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Dm REPORT OP FROST INVESTIGATIONS 
FISCAL YEARS 19^3 - 19^ 

SYNOPSIS 

This report presents, in three volumes, a summary of the 

frost investigations which were conducted under the supervision 

of the Frost Effects Laboratory from 1943 through 1949» together 

with all data obtained from these investigations* 

Frost studies were first initiated at Dow Field, Bangor, 

Maine, in the winter and spring of 1944 to determine the in¬ 

fluence of frost action in the subgrade soils beneath both rigid 

and flexible pavements upon the load carrying capacity of the 

pavements during the frost melting period# The need for such 

studies became apparent during the pavement evaluation program 

in 1943 when it became obvious that, during the spring thaws, 

evaluations of many airfields in the northern United States 

were controlled by conditions resulting frota frost action in 

the subgrade soils. Since Limited data were available at that 

time on the effects of frost action under airfield pavements, an 

extensive program of investigations were authorized by the Chief 

of Engineers for the purpose of developing and establishing design 

and evaluation criteria for such pavements. 

Frost investigations were conducted in the New England 

Division, the Missouri River Division, and the Great Lakes 

Division under the direction of tne Frost Effects Laboratory, 

New England Division. The observations and testing of the 

1 



effects of frost action were studied during the fiscal years 

I9U3 “ I9Ü6 I? airfields located in the northern United States. 

Several laboratory studies were made on different phases of 

the frost-soil problem in addition to investigations conducted 

at various airfields to study the field effects. Theoretical 

studies to determine rates and depth of fl*ost penetration were 

made. Thermal and physical constants necessary for mathematical 

analysis were obtained firm tests performed under controlled 

temperature conditions to determine the thermal conductivity 

of frosen and unfrozen cohesionle'is materials. Work of previous 

investigators in this field was reviewed. A study was’made of 

methods of making frost susceptible soils nonfrost susceptible 

by the use of various admixtures and also of methods of preventing 

the leaching out of salt admixtures. 

The data in the Data Report wore presented in 56 separate 

reports that vore prepared during tho various stages of the 

frost investigational program. 



I. INTRODUCTION 

1-01* Authorizati on. The preparation of this Data Report 

us part of the frost investigation program for fiscal year 

19148-19U9 was authorized by latter dated 26 October 19U9 from 

the Office, Chief of Engineers to Division Engineer, New 

England Division, subject* MAuthorization - New England Division 

FY I9I49 Airfields Investigational Program". 

1-C2. Purpose. The overall purpose of the frost investi¬ 

gational program is to develop and establish design and evalua¬ 

tion criteria for cone rote and flexible pavements placed on sub¬ 

grade or base soils subject to seasonal frost action. The 

specific purpose of this report is te present in unified form 

all data and results of tests obtained during the four years 

of frost investigations conducted at I7 different sites in 

northern United States together with results of the supplemental 

laboratory and theoretical studies. 

I-05. Scope. This report presents all data obtained from 

frost investigations for both field und laboratory tests con¬ 

ducted under the supervision of the Frost Effects Laboratory. 

No analyses of data or conclusions are presented. 

I-0I4, Locations of Field Investigations. The field 

investigations were conducted at the following Army Air Force 

ins ta 11 at ions * 
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mi ENGUND DIVISION 

SITE 

Presque Isle Airfield 
Presque Isle, Maine 

Houlton Airfield 
Houlton, Maine 

Dow Field 
Bangor, Maine 

Bedford Airfield 
Bedford, Massachusetts 

Otis Field 
Sandwich, Massachusetts 

ELEV. 
NORTH WEST ABOVE 

LAT. LONG. MSL 

hi0 68° 500 

I460 68° itfO 

1+5° 69° 170 

1*2° 62° 130 

I420 700 120 

GREAT LAKES DIVISION 

Truax Field 1+3° 89° 86O 
Madison, Wisconsin 

Selfridge Field 1+3° 83° 58O 
Mt. Clemens, Michigan 

MISSOURI RIVER DIVISION 

Pierre Airfield 100° I72O 
Mt. Clemens, Michigan 

■ 0 
Fargo Municipal Airfield 47 
Fargo, North Dakota 

Bismarck Municipal k7° 
Airfield 

Bismarck, North Dakota 

Watertown Airfield 1+5° 
Watertown, South Dakota 

Casper Airfield itf0 
Casper, Wyoming 

97° 900 

loi0 1650 

97° 1730 

107° 3320 

U - 

PHYSIOGRAPHY 

Glaciated region of 
rolling hills. 

Narrow valley flank¬ 
ed by high hills 

Glaciated region of 
rolling hills 

Rolling terrain of 
low relief 

Flat outwash plain 

Lew level marsh 

Level lake plain 

Ravines to pre¬ 
dominating flat 
plateau 

Bed of ancient lake 
- very flat. 

Ascending and 
descending benches 

Flat to rolling 

Gullies to rolling 
hills, mountains 
to south 



SITE 

ELEV* 
NORTH WEST ABOVE 
UT. LONG. MSL mSIOGRAPHY 

Sioux Falla Airfield 14+° 
Sioux Falls, South Dakota 

Fairmont Airfield kl° 
Fairmont, Nebraska 

Great Bend Airfield 39° 
Great Bend, Kansas 

Garden City Airfield 38° 
Garden City, Kansas 

Pratt Airfield 3Ö 
Pratt, Kansas 

960 1I42O Flat flood plain 

9Q 

98 

101 

1630 

1890 

2880 

99 1950 

Flat plain 

'Wide flat valley 

Flat to slightly 
undulating prairie 
land 

Gently rolling 
prairie land inter¬ 
spersed with low 
knolls and occa¬ 
sional shallow 
ponds or ttbuffalo 
wallows" 

I-05. 

originally 

Frost Investigation Reports. The data presented 

appeared in 36 separate volumes covering various 

phases of the frost investigational program, from I9U3 to 19Í# 

and have been combined and assembled in this Data Report* The 

complete list of reports on frost investigations prepared by 

the Frost Effects Laboratory is as follows» 

TESTS IN REPORT 
FISCAL YEAR TITLE OF REPORT DATED 

I9I4.5-I9U» Frost Investigations and Pavement 
Behavior Tests at Dow Field Jan. I9I46 

19)44.-19^5 Frost Investigation 19)44-1945 (prepared 
by Missouri River Division - contains 
reports on Sioux Falls Airfield, Fairmont 
Airfield, Great Bend Airfie Id, Garden 
City Airfield, and Pratt Airfield) Jul. 1945 
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TESTS IN 
FISCAL YEAR TITLE OF REPORT 

REPORT 
DATED 

I9I4-I&5 

19¿4¿+-19¿*5 

I9I4U-I9I+5 

19U5-19U6 

19U3-19U6 

Comprehensive Report, Frost Investigation 
19l¿-19Í+5 Feb. 1&7 

Appendix 1 Dow Field 
Appendix 2 Presque Isle Airfield 
Appendix I Otis Field 
Appendix ú iloulton Airfield 
Appendix 5 Truax Field 
Appendix 6 Pierre Airfield 
Appendix 7 Watertown Airfield 
Appendix 8 Casper Airfield 
Appendix 9 Fargo Municipal Airfield 
Appendix 10 Bismarck Municipal Airfield 

Appendix 11 Subsurface Temperature In¬ 
vestigations at Pierre and 
V/a ter town Airfields 

Appendix 12 Subsurface Temperature In¬ 
vestigations at Dow Field 
and Presque Isle Airfield 

Appendix 1J Laboratory Tests on Frost 
Penetration and Thermal Con¬ 
ductivity of Cohesionless 
Soils 

Appendix I4 Laboratory and Field Test 
Procedures for Boston District, 
New England Division, Great 
Lakes Division and Missouri 
River Division 

Appendix 15 Bibliography 

Report on Frost Investigations 1914+-19^5 
(Published) Apr. I9U7 

Comprehensive Report, Frost Investigations, 
Í9I+5-I9I16 June 191+7 

Appendix 1 
Appendix 2 
Appendix 3 
Appendix 1+ 
Appendix 5 
Appendix 6 
Appendix 7 
Appendix 8 
Appendix 9 

Dow Field 
Presque Isle Airfield 
Bedford Airfield 
Truax Field 
Pierre Airfield 
Sioux Falls Airfield 
Watertown Airfield 
Fargo Municipal Airfield 
Great Bend Airfield 

Report on Frost Investigations and Traffic 
Tests - Selfridge Field June I9I+6 
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TESTS IN 
FISCaL YEaR TITLE OF REPORT 

REPORT 
DATED 

19^5-19^+6 Report on Studies of Base Course 
Treatment to Prevent Frost Action June 19U6 

I9I16-I9U7 Comprehensive Report, Frost Investi¬ 
gations, I9Í+6-I9U7 Apr. I9U8 

Appendix 1 NED Investigations (Dow 
and Bedford) 

Appendix 2 OLD Investigations 
( Selfridge) 

Appendix 3 URD Investigations (Sioux 
Falls and Fargo) 

I9Í+6-I9I47 Report on Studies of Base Course 
Treatment to Prevent Frost Action Aug. I9U7 

191+7-19^ Summary Tabulation of airfield 
Pavements (Draft) June I9I+8 

I9U7-I9I3 Addendum No. 1 to Report on Frost In¬ 
vestigation, I9U1-1945 (in draft form - 
to be published) June 191+8 

I-06. Presentation of Data Report. The Data Report is 

presented in three volumes as follows* 

a. Volume I presents a sumnary of the frost in¬ 

vestigation program together with a list and description of 

airfields investigated and the tests performed. Reports on 

special studies are presented as appendices in Volume I as 

follows* 

Appendix A Report on Studies of Base Course 
Treatment to Prevent ftrost Action. 

Appendix B Report on Laboratory Tests on Frost 
Penetration and Thermal Conductivity 

CohesTonless Soils r 1 

Appendix C Report on Mathematical Studies of 
Thermal Changes in a Soil Mass. ~ 

Appendix D Report on Special Test Section at 
Dow Field, Bangor, llaine. 
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Appendix E Laboratory and Field Test Procedures 

Appendix F Bibliography 

b. Volume II presents the data obtained from all 

fields investi¿ated in the New England Division as follows* 

(1) Presque Isle Airfield 
(2) Boulton Airfield 
(3) Dow Field 
(U) Bedford Airfield 
(5) Otis Field 

c• Volume III presents the data obtained from all 

frost investigations conducted in the Great Lakes Division and 

the Missouri River Division. The following fields are located 

in the Great Lakes Division* 

(1) Truax Field 
(2) Self ridge Field 

The fields investigated in ti» Missouri River Division are* 

(1) Pierre Airfield 
(2) Fargo Municipal Airfield 
(3) Bismarck Municipal Airfield 
(U) Watertown Airfield 
(5) Casper Airfield 
(6) Sioux Falls Airfield 
(7) Fairmont Airfield 
(8) Great Bend Airfield 
(9) Garden City Airfield 

(10) Pratt Airfield 

1-07. Description of Frost Action. Frost action is 

defined as the physical phenomenon by which layers or lenses 

of ice are built up within a soil mass. Three conditions 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 
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function of grain size. In this investigation, any soil which 

contains three per cent or more by weight of grains smaller 

than 0.02 oil. is considered frost susceptible and a soil in 

which frcst action is possible• 

b. WATER. Frost Action depends upon the avail¬ 

ability of water either by virtue of an adjacent ground vater 

table, a capillary supply, or water within the soil voids. 

o. TEMPERATURE. Frost action within soils requires 

the maintenance 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. 

Tl© process of frost action may be described as 

follows» The water in the void spaces becomes cooled below 

the normal freezing temperature of water. This supercooled 

water has a high molecular attraction to ice crystals. Thus, 

the supercooled water travels to ice crystals, which form in 

the larger voids, solidifying upon contact. This process 

repeated forms an ice lens. A single Ions will continue to 

grow in thickness, always against the diruction of heat transfer, 

until ths formation of a lens at a lower elevation cuts off tne 

source of water, or until the temperature risus 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 
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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 soil to become exceedingly 

soft. Likewise the pumping of water from joints in concrete 

slabs during the spring nay be the result of excess water 

liberated from thawed ice layers in the sufcgrade, 

1*08* Definitions. In this report certain terms and 

words are used with specialized meaning. They are defined as 

follows i 

(1) TEST aREA. The test area is the portion of 

the airfield selected for observations and 

investigations. 

(2) TRAFFIC TEST AREA. Tho traffic test area is 

the portion of the test area subjected to 

traffic tests. 

(5) TEST LANE. A test lane is the portion of the 

traffic test area subjected to a specific 

number of repeated wheel loads per day. 

(il) TURNAROUND. A turnaround is the portion of 

the traffic test area used for turning traffic 

equipment. 

(5) PaS3. A pass is one movement of the traffic 

test equipment over a test lane. 
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(6) TRAFFIC. Traffic is the operation of making 

passes of the testing equipment over the 

traffic test areas. 

(7) COVERAGE. One coverage is one application of 

a definite wheel load over each point in a 

given test lane. 

(8) CYCLE. One cycle of coverages equals the 

coverages applied during one day. 

(9) PAVEMENT. The term 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 structura] 

medium. 

(10) BASE. The term base applies to the course of 

specially selected soils, minerals, aggregates, 

or treated soils placed and compacted on the 

natural or compacted subgrade. 

(11) SUBGRADE. The term subgrade applies to the 

natural soil in place or to fill material upon 

which a pavement or base is constructed. 

(12) FLEXING. Flexing is the visible spring or 

vertical elastic movement of the pavement 

under a moving wheel load. 

(13) MAP CRACKING. Map cracking is the development 

of a definite crack pattern in the pavement 

surface under the action of repeated loadings. 

- 11 



Map cracking is distinguished by the formation 

of continuous connected cracks enclosing 

polygonal pavement segments. 

(il;) CONSOLIDATION. Consolidation is the increase 

in unit weight per unit volume, or decrease 

in volume of a given weight of a material duo 

to the action of applied loadings. Consoli¬ 

dation is considered to be synonymous with 

compaction in this report. 

(15) PERMANENT OR VERTICAL DEFORMATION. Permanent 

or vertical deformation is the accumulative 

non-elastic part of the total vertical move¬ 

ment of the surface of the pavement which 

remains after the load is removed. 

(16) FROZEN SOIL. Frozen soil is referred to in 

this report as follows» 

(a) Homogeneously Frozen Soil. Á homogeneous¬ 

ly frozen soil isa soil in which water 

in the soil is frozen within the natural 

voids existing in tlie coil, without ob¬ 

servable accumulation of ice lenses of 

frost forms exceeding in volume such 

natural void spaces. 

(b) Stratified Frozen Soil. A stratified 

frozen soil is a soil in which a part 

of the water in the soil is frozen in 
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in the form of observable ice lenses» 

occupying space in excess of the 

original soil voids. 

(17) ICE CRYSTALS. The formation of ice particles 

found in the pores of homogeneous frozen soil 

is referred to as ice crystals. 

(18) ICE LENSES. Ice lenses 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. 

(20) FORST PENETRATION. The maximum depth from the 

surface to the bottom of the frozen soil. 

(21) DEPTH OF FREEZING TEMPERATURE PENETRATION. The 

depth of freezing temperabure 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 pavement surface due to the accumulation 

of ico lenses. The amount of heave in most 

soils is approximately equal to the cumulative 
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thickness of ice lenses. 

FROST SUSCEPTIBLE SOIL. Frost susceptible 

soil is a soil in which frost action is 

possible. Any soil which contains three per 

cent or mon by weight of grains smaller than 

0¿02 ma. diameter shall be considered sus¬ 

ceptible to frost action. 

NON-FROST SUSCEPTIBLE MATEUALS• Non-frost 

susceptible materials are crushad rock, clean 

sand and grevol, gravai, slag, cinders, or any 

other cohesionloss material in which frost 

action is not possible* 

DEGREE-DAY. Each degree in any one day that 

the moan daily temperature ▼arias from 32°F 

is called a degree day. The difference between 

the daily mean temperature and 32°F equals the 

degree-days for that day. The degree-days are 

plus when the daily mean temperature is below 

o 
32 F and minus when above. A cumulative degree 

days-time curve is obtr. inod by plotting cumula¬ 

tive degree-days against time. 

DEGREE HOUR. A degree hour is the cumulative 

0 
total of degrees per hour below 32 F. 

FREEZING PERIOD. Thu free ting period is the 

time during which the frost is in the ground 

and there is no reduction in strength of 

foundation materials due to frost action. 



(29) FROST MELTING PERIOD. Tho frost malting period 

is the tima of the year during which the frost 

in the foundation materials is returning to a 

liquid state. 

(JO) NORMAL PERIOD. The normal period is the time 

of tne year, summer and fall, when there is no 

reduction in strength of foundation materials 

due to frost action. 

(31) FREEZING INDEX. Freezing index is a measure 

of the oomoinod duration and magnitude of 

below-freezing air températures occurring 

during any given winter and is the maximum 

ordinate of the degree days time curve. 

(32) NORMAL FREEZING INDEX. Normal freezing index 

is computed for normal air temperatures based 

upon a long period of record, usually 10 years 

or more. 

(33) GROUND WRIER TABLE. The ground water table 

is the free water surface nearest to the 

ground surface, 

(3U) DENSITÏ. Density is the unit dry veight in 

pounds per cubic foot. 

(33) 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. 
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(36) DEGREE OF SATURATION. Thö ratio, expressed 

as a percentage, oí- the .volume of water in a 

given soil mass to the total volume of 

intergranular space. Pre cent saturation is 

synonymous with degree of saturation in this 

report. 
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II. INVESTIGATIONS 

2-01. General. The effects of frost action vere studied at 17 

airfields located in the northern United States as shown on map, Plate 

1. A total of kk test areas were investigated at these airfields. 

Twenty-four tost areas had flexible pavenents and sixteen tost areas had 

rigid pavements. Four turfed areas adjacent to paved areas were investi¬ 

gated. The individual test areas were selected to encompass as closely 

as possible the full range of the following variables influencing frost 

action. 

a. Air temperatures ranging from mild to oxtrome in severity. 

b. Ground watur table varying from an elevation near the 

surface of the pavement to an elevation greater than 

90 feet below the pavement surface. 

c. Precipitation prior to freezing period varying from light 

to relatively moderate. 

d. Base and subgrc.de materials varying in water content from 

relatively dry to saturated. 

o. Subgrados varying from plastic fat clay to non-plastic 

silty gravelly sand. 

f. Base materials varying from plastic sand-clay-gravcl to 

crushed rock. 

g. Rigid and flexible pavements. 

h. Pavement designs which would support light to heavy 

aircraft. 

2-02. Tests Conducted. Conditions beneath pavements wore observed 

by means of test pits and auger borings during the various seasons of the 

year, particularly during and shortly following the frost melting period. 

A great many variables were involved and to encompass them the following 

observations and measurements wore made: 

- 17 - 



a. Comprohonsivo Investigations. some sites more extensive 

or comprehensivo invectirntions were conducted than at. others. Compre¬ 

hensive investigations consisted generally of observing and recording 

the following data and performing the indicated tests in selected test 

areas as follows: 

(1) Continuous air temperature during tho freezing and 

frost melting period. 

(2) Subsurface temperatures und^r pavements during freez¬ 

ing and frost molting period. 

(3) Precipitation prior to and during freezing period. 

(4) Moaeurciivnt of pavement heave. 

(5) Location of ground water table in base and cubgrade. 

(6) Ice lens formation in base and oubgrado during the 

freezing and frost melting period. 

(7) Water content and density variation with depth in base 

and subgrade during summer, winter and spring. 

(8) Conditions under turfed areas with and without enow 

cover. 

(9) Pavement bearing tests. 

(10) California Bearing Ratio tests on subgradoo during 

normal and frost melting periods. 

(11) Laboratory tests on soil samples obtained from test 

areas. 

b. Limited Investigations. Some airfields were selected for 

obtaining tho minimum data believed to be basic for understanding the 

effect of frost action at the site. Those loss comprehensivo studies, 

referred to hereinafter as limited investigations, consisted generally of 

itoms (1) through (7), as listed above. 
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Subsurface temperatures were measured by means of thermocouples 

and/or themometers installed at various depths below the pavement 

(and turf) in selected areas. 

The reduction in bearing capacity of the runways was measured by 

pavement bearing tests conducted on the surface of the pavement and 

also on top the base during the frost melting period for comparison 

with similar teste conducted in the summer and fall. Tests were also 

performed with a 24-inch diameter steel plate placed at corners of 

rigid slabs to determine loads required to cause rupture during normal 

and frost melting periods. Field CER tests were performed at some of 

the sites. 

Traffic tests with'light and heavy wheel loads were conducted at 

four of the sites to obtain quantitative results for immediate applica¬ 

tion in evaluating pavements at airfields where a reduced strength 

during the frost melting period would limit the evaluation. Traffic 

tests were conducted at Dow Field, Truax Field, Selfrldge Field, 

and Pierre Airfield. 

The types ci investigations conducted at eaeh airfield during the 

various fiscal years are shown in the following tabulation* 
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PRESQUE ISLE .JPFIELD 

TYPE OF INVESTIGATION FISC^tL ms 
1943-UU 194U^5 19VP+6 19^6-47 

COMPREHENSIVE X X 

LIMITED 

TR.'JT IC TESTS 

HOULTON i'JRFIELD 

TYPE OF INVESTIGATION 

COMPREHENSIVE 

FISC:ii YE.tR 
1943-44 194^110 19^46 I946-4? 

LIMITED X 

TR.'JT IC TESTS 

DOW FIELD 

TYPE OF INVESTIGATION 

COMPREHENSIVE 

FISCAL YE«R 
1943-44 1944-43 19^3-^6 1946-4? 

XXX 

LIMITED X 

TRiJTIC TESTS X X 

REMUES : Special Toot Section constructed for study during 1946-4?. 
Resulte of observations and details of construction 
presented in appendix D. 
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BEDFORD , JRFIELD 

TYPE OF HJVESTia'.TION FISC.Ji m'j 

1943-44 1944-43 19^46 

COI»JPRSHEI®IVE 

LIMITED X 

TRj JFIC TESTS 

OTIS FIELD 

TYPE OF INVESTIGATION FISCAL YEiP 

1943-44 1944-43 19^46 

COMPREHENSIVE 

LIMITED X 

TRi'JFIC TESTS 

TRU.X FIELD 

TYPE Cg INVEST IG/J ION 

COMPREHENSIVE 

LIMITED 

TRJEFIC TESTS 

FISC.X mx 
1943-44 1944^3 19^46 

X X 

X 

21 - 

1946-4? 

X 

1946-47 

1946-47 



SELFRIDGE FIELD 

TYPE OF INVEST IG. JTIOK FI3a>T. YE^ 
19UU^5 1^43-46 1946-47 

COMPREHENSIVE X 

LIMITED X 

TR/JFIC .TESTS X 

PIERRE -JBFIELD 

TYPE OF INVESTIG.'JLTON FISC«X YR'E 
-1943-46 1946-4? 

COMPREHENSIVE X X 

LIMITED 

TR/JFIC TESTS X 

REM.RKS: Surface water Infiltration studies conducted durine 
1944-45 

F/RGO MJNICIP/JL /JBFIELD 

TYPE OF INVESTIG JTION 

COMPREHENSIVE 

LIMITED 

TR/JFIC TESTS 

FISaX YE. JR 
1943-44 1944^5 1943-46 1946-47 

X 

X X 
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BISMARCK MUNICIPAL AIRFIELD 

TYPE ab’ INVESTIGATION FISCAL YEAR 
-1943-UU içUCTrHl945-U6 19^6-U? 

COMPREHENSIVE X 

LIMITED 

TRAFFIC TESTS 

WATERTOvTN AIRFIELD 

TYPE OF INVESTIGATION FISCAL YEAR 
1943-4U 1944-45 19^-^6 1946-4? 

COMPREHENSIVE X 

LIMITED X 

TRAFFIC TESTS 

REMARKS: Surface wator Infiltration etudios conducted durinc 

1944-45 

CASPER AIRFIEJD 

TYPE OF INVESTIGATION FISCAL YEAR 
1943-44 1944^5 19^5-46 1946-4? 

COMPREHENSIVE X 

LIMITED 

TRAFFIC TESTS 

REMARKS: Surface water infiltration otudioo conducted during 

1944-45 



SIOUX FALIS AIRFIELD 

TYPE OF INVESTIGATION FISCAL YEAR 
- 1943-44 1944^3 1^5-46 1946-4? 

COMPREHENSIVE X X 

LIMITED x 

TRAFFIC TESTS 

REMARKS: Surface water infiltration studios conducted during 
1044-45 

FAIRMONT AIRFIELD 

TYPE OF INVESTIGATION FISCAL YEAR 
-^i£_44 1944I45 19^46 I9U6-47 

COMPREHENSIVE 

LIMITED X 

TRAFFIC TESTS 

REMARKS: Surface water infiltration étudiée conducted during 
1944-45 

GREAT BEND AIRFIELD 

TYPE OF INVESTIGATION FISCAL YEAR 
1943-44 1944^5 19^-46 1946-4? 

COMPREHENSIVE 

LIMITED X X 

TRAFFIC TESTS 

REMARKS : Surface water infiltration ctudios conducted during 
1944-45 
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G/PDEN CITY AIRFIELD 

TYPS OF INVEST IG/.T ION FISC/»! YE..B 
1943-4^ 12.44¾ 1943-46 1946-4? 

COMFREHEISIVE X 

LIMITED 

TEli'J'FIC TESTS 

ER/JIT AIRFIELD 

TYPE OF INVESTIGATION FISCAL YFL'R 
1943-44 1944-43 1943-46 1946-4? 

COMPREHENSIVE 

LIMITED X 

TRAFFIC TESTS 

REMJPKS: Surface wate:* infiltration stuàico conductoà during 
1944-45 

2-O3. Methods and Tests Procedures, The methods and test pro- 

ceduros that have been used in connection with the frost investigations 

in each of the three Divisions are presented in detail in Appendix E, 

Volume I. 



III. DATA FDR AIRFIELD FVaSTIGATSD 

3-01. General. A description of each airfield at which tests were 

conducted ic presented in the following paragraphs, leather data, grain 

size curves, classification of base and subgrade materials, typical logs 

and other pertinent data for each airfield are presented on plates in 

Volumes II and III, The selection of airfields was based upon particular 

characteristics such as weather, ground water, soil type, and other con¬ 

ditions which would influence frost action. These conditions are noted 

for each airfield. A geographic location nap showing the location of all 

airfields is presented on Plate 1, Volume I. Temperature data, procipitation 

data, and normal freezing data are shown in Fig, 2$ Plate 2, Volume I. 

3-02. Descriptive Airfield Data, 

a* Presque Isle Airfield. This site was selected due to detri¬ 

mental frost action experienced during previous winters. The airfield is 

located in the northeastern part of ? aine in the city of Presque Isle. The 

region is hilly and glaciated. Tie normal freezing index, based on a 31^6^ 

record, is 206l. The normal rainfall for the three month period of September, 

October and November is 10 inches. Three test areas representing portland 

cement concrete, bituminous concrete oavements, and turfed surfaces were 

selected for investigation. The rigid pavement, seven inches thick, is 

constructed on 3^ to 36 inches of sand and gravol base; the flexible pave¬ 

ment, four inches thick is conctruotcd cn 2ii to JO inches of sand and gravel 

base. The subgrade is a frost susceptible clayey silt, sand and gravel 

mixt'jrs (GO) with 10 to 35 P©** cent by weight finer than 0,02 mm. grain size. 

The ground water table is slightly below six foot in depth, except during 
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the frost moltinç period when it rises to aboMt two feet below the pavement 

surface. During the rintor of 19i»2-19U3 approximately $00 square yards of 

runway paveront heaved. 

Comprehensivo frost invostications were conducted for a period 

of two consecutive years at this sito, durinç 19Ui*19U5 19U5“i9U6. The 

results of tests and obsorvatlons obtained during these periods aro presented 

in Volume II on Platos 6 to Uj inclusive. 

b. Houiton Airfield. This site is in Aroostook County, Houlton, 

Maine. The torram and weather arc similar to Presque Isle Airfield* Houlton 

Airfield is located in a narrow' valley flanked on tho sides by relatively 

high hills. The normal freezing index is 1780 basad on a Lil-yoar record. 

The normal rainfall during tho throe months period preceding freezing is 9 

inches. Two tost areas wore solacted. One tost area is located on tho 

parking apron and has a soil conont base with l-l/2 inches of bituminous 

concrete wearing ocurso. The other tost area, located on the N-S runway, 

has six inches of sand and gravel baso underlying four inches of bituminous 

concreto wearing course. The subgrndo is a frost susceptible silty sand 

and grnvol (GF) with 6 to 15 por cont by weight finer than 0.02 mm. grain 

sizo, Tho ground water table was gunorally below the explored depth of six 

foot. ?!o serious heaving or pavement failures due to frost action have boon 

nctod during the operation of the airfield. 

Limited frost investigations were conducted at Houlton Airfield 

during 19iij“19Li5. All data aro shown on Platos I4Í1 to Iß inclusive. Volume II. 

c. Dow Field. This site was selected because of detrimental 

frost action during previous winters and the availability of data obtained 

from previous frost study at this airfield. Dow Field is located two miles 
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west of ths city oí' B^n;]¡or# luîiino. Tho region consists of rolling terrain 

with hills composed of a thin mantlo of slightly gravelly silt (glacial till) 

overlying bedrock. In the low areas tho glacial till is overlain by a layer 

of silty clay. The normal freezing index is 1275 <>n thc basis of a ton-year 

record. The normal rainfall during tho throe month period preceding freezing 

is 11 inches. Fourteen test areas wore investigated which included six with 

portland cement concrete pavement, seven with bituminous concrete pavement 

and one with turfed siriaco. Generally thc rigid pavement is seven inches 

thick, overlying approximately 15 inches of sand and gravel base. The 

flexible pavement in tho tost areas is generally 5*5 inches thick overlying 

a sand and gravel base varying from 2U to 65 inches in thickness. Tho sub- 

grade underlying pavements and turfed areas is generally a silty clay (CL) 

with 1+0 to 97 por cent by weight finer than 0.02 nun. grain size, Thc ground 

water table is from four to six feet below tho surface and rises to a depth 

of one to four foot during tho frost molting period. Frost action was studied 

at Dow Field in three test areas as a part of thc Pavement Evaluation Program 

during "the summer and fall of 191+3 and winter of 19l+3"19Ul-» During this 

previous investigation, a glacial till subgrade (GC) was encountered in ad¬ 

dition to the silty clay (CL) subgrado. Comprehensive frost investigations 

were conducted at Dow Field for a period of four years, beginning in tho 

fall of 191+3* Eighteen tost areas were investigated at this site including 

runway shoulders and a turfed area. Locations of the test areas investigated 

arc shown on Plato 50* Completo data from investigations at Dow Field arc 

* * 

presented on Plates $0 to Plates I5I, inclusive. Traffic tests using various 

wheel loads wore conducted during the spring of I9I1I+ and 191+5 on both 

* Traffic tests conducted in thc Spring of 1914+ are referred to on the plates 
as Pavement Behavior Tests, 
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bituminous nrd rigid pavements to determine the load carrying capacity of 

tho pavorxnts over a weakened subgradc caused by frost action. Photographs 

of equipment used during those tosts and data obtained are shown on Plates 

II7 to 151» inclusivo. 

d. Bedford Airfield. This site which is located approximately 

II4. miles northwest of the city of Boston in tho towns of Bedford, Concord 

and Lexington, Massachusetts, was selected chiefly to dotemino the extent 

of frost development in non-frost suscoptiblo roils and to augment tho tests 

made and data obtained in the frost investigations at otlv'r airfields. The 

airfield site is an area of rolling terrain of low relief. Tho hills sur¬ 

rounding tho field arc composed of glacial till vdth bedrock generally at 

shallow dooths or exposed. The low area at the cite generally consists of 

a glacio-fluvial deposit of sand vdth gravelly phases varying in thickness 

from 3 bo 10 feet overlying silt and fine sand cf depths in excess of I5 

foot. The normal freezing index based on 56-yenr record is 680, The normal 

rainfall for the throe month period prior to freezing is 10.2 inches. Two 

test areas were selected. One tost area is located in a portland cement 

parking apron. Tho other test area is located on a portion of bituminous 

pavod runway, Tho free draining c:\nd and gravel base in both areas consists 

of a GW material with three por cent by weight finer than 0,02 mm, Tho sub¬ 

grade consists of a well graded sand (3W) with from zero to ton per cent by 

weight finer than 0,02 mm. The ground water table rangos from I4 to 8 feet 

below the surface. 

Tho limited investigations at this sito were conducted for two 

years, 1945-1^6 and 19Í4Ó-19li.7» Results are shown on P la tos I52 to 161, in¬ 

clusive. 
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0» Otis Fio Id, Otis Fio Id, soiocted beot'use of previous occur¬ 

rences of frost notion, is locatod within the limits of Cnnp Sdwnrds , Mas- 

sachusotts, Tho site is of glncio-fluvial origin and is part of an exten¬ 

sive outwnsh plain. The area is generally flat consisting of extensivo de¬ 

posits of variable sands and gravols with occasional boulders, 'Vinter 

temperatures at Otis Field arc fairly mild, with a normal freezing index 

of 202 based on a 21-year record. The normal rainfall for threo months 

period preceding freezing is I3 inches. Trio test area is locatod in a cut 

soction on the NE-S17 runway, Tho flexible pavement, five to seven inches 

thick, overlies a non-uniform subgrade generally consisting of intermixed 

pockets of sands, silts, and gravols resulting in several gradations of 

frost susceptible soils in the upper portion of the subgrade. The subgrado 

at greater depths consists of fine; to medium send with occasional gravel 

and small quantities of silt. Ground water was not oncountjrod at an ex¬ 

plored depth of 15 foot. Frost action was observed in January 19^3 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. 

Limited frost investigations w.ro conducted during one year 

only, 1914+-19lt.5* Results of observations, including some data obtained in 

I9I+3 arc presentad on Plates 162 to I67, inclusive, 

f* Truax Field. Truax Field is located on a low-lying level 

area forming one of the upper reaches of tho marshes along tho Yahara Rivor 

and Lakes Lendo ta and Lorona at Madison, dsconsin. The winter temperatures 

are severe •nth a normal freezing index of 1227 based on a i^-yenr record. 

The normal rainfall for the three month neriod preceding freezing is 7 inches. 
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Thrco tost nroas woro selected. Two test areas consistod of bituminous 

concrete and one consisted of portland cornent concreto pavements. The 

bituminous concreto pavement, 2.5 inches thick, is corstructod on a crushed 

rock base, and a sandy clay and gravel (GF) sub-base. The two flexible pave¬ 

ment test areas, located on a runway and taxiway, differ in the thickness of 

base and sub-base. The taxi way tost area has eight inches of base and 15 to 

17 inches of sub-base. The runway test area has 20 inches of base and 21 

to 31 inches of sub-base. The portland cornant concreto test area, located 

on the parle in g apron, consists of a six-inch slab which was constructed on 

a base of sand-clay-gravcl (GF) varying from about throe to fivo foot in 

thickness. The original subgrade is a silty clay (CL) with lenticular do- 

posits of fine sand occurring at varying elevations. The ground water tabic 

is fairly uniform throughout the field, normally varying from six to eight 

foot below the pavomnnt surfaces. 

In addition to comprehensivo investigations in both the rigid 

and flexible pavement tost areas for two years, l^-iyl^ and 19^5-19^6, a 

traffic tes#was conducted during the first year of investigations. The 

tost results and observations are presented on Plates I68 to 207 inclusive, 

in Volume III of this report, 

6« Solfridgo Field. Selfridgo Field is located about 3 miles 

cast of rt. Clemens and 30 miles northeast of Detroit, Michigan. The field 

is located on a level lake plain adjacent to Lake St. Clair. The normal 

freezing index based on a Ii6 year record is 5^1. The normal prccipitrtion 

for the thrco month period, September to Foverrbor inclusive, is 7*7 inches. 

A test area on tha portland comont concrete parking apror was selected for 

observation and study. The 10-inch concreto slab thickoncd to 12 inches on 
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the edge is placed on approximately 12 inches of sand and gravel (OF). 

Tho subgrade immediately beneath the base consists of a sandy silt (ML) 

overlying a sand with a high percentage of fines (SF) underlain by loan 

clay (CL), Tho base contains from two to fivo nor cent by weight finer 

than 0.02 mm. All tho subgrndo soils are frost susceptible. The ground 

water table varies from approximately 3«5 foot to 6.0 feet below the sur¬ 

face. 

Comprohonsive frost investigations were made during 19li5“19U6, 

including a traffic test. Tho specific purpose of the traffic tost at this 

site was to determine tho supporting capacity of -the portland cement pave¬ 

ment by means of a 60,000-pound load on a 3-29 dual vhecl assembly during 

and directly after tho frost molting period. Limited frost investigations 

were conducted during 19l;6-19l47» The results of those investigations aro 

presented on Plates 208 to 232 inclusive. 

h, Pierre Airfield. Pierre Airfield, approximately 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 129U on basis of U6-year record and the ground water 

table is at a depth greater than 25 feet from the surface. The normal 

rainfall during the three months preceding freezing is 2 to Ij. inches. 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, an-3 turfed surfaces were selected for investigations. 

The rigid pavement, seven inches thick, was constructed on 7 "to ll|..5 inches 

of sand and gravel base. The flexible pavement, 5*5 inches thick, overlies 
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ft sand and gravel base of 6 to I5.5 inches thickness. The subgrade is a 

mixture of clay, silt, and sand (CL) susceptible to frost action. T!o serious 

heaving of pavements or pavenent distress dje to frost action has been noted 

during the period of operation of the airfield. 

Comprehensive frost investigations were conducted for a period 

of tro years, 19l*ij.-19ii5 1?U5"1?U6. Results of tests and observations 

are shorn on Plates 2?5 to 268, inclusive in Volume III. 

i, Fargo Munícipe Airfield. Fargo ¡.lunicipal Airfield is 

located approximately 1.5 miles northrest of the city limits of Fargo, 

North Dakota, The airfield is located on a generally smooth, flat plain, 

originally the bed of an ancient glacial lake. Tinter temneratures at Fargo 

Airfield aro tho most severe of all theiy airfields investigated. The 

normal freezing index, based on a 63-year record, is 261|6. The normal rain¬ 

fall for tho three month period preceding freezing is 3*7 inches. One test 

aroa was investigated which consisted of 1,5 inches of bituminous concrete 

wearing surface constructed over a soil cornent base course having a thick¬ 

ness of approximately 6.5 inches. A sub-base Of sand and clay material 

(CL-3F), ape roxim.ately I5 inches in thickness, overlies about eight inches 

of black clay with sard gravel and cinders (0TT-CV), Tho subjrade is a 

medium fat tc fat clay (CL). Tho gro”nd water table during tho freezing 

period varies from five to seven foot in donth below the pavement. During 

tho frost melting period it rises to a dep';h of throe feet. The sub-base 

and subgrade materials aro considered susceptible to frost action. A 

moderate amount of frost action occurred during this investigation but is 

not considered detrimental to the pavement. 
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Comprehensivo tests and observâtions wore conductod during 

I9I4I4-I9U5 and limitod investi gâtions weru nado during the following two 

years in tho same bituminous paved area* The results of tests and obsor«* 

vations aro presented on Plates 269 to 277» inclusivo. Volume III, 

j. Bismarck Municipal Airfield, Bismarck Municipal Airfield 

is located south of tho southeast limits of tho city of Bismarck adjacent 

to Fort Lincoln, North Dakota. Tho airfield site is on a relatively flat, 

elevated bench about two miles oast of the Missouri Rivur. Winter tempera¬ 

tures are extreme vdth a normal freezing index of 2552 based on a 69“yoar 

record. Tho normal rainfall for tho throe month period preceding freezing 

is 2.6 inches. One test area of bituminous concrete pavement located on a 

runway was selected for investigation. The pavement is inches thick 

and was constructed on a six-inch sand and gravel base course and approxi¬ 

mately throo feet of frost susceptible silt and fine sand (CL-ML) subgrede 

overlying sand and gravelly materials to a depth of approximately 12 feet 

whoro a very compact clay is encountered. This results in tho formation 

of a perched water table at a depth of about 12 feet below the surface. 

The normal elevation of natural grouno wator is approximately 1+0 foot be¬ 

low the surfneo. Prior to the period of frost investigation, no indications 

of frost heaving or other major pavement changes due to frost action havo 

boon noted. 

Comprehensivo frost investigations wore conducted at Bismarck 

Municipal Airfield during one year only 191:4-191*5 a flexible pavement 

area. Result of tests and observations ar^ presorted on Plates 2?8 to 26?, 

inclusive. 

k, Watertown Airfield. Watertown Airfield is located adjacent 

to tho northwest city limits of Watertown, South Dakota. The goneral terrain 
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of the airfield sito varies from flat to rolling. Winter temperatures are 

generally sovoro with a normal froozing index of ljh2 basod on a UO-year 

rocord. The normal rainfall for iJiree month period preceding froozing is 

inches. Threo tost areas wore solectod. A portland comont concrete 

area consists of an eight-inch slab constructed diroctly on the subgrado 

which consists principally of frost susceptible silty, clayey sand (SF-OL). 

A bituninous concrete test area, consists of five inches of asphaltic con¬ 

crete overlying eight inches of sand and gravel base on the silty, clayey 

sand subgrade. A turfed area with subgrado conditions similar to those en¬ 

countered under the paved areas. A well defined viator table at approximately 

12 feet below the surface exists in moro gravelly materials which is found 

in the deeper subgrade. No serious heaving of the pavoment or pavement fail¬ 

ures due to frost action have boon observed. 

Comprehensive tests were conducted during the first year, 

19144-19^5» and limited to tests and observations the following year under 

both rigid and flexible pavements. Test results are presented on Plates 

263 to 297* inclusive. 

!• Casper Airfield. Casper Airfield is located approximately 

eight miles northwest of the city of Caspar, Wyoming. This site was selected 

to determine the effects of frost in an area having a comparatively low an¬ 

nual precipitation, an extremely low xvator table, and dry subsurface con¬ 

ditions. Tho gonera1 terrain of the airfield site is substantially flat. 

The weath ?r conditons in the airfield region aro mod errto with the normal 

freezing index of 552 based on a five year average. Tho normal rainfall 

for the throe month period preceding freezing is )4.)4 inches. Two test areas 

were selected. One tost area on the apron consists of portland comont concrete 
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pavement, seven inches thick, placed directly on a compacted frost sus¬ 

ceptible 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 1J 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« 

Comprehensive frost investigations were conducted during one 

year only, 19Í44-19U5» Results of tests and observations are presented on 

Plates 298 to 302, inclusive. 

m* Sioux Falls Airfield. Sioux Falls Airfield is located north¬ 

west 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 tho airfield protect the airfield from flood 

waters of the Big Sioux River. Severe winter weather conditions are indicated 

by a normal freezing index of approximately 1100 based on a l*6-year record. 

The normal rainfall for three month period preceding freezing is 5*5 inches. 

Two test areas were selected. One is on a taxiway pavement of two inches of 

bituminous concrete vdth approximately 9»5 inches of gravol, sand, and clay 

base overlying 12 inches of select silty clay sub-base (CL), Tho subgrado 

soils consist of a mixture of clay, silt and sand (CL-CH). The second test 

area is located on the portland cement concrete apron. The concrete pavement 

was placed directly upon the frost susceptible compacted subgrado. The nor¬ 

mal elevation of ground water is approximately nine feet below the surface. 

During flood stage the level of tho Big Sioux River is above tho surface 

elevation of the airfield. However, no appreciable back drainage through 

subterranoan water courses has been recorded. Ko severe pavement distress 

due to frost action has been observed. A previous investigation of frost 
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conditions existing under a taxiway pavonont at this airfield was made in 

March 19Uu Excavations made at that time indicated the presence of ap¬ 

preciable ice lenses extending from the top of the subgrade'to a depth of 

approximately throe feet. 

Studies were conducted at the airfield for a period of throe 

years in the same test areas. Comprehensive tests were made during 19l4¿rl9¿6 

and I9U5-I9U6 and limited investigations the following year, 19U6-19U7» 

Results of those tests are presented on Plates 303 323* inclusive. 

n, 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 58I based on a L^-year record. The normal rainfall for three months pre¬ 

ceding freezing is 6.5 inches. The test area consisted of an eight-inch 

portland cement concrete pavement constructed directly on a silty clay (CL- 

CH) subgrade. The ground water is located approximately 90 Psot below the 

pavement surface. 

Only limited investigations were conducted at this site during 

I9I4U-I9U5 in a rigid pavement area. Results are presented on Plates 32k to 

326, inclusive, 

p. Great Bond Airfield. Groat Bend Airfield, approximately 

throe miles west of the city of Great Bond, is located in the wide, flat 

valley of the Arkansas River. ’Vinter temperature conditons in the airfield 

region are extremely variable, with extremes of vury mild to occasionally 

severe winters. The U6-year normal freezing index is only 28. The normal 

rainfall for the throe month period preceding freezing is 5»3 inches. One 

test area consists of a seven-inch portland cornant concrete pavement con¬ 

structed on a six-inch sandy gravel base. The subgrado consists principally 
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of a silty clay (CL) and sandy silt (CL-SP). The water table ranged from 

12 to 15 feet below the surface during the period, of this investigation. 

No pavement failure due to frost action has been observed. 

Limited frost investigations were conducted for two consecu¬ 

tive years in a rigid pavement test area. Results are presented on Plates 

327 to 331# inclusive, 

q. Garden City Airfield, Garden City Airfield, approximately 

nine miles southeast of Garden City, Kansas, is located on flat to slightly 

rolling prairie land with the Arkansas River approximately one mile south 

and west of the airfield. The i|l*“yoar normal freozing index is 56, The 

normal rainfall for the three month period preceding freezing is U»1 inches. 

One test area was selected and is located on a runway pavement consisting 

of bituminous concrete having a thickness of I.5 inches constructed on a 

sand, gravel, and clay (SC) base course vdth a thickness of approximately 

IO.5 inches, overlying a silty clay (CL) subgrade. Ground water elevation 

is more than 90 foot below the surface. Pavomont distress duo to frost 

action has not boon previously recorded at this nrifield. In a previous 

investigation made on the airfield pavement in January I9I1U, the presence 

of ice lenses and frost formations wore observed in the subgrade. The 

freezing index for the 19U3-19l4i season was approximately 2144. 

Comprehensive frost investigations wore conducted during one 

year only, 19Í44-19U5» Results are presented on Plates 332 to 335* inclusive, 

r. Pratt Airfield. Pratt Airfield is located approximately 

three miles north of the city of Pratt, Kansas, or, a gently rolling prairie 

land interspersed with low knolls and occasional shallow ponds. Mild winter 

weather conditions are indicated by the Uó-yoar normal freezing index of 26, 
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The normal rainfall for the throe month period preceding freezing is 6.J 

inches. One test area was selected and is located on a taxiway pavement 

consisting of a seven-inch 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 precipitation. 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 entering at the juncture of the pavement and turf shoulder. 
% 

Limited frost investigations were conducted in a rigid pave¬ 

ment test area during one year only, 1914+-1914.5^ Test results are presented 

on Plates 336 338» inclusive. 
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3-03» Drainage Data, The surface and subsurface drainage 

facilities at the several tost areas are summarized in the following 

tabulation: 

TEST SURFACE SUBS'JRFACE 
, AIRFIELD AREA DRAINAGE DRAINAGE 

Presque Isle A Surface runoff from pavement 
collected by catch basins in 
valley in apron area. 

Base course continued through 
shoulder to edge of fill on 
one edge. 

B Surface runoff from pavement 
and shoulder coL ■ cted by 
shallow turf or rock gutters 
which drain to a catch basin 
at end of taxiway. 

6-inch open joint pipe, i^-foot 
depth backfilled with sand and 
gravel at outside edge of sur¬ 
face treated gravel shoulders. 

Houlton A Surface runoff from apron 
collected in ditch at pave¬ 
ment edges 

B Surface runoff from / pave¬ 
ment collected by combina¬ 
tion drains and catch basins 
at runway edges and ditches 
along outside edge of land¬ 
ing strip. 

Open joint pipe, 5'foot depth, 
to intercept sidehill seepage 
at east edge. Backfilled with 
sand and gravel. 

Open joint pipe, 5-foot depth, 
at edges of bit. cone, runway. 
Backfilled with sand and gravel 

Dow 

? 

A Surface runoff from /5 pavement 8-i: ch non-reinforced concrete 
collected by catch basins oper. joint pipe, U-foot depth 
located 75 feet from / ana backfilled with bank-run sand 
spaced 225 feet longiTudinally. and gravel. 

B Surface runoff from ^ pave- 
and ment collected by catch 

C basins located at edge of 
pavement spaced 225 feet and 
catch basins at edge of bit. 
treated shoulders and at 250 
feet from / in turfed area. 

Open joint pipe at bit. cone, 
pvt, edges and skip pipe at 
175 foot from ¢, runway at bit. 
surf, treated shoulder edges. 
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AIRFIELD 
SURFACE 

DRAINAGE 
SUBSURFACE 

DRAINAGE 

Bedford 

Otis 

Truux 

Sei fridge 

TEST 

AREA 

A Surface runoff collected by 
catchbftsins and carried away 

by closed joint drains to None 
large open ditches and natural 
drainage outlets. 

B Surface runoff collected by 

catchbasins and closed joint 
pipe generally located 250 

feet from centerline of run¬ 
way, also by surface inlets 

located 75 feet on each side 
of centerline of the runways 
and spaced 250 feet apart. 

A Surface runoff collected by 
longitudinal turf swales 
located I50 feet from ^ 

runway with catch basins to 
closed joint pipe. 

A Surface runoff from / of 

pavement to euge of shoulder 

collected by catch basins in 
shallow gutter at shoulder 
edge, 

B Surface runoff from ¿ of 

pavement to edge of Moulder 

collected by catch basins in 
shallow gutter at shoulder 
edge, 

C Surface runoff from pavement 

and adjoining turfed area 
collected by catch basins in 
turfed area at low points. 

A Surface runoff from pavement 
collected by shallow gutters 
at edges and into catch- 
basins, thcncs to one of 
three* pumping stations. 

Open joint pipe located 75 
feet on each side of the 

centerline in trenches back¬ 
filled with bank run snnd and 
gravel. Top of trenches paved. 

6-inch non-reinforced open 
joint pipe laid in 2-foot 

wide trenches at edge of 
pav.mcnt, backfilled with 
well-graded sand and gravel. 

Pipe inverts art about I4. feet 
below pavement edge. 

None 

Perforated tile pipe in 

trenches filled with coarse 
sand at edges of pavement. 
Top 2 inches is clay top soil. 

Trench filled with sand and 

gravel and containing a V. C, 
pipe with open joints along 
south edge. None at north 
edge, 

6-inch perforated bell and 
spigot tile pipe around peri¬ 
phery of apron, at 5-foot 

depth in trench backfilled 
with clean sand and gravel. 
Top 12 inches comprcted top 
soil. 
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AIRFIELD 

Pierre 

Fargo 

Bismarck 

Watertown 

Casper 

Dieux Falls 

.ai mont 

Great Bond 

f 

TEST SURFACE SUBSURFACE 
AREA DRAINAGE DRAINAGE 

A Surface runoff collected by 
and shallow swale at edge of None 

B shoulders. 

A Surface runoff from pavement Combination drains backfilled 
collected by combination with coarse aggregate located 
drains at pavement edges. dn shoulder with open joint 

pipe in trench. 

A Surface runoff collected by 
shallow swale at edge of None 
shoulders , 

A Surface runoff drains to 
and open shallow swale at edge None 

B of pavement, 

A Surface runoff co11'. cted by 
catch basins loca. . in None 
shallow swale in pavement 
area. 

B Surface runoff collected by 
shallow swale at edge of None 
pavement. 

A Drainage of airfield princi- 
and pally by surface runoff, 

B Temporary poncing relieved None 
by seepage into subsurface 
permeable strata, 

A Drainage provided by surface 
drainage and by comprehensive None 
storm sower system, 

A Dr'inrge secured by drainage 
ditches and by drainage into None 
sump ponds. 
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TEST 
AIRFIELD AREA 

SURFACE 

DRAIN.'. G E 

Garden City A Drainage secured by surface 
drainage ;jid storm sewer 

system. Interceptor drain¬ 
age ditch protects the paved 

areas from water draining from 
higher area. 

Pratt Drainage secured by surface 
drainage and a storm sower 
system. 

SUBSURFACE 

DRAINAGE 

Hone 

None 

I 
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REPORT ON STUDIES OF BASE 
COURSE TREATMENT TO PREVENT FROST ACTION 

SYNOPSIS 

This report presents studies and results of tests, using admixtures, 

on frost susceptible base course and subgrade soils, These studies 

and tests wore conducted by the Frost Effects Laborrtory under con¬ 

trolled temperature conditions for the purpose of developing methods 

of preventing or reducing frost action in frost susceptible soils* 

Frost action is defined as an accumulation of *atcr in the form of 

ice lenses in the soil under naturel freezing conditions. 

The design of airfield pnventnts at locations where frost pene¬ 

trates into the base is founded upon the assumption that the base is 

not weakened or adversely affected by frost action. However, in 

some geographical areas, such non-frost susceptible bases r.r© not 

economically available and methods to make frost susceptible basts 

non-frost susceptible may prove to bt economically feasible and 

allow for speedier construction. The success of these methods depends 

first upon the permanency of the treatment and second upon the economy 

of the treatment in contrast to the importation of non-frost susceptible 

materials* 

The laboratory studies were conducted ovct a period of two years* 

During the fiscal year 19a^-19U6 tests were performed to determine the 

suitability of various economically avallo’ lr admixtures in preventing 

Irost action. Tests were also mads to determine whether leaching of 

salt admixtures could be retarded or prevented by ths use of bituminous 

materials* The works of other investigators was reviewed and are 
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aummarited in this report. Admixture studies w<.re continued during 

the fiscal yenr 19U6-19U7 cind# in addition, investigations were made 

(a) to verify the hypothesis that the amount of salt required to 

prevent frost action is a function of the void ratio and (b) to 
* 

determine the influence of rock content in a frost susceptible soil on 

type and quantity of admixture required to prevent frost action. 

The admixtures selected for use in these studies were flake 

calcium chloride. Bunker "Cw oil, Tarmac T-2 (RT-2) and "Darex A.R.A." 

The materials selected for testing consisted of a glacial till, a 

silt, a frost susceptible sand and gravel and mixtures of the latter 

two materials. 

The results obtained from admixture tests were in general agree¬ 

ment with those obtained by V.inn and Rutledge (summarized in this 

report). Results of tests indicate that (l) Bunker ’'C" oil and 

RT-2 may be used to prevent frost action singly or in combination 

with calcium chloride, (2) ''Darex A.E.A,” is not effective in pre¬ 

venting frost action in silt when used in quantities up to two per 

cent of the dry weight of the soil, (j) addition of bituminous 

material with salt retards leaching only slightly, (!;) that the air 

temperature and void ratio may be used to determine the approximate 

quantity of salt required to prevent frost action, (5) no relationship 

between the rock content of the soil and the amount of i.dmixture 

required to prevent frost action is indicated for the three soil mixes 

tested. 
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I INTRODUCTION 

1-01. Authorization. The 19^5-1946 frost investigation program 

was authorized by the Chief of Engineers by letter to the Division 

Engineer, New England Division, dated i* August 19U5» subject "Frost 

Investigation, During Fiscal Year 19Í45”19U6M and subsequent indorse¬ 

ments, File SPEER, The program for the fiscal year 191+6-19^7 was 

authorized by the Chief of Engineers by two letters to the Division 

Engineer, New England Division, dated 25 «July 19U6 and 12 August 19i|6, 

subject "Funds for Investigational Program for Fiscal Year 19i+7»u 

The investigations reported heroin constitute a part of the authorized 

program. 

1-02, Purpose. The purpose of these investigations has been 

to study methods and perform laboratory tests to develop treatments 

to prevent frost action in soils susceptible to frost action. 

I-05. Scope. This report presents (l) a summary in the form 

of excerpts from the conclusions of reports of investigations performed 

by others on the effect of admixtures on frost rction, (2) a sutdy of 

previous investigations to determine the relationship between void 

ratio and the amount of salt required to prevent frost action, (3) 

the results of laboratory tests performed to determine the suitability 

of various admixtures and combinations of admixtures to prevent frost 

action in frost susceptible materials, (I4.) the results of laboratory 

tests to determine whether leaching of salts could be retarded or 

prevented by the addition of bituminous materials, (5) the results of 

laboratory tests to determine the effect of rock content of soils on 



the amount of admixture required to make them non-frost susceptible. 

Representative data are presented herein. A complete record of test 

data is on file at the Soils Laboratory of the New England Division. 

No field tests were performed for these investigations. 

1-0Í+, Acknowledgments. Frost action tests were conducted in 

the Soil Mechanics Laboratory, Harvard Graduate School of Engineering. 

Dr. a. Casagrniide of Harvard University and Dr. P. C. Rutledge of 

Northwestern University were employed as consultants on these in¬ 

vestigations. The investigations reported herein were conducted 

along the lines established by previous investigations at Purdue 

University. 

I-O5. Definitions. The description of the tests and analyses of 

results involve a spedr.lized use of certain terms and words. The 

words and terms used in this report are defined in the ’’Glossary" at 

the end of this report. 



II STUDIES OF Bi’iSE COURSE TREATMENT TO 
PREVENT FROST ACTION, FISCAL YEAR 

19U5 - 19U6 

2-01# Pvirpose» The purpose of this investigation has been to 

study methods and perform laboratory tests to develop treatments to 

prevent frost action in base materials susceptible to frost action# 

2-02. Scope, This report presents (a) a summary of previous 

investigations performed by others, to study the effect of admixtures 

on frost action, in the form of excerpts from the stated conclusions 

of these investigations, (b) the results of laboratory tests performed 

to determine the suitability of various admixtures and combinations 

of admixtures to prevent frost action in materials susceptible to 

frost action, and (c) "the results of laboratory tests to determine 

whether leaching of salts could be retarded or prevented by the 

addition of bituminous materials# Representative data are presented 

herein. A complete record of test data is on file at the Frost 

Effects Laboratory# No field tests were performed during this 

investigation # 

Review of Previous Investigations. The following three 

studies,of the treatment of base courses to prevent frost action all 

conducted by personnel of Purdue University, were reviewed; 

a. MProst Action in Highway Bases and3ubfrades” by H. F. 

Winn and p. C. Rutledge, Kay 19^0. 

b. ”Use of Calcium Chloride in Subgrade Soils for Frost 

Prevention” by F. L. Slate, December 19¿£. 

c. "The Migration and Effect on Frost Heave of Calcium 

Chloride and Sodium Chloride in Soil,” by Charles Slosser, July 19l¿. 



The studies reported in paragraph 2-03a above were made Mto 

determine the resistance to frost action of various types of treated 

soils and soil mixtures now in common use as road bases and subgrades.n 

Three basic soils were selected for study, a sandy clay, a pit run 

gravel, and a fairly uniform, washed, concrete sand. The results of 

classification tests on these soils are summarized on Plate A-l. These 

three soils were combined in the following percentages to form seven 

different soil mixtures» 10, 20, i*0 and 60 per cent sandy clay with 

90, 80, 60 and 1;0 per cent sand respectively, and 15, 16.5 and 20 

per cent sandy clay with 85, 83*5 and 80 per cent pit run gravel, 

respectively. 

These soils and soil mixtures were tested in a remolded compacted 

state at varying per cent saturation, with and without the following 

admixtures» calcium oxide, sodium chloride, calcium chloride, port- 

land cement, tar, cutback asphalt, road oil, emulsified asphalt and 

vinsol. The method of testing was briefly as follows» 

a. The remolded moist soil or soil mixture with or without 

admixture was compacted in a cylindrical form three inches inside 

diameter and seven inches high. 

b. Water under a pressure of ?0 pounds per square inch was 

then forced to flow through a selected number of the specimens for 

about '¿U hours. 

c. The specimens were then placed in a freezing cabinet and the 

air temperature at the top of the sample was progressively reduced over 

approximately 21 days from about 30°F. to minus 10°F. or minus 15°F. 

During tais period, the air temperature immediately below the bottom 

of the specimen was maintained at about U0°F. 
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Some specimens were 



provided with a Bource of v/ater at the base of the specimen. 

d. During the period of below freezing top air temperatures, 

daily measurements of the elongation or heave of the specimens were 

made. At end of test the specimens were frozen either to or nearly 

to the bottom. The specimens were examined for ice lenses and tested for 

water content variation with depth. 

The conclusions arrived at as a result of this investigation 

are quoted as follows: 

”1# Estimates as to the extent to vhich frost action may be 

expected to occur in natural soil, treated soil, or stabilized soil 

can be made only when the limiting conditions of initial and attainable 

moisture content are knovn,” 

"2. In general, the natural fine-grained sandy clay started 

to heave sooner, heaved at a greater rate, reached a greater total heave, 

reached capillary saturation core readily, md had less resistance to 

moisture content fluctuation than did treated and stabilised sandy clay 

exposed to the same condition." 

"3. The available datnindlcato that the. frost line penetrates a 

graded-soil mixture at a greater rate than it does a natural fine-grained 

sandy clay. Rcpld freoslng results In loss ice segregation and less total 

heave for the same depth of frost penetration." 

%. Percentage-of-heave data from individua] tests should not 

be used as criteria for rigid comparisons of the frost action resistance 

of natural soils, treated soils, or stabilised soils, but may be used as 

a basis for general classifications of the materials Into heaving and 

non-heaving groups." 
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"5» Once cc.pillury saturación is reached and ice segregation 

begins in a treated sandy clay, the rate of heaving is only slightly 

less than for the same soil untreated.1’ 

"6. The available data indicate that there is a critical 

density for sandy clay at which frost action occurs most readily, 

when material is saturated. Below the critical density, frost action 

is directly proportional to density above the critical density, frost 

action is inversely proportional to density. Increasing the density 

above the critical density increases the period of inactivity before 

heaving starts and decreases the rate of heaving and total heave in 

a manner similar to the addition of admixtures.'1 

"y» Groups of specimens of natural or treated sandy clay 

included in this investigation, which had no variables except density 

and moisture content at the time- of compaction, approached the same 

ultimate dry density during air drying.” 

”8. Any of the types of soils, treated soils, or stabilized 

soils included in this investigation can be saturated by water under 

a pressure of 30 pounds per square inch applied for hours or less.” 

"9. The available data on field soil tempen.tures indicate 

that periodic fluctuations of short duration in air temperature do not 

cause corresponding fluctuations in the temperature of the subgrado 

soilj soil temperatures are a function of cumulative air temperatures." 

"regarding admixtures." 

"10, All the admixtures tested are much more effective in 

reducing frost action when used with v/cl 1-gradt-d soil mixtures than 

when used with natural sandy clay,r 
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"11. Calcium oxide (2, 6, 10 per cent in scjidy clay; per cent 

in graded soil mixture)* does not increase the mixture^ resistance to 

frost action or moisture content fluctuation sufficiently to warrant 

its use for these purposes. The mixtures take on water readily, and, 

provided water is available for capillary rise, the degree of satura¬ 

tion at the beginning of the freezing period is of little consequence." 

"12, Sodium chloride (natural sandy clay plus 1, 2, 3# 6 

per centj graded soil mixture plus £, 1, 2, 3 ^.d U per cent) and 

calcium chloride (natural sandy clay plus 2, )4 per cent) provide good 

resistance to frost action primarily because of the lowering effect 

of the admixture on the freezing point. The data indicate that as 

long as the soil retains the Chemical in its full concentration, 

2 per cent or less ch mical prevents freezing at -10° to -15°F. nnd 

thereby prevents frost damage." 

"13« The resistance to frost action of a soil cement 

mixture (natural sandy dry plus 6, 8, 10, 12 per centj graded soil 

mixture plus [j, 6, 8, 10 per cent) is inversely proportion;;! to the 

degree of saturation of the mixture at the beginning of the freezing 

period." 

"14. In general, the resistance to frost action of bituminous 

mixtures is inversely proportional to the degree of saturation at the 

beginning of the freezing period," 

"15o Portland cement, tar, cutback 

asphalt, and vinsol»»add stabilUy a 
* ^rcentagos investig' tcd. All percentage 

weight. r 6 

** A -Product of turpentine distillation. 

asphalt, road oil, emulsi- 

sandy clay by inhibiting 
s are given in terms of dry 
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capillary motion of the water to various degrees, the amount being 

closely related to the percentage of admixture and moisture content 

of the mixture at the time it is exposed to the water." 

Ml6. Vinsol is effective as a waterproofing agent and 

frost action preventive when the moisture content of the sandy clay- 

vinsol mixture is between U and 10 per cent. " 

"17, On the be sis of the date presented in this paper, the 

following group classifications can be madei 

Group No. 1, damaged by frost action at all percentages 

of initial moisture content. Sandy clay (natural); graded mixtures 

of clay plus gravel and clay plus sand; sandy clay plus 2, 6, 10 

per cent CnO; graded soil mixture plus U» 6 per cent CaO; sandy clay 

plus 1 per cent NaCl; sandy clay plus 1 per cent CaCl^j sandy clay plus 

I4. per cent portland cement; sandy clay plus 2, U, 6 per cent TC; 

sandy clay plus 2, i; p«.r cent ACS-1; sandy clay plus 2, per cent MC-1. 

Group No. 2, damaged only when initial moisture content 

was approximately 100 per cent saturation. Sandy clay plus 6, 8, 10, 

12 per cent Portland cement; sandy clay plus U# 6, 8 per cent TM-2; 

sandy clay plus U» 6, 8 per cent AES-1 ; sandy clay plus U per cent 

SC-3; graded soil mixture plus 2 pcr cent AES-1; graded soil mixture 

plus 2, U, 6 por cent RC-3; sandy clay and graded soil mixtures 

plus 1, 2, 3# 5 Ptír cent vinsol (also when moisture content is below 

U per cent)* 

Group No. 3, no frost damage at all degrees of initial 

moistura content. Sandy clay plus 3# U» & per cent NaCl; graded soil 

mixture plus 5, 1, 2, 4, 6 per cent NaCl; sandy clay plus 3# U, 6 
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per cent CaCl^i Graded soil mixture plus 1, 2, i* per cent CaClgS 

graded soil mixture plus U# 6, 8 per cent portland cement; graded soil 

mixture plus U# 6 per cent TM-2; graded soil mixture plus I4, 6 per cent 

AES-1; graded soil mixture plus per cent Bitumuls Stabilizer; sandy 

clay plus 6, 8 per cent SC-3; graded soil mixture plus 2, J4, 6 per cent 

SC-3." 

The studies reported in paragraph 2-03b were performed to 

determine the percentage of calcium chloride necessary to prevent 

frost action. One soil, a silt, was selected for study# The results 

of the classification tests are shown on Plate A-l. 

The test procedure was similar to that reported by Winn and 

Rutledge as briefly described on Page A-6. The principal conclusions 

from his investigations are quoted as follows from his report, page 

Í44O, w(l) The presence of a small percentage of calcium chloride in 

silt will usually protect that soil fror damaging frost heave. 

(2) Small quantities, as low as one-haIf of one per cent, of calcium 

chloride in silt will reduce the frost heave appreciably. (3) A soil 

that has heaved because of frost contains a moisture content greater 

than normal. This v/ater makes up the ice lenses causing the heave, 

and it is drawn up from the ground water. ^ Thc water rising tQ 

form ice lenses carries calcium chloride upward with it. (5) as a 

general average, it can be said that protection from frost heave in 

silt is afforded by 2 per cent calcium chloride, in clay by 1 per cent 

calcium chloride, and in graded mixes by | per cent calcium chloride.” 

These tests indicate that under the conditions tested the silt re¬ 

quired at least h pet cent calcium chloride to prevent frost action at 
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9°P#, with a gradually decreasing temperature. 

The studies reported by Charles Slesser were wide to "trace 

the movement of calcium chloride and sodium chloride in various soils 

and to evaluate the important variables governing this movement" and 

"to determine the practicability of treating subgrades with those 

chemicals in order to reduce or eliminate frost heave." 

The soil tested consisted of a silt, called LaPorte silt, for 

which classification data are summarized on Plate A-l, 

The principal conclusions from his investigations are quoted 

as follows from Page il), of his report* 

"it was found that calcium chloride and sodium chloride 

migrated differently under similar conditions of exposure. Under the 

influence of soil capillarity and natural evaporation, sodium chloride 

tended to form a vhite crust on the surface of the unpaved road, and, 

hence, was more susceptible to lateral surface-washing during rain 

periods than wa*e calcium chloride. On the other hand, calcium chloride 

did not tend to accumulate on the unpaved road surface to the same extent 

as sodium chloride, under the influence of soil capillarity and 

natural evaporation, because of its greater moisture-attracting power 

and its higher solubility. With exposed fine-grained soils, lateral 

movement proceeded primarily by surface washing from the top of the 

road proper to the side ditches, rather than by lateral movement below 

the surface," 

' Import".!* variables affcotin; the movement of wator-soluble 

chemicals in soil and hence their permanence included! (1) evaporation 

(?) soil torture, (3) percolating «ater, (4) soil cover, and (5) 

temperature, «hon nigh enough or low enou* to effect a change of phase 

of the water. As regards base-exchange phenomena, 
A-12 the calcium and sodium 



cations were more persistent in fine-grained soil than the chloride 

anion." 

"In general, increased effectiveness in reducing heaving in 

soil resulted from increases in the amount of calcium chloride or 

sodium chloride added — up to a certain percentage of chemical, above 

which no heaving took place. In a coarse-textured soil, heaving was 

greatly reduced by an admixture of only 0.33 Per cent of either 

chemical. One or two per cent of either chemical was effective in 

reducing heaving in a silt which had, in the untreated state, heaved 

badly both in the field and in the laboratory." 

The Mississippi River Commission, U. S. Waterways Experiment 

Station in connection with the water repellent investigation performed 

slow-freeze tests* on five soils with and without several water repellents. 

Information regarding tests performed was furnished this office be letter. 

The method of testing was similar to that described in paragraph 2-03, 

page A-6. Grain size distribution curves and the Atterberg limits 

are shorn on Flûte A-2. A summary of the data for these tests is in¬ 

cluded as Plate A-3* Five photographs with the degre. hour curves and 

rate of heave curvos as prepared by U. S. Waterways Experiment Station, 

Vicksburg, Mississippi are included as Plates A-U to A-8 inclusive. 

The principal conclusions from these tests are summarizc'd as follows: 

All soils in the untreated state when te.;ted wore subject to severe 

irost action. Two per cent Stabinol’^'effectively reduced the heave 

in the clayey silt (sample 6), sandy eilt (sample 7), and the gravelly 

clay sand (sample 8) but was ineffective in the silty clay (sample 3) 

* The term slow-freeze tests used in the report by the Waterways- 
Experiment station is synonymous with the term frost action as used 
in this report. 

** Stabinol as used in these experiments consisted of 3 parts of portland 
cement and 1 part of a complex salt consisting of unneutrali*ed abietic 
acid, sodium resínate and calcium resínate, 
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and the clayey silt (sample 5)* One per cent $21* will not materially 

reduce the heave. The heave was reduced by the addition of one per cent 

of 32I plus OJ4 per cent of FeSO^ in the silty clay (sample 3) and the 

gravelly clay sand (sample 8) but not in the other three soils. 

Investigations by others indicate that the addition of calcium 

chloride or sodium chloride to water will result in lowering the freez¬ 

ing temperature of water to a minimum after which the freezing point 

will be raised by the continued addition of salt. Commercial producers 

of these salts report that the percentage of salts which will produce 

the minimum freezing temperature of water ar- as follows: 

SALT PER CENT SALT BY //EIGHT OF WATER FREEZING POINT 

Calcium Chloride (Pure) J48 -59*8°F. 

(77-80?? Flake CaClg) 6l -59.8°F. 

Sodium Chloride (Pure) 30,1: -6°F 

The addition of salt to soil for the purpose of making it non¬ 

frost susceptible is based upon the fact that the salt lowers the freez¬ 

ing point of the water thus lowering the temperature at which frost 

action will occur. The maximum benefit from the salt in reducing frost 

action appears to occur when the water in the voids contains the per¬ 

centage of salt tabulated in th£- preceding paragraph. Hence, based 

upon these percentages for calcium chloride and sodium chloride, the 

percentage of pure calcium chloride by weight of dry soil which will 

give lowest freezing temperature varies from about 5 18 per cent for 

* is a finely powdered, white resinous substance formed by reacting 
sîH’ium hydroxide with rosin in such proportions that one-fourth of 
the abietic acid in the rosin is neutralized, thus resulting in a com¬ 
plex salt of three parts abictic acid and one part sodium abietate. 
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soils with void retios from 0.27 to 1.0 respectively and the percentage 

of sodium chloride by wei$it of dry soil which will give lowest freezing 

temperature varies from about 3 11 per cent for soils with void 

ratios from 0,27 to 1,00 respectively when the soils are 100 per cent 

saturated, 
■ - m 4 

2-r0¡4, Description of Laboratory Cold Room and Equip +., The 

investigations were carried out in the cold room laboratory at 

Harvard University Graduate School of Piigineering. General layout of 

the cold room and equipment is shown in Plate A-9» 

a. Cold Room. The cold room is a walk-in refrigerator with 

inside dimensions six feet nine and onu-half inches long by six foot 

nine and one-half inches vide. It is in.ulated on all six sides with 

four indies of cork. A pressure controlled unit cold blower and ex- 
i 

terna 11 y located freon compressor cools the room to liO°F. to an 

accuracy of 1,0°F. 

b» Freezing Cabinet. Within the cold room is a freezing 

cabinet located as shown on Plate A-9» This cabinet consists of an 

air space at the top cooled by longitudinal coils hung from the top of 

the cabinet using a second compressor with sulphur dioxide refrigerant. 

Beneath this air space are four drawers arranged side by side. The 

temperature within the top of the cabinet may be fixed at any desired 

temperature with an accuracy of plus or minus 0.5°F. The temperature 

may be made equal to or less then that of the cold room by adjust¬ 

ment of a bimetallic DeKhctinsky type temperature control located 

in the air space above the drawers. With the cold room at approxi- 

mtely hO°F., the freezing cabinet can be lowered to a temperature of m- 
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minus 5°F. A small fan in the air space at the top aids in maintaining 

a uniform temperature throughout the air space. The drawers are 

effectively sealed in place by slightly inflating an inner tube in¬ 

stalled around the lower side of each drawer. 

2-05« Frost Action Tests. ... 

a. Materials Tested. Three types of soil with selected 

admixtures were- tested for frost action. The soils consisted of 

(l) that portion of a glacial till passing thru ¿-inch sieve, desig¬ 

nated East Boston Till, (2) a silt designated Nev; Hampshire silt, and 

(3) a send and gravel designated frost heaving grr/cl with 100 per 

cent passing the ¿--inch sieve which vas prepared in tiw laboratory 

so that it would have frost braving characteristics. The East Boston 

till was a grey, well-graded boulder clay (CC) composed mainly of 

sub-angular particles* It was obtained from Breed’s Hill, V.'inthrop, 

Massachusetts, a glacial drumlin deposit. The New Hampshire silt 

(ML) was a brown uniform silt with a sur 11 percentage of sand sizes 

obtained from a varved deposit located south of Manchester, N. H. The 

frost heaving gravel (OF) was a combin'tion of a washed pea gravel, 

a bank run gravelly sand and the New Hampshire silt. The pea gravel 

was brown with subungular particles, 100 per cent passing the ¿-inch 

sieve and 96 per cent retained on the No* 8 sieve. The bank run 

gravelly sand was a clean brown uniform «rrnv.lly sand with sub- 

angular particles. The frost heaving gravel was prepared using 

29 p^r cent gravel, per cent gravelly sand and 30 per cent silt. 

The grain size distribution curves with the specific gravity, 

Attcrberg Units snd deification of the .a n, torinls are she™ on 

Plate A-10, 
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b, AdmixturfcSt The selection of admixtures for testing 

Twtis made to add information on new and combin-tions of admixtures to 

the existing data. Flake calcium chloride (77-00 per cent mwel 

was selected as a salt. Studies by Slesscr indicate that there is 

less lateral migration under a povem..nt of calcium chloride than 

sodium chloride. Calcium chloride in solution with water as the 

solvent gives a much lov/er freezing point than does sodium chloride, 

Ho’.vevc.r, based upon the Purdue freezing tests either calcium chloride 

or sodium chloride appear to be equally effective in preventing 

frost action. Bunker "C" oil vhich conformed to specifications in 

Bureau of Standards Bull«tin No. CS 12-Ii.O for No, 6 fuel oil was 

selected rn one of the 'dmixturts. This mat rial was selected be­

cause it is one of the least exp^.nsive bituminous materials and had 

not been tested previously. Tarmac T-2 (Fodtr:l 3p* cificfition 

RT-ll+J Grade RT-2 as amonded 50 August 19i^) was chos«:>n for a com- 

prj-ison of the results of the pr^,vious tests with the tests using 

the BurJeer ”C” oil. Following is an an; lysis of the RT-2:

Englcr Specific Viscosity i;0®C 8,8

Specific Gravity at 3 .119

bater, % by volume 1,7

Total Bitumen, % by we ight 9h»3

Distillation, ^ by weight

l.li 
1.9 
7.5 

22 .U 
32.8

A-17

.•X ■ r



37.8°c 

Softening point of Distillation Residue 

(R & B) 

Sulfonation Index (total distillate to 

300°C) u.h 

Sulfonation Index (total distillate 300 

to J55°c) 0.45 

The follov.ing admixtures and combinations of admixtures on 

basis of percentage of the dry weight of the soil were used; 

SOIL 

East Boston Till 

PERCENT 
BUNKER ’'G" OIL 

0, 2, U and 6 
0, 1, 2 and U 
0, 2, 1| and 6 
0, 2, 4 and 6 

PERCENT PERCENT 
ST-2 CALCIUM CHLORIDE 

New Hampshire Silt 

Frost Heaving Gravel (Dense) 

Frost Heaving Gravel (Loose) 

0» 2, and 6 
m 

1* 2, 3 and U 

0, 2, ¿t and 6 
0, 1, 2 and i| 
0, 1« 2 and h 

0.5 
1 
2 

0.5 
1 

3, 6, 8 and 10 
0, 1, 2 and 3 

2 
2# 3.5. U.5 
and 5,5 

c. Preparation of Samples. Each of the three soils was air 

dried, thoroughly mixed and lumps broken down. All sises retained on a 

No, k sieve were removed from the East Boston till. 

Two typas of test specimens were prepared; those without 

admixtures md those with admixtures. Specimens without admixtures were 

prepared by comp cting soil vt a predetermined wrter content into a 

split container 3,3 inches in dirmter rnd 6.5 inches high, (see Plato 

A-ll) to a selected unit dry weight. There salt only was used as an 

admixture, it was first dissolved in water and then the solution 

added to the soil, Where a bituminous material only was used as an 



admixture, the required quantity of vjater thus first added and mixed 

then the bituminous materialw.s added and mixed. Where both salt 

and bituminous material were added, the salt was dissolved in water 

and thoroughly mixed with the soil followed by the addition of the 

bituminous material• 

Most specimens were compacted to 95 per cent Modified 

A.A.S.H.O. density at the optimum water content for that density. 

Where admixtures were used the Modified A.A.S.H.O. density was 

determined for each different admixture percentage and combinations 

of admixtures# Some specimens of New Hampshire silt were compacted 

to a relatively low unit dry weight to investigate the effect of 

compaction. 

The following table summarizes the 

for the specimens tested: 

Material 

Water Content 
% Dry Weight 
Soil and Ad¬ 

mixture 
Avg# Range 

Unit Dry Weight 
of Soil 

Lbs. per cubic ft# 
Avg, Range 

Emsc Boston Till 8.1 5.6-9.7 123 
'dB samples 

New Hampshire Silt I3.6 13,0-14.9 102 
4 samples 

(molded at 95«# 
me.», A A3 HO density) 

Ner Hampshire Silt I9.0 18.1-20.3 65 

Frost Heaving Gravel 6.3 5.7-6.7 130 
8 samples 

Frost Heaving Gravel 8.2 7.9-8.6 II5 
4 samples 

II7-I27 

IOI-IO3 

84-87 

127-132 

114-117 

average molding data 

Degree of 
Saturation 
Percent 

Avg. Range 

59 36-77 

57 55-65 

56 53-60 

61 57-65 

50 48-52 

Void 
Ratio 

Avg. Range 

O.4O 0.35-0.47 

0.66 0.64-0.66 

0.97 0.93-1.00 

O.29 O.27-O.32 

0.46 0.44-0.47 

All specimens were numbered consecutively and all numbers 

skipped represent samples which were not tested* 
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After the samples were molded, they were photogrqphed, 

dipped in paraffin so that they were covered with two thin coverings 

about 1/32 of an inch thick and then placed in a greased cardboard 

tube* Just prior to placing in the freeting cabinet the paraffin was 

removed from one end of the sample and the open end was placed on a 

piece of filter paper on a porous stone* The cardboard tube was 

sealed to the drawer pan by the use of a rubber membrane and a clean 

dry sand placed around the samples for insulation. Prior to placing 

the sample on the porous stone the water level was adjusted to the 

elevation of the top of the porous stone so that water was available 

at the bottom of the sample, A schematic diagram showing the samples 

ready for freezing is shewn on Plate A-9» All samples in series B 

and C were weighed prior to placing on the porous stone. 

The capacity of thf freezing cabinet was l6 samples and a 

total of i|8 samples were tested in three series. These series have 

been differentiated by letters A, B, and C before the sample number. 

Twenty-eight samples were prepared using the East Boston till, 

eight samples using the New Hampshire silt and 12 samples using the 

frost heaving gravel, 

d. Test Procedure, All samples were allowed to absorb 

water by capillarity for approximately three days prior to freezing 

while they were being brought to temperature equilibrium. The 

samples were frozen by a gradual lowering of the cabinet tempera¬ 

ture at the top of the sample while maintaining a constant tempera¬ 

ture (1¿0°F) at the bottom of the sample. The following table shows 

the temperatures applied during the tests. Zero time for each test 
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il designated as the date when the temperature of the cabinet was 

reduced to ^2°?, The last date of the test is the day on idiich the 

samples were taken from the cabinet to the cold room where the tempera¬ 

ture was approximately U0°F» 

Series 
A 

Days Temp* Accumulated 
. Degree hrs* 

Series 
B 

Temp* Accumulated 
Degree hrs* 

Series 
C 

Temp* Accumulated 
Degree hrs* 

-2 
-1 

0 
1 
2 
3 
h 
5 
6 
7 
8 
9 

10 
11 
12 
13 
lU 
15 
16 
17 
18 
19 
20 
21 
22 
23 

3U 
35 
32 
32 
31 
30 
29 
29 
28 
27 
26 
25 
2Í4 
23 
22 
20 
18 
16 
lU 
12 
10 

5 
5 
5 
5 
5 

0 
0 
0 

24 
48 
96 

168 
240 
336 
456 
600 
768 
960 

1176 
I4l6 
1704 
2040 
2424 
28^6 
3336 
3864 
4512 
5160 
5808 
6456 
7104 

34 
34 
32 
31 
31 
30 
29 
29 
28 
27 
26 
25 
24 
23 
22 
20 
18 
16 
14 
12 
10 

5 
5 
5 

0 
0 
7 

31 
58 

106 
181 
255 
354 
474 
618 
789 
982 

1206 
1447 
1734 
2070 
2454 
2886 
3368 
3893 
4530 
5193 
5854 

40 
35 
32 
31 
31 
55 
30 
27 
27 
26 
26 
25 
24 
23 
22 
20 
18 
14 
14 
13 
11 
5 
5 
5 
5 

0 
0 
0 

24 
48 
4* 

70 
190 
312 
456 
600 
772 
966 

1185 
1426 
1719 
2057 
2486 
2920 
3374 
3879 
4526 
5164 
5802 
6393 

The air temperatures in the cold room end cabinet were 

determined by means of mercury thermometers, thermocouples and record¬ 

ing thermographs. One recording thermograph ras placed in the cold 

room. The second recording thermograph was placed in the freesing 

cabinet above the drawers. These thermographs were used to determine 

♦ Temperature of cabinet rose to 550F* between 2nd and 3rd day can- 
celling degree hours accumulated* 
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the range of temperatures during the tests* Two thermometers reading 

to l/5°F. were placea ^.n the cold room and two in the freeting 

cabinet* Two copper constantan thermocouples were placed in anti¬ 

freeze in the cabinet near the top of the drawers* and two were 

placed in water in the cold room* Two additional thermocouples were 

placed in the cabinet drawers beneath the porous stone to determine 

the temperature of the water at thebase of the specimen during the 

test* 

The temperature control of the freezing cabinet was 

erratic during series C and adjustments in the applied temperatures 

were made in an attempt to make the degree hour curve agree with that 

of scries A and B without extending the period of testing* The 

degree hour curves for each series are shown on Pláto A-12*Water was 

available at the bottom of all samples during the freezing period* 

It was maintained level near the top of the porous stone by means of a 

discharge pipe adjusted to the level of the stones as shown on 

Plates A-9 and A-13* Water was admitted to the system at a rate 

that would allow a very slow runoff from the overflow discharge pipe. 

This was adjusted to the rate at ahich the sample took on water and 

was checked frequently each day. Heave measurements were taken three 

times a week during the test* At the start of series A a scale was 

used to measure from the top of the sample to a straight edge laid 

across the freezing cabinet drawer* This method was replaced by one 

using a 0*001 inch Ames dial extensometer permanently mounted on a 

steel bar that would span the drawer* Two shims were provided which 

were machined to * ,001 inch and three extensions were provided for 
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the extensometer. This arrangement permitted the measurement of 

approximately four inches of heave as shown on Plate li*. Those 

samples which heaved more than four inches were measured with a 

scale. At the completion of*the tests the actual length of each 

sample was measured as it was removed from the drawers to check 

the heave measurements. 

At the conclusion of the freezing period the samples 

were removed from the drawers, weighed, the cardboard tube and paraffin 

removed and photographs taken. The samples were then broken up for 

the ice lens observation and increment water content determination. 

7/atcr contents viere taken at approximately every 1.5 inches of 

height or closer to obtain a water content profile after frost action 

or freezing had occurred. 

e* Summary of Test Results. The three soils tested were 

affected by frost action in the untreated state. For the percentage 

of admixtures tested the initial minimum percentages which prevented 

frost action ar* presented in the tabulation below. These minimum per¬ 

centages were reduced an amount which is difficult to evaluate due to 

the capillary action which took place prior to freezing. 



INITIAL PERCENTAGE OF ADMIXTURE 

Admix tur e 

Calcium Chloride 

Bunker "C" Oil 

RT-2 

Bunker nC" Oil and 
Calcium Chloride 

RT-2 and 

Calcium Chloride 

East Boston Till 

New Hampshire Frost Heaving 

Silt Gravel 

3% (loose) 

0.5% 

1% 
0.5% 

Not Tested 

Not Tested 

1% (dense) 
2% (loose) 

Not Tested 

Not Tested 

19? 
H 

Not Tested Not Tested 

A summary of the data from the frost action tests is shown 

on Plate A-15» On Plates A-l6 to A-20 inclusive, the water content 

data is plotted vdth the photographs taken before and after freezing 

for the samples with no admixture, for those with a maximum of ad¬ 

mixtures which heaved, and those with the minimum of admixtures 

which did not heave. As shown on Plate A-15 the dry weight in pounds 

per cubic foot before testing was computed for the soil alone from 

the wet weight, the water content, and the percentage of admixture. 

The void ratio and degree of saturation shown on this table were 

computed from the dry weights computed os shown above, the specific 

gravity of the soil and the water content of the soil before and 

after testing. 

All samples tested in the freezing cabinet absorbed 

water. The increase in water content is shown on Plate A-15 in the 

columns "Water Content" and "Water Content of the Bottom Inch," 

The samples which were not frozen or only partially frozen and which 



did not show heave as a result of frost action might have heaved 

if the temperature conditions had been such that the additional 

water had been frozen. 

2-06, Leaching Tests. 

a* Material Tested. The soil used in the leaching tests 

was the East Boston till as described in paragraph 2-05a. 

b. Admixtures. The admixtures consisted of flake calcium 

chloride alone and in combination with Bunker "C" oil. The following 

admixtures and combinations of admixtures on basis of percentage of 

dry weight of the soil were used: 

Series Soil 

1 East Boston Till 

2 East Boston Till 

2 East Boston Till 

2 East Boston Till 

Compaction 
$ Mod. AASHO Percent Percent 
Density Bunker "C" Oil Calcium Chloride 

95 

95 

86 

76 

0, 0.5, 1, 1.5 
2 and ú 

0 

0 

0 

0.5, 1, 1.5 and 2 

0.5, 1, 1.5 and 2 

0.5, 1, 1.5 and 2 

c. Test Procedure. Tv,o series of tests were performed to 

determine the rate of leaching of calcium chloride. For all tests 

the soil was prepared as described in paragraph 2-05c and compacted 

in either a consolidation ring or a lucite cylinder at density in¬ 

dicated in above table. In those simples tested in the consolidometer, 

water was forced upward through the test specimens, 1.25 inches thick, 

under a pressure of six pounds per square inch equivalent to a 

hydraulic gradient of 133. Larger pressures thin this resulted in the 
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washing of fines from the specimen. The tops of the specimens were 

loaded to a unit pressure slightly greeter than six pound per square 

inch. The thickness of the samples in the lucite cylinder varied. 

In the samples tested in the lucite cylinder, water was forced 

down through the test specimens by a vacuum of approximately nine 

inches of mercury equivalent to a hydraulic gradient of from 8? to 

li+5* The water which passed through the sample was collected. 

The tests in the first series contained both Bunker "C" 

oil and calcium chloride and in the second series calcium chloride 

alone. The percentages of calcium chloride and the void ratios were 

varied in the second series to determine the effect of void ratio 

on the rate of leaching of the sr.lt. Tests with the lucite cylinder 

were observed to detect any change in particle arrangement due to 

the flow of water thru the sample under the head used. 

The water passing through the specimens was periodically 

tested to determine the presence of calcium chloride in solution. 

This was accomplished by noting the presence of a white precipitate 

with the addition of silver nitrate and when no precipitate was 

formed, it was assumed that all calcium chloride was washed from 

the specimens. The number of changes of water, computed from the 

volume of voids in the sample and the total amount of water passing 

through the sample, required to wash the salt completely out of the 

S'.anple was determine. 

In conjunction with the first series of leaching tests, 

permeability tests were performed on duplicate samples using a 

falling head permeameter. 



d« Summary of Test Results» A summary of the leaching test 

data is shovai on Plate A-21. Several samples were discarded as the 

pressures used in washing were hi$i enoueh to cause piping through 

the samples. Data from these tests heve been omitted from this re¬ 

port as they were not completed. 

Test results are generally not consistent. It is believed 

that the inconsistencies are due to stratification accompanying com¬ 

paction of remolded soil of the type used for these tests. The 

stratification is believed to have caused Irrge variations in the 

average coefficient of permeability, thus affecting directly the 

time for leaching. 

Ill STUDIES OF EASE COURSE TREATMENT TO 
PREVENT FROST ACTION, FISCAL YEAR 

19U6 - 19U7 

3-01. Purpose. The purpose of the investigation was to con¬ 

tinue the study of methods and to perform additional laboratory 

tests to develop treatments for preventing frost action in base 

materials susceptible to frost action by investigation of (a) the 

hypothesis that the amount of salt roquirsd to prevent frost 

action is a ilmction of the void ratio, (b) the influence of rock 

content of frost susceptible base materials on the type and per¬ 

centage of admixtures required to render the materials non-frost 

susceptible, (c) methods of permanently retaining salt within the 

base materials. 

3-02, Scope. This report presents the results of the investi¬ 

gations made since those reported in "Report on Studies of Base Course 



Treatment to Prevent Frost Action" - Part 1. It presents (a) a 

study of previous investigations to determine the relationship 

between void ratio and the emount of salt required to prevent frost 

action, (b) the results of laboratory tests tc determine the effect 

of rock content of soils on the amount of admixture required to 

make them non-frost susceptible, and (c) the results of laboratory 

tests to determine the effectiveness of "Darox AEA" as an admixturo 

for preventing frost action. Representative data are presented herein. 

A complete record of test data is on file at the Soils Laboratory of 

the New England Division. No fi?ld tests were performed during this 

investigation. 

3-O3• Review of Previous Investigations. 

u. Review of „dmixturos Tested. Numerous laboratory tests 

have been performed using various admixtures in soils to determine 

their effectiveness in preventing fr st action (l), (2), (3)» (6), 

(?)*• Brief mention of those admixtures is made below. For a moro 

detailed account, reference has been made to the reports of the 

original investigations. 

(1) Calcium Oxide. Three different s~ils wore used 

with varying amounts cf admixture and with a wide range of water 

content at the start of the test. In each test the frost action was 

severe. Each specimen gained considerable in water c ntent during 

the test. Calcium oxide did not increase the soils resistance to 

frost action. 

(2) 'Vater Repc1 lents. The water repellents, Stnbinol, 

321, and a combination of 321 and ferrous sulphate were tested in 

five different s ils. None of the rdmixtures prevented frost action. 
* figures shown thus (1), (è) refer to bibliography. 
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In three specimens treated with Stabinol and two specimens treated 

with 321 plus ferrous sulphate, frost heave was reduced to minor 

proportions. Additional tests using varying quantities of these 

admixtures in specimens tested with varying water contents are 

required before any definite conclusions can be drawn, 

(3) Sodium Chloride and Calcium Chloride, These salts 

have been tested in a wide variety of soils. They have been found 

to be effective in preventing frost action, A smaller percentage 

by weight is required to prevent frost action than with other ad¬ 

mixtures tried. They have one serious defect, namely, a marked 

tendency to migrate. Treatment with sodium or calcium chloride 

will give temporary protection from frost action, 

(h) Portland Cement, A limited number of tests were 

performed using portland cement as an admixture. In these tests 

there appears to be a definite relationship between density or void 

ratio and percentage of frost heave. As the density decreased or 

the void ratio increased, the percentage of heave increased, More 

test data are required before any definite conclusions can be made 

concerning this admixture, 

(i?) Vinsol Resin, Tests performed using vinsol resin 

in sandy clay and sandy clay plus sand revealed one significant 

relationship. The amount of heaving which occurred, varied with the 

water content of the specimens at the start of the test. Specimens 

with a high or low degree of saturation heaved considerably those 

in the middle range showed a marked decrease in heaving, Vinsol as 
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an admixture to prevent frost actior is of doubtful value due to 

its apparent dependence on the water content of the soil, a factor 

obviously difficult if not impossible to control, 

(6) Bituminous Materials, Asphalt emulsions, asphalt 

cutbacks, tars and oils have been tested in a variety of soils. Each 

of these materials used as an e.dmixture has been effective in pre¬ 

venting frost action. The amount of admixture required to prevent 

frost action varies for different soils and the void ratio or density 

to which the soil is compacted. Bituminous admixtures are the only 

ones which show any promise of providing effective permanent treat¬ 

ment to prevent frost action. 

b* Analysis of Previous Investigations, A further study 

of all tests vhich h¡ ve been performed using admixtures to prevent 

frost action was made. As a result of this study, certain signifi¬ 

cant relationships, not previously developed, are set forth concern¬ 

ing sodium chloride, calcium chloride and bituminous materials, 

(1) Sodium Chloride, The average concentration of 

sodium chloride in the brine for the various specimens testedwas 

computed and the frecting point of the brine taken from tables 

compiled by the International Salt Co. The freezing temperature 

of tiie brine was plotted against the air temperature at vhioh frost 

action started and a curve developed showing the probable start of 

frost action in soils treated with sodium chloride. This curve is 

shown on Plate A-22, The air temperature at which frost action 

starts was found to be considerably lower than the freezing point 

of the brine. This can be explained in part by the fact, as 
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determined by laboratory tests (3)# that the sodium chloride 

( migrates towards the top of the sample resulting in a concentration 

r ^ of salt at the top of the speoimehs greater than the computed 

average* It is also partly due to the fact that during freezing 

I 
\ the soil temperature remains higher than the air temperature* 
! 

Laboratory tests have been performed in which the magnitude of the 

difference between air and soil temperatures during cooling for 

certain cohesionless soils has been determined (i|.)* Another factor 

which probably accounts for some of this difference is the phenomenon, 

determined by laboratory tests (5)# which permits soils to be cooled 

below the freezing temperature of water without freezing* 

Using the aforementioned brine tables, calculations 

have been made to determine the quantity of sodium chloride required 

per cubic foot of dry soil to lower the freezing point of the brine 

to various temperatures in soils with 100 per cent saturation of 

brine for varying void ratios of soil. The results of these 

calculations are shown graphically on Plate A-c'3, Using the dif¬ 

ference between the air temperature at which frost action started 

and the freezing point of the brine, as determined from Plate A-22, 

it is possible to prevent frost action at that predetermined air 

temperature. Since Plate A-22 is based on a small number of laboratory 

tests and no field test data are available to check the results of 

these tests, the method of designing the admixture should be expected 

to yield only approximate results. It should also be borne in mind 

that treatment with sodium chloride will give only temporary protection. 
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sodium chloride hiving a nrrked tendency to migrate or leach out 

of the soil (3). To date, attempts to find some method which will 

prevent or retard leaching have been unsuccessful, 

(2) Calcium Chloride, The average concentration of 

calcium chloride in the brine for the various specimens tested was 

computed end the freezing point of the brine was taken from tables 

published by the Solvay Technical and Engineering Service, As was 

done for sodium chloride, the freezing temperature of the brine has 

been plotted against the air temperature at which frost action 

started and a curve developed showing the probable start of frost 

action in soils treated with calcium chloride. This curve is 

shown on Plate A-2l(., Plate A-25 has been prepared showing the weight 

of flake calcium chloride required per cubic foot of dry soil to 

lower the freezing point of the brine to various temperatures for 

various void ratios of soil. The soil is rssumed to be 100 per cent 

saturated with brine. These two plates furnish sufficient informa¬ 

tion to design a mixture of soil and calcium chloride which will 

not be frost susceptible for the range of temperatures commonly 

encountered in soils. The- above method of design is based on 

laboratory tent data. No field tests have been performed to check 

the results of these laboratory tests. Treatment with calcium 

chloride will give only temporary protection from frost action due 

to the fact that this salt will eventually leach out of the soil, 

(3) Bituminous Materials, There are two factors which 

possibly could lead to the development of a quantitative method of 
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design for bituminous admixtures. The first is the percentage of 

fine soil particles in the soil of such a site (0,02 mm. in diameter) 

as to make the soil frost susceptible. The susceptibility of a soil 

to frost action appears to be proportional to the quantity of fine 

soil particles. The second factor is the waterproofing property of 

bituminous materials. If this waterproofing is effected by filling 

the voids in the soil with bituminous material up to a point where 

capillary water is shut off, then the void ratio v/ith admixture of 

the soil gives a measure of this waterproofing. For any soil, there¬ 

fore, there could be a critical void ratio with admixture at which 

frost action would be eliminated. Such a critical void ratio is 

well defined in the tests performed on Bunker "C" oil and tar (RT-2) 

at the Soils Laboratory cf the New England Division. 

A study of the test data using asphalt cutbacks 

and asphalt emulsions indicates that a similar critic'.1 void ratio 

with admixture exists. In this latter case the critical void ratio 

with admixture is not too clearly defined but by observing whether 

the sample gains any water during the test and considering that 

frost action hns been stepped in those samples showing very little 

or no gain in water even though a slight h^ave has been recorded, it 

is possible to arrive at an approrivate voll ratio with admixture at 

which frost action is prevented. In the tests usine tars, definite 

critical void ratios with admixture are indicated. The admixture, 

IC, exhibits a characteristic not observed in other tests. Frost 

heave wrs prevented in some cf the somples tested even though con- 

siderable gain in water content occurred during the test. 



The void ratio with admixture at which no frost 

action occurred has been plotted against the percentage of soil 

particles finer by weight then 0.02 mm. in diameter and the resalts 

are shown on Flote A-36.Before any definite conclusions can be 

arrived at, it appears necessary to test each admixture with a 

number of soils with various percentages of soil particles finer 

by weight than 0.02 mm. in diameter. It may even be necessary to 

run tests on soils of varying gradations of soil sites with a view 

to determining the void ratio with admixture at which frost action 

is prevented in each soi] in a family cf grain site curves. From 

the tests already performed it is evident that bituminous admixtures 

if used in sufficient quantity can prevent frost action. All 

bituminous admixtures arc n>t equally effective. Those admixtures 

which prevent frost action at the hipest vr.id ratios with admix¬ 

tures (that is filling the least volume cf void space) can be con¬ 

sidered at the most effective frost action preventives. From Plate 

A-26it is, therefore, apparent that asphalt emulsion, nAES-l#n gives 

thC be8t rt8ult8» followed by tar and asphalt cutbacks and lastly by 

Bunker "C" oil. The percentage of admixture used is meaningless 

unless accompanied by thedensity and grain sise chnrrcteristics cf 

the soil tested, 

3-01,. Description of Laborstary cad frvm and Fauipmcnt. The 

labórate ry tests were carried out in the Soil Mechanics Laboratory, 

harvard Graduate School of Engineering. General layout of the cold 

room and equipment is shown n PlateA-9. (For description of Cold Room 

cmd equipment used, see paragraph 2-01,, Part 1). 



3-05. Tests for Frost Action. 

a* Soils Tested» Three gradations of soil were tested with 

Bunker "C" oil as an admixture# They have been designated as Soil 

Mix No. 1, Soil Mix No, 2, and Soil Mix No. 3* A silt, designated 

wNew Hampshire Silt” was tested with "Darex A.E.A.” The three soil 

mixes consisted of varying percentages of silt, washed sand and washed 

gravel passing a £-inch sieve# The percentage of each soil mix 

according to the Bureau of Soils Classification was as follows: 

Soil Mix No. 1, 17% silt, 58$ sand and 25$ gravel; Soil Mix No# 2, 

17$ silt, 33$ sand and 50$ gravel; Soil Mix No. 3> 17$ silt, 15$ 

sand and 6&% gravel. The silt in each mix was that designated as 

wNew Hampshire Silt” (ML), a brown uniform silt obtained from a 

varved deposit located south of Manchester, N, H. The grain size 

distribution curves with the specific gravity and properties of 

these materials are shown on Plate A-27# 

b# Admixtures Tested. Two admixtures were used for test¬ 

ing, namely. Bunker ”C" oil, which conformed to specifications in 

Bureau of Standards Bulletin No. CS 12-1*0 for No. 6 fuel oil and 

"Darex A.E.A.," a product of the Dewey and Almy Chemical Company 

consisting substantially of a triethanolamine salt of a sulfonated 

hydrocarbon. Bunker ”C” oil had been tested previously and proved 

to be effective in preventing frost action. It was desired to 

obtain further information concerning this material when used in 

soils having a varying gravel content, ”Darex A.E.A." was selected 

for testing because it had not been tried before and because if it 

did prove successful in preventing frost action, judging from the 



small quantities usually added to concrete for air entraining purposes 

it migjit provide an economical means for treating soils. The follow¬ 

ing percentages of admixtures by dry weight of soil were used in the 

samples tested; 

Soil Per Cent Bunker WCW Oil Per Cent Darex A.E.A. 

Soil Mix No. 1 0,2,1^5,6 
Soil Mix No. 2 0,2,i¿,5,6 
Soil Mix No. 3 0,2,U,5#6 
Silt — 0.05, 0.10, 0,60, 0.90 

1.20, 2.00 

c. Preparation of Semples. Each of the soils was air dried, 

thoroughly mixed and lumps broken down. 

(1) Soil Mix No. 1, Soil Mix No. 2, and Soil Mix No. 3 

were tested with and without admixture* The silt was tested with 

admixture only having been previously tested without admixture. All 

specimens were prepared by compacting with a ten-pound hammer with area 

of face equal to 3«li+ sq, inches dropped eighteen inches for a varying 

number of blows in seven layers. They were prepared with a predeter¬ 

mined water content in a split container 3*3 inches in diameter and 

6.5 inches high (See Plate A-ll) to a selected unit dry weight. The 

predetermined water content used was the optimum water content required 

for Modified A.A.S.H.O. density. The unit dry weight used was approxi¬ 

mately 95 P6** cfcnt of Modified A.A.S.H.O. density, 

(2) Prior to preparing the test specimens using silt and 

wDarex A.E.A.tests were performed to determine the effect of 

mixing time on density under Modified A.A.S.H.O. compaction. The 

’’Darex A.E.A." was added to the water and then mixed into the soil 
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with a mechanical mixer for a time ranging from one to ten minutes. 

A summary of these tests are shown in tabular form below. No signifi¬ 

cant effect on density was caused by varying the mixing time vdien "üie 

soil was mixed for two or more minutes. 

Per Cent 
Darex A.E.A. 

Water Dry Density Mixing Time 
Content* Lbs/Cu.Ft.** Minutes 

0.25 
0.25 
O.25 
O.25 
O.25 
O.25 
O.25 
O.25 
O.25 
O.25 
0,70 
O.7O 
OJO 
O.7O 
O.7O 
O.7O 

lU.U 
14.2 
ll+.l 
16.1 
15.9 
15.3 
15.9 
13.8 
14.1 
14.0 
14.8 
14.4 
14.4 
14.3 
14.3 
14.2 

103.6 
106.7 
106.5 
107.5 
107.4 
107.7 
109.0 
106.2 
106.7 
106.8 
106.6 
IO7.O 
106.7 
106.8 
106,6 
IO7.2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
2 
4 
5 
6 
8 

10 

♦Determined from wet weight and oven dry weight. The latter 
included "Darex A.E.A.” residue 

♦♦Oven dry weight* No correction for nDarex A.E.A." in sample. 

(3) In the preparation of the test specimens using Bunker 

"C" oil as an admixture, the required water was first added and mixed, 

then the Bunker "C" oil, preheated to a temperature of l40°F, was added 

and mixed. 

(4) Photographs were taken of samples for each percentage 

of admixture used in each soil immediately after molding, with the 

exception of those samples which were room dried, and the samples were 

then dipped in paraffin. The samples were then slipped into greased 

cardboard tubes. Samples of silt molded with 0.10 and O.9O per cent 



“Darex A.E.A»“ were tested as molded and also air dried from one to four 

days in order to determine the effect of initial water content of the 

sample on frost action« Those samples which were air dried were weighed 

as molded and weigied again at the end of tiie drying period to permit 

calculation of the water content just before dipping into the paraffin. 

Prior to placing in the freering cabinet, the paraffin was removed 

from one end of the specimen and the open end was placed on a piece 

of filter paper on a porous stone. The cardboard tube was sealed 

to the drawer pan by use of a rubber membrane and clean dry sand 

was placed around and level with the top of the samples in the drawer 

for insulation. The water level was adjusted to the top of the porous 

stone so that water was available at the bottom of the sample through¬ 

out the tests. A achematic diagram showing the samples in the freesing 

cabinet is shown on Plate A-9« 

(5) The capacity of the freezing cabinet was sixteen 

samples. Fifteen samples were tested together in Series D. This 

series consisted of three sets of five samples, each set molded with 

Soil Mixes 1, 2 and 3* One sample of each set contained no admixture 

and four samples contained varying percentages of Bunker "Cn oil. 

Sixteen samples were tested together in Series E, All of this series 

was run using "New Hampshire Silt" with "Darex A.E.A. " as eji admixture, 

d* Test Procedure, 

(l) The test procedures followed in these tests are 

described in paragraph 2-05d, with the exception that cabinet air 

temperatures were measured separately for each drawer. Two mercury 

thermometers were suspended directly over the samples in two alternate 



drawer*. Two copper conatantán thermocouples were placed in an anti- 

freote liquid near the tops of the sumples in the other two drawers. 

The thermometers and thermocouples were used to obtain daily tempera* 

tures in each drawer during the test. The degree hour curves for each 

test were computed and they are show on Plates A-28 and A-29. 

e. Summery of Test Results. 

(l) All the soils tested were affected by frost action in 

the untreated state. In series D, frost action was reduced to a very 

slight amount in Soil Mix No. 1 by the addition of six per cent Bunker 

"C” oil, frost action was prevented in Soil Mix No. 2 by the addition 

of five per cent Bunker ’’C" oil and frost action was prevented in Soil 

Mix No. 3 by the addition of six per cent Bunker "C" oil. Soil Mixe* 

No. 2 and No. 3 with four per cent or more Bunker WC" oil showed no 

gain in water content curing the test. In the untreated samples, 

water migrated to the top. Samples treated with Bunker "C” oil 

generally had a higher water content at the bottom. The addition of 

this admixture apparently retarded the tendency of the water to pass 

through the sample and accumulate in the upper soil layers. The ad¬ 

dition of the larger percentages cf admixture waterproofed the soil 

and thereby prevented the samples from taking on additional water 

through capillary action. Soil samples vhioh compacted to higher 

densities showed no gains in water with the addition of smaller per¬ 

centages of Bunker ’’C" oil. Gains in water contont stopped at approxi¬ 

mately the same void ratio with admixture in each soil mix. Water 

content profiles for Series D with photographs taken before and after 
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freeting for the s jnplos with no adnixture, for those with a minimum 

of admixture which heaved and those with a minimum of admixture which 

did not heave are shown on Plates A-JO through A-35* A summary of frost 

action test data for Series D is contained in Plate A-39. 

(2) All the samples tested in Series E were severely 

affected by frost action* No relationship between the amount of heave 

yhioh occurred and the amount of "Darox A.E.A." used, or the initial 

water content or any other predetermined characteristic of the sample 

was apparent as a result of these tests. Water content profiles for 

selected samples in Series E and a sample in Series B (tested in a 

previous investigation) without admixture, together with photographs 

taken before and after freeting are shown on Plate A-19*nd on Plates 

A-37 through A-39# A summary of frost action test data for Series E 

is contained in Plate A-l+O. 



GLOSSARY 

Certain terns and words which have a specialized use in this report 

are defined below. 

Admixture is a material which is added to a soil to prevent frost 

action. 

Degree Hour is the cumulative total of the algebraic difference 

between degrees Fahrenheit and the hourly mean temperature below 

degrees Fahrenheit. 

Density is the unit weight in pounds per cubic foot. 

Dry Density is the unit weight in pounds per cubic foot obtained 

from the wet density, by deducting the weight of water and admixture, 

i. e. the unit woi^it of the soil particles. 

Frost Action is the accumulation of water in the form of ice lenses 

in soil or base materials under natural freesing conditions. 

Frost Heave is the raising of the surface due to the accumulation 

of ice lenses. The amount of heave in most soils is approximately equal 

to the cumulative thickness of the icc lenses. Expressed as a per¬ 

centage, it is the ratio (multiplied by 100), cf the increase in height 

of the soil samplo divided by its original height. 

Frost Susceptible Base consists of a soil which contains more than 

three per cent of grains smaller than 0.02 mm, in diameter, placed and 

compacted on a subbase or subgrade, 

Icc Lenses are the ice formations in frozen soil occurring in 

repeated layers essentially parallel to each other and normal to the 

direction of heat loss. 



Kon-Fro>t Su8c¿ptible Base consists of a soil which contains 

less thnn three per cent of grains smaller than 0.02 mm. in diameter 

placed and compacted on a subbase or subgrade. 

Degree of Saturation is the ratio, expressed as a percentage, of 

the volume of the water to the volume of the voids* 

Rock Content in this report is the portion of a soil retained 

on a No. 10 sieve* 

Void Ratio is the ratio of the volume of the voids to the volume 

of the soil particles* 

Void Ratio with Admixture is the ratio of the volume of the soil 

not filled by the soil particles and admixture to the volume of the soil 

particles and admixtures* 

Void Ratio without Admixture is the ratio defined as "Void Ratio." 

Volume of tho Voids is the volume of the soil not occupied by the 

soil particles* 

Water Content is the ratio, expressed as a percentage, of the 

weight of water in a given soil mass to tho wei$it of soil particles. 

Viet Density is the unit weight in pounds per cubic foot of the 

soil, including the weight of water and any admixture. 
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5 
5 
5 « 

* FINAL DAY OF TEST 

FROST INVESTIGATION 
BASE COURSE TREATMENT 

TO PREVENT FROST ACTION 
1945 » 1946 

HEAVE AND TEMPERATURE 

DATA 

JUNE 1946 
raoaT EFFECTS LABORATORY BOSTON .MASS 

PLATE A 
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6J. 
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ÜA1K 
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rm 
< 

:î.t 
K .à 
5. 
2.5 
1*.3 
1.6 
2.6 
6.5 

1.7 
37.2 
i:.î 
1.0 
i.e 

5 JL 
ÎJ. 
C.3 
0.6 
6.5 
U .6 
UC 
IJ. 
7.2 
3.5 
3.3 

VTr^ATni 

3TAM 
CF 

77 
ir 
U 
U 
75 
70 
L7 
36 
M 
63 
1*2 
37 
71 
5L 
51 
1.7 

65 
66 
62 
67 
71 
6fi 
60 

72 
66 
61 

Ji. 

DT) 
or 

TES* 
< 

10'. 
100/ 
fi? 
56 

100/ 
83 
65 
39 

100 
ro 
60 
U 

ICO^ 
100/ 
78 
56 

100/ 
100/ 
79 
72 

ICO/ 
ICO./ 
89 
6i* 

100/ 
9< 
86 

I£ 

VOID 
RATIO 

AT 
STAPT 

.35 

UL 
.35 
.y. 
•L2 .1.6 
• - 
J4O 
^.5 
.L6 
.37 
.Ll 
¿3 

.37 

.37 

.36 

.36 

.57 

.39 
•U 
•n 
• *6 

*L2 

WATER COt TLfT 
CF f-CTTCW IFCK 

PîrCPF 
TEST 

10 
9 
•» 
I 
6 
9 
9 
7 

o 
6 
6 

1C 
e 
8 
7 

9 
9 
e 
9 
9 
9 
p 
fi 
9 
9 
e 
7 

» 
TEST 

'FOREE 
HCl RS 
ff 

TFSÎ 

110 
79 
àl 
1! 
13 
12 
11 
9 

12 
tfi 
11 
9 

21 
21* 

15 
11 

IL 
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11 
ie 
16 
U« 
12 
19 
13 
13 
U* 

7155 

5P5I* 

TEOREE 
HOCRS 

TC 
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CE 
HEAVE 

793 
1205 
3:31 

39 
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2912 
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1735 
3693 

2L65 
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IK 
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CEKT 

65 .8 
20 .P 
6.7 
0.0 
0.3 
c .0 
o.c 
o.c 
c.t 
c.«- 
c.c 
O.C 
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23.P 
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19 .L 
15.1 
16.1 

69.1 
6f.6 
67.6 
50.1 

5.9 
V 
5.7 
U7 

55 
53 
65 
56 

60 
56 
51* 
5? 

100/ 
100/ 
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10 0/ 

76 
67 
:i 
67 

.(4 

.66 

.(I 

.66 

.95 

.98 

.96 
1.00 

13 
U* 
15 
13 

20 
19 
18 
16 

29 
26 
21 
27 
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27 
3? 
26 
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9.7 
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fi.O 
7.9 
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L .7 
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1J* 
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65 
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f'.O 
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Nor« 
Kor« 
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Koro 
Non« 
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Nor • 
Nor« 
Nor« 
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Kon« 
Kon« 
Rmm 

'•il«! »er« 
«•r« renovad. 

FRONT INVEST IOAT ION 
1*4» * »4» 

BASE COURSE TREATMENT 

TO PREVENT FROST ACTION 

SUMMARY OF FROST ACTION 
TEST DATA 

JUNE It40 
FROST EFFECTS LABORATORY »ORTON MAM, 
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NOTES : ~ FIGURES BESIDE PLOTTED POINTS ARE SPECIMEN NUMBERS ASSIGR 

THE LETTERS ^ NF' UNDER PLOTTED POINTS INDICATE THAT NO FRi 

TEMPERATURE TESTED. 
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SANDY CLAY TES 

SANDY CLAY PLU 

SANDY CLAY PLU 

ROST ACTION A 31 
22A 
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A 323 
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22 14 12 10 6 6 

FREEZING TEMPERATURE OF BRINE - °F 

(baseo on concentration of sodium chloride and water content of soil) 

PLOTTED POINTS ARE SPECIMEN NUMBERS ASSIGNED IN THE ORIGINAL INVESTIGATION 

r"UNDER PLOTTED POINTS INDICATE THAT NO FROST HEAVE OCCURED TO LOWEST 

STED 



PLATE A -^ ¿ 



PLAÎE 



‘ES - 

26 24 22 20 

FREEZING TEMPERATURE OF BRU 
(based on concentration of calcium chloride and 

FIGURES BESIDE PLOTTED POINTS ARE SPECIMEN NUMBERS ASSIG 

THE LETTERS NF UNDER PLOTTED POINTS INDICATE THAT NO FF 

TEMPERATURE TESTED. 



START OF FROST ACTION SHOWN THUS EXCEPT AS NOTED BELOW 

X LAPORTE SILT TESTS BY CHARLES SLESSER 

O EAST BOSTON TILL TESTS BY FROST EFFECTS LABORATORY 

• NEW HAMPSHIRE SILT TESTS BY FROST EFFECTS LABORATORY 

0 FROST HEAVING GRAVEL TESTS BY FROST EFFECTS LABORATORY 

A SANDY CLAY PLUS PIT RUN GRAVEL TESTS BY WINN & RUTLEDGE 
A SANDY CLAY PLUS SAND TESTS BY WINNS RUTLEDGE 

FROST ACTION AT END OF TEST SHOWN THUS 

■& SANDY CLAY PLUS PIT RUN GRAVEL TESTS BY WINN & RUTLEDGE 

SANDY CLAY TESTS BY WINN S RUTLEDGE 

4 . 

I 2 I 0 

I 4 ¿0 16 16 

DF BRINE - OF 

E AND WATER CONTENT OF SOIL ) 

5 ASSIGNED IN THE ORIGINAL INVESTIGATION. 

T NO FROST HEAVE OCCURED TO LOWEST 

FROST INVESTIGATION 
1946“ 1947 

BASE COURSE TREATMENT 

TO PREVENT FROST ACTION 

PROBABLE START OF FROST ACTION 

IN SOILS 

TREATED WITH CALCIUM CHLORIDE 

SOILS LABORATORY 
NEW ENGLAND DIVISION 

JUNE 1947 

BOSTON.MASS 

PLATE A-1.4- 
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0 SOIL MIX NO.I 

□ SOIL MIX NO. 2 

A SOIL MIX NO. 3 

X NEW HAMPSHIRE SILT 

ZERO AIR VOIDS 
SPECIFIC GRAVITY 2.7 

'0 15 20 
WATER CONTENT - PERCENT DRY WEIGHT 



0001 

Large Gravel Med-i*rn Gravel Fme 1 Coarse 
Gravel 1 Sand 

Medium 
Sand Fme Sand Very Fme 

Sand Silt Clay 
U S Burnu $. $ C isi'fcinon 

o 

FROST INVESTIGATION 

1946-1947 

BASE COURSE TREATMENT 

TO PREVENT FROST ACTION 

SUMMARY OF 

SOIL TEST DATA 
SOILS LABORATORY 

NEW ENGLAND DIVISION 

JUNE 1947 

BOSTON .MASS 

PLATE 

1 







0-9 5.0% BUNKER “C" OIL (NOT PLOTTED-NO HEAVE ) 

0-10 6.0% BUNKER "C" OIL (NOT PLOTTED-NO HEAVE ) 

0- II NO ADMIXTURE 

0-12 2.0% BUNKER "C" OIL 

10 

NUMBER OF DAYS IN TEST 

APPLIED TFMPERATIJf;ES 

TEST SAMPLES ELAPSED 
TIME ._ 

(DAYS) oi To a 4 05 T008 09 TO 0 12 r 13 TO 0 Ifi1 
a 

2 
3 
4 

3 
6 
7 
a 
9 

10 
I I 
12 
13 
14 
15 
16 
17 
IS 
19 
20 
21 
22 
23 
24 
25 
26 
27 

38 
38 
38 
38 
33 
34 
32 
3 I 
31 
29 
29 
28 
27 
27 
74 
25 
£0 
23 
20 
18 
IS 
13 
10 
7 
9 
S 
4 

37 
37 
37 
37 
33 
33 
33 
30 
30 
29 
28 
28 
26 
26 
2S 
24 

23 
22 
19 
16 
14 

12 
10 
6 
4 
5 
4 

37 
37 
37 
37 
32 
31 
31 
29 
29 
28 
27 
27 
26 
25 
23 
23 
22 
21 
17 
14 
12 
9 
7 
3 
I 
I 

3 7 
37 
3’ 
37 
32 
33 
32 
30 
30 
28 
28 
28 
26 
25 
25 
24 

23 
21 
19 
16 
14 

12 
10 
6 
5 
4 

SpfCimtni D-1 Itirough D-Spraporad with Soil Ma Na I. 

Sp4Cim#nj D-6 through D-IOpitportd with SotlMiiNo. 2. 
Sp4Cim«n» D-M through 0-15preparad with Soil Mu Na 3. 

FROST INVESTIGATION 
1946-1947 

BASE COURSE TREATMENT 

TO PREVENT FROST ACTION 

RATE OF HEAVE AND CUMULATIVE 
TEMPERATURE DIAGRAM 

SERIES D 

SOILS LABORATORY 
NEW ENGLAND DIVISION 

JUNE 1947 
BOSTON,MASS 

PLATE 4-7 h 
r 
-i 







APPLIED TEMPERATURES 

FROST INVESTIGATION 
1946-1947 

BASE COURSE TREATMENT 

TO PREVENT FROST ACTION 

RATE OF HEAVE AND CUMULATIVE 
TEMPERATURE DIAGRAM 

SERIES E 

SOILS LABORATORY JUNE 1947 
NEW ENGLAND DIVISION BOSTON,MASS. 

Dl ATr A - > 9 
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HEAVE ANv ^VATEH CONTENT [WTA 
CAf^'LE 0- 2
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APPENDIX B 

REPORT ON 

♦ LABORATORY TESTS ON FROST PENETRATION 
< 

AND THERMAL CONDUCTIVITY OF COilESI ONLESS SOILS 

SYNOPSIS 

The study of the effeot of freezing temperatures on base 

and subgrade materials beneath pavements and the rate and 

depth of frost penetration must consider the thermal properties 

of frozen and unfrozen soils. The principal soil thermal 

properties influencing the rate of freezing are thermal con¬ 

ductivity, volumetric heat, latent heat of soil moisture, and 

freezing te¿nperature of soil moisture. To supplement the 

extensive program of field investigations and theoretical and 

mathematical studies the laboratory study reported herein was 

initiated. Laboratory tests for frost penetration and thermal 

conductivity were conducted and previous investigations of 

thermal properties of soils were reviewed and summarized. 
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REPORT OM 

LABORATORY TESTS OF FROST PENETRATION 

AND THERMAL CONDUCTIVITY OF COHESIONLESS SOILS 

I. INTRODUCTION 

1-01. Cenar»!. Presented herein are the results of 

laboratory frost penetration and thermal conductivity tests 

performed by the Frost Effects Laboratory and a review of tests 

oonduoted by other investigators dealing with the thoramil pro¬ 

perties of soils. These studies were part of the authorised 

Frost Investigation program for Fiscal Year 19^-19^^ and 

Fiscal Year 19ii5-19të. 

ÜÏÏLESfl* Th* apecifte purposes of this investigation 

are as follows! 

a. Determine the amount and rate of temperature 

changes within oylinderioal laboratory specimens of sand due 

to a suddenly applied freozing air temperature at the top of 

the specimens. 

b. Determine the thermal conductivity of several 

representative base course natorials and onu bituminous concrete 

mixture• 

o. Review and sunmarico the results of previous 

investigations of the thermal properties of soil. 

1-03* Scope. This report presents a summary of all the 

data obtained in tha tests and investigations to accomplish 

the statud purpose. Tha laboratory tests weru in a specially 
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constructed cold room with controlled temperature conditions. 

The review of previous investigations consisted of library 

research. 

1-0U. Definitions. 

a. Frost Action is the accumulation of water in 

the form of ice lenses in the soil or base materials under 

natural freezing conditions. 

b. Non-Frost Susceptible Materials are crushed rock, 

sand, sand and gravel, gravel, slag, cinders or any other 

cohesionlesa material in which frost action is not possible. 

o. Density is the unit dry weight in pounds per 

cubic foot. 

d. Water Content is the ratio expressed as a per¬ 

centage of the weight of water in a given soil to the weight of 

solid particles. 

e. Specific Heat, o, of any substance is defined 

as the Btu's of heat required to raise one pound one degree 

Fahrenheit. 

f. Volumetric Heat Capacity, C, of a soil is 

defined as the heat in Btu’s required to raise one cubic foot 

of soil and moisture contained therein one degree Fahrenheit. 

g. British Thermal Unit, Btu, is the heat required 

to raise the temperature of one pound of water one degree 

Fahrenheit at its maximum density. It is equal to 2J?2 calories. 

h. Latent Heat of Fusion, L, is the quantity of 

heat required to change a unit mass of ice to water with no 

temperature change. 
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i. Iharmal Conductivity, k, is the quantity of 

heat that will pass through a unit area of unit thickness in unit 

time under a unit temperature gradient. 

j. Degree of Saturation, G, is the ratio, expressed 

as a percentage, of the volume of water in a given soil mass to 

the total volume of voids. 

k. Temperature Gradient, 3, is the rate of change 

of temperature between two points. 

1- 05. Acknowledgement. The tests reported herein were 

conducted in the Soils Mechanics Laboratory, Harvard University. 

The use of the facilities of the Soil Mechanics Laboratory in¬ 

cluding the cold room was made available by Harvard University 

through the cooperation of Dr. Arthur Castgrunde. Dr. Casagrande 

made frequent suggestions and assisted greatly in these tests by 

giving freely of his own time for consultation. In addition, 

members of the Staff of the Graduate School of Engineering 

furnished the temperature measuring equipment and valuable 

advice on its use. Personnel of the U. 3. Engineer Office, 

Providence, R.I., assomplished, through a cooperative agreement, 

the theoretical mathematical studies utilized in the analysis 

of results and furnished valuable advice on test apparatus for 

determining the coefficient of thermal conductivity. 

II. INVESTIGATION AUD STUDIES 

2- 01. Description of Laboratory Cold Room and Equipment. 

The thermal conductivity and frost penetration investigations 



wore carried out in the cold room laboratory, at Harvard 

University Graduate School of Engineering. General layout of 

the cold room and equipment is shown on Flatt B-l. 

a. Cold Room. The cold room is a walk-in refrig¬ 

erator with inside dimensions 6 feet inches long by 6 feot 

9“l/2 inches wide and 6 feet 5 inches high. It is insulated on 

all 6 sides with U inches of cork. A pressure controlled unit 

cold blower and an externally located freon compressor cool the 

the room to any desired air temperature within a range of JO0 to 

50°i’ and to an accuracy of 1,0°F. 

k* Freezing Cabinet. Within the cold room is a 

freezing cabinet located as shown on Plate 3-1. A photograph of 

the freezing cabinet is shown on Plate Ö-2, This cabinet contains 

an air space at the top cooled by longitudinal coils, hung from 

the top of the cabinet, using a second compressor with sulphur 

dioxide refrigerant. Beneath this air space are Í4. drawers 

arranged side by side as shown on photograph, Plate "B-2. The 

temperature at the top of each drawer may bo fixed at any de¬ 

sired temperature with an accuracy of 0.8°F and equal to or less 

than that in the cold room by adjustment of a bimetallic 

De-Khotinsky type temperature control located in the air space 

above the drawers. With the cold room at approximately Í4.3°F, 

the top of the freezing cabinet can be lowered to a temperature 

of -10°F. A small fan in the air space at the top aids in 

maintaining a uniform temperature throughout the air space. The 

bottom of the drawers consist of a 2\\ gage galvanized iron sample 



tray and is set li? inches above the iloor of the cold room. 

Detail of the trays is shown on fíate B-l. The temperature of the 

bottom of the drawers is determined by the cold room temperature. 

Thus, test specimens may be placed in the drawers and subjected 

to any desired temperatures at the top and bottom within the 

tempenture ranges of the two pieces of cooling equipment. Cir¬ 

culation of air between the air spaces at the top and bottom of 

drawers was prevented by inflating a tire inner tube installed 

in the air space between drawers until this space was sealed. 

Two of the drawers are equipped in such a manner that water may 

be supplied to trie bottom of thu test specimens. 

c. Temperature Measurements. Temperature measure¬ 

ments in test specimens were made using 72 copper-constantan 

thermocouples and a Leeds and Northrop Potentiometer, type K. 

The thermocouples were arranged in groups of twelve. A switch¬ 

ing arrangement permitted the rapid measurement of the temperature 

at individual thermocouples successively as desired. The con¬ 

stant temperature junction consisted of an ice water bath in a 

thermos bottle. The accuracy of a temperature determination was 

/ 0.1°F.Plate B-3 illustrates the switches and temperature in¬ 

dicating apparatus. 

2-02. Experiments to Measure Tomporature Changes in Test 
Specimens. 

a. General. A series of tests were conducted, each 

series consisting of tests on 12 tost specimens compacted at 

various densities and water contents. 



b. I-Iaterial Tested. The material tested consisted 

of a cohesionless, siliceous, medium sand obtained from a glacial 

outwash deposit at South Lowell, ¿lass. The grain site and 

specific gravity of the material (Lowell sand) as used for tests, 

after thorough mixing and removal of sizes larger than 2 mm and 

smaller than 0.07 nun* are shown on Figure 5» fíate 3-U. This 

material is considered not susceptible to frost action and con* 

tains particle sizes that were very small in proportion to the 

size of test specimen. 

c. Test Specimen. Each test specimen was a cylinder 

3.36 inches in diameter und 6.5 inches high contained in a quart 

cardboard container. To measure temperature changes, several 

thermocouples were placed along the axis of the cylinder. Details 

of sample cylinder and location of thermocouples are shown on 

fíate B-1. i-rom 2 t'i i; specimens were placed in each drawer of the 

cold cabinet. The top of each specimen, except those which were 

saturated, was sealed with paraffin about 2 am in thickness to 

provont evaporation from the surface. The space between specimens 

and the sides of the drawer was filled from the bottom of the 

drawer to top of specimens with the same sand as the specimens, 

placed dry. 

Test Conditions. Each test consisted in permitting 

the 12 specimons to reach cold room temperature of approximately 

i;0oF and then suddenly applying at the top of the specimen a pre- 

dwtormined freezing tempo rature while maintaining the bottom of 

the specimen at cold room temperature and recording the température 



ohQtigoa in tto spcoii^n ▼s. tiai until «juilibrium «as ostablishod 

e. Sample rtruparatlon. Tbs quart cardboard container 

with top and bottom remov«df forcing sides of o test specimen, 

was placed into a split forming jacket, illustrated on Fíate 3-Í?. 

The split forming jacket had holes through ah ich thermocouples 

could be inaerted into the center of the specimen during coca* 

paction, flacement and compaction of the material in a dense 

state was accomplished by using a device (shown or the left, 

fíate B-p}and procedure developed by Dr. Yen Chan in connection 

with his work on a thesis for the degree of Doctor of Engineering 

at Harvard University. For the dense state, material having the 

desired water content was placed in ten equal layers and each 

layer compacted by an increasing munter of blows in a sequence 

which resulted in a uniform degree of compaction throughout the 

specimen. The compacting device consisted of an anvil and a 

falling hamner guided by a rod running through a hole in the 

center of the wight. The anvil was placed on the soil to be 

compacted and the hasuer dropped on it from a predetermined 

height. Thermocouples were incjrtod et regular intervals along 

the longitudinal axis of the samples as the place* nt progressed. 

After removal from forming Jacket the thermocouple lead wires 

were cemented with paraffin to the cardboard container. Loose 

samples «»re constructed by first cj.a< nting the thermocouples 

at the desired positions, then carefully placing material having 

thj desired water content around the thermocouples. At the same 

time the side of the container was lightly tapped to obtain a 



small amount of compaction to minimize consolidation during 

handling and testing. To obtain saturated samples in either 

loose or dense state, the material was placed dry in containers 

which were equipped with screen bottoms. These specimens were 

then placed in the drawers, fitted with pans for water supply, 

and saturated by forcing water upward through the specimens until 

free water appeared on the surface. 

f. Test Procedure. Four different tests were con¬ 

ducted with the same specimens, that is, the same specimens were 

tested under four different freezing temperatures, namely, ap¬ 

proximately 25°F» 20°F, and 10°F. In the application of 

the different freezing temperatures to the top of the test speci- 

aatns, a time lag to reach the desired temperature was evident. 

The time lag for the 30°F» 25°F, and the 20°F tests was small. 

For the 30°F test the loaded drawers wore left open until the 

compressor hud oooled the coils of the freezing cabinet. The 

drawers mire then closed end tnc time of closing was considered 

us the starting timo of the test. The loaded drawers were closed 

and sealed in the 20°F and the 25°F t^sts and the freezing com- 

prosaor was started and time vs. cabinet air temperature was ob¬ 

servad until the tost température was reached. For these tests 

tho starting time was assumed to be the time at shich the cabinet 

temperature had reached the average between the test temperature 

and tho cold room temperature. Cork insulation wus placed over 

the top of the samples in the 10°F tost, tho drawers closod and 

the cabinet temperature lowered to 10°F. The drawers were opened 
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momentarily, the cork sheet wes then removed, the drawers closed 

end the cabinet sealed. The starting time for the test was taken 

as the time of the final closing of the drawers. 

g. Data Obtained. The data obtained from the four 

series of tests are summarized on Plate B-U* Table A summarizes 

the principal test conditions for each test performed. Figure 1 

is a typical set of tLne vs. temperature curves for each of the 

thermocouples in a selected test. Figure 2 is a typical set of 

temperature gradients at selected times after suddenly applying 

a surface temperature. Figure 3 presents representative data 

showing the penetration of the 32°F temperature vs. time into 

test specimens at different water contents and unit dry weights 

and with two different, suddenly impressed, surface temperatures. 

For b tests, conditions were such that equilibrium was reached 

with the 32°F temperature approximately at the midpoint of the 

specimen, and equilibrium temperature gradients for both the 

frozen and the unfrozen portion of the samples for these ij. tests 

are shown in Figure I4, Plate 3-1:.. 

h. Analysis of Test Results. From the tests de*r 

scribed it is possible to investigate the effect of the surface 

boundary upon temperature conditions in the test specimens. The 

temperature gradients at equilibrium were plotted for all tests, 

similar to the typical equilibrium temperature gradients shown 

on Figure I4., Plate R-U^These temperature gradients were then 

extrapolated to the top and bottom surface of the samples. The 

specimen temperatures at the top and bottom were then determined 
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and are recorded on Table A, Plate B-Í4.. The difference between 

the temperature of the specimen at the top or bottom and the air 

temperature at the top or bottom respectively is termed the 

'’boundary temperature difference". The equilibrium temperature 

gradients of each specimen, expressed in degrees F per foot, 

have been computed and are recorded on Table A, Plate B-U. Plates 

B-6, B-7, and B-8 are plots of equilibrium temperature gradients 

vs. bo’indary temperature differences for the 3 different water 

contents tested. The scattering of the test da.ta is rather wide, 

however, it will be noted that small increases in the equilibrium 

temperature gradient produce substantial increases in the bound¬ 

ary temperature difference for all water contents and in general, 

the greater the water content the greater the boundary tempera¬ 

ture difference for a given temperature gradient. Field obser¬ 

vations indicate that equilibrium temperature gradients at one 

foot depth below the ground surface as large as 6°F, per foot 

may be expected at Bedford, Massachusetts, and 1û°f, per foot 

at Presque Isle, Maine. For gradients of these magnitudes, the 

boundary temperature difference is approximately 1°f, and 2°^, 

respectively as indicated by the test results on specimens at 

2,8 per cent wator content (Plate B-7). It is interesting to 

note on Plates B-6, B-7, ard B-8 that the boundary temperature 

difference at the bottom of the specimens is approximately the 

same as the boundary tomperaturo difference at top of the speci¬ 

mens even though the water content and the condition of the top 

and bottom of the specimens varied. 



The importance of the evaluation of the boundary 

temporature difference lies in its relation to the prediction of 

frost penetration. Knowledge of the magnitude of the boundary 

temperature difference may permit refinements in theoretical 

methods for frost prediction and a more exact analysis of ob¬ 

served frost penetrations. 

A study of Table A, Plate 3-U indicates that the 

time for temperature equilibrium to be reached within a given 

test specimen is dependent upon the magnitude of the temperature 

differential between top and bottom of the specimen and the 

density and water content of the specimen. This is as expected 

for the density and water content of tne specimens influence 

the thermal properties of the material. Specimens at very low 

water content reached equilibrium temperature quickly because 

of tte 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 sa® results are illustrated by Figure 3# Plate S-Í4. in which 

the rate of penetration of the 32°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 I)., Plate tucratios of the thermal 

conductivity in the frozen to the unfrozen state can be deter¬ 

mined. It may be shown that this ratio is equal to the ratio 

of the equilibrium temperature gradient in the unfrozen zone 
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to that in tho frozen zone since the quantity of heat passing 

through the sample at equilibrium is equal to x s^ and also 

equal to x Sg. These ratios have been determined for the 

four tests plotted and at the density and water contents of the 

materials tested the coefficient of thermal conductivity in 

the unfrozen state varied from 52 to 85 per cent of that in 

the frozen state, 

2-03. Experiments to Measure Thermal Conductivity in 
Unfrozen and Frozen"Statu. 

a. General, Five different base course materials 

were tested for thermal conductivity in the unfrozen otate. Each 

material was tested at maximum density except one which was 

tested at several densities between maximum and minimum. Tests 

were performed on specimens at water contents ranging from 

almost dry to a saturated condition. The same materials were 

also tested for thermal conductivity in a frozen condition* 

b. Materials Tested, Thermal conductivity tests 

wore performed cn the following naterialsi 

(1) Sand (Lowell Sand) consisted of a cohesion¬ 

less, siliceous sand from a glacial outwash 

deposit at South Lowell, Mass, 

(2) Crushed Rook (Winchester Crushed Rock) 

consisted of a line grained quartz diorite 

obtained from quarry at Winchester, Mass. 

(3) Slag (Mystic Slog) consisted of b sic 

residue from blast furnace located at 

Everett, Mass • 
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(li) Cinctors (SoMBnrille Cinders) consisted of 

oomnerciftl grade cinders obtained locally 

as a result of burning bituminous coal* 

(5) Sand and Gravel (Bangor Sand and Gravel) 

consisted of a well graded sand and gravel 

of glacial origin obtained from Bangor* Maine. 

(6) Blended Bituminous Concrete Agrégats con¬ 

sisted of locally processed aggregates of 

sand and partially crushsd gravel obtained 

from bins of costaereial plant at Cambridge* 

Mass* 

(7) Asphaltic Bituminous Coco rete consisted of 

the blended bituminous concrete aggregate 

and bitumen* 

o* lest Specimen. Each test specimen was of cylin¬ 

drical shape* 5.36 inches in diameter and 10*67 inches in height, 

and was curtained in a brass cylinder of I/I6 inch wall thickness* 

Brass was used because of its hi(h thermal conductivity in com¬ 

parison with soil* A thermocouple was placed at the exact mid¬ 

point of tha cylinder as shown on Plate 3-1* Cylinder ends wars 

1/16 inch brass and wore sealed to prevent leakage and changes 

in water content of specimen during tests* Hate b-9 sh'nrs photo¬ 

graph of brass cylinder and cover* 

d. Sample Preparation* The selected test »terial 

was placed in approximttely five e^ual layers und compacted using 

the device and procedure described In paragraph 2-02 e* Care 
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was taken not to injure or displace the thermocouple during 

compaction« A template was used to center the thermocouple 

accurately in the cylinder. After the cylinder was full the 

cover was put on and sealed first with glyptal, then paraffin, 

e. Test Conditions. 

(1) Unfrozen Specimens. Each test consisted 

of subjecting the cylindrical test specimen imnersed in a bath, 

located outside tï* cold room, to a constant temperature of 

approximately 750^ The specimjn wes then suddenly immersed in 

a second bath, located in the cold room, to a constant tempera¬ 

ture of approximately U0°F* The resulting temperature changes 

were measured at the midpoint of tne specimen. Baths consisted 

of circulating water maintained at constant temperature by 

addition of hot or cold water or ice as required, Plate 3-1 shows 

details of constant temperature bath and Plate 3-10 shows photo¬ 

graph of bathwithtest specimens imnersed. 

(2) Frozen Specimens. Each test consisted of 

subjecting the test cylinder to a constant freezing temperature 

of approximately minus U degrees F. inside the freezing cabinet 

until temperature equilibrium was reached and then immersing it 

into a brine brth in the cold room at a constant temperature of 

approximately 27 degrees F, The bath consisted of circulating 

brine maintained at constant temperature by the addition of 

either hot water or dry ice as required. Thu resulting tempera¬ 

ture change was measured at the midpoint of the specimen until 

temperature equilibrium was reacted. 



f• Method of Computing TViemal Conductivity» The 

equation used for computing the thermal conductivity f ran the 

data obtained together with the nomenclature are contained on 

Plate 3-11. The equation, designated (b) was derived for the 

following assumptions» 

(1) The temperature of the exterior boundary 

of the soil is equal to the temperature of 

the liquid bath into which the container 

is imnersed. 

(2) The range of temperature change during any 

specific test was either above or below the 

freesing point of water, hence latent heat' 

of fusion was not a factor. 

g« Computation for Thermal Conductf ^ty. From the 

test data the thermal conductivity, k, may be computed if the 

volumetric heat capacity is known. It may be assumed that the 

volumetric heat capacity can be computed for a given soil using 

equation (a), Plate 3»-li. This equation is based upon the 

assumption that the volumetric heat capacity is equal to the 

sum of the volumetric heat capacities of the dry soil and of 

the water present in the soil. The value for the specific heat, 

c, of dry soil is a variable depending upon the mineral and 

chemical constitutents of the soil. Reference to the tabulations 

of specific heat for various minerals, rocks, and dry soils based 

upon tests by various investigators will show that the specific 

heat of dry soil, minerals, and rocks varies within narrow 

B-15 



limits and that a value of approximately 0.2 Btu/(lb) (degF) 

is a good average value. The value of the specific heat of water 

is 1 Btu/(lb)(degF) and of ice is 0.5 Btu/(lb)(degF). Hence, 

using equation (a), Plate B-ll,the volumetric heat capacity of 

each test may be computed using the assumed value for specific 

heat of dry soil shown on Plate B-ll and the determined water 

content and density. By substituting the computed value for 

volumetric heat capacity, the thermal conductivity, k, may be 

computed using equation (b). An example for the determination 

the thermal conductivity, k, is presented on Plate B-12, 

h. Test Data and Results. The data obtained from 

the thermal conductivity tests are summarized in tabular form 

on Plate 3-12. Grain size curves of the materials tested are 

shown in Figures U and 5, Plate Q-H. Fibres 2 and 3 snow- 

typical curves of temperature changes at the thermocouple 

located at the midpoint of the specimen vs. time. Curves for 

determining the thermal conductivity from the measurements 

obtained, together with an example, are also contained on Plate 

3-11,Fig.1. Plate E-I3 contains a plot of the test results to 

illustrate, in general, the greater thermal conductivity of 

frozen material as the water content is increased. The results 

of tests on the blended bituminous concrete aggregate and 

asphalt bituminous concrete are tabulated on Plato 3-11 but have 

not been plotted. 

i. Tests by Other Investigators. A comprehensive 

investigation of the thermal conductivity of ten different soils 



wus perfcnœd by iiarrison E. Patton (l). The results cf his 

investigations upon eight soils are presented on Plate B-I4 in a 

form similar to tests conducted by Boston District as summarized 

on Plate E-12.Tests on the remaining two soils were incomplete 

and are not included. On Plate J3-li^rable A,is a summary of test 

data, Figure 2 contains reported grain size curves, and Figure 1 

is a summary plot of thermal conductivity vs, water content for 

the densities tested. It will be noted that densities of test 

specimen were very low and generally much less than that at 

which the soils would normally be found in their natural state. 

The results of additional tests made by others 

are summarized on Plate l-15»It will be noted that the values 

of the unit dry weight of soil as tested were not determined 

by some of tie investigators Shanlclin states that in his tests, 

the soil was well tamped. Also, it is not certain whether the 

water content is expressed as a percentage of tho dry or wet 

weight in these tests. 

Analysis of Test Results, The tests performed 

by the Frost Effects Laboratory arid summarized on Plate 0-12 nay 

be compared with those performed by H, E, Patten as summarized 

on Plate 3-I4. It will be noted tliat the sample of coarse quartz 

tested by Patten approaches in grain size distribution that of 

Lowell Sand, and further that the thermal conductivities of 

these two soils are approximately the same at equal water 

(l) Patten, Harrison E. "Heat Transference in Soils", U. S, 
Dept, of Agriculture, Bulletin Wo. 59, September 1909* 



contents. The test results on the Hudson River Sand are quite 

different from all other materials tested. The finer grained 

soils. Podunk fine santy loam, leonardtown silt loam. Hagerstown 

loam. Galveston clay and fine quarts flour all have approximately 

the sane thermal conductivity at equal water contents. The 

thermal conductivity of the muck soil is much less than that of 

the Somerville cinders and Itystio slag tested. 

The tests upon the Lowell sand Indicate that the 

influence of water content upon thermal conductivity is much 

greater than density. 

There is no apparent relation between grain site 

or other characteristics of the various soils tested which may 

bo correlated with thermal conductivity. To satisfactorily 

dutorminu the thermal conductivity oi a given soil, tests are 

required at several different moisture contents. Tho test 

procedure herein described is considered a satisfactory method 

for the rapid determination of the ccofficient of thermal 

conductivity. 

Analyses of investigt.tiens .ande by others and 

of tho controlled laborutory tests indicate that the thersml 

conductivity of froten oohusionlesa soils is greater than 

unfrtsen at high miter contents and is approximately equal at 

M water contents and the thermal ocnductivity of most typos 

of soils increases with increasing water oentant and increasing 

unit dry miight. A reasonable rtngt of tho thermal conductivity 

of .aost ochesitmless soils frotin or unfroson is from 0,6 to 1.5 



Btu/ft. F* ¡Ir. Thia rurço da« n-t inolud« tha organ!e aoila 

auoh aa paat, aoila of Toloanle origin» or oohaaira aoila vhloh 

my be expected to differ in lhenaal propartiea. 

2-0l. Raviow of Studiaa of Utont Heat cf Soll Uolature 
by Other«» . 

The latent heat of aoil aolature 1« dlreotly deteneiwd fron tha 

quantity of tenter in the aoil tehioh freetoa* Ineaatigatiom 

reported by others* of the percentage of «ater which freatea 

«ara reviewed and are auflaarited in tne fallowing paragraphs* 

• • Bureau of Publie Roads Test. The Bureau of 

Publie Roads tests ware perforaed to date mina ti.e pero« mage 

of water in ttw soil which frentes, this percentage detsmlnirg 

tie latent boat* In ptrfomirç the teats, U» entire soils was 

subjected to below freetinf tea,«rature end water content of 

the soil maintained constant during in* teat* The aster Ule 

tested were oleen quarts sand (standard Ottawa sand), era) soils 

containing, silt and clay* 

Those teats inluaui that, for the condition« 

testad, all water in e olean qu» rts sen. froae at 0 degrees C 

(J2 degrees F) and fron 3? to «3 par cent of tfa water In lie 

aoila containing silt and clay frote at a teap«rature of ainus 

I.3 degrees C (29*3 degrees F), thi. fnrovntfcgv cf water freesing 

• "Kroentage of Watur Freo sab‘e in 301^11 bureau of fublis 
Reads, ruoîio Roads ftbnwry 192b« 

"frogreas Rapurt on an lnv«s'.i¿stior cf Froal Action in Joila* 
by laeklntosh, Prooeedin e of Inb mat lom ] Confor now on 
goila :bc.anioa^7?vi^nTo"Tf,,lr,eorK': - 



depundloç appro xi.» te ly on the amount of firms. 

b. Ifcrrord UniTorsity Test». Ths tests reported by 

Usoklntosh were purformed tt Harvard University on a plastic clay, 

and indioatwd that for the conditions tested, about 33 P6** ot>nt 

of the oiigiiftl «ator in the olay froze at a temperature between 

minus 1.0 dug. C and minus 2.0 dug. C (30*2 deg. F and 28.4 deg. F). 

The latent heat of soil moisture is a direct 

funotion of the percentage of its voter content that freezes. 

The perconteo of meter which will freeze in a soil is primarily 

dependent on tno void size, the degree of saturation, the presence 

of soluble salts» tto ti'qx'retur» of the soil, and the molecular 

attraction Utsniun ice twd water. For all pmetioablo purposes, 

all th* waur In clean ootv sionkss soils or tho CW, GP, SH, and 

SP classifica lions will f roete at 3?°P* In silt soils of the ML 

classification, moat of thu water m*»y be expected to freeze at 

32°P, In the rtvalalni sella of the SC, GF, SC, 3F, CL, OL, Mi, 

Cd, and OH classifie«.tiens, a leaser p re.ntag« cf thi waur oon- 

taiisid in the voids will fries« tr.l will dipir.d on the (actors 

listed above. The range of va lees cf the percentage of water 

froten, for ttw usual ouMiiticns enoountund in plastic anils, 

say vary frei» 33 to HO, Figur« 1, Pl*»u i-lo snows Im> ralatlo... 

ship between density in prends p-r seoic fret and latent hoot of 

fas Ho in n * por out le fut for vari ais water o^nu nts assuming 

that all tía. water fr«» «v s. This flgur« Is a nom graphic 

près nutien cf th ^raph shown nn Flyura 3* ^ «virago latent 

feat, «Sier* u»r* an several soil layers at differ« fit water 

l««0 

j 



contents, be determined using the follov;ing equation* 

' L1d1 / Lgd2 / / .../ Lndn 

dl / dg / dj / ... / dn 

wherei 

L is average latent heat of soil moisture 

Lj, Ig, Lj, are latent heats of soil moisture in 

layers 1, 2, 3, etc. 

d^, dg, dj, etc. are the thicknesses of layers 1, 2, 3> 

(note that d^ / dg / d^ / . dn equal depth of freezing) 

2-05» Review of Studies of Volumetric Heat of Soil by Others. 

Studies by various investigators, as summarized by H. E. Patten 

in ’’Heat Transference in Soils," demonstrated that the total 

volumetric heat of a given volume of soil is the sum of the 

volumetric neats of tne individual components of the soil, i.e., 

dry soil and water or ice. Figure 2, Plate ü-ló shows tne relation¬ 

ship betweeninit dry weight, water content, and volumetric heat 

for average values of the specific heats of soil, water and ice. 

There are tubulated below a number of values for 

specific heats for various soils, rocks, and minerals. These 

values were obtained from ^Handbook of Chemistry and Physics" 

ITiLî? Edition, and "Uecnanical Engineer's Handbook" by -iarks, I9UI. 

liost determinations were made at about room temperature. 



SPECIFIC HEÁT 
MATERIAL BTU/(Lb)(°F) 

Asbestos 0.195 

Basalt 0.20 

Calcspar 0.20 

Cement 0.20 

Chalk O.21I+ 

Clay, dry 0.22 

Cinders 0.18 

Dolomite 0.222 

Gneiss 0.18 

Granite 0.192 

Hornblende 0.195 

SPECIFIC HEAT 
MATERIAL BTU/(Lb)(°F) 

Humus 0.I4I; 

Kaolin O.22U 
• 

Marble 0.21 

Mica 0.206 

Quartz 0.188 

Salt, Rock 0.21 

Sand O.I95 

Sandstone 0.22 

Serpentine 0.25 

Talc O.209 

Based on the specific heats of the various soils,, 

rocks, and mineral an average value of 0.2 Btu/(lb)(°F) has been 

used for the specific heat of soil and values at 1.0 and O.5 

Btu/(lb)(°F) for water and ice, in all calculations involving 

the prediction of the depth of frost penetration. Figure 2, 

Plate 3-l£shows the relationship between density in pounds per 

cubic foot and volumetric heat in BTU per cubic foot per degree 

F for various water contents for both frozen and nonfrozen 

states. Where the soil is fully saturated, the volumetric heat 

of the nonfrozen soil is nearly constant, varying from Uo to h5 

Btu/(cu.ft.)(°F) within reasonable limits of unit dry weight and 

for frozen soil it may be considered constant at approximately 

32 Btu/(cu.ft.)(°F). Inhere there are several layers at different 

unit dry weights and water contents, the following equation may 

E-22 



be used to determine an average value for volumetric heat* 

0. 
di / d2 / dj / dn 

where * 

C is the average volumetric heat 

C,, C0» C,, etc. are volumetric heats in frozen or unfrozen 
i ¿ 5 

states for layers 1, 2, 3, etc. 

dp dg* dj, etc. are thickness of layer 1, 2, 3» ©to. 

From the data as presented on Plate B-17 the freezing 

o 
temperature of soil moisture is considered os 32 F. 

2-06. Studies of the Temperature Required to Freeze Soil 
Moisture. . 

The determination of the temperature at -which soil moisture 

freezes was made from field investigations, and from a study of 

investigations performed by others* and are sunnarized below. 

a. Supercooling. Studies by Bouyoucos involved 

tests in cooling cohesionless and cohesive soils with and without 

agitation. The tests indicate that cohesicnless soils could be 

supercooled without agitation to a temperature of 2b»h deg, F. and 

* nDegree of Temperature to which Soils can be Cooled Without 
Freezing,” by G. Bouyoucos - Journal of Agricultural Research, 
November 1920. 

”Ice Pressure Determination in Clay Soils,” Engineering News 
Record, 2b July 1935• 

”A Progress Report on an Investigation of Frost Action in Soils,” 
by Mackintosh - Proceedings of the International Conference on 
Soil Hecnanics and foundation Engl nee ring ,1^35. 

’’Studies of Frost Penetration,” by H. U. Fuller - Journal 
N.E. Water Works Association, September 19^0. 



cohesive soils to 2J deg. F before they frose. Distilled water 

can be supercooled to 21.2 deg. F before it freeses. With 

constant agitation, it can be cooled to about 30*2 degrees F 

before it freezes. 

b. Bureau of Public Roads Tests. Tests performed 

by the Bureau of Public Roads on olean quartz and soils contain¬ 

ing silt and clay, indicated that the freezing temperature was 

below 32°F, in some cases being as low as 29»3°F« 

o* Harvard University Tests. Two sets of tests were 

performed independently at Harvard University, both on soft clay. 

In the first series of tostsi the temperature at the bottom of 

the zone of ice lenses ranged from minus 1.0°C to minus 2.0 C 

(30*2 F to 28.i+°F) and in the second series of tests» the 

boundary temperature between ice lenses and the unfrozen clay 

ranged from minus 0.5 C to minus 0.7°C (31.1°F to 30.7°F). 

d. Observations by Fuller. Observât!one were made 

by Fuller on a gravel soil and on a clay soil at Portland, Maine, 

by reading thermometers installed at 6-inch intervals of depth 

and observing the frost penetration. These observations indicated 

that the temperature at the bottom of the frozen layer was 32.5°F, 

for both types of soil. 

e. Field Observations by Frost ¿iffoots Laboratory. 

The depth of frost penetration us observed in test pits compared 

with the temperature of the soil ut that depth in adjacent sub¬ 

surface temperature installations are shown on Plate 3*1 y ror I45 

locations during lyLiU-lOhj indicated 0 temperature range of 



25°F to 1*0°F, Dlaoauntiiic th» three v»h»« telo« 50°F end 

approximately 55 aber« 5l*°F the at* rag« tempern ture at 

the maximum depth of froet penetration «as 52°F. 
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»BRin 

HO. 

MATERIAL SPECIFIC 

GRAVITY 

6 

SPECIFIC HEAT (1) 
DRY SOIL 

BTU./{Lrt)( DEG.F ) 

c 

NONFROZEN 

LABORATORY 

SAMPLE 

NO. 

UNIT DRY 

WEI irtT 
LBS./CU,FT. 

y 

WATER 
CONTENT 

PER CE"T 

DRY WEI5HT 

w 

VOLUMETRIC 

HEAT CAPACITY 

TOTAL ¿AMPLE 
BTU/(FT3 )( DE’..S’) 

"u 

3A LOWELL SAND 

(Well graded 

medium to 

coarse sand (2) 

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 

3 A-4 

9*-4& 
3A -6( 3 ) 

3A-0C 

aa-7 

3A-8 
3A-» 

3A-10O) 
3A-11(3 ) 

3A 12 
3 A-13 

3A-15 

3A-10 

3A-17 

105.0 

105.0 
101.0 

106. 5 

101.0 
103.0 

83.5 

84.5 

91.1 
109.0 

103.0 
89.3 

105.0 

90.8 

0v2 

0.2 
0.2 

16.4 

20.9 
4.5 

4.9 

2.3 
1.9 
2.2 

2.0 
2. 1 

5. 1 

2.1 

21.2 

21.2 
20. 4 

38.8 

41.3 
25.3 

20.8 

18.8 
19. 9 
24.3 
22.7 

19.7 

20.4 

20.1 

3B BANGOR SAND 4 
GRAVEL1Well 

graded - lè" 

max Ir ur. J 

2.70 
2.70 

2.70 

*.« 
2.70 
2.70 

2. "0 

0.20 
0.20 

0.20 

0.20 
0.20 
0.20 

0.20 

3B-I 
38-2 

3B-3 

38-11 

127.0 
131.5 

j a-r.o 

133.3 

3.4 
1.1 

9.3 

0.32 

29.8 
27.7 

36.3 
27. 1 

•r SOMERVILLE 
CINDERS (Well 

graded - 1’ 
maxImun) 

2.27 

2.27 

».an 
2.27 
2.27 

0.10 

0.18 

0.18 

0.18 
0.18 

3C-1 

3C-2 
3C-3 

3C-4 

3C-8 

60.9 

60.0 
60.8 

61.7 
61.9 

20.7(5) 
36. 6 

21.2(6) 

1,1.3 

1.1 

23.6 

32.8 
23.9 

18. 1 

11.9 
— 3D MYiTIC SLAG 

( 14 “ra * 1 r urn ) 
2.45 
2.45 
2.45 

0. 17 
0. 17 
0.17 

3D-I 
3D-2(7) 
3D-0 

79.1 
81.2 
92.3 

9. 1 
33.5 
0.6 

17.5 

40.9 

16.3 

3E WINCHESTER 
CRUSHED TRAP 

ROCK ( ï"r axImum) 

2.91 
2. 91 
2.91 

2. 91 

2.91 

2.91 

2.91 

2.91 

2. 91 0
0

0
0

0
0

0
0

0
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3E-1 

3E-2 
3E—3 

3E-4 

3E-5(7) 
3E-6a(7) 

3E-7 

31-6 
3E-21 

99.2 

100.0 
98.5 

98.5 

99.3 
100 io 

102.0 

102.0 

112.4 

1.9 
2. 1 

4.4 
27.2 

28.4 
27.7 

2.5 

26.7 

0.21 

21.7 

22.1 

23.0 
46.5 

48.0 
47.7 

23.0 
47.7 

22. 7 

NUI U) 

s oF on «_ ( 

büm/oli- of Io i'hu i+*/no</ò 

c-Oo t> f€. U H <3/ 0>1 -f ^ 

Æ3rfca''f€ lu t II b ■€. 
etddz-d 'Hj -f-A-tole. 

Assured 

Mlnirur dry density 9g.9 Ibs/cu.ft. 

Maxirur dry density 110.9 Ibs/cu.ft. 

Sample not properly sealed; sore water 

leaked Into aiBple during test. 
Slight leaking Into cylinder during test. 

(5) Average - v - 1 
w = 2 

(6) Non-uniform wat 

(7 ) Test results an 

reáults of 
(8) Cover lifted of 

he avIng. 

fected by 

specimen d' 
(9) Average neave 0 



FROZEN 
THERMAL 

coNc^rivm 

^TU/(PT )( DE J.P) (HR 

LABORATORY 

SAMPLE 

NO, 

0. IBP 

0.186 
0.169 

1.02¾ 
1.000 
0.718 

0.469 

0.333 
0.352 
0.502 
0.450 

8. 403 
0.777 

0.437 

3A-18 

3A-19 
3A-20 
3A-21 

3A-22 
3A-23 

3A-24 

3A-23 

3A-28(4) 
3A- 27(4) 

0.890 
0. 073 

1. 125 

0.472 

38-4(4) 
3B-6 

3B-8 
3B-'T 

3B-8 

3B-9 
3B-10 

0.353 

0.402 
0.354 
0.297 

0. 173 

3C-5 

30-6 

30-7 

0.100 
0.553 

0.146 

30-3 

3Ü-4 

30-5 

0.350 
0.371 

0.403 

0.849 

2.320 
1.850 
0.371 

1.479 

0.196 

3E-9 

3E-io(8) 
3E-11 

3E-12 

3E-13(9) 
3 b-14 ( ? ) 
3 K-15 

3E-17 

3E-10 

UNIT DRY 

WET Hi? 

L8S/C' . PT. 

VOIO 
RATIO 

109.2 

102.9 
102.5 

100.2 

102.0 
102.5 

105.0 

106.0 

111.8 
111.1« 

130.0 

127. 1 

130.8 
127. 1 

130.2 

130.2 
132.9 

60.8 

60.8 
63.4 

07.2 
07.2 

89.3 

102.0 

102.0 
106.5 

103.6 

106.5 
103.5 
104.7 

102.5 

111.3 

0.503 

0.012 

0.620 
0.503 

0.018 

0.620 
0.501 

0. 505 
0.475 

0.490 

WATER 

CONTENT 
PE:< CENT 

DRY WBI3HT 

0. 209 

0.320 

0.209 

0.320 
0.295 

0.295 
0.267 

1.327 

1.327 

1.233 

0.750 
0.750 

0.710 

0.767 

0.767 

0.709 

0. 754 
0.700 
0.754 
0.734 

0.772 

0.631 

0. 105 

0.165 
5.4 

16.5 

10.5 
20.5 

2.2 

4.2 
0.06 

0.98 

2. 1 
3. H 

9.9 
10.0 

1.0 

10.3 
0.23 

11.7 

35.5 
0.09 

5.5 
27.7 

0.21 

1.5 

25.8 

2.2 

1.2 
22.1 

25.0 

2.0 

0.21 

0.12 

PER CENT 

SATURATION 

0.700 
0.717 

23.2 
77.7 

79.0 
08.2 
10. 1 

19.0 
3.7 

5.25 

VOLUMETRIC 

HEAT CAPACITY 

TOTAL SAMPLE 

HT:j/( FT3 )( DEO. P) 

_> 

19.6 

30.2 

90.0 
87.8 
16.5 

94.3 
2.3 

20.0 

00.7 

0.03 

18.9 
90.0 
0.73 

5.7 

97.9 

9.1 

4.0 

91.1 

96.6 
7.9 

0.704 
0.553 

21.3 
20.7 

23.3 

30.0 

30.0 
31.0 

22.2 

23.4 
22.4 
22.8 

27.5 
27. 7 

32.0 

32.2 

27.2 

32.0 
26.7 

14.5 

21.7 

11.4 

17.2 
26.9 

15.3 

21.3 

33.8 
22.5 

21.3 

33.1 

33.0 
22.0 

20.6 
22. 3 

THERMAL 

CONDUCT TV ITY 

RTU/(FT)(DEG ?)(H¡4 

0.105 
0.104 
0.885 
1.755 

1.640 
1.010 
0.400 

0.912 
0.206 

0.314 

0.725 

1.038 

1.528 

1.489 
0.005 

1.475 
0.405 

0.372 

0.700 
0. 152 

0.245 
0.673 

0. 122 

0.328 

1.189 
0.41,7 

0.334 

0.M9 
1.000 
0.375 

0. 157 
0.196 

i.2% - top of sarple 

.3% - bottor of sample 
r content. 

not consistent with 
other tests. 

cylinder due to 

'«suits slightly af¬ 
éale 1 ng of brine Into 

ring test. 

08". Sllgrlt leaking. 

O STONt 
3E-1 4 3E-9 

3E—2 à 3E-10 
3E-3 4 3E-11 

3E-4 4 3E-12 
3K-5 4 3E-13 

3E-«a 4 3E-14 
3E-7 4 3E- 15 

3E-0 4 3E 17 

3&»21 St JQ 

òlZtà - StNltb dfc 
( 1^2" 

( If2* 
(1/8" 

( 3/8" 
(1/8" 

( 3/0" 

50%( 1/2" 
25%{3/8" 

25%(1/6" 

( 1/2" 

( 1 /8" 

3/4" ) 

3/4") 
3/8") 

1/2" ) 
3/8" ) 

1/2") 

3/4" ) 

1/2") 
3/8" ) 

3/4“) 

3/8" ) 

FROST INVESTIGATION 
1945-1946 

THERMAL PROPERTIES OF SOILS 

SUMMARY OF TEST DATA 

FROST EFFECTS LABORATORY 

BOSTON, MASS. JUNE 1*46 
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WATER CONTENT - PERCENT DRY WEICHT 

NOTES' 

NUMBERS BESIDE PLOTTED POINTS INDICATE 

UNIT DRY WEIGHT OF SAMPLE IN POUNDS PER CUBIC 
FOOT. 

UNFROZEN MATERIAL 

-- + --FROZEN MATERIAL 

* OBSERVATION IN ERROR 

FROST INVESTIGATION 

1945-1946 

THERMAL CONDUCTIVITY VS 

WATER CONTENT 

OF BASE MATERIALS 

FROST EFFECTS LABORATORY, BOSTON, MASS. JUNE 1946 

PLATE Z-13 
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WATER CONTENT-PERCENT DRY WEICHT 

THERMAL CONDUCTIVITY VS WATER CONTENT 

FIG. I 

GRAIN SIZE GRADATION CURVES 



Matar til 

Unit 
Dr/ 

NflCht 
w*t§r 

Content 
SpecIflo 

HttC 

Vol'-natrlc 
H«.t 

Capacity 
rhantol 

Cbnductlrlty 

Iba/o.f. % Dry Wt. Bt«/(°F)(cf) Btu/or (ft)(hr) 

COARSE QUARTZ 

101« 
100 
79 
79.3 
76.8 
78.0 
92. ? 

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 

19.3 
1' .1 
16.3 
16.7 
18.fi 
23.3 
1.7.1 

0.221 
0.206 
O.L23 
0.145 
0.581 
0.630 
0.653 

FINE QUARTZ 
FI-OUR 

55 
5U. 6 
56.1 
57.1 
55.5 
58.3 
53.7 
90.0 

0.0853 
1..280 
6.930 
8.720 
9.530 

10.92’ 
19.670 
26.650 

0.1900 
0.1900 

a 
0.1900 
0.1900 
0.1900 
0.1900 

r.. 
12.7 
4.0 
1>' 
15.1 
17.1* 
20.7 

111. 

0.0981 
0.232 

.300 
o.i.03 
0.323 
o.hzr 
0.680 
1.290 

HUDSON RIVER 
SAND 

8!*.5 
56.5 
58.8 
ee.5 

0.257 
1..500 

13.120 
30.760 

0.1900 
0.1900 
0.1900 
0.1900 

16.2 
13.3 
21. 
1.3. 

0.1;75 
J.215 
0.725 
0.953 

PODUNK FINE 
SANDY LOAM 

89.1* 
76.0 
66.0 
60.7 
51.. 0 
51.. 9 
60.5 
93.9 

0.268 
1.330 
2.11.0 
2.830 
6.601 

10.080 
20.250 
26.930 

0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 

17.? 
l5o 
13. • 
13.2 
13.8 
16.0 
23.7 
1.3.0 

0.191 
0.191 
0.209 
0.2U» 
0.302 
0.148 
0.623 
I.32 

LEONARDSTONN 
SILT 
LOAM 

75.0 
69.6 
69.8 
62.1 
62.1 
61..1. 
56.0 
51.9 

0.806 
2.\27 
3.580 
1..690 
8.980 

10.650 
11.570 
18.350 

0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 

llu3 
4..7 
15.7 
4..7 
17.3 
1 ..9 
l?.l 
1 •.!; 

0.24. 
0.210 
O.bX 
0.299 
0.U4 
0.562 
0.388 
0.500 

HACERSTCJTN 
LOAM 

65.0 
70.0 

1.12 
ltf.06 

0.194. 
0.194. 

U.? 
i¿7.9 

0.1686 
0.893 

3ALVEST0N 
CUT 

6L.9 
57.0 

1.14 
67.55 

0.2097 
0.2097 57.Í1 

0.139 
0.868 

MUCK SOIL 

67.2 
1.0.6 
27.0 
26.8 
25.8 
26.2 
55.2 
56.6 

3.93 
22.95 
1.7.06 
58.98 
62.33 
69.!^ 

119.20 
123.00 

0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 
0.1900 

1.. ). 
17. 
17.. 1 
21.'' 
21.1 
25.1 
If1.. 

31.9 

0.08L2 
0.181. 
0.180 
O.260 
0.257 
0.208 
0.519 
O.U02 

DATA SUMMARY TABULATION 

TABLE A 

NOTE 

(I) H E PATTEN "HEAT TRANSFERENCE 
IN SOILS" US DEPARTMENT OF 
AGRICULTURE BULLETIN NO 59 
SEPTEMBER 1909. 

FROST INVESTIGATION 

SUMMARY OF THERMAL 
CONDUCTIVITY TESTS BY 

H. E. PATTEN o) 

REVISED JULY, 1947 FROST EFFECTS LABORATORY, BOSTON, MASS JUNE 1945 

PLATE B-'+ 



THERMAL CONDUCTIVITY 
INVESTIGATOR SOIL 

TESTED 

WATER 
CONTENT 

$ 
WATTS 

CM/^C 

BTU 

pt/’f/hr 

UNIT DRY 
WEIGHT 

LES/CU.FT. 

Shftnl'l In Clean yallow 
builder« sand 

0.15 
1.6 
U.2 
9.0 

o.ooj 
0.0035 
O.OOÍ48 
0.013 

0.17U 
0.202 
0.278 
0.75? 

Yellow «andy 
olay 

0.89 
3.87 
8.5 

15.0 

0.0025 
0.0029 
0.0032 
0.0114 

0.1U5 
0.168 
0.185 
0.810 

Kennelly 
(a) 

Teichr.uller 

Fine white 
quartz sand 

(b) 

0.2 
7.0 

13.8 

Fine sandy soil 0.2 
4.0 

8.0 
I5.O 

Clean yellow 
sand 

0.2 
l.l 
9.8 

Avertsandy 
soil 

12.0 

O.OO25 

O.OOI4U 
O.OC62 

o.lli5 
0.255 
0.559 

0.0021 
0.CC23 
0.002Í4 
0.X28 

0.121 
0.133 
0.139 
0.162 

O.OO3I 
0,0125 
O.OI6I 

0.179 
0.729(c) 

0.93? 

0.0085 0J+92 

Ingersoll 
and 

Kocpp 

Quartz 
Medium fine 

sand 
Sandy clay 
Calcareous 

earth 

0.0 

8.3 
15.0 

I43.O 

0^4? 103 

0.9U 
1 Ji7 

109 
111 

l.lii 10Í4 

Berggren Dx7 soil 
Moist sol 1 

(frozen) 
Moist soil 

'unfrozen) 
Wet soil 

(frozen) 
Wet soil 

(unfrozen) 

0.0 0.19 

0.68 

0j*8 

1.21 

0.97 

(a) Test equipment considered 
unsatisfactory by Shanklin. 

(b) Passing 0.25 ¡ran rr.esh. 
(0) Shanklin believes water 

content for this value should be 
about nine per cent. 

FROST INVESTIGATION 

E94S- 1946 

THERMAL CONDUCTIVITY 
TESTS 

BY OTHER INVESTIGATORS 

BOSTON , MASS. 
FROST EFFECTS LABORATORY , JUNE 1946 

Iff A /J 
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FROST INVESTIGATION 
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DETERMINATION OF LATENT 
HEAT OF FUSION 

AND 
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HOST EFFECTS LABOPATORv: BOSTON MASS JUFC «4« 

PLATE B-J 



OBSERVED TEMPERATURES AT DEPTHS OF FRi 

AIRFIELD 

Pr«*tju» III* 

TEAR 

19U*-i*5 

19U5-1*6 

Do* 19U»-U5 

TEST 
AREA 

turf 

Turf 

TTPB OF 
TEIfFE RATURE 

REASURISO 
INSTAI.IATIOR 

Thtr.ûoooupl« 

Thcmoooupl« 

Th«mooouple 

ThOTBOOOUpl« 

Thuraoooupl* 

Tharaocoupl« 

Tharaoooupl* 

Turf 

Thanaoooupl* 

Tharaoooupl* 

Thomoaotor 
Ttwnwooupl« 

Tharaoooupl* 

Tnoraoeoupla 

THICKRESS OF 
PAVEMENT AND BASE 

(TUCHES) 

AT 
TEMPERATURE 

INSTALLATION 

Î1 

30 

3i 

30 

20 

30 

Ul 

U2 
36 

20 

AT 
TEST 

PIT 

37 
1*0 
1*1 
31 
30 
31 
30 
21* 

31 
31 
31 
31 
1*2 
1*2 
1*1 
31 
31 
?e 
36 
31 
35 

21* 

20 
21* 

22 
2i* 
21* 

32 
21* 

1*0 
37 
29 
36 
37 
29 
26 
29 
26 
32 
1*9 
66 
60 
1*9 
1*8 
30 
2(TS) 
0 
7(TS) 

1*1 
37 
36 
1*2 
37 
37 
26 
26 
29 
26 
26 

2<TS) 
2(TS) 
2(T8) 
l(TS) 

CLASS 

OF 
FROZEH 

SUBGRADS 
SOIL 

oc 
oc 
oc 
oc 
oc 
oc 
oc 
ow 
oc 
oc 
oc 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
Cl 

CL 
CL 
CL 
CL 
CL 
CL 
CL 
on 
CL 
an 
CL 
CL 
CL 
CL 
CL 
CL 
0* 
cm 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 
CL 

MEASURED 
DEPTH OF 

FROST 
PENETRATION 

(INCHES) 

61* 

56 
70 
65 
66 
1*6 
61* 
21* 

71 
68 
70 
70 
1*6 
52 
78 
32 
66 
1*0 
1*6 
1*2 
50 
6? 
66 
65 
16 
36 
32 
50 

1*7 
51* 
52 

2 
1*7 
1*6 
1*1* 

1*3 
1*6 
1*1 
52 
1*6 
1*6 
1*6 
1*7 
1*9 
1*7 
1*1* 
36 
52 
6o 
1*8 
62 
1*1* 
55 
1*8 
13 
20 
21* 

50 
31 
36 

1*1* 
19 
1*6 
36 
51* 
53 
26 
52 
15 
21* 

21* 

26 

TEMPERATURE 
AT DEPTH 
OF FROST 

PENETRATION 
(°F) 

32.1 
33.0 
31* .2 
33.5 
33.0 
31.6 
32.5 
32.1 

3P.7 
32.6 
32.6 
32.1 
33 a* 
32.2 
31* .1* 
32.7 
33.2 
37.2 
35.0 
32.9 
31.5 
31.6 
31.7 
31.9 
32.1 
30.7 
29.8 
31.6 

35.1 
3l*.9 
35.6 
35.6 
3l*«9 
31*.0 
35.6 
35.8 
1*0.6 
3l*.3 
33.2 
35.0 
>l*.7 
31* .6 
31* .7 
35.2 
35-5 
31*.9 
31*.2 

35J* 
35.5 
35.0 
35.2 
35.6 
31*.1 
31* .9 
33.6 
31.6 
32.6 
3U.0 
33.1 
32 J* 
32.5 
32.5 
3U* 
52.0 
32.7 
35.6 
33.1 
35.1 
35.3 
33.0 
33.3 
52.9 
33J* 

DISTANCE 

9BTWEÍJ 

NEAREST 

TEMPERATURE 

INSTALLATION 

A TO T»T PIT 

(FEET) 

1*7 
51 
33 

320 
1*0 
1*5 

552 
1116 

37 
277 
655 

1062 
25 
15 
30 

8 
8 

12 
15 
20 

35 
1*6 
25 
10 
50 

173 

39 
182 
163 
ua* 

1*5 
121* 

56 
11*6 

1*3 
50 
92 

166 
196 
80 

ll*2 
122 
11*0 
72 
56 
60 

156 
38 

260 
291* 

62 
218 

121* 

1*6 
U* 
26 
38 
26 
32 
22 
22 

117 
131 
116 
IX 
IX 
70 
Hi 
li* 

130 

AIRFIELD 

•■*;« "alio 

'r“at Bon-I 

"ar -e 

Vn‘ rtnwn 

"a 1 ■’Vr 1 

Ifr '1 

NOTE 
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REPORT ON 
MATHEMATICAL STUDIES OF THERMAL CHANDES IN A SOIL MASS. 

SYNOPSIS 

A comprehensive, mathematical study of the thermal 

conditions induced in a semi-infinite, homogeneous, isotropic, 

soil mass by variations cf the surface air temperature is pre¬ 

sented in this report. The studies are presented in the form 

of 17 problems. The problems deal with the determination of 

the thermal diffusivity, depths of frost and melt penetration, 

effect of radiation and surface film and the effect of an in¬ 

sulating layer. A ieries of fortnulae were developed to pre¬ 

dict the depth of frost penetration and Several of these were 

selected to predict the depth of frost penetration for compari¬ 

son with actual field measurements. The theoretical depths of 

frost penetration obtained using the developed formulae compare 

reasonable well with observed depths from field investigations. 



MATHEMATICAL STUDIES OF THERMAL CHANGES IN A SOIL MASS. 

I. INTRODUCTION 

1-01. Authorisation. The frost investigation program was 

authorized by the Chief of Engineers by letter to the Division 

Engineer» New Ergland Division, dated U August 19k5t Subject! 

“Frost Investigation, Fiscal Year 19U5 “ IÇ^»1* Th0 mathemati¬ 

cal studies reported herein are a part of this program. 

1-02. Purpose. The purpose of these studies *às to develop 

mnthr:.;atical solutions for problems of heat transfer through 

soils so that these solutions could be used to supplement and 

analyze data from field and laboratory frost investigations, 

1-03. Scope. This report presents the solution of I7 

problems in a condensed form with examples. A detailed develop¬ 

ment of each equation is on file in the New England Division 

Office, 

1- OI+. Acknowledgement. These studies were principally 

performed by Dr. L. A. Pipes, Harvard University. 

II. MATHEMATICAL STUDIES 

2- 01. General. The depth to which a pavement, base, and 

subgrade will be frozen during a winter will depend principally 

upon the magnitude and duration of freezing air temperature, the 

thermal properties of the materials and the subsurface tempera¬ 

ture conditions at the start of freezing. All these factors 

have been used in this study. Methods of prédictif the depth 

C-l 



of frost penetration are presented which give results reasonably 

close to the measured values at the various test areas. 

Observations of depths of freezing have been made 

over a period of one to three years at 17 airfields. The results 

of these observations together with pertinent data influencing 

freezing are summarized on Plate C-l. In addition, there are 

also tabulated the values for predicted depth of freezing based 

upon equations (83), (95)/ (15U)» (15®)/ developed in Supplement 

A and from the design curve which is based on the correlation of 

the Freezing Index and measured depth of frost penetration at 

several airfields. This correlation is shown on Plate C-2 for 

both portland cement and bituminous concrete pavement:* The 

equations sc looted from tfe mathematical problems presented in 

Supplement A of this appendix wore considered to represent the 

principal variations of assumptions in the most usable form. 

2-02. Values of Thermal Propertius Used in Equations. The 

thermal properties used in calculating the depth of frost 

penetration were determined in the following manner» 

a. Thermal Conduotivity, k. The thermal conductivity 

used for computations of depth of freezing is for all cases 1.3 

Btu/(ft)(Hr.)(°F). Based upon tustod values for thermal con¬ 

ductivity, as discussed in paragraph 2-03 J Appendix B this 

value may be somewhat high us an overage value for all soils to 

a d pth of 16 feet) however, it is believed to be a reasonable 

< value for the pavement, based, and subgrade soils which a re 

frozen or unfrozen* 

b* Moan Soil Temperature, Vo. The moan soil 

C-2 



temperatura is equal to the mean annual air temperature at the 

particular location. At a depth of about 16 feet below ground 

surface the amplitude of soil temperature change approaches 

zero. Values for the mean air temperature in the United States 

are given in Figure 1, Plate 3, of Volume I. 

o. Latent Heat, L. In oohesionless soils,, all 

water in the voids will be frozen and thus the latent heat may 

be determined from the water content using graph shewn in 

Fig. 1, Plate B-l6, Appendix B. For cohesive soils, there will 

be a portion of the measured water content (in percentage of 

dry weight of soil) which will not freeze at 32°F as discussed 

in paragraph 2-Oi*, Appendix B. Thus, for some soils, not all 

the water content contributes latent heat. On Plate C-l it is 

considered that all of the water freezes, the value of latent 

heat as tabulated being determined from Figure 1, Plate B-ló, 

Appendix B. 

d. Volumetric Heat, C. The average volumetric heat 

at each location was determined using the equation given in 

paragraph 2-05, Appendix B. Values for the volumetric heat for 

each different soil wi re determined using the overage water con¬ 

tent and unit dry weight os tabulated on Plate C-l and Figure 2, 

Plate B-l6 of Appendix B. Soils within the depth of freezing 

wore considered to be totally frozen in determining the average 

volumetric heat. 

2-03. Analyses of Problems. Problems 1 to 5 inclusive. 

Supplement A to this appendix, are presented in a form 

c-3 



convenient for computing values of theraal conductivity or 

thermal diffusivity and apply only tocases where temperatures 

are above freezing or where no latent heat is involved* The 

accuracy of determinations of the values of thermal diffusivity 

MaM, in the manner outlined is dependent on the accuracy of 

temperature measurements at various depths, at the same or 

different times* With the exception of Problem J, the results 

involve the determination of the slope of the temperature curve 

at any given point which introduces additional error* 

The remaining problems, with the exception of Problem 

15, aie concerned with the depth of freezing, . Problem I5, 

deal-s with the effect of ground film and radiation* The effect 

of neglecting ground film and radiation in the prediction of 

frost penetration, gives values which are too large, but the 

percentage of error decreases with the increase in penetration. 

Problems 6 and 7 neglect the latent heat of fusion; both problems 

assuming that the air temperature is periodic over a sufficiently 

long period so that the interior soil temperature is also 

periodic* Problem 7 is further complicated by assuming that the 

soil is composed of two layers, die solution being obtained only 

by cut-and-try method. Problems 0 and 9 consider latent heat 

but neglect volumetric heat* Problems 10 through 1I4 consider 

both latent heat and volumetric heat. Problem l6 assumes that 

the temperature of the soil varies uniformly with the depth. 

Problem I7 considers the effect on the depth of freezing of an 

insulation layer placed over the soil* 
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a. Discussion of Equations» Equations (83), (93)* 

(15I4.), and (158) from Problems 9* 10» l6 and I7, respectively 

were selected for study and comparison with observed depths of 

frost penetration. The results of computations for these four 

formulae for all airfields are contained on Plate C-l together 

with all pertinent data necessary for the computations. Equation 

(83) (x - V U8kF/L) give s values which are consistently too 

high. Equation (95) (* ■ \/l / c - 52 

values of "x” which, though lower than those for equation (83), 

are ciill consistently too high. Equation (I5U) 

(x • Vl7c (^-52/ F/tet) glTe“ TOlues °f ran6“ 

from higher to lower than the observed values. Assuming that 

the temperature at the surface of the pavement is essentially 

the same as the temperature at the bottom of the pavement, a 

column is contained in Plato C-ll in which the thickness of pave¬ 

ment is added to the predicted depth as determined by equation 

(15M. Equation (158) (xR . - / -y c 'JTJÇ& 

has been used in areas observations were made with a turf cover. 

The results of these calculations bracket the observed depths 

but in general the dispersion is great, with the average very 

high. Also contained in Plate C-l are predicted depths using 

the design curve (Figure 2, E.M. Part XII, Chapter U» Mar. 19^6). 

The values of thus obtained bracket the observed depths with 

the greatest percentage within 6 inches of tho observed depths. 

Comparison of the relative merits of each formula is given below* 
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Equation 

Ratios of Predicted 
to Observed Depths 

Per Cent of 
Observations 
Within 6 ins Avg. Max. Min. 

83 
93 

1.60 3.39 1.09 
1.32 2.69 . 83 
.& 1.89 .38 

1.10 2.31 .67 
1.08 1.93 .67 
1.95 5.67 .92 

6 

Design Curve Design Cur 
158 (Turf) 

29 
b2 
5U 
63 
50 

In all calculations, the average value of 1.3 

Ü 

BTU/(ft)(°F)(hr) was used for the thermal conductivity and the 

full value of the latent heat as derived from the nomogram in 

Figuro 1, Plate B-l6. Because of the inability to determine 

for each separate layer of soil, the exact quantity of water 

which froze, it was assumed that all the water to the maximum 

depth of freezing was frozen, which is contrary to the data 

presented and analyzed in paragraph 2-0i|. 

Ü 
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FAIRMONT • 44 >949 9 fO 1 • Õ ? Ô # C C • 0 • • • • CL ! 2 9 
CM 

*( 0 , ‘ #(»‘ 

GARDEN 

CITY 

1 4 44 -1(41 9 9 0 1 9 7 9 C I 9 

_ 

9 C • 0 9 0 * 

_ 

I 2 4 ft 

_ 

' CL 14 

C" ; • 
OR 

.CM-CL 1 

1 » ( » Tot V 
1 (.i » (•• 

1(,( , • 
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T BASE di) SUBGRADE di) 
AVG LATENT 

HEAT 

BTU./FT* 

(L) 

(IV) 
OBSERVED 
DEPTH of 

FREEZING 

IN INCHES 

C K 

' i: s 

(Hl) 

CLASS 
THICK. 

IN 

INCHES 

WATER 
CONTENT 

A 

DENSITY 

LBS/FT1 

en 

(III) 

CLASS 
THICK 

IN 

INCHES 

WATER 
CONTENT 

% 

DENSITY, 

LBS/FT. 

m 

HEAT 

BTU/CFtVf) 

(C) 

4WAA-. w . tu ucrin UF FR L 

INCHES - ( 12 X ) 

EO 83 EQ 93 to 154 
EQ 154 

PLUS 

PAVE 
_UÜ_ -ÄL_ 

> 

CW 
CW 

CW 

CW 

CW 
CW 

CW 
CW 
GW 
CW 

SS 
1 » 

1 s 

SI 

42 
4 2 

40 
SS 
s s 
2 0 

jj 

s.s 
4 2 * 
5 2 

Il 1 

SS 

s 2 

1 " 

IS S W 
10 1 » 
10 1 0 
SI * 

-ò— 

• SS 
ISS «1 
ISS 

IIS 

ISI 

121 
12 1 

1 2 S » 
ISS « 
iss « 
ISS ft 

CL 
CL 

fc L 

[ce 
C L 

CL 
C L 
C L 

CL 
CL 
C L 
C L 
C L 

S s 

42 

SOS 
It S ft 
2 S 4 
2S 4 (40 
>S 7 
25 4 Nr 

^1.1 
24 2 nr 

IS s 
IS s 

f*S4 
[is 2 Nr 

17 7 » 
22 4ft 
22 4ft 
22 S « 
22 4 (4.) 

51 
107 ft 

52 
02 4L) 
SS 

ios Nr 
ss 
S 2 Nr 

IOS 
IOS 

•• 1 
M2 NrJ 
MS ft 
101 ft 
101 ft 
110 * 
101 (40 

SOS 
S OS 
42 0 

44 1 

SO 2 

40 0 
40 0 
SO 0 

42 1 
41 S 
4 1 0 
44 S 
42 0 

2 S 10 
ISOO 
SOOO 

soss 

2010 

ISSO 
ISOS 
ssoo 

2 S S 0 
2 20 S 
2110 
2 700 
S2 10 

40 
SO 
40 

04 

S 2 

SO 
s 2 
2 4 

S 0 
4 S 
4 4 
5 4 
2 S 

SO 
100 
OS 

S ft 

7 ft 

70 
0 1 

71 

70 
SS 

S S ft 

S 2 
07 
ftO 

SO ft 

ss 

t 7 

•«SS 

S 2 
S S 
S S 

fr S2 ft 

4 4ft 
5 2 
4 1 

4 1 

4 7 « 

4 7 
4 S 

44 ft 
ft 47 ft 

42 ft 
5 7 

ft 4 tft 
• ft 

ft 4 ftft 

4 S ft 

50ft 

SO 
52 

ft 4 7ft 
50ft 

ft 4 ftft 
4 4 

fc * 
CW 

CW 
en 
CW 
r?n 
.CW 

4 
SO 

S 2 
S S 
2 S 
SS 
2 S 

-Tî- 

s s 

10.4 9k 

S S W 

10 s ** 

.'.A 

ISS 

* 

ft ft 14 2 

ft 

C C 

C C 

CC 
C C 

CC 

C C 

- 

it S 
IS 2 Nr 
’14 s 
14 2 Nr 
’ISS 
.is s Nr 
17 0ft 
15 S ft 

IS 4 ftft 

1 S S (40 

IOS 
h s Nr 
II 4 1 
114 Nr 
IOS 
h o Nr 
117 ft 
115 ft 

120 ftf 

MS (40 

SS 7 

S 7 4 

SO 1 

41 1 
S 7 0 

4 4 0 

5 7 S 

1 04 S 

10 70 

2700 

24 SO 
1 7 S S 

2740 

22 SO 

..7 0 ' 

7 1 

1 S 

7 0 
s s 

s s 

ss 

s s 

01 
IOS 

tft 

S S 

S 7 

ft SO « 
02 

70 

SO 

S 2 

ft 7 
ft S S ft 

ft 4 

► •7ft 

ft 7 0 ft 

• 4 
72ft 

• 1 

CW 
CW 

1 4 
1 4 

4 S (V) 
4 S OJ 

IIS MO 
IIS C40 

SW 
SW 
SW 

1 ) * 
> > U) 

.-> » «> 

10 1¾ 
10 0 (H 

'01 IP 

To o 
2 SO 
ISO 

’Too 
oos 
oos 

4 0 
2 S 

OS 
ss 

-ft 
7 0 

ft 4 
4 S 

• 6 
54 

~ ÍCtM T#-!- 

ML 
Sft 

_ or 

S 0 

2 4 

SS ftft 
2 S.S ft ft 

12 
0 S 

ft« 124 
ft ft 0 7 

II 0 

,1# - 

2 7 4 22 SS 2 S S 4 
-ÍJ_ 

1 1 ft 
-U_ 

2 2ft 
-It_ 

20ft 

n 

ce 
S 0 

1 
Vi 

JO 1 Hr 

rto 
114] 

N» HJ 1 

S 4. t tl»0 

T“ 

TÏ ft S 1 ft ttft 

J 

.0 r 

CA 

or 
rc» 
[or 

or 

’c » 

cr 

IS 

1 S 
2 S 
4 S 

S 
1 S 

5 0 

2 C 

* 0. 

ss w 

7 7 
12 7 

so ft 
10.1 H 

»• » 

■ .4. 

1 1 2 

« 140. 

Alt» 

Jt-ii*. 

C L 
sr 

- CL 
C k 

C L 
’ C L 

s r 
. CL 
’ C L 
- sr 

C L 

2 S 
s s 

2 S 
S S 

S 2 

2M ft 
SI ft 

21 1 w 
270 • 

SO 0 
27 S * 
IS S ft 
27 S ft 
SS S II 
20 4 » 
2S S » 

IOS ft 
II S ft 
IOS 1 
00 

0 2 
Of ft1 

II 0 ft 
0 S ftj 
0 7 ft- 

11 S ft. 
00 ft 

SS s 

4 SO 

SO 0 
4 0 7 

4 SO 

4 0 2 

2SSS 

1 00 1 

2 0 70 
t 4 SO 

toso 

ISOO 

4 0 

5 0 p 7 0 

ft s 

S 4 

S 2 
ft S 

• S ft 

ft S ft ft 

4 1 

4 ft 

4 4 
5 7 

S 7 

4 4 

»T« 

• ft 

M 5 Oft 
ft 47ft 

44ft 

• 0 

c r 7 

M L 
s r 

. C L 

1 S 
S 0 

IS 0 
22 S ft 

»• * ft 

lit 
100 ft 
SS M) 

4 4 0 2 200 s s ft 0 4 S SOft 4 Oft 

c» 
cr 

[t: 
-cr 
.cl_ 
-ce 

S 

7 
S 
S 

.Z. 
1 0 

S 4 W 

7 4 » 
IS S « 
s 7 ft 

_ M-l. A . 

140 

II 14 2a 
ft II 0 . 
II 12 0’ 

K.JUi » . 

• 
C H 
C L 

Oh 

[ci; 
C L 

KT.—^- 

S 2 

SO 

2 7 

ISI ft 
2S • ft 
14 1 ft 
12.1 ft 
15 7 ft 
21 S ft 
217 ft« 
127 « 

10» AJ 
• 0 A. 
»» A 
• A A ' 
• 0 A, 

•» A * 
• r aa 
At A 

S 7 0 

St 0 
SS 0 

SOI 

SO.O 

2 ISO 

1040 
10 00 

2 0 t S 

10 70 

4 2 

1 S 
0 

4 0 

4 4 

s s 

0 t 

ft 0 

74 

0 4 

S 2 

ft 2 ft 

s s 

Ttft 

ft S 7 

S 7 

ft 4 ft ft 

4 0ft 

42 

44ft 

ftl 

.et. 
■CC 
.et 

1 2 
1 0 

1 2 

IS7 ft 
7.1 H 

21 4 ft 

* H 2 J 
ft IS7] 
II iosJ 

CL ON 
CH 

’CL OS CM 
sr-CL 

r C H 
C L 

. SC 

4 • 

• 0 
1 1 

t>0* 
>0 0 » 

to 0 A 
1 » o * 

>> « A 
tr » aa 
1 » 0 <H 

0 t ftl 
04 ft J 
OOft* 
07 ft 

os « 
07 ftft 
0 7 (44 

4 0 S 

ss s 

s so 

20 40 

S 0 2 0 

SOOO 

4 0 r 
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4 2 

SS 

S 0 

ft 4 

4 0 

• S ft 

ft 0 

S S ft 

ft 0 

S ft 

ft ) 7 ft 

40 

ft 4 1 ft 

c r 

cr 

S C(M 

S 

1 2 

4 S II 

4 S IM 

ni 4 

ISS 1» 

ISS (40 

OL-CL 

. *s 
sr -öl 
OL-CL 

. o r 
sr -öl 

es 

sr-OL 
OL-CL 

t CP> 
sr-OL 

c r 

S 2 
20 

2 2 
II 

S 2 

2 4 
t t 

»0 

14 S ft 
2S S ft 

s S ft 
14 1 ft 
22 1 ft 
4 4 « 

5 4 S 
4 4ft 

14 S 44) 
21 S 44) 

5 S (+> 
14 1 <+) 
4 4 44) 

112 ft* 
07 ft 

120 m 
10 S A1 
00 ft 

1« 0(44 

ISOS1 
1 2 0 U) 

11 2 MO 
07 M4 

'20 M4 
• 0 1 441 
• 2 0 M) 

SO 7 

20 0 

SO 0 

to 7 

20 0 

2 S 2 S 

10 70 

It4 0 

2 0 10 

ISSO 

1 S 

4 a 

4 t 

.... 

70 TH 

ft S 

0 2 

: 

ft 2 

ft ft 

ft 7 7 ft 

00 

ft S 7 ft 

sow 

ft ft 

S 4 

4 ft 

4 4ft 

0 4 

ftS 0 

c 

s 
.c 
St 

L-sr 

CCM 
L-»r 
*0* Sf 

1 4 

I S 
II 
S 

10 s « 
III (M 
io s a> 
10» 

ll 12 
II I2SJ 

12 2 (M *| 
12 S IMJ 
! i ? ft t 

OM-CM 
CH 

* ITT? 

• 

1 2 

2S ? ft 
SI 1 ft 
2S7 ff ) 
S 1 1 (4) 

.«• Ä' 
• • a! 

t»c*n 
A »HI 

4SI 

41 S 

200» 

SSOS 

4 S 

72 TM 

tft 

0 1 

IA 

• M « 

4 2ft 

0 2 

ft 4 ¿ ft 

ft S 

s r 

• c H 

s 

s 

2 0 CM 

4 7 ft 

1 2 0 (M 

■ ^ k k 
OS 

CL-sr 
CL 

sr-CL 
os 

CL-sr 

î. k ■■ 

S» 

1S ï ft ^ 

ISI ft 
17 0 ft 

ISI MO 

ISI Ml 

n9 «) 

IOS ft 

102 ft 
100 ft 

10 0(41 

1 0 2 M) 
lOOHy 

SS 4 

SO 1 

SIS 

100 0 

_ .1 » 

2 4 T M 

K- rr- 

a 7 ft 

—rrrr ■ 

21 ft 

T~TT 4 

IS 

—1¾— 

ft 22ft 

- -:— r 
IS S ft 

.• ' .4 . 
• r A 
• » A 

..tTl- ÎT«». 4A 
-, 
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CW ? S S « ISI » 
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wVcl 
ss 
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2 S 
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S 2 
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12 0ft 
III ft 
11 7 ft" 
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20 1 

10 7 

i o so 

§70 
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11 

4 1 
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» s ft 

4 7 

2 S ft 

1 4 

^ ft 1 1ft 

1 0 
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2 S 2 S 0 ft 
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OS 
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AVG LATENT 
HEAT 

B T U / ET* 
(L) 

2 9 f 0 
1100 
1900 

10 11 

2110 

1990 
1991 
1100 

2110 
2201 
2110 
2 TOO 
12 10 
194 1 

It TO 

2 T 9 O 

24 10 
1 Ti 1 

2 T 4 O 

22 10 
900 
• 01 

-10.1 
22 91 

21 é O 

»191 

1 90 1 

2 0 T O 
2 4 10 

2110 

119 0 

2 290 

(IV ) 
OBSERVED 
DEPTH OF 
FREEZING 
IN INCHES 

49 
10 
4 9 

14 

12 

40 
9 2 
24 

1 0 
4 9 
4 4 
1 4 
i 9 
T 0 

T I 

? 9 
• 9 

• 9 

1 0 

PACDICTCD DEPTH OF rUtCZINC 
INCHES - (12 X ) 

IN 

CO S3 

99 
109 
41 

• 1 

T9 
4 I 

T I 
79 
99 
» 9 4 

4 6 
2 9 

1 I 
2 9 

1 1 
4 9 

4 9 

1 9 

~lT~ 

• 9' 

9 9 

91 
104 

Ti¬ 
ll 

-11 
14 

TT 

7 4 
42 

• I 

7 9 

2 110 

1940 
19 90 

2 92 1 

19 70 

2 9 4 0 

10 2 0 

19 90 

2 12 1 

19 70 

12 4 0 

2 0 10 

1110 

2991 

1191 

ITT“ 

I 401 

4 » 0 

470 

1 I Ï0 

990 

4 2 

2 1 
4 

4 9 

4 4 

• 1 

0 2 

.. 
4 0 

4 7 

4 2 

1 4 

• 0 

1 4 

EQ 93 

42 
• 7 
19 

► 9 7 
► 9 9 

• 2 
9 9 
1 9 

► 12 « 

« » 

• 7 

► 90 « 
92 

79 

TT 
70 

_1T- 

~rr 

• 2 
1 1 

4 14 

»41* 

41 

1 4 

1 2 

12 4 

• 1 

1 4 

4 2 

4 2 

71 TN 

74 TN 

4 9 

72 TN 

I 1 

2 4 TN 

1 8 

• 2 

I 0 9 

49 

• I 

1 * 

’ 4 

I 1 

T9 

• i 

» * 

« 1 4 

4 9 

9 14 

1 0 

I k 

II 

► 7 7 4 

90 

CQ.IS4 

4 4 4 
• 2 
4 I 

4 I 

4 T « 

4 7 
4 9 

44 4 
9 47 4 

42 4 
1 7 

4 9 

• 2 

I 7 
9 4 14 

14 

IT' 
4 9 J.1 
2 2 4 

4 4 
1 7 

1 7 

4 4 

194 

9 17 

»7 

9 414 

114 

1 0 

1 1 

9 17 4 

19 4 

4 4 

S 9 

9 7 14 

ttt 

~rr 

1 9 4 

2 9 

9 M 4 

4 24 

12 

Til 4 

TTTT 

1 4 

9 2 0 4 

9 4 

CQ „.154 
PLUS 
PAVE. 
9 4 9 4 

91 
9 4 94 

494 

10 4 

10 
12 

9 4 74 
104 

9 4 14 
4 4 

► 9 74 

9 7 0 4 

94 
724 

TT 
14 

-O 
2 94 

ITT 

TiT 

• i 

► 104 

9474 

444 

• 9 

EQ 156 

17 

I 2 4 

*19 4 

494 

42 

444 

II 

9 174 

40 

9 4 14 

4 1 

4 44 

99 9 

94 14 

I 1 

TT 

9 124 

I 4 

► 114 

I 4 

i 9 

9 4 

4 1 « 

DESIGN 
CURVE 

0 4 * 
► 9 7 

5 • 

9 9 14 

9 6 3 4 

II 

99 

9 9 9 4 
9 9 4 
47 4 
4 4 

6 9 

• 9 

• 9 
9 9 9 4 

► 994 

► 4 I 4 
► 99 

» I * «i 
9 2 9 4 

► 9 0 4 

► 90 4 
9 4 9 4 

► 4 9 4 

49 

►44 4 

99 

► 4 9 4 

► 49 4 

►4 9 4 

► 49 4 

0 I 

42 4 

► 4 I 4 

9 • 

9 t 4 

t • 4 

I • 4 

9 I 0 4 

I 9 

• 4 

EQUATIONS: 

63 » - 

93 * « 

164 X - 

156 X » 

/ 24 H F 

L ♦ C (v,- 32 ♦ FT 2t 

d , / ,'d V 24 k r 

t ]/ 
DESIGN CURVE - fig 2, c m km, cm*pt 4, mmwx i*»6 

K • 01FTM OF FROST FC NC T RATION IN FCCT 

I«. TMCRMAL CONDUCTIVITY IN • T U /( FT )(Of )( MR] 
F-FRtlZINC INDCX IN DCGRCC - OATS 
L-avcrage latent neat IN »tu/ft* 

C> AVERAGE VOLUMETRIC HEAT IN S T U /(FTJ)(®F) 
V0- MEAN ANNUAL AIR TEMFERATURE IN Of 

i • DURATION OF FREEZING INDEX IN OATS 
d • THlCNNESS OF INSULATION LATER N FEET 

AN AVERAGE VALUE FOR THERMAL CONOUCTIVITT 

(A)» IS S TU /(FT KofKmR ), IS USED THROUGHOUT 
THESE CALCULATIONS 

VALUE FOR *d* USED IN EQUATION ISS IS 
THICKNESS OF TOFSOIL IN FEET 

NOTES: 

(I) VEMENT TTFES ARE AS FOLLOWS > 
• C - SI TUMI NOUS CONCRETE 
FCC - FORTLANO CEMENT CONCRETE 
T t • T OF SOIL ( TURFED ARIAS ONLT ). 

(II) VALUES USED FOR WATER CONTENT ANO N NS ITT ARE 
FOR FREEZING FIRMO WHEN AVAIL AS LI 
IXCEFTIONS ARC NOTED AE FOLLOWS' 

N - VALUES FOR NORMAL FERIOO 
NR * VALUES FOR FROST MELTING FERIOO 
(41 - ASSUMED VALUES 

NF - VALUES FOR NON-FROZEN RUMORAOS SOIL 
(FREEZINO FERIOO) 

(III) SOIL CLASSIFICATION FOR AIRFIELDS E1CEFT AE 
FOLLOWS: 

C.R - CRUSHED ROCR 
» CEM - SOIL CEMENT 

(IV) OC F THE OF FDCEZIN6 DETAINED FROM TEST FIT 
ODSCRVATIONS CACCFT AD FOLLOWS : 

TN - DC FT NS OF FDCCZINC DETAINED FDOM 
THE AMOME TER AND THERMOCOUPLE OBSERVATIONS 

» CLOSEST VALUE TO DESERVED DEPTH 

« VALUE WITHIN i S INCHES OF OESCRVCO DEPTH. 

?! 
If 
Si 
■ 

* SOSO 
D SOD 

TIME IN DATS 

RELATIONSHIP BETWEEN Ft! 

FROST INVESTIGATION 
1945-1946 

PREDICTION OF FROST 
PENETRATION 

FROST EFFECTS LABOPATORT,60ST0N,MA1S JUNE 194« 
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FIG 2 

LEGEND 

1944- 1945 

? 
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0 

1945- 1946 1946-1947 
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PRESQUE ISLE 

DOW 

WATERTOWN 

TRUAX 

SIOUX FALLS 

jgr 
♦ BEDFORD 

GARDEN CITY 

A A 0 BITUMINOUS CONCRETE 

• @ CEMENT CONCRETE 

- DESIGN CURVE FROM ENGINEERING MANUAL 
PART XII CHAPTER 4, JULY 194« 

NOTES - 

NUMBERS NEXT TO PLOTTED VALUES SHOW COMBINED 
THICKNESS OF PAVEMENT PLUS BASE 

FROST PENETRATION IS IN NON-FROST SUSCEPTIBLE 
MATERIALS ONLY 

FROST INVESTIGATION 

1946-1947 

CORRELATION BETWEEN 

r\ 
FROST PENETRATION AND 

FREEZING INDEX 
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APPENDIX A MATHEMATICAL STUDIES 

OF THERMAL PROPERTIES 

Symbols and Definitions 

The following symbols are used in the mathematica 

SymboI 

Cl 'C2'Cn 

dl'd2'dn 

F 

H 

h 

i 

K 

k 

Def in it ion 

Temperature difference between annual 
mean air temperature (vQ) and freezing 
temperature (32°) 

Thermal Diffusivity = k/C 

Amplitude of air temperature change for 
yearly cycle = 1/2 range 

Volumetric heat 

Volumetric heat of layers 1,2,..0 respec¬ 
tively 

Volumetric heat in frozen state 

Volumetric heat in non-frozen state 

Specific heat 

Thickness of insulation layers I, 2,...n, 
respect ive ly 

Surface coefficient = kip 

Base of natural (Napierian) logarithms 
= 2.718 + 

Freezing index 

Total heat given up by soil = Qt 

Depth below ground surface 

Thermal gradient 

Constant of integration 

Thermal conductivity BTU 

stud ies : 

Unit 

°F 

ft2/hr. 

°F 

BTU/(ft3M°F ) 

BTU/(ft3 )(°F ) 

BTU/(ft3 )(°F ) 

BTU/( ft3 ) (°F ) 

BTU/( Ib ) (°F ) 

ft. 

°F days 

BTU/ft2 

ft. 

°F/ft 

/(ft )(°F)(hr) 



Symbol Definition Unit 

* 

k i ,k2, kn 
« 

L 

Q 

R 

s 

T 

t 

V 

vf 

V o 

V 
p 

V s 

X 

XR 

Thermal conductivity of layers l,2,...n 
respect ive ly 

Thermal conductivity in frozen state 

Thermal conductivity in non-frozen 
state 

Latent heat of fusion of water in soil 

Rate of heat flow from ground surface 
= ki 

Thermal resistance = + **2 + 
k, k2 kn 

Thickness of upper soil layer 

Time period of temperature change for 
I year 

Time increment = duration of freezing 
index 

Temperature amplitude in soil at depth 
"h" 

BTU/lft M°F)(hr I 

BTU/(ft )(°F)( hr ) 

BTU/lft )(°FMhr ) 

BTU/ft3 

BTU/(ft2 ) (hr ) 

I 

BTU/(°F Mhr ) 

ft 

365 days 

day 

°F 

Average air temperature during period 
of freezing °F 

Average soil temperature = mean annual 
air temperature °F 

Constant suddenly impressed air tem¬ 
perature °F 

Variable air temperature during period 
h T" Op 

Depth of freezing = depth of melting for 
rising soil temperatures ft 

Depth of freezing, when soil is overlain 
by an insulation layer 

¿-2 

ft 



Symbol Def in it ion Unit 

Cú 

H,z,e 

Elevation of a point from the boundary 
layer - measured in opposition to "h" 

Growth coefficient of melted layer = 

Parameter = 2v/J 

2/24at 

Dimensionless parameters for simplifi¬ 
cation of equations 

p»G,m,y,S,0 Parameters for simplification of equa- 
t ions 

<P 

In 

Mean temperature gradient in period At 

log to the base "e” 

ft 

°F/f t 

PROBLEM NO. I 

Given a homogeneous, isotropic soil mass of semi-inf inite extent 
with its initial temperature at temperature "v Its surface temperature 
is suddenly changed to temperature "Vp”. 

(a) Find the thermal diffuslvlty "a”, by measuring the tem¬ 
perature gradients at different times, neglecting latent heat. 

The temperature at any depth "h" at time "t" is 

vlh,t) = vo ♦ *vp - V Í» - «rf I/S) ].[I] 

where the erf iß) is the proba b 11 i ty-integra I, also known as the Gauss 
error-funct ion" of ß, and can be expressed as 

erf (/8) = 7="/^ e"“2 du.[2] 
v V o .. 

By definition ß = .. 

At any time "t", the temperature gradient "I" can be expressed as 
the slope of the temperature 

, . dv d d/8 1 -lv» - vd— ¿ .. 
A-i 



[5] Now 77*erf yö = 7¿=r-7-e'u2du 
vrr dfi sr d/j 0 

dv 

dh 
2 e-^2-!— 

p v^T 2/24at 
= “(V« - v„)—e ■ . —^z= r (VV_ ) !± 

0 p /2W" 
. [6] 

t ¡me "t i ", i, =-,v0-vp)-^IL 

._h2_ 
96a 

and at time nV, ¡2 = -,v0 - vp,^==. . . 

Jli (i - 1 , 
.e96a t2 ^ 

• • 

[7] 

[8] 

[9] 

I I 
Let-- S 

t2 t, 

JlL 
Then —L = /l2_ . e 9®a [10] 

or e96a ¡ /F [II] 

[12] 

. a = 
h2S 

961 n [ —y^i" 
'a'' '2 

k 

C 
[13] 
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Values of "¡|" and "¡2" / be obtained by plotting the tempera¬ 
ture profiles for times "tj" and "t2" and then drawing tangents to curves 
at depth "h". 

This problem is generally one confined to the laboratory. In 
nature, the soil temperature is not uniform at any time and the tempera¬ 
ture over a given period never changes from one constant value to another. 

(b) Find the thermal diffus ivity "a" by noting the time re 
quired for a point at depth "h" to change its temperature by (vQ + v ). 

Subst¡tut ing 
vo + vp 

for equation [l] becomes 

-V° 2 Vp = vo f (vp - vo) [l * erf 

Then erf (/3) = I /2. [14] 

From tables of error functions or Fig. 5, Plate A-2 when erf 

(/6) = I /2, /5 = 0.477. 

From definition /3 =—, 
2/24at 

Then h = 2/3/24at = 2 x 0.477t/24at 

or a = 
0.0458h' 

21.91 t 
[15] 

Thus, with a soil mass of very great depth at a uniform tempera¬ 
ture "Vq", and the surface temperature is suddenly changed to temperature 
"v ", then with a thermometer or thermocouple placed in the soil at depth 
"h" and the time noted when the soil temperature reaches a value halfway 
between "v0" and "v.", a value of "a" can be obtained. This problem is 
confined to the laboratory. 

PROBLEM NO. 2 

Given a homogeneous, isotropic soil mass of semi-inf inite extent, 
exposed to periodic temperature changes over a sufficiently long period 
so that the interior temperatures are also periodic. 

Find the thermal diffus ivity "a", by measuring the tempera- 
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ture gradients at different times, one quarter year apart, neglecting la¬ 
tent heat. 

The surface temperature can be expressed as 

vs = 32 + A + B cos a t.[16] 

The temperature at any depth "h" at any time "t" is 

-mh 
v(h^tj=32+A+Be cos (tot - mh ).[|7] 

where m 

At any time "t", the temperature gradient "i" can be expressed 
as the slope of the temperature versus depth curve, 

dv -mh -mh 
Then i = = cos (tot-mh )+mBe sin (tot-mh).[I8j 

At time "tJ" 

-mh 
i I =mBe [sin(totj-mh) - cos(tot|-mh)J.[19] 

and at t¡me "t2" 

-mh 
¡2 = mBe [sin(tot2-mh) - cos(tot2 - mh )].[20] 

Now let f(h) equal the sum of the squares of the thermal gradients 
at depth "h", 

f (h ) = + 
2 

'2 [21] 

¡2 = m2p2.- B2e-2mh [s jn2 )_2s in (tot-mh )cos (tot-mh H-cos^ (tot-mh l] 

= m2B2e_^mh [|-2s in (tot-mh Icos (tot-mh )].[22] 

. . f(h) = m2B2e_2mh [2-2s i nltot i-mh Icos (tot i-mh ) 

“ 2s in(tot2-mhlcos(tot2-mh l]. [23] 

g ives 
Since by hypothesis ^ = *| + substitution in equation [23] 



%
 

- 

f ( h ) = 2m2B2e_2mh 

At depth h,, f(h,) = 2m2B2e-2mhl' and at dePth h2 

flh2 ) = 2m2B2e-2mh2 

[24] 

Th.n f(hl ' - j^B2e-2mhl = Omlhj-h. ) 

f(h2) 2m2B2e"’2mh2 
[25] 

I n 
f(h, ) 

f lh2 ) 
= 2m(h0 - h>) [26] 

m - 
2(h2 - h| ) 

I n 
f ( hj ) 

f (h0 ) 

(7T 

r24aT 
[27] 

from which the value of "a" can be computed. 

Examp le 

Temperature prof i les are shown in Figure I on Plate A-l. Using 
equation [27] and drawing tangents to the temperature profiles for the 
months of June and September, the results of "a" are as follows: 

De pth 
i n 

feet 
h2“h| 

iun£_ 

I 

-Seot 
f (h ) 

f (h, ) 

f (h2l 
In* 

f(h, ) 

f (h. 
m m 

I 0.0 

5 .7 

3.5 

I .5 

0.5 

4.3 

2.2 

2.0 

I .0 

.38 

.96 

I .3 

2.0 

3.3 

.144 

.922 

I .64 

4.00 

10.89 

.60 

.55 

.10 

.23 

.55 

.360 

.303 

.010 

.053 

.303 

.504 

I .225 

I .648 

4.053 

I 1.193 

2.431 

I .345 

2.495 

2.762 

.8883 

.2964 

.8998 

I .0159 

.103 

.067 

.225 

.508 

.0107 

.0045 

.0506 

.2581 

.0335 

.0797 

.0071 

.0014 

The results of the example indicate the difficulty of determining 
"a" from field observations. 

PROBLEM NO. 3 

Given a homogeneous, isotropic soil mass of semi-infinite extent, 
exposed to periodic temperature changes over a sufficiently long period 
so that the interior temperatures are also periodic. 
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Find the thermal diffusivity "a" from the temperature amplitudes 
at various depths, neglecting latent heat. 

From equat ions [l6] and [17], 

vs = 32 + A B cos ûj t, and 

V 

V 

hl 

h. 

-mh 
vih =32+ A + Be coslcut-mh) 

At depths "h! " and "h2", 

-mh 
= 32 + A + Be cos(ojt-mh| I, and . . . . 

-mh 
= 32 + A + Be cos (cut-mi^ ) respectively 

[28] 

[29] 

For max¡mum va lues, 

-mh i —mn<5 , 
= 32 + A + Be and vh = 32 + A + Be 1 [30] & [3l] 

-mh- 

'1 - 
32 + A + Be 

-mh i 

n2 52 * * ♦ °r - 32 - * 

vh - 52 - * "ill>2 - h, I 
1-- ® ... [32] 

vh - 32 - A 

m = • ..-I n [— -]. [33] 

h2 " hl vh2 * 32 " A 

Since A = v0 - 32, vh - 32 - A = V 

Examp le 

From the curves given in Figure 2, Plate A-l the following values 

of "a11 are derived 

Depth 
i n 

feet 
h2 - h, 

V 
°F 

“V 

v2 

In— 

V2 

m m2 
a 

(ft2/hr 

10.0 

5.7 

3.5 

1 .5 

0.5 

4.3 

2.2 

2.0 

1 .0 

4.7 

7.8 

9.8 

12.0 

13.*7 

1 .660 

1.256 

1 .224 

1.142 

.5068 

.2278 

.2021 

.1328 

.1179 

.1035 

.1011 

.1328 

.01390 

.01071 

.01022 

.01764 

.0258 

.0335 

.0351 

.0203 
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PROBLEM NO. 4 

Given a homogeneous, isotropic soil mass of semi-infinite extent, 
subjected to a change of temperature over a period of time. 

Find the thermal diffus ivity "a" from temperature variation with 
depth, at two or more different times, neglecting latent heat. 

V -* temperature 

Let "0" = total quantity of heat absorbed by a layer of soil of 
depth (h2-h|) jnd of unit cross sectional area in the period "At” 
I At = t2 * t, ). 

h„ 
Then Q = CJ (v2 - v, Mdh ) 

h. 
[33] 

= C X Area between temperature curves and depths ”h2” and 
"h!" 

Let ”QJ” and "Çu” equal quantities of heat per unit area of sur¬ 
face, transmitted out of and into the layer through planes "h.” and "hj", 
respect ive ly, in time "At". 2 

<?| = 24k<£, At. [36] 

Q2 = 24k$2At. [37] 

Now the increase in heat in the layer during the time interval 
► the difference between heat input and heat output. 

Q = Q2 - Q| = 24k($2 - 0| ) lt2 - t| I = C X Area. [38] 

A -9 



k Arta 
a [39] 0r F” 24(^ - ¢, )lt2 - t, ) 

In gtntra I 11rms 

ÍV2 - V|) Ihj - h| ) _ AvAh 

(^ - ¢, ) lt2 - t, I AiAt 

dv d h dv ( 

dt * di dt X di/dh 
[40] 

"<jv" 
whtrt —- is tha tangent to the t ime-temperature curve at a given depth 

dt 
"di" 

and time and — is the tangent to the temperature-grad lent curve. Time 
dh 

interval "At" must be expressed in hours. 

Examp le 

Using equation [39], and va I ues or t herma I gradient "jf' from Figure 
I, Plate A-l for the months of May and June (typical example is plotted 
in Figure 4, Plate A-l) the following values of "a" are obtained. 

For May to June 

At = 31 x 24 = 744 hrs. 

Depth 
in 

feet 
h2-h, 

V 
C°F) 

v2 ♦ V, 
* 

02 - 0| 

(Aÿ) 

At 
t imes 

C4> 
Area 

a 

(ft2/hr) 
2 

10.0 

5.7 

3.5 

1 .5 

0.5 

4.3 

2.2 

2.0 

1 .0 

2.16 

4.27 

5.35 

6.00 

6.22 

3.23 

4.81 

5.66 

6.11 

-0.23 

-0.75 

-1 .08 

-1 .83 

-3.55 

.52 

.33 

.75 

1 .72 

386.9 

245.5 

558.0 

1279.7 

13.889 

10.582 

11 .360 

6.110 

.0359 

.0431 

.0204 

.0048 

••dv" 
Using equation [40] and values of ——-obtained from Figure 2, 

dt 
Plate A-l, and values of thermal gradient slope ^—obtained from Figure 

«•¿t H dh 
3, Plate A-l. Values of ——were obtained from tangents drawn to the 

dh 
gradient curves. 
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De^>th 

feet 
— = °F/month 
dt 

di o 9 - = °F/ft2 
dh 

a - ft2/hr 

Apr. June Nov . Apr. June Nov . April June Nov. 
10.0 
5.7 
3.5 

1 .5 
0.5 

0.7 
2.5 
3.6 
5.3 
6.5 

2.5 
3.9 
4.7 
4.0 
5.0 

-2.1 
-4.3 
-5.8 
-5.0 
-6.2 

.035 

.085 

. 170 

.620 
1 .57 

. 135 
. 135 
. 190 
.720 

2.64 

-.070 
-.150 
-.245 
-.355 
-.380 

.0278 

.0408 

.0294 
.0119 
.0057 

.02 57 

.0402 

.03 44 

.0097 

.0027 

.0417 

.0398 

.0328 

.0125 

.0226 

PROBLEM NO. 5 

Given two layers of homogeneous, isotropic soils, possessing dif¬ 
ferent soil properties, the uppermost of which is exposed to a periodic 
temperature change. 

F ind the therma I diffus ivity "a" of both layers, neglecting latent 
heat. 

Surface exposed to v, 

+, k 
Soil layer «I a, =Í!_ ^ s F 

' i/24 a,T 

Sol I layer #2 

= k2 m.. 
/24 a0T 

Layer #2 of infinite extent 
Arrows indicate direction of measurements for "z" 

and "h" 

It is assumed that the impressed periodic surface temperature can 
be expressed by equation [16] 

v$ = 32 + A + Bcosart 

It can then be shown that the tamparature at any point "z" in 
layar # I at time "t" is, 

B , m,z 
I (z,t ) = 32 + A + — [a 1 coslwt + mjZ - 0) + Na |Zcos(wt-m|Z-0l] [41 ] 

and tha temperatura at any point "h" In layar #2 at time "t" is, 

B -m«h 
v2(h,t) = ^ + A + I 4 N Ja ^ coslwt - m2h - 0).. [42] cos (cut “ m2h - 0) 



where "N", "Z" and "0" are parameters expressed as follows: 

/k,Ci - /klcT 
N = 11 22 

/k|C J + 
[43] 

2m, s 
+ 2NI-I + 2cos^m, s ) + N^e 

-2m, s 

tan B 

[44] 

[45] 

Now, differentiating equations [4l] and [42] and following the 
procedure outlined in Problem 2, equations [is] to [27] inclusive, it can 
be found that 

m 
I I n 

f(Z| ) 

f (Z2 ) 
[46] 

and 

I flh, ) 
■. In = equation 
2(h2 - h, ) f(h2 ) 

[27] 

However, values of "a" may be as much as 20 per cent in error. 

If the data were available as to the exact location of layer boun¬ 
daries and for soil temperature profiles, then, at the soil interface, we 
have 

**I ' I “ k2 i2 ... [4 7] 

This ratio of thermal conductivities may be of some help. 

PROBLEM NO. 6 

Given a semi-inf i n ite, homogeneous soil mass, the surface of which 
is exposed to periodic temperature changes over a sufficiently long per¬ 
iod so that the interior temperatures are also periodic. 

Find the depth of frost penetration "x", neglecting latent heat. 

It is assumed that the periodic surface temperature can be ex¬ 
pressed by the equation 

Vg = 32 + A - B sinwt. [48] 

and that B>A, so that the temperature drops below freezing. 
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[49] 

The temperature at depth "h" at any time "t" is 

-mh 
V J h ^ , = 32 + A - 8e sin (cut - mh). 

To find the trace of freezing temperature (32°F) surface 

Then 
-mx 

32 = 32 + A - Be sinlcut - mx 

-mx 
or A = Be sin(cut - mx 

mx 
Ae = B s i n (cut - mx ) 

.B 
or mx = In [—sin (cut - mx)] 

A 

I B Æ4aT B 
and X =— In—sinlcut - mx) -/- I n— s i n (cut - mx 

m A / TT A 

[50] 

[51 ] 

[52] 

) [53] 

Now "x" is a maximum when sin (cut - mx ) = I 

Examp le 

Given: vQ = 42°; B = 20°; a = 0.03 ft2/hr 

Find "x". 

[54] 

x 
x 0,03 x 365 

3.1416 

20 t- 
In- = /83.60 

I 0 
In 2 

= 9.14 x 0.693 = 6.34 ft. 

PROBLEM NO. 7 

Given two layers of homogeneous, isotropic soil possessing dif¬ 
ferent soil properties, the uppermost of which is exposed to periodic 
surface temperature changes over a sufficiently long period so that the 
interior temperatures are also periodic. 

Find the depth of frost penetration 

/4-13 
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Let the surface temperature be expressed by equation [48] 

vs = 32 + A - B s in cut 

and let B>A so that the temperature drops below freezing. 

As indicated by equations [4l] and if¿j, xne 
point "z" at time "t" in layer #1 can be expressed as 

B - m-2 -m,z 

f tn© tempe rat ure 

'1 (z ,tr 32 + A - z [e |Zsin(cut + m,z -^) + Ne’m|ZS ir.(cut - m,z - 6)) 

[55] 
and at any point "h" at time "t" in layer #2 by 

v2ih,t ) = 32 + A ~y< 1 + N ’e m2h s inlcut - m2h - Ö). [56] 

where "N", "Z" and "6»" are parameters given by equations [43] [44] and 
L45J res pect i ve ly . 

Proceeding in the manner indicated in Problem #6, 
temperature (32°F) surface "x" in layer 4| is 

AZ _ m.z _m 2 
g“e sinlcut + m|Z - 6 ) + Ne ^sinlort- 

and in layer #2 

the trace of freezing 

"»I* - 0) . . . . [57] 

So lut i on 

AZ 

B( I + N ) 

for "x" 

-m3x 
■ = e z s i nlcut - m2x - 6) 

in equations [57] and [58] is by cut and try methods 

[58] 

on ly . 

PROBLEM NO. 8 

01 ven a homogeneous, isotropic soil mass of semi-inf in ite extent 
the surface of which is exposed to periodic temperature changes over á 
sufficiently long period so that the interior temperatures are also per¬ 
iodic. ^ 

Find the depth of freezing "x" 
considering latent heat of fusion "L". 

neglecting volumetric heat but 

by 
It is assumed that the per iod ic temperature change 

equation [48] can be expressed 

vs = 32 + A - B s i ncut 

The temperature gradient through a frozen layer of thickness "x" 
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- 32 - A - 32 ♦ B s ¡ ncijt _ B s i n cut - A 

* — [59] 

Now, the heat liberated in freezing a layer of thickness "x" is 

dH = idx. 

The heat conducted out in time "dt" is 

dH = 24 ki dt . 

Equating [60] and [61 ], and substituting [59] for " i" 

24 k 
Idx = 24kidt = —IBs incut - A | dt. 

x 

Lx dx 
or — 

24 k 
(B s in cut - A )dt . 

Intégrâting 
-B 
— coscut - At ♦ K 

cu 

[60] 

[61] 

[62] 

[63] 

[64] 

[65] 

and cos t *7/í2Ta2 
B 

/»-is 



, # for [64] at t¡me "t!" 

. _“B I Õ* A A „ 
0 • ■“ ^B - A-arcsin—+ k 

w B a; B 

— _ / - A^ A A 
a nd K = + — a rc s ¡ n — 

cj cj b 

,nd'ïïri! '■~cos“t -At+1/B¿-A2+Aarc slnl.. [66] 

* = / 24^S B i r— I 7" 
/Tt‘“C°5 ^ - At *-/b2 - *2 sin-]. [67] 

By rewriting equation [63] we have 

dx _ 24k(B s in cut - A ) 

dt [x " . [68] 

"dx" 
quatmg —- to 0, the max imum and min imum penetration is reached 

wnen 

t=-rarcsinT. tes] 

. Tw0 va,ues of "t" satisfy equation [69] as can be seen from fore¬ 
going sketch. At time "t,", penetration is zero and at time "t,," melting 
begins and penetration is maximum. 2 

Now t, -<0=7- t2 

. - . *2 " ‘"»x 'T'1! . [70] 

Intégrât ing equat ion [63] 
L Xmax t2 

/ xdx = / K(B sin cut - A ) dt 

0 ^ 

^xmax _ , 8 . *2 
-[--cos Ort - At]..[7I] 

t| 

/?-l6 



-B 
= — leosartj + cosûrt| ) - A(t2 - t|) 

Ci) 

B T 
= — (cosa/t, - coscot0 ) - AI— - 2t, ) 

o 1 ^ 9 * 
[72] 

Now c osait 
/b*'- a^ 

B 
and cosojt2 = 

/ B* - A^ 

Substituting these values in equation [72] 

Lx^ b /fl2 - A2 B /b2 - A2 T 
----A — 

48 k ûj B ai B 2 
- 2tt) 

= i- / B2 - A2 - A (I— 2t, )=— / B2 - A2 + A(2t,-) [73] 
ai ai 

, , 277 I A 
Subst itut ing — for "cd" and —arc s i n —for "t ( " 

T u) B 1 

O 2kr24T /-Õ-Õ 247 
Then = —[— / B¿ - A^ + A (- 

max L TT 

24T A 24T 77 . 
a re sin—“- - ) ] 

77 B 2 77 

= —[24/ B2 - A2 A ( 24 a re sin — - I 2t7 ) ] 
77L B 

max 
/4 8kl r / a a- A 77 , 

Y .-[/ B^ - A¿ + Alare s in — - — )] . 
V 77l B 2 

[74] 

If the portion of the curve below 32°F isassumed to be parabolic, 
the equation for the surface temperature for that portion can be expressed 
by 

4t2 r 1 
V. = IB - A) l--—5 -I ) + 32. 7fi] 5 It. I 

or = (B - A ) [(■ 
2t - U - t 

t2 - t, 
)2 - I] + 32 [Î6] 

Proceeding in the manner outlined by equations [5^] through [4] 
i ne I us i ve, then 

/^-1 / 



max [77] X A ) (t2 - t, ) 

Examp le 

Using the same data as was used for example for Problem No. 6, 

vQ = 42°; B = 20°; a = 0.03ft^/hr and further 

assuming C = 30 and L = 2880, then for use in equation [74] 

k = aC = 0.03 X 30 = 0.9 

Then 

xmax 

= /l.74 X ( 17.32 - 10.47 ) = /Tq = 3.45 ft. 

for use in equation [77] 

12T V T 
t, =- • — = 2T hours = — days 

1 7T 6 12 

A 48 X 0.9 X 365 10 

3.1416 X 2880 
[/400 - 100 +1 0(arc sin-1.5708)] 

20 

T 5T 
t^ =— - t. = — = I0T hours 
¿2 1 12 

Then 

xmax 

= /.000417 X 10 X 8 X 365 = /2.15 = 3.49 ft. 

PROBLEM NO. 9 

Given a homogeneous, isotropic soll nass of semi-infinite extent, 
the surface of which is exposed to a variable surface temperature which 
is a general function of time. 

Find the depth of freezing "x", neglecting volumetric heat but 
considering latent heat of fusion " L". 

The surface temperature can be expressed as 

vs = f It ) . [78] 

x 0.9 

3 x 2880 
(20 - lOMIOT - 2T) 
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cI us i ve 
Proceeding in the manner indicated by equations [59] to [62] in- 
then 

32 - f(t) 
—:.. [79] 

dH = Ldx = 24 kidt = 24k [-2 ~ f (t ’jdt . 
X 

X 24k r 
Then xdx = [32 - f (t )]dt. 

[80] 

[81] 

Integrat ing 

Now / 32 - 
0 

24k 

L 
[32-f It )]dt 

0 

fltjdt = F = freezing index in degree days 

Examp le 

[82] 

[83] 

Using data from examples for Problems No. 6 and No. 8 v = 42°* 
B = 20 ; a = 0.03 ft2/hr; C = 30 and L = 2880. ° 

F = (32~vs 11 vs = vQ - 8 = 42 - 20 = 22°F. 

T 
1 = t2 ~ X\ =7 = '21.7 days 

X 
X 0.9 

2880 

X 1217 
- = 4.26 ft. 

PROBLEM NO. 10 

Siven a homogeneous, isotropic soil mass of semi-Inf in ite extent 
the surface of which is exposed to a uniform temperature above freezing 

v0" which is suddenly reduced to below freezing "Vf". 

i ind the depth of freezing "x", assuming that the latent heat "lM 
is greatly in excess of the volumetric heat "C". 

must 
The heat liberated in freezing a small depth Mdx" 

be conducted upwards through a distance "x”. 

The thermal gradient is therefore, 
32 - v * 

i = -1_ 
x . 

is HL dx", which 

. 184] 
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Hence the rate of upward flow 

24k 
--(32 - vf I dt 

X ’ 
(85] 

Now, if the unfrozen soil has a heat capacity of "C" per unit 
volume and is originally at temperature "v0", then the heat liberated in 
lowering the temperature of the layer of thickness "dxH from "Vq" to the 
freezing point (32°F), is 

dH = Cutvo - 32,d* . [86] 

24 k 
Then, Ldx ♦ Cu(v0 - 32 Idx =— 132 - vf Idt. [87] 

or X dx = 
24kl32 - vfl 

L ♦ Culv0 - 321 
dt 

Integrating, 

X2 24k(32 - vf> t 
— z-!- ♦ K 
2 L+Cu(v0-32l 

When t s 0, X = 0, therefore K = 0, and 

/48 

/l ♦ 

48k 132 - vf It 

Cu(v0 - 32) 

[88] 

[89] 

If the volumetric heat of frozen soil, "Cf", is considered, then 
equation [87] becomes 

I 24k ,, 
♦ Cu,vo ‘ 32,dx ^^f*32 " vfk,x S“^132 * • • t9°] 

and equation [89] therefore becomes 

max 

/ 48k (! 

‘ Cu‘vo 

48k (32 - vf ) t 

32) 132 - vfl 
2 

But by definition (32 - Vflt e F (In degree days) 

Therefore equation [90] becomes 

max 
/ 43 k F 

♦ Cu(v0 - 32) ♦ Cf F 

2t 

(91] 

[92] 

^-20 



Substituting a weighted average value "C" for "Cy" and "Cf", 

equation [92] becomes^ 

[95] 
max = /= 

48 k F 

C ( vrt - 52 ♦— ) 
o 2t 

Examp le 

Using same data as for Example for Problem No. 9,v0=42°; B r 20°; 
a = 0.03 ft2/hr; C s 30; and L = 2080 and further Cu = 32 and Cf = 28. 

Using equation [92] 

40 X 0.03 X 30 X 12 

2880 ♦ 32fl0) ♦ 28 X I; 

2 X 12 

Using equation [93] /48 X 0.03 X 30 X 1217 

2880 ♦ 30(10 ♦ 1217) 

243.4 

PROBLEM NO. II 
Given a homogeneous, isotropic soi 

the surface of which is exposed to periodic temperature changes over a 
sufficiently long period so that the Interior temperatures are also 
per iod ic . 

Find the depth of freezing "x", assuming that the latent heat "l" 
is greatly In excess of the volumetric heat "C. 

7 

LUI ■h 

52,600 

2800 ♦ 320 ♦ 140 

1.7 

- /15.75 = 3.97 ft. 

' /2800 ♦ 

600 

(30 x 151 

e / 15.80 = 3.98 ft. 

I mass of semi-inf inite extent. 

The surface temperature is assumed to folio* the form expressed 
by equation [48] 

is 

V = 32 ♦ A - B s inert, in which A « 0 5 

A v$ s 32 - B s incut. 

The thermal gradient M lH through a frozen layer of thickness 

32 - V. B sin o/t 
j S_» 8 iiip .. 

x x 

[94] 

M* N 
* # 

Í95] 

Proceeding inthesame manner as In Problem flO, equations [85] to 
[87] inclusive, 



Ldx ♦ Cu(v0 - 32) dx = 
24k 

(B sin cot )dt 

Transposing and intag rating 

X2 24kB 

LtCu(v0-32) a, 

I 
— ( --C os art ) ♦ K 

Now whan t = 0, x s 0 

K *• 
24 k B 

L4Cu(v0-32) a, 

48 k B 

"t*- ♦ cu,vo " 32,1 
( I - c os art ) 

But I - cosart * 2 sin2JSl 

art 

»2 s 96kB s in^ ~2~" 

«ÍL ♦ Culv0-32l] 

[96] 

[97] 

or x s 2 s in« 
art 

/ 24kB 

«Il ♦ Cylv,, - 32)] 
[98] 

art T 
Whan art * w. sirr* * I, Hx" is wax. and t 

2 2 

ma» 
/ 24 kBT r / 48 kBT 

/2w(l ♦ Cu<v0 - 32)] <4[L ♦ CuU0 - 32)] . « « [99] 

txa»p la 

■Hing valúas from axawplas for pracadlng Problawa 
V « 42°; B « 20°; a » 0.03 ft2/hr; C • 30; CM * 32; Cf 

and L * 2880 
28; 

/4H x 0.03 x 30 x 

3.1416(2880 ♦ 32 

20 x 363 

x 101 Æ 313,000 

1416 « 3200 

■ /31.33 ■ 3.60 ft. 
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PROBLEM NO. 12 

Given a homogeneous, Isotropic soil mass at the freezing point, 
but with the soil moisture unfrozen. The surface temperature varies as a 
general function of time but always below freezing. 

Find the depth of freezing "x". 

The surface temperature "vf" can be expressed by equation [78] 

Vf = fit ) 

Proceeding in the manner indicated by equations [79] and [80] in 
Prob lern #9, then 

32 - fit) 
i - 

32 - fit ) 
and dH = Ldx = 24 kidt = 24k- dt [100] 

or- dx = [32 - fit )]dt 
24 k 

Integrating 

[101] 

x L rt r , 
- = / [32 - fit )]dt 
48k 0J 

[ 102] 

or x 
48 k 

[32 - fit )]dt [IOS] 

Now considering the volumetric heats "C^1 and "Cf" and proceeding 
in the manner indicated in Problem#! 0, equations [87] to [90] inclusive, 
equation [lOO] becomes 

uf 24k 
Ldx + C..[32 - fit )]dx4—[32 - flt)]dx =- [32 - flt)]dt . [104] 

2 x 

and equation [103] becomes 

x [I 05] 



Substituting the weighted average value "C" for "Cu" and "C^" 
equation [105] becomes 

X - 

/48 k / [32 - fit )]dt 
o 

/ L + 3C [32 - f(t ) ] 

T 
Now since "Vf" is always below freezing, 

/ [32 - fit )]dt = F 

[106] 

Therefore equation [l06] can be written 

48 k F 

X 3C 
L + — 132 - vf) 

2 T 

[107] 

Examp le 

Using values from examples for previous Problems 

Vf = 22°; a = 0.03; C = 30; and L = 2880 

X - 

48 X 0.03 X 30 X 1217 

2880 + 45 X 10 

52,600 

3330 

= J 15.80 = 3.98 ft. 

PROBLEM NO. 13 

Given a homogeneous, isotropic, semi - inf i n i te mass of frozen 
soil at freezing temperature, the surface of which is exposed to a con¬ 

stant temperature above freezing "Vp". 

Find the depth of melting "x". 

The temperature at any point "x" at any time "t" can be expressed 

by the equat i on 

v<x,t I = f(x,t ) = 32 + A / 

2v^24at 

[108] 
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From equatI on [62] 

_L = 24 k— .... (minus sign denotes melting) . . 
dt dx ... Liuyj 

Now, differentiating equation [108] 

V = f ( X , t ) 

dv s±Ldx+ÍLdt . [no] 
dx dt 

When x= h, dv = 0 

dv dh dv riM1 
.% 0 = I—) • IT"1 + . 

dx x=h dt dt x=h 

Comb ining equat ions [l09] and [l 11] 

2 
dv 24k dv ^ dv dv _ 24k dv . , 

0 'dx',:,, L V dt x=h dt L dx x=h 
From equation [l08] by differentiation, 

-x^ 

= Ae 96at x   [113] 

dt 4t/24at 

and 

-_x£_ 

= Ae 96at 1 . [114] 
dt 2v^24at 

Substituting "h" for "x" and substituting equations [llj] and 

[| 14] in equat ion [l 12], 

A„ Sr h X . . . ms] 
Ae • "_- 96 I at 

4tv/24 at 

Now from equation [j] 

ß - j h - 
^ 2/ 24at 

A-2b 



Equation [I15] becomes 

k e 

4 at L 
[M6] 

-/32 
. k Ae 

or ß - . . [117] 
2al 

Hence - -JL- . [IIS] 
A 2aL 

Now from equation [i08] 

1 1 r/5 -,,2 
u .. 

Subst itut ing equat ion [i 19] inequation [l 18] 

^ -í2’. (,20l 
0 2a L 

4 . , r 1 r/5 2 erf iß)i/v 
Now from equation [2] Je u du = ■ 

o 2 

,. V2 .rUfil =C,vp- 32.. í|2|) 

/7 al L/n 

If y6 is sma 11, then 

f*** /«'udu«/JÍ. t'«) 
o 

Substituting in equation [l20] 

V? Clv_ - 32) 
—P . [123] 

2 L 

Since fiom equation [3] ß =— h 
2«/24at 

2 h2 x2 

^ =“^r =“^¡r . l,24) 
Then x g? 48 kt ( vp ~ 32 ) . [|¿5] 

L 
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t 

Now, consider tht stritt «xptntion 

* I ♦ ♦ ÉLm . 
21 3! 

Thon 

ß = ä ♦ a3 
21 3! . 

/f-«2dU. ^ -■£- —áL ♦. 
o ÎM! 3*2! 7 • 3 ! 

Honet 

0 2 6 2 10 42 
, 2& 

* ♦*••••••) ••• ••••• [l 26] 

Thon oquation [l20] bocomos 

. (l27] 

3 2L 

and 

„ * /72ot - l) . [120] 

ixowpiQ 

Ufting dato fro« oxamploa for previous Prob lot's. 

a • 0.03; C « 30; and I * 2000. Also attuning vp * 42° 

Using oquation [)23] 

r « 0«03 « 30 « 121.7x10 >2,600 

/ 2600 / 2660 

■ /mTw * 4.27 ft. 

Using aquation [120] 

72 « 0.03 X 121.7 [/l ♦—-—-1 ] 
3 a 2060 

¿-27 



= / 263(/1773^ - I ) 

= /263 X .065 = /17.09 = 4.14 ft 

Using equation [l20] and Figure 6, Plate A-2 

30 X 10 CtVn - 32 
= 0.0529 = kß 

L X 2 2880 X 2 

From Figure 6, Plate A-2,/3 = 0.225 

Since X = 2/3/24 at = 2 x 0.225/24 x 0.03 x 121.7 

= 0.45/87.62 = 0.45 x 9.36 

= 4.22 ft. 

The solutions by these three methods are in very close agreement, 
but the method using equation [l20] and Figure 6, Plate A-2, gives the 
exact answer and is the easiest to use. 

PROBLEM NO. 14 

Given a homogeneous, isotropic, semi-infinite soil mass just above 
fraazing temperature which is exposed to a constant temperature below 
fraailng "vp". 

Find the depth of freezing "x", assuming that the thermal gradient 
varies uniformly from the surface to the depth of freezing. 

The surface temperature can be expressed by equation [78] 

Vp = fit) 

Then, as indicated in equation [lOO] 

Ldx = 24k 
[32 - fit)] 

x 
dt 

"dx" 

t 
The volumetric heat "Cf" liberated 

In time Mt", is 
Cf[32 - fit)] 

dH * dx 
2 

in the frozen zone of thickness 

. [129] 
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I 

24k r , Cf [32 - f (t )] 
-[32-f(t)]dt = Ldx +---.dx 

x 2 

L +7” t32 - fit)] dx. [,3o] 

or 

xdx 
24k [32 - fit)] dt 

L +£f [32 - f It )] * 
2 

. [131] 

Intégrâting 

2 - 2 [32 - fit )]dt 
= 48k / 

t, L +ii_[32 - fit)] . I 
2 

Now since "Vp" is always below freezing 

[132] 

[32 - f It )] dt = F and equation [132] becomes 

x2 = 
48kF 

L +—L[32 - fit)] 
2 

[133] 

and 

[134] 

If the surface temperature is expressed by the form 

vs=32+Bslna>t . 

Then 
[135] 

art. 

2 - 48k /1 OB _2 x -——{(A [ arc tan, 
O) G /Dz - 

G ♦ Otan 

/P I G2 

o>t 
G ♦ Otan 

B 
*rC **" '/¿T . &i ■ » *—»<*2 - *,>>• [136] 

4-29 



CfA Cf B 
wh#r« D = L +—:— and G = 

2 2 

Examp les 

Using data from examples for preceding Problems 

v0 = 42°; B = 20°; a = 0.03 ft2/hr; C = 30; Cf = 28; 

'P 
Cy =32; L = 2890; and v = 22° 

Using equal Ion [l34] 

X = 
'48 X 0.03 X 30 X 1217 

2880 X 28 
132 - 22) 

■ß 
V 30 

600 

3020 

= / 17.40 = 4.17 ft. 

Us ing equal Ion [136] 

„ 28 X 10 
D = 2880 ♦-= 3020 

„ 28 X 20 
G =-:-= 280 

2tt _ 2 X 3.1416 
w ---- r o.O! 724 

* 365 

. T 3T 
tl - — and X2 =“^*«xample Problem f8) 

how Ml i 

2 
— JL * 

T * 24 * 12 

t 

t 

u>\ 2 r 2rr 51 
—— * _ 

T 24 

OB 
IA-! 

G 
= 10- 

12 

3020 X 20 

280 
= 10- 213.7 * -203.7 

^ ^ - G2 = / 30202 - 2802 * J 9,042,000 * 3007 

Á-5Q 



G ♦ D tân-ÍÜlL= 200 ♦ 3020 ♦ tân-^-s 280 ♦ 3020 Un 13° 
2 12 

2 280 ♦ 3020 X 0.26793 

2 1089 

G ♦ D tin^li.= 280 ♦ 3020 tan—= 280 ♦ 3020 tan 73° 
2 12 

2 280 ♦ 3020 X 3.04103 

2 11.350 

arc tan ( 

G ♦ D tan 
1089 

arc tan — * arc tan 0.36213 
3007 

* 19.91° 

arc tan < 
G ♦ D tan 

~7T= 
o/t 

11550 
\ 2 arc tan — * «re tan 3.84103 

3007 

* 73.41° 

B 20 X 2w T 
—wit, - t, I *-— 
G 2 ' 280 X T 3 

4 Or 
m ..— 

840 
0.14960 

T ha rtf or* 

, _ 48 X 0.03 * 39,. 2 « « 
** 9 -[(-203.7 11 —1I73.4I°-I9.9I°I40.I4960J 

0.01724 3007 

2 2 503.0 [{-0.13681 1133.30°I ♦ 0.14960] 

* 2303.8 [(-0.13681)(0.96866 radiant I ♦ 0.14960] 

2 2303.8 1-0.1323 ♦ 0.149601 

2 2503.8 X 0.0171 2 42.83 

* « t/42.03 2 6.33 ft. 

M06UM NO. 13 

GUan « ho*>og*naout. Isotropic «a*» of fro**n toil of **<»l-lnf Iniu 

A-Ü 
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I 
•xttnt, exposed to • surface temperature "v," which is below freezing. 

Find the effect of radiation and ground film. 

In accordance with Newton's law of cooling 

lx*o * * ,vx«0 “ V * .[iS?] 

The rate at which heat passes out through a unit area of surface 
is 

*9 . . 24k ,, 
— * 24k I^bq * 24iqp( VggQ - vtl *—- v, I« 24E Iv^-v, I [l 39) 

[139) 

(140) 

Then /dy * 24kAv 
dt 

l ♦-^Av 

[141] 

2 40kAvt - , I 3 ,, 
or / «-—— * K > (x ♦-)<. [U2] 

L ♦ Cf . 
—fa 
2 

1.2 
4hen t * 0, X * 0. K, « M 

* 

. I 3 48*âvt I , . . 
A (x ♦ —I2 « — ♦ . [U3] 

* r * 
i ♦ «X fa 

2 

á -32 



'P 
L +^L 

From figure above Av = 32 - vg 

48kAvt I 0 
-+ (-)^ 

r ^ 
Av 

= -i+ / 
\ij / 

48kt(32 - vs ) 

[144] 

L + -L (32 - v^ ) 

+ M2 
0 

[145] 

tf I If 

The va I ue - - may be regarded as an extra layer of soil having the 

same thermal conductivity "k" as the base soil, but having no volumetric 
Il J If 

heat capacity. The value—— is also a function of the velocity of air 
0 i. I .. 

over the surface. For large values of "E" (5 or 6), the value of-is 
h I h 

small, but for small values of "E" (I or 2), the value of- becomes ap- 
P 

preciable. The following table indicates the effect of neglecting the 
H I II 

value in equation [145] using the following values: 

L = 800; t = 180; and Cf = 30. 

Per Cent Error in Omitting I /\Jt from Equation [145] 

( °F E = 6 E = 5 E = 2 E = 

k=0.5 k=| .0 k=l .5 k=0.5 k = l .0 k=l. 5 k=0.5 k=| .0 k=l .5 k=0.5 k=| .0 k = l .5 
31 
27 
22 
17 
12 

7 
2 

3.6 
I .7 
I .2 
I .0 
.9 
.9 
.8 

5.1 
2.4 
I .8 
I .5 
I .3 
I .2 

6.2 
2.8 
2.1 
I .8 
I .6 
I .5 
I .4 

4.4 
2.0 
.5 
.3 
.1 
.0 
.0 

6.1 
2.9 
2.1 

I .8 
I .6 
I .5 
I .4 

7.5 
3.4 
2.6 
2.2 
2.0 
I .8 
I .7 

10.8 
5.0 
3.7 
3.1 
2.8 
2.6 
2.5 

15.2 
7.1 

5.2 
4.4 
4.0 
3.7 

3.5 

18.5 
8.5 
6.4 
5.4 
4.9 
4.5 
4.3 

21 .5 
10.0 
7.4 

6.3 
5.7 
5.2 
4.9 

\29A 
14.1 
10.4 
8.9 
7.8 
7.4 

6.9 

36.2 
16.7 

12.8 
10.8 
9.7 
9.0 

8.5 

II I II J I 
The per cent error in omitting the value — from equation [145] 

for airport runways and highways where the snow is plowed off and the sur¬ 

face exposed to the wind, will be small, since the value of "E" will be 

about 5 or 6 and the temperatures involved will be the temperatures indi¬ 

cated in the middle and lower portions of the above table. 
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PROBLEM NO. 16 

Given a homogeneous, isotropic soil mass at a temperature "v " 
suddenly exposed to a surface temperature below freezing "vf". ° 

Find the depth of freezing "x", assuming that the temperature varies 
uniformly with the depth. 

dH = 24k i dt 

ft 
and H = J 24ki dt + K. [,4.6] 

o 

when t = 0 H = 0 .-. K = 0 and H = 24kit. [U7] 

The total heat given up the soil as indicated in sketch is 

ho — h j 
H = _£-L <v0 - 32 + v - vf ) C + Lx 

2 

But h2 ~ h| = x 

rC 
.% H = x l—(2v0 - 32 - vf I + L] = 24k it . . 

Now 

f 32 - vf F 
i - — » and 32 - V| = — . . 

x t 

I F 
xt 

[148] 

[149] 

[150] 

/7 -34 



Substituting equation [l50] in equation [us] 

x£-(2v0 - 52 - yfl + l] 
¿ ___X 

24 k F_ 

rC ”• . . 
and y = / — (2v - 32 - v*) + L 

2 ° T 

From equat i on [149] 

F 
- vf =-32 

T t 

Hence equation [152] becomes 

X = /_ 24 k F 
, C F * * 
L +“”(2v_ - 64 ) 2 o t 

24 k F 
or X = 

F . 
L + C ( V - 32 + —) 

0 2t 
Examp le 

Using data from examples for previous Problems 

vo = 42°/ C = 30; a = 0.03; and L = 2880 

Then 

/24 X 0.03 X 30 X 1217 _ /26,300 

= v480 ♦ 30(42 - 32 —_) ''"t™ 
2 X 121.7 

= /7.88 = 2.81 ft. 

PROBLEM NO. 17 

[151] 

[152] 

[153] 

[ 154] 

Given a homogeneous, isotropic soil mass of seml-lnflnlte extent, 
overlain by an insulation layer of thickness "d", all at temperature "v " 
and suddenly exposed to a surface temperature below freezing "vf". ° 

Find the depth of freezing "xR", assuming that the temperature 
varies uniformly with the depth, that there Is no significant change In 
temperature gradients due to the Insulation layer, and neglecting latent 
heat Lp and volumetric heat "CR" of the Insulation layer. 

A -35 



Now equation [l5l] can be written as 

rC . 24 kF 

r2° f d + Xp . 

24 k F 
or Xpld + Xp) =*-— . 

L +yi2v0 - 32 - vfl 

Solving for xR 

d / d « 24 k F ~ 
Xp --+ / (-)^ +.. 

K 2 / 2 C 
-<2v0 - 32 - vfl + L 

Substituting equation [149] for v« 

/|i)2 + 24 k F “ 
R 2 2 .. 

L + C(V- - 32 + — ) 
o 2t 

Example 

Using same data as for examples for previous Problems 

vo = 42°; C = 30; a = 0.03 and L = 2880; alao d = 1.0 ft. 

[155] 

[156] 

[157] 

[158] 

Xn - 0.5 + /(0.5)2 + 24 X 0.03 X 30 X 1217 

1217 
2880 ♦ 30(42 - 32 + 

2 X 121.7 

XR = "0.50 + /0.25 =_0i so + / g. |j 
3330 

=-0.50 + 2.85 

= 2.35 ft. 
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FORKiroRD 

The special test section at Dow Field, Bangor, Maine, was construc¬ 

ted for correlation with controlled laboratory tests and to determine 

the rate of frost penetration in non-frost susceptible base materials 

covered with rigid and flexible pavements, and to study the effect of 

density, degree of saturation and water supply on frost action in 

frost susceptible soils for a period of several years while exposed 

to natural weather conditions. Hie test section was made up of 14 

portland cement concrete cylinders, eight feet high and five feet in¬ 

side diameter containing either cinders, sand and gravel, crushed rock, 

or silty clay. 

This report presents the construction details and results of ob¬ 

servations. The data presented contain complete records showing 

changes in soil temperature with variations of air temperature pave¬ 

ment heave and settlement. Unexpected difficulty was experienced 

during the first season of observations due to the generation of heat 

in the fresh, moict sawdust used for insulation between the cylinders 

(elements). Corrective measures were applied with some success. 

The test section was abandoned after the first season and later 

dismantled due to curtailment of investigational program and lack of 

funds. 



REPORT ON TEST SECTION 
DOW FIELD, BANGOR, MAINE 

I. INTRODUCTION 

1-01. Authorization. The frost investigation program was continued 

by authorization contained in two letters from the Chief of Engineers to 

the Division Engineer, New England Division, dated 25 July 1946 and 12 

August 1946, Subject: "Funds for Investigational Program for Fiscal Year 

1947". The Frost Effects Laboratory, established at the New England Div¬ 

ision by direction of the Chief of Engineers, as stated in Circular Letter 

No. 3221, dated 11 August 1944, was continued in its function. Addendum 

No. 1 to the original instructions and outline dated August 194C from the 

Chief of Engineers, covers the details of, the Test Section constructed at 

Dow Field, Eangor, Maine. 

PurP08^» A test section was constructed and observed (a) to 

determine the rate of frost oenetration into non-frost susceptible base 

materials with rigid and flexible pavenents und (b) to study the effect 

of density, degree of saturation and water supply on frost a 4 ion in 

frost susceptible soils for a period of several years. 

1-03. Scope. This report contains the construction details and 

results of observations made in a test section containing 14 conbinationr. 

of pavement, base, and cubgrude materials exposed to freezing temperature 

during the first year of observations. The test suction includes 14 port- 

land cement concrete cylinders each eight feet high and five feet inside 

diameter, ref.-rr- d to ht roinaft-.r as elements, containing specimen 



material of either cinders, sand and gravel, crushed rock or silty clay. The 

flexible type pavement was simulated by a four-inch cover of bituminous 

concrete placed over thu specimen material, and the rigid pavement by a 

- six-inch cover of portland cement concrete. The effect of shallow ground 

water was obtained in four of the elements by connections to a controlled 

water supply. The rate of frost penetration in each test element was 

determined by temperatures recorded by thermocouple installations. Obser¬ 

vations were made of degree of saturation, water content, and density at 

time of placing, and pavement heave and subsidence during freezing und 

frost melting periods, observations of the water content and density 

were made after the frost melting period in the four elements in which 

the subgrade was placed at a low density. 

1- 04. Definitions. The description of the tests and analysis of 

results involve a specialized use of certain terms and words. These words 

and terms are defined for use in paragraph 1- , main body of this report. 

IX. DESCRIPTION OF TEST SECTION 

2- 01. General, An area, ’’Reclamation Yard”, located at the southerly 

ond of Dow Field, was made available for the construction of a test section. 

The work was performed by hired labor during the- period from August to 

October 1946. The test section consisted of 14 elements, A to H inclusive, 

J to H inclusive and P, five feet in diameter and eight feet in depth. 

Each element was enclosed in a reinforced cement concrete pipe of standard 

tongue and groove construction eight feet long and & feet 10 inches out¬ 

side diameter set upright in a reinforced cement concrete base of 12-inch 

thickness placed one foot belovz the original ground surface. The elements 

were placed in two rows 7.75 feet from center to center. The embankment 
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surrounding the elements was constructed of sand and gravel to a height 

approximately five feet below the top of ti» elements. Sawdust was placed 

on the gravel fill to six inches below the finished grade and a blanket 

of sand and gravol was placed to bring the embankment up to the top of 

the elements. Details of the test section are shown on Plates D*2 and D-2. 

Photographs taken during construction are shown on Plates D-16 and D-I7. The 

sawdust was used for insulation to minimize heat transfer between elements 

and adjoining fill. Additional insulation was provided along the top of 

the pipe, as shown in Figure 4, Plate D^to reduce heat transfer down 

through the concrete pipe. 

ihe top of the test section, GO.5 feet in length by 21.75 feet 

in width, was sloped for surface drainage, ftie side slopes were two feet 

horizontal to one foot vertical. 

2-02. Pavements, To simulate the effect of airfield pavements, the 

test elements were capped v.ith portland cement concrete or bitvxninous con¬ 

crete. Three elements B, D, and F had six inches of portland cement con¬ 

crete pavements. The remaining 11 elements were designed for two inches 

of bituminous concrete pavement. Replacement of bituminous concrete at 

the end of the year indicated that the pavement averaged four inches thick. 

The pavements are similar in quality to those used in airfield construction. 

The cement concrete was a ready mixed, 1:2:4 proportion, with six bags of 

cement per cubic yard and with aggregate sizes shown by grain size curve 

in Figure 8, Plate D-3, Compression test results on six molded 12-inch 

cylindrical samples from the portland cement concrete batches were as 

follows : 

7 day strength • 1,894 pounds per square inch 

14 day strength « 2,770 pounds per square inch 

28 day strength ■ 3,646 pounds per square inch 
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Th« bituninous concrete contained fiye per cent of 85 to 100 penetration 

asphalt cement. The gradation of the aggregate in the mix is shown by 

the grain site curve in Figure 8, Plate IVJ The pavement was sealed with 

an application of RC-2 at a rate of O.25 gallon per square yard. Clean 

well-graded cover sand was applied to the seal coat at a rate of 20 pounds 

per square yard« 

2-03, Non-Frost Susceptible Base Materials. 

Cinders (Elements A and B). The behavior of cinders as 

a base course and insulating material when subject to freeting was investi¬ 

gated in elements A and B. The cinders used were retained on a ^-inch 

screen to remove excessive fines and were hand tamped into the port land 

cement concrete cylinders to avoid excessive crushing of the particles. 

The dry densities obtained ranged from 33 to 68 pounds per cubic foot with 

the water contents between one and two per cent as shown in Figures 1 and 

2 on Plate D-3, Four inches of bituminous concrete and six inches of cement 

concrete were placed directly on the cinders in elements A and B 

respectively, 

b* Sand and Gravel (Elements C and D). Sand and gravel was 

compacted in elements C and D at dry densities ranging from 127 to I3I 

pounds per cubic foot and at water contents ranging from six to eight per 

cent as show in Figires 3 and 1* on Plate D-3*The grain size gradation is 

shown by curve 2 of Figure 7 on Plate b*3.The material is well graded, 

end of GW olassification. Four inches of bituminous concrete and six 

inches of cement concrete were placed directly on the sand and gravel in 

elements C and D respectively. 

c* Pushed Rock (Elements E and F). Crushed rock was placed 

in elements E and F at dry densities ranging from 107 to 112 pounds per 
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cubic foot and one per cent utter content as shown in Figures 5 and 6 on 

Plate The grain site gradation is shown by curve 1 of Figure 7 on 

Platè D-3, The original placing of material in element E did not result 

in the desired 110 pounds per cubic foot density. The material was re¬ 

moved and, in the second attempt, each foot layer was compacted to take 

a pre-weighed quantity necessary for the required density. The crushed 

rock was placed by dumping from a high-body dump truck and compacted with 

a power tamper. Four inches of bituminous concrete and six inches of ce¬ 

ment concrete were placed directly on the crushed rock in elements E and 

F respectively« 

2-OU., Frcst Susceptible Materials (Elements 0,H,J,K,L,M,N and P). 

A frost susceptible silty clay (CL) representative of the exiscingtop 

feet of the subgrade soil in place under the airfield pavement at 

Dow Field was placed as a subgrade at controlled densities and water con¬ 

tents in eight elements. The grain site gradation curve is shown on 

Figure 7 on ’“lato D-?, Four of the elements. G, K, J, and K, had a con¬ 

trolled water surface seven feet below the pavanent and four elements, 

L, li, N, and P, were not in contact with a water surface to simulate a 

water table at infinity. The silty clay was placed dense at a hi^i 

water content, loose at a high water content, dense at a low water con¬ 

tent, and loose at a low water content in elements G, H, J, and K, 

respectively. These conditions were duplicated in elements L, M, N, 

and P, respectively. Table of element variables is shown on Plate D-2. 

The silty clay was difficult to handle but the densities and water 

contents at which it was placed were approximately those desired, 

Plate D-i?shows the material placed in eltment M at 28 per cent water 

content after the silty clay had been run through a mixer to bring the 
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water content up ten per cent and element P with the material placed 

at 22 per cent water content* During the frost melting period the 

pavement in those elements. H, K, M, and P, in which the subgrado was 

placed in a loose condition settled so that the pavement and base had 

to be removed, the subgrade brought up to grade by the addition of 

silty clay and new base and pavement placed. The condition of pavement 

in elements H and M after settlement and prior to reconstruction is shown 

on Plate D*Jl9«At the time of reconstruction density and water content 

determinations were made by driving a 2.75-inch diameter thin-walled, 

seamless steel tubing into the subgrade. These density and water con¬ 

tent values showed considerable variation from those determined during 

the construction of the test elements. All values of density and water 

content determinations are shown on Plates D-3 and 0-4* 

The silty clay subgrede was covered with a six-inch layer 

of sand and gravel which was treated with RT-5 sprayed at the rate of one 

gallon per square yard. A four-inch layer of bituminous concrete pave¬ 

ment was placed over the sand and gravel, 

2-05. Insulation. 

a. The top edges and top IÍ4 inches of the sides of each 

concrete cylinder wire insulated with sawdust as shown in Figure 4, 

Plate D-2,It was originally planned to use cork board and granulated 

cork for the insulating material. Failure to get delivery of the 

material necessitated the use of readily availrble sawdust. The saw¬ 

dust was held in place by a permanent plywood form. After the sawdust 

was placed in the form, a plywood cover was nailed on. For water¬ 

proofing against surface seepage the cover was treated with double-ply 
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15-ltu felt thoroughly coated on ail surfaces with throe coats of 

roofing pitch. The felt overlapped the pavement surface by tv;o inches 

and extended three inches outside the perimeter of the plywood form, 

as shown by Plate M9» 

b. The insulating fill between cylinders and the bulk of 

the embankment consisted of sawdust as shovn in section in Figure 3, 

Plate D»1.Because of the scarcity of cinders in this vicinity, it was 

necessary to use sawdust. The sawdust wrs hauled by truck and shovelled 

into place by hand.. Kllhere possible, the trucks w’ere driven over suc¬ 

cessive layers of the material in an effort to obtain us great an initial 

settlement as possible. Attempts to compact the sawdust by hand in the 

constructed areas did not appear to be successful. Sawdust insulation 

was also used in backfilling the trench excavated for the water supply 

lines, 

c. The use of sawdust introduced a heating effect not 

originally anticipated. The decomposition of the sawdust used in the 

embankment generated sufficient heat to raise its temperature to over 

100 degrees Fahrenheit. This condition was observed at the start of 

meosuring temperatures in the t est section. Two corrective measures 

were attempted. On November ll*. the sur free of tho test section was 

soaked with water. This resulted in reducing the temperature of tho 

sawdust from approximately 100 degrees to 50 degrees Fahrenheit, 

Soaking was continued until the beginning of freezing weather on 

28 November, The cooling effect of the w*ter was only temporary as 

subsequent temperature readings again indicated a rise in the sawdust 

temperature, A second corrective measure was attempted from the 3rd 



to the 10th of December 19t*6* A total of ISO auger holes on two-foot 

cantero surrouhding the test elements were dug in order to leduoe the 

volume of sawdust in the embankment. The holes, nine inches in 

diameter, were dug thrOMgh the sawdust to gravel and backfilled with 

gravel, as the gravel was intended to serve as a ventilation tube for 

releasing the heat within the sawdust. Temperatures decroased upon 

completion of this work, but it is possible that colder weather had a 

greater influence than the replacement of a small portion of sawdust, 

2-06, Source of ^'ater. Elements G, E, J, and K, were connected 

at the base to a controlled water supply as shown in Figure 5 on Plate 

D-2. A two-layer filter 12 inches thick consisting of sand with grada¬ 

tion of grain sies shown by curves 5 and 6 in Figure 7 of Plate Dr3» 

designed to prevent the washing out of the fines contained in the 

silty clay was placed between the subgrade and the baso of the element, 

A reservoir was installod in the instrument room by excavating a pit 

of 2 X U foot area to a depth of five feet. The excavation was lined 

with cwnent concrete taken from the same batches used for the test 

element bases, A galvanised me tal supply tank with ball and cock valve 

to control the water level was installed in the pit as shown on 

Plate D-?0, The water level was maintained at the top surface of the 

filter material. Copper tubing was laid from the t^nk to the cylinders 

as shown in Figure 5, plate 1VC, 

2-Û7* Ground Water Observation yells. Observation wells for 

measuring the actual depth to the controlled source of water was in¬ 

stalled in test elements G, H, J, and K, The observation wells con¬ 

sisted of 3^*-inch pipe perforated r.t the lower end and capped at the 

top with a coupling and plug, A short iron rod was welded to the coupling 

to facilitate removal of the plug. Figure 5 of Plate I>*2 sltows the 



installation detail. Observation wells also were installed in the 

north and south edge of the test section embankment. The north and 

south wells were used to detect a possible rise of the natural ground 

water capable of seeping into the cylinders. This precaution was made 

since the controlled supply of water from the reservoir was intended 

to serve as the only source of ground water, 

2-06, Thermocouples. The temperature of the pavement, base, and 

subgrade materials in each test element was measured by thermocouples 

set in the positions shown on Plates Ü-3 an(i D-i+, Tho th- r«nocouple details 

are the some as used in the previous investigations and are shown on 

Plates 3 and Í4, Volume II, Nine thermocouples were installed in each 

of the ll| test elements, A vertical board in the center of the empty 

cylinder, as shown in Figure 1, Plate 1m2 was used to hold the thermo* 

couple at the desired position. As the material was filled over a 

thermocouple, it was detached from the board and the lower part of 

the board was sawed off and removed. Precaution against tho wire 

snapping because of frost action was made by allowing sufficient slack 

and covering the cables with a heavy coating of grease. The outlet 

sleeve of the cylinders shown in Figure 3#Plate D-P was made watertight by 

sealing with battery compound. The entire thermocouple line leading 

to the entrance of the instrument room was buried in a trench backfilled 

with cinders and gravel to a depth of ont foot above the top bank of 

ducts. Figure 2, Plate D-21 and Fi:*ure}., Plato show several thermo¬ 

couple cables in position before backfilling. 

Thermocouples R und S in Figure 1, Plate D-l were !..stalled 

at two locations in the embankment outside the test elements. These 



installationa each consist of seven units spaced in the gravel and 

sawdust fill as shown in Figure 5# Plate IV»1, Tenne ratures within 

the embankment were observed for comparison with those obtained 

within the test elements* 

Temperature Measuring Equipment* The temper atures cf the 

thermocouples were measured during the period 11 October to 23 December 

191*6 on n Leeds und Northrup direct reading portable type potentiometer 

by connecting each of the thermocouple lords with the instrument 

separately* On 23 December 19l|6 a Leeds and Northrop Uicrcmax 

Temperature Indicator was installed* Each of the themoocuple leads 

was connected permanently to the instrument and the temperature at any 

thermocouple w'.s obtained by switching the proper switch. The switch 

panels and th- temperature indicating scale are shown on Plate *2*2}* 

2-10. Instrument Room. A section of Build 1¾ Tl62 in the Reclama¬ 

tion Yard at Dew Field was partitioned off for use rs an instrument 

room to contain the temper^turo measuring instruments and water supply 

controls. The interior walls were constructed of ¿-inch insulation 

board and thu exterior wall w s sheathed with mr.tohed boards with the 

space between the studs picked with s -wdust. Two 3-Kilowatt electric 

heaters, with a thermostatic control, txrt installed to maintain a 

constant room temperature. 

2-11. Thermograph. A thermograph was installed in a shelter 

located 25 feet north of the test section is shown in Figure 2, Pinte IH, 

to obtain continuous records of air temperature. 

Bench M-rks. Two bench marks were established for reference 

points to mensuro changes in elsvatian of the element pavements 
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throughout the freeting and frost melting periods. One bench mark 

consisted of a bolt set in the concrete foundation of the northwest 

corner of the nearest warehouse building in the Reclamation Area, 

The second bench mark consisted of a l¿-inch pipe set inside a inch 

pipe casing. The casing r.os approximately five feet long to protect 

the bench mark pipe through the frost tone and the bench mark pipe was 

set firmly in the clay subgrade. This bench mark was located approxi¬ 

mately ¿(0 feet south of the elements, 

III. OBSERVATIONS AND 1EASUREMEKTS 

3-01, General. Observations '»f conditions pertinent to frost 

action studies such ?s rate of frost penetration, subsurface tnnpcra- 

tures, ico l-ns formation, pavement heave, and changes in density and 

water content were proposed for the investigations. No suitable moans 

for measuring rate of frost pcnctrattion, iot Ions formation, and changes 

in density and vntur content were developed consequently only weather 

conditions, subsurfvc- temperature, and p'v-ment heave measurements were 

made, A suirrarry of the test data is presented rn Table D-l¿ 

3-02« Subsurfrce Temperature fcoaeuremante. Subsurface temperature 

mcnsurcevonts were made at intervals ranging fr:>m two to nine days, 

commencing 11 October 19^6 and ending 26 December 191*6, Two sets of 

readings were made daily, except Sunday, beginning 27 December 191*6, 

The first set 'f readings was made between 7 ft.m, and 10 a.m,| the 

sccrnd was made between Ii30 p,m, «id !*«30 p.m,. The morning readings 

were made to measure the effect of the more constant, colder night 

temperature, Typicf.l subsurface temperiture gradients f^r thõ elements 

are sh.wn on Plate D-5Jhe aftemion readings wore made to determine 
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the time lag between the varying air temperature and the soil 

temperature within the elements* 

To further investigate the time effect of air temperature 

fluctuations* measurements were made at two-hour intervals on the 

following dayst 

k April 19b7l 5 a.m. to 7 p.m.# (Clear) 

5 April 19^7I 5 a.m. to 1 -*m.# (Clear until 11 a.m.) 

12 April 19U7I 5 Q.m. to J p.nw, (Cloudy until lt30 p.m.) 

15 April 191*71 5 to 7 p.m., (Clear) 

21 April I9U71 5 to 1 p.m*, (Cloudy) 

26 April 19)471 5*30 7*30 a.m., (Cloudy until 7*30 a.m.) 

The results of all thermocouple temperature measurements are tabulated in 

Tables l>»2 tc L-17. All temperatures are shown in degrees Fahrenheit. 

Prior to the installation on 2J December 191*6 of the Micromax 

temperature measuring equipment, the hand operation of the potentiometer 

required two hours tc obtain c. set "f temperature readings. The auto¬ 

matic equipment required I5 minutes. For this reason, a greater range 

in air temperature occurred during the time required tc obtain the sets 

of temperature readings made from 11 October to 23 December I9I46. 

3-O3 • Air Ton per ature. Continuous records of air temperature 

were obtained from the therm'graph. The minimum and maximum daily 

temperatures from the thermograph records shown on Plate D-6 were used 

to calculate the I9I46-I9Í47 freezing index plotted on Plate D-7» The 

air temperatures at the time of reading the thermocouples were obtained 

from the thermograph recordings. 
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3-Ql** Surface Temperature» The température at the surface of 

each element was measured by c mercury thermometer# While reading 

the thermocouples for a given test element, the thermometer wr.s placed 

on the pavement surface of the test section and shielded from the sun 

by a wooden board# These readings are tabulated for comparison with 

other tonperature readings in Tables IV2 to D-17’inclusive. 

3-05# Y/eather Condilons. The direction and intensity of the 

wind as indicated by the Beaufort scale is tabulated with the tempera¬ 

ture data in Tables D-2 to D-I7# Cloud and sun conditions prevailing 

during the time of temperature measurements also are shown# The test 

section v.as kept clear of snow cover to eliminate consideration of its 

insulation effect during this investigation# 

3-O6# Water Table# The observation wells in elements G, K, J, 

and K were examined each time temperature measurements were made# The 

measured depth from surface of element to water varied from 7#1 to 

7#3 feet. 

The north and south observation wells were dry except on 

four separate occasions during the latter part of November and 

December when the water table appeared in the wells at depths ranging 

from 7.6 to 7,9 feet# 

3-07# Pavement Heave. The heave of the pavement cn each of the test 

elements was determined by level surveys ns an indication of the frost 

action which occurred# The original elevation of five points on each 

tost cylinder pavement was referenced to a bench mark not subject to 

frost action. The five level points on top of each test clement con¬ 

sisted of the center of pavement and the quarter points along the 



pavement circumference* Changes in elevation were measured to the 

nearest hundredth foot on the following dates* 

19 Nov. 191+6 

31 Dec* 19I46 

P7 Jon. 19ltf 

31 Jan. 191+7 

1+ Feb. I9I+7 

17 Mar. I9I+7 

27 Mar. 1Ç1+7 

1 Apr. I9I+7 

7 Feb. I9I+7 

11 Feb. 191+7 

17 Feb. 191+7 

10 Mar. I9I+7 

13 Mar. I9I+7 

8 Apr. I9I+7 

l6 Apr. I9Í+7 

22 Apr. 191+7 

Changes in elevation of the pavement at the center of the 

elements are plotted on Plates D-8 to Ü-11 for comparison with the pene¬ 

tration cf the 32CF. temperature. 

IV. ANALYSIS OF RESULTS 

1+-01. Weather. The winter during this investigation was milder 

than usual for Bang-r, Maine. The 1^+6-191+7 freezing index shown on 

Plate D-7was965 us compared with a 13-year normal of 1275« Riinfall 

and snowfall are not pertinent to this study because of controlled ground 

water conditions and because the top of the test section was maintained 

clear of snow. The direction and intensity of the wind may have an 

effect on the rate of drying the pavement surfaces, but n. measurable i 

influence is evident from the pavement temperature data, 

1+-02. Test Element Temperatures. At the time of reading, morning 

and afternoon, the pavement surface temperatures were usually warmer 

than the air temperatures. The bituminous concrete surface was warmer 
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than the cement concrete during a majority of the observations* The 

continuous air temperatures recorded on the thermograph shew that the 

daily maximum and minimum air temperatures usually occurred at the 

time of measuring the afternoon and morning test element temperatures* 

The hourly change in air temperature is reflected in the elements to 

a depth of approximately one foot* Below this depth the temperature 

gradient in all the test elements was approximately the seme. The 

warming effect of tho sawdust embankment surrounding each tost 

element may have limited the depth tc which the daily fluctuations of 

air temperature were transferred within the test elements* 

The effect of fluctuati ns in air temperature measured at 

two-hour intervals during clear and cloudy days is shown in Plates D-12 end 

D-13* The same data is tabulo ted in Tables 0-2 tc M7# but the plotted 

data ore arranged to facilitate tx crmpr.rison of the temperature 

changes of the various materials as a function sf air temperature 

changes. The clear day selected for analysis is i* April Iflltf when 

temperature measurements were made every two hours from 5 a.m* to 

7 p*rc. The cloudy day selected l:r analysis is 12 April 19^7 when 

an unusually warm spell occurred* Temperature measur:ments on this 

day were made from 5 u,m* to 3 p,m*iat Ii30 p»m*on 12 April the 

weather cleared rnd the sun appeared at 2 p.m.- However, the rain 

until 11 a.m, and cloudy weather until 2 p.m*.offered a good e'ntrast 

with the readings of the clear day. The thermograph records 'f 

continuous air temperature arc reproduced in Figure 1 of Plates D-12 and 

M3. <™.Miration of air tomparatur* condition, for throe day. 

trior to the time of mnlclnf the t*o-hour Interval reading... The curve. 



in Fig*2f Plata* M2 and D-1J indicate the surface temperature reaction 

of each test element. The surface temperature of all eloments was 

warmer than the air during r clear dry. The rain on 12 April during 

the 5 7 ''nd 9 readings kept the surface temperature 

of all test elements approximately equal to the air temperature. 

However, the surface température rf all test elements became warmer 

than the air after the rain ended despite continued cloudiness. 

Figures }, k$ and 5 on Plrtes M2 and D-IJ show the temperatur 

changes within the elements and «¿mbankment during the some two-hour 

intervals. The thermal characteristics cf the material is indicated 

by c^npaiing the temperature versus time curves. During the daylight 

h'urs the surface temperature is higher than the air temperature and 

reaches its peak one to three hours ahead cf the air temperature. 

Approximately two hours wore required for changes in surface tempera¬ 

ture to reach the midpoint of either four inches of bituminous con¬ 

crete or six inches f cement concrete. However, consideration must 

bo given tc. the magnitude raid rite "f change in air temperature. 

For the test period rn h April there was a 20 degree Fahrenheit drop 

in air temperature during the 12 hous prior to the measurements, as 

shown cn Plate M2. Per the test peri.d on 12 April the air tempera¬ 

ture was more c*.nsti'jit and dropped nine degrees Fahrenheit prior to 

the measurements, os sh-wn on Plate M3. The peaks of temperature 

changes in relation to time are thus more pronounced for the 4 April 

measurements. The results en Plr.tes M2 and MJ show a consistently 

lower temperature cn top of the base course for the tltments capped 

with cement concreto. During a clear day the base course surface 



beneath the cement concrete pavement is from U to 20 degrees 

Fahrenheit coMor thon the base course surface beneath the bituminous 

concrete. Although there is no distinction between the various 

materials for temperatures measured below approxiimtoly one foot, 

consideration must be given to the effect of the sawdust embankment* 

It is believed that the insulation value of the sawdust embankment, 

in addition to its heat producing characteristics had a greater 

effect through the side walls of the test element than the air tempera¬ 

ture acting vertically through the element surface. 

The continued effect of the decomposition of the sawdust in¬ 

sulation ¿s indicated by the temperature gradients of the f^ur elements 

adjacent to the thermocouple installation (S) located in the center 

of the test embsnkmunt. Typical temper’.ture gradients are shown on 

Plate D-1Í+.The temperature lag in the sawdust is sh^wn and a compari¬ 

son of the temperature measurements in the test embankment and those in 

the test areas indicates that temperatures were consistently higher 

in the test elements than in the runway test areas. The average depth 

of freezing temperature penetration wos 17 inches in the test elements 

and 1*7 inches in the runway test areas. 

4-03. Depth f Freezing Temperature. The frozen zones of the 
‘ 4 

materials in each test element is best analyzed by comparing the depth 

of freozing temperature versus time. The graphs on Plates D-Ö thru D-Il 

show the freozing temperature zone determined from thermocouple read¬ 

ings made in the morning about one hour after daybreak. The boundary 

of the frozen zone is considered to be the depth of penetration of the 

32-degreo Fahrenheit temperature. The plotted depth of the 32-degree 

temperature was interpolated by assuming a straight lino temperature 



gradient between the temperature of any two adjacent themccouples 

which bracket 32 degrees Fahrenheit. 

An additional summary of the depth of the 32-degree Fahrenheit 

penetration is shown on Plate I>-15«The maximum depth during the test 

period is shown in Figure 1 by a bar graph representative of each test 

element# The mean depth of the 32-degree temperature for the month 

of January is correspondingly shovn in Figuro 2f Plate D-I5. 

In the elements containing the non-frost susceptiblo base 

materials the tnximun depth of freezing temperature penetration was 

consistently greater under tho portland cunent concrete than under the 

bituminous concrete. The freezing temperature penetration under tho 

portland cement concrete pavement was greatest in the crushed rock 

and least in the sand and gravel. Under tho bituminous c ncrete 

pavement there was very little difference between the three typos of 

base materials with the penetration in tho crushed rock slightly greater 

than in the sand and gravel and into the cinders slightly less than in 

the send and gravel. The actual depths of freezing temperature pene¬ 

tration is shovn below. 

Material 
Depth of Freezing Temperature Penetration 

Bitumin' us Concrete Cement Concrete 

Cinders 
Crushed Rock 
Srnd and Gravel 

19 inches 
22 inches 
20 inches 

26 inches 
30 inches 
23 inches 

Based up n th<; d-pth of freezing temperature penetration these tests do 

not indicate the insulating value of cinders compared with the other 

materials tested. 

In the elements containing tiie frost susceptible subgrade 

materials, the frost penetration was least in the elements with ground 
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water with the exception of elements K and M as shown in the following 

tablet 

ELEMENT DENSITY 
WATER DEGREE OF WATER 

CONTENT SATURATION TABLE 
FREEZING TEMPERATURE 
PENETRATION (inches) 

G dense high 
H loose high 
J dense low 
K loose low 
L dense higi 
M loose high 
N dense low 
P loose low 

high 
high 
low 
low 
high 
high 
low 
low 

yes 
yes 
yes 
yes 
no 
no 
no 
no 

12 
lh 
16 
18 
22 
17 
21 
19 

A similar study of the thermocouple readings obtained during 

the afternoon chow the same bottom depth of the frozen zone. The dis¬ 

tinction between the morning and afternoon readings is the rreater 

number of periods during the afternoon /hen the temperature near the 

surface was above $2 degrees Fahrenheit. These values measured during 

the afternoon appear as thawing periods. 

I+-OI4., Pavement Heave and Settlement. The only evidence of frost 

action available in this investigation is indicated by the amount of 

pavement heave. The pavement heave, and in some cases the pavement 

settlement, arc shown related to time and depth of freezing temperature 

on Plates D-8 to D-ll. 

Pavement heave occurred in elements containing the frost 

susceptible silty clay. The heave and settlement in the elements 

limited to taso course material was of a negligible amount being not 

greater than one-quarter of an inch. 

The four elanents G, H, J, and K, containing a source of 

water can be compared for frost action with the four elements L, M, 
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Nf and P, which were sealed off fron a source of water and are considered 

to have Miter table at infinite depth* The elements exposed to a 

source of mter developed the most heave although element H showed a 

consistent settlement* The elements with water table at infinite 

depth* heaved and settled to a lesser degree d spending on the original 

degree of compaction* The appearance of the paved surface of element 

H and M during settlement are shown on Plate D»19* 

Elements H, K, M, and P, developed settlement mainly after 

the freeting period* The original dry density at which the silty clay 

was placed in fliese cylinders was fairly loose ranging from 90 to 98 

pounds p^r cubic foot. Eloncnts G, J, L* and N heaved and returned 

nearly to their original elevation* The original dry density at which 

the silty cloy was placed in elmnents which heaved wes more dense* 

ranging from 101 to 10? pounds per cubic foot. It is apparent that 

a poorly compacted frost-susceptible subgrado will settle during the 

frost melting period. 
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Air timptrotur» obtained from thermograph récord 

Surf oco tomporaturo obtained from mercury 

thermometer laid on the surface of the pavement. 
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Air temperature obtained from thermograph record. 

Surface temperature obtained from mercury 
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APPENDIX E 

Part 1 

LABORATORY AND FIELD TEST PROCEDURES 

MISSOURI RIVER DIVISION 

1. Introduction» 

The nothods and procedures given heroin have boon used in connection 

with tho investigation of frost action beneath airfield pavements as author¬ 

ized by tho letter dated 7 July I9U+ from the Office, Chief of Engineers, to 

the Division Engineer, Nov/ England Division, subject: "Frost Investigation," 

and by the letter dated 28 August 19Ui-» from the District Engineer, Boston 

District, to tho Division Engineer, ¡.üssouri hiver Division, subject* "Frost 

Investigation". 

2. Tost Methods. 

Tho tost methods given herein are those established and standardized 

by tho American Society for Testing Materials, hereinafter referred to as 

A.S.T.M. Standard Methods; and the methods established by tho Chief of Engi¬ 

neers, U.S. Engineer Department as given in the Engineering Manual, and the 

amendments thoroto, hereinafter roforrod to as tho Engineer Manual Method, 

and referred to by paragraph and chapter, or as amendments thoroto. 

3. Plato Load Bearing Tests. 

Plate load bearing tests, using steel plates varying from 2i; to JO 

inches in diamotcr, woro mado on tho surfaces of both rigid and flexible pave¬ 

ments and on the surfaces of baso courses, subbusos, and subgrados to deter¬ 

mino tho load-doformation characteristics of those surfaces under relatively 

largo areas of loading. Plato load bearing tests arc divided into tho follow¬ 

ing groups* 

IE-1 



a, Pavonont Surface Tests. 

(1) Concrete Pavement Tests. 

(a) Method. 

The concreto pavement load bearing test procoduros 

used in determining the load-deformation characteristics of the surfaces of 

concrete pavoments, wore established by the Missouri River Division. 

(b) Equipment. 

Two semi-trailer rigs wore used to supply the static 

loads nocossary to perform the surface tests. One rig was loaded with sand 

or gravel, giving a load in excess of 75,000 pounds on the bearing plate. 

The second rig, loaded by moans of an 11,000-gallon water tank, gave static 

loads in excess oi 100,000 pounds. Loads were applied with a hydraulic jack 

arrangement, using 30 or 50-ton capacity jacks. A 2ij.-inch diameter circular 

stool bearing plate, approximately ¿/U inches in thickness, was used for tho 
loading tests* Approximately 3 smaller plates were stacked above tho boaring 

plato in ordor to socuro greater stiffness and rigidity in tho largor plato, 

(c) Procoduro. 

The surface tests were generally made in tho corners 

of concrete slabs, adjacent to construction, contraction or transverso expansion 

joints, in ordor to tost tho pavement at its weakest point. Tho stool bear¬ 

ing plato was soatod on tho surface of the pavomont with a thin layer of 

piaster of Paris, tho plate being placed before setting of tho plaster 

occurred, Tho hydraulic jack was placed over tho center of tho bearing plate, 

reacting against a central point on tho loaded somi-trailcr. Deformations 

wore obtained from two oppositely mounted oxtonsomotors, tho pins of tho cx- 

tonsomoters resting on tho plato, while the oxtonsometers viere mounted on a 

boom supported by rods driven through holes in the concreto pavomont. The 

rods supporting tho boom woro greater than 8 foot distand from the edge of 
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tho plato, caïd were supported ontiroly by the soil beneath tho pavement. 

Loadings woro applied in incromonts of 18,000 pounds, each load boing hold 

constant until a movomont of loss than 0,01 inches per minute was obtained 

before on additional increment was applied, Extensometor readings were re¬ 

corded at tho end-point of each increment of load. Repeated increments of 

loading woro added until either cracking of the pavement occurred, or the 

maximum loading of tho tost rig was obtained. After completion of the first 

cycle, if cracking did not occur, 9 additional cycles of loading and unload¬ 

ing were made, unless failure of the pavement occurred in loss than this 

number of cycles. Repeated loadings were made by rapidly loading the plato 

to the maximum loading permitted by the rig, and then unloading rapidly, re¬ 

cording only tho zero and maximum load deformations, 

(2) Flexible Pavement Tests, 

(a) Ifcthod, 

Tho methods used in obtaining single and repeated cycle 

loadings on flexible pavements were established at a conference held on 10 

March 19^5 at Pierre, South Dakota, between representatives of the Boston 

District and tho Missouri River Division, 

(b) Equipment, 

The equipment used in tho flexible pavement tests is 

the some as that described in Paragraph 3^(1) (b) above, with the exception 

that a 2[|-inch diameter boaring plate was used for repeated loading tests, 

and a 3ö-inch diameter bearing plate was used for tho single cycle loading 

tosts, 

(c) Procedure, 

1_, Single Cycle Tosts. 

A 30-inch diameter bearing plate was used for a 

single cycle loading, the plate boing seated on the surface of tho pavement 



by neons of plaster of Paris. Loading increments of 18,000 pounds were 

applied# Each incremont was held constant until the rate of deformation was 

less than 0#001 inches por minuto. Loadings wore applied to the maximum of 

the testing oquipmont. Deformations wore measured by moans of extensomoters, 

mounted on a beam which was in turn supported on rods driven into the sub- 

grado through holes bored in the pavement at a distance of not loss than 8 

feet from the edge of the bearing plate. Extonsometer readings wore obtained 

prior to loading and at tho end-point of each load incromont. Readings were 

also obtained after removal of the load, in order to secure permanent defor¬ 

mation data# 

Repeated Cycle Tests. 

The repeated cycle tests wore made with a 24-inoh 

diameter bearing plato# Tho plates were seated on the surface of the pave¬ 

ment and the extensomoters wore mounted in tho manner described in Paragraph 

3a (2) (c)l above# A total load of 25,000 pounds was us ;d in the rop'oatod 

loading tests, the load being rapidly applied in one increment, and then held 

constant for ton minutes before releasing. The loads were released rapidly 

and extonsonotor readings were then obtained at tho end of a ton minute period, 

Tho cycle was then repeated, ton cycles of loading and unloading boing used 

in tho repeated cycle tost. Permanent deformations wore determined from ox- 

tonsomoter readings obtained ten minutes after completion of the final cyclo 

of loading# 

b# Subgrado Moduli Tests, 

Subgrado moduli tests are made to determine tho pavement sup¬ 

porting properties of subgrados or base courses under rigid pavements# 

(1) Method, 

Subgrado moduli tests wuro made in accordance with 



Paragraph ¿4, Chapter 20 of the Engineering Manual, titled: "Evaluation 

of Subgrado Reaction," and as amended by a teletype dated 22 January I9Í4I1, 

from the Office, Chief of Engineers, to the Missouri River Division, a copy 

of which is included in the letter appendix to this report* 

(2) Equipment* 

Equipment used to obtain subgrado moduli was similar to 

the equipment described in Paragraph 3^(1) (b) above except that a 30-inch 

diameter plate was used for all subgrado moduli tests. 

(3) Procedure, 

The surface of the pavement supporting medium was care¬ 

fully leveled and a thin layer of fine, dry sand, all of which passed the 

i+0-mesh sieve, was used to scat the bearing plate. A load equivalent to five 

(5) pounds per square inch, rapidly applied and instantaneously released, was 

used to obtain additional seating of the plate before beginning the tost. 

Deformations wore measured by two oxtonsomotors bearing on opposite sides of 

the bearing plate, the oxtonsomotors being mounted on a boom supported by 

rods driven into the subgrade holes bored in the surface of the pavomeftt. 

The rods supporting the boom wore located at a minimum distance of 8 foot 

from tho edge of tho plate. Load increments were applied at the rate of 

5 pounds per square inch, each increment being hold constant until tho in¬ 

crease in deformation for that increment of loading, during a five minute 

period, was loss than 3% of the total deformation for that increment. Load¬ 

ings wore eppliod until either a total deformation of 0*3 inches was obtained 

or tho capacity of tho loading equipment reached. Only single cycle loadings 

wero used to determino subgrado moduli. The load-deformation data obtained 

from tho field moduli tost wore used to determine subgrado moduli by means of 
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. 
tho formula v^ioro ”KUM is the subgrade modulus and '’P” is oqual 

to tho prossuro in pounds por square inch requirod to givo a vortical de¬ 

formation of 0.05 inches in tho plate load bearing tost. Tho subgrado moduli 

♦ obtained from field boaring tosts wero further modifiod to componsato for 

tho effect of saturation by the methods horoinaftor doscribcd under con¬ 

solidation tosts. 

U» Consolidation Tests. 

Consolidation tost data aro used for the purpose of correcting tho 

subgrado moduli obtained from fiold tosts for tho offocts of saturation. 

The tosts consist essentially of recording tho load-deformation character¬ 

istics of an undistrubod spocimon at field moisture content, and the load- 

doformation charactoristies of an undisturbed saturated spocimon of the sano 

material. The deformation in the undisturbed unsoakod spocimon, produced by 

a unit loading corresponding to the unit loading used to obtain a doforraation 

of 0.05 inches in idio original fiold test, is usod to dotorr.inc tho prossuro 

required to produce a similar deformation in tho saturated sample, Tho unit 

prossuro required to givo tho required deformation in tho saturated sonplo 

divided by tho unit pressure required to givo tho some deformation in tho 

undisturbed sample at fiold moisture content is used os a ratio to modify 

tho fiold bearing modulus in tho formulai K « Ky , whoro K is the 

saturation corrected modulus, Ku is tho fiold modulus, Pa is tho saturated 

spocimon unit prossuro, and P is tho unit prossuro roquirod to givo a 

deformation of 0.05 inches in tho 30-inoh diamotor plato boaring tost, 

a. Method. 

Consolidation tosts woro performed in accordance with Paragraph 

/4c, Chapter 20 of the Engineering Manual. 
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f b. Equipment» 

Tests wore conducted in Zanesville type consolidation apparatus. 

The test specimen was U¿ inches in diameter and 1¿ inches thick. The ring 

assembly was placed in a water tight pan to saturate tha specimens» Consoli¬ 

dation was measured by extensometers reading to 0.0001 inch» 

C» Procedure. 

(1) Consolidation of Unsoaked Specimen. 

The unsoakod specimen was placed under a load corresponding 

to the pavement load over the sample for a period of JO minutes. The sample 

was then c onsolid*'tod by adding increments of load. Each increment of load 

was impressed for JO minutes and the resulting consolidation was recorded. 

Sufficient increments of leading were added to define c consolidation curve 

from sere load to a unit load greater than the unit load producing a 0.05 

inch deflection in the field bearing test. The initial pavement load was 

taken as toro load in plotting the consolidation curve, 

d. Consolidation of Soaked Specimen. 

The specimen was placed under a load corresponding to the pave¬ 

ment load over the sample, and soaked. Water was then introduced into the 

specimen from the bottom only, under a head of approximately 2 inches, in 

order to facilitate the excape of air and to decrease the soaking time. The 

specimen was allowed to stand until swelling was completed. Swelling was con¬ 

sidered completed when the vertical movement was less ttan 0.001 inches in JO 

minutes. Approximately 2 days soaking time was required for typisnl soils. 

The thickness of thu specimen at the end of the soaking period was taken as 

the initial condition and thespecimon was consolidated in a manner similar 

tc that used for the unsoakod specimen. 



5. Concrete Flexural Strength Tests« 

Concrete flexural strength tests were made on beams, sawed from slabs 

removed from the concrete pavement. Concrete flexural strengths were deter¬ 

mined to supply data for the calculation of the load carrying capacities of 

the pavements. 

a. Method. 

Concrete flexural strength tests were perfomed in accordance 

with A.S.T«M. Standard Method C78-39# as amended by Paragraph 6 of the letter 

dated 10 January 19^4-# from the Office, Chief of Engineers, to the Division 

Engineer, Missouri River Division, subject* "Airfield Pavement Evaluation," 

a copy of which is included in the letter appendix to this report. 

b. Equipment. 

Concrete flexural strength tests were made in a government 

laboratory equipped with a diamond saw and a hydraulic compression machine. 

c. Procedure. 

Beams were sawed to a 6-inch width, the depth corresponding to 

the original pavement depth, and to a length meeting the requirements of the 

test. The beams were immersed in water for 21+ hours prior to testing. The 

beams were tested with the original surface in the "up" position. 

6. Density Tests. 

a. Laboratory Maximum Density Tests. 

Laboratory maximum density tests are made for the purpose of de¬ 

termining the maximum densities of soils or aggregate mixtures obtainable 

under standard compaction conditions in the laboratory. 

(l) Method. 

Maximum density tests were made in accordance with the 



methods given in Paragraph lU, Chapter 20, of the Engineering Manual, and as 

amended by the letter dated 12 May 19I4I;, from the Office, Chief of Engineers, 

to the Division Engineer, Missouri River Division, subject» "California 

Bearing Ratio Procedure," a copy of which is included in the letter appendix 

to this report, 

(2) Equipment, 

The equipment used for the determination of the laboratory 

maximum density, consisted of a 6-inch diameter mold, inches high and fitted 

with a 2-inch removable extension. The metal tamper weighed 10 pounds, and a 

tamper drop of 13 inches was used. The sample was compacted in 5 approxi¬ 

mately equal layers to a height of approximately 5 inches, with 55 blows per 

layer, 

(3) Procedure. 

The test procedures used were those given in the letter 

referenced in Paragraph 6a(l) above, 

b. Field Density Tests, 

Field density tests were made to determine the density of "in- 

place" materials in the field, 

( 1) Method. 

A sand-density method was used to determine the field den¬ 

sity of the "in-place" materials. 

(2) Equipment. 

The equipment used in the test consisted of a glass jar 

filled with a volume-weight calibrated sand, and fitted with a special funnel 

and cut-off, 

(3) Procedure. 

Material was carefully removed fron the element to be 
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tested, forming a hole approximately U inches in diameter and 6 inches deep 

in the upper 6 inches of the pavement element. The material removed from the 

hole was carefully weighed and the moisture content and weight of dry soil 

determined. The volume of the hole was determined by weighing the quantity 

of dry sand required to exactly replace the materialexcavated, this volume 

being determined by the prior volume-weight calibration of the sand used. 

With the weight of dry material removed from the hole, and the volume of hole, 

as data, the dry density of the element was then calculated. 

7« California Bearing Ratio Tests. 

California Bearing Ratio Test Data are used for the design of 

flexible type pavements. The method was originally developed and used by 

the California State Highway Department. The test methods described herein 

are based on the original methods and revisions thereto made by the U. S. 

Engineer Department as hereinafter listed, 

a. Laboratory Tests. 

(l) Undisturbed Specimens. 

(a) Source 

Laboratory California Bearing Ratio Tests are made in 

accordance with the procedures and methods given in Paragraph 18, Chapter 20, 

of the Engineering Manual, and by the revised methods set forth in the letter 

dated 12 May 19¿4i, from the Chief of Engineers to the Division Engineer, 

Missouri River Division, subject* "California Bearing Ratio Procedure/ a 

copy of which is included in the letter appendix to this report. 

(b) Equipment. 

The equipment used for the California Bearing Ratio 

Tests, conforms to the equipment described in Paragraph 18, Chapter 20, of 

the Engineering Manual. 
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(c) Procedure. 

Cthesive subgrade materials are obtained as un¬ 

disturbed samples by incasing the "in-place” soil in 6-inch diameter, 7-inch 

high steel cylinders. The cylinders are provided with a cutting shoe on the 

lower edge and a compression head at the upper end. A rough pillar of 

"in-place” soil is first formed by cutting away exterior portions. The steel 

sampling cylinder, with cutting edge and compression head "in-place," is then 

placed on the soil pillar and light pressure applied to the cylinder by a 

hydraulic jack operating against a truck bumper. The soil is cut away from 

the cylinder edge by a trowel or knife to allow inclosure of the specimen 

without exertion of largo pressures or disturbance of the specimen. After 

inclosure of the specimen, the ends are trimmed, capped with Masonite disks 

and sealed with paraffin for shipment to the laboratory. Undisturbed speci¬ 

mens received in the laboratory are uncapped and immersed until saturated. 

The upper surfaces of the specimens are surcharged during inmersión by 

circular weights, giving pressures calculated to be equalt o the unit pres¬ 

sure exerted on the surfaces by the unloaded pavement in the field, or to a 

minimum unit load of ten (lO) pounds total load on the specimen. The bottoms 

of the immersed specimens rest on perforated plates which also admit water to 

the lower portions of the specimens. Swell of the immersed specimens is 

measured by initial, daily and final extensometer readings; cessation of 

swell generally being used as an indication of saturation. The specimens 

are tested for bearing ratio after they are completely saturated. 

(2) Disturbed Specimens. 

Disturbed specimens are recompacted in the laboratory for 

bearing ratio tests in accordance with the methods and procedures outlined 

under Paragraph 7a(3) given below. 
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(3) Compeotion Studies« 

Compaction-bearing ratio studies were mu i to determine the 

effect of density and various water contents for various compaction on the 

bearing ratio values of given materials. The studies consist of a series of 

bearing ratio tests made with materials compacted to various densities at a 

given water content by varying the work input into the compaction procedure, 

and other similar series of tests with other moisture contents, 

(a) Source. 

Compaction studies were performed in accordance with 

instructions given in the letter dated 12 May I9I4I+» from the Chief of 

Engineers, to the Division Engineer, Missouri River Division, subject» 

"California Bearing Ratio Procedure," a copy of which is included in the 

letter appendix to this report. 

b« Field "In-place" Bearing Ratio Tests. 

Field "in-place* bearing ratio tests were made in the field on 

the freshly exposed base, subbase and various subgrade element surfaces to 

determine the actual existing, bearing ratio of the material "in-place". 

(1) Source. 

"In-place" field bearing ratio tests were performed in 

accordance with instructions given in Paragraph 18, Chapter 20, of tte 

Engineering Manual. 

(2) Equipment. 

Tho equipment used in performing field "in-place" bearing 

ratio tests consisted of a 7-ton hydraulic jack, gages for the rasasurement of 

the load, the pisten movement and a 3-square inch circular vertical piston to¬ 

gether with the necessary attachments for use under the rear ond of a heavily 
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loaded truck, A special spring device was used to measure loads of less than 

200 pounds* 

(3) Procedure. 

The circular piston was seated with o load of 10 pounds. 

Loading was applied by means of a hydraulic jack, the loads being applied at 

a rate giving a rate of penetration tothe piston of approximately 0.05 inches 

per minute. Readings were taken of the loadings giving deformations of 0.005 

inches, O.O5O inches, O.075 inches, 0.100 inches, 0.200 inctos, 0.300 inches, 

O.I4OO inches, and O.50O inches, in accordance with the procedures described 

in Chapter 20 of the Engineering Manual, the bearing ratio was tukon to be 

the ratio of the pressure required to giv« a penetration of 0.10 inches 

divided by 1000. 

8. Soil Tests. 

a. Liquid Limit. 

Liquid limit tests were performed in accordance with the pro* 

cedures and equipment given in A.S.T.âí. Standard ¿Lthod DJj23-39. 

b. Plastic Limit. 

Plastic limit tests were performed in accordance with the pro¬ 

cedures and equipment given in A.S.Ï.M. Standard Method 

c. Mechanical Analysis. 

(1) Sieve Analysis. 

Sieve analysis tests were performed in accordance with the 

procedures and equipment given in A.S.T.M. Standard Method Dl*2?-39. 

(2) tfrdromiter Analysis. 

Hydrometer analysis tests were performed in accordance with 

the procedures and equipment given in A.S.T.M. Standard Method D122-39, 
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d* Classification of Soils. 

Soils were classified in accordance with the method described in 

Paragraph 11, Part 2, Chapter 20., of the Engineering Manual, and as further 

described in Exhibit 1, Part 2, Chapter 20, of the Engineering Manual. 
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LETTER APPENDIX 

tc 

APPENDIX E 

Part 2 

LABORATORY AND FIELD TEST PROCEDURES 



COPY 

CONF WA 500 OCE REFERENCE SPENM lOi; 

FROM ROBINS ACTING CHIEF OF ENGRS WASH DC 221850Z Jan I9I4Í+ 

CONF TO OLD MAD MRD NED NAD ORD PD SAD íTíD SWD 

Reference made to paragraph twenty--four one six four Engineering Manual* 

To be certain that practically complete deformation occurs, loading for each 

increment should remain until deformation change in five minute period is 

less than three percent of the total change for load, increment* Reference 

made t 0 paragraph 5» letter dated five August 19¿j3, subject: MAirfield 

Pavement Evaluation.” Tests should be made in strict accordance with 

paragraph. CBR tests on remolded samples of cohesive type soils should 

be made for correlation purposes only. 

END 

SPENM 10k 
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COPY 

MESSAGEFORM 

Date 5 August 19Í+3 

File No, CE SPENO 686.6I (Miss, Riv. Div.) 

Office of Origins WQr Department, Office, Chief of Engineers 

Address: Washington, D, C# 

To: The Division Engineer 
Missouri River Division 
Farm Credit Building 
19th à Douglas 
Omaha (l), Nebraska 

1'.rire or Radio 
Urgent 
Priority 
Pontine 
Deferred 

Precedence ^ 
Essential Mil. Mail 
Airmail x 
Spec, Delivery x 
Ordinary 
Registered 

Message : 

1. A field survey and an investigation will be made by the Division En¬ 
gineer at each airfield within the Division and under the iîrisàiction o? Ih, 
Army i*ir I-orces to determine the maximum gross weight of airolane tha*- can 
opera e at capacity operation and limited^peraMÍfat L fle^w^out 
overstressing the pavements. In view of the increasing mights of planes and 

c necessity for designating fields to be used by certain type of rircraft in 

eva 1 aation^of^each U -oM o/Íh, evaluation 01 each field based on the o&rrvin? onnuM + íf.a lu« -  ^ 

jir Fore t uation of each field will be supplied to the 
Army Air Forces to serve as a basis for determining the type of aircraft to 

“irr* rr 
various parts of the field as such operation nr.y be controlled bv th- 
roec ar by othor aonditlona pr.aullar to tha flold. Foil t¿mñl lí, 

' OM rati thr'í flî1n^n'’'!''y3 0f " «oW are aatisfaouTry‘for^apaolty 
fHtSy foi HmH P0UndAlnn-3 eXGept runway rhlah la rated aa sitlí^ 

y r limited operation of such planes only. If because of fhn . . 

of United extent need not control tho overall evaluation of the fl.U li 
may be more economical to accept excessive mnînü! field. It 

p^TtriJitto of ‘ 
fono^in,~Cr,U — ETOluatl0"« 10 » field will Involve the 
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a* Determine the centrlling pavements» 

b. Determine bho cêtrrying capacity of the controlling navoments# 

To determine the controlling pavements or sections of pavements, the study 
will include a review of all existing records and data, u review of the con¬ 
struction methods and conditions, and if nob available, u completo soil sur¬ 
vey of the subgrade conditions, and tests on the subgrados, base cou-"os and 
paving materials, ..ftcr the controlling pavements are determined, tney will 
be evaluated in accordance with the design methods described in Chapter XX of 
the Engineering Manual. To determine the carrying capacity of the controll¬ 
ing pavements at many airfields will require complete field ax,d laboratory 
investigations. At some fields, sufficient data has been obtained during 
design and construction to determine the carrying capacity of the controlling 
pavements. Complete physical tests ns described in paragraphs it and 5 
place conditions" will not be required if construction control data, inspoo— 
tion of existing conditions and necessary check tests support the validity of 
the design assumptions and providing the designs were in accordance with the 
methods described in the Engineering Manual» 

iu Evaluation of Flexible Pavements» To evaluate flexible pavements, 
the California *•< thod of accelerated traffic tests will be used, „ccclcratod 
traffic tests as described in Chapter XX, Engineering Manual, should bo used 
only after opproval is obtainod from the Office; Chief of Engineers. Sinoe 
the adoption of the California Method of Design, several changes in testing 
technique of the i,RR test procedure have been made. Those changes have been 
incorporated in paragraph 20-18 of Chapter XX, E. II» ( March 19¾). The re¬ 
vised CDR test orocedure described in paragraph 20-18 of Chapter XX, will be 
used to evaluate flexible pavements in all cases where tests in addition to 
those for design must bo made in compliance with this Circular Letter» It 
has come to the attention of this offleo that certain offices have adopted 
CBR testing procedures nt variance with that preeoribed in Chapter XX. Al- 

n0t dr 3irtd to »tifio improvement in tho CBR test, and Districts 
and Divisions nrr urged to investigate all possible improvements, it is ap¬ 
parent that correlation of pavement performance with tho purely empirical CBR 
procedure can only bt accomplished by uniform methods of testing. Changes in 
CBR test procedure where found advisable at a result of this or other investi¬ 
gations will be referred to the Engineering Division, Office, Chief of Engine¬ 
er, for inv* stigrtlon with the view to incorporation in Chanter XX, E.U» 

5» CBR tests should bo on remolded samples, undisturbed samples, or 
on soils in place (see paragraph 20-18, Chapter XX, E.M.) according to the 
typo and moisture condition of the sell. Field tests on cohesive soils in 
place are considered the most satisfactory if tho soil is at or near satura- 

on, ut, in all other eases, tests should be made on soaked undistrubed 
samples. Experience has shown tnat cohrsionloss soil will compact under traf- 

V* cohesionicss sell in plr.ee has a unit weight equal to or greater 
than the density stated in paragraph 20-18, b, ht Chapter XX, E.M., CBR 
tests may bo conducted with field equipment. 

„v.nf.6* ~w-lurtion of Rigid Pavements. For ti»o evaluation of concrete pavc- 
¡""V; Polens of the pavements shall be removed and tho modulus of soil 
field 5®tVirîtüÎ ~ndltion bunoat* the pavement will be determined by 
ríoi? pl« r »rlnC trat* ln accopd™co with paragraph 20-U and 20-L5. ^ 
Chapter XX, E.M, If the 28-day flexural strength of the concrete as placed 
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and cured in actual construction was not determined by the A*StT.Ma Tost 
C-78-59, beams should be taken from the pavement for tests. The flexural 
strength at the tine of evaluation should be adjusted according to the char¬ 
acteristics of the concrete to account for the increase in strength that has 
developed after the 28-day period. A Circular Letter will bo issued in the 
immediate future giving data for the determination of the 28-day flexural 
strength. 

7. Frost and Other Special Features. Consideration should be given to 
the reduction in load carrying capacity by reason of probable frost action 
when determining the carrying capacity of both flexible end rigid pavement# 

8. Reoort. A report for each airfield will bo prepared, describing in 
complote detail, the investigation and tests, character of materials involved, 
method of evaluation, construction features affecting the carrying capacity, 
and giving test results, justification for selection of controlling paveront 
conclusions, and all othor pertinent information necessary for a complete re¬ 
view of the report. Data and information contained in design analyses and 
specifications, which arv considered pertinent to tho evaluations, may bo 
referred to, and these documents or sections of them should be included as 
appendices to the required rtport. Tho report should also include tho follow¬ 
ing plates: 

A historical end data summary sheet similar to Figure 1 attached# 

b. A alan (18 x 21) of tho airfield, summarising ^the carrying capacity 
and showing the paved areas similar to Figure 2 attached# 

9» Dr ta Sumnary Shoot# The data summary sheet ('"ipure 1) should in¬ 
clude a maximum ot information on a minimum of space. Notes regarding 
special conditions of subgrt.d-», typo of pavement surface, pavement conditions, 
traffic history, and any item of special interest will be recorded. un¬ 
usual maintenance should be dsseribod and recorded on the data summary shoot# 
All reconstruction and resurfacing are tc bo recorded on separate lines of 
tho data sheet# 

10. Summary Plan, Tho plan (Figure 2) should outline the limits of 
pavements and show the recvjcrîondcd maximum gross w.-ight of plrna that rmy bo 
used at each airfield. If pnvt;,vnt areas of limited extent (see paragraoh 2 
above) arc not satisfactory for the specified weight of plane, a note will be 
placed on the plan stating pertinent facts similar to the noto on Figuro 2# 
The symbols and colors shown on Figuro 2 will bo us* d. If necessary, addi¬ 
tional pavement symbols will bw used. It is not intended for the pavement 
symbols tc indicate the specific type of ».venant but to Indicate tho general 
type (such as bituminous treatment, bituminous pavement and concrete pavo-ient). 
All pertinent dimensims such os lougth ".nd width of runways, wiuth of major 
taxiwsys, width of shoulders, deemed necessary should be '»hvr'n or. tho layout 
plan. 

11. Distribution cf R. port. It is rocutsUd that four eopl s of the de¬ 
tailed report for oao’.. field, five additional oopl'* of data lumnary shoot. 
Figure 1, and six ndditionrl eopi;« çf thu sunrmry nlon. Figure 2, be sub¬ 
mitted to this office, as seen rs tho report Is prepared. Frier to subnuttal, 
each report shall be rcviewed and approved by tho Division Engineer. For the 
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duration of the war, all reports shall be marked ’’Restricted”. Although 
copies will be forwarded to this office, ore copy of the report shall be 
marked for the Embankment, Foundation and Pavement Division, U. S. Waterways 
Experiment Station, Vicksburg, Mississippi, Copies of the summary plan will 
be submitted to the *j:my Air Forces by this office# 

12# Order of Evaluation# To establish the order in which fields ineaoh 
Division should be evaluated, it is requested that Division Engineers confer 
with the Commanding Officers of the Army Air Force Co’imands, In general, air* 
fields should first be evaluated for which the construction aircctive speci¬ 
fied the design of pavements for planes weighing in excess of 50*000 pounds 
or fields designed for lesser loads, but believed to be capable of supporting 
plans v/c'ghing more than 50,000 pounds. It is requested that the Division 
Engineer submit to this office not later than 10 September 19U3» a report 
»tat’ng the estime.ted dates of completion of investigations for each airfield# 

1J. Addenda# It is dosirod that the reports required herein bo main¬ 
tained current# To this end, addenda to the present report will be submitted 
as future changes in physical characteristics of the airfield or additional 
information require# 

lii# Work win br. initiât d from funds locally available. Request for 
authorisation for use of funds will be made to the Chief of Engineers, 
attention SFEKM, at such time as sufficient data are available to permit an 
estimate of cost# 

By order of the Chief of Engineers* 

/s/ JAMS H. STRuTTON 
Colonel, Corps of Engineers 

2 Incls, - Chief, Engineering Division 
#1 - Historical Data it Record 

Sheet (Figure He, 1) 
#2 - Map - ’valuation of 

Typical .irfiold (figure No, 2) 

IE-18 

Letter Appendix 



COPY 
MESSAGEFORM 

10 January I9I4I4. 
File No, CE SPENM 686,61 (Missouri River Division) 

Office of Origin: War Department, Office, Chief of Engineers 

Address: Washington, D, C, 

To: The Division Engineer 
Missouri River Division 
Farm Credit Building 
19th íc Douglas 
Omaha (l), Nebraska 

Wire or Radio 
Urgent 
Priority 
Routine 
Deferred 
Week end 

Subject: airfield Pavement Evaluation, 

Precedence 
Essential Mil, Mail 
Airmail x 
Spec. Delivery x 
Ordinary 
Registered 

1. Reforonce is made to previous letters of same subject, dated 5 
August and 20 August The evaluation program must be considered as a War 
Emergency Program and the final evaluation should be submitted with the leaslT 
possible delay. The my Air Forces have immediate need for the information 
in order to properly prosecute the War Training and Transport Program, Every 
effort should be made to obtain maximum use of all available qualified per¬ 
sonnel and suitable testing equipment# 

2, To obtain the final results as soon aspossible, it is requested 
that: 

a. Final detailed studies be made only on controlling pavements for 
rurfway and all-over field evaluations (see paragraph 3 below). Carrying cap¬ 
acities of pavements other than controlling pavements shown on the nData 
Summary Sheet” of the final report should be based on present existing factual 
data. All values estimated should be noted# 

b. Further tests should not be made at field where existing data or 
observations definitely snow that the carrying capacity of the runways for 
limited operation is less than a gross load of 20,000 pounds# 

Many offices desire to make detailed studies of every pavement at a field# 
The program should be curtailed as above until the present evaluation program 
is completed. Data and results of additional detailed studies should be sub¬ 
mitted in supplementary reports tc the final report if such detailed studios 
are made# 

3* The letters referred to in paragraph 1 requested that the program be 
conducted tc dot'mine the ’’field evaluation”. In ^any cases the field evelua- 

^ tion is controlled by a taxiway or apron. Since repairs or reconstruction of a 
4 taxiway or apron will not bar operation at the field, it is considered advis¬ 

able to also submit to the Army . ir Forces the ’’runway evaluation” which will 
be controlled by the critical runway. Therefore, it is requested that all re¬ 
ports and summery plans show two evaluations| one as ”fiuld evaluation” rnd 
the other as runway evaluation”. It is requested that all evaluation values 
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be shown in near tho mper right hand corner of the summary plan, in a tubu¬ 
lar form as follows: 

GR0S3 WEIGHT OF FLAKES IN POUNDS 

Capacity Operation Limited Operation 
Field Evaluation ..... - 
Runway Evaluation ..... __ 

I4. Recent traffic tests and observations have stnwn that many flexible 
pavements will settle due to traffic compaction. In new construction, sub- 
grade and base materials should be compacted by heavy compaction equipment to 
insure that settlement due to traffic compaction will be less than 1 or 2 
inches. However, no criteria limiting the permissible settlement due to 
traffic compaction will be established for the present evaluation progran* 
The Army Air Forces have been advised (see attached letter) that flexible 
pavements will roughen and settle due t > traffic compaction and that mainten¬ 
ance in many cases will be considerable. If, subsequent to the present eval¬ 
uation program, it is considered d sirabls to conduct accelerated traffic 
tests on certain pavements to determine the effect of traffic compaction, re¬ 
quests should be submitted to this office in each particular case, 

5. Attached is a cooy of a letter, subjèct: "Airfield Pavement Evalua¬ 
tion, dated 5 January I9J1L, from this office, to the Commanding General, 
Army ¿^ir Forces, defining the terms and moaning of criteria used in tho evalu¬ 
ation program. It is requested that the information contained in this letter 
be forwarded to interested personnel and the definitions stated in paragraph 
2 be inserted in final reports. Ineddition, the final reports should in¬ 
clude very detailed description of the procedures of the tests used. Refer¬ 
ence to the Engineering Manual is not considered sufficient. 

6. To obtain comparable flexural strength results, it is requested that 
concrete beams sawed from pavement slabs be tested after immersion for a per¬ 
iod of at least 2i+ hours and with the wearing face up. The testing machine 
should be equipped with a swivel edge to prevent torsion of the beam. Beams 
should be kept moist until tested. Many offices are "capping" the underside 
of the beam in the area of the knife edges to produce a smooth surface. To 
compute the flexural strength, the usual formulas, although not strictly valid 
for non-uniform concrete, should be used* 

7. The evaluation program affords an excellent opportunity to obtain 
data regarding the moisture conditions below concrete and flexible pavements, 

is suggested that such data be obtained c.t locations which do not interfere 
with the évaluation program, and special reports be prepared. For the dátate 
be useful, complete information regarding previous weather conditions, densi¬ 
ties, water table, construction history, soil characteristics, etc., is required 

By order of the Chief of Engineers: 

A/ E. R. O'BRIEN 
Lt. Colonel, Corps of Engineers 
Chief, Troop Frcilities Branch 
-Military Construction Division 

1 Inol. 
Cy. Ur to dated 5 Jan. U; 
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COPY 

WAR DEPARTIENT 
Office of the Chief of injinoers 

Washington 

CE (12 May 1^) SPENM 

12 îvîay I9I4U 

Subject: California Bearing Ratio Procedure 

To: Tho Division Engineer 
Missouri River Division 
P. 0. Box 1216 
Onaha (1) Nebraska 

1* Reference is made to Paragraph 20-18b# Chapter XX, Engineering 
Manual, March I9I3 revision. It is recuested that the following changes be 
made in the California Bearing Test Procedure: 

Step 2. Conduct all compaction tests in the 6-inch diameter CBR 
mold. To avoid correcting the density and optimum moisture for stones, tho 
total sample should be used. Soil should not be reused, A sufficient number 
of specimens should be compacted to definitely establish optimum moisture# 
Four (4) or five (5) specimens should be compacted with moisture contents 
with +2% of optimum moisture for all except cohesicnless soils and high swell* 
ing clays. In the Modified A.A.S.H.O. test, the height of fall of the hammer 
must be carefully controlled and the blows must be uniformly distributed. ITie 
optimum condition must be rigidly established. 

3tep 4. '’Tien results are required for a soil at 95$ Modified A.A# 
S.H.O, density, compact three (3) specimens at optimum moisture for 100$ 
Modified A.A.S.H.O. compaction using a different number of blows for each 
specimen, i.e., at 55» 25 and 10 blows per layer. The maximum allowable varia- 
ti-n in the molding water content shall be +0.5$ of IFcTified A.A.S.H.O, 
optimum moisture. Any specimens not falling~within this range shallTe^dis- 
carded and a new specimen compacted that does meet this requirement. 

Step 8. Increase the moisture of the specimen, by immersion, to a 
maximum that might be obtained in the field (porous openings on top and 
bottom) for a period of four (Ij.) days. The immersion period for previous 
soils may be less if it is apparent that mrximum moisture content is obtained# 
If the surface of the specimen becomes so soft by immersion that the test re¬ 
sults would be unrepresentative of the sample, this method should not be used 
but the moisture of the specimen should be incheased to a maximum by*permit¬ 
ting the water to rise upward through the specimen by capillarity until free 
water appears on the surface# 

Step 10. 'pply a penetration surcharge weight on all soils equal to 
the soaking surcharge weight, except that the penetration surcharge weight 
should not exceed 30 pounds# 

Letter Appendix 
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Step 15. ’Then three (J) specimens are prepared as described above 
under revision for ’’Step 1+”, the results of tests on all samples should be 

' plotted to show the relation between density and CBR. For design purposes, 
the CBR for 95$ Modified A.A.S.H.O. density should be used. (See Fig, l) 

t 
! 

’ 2. CBR test results are affected by the density and molding moisture 
' content of the soil specimen. The effects are great for some low plastic 

soils. It is desired that the variation of test results with molding mois¬ 
ture and density be determined for at least one typical specimen of each soil 

^ encountered, except soils which readily compact under traffic. (See Step I4. 
in Par. 20-18b, E.M.). The following procedure is recommended» 

I'- 

a. Perform the penetration test, after increasing moisture, on each 
specimen used to develop the compaction curves for the following compactive 
effortsj 55, 25 and 10 blows per layer on each of 5 layers using the 10- 
pound hammer with 18-inch drop and the CBR mold. In many cases, tests on 
three (5) or four (1+) specimens prepared by each compaction effort will be 
sufficient# 

b# Plot the data from these tests as shown on Figure 2# The above 
procedure is valuable to obtain test results on soils which are greatly 
affected by small changes in density and molding moisture content and gives 
a piotúre of the CBR characteristics, within the range of the expected field 
control, which will be useful in establishing the limiting CBR values. The 
test results, as obtained by the above method, should be used in connection 
with the design curves with the full understanding that the variations ob¬ 
tained may be only qualitatively valid# 

3# The above changes will be incorporated in the next revision of Chap¬ 
ter XX of the Engineering Manual. The changes are based on the results of 
investigations conducted by various laboratories and on information obtained 
by discussions and conferences in various offices. Jin extensive investiga¬ 
tion of the effect of all factors in the CBR tests and of the method of pre¬ 
paration of specimens for tho design test has been made at the U. S. Waterways 
Experiment Station. A report of this investigation will be prepared for pub¬ 
lication in the near future# 

4. Due to the difficulties of preparing the sample for the design test 
to simulate the moisture, density, and structur-. uf the prototype, CBR testa 
during construction should be made on un isturbed soils, except in the case 
of those soils which will compact readily under traffic. (See Step ¿ in 
Par. 20-18b, E.M,), If the tests on undisturbed samples do not check the 
design tests, changes should be made either in the construction methods or 
design# 

5« The present CBR test procedure has not proven entirely satisfactory 
for testing samples containing particles larger than I/Î4 inch in size. It 
had been found necessary to conduct a great number of tests in order to de¬ 
termine the most reasonable value# This method should be followed until a 
more satisfactory procedure is developed. However, in some cases, inconsis¬ 
tent results can be avoided by removing the stones which do not affect tho 
stability of the soil# 
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6. Tho procodur« for taking undisturbed «»sipies, outlined in Pr.ragraph 
2O-10C, Engineering «Manual, has not been found satisfactory for all soils» 
Several Districts have adopted tho method generally used to obtain undis¬ 
turbed samples for shear and consolidation tests. In this method a soil 
pedestal about 6 inches in diameter and 6 inches high i: formed by excavating 
the surrounding material, an expandable sheet metal cylinder about 7 inches 
in diameter is placed around the nodeste.1 and paraffin or other suitable ruw 
terial is poured around the Sample. Tho ends are sealed with about 1 inch of 
paraffin. In the laboratory, the paraffin coat and metal cylinder aorve as 
tho sample container during the nonotmtion test» 

7* Test results subm tted to this office in the past have not alv/eys in¬ 
cluded complete data. Because of minor differcnct-s in laboratory technique 
emoloyed by diffèrent divisions soils Irborntories for propering samples for 
tho design tests, it has been extrem.ly difficult to analyte and correlate 
these results. During the development of any tost, the effect of all factor« 
must be studied, and until these are determined, an entirely satisfactory pro¬ 
cedure cannot be established. To aid in tht development and to maintain a 
complete record, it is requested that detailed data and a complete description 
of test procedure be recorded rnd submitted with all test results« 

By order of the Chief of Engineers* 

2 Incls 
#1- Fig. 1 (In quint.) 

Fig« 2 (in quint.) 

/s/ HILBERT HILL 
Lt. Colon« 1, Corps of Engineers 

Deputy Chltjf, Engineering % Development Clv¿ 
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APPENDIX E 

Hrt 2 

LABORATORY AND FIELD TEST PROCEDURES 

GREAT LAKES DIVISION 

1« Introduction» - It is the purpose of this appendix to describo 
the test methods which iwere used to obtain the results presented in the 
Data Report of Frost Investigations, Volume III, for investigations con¬ 
ducted at Truax Field, Madison, Wisconsin, and Selfridge Field, Ut» Clemens, 
Michigan. The following tests were performed on the pavement, base, sub¬ 
base, and subgrade materials. 

Field Tests* 

(1) Plate Bearing Tests 
(a) Static Load 
(b) Repeating Load 

(2) California Bearing Ratio (CBR) 
(3) Water Content 
(4) Density 

Laboratory Tests* 

(1) Classification Tests 
(a) Sieve analysis 
(b) Hydrometer analysis 
(c) Atturberg limits 
(d) Specific gravity 

(2) CBR 
(3) Pavement Tests 

(a) Extraction of bitumen for bituminous concrete 
(b) Gradation of aggregate in bituminous concrete 
(c) Modulus of Rupture for cement concrete 

(U) Soil Compaction Test 

Where the procedure followed is a standard of the Engineering Manual or 
the American Society for Testing Materials (A.S.T.M.), the reference or 
test number will be given, followed by a description of deviations from 
the standard, if any» 

2. Field Tests. 

Q* Plate Bearing Test - Static iood.- Engineering Manual, Chapter 
XX, Paragraph -¿*1» In this to si, care was taken that loading for each 
increroent remained until deformation change in five minute period was loss 
than 3 per cent of the total change for the load increment. The standard 
procedure was followed to determine the modulus of soil reaction "k " of 
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the baso material under the cement concrete pavement in Test Area C« Tho 
equipment shown in photographs, Plate 186, Volume III, «as used, arranged 
in the manner shown except that the 30~inoh diameter plate «es placed 
directly on the base material* 

(1) Application of test to flexible pavement.- Itoveratnt 
bearing tests' on bituminous concrete pavements «ere made 
in the manner described in the Engineering Manual, except 
that the 30~inoh diemster plate «as placed directly on top 
of the pavo ment. A thin layer of plaster of paris «as 
used to seat the plate to insure uniform bearing* One 
arrangement of tho apparatus using soil anchors is shown 
in Figure 1, Pluto 186, Volume in# Another arrangement 
employing s loaded trailer for reaction was also used, 
and is shown in Figure 2 on same plate. 

(2) Application of Test to corner of rigid pavement slabs.- 
Toe standard procedure was used in ahlempting ^o determina 
the load required to fracture corners of cement concrete 
pavemnt slabs, with the exception that a plate 2lx inches 
in dionetor was used. The plate was seated with a thin 
layer of plaster of peris on the corner of tho slab, one 
inch from oaoh edge. Three extensoanters were placed 
equidistant around the circumference of tho bearing plate 
and arranged so that one was at a point nearest the corner 
of the slab* The load was applied in increments of 10 
pounds per square inch, except ths first which was 20, 
23, or 30 pounds per square inch* As the available load 
was not suffioient to eause failure, tho loading was re¬ 
leased in decrements of tho same magnitude ns tho 
corresponding increments* The equipment for this test 
was assembled as shown in Figure 3, Plate 186, Volume III* 

0 

b# Plato Bearing Test - Repeating load*- Tho same type and arrange¬ 
ment of testing apparatus as required for 1.« standard Static Load Test 
described in the Engineering Manutfl, Chapter XX, Paragraph 20-41 was used* 
A 2U-inoh diameter bearing plate »as placed on top of the bituminous concrete 
pavement* To insure uniform hearing, plaster of paris was used to east tho 
plate. The test vms conducted in the following nanneri A seating load of 
3500 pounds was applied for five minutes and released* A load of 20,000 
pounds was then applied and the deformation measured* The load wan main¬ 
tained for ten minutes during which the deformation was measured at the end 
of the first, fourth, and seventh and tenth minute* Tim load was then re¬ 
leased for a period of five minutes, and tho daformation readings taken 
immediately after release of ths loud, and after tho first and fifth minutes 
had elapsed. The foregoing procedure was then repotted until ten repetitions 
hud been made. The results of the test werj thor.n graphically by plotting a 
continuous graph of the deformation mti. sure Amts taken at the end of the five 
minute period under no load and at the end of the ten minuto period under 
20,000 pound load, tho deformations being shown as ordinates and the load as 
abscissae* 



o* CBR Teat.» Engineerin' Manuel» Chapter XX, Paragraph 20-16d, 
"era Teat on àoiia in Place". The atandard CBR platón waa aooured to tRe 
baae of en 8-ton hydraulic jaok equipped with gage having a large dial. 
The load waa applied through a awivel head and adjuatabl* column against a 
steel beam secured to the book end of a light truok. When the spring testa 
were aude, the alto of the annular plato through which ths penetration sur¬ 
charge is applied was increased from 6 inches to 12 inches, outside diaaeter* 
At each location in the soil profile whore the toot was conducted, the water 
content and density tests were also made. 

d. ÎÏ®1£®£^2£Î!E¡¡L• " Verity of water contained in the soil was 
determined by weighing a small representative sample of the soil (50 to 100 
grams) before and after drying it in an oven at a temperature of about 110°C. 
Pour ounoe ointment tins, a balance sensitivo to 0.01 gram, and a small 
electric thermostatically controlled oven was used. When it was not practiool 
to weigh the samples imiaedlatoly, the tins ware scaled with scotch cellulose 
tape. Stones larger thon 3A~inoh in diameter were not included in the 
samples. The wetcr content was reported as 0 per cent of the dry weight of 
the soil. 

of Soil in Place.- Thu unit weight of the soil was 
determinad by weighing the soil removed from a hole, about 3 inches in 
diametor and 3 inches doop, and measuring tho volume of thu hole from which 
the soil was dug. The procedure is as fcllows 1 A trowel was used to cut 
away enough of the undisturbed soil to prnvidu a herit onta1 area four or 
five inches in diameter. A pan, 2h inches square and 2 inches deep, with 
0 k-inch diameter hole out out of the center, was next placed ovor tho spot 
previously prepared. By means of the trowel and spoon (an ordinary table 
spoon) the soil was removed and plcoud in the pan. In digging, care was 
exercised to cut toward the center of the holo and to avoid compressing the 
sides of the hole. When enough soil had been removed to provide a holo of 
tho desired siso, tho pan and sell removed was weighed on a scalo sensitive 
to ono gram. To find thu volume; of th» soil thus removud, the hole was 
filled level full with Ottawa sand of known density, and the weight of con- 
teiner plus Ottawa sand befor« filling tho holo and tho weight of container 
plus Ottawa sand after filling thu hole. The unit weight of tho Ottawa sand 
was frequently determined by weighing o knuwn volume of the sand which had 
been poured in the samo manner os employed when pouring the sand into the 
hole in the soil. Stones larger than 3A~lnoh in diameter encountered whon 

the holo were aot aside and returned to tlm hole os the sand was 
poured into tho hole, a representative portion of the soil removed from the 
hole wes used for determining tha water content as explained in Paragraph 2d 
above. - 

T« The density of froten soil was found 
by weighing a representative aample and measuring tfru volume of Ottawa sand 
displaced by the sample from a container of thu sund. Tho samplu weighing 
about 3 kilograms was broken or cut fron a large piece of froten soil, care 
being taken to disturb the soil m.ss as little as possible. The sample was 
wuightd *>nd thon placed in a ounUinwr of known volurn, 6 inches in diameter 
and 8 inches djep, partly filled with Ottawa sand. Ottawa sand was thon 
poured oruund the sample until the container was full. The container was 



then rapped with a hamaer 10 blows on each side* A snail amount of sani 
was then added and stwck off with a straight edge. The container wit* 
sand and sample was weighed on a scale sensitive to one grara. Belor« each 
series of density determinations were made, the container was filled with 
Ottawa sand and rapped in the same manner as described abore in order to 
obtain the density of sand required to fill the known volume. The weight 
of the sand displaced by the sample was calculated by adding the weight of 
the soil sample, to the weight of a full container of sand (previously 
determined) and subtracting from this quantity the weight of the sample 
and sand filling the container. Knowing the density and weight of the sand 
displaced, its volume was then computed. A portion of the frosen sample, 
about 100 grams was used for determining the water content as described in 
Paragraph 2d above. 

3. Laboratory Tests. 

a. Classification Tests.- All soil samples used in the class if i» 
cation tests were ¿irst air dried, and then dried in an oven at 110°C. The 
sand and clay samples wore divided into fractions by quartering until tte 
desired size of sample necessary for the tests was obtained. Each of ttese 
selected samples was then ground in a mortar by means of a pestle until 
all aggregations had been broicon down into particles, 

(1) Sieve Analysis.- The sand-clay-gravel samples were 
screened on 1 1,Æ, 3^# 3/8 inch one No, sieves and 
the amount retained on each noted. In all screening 
operations, all lumps of soil were broken down. The 
material passing the No. I4 screen was quartered until 
desired size of sample required for the remaining teats 
was obtained. Each sample was split into two portions 
which wore sieved on a No. 10 screen. Ths material 
passing the No. 10 screen was ground in a mortar to break 
down all remaining lumps. The percentages uf soil particles 
passing screens having openings of O.QU, O.itf, 0.25, 
O.IU7# and Û.O7I1 millimeters was obtained by following 
the standard A.S.T.M. test Di£2-39. The test was performed 
on both portions of each sample. Sieve analyses of two 
portions of each sand and clay sample were also made 
according to the standard test. 

(2) Hydrometer Analysis. - A.S.I.M, DI422-39. Two tests wore 
performed on each sample of soil submitted to the labora¬ 
tory. In the case of samples taken from test areas B 
and C, one test was run using 20 co of sodium silicate 
solution, specified in the standard procedure, and in the 
other test 5 oc of the same solution was added. Apparently 
as complete dispersion was obtained in one test as in the 
other, us no appreciable difference between the results of 
the two tests could be noted. In reporting tfrie final re¬ 
sults, a mean of the two tests was taken. Since no con¬ 
stant temperature bath was available, the temperatures were 
noted and corrections for temperature applied. 



(3) Atter be rg Umita.- A.S.T.M. DÍ423-39 and DI42Í1-39. Each 
value reported la the average of at least two teats. 

(k) Specific Gravity.» This test was performed by placing 
between 10 and 20 grans cf over-dried soil, passing the 
No. 10 sieve, in a pycnometer. After weighing and adding 
some distilled water to the sample, it was de-aerated. 
The pycnometer was then completely filled with water and 
its weight and the temperature of the water were recorded. 
The specific gravity was calculated by dividing tte weight 
of the soil in grams by the volume of tte soil in cc. Tho 
values reported arc a mean of at least two tests. 

b. ÇBR Tost.- The procedure for this test is that given in tho 
Engineering Manual, Chapter XX, paragraph 20-18, as revised by letter from 
0. C. of E. dated 12 May I9I4I* (CE-12 May !¿-SPENM). A 12 pound soaking 
surcharge was used on granular soil samples and a 2U pound surcharge on clay. 
Tlie penetration surcharge was 2k pounds. Stone not passing tte 3/C-inoh 
• ieve was replaced with similar stone passing the 3/i inch sieve and re¬ 
tained on a iuch sieve. The water content of each compacted specimen 
containing gravel depends on the mean result of tests on four 75-gram 
samples. When compacting sand and clay specimens, the mean of two tests 
for water content was used. 

o. Pavement Tests. 

(l) Extraction and Recovery of Bitumen.- A.S.T.M. D7ó2-1¿*T. 

(2) Gradation of Aggregate (extracted from bituminous concrete). 
À.S.t.M. C 136-39 

(3) Modulus of Rupture for Cement Concrete.- A.S.T.M. C 78-39. 

d. Compaction Test.- Engineering Manual, Chapter XX, Paragraph 
20-lUa (1). This test, called the "Modified AASHO Compaction Test," is 
performed in the same manner as that portion of the CBR test procedure 
specified for determination of maximum density and optimum water content. 
The soil was compacted into a standard CBR mold in five layers, each approx¬ 
imately one inch in thickness under fifty-five blows of the 10 pound hammer 
dropped from a height of eighteen inches. 
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APPENDIX E 

Part 3 

LABORATORY AND FIELD TEST PROCEDURES 

NEW ENGLAND DIVISION 

1. Introduction. It is the purpose of this appendix to describe the 
test methods which were used to obtain the results presented in the Report 
on Frost Investigation where applicable at Dow Field, Bangor, Maine, 
Presque Isle Airfield, Presque Isle, Maine, Otis Field, Sandwich, Maes., and 
Houlton Airfield, Houlton, Maine. The following tests were performedî 

Field Tests: 

(1) Plate Bearing Tests 
(a) Static Load 
(b) Repeating Load 

(2) California Bearing Ratio (CBR) 
(3) Wa tar Content 
(U) Density (Unit dry weight) 

Laboratory Tests: 

(1) Classification Tests 
(a) Sieve analysis 
(b) Hydrometer analysis 
(c) Atterborg limits 
(d) Specific gravity 

(2) California Bearing Ratio (CBR) 

(3) Pavement Tests 
(a) Extraction of bitumen for bituminous concrete 
(b) Gradation of aggregate in bituminous concrete 
(c) Modulus of Rupture for cement concrete 
(d) Compressive Strength 

(M Soil Compaction Test (Moisture - Density) 

Where the procedure followed is a standard of the Engineering Manual or the 
American Society for Testing Materiale (A.S.T.M.), the reference or test 
number will be given, followed by a description of deviations from the 
standard, if any. 

2. Field Tests. 

a* fíate Bearing Test - Static Load. - Engineering Manual, Chapter 
paragraph 20-41, The load for each increment was maintained constant 

until deformation change in five minute period was less than 3 corcent of the 
total change for the load increment. For each increment of load, deflection 
readings were taken at time intervale l/k, 1, 3, 5, 7, 9, 10, 12. lU 17 

2?' 2l^ -*0 minuto8* The equipment illustrated in* 
Photographs on Plate 3E-1 in this appendix. 
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Subgrade Modulus Tost,- Tests v/ere performed on top of 
the gravel base directly beneath the rigid pavement using 
a 30-inch diameter plate as outlined above. 

Application of test to flexible pavement.- Pavement 
bearing tests on bituminous concrete pavement were 
made in the manner described in the Engineering Manual, 
except that the 30-inch diameter plate was placed directly 
on top of the pavement# A thin layer of sand was used 
to seat the plate to insure uniform bearing. 

Application of test to corner of rigid pavement slab.- 
The standard procedure was used to determine the load re¬ 
quired to fracture corners of cement concrete pavement 
slabs, with the exception that a plate 24 inches in dia¬ 
meter was used. The plate was seated on a thin layer of 
sand at the comer of the slab. The edge of the plate 
was 3 inches from the slab edges. Two extonsometers 
were placed in a line bisecting the right angle formed 
by the pavement joints. The load was applied in in- 
crer.onts of 20, 30, 35 , 40, 45 , 50, 55 and 60 thousand 
pounds. If the available load was not sufficient to 
cause failure, the loading was released in one decrement 
and reloaded by increments to the maximum total load. 
This procedure was repeated until rupture occurred or 
for a total of 5 repetitions, 

k* Plate bearing Test - Repeating Load,- The same type and 
arrangement of testing apparatus as required for the static load tost 
described in paragraph 2a above was used. A 24-inch diameter bearing 
plate was placed on top of the bituminous pavement. To insure uniform 
bearing, a thin layer of sand ras used to seat the plate. The tost was 
conducted in the following manneri A seating loud of 3500 pounds was ap¬ 
plied 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 l/4, 1, 2j, 6j, and 
10 minutes. The load was rapidly released and deformation readings taken 
at the end of a 5-minutc period. The foregoing procedure was then re¬ 
peated until ten load repetitions had been made. The results of the test 
were shown graphically by plotting a continuous graph of the deformation 
measurements taken at the end of the five minute period under no load and 
at the end of the ten minute jxriod under 20,000 pound load, the deform¬ 
ations being shown as ordinates and the load as abscissae. 

c* CBR Test.- The method described in Engineering 
Manual, Chapter XX, paragraph 20-18d,MCBR Test on Soils in Place'* was used. 
The standard CBR tost head was secured to the piston of a 10-ton hydraulic 
Jack equipped with 3 pressure gages for low, medium and high pressure. 
The reaction was furnished by two 6-foot lengths of 30-lb, steel rail 
bolted together and weighted by the front wheels of a 2j ton truck. The 
surcharge weights consisted of thin annular load plates 6 inches in dia¬ 
meter with 2-inch diameter hole in center. At each location J*', the soil 

(1) 

(2) 

(3) 



profile where a Field CBR test was conducted, water content and density 
of the soil were also determined. 

d* Water Content.» The quantity of water contained in the soil 
was determinod by weighing a small representative sample of the soil (200 
to 300 grams) before and after drying it in an oven at a temperature of 
about 110°C. Eight ounce ointment tins, a scale sensitive to 0.01 gram 
and an electric oven were used. Stones larger than i inch in diameter 
were not included in the samples. The water content was reported as a 
percent of the diy weight of the soil, 

e, Density of Soil in Place.- Density of a soil is defined as its 
unit dry weight^ The aensity of the soil was determined t>y weighing the 
soil removed from a hole, 6 to 8 inches in diameter and 6 to 8 inches deep, 
and measuring the volume of the hole from vhich the soi] was removed. The 
procedure used is as follows: The surface of the undisturbed soil was 
leveled using a trowel to provide a horizontal area about 12 inches in dia¬ 
meter, By means of a trowel and spoon, a hole was excavated and the soil 
was removed and placed in gallon size cardboard cartons. In digging, care 
was exercised to <"ut toward the center of the hole and to avoid compressing 
or loosening the sides of the hole. When enough soil had been removed to 
provide a hole of the desired size, the soil removed was weighed on a scale 
sensitive to 0,01 gram. The volume of the soil thus removed, was deter¬ 
mined from the weight of beach sand of known density required to completely 
fill the hole. The density of the beach sand was frequently determined by 
weighing a known volume of the sand which had been poured in tho same manner 
as employed when pouring the sand into the hole in the soil. A representative 
portion of the soil removed from the hole was used for determining the water 
content using the procedure described in paragraph 2d above, 

3, Laboratory Tests 

a* Sieve Analysis.- Coarse material was separated from fine on 
1/4-inch sieve, haterial passing l/4-inch sieve was quar¬ 
tered to 100 grans and washed on No, 100 (Tyler) sieve using 
not more than 1000 C,C, of water. The portion retained in 
wash water was used for hydrometer analysis. Material 1/4- 
inch to No. 100 (Tyler) was dried and sieved in mechanical 
shaker, Material retained on 1/4—inch sieve was sieved by hand. 
The complete sieve analysis was computed and plotted, 

b* Hydrometer Analysis.- The diy weight of sampA conUined in 
wash water described in above Paragraph 3 (a) was determined 
by the pycnometer method. The total dry weight was computed 
and grain size and percent finer of material passing No. 100 
mesh sieve was determined as described in "Notes on Soil 
Testing for Engineering Purposes" ty A. Casagrande and R.E, 
Fadum, Harvard University, 1940. 

c* Atterberg Limits.- Procedure described in "Notes on Soil Test- 
ing for &igincoring purposes" by A. Casagrande and R.E. Fadum, 
Harvard University, 1940 was followed. Each value reported is 
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the average of at least two tests¿ 

d. Specific Gravity." 
Tl) Material Passing l/4M Screen. Approximately one hundred 

grains of material were placed in calibrated volumetric 
flask approximately two-thirds full of water and the mix¬ 
ture boiled for ten minutes to remote air. The flask was 
cooled and water vías added to bring contents to calibration 
mark. Outside of the volumetric flask and the inside of the 
neck was thoroughly dried and weighted to .01 gram and 
temperature determined. Weight of bottle and water was 
determined from calibration curve, Dxy weight of soil 
determined and specific gravity computed. 

(2) Material Retained on 1/411 Screen.- The specific gravity 
was dotumined in accordance with A.S.T.ü. Designation 
C-127-42, 

°* CBP Test.- The procedure for this test is that given in the 
Engineering Manua*, Chapter XX, paragraph 20-18, as revised by letter from 
O.C. of E. dated 12 May 1944 (CE-12 May 44-SPENM). Weight of surcharge 
during soaking and penetration was equivalent to the weight of overlying 
materials in situ, except that during penetration the surcharge weight was 
not greater than 30 lbs. or less than 10 lbs. Stone not passing the 3/4- 
inch sieve was replaced with similar stone passing the 3/4-inch sieve and 
retained on a 1/4 inch sieve. The water content of each compacted speci¬ 
men is the average detemined in the bottom, center and top. 

f. Pavement Tests.- 

(1) Extraction and Recovery of Bitumen. - A.S.T.M. D762-44T, 

(2) Gradation of Aggregate (extracted from bituminous 
concrete). - A.S.T.li. C 136-39. 

(3) Modulus of Rupture for Cement Concrete. - A.S.T.M. 
C 78-39. 

(4) Compressive strength of modified cubes tested in accor¬ 
dance with A.S.T.M. Designation C 116-39 and cores in 
accordance with A.S.T.Ü, C 39-42. # 

g. Soil Compaction Test.- The procedure is described in Eng¬ 
ineering Manual, Chapter XX, paragraph 20-Ka (1). This test, called the 
"Modified AaSHO Compaction Test", is performed in the same manner as that 
portion of the CBR test procedure specified for determination of maximum 
density and optimum rater content. The soil was compacted into a standard 
CBR mold in five layers, each approximately one inch in thickness under 
fifty-five blows of the 10 pound rammer dropped from a height of eighteen 
inches. 
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rhe following bibliography contains references to published articles 

on subject matter related to first phenomena. It is limited only to those 

articles irtiich deal with seasonal frost and its effect on soils. Publica¬ 

tions or articles dealing with permanently froten ground or ’’r'orrr.frostn 

are not within the sco¡ a cf this bibliography. 

This bibliography originally appeared as Appendix 15 to Comprehensive 

Report on Frost Investigation 19l4Í4“19l45» dated June 19ii5» ^ been aug¬ 

mented since then by the addition of references taken from a bibliography 

on frost action prepared by the Highway Research 3oard and from a bibliog¬ 

raphy on frost and permafrost prepared by the Documentary Research Division, 

Air ’Jniverrity Li brer >3, ’ axwell Field, Alabama, and other sources. 

The references prefixed with un asterisk (*) are on file at the Frost 
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* AARON, H, "Frost Heave in Highways and Its Prevontion". 
Public Roads, Vol, 15# No. 1# pp. 10-16/, March 193U 

ABBS, C, "Ice Columns in Gravelly Soil," U. S. Dept, of Agriculture, 
leather Bureau, Monthly leather Review, Vol. 33# No. U, pp. 157- 
156, April, 1905. 

Description and explanation of the phenomenon of slender 
oolumns of ice (needle ice, hoar frost) found at the surface 
of gravelly soil in moist places after a clear cool night. 

AGAFONOFF, V. and PAVDOVITCT, ST. "L'Analyse dite Thermique, 
Appliquée a L'etude du Sol." Academie des Sciences C.R., 
Vol. I97# PP» I66-I68, July 10, 19¾. (in Prench). 

ALLEIN, HAROLD and JOI'NSON, A. v<. "The Results of Tests to Determine 
the Expansive Properties of Soils," Proceedings, Highway Re¬ 
search Board, Vol. l6, pp. 220-233, l^^ - 

Condensed report of a comprehensive study of the swelling 
characteristics of live Kansas soils. Includes data on 
volume change on repeated freezing and thawing on soil, 

ALLEN, I'APOLD. "Report of Conrittee on harping of Concrete Pavements." 
Proceedings, Highway Research Board, Vol. 25, pp. I99-25O, 19^5, 

A description of concrete pavement details and cheir rela¬ 
tion to distortion of pavement (high joints) duo to frost 
action; artificially produced high joints; joint drains; oil 
and tar treated subgrades; selected low volume change base 
courses and mintonunce of joints as related to frost action 
and high joints. 

* ANDERSON, A.B.C., FLETO1'®, J. E., and EDLEFSEF , l\ E. "Report of 
Committee on Physics of Soil-’ïoisture, 19¿l-¿2 (Soil-Moisture 
Conditions and Phenomena in Frozen Soils)". Transactions, 
American G.ophysical Union, pp. 355-571, 1912' 

ANDERSON, H. fY,, "Soil Freezing and Thawing as Related to Sane 
Vegetation, Climatic, and Soil Variables", Journal of Forestry, 
Volume I45, ro. 2 (February l?!;?)# PP. 9^*101. 

A”DERS0N, J, G. "Solifluction, A Component of Subaerial Denudation." 
Journal of Geology, Vol. li*, No. 2, pp. 91-112, Feb.-March, I906. 

Description 0? and climatic features which ca.tse thu slow 
moving of soil from higher to lower ground by solifluction 
(derived from solum-"soil" and flucro-"to flow") in the sub¬ 
glacial climate of tho Falkland Islands, the Rocky Mountains, 
Spitzbergen and Scandinavia. 

ANGSTROM, A. and PETRI, E, "Now Ground Thermometer and Somo Obser¬ 
vations on tho Ground iomperature in the Vicinity of Stockholm". 
Toknlck Tldskrift. Vol. 58, pp. 237-21*1, June 9, 1928. 
(in Swedish) 
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ARI,ICO CULVERT MANUFACTURERS ASSOCIATION. ’’Handbook of Culvert and 
Drainage Practice." PP. I4.I, 67# 111# 305-3O8, 531« Chicago! 
R. R. Donnelley & Sons, 1937» 

Pressure due to frost action, transvcjrso forces and frost 
action, depth of footings, frost heavos and frost boils, 
heaving track, and theory of frost heaving. 

ARTDT, Vï. J. "Temperature Changos and Duration of High and Low 
Tomporatures in a Concrete Pavement." Proceedings, Highway 
Rosearch Board, Vol. 23# PP» 273"?79» 1^3• 

Includes data on soil temperatures under concrete pavements 
for the period 1936-19lj-l« 

ARNOLD, F. P. "Frost Breaks in Macadam Roads Due to Inadequate 
Drainage." Engineering ! eivs-Record, Vol. 79# No. 20, p. 933# 
Nov. 15, 191TT 

Rosults of a field study of 96 bituminous macadam failed 
areas in Wyoming County, N, Y. The drainage conditions 
causing failure due to frost action and suggested remedial 
measures are described. 

* ATKINSON, H. B. and BAY, C. E. "Some Factors Affecting Frost- 
Penetration". Transactions, American Geophysical Uuion. 
PP. 935-95I, 19ÏÏE 

BADER, DR. HENRI, Snow and Ice Research - Technical Problems, 
Rutgors University, Bureau of Mineral Research, 12 Aug. 19U7» 

BARNES, H. T. "Ice Engineering," Montreal, ftenouf Publishing Co., 
I928. 361). pp. 

Comprehensive treatise on properties of ice. Specific 
reference is made to data on latent heat of fusion; latent 
heat of vaporization; specific heat of ice; thermal con¬ 
ductivity of ice, snow and water; and coefficient of expan¬ 
sion of ice, 

BAU IT’GENEUR , "Frost Heaving in Road Subgrades," Public Works 
(Road Abstracts from Bauingenour ) ; Volume 'fU {September 19U3)# 
pp. B* APJ 

BAVER, L. D. "Soil Physics." PP. 153-155 and 267-289. N. Y.t 
John ’Viloy and Sons, IGI4.0. 370 pp. 

Discussion of effect of freezing and thawing on soil 
aggregation; relation of soil color to temperature; thermal 
properties of soils (specific heat, thermal conductivity, 
heat capacitj1-, thermal diffusivity) ; theory of heat flow; 
soil factors affecting heat conductance; and daily and 
seasonal changes in soil temperature. Bibliography. 
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BECKER, G. F. and DAY, A. L. "The Linear Forco of Growing Crystals.” 
Proceodings, Washington Academy of Sciences, Vol. 7* PP» 263" 
28B, July 1905. 

The authors found it practicable, in a saturated alum solu¬ 
tion at a constant temperature, to grow clear crystals a 
centimeter in diameter which would raise a weight of one 
kilogram a distance of several tenths of a millimeter. 
Similar results were obtained with salts of copper, potas¬ 
sium and lead. 

BEKKER, M. J., "Fundamentals of Soil Action under Vehicles, Part II,” 
Associate Commission on Soil and Snow Mechanics, National 
Research Council, Canada, Technical Memo. No. 8 (Juno 19L7)» 
EL-7307.** 

BELCHER, D. J., GREGG, L. E., and WOODS, K. B. "The Formation, 
Distribution and Engineering Characteristics of Soils.” Purdue 
University, Enginejring Bui., (Research Sor. No. 87, Highway 
ftosoarch Bui. tío. ÏO). pp. 125-132, Jan., I9U3. 

Discussion of frost action and its relation to nature of 
glacial drift. Podologie Soil Serios, soil structure and 
to damage occurring during the frost molting period. 
Bibliography of 21I4. published works. 

BELCHER, D. J, "Subgrado Soil Temperatures.” Proceedings, Purduo 
Conference on Soil Mechanics and its Applications, Purdue 
tJniversity, Symposium on Frost Action, pp. /^-402, Sept. 
2-6, 19it0. 

Data on and discussion of influence of air temperatures, 
propagation of temperatures, temperature and frost penet¬ 
ration in soils. 

* B3L0TELKIN, K. T. "Soil-Freezing and Forest-Covor". Transactions, 
Americm Geophysical Union, pp. 173-175, 19Í¿L 

* BENKEIiilAN, A. C. and OLMSTSAD, F. R, "A New Theory of Frost 
Heaving”. Highway Rosearch Board, Vol. 11, pp. 152-177, 
I932. (Discussion by A. Casagrondo, W. I. Watkins, S. Taber). 

* BENKELMAN, A. C. "Studies of Frost Heaves in Michigan”. Roads 
and Streets, Vol. 7I, pp. ?7?-?76, July I93I. — 

BFÜ^ETT, E. F. "Frost Action in Soils," Proceedings, Purdue 
Conference on Soil Mechanics und its Applications. Purduo 
University, Symposium on "rest Action, pp. U71-U75, Sept. 2-6, 
I9U0. 

Discussion on frost heave around culverts, drainage and the 
use of the soil survey for locating frost susceptible soils 
and soil conditions. 
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* BERGGREF, ïï, P. MProdiction of Temperature Distribution in Frozen 
Soils", Transactions, American Geophysical Union, pp, 71“77* 
19il3. - 

* BSSKOW, G, "Soil Freezing cold Frost Heaving”. Public Works, 
Vol. 67# pp. Ul-1*2, February 1936. (Abstract). 

* BESKOTC, G, "Prevention of Detrimental Frost Heave in Sweden”. 
Highway Research Board, Proc. 18th Meeting, Part II, pp, 
566-370, 1930. 

* BESK0ÏÏ, G. "Tjalbildningen och Tjallyftningcn" (Soil Freezing and 
Frost Heaving! with Special Reference to Highways and Railroads), 
Statens Vaginstitut, Mcddelando I4B, Swedish Geological Society, 
Series C, No, 375# Stockholm, 1935* 2i|2 pp, (Translated by 
J, 0, Osterberg and published by Northwestern University, 
Evanston, Ill,, November 19li7). 

A treatise on frost action based on comprohensive studios 
in Sweden and on a critical review of previous published 
literature. Included are data and discussion on* history 
of frost studies; discontinuous frozen soil; the process 
of soil freezing; factors that determine the typo of frozen 
soil; factors determining arrangement of ico layers; the 
process of frost heaving; freezing of non-saturated soils; 
effect of pressure on heaving; water content increase; cap¬ 
illarity; hygroscopicity; permeability; suction; stratifi¬ 
cation (soil structure); ground water; and temperature of 
freezing soil. Bibliography. 

BESKOV, G,, "Soil Freezing and Frost Heaving with Special Application 
to Roads and Railroads," Soil Science, Volume 65 (April 191+8), 
P. 355. 

BETTER ROADS, "Holdinr Down Spring-Thaw Damage." Bettor Roads, 
Vol. 17, No. 1+, pp. 32-31+, April, 191+7. — 

Answers from seven State and two county highway departments 
to the Better Ronds Forum questions; "How can wo diplomati¬ 
cally keep heavy trucks off the roads they will damage most 
severely* How can we convince truck owners and operators 
that load restrictions during the break-up period are in 
everyone's interest.?" 

BLATChARD, A. F. "Amori+an Highwav Engineers Handbook,” PF. 1+50# 
I+5I, 923. N. Y., John V.iloy and Sons, 1919. 

Subdrainago and failures due to frost action, 

B0DI.ÎAN, J. D,, "Peculiarities of Aleutian Military Design." Civil 
Engineering, Vol. 15, (September 191:5). dp. Ii02-ii0li ArTL 
-ÃTriõf description of some of th: problems encountered 

in constructing military basos on the Aleutian Islands. 
There is no permafrost in the Aleutians. 



BOUYOUCCS, G. J. ’’An Investigation of Soil Temperature and Some 
of the Most Important Factors Influencing It". Michigan 
Agrjcultural College, Bulletin 17, I913. 

BOUYOUCOS, G, J. "Soil Temperature," Michigan Agricultural College, 
Exp, Sta., Technical Bui, No, 26, Jan,, 1^16. 1^3 pp. 
”” The author reviev:s his previous work (Technical Bui, No. 17» 

I913) on specific heat and conductivity tests and presents 
voluminous soil temperature data taken during 1913» 191^ 
and 1915» also discusses the effect of meteorological 
elements on the soil temperature; daily and monthly maximum 
and minimum temperature, the monthly amplitude, and the 
degree of amplitude for different depths and the law it 
follows. 

BOUYOUCOS, G, J, "Effect of Temperature on Movement of Water Vapor 
and Capillary Moisture in Soils." Journal of Agricultural 
Research, Vol. 5, No. U, pp. II4I-17^7 Oct. ¿5,1915. 

Teat aoparatus, test methods, experimental data and theory 
of movement of moisture from warm soil to cold soil at 
various initial moisture contacts. Includes data on both 
vapor movement and capillary movement of moisture and re¬ 
lation of temperature to surface tension and viscosity of 
water, 

BOUYOUCOS, G. J. and McCCCL, M. M. "The Freezing Point Method as 
a New Means of Measuring the Concentration of the Soil Solution 
Directly in the Soil." Michigan Agricultural College, Exp, 
Sta., Technical Bui. No. ¿4, Doc., 1915. I4I1 pp. 

A correlation exists between the concentration of the soil 
solution, and the freezing point of the soil. Further 
discussion is given in Technical Bui. 3I, I916 by the same 
auth ors, 

BOUYOUCOS, G. J. and KcCOC'L, M, M, "Further Studies on the Freezing 
Point Lowering of Soils," Michigan Agricultural College, 
Exp, Sta., Technical Bui, NoV pi» Nev,, l^lîSÜ PP» ^ 

A test method and procedure, and the principle of that 
method of determination of freezing point lowering of 
soils is discussed, and experimental data are presented. 
The author discusses the relation between freezing point 
and weight of solid matter and osmotic pressure; signifi¬ 
cance of urfroe watT cn determinations; and the effect 
of successive freezings on lowering the freezing noint 
of soil. 

BOUYJUCOS, G. J, "Classification and Measurement of Different Forms 
of Water in the Soil by Means of thj Dilatometer Method". 
Mich, Agrie, College, Technical Bui. No. 36, pp. 1,3, 1917 
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BOUYOUCOS, G. J, ’’Measurement of the Inactive, or Unfrec Moisture 
in the Soil by Means of the Dilatometer Method.’’ Journal of 
Agricultural Rosnarch, Vol, 8, No. 6, pp. 195“217> Feb. 5* 1917» 

Two methods (the freezing point and dilatometor methods) 
arc presented for determining the freezing point of moisture 
in soils. Their relative value in measurement of the "unfrec” 
moisture is discussed. The principles of the methods are 
discussed and data are presented showing the per cent of 
water which fails to freeze in various soils at a given 
temperature, 

BOUYOUCOS, G, J, "Classification and Measurement of the Different 
Forms of ’.Vater in Soil by Means of the Dilatometor Method,” 
Michigan Agricultural College, Exp, Sta,, Technical Bui, No. 

Sept. ,1^17. I+Ö pp. 
The author discusses the principle of the dilatomoter method, 
and its use in determining the relative amounts of free, 
capillary, absorbed, and combined rater; describes the ap¬ 
paratus (dilatomoter) and procedure used; and presents ex¬ 
perimental data giving the per cent unfrcezablo water at 
various températures for different soils. Ho also presents 
data showing volume-change, tcmporat’vo relationships; tho 
effect of salts on tho amount of freezable water; and the 
rcluti onship between texture and unfrcezablo water, 

* BOUYOUCOS, G. J, "Degree of Temperature to ’Thich Soils Can bo 
Cooled Without Freezing", Journal of Agricultural Research, 
Vol, PO, No. U, pp, P67-2697flöv"; 1571¾ 

BOUYOUCOS, G, J. "A Now Classification of Soil Moisture”, Soil 
Science, Vol. 11, No. 1, pp. 33"U7# Jan* 1921. 

the author, on the basis of past researches (listed in this 
bibliography) classifies coil water into groups on the basis 
of freezing point, 

BOUYOUCOS, G. J, and McCOCL, M. M. "A Study of the Causes of Frost 
Occurrence in Muck Soils." Soil Science, Vol. IJ4, No. 5» 
pp. 387-389, Nov., 1922. - “ 

The authors present air and soil t :mp ^ratur ? data and discuss 
the effect of soil color; differences in temperature of air 
at various elevations above ground; differences in specific 
heat by volume of soil; and difA.ronces in heat conductivity 
of soils on the occurrence of frost in muck soils, 

BOUYOUCOS, G. J. "Movement of Soils Moisture from Small Capillaries 
to the Largo Capillaries of the Soil Upon Freezing," Journal 
of Agricultural Research, Vol. 2h, No. 5* PP# 1.1.27“¿31 » May ^, 
1^23. 

The author presents data shonnng tho effect of alternate 
freezing, thawing, stirring and standing on tho freezing- 
point depression of soils. From the data ho arrives at a 
hypothesis on the movement of moisture from the small to the 
large capillaries. 
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BOUYÖUCOUS, G, J», ’’The Heat of Getting as a iTew Means of Estimating 
the Colloidal Material in Soils,” Soil Science, Vol. 19* 
1925, P. 153. 

BOUYOUCOS, G, J, ATD McCOCL, M« M. ”Thj Correct Explanation for the 
Heaving of Soils, Plants end Pavements." Journal of the 
American Society of Agronomy, Vcl. 20, No."37 PP* i|ô, 
iiay, 192Ö, 

Three different types of heaving are described and an ex¬ 
planation of the causes of frost heaving is given. The form¬ 
ation of ice crystals and the movement of soil moisture as¬ 
sociated with crystal formation aro discussed. 

BOUYOUCOS, G. J, "A Now Electrical Resistance Thermometer for Soils." 
Soil Science, Vol. 63, No. I4., pp. 291-296, April, 19U7» High¬ 
way Resoarch Abstracts, No. lili, p. I4., May, 19^7. 

Description of two now typos of liquid electrical resistance 
thermometers for measuring soil temperature under field con¬ 
ditions. 

BOUYOUCOS, G. J. and MICK, A. H. "improvements in the Plaster of 
Paris Absorption Block Electrical Resistance Method for Measur¬ 
ing Soil Moisture Under Field Conditions." Soil Science, Vol. 
63, No. ó, pp. !|55-[|65, Juno, 19^7. Highway Research Abstracts, 
Vol. 17, No. 8, p. 5, Sept., 19i;7. 

Description and fundamental principles of the plaster of paris 
block, its limitations and its advantage in determining 
soil moisture and the freezing point of soils. 

BRIDGMAN, P, . "Effect of Pressure on th Freezing Point of Water". 
Smithsonian jhys. Tables, 200 Pag;s, 1921. 

BUETO".', rf, C. "Causes and Control of Damaging Frost Action in 
Shoulders and Uubgrado". 6th Annual Asphalt Pavement Con¬ 
ference. 1729. 

BUILDING SCIENCE ABSTRACTS, "Freezing of Foundation Soil Under Cold 
Storage Buildings". Building Jcionce Abstracts (British Pub,), 
Vol, Í6, PP.I4I, March 1¾. 

BURTON, V. R, and BENKELMAN , A. C, "Frost Action and Related Troubles 
with Paved Roads", Engineering N 'rs-Record, Vol, 105, pp. 990- 
991, Dec. 18, I93O. -- 

* BURTON, V. R. "Application of Soil Science to Highway Engineering". 
Roads and Stro.ts, Vol. 71, pp. l63-l65,May 1931 

* BURTON, V. R. and B3ÎKELMAN, A. C. "Frost Action in Silt Soils 
Defined by Field and Cold Room Studios", Engine .¡ring News- 
Record, Vol. 106, pp. 266-270, Feb. 12, 19317 
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* CALCIUM CHLORIDE ASSOC. NEWS. nPreventing Spring Breakup of Roads”, 
Public Works, Vol. 75, pp. 18, Aug. I9U1. 

CALCIUM CHLORIDE ASSOCIATION HEWS. "Calcium Chloride Treated Roads 
Guard Against Spring Breakup." Calcium Chloride Association 
News, Vol. 10, No. 3# PP# 3-5# «June, I9LI4.. 

Summary of experiences in six counties in Minnesota on the 
effectiveness of calcium chloride introduced in holes in the 
subgrade in preventing spring breakup. 

CALCIUM CHLORIDE ASSOCIATION. "Preventing Detrimental Frost Heaving", 
(By Treatment of Eruption Areas with Calcium Chloride), 
information sheet. Brief No. F-6I, Revised February I9Ú5, 
Calcium Chloride Association. 

CALLENDAR, H. L. "Preliminary Results of Observations of Soil Temp¬ 
eratures with Electrical Resistance Thermometers Made at the 
McDonald Physics Building, McGill University, Montreal." 
Transactions, Royal Society of Canada, Second Ser., Vol. 1, 
Soc. 3, PP# SJ-öt, May, 1095. 

Description of electrical resistance thermometers and procedure 
used in observing temperatures of soil to depth of 9 ft. Re¬ 
sults presented graphically show iso-thermal diagram for 
winter months, diurnal variations in air and in soil tempera¬ 
tures at various depths, variation of temperature with depth 
on various dates, and integrated curves of sunshine. Pre¬ 
sented also is a method of computing thermal diffusivity 
from graphical temperature data. 

CALLENDAR, H. L. and McCLEOD, C, K. "Observations of Soil Temperatures 
with Electrical Resistance Thermometers." Proceedings and 
Transactions, Royal Society of Canada, Second' i>er., Vol. £, 
Sec. 3, ?P# IO9-I26, May, 1896. 

A continuation of the May, 1995 (I895-I) report by the Senior 
Author giving more complete data on soil temperatures. The 
data are presented in the form of an isothermal diagram, 
March, 1895 to April, I896, and curves showing variation in 
temperature with depth. A table of thermal diffusivity 
values are given for various seasons of the year for various 
depths. 

CANADIAN NATIONAL RAILWAYS, "Perpetually Frozen Subsoil in Northern 
Canada", Canadian National Railways, Western Region, Office of 
The Chief Engineer, Winnopog, Manitoba, 29 March, I9U0. 
(Reproduced by tho Engineer School, The Engineer Center, Ft. 
Belvoir, Virginia. 

* CASAGRA'DE, A. "Discussion of Frost Heaving". Proceedings Highway 
Research Board, Vol. II, Part 1, pp. l68-l7¿, 193?. * ^ 
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CASAORANDE, L. Exparinontal Hoad Section«, "The Drainage of Founda- 
tien«. Strassee, 1938, 5 (16), 529. Road Abstracts . Vel. Ä 
v„°; 1c' Í!**/0:. 20' .?• 5..fan. , 1939..-^-¿e al«o Road Abatract« . 
vol. 5, .10, 5, Abst. Ko. 273. PP. 73-71*. Aug., 193BT -- 

A discussion of the effectiveness of drainage or. frost action 
on experimental road sections in Baden, Germany. 

CASAGRWDE.L. _ »Effects of Frost in Soil." Permanent International 
Association of Hoad Congresses, First aKTTecond Sea'. Combined, 
oth Congress, The riague, 6th Question, pp. 10-11, 1938. 

Brief summary concerning the limiting grain size boteeen 
frost-susceptible and non-frost-susceptible soils. 

CAS AGRANDE, L • 'Tïhat has the Frost Damage of Last Winter Taught Us.» 

T il -n7. It8:9:10\n' 193-201' l*°- R-d Ab^racts Vol. 8, Uo. 11, Abst. I¡o. p. 133, Oct. 1U, I9I4. Highway 
Rojearch Abstracts. Mo. 86, pp. 7-8, Jan., 19b2. ^ 

pêscFTpH^TSTThe effects of exceptional hard winter of 
1939-1%0 on German highways. A review of criteria on effect¬ 
iveness of frost prevention for average winters, effect of 
¿.rain size, granular bases, drainage, necessity for dowelling 
concrete pavements and others. ‘ lng 

CASAGRANDE^L. ^"Lessons from Frost Damage to Roads». Roads and 
— fVol# 80» PP» 10°, Feb. 191*2. (Abstract)”- 

* CLARK, K. A. »Some Examples of Frost Boils Occurring on Alberta 
ïofl935.* --° Canadian Bnginocr. Vol. 69, pp. 7-10, Sept. 

CUY PRODUCTS ASSOCIATION. »Highway Drainage.» 1st Ed. P. 10, 
Chicago: The Association, 1939. 

Brief reference to the nature of frost heaves. 

CUY ^ ASSOCIATION. INC. "Clay Pipe a«i„,oring Manual." 
• 29 , • Columbus, 0.: The association. 19ii6, 
The use of subsurface drains to prevent damaging frost heave. 

* COLLINS, A. R. »Destruction of Concrete by Frost». Journal of the 

rra.! on ofClTnf^dLi. »o/i,Terror52 
(Abstract in 1 ■{ way Research Abstracts , Jan. I9I45). 

COf'CRETE. »Tinter Construction Methods Followed at Bomber Bases.» 
Concrete, Volume 51 (October 19l;3), pp. 2-5. 

A report on the construction of on Air Field in thr Pacific 

duf^t % Jr1VK ÍnCheS °f fr0Zen ground wcre thawod or dug out and then backfilled. 

CONSTRUCTION NNipCDS. ^rjcing Fno.on Croundin. the Arctic, Building 

PP. 92-95^ ' -Construl:tif'n Methods . Volume 30 (April 19l*B) 
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CORNELL UNIVERSITY. ’’Soil Solidification Rosoarch” Cornell University, 
Chapter V, Soil Water. 

Describes soil water phonomena. 

DAXELHOFER, J. P., ’’Contribution a L'etudo Experimental© do la 
Formation de Lentilles do Glace dans 1c Sol," Bulletin 
Technique de la Suisse Romande, Volume 72, No. 1^ (June 22, 

DAY P. R. and BODMAN, G. B. "Thermoelectric Method of Determining 
the Freezing Points of Soils". Proc. Soil Sei. Soc. Amer., 
pp. 65-71/1937. 

* DOCKSTADER, E, A. "Effect of Freezing and Thawing of Soil Under 
Foundations of Cold Storage Warcuouse." Proceedings, Inter- 
national Conference on Soil Mochanics and'Toundation Engineering, 
Harvard University, Vol. j', pp. 17Í-ÍT3í Jum* 22-26, 1936. 

Factual dataon depth of frost, height of heave due to heaving 
of foundation soil and settlement of foundation of a nine 
story cold storage building under controlled thawing. 

DUECKER, A. "Experimental Study of Effect of Texture on Freezing 
of Non-Cohesive Soils; Freezing of Texture Fractions of Soils 
and thoir Mixture". Forschungsarbeiten aus dem Strassonwessen, 
Bulletin 17, 1939. (In Gorman). 

The results of experimental studies on the effect of toxturo 
of non-cohosive soils and the freezing of texture fractions 
of soils and their mixtures. 

* DUECKER, A. "Soil Colloids and Their Behavior When Subjected to 
Frost Action". (Ueber "Bodonkolloide" and ihr verhalten bol 
frost), (From Der Bauingenieur Vol. 2J, pp. 235“237. August 
5, I9Ú2; translated by H, B. Edxvards, Engineer Department 
Rosoarch Centers, Vicksburg, Miss., Dec. 19Ua» H pages, Tr. 
1U1, !*U-Uo). 

Review of and discussion on the Schmid and the Casagrando 
criteria for the effect of frost on a soil; data and dis¬ 
cussion on results of freezing tests on soil colloids; 
bibliography . 

EAGER, WILLIAM L. and PRYOR, WILL UM T., "Icc Formation Along tho 
Alaska Highway", Proceedings, Highway Research Board, Vol. 2I4. 
(19Í4¿*), PP.398-U0U. 

The authors describe experiences with ice during the first 
years of tho operation of the Alaska highway, nnd suggest 
methods of control that were found to be most satisfactory. 
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EAGER, W, L« and PRYOR, Vf. T* nIce Formation on Alaska Higii/ay", 
Public Roads, Volumo 2Ui No. 3 (January, February, and March 
19^J pp. 55-74# 82 See also-Engineoring and Contract Record, 
Volume 58* No. 12 (December 1946;, pp. 38-9, 98, loó, 102, 
104-6. 

This article contains a lengthy discussion on icing on the 
Alaska Midway. Permafrost and its effects upon icing are 
also discussod. 

EAKIN, H. M. "The Yukon-Koyukuk Region, Alaska." U. S. Geological 
Survey, Bui. No. 63I, pp. ?6-82, 1916. 

Description of the process of solifluction (soil flow) or 
migration of detritus under thrust and heave of frost action 
under sub-arctic climatic conditions. Also includes visible 
features of frost heave mounds and -the distribution of rock 
in mounds. Illustrated. 

EDLEFSOIÏ, I!. E. and ANDERSON, A. B. C. "Thermodynamics of Soil 
Moisture”. Hllgardla, (in press 1942. 

* ELGAR, W. H. "Soil Movements as Affecting Paved Surfaces", Ppblic 
r'orks > Vol. 75, pp. 17-18/, December 1944, (Abstract from 
^TKe Surveyor"). 

♦ EJ®EY, D. J. "Subgrado Soils, Their Analysis and Drainage". 
The Canadian Engineer, Vol. 72, pp. 5-9, Mar. 23, 1937. 

ENDELL, K., LOOS, 17,, and HRETH, H. "Report on original experimental 
studies of relation between freezing of soils and its physical 
properties} condition of soil colloids, water capacity, water 
porviousness and capillary phenomena". Forschungsarbeiten 
aus dom Strassonwessen, Bulletin l6, 193^, ¿55 pagos 
(In Gorman). 

ENOf’ERRING AND CONTRACT RECORD. "Extent of ^rost Penetration in 
Soils." Engineering and Contract Record, Vol. 50, No. 89, 
p. 11, Sept. 8, 1^37. 

A tabulation of depth of frost penetration at ten locations 
and depth of permafrost at five locations in Canada. 

ENGINEER IN G A”D C<1î TRACT RECORD. "Inexpensive Treatment for Frost 
Boils helps Prevent Costly Pavement Repairs." Engineering 
and Contract Record, Vol. 55, No. 42, p. 33, Oct". S', I%2. 

Brief di soussion on drainage, crack sealing and use of 
calcium and sodium chloride to prevent frost heave. 

ENGINEERING AND CONTRACT RECORD, "Extent of Frost Penetration in 
Soils". Engineering and Contract Record, Vol. 50, pp. 11, 
Sept. 8, 1^*7. 
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ENGINEER II’G N E^/S-RECORD. '’Impervious Bituminous Wall Suggested to 
Prevent Seepage Under Paving,” Engineering News-Record. 
Vol. 81, No. 5, pp. 226-223, AugTTTWr 

A staff review of J. W. Lowell’s "An Investigation of the 
Vertical Movements of Concrete Pavements.” Proceedings, 
American Concrete Institute, Vol. lit, pp. 366-375* June 
WZT1918.- 

* ENG RISER ITT G NEWS-RECORD SURVEY, "Heavy Frost Damage to Roads Follows 
Open Winter." Engineering News-Record, Vol, 100, No. 17* 
pp. 668-669, April 26, 1920. 

A general survey of frost damage from reports of State 
Highway Engineers in 12 states in the frost zone. 

ENGINEERING NEWS-RECCRD, "Mitigating Foost Action on Road Surfaces", 
Engineering News-Record, Vol. 1, 10i+, pp. 1021-1023, June 19, T95Ü- 

* ENGINEERING HEN'S-RECORD. "Ice-Pressure Determinations in Clay Soils". 
Engineering News-Record, Vol, II5* pp. 127, July 25, 1935« 

* ENGINEERING NE"«S-RECORD, "Frost Penetration Studies at Portland, 
Maine". Engineering News-Record, Vol. II6, pp, 536. April 19, 
1936. - 

ENGINEERING NEWS-RECORD. "Fast Foundations in Frozen Ground," 
Engineering News-Record, Volume 128 (May 21, 19^), P» 853 

This article deals with the preparation of foundations for 
buildings. No location is given, but the writer states 
that the frost penetrated to a depth of five feet. The 
ground was thawed with a coke fire, and the excavated area 
wras covered and kept thawed with heaters, 

ENGINEERING NEWS-RECORD. "Effect of Frost on Roads", Studied in 
Minnesota, Engineering News-Record, Vol, lUl, No. 2I4., Dec. 9, 
1918, p. 88. - 

• 

ENO, F. H, "The Influence of Climate on the Building, Maintenance 
and Use of Roads in the United States". Highway Research 
Board, Vol. 9, pp. 211-21+3, 19¾. 

ENO, F. H, "Some Effects of Soil, Water, and Climate Upon the 
Construction, Life, and Maintenance of Highways," Ohio State 
University, Eng. Exp, Sta. Bui, No. Ö5, pp. 57-60, Nov., 1934. 

Ôrieí1 discussion 03^ capillarity and frost action in sub¬ 
drainage of highways in Chio. 

I 
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ERLENBACH, L, ’’Recent Observations and Research on Frost Damage 
in East Prussia.” Strasse, 1937» 5 (2), 1^-6. Road Abstracts, 
Vol. 5, No. 3, Abst. No. 139, pp. 39-i|0, May, 193». 

A description of severe longitudinal cracking and heaving 
in East Prussia during the severe vanter of 1936-37; nature 
of the soil, nature of the sand used in the "protective 
course"; and ineffectiveness of drainage by side ditches to 
prevent frost damage, 

ETOOKBOT, I. and ROKOTO^iSKY., "Bouten in Ewiggefrerenen Boden in 
Sibérien", Bauingenieur, Vol. 1I4., pp. 22ÍÍ-226, April II4., 1932. 
(ln German). 

* FULLER, H» U. "Frost Penetration as Affected by Weather and Snow 
Conditions". Journal of the New England hTator Works Assoc., 
Vol. 50, pp. 299-3ÓÍ, 2opt. 1936. 

* FULLER, H. U. "Studies of Frost Penetration". Journal of the 
New England Water Works Assoc., Vol. 5I+, No. 3» PP» 275-281» 
Sept. 1940. """ 

GARDNER, D. L. and WRIGHT, G. C. "Frost Heave Measurements for 
1938-1939." A thesis in partial fulfillment for the Degree 
of Bachelor of Science, University of New Hampshire, 1939. 
U5 pp. 

Report of the continuation of a study of tho relation be¬ 
tween accumulated air temperatures and frost heave begun in 
I92Ö under the firoction of Professor A, Casagrande, Tho 
thesis reports data obtained during the vanter of 1938-39. 

GARDNER, R, "Some Effects of Freezing and Thawing on the Aggregation 
and Permeability of Dispersed Soils." Soil Science, Vol. 60, 
No. 6, pp. U37-W3» Dec., 19i;5. 

A discussion on the effect of freezing on soil aggregation 
and permeability with experimental data on restoration of 
structure to puddled saline (sodium) soils; and the effect 
of freezing on tho permeability of dispersed soils. 

* GARNEAU, J. B, Discussion» "Soil Stabilization and Prevention 
of Frost Heaves", Tho Canadian Engineer, Vol. 77» PP. 52-5U» 
Sept. 19, I939. 

GESLIN, H. "The Rate of Freezing in Soil and its Dependence on tho 
Thickness of the Snow Layer," Comtes Rendus (France), 19^42» 
2li.r(3)# I2U-5. Building Gcience Abstracts, Vol. l6 (New 
Series), No. 1, Jan., 19n3. Highway Research Abstracts, 
No. 99, p. 8, April, 19^3. 

Depth of snow cover necessary to prevent freezing of the 
underlying soil. 
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GILBOY, G. "Soil Mechanics Research," Proceedings, Americah 
Society of Civil Engineers, Vol. ^TTFoTF, p'p71T8'5'-Í'í86, 
Öci., I93I. 

An explanation of the mechanics of frost action based on 
results of field laboratory studies in cooperation between 
U, S, Bureau of Public Roads, the State of New Hampshire, 
and M.I.T, 

GILKEY,H. J, "Freezing Ground Acts Like Hydraulic Jack". 
Engineering News-Record, Vol. 79, pp. 36O-36I, August 23, I9I7. 

GODSKESEN, 0. "Security against Frost Heave can often be found in 
Half the Frost Free depth". Proceedings, 2nd International 
Conference on Soil Mechanics, Volume n, kotterdam, 19U8. 

G00DELL, B. C* "Soil Boring Tool for Frost Depth Determination", 
Journal of Forestry, Vol. 37» No. 6, pp. U57-U59» June 1939. 

GOTTSTHIN, E. "Fundamentals onltFrost Damage to Roads,nIts Causes 
and Prevention." (Grundsätzliches über Frostschaden an 
Strassen, ih;-e Ursachen und ihre Verhütung), Berlin, 1937 
(Volk and Reich Verlag), p. I9, Fig. 30. Road Abstracts, 
Vol. 5, No. 2, Abst. No. 7kt P« 21, April, i$38. 

An abstract of an original article dealing with the under¬ 
lying principles of frost effects and measures to obviate 
the damage. The author gives experience on German roads 
during the severe winter of 1935-36 and refers to a com¬ 
prehensive bibliography by H, Petermann and E. Boedeker 
(see Road Abstracts, 1937-8» Vol. I4., No. 213). 

GOULD, C. B. "Tile Drains Solve Frost Boil Problem," Roads and 
Streets, Vol. 7I, No. 7» PP. 257-258, July, I93I 

A description and tabulation of cost data of trenching, 
back filling and installation of drain-tile for correcting 
frost boils in Lashtonaw County, Michigan on 8 roads, 

GREENMÆN , R, L. and D*APPOLONIA, ELIO, "Runway Design in Arctic 
and Subarctic Regions." li). July I9I4I; (Manuscript). 

GRIM, R. E, "The Clay Minerals in Soils and Their Significance." 
Illinois Geological Survey, Circ. No. 65, pp. 11-12, I9UI. 

delation of frost heaving to clay mineral composition; clay 
minerals discussed include montmorillonite, kaolinite and 
certain illite soils, 

HANK, R, J. "Subgrade Soil Moisture Contents," Unpublished Data 
Subgrade Moisture Contents in Texas. Submitted to the Chair¬ 
man, Division I, Committee on Materials, American Association 
of State Highway Officials, May 18, I9b5* 

Compilation of data on soil moisture under existing highway 
pavements. 
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HARDY, R. M. "Soil Sampling ar.d Testing for Highways and Airports,” 
R^ads and Bridges, Volume 8ii, Ho. 2 (February 19U6) pp, 63-66, 

116, iÍ8, 120, 122. The author describes different 
types of tests which should provide a classification of soils 
relative toi 

1. Load carrying capacity 
2. Behavior under change of moisture content 
3* Permeability 
1+. Behavior under freezing conditions 

HARDY, R. M. "Research on Frost Action in Soilsj Road Damagej 
Permafrost Foundations," Roads and Bridges, Vol. 81+ (September 
I9I+6), Ho. 9, pp. 7li-76, ïiïT, - 

A general survey or summary on frost and permafrost. The 
types of soil that arc more susceptible are mentioned, as 
are also possible cures. 

HARGER, W. G. and B0H*’EY, E. A. "Handbook fbr Highway Engineers," 
PP. 367-368, N. Y.t McGraw-Hill Book Co., 1927. 

Effect of temperature and frost on design of pavements, 

HARRPGTCN, E. L. "Soil Tomoernturcs in Saskatchewan". Soil Science, 
Vol. 25, pp. 183, 1928. - 

HARRISON, J. L. "First Frost is Hevor Responsible for Cracked 
Concrete Roadways." Engineering News-Record, Vol. 80, No. 9, 
pp. 1+18-1+20, Fob. 28nW. - 

An attempt to establish the hypothesis that heaving can 
occur only as a result of more than one ’freeze' of the 
subgrade soil. No literature is cited and no supporting 
data are given. The author bases thickness of subbase design 
on the maximum depth of i'dnter thaws. 

HA-.VKES, L. "Frost Action in Suocrficial Deposits, Iceland," 
Geological Magazine, Volume 6l (1921+), pp. 309-513. 

HEATING /ND VENTILATING. "Frost Penetration in Ground in 100 Cities", 
Heating and Ventilating, Vol. 35# PP* 53-56, Juno 1938. 

HEJE, K, "Studies of Frost Heaving Carried out at the Norwegian 
Technical College and jfheir Economic Results," Moddelande 
Veidirekt Norsk Ing. Foren, I9I+I# (6), 65-71. Road Abstracts, 
Vol. 9# No. 6, Abst. No. 217, P. 67, May, I9I+2. 

Required depth of non-frost-susceptible granular bases, 
insulating materials and drains to prevent detrimental 
heaving; frost storage capacity (freezing index); and costs 
of various methods of preventing frost damage. 

HENTON , J. T. "Kodern Subdrainage ^roves Successful Cure for Frost 
Boils." Highway Magazine, Vol. 19, Ho. 12, pp. 316-3I6, 
Dec,, 192b. 

A brief article describing the installation and performance of 
a corrugated metal pipe on State Trunk Highway No. 60, west 
of Columbus, Wisconsin, to prevent frost boils. 



HEVES, L. I. "American Highway Practice." Vol. 1, pp. 183-18^. 
N, Y.: John "/iley and Sons, 19^2» 

Includes a summary statement on theory of frost heaving. 

* HIEROTYHUS, G. "Earth Ambient Temperatures for Cable Loading Limits". 
Electrical World, pp. 92-93í December 9, 19l¿, 

HIGHLAND, S. G» "Study of Year Round Soil Températures." Journal, 
American r/ater Dorics Association, Vol. 16, No. 3, pp. 342-35U, 
Sept., 1926, 

Includes tabulated data on year round temperatures at Clarks¬ 
burg, W. Va., and depth of rost penetration in 11 cities in 
U. S, and Canada. 

HIGHWAY RESEARCH BOARD, SPECIAL C0MÎIITT3B OF, Progress Report of 
Committee on "Treatment of Subgrade Soils with Calcium Chloride 
to Prevent Detrimental Frost Action". Highway Research 
Abstracts, No. 118, pp. 9-10, March 1945. 

HOBBS, T7, h. "Soil Flow", Bulletin of the American Geographical 
Socjety, Vol. 45, No. 47pp. ¿Ö1-2S4', ípril, l9Í3. - 

Discussion and explanation of the phenomena of freezing and 
thawing as related to the formation of soil polygons and the 
lifting of rock fragments and depositing -them on e Ige at the 
edge of the. polygon. Some discussion given to soil flow as 
the result of freezing and thawing, 

HOGBOM, BERTIL, "lieber die Geologische, Bedeutung des Frostes," 
Bulletin Geological Institute, University Upsala, Volume 12 
nV14), pp. 257-389. --—‘- 

HOGENTOGLER, C, A., WINTERMEYER, A. M. and WILLIS, E. A. "Subgrade 
¿oil Constants, Their Significance, and Their Application in 
Practice." Public Roads, Vol. 12, Nn»s 4 and 5, pp. 89-108, 
II6-144, June and July, 1931. 

The authors review the work of Bouyoucos and Taber and dis¬ 
cuss the frost heave characteristics of the various Public 
Roads Administration soil groups, 

HUGHES, A. C. "Frost Damage to Roads on a Chalk Subsoil," Surveyor 
(London), Vol. IO6, No. 2909, pp. 581-582, Nov. 7, 1947-. — 

A general descriptive article on depth of frost penetration 
and effect of drainage, exposure, subsurface water through 
cracks in pavements, grades, cuts, embankments, and traffic 
on frost heaving and frost boils; and the nature of success¬ 
ful treatments. 

HUNT, RALPH W, "AGF Tests, Frigid, Williwaw and Frost." 

HUNTTING, M. T, "Geology in Highway Engineering." Transactions, 
^rican feisty of çjvii Engineers, Vol. 110,"pp. ¿78-280, 1945 

A brief and general review of the area affected by frost action, 
Taber's work, and the cooperative survey between the state high¬ 
way departments of Michigan, Minnesota, Wisconsin, and the 
Public Roads Administration (reported by Aaron). 
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* H!GERSOLL, L. R. and KOEPP, 04 A» "Theraal Diffusivity and Con¬ 
ductivity of Some Soil Materials”. Physical Review. Vol. 
2L, pp. 92-93# July lQ2lu 

IVIE, J. 0. and RICHARDS, L, A. "Meter for Recording Slow Liquid 
Flow”. Review of Scientific Instruments, Vol. 8, No. 86-89. 
March 19TT» 

JOHNSON, A. 'V. ’’Frost Action in Subgrades and Bases.” Roads and 
Bridges (Canada), Vol. 85, No. 9, pp. lOii-110, II46-I5O, Sept., 
19U7. Also Engineering and Contract Record. Vol. 60, No. 11, 
pp. 66-83, Nov,", 1&?. 

A reviev; of literature on factors which determine the nature 
of frost action, freezing and heaving of saturated soils; 
depth to water table, its effect on heaving; effect of dis¬ 
solved substances; freezingof non-saturated soils; effect 
of nature of materials; and design to reduce or prevent the 
detrimental effects of frost action. 

JOURNAL OF THE SEC. OF CHEMICAL INDUSTRY. "Problems of Porous Bodies 
ani their Behavior as Building Materials". Journal of the Sec. 
of Chemical Industry (British), Vol. 53, pp. 357t-Í|OR-T, 
December 28, 193^» 

* JURGETT3CN, L. "Field Test for Identification of Soils Capable of 
Frcst Heaving". Prop, of the International Conference on 
Soil Mechanics and Foundation Engineering, Vol. ÍI, pp. 320, 
June 1936. 

KEEN, B. A. and RUSSELL, E. J. "The Factors Determining Soil 
Temper at'ire." Journal of Agricultural Science, Vol. 11, Pt. 3. 
pp. 211-239, July7T9?l.— - 

This article presents soil and air temperature data, describes 
apparatus and methods of obtaining soil tenperaturrs, and 
discusses factors which influence soil temperatures, bring¬ 
ing out the relationship between soil and air amplitudes. 

KEEN, B. A. "Soil Temperature". Physical Propertj.es of the Soil. 
Chapter DC, pp, 297-333, Longmans Green ic Go,, 1931* 

KEIL, K. "Results of a Frost Action Study on a Stretch of Motor Road." 
Strassenbau, 1938, 29 (5); pp. 67-7I; (6) pp. 9U-97s (8) pp. 
126-129. Road Abstracts, Vol. 5, No. 5, Abst. No. 273, pp. 73- 
7U, Aug., T938. 

Experiments involving use of 'protective' courses of sandy 
gravel and fresh quarry ’.vaste; dowels in concrete pavements; 
waterproof fabrics to limit moisture movement in the subgrade; 
and underdrains are described. Conclusions are given on the 
possibility of arriving, in advance cf construction, at a 
mathematical determination of expected danger from frost 
which will enable suitable preventive measures to be taken; 
the effectiveness of dowel ling concrete pavements; and the 
required mininum thickness cf granular bases to prevent 
damage due to frost. 



s 

* KEIL, K. ’’Results of Frost Action on Experimental Road" (Abstract). 
Public ^/orks, Vol. 70, pp. U9“50, Sept. 1939, . 

KERSTEN, M. S. "Survey of Subgrade Moisture Conditions." Proceedings, 
Highway Research Board, Vol. 21+, pp. i+97-512, 19U+. 

Compilation and analyses of data on soil moisture under ex¬ 
isting highway pavements. 

KERSTEN, M. S, "Subgrade Moisture Conditions Beneath Airport Pave¬ 
ments.1' Proceedings, Highway Research Board, Vol. .26, pp. ¿50- 
I+63, 19U5« 

An analysis of subgrade moisture data from subgrades under 
flexible and rigid type airfield pavements in seventeen states, 

KIMBALL, D. A», RUHNKE, G, N,, and GLOVER, M« P. "A Comparison of 
Temperatures in Air and at Various Depths in a Light Sandy 
Soil in Southern Ontario." Scientific Agriculture (Canada)* 
Vol. iu. No. 7, pp. 353-559»"March, 193Ü.- 

An example is given of recorded temperature data taken with 
recording thermograph of the tw> pen typo with mercury in 
stool cables, Tabulated data arc given showing average 
monthly temperatures of air and of the soil at depths of 1+, 
12, and 2l+" from July, 1930 to June, 1932. 

Klf’CSR, J, B. "Precipitation and Humidity," Atlas of Amor* "an 
Agriculture, Pt. 2 (Climate), Sec. A (ProcipiNation and Humidity) 
Advance Shoots No. 5* March I5, 1922. 

Charted maps of the U. S, giving data on precipitation and 
humidity on basis of monthly, seasonal and annual averages. 
Records for the uniform 20 year period, 1695-1914» wore used 
in constructing the principal charts and diagrams. 

KINCER, J, B, "Temperature, Sunshine and hind." Atlas of American 
Agriculture. Pt. 2 (Climate), Soc. B (Sunshine and V/ind), 
Advance Sheets No, 7» Nov,, 1928. 

Charted maps of the U, 3. and diagrams giving data on tempéra¬ 
ture, sunshine and wind, on basis of monthly, seasonal and 
annual values. Records cover the uniform 20 year period, 
1895*191!+. 

KIRSTEN, M, 3,, "Subgrado Moisture Conditions," Roads and Streets, 
Volume 89» No. 10 (October 191+6), pp. 9I+-96. 

KLEIN, G. J, "Method of Measuring the Significant Characteristics 
of a Snow Cover," Report No. MM-I92, National Research Council 
of Canada. November I9I+6, ™ ~— 

This report describes equipment and methods of measuring 
snow cover. 

KRI3CHER, 0. "Experiments on heat conductivity of soils; principally 
quart? and calcareous sands, lime and clay. Effect of dampness, 
texture, porosity, temp. etc. on thermal conductivity". Pub¬ 
lished by Munich à Berlin, R, Oldenbourg, 1931+. (in German/. 
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KRYÏ1INE, D. P., '’Soil Investigation in Russia", Proceedings, High' 
way Rosoarch Board, Volume 9, pp, 66-7^, 1933^ 

KRYIIINE, D, P, "Soil Mechanics, Its Principles and Structural Ap* 
plications," 1st Sd., ppk 77"ö4# N. Y,i McGraw-Hill Book Co,, 
19U1. 

General discussion of frost action, freezing point, ice cry¬ 
stals, open and closed systems, influence of the size of 
particles, massive and ice stratified frozen formations, 
mechanics of moisture movement during the soil-freezing pro¬ 
cess, capillary capacity and permeability as controlling 
the maximum amount of heave, and technical measures against 
frost action, 

LANCASTER, C, M, "Discussion on Survey of Subgrade Moisture Con¬ 
ditions," Proceedings, Highway Research Board. Vol. 2ii. 
PP. 512-5137TTOT“^-- 

Significant data from a long time moisture study under flexible 
type pavements in Missouri, 

LANG, F, C, "Fiscussion—Subgrado and Pavement Bases," Proceedings, 
27th Annual Convention, American Road Builders Association, 
pp. í?üd-5lb, 1950.- - 

A description of frost heavinr and frost boils and a suggested 
means of "curing" frost boils. 

LANG, F. C. "Soil Scioncn Applied to Flexible Surfaces." Bettor 
Roads, Vol, 5, No. 2, pp. 20-27, Feb., I935. - 
■~A general descriptive article illustrating (l) position of 

frost boil in structureless silt in soil profile; (2) ex¬ 
cavation of frost susceptible soils; (3) frost heaving with 
respect to position of lodge rock; (I4.) grading of materials 
and typical cross section of gravel bases used and their 
relation to read surface condition; (5) underdrain practice; 
and (6) adjustment of grade lino to avoid frost susceptible 
soils. 

LANG, F. C, "Combating Frost and Drainage Problems." Proceedings, 
¿3rd Annual Road School, Purdue University , Engineering Bui,, 
vol. 21, No. 3, (Extension Ser. No. 39)# pp. Û6-56, May I937. 

This article is similar in content to "Soil Science Applied 
te Flexible Surfaces", by F. C. Lang, Better Roads, Vol. 5, 
No. 2, pp. 20-27, Feb., 193«5. 

LANG, F. C. Discussion on "Frost Action in Midway Subgrades and 
Bases," Proceedings, Purdue Conference on Soil Mechanics and 
its Applications, Purdue University, Symposium on Frost Action, 
pp. ¿¿7-LbO, Sept. 2-6, I9Ù0. 

Description of heaving in the form of high joints in portland 
cement concrete pavements in Minnesota and means of preventing 
their occurrence. Lata on change in density of a clay soil 
subjected to absorption and freezing and thawing are included. 



LANG, F, C. "Progress Report of Comnittee on Freezoproofing Treatment 
of Subgrade Soils with Calcium Chloride to Prevent Detrimental 
Frost Action.” Special Committee of the Highway Research Board, 
I9U*» Highway Research Abstracts, No. 118, pp. 9*10# March 19^5« 

LOGGET and BAKER, "Fundamentals of Soil Action Under Vehicles, (Part 
l)”, National Research Council of Canada, November I9U6. 

LET7LS, M. R. "Rate of Flow of Capillary Moisture". U, S, Dept, of 
Agriculture, Tech. Bull. No. 579# 29 pages, Oct. i£$7. 

LINDE, S, F, "The Freezing of the Foundation Soil under Cold Storage 
Buildings." Warme u. Kältetechnik, 19^2, Í4I1 (2) 17-23; (3) 
3I4-8, Building Science Abstracts. Vol, l6 (New Ser. ), Ho. 3» 
Abst. N^nss, p.' 14., ^r~cTr; w. 

Soil temperatures correlated with vortical movements of a 
cold storage warehouse and conclusions concerning design of 
foundations for cold storage warehouses, 

LOWELL, J, W. "An Investigation of the Vertical Movements of Concrete 
Pave-Tcnts." Proceedings, American Concrete Institute, Vol. ll±, 
pp. 366-373, TW, - 

The objootionablo features of longitudinal and transverse 
cracks in portland conent concrete pavements laid on clay 
soils are mentioned. A pavement cross section involving tho 
uso of an impervious bituminous wall is suggested which will 
prevent the entrance of "outside moisture" and thus nullify 
or reduce the effect of frost action. 

MABEE, W. C. "Lessons from the Winter of 1935**?6." Journal, American 
Water Works Association, Vol. 29, No. I, pp. 7-8, Jan., 1937. 

fho nuth or, chief, engineer, Indianapolis Water Co., presents 
a chart showing the relation between accumulated dogroos of 
moan daily temperature below 32°F. and depth of frost penetra¬ 
tion (for 1935-36 and normal) and frozen water serviços re¬ 
ported each day during the period. 

MACKINTOSH, A. "Progress Report on an Investigation of Frost Action 
in Soils", Free, of the International Conference on Soil 
Mechanics and foundation Enginc-arir^ , Vol tl, pp. 260-262, 
June 1936. - 

MAIL, G, A. "Soil Temperatures at Bozeman, Montana, Turing Subzero 
Weather," Science, Vol. 83, No. 2163, p. 57Í+, June 12, 1936. 

A brief discussion and graphical presentation of air and 
soil temperatures at depths of 0, 3, and 6 ft. for tho per¬ 
iod commencing January 25# 1936 during which time Bozeman 
experienced its coldest and most extended period of sub¬ 
zero weather ever recorded. 



MAMAN INA, L. "The Effect of Insulating Layers on the Rise of 
Capillary Moisture in Heavy Loams,” Pochvovedenie (Pedology) 
(Moscow), 19^4, (2-3), 101-5 (In Russian with English summary).- 
Road Abstracts, Vol. 13r No, 3, Abst, No. 173, P» March 

Results of laboratory experiments on the effectiveness of 
layers of gravel and sand in preventing the rise of capillary 
moisture in heavy loams. 

MARKVyiCK, A. H. D., ’’Soil Mechanics and Road Foundation,” Surveyor 
and Municipal and County Engineers, Volume IO5, Nos. 2019, 
2%0, 2Ö21, (February i , Ö, 15, Í9U6), pp. 29-83, IO7-IIO, 
121-122j (Discussion) Volume I05, Nos. 283I4., 2835 (May 17, 2Í4, 
I9Í46), pp. 387-39O, J4O7-UO8} Roads and Road Construction, 
Vol..2U, No. 278 (February 1, 19^6), pp. 63-67. 

MARSH, L. L. ’’Holding Down Spring Thaw Damage.” Better Roads, Vol. 
17, No. 5, P. 26, May, 19U7. 

Mr. Marsh’s reply to the Better Roads Forum Question (Vol, 
]r, No. J4., pp. 32-3U, April,. I9U7) on load regulation during 
the frost melting period, 

McCIAIN, C. W. ’’Combating Frost and Drainage Problems.” Proceedings, 
23rd Annual Road School, Purdue University, Engineering Bui. 
Vol. 2, No. 3, (Öxiens ion Ser. No, 39), PP» 57*58, May 1937* 

A discussion of a general nature on F. C. Lang’s paper in 
same publication. No data are given. 

McCOOL, M. M. and 7IHCETING, L. C, ’’Movement of Soluble Salts Through 
Soils.” Journal of Agricultural Research, Vol, 11, No. 11, 
PP. 531-5kV, Dec. 10, 1ÇÏY. “ 

Migration of salts in soils from regions of hi^er to lower 
concentrations and with movement of soil are discussed. 
Determination of salt concentrations was made by the freezing 
point method, 

* McLEOD, F. T7, ’’Soil Science Applied to Subgrade and Base Course 
Design". The Canadian üînmineer, Vol, 77, PP» 5*6, Aug. 1, 1939. 

McLEOD, F. W. ’’Flexible - Pavement Fondations,” Roads and Bridges, 
Volume 83, Fo. 9, (September 19lj.5), PP* 7^*80, Í¿0-Íí?jL. 

MEINZER, 0. E. "The Occurrence of Ground Water in the United States," 
U. S. Geological Survey, Water Supply Paper, No. 1+89, Pp. 30- 
63, 19¾. ” 

Tho author describes various types of water tables; the cap¬ 
illary fringe; the capillary rise; and the yield and water 
retention in various typos of soils. 

* MERSMAN, W. A*. ,. BERGGREN, V,', P,, BOELTER, L, M, K, ’’The Conduction 
of Heat in Composite Infinite Solids", University of California 
Publications in Engineering - Vol. 5, No. ï, pp. 1-2^, Dec. I5, w: 
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MEYER, E. V, nColl ConcrQte,,• 25 Years of Civil Eîngineering , 
Christian! and Nielsen, 19¾¾^ pp“"'i3^-l$3 - 

MEYER, E. V. "Conference Report on Porous (Cellular) Concrete," 
First International Congress for Concrete and Reinforced Con¬ 
crete, Leige, Vol. 2, Question VI-9, pp, 1^-1^, 1930. TírT 
French with English summary). 

Description of a porous light-weight concrete used for in¬ 
sulating purposes. Charts show the coefficient of conductivity 
and compressive strength characteristics. 

MICHIGAN STATE HIGHWAY DEPARTMENT. "Subgrade Soil Exhibit." 29th 
Annual Convention and Exposition, American Road Builders 
Associati on. Jan,, 1932. 11 pp. 

A description of capillary experiments, drainage experiments, 
discussion of typical field conditions and grade design 
measures for elimination of frost heaving, and exhibit of 
frozen soil specimens, 

MILLER, F. H,, and SMITH, D. M. "Methods for Prevention of Road 
Failures Due to Frost". Roads and Streets, Vol. 77, pp. 219- 
221, June 193U. *- 

MILLER, H. H. and SMITH, D, M. "Prevention of Frost Heaving in Roads", 
Roads and Streets, Vol. 79, pp, 273-27Í4, Aug. I935 

MOOS, A., von. "The Part Played by the Foundation in Road Failures," 
Strasse u. Verkehr, I9L3, 29 (l)l-7; (2), 21-9. Road Abstracts, 
Vol. 12, No. 3, Abst. Mo. 118, p. 25, March, 19U£ 

Purpose of foundation or base, effect of faulty construction 
and criteria for detecting materials or conditions likely to 
cause trouble. Special reference is given to prevention of 
frost damage. 

MORTON, J, 0. "The Application nf Soil Mechanics to Highway Founda¬ 
tion Engineering", Proc, of the International Conference on 
Soil Mechanics and Foundation Engineering, Vol, ï, pp-éL¿-¿Íi7, 
3une 193b. " 

MORTON, J. 0., TREMPER, B., STOKSTAD, 0. L. and CASAGRANDE, L. 
"Prevention of Detrimental Frost Heave." Proceedings, Highway 
Research Board, Vol. 18, Pt. 2, pp. 356-365, 1938, 

A symposium reviewing tho theory of frost action; measures 
in use in New Hampshire, Washington, Michigan and Germany 
for preventing detrimental frost action; and suggestions 
for new research. 

?®TL, C, L.^ "Curing Minnesota Frost Boils bv Drains", Er^ineering 
News-Record, Vol. IO6, pp. 270-272, Fob. 12, 1931.-^- 



MOTL, C. L, ''Study of Laws and Practices Applying to Special Load 
Limitations to Prevent Pavement Damage." Progress Report of 
Subcommittee No. 2, Maintenance Committee; American Association 
of State Highway Officials, 19U7» 

Status of enforcement of load limit laws and results of load 
bearing tests on Minnesota pavements in early fall and in 
early spring during the frost molting period, 

MULLER, S. 1Y, "Permafrost or Permanently Frozen Ground and Related 
Engineering Problems,” U. S, Geological Survey, Special Report, 
Strategic Engineering Stú^TTTõrT^^rõpãrõíTor Military 
Intclligoico Division, Office, Chief of Engineers, U. 3. Army, 
19l+5> 2nd printing. Ann Arbor, Mich, t J. W, Edwards, Inc., 
I9h7, 231 pp. Reorint. 

A comprehensive treatment of ice and permafrost. Of interest 
pertaining to normal frost action are: lag of ground tempera¬ 
tures behind air temperatures; fundamental principles govern¬ 
ing formation of ico in soil; freezing temperatures of salt 
solutions; boat conductivity of soils; and swelling of ground 
during freezing, 

* MULLIS, I. B. "Illustrations of Frost and Ice Phenomena." Public 
Roods, Vol. 11, No, I4, pp. 6I-79, June, 1930» 

the author illustratos various forms of detrimental frost 
phenomena and discusses and presents data on volume change- 
tempornture change characteristics of water and ice; pressure 
effects due to frost action; direction of heat radiation; 
size of soil particle; and the amount of water available. 

NATIONAL RESE ARC1! COUNCIL OF CANADA. "Technical Memo. No. 2," 
National Research Council of Canada. 

¿round íniiuro under the action of a track grouser. 

NATIONAL HESITARCT COUNCIL OF CANADA. "The Interrelation of Soil 
Mechanics and the Design and Operation of Vehicles." National 
Research Council of Canada. ——— 

May have some applications for snow. Contains bibliography 
on allied subjects, 

NATIONAL RESEARCH COUNCIL OF CANADA. "Soil Temperatures in Canada - 
Observations of Soil Temperatures," February 1937» Ottawa, 
National Research Council of Canada, 

NICHOLS, D. A. "Solifluction and Other Features in Northern Canada 
Shown by Photographs from the Air." Transactions, Royal Society 
of Canada, Third Sor,, Vol. 26, Sec. UppïTÔT-^ Wÿ71932. 

Description of various aspects of solifluction (soil flow) 
in sub-polar regions duo to effect of freezing and thawing. 
Also includes description of soil polygons, soil stripes and 
such topographic features as raised beaches, oskers, ispati- 
nows and faults. 



NIEDERLÄNDER, D. B., "Army Cantonment Built in Sub Zoro Woathor,” 
Civil Engineering, Volume 12 (April 19l*2), pp. I87-I90. 

A roport on the construction of nn airfield in Upper Now 
York State, whoro frost ponotratod to a depth of U2 inches. 
Tho frozen soil was either molted by steam or broken up by 
machinory, 

NIKIFOROFF, C. "The Perpetually Frozen Subsoil of Siberia," Soil 
Science, Vol, 26, No. 1, pp. 61-82, July, 1928. 

Ihis article includes a description of the present stage of 
permafrostj two hypotheses concerning the origin of the 
phenomenon (climatic hypothesis and glacial hypothesis); 
the insulating value of snew cover; and, a discussion of 
icing. 

NORGAuRD, H, "Long-Distance Heating Systems Insulated with Coll 
Concrete". 25 Years of Civil Engineering, Christian! and 
Nielsen, 190^-1^, ppV 15^-1$. - 

NORTON, C. D. "Water Expansion in Ground Cause of Heaving in Winter," 
Engineering News-Record, Vol. 80, No. 22, p. IO58, May JO, I918. 

iho author attempts to prove that ground heaves because water 
in the s 0 il expands, and not as Prof. Taber suggests, by the 
formation of ice crystals. No factual data aro gi von. 

NUNN, E. H, "Subgrade Protection and ’Vinter Paving on Access Roads." 
Calcium Chloride Association *Tews. Vol. 8, No. 1*, pp. U, 5, 
10, Aug. 1, 19L2. 

• Brief description of the use of calcium chloride to prevent 
freezing of the subgrade in vdntor construction. 

O’ROURKE, C, E. "General Engineering Handbook," 2nd Ed,, pp, 8J6, 
I913# 19lU* N, Y.t McGraw-Hill Book Co., I9I4O. 

Freezing points of liquids, and of calcium chloride and sodium 
chloride solutions. 

OSTERBERG, J. 0. "A Survey of tho Frost Heaving Problem". Civil 
Engineering, Vol. 10, No. 2, pp. 100-102, Fob. I9Í4O. 

PALMER, Ij, A. and THOMPSON, J, B. "Pavement Evaluation by Loading 
Tests at Naval and Marine Corps Air Stations." Presentod at 
tho 27th annual meeting of the Highway Research Board, 191*7, 

Data of interest relative to studios oí frost action are 
existing soil moisture contents corrolntod with soil typo. 

PARADIS, A* "Foundations and Protection Against Frost Heaving". 
Tho Canadian Engineer, Vol. 67, pp, 21-2U, Oct. 16, 1931*. 

PATERaON, T. T. "The Effects of Frost Action and Solifluxion around 
Baffin Bay and in the Cambridge District," Quarterly Journal 
of the Geological Society of London. Vol. 96, tío, jbl, pp, 99- 
150, April, 191*0. 

Description of frost cracking, mud and stone polygons, and 
solifluxion (soil flow); and discussion of tho origin of frost 
cracks, theories of the formation of polygonal structures, 
and mochnnics of solifluxion. 



* PATTEN, H» E» Hoat Tronsfôrance in Soils*" U* S* Department oí* 
Agriculturej Bulletin Ko. 59, Sept. 1909'; £- 

PENNSYLVANIA ROAD BUILDER. "Preventing Detrimental Frost Heaving." 

19^SylV&nift R0ad Builder‘ Vol‘ l5’ Ko* 9, PP. b, 15, Sept. , 

Brief discussion on the use of calcium chloride in soils and 
soil-aggregate mixes to prevent detrimental frost action. 

PLUMMER, F* L. and DORE, S, M» "Soil Mechanics and Foundations." 
PP. IJl-lUO, 353-357. N. Y.i Pitman Publishing Corp.î 19U0. 

Heaving of highway slabs, ice segregation, effect of texture, 
effect of colloidal material, movement of water to form ice 
crystals, effect of consolidation, effect of water table 
level, effect of surface load, unfavorable subgrade conditions, 
thawing of frozen soil, frost in foundations, typical frost 
heaving example, and prevention of frost heaving. 

PQRSILD, A* E., "Earth Mounds in Unglaciated North-Western America." 
Geographical Review, Volume 28 (1938) pp. 1*6-58, 

POWERS, T, C. "’Working Hypothesis for Further Studies of Frost 
Resistance of Concrete," Journal of the American Concrete 
Institute, Vol. 16, (Fabrwy I%5), pp. 21*5-272.- 

PRATT, F. R, "Depth of Frost Under Pavement." Engineering News- 
Record, Vol. 125, No. 25, p. 6?, Dec. 19, 

Record of observed temperatures and epth of frost penetration 
under portland cement concrete pavement. 

PRYOR, 7»r. T. and EAGE.l, W, L, "Ice Formation on Alaska Highway," 
Public Roads, Volume 2i*, No, 3 (January, February, and March 
I9I4.5) PP. 55-7^, 82. See also-Engineering and Contract Record, 
Vol. 58, No. 12 (December 19l|6)7pp738-9, W, 1&, 13?;'101*-6. 

This article contains a lengthy discussion on icing on the 
Alaska Highway, Permafrost and its effects upon icing are 
also discussed. 

PUBLIC WORKS MAGAZINE. "Soil Freezing and Frost Heaving." Public 
Works Magazine, Vol. 67, No. 2, pp. l4l-l¿rf Feb., 1936. 

A synopsis of a report by G, Beskow "Tjalbildningen och 
Tjallyftningen", Statens V^ginstitut, Meddelande 1*8, 
Sveriges Geologiska Undersokning, Ser. C, No. 375, Stockholm, 
I935. The synopsis appeared in Road Abstracts. 

PUBLIC WORKS MAGAZINE. "Precautions for Avoiding Frost Heaving of 
Pavements." Public Works Magazine, Vol, 76, No. 9 (September 
191*5), PP. 22-21*, Üb. 6 

PUBLIC ”ORKS MAGAZINE, "Minimizing Spring Thaw Damage." Public 
Works Magazine.. Vol. 78, Vo. 6, pp. 55-56, June 1*7: 

This appears to be the answers to Better Roads Forum Question 
in Better Roads, Vol. 1?, No. 1*, pp. 32-34, April, 1947. 
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RAW, H. H. "Frost Damage on Roads" Dansk Vejtidsskr. 1939, 16 (U)# 
pp. li;2-lU8. Road Abstracts. Vol, 7# No. 3, Abst. No, 81, 
pp. 37-38, April, l^UO. 

A gor.oral review of the theory of frost action and the many 
and varied means of preventing damage due to frost, Somo of 
the means of prevention mentionod are (l) replacement with 
coarser soil (2) use of protective courses (3) use of in¬ 
sulating courses of brushwood, straw or hay (ú) permitting 
rapid freezing by immediate removal of snow (5) the use of 
admixtures, and (6) drainago, 

RAVN, H* H, "The Origin of Frost Damage and Methods of Combating It," 
Dansk Vejtidsskr, I9U0, I? (?), pp. I1O-52, (3) 90-97# (5) 151- 
171. Hoad Abstracts, Vol. li*. No. U, Abst. No. 262, p. ¿8, 
April 1, 19l±7# Highway Research Abstracts, No. il»!, p. 6, May 

A discussion on the mechanics of frost heaving; depth of 
frost penetration; amount of heaving; effect of surface load- 
i-nG# 6ra^n size of soil, and temperature on heaving; labor¬ 
atory and field tests, effectiveness of granular bases, in¬ 
sulation (brushwood, moss, etc.); drainago and chemical 
treatment of soils, 

RIIS, AXEL, "Frost Damage to Roads in Danmark", Proceedings, 2nd 
International Conference on Soil Mochanics .ToT." IT . . 
ïï^t'.'rlam 191+8.--- 

ROADS AND BRIDGES, "How can Frost Boils be Prevented," Roads and 
Bridges (Canada), Vol, 80, No. 11, pp. 26-J46, Nov., 19U¿ 

Discussion on the use of calcium chloride as a moans of 
preventing frost action in soils. 

ROADS AND BRIDGES. "Mechanics of Frost Heaving." Roads and Bridges, 
(Canada), Vol. 81, No. 5, pp. 8Í4-85, May, l9bT.- - 

Review of moans of preventing of frost heave, with emphasis 
on apnlicntion and effectiveness of calcium chloride, 

ROADS AND BRIDGES, "Effect of Freezing and Thawing on Concrete 
Pavements," Roads and Bridges,, Vol. 8li (January 19ii6), pp. 
65-68. 

Report of tost methods and difficulties and a summary of 
some of the findings, 

ROADS AND STREETS. "Tile Drains Solvo Frost-Boil Problem". Roads 
and Streets, Vol. 71, pp. 257-258, July I93I. - 

ROADS AITD STREETS, "Alaska Highway Flight Strip." Roads and Streets, 
p. 80, June 19Í4li» 

ROADS ADD STREETS. "Simple Method of Preventing Spring Breakup of 
Roads." Roads and Streets. Vol. 87, No, 10, p. 81, Oct., 19Uu 

Description of method of introducing calcium chloride and 
pea gravel in holes in subgrade to prevent spring breakup. 



ROAD RBSEARCH LABORATORY, LaTDOII EfTGLAND "Ice Formation on Roadf.". 
Road Reaoarch Laboratory, London, England, Department of 
Scientific and Industrial Research, 

ROBERTS, M« "Notes on tho Action of Frost on Soil," Journal of 
Jtoolofir, Vol, 11, No. 3, pp. 31I-317# April-May, I903. 

Description of ground sir face hoar frost (needle ice, Swedish 
"pipkrake") formed in the Puget Sound area from Feb, 10 to 18, 
1903 with ground temperatures as low as 2U°F. Includes four 
photos showing ice formed in six layers ranging in height 
from 3/8 to 1 in. 

R0M0N0V, V, V, "Physical Properties of Seasonably Frozen Ground in 
Marshes," Translated from Russian by V. V, Romonov and 
Rogantskaia. 

Samo data on density, per cent of organic, per cent moisture, 
stability, heat conductivity and floxural strength of frozen 
soils, r.ridc variation in tost results. 

ROOT, W, H* "Vortical Drainage" from Highway Maintenance Performance 
Items - Summer 19i;7» An unpublished report of highway main¬ 
tenance items assembled by Public Roads Administration. 

Experience in tho use of deep vertical drains to provont 
frost heaving, 

ROÏÏAT, R, L, "Control of Frost Heave," Proceedings, Hiphway Research 
Board, Vol. I9, pp. 1+6^-^66, 1939. -^^- 

A brief statement on th :• magnitude of subgrade soil tompora- 
turos and a description of four methods by which common salt 
has boon applied to prevent frost heave. The author suggests 
that salt be used to prevent frost heave. (The salt dis¬ 
solves in the ground water and lowers the freezing point) if 
the average temperature is known, enough salt should be added 
te the soil to lower tho freezing point to guard against 
minimum températures. This practice was followed on railway 
grades in Canada. 

RUCKLI, R03, F. X, "Tv,o and Three Dimensional Ground ^Vater Flow 
Towards the Ice Lonscs Formed in the Freezing Ground", 
Proceedings, 2nd International Conference on Soil Mechanics. 
Volume ÏI, Rotterdam 1&8. -^ 

* RUCKLI, R, "Dio Frostgefahrlichkoit des Strassenuntergrundes" (Frost 
Damage in Highway Subgrades). Strasso und Verkehr, Vol, 29, No, 
19# Fp. 3II-3IB, No. 20, pp. 332-9; No. ¿1, pp. 343-353* No. 22, 
pp. 357-6U; No. 2k, pp. 366-96; No. 25, pp. 397-403, Sept. I? - 
Doc. 10, 1943. (Translated by H. B. Edwards, Engineer Dept, 
Research Centers, U. 3. Waterways Exp. Sta., Vicksburg, Miss., 
Aug., 1944). Notei This article is itself a Gorman translation 
of a French article "Gélivité des Sols et Fondation dos Routes" 
by Dr, A. Stucky of Lausanne University. Published in book form 
by tho Société du Bulletin Technique de la Suiss Romande). 

A lóng and informative article arranged in seven portst 1, 
Types of ice in soil. 2. The mechanics of frost heaving. 3. 
Frost conditions in Switzerland. 4. Temperature conditions 
in tho soil, 5. Frost penetration in -the soil. 6. Theory 
of Frost heaving. 7. Field experiments, 
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* SCHAIBLE, L. ”The Repair of Frost Damage". Highway Research 
Abstracts, No. 118, Page 1+, March 19U5» (Abstract of article 
ln ^Strasse" 19U2 9(17/18), pp. 175-176). 

SEMIAKIN, F. M. and MIHULBV, P. F. "Formation of Periodic Ice Streaks 
During Soil Freezing." Comptes Rendus (Doklady) do l'Academie 
dos Scioncos, U.S.S.R., 1937, 17 (8) 1+05-7 (In English), 
Science Abstracts, 1938, ill (l;8l|.), 356. Road Abstracts, Vol. 5, 
No. 7, Abst. No. 388, p. 110, Oct., 1938. 

By using an analogy between the differential equations of 
diffusion and heat conduction, a law has boon obtained giving 
the spacings between ice-streaks in frost heaving. The law 
is said to be in accordance with the observations of Taber. 

* SHANKLIT, G, B. "The Effects of Moisture on the Thermal Conductivity 
of Soils". Journal American Institute of Electrical Engineers, 
Vol. hi, pp.'92-W Fob. 15¾. - 

* SHANNON, Vf, L, "Frost Investigations at Dow Field, Bangor, Mo.", 
Proc, Highway Research Board. Vol. 2I4, pp. 71-86, I9I4I4.. 

* SHAN;'ON, ïï. L. "Prediction of Frost Penetration." Journal . Now 
England ïïatcr Works Association, Vol. 59, No. ii, pp. 356-363, 
Doc., 191)5. 

Data on and discussion of factors influencing frost 
penetration; the freezing index (with an approximate formula 
for computing F.I.); thermal properties of soils; depth of 
frost penetration nnd means of computing it; correlation 
between depth of frost penetration and freozirg index; nnd 
freezing index frequency. 

* SHANNON, W. L. and WELLS, ÏÏ, A. "Tests for Thermal Diffusivity of 
Granular Materials." Presented at the 50th Annual Meeting of 
the American Society for Testi ng Materials, Juno 16-20, 19U7» 

Description of apparatus and cost methods, analyses, and 
results of tests to determine thermal diffusivity of a 
number of different granular materials, 

SHIMANOVSKII, S. V., "Thermal Constants of Ground", (Teplovyo 
Konstonty gruntov.) 

* SLATE, F. 0. "Use of Calcium Chloride in Subgrado Soils for Frost 
Prevention", Proc, Highway Research Board, pp. U22-14il, 191*2. 

SLESSER, CHARLES, "Field Studios of Migration of Calcium Chloride 
and Sodium Chloride in Soil."" Thesis. Purdue University, 
191*8. 

Tho essential data in this thesis ore given in the following; 
Slcsser, C. "Tho Migration and Effect on Frost Heave of 
Calcium Chloride and Sodium Chloride in Soil," Purdue 
University, Engineering Bui., Vol. 27, No. 1;, (Research Sor. 
Wo, 09, Highway Research Bui. No, 11), July 19Ù3# I68 pp. 



* SMIRNOFF, A. ’’Soil Temperatures and Cable Rating”, Electrical 
World, Vol. 82, pp. Ii38-i*39# Sept. 1, 1923. 

SMITH A, ”A Contribution to the Study of Interrelations between 
the Temperature of Soil and the Atmosphere and a New Typo of 
Thermometer for such Study”. Soil Science, Vol. 22, pp. Í4Í4.7, 
1926. - 

SMITH A* "Seasonal Subsoil Temperature Variations." Journal of 
Agricultural Research, Vol. I4Í4., No. 5» PP» i|2l-i|28, tlarch 1, 
1932. 

Includes soil and air temperature data taken at Davis, 
California, and a discussion of the range of soil tempera¬ 
tures of various depths and the geometric progression low 
of daily temperature fluctuations. 

SMITH, A. "Daily and Seasonal Air and Soil Tomporatures at Davis , 
California." Hilgardia, Vol. U. No. 3, pp. 77-112, May, 1929. 

Observed air and soil temperatures at Davis, California. 
This reference is given because it describes the installation 
of ihornometers. Winter temperatures of the soil did not 
fall below freezing. 

SMITH, ALFRED. "Effect of Paper Mulches on Soil Temperature, Soil 
Moisture, and Yields of Certain Crops," Hilgardia, Vol. 6, 
Mo. 6, November 1931« 

SMITH, H. W. "Frost Damage to Sealed Sur faces in Southland." 
Proceedings, New Zealand Institution of Engineers, Vol. 32, 
PP« bt^“byb* highway Research Abstracts, No. I38, 
pp. 2-1+, Feb., 1947. 

Doscription of road surface failures due to frost action; 
minoralogicnl description of aggregates used; specific heat 
and thernn] conductivity of various materials; soil tempéra¬ 
tures and computation of time required for frost to penetrate 
bases of various materials and thickness. 

SMITH, H. W,, "Frost Damage to Sealed Surfaces", Roads and Bridges, 
Vol. 85, No. 8 (August 1947) pn. 110-112. 

The author recommends that all fine grained materials be 
eliminated from the subgrade. He then proposes that the 
subgrade stand daring one winter, and thr t any clay that 
works to the surface during that time should bo scraped off. 

SMITH, W. 0. and BYERS, H. G, "The Thermal Conductivity of Dry Soils 
of Certain of the Groat Soil Groups." Proceedings. Soil 
Science Sociotv of America, Vol. 3, pp. 13-19# lyi*. 

Tho thermal conductivity of dry soils and its relation to 
volume weight and porosity; and the conductivity of different 
soils of the various great soil groups. An equation is 
developed by moans of which thermal conductivity can be 
computed. 



SMITH^W. 0. ’'Tharmnl Conductivities in Moist Soils.” Prococdinßs, 
Soil Scionco Society of America, Vol. U, pp. 32-UoV 1939. 

A supplement to a previous paper by the author on -thermal 
cenduetivity in dry soils, (Proc., Soil Sei. Soc., Vol. 3, 
PP. 13-19, 1938). 

Experimental data are given for four soils. Of particular 
interest in the experiment was the mevomont of moisture 
from the warm to the cool side of the sample undergoing 
conductivity test. 

SMITHSON IAN PHYSICAL TABLES. ’»Donsity and Volume of Water." 
Smithsonian Physical Tables, Smithsonian Miscellaneous Collec- 
tions, Vol. 71, p. l£p. --—-— 

Table showing the density and volume of water by degrees C. 
from -10°C. to 210°C. 

S0URWIÎE, J, A. "A Method of Analysis of Data on Frost Occurrence 
for Uso in Highway Design”. Public Roads, Vol. 11. No. 3. 
pp. 51-60, May 1930. - 

SOURWINE, J. A. "Art of Preparing an Earthen Foundation". U. 3. 
Patent Office, Patent No. 2162185, 1939. - 

SPAN GIER, M, G,, "Some Problems in Subgrado Moisture Control”. 
Iowa State College. 

STRATTON, J, H. "Military Airfieldss A Symposium. Construction 
and Design Problems. Design of Drainage Facilities." 
Transactions, American Societv of Civil Engineers, on. 68L. 
761, //8, /tii, 783, 19hb.---*- 

Brief statements on design of military airfield pavements 
for frost action. 

STUCKY, A. and BONNARD, D, "Theory of Formation of Frozen Lenses 
in Soils; Application of Theory to Study of Soil Freezing in 
Subgrados of Several Swiss Highways”. Bui. Technique de la 
Suisse Romande, Vol. 6k, No. ?, pp. 85-92,1 March 26, 1938. 

SWANBERG, J. H. "Temperature Variations in a Concrete Pavement and 
the Underlying Subgrade." Proceedings, Highway Research Board 
Vol. 25, pp. 169-180, 19i*5. --- 

Temperature variations in concrete and the underlying sub¬ 
grade over a 5-yonr period in Minnesota. 

1 

SWANBERG, J. H. and HANSEN, C. C. "Development of a Procedure for. 
the Design of Flexible Bases," Proceedings, Highway Research 
Board, Vol. 26, pp. l¿-57, 19U6.- - —- 

The results of field and laboratory studies to establish the 
relationship between field performance of flexible type bases 
and bearing values obtained in the laboratory. Included are 
significant data on soil moisture and density changes. 



* TABER, S. "The Growth of Crystals Under External Prossuro", 
American Journal of Science, Vol. 16, pp. 532-556, I916. 

* TABER, S, "Pressuro Phenomona Accompanying the Growth of Crystals", 
National Academy of Science, Vol. 3, pp. 297-302, April 191?. 

TABER, S. "Ico Forming in Clay Soils Will Lift Surface Weights." 
Enginooring Nows-Rocord, Vol. 80, No. 6, pp, 262-263, Fob. 7, 
I9I8. 

The author describes tho results of placing metal weights 
on wot sand and on wot clay and freezing during cold ni^its. 

TABER, 3. "Surface Heaving Caused by Segregation of Water Forming 
Ice Crystals". Engineering News-Record, Vel. 81, pp. 683-68ii, 
1918. 

TABER, 3. "Frost Heaving." Journal of Geology, Vol. 37, No. 5, pp. 
1+28-U61, July - Aug., 19¾. 

Taber describes the experimental procedure followed; gives 
an explanation of ico segregation; and discusses the follow¬ 
ing factors which influence frost hoaving; size and per¬ 
centage of voids in soil, sizo of particle, water content 
of s oil, and rate of cooling. Ho also discusses depth of 
freezing, direction of cooling, external prossuro, crush¬ 
ing strength of ice, differential hoaving. effects of thaw¬ 
ing and rofreozing, or.d shrinkage of clays caused by ice 
sogrogation. 

* TABER, S. "Freezing and Thawing of Soils as Factors in tho Dostruction 
of Road Pavomcnts". Public Roads, Vol. 11, No. 6, pp. 113-132. 
August 1930, 

* TABER, 3. "The Mechanics of Frost Heaving". Journal of Goology. 
Vol. 38, pp. 303-317, 1930. -^ 

* TABER, S. "Discussion on Frost Heaving." (Abstracted). Proceedings, 
Highway Research Board, Vol. 11, Pt. 1, pp. 173-177/1931. 

A summarization of Tabor*s hypothesis on the mechanics of 
frost heaving, and discussion of the Benkolman and Olmstoad 
theory. 

TABER, 0. oomc problems of Road Construction and Maintenance in 
Alaska." Public Roads. Vol. 23, No. 9, pp. 21/7-251, July- 
Aug.-Sept., I9I43. 

Origin, extent and description of perennially frozen ground 
and a review of the author's theory of segregation of water 
in the form of ico during freezing of soils. 

TERZAGHI, C. "The Science of Foundations - Its Present and Future." 
Transactions, American Society of Civil Engineers. Vol. 93. 
pp. ¿91-293/1929. - - 

An analysis of tho conditions required for producir^ the 
lifting effect caused by the adfreezing of soil to piers. 
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THE IS, C» V,. '‘Thermal Processes Related to the Formation of 
Permafrost,“ U« S, Geological Survey, Unpublished, 

THOMAS, B, P, “Thawing Frozen Subgrades,“ Calcium Chloride 
Association News, Vol, 9, No, 1, pp, 8, lo, t’eb. i, 1943, 

Review of experiences during wartime construction where 
calcium chloride was used to accelerate thawing of frozen 
subgrades, 

THOMSON, 17. A. “Soil Temperatures at ïïinnepeg, Manitoba,” Scientific 
Agriculture (Canada), Vol. 15, No. pp. 209-a?, Dec7ri93Iu 

Describes the installation of electrical resistance thermo¬ 
meters at depths up to 15 ft.j presents soil temperature 
variation curves covering a throe year period; and discusses 
the effect of snow cover on soil temperature. 

TZARSVICH, K, A, and YABLONSKY, V, S, “Study of Heat Conductivity 
of Soils as Function of their Composition, Presence of Salts, 
and Moisture“. Nephtyanoye Khazyaistvo, Vol. 2. do. 190-19*5. 
Feb. I93I.. (In RïïssTãnTT * ' - 

TZITOVITCH, N. A. and /3UMGIN, M, I, “Principles of Mechanics of 
Frozen Grounds". Academy of Sciences of USSR, 1937, U52 pages. 
(In Russian), 

URQUHART, L. C. “Civil Engineering Handbook," 2nd Ed. PP. 62?, 8i*0, 
N. Y.: McGraw-Hill Book Co., I9U0. 

Expansion of earth on freezing, depth of frost penetration, 
and rate of change of temperature of water. 

U. S, DEPARTMENT CF AGRICULTURE, “Climate and Man." Yearbook of 
Agriculture, Pt, 5, Climatic Data, with Special Reference to 
Agriculture in the U. 3., pp, 66U-1210, I9I4I. 

Charted and tabular data on temperature and precipitation 
up to 1-38. Includes J46 charted maps of the U. 3. as well 
as climatic summary tables, precipitation and temperature 
tables, special frost tables and supolenentary climatic 
notes for each state, 

U. S. GEOLOGICAL SURVEY, “Permafrost or Permanently Frozen Ground 
and Related Engineering Problems", Special Report Strategic 
Engineering Study, No, 62, 136 pages, î.ïarch 19u3. 

U. S. NAVY. “Umiat Test ’Veil No. 1,, Temperature Survey," Navy 
Department, Bureau of Yards and Docks, Officer In-Charge of 
Construction, ft aval Petroleum Res e r ve No. I4., May 19U6, 

Report, including tables, of temperatures taken in test well 
at Umiat, Alaska. 

U, S. ARMY Aviation Engineers, v/ar Department Technical Manual 
Department of the Army, Washington 25, £. C., I5 Apr. 

Discussion of the construction of airdromes and auxiliary 
buildings. Illustrations of equipment and structures. 



U. S, ARMY, Airfield Pavement Failure Reports# Office, Chief of 
Engineers, Washington, D. C., December 191+3 and July 19Í+6, 

U. S, ARMY, CORPS OF ENGINEERS, ’’Determination of Thermal Properties 
of Soils for Investigation of Airfield Construction in Arctic 
and Subarctic Regions," Research Laboratory Investigations, 
Engineering Experiment Station, University of Minnesota, Ü, S, 
Army, Corps of Engineers, &t. raul district, St, ^aul, Minnesota, 
January 19l|8. 

A highly technical doscription of the tost apparatus, of the 
tests and of the findings. 

U. S, ARMY, CORPS OF rJMGIIrEERS, "Frost Investigation 19I^.-1914-5^ 
Comprehensive Report, Frost Effects Laboratory, Corps of 
Engineers, New England Division, Boston, ûîas sa chus vit s ,~" 
April 191+Y» Published by ü, í>. Army, Corps of Ergi neers, 
Office of the Division Engineer, Now England Division, Army 
Base, Boston 10, Massachusetts, ¢3.00, 

This published report, approved by the Air Field Branch, 
01:.1 co of the Chief of Engineers, summarizes the experiments 
carried out by the Frost Effects Laboratory, 
An "Addendum" to the above report is being prepared for 
publication. This "Addondum" will report tho results of 
subsequent investigations, 

U. 3. ARMY, CCR PS OF ENGINEERS, "Frost Investigation 191+5 ”191+6, 
Roport of Studios of Base Course Treatment to Prevent Frost 
Action", Corps of Engineers, !J, S, Army, U, S. Engineer 
Office, Bos ion, Massachusetts June 19/+6, 

Appendix to 19Í+5-19Í+6 Report. 

U. S, ARMY, CORPS OF' ENGINEERS, "Instructions and Outline for 
Laboratory Research for Detormination of Thermal Properties 
of Soils", Corps of Engineers, St, Paul District, November IQliS. 

Instruct!oñsas lndlcaio37 - 

U. S, ARMY, CORPS OF FÎJGIFEk. "Laboratory Research for Detormina¬ 
tion of Thermal Properties of Soils, Quarterly Ropert." 
^Aprij1!^^ yimV3S0tft* Corps of ^ginoors, St, Paul District. 

The roport contains a description of tho equipment to bo used, 
and the plans of tests to be made. There aro a number of 
pictures of the equipment. 

U. S. ARMY. "Airfield Pavanent Designs Frost Conditions." Ad 
Interim Engineering Manual for T/ar Department Construction, 
Pt. 12, Chap, lif U« S, Army«, Corps of Engineers, Office of 
Chief of Enginoor s , ^uly, 19U6, 10 pp. 

Conditions affecting frost action; heaving; insulating 
materials; baso composition requirements, and protection of 
subgrado for flexible and rigid pavements with examples of 
design for frost action. 



* U. S. ARMY. "Report on Frost Investigation 19^-19^5," How England 
Division, Corps of Engineersf U. S, Army.j Boston, Mass., 
April, 19U71. àb pp. vdth Ï5 appondicos. 

A comprohonsive report covoring laboratory work, Roviow of 
previous investigations, and fiold studios at I5 airfields 
in tho U. S. 

U. S, ARMY, CORPS OF ENGINEERS, "Investigation of Airfield Con¬ 
struction in Arctic and Subarctic Regions". (Confidential). 
Report 8Ö1, October 28, 19l4u 

U. S. ARMY, CORPS OF ENGINEKRS. "Arctic Manual, TMl-2l|0," Rev. ly 
Jan, I9I4+J prepared by Dr, John W, Mon, War Department Publi¬ 
ca ti on. 

* U. S. ARMY, CORPS OF ENGINEERS, "Frost Investigations and Pavement 
Behavior Tests, Dow Field, Ban-or, Maine, Report on, U. S. 
Engineer Office, Boston , Massachusetts. 2 Fob. 19i;5. 

* U» S, ARMY, CORPS OF ENGINEERS, "Frost Investigation 
Sioux Falls Airfield, Sioux Falls, South Dakota; Fairmont Air- 
Field, Fairmont, Nebraska, Great Bond Airfield, Groat Bend, 
Kansas; Garden City Airfield, Garden City, Kansas; Pratt Air¬ 
field, Pratt, Kansas;" Missouri River Division, U, S. Engineer 
Office, Omaha, Nebraska, July 191+5» — 

* U. S. ARMY, CORPS OF ENGINEERS. "Frost Investigation 19^-19^5* 
Comprehensive Report^1), U. S. Engineer Office, Boston. Mass. 
February I9U7 -ü- 

* U. S. ARMY, CORPS OF ENGINEERS. "Frcst Investigation 19i¿-19l;5, 
Report on Dow Field, Bangor, Maine". U. S, Engineer Office, 
Boston, Massachusetts, Juno 19U5« Appendix 1. 

*U. S. ARMY, CORPS OF ENGINEERS. "Frost Investigation 191^-191+5, 
Report on Presque Isle Airfield, Presque Isle, Maine," 
U. >>. Engineer Office. Boston, Massachusetts, June 191+5» 
Appendix 2. 

(l) This report together with its fiftaon appendices, the report for 
1945“19U6 with its nine appendices, and tho report for I9I+6-I9I+7 
with its three appendices wore given only limited circulation. 
The findings contained in tho above JO ronorts were summarized 
and all significant materials arc in the published one volume 
Report on Frost Investigation 191+1+-191+5, dated April I9I+7. 



* U. S. ARMY, CORPS CF ENGINEERS, Profit Investigation 19144-19^5> 
Reports on Otis Field, Sandwich, Massachusetts, and Houlton 
Airfield, Houlton, Maine”, U, S, Engineer Office, Boston, 
Massachusetts, June 19Í45* 

Appendices 3 and ij.. 

* U. S. ARMY, CORPS OF ENGINEERS. ”Frost Investigation I9I4I4-I9I45# 
Report on Truax Field, Madison, 7isconsin,” U, 3, Engineer 
Office, Milwaukee, Wisconsin. June 19145* Appendix 5 

U. S, ARMY, CORPS OF ENGINEER. "Frost Investigation 19144-19145# 
”Frost Investigation 19144-19U5 Report on Pierre Airfield, 
Pierre, South Dakota," U, S. Engineer Office, Omaha, Nebraska, 
June 19Í45# Appendix 7* 

* ü. S. ARMY, CORPS OF ENGINEERS. "Frost Investigation igUrWliS, 
Reports on Casper Airbase, Casper, TVyoming, Fargo Municipal 
Airfield, Fargo, North Dakota, and Bismark Municipal Airfield, 
Bismark, North Dakota", U, S. Engineer Office, Omaha, Nebraska, 
June 19l45* 

Appendices 8, 9# and 10. 

* U. S. ARTY, CORPS OF ENGINEER: "Frost Investigation I9I45-I9I46, 
Reports on Presque Isle Airfield, Presque Isle, Maine and 
Bedford Airfí old, Bedford, Massachusetts," U, S, Engineer 
Office, Boston, Massachusetts. June I9I46. 

Appendices 2 and 3* 

* U. S. ARMY, CORPS OF ENGINEERS, "Frost Investigation I9I45-I9I46, 
Report on Truax Field, Madison, Wisconsin," U. S. Engineer 
Office, Milwaukee, Wisconsin, June I9I46. 

Appendix 1*. 

U. S. ARMY, CORPS CF ENGINEERS, "Frost Investigation 1945-19146, 
Reports on Pierre Airfield, Pierre, South Dakota and Sioux 
Falls Airfield, Sioux Falls, South Dakota", U. S. Engineer 
Office, Omaha, Nebraska, June 19l4&* 

Appendices 5 and 6, 

* U. S. ARMY, CORPS OF ENGINEERS. "Frost Investigation I9I45-I9I46, 
Report on Watertown Airfield, Wetertown, South Dakota} Fargo 
Municipal Airfield, Fargo, Forth Dakota, and Great Bend Air¬ 
field, Great Bend, Knnsas", U. S. Engineer Office, Omaha, 
Nebraska, June I9I40. 

Appendices 7* 6, and 9* 

U. S. ARMY, CORPS OF ENGINEERS. "Frost Investigation I9U5-I9I46, 
Report on Studies of Base Course Treatment to Prevent Frost 
Action," Corps of Engineers, U. S. Army, U. S. Engineer Office, 
Boston, Massachusetts, June 19Í46. 

(Appendix to I9I45-I9I46 Report. ) 
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U. S* ARMY, CORPS OF ENGINEERS, "Frost Investigation 19i|6-19U7, 
Comprehensive Report," U, 3, Engineer Office, Boston, 
Massachusetts , April 1¾¾}. 

U« S. ARMY, CORPS OF E^,GI\TEERS• "Frost Investigation 19U-t“19U5» 

Reports on Subsurface Temperature Investigation at Pierre 
Airfield, Pierre, South Dakotaj Watertown Airfield, Watertown, 
South Dakota; Preque Isle Airfield, Presque Isle, Maine; 
Dow Field, Bangor, Maine," U, S, Engineer Office, Boston, 
Massachusetts. June 19i¿5* 

Appendices 11 and li?. 

Ü. S. ARMY, CORPS 0* ENGINEERS. "Frost Investigation I9I4U-I9Í45, 
Report on Laboratory Tests on Frost Penetration and Thermal 
Conductivity of Cohosionlcss Soils," U. S. Engineer Office, 
Boston, Massachusetts. June lQl;5* 

Appendix IJ, 

U. S. ARTY, CORPS OF ENGINEERS. "Frost Investigation 19Ui“19ii5, 
Reports on Laboratory and FLíld Tost Procedures for Missouri 
River Division, Part 1; Groat Lakes Division, Part 2; and 
Boston District, Part 3," Ü, S. Enginoor Office, Boston, 
Massachusetts, June 19Ú5» 

Appendix llu 

U. 3. ARMY, COU S OF ENGINEERS. "Frost Investigation 19l*5-19i;6, 
Comprehensive Report," U. S. Engineer Office,'Boston, 
Massachusetts. Juno 19¿|6. —. 

U, S. ARI’Y, CORPS OF ©:GI!TEERS. "Frost Investigation 19l;5*19l46, 
Report on Dow Field, Bangor, Maine," U. 3. fegineer Office, 
Boston, Massachusetts. June 191*6. 

U. S. ARMY, COR.'S OF EUGD’EFRS. "Frost Investigation 191*6-191*7, 
Report on Hew England Division Investigations," ü, S. Fjiginoor 
Office, Boston, Massachusetts, August 191*7» 

Appendix 1. 

U. S. ARMY, CORPS OF B’QIVEFRS, "Frost Investigation 191*6-191*7, 
Report on Great Lakes Division Investigations," U, 3, Engineer 
Office, Detroit, Michigan. August 19l*7. 

Appendix 2. 

U. S. ARMY, CORPS OF ENGINEERS. "Frost Investigation 191*6-191*7, 
Report on Missouri Rivor Division Investigations," U. S. 
Enginoer Offioo, Omaha, Nebraska, August 19l*7. - 

Appendix 3» 

ü. S. WATERWAYS EXPERIMENT STATION. "Tho California Boarit« Ratio 
Tests as Applied to the Design of Flexible Pavements for 
Airports," U, S. Waterways Experiment Station, Vicksburg, 
Mississippi* 1 July 1%5. n- 



U» S. WÄTER’VÄYS 3XPBRIMENT STATION* "Resinous Water Repollents 
for Soils," U* S, Wxterways Experiment Station* Vicksburg, 
Mississippi. 2o May 19146. fJ.OO 

U. S. WATERWAYS EXPERIMEÍTT STATION, "Frost Damage in High Lubgrader", 
Engineer Department Research Center's Translation, No. 1(4-27, 
LD 157» U« S. Waterways Experiment Station, Vicksburg, 
Mississippi. T 

U. S. ’TIEATHER BUREAU. "Climatic Summarj' of th.e United States." 
Bulletin W., Soc. 1 to IO5, 1930/ 

Climatic data from the establishment of stations to I930 
inclusive. See also monthly summaries of weather data by 
states for climatic data from 1930 to present. 

U. S. WEATHER BUREAU, "Average and Extreme Depth of Frost Penetration" 
U, S, Weather Bureau, Undated mips. 

Maps of the U, S, showing (l) clxtrome Frost Penetration and 
(2) Average Annual Frost Penetration. 

WATKINS, W« I, and AARON, H, "The Soil Profile and Subgrndo Survey." 
Public Rends, Vol. 12, No. 7, pp. 51-6¿4, Sept., I93I. 

A study of the relationship between frost boils ard soil 
structure and tho soil profilo. 

WATKINS, W. I. "Discussion on Frost Hoaving." (Abstracted). 
Proceedings, Highway Research Board, Vol, 11, Pt. 1, pp. I65- 
1¿8, 1931. 

A discussion on the theory of ironf heaving, * 

WATSON, W. "Change of Volume During Fusion, and Latent Heat of 
Fusion." A Textbook of Physics, Paragraphs 209 and 211, pp. 
236-239# N. Y.t Longmans, Groon and Co., I9II. 

Volume change of wafer changing to ico and latent hont of 
fusion. 

VEIN3ERG, 3, P., "List of Latest Publications of U.S.S.R, on Ice 
and Snow," Transactions, American Geophysical Union, Vol. 21, 
(I9lf0) pp, 757=777; Abstract in AUL. 

This bibliography is divided into three parts* 
1. General (except on frozen ground, underwater ice, and 

Glaciers. 
2. Underwater (anchor) icc studies. 
3. Studios on eternally frozen ground and on freezing 

of soil, 

WEST, E. S, "Effect of Soil Mulch on Soil Temperature". Council 
of Science and Industrial Research, Vol. 5# Ho. J4., np7 
rov. 
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WHITE, A. C. "Frost Boils and Thoir Eliminr.tion." Public Works 
Magazine, Vol. 59, Ko. 1, pp. 10-11, Jan., IÇáH- 

Description of types of subsurface drainage installations 
which the author claims have been successful in Mower County, 
Minnesota. 

WILFCRD, H. D., DOW BY, B. R., BRIGGS, G. F., HOGEtîTOGIER, C. A., JR., 
KNIGHT, J, A., ELLEMAN, J. A. and BURGGRAF, F. "Usos of Calcium 
Chloride in Road Stabilization," Proceedings, Hifjiwav Research 
Board, Vol. 18, Pt. 2, pp. 209-25671930. *—V- 

This symposium on the use of calcium chloride in stabilization 
includes a table shoving tho relation between the freezing 
point of water and por cont calcium chloride in tho water. 

WILLIAMS, A. M. "What Causes the Spring Broak-up?" Better Roads, 
Vol. 15, No. 11, pp. 22-23, Nov., 19i|5, — 

Description of the effect of an early deep freeze followed 
by a fall thaw creating a "frost partition" above which 
water is trapped causing portland cement concroto to pump 
and causing distress to other types of roads. Throe remedial 
measures are described. 

WILLIAMS, G. A., "Winter Maintenrjico Problems on the Alaska Highway", 
Lu\dS and Bridgcs' Volume 81 (November 19^3)* pp. 27-30 and 

The author describes somo of tho problems involved in main¬ 
taining and operating machinery in tho various seasons. Ho 
mentions some of the difficulties that have boon oncountcred 
in maintaining a satisfactory roadbed. One of the major 
problems which receives a groat deal of attention is that 
of water. Both subsoil and surface water aro most trouble¬ 
some in arctic and subarctic areas. 

WILLLiMS, G. B. , "Application of Soil Mechanics to Design and 
Maintenance of Prairie Highways," Engineering Journal. Vol. 28, 
No. 5 (May 19i*5)» PP. 289-297/ (Discussion), pp. 297-299, 
one also - Civil Engineering (London), Vol. 1+0, No. 1+71, 

(Soptomber 19k5), PP. 211+, 216. 

ÏÏILSDCN, B. H. "Problems of Porous Bodies and Their Behaviour as 
Building Materials," Journal of the Society of Chemical 

■Muatry (London), Vol. ^, pp."397t-i+0¿T, Dec. 29, 1¾. 
A discussion of tho principal factors which affect frost 
resistance of building brick. Included are* permeability; 
suction, measurement of hydrostatic pressures in unsatura.tod 
porous bodies; capillary rise in a porous modium; mechanical 
effects produced by liquids in porous bodies; and mechanical 
effects produced by tho formation of solids in porous bodies. 
Apparatus for determining suction pressure and also for 
measuring pressure deficiency by an osmotic method ore 
described. 
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TOLSON, J. wProat Action on Rigid Pavoments#” Bnginooring Wowb- 
Record. Vol. 80, No. 13, p. 626, Mwrch 28, Í91S. 

The author advocatos deop drainage, sufficiently deep to 
extend below frost lino and also to lower the line of 
saturation below the subgrado. No data aro given. 

♦ ’/INN, H. F., LANG, F. C., SKELTCN, R.R., BENNETT, E. F., BELCHER, D.J. 
’’Symposium of Frost Action". Proceedings of ttio Purdue Con- 
foronco on Soil Mechanics and ïts Applications, Sect. VII, 
ppTTO-^TTuTy Wr-^- 

ïïINN, H. F. "Frost Action in Stabilized Soil Mixtures." Proceedings, 
Highway Research Board. Vol. 18, Pt. 1, pp. 26I4.-29O, Í930. 

The results ot a lafcoratory study to determine the frost 
hoaving characteristics of a clay, a washed concrete sand, 
a pit run gravel and graded soil mixtures molded without 
admixtures and with different percentages of eleven different 
"stabilizers." The stabilizers included various grades of 
liquid bituminous materials, portland cement, calcium and 
sodium chlorides and calcium oxide. The report describes 
laboratory equipment, apparatus and experimental procedure 
and shews the effect of admixtures on hoaving. 

* KINK, H. F. and RUTLEDGE, P. C. "Frost Action in Highway Bases and 
Subgrados." Purdue University, Engineering Bui., Vol. 2i*, 
No. 2, (Research Ser. No. 73# highway Research Bui. No. I;), 
May, 19ij0. 10^ pp. 

A portion of this publication contains data previously re¬ 
viewed in the following! Kinn, H. F, "Frost Action in 
Stabilized Soil Mixtures", Proceedings, Highway Research 
Board, Vol. 10, nt. 1, pp. 26l|-290, 19?8. Not included 
in previous review are data on effectiveness of Vinsol 
Rosin and the effect of soil density on amount and rate 
of frost heave. 

V.TNN, H. F. "Frost Action in Highway Subgrades and Bases", 
Procoodings, Purdue Conference on Soil Mechanics and its 
Applications, Purdue University, Symposium on Frost Action, 
pp. hÍ4;-U57, àõpt. 2-b, 1940. 

Review of findings of previous investigations and of theory 
of ice segregation. Also results of laboratory studies on 
frost action in treated and stabilized bases and a discussion 
of means of preventing frost action. Discussions by Morton, 
Tremper and Stokstad, Selected bibliography. 

WINTERKORN, H. F. and FBHRf'AN, R. G. "The Effect of Freezing - Thaw¬ 
ing and V.etting - Drying Cycles on the Density and Bearing Power 
of Five Soils." Proceedings, Soil Science Society of America, 
Vol. 9, pp. 21+8-2^, 19Lh. 

Results of accelerated laboratory tests to determino the effect 
oft (l) Immersion onlyj (2) Twelve cycles of freezing and 
thawing; (3) Twelve cycles of freezing and thawing with sub¬ 
sequent water immersion for 12 days; (i;) Twelve cycles of 
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wotting and drying; and (5) Twelve cycles of freezing and 
wotting on tho density, moisture content and California 
bearing ratio of the B horizon soils from five Missouri, 
Oklahoma and Kansas soils. 

VITNTSRMYER, A. M. "Forçantage of ^ator Freozable in Soils". 
Public Roads. Vol. 5, pp. 5-8, Fob. 19¾. 

WOODS, K. B. "Report of Committee on Frost Heave and Frost Action 
in Soil." Presented at tho 2?th Annual Mooting of the Highway 
Research Board. Doc., 19U7. 

Effectiveness of treatments in which calcium chloride was 
placed in holes bored through flexible and rigid typo pave¬ 
ments into tho subgrade or in trenches along the pavemonts 
in frost heave areas. Also studies of permanency of calcium 
chloride admixtures, 

WOODS, K. P. "Frost Action." Aims rnd Activities of the Joint High¬ 
way Research Project. Purdue University, Engineering Bui,, 
Vol f ?li.t No. 2, (Rosear cri Sor, lío. Tl* ni ft. way Research Bul, 
No. 3), op. 35-37, 1+1-43, 46-49, March, l&O. 

Pictorial and graphical representation and conclusions of 
frost studios at Purdue University. The data are published 
in the following reference: Winn, H. F. "Frost Action in 
Stabilized Soil Mixtures," Proceedings, Hirt.way Research 
-Board, Vol. 18, Pt. 1, rp. 1^8.7 *- 

WYCKOFF, L. B, "Some Observations on Effect of Frost in Raising 
Woitfit." Encrineering News-Record. Vol. 80, Ho. 13. dd. 627- 
628, March-uanwr- 

The ai'thor cites cases of a brick wall, weighing 2000 p.s.f,, 
raised 3/1+ in. and several piers supporting columns and roof 
trusseá raised l/2 to 2-3/1+ in. by frost action. 




