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REPORT 

ON 

FROST INVESTIGATION 

1944 - 1945 

1. SYNOPSIS 

The frost investigation program, including studies at ten 
airfields, was authorized by the Chief of Engineers by letter to the 
Division Engineer, New England Division dated 7 July 1944, subject: "Frost 
Investigation". Frost investigation at five additional airfields in the 
Missouri River Division was authorized by the Chief of Engineers in 1st 
Indorsement to letter dated 24 August 1944, from the Division Engineer, 
Missouri River Division, to the Chief of Engineers, subject: "Frost 
Investigation". The combined investigations included studies at 15 air¬ 
fields with varying subsurface conditions located inthe northern part of 
the United States. The purpose of the investigation was to establish 
criteria and methods for the designof airfield pavements where conditions 
are conducive to frost action, both in theaters of operation and in the 
United States, and to establish criteria and methods for evaluation of 
airfield pavements where subgrade soils or base courses experience frost 
action. Extensive field and laboratory tests were conducted together with 
theoretical and mathematical studies. At three of the airfields traffic 
tests with wheel loads ranging from 7,000 to 60,000 lbs. were conducted. 
The results of frost investigations made at Dow Field, Bangor, Maine, in 
1943-1944 for the Pavement Evaluation Program, including results of 
traffic tests, have been utilized in this investigation. Based upon the 
studies performed, a method of design of flexible and rigid pavements 
over subgrades susceptible to frcst action has been included in the Ad 
Interim Engineering Manual as Part XII, Chapter 4, entitled "Frost Con¬ 
ditions, Airfield Pavement Design". The design is applicable for evalua¬ 
tion of airfield pavements where subgrade soils or base courses experi¬ 
ence frost action. 

2. INTRODUCTION 

a. AUTHORIZATION. The frost investigation program was author¬ 
ized by the Chief of Engineers by letter to the Division Engineer, New 
England Division, dated 7 July 1944, subject "Frost Investigation". The 
New England Division was assigned the responsibility for organizing the 
program at ten airfields, obtaining the cooperation of the Missouri 
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River Division and Great Lakes Division in the program, and analyzing and 
reporting on all the investigations. A Frost Effects Laboratory was 
established in the New England Division by direction of the Chief of 
Engineers, as stated in circular letter No. 3221. dated 11 August 1944, 
with the immediate purpose of carrying out the frost investigation pre- 
gramandsuch other frost investigations as may be requested by the Chief 
of Engineers and thé various Divisions and Di stricts. In addition to this 
authorization an investigation of frost action at five airfields within 
the Missouri River Division was authorized by the Chief of Engineers in 
the 1st Indorsement to the letter dated 24 August 1944, from the Division 
Engineer, Missouri River Division, to the Chief of Engineers, subject: 
"Frost Investigation". 

b. PURPOSE. The purpose of the frost investigation was to 
provide test data and analyses to: 

(1) Establish criteria and methods for the design of air¬ 
field pavements where conditions are conducive to 
frost action, both in theaters of operation and in 
the United States. 

(2) Establish criteria and methods for the evaluation of 
ai rf ields pavements where subgrade soi Is or base courses 
experience frost action. 

The purpose of this report is to unify and summarize the 
results of observations and tests made at various airfields in the U.S. 
and to present design and evaluation criteria resulting from a study of 
the accumulated data. 

-.. 

c. SCOPE. This report presents a summary of the studies, 
the observations and tests made, and the conclusions based upon these data 
including Part XII, Chapter 4, Ad Interim Engineering Manual, The work 
presented herein includes the data obtained in the investigations con¬ 
ducted in 1944 and 1945. The results of the investigations made at Dow 
Field in 1943-1944 for the Pavement Evaluation Program and reported in 
"Report on Frost Investigations and Pavement Behavior Tests, Dow Field, 
Bangor, Maine", dated January 1946, are summarized with the data ob tai ned 
for this investigation. The program for 1944-1945 consisted of the fol¬ 
lowing phases: 

(1) A review and analysis of previous investigations of 
frost action. 
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(2) The performance of laboratory controlled tests to de¬ 
termine coefficients of heat transfer of various 
soils. 

(>) The observation and testing of the effect of frost 
action during the winter of 1943-1944 and 1944-1945 
under paved and turfed airfield areas. 

(4) The review and analysis of the results of investiga¬ 
tions performed. 

The laboratory controlled tests consisted of an investigation 
of the thermal conductivity of unfrozen cohesionless soils at different 
densities and water contents under controlled temperatures to assist in 
the prediction of depth of frost penetration into cohesionless soils for 
design purposes. 

The observation and testing of the effect of frost action were 
studied at 15 airfields l.ocated in northern United States as shown in 
map on Plate 1. A total of 32 test areas were investigated at these air¬ 
fields. Seventeen test areas had flexible pavements and eleven test areas 
had rigid pavements. Four turfed areas were investigated adjacent to 
paved test areas. The individual test areas were selected to encompass 
as closely as possible the full range of the following variables influ¬ 
encing frost action: 

(1) Air temperature ranging from mild tj extreme in severity. 

(2) Ground water table varying from an elevation near the 
surface of the pavement to an elevation greater than 
90 feet below the pavement surface. 

(3) Precipitation prior to freezing period varying from 
light to relatively moderate. 

(4) Base and subgrade materials varying in water content 
from relatively dry to saturated.. 

(5) Subgrades varying from a plastic fat clay to a non¬ 
plastic silty gravelly sand. 

(6) Base materials varying from a piast ic sand-clay-gravel 
to a crushed rock. 
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(7) Rigid and flexible pavements. 

(8) Pavement designs which would support light to heavy 
aircraft. 

.. ,, J t T*n airfields were selected for obtaining the minimum data 
be leved basic for an understanding of the effect of frost action at the 
site. These less comprehensive studies consisted of the following: 

(1) Observation of frost action in base and subgrade 
materials. 

(2) Measurement of frost heave, ice lenses, density, and 
water content variations in the base and subgrade 
materials. 

(3) The correlation of these data with precipitation, 
ground water table, type of pavement, and soil types. 

The airfields selected to obtain the data described above were: 

(1) Otis Field, Sandwich, Massachusetts. 

(2) Moulton Airfield, Moulton, Maine. 

(3) Bismarck Municipal Airfield, Bismarck, North Dakota 

(4) Casper Airfield, Casper, Wyoming. 

(5) Fargo Municipal Airfield, Fargo, North Dakota. 

The same tests, with the addition of water infiltration and 
subsurface temperature measurements, were made at five additional air¬ 
fields located in the Missouri River Division. The investigations at 
these airfields were conducted independently of the frost investigation 
program by the Boston District: 

(1) Sioux Falls Airfield, Sioux Falls, South Dakota. 

(2) Fairmont Airfield, Fairmont, Nebraska. 

(3J Great Bend Airfield, Great Bend, Kansas. 
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(4) Garden City Airfield, Garden City, Kansas. 

(5) Pratt Airfield, Pratt, Kansas. 

The following five airfields were selected foi a more compre¬ 
hensive investigation consisting of additional tests and observations. 

(1) Dow Field, Bangor, Maine. 

(2) Presque Isle Airfield, Presque Isle, Maine. 

(3) Truax Field, Madison, Wisconsin 

(4) Pierre Airfield, Pierre, South Dakota. 

(5) Watertown Airfield, Watertown, South Dakota. 

The* additional tests and observations conducted at these air¬ 

fields were as follows: 

(1) Traffic tests at Dow, Pierre, and Truax Airfields, to 
determine the load carrying capacity of the pavement 

during the frost melting period. 

(2) Temperature measurements of the pavement, base, and 
subgrade by means of thermocouples or mercury ther¬ 
mometers or both (omitted at Truax Field). 

(3) Investigation of turfed area adjacent to the pavement 
test areaswith and without snow cover (omi.tted at 

Truax Field). 

(4) Plate bearing tests and irv-place C.B.R. tests. 

(5) Detailed laboratory tests on pavement, base, and sub¬ 

grade samples. 

d. DEFINITIONS. The description of the tests and analysis of 
iesults involve a specialized use of certain terms and words. These 
words and tefms are defined for use in this report as follows: 

(1) TEST AREA. The test area is the portion of the air¬ 
field selected for observations and investigations. 



(/) TRAFFIC TEST AREA. The traffic teat area is the por¬ 

tion of the test area subjected to traffic tests. 

(3) TEST LANE. A test lane is the port ion of the traffic 
test area subjected to a specific number of repeated 
wheel loads per day. 

(4) TURNAROUND. A turnaround is the portion of the traf¬ 

fic test.area used for turning traffic equipnent. 

(5) PASS. A pass is one movement of the traffic test 
equipment over a test lane. 

(6) Traffic •* the operation of making 
of the testing equipment over the traffic test 

passes 

areas. 

(7) COVERAGE. One coverage is one application of a defi¬ 

nite wheel load over each point in a given test lane. 

IB) CYCLE. One cycle of coverages equals the coverages 
applied during one day. 

(9) PAVEMENT. The ter» pavement is defined as a covering 
of a prepared or manufactured product superimposed 

upon a subgrade or base to serve as an abrasive and 
weather resisting structural mad i un. 

(10J BASE. The term base applies to the course of special- 

y selected soils, minerals, aggregates, or treated 

soils placed and compacted on the natural or compacted 
subgrade. 

(11) ouBGRAOE. The term subgrade applies to the natural 
soil in place or to fill material upon which a pave¬ 
ment or base is constructed. 

(12) FLEXING. Flexing is the visible spring or vertical 

elastic movement of the pavement under a moving wheel 

(13) MAP CRACKING. Map cracking is the development of a 

definite crack pattern in the pavement surface under 

the act ion of repeated loadings. Map cracking is dis- 
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tinflu¡shed by the formation of continuous connected 

cracks enclosing polygonal pavement segments. 

(14) CONSOLIDATION. Consol¡dation isthe increase in unit 

weight per unit volume, or decrease in volume of a 

given weight of a material due to the action of appl ied 

loadings. Consol ¡dation is condidered to bt synonymous 
with compaction in this report. 

(15) PERMANENT OR VERTICAL DEFORMATION. Permanent or ver¬ 

tical deformat ion i s the accumulative non-elastic part 

of the total vertical movement of the surface of the 

pavement which remains after the load is removed. 

(It) FROZEN SOIL. Frozen soil is referred to in this re¬ 
port as follows: 

(a) Homogeneous Frozen Soil. A homogeneously frozen 

soi 1 i s a soi I i wh ich al 1 the water in the 
soil is frozen within the natural voids existing 

in the soil, without observable accumulation of 

ice lenses of frost forms exceeding in volume 

such natural void spaces. 

(b) Stratified Frozen Soil. A stratified frozen 

soil isa soil in which a part of the water in 

the soil is frozen in the form of observable ice 

lenses, occupying space in excess of the origi¬ 
nal soil voids. 

(17) ICE CRYSTALS. The formation of ice particles found 

in the pores of homogeneous frozen soil is referred 
to as ice crystals. 

(Id) ICE LENSES. Ice 1 enses are the ice formations in 

stratified frozen soil occurring in repeated layers 

essentially parallel to each other and normal to the 
direction of heat loss. 

(19) FROZEN ZONE. The limits of depth within which the 

soil is frozen is referred to as the frozen zone. 

(¿0) FROST PENETRATION. The maximum depth from the sur- 
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face to the bottom of the frozen soil. 

(21) DEPTH OF FREEZING TEMPERATURE PENETRATION. The depth 

of freezing temperature penetration is the maximum 

depth below the surface of freezing temperature. 

(22) FROST ACTION. Frost action is the accumulation of 

water in the form of ice lenses in the soil under 

natural freezing conditions. 

(23) FROST HEAVE. Frost heave is the raising of the pave¬ 

ment surface due to the accumulation of ice lenses. 

The amount of heave in most soils is approximately 

equal to the cumulative thickness of ice lenses. 

(24) FROST SUSCEPTIBLE SOIL. Frost susceptible soil is a 

soil in which frost action is possible. Any soil 

which contains three per cent or more by weight of 

grains smaller than 0.02 mm. diameter shall be con¬ 

sidered susceptible to frost action. 

(25) NON-FROST SUSCEPTIBLE MATERIALS. Non-frost suscep¬ 

tible materials are crushed rock, sand and gravel, 

gravel, slag, cinders, or any other cohesionless 

material in which frost action is not possible. 

(26) DEGREE DAY. Degree day for one day is the algebraic 

difference between 320 Fahrenheit and the daily mean 

temperature. The degree day is plus when the daily 

mean temperature is below 320 Fahrenheit and minus 
when above. For any one day there are as many degree 

days as there are degrees Fahrenheit difference in 

temperature between the mean temperature for the day 

and32° Fahrenheit. Cumulative degree days-time curve 

is obtained by plotting the cumulative degree days 
versus time. 

(27) FREEZING INDEX. Freezing index is a measure of the 
combined duration and magnitude of below-freezing 

air temperatures occurring during any given winter 

and is the maximum ordinate of the degree days-time 
curve. 
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(28) NORMAL FREEZING INDEX. Normal freezing Index ¡scom- 
puted for normal air temperatures based upon a long 
period of record, usually 10 years or more. 

(29) GROUND WATER TABLE. The ground water table Is the 
free water surface nearest to the ground surface. 

(30) DENSITY. Density is the unit dry weight in pounds 
per cubic foot. 

(31) NORMAL PERIOD. The normal period is the time of the 
year when the foundation materials are not effected 
by frost action. 

(32) WATER CONTENT. Water content is the ratio, expressed 
as a percentage, of the weight of water in a given 
soil mass to the weight of solid particles. 

(33) DEGREE OF SATURATION. The ratio, expressed as a per¬ 
centage, of the volume of water in a given soil mass 
to the total volume of intergranular space. Percent 
saturation is synonymous with degree of saturation in 

this report. 
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S. Taber, A. Casagrande, P. C. Rutledge, and G. Beskow. 
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3. REVIEW OF LITERATURE. 

All available literature on subject matter related to frost 
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phenomena was studied. A list of the articles and publications reviewed 
is included in the bibliography of this report. Most of the publications 
listed have influenced the general development of laboratory and field- 
procedures for frost investigations. Several of the articles are not in 
agreement with recent investigations, but are included as a record of 
previous studies. Many of the publications are now out of print. The 
asterisk used in the bibliography indicates that a copy is on file at 
the Frost Effects Laboratory, New England Division, Boston, Massachu¬ 
setts. 

H. DESCRIPTION OP FROST ACTION. 

Frost action is defined as the physical phenomena by which 
layers or lenses of ice are built up within a soil mass. Three condi¬ 
tions must occur simultaneously for these ice layers to form. These are 
as follows: 

a. SOIL. Frost action within a soil is a function of its void 
size which may be conveniently expressed as a function of 
grain size. In this investigation, any soil which contains 
three per cent or more by weight of grains smaller than 
0.02 mm. is considered frost susceptible and a soil in 
which frost action is possible. 

b. WATER. Frost action depends upon the availability of water 
either by virtue of an adjacent ground water table, a 
capillary supply, or water within the soil voids. 

c. TEMPERATURE. Frost action within soils requires the main¬ 
tenance of freezing temperature slightly below the surface 
of ice lens formation. The greatest accumulation of ice 
will occur when the penetration of the freezing temperature 
is slow; a rapid penetration may result In few or no ice 
lenses. 

The process of frost action may be described as follows: The 
water in the void spaces becomes cooled below the normal freezing tem¬ 
perature of water. This supercooled water 1ms a high molecular attraction 
to ice crystals. Thus the supercooled water travels to ice crystals, 
which form m the larger voids, solidifying upon contact. This process 
repeated formsan .ce lens. A single lens will continue to grow in thick¬ 
ness, always against the direction of neat transfer, until the formation 
of a lens at a lower elevation cuts off the source of water, or until 
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the temperature rises above freezing. 

Frost heaving is directly associated with frost action and is 
the visible evidence on the surface that ice lenses have formed in the 
soil mass. The frost boils as referred to by highway engineers are caused 
by a rapid thawing of an area of severe frost action beneath a flexible 
pavement. Such thawing occurs largely from the surface down and the 
excess water liberated from the thawed area is prevented from draining 
downward by the still frozen underlying soil and ice layers. The excess 
water causes the thawed sçM to become exceedingly soft. Likewise the 
pumping of water from joints in concrete slabs during the spring may be 
the result of excess water in the subgrade liberated from thawed ice 
layers. 

5. AIRFIELDS I MfESTISATED. 

a. LOCATIONS. The fifteen airfields selected for this inves¬ 
tigation are located in the New England Division, Great Lakes Division, 
and Missouri River Division. These airfields comprise the varied condi¬ 
tions of soil, temperature, rainfall, and ground water that would be 
required for comparative study in an investigation cf this nature. 

The following tabulation, in addition to the geographical 
location map shown on Plate 1, summarizes the airfield locations, eleva¬ 
tions. and general physiography: 

■MTN 
Aim ELI UT. 

PretsM lilt 
Pr«MM (•le, Hain« «7° 

NonItOA 
Novlton, Main« M° 

Pm 
lawfr. Nain« IIo 

Otli 
CMI IMarla, Him. «2° 

Trtmi 
nadtaon. «iaconain 

Pierre 
Plerr«, South Dakota M° 

M° Mm Cef lead Plv. 

M° Sm InflaM liv. 

<t° Hm E*,'Ian* liv. 

70° *M En« I and plv. 

•P° Sreat Lake* Plv. 

Nlaaoorl River 
100° Plvlelee 

CLCV. 
AltVC 
MIL eeveieeeaeev 

SIeclated re«lee ef 
»01 relllaf kills 

RarrM vallar flanked 
«70 Pf kl«k kille 

Alacíate« rafias af 
170 relllsf kil'e 

120 Plat eatwaek alais 

000 Law laval earek 

Révisât ta aradowl- 
1720 satlsf flat aletea« 
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âHHILl 

CêMtr 
Cat9«r, Miroaiiif 

«MTN MIT 
1AL- kttk MCiCT 

IUV. 
AMVI 
HIL niTlIOftIAfWY 

M° 10^ 
Nittonrl Rivtr 
IIvIsIm 9420 

1*1 Hm rollinf 
Mil* ■ewntain* to 
•ovth 

HttortOMN 
iatortOMi, Sooth 

Sohôto «»• 

Porto NmIcImI 
Pirto, «orth Nhota «7° 

lltaoreh Nooleiool 
•loaorch, North 

Nhoto 07° 

lioo* Polio 
Sloo« Pallo, Sooth 

•ohota «o° 

Polraoot 
Palrooot, Nohrooko «Ie 

iroat Boni 
•root tool, laoooo SI0 

SarOon City 
••Mo* City, laoooo SS° 

Pratt 
Pratt, la«ooo st° 

Ni00o*ri livor 
•7° llvloo* 

Nioaoorl livor 
•7° fivlalo* 

Nioaoorl livor 
101° llvloio* 

Nioaoorl livor 
M° Olvlolo* 

Niooovri livor 
M° »l'lolo* 

Nioaoorl livor 
M0 llvloio* 

Nloooorl livor 
101° llvloio* 

Nioaoorl livor 
M° Divido* 

1710 Plot t* rollinf 

M of a*cio«t 
NO loho • vory flot 

AoconOi*f o*tf 
ISN 4**c**4iNf honchot 

UN Plat flo*4 liai* 

KN Plat liai* 

UN 414* flot volloy 

Plat to ollfhtty 
2M0 «Molatlnf oralrio 

la*4 

Oontly rollinf irai* 
UN rl* la*4 intor*ioroo4 

with low knoll o a*4 
oecaoional »hollow 
00*4* or ah«ffalo 
oollewo* 

b. DESCRIPTION OF AIRFIELDS. 

(1) GENERAL. A description of each airfield at which 
tests were conducted is presented in the followinq paragraphs. Heather 
data, grain si/e curves, classification of the base and suugrade mater¬ 
ials, typical logs, and other pertinent data for each airfield are 
presented in Figures 1 to t on Plates / to tí inclusive and in Table 1. 
The location of the test areas at each airfield is shown on Plates y and 
10. The selection of airfields was based upon particular characteristics 
such as weather, grojnd water, and other conditions which would influ¬ 
ence frost action. These conditions are noted for each airfield. 

12 



(2) PRESQUE 'SIE AIRFIELD. This site was selected due 
to detrimental frost action experienced during previous winters. The 
airfield is located in the northeastern part of Maine in the city of 
Presque Isle. The region is hilly and glaciated. The normal freezing 
index, based on a 31-year record, is 20tl. Three test areas representing 
Portland cement concrete, bituminous concrete pavements, and turfed 
surfaces were selected for investigation. The rigid pavement, seven inches 
thick, is constructed on 30 to 3i inches of sand and gravel base; the 
flexible pavement, four inches thick is constructed on 24 to 30 inches 
of sand and gravel base. The subgrade isa frost susceptible clayey silt, 
sand, and gravel mixture (GC) with 10 to 35 per cent by vleight finer 
than 0.02 grain size. The ground water table is slightly below six 
feet in depth, except during the frost melting period when it rises to 
about two feet below the pavement surface. During the winter of 1942-1943 
approximately 500 square yards of runway pavement heaved. Planes using 
the airfield during 1943andl944 were generally 30,000-pound and E5,000- 
pound gross plane weight. The number of landing and take-off cycles was 
irregular and ranged from 5 to 25 per day. 

(3) H0ULT0N AIRFIELD. This site is in Aroostook County, 
Houlton, Maine. The terrain and weather are similar to Presque Isle 
Airfield. Houlton Airfield is located in a narrow valley flanked on the 
sides by relatively high hills. The normal freezing index is 1780 based 
on a 41-year record. Two test areas were selected. One test area is 
located on the parking apron and has a soil cement base with 1-1/2 inches 
of bituminous concrete wearing course. The other test area, located on 
the N-S runway', has six inches of sand and gravel base underlying four 
inches of bituminous concrete wearing course. The subgrade is a frost 
susceptible silty sand and gravel (GF) with 6 to 15 per cent by weight 
finer than 0.02 mm. grain size. The ground water table was generally 
below the explored depth of six feet. No serious heaving or pavement 
failures due to frost action have been noted during the operation of the 
airfield. During the winter of 1942-1943 plane traffic was moderately 
heavy and consisted of 60,000-pound gross weight planes. Smaller plane 
weights of 12,000 to 3O.OOO pounds were general in 1941 and 1942. 

(4) DOW FIELD. This site was selected because of detri¬ 
mental frost action during previous winters and the availability of data 
obtained from previous frost study at this airfield. Dow Field islocated 
two miles west of the city of Bangor, Maine. The region consists of 
rolling terrain with hills composed of a thin mantle of siightly gravelly 
silt (glacial till) overlying bedrock. In the low areas the glacial till 
is overlain by a layer of silty clay. The normal freezing index is 1275 
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on the basis of a ten-year record. Four test areas consisting of port land 
cement concrete, bituminous concrete, and turfed surfaces #ere selected. 
The rigid pavement, seven inches thick, overlies 15 inches of sand and gravel 
base. The flexible pavement, 3.5 inches thick, overlies 24 to 36 inches 
of sand and gravel base in one test area and in the other test area 28 
to 63 inches of sand and gravel base. The subgrade underlying pavements 
and turfed areas is generally a silty clay (CL) with 40 to 97 per cent 
by weight finer than 0.02 mm. grain size. The ground water table is from 
four to six feet below the surface and rises to a depth of one to four 
eet during the frost melting period. Frost action was studied at Dow 

Field in three test areas as a part of the Pavement Evaluat.ion Program 
during the winter, spring, and summer of 1944. During this previous 
invest gation, a glacial till subgrade (GC) was encountered in addition 
to the silty clay (CL) subgrade. The most frequent use of the airfield 
was between May 1942 and December 1943 by all types of aircraft. The 
majority of planes were of 30,000 to £0,000 pounds gross weight and made 
approximately 14 cycles of landings and take-offs per day. 

(5) OTIS FIELD. Otis Field, selected because of previous 
occurrences of frost action, is located within the limitsofCamp Edwards, 
Massachusetts. The site is of glacio-fluviai origin and is part of an 
extensive outwash plain. The area is generally flat consisting of exten¬ 
sive deposits of variable sands and gravels with occasional boulders. 
Wmter temperatures at Otis Field are fairlymild, with a normal freezing 
index of 202 based on a 21-year record. The test area is located in a cut 
section on the NE-SW runway. The flexible pavement, five to seven inches 
thick, overlies a non-uniform subgrade generally comprising intermixed 
pockets of sands, silts, and gravels resulting in several gradations of 
rost susceptible soils located from about one to three feet below the 

pavement surface. The subgrade at greater depths consists of fine to 
medium sand with occasional gravel and small quantities of silt. Ground 
water was not encountered at an explored depth of 15 feet. Frost action 
was observed in January 1943 when pavement heaves had developed at 
several locations on the paved runways. Differential heaves of three to 
six inches occurred in unsealed portions of the bituminous concrete 
pavement. Traffic at Otis Field has been mainly by 30,000-pound planes 
during operations by the Army from January 1942 to January 1944 with 
average operations of 45 cycles of landings and take-offs per day. Since 

ay 1944 the Navy has used the field more intensively by 12,000 to 15,000- 
pourd planes, making 200 to 250 cycles of landings and take-offs per day. 
Occasionally, planes of 60,000-pound weight use the airfield. 

(£) PIERRE AIRFIELD. Pierre Airfield, approximately 
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three miles northeast of the city of Pierre, South Dakota, is located 
on a relatively level plateau about two miles north of the Missouri 
River. The normal freezing index is 1294 on basis of 46-year record and 
the ground water table is at a depth greater than 25 feet from the sur¬ 
face. This airfield was selected to determine the effects of frost in an 
area having a low annual precipitation, low water table, and naturally 
dry subsurface soil conditions. Three test areas consisting of portland 
cement concrete, bituminous concrete, and turfed surfaces were selected 
for investigation*. The rigid pavement, seven inches thick,was constructed 
on 7 to 14.5 inches of sand and gravel base. The flexible pavement, 5.5 
inches thick, overlies a sand and gravel base of 6 to 15.5 inches thick¬ 
ness. The subgrade is a mixture of clay, silt, and sand (CL) susceptible 
to frost action. No serious heaving of pavements or pavement distress 
due to frost action has been noted during the period of operation of the 
airfield. Traffic has consisted of 30.000 to 60,000-pound planes making 
from five to more than 200 landing and take-off operations per day during 
period December 1942 through September 1943. 

(7) CASPER AIRFIELD. Casper Airfield is located approx¬ 
imately eight miles northwest of the city of Casper, Wyoming. This site 
was selected to determine the effects of frost in an area having a 
comparatively low annual precipitation, an extremely low water table, 
and dry subsurface conditions. The general terrain of the airfield site 
is substantially flat. The general weather conditions in the airfield 
region are moderate with the normal freezing index of 532 based on a five 
year average. Two test areas were selected. One test area on the apron 
consists of Portland cement concrete pavement, seven inches thick, placed 
directly on a compacted frost susceptible sand and sandy clay subgrade. 
The other test area consists of a flexible pavement taxiway section 
constructed of five inches of asphaltic concrete on 7 to 13 inches of 
sand and gravel base. The ground water table is in excess of 90 feet 
below the surface of the airfield. Pavement heave or distress due to 
frost action has not been serious at this airfield. During the period 
beginning November 1942 and ending October 1944, traffic operations 
consisted principally of 50,000-pound gross plane weights making an 
estimated 95 landing and take-offs per day. 

(8) WATERTOWN AIRFIELD. Watertown Airfield is located 
adjacent to the northwest city limits of Watertown, South Dakota. The 
general terrain of the airfield site varies from flat to rolling. Winter 
temperatures are generally severe with a normal freezing index of 1742 
based on a 40-year record. Three test areas were selected. The portland 
cement concrete area consists of an eight-inch slab constructed directly 
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on the subgrade which consists principally of frost susceptible silty, 
clayey sand (SF-OL). The bituminous concrete test area, consists of five 
inches of asphaltic concrete overlying eight inches of sand and gravel 
base. The turfed area was similar to the subgrade underlying the pave¬ 
ments. The subgrade consists of a frost susceptible silty clayey sand 
(SF-OL). A well defined water table at approximately 12 feet below the 
surface exists in the gravelly materials found in the deeper subgrade. 
No serious heaving of the pavement or pavement failures due to frost 
action have been observed. The airfield traffic during 1943 and 1944 
consisted of approximately 100 landings and take-offs per day by planes 
generally of 60,000 pounds gross weight. 

(9) FARGO MUNICIPAL AIRFIELD. Fargo Municipal Airfield 
is located approximately 1.5 miles northwest of the northwest city limits 
of the city of Fargo, North Dakota. The airfield is located on a generally 
smooth, flat plain, originally the bed of an ancient glacial lake. Winter 
temperatures at Fargo Airfield are the most severe of all the 15 air¬ 
fields investigated. The normal freezing index, based on a 63-year record, 
is 2646. One test area was investigated which consisted of 1.5 inches of 
bituminous concrete wearing surface .constructed over a soil cement base 
course having a thickness of approximately 6.5 Inches. A sub-base of 
sand and clay material (CL-SFJ, approximately 15 inches in thickness, 
overlies about eight inches of black clay with sand gravel and cinders 
(0H-CH). The subgrade is a medium fat to fat clay (CH). The ground water 
table during the freezing period varies from five to seven feet in depth 
below the pavement. During the frost melting period it rises to a depth 
of three feet. The sub-base and subgrade materials are considered sus¬ 
ceptible to frost action. A moderate amount of frost action occurred 
during this investigation but is not considered detrimental to the 
pavement. Aircraft operations on the airfield began in 1941. Traffic has 
been mainly by small and medium size commercial planes with occasional 
use by 30,000 and 60,000-pound gross weight planes. Intensity of opera¬ 
tions has been approximately 30 landings and take-offs per day. 

(10) BISMARCK MUNICIPAL AIRFIELD. Bismarck Municipal 
Airfield is located south of the southeast limits of the city of Bismarck 
adjacent to Fort Lincoln, North Dakota. The airfield site is on a rela¬ 
tively flat, elevated bench about two miles east of the Missouri River. 
Winter temperatures are extreme with a normal freezing index of 2552 
based on a 69-year record. One test area of bituminous concrete pavement 
located on a runway was selected for investigation. The pavement is 4.5 
inches thick and was constructed on a six-inch sand and gravel base 
course and approximately three feet of frost susceptible silt and fine 
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sand (CL-ML) subgrade. A deeper subgrade Ms composed of sand and gravelly 
materials to a depth of approximately 12 feet where a very compact »lay 
is encountered. This results in the formation of a perched water table 
at a depth of about 12 feet below the surface. The normal elevation of 
natural ground water is approximately 40 feet below the surface. Prior 
to the period of frost investigation, no indications of frost heaving or 
other major pavement changes due to frost action have been noted. Traffic 
prior to September 1943 consisted principally of commercial airline planes 
making six landings and take-offs per day. Since that period traffic has 
increased to an average of 20 landing and take-offs per day. principally 
by planes of b.000 to 12.000 pounds and 30.000 to CO.000 pounds gross 

weight. 

(11) TRUAX FIELD. Truax Field is located on a low-lying 
level area forming one of the upper reaches of the marshes along the 
Vahara River and Lakes Mendota and Morona at Madison, Wisconsin. The 
winter temperatures are severe with a normal freezing index of 1227 based 
on a 43-year record. Three test areas were sel.cted. Two test areas 
consisted of bituminous concrete and one consisted of port land cement 
concrete pavements. The bituminous concrete pavement, 2.5 inches thick, 
is constructed on a crushed rock base, and a sandy clay and gravel (OF) 
sub-base. The two flexible pavement test areas, located on a runway and 
taxiway, differ in the thickness of base and sub-base. The taxiway test 
area has eight inches of base and 15 to 17 inches of sub-base. The run*ay 
test area has 20 inches of base and 21 to 31 inches of sub-base. Th# 
Portland cement concrete testarea, located on the parking apron, consists 
of a six-inch slab which was constructed on a base of sand-clay-gravel 
(GF) varying from about three to five feet in thickness. The original 
subgrade is a silty clay (CL) with lenticular deposits of fine sand 
occurring at varying elevations. The ground water table is fairly uniform 
throughout the field, normally varying from six to eight feet below the 
pavement surfaces. No data on frost action at the field had been obtained 
prior to the investigation covered by this report. Since completion in 
December 1942, the airfield has been used by most types of military planes 
at 10 to 100 cycles per day including 30,000 and CO.000-pound gross weight 

planes. 

(12) SIOUX FALLS AIRFIELD. Sioux Fal Is Airf ield is located 

northwest of the city of Sioux Falls, South Dakota. The airfield is 
located in a flat flood plain just above the Big Sioux River. Levee 
construction along the north and northwest side of the airfield protect 
the airfield frcm flood waters of the Big Sioux River. Severe winter 
weather cond it ions are indicated by a normal freezing index of approximately 
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1100 based on a 46-year record. Two test areas were selected. One is on 
a taxiway pavement of two inches of bituminous concrete with approximately 
9.5 inches of gravel, sand, and clay base overlying 12 inches of select 
soil sub-base (CL). The subgrade soils consist of a mixture of clay, 
silt, and sand (CL-CH). The second test area is located on the port land 
cement concrete apron. The concrete pavement was placed directly upon 
the frost susceptible compacted subgrade. The normal elevation of ground 
water is approximately nine feet below the surface. During flood stage 
the level of the Big Sioux River is above the surface elevation of the 
airfield. However, no appreciable back drainage through subterranean 
water courses has been recorded. No severe pavement distress due to frost 
action has been observed. A previous investigation of frost conditions 
existing under a taxiway pavement at this airfield was made in March 
1944. Excavations made at that time indicated the presence of appreci¬ 
able ice lenses extending from the top of the subgrade to a depth of 
approximately three feet. Traffic during the period from June 1942 
through the dateof tnis report has consisted of approximately 45 landings 
and take-offs per day with aircrafts ranging from 5,000 to >5,000 pounds 
gross plane weight. 

(13) FAIRMONT AIRFIELD. Fairmont Airfield is located on 
a level plain approximately two miles south of the town of Fairmont, 
Nebraska. Moderate winter weather conditions are indicated by a normal 
freezing index of 501 based on a 4E-year record. The test area consisted 
of an eight-inch Portland cement concrete pavewnt constructed directly 
on a silty clay (CL-CH) subgrade. The ground water is located approx¬ 
imately 90 feet.below the pavement surface. Airfield traffic started in 
May 194>. To the dateof this report there were approximately 75 landings 
and take-offs per day by planes ranging in weight from 5.000 to 60,000- 
pounds gross plane weight. 

(14) GREAT BEND AIRFIELD. Great Bend Airfield, approxi¬ 
mately three miles west of the city of Great Bend, is located in the 
wide, flat valley of the Arkansas River, tinter temperature conditions 
in the airfield region are extremely variable, with extremes of very 
mild to occasionally severe winters. The 4t-year normal freezing index 
is only 28. One test area consists of a seven-inch portland cement 
concrete pavement constructed on a six-inch sandy gravel base. The sub¬ 
grade consists principally of a silty clay (CL) and sandy silt (CL-SF). 
The water table ranged frcm 12 to 15 feet below the surface during the 
period of this investigation. No pavement failure due to frost action 
has been observed. Traffic has consisted of light to heavy planes up to 
120.000 pounds gross plane weight making approximately 100 landings and 
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take-offs per day. 

(15) GARDEN CITY AIRFIELD. Garden City Airfield, approx¬ 
imately nine mi les southeast of Garden City, Kansas, is located on flat 
to slightly undulating prairie land with the Arkansas River approximately 
one mile south and west of the airfield. The 44-year normal freezing 
index is 5t. One test area was selected and is located on a runway 
pavement consisting of bituminous concrete having a thickness of 1.5 
inches constructed on a sand, gravel, and clay (SC) base course with a 
thickness of approximately 10.5 inches, overlying a *¡1ty clay (CL) 
subgrade. Ground water elevation is more than 90 feet below the surface. 
Pavement distress due to frost action has not been previously recorded 
at this airfield. In a previous investigation made on the airfield 
pavement in January 1944, the presence of ice lenses and frost formations 
were observed in the subgrade. The freezing index for the 1943-1944 
season was approximately 244. Aircraft operation began on this airfield 
on 15 January 1943» Operations until 15 December 1944 have consisted of 
approximately 1,000 landings and take-offs per day by light weight planes, 
and 15 landings and take-offs per month by 30,000 to 60,000 pounds gross 
weight planes. 

(16) PRATT AIRFIELD. Pratt Airfield is located approx¬ 
imately three miles north of the city of Pratt, Kansas, on a gently rolling 
prairie land interspersed with low knolls and occasional shallow ponds. 
Mild winter weather conditions are indicated by the 46-year normal freezing 
index of 2b. One test area was selected and is located on a taxiway pavement 
consisting of a seven-inch design thickness of portland cement concrete, 
overlying a silty sand cushion (SF-CL) of average thickness of three 
inches, but ranging from zero to 12 inches. The subgrade consists of a 
silty clay (CH-CL). The ground water elevation in the airfield region is 
approximately 90 feet below the surface. The sand cushion tends to pond 
water after periods of précipitât ion. The source of the water in the sand 
cushion is believed to be surface water infiltrating through cracks and 
joints in the pavement, and also acting at the juncture of the pavement 
and turf shoulder. Aircraft traffic began on this airfield in July 1943« 
Traffic during the operational period has consisted principally of 35,000 
and 120,000-pounds gross plane weights. The average daily traffic during 
the period of operation has been approximately 130 take-offs and landings 
per day. 

c. TYPES AND CONDITION OF PAVEMENT. The types of pavement, 

thickness of pavements, and the conditionof the surfaces of the pavements 

of each test area at all airfields prior to investigations, are briefly 

summarized as follows: 
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AIRFIELD 

Prstqu« I tit 

T««t Arta A 

last Area B 

Dow FUN 

Tost Area A 

Taat Araa I and C 

Moulton 

Taat Araa A 

Taat Araa B 

Otla 

Taat Araa A 

THICKNESS (Inchaa) AND 

TYfE Qf fftYEMEBI_ 

7 P.C.C. 

% B.C. 

7 P.C.C. 

3.5 B.C. 

1.5 B.C. 
6 Soil Caoant 

1 B.C. 

5 to 7 B.C. 

Trua« 

Taat Araa A and B 2.5 B.C. 

Taat Araa C 6 P.C.C. 

Plarra 

Taat Araa A 7 P. C. C. 

Taat Araa B 5.5 B.C. 

Caapar 

Taat Araa A 7 P.C.C. 

Taat Araa B 5 B.C. 

MtaniM 

Good - Few anal I cracka and 

depreaaiona. 

Good - Few anal I cracka and 
depreaaiona. 

Poor - About NO par cant of araa 
cracked due to pravioua taata 
and froat action. 

Good • Scattered longitudinal cracka 
along conatruction lanaa. 

Good - Minor cracking and ninor 

depreaaiona. 

Good - Minor cracking and Minor 
depreaaiona. 

Good - Minor Cracking. 

Good - Minor cracking and 

depreaaiona. 

Good - Few cracka, Minor ponding 
condition. 

Good • Minor cracking and 

dapraaaiona, ponding. 

Good - Minor cracking. 

Fair - Numeroua anal I dapraaaiona 
and Minor cracka, ponding. 
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AIREIELB 

Watertown 

THICKNESS (Inches) ANO 
lïEi-QfLEAÏÜJÎÜI_ CONDITION 

Teat Area A 8 P.C.C. dood - All jointe sealed, 
few cracka. 

Test Area I 

Fargo 

Test Area A 

Bismarck 

Test Area A 

Sioux Falls 

Test Area A 

Test Area I 

Fa I rmont 

Test Area A 

Great Bend 

Test Area A 

Garden City 

Test Area A 

Pratt 

Test Area A 

i B.C. Good • Minor depressions and ponding. 

1.8 B.C. Transverse cracking and minor 
6.8 Soil Cernant deformations. Area sealed in good 

condition prior to start of tests. 

2 to N. 6 B. C. Fair • Checking and minor cracks. 
Minor depressions and ponding. 

2 B.C. 

6 P.C.C. 

Good - All cracks have keen sealed. 

Good - AH joints and cracks sealed 
and maintained. 

8 P.C.C. Good - Minor cracking, soma seepage 
through joints and ponding after 
heavy precipitation. 

7 P.C.C. Fair - Pavement cracking occurred 
in areas subject to concentrated 
traffic. 

1.8 B.C. Good • Minor depressions causing 
some ponding after heavy 
precipitation. 

7 P.C.C. Good - Some cracking 
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d. BASES. Sand and gravel base cours«» of G* classification, 
predominate the test areas and range in average thickness from 6 to 4B 
inches. In every test area the grain size distribution curves indicate 
that all base materials except for small fractions thereof contain more 
than three per cent finer than the 0.02 mm. size. At Truax Field the sub¬ 
base, underlying the crushed reck base, contains a higher percentage of 
material passing the 0.02 mm. size than any of the GMf base material en¬ 
countered because of Its sandy clay content. At Presque Isle Airfield 
our inches of crushed rock overlies a sand and gravel base in Test Area 

ö. Soil cement base course, six inches thick, is located under the bitu¬ 
minous concrete wearing surface in Test Area A at Houlton and Fargo Air¬ 
fields. One test area each at Otis. Casper, Sioux Falls. Fairmont, and 
Watertown Airfields has pavements constructed directly on frost suscepti¬ 
ble subgrades. The description, classification, and grain size curves 
for bases in each test area are shown in Figures 1 and 2 on Plates 2 to 
8 inclusive. 

e. SUBGRAOES. A wide range of subgrade soils is found in the 
est areas. Predominant are the silty clayey sands and gravels of GC and 

CL casaif,cation. Occasional CH material was encountered in test areas 
o the Missouri River Division. All subgrade soils are frost susceptible 
with 3 to 97 per cent finer by weight than 0.02 mm. in size. Figures 1 
and ¿ on Plates 2 to 8 inclusive show description, classification, and 
gram size curves of the predominating subgrade soils. 

f. DRAINAGE. The surface and subsurface drainage facilities 
at the several, test areas are summarized in the following tabulation: 

TCST 
AUF I IIS m| 

Pr«MM I tie A 

MS »IlM 
•Sal lew 

Svrfac* -" -- - - 

«kleb Sraia ta a catch hacia gravai ahealtfera. 
at a«4 af tailwar. 
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AitnfLi 

• Moulton 

•ti» 

Tro«« 

Motortown 

TEST SUIFACE 
lili BtálIAâí 

A Sorfoco rwioff fro* <. Mvootnt 
colloctoM bjr coteh Mo «Int 
locotoM 71 foot froa (.anA 
•»•cod 221 foot loofitodlnollyi 

• Sorfoco ronoff from^ Mvoownt 
oM col loctol Mjr cotcM Moo loo 

C locotod of od«o of oovoaoot 
•oocod 221 foot and cotcM 
Maaina at od«a of Sit. tro«tad 
aMooldora and at 2M foot froo 
4 la tarfod araa. 

A Sorfaoo ronoff froo aproo col* 
loctad U ditch at pavanant 
aduna. 

• Sarfaco ranoff froo4 pavoooat 
colloctod hy eoohinatlon 
draina and catch haalaa at 
ranoay ad«oa and dltchoa aloof 
oataldo odfo of landlnf atrip. 

A Sarfaco ranoff colloctod hy 
lonultadlnal tarf awaloa 
located IfO faat froo4 ranway 
with catch haalna to cloaod 
Joint pipo. 

A Sarfaco ranoff froo 4of 
pavaoant to odfo of ahoaldor 
colloctod hy catch haalaa In 
ahallow fattar at ahoaldor 
odpo. 

I Sarfaco ranoff froo 4 ef 
pavoooot to od«o of atoaldor 
colloctod hy catch haalna in 
ahallow fattor at ahoaldor 
odpo. 

C Sarfaco ranoff fron pavanant 
and adjoin in« tarfod oroa 
colloctod hy catch haalna in 
tarfod area at low pointa. 

A Sarfaco ranoff draina to 
and open ahallow twain at odfo 
• of pavooant. 

SUBSURFACE 
DiAIBAâE 

•-Inch non-rolnforcod concreta open 
Joint pipe, a-foot depth backfilled 
with hank-ran aand and «»aval. 

•pan Joint pipe at hit. cone. pvt. 
odfoo and aklp pipa at 171 foot 
froo4 ranway at hit. aarf. troatod 
ahoaldor ed«ea. 

Opon joint pipe. Moot depth, to 
Intercept aldahlll aoepafo at aaat 
edfo. Backfilled with aand and 
•ravel. 

Open joint pipe, 0-foot depth, at 
aduna of hit. cone, ranway. Sack- 
filled with aand and pravel. 

•-Inch non-reinfarced open joint 
pipe laid in 2-foot wide troncheo 
at adua of pavooant. backfilled 
with wall uradod aand and «ravel. 
Flpe inverto ara ahoat « foot 
below pavaoant adpa. 

Nona 

Perforated tile pipe in tronchan 
filled with coarar aand at ed«ea of 
pavooant. Top 2 Inchon la clay top 
noil. 

Trench filled with aand and «ravel 
and containin« a V.C. pipe with 
open jointe alón« eoeth ad«a. Nona 
at north adua. 

Mona 
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AllfiELC 

CasMr 

TI IT SUIFACI SUISUkFACE 
-MâlIMI 

Farfo 

lisaarck 

Plarra 

lion* Falls 

Fa i mont 

Irsat land 

lardan City 

Pratt 

ètfâ 

A 

IIAIIAII 

Ssrfaca ranoff callactad 
ly catch las ins lacatad in 
alai law atraía la »avaaant 
araa. 

• Sarfaca ranoff collactad ly Nona 
alai law atraía at adfa of 
Mvaoant. 

A Sarfaca ranaff froa pavaaant 
collactad If coolinatlan 
drains at aavsoant adfas. 

A Sarfaca ranoff eollactod If 
shalletr atraía at adfa of 
aiesIdors. 

A Sarfaca ranoff collactad If 
and shallow swala at ad«a of 
I shoaldors. 

A Draina«a of airfiald prlncl- 
and pal If If sarfaca ranoff. 

S TaoporarF ponding ral lavad 
If aaapafla into salaarfaca 
paraaalls strata. 

A Drainais providad bF sarfaca 
drainapa and If cooprahansiva 
atoro aawar SFstao. 

A Drainais «acarad If drainais 
ditchas and If drainais into 
t«ap ponds. 

A Drainais sacarsd If aarfaca 
drainais and atom sewer sfs- 
ten. Interceptor drainapa 
ditch protects the paved areas 
fron watar draining fron 
hiphar area. 

A Drainapa aacvrad If surface 
drainais and a atom aawar 
SFSten. 

Combination drains backfilled with 
coarse apirepate located in shoul¬ 
der with open joint pipe in trench. 

Nona 

Nona 

Nona 

Nona 

Nona 

Nona 

None 
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g. WEATHER. Of the 15 airfields investigated, Fargo Airfield 
has the greatest normal freezing index. The 15 airfields are tabulated 
to show the range from mild to extreme winter conditions as measured by 
the freezing index and the approximate dates of the normal freezing 
period: 

NORMAL 
IlKEiCkfi. EKEEZUft.mH fiuwiui 

NORMAL 
ElEEZiK&.EEBiflfi 

Fargo 26N0 
Rltaarck 2662 
Proagao laU 2061 
Noulton 1700 
Natortown 1702 
Plarra 1290 
Dow 1275 
Traax 1227 
Sioai Falla 1100 
Falraont 501 
Caapor 632 
Otia 202 
Oardan City 56 
Oroat Rand 20 
Pratt 20 

Eitroaa 
Eitraaa 
Extraaa 
Sovoro 
Savora 
Sovoro 
Sovoro 
Savora 
Sovoro 
Modarata 
Modorata 
Modarata 
Mild 
Mild 
Mild 

I Nov. - I Apr. 
I Nov. - I Apr. 

10 Nov. - I Apr. 
16 Nov. - I Apr. 

I Nov. - 20 Mar. 
16 Nov. - 16 Mar. 

1 Dae. - 26 Mar. 
20 Nov. - 16 Mar. 
20 Nov. - U Mar. 
20 Nov. - 2 Mar. 
20 Nov. - 20 Mar. 
16 Doc. - I Mar. 
20 Doc. - 6 Fob. 

2 Jan. - 6 Fob. 
3 Jan. - 6 Fob. 

Precipitation during the three months prior to the freezing 
period has been considered to determine its effect on water table and 
saturation of the subgrade during this critical period. The normal preci¬ 
pitation was greatest at Otis Field where a total of 13 inches was 
measured for three months prior to the start of freezing. The airfields 
are tabulated to show the comparative rainfall: 

NORMAL TOTAL PRECIPITATION 
DURING 3 MONTHS PERIOD PRECEDING 

ÂllELELfi ElEEiJIft-Jiû-i&fifctll.- 

Otis 
Dow 
Prtsquo Isle 
Moulton 
Truss 
Fsi rmont 
Pratt 
Sious Falls 
Great Send 
Casper 
Watertown 
Garden City 
Fargo 
Oismarck 
Pierre 

13 
11 
10 
9 
7 
6. 5 
6.3 
5.5 
5.3 
H. N 
I. 1 
1. I 
3.7 
2.6 
2.1 
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IS1 e A i rf ¡ e 1 d had1 a^muUUve tot ^ !!** •E 091 ^ reg ' °n whe re Presc’ue 
less toward Houlton (75 inches) Dow^60^ ^ 7^65, Snowfa,l became 

airfields. Snowfall at the midwesUri ai f ^ ^ °tÍS (18 inches) 
inches cumulative total for t“^3;;^,:3"968 fr0" 5 35 

6. RESULTS 

tests. and^eliigaVoZ’rllrh^-^5"^6013' observat io"s, field 
the following periods: Were 9enerally conducted during 

(1) Prior to freezing or normal 

(2) Freezing 

(3) During frost melt mg 

(4) After frost melting 

or early faU, iswnsTdVr'Jd ¡T th^repm' « the"b"3' '* f" ‘h* 
With the data available for th0 f P * as the basis of comparison. 

results and Investigations may be ^e a^'t^e' 3 C“Parifn of the ‘«t 
noted. In the followino nnr.nr k .. 6 variat,ons ^rom the normal 

conducted during the above oerfn ^ VanCU5 ‘eSU and inve5ti Sat ions 
results are indicated * arS deSCribed and the loca‘¡<>" "f 

Sieve analysis, hydrometer fyli's!'AUerbera°i3,0 7 ' inc,ud'.nS 
gravity were conducted on reDre«;enta/• i9 and specific 
subgrade materials at all airfieln 7* es of base' subbase, and 

soils were c,assied ÎÔ a ^ « «Uh' ^ 
airfield proiects bv 4 n..,« f the. 501 c ,ass if icat ion for 

Manual, (March 1943). The spec m/pu^ooseT Chapter. XX’ En9ineering 

curves was to determine whether or not the basV^súb b'“ d'Stribution 
materials were frost susceotihl» r, ■ * °a e' sub-base. or subgrade 
oata for typical TOterials ãJ, • f, and Massification 
in Figures 1 and 2 Platls Ho u 095 f°r eaCh test araa are shown 

results of tests/incl “ b ^ °f tha 
cation, and range in percentaoe of n.T, ! CaS/a9rande classifi- 
¡ncluded in Table 1. PS Cen,a9e °f Par''cles f.ner than 0.02 mm. is 
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b. TESTS FOR AVAILABILITY OF WATER FOR FROST ACTION. 

(1) PRECIPITATION. Precipitation data for the various 
airfields were obtained from either the U.S. Weather Bureau Station 
nearest the airfields or from the A.A.F. Weather Officer at the specific 
airfield. Cumulative rainfall for the months of September through December 
and cumulative snowfall for months of November through March are shown 
in Figures 4 and 5 respectively on Plates 2 to 8 inclusive. Tabulation 
of the record of precipitation for the three months prior to the freezing 
period for all airfields is included in Table 1. 

(2) GROUND WATER. Ground water elevations in both the 
subgrade and base were obtained by means of observation wells in the 
base and subgrade. These measurements were augmented by excavation of 
test pits. The readings in the wells were obtained during the normal 
period and to the end of frost melting period. Depth of ground water 
from the surface of the pavement is plotted against time in Figure 6, 
Plates 2 to 8 inclusive, for comparison with the profile of base and 
subgrade. Tabulation of the average depth of the water table from the 
surface of the pavement during the normal, freezing, and frost melting 
period is included in Table 1. 

(3) WATER CONTENT AND DENSITY. Water content and density 
determinations of the base and subgrade materials were obtained in test 
pits excavated during the normal period, freezing period, frost melting 
period, and after the frost melting period when the subsurface conditions 
had returned to normal, generally in May or June. The specific time for 
the excavation of the test pits was based on previous weather data and 
the progress of freezing weather. The variation in average density and 
average water contents for the representative subgrade and base materials 
during these periods is shown graphically for all test areas in Figure 
9, Plates 2 to 8 inclusive. Results are also summarized in Table 1. 

(4) DEGREE OF SATURATION. The degree of saturation of 
of the base and subgrade materials during the normal, freezing, and frost 
melting periods were computed from the density, water content, and 
specific gravity of the various materials. Variation in the degree of 
saturation during these periods is shown in Figure 9, Plates 2 to 8 
inclusive. The average degree of saturation of the base and subgrade 
materials during the various testing periods is summarized in Table 1. 

c. TESTS FOR TEMPERATURE. Measurements were made, or obtained 
from other sources, of air temperatures at all airfields investigated. 
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At 17 test areas, measurements of subsurface temperature were made. The 
ollowing paragraphs contain pertinent comments on these observations: 

(1) AIR TEMPERATURES. The air temeratures were obtained 
from either the nearest U. S. Weather Bureau Station or the A.A.F. 
Weather Off'oer at the airfield. These were supplemented at some fields 

y U.S.E.D. thermographs located at the test areas. For each airfield 

-7emperat-e data in the form of degree day curves from 1 November 
1944 to 1 May 1945 and normal curve for same period are shown in Figure 
3, lates 2 to 8 inclusive. The normal freezing index is compared with 
the freezing index for 1944-1945 in Table 1. . 

(2) SUBSURFACE TEMPERATURES. Subsurface temperatures 
were measured by a potentiometer which indicated the temperature of 
copper-constantan thermocouples imbedded in the pavement, base and 
subgrade at various depth intervals. Details of thermocouple installation, 
wiring, and switch box are shown on Plate 11. Photographs of installation 
and switch box and method cf obtaining readings during heavy snow cover 
are shown on Plates 12 and 13 respectively. Thermocouples were installed 
mte bituminous and cement concrete pavement test areas at Dow Field, 
Presque Isle, Pierre, Sioux Falls, and Watertown. Turfed areas were 
inc uded at the same airfields except at Pierre. At Watertown and Sioux 
halls, temperature measurements were also made, using thermometer wells 
which consisted of glass bulb thermometers suspended in anti-freeze in 
Saran P'Pes. Only thermometer wells were installed at Fargo and Great 
Bend. The thermometer well consisted of lengths of one-inch diameter 
P astic pipe, with a cap on the lower end and a standard galvanized 
three-inch diameter pipe nipple capped with a standard coupling and plug 
at the top. A rubber bushing held the nipple to the plastic pipe and the 
top of the well was installed flush with the pavement. The installation 
consisted generally of six to eight separate wells installed at different 
depths below the pavemert. The lower end of each well' contained not less 
than three inches of anti-freeze in which was suspended a mercury ther¬ 
mometer The thermometers were insulated and withdrawn for reading. 
Plate 14 includes the details of the thermometer wells used by the 
Missoun R,ver Division. Plate 15 shavs typical temperature gradients at 
Dow Field measured from the surface to a depth of six feet during the 
period from January to April. The freezing temperature of soils is 
believed to be between 2d degrees F. and y¿ degrees F. depending upon 
the soil In Figure 11 on Plates 2 to 8, inclusive, are shown plots of 
the depth penetrated by the 28-degree F. and 32-degree F. subsurface 
temperature during the period of December to April. Also shown in Figure 

i , , / 1° 8' ,nclusive’ is t,re depth of frost penetration measured 
m test pits during the freezing period. 
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d. TESTS FOR FROST ACTION. 

(1) ICE LENSES. The presence of Ice lenses was Investi¬ 
gated by means of test pits excavated during the freezing period. Location 
and measurements of ice lenses referred to soil profile for each test 
area are shown In Figure 8 on Plates 2 to 8 inclusive. These data are 
also summarized in tabular form In Table 1. The Ice lenses in the sub¬ 
grade occurred in non-continuous horizontal layers ranging from I-3/8 
inches to hairline in thickness and were generally spaced irregularly 
less than 1/2 inch apart. The lenses were thicker and more closely 
spaced near the bottom of the frost penetration. No ice lenses were 
observed in the base materials at the airfields except in the base 
materials in Test Area C and subbase materials in Test Area B at Truax. 
Photographs of ice lens formation at Dow Field are shown on Plates 16 
and 17. Ice lens formations at Truax, Fargo, and Pierre Airfields are 
shown on Plates 18, 19, and 20 respectively. 

Ice lenses were found to be thicker and more closely spaced 
near the bottom of frost penetration in the test areas at Dow, Presque 
Isle, Houlton, and Truax. Small, thin, scattered ice lenses were observed 
during the freezing period in the test areas at Otis, Pierre, Watertown, 
Fargo, and Bismarck. No ice lenses were encountered at Casper, Garden 
City, Great Bend, Fairmont, and Pratt. 

(2) PAVEMENT HEAVE. The pavement heave was measured by 
level surveys supplemented by wire line readings during the normal, 
freezing, and frost melting periods. The amount of heave for all airfields 
is shown on Table 1 and Figure 7, Plates 2 to 8 inclusive. The maximum 
pavement heave was 0.7 foot and occurred in Test Area A at Dow Field. An 
equal amount of heave occurred at Dow Field during the previous winter 
of 1943~1944. The maximum average heave was 0.5 foot which also occurred 
in Test Area A at Dow Field. The average pavement heave at all test areas 
except those at Dow, Presque Isle, Houlton, Truax, and Sioux Falls was 
practically negligible being less than 0.07 foot. The pavement heave was 
more or less un¡format all airfields except Dow, Presque Isle, Watertown 
and Sioux Falls. In Test Area B at Pierre, Test Area A at Bismarck, Test 
Area B at Watertown, and Test Area A at Sioux Falls, pavement heave 
measurements show that the pavement at the crown did not heave. Inst 
the center area subsided a very small amount while the pavement at the 
edges heaved. This type of heaving is illustrated on Plate 21 by frost 
heave contours plotted for Test Area B, Watertown Airfield. 

e. INVESTIGATION OF FROST PENETRATION. The investigation of 
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pfoet fdt ion Mf.iá mtáe by (]) fiell observation and n«dsur«(w»nts in 
test pits; (/») subsurface temperature measurements; (^) laboratory 
studies in the cold room of the Soils Mechanics Laboratory at Harvard 
University; and (4) mathemitical studies of temperature changes in soil. 
The depth of frost penetration end rate at which the frost penetrates 
ami leaves the ground is shown in Figure 11, Plates 2 to « inclusive. 
The laboratory studies and some of the mathematical studies are included 
in the following paragraphs. A graphical method of predicting the depth 
of frost penetration in soil is presented on Plate 22. The method is 
based on an article by #. P. Berggren; "Prediction of Température Dis¬ 
tribution in Frozen Soils." Transactions, American Geophysical Union 
1943. 

(1) FIELD MEASUREMENTS. The depth and rate of frost 
penetration were obtained by measurement in a series of test pits exca¬ 
vated at the start of freezing and extending to the end of the frost 
melting period. At several airfields test pits were excavated to obtain 
only the maximum depth of frost penetration. It will be noted in Figure 
11, Plates 2 to 8 inclusive, that at most airfields there is a close 
agreement in depth of penetration of the >2-degree F. curve obtained 
from results of subsurface temperature readings and the frost penetration 
obtained by measurement in test pits. The maximum observed frost penetra¬ 
tion is indicated by symbol F.P. in Figure 8 on Plates 2 to 8 inclusive. 

(2) LABORATORY STUDIES. Two types of laboratory tests 
were made for the following purposes: (a) To determine the temperature 
changes in laboratory specimens of sand due to suddenly impressed surface 
temperatures, and (b) to determine the thermal conductivity, in the 
unfrozen state, of five représentâtive materials commonly usted for base 
construction such as sand, sand and gravel, crushed rock, slag, and 
cinders and one sample of asphaltic concrete pavement. The investigations 
were performed in the cold room of the Soils Mechanics Laboratory at 
Harvard University Graduate School of Engineering. General layout of the 
cold room and equipment is shown on Plate 23. The cold room could be 
regulated to air temperatures ranging from 30 degrees F. to SO degrees F. 
while the temperature in the air space above the drawers in the freezing 
cabinet could be regulated to temperatures ranging from that of the cold 
room to minus 10 degrees F. 

(a) Test For Temperature Changes. The tests for 
temperature changes were conducted on a cohesionless medium sand desig¬ 
nated Lowell Sand'. Figure b, Plate 24 shows grain size curve for the 
material tested. The test specimens were .5.3e inches in diameter and £.5 
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Inches high and were compacted in cardboard ice cream containers. The 
samples were compacted to various densities and water contents as shown 
in Table A, Plate 24. Temperature changes were measured by thermocouples 
imbedded along the axis of each sample tested. To prevent evaporation 
from the surface, the top of the samples, except the saturated samples, 
was sealed with paraffin two mm. thick. As many as four samples could be 
placed in a freezing cabinet drawer. The samples were packed in fine, 
cohesionless sand for insulation. Plate 25 shows portograph of samples 
in freezing cabinet drawers with themocuuple lead wires. At the start 
of the test the top and bottom of the samples were at cold room tempera¬ 
ture of 40 degrees F. The top of the s*ip1es was subjected to suddenly 
impressed temperatures of 10 degrees F., 20 degrees F., and 30 degrees 
F. Temperature changes versus time were measured until temperature 
equilibrium *as reached for each sample. The bottom of the samples 
remained exposed to a constant cold room temperature of about 40 degrees 
F. Plate 26 shows photograph of thermocouple equipment used to measure 
the temperatures within the samples. 

The data obtained are summarized on Plate 24. Table A sumrorizes 
the principal test conditions for each test performed. Figure 1 is a 
typical set of time versus temperature curves for each of the thermo¬ 
couples in a selected test. Figure 2 is a typical set of temperature 
gradients obtained after a suddenly impressed surface temperature of 9.7 
degrees F. has been applied. Figure 3 presents representative data 
showing the penetration of the 32-degree F. temperature versus time into 
test specimens at different water contents and unit dry weights and with 
two different, suddenly impressed, surface temperatures. In four tests, 
conditions were such that equilibrium was reached with the 32-degree F. 
temperature approximately at the midpoint of the specimen and equilibrium 
temperature gradients for these four tests are shown in Figure 4, Plate 
24. From the tests conducted it is possible to investigate the effect of 
the surface boundary upon temperature conditions in the test specimens 
and its application to the prediction of penetration of frost. The 
temperature gradients at equilibrium. Figure 4, Plate 24, were extrapo¬ 
lated to the top and bottom surfaces of the sample. The specimen tempera¬ 
tures at the top and bottom were then determined and are recorded in 
Table A, Plate 24. The difference between the temperature of the specimen 
at the top or bottomandthe air temperature at the top or bottom respect¬ 
ively is termed the "boundary temperature difference." It is indicated 
that small increases in the equilibrium temperature gradient produce 
substantial increases in the "boundary temperature difference" for all 
water contents and, in general, the greater the water content, the 
greater the boundary temperature difference for a given temperature 
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gradient. A study of Table A, Plate 24, indicates that the time for 
temperature equilibrium to be reached within a given test specimen is 
dependent upon the magnitude of the suddenly impressed temperature 
difference between the top and bottom of the specimen and the density 
and water content of the specimen. Specimens at very low water contents 
reached equilibrium temperature earlier because of the small latent heat 
of fusion and volumetric heat capacity. Saturated specimens reached 
equilibrium more slowly because of the greater latent heat of fusion and 
volumetric heat capacity. The same results are illustrated by Figure 3, 
Plate 24, in which the penetration of 32-degree F. temperature is a 
function of the magnitude of temperature difference between top and 
bottom of a specimen and its density and water content. From Figure 4, 

Plate 24, the ratio of the thermal conductivity in the frozen to unfrozen 
state can be determined. This ratio is equal to the ratio of the slopes 
of the equilibrium temperature gradients in the frozen zone to that in 
the unfrozen zone. These ratios indicate that for the materials tested 
and the density and water contents tested, the thermal conductivity in 
the frozen state is approximately 52 to 85 per cent of that in the 
unfrozen state. 

(b) Tests For Thermal Conductivity. Five base 
materials such as sand, sand and gravel, crushed rock, slag, and cinders 
were tested at various densities and water content; also one sample of 
asphaltic concrete was tested. Gradation of base materials tested is as 
shown in Figure 3* Plate 27. Each test specimen was contained in a brass 
cylinder 5-36 inches in diameter, 10.67 inches in height, and 1/16 inch 
wall thickness. The top and bottom of the cylinder were sealed. A thermo¬ 
couple was placed at the midpoint of the cylinder, as shown on Plate 23, 
"Sections of Sample Cylinders, Brass." The test consisted of subjecting 
a cylindrical test specimen, immersed in a water bath located outside 
the cold room, to a constant temperature of about 75 degrees F. The 
specimen was then suddenly immersed in a second bath, located in the 
cold room, to a constant temperature pf about 40 degrees F. The resulting 
temperature changes were measured at the midpoint of the specimen. Plate 
23 shows details of constant temperature bath. The data obtained from 
these tests are summarized on Plate 27. Figure 2 is a plot of the typical 
curves of the per cent temperature change at the midpoint of the test 
specimen versus time. Table A is a summary of test data and Figure 4 is 
a summary plot showing the relations of thermal conductivity to water 
content and density of the materials tested. Figure 1 presents curves 
which were developed to obtain the "time factor" for temperature change 
at center of a cylinder. Plate 27 shows an example, by use of these 
curves and data, for obtaining the thermal conductivity. From F'gure 4, 
the insulating value of cinders and slag is evident. 
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I 
A comprehensive investigation of the thermal conductivity of 

ten different soils was made by Harrison E. Patten, "Heat Transference 
in Soils," U. S. Department of Agriculture, bulletin No. 59, September 
1909. The thermal conductivity of eight soils used in his investigation 
are shown on Plate 28. Table A is a summary of test data, Figure 1, a 
summary plot of thermal conductivity versus water content for densities 
tested, and Figure 2, grain size gradation curves of materials tested. 
It will be noted that the coarse quartz tested by Patten is similar in 
grain size and distribution to that of the Lowell sand used in this 
investigation and that the thermal conductivity of these two soils are 

approximately the same at equal water contents. 

(3) MATHEMATICAL STUDIES. A rigorous solution was 
developed by W. P. Berggren for computing the depth of frost penetration. 
The computations take into consideration density, water content, latent 
heat of fusion, specific heat, and the thermal properties of the soil in 
the frozen and unfrozen state. This solution was expanded in graphical 
form as shown on Plate 22. An example for computing the depth of frost 
penetration is also presented on this plate. This solution is not suit¬ 
able for use at the present time because of an inadequate knowledge of 
the thermal conductivity of soils in the frozen state. However, it does 
show the relation of the factors to be considered in predicting the 

depth of frost penetration. 

f. TESTS FOR FLEXIBLE PAVEMENT SUPPORTING CAPACITY. The 
supporting capacity of flexible pavements was investigated by means of 
in-place C.B.R. and plate bearing tests conducted during the normal 
period and the frost melting period and traffic tests conducted during 
and after the frost melting period. The field test procedures for the 
C.B.R. were performed as out1ined in Chapter XX, Paragraph 20-18d "C.B.R. 
Tests on Soils in-Place", Engineering Manual (March 1943). The plttt® 
bearing tests were of two types: static load and repeating load. The 
static load tests were conducted in the manner described in Chapter XX, 
Paragraph 20-41, Engineering Manual (March 1943) except that the 30-inch 
diameter plate was placed directly on top of the bituminous concrete 
pavement. The repeating load test used the same type and arrangement of 
testing apparatus as required for the static load test, except that a 
24-inch diameter plate was used on top of the bituminous pavement. The 
test was conducted in the following manner: A seating load of 3500 
pounds was applied for five minutes and released. A load of 20,000 pounds 
was then rapidly applied in one increment. The load was maintained for 
ten minutes during which the deformation was measured at the end 1/4, 1, 
2A, 6¿, and 10 minutes. The load was rapidly released and deformation 
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readings taken at the end of a b-nnnute period. The foregoing procedure 
was then repeated until ten load repetitions had been made. A 19-inch 
diameter plate was used instead of a 24-inch dianeter plate during the 
normal period at Dow Field for the 194>-1944 investigations/ The test 
locations and pertinent comments on the results are presented in the 
following paragraphs: 

(1) C.B.R. TESTS. Ir»-place C.B.R. tests were conducted 
on top of the bise material and on top of the subgrade at all flexible 
pavement test areas. The average results of tests are shown in Figure 
10, Plates 2 to a inclusive. EstimatAl values where shown are based upon 

laboratory tests and field experience with similar soils. 

(2) PLATE BEARING TESTS. Static and repeating load plate 
bearing tests were conducted at Dow, Presgue Isle. Pierre, Aatertown. 
and Truax Airfields. Plate bearing tests were conducted during the fall 
and during and after the frost melting period, except at Pierre and 
Watertown where tests were made only during the fall. Figure 12. Plates 
¿ to 8 inclusive, presents the average results of the static load tests. 
In Figure 12, each point shows the load reguired to produce 0.1 inch 
deflection on the date a static load test was made. The curve shows the 
trend of the changes in pavement supporting capacity for the period 
investigated. During the freezing period, the high pavement strength is 
estimated by dashed portions of the curve. A more detailed summary of 
the results of all plate bearing tests is presented in Tables 2 to E 
inclusive. 

(31 TRAFFIC TESTS ON BITUMINOUS CONCRETE. Traffic tests 
were conducted on the flexible pavement during the 194b frost melting 
period at Dow Field in Test Area B (Bl and B2) and Test Area C (Cl and 
C¿). at Truax Field in Test Area b (Bl and Bz), and at Pierre Airfield 
in Test Area B (T2-T6, T7 and Til). A summary of the traffic test results 
is shown in sheet 1 of 2, Table 7. The wheel loads used were selected to 
bracket or approximate the evaluation of the specific pavements for frost 
melting conditions. The traffic test wheel loads for Dow were 40,000 and 
eO.OOO pounds; for Truax 30.000 and 60,000 pounds; and for Pierre 7.000. 
14,b00, and 2b,000 pounds. The equipment to obtain the various loads 
ranged from large rubber tired construction equipment to trucks. Photo¬ 
graphs of the equipment used to produce the wheel loads tested at Dow 
and Truax Fields are shown in Plates 29 and 30. respectively. The appli¬ 
cation of traffic was made on the basis of a specified number of daily 
coverages during and after the frost melting period to simulate continu¬ 
ous use of a pavement by aircraft. Based upon the best available informa- 



tion it w.»s .issurn»1«! that lb coverages per day was equivalent to runway 
use and 4Í* coverages per day was equivalent to taxiway use. In all cases 
it was not possible with the available equipnient to apply exactly lb and 
4f' coverages; therefore, individual tests varied in the number of daily 
coverages, '.there the traffic equipment extended outside the test lane, 
these coverages are not considered as part of the test. The number of 
passes made by the equipment was kept to a minimum and the traffic 
pattern was designed tc gradually attain by steps the maximum coverages 
within the test lane. Traffic was started at the beginning of the frost 
melting period and continued through the frost melting period or until 
imminent failure had occurred. Measurements of the vertical deformation 
in the traffic test areas and observations of the behavior of the pave¬ 
ment were madedaily. At the endof the traffic tests detai led measurements 
were made of the pavement surface and trenches were excavated in traffic 
test areas to observe and measure and determine the relative positions 
and condition of the pavement, base material, and subgrade. A test lane 
was considered to be in a condition of imminent failure if about 20 per 
cent of the area was map cracked or the flexing of the pavement reached 
one inch. Plate 31 shows photograph of failure area in bituminous concrete 
pavement. It was the intent to reduce the damage of pavement to a minimum 
consistent with test results. Imminent failure or the point at which 
failure almost occurred was used as a basis for determining whether 
pavement was satisfactory or unsatisfactory rather than complete failure 
which would leave the pavement impassable. In Table 7 results of the 
traffic tests for each test area are tabulated. As an example, at Dow 
Fielo, Test Area Bl, imminent failure did not occur for 40,000-lb. wheel 
load after 16 coverages per day. Therefore, pavement is considered 
satisfactory for runway use. At 46 coverages per day, the same wheel 
load produced imminent failure as shown by photograph, Plate 3I. The 
pavement is not satisfactory for taxiway use. 

During the spring of 1944 traffic tests were conducted at Dow 
Field on the flexible pavement of the same runway as the traffic tests 
performed in the spring of 1945. These test results are shown in Sheet 2 
of Table 7. A wheel load of 20,000 pounds was used for Traffic Test 
Areas I and II and 10,000 pounds for Test Area III. The traffic tests 
were started and continued through the frost melting period. The applica¬ 
tion of traffic was different for each area. Coverages varied from about 
4 to 50 per day. In these tests it was assumed that 4 coverages per day 
was equivalent to runway traffic and 50 coverages per day equivalent to 
taxiway operation. The equipment usedtoobtain the wheel loads consisted 
of a five yard truck and Gar Wood scraper towed by a five yard truck. At 
the end of the traffic tests, detailed measurements were made of the 
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pavement cracking and deflection. Trenches were excavated in the traffic 
test areas, including failed areas, to observe, measure, and determine 
the relative deflections and conditions of the pavement, base, and 
subgrade. 

g. TESrs FOR RIGID PAVEMENT SUPPORTING CAPACITY. The support¬ 
ing capacity of ng.d pavements was investigated by means of plate 
earing tests conducted during the normal period and the frost melting 

period and traffic tests conducted during and after the frost melting 
penod The plate bearing tests were of two types: rupture tests and 
subgrade modulus tests. The rupture tests were made by loading a 24-inch 
diameter plate placed on the surface of the pavement at a corner of a 
slab made by the intersection of a longitudinal construction joint and 
ransverse expansion joint. The edge of the plate was about three inches 
side the slab edges. The following test procedure was followed: The 

Plate was seated on a thin layer of sand. Two extensometers were placed 
n ^ 1,ne bisecting the right angle formed by the pavement joints. The 

load was applied in increments to give succesive loads of 20, ¿0, 35, 40 
45, 50 55, and 60 thousand pounds. If the available load was net súffi- 
cient to cause failure, the load was released and reapplied by increments. 
This procedure was repeated until rupture occurred or for a'total of 

nfVî/eÎ!etltl0nS' The sub9rade "odulus tests were conducted on the surface 
of the base material, at the same location as the rupture tests, after 
the removal of part of the slab. The surface of the base was levelled by 

eal 'ZlTi. l ne' d7 Sand t0 eVenly Seat the bearing plate- A load 
was usld o oht e "Z *8 Pe,r SqUare ÍnCh' raPÍdly app1ied and released, 

nV Í ain addlt,onal seat 1 n9 of the plate before beginning the 
test. Detomations were measured by two extensometers bearing on opposite 
• -j65 °. the beann9 plate. The extensometers were mounted on a beam 
ncr^nt tha '"fluence of deflections caused by test loads. Load 
ncremenU were applied at the rate of five pounds per square inch. Each 

increment was held constant until the increase in deformation for that 
increment of loading, during a five minute period, was less than three 

P*riCeH °t , he4î0tal deformatio" for that increment. Loadings were 
applied until either a total deformation of 0.3 inches was obtained or 

e loading capacity of the equipment was reached. Only single cycle 

da^'oït Wer!. UfSed t0 determin* subgrade modulus. The load-deformation 
da^r 5 ® , r°w 6 Subgrade modulus tests were used to determine 
subgrade modulus by means of the formula K = P ; where "K" is the 

subgrade modulus in lbs. per sq. in. per in. and "P" is equal tc the 
pressure in pounds per.square inch required to produce a vertical defor- 

a ion 0 0.05 inch in the test. A 19-inch diameter plate was used 
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instead of a 24-inch diameter plate for the rupture tests at Dow Field 
during the normal period of the 194>1944 investigations. The results of 
plate bearing tests, traffic tests and pertinent comments on the results 
are presented in the following paragraphs: 

(1) PLATE BEARING TESTS. Rupture tests were conducted 
at Dow, Presque Isle, Trurv, Watertown and Pierre Airfields. Subgrade 
modulus tests were conducted during the frost melting period at Dow, 
Presque fsle, Pierre, and Truax Airfields. It was intended that the 
tests be conducted during the tall and again during the frost melting 
period to compare the difference in bearing capacity between these 
periods. Only at Presque Isle were subgrade modulus tests conducted 
during both periods. At Dow, Watertown, and Pierre the tests were conducted 
during or after the frost melting period. At Truax Field subgrade modulus 
tests were conducted during the fall and rupture tests during frost 
melting. In the rupture tests, failure was reached before 0.2 inch 
deflection at Pierre and Watertown Airfields, and at Dow Field during 
the 1943^1944 investigations. Summary of results of plate bearing tests 
are presented in Tables 2 to 6 and average results are shown in Figure 
12, Plates 2 to 8 inclusive. 

(2) TRAFFIC TESTS ON CEMENT CONCRETE. Traffic tests 
were conducted on port land cement concrete pavement during the 1945 frost 
melting period at Truax Field in Test AreaC (ClandC2) and at Pierre 
Airfield in Test Area A (R2, R3. and R4). A summary of these traffic 
tests is presented in Sheet 1 of Table 7. The wheel loads used were 
consistent with the previous evaluation of the specific airfields. The 
traffic test wheel loads for Truax Field were 15,000 and 30,000 pounds 
and for Pierre Airfield 14,500 and 25,000 pounds. The wheel loads were 
obtained by loaded trucks and loaded A and B Tournapulls and scrapers. 
The equipment was the same as that used for the traffic tests conducted 
concurrently on bituminous concrete pavement. The applicátion of traffic 
was made on the basis of 15 coverages per day which was considered 
equivalent to operation for runways and 45 coverages per day which was 
equivalent to operation for taxiways. With the equipment available, it 
was not always oossible to apply exactly 15 and 45 coverages. Therefore, 
the nearest possible figure to these was used. The test lane was located 
with its center line over a construction joint and the traffic pattern 
was so designed to gradually attain by steps the maximum coverages in 
the test lane. Where the traffic equipment extended outside the test 
lane, these coverages are not considered as part of the test. The number 
of passes made by the equipment was kept to a minimum. Traffic tests 
were generally started just before the beginning of the frost melting 

37 



period and continued through the fro5t melting period or until imminent 
failure occurred. A test lane was considered to be in a condition of 
imminent failure when cracks appeared in about 20 per cent of the test 
lane area or when a vertical displacement was apparent. Plate '}'/ shows 
photograph of the cracks in a concrete slab considered failed after 
traffic test. It was attempted to keep pavement damage resulting from 
traffic tests at a minimum. 

In Spring of 1944, traffic tests were conducted at Dow Field 
on a rigid pavement test area soon after the frost melting period. Aheel 
loads of 20,000 pounds were used for test area IV, 40,000 pounds for 
test area V, and ^0,000 pounds for test area VI and VII. The number of 
coverages varied for each test area. The equipment used to obtain the 
wheel loads consisted of a Gar Wood scraper towed by a five yard truck 
and a Tournapull scraper. Sheet 2 of Table 7 presents a summary of these 
traffic tests. 

h. INVESTIGATION OF TURFED AREAS. Investigations were conducted 
at two turfed areas ar Presque Isle, Dow and Watertown Airfields and at 
one turfed area at Pierre Airfield. Tests and observations were made for 
soil classification, availability of water for frost action, air and 
subsurface temperature, frost action, depth of frost penetration, and 
snow cover. At Dow and Presque Isle Airfields one of the two turfed areas 
was kept free of snow as far as practicable while the other turfed area 
was not plowed. It was the purpose of these tests to obtain a comparison 
of test results, particularly frost penetration, in turfed areas with 
and without snow cover and a comparison of turfed areas with paved 
areas. Results of tests in turfed areas are summarized in Table 1 and 
included on P’ates 2 to ü inclusive. The snowfall data for the various 
airfields were either obtained from the nearest United States Weather 
Bureau or from the Army Air Force Weather Officer. These data were 
augmented by measurements and observations at the specific airfields. 
At the turfed areas measurements of snow cover were made periodically. 

i. TESTS FOR WATER INFILTRATION IN PAVEMENTS. Changes in 
moisture cono'itions were measured in the subgrade soil beneath expansion, 
contraction, and construction joints of the Portland cement concrete 
pavements. The tests were made to determine the relative amount of water 
infiltration through the various joints during the fall and spring 
seasons. At Pratt, Great Bend, and Fairmont Airfields, the tests were 
made prior to the freezing period. At Sioux Falls and Watertown Airfields 
a comparison was obtained for moisture conditions during the fall and 
'Pnnq test periods. Water contents were obtained fromauger hole samples. 



Each auger hole was spaced at approximately 12-inch intervals with one 
hole directly over a joint and the remaining three holes on a line 
perpendicular to the joint. Soil moisture determinations were made at a 
depth of three inches below the bottom of the concrete pavement and 
thereafter at six-inch intervals to a depth of approximately five feet. 
No evidence of water infiltration was noted at the test areas. 

7. ANALYSES. 

In the following paragraphs, the results of the explorations, 
tests, measurements, and stud i es are analyzed and discussed with reference 
to the effect or relation each bears to the phenomenon of frost action 
and the results of frost action: 

a. EFFECT OF WATER SOURCE ON FROST ACTION. For frost action 
to occur there must be a source of water. This water source may consist 
of a ground water table at the depth of freezing, a rise of water by 
capillarity from a relatively close ground water table to the freezing 
soil, or a flow of water from the soil voids of the adjoining unfrozen 
soil. There are a number of different methods by which the availability 
of water for frost action can be measured or indicated. These methods 
consist of measuring depth to ground water, measuring precipitation 
occuring prior to the freezing period, and measuring soil water content 
and degree of saturation before freezing. Results of these measurements 
and related data at all test areas are summarized in Sheet 1 and 2 of 
Table 8. From a study of these data the character and extent of frost 
actions are shown and the following analyses of results are presented: 

(1) Extensive to slight frost action occurred in frost 
susceptible soils where the water table is less than 12 feet from the 
ground surface and where there is no stratum, such as a layer of clean 
sand, which will prevent the upward flow of water when freezing starts. 

(2) Slight to no frost action occurred in frost suscep¬ 
tible soils where the water table is below 25 feet or where there is a 
stratum of clean sand above the water table which cuts off upward flow 
of water. 

(3) The magnitude and extent of ice lenses formed ranged 
from a few exceedingly thin lensestomany thin to thick lenses, depending 
upon two related factors: the degree of saturation at start of freezing 
and the relationship between the natural water content at start of 
freezing and the Atterberg limits. The greater the degree of saturation, 
the greater the magnitude and extent of frost action. Frost action was 
negligible when the degree of saturation was less than E5 per cent. 
Soils with natural water contents below the plastic limit in the fall, 
prior to freezing, had negligible frost action. As the natural water 
content approached the 1¡quid limit the degree of frost action increased. 
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(4) The degree of saturation beneath paved areas varied 
generally with the climatic conditions; the lower degree of saturation 
was found in the areas of low annual rainfall. The degree of saturation 
also varied generally with the depth to ground water; the higher the 
ground water table the greater the degree of saturation. 

(5) At four test areas, frost heaving was maximum at the 
pavement edge and decreased toward the center with some test areas 
showing a slight settlement during the winter. This type of heaving 
appears to be caused by a flow of water from adjoining turfed area into 
the subgrade beneath the pavement. Greater heaving at edges than at 
center of pavements occurred only at test areas of bituminous concrete 
pavements without subsurface drains at pavement edges. 

(6) At all concrete paved test areas, It appears that 
surface water infiltrating through joints into the base and subgrade 
prior to freezing augmented to a slight degree the available water for 
frost action. At three of these test areas the heaving of the cement 
concrete pavement was more uniform compared to adjacent bituminous paved 
areas and the settlement which occurred at three bituminous concrete 
paved test areas did not occur in the three cement concrete test areas. 

_ b- EFFECT OF TEMPERATURE ON FROST ACTION. In general, the 
observations made do not indicate the effect of below freezing air 
temperature on frost action. For such a study, it will be necessary to 
carry out observations over a number of years at the same locations to 
investigate this effect. It is the general experience of highway engineers 
that the damaging effects of frost action at the same location vary from 
>ear to year depending upon the freez ng index and availability of water. 

c. EFFECT OF SOIL ON FROST ACTION. In all cases the base 
materials from each test area had slightly more than three per cent by 
weight finer than 0.02 mm. diameter with the exception of Test Areas A 
and B, Truax Field. However, only occasional ice crystals and in one 
instance a few ice lenses were found despite the slight frost suscepti¬ 
bility of the base material. These results may be considered a contra¬ 
diction of the criteria; however, it may be explained on the basis that 
there was no readily available water supply except in the one instance 
where a few ice lenses were observed. In this case water is believed to 
have entered the base through joints in the pavement just prior to freez¬ 
ing and during the early stages of freezing when surface thawing occasion¬ 
al ly occurred. Since the ice lense were observed in the base immedlately 
beneath the pavement and not in depth this conclusion appears reasonable. 
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At Watertown and Fargo, organic soils were encountered within 
thedepthof frost penetration. At both ai rf ields, ice lenses were observed 
in the organic soil. From these observations it may be concluded, lacking 
further proof, that a slight organic content does not act to produce a 
non-frost susceptible soil. 

The observations performed do not indicate which soils are 
more susceptible to frost action since other factors such as water 
availability and freezing index were different at the various locations 
tested and mask the effect of the soil type on frost action. However, 
other factors constant, the observations indicate that the finer grained 
soils are more susceptible to frost action than those with gravel and 
coarse sand sizes. 

d. ANALYSIS OF FROST PENETRATION. The depth to which a pave¬ 
ment base and underlying subgrade will be frozen during a winter will 
depend principally upon (1) the magnitude and duration of below freezing 
air temperatures, (2) the coefficient of the thermal conductivities of 
the several materials in frozen state and to a lesser degree upon the 
other thermal properties and (3) the subsurface temperature conditions 
at start of freezing. All these factors were analyzed by W.P. Berggren 
whose solution is presented in a simplified form on Plate 22. It is 
realized that the prediction of frost penetration depends on the further 
study of thermal properties of soils in the frozen and unfrozen states 
and present theories for analyzing frost penetration are complicated by 
the changing water content while the soil freezes. However, it may be 
shown that the depth of frost penetration varies as the square root of 
the thermal conductivity of the frozen soil and as the square root of 
the reciprocal of the total heat required to freeze the soil. 

A method of predicting the depth of frost penetration is shown 
on Plate 33* All observations of frost penetration beneath paved areas 
versus freezing index are plotted. The trend of the observations is a 
straight line when plotted on a log scale as shown. Figure 1 shows data 
for portland cement concrete pavements, Figure 2 is for bituminous con¬ 
crete pavements, and Figure 3 contains the combined results. The same 
straight line is derived for each of these figures on the basis of the 
test data and is presented for design purposes in Appendix A, as Figure 
3» Part XII, Chapter 4 of the Ad Interim Engineering Manual. This curve 
may be used to predict the depth of frost penetration beneath rigid and 
flexible pavements which are maintained snow free and have bases con¬ 
structed of non-insulating materials such as sand, gravel, or crushed 
rock. 
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Based upon the tests for thermal conductivity conducted upur 

selected samples of base materials in unfrozen state it may be concluded 
that the thermal conductivity of slag and cinders is about one-half that 
of other base materials such as sand, sand and gravel, or crushed rock. 
Since the depth of frost penetration, all other conditions the same, 
varies with the square root of the coefficient of thermal conductivity 
in frozen state it may be concluded that the depth of frost penetration 
into cinders or slag would be about two thirds of that into sand, sand 
and gravel, or crushed rock. This conclusion is contingent upon cinder 
or slag having approximately the same ratio of thermal conductivity in 
the frozen state as in the unfrozen state to that of sand, sand and gravel 
or crushed rock. 

The results of frost penetrations measured in the turfed areas 
with snow cover are summarized in the following table and compared with 
frost penetrations in adjacent paved areas. 

LOCATION OF 
TURF TEST 

--AJUUL_ 

AVERAGE SNON 
COVER DURING HINTER 

IN TURFED AREAS 
-(FjtfitJ_ 

AVERAGE TOTAL 
£KQäI_£EILttR&Il.{LJLlä-EE£I 

TURF -EâïEMEILI_ 
-Eilt._Et£«.£L 

Dow Field 

Presque Isle 

Hstertown 

Pierre 

1.8 

2.8 

0.75 

0.75 

2.0 4.7 4.5 

3.0* 5.9 5.3 

3.5* 4.1 3.4 

0.5** 2.1** 3.5 

These data indicated that snow cover and turf together provide 
an insulating blanket which retards frost penetration to a considerable 
magnitude. 

A statistical study has been made of the normal freezing index 
with respect to geographical location in the United States. From this 
study a map, shown in Figure 2 of Appendix A, has been prepared on whicn are 
plotted contours of equal normal freezing indices for the United States. 
Using the freezing index obtained in Figure 2, the depth of frost pene¬ 
tration may be estimated from Plate 33 for any particular location in 
the United States. This value for frost penetration so determined is an 
average or normal value and not a maximum value. 

From Subsurface temperature readings at 32° F. 
“Frost penetrai.ion 3 February 1945. 
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e. LFFECT OF FROST ACTION ON FLEXIBLE PAVEMENT SUPPORTING 
CAPACITY. 

(1) TRUAX. At Truax Field no ice lens formation, occurred 
in the crushed rock base and only a few lenses of hairline thickness were 
found in the sand clay gravel subbase. Numerous ice lenses were found 
in the subgrade at depths of 4.3 feet to about 4.7 feet. The heave in 
the traffic test area Bl and B2 ranged from 0.01 to 0.03 feet and was 
relatively uniform. Results of traffic tests are presented in Table 7. 
Traffic test areas B2 and Bl, subjected to 30,000 and 60,000-lb. wheel 
loads respectively, were conducted using 45 and 15 coverages daily or as 
near these coverages as possible. The traffic tests were conducted 
through the frost melting period having been started on 11 March and 
continued through 3 April 1945. No failure or distress was obtained in 
traffic test area B2 with 30,000-lb. wheel load for 14 and 42 coverages 
daily for 10 days. The maximum vertical deflections were 0.5 inch, and 
no cracking occurred in pavement during the traffic tests. For the 
60,000-lb. wheel load traffic test area Bl, no cracking or failure occurred 
for 15 coverages, but failure occurred at 45 coverages for test duration 
of 19 days. Flexing of the pavement of 0.06 inch for the 15-coverage 
lane and about 0.24 inch for the 45-coverage lane was observed during 
the tests. Deformation of 0.6 to 0.8 inch and-1.0 to 1.5 inches occurred 
in the 15-coverage lane and 45-coverage lane respectively, and traffic 
was stopped because it was apparent that localized cracking would result 
if continued. The evaluation of the pavement is 30,000-lb. wheel load. 
This evaluation is controlled by the 2.5 inch thickness of bituminous 
concrete pavement. Disregarding the controlling 2.5 inch thickness of 
pavement, the evaluation is greater than 60,000-lb. wheel load. The 
60,000-1b. wheel caused the greatest pavement damage at the turn around 
area. Flexing at the turnaround areas was about 0.4 inch and considerable 
map cracking and rutting occurrea. The behavior of the pavement in this 
area is explained by an inferior subbase material and about four to five 
inches less crushed rock base than in traffic test areas Bl and Ö2. 
Based upon the traffic tests, C.B.R. values for the subgrade may be 
determined using the design curves, Engineering Manual, Part XII Chapter 
2, February 1, 1946, Figure 2. These computations indicate the following 
C.B.R. values for the two traffic test areas. 



TRAFFIC WHEEL LOAD DAILY 
IÊSI-ASEA-L6$.__ tftV£SAgE5 

Bl 60,000 15 

Bl 60,000 i»5 

B2 30,000 15 

B2 30,000 45 

PAVENENT AND BASE 
THICKNESS 

EA1W&E _l_N.C_HJ_S__ £tB._R. 

No 53.5 >3 

Yes 53.5 <3 

No 53.5 >2 

No 53.5 >2 

The C.B.R. values shown in the above tabulation represent the 
subgrade strength during the period of tests, and indicate an average 
C.B.R. value of three. In-place C.B.R. tests conducted during the frost 
melting period indicate an average value of three and tests conducted 
during the normal period indicate an average value of five. The traffic 
for test area Bl for 60,00 0-lb. wheel load for 45 coverages per day was 
stopped because of imminent failure. Therefore, this test may be consi de i ed 
to have failed the pavement. The traffic tests substantiate the C.B.R. 
value of three obtained during the frost melting period and this together 
with the reduction of the C.B.R. values from the normal period to the 
frost melting period from five to three indicate a reduction in pavement 
supporting capacity during the frost melting period. 

The results of plate bearing tests also confirm a reduction 
in pavement supporting capacity during the frost melting period. Results 
of these tests shown in Table 7, and Plate 34, indicate that the ratio 
of the loads to produce a 0.1 inch deformation of the plate during the 
normal period to the frost melting period at an average thickness of 
frozen subgrade of 3.2 feet is 1.7. Similarly, in Table 7, the repeating 
plate bearing tests show that the same load in the normal period produced 
from 0.5 to 0.6 of the deflection obtained during the frost melting 
period. 

(2) PIERRE. No ice lens formations were found in the 
sand and gravel base at Pierre Airfield; however, a few ice lenses were 
observed in the subgrade about I.3 to 2.1 feet from the surface. The 
heave was non-uniform with a slight heave at the edges of paved shoulders 
and a slight subsidence in the center of the taxiway test area. The 
traffic test areas Tl, T4, T5, T8, T9, Til and Tl2 were located near the 
concentration of slight heave and the traffic test areas T2, T3, T6, T7, 
and T10 were located in areas of subsidence. Results of traffic tests are 
presented in Table 7. The traffic tests were conducted on the shoulder 
test areas and paved taxiway test areas using 7,000, 14,500, and 25,000-1 b. 



wheel loads for 14, 16, 32* 42, and 48 coverages daily. The paved shoul¬ 
ders, with 1.5 inches of bituminous concrete pavement, under wheel loads 
of 7,000, 14,500 and 25,000 pounds for 14, 16 and 48 coverages daily 
generally developed distressed areas shown by rutting and map cracking 
and can be considered failed under these loads. In the paved taxiway 
traffic testareas, with 5.5 inches of bituminous concrete pavement, 
failure occurred only at test area T2 under wheel load of 25,000 pounds 
and 42 daily coverages after seven days application of traffic. The 
evaluation for the normal period for the paved shoulders is 15,000-lb. 
wheel load based upon in-place C.B.R. tests. This evaluation is controlled 
by the 1.5 inch bituminous concrete pavement. The C.B.R. values for the 
subgrade may be determined from the results of the traffic tests using 
the design curves, Engineering Manual, Part XII Chapter 2, February 1, 
1946 Figure 2. These computations indicate the following C. B.R. val ues 
for the traffic test areas in the paved shoulders where frost heaving 
occurred: 

A&EáS ttE tmi ACIlfiä 

DAILY 

&QÏEEAÜES EAiUEt 

15 Yes 

WHEEL LOAD 
IE5I.AEEA _LPSv_ 

Tl 14,500 

T4 25,000 

T5 14,500 

T8 25,000 

T9 7,000 

Til 7,000 

T12 25,000 

45 Yes 

45 Yes 

15 Yes 

45 Yes 

15 Yes 

(2 deys traffic) Yes 

PAVEMENT AND BASE 
THICKNESS 
__ 

IS. 5 

IS. 5 

13. 5 

IS. 5 

IS. 5 

13.5 

IS. 5 

<9 

<15 

<10 

<13 

<7 

<7 

<15 

A study of these C.B.R. values which represent the subgrade strength 
during the period of tests, indicates that the C.B.R. value was less 
than seven. In the following table are data for the traffic tests con¬ 
ducted where a slight settlement occurred during the winter and the 
pavement is 5.5 inches thick. 
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WHEEL LOAD 
liil-im _kfiSu_ 

ABUS &E Hfi 

DAILY 
£mBAfi£S 

EBttâl BkllfiJ 
PAVEMENT AND BASE 

THICKNESS 
EAIUBE _Jims. 

U 25,000 45 

T3 14,500 15 

T6 25,000 15 

T7 14,500 45 

TIO 7,000 45 

Yes 

No 

No 

No 

No 

13.5 

13. 5 

13. 5 

13.5 

13. 5 

BifiiBt. 

<15 

>9 

>13 

>10 

>7 

The C.B.R. values from these traffic tests were greater than seven and 
less than fifteen. A comparison of the results of the two sets of tests 
indicates a reduction in the pavement supporting capacity due to frost 
action. However, an indeterminate amount of the reduction in pavement 
supporting capacity may result from the difference in thickness of 
shoulder and central portion pavements even though the combined thickness 
of pavement and base was equal. The results of the C.B.R. tests conducted 
during the normal period and during the frost melting period indicated 
a reduction from 14 to 12. These tests were conducted in the area of 
pavement subsidence and no frost action. The small reduction in C.B.R. 
values can be attributed to soil and testing variations. 

The plate bearing tests in the paved shoulder and central 
section ind¡cate that during and after the frost melting period the paved 
shoulders which headed slightly were much weaker than the central section 
which settled slightly during the winter. This conclusion is based upon 
both the static and repeating load tests. As pointed out previously, it 
cannot be stated how much of the indicated weakening is caused by frost 
action or difference in pavement thickness. 

(3) DOW (1944-1945). At Dow Field ice crystals were 
found in the sand and gravel base in test areas B and C. Numerous ice 
lenses were located in the subgrade at depths ranging from three to five 
feet. The heave was fairly uniform averaging 0.25 foot. Traffic tests 
were conducted with 40,000 and 60,000-lb. wheel load for traffic test 
areas Bl and B2 and Cl and C2 respectively for 16 and 46 coverages dai ly. 
The traffic tests were started 1 April 1945, near the end of the frost 
melting period, and continued to 20 April 1945. Failure occurred in 
traffic test area Bl using a 40,000-lb. wheel load at 46 coverages daily 
and in traffic test area B2 using a 60,000-lb. wheel load at 16 coverages 
daily. Results of traffic tests are presented in Sheet 1, Table 7. 
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Photograph on Plate 31 shows failure in test area Bl. No failure occurred 
in traffic test areas Cl and C2 for 40,000 and 60,000-lb. wheel loads 
respectively at either 16 or 46 coverages. Based upon these traffic tests, 
C.B.R. values for the subgrade can be determined from the design curves, 
Engineering Manual, Part XII, Chapter 2, February 1, 1946 Figure2. The 
design curves indicate the fol lowing C.B.R. values for the four test areas. 

MHEEL LOAD 

IUI-ÄB£ä —kM*.— 

Bl 40,000 

11 40,000 

12 00,000 

Cl 40,000 

Cl 40,000 

Cl 60,000 

C2 60,000 

DAILY 
tm&Aais EâiLBBE 

16 NO 

46 Yot 

16 Ym 

16 No 

46 No 

16 No 

46 No 

PAVEMENT AND BASE 
THICKNESS 

_jjmA.- 

31 

31 

29 

40.5 

40.5 

48 

48 

Bi.ftt.Bi. 

>4 

<6 

<6 

>3 

>3 

>3 

>3 

A study of these C.B.R. values, representing the subgrade strength during 
the period of traffic test, indicates that an average C.B.R. of four was 
obtained. In-place C.B.R. tests conducted after traffic testing indicate 
an average value for the C.B.R. of three and tests conducted during the 
normal period indicate an average value of eight. Thus, both the traffic 
tests and the in-place C.B.R. tests are a measure of the reduction in 
pavement supporting capacity during the frost melting period. Further 
measurement of a reduction in pavement supporting capacity is obtained by 
the plate bearing tests performed upon the pavement surface. Results of 
these tests, shown in Table 7 and Plates 34, indicate that the ratio of 
loads to produce a 0.1-inch deformation of the plate in normal period to 
frost melting period at the average thickness of frozen subgrade of 0.9 
foot is 1.6. Likewise, the repeating plate bearing tests show that the 
same load in the summer produced about 0.7 of the deflection obtained 
during the frost melting period. Moreover, these plate bearing tests 
i ndicate that the reduction in pavement supporting capacity occurs sudden y 

at the beginning of the frost melting period atter which the subgrade 
gradually regains strength. From Figure 12, Plate 3, 's indicated that 
the return to normal supporting value requires at least three months on 
the basis of the loads required to produce a constant deflection of a 

30-inch diameter test plate. 
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(4) DOW (1943-1944J. No ice formations occurred in the 
base material during the winter of 1943-1944. Ice lenses were found 
throughout the subgrade which were thin and infrequent near the upper 
subgrade but closely spaced and averaging 0.25 inch in thickness at the 
depth of frost penetration. The pavement heave ranged from 0.00 to 0.40 
foot in the traffic testareas. Results of traffic tests are shown inSheet 
2 of fable 7. Traffic tests, using wheel loads of 20,000 pounds on Test 
Areas I and 11, and 10,000 pounds on Test Area III were conducted directly 
after the frost melting period, from 5 April to 5 May 1944. Test Area I, 
a circular track area, was found to be satisfactory for a 20,000-lb. wheel 
load at taxiway operation where the combined thickness, of pavement and 
base was 21 or more i nches overly i ng a glacial till subgrade of GC material. 
Another portion of the same area, wi th a combined th ickness of pavement and 
base of 18 inches but overlying a silty clayey subgrade of CL material was 
found to be inadequate for any coverages of a 20,000-lb. wheel load during 
or directly after the frost melting period. Test Area II was satisfactory 
for a 20,000-lb. wheel load at taxi way operation. Test Area III, a circular 
track area, was considered unsatisfactory for a 10,000-lb. wheel load at 
taxiway operation where the combined thickness of pavement and base was 
24 inches. This low supporting value is explained by a silty clay (CL) 
subgrade. Although relatively minor flexing and cracking occurred, it 
was believed that the pavement would not withstand one or more additional 
seasons of frost melting at the same test loads. Based upon these traffic 
tests, C.B.R. values for the subgrade can be determined by using the 
design curves, Engineering Manual, Part XII, Chapter 2, February 1, 
1946, Figure 2. .These computations indicate the following C.B.R. values 
for the three test areas: 

test wheel 
âfiEA LQAfi.LftSu 

I* 20,000 

I** 20,000 

II* 20,000 

III* 10,000 

DAILY TOTAL 
immts iuima f&ikm 

PAVEMENT AND BASE 
THICKNESS 

—mm.— SuKfi«. 
4 

50 

44 

50 

72 

523 

386 

965 

Y«» 

Ho 

No 

Yos 

18 

21 

33 

24 

<6 

>5 

>3 

<3 

* Silty Clay Subgrade (CL) 
**Glacial Till Subgrade (GC) 
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A study of the C.B.R. values for the silty clay subgrade, which represent 
the subgrade strength during the period of tests, indicates a C.B.R. 
range from less than three to less than six. In-place C.B.R. tests, 
conducted after the traffic testing, indicate an average C.B.R. value 
of five, and tests conducted in the normal period showed an average 
value of thirteen. Plate bearing tests (static and repeating load) were 
conducted during the normal and frost melting periods. As shown in Sheet 
2 of Table 7, the ratio of loads required to produce a 0.1-inch deflec¬ 
tion in normal to frost melting period is 1.5 for Test Area II and 1.9 
for Test Areas I and III. The repeating load plate bearing tests show 
that the same load in the normal period produced 0.4 of the deflection 
obtained during the frost melting period. Thus the traffic tests, C.B.R. 
tests, and pavement bearing tests serve as a measure of the reduction in 
pavement supporting capacity during the frost melting period. 

(5) PRESQUE ISLE. At Presque Isle Airfield, results of 
the plate bearing tests, both static load and repeating load, indicate a 
reduction of the pavement supporting capacity during the frost melting 
period as shown by results summarized on Table 2. Likewise, the results 
of in-place C.B.R. tests conducted during the normal and frost melting 
periods indicate a reduction of the pavement supporting capacity. 

(6) WATERTOWN. At Watertown Airfield, frost action was 
confined to the pavement edges and none occurred at the center as evidenced 
by the results of pavement heave measurements. Plate bearing tests, both 
static and repeating load, were conducted during and immediately after 
the frost melting period in both the areas which heaved and those which 
did not heave. Tests conducted about.one month after the end of frost 
melting period indicated in all but one case practically no change in 
pavement supporting capacity from that of the frost melting period. The 
exception was a set of repeating load tests located in an area which 
settled slightly during the winter and the results of these tests indi¬ 
cate a reduction in pavement supporting capacity. Comparing the results 
of static tests in shoulder areas which heaved with static tests in the 
center portion which settled slightly, a definite reduction in pavement 
supporting capacity is indicated. However, since the pavement thickness 
in paved shoulders is 1.5 inches compared with 5 inches in the center, 
this comparison may be discounted even though the total thickness of 
pavement and base was the same in the two areas. Although the C.B.R. 
tests indicate a reduction in C.B..R. during the frost melting period, 
this reduction is discounted for two reasons: (1) the subgrade-soi 1 at 
this site is exceedingly variable and even though the test locations 
were close together, slight differencès in C.B.R. are probable due to 
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differences in soil and (2) no frost action occurred in areas tested 
for C.b.R. since these test locations areat points which settled slightly 
during the winter. 

(7) CASPER. At Casper Airfield, a very small concentra¬ 
tion of heave occurred at the shoulders and a slight subsidence occurred 
at the center of the taxiway pavement. C.B.R. tests conducted in the 
area of concentrated heave indicate no reduction in C.B.R. value of the 
subgrade from the normal to the frost melting period. Sufficient data 
are not available for comparison of test results between areas of subsi¬ 
dence and concentrated heave. 

(b) FARGO. At Fargo Airfield, ice lens formations were 
numerous in the subgrade; however, none were observed in the subbase. 
The heave was uniform with an average of 0.07 foot. The results of 
C.B.R. tests conducted during the frost melting period has a value of 
six and during the normal period the C.B.R. value is seven. A slight 
decrease of pavement supporting capacity during the frost melting period 
is thus indicated. 

(9) BISMARCK. At Bismarck Airfield, tests are insuffi¬ 
cient to indicate whether or not there was any reduction in C.B.R. due 
to the slight amount of frost action which occurred as evidenced by the 
minor heave. Furthermore, the variations in subgrade soil at locations 
tested complicate the test resul ts obtained. In general, it may be stated 
that any reduction in load supporting capacity during the frost melting 
period which would occur at this site would be minor. 

(10) H0ULT0N. No ice lens formation occurred in the 
bituminous concrete pavement test area at Houlton Airfield. The heave 
was uniform and ranged from zero to 0.05 foot. Sufficient data are not 
available for a comparison of results of C.B.R. tests conducted during 
the frost melting period and normal period. On basis of estimated C.B.R. 
results based on laboratory compacted samples, a slight decrease in 
C.B.R. may be shown during the frost melting period. 

(11) OTIS. At Otis Field, ice lens formation occurred in 
pockets of sandy silts resulting in non-uniform heave. The results of the 
C.B.R. tests indicate a reduction in C.B.R. during the frost melting 
period; however, because of the non-uniform subgrade at Otis with scat¬ 
tered pockets of sandy silt it is not possible to definitely attribute 
the reduction to fros+ action. 

(12) SIOUX FALLS. At Sioux Falls Airfield, a few ice 
crystals formed in the base course and ice lenses in the subgrade. 
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Pavement heave was negligible being 0.05 foot average and was con¬ 
centrated at thé edge of pavement. The results of C.B.R. tests conducted 
on top of the base and subgrade during the frost melting period md.cate 
approximately 0.5'the value obtained during the normal period, thus 
indicating a decrease of pavement supporting capacity during the frost 

melting period. , 

(13) GARDEN CITY. At Garden City Airfield, the frost 
action was negligible and no visible ice lenses were encountered. The 
pavement heave was a negligible amount of only 0.01 foot. The C.B.R. was 
obtained during the normal period on the base and subgrade and averaged 
22 and 17, respectively. No comparison was made for conditions during 
the frost melting period, but it is indicated from the minor amount of 
frost action that the pavement supporting capacity has only a slight 
reduction during the frost melting period. 

(14) SUMMARY. The traffic tests performed at Pierre, 
Truax, and Dow Airfields, the pavement bearing tests performed at Presque 
Isle Dow, Pierre, Watertown and Truax Airfields and the C.B.R. tests 
performed at all the airfields indicate that a reduction in flexible 
pavement supporting capacity occurs during the frost melting period as a 
result of frost action inthe subgrade. The best measure of the reduction 
is by 5 comparison of C.B.R. values during the frost melting period with 
those during the normal period as obtained from both traffic tests and 

in-place C.B.R. tests. 

The traffic test data are inadequate todetermine the magnitude 
of redtict ion of pavement supporting capacity with various degrees of frost 
action. However, the plate bearing tests on the pavement surface, as 
summarized on Plate 34, indicate that the reduction of pavement support¬ 
ing capacity apparently is not influenced by the thickness of frozen 
subgrade. The in-place C.B.R. tests conducted during the frost melting 
period and normal periods indicate a reduction of the pavement supporting 

capacity during frost melting period. 

For the design of flexible pavements in areas where frost 
action is encountered, design curves as shown in Appendix A, Figure 4, 
Part XII, Chapter 4, Ad Interim Engineering Manual have been drawn based 
upon the reduced strength as indicated by the traffic tests, plate 

bearing tests, and C.B.R.. tests. 

f. EFFECT OF FROST ACTION ON RIGID PAVEMENT SUPPORTING CAPACITY. 

(1) TRUAX. At Truax Field, ice lens formations occurred 
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in the top four inches of the base and ice lenses adhered to the bottom 
of the pavement. No other :ce lens formation occurred in the base; 
however, numerous ice lenses formed in the subgrade at depths of 3.0 to 
4.7 feet. The pavement heave ranged from 0.08 foot to 0.12 foot in the 
traffic test areas. Results of traffic tests are shown in Table 7, sheet 
1. Traffic tests using 15,000 and 30,000-lb. wheel loads at 45 and lb 
coverages daily were conducted through the frost melting period from 7 
to 20 March 1945 inclusive. No failure was obtained with the 15,000-lb. 
wheel load; however, progressive cracking developed for the 30,000-lb. 
wheel load and the traffic test area C2 was considered failed. Pumping 
of water at the joints occurred m both these tests except during the 
last three days of traffic application. In traffic test area Cl, previ¬ 
ously tested with 15,000-lb. wheel load, a 30,000-lb. wheel load traffic 
test was conducted from 21 March to 3 April 1945, after the frost melting 
period. No failure occurred and no pumping of water at the joints occurred. 
The evaluation of the pavement during the normal period is 35 000-lb 
wheel load for runways, and 28,000-lb. wheel load for taxiways and apron.’ 
For purposes of analyses , it is assumed that average maximum daily 
plane traffic over taxiways and aprons is 15 and 45 coverages respectively. 

The pavement was satisfactory for 15 and 45 coverages of a 
15,000-lb. wheel load, failed under 45 daily coverages but did not fail 
under 15 daily coverages of the 30,000-lb. wheel load during the frost 
melting period. Directly after the frost melting period, the pavement 
did not fail under 15 and 45 daily coverages of 30,000-lb. wheel load. 
The failure of the pavement during the frost melting period under only 
14 daily coverages of the 30,000-lb. wheel load compared to the normal 
period evaluation for aprons of a 28,000-lb. wheel load indicates a 
reduction in pavemen* supporting capacity during the frost melting period. 
A reduction is also indicated since a 30,000-lb. wheel load was satisfac¬ 
tory directly after the frost melting period, although it is recognized 
that traffic was applied for a relatively few number of total coverages. 
The reduction in pavement supporting capacity is due directly to the ice 
lens formation in the top four inches of the gravel base as the ice lens 
formation in the subgrade was at a depth which is considered too great 
to be effective under a 30,000-lb. wheel load. Pumping of water through 
the joints and cracks carried out fines from the base beneath the pave¬ 
ment and undoubtedly resulted in a weakening of the subgrade support at 
these points. It is believed that pumping would not have occurred if the 
base had consisted of a nen-frost susceptible material. 

The plate bearing tests (rupture) conducted during the frost 
melting period with total load of 60,000 pounds did not crack the pave¬ 
ment at a maximum deflection of 0.16 inch. No observât ions for deflect ions 



under moving or static wheel loads were obtained during the traffic test. 
Plate bearing tests (subgrade modulus) were conducted only during the 

normal period. 

(2) PIERRE At Pierre Airfield, there was no ice lens 
formation in the base and practically none in the subgrade The heave 
ranging from zero to 0.02 foot was uniform. Results of traff,c,te^ a. 6 
shown in Table 7, Sheet 1. Traffic tests using 14,500 and 20,000-lb. 
wheel loads were conducted from 14 to 29 March 1945 which was directly 
after the end of the frost melting period. For each test daily coverages 
of 15 and 45 were applied. Additional tests of 178 dai1 y coverages were 
conducted using 14,500 and 25,000-lb. Wheel loads m traffic test areas 
R2 and R3 from 30 March to 4 April 1945. Total coverages for the addi¬ 
tional traffic tests were 1611 for traffic test area R2 and 1698 for R3. 
During the period 14 to 29 March, no failure was obtained with the 
14,500-lb. wheel load at both 15 and 45 daily coverages and the 25.000- 
lb! wheel load for 15 coverages, but failure did occur almost sta^ 
of traffic for 45 coverages. The additional concentrated traffic by 
14 500-lb. wheel load on traffic test areas R2 and R3 with increased 
daily coverages produced no failure but produced additional failure for 
the 25,000-1b. wheel load on traffic test area'R3. The evaluation of the 
runway pavement during the normal period is a 30,000 lb. wheel oa an 
for taxi way and aprons the evaluation is a 25,000-lb. wheel oa . 
failure is attributed primarily to pumping during traffic, resulting 
from the infiltration of surface water through the pavement joints, and 
not to frost action. This conclusion is substantiated by the rapi 
increase in pumping and cracking of the pavement following a rainfall. 

The plate bearing tests (rupture) conducted after the frost 
melting period caused failure in the pavement at total loads ranging 
from 72,000 to 90,000 pounds at deflection of 0.18 inch and 0.24 inc 
respectively. The deflections produced by the 25,000-lb. wheel load m 
traffic test area R3 where failure occurred under moving load was 0.052 

inch and for static load 0.003 inch. 

(3) WATERTOWN. The plate bearing tests (rupture) at 
Watertown Airfield indicated corner failure of the pavement with maximum 
load of 100,000 pounds at deflections of 0.18 inch, 0.32 inch and 0.35 
inch. These tests were conducted directly after the frost melting period 
and no tests were made during the normal period. - 

(4) DOW AND PRESQUE ISLE. Pavement bearing tests 
( rupture) »ere made only daring the frost melting periods at these 



airfields. Failure of the pavements was not obtained at Presque Isle 
and Dow Airfields at maximum load of 60,000 pounds for deflections 0.16 
and 0.19 inch respectively. The plate bearing test (subgrade modulus) 
was conducted at both airfields. At Presque Isle Airfield, the maximum 
ratio of normal to frost melting period load for 0.1 inch deflection for 
the subgrade modulus tests were 1.0 and 1.5 for two tests. 

(5) DOW (1944 TRAFFIC TESTS). At Dow Field, no ice 
formations occurred in base material during the winter of 1943 and 1944. 
Ice lenses were found throughout the subgrade and ranged from thin and 
infrequent near the upper limits of subgrade material to closely spaced 
and averaging 0.25 inch in thickness at the depth of frost penetration. 
The pavement heave ranged from O.3O to 0.70 foot in the traffic areas. 
Results of traffic tests are shown in sheet 2 of Table 7. Traffic tests, 
using wheel loads of 20.000 pounds on Test Area IV, 30,000 pounds on Test 
Areas VI, VII, and 4U.000 pounds on Area V, were conducted during and 
directly after the frost melting period, from 25 April to 9 May 1944. 
Test Area IV withstood 25 daily coverages of a 20,000-lb. wheel load for 
11 days and was not considered to have failed. Imminent failure occurred, 
due to excessive cracking after a few coverages of the 40,000-1b. wheel 
load on Test Area V. Traffic test area VI was considered to have failed 
at 13 daily coverages for 5 days with 30,000-lb. wheel load. A 30.000-lb. 
wheel load with 23O passes per day for 7 days caused only minor cracking 
on Test Area VII. Results of this test in Test Area VI I cannot be used 
in determining the pavement bearing capacity since it was performed on 
the thickened edge of the slab. Since pavement failed at 30,000-lb. wheel 
load and was satisfactory for 20,000-lb. wheel load at which the pavement 
was just adequate was between 20,000 and 30,000-lb. wheel load. The 
evaluation of the pavement is 32,000-lb. wheel load for taxiway and 
40,000-lb. wheel load for runway pavement during the normal period. A 
reduction in the bearing capacity of the pavement is indicated due to 
frost action. 

Two plate hearing tests (rupture) were conducted during the 
frost melting period and resulted in cracking of the pavement by loads 
of 60,000 and 48,000 pounds at deflections of 0.28 and 0.20 inch respec¬ 
tively. Another pair of rupture tests were conducted adjacent to these 
tests during the normal period and cracking occurred at loads of 76,000 
and 80,000 pounds with deflections of 0.21 and 0.18 inch respectively. 
Deflections of 0.1 inch were obtained during these tests by loads of 
50,000 pounds during the normal period and 28,000 pounds during the 
frcst melting period. The results of the plate bearing tests indicate 
a definite reduction in the pavement supporting capacity during or 



directly after the frost melting period. 

(t) SUMMARY. At Truax and at Dow Airfields, the traffic 
tests indicate a definite reduction in pavement supporting capacity due 
to frost action. At Pierre Airfield the results of traffic tests indicate 
that failure of the pavement was due to pumping resulting from infiltra- 
t ion of surface water and not frost action. The application of the 
traffic test results obtained at Truax Field to the establishment of 
design criteria is limited to the principal conclusion that a non-frost 
susceptible base material should be provided beneath concrete pavements. 
Such a base at Truax Field would be of three benefits (Ij eliminate the 
ice lenses which formed directly beneath the pavement, (2) provide a 
layer through which the water infiltrating through joints and cracks can 
be drained away, and (3) eliminate pumping under traffic. Likewise, the 
traffic tests at Pierre Airfield show clearly the necessity for a non¬ 
frost susceptible base course beneath concrete pavements to eliminate 
failures due to pumping. 

For the design of rigid pavements in areas where frost action 
is encountered, design curves as shown in Appendix A, Figure 5, Part 
XII, Chapter 4, Ad Interim Engineering Manual, have been drawn based upon 
the reduced strength as indicated by the traffic tests, rupture tests, 
and subgrade modulus tests. On Plate 35 are plotted the results of the 
subgrade modulus tests obtainedat Pierre, Presque Isie*, and Dow Airfields 
during the frost melting period. Curve "A" represents the trend of the 
tests. The test results have been superimposed on the design curves 
shown on Figure 5 of Appendix A. The type of subgrade soils at all of 
these airfields falls into group 3. It will be noted from Plate 35 that 
there is not a close agreement with Curve A and curve designated "3." 
The three design curves were purposely drawn to indicate conservative 
values for the subgrade modulus during the frost melting period. It is 
considered that the data available to date are exceedingly limited and 
do not necessarily indicate the most severe conditions that may occur 
during the frost melting period. 

8. DESIGN CRITERIA. 

Criteria have been formulated for the design of flexible and 
rigid pavements in areas subject to frost action. Appendix A of this 
report contains these criteria which are included in the Ad Interim 
Engineering Manual, Part XI I, Chapter 4. The method of design outlined 
in Chapter 4 is based upon the results of this investigation. However, 
Since the subject is complex and not readily suited to the establishment 
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of exact criteria, some of the statempnts are based upon previous exper¬ 
ience with frost action by the consultants and personnel associated with 
this investigation. The design procedure will be checked by additional 
investigations and revisions will be made as required. 

9. CONCLUSIONS. 

based upon the analyses of the data presented herein, Chapter 
4, Part XI I, Ad Interim Engineering Manual, "Frost Conditions," Airfield 
Pavement Design, is satisfactory for design of airfield pavements and 
evaluation of airfield pavements in areas subject to frost action. 

10. RECOMMENDATIONS. 

It is recommended that observations and tests for frost action 
be continued over a period of several years to investigate further the 
effect of frost action upon pavement supporting capacity, particularly 
with respect to rigid pavements. 
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or 

TB8T 

orrsiT 
(u P*H> BPIOtATIOB 

U) 

mmiAt WDW.Y1M rwr piatp 
TMfflf« In ln»lf 

tUM. 
or rm 
puts 

(!• Irctwa) 

-r 
O.r^ lash 

0*ri*oUnn 

TOTAL I CAD IK FOtlM 
nr 

0«K> laali 
r«n««tl«a 

0.?0 

Dafl••ti 

MT 27 
•W » 

6( Oat. I<.U 
IP April )9ii5 

iubçrf rit MaAulua U9A** 97 t af W aAga 
7) C af W aâga 

TlPPp 
«59P 

«. <o 
a. (c) 

»0 
S') 

»0,000 

12,000 
St,000* 
îll.000* 

60,000 
U7.000 

u> » 
nr S3 

» to*. 144 
U Arrll lots 

■.kçr.4< Mviv. »>*7 
* * 5W3 

1.7 t .f ■ 
3? t of » ..(• 

tlOSf 
SI5! SO 

SO 
12,000 
11,000 

21,000' 
21,(00' 

37,000 
U1.I 

m s» 
rr U. 

10 IprII ISl; 
12 t.rll lyl.5 

Pavèrent Puptvra 5P^0 
• • L&o Itf f of V atf|* 

7b t of * a4(a 
TP51»P 
TP55P 

7.P Cas. cw 
7.P Caa. caí 

A <c) 
A (c) 

A 
A 

55.000 
26,000 

53.000 
1*9.000 

- (o 
- (0 

m at 
Ptt 5t 
m Ut 
p*»r t5 
pvt to 

50 Oat. IVbb 
A April isb5 
5 »p 19b5 
» l«9 HA5 
1? .toaa 19b5 

rtf A 

nr tt 
rm ti 

■ o«. 19U. 
IS irrii ms 
I. mr Ms 
»• »» MS 

MS 12 

m it 
m hr 
rm 67 

rm 76 

27 Ort. 1966 
1» V'l >965 
5 »7 1^65 
25 B. MS 
15 M. M5 

• rm »1 
rm 61 
rm si 
717 65 
PW 72 

26 Or*. 1966 
17 trrtl MS 
6 »7 1965 

22.% 

TítPp 
TP77a 
TSOPa 
TP77a 

34* 

li 
5^ 
5^ 

6 (I). 26 (c> 
1.6 (»>. n (c) 
2.5 (»S. 26 (c 1^ (»5. »3 <c 
1> (»), 25 (c 

2251. 
T275. 

T2*b 

\i* 
6.0 
6.6 
6J. 
54. 

*.; (» 
SJ • 
Srf I» 
5.2 (• 
14 (I 

26 (0) 
26 (e 
26 (c) 
26 <c) 
23 (c) 

225». 
2*72. 

6.1 
6.1 
6.1 
6.1 
6.1 

14 (i), 25 (c) 
3.1 jij. 26 <c 
3.1 •). 26 <c 
3.1 (•). Mi (ci 
5.1 (»). 26 (c) 

2261. 
2253» 
226 S. 
2279. 
2*25. 

34 
34 
5.1 
54. 
5.1 

14 < •). *5 (e> 
24, (ij, 26 (e$ 
14. (.). 26 c| 
14 (i), «6 (c) 
14, (i), »6 (c) 

rm so 
222 6o 

£2 

6 »7 1965 
?6 »7 M5 
6 »7 1965 
• »7 M5 

22*67 

2266. 

IS 
LUI 
5«6 

«-«■ B*mmf PfT 1 
• PW 13 

»5 I 
13 I 

Wb3 
%. I A3 

b.O 
b.O 

Paaaap PW » 
• PW A 

»P 19ii3 
13 «api. 19U 

3.5 
3.5 

b3.ooo* 
IS,000* 
26,000 
26,000 
29.000 

- (0) 
A. 000 
Ul.000 
b3»0fiC 
51.000 

- (0 

- (0 
- (0; 

- (G 
- (C 

37.000 
19,000 
15.000 
26,000 
26,000 

60,000" 
35.000 
27,000* 
bb.000 
U..«* 

- (0 
60,000 
50,000 

* («I - (• 
11,000* 
21,000* 
19.000 
21.000 
23.000 

- (•) 
35.000 
33.000 
bl.ono 
I.1.000 

60,001 
57,00( 

A.ooo 
12,000 
11,000 
13.000 
19,000 

56,000* 
A.ooc 
21,000* 
31.000 
35.000 

- (1 
U5.00I 
37.001 
A.orx 
60,001 

7.500 
A.ooo 
A.ooc 
A.ooo 

12,000 
22,000 
23.500 
31.000 

1A.500 
32.500 
A.500 
55.000 

18,000 
A.ooo 

51.00* 
• (*) 

rm 5 
rm K 

27 »7 M3 
16 »7». 1965 

rm 31 
rm 60 
rm 5* 
72» 59 

3 «... 1966 
16 „rll M5 
7 mr M5 
16 »7 MS 

r 
í 

1 

7.500 
17,000 

13.000* 
30.000* 

25.000 
50.000 

»257. 
34 
54. 

2276. 
227*. 
2276. 

64 
2.5 
2.5 

2*2 J 
222 16 

tt mr M3 
16 MT*. M3 

rm 19 
rm 39 
722 55 
7»r 5* 
rm tí 

1 on. 1966 
16 tom MS 
a mr M5 
a. »7 Ms 
13 6>m Ms 

6*. pmm*r ' 6 
' 15 

27 »7 1963 
16 Mft. 1963 

rm )o 
rm 6) 
727 53 

rm 70 

t m. Ml. 
10 ».rll M5 
7 1*7 MS 
30 »7 1965 
13 6.0. 1963 

2209* 
2259. 

>4 
74 

<0.5 , of i 
60 ■ or j 
50 0 or j 
55 • or j 
57 a or j 

22*7. 
T2700 
22660 

6.0 
6.0 
64 
64 
64 

Otilo 
2256o 

34 
T4 

55.5 ■ of i 
<0 I of 
50 2 .2 j 
55 i »fj 
50 i #r j 

2*69o 

1*65o 
2S1U 

*.5 
34 
54. 
34 
5.6 

ror 23 
7*2 66 
70Î 69 
7*2 57 
7*2 75 

20 Ct. 1966 
It 67m MS 
5 1*7 MS 
?S »7 MS 
16 Jooo M5 P 

AA>c 12 f af . 
17.9 I af J 
P? S of J 
20 1 af < 
IS I of j 

T?92p 

2*07. 

64 
64 
64 
64 
64 

rm as 
rm 37 
rm 65 

rm 69 

29 o»t. 1914. 
16 tprll 1965 
3 »7 M5 
29 »7 1965 
12 JM 1965 

1! 

12 « af j 
17.5 w af j 
27 W af 1 
22 « af j 
27.5 * af ] 

T250p 
T27Sa 
T2É2p 
T278a 

3*6 
9.6 
9.6 
3.6 
3.6 

10.500 
15.000 

16,000 # 
31,000* 

32,000 
66,000 

19.000 
11,000 
12,000 
12,000 

33.000* 
19.000* 
23.000 
29.000 

57,000 
36.000 
bB.OOO 
60,000 

12,000 
»0,000 

le.ooo" 
33.000* 

29.000 
51.000 

20,009 
9.000 

11,000 
10,000 
19.000 

31.000* 
16,000* 
19.500 
A.OOO 
A.ooo 

UT.OOO 
26,000 
3b. 006 
96,000 
95.000 

15.000 
10,000 

22,000* 
A.ooo* 

96.000 
62,000 

27,000 
11,000 
16,000 
16,000 
20,000 

b5.ooo* 
»0,000* 
27.000 
90,000 
92.000 

- (0) 
90.000 
b6,0W 
52.000 
55.000 

DIPiaCTIOa IB I BCR 
i«t laaA 

I 20,000 LAB. 
10th Npatttli 

•AO 
•00b 

*05b 
•052 

.112 

.059 

.061 

.096 

.070 

.072 
••53 
.060 

.099 

.005 

.095 

.091 

BOTI81 

i4) 
(• 
(c) 
(d) 
(r 
(r i 
(•) 
• 

paawaaata ara fciti. 
Bltwaltiaua paaatrat 
Sané aatf Mr«ral. 
Dapth af fraat jrr»i 
Batlaatai 4apth *f ! 
Batía at 0^9* 4afl< 
Daflaattaa aat raar| 
Valúas usad te 





WAR DEPARTMENT 
r 

FROST INVESTIGATION 

DOW FIELD,BANGOR,Ml 

SUMMARY OF PAVEMENT BE* 

TEST TEST 
NO. 

nm TIPS 
Of 

TEST 

ST*110« OTTSET 
(lB fBBt) 

DEAREST 
EXT L0RAT10R 

(A) 

KATERIAl, UDIZRLTTRO TEST FUTE 
Thltltaaai In Iwhni 

-par- "sitawry 

PR 6i* 
PR 65 
PR 66 
PIT 67 

PR 28 
PR 3L 
PR 61 
PR 71 
PR 8} 

PR i<e 
PR 58 
PR 79 
PR 19 
PR 57 

PR 50 
PR 62 
PR 77 
PR 81 
PR 86 

PR 65 
PR 80 

PR 1*5 
PR 56 
PR 1*6 
PR 60 
PR 76 
PR 81* 

PR 59 
PR 75 
PR 85 

PR 52 

PR 75 

PR 1*7 
PR 70 
PR 72 
PR 87 

PR 51 
PR 68 
PR 78 
PR 82 

PR 5J 
PR 69 
PR 71 
PR 88 

50 mr. 191*5 
51 mr. 191*5 
2 April 191*5 
5 April 191*5 

15 April 191*1* 
25 Aug. 191*1* 
20 April 191*5 
15 April 191*5 

1» Juan 191*5 

28 sapt. 191*1* 
26 Mr. 191*5 
28 April 191*5 
29 Snpt. 19U* 
25 Mr. 191*5 

50 sept. 191*1* 
28 Mr. 1*4*5 
25 April 14,5 

2 Jum 191*5 
5 Ann 191*5 

29 Mr. 191*5 
29 April 191*5 

Mptur* 

tin 

21* S 
95 s 
21* S 
95 S 

22 S 
20 S 
52 S 
22 S 
17 • 

8 
O 

$ 

25 Srpt 
25 

19U, 
191*5 

26 Sapt. 191*1* 
27 Mr. 191*5 
21* April 191*5 

1* Jum 191*5 

27 Mr. 191*5 
25 April 191*5 

1* Juna 191*5 

2 Oat. 191*5 

25 April 191*5 

27 Sapt. 19U* 
6 April 191*5 

21 April 191*5 
5 Juaa 191*5 

1 Oat. 191*5 
1* April 191.5 

25 April 1*5 
2 Juaa 1*5 

2 Oct. 191*1* 
I* April 1*5 

25 April 1*5 
5 *ua 1*5 

52 
1*5 
50 
51 
59 

21 
12 
50 
16 
17 

125 
125 

21* 
21. 
21. 
10 
20 
17 

65 S 
65 S 
58 S 

50 s 

10 s 

Xjf 

«ï 

10/06 
10/05 
10/60 
10/60 

12A8 
«AS 
12/15 
12/75 

Sfi 
U/65 
U/55 

25 
10 
22 
17 

22 
Ut 
20 
16 

52 ( 
65 S 
65 S 
58 S 

T752p 
T755p 
T752p 
T755P 

T560p 
T57l*p 
T728p 
T87U 
T877a 

T598ap 
T727p 

• 
T655ap 
T726p 

T61.5P 
T750p 
T872a 

T729p 

T528p 
T721p 
T875a 
T712p 
T675a 

T751p 
Te7ea 
T876a 

T59Up 

T725a 

T560p 
■ 

T877a 

T6l*3p 
T872a 
TB75a 

T876a 
T759a 
T878a 

7.8 Caa. Caaa. 1J.8 
10.2 • • 1J.8 
- 15.8 
-15.8 

1*.3 1*2.5 
1*.3 1*2.5 
1.. 2 1*1.0 
I* .2 1*1 J* 
5.0 52.2 

1*^ 27.0 
1*.2 27.0 
1*.2 27.0 
5.6 21*.1 
1.2 25.0 

¡•6 50.0 
5*1* 27.2 
1*4 28.8 
lt.8 28.8 
U.8 26.8 

1*8 Pit. Surf. Traat. 18.6 
1.8 • • • 18.6 

1».2 1*0.0 
i«.a i*t*j* 
1.. 6 574* 
t*J* 1*1.2 
1».6 374, 
1*.6 574* 

54 U*.0 
5.0 1*5.0 
1*4 15.6 

1*4 14..0 

5.6 57.0 

US 1*2.5 
1.5 1*2.5 
5.0 52.» 
5.0 52.2 

1*.8 264* 
l*.8 28.8 
L4 25.8 
1*4 25.8 

1*4 1,5.8 
1*4 57.8 
5.0 1*5.0 
5.0 1*5.8 

Orarally flay 
Silty Clay 
Orarally Clay 
Silty Clay 

* 
2 



CORPS OF ENGINEERS .U S. ARMY 







T «T IBT 
AJtU RO. cm 

Ut »r. 19U5 
SU mr. 1915 
51 mr. 19U5 
15 Apr. 19U5 

lit Mtr. 19lt5 
SU Mr. 19lt5 
31 Mr. 19lt5 
15 Apr. 19U5 

25 Apr. 19U5 
21» Apr. 19U5 
25 Apr. 19/45 
26 Apr. 19U5 

23 Apr. 19it5 
2U Apr. I9U5 
2lt Apr. 19lt5 
26 Apr. 19U5 

13 Mr. 19U5 
22 Mr. 19lt5 
29 Mr. 19I45 
Ut Apr. 19lt5 

13 Mr. 19b5 
22 Mr. 19lt5 
31 Mr. I9lt5 
lit Apr. 19U5 

lit Mr. 19lt5 
23 Mr. 19b5 
31 Mr. 19it5 
lit Apr. 19lt5 

Ut Mr. 19U5 
23 Mr. 19lt5 
31 Mr. 19lt5 
Ut Apr. 19lt5 

13 Mr. \9lt5 
22 Mi. 19lt5 
30 Mr. 19li5 
12 Apr. 19lt5 

12 Mr. 191.5 
23 Mr. 19lt5 
30 Mr. I9U5 
12 Apr. 19lt5 

FROST INVESTIGAT 

PERRE AIRFIELD, PIERRE,SC 

SUMMARY OF PLATE BE 

or 
TUT 

5TAT10I 
LOCATIOH 

OfTSBT 
(Id Pm«) 

RKAREST 
KXPIORATIOR 

MATERIAL OTDULTIRO TUFT PI ATI 
TMakDCM In litohai 

PATOWT BASE SURGIU Df. 

£ 

« 

5it/06 tpron 
33^6 • 
33>Ç7 • 152' ’ 
33»46 • 167 

51'RE «f SR Kr» 
76' ‘ 

TP-30 

t 
» 
£ 

}U/^6 Apron 51* ■ 
3lt|¿6 • 76' *• 
31tyfe7 • 151’ • 
3Vfe6 • 176' • 

Subgrodo Modulu* 

On Booo 

’¿Ä 
38M • 

46' 
39' 

110* 

101 ■ 

Subgrodo Modulu* 

On Subgrodo 

Apron 26' • 
39' • 

no* • 
101' • 

PCC 
PCC 
PCC 
PCC 

or 
or 
or 
or 

CL 
CL 
CL 
CL 

TP-30 PCC 
PCC 
PCC 
PCC 

or 
or 
or 
or 

CL 
CL 
CL 
Cl 

TP-3C 
TP-UA 
TP-3S 
TP-30 

TP-3C 
TP-itA 
TP-3B 
TP-30 

10 or 
e or 

11 or 
ip or 

13 cun sr-ci tc 
6 CLl CM 

CL 
12 CHi CL 

13 citii ir-ene 
6 CLl CH 

CL 
12 CHi CL 

21/18 
to 

Sl/iB 
Tulnoy Ut 

28/61 
to 

2eyfe9 
Tu loop m 

20/U* 
to 

20/79 
Tutlwny Ut 

21/11 
to 

21/77 
Tnalwnjr fit 

2' Rt. of / 
mm m w 
mm mm 
mm mm 

1.5* Rt. of / 
m m m w 
m m m m 
m m m m 

uv 
m 

Rt. of 
• • 
» i» 

Lt. of 
« m 

Í 
m 
m 

i 

TP-2A 

m 

TP-2B 
• 
m 
m 

TP-2A 

m 

TP-2A 

6 BC • • 
• • 
m • 

6 BC 
• • 

1.5 BC • « 
• • 

• V 

1.5 K 
• • 
• • 
• • 

11 3P 
m m 
m m 
m m 

7 op 
• m 

12 OF 
m m 
m m 
m m 

12 OF 
• m 
m m 
m m 

CL 

CL 
m 

CL 

CL 
m 

25/OÍ! 
siAi 
sUÃt 
SU/V) 

«9/06 

15’ at. of / TF-SA 
?■ » • * ■ 
je • ■ • ■ 
1.5. 

It5' Rt. Of/ TP-3a 
b5' " • * TP-bB 
b6’ • • • • 
y,i • ■ • * 

8 or cl 
9 ci • 
8 or • 

11 or 

12 or cl 

PCC - Portland Caaant Coneroto 
BC - Bltunlnou* Cam rote 

OF ) 
CL ) 
CH j Caaagrend*'* Sell CUaeirieatlon* 

sr-c:) 





TWT TUT 
«m *o. cm 

m* 
or 

TEST 

STATION 
LOCATION 

19 Mar. 19iá^ favvMrt ruptor« • 10/)0 
2 Apr. 1¾¾ • • te 

19 Apr. 191*5 ' * - 10/70 

20 Mkr. 191*5 P«**iiact Ruptura • 10/)0 
2 Apr. 191*5 * • to 

19 Apr. 191*5 ’ ’ - 10/70 

21 Mar. I91;5 
It Apr. 191*5 

19 Apr. 191*5 

21 Mar. 191*5 
1* Apr. 191*5 

20 Apr. 191*5 

21 Mr. 191*5 
1* Apr. 191*5 
IS Apr. 191*5 

21 Mar. 191*5 
1* Apr. 191*5 

20 Apr. 191*5 

• l*/75 
U 

. 1*^5 

- 12/00 
u 

- 12,4.5 

- U/75 

- I*^J 
. 12/bo 

ta 
- 12^7 

FROST INVESTIGAT 
WATERTOWN AIRFIELD, WATERTO\ 

SUMMARY OF PLATE BE, 

OFTSET NEAREST 
(In Faat) EXPLORATION 

20 • Rt. af / TP-3A 
9 m W 9 

9 9 9 9 

20» It. of / TP-Ji 
9 9 9 w m 

9 9 9 9 9 

U5# u. of y TP-5A 
9 9 9 W 9 

9 9 9 9 

t. of y TP-3» 
9 9 W 9 

uy pt. of 
9 9 

9 9 

MATERIAL tWDWI TTNC TEST PLATE 
Thlckntaa Ir tnrhaa 

PAVTUENT EASE 

e pcc 22 SP-CL 

e rc 

5 w 

5 sc 

1.5 

1.5 

SIDGRALE 

01 

22 SF-Cl 

12 

1 

OL 

sr Ol-CL 

e sr sr-CL 

sr 01,-CL 

sr sr-ci 

A 
A 
A 

E 
B 
B 

B 
B 
B 

19 »r. 191*5 
19 Apr. 191*5 
19 Apr. 191*5 

20 »r. 191*5 
5 Apr. 191.5 

20 Apr. 191*5 

20 Mar. 191*5 
3 Apr. 1S4*5 

20 Apr. 191.5 

10/71 
10/É9 
10/)9 

59’ Rt. af £ TP-11 

39' it. af/ TP-2B 
39' " • ♦ 

UAi 
U/tó 
1./72 

20* Lt. af / TP-SA 
80' • • • a 
80* • • • a 

5 BC 
a a 
a a 

10/1*0 
10AB 
ioAS 

1*3' Nt. af / TP-2B 
IjJl • • * a 
JjJ. a a a a 

1.5 BC 
a a 
a a 

22 »P-CL OL 
• a • 
a a a 

s sr oi-ci 
• • • 

12 *T sr-CI 
• a • 

PCC - 
BC - 

sr ) 
SA-CL) 
OL ) 
OLaCL) 

Portland Caaant Cane rata 
hi tustnoua Conerata 

Laaapranda'a Soll Claaalfiaatirna 



5ST INVESTIGATION 

ELD, WATERTOWN,SOUTH DAKOTA 

PLATE BEARING TESTS 

THO TWT PUT* 
1r Inch»« 

SITtGRAM 

Ct 

-Cl 

01 

OL 

Ol-CL 

SP-CL 

01.-CL 

SP-Cl 

-CL OL 

OL-CI 

SP-Cl 

t Contrat« 
erot» 

'•oil C'sitlfiotlrr« 

MAP. 
OP TEST 
ruTP 

1 In Inch««) 

Tom load n poema* 

0.0$ Inch 
D«rl«etlob 

0.10 Inch 
''•'’Uet ion 

0.?0 Inch 
C«n«etlor. 

l/.xr 
?«>,oro 
Lt.noo 

Hi.w 
51,000 
1*2,000 

26,000 
57,000 
55.000 

21*,000 
27,000 
21,000 

e.ooc 
«¡,000 

11,000 

6,000 
6,000 
9,000 

60,000 
',l*,ooo 
77,000 

70,000 
62,000 
72.000 

i*e,ooo 
55.000 
57,000 

Lh.000 
1*5.0C0 
59,000 

15,000 
15.000 
21,000 

16,000 
16,000 
18,000 

91,000 

Pallur« 
95.000 

76,000 
80,000 
65,000 

77.000 
72.000 
61.,000 

51,000 
28,000 
1*0,0110 

5c,c»)o 
Ä,000 
51.000 

DafUetter Ir Irth«« • 100,000 lb. 

l«t. loth 
R«p«t)tlon 

.11*0 .165 

.191 .211* 

.160 .202 

D«n«etl«r In inch«« • 25,000 lb. 

l«t. 

.166 

.070 

.057 

.266 

.?55 
•2|*C 

10th 
R«p«tltl«a 

.255 

.066 

.097 

>3l»5 
.551* 
.585 

RA/. RATIO OP 
RORVAL TO FROST 
mtlRC TERIOD 
I CAD POR 0.1* 
DERI BCTIOR 

avo. mams 
OP PAVTORT 
PLUS BASE 

(P««t) 

MAX DEPTH THICntU 
op prost or Pican 
PIKETRAT10R SUBSRADt 

(P««t) fr««t) 

2.5 

2.5 

1.1 

1.1 

1.1 

l.l 

5J* 

5 A 

l*.6 

It.8 

U.': 

t*.6 

0.9 

0.9 

5.7 

5.7 

5.7 

5.7 

2.5 5.1* 0.9 

1.1 

1.) 

I* .8 

I* .6 

5.7 

5.7 

WATERTOWN AIRFIELD 

SUMMARY OF PLATE BEARING TESTS 

TABLE 5 



FROST INVESTIGATH 

TRUAX FIELD, MADISON, Vt 

SUMMARY OF PLATE BE> 

TIST TEST DATE 
UOA SO. 

TTTt 
or 

TIST 

A 
A 
A 

Pit 1 
FSE S 
PBS 5 

19 Oot. 19Ui 
20 tat. 1?U* 
29 U»r. 191.5 

■ PPE 1 
> PBE 2 
S PBS 9 
B PBS It 
B PBS Ç 
B PBB A 
• P* 7 
B PBS B 
B PBS 9 
B PBS 1C 
B PBS 11 

2Li Bov. 19U< 
29 Bov. 19Ui 
JO Bov. 
28 Bov. 19Ut 
1J Mr. 191.5 
16 Mr. 1565 
2) Mr. 15(,5 
25 Mr. 1965 
27 Mr. 1565 
)0 Mr. 1965 
2 Apr. 1965 

C 
C 
C 
C 
C 

BBC 1 16 Mr. 1965 
PBC 2 15 Mr. 1565 
BBC 5 17 Mr. 1965 
PBC 6 22 Mr. 1965 
PBC 5 22 Mr. 1965 

ot Svpturt 

C 
C 
C 
C 

PBS 1 2 Boo. 1966 Subfrodo Modulus 
PBS 2 6 Boo. 1966 * • 
PBS ) 7 Boo. 1966 * ■ 
PBS 6 15 Boo. 1566 * * 

STATIOK OrrSET 
LOCATlOb (1» Boot) 

0/76 B-V.TJU 11' 8 of/ 
■'AU E-W. • 12' B Of 7 
¿A2 S-M. ■ 6' B of £ 

KBAREST MATERIA! fPPERLTIKC TEST PIATE 
A3 PLORA TI OB TMsknooo la loe boo 

PATOIEBT 

Tr-6 
TP-2 
TP-2 

2.5 PC 
?.5 BC 
2.5 BC 

pave 

8 CR| 16 OP 
8 CR| 17 OP 
e cti 16 or 

StIPORADE 

22 CLi JÍ SP| Ct 
20 CLl 60 SFl CL 
20 CLl 6l SFl CL 

8/60 
8A0 

12/,2 
is*» 
12 As 

a IcfcTJ 

12/16 
12/12 
12/66 

B-S. • 
B-S. • 
B-S. • 
B-S. * 
B-S. • 

62' S of / 
62' b of ‘ r 
62' E of7 
66' « Of 7 
60* S of f 
6o* s of1r 
65' B of ? 
65* S of 7 
62' E of 7 
so* s of ' r 
so* b of1 r 

5¾ 
TP-10 
TP-7 
TP-10 
TP-10 
TP-10 
TP-10 
TP-10 
TP-10 
TP-iC 

2.5 BC 
2.5 BC 
2.5 pc 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 

20 CR 
26 CR 
19 fR 
26 CR 
19 CR 
19 CR 
15 CR 
19 ct 
19 CR 
19 CR 
19 CR 

22 OP 
20 CP 
2} CP 
2} OP 
23 OP 
25 OP 
2) or 
25 or 
2) or 
23 or 
2) or 

ci 
CL 
CL 
Cl 
CL 
Cl 
CL 
Cl 
CL 
CL 
CL 

i/0 Aproo 
2/> • 
2/ko • 
2/ío • 
i/00 • 

22' W of IE Bd|0 TP-1 
..TP-1 
12' ■ • • • TP-1 

160' • • • • TP-15 
160' • • • • tp-13 

7 FCC 
7 rcc 
7 pec 
7 rcc 
7 FCC 

62 OP CL 
62 OP CL 
62 OP CL 
68 OP CL 
66 or CL 

1/95 
i/le 
)A5 
MM 

..TT*1 
65' • • • • TP-2 

116' • ■ • • TP-5 
..TP/* 

Î? or cl 
5 op cl 

51 OP CL 
51 OP CL 

PBE 1 20 Oot. 1966 
PM 2 21 tat. 1966 
PEI ) 25 Mr. 1565 

PM 1 23 Rov. 1966 
m2 25 Rev. 1566 
PM ) 16 Mor. 1565 
PER 6 16 Mr. 1965 
m 5 27 Mr. 1965 
PBR 6 26 Mr. 1965 
FBR 7 27 Mr. 1565 
PBI 8 }] Mar. 1965 
m 9 3 Apr. 1965 

0^2 E-W.TAX 
2»47 E-W. • 
2/>0 B-W. • 

11' 8 of / 
12’ B of 7 
6' I of £ 

TP-6 
TP-2 
TP-2 

2.5 BC 
2.5 BC 
2.5 BC 

e CBl 16 OP 22 CLl 36 SP| CL 
8 CB| 16 Of 20 CLl 60 SPi CL 
8 cri 16 or 20 cli 6o sri cl 

8/»0 R-S.RWT 62' * Of / 
uAl B-S. • 66' w Of 7 
n/pi B-s. • 60' r or 7 
U/i6 B-S. * 60' E of 7 
12^5 B-8. • 65' I of 7 
12/16 B-C. • 65' I of 7 
12»^C K-e. • 62' I of 7 
12/f*0 R-S. • 50' E Of 7 
12/)5 B-S. • 50' B of £ 

TP-3 
TP-7 
TP-10 
TP-10 
TP-10 
TP-IC 
TP-10 
TP-10 
TP-10 

2.5 K 
2.5 1C 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 
2.5 BC 

20 CRi 22 OP CL 
26 CRi 2) OP CL 
15 CR| 23 OP CL 
19 Cli 2) OP CL 
19 CRi 2) OP CL 
19 CRi 23 or CL 
19 CRl 23 OP Cl 
19 CRl 23 OP Cl 
19 CRl 23 OP CL 

PCC - Portions Coaort Coneroto 
BC • Bltualnou« Concrot* 
CR • in,«hod Lock 

OP) 
LP) Cotogrtrdo'i Soil CU*«1 ft e«t Ion. 
CL) 



f 

\OST INVESTIGATION 

;IELD, MADISON, WISCONSIN 

F PLATE BEARING TESTS 

RLYIKO TEST PUTE 
I« In inchn* 

»«P. SOPOPASE 

SUM. 
OP TEST 

PUTE 
(In Inohnt) 

TOTAL LOAD !■ POO»» 

0.05 Inch 
SnfUetloB 

0.1) Inch 
Dnflnctlon 

0.?0 Inch 
D« flection 

MAX. RATIO OP 
NORMAL TO PROST 
MELT IRO PERIOD 
LOAD POR O.l* 
DEFLECTION 

AVO. THICKNESS 
OP PAVEMENT 
PLUS RASE 

(Pont) 

MU. DEPTH TRICKkJSS 
OP PtOST OP PROZEN 
PENETRATION Sl'BGRADB 

(Pont) (Pet) 

16 OP 
17 op 
16 CP 

CLl JP SP| CL 
?0 CI.| 1*0 SF| CL 
20 CLl 1*1 SP| CL 

22 OP CL 
20 OP CL 
2 J OP CL 
23 OP CL 
23 OP CL 
23 OP CL 
23 OP CL 
25 CP CL 
23 OP CL 
23 OP CL 
23 OP CL 

1*2 OP CL 
1*2 OP CL 
1*2 OP CL 
1*6 OP Cl 
1*0 OP CL 

59 OP CL 
1*5 OP CL 
51 OP CL 
31 OP CL 

I 
c3 

I 

I 
Ã 

I 

16 OP 
16 OP 
16 or 

22 CLl 36 SP| CL 
20 CLl 1*0 SPi CL 
20 CLi 1*0 SPi CL 

22 OP CL 
25 OP CL 
23 OP CL 
23 OP CL 
23 OP CL 
23 OF CL 
25 OP Cl 
25 OP CL 
23 OP CL 

irt Concret« 
me rete 

11 Cleeelfieet lone 

23.000 
22,000 
13,000 

27,000 
30,000 
31,000* 
30,000 
20,000 
H.ooo* 
19,000 
10,000 
21,000 
20,000 
13,000 

36,000 
36,000 
17,000 
27,000 
37.000 

10,000 
9.000 
6,000 
7.000 

Defleetli 

let. 
loed. 

•053 
.051 
.005 

.036 
•039 
.051* 
.055 
.061 
.066 
.d*3 
.063 
.079 

«■ In 

30.000 

1*0,000 
1*1,000 
1*7,000 
51.000 
1*9,000 
39.000 

52,000* 
20,000* 

26,000 
23.000 
27.000 
29.000 
31.000 
52,000 
23,000 

33.000 
l*t*.ooc 
56.000 

li».000 20,000 
1L.0C0 21,000 
11,000 17,000 
10,000 

iMknn • 20,000 lb. 

10th 
Repetition 

.077 

.075 

.11*3 

,C(*6 
.01*9 
.006 
.093 
.105 
.091* 
.062 
.002 
.129 

♦Vela«« uied to determine meiimun retío. 

1.6 
2.3 

3.9 

3.9 

1*.7 

1.6 

0.6 

2.2'• 
0.05* Defl. 3.7 1*.7 1.0 

lt.3 

lt.0 

1*.6 

t*.6 

0.3 

0.6 

2.5 3.9 1.6 

3.7 1*.7 l.o 

TRUAX FIELD 
SUMMARY OF PLATE BEARING TESTS 

TABLE 6 



FROST INVESTIGATIOí 
1944 - 1945 

SUMMARY OF TRAFFIC 7 

o 
-I 

K 

< 

TCST 

ARCA 

TRAFFIC TCST 

LOCATION 

STATION 
orrstT to 

tor TCST 
ANCA 

TYFC ANO 
THICRNCSS 
fINCHCS) 

o 
J 

» 
o 
o 

B I l-Y Ruimy 1*0' i. of / 
Hite to 
12(^0 

C I 1-» Iwv 1*0' 3. of / 
Ui&o to 

5/10 

B X t-K AMJ U0' ». or ^ 
12^0 to 
ivko 

C 2 •-* Ihoiooy 1*0' A of y 
Ll^O to 
5/10 

PAVCMCNT 

IMS FNOST HCAVC 

TYNC 
A A NOt 

(rccT) 

K 3.¾ Ooirora 0.2 to 0.35) 27.5 « Cryotolo 
Throughout 

K 5.5 0.1 to 0.15 

BC 3.5 do 0.25 to 0J0 

BC 5.5 do 0.0« to 0.15 

AASC 

CASAGfUNOC 
CLASS AND 
THICKNESS 
CINCHES) 

ICE 

FOR¬ 
MATIONS 

K OR CBR 
(IN W.ACE) 

MIC 
1SASC 

THICK 
kiNocs)| 

37.5 <M 4» 

25.5 <m », 

U*.5 Of 

Ul 

29. 

I*. 

SUB6RA0C 

CASA- 
CNANDC 
CLASS 

ICC 
fon¬ 

dations 

K ON CBR 

m v«) Ft 
¡¡BmO 
»C»PO I 

»MIT 
I MCLT I 
fMIBt 

CL VuMreua 9 3 
Lobbob 

Cl do i 3 

3 3 

* 3 

EVALUATION 
(NORMAL FCRIOO) 

RUNWAY 

WHCCL LOAD 
(POUNDS) 

TAX (WAY 

WHCCL LO) 

CPOUAOS) 

60,000 / 60,000 / 

60,000 / 60,000 / 

60,000 / 60,000 / 

60,000 / 60,000 / 

« 
< 
3 

B I 

B 2 

t-s n<um*r io 
¡2/00 w 
i3)Ao 

l or/ BC 2.5 

V-S HUTU«/ 16'II, 
12(4)0 to 

iSrAo 

0,01 to 0,03 

0.01 to 0.03 

20,5 Cr. Let roo Cryotolo 35 
28.0 or roo Soir 1100 
Sub-bBBB iBOBBS la 

• ub^bBBB 

3i 

51- 

30,000 (c) 

30,000 (c) 

30,000 (c) 

»0.000 (c' 

K 

< 
3 
K 
3- 

T I 

■ T 4 

3 T 5 

V T 8 

I T 9 

T II 

T 12 

T 2 

T 3 

T S 

T T 

T 10 

Tooiooy l 
(n/o to 1*0' n. or / 

2340) 
(22(¾ to 1*0' 4. or « 

2>/50) 
I2.(ii to 1*0' ». of / 

) 
to lo1 L or V 

*tFS5; 
i r to 1*0' », or 4 

32(^71 
3^o to 1*0' it of / 

32/oc; 

Toilooy 1, 
1.2/0C. to 

• :A7) 
(22((0() to 

23/5°) 
(26/75 to 

2(^) 
26/75 to 

2Sf*b) 
:30/0 to 

32/C'i 

15’ «■ ol / 

15'L or / 

15's or / 

15's. or / 

15' s. or / 

BC 1.5 

•c 1.5 

tc 1.5 

BC 1.5 

re 1.5 

»: 1.5 

BC 1.5 

BC 5.5 

BC 5.5 

Be 5.5 

sc 5.5 

re 5.5 

'oneta- »0.01 to 0.06 
trBtBd 

do -0.01to0.re 

do 

do 

do 

do 

do 

Subol- 
donoo 

i n 
oontor 
of 

pBfO» 
■oat 

-0.01 to 0.03 

-0.01 toO.OP 

do 

do 

do 

0.02 to04' 

-0.01 toOwO 

•0.01 toO.O 

^).01 to -0.0? 

12 r.r 

do 

do 

Uo 

do 

do 

do 

8 OF 

do 

do 

do 

do 

Mono 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

21* 

do 

do 

do 

do 

13.5 

do 

do 

do 

do 

13.5 

CL 

do 

do 

do 

do 

do 

do 

V.ry too lit 

do 

do 

do 

do 

Tory fow 

do 

do 

do 

do 

do 

do 

do 

do 

1Í4 

do 

do 

do 

do 

12 

do 

do 

do 

do 

15.000 (D) 

do 

do 

do 

do 

36,000 

de 

do 

15.000 (D) 

do 

do 

do 

do 

do 

do 

» ,000 

do 

do 

C I 

C 2 

Rl 

R2 

RS 

R4 

R2 

RS 

Aproa 
3/00 to 5V WW ol 

SE tdgo 

Apron 
3/cu to no* m of 

4¿>c St #<1(0 

25’ W of 
3» od(0 

Apron 
to 

35(4») 
36/C t4 

36 A», 
M»2(4 t» 125' n of 

56/00, 
( 36/So to 

36/00) 
;)6/o to 

)6/00) 

9* od|o 

do 
25- n of 
SW Bdgo 

KC 6 (») 

FCC 6 (4) 

PCC 7 (B) 

do 

do 
ilo 

(33^0 to 123' I* Of 
53/00) JW BJf« 

Uni fora O.OftoO.12 

On 1 for* 1.08 to 0.12 

Unlfora 0.01 toOs'Ä 

do 0.00 to 06 02 

do 0.00 to&Ol 

do do 
do 0.» to 'VR 

do 0.00 uaoi 

36 or 

U« OF 

9 or 

do 

do 

do 
do 

lea lBi«»ia 
adhorad to 
botton of 
slob 

250 

■ooa 

do 

do 

do 
do 

230 

do 

do 

do 
do 

U40 

do 
do 

4£ 

51, 

16 

do 

do 

CL tuarrouo 
?•rsss 

CL tt.iMroua 
1 antaa 

Tory tow 

do 

do 

do 

35.000 

3r,ooo 

30,000 

do 

do 

do 

4e 

2T ,'JOO 

2e,oor. 

25,000 

do 
do 

(A) P.lIiitAL srt»3?ll OF CM 
CMCBETI B65 UB./Jh.IB. 

(id mi'-xAi. üron'ir' cr cm 
CMBITI rr lbs..'SI. IB. 

(c! BTALMATTOB CCTPOLLII BT 2.5’ 
nnciras op p»vbsr. 

(o) mimrio» cr nr boi lid bt i 
nucnr.s or ptvtimrr. 



5ST INVESTIGATION 
' 1944-1945 

)F TRAFFIC TEST DATA 

EVALUATION 
(NORMAL PERIOD) 

RUNWAY 

WHEEL LOAD 
(POUNDS ) 

TAXIWAY 

WHEEL LOAD 
(POWtoS) 

60,000 / 

60,000 / 

60,000 / 

60,000 )/ 

60,000 »( 60,000 / 

60,000 4 60,000 / 

50,000 (0 ) 50,000 (C) 

50,000 (c) 50,000 (c) 

FROST 
PENE¬ 

TRATION 
(FEET) 

1.5 

5.1 

U5 

5.1 

L.7 

L.7 

PLATE BEARING TESTS 

REPEATING 

LOAD RATCS<E> 

■* LOAD >0*00*0 

STATIC 

LOAD RATOS«) 

0.77 

0.B5 

0.65 

0.66 

0,76 

1.5 

1.7 

1.6 

0.52 2.2 • 
(0.05* D»n.) 

0.6? 0.5 

TRAFFIC TESTS 

TEST 
PE ROO 

„ aa 

IDLE 
RCA *00 

APRAOX. PERIOD OF 

FROST MClTlNCOMaJ WHEEL LOAD 

(POUNDS) 

NUMBER OF 

DAILV 

REMARKS 

2 to 20 10 k 10 IS Ukrch 2 Afri 1 
Arm April 

2 to 20 10 A IS 1*. Moroh 10 April 
April April 

1 April 1* »roh 2 April 

1 to 20 $,8 toll, 15 »roh 10 April 
April 16 snd 19 

April 

10,000 

1*0,ooo«* 

1*0,000 
1*0,000 

60,000*p 

60,000 
60,000 

15 
1*5 

15 
1*5 

272 Floilag BtortBO at lé aororopo«, mp 
521* «racking started at 51* «ocoragoa, 

rutting 4oralopo4 aftar t*oo ooooragoa. 

272 
61*0 

Flailag, mttlog, ord mp aroaHng. 
Toat atoppod aftor 1 lop. Vortical 
d«for*atIon« foraod 0.09 to 0.26 foot. 

15 
U5 

166 
5* 

12 »roh* 16,21,25 It March 20 March 
3 April March and 

1 April 

12 March 20 March 

69,000 
60,000«« 

30,000 
30,000 

15 
15 

237 
710 

final cortisol defonaottoo \»<f to 
lc5*p 

15 U*o 
1*5 1*20 

15.000 (D) 

do 

do 

do 

do 

do 

do 

>6,000 

do 

1o 

do 

<1o 

15,000 (!>) 

» ,:oo 

do 

do 

2,1 () fab.) 

do 

do 

do 

do 

2.1 (3 fob. 

do 

i tóate 

Io durlog 

ici period. 

13 U 29 
Ma roh 

13 March 

13 to 25 
March 

17 to 29 
March 

do 

30 Itoroh - 
1 April 

13 to 20 
March 

13 to ?9 
March 

17 to 29 
March 

5 March 15 Han 

do do 

¿0 do 

do do 

5 »roh 15 »roh 

do do 

li*,5<X»» 

25,000«« 

114,500«« 

25.000«« 

7,oòo«« 

7.000« 
25.000«* 

25,000^ 

U*.5O0 

25,000 

u*c500 

7.000 

15 

u 

36 

15 

1*5 

15 

15 

U5 

15 

15 

U5 

1*5 

21* 

1*2 

36 

168 

*21* 

208 

1*2 

200 

21*8 

22É» 

7*0 

Shoulder pooowMt auffarod i 
d'etre«« under oil leadtag • 

Caoeld«rebla flosing of pocooool 
«urface under rol Hag cbool loada. 

35,OU) 

y »vio 

30,000 

do 

do 

do 
de 

do 

2f ,'h)0 

2e,oor 

25,fXK) 

do 
do 

1*.7 

L.7 

3.5 

do 

do 

do 
do 

do 

7 tc 20 
M«rob 

21 Marsh - 
3 April 

7 to 20 
Mar oh 

1** to 29 
March 

do 

30 i»roh- 
1* April 

1 April 

12 »roh 

IP March 

iO March 

re uarea 

12 »rch 20 Mar oh 

5 »roh 15 »roh 

do do 

15,000 
15,000 
30,300 
30,000 

30,000 
10.00C«« 

L*,500 

11**500 

25.000«« 

25.000 
11.500 

25,001 •• 

15 
1*5 
15 
1*5 

15 
It' 

15 

1*5 

1*5 

15 
178 

178 

210 
630 
2¾ 
505 

162 
1.05 

21*0 

7*0 

*13 

270 
1611 

Motor punping at all Jotota after 
1*5 ceoaregee. Batana!ve aractlag 
aftar 315 cooorag««. Trofft« dls- 
’«nt Inuod l •'saut« of tmcloaot poso» 
■oat fall««. 

•oser« «racking aftor 2 d«jro trafflo. 

feiler« du« to punplag rooultlag 
fr«, Inflltrotloa of «urfno« ontor, 
through pasene at Jointe. 

' miUATIOM CCMTROLIHD FT 2.5* 
ffilCIIBt Of rAVBBVT. 

D mil AT 10» confia LID BY 1.^ 
TBicKiBs or ravnnipr. 

(!) RAT TC Cf DE'LBCTIO» OF TSST 
PUT! DIH IMG rwioD TO 
nooT mutuo rnioo Am« ap- 
FU CAT I CM Of 20,V50 P<T«D IOAD 

IF) AATTC or LOAD DíllIIG *rVMA1 
rt«I0D TO FROST »PITIMO PBIIOD 
TRAT FFOrOTED 0,1* OFFLICTIO» 

_be iLT ricin»_ 

•«me LOAD rtewe® :i»»:fr»T fa' 
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ROST INVESTIGATION 
IM4-I94S 

OF TRAFFIC TEST DATA 
DOW FIELD 1944 

EVALUATION 
CNOAMAL ACWIOO) 

PIHWAY 
WHtlL LOAD 

(POUND* > 

60,000 / 

i.0.000 

1.0,0 

Uo.ooo 

1.0,000 

TAX (WAY 
WHttL LOAD 

( POUND») 

60,000 / 60,000 / 

60,000 / 60,000 / 

60,000 / 60.000 4 

MOST 
PENE¬ 

TRATION 
CPEETJ 

60,000 / 

)0,0 

lî.ooo 

»,000 

».000 

L.o 

L.o 

U.o 

U.t 

k.l 

k.l 

k.l 

k.l 

PLATE REARIN6 TESTS 

Ml PC AT INC 
LOAD PATO»(A> 

■“lOAO I0*00A6 
*tatic 

LOAD RATOS (B) 

'.kO O.M 

traffic tests 

TtST 

PC ROD 

JH&m 

•OLE 

RCRIOO 

ARRROX. RCRIOO OF 

FROST MiLTlHC 0»4ai WHEEL LOAD 

(FOUNDS) 

MUM 

COMI 

KR OF 

*A0C* 
APrito* 

OAILP 
TO TIM. 

REMARKS 

OJ*0 0.J9 

1.5 

1.9 

U) UfIC 09 OVLRrtlOa OF TUT 
FUÎI Dwr»c K>n«ü fnioo to 
raorr imTivo roioo urm 
ATFlICATIoa or 2r,ncc II. LOAD. 

I (I) RATIO 09 LOAD 011110 
rnior TO FROST «itirg ptfioc 
TIAT FROCLC® e.)- Dt)LKT I0V 
CF TUT FLAT». 

5 to ¿2 
AfH 1 

b U 22 
April 

6 t» U» 
April 

11 April 
*• 5 My 

28 Hsrch 81 April fO#OOCM L yj 

28 mrnh 2\ April »0,000 *0 **) 

28 HRmh 81 April 8D.OOC U, y# 

16 April 
16 April 
»5 April 
26 April 
30 April 

8? Marsh 81 April 10,000p* 965 Fining M ) pprtlw« nf 
tori sms altor a to 
ajralaa. 

»5 April 
ta 5 top 

27 April 

30 Aprl 1 
to l toy 

3 ta V toy 

28 March 16 April 8:,-)00 *25 

28 tor-li 16 April Lo.OOOpp 

28 torch 16 April 

2L torch 16 April 30,01 60-100 
pasaaa 

76 

1610 
l«aaaa 

Tpi*i llaaaritassaA aftor 
ac P Aay tip to «>••••!«• 
ornrblac. :rtok*rg atari* 
a» toa ucppragaa. 

Ctoabla« AnalppaA aftor 
aaa eavarsfa. Testa ttap- 
paA to to aaaaaalva tranla 

B|«ilpMat tra«to4 Nmmré 
•«A ranra# far 1,0 to« 
largth af | 
aI dato to | 

. LOAD PRODUCID UMTVVT FAI! ^n. 

» 
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DATA SHOWING INFLUENC 
OF 

WATER ON FROST ACTIO* 



SHOWING INFLUENCE 
OF 

R ON FROST ACTION 
1944 - 1945 

WATER CONTENT OF 
FROST SUSCEPTIBLE 

SUBGRADE 

.FALL. WINTER 

ATTERBERG LIMITS 

LIQUID LIMIT PLASTIC LIMIT 

PERCENT SATURATION 
OF 

FROST SUSCEPTIBLE 
SOIL PRIOR TO 

FREEZING 

SUgQRAQC 

PRECIPITATION 
DURING 3 MONTHS 

PRIOR TO START 
OF FREEZING 

(INCHES) 
NORMAL 1944 

SOURCE OF WATER 
FOR FROST ACTION 

16.1% 

15.7% 

17.6 W 

U.7<»ir 

17.9% 

1L.8 0C 

29% 

29 OC 

21% 

21% 

09 

09 

iii.7 or, 
e.5 % 

30-55 or 
56-30 X 

22 or 

26 or 
10-1} <K 

18 or 

100 

100 

10 

10 lit 

Fro» ««tar tabla 

FTob «atar tabla 

17 

17 

Fra. «atar tabla 

tram «atar tabla 

25.1 et 

22.0CL 

25.7CL 

51.1CL 

19.5CL 

2ç-}6 CL 
19-21 % 

29-36 cl 

29-56 CL 

17 CL 
17 X 

17 CL 

17 CL 

100 

100 

1) 

11 

11 

16 

16 

16 

Fraat «atar tabla 

«atar t ila 

Frai «atar tabla 

3.3 8F 
11.9 8F 

21.ICI 

23.5«! 

20CL 

15.1CL 

lit.1 CL 

lUt 8F-CL 
6-e sr 

6.2 SF-CL 
3.5 SP 

lit .6 SF-CL 
23 OL-CL 

lit.] CF-Ct. 
22.1 OL-CL 

1.2 SP 
17 8F 15 8F 

Non Flaatla 
20 

100 

27CL 

27CL 

30CL 

lt3 CL 

19-30 or 
Ut CL 

19-30 or 
38 CL 

2} CL 

17-21 or 
2lt CL 

17-21 GF 
20 CL 

97 

100 

90 

lit.? CL 

13.3 CL 

36-1.2 CL 

3lt4i5 cl 

20 CL 

18-20 CL 

65 

57 

9.6 SF-CL 
8.5 SF 

7.» SF-CL 
5.0 sp 

15-29 sr-cL 
17-20 sr 

15-29 SF-CL 

13-16 SF-CL 
iit-15 sr 

13-IP 3F-CL 

50 

Uo 

1Ï.6 SF-CL 
1C.1 CL-CL 

13.it SF-CL 
6.1t OL-CL 

}2-}fc SF-CL 
32-5C OL-CL 

52-38 SF-C1. 
30-ít3 CL-CL 

20-2it SF-CL 
20-32 OL-CL 

20-11 SF-CL 

18-27 OL-CL 

78 
67 

61 
65 

18 Froai aall underlying 
fraatlng aall 

Fr» «atar tabla 

Frai «atar tabla 

Fr» «atar tabla 

2Jt 

2 J. 

UJt 

U Jt 

2.85 

2.85 

2.5 

2.5 

Inflltratlaa thraugh oreaba 
lu par—mt and through 
pavanant adgaa 

Saca aa abava 

ItJt 

lt.li 

lt.0 

it.C 

Inflltratlaa fi» paraMnt 
adgaa and fran «atar tabla 

1C^ CL-SF 
26.7 OH-CH 

1C al; CL-3F 
7J. OH-CK 

}0 CL-SF 
63 PH-v.h 
75-80 CS 

18 CL-5F 
33 CH-CH 
JP CH 

92 
100 
92 

3.7 3.5 Trm aatar tabla 

16.8 CL-1C 18.1 CL-ld. 1P-1S SC 
2lt-3: cî-ia. 

It X 
17-22 CL-ia. 

1<9 2.6 3.0 Parchad aatar tabla 
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DATA SHOWING INFLUEN 
OF 

WATER ON FROST ACTIO 
1944 - 1945 

AIRFIELD 

DOW 
FIELD 

(1943-44) 

TEST 
AREA 

IJE 

m-w 

ICE LENSES OBSERVED 

IN BASE 

Non« 

Non« 

IN SUBGRADE 

Pew thin lenses near top 
closeljr spaced averaging 
i " st frost line. 

Fev thin lenses near top 
closely spaced averaging 
é” st frost line. 

None Few thin lenses nesr top* 
closely spaced averaging 
é* st frost 1Ids. 

PAVEMENT 
HEAVE 

(FEET) 

AVERAGE 

. 1R 

.10 

.45 

RANGE 

.1 0-.40 

.08-.20 

. 30-. 70 

DEPTH TO 
GROUND 
WATER 

IN WINTER 
CFEET) 

2-0 

2-0 

WATER CONTENT OF 
FROST SUSCEPTIBLE 

SUBGRADE 

fall 

29 CL 

19 CL 

WINTER 

31 CL 

20 CL 

SIOUX FALLS 

Sa*ll widely dispertad 
l«BS«w-and crystals 

P«w snail wldaly disparase 
laasas 

.00 .03-.12 •-« 
24 CL 
31 CH 

2* CL 
31 CH 

K o observations No observât loas .00 .07-.10 32 CH 

FAIRMONT 
Nom None .03 .01-.05 Below M 20 CL 

as ch 

32 CL 
27 CL I Nr I 
2« CH INF) 

None Nom .01 .00-.00 12 

GREAT BEND is sr-CL 
is CL-sr 

17 CL 

17 CL-sr i Nr i 

19 CL I Nr I 

GARDEN 
CITY 

None Nom .01 .01-.03 Below 90 1« CL 
19 CH 

16 CH-CL 

PRATT 
None None .01 .00-.Of Below 00 19 CL 

21 CH 
10 Cl. 
23 CH 



HOWING INFLUENCE 
OF 

ON FROST ACTION 
*044 - 1945 

WATER CC 
FROST SU 

SUBÍ 

ÍNTENT OF 
SCE RTIBLE 
»RADE 

ATTERBERG LIMITS 

PERCENT SATURATION 
OP 

FROST SUSCEPTIBLE 
SOIL PRIOR TO 

FREEZING 

PRECIPITATION 
DURING S MONTHS 

PRIOR TO START 
OF FREEZING 

(INCHES) 

SOURCE OF WATER 
FOR FROST ACTION 

FALL WINTER LIQUID LIMIT PLASTIC LIMIT SUBGRAOE NORMAL 1944 

29 CL 

1« CL 

31 CL 

28 CL 

*nn 'Ivstlc 
29-36 CL 

OW Non-PUatic 
19-36 CL 

09 Non-PUatic 
29-36 CL 

18-19 CL 

18-19 CL 

18-19 CL 

SB 

•B 

11. B 

11.« 

ii.a 

IB.4 

IS.4 

IS. 4 

H.t.r T.bl. 

H.t.r T.kl. 

H.l.r T.bl. 

*4 CL 
31 CM 

32 CM 

22 CL 
31 CH 

23 OC 
39-46 CL 
ao-sa ch 

62 CH 

It OC 
S1-23 CL 

28 CH 

31 CH 

82 
82 

S.B 

B.8 

4.1 

4.1 

H.t.r T.bl. wi4 Infiltra¬ 
tion 

H.t.r T.bl. .nd Infiltra¬ 
tion 

28 CL 

23 CM 

32 CL 
at cl mn 
28 CH IMP) 

42-60 CL 

82-73 CH 

23 CL 

24-80 CH 

•0 

7a 

e.s 4.0 Infi1 trat ion 

is ar-CL 
13 cuar 

It CL 

It CUSP ( HP 1 

18 CL |NP| 

ia-2i aw 
31 SP.CL 

te_8t cusp 
20-22 BP 
30-41 CL 

18-18 SW 
IS BP-CL 

18-11 CUSP 
14-19 BP 
17-21 CL 

76 
95 

67 

8.3 3.9 ¿atar Tabla and Infiltra¬ 
tion 

is cl 
ia cm 

IS CH-CL - 

29-38 CL 
83 CM 

4t CH-CL 
21 SC 

88-St BP-CL 

IS CL 
23 CH 

SS CH-CL 
1« SC 

18 BP-CL 

te 
SB 
80 

4.1 2.6 

* 

Inf11 trat ion 

19 CL 
î*l CH 

19 Cl. 
S»3 CH 

37-41 CL 
49-86 CH 

22-26 82-CL 

1S-20 CL 
20-23 CH 

lt-la BP-CL 

91 
69 

6.3 S.4 Infi1 trat Ion 
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WAR DEPARTMENT 

TYPICAL 
LOG 

GRADATION OF MATERIALS 
DEGREE DAY 

DIAGRAM 
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CORPS OF Ef 

-j— / 

r 
1944 -1945 

IV 0€C JAN.reB.MAR. 

944  1945—^ 

SNOWFALL 

>944 -194. K 

/ 

— 
1944 
--- 
-I945n 

/ . 
1 

- -+ 

FIG.5 

GROUND WATER 
TABLE 

PAVEMENT 
HEAVE 

BELOW 6 FT 

j 

DEPTH 

- 

0.8 

0 7 

0.6 

0.5 

0.4 

0.3 

0.2 

01 

0.0 

-0.1 

1 

Jl- 

V. DCC JANTEB MAR 
344 —IQ46* —H 

rr 
__ 

BELOW FT 

Y 

depth 

—1 _ _ 
NOV OCC JAN rCB.MAA APRJ4AY 
k-1944 -f-1945 —H 

ICE 
SEGREGATION 

DENSITY WATER 
CONTENT 

IN PLACE 
C.B.R. 

SUBSURFACE 
TEMPERATURES 

FEW 

crystals 

LENSES 

// FROM TO 

// HAIRLINE 

5 V / thickness. 
NOT IN 

HORIZONTAL 

LAYERS 

-t—"r"i 
BASE GW K)0 

SUB. GC 69 

13 
na 

f g . • o • • 

EZZ 7777. 

NOT 

u « 
iL— 

7- —1 
£- -- BASE GW 67 3 

FROZE 

E3 Í¿L SUB. GC 66 ~n A. i 
Y? 7?, SUS. GC 89 ‘y '/] 

—r~ 
BASE GW 54 

SUB. GC 72 

3 
22 ] 

r • * 

ér' y, 
140 120 100 60 

DRY WEIGHT LBS. PER CU.FT. 
0 10 20 30 

7« DRY WEIGHT 

■5 
V 

FEW 

CRYSTALS 

LENSES 
FROM ^ TO 

HAIRLINE 

THICKNESS. 
NOT IN 

F.P. HORIZONTAL ^ 

layers 

O 
• • 

tj ¿Z ¿¿ 

BASE GW 61 

SUB. GC 69 

7t- 

c 'AM" T 

NOT PROZENT7- 

+H- 
àzzzzz 

'•13 

13 

7]b.%S£ OW 67 3 

SUB. GC 88 

SUB. GC 64 TTTI 

BASE GW 60 

SUB. GC 94 

3 

rO 

l.|*2 

Z 

z 
H 
& 

■3 
// 

/ 

// 

NO 
OBSER¬ 
VATIONS 

Uuj 
û. a 

-»-""4 . » 

BZZZ 
NOT FROZEN/^ Z7) SUB. GC *(ZZZ 

SUB. GC 94 3 

fé 
■ * «F P « •4 — 

LENSES AND ; 

CRYSTALS * 

FROM 0 6' TO 

2 CANO 3 5 TO, 

4.0'. LENSES i 
fTO I 

HAIRLINE I 

THICKNESS I 

3ZS2 
T" 

SOIL CEM. OO ¿ 

SUB. OF OC 2Z3| 

ZZZ&Z'- 
I, y/z/z 43^2 

140 120 100 6 0 
DRY WEIGHT L0S.PER CU.FT 

0 10 20 30 
•f. DRY WEIGHT 

60 

SO 

40 

30 

20 

10 

0 

60 

SO 

40 

30 

20 

10 

0 
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î ? : 

r :: 
i/ 

' -O 4 4 ¡U*- 
T ?iH- 
txAÎ 
1| 

1 
n 

_l_ 

NO OBSERVATIONS 

r 
L. 

DEC JAN.FCaMAR>®R. 

I944f*-1945 - -A 

FIG.II 

FIG.7 F IG.8 FIG.9 
il V 

normal melt. 

FIG.IO 

FROST INV 

1944 

SUMMARY 

BOSTON 
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HOULTON 

FROST EFFECTS LABORATC* 



CORPS OF ENGINEERS. U. S. ARMY 

PAVEMENT 

HEAVE 
ICE 

SEGREGATION 
DENSITY 

M ATERI AL- 

oe 

07 

0.6 

DS 

9 4 

0.3 

0.2 

0.1 

0.0 

0.1 

3.6 

3.7 

06 

35 

3.4 

33 

0.2 

0.1 

DO 

O.l 

0.6 

0.7 

0.6 

0 5 

04 

03 

0.2 

0.1 

0.0 

o.l 

06 

0 7 

06 

05 

04 

03 

02 

0 I 

00 

-O.l 

—!— 

• 

INAPPUCABLT 

A 
-F.P 

FEW 

crystals 

LENSES 

FROM Y TO 
UAim IMP 

THICKNESS. 

rr.. NOT IN 
-'“71 HORIZONTAL 

layers 

FEW 

CRYSTALS 

rzzi Tr 
¿X-í 

BASE GW 100 

SUB. GC 8! 

C 
EZI 

NOT rBOZEN-tV/// TT. 

WATER 
CONTENT 

i—i r r° saturation 

IN PLACE 
C.B.R. 

SUBSURFACE 
TEMPERATURES 

13 

3 

SUB. GC 89 

BASE GW 67 

SUB. GC 86 

BASE GW 54 
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3 
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3 
-r-i 

7 
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II 
ft U 
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H 
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3 
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-H4- 

-4- 
I 
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FIG.7 

FP 
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22 
=3 FROZENE’f 2 

M
E

L
T

IN
G
 

1 
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I
 

,. 
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9 
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* 
u. 

o 
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5 
3Í,_ 
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DRV WEIGHT L89.PER CU.FT. 
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7. DRV WEIGHT 

PLATE BEARING 
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BOSTON DISTRICT 
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PLATE 2 



WAR DEPARTMENT 

TYPICAL 
LOG GRADATION OF MATERIALS DEGREE DAY 

DIAGRAM 
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COKPS OP ENGINEERS. U. S ARMY 

PAVEMENT 
HEAVE 

ICE 
SEGREGATION 

at 

o? 

at 

as 

04 

as 

a a 

O.l 

0.0 

-0.1 

t 

:1 ■ TSfFX*. 

_i_i_ 
MIN. JVC. MAX 

DENSITY 

MATE MAL“ 

o 
o'-'- 

CAVSTAL3 

tmaouchout 
BASE 
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' HAIR LAC 
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|-% SATURATION 
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WAR DEPARTMENT 

TYPICAL 
LOG GRADATION OF MATERIALS DEGREE DAY 
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SNOWFALL GROUND WATER 
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CORPS Of ENQNEERS US ARMY 

PENETRATK»! Of PLANE Oí 
«■«IZINC TfMPf RATUPf 
VOÍ BOQV AT TIME t -, 

NOTE: THE B VALUES ARE PRESENTEO 
AS CURVES IN GROUPS Oí 
three.where 

TOP CURVE PSFOR -fj. I.o 

MIDDLE CURVE ISÍOR^-ÍX) 

BOTTOM CURVE IS ÍOR {Ç . 40 

AS SHOWN IN í IGURE I 

te^^t^^ 'D',?*r unt,l ^ 

TEMPERATURE0«^ Tl^«"^» rOLLOW!NGC MOPERTICS ‘ B<XJNO*',T KAI'< 

r-UNIT dry weight, lbs/cu ft 
w-WATER content PERCENT DRY WEIGHT 

CrVOLLAÄTRIC HEAT CAPACITY (ÍROEEN) .»^♦«fjV'J.BTU/ICU ÍTXOEG Í) 

Cf VOtUMETRC HEAT CAPAClTY(NON-fT«OZCTÍ.r(c*¿-).BTu/(CU ÍTlÍDEG Fl 
WHERE c IS THE SPECIFIC HEAT OF DRY SOIL (ASSUMED TO BE 0 2 BTu/fl RVnfr F^ 

A,-THERMAL CONDUCTIVITTEÍROÍEN) iTu/trTXHRXOCGO BTU/(LBXOCG F)) 

»/■TiCRMAL Cl •.OUCTIVITY(NON-FROZEN) btu/(ft YHrvoeg n 
L* LATENT HEAT OF FUSION BTu/CUFT ' 
• -OIFPUSIVITY FTVhR WfCRE 

V AND 

IT IS ASSUMED THAT Th£ WATER CONTENT OF THE BODY AT EVERY POINT IS CONSTANT 
DURING THE temperature changes 

FIG 2 - CONDITIONS 

- 2B/i¡r where 

«•Penetration in feet of plane of equal temperature below surface E xinoar. 
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F1G1Ê 
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ANO 

C^)‘0 

VALUES FOR B FOR VARIOUS VALUCS OF P AND Q HAVE BEEN COMPUTED AND ARE 
PLOTTED IN FIGURES I. IA AND IB 

FIGURES 3 « AND4A GIVE VALUES FOR THE LATENT HEAT OF FUSION AND THE VOLUNÏTRIC 
HEAT CAIMCITy OF SOILS FOR VARIOUS UNIT DRY WEIGHTS AND WATER CONTENTS 

FIG 2A- LQUATION 

EQUATION FOR PENETRATION-X-QF PLANE OF EQUAL TEMPFRATUPF 
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PROPERTIES AT THE CONDITIONS NOTED 
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L IS OP AiNEP FROM FIGURE 3. L-970 BTU/CU FT 

IT IS THEN FURTHER ASSUMED THAT THE SURFACE TEM¬ 
PERATURE 80 IS SUDDENLY REDUCED TO Bj 19 DEGREES 
FAHRENHEIT, AND MAINTAINED FOR 100 DAYS THUS 

«,-19 DEGREES F 
t -100 DAYS» 24 HRS/DAY - 2400HRS 

Q * ^r&^TÖO sV(32 -19)~ 2 44 

y 
(tV) 

B-0 37 
FROM CQUATlON 

30 40 50 

T CAPÄClTV-Blu4:uFT)(pt& F) 

FIG 4 

« 20 30 40 
C, - VOLUMETRIC HEAT CAPACITY 
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“S1" 1 v3S^*007S4 
SUBSTITUTING IN EQUATION 
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?8 30 32 34 J6 3« 40 

TYPICAL SET OF TIME TEMPERATURE CURVES 

FIG. I 

TYPICAL SET OF TEMPERATURE GRADIEf1 

FIG. 2 

umpim 

90. 

U11Î 
D*T 

Wt IGITT 

RUN A RUN B 

KâTB 
cowrofT 

AVIRAGE 
AIR rWtRATTTRF 

TIME PCI 
tQD!L!l«inm 

EXTRAPOLATED 
SAMPLE rtHn-RATUIB 

WmiMN 
TEMPFRATUn 

ORA MUTT 
It SFKII0 

®fAt. 

AVÎRJ 
AIR T!3fPT> 

OR 
IATURB 

TIME POt 
ttOILIBRIim 

ET TRAP0UT» 
SAMPLE TEMPERATURE 

KMUMIOM 

CRADim 
II SPEC IHM 

•r^T. 

A Y 

..1 ’If V • I'tt 

TOP OF 

«rpcTum 
A 

aottoh or 

fprcTim 
B 

TO n REACBE) 

HOURS 
TOP 

c 
BOTTOM 

d 
C a 

• ;-T< 

b - d 
TOP or 

SPEC IMP* 
• 

BOTTOM Of 
SPrriMm 

» 

crtriTioMi 
TO IE IMCfB 

Hit AS 
TOP 
c 

BOTTOM 
d 

c -« b d 

' 

96.3 
99.3 

10t.7 
106.0 
ei.a 
»6.2 

102.6 
103 
101.0 
101.0 
106.0 
106.6 

0.2 
0.2 
0.2 
0.2 
2.6 
2.6 
2.6 
2.7 

23.6 
23.6 
21.0 
20.? 

30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 

36.3 
36.3 
36.5 
36.3 
36.3 
36.3 
36.3 
36.3 
36.3 
36.3 
36.3 
36.3 

20 
2S 
30 
30 
30 
30 
1*0 
30 
50 

100 
150 
50 

32.1 
31.5 
30.9 
31.6 
32.3 
31.0 
31.1 
31.5 
31.3 
31.1 
30.6 
31.1 

35.2 
35 X 
35.3 
35.2 
35.6 
3< 3 
35JU 
36.6 
35.0 
3L.6 
33.8 
31* J* 

5.7 
7.2 
6.1 
6.7 
6.1 
9.6 
7.9 
9.8 
6.6 
6.6 
5.5 
6.1 

2.1 
1.5 
0.9 
1.6 
2.3 
1.0 
1.1 
1.5 
1.3 
1.1 
0.8 
l.l 

3.1 
2.9 
3.0 
3.1 
2.7 
2.0 
2.9 
1.5 
3.5 
3.5 
1.5 
3.9 

20.3 
20.3 
20.3 
20.3 
20.3 
20.3 
20.3 
20.) 
20.) 
20.3 
20.) 
20.3 

36.3 
36.) 
)6.3 
36.) 
36.) 
36.) 
)«.) 
36.3 
38.) 
36.) 
)6.) 
36.3 

30 
1*0 
50 
50 
60 
y> 
60 
30 

100 
100 
70 
60 

r-rf'O
w

-O
' 

â
f
ilif

iS
iâ

á
lié

t
s
s
 I 

33.3 
33.3 
33.5 
33.9 
3Í.7 
|m| 
31*.? 
33.7 
33.5 
32.) 
30.1 
)0.9 

12.9 
li*^ 
17.5 
16.) 
13.9 
16.6 
21.6 
16.6 
It*/ 
13.5 
12.9 
12.9 

6.0 
5.3 
3.7 
U.6 
5.6 
3.9 
2.2 
1*J* 
5^ 
U.7 
2.6 
3^ 

5.0 
5.0 
U.6 
UJ« 
3.6 
U.9 
U.l 
u/ 
U.6 
6*0 
6.2 
74» 

1 
2 
3 
U 
3 
6 
7 
e 
9 

10 
U 
12 

96.3 
99.3 

lût*.7 
106.0 
61.6 
66.? 

108.6 
103.6 
101.0 
101.0 
106.0 
106.6 

0.2 
0.2 
0.2 
0.2 
2.6 
2.8 
2.6 
2.7 

23.6 
2? .6 
21. 
20.7 

RUN C RUN D 

9.7 
9.7 
9.7 
9.7 
9.7 
9.7 
9.7 
9.7 
?•? 
9.7 
9.7 
9.7 

36.3 
38.3 
38.3 
36.3 
36.3 
38.3 
36.3 
36.3 
36.3 
36.3 
38.3 
36.3 

;»o 
*0 

25 
25 
2« 
25 
30 
30 

100 
100 
5o 
50 

19.6 
18.7 
16.5 
18.1 
16.6 
17.0 
15.3 
17.7 
IU.3 
16.1 
18.3 
iy.3 

31.0 
30.6 
31J« 
31.2 
32.9 
32 J« 
32.1 
32.3 
26.0 
26.? 
20.U 
27.2 

21.1 
22.5 
27.5 
2t*.2 
2tJt 
26 J* 
31.0 
27.0 
21.6 
19.6 
15.0 
li*.6 

9.9 
9.0 
6.6 
6 J* 
6.9 
7.3 
5.6 
6.0 
U.6 
6 J* 
6.6 
9.6 

7.3 
7.5 
6.9 
7.1 
5J* 
5.9 
6.? 
6.0 

12.3 
11.6 
11.9 

25.0 
. 25.0 

25.0 
1 25.0 

25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 

37.0 
37.0 
37.0 
37.0 
.7.0 
37.0 
37.0 
37.0 
37.0 
)7.0 
37.0 
37.0 

20 
30 
30 
30 
30 
30 
30 
30 

100 
100 
100 
100 

27.9 
27.5 
26.6 
27.5 
29 J* 
26.9 
27 J* 
27.3 
26.6 
26.5 
27.1 
26.2 

35.5 
S3J1 
3t.! 
31. J. 
».* 
31.. 0 
3L.Î 
31.. 3 
33 J. 
33.0 
31.0 
31 J. 

10.0 
11.6 
13/ 
12.7 
11.6 
U*/ 
13.1 
12.9 
•.5 
M 
8.7 
9.6 

2.9 
2.5 
1.6 
2.5 
UJt 
1.0 
2J* 
2.) 
3.8 
3.5 
2.1 
l.t 

3.7 
3.2 
2.7 
2.6 
1.2 
3.0 
2.5 
2.7 
).6 
U.o 
5.? 
5.6 

SUMMARY OF TEST CONDITIONS 

TABLE A 
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CORPS OF ENGINEERS. U S ARMY 

IN DEGREES f TIME IN HOURS 

SAMPLE aC-6 

TEMPERATURE GRADIENTS 

SAMPLE NO or t 

2B-S.2C-» i.« •I.B 

M-t.tC-« *.T 103.* 

FIG. 2 

SAMPLE NO. nr 9 

»-2.2C-2 0.3 BB.3 

»•-7.3C-T >.• 101 .B 

M-* tC-t 13 B 101 0 

FIG. 33 FIG. 3b 

PENETRATION OF 32 DEGREES F TEMPERATURE VS TIME 

FIG 3 

Aiim 
SPIT!« 

12.9 
1m. 2 
Ï7.5 
It.* 
1S9 
1«.A 
21.6 
lo«t 
U*«2 

12.9 
12.9 

t.O 
*.5 
5.7 
1.0 
5.0 
M 
2.2 
UJ. 
5-2 
*».7 
2.0 

5.0 
5.0 
U.0 
U* 5^ 
k.9 
U.l 

L .6 
6.0 
0.2 
74* 

10.0 
11.6 
13.0 
12.7 
11.9 
11* .0 
13.1 
12.0 
0.5 
• 5 
0.7 
o.t 

2.9 
2.5 
1.0 
2.5 
Ui 
M 
24* 
2.3 
3.0 
3.5 
2.1 
1.7 

3.7 
3.2 
2.7 
2.6 
1.2 
3.0 
2.5 
2.7 
3.6 
1*.0 
5.7 
0.6 

27 

TEMPERATURE IN DEGREES F 

29 30 31 33 

GRAIN SIZE IN MILLIMETERS 

I O.S 0.1 0.0S 

pur TOI I 
. SPECIflC GRAVIT» ■ ? ** 

GRAIN SIZE GRADATION CURVE 

FIG. 5 

EQUILIBRIUM TEMPERATURE GRADIENTS 

FIG. 4 

REVISED FEBRUAR», |*«7 

FROST INVESTIGATION 

SERIES 2 TESTS 
INVESTIGATION OF 

TEMPERATURE CONDITIONS 
IN LABORATORY SPECIMENS 

FROST EFFECTS LABORATORY. BOS TON.MASS JUNE 19*5 

1 
PLATE 24 
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P
E

R
C

E
N

T
 

T
E

M
P

E
 

WAR DEPARTMENT 

TIME TACTOR - T 
TIME 

j* 

-^-T. ■*. 

tSSéUSH 
U*PÍ9C£*T TEMPERA TURC CHANGE 

: * 

C- VOLUMETRK HEAT CAPACITY BTU/(FT*>(OEG F) 

) t • UNIT DRY WEIGHT, LBS /CU FT 

I c, • SPECIFIC HEAT OF OfíY SOIL 

J ir» WATER CONTENT, PERCENT DRY WEIGHT 

à - THERMAL CONDUCTIVITY. BTU/(FT)(HR)(OEG F) 
t • TA4E N HOURS 

INITIAL external and internal temperature 
at u-oyb 

%• UNWORN EXTERNAL TEMPERATURE SUDDENLY 
APPLIED 

TEMPERATURE AT CENTER OF CYLINDER AT TIME t, 
- Oyo.*-*, ATvIOO&.B^B, 

' OF CYLINDER (N FEET) 

CYLINDER LENGTH 

DIMENSION.ESS TIME FACTOR 

rows 

*• 
AT ¿¿«i 

D • diameter C 

liifTTTH 
FACTOR CURVE TOR TEMPERATURE 
GE AT CENTER OF CYLINDER OF 

DIAMETER D AND HEIGH ' H-oo 
11 : : 

(a) IODATION FOR VOLUMETRIC HEAT CAPACITY C« tfa + fô) 

-J--- 
■(V EXXMVON FOB THERMAL CONDUCTIVITY 

TTTT .-T. •••■< 

TjMg FACTOR CURVES FOR TEMPERATURE CHANGE 

AT CENTER OF A CYLINDER 

FIG.I 

TYPICAL ' 

THERMAL CONDUCTI 

F 

Ut oratory 
taaplo 
■o. 

Motoriol 
Oalt Ory 
Haight 

Lba/au. ft. 

__ r 

Matar 
Contant 
Parant 

Ory Haight 
« 

Bpaalfto 
Oravtty 

- * ^ 

•pMiri. H.tt(i 
Dry Sell 

»W(lb)(..i r) 

Yolunatrla 
Rant Capacity 
To* al Saapla 

Btu/(ft3)(dag F) 
C 

Ikavml 
Conductivity 

ltu/(ft)(hr)(dag P) 

k 

U 3áJi 
3A-U 
94^(3) 
3V6« 
34-7 
34.« 
349 
3410(3) 
34-11(3) 
3412 
3413 
3413 
3416 
341? 

Lovai 1 8ánd 
(«all-gradod aadliai 
to coarto aand) (2) 

103.0 
103.0 
101.0 
106.3 
101.0 
103.0 

2:; 
91.1 

109.0 
103.0 
19.3 

103.0 
90.1 

0.2 
0.2 
0.2 

16 Ji 
20.9 
¡*.5 
U.9 
2.3 
1.9 
2.2 
2.0 
2.1 
5.1 
2.1 

2.66 
2.66 
2.66 
2.66 
2.66 
2.66 
2.66 
2.66 
2.66 
2.66 
2.66 
2.66 
2.66 
2.66 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

21.2 
21.2 
20.4 
30.0 
41.3 
25.3 
20.0 
16.6 
19.9 
24.3 
22.7 
19.7 
26.4 
20.1 

0.160 
0.106 
0.169 

1.025 
1.000 
0.716 
0.460 
0.335 
0.352 
O.S02 
O.476 
0.463 
0.777 
0.4? 7 

(1) Acamad 
(2) Minian dry daaalty 

92.9 IbaAu. ft. 
Maxima dry dcnalty 

110.9 lba/au. ft. 
(3) Staple not proparly 

•aaledi aoaa catar 

5i 5»-l 
íi-í 
J»-5 

«•acor Band and 
Oraval 

127.0 
131.5 
127.0 

3.4 
1.1 
9.3 

2.70 
2.70 
2.70 

0.20 
0.20 
0.20 

29.8 
27.7 
36.3 

0.990 
0.673 
1.125 

leaked lato aaaple 
during teat. 

(4) Teat raaulta art 
not oonalatoat 
with roculta of 
othar tocta. 

(5) Avarago- 
w a 14.251 top of 

•«aple 
• a 27.351 bottca 

... ^ ••^»l* 
(6) Mou-ualfora water 

content 
(7) roroent P.itu.-»n 

4.&Í. Spool fio 
lloat of Bitumen s 
0.22 Btu/lb/lJe . F 

(8) L»iameter nf oy- 
llndar 3 4.7CP 
Length a 11.94" 

(9) Olametar of oy- 
llnder - 4.72^ 
Ursth • 11.<C" 

3C 3C-1 
3C-2 
3C-3 
3C4* 

Borarrlllc Cindara 
(l-lneh ouIouk) 

60.9 
60.0 
60.0 
61.7 

20.7(5) 
36.6 
21.2(6) 
11.3 

2.27 ' 
2 ¿21 
221 
221 

0.1A 
0.16 
0.16 
0.16 

23.6 
32.0 
23.9 
10.1 

0.353 
0.462 
0.354 
0.297 

30 341 
30-2(li) 

IJbrotla Slag 
(l^-inoh BOXlMi) 

79.1 
11.2 

9.1 
33.5 

2.4b 
2.45 

0.17 
0.17 

17.5 
Uo.9 

0.100 
0.553 

31 »-i 
51-2 

’K 

51-7 
w-a 

WUctoatar Cruchad 
Trcr, Rook 
(3/^1-Inch oajclMa) 

99.2 
100.0 
91.5 
91.5 
99.3 

100.0 
102.0 
102.0 

1.9 
2.1 
4.4 

27.2 
20.4 
27.7 
2.5 

26.7 

2.91 
2.91 
2.91 
2.91 
2.91 
2.91 
2.91 
2.91 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

21.7 
22.1 
23.6 
46.3 
40.0 
47.7 
23.0 
47.7 

0.350 
0.371 
0.403 
o.oU ' 
2.320 
1.050 
0.371 
1.479 

3T 3F-i(e) 
342(9) 

Acphaltle Bltualooua 
Coatrata 

«0.0(7) 
«0.0(7) 

0.0 
0.0 

2.60 
2.60 

0.20 
0.20 

30.3 
30.3 

0.690 
0/606 

3« Bland ad Bltuainoua 
Conorata Aggragata 

111.5 0.0 2.01 0.20 26.7 O.313 

SUMMARY OF TEST DATA therm; 
TABLE A 



CORPS OF ENGMEERS US. ARMY 

TIME IN HOURS - i 

TYPICAL TIME CURVES 

THERMAL CONDUCTIVITY DETERMINATIONS 

FIG.2 

try density 
»•/ou. ft. 
dry don« 1 ty 

lho/ou. ft. 
^ot properly 

•am* «ator 
Into sanplo 
1 o«t. 
au Its oro 
i lo tont 
»ulte of 
••to» 

-t top of 
le 
Ä bottom 
»apio 
'ora voter 

R. tu-Tsn 
ii<«oi fio 
Ritunan s 
„'lb/t»o,-. F 

i,r 
n.V 

11.‘Ç- 

WATER CONTENT - PERCENT DRY WEIGHT GRADATION OF BASE MATERIALS 

FIG.3 

EXAMPLE, FOR OC TERMINA TK)N OF * 

EQUATION k:£-Dil 

TEST DATA THOU TABU A, SAMPLE 04-« APE USED 
C, - O.X 

t ï I0J LBS/CU ET. 
•r - ASK 

C - rfe' ’em] - 103 i0-10- ESJBTu/fETHOEG f) 

EPOU no I 

0* - (S.36")t-ib.A4B,)ts O.IMS ET.E 

EOP u ; 50%. t = O.tiS NOOPS 
(SOy. TCUPE NATURE CHANGE IS ARBITRARILY TAKEN. 
ANY VALUE OE fj. ON THE STRAIGHT PORTION OE 
THE CURVE MAY BE USED.) 

FROM /-/6./ CURVE Q) 

FOR ¡A= SOK. T=0.041 
SUBSTITUTING IN EQUATION 

k = CDt‘T = (4 ^(0.1^) (0,041) 

k = O.TIB BTU/(FT)(hr) (DEG. F) 

SiOC PLÓffÊD 
POINTS ,hoicate UNIT DRY 
RE/GHT SAMPLE H LBS PER OU.FT. 

!'!!T*,;ir’"ll"lP"T!IJ TTii't" III ill mill • < 

THERMAL CONDUCTIVITY VS WATER CONTENT 

OF VARIOUS BASE MATERIALS 

FIG 4 

REVISED FEBRUARY, I9«7 

FROST (NVESTGATION 

THERMAL CONDUCTIVITY 
DETERMINATIONS 

COHESIONLESS BASE MATERIALS 

FROST EFFECTS LABORATORt'. BOSTON. MASS. JUNE/>45 
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WAR DEPARTMENT 

WATER CONTENT-PERCENT DRV WEIGHT 

THERMAL CONDUCTIVITY VS WATER CONTENT 

FIG. I 

COARSE QUJ 

FINE QUART 

FLOUR 

HUDSON R rv 

SAND 

PODUNK ft; 

SANDY ICA 

LEONARDS TO' 

sat 
LOAN 

HACERjTCWN 

LCAM 

OALVESTON 

CUY 

GRAIN SIZE GRADATION CURVES 

FIG 2 
REVISED JULY 

t 



CORPS OF ENGINEERS.U S ARMY 

' 

UatBi-Ul 

Unit 
Dry 

_ 

N*t«r 
Content 

Sp«eIfic 
HfBt 

1 Volinwtric 

Capacity 
Thftraal 

Oonductlrlty 

Ibt/c.f. t Dry W. BtiV°T ( ft H hr ) 

COARSE QUARTZ 

IOI4 
100 
79 
79.3 
76.9 
78.0 
92.2 

0.095 
0.095 
1.710 
2.160 
5.520 

10.910 
26.700 

0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 

19.9 
1 .1 
16.3 
16.7 
lo.a 
25.3 
1*2.1 

â
S

S
sS

lï 
d

 ò
 d

 d
 0

 d
 d

 

FINE QUARTZ 
FLOUR 

55 
5U.6 
56.1 
57.1 
55.5 
58.3 
55.7 
90.0 

0.0633 
1*. 280 
6.930 
8.720 
9.530 

10.920 
19.670 
26.650 

|||f |ll| 
0
 0

 d
<

3
 0

 d
 0

 d
 

1 . 
19.7 
H..5 
1 . 
15. 
HJ* 
9' 

M. 

0.0961 
0.232 

0.1*03 
O.323 
0.1*27 
0.660 
1.290 

HUDSOM RIVER 
SAND 

9L.5 
56.5 
58.8 
88.5 

0.257 
L.500 

13.120 
30.760 

0.1900 
0.1900 
0.1900 
0.1900 

1 '.2 
lí.? 
21. 
13. 

O.I-75 
J.219 
0.72o 
0.753 

PODUNK FINE 
SANDY LOAM 

89.14 
76.0 
tj.O 
•'.T 

59.0 
5L.9 
60.5 
93.9 

0.266 
1.330 
2.11*0 

6.601 
10.080 
20.250 
26.93O 

0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 

17.2 
15.5 
13. 
13.2 
13. 
16.0 
23.7 
1*3.0 

0.191 
0.191 
0.209 
0.21*1* 
0.302 
0.1*16 
0.623 
1.32 

DCONARDSTOrV 
saT 
LOAM 

75.0 
69.6 
69.8 
62.1 
62.1 
6L.U 
56.0 
51.9 

0.806 
2.\27 
3.580 
U.690 
8.980 

IO.650 
11.570 
18.350 

0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 

iVi 
IU.7 
15.7 
li.. • 
17.3 
1 .0 
19.1 
1 

0.211* 
0.210 
0.1*22 
O.299 
0.1*1*3 
0.562 
0.386 
0.590 

HAGERS TOIfN 
LOAM 

65.0 
70.0 

1.12 
1*8.06 

0.19U1 
0.191L 

1?.2 0.1606 
0.993 

GALVESTON 
CUT 

6L.9 
57.0 

l.Ul 
67.55 

0.2097 
0.2097 

l) . O.I39 
0.660 

much soa 

67.2 
110.6 
27.0 
26.8 
25.8 
26.2 
35.2 
36.6 

3.93 
22.95 
1*7.06 
58.99 
62.93 
69.1*2 

119.20 
123.00 

0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 

1 . . 
17. 

21.1 
73.I 

>1.9 

h
s
n

m
 

o
o

o
o

o
d

o
o

 

WATER CONTENT 

DATA SUMMARY TABULATION 

TABLE A 

IE GRADATION CURVES 

NOTE 

U) H E PAT TEN "HEAT TRANSFERENCE 
IN SOILS" US DEPARTMENT Of 
AGRICULTURE BULLETIN NO S9 
SEPTEMBER 1909. 

FROST INVESTIGATION 
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STRAIGHT LINE EOUAlS the design CURVE Showing combined 
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NOTES — 

THICKNESS OF FROZEN SUBGRAD 

SITE CLASS OF SUB¬ 
GRADE SOILS 

FREEZING WATER TABL E C 
FALL 1944 S 

0 PRESQUE ISLE CL 2190 6.0 

0 TRUAX SF AND CL 1260 60-7 0 

A DOW FIELD CL 1244 4.5 

TESTS MADE ON TOP OF BITUMINOUS CONCRETE PAVEMENT. 

THICKNESS OF FROZEN SUBGRADE EQUALS TOTAL FROST PENETRATION IN FEET 
LESS COMBINED THICKNESS OF PAVEMENT AND BASE IN FEET 
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M 45 20-3.5 

tRATION IN FEET 

FROST INVESTIGATION 
1944 - 1945 

RATIO OF PLATE BEARING TESTS 
NORMAL TO FROST MELTING PERIOD 

RELATED TO THICKNESS 
OF FROZEN SUBGRADE 

FROST EFFECTS LABORATORY 

BOSTON. MASS_ JUNE 1945 
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NOTE : 
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THICKNESS OF GRAVEL BASES- INCHES 
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CURVES ® (D (S) ARE DESIGN CURVES OF 

RECOMMENDED REVISIONS TO ENGINEERING 
MANUAL.” 

ALL SUBGRADE SOILS ARE FROST 
SUSCEPTIBLE AND FALL IN GROUP (§) 

SUBGRADE MODULUS DETERMINED DURING 
FROST MELTING PERIOD. 

FROST INVESTIGATION 
1944 - 1945 

SUMMARY OF FOUNDATION 
MODULUS TESTS COMPARED 

WITH 
PROPOSED DESIGN CURVES 

FROST EFFECTS LABORATORY. 
BOSTON, MASS._JUNE 1945 
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FROST CONDITIONS 
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a. Conditions Affecting Frost Action 
b. Heaving. 
c. Insulating Materials 
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4-02 PROTECTION OF SUBGRADE FOR FLEXIBLE PAVEMENTS 
a. Reduction in Subgrade Value 
b. Example for Design 

4-03 PROTECTION OF SUBGRADE FOR CONCRETE PAVEMENTS 
a. Subgrade Modulus for Design 
b. Example of Design 
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Part XII 

AIRFIELD PAVEMENT DESIGN 

Chapter 4 

FROST CONDITIONS 

4-01 GENERAL. The strength of some soils is greatly reduced as a result of frost acuuu. 
The detrimental effect of frost action, which is due to the accumulation of water in the form of ice 
lenses in the soil or base materials under natural freezing conditions, occurs during the thawing 
periods when the moisture of the ice lenses is released, thereby softening the soil. Frost action 
also causes detrimental heave of pavements in many types of soil. Frost heave is the raising of 
the pavement surface due to the growth of ice lenses, the total thickness of which is approximately 
equal to the heave of the pavement. 

It is the policy of the Department to design pavements over frost susceptible subprades so that 
there will be no interruption of plane traffic at any time due to reduction in load-supporting capacity 
of the pavement by softening of the subgrade. 

a. Condition» Affecting Fro»t Action. The degree to which soils will lose their strength and 
the amount of frost heave depend on the type of soil, temperature conditions during the freezing and 
thawing periods, the permeability of the soil, the level of ground water, and the drainage conditions. 
Any soil which contains 3 percent or more by weight of grains smaller than 0.02 mm. in diameter 
should be considered susceptible to objectionable frost action. 

A reliable indication of the effects of climate is the freezing index. The freezing index is a 
measure of the combined duration and magnitude of below freezing air temperature occurring during 
any given winter; the normal freezing index is computed for normal air temperatures based upon a 
long period of record, usually 10 or more years. (See figure 1 for method of determining freezing 
index.) The depth of pavement and base required to prevent freezing of the subgrade for corre¬ 
sponding freezing indices is shown on figure 2. 

Observations have shown that frost-susceptible soils may lose strength even though a high 
water table is not present. This occurs when the natural moisture content is sufficiently high to 
allow migration of moisture from the underlying soil into the frost zone. Tho limiting conditions 
of moisture content are not well defined, but there is evidence that soils near optimum moisture 
content will allow migration of moisture. 

b. Heaving. Heaving of pavement will occur when sufficient thickness of pavement and base 
is not provided to prevent freezing of the subgrade. The heaving will be uniform where conditions 
of subgrade and ground water are uniform. The heaving will be irregular where subgrade and ground 
water conditions are nonuniform. Conditions conducive to uniform heaving would occur at an 
airfield constructed upon a level plain with approximately uniform stripping, fill depth and ground 
water depth. Conditions conducive to irregular heaving occur at locations where subgrades vary 
from clean sands to silty soils with ground water close to surface. 

Where conditions are conducive to irregular heaving, freezing of the subgrade should be 
prevented; this is especially true for soils of the ML and SF groups for which experience indicates 
that excessive differential heaving results if full thickness is not employed. 

c. Insulating Materials. Where an insulating material, such as cinders or slag, is used in the 
base course, the combined thickness of pavement and base as determined from figure 2 may be 
decreased depending upon the thickness of the insulator. In the case of slag or cinders four inches 
may be substituted for every 6 inches of sand, gravel, or crushed rock. This reduction is not appli¬ 
cable when the design is based on a reduction in strength of the subgrade 
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d. Base Competition Rehuir emente. All materials for base course construction over subgrade« 
susceptible to frost action should be nonfrost susceptible. Where the combined thickness of pave¬ 
ment nnd base is less than the value determined from figure 2 (not less than 6")( the bottom 4 
inches of the base shall consist of any nonfrost susceptible gravel, sand, or crushed stone with at 
least 50 percent by weight of the grains passing a No. 40 mesh sieve. The purpose of this material 
is to form à filter which will prevent mixing of the subgrade with the base during and immediately 
following the frost melting period. In areas where suitable nonfrost susceptible base materials 
are not available locally, it may be possible to treat frost-susceptible base materials by admixtures 
to make them nonfrost susceptible. Only such admixtures are permissible for which reliable evi¬ 
dence of permanency of protection is available. Materials so treated may be used for the base 
except for the top ft inches directly beneath pavement. 

4-02 PROTECTION OF SUBGRADE FOR FLEXIBLE PAVEMENTS. The most 
generally accepted method of insuring no loss in strength of the subgrade due to frost action is to 
provide a thickness of pavement and base, not susceptible to frost action, which will prevent freezing 
of the subgrade. The combined thickness of pavement and base required to prevent frost action in 
the subgrade should be determined from figure 2 using the normal freezing index for the particular 
location. The normal freezing index may be determined from figure 3, which was plotted from 
Weather Bureau data. Where the normal freezing index on figure 3 is less than 100, the freezing 
index should be compute«! for the coldest year of record for the past 15 years and design based upon 
this value or 100, whichever is the smaller. In mountainous areas, the normal freezing index should 
be computed for the particular location. In southern areas below the zero contour line on figure 3, 
where detrimental frost occurs infrequently, the base course material should be composed of non- 

frost susceptible material. 
а. Reduction in Subgrade Value. Except where subgrado soils are subject to differential 

heaving, less depth of pavement and base than that required to prevent freezing of the subgrade is 
permissible, in which case the design is to be based on a reduction in strength of the subgrade due 
to frost action. Figure 4 should be used to determine the pavement and base thickness required for 
various wheel loads where frost action is permitted in the subgrade. These curves reflect the 
reduction in strength of soil during the frost melting period as a result of frost action. The reduction 
of strength of subgrades as a result of frost action is believed to be greater in cuts than in fills. 
If field data and experience definitely indicate that the reduction of strength in fill areas is less 
because of the height of fill and depth of water table below the fill, a reduction in combined thickness 
of base and pavement for the fill area may be taken. In no case should the minimum thickness 
be less than 9 inches, nor less than the thickness determined by the California Method, paragraphs 
2-06 through 2-09 of this Part. 

The above-described methods for determining the thickness of pavement and base furnish 
two values for a particular condition. The smaller of theso two values should be compared with 
the combined thickness as determined by the California Method, and the greater value of this 
comparison should govern the design. 

б. Example for Design. Assume the design to be a runway with a bituminous concrete surface 
and a 60,000-pound wheel load for the following conditions: 

Normal Freeiing Index. 1500. 
Subgrade. Cut Section; 50% by weight of grain sixea passing No. 200 

slate. 
Subgrade CBR.8 (Undisturbed Soaked) 
Base. ..Sand and Gravel; 80 CBR. 

From figure 2, the combined pavement and base thickness required to prevent freezing of the 
subgrade is 54 inches. When allowing a reduction in strength of subgrade due to frost action, 
a total thickness of 46 inches is indicated from figure 4. By the California Method, a total thickness 
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of only 24 inches is required. Since the value of 46 inches from figure 4 is smaller than the value of 
54 inches from figure 2, and greater than the value resulting from the California Method, a com¬ 
bined thickness of 46 inches would be used in design. 

If cinders or slag are used, the thickness of 54 from figure 2 may be reduced to 36 inches in 
accordance with sub-paragraph 4-01 c and a combined thickness of 36 inches would be used in 
design. 

4-03 PROTECTION OF SUBGRADE FOR CONCRETE PAVEMENTS. The effects of 
and the design for frost action in subgrudes beneath rigid pavements are similar to those discussed 
in paragraphs 4-01 and 4-02. To insure no loss in subgrade strength due to frost action, a thickness 
of base and pavement sufficient to prevent freezing of the subgrade should be employed. However, 
the combined thickness of pavement and non-frost susceptible base may be reduced to not less than 
one-half the value determined from figure 2 if the design is based upon a modulus of soil reaction 
which considers the reduced strength of the subgrade effected by frost action. In no case should a 
base thickness of less than 6 inches be used in frost areas where frost susceptible soils are involved. 

a. Subgrade Modulus Jor Design. The subgrade modulus to be used for the design of the slab 
thickness at a particular location depends upon the combined thickness of pavement and base. 
Two foundation moduli should be determined, as stated below, and slab thickness design prepared 
for each. The final selection of the slab thickness and combined thickness of pavement and base 
will depend upon the economy of construction. Where a combined thickness of pavement and 
base equal to or greater than the value determined from figure 2 is selected, the design should be 
determined in accordance with chapter 3. When the combined thickness of pavement and base 
is less than the value from figure 2, but at least one-half this value, the design should be based upon 
the method stated in chapter 3 but using the subgrade modulus determined from figure 5. The 
subgrade modulus determined from figure 5, which considers a reduced strength of the subgrade, 
should never govern when that value is greater than the tested “k” value, in instances of this 
nature, the one-half depth of base and pavement thickness may be used with the “k” value ob¬ 
tained from figure 5 or the tested “k” value, whichever is smaller. 

b. Example oj Design. Design a concrete runway pavement for a 60,000-pound wheel load 
for the following conditions: 
Normal Freesing Index. 1500. 
Topography. Level. 
Subgrade..... I/*an clay; 40 percent by weight of grain sizes passing No. 200 

sieve. 
Groundwater.... Uniform—3 ft. below surface of subgrade. 
Subgrade Modulus. 100 lbs./sq. in./in. 
Concrete. Flexural Stress. 650 lbs./sq. in. 

I rom figure 2, the minimum thickness of pavement and base required to protect the subgrade 
from frost action is 54 inches. For the subgrade modulus, flexural strength of concrete, and wheel 
load of 60,000 pounds, the required thickness of pavement in accordance with chapter 3 and 
figure 1, chapter 3, is 14 inches with a resultant thickness of base course of 40 inches. 

b or a combined thickness of pavement and base of one-half the value determined from figure 
2 (54 inches), which is 27 inches, the subgrade modulus as determined from figure 5 is 45 lbs./sq. 
in./in., assuming tentatively a pavement thickness of 15 inches which results in a base thickness 
of 12 inches. Using this subgrade value and the design curves of chapter 3, a concrete thickness 
of 15 inches is required. 

The thickness of base determined from figure 2 may be reduced if cinders or slag, which have 
insulating qualities, are used as a base material. This reduction in base thickness has been explained 
in paragraphs 4-01 c and 4-02 6. 
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