 6? @,58 65 62 5L 59 5? 56 59 ót 62 62éo 6[ ó1 9z óo 58 56 6 61 62 6263 6 58 55 óo 58 57 ó1 6? 62 62 .r562 62 6 59 62 6 59 62 62 62 6L 
"11¡

L
2
I
l¡
5

6
7
I
9

10

11
w
13
r¡
t5

L6
L7
18
19
20

2L
22
1)
2ll
25

26
2?
28
29
30
31

ìlote: lifee¡ air tenperatrre Ls aærage daiþ naximrn a¡d nj¡rl_r¡n te4nratruesr
ÂL1 otÀer tempe¡etutÞs ar€ âs of 8:O0 À.ü. StatLo! ¡. is Located in Cultlv¿tod
'rfatÆrshed B, Station B l.s in Cultivated I.¡atershed ¡,, and SratloB lf is in t¡le
Itlooded Watershed.
r1n indlcates a trace, or aount too sne:L]. for neas¡reDe!.t.
Blank speces i¡dicate incotplet€ record, fo! that da¡¡ add station

- 178.3
- 327"bI 170.0
- 115.0
- 298"8

38r..8
3l¡9.8
283.5
L70"1¡
]Jr"8

Notê¡ Uea¡ alr te4)sratu¡ê l-s averagg dafþ narirutut a¡td Ìri¡l_lslln telp€ratures.
Â11 othe¡ te4)eratu¡es a¡e as of 8¡OO Â.ìf. Statiø Å is 1ocated i.n Cultivated
llate¡shed 8, Stêtion B is iE Cìúti?et€d l{aterehed ¡., ed Sbati.on I,i is ià tùe
I,Iæd€d Uat€rehed.
nlt 1¡dlcates a ùrace, or arcuat too smlf. for reastrenent.
EtIæk spæo6 lldl.catê i¡coÌrpLeùe lecord for iåat dåV ênd statlo!.

OJ
F



Nolm{BER 19¡18 DECEMBER 191¡8

lE¡,{PERArures (%.) : Totel :Total DAIE: IU.ÍPERA'fURES (o¡'.) lotaL : lotsJ.
hêc1p.: Insol.
(In.) :(!æC.)' Mea¿ SoiL Deptlxs in Î¡cbes StetioDs Â, Br & Ì¡.: .¡-: - 3

¡ u: liÀ r lnB : Ln!.i : 6rå : óùB : óW : 12rA: L8'l: l¿2tÂ: óonÂ:

: ¡æ* . Soi]. D€ptt¡ in Inches Statiom A, B, & ¡{. :
, Áit,

Precip.: Insol.
(In.) :(Iane.)

_ Itó"5
- r32"b
- 125"6
- 130.8

.L? 7.6

_ 66.2
- rr?.9
- 55.9
- 90..1¿
T 22.6

- LlO.l¡

"to 20"L
T 1ó.2
.a- 68"7
.ó8 0.5

.o9 r.r.8.3t 33.2
- 82.2

.o5 IO2.2.o9 6r.2

.06 90.9
- 63.0_ r2t.5
- 91"8
T 161¡.1¡

- Lt9.8
T æ.O
.28 96.9
.58 3"2
- 139.1
- 181¡.]"

l¡9
I!9
l¡8
!8
I,A

It?
l¡8
'lt7

It?
l¡ó

b6
!ó
l¡6
l¡ó
l¡6

b5
4'
Ll¡
l¡l¡
b5

l¡l¡
l¡¡
l¡l¡
l¡3
b5

b5
l¡l¡
l¡3
b3
l¡3
l¡3

35 37 l¡r 37 39 l¡6
3l¡ 35 Lo 36 38 \5
35 35 L0 35 37 L5
37 37 lO 37 38 Ll
37 37 I+z 37 39 IQ

37 38 I!2 38 l¡o l¡l¡
ú 36 l¡o 37 39 l+l¡

3L 35 l¡o 35 3ð l¡3
3b 35 37 35 37 l¿3

33 3l¡ þ 3l¡ 36 l¡3

30 3l¡ 3l¡
36 32 33
b] 37 35l¡6 l¡0 38l¡l¡ 38 37

36 3t 36
33 37 3627 33 3328 32 3322 31 32

32 33 37 33 39 b2
32 33 37 33 35 lp
32 33 37 33 35 bz
33 33 3ô 3t! 35 b2
33 33 3? 33 35 tp

33 33 37 33 35 l¡1
33 33 35 33 3ì¡ l¿o

32 33 3L 33 3l¿ l¡o
32 33 35 33 3b l¡0
33 33 39 33 3l¡ l¡r-

32 33 36 33 3l¡ )¿o

32 33 3l¡ 33 3l¡ 39
3? 33 33 33 3l¿ l¡o
32 33 32 33 3tt 39
33 33 32 33 35 [o

32 32 32 33 3l¡ 39
30 31 32 32 33 39
þ 31 3r. 31 33 39
32 3Ì 3r. 3? 33 38
32 32 31 32 33 39
32 32 31 32 33 38

37
3l¡þ
38
bz

39
36
35
32
3o

a,
at
2,)

3L

32þn
to

3l¡
9
3ox
26

27
27
27
2E
28
29

31
31
1)
33
32

33
)4
)4
2a

)¿

32
3l
32
31
þ
3O
?9
30
31
32
2'

29 3r
38 3L
32 3t28 3?
32 32

36 322b 3222æ
26 31
ta 1t

36 32
?8 3122 32?2 3113 30

wa
25 28
32 30
30 3217 3218 32

1
2
3
l¡
5

6
7
A

9
10

!-
L2
13
i¡
15

1ó

18
t9
æ

2t
?2
23
2b
25

26
27

29
30
3X

:
.r.8
.5o

':'

"1?

..5

.02

.03

.26

.70

.01

.03

':'

i

r.13.3
87 "55.5
96.7
31.1¡

l¡.6
218.3
l-:52"lt
l¡7.ó

108.7

\+9.5
22.]+
75.7
73.9

139"1

ILl¿.?
180.2
158.8

1"7
26.7

35.9
18"7
8.1

56.6
t]9.7

93.9
\6.5
37.3l$.2
32.5

52 53 5b
53 5z 5b
53 5b 55lt7 l¡8 It9
53 53 5t1

53 53 5t1
5z 53 

't+51 53 slt
b5 50 5Ll¡8 S2 9l!

l¡ó 5L 53l+5 52 5b
b5 51 53lù 50 53
L3 b9 5z

l¡¡ 9o 53l¡l¿ l¡9 52l¡l¡ b9 5tl¡l¡ l¡8 9z
b5 l¡8 5t

l¡b l¿8 5t
h3 ¡t8 ,L
Ip L8 5t
ll1 l¡8 tl
\6 l¡7 5o

l¡1 lt7 5o
\2 lt7 50
l¡1 b7 50
lr0 l¡6 L9
39 l+S I¿9

5550tu5352535z 50 5z 5r 5z 525Lþ52515252fl 50 50 l¡8 56 l¡9
lL t3 53 5b 5b 53

5r 5z 5z 5z 5t+ 53
b7 b7 l¡8 l¡8 52 59
l¿3 l¡l¡ l¡¡ b5 5o b6
l¿? b6 L3 l¡ó 50 l¡¡
bs \5 \5 Ló 50 b6

!3 l¡3 l¡f, l¡3 b9 l¡3
ù1 l¡3 ll1 IP b8 b2
\z l¡l¡ l+3 L3 l¡9 l¡3
b3 l¡o l¿3 l¡3 b6 b2
ì¡l¡ Iß b2 l¡3 lt7 l¡1

b5 ,¡¡o l¡3 Iß \5 b2
le lr¿ l¿2 b3 l¡8 i¡]'
l¡3 bz bz b2 l¡6 l¡1
l¡L \6 l¡3 bl¿ L8 l¡3
Lf l¡l¿ lP L3 l¡8 l¡3

l¡1 l¡3 bz i{3 \7 lÊ
b]. l¡3 l¿1 I¿z b6 i¡l
39 l¡o 39 l¡1 1!5 lro
39 lO 39 l¡o 1+5 39
36 l¡0 37 38 l¡l+ 38

l¡l¡ l¿l¡ l¡1 l¿2 l+5 l¿0

39 l!2 lr0 lr1 \5 Lt1

38 l¡o 39 l¡o ùL ì¡o
36 38 37 38 .l¡3 38
3l¿ 36 36 37 l¡1 3?

L5255
25253
35?52
b5ASz
5 6L ítl
6 l,+ 50
7 b6 l¡?
I !2 l¡l¡
950¡ùL0 l¿o l¡L

It l¡0 !1
t2 l¡0 l¿
r.3 36 b2
1l¿ 36 ¡¡l¡
15 \z l¡7

16 l¡8 b5
L7 IE LO
18 b6 l¡i¡
19 I!? l¡l¡
20 l+1 !¿o

?) lro l¡0
22 36 l+o

23$38
2L 32 38
25 39 35

26 b6 I$
27 35 3828 3l¡ 3829 32 37
9 3l¡ 3¡¡
3[

Note: lfean aj-r ter,Pera¿ute is average dailry rËxijFm and niniru t€rqÞrâtìrres.
Alf othe¡ terQeratures æe as of 8:OO f..V. Station .$, is Læated in Cultlvated
l¡at€rshdd B, Statlon I 1s i¡ Cultivated !'Iatershed A¡ and Station tI is i¡ tbe
tfoo¡ìed }tâtershed.
nlt inöcate-s a tracer or æunt too snaLl- for neasr¡renent.
gì.alk spaces l¡rücate incot!.oletê record for that day Ðd statioD.

Noter ìfee af.r telçerature is eErage daily naxl-nun ålld ¡(ilri¡ rn tenPeratures.
.Alf otùrer terp€ratu¡es âre as of 8:00 Å.1,f. Station Â ls Located in Cultivated
l{atersbed B, St¿tlon B is j.n C\ltLvated }¡etershed Âr and Station }J is in the
û-æded l¡atershed.
¡tr lnöcates a tracer or âmou¡rt tæ snall for neæure¡ento
3lank spæes iûdicaie incoEPlête æcord for l,hat day and statioû.
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Calculation of Ðepth of Freezing and

Thawing Under Pavements

HARRY CARLSON, Chief , Permafrost Division, st. PauI District,
corps of Engineers, and MILES S. KERSTEN, Associate Professor,
Civil Engineering, University of Minnesota

Test installations of thermocouples measuring ground temperatures beneath

runway pavements at three sites in Alaska are described. Data obtained from
these 

-iñstallations over a period of several years are utilized to determine
depths and rates of penetratión of frost and thaw. A theoretical method of cal-
cuiating frost and tfiaw penetration utilizing soils data, air temperature data,

and prãdetermined thermal conductivity values and- surface correction factors
ir ãtipfrin"A. Results of calculations by this method are compared with the

frost and thav depths indicated by the thermocouple readings. In certain in-
stances frost condlitions obtained by borings and test pits are available for com-
parisons with the theoreticalresults. It is concluded thatthe theoretical method
is a useful tool for making estimates of frost conditions in runway sections.
The depth of frost and thaw penetration may be computed with a resulting error
of 1 to B ft. in soils where actual penetration is írom 6 to 15 ft., provided ade-
quate soll and air temperature data are available'
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O f gn performance of roads and runways
in any northern climate is affected greatly
by frost action. In arctic and subarctic
rôgions the effects of frost action may be
paiticularly severe. The presence of
permafrost in such regions may bring
ãbout special problems which must be
considered.

In order to meet problems introduced
into road or runway design and construc-
tion by frost action, a knowledge of the
rate and depth of frostpenetration and the
rate and depth of thawing is highly de-
sirable. As a part of a comprehensive
investigation of the design and construc-
tion of airfields in arctic and subarctic
regions being conducted by the St. PauI
District, Corps of Engineers, Department
of the Army, field measurements of tem-
peratures in runway sections are being
made. These observations have been ac-
companied by theoretical studies of frost
penetration and thawing. Comparisons
between the depth of frost or depth of thaw
as determined by the temperature obser-
vations and those calculated by theoretical
methods can be made. Although this work
is still continiring, it is felt that the re-

sults obtained thus far are of sufficient
vaiue andinterest tobe reported. Results
to date indicate that if one has adequate
information on the soils materials, prin-
cipalty the water contents of the various
strata, and also the climatological data,
it is possible to make calculations for fhe
Iocation of the frost line with a reasonable
degree of accuracy needed for stability
considerations of the pavement section.

The investigations reported r¡¿ere con-
ducted by the PermaJrost Division, St.
PauI District, Corps of Engineers, U. S.
Army. Colonel A. H. Bagnulo is the
district engineer. Acknowledgement is
made of the assistance of D. E. Johnson
of the Permafrost Division for assistance
in calculations and preparation of data.

T HEORETICAL CALCULATION
METHODS

In attempting to select a method of
caiculation for frost depths, a review of'
both foreign and American literature was
made (1). Study of the various methods
indicatõd that an adaptation of the so-
cailed Stefanequationwas the most prom-
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ising. This equation is essentially pred-
icated on the hypothesis that the látent
heat of fusion is the only heatthat need be

conducted to or from a point in the process
of thawing or freezing. Heat quantities
involved in change of temperature above
or below thefreezing pointare considered
of minor importance, and are ignored.
The flow of heat during the freezing or
thawing process is between the ground
surface andthefreeze or thaw line. Modi-
fications of the "Stefan" equation used in
these calculations include: (1) use of a

correction factor.to convert degree days
of air temperature to degree days of sur-
face temperature and (2) calculation of
freezing or thawing by increments based
on soil strata of varying physicai charac-
teristics.

Restricting our discussion for the mo-
ment to a freezing action, or penetration
of frost, the equations utiiized in this
method are as follows:

For a uniform soil (nonstratified),

. øãxr
n --l--r-

h = depth of frost penetration in feet
k = thermal conductivity of frozen soil

in Btu. persquare footPer degrees
Fahrenheit Per foot Per hour

F = surface freezing index in degree
days Fahrenheit

L = latent heat of fusion in Btu. Per
cubic foot

For a layered sYstem of soil, such as
a pavement section which might consist of
a bituminous concrete pavement, a gravel
base course, and a subgrade (which might
be layered in itself), the following method
is utilized:

The partial-freezing index required to
freeze the top layer may be caiculated by
a rearrangement of the above equation

,
F=Llhl"=Llhl . h1 =Ltht. Rt

zã-tr -T Zr --T T

Layer 2. For the freezing of all of Layer
2,-an average resistance in that layer of
R, ¡o is utilized. The partial-freezing
infel required for freezing of this layer is

F,., = 
L2h2 (R., +Rz¡"-w'T

Likewise, for the nth layer, the partial
freezing index would be

+Rr+....nn-r*Rn)

= 
Lnhn (rn + 

Rn¡
-ZT T

in which I R is the summation of the ther-
mal resistances of ail layers above Layer
n. Knowingthetotaldegree-days of freeze
for any season, or particulartimeperiod,
the depth of freezing may be determined
by selàcting those layers whose sum of
partial freezing indexes equals the total
of the period.

To calculate thawing in soil, similar
equations are used except I, the surface-
thàwing index, is utilized instead of F,
and the k value should be the thermal con-
ductivity of thawed rather thanfrozen soiI,
since in this instance the heat required to
thaw the iceis travellingfrom the surface
to the pointof meltingthroughthawed soil.

Each of the factors in these equations
is discussed more fully in the following
paragraphs.

F, the surface-freezing index, is de-
termined by a summation of degree-days
below 32 F. at the pavement surface.
Since air temperatures are usualiy avail-
able and surface temperatures are not, a

study has been made lrom data obtained at
Corps of Engineers installations in Alaska
to determineihe relationbetween a fteez-
ing index calculated f rom air temperatures
and from differenttypes of pavement sur-
faces. A surface correction factor of 0.6
has been found for bituminous, portland-
cement-concrete, and gravel surfaces, i.e.,

Surface F = 0.6 x F based on air tetn-
peratures.

For the thawing index, I, which is a
summation of degree-days above 32 F. ,

the correction factor is 1.4 for the same
three types of surfaces, i. e. ,

Surface Í = 1.4 x I based on air tem-
peratures.

F = 
Lnhn (R.n --îT '

in which R. is termed the thermal resis-
tance of thè soil layer and is equal to its
thickness divided by the thermal conduc-
tivity.

In freezing the second layer of soil, of
thickness hn, the heatmust travel through
alt of Layero 1, representedbythe thermal
lesistance R' and through sorne part of



These correction factors are based

on more complete temperature data than

those previously reported (1). It is em-
phasized that the correction factors may
Le different for other climates or locali-
ties and for other types of surfaces'

L, the latent heat of fusion in Btu' per
cubic foot is calculated by the formula

L = 143.4# = 1'434 wd

in which w = water content of soil in per-
cent of the drY weight

d = dry density in pound percubic foot'
Values for k, the coefficient of thermal

conductivity have been obtained from
charts derived from tests of thermal
properties made at the University of Minne-
äotá under a contract with the St' Paul
District, CorPs of Engineers Q, !).

An examplä of a calculationaf ãepth of
thaw for an actual pavement section is
given later.

FIELD TEMPERAtrURE MEASUREMENTS

General

In this report temperature - measure-
ment instaliations at threedifferent Alas-
kan sites will be considered. Two of these
were in actual airfield runways and the
third in a series of specially constructed
runway test sections with a variety of
base -course thicknesses.

Northway Airfield

Investigational work at Northway Air-
field, about 230 mi. southeast of Fairbankg
was initiated in 1945 to collect basic physi-
cal data on soil characteristics, ground
water, foundation designs, ground tem-
peratures, and other factors affecting fa-
ðitities at the site, with particular refer-
ence topermafrost. During 1945, ground-
temperature-measuring equipment con-
sisting of mercury-thermometer strings
was installed in a series of holes along
the edge of the runway. After about a

year of observations, the thermometer
strings were replaced with thermocouple
installations in eight holes. Temperatures
were read at approximately weekly inter-
vals until earlY in 1949.

The soils beneath the runway are prin-
cipally fine, medium, and coarse-grained
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sands with some layers of silt or sandy

silt near the surface. Unfortunately the

soit logs kept during the boring are not

as complete, particularly concerning
water contents, as would be desired for
frost calculations. It has been necessary
to make certain assumptions on soil con-
ditions for purposes of this study.

Eielson Air Force Base

Five temperature observation holes
were drilled in the runway at Eielson Air
Force Base, 26 mi. southeast of Fair-
banks, in April 1948. Ground tempera-
tures were measured by thermoeouples at

weekly intervals f rom October 1948 through
January 1951.

The sÓit beneaththis runwayis agravel
with an occasional layer of fine sand' No
permafrost was encountered to a depth of

SO tt. The runwaY has a bituminous-
concrete pavement and a crushed-rock-
and-gravel base.

Flirbanks Eesealch Area

The Fairbanks Research Area is iocated
z|/z mi, northeast of Fairbanks and was

constúucted for observingvarious types of

structures erected on permafrost under
conditions known and recorded from the
time of construction. Included in the ex-
tensive research installations at this site
are a series of 26 runway test sections,
each 50 ft. square consisting of various
types and thiclnesses of base and pave-
ment. In some instances differefit types
of insulation are included in the base
course. The subgrade soil is silt. Ther-
mocouple strings were installed in the
center of each of these test sections and

readings were taken at approximately
weekly intervals from October 194? to
April 1951. In this report data from nine
of the test sections are utilized.

Interpretation of ælgpglatulg-Data

In utilizing plots of ground-temperature
data to locate the positionof the so-called
frost line, or 0-deg. -centigrade isotherm,
the results are dependent on the accuracy
of the temperature measuring apparatus'
The need fbr accurate measurements is
great, because in many instances thê

[hawed ground exists at a temperature

,tuû
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of only a fraction of a degree above f.reez-
ing and the frozen ground is likewise only
a fraction of a degree below the freezing
point. The thermocouple installations in
the three test locations presented above
consisted of 1%-in. steel pipe filled with
SAE 10 motor oil. The thermocouple
circuits led from the pipe to a selector
switch and measurements were made with
a potentiometer. Because of the conduc-
tivityof thesteel pipeand oil, the thermo-
couples did not necessarily measure the
exact temperature that would exist in the
soil at the same depth. In many instances
it is known ihat thiþ resulted in a change
from just below to just above the freezing
point of the soil, or vice versa. However,
by judicious interpretation of the tempera-
ture values and comparisons with known
conditions, it is considered that location
of the frost line can be obtained from the
readings by noting thetemperature gradi-
ents which exist rather than the exact
result obtained from a single thermo-
couple. Determination of the frost line
by this method is explained and iI-
lustrated in succeeding paragraphs.
Wherever possible, the steel pipe is being
removedfrom gr'ound-temperature wells
and the thermocouples are being placed in
direct contact with the soil or in a pipe
which is a poor heat conductor.

CORRELATION OF FIELD OBSERVA-
TIONS AND THEORETICAL

CALCULATIONS

To check on the degree of accuracy
with which theoretical calculations can be
used to predict frost or thaw depths in
pavement sections, calculated curves for
the three test locations are compared with
the results obtainedfrom the thermocouple
readings. These comparisons are af-
fected by the accuracy with which the
temperature readings in the steel pipes
portray the ground temperatures, as has
already been discussed. They are also
a.ffected by the completeness of the soil
information available for use in the theo-
retical calculations. In this respect, the
logs of some of the holes at Northway
Airfieid are incomplete; those at Eielson
Air Force Base are fairty good, although
the iocations of soil strata changes are
not complete; and those at the Fairbanks
Research Area are entirely adequate.
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The basic soil information desired is
texture, water content, and dry density;
good water content values are of first
importance. The dry density can usually
be estimated within reasonable limits for
the calculations if it has not been measured.

Northway Airfield

To illustrate the interpretation of the
temperature data at Northway Airfield,
Figure 1 portrays the period of Aprit
1946 to February 194? for HoIe 2. By
means of observations of thermocouples
of 0 to 6 in. and 1, 2, 4, 7, 11, lb, 20,
25, aùd 30 ft. at approximately weekly
intervals, the 1-, 2-,3-,5-, 10-, 15-, and
20-degree isotherms are sketched in as
shown. Numerous observations have in-
dicatedthat the temperature gradient above
the frost line duringfreezing or above the
thaw line during thawing approximates a
straight line, i. e., there is a uniform
increase or decrease in temperature with
an increase in depth to the frost or thaw
line. Thus the -3, -2, -1 and zero or
+3, +2, +1 and zero isotherms are at
equal spacings. Utitizing this fact the
zero isotherm, or freeze or thaw line,
is sketched in below the +1 or -1 C. line.
There are certain periods, namely at the
start of the freeze or thaw, when the zero
isotherm can be quite easily drawn be- '

tween positive and negative readings.
During the latter part of both the freezing
and thawing seasons, however, the use of
the above scheme is often needed.

The zero-isotherm lines determined by
these methods for the period from 1945
to 1949 for allnine testholes are shown in
the full lines in Figure 2. In certain in-
stances the full line curves are not com-
plete. This is usually ühere the temper-
ature information is incomplete, or of
such a nature that the zero isotherm caJt-
not be reasonably estimated. AIso plotted
on Figure 2 are the theoretical curves of
the freezeand thawlines. The calculation
of the latter are explained by the example
in the following paragraphs.

The log of Hole 1, as drilled in March
1945, is given in Table 1. Nearly all of
the soils were in a highly saturated con-
dition. For purposes ofcalculation where
densities were not given, densities which
would be saturated by the given water con..
tents in a frozen condition were assumed.
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TÄBLE 1

LOG OF HOLE 1, NORTTIWAY AIRFIELD, ALASKA

0 - 0,5
0,5 - 3.0
3,0 - 4.0
4.0 - ?.0
?,0 - 8.0
8.0 - 13. 5

13. 5 - 17.0

Bituminous Pavement
Well-graded sand, black (SW

Grây silt (ML)
Gray silt (ML)
Gray silt (ML)
Gray silt (ML)
Gray silt (ML)

a Assumed vaì.ue. based on data from other holes'

Values of the thermal conductivity of the
soil, both ina frozenand thawed condition
were selectedfrom the diagrams previgus-
Iy mentioned. Thelatentheatof fusionper
cubic foot couid becaicuiated utilizing the
density and v/ater contents. The pertinent
values for the upper layers of the above
section are given in Table 2.

The solution of the degree-days re-
quired to thaw the various layers by the
equation 

I = 
Lnbn (r R + 

Rn) can be best

--TT _T

carried out in Table 3. The last column
in this table is the conversion from the
summation of the surface thawing indexes
to the corresponding air index, utilizing
the correction factor of t,4. To find the
particular dates of a given year on which
ihe thaw penetrates to any given depth, a

cumulative tabulation of the degree-days
of thaw is made, starting with the advent
of the thawingseason. From such a tabu-
lation the day on which the thawing index
first reaches the totals in the last column
of Table 3 can be determined. In the
spring of 1946, for example, the thawing
sàason started on April 20, reached 383

on May 25, 741 on June B, and reached a
maximumof 3, 2B0onSeptember 22. Thus
the thaw would not reach the ?-ft. depth,
but some value between 4 and ? ft. To

TABLE 2

VALUES TOR USE IN FROST CALCULATIONS HOLE 1,

NORTHWAY AIRFIELD

per
u. ft.

104
92
74
58

Bit.
sw
ML
ML
ML

zr^
28
4'.t

64 &77
56
58

0.0-0.5
0. 5-3. 0
3.0-4.0
4.0-?.0
7.0-8.0

0.0
21,0
28.0
47.0
70.0

0. 83
2.00
1.1?
1.25
1.25

0. 83
t,21
0.71
0.60
0. 41

0
3130
3690
4990
5810

0
536
511

4030
2465

I

I

i,

I

i

t;

Ir

Ii

li

I

lt

I

.i
i

ili

calculate the maximum depth of thaw, the
following procedure is used:

Let h = depth of thaw below the 4' 0-ft'
depth

Degiee days availabte to thaw below
4.0-ft. depth; based on air tempera-

tures=3280'-747-2533
Changing to surface thawing index =

2533x1.4-3546

rhen In = S{t* -l I =H (rR + !-)

3546 =$lq!(s'gz +#-l
Solving for h,

h=2.Bft.
Or the total depthof thaw onSeptember 22

is 4.0 + 2.8 = 6.8 feet.

The dates and depths of thaw thus de-
termined are used to'construct a "theo-
retical" curveas shownby the dashed line
of Figure 1. This curvemay becompared
with the zero isotherm to check the theo-
retical procedure against actual observe-
tions.

Theoretical calculationof the freeze of
this thawed depth of 6. B ft. is given in
Table 4. Other intermediate points can
be computqd to define more closely the
theoretical curve. The freeze curve is
also shown by a dashed line in Figure 1'

0.30
1.64
3.32
6,47

10. 19

0C
536 383

104? 747
50?? 3630
7542 5390

,l

I

1

I

TABLE 3

TTIAW CALCULATIONS, HOLE 1, HORTHWÀY AIRF'IELD

Therm'

t' : l EI"i" =¿llt' 4

deg' -days
cu. ft.

0 - 0.5 0,5
0.5 - 3.0 2.3
3.0 - 4.0 1.0
4.0 - 7.0 3.0
?.0 - 8.0 1,0

0,83
t:21
0. ??
0.60
0.41

0
3130
3690
4990
5810

0,60 0
2.07 0,60
1,30 2.67
5.00 3.9?
2.44 8.9?
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TABLE 4

FREEZE CALCULATIONS, HOLE 1, NORTHWAY AIRFIELD

Therm,
Resist.

cu, ft.

0 - 0.5 0.5
0.5 -3.0 2,5
3.0 - 4.0 1.0
4.0 - 6.8 2.8

Inspection of the calculated theoretical
curve; together with the curves determined
from the thermocouple readings for all
nine holes for the entire period of obser-
vations in Figure 2 indicates the degree
of agreement of the lwo. The basic shape

of the curves, or the rate of freeze and

thaw, is substantially the same' The
depth of the freeze orthaw at a particular
time as calculated theoreticaliy is, on the

average, not more than 1 ft. different than

the observed depth, and rarely differs by
as much as 2 ft. from the observed value'
In nearly all instances, the depth of the

frost line determined bythe thermocouple
readings is greater than the calculated
depths. This might be accounted for in

some partby the error which is introduced
into thethermocouple readingsby the con-
ductivity of the oit-filled pipe' For ex-
ample, during the period of thaw, the top
part of the pipe and the oil are at tempera-
iu"es which maybe severaldegrees above

freezing. This column may tend lo \rarm
the pipe at greater depths in the vicinity
of tñe frost line. Thus at the depth below

' which the soil is frozen, the temperature
in the pipe may be a fraction of a degree
above freezing and the change to below
freezing in the pipe would be at a depth
slightlygreater than the frost line in the

soil itself. The same possible error
occurs during penetration of frost' The
upper portion of the pipe tocated in the

frozen depth of soil may be at tempera-
tures several degrees below freezíng'
This cold column tends to draw some heat

fromthe pipe and oil belowandthe changes
from above-freezing to below-freezing
temperatures in the pipe will be at a

somewhat greater depth than the actual
frost line in the soil.

The soil at dePth in the test holes
shown in Figure 2 ispermafrost' Toward
the end of the freezing season' i' e' , in
March or early Aprit, the entire depth

0,83
2.00
1.1?
1,25

0
3 130
3690
4990

0.6 0
t,25 0.6
0,86 1.85
2.24 2.71

0.3 0 0 0

L,zg 401 401 668

2,28 351 752 7253
3.83 2230 2982 49?0

Sept. 23
Nov. 16
Nov. 28
Feb. I

covered by the thermocouples is frozen'
During thé summer thaw occurs to depths

of 6 to 9 ft. This depth is usually re-
frozen by sometime inJanuary or Feb¡u-
ary of the foilowing freezing season' The
Aeþttr of 6 to 9 ft. which thaws and freezes
annually is calted the annual frost zone'

In this instance it also represents the

suprapermaf rost.

Eielson Air Force Base

The test installation at. Eielson Air
Force Base consistedof five holes spaced
on a transverse section across the run-
way. The holes were 30 ft. deep and had

thermocouples at 0 and 6 in. , every z ft'
from a 4- to 12-ft. depth, and every 3 ft'
from 15 to 30 ft. The section at all holes
consisted of a bituminous pavement about

6 ii1, thick, a crushedrock baseto a depth

of 1. B ft., and a compacted gravel fill to
a depth of from 5 to B ft. The subgrade
was essentiatly a well-graded sand and
gravel. The water table was at about 1L

ft. at the time of the borings.
Thermocouple readings were taken at

approximately weekly intervals b-etween

Ociober 1948 andJanuary 1951 in three of
the test holes. In the other two, readings
were discontinued in April 1950, due to
damage to the installations. The zero
isotherm can be distinguished as the di-
viding line between positive and negative
centigrade temperatures during most of

the tãst periods. The exact depth of frost
penetration is not always distinctly de-
iined within 3 ft. , plus or minus, because
of the 3 -ft. thermocouple spacing used
beiow 15 ft.

In the logs of the holes as bored water
contents were reported at 5-ft. intervals'
Closer tests would have been desirable'
However, utiiizing the information at

hand and selecting what were deemed as

reasonable density and base course water
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Figure 3. Freeze a¡rd thaw lines as determined by thermocouple readings
.and theoretical calculations, Eielson Air Force Base, Alaska.
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content values, theoretical calculations
of freeze and thaw were made. Air tem-
peratures at Fairbanks t¡¡ere utilized and
the surface correction factors previously
mentioned(0.6 forfreezing, 1.4 for thaw-
ing) wereapplied totheair indexes. Plots
of the frost line as determined by ther-
mocouple readings and by calculation are
shown together in Figure 3.

Depths of freeze and subsequent thaw,
as shown in Figure 3, were to a depth of
15 ft. , plus or minus. This is much
greater than thefreeze in any of the holes
at Northway Airfieid. The reason for the
difference is essentialiyin the differenees
in watercontents. The sandy-gravel sub-
grade at Eielson had a water content of
only about B to 10 percent in most strata.
Frost penetration through such materials
is rapid becauseof the relativelylow volu-
metric heat of fusion.

The comparison of the theoretical and
thermocouple-determined curves in Fig-
ure 3 is considered to be good. The dif-
ferences for the most part do not exceed
2 or 3 ft. Again it may be noted that the
frost depths determined by the thermo-
couple readings are in general deeper
than the theoretical calculated values.
This may be due in part to the conduc-
tivity of the oil-filied pipe, as explained
previously for the Northway tests.

It will be noted that, although the gen-
eral appearance of the frost-line loops,
or continuous zero isotherms, in Figure
3 is similar to those of Figure 2, the
areas inclosed by the zero isotherm are
reversed. In Figure 3 the area within the
loop represents a frozen condition, in
Figure 2 athawed soil. This is due to the
fact that whereas perma-frost existed at
Northway Airfield, there is none in the
test holes at Eielson. The depth of seas-
onal frost increases during the entire
freezing season at Eielson, reaching a
maximum in late April or early May.
The thaw then starts and continues from
the surface down until the entire layer is
thawed, which usually occr¡rs during
August.

Present plans call for making some
borings in the runway during the lvinter of
1952-53 to obtain a visual check on the
frost penetrations indicated by the theo-
retical calculations and by the thermo-
couple readings.

Fairbanks Research Area

Two types of analysis of the pavement
test sections of the Fairbanks Research
Area are presented. In the first, com-
parisons are obtained between the frost
Iine determined by thermocouple readings
and by theoretical calculations, as was
done with the Northway and Eielson sec-
tions. This has been done for seven dif-
ferent pavement sections, all with a
bituminous -concrete pavement and a sand-
and-gravel base course. The thicknesses
of the base course vary from 2. B to 12.0
ft. The secondstudypresentedis for four
sections, two with bituminous-concrete
pavements and two with portland-cement
concrete, in which boringsweremade five
times between October 1951 and JuIy 1952
to locate the seasonal freeze 'and thaw
lines and surfaee of the permaf rost. These
actual observations are compared with
theoretical calculations.

The subgrade soils beneath the pave-
ment test sections to a depth of 35 ft. are
principally silts. The boring notes indi-
cate frequent inclusions of peat. The
water content in the upper 12 ft. of the
soil is about 30 to 40 percent, except for
some samples which contain considerable
ice lenses or peat, in which instance
higher water contents are obtained. For
purposes of the theoretical calculations,
a uniform moisture content of 35 percent,
based on an averaging of numerous tests,
has been used. A density representing a
saturated condition for this water content
has been assumed. Tests on the gravel
base course material give an average
water content of 3. 0 percent and an average
dry density of 140 Ib. per cu. ft. These
values have been used for all sections.

Utilizing the soil and base course in-
formation above and the degree-day data
from Fairbanks, theoretical calculations
of the freeze and thaw for the several
years covered by the observations were
made. These curves are shown as the
dashed lines of Figure 4. The frost lines
determined from the thermocouple read-
ings are plotted as the full lines. The
curves aresimilar tothose of Eielson Air
Force Base, Figure 3, in that permafrost
is sufficiently deep so that it does not
restrict the depth of annual freeze. The
permafrost levels are not shown in Fig-



91

ure 4, but in most instances there is a
residual thaw layer from about 2 to 4 ft.
thick between the maximum depth of an-
nual freeze and the surface'of the perma-
frost. Thus frostpenetrationcontinues to
increase during the entire freezing season,
and this depth thaws during the first part
of the thawing season. Inspection of Fig-
ure 4 indicates that the annual frost zone
is usually thawed by sometime in July or
August. During the remainder of the
thawing season there would be a degrad-
ation of the permafrost. Calculations for
such degradation can be made in the same
manner as the computation of thaw of a
layer of annual frost. The depth to the
permafrost surface must be known; the
water content of the permafrost is an
important item in the calculations.

Inspection of Figure 4 indicates a good
agreement between the theoretical annual
depths of freeze and that determined by
thermocouple readings. In 23 of the 28
comparisons shown (four-year record for
each of seven sections), the difference is
1 ft. or less. The depths of annual frost
úary from about B to 14 ft. The greatest
divergence of the theoretical curves from
those plottedfrom the thermocouple read-
ings is in the rate of thaw of the subgrade
soil. The theoretical curves in nearly
all instances indicate that the thaw of the
subgrade would not be completed until
several weeks after the time indicated
by the thermocouples. The depth of soil
which thaws during this additional time in
the theoretical calculation is about 1 ft.,
plus or minus. It may be that the ther-
mocouples, because of their being in the
oil-filled pipe, are incapable of showing
the presence of a l-ft. layer of frost. It
is alsopossible thatthe simplified theory,
based on flow of heat from the thawing
layer to the atmosphere, is inadequate
for the thaw of this last increment.

An additional check is available on the
theoretical frost calculations. As a part
of anacceleratedtraffic testof the runway
test sections in 1951, test pits were dug
in four of the sections in April or June.
The depth of a¡nual frost was measured
in these pits. The points are shown in
Figure 4, and Table 5 liststhe theoretical
annual frost depths, those determined by
the thermocouple readings, and the depths
measured in the pits.

TABLE 5

COMPARISON OF FROST DEPTIIf;
FAIRBANI$ RESEARCH AREA, 1950-51

Depth of Annual Frost
Section

RN-12
RN-4
RN.25
RN-15

Theoretical.-_-IE-
?.9
8.{
8.4
9.9

9.0
9.0
9.8

10,0

8.5
8.3
9.5
9.3

The maximum difference between the
theoretical and test pit values is 1.1 ft.
and the average difference is 0.6 ft. The
depths interpreted from the thermocouple
readings are aII greater than those ob-
served in the test pits; the. average dif-
ference is 0.6 ft.

Since there was some question as to the
accuracy to which the frost line could be
determined by means of the thermocouple
readings installed inthe pipes, a program
of periodic borings to determine the frost
line was initiated in four of the runway
testsections inthe fallof 1951. In making
borings with a hand auger, exact deter-
minations of the level of seasonal frost or
thaw and the position of the top of the
permafrost could be made. AIso, mois-
ture contents of the base course and sub'
grade were obtained for use in theoretical
calculations.

The theoretical calculated curves for
the four sections included in this program
for the 1951-52 period are shown in Fig-
ure 5, together with frost line positions
determined by the borings. Different
symbolsareused forthe depth of seasonal
thaw, the depth of seasonal freeze, and
the top of thepermafrost. The latteris of
no particular concern in the present dis-
cussion. The checkbetween the theoretical
calculation and the þoring data may be
studied by inspection of Figure 5. The
plotted boring points in all four sections
fall quite close to the theoretical curves,
both for penetration of frost and for thaw.
The greatest deviation is about 1 ft. This
is considered to be a good check. There
are some seemingly inconsistent changes
in frost levels as indicated by the hand
borings. It would be expect.ed, for ex-
ample, that the surface of the þermafrost
would be stable during the time period
shown. In two of the sections variations
of 1 ft. or more in this level are indi-
cated in different borings. Such differ-
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ences are due to the fact that the borings method utilizing soils information from
were made at various locations in each the specific runway locations, air tem-
test section, and local variations in base perature data from the site, and selected
course thickness, water contents, and thermal conductivity values and surface
other items caused differences. correctionfactors havebeenmade and are

compared with the results of the thermo-
EFFECT OF BASE THICKNESS ON couple observations. Borings and test

FROST PENETRATION pits to determine depths of frost were
avaitable in some sections for comparison

The data presented in Figure 4 may be with the theoretical calculations. These
utilized to study the effect of base course comparisons lead to the following state-
thickness on frost penetration. All seven ments and conclusions:
sections shown on this figure had a bi- 1. At Northway Airfieid, with essen-
tuminous concrete pavement about 5 to 6 tiaily sandy soils but some silt layers,
in. thick. The thickness of the gravel annual frost depths of 6 to I ft. were ob-
base courses varied from 2, B ft. for tained with the thermocouples in nine test
Section RN-12 to 12 ft. for Section RN-l. holes and for four winters' observations.
Table 6 tists the sections with the average The theoretical calculations checked these

valuesof frostpenetrationasobtainedfrom depths within 1 ft. in most instances. In
the thermocouple observations for the 4- the majority of cases, the theoretical
year period. Although there are some depth was less than that determined by the
âiscrepancies in order of the sections, it thermocouples. The shape of the time-
is reaãily apparent thatan increase in the depth curves by observation and by theo-
thickness of ttre base course results in an retical calculation were very similar.
increase in the total depth of frost pene- 2, At Eieison Air Force Base, with
tration, measured from the surface, but a essentially clean, gravelly s9!Is' annual
decreaseof frost penetrationinto the sub- frost depths of about 13 to 16 ft. were
grade. Even with a base course t2 flt, obtained by both thermocouple measure-
ihick the"e is about 1.6 ft. of the subgrade ments and theoretical calculations. Dif-
which is frozen annualiy. ferences between the two methods averaged

rABLE 6 about 2 ft. Rates of freeze and thaw were

EFFE.T oF rHrcKNEss oF 
'A'EMENT 

AND BASE "ogår å:î.i"åii:::u"uot 
the shape of the time-

.NFR'STPENETRATI.N' FATRBANKSRESEAR.HAI g. At the Fairbanks Research Area,

"ffs"Ë:J*j 4åffirlrrÊ!3s#1gt thermocouptemeasurementsand theoreti-
section Thickness surface suigrlae cal calculations of frost penetration and

---TE-- -ri' -T thawing bothyield similar Àtrapes of time-
*N-i' l:3 3:å l:Î depth curves, and give depths of annual
RN-25 4.5 e.3 4.0 freezewhichusuallycheckwithinl ft. The

*fl:åu 3.3 lÎ:3 3:3 depths of annual freeze in these sections
RN-14 r0.õ r2.3 1.8 varv from about I or 9 ft. for those withRN-l t2'5 74'r 1'6 4 ft. , plus or minus, of base course and

pavement over a sill subgrade, to about
14 ft. for a section with 12.5 ft. of pave-

SUMMARY AND CONCLUSIONS ment and base course over the silt sub-
grade.

Measurement of temperatures over a 4, Both field temperature measure-
period of several years in runway-pave- ments and theoretical calculations show
ment sections indicate the depth and rate that increasing the thickness of a high-
of frost penetration and thawing. There density, gravel base course over a silt
are some shortcomings in the thermo- subgradeincreases thetotal depth of frost
couple assemblies as installed, but ju- penetration, as measured from the pave-
dicious use of the readings yields a reas- ment surface, but lessens the depth of
onably accurate picture of the thermal frost penetration into the subgrade.
regime of the runway sections. Theo- 5. Borings in four pavement test sec-
retical calculations bythe modified Stefan tions in theFairbanks ResearchArea with
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frost penetrations of as much as 9 ft'
checked theoretical calculations for frost
and thaw depths within 1 ft. in nearly all
instances.

6. On the basis of the reasonable
agreement between the frost lines as de-
termined bythermocouple readings and by
borings with depths determined by theo-
reticãt calculation with the modified Stefan
method, it iseoncludedthat thismethod of

calculation witl give results reasonably
close to actuality. Where frost penetra-
tions are in the range of from about 6 to
15 ft., the error to be expected is about
1to3ft.

7, The agreement between observed
and theoretical frost depths is also con-
sidered as a verification of the surface
correction factors used to change air
freezing-and-thawing indexes to surface
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indexes. It is also a.verification of the
charts used for thermal conductivity

'lues.
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I)iscussion
HARL P. ALDRICH, JR., and HENRY M'
PAYNTER, Massachusetts Institute of
iã"r'noroeí-ffi
mendeõTõi obtaining and reporting such

excellent fielddataonthe depth of freezing
and thawing under pavements in Alaska'
There can be no doubt that an important
nhase of soil mechanics and foundation
àngineering in the future will be the cor-
reiation of theoretical concepts with fuli-
scale field measurements.

The authors have pointed out a signifi-
cant practical consideration in their Con-
clusion 4. That is, increasing the thick-
ness of a gravel basecourse can increase
appreciabiy the total depth offrost pele-
tråtion. In other words, if the depth of
frost in a given locality is three feet'
having 3 ft. of gravel belowa pavement is
no asãn"ance that frost will not penetrate
into the subgrade. The gravel base wiII
ordinarily have a smaller water content
than the subgrade. Hence, frost will
penetrate faster and deeper into the base

ãince the latent heat evolved as the soil
freezes is smaller.

The agreement whichthe authors found
between the caiculated depth of freezing and

thawing usingthe so-called Stefanformula
and thã actual depth as determinedfrom
thermocouple measurements and test pits,
is remarkably good. The writers wish to

point out, however, for thebenefitof high-
way and soil engineers working in the

Unite¿ States, that the use of the Stefan
equation in the more temperate regions
of ttt" United States will generatly yield
frost penetrations which are too deep'
Atthough this is not mentioned in the paper,
other publications by the authors indic.ate
that they are well aware of this proba-
bility.

In general, the reason for the discrep-
ancy is that the Stefan equation'' wìile
conäidering the latëntheat of fusion of the

soii moisture, neglects the effect of the

volumetric heat of the frozen and unf rozen
soils. This effect is relatively small when

the mean annual temperature is near tht
freezing point as in Atdska. In the United
States, however, the mean annual tem-
perature varies from perhaps 40 to 60 F
in locatities where frost occurs in the
winter months. In this instantiè the volu-
metric heat of the soil is an important
factor. This can be demonstrated math-
ematically as follows.

Figpre A shows the conditions which
must iold for the general solution of a
rational formula for the determination of

the depth of frost penetration. Nearly all
formuias arebased on theassumption that
the soil is a semi-infinite mass of uni'
form properties and having initially a
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uniform temperature. Let it be further
assumed that the surface temperature is
suddenly changed from its initial value
v^ above freezing to a temperature v-
¡8rõw freezing. ihi" tu*peiature vatu8
is then maintained constant and uniform
over the entire surface to yield a one-
dimensional problem.

Figure

The equations which must hold for this
problem are the diffusion equations in both
the frozen and unfrozen soil as indicated
in the figure. The latent heat property
becomes a eontinuity condition which states
that the rate of flow of heat in the frozen
soil at the frost interface must be equal
to the sum of the rate of heat flow in the
unfrozen soil at the interface and the heat
given off at the interface when the soil
moisture freezes.

The total heat evolved up to the time
the frost has reached a penetration depth

X is equal to the heat evolved in bringing
the unfrozen soil from an initial temper-
ature v^ down to the freezing point plus
the vol8metric heat of the froãen soil þlus
the total latent heat of fusion given off as
the soil moisture freezes to the depth X.
The Stefan equation considers the latter
only, while other. equations bring in the

TEMPERATURE
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effects of the volumetric heat with varying
assumptions.

Among others, the following four for-
mulas for the depth of frost penetration X
can be written:
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where
X = depth of frost penetration in feet
k = thermal conductivity in Btu. per

foot per degree Fahrenheit per hour
F = air freezing index in degree days
n = coefficient used to correct air

freezing index to pavement freezing
index

L = latent heat of fusion in Btu. per
cubic foot

C = volumetric heat in Btu. per cubic
foot per degree Fahrenheit

v^ = degrees Fahrenheit by which the
'mean annual temperature exceeds
the freezing point

t = duration of freezing period in days
À¿ = correction coefficient for Equa-
'tion 4

Àn = f4(¡r, ¡¡) givenbycurves in Figure B

fusionparameter,ts=#
vt v

thermalratio, o =*=*nI' nu"

The first expression is simplythe Stefan
equationwhich considers thelatent heat of
fusion of the soil moisture only. Equations

FUS¡oN PARAMETER p
o,2 0,4 0,6

9?

sumptions. Equation 4 was set up in the
form shown by the writers. It is similar
to a solution obtained by W. P. Berggrenr
in 1943. This formula, a solution of the
equations in Figure A, takes into con-

CnF
L=+' Lt o = 

to=t

nF

(3)
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Figure B.

2 and 3 are formulas which have been
studied by theFrost Effects Laboratoryof
the New England Division of the Corps of
Engineers. These equations take into
consideration the latent heat of fusion and
the volumetric heat under various as-

t;tþJF

EQUATTON (r)
(slEFAI)

EQUATION (E)

'=^/ry
Figure C.

sideration nearly all of the factors of
primary significance to the determination
of the depth of frost penetration,

It can be shown that the first three
equations can also be written in terms of
a comection coefficient À:

X =À i À = f(¡"r,o)

where Àis givenbythe following expression
for Formulas 1, 2, and 3:

À, = 1'o (1a)

(2a)

(ea¡

Curves for À1, À2, and À, are given in

Figure C.

The dimensionless parameterspand
c , which are notconsidered in the Stefan
equation, are significant variables aJ-

tBerggren, ril, P., "Prediction of Temperature Distribution
in Frozen Soils, " Transactions, Â.merican Geophysical Union,
Part III. 1943.

+¡-r.(a+ 0.5)

0.70?

+ ¡r (o+ 0. 5)
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fecting thedepthof frostpenetration. This
can be seen from Figure B. The fusion
parameter¡ris a measure of the heat re-
moved in the frozen soil below the freez-
ing point as compared tothe latent heat of
the soil moisture. The thermal ratio c ,

is a measure of the ratio of the initial
ground temperature, ormean annual tem-
perature above the freezing point, to the
time-average surface temperature below
freezing during the freezing period.

The five localities shown in Figure B
demonstrate the effect of varying climatic
conditions on values of ¡-r. , c and \. If the
mean annùai temperature is equal to zero
as it is in many parts of Alaska, then c(
is equal to zero and a correction coeffi-
cient of perhaps 0.9 would apply. It can
be seen thenthat the Stefa¡equation which
assumes a correction coefficient of 1.0
for aII values of ¡r would give depth of
frost only 10 percent greater than the
actual.

On the other hand, in temperate Kan-
sas, for example, the correction coeffi-
cient is perhaps 0.55 which means that
the actual depth of frostpenetration would
be about 55 percent of the value determined
from the Stefan equation. It is also of
interest to note from Figures B and C:
in Alaska, Equation 2 gives good results
while Equation 3 predicts far too shallow.
In Kansas, however, Equation 3 is good
while Equation 2 predicts far too deep.
The writers' statistical studies of actual
frost penetration dat* have generally
confirmed the above statements.

It would seem from the above discus-
sion that the use of the Stefan equation in
Alaska would yield depths of frost pene-
tration about 10 percent greater than the
actual. The authors found, however, that

'Corps of Englneers, U. S. Army, New Engìand Divrs¡on,
"Addendum No. 1, 1945-1947, to Report on Frost Investiga-
tion, 1944-1945," Frost Effects Laboratory, October, 1949.

the equation gave depths about 10 percent
too smali when a surface correction factor
n =Tl6ivas used. The following question
arises. How reliable are values of n?
The authors apparently have data to show
that n = 0.6 for bituminous and portland-
cement concrete pavements in Alaska.
However, if they had used a value of 0. B,
their computed results with the Stefan
equation would have checked the actual
depths very closely on the average. t For
example, at the Eielson Air Force Base,
the actual penetration averaged 16.5 feet
while thepredictedaveraged 14.5 ft. when
n = 0.6 was used. In the Stefan equation

X- '1î
If n = 0. B was used in place of 0.6 then

computed 
" 

=Æ 14. b = 16.? feet

which checks the actual reasonably well.
In effect, using n = 0. B in the Stefan

equation tglbe same as combining n = 1.0
and \= 10. B = 0. B9 in Equation 4. From
Figure B it can be seen that in Alaska
Ào=0.91 In other words, it would ap-
peár that if the authors had used the air
freezing index with the modified Berg-
gren formula (4), which considers'all of
the significant variables, their computed
depths at the Eielson Air Force Base would
have checked the actual depths very closely.

The writers are tempted to conclude
that while the pavement surface correction
factor, n, may not be equal to 1.0 in
Alaska, it may be considerably closer to
uniiy than is now believed. Furthermore,
it is theirgeneralbelief that n varies with
Iatitude and may very well be smaller in
the more temperate climates.
3In any given locality one could, in fact, find a value ot n for
use in the Stefan equation whichwould yield average predicted
values equal to the actual. In general, however' the writers
would expect more scattering of the results than if e rational
value of n was used with equation (4).
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C SINCE the earliest of pavements, it
hãs been lmown that ground freezing has
produced rough-riding surfaces and often
õracked pavementsas aresult of heaving'
In some instances of intense heaving,
subsequent thawing has produced such

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

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

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

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

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

thawingprocesses on highwayand airfield
paving.' 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

,.#fu
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FACTORS IVHICH INFLUENCE FROST
ACTTON

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

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

Intrinsic factors are those inherent to
the soil mass which have an influence on
frost action. They include the composi-
tion of the soil, both chemical and physi-

Accelerotion of
Slructurol Foilures
(Foulling, Pumpinq
Rutling, elc. )

I.

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

AVAILABILITY AND USEFULNESS OF
INFORMATION ON FROST ACTION

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



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

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

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

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

STATE OF THE SOIL MASS

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

I . rl

Figure 2.

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

influence in determining the magnitude of
freezing and thawing effects.

Effect of Moisture Content a¡dDistribution

The moisture eontent of soil at the be-
ginning of freezing largely determines the
amount of segregated ice and the hgaving
of the soil on freezing. The increase in
amount of soil moisture and change in its
distribution through the soil plus the

EXTRINSIC FACTORS

Foclors Wh¡ch lntl uence Frosl Aclion
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changes in soil density and soil structure
which result from ice segregation deter-
mine the magnitude of the reduction in load-
carrying capacity on thawing. Substantial
heaving and very marked reduction in
Ioad-carrying capacity can 'result from
freezing of water contained within the
soil. That is true for most frost suscep-
tible soils. Thus, an outside source of
free ground water is not a requisite for
frost action in soils. However, the avail-
ability of free ground water near the zone
of freezing greatly intensifies all phases
of lrost action.

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

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

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

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

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

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

Ejlect of Porosity and Volume lVeight

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

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

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

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

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

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

3. Determination of influence of degree

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

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

EFFECT OF STRUCTURE

Unfrozen State

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

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

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

91, 1i, 13, 16).

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

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

The effects of stratification, as in

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

Not only does sõil structure influence
frost action, but frost action may modify
soil structure. Freezing and thawing
may, due to pressures and fissuring pro-
duced by ice formation, foster develop-
ment of soil aggregates and permanent
fissures. Intense frost action of the type
found in permafrost regions may produce
a stirring or mixing of soil materials
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(20). Fossil remains (such as involutions
iñ-Áoit t¡orizons) indicative of intense f rost
action have been observed in areas on the
perimeter of the most recent glaciation in

the United States.

Frozen State

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

Seasonallv frozen ground is usually
chffinature and

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

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

Perenniallv f rozen ground (PermaJrost)
str

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

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

homogeneous or stratified, just as the

struclure of seasonally frozen ground'

If the heterogeneous structure is such

that large ics masses are present,- de-

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

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

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

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

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



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

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

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

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

Effect of Ternperature

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

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

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

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

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

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

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

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

Chemical Composition

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

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

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

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

Physical Composition

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

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

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



VT

soils according to texture into four F
groups of increasing susceptibility, the
group F4 having greatest susceptibility.

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

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

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

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

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

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

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

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

The foliowing fietd and laboratory
studies are suggested:

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

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

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

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

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

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

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

THERMAL PROPERTIES

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

o

Figure 6.

quick
fines

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

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

A B

fiæ-äf,fiiiiìffi iii;i;1"'ffi

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

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

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

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

The following suggestions are made
for future studies:

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

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

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

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

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

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

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

PHYSICAL PROPERTIES OF
THE SOIL MASS

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

Figure 7.

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

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

Moisture Movement

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

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

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

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

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

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

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

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

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

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

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

not just those of temperature difference'

Volume Change

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

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

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

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

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

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

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

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

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

Shrinkage orl -Elgezilg. Shrinkage,

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

"pp"ãciation 
that it reduces total

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

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

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

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

shrinkage manifests itself in the form of

marked downward movement of the soil

assõõÏilãf witF soil freezing may occur

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

ep transverse cracks
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Figure B.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

A statement of research needs would
include:

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

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

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

EXTRINSIC FACTORS 1VHICH IN-
FLUENCE FROST ACTION

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

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

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

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

PRACTICAL DESIGN AND CONSTRUC-
TION PROBLEMS

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