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

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

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

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

Data from phases of the investigation which are substantially complete indi-
cate that (1) the intensity of ice segregationin soils is dependent not only on the
percentage of grains finer than 0. 02 mm., but also on the grain-size distribu-
tion or physical-chemical properties of these fines; (2) fine soil fractionswitha
high percentage of fine clay sizes appear to be more effective than silt sizes in
producing ice segregation in soils of near borderline frost susceptibility; (3}
in well-graded frost susceptible gravelly soils, the intensity of ice segregation
increases moderately with initial density up to approximately 95 percent of
Modified AASHO dengsity, above which there is a decrease in ice segregation
with increase in density; {4) in inorganic silt soils, the intensity of ice segre-
gation increases with initial density for the full range of densities attainable in
the laboratory specimens; {5) the intensity of ice segregation in soils is de-
creased appreciably by an increase in overburden pressure, all other factors,
such as rate of frost penetration being equal, (6) the intensity of ice segregation
in a frost susceptible soil varies directly with the initial degree of saturation,
where water is available only by withdrawal of a portion of that existing in the
voids of the soil underlying the surface of freezeng; (7) the rate of heave of the
surface is generally independent of rate of {reezing within the range of 1/4 to
1-3/4 in. per day, but the heave per unit depth of frozen material is inversely
proportional to the rate of penetration of the freezing temperature; (8) neglect-
ing effect of salinity of pore water, virtually all water present in clean sands
and inorganic silt soils freeges at 32 F. while in lean clay soils the freezing
temperature of the soil moisture is not constant but decreases below 32 F. with
decrease in water content; (9) the percentage heaves of specimens with fine
so0il fraction (minus 200 mesh) composed of the three common clay mineral
groups decreased in the order of kaolinite, illite, and montmorillonite; (10)
soils may be made less susceptible to frost by means of trace {less than 1 per-
cent of dry weight of soil) chemicals whicheither disperse, aggregate, or water-
proof the soil grains.

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

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




To develop pavement design and eval-
uation criteria for such frost conditions,
the Frost Effects Laboratory was estab-
lished in the New England Division, 1944,
by the chicl of engineers, Department of
the Army. The laboratory has since con-
ducted field investigations including traffic
tests at various fields in the northern part
of the United States to ohserve and study
the effects of frost action (1, 2). The field
studies demonstrated the need for com-
prehensive laboratory investigations in
which each of the several variables con-
sidered to influence frost action in soils
could be isolated and studied under con-
trolled conditions. To meet this need,
cold-room facilities were constructed in
1949 and 1950 and laboratory investiga-
tions were initiated. _

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

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

DEFINITIONS

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

Frost action is a general term used in
reference to freezing and thawing of mois-
ture in the materials and the resultant
effects on these materials and on struc-
tures of which they are apartor withwhich
they are in contact.

Ice segregation in soils is the growth

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

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

Closed systemis the condition in which
no sourceof free water is available during
the freezing processbeyond that contained
originally in the voids of the soil at the
immediate zone of freezing,

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

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

Frost-susceptible soils are those in
which significant ice segregation will ap-
pear when the requisite moisture and
freezing conditions are present. (Previous
information has indicated that most soils
containing 3 percent or more of grains
finer by weight than 0.02 mm. are sus-
ceptible to ice segregation, and this limit
has been widely applied to both uniformly
andvariably graded soils. Although it has
been found that some uniform sandy soils
may have as high as 10 percent of grains
finer than 0.02 mm. by weight without
being considered frost susceptible, .there
is some question as to the practical value
of attempting to consider such soils sep-
arately, because of their rarity and ten-
dency to occur intermixed with other soils.)

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

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

FROST CLASSIFICATION, SQILS AND
PROCEDURES
Test Procedures

In the cold room where conditions can



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

form of a telescope within the cardboard:

containers. The acetate strips are coated
on both sides with silicone.

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

A free water surface is maintained
approximately 1/8-in. above a porous
stone at the bottom of each sample. A
surcharge weight of 0. 5 psi. is placed on
top of the samples. The samplesare then
frozen from the top by gradually decreas-
ing the temperature above the samples in
the freezing cabinet, while the hottoms of
the samples are exposed to a cold-room
temperature maintained between 35 F. and
38 F. The temperaturein the test cabinet
isloweredtoobtain approximately 1/4-in. -
per-day penetration of the 32 ¥. tempera-
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ture into the samples. Heave measure-
ments are taken daily. At the completion
of the tests, usually after 24 days, the
samples are removed from the freezing
cabinet, measured, split longitudinally,
photographed, examined for ice segrega-
tion, and finally broken up to determine
water-content distribution.

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

Measure of Frost Susceptibility

The following tentative scale of average
rate of heave has been adopted for rates of
freezing between 1/4 and 3/4 in. per day:

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

0-0.5 Negligible

0.5-1.0 Very low

1.0-2,0 Low

2,0-4.0 Medium

4,0-8.0 High

> 8.0 Very high

Soilg Tested

Approximately 60 different soils have
heen tested to date. Some of these have
also been tested in combination with each
other in order to obtain various artificial
gradations. These soils have been ob-
tained from locations distributed over the
United States from Maine to Washington,
as well as from locations in Alaska, Can-
ada, and Greenland. Most of thege are
from airfield and highway project loca-
tions. They range from a well-graded
sandy gravel (GW} to a medium plastic
clay (CL.).
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COLD-ROOM INVESTIGATIONS

Effect of Percentage Finer Than 0.02 mm.

A series of tests were performed to
check the validity of the present criteria
for frost-susceptible soils and to deter-
mine, with soils of various gradations
ranging from well-graded sandy gravel to
very-uniform fine gand, the minimum
percentage of grains finer by weight than
0.02 mm. at which significant ice segre-
gationwill occur. The study included both
testsonartificial soil gradationsprepared
by blending various combinations of the
soils, whose grain - size - distribution
curves are shown in Figure 2, and also on
natural soils with various gradations and
percentages finer than 0. 02 mm. in order
that the relationship between average rate
of heave and percentage finer than 0,02
mm. could be determined.

The results of tests onspecimens pre-
pared by blending various fine and coarse
soil fractions are summarized in Figure
3. Examinationof this figure reveals that,
for equal percentages of material finer
than 0.02 mm., relatively large variations
in the average rates of heave were record-
ed. The fine soil fraction of the Lime-
stone sandy gravel constitute the most-
potent fine goil fraction tested in this
series. When blended with the two sandy
gravels and the two coarse sand fractions,
it resulted in greater average rates of
heave than when either the fine fraction of
East Boston till or New Hampshire silt
fines were used. Also, in twoout of three
instances the East Boston till fines were
more effective in producing heave than
were the New Hampshire silt fines.

Based exclusively on grain size, it
appears that the finer the grains or the
higher the percentage of colloidal sizes
contained in the fine soilfraction the more
effective the finer soil fraction is in pro-
ducing ice segregation. The Limestone
sandy gravel fines that were combined
with Limestone sandy gravel to give a
sample composed of 3 percent finer than
0.02 mm. produced average rates of heave
of 1.0 mm. per day. Such a soil, con-
sidered to be of borderline frost suscep-
Libility by existing criteria, would never-
theless be classified ag a soil of low frost
susceptibility, in accordance with the seale

presented in this paper. For a freezing
test of 24 days duration. a 6-in. - high
sample, when frozen to the bottom, would
heave approximately 1in. By comparison,
when the coarse and fine fractions of
Truax Drumlin soil were blended together
to contain 3 percent finer than 0.02 mm. ,
an average rate of heave of 0.35 mm. per
day resulted. Thig goil would be classified
as asoil of negligible frost susceptibility,
in accordance with the adopted scale.

A second phase of the study to deter-
mine the relationship between percentage
finer than 0.02 mm. and average rate of
heave, consisted of performing freezing
tests on base course and subgrade soils
from various airfields and on materials
from proposed base-course borrow sour-
ces. The samples used were obtained
from locations with a wide geographical
distribution as shown in Table 1. Data
from the freezing tests are summarized
in Figure 4. Examination of this figure
reveals thatsoilsexhibiting equal rates of
heave contain a relatively wide variation
inpercent of material finerthan 0.02 mm.
For an average sandy gravel or gravel
(GW) soil, with 3 percent of the grains
finexr than 0.02 mm., the average rate of
heave was approximately the same as ex-
hibited by a silty sandy gravel (GM) having
9 percent of the grains finer than 0.02 mm.
and by silty sand and silty gravelly sand
(SM) having 18 percent of the grains finer
than 0.02 mm. One outstanding exception
wag the Alaska fine sand (AFS-1 and AFS-
2) which had average rates of heave of
0.9 and 1.7 mm. per day with only 3 per-
cent of graing finer than 0.02 mm. It is
alsonoteworthy that the sandy gravel soils
from Alaska and Greenland showed average
rates of heave of between 0.5 mm. per day
and 1.7 mm. per day even though the soils
contained only 1 percent of grains finer
than 0.02 mm. By the frost-susceptibility
classification system presented here, the
susceptibility of these soils would be
classed as low to very low; although, by
the usual standards, these would be con-
sidered very safisfactory base-course
materials of negligible frost susceptibility.
However, it is visualized that during the
{rost-melting period, the water re-
leased from the segregated ice in these
soils would be quickly drained or re-
distributed through the soil so that the



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

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

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

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

_study of effect of percentage finer than 0.02 mm.

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

In applying the present criferia for
frost - susceptible soils, questions have
frequently arisen concerning the effect of
the percent and gradation of the coarse
soil fraction on ice segregation. The in-
clusion or exclusion of evena small num-
ber of gravel sizes, {2~ to 4-in. diameter)
ina 25-1b, sample from a proposed base
course borrow area or aconstruction con-
trol sample, can appreciably affect the
indicated over-all percentage, by weight,
of sizeg finer than 0.02 mm.

A seriesof tests wereperformed using

Limestone sandy gravel and Truax Drumlin
soil, the gradations of which are shown in
Figure 2. Desired investigational gra-
dations were obtained by scalping the max-
imum size aggregate in increments from
the 2-in. gize down tothe 10-mesh sieve,
and allowing the percentage of fines to
increase as the maximum sizes were
removed, The weight of graing finer
than 0.02 mm. range from 3 to 22 per-
cent. The average rates of heave re-
corded for these tests, plotted in re-
lation to percentage finer than 0.02 mm. ,
are shown in Figure 5. As the percent-

age of the total sample finer than 0.02
mm. is increased by the removal of
stone, the rate of heave increased in the
same manner as if the weight of coarse
fraction had been kept constant, and
fines added to increase the percentage
finer than 0.02 mm. It is apparent,
therefore, that the addition of coarse
sizes to a given soil would result in a
proportionate decrease in percentage
finer than 0.02 mm. with consistent
decrease in over-all heave potential.
The coarse aggregate in a frost-sus-
ceptible so0il appears to have the func-
tion of an inert filler, which reduces
the volume of the frost susceptible matrix
and effects a reduction in heave of the
total soil mass, Whether such lesser
over-all heave represents a reduction in
bearing capacity in the gpring is a matter
for further congideration.

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

In a given $oil, variation in the dry
unit weight may be used to study the
combinedeffect on ice segregation of such
S0il  characteristics Or conditiong gg
void size, andg internal
Freezing tests were pep-

Peérmeability,
structure.

U J

1 TR ‘ ZEa] "".'i!u‘é-;? i
HHJI _’-'

35 £ 5%“1!“ Al ‘53

., L mu[,f;ﬂ; . 'gfﬂﬁ ﬁm%ﬁﬁ? o

“i H!fif lf
L
o sfm%u ﬁﬁgf .

i}
gEé o) OMé'SH LOWELL sma BLENDED g m}r
B wire-"ioa Hess Limesrony sanoy I I b{[

e Lﬁ

§§E ‘i H
= i EJ,,:
il‘fffﬁllﬁﬁﬁﬁi—‘i Iiffﬁl ig%%%ﬁﬂ il é‘En rl‘ﬂ.!é
i f?f iy I ﬂl!i[ m E,I‘#d !ﬂ] I 5‘?&“555%1‘1!’%“
i ﬁ !ﬁ.

E.E‘&EEI!
; *hili

Mmm./day

q‘%ﬁafm
v—ﬁ—hﬂﬁg :

E._
L_T B 7ioy

HEAVE

sarse 7
[ E i ;‘EE:LEL.J !fll'iEiE? iﬁs!‘hhﬂlw i

i iz

iiﬁﬂal!ﬁgp h‘?a}" Eiiiff!ff il ’ il

2l E‘éJ

4 5‘4#081&'.4’&50 mmﬁi; *= i
,JW?’H- EASTBOTOIV Iy

gt ig. E” 'j QEHIHII_FF gE i i3

i)y 10 MESH 1.0WeL | SAMDBLE# £

mm 210 MESH E4ST BOSTON TiLy

!H.‘i:’h:. r!.li!ll,hs

] P DA
Eﬂ] n@gﬁfﬁ;%?j?fﬂ g I
o

55?5

EE,E Pﬁ A
I-J L!MES?’ONESAHDVGHAVEL m
aL EWD or«;’- o770 mEsy

T !ﬁ@f‘fff If’ﬂfﬂﬁﬁﬁﬁfﬁﬂlﬂf
W@%Lﬂ |

ity
mid ..::E
=
E e
_H—-.W_‘__-.EME
SR REEY i
EE
1‘===Innn

e
I

S

mm. /day

-=-..-..:.=°__H:-—"-_...

e et

_%E—m—-—-—g
BACE iR

I,
-'5-“‘—'#....
e e

ey

. fi?ﬂlﬂﬁ%@il |

. !ﬂ
e m’!r I s :5:(:!1
i ”ﬁﬁﬁﬁ,ﬂfﬁﬁfﬂ 0

0 ;
o f; o

I«u

ﬂ'g.i i .
§§§°Ei‘fﬁi.§jl'“ﬂ ﬂﬂi’ﬁiﬁﬂ el
i f! am e 1E===E=E=,!E sff'

j i &
iSE’:és, Jﬂfﬁﬂﬂf‘f flflfw.zlfﬁ il fﬂfﬁf i .ﬁHHII Es,EEEi s' il
i o -
“ngigsgszsss “ E‘;{h;;] &314%45 : 'u

Bom oy @ -

b
T

RATE OF Hpave

dﬂﬂﬂﬂi 211{ ) runx ogmw_w s:. sf..m; )
Llﬂf" R i ” e I

f i 1] HIRHE

d Hhﬂﬁ il T

; EI& , ggggg?ﬁ! N .
FH

o wgﬂié‘?i .
L E?ﬁﬂ! 71 i zgfs?f‘p .
” L /siééisﬁ.l i

nmnm

11

AVERA(?E

L’!Nl/! .

formed on various soil types to study
the effect of initial dry unit weight on
intensity of ice segregation,.

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

hefore freezing were varied. The re-
sults indicate that heaving increases with
increase in original dry unit weight for
inorganic silt soils, such as New Hamp-
shire silt and Ladd Field subsoil for the
full range of unit weights attainable in
the laboratory specimens. Tests on
East Boston till show increase in heav-
ing with an increase in dry unit weight,
up to 120 1b. per cu. ft. followed by a
decrease in heaving with further increase
in dry unit weight. Truax Drumlin soil
and Limestone sandy gravel show in-
creased heaving with an increase in dry
unit weight up to approximately 130 1b.
per cu. ft., followed by a gradual de-
crease in heaving with further increase
in dry unit weight. The results of tests
on sandy soils, such as Manchester fine
sand, Indiana dune sand, and Alaska
fine sand, show negligible variation in
heave with change in’ density. Clayey
sand from Fargo AFB shows an apparent.
decrease in heave with increase in initial
dry unit weight.

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

i

9

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

Effect of Surcharge

A geries of tests have been performed
to determine the effect of surcharge on
ice segregation in soils of various grad-
ations. Surcharge loads of 0, %, 1, 2,
3, 4, and 6 psi. were placed on 6-in. -
diameter specimens during freezing.
Plots of average rates of heave versus
intensity of surcharge are presented in
Figure 7. The test data indicate the av-
erage rate of heave decreases with in-
creases in the surcharge load for the
soils tests, In using a semilogarithmic
plot, the data are arranged along a series
of lines which are nearly parallel.

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

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

9|
8]
7
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Figure 5. Effect of varying percéntage
of coarse fraction on rate of heave.
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Figure 6. Effect of variation in dry unit weight.

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

Effect’ of Rate of Penetration of 32 F.
Temperature

A series of tests has been made to de-
termine the effect of various rates of
penetration of the 32 F. temperature on
ice segregation in frost-susceptible soils
of various gradations. Nominal penetra-
tion rates of %, ‘4, % and 1 in. per day
were used in the test. A summary plot
showing rate of penetration of 32 F. tem-
perature and average rate of heave is
shown on Figure 8, together with the
grain - size - distribution curves of the
eight materials used in the test geries.

The results of this test series indi-
cate that, superficially at least, the rate
of heave is approximately independent of
the rate of penetration of the 32 F. tem-
perature for the range investigated, Ya to
1%4 in. per day. Though the data for Dow
AFB clay apparently shows the rate of
heave to decrease with increase in rate of
32 F. temperature penetration, the un-
disturbed samples of Dow clay used for
testing contained many fissures due to

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

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

Freezing Point of Soil Moisture

Previous laboratory studies by Bouyou-
cos (4)at Michigan State College and others
have demonstrated that the freezing point
of soil moisture in fine-grained soils is
generally below 32 F. and for a given
fine-grained soil the freezing point de-
creases with decrease in water content,
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Most investigators attribute the depressed
freezing point of soil moisture to; (1)
soluble salts in the pore water and (2) the
adsorptive forces by which the water is held
to the soil grains. Pore water at the cen-
ter of the interstices is considered to
freeze at a higher temperature than the
water closer tothe surfaces of the fine
50il grains.

The freezing point of soil moisture
has been determined by the Frost Effects
Laboratory by measuring with thermo-
couples the temperature at the wvisual
boundary between frozen and unfrozen
soils in test pits andcold-room {est sam-
ples. For proper correlation of these
results, however, comprehensive labora-
tory studies are required to analyze the
effects of such factors as moisture content,
dry unit weight, soil mineral characteris-
tics, and the dynamics of the freezing pro-
cess. Exploratory laboratory studies,
therefore, were initiated to obtain test
techniques and the freezing history of
several soil types at varying moisture
content. The soils selected for this ex-
ploratory test series were Lowell sand,
Manchester fine sand, New Hampshire
silt, and Bostonblue clay. Each soil type
was prepared al several water contents
by adding distilled water to the oven-dried
materials, with the exception of the clay
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go0il, which was air-dried. Test{ speci-
mens wereprepared byplacing each sam-
ple into a %-in. -diameter copper tube,
3.5 inches long, with a thermocouple in-
serted at the midpoint of the sample. A
cross section showing the details of the
test specimen is shown on Figure 9,
These specimens were placed ina freezing
cabinet held at aconstant temperature and
the temperature change within the sample
meagured continuously throughout the
freezing cycle. Typical -temperature-
time plots for a specimen of Boston blue
clay and Manchester fine sand are shown
on Figure 9 together with pertinent test
conditions. The grain-size distribution
curves in these samples are contained in
Figure 2. It isnoted that during the initial
stages of cooling, the temperature of the
specimens dropped at a relatively con-
stant rate to a temperature considerably
below 32 ¥. and then suddenly rose to a
higher temperature. In the case of Man-
chester fine sand, the temperature rose
to 32 F. and remained constant for approxi-
mately 25 min. and then the temperature
dropped off at a relatively constant rate.
On the other hand, the temperature of the
clay specimen rose to 29.7 F., then im-
mediately began to decrease with time,

The sudden temperature rise in the
specimens after they have been lowered
below 32 F. is attributed to the start of
crystallization of the supercooled pore
water. The temperature at which the
crystallization starts appears to be prin-
cipally controlled by factors outside of the
test specimens, since there does not ap-
pear to be a direct correlation between
501l type, moisture content and this tem-
perature. Outside effects such as vibra-
tiong appear to cauge the initial crystal-
lization in the pore water. It is recog-
nized that the characteristics of the pore
water and the presence of nuclei for initi-
ation of crystal formation have an impor-
tant influence on the temperature of initial
crystaliization.

The same phenomenon of supercooling
has been observed in the cold-room test
specimens that are frozen at a constant
rate of penetration of the 32 F. tempera-
ture. The start of crystallization causes
a rise of temperature in the upper portion
of the sample after the 32 F, temperature
has penetrated 2 {o 3 in. belowthe surface
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of the specimen. In order to prevent this
effect and attain a more uniform rate of
freezing-temperature penetration, the top
of the samples are seeded with ice flakes
at the time the 32 F. temperature pene-
trates slightly below the surface of the
specimens.

Figure 9, together with resulis of other
tests in this series, indicate that the tem-
perature to which the specimens rise
after start of crystallization is a function
of soiitype and water content. The speci-
mens prepared using the two sand soils
and the inorganic silt soil, rose to a tem-
perature of 32 F. and the temperature
remained constant for aperiod of time
which was a direct function of moistare
content. It is visualized that in these
soils, after the start of crystalliza-
tion and rige of temperature, virtually
all of the pore water froze at 32 F. with

the release of latent heat maintaining.

constant specimen temperature, In the
specimens of clay soil the temperature to
which the specimens rose after start of
c¢rystallization is a function of moisture
content. For moisture contents of 11,
17, and 21. 5 percent, the maximum tem-
peratures reached after start of crystal-
lization were 26.8, 29.7, and 30.8 F.,
respectively, After reaching these tem-
peratures, the specimen temperatures
then gradually decreased, ‘indicating that
the latent heat of soil moisture was not
being released at a constant temperature
but that only a portion of the soil moisture
became availablefor freezing as the speci-
men temperature was lowered, The cur-
vature of the temperature-time curve for
this portion of the freezing cycle indicates
that a smaller and smaller quantity of
water is available to freeze as the tem-
perature is lowered, otherwise the tem-
perature-time plot would tend to become
asymptotic to the temperature of the
freezing cahinet,

This test series is being contamed at
the present time with consideration being
given to the minerals present in the fine
soil fraction. Since the surface of the
clay minerals provides the major ab-
sorption surface, the thickness of the
absorbed films and the absorption charac-
terigtics towards water in various ions
and organic molecules vary for different
clay minerals. The surface area of the
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soil graing should alsobe congidered since
grains of gimilar size but different min-
eral composition have widely different
surface areas.

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

Effect of Initial Degree of Saturation In a
Closed System

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

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

The test results demonstrate that an
outside source of free ground water is not-
a requisite for frost action in soils. The
need of water for ice segregation can he
satisfied to the extent that water is ob-
tainable through a decrease in the mois-
ture content of the material directly be-
neath the zone of freezing, The increase
in water content at the top of the samples
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in the cold-room test is not necessarily
considered quantitatively representative
of the results that would occur in nature,
since the samples were only 6 in. in
height. In nature, of course, water may
be supplied for ice segregation from soil
at much greater depths. Plastic soils,
tested in the closed system, exhibited a
tendency to shrink in diameter and pull
away from the container at the lower por-
tions of the specimens.

4 T T T
TEST CONOETIONS
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Figure 9. Plot of temperature change
during freezing cycle.

Presence of an appreciable consolidating
force in the lower portions of all samples
is indicated by the marked decrease in
water content at bottom of the samples, as
compared with the original water contents.
In nature, it is visualized that there would
pe atendency for vertical shrinkage cracks
to develop in plastic soils, particularly
during the initialfreezing cycle. The lat-
eral shrinkage inthefield, however, would
probably be minimizeddue tothe restraint
offered by the materials above and below
the zone of shrinkage.

Effect of Mineral Composition of Soil Fines

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

ice segregation in soils. indicated that the
particle size and distribution of the na-
ture of the fines {(minus 200 mesh) in-
fluenced the formation of ice lenses in a
soil. To explore the relation between the
mineral composition of the fines and frost
susceptibility, the identity and percentage
of each of the mineral constituents present
in the fines were determined by the dif-
ferential thermal analyzer (5). Also, the
surface area per unit mass of the minus-
200-mesh soil fractions were determined
by the ethylene-giycol-retention test (6).

In the series of tests discussed under
paragraph entitled "Effect of Percentage
Finer than 0.02 mm.," the fines from
Limestone sandy gravel were found to be
more effective in producing ice segrega-
tion than the fines from East Boston till
and New Hampshire silt. The Limestone
sandy gravel fines (minus 200 mesh) had
40 percent kaolinite and 20 percent illite;
the East Boston till fines 20 percent kao-
linite and 40 percent illite; and the New
Hampshire silt fines were composed of
55 percent quartz withno kaolinite, mont-
morillonite, or illite. This might appear
to indicate that kaolinite has somewhat
greater frost susceptibility. However,
the fines from these sgoils were not of
similar gradation, as shown in Figure 2,
which also may account for the difference
in lce segregation in the specimens into
which they were blended. Also, correla-
tion of the mineral composition of the
minus 200 mesh with intensity of ice ségre-
gation in the soil blends and natural soils
tested is complicated by the fact thatthere
were usually several types of minerals
present and differences in the total per-
centage of fines present in the soils being
compared.

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

(1} The nature of fines is important.

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



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

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

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

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

Effect of Admixtures

Limited studies were made bythe Frost
Effects Laboratory from 1944 to 1046 to
determine the effectiveness of calcium
chioride, sodium chloride, and various
bituminous materials in preventing ice
segregation in soils. It was found that
the soluble salts tended to be leached out
of the soil after a fewcycles of saturation
and drainage, and therefore, field treat-
ments with these materials would only he
of temporary benefit. It was found that
ice segregation could be prevented by the
addition of gufficient bitumen to render the
gsoil impervicus. However, the quantity
required to reduce ice segregation to a
negligible amount approached the bitumen
content commonly employed for construc-
tion of bituminous pavements. Cold-room
studies performed in 1950 indicated that
the admixture of calcium acrylate was very
effective in preventingice segregationin a
clay soil but was not as completely suc-
cessful in a silt soil.

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

goilg, reducing thepercentage of the fine-
particle fraction reduces frost heaving.
On the other hand, in the finer-grained
plastic soilsthere appears tobe adecrease
in frost susceptibility with decrease in
permeability, with a specimen of ben-
tonite showing negligible frost heaving.
Also, remolding lean ciay soils has been
found to reduce the rate of heave to less
than half those for specimens of undis-
turbed material; the permeability in the
remolded state is in the order of 1/200
of that in the undisturbed state.

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

There are several possible means by
which soils, at least theoretically, can be
made less susceptible tofrostaction. One
such method would be to prevent or inhibit
the migration of water necessary for ice
lens formation. This might beaccomp-
lished by use of an admixture that will:
(1) fill the soil voids to the extent neces-
sary to cut off moisture migration; (2)
increase the adsorptivity of soil grains
for water, thereby decreasing the chan-
nels in the soil available for flow; (3)
absorb large quantities of water, thereby
reducing the channelg inthe soil available
for flow; {4) reduce the attractive forces
between scil grains so the soil will dis-
perse and may be compacted more readily
to a greater unit weight thus decreasing
the volume of voids and permeability.

A second method of treatment by use
of admixtures is suggested by the sus-
ceptibility of a sandy material that is
effected by removal of the fine particle
fraction. This removal of fines can be
brought about, to some extent, by causing
the small particles to stick together and
therebyform largeparticles. Also, treat-
ment of inorganic silt soils with an admix-~
ture to join grains together would, in
effect, increase the effcctive grain size,




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

The cold-room studies in connection
with this phase of the investigation have
not advanced, at the present time, past
the exploratory stage. The search for
potentially suitable admixtures is con-
centrated on obtaining a material which,
mixed with a soil in a very small quantity
{less than 1 percent of the dry weight of
soil) will permanently alter the forces
between particles in the hope of decreas-
ing the frost-susceptibility characteristics
of the soil. Michaels (8) hasdescribed a
number of mechanisms by which admix-
tures can cause forces of attraction or
repulsion between particles and thereby
either aggregate or disperse soil grains.

The available test data show that dis-
persing agents effectively reduce frost
heaving in soils. Additional testing is
required, however, todetermine the most -
effective percentage of admixture and the
permanence of treatment. The following
tabulation illustrates the effects of dis-
persing agents on frost heaving of lab-
oratory specimens:

FROST-HEAVE DATA

Admixture
% of dvy Percentage

Soil Admixture sotl wi. Heave

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

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

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

Much additional data on the effect of
admixtures on frost susceptibility must be
accumulated before acceptance of these
methods of treatment. Considerationalso
must be given to methods of mixing the
additive into the soil in the field and the
cost of material and equipment required
for such treatment.
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FROST-HEAVE DATA ON BOSTON BLUE CLAY

Admixture

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

Other Colid-Room Studies in Progress

In additionto thetest series which have
been summarized in the foregoing para-
graphs, cold-room studies are currently
inprogress at the Frost Effects Laboratory
on other phases of the frost problem.
These investigations which are either not
within the scope of thispaper, or theavail-
able data areinsufficient for reporting in-
clude: (1) investigations of the effect of
proximity to water table on ice segrega-
tion; (2) controlled-freezing tests for
correlation with theoretical frost pene-
tration formulas; (3) investigation of
strength and consolidation characteristics
of thawing soils; (4) determination of
percentage of water frozen in soils by
calorimetric method; (5) determination of
thermal conductivity of soilsby transient-
heat method using thermal probes; and
(6) crystallographic studies of segregated
ice phase in frozen soil.
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Frost Design Criteria for Pavements

KENNETH A. LINELL, Chief, Frost Effects Laboratory,

New England Division, Corps of Engineers

THE increases in traffic and wheel loadings on airfield and highway pavements in
the past 10 to 15 years; the rising costs of pavement construction, maintenance,
and repair; the greater need for maintaining pavements in fully serviceable con-
dition at all times; and the increasing of operating speeds have made it necessary
to consider frost action in greater detail in pavement design. This paper de-
scribes criteria formulated by the Corps of Engineers to meet the needs of its

construction in areas of seasonal frost.

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

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

during the winter and by loss of strength

- of affected soils with a corresponding re-

duction in lead-supporting capacity during




the period of weakening which ensues. In
pavements, these effects may result in un-
satisfactory riding qualities, excegsive
maintenance, hazardous operational con-
ditions, or pavement breakup.

In highways, the great increases in
traffic and wheel loads in the past decade
mmay 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 invoives much
more money value under the increased
traffic conditions than in the past. The
corresponding cost for maintenance, re-
pair, and rebuilding of frost-damaged
pavements is algo increased,

On airfields, the great increases in
wheel loadings have created problems
not encountered on highways, because of
deeper and more intenge stressing of the
subgrade. There mustalso be considered
the possibility of damage or hazard to
expensive present-day planes and their
crews. This involves the necessity for
maintaining smooth surfaces on runways
where speeds may exceed 100 mph,

Thus, the detrimental effects of frost
action must be taken into account 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. .

The present 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 shouid be designed so
that there will be no interruption of traf-
fic at any time of the year due o differ-
ential heave, reduction in load-supporting
capacity, or deteriorationof the pavement
resulting from frost action.

The criferia have been developed in the
Frost Effects Laboratory, New England
Division, Boston, Masgsachusetts, for the
Airfields Branch, Engineering Division,
Military Construction, Office of the Chief
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 that the average daily air temperature
varies from 32 F. The difference be-
tween the average daily temperature and
32 F. equals the degree days for that day.
The degreedays are minus when the aver-
age daily temperature is below 32 ¥. and
plus when above. A cumulative degree-
days-time curve is obtained by plotting
cumulative degree-days against time as
illustrated in Figure 2.

Freezing index is the number of degree-
days between the highest and lowest points
on the cumuliative degree-days-time curve
for one freezing season (see Fig. 2). It
is used as a measure of the combined dur-
ation and magnitude of below-freezing
temperatures occurring during any given
freezing season. The index determined
for air temperatures at 4.5 ft. above the
ground is commonly designated as the air
freezing index, while that determined for
temperatures immediately below the sur-
face is known as surface ‘freezing index.

Mean freezing index is the freezing
index determined on the basis of mean
temperatures.

Frost action is a general term used in
reference to freezingand thawing of moig-
ture in materials and the resultant effects
on thése materials and the structures of
which they are a part or with which they
are in contact.

Ice segregation in soils ig the growth
of ice as distinet lenses, layers, veins,
and masses; commonly, but not always,
oriented normal to the direction of heat
loss.

Frost boil is the breaking of a highway
or airfield surface under traffic and ejec-
tion of subgrade soils in a soft ang soupy
condition caused by the melting of the
segregated ice formed by frost action.

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

Frost-melting period is an interval of
the year during which the ice in the foun-
dation materials is refurning {o a liquid
state. Il ends when all the ice in the
ground has melted or when freezing is
resumed. Although in the generalized
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Results of static-load tests with 30-in.-diameter plate

on 18-in. bituminocus-surface-treated gravel bhase course for Lime-
stone, Maine, frost test section, average of Positions 3 and 4.

case there is visualized only one frost-
melting period, beginning during the gen-
eralrise of airtemperatures in the spring,
one or more significant frost-melting
intervals may occur during the winter
season,

Frost-susceptible soils are those in
which significant ice segregation will oc-
cur whenthe requisite moisture and freez-
ing conditions are present.

Non-frost-susceptible materials are
malerials such as crushed rock, gravel,
sand, slag, cinders, or any other cohe-
sionless material inwhich ice segregation
does not occur under natural freezing
conditions.

Pavement pumping is the ejection of
goil-water mixfure Irom joints and cracks
of rigid pavements under the action of
traffic.

A coverage is one application of the
wheel load over each point in the most
heavily travelled area of the traffic lane.
Four and 40 coverages are assumed here
to correspondapproximately to 30 and 300
landing and take-off cycles, respectively,
on an airfield.

Frost capacily design is a pavement
design which will be adequate under maxi-
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 load and assembly. Greater fre-
quencies of operation can be tolerated
with loadings lighter than the design
loading.

Frost limited design isdesign intended
to be adequate under a definitely restricted
number of coverages per day during the
period of weakening due to frost, by the
design wheelload andassembly. For air-
fields, this design correspondstoapproxi-
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 indicatesthat ice segregation
will 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
crogs section through such a frozen soil
will commonly show the segregated ice as
lenses, layers, veins, and irregular mas-
ges. However, under some conditions and




with some soils, the segregation may oc-
cur so uniformly through the soil mass
that it maybe difficult to determine visual-
1y the extent to which ice formation may
have occurred.

In soils where appreciable water is
drawn from below intoc the zone of {reez-
ing, pavement heave is the most obvious
signof ice segregation. However, in clays
considerable ice segregation may occur
without appreciable heave, the water to

form ice lenses being obtained by pulling

it out of the directly adjacent soil, which
tends to be consolidated in the process.
In this case, the only heave is that repre-
sented by the relatively small expangion
resulting from change of a portion of the
soil water from the liguid to the solid
state.
fine-grained soils may sometimes be
attributed erronecusly to other phenomena
than {rost action simply because no heave
has been noticed. Also, it is a normal
tendency to dig an exploratory test pit
only after the failure hasbecome apparent;
such an investigation may find no signs of
ice segregation, the ice having, by that
time, already melted.

Although pavement heave is definitely
a problem in design, the subseguent weak-
ening in the frost-meliting period is more
serious. As frost melting penetrates a
frost-susceptible 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) be absorbed by the thawed
soil. In either case, the thawed soil is
loose, with a disrupted structure and an
excess of moisture. Itsshearing strength
is therefore low. Even though ice segre-
gationmay have been weak, marked weak-
ening of the 1oad supportmg capacity may
result if the soil conditions are such-tiat
a small increase in 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 week's duration, and as the excess
water drains from the subgrade, the pave-
ment gradually regains strength. The
time during which 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 showsthe variation of subgrade
strength under a bituminous-surface-treat -
ed, 18-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) the duration of weaken-
ing. Conditions represented by the series
of tests shown in 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 tobe rapid at first,
then somewhat slower. It iginferesting to
note that the loss of strength was apparent-
ly considerably greatér in the spring of
1652 than in the spring of 1951. The test
area did not receive {raffic during the
series of tests, If it had, the wheel load-
ings might have hastened the reconsolida-
tion, but alsc 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 the pavement isnot a fixed thing,
but is something which is constantly
changing. If our design is based on field
soil tests and natural conditions, we are
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Figure 3.

likely to obtain different designs depending
upon the particular time of year when we
obtain our 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 thepractice 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
during the weakened period. While such
approaches are practical in many instan-

GOMBINED THICKKESS OF
PAVEWMENT AND BASE [
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FREEZING OF SUBGRADE
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Figure 4. Combined thicknees of pavement
and base required to prevent freezing
of subgrade.
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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 meltis the general
roughening of an initially level pavement
with time as a result of either differential
changes in subgrade density as a result of
frost action, or of overstressing during
the frost-melting period, causing deterio-
ration at a faster rate than otherwise would
apply and which logically must be con-
sidered ag an ecomomic loss.

RECOGNITION OF FROST -SUSCEPTIBLE
CONDITIONS

Direct evidence of the frost activity of
the subgrade may not be unavailable or
inadequate, or it may not be feasible to
perform necessary 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 soilg, and on ground-water condi-
tions and air-temperature records. How-




ever, all reliable information on past
performance of comparable pavements in
the area during the freezing season and
frost-melting period shouldbe considered.
Maintenance andtraffic records may assist
in confirming whether or not frost-sus-
ceptible conditions exist. Visible surface
effects which maycontribute tothe picture
and which areassociated with frost action
are pavement heave and surface 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. Whenthe presence of such
defects, or the absence of them, is used
as aguide inthe design, the freezing index
and moisture-condition data for the loca-
tion during the actual years of record
must be examined carefully to determine
whether the gseverity of the frost conditions
during the period of observation can be
considered representative.

In order for ice segregation to occur,
three conditions must exist gimultaneously:
the soil must be frost susceptible; freezing
temperafures must penetrate the frost-

susceptible soil, and a sufficient supply

of water must be available.

Soil

The potential intensity of ice segrega-
tion in the soil is dependent {o 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 by weight are considered gener-
ally frost susceptible. Certain sandy soilg
may have as high as three or four times
this percentage of grains finer than 0.02
mm. without being frost susceptible; how-
ever, because of their tendency to occur
interbedded with other soils, it has been
considered generally impractical to con-
gider them separately, Inorganicsoils
containing less than 3 percent of grains
finer than 0.02 mm. in diameter by weight
are generally not frost susceptible.

In borderline cases the Frost Effects
Laboratory performs freezing tests on the
8oils to measure the relative frost sus—
- ceptibility toice segregation. This service
hag been performed on soils {rom govern-
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ment construction projects covering a wide
range of geographical locations,

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

Group Degcription

F1 Gravelly soils containing be-
tween 3 and 20 percent finer
than 0. 02 mm. by weight.

¥2 Sands coniaining between 3 and
15 percent finer than 0.02 mm.
by weight.

3 (a} Gravelly soils, containing
more than 20 percent finer than

0. 0. 02 mm. by weight, and sands,
except fine silty sands, contain-
ing more than 15 percent finer
than 0. 02 mm. by weight.

{b) Clayswithplasticity indices
of more than 12 except varved
clays.

4 (a) All gilts including sandy
silts.

{b} Fine silty sands contain-
ing more than 15 percent finer
than 0. 02 mm. by weight.

(¢) 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, and on the
amount of water which isfrozeninthe sub-
grade. Figure 2 illustrates the computa-
tion of thefreezing index. An approximate
value of the mean {reezing index may be
obtained from Figure 3, on which are
plotted isograms of mean {reezing index
for the continental United States. How-
ever, itisprefereble to compute the freez-
ing index from actual daily mean air tem-
peratures measured at a weather observa-
tion stationin the particujar 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 the 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
approximation, since it averages together
the effects of such variables as pavement
type and base-course dengity and moisture
content. More comprehensive methods,
which take these variables into account,
have been studied in the Frost Effects
Laboratory (1, 2) and the Permafrost
Division, St. Paul District, Corps of
Engineers. Carlson has described the
Permafrost Division studies (3), in which
emphasis is on calculation of depth of
thaw. Improvement of these methods ig
still in progress. These methods should
be used where detailed computations are
required. :

Fluctuations in the severity of winter
freezing and in the rate of spring thawing,
combined with fluctuations in seascnal
ground-water conditions, cause wide vari-
ationg in frost action from year to year
and alsobetween localities in any one year.
Experiencein the continental United States
indicates that in 1 year out of perhaps
every 5 to 10 years frost action conditions
at any givenlocality are considerably more
severe than the average. The resultsof a
comparison between the mean freezing
index and the freezing indices during the
colder years, for a 30-year record from
approximately 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 may be very large.
This condition also exists for some dis-
tance south of the zerc mean freezing
index isogram (see Fig. 3).

The design freezing index is, at pres-
ent, usually based on the mean freezing
index. However, thedata on Figure b sug-
- gest that a more significant freezing index
‘value would be obtained by selecting the
‘‘value which occurs, let ug say, aboui one
year in ten, particularly in areas of low
‘mean freezing index, On Figure 5 this
would correspond to the average of the

three highest freezing indices in the 30
~years 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 depth of frost penetration.
Use of the one~year-in-ten freezing index
in place of the mean freezing index would
bring under the frost design criteria pave-
ments and regions to which they would not
otherwise apply. The greater depth of
frost penetration would alse correspond
with longer critical weakened periods un-
der traffic. The selection of designfreez.
ing index involves abalancing of the cumu-
lative lossfrom frost damage over the life
of the constructionagainst the cost of pro-
tective measures. ‘Theproposalfor use 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 or at the shoulders, from an aquifer,
or from the water held within the voids of
fine-grained soils adjacent to the freezing
plane. A potentially troublesome water
supply for 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 excess of 10 ft. through-
out the year, a condition of troublesome
water supply is considered usually not
present. However, these water-table
criteria arenot necessarily applicable for
impervious clay soils if the water content
is sufficiently high, since it has beenfound
that ice segregation will occur in homo-
geneous clay soils at moisture contents
down to approximately shrinkage limit 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 soil is reduced depend
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on the type and condition of the soil, depth
of frost penetration, temperature condi-
tiong 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,
resulting in subgrade strength reduced
appreciably below that measured by static
tests. ‘Traffic tests performed by the
Corps of Engineers (4) have shown that the
wheel-load-supporting capacity of a flexi-
ble pavement during the frost-melting
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-load-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
less loss in strength due to shearing de-
formation and remolding during the criti-
cal spring frost-meiting 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 extend below the predicted depth
of frost penetration. Where the combined
thickness of pavement and base over a
frost-susceptible material is lessthan the
predicted depth of frost penetration, the
following 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 prevent mixing of
a frost-susceptible subgrade with the base
during, and immediately following, the
frost-melting period. The gradation 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 85-per-
cent size of the filter 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
Y4 in., but study has indicated that this is
probably too conservative under modern
construction practices and consideration
is nowbeing giventoreducingthis 85-per~
cent-size value.

1.0AD 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 twealternate 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 the frost-susceptible soil dur-
ing the frost-melting period and provide
sufficient thickness of pavement and non-
frost-susceptible base ahgve it to carry,
during the most critical days of the frost-
melting period, the anticipated rate of
coverages of the design load.

Preventing Freewzing of Subgrade

In this method the combined thickness
of rigid or flexible pavement and base is
chosen to be not less than the depth of
frost penetration determined from Figure
4, uging 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 differential pavement
heave will be detrimental to high-speed
traffic. However, the method is not re-
gquired in the case of flexible-pavement




areas whereappreciable differential heave
may be tolerated, such as parking areas.
Exception is also 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 of frost penetration
or by providing gradual transitions at
abrupt changes in subgrade conditions.
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 pavementsupporting characteristics
which are fairly uniform through the year
but which may be very conservative with
respecttostrength. The costof 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 thére full protection against thaw of
the subgrade may be possible. The full-
protection - design methods described
should be consideredlimited to conditions
comparable to those encountered within
the continental limits of the United States.

Reduction in Subgrade Strength

Designhbasedonthe reduction in strength
of the subgrade during the spring frost-
melting period will frequently permit less
depthof pavement and base than is required
for prevention of freezing of the subgrade.
This method is applicable for both fiexible
and rigid pavements on subgrade soils of
Groups F1, F2, and F3, when subgrade
conditions are sufficiently uniform to as-
sure that objectionable differential heaving
willnot occur or where subgrade variations
are correctible to this condition. 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 pavement whichis justbarely ade-
“Quate during the frost-melting period but
‘whichnecessarily has excess strength dur -
ing the remainder of the year.
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GROUP DESCRIPTION

Fi GRAVELLY SOILS CONTAINNG BEYWEEN 3 AND 20 PER CENT FINER THAH

0.02mm. .BY WEIGHT.

Fe SANDS CONTAMING BETWEEH 3 AND 15 PER CENT FINER THAN 0.02 mm.

BY WEIGHY,
{o) GRAVELLY SOILS GONTAINING MORE THAN 20 FER GENT FINER YHAN
£3 002 mm. 8Y WEIGHT AND SANDS, EXGEPT FINE SILTY SANDS, CONTAINING
MORE THAN 15 PER CENT FINER THAN 002 mm. BY WEIGHT. {b) CLAYS WITH
PLASTICITY INDIGES OF MORE THAN 12 ,EXCEPT VARVED GLAYS.
ta} ALL SILTS INCLUDING SANDY SILTS. {b} FINE SILTY SANDS GONTAMUNG
Fa #ORE THAN 15 PER GEHT FINER THAN 0.02 mm, BY WEIGHT. (¢} LEAN GLAYS
WETH PLASTICITY INDIGES OF LESS THAN 12, (d) VARVED GLAYS.

* Whin froal is pecmitted fo peneliols group F4 solls ,uze soms design curve os tor
qroup F 3 soits. Frosl ahould be permitied !o pensicols F4 soils onty ondsr fiexitle poved
aregs of ldsar imporfonce whers oppreciobls non-uniform povemant heava may ba loliroted.
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Figure 6. Flexible-pavement design curves
for taxiways, ete., for frost action in
subgrade soil.

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
loadings, The frost-limited information
represented here is tentative only. It is
subject to revision and is presented only
to illustrate the concepts involved in cur-
rent studies. The frost-capacity category
is normally used for design. The frogt-
limited category will normally be used only
for evaluation of existingpavementsto de-
termine what loadings may be tolerated in
the spring under 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, asnoted. Noseparate frost-limited
design curves have beenprepared for rigid
pavements. However, where this condi-
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Figure 7.

tion must be considered, 10 percent less
pavement thickness than that required for
frost-capacity design is considered ade-
quate for the frost-limited traffic.

1. Reduction in Strength Criteria for
Flexible Pavements. When freezing is
permitted in the subgrade, the combined
thickness of flexible pavement and non-
frost-susceptible base required for the
design assembly and loading is determined
irom the applicable curve among Figures
6 through 10, Figure 10 being the highway
design chart. The designs produced by
these curves have previously been com-
pared with the results of an extensive
series of traffic tests in the frost-melting
period, in a paper presented before the
Highway Research Board in 1951 (4).
However, since the referenced paper was
presented, the curves have been adjusted
to give approximately 10 percent less re-
quired pavement thickness and the frost-
limited concept has been added.

The curves reflect the reduction in
strength of the soil during 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 fill areas may be expected to be less,
because of such factor as the greater depth
to water table, a reduction in combined
thickness of base andpavement for the fill
area may be permitted. Inno caseisa

combined thickness of pavement and non- -

frost-susceptible base lessthan 9 in. per-
mitted in design, where {rost action is a

factor, although smaller combined thick-
ness may have to be considered in evalu-
ation of an existing pavement. Curves on
Figures 6, 7 and 10. are therefore shown
dotted below 9-in. thickness.

3. Reduction in Strength Criteria for
Rigid Pavements. With certain excep-
tions, a non-frost-susceptiblebase course
equal in thickness to the thickness of the
concrete slabis required where frost pene-
tration is permitted into afrost susceptible
subgrade beneath a rigid pavement. The
specific exceptions to this requirement
are as follows:

A. Where soils of Groups F1, F2, and
F3 occur under very uniform conditions
of subgrade and the freezing index is less

. than 500, the thickness of the non-frost-

gusceptible base under a rigid pavement
may be reduced to 4 in. ; it is designed to
meet filter requirements outlined pre-
viously under ""Base Composition Require-
ments. "

B. Where sotls of Groups ¥F1, F2, and
3 occur under uniform conditionsand the
depth to the uppermost water table is
greater than 10 fi., the thickness of the
non-frost-susceptible base under a rigid
pavement may be reduced 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 the criteria for
prevention of freezing of the subgrade.

The thickness of concrete pavement is
determinedonbasis of anticipated flexural

strengths and subgrade modulus using
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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 degign.

w
TOTAL LOAD I POUNDS ON A TWIN TANDEM ASSEMBLY {31"X60" G}
267 50. 4 CORTAGT AREA EACH WHEEL

Figure 9.

EXAMPLES OF PAVEMENT DESIGN

Example 1

: Design an access-road pavement for a
flexible pavement to withstand a 12,000-
Ib. wheel load (24, 000-1b. axle 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, 80 percent
S Preventwn of Freezing of Subgrade,
-_;-FrOm Figure 4 the combined thickness of
‘pavement and base to prevent freezing of
‘the subgrade for a design freezing index of
00 is 38 in.
-7 & Reduction in Subgrade Strength.
"F'?!‘Qm Figure 10, 23 in. combined thickness
of pavement a,nd base is required over the
type F3 subgrade soil toprovide sufficient
upportmg capacity during the weakened
eriod in the spring. Since this thickness
il sti1) allow sonde frost penetration into
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the 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 pavements to with-
stand a 25,000-1b.,, single wheel load
‘with 200-psi. tire pressure under maxi-
mum traffic conditions during the frost-
melting period, for the {ollowing 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 CBR, 8percent hiormal period)

Base CBR - 80 percent

Subgrade modulus, k - 100 1b. per sq.
in, per in.

Concrete flexural strength, 650 1b.
per sq. in.

1. Flexible Pavement. (a) Preventing
freezing of subgrade: From Figure 4, the
combined thickness of pavement and base
toprevent freezing of the subgrade is 25 in.

(b} Reduction in subgrade strength:
Soil is type F3. From Figure 6, the re-
quiredtotal thickness of pavement and base
for frost capacity operation is 28 in. This
ig greater than the depth of frost penetra-
tion; therfore, designonbases of reduction
in subgrade strength is- not applicable,
Analysis by standard California Bearing
Ratio procedures shows that a thickness
of 22 in. is required for the normal peribd
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 in. re-
quired for thenormal period, 25 in. would

be selected as the combined thickness of -

pavement and base.

2. Rigid Pavement. (a) Preventing
freezing of subgrade: From Figure 4 the
minimum thickness of pavement and base
required to protect the subgrade from
frost action is 25 in. The required slab
thickness from standard rigid-pavement-
design charts, with no subgrade weakening,
is 11.4 in. The Corps of Engineers' de-
sign manual specifiesthat when the thick-
ness from the design curves indicates a
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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
tothe rigid-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 during the 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.

Example 3.

Design an airfield taxiway for both
flexible and rigid pavements to withstand
a 25,000-1b. single wheel load with 200-
psi. tire pressure, under capacity opera-
tion during the frost-melting period, for
the following 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,
period)

Base CBR, 80 percent

Subgrade modulus, k is 100 lb. per
sq. in. per in.

Concrete flexural strength, 650 1b, per
sq. in,

1. TFlexible Pavement. (a) Preventing
treezing of subgrade: From 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 reguired, ac-
cording to Figure 6.

2. Rigid Pavement., (a) Preventing
freezing of subgrade: From Figure 4 the
minimum thickness of pavement and base

8§ percent (normal

required to protect subgrade from frees-
ing is 62 in. The slab thicknessaccording
to standard rigid-pavement-designcurves
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 slab thickness,
from standard rigid-pavement - design
curves, is 12 in., which requires a 12-
in. base thickness 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 all other conditions the same, a 4-
in. -minimum-thickness base would be
permitted in accordance with exception
previously outlined. The design subgrade
modulus in accordance with Figure 11
would then be 25 1b. per sq. 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 CRITERIA

Actual application of traffic on frost-
susceptible areas is the only effective
means we have at present of evaluating
simultaneously all factors which influence
weakening of frost-susceptible soils. The
traffic method gives us, particularly, an
evaluation of the remolding action of traf-
fic and of any subtle changes insoil struc-
ture resulting fromthe frost action on the
goil strength. Therefore, we should at-
tempt to obtain additional fully correlated
records of traffic experience on border-
line designs during the {rost-melting
period. These should extend coverage
over a full rangeof 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 observa-
tions be carefully correlated with data on
the coverages, wheel loadings, soil mois-
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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
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ture, depth of freezing, soil density, and
other basic soil information.

A thin base under a rigid pavement is
believed to contribute relatively little
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 f{rost-melting period.
This function will, of course, vary with
the permeability of the subgrade, amount
of ice segregation which has occurred,
lateral drainage distance, rate of thaw,
Also, 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 conservative for this special applica-
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
¢rushed rocks. These effects possibly

~are of little consequence in relatively

’;Chin base courses but may be of distinct
lmportance when base courses reach

" thicknesses of the order of 2 ft. or more.

The question of how much heave is

- Permissible under a rigid pavement is

also a thorny problem, not susceptible of

“theoretical analyses.

weakening.

We need toobtain better information on
the duration of the maximum weakening
period in various socils. In relatively
pervious frost-susceptible soils, the melt
water may escape nearly as rapidly ag 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 permeability of soils during the frost-
melting period, whichmay not be the same
as the permeability of a homogeneous
sample, due to fissured structure.

Frost shaii not be pormitted to pesetrate group F4 solls bencath
rigid pavaments,
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ulus curves for frost action in subgrade

soil,

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 effects of depth to water
table, degree of saturation, soil struc-
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ture, surcharge, depth of cover and other
variables. 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 (8). Actual field
performance data and certain basic theo-
retical studies are needed in addition to
the cold-room studies.
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Soil-Temperature Comparisons

Under Varying Covers

CEORGE A. CRABB, JR., Research Hydraulic Engineer,
Soil Conservation Service, U.S. Department of Agriculture, and
FAMES L. SMITH, Hydrologic Research Assistant, '
Department of Forestry, Michigan State College

@ 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 Experiment Station to
study the effect of landuse on the hydrology

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 fundamental
hydrologic relationships of typical Mich-
igan soils under varying types of land
use, with especial emphasis upon the
movement -of water through the soil pro-
file during the fall ‘and winter months.

of farm lands under varying types of snow

In order to accomplish these objectives,
one of the most complete hydrologic in-
strumentations in this country was de-
vised and installed on lands of Michigan
Staté College and the Rose Lake Wildlife
gib‘cl;;‘eriment Station, near East Lansing
14). )

“The multiplicity of climatic and hydro-
logic factors working together to cause
rinoff, erosion and flood flow, and con-
trolling the "hydrologic relationships of
s6ils requires a broad program of basic
research to include investigationsin many
little known fields of climatology that are
of considérable interest to lighway engi-
neers, agronomists, agriculturdl 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.




Daily records of soil temperatures at
depths up“to 60 in., as well as air tem-
peratures, are kept on the watersheds of
the Michigan Hydrologic Research Station.
Thege 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 exposure. Their primary difference
ig 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 thése 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. 8Soil moisture changes
are almost always marked by an accom-
panying soil temperature change. Soil
temperatures also play an important
part in the actual measurement of s0il
moisture. At the East Lansing station,
soil moisture on the cultivated water-
sheds is measured by the Bouyoucos
method, with plaster -of -paris elec-
frical~resistance blocks. This method
utilizes variations in the electrical re-
sistance of porous 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
itake such a record for several 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 were con-
-Gucted near East Lansing, Michigan,
‘Which 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.

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 Langing, Michigan, and a wooded

" watershed on the lands of the Rose Lake

Wildlife Experiment Station, approxi-
mately 10 mi. northeast of East Lan-
sing. These three watersheds, varying
in gize 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 Hillsdale and Miami series. Al-
though these soils differ in character-
istics sufficiently to justify separate
classification, they are similar. Their
major difference 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 8-in. layer
of silty clay loam which is relatively
impervious. Station A, in Watershed B,
is not affected by this layer, whereas
deeper readings at Station B, in Water-
shed A, indicate its presence. There-~
fore temperatures for Station B are shown
only at the l-in. and 6-in. layers. The
goile are generally classified as gray-
brown podzolic, and have textures of
loamy fine sand and fine sandy loam.
Physiographically, they are classed as
consisting of undulating and rolling till,
moderately good to well drained.

The general instrumentation of the
three watersheds basically follows the
standard hydrologic instrumentation pat-
tern of the 8Soil 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 different depths and

‘A langley is defined as 1 gm. cal. per cu. em. {18}
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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, gpecific
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 fthermometer
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. 1In addition to this record, the
ingtrumentation at each watershed in-
cludes a hygrothermograph, which si-
multaneougly records air temperature
and relative humidity by wmeans of a
hourdon-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 the1-in. and 6-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 8
a. m. The resistance thermometers
are connected to a recorder which auto-
matically records, at 15-min. intervals,
s0il temperatures at each of 14 dif-
- ferent locations, and air temperature 3
in. above the soil. ¥or the purposes of
this paper, study will be made of the 8
a.m. soil temperatures at all three of
the watersheds.

Temperature records are available
. for bothsoil and air, at eachof the water-
" sheds, continuously since 1942, This
paper will deal only with daily records
< from the years 1947 through 1951 (see
- Appendix B).

sets,
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SOIL AND ATMOSPHERIC CLIMATE:
DISCUSSION

The atmospheric climate of the East

Lansing area of Michigan alternates be-
tween continentazl and semimarine with
changing meteorologic conditions (12).
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 wvariation in tempera-
tures, ranging from hot summers {0
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 influenced by these phenomena,
is also a major factor in soil climate.
Camp and Walker (6), Harrington (6},
Smith (9, 10), and Taylor (11), have
demonstrated 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
major factorsin soil formation. It affects
the characteristics of soils over broad
areas (12). Soil climateis modifiedby the
atmospheric climate immediately above it,
and vegetation further modifies the soil
climate. The effect of vegetation de-
pends to some extent upon its height and
dengity. 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. Soil climate is particularly af-
fected by direct radiation from the sun,
particularly insummer. Soilcover affects
this solar modification by interception of
the sun's rays. Soil temperature varia-
tions from sgeason to season are some-
what dependent upon the angle of the sun's
rays to the soil surface, cloudiness, and
air temperature. The effect of the latter
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is much more apparent in theupper layers
of the soil. It is generally believed that
the average temperature of the surface
soil is higher than that of the air above it,
but the dataat East Lansing indicate this 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. Daily
variations are largely in the surface lay-
ers and decrease with depth, so that below
approximately 42 in. , the soil temperature
does not readily reflect daily changes at
the surface. There is usually a lagin
soil temperaturefollowing seasonal varia-
tions in the air temperatures. The maxi-
mum temperature of the lower horizons
is reached many days after the average
air temperature has passed the seasonal
maximum. The amount of these varia-
tions also descreases rapidly withdepth,
and at a depth of 4 to 10 ft. most soils
are nearly constant in temperature (12).

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-
gquired to change the temperature of
the water in it, that other differences
in specific heat are relatively insig-
nificant. Porous, well-drained soile,
such as sandy soils or those with well-
developed porespaces through which the
water may 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 all 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, ulil-
izing the gravimetric method. This was
accomplished through use of a Veih- |
meyer Tube for sampling at three depths,
0to6in., 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, however, a much more intensive
study has been made of soil moisture
variations at different depths. Here,
daily determinations were made at 8
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 (14). 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-
congtantan thermocouples and a portable
potentiometer calibrated in degrees
Fahrenheit. The electrical resistance
method is one of the most successiul
yet devised for determination of soil
moisture in gitu (3, 7).

INTERPRETATION OF FIGURES

Previous studies of soil tempera-
ture (10) have tended to utilize data as
to sky conditions, cloudiness, etc., in
the interpretation of the temperature
data. However, in view of the fact that
pyrheliometric data, showing actual
amounts 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 both areas of record. In the graphic
presentation, actual daily precipitation
for 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 record from 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
1947 through 1951, Similar records are




generally available for the period of 1941
to date. In Appendix B, daily entries
show air-soil temperazture relations for
1-in. depths at Watersheds A and B, and
the wooded watershed; 6-in. depths for
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depths for Watershed B; all in relation to
the mean air temperature atthe cultivated
watersheds for that day. The mean air
temperature was used as being most in-
dicative of average daily air tempera-

Watersheds A and B, and theé wooded tures, and that of the cultivated water-
watershed; 12-, 18-, 42-, and 60-in. sheds was accepted as typical for all
TABIE 1
SOLL-ATR TRMPERATURE EXTREMES, 194751
Mean 1" A 1B "W 6" A 6"B G0 W 12 A agn g 43M A 6BOM A
Aip Temp, Temps, Temp. Temp, Temp. Tomp. Temp. Temp. Temp. Temp.
Year Tempe (*F.) (°F.) (°F.) (°F.) (°F.) (°F.) (°F.) (°F.) (°F.) (58
MAXTMUM
1947 84 86 82 T i T 7L 5 T 69 66
1948 84 87 85 o 86 78 68 5 75 69 65
1949 24 84 15 78 79 79 71 78 76 79 &6
1950 g0 78 79 68 T T 65 73 €9 &7 62
1951 79 5 T4 66 70 T4 65 70 68 63 60
Max. of
periods 84 87 8 W 8 oM ! % ! 66
MINDHM
1947 6 23 22 21, 28 28 30 28 30 33 36
1948 -3 24 28 22 23 3 25 25 28 33 36
1949 & 27 29 23 29 30 30 31 31 38 43
1950 5 22 26 21 % 30 28 28 30 25 35
1951 2 25 27 17 28 29 28 30 32 35 36
Min. of
pariods: =3 ) 22 17 23 28 25 25 28 25 35
RANGE
147 6e84 2386 282 AL 2897 261 0T 2675 0% 399 36m6
1948  -3-84 2487 2885 2070 23-86 3178 2568  25-75 2875 3369 36-65
1949 6-84 R27-84 20=75 23-78 2979 30~79 30-71 78 31-76 38-79 4366
1950  5-20 2278 26=79 2168  26-74 307 28-65 28-73 30~69 2567 35.62
. ;z;;’ée 0?-—’79 R5-T5 274 17-66 2870 2074 28-65 30-70 3268 35-63 3660
. berdods-3-84 22-87 2285 17-78 2386 28-79 5= 25~78 2876 2579 3566
| Ixtremes of period, &ll depthss 17-87
Extremes of perlod, mean alr: ~JeeBf,
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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, by 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,
18, 21, 27, and 33 in. in Watershed A, 1
in. in Watershed B, and air temperature
at a point 3 in. above groundlevel between
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
18- and 33-in. levels. Almost no hourly
variation of temperature was found at
these depths, and what little there was
occcurred 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 af the
1- and 12-in. levels showed the hourly
effect of atmospheric temperatures and
ingolation but, nonetheless, were sur-
 prisingly stable. Analysis of these ther-
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
Dlottings of thermal data, wherein soil
‘temperatures weére plotted 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 the 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 1-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 8 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 period: 30.3
¥. Mean air temperaiure for the period
wag 28.1 F,

Wooded-soil temperatures at the i-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
soil temperature changes was noted
However, on days with no snow cover,
the lag could be measured in hours, It
was noted that the percentage of moisture
in the goil was consistently greater under
wooded cover than under cultivation.

On January 26, the wooded area had a
4-in. blanket 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
28 F. to 6 F. within 48 hr. One day after
the air reached this low temperature, the
wooded soil reached a low 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 8 in. of snow cover, an
air temperature drop to 12 F. lowered
the wooded soil temperatureto 32 F. atthe
1-in. level, in a period of 3 days. Pre-
viously, an air low of 22 F. without snow
cover brought about a soillow temperature
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of 32 F. within one day. From a rather
constant lag of less than a day under
snow-free conditiong, a change to alag
of three days under snow cover was
noted.

The same period under meadow cover
in Watershed A showed a low reading of
only 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 {ransfer.
Tt must also be remembered that under
wooded cover, the tree stems deflect
and slow down air velocity, and mini-
mize snow blowing. On meadow, how-
ever, wind has full play in moving and

drifting snow, and at times large areas

are blown almost completely 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: 312 F.,
wooded watershed; 32,2 F., Watershed
B: 33,3 F., Watershed A; and 3L.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 soils of the wooded water-
shed cooled much slower than those of the
two cultivated watersheds. Meadow cover
wag next, with small grain showing rapid
response to a drop in air temperature
The 6-in. low at the wooded watershed{or
the month of December was 32 F. , thatfor
small grain was 32 F., and for meadow
32 ¥. It is of interest to note that the
wooded-watershed temperature reacted
more sharply than the cultivated water-
gheds when snow was not present,

On December 13, a drop in alr temp-
erature to 16 ¥. brought a corresponding
drop in 1-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. Small grain cover
for the same period showed a lag of less
than a day with a peak of 37 F. Meadow
cover recorded a peak of 37 F. with a lag
of a few hours.

Under small grain cover, for the first
6 mo., temperatures were quite stable
for the month of January, and generally
more erratic 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 lag of 3 days in commection 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
blanket at the time, Woodedcover allowed
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.
broughi a corresponding 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 mosgt erratic,
while the wooded watershed was the
most stable of the three for this period.

Watershed B, with small 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 ¥. to 52 F, The soil tempera-
ture at the 1-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 fall inair temperaturefrom
56 F. to 35 F. during this period produc-
ed a fall in the slowly rising soil temp-




FAHRENHEIT

DEGREES

. :;w S ::.= e e e e B a o SR BT e o BURTID . WL, Siemess
e e e e ey = s mEy A5
R e R e BRI =

H T b BEis ‘E‘ B HEHHEEEE

Pyt
S T =

_mmmi{ﬁwﬁgﬁﬁh——@.‘r

Rine T R I T e e ey EREES-EH
e e senanee s S L S S R

H
i
h
i}

|
é
-

T e

i
|

14

R Pt e et

ROt i a1 |
R

e e e

ERET

i =
§ip ] T i e T T R =
R ER £ SR R S e
i = e e e e

=t B B S S s e e

A oK e T e e
© o o ac ae b 1c_iu mo xn w19 1o o o
*" ooroszr NGVEMKCR . otCtmmrn

Figure 3. Comparison of mean daily air temperatures with 1- and 6-in. scil temperatures under small grain and stubble-
meadow cover at East Lansing, Michigan, 1949.

184




42

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.
s0il 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. However, the
temperature fail at the 6-in. layer only
lagged 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 rapidrisein 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 l-in. soil depth, and
this occurred after a time lag of 3 days.
The peak temperature for the 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 reached5days
earlier than under either meadow or
small grain cover. The peak tempera-
ture for both small grain and wooded
cover was 44 F., while the peak temp-
erature for meadow was 39 F. This
period marked the end of winier 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 apeak of 59 F. In a
2-.day period, it dropped to 35 F. and
wags 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. depth
showed a lag of two days indropping from
a peak of 48 F. to a low of 34 F. ' The
6~in. depth showed a one day lag in begin-
ning its fall, and in reaching its low of
38 F.

Under small 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
considerably higher temperature. The
same pattern held for the 6-in. depth.

All depths at Watershed B showed the
effects of the temperature drop. The
lowest 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 any, to extremes in temperature.
They had shown a steady decline in tem-
perature until 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. layer, 37 I., occurred
during the period March 20 to March 28.
The lowest recorded temperature for the
42-in. depth was 34 F. This was reached
on March 26 and March 27.

The highest recorded air temperature,
84 F., occurred on July 3. The high
temperature reading for the 60-in. layer,
66 ¥., occurred August 19. The 42-in.
high of 79 F. occurred on July 30.

An analysis of the temperatures of the
42-in. and 60-in. soil depths leads fo
the conelusion 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 heal.

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 1-in. wooded temperature dropped
from 58 F. to 45 F. within one day.
Meadow temperaturesfor the same period
dropped from a 1-in. temperature of 64
F. to 47 F. For the first time, the forest
temperature showed the effect of the
foliage in shielding the forest floor.
Under small grain, the peak tempera-
ture for the pericd was much higher,
70 F., while the low was 48 F. This
llustrates 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. and a trough of 50 F. Under small
grain, meanwhile, the soil at 6 in. heated
to 67 ¥., 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 expect lower soil temperatures
under woodedcover than 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 1-in. depth was 4.5 percent, the
so0il reacted immediately to air tempera-
ture changes. However, wooded 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 17, 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 so0il temperature under
this type of cover was gtill far below
that for the other two covers.

July 3 had the highest peak air temp-
erature of 1948, 84 F. The 1949 temp-
eratures and dates for all soil depths
were as follows:

in. Woods Meadow Small Grain

1 T3 F. ™ F. 78 F.
July 26 July 6 July 5 and 26
6 71T 76 ¥, 81 F,
Aug. 11 July 6 July 26
12 78 F. July 26
18 76 F, July 26
42 Y9 ¥. July 30

60 " 66 F. Aug. 19

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 time 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 —osponses
were almost immediate. Soil moisturé
during this period was relatively stable,
within the range of 4% to 7 percent. In
October, rapidly falling air temperatures
fell below the more slowly falling soil
temperatures at 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.

Under meadow 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 small grain was harvestedand meadow
cover (stubble) remained. Under this
cover the fluctuations of so0il temperature
were marked, and the extremes were

‘nearly as great as those of air temp-

eratures.

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

Small
Wooded Grain Meadow
in. Cover Cover Cover
1 Oct. 13, Nov. 15, Nov. 13,
Mar. 20 Mar. 20 Mar. 20
6 Sept. 19, July 8, Aug, 10,
Mar., 20 Mar. 20 Mar. 20

The first below-freezing average air
temperature in the fall occurred during
the period November 10 to 26. This was
preceded by a week's {alling 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
the low air temperature. This wasfollow-
ed by sharply rising air temperatures to'
59 F. Scil temperature responded very
slowlyand rose to 48 ¥., wherethe again-
falling air temperature carried it to 31
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F. on November 22. Wooded-s0il 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 the most stable for this
period, and reached a low of 32 F. at the
1-in. depth on December 8.

The winter seasonunder meadow cover
was a period of relative stability. The
lowest soil temperature was 31 F., re-
corded on December 9, 13, 15, 16, and
17, 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
jow. Under woodedcover, the 1-in. layer
reached a low of 23 ¥. 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 28 F., while the 6-in. layer
had a temperature of 32 ¥. on December
16, The 12-in. layer at this watershed
recorded its lowest temperature on De-
cember 16, 33 ¥.; while the 18-in. layer
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 the 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. layers.

Wooded temperatures 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 leaf coverbe-
came dense enough to shade the ground,
the wooded soil temperatures began to
lag behind the rising air temperatures.

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

. smaller,

lags were greater because of the ad-
vanced development of the small -grain
crop. After this time, however, soil
temperatures followed air temperature
more closely 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 early May, the soil temperature
response under meadow was slower than
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 I1-in
depths will show a sharp rise in soil
temperatures of the wooded watershed
in late March. Small grain cover gave
a slower temperature rise, while meadow
showed the slowest rise of the three.

The lowest average soil temperatures
under the variocus soil covers in the sum-
mer months were found at the wooded
watershed. Here, temperatures were
quite low until mid-July. The charts for
the 12-, 18-, 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
large quantities of water from the soil,
g0 that the moisture content is near the
optimum for heat transfer. After July,
the differences between i-in. soil temp-
eratures and air temperatures were
In September, the falling air
temperature and the slowly falling soil
temperature were in equilibrium for the
first time since early April. This con-
dition was mainiained during September
and October. 1In early November, the air
temperature, falling rapidly, fell far be-
low the soil temperature and until late
January, soil temperatures fluctuated
until a state of equilibrium was established
between the upper and lower depths. Tn
this area, under wooded cover, the ev-




idence of local records points toapprox-
imately 30 F. as the normal winter soil
temperature, once it has been exposed {o
cold air long encugh to cool the lower
depths,

The situation in the 6-in. wooded soil
zone was essentially the same asthe 1-in.
except for time lags. In mid-September,
the air temperature fell below the soil
temperature and the 6-in. layer reached
its winter equilibrium at approximately the
same time as tha I-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 toa 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 1-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 of its less shallow
depths, this watershed reached its equi-
librium point of approximately 31 F. in
late December.

Meadow cover, consisting of alfalfa
and brome grass, was cut twice during
the summer of 1949, Cutting dates can
easily be located on the l-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 goil climate of vegetation. It
ig 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 will
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-
ertg its greatest influence upon soil temp-
erature during the summer, when the
foliage tends to screen the soil surface
. from solar heat. This influence is some-
what lessened by the decrease in soil
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moisture, through evapotranspiration, to
an optimim condition for heat transfer.

Under wooded conditions it was ob-
served that snow covers the ground for
longer intervals than is the case under
other vegetative cover, and exerts its
influence more markedly in ameliorating
the effectsof extremetemperature drops.

There is, of course, an exchangeof air
between the surface atmosphere and the
pore spaces of the soil. As rain infil-
trates the ground, it occupies pore space
usually filled with air, thus forcing the
air out. As the s0il dries, air replaces
themoisture. This isone methodby which
changes in soiltemperature are encourag-
ed (4). However, the studies at East
Lansingindicate that a greater influencing
factor is solar heat. Any vegetal cover
tends to reduce the receipt of solar heatin
proportion to the density of that cover.

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

There exists no doubt as to the effect
exerted upon soil temperatures by soil
moisture, barometric pressure changes,
s0il color and physical makeup. It is
the belief of the authors, however, that
the greatest factor in soil temperature is
the modification of these various phenom-
ena by vegetative cover. The effect of
cover iz more widespread than its solar-
shielding effect. Vegetal cover also
markedly influences each of the following:
1. Moisture content at different soil
depths (10). 2. Porosity, permeability,
and thus aeration of the soil (10). 3. The
color of the so0il and organic content (10).
4. The length of time snow will remain
on the soil surface (2).

Vegetation exerts then, not only a
direct influence upon soil temperature,
but also an indirect influence upon al-
mogt every other factor affecting soil
temperature changes and other hydrologic
factors.
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Discussion

CARL B. CRAWFORD, Division of Build-

ing Research, National Research Council,
Ottawa, Canada — The presentation of
this paper illustrates 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 agriculturaligts
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 cooling effect 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 effects are maskedby snow
cover.

TABLE A
MAXIMUM SOIL TEMPERATURES OC-
CURRING UNDER PAVEMENT AND
ADJACENT GRASS COVER

Year Depth Max. Temp. During Year
Pavement Grass
ft. F. P,
1850 2 82 67
5 68 60
1951 2 84 63
5 68 60

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 sodded
ground to be 7. 6 F. lower than under bare
ground at a depth of 1 f{. in September.
At a depth of 16 ft. the difference was




3.6 F. Both Belotelkin (C) and Atkinson
and Bay (B) observed considerable 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
Soil Type Frost Penetration
: Snow-Cover No Snow
in. in.
Sand 18 46
Clay 9 29

Table B shows the variation in maxi-
mum frost penetration in prepared test
pits with and without snow-cover. The
average snow cover for the 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
wag reduced about 2 ft. for each foot of
snow cover. This siudy has shown a
greater effect than that reported by
Atkingon and Bay (B) who found that snow
reduced frost penetration by an amount
equal to its depth,

Thompson (A) 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 insulating effect of snow cover.

In his theoretical studies Berggren (D)
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 guite
naturally the degree of effect hasbeen var-
iable dueto thevariety in snow properties.

Of particular interest to many readers
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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
Divigion 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-
vige a similar method which will give
satisfactory results.
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Appendix A

CROP HISTORY, CULTIVATED WATERSHEDS, 1947 THROUGH 1851

WATERSHED A WATERSHED B
1947
f=i8 Plowed. . 419 Plowed.
4=19  Plowed # harrowed,ocats 6=3 & 4  Disked & planted corn.
& alfalfa~brome planted. 624, 8 25 Cultivated corn.
8-l Cats harvested. O-11 Nrilled rye in corn.
10-5 Harvested corn.
1948
615 Alfalfa~brome cub. ] Plowed & culti~packed.
Bwl? ALfs)l fa~brome cut. 525 Planted comm.
6-5 & 5.8 Cultivabted comm.
G2 Corn cut for ensilags.
10-G Rye drilled inccomm
stubble.
1949
6-10 Alfalfa-brome cub. 413 Plowed.
20 Alfalfa-~brome cub. Ll Harrowedsplanted oats
& alfalfa-broms.
7-15 Qats cut.
8.10 Oats harvested.
1950
523 Harrowed,planted corn. B2 ATl fa-hrome cutb.
&, 14,% 19 Corn cultivated. g-23 Alfalfa«brome cut.
Tb Corn cultivated. 10-30 Alfalfa &1 4o g1 tall,
feb Rye saeded. thin growth.

10-23 Com husked;stocks left in fleld.
Heavy growbh of rys.
12w, Corn stocks choppéd in field.

195
514 Bye 22% high plowed under. 6-19 Alfalfa-brome cub.
5e2l Com planted. 8=20 Al fal fa-brome cuth.
6-17 to 717 Corn Cultivated
six times.

10-30 Com harvested.
=117 Rye cover crop seeded.

t




Appendix B

DAILY RECORD OF SOIL: AND ATR TEMPERATURES, PRECIPITATION, AND INSOLATION, 1947 THROUGH 1951, BY MONTHS

Iean aix temperature -is average daily maximam and minimum teuperatures.
A1l other temperatures are as of 5:00 AWM. Staiion 4 is locabed in Culiivated

Watershed B, Statien B is in (ullivated Watershed A, and Station W is in the

Yooded watershed.
mp# incdicates a trace, or amount too small for measurements
Blank spaces indicate incomplete record for that dgy and station.

¥aan sir temperature is average deily maximum and rinimm temperaturess
411 other temperatures are as of 5:00 A.M.

Station A is located in Cultivated

JANUARY FERRUARY 197
TEMPERATURES {OF.) 1 potzl  Total  DATE: TEMPERATURES (OF.) tTotel  1Tobel
Mean | Scil Depths in Inches Stations A, B, & Ve * Precip,.’Insol, f jean _ Soil Depths in Inches Stations 4, 3, & Ho *Precip. Insol.
mx 3 IMA 5 INB @ 1T 2 GYA & 678 ; 6 @ 12043 1BA: hanA: 60WA: (Tn-) :(Lang.} : s r 1ma s 17R ox AMJ s BRA 2 6¥B : 6My 2 12VAx 1BYgs h2nn. GOMAs (tae) :(Lang.)
1 o 30 29 3 3 32 3k 4i - 7% 1 22 32 3 3 32 3z 32 .02 100
2 2 3 20 L 3 3z 33 13 WS 0 2 200 31 32 30 32 32 32 32 T 212
3 L7 3R n 2 i 32 33 L3 02 &5 3 28 31 3 30 31 32 32 32 - 163
b 1 31 30 2 gl 33 32 3 L3 - 1h8 L iz 30 29 30 31 30 32 a ko 263
g 13 3 2% 31 3 33 32 33 L3 T 177 5 6 29 2% 29 30 30 32 32 T 156
é 2 31 A1 32 32 3 32 3% L3 - 55 é 13 29 28 29 N 29 31 32 L0200 133
7 28 32 31 32 32 3u 32 3h L3 - 2h 7 8 29 29 29 30 30 31 31 »02 97
8 23 31 31 32 32 34 32 33 L3 T iz 8 8 28 29 28 0 30 31 3 0L 2h3
g 20 31 3 2 3 3 32 33 43 W01 154 9 B 2 30 28 3 A 3N A - 718
10 26 31 AN 3 3 3 32 33 43 - 62 10 22 e 20 28 31 30 31 31 - 183
33 32 RN 32 3 3/ 3 33 he - N 1 235 29 =2 28 3 30 :m o3 - 2k9
20 32 31 32 32 34 33 EN 12 - 190 iz 26 3 30 29 30 3 31 3 - 265
30 n 31 32 31 3 33 33 L2 by 26 i3 32 29 29 29 29 30 31 o - 195
38 32 32 3 3 2 33 k2 .08 3 ih W 3 31 30 3} AW R RN - 192
3L 3L 31 32 32 32 33 L1 - a7 32 32 n 30 32 3 31 22 «01 3%
26 n AN 3 o3 32 33 R ox 68 2h 32 32 30 3 3 3N % Ol 169
36 30 3 30 5 32 33 e T 158 26 32 3L 3 3 31 o 3@ T ny
33 20 29 3 % 32 33 L2 - 173 20 03X ¥ R ;:m RN 3k RN T 258
37 29 36 31 31 32 33 Lz - i8¢ 13 29 29 0 eit 29 32 32 - 7
30 32 32 32 32 32 33 bl ob5 29 13 27 2r 29 29 28 A 30 - 328
13 28 27 31 X i 3 39 T 161 7 28 27 29 29 28 3 3¢ L1 231
L 29 2y 3o 29 32 33 10 - 182 i 27 26 28 29 28 3 30 - 291
26 30 28 n 29 n 3 ko - 96 16 26 23 23 28 28 30 Ell D2 260
33 L 3t s N« | 1 3k Lo T 33 27 29 28 28 29 28 30 30 H2 179
38 32 32 32 32 32 33 e T 75 28 29 29 29 22 28 31 20 B 192
Lo 32 32 32 32 32 33 i 01 151 26 29 30 29 29 k] 3 20 T 332
M 32 22 32 32 2 33 ko .oL 139 26 28 29 29 28 29 3L 29 - 272
30 31 31 3l 31 il 32 Lo - 118 20 27 2% 29 28 29 3 22 - 378
2% 32 32 i 22 3 32 Lo .67 17 '
28 32 3 3’ 32 32 33 Lo 1.09 3
25 3 32 31 32 31 32 39 +03 118

Watershed B, Station B is in Culiivated Watershed 4, 2nd Stabion W is in the

Weoded Wetershed.
nTe indicates a2 trace, or amount too small for measuremant.
Blank spaces indicate incomplete record for that dmy and statione

14



fae]
MARCH 1947 AFRTL 1Su7
DATE: TEMPERATURES (OF) t Total oty  DATE: TRPTRATURES (°F.) : Total 2 fYotal
 Mean  $oil Depths in Inckes Stations A, B, & W. ¢ Precip.ilnscl. ¥ Mean _ Soil Depths in Inches Stations 2, By & We t Precip,? Insols
omr " {(In.) *(Lang.} e - * (Ino) *(Lenge}
3 s Mg 3 INE @ I ; 6RA 5 OWB @ O p 120As 1B"A: L2vA: 60TA: : H s 1A z INB 3 ITH @ 6M4 3 OYB 2 &MY 3 12FA: 18WA: hewAr G0MA:z :
1 s 26 28 28 28 29 3 2% 31 3% B 203 182 1 k2 32 32 29 ¥ 3N N 3 3 3 37 .02 192
2 26 29 29 28 30 29 3 3 32 3% 3% .08 27h 2 3% 33 3 31 32 3@ 3 32 32 3 37 +97 17
3 eh o7 23 28 28 29 3 2% 3 3z 38 - 332 3 3% 32 3 X 2k L 31 32 32 3k 37 - 518
L 27 27 29 29 28 29 31 28 30 3k B - 328 Iy Lo 32 3 30 32 1 1 31 32 33 36 «20 [24]
g 26 97 29 2% 28 29 3 2y 3 3 38 - 279 s s8 L6 b3 L3 3w 32 3 32 32 3L 36 257 97
6 3 2y 3 A 29 P 31 2 o kh ;| o 150 & 6 37 35 b 3w 32 L 32 32 3k 37 - 72
7 a» 30 33 2y 30 30 :{ P 3N 33 B - 237 7 8 3® 3 3% 33 32 37 3% 32 3L 3 - 287
8 sy 28 29 29 20 3» 3 2 321 37 - 364 8 o 3 32 3% 32 3» 3 32 33 3 36 - 200
g 26 98 3 2% 28 30 33 2 30 3% 37 - 207 9 b3 b k2 38 3% 33 38 3 32 33 3% - 323
10 27 29 31 29 29 31 3 29 331 A 3T - h3g 10 g1 3® 3% ¥ 0A» 33 3% 32 3 3k 36 L35 96
I 29 30 3 30 s 3 3 33 0m 3k 37 - Lho 11 g2 48 L5 50 Lz 38 k3 38 3 3k 36 212 3
1z 37 » 0w 3¢ ®  3x 3 0® 0n 37 - 356 12 3 3% 3% L 3 %™ ke 3% 38 33\ 36 Lob 88
13 3 » :»m 30 3 3 3 3 3 3k 36 .21 104 13 3k 3% 3@ 3k 3® 32 37 3¢ 33 3T 3 - xal
1k 3 3» 3 3» :®» 0xm 3 3N 3w 3k 37 T i 1 Lkt Lk W 3% 3% 3 37 37 3% 36 36 - 518
15 3 2o 29 29 30 3» 3 3 31 3k 37 T 260 15 ¥ 37 3% 37 37T 33 3% 3B 38 3% 37 .03 369
16 26 29 29 29 3 3 ® 3 3 33 3B T 340 16 3% 3% 3 3% 37 3k ¥ ¥ 3B 36 37 .06 282
17 2 29 29 B 29 P s N B # R S T 240 17 k2 L5 k2 3k 39 36 37 37 37 37 3B .09 L3z
18 25 27 28 2 28 2 31 29 3 3k 3 - Lo ht-3 43 b2 39 k2 W1 38 L1 ko 38 38 .32 287
19 28 26 27 30 28 28 3 29 31 3 37 - Ay 15 3% b k3 3% W 38 38 3 3B 38 .19 430
20 33 3 31 3% 3 33 3¢ 3 3k 37 - 359 Y 3, 37 3% 3% 3% 37 38 3 k39 3 .3 191
21 32 3 3 30 3 x 30 x:m 31 3k 37 W01 153 21 % 4 Wk 32 ¥ 3% 36 37 37 3B 3B - 520
22 3 2 3 3 32 0:® 3w ox» 32 3L 37 - 299 22 ks 3 3B 37 3% 3¢ 3% 39 3% 3% 39 - 171
23 e 1 3 0w ;o 31 32 3 xn 3k 37 L2h 207 23 58 51 L8 ke s Lz 8 ol 3% 33 38 - 217
2h W 33 3 3 32 3 3 3} 3} 3K 3T .58 32 24 Sk L7 L6 Ly WF  he Lk L& W3 3% 39 .12 See
25 s 3 3 3 32 3 3 3 3 3B 3T o 295 25 43 B8 45 bk k6 bbb Lk k5 Mk 3% 39 - 2ho

26 oh 32 ;W 3@ W 3 »n 3% ™ 37 T 395 26 5o L1 L0 kO k3 WL k2 W b ko ko - 527
27 2 3 3 3 32 3 30 xR 33 H 37 - 513 27 ke 7 k6 b6 b7 LS kb L7 ks bz Lo .03 L2z
28 28 31 32 30 31 32 30 31 31 3k 37 Rexh 211 28 43 52 L8 37 h5 Ll jivs b3 b3 7l Lo -
29 %0 3 32 30 3 3} 30 32 3 3F 3T .22 219 29 g5 L7 k6 b5 LS My Bk M Bk A ko .08 250
36 27 3 ;| 3 32 32 3 32 3 W 37 - g32 30 56 6 57 52 53 51 ke W wm Lo .23 273
I 33 32 32 30 32 32 36 32 32 3L 37 <UL 338 31

Wotes Mean air berperature is average daily meximun and mitdmum temperatures. Kote: Mean air temperature is average daily maximum and minimum bemperatures.
411 other temperatures ave as of 8:00 A.t. Sbation 4 is locabed in Cultivated 111 other temperatures are as of B:00 A.M. Station 4 is locatnd in Cultivated
Latershed B, Station B is im Cultivated Watershed 4, and Station W is in the Watershed B, Station B is in Cultivated Watershed A, and Station W is in the
Wooded Watershed. Tooded Wabtersheds
«pH ingicates a trece, or amcunt too small for measurenent, npw ipdicates a trace, or amount too small for measurement.

Ylank spaces indicate incomplete record for thetl day and station, Plank spsces indicate incomplete record for that day and stabion.
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A1l other temperatures are as of 8:00 A.M. Station 4 is located in Culiivate
Watershed B, Station B is in Cultiveated Watershed Ay and Station W iy in the
Wooded Watarshed.

nEM Indicates a trace, or amount ‘oo small Tor measurement.

Blank gpaces indiczte inecomplete record for that day and station.

ALl other terperatures are as of 8:00 AJM.

JOUE 1947
DATE? TEMPERATURES {°T.) | fotal frotel  DATE TIRMPERATURES (OF.) U rotel  Protar
; ¥ean  Soil Tepibs in Inches Staticns 4, B, and V. T Precip.;Insol. . Mean _ Soil Depths in Inches Stations L, B, and We f Precip. fInscl.
t Ar, Tep £ 1B £ 1w 1 OVA 3 6B & 6M¢ : 12mA; 18wA: lowa: GOMAs (1) :(Lang.) Mr o, Jna ; 3em 2 1m0 2 Ghr 3 BWB 3 &My : 1zMa. 1Bngs Lowar 60Nas (Ir.} ;(Lang.}
1 Sh 56 sk h7 SL ke 18 Lg U7 L2 Lo 1.21 163 1 59 57 55 53 Sk Sh 53 53 52 50 L8 286 92
2 5. 53 51 @6 52 5 b9 50 ke k3 ke SO 206 2 5 52 52 52 53 S 53 53 53 5y L3 Lz 197
3 f2 51 LB ké& U8 M LT ke Lo Ly k2 - 380 3 50 73 57 8 5 Sk 51 53 51 5p 48 - &1
L sk o L9 48 50 5o L8 S0 50 L3 L3 057 2hé b 5 51 57 k% 51 5L 51 52 52 L9 uB - 597
5 B sz ke k7 W8 L8 BB kT L7 M L2 T 162 5 & & 38 5 55 85 sk s 53 by kT - k31
& bo b7 W6 43 b5 k6 b L& W7 b5 b3 29 350 5 ™ e & 55 60 ¥ 36 58 55 s kB a5 3h5
7 K ' I -G O - 251 7 & 72 63 56 62 e 36 & 57 5l LB £ 70 236
8 3 33 37 3 38 Lo k3 3 My B L3 - 262 8 & & bz 58 6 & 37 6L 58 Sz k9 .33 Ls7?
9 B 053 W 36 39 L w38 1 k3 L3 - 663 g 68 77 8 57 6 & 57 62 & 52 4% - 621
10 b6 L2 RO 38 3 W k2 M k2 43 43 - 630 10 79 T 6k 88 &1 & 65 & 53 19 - S8l
sy L3 B3 kb b3 b3 vk B4 b5 W3 43 - 823 no s 66 86 & 67 6 6L 67 63 55 0 . 526
12 €& 62 57 L9 S22 s L8 B8 LS L2 L2 - 513 12 52 71 & sh 6t & 57 6L 61 55 51 - 1k
13 59 & 5% g6 54 53 S2 32 4o k3 he 1.3k 371 13 62 & 58 54 59 59 55 & & 56 51 A3 296
- 3k 4 52 5l 48 51 51 S 51 50 45 i3 03 Lo 1 Sk 57 59 8 58 & 57 & & % 52 L0l 1zh
15 59 &0 5z L8 51 55 L9 50 Ly hé [ +33 héo is 5L 51 55 5z 55 57 55 56 58 55 52 - 1hg
15 & 76 & 56 €0 ST 53 56 52 Lo Lh - 6o ¥ 56 & 6L 52 I 59 55 57 56 55 52 - 651,
7 sh 56 sk 52 55 sl 52 sh S LT LS <31 e 7 58 & 59 Sh 58 5% 55 57 57 55 52 - 267
18 58 5 s 52 55 Bk Sz Th 53" 48 b5 O7  ubo 18 59 7L & 53 59 60 55 57 55 ¥ oo - £07
19 & 7L & 5. 58 k6 51 Sh 52 L7 4L 09 L&D 19 59 7h 62 B & & 55 858 ®8 55 ga - 553
20 52 59 55 51 Sy 83 2 3 3 M L5 .02 538 20 & 73 62 53 6 61 55 5 58 55 53 - 639
21 55 6 53 5 53 s s 53 K3 Ly 4o W72 33 2% & 72 63 55 6L & 55 & 5% 55 53 - 671
22 58 6 54 50 52 53 53 52 52 k9 yb - 623 2z ér 6 & 56 6 9 57T & 6L 56 53 - &5
23 f9 62 58 55 57 56 Sk BB 5y ko 46 #5920k 23 € 67 63 56 63 &L 57T 63 &2 57 53 - 615
2k 56 & 5 52 55 55 g By T S LY 08 285 2l 63 & & 5T 63 6L ST & 63 56 53 T 266
25 52 51 52 3 53 s 53 By Sy s Ay .23 218 25 &8 74 67 58 65 63 88 63 61 57 53 .31 516
26 55 63 57 52 55 55 S S 53 %o L7 02 2 26 69 &8 65 5y 65 63 58 6y 63 58 5k - k8
27 S Sl B3 50 53 sh 52 52 52 18 L7 7 2839. 27 b &7 65 61 és &y 59 65 63 58 Sh - L85
26 M8 Sk 53 g2 53 53 531 53 52 g b8 L33 7B 2% 75 70 €& 62 67 & & 67 & 58 - &l
29 L8 5. 51 ke Lg 50 51 50 53 5o L8 229 17 29 75 Tk 70 &h w67 62 69 65 57 53 - L70
30 B 56 by k7 kr o B8 kY k8 S0 u8 .03 L33 30 L 82 72 6L T 68 & & & & 58 - ST
n 56 e sk 58 51 52 50 k9 k9 Lo 48 - 592 3
¥ote: Mean air temperature is average deily maximum and minimm temperatures, ¥ote: Mear air temperature is average daily maximum and rénimum temperatures.

tation A is located in Cultivated

Watershed 2, Sietion B is in Oultivated Watershed A, and Stabion W is in the

Wooded Watershed.

P indjcates a trace, or amount too small for measurement.
Blank spaces indicate incomplete recerd for that day and station.
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JULY 1947 AUGUST 1947
naTEt TENPERATURES (°F.) rotal ‘rotay  DATER TIUPERRTURES (°F.) P Total -3Tobel
, fean S0l Depths in Inches Swetions iy B, and W, , Precip. Insol, " Mean | Seil Deplhs in Inches Stations A, B, and W. ¢ Precip. Insole
Aix s Ang 3 IMp @ MY oz 6%A & 63 ; 6y oo 12vAs 18nap howp: EOmA: (In.) :(I,ang.) : ALr s Ity 2 1B s Lt oz B7A & BU3 : My : 12MA: 18Wss L2NA: GONA: (zuc.) ;(Lang.)

1 6 1% T & 7L & 63 70 6 8y 55 . 556 1 o 65 & & & 6 ) -

2 & 1 & S8 & 6 & €& & 6. % -  c; : 2 D% 2 Iz L2 2 & & -

2 & & &6 b L5 &3 55 & & & 55 - &0 3 7 73 69 6 & & & & & & & - Ik

Boo67 70 & 59 & & 5y &5 86 & 55 .22 3T b 86 719 57 7h 72 62 72 & 6 50 .63 ub3

5 T2 57 66 61 &5 &5 53 65 65 & 55 83 351 I 20 8l 80 & 7 7 & 75 70 & & - 1B

[} 69 &3 &5 62 &7 &5 &3 &7 66 &1 57 - ehe & B2 53 80 &y 75 75 43 h 7% 45 & - Lol

FO - T N S S - A 7 80 79 79 & 76 6 & 75 T3 65 & o3 307

8 6 69 67 S5 & & & & & a5 - 6l 8 70 ¢ 70 67 72 T 6 713 73 66 6 0L 33

g &8 7w & & e & L s & a5 . 3 9 & 0 b d & 6 6 0 T & & - 323
o & 6y 67 s 67 & 6 & & & 57T -~ 56 1 71 6 66 0 & 67 & b W & 62 - 557
o8 6 & & & & & &7 & & ST .08 B n 6 g9 79 66 @ T3 6 0 & 6 & - L
2 72 & 6 & & & & & & & 5T - 566 22 8 77 17 62 73 3 6 12 0 66 62 - hok
LB oW s 7 & 72 & @ T & 6 B -y 13 % B0 B0 6 75 75 6 73 72 66 6 1 U
U w76 72 & 72 8 6 T & 62 3B .05 308 W 8 B2 fL 63 7 6 & b 72 86 & .06 Lil
oot 7o & & & & & & 58 L 20 18 o 7m o2 6 B3 7k 67 w73 66 b2 - 386
16 73 7h 70 & 70 &7 &y &8 &5 63 58 o6 257 16 48 73 72 7% 70 o) 48 sl ) &7 &3 - kg2
T 5op & W & & & & 4 B - 5w 7@ %o owr o on T & non & & - 579
138 69 il 69 66 T 69 65 7L w63 58 26 226 18 8l 8 82 pr 75 7% &8 A 7 67 63 T 453
19 g9 60 62 55 65 65 &2 &7 69 & 59 0L 28k 19 B3 8 8 & Y6 76 &5 75 73 67 63 .07 276

21 58 &8 &6 5B e 63 € & 65 63 59 I3 Wby 21 8 o o W& .
22 56 62 6. S, 6 & T9 & 63 62 59 - Lé2 22 ;2 ;5 331 Zﬂ ;15; ;i 29 gﬁ %: 68 % b igg
23 &0 &6 &y 55 &L & 56 &1 63 62 59 - shs 23 a0 75 7 &9 = 3 &y 7 73 &8 & - £
d & 67 & % 6 & 55 6 &8 bz o - f2 s 82 & 76 T2 75 7% M ¥5 7t 68 6 .86  3mi
%5 7o 63 & & & & & & & & % - 3503 25 78 79 79 0 ¥ ¥ 7L v 7h 89 & oh 310
26 72 6y &6 62 &7 &5 &2 67 66 & 59 - 365 26 6 5 7L éD 2 s & & i .
27 % 73 T 65 7o 6 & & 6 6 3 a7 Lo ®* 2 R 9 DD Y4 & S o
% 72 82 B 6 | 0 & & 8 & o - 89 25 72 72 T2 8 T2 T2 & T TA 6 65 .0 233
2 B % b &8 b & & s - 5 2% 0 W 69 & 7 6 & @ 70 68 6k .3 20
o B W oo noo& & sy T a3k 3% 0®m 1 & & 0 & &7 0 68 B & .06 &
31 67 7% T & 70 6y 63 & - 598 31 55 70 49 e 49 &g 15 47 & .02 677
Wyote: Mean azir temperabture is average daily medmum and mindmum temperaiures. Note: Mean air temperature is cveraze Gedly maxizom and minimun terperatures.
A1) other temperatures arve as of Bi00 LM, Stetion f is located in Cultivated 411 other temperatures are asuc:.“ 8:00 &M, Station 4 is located in Cultivated
Watershed B, Station B is in Cultivated Watershed i, and Station W is in the Tasershed 3, station 3 is in Cultivated Watershed A, and Station W is in the

tooded Watershed.
»En indicabes a trace, or amount too small For meosurement.
Blank spaces indicate incorplete record for that day and stabion.

ooded Watersheds
npn indjcates & trzce, or amount too small for measurénent.
Biank spaces indicate incomplete record for thet day and stabtion.
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OCTOBER 1547

DATE: TEMPERATURES (©Fe) 3Potal  t Tétal — DATE: TEMPERATURES (°F.) 4 Total *robl
Mear = Soil Depths in Inches Stations A, B, and W. fPr;;ipo : If'lsolo “Mean _ Scil Depths in Jnches Stations A, B, and W. * Precip,®Insols
: M7 Ton s 1B 1 IW 2 6% 5 6% 1 on ¢ 12vs 167 bovgs Gonns o o (B : M TR 1B 1 1M O 1 OB ¢ 6 @ 12vA: 19%Ar Lanas Gomms () [ (enge)
1 66 71 W g &9 68 &8 67 &k 405 370 1 k2 50 47 L5 LT k9 5L 50 53 59 &L - Loz
2 o n &8 & &8 567 66 6k - 505 2 Lz k¢ B8 k7 8 ks 5L T 2 58 &0 - 265
3 TR 72 8 &9 B 67 &6 & - 3 €. Lk k$ 5L S 51 52 52 53 5§ &0 - 31z
L 1373 8 8 8 68 & - b €6 5 56 58 55 By 57 g 53 5 58 Lo 263
5 0 W 89 &y & 68 8 86 65 06 5 éh 61 57 57 5 55 57 %5 S5y 56 57 - 318
& 71 67 66 [ T ] [ &5 &6 66 - 6 =) &y 59 57 57 ] 58 5é 55 55 56 - 313
7 Th &8 &g €5 & 63 69 &6 65 - 7 63 o1 59 &0 5z 58 59 59 58 56 57 - 294
8 o & & 0 wOm 66 6 - 8 2 61 58 57 & 59 52 e & 57 I8 - 260
9 73 01 72 0 LW 66 - 9 k9 56 53 51 55 54, s G5b 59 58 5y - 301
10 1T W 70N T2 T 86 & - io 56 52 he g 51 4 5k 57 58 59 - 329
ik ot T3 72 T 72 7L 66 84 420 1L 56 52 k% B 5. 50 54 53 55 58 59 - 286
iz 72 7 7i el L 72 T2 67 & 3.43 12 o4 55 53 Sk 53 52 56 sh 55 57 57 - 236
13 00 & & 70 o 67 &k - 13 56 S8 S 8 56 55 58 55 5§ 55 gh - 267
ik o6 €7 67 &8 O 70 67 &L JCh i sh s2 s 50 53 53 55 55 58 57 5B - 288
15 58 85 &5 &8 88 W 8 65 W22 15 67 & 55 56 54y 52 57 gk sk sk sk - 237
18 56 62 & ey & & 65 67 &8 67 &5 - 16 & 62 56 5 56 Sy 57 55 55 g4 gk - 26
17 o1 57 57 23] &0 61 &1 63 &5 &6 &l - 17 48 62 58 &0 58 56 &0 57 56 Sk 58 1,50 2h0
13 70 62 61 &8 63 63 67 65 &6 66 o - 18 62 & 59 & 60 58 & 59 58 56 56 -
19 72 67 66 68 &7 66 67T 67T 67 65 64 - 1% 62 5% 56 58 37 56 & 57 57 56 53 - 332
20 72 &8 67 &8 &8 67 66 & 66 65 63 - 20 5 57 52 sk sh 53 58 55 56 55 gh - 201
71 2 63 ba &b & B 66 & &5 &5 63 l.Th 21 & s5 52 56 $3 53 58 855 56 565 55 - 188
22 Wy 58 57 63 & 61 66 63 65 66 62 0T 22 &6 61 5 88 55 53 Bg By} T 53 53 - 209
23 br s 53 62 55 B6 &5 5B 62 &5 &4 - 23 $2 5 51 57 3 B2 E® gy 55 gh 5% - 262
2l 53 60 57 s 58 57 52 88 e & 63 - aly k s L 51 51 S 56 sy 57 58 &8 - 216
25 56 50 48 sk 55 56 37 & & 63 - 25 56 52 L4y 52 32 S 5 R 56 56 56 - 132
26 bh 56T L9 W 50 53 5 sk 58 63 63 - 26 63 55 52 55 53 51 56 53 By S 55 T 134
27 L6 B k9 kB 51 52 Bk S, 57 ez 63 - 27 63 53 s, B8 B3 B2 Bg 53 52 52 53 23 136
28 50 52 50 53 53 sk 5k 57 61 &2 L2 28 52 53 sk 56 5 5 58 57 38 57 38 L1% 109
29 k 55 S5 54 5§ 55 55 35 TE & &l .2 29 B 5o 56 sy 53 53 5 53 57 I8 5B A1 2l
30 bo W8 47 46 50 51 L3 52 8BS & é1 - 20 50 L4y ks 53 50 51 55 52z sl 857 57 T 28
n 31 b9 so L8 52 S 5L 55 5z sk 57 =8 T Kl
Note: Mean air bemperature is average daily maximum and minimum temperaturese Mote: Mman air temperaiure is average daily maximum and mintmun texberatures.

A1l other temperatures are as of 5:00 A.M.

Hooded Watershed,

"Tn Indicates a trace, or amound $00 small lor measurement,

Station A is located in Cultivesed
Watershed B, Station B is in cultivated Watershed A, and Station W is im the

BElank spaces indicate incomplede record for that day and station.

Station 4 is Jocated in Cultdivated

£11 other temperatures are as of 8:00 A.F.
Wabershed B, Station B is in Cultivated watershed A, and Station W is in the

Woeded Watershed.

»in indicates a trace, or zmount too small for measurement.

Plank spaces indicate incomplete record for that day and stabions

ot
Lo
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HOVEMBER 1LY TECEMBER, 1947
DATE: TEMPERATURES  {°F.) ! potal  Sfotal DATE: TEMPERATURES (°F.) t motal ® Todad
m Mean . Suil Depths in Inches Statdons A, B, and We m m.wdou.mn mwﬁmo..#.aw " Mean Soil Depths in Inches Stations k, B, *nd We m Precipe! Insel.
H B iRy 176 £ 1°W : G"A 1 G°B 1 67 @ 12Wh: 1B7A: L2UA: GOVA: s "S...wum.. u Mr U5 T 198§ 1t ¢ 604 2 G'B : GV 3 12MAr 16%4: L2UA: SOWAZ (Tas) mnﬁwﬁov
1 5 LB k5 1 hy B 55 s 53 56 57 T 93 1 24 32 32 37 33 3L 3 3% 37 W3 W7 - 250
z 6 6 My 48  h& w6 53 W8 S50 55 57 - 221 2 39 32 32 3% A 3w 3% 35 37T L3 A7 .08 101
3 L8 Bk k2 Ly B3 4k 53 by uB bl &0 T 103 3 ks 37 32 ko 35 3k 39 38 37 b3 47 +25
L 53 LT 45 »2 BT W7 53 W8 h% bk BT .02 15 L 28 33 32 3 3% 3 3B 36 3 Lk L7 .12
s &3 w8 48 sz w8 48 sk WS ke 33 56 01 22 s 3 33 32 3% 3 33 3B 3B 37 Lk ks 3
-] b7 5 ué 52 iy i3 sl L8 g 53 c5 W02 27 & 32 33 32 36 3 34 38 35 3% 1 L6 -
7 B6 M k2 3 L3 bS5 53 M5 48 53 55 .08 36 1 k2 33 33 3% 3% 3 38 36 3T i1 ko .23
8 36 30 33 b6 35 3% 51 39 45 52 55 - 16 8 38 3 3l 3% 37 35 e 8 k] L1 Lz T
9 | 23 28 L 25 3% Ly 2% 3 w52 - Lo 9 2k 3 33 3 3 3k 3® 3B 37 K1 i -
30 3 32 23 k2 33 29 L8 36 Lo 50 53 W32 5 10 2z 32 33 32 3 3k 3% 3% 31 W 35 .8
i 3% 41 42 wé k2 Wi kg k3 k5 52 55 L25 10 ik 2. 3 32 3 33 33 3% 3 3% W us -
i2 0 37 38 1o 39 [h Lt It by 51 Sis T 89 12 2k 31 32 3 33 34 36 34 3% al Lg T
13 26 38 37 @ 38 33 ke ko 3 51 sk - 161 13 25 31 32 3L 33 33 3 3L 3 ko Lh -
1k 3 33 3 3 3% 38 Ly 38 he 50 - 172 1 3t ® 3P % 33 33 3% 3} 3% o Lk -
15 3 33 3= o 36 38 [t 38 L Lg Sl 20 15 33 3 31 3 32 33 36 33 3 35 b3 032
16 322 3 36 Lo 36 3 B3 B L W8 53 .08 16 26 32 3@ % 33 33 3% 33 3k ko W .03
i 17 92 35 36 38 20 3B ke 3} kO KT 32 - 96 17 27 3 29 3% I 30 36 32 3k P L3 -
18 32 36 36 o 37 3B  kz 3% kT 32 - 53 13 2z 28 3 33 29 23 3% 30 32 33 W -
15 33 33 3k 3% 3} 37 Lkr 3 ko 4 351 - 189 15 17 axm  3%5 33 3% 3 3 36 3 L2 k6 -
2o 3 3% 3% 3¥ 3B/ 3T he 37 Lk k6 5L - 125 20 2z 3 3% 32 3% 3% 3 36 3% Lk ke -
21 1@ 3% 3% ko 3% 37 k2 37 3% L& 30 - 13k al 26 33 3 3@ 3% 3% 3 3B/ 37 Lk Lo -
22 o 3 3 W 3% 3% L3 39 o k5 kY - 17 22 2n 33 3 32 3¥ 3 3w 3% 37 Lz kb -
23 a3 3% ko 38 B/ k3 3% 3 ks k¢ T 138 23 23 33 34 33 3% 3% 3 3B 37 ke L6 -
2 E: 3 3z i Lo 37 a7 he 38 39 Ik hs <32 L8 2k 24 33 E 33 35 36 35 Ei) 37 k2 L6 -
25 27 = 3 Lk 36 3 k2 37 39 Lk 48 T 76 25 z¢ s34 3% 33 3k 3% 3% 35 37 Lk L5 -
26 23 3z 33 Lk 35 3% Lk 3% 33 L5 48 - 351 26 28 3 . 3% sh 3k 3% 35 33 3 Lz L5 -
27 ¢h 33 33 38 3/ 36 k1 3% 3 Le W8 W02 80 27 3c 29 25 3k 25 30 3% 30 32 36 Lo -
28 21 33 33 3B 3} 35 Lo 36 3 L L8 L07 139 28 3, 30 30 3}k 3 3N 3% 32 33 ¥ L -
29 22 32 32 3 3 3}k Lo 3B 3B M 48 - 191 23 1 3 32 3% 33 33 3% 3k 35 ko L2 -
0 1 32 32 36 33 3% 2 36 38 bk k8 - 236 30 »6 33 32 3 33 3% 3% 3} 3% 4 L3 -
g1l i 26 3k 33 3 3L 35 35 35 36 uc Y -
Notes Mean a2ir temperzture is aversge ddlly marimm ond minimum temperatures. ¥ote: Mean air temperaturs is average dally maximm apd minjmm femperaturss.
211 other temperatures are 2s of B:00 AJM. Stetion 4 is lecated in Cwliivated A11 other temperaitures are as of B:00 A.M. Stabion A is located in Culiivated
Watershad B, Station B is in Cultivated Watershed &, and Station W is in the Watercshed B, Station B is in Cultivated Watershed A, and Station W is in the
Wooded Watersheds : Woodsd Watershed,
»Ds indicstas a trace, or amount tee smell for neasurement. wen indicates a trace, or amount too smell for measurements

Blapk spaces indicate incompiste record for thal day and staiion. Elank speces indicate imcompleds record for that day and statione
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FEBRUARY 1948

DATE:

TEHFERATURZS (%%,

}

Total

: Meaw ; S0il Depths in Inches

Stetions

Mr TTRpTTIRE : LMW 5 GV = GUE 1 BW

s 12u4:

Total

Frecip,; Inscle

ING GO O VIEL A
T T [N YA

REE
-

o
0
[T T

21
22 3
23 3
2L
25 &

z6
27
28
29
30
21

"o o an .

an

a4

Notes

26 2+ 32: 32 : 3z 323 33: %
25 3 323 3¢: 343 32: 33:; 3B
28 1 32: 32: 33: 3231 33: 38
30 ¢ 32 32: 33: 32: 33: 3%
29 ¢ 32: 321 33: 32: 33: 3%
2 5 323 32 33: 32: 32 35
2k : 323 32¢ 33: 323 33: 3%
32 = 32 3: 33: 323 33: 35
32 : 3%: 32: 33: 32: 33: 35
8 ¢ 31: 32: 32: 32: 33: 2
22 ¢ 3+ 32 30 32: 23: 33
30 : 32: 32: 3031 323 33: 3
1€ ¢ 1. 32: 322 32: 33: 33
& ¢ 32 32: 32: 323 33: 33
16 : 31 : 323 31: 32: 33: 32
B 2 3. 32: 30: 323 333 32
7 3 20: 32: 20: 32: 33: 31
2 : 30: 32: 28: 32: 33: 30
132 29: 32: 28 : 31: 33: 0
20 3 30: 32: 28: 31: 33: 0
22 0+ 30: 3 28 31 : 33: 30
6+ 30: 31 : 286: 3 32: 30
=20+ 26 A : 22: 30: 32: 30
2 ¢+ 26 3z 26: 29: 32: 30
10 ¢+ 27 ¢ 31 : 26: 29: 323 30
ibho: 26 : 31: 26: 30: 32: 29
g : 26: 313 26: 29 3z 2%
18 ¢ 26: 31 : 26 28 32: 29
15 2 26z 313 26: 28: 32: 29
& ¢+ 26: 3 s 261 2B 32 29
7T &+ 25 L 25: 28: 32: 29

Mean eir temperature is average daily
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e

TR
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W
S
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14 4
L Ly
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"

[T T
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teoan e s 2
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a4
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mavsi ymam

L B W, :
TBua: Lora: Bonge  (ife} ,(Langd)
3o 38 : k2o B2
3hs 382 Lz 2
M 3B Lkt =
3z 38 : l1: 08
3b: 383 Li: =
B 3B: Dy .
B B bl W
By 38: W -
32 37z M2 =
3 37: bMla: -
3k 1 37 : Bl : LO0L
A 3 olE: -
33: 37T: Loz =
3B 37: WO: -
s 37: ko T
3k: 37: bo: =
33: 37: hOo: =
32: 3r: ks T
33: 37: ho: T
33: 37T: 4 : =
32: 361 o 02
33: 3: 39%9: =
33: 36: 39: =
23 36: 391 W01
32: 36: 39: =
32: 36: 3%: 7T
32: 36: 39: =
32: 3%: 39: =
323 3%: 39: T
32: 3% 39: -
32: 3: 39: =

and winjmum bemperztures,

"o

PPN

o e

[ T TR

"o

PrO YT

e b b e

%o % %

719

1773
6.7
T0.7
6346
1986

1he.T
88.7
12543
2042
83.9

12h.5
16h46
2317
11,8
21C.1

1ilre?
18940
26142
122,7
2h9.0

183.6
14640
26246
200,9
2971
2)-1108

4lL other temperatures are as of 8:00 A.f. Station A is loceted in Gultivated
Wwetershed B, Station B is in Cultivated Watershed 4, 2nd Stetion W is in the

Wouded Watershed,

i indicates a irace, or smount itco small for messarement.
Blark spaces indicate incomplete record for that day and steticne

DATE?

TEMPERATURES (OF.}

o

"o

BT L Jap » ImB : L : BYA @ OYR 5 6MW ; 12WA: 1B7A; L2MAs £O7A

Mean | §oil Depths in Inches

Total

* potal

Precip.. Insol.
{In.) _{%ang.)

WO WVIET W R

[

EHLE

8
22
Y
13
10

1

¥ean air temperature is dverage daily meximum and minimum Temperatures.

25
26
25
26
27

27
27
26
25
2

3L
3L
31
3%
31

3
31
31
31

25
26
26
27
27

28
27
27
28
28

28
25
28
27
25

26
27
28
30
30

32
32
32
32
32

32
32
32
32
32

Stations A, B, & Ws :
29 29 32 3% 39
29 29 3 3 39
29 28 3 35 38
29 29 31 3% -38
29 29 3 3k 3
20 29 3 3% 3B
29 22 3% 3% B
29 29 31 3% 38
29 28 30 3h 37
29 27 30 37
29 27 30 3 3%
29 28 30 e 37
29 29 30 3 37
29 30 3 3 37
2% 30 3 3k 37
29 30 3 3w 37
29 31 3 3 37
29 31 32 3k 37
30 31 31 34 37
2 29 R 33 36
29 25 29 33 36
29 25 29 33 36
29 26 28 3 36
29 29 30 3 37
30 31 3 3k 37
229 3 03 33 36
29 31 3 33 36
29 31 3 3k 37
29

211 otber temperatures.are as of B:00 A.M.

[ I - )

203.8
235.0
197e7
223.4
262:6

2279
13545
325.7
3209
2617

99.1
2720
69,8
21201
2ii3a0

25542
2510l
2h9.7
3.1
2h2.6

248,31
349,2
282.5
279.2
121.0

27442
89.5
61,7

191.1

Station A is Jccabed in Cultivated

Watershed B, Station B is in Cultivated Watershed 4, and Station W is in the
Wooded Watershed.

#TH ipdicates a trace, or amount too small for measurement.
Blank spaces indicate incowplebte record for that day and station.

LS
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MARCE 19h8 APRTI, 1$h8
DATE TEMPERATURES {°F-) -t zotal - pars : TEMFERAIURES (°F.) total * gotal
I¥ean ; Soil Depibs in Inches Stations A, B, & We . (Tne : mﬁH g ) . Tean _ BOL1 Deptha in Inches Stations 4, B, & We : ﬂwnwu Insol
s AP OTRUTIFE § I'W & 7R : H : T TTRL T IrR : Ity s GO ¢ 6B : O] ¢ 12¢A: FBUA; I2FAs E0™A: - "ﬁ -
1 20 3L 31 28 3t i) 86,6 1 39 L W 4 he W 3% 3 3% & 36 - 6640
2 2b 3 32 28 3 R 0.1 2 38 33 37 3k 33 38 36 36 36 3 36 - 287.3
3 2h k> 31 26 32 - 2324 3 36 ho 38 3 b3 38 36 35 36 35 36 - 125.7
L 12 31 0:; 27 32 - 143842 L 18 ¥2 I 3% Wb Lo 36 3 31 3} 36 - L32ak
5 1 N 32 28 3k - hokeT 5 56 Wi M B ks b2 ln ke 38 35 36 .38 210.8
6 22 1 31 28 2 W03 238 & 5 51 uf k2 53 L5 L2 k2 b 36 36 - LiLAB
7 3 T 3 28 3 <06 129.8 7 5B W6 b6 W5 465 LS L3 ks k2 37 37 T 250,
8 27 0 32 27 3 - 252.3 8 h6 X L9 L7 kg b7 L7 W7 M 3B 37 - 359.2
9 2 3 32 26 A - 37540 g 34 % 39 W 35 43 Lkz L2 k3 3B 38 T 31200
0 16 30 31 25 03 - 33240 10 L 35 37 3% 3 W 33 ¥ 1 ¥ 3 02 bl
o B 8 ;L 26 30 - hOS.h 1 oy 8  Wo LS 3B k2 W M1 k2 3% 38 WTh 129.0
12 i 26 30 21 28 - L1,3 12 k3 Mmoo k3 k2 M k3 43 43 39 38 - 218,9
13 4 26 30 30 27 - 42048 13 L2 2 L1 4 L2 b2 k2 k2 ke k0 39 - 11B,7
n 3k 28 3 30 29 - h00.7 2 39 5 L M b L2 k2 kx L2 ko 39 .03 10,9
15 L5 31 32 2% 31 03 no.7 15 50 B M 3% kL &0 W ko 1 Lo ko - bT2e7
16 My 32 32 29 3% <07 59e6 16 1B w7 k6 L9 W7 BS ke W4 k2 o 39 - 1663
17 36 32 31 29 3 ? 1076 17 39 3 39 39 36 Lk k2 Lh3 L3 ko ko - 59305
18 8 3 32 31 32 - 32L.3 18 LS h2 k2 b2 ko k3 k2 k3 k3 ko kO 06 100.9
19 52 I 32 30 3 248 726 1% & M L& kL L b5 k3 ke L2 M - 372k
20 L8 3 32 3 3 - 3917 20 €0 55 53 B3 51 56 50 k9 ks li W - k33.5
21 58 37 3k 37 3% A1 845 21 ko ¥ L7 46 W8 by k6  L® 48 k2 kO - 593,1
22 L6 o 3 33 36 - 2kB.2 22 50 ¥ k6 L5 k& b7 b7 b7 b7 k2 Wl - 88,9
23 L3 3 36 32 33 - 52049 23 cs o, s LB by KB hy 4 L7 L3 M a7 19kl
sh b6 By ko 33 3% - 436.5 2l &y g7 55 53 52 53 50 52 Ly L5 k2 - 20107
25 b 33 36 33 3k - heBr 25 70 57 5 55 5, sk 52 83 50 ks ke - £02,9
26 50 37 3% 38 36 o0k 12340 26 0 58 c6 56 G655 53 55 52 L k2 L5 hR6.6
27 3B 38 L1 39 41 27 9745 27 55 59 57 55 S7 55 ch 1) 53 hs h2 o415 285..0
28 28 3 3B 32 37 - LB6.1 23 50 §3 8 5 &5 Sh Bz 55 Sh L7 A3 W02 335.3
29 Lo 3 3/ 32 32 Roit 216,8 29 50 52 51 56 53 52 5 53 53 L7 L .01 ASLO
30 3% By W 3R 3% - b57e5 30 52 I8 5 W 51 52 %S0 52 Sz W M - 586.8
31 Lé 37 38 7 36 «3h 6942 31
Note: Mean zir temperature is average daily maxinum and mdndmen tomparaturess Yota: Meen air temperature is average daily maximum and minimum temperabores.
11 other temperziures are as of 8100 A.Ms Station A Is located in culbivated A11 other temperstures are as of B:00 A.M. Station A is located in Cultivated
Water shed B, Station B is in Cultivated Watershed A, and gtation W is in the Watershed B, Station B is in Culiivated Watershed 4, and Station W is in the
Wooded tWatershed. Wooded Watershed.
npi §ndicates a trace, or amount too small for measirement. mrr indicates a trace, or amount too small for measurements

Blank spaces indicate incomplete record for that day and station. plank spaces indicate incomplete record for that day and stabtion.




MAY 1948 JUE 1948
DATE TEMPERATURES nom.tu t matal ndodmw DATE: TEMFERATURES {°%.) H _Ho.wmu. * fobal
P Mean _ Soll Depths in Inches Stations 4, B, & We } Precip.sInsol, ! Mean_ Soil Pepihs in Inches Stations 4, B,.& W ¢ Precip,? Inscl.
3 k2 H H . : + = 2.2 2 fang
“ dir H H.&,. t IYB 3 1MF ¢ OTA : 6B & OMy 3 12MA: 1Bma : Lipnp. &OTA: {1a.) "ﬁH.m.nm ) H E.H." 184 3 1B : 1MW 2 6" 2 6B ¢ 6"W 1 22TA: 18mA: Loea: S0mAg (202 “ ¢ 2
1 53 50 sl tig 51 51 50 5L sz L8 Ll - h57.8 1 o 65 57 53 &G 55 53 &0 59 53 50 - 57642
2 52 50 50 48 52 5. 50 51 52 L3l o6 231.9 2 6 61 57 35 61 5 55 & Sy B3 To - E26,6
3 g4 by k9 L8 51 50 5 51 51 LB g - Ly a i) 3 ™ 67 6 58 64 58 56 63 & %y 5o - ShT.7
L 52 51 50 b3 51 50 50 52 52 LB L6 [ 186.0 I 12 65 59 59 é5 &8 57 65 67 55 56 °13 Su5.6
5 58 S0 50 F2 BL 5 52 52 51 k9 46 - £09.5 g 58 65 & 57 63 Sy N6 & 63 55 51 - 66741
& 56 Shy 53 LB 5k 53 51 sh 52 L8 ) ol26 6ho& 6 56 &7 55 52 62 58 sh 63 63 56 51 - 32h.0
7 bk 8 LWy Lk 52 B1 k8 52 52 Ly 46 W51 1i5.6 7 62 & 56 53 & 56 By 62 62 57 52,36 283.0
8 bl Ly b L7 6 W8 L b8 S0 ke L6 - 55957 8 5% 57 57 sy 8% 57 55 &0 6L 57 53 <27 133
$ Li8 B L5 L5 L7 b7 K8 K8 L9 L9 B6 1,32 162.7 g 62 56 56 353 58 56 55 59 gy 57 o3 - LE5.5
1o L8 k9 k6 K7 4 6 B LT k8 A8 4T 1.1 258,9 10 b 61 59 55 5% 57 55 59 59 56 53 - S5L.7
11 bé b9 L7 b7 W8 47T K7 LB k9 LB 4é #21 73.8 11 & 67 60 57 62 58 55 62 60 B& 53 .26  23L.8
1z 50 L8 k7 k9 B k7 L9 48 L8 AT kb 11 205.8 12 & 6 & 58 62 59 56 62 61 56 53 Jh 113.2
13 5l 52 Ly 50 ke L8 S0 L9 W8 47 L6 O 27l 13 2 63 59 5h 61 58 55 &L & 56 53 - S42,0
1 58 6 Sy S0 B 51 50 52 49 47 kS - hag.0 1 62 59 57 54 §9 57 5§ & £ 565 53 - 37603
15 56 S2 85 52 52 51 5l 32 51 L7 46 - 153,115 59 62 58 55 & 57 5& & & 57 5 - L8zl
16 & 53 52 50 5 52 5 83 Sz L7 is B0 485.0 16 5 66 59 §3 €& 57 5 60 5% 56 53 - 6hge3
27 58 Sh 54 50 53 53 51 Sh 53 W8 L7 - 37he8 i7 &0 6L 57 56 60 56 5 & &G 56 53 - 559+6
18 56 52 53 50 53 x) Gl 53 &3 e L7 - h80.0 18 &l -] 62 Shy &5 58 55 63 62 57 5l «20 29140
19 o2 61 55 50 56 52 5L Bk 53 Ly kY - sohl.8 19 s & BT S0 &1 57 Ly &2 &2 BT By L09 6842
20 &0 S5 5% S 53 52 By 53 53 49 Lé 05 G920 59 6 58 56 62 S8 56 &2 &2 57 o - £99.6
21 =1 g5 5 50 5 Bk 52 56 k9 kg L7 - £575.8 21 63 &0 59 63 59 55 43 62 57  Bh W06 1796
22 g2 co () 51 52 53 5o 53 53 ho 46 Kol 55ls5 22 72 1 &5 -} 559 61 61 62 61 57 Bh l.22 25940
23 sh 51 S0 50 53 51 51 53 53 50 Ly Rerg E66,L1 23 78 75 7L 65 69 66 o 67 1 57 sh «07 U27.5
2k 50 g2 s 5 S S 351 3k 54 51 L8 - 523,k 2k 20T 6 62 T0 & &y 69 & 88 5y - A9
25 5z 56 52 50 53 51 51 sh Sh 51 48 - S5Tek 25 m 73 T 61 &8 &7 &1 67 66 59 13 - 567e2
26 58 52 51 5k Sy 52 sl sl Sk 50 L8 - 623.1 26 1 s 63 6l 67 67 &3 &7 6 59 55 - Lhé5.1
27 &2 5¢ 58 50 57 53 52 5 55 51 L9 - &13.0 27 70t 12 4 0 6 63 6 67 B0 55 Lo 219.1
28 65 57 sk 52 3¢y B4 52 58 56 51 )8 - sol,t 28 7 65 73 %0 &k 70 6 6L 56 .Th  L10.%
29 Sl 58 5 50 9 g6 5l 58 58 52 4o - 650.8 29 0T 1 65 M 6 b 69 68 &L 56 03 189.2
30 36 58 gk 50 £ 5 51 59 5B sz hg - £05.,9 30 ey 67 &8 &2 67 67 63 6T &7 6l 56 - 526,1
n ] 57 52 50 59 53 51 & 5B 53 50 - 13,2 32
Note: Memn alr bemperature is aversge deily mecimom and minimm temperatures. Note: Meap alr temperature is average ddly maximum and minimuin temperatures,

1% other temperatures are as of 8:00 A.M. Station A iz located in Cuitivated
Watershed B, Station B is in Culiivated Watershed A, and Station ¥W is in the
Hooded Watershed.

mT# indicates a trace, or amount H0o small for measurement,
Blenk spaces indicate incomplete record for that dsy and statien,

£ other temperatures are a8 of 8:00 A.M. Station A is located in Cultivated
Watershed B, Station B is in Cultivated Wabershed A, and Staticn W is in the
Weooded Watershed.

"M indicates a trace, or amount too small for measurement.

Blank spaces indicabte incomplete record for that day =znd station.
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v
i

[er]
S
JUET 19L8 AUGUST 1918
DATE? TEMPERATORES (°F.) P potal © Total  DATE TEMPERATURES {°F.) t s
; Mean, Soil Depths in Tuches Stations 4, B, & W ’ Precip.. Insol, 7 Wean_Soil Depths im Inches Stations 4, B, & Wa : g‘;::i'p.f %::ﬁu
: MT, T TIB 1 14 ¢ 6%A : O°B s 64 s 12"A: 187As L2"A: E0MA: (3m.) 1 {Gange ) : MTiTna : 1mp ;s 179 1 GRA 1 OB @ G = 2%t 1874 WZhAz &ora: (Ine) :{Lange)
1 @ & &y 58 & 65 6L 65 66 G2 57 - 6629 S 8 71 & 6 & & & 70 TO0 6T 62 - 197.2
2 &8 & 63 B & 6k 60 65 65 6 57 ol 20840 2 66  fo 67 &0 &8 66 & 69 63 68 62 - 137.6
3 % 0 69 62 68 67 & 67 66 61 57 - 557.8 3 8 72 61T 60 B9 66 62 89 69 66 62 o 23743
L % 17 10 67 69 68 & & 67 6 57 - 5329 L 8 &8 6 & & 6 62 65 69 66 63 0L LT00
5 | 73 T2 6 T T 65 71 &y b2 57 - h72.0 3 & 67 65 B 66 & 6L 66 68 66 63 - 567.6
& 72 13 66 T2 L & M & & 57 - 191e2 6 62 75 70 55 70 6 &0 &9 & & 63 - 1:88.0
7 & 75 0 6y 72 &9 & TL 6y 62 ST - £35.8 7 67 &7 B 59 & W 60 68 &8 & 63 - 50T7e7
8 8| T 67 & & 67 62 69 &2 63 5B - 5277 8 6 68 65 5B 67 &4 & 68 68 66 63 b 38B.3
9 2 W™ T2 & T 67 & 1w & 63 5B - 5780 4 66 69 66 56 66 & & 67 67 68 o - 506s5
0 79 81 T4 63 76 & 6 7L 69 63 38 613 383.0 1 72 6y 66 0 67 65 6L & 61 65 62 - 332.7
11 Bgo 8, 75 & 81 70 & T2 T0 & 5B Ly U550 n L 70 66 62 6y 66 63 &y &8 &6 62 LBL 279.7
12 7 87 77 67 86 T¢ 6 73 71 &b 59 - LS8.0 1z 68 70 68 63 69 67 63 &8 68 &5 B2 - 362,8
13 &6 7 el & 7h 70 &5 7k 72 &5 o - k.9 1]3 [ 70 66 &0 %) 56 62 8 69 66 63 - 289.8.
1 6 To 67 62 W 67 63 0 TL 65 60 - 432.3 e 66 65 65 60 66 65 6L 67 68 65 63 - 48L.6
15 65 68 65 59 &8 66 63 6 T 65 &0 - 555,2 1 68 69 69 59 68 67 e 67T 68 65 63 - 13l.1
16 77 k0 63 T 6 6 L 0 6 6 .08 33,5 % &8 T 73 60 T o 6 &8 67 65 63 T Lh2.5
17 78 & & 6 Tt &8 & m 1 & & - 1926 i7 30w 7 s &8 67 &L &8 8 & G2 - 38806
18 ™ 72 6 66 0 68 6 7L 70 &b 6 - K77 # 0 72 70 62 6 &8 63 69 & 65 6z =  3Le
1% 735 75 72 63 7T & & m o 6 & 1180.2 19 68 13 T 60 6% &8 &2 65 &8 65 o2 - W2l
20 73 69 67 0 67T 65 7@ 0 65 & - 395,2 20 67 B8 68 60 66 67 6L 67 6T & 62 - 502,3
21 W T3 0 66 T2 &5 65 T 70 65 6L B8 215,31 21 72 66 & D 67 67 & 88 & 65 63 - 4791
22 76 T2 67 73 0 66 T2 TL 66 6L L3 240l 22 76 69 L 62 4% 6% 63 6% &5 65 63 - LiL .8
23 &2 & 69 63 0 6% 65 7L 0 65 6L W05 181.2 23 ™ 73 7% & T T 6L v by 65 b2 - 3850k
2l 65 66 65 b0 66 &6 62 &1 & 65 &L - 512.3 2k 82 v 1M 6 73 2 66 73 T 66 & - L22,2
25 0 63 68 & & 61 6y 67 & & & - 3735 25 8 75 75 Tt W 73 & th 12 65 63 R 1
25 7 73 T ek & & 65 68 68 65 6L .02 523.8 26 83 78 8 & 15 0t 67 h 73 86 63 - 330,k
27 h 72 &9 [°H 70 67 &l 69 &9 85 61 - hikos 27 8h &h 85 70 78 78 68 75 3 a7 & - 2h9.8
28 7 75 b9 62 68 &7 63 & 68 8L 61 - 1951 28 8 ® 19 T 1 5 & 75 73 67 &3 - 3h6:8
29 73 67 68 62 66 65 63 66 66 & & - L78,0 29 7% 76 % 68 75 th 8 5 b 68 6 - k5369
30 o795 6 75 T2 & 13 TR 66 63 08 183,6 0 67 73 T & T 73 66 735 75 63 64 T 313.7
n ™ 6y 6 6 W & 6 0 T2 66 &2 - 5880l n 63 L T 60t 69 & 7L T2 &8 &y - 6.0
Note: Mean air temperature is sversge daily maximum and minimm temperatures. Fote: Msan air temperature is average deily maximm end minimum temperaturese
11 other temperatures are 25 of 8:00 A.M, Shation A is located in Cultivated .AIL'L other temperatures are as of §:00 A.M. Station A is located in Gultivated
Watershed B, Station B iz in Cultivated Watershed A, and Station W is in the Watershed B, Staition B is in CGultivated Watershed A, and Station W is in the
Woodad Watershed, Wooded Watershed.
®TN indicates a tzace, or smount too small for measurement, »T¥ indicates a trace, or amount too small for measurement.
Blank spaces indicate incomplete record for that day and station. Blank spaces indicate incomplete record for that day and stations




SEPTEMEER 19h8 CCTOZER 1948
DATE: TEMPERRTURES (OF.)  Total P Potal  DATES . THMPERATURES {°F.) ! Total © Total
Mean  Soil Depths in Inches Staticons £, B, & We Precip.. Insol. ‘ He?.n : Soil Depths in Inches Stations 4; B, & W. ' ?rec_ip.; Insci.
: BT TRE T IO s T 6RA 3 6 ¢ OW ¢ 1onh 10Ay LawAr ok (I°e) | (hanee) MP TR T T T W 3 64 5 675 1 O 1 127 16V Lovms s (o) | (femes)
1 =] 688 &8 c6 &7 &6 &y 66 70 & & - 250,1 1 66 65 &4 55 é2 & 59 &2 62 61 61 W01 229.8
2 T ™ e 6y &8 62 69 62 B o - 2799 2 B 58 58 Ly 6L 6L 55 63 63 62 6L - Thel
3 072 72 & 0 &8 63 e 69 67 & - 379.9 3 ¥ 5% 5 L7 s 37 Sk 56 5% 62 AL - 35541
L o 69 &9 6L 69 & 63 T 70 67 6 - k33.0 H k9 57 51 k7T sk 53 Sh 55 58 &L L - 27004
5 w72 72 62 L 6% 63 TL 70 67 64 - 330.5 5 2 8 5L L sk 53 5 55 58 & £l - 241.5
& 7% 76 75 66 F3 0 TL 65 7@ 7L 67 S .05 21042 & kg 53 51 Lhe 53 53 gy 55 57 &0 4] - 1h8.2
7 Th Th 73 66 T W & @ T 67 b - 195.3 7 o 55 sk B2 BE  Gh 8L Bh 57 & 6l 426 hb.2
8 66 T 69 & 0 69 ah 70 T0 6T 8 .93 222.6 8 B 53 53 L9 53 52 g6 gy 56 &0 6L L0568
2 62 6 66 G G2 66 G2 &9 &8 &Y &y - h27.5 9 50 52 52 k9 5L % 53 s By 5% &0 - 2L9.6
10 60 [ g7 65 6 61 67 &8 67 &y 208 362.1 10 L8 51 50 48 51 5 52 52 sh LGS 60 - 309.0
11 6 61 60 58 63 B2 & & 67 67 &b - 323.3 11 b6 L9 L& S S0 ke 52 5L B F9 & 010 Si.7
1z T & & 62 65 eh 62 66 &7 66 6h - 399ak 12 B8 51 52 B8 S0 50 52 50 52 55 60 L0l 183.0
13 76 67 &8 & 67 67 & 67 &7 66 63 - 36703 13 45 L9 L9 ke 50 50 sk 51 g3 57 5% 201, 8.9
1 6 6 65 57 &y &y & & 66 65 63 - 390.7 1 46 56 kg’ L6 k9 by 51 51 53 SB & - 92,3
iz %8 63 63 58 83 & 6L 65 66 6] & .21 T2.5 15 B % Ly Lhe L S0 .52 37 59 - 273.8
%6 70 63 62 0SB 63 6z &0 & 66 67 65 -~ 3239 16 5 S b 50 51 5. 52 5 58 - 56,2
17 73 62 2 &L & 84 62 65 65 &5 63 - 2677 7 38 b7 U6 L8 Ls 50 52 56 58 7 797
18 Th 66 & 65 66 65 6L 66 &5 65 63 T 199.5 18 3k M L3 56 L6 b8 52 57 58 - 238.8
i9 % 8 66 6 67 61 6 68 66 6L 63 - 29h.1 1 B TN b6 L6 k7T 5 55 57 L0h 1299
20 65 T2 63 66 & &5 6T 69 67 &4 863 .05 9240 26 ko 45 Lkz W 45 k5 k9  Lhe 4% 58 57 - 267.6
21 56 45 &y 58 66 &y 63 &6 67T 65 63 - 178.3 22 By k7 k5 Wb b5 L5 b9 47 48 54 57 - 1716
22 S5 62 B2 B 62 6L &0 63 &5 &5 63 - 3274 22 by L5 L3 43 b5 WS by W6 By sk 57 - 134.9
23 5hb 57 38 sk 59 50 53 6L 63 &y &2 T 1700 23 48 k7 ke L8 L8 o k8  hky sh 36 W03 1111
ok Sh 58 B 55 59 gg £ gy &2 63 62 - 5.0 2 k& 50 48 ke W8 K8 S L8 50 Sh e - 637
25 6 357 8 52 57 g7 57 53 &L 63 &P - 298.8 25 o 53 500 k3 kg L b9 b 51 5k 5B - 20569
26 58 61 60 52 58 57 57 58 6L &2 &2 - 381.8 26 52 53 50 hé L9 47 so k9 50 s 56 - 222.9
27 58 6 6 5. 59 57 S6 59 6L 62 62 - 349.8 27 Sh 49 46 W6 b9 47T S0 355 52 Bh 5§ - 203.7
28 &0 &l lix Sz 60 58 56 &0 & 62 &g - 283.5 28 52 53 g1 W& 50 kW8 5 ks 52 53 55 - 1847
29 &2 & 58 55 & 58 57 61 &2 62 62 W15 170k 29 5z 50 L7 B6  uB b7 5L by 5 53 55 - 201.9
30 62 62 60 B 62 &0 59 62 62 62 AL o1h 1148 30 sy L8 47 W7 ¥ W8 352 50 51 53 5% - 171.5
;i 31 sk 52 52 56 5. 50 52 5t 5L 53 55 0B 1305
Hote: Mean air temperature is aversge doily maxdimun and minimmm temperatures. Note: Mean air temperature iz average daily meximum and minimum Semperaturess

A11 other temperatures are as of 8100 AM. Stalion A is located in Cultivated
Watershed B, Statior B is in Cuitivated Watershed £, and Station W is ih the
Wooded Watershed.

npm indicates a trace, or amcunt too smell for measirement.

Blank spaces indicate incomplete record for that day and station.

A1l other temperatures are as of B8:00 A.M.

Yooded Watershed,

mor indicates a3 trace, or amount too small for measuremende

Station A is located in Cultivated
Watershed B, Stationm B iIs in Cuitiveted Watershed &, and Station W is in the

Plank spaces indicefe incomplete record for that day and station,
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¢9

NOVEMEER LSh8 DECEMBER 1948

DATE: TEMPERATURES (°F.) T Potal ‘Total  PATE: TEMPERATURES {7F.} : Total 1 Total

! HYoan  Soil Depths in Inches Stotions Ay B, & Ve T Precip.? Tnsola *Jeen . Soil Depbh in Inches Stations A, B, & We * Precip,: Insol.

T et : &y d N YR 2 : (Ime) = Za

: AL": 194 2 AMD & 1PW & &MA @ ONB & 6% s 127Ax 18"As L2mA: 60%A: (e :(I.ang ) o AT L Jwp s 1M3 ; 1MW s 6MA 5 BUD : 6N : 12%A: 1B¥A: LowA: G0MAs (Z0.) :(I‘ang )
1 52 55 55 S0 Sk 53 52 53 52 53 G5h - 113.3 1 3 3k 3 37 3 3l 37 3% Le  Le - 116.5
2 52 53 52 50 52 5i 52 52 53 52 sh - 87.5 2 36 32 33 34 Zh 35 Lo 36 35 ke Lo - 132.h
3 52 52 5L 50 52 1 52 74 53 Sk 55 023 Se5 3 ' 37 35 36 35 35 Lo 35 37 L5 18 - 125.6
L 58 5»p  BL S50 50 8 36 Ly kY L8 Ly 18 96.7 13 6 o 3% 3B 37 37 b 37 3% kL8 - 130.8
S & sy 5% 53 33 s, sh 53 53 53 5k .50 3Ll 5 W 3% 31 ke 37 37 L2 3% 39 ke L8 a7 Tab
& s, 50 5. % %2 52 5 53 53 53 Sk .ol a6 & 3% 3% 36 3% 37 38 ke 38 Lk kL7 - 66,2
7 W6 L7 k7 k7 W8 W8 52 59 52 53 5k - 21863 7 33 37 3% 3 36 36 e 37 39 Ik L8 - 117.9
8 e Lk 43 Wy Wy k5 S0 k& 51 53 5k - 1526k 3 27 33 3 3% 3 33 ko 3 W L3 &7 - 53.9
9 so Mk b7 W6 k3 k6 s6 My L5 50 51 A7 L7.b @ 26 32 33 3 % 3% ¥ 3B N k3 W - 90k
10 o Lk LS 45 L5 6 3o hé W& 52 Sk L2z 10B.7 10 22 3L 3 3 33 3k 3% 3L 3% L3 kb T 22,6
n e W k3 k3 W B3 Ly k3 46 51 33 - 149.5 n 29 3 3 33 32 33 3 33 3% L2 b - 110.i
12 Wb b1 k3 M k2 X8 k2 W5 B2 Bk W05 2244 12 3 3 31 32 32 33 31 33 B bk B W10 20,1t
13 3 k2 L2 B k3 B3 B® k3 b5 51 53 - 75T 13 32 31 32 32 3 3 37 33 35 k2 b6 T 18.2
1A 36 bk L3 ko h3 B3 k& k2 M 30 53 02 73.9 1h 28 32 33 32 33 33 3 W 3B k2 Lk W21 68,7
15 W2 BT Bk k3 k2 W3 b7 2 k3 B® 52 W03 13%. 15 32 32 3 3 33 33 37 33 3% L2 L6 L& OS5

16 B b5 b5 ko k3 b3 WS k2 Mk 50 53 .26 1Y 16 36 32 33 3 3% 33 37 3 3 b bS5 09 118.3

- 180,2 17 2t 32 32 30 33 33 35 33 3h Lo u5 T 33.2
18 46 W U3 he k2 k2 w6 hL kb ke 51 - 158,8 18 22 30 32 X0 3e 33 3 33 3k 4o Wb - 82,2
19 L7 iy il 6 43 Ll 18 b3 Ly L8 52 # 70 1.7 18 26 3 32 29 32 33 35 32 ks Lo il «05 102.2
20 i ko L by ke K3 B8 B3 ks B8 51 W01 2647 20 29 2 32 32 33 33 3 33 3 1 b5 W05 612

21 4 ko ML A3 b2 k3 47T b2 U L8 51 .03 5.9 21 3% 32 32 3k 32 33 3% 33 3 Lo 06 909

22 36 Lo n U3 iz L2 L6 Jul L3 u8 5l Rex 18.7 22 28 3n 3 30 32 3 34 33 3k 39 iy - 63,0
23 - 3 3B 39 Lo 39 ek L5 Lo L2 48 51 - 8,1 23 22 32 32 30 32 33 33 33 3 Lo Ldy - 121.5
2 32 38 39 uc 29 Lo 1 39 L1 L8 51l - 5606 2h 22 31 X 29 32 33 32 33 1 39 L3 - 918
25 39 35 36 1o 37 8 Ik 38 ué 17 50 - 9.7 25 13 30 0 26 23 33 32 32 35 ho b5 T L&kl
26 K k9 Wb W B2 k2 k5 Lo L1 L7 S0 .08 93.9 26 12 2% 30 27 32 32 32 33 3% 3% b5 - 159.8
27 3 3% 3% ke ke M ks M k2 LT 50 - Lé.5 27 25 28 29 27 3 31 32 32 33 3% M T 2040
28 3L, 38 38 ko 3%  ho B ho W L7 5O - 37.3 28 32 30 30 27 3% 31 R 3N 33 ¥ k3 .28 56.9
29 32 37 36 3B 37 38 43 38 Fite] 16 Lo - k5.2 29 30 32 1N 28 32 31 3L i 33 38 L3 #58 302
30 3 3w sk 36 36 37 A 37 3% 5 L9 - 32.5 » 17 32 32 28 32 32 3 32 33 3% W - 139.1
x g8 138 32 32 29 32 32 3L 32 33 28 L3 - 1BL.1
Kote: Mean air bemperature is average deily maximm and minimum terperatures. Wote: Nean air temperabure is aversge daily maxirum and minimum temperatures.

411 other temperatimes are as of §:00 A.3. Station A Is located in Cultivabted 211 other temperatures are as of 8:00 2.X. Station 2 is located in Cuitivated

wWatershed B, Station B is in Cultivated Watershed 4, and Station W is in the Vatershdd B, Stabtion = is in Cultivated Watershed A, and Station W is inm the

Wooded Watershed. tooded Watershed.

nT indicates a2 trace, or smount too smail for measurement. e indicates a trace, or amount too smell for measurement.

Blank spaces indicate incomplete record for that day and station. alank spaces indicate jncorplete record for that day and station.




TEMPERATURES (°F,}
Soil Depths in Enches
1 T

Stations A, B, & W

&

BRBRE NERER BERRE BEERE BoeNo wsuwnd

2
42
42
a2
L2
Fal
4
41
41
4L
41
[AN
i
il
40
L
40
40
4]
40
40
40
40
i
10
0
40
40
40

Lean air temperature is average daily minimum and maximm

temperatura. A%l other tempsratures are as of 8:00 A.M, Station
4 iz located in Cultivated Watershed B, Station B is in Culbivated
Watershed &, snd Station W is in the Wooded Watershed.
cates trace, or smount too small for measuremesnt.
indicate incomplete record for that day and statian,

p¥i)
)

sTobal
1Precip.:Insol.

.30
P
v2

+03

TEUPERAIUEES (°F.)

Date saiw 3 1A

Statiens A, B. & W

g (In.)

sTobal
1Precip.:1Inscl,
s{lang,

e ghEab
5’\{)&\‘!&\ Vi O

b
&

& euds Brook Wi

Hean alr temperature is average daily minimmm apd mescimmm
A1 other temperatures are as of 8:00 AM.
4 is located in Cultivated Vatershed B, Station B is in Cultivated
Watershed A, ad Station W is in the Tooded Watershed, N70 ingi—

cates trace, or smount too small for measurement.
indicate incomplete record for that day and station.

s¥ean; Soil
i imy
8 3 31 28
i, 30 3L 28
b= B 4] 3 29
25 31 3 29
20 31 32 29
2 32 32 29
2 33 xn 2
32 3 31 29
2% 3 3 24
=2 30 3L 2
19 27 29 2
36 20 30 29
% 23 30 29
3 =25 31 29
32 32 32 29
28 30 n 29
2 28 30 29
44 31 32 30
35 31 31 30
2?73 3L 30
26 32 31 29
32 32 32 29
32 32 32 29
39 32 32 30
292 32 32 -4
24 32 cxt 20
32 32 3 30
9 3t 3 30
Notet
temparature.

39
39
40
39

Staticen

Blank spaces

225

63
203
189
198

132
251
190
263

91

2T
163

=23
[



79

MARCH 1949 April 1549
1 TEHSERATURES { Fa) . 1Total 1Tobel s TRUPERATURES ("Fa) 1Totel :Tobal
sHeani Soil Depths in Inches Stations 4, B, & W sPrecip.rinsol. sMsan: Soil Depths In Inches Stations A, B, & ¥ tProcip. tinscl.
_Date sAfr 3 VA MR 1N R TR $(TH.) 2(Tang.} Date iAlr 1 1FA  IPE _IWF 6WA  GUD GFW _1anh  1g%A  42%A  60"A #(Tm.) 2 {Tang,}
1 19 31 3L .29 3R 3R 3N 3R 32 35 38 - 329 1 36 44 3¢ 35 4 3% 38 38 38 38 38 - 353
2 26 32 33 30 32 32 30 32 33 36 38 - 69 2 38 35 33 33 38 35 37 39 39 38 38 - 488
3 2 3 031! » 32 332 31 32 33 35 38 .03 223 3 38 36 33 35 38 35 38 39 39 38 38 - 522
4 39 32 32 3 32 32 3 32 33 36 38 - 118 4 4 36 34 34 38 36 37 & 40 38 38 - 513
5 4 32 32 3 32 32 32 32 33 36 38 04 166 5 4 40 I 36 40 38 39 40 40 38 38 - 220
6 26 32 32 30 32 32 32 32 3 36 38 - 241 & 45 40 39 40 4 39 40 42 4 39 39 - 300
7 26 3 3 2 3 3= 31 32 32 35 38 - 396 7 F7 AT 39 40 42 39 W 42 a ag 39 L1 220
: 3 32 32 3 32 32 3 32 32 35 38 - 113 8 42 39 38 38 4 39 39 42 42 40 40 - 409
9 3 32 32 32 3» 32 32 32 32 35 38 07 55 9 38 37 % 35 40 3039 A 42 40 49 - 561
16 26 32 32 3¢ 32 32 32 32 32 35 38 - 204 o 43 39 3 35 41 392 2T 42 42 i@ 40 - 515
11 26 3 32 3 31 32 32 32 33 35 37 - 279 1 50 4 37 A2 40 39 43 43 40 40 - 514
12 26 3 29 29 31 31 32 A 32 35 37 - 315 12 56 40 &2 40 44 4L & 45 44 4 40 - 494
13 3¢ 3 30 29 3N 3L 31 3 32 35 37 - 0L 13 59 48 i & &7 45 43 &Y 5 4 41 - 465
W =25 3@ 2. 2% 32 3% 3 32 33 35 38 - 270 Y 5= 47 - 43 48 8 45 49 41 42 4 W45 430
15 22w » 30 ®» 31 32 3o 3R 33 35 38 - 233 15 35 46 45 43 47 45 4 4B 47 43 i A6 102
% 22 2% 30 29 31 3% 3 32 32 35 38 02 25 % 36 33 3, 38 35 3% L X 39 38 36 - 558
19 22 30 29 22 3 30 30 31 32 35 37 - 436 7 36 35 36 35 37 38 39 38 80 4L 39 .28 il
8 2 3 30 2 3 3 30 32 32 35 3 T 229 8 34 3 3¢ 35 39 4 39 40 42 43 42 .15 42
19 2 23 30 22 30 3 30 32 33 35 38 - 272 % 4 37 29 35 38 40 38 39 40 42 42 - 561
26 32 30 3» =28 30 3N 30 32 3 35 38 - 282 20 49 38 35 38 40 4 4 4 42 42 42 - 534
xl 52 A 31 30 2 3 30 3z 32 35 37 - 298 21 57 47 4h 43 43 43 43 44 43 42 42 - 528
22 4 33 32 37 32 32 3B R 32 35 37 - 119 2 57 53 59 48 50 48 4T 49 46 43 42 .27 443
23 32 32 32 34 32 32 35 32 32 35 3% 43 i 23 48 49 48 45 48 &7 4T 4B &7 L2 42 1o L2
24 4 32 3 3= 32 3 33 2 32 35 a7 - 289 2% 4o 4h 45 42 45 45 45 4B & 43 4z - 286
25 52 36 33 37 31 32 Er 1} 32 35 27 W03 439 23 8 29 4 40 42 43 A2 42 45 by 43 - 423
26 44 35 33 40 32 30 3 31 32 34 37 22 61 26 62 52 48 46 48 47 4T 48 46 4 42 03 188
27 55 35 33 4 33 33 40 33 33 4 37 Q1 190 a7 56 45 48 A4 49 48 46 49 45 Ad 43 - 561
28 48 36 34 39 35 32 3% 35 34 35 37 - 488 2 45 5L 50 44 5L 49 47 5D 45 A 43 - 589
29 56 3% 34 0 38 33 0 £ 28 35 37 - 18 29 54 57 52 45 53 50 46 52 50 45 43 - 573
36 45 4 33w 4 4 3% ;4 3% 33 37 2 259 3 & 63 56 48 55 5% 4% s 51 &S 43 - 435
3L 34 38 36 39 4 36 A0 4D s 36 37 1.38 Al
Wobe: Mean air temperature iz average dally masimum and minimm
Note; Mean zir temperature is average daily meocimum and minimm temperature. A1l other temperatures are 88 of 8300 A.M. Station

temperature. All other tempsratures ars as of 8:00 Al

Statien

A i5 located in Cuitivated Watershed B, Station B is in Cultivatsd
Watershed A, and Station W is in the Wooded Watershed. T" indi~
eates trace, or smount too smsll for measurement. Biank spaces

indicate incomslete record for that day snd station.

4 is located in Culiivated Watershed B, Station B is in Culidvated

Tatershed A, and Stafion W is in the Wooded Watershed. "IV indi-
cates brace, or amount too spall for measwurement.

Blenk spaces

indicete incomplste record for that day end station.




My 1549 JURE 1949
1 IEMPRRAIURES (°F,) tTotal rTotal : TEVPERATURES [ PF.) 1Totel  sTobtal
1Moang X iPracip.sinsel. Meang Seoil Depths in Inches Staticns A, By & W iPrecip.:Inecl.
Tateadir 3 1%p "A :(n.} s{leng.) DatesASr s~ IFA Inp 1y E9A g bR 1oML  SERE  40FA BOTA 1{In.)  3{lang.)
I 86 68 56 50 57 53 50 56 53 46 44 W15 23 L 60 57 48 62 58 5L 62 60 55 52 - 526
2 LI 58 50 59 55 51 57 5 47 &4 - 575 2 72 63 59 50 73 59 51 63 61 55 52 - 487
3 67 65 55 49 55 52 51 54 5S4 47 4 - 574 3 78 &7 &2 52 66 61 53 &5 63 56 52 .03 337
4 T7T B & 54 66 57 53 6L 56 49 45 - 460 L TR 66 63 33 66 62 5L b 64, 57 53 - 584
5 MW 6 60 57 65 58 55 63 59 49 46 - b4 5 &5 6L B2 56 66 62 56 66 64 57 53 - 616
[ 72 68 61 58 67 & 57 66 62 51 5 - 515 [ =] £3 60 59 65 61 57 66 65 58 54 - 501,
7 56 & 57 5, 63 58 55 6 62 51 46 - 440 7 55 B 58 53 63 59 57 64 &4, 58 54 - 633
g8 57 6 5 s 63 57 53 64 62 53 4“8 - 463 2 52 62 5 3 6L 57 5% 63 &4 59 54 - 599
g 52 &0 55 50 62 55 53 63 62 55 50 - 126 g 58 62 56 54 61 56 56 62 63 59 55 - 547
o 44 % 4% 47 55 52 51 58 59 54 49 - 608 v 66 60 56 52 63 57 55 &4 63 59 55 - 500
I 46 48 47 45 53 5 50 56 58 24 50 - 532 75 68 62 50 65 &0 54 65 &4 5G 55 - 518
12 s 55 51 49 57 52 51 58 57 53 49 - 548 2 78 TL 5 50 &7 62 54 &7 65 52 8 - 474
13 65 56 53 50 59 53 52 60 39 53 50 T 508 3 7% i/ 69 52 70 o5 54 ] 66 58 55 38 346
1, 62 61 67 53 62 &6 5, &0 &0 54 50 - 41 ¥ %% M1 7 5 69 &7 56 &9 67 ] 55 .82 280
15 56 61 61 50 62 &1 52 60 £0 54 30 L3 243 15 66 68 68 60 69 62 s 69 &7 &0 55 .11 28
16 65 61 56 S50 61 56 52 &L 60 55 50 - 405 W 64 W 9 59 T 69 s8 M| 71 66 [53 B4 82
7 74 67 5% 52 &4 57 5L 64 62 55 51 - 356 17 7L 68 66 62 &Y B5 &0 67 66 61 57 W03 27
1B 78 66 & 57 66 K9 55 6% 63 55 52 66 368 8 7% T 69 62 68 66 62 67 66 61 57 - 421
9 58 &7 63 60 66 60 56 65 64, 56 53 1.65 92 8 77 s} 70 60 69 68 [24] 68 &7 61 57 - 463
2 51 53 54 50 58 57 53 6 63 58 53 - 583 2D " RO 62 L & D 68 &0 57 - 479
2 53 55 53 50 56 54 52 58 59 56 52 W02 362 2 7 A 73 64 2 T2 62 72 i) 62 57 a0 270
A2 62 57 59 53 57 B0 54 59 59 56 52 15 107 2 M 6 67T & T W 62 T 70 63 58 - 570
2F 62 57 8 51 59 &7 54 &0 59 56 53 - 477 23 T2 66 68 &5 69 69 63 69 62 58 - 498
2 50 87 57 52 80 58 8, &0 &0 55 53 - 416 2 W 7T 7 6 0 v 6, T 69 63 58 - 498
% i6 42 52 30 55 35 55 57 59 56 53 .01 223 BB R TR B2 92 72 63 W 70 63 59 b 239
26 46 47 51 48 52 53 £1 55 56 56 53 - 500 % n8 T4 73 62 7R 72 &2 72 ol &3 59 - 439
27 B0 49 51 49 53 53 51 54 56 55 52 - 263 27 78 s T 65 3 73 74 3 ™ &4 59 - 42
28 48 47 50 4B 52 52 51 54 55 55 53 - 04 28 8 75 % &7 U 73 65 % 72 64 59 - 485
29 54 55 53 50 54 53 52 55 56 55 53 - 597 23 77 76 4 68 i % 65 7% 72 &4 59 1.%0 294
30 63 62 56 51 57 54 52 59 57 54 52 - FATA 3 W 73 73 68 7R 72 €6 3 72 65 59 - 546
AW 8l 57 51 80 56 52 & 58 54 52 - 560
Nota: lMean sir temperature is average daily maxdimm md minimm
Note: Mean air temperasture is average daily mexdoum and mindomom tempe rature. A1l other temperatures are as of 8100 A.¥. Station

temporatore. A1) other tomperatures are as of 8:00 A.M. Station
A is Iccsted in Cultivated Watershed B, Statdon B is in Culbivated

Tatershed 4, and Station ¥ is in the Wooded Watershed. "% 4ngi-
cetes irace, or amount toc small for messurement. Blank apaces

indicate incomplete record for that day and station.

A is located in Cultiveted Watershed B, Station B 43 in Cultivated
Watershed A, and Statdon W is in the Wooded Ratershed. M@ Sndi-
Elank spaces
indicats incomplete record for that day and statdion,

sates trace, or smount too small for msasurement.

g9
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T 5 [l I : TR s (°F ¥ oy T
- TEAMPERATURES (“F. Togel * Tobtal = TEEFERATIRES (°F-) * Total * Total
P : e 3 -~ L) Pra:ip.’ Insol. pas K ; Precip.' Imsol.
s Aty . 5011 Depths im Inches tations &, B, & W. | (Tne.)? (Lasg.) [Hean : Soil Depths ia Inches Stations by Be §We | (In.) } (Teng.)
: 1 IMA1 1°B1 1"W s 6"A: S"E: 6™F 2 12"A; 18MA: LoUa; £0"As . : 35T 0 aMay atBs 1UR 5 6Mar 6"3: &°W s 12%As 1ETAs LETAr SO7A 4 .
1 &6 51 52 50 52 51 50 52 L4g i3 la - 523 1 6L & 58 59 & 56 58 56 52 Lo W52 506
2 ™ 5 56 s 535 55 53 sk 51 45 L2 o7 L6 2 &8 b2 & 55 & & 5T 61 58 535 5o 202 265
3 é2 5y 59 59 56 56 sh 55 52 b L1 Lob L2z 3 w0 61 2 é0 &2 €% 5 - 303
L 55 5 51 5 55 Shosh 55 53 U Lz - Las L 8 40 & sk 4 &2 56 61 59 53 50 - 21,
5 ks h 48 L6 53 31 S0 8y 53 L7 MW - Lér 5 5 %% % 51 57 57T SL 58 3@ 33 50 - 280
[ L8 Ls L7 Lo 51 50 U5 - L35 & 57 55 55 L2 56 57 52 57 57 Sh 51 - 585
7 50 L6 k7 k2 50 k9 b5 s 51 s ls - e 7 @ B, 5 s % ¥ 52 57 6 s B - P
8 59 49 50 s 51 50 46 51 51 Ly L5 - 810 8 63 56 53 S, By & 55 57 56 gl sy 211 183
9 59 53 53 S0 53 52 Lg 52 51 L Yy - 356, 9 d: s & s, B8 & 55 57 z6 Bk 51 - 221
10 S6 L9 Lo 52 51 L7 32 S2 L8 L6 1.03 &0 10 3 56 60 52 57 60 55 - 579
1% e L7 b Lz b9 L7 b5 50 s5p Lo 47 L5 72 11 & 55 59 s2 57 60 Sh 7 57 Bk 51 - 533
12 c3 S L8 L8 = - sLo 12 f>§ 57 61 5L ;a é2 33 58 57 5h 51 .08 ggi
13 Lo Ly L4 45 L L8 4 - 652 i3 5 58 & 354 58 6 56 38 57 5h 5l L1 282
1y 61 kg 50 850 50 L5 S0 500 k8 L5 - 595 i 65 55 & 56 S8 61 35 53 58 8L B2 - &9
15 ™o 52 83 53 52 52 Lk 51 Ls L7 k6 - 595 15 € 55 59 57 S8 6 &y, 58 57 & s - &hly
16 6 56 58 56 55 56 53 54 52 48 I .37 566 15 48 1 58 5 &2 57 58 57 Sk 5e - il
17 sl 55 5% 50 55 56 51 55 53 ks L6 - 132 7 T g 25 29 & & 357 - 296
8 6 56 57 52 55 5 5L 55 5% L9 L6 - 538 18 ™ b2 67 &0 6L &7 ST & S8 sh 51 W02 527
19 67 56 59 53 57 57 53 56 Lo Ly - 527 19 7% 65 69 &0 43 68 &0 &2 &0 sl 52 W57 256
20 W 58 6L 57T 58 58 55 03 b33 20 ™ & 67 61 63 66 61 62 60 55 52 - g
21 69 61 65 s6 59 60 55 58 %6 s0 Ly - Lés 21 4 T3 & 58 & 61 S8 & 59 Sk 50 Ne 328
22 56 5% 61 55 61 57 58 5 51 Ly .30 80 o2 58 32 59 57 61 &2 55 S .al &y
23 55 %2 sh 50 35 35 55 36 56 51 48 . 678 23 &7 60 &1 57 & é2 56 dr 89 o5& 52 - Ish
2L €2 53 Gh 50 55 6 55 5% 55 5L lg . Los 2 & & 59 6 & 5 & &0 36 53 - L7
25 66 5% 57 sk 56 57 55 56 55 51 Ls - 609 25 & 42 63 58 a & s 6& &2 56 o3 - 672
26 g 58 59 sh 57 S8 sk 57 56 52 49 .27 365 26 7L 43 65 58 65 65 58 &6 65 56 53 - L35
27 sl 56 57 R 56 57 52 L7 192 27 T g5 &l éo & 65 &0 &6 &y 57 53 .10 1;22
28 56 sk 35 32 5§ 56 52 §§ 55 52 ho »29 151 2 £8 55 AT &0 67 67 6% &7 £5 57 53 - 265
S S iaiEPiicaE % £ 28523222858 3:% u E
5 - k. &3 & &0 & &5 £ 65 &5 58 L W01 g
2 6 57 59 5k 57 59 34 57 5 s L3 .2 La » 3 ! w3 =

Notes Mean air temperaturs is average doily meximur ond minimun temperatures.
All otber temperatures are as of 8100 A¥. Station A is located in Cultiveted

Watershed B, Station B is im Cultivabed Watershed A, and Station W is in the

Hooded Watershed.
"M indicates = trace, or smount t00 mmell for measurememt.
Bloxk spaces indicsbte incomplete record for that day and station.

Hotes
411 other temperstures are as of 8:00 A,

ttear

Blenr spaces indicabe incomplete record for That der and station.

Leax air bempersture is everese dally maximum ond minimum temperatures.

Statior & is lecated in Cultivaied
Watershed B, Stetion B is in Culiivated Watershed A, and Station W is in the
Tooded Tatorshod.
indicetes o trace, or mmount too mmell for measurement
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SEPTER®ER 1951 TCBER 1951

- T
] S + 3 ¥ - . ) Total !
Desas TENPERATIRES {“F.) iTotal + Total DATE : TRFERATORES (°F.} ‘Preci?., i’:z:i. 1
jHean | 8041 Depths in inches Stotions A, 3o & T. ?fiff? tfjié) ;a2 ¢ sot1 Doyins in Inches Stations &, 3, 3 W, 1 (a.) ¥ (Lazg.) |
: D oAfAr IMB: 1°W 5 &MAe 6"Br 67 ¢ 124 18%a. L2WA £07 ¢ : : PqfMi 17B: 1MW s %A 67E: E'W 5 127 167A: L2%4 60M4 . 1
L 58 63 65 &0 67 68 6L 69 &8 61 58 - e 1 & g6 56 50 55 57T 3 55 56 58 59 L2 305
2 By 6 63 56 65 66 60 - 150 2 Ti & & 56 59 & 56 58 57 58 B8 - 255
3 0 59 & 5% 6 & 57 & & & 59 - Lig 3 T3 &£ 61 & 81 62 & 61 & 58 58 - 268
L s& 56 58 Sk 6 & 57 & & &2 52 - Ll L 76 6z 43 & 65 & &0 &5 62 58 38 - 322
5 & 59 5% & g3 62 b1 a5 63 &0 22 568 5 e &5 &5 L1 65 65 &l &, 62 58 58 - 155
& ¢ & 4 53 65 4 S8 & 65 63 £ 29 566 6 51 55 61 35 63 63 €0 63 63 [ 8 1) 2
7 55 55 6 51 6z £ 533 & & e 59 - Lin 7 Le 56 s 1.34 2z
8 B, s, s5 30 5 59 s 61 63 &2 80 - Lo g 51 LT L ks sz 53 L6 55 $7 59 8 - 156
9 &0 58 53 50 g1 8 5h - L77 g L5 L6 Ly b se 5L L7 51 5h 59 58 - 255
10 &3 61 61 52 62 65 57 b2 63 62 60 .56 Y] 10 L3 L3 L& L L9 50 b 51 53 59 58 - 52,
11 7T 6 61 353 b2 & 66 62 &2 1 59 - Ly, 11 L7 L, k& L& Lk so 47 s 52 57 55 - 31l
12 s &L el &2 &, &3 &3 &l & 6L 59 - Ll 12 52 L LT IS Ls 5t L7 51 52 56 58 - 298
i3 63 & 66 & & &1 63 6 45 23 53 G 180 13 28 L7 k7 LB 50 51 L7 5 33 56 = - 302
L & 58 589 55 61 63 59 &3 2 61 59 Ok 348 1L 55 51 52 - 280
13 58 56 58 sh 0 &2 S 62 63 61 ] - 258 1= 61 52 B2 52 52 53 52 53 53 56 57 - 318
16 sl sh 56 1 53 60 55 - 350 16 & 52 55 32 53 G 52 55 53 55 56 - 278
17 83 52 5, S0 5 o5& 53 8 59 &0 59 - 383 17 £0 5, 55 55 55 56 S 55 55 55 57 a5k
18 56 51 5L ° 5 59 5h 58 59 50 59 - Lo 18 62 3 3h 52 55 55 54 55 55 55 56 - 261
19 & 5 57 52 %8 & 55 79 &0 60 59 - 372 9 43 L 52 51 5 55 53 3% 56 56 56 i 199
20 68 39 39 S5 % &1 3 & & & 59 - e 2 L2 M, Is s so 51 L 52 sk 55 56 173
21 T2 &1 &1 3 gz 63 61 6 & & 59 - 377 & 5 L7 L8 - 268
22 &0 66 65 61 & &5 63 &y 62 &0 59 =31 12k 22 & 52 % 53 sh b 53 55 53 55 Sé6 - 93
25 56 d2 42 5l 42 63 55 &3 &2 & - Log 23 L8 55 sk 1 55 55 53 55 5% 55 56 1.80 25
2L &0 57 3% 54 & 61 %6 &1 &1 & 2 =03 pic 2. Ly 56 51 48 51 52 5O %2 5L 53 56 L0 29
25 s, 57 59 33 59 61 55 & 61 &0 59 - 250 25 9 ks 48 Le s Ly e 51 sk 86 - 272
a6 g0 sk 56 50 @ 5 53 39 & &6 59 & g1 2% 535 L7 ke Le o 50 I8 5 5 55 56 - 150
27 56 35 58 oL 39 &1 5T 59 59 &0 59 - 282 7 La L6 Lz L8 51 52 L9 51 32 55 - 127
28 s Ly st Ls 53 55 52 55 58 59 53 - 230 28 37 Lo - 43
29 kG Lz L6 L1 5e 53 LT 3 57 59 59 - ki3 ) 39 3% 3@ Lo W, L5 L3 Ls 18 55 55 - 255
30 55 49 S1o Ly 53 5% L8 -2 1L 36 51 B.oWLh M b5 L6 k3 L& Ly 53 55 - 23
31 Le 11 W B4 b6 Le b6 Ls L8 52 S - 170
Fote: Mesn air temporsture is aversge daily maxinum and minlmun temperetures.
A1l other temperatures sre &s of 5100 A, Station 4 is locaved in Culbiveved Fobe: Yeon sir bempersture is average daily meximm sad minfmum temperatures.

Watershod B, Station B is in Cultiwoied Hatersked &, and Station W is in the
Hooded Watershed.

0 jndicates a trace, or amount too seall for measurement.

Blank spaces indicate incomplets record for thal day snd statlop.

411 other tempersturcs are as of 5300 A, Station 4 iz loceted in Cultivated
TFatershed B, Station 3 is in Culiivated Watershed 4, and Station W is in the
Tooded HAetershed.

MU §ndicetes & trace, or smount too suall for measurement.

Bilenk spaces indicete imcomplede reeord for that day and stabtion.
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Calculation of Depth of Freezing and

Thawing Under Pavements

HARRY CARLSON, Chief, Permairost Division, St. Paul District,
Corps of Engineers, and MILES 8. 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 installations over a period of several years are utilized to determine
depths and rates of penetration of frost and thaw. A theoretical method of cal-
culating frost and thaw penetration utilizing soils data, air temperature data,
and predetermined thermal conductivity values and surface correction factors
is explained. Results of calculations by this method are compared with the
frost and thaw depths indicated by the thermocouple readings. In certain in-
stances frost conditions 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 3 ft. in soils where actual penetration is irom 6 to 15 ft., provided ade-~
quate soil and air temperature data are available.

@ THE performance of roads and runways
in any northernclimate is affected greatly
by frost action. In arctic and subarctic
regions the effects of frost action may be
particularly severe. 'The presence of
permafrost in such regions may bring
about 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. Paul
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 depthof 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 continitiing, it is felt that the re-

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

The investigations reported were con-
ducted by the Permafrost Division, St.
Paul District, Corps of Engineers, U. 8.
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.

THEORETICAL CALCULATION
METHODS

In attempting to select a method of
calculation for frost depths, a review of.

both foreign and American literature was

made (1). Study of the various methods
indicated that an adaptation of the so-
called Stefan equation was the most prom-
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ising. This equation is essentially pred-
icated on the hypothesis that the latent
heat of fusion is the only heat that 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 the freezing point are considered
of minor importance, and are ignored.
The fiow of heat during the freezing or
thawing process is between the ground
surface andthe freeze orthaw line. Modi-
fications of the "Stefan" equation used in
these calculations inciude; (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 physical charac-
teristics.

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

For a uniform soil

_[48xF
h ’/T

h = depth of frost penetration in feet

k = thermal conductivity of frozen soil
in Btu. per square foolper degrees
Fahrenheit per foot per hour

F = gurface freezing index in degree

days Fahrenheit

1. = 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
ig utilized:

The partial-{reezing index redquired to
freeze the top layer may be calculated by
a rearrangement of the above equation

2
SLghyt LTy Py L Dyhy Ry
2

48 k 24 2k i 2

(nonstratified),

F

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

" In freezing the second layer of soil, of
thickness h,,, the heat must travel through
all of Layer 1, representedbythe thermal
resistance Rl’ and through some part of

Layer 2. For the freezing of all of Layer

2, an average resistance in that layer of

R ig utilized. The partial-ireezing

index required for freezing of this layer is

F, =122 @) +F2)
24 2

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

F11 = thn (R1 + R2 + "Rn-l 4-_%)
24 2
= thn (TR + n)
24 3

inwhich » R is the summationof thether-
mal resistances of all layers above Layer
n. Knowing the total degree-days of freeze
for any season, or particulartime period,
the depth of freezing may be determined
by selecting those layers whose sum of
partial freezing indexes equals the total
of the period.

To calculate thawing in soil, simiiar
equations are used except I, the surface-
thawing index, is utilized instead of F,
and the k value should bethe thermal con-
ductivity of thawed rather thanfrozen soil,
since in this instance the heat required to
thaw the iceis travelling from the surface
to the point of melting through thawed soil.

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

P, the surface-freezing index, is de-
termined by a summation of degree-days
below 32 F. at the pavement surface.
Since air temperatures are usually avail-
able and surface temperatures are not, a
study has beenmade from data obtained at
Corps of Engineers installations in Alaska
to determine the relationbetween a [reez-
ing index calculated from air temperatures
and from differenttypes of pavement sur-
faces. A surfacecorrection factor of 0.6
has been found for bitumincus, portland-
cement-concrete, andgravel surfaces, i.e,

Surface F = 0.6 x F based on air fem-

peratures.

Tor the thawing index, I, which isa
summation of degree-days above 32 F.,
the correction factor is 1.4 for the same

“three types of surfaces, i.e.,

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




These correction factors are based
on more complete temperature data than
those previously reported (1). It is em-
phasized that the correction factors may
be 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

wd

L= 143.4m =1.434 wd
in which w = water content of soil in per-
cent of the dry weight

d = dry density in pound per cubic foot.

Values for k, thecoefficient of thermal
conductivity have Dbeen obtained ifrom
charts derived from tests of thermal
properties made at the University of Minne-
sota under a confract with the St. Paul
District, Corps of Engineers (2, 3).

An example of a calculation of depth of
thaw for an actual pavement section is
given later.

FIELD TEMPERATURE MEASUREMENTS
(General

In this report temperature - measureé-
ment installations at three different Alas-
kan sites will be considered. Twoof 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 Fairbanks,
was initiated in 1945 tocollect basic physi-
cal data on soil characteristics, ground
water, foundation designs, ground tem-
peratures, and other factors affecting fa-
cilities 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 abouta
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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gands with some layers of silt or sandy
gilt near the surface. Unfortunately the
soil 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 ¥orce 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 thermocouples at
weekly intervals from October 1348 through
January 1951.

The soil beneaththis runway is agravel
with an occasional layer of fine sand. No
permafrost was encountered to a depth of
30 ft. The runway bhas a bituminous-
concrete pavement and a crushed-rock-
and-gravel base.

Fairbanks Research Area

The Fairbanks Research Areaislocated
9% mi. northeast of Fairbanks and was
constructed for observing various types of
gtructures erected on permafrost under
conditions known and recorded from the
time of congtruction. 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 thicknesses of base and pave-
ment. In gome instances different 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 1947 fo
April 1951. In this report data from nine
of the test sections are utilized,

Interpretation of Temperature 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 for accurate measurements is
great, because in many instances the
thawed ground exists at a temperature




MAY

SULY AUGUST

DECCMELR JANUARY ERARUARY

OEPTH IN FEET

s 10 50 20 BB ¥ 10 18 20 28 5 10 18 ro 33 B 10 15 20 RE B 10 18 AD 2B % 10 1% 20 28
T e : e ey
T TR : Tt s iy R T
: ; ; e i ERE T T e
Y ; HEH L T B R e
o 1 ; ¥ T i1
i hE : P R ok
it £ HiHE Haiks SHE
N 253 B 1 i T
: ik .
T H ey i k : o
3 4
3 o SHE i
=Ly qestliit
4 s, i T A e
Pt e
] + ¥ i
5 1 T R
=t - ol
FROZEN t B i 3
- - 3
: ;
e
. R - £ e
i+ " i b T Z 0
1 1 ; : R

LEGEND

GROUND ISCTHERMS DETERMINED
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_DETERMINED 8Y THEORETICAL
CALCULATIONS.

Figure 1. Ground isotherms and theoretical frost lime - Northway Airfield, Alaska.

NOTE

TEMPERATURES ARE DEGREES CENTIGRADE.

Hole No.2




of only a fraction of a degree above freen-
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%4-in. steel pipe filled with
SAE 10 motor oil. The thermocouple
circuite led from the pipe to a selector
switch and measurements were made with
a potentiometer. Because of the conduc-
tivity of the steel pipe and 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 that this 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 the temperature 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 il-
lustrated in succeeding paragraphs.
Wherever possible, the steel pipe is being
removed from ground-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 obtained from 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
affected 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
Airfield are incomplete; those at Eielson
Air Force Base are fairly good, although
- the locations of soil strata changes are
not complete; and those at the Fairbanks
Research Area are entirely adequate.
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The basic goil 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 April
1946 to ¥February 1947 for Hole 2. By
means of observations of thermocouples
of Oto 6in. and 1, 2, 4, 7, 11, 15, 20,
25, and 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-
dicated that the temperature gradient above
the frost line duringfreewing 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. Utilizing 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 gcheme is often needed,

The zero-isotherm lines determined by
these methods for the period from 1845
to 1949 for allnine test holes are shown in
the full lines in Figure 2. In certain in-
stances the full line curves are not com-
plete. This is usually where the temper-
ature information is incomplete, or of
such a nature that the zero isotherm can-
not be reasonably estimated. Also plotted
on Figure 2 are the theoretical curves of
the freeze and thawlines. The calculation
of the latter are explained by the example
in the following paragraphs.

The log of Hole 1, as drilied in March
1945, is given in Table 1. Nearly all of
the soils were in a highly saturated con-
dition, For purposes of caleculation where
dengities were not given, densities which
would be saturated by the given water con.-
tents in a frozen condition were assumed.
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TABLE 1
LOG OF HOLE 1, NORTHWAY AIRFIELD, ALASKA

Depth | Material Wate}; content

ft.

0-0.5 Bituminous pavement a
0.5-3.0 Well-graded sand, black (W) 21
3.0-490 Gray silt (ML} 28
4.0-7.0 Gray silt (ML) 47
7.0 -850 Gray silt (ML) 64 &7
8.0 - 13.5 Gray silt (ML) 56

13.5 - 1.0 Gray silt (ML) 58

2 assumed value, based on daia from other holes.

Values of the thermal conductivity of the
soil, both ina frozenand thawed condition
were selected from the diagrams previous-
ly mentioned. The latent heat of fusionper
cubic foot could be calculated utilizing the
density and water 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 can be best

= Lnbn (LR + Rn)

24 2

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 1.4. To find the
particular dates of a given year on which
the thaw penetrates to any given depth, a
cumulative tabulation of the degree-days
of thaw is made, starting with the advent
of the thawing season. 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
gseason started on April 20, reached 383
on May 25, 747 on June 8, and reacheda
maximum of 3,280 onSeptember 22. Thus
the thaw would not reach the 7-ft. depth,
put some value between 4and 7 it. To

I

TABLE 2

VALUES FOR USE IN FROST CALCULATIONS HOLE 1,
NORTHWAY AIRFIELD

Water  Dry
Depth |Materiai|Content|Density|[Frozen k,[ Thawed kf L

ft. w Alb, per | per ft. per it. |Btu. per
cu, fi. cu, ft.
0.0-0.5 Bit. 0.0 0.83 0. 83 0
0,5-3.0 sW 21,0| 104 2,00 1.21 3130
3.0-4.0 ML 28.0 92 .17 0.7 3690
4,0-7.0 ML 47,0 T4 .25 0,680 4990
T.0-8.0 ML 70,0 58 1.25 0. 41 5810

calculate the maximum depth of thaw, the
following procedure is used:
Let h = depth of thaw below the 4. 0-it.
depth
Degree days available to thaw below
4.0-ft. depth, based on air tempera-
tures = 3280~747 - 2533
Changing to surface thawing index =
2533 x 1.4 - 3546

_Lh R, Lh(ER+h)
Thenl =57 R +3 ) =57 %K
_ 4990h h
3546 =—51" (3.97 + 5%0.60 60)

Solving for h,

h = 2.8 ft.
Or the total depthof thaw onSeptember 22
is 4.0 + 2,8 = 6.8 feetl.

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 be compared
with the zero isotherm to check the theo-
retical procedure against actual observe-
tions.

Theoretical calculation of the freeze of
this thawed depth of 6.8 ft. is given in
Table 4. Other intermediate points can
be computed to define more closely the
theoretical curve. The freeze curve is
also shown by a dashed line in Figure 1.

TABLE 3

THAW CALCULATIONS, HOLE 1, HORTHWAY AIRFIELD

Therm.
Resist 1. .

Depth Thickness k, thawed L R’ =h/k IR % Re R/2 1, 1 air =£.1/1,4

it. D per fi. Btu. per deg. ~days

cu. ft.

0-0.5 0.5 0. 83 0 0.60 0 (.30 0 0 i)
0.5-3.0 2.5 1.21 3130 2.07 0.60 1.64 536 - 538 383
3.0 -4.0 1.0 0.77 3850 1.30 2.67 3.32 511 1047 747
4.0-7.0 3.0 0.60 4950 5. G0 3.97 6,47 4030 54717 3630
7.0 - 8,0 1.0 0.41 5810 2,44 8.97 10,18 2465 7542 5390




1334 Ni Hid3G [o]
s C w (] N i1} =
: ; i
< % ]
W57 1
MM i i :
& L =1 H
(™S 3 il H
w ] ifis i
n H I m it iiiden
& HaH i
ol il
i1 mm
© i x
o i
o ﬂ ;
H 4. TE
W - i m H
Dy i
L AT h
a
= ] i
; ﬁ M
w 3 i g xeEf
- i i *, it i
o / tel H
g m T I
L s
<) HH g
i Ll g
@ i ity 1 %
& ; H_ g L £
e i ] siais : 2
sigiid i = ik =
] i s 1 o
&_pEmn i ]
hamiard Eid H ! m.ﬁ T m
3 B i m .m, : “ﬂ-
< 1 i i i =
! w
= i it
. g 3
! Pt
- i LIRS
H :
> E : m
: T
o i g :
a i e & rw-. H
z A
= j HHH
3. o [
w HiE
=
a m.
% w
2 5
[ £i)
i
- A
o
i} TR
o i E m |r|
o i H: i
hdd Cefted B f
R T : H
« Fee i
adeY pei=lSEEef  fAREEED 1
o 343 BEgA| H
& 1 i
] t i
= j i ;
“ it Histh
M i1 |_lu [¥.] 334
fHEe) i3 2
w S, 1] w
SR e 2
S filiie 2 g
T : ; i
Hir 1
Sl 1
m-l.- rasf ot wes OHELDdIOHIO o) 2
3 e o - Fit ik o +
ww i i RnT AL ERRIEe 1
Sk HiH ]
w T Lothet w m«ih 5 i
H bt bl M%f-& 1
= Hir (e 1 HmtHiE
5 i BT

BY THERMOCOUPLE READINGS

1334 NI Hiqd30

—~——————BY THEQRETICAL CALCULATIONS

87

Freeze and thaw lines as determined by themmocouple readings and theoretical calculations,

Figure 2.

Northway Airfield, Alaska.
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TABLE 4

FREEZE CALCULATIONS, HOLE 1, NORTHWAY AIRFIELD

Therm.

Ir

Resist, R air =

Depth Thickness k, Frozen L » = h/k IR LR+ E F P Z¥/0.6 Date

it T, it per it BUIPET Tiegree
cu. ft, days

0-0.5 0.5 0.83 0 0.6 0 0.3 ¢ 0 ¢ Sept. 23
5-3.0¢ 2.5 2,00 3130 1.25 0.6 1.23 401 401 668 Nov. 16
0-4.0 1.0 1.17 3690 0. 86 1.85 2.28 351 52 1253 Nov. 28
0-6.8 2.8 1,25 4990 2,24 2.71 3.83 2330 2982 4970 Feb. 1

w0

Inspection of the calculated theoretical
curves 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 two. 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 theoretically 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 by the thermocouple
readings is greater than the calculated
depths. This might be accounted for in
some part by the error whichis introduced
into the thermocouple readings by the con-
ductivity of the oil-filled pipe. For ex-
ample, during the period of thaw, the top
partof the pipe and theoil are attempera-
tures which maybe several degrees above
freezing. This column may tend to warm
the pipe at greater depths in the vicinity
of the 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 beata depth
slightly greater than the frost line in the
goil itself., The same possible error
occurs during penetration of frost. The
upper portion of the pipe located in the
frozen depth of soil may be at tempera-
tures several degrees below freezing.
This cold column tendsto draw some heat
from the pipe and oil below andthe 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 April, the entire depth

covered by the thermocouples is frozen.
During the summer thaw occurs to depths
of 6to9ft. This depth is usually re-
frozen by sometime inJanuary or Febru-
ary of the following freezing season. The
depth of 6 to 9 ft. which thawsand freezes
annually is calied the annuai {rost zone.
In this instance it algo represenis the
suprapermafrost.

Lielson 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 it.
from 15 to 30 ft. The section at all holes
consisted of a bituminous pavement about
6 in. thick, a crushedrock baseto a depth
of 1.8 ft., and a compacted gravel {ill to
a depth of from 5to 8 ft. The subgrade
was essentially a well-graded sand and
gravel. The water table was at about 11
ft. at the time of the borings.

Thermocouple readings were taken at
approximately weekly intervals between
October 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
igsotherm can be distinguished as the di-
viding line between positive and negative
centigrade temperatures during most of
the test periods. The exact depth of frost
penetration is not always distinctly de-
fined within 3 ft., plus or minus, because
of the 3-ft. thermocouple spacing used
below 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, utilizing the information at
hand and selecting what were deemed as
reasonable density and base course water
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content values, theoretical calculations
of freeze and thaw were made. Air tem-
peratures at Fairbanks were utilized and
the surface correction factors previously
mentioned (0. 6 for freezing, 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 Airfield., The reason for the
difference is essentially in the differences
in water contents. The sandy-gravel sub-
grade at Fielson had a water content of
only about 8 to 10 percent in most strata.
Frost penetration through such materials
is rapid because of the relatively low volu-
metric heat of fusion.

The comparison of the theoretical and
thermocouple-determined curves in Fig-
ure 3 is congidered 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 depthg 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-filled 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 permafrost 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 wusually occurs during
August.

Present plans call for making some
borings in the runway during the winter 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
line 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
bituminoug-concrete pavement anda sand-
and-gravel base course. The thicknesses
of the base course vary from 2.8 to 12.0
ft. The second study presented is for four
sections, two with bituminous-concrete
pavements and two with portland-cement
concrete, in which borings were made five
times between October 1951 and July 1952
to locate the seasonal freeze ‘and thaw
lines and surface of the permafrost. 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
s0il 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 andan average
dry density of 140 lb. per cu. fi. 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 are similar tothose of Eielson Air
Torce Base, Figure 3, in that permafrost
ig sufficiently deep so that it does not
restrict the depth of annual freeze. The
permafrost levels are not shown in Fig-




ure 4, but in most instances there isa
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 frostpenetration continues 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 thawof 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 {t. or less. The depths of annual frost
vary from about 8 to 14 ft. The greatest
divergence of the theoretical curves from
thoge plottedfrom the thermgcouple 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
gsubgrade would not be compleied until
several weeks after the {ime indicated
by the thermocouples. The depth of soil
which thaws during this additional time in
the theoretical calculation is aboutf 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 1-ft. layer of frost. It
is alsopossible that the 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 an acceleratedtraffic test of the runway
test sections in 1951, test pits were dug
in four of the sections in April or June.
The depth of annual frost was measured
in these pits. The points are shown in
Figure 4, and Table 5 lists the theoretical
annual frost depths, those determined by
the thermocouple readings, and the depths
measured in the pits.
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TABLE §

COMPARISON OF FROST DEPTHS
FAIRBANKS RESEARCH AREA, 1950-51

Depth of Annual Frost

Section Theoretical Thermocoupies Test Pit
it. ft. .
RN-~12 7.9 9.0, 8.5
RN-4 8.4 9.0 8.3
RN.25 8.4 9.8 9.5
RN-15 9.9 10.0 9.3

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

Sincethere 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
test sections 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. Also, 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
symbols are ugsed for the depth of seasonal
thaw, the depth of seasonal freeze, and
the top of the permafrost. The latterig of
no particular concern in the present dis-
cugsion. The checkbetweenthetheoretical
calculation and the boring data may be
studied hy ingpection of Figure 5. The
plotted boring points in all four sections
fall quite cloge to the theoretical curves,
both for penetration of frost and for thaw.
The greatest deviation is about 1 ft. This
is considered to be & good check. There
are some seemingly inconsistent changes
in frost levels as indicated by the hand
borings. It would be expected, for ex-
ample, that the surface of the permafrost
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
were made at various locations in each
test section, and local wariations in base
course thickness, water contents, and
other items caused differences.

EFFECT OF BASE THICKNESS ON
FROST PENETRATION

The data presented in Figure 4 may be
utilized to study the effect of base course
thickness on frost penetration., All seven
sections shown on this figure had a bi-
tuminous concrete pavement about 5 to 6
in. thick. The thickness of the gravel
base courses varied from 2.8ft. for
Section RN-12 to 12 ft. for Section RN-1.
Table 6 lists the sections with the average
values of frost penetration as obtained from
the thermocouple obgservations for the 4-
year period. Although fhere are some
discrepancies in order of the sections, it
is readily apparent thatan increase in the
thickness of the bagse course resulis in an
increase in the total depth of frost pene-
tration, measured from the surface, but a
decrease of frost penetration into the sub-
grade. Even with a base course 12 it.
thick there is about 1.6 ft. of the subgrade
which is frozen annually.

TABLE §

EFFECT OF TEICKNESS OF PAVEMENT AND BASE COURSE
ON FROST PENETRATION, FAIRBANKS RESEARCH AREA

Pavement Plus Average Frost Penetration

Base Course From Into

Section Thickness Surface Subgrade
[{ It. it.

RN-12 3.3 8.3 5.0
RN-4 4.5 8.8 4.1
RN-25 4.5 9.3 4.8
RN-15 7.0 10.0 3.0
RN-2 8.5 11,0 2.8
RN-14 10.5 12,3 1.8
AM-1 12.5 14,1 1.6

SUMMARY AND CONCIL.USIONS

Measurement of temperatures over a
period of several years in runway-pave-
ment sections indicate the depth and rate
of frost penetration and thawing. There
are some shortcomings in the thermo-
couple assemblies as installed, but ju-
dicious use of the readings yields a reas-
onably accurate picture of the thermal
regime of the runway sections. Theo-
retical calculations by the modified Stefan

method utilizing soils information from
the specific runway locations, air tem-
perature data from the site, and selected
thermal conductivity values and surface
correctionfactors have been made and are
compared with the results of the thermo-
couple observations. Borings and test
pits to determine depths of frost were
available in some sections for comparison
with the theoretical calculations. These
comparisons lead to the following state-
ments and conclusions:

1. At Northway Airfield, with essen-
tially sandy soils but some silt layers,
annual frost depths of 6 to 9 ft. were ob-
tained with the thermocouples in nine test
holes and for four winters' observations.
The theoretical calculations checked these
depths within 1 ft. in most instances. In
the majority of cases, the theoretical
depth was lessthan that determined by the
thermocouples., The shape of the time-
depth curves by observation and by theo-
retical calculation were very similar.

2. At Eielson Air Force Base, with
essentially clean, gravelly soils, annual
frost depths of about 13 to 16 ft. were
obtained by both thermocouple measure-
ments and theoretical calculations. Dif-
ferences between the two methods averaged
about 2 ft. Rates of {reeze and thaw were
similar as judgedby the shape of the time-
depth curves.

3. At the Fairbanks Research Area,
thermocouple measurements and theoreti-
cal calculations of frost penetration and
thawing both yield similar shapes of time-
depth curves, and give depths of annual
freeze which usually check within 1 ft. The
depths of annual freeze in these sections
vary from about 8 or 9 ft. for those with
4 ft., plus or minus, of base course and
pavemeni over a silt subgrade, to about
14 ft. for a section with 12,5 ft. of pave-

‘ment and base course over the silt sub-

grade.

4. DBoth field temperature measure-
ments and theoretical calculations show
that increasing the thickness of a high-
density, gravel base course over a silt
subgrade increases thetotal depth of frost
penetration, as measured from the pave-
ment surface, but lessens the depth of
frost penetration into the subgrade.

5. Borings in four pavement test sec-
tions in the Fairbanks Research Area with




frost penetrations of as much as 9 ft.
checked theoretical calculations for frost
and thaw depths within 1 ft. in nearly all
ingtances.

6. On the basis of the reasonable
agreement between the frost lines as de-
termined by thermocouple readings and by
borings with depths determined by theo-
retical calculation with the modified Stefan
method, it is concludedthat this method of
calculation will 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
1to 3 ft.

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

HARL P. ALDRICH, JR., and HENRY M.
PAYNTER, Massachusetts Institute of
Technology—The authors are to be com-
mended for obtaining and reporting such
excellent field dataonthe depthof {reezing
and thawing under pavements in Alaska,
There can be no doubt that an important
phase of soil mechanics and foundation
engineering in the future will be the cor-
relation of theoretical concepts with full-
gcale field measurements.

The authors have pointed out a signifi-
cant practical consideration in their Con-
clugsion 4. That is, increasing the thick-
ness of a gravel base course can increase
appreciably the total depth of frost pene-
tration. In other words, if the depth of

having 3 ft. of gravel belowa pavement is
no agsurance that frost will not penetrate
into the subgrade. The gravel base will
ordinarily have a smaller water content
than the subgrade. Hence, frost will
penetrate faster and deeper into the base
since the latent heat evolved as the soil
freezes is smaller.

The agreement whichthe authors found
between the calculated depth of freezing and
thawing using the so-called Stefan formula
and the actual depth as determinedfrom
thermocouple meagurements and test pits,
is remarkably good. The writers wish to

frost in a given locality is three feet,
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indexes. It is also a .verification of the
charts used for thermal conductivity
lues,
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Discussion

point out, however, for the benefit of high-
way and soil engineers working in the
United States, that the use of the Stefan
equation in the more temperate regions
of the United States will generally yield
frost penetrations which are too deep.
Although this is not mentioned in the paper,
other publications by the authors indicate
that they are well aware of this proba-
bility.

In general, the reason for the discrep-
ancy is that the Stefan equation,. while
considering the latént heat of fusion of the
soil moisture, neglects the effect of the
volumetric heatof the frozen and unirozen
goils. This effect is relatively small when
the mean annual temperature is near the
freezing point ag in Alaska. Inthe United
States, however, the mean annual tem-
perature varies from perhaps 40 to 60 F
in localities where frost occurs in the
winter months. In this instante the volu-
metric heat of the soil is an important
factor. This can be demonstrated math-
ematically as follows.

Figure A shows the conditions which
must hold for the general solution of a
rational formula for the determination of
the depth of frost penetration. Nearly all
formulas 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
¥ above freezing to a temperature v
below freezing., This temperature valu@
is then maintained constant and uniform
over the entire surface to yield a one-
dimensional problem.

X is equal to the heat evolved in bringing
the unfrozen soil from an initial temper-
ature Vo down to the freezing point plus
the volumetric heat of the frozen soil plus
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

THERMAL PROPERTIES TEMPERATURE
THERMAL CONDUCTIVITY : kf v
VOLUMETRIC HEAT: Cf BELOW ABOVE
OIFFUSIVITY: .0, = Kk, /C FREEZING | FREEZING
! Ve Yo .|
; |
1
INSTANTANEQUS
\K TEMPERATURE IN \ N
_ FROZEN SOIL! vy |
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N N D AN
dv,
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v, v,
R R |
INSTANTANEQUS
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Figure A.

The equations which must hold for this
problem are the diffusion equations in both
the frozen and unfrozen soil ag indicated
in the figure. The latent heat property
becomes a continuity condition which states
that the rate of flow of heat in the irozen
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

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:

48knF

X= i (Stefan) (1)

_ [ 48knF
nF,
\]L+C(v0+—2—;€)

X (2)




X = \/[ 24knF o @)
L+C (v + 5 Zt
B 48knF
XK= AT @)
where

X = depth of frost penetration in feet

k = thermal conductivity- in Btu. per
foot per degree Fahrenheit per hour

¥ = 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 annmual temperature exceeds
the freezing point

t = duration of freezing period in days

7\4 = gorrection coefficient for Edqua-
tmn 4
= { (P’ a) givenby curves in Figure B

CnF
fu sion parameter, p =

thermal ratio, @ =—m=—

The first expression is simply the Stefan
equation which considers the latent heat of
fusion of the soil moisture only. Equations
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2 and 3 are formulas which have been
studied by the Frost Effects Laboratory of
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-

equation,
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sumptions, Equation 4 wag set up in the
form shown by the writers. It is similar
to a solution obtained by W. P. Berggren®
in 1943. This formaula, a solution of the
equations in Figure A, takes into con-
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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 correction coefficient A:

48knF

X =2 HPNES (VW3

where Ais given by the following expression

for FPormulas 1, 2, and 3:
2\1 =1.0 (1a)
?\2 = 1
[1+p(a+ 0.5) (2a)
7\3 = 0.707
1+ u{at 0.5) (3a)

Curves for Ayr Ag, and >‘3 are given in
Figure C.

The dimensionless parameterspuand
« , which are not considered in the Stefan
are significant variables af-

'Berggren, W. P., "Prediction of Temperature Distribution
in Frozen Soils, " Transaciions, American Geophysical Union,
Part I11, 1943,
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fecting the depth of frost penetration. This
can be seen from Figure B. 'The fusion
parametier ¢ is a measure of the heat re-
moved in the frozen goil below the freez-
ing point as compared tothe latent heat of
the soil moisture. The thermal ratio a,
is a meagure of the ratio of the initial
ground temperalure, or mean 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 u, a and A. If the
mean annial temperature is edqual {o zero
as it is'in many parts of Alaska, then «
is equal to zero and a correction coeffi-
clent of perhaps 0.9 would apply. It can
be seen thenthat the Stefan equation which
assumes a correction coefficient of 1.0
for all values of ;o would give depth of
frost only 10 percent greater than the
actual.

On the other hand, in temperate Kan-
gas, for example, the correction coeffi-
cient is perhaps 0. 55 which means that
the actual depth of frost penetration 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 data® have generally
confirmed the above statements.

It would seem from the above discus-
sion that the use of the Stefan equation in
Alagka would yield depths of frost pene-
tration about 10 percent greater than the
actual. The authors found, however, that
‘Corps of Engineers, U. 8. Army, New England Division,

"Addendgum No. 1, 19451947, to Report on Frost Investiga-
tion, 1944-1945," Frost Effects Laboratory, October, 1948.

the equation gave depths about 10 percent
too small when a surface correction factor
n = 0.6 was used. The following quegtion
arises. How reliable are values of n?
The authorg 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. 8,
their computed results with the Stefan
equation would have checked the actual
depths very closely on the average.® For
example, at the Eielson Air Force Base,
the actual penetration averaged 16.5 feet
while the predictedaveraged 14. 5 ft, when
n = 0.6 was used. In the Steian equation

X~ n

If n=0.8 was used in place of 0.6 then

computed X = .g.:%x 14.5 = 16.7 feet

which checks the actual reasonably well.

In effect, using n = 0.8 in the Stefan
equation ig the same as combining n = 1.0
and A= 0.8 = 0. 89 in Equation 4. From
Figure B it can be seen that in Alaska
A ,~0.90 In other words, it would ap-
pear that if the authors had used the air
freezing index with the modified Berg-
gren formaula (4), which considers all of
the gignificant variables, their computed
depths at the Eielson Air Force Base would
have checkedthe actual depths very closely.

The writers are temptedto conclude
that while the pavement surface correction
factor, n, may not be equal to 1.0 in
Alaska, it may be considerably closer to
unity than is now believed. Furthermore,
it is their general belief that n varies with
latitude and may very well be smaller in
the more temperate climates.

*In any given locality one couid, in faet, find a value of n for
use in the Stefan equation which would yield average predicted
values equal to the actual. In general, however, the writers
would expect more scattering of the resulis than if a rational
value of n was used with equation (4).
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Frosi-Action Research Needs

A. W. JOHNSON, Engineer of Soils and Foundations,
Highway Research Board, and C. W. LOVELL, JR.,

Research Engineer, Purdue University

@ SINCE the earliest of pavements, it
has been known that ground freezing has
produced rough-riding surfaces and often
cracked pavements as aresult of heaving.
In some instances of intense heaving,
subsequent thawing has produced such
marked softening of the subgrade ma-
terial that traffic has forced the soil to
the surface in the form of mud, resulting
in frost boils. Associated with the in-
crease in the numbers and weights of
vehicles, there occurred a more wide-
spread and general structural failure of
pavements during the spring thawing seas-
on, which became known as spring break-
up. Only in recent years have many
engineers become aware of a general re-
duction in the load-carrying capacity of
roads during and following the thawing of
roadbeds. The overall effect of ground
freezing and thawing, as it is now under-
stood, is referred toas the effect of frost
action. Soils are spoken of as having a
high or low frost susceptibility depending
on the degree in which heaving, reduction
in load-carrying capacity, and other physi-
cal properties are influenced by the freez-
ing andthawing processes. Figure 1 indi-
cates the possible effects of freezing and
thawing processes on highway and airfield
paving.

Many factors influence the intensity of
frost action. Climate, location, degree
of exposure, and the nature of the ground
cover (including the pavement) influence
the depth and rate of both freezing and
thawing. The nature of the soil its chemi-
cal and physical composition and the state
" of the soil its moisture content and dis-
tribution, its porosity and structure gov-
ern its thermal properties and influence
. the nature of freezing and thawing. Fur-
: ther, the composition and state of the soil
govern the physical properties of the soil
and thus influence the degree in which
frost action affects the load-carrying ca-

pacity of the soil. Any further improve-
ment of our knowledge of frost action re-
quires detailed investigation of the effect
of a number of influencing factors and
their relation to each other.

If the fundamentals of frost action were
well understood, and means for applying
that basic knowledge to design of pavements
for given loads were better developed, it
should be possible to construct pavements
whose behavior with respect to frost action
could be closely predicted. There would
remain the economic phase of determining
which pavements should be built to insure
adequate strength for all seasons, and
which pavements should bebuilt to a given
design with legal provision to restrict
loadings during periods of low strength.
The problem of frost action in roads and
airfields is not one whichpresents a sim-
ple solution. )

_ The majority of problems faced are of
such magnitude as to preclude their com-
plete solution within a short period of time.
Extensive research efforts both large and
gmall, are required of many engineering
organizations. The total of this experi-
mentation is capable of gradually reducing
the complexity of frost-action prohlems.

The purpose of this paper ig to pre-
sent, in generalized statement, some of
the research needs relative to the frost-
action problem. Formulation of these
needs was achieved through extended re-
view and analysis effort: The writers
have read several-hundred references,
studied the current research programs of
a number of importani organizations, and
discussedfrost-action problems with many
qualified individuals. Some portions of
this review procedure dealt primarily
with seasonally frozen ground, others
with permafrost. These efforts, added to
personal experience, have constituted the
background for and shaped the perspective
of this presentation.
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FACTORS WHICH INFLUENCE FROST
ACTION

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 whick 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 {rost
action in abase course or subgrade soil 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-
lief. The extrinsic factors which in-
fluence the nature of frost action are sum-
marized in the block diagram 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-

cal, and the state of the soil mass with
regard to soil moisture content, density,
and structure. They determine not only
the thermal properties butalso the physi-
cal properties. More specifically they
determine (1) latent heat of soil moisture,
(2) volumetric heat capacity of water and
soil, {3) thermal conductivity, (4) specific
heat, and (5)thermal diffusivity. They
also determine the load-carrying capacity,
the ability of the soilto move water to the
freezing =zone, and thus influence the
amount of heave or shrink. The major
intrinsic factors are indicated in outline
form in the block 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 knowledge 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 (I, 2) which present in sum-
mary form much of the available knowl-
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. Developandstandardize terminology
relative to ground freezing and thawing
processes and effects. The Corps of
Engineers has recently (3) worked toward
this end for their ownparticular purposes.

2. Make a critical study of presently
available information, state fundamental
principles where data are adequate o in-
sure their validity, and give such limiting
values as can be set from current experi-
ence. This hasbeen done within 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, Corps of Engineers (4, 5), the High-
way Research Board Committee on Frost
Heave and Frost Action in Soil {6, 2}, and
others arerecognized. Much valuable re-
viewing, abstracting, translating, sur-
veying of research facilities and person-
nel, and sponsoring of meetings and con-
ferences has beenaccomplished; but many
areas of activity remain undeveloped.

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 {inciuding not only
the arrangement of soil particles inthe soil
apggregate but alsothe profile of the ground
as determined by mode of deposition and
intensity of weathering) all strongly in-
fluence the nature of frost action. Of these
factors, soil moisture is of dominating

EXTRINSIC FACTORS
Factors Which Influence Frost Action
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3. Expand present means for collect-
ing, systematizing, and diggseminating
information as it becomes available. The
delay between time of experimental find-
ings and application of these findings to
~ practiceis all toofamiliar. Certainlythis
difficulty can be reduced by organizations
and committess dedicated to the functions
of making new knowledge quickly available
in usable form. The efforts of the Snow,
Ice and Permafrost Research Establish-

influence in determining the magnitude of
freezing and thawing effects.

Effect of Moisture Content and Distribution

The moisture content of soil at the be-
ginning of freezing largely determines the
amount of segregated ice and the heaving
of the soil on freezing. The increase in
amount of soil moisture and change in its
distribution through the so¢il plus the
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changes in soil density and soil structure
which result from ice segregation deter-
mine the magnitude of the reduction in load-
carrying capacity on thawing. Substantial
heaving and very marked reduction in
load-carrying capacity can resull 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 frost action.

The increase in moisturecontent 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 {rozen layer
decreases to a relatively constant value,
independent of the initial degree of satu-
ration but dependent on the nature of the
soil. Thus, soil water has a double effect.
Freezing may increase the available water,
g0 a gecond 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 necegsary 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 detrimental frost action if
the initial moisture content is less than
65 percent of saturation (7, 8). 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 al-
most 100 percent of saturation for the
finer -grained silty andclayey soils (9, 59).

The problem 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 by controlling the mois-
ture content of these materials. The fol-
lowing studies are suggested:

1, Expanddeterminations of thedegree
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 avail-
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
long time period ranges of moisture con-
tents of subgrades and bases of different
textures. Thepracticalcapacitytoachieve
this is largely dependent upon success in
Corollary a. {c¢) Determine practical
techniques of more effectively draining
pavement - subgrade combinations or of
stabilizing the subgrade materials so
that their water-holding capacity and thus
their susceptibility to frost action is re-
duced, or develop some admixture which
will prevent the soil from attracting and
retaining water in detrimental amounts.

Effect of Porosity and Volume Weight

The intensity of all phases of frost
action depends onthe 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 are controlled by the nature (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 initial soil porosity on the mag-
nitude of heaving and water gain (12, 8).
These tests were made with the soilin
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contact with a water supply. The results
indicate that well-graded gravelly soils
having sufficient fines to permit detrimen-
tal frost action show an intensification of
ice segregation withincrease in degree of
compaction up to a critical density about
equal to 95 percent of modified AASHO
maximum density. Abovethatcritical 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 maximum
density. Uniformly-graded frost suscep-
tibie sands are little affected by variation
in degree of compaction (see Fig. 4).

As in the case of soil moisture, density
may have a double effect. Although asoil
may be compactedto a density inexcess of
the eritical 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-
guent frost action effects become more
intense,

The external load (surcharge) carried
by the goil also may influence the magni-
tude of heaving {13, 8); thus, the densily
of the soil above the freezing zone may
have some small influence on heaving.

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

1. 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. Supplementary field studies to per-
mit correlation of and make possible bet-
ter interpretation of the data from lab-
oratory tests.

3. Determinationof influence of degree

of densification on seoils treated with vari-
ous admixtures which have possibilities
for the reduction of {rost effects or the
improvement of strength properties.

4. Corollarystudy: Thereiscurrently
in development a method using radioactive
materials in the determination of soil
density (10). There is need for continu-
ation of development of in-place test meth-
ods and apparatus to determine soil den-
sity and periodic and seasonal changes in
this density.

EFFECT OF STRUCTURE

Unfrozen State

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

Structural arrangement and rearrange-
ment of goil 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 fissures alongthe boundaries of the
agoregates (13). These fissures give
clayey soils the 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 {exiural 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 or clay insand (Fig. 6) vary
in lake deposited materials, textural dif-
ferences from one soil horizon to another,
pockets or "lenses" 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 so0il struc-
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varved soils, on flow of moisture to or
from a freezing zone have received only
limited attention (13, 19).

Not only does soil structure influence
frost action, but frost action may modify

ture may foster differential frost action
(14, 15, 13, 16).

Some investigators have found it prac-
tical to correlate frost-action intensity
with pedological soil series and type (17).

Others (14, 18) have correlated geclogic
origin and degree of frost susceptibility.
. The occurrence of ledge rock, boulders,
or stumps withinor 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

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 {rost 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
in soil horizons) indicative of intense frost
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 of freezing and thawing on the 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
struciure.

Seasonally frozen ground is usually
classified according to the nature and
distribution of the ice it contains. Massive
or homogeneous structure denotes soil
water frozen in the soil pores andnormally
occurs in coarse-grained soils, and infine-
grained soils of low moisture content, or
those frozenat a rapid rate. Stratified or
discontinuous-type structure contains visi-
ble ice segregation in lenses, wedges,
veing, or needles and is usually associ-
ated with wet, fine-grained soils. How-
ever, appreciable ice segregation is ob-
served in coarse-grainedsoilsunder con-
ditions of great water availability and fav-
orable rates of freezing, particularly
cyelic freezing and thawing.

The Corps of Engineers (21) has de-
veloped a preliminary nongenetic classi-
fication and description system for frozen
goils, whichis intended to contain adequate
detail for engineering purposes. This
classification subdivides homogeneous
structure into; (1)well-bonded frozen 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 notes several different types ofice

concentrations: (1)stratifiedice lensesor
layers, (2) irregularly oriented lenses,
veins, etc., {3) coatings of ice on indi-
vidual particles, and (4) individual ice
crystals within the soil mass. The oc-
currance of these various subtypes of
frozen structure has been correlated in a
general way with soil gradation and freez-
ing conditions.

Perennially frozen ground (Permafrost)
structures are normally classified on the

basis of continuity of the frozen mass below
the active layer. One type is continuous,
meaning that the ground mass is frozen to
full depth without unfrozen inclusions. The
other is discontinuous, and contains al-
ternate layers of frozenand unfrozen ma-
terials, or islands of frozen ground within
an unfrozen matrix. Permafrost has been
mapped on an areal scale as continuous,
discontinuous, and sporadic (22, 23). The
gtructure of the permafrost proper may be
homogeneous or stratified, just as the
structure of seasonally frozen ground.
T the heterogeneous structure is such
that large ice masgses are present, de~
scription and classification must deal not
only with the distribution and shape of the
jce accumulations but also withthe 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 formation and growthof these and
other types of "patterned” groundattribu-
tedto freezing and thawing influences. The
various types of patterned ground and their
possible origing have been summarized
(24). Recent studies (25) have devoted
aitention to the airphoto identification and
classification of various of these patterns
ag 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 factor 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. Thefollowing 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 frost action should be continued and
expanded, The classification should en-
velop both frozen and unfrozen ground s0
a correlation could be made of structure
and water availability to permit better pre-
diction of the relative amounts and distri-
butions of ice. Further study of patterned




ground common to permafrost regions is
justified, as such study will 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 modification, suchas polygonal ground,
are particularly adaptable to further an-
alysis and clagsification as indicators of
ground condition.

2. Practical, in-place field studies to
determine, for an extended time period,
the relationship between various goil struc-
ture typesand intensity of frost action are
also needed. Such studies would yield
useful data, pertinent not only 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 effects of stratification on
water movement, particularly capillary
movement. Variations in moisture content
with height above the water table and rate
of capillaryflow are especially needed for
- such soils as silts with organic streaks or
laminations as are commonto permafrost
regions.

- Effect of Temperature

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 line of freezing and thawing
‘taken at frequent time intervals over a
* long period of time for a variety of soil
- types and a wide range of soil states under
~various thicknesses of different types of
“pavement and surface vegetation and snow
. cover would be necessary to complete
“vorrelation. Some recent data (26, 17,
.27, 28) have covered these variables ¢ over
-1 brlef time period.
. It is obviocus that because of difficulties
-~ of observing depth 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-
temperatare data.

Published data relativeto soil temper-
ature is voluminous. However, reviews
(1, 2, 29) have showna meager amount of
soil temperature data useful in the study
of frost action in bases and subgrades for
highway andairfield pavements. General-
ized charted data are available showing
average annual and maximum annual depths
of frost penetration. However dataoniype
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 obvicusneedfor 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 gufficient accuracy
for the primary needs of knowing where

and when soil freezing and tha,wmg occur.

{Resistors are availableé which ¢an dlStlI‘l-«

{ guish frozen from unfrozen ground.] 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 climatic conditions, have been
responsible for the conditions of freezing
and thawing.

The following suggestions are offered
as means of extending the field 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 excavationor by electrical resis~

tance means.; "(3) Evaluate pavement type,
‘soil type, anfj soil statefor placesof tem-
perature or ground-freezing observations.
{4) Corollary Studies: (a) Continue de-
velopment of automatic temperature-re-
cording devices for installations for frost
studies and (b) develop automatic devices
for determining time of soil freezing and
soil thawing. Possibly present resistance
type devices can be further developed so
they canrecord automatically when freez-
ing and thawing occur.
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COMPOSITION OF THE SOIL

Water and temperature are the dynamic
elements in frost action. The soil solids
may either facilitate or restrain move-
ments of water and freezing temperatures,
both of which are necessary for frost ac-
tion. The probiem as it concerns the soil
solids portionof the soil mass isto deter-
mine which qualities or characteristics of
their makeup have the greatest influence
in producing or in preventing frost action.
In attempting to find those gualities, it is
necessary to relate frost susceptibility to
the inner or chemical composition, as well
as to the outer or physical composition,
for coilectively they determine both the
thermal and physical properties of soil.

Chemical Composition

Chemical compositiony is usually ex-
pressed in terms of content of different
minerals which make up the soil {ines and
organic matter. Clay minerals differ
greatly in the degree in whichthe pariicles
adsorb water to their surfaces. The clay
mineral monimorillonite, for example, has
high surface area and great capacilyto
adsorb and hold water in & state not con-
gsidered fluid or mobile enough to feed
growing ice erystais. The mobility of the
water is governed in a large measure by
the nature of the adsorbed ion. Kaolinife,
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
agree that, regardiess of the types 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 problembecomes 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 failed 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 diffractionand 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 soil particles 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 intengity of heaving with size dis-
tribution in the fine-grain fraction. This
has been done on a more or less general
basis through some scil 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 beenmade of the pedolog-
ical system as a means of defining soils of
low frost susceptibility {17, 30). 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 No. 200 sieve has been used most
widely by highway departments to relaie
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 Engineers (31}
has further classified frost-susceptible




goils according to texture into four F
groups of increasing susceptibiiity, the
group F4 having greatest susceptibility.
Swedish practice is somewhat similar
to that of airfield practice in that it per-
mits a higher proportion of fines in the
more-uniformly graded sediments than in
well-graded morainic materials. Gener-
ally, the finer the grains (in the fine-grain
fraction), or the greater the proportion of
colloidal sizes, the more effective the fine
soil fraction is in producing ice segrega-
tion (8). The presence of plasticity is an
indication of the possibility of greater ice
-segregation.

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

Size and Proportion of Coarse Materials.
-The focus of attentlon-on proportions and
‘types of the smaller frost-susceptible
‘sizes has tended to cbscure 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
.{8) 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
n commonuse for aggregates for concrete
‘and bituminous surfaces, it has been a
“Lommon concept that any gravels which
Inet 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
traffic 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 able to evaluate the
effect of the character of thefiner fraction
and thus lend themselves fo further re-
finement and study.

The problem associated with the effect
of composition on frost action is essen-
tially one of means of identification of
materials according totheir susceptibility
to frost action, Knowledge of the basic
chemical composition may aid in identifi-
cation. However, it is evident that evalu-
ation of chemical composgition must go hand
in hand with evaluation of the effect of the
grain-size distribution withinthe fine frac-
tion.

The following field and laboratory
studies are suggested:

Chemical Composition. 1. Determine
the relative effect of organic matter, par-
ticularly in natural sands which are being
used more frequenily 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 scoils. 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 may differ markedly with the propor-
tions present; hence, evaluation of the
effect of chemical composition should be
in terms of the grain-size distribution
within the 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 goilfines derived{rom quartz,
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feldspar, limestone, schist, which are
associated with the least frost action?
Which clays are the most effective in
gmall amounts sodium, hydrogen, cal-
cium, potassium? Are there different
cr1t10al grain sizes for different chemical
compositions? To what extent are fines
having plasticity a measure of their frost
susceptibility in granular mixtures?

A

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-
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Figure 6.

Physical Composition. Continue studies
to evaluate the influence of grain size dis-
tribution, primarily on materiais which
may be suitable for subbases and bases.

1. Are themaximum permissible pro-
portions of frost susceptible fines identical
for well-gradedmaterials having different
maximum size? For example, maximum
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
gimilar frost susceptibility in a 3-in.
maximum size material,

2. Relative frost 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.

Corollary Studies. (1) Develop quick
tield aids to identification of soil fines

erature of the mass to a point where at
least a part of the soil water solidifies.
Finely grained soil first solidifies at

- some temperature below 32 F. The soil

continues to gain strength asits tempera-
ture is further reduced and more soil
water freezes (32, 31). The rateat which
the freegzing temperature moves into the
soil (diffusivity) is dependent on: (1) the
specific 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 so0il water frozenat a given temp-
erature); and (4) 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-




frozen soils and depth and rate of thaw-
ing in frozen soils. Much work has been
done in recent years (33, 34, 35, 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), moisiure content, por-
osity, texture, composition, and natural
structure.

Difficulties have long been encount-
ered in laboratory determinations of
goil thermal properties. Principal among
these difficulties isthe 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 flowor a vapor movement
of moisture to location of cooler temp-
erature, lower vapor pressure, and
higher surface tension (37, 38). 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 meagsured over an in~
crement of thickness located as far as is
{easible 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).
Thesetechniques employ a heater, usually
electric, at whose surface temperature
change is measured under conirolled
energy output. If experimental time is
short, moisture migration is slight.
" The theoretical heat-flow eqguations for
a source of no dimension within a homo-
geneous, infinite medium are at variance
with actual conditions; but these egua-
tions may be appliedand errors kept very
small by proper attention to such vari-
ables as timeinterval and effective radius
of measurement. The thermal probe and
the cylindrical heater have been studied
as line heat sources and small 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-

113

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. Xnowledge of the
freezing point, or rather the range of
freezing temperature of soil moisture,
is inadequate. Studies ofa highly practical
nature needto be undertaken withtypically
fine-grained materials of common occur-
renceto ascertainthe proportions 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. Thege 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 relatively un-
known. This is of course largely due to
inadequacies of laboratory thermal in-
strumentation. Since many of our more
serious thermal problems deal with wet,
low-density materialg (particularly in the
permafrost regions), efforts should be
made to improve instrumentation and to
study these ranges.

3. Theincreaseinthermal conductivity
expected from the presence of ice strata
in soil may be further increased where
consolidation of soil oceurs 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 study.

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




114

application of a thermal gradient. Tech-
nigues of minimizing or compensating for
meisture migration can well receive
additional attention.

5. Continued developmeit of the
thermal probe and other in-gitu 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
well 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
express 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

hydrostatic head or gravitational pres-
gure 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 effect, whether this ability be
expressed as capacity to support loads,
toresistfrost-activated slope movements,
or to grip, throughadfreezing, foundation
or pavement members (see Fig. 7).

Moisture Movement

During Freezing. The susceptibility
of a soil to ice sepregation and heaving
is governed by its capacity to retain
moisture and to move moisture toa freez-
ing zone,

Disagreement exists 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 bringing
water into the growing ice crystal are
those of molecular cohesion in the film
water (16, 41). This results in a drying

Physica! Properties
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Load Deformation Movergem Change
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Figure 7.




out (42, 13) near the frost line in the
manner that evaporation reduces moig-
ture content near the surfaceof 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 supply
to the freezing zone does not move through
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 of crystals or lenses. The iceis not
always visible, although it is usually de-
tectable interms of water gain. Thatgain
may belimited to very thin strata, so thin
that they are often overlooked in routine
~sampling of depths of 6 or 12 in. or more.

The effectiveness of vapor flow as a
means of moving significant amounts of
moisture to the freezing zones isa matter
of some controversy. Limited laboratory
experimental results available (13, 44, 45,
8)indicate that small amounts of soilwafer
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
so0il moisture in svbgrades to a degree
which makes frost action (in the form of
reduced strength) significant.

Following Thawing. When the soil
has thawed the increased 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 release on thawing creates a soil state
different from that which existed prior to
freezing. That water may be restrained
from downwardmovement by the relatively
- impervious frozen goil beneathor,on com-
“pletion of thawing, by saturated soil be-
 neath. In the latter case, reduction and
- redigtribution 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 moisturegain above was at the
expense 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 bhelow-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 forces
causing its redistribution, that redis-
tribution may be a much slower procesgs
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
procegses and how the elements of time
and those forces effect soil moisture
movements. A clearer understanding
of the two-stage process of freezing and
thawing should make possible better base
and pavement designs and better appli-
cation of load restrictions for roads
which become seagonally 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 freezing.
Also, establish the relative distances
through which the forcesare 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 following thawing 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 difficult to conduct small-scale lab-
oratory tests which bring all natural
forces into play with the same propor-
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tional effect as occurs under pavements
under natural conditions. Therefore,
laboratory experiments need be supple-
mented with full-scale field experiments
which include all natural variables and
not just those of temperature difference.

Volume Change

Swell (Heave). Frost action in soil
has twomajor detrimental effects of prime
interest to engineers vresponsible for
building of airfields and roads. One of
these is differential volume change. The
other is its effect on load-carrying ca-
pacity, both inthe frozenand in the thawed
condition.

The gainin moisture content associated
with the freezing of most soils is associat-
ed with an increase in volume, which is
spoken of as heaving if itoccurs in visible
amounts. When heaving differs markedly
within short distances or in limited area,
those differences in magnitude recognized
as abrupt heaving are capable of causing
severe damage 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
experienced in construction in regions
where deep freezing may occur.

Heaving is intensified inarctic regions
where permafrost occurs. Deep freez-
ing in soil whose drainage is retarded by
the underlying permafrost is provaca-
tive of destructive heaving (46). The
condition is most severe in the sub-

arctic, where it is difficult to build with-

out degrading the permafrost, thus tend-
ing to increase the depth subject to seas-
onal freezing and thawing and the intensity
of heaving.

Hydrostatic conditions {47, 60) further
increase the intensity of ground-surface
movements. In the fall season, pene-
tration of frost may trap large quantities
of ground waier between the geasonally
frozen layer and the permafrost. Under
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-
spicuous manifestations of surficial heav-
ing are observed in permafrost regions.
Such features as pingoes, frost blisters,

icing mounds, peat mounds, and mud boils
are indicative of intense ground ireezing
in areas where ground water is available
in large amounts.

Minor heaving, although the actual in-
crease in the elevation of the pavement
profile may range from /ito 2 in. or
more, is seldom detected by visual means.
Consequently, many engineers are un-
willing to recognize its presence or to
appreciate its significance. It does not
crack pavements, but it does cause re-
duced load-carrying capacity and also
produces amore insidious effect in rough-
ening 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 to different intensities of
heaving. This needs to be done ina
systematic manner. This problem is only
partly satisfied by information in present
literature, partly because of differences
in terminology and partly because the
information can be obtained only from
numerous sources not available to many
engineers.

Shrinkage on Freezing. Shrinkage,
associated with soil freezing may occur
in different forms. Shrinkage below the
zone of freezing may occur due fo soil
consolidation on removal of water as it
is drawn into the freezing zone. This
form of shrinkage is never seen in nature
and normally has little significance beyond
the appreciation that it reduces total
heaving so that heaving is not directly
proporiional to the thickness of ice lenges
obtained and that it contributes to de-
veloping fissures in the soil.

A second form of shrinkage has far
greater significance. Such shrinkage {48)
results from freezing water -saturated,
well-compacted, heavy clay soils. The
shrinkage manifests itself in the form of
marked downward movement of the soil
surface .(49) and for the development of
large and often deep fransverse cracks
(60) coincident with eracks or joints in
the pavement. Such shrinkage cracking
may be detrimental in that it permits
early spring rains to increase the soil
moisture content. This type of shrinkage
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Figure 8.
bas been attributed fo a change from
water to a high pressure form of ice (48)
and to the natural contraction (50) of the
pavement on cooling which also moves
the frozen soil believed to be firmly
attached to the pavement.

The greater range in temperatures
below freezing in northern io arctic re-
gions makes shrinkage increasingly more
significant in the colder climes (24, 58).

The problem concerning soil shrinkage
attributable to frost action is essentially
that of identifying conditions which causes
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 understanding of 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 which they be-
~:come detrimental and (2) whether or not
_ 1t is practicable to prevent their oceur-
Tence on the fypes of soil in which they
Loeeur,
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Resistance to Load Deformation

Frost action has two and opposite ef-
fects on the capaeity of soils to carry
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 70 or 80 percent of the strength it
had prior to freezing.

Frozen Soil. Thereisa great accumu-
lation of information available concerning
the elastic and plastic properties and
strength of unfrozen 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 the 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 other ways requires that its strength
pbroperties be more conpletely known.

The compressive, tensile, and shear
strengths of frozen ground have been
studied to some extent by the Russians
{47). These foreign studies have recently
been supplemented by American research
(21, 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 frozen soils
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 other findings of interest (21),
the following are noted: (1) At tempera-
tures just below freezing (26 to 30 F) even
very small cOompressive loads produced
continuous plastic deformation and (2)
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crystal structure of ice specimens frozen
simultanecusly with soil specimens was
not indicative of the crystal structure in
segregated ice lenses in naturally frozen
soil. Strength properties may be expected
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 for theultimate sirengths
and for the elasticity, plasticity and vis-
cosity of ice are rather unsatisfactory (61).

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 pavements where differential
uplift occurs. Tangential adfreezing
strength, a measure of theresistance 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 values of adireezing
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 tengile,
compressive, and shear strengths, plus
elastic and plastic constants, of frozen
soils of various compositiong, textures,
porogities, and moisture .contents and
distributions, under rangesof subfreezing
temperatures is needed. Effects of rate
and direction of freezing must also be
considered.

2, Adfreezing strengths inherent to
frozen contact between various subgrade,
hase, 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
most outstanding studies relative to frost
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 de-
partments (52, §3, 54, 55) and the Corps
of Engineers (56). Additional studies are
reported under way in permafrost areas.
Highway studies were limited to flexible
pavements, while the airfield investiga-
tion included both flexible and rigid types.
The investigations had two purposes. High-
way studies were 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 fall season value.

Reduction in load-carrying capacily is
associated with a soil conditionof increased
moisture, decreased density, and perhaps,
altered soil structure. Soils in which much
water is accumulated and segregated into
ice lenses during freezing will ordinarily
undergo great reduction in load-carrying
capacity on thawing, However, observa-
tions (57, 53) have revealed that signifi-
cant reductions may occur with relatively
small water gain and littleice segregation
onfreezing. Most of the datathus reported
were from tests after thawing and for
rather large depth increments.

Intensity and duration of the reduction
are greatly 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 the surface and
deep frost penetrations, in combination
with early and rapid thawing {0 shallow
depths, produce the most unfavorable con-
dition of supersaturation above a residual
frozen layer. It is thento beexpected that
the impedanceto internal drainage effected
by underlying frozen soil, plusthepresence
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
expectedtohave longer durations inperma-
frost areas than prevail inseasonally {ro-
zen ground regions, Settling and caving
actions are also in frequent occurrence.
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SUBGRADE BEARING IN LB, PER SQ IN

Efforts to evaluate reductions in load-
carrying capacity and the adequacy of
various subgrades and base and pavement
courses during the frost-melfing period
have utilized accelerated traffic tests,
plate-bearing tests, in-place California
Bearing Ratio tests, and other penetration
orinstrument tests. A greatdealofplate-
load testing has been accomplished; how-
ever, such testsarecriticized (56) because
the gradually applied load allows escape
of water, congolidation, and build-up of
registance in the subgrade. In addition,
these tests do not reflect the weakening
due to subgrade digturbance under repeti-
. tive loadings of the nature imposed by
- traffic. It is significant to note that the
. ratiosof weakening as determined by static
- plate tests on rigid pavements (rupture
tests on slab corners) arereported (66) to
be comparable to ratios determined by
actual traffic testing. However, such
agreement has not been achieved in the
caseof plateloading of flexiblepavements.
' 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 commitiee -of the Highway
Regearch 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. Complementary 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 closely ob-

served climatic conditions should be
correlated with: (1) Amounts of ice
segregation and heave. (2) Degree of

saturation before freezing. (3) Changes
in soil conditionfromprefrozen tothawed;
(a) increase in moisture content, (b)
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increase insoil porosity, (¢) 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 achievedio
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 be continued
and expanded. There is obvious need for
a testing techniquethat requires little time
and light equipment for performance.
Modification of test instruments to more
closely simulate traffic loading should be
given further consideration.

EXTRINSIC FACTORS WHICH 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 elements of climate in normal
order of relative importance of influence
are: air temperature, precipitation and
humidity, sunshine, and wind, Climatic
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 and wind is large-

ly governed by slope and aspect. Surface
cover may be composed of vegetation,
snow or ice, highway or airfield pavement
or other structures. Load {whether in the
form of surcharge weight, such as over-
lying 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 evaluaie the
relative influences of these factors on
frost action would necessitate a lengthy
gummary. 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
ireezing and thawing processes. It is
felt that improved understanding of these
fundamentals is prerequisite to marked
improvement 1in 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, pavemenis, insulation courses,
subsurface - drainage installations, ete.
This phase of study shouid be carried on
concurrently with the fundamental inves-
tigations. There is great need for corre-
lation of traffic testing with normal lal-
oratory testing, in order that the benefits
of increased knowledge of laboratory per-
formance may be properly reflecied in
field design and construction,
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