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ADDENDUM NOo 1 
TO 

REPO~T· ON FROST INVESTIGATIOH, 1941-1.~}945 

SYNOPSISo 

The frost investiga-tion program 1.~1as authorized by the Office, 

Chief of, Engineers during the summer of 1944o A summary ·or the· results 

of the investigations conducted during fiscal yea~ 1941.~...;1945 vias published' 

in ·.~ rep~rt entitled "Frost Investiga tion9 19LJ..t=l945": dated April 1947 o 

. The inve~tigational program was continued during the fiscal yea-r::f t945-

1946· a~d 1946-1947 for the purpo~e of' ext,ending and augmenting the'se 

studies in order to substantiate the design criteria in the Engineering 

Marl.ual ·or to recommend revisions. A· surnrnary of the investigation's a::nd· 

· stu.dies made during the period July 1945 through June 1947· ;.;1 th arl.e.l~rses 

of the results is presented in this addendum to the original report • 

···.Analyses are based on these additional data ·and the. dat·a presented in the 

original report; however 9 repetition of data.·contained in the original 

- report has been avoidedo Based on these studies c,nd :'Lnve;:r!..:;igations 

rev'i sions to Chapter 49 Part XII of the Engi:neer:i. ng Manual are being 

recornrri.endedo Recommendations for continued studies are also included. 

2o INTRODUCTI.ONo 

a. Authorizationo The continuance of the frost investigation 

program was authorized by the Chief of Engineers during the fiscal year 

1945~1946 by letter to the Division Engineer 9 New England Division, dated 

4 August 1945, subjects ''Frost Inv~stigation durinr; Fiscal Year 1945-1946", 

1 
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and subsequent indorsements 9 and during the fiscal year 1946=1947- by letters 

dated 5 July 1946 and 12 August 19L~69 subjects "Funds for Investigational 

Projects for Fiscal Year 1947no The Frost Effects Laboratory9 established 

at the Boston District by direction of the Chief of Engineers, by circular 

letter Noo 3221, dated .11 August 1944l9 was continued·o 

bo Purposeo The purpose of this report ~s to present the 

results of studies made and data obtained during the frost investigation 
f 

program for the fiscal years 1945=1946 and 1946=1947 and to recommenili· 

warranted, revisions to Chapt~r 4 9 Part XII of the Engineering Manua]_ 

entitled "Frost Condi tions•• o This rerort has been prepared as an addendum 

to. the ''Report on Frost Investigations 19W-t-""'1945" dated April 1947 :~ here-

inafter referred to as the original reporto, 

Co Scope 0 A summary and analyses or'}the studies$) observations, 

.~nd tests which. were .made: to ac~oln.pli~h \he ·rolimiv"ing phases or' the investi';.. 

gation are included in this addendum& 

(1) Field investigations and testing of the effect of' 

frost action during the winters of 1945-1946 and 

1946=1947 under paved and turfed airfield areas()< 

These included tests for soil classification, 

availability of ground waters soil temperaturesj), 

and ice segregationo 

(2) Plate Bearing Tests on rigid and flexible pavements 

during normal and frost melting periodso 

(3) Traffic Tests at &~lfridge Field 9 · :Michigan9 during 

frost melting period 9 March'1946e 
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(4} Studies of soil properties ~n~luencing freezing. 

These include the performance of laboratory tests 

to determine the thermal conductivity of· frozen 

cohesionless materials with different densities and 

(J water contents under controlled tempe·ratures. 

(5) Mathematical studies to predict the rate and depth 

of frost penetration and correlate with field 

observations. 

(6} A study of airfield pavement failures to which 

frost action wa.s a contributing cause. 

(7} A summary study of airfield pavements at permanent 

Air Force installations constructed on subgrades 

subje~t to frost action. 

(8) Laboratory studies of methods .of making frost~ 

. susceptible· soils. n~p...;fro~~:~~·~soepti.ble by the 
. . 

use of admixtu~e~ ~rid. stu~f~s; .. of m~tho.ds ·to pre-

vent leaching of salt admixtures. 

(9) An investigation o£ the rate of frost penetration 

in pavements a·nd non-frost-susceptil;)le base con­

struction materials and of the.effect of density, 

water content, degree of ·saturation, arid water 

table on ice segregation in frost susceptible 

materials in a test embankment at Dow Field, Bangor, 

d.o Presentation of Report. This report is presented as a main 

report with two appendices. The appendices which are presented at the 

end of this report are as followst 
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Appendix A - Mathematical Studies of Thennal' Properties of 

Soils .. 
. . . ~ 

Appendix B - SWTh~;ary Tabulation of Airfield Pavements at 

Air Fo.rce In~ta.ilatioris Construct~d on Frost 

Susceptible Subgrades .. 

eo Definitions .. The descripti-on of tests and analysis of 

results involves a specialized use of certain terms and wor_ds which are 

def'ined in· paragraph 2d, of the original reporto. Revised and additional 
.. . . :. ··.. . . ._ ' 

de-fi~i tions are. ~ontai~ed in the "Glo~sary" at the -end of this addendum .. · 

f.. Bibliography.. Additional references obtained since compil­

.:i.~g-the bibliography f~r the ori?inal report are appended to this addendum .. 
i :·-; 

go Acknowledgmentso In addition to consultants acknowledged 

in original report, Dro Lo Ao Pipes of Harvard University assisted in the 
·- . ·.. ..-.. 

rnath~rna tical. studie' s 0 

.. Ackn~~il~dg~1ent is made to the U .. ·s .. Weather Bureau for 
- ... _ ... 

weather data furnished and to. the Post· Engine.ers at the various airfields 

. ' 

for continued assistance in performing testso 

.. _ 3 .. :· .. , FIELp INI(ES+IG:ATIONS- ~ GEN;ERA~o The observations and testing of' 

th~, -e_f'fect of,.fros.t -action under pa:ved and .turfed areas Yvere made at ten 

airf~elds during 1.945;1946 and five airfields during 1949-1947.. These 

airfields are _located in the. northe.rn part of· central and eastern United 

Sta.te s as .. sho1.vn on Plate. ~ o 

The following eight airfields of ~he_ 15 stu.died during 191.¥+-1945 

were sele~ted for further $tudy during 1945-1946t 
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(1) Dow Fields Bangor·, Maine 

(2); Presque Isle Airfield 51 Presque Isle, Maine 

(3) Truax Field~ Madison, Wisconsin 

(4} Pierre.Airfield, Pierre 51 South Dakota 

.(5)· Sioux lt'alls. Airfield 51 Sioux Falls, South Dakota 

(6} Watertmvn Airfield, Watertovrn, South Dakota 

(7) Fargo Muni~ipal Airfield~ Fargo, North Dakota 

(8) Great Bend Airfield, Great Bend 9 Kan9as · 

The field investigations consisted of' weather observations, heave measure-

ments, subsurface temperature measurements, and ground water observations, 

which were supplemented at some of the sites with periodJc observations of 

variations in water content, density, and ice lens formations in base and 

.. 
subgrade materials o At a few selected sites plate bearin.g; tests· on rigid 

and flexible pavernents and on bases beneath rigid pavements were made to 

' . . 

deter171ine the. supporting capac.i,ty· of the. pavement so 

Two additional airfi.el.ds 1. Bedford' Airfield, Bedford, Massa ... 

chus etts and Selfridge r'ie ld, Michigan 9 ., ... rere also investigated.. Bedford 

Airfield vms selected for s~1bsurface temperatui·e moasurenent:~ and the 

·determination of frost penetra~ion in a non-frost ·susceptible base and 

subgrade beneath both rigid and flexible paver.-~entso Selfridge Field 

vms selected for a comprehensive investig<;~.tion on rigid pave:::2.~ntso 'rhe 

investigationp included traffic tests with .a 60~000 pound load on a 

B-29 dual wheel·asseriililyo 

During 1946-1947 fi$ld~investigations were continued at five 

airfields as follows: 
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(1) Dow Field, Bangor 9 Maine 

(2) Bedford Airfield, Bedford, Massachusetts 

(3) Selfridge Field, Michigan 

(4) Sioux Falls Airfield, Sioux Falls, South Dakota 

(5) Fargo Airfieldj Fargo 9 North Dakota. 

4o CONDITIONS AT AIRFIELDS INVESTIGATED. 

ao Locationso The two airfields added to those previously. 

studied are Bedford Airfield, Bedford, Massachusetts, New England_ 

Division, and Selfridge Field, Michigan, Great Lakes Divisiono 

The following tabulation, in addition to the geographical 

location shown on Plate 1 9 . sllimnarizes the locations, elevations, and 

general physiography~ 

NORTH VVEST ELEVo ABOVE 
AIRFIELD LA.To LONGo · Mo S·oLo (Ft} PHYSIOGRAPHY 

•"< 

Bedford 420 '62°)' 130 Rolling terrain .of. 
low relief 

. Selfridge 43° '83° .580 Level lake plain 

bo Weathero Bedford has a normal freezing index of 680 and 

a normal freezing period from 1 December to 10 Marchc Selfridge has a 

normal-freezing index of 520 and a normal freezing period from 1 

December to 10 Marcho 

Precipitation during the three months prior to the freezing 

period has been considered to be influential regarding the position of 
<B 

the 1vater table and degree of saturation of the subgrade at the start of 

freezingo The -normal precipitation for this three-month period is l0o2 

inches at Bedford and 7o7 inches at Selfridge-a 

6 
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A record of snowfall at each airfield i"s present~d in Figo 3, 

Plates .-3- to -8: iTI:cl~s·i veo 

Co Traffic Histo~yo A brief traffic history is tabulated 

. for each airfield oas p1rt of Table· lo The da:ta was obtainSJd from Pave-

ment Eve..luati on Repor ~~ of 1 s44" with the addition of available subse-

quep.t da :tao 

do Type and Condition of Pavements., Tre thickness and type 

of pavement for· each air field is sho1rm in Table 1 o The condition of 

the pavement .. surfaces prior ~o the investigations is briefly sum."llarized 

belowo Pavement crack surveys were made during the normal period and 

after the fros:t_·nielti~g per.~ods at P~esque Isle,~~ pow,~~ ·selfr~dge,~~ ;Pierr~.~~ 

and Sioux Falls. The·_ locatj,on of. all test areas covered by this 

addendum, which were not shown on the original report or where the 

·test area limits have been changed are shown on Plate 2 o 

PAV~ENT 

AIRFIELD .TEST AREA 'TYPE 
THICKNESS 

(INCHES). 

Dow 

.:Presque 
Isle 

Bedford 

D and E 

F 

A. 

C_&_D 

A 
B 

-·-.-

BoCo · 3o5 
(overlying 
2 to 3.ino· 
penetrated 
crushed .rock) 

PoCo Co 6o 0 
BoCo SoO 

7 

COND.i'l'luH 
FALL OI 1945 FALL OF 1946 

· Good -scattered 
lorigi tud inal· 
cracks along con­
strue tion lanes 

Fair = about 20 
p;rcent of area 
cracked 

-Good - .. few small 
cracks 
Good - few· small 
cracks ·& depres­
sions 

Good. 
Good· 

. ' 

No· change 

Few addi­
tional 
cracks -

No data 

No data 

No change 
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-AIRFIELD TEST AREA 

Truax· A 

p 

Sel!ridge A 

Pierre A 

C and D 

Sioux Falls A 

yv~ tertovrn 

Fargo 

Gre~t Bend 

B 

A. 
B 

A 

A 

PAVEMENT (dONT'Do} 
THICKNE.SS CONDITION 

TYPE (INCHES} FALL OF 1945 FALL· OF 1946 

BoC o. 

PoCoCo 

BoC o 

. 2o0 · 

Good ~ mirior 
cracking 
Good - .tninor 0 

cracking & de­
pressions 
Good 

No data 

Fair ~ a bout ~5 No change 
percent· of ai"ea 
crackedo Every 
other lane numer-
ous joint failures 
and cracks (placed 
during severe winter 
conditions) 

Good - few cracksi No data 
minor pending 
conditiono 
Good - minor crack­
ing and depre~sions; 
pending 

Fair "" numerous 
cracks 

No chano·e 
. 0 

Good - no cracks Minor cracking 

. Good 
Good 

No change 

lo5 Transverse crack- No data 
ing and minor de.., 

~-. forma tionso 

Good No data 

eo· Baseso The oase material at Selfridge ranges from 7 to·:2Q 

inches ·.in thickness and consists of a GF material with from two to five 

percent by weight finer· than Oo02 mmo The base at Test Area A at Bedford 

is 18 inches thick and consists of a GW material with three per oent 9Y 

weight finer than Oo02 mmo The same material was found in Test Area B 

8 
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with a thickness of 13 to 19 incheso The classification and gradation 

of the materials in each test area are shown in Figure 4 on Plates 3 to 

8, inc lus i veo 

fo Subgradeso In addition to the subgrade soils described in 

the origi~l report the rna terial at Bedford ~~ both test areas consisted 

of a we 11 graded sand ( mV-SF) with from zero to ten per cent by weight 

finer than· Oo02 IIl.IIlo and the subgrade at Selfridge consisted of sandy silt 

(ML) overlying a sand (SF) with 13 to 25 per cent by weic;ht finer than 

Oo02 nun.,, underlain by: lean clay (CL}io All subgrade soils at Selfridge 

are frost susceptible" Fir;ure L~, Plates 3 ·~o .8, inclusive, shows the 

' ~ 

classification and gradations of the. predomina11;t sube;rade soils o 

gc Ground Watero Be.dford and Selfridge haYe · groun:l water 

tables rangine~ from t~vo to appi·oxima t.e ly eight. feet b~alow the pavement 

surfaceo 

5_o TEST SECTION£) DO\'{ FIELD~ BANGORi MAINEo A test section con-

structed duri~g Au.gust and September 1946 was observed to determine 

the rate of frost penetration in non-frost susceptible base lnaterials 

.. ·with rigid ar1d flexible· pavements and to study the effect of density; 

degree of saturation, and water supply on frost actiono The test sec-

tion consisted _of 14 portland c~ment concrete cyl~nders each eight ·feet 

!J,igh and five feet inside diameter)) containing specimen material of 
. ' :.· . - . ' ' ' 

either cinders, sand a·nd -Gravel, crushed rock or silty clay. These 

cylinders are re~erred to l~e reinafter as elements o Four inches of 

. ~ .. 

bitUminous concrete 1vas placed over the various speci!llen materials· 

in eleven of the elements and a six-inch cover of portland cerc.ent 

9 
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cone rf;')te was placed. over. the remaining three elements o The effect 

of shaller~v ground wa'ter v.ras obtained in four of the elements by con-

nect~ons to a controlled \Vater ·supplyo The rate of freezing tem-

perature penetration in each test element was determined by thermo-

couple installations., The degree of saturation, water ,content, and 

density at time of placing 1 and pavement heave and subsidence during 

freezing· and frost melting periods was determined.. The water content 

and density were .detern1ined after the frost melting period in four 

elements in which the subgrade was· placed at a low densityo A plan 

and typical section of the test section is shown on Plate 9o 
~ 

6. RESULTSo 

ao Tests for Soil Cla.ssificationo Laboratory tests con-

sisting of sieve analysis~ hydrometer analysis, Atterberg limits ·and 

specific gravity were conducted on rE3presentative base and sub grade 

materials· fro~n Selfridge a~d Bedford during the 1945-1946 investigations" 

During 1945-1946 and 1946=1947, tests were conducted at airfields pre-

viously investigated for the purpose of checking and obtaining additional 

datao Grain size distribution c.urves and classification data for typical 

materials and typical logs for each test area are shown in Fig;ure. 4JI 

Plates 3. to 8j) _incl{isi ve o A summary tabulation of the results pf tests, 

including Atterberg limitsj) soil classification and pe~centa-ge of particles 

finer than .Oo02 mrrlo 9 by weightj) is included in Table lo 

bo Tests for Availability of Water for Frost Actiono 

(1}. Pre.cipitationo Precipitation data for the various 

airfields were obtained from either the Uo So Weather Bureau Station 

10 
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nearest the airfields or from the ·AAF Weather Office at the specific 

airfield. Cumulative rainfall for the months of September to :December 

and snow;..fall record are shown, in Figures 2 and 3 on Plates 3 to 8, 

inclusive. Tabulation of the records of precipitation for·the three 

months prior to· the freezing period for all airfields is included in 

Table lo 

(2) Ground Watero Ground water e1evations. in both the 

subgrade and base were obtained periodically from October· to June by 

means·of observation wellso These measurements were augmented by exca-

vation of test pits at periodic intervals o The fluctuations of. the ground 

water table measured from the surface· of the pavements are plotted in 

Figure 5 on Plates 3 to 8 9 inclusive~ Tabulation of the average depth of 

the water table from the pavement surface of each test area for the normal, 

freezing, and frost melting periods is also included in Table lo 

(3) Water Cont.ent and Density~ 'VIla ter content and density 

determinations of the base and subgrade materials were obtained in test 

pits excavated during the normal, freezingg and the frost melting periods, 

and d~ing the period when subsurface conditions had returned to normal, 

generally in May or June c The specific'. time for the excavation of the 

test pits was based on analysis of data obtained in previous investiga­

tions. The variations in dens:i ty and water c.ontent for the sub grade. 

and base materials during these periods are shown graphically for all 

test areas in Figure 9 on Plates 3 to 8, inclusive. Results are also 

summarized in Table lo 

(4} Degree of Saturation~ The degree of saturation of 

the base and subgrade materials during the normal$ freezing.\! and frost 

11 
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melting periods was computed from the density (unit dry weight), water 

content_, and specific gravity of the various materials. Variations 

in the degree of saturation during these periods are included. in .ft,igure 

9 on Plates 3 to 8, inclusive.. The average degrees of saturation of 

the base and subgrade materials for the various testing periods are 

summarized in Table 1. 

c. Measurements of Temp~rature. Air Temperature measure-

ments were made or obtained at all airfields inv~stigated. Measure-

.ments of subsurface temperatures were made at 20 test areas in· 1945-

1946 and at ten test areas in 1946-1947· 

(1) Air Temperatures. The air temperatures were ob-

tained from either the nearest Uo S. Weather Burea.u Station or the 

A.AoFo Weather Officer at theairfield. At some fields, these were 

supplemented by Corps of Engineer thermographs located at the test 

areas. For each airfield air temperatl.Ire ~at~ in:. the form of degree.~.-

day curves for the winters of 1945-1946 and 1946-1947, a~d the normal 

curve are shown in Figure 1 on P1~~tes 3 to 8, inclusiveo The normai 

freezing index, the freezing index for 1945-191+6 and 1946-1947 and the· 

perc~ntage of normal for 1945-1946 and 1946-1947 are included in 

Table 1 o 

(2) Subsurface Temperatures~- Subsurface temperatures 

were measured either by thermocouples or thermometers as described in 

the original reporto 

At some locations thermometer wells were installed 

adjacent to· thermocouple installations for comparison of results·. The 

12 
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fo11owin:g table lists the fields where thermometer and/or thermocoupie 

rneasurem£rnts of subsurface temperature were made! 

AIRFIELD 

D6w.Field* 

. TEST .AREA 
.BITUMINOUS. CONCRETE CE~lENT . CONCRETE 

. . 

Thermometer and Ther.mocouple Thermometer arid _T~ermocouple 

Presque Isle* Thermometer and Thermocouple Thermometer and Thermocouple 

Bedford Thermometer Thermometer and Thermo.couple 
. . . . ~ 

Truax Thermometer 

Sioux Falls 'Thermometer and-Thermocouple Thermometer and Therm:ocouple 

Pierre Thennometer and_Thennocouple Thermometer and ThermOcouple 

Fargo Thermometer (no cement concrete areas) 

Watertown Thermometer and Thermocouple· Thermocouple 

. Selfridge '(No bituminous concrete areas} Thermometer 

Great Bend (No bituminous concrete areas) Thermometer 

* Thermometers and thermocouples were also installed in turfed 

areaso 

A study of typical readings at three fields during 

.the period of investigation shows that the thermocouples generally gave 

higher temperature readings than the :hermometers at comparative depths., 

Comparative subsurface temperatures are plotted on Plate lOo D'iffer-

ences between the two methods of measurement ranged 9 ge~erally, from 

one to three degrees Fahrenhei t 9 although some readings d_i~fered by 

six degreeso In Figure 8 9 Plates 3 to 8 9 inclusivell are shewn plots 
. . -

of the 32°F subsurface temperature from December to April with respect 

to depth~ Similarly plotte·d on these charts is the depth of frost 

penetration as measured in test pitso 

13 
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d., Field Measurements of Frost Penetrationo The depth of 

fros't penetration and the r-ate. the frost -entered the ground was ob-

tained by observa;tions in tes~ pits excavated-a-t the start of freezing 

and extending to the end of the frost melting periods o At some of ·the 

airfields test pits .:were .excavated to obtain the maximum depth of· 

frost penetration onlyo The results of -the-se observations are plotted · 

in Figure 8 on Plates 3 to 8, inclusive.. From -these plots, it will be 

noted that there is a· relatively close----a-greement between the depth or· 

. the 32°F curve obtained from results of subsurface tempe-rature read-

ings and the frost penetration obtained by observations in test pits. 

e. Tests for Frost Action. 

(1) Ice Lenseso The 'presence of ice lenses was inves-

tigated by means of test pits excavated during the freezing periodo 

Location and thickness of ice lenses in each test area a.re shmvn in 

Figure 6 on Plates 3 to 8, inclusive. -The-se data-are summarized in 

Table lo The ice lenses observed in the subgrades occurred innon­

continuous horizontal layers ranging from 3/4 of an inch to hairline 

in thickness and--we-re ·generally irregularly spaced less than 1/2 

inch apart with the lenses becoming thicker and more closely spaced 

near the bottom of the frost penetrationo Ice lenses observed in 

exc~vations during the freezing pe,riod ·in subgrade soils were con-

sistently of increasing thickness and extent with depth at all test 

areas at Dow and Truax and .at Test.AreaA at Presque Isle. Small, 

thin, scattered ice lenses were observed during the freezing period 

at all 'test areas at Selfridge, Pierre and Sioux Fall~ o ·No ice lenses 

were found at Test Areas C and D and Turfed Area at Presque· Isle and at 

-. 
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Bedfordo No observat_ions of'. ice lens formations were ~de at Water~ 

town9 Fargo 9 and Great Bend~ 

. _(2) Pave~ent Heave.. Durip.g 1945~1946_ the payem.ent 

heaye wa_s me~_Sl?.red by means of level surveys. dur~_r:1g the. norma~~ 

f'reezing~ and fr9st melting periods at Dow9 Presque ~sle 9 Tru~x, 

Selfridge 9 Pie:r~ll. Sioux· Fal1s 9 Watertovm9 ?-nd FargQo TJ::le a,mollrl:t of 

heave is shown in TablE? 1 an~ in Figure 7 on Plat;es 3 to So. Th.E3. maxi"'!' 
• • !> '. 

mum.pave~en~ heave was Oo4 foot a:r1d_occu:rred in Tes~ Area ·P ~t P:r~sque 

I~le ~- Test Area F at Dow shm:V"ed the greate~t average_ heave .. for the. 

entire are~ .. (Oo25 fee~)o · Th~. average p~vement heave_ at all te~t ~reas. 

~.xcept those. at pow9 Presque Isle 9 TruaxJ Selfridf;e, and S~oux Falls 

.~s. pract~cally ~egligib~e !'_ b~ing. les$ than 0 ri05 footo The pavemen~ 
. . ; . 

heave was relatively uniform for all a~rfields except_Dow~. Presq~e ·' 

Isle, and Watertowno In Test Area Q at Pierre9 and Test Area B at 
. . ..... 

Watertown p~yem~nt heave obser:>vati~ns indicate that the pave.ment ~at 

th~. c r~1~n did not heave but: subsided a small amount while. the paveme~t. 

at the e~ges heavedo. 

During 1946=1947 pavement heave was ln.ca.sured by 

means of level surveys during the normal 9 _ freezingj) and frost melting 

periods at Dow9 Sioux Fallsj) and Se.lfridgeo The heave was measured 

by 1rire line measurements at Fargo before freezin·g and at the time of 

maximum heaveo The amount of heave is shown inTable 1 and in Figure 

7 on Plates 39 5 and 6o The niaximum \pavement heave of 0.,26 foot and 

the greatest average heave of an entire test area (0~14 foo.t)i occurred 

at Test Area F at Dow Fieldo. 
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f. Tests for Flexible Pavement Supporting Capacity. The 

supporting capacity of flexible pavements was investigated by means of 

plate 'hearing tests conducted during" the no.rmal period and· repea.ted 

during the frost melting period at Dovq-~ Presque Isle, Truax, Pierre~ 

and Sioux Falls during 1945-1946o Figure 10, Plates 3, 4, 6, 1 and 8, 

present; the·~verage res~lts of the plate bea!ing tests. The field 

test procedures for plate bearing. tests during 1945-1946 were the same 

as used during i944~1945 investigations as described in paragraph 6f, 

of the original reporto · The maximum ratio of _loads required to produce 

a Oel inch deflection in· the .normal period to those required to prodtice 

the same deflection in the frost melting period a·re given beloW-. Also 

tabulated below are the· ratios of deflections ·produced during:. the frost 

melting period by loads on a 24-inch diameter steel plate after ten 

_ repetitions. to the deflections prpduced by the same loading during the 
... 

. . 

~he values _pre~sen~~cl.(.~~::··e.~ch poX,. of_ ,the . r·ollo1;ving table 

are arr~nged, from top to bottom, to "give the arithmetic average, the 

range of values, and the number of testso 

16 . 
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Airfield Dow Presque Truax Pierre Sioux 
Isle Falls 

~ 

Thiclmess Oo8 3o0 lo3 2o5 2o9 
Frozen SU;bgrade ... 0 o6=lo0 .2o8':"'3o2 lol-lo5· -2o5-2o6 2o9 .. 

(feet) . (5) .· (6} . (15) (7) (2) 
.. 

Static Load Tests 
Maxo ratio of lo8:ds 1o8 lo8 4l)4 .lo6 2;7 
at 0 0 1'' deflection lo6=2o0 lo0=2o3 3o7=5e0 lo3-lo9 2o7 
for normal period. vs .. . ·"' (2) (31 (2) (2) (.1) 
frost melting period 

I 

.. a 
·· .. 

Repeating Load Tests 
-aatio of defl~ctio_ns lo8*-' : 2o9* }ol* lo7*·* 2o9**' 
after 10 repe·titions l-o6-2o0. loB-4o3' lo9=4o2 ·o o6-2 o3 lo9-2o8 
of .load for frost. .(2) .(.3) .. _{5) (5} :(3.)': 
melting period VSo 

normal--perio<i -. ,·. 

: 

Notes·&·.*' Total·1oad on plate·il 20;000 pounds (only5 repetitions. at Dow) 
**' Tota~ loa,d, on plat~ 9 25 9 000 pounds 

A s~ry of all ~he plate .. b~~rin€?_tests conducted is 

presented in Table 2 (Sheets 1 through 7)o_ 

Durin$ 19.46=1?47_the supporting capacity of flexible 

pavements was investigated at _Dow oy means, of plate :bearing tests· con-
. ' 1:~ :. . • • • ~ ,. . _-, ; . ' , t 

du?ted ·dur.ing both the n?rrnal .P~riod and the frost melting pe riodo 

The field test proc~dure for t1~ese plate bearing tests 1FJas as fcllo:-Ns g· 

.;· 

testso 

An area 27 by 25 feet. was laid out for plate. bearing 

Th~ soil prc;>file of the area was determined from an auger hole 
' ':· /' .• -· ,. . _\ ·. ·. . ,.__.' . ~ . 

at each corner and_the center~ The. loading; tests were .performed. with 

as great a dispersion ~f location as possible to give averag~ resultse 

Twelve tests were conducted in the Fall (normal period)u Tests were 
. . . .. ' ·- . . . 

. ~onducted in_groups :of three at weekly interva~s for five weeks during 

the fros~ I!lelting periodo The tests were perfor-n~~d by. loading a rigid 

17 
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30-inch diameter steel plate to 20,000 pounds and maintaining the load 

until complete deflection hao'd occurred or 15 minutes had elapsed (which­

ever occurred first}. The maximum deflection was recorded and a eurve 

was plotted showing the deflections (average of tests performed on the 

same day} to indicate the period .or weakness during the frost melting 

period., The average deflections for Test Areas D and E are shovvn in 

Figure 10» Plate 3 and also on Sheet .3 of "Table 2. 

g.. Tests for Rigid Pavement Supporting Capacity. The sup­

porting capacity of rigid pavements was investigated by means of· rup­

ture tests and subgrade modulus tests conducted during the ;~nr.mal 

period and the frost melttng period and a traffic test at Selfridge 

conducted during the frost melting period in 1946o The rupture and 

subgrade modulus test procedures were the same as those used during 

the 1944-1945 investigationso 

Rupture tests and subgrade modulus tests were con­

ducted at Dow, Presque Isle, Truax, Selfridge, Pierre, and Sioux Falls 

during the Fall and again during the frost melting period 191.6-1946 

and at D~w Field during 1946-1947 to obtain the difference in bearing 

capacity during these periodso The results of rupture and subgrade 

modulus tests at the above listed airfields are presenteO. in '"i.gure 

10, Plates 3, 4, 6, 7 and So Results of the rupture tests are sum­

marized in the, following tabulationo Also included, for comparison,· 

are subgrade modulus values for both the normal and frost melting 

periodso The ratios of ioads at Ool inch deflection during the normal 

period to loads at the same deflection during the frost melting period 

18 
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are presented, for each airfield investigat-e-d, in··Table· 2, together 
~ 

with a complete summary of plate bearing tests. 

Rupture Tests on Slab Corners 
DUring the Frost Melting Period 

Load Slab Max. 
Appli- Thick. Load Fail- Defl. 

1945-1946 cationS (in.) · lbs. ure (in.) 

Dow 6 

Presque Isle 6 

Truax 1 

Selfrid.ge 1 

Pierre 1 

1 

1 

" 2 

S:i,oux Falls 1 

1 

It 2 

1946-1947 

Dow 2 

''':.n 6 

7.2 60,000 No 

8.4 60,000 No 

6.5 47,000 No 

10.8 90,000 No 

0.28 

O.lT 

0.12 

0.15 

7.0 58,000 Yes 0.23 

7.0 80,000 Yes 0.21 

7.0 80,000 No · 0.22 

7o0 70,000 Yes 0.22 

6.0 60,000 No 

6.0 70,000 Yt;~s 0~45 

6.0 80$000 No O.lp 

8.4 60,000 Yes 0.43 

8.4 60$000 No Oo28 

Av. Subgrade Modulus 
lbs./sq. in./in. 

Frost 
Normal Melting 
Pefiod Period Ratio 

200 

160 

90 

200 

140 lo4 

15,--- z;6 

120 2.0 

155 1.1 

125 1., 

75 1.2 

135 lo5 

h. Traffic Tests at Selfridge Field. Traffic tests were 

conducted at Selfridge on a rigid pavement during the frost melting 

period (2~25 March 1946) to simulate daily operations on runways 

and taxiways, utilizing a 60,000-pound load on a B-29 dual wheel 

A photograph and pertinent data concerning the equip• 

t are given on Plate 11. This load on the dual wheel assembly 
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areas of the portland ce.Il1~_nt, ~oneret~.--a_Rrop. were chosen.vvi-t,h_simi.lar 

: pJlVeme:n,tJI. ·: b_a-~,e 9 . fipd sub grade. condi ti.ons and .. t:raff:!.e . applied to one 

area: a;t th~ -~~t·e~-·()f 15 ·cove:~a~es per day '(rum~~y :tr~fr·:i;·J' ~nd to the 
. . . . ' . 

other a·t ·.:the ~~t~-, c;>f 45 cor:erages .:per d~y (taxiwa:y. traffic.)_~ The 

traffic,; applie9, did not crack. the vavement in either area with the .. 

. e;x:ception of ·l3~ .. ight spalling _along .the :l_ongitudinal and .~ra~s~erse- :~:· 

foot in.the ~,r~~ with 15 c_ov€}:page~: per day and 9.100 foot to .9•13~ ... :. 

foot in the area with_ 45 c.overage::; per -~~Y·· Cqmplete information, o.n ... 

these tests is contained i;n:, "Report. o~ _Frost Inve~stiga tions and 

. ~Tr_~ff~.c. ~ests·,::·_Selfridge ~-i~_ld, Mi?higf).~'' .. , :~ate?- ... June 1946G 

io Studies of Soi~ Propertie-s Influencing Freezing. In 1. 

.. s.tudy~ng the _effec.t of frost action. on a;irf~eld p~vements ap.~; th~ .. ; · .. ; 

influence of the depth of ·_(ro_st pe.ne trati~n_,; the __ thermal,.: properties· 
• 

of frozen soils must be co!!-si.dered_~ ·~h_~ yrinc~p~·l soil ':properties 

influencing freezing are ther:mal conductivity, latent heat, vol~t~:i.c 

~~at, ~n~ fre~z~ng tempera~ure of):»Oil:·m~_istur~ •. The i~vcstigation .. :. 

of. these thermal properties:. ~-~volved ryyiew of .previous :~nvestigations 

by .. ot!1ers.9 - l~bo!a~ory_.stJ:ldies, ,and ·mathema-tical stud~es of the rate 
. / . · .. ' .• . ~ . ·- ... ""~-~ ' .· ' . . ~ '. . ... . ..... 

a:~d ~ep.th:. of., f.ros.t :~~!.le.trat_i?A: i~to so~ls.~ . The fo~r. p~incipal .. factor s 

stud~~,d .. _were:,. ,~he ,fo.ll~~ing s: .. : _ 
. - ·;; ,. . . . , . ·. ,/ ·. ,, 

. ... :· ·-·~. 

view .~r._._pre_y~_ous. inv.estigatio:t:s._b.:t:. o.thers.G,~ 

.. ·· 

···.20 
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(b) .study of previous investiga-t;ions made by other.s re·garding 
_•; •, ·- -· .. ,'·.· 

latent heat. of soil .moi stu·reo 

( o) · Study of .pr~viou.s investigations made by others regarding 

volume_tr~c ~eat cap~city of so~ 1. 
'··· 

(d) Study of .previous investigf,ltions made by others of the 

temperature at ~which water in the soil freezeso 

(1) Thermal Conductivity of Soilo 

(a) Investig!lti oos by Otherso The most recent in-

vestigat i?n for determining the thermal conductivity of soils was made 
: .: . :.·.I . . .· 

. by the Univer.sity of Minnesota for "the Sto Paul. District, Corps of 
, I . 

- ~ . • - • .. > 

Engineers, Uo So Army, as part of the Permafrost Investigations. Some 

of the results· from these s'bldies are summarized in Table 3o A com-

parison of the results of thermal cqnductivity tests on Lowell Sand 

made inde:f?6ndently by the University of Minnesota and by the ·New Eng-
··.:! 

land Division is shown on Plete 12o These tests indicate fairly go,od 

agreement, a 1 though the test procedures were different. 

A diagram of thermal conductivity values for 

clay and sand versus den.si ty, porosity, and deg~ee of saturation, pre-

pared by Dro ··Terzagh.i 9 is shown on Plate 13 o 'This· diagram is based on 

Uni v~rsi ty of Minna so-Ga test da.t~. The eli a~ram shows the limi tin,g 

values of thermal conquctivity for clays and sand both frozen and un­

frozeno As the poros~ty, nJI approaches 100 percent,~~ the thermal co~ 

ductivity of a saturayed unfrozen porous soil~approaches the ·thermal 

conductivity v~lue for wat~r~~., Yhich is apprQ~i~tely 0~·3-5 BTU/ft~/hr/PFo; 
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for frozen saturated soil 9 the thermal cond~ct~vity of ice~ L.30 

· BTU/fto/hro/'Fo j) is approachedo For very ~o-r~us. so.ils whose voids are 

filled with air the thermal conductivity approaches that of good insu-
· .. ~· <... _. :' ; : ."'· ~- . . .·.. . 

lating materials such as dry asbestos or cotton with coeffic:l.ents of 

thermal conductivity ranging from Oo029 to Oo053 BTU/fto/hro/'F.o As 

the porosity9 n 11 approaches z~ro the therrnal conductivity of the soil 

must approach the average thermal conductivity of its mineral constituents. 

The above_ rela ti~~ships detennine the_ positions of the horiz·nntal tangents 

or asymptotes of the curves shown on Plate 13o 

(b} Laboratory Studieso Controlled laboratory tests 

for_determining thermal conductivityj) similar to-those performed on un­

frozen base materials during the 1941-t.-1945 frost investigation and 

described on page 32 of the ori_ginal report were continued to include 

tests on the same materials in -a frozen conditiono The investigations 

were performed in the· cold room at Harv~rd -University Graduate School 

of Engineering 9 Cambridgej) Mass. .Tests were performed to determine the 

thermal conductivity of sand51 sand and gravel$ cinders~ slag$ and crushed 

rockj) all in· a frozen condi tiono These ma-terials are non-frost suscep-

tible andare commonly used for base cour-se constructiono The test 

specimens were -prepared as described in pa:ragraph 6e g (2) (b) of the 

origi~l rel?orto Each test consisted_of subject~ng al.l sides of the 

test cylinder to ·a constant freezing temperature of approximately minus 
. . ~ :' ·. ' ~. 

4 degrees Fo inside the. freezing cabinet until temperature equilibriUIJ.l 

was establi~hed and them immersing it into a brine bath in the cold 

22 

,_. 



6i(l)(b) 

room at a cons~a;nt· temperature of ap:proxbna_ tely 27 degrees F.. The· bath 

consis·ted ·of circul~ting brine maintained at constant temper.ature by the 

addition of· either ll,ot water or dry. ice as required., The resulting 

temperature· ·cha·nge yvas measured at the miqpoint of the specimen until 

temper,a.ture ·equil"io:rium. was. again establishedo 

The results .of t~sts made during 1945-1946 on 

the frozen ·soil specimens were compared with the. results ·of similar 

tests ·~de during the 1944-1945 investiga~ions S1 where non-frozen spec-

imens were testedo · Curves for determining the. thermal conductivity 

from· the measuremen~s obtained~ ··together ~ith an example)) are shoWn 

on Platel4o · Tabl~;4 contain.s a summary qf test data showing the 

comparison ·betwe~n ~he unfrozen and frozen groups of thermal· conduc-

tivity tests.. Plate 15 contains a plot of the same test results to··: 

illustrate)) in·general))'the greater ther~l conductivity of both 

·frozen and. u~rozen material as the water content is increased" 

'(2) -La~ent Heat of Soil· Moisture a The latent heat· of-· 

soil. moisture is directly determined ·from the. quantity of water in the 

soil which freezes.~ Figur~ 1 '· Plate 16s shows the r.ela.tionship between 

unit weight.S1 water. content and latent heat 11 assuming that all the water 

freezeso ·,An in.vestigat1on reported by the Bureat1· of· Public- Roads* is· 

briefly sunmarized in the .following paragraphs: .. 

*"Percentag·e of Water Freezable in SoilE!" Bureau 9f Pt.!'Plic Roads,. 
-Public Roads Feb~ary 1925o 
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(a.) Bureau of Public Roads· Tests. The Bureau of 
·'·J 

Pul:>lic Roads tests were perfor:rrad to deliermine the percentage of water 
' ! . . ,• 

in th$ soil yvhich freezes 11 ·this percentage determining the latent heat-.· 

In performing· the tests·51 .the -·entir~ ·soil was· "SUbje·cted ·to bel ow··rreezing 

temperature find water content of tp.e soi 1 was maintained constant during 

the testo The -materials tested were ·clean quartz sanq (standard ·ottawa 

sand)il .and soils containing silt a.pd clayo 

These tests indicated·that 51 for the conditions 

tested 11 all Ylater in·· a· cle-an ·quartz·sand ·froze at or slightly below 0. 

degrees C .. (32 degrees··F~··) ··and. fro~ 32 to :83 percent of the water in 

the soils containing silt and clay froze at a temperature of minus lo5 

degrees Co (29.o3 .degrees Fo ) 11 the percentage of· water freezing depending 

principally on the amount of fineso 

. (3) Volumetric Heat of Soilo Studies by various ihves-

tigators, ~ .. as summariz~d by·H .. Eo Patten in "H~at 'Transference in Soils," 

demonstrated that the total volumetric heat of a given volume of soil 

is the sum of the volumetric heats of the individual components of the 

soil 51 ioeo 51 .. dry soilandwater or iceo ·Figure 2.il Plate·l6 shows the 

relationship between unit dry weights water content· and volumetric heat 

for average· value·s· of the-··specifip_ heats ·of soil 11 water and iceo 

T[le re ·are tabu+a:t ed bel ow a number· of values· for 

specific het3.ts fo:r:- vari~us soilss> rocks.9 apd miner~ls.. Thes~ valu~s 

were obtain'ed from···"Handbook of Ch~mistry and Physics" 1945 Edition, 

and "Mechanical _Engineer v s _Handbook"· by Marks 11 194lo Most determina-

.. 

tions were made at about room temperature o ·il 
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SPECIFIC HEAT SPECIFIC HEAT 
MAT~RIAt BTU/(LB) (°F) MATERIAL BTU/(LB)(°F) 

Asbestos "0~'195 Humus Oo44 
,. ,, 

Basalt Oo20 Kaolin Oo224 

Calc spar Oo20 Marble Oo2l 

Cement Oo20 Mica 0.206 

-Cha:;Lk Oo2l4 Quartz Ool88 

Clay,- dry Oo22 Salt, rock 0.,21 

Cinders O_o 1'8 S~nd 0 .. 195 

Dolomite Oo222 Sandstone Oo22 

Gne~s s Ool8 Serpentine Oo25-
'' 

Granite 0~192 Talc Oo?09 

Hornblende Ool95 

The specific heat based on the above tabulation as used in the calcu-

lations of ·frost penetration is Oo20 BTU/(LB)(°F). 

-_ (4) Freezing Temperature of Soil I~lois ture o The deter-

mination of the temJ:e:rature at which soil freeze~ was m>Jde- from field 

investigations, and from a study of investigations performed by others* 

which are summarized belowo . ' 

*"Degree of Temperature to which Soilscan ~9ooled Without Freezing-~oh 
by Go Bouyoucos_ --Journal of Agricultural Research 9 November 1920~ 

- ·"Ice Pressure- Determination in Clay Soils·, n Engineering News Record, 
25 _ July 1935o 

"A Progress Report on an Investigation of Frost Action in Soils," by 
Mackintosh .;. Proc-~edings of the International Co:pfererice ·on Soils 
Mechanics and Foundation Engineering, 193oo· 

"Studies of Frost Penetration," by H~ Uo Fuller - Journal NoEo Wat~r 
.-Works Association, September 1940o 
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(a) Supercoqlingo Studies by Bouyoucos involved 

tests in cooling cohesionless and cqhesive soils with and without 

agitationo The tests indicate that cohesionless soils can be super-

cooled without agitation to a temperature of 24o4 degrees Fo and 

cohesive soils to 23.degrees Fa before they freezeo ·Distilled water 

can be supercooled to 2lo2 degrees Fo before it freezeso With con-

stant agitationp it can be ~ooled to about 30o2 degrees ·Fo before it 

freezeso 

'(b)· Burea~ of Public Roads Testso Tests per: 

formed by the Bureau of Public Roads on clean.quartz sand indicated 

that the freezing temperature of soil moisture was at or slightly below 

320 Fa In soils containing silt and clay 35 to 80 percent of the soil 

moisture froze a~ 29o3° Fo 

(c) Harvard University Testso Two sets of tests 

were performed independently at Harvard University 9 both on soft clayo 
' . . . . 

In the first series of tests 9 the temperature at the bottom of the zone 

of ice lenses rangerd from ·minus lo0°Co to" minu·s .. 2~·o°Co·(30-o2°Fo to 

28o4°Fo) and in the second series of tests 9 the boundary temperature 
. . 0 

between ice ·1ense s and the unfrozen clay ranged fr<?m minus Oo 5 Co to 

(d) Observations by Ho Uo Fullero Observations were 

made b! Fuller on a gravel soil and in a clay soil at Pqrtland 9 Maine, by 

re~ding thermometers installed at 6-inch intervals of depth and observ­

ing the frost ·penetration a These observations indicated· thAt the tempera-:­

ture at the bottom of the frozen layer was· 32o 5°Fo for both types. of soil. 
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. (e) .Field Observationso T~mperatur~s ranging from 

3C,.2°1'""~ .to 35ol°Fo .. were observed at 49 subsuri\:.:.;e temperature installa­

tions durin~ 1941+-1947 at the 'depth o.f frost peneyration as determined 

from.adj~cent test pitso The average temperature· at the boundary.of 

frozen and unfrozen.soil in these test. pits .which were located within 

50 ff3et of a tempe;rature mea..suringc installatiorl and ~ving_ approximately 

0 
the sai:ne thickness of pavement and· base .vvas 32 .. 3 F. The temperatures 

at each o.f these installations_and the frost penetration data .are con-

tained. in T~ble 5· ... . 

.Jo. Mathematical. Studies of Thermal Properties of Soilsu 

A comprehensiy-e,. rna themat~cal. st
1
pdy Ylas made .of the therrna.l conditions 

t .• ' ·- • 

in a semi:-:-infinite, ho:mogen~ous, · isotn)p:ic soil ;r:ass dL;lB to .ve.riations 

in surface a~r temperatureo . The studies are presented in.the form.of 
. . 

11 problems in Appendix Ao The problems deal .~vi th the determi.na tion 

of the.' thermal dif'fusi vi ty 11 dep~hs of frost and Diel t penetra tion.9 

effect of tadiation and s~rface filn~ and the effect of an insulating 

layer. A series of. formulae were developed to predict' the depth of 

frost penetration and several of· these 'Nere selec~·eCL .f.C,r ~alculating 

the depth of fro~t penetration at airfields wh~re frost observaiion~ 

vmre' made~ ·These. studies y,_~ere principally perform.ed by Dr" L., A. Pipes, 

· · H~rvard Univ ersi ty.c 

ko Tests for Ins~lating Qualities of Turf and $now Covero 

Investigations were condu~ted at two turfed. areas.9 , one at Presque lsle, 

. . ',4 . ... . ·' .. 

during 1945-194? and ·One at Dow Field during 1945-1947• .The tests con-

ducted arid observations made included soil cla:;?sification~ availability 
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of vvater for 'i'rost action, air and subsurface temperatures, ice lens 

forrnat1.6n 1 de·pth of frost penetration, and snow coYers The snov.r was 

not· plowed at the turfed areas o Re srtl ts of tests in tu.rfed areas are 

stL'TIIf.arized in Table 1 and inclu.ded on Plates· 3 to 8, inclusiveo For 

comparison, depth of frost is· also· gi veri for paved areas. The paved · 

· test areas were plowed· and snow ·removed as close to the pavement as 

practicable, immediately after each snow fall. It -vms i1ot possible 

to remove the snow eompletely to the bare paYement 5 vvi th the r'esu1 t 

that a layer of packed snow or ice, ·from ·o. 5 to two inches in thick-

ness, covered the paved areas.. At the turfed areas, measurements of 

·snow cover were made periodically; ·A comparison: of the depths of 

frost attained in· various areas at approximately the same time is 

contained in the following table in which the depth of frost is tabu-

lated against the freezing index .. 

Airfield 

Presque 
Isle 

1945-1946 

Dow· 

1945-1946 

Dow 
1946-1947 

Pavement or 
Cover 

P .c. Cone rete 
Bit. C~ncrete · 
Turf without snow 
Turf·with snow 

PcCIJ Concrete 
· Bit. Concrete 
Turf with snow · 

P .. c. Cone rete 
Bit. Concrete 
Turf with snow 

·Frost Penetration (in feet) at. 
·time of Freezing Index (in 
degree-days) 

70 5 1240 2200 

- ~,_-. 

Freezing Index (in. degree-days)\· 
240 306 W-+5 940 1070 1385 1415 

.. 2.6 
1.2 2.0 

Freezing Index (in degree-days) 
593. 597 721· 753 .. 833 869 932 965 

3·7 
2.2 
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.mo· Airfield Pavement Fail1Jr~s ... A study was made of ail reports 

of ~irfield payement fai ll,lres to· de,:herm:ine which· failures were influenced 

·:by frost actiono A summary of the 30 airfields at which frost action was 

a. contributing factor to the pav~Iffint failure is contained in Table 6 

together with pe rti n~nt inf9rma.tion concerning t}1e p~vement,~~ b~seJI ·sub-

grade,~~ water table$) traffic,~~ and nature of the failureo 

n.. Summary Tabulation of Airfield Pavement so From ·data avail-

. . 
able from the Airfield Pavement :a:val uation Reports, the Pavement Failure 

Reports,~~ and from the frost investigational progra.mj) a Stlmma.ry has been 

prepared presenting "the IRVement evaluation,~~ traffic history,~~ pavement 
. ~ ' . 

condition and other FSrtinent data for all permanent Air Force installa-

ti ons cons true ted on frost susceptible sub grades.. . This sunrcm.ry tahlla~ 

tion is presented as a complete report in Appendix B of this a.ddendumo 

po .Studies of Base Course Treatment to Prevent .Frost Action. 

The following s1:udies were nade of base course treatments with the 

purpose of developing a :roothod of making frost-susceptible soils non~ 

frost susceptible: ·(1) a revi,.ew of previous investigations performed 

by others; (2) a performance of laboratory tests to determine the 

suitB.bili~y of various admixtures ~d combinations· of. admixtures to 

prevent frost action; and (3) the perf6rm'ance of iabor'atory tests to 

determine whether leaching of salt admixtures could be retard~d or 

prevented by the addition of bituminous materialso 

The results of the laboratory te.sts using admixtures 

with selected soils are contained in Table 7 o Plate 17 cont~ins classi-

fication data. on the soils tested and Plates 18 51 19 51 and 20 show the 
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amount of heave of th·e various samples versus the accu1nulated degree-hours· 

below 32°F .. ~ togethervvith temperature data. 

A comple·te description of the tests and results is contained 

in.two reports dated June 1946 and August 1947 both entitled nReport on 

Studies of Base Course -Treatment to Prevent Frost ~ction .. '' 

a. Effect of Water Source on Frost Action.. Observations of 

soil moisture, depth to ground water table, and precipitation data are 

surnrnarized and presented in ·Pable 8.. From a study of the available data 

no revisions to the analyses presented inthe original report are warranted. 

b. Effect of TemPerature en Frost Action.. In order to determine 

the effect of temperature on frost action, ·the freezing index and amount 

of frost! action would be required for a period of many years at the same 

test site. At one test area observations have been made for four years 

and at three test areas observations have been made for three years. ... \ 

Because of yearly variations in rate of freezingjl fluctuating ground 

water conditions, and lirnited number of years of observations, a relation-

ship between freezing index and amou.nt of frost heaving is not discernible .. 

c. Effect of Soil on Frost Actiono For the occurrence of 

frost action, three conditions must occur simultaneously as described in 

Paragraph 4 of the original report., The criterion that a given soil 

must have more than three percent by weight of sizes finer ·than 0.02 nllll. 

in diameter to be frost susceptible is substantiated in general by the 

observations· reported herein~ However 9 with the exception of Bedford 

which has a non-frost susceptible base, the base materials at all fields 
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investigated contain soil particles 1vi th more than .three percent by 

weight. finer ·thari-Oo02 mm• in: diameter, yet only .occasional ic·e crystals 

were reportedo . This may .be explained either by the abse.nce of a· readily. 

available water supply or by the degree of compaction of the: base 

·materials •. There are no data from these investigations to sho;..v- the 

reason for .the·- lack of frost action but previous inve stigators"have· 

shown that .there is a critical density above. whic.h ice se·gregation. and· 

heaving are greatly diminished, if not eliminated, in frost susceptible 

soilso These investigations do not indicate which soils are more sus­

ce:ptible.·to. frost action since other factors such as water availability 

and- free'zing index yvere different at the various locations tested· and 

-:~:mas·k, the· effect of the soil- type on frost actiono · 

d ... Analysis of Frost Penetration Based on Field Observationso 

A study of the actual frost penetrations in non-frost susceptible ·soils 

at. all. sites ir1vestigated ·shows that the depth of fro.st penetration 

versus the. freezing index plots as a straight line v:rhen plotte.d to a .. 

logarithmic scale as shown on Plate 2lo On Plate ·21 there are plotted 

the ·free·zihg index versus frost penetration in ·non~fro.st susceptible 

.. ·. ~oils' beneath airfield·_ pavements, for the years l9LJ1+-l947' inclusive 0 

Figur.e. 1. ~shov.rs data for portland cement concrete pavements, Figure 2 

_for bituminous concrete pavements, and Figure 3 contains ·data for· both 

types of pavements. In each figure, the d_esign. curve presented in the 

original report .is shown. On th~. basis. of .-the ·additional· data obtained 

during these investigations as plotted on Plate 21 no: change in the 

original· design cur:ve is recommended·o The de sign curve in Figure 3 may 
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be used to predict the depth of frost penetration beneath paved areas, 

regardless of pavement type, which are maintained snow free and which 

have bases constructed 6n non-insulat~ng and·non-ftost susce~tible 

materials such as sand, gravel or crushed rocko · The mean annual air 

temperature and the normal freezing index for any part of the Continental 

United States may be estimated from Figures 1 and 2, Plate .22. The 

duration of the ·normal freezing index in days may be estimated from 

Figure 3. 

Correlation of the depth of frost penetration, .as 

determin!3d by test pit excavations and the 32°F·. c~rves as determined 

by either thermometers or thermocouple· measurement_s, is given in Figure 

8, Plates 3 to 8 inclusive, and indicates that for all practical purposes,· 
. 0 

the maximum penetration of the 32 :b,. curves can be considered as the 

maximum depth of frost penetrationo 

· A tabulation of the temperature at the depth of frozen 

soil as shown in Table· 5 indicates that the soil moisture freezes at · 

·approximately 32°Fo . 

e. Analysis of Frost Penetration Based on Mathematical Studies. 

(1) Discussion of Thermal Properties Influencing Freezing. 

The principal thermal properties of soils which influence freezing are 

the thermal conductivity9 the latent heat of fusion (of water. i~ .the. 

soil}, and the volumetric heat {of vv-ater and soil). 

(a) Thermal Conductivi tyo Analyses of investigations 

made by others and of the controlled laboratory tests indicate that the 

thermal conductivity of frozen cohesionless soils is greater than that of 
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unfrozen soils at,. high 1'vater. co_ntents and that the. thermal conductivity 
• .· , ' .• I 

of most types of soils inc reas~s. vvi th increasi.p.g wa~er content and in-

·creasing unit-dry weighto 

··"·~- Thermal c_~J?-ductivi ty. s.tudi~s made for the Corps 

of Engineers by the University of Minnesota indic~te t~at values of 

thermal conductivity for cohesionless materials 8.S found. in base COUl .. Se 

cons.truc.t:ion. range.· f~o~ 1~0 t.o. loB BTU/fto/hro/F< .. This range does not 

,·_ ... 

include' the 'organic soils' such as peat, so'ils' of 'volcanic origin~· or 
. . . 

cohesive soils which may be expected to· differ in thermal properties. 

An a~~~m~d thermal eonductivit~ value of lo3 BTU/ft~/hr~;<'F·o .h~s- been 

used -in eomputing.·the.depth· of frost penetration as contained in Table 

9' as part of' ·the analysis o'f the mathe!Datical' methbdo 

:'_· 

(b) Latent· Heat of Fusion4) ·The latent heat of 

soil. moist-ure is a d .. irebt f~ncti~n of the percentage of soil vvate·r that 

.. 
freezes~ For all pra.ctica·l puipos$s·, all the water in clean cohesion..:. 

less .. so-ils :of the GW_, GP,. S7v, and SP classifications v1ili freeze at or 

sligh~ly below 32°Fo. In silt soils of the ML elassi.ficatio.n, most of 

::the. ~"later may be e~~pected .. to freeze at· ap~ro~imately 32°Fo In the 

r·€nnain:ing soils of the GC, ·aM, ·sc, sM,' CL~ OL, r.rn, CH, ·and OH classi-

ficatiohs-~ ·the -percentage of Wa.ter· which vvill freeze \rlli be. less than 

the t'otal·\vater contento Figure 1, -Plate 16 shows· the relationship 

between density in pounds per cubic foot and la.tent heat ~f fusion' in 

BTU per cubic foot f'or various v~ater contents assuming that all the V~.rater 

freezes~· ·ThisfigV.re is a n~mographic·presentatlon of the graph shovlfn 
. . 

. in Figur·e 3, Plate 22 of the original reporto The average., latent· heat 9 
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where there are several soil layers at different water contents, may 

be determined· using the following equation: 

. L = 

where: 

L is average latent heat ·of soil moisture in BTU per cubic foot. 

1
1

, L
2

, 1
3

, are latent heats of soil moisture in BTU per cubic 

foot in layers 1, 2, 3, etco 

_d
1

, d
2

, d
3

, are the thicknesses of layers_l, 2, 3,. in feet etc. 

(note that d
1 

+ d
2 

+ d
3

_ + ... o· + dn equals the depth of freezing). 

(c) Volumetric Heat. Based on the specific heats 

of the various soils, rocks and minerals, an average.value of 0.2 

·. 0 .. 
BTU/(lb)( F.;) has been usedf'or the specific heat of soil and values 

of 1.0 and Oe5 BTU/(16)(°Fo) fo~ water and ice, in all calculations 

involving the prediction of the depth of· frost penetration. Figure 2 

Plate 16 shows the relationship between density in pounds per cubic 

foot and volwnetric heat in BTU per cubic foot per degree Fo fC?r various 

water contents for both frozen arid nonfrozen states. This figure is a 

nomographic presentation of the g~aph shown on Figures 4 and 4A, Plat~ 

22 of ;the original reporto Yfuere the soil is ·fully saturated, the 

volumetric heat of the non-frozen soil is nearl~ constant, varyin? 

from 40 to 45 BTU/(cu.ft.,}(°F.} v~r:i.thtn reas~nable· limits of unit dry 

weight and for ~r?zen soil it may be considered constant at approxi­

mately 32 BTU/(cu.ft.)(°F.}. Wh~re there_are several layers at 

different unit dry weights and vwater contents, the following equation 
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may be us_ed to determine €tn average ·value for -volunietric heat·i 

c 
' c ci +. c d + . c d + .... " + . c d 

1 1 2 2 3 3 . n n 
d + d~;· + d · + • • • + a -~. 1 .... 3 . . ..... -.n 

where: 

C is the average volumetric heat in BTU/(cu~fto)(°F.) • 

c
1

, c
2

, c
3

., etc. are volumetric heats in frozen or unfrozen 

states for laye-rs 1~ 2, 3, i~ BTU/(cu.,fto )(°Fo) etco 

d
1

, d
2

, d
3

, etc~ are thickness of layer 1,· 2, 3 in feet,~ etco· 

(2) Analysi.s ·of Theoretical Problems o The accuracy of 

determl.~tion of the' value~ of thermal diffusivi ty ftatt ll 'il~ the rnanner 

. outliried. in Pr-oblems 1 tn-5,' fnclusive, Appendix A, is dei;)endent· o·n the 

'acc'uracy of temperatur'e 'measurements at va~ious dep'th~,. at the same or 

the~ determination, of the· slope of the teF.perature curve at any given 

point ·which may also int1"oduce some _errorQ 
·, 

Th~ remaining problems, with the exception of 

Problem 15:~ .. are concerned w_ith the d~pth of treezing ttxn.. Problem 15 

deB;ls vri.~~- the e:ffect of'. ground film a.nd radiation,., The c~rr~puted 
' ·' . . . . . 

depths of frost J?enetr$-tion, ~eglecting ground f:i.Im and radiat.:Lon,. are 

somewhat greater than obs~rved d~pths, however, the difference decreases 

.-vvi th., increase, in frost penetrationo Problems 6 and 7 neglect the latent 

heat bfi\:tslon;. both problerr~~ assuming that the air temperatttre is 

p'eriodi~ o'-Trer 'a sufficiently 'long period s~: that t1~e interior soil 

temperature is also periodic o Problem 7 is further. complicated .by 

assutaing.that 'the soil,is composed of two layers)) .the·s61uticni h~ing 
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obtained only by cut-and-try method o ·. P'roblenis 8 and 9 consider latent 

heat but neglect volumetric heat •. Problems 10 through 14.consider both 

latent heat and volUL~etric heat. Problem 16 assumes that the temperature 

.of the soil varies uniformly with the depth. Problem 17 considers the 

effedt on the depth of freezing of an insulation layer placed over the 

soiL, 

(3} Discussion of Equations. Equations 83, _ 93, 154,_ and 

158 from Problems 9, 10, 16 and 17, 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· 

.in Table 9 together with all pertinent data necessary for the computations. ,. 

Equation 83 (x = ~-48k~/1 ) gives values wpich are consistently too large.· 

Equation 93 .. ·(x =1 .. 48 k F · ).gives values of "x" which, 
L + c ( v - 32 + F/2t . 

. . 0 

though-less than those of equation 83» are still consistently too high. 

Equation 154 (x = v 24 k F' ' ) gives value of "x" which 
L + C (v - 32 + F~t) 

0 

bracket the observed values. Assuming that the temperature at the sur-
) 

face of the pavement is essentially the same a-s· the tempe-rature at the 

bottom of the pavement, a column is contained: in Table 9 i-1;1 which th.e 

thickness of pavement is a.dde(d to the dpreV_'d(i:t)2d depth as determined by) 

· equation 154. Equation 156 ~ = - - + ....... + .. 24 k F 2 
. 

2
' L + C ( v 

0 
- 3::! + F/::!t) 

has been used for areas having a turf. cover(>· 'The results of these cal-
~ .. 

culations .bracket the observed depths, but in general th.e dispersion is 

great, .with the average very nigh. Also contained in Table 9 are pre­

dicted depths .using the design curve ;(Figure 2, E.M. Part XII 11 Chapter 4, 
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Ju~y 1946)o The-- ya.lues of ~~tt, thu~ obta~r;_ed br~ckot the ob$erved depths 

witq,.th,e._gr~a..test .Perc$nt?.-ge pe_ing .wi'thin 6.inches of the obse-r'VeQ. depthso 

Cqmparison of the relative.merits of each formula i~ given belows 

~3' 
93 

154 
i54 + pavec 
Empirical 
158 (Turf). 

-Ratios of Predicted 
to Observed p~ptps 
Avgo Maxo ~iA~'-

1~60 

lo32 
. 'o94 _ 

lolO 
lo08 
lo95 

3o39 
2o69 
lo89 · 
2o31 
-lo93 
5o67 

·io09 
o83 
o5$ 
o67 

:oP7 
o92 

Percent of 
Observations 

Wi thj,.n 6 Inches 

6 
29 
42 . 
54 
63 
50 

In all calculations,\) the average value of lo3 BTU/ 

. '(fto)(°F_.)(hr~:) .was used as the coeffi-cient of thermal co~duotivity and 

the full value of .the latent heat_was used as derived 'from the nomograph 

in Figure -1 9 Plat~ l6o Because of the i~bility tp 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 fre·e·zing was frozen,\) 

which is contr!l,ry to the data pre'sente.d.and analyzed in pa-I!agraph· 6:i(2) 

(a)o 

. f., · Effect of Frost ~ct:ion o~ Flexible Pavement .Supporting 

Capacityo The pavement bearing tests performed at Dow9 Presque Isle, 

Tr~ax, Pier~e,l) Watertow~l1 .and Sioux Falls during 1943=1.946· indicate that 

a reducti~n i~ flexible pavement supporting capac:i.~y occ-urs during the 

. frost mel ti'ng period as a result of .frost action in the subgrades" The 

ratio of the maximum load c~using b .l-inch defle.ction during ·the nor~l 

·period to: th.e nrlnimum load causing the. same deflection duri~g- the fr~st 
. ' . . 

melting period, is plotted t,tgainst the maximum thickness of frozen sub-
' . 

grade in Figure 1 9 Plate 2~ 9 to indicate the rel~tj,.onship between the 
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depth of- ·frost penetration and- the reduction in strength.. These data 

indicate that there :l.s little' variation in the loss of -strength with 

the maximum depth of frozen ·subgrade ~- · 

The pavement bearing ·tests performed at Dow Fiel~ during 

1946-1947 were performed using a n!3w procedure as. describec;l _in. Paragraph 

6f. The purpose of this new procedure.was to measure the leng~h of the 

period of weakness. tn the flexible ·_pa_veme.nt test areas.. The results 

of the tests for the first ·normal to normal period cycle are not con-

elusive due to a break in performance of the tests with no tests made 

during the month of May 1947 as the equipment was needed _at another site. 

In Test Area D the frost began leaving the ground on apprqximately 

15 March 1947 and the first test was performed on 24 March 1947 o The 

tests indicate that the supporting capacity of the areareturned to 
. -

normal between 8 and 15 April 1947 o .There was a subsequent drop in 

. supporting capacity but it is believed that this was caused by the 

heavy rain that fell between 10-17 April (approximately 2 inches} .. 

This indicated that the period of weakness due to frost melting was 

from three to four weeks in Test Area Do In Test Area E (after the 

initial decrease) there was an increase in su:pporting capacity short­

ly after the sta~t of the frost melting period to a maximum about 

28 March 9 than a decrease until about 11 April when the supporting 

capacity of the runway began to return toward normal about 15 April. 

Tests performed in Test Area E during June indicated considerable 

variation in the deflection obtained from week to weeko Also there . 

was considerable range of deflections in the ten tests performed on 

28 October 1946o 
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Discounting .. two values in T_est· Area E.·which were Oo04 

indh ;greater. than the highest of ·the· other ten deflections., there was 

very. little-difference. in the .load .suppor:ting-capacity,of.the. two 

test areas during the normal pe-ri.od in· Octobe.r<. ·~\.:.With~ the exception. 

of two test periods in Aprj,.l.and one in June. there was very little . 

difference ;in the. deflections. obtained in the two test areas during 

the frost melting peri.odo 

·go Effect of: Frost Action on Rigid.Pavement Supporting 

Capa.city. Rupture tests performed on the. top of the ·rigid pavement 

indicate that- the·load required to produce a Ool-inc~ deflection.: 

during and ·immediately after the frost melting period was between 

4B and 84 p~rcent of the load required to produce the same deflection 

during the normal periodo . Correlation between the reduction .in 

strength as iD;dicated by the rupture tests and the maximum thickness 

of the frozen subgrade, l.s indicated inFigure 3, Plate 23. The 

ratios of loads at 0.1 inch. deflection of the subgrade modulus 

·tests are plotted on Plate· 23, -Figure 2 9 against the -maximum thick-. 

ness of frozen ~ubgrade 9 .and indicate that for the limited nu.ruber of.· 

observations 9 the loss in strength during the frost melting:period 

is not ... greatly .. influenced by the maximum depth of frost penetration 

into.the subgrade. 

The traffic tests at Selfridge did .riot cause any 
·~· 

failure of the pavement with either the 15 or the 45 c_o~erages per 

day of the B-29 dual wheel assembly loaded·to 6o1000"pounds. _.The 

deformation a-t the end ·of the tests was approximately .theS ·:same 
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for- both coverages. The the~retical · evalt!~tion~ of the test area 

as ·a runway during the frost melting·perio~- was for a 49~000-:pound 

wheel load -and as a taxiway during the' same ·:period was for a 40,000-

pound wheel load'in·accordance with Chapter4; Part XII .o-f'the 

Engineering Manual dated July 1946.. Assuming. that the 60, 000-pound 

dual wheel load is equivalent to 47g500-pou~ds on a single wheel, 

the pavement was satisfactory for runway traffic bu.t '-wa~ overloaded 

by the taxiway traffic .. · It is possible that the· :t?raffic pattern of 

4'5 daily coverages is not sufficiently severe or- ;that the equivalent. 

load of 47;500 pou!fds may be high account~ng for the fact that the 

pavement withstood the apparent overloading during the- frost melting 

period~ 

h.. Insulati-on-Qualitie~s· 7o·f·-.Turf and. Snow Cover ... Inspection 

of the table on frost penetration as prest;3rited in p~ragraph 6k, in-
. . . 

dicated. that the· turf ac_ts _as .an ,in~ulatirg ~lanket· which appreciably· 
. . . . . ·- \, ~ . . . ·. -: . ' . .. . 

retards frost· penetration.. The. o~e me-asurement .made. f'or -turf Wi. th 

snow cover as agaipst turf wi tho tit ~now cover, :indicates. that the 

blanket of snow has provided additional rioost ·penetration protection~ 

However.so the data are very meager and no quantitative statements can -be 

made .. Owing to the· fact that-a layer of -snow or.ice usually·covered 

the paved surfaces 9 the depth of frost under the paved area is in-

fluenced by the thickness of the snow -or.- ice layer above it., 

i? Airfield Pavement Failures o - A study of the pavement 

failure ·repor.ts 9 indicates that· the failures at· 30 airfields were 

influenced· by frost actiono . A summary of the data for these airfields 

\} 
So 



.. 

7i 

is contained in Table 6o Examination of. the data indicates that 24 

failures occured on flexible pavements and 16 on r~gid pavementso In 

17 failures 9 the base was -either frost susceptible or a borderline 

materialo I.n ail of the failure areas the su:t>grade was frost susceptibieo 
Q .... 

The ground water elevation was reported at a. shallow· depth in ten failed 

areas and more than 18 feet below the pavement surface in 13 failed areaso 
' y . ~ 

The ground water elevation was not reported in 17 failed ar~~s.? .. The 

freezing temperature conditions varieq from···periods of a-lternate freezing 

and thawing with relatively low cumulative degree-days to a freezing 

index of more than 2500 degree-dayso 
. . . . . ~ 

Th~ field evaluations presented in Table 69 _fo~ the normal 

and frost melting periods 11 are based upon Chapter 2 9 dated May 1947 9 and 

Chapters 3 and 4 11 dat~d July 19469 Part XII ·of the ~n~ine~~ing Manualo 

The evaluation for· frost conditions of the failed· areas ~ompared vd th the 

traffic using the areas indicated that the pav~ment was overloaded 9 or 

··roaded to the evaluation load in approximately 70% of th;e failAd areaso 

Jo Summary Tabulation of Airfield Pavemsntso An analysis 

· of· the pavements at permanent Air Force installations on frost susceptible 

subgrades as presented in Appendix B of this report 9 indicated that eight 

airfields on which complete pavement data are-available had-failures or 

signs of distresso The traffic history shows that seven of .the eight 

·had been· subjected to wheel loadings in excess of the frost condition 

evaluationo Com~lete data are presented in Appendix Bo 

k.,. Analysis of Base Course Treatment Investigationo A. st~dy 

of the data dhtained from numerous laboratory investiga.ti.ons of soils . 
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with admixtures of calciuni oxide.~~ water repellents· (Stabinol, 321, and 

ferrous sulphate plus 321)•.~~ salts (s~dium. and calqium chloride), port­

land cement.~~ vins~l resin·.~~ and b~tumir10us materials {asphalt emuls:lons ,· 

·a.sphai t cutb~cks SJ tars 9 and ~il~) indicated tfiat op.ly. t~ groups of 
. . . 

admixtures.P the salts and. the bituminous :uaterials were effective in 

preventing frost actio.p in t}'le soils tested• Additi9nal laboratory 

tests .were performed to supplement the data alreaqy available and to 

obtain. information on admixtures Which had not been previously'·testedo 

These admixtures consisted of Bunker "C" oil.P tar (RT=2), calcium 

chioride, Darex AEA {an air entraining agentj', calcium chloride and 

Bunker 'nett oil in combipation.~~ and calcium chloride and RT-2 in com­

bination~ ·These tests substantiated the. conclusions drawn from the 

study or' prev~ous : in~E}~tigations 9 . that ~al ts. and bituminous mate rials 

could be used effectively in laboratory tests to prevent frost a.ctiott.· 

Darex AEA was unsatisfactory as a preventative of frost action in the 

soil with which it wa~ usedo. 

From a study of all tests pe·r:forme d u5ing sodium chloride 

and calcium chloride. as admixtures an approximate method of determining 

the. quantity of salt that should be use;d to prevent ·frost action was 

developed using the air temperatures at which frost action started 

. ·: i 

* Stabinol consists of three pirts of portland· cement and one' part of 
a complex salt consisting of unneutraliz ed abietic. ac].d» sodium 
resinat e and calc i tlin resinat eo · · 
321 is a finely powdered.~~ white resinous substance formed by re­
acting sodium hydroxide w.i. th rosin iQ. such proportions. that one ... 
fourth of the abietic acid in the rosin in neutralized.? thus re­
sulting in a complex salt of three parts abietic acid and· one· . 
part sodium abietateo 
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(:l:ndicate~ -:by --heS:vi:.ng), the ·theoretical- -freezing .~temperature ·of the-

-brin~'·fornied_::.by.:,the sait arid .-~ater -in~: the·· sample at :the ~.start. of the 

test; -and.'·the· void ra-tio ·of' the-· sampl~~- This method :i·s,-:·dEfscribed· in 

the .. report' ·-re:C.~rrEtd-ito: ·ln ·pa.ra:graph· 6p .. · ·:The -use· bf csalts· for_ frost 

action :pr~ve:nta~iv;es ~ffords ;.:only·~temporfl,ry protectio~ due to ,_their ·. -

tende·ncy to inigr~te -.or: ·i-each out ·or the soiT;. the:refore :they are -re"'"· -

_ garded .a:s--.un8ati-:sf.actory ·ror -.us.e -under pave~erlts' whe·r~ :~~iie'r~nent ·pro-

tection is essentialo 

,_. ~- ."rh.e .·W:aterptoo-£ing ·property -of bituminous materials and 

the- pe·r'C~ntagEL·of t}le . soil· ~-iner than- 0 ~'02 mm ••. by vreight ;a:re ~0~--fac­

tors .·from which, a ·quantitative· ·.method of de:sign for ··bituminous ad-·.· 

mixture.s .. may ... _be·.developed•- _:If: .the.:-wa·terproo-fin:g ·-is regarded _as·:-being 

effected by filling the void-s. -in the soil with bituminous mate-ri'a:l:.:.·.:-.: 
. . 

up to. a -point· ·where the' entrance of. water 'is_ :prevented;. --~hen the, :void 

rati-o·wi.th .admixture of -the' :'soii .give·s a.:measlire··o~· ·thi~-- waterproofingo 

Void ratio 'wfth- adniix-tUre ··is de:t·ined' as the ratio of the volume of the 

void-s to- the ··tot~l·.·volume .. ·of .-sC?l:ids·.{including -~h-~ ;·a .. ~ixture_l~ _ For 

any soi~··s~ :·theref~re:9 . there· could: be a: critical void· ratio with adlnix!"' · 

ture ·at 'which frost act :ibn. wbuid: be e liminated.o .. ·such. a c ri tica1 void· 

ratio wiith admixture~ w~.s ·,well _defined. in the -tes.ts ·perform~d: using 
• ' . • : •• • '•. r·· -•· ~ ' . •. . - • . • - - . • ' ; •• ,. • . .'. '. ·. ,. • ' • • 

BunkE(p .:~:c!!.- oOil: and. RT.~2 .arid :'appeared evide'~t _.for· 't~sts performed during 

previous investigations. The void ratio with adlni.xture·at·which no· 

frost :action: oo.ctir,r:ed has~· .been. plotted against ·the pe~centag~ by weight 

of soi1-·partic1es finer .than.-O.o02 mmo in· <;liainete·r. and·· -the:' resu1 ts· are 

shown· .on.~·Plat.e. -24o Additional tes-ts 'Us-ing: ·a. wider· V.ariety -:of soils 
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having different gradations are necessary·before any definite conclu-

sions can -be ·reached.· it appea:rs that all b:itwid.nous materials are- : 

not equally effecti,ve as frost action preventatives.· .. Those admixtures 

which prevent frost action·at the highest void ratio :wlth ~}~.mixtu-re 

(that is, filling_ the ··least ·volume of· void space) can be ·considered 

the -most -effective. ·F.rom Plate 24 it· is,i therefore, apparent that' 

asphalt-emulsion; ."us~l" g:ives the ·best results, followed.-by tar and~· 
. . - -

asphalt cutbacks and lastly by Bunker ~cu oil. 

Test·s ·were performed using calcium chloride alone and 

calcium chloride with -Bunker "C" oil on a. sandy ·silt soil- .in order to 

find some method :of preventing or retarding the -'Ieachi-n,g of ca-lcium 

chloride. . The results of these· tests indicated no :appreciable -re-

tarding. of -the- leaching of ··the calcium chloride i 

8. CONCLUSIONS.. Based upon the analyses of the· data presented 

herein· no change to the conclusions presented in the ·ori-ginal ·report 

are warranted. 

9· RECOMMENDATIONS •. The following revisions· to Chapter 4, Part 

XII of the Engineering Manual as presented in the original· report and 

the following- continued studies are recommended: 

a. Revisions to Chapter 4,· ·Engineering- Manual. · It is re- · 

·commended· that revisions to -Chapter··4, Part XII ·or the .Engineering·. 

Manual .be made·: 

(l) · to clarify· paragraphs· under 4-0la '!Cond:i..tions 

Affecting Frost Action"··· ·The criterion on .frost susceptible ·soil"s 

stating that a soil containing inore than 3 percent by -weight· or· g:i'ains 

0 . 

(! 

" 
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smaller than Oo02 mmo is frost susceptible should be modified to in-

elude very uniform fine-grained cohesionless soils which may contain 

. up to ten percent by weight of grains smaller than Oo02 mmo before 

becoming susceptible to frost actiono 

(2')' to include more specific criteria for ground water 

conditions necessary for frost susceptibilityo 

(3) to clarify paragraph 4-03 "Protection of Subgrade 

for Concrete Pavements" by simplifyl.ng the procedure· for determining 

the minimum required thicknes·s of base course rna terial on subgrade 

susceptible to frost actiono 

bo Continued Studieso 

(l) The.period during whichthere is a decrease in 

supporting capacity of pavements during·and after the frost melting 

periodo 

(2) The rate of frost·. penetration in .non-frost 

susceptible materials and the effect of water content 9 densityj) degree 

of saturation, and ground water on frost actl.on in' frost susceptible 

soilso 

(3) Admixtures which would make frost susceptible 

materials non-frost susceptibleo 

(4) ·The influence of various quantities of coarse 

materials in fine grained soils on fr~st actiono 

(5) The :influence of snm.v cover on fros't penetrationo 

(6) The effect of grain size·distributfon on frost 

actiono 
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GLOSSARY 

The f'olloy~ing words and terms in addition to those pr·e·sented in· Paragraph 

~d of the original report are defi~ed ;vith respect to their ~pecialized 

use in this report., 

Admixture 

Degree-hour ' 

Free.zing Period· 

Frost MeltingPeriod 

Normal Period 
! i 

. _;porosity 

An admixture isa material which is added 
to a soil to prevent frost action.,-

Each degree in any one day tha·t thg me~ 
daily temperature varies from 32 F. is 
called a degree-clay~ · The difference . 
between :the daily mean temperature and 'O . . . . . . . . 
32 F o ·equals .the degree-days for that day o · 

The.:degree';"d'ays ·are plus when the daily 
mean temperature .. is below 32°F., and minus 
when aboveo A cu,mulative degree-days-t·ime 
ctirv~ is obtained by plo.tting cumulative. 
d~gr~e~d~ys against.timeo 

.A d~gr~~~our ~s · the cumula&ive total of 
degrees per 4our below 32 F~ 

. . 

·The fr.~ezi'ng period. is the. time during vbich 
the frost is ·in the ground and there is 

· no reduction· in strength of foundat;ion 
materials .·due to:: frost action<> 

.The _frost ~elti;ng peri.od is the· time of the· 
year d~ring ·:·,v}jich ·the frost in th~ 
fpundat~on~ ~a~~rial~ is retu~ning ·to a 
liquid. ·stateo . : 

.The norm~l period is the ·time of the year·., 
. Summer and Fali, when there is no re..:. 

duction ii;t str~ngt!l·.of foundation mat~rials 
due to frost.actiono 

The degre~ of por()si ty, of a so:i 1 is defined 
as the r~tio' of· the volume of voids to 

·the total volume (including soil .and voids)., 
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BIBLIOGRAPHY 

FOREWORD 

This biqliography cont~in~ addition~l r~ferences 

proc~r~d since the p~blicai:;ion of the "Report. on Frost 

!nye~tigation 194~-1945 11 an(.! it ~upplements the biblio­

graphy contained thereino 
'< ' 1.1 

The references prefixed with an asterisk ( •) are 

on f.ile: at. the Frost Effects Laboratory, New Engl~d 

. Division..- Bos~on, Ma~_sachusetts," 
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FROST INVESTIGATION 
1945-1947 

SUMMARY OF 
FACTORS INFLUENCING FROST ACTION 

OTHER AIRFIELD DATA 

SURFACE UNDERLYING MATERIAL ~~:R~~:r ~~~~G~~~ DE~SITY 
(DAY WEIG~T- LBS./CU. FT.) DEGREE OF SATURATION PRECIPITATION DEPTH OF WATER TABLE (FT.) FREEZING INDEX 

TEST 
AREA 

D 

E 

F 

TURF 

A 

c 
D 

TURF 

A 

B 

A 

c 

D 

A 

A 

B 

A 

B 

TYPE 

au. Ctoo. 

P.C.-. 

Bit~t Coaa. -c. a. Bit. Ceeo. 
._, ..... c.a. 
ropooll 

.._. ... ........ 
(ol 

CUSS!• TMIOK .... 
P'ICATIOtll IINCHU' 

..... ~ 
9v.bCN4eCI. 
.... .. Ji-41 
llubpUoCL 
.... .. 19-2, 
ISubCJU•CL 
Bubs;NdeCL .... . ..,.,. 
Subsn4oiiC 
!ue 01' 22-,a 
Su.b&radeOC 
.... .. 25 
Sub&n4ollC 
8\lblftdeGC 

P.C. c.,.. 6,9 Bue ta 18 
Sub, .... Ill 

81t. Ccmo. .... • 13-19 
Subsn4oSW 

P.C. Caao. 7.9 

P.c. Cono. 10,12 aa.e GF 
Subsn.de 
&tblftd• 8 
Subf;t"ad• c 

B1t. Cono. 

P.c. ccmc. 6 19 

P.c. Coac1. 9,12 

Bit. Ctmo. 

a. •• (W 

Su..._e CL 
SuDsrade C 
Subua.d.• c 
Bue GJ' 
Subbue CL 
Subp-ade C 

8&•• GC 
Bubbaae CL 
Subcct or 
Sub' sr-cL 

Sab,rde 22 ... 25 
SF-OL.SF...CL 
Subs OL-CL 18-28 
OL l SP...CL 
Subs GP&SP 

Ban ar 1~12 

Subp-ade 164.4 
SP-OL .OL-CL 
Sub£ SPerO 

PERCENT 
FINER 
THAN 

QOO 1111 

' 0.10 

' 0.10 

8-15 
2e-5, 
34-57 

. ,8-79 
7-10 

,7-50 
4o-54 

-P!RIOD 

7.4 
15o9 
21.6 

6.7 
u.6 
12.7 

, .... 
I"RE:I!:ZING 

FROST 
llEL.nNG ... .,. 
PERIOD (b) 

(b) 

(8.0) (8.1)9.4 
(16.e) (17.6llll 
(10.,) 11.2 . 

'·~)11• 0 (9.~~i~.5 
(16.8)1! 

5·• 
6.1 

27.7 

11..2 
"-·6 
7.4 
6.8 

27.2 

7·5 
12.9 

17.2)15.1 
21.7 
6.4 

12.6 
14.1 

.., ....... 
PERIOD 

IM&-IM7 

,....,._ 
PI!AIOD 

(b) 

(8.7) 
(18.8) .,29-4 
15.9 

,.91!4.7 

25.4 

FROST 
IIIELTI .. 

PERIOD 
(b) 

-..... 00 

1ll 
115 1,. 
101 
1}8 
110 

1U 
117 1,. 
115 
12lo 
1l9 

119 
10} 

ll,o 
95 

118 
129 
87 

11, 

1}9 
99 

112 
84 

10} 

142 
110 
97 

126 
115 
92 

137 
10} 
D9 
97 
15 

10"8-1946 

P'REE.ZINrl ... .,. 
(b) 

A Bit• Cone. 1.5 SoU C-at 

A 

subb ct.-sr 
Sub£ OB-GR 
Sb.bgrad• CB 

11·16 
45-56 
75-92 

P.c. cone. , 10.5 a.. .. sr or 2·17 
., SP 

Sub& CL-SP u (b) 2'·3! 
or sr-cL 
Sub&ra4e CL ~-60 

Sub&• SP, 1-17 
SlllSP 

IIOftBo 

(ot) P.c.c. tlllotnecl •d&• thiobeuea •hO'ftl b)t ••ooDd ttsvze. 
( ) lip ... • 1D bracket• a,. nluo• to,. trose eoU. 
(a) PriDoipal eouro. ot n.t•r tDnu.t~aiJI& tron •~lOD h tra• ... tar 'tablte 

at Dow 'thi"'UP: Seltridp and Parp Urtbldu tram -t•r 'kbl•• aD4 
1.at1.Ura'tlcm throueh p&Ttaent at Sioux hll•• W'ahrtown aDd Grwat 
Bend a.irthldet t1"0II 1nrilt"t1oa. thrGU~~h pa-r.-ont at'Plu ... atrtiold. 

(d) •ter table 4epth• tor all- per lode r... nt.rartao.. dtalD&c• report tor 
1945-1946· 

(•) At.te~"toers lbdh ro ... OP' .oil OD port1.oD J* .. lac lo .. 200 •i•n. 
(f) Borb£• 1a alJ'flelll ara l:Ddioate ab••a.o• of n.ter t.!lh at any depth 

liable to iD.Iluenol tJoat actloa. (haluattor. Npol't iDdtoatee deptb 
to watn table lD. •a .. , ot 25 tMt) 

I'ROST 
II!LTIIIIG .. .,.., 
139 
107 
1}9 
109 
137 
95 

140 
114 
1}8 
114 
JJ,2 
120 

us 
95 

121 
106 
1Cio 

141 
117 

10,)102 
97 

1,7 
11e 
95 

lH 
110 
95 :: 
e7 

--'""""' 

1iO 
100 
1lo5 
101 
1la4 
109 

IIM8·1H 

, .... 
FRI!II!:ZI N8 II!.LTIIIMJ 

P!IUOD 
P!RIOO ·-· ~ ";::.,• IIIL.TIIII 

- lbl ... 100 

ua 
1Cio 
145 
lCII 

100 
100 
loG 
9' 100 

100 

100 
100 
84 
84 
71 

100 

" 2' 

85 
100 
100 
95 

100 
100 

70 
100 

100 
B2 
80 

56 
19 

_41 

eo 
9' 
86 
!19 
92 

91 
100 
100 
100 
100 
100 

100 
100 
100 
94 

100 
100 

78 
100 

9' 100 

8' 97 

!19 
87 
86 

100 
eo ') 6' 
78 
76 
81 
49 

79 
90 
9~ 
85 
90 
8' 

" 100 
lOll 
100 
100 
100 

112 
100 
100 
100 

~~~ ;:; ;::, 1::~.:::-::=,. •..:..::.:~·=~b!rade Mil etnUa. 
(~) Depth ot troll't. det.er.lud -~ by tlt•nt~ ...... ~ er \Mr.oocNpll 

ebeen.t ton•. r 

!J..U8 iD OOlUillllll incliM.tl that JI.O Obeern.t~®l ha .. belli -.41 
to 4-'eNIM the •PeoUia iDhra&tlozs. 

2' 
~ 
51 

16-26 
5o-68 
44 
17 

16-22 

18-26 

25-lo3 
17-20 

8-16 
16-26 
2D-86 
2,-i!B 
7-12 

18-2, 
19-2, 

B 
15-21 

'0 Doll 
27..W. 
25 
4 

......... ., 
GENERAL 
DRAINAGE 

CONDITIONS 

11 100 

10 11 110 

99 '·' 

111 

7.1 8.8 

2.1 87 

lO.B 

~.2 · n 

4.8 ~., 

87 

83 Pa ... c~ ptter.. •sua. •• 
a.l"Nrt.e. pipo 4ra1D.• 
ud: o•tob buba~ lur,.._ 
.. ter trca llaUus rtr1J11 
oollMted bJ loagt t'li•U•l 
opn. 4ttohe• pon.l hl ._ 
aut•r H;u. 

Surhoo - olnloo4 "" dikt.e at outer todp• 
•tet1 ll'trlpo. ._,. 
....,Wider drat.• troatall 
.. til ealtrol 8prl'DII 
set .,...... .ll.l opn. aDd 
olo•ed joint pipe 5'bel• 
eurtaoe. 

~~ Ditch••. plpee ud eateb. .d)h.5 3.5 ... 5.5 3.5-!;..8 
badaa. Stlrtao. water 
hoe pa .. d a"u col lee 3.5 .. 5.5 3.5-4.8 
b7 catch b&dn.. SuhaUr· 
t&o• d,..1u at -.:~, •• or 
or1.g1aal 150' l'\ll]ft1'•• 

f:rn.cb drain• aloq .q. 
ot nmM;p IUd. •Pf'M 
d:N.biq 1nto laWn.l 
.... ,. .. hrfao• ,....tr 
oolleoted bJ lalet:e at 
odp• of the &rad•c!: •trt 
Open perblater ditot.a 
clhobarg• tat:o dnlaa£'1 
ditoh at aou.tbwe.t eoMIIQ' 
r field. 

80 "d sutt• ... • di tobe 11 • 

18~ 

oatah baslDI, field tile 
•5' bal.,. apreu •urrac•. 

PeJ"for&tld ·drain tll• &t 
etlp ct' aproa. Surtaoe 

ter Oollect.d bJ' oateh 
liDI. ""r'&fi• elew.t1a 

of t.et &r.a h 3.~'abo,. 

hat or lAb st. Cla1r. 

Surtaoe dNl,... n.ppliP 
Dted b)'....,. •-r 

*7"• di•ah.•rsla& ba.to 
opeD ditohe• cautdde t.M 
landia.t; •tripe. J.rea 

tunlly .. u dn.i:::led. 

liUid bJ' wrtaoe Nnott. 
ecponry pcm41D& relle 

... pace lato per• .. ble 
rata.. Dn.taac• poor 
rt.a.a flood •tap aDd 1 

eaelq, ralJirall perloc!a. 

(t) 

>n.o 

(r) 

s.o e.s 

~. .. 11.6 

o.6 11.2 

6.4 ~.o 

10., 

FROST MORII.I&.. ~ 

NORMAL FREEZING M£LTING IQ£GR£E DEGREE OF OEGR£E OF 
PERIOD PERIOD PERIOD DAYS) DAYS NORMAL DAYS NORM. 

2.9 
2.9 
2.9 ,.7 
1.0 
}.6 
1.5 

1275 111 

2061 112 

680 825 121 

1220 lobO 

1288 la26 eo 

121.6 1}11 lOll 

1781 2017 11~ 

76 

600 115 

1314 lOll 

MAX .. 
DEPTH 

OF 
FROST 
(FEET) 

'·' 2., (t) 
2.2 1.9 

3.e 

4.o 

6.25 
(t) 

6.6 
(t) 

(1) 

2.e 

2179 112 6.o 4.e 

50 2CI7 414 

(>) (l) 

2.0 
(1) 

ICE SEGREGATION TRAFFIC HISTORY 
IM5-1Mei 1 .... ·1$47 

LENSES LfNUS 

,. .... TMICI<· 
CR'I'STAUI NEBS 

{INCHES) 
DUCRIPTICII CRYSTALS MESS OESCRIP1l0111 

. ..,.. PL­
ftiOHT 

CYCLES ... ... 

fouDd 
Pound 

'"" ... ...... ...... 
p ....... 
Fouad 

..... .... .... .... 
Pound 

llano .... 
. ...., 
Pound ..... 
,....., 
Found. 

...... 
FouDd 
.6-~.7 .... ..... ..... 

1/16 

~~ 
_A.., 

.... 
Jeolat.d .... 
liiDlated .... 
bolated. 
1.7;2..2' 

..... 
Bairlhw .. .. ..... . ... ..... 

Bono 

..... ..... 
Roae ·-
.... 

Batrltne --· 

..... 
o.DE-• 

(Totol) 

..... (.) .... .... 

..... . ... 
loao 

Roae NODe 
t1oae o-1/a Bor • .ar: Ve 
3.t~,.9 (l.o-,.6) 

loDe o-1,/tS Hor. A Ve 
ti-''•pon) 

, ...... ..... 
Founl .... , .... ...... 
rourit 

·­loao 

.... 

UJICMO) 

1/1£ 

.... 
,.2-}.5 1ft! .... ~~ 

ILHl 

SUMMARY OF 

14 
10 
17 

5 
25 
22 
20 
21 
16 

7 

' 1 
20 

FACTORS INFLUENCING FROST ACTION 
OTHER AIRFIELD DATA 

TABLE 



FROST INVESTIGATION 
I 

I 

PRESQUE ISLE AIRFIELD,PRESQUE ISLE, ME. 

SUMMARY OF PLATE BEA·RING TESTS 
1945-1946 

IIUERIAL tmDERtnJG 'l'ES'l' PLATE DI&MEUR 'l'O'l'AL tolD II POURDS MU. RAl'Io or AVG. 'l'HICIBESS DX. DEPTH 'l'HICDESS 
TES'! TEST 'l'YPB STATIOJI' OFFSET DARES'~' 

(thiokneaa in taches) or TEST WOlllfAL TO P'ROS'f or PAVIJIDT or FROst or noza 
AREA xo. DATE OF LOCATIOI (teet) JaPLOBAfiOI PLA1'E • • 0 . ' JIILTIBG PERIOD PLUS WI PDETRA!IOI SUBGR&DI 

'l'ES'l' PAVEMENT BAS! SUB GRADE 
o.~ tach o.to iDDh o.~ 1Doh LOAD FOR Ooto• (A) (B) (C) (1nohea) Defiht1on Det1eot1on DenecttGD DEFLECTIOII (r.M) (t..t) (teet) 

.• 8 llayl~ 49~9 eJ, P.':.c. ~.4 
~ 

A PBT 67 Ruptul"e 62 I ot W edge T}76p 32.4 24 22,000 45,000 (D) 6.5 3ol 
A PBT 98 16 June 191,6 • 4~9 102 I • !380p 8.4 • 31.~ 24 41,000 (D) (D) 

A PB'l' 77 19 Oct 1945 • 52~9 741 • T352p 1.~ • 31.~ - 24 41,000 60,000 (D) .-4 
A PB! 88 9 lilaJ 1~ • 52~9 861 • t377p 8J, • 32.4 .-4 24 32,000 46,000 (D) 1.3 '~ 6.5 3ol opj 

A PBt 97 16 June 191.6 • 52;4.9 98! • t379p 9.6 • 31~ .t. 24 19,500 47,000 (D) 

A PB'f 78 24 Oct 1945 t= 541 " t:576p eJ, " 32.4 
.-4 30. 10,000 22,000 43,000 
= A PBT 95 23 llayl~ s 74 I • T376p BJ, • 32J, e 30 9,000 20,000 36,000 3o\ 3.4 6.5 3.1 

A' PB'l 1o6 22 ·June 19l.6 ¥1. 
4~ 861 • '1'380p 8.1, .. +>:I 31~ .... 30 1,500 7,000 25,000 oi"J I 

'S 8 I 

A PB'l' 19 25 Oct 19145 iJ 52,.f.a4 72 I • !352p 7.2 • 31.~ .ori 30 .• 19,000 31,000 52,000 ~ 
A PB'l' 96 23 llay 1~ ... 52~ 981 • T379p 9.6. • 31.~ "Si 30 2,000 5,000 18,000 6.2 ,J, 6.5 3•t 
A .PB'l 105 22 June 1~ 52~7 1~ I • !Y79p 9o6 . 31.2 :c 30 

., 
. 8,000 18,000 31,000 

.... 
c PBt 81 29 Oct 1945 7.p.o 15 W of f. '649p 3.6 2.5 24.'l 

.. 
30 · ·- ·50,ooo (D) (D) +> ID ....... c PB'l' 86 · 2 loT 1~5 7~0 10 •• !349p 3 .• 1> 2.t; 24.'l .... r-4 30 18~000 32.000 (D) . .. 0 c PB'f 89 10 lila)" 1~ 

f 
7 0 18 w • !374p 3.6 3.6 :n.o 

~8 
30 16,000 32.000 (D) 1.0 L7 5·7 '·' c PBT 99 19 June 1~ 7fl5 20 E • 'l'378pa 3.6 3.6 18.(1 30 40.ooo (D) (D) 

~] D PB'l' 82 30 Oot 1945 
~~ 

25 I • '1'350pa }.6 3.6 25.1 
... 

30 26,000 45.000 (D) ! u 
D PB'l' 90 .1o •r 1~ 22 E • 'r350pa ,.6 .,.~, 25.1 ~ 30 15,000 23,000 38.000 2.0 1.7 5.7 J.O 
D PBT 101 19 JU118 1~ ~! 1e;.'50 30 I • T350pa 3.6 3.6 25.1 t 30 15,500 28,000 49,000 
D PBt 83 31 Oct 1945 !i 1S,V.,5 25 ... T375p 3.6 3.6 24.0 u 30 27 .ooo 45,000 . (D) 
1) PB'!' 91 13 llay 1U 18fJO 16" • T315p 3.6 3.6 24.~ 30 13,000 20,000 36,000 2.3 2.6 5~7 J•l D PB'l' 103 20 June lU 1814.9 15 w • T375p 3.6 3.6 24.~ 30 14,000 25,000 44.ooo 

'• 

.. Defiection 1D inohea • 20,000 pounds 
1st 10\b 
Load Load 

c PBT 80 26 Oet 19L5 7~0 10 ... '1'~9p 3o6 2.~ 24.o ..... 24 .~7 .~3 c PBT 94 23 llay 19!16 7f?_O 10 E .. T349p 3.6 2.!- 24.o ..... 24 .O'lll .l~ 2.1 5o7 3.6 .... r-4 ... c PBt 100 19 June 1<;46 o:I'O 7~0 30 E . 'l'378P. 3.6 3.6 18.(1 .... .. 1:1 24 .ern .096 ..... 
·--· 0 $..! ,.. ... :;1 

D PBT 84 1 lOT 1945 !110 ' 18~0 15 w • T35lp 3.6 3o6 25.1 ,.~ .. 24 .Cl!'-6 ·099 D PB'1'92 14 llt.y 191!6 5:1 16fie 12 w • T375p 3.6 3o6 24.0 ~ft 24 .m .1;21 2., 5o7 3-k 
D PB'l' 1a. 21 Ju• 1~ "!~ 1~5 15 w " '1'375p 3.6 3.6 24.0 0 ........ 24 .n6 .1~ I I II 

D PB'l' 85 1 Nov 1945 ji 1~ 25 E " '1'}50pa 3.6 3o6 25o) ~~~ 24 .Cl63 .Cf/9 
D PB'f 93 14 llay 1946 1~0 20 I • 'l'357p 3.6 3.6 25.2 i)~ 24 o105 .].42 2Jl 5·7 '·' D PBT lal! 20 June lU 1sfl0 30 I .. '1'350pa 3.6 3.6 25.1 24 .~a .lld. . 

JOTESs --
(A) Pavement• are bitum1noUI ooncl"ete unleu ethenr1H 

' Doted. 

{B) litUJIIinoue penetrated oruahed rook. 

(c) s.D4 &rld sranl •. (1ft olasdnoattca. 

(D) Deflection not reached with a~11able maximum load. 

PRESQUE ISLE AIRFIELD 
SUMMARY OF PLATE BEARING TESTS 

1945-1946 

I -·· .. 
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-· 
» 
:D 
» 

' • :1 
lll 

., 
• ., 
., , 
• 

!I 

• • 
D 
» 
D 

., 
• ., , 
' ., 
r ., ., 
i1 ., 
f 

a. 
10. 

:e 
•fi 
Rl Jail ,.,. 
.. JOl· 
M·lOl ,., 
:Jr 
,.~ 

l'lf 1()0 
i'Bt lOT 

lit ..... ~~ 
16 .... 1;.6 
11..-. 1~ 
T Ja. 1;.6 _ 

15 Jlor. 191t5 
19 ........ 1;.6 
1 lu. 19't6 

16 ..... 1~5 
18 Apr. 1 ,a-6 
10 Ja. l,a.6 

19 •••• l,at5 
ll .lpr. 1~ 
12 Ju. 1,-.6 

, ..... ~~ 
ll ... 1,a.fi 
ll J-. l,a.6 

1ft ., I lev. 1,at5 
Jilt ~ . I Jp. l,a.6 
.. 106 u J•.- 1"" 

.,., 101 
. JIM 152 
,. 153 
..., 171 
,. 172. 
,. 193 

JBt 109 
1M' 154 
P.8'f 151 
nt lH 
I'B'f 180 
nr t91t 

23 Oct. 1;.6 
' ... 19lt7 

10 .Apr. lgltT 
It Jua. 1g1t1 
'.r-. 19lt7 aa. Ju. 1~7 

25 ac\. 1~ 
11 Apr. 1947 
14 .Apr. :r,.g1t7 
5 Ju. 1~7 

10 .Ja. 1ga.7 
26 "'•· lgil7 

1\aUc'Loet 
. . .. 
• • 
• • 
II I 

• • 
D I 

. lo..aa\toa llodulu . - . 
• • 

-~epeau., J.e.t . -. 
• • 
• • 
• • • • 

bp\ure 
• 
• 
• 
• 
• 

J'owaiat toa llotlllua 
t1 II 

• • 
• • 
• • 
I II 

af85 = ~ 

)flO 
)/-17 
.}f15 

11'9 
~~ 

_2/0f 

lf/A 
1fl'; 
2/<15 

OJ7Dt 
· ( la lee\) 

(A) 

18 1 I , .. 
)0• I 
10 1 I 

65' I 
IJs• I 
Ito• I 

kl'l 
211 I 
2'. 

lJJ• I 
221 I , .. 
,, .. 
)5'. 
.55' I , .. 
5' I 

15' • 

- 29' I 
21' I 
51 1 I 
9' • 

39' I 
59' I-

28' • 
19' I 
ltg• • 
~1' I 
12' I 
611 I 

'1'881 pa 
'f9141 pa 
!9141 pa 
~5pa 

'"',. :=.:: 
fliT,. 

"'' .. ~7 .. 

!817,. 
'9J9 .. 
$7 .. 

!96,,. 
!lDO)pa 
f1002pa 
flOO)pa 
tloo6 pa 
f1oo6 pa 

f969 .. 
fl003 pa 
flOOJpa 
!1006 pa 
!1003 pa 
tl.OOi.pa 

·FROST INVESTIGATION 

DOW FIELD, BANGOR, MAINE 
SUMMARY OF PLATE BEARING TESTS 

1945-1946 
MAftiUl. UIIDULIIJiil tJ:ST PW.D 

!blckzleea ill lnchee 
DUM. fOUL LOAD II POU»I>a MAX. RAtiO OJ' 

1-----'---------___,----t liO:&IW. tO J'JI)If 
AYG. ftlCIDU 
~fA .... 
PWI BAD 

tJUGU­
OlJa. 

).6 Bit. Coao. 
).6 • • 
).6 • • '·' . . 
'·' . . ).6 • • 
).6 • • 

.7.2 '· c. c. ' 7.2 • • • 
9.6 • " • 

,5.6 lit. CODO. 
),6 • • .. , . . 
'·' . . '·' . . 
'·' tl • 

..... '· c. c. .. -. . . . 
s.4 • • • .... . . . 
.... !I • • .... . . . . 
,. 

•i 
2) ...... 
22 ..: 

i 
22 & 
2) • 

22 J 

TEST AREA F 
1946-1947 

~ t 
11 i 
21 -
16 ... 
16 ! 

22 ~ 
21 • 

~ l 
21 1 
16 ' 

t 
-~ .... 
u 

E ... 
Gl) 

OJ' 'f:ZS'f 
J'UTII 

(lnchea) 
• 0.05 tach 

DefleeUoa 

17.000 
12,500 
13.000 
18,000 

21,000 
9,000 

16.000 

~.ooo 
16,000 . 
23 •. 000 

1.000 
5.000 
6,000 

• o.JD 111Gb 
DetlecUoa 

36.ooo• 
21.ooo• 
2a..ooo 
~.ooo 

,a.~ooo• 
17,000• 
)1.000 . 

&~o.ooo 
ar.ooo• 
a.J.ooo• 
12.ooo• 
u.ooo• 
u.ooo 

• o.ao tuaa 
DefleeUoa 

(D) 
47.000 . 
a.&.ooo 
57.000 

(~)-

32.000 
59.000 

(~) . 

~7.000 
(:D) . 

20.000 
2l,Ooo 
17.000 

:DetlecUoa 1a l~~el& .. • 210,000 lbe. 
ht. 5U.. 
Loa4 ..,.tl\loa 

.o6) 

.,1)5 

.010. 

.on 

.ut. 

.010 

16,500 
17.500 
17~500 
32.000 
11t.ooo 
31.000 

1,000 
5.500 
lt,ooo 
lt,ooo 

. 5.0oo 
6.500 

28.000 
25.000. 
32.000 
5J.OOQ• 
21.500 
47.500 

. 11.500· 
9.500 
7.500• 
1,000 , .• 

lO,,aD 

.01, 

.161. 

.101 

~015 
.1)6 
.u6 

lt5.ooo 
3-l,OOO 
53.000 
(D) 

168,000 
(») 

19.500 
16.500. 
14.000 
1&1.500 
16,,00 
U.OCID 

DL'!IIIl nllOI 
lDAD 105 0.1• 
anletlal 

(J'eet) 
.. \18 

·. ,, ... , 

2.0 

1.6 . 

l.l 

2.1 

. !t!.u• 

lt.o o .. z·,, 

).0 

u ... 

... 0 

,., 

a.a 

'~ 011••'- ot , •• ,. pert --.A .la ....... 
.. ........ ~- ~ ot .... ,.....,~ Olf .... 
of \ea\e perf_OII'IIM la tea\ ~ f .. · 
......... , ... t/01 '-'..,.. -·- .· 

(:D) hflec\loll. -'"..-...& •• ....... 
a-..1~ leal. . - , 

• - falan ....... f.etenlae ~- ....... 

DOW FIELD 
SUMMARY OF PLATE BEARING TESTS 

1945-1946 
TEST AREA F 

1946-1947 
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TEST 
NO. .. 

PB'l' 122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
1}2. 
133 

137 
138 
1,9 

143 
~ 
145 

149 
150 
151 

159 
160 
161 

165 
166 
167 

174 
175 
176 

181 
162 
183 

190 
191 
192 

198 
199 
200 

~ 
205 
206 
207 

FROST INVESTIGATION 
DOW FIELD, BANGOR, MAINE 

SUMMARY OF PLATE BEARING 
1946-1947 

TEST AREA D TEST AREA 
DATE LOAD DEFLECTION AVG. DEF1,ECTION TEST DATE LOAD 

(pounds) (inohas) (inches} NO • (pounds) 

29 Oct 1946 20,000 o.Ol$5 PBT 110 28 Oct 1946 16,000 
II II 0.0735 111 • 20,000 
II II o.065o 112 ,II " • • o.oa9o 11} II II 

" • 0.0795 114 • • 
" " Oe0850 o.0773 115 II • 
• • 0.0750 116 • It 

• • 0.0965 117 • • 
II " o.061o 118 • • 
• • 0.0595 119 II " • " o.oseo 120 29 Oct 19L6 II 

II II 0.0865 121 . II 

24 Mar 1947 20,000 o.t~5 1.54 21 liar 1947' 21,200 
II II 0"'1405 o.l463 1}5 II II 

• II 0.1590 136 II II 

1 A.pr 1947 20,000 o.0895 -140 28 liar 1947 20,000 
II " 0.0835 o.095P 141 II " 
II. • 0.1120 142 • " 

8 Apr 1947 20,000 o.0655 146 4 Apr 1947 20,000 
" . • 0.1040 0.0937 147 • II 

• " 0.1115 148 • " 
15 Apr 1947 20,000 0.0815 155 11 Apr 1947 20,000 

• • o.oeoo 0.0768 156 • II 

• II o.069o 157 " II 

22 Apr 1~7 20,000 0.1235 162 18 Apr 1947 20,000 
• " 0.1470 o.uoe 163 II II 

• • o.062o 164 II • 
6 June 1947 20,000 .0.0775 168 ·25 Apr 1947 20,000 

• " 0.1010 0.0928 169 • • 
• • 0.1000 170 • • 

13 June 1947 20,000 0.0705 117 6 June 1947 20,COO 
• • 0.0905 o.o747 178 ·• • 
• • o.063o 179 • • 

20 June ·1947 20,000 o.ot$o 184 13 June 1947 20,000 
II • o.oe05 0.0708 165 II • 
• • 0.0630• 186 • • 

27 June 1~7 20,000 0,;0870 187 20 June 1947 2o.ooo 
• • 0.0570 o.0633 188 • • 
• • Oe0550 189 II • 

2 July 1947 20,000 o.0815 195 27 JuM 1947 20,000 
• • 0.0555• o.rn36 196 • • 
• • 0.0855 197 • • 
• • 0.0720 

201 2 Jul7 1947 2o.ooo 
202 • " 203 II • 

.,, 

E 

DEFLECTION AVG. DEFLECTION 
(inohea) (in'.lhes) 

o.o675 
o.06Bo 
o.oe55 
0 .. 0915 
o.1345 
o.0730 o.~sa 

o.06B5 
Oe0775 
0.0780 
0.0740 

. 0.0950 
0.1315. 

o.l445 
0.1485 o.l483 
0.1520 

0.1350 
0.1310 0.1190 
0.0910 

0.1.595 
0.1715 0.1390 
0.1060 

0.1065 
0.1775 0.1397 
0.1350 

o.to()lj 
Oe1560 Ot.ll26 
Oe0620 

Oe0670 
0.1275 0.1115 
0.1200 

Oe0920 
0.0975 o.n4o 
Oe1525 

Oe\110 
Oe1150 0.1018 
0~0795 

0.0915 
0.0770 Oe0750 
Oe0565 

o.u65 
0.0995 o.t063 
0.1030 

o."915 
o.OB55 o.0862 
Oe0815• 

DEFLECTIONS- 20,000 POUND LOAD 

• • 
TEST AREA D 

TEST AAEA E 

TESTS P£Af"ORNED Fl'f APPLYING A .2(\000 POU~D 

UW) TO A JO" DIAMETER PLATE ON THt 

PAVEMENT SUAf.IIC.E. 

.!2!.!!• 
• Quertioaable readill.l• 

.U1 teats oonduoted with a 30" dlaaeter teat plate. 

All testa in eaoh teat area were •d• within 251 . 

square aeotiona. 
For location ot individual teats, see Plate 3. 

'\1 

Mater1ale UDderlJinl teat plate are a8 tollawa1 . 
Area D 0.4• BituainOIIe CODorete p&fteat 

4.o• Sand and graftl be.ae 
• Silty olay aubgrede 

Area B 0.4• B1tuainoua Conorete pa'N•Jit 
3.2• Send ad gravel base · 

S11 ty c1 ay subp-ade 
These depths represent the aftrage lop ot 5 
auger hole a exoayated w1 thin eaob 25' aquare. 

SUMMARY OF 
DOW FIELD 
PLATE BEARING 
AREAS D AND E 
1946-1947 

TESTS 
. TEST 
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FROST INVESTIGATION 
TRUAX FIELD, MADISON, WISCONSIN 

SUMMARY OF PLATE BEAR~NG T.ESTS 
1945-1946 

'l'U'f 'l'AS'l' D~K nP:s: ST!TIOW onsrr NE.Uri:S'l' , MA'l'BBIAL UHDJRLTIIG TEST PLA!X DIAM. 'l'OTAL LOAD I II l'O'UliD s MAX. RATIO J.VG, THICKlf&SS MAX. DJ:P'l'H TBlC"JiiSS 
.t.J1i.A NO. or WC~TIOil ( h: leet) !XI'LORJ.TICJI 'l'htckneaa ln incbe1 or T&st NOW.AL TO Fll()ST OF .FAV»ti.NT OF J'ROS'l' Ci lliOZDI 

'rJ:S'l' PUT:I • • • kAl.fiMG Pl!JilOJ) PLUS BASli: PR:r..""rRA'l' I CN SUliG RAD:& 
<inchu) 0.05 inch. 0.10 inch o.?O tnc:h AT 0.1• D}!;FL1c- (1eet) (Feet) (Jeet) 

PAV»!U'l' B.t.SI SlJJ'(}liADI Detlect1gn DenecUon Deflection 'UOIJ 

A Pl3T-:r.4 29 Oct. 1~5 Static 1.oa4 2/-71 JON 'l'P-2 2.5 BC ~.2 C!l: 16.3 ar 

I 
26,000 4c,ooo• - 5.0 2.3 3.8 1.5 

A J'BT-:11; 22 Mar. 1g&.6 tl • 2/-57 JOI TP-2 2.5 BC t. 2 C!l: 16.3 ar 5,000 8,000• l'),OOO 
A PBT-Yb 21 kar. 1946 • • 2/-63 271 TP-2 2,5 BC 8.2 CR; 16.3 or 8,500 13,000 20,500 ,A PB!-::17 3 Apr. ·1946 • • 21-65 3~ TP-2 2.5 liC 8.4' CR: 16.3 or 10,000 17,000 29,000 
A l'l!T-~ 8 Apr. 131~6 .. • 2:/-')8 23JI TP-2 2.5 liC 8.2 CR; 16~3 ar ),CW 14,500 23,000 
c P.B'l'-1>15 2 lew. 1945 found~tion ~odu1u• J/.62 25ll '1'1"-lf 6.5 PCC 26.9 Gf ~ 7 ,cvo u.ooo• 17,50Ci 1.8 2.~ 4.0 1.1 c PBT4l! 27 Mar. 1946 • .. }/-52 2511 TP-19 6."! PCC 28.3 or 4,000 6,ooo• 10,000 c PBT~g 9 Apr. 1946 • • Jl-78 :!:.;Ji TP-20 6.5 l'CC 26.5 OJ' l 5,000 6,500 10,000 

c OT416 6 lov·. 1945 • • lfJT 2~ 'l'P-1 6.7 I'CC 39.3 or 10,000 14,ooo• 21,500 2.3 3.8 4.0 0.2 c P~T 20 Mg. 19a.6 • • l~ 451 '1'1'-1 6.7 I'CC 39.3 or 4,000 6,ooo• lO,C•OO 

c PBT-o6 20 lTOY, 1g&.5 lu.pt\ll'e 2f/J1 2111 TP-1 6. 7 PCC 39.3 ,, 45,000· (II) (D) 1.6 .. 3.K 4,0 0.2. c PB'l~S 16 Mar. 1946 • 2fo1 211 'l'P-1 6. 7 l'CC 39.3 Gr }l, "500 46,500 (D) 0.05-. Den. c. PB'l'...ClO 21 Mar. 1~ II 2:KJ1 211 TP-1 6. 7 PCC 39.3 Gr 2!!,000• 50,000 (D) c J'B'f-ClJ 26 Mllr. 1946 • *1 211 'l'P-1 6,7 PCC 39.} or 34,000 (D) (D) c PB'l'-c15 29 Mar. 194.6 • ~1 2111 TP-1 6. 7 I'OC 39.3 or 42,500 (D) . (D) c PB'l'-C17 2 Apr. 1946 " ~1 2U TP-1 6. 7 PCC 39.3 at 42,000 (IIi (I:) I 

c PBT-C20 5 .l.r-r. 1946 • ?f01 211 'l'P-1 6. 7 f'CC 31.3 GP ~,000 (D) (D) c PB'l-(;24 10 Apr. 1946 a 2/-01 211( 'l'P-1 6. 7 f'CC 39.J Gr .500 (D) (D) 

c PH-c7 21 lllov. 19'+5 • 2~8 1411 TF-13 6.0 l'CC 52.5 GJ' 38,000. (D) (D) 1.~. 4.9 . 4.0 o.o ;k c PB'r-c9 19 Mar. 1946 • 'lf'JS 14ur 'l'P-1} 6,0 PCC 52.5 or N 28,000 44,000 (D) o.os• hrl. '. 
I c PBT...Cl2 26 Mar. 1g&.6 • 2/-91 14U TP-13 6.0 PCC 52.5 ,, 22,500. 42,000 (D) c . P.8'f-C19 3 Apr. 1~· • ·2/-91 1411 'l'P-13 6.0 PC~ 52.5 Gl 25,000 ,2,000 (D) 

·C P.8T..C22 10 Apr. 1~6 II 2fg8 1411 ' 'D'-1} 6.c PCC 52.5 or '::1 26,000 54,000 (D) 
e 

4l,s00 
~ 

4.0 c PB'l'-cll 21 Mar~ 1~6 • 3~98 2UJ TP-20 6.~ PCC 28.5 Gl' 23,000 (D) 2.9 1.1 
c PB'l'-c14 2' Kar. 1946 • 3/-91 211 TP-20 6.5 PCC 28.5 GP 3 22,000 ~1,000 (D) 
c PB~21 5 Apr. 1g&.6 • }fgs 211 '!P-20 6.~ XC 28.5 Gr () 24,000 411,000 (I:) 
c nt-c25 ll Apr. 1946 • '!tl-98 211 TP-20 6, 5 JICC 28.5 or ... 19,000 40,000 (D) 1-i 

o-1 I .... I 

c PBT-c16 1 Apr. 1946 II : 2/-98 lOll TP-3 6.5 PCC 51.5 GP IQ 
~.500 39,000 (D) 4.1 4.0 o.o 

c PB'l'..CU 2 .Apr. 19l!C • 2/18 lOU 'l'P-3 6. '5 J'CC 51..5 Gr 29.000 (:C) (D) 
c PBT-C-23 10 Apr. 1946 • 2~8 lOli TP-3 6,5 fCC 51.5 Gl 26,000 (D) . (D) . 

D nT-n )1 Oct. 1945 Static LoaA 12+05 23W TP-5 2.5 :BC . 18,5 CR; 24,0 Of 
f 

30,000 50,000• (D) ).1 ).S 4.~ 1.i 
» nf...zz 19 Kar. 1946 • • 12+09 l5W TP-') 2.5 :ac 18.5 C:&: 2~.0 or 7.500 13, soo• 28,000 
D PBT-:G 25 Mar. 1946 • • 12-.4-8 23W 'l'P-5 2,5 :BC 18.5 CB: 24.0 Gl 0 1.3,000 2),000 46,000 
1t P.B!- 27 Mar. 1946 • • nf99 23W Tl'-5 2.5 liC 18.~ CR; 24.0 GJ' '"' 13,<XX..> 22,000 ,7.500 l) PBT-11:5 1 .A.'Pro 19~ • • 12f33 23W 'l'P-5 2. 5 liC 18.5 CR; 24,0 Gl' I 15,500 26,oOO 6,000 

40,500 
,_ 

I! PBT-K6 4 Apr. 1glt6 • • 121-29 15W '!P-5 2.5 :ac 18.5 CR; 24,0 Gl' 15,500 25,000 
D PET-B7 9 .Apr. l~l!C .. • 1~21 15W TP-5 2.5 liC 18.5 CR; ?.4.0 Gr 16,000 zs.ooo 48,000 

Deflection in incbe1 • 20,000 lb1. 

lit. Loa4 lOth BepeUtiOA 
A PET-Bl+ 30 Oct. 1945 · RepeaUu,; l.cJed 2/-78 301 'D'-2 2.5 :BC 8. 2 CB.; 16.3 GJ' 

t 
.o54 .on 2.3 3.8 1.5 

A PET-R5 28 MRr. 1946 • • 2f10 271 'n'-2 2.5 l!C 8.2 Cll.: 16.3 GJ' .189 .}05 
A F:B'l'-16 8 Apr. 1946 • • ~5 231 TP-2. 2.5 :ac 8.2 CR: 1G.3 Gr .190 .287 

1945 • I llf91 TP-5 '·5 liC 18.5 CA; 2~.0 Gl' .:k .oua .061 J,fi 4.9 1.1 D PB'l'-R1 31 Oct. 23W N 
D P.BT-B2 2C i(,.,r. lg46 • " 12./02 l5'W TP-5 2. 5 liC 18.5 CR; 24.0 Gl' 

! .142 .196 
D PBT-~ 25 Mar. 1946 • " l2/-26 . 23W 'U-5 ~.; :BC lR. 5 c.-; 2~.0 or ,lOS .1llo 
D FBT- ~ J.pr. lg46 • • l2/o36 15W T.P-5 2.5 Be 18.5 CR; 24.0 G7 .075 .113 

Off1eta in TP.at Areaa ~ are :.rcc - Portbn4 Cement Concrete • Tal1aee u.e4 to 4et•a1ne aul~~U~ 
aeaiUZ'e4 trom the \. of tb. J..W BC - BUwainow. Concnte ratio. 
Taxi war and the 1..;1 Jiu.Awq • CR - Cruahe4 Rock (J)) Deflection not reached with mazt.u. 
rupeetive~ ~~ Caeacran4• &oil Cla•aif1cat1oo a•alla'ble load. 

~ffaeta in 'l'eet Area D are 
mcanre4 tror. ~ ed«e of .Apron. 

TRUAX FIELD 
SUMMARY OF PLATE BEARING TESTS 

194!5 -1946 
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.• 

TEST 

NO. 

PBT-1 
PBT-2 
PBT-3 
PBT-~ 

DATE 

13 Nov. 19~5 
~ Dec. 19~5 

15 Mar. 19~6 
17 Mar.l9~6 

PBT-5 5 Apr.l946 
PBT-6 6 A~r.J9~6 
PBT-7 I~ May 1946 
PBT~8 16 May 1946 
PBT-9 8 Mar. 19~6 
PBT-10 12 Mar. 1946 
PBT-11 14 Mar.1946 
PBT-12 15 Mar. 1946 
PBT-13 19 Mar. 1946 
PBT~I4 22 Mari 1946 
PBT-15 25 Mar.l946 
PBT-16 27 Mar. 19~6 
PBT-17 29 Mar. 1946 
PBT-18 I Apr~l946 

~~-;~ 
,',' '· ·.::: '· 

:· ~ . 
;. 

.. . .·: 

TYPE 
OF 

TEST 

STATION 
AND 

LOCATION 
( 1) 

:z: 
0 

1- -
(f) 1-
LLJ ct 
ex: ex: 
ctO 
LLJ .....J 
:z:: 0.. 

>< 
LLJ 

FROST INVESTIGATION 
SELFRIDGE FIELD, MICHIGAN 

SUMMARY OF PLATE BEARING TESTS 

MATERIAL UNDERLYING 
TEST PLATE 

Thickness in Feet 
Portland 
Cement 

Concrete 
Pavemen·t 

-

Base 
GF Subgrade 

1945- 1946 

DIAMETER 
OF. 

TEST 
PLATE 

TOTAL LOAD IN POUNDS 

® 0.05 inch @ 0.10 inch ® 0.20 inch 
deflection deflection deflection 

Foundation Mod. ~+57 .5W, 0+32N TP-2 
TP-1 

0.85 0.85 
1.00 
0.94 
I. 40 

ML-SF 30" 6600 
5000 
4300 
6800 

9650 * 
7600 

14500 
12000 
10500 
16200 

" "· 1+37W, 1+09. 5N 0.90 
" 
" 
" 
" 
" 
" 

Rupture 
II 

II 

II 

" 
" 
" 
" 
" 
" 

\• . ~ .... . . .. . ; 

' ••• ; b : ... ·.~· 

··-· .. , 
··, 

• I • "~ 

. II 

" 
" 
II 

If 

If 

4+ 77W, 0-I-36N 
1+82\'f, 1+35N 

TP-9 0.85 
TP-10 . 0.90 

5+20W, 0+92N TP-1 IC 0.90 
2+20W, 0+92~ TP=I2C 0.76 
1+82.5W, 14-IL~.SN TP-14 0.96 
4+82.5W, Ot64.5N TP~I5 0.90 -
I+OOW, 0+40N TP-13W 0.90 

II 

II 

" 
II 

" 
" 
" 
" 
II 

II 

II 

II 

" 
'II 

" 
" 
" 
II 

" 
" 
II 

" 
" 
" 
II 

" 
" 

" 
" 
II 

II 

" 
" 
" 
II· 

" 

( I) 

(2) 

·* 

( 2) 
I. 14 
1.65 
1.45 
0.80 

( AVG.) 0.65 
" 0 
II II 

II II 

If " 

II II 

II fl 

II II 

II li 

" If 

" " 
" " 
II fl 

" " 
" " 
n " 
II II 

rr II 

II II 

II n 

If II 

II . II 

II II 

" " 
II II 

" If 

II II 

II 

II 

II 

II 

" 
" 
II 

24" 
II 

" 
" 
II 

II 

II 

II 

II 

II 

8050 
10000 
4400 
4800 

52000 
51500 
43750 
37500 
41000 
40750 
32ooo· 
30000 
20500 
22500 

Offsets measured from the south edge of apron. 

Pavement remov.ed before_ perfon~ing test. 

Tests ·used. to. determ i'n:e max.imum ratio.-·_ 

6200 -t 
10700 
13750 
i73.00, 
6300 
7000 

79300 
72750 
61500 
62250 
61000 

22700 

9100 

1-0 
lL..Cf)O~ 

oo--
cx: ex: • :z: 

0U..LLJ00 
- 0.. -t-o cx:t­
c::tt-~ou 
a:: :z:u..LLJ 

.....J- ......J 
• c::t 1- 0 u.. 

><::E.....JctLLJ 
c::ta:::LLJOO 
:XO::E-J 

:z: 

I .6 I. 7 

I. 5 

u.. ·-0 <t -t-J 
a:: Q.Y 

xt-m 
1-LLJ'+-
0.. :z: 
LLJ LLJ c 
0 c..·--• 1-

. ><en :z: 
<(00 
::E:a:::­

LL.. t-

2.9 

2.9 

SELFRIDGE FIELD 

LLJ 
0 

u.. <( 
00:::: 

(.!)­
(f) al -t-J 
Cf):::I(U 
I.LJCf)Q) 
% '+­
~ :z: 
ULLJC -N·-
::J: o­
t-c:::: 

u. 

1.2 

I. 4 

SUMMARY OF PLATE BEARING TESTS 
1945-:-1946 
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• 

TEST 
AREA 

.. 
" 

" ... 
" 
" .. 
... 

" 

" 
" 
" 

" .. 
" 
" 
" 
c 
" 
" 
.. 
" .. 
.. 

.. .. 
" 

" .. .. 

TEST 
Nv. 

FMT 5 
FVT 6 
Fll'I'·lu 
Fll'l' 15 
FMT 19 
nrr 20 
Fill' 23 
Fv.I' 24 
FlAT 28 
P.MT 29 

.FM'l' 34 
FMT 35 

PBT 7 
PBT 13 
PBT 17 
PBT 2.6 
PBT 27 
PBI 37 

PST 8 
PBT 11~ 

PBT 18 
PST 25 
PBT ~6 

PST 2 
PBT 12 
Par 32 

PB'l' 4 
PBT 9 
Pi3T 21 
PST 33 

PB'J 1 
PST 11 
PBT 22 
PBT 30 

PBT .~ 

PST 16 
PBT 31 

DJ.TE 

16 Nov. 1945 
16 Nov. 1945 
5 MBr. 1946 
7 Mar. 1946 

19 Mar. 1946 
19 !f.e.r. 1946 
25 r.&r. 1946 
25 Mar. 1946 
31 l'.i8r. 1946 
31 !l&.r. 1946 
22 Apr. 1946 
22 Apr. 1946 

16 Nov. l945 
6 Mar. 1946 

15 llklr. 1946 
27 Mar. 1946 
31 ILBr. 1946 
24 Apr; 1946 

16 Nov. 1945 
6 Mar. 1946 

15 Mar. 1946 
· 27 Mar. 1946 
24 Apr. 1946 

15 Nov. 19!.5 
6 MBr. 1946 

19 Apr. 1946 

15 Nov. 1945 
5 Mar. 1946 

20 Mar. 1946 
19 Apr. 1946 

15 Nov. 1945 
~ Mar. 1946 

20 Mar. 1946 
17 Apr. 1946 

1'5 Nov. 1945 
8 Mar. 1946 

18 Apr. 1946 

TYPE 
OF 

TEST 
STATION 
LOCATION 

35•43 
35•42 
35·60· 
35•76 
35•97 
36•03 
36.03 
35•97 
36.03 
35•97 
3'6e02 
35•98 

35•32 
35960 
35e68 
J6'tl9 
36•15 
36920 

35•47 
35•75 
35~8 

36 .. 51 . 
36•20 

34•05 
34•20 
34•39 

34•15 
34•20 
34•30 
34945 

34.!0 
311 .. 17 
34•35 
34•!.0 

OFFSE'I' 
(in Feet} 

(1) 

62 Rt 
32 Rt 
36 Rt 
51 Rt 
49 Rt 
49 Rt 
36 Rt 
36 Rt 
26 Rt 
26 Rt 
60 Rt 
60 Rt 

49 Rt 
49 Rt 
49 Rt 
49 Rt 
26 Rt 
76 Rt 

26 Rt 
61 Rt 
36 Rt 
36 Rt 
63 Rt 

45 Rt 
45 Rt 
45 Rt 

5 Lt 
5 Lt 
5 Lt 
4 Lt 

5 Itt 
4 Rt 
5 Rt 
5 Rt 

45.Lt 
42 Lt 
42 Lt 

(1) OffsetE in test ar~~e • & C are measured 
from the S'lf edge of the apron and fr;.;tT• t.he 
·i of Taxiway No. h res~ective1y. 

NEA.REST 
EXPLORA­

TION 

TP-12 
1'P-ll 
TP•15 
TP-11. 
1'P·16 
TP-16 
TP·l7 
TP-17 
TP-16 
TP•l8 
'l'P-19 
TP•19 

TP•ll 
TP-1} 
TP-16 
TP-14 
tP-18 
T!'•l9 

TP•ll 
TP-14 
TP._17 
TP•l7 
'l'P•l9 

TP•ll 
TP-12 
TP-16 

TP-13 
TP•16 
TP-16 
TP•15 

TP-12 
TP-11 
TP-14 
TP-14 

TP-13 
TP-13 
TP-16 

FROST INVESTIGATION 

PIERRE AIR-FIELD, PIERRE, SOUTH DAKOTA 

SUMMARY OF PLATE BEARING TESTS 
1945-1946 

PAVEU!:NT 

7 PCC 
" .. 
!t ,, 

" ... 
.. " 

7 PCC 
" n 

" " 
" " 
" " 

1.5 AC .. 
" 

6 AC 
" 

6 J..C 

1.5 AC 
" 

MATERIAL UNDERLYING TtST FI~TE 
(Thickness tn inches) 

BASE 

7 GF' 

5-5 : 
5 
8.5 " 
7 " 
7 " 
7 " 
1 
6 
6 
7 ., 
5 
9 

" 

GF 

I .. 
a.5 " 
6 ,. 

7 " 

5 GF 
8.5 .. 
7 " 
7 " 
1 " 

12 GF 
12 " 
12 " 

9 GF 
8.5 .. 
8.5 .. 
8.5 " 

8 GF 
8 " c ., 
B " 

12 GF 
12 .. 
12 .. 

SUB_GRADE 

DIA!o!. 
OF TEST 

FLATE 
(in inches) 

30 

l 

30 

.~ 

t 
2h 

l 

TOTAL LOAj IN POUNDS 

(I; @J 

0.05 lnch 0.10 inch 
Deflection D6flection 

7,000 
4,200 
6,140 
3,630 
3,500 
3,6do 
3,9H> 
4,360 
4,160 
5,250 
3. 7 }iJ 
4,1..60 

27 ,5•)0 
2l ,45o 
l'i' .~:50 
.!'4,)00 
}~,;,-.::.0 

31,580 

20,1./>0 
21,51)0 
23,500 
26' 100 
22,000 

2~,7()1) 

20,680 
24,650 

50,720 
34.550 
26,800 
<:'<:::,660 

10 ,9'C'O• 
8,840 

10,180 
7.570 
5>10D 
5,4ec• 
6,480 
7 ,3l.+J 
6,900 
6,980 
c ,lJ!)\l 
7,<.'30 

44,9!..0 
t.4,8co 
36,400* 
37,650 
~3. 7 50 
:10,1380• 

42,500 
Lh,15::>• 
46,100 
!~a,r;oo 

44.~40• 

41,950• 
32,ct.o• 
38,150 

tf),6oo• 
54,150 
h5,700 
36,500• 

I@ 

0.20 inch 
Oef!rction 

17,500 
16,1~0 
16,530 
13,070 
9,670 
8,9.50 

l0,76C 
12,010 
11,270 
13,800 
Io,61~o 

11, 7~0 

!A: 
62:2Lc 
5c,B50 
55 ,L0<: 
"17,730: 
;<3,250 

(A) 
70,000 (B) 
67,700 
76,300 
65,260 

62,1300 
52,140 
62,320 

(C) 
86,000 
73,400 
?6.8~0 

Def1ectiol. in inches o 25,000 1bs. 
ht Loading loth Repetition 

.oss 

.094 

.085 

.108 

.067 

.1}6 

.128 

.l~ 

.1&;l 

.098 

.124 

(A) Pevc.ment ruptured ~cfore def1e.;•.ioa 
rea•:hed 

(B) ~econd app1bntion of 70,0CO~pound 
1oadl.n(; 

(C) Deflection not ren~h~d ~1th Qveilab1e 
me.xiv.u:m 1oad. 

• 'Tests UB~'d to determine rr.aximu"' 
ratio 

W.X. RATIO OF 
l'ORMAL TC Fi<OST 

Y.ELTING PERIOD 
LOAD FOR 0.1" 

DEFLECT I Oft 

2.0 

1.0 

1 •. ~ 

AV'J. THICtn1ESS 
OF PAVEMEKT 

F'LUS EASE 
(Feet) 

1.2 

1.2. 

1.1 

1.2 

1 • .2 

1.2 

MAX. DEPTH 
OF FFOST 

l'E.NE':'I\ATION 
(Feet} 

4.0 

4.0 

· PIERRE AIRFIELD 

THICIQ,'E:·;s 
CF FROZEN 
StBGw.DS 

(Feet) 

2.8 

2.8 

2.8 

2.6 

SUMMARY OF PLATE BEARING TESTS 
1945-1946 
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FROSf INVESTIGATION 
SfOUX FALLS AIRFIELD, SIOUX FALLS, SOUTH DAKOTA 

SUMMARY OF PLATE BEARING TESTS 
1945-1946 

VJTERIAL UNDERLYING TF.ST PLATE l!AX, RATIO OF J.i/G, THICIOIESS !AU. ·;1FT!: 'T r.I:: !l:E5::) DIAM. I TYPE (Thickness in ir.ches) CF !EST NORMAL TO FROST Of' PAVEMENT OF FHCST CF FRvZES 7ES! TEST OF' OFFSET NEAREST MELTING PERIOD PLUS EASE fE!\ETRATION SC!:JGP.AD!; PUTE 0.05 inch 0.10 inch 0~20 inch AREA. NO. DATE TESr STJ.TJON ( i.n Feet) UFLOP.ATION 
(in inches) Def'lection Deflection Def'lectio"l lCAD FOR 0.1" (Feet) (Feet) (lut) (l) ?AV~MENT BASE SUB GRADE DE.7UXTION 

• 
B F!A'l' 4. 10 Nov. 1945 4-t90 9 Lt TP 1 - - 2,960 4,920 7,880 II F!.ll' 5 11 Nov. 194~ 4•92 25 Lt TF 2 - - 3,180 5,290• 8,560 1.} 0.5 3.5 3.0 II Fill' 10 17 Mar. 1946 §. 5t20 L Lt TP 6 - - 2,300 L,lCO 6,620 " Fl!T ll 17 Mer. 1946 .... :;J 

5t20 8 Lt · TP 6 - - 30 2,690 4,650 7.750 
., ...... 

" FliT 17 28 Mar. 1946 .... ::s 
5t32 8 lt TP 8 - ! 

2,920 4~260 6,150 
..,.., -" FJJT 18 28 Mar. 1946 §~ 5t32 2 Lt TP 8 - ... :0:£ 2,430 3,990 5,730 0 «<O " FMT 23 7 ""-Y 1946 r.-. 5•32 22 Lt TF 9 - - ...... -- 2,360 4,320 7.345 (l fl Frtr 24 7 May 1946 5-.32 27 Lt TP 9 - - 0 2,100 3,980• 7,000 

>.or~ .. .,l..., 
I ( B PBT 3 10 Nov •. 1945 4-.75 9 Lt TF 2 6 FCC 

..,. I) 

t 
19,120 40,250• 63,170 1.5 o.s ~.5 ~.o - ..... Gil 

" PBT 6 11 Nov. 1945 5•02 29 Lt TP 2 n "' ...... 12,730 31,200 59,h60 - 0.. 

" PBT 9 16 Mar. 1946 5'117 9 Lt TP 6 " 
,loi 

lL ,380 27,200• 48,050 - 0 >. 
" ·PBT 12 18 l!ar. 1946 

.,., 
5t20 18 Lt TP 5 " 

as ,.. 
18,190 29,600 55,680 >l ... - ...... Q) .. PBT J.4 25 Mt1r. 1946 111 ;> 

5•32 19 Lt TP 9 " iXl I> 
24 18,9~0 34,550 56,080 El"' -" PB'l l';l 29 .Mar. 1946 

II) p,. 
5919 49 Lt TP 4 " ! 

. 19,300 33,050 50,750 ~~ -. PET 20 29 Mar. 1946 ·P., 5919 9Rt ,TP 6 " - 13,570 27,810 . 43,440 " PBT 25 8 May 1946 5934 9 Rt TP 8 " - 17 .~oo 35,300 70,370 .. PET 26 8 lr.ay 1946. 5•34 49 Lt TP 7 " - 21,1CO 37,650 59,000 

A PBT 2 10 Nov. 1945 3•75 on t TP 11 2 AC 10 GC t 12,050 23,400• ~8. 750 2.7 1.0 3·9 2.9 .. PBT 7 14 Mar. 1946 3•78 TP 11 " 10 " 
0 

10,600 16,550 28,550 0 on .... .... .., 
at: .. PBT 13 20 Mar. 1946 .Val 4•47 2 t TP 10 " 10 " 30 4,350 8,700• 16,000 " PBT 15 26 Me.r. 1946 

., 0 

}t73 8 Lt TP 12 " 10 " 
CIS «! 

! 6,500 12,300 21,)50 ... ....:~ Or-i 0 ..... o.. ., 
PBt 21 30,Apr. 1946 '5•73 8 Rt TP 11 " 10 " 5,840 16,100 25,350 >. • 

co s ....,as..-. 
0 0 ...:1 
~ •r-1 c..> Deflection in inches ~ 25,000 1bs. 
s:l ._. 1st Loading lOth Repetition 
~t> 

A PBT 1 1945 4t25 ·rp 10 " 10 " 
,.. ...... 

.189 .248 1.0 3.9 2.9 10 Nov. .., ont ,g.,.. + • 111 
. ., 

PBT 8 14 Mar. 191~6 .,.., 4t18 on Tl' 1.0 II 10 .. ..!>: 24 .294 .473 " PBT 16 26 Mar. 1946 •"' ;.,eo 8 t " 10 " 
,...., 

.405 .694 
CD 0 TP 12 Gil 1:1 

' " PBT 22 2 May 1946 
0.....:1 

3~3 7 Rt TP 11 • 10 .. 0 CIS 
.302 .480 • p;; 

(1) Offsets in test areas A 4: D are meastt•·~:i froJII • Values used to determine maximum 
the i of 'l'ax·l,.'ly 2 &r!d the Apron respcctivo1y. ratio. 

-. 
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SOIL SPECIFIC 

TESTED GRAVITY 

CHEN A 2 .70 
RIVER 
GRAVEL 

CRUSHED 2. 6 5 
QUARTZ 

CRUSHED 2.97 
TRAP 
ROCK 

CRUSHED 2. 56 
FELDSPAR 

CRUSHED 2.67 
GRANITE 

STANDARD 
OTTAWA .2. 6 5 

SAND 
(20-30 mesh) 

GRADED 
OTTAWA 2. 65 
·SAND 

FINE 2.6t, 
CRUSHED 

QUARTZ 

FAIRBANKS 2. 72 
SAN 0 

Q 2.67 
LOWELL 

SAN 0 

Z.H 
NORTHWAY 

SAND 

N 0 RT HWAY 2.76 

F I NE 
SAN 0 

THERMAL CONDUCTIVITY OF COHESIOHLESS SOILS 
Tests conducted for the Corps of Engineers 

U.S. Army by University of Minnesota 

WATER DEGREE OF THERMAL CONDUCT1YITY 

CONTENT . ~ATU RUI ON BTU/(FT)(OF){HR) { I ) 

(% dry weight) % UNFROZEN FROZEN 

0.2 2 Q.500 0.502 

I. 6 15 I. 208 O.BIJI 
3 .9 35 I. 362 I. 178 
5.2 21J o. 7 Z8 o. IJ83 

0.6 q 0.803 0.755 

3.7 26 I. 76 3 I. 623 
Jt.3(~.2) 19 ( 18) I. 073 0.787 

0.2 I 0. 272 0.272 
1. I ( 1. 0) 5 ( 5) 0.37Jt 0.350 
3.7 22 o. 57 3 o. 5Jt8 

0.9 7 0.501 O.IJ68 
1.8 lit 0.628 0.608 
q, I 32 0.786 0.781 

I. 7 (I. 6) I 2 (I I) 0.559 O.lt81 
3.9 27 0.798 o. 757 

1.0 5 0-5~7 0. 3 26 
I. 7 9 1.065 0.381 

0.7 q 0.373 0.31t2 
5.3(4.9) 27(25) I. 227 0.701 

0.7'{0.6) 4 (3) O.Jt91t O.lt70 
q, 3 22 1. 269 ---
o. 2 I 0.301 0.300 
6. I (6.0) 40 (39) I. 267 I. 132 

10.5{10.Jt) 70 I. 469 1.850 

0.2 I .. 
0. 189 o. 189 

q, q 21 o.8q 4 0.683 i 1.8 5Jt 
'· 007 ---

10.7(10.6) 70 (7 I) I. lt29 I· 788 

0.8 4 o. 167 0. 167 
Jt.3 19 O.lt52 

16. 5 ( 16. 0) 7 1t(72) 
0. 39.3 

o. 677 0.931 

o.s 2 0. I S5 o. 138 
5. 2 22 0. 50 I o. Jt93 

10.9 lj.5 o. 628 o. 7 30 

UNIT DRY 
WEIGHT 

(Lbs./cu. ft.) 

13 3. 3 
130.2 
129.3 
I 0 5. 3 

120.0 

I 120.2 
102.7 

120.0 
119.8 
120.3. 

119.7 
120.2 
119.9 

120.1J 

120. I 

107.6 
108.7 

107.9 
108.3 

108.3 
107.7 

120.q 
119.7 
120.Jt 

I 05. 5 
I 05.9 
10q.8 
I IS. 5 

I 05.7 
105.6 
105.8 

102.7 
102.7 NOTES: 

102.7 

GRADATION OF MATERIALS TESTED 

TyierSieft~lnlnche> Tyier-'"-Nurnlletl 
> 2 1.5 l..QI!II Q. 4 O.!U Q.l7 . . 8 10 4 20 28 !!t 48 65 .~ 150 zoo 

~ 'I '111'1 l 
100 

90 I\. I\. IIIII 

_. OTTAW~ SAND \ ., 
"' ~---~ 

\ \. ;\.. IIIII 
\ ~ ""' I\ . I IIIII I I I l 

\ v "\\. CRUSHED QUARTZ 

80 

70 

CRUSHED x 1\ \'\ \ l 1111111 I I 

TRAPROCK. \. \ I\ ' IIIII 
.L X \ I 111.1 ' I I I I 

I I v ' t--~ r:--GRADED OTTAWA SAND 

I " / " \ 
.II J. I I I .I >< ~-

CRUSHED GRANITE"' ...... 1\ ~I\ 

l l Jill ...... I'~ ~ -
I I JIll ~ ~K\\ 
CHENA RIVER GRAVEL ~~ 

20 

I I IIIII I I I I "" ~. "'': 
0 

II II ~l\ t:::: 
II II ~ 

10 ~ I 0.5 0.1 0.05 0.01 0.005 o. llloo 50 001 

Large Gravel Silt Clay 

T,..., Sieve OP.,.qa In lnchn . 2 1.5 l.DI!i 0.74 0.51 0.37 3 . . 8 10 ' • .. .. .. 100 1!50 ... 
l r Jl I 'T"t:' "'- ~ I' 

J 100 

I II I " ......... \. 
FAIRBANKS SAND-1--b I\: 

\ \. ' I 
II I \. \ NORTHWAY FINE SAND 

90 

80 

II I 1\ \' IIIII I I I. 

_I I I I I IIIII I. \ 1.1 1..1 I L I I 
CRUSHED FELDSPAR--\ \.- -LOWELL SAND 

70 

\ '~ ~ \ Ill I I I I 
-. \ II 

\ 1\ \ . FINE CRUSHED QUARTZ- -
\ ---\--

~\ ~ \ 
\.~o\ \ \ 
.\·~ \ \ 

30 

NORTHWAY SAND-~ '' 
\ ' 20 

' ~ 0 

~~ [\ 

""' r-~-

llloo 50 10 ~ I 0.5 0.1 0.05 0.01 0. 5 0.00 

Large Gravel Silt Clay 

(I) The thermal conductivity of unfrozen specimens 
was determined at a temperature 'Of approximately 

t+0°F; the frozen specimens at approximately 2b°F. 

FROST INVESTIGATION 
1948-1949 

() The figures in parantheses, in the water content 
and degree of saturation columns, give the water 
content and degree of saturation,respectively, 
of the frozen specimens whenever a difference 

exists. 

THERMAL· CQNDUCT IV ITY. 
TESTS 

BY UNIVERSITY OF MINNESOTA 

FROST EFFECTS LABORATORY, BOSTON, MASS. 
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SERIES 

NO. 

3A 

• 

3B 

3C 

3D 

• 3E 

3F 

3.G 

'; 

NONFROZEN 
SPECIFIC SPECIF'IC HEAT (1) 

DRY SOIL LABORATORY UNIT DRY VOID WATER PER CENT VOLUMETRIC 
MATERUL SAMPLE WEIGHT RATIO CONTENT SATL-:RATION HEAT CAPACITY 

GRAVITY BTt:./(LB)(DEG. F) NO. LBS./CU.FT PER CENT TOTAL SAMPLE 
BTU/(FTg )(DEG. F) 

LOWELL SAND 
(Well graded 
medium to coarse 
sand (2) 

BANGOR SABD !: 
GRAVEL (Well 
r;re.ded • 1!" 
maximum) 

SOMERVILLE CINDERS 
(Well graded - 1" 
maximwn) 

MYSTIC SLAG 
(1!" maximum) 

WINCHESTER CRUSHED 
TRAP ROCK (.3/t" 
me.ximum) 

ASPHALTIC BITUMINOUS 
CONCRETE 

BLENDED BITUMINOUS 
CONCRETE AGGREGATE 

~ 

(1) 
(2) 

(3) 

(4) 
(5) 

q c 

2.66 0.20 3A-4 
2.66. 0.20 3A-La 
2.66 0.20 3A-5(3) 
2.66 0.20 3A-6c 
2.66 0.20 3A-7 
2.~ 0.20 3A-8 
2.66 0.20 3A':"'9 
2.(:6 0.20 3A-10(3) 
2.66 0.20 3A-11(3) 
2.66 . 0.20 3!-12 
2.66 0.20 3A-13 
2.66 0.20 3A-15 
2.66 0.20 3A-16 
2.66 0.20 3A-17 
2o7C 0.20 3B.,.1 
2."/0 0.20 3B-2 
2.70 0.20 3B-.3 
2.70 0.20 3~11 
2.70 0.20 
2.70 0.20 
2.70 0.20 
2.27 0.18 3C-1 
2.27 0.18 3C-2 
2.?.7 0.18 3C•3 
2.27 0.18 3C-4 
2.27 0.18 3C•8 

2.45 0.17 .3D-1 
2.45 0.17 3D-2(7} 
2.1+5 0.17 3D-6 
2.91 0.20 3E-l 
2.91 0.20 3E-2 
2.91 0.20 3E..;3 
2.91 . 0.20 3E-4 
2.91 0.20 3E-5(7) 
2.91 0.20 3E-6a(7) 
2.91 0.20 3E-7 
2.91 0.20 3E-8 
2.91 0.20 3E-21 
2.60 0.20 3F-1(11) 
2.60 0.20 3F-2(12) 

2.81 0.20 3G-l\3) 

Assumed 
Minimum dry density 92.9 lbs/cu.rt. 
Maximum dry density 110.9 1bs/cu,ft. 
Sample not properly seal~d; some water 

leaked into sample during test. 
Slight leaking into cylinder during test. 
AveMlge - w : 14.2% - top of sample 

w = 27.3%- bottom of sa~ple 
{6) Non-uniform water content. 

DRY WEIGHT 
G y e w u 

105.0 0.581 0.2 0.9 21.2 
105.0 0.581 0.2 0.9. 21.2 
101.0 0.645 0.2 0.8. 20.4 
106.5 0.560 16.4 78.4 38.8 

'101.0 o.(t2 20.9 87.1 41.!\ 
103.0 0.611 4.5 19.7 25v3 
83.5 0.96~ 4.9 13.~ 2o.e 
84.5 0.961 2.3 6.4 18.8 
91.1 0.821 1.9 6.2 19.9 

109.0 0.523 2.2 11.3 24.!' 
103.0 0.611 2.0 8.8 22.7 
89.3 0.859 2.1 6.5 19.7 

105.0 0.581 5.1 . 23.5 26.L. 
90.8 0.826 2.1 6.e 20.1 

127.0 0.326 3 .L. 28.3 29.e 
131.5 0.281 1.1 10.6 27.7 
127.0 0.328 9.3 77-5 36.3 
133.3 0.265 0.3 3.3 27.1 

6o.9 1.326 20.7(5} 35.1~ 23.1-J 
60.0 1.360 36 .• 6 61.1 32.8 
6o.8 1.330 21.2(6) 36.2 25.9 
61.7 1.2<)5 11..3' 19.8 18.1 
61.9 1.288 1.l 1.9 11.9 
79.1 0.935 9o1 23.9 17-5 
81.2 0.884 33·5 92.8 40.9 
92.3 0.659 0.6 2.2 16.3-
99.2 0.830 1.9 6.7 21.7 

100.0 0.816 2.1 7-5 22.1 
98.5 0.843 L..J~ 15.2 23.1-J 
98.5 o.B43 . 27.2. 93.8 46.5 
99.3 0.828 28.4 99.6 48.0 

100.0 0.816 27.7 98.9 47.7 
102.0 0.780 2.5 9.3 23.0 
102.0 0.780 26.7 99.6 47.7 
112.4 0.616 0.2 0.1 22.7 
150.0(10) 0.082 o.o o.o 30.3 
150.0(10) 0.082 o.o q.o 30 •. 3 

133.5 0.312 o.o o.o 26.7 

(7) Test results are not consistert with 
results of other tests. 

( 8.) Cover ] i f'ted off cylinder due to 
heaving. Results slightly a.ffee+.ed 
by leaking of brine into specimen 
during test. 

(9) Average heave 0.08". Slight leaking. 
· (10) Per cent Bitumen 4.5%. Specific Heat 

of Bi.tumen a 0.22 BTU/(Lb. )(Deg.F) 
(11) Diameter of .Cylinder : 4.70". 

Length : 11.94" 
(12) Diameter of Cylinder : 4.72" 

Length • 11.92" 

THERXA.L LABORATORY UNIT DRY VOID 
CONDUCTIVITY SAMPLE WEIGHT RATIO 

BTU/(FT.) (DEG.F)(HR) -NO. lBS/CU.FT. 

k 

0.188 
0.188 
0.169 
1.025 
1.000 
0.718 
o.L.C9 
0.335 
0.352 
0.582 
0.476 
o.L.6~ 

0.777 
0.437 
0.890 
0.673 
1.125 
o.L.72 

0.353 
0.462 
0.354 
0.2<)7 
o.r13 
0.188 
0.553 
o·.l46 
0.350 
0 • .371 
0.!~03 

o.Bh9 
2.320 
1.850 
0.371 
l.li79 
0.196 
0 .t/)0 
0.666 

0.313 

y e 

3A-1e 1C6.2 0.56' 
3A-19 102.9 0.612 
3A-20 102 .s 0.620 
3A-21 106.2 0.563 
3A-22 102.6 0.616 
3A-23 102.5 0.620 
3A-24 105.0 0.581 
3A-25 106.0 0.565 
3A-26(4) 111.8 o.485 
3A-27(4) 111.1 0.494 

3B-4(4} 130.8 0.289 
3B-5 127.1 0.326 
.3B-6 130.8 0.289 
3B-7 127.1 0.326 
3B-8 1,0.2 0.2<)5 
3B-9 130.2 0.295 
3B-10 1.32.9 0.267 

3C-5 60.8 1.330 
3C-6 60.8 1.330 
3C-7 63.h 1.23.3 

3D-3 87.2 0.753 
3D-4 87.2 0.753 
3D-5 89.3 o.no 
3E•9 102.8 0.767 
3E-10(8) 102.A 0.767 
3E-ll 106.5 0.705 
31-12 10,3.6 0.753 
3E-13(9) ,106.5 0.705 
3E-14(8) 103.5 0.754 
3E-15 104.7 0.734 
3E-17 102.5 0.772 
3E-18 111.3 0.631 

RAIGE OF STONE SIZES_• SERI~S 3E 
3E-l & 3E-9 (1/2" - 3/L") 
3E-2 & 3E-10 (1/2" - 3/4") 
3E-3 & 3E-ll (1,/8"- 3,18") 
3E-4 & 3E-12 (3/8"- 1/2") 
.3E-5 & 3E-.13 ( 1/8" - 3/8" ) 
3E-6a!: 3E-14 (3/8" - 1/2") 
3E-7 & 3D-15 50%(1/2" - 3.~") 

3E-8 & 3E-17 
~E-21 & 3E~l8 

25%(3/8" - 1/2") 
25%( 1/8" - 3/8") 

(1/2" - 3;1."} 
(1/B"- 3/8") 

FROZEN 

WATER 1 PER CENT 
CONTENT SATURATION 

PER CEJ.."T 
DRY WEIGHT 

w G 

0.16 O.T 
0.16 0.7 
5·4 23.2 
16.~ 7'7·1 
18.5 79.6 
20.5 88.2 
2.2 10.1 
4.2 19.8 
0.66 3.7 
0.98 5-3. 

2.1 19.6 
,3.6 30.2 
9.9 . 90.0 

10.6 87.8 
1.8 16.~ 

10.3 96.2 
0..2 2.3 

11.7 20.0 
35·5 60.7 

0.09 0.1 

5o5 11 ~s 
27.7 89.2 

0.2 0.7 
1.5 5·7 

25.8 97-9 
2.2 9.1 
1.2 4.6 

22.1 92.0 
25.0 96·5 
2.0 7o9 
0.2 0.1 
0.1 Oo5 

VOLUilETRIC TRERIW. 
HEAT CAPACITY CONDtCTI VI!'Y 

T.OTAL SAMPLE BTU/(FT)(DEG. F)(HR) 
BTU/(FT3)(DEG. F) 

lc: Cf 

21.3 0.18? 
20.7 O.lcl. 
23.3 o.E85 
,30.0 1.755 
30.0 1.540 
31.0 1.610 
22.2 o.L.6o 
23.4 Oe912 
22.4 0.265 
22.8 0, • .314 

27.5 0.725 
27.7 1.0,38 
32.8 1.528 
32.2 l.L.89 
27.2 0.665 
32.8 1.475 
26.7 o.465 

14.5 0.372 
21.7 0.700 
11.4 0.152 

17.2 0.245 
26.9 0.673 
15.3 0.122 
21.3 0.328 
3}o8 1.189 
22.5 0.417 
21 • .3 Oo334 
33.1 0.989 
33.6 1.060 
22.0 0.375 
20.6 0.157 
22.3 0.196 

FROST INVESTIGATION 
1945-1946 

THERMAL PROPERTIES OF SOILS 

SUMMARY OF TEST DATA 

FROST EFFECTS LABORATORY 
BOSTON, MASS. .JUNE, 1946. 

TABLE 4. 



OBSERVED TEMPERATURES AT DEPTHS OF FROST PENETRATION 

TIIICKNr:SS OF 
PA Vf-JtfBNT · A.NlD BASE IIEASURED TEKPERATURE. DISTANCE 

TYPE OF ( INCHF.S) CLASS DEPTH OF AT DEPTH BETYiEEN 

AIRFIELD ,YEAR TEST TEIIPERA TORE OF FROOT OF FROST TEMPERA lURE 
AREA MEASURING AT AT FROZEN PENETRATION PENETRATION INSTALLATION 

INSTALLATION TEMPERATURE TEST SOIL (INCHES) (oF) AND TEST PIT 
INSTALLATION PIT (FEET) 

Presque Isle 19~-45 I Thermocouple 30 30 GC 68 32·7 40 
30 31 GC 71 32-7 37 

1945~46 A Thermocouple 31 31 GC 32 32·1 47 
31 GC 68 33·2 47 

c Thermocouple 30 31 GC 42 32-7 12 
30 GC 68 31·7 35 
29 GC 65 31·9 48 

Turf Thermocouple - 5• GC 18 32·1 25 
2• GC 36 30·1 lO 
4• GC 32 30·3 45 

Dow 1944-45 A Thermocouple 20 19 CL 47 35·1 39 
20 CL 45 34·9 45 

Turf Thermocouple ·- 7• CL 24 34.0 14 
1945-46 D Thermometer 42 41 CL 50 33o1 28 

E Thermocouple 38 37 ·GW 31 32·4 38 
36 GW 36 33·5 28 
37 CL 19 31-4 35 
31 CL 48 32.0 35 

~t Thermocouple - 2•. CL 24 33·3 10 
4• CL 24 32·9 15 
1• CL 26 33·1 20 

1946-41 E Thermometer 38 38 - 38 31.4 37 
40 · CL ~ 31.0 28 
38 CL 47 31.8 29 
36 CL 45 32·1 31 
38 - 25 32.0 49 
38 CL 41 32·3. 49 

Turt Thermometer - 4• CL 26 31·5 22 

• 2• CL 26 31·9 41 
4• CL 26 31·9 40 

Sioux Falla 1945-~ A Thermocouple 12 12 OL, CB 31 33·8 36 
12 CL, CB 41 32.4 36 

1946-47 A Thermometer 12 10 CL 42 }3.0 30 
B Thermolll8ter 6 6 CB 40 32-2 25 

Pierre 1945~46 A Thermocouple 14 12 CL•SF 48 33·1 25 
'12 CL•SF 22 31·7 25 

Fargo 1~·45 A Thermometer 8 1 . SF,OB-C~CB 46 31·3 15 

Watertown 1~·45 Turf ThSrmocouple - • SF-OL,Ol.GF 42 34.5 18 

Truax 1945-46 c Thermometer L2 43 Gt' 41 31·5 16 
42 CL 48 32•0 20 

D Therm011111ter 54 54 GF 48 31·9 20 
54 CL 59 32·1 30 

Bedford 1~5-46 A Thermocouple 22 24 sw 26 32.1 21 
24 GW 24 30.2 17 
24 sw 36 32.6 33 

. 25 sw. 40 32·9 33 
B Thermometer 18 . 18 sw 26 31.8 8 

18 sw 20 30.6 16 
18 sw 25 32·1 24 

. 

NO'l'Et • Topsoil. 

OBSERVED TEMPERATURES 
AT DEPTHS OF FROST PENETRATION 

TABLE 5 



,. 
SUMMARY OF AIRFIELD PAVEMENT FAILURES WHE.RE FROST ACTION WAS CONTR.ISUTING CAUSE. i 

LOCATION GROUND ... It :I 
PRESENT 

z EVALUATION (4} 
AIRFIELD OF PAVEMENT BASE SUBGRADE WATER DISTRESS OR FAILURE 0 0 TRAFFIC l6S. GROSS REMARKS ... "' DISTRESSED DEPTH loJ « s PLANE WT; 

(FEET) 
tJ )( 1-AREA <{ Ill 1.1..0: .,: 

! 
,.., z ,...."' Ill 1/) 

~~~~t., 
,.. " I&J ~ I&J 

-6~ 
II- " DATE 0 ex- Ql- lal~ 

"' .J :r ~ i 1/1 0 ..J 0 0 ..J " (/. < ..,o w ell~ Od) ~lal~~"~ 
z 

Ill ct Ill .Jol ! ;x:Z 
~0 5o "' II) 

~/ 
liD IXO!I) 0 1- Ill cO Ill 

II) 
rtO!I)zi/J 

:> z FIRST ... J_JQ. .. 
Z2w~~ ... II) < 1- I&J-: "' ell ,.. 

~ 
..J < ~ 1- ~ 

... II) 
~ 

ZCI) 1-I&J ... 0 w~t I&J z Ill O:"a:d "' z Ill ( O~:J Ill Ill l o~:J:lje REPORTED 

" i~ 
o.O. 

i~~~~= 
~0 wo Q. I ~ :l ~ ~ Q. % 

II) CL a:g..J ~ ~ !/) Q. It a:l ct DESCRIPTION NOTED Wt- 0 ... a:.~ o:- ~-~ a: 0 a: 0 «"S~~~ z 0 0~ >- tJ >- ~ tJ Ill ... lol Ill J ;:) 0 
0~ 

0 a~ o- Oa."~UUJ 
IX ,.. 

~ ~ 
:J a: IOcO::l IX :J ct CAUSE Ill . 1- Ill 

~ 
Ill a:·o., 1-

~ ~ 
\) 

~ ~ 
0 ... «~~o4:Iz U'l N u 2o..,o ~"~l~Cl 

zo. 
~0. ..J 1- UcD ... 

"' v:JO <( IL If) 
~ 

Ill 0: :r 
... II)~&.-' 1: "'0 v"'oi~ ... ... 

LL It-t-IL 
a:~~la.~ 1- 1- Ill :J !/) :J Cl wa::(o 0: 0 II) l ..J If) l~ 

Cl Q. Q.CL 0 LL 
I) P.L. L.L. II. Q.~ - 0 

nc. FIElD, BABGOB, IIUIIE Apron widellin&, lion-rein- ' Bank run k = CBR • Appro::x. Around Concrete developed random cracks Winter settlomont or subgrade, low Fall 
turnaround end torGod 7 600 san<! and 17 100%(2) Borderline H5 CL ·~ Yeo 19 ~0 4 (1) 2 to 4 pa.,...mcnt and eomo corner' cre.oks (9% of 1942-43 atroDgth of concrete and 1550 55"(3) 1942 60,000 -< 3t.ooo .c ~C,'"'OO 
wo.J"'Irr'up apron concreto gre·•d (1) periphery slabs cracked by spring •43 end frost action. to 
10,000 sq. yde. 30f. by fall •46.) 1945 

PI!IISQUB ISLE AIRFIELD Portion or 11-s Aophaltia 3·1 Bank run 4 to 1.4 30f. Borderu.,. CBR: GF 1C1f. CBR: Approx. At edge1 Pavement developed waaviDg in the Spring SeYere froSt action in sub- wm wot ginn 
PRISQUB ISLE, llliD -7 500 sq.)'da. concrete 4vg. eand e.nd 12.~ AYC• to eo to Yoe 20 30 10 (1) 2to6 of runway a pring or 1943 as fro ot came 0\lt 1943 grade re1111lting in ita 2280 60,000 60,")(10 13,000 

grenl 60,C (1) BOf. of the ground. sottemnc during spring thaw 
(1) 

BIUDGErOII - I!ILLVILLB Porti01111 ot IIB-SW Aophaltio Not given At edge• Localhed crecld'\,g and rutting Subgr&do Doc.•42 72 19"(3) """· AIRFIELD azul -98 Rumoaye OOZlOI"e'tO 2 !lone GF 
46% CBR • of 1'111\W&ys (1" deep) developed in Mareh and Spring DOt aampacte:i 1:0 u:a:dmum Jan. '43 31 1943 1},000 < lC,OOO <t~.coo 

IIILLVILLB, li. J, r .... 50 to 1,000 to Yea 19 28 16 (1) Apr11·1943 end pavement pulled 0\lt 1943 douity. Inadequat.e uin-. Feb.'43 Y; to 
8Ch tt. 91.% under trarrlc iii some a"'ae. tonanoe of drainage a::pd ' Aug. 

pe.vemont. Failures started Alternate 1943 
when frost was coming out froe&ing 
of tho ground. ond thawing 

IIORIIIS. FIElD 15,000 ·eq. yds. Sand uphall Crusher 5 Not Mioaceoua 11 1.1 CBR a Not given Not ade- BoaTir.G of :ubgrado and overload- Fou:ndatioD too weak to aup- Dec.•42 16 10"(3) Juno 1942-118 --L 1c.ooo <I!.. 10,000 
Cll&RLO!TB • B. C • aot"ered areae 2 nm atone to lOOJ' llo reported clays CH 85:C Yeo to to e (1) :;uate who" inc ooueed long longitudinel llld 1942 port imposed load, ltlca- Feb.•43 2ll l']bl cycles p.r 

prinoipelly in 8 61 77 I ailed. oreoks which later branched ou.t. ceoua olaya have high nell llaro'43 7 to do.,-18,000 
oont'or ot 3 I"IUIIf87" Percolation of surface water factor and not sui table tor Aug. 
aDd pertioulU'ly haetened dei:erioft.tien. Stone baee fm.J.ndations. Stor.e base fAltomate 1943 1943-151 
bad at 1Dteraoctioz i.Jilpregnated •ith wet ele.:y and course poorly graded. treedng c:volea per 

!'roet action caused hoavilll which . and thawing ·de;reo,ooo 
resulted 111 reduoed'bearinc pC~~Jer. 

~AIIIFIIILD Scatter.cl -u. to bpha1tio Prooesaed llot l'ltport- CBR a Bot CBR; Indefinite !lot Area sh"""d no sig~~~~ or dhtreas frobably boeaain ia.oieture .in sub• Winter 70"(5) !lay 
50,000 ~. lllJIUliA ona larp area em OODOrfte 5 b6nlcrun 8 od. llo >so (1) CL reported Yea 20 35 5 to 30(1) butdoep reported until frost lett tho r;roUDd Spring grade when pavement laid 1942-1943 thru 15.000 '<-15 .• 000 

IIIC1d ot lilf-Sli: .. nd t.nd when deproasl.ons began to appear 1943 and at aOII!ll points satur- 2554 JulJ 
....-y sro.vel with wblcb in eome lnetanoeG inoreaaed e:tion d.uo to pondin£ at 191.3 

1~ DYer- to a depth or 6• with aoco.ipany11JC edgeo or pavement througb 
ai&e oru.eh- cre.cki~~g. laok of drainnge end in-
ed. autf1ci011t base as a oon-

tli'! buting tactor. 

JWIVJIIII) AIIIPIELD Taxi~ 2 ond amall Portlt.nd Tui'"'Y 2 CL, NL 9~ Limited t.ooali&ed Areae Ot bad Cheekillg, !lot Insuffloient thiomeoo ot lllnter 25"(3) Aug. 
<.50,000 'IWlVAIID • IIIIBIWir.t. areaa ot eouth ..S cement 11-6-11 490 Bou CH, OL to Yo a 22 44· k. 145(2) 20 (rerorted cracking, settlement, t;>allod ox~ reported taxi'"'Y and apron peT_, 154~19114 19M 6o.ooo <3o.coo 

J>orth nda o• 11-fl concrete Rumoay lOO:C k: 200(1) adequate) pension rmd oontrecti on jointo, tor untavoro.blo 1111bgred\' 283 to 
-7 420 BoliO water seepage fi"'JD colltra.etiOJl oollditiono exhti~~& during Jwe 
Edse of .lpror. 14-lo-14 610 None joints and eraota. thawinc· 19114 40,000 32,000 

: 
CUT BAR SUALL1!1 AIIIPili:U! 

~-:i:: ;: :.-:-:r Aopbalt Pit run 26:( CBR • 32% 12 19 CBR: Poor at .lreu ohond lipoo or dietreso When frost I111prope~· compe.oticm ot. till lriDtor sprir.s •43 
CUT BA:D:• IIDITAIA concrete 5-61 sranl 5i to 8 to Yee 25 to >-80 IlL to Yo a to to 3 to 12 >15 •dge or when frost lot't ground tn spring lett ground Ullder nmwaye, poor dra111a1• 1942-1943 to 50,000 < 1c.ooo ""'10,000 

endot-~ 9/lfo 63~ 20 55 (1) Rumoayo months, ae theae aroae were used. (probably weak aubgrade material• • 1604 3-5 tt. .&uguat n. 
and IIIIC1d of lllf- CBR ot they atartod to rut and tailed eprlng placing of asphalt conoreto 1943 
SP! llumra:r 25 ~mder completely. 194}) pa,.~t on fro&~ aubgrade 

taxiway 1 an.<! placing duriqg cold end 
and 3. wet weather. Inoufficiellt 

base. 

---
BUCIILII:YFIELD, E-W ..,d ~E Run- l'Ortlmd 8-6-8 350 A...,rago k • 3e (1) Not !lot All airfield pe.nments in poor Not !lot reported Winter 2il'i3) Jan. 
DBIIVIII, COLORADO '"'1• teziwayo A, cement to Nom CH, CL, SF 74% T88 21 43 k. 27 (2) reported reported condition duo to exiotenca ot reported 1943-1944 1942 20.000 < ~o.ooo ..c. ;o,ooo 

B, c. D, E, F. G. co~c::rete 590 SF-cL craoklng. aoul1J11 and. heaviD&• Doc. • 81 to 
JeD, a 49 1 Aug. 11' ~d l[ CL-SF 
Feb. alll 1944 
liar. a 40 
(alternate 
tree zing 
and thaw-
ing) 

C.liiP VILLU119 AIRFIEIJl, Lanes in Apron Portland Heaving und oraokiD& ot. concreto April Frost e.otioll oaueed el"'l!lolri.J:I6 
1942-1943 4o-551ncllo 1942-19h3 35,000 ~o.ooo .c:30.ooo CAlli' DOUGlAS, li'ISCOIISIB oemtmt e 735 !lou. SP• SF l()Of. Yes lion- k a 117 (1) 3 to 5 Ti!e draine apron along lanee cleared. of amw. 1943 of aproD. Head of water un-

OODCntte . (Eat.) plastic a,.,und edge Additi'onal cracka in other aecttona dor apron oauainl!: bleeding at 1e9e maxil:Nm 

cf.pa~nt of apron. craoke and· joiut:~. penetra-

' tion bel .. 
paved 
areae 

I 

u.% to~ 60% Apron oraoked and heav.d &I much Fob. Poor compaot~on a.nd inorganic 1942-1943 Jon. 1942 
lo dotri110ntal !root aetiGD C'I'IS P'IELD, M&lm aerrtce aprcm., Portland SW,Oif 420 to 32,000 ,...:: 30.cu ...:: 30,000 

CAlif Elli!ARDS • IIA88. e.xtenalcm to aeJ"- cement 7 470 Bank run 6 No k • 415 (l) SF, GP to as 1" at joints between ala be. 1944 matter in base • Poor dra.io-
Jan. 1~44 ~~ occurred eicoe the lut-

rioe apron. concrete Sand and 1aa,: At edge of Runway heaves of 1.-6" found in 15% age and lack of sea~ coat, 1943-19!.;4 . 
"lllati011 of an OJ'•D ~oi.Jlt ~ 

Gravel rur:waya. of pavement. Surface stones in pockets of poor material }2S 
s;.~r!'l.ce dra.i nage syete~ a.Dil 

Isolated CBR a ancl taxi- urusealed portioa of romravs looeeD· March found in 1942 c onat ructed 
2 rt. t~e ep;:-Hcat1oJD of a ~it. 

1942 oon- Pockets 18 21 35 (1) 20 to i.o way a od and were pioked out by traf"fie. 1943 areas.FrvJSt action ca.ueed eoal coat or. the r.:.mra7 ~ 
stn;ctiOZl ll cracking. 

.,.~t clllring tba .-r otl~ 
~..II!'Ml,Y .. B1tum1noue 4~-6! contains CBR • Sill, Gil 

Va~ 191.4 12.000 er,,ooo ..::lC,OOO 
(ori&inel) concr~Jte COl:lpacted 8 to 12 ilot eome areae 65 (1) SF, GP t.(' to gra.velly reported that are Jfov. !9~ 15,000 .!!'!! sand' troet aue-

.. -... 

subgrado. coptiblo ( 1) Ro.-1 period 
(2) Froot aehir.4; period 
(') I'Toat pe.Mt,..t:~r. 

. tl E-W rur.way and t~lWBY shawad some Sum.-:1er Insufficient base for .traff'l.c 1942-1943 predict.C rr- Hr;ure 5 
BIUY VITCIIELL PIELD Boo tt. at lroat end Rocl:: fill-

1942 imposed. inferior pavam@nt 1296 ~·e"·:}) June to 2B,OCD l:t:.ooo ..tt. lC:,OOO ot i'lete l'9e 
CliDAIIY, 7iiSCO!iS~ or E-W runwa7. Eltumir.oua 4 Pit nm 7 Not No CBR: CL 0~ Yo a 14 24 CBR·• >6 ed trench!! cracld:l,l; u~·•. n~tt1JJ.b ln ~rot 

Sep. 1942 to 
(4) :::l:n ~~~:i~p. & 120C tt. at sr: en6 concrete gravel. 80 (1) to to to · } to 6(1) ?5 !'to Co · 1942, Duriag spring or 1943 ad- Spring and bE-sa :na~eriels !'\ con-

reported 1943 tri':::uti~ raet,r. 60,000 ot WE-STI ·rumraJ, ::rushed 91~ 21 43 to =· 1n d1t1onal cracks and ruta 2" sad '" dated •:r ·1;t7, uod Clle.p 
entire 21,00 t't of stone. her nag deep appeared in both runwey·s. 

Arril to 60,000 3 ... d 4 <•ted ~ly 1CJI,6. 
apron tuiway be~:· a.r- Ruttill{; especially· bed where tOJ<i• 

"""" 19!0 rs.n~;eruer.t • ""Y johus rucway, 
. \lsc at 
edg' of 
MJ"\WH)fC• 
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SUMMARY Of AIRFIELD PAVEMENT FAILURES WHERE FROST ACTION WAS CONT·RI8UTING CAUSE. 

LOCATION GROUND a: :l z PRESE.NT 

.AIRFIELD OF PAVEMENT BASE SUBGRADE WATER DISTRESS OR FAILURE 0 0 TRAFFIC EVALUATION (4) REMARKS ... ul 
~ 

LBS.GROSS 
DISTRESSED DEPTH .., a: PLANE WT. 

AREA 

! 
(FEET1 ~ ... )( 1- IX ,...... z ,..., ... " Ill f) 

LL.~ 

=~is 
... ~ ,.. 

11.1 0 0 0 
11.1 e ~fl II. ~ DATE Q a:-

~!~~ " !/) 

.J J: ~i 
d) 0 ..J J ..,o oz 

!/) II) 11.1 1111 Ill 0 ~ 11.1 10 « 
~ 

.... ,.Ill :> z ! .. z 
... cl) ILl "' ~ ~ 

ti.Ocl) ..J 
~ 

Ill ct~cn~~o d) 
~ 

FIRST 
!~ 

:riLl =»..JQ.III 
!Z~o~~~ 

J 0 60 I&J ~ ILl 1&1 ... O<l.:::> ~ 1- ~ 1111 t-Cl .. owa: ~ z .., od:; ~~ z .... .... l oat:> lw REPORTED 0 0.. X Q. ;r a: II) 0. a:".J ~ !:! a: lfl Q. rt. dl rt. DESeR.IPTION NOTED '! " ~- Itt;; o .. a:~ l~k:~:: l wO 
>- :I. :::) z ~' >- :lt 0 Ill IL 0 «"~~~~ 0 z 0 ~ ~i ... ~ 

u 
)( 1&1 ~~~~ ~ 

\) :> a: .a:=> a: ::J rt. "' 1&1 J :::) oa:o- Oa."~c.IUI a: 
! 1-

~ 
u 

~ 
0 . ... 1111~0 <xz II) CAUSE j:4 .., oo 0 Ill ti;~ :r ~ ~ u~ ~ 

... II) u;:)o <( ~ u.. cl) 
~ 

Ill u !k 2o..,o ~~~l~tl. Q. :r 
:::) IDO ucDo~~ .., ... ..... a:- ..... z 0 1-

1&.1/)~ 1- II) Ill ::J Ill w~~~t~o a:~~lo.~ Cl) l ..J 1/) l~ Ill 0.. a:: 
\) P.L. L.L 

... a.o..o Q.~ - 0 1&. 

II&RIIET Alll!IASll Approximately 150 Portland 12i-ej-u ~0 San4-llo11 Good llle .. llw oracll:i~ or elab, p..-o U&roh Pavcezd; Corultruotecl 011 loool 191.2·1~ }5"(5) Feb. 
D&RIIBY, IIEBIIASU rt. of taxiwa:y la cement to b&oe 8 llot llo Not CL,CB 8~ Yeo 21 ,., 

=~m 
18 - 30 ~ details) ticularl:y at the joiDto. 1943 heel area of adve ru oubgrade 656 1943 74.ooo -<3o.ooo -<~.ooo 

and approzilllatol:y oonorete 500 San4 J "'ported reported UL,SI' 6QC at traffic JJaeaea over to 

I 100 ft. lllto tile non-rein- this area and planes are aleo Aug. 
ap~n. Also tu:iwa foroed, -dup. 1943 
2, 3, lb and eaet 
edge ot apro11 

STIIOTBBR AlllP'IBLD, D:tens1Ye u-.u o~ .bphalt ll to 2 CaeDt Baee CBR • 16 30 CBR • 7 Hl~ 'lllltor Bo Subeur- Exoeoeift ruttiq and sbo't'lll£ ot Aprll IIOilltlln CODtellt ot baoe 1944•1945 9•(3) 16 Deo.194l 
Wn'FIELD, IWISAS IIE•SII "'"""¥• lllr-SB oonorote treated 6 Base : 47% rea eo f(l) CL. CB · 61:' Yea to to to 11(1) table DOt taoe draliD' surface course dnelopocl OD 8ft' en4 lJW. abo.,. optlm11111 at time ot llaximua 

1 ,.,!: 191.1.. 
5.000 20.000 -< 1c.ooo 

rmnra:v and BS P.unwa gra'f'81 on 24 54 pr~>Yalen\ e.ge. of IIIHlW ..,._q, !mend ot lllr-BB Sprlng oemct otabllhation tbuo treeollog to to 
Bo. 1. Center por- olo:y grave 4 Avenge_~ 20 (1) """"'7 ODd ill wot quarter ot 1945 provwti~ proper coment- l.llclex: 35 15,000 30,000 
ti011 of tuiW&)' 2. eubbaae. bue: 91JC taxlwa:v Bo. T-2. Borth thircl or atiOil Of the b&ae OOUJ'Oe 
Umitecl areas or • ClaJ grave 11-S nmJrlll' failures COilOilted of material• which ho.e a high 
•SB, liE-SII and li•S uncler taxi ·7l 91JC ' Subbase 20 (1) l"'ltti~. oraoki~. and pot holee. p. x. t- CBR, and b&cCIIlOa 10.000 -<1c.ooo 
Be. 1 and taxiW&)'I wa:y Nos. 2 --roe- unetable when aatW"ated. 
llo. 1 and 26) md 2a. Exceeo water was prob&bl:v 

trapped 1m baoe and oubgl'ade, 
c:vcleo or tre011ng Olld t-
ing durl11g 1943 end 191;4 do• 
terlont.4 ll&ae. 

~ 

COFFBYVILLB .UIIFIELD Bl:tenol ve areao or bpho.lt Gravel. 6 Higb.l:y Bot CL• CB Blgh water llo oubsur- Taxlwa:v 2 oompletel:y tailed, other llllstable base courao. high Jail. 1943 n•<3> liov. 19112 
CarmrviLLB, l!AIIIU 1-S No. 1, NE-Sft, concrete 1t Saturated Yea reported liL 751- Yeo 11 :?6 CBR a 7 (1) table Dot ro.oe d1'11111 areao ah0118cl aipa or cllotreeo b)' Mo:y 194} P.I. low CBR 011d &ll abDOrmal 92 to s.ooo <. 10.000 <1o.ooo 

and Nlf•SB r'Uilwa)'B (before Water bouDI prevalent age a:yote. ruttiq. Rate 2" cleep were torm- moisture oo11tent duo prlnci• liar. 19113 Dec. 1943 
a:od. taxbraye Bo • l reconatr- chat eub- ed when teotlq b)' power grader. pall:v to hea"7 rain1'all aDd 66 
oncl 2. uotion) base. adwrae ....,ather cODd.itiOill (Altemo.te 

duri~ COil.ltruatiOD• troedng 
and thawl.q 

COWBJVILLB ADXILUJIY FIELD BO. 3 .t.roaa ""IIB-SW 1114 Port181111 515 19 30 Pa...,meDto oraclced anwrel7 UDder Cro.okecl areas are ooDO-ra• 1~19!14 1;•(}) Feb. 1943 
Con'BlVlLLII, DllSAS liii•Sl! ..,._,. •• cemen\ 6 to IlOilO CL-I!L 96l' Tea to to II: • }9(1) !lot Rot traffl c. pa...,.ente p;enoroll:v ill llot _ted 1n areas ho.'t'lllg thin Dec. JZ 62 to 4.500 <}O.ooo ...(,·'?·000 

conoJ"etC' 665 Ci.,CH 2'; 65 I<= 24(2) reported reportod poor oonditioD. Seepage ot water reported pa,_t aeotioDII var:ylng Feb•: }2 Feb, 19114 
fi'OIII oracl<e and joizd;o Doted in from ~ to 5I" • Pa.._er~t (Alte,.,ate 
many anaa. oODatructocl under adveroe fre01lng 

'"'ather cluri~ wlzd;er ot 
14 J&ll, 1943 to 24 Feb. 19~ 

andthao-il1g 

-
WEAVBII AIRIWIB Z..WRuiD!&)'o lophalt 31 Grovel 8 keportod Yeo CBR • 60 CB, CL 92f. Yea 21 48 CBR a 4 Reported ao llo aubaur- Ruttiog uoder traffic ln joint II&J'. 1943 lloietun penetrati011 into 151.2-1543 45.(3) Oot. 19W! 48.ooo <lo.ooo < 1c.ooo Ol'l.st-1 W &.c. ,.._. 
RAPID CITY, SOUTH DliOTl CODCrete high (Bat.) (Average) ver:y deep raoec!J'tdno eeoti one on runway. base oouno. &lld imbillt;r 1097 to rebld.l~ ..,17 191&3 With .,. 

Runway ahouldera. 1t 6 age •:vatu Displacement by plar.e wheels or to support load UDder exi at• .lime 1943 _ ...... o.l&b. 

ll" A .c. pavemant, 6•baee course bg m.oi&'tv.re oon:tent. !Aak-
and several inches of eaturated age ot water into b&oe ooun 
suhgrade o:r. ·the runway shoulders. aDd oubgl'ade through 1onr;i• 

tudinol joillto acoe1erate4 
tallure. 

GOIIWI PIEUl AIRPOIIT , lGO ft, ot teziwa;r .Upb&1t' 1 to~ Penetratlot } to 5 llot lio !lot CL 
~ 

!lot Yea 24 }8 Und.tenDin Rook clral.n• Areas obCIII8ci ai gJIII or cllotreae liar. 194: Illadequate b&ee. Surtaoe Dec. 19112 23.(3) Oot-Feb •42 8.ooo CBR • b <lt.ooo < 10.000 
POI!TIIIIIIt,~Dt nrtp. oonorete and water reportocl reported reported to 12(1) e4 (liot o. wd.er run- and besan map craoklns• l'&lluro water perool&ttD~~ through 101 Feb-Apr •42 22,000 

B•S ru,...:v boUild mao- , raotor) ....,. wao prognaoi.,. with brest-up. warlllg ourraoe 0011trl bllted J ..... 1943 !:;-~*·~ 12.000 -......... , adam rawllinr; ancl o011plete deterloro- to f1na1 tallure. 28 27.000 
Tlll'll8nlllndatBB ti011 with l"'lta approx1mat.1:r 6° Feb. 1~ ....... 1943 33.000 
.... ot 11»-Slii'U ... )' deep. Greatest dlotroae occurred 53 ' liar-Aug • 43 

at the south oDd of the Ji•S Run- 11ar. 19IV 
way when the majority ot be&'W)' 57 
a1rora.f't made first ooutacrt. 

BUFI'AUI IIIIIIICIPAL AIIIJ'OIIT, Portion• or IHr nm Bit. oono. 2· st011e 7 !lot llo CBR : 78 UL 5'# Yeo 14 22 CBR • 9 Not At odgeo of Sott apongy surtaoe whioh le bad• llot Inouttlci ... t thiclaleoo ot 1943-1944 3 ft. 1944 45.000 15,000 ...(, 10,000 
BUFI'ALO, rmr YOBJ: wa:v 11»-SW ........., • reported . (1) (fill) to to to 34(1) reporte~ rumraya. l:v oraoked and 1n a genero.ll:y reported pavement tor heo.v:y tro.tflo • 629 Principal~)' 

liii•SE 1'\mwa:V and Pen.tratlot 2 Stone 7 18 25 Poor work- sunken condition. Bircl bo.tlla &llci Panetro.tlOD maoo.clam !lao ill• P-40, c-47. 10,000 -< 10,000 

east taxl'WII¥ eurfaoe 10~ log order seepage izd;o base aDd eubgl'ade. outf1oiezd; amoUDI: of bitUllmlJ c-46 
course (•••t) and badly Law de11ei t:y of fi 11 area a. 51.795 

ologg'!'d. landi~a 

&lld toke-
otrs. 

-
W.lTBIITOIIJI AIBPOI!'1, Tui-:ra Noe. 1 81111 Aapho.lt BIUIII: nm 30 41 CBR: 7 Not lio11e Sort op011g:y ourraoe conalatentl:y !lot Poor surface aDd ·aubeurfaoe 19113-191;4 L5"(3) 1943 1,200 <.}0,000 < 1C,OOO 

WArERTCIIII• I. Y. ~. oonarete 2 gra .... l. 20 lOO.C Yea CBF. • 8(1) OC•IIL 100.C Yo a to to reported UDder '"'tar cluring wet wather. reported dre.ine.g$. Excess water 1d.l! (light uoe) to 

35 46 Aapho.ltio conorate surtaoi~ was pond a over asphalt pavement 2,1GO 
oaail:y pealocl otf b:y wheela of a and seeps into base course 
two ton truck and tree water weakening the subgrade. 
spouted from saturated baae oouree :nsuffleient thiclrne~te of 
under load of tT"Uck. pavement. Poor base coureo. 

SCIIBJ;ECt.&llT AIRPOIIT • S.otione of E-w. Asphalt Stablll&ed Law ·b&ari~ >raluea ot b&oe 1~}-1944 1511e:v a~ 1.1oo 
SCI!f2EX:T.&IlY, 11. Y. 11-S, liii·SE ru,..:y concrete 2 to} CBR: Not Edge of Badl:y falled areas oho.raoterl&ocl Bot 

81111 IIE-Sirt&xha:y 
biUik l"'1r. 7 to 12 631' Yee :BR : 30(1 SF•GF 17f. Yeo Non-plart1o field reportocl pavement by a rutty. aott.spongy surface reportecl oourae brought about b:y 11JW 1072 21 to 3' to to ...(.}0,000 ...(. lC,OOO 

and N•S ta.xiwa;r 
3and and 25(1) to 26 with rr.L"'leroua cracta. <!OIUii t:y and exoeoe moiotun. 15 Jlmo1945 },:!100 
&revel. Lab.40to27 filtering tlll'ougb opeD john: 

o1"&0ke and porous a.rea11 • 

LEWISTOB liilYIBIJ), sw oDd or IIB-Sll I'Un .bpha1t l4 ~1 CBR: 100 i. Not Pa......,Oilt cracked and depnaoioDO ltlrch 1943 Satu rotiCIIl ot b&oe collJ'oo, · 1942-1943 3' to 5' Jim, to 

LEIIlS'fOB, ~JIUIIA -:v L"'l end or Jllr- OOZJOJ"e'te 6 O:raTOl 6 to 12 1&f. Yea CBR • .CL 71.$ Yea to to 7 (1) btJlaw sur- report eel 2• to 6" cleop .''"'"' f'oundo Ruto ft&k e\l'bgrade • poor draim.~ 1221 J.Fr, 1~ 4B,noo 2o.ooo < 1o.ooo 16o.ooo oq. :rei•• ot paw-

SE ruan:r perimeter Bo-j (1) 2<; 52 faoe . (Poor) 81111 break tlll'ough b:v wheels when poorly eCDpacted base cour8111 (Gre~t Fall -to - to.llecl du~ 5 .-the 
taxiway a •t>-v• t oxl- troot left groUil4. -•chinook" weatho.r oauoiag weather dst 1C,OOO or u• b)' Var:y BOO.")' -bars 

.. 7. •A" taxiway 
excessive tree&in& and th .... u••d aa 

~ 
eaot oDd of' E-11 ing. base) 

ruma:r ( 1) lo.-1 ,.Mod 
(:?) Jl'roat M}t.lllg poriCM! - (~) ~roat pe,.,t,.tio1l 

procli<tod f'nla Pi&Un 3 
or Plate 19. 

iL) ::~l:" P=~l~:i~P• ~ 
dated lla:y 1947, Uld ;h&F~ 
3 N>O 4 ~a':ecl .,11 19!.6o 

Sheet 2 of 3 TABLE .6 



SUMMARY OF AIRFIELD PAVEMENT FAILURES WHE.RE FROST ACTION WAS CONTRIBUTING CAUSE. 

• 

GROUND "' ~ 
PRESENT 

LOCA.TION z EVALUATION.(4) 

AIRFIELD OF PAVEMENT BASE SUBGRADE WATER DISTRESS OR FAILURE 0 0 TRAFFIC REMARKS ... ul LBS. G~OSS 

DISTRESSED DEPTH 11.1 "' ~ PLANE WT. 

AREA (FEET) ~ "' 
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GREAt FAU.S URBAS! BltllmlDO\l& ,p&'9'0<1 iupbalt Pit run Predani1111t. lf 32 C~R o 2 Reported u Fatlurea became apparent at tho !lot IDacloquate 4ra!.Dap, water 1942-19i!J 5• """"077 to 
I'·· 

GI!El'l' FALlS, l!Ol'ITAIIA tulwaya aDd nu:vnya oooorete 6 uave1 9 to 11 ~ Too CBR • 51\(1) J.T CL,SF 62',; Too to to to 28(1) 200 '1'1;. poor joillt between the r""""¥ proper "'""rto4 fl•e aoroe e I'UD1I'8p • aatura 1221 Average 30" Sept, J91U 48.000 55,000 < 10,000 ·.1·, 
&Dd sc 2B 54 Hbg, below eur• end tho shoulder. ShoulC:er co~ t1on or areae adjaceut to 

fa co atructed ot 2• A.C. tulh awa7 ru,....:vo b)' boa")' o-11 IIIII :0~~41 
8,500 to 

tre 6" J'WDfa)' A..c; • pevtHt.elit, p1oril!f;o Frost aetlcm coD- 38,000 
allowing water tCJ enter lODgitudl- tributes t:o deterior-ation. 
·n&l eracka. I>Dpreuions becem_e 
O'l'ideat tram aircraft wheel• which 
paaA oTer th1a joizrt. 

CIOilB I'IBLD Parte ot ruawa7 Ia. 1'-phalt Cruoho4 CPB 8 1C SF, GF, OC 3 20 CDR • 15 Not report• POor Pavement beoomln£ ••"7 1 naltDeee 'lot Foor aurtaoo drainage, in• 1942-19i!J 5' ::1o.!~4 8,500 to 30,000 ..ClO,OOO 90,561 cyoho o1DCa 00011)>-• 

Gl!Ur PJ.U.S, MDIITAM 1 111<1 o4geo ot nm- ccncret• 5...,. 6 gravel 7 66% You 
;~i~!~ 

l:L, end CL 60,C Yeo to to t;;;O(l) od alons edgee of the pavement, com- reported otabillt;v ot the graTo1 base, 1221 50,000 """7• vorr hoo'"J' boiaboroo 

1-:t llo, 3 aw. GF, GC. 21 ~ 2 Av,;. plete ra11un of tuiwayo •A• and overload1q ot p•:veiDOntee (50:C ... ,., 

parto or tuiayo " ... •, gradual longitudinal craoka Frost action may be a ocm- hoa'"J' belli> 
A, B, D, P, G, L, appeared along tbe tire track"e tr1but1ns factor. oro) 

aad II follcnrred. by general craoki~~g au! 
brealdng of the pavement. 

GEIGER PIIU) 10.000 aq. tt. ot !Aapbalt Granl sand lOO)C 12 to 15 Cre.ckint; and ruttlUE ~evelopod nea..J JnSilffiolont baao o.ad l• · 1942·1~ 25"(~) juay 15M to 

llA.SBl!IGTOI ST&n tu:i'"'Y lloo 2 concrete ' 111<1 aUt 6 to 12 (Ponded wa- Yea CBR o 17(1) GF to GP lOO)C Y•• 19 29 BR • 35(1) below sur- l1Dil8 outside of' ett"ip &pree.di&g towarda Apr. 19~ adequate drair.age. Snow 336 ~ly 19113 6o,ooo '30,000 -' 10,000 

tar seeped toc• the e~nter. of at rip and lonr;i tudi- windrows in th-.perlocl 

ulldor paTe- r_a\ly under efreota of tre.ffio. ce.uaed saturation of aub-

moot) grade. 

PUDLO AIRFIILII 'P'""" Po~lel\r. 8-6-8 510 Sand 6 !CoO% Bot CL ArtoelOD Some gravel Concrete api'OD badly e n.cked. ala.b Fa1i ot •~J: On:rloaded pa'"1ementa. Sort- 1942-1943 . 20"(3) bat. 1942 t 

PI1BIILO 0 COLOIWlO oe:.n~~~t. ropcrtod CB ,.~ roo 20 40 k : 49(2) sprin&e eD- baok-fillod dleplaoement along ta.xiway lanoe. to Spr1ng eniD& of 811bgr..So b)' water Jllllo 191.3 .. ,.1~ 6o,ooo -'30,000 ..::}o,ooo 
eoncret~; ccuuterod. draina. Wen~ Settlement of bi tlaminoue wrface or •43 entering from eurfaoe or 120 

11-S, n"I•SE, E•lf r!lbaurh.ce 3'' to 5". 81 tuminoua rauuroo con- other taU ebale t1eeure&~• Fai::.ure at 

Rumraya. 1'u1nya Aapbalt stat.ilioiocl dre.i!)A i:r:.- :liSted of rutting, crackins aDd ure date• junction of b1tum~ua p&,_ ..... 1943 ..Clv,ooo < 10,000 

7•1, T-2, ':•) oonqreto 2t04 6raTel 8 to 12 Yeo CBR 0 4 CBR: } .,tall ad dill utograUon or aurfoco and baoe not report. U.at llD4 cono rete due to 1~ 

and T-6 to 38(1) to 6 after tail- Wavy ourfaco DJld eottenin.g ot ad, 4U'f'orentlal oett1....,.t. (Altoi'IUlto 
ures llpfeel shoulder•• ~~1111 ed, 

CIIUIJH I'I!Wl IIE-511, r;-w, 1111-SE POrt1an4 6-6-e 700 Pit nm a1111 o to 6 !lot Yes ". 63(1) Cl. to OL 9af. Yeo 1S 1S k. 57(1) Bo1cnr"h>th Foor at Stwared tongue and groove joint.a • Jun. 191!4 Inrniffieloat boarblr; oap&oit 19~-1941. 12''to ll!" 191.3 to 19111 60,000 }0,000 ..:: 30,000 

IIAftOUL 0 ILLIIIOIS NDW&)'O -.ent oon- to and gra""l ...,ported to to e~~oe depth p&vement corner oracke, truusveree cre.oks• of eubgre.d.o. aottoniq ot 306 .lftrage .-:& 

oreto 615 ~0 46 not report ed.gee opalllnf; and fraoturiD& of coD- eubgr•do during thawl"'!: aad equala 30" 
o4)' crete for a Width of eeveral inoho tro .. lng, over1oad1D& olabo 

with bo&'"J' whool loado. 

scorr FIILII 11-B,E-11,~. Portl- 6-6-11 590 !lODe OLU>d CL lOO)C Yeo 20 26 k • 66(1) Depth not Loagi tt:di ne Extcmein failure 1D apron eeotiOD Fall ot •!( l.Alok of aubeurtaoe drait<.age 19113•1944 12 to 16• lll>r. 1942 t 6,000 <~o.ooo ~,o,coo 

I!Ell.EVILI.E 0 IU.IIOill JilioSE l'Wlii&YI -- to to reported r:ornbtnatlon adjoiuiD~ concrete box etoJ'DI dre..iD and 1notabUlt)" of baol<-till 142 Avera.ge Aug. 1~ 

Uld &proD OODOrete 26 1,5 (believed b open tlle ~rackin& at t011gue and groove at drain. OVer etreesing 24 to 36" 
Au&· 191U t l"" 1111'1u• c.re!.na 15' joi:c.te and at comeree Lon~ cn.ck , of pavement• clul'iD& hea'V)' llu1-

enae 4opth from edges alouc oeDtral port ion of E•W run-· tratfie, fall aad opl'ins Jul. 1944 60,000 

) 
of r.<.nway. way, Craolr:e also at tranaveree 194;, oaueod cracklq. 

draine. 

OIIE&I BEIID AIRFIELD ~c.1t edge of' apron. Port1U>d 10i-7-lot 540 SaDd 3 to 12 llo taW. llo 'llo data NL. CL. Cil, ~ Yo a 15 22 k. 66(1) 2 to·5 !ono Extensive cracking, pavement bro- 191!4 Pavement ueed extendYolJ 1944-1945 3' 1944 to la7 47 ,ooo <30,000 <,o,ooo 1!0 ~ aotl- aftoJ" em• 

Gu.t.r EE!iD, KAm1'S Original taxiway til, OIJDB'ILt and SJ' 1.11 k. 59(2) kep up at local areae into small 24 lol&;v 194 for tuii:rg e.nd wann up. 64 1945 ril!tel" oJale• 

Tl!l"(i'YI?!.ys at ond• 0011Crfte thin otr&• p8tterna. Pa'"mODt apparozrtl,- hao 1.11~ 

of ~S runny. tao oulfiaiollt lDad oareylnf; 
capacity. 

CASPER AIRBA3E Scr.ttered areao oa .i.ephelt 6 

{ 
So.ad 6toe ~ Yea CBR" 40 SP, SC, Sl' 3'1% Yea 15 23 CBR= 5 > 90 Wone Cr&okil!f; and nttting then complete Ma,.. 1941. !..ocal poor s.a., nter poDd.- 5 YON' ..... 24" !ln. 1942 50,000 12,000 "'10,000 

CASPER, WYO~Q tax1nya 1. 2, 5. concrete liL. CL, 5n' breolcup of paTOmout end baeo tng, poor base. Sll&ht equals 532 to liar. •45 

9. 12, a.nd 13 B.\SE .t •• l4 L .. - 19 course. frc~et actio::. i.e subt;re.dee 1944. 870 

l!u"""J"• &ad runway BitumiDoua SUBBASE Small dopreeaed, crecked, and DiffereD~ aott1"'1""'~ un~.,. 

ohouldora, material 3 SF, lolL, SP 9 to l4 ~ Yea CBRo 10 eheck: areas. tre.ffio, pond.ing in dopree-

675 
SC, SW, CL (ATe) siona. 

Apron Po C, Ce 9-1.J) ·Ilona SW, CL, SC " = 279(1) Cr•oldng and slab diepla.oement.. OVerstressing te.x11nE lane&. }0,000 .(.~o,ooo 

lr • 200(2) 

IIlLlS em JJRPI!Wl Anu on ftrioue Asphalt 2t Pit run 6 llo data jBordor11J>o llo daW. Somly loom r·., data Yeo tlo data !lo de:~a No date. No data Cracks aaron entire ta.xiwaye. Apr. 19!:3 t Frc..at actiOD in eubgre.do. 1942•1943 5o"(}) llo data 25,000 < 10,000 < 1o.oco 

lliLES c I'fY, I!Oli'I'AIIA nmnyo olld tu1'""7 concrete gra.TOl (SF) R\lttlng, craoki"'!:e apalllng full Kay 19~ Turning, atandiJli, too much ll.62 
width. of rumrray ends. atreaa for pavainent desip1. 

-

I 

!£!!! 
(1) lontal period 
(2) ?rest ~ltir~ rorlod 
(3) F'roat ~tot:rat1cm. 

p~J!.ctN trr. Fi~rtt ' 
of :FlAt• 19. 

fl.tl hood OD Eng\noerlr.& 
lulu•l. Part ~11. Chap. ;;i: 
tat..: !lay 1947, and Cbap, .. 
3 and 4 .S.tri .A.l' 191.6. 

" 
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BASE COURSE TREATMENT TO PREVENT FROST ACTION 
1945- 1947 . 

SUMMARY OF FROST ACTION TEST DATA 

DENSITY WATER COHTBN'f SA'l'URA'l'ION. 
SERIES PER CENT AND TYPE OF ADMIXTURE LENGTH VOID RATIO U lU.nR COH'l'Elll' DEGREE DEGREE 

AND SOIL WET DRY OF TEST . STAR'l' OF TEST BOTTOM IllCH HOURS HOURS HElVE· FRan' 
SAXPL8 TYPE r BEFORE BEFORE IN END OF START OF GAIN' DURING START OF END OF IN TO STAR! I Ill ACTIOJl FROZEN ZOBE 

NO. TEST TEST DAYS TESt TBS1' TEST 1'EST TEST WITH WITHOUT BEFORE AFTER 'J'ES'f OF HEAVE PERCEIII'l' 
BUNKER "C" RT-2 CaC~ DAREl ABA LBS/CF LBS/CF (A) ~ ~ ~ " " ADMIXTUJiEADIIm'UIB TfT }ST (APPROX.) 

A•l East - - - - 1}9.1 127 26 46.4 9·1 36.7 17 loo,/ .. ·35 10 110. 71;5 793 63.8 Severe Entire A-2 Boston 2 - - - 138.4 124 20.6 9o2 11.4 f8 lOof o30 ·31 9 79 1205 20.6 Severe Entire A-3 T111 4 - - - 13.3.8 120 12.9 7ol 5.8 48 87 ·21 .42 7 41 3931 6.7 lloderate Bottom 1.3" A-4 6 - - - 133.8 119 8.7 6.2 2.5 41 58 .23 .44 6 13 - o.o lone Bottom 1" A-5 - - 1 - 140.0 127 13.7 9.4 4.3 75 100/ - o35 9 13 :3931 0.3 Slight Bone A.-6 2 - 1 - 140.9 126 10.6 9.0 1.6 70 83 - .}6 9 12 - o.o lone llone A-7 4 - 1 - 135.0 130 9.5 6.9 2.6 47 65 - .42 '7 11 - o.o !lone lone A-:8 6 - 1 - 132.2 117 6.1 5.6 0.5 36 39 - .46 6 9 - o.o lone lone .. A-9 - - 2 - 138.8 125 13.1 8.9 4.2 68 100 - .}7 9 12 - o.o Hone Jlone A-10 2 - 2 - 137.8 122 llS 8.8 2.5 63 80 - .40 9 14 - o.o Bone Bone A-ll 4 - 2 - 132•8 118 9o4 6.5 2.9 42 60 - .45 6 11 - o.o Bone Bone A-12 6 - 2 - 133.4 ' 117 7.5 5.8 lo7 37 48 - .46 6 9 - o.o If one lllone A-13 - - - - 136.6 125 46•8 9.6 37.2 71 loci - ·31 10 21 6:39 f8.9 Severe Bottom 0.5" Jiot FrO&e:n A-14 - 2 - - 133.4 121 21.6 e.o 13.6 54 lOoj/ ·35 .41 8 24 2912 16.3 Severe Bottom ho75" Not F10zen A-15 - 4 - - 133.4 119 11.7 1·1 4.0 51 78 .31 .43 8 15 5871 3.5 Slight Bottom 1" lot Froze:n A-16 - 6 - - 133.1 117 - 9o3 7.5 1.8 47 58 .28 .47 7 11 -I- - o.o Bone !ione 

• 

B-1 137.4 24 14.0 8.6 5-4 65 loo,/ 
\ 

5854 'fop 3" - - 1 - 125 - ·31 9 15 - o.o None B-2 - 1 1 - 1}9.0 125 12.4 9o0 3.4 68 lOoj/ - o37 9 14 - 0~0 None Bone B-3 - 2 1 - 138.2 124 10.8 8·.5 2.3 62 79 - .38 8 15 - o.o Hone Bone B-4 - 4 1 - 14o.o 122 10.0 9.4 o.6 67 72 - .40 9 11 - o.o Hone !lone B-5 - - o.s - 138.5 126 17.7 9.2 8.5 71 1~ - .36 9 • 18 1735 9.2 Moderate Bottom Oe5" lot Frozen B-6 - 1 0.5 - 138.4 123 13.6 9.0 4.6 68 loojl - ·31 9 16 3893 1.4 Slight Frozen 1"-3•5" Frc:a Bottca B-7. - 2 o.s - 136.7 122 12.4 8.4 4.0 60 89 - .}9 8 14 -· o.o lone Bone B-6 - 4 0.5 - 137.2 127 9.1 7.7 1.4 55 64 - .41 8 12 - o.o Hone Hone B-9 - - o.s - 1}9.8 127 16.4 9·2 \... 7.2 72 lOof - ·35 9 19 2455 5.4 Moderate 8ottom o.s" lllot FrouD B-10 1 - o.s - 138.7 126 12ol 8.6 3.5 66 93 - ~36 9 13 - o.o Bone None B-11 2 - 0.5 . 1}8.0 124 11.4 8.1 3o3 61 86 - o38 8 13 - o.o lllone lone B-12 4 - o.s - 134.4 121 8.1 6.6 1.5 45 55 - .42 7 14 - o.o lllone None 
B-13 Jlew - - - - 114.6 101 102.5 13.4 ac;.l 55 1oo,/ - .66 

' 13 29 620 161.5 Senre BottCIIII 2.8" Not Frozen B-14 Ramp- 2 - - - 117.8 101 82.5. 13.9 68.6 53 10o7f ·57 .66 14 26 620 118.5 Severe Bottom 1.9• Not Frozen B-15 ebire 4 - " - - 122.3 103 82.7 14.9 67.8 65 1001 -47 -~ 15 21 620 126.0 SeTere Botta. l.B• Not Fro1ea B-16 aut 6 - - - 121.0. 101 63.1 13.0 50ol 56 lOOt .42 .66 13 20 620 91.0 Severe Bottom loB• lot Frozen 

C-20 - - 3 - 107.6 87 25 26.2 20.3 5·9 6o 78 - ·93 20 31 6:393 - o.o Bone Bone C-19 - - 6 - 107.2 85 23.2 19.4 3.8 56 67 - ·98 19 27 - o.o Bone Bone C-21 - - 8 - 108.1 85 23.8 18.1 5-7 54 71 - o98 18 32 - o.o lone lone C-22 - - 10 - 108.9 64 22.8 18.1 4.7 53 67 - 1.00 18 26 - o.o None llone 

... C-6 P'roat ·- - - - 1:39.4 132 11.2 5·7 5·5 57 100/ - o'irf 6 11 966 16.3 Severe Entire c-17 Bnnac - - 1 - 140.6 131 10.0 6.0 4.0 59 99 - ·21 6 10 - o.o Bone Bone c-6 Granl - - 2 - 142.9 132 9.1 6.4 3·7 65 92 - .27 6 9 - o.o Bone llollll C-7 - - 3 - 142.6 130 8.1 6.7 1.4 ~ 77 - ·29 7 8 - o.o Bone lone C-9 - - 2 - 128.8 117 9o7 8.3 1.4 52 61 - .44 8 12 - o.o Hone None C•lO - - 3·5 - 128.2 114 9.0 8.6 0.4 51 54 - .47 9 10 -I o.o Hone Bolle C-11 - - 4.5 ·- 128.6 114 8.9 8.o 0.9 48 53. - .47 8 10 - o.o lone II one c-12 - - 5o5 - 130.8 115 8.5 7o9 0.6 49 53 - .46 8 10 _, o.o lone Ho1111 I c-13 1 1 2 - 143.7 131 a.o 6.4 1.6 ~ 80 - .28 6 8 .. o.o lone Hone 
c-14 2 - 2 - 143o3 129 7.6 6.5 1.1 l2 73 - ·29 7 9 - o.o Jlone Bone 
c-15 3 - 2 - 143.3 128 7.4 6.4 1.0 59 f8 - o30 6 9 - o.o Jlone Bone C-16 4 - 2 - 143.0 127 ~ 7ol 6.6 Oo5 58 63 - o32 7 10 - - o.o Jlone lone 

D-1 lllz 1• - - - - 132.5 123 27 14.8 7~8 7.0 57 100/ - ·37 8 14 5870 300 7-4 Moderate Entire 
D-2 2 - . - 131.1 121 

1 
12.6 6.0 6.6 43' 90 .31 .38 6 22 1 1250 4.8 Slight Entire 

D-3 4 - - 0 .. 131.6 121 . 8.o 4.6 3.4 33 57 .25 ·39 5 12 1250 1.4 Slight Entire 
D-4 5 - - - 130•3 119 5.6 4.0 1.6 28 :39 .23 -41. 4 6 1250 1.5 Slight -D-5 6 .,; - - 131.0 121 2.5 2.3 0.2 17 18 .19 .39 2 3 6190 2200 0-4 Slight lone 
D-6 ll1z 2• - - - - 1}9.0 131 10.4 6.1 4-3 58 99 - .28. 6 11 1 400 4.0 Slight Entire 
D-7 2 - - - 134.2 127 7.2 3·9 3·3 33 60 .25 ., 4 8 400 1.1 Slir;bt Bbtire 
D-8 4 - - - 136.2 128· 2.4 2'.7 -o.3 24 21 .18 .32 3 3 400 Oo9 Slight EDtire 
D-9 5 - - - 135.3 127 26 1.2 loB -o.6 16 10 .16 ·33 2 1 6360 -I o.o lone -D-10 6 - - - 142.4 133 

1 
o.e o.e o.o 9 9 .08 .216 1 1 1 - o.o Jlone -D-11 111:& 3• - - - - 144.6 135 12.0 7.3 4.7 77 100/ - .26 7 11 175 13.2 Severe Entire 

'D-12· 2 - - - 134.1 126 1o.o 4.0 6.0 32 81 .it .34 4 13 400 5.4 lloderate Bbtire 
D-13 4 - - - . 137.2 128 2.8 3.0 -0.2 26 24 .19 .32 ' 4 5710 560. 0.7 Slight 'fop 2" 
D-14 5 - - - 138.7 

~~ 
' 1.8 2.0 -0.2 

~ ~ 
.14 .31 2 2 1 560 o.e Slight Hone 

D-15 6 - - - 11~.3 1.3 1.3 o.o .oe .27 1 2 - o.o None None . .AS SfARr 
JD.l)!D 'fESt 

B-1 .... - - - ·05 121.1 let! 22 73.4 16.1( B) 16., 57-3 71 1001_ - .61 16 - (C) ~12 150 62.4 Severe Eutire 
B-2 JJaap- - - - .10 114.6 100 1 48.0 14.6 14.E 33.4 57 loo;t - .f8 15 134 1 350 30.5 Severe Entire 
Z..03 abin - - - .10 112.4 98 47.6 14.5 14-' 33.1 55 loo;t - ·11 15 35 150 31.7 Severe Entire 
~ Sllt - - - .10 116.7 102 31.8 . 14.5 6.~ 25.6 26 loaf - .65 6 f8 17'90 16.0 Severe Entire 
~5 - - - .10 118.3 103 23 57.2 14-7 3·< 54.2 13 10o7f - .63 3 86 5068 280 74.1 SeTero Entire 
B-6 - - - .10 118_.o 103 42.0 14-5 1~ 40.4 7 loo;t - .63 2 65 1 280 30.5 Severe Entire 
Z..07 - - - olO 113o9 99 30.1 14.6 o.c 29.6 2 loaf -- .69 1 45 120 17.6 Severe Bbt1re 
B-8 - - - .6o u8.o 103 48.3 14.6 14.E 33·7 62 loo,l - .63 15 62 280 29.8 Severe Entire 
B-9 - - - ·90 114.6 11)1 52.9· 12.9 12.Ci 40.0 52 lOo,f - .66 13 42 5171 350 43.4 Severe Entire 
B-10 - - - .90 115o5 102 37.0 12.7 12.1 24.3 53 lOo,f - -~ 13 41 1 1380 20.3 Severe Entire 
B-11 - - - .9() 114.9 101 38.5 13.2 6., 32.4 25 loo,/ - .66 6 30 350 22.} Severe Entire 
B-12 - - - .90 115.5 101 45.8 13.5 2.i 43.4 10 loO./ - .65 2 37 350 46.2 Severe Entire 
B-13 - - - .90 114.9 101 21·7 12.4 1. 26.6 4 lOOf - .65 1 26 4l#4 1370 10.5 Severe Entire 
B-14 - - - o90 111.8 98 3lol 1}.2 o.c 30.6 2 lOof - .70 1 28 1 160 12.0 Severe Entire 
B-15 - - - 1.20 114.2 101 38.6 11.6 11.E 27.0 48 loo,l - .65 12 26 180 ·28.0 Severe Entire I B-16 - - - 2.00 113.6 100 - 31.9 11.1 11. 20.8 45 1oo,f - .65 11 27 42o 15o9 Severe Entire 

lOTI• Bureau of Soile C1aes1fioation 

(1) Len~ of teat o0111puted 1'r0111 time aamp1e was ple.ced in drawer (B) Samples B-4 and 11 were air dried one day. 1-5 and 12 two daya. • Mix_ 1 - approz. 17% aut. 58% sud. 25% gravel SUMMARY OF 
uutn it -• removed. E-6 and 13 three daya • E-7 and 14 four da;ya. Mix 2 • approx. 17% silt, 33% aand. 50% gravel FROST ACTION TEST DATA (C) Bo correction applied for e-raporat1on of Darez ABA. Mh 3 - approz. 17% silt, 15% aand, 68~ gravel 
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AIRFIELD 

·-· DOW 

PRESQUE ISLE 

TRUAX 

' 

SELFRIDGE 

PIERRE 

SIOUX FALLS 

WATIEJITOWN 

FAA GO 

TEST 
ICE FORMATIONS OBSERVED 

PAVEMENT HEAVC 
(FEET) 

DATA 

WATER 

AREAr-----~------------------.-------~--~~~~------~------~----.-----------~ 
BASE IN SUBGRADE AVERAGE IN 

0 

E 

F 

TURF 

A 

c 

0 

TURF 

A 

c 

0 

A 

A 

cao 

A 

8 

A 

8 

A 

1946 1947 
Cryatela Crystals 

Cryatala Crystals 

Crystals Crystals 

lll 0 B a a e 

Crystals 

Crystals 

No B a I e 

Crystals 

'llumerous lensel from· 
hairline to ,05". Few 
crystals. 

Crystals 

Crystals 

Crystale 

Homogeneously froz'":l 

lllone 

Soattsred crystals, 

-· 

!lone 

t' o B a o a 

1946 1947 
Widely isolo.hd lenses ~psea from hairline to 
from hairline to l/16" /16" thickness and 
in thickneas and few prystale, 
cry~tall. 

Isolated lensos from 
hai rliu to l/16" in 
thickness and crystals 

l&olated lenaee from 
hairline to l,Al" in 
thicknus and crystals 

Crystals from 0,1' to 
1.7', Lenses from 1.7• 
to 2,2' from 1/4" to 
3/4" in thickness, 

Crystala and hairline 
lenses 

Crystals 

Crystal• 

Cry stale 

F- hairline lenses 

~n:u~:a~iio:"~n hair-
thickness in subgrade. 

Lenses from ,01 ~ to 
.02" in thic kne u. 

Few crystals and hair• 
line lenses in subbase 
Lenses from hairline 
to • 02" 1/2~ a part 
in subgrade. 

Crystals. Lenses from 
hairline to 1tt" in 
thickness, 

Crystals in aut base 
and subgrade from 2.5• 
to 3,7•, 

Homogeneously tro&an 

~!'ses from hairline to 
/4" in thiclcneaa space 
;4" apart at frost line 

Crystals throughout, 
Hairline lenses from 
2.2• to ;.o•. 

Crystals throughout. 
Lenses from hairline 
to 1/2" in thickness 
from 2,01 to 2,25 1 • 

Scattered crystals. 
Lenses from hair line 
to 1/16" i~. thiclcnesa. 

Horhontal &M ftrtioe. Lenses from hairline 
lenaes rr- bUritae tc to l,Al" in thiclmua. 
1tt• in thiolmeoli' from lllot in well defined 
1.0• to 3 .6• , horizontal layers. 

Horizontal end vertica Lenses from hairline 
lenses from hairline t to 1/8" in thiclmesa. 
ltt" ir. thicknasa and li'ot in well defined 
1/2" to 3" apart. · horizontal layers. 

~ 

1946 
o.oa 

0.12 

0.25 

0,18 

o.o6 

0.22 

0.13 

0.12 

o.a4. 

0.01 

o.oa 

n.o8 

0.05 

0.02 

1947 
0,06 

o.oa 

0.14 

o.o6 

o.n 

0.06 

o.d! 

RANGE 
1946 

0.05 
to 

. 0,10 

0.10 
to 

0.20 

0,20 
to 

o.3o 

0,10 
to 

0,25 

Oo05 
to 

0,10 

0.15 
to 

0.40 

0.10 
to 

0,18 

o.o6 
to 

u,lB 

0.02 
to 

0.05 

0,01 
to 

0.10 

o.oo 
to 

o.o3 

-0.02 
to 

f.O,Q4 

0.05 
to 

0.16 

0,02 
to 

0.10 

o.oo 
to 

0.(9 

0.02 
to 

0.(9 

1947 
0.02 
to 

o.u 

o.oo 
to· 
0.17 

O.cl! 
to 

0,26 

0.02 
to 

0,10 

o.o6 
'to 

0.17 

o.o1 
to 

o.n 

o.o3 
to 

o.o6 

•Atteroerg Limite for GF soil on port, or. p&Diillg llo. 200 sieve, 
( )ium'Jers in ;>tlran.theaeo indit11te !'rozen e.on. 

SHOWING 

OF 

INFLUENCE 

ON 

1945 
FROST 

1947 
ACTION 

DEPTH TO GROUND WATER 
IN WINTER (FEET) 

1946 
. 7.0 

7.0 

5.6 

5.6-7.1 

8.5 

5-8-7.6 

8.5 

11.2 

6.4 

1947 
3.1-4.6 (Base) , 
3.0-4,4 (Subgrade) 

3,5 (Baae) 
3.4-6.7 (Subgrade) 

0,4•2,0 (Ease) 
1.5-6,3 (Sub grade) 

0.1-4.6 

1.4-2.3 (Base) 
3.9-5.5 (Subgrade) 

6.o-7 .1 

WATER CONTENT OF FROST 
SUSCEPTIBLE SUBGRADE ATTERBERG 

:LIMITS 

DEGREE OF 
SATURATION OF 

FROST SUSCEPTIBLE 
SOIL PRIOR TO 

FREEZING FALL 
1945 

CL 17.7 

CL 22.4 

CL 22.5 

GC 1},6 

GC 16,0 

Cl 27.5 

SF 19,8 

CL 35.5 

SF 20.4 

CL 25.9 

SF 20.1 
CL 34,9 

CL 21.6 

CL 12.7 

WINTER 
1946 

CL (25.0) 
CL 17.5 

CL (4;,0) 
CL 1;1.6 

GC (16,8) 

GC (1~.6) 

GC· 11.0 

GC (1!1.3) 

CL ( 31.2) 
CL 28,4 
SF 15.8 

CL (23.6) 
CL ;6,0 
SF 22.5 

CL (24.5) 
CL ~.5 

MI.. 18.0 

SF 16,0 

CL (15.3) 
CL 24,3 

CL (12,2) 
CL 10.4 

CL or CH29.C PL or CH(26 Pl 
~F-CL 15,9 

CH 33,0 CH (34~0) 
CH 33,0 

FALL 
1946 

CL 24,5 

CL 22,8 

WINTER 
1947 

CL 29,0 

CL (25,0) 
23o5 

C:L (22,6) 
24.h 

CL (31.6) 
CL 28.5 

lolL (.35-9) 
ML 16.4 
SF 25.6 
CL 35.1 

LIQUID PLASTIC 
Gil N n~laatio 

CL 29•}6 CL 11·17 

Gil N nplastic 
CL 29·}6 CL 11·17 

GW N nplo.stic 
CL 29~36 CL 11·17 

CL 29·:56 CL 11•17 

Gl'i N !"plastic 
GC29 GC8 

00 II lnplastic 
GC2') GC8 

av; N np1 .. ti c 
GC29 GC8 

Gil. !.'en lc st ic 
c;c29 ace 

:ir' 1,·)0• :iF 2·9• 
CL 43 CL 20 

SF Non lHt ~c 

GF 19-30• GF 2-9• 
CL 38 CL 18 

GF 19-30• Gf. 2·9• 
CL ~ CL. 20 

lolL :50 ML 10 

SF !jonp astic 
CL 46 CL 24 

· GF 2~·33 
CL ~-42 
CL. 39-48 

.CB 5~86 

GF 23~29 
CL L.o-l..3 
CL 38-41 

GF' o-16 
Cl.. 16-26 
CL 20.26 
CB 23-l.i& 

IZF 7•12 
CL 18-e3 
CL 19·23 

1945 
GWlOO 
CL 100 

1M 100 
CL 93 

GWlOO 
CL 100 

GWlOO 
GC 100 

GW64 
GC 64 

1M 71 
GC 100 

CL 100 

SF 100' -

CL 100 

SF' 100 

CL 100 

IlL 78 

SF B4 

CL 82 
CL 80 

CL 79 
CL 41 

GC 23 GC 8 
CL (27.3) CL 36-44 CL 15-21 CL.93 

CL or CH 51 CL or· CB 30 CL or CB 86 
SF-CL 16-26 SF-GL Q-11 F-GL 59 

CB (33·9) CH 5o-68 
CB 34,7 

CL 44 
sc 25.4 sc 17 

CH 27-41. 

CL 25 
sc4 

SF•OL 32-41 SF•OL 12•14 
S&CL 32-41 SF•CL 12•14 
OL-CL 36-50 joL-cL 12-16 

GF 194 GF 5-9 
SF·OL 31>-1.3 SF•Ol 12-18 
Ot.-CL 30.43 OL-CL 12-18 

SF•CL 3o-41 SF-Cl, 12 
OB-tH 62-64 OH•CH 29-31 
CH 73-80 CB 4o-56 

CB 92 

1946 
aw 55 
CL l(lO 

UltlOO 
CL 100 

Gil 100 
CL 100 

PRECIPITATION DURING 
3 MONTHS PRIOR TO 
START OF FREEZING 

(INCHES) 

NORMAL 1945 1946 
u 11 

11 11 

11 11 

11 ll 

10 11 

10 11 

10 11 

lO 11 

7.8 

s.e 

2.1 

2.1 

10.8 

).2 

4.4 

4.4 

SOURCE OF 
WATER FOR 

FROST ACTION 

Water t.b1a 

Water-tabla 

Water tabla 

Water table 

Water table 

Water tebla 

Water tabla 

Water t.ble 

Water t.ble 

Water table 

Water table 

IU1ltratiDB through 
cracke in pavement 
and through pa-at 
adc••· 

Intiltration throup 
oraelr:a in pave,.eat 
ud throuch pa...,_at 
e<~&ea. 

Water table aDd 
intilt ration. 

Waur table &Ill 
illfilt~ti-. 

Water table aDd 
intilt ratio. 

Water tabla alii 
ir.1'11 trat.ioa. 

•ter tablao 

DATA SHOWING INFLUENCE 
OF 

WATER ON FROST ACTION 

TABLE 8 



EQUATIONS: UEAN FREEZING PAVEMENT 8ASE (II) SU8GRADE Oil - (IV) PREDlCTED DEPTH Of' F'Rt'EZING I.N FREEZING AVG. VOL. AVG.LATENT OBSERVED TEST ANNUAL INDEX ·INCHES- (12 X) INDEX· (I) THICI!.. (Ill) WATER DENSITY (Ill) WATER DENSITY
3 

HEAT HEAT DEPTH OF SITE YEAR AIR TEMP. DURATION THICK. CONTENT LBS /FT.3 THI.CK. CONTENT B.T.U./(FT.~F) B.T.U./ F'T.s EQ.1~4 DESIGN. v 48 kF 
AREA °F DAYS ~ TYPE IN CLASS. IN CLASS. IN LBS./FT. FREEZING .. 

~ INCHES tNCHt:S 'Z ---- INCHES 
""' 

EQ.83 EQ.n EQ.154 PLUS EQ.I58 
CURVE 

83 x= (Yo> (F) Ct> (W ('Y) 
"'fw"T 

('Y) CC> CL> IN INCHES PAVE. . L 
I AND Dr 1143 -114"'1 41.S ISIS 101 a. c. "'1.0 GW 17 l.t ISS Cl. - s 0.~ II 3 t.e 2920 ... Ill 112 "'""'"' 

.. ·4114 e 4 .. 
Jr I litO 123 a. c. 3.s Gw 31 "".2 .. ISS ~ Cl. - "·' ~ 107 .. 3 9.0 ISOO so 101 117 112 ·• s .. 57 

41 k F D' TO :mE 174S 130 P.C.C. 7.0 GW IS 9.2 133 
~CI. 

311 21.4 " j 42 .I 3iOO ... ea !II .. I """ 114 
59 

·Li'C(v.-32+-F-) 
GC - 211."' Hoi 92 ~ l 13 X= 

A 1144- 1141 1443 10"'1 P.C.C. 7.0 GW l!lo 11.1 119 ct. "'12 

~$.7 
Ill ..... 1 303 5 !'>4 115 514 .. I "'1114 .. e 3 .. 0 2t GC - ~~ ... NF 103 NF I • 1445 10"'1 IcC, S.5 GW 31 ••• 131 Cl. - . 31.1 •• 3 9.2 h1o !lo2 7S •• "'74 504 "'e 3 .. 

DOW '"'·' NF 92 NF 
24 k F c . 1345 88 a.c. 3.5 GW 42 8.2 121 C.l. - 111.3 1011 40.0 1810 eo 79 ... 8.7 "'17 so 61 

114 X = 
L + C (v0 - 32 + 2~ ) 

c 1 .. -45 104 a.c, 3.6 GW .. , 11.2 121 Cl. - 11.3 lOll ""0.0 11115 82 81 ..... "'18 !12 sa TURF 144& 104 T.!lo. e.o - - - - Cl. - C23 ... 1111 J 311.0 :uoo 2-4 S7 : 
15.2 NF 112 NF 

D IMS -lt41 1420 tt a. c. S.!lo GW "'10 13.5 "" 128 * Cl. - 17.7 w. 115 -. 42.1 2!UO so 71 12 .... 4 ..... 74 ... 53 ... 
E 1420 II I. C. ... . GW 31 10.1 .. 131 .. Cl. - 22."'1 .... 101 *' 4 I.S 220!'> .. 8 71 •• .. 47 4 504 53 ... 

d (d)' 24 kf E 1010 75 I.C. 3.11 GW 118 10.1 ... 13 I * Cl. - 22 ..... 101 ... -4.1.1 2110 4"'1 II 511 .. 2"' .... 54 47 .. 
lSI X = --+ 2· + L + C ~0- 32 + 2~ ) 

F 1010 74 ... c.c. 7.0 GW 20 . 1.1 .... 13. .. Cl. - 22.s * 110 'I< 4 4.1 2 700 s• 5 II 4 .. 52 4 37 .... 46 2 TURF 1420 II T.S. 1.0 - - - - Cl. - 22.4 (.f.) 101 (+) 4 2.0 3210 28 37 
A (1144 -1841 ,1.0 2010 115 P.C.C. 7.0 <OW as e.:s 134 GC - r· , .. j 311.7 194 5 70 Ill 85 eo ~· 74 63 

18.2 NF 113 NF 
DESIGN CURVE- FIG.2, E.M. PART XII, CHAPT.4,11URCH 1946 • 2010 115 a.c. 4.0 GC.R. 4 -

1~4] 
GC - 14.1 114 3 7.4 It 70 71 •• 17 12 .. 7 04 63 

GW so 8.11 14.2 Nr ·114 NF 

PRESQUE TURF 140 II T. II. s.o - - - GC - 11.1 105 39.1 27110 I:S I 2 4 
X • DEPTH OF FROST ,tNETRAriON IN FElT. 15.1 NF II 0 NF' 
k• THERMAl. CONDUCTIVITY IN &.T.U./(F'T.)(Op)(HR) ISLE A 114&-1141 2240 121 ,,C.C. 7.0 GW :s·a 10.4 It .,, .. GC - 17.0 ., 117 "' 41.1 24!!>0 711 ., ... 10 4 !!>7 14 65 c 2230 120 I. C. lUI [C.R. s. 5 - - ] GC - 13.1. • II!> it 37.0 11 as •• 101 12 ...!!>4 724 .. 65 .. f• FREEZING INIKX IN DEGREE-DAYS a 

GW 21 1.3 "' "' 132 L- AVERAGE LATENT HEAT IN I.T.U.IFT. 3 • 2230 124 I. C. s.r. [C.R. ).5 .:. 
_,.,.. 1;2 

GC - 11.4 ** 120 "'!" 44.0 274 0 I I 15 78 64 Ill .. 65 .. C • AVERAGE VOLUMETRIC HEAT IN I.T.U./(FT. )(OF) 
GW 25 10.5 "'"' Yg• MEAN ANNUAl. AIR TEMPERATURE IN Or TURF 2240 Ill T.S. s.o - - - GC - IS.I CH 115 ~ S7. s 2210 &0 ~5. 4 t. • DURATION OF FREEZING INDEX IN DAYS A 114&-1141 41.1 12S •• ,,c.c. e.o GW I I 4.1 * Ill"' sw - S.3 ... 103 .. 28.0 1100" •o :: 711 54 eo .. 41 ~ d • THICKNESS OF INSUI.ATION LAYER IN FEET BEDFORD • ItS 17 I.e. s.o GW 14 4.11 (~) Ill ~ sw - S.3 ~ 103 (~ 28.0 105 28 70 411 54 .. 3 8 • S41 41 to. C. 5.0 GW 14 -4.1 (~. Ill Gf-) sw - s.s (.H 

, .. r-
2 e.o eo_,_ ·2. II..L 49 35 40 .. 2 7 .. 

" ••44-1-· .... soo 10 •• (0., 1.o - - - - SF' OR 30 
1.5 "'* "* 124 27.4 2215 -28 34 31 4 2 2 ... 284 .. 2 6 4 

AN AVERAGE VAI.UE .FOR THERMAl. CONOUCTIYITY 
OTIS ML 23.11 "'"' .. "' 117 (k) • 1.3 I.T.U./(FT.)(OF')(HR.), Ill UIED THROUGHOUT SP 24 1.2 1111 

GP - 0.11 128 THESE CAI.CULATIONS. 
A lt44-lt-45 40.5 1105 107 •. c. 1'.5 s.c .. w . • II.S 113 <iF' 30 14. ~ 110 3 4.11 21110 4t II 72 .... 51 4 524 56 

HOULTON GC - [u . 134 VAI.UE FOR • d • USED IN EQUATION lSI II 

*I~ I]-
~ 

10.1 HF NF 11_1] 
THICI\N£51 OF TO,IIOIL IN FEET. 4 1144- 1141 41.0 1210 Ill I.e. 2.11 [ C.R. 8 - Cl. 2) 21.1 * 108 ... 311.1 2311 41 II Ill 41 514 1>48 .. 

GF I 5 !I.:S "' SF 3t e. I ... lift,.. 

I; 2] 

,CI. - 21.1 .... 10 I"' • 1145 91 I.e. 
2 ·' 

[ C.R. I I - Cl. - 27.0 •• 4 3.11 1101 ri. 71 ... 4!!> 8.11 1>110 ... 
GF 2S 7.7 

c 1145 t7 P.C.C. 1.0 GF ... 12.7 112 Cl. - )0.0 12 S/11.1 2070 II 74 II 44 ... !I 0 ... 1>50 4 
TAUAX A ll4t-lt4t 102 0 tl I. C. 2.11 [C.R. II -

l;o) [ Cl. II .1! 7.!!> " 15~ 
--41.7 24a·o 41 ... 51 17 .. 474 1>45 .. 

GF II 1.0 II. - sr 31 111.1 .. II Itt 
Cl. - 27.!!> 1lr IS 

NOTES: c 1010 100 P.C.C.· 7. 0 GF :so 10.1 It * 1211 [ CL 32 3S.S * 17 "'] 41.1 21150 411 I I !13 .. ::17 444 .. 46 ... 
S,F ' - 20.4 * IISfl 

' i D lOll •• I.e . 2.5 lC.R. a o -
.. I; II] 

Cl. - 2 5.t It fl 4 3.2 11110 I I .,. 11>134 44 •• 46 "' I (I) 'AVEIIKNT TY,EI All& AI FOLLOWS• GF 30 !1.1 ,. 
• lt-41-1144 47.1 141 II P.C.C. I 0.0 GF' 12 II.!!> •• WL.. I I 111.0 112 4.4.1 2210 J5 .. ao 43 304 404 l>lll .. D.C. - IITUMINOUI CONCUTE. 

SELFRIDGE s'r 30 22.3 * 100"' I ...C.C.- PHTLAND CE .. NT COttCilETII. 

.. 

• 

" Cl. ·- 38.2 * 111 eu T. a. - TOPSOIL (.TUIIFID AllEAa OIILT ). 
A 114-4 -I.M! 47.1 teo 104 ,,C.C. 7.0 GF 7 1.7 "' 13 !I .. Cl. 32 lt.l It 1011. 3 r.a 2110 42 IS 114 31i1411 484 .. 444 (II) VAWU USED FH WATIIA CONTENT AIIO . K ... ITT Alllll CH - 23.!1 ... to* FOil FREEZING PERIOD WilEN A'IIIIULAilLE. J • Ill 7 I I. C. 11.5 GF • 1.4 ,. 140 ,. Cl. - 14.1 ... t7 ... 31!.1 11-40 at: •• 112 .. fo7 42 38 

i 

PCE,TIONI ME lltOTED AI FOLLOWS• TUAF 1 to 89 T. r., 4.0 0) - - - - [ Cl. eo 12.1 tt .. *~ JS.I •• •·o .. 34 * :- VALUES FOil NCNliiiiAL PERIOD. PIERRE CH - 18.7 * to * I **- VALUEI FH FAHT IIIILTIIIG PCaiOO. A 11-411-1141 10211 tt P.C.C. 7.0 CGF 7 1.4 * .. 142) [ c I. 27 21.8 * 97 .. 3t.l , ... '. 4'8 •• 112" 17 444 .. .. 5 .. 
C-1-J -AaiUIIIID VALUU. CL • ll.t ... * II 0 CH - 21.7 it-* 117*" 

ie1o ·' ·. NF - VALut:l FCNl NON-FIIOZIN - ICML c 1021_ tt II.C. 8.0 [GF ·~ 1.7 ~ *"] Cl. - 12.7 * 02 * :!10.0 -.44 74 11_3 .. 4& 4 II I 1>45 .. 
lFREEZIIIG PCAIOD ). Cl. I :s·.e a If II I 

-A 1144-11411 41.2 til 7. I. C. 2.0 [GC 10 7. 0 * tt IJZ Cl. OR - 2:!1.1 .. Ill Jli J 40:1 2140 .. 40., •• ... Sl4 ... 374 1>43 .. (Ill) lOll. CI.AIIIFICATION rOll AIAFIE LDS IPC&PT AI Cl. I 2 18.7 tt • II 2 CH :!IO.t .. 14 ... 
FOLLOWI• 

SIOUX A lt41-1141 122 0 II I.C. 2.0 [GC 10 7.1 • • IS7] CLORCH 41 2t.o Jli It ... ] :a 8.1 :1020 .. ,f .. o·o· -~ ·3 4 II 40 11>494 C.R.·- CRUINED AOCII.. Cl. 12 21.4 • ill lOS ';:!IF'-CI. - 15.9 tt 0 7 ... 
a.CEM. - &OIL CEMENT. FALLS I I :1 I 0 100 ... c.c. 6.0 - - - - [ C H to u.ci * es ,..~ :11.11 3111 0· •. i· 9-4 I 0 Jl .. 414 II I 

Cl. II 27.1 *"' 87 * 
I 

(IVJ Dt:PTNS OF FREEZING 08TAINED FROM TllaT "T 
. sc . - I 5.9 C'H . I 7 (fl .· OOSERVATIONI EJICEf'T AI FOLLOWS: 

A 1144-1141 42.!1 110 II P.C.C. 1.0 - - - - [""" ,, 1 .... Jlo 

". *l 
10.7 232 _!I 3 I· I II 12 .. 3 7 .. 45 4 2 ... TN - DEf'TNI OF FAIEZINO OaTAINI:D , .... 

01.-CI. 20 2:1.6 • 67 .. - THIIliiiOIIIETER AND THII-OCOUPLE oaKAWITIONS. 
G' - 3.1 .. 12.0 ('H ... CLOSEST VALUE TO OISE~D DEPTH • • 840 59 I.e. !1.0 GF II 4.1 * lit .. SF- 01. 22 14.1 * 103. 2t.o, It 70 42 II IS ll4 "'144 .. 41 ... 

OL.-CI. II 22.1 ... 18 .. 4 VALUE WITHIN :t I INCH£1 OF OllaEIIVID DI:PTIL 
WATER- G' - 4.4 • 120t'H 

0~ ~ 
TUilF 610 84 T.a. 1.0 - - - - [SF- 01. sa 1.4 .. 13 e:•J J 0.1 1240 42 434 I 

TOWN. GP - 4.4 " 120~ .. 
\ 

I A lt-4&-1141 1715 tl ... c.c. 1.0 - - - - [ SF-Oi. , .. 14.11 (+I 
112 EJ 211.7 2 0 1·0 75 TH Ill .. 7 7 4 I !I 14 Ill ... I •• 01.-CL. 22 21.6 HI 17 fH 

!~ l GP - :1.8 (+J 120 
IJD .. 

__ \. • 1711 II I.C . 5.0 GF' II .... ~ 1311 (~ [SF- 01. :so 14.1 (+J I 0 3 Q-1] 2t.e I J 3 0 711 TH I 0 II to 14 .. II 18 ... v G' - 4.4 (+l 12 0 £+) No A 1144-114!1 3t.a 1St !I 7t I. C. 1.5 GS.CEW. ... 11.1 .. * 12 :J [ OH-CH • 21.1 * II flo] 4 ).2 IIIII 48 Ill '' 424 .. 414 52 ... ::I! CI.-SF 14 10.8 .. .. ... CH · - 31.1 * Ill* I " FARGO A 11411-114~ 2415 121 II. C. 1.5 [S.CEM. II. I 11.1 (~ 122CH] IF' OH-CH 12 21.7 f+l tt.I+>J 42.3 3)119 72 TH II ... 7ll 4 52 Ill 8 9 ... ... 
10000 CI.-SF II 10.8 (.H 12. fH CH - 31.1 ftl 119 (.J) 200 

A 1144-114: !U.O 50 I r.o:;.C. 7.0 SWORSF I 2.0 • 1.10 * [SF-CI. u I 1.1 * I 0 II "'] 
Sl.4 ll2 I Ill J7 Ill 4 .. 13 4 20 II ... TilliE IN DAYS OR. 

10 2- ... AEI.ATIONIN" IITWIEN F & i. CI.-IIF I 3.1 * GREAT Cl. - 17.0 • 10 0 ,.. 
17 A lt45 -1141 II ... C.C: 7. 0 SF I ·a.o C+'l 120 ~~ sr-c1. :!II IS. I l+l I 0 llttl 3 8.2 18 0 0 2 4 TH 2 7 4 214 IS .. 224 BEND ISO 

OR 
CI.-SF' 1:!1.1 (+) 102tl-l FROST INVtSTIGATION Cl. - 17.0 !+) IOOIH - i 

A'-, 1144-114: ........ 0 1210 II I.e. 4 . .!1 sc • 4. 7 * ISOtfo C 1.-ML 411 1&.1 tt I 7 It 211.7 1901! 41 711 70 .. 5 04 54 .. 50 4 194!&-1948 BISWARCK s, - 1.1 .. tO II 
A 114 ·-·114= 47.4 3!15 st. .c.c. r.O - - - - SF'-CI. ,, 11.4 II 11411 211.2 1150 J 0 42 3114 2114 ~:134 ... 27 4 

sr 12 8.1 II 12 0 "' 

CASPER -a::CI. . - !1.3 • :: ~ :· • 3!15 It I.C. 5.0 GW 1 3.1 tl I :!II .. 12 1.2 * 211.7. 810 18 II 47 34 :II .. 27 

PREDICTION OF F"ROS·T SP :!12 3.5 .. lOll. 
~r-cL - 8.2 .. 11·7 * I 

A 1144- 1145 5 2.0 380 10 P.C.C. 1.0 - - - - Cl. 21 21.0 • I II* 31.1 3110 I I !I :!II 211 .. 20 4 211 28 

PENETRATION 'AIRWONT CH - 2 3.0 "' . II 8 J1<o 

A 1944-1945 !lo 1.0 2 I 7 a. c. 1.5 sc 10 5.0 ~ I 2 II ... 
[ Cl. 

:s e I !1.11 * lor ;1 3 •.• litO 12 15 4 II> II 4 • 4 11<1 8 ... 

GARDEN CH - I 1.1 II: 115 .. 

CITY. OR 
CH-CI. 18.3 tl 117 tl 

F'~ST EF'F'ECTS LAIORATOR\',&0STON)MSS..UCI848 

TABLE 9 



• • 0 

• • , 

... 

• . ... .... 
n 

D A 

• 

tt 't' e a I ·• . 
CASPER 0 

• • • a 

e • L • • 4 • • 

' 
• ··a a c 0 

I 
'I' • 

0 

FAIRMONT 
0 

a A • I A I 
A GREAT BEND 

8A~DEN CITY 

• • .. A • • 

X 

. ... ......... .. 
• I .. .. ~ 

• • • 
" ., 

I 

, 0 
, II 
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~' MATERIALS IN FROZEN STATE 

TYPICAL TIME CURVES 

THERMAL CONDUCTIVITY DETERMINATIONS 
FIG.2 

EXAMPLE FOR DETERMINATION OF THERMAL CONDUCTIVITY 

GIVEN: j.L =50,% 
TEST DATA FOR SAMPLE NO. 3B-5, TABLE 4 AS FOLLOWS: 
c =0.20 B.T.U./(LB.)C0F) 
7 = 1~7.01 LBS./ FT.3 

w = 3.6/o 
EQUATIONS: 

(a) c ="'I (c+ 0.5w) 
f 100 

(b.) k = Ct fT 
SUBSTITUTING IN (a) : 

Cf = la_7.1(?.2o/0·~~~.S})=27.7 B.T.U./(F'T.3 )(°F) 
-FROM FIG. 2: 

2 2 
D=5.36 IN.= 0.447 FT. , D = 0.1995 FT. 

t :;::;0.224 HR. 

FROM F.IG. I, CURVE I : 
T=0.042 

SUBSTITUTING IN (b); 

k = (27.7)(0.1995 )(0.042) = I.0 38 B.T.U. /(F'T.)C0r )(HR.) 
0.224 

FROST INVESTIGATION 

1945"-1946 

THERMAL CONDUCTIVITY 
DETERMINATIONS 

:fROZEN BASE MATERIALS 

FROST EFF'EC,TS LABORATORY,· BOSTON.MASS. JUNE 1946 
·-:· 

PLATE 14 
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FROST INVESTIGATION 
1945-1946 

--+--FROZEN MATERIAL THERMAL CONDUCTIVITY VS. 
)( OBSERVATION IN ERROR 

WATER CONTENT 
OF BASE MATERIALS 

FROST EFFECTS LABORATORY, BOSTON, MASS. JUNE 1946 

PLATE ·15 
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/ 

SOILS LABORATORY JUNE, 1948 
BOSTON, MASS. NEW ENGLAND DIVISION 
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SERIES A -+--

SERES B---

SERES C -· ~--

\SERIES~-------
_,._ . ..-• ..,..- .. 

./+~A-1 1
No ~o~,uxiuRE I_ 

t---~f--;,V A-2 2# BUNKER'(:" OIL 

,-' A-3 4~ BUNKER "c" OIL 
t---:---+--

,JY 8-5 0.5to CACLt. 

t----+--._,-w. &-9 0.5 7o CA CL 2.. , 

.JY A-13 NO ADMIXT~E 

t----+-:1/ A-14 2% RT- 2 

2 3 4 

-

~~EAST BOSTON TILL 

7 10 II 12 13 

TIME IN DAYS 
·~ 

1.5 1& 17 18 

_,.V" L SE~IEs C 

/ 
./ 

/ 
/ 

, 
/ ¥ 

20 21 

~· 

22 23 24 

APPLIED TEMPERATURES 

ELAPSED TEST SERIES 

TIME A B c 
COAYS) (of' ) ( 0 f' ) (0 F' ) 

-2 34 34 40 
- I 35 34 35 

0 32 32 32 
I 32 31 31 
2 31 31 31 
3 30 30 55 
4 29 29 30 
5 29 .2 9 . 2 7 
6 28 28 27 
7 . 2 7 27 26 
6 26 26 2'6 
9 25 25 25 
to 24 24 24 
I I 23 23 23 
12 22 22 22 
13 20 20 20 
14 18 16 18 
15 16 16 14 
I 6 14 14 14 
17 12 12 I 3 
18 10 10 I I 
19 5 5 5 
20 5 5 5 
21 5 5* 5 
22 5 - 5~ 

23 ·5 .. -' -

* fINAL DAY OF TEST 

FROST INVESTIGATION 
BASE COURSE TREATMENT 

TO PREVENT FROST ACTION 
1945- 1946 

HEAVE AND TEMPERATURE 
DATA 

JUNE 1946 
F'"OST ~F'FECT$ LA80RATO"Y &OSTON , MAS$. 

PLATE 18. 
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0.40 0.40 

Ul 
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1!1 D-14 5.0% BUNKER "c" OIL 
~ 

D-15 6.0% BUNKER •c• OIL (NOT PLOTTED- NO HEAVE) 
~ Q.20 
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~ 0.30 
w 
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0.20 
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w o .. 1o 
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~ --z 

l I l..---t---' 0 -0.50 
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~ 
c( 
...J 
":1 

1000 z 
:::1 
(,) 
(,) 
<( 

0 0·50 
D 

0.40 ~D~s NO ADMIXTURE w .> 1!1 D-7 2.0% BUNKER •c• OIL 
~ 0.30 I 

I 

A D-8 4.0% BUNKER •c• OIL 
:J: I 

0.20 ! 

I L ~ 0.10 

I ! . ! I / 
0 ! 
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f/1 0.40 
IU 
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~0.30 
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w 
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v ~--
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~~-

l-:::: ~ 

1--+- v :...--~ / 
_~_v 

D-9 5.0"4 BUNKER "c" OIL (NOT PLOTTED-NO HEAVE) 
D-10 6.0% BUNKER "c" OIL (NOT PLOTTED- NO HEAVE) ./ 

0 D-11 NO ADMIXTURE v / 8 D-12 2.0% BUNKER "c" OIL 
1--- ....... 

I __..!.---1---

~ ~ 
v 

6 8 10 12 14 16. 18 20 22 24 
NUMBER OF DAYS IN TEST · 

ACCUMULATED DEGREE HOUR CURVE 
'\ I 

""' 
/ 

'7 
/ 

// 

/ 
v 

v 
v / 

~ 
......... 

l,...---- r-- --
-<i>D I NO ADMIXTURE ----r-fl D-2 2.0% BUNKER "c" OIL L.--
A D-3 4.0% BUNKER "c" OIL .--:-v __... 
o D-4 5.0% BUNKER"C" OIL 

;V 1--" v 
v v 

dv v !.--= I-""" 
lu le!: 14 16 18 20 22 24 

NUMBER OF DAYS IN TEST 

I 
I 

26 

I v 
I 

I 

I 

26 

APPLIED TEMPERA1TURf S 

ELAPSED TEST SAMPLES 
TIME 

(DAYS) 01 TO 0 4 05 TO 08 ,09 TO 0 12 013 TODI6 
I 38 37 37 37 
2 38 37 37 37 
3 38 37 37 37 
4 38 37 37 37 
5 33 33 32 32 
6 34 33 31 33 
7 32 33 31 32 
8 31 30 29 30 
9 31 30 29 30 

10 29 29 28 28 
II 29 28 27 28 
12 28 28 27 28 
13 27 26 26 26 
14 27 26 25 25 
15 26 25 23 .25 
16 25 24 23 24 
17 25 23 22 23 
18 23 22 21 21 
19 20 19 17 19 
20 18 16 14 16 
21 15 14 12 14 
22 13 12 9 12 
23 10 10 7 10 
24 7 6 3 6 
25 5 4 I 5 
26 5 5 I 4 
27 4 4 - -

Specimens D-1 lhrouoh D-5 prepcnct wilh Soil Mix No. I. 
Specimens D-6 throuoh D-10 prepored with Soil Mi1 No.2. 
Specimens D-11 throuoh 0-l!i prepored with Soil Mi1 No. 3. 
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APPLIED TEMPERATURES 
ELAPSED TEST SAMPLES 

TIME 
El TO E4 E6TO EB E9 TOE12 EI!TOE16 (DAYS) 

I 39 39 38 39 
2 34 34 34 34 
3 34 33 34 34 
4 33 32 33 33 
5 31 31 31 31 
6 30 31 30 30 
7 28 30 29 28 
8 28 29 28 28 
9 27 28 27 26 

10 26 26 26 24 
II 26 24 24 25 
12 24 24 24 26 
13 23 23 22 23 
14 23 23 .23 23 
15 23 22 22 23 

16 22 22 22 23 
17 21 .20 21 22 
18 18 17 17 19 
19 16 14 15 18 
20 12 II II 15 
21 8 6 6 II 
22 6 5 5 10 
23 - 10 7 6 

All IPid-_.. prepared wHit New HalllciiN,. Slit. 
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-- DESIGN CURVE FROM ENGINEERING MANUAL 
PART XII CHAPTER 4, JULY 1946 

NOTES-

NUMBERS NEXT TO PLOTTED VA.LUES SHOW COMBINED 
.THICKNESS OF PAVEMENT PLUS BASE. 

FROST PENETRATION IS IN NON- FROST SUSCEPTIBLE: 
MATERIALS ONLY. 

FROST INVESTIGATION 

1946-1947 

CORRELATION BETWEEN 
FROST PENETRATION AND 

FREEZING INDEX 

FROST EFFECTS LABORATORY. BOSTON ,MASS. JAN. 1948 
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ANNUAL AIR TEMPERATURE 
(DEGREES FAHRENHEIT) 

FIG. I 

NORMAL FREEZING INDEX 
(DEGREE DAYS) 

FIG.2 

DURATION 
or 

NORMAL FREEZING INDEX 
(DAYS) 

FIG.3 

FROST INVESTIGATION 
1945-1946 

ISO~RAMS 

FOR PREDICTION OF 
FROST PENETRATION 

JUNE 1946 
FROST EFFECTS LABORATORY ,BOSTON,MASS. 
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APPENDIX A. 
MA!HEMATICAL STUDIE.S OF THERMAL PROPERTIES O·F SOILS 

-··---··----;-···· ·······--········-···-··---·· 

Symbols and Definitions 

Symbol 

A 

a 

B 

c 

c 

E 

·e 

F 

H 

h 

.K· 

k 

. .. 
'The f·.9tlowin~ ·symbols are u·sed i"n the mathematiCal studies: 

'Def i" nit ion 
I 

I 
Temperature difference between annual 
I. 

: me an a i r t e m p'e rat u re ( v 
0 

· l a nd f re e i i n g 
1 temperature ( 32 ° ) 
l . 

Thermal Dlffusivity k/C 

Amplitude of air.temperature change for 
·: yearly eye !e ·= 112 range 

I . . 

Volumetric heat 
I 
I 
I 

Volumetric heat of I ayers 1,2, .• n res pee: 
I tive ly 
! 

yo I umet.r ic heat 
I 

I 
Vo I umetr ic heat 

~_pee i f/ic -heat 

i 

.. 

in frozen state 

in non-frozen state 

Th'ic kness of ins u I at ion I ayers ) , . 4, ... n, 
,. · res pe c t i v e I y. · . . 

I 

·Surface coefficient =. ·kt.f;. 
I . . . . . . . 

! 
~as e of nat u ra I ( Na p i e r i an ) I og a~r i t h nls 

·: =2.718+ 
i 
'Freezing index 

freta 1 heat ~n~·en tip by ·soi 1 - Qt 

pe pt h . be I ON g r_ound s u rfac~ 
i 
I 

~hermal gradient 

Fonstant of integr~tJo~ 

The nna I conductivity 

A-1 

Unit 

OF 

BTUI(ft3) (°F) 

BTU I (ft3 ) ( °F ) 

BTU I ( ft3 ) ( °F ) . 

BTUI(ft3) (°F) 

BTU I ( I b ) ( °F ) 

ft. 

.ft. 

BTU / (ft) ( °F )( hr') 
. ' 



I I 
I 

- . 
- i 

sym.~ol 

L 

Q 

R 

s 

T 

t 

v 

X 

' - li i . 
' I 

- ' 

De f i ri i t' i on 

The rma I conductivity of I ayers 1,2, ... n 
res pe c t i v e I y 

The rma I c ond uc t i v i .t y. i.n frozen state 

The rma I conductivity in non..,.,.f roze n 
state 

Latent heat of fusion of water in so i I 

Rate of heat flow f.r.om.ground surface 
= ki 

. - ·d . d ... d · .. 
The rma I res i starice = · I + ~ + ... -~ 

kl k2 kn 

Thickness of upper soi I layer 

• I - ~ 

. Time period of temperature change for 
· 1 year 

TIme increment = d uraf ion of· freezing 
index 

Tempe rat u re amp I i t ud e i n s o i I at de pt h 
"h" . 

Ave rage a i·r temperature .d u-r i·ng. period 
. of freez· i ng 

Ave rage so i I temperat-ure = mean annua I 
air t~mperature 

Constant suddenly impressed air tem­
perature. 

Va r i a b I e a i r tempe rat u re d u r i n g P,e r. i od 
"T". 

Dept h. of freei i ng = de pfh of me' It i rig for 
rising soil tempe-ratures. 

Depth of freei ing, when soi I. is overlcdn 
by an insuta:t ion .layer 

A-2 

Unit 

BTU I ( ft ) ( °F) ( h r J 

BTU./ ( ft J .( °F J ( h r ) 

BTU I ( ft )( °F) ( h r) 

BTUift3 

. BTU I ( ft2 J ( h r J 

ft 

365 days 

day 

ft 

ft 



.... 

Symbol 

z 

f3 

N ,z, e 

P,G,m,y,S,tj.J 

¢ 

In 

. PROBLEM NO. I 

Definition 

E:levation of a point from the boundary 
l layer - measured in opposition to "h" 
! 

I h 
Growth. co~fficient of melted layer= 

2V24at 

i 
P~rameter = 2w/T 

o!imens ion less parameters for simp I if i·­
: cat ion of equations 

Phrameters for simp·r ification of equa~ 
I 

: t ions 

i 

Mean temperature gradient-in period ~t 

I tog t 0 the base 11 e II 
I 

Unit 

ft 

°F/ft 

Given 1a homogeneous, isotropi.c soi I mass of semi-infinite extent, 
with its initia:l temperature at temperature "v

0
". Its surface temperature· 

is suddenly ch;anged to temperature "v p". 

(4) Find the thermal diffusivity,"a", by measuring the tem­
pe rat u r e g r ad i e n t s a t d i f f e r e n t t i me s , neg I e c t i n g I ate n t heat • 

i . . 

. . i . 
The t e m p e rat u re at a n y d e pt h " h" at t i me "t 11 .i s 

. I 

' - I v(h tl- 'fo + (vp""'" v 0 ) [I- erf !/3)] 
' I 

.. [I ] 

I 

where the .erfi !{3l is the probabi I ity-integral, 
"error-function" of {3, and can be ex pressed as 

also known as the Gau~s 

! e rf ( f3 l = 
I 

I 

I 

2 {3 -u2 
r-- I . e du 

v w 0 

I h 
By de~inition f3 = ••.• 

I 2h4at 

. . . .. . ·. . . . . . . . . [2] 

. [3] 

At an~ time "t":, the ·temperature gradient "i" can be expressed as 
·'the slope of ihe temperature 

. dJ d d/3 
=-1 =- (v ·-v l-- erf f3 (-l 

d ~ 0 p d/3 . . d h 
• • • 0 0 0 • • 0 • ~ • 0 [4] 

A-3 

• 



i 1 I 

. ' 

- 1 I ; "" ~ . . . . I . 

d ·2 d f3 2 2 /32 
Now -erf f3 =-. --J e-u du =-e-

d/3 ;:;- d{J 0 ;:; 
. . . . . . [5] 

dv 
. --= -(v. 

dh 0 

2 _R2 I e-f32 
v 1-e t-J = -(v -v J---- . 

P ,;:;- · 2124a t ~ P 12477a t 
. . . [6] 

\.. 

2 
b 

At t ime ·" t 1 " , i 1 = e 96 at 1 ( v 0 ....;. v ) --;:::===---!-.. . . . . . . .' ~ . [7] 
P . 1247Tat 1 

- n2 
e 96at2 

and at time "t2 ir, ; 2 = """(v
0 

- v l ---­
. P 124Jrra t 2 

. . . . . . . . . . [8] 

· _ h
2 # !!- h2 I _ J._ l 

• ~ = e 9~ _2_ = l . e 96a ( t 2 t 
1 

. . '2 h2 t I . t I·· . 
. . . . . ,[ 9] ' 

h2s 
· · il - ~2 e 96a Then-- -. 

i2 t I 
. ... . . ~ ·. . . . . [I 0] 

• • ·. • • • • • • • • . . . ·.· •. . • • • .• [I· I ] 

96a 
. . . . . . . . . . [12] 

a = ................ ~ . ·. [13] 

A-4 · 



V a I u e s of 11 i 1 
11 a n d 11 i 2 

11 rna y be o b t a . i ned by p I ott 1 n g t he . t e rr: pe r a­
t u re prof i I e s f 0: r t i me s 11 t 1 

11 a n d 11 t 2 
1

' a n d t he n d raw i n g tang e n t s t o c u rv e s 
I 

at d e pt h II h II • · 1 

This pr[oblem is generally one confined to the· laboratory. In 
nature, the soi I temperature is not uniform at anytime and the tempera.­
ture over a give~ period never. changes from one constant value to another. 

i 
( b l i F i n d .t he : t he r.ma I d i f f us i v i t y 11 a 11 by n ot i n g t he t i me r ~ -

qui red. for a po!nt at depth 11 h 11 to change its temperature .bY (v 0 + vpl.· 

j 

I 
2 

Subst it~t ing 
: 

v 0 ·+ vp 

2 
for vh,t' equation [I] becomes· 

I 

+ 
.t 

v o v P· = 
2 i 

v 
0 

1- · ( v p - v 
0 

l [ I ~ ·e r f ( f3 l ] 

Then erf (j3J = I /2 . 
I 

[ 14] 

i 

t a 6 I e s of e r r or f u nc t i on s or F i g . . 5 , P I ate A-2 when e r f · 

I 

From 

( j3) 

From 

Then 

= '!I I 2 , j3 = 0 .4 77 : h 

d e r i n i t i 0. n j3. = --;-:::--:--:----
1 2V24at . 

h ~ 2,B124at = 2 x 0.477124at 
i 

'i 

or a = 
I 

I 
I 
I 

I 

= 
21.91 t t 

.· .• . . . . [I 5] 

·T~us, w/ith a so·i I rl,lass of very great depth at a uniform tempera-
ture 11 v 0 "~. ·and ~he surface temperature is suddenly changed to temperature 
"v " , t he n w i t h / a t ~e r IT! qrne t e. r o r the ~ m oco u p I e p .I aced i n t he s o i I at d e p t h 
11 hf. and the t im;e noted when the ·soi I temperature. reaches a value halfway 
between 11 V

0
11 cHid 11 Vp", a value of "a" can. be obtained. This problem is 

confined to the! laboratory. 

PROBLEM. NO. 2 

ex posed 
s 6 that· 

Given a homogeneous, isotropic soi I mass of semi-infinite extent, 
to peri:odic temperature changes over a sufficiently long period 

. ~ . . . . 

t.he inferior temperatures .are .also periodic. 

! 
Fi.1d the therma I d.iffus iv ity "a", by measuring the tempera-

A-5 
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I ' 

l 
. - I . . . 

• - I 

- I 

. I ' • 

·ture gradients at different times, one quarter_y~ar apart, neglecting la­
tent heat. 

The surface temperature· can be expressed as 

v s . ::t 3 2 + A '+ B c OS cu t . . [I 6] 

. The temperature at ·any depth 11 h 11 at any time 11 t 11 is 

-mh 
= 3 2 + A + B e · c os (cut mhl . . [I 7] 

where .. m. = lcu/48a - r -vi~· 

Atanytime "t", the temperature gradient 11 i 11 can be expressed 
as the slope of the temperature. versus depth .curve, . 

dv -mh -mh 
Then = -- = -mBe 'cos (cut-mh J+ mBe sin (cut-mh). . . [I 8] 

dh 

At time 11 t
1

" 

-mh · 
i 1 =mBe [s in (cut 1 -rnh l cOS {cut I -mh ) ) . . . [I 9] 

and at time 11 t 2
11 

-mh 
i 2 = mBe [s in~cut 2 -mh l ~·cos !cut 2 - mh J] · •••• · .• ··: · ••• [20] 

Now let fCh) equa I t.he sum of the sguares of the therma I gradients 
at depth 11 h 11 , 

gives 

2 
f( h l. = . i I + 

2 
. i 2 . . . . . . . . . . . . . . . . . [21 J 

i2 = m2 82e:-2mh (s j n2 (cut-mh ).:...2s in (_~t . ..:.mh )COS ('wt~mh J+c os2 (~t-mh ) ) 

= m2.s2e - 2 mh [ l-2s .in (wt-mh )cos (cut-mh r] 

f (h) = m2s2e -2mh [2-2s in (cut 
1
-mh Jc os (cut j -mh) 

- 2s in (cut 2 -mh )cos (wt 2 -mh l] 

. [22] 

[23] 

Since-~y hypothesis t 2 .= t
1 

+ T/4; substitution in.equa~ion [231 

A-6 



. : 
' = 2 m2B.2e-2mh 1 , and at depth h2 At d.e pt hi hI , f (hI ·) 

from yvh ich 

Example 

. I 

l 
if (hI l 

In : = 2m ( h
2 

::__ h 1 ) if (h2 ·' 
. i 

m l 2(h2 
1'.· :I' 

the [value 
: 
'· 

f(hl ~ 

-hi) In f(h2). ·;~·· 

of ."a"· can be. computed .. .: 

. [24] 

L25] 

[26] 

[27] 

Temper~ture prbfi les are·s·hown in Figure on Plat·~ A-1 .. Using 
equation .. [27] ~nd drawing ta.~gen·ts to the temperature profFies· for the 
months of June:and Sept.ember, the result's of "a"-are as follow~: . 

• I 

: 

Depth !June sept. f(hl ) f(hl i 
in h2-h I i IJ 

·Z i2 
. L f (h) I ri-.-- m m2 a II 12 . . f (h2) f ( h2) feet· ·! 

I 

I 0.0 I . 3;8 .144 . .-60 .. 360 .504 
4.3 i. 2.431 '. 8.883 . I 03 .OIOT . 0335 

I 
·5 .7 . 96 .922 .. 55 .)··o~ I .225 

' -I . ' 

2.2 : I .345 .2964 .067 .0045 .0797 
3.5. I ~ 3 I .64 ~.1 0 .010 I .648 

2.6 I 

~0506 .0071 '. i. : 2.495 .8998 .225 
I .5 ·2J0 4.00 . 23 . 053 . 4.053 

1..0 L ' .. 
2. 762 I .0159 .508 .2581 .001'4 ' . ; 

0~5 
; 

3.l3 
1 

I 0.89 .55 .3;03 11'.193· 

1he results' of the example indicate 'the difficulty of determin.ing 
"a". frorrLf ie ldjobservat iqns .. · 

. I . 

I· 
I 

PROBLEM NO •. ~·, I 
I 

'. 

Given d·.·homogeneous, isotropic.soil mass o"f serrii-:-infinite extent, .. 
ex posed to pe rji odic tempera t~ re changes over ·a s uf.f i c ient I y I orig period 
so that the in;terior' temperatures are· a.lso pe.riodk. 

A-7 



. I , -

. t __ I ! · , -

! : 

Find the:thermal diffusivity "a" from the temp~rature amplitudes 
at various depths, neglecting f~t~nt heat. 

Example 

From equations [16] and [17], 

v s = 32 +A + B cos w t, and. 

-mh 
v ( h, t l = 32 t A + Be., c os·(wt-r:nh) 

At depths "h 1 " and "-h2 '', 

---mh 
= 32 + A +Be cos!wt-mh 1 l, and .· .·- .. ·· 

--
-mh = 32 + A +Be cos iwt-mh2 ) respectively 

For maximum·val~es, 

-mh 1 · -mh
2 v h = 32 + A + Be ~ and . v h =. 32 + A + Be. 

I 2 

32 + A 
-mh 1 32 A m( h2 v + Be vh - - -

hi I = e . -· or 
. Be -mh2 v h - 32 + A + - vh - 32, - A 

2 . 2 

vh - 32 A 
I 

] m = In [ 
h2 hi . v 32: A 

. h2 

Since A = vo - 32, vh - 32 A = v 

£; .. ·VI . 

m = = 
h2 hi 

lnf\j-] .. 
. 2 

hI ) 

[28] 

,[29] 

[3 o] & [3 1 J 

. [32] 

[33] 

[34] 

From the· curves given In Figure_2,,. Plate A~l the fof lowing va_!.ues 
of "a" a re d e r i v e d 

Depth v VI VI a 

in ~2 
- hi OF -- l·n-·- m m2 

( ft 2 ih r ·feet v2 ·V2· 

10.0 4.7 
4.3 I .660 .5068 - ·.1179 .01390 .0258 

5.7 7.8 
2.2 I .256 .2278 .I 035 . 01071 .0335 

. 3.5 9.8 . ' 

2.0 I .224 .2021 .I 011 · .01022 .0351 
I .5 12.0 

I .0 I .142 .• 1328. .1328 .01764' .0203 
0.5 I 3 .'7 -. ·; 

. -
.. . .. 

A-s· 
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PROBLEM NO. 4 

Given a: homogeneous,· isot·ropic soi I mass of semi_:inf inite extent, 

subjected to a q:hange of temperature over a period of time. 
I 

Find th~ thermal d iffus ivity "a" from temperature variation wit-h 
I 

depth, at two o!r more different times, neglectin.g latent heat. 

v tempe rat u re 

v 2 =temperature vs depth 
curve at time t 2 

depth 

Let "Q 
depth (h 2 -h 1 

= tota I quant it·y of heat absorbed by a layer of soi-l of 
and of unit cross sectional' area in the period 11 ~t" 

(~t =t2 -tl). 

Then Q 
- h2 

CJ (v2 - v 1 ) (dh) L •••••••••••••• [35] 

hi 

C x Area between temperature curves and. depths ''h2 '' and 

"hi" 

Let "QI'' ~nd 11 Q2 rr equal quantities of heat per unit area of sur­
face, transmitted out of and into the layer through planes.-''hl'' and "h2 ", 

respectively,· iln time "6t". 

Ql = 24k¢1~t ...... -· ....... - ....... . 

I -
Q2 = ~4k¢2~t 

Now thl increase in heat in the layer during the time interval 

"6t" is the d irfer~nce between heat input and heat output. 

Q = Q 2 l Q I - 2 4 k I ¢ 2 - ¢I I { t 2 - t I I = C X A rea . . . 

[36] 

-[3 7] 

[3 8] 

I 

I 
A-9 

.I 
I 



I ; 
• I 

. . I . 

k Area 
or - = ---------- = . c 24!¢2 

a [3 9] 

In genera I terms 

(v2 vI l (h2 hI ) 6v6h 
a 

(¢2 ¢1) (t2 t I ) 6i6t 

dv dh dv [40] =-x --=--x 
dt di dt d i /dh 

"dv" 

dt 
is the tangent to the time-temperature curve :at a given depth where 

11 d iII 

arid time and. 
dh 

is the tangent to the temperature---gradient curve. Time 

i nte rva I "6t" must be ex pressed in hours. 

Example 

Using equation [39], and.values o-r thermal .gradient"¢" from Figure 
I, Plate A-1 for the months of May and June (typical example is plotted 
in Figure 4, Plate A-1) the following valUes of "a" are obtained. 

For May to ·June 

6t = 31 x 24 = 744 hrs. 

Depth v 
v2 + VI ¢2 - ¢, 6t a 

in h2-hl. (OF) ¢ times Area (ft2 1hr) 
feet. 2 (&j:J) frp 

I 0.0 2.18 -0.23 
4 ;3 3.23 .52 386.9 13.889 . 0359 

5.7 4.27 :..o. 75 
2.2 4.81 .33 245.5 I 0.582 .0431 

3.5 5.35 ~I .08 
2.0 5.68 .75 558.0 II .360 .0204 

I .5 6.00 -1 .83 
I . 0 6.11 I. 72 1279.7 6.110 .0048 

0.5 6.22 -3.55 
"dv" 

Using equation [40] and values of --obtained from Figure 2, 
dt "d i" 

Plate A-1, and values of thermalgradient slo.pe --.obtained from Figure 
dh '"dt" 

3, PlateA-1. Values of --were obtain.ed from tangents drawn to the 
dh 

grad i e nt curves. 

A-10 



Dept_h dv 
°F/month 

di 
°F/ft2 ft 2 /h r tn -- -- a = 

feet dt dh 
Apr. ! June Nov. Apr. June Nov. Apr i.l· June Nov. 

.I 0.0 0.7: 2.5 -2 .I . 035 . 135 -.070 .0278. . 0257 .0417 
5.7 2.5· 3 ~.'9 -4.3 . 085 . 135 -.150 .0408 . 0402 .0398 
3.5 3.6 ·4.7 -5.8 .· . 170 .190 -.245 .0294 .034.1. . 0328 
I .5 5~3 4_.0 -5.0 .620 . 720 -.355 • 0119 .0097 .0125 
0.5 6.5 5.0 -6.2 I ~57 2.64 -.380 .0057 .0027 .0226 

I 

PROBLEM NO. 5 

i 

Given two layers of homogeneous, isotropic soi Is, possessing d if-
ferent soi I prloperties·, the uppermost of which is exposed to a periodic 

• , I 

temperatur~ change. 

heat. 

I 
I 
I • 

Find the.therma I diffus iv ity "a" of both layers, neglecting latent 

Surface . ex posed to vs 

Soi I ·_layer =HI a, = kl 

.6-~ ml = 
z 

I 

hi Soi I layer :fl2 

G a2 = k2 
m2 = --

c2. 

i Layer 12 of infInite extent 
I -

A,
1

rrows indicated irect ion of measurements for 11 z" 
and 11 h11 

I 
I 

It is hssumed that the impressed periodic syrface temperature can 
be expressed b~ equation [16] 

vs = 32 .+ A + BcoscJt 

It ca-n then be shown that the temperature at any point 11 Z 11 in 
I 

I aye r I I at t i me 11 t 11 i s , 

. . [ 8 m z -m
1 
z 

V1 rz,t 1 = 3'Q + A+z [e 1 coslwt + m1z- 81 + Ne coslwt-m1z-8J]. [4i] 

and the t~mperlatur_e at any point 11 h" (n layer 12 at time "t 11 is, 

8 -m h 
v 2 (h,tJ =3!2+A +Z(I + NJe 2cos(wt--m2h- BJ...... {42] 

A-It· 
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where "N", "Z" and "8" are parameters expressed as follows: 

z = 

tan e 

N = ~- Vk2C2 

~+ /k2C2 

./. 2m 1s 2 2 ~2m 1 s e . + 2 N (-I + 2c os m 
1 
s J ' + N e . . . . . . ·. . 

· -2m
1 
s 

= tan m s [ 1 -Ne ] 
I I+Ne-2m 1 s 

[43] 

[44] 

[45] 

Now, differentiating equations [41] and [42] and following-the 
procedure outlined in Problem 2, equati.ons [IS] to [27] inclusive, it can 
be found that 

and· 

m2= £; = 

f·( z f.) 
In----

f I hI J 

------In---= equation [27] 
2 I h2 - hI J f I h2 J 

[46] 

However, values of "a" may be as much as 20 per cent in error. 

lfthedata were available as to the exact location of layer boun­
daries and for soi I tempera·ture profiles, then, at the soi I interface, we 
have 

kl i I = k2 i 2 . . . . ~ . . . . . . . [4 7] 

This rat i.o of therma I conduct iv it ies may be of some he _I p. 

PROBLEM NO. 6 

Given a. semi-infi8ite, homogeneous soi I mass~ th~surface of which 
is· exposed to periodic temperature changes over a sufficiently lon~r per­
iod so that the interior temperatures are also periodic. 

Find th.e depth of frost penetration "x", neglecting latent heat. 

It· is assumed that the periodic su.rface temperature can be ex'"'"' 
pressed by the equation 

v = 3 2 + A - B s i nwt s 

a-·nd that B>A, so .that the temperature .drops be low freezing. 
\ 

A-12 
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The temperature at depth "h"· at any time "t" is_ 

i . -mh 
v ( h t 

1
,
1
) =· 32 + A - Be sin (cut - :mh) . . . . • . . . . . • . [49] 

.1 I ~ 

To find/ the trace of freezing temp~rature (32°Fl surface -"x", 

! 
Then. !' 

· -mx 
3 2 f 3 2 + A - Be s i n ( wt mx ) [ 5 0] 

i -mx 
o r A = Be s i n ( wt - mx ) 

I 
mx: 

Ae I= 
I 

i 

I 
or 

I 

B s i n ( wt - mx ) · . 

B 
mx = I n. f-s i n ( wt - mx l] 

A 

ahd x --ln~sin(wt- mx-) =_ ~ ln~sin(wt- mx) 
I m · A /----;;- A 

I 

Now "x"i is a maximum when sin (wt- mx) = 

- I - -

[51] 

[52] 

(53] 

• x .,= ;'2'W In~ ................. . 
• • rna~ /--:;;- A 

[54] 

Ex.amp le 

Given: v
0 

= 42°; 

Find ·rrx" .· 

X -
- )2

1

14 X 0 . 03 X 3 6 5 2 0 
- In-= 183.60 

3. 1416 I 0 

I 

In 2 

FROBLEM NO. 7 I 

= 9. 14 X 0. 693 = 6 .-34· ft. 

I 
Given two layers of homogeneous,. isotropic soi I possessing dif-

ferent soi I prfopert ies, the uppermost of which is exposed to periodic 
surface temperature changes over a sufficiently long period so that the. 
i n t e r i or tempe ~at u res are a Is o per i od i c . 

I . 
Find the depth of frost penetration "x", neglecting latent heat. 

A-13 
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Let the surface temperature be expressed by equation [48] 

, v s · = 3 2 + A - B s i n .wt • 

and. let B>A so that the temperature drops be low freezing. 

As indicated by equati.ons [41] and [42l, the temperature at any 
point 11 Z 11 at time 11 t 11 in layer #:I can be expressed as 

B m z -m z 
v I ( z , t ) = 3 2 · + A - z [ e I s i n ( wt + m I z .:... 8 ) + N e I s i n ( wt - m I z - 8 ) ] 

[55] 

and at a n y p o i n t 11 h 11 
. at t i me 11 t 11 i n I aye r #: 2 by 

B -m2 h 
v 2 ( h , t ) = 3 2 + A - z' I + N ) e s i n ( wt · - . m2 h _:_ 8 ) . . ~ 

where 11 N11
, 

11 Z11 and 11 8 11 are para~eters given by equations [43] [44] and 
. [ 4 5] res pe c t i v e I y . 

Proceeding· in the manner indicated in Problem #:6, the ·trace of freezing 
temperature (32°F) surface. 11 X 11 in layer #:I is 

B 

m z -m z 
e . I s i n ( u.Jt + m I z - 8 ) + N e I s i n ( wt ~ m I z - . 8 ) . . [57] 

AZ 

and in I aye r #:2 

·Az . -m2 x = e sin(wt- m2x- 8) .......... ~ [58] 
B ( j + N) 

Solution for "x" i~ equations [57] and [58] is bycut and try methods only. 

PR 0 B L EM N 0 • 8 

Given a homogeneous, isotropic ·soi I mass of semi-infinite extent, 
the surface of which is exposed to periodic temperature changes over a 
sufficiently long period.so that the interior temperatures a're also per­
iodic. 

Find the depth of freezing "x"; neglecting volumetric heat but 
considering latent heat of fusio-n "L". 

It is assumed that the periodic temperature. change can be expressed 
by e q ua t i on [ 4 8] 

vs = 32 +A - B s inwt 

The temperature gradient through a frozen layer of thickness 11 x" 
is 

A-14-
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= 
32 A 

Now, t h~ 

The 
I 

hea
1

t 

I 

Eq ua t i n[g 
I 

32 + B s i nwt B sin wt - A 
= 

X X 

heat I i berated in freezing a layer of thickness 

dH = Ldx 

conducted out in time "dt" is 

dH = 24 k i dt . ·. . . . . . . . 
[ 6 0] a n d [ 6 I l 1 a n d s u b s t i t u t i n g [ 5 9] f o r· " i " 

kdx = 24k 
2 4 k i d t = -- ( Bs i nwt - A ) d t . . .. . . . . 

·for Lx dx = I B s i: wt - A Jdt . · • · · • · · · 
i 24k 

lntegrat_ing f. 

Lx2 :_ -B 

vo 

v = 

-- 1- -· coswt - At + K ....•......... 
24k I 

I 

w 

T 
- 7Tt 

2 

t 17 
I . 

1 t· A 

i 
B 

From sJetch, when t = t 1, x = 0 and A = B s inwt 1 

s inwt 1 

A 
=Band t 1 

A 
=-arc sin-

w B 

A-15 .• 

[59] 

"x" is 

'[60] 

[61] 

[62] 

[63] 

[64] 

[65] 



for [64] at time "tl" 

-8 
/s2 

A A I 
A2 0 -- - - -arc sin-+ K 

w B uJ 8 
'\ 

I s2 - A2 A A 
and K = +-arc sin-

w w ·B 

Lx 2 · B A A 
and--= -- coswt - At +_I /s2 A2 +-arc sin-

24k w w w B 

x = /24k 8 . I j A A 
--[- - cos wt - At + --,- v B2 - A 2 --arc s i n -] . 

when 

L w w w B 

By rewriting equation [63] we· have 

dx 

dt 

Eq.uat i ng 

2 4 k ( B s . i n wt - A 

Lx 

"dx" 
to 0, the maximumandminimum penetration is 

dt 

A 
t --arc sin-

cv B 

[66] 

[67] 

[68] 

reached 

[ 69] 

Two values of ·"t" satisfy equation [69] as can be seen from fore­
going sketch. At time "t 1", penetration is zero and at time "t " me It ing 

2 '·, 
· beg i n s a n d pe net r a~ i on i s max i mum . 

. T 
N ow t I - t 0 = 2 - t 2 

T 
t2 = 't = ~- -t max .2 , . I 

..... [ 7 O] 

Integrating equation 
xmax. t2 

[63] 

L J xdx = J K!B sin wt - A l dt 
24 k. 

0 t, 

2 B . t2 
Lxmax 

= [--cos wt - At]-.- [71] 
48~ w 

t, 

A-16 
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-B 
c oswt 2 +, cos.wt I l _- A(t 2 - t I l =-, 

• B I T 
= -;:; )( c c:iswt 1 ..-: c oswt 2 ) - A (2 - 2 t 1 -l 

! 

[72] 

( I s2 - -A2 
I . / s2 -- A2 

Now c osFt 1 · =-
8 

and c oswt 2 = -
B 

Subst it,ut i ng :these va I ues in equation . [72] 

i Lx~ax __ B / B2 - A2 ·B / s2 A2 T 

I 
+ -----'---- -A (- - 2t I) 

48 k · . w B w B 2 
,. 

__ 1_2 I s2 2 T 2 I 2 2 T - A. - A (--- 2 t -
1 

l =;.._ B - A + A ( 2 t I - - l 

I w 2 w 2 

I 27T I A 
Substituting- for -"w" and -arc sin -for "t 1" 

i T w 8 

[73] 

I 

= ~[24T I s2 -_ 
24T A 24T 

xi A2 + 
7T 

Then A(-arc sin- -- ___,.)] 

max L 7T 7T B 2 7T 
I 

i 

~ 2kT I 2 A 
= -[24 -B - - A2 + A(24 arc sin-- 127T)] 

nl B 

I 

I /=4skT [ /- 82 2 A n xm,'ax V A + A(arc sin--- l] ..... 
nl . B 2 

. . i . . . 
. · _ I f t he j port i on of t he c u r v e be I ow 3 2 ° F i sass u me d t 9 be pa ra b o I i c , 

the equation forthesurface temperature for that portion can be-expressed 

by - - I - 2 . -
I 4t 

l

v
5 

= (8 - A l (---,.----_t-----)2 -I l + 32 . . . . . . .. . 
(,t2 - I_· 

[74] 

[75] 

I 

I 

2_t - t 2 - t I 
or = ( B A l [ (· J2 -- _I] + 32 · . . . . . . . ~ . 

. I . t 2 ~ t 1 

ProceL ing in the manner out I ined by equations (59] through (74] 

inc I us ive, thein 

[76] 
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/ 

. . .. [77] 

Example 

Using the ~arne dat~ as was used for exa~ple for Proble~ No. ·6; 

v 0 = 42°; B = 20°; a= 0.03ft2 1hr and further 

assuming C = 30 and L = 2880, then for use in equation [74] 

Then 

k = aC = 0. 03 x 3 0 = 0. 9 

48 X 0. 9 X 365 
------ [1400 
3. 1416 X 2880 

IOO+IO(arc 
10 

sin-.-
20 

=I 1.74 X 117.32- 10.47) = ~ = 3.45'ft. 

for use in equation [77] 

Then 

12T 
tl ---

7T. 

T 
t . 2 2 

7T 
·-= 

6 

T 
2T hours =-days 

12 

5T 
t, = 12 = lOT hours 

(20 I 0) ( I OT - 2T·J 

= /.QQQ417 X 10 X 8 X 365, = ~ = 3.49 ft. 

PROBLEM NO. 9 

1.5708)] 

Given a homogeneous, isotropic soi I mass of semi-infinit.e extent, 
the surface of which i's exposed to a vari9-ble surface temperature which 
is a general function oft ime. 

F i n d t he d e p t h of f r e e z i n g 11 x 11 
, neg i e ct i n g . v o I u me t r i c heat b u t 

considering latent heat of fusion 11 L". 

The surface temperature can be expressed as 

v = f ( t i s . . . [7 8] 

A-18 
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i 
Proceedling in the manner irid icated by equations [59] to [62] in-

c I L! s i v e , t hen ! 

I 

I 
I 

32 - f ( t ) 
=----'----- ................. · 

X 
I 

I 
Ldx = dH = [

32 - f ( t ) ] . = 24k dt 24 kid t 
! X 

i 24 k [ . ] 
Then ~dx --- 32 - f(t l dt 

i L 
. . I 

Integrating 
x 2 24k 
-·= --jt [32-f(t J]dt 

2 L o .· · 

.Jt I 
Now oj 32 -·fit ldt. = F = 

I ·· xrrax = ~-
1 

I 

Example 

fre~z i ng ·.index 1 n degree days 

Using data 
I 

B = 2 0° ,; a = 9. 03 

from examples for Problems No.6 and No.8 v 0 
ft 2 1nr; C = 30 and L = 2880. 

. i 
F = · (32-v s l t vs = vo - B = 42 - 20 = 22°F. 

T 
t = t2 tl = - = 121.7 days 

3 

X
= !1.~8 X 0.9 X 1217 = 4.26 ft. 

2880 
I 

PROBLEM NO. I 0 I 

[79] 

[so] 

[81] 

[82] 

[83] 

= 42°; 

Given l homogeneous, isotropic soi I mass of semi-infinite .extent, 
the surface of[ which is exposed to a uniform temperature above freezing 
"v

0
" which is 

1

zuddenly reduced to below freezing "vf"· 

Find the depth.of freezing "x", assuming that the latent heat "L" I . ~ . . 
is greatly in excess of the volumetric heat 11 C11

• 

The he~t I i be rated in freezing a sma I I depth "dx" ·is "L. dx", which 
must be conducted upwards through a distance "x". 

I . 

- I . . . . 
The therma I grad ien.t is therefore, 

= 32 - vf 
X 

. [s4] 
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He n c e t he rate of u pw a rd f I ow 

24k 

X 
( 32 ~ v f) dt . . . . . = [85] 

Now, if t.he unfrozen soi I has a heat capacity ·of "Cu" per unit 
volume and is originally at temperature '.'v

0
", then the heat l.iberated in 

lowering the temperature of the layer of thickness "dx" from "v
0

" to the 
freezing point (32°FJ, is 

dH = Cu(v 0 - 32ldx 

24k 
Then, Ldx + cu (v 0 - 32 Jdx 

X 
(32 - vf Jdt. 

or x dx = 

Integrating., 

24k(32 - vf) dt 

L + C u ( v 
0 

-'- 32 l 

24k(32 - vf J t 

2 . L + C u ( v 
0 

- 32 l 
+ K 

When t = 0, x -= 0 1 therefore K = 0, and 

14 8 k · c3 2 - v f , t 

X = lt. + C U ( V O - 32 ) . 

[86] 

[87] 

[88] 

[89] 

If the volumetric heat o.f frozen soi I, "Cf'~,. is considered; then 
equation [87] becomes 

I 
ld X + Cu ( V 

0 
- 3 2 ) d X +-C f ( 3 2 

2 . 

and equation [89] therefore becomes 

I 48k (32 - vf·J t 

24k 
--- (32·- vfl dt ... • 

X 

x max = / ~ + C u ( v 
0 

- 3 2 J + .c f ( 3 2 - v f J 

2 

But by definition (32 -.vflt = F (in degree days) 

Therefore equation [90] becomes 

X max = I 48 k F 
/ L~-. +_C_u_( v-

0
,----3-2-J _+_C_f __ F 

2t 

A-20 
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i 
I-
: 
I 

I 

Substituting a weighted average value 

e q u at· i on [ 9 2 ] . !be c o m_e,....s __ __,__-------'---

1- /_-___ 4_8_k _F_----~ 
x rna x ,- / ~ + C ( v o 3 2 + _F_ -

2t 

Example 

11 C11 for II( II 
U· 

IICf", 

[93] 

Using same. data as for Examp-le for Prob lern No. 9,v 
0
=42°; B = 20°; 

a =.0.03 ft 2 1hr; C = 30; .and L = 2880 and further Cu = 32 and Cf = 28. 

Using equation [92] 

4 8 X 0 ; 03 X 3 0 X I 2 I 7 
·x 

.2 8 8 0 + 3 2li I 0 ) + 2 8 x I 2 I 7 ] 

2 X 121.7 

= ·. I 52, 6oo 
/2880 + 320 + 140 

, Us i ng eq Liat i o,n [ 93l 

X = 

. PR,OBLEM NO. II 

4 8 • X 0 . 03 . X 3 0 X I 2 I 7 

2880 + 30{10 + 1217 ). 

243.4 

= ~ = 3.97 ft. 

= 15) 

=! 15.80 = 3.98 ft .. 

Given a -homog~neo.us, isotr()pic soi I mas,s of semi-infinite extent, 
the surface of which is exposed to periodic temperature changes over a 
sufficiently lo~g period ·SO that the interior temperatures are also 
period i c. 

Fi~d·t~e depth of freezing 11 x 11
, assuming that the latent heat 11 L11 

is greatly in excess of the volumetric'heat "C 11 • 
. t 

The su)rface tempen:iture is assumed to follow the form expressed 
by eq ua t io·n [48] 

vi ·=·32 +A s 

is 

B s i n(Ut , i n w h i c h A = 0 

:. v s _ = 3 2 _, B s' i nwt . .. . . .• . . . .:,•· . 

The the.rma I gradient 11 i 11 through a frozen laYer of thickness 

l 32- v5 _ B sin Wt 
X, 

[94] 

II X II' . 

[95] 

Proceed i n g i n t he sa me ma n n e r as . i n Pro b I e m :fl I 0,. e quat i on s [ 8 5] t o 
[87] inc I us'i vej, · 
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~-



- - -_ j ; - ~ ' - i I . 

I . , 

I ' 

- - - I ; - ~ -

't.;~ 

.. 

Example 

24k 
Ld x · + · C u ( v 

0 
- 3 2 J d x = --· ( B s i n wt J d t 

X 

Transposing and 

x2 

i nteg rating 

24kB I 

2 
= ------------ (--coswt l + K 

L+Cu(v
0
-32l w 

Now when t = o, X = 0 

24 k B I 
K -- ·-

L + Cu (v o - 32) Ct.> 

x2 
48 k B .. = (I - coswt l ·. 

w[L + Cu (v o - 32 l] 

But I - coswt = 2 s in2 wt 
2 

2 Gut 
96kB sin-

x2 = 2 .. 
w[L + Cu (vo - 32 J] 

or x 
wt = 2 s i n-
2
-; ~ 24kB 

· w [ L + C u ( v 
0 

. - 32 l] 

wt T 
When wt = TT, sin- = I ' "x" is max. ·and t =-

2 2 

/{r(L2~ 
kBT =lrl 48 kBT 

xmax = 2 
c u(v o - 32 l] + cu ( v 0 

'-

- 32 l] 

Using values from examples 'tor preceding Problems· 
v

0 
= 42°; B ~ 20°; a = 0.03 ft 2 /hr; C ·= 30; Cu = 32; Cf = 28; 

and L = 2880 

= /48 x 0.03 x30·x 20 x 365 = 
X .-3.141~(2880 + 32 X 10) 

~ 31!5,000 
. 3. 1416 X 3200 

=131.35 = 5 .. 60 ft. 

A-22 
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PROS LE;M NO.. 12 I 
I 

Given a homdgeneous; isotropic soi I mass at the f:reez ing point, 
but with the soi I mo!isture unfrozen. The surface temperature varies as a 
genera I function of ]time ·but a I ways be I ow freezing. 

. ! . . . 

Find the depth of freezing "x''· 
. . ! . . 

I 

The surface ~emperature "vt" can be expressed by equation [78] 
I . . 

. i ~f=f(t)· 

I 
Proceed.i ng · i.l·n .. the· ma:nne r. ·j nd i ca ted by eq ua t ions [79] and [80J in 

Problem #:9, the,n 

.;" ' 3 2 -'- f ( t ) . 
. ::;· ~--------

-X 

. 32 - f ( t) 
and dH = ldx = 24 k idt .·~·· 24k · dt 

.x 

lx 
or-- dx = [32. ·icf )]dt 

24k 

Integrating 

~8· k .· t .. 
= I· [32 

l. :.o 

. . 

[ 1 oo] 

[·I 0 I] 

[I 02] 

. [I 03] 

Now co·n~ ide.r :ing ·the -volu_met ric heats _ '·'Cu". and ''Cf" and proceeding 
·in the manner indicaited.inPro.blern#:IO; equati'ons [87] to [go] i·nclusive, 
equation [ 1 ool ·bee ombs:-· : 

• _I. • • ' 

·. t.' . ' ·,: c . . . . 
·Ldx + c u [32 -1 f <t._lldx.-r-! [3·2·-~ 't c t )]dx -_ .._ 24 k [32 

j . ~ 2 . . X 
f(t )]dt [104] 

f 
. I . . 

and- equation [I 03] becomes I -, 

X = .I [I 05] 

L + cju [32 - nul+ :f [32 - fIt J] 

A-23 
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Substituting the weighted average value "C" for "Cu" and "Cf" 
eqoa~ion [105] becomes 

t 
48 k J. [32 ~ f(t)]dt 

0 X = ------------. . . . . . . . . . . 

Example 

.. L + 3C (32 · - f ( t J] 

2 

Now s i nee "v " is always be low freezing, f . 

t 
j [32 ~ f-~tJ]dt = F 

0 

Therefore equation [106] can_be written 

X = 
48 k. F· 

3C 
+ - (32 - vf) 

2 

Using values from~xamples for previous Problems 

v f = 22 °; a = 0 .03; _ C = 3 0; and L = 2 880 

X =/4 8 X 0. 03 X 3 0 X I 2 I 7 
2880 + 45 X I 0 

:! /52,60()' 
1-ma 

. . . 

= I 15.80 = 3~98 ft. 

PROBLEM NO. 13 

[I 06] 

[I 07] 

Given a homogeneous, is-otropic, se!l'i~infi_nite mass of frozen 
soi I at. freezing temperature, ·the surface of .which- .i~ exposeq _to a cor)...; 
stant temperature above freezing "vp"· 

Find the depth of melting "x". 

The temperature at any point "x" at any time ".t" can be· expresse;d 
by the equation 

. - . f3 
v(x,t) = f(x,t) = 32 + ~- J .. . . .. . . . . (I 08l 

X 
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i 

F l t. rom eq1ua 1 on [62] 
I· 

· dfh dv 
-L -,- = 24 k- .... (minus sign denotes me It ing) 

dit • dx 

Now, di/ff.erentiating equation [108] 
I. 
I 

I 
v = f(x,t1 

I dv. dv 
/d v = dx dx + dt dt 

·When i_h d-o· x- .. , v - · 

I · dv . · d h dv . 

· x=h dt d~ x=h 

I
t:. 0 = (-dx) . (-) + f--) . 

CombinIng eq~:t i ens 2~~ 09~vand [I~: l dv 

24

k dv 
2 

0 =(-) . (-. ) + (-) or-.--(--:-) .. 
d x x = h L d x d t x = h · d t L d x x= h 

From e~uat·ion [10~] by·d ifferentiation,· 

-x2 
dv · = Ae 96at 
dt 

4t124at 

and 

- x2 
dv 96a t = Ae . . . - . . . . . . . . . . 
dt 21~4at 

[I 09] 

[I 10] 

[I I I ] 

[I· 12] 

[I 13] 

[I 14] 

Subst1itut ing nh" for "x" ·and subst itut i·ng equat·ioris 
[1.14l· i.·n equatlion [112], 

[I I 3] and 

-~ 
-92~t -- 24k __ ~96at 

Ae h 

4t124 at 
96 L at 

~ 

N·ow ·.f16m equation [3] 

I 
i 
I 
!' 

h 
f3 21 24a t 

A-25 
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Equation [I 15] becomes 

-r¥ 
Ae . _fj_ = 

-2{l-
e 

2t 4 p.t L 

k Ae 
-{32 

or f3 = 
2al 

k j3ef32 
Hence --- . . . . . . . . . . . . . . 

A 2al 

Now from equation [I 08] 

' f3 2 -- ----. J e -u d u 
A vp - 32 0 

S u b s t i t ut i n g e q u at i on . [ I I 9] i n e q ua t i on [I I 8] 

2 J/3 2 = k (v p 32) 
j3ef3 e-u du 

0 2al 

[2] J~-u2 
e rf (/3 ),;; 

Now from eqtJat ion e du = 
0 2 

· 2 k(vp -32) · C('v·- 32l 
·• · {3ef3 erf(j3.) = -~---~ = P 

,;:;; a L Lv;-

I f f3 i s s rna I I , t he n 

0 

Substituting in equation [120] 

...... 

. h 
[3] j3 = Since from e~uation 

Then 
48 kt (vp 

x~· 

= 

2V24at 

. . ·' . . . . 

32) 

--------
L 
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I. 

I 
I 

Now ~ c on~ i d e r t he s e r i e s ex pa n s i on 
i . . 

I 

e 
(32 2 . . . p+· . . {36 

=I' +·f3 +-. +-· ....... . 
' 2! 3! 

Then 

I
t j3 e .. /32 = 3 . {35 /37 f3 t f3. +- +-.- ..... . 

2! 3! 
I 

f3 12 : . . {33 {35 . f3 7 
fe-~du=j3---+ ---+ ...... . 
·o 1 3·1! 5·2! 7·3! 

Hence I 
~·{3 2 f3 2 I ·[35 . . . !37. . . . . (33 {35 {37 . 

{3fi · ·j· -u = ·({3 + {33 f3 .. 

1

' .· e _du +-+--.. )( ---+-,-- ... ) 
. 0 . 2 6 2 'I 0 42 . 

. . . 2/34 
I . _.· = (/3 2 +-3-+ ~ ..... ·' [126] 

e q u9- t i on [ I 2 0] . be c orne s . ··Then 

rf32 +2,B'l- . = C !vp - 32 I 
3 . 2 L 

. [127] 

and 

l) [ 128] 

Ex amp i·e 

Using <iiata from I . 
a f 0. 03; 

I , 
I 

Usin: r:aj:: 
examples for previous Prob I ems. 

C = 30; and L = 2880. Also assuming vp 

[ 125] 

X . 0 . 03 X 3 0 X I 2 I ~ 7 X I 0 

2880 

= -/52,600 
. 2880 

- 118.25 ·= 4.27 ft. 

Us i ng eq ua t ion [I 28] 
I 

j I· / 4x.IOx30 x.=. · 72 X0.03 X 121.7 [ I+ -1·] 
3 X 2880 . 
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. . . , . I : . ; .. 

- I J. 

= 12 63 X • 06 5 = I I 7 . 09 = 4 . I 4 f t 

Using equation Lr20] and Figure 6, Plate A-2 

C(vR - 32) 30 X 1.0 = = 0.0529 = 'Af3 
L X 2 2880 X 2 

From Figure 6, Plate A-2,P = 0.225 

Since x = 2/3124 at = 2 x 0.225V24 x 0.03 x·121.1 

- 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 [1·20] and Figure 6, Plate A-2, gives_ the 
exact answer and is the easiest to use. 

PR 0 B L EM N 0 ~ I 4 

Given a homogeneous, i'sotropic, semi--"infinite soi I mass just above 
f r e e z i n g t e m p e rat u r e w h i c h i s e x p os e d t o a c on s t a n t t e m p e ra t u r e be I ow 
freezing "vp"· 

Find the depth of freezing 11 x 11 , assuming that the therma I .gradient 
varies uniformly from the surface t6 the d~pth of freezing. 

The surface temperature can be expressed by equa,t ion [78] 

v = f (t ) 
' p 

Then, as ind i.cated in equation [100] 

. [32 - f ( t ) J 
Ld~ = 24k dt 

X 

The volumetric heat 11 Cf 11 - I iberated_. in the frozen.zone of thickness 
" d x 11 i n t i me_ ,-, t 11 , · i s 

Cf[32- f!tl] 
d H = ---------- .d X 

[ 129] 

2 
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o.r 

I. 

I 

I 

! 

i - c f [32 - f (t ) J .24 k . . . 
:. -; -· [32:_f ( t ) J dt = 

I X . 

Ld X + d X ' .· . 

2 

.!' 

xdx = 
24k[32 

. cf·· . 
= L +- [32- f(t J] dx 

2: 

f(tl] dt 

: L + C f [32 - f ( t J] 
2 

Integrating 

. t 2 [ 3 2 - f. ( t ) ] d t 
48k f 

t I L + _s_ [32 - f ( t l] -· 
2· 

Now s i nee "v " is a I ways be I ow f re.ez i ng 
P· 

and 

t2 

fl [32 ~fit l] .dt = F and equation [132] becomes 

t, 

48kF 
x2 -. . C .. 

L.+-f [32 
2 

48k F 

x I cf 

·. , ~L + -
2

- ! 32 - v p l 

.· ............ ·• 

f ( t ) ] 

If thJ surface temperature is expressed by the form 
j 

I 
Then I 

v = 32 + B sin~ t s 

I 48k DB . ' 2. 
·x2/=--.{(A--l{.;2 2J 

i 
! 

w . G D - G 

G + Dtan 

·arc tan (. 

/o2 G2 -

A-29 

wt 1 

2 

G + Dtan 2· 
arc tan!------------

/o2 

8 
) ] +Gw(t 2 .-

2 G 

t ) } • 
I 

[ 13 oJ 

· [I 3 I] 

[I 32] 

[ 133] 

[ 134] 

[I 35]. 

[I 36] 



• 

where 

Examples· 

CfA .. 
D = L + -- a nd G --

2 

CfB. 

2 

Using data from examples for preceding Problem~ 

cu = 32; L = 2880; and vp = 22° 

Using equation .[134] 

/::8: o. 03 X 30 X 1217 52,600 
X = = 

X 28 3020 .·-(32 - 22) 
2 

=I 17.40 = 4.17 ft. 

Using equation [136] 

NON cut 1 
2 

cut 2 ·, 

2 

DB 
(A --) 

G 

28 X I 0 
D = 2 880 + = 3 02 0 

G = 

cu = 

28 X 20 

2 

2 

= 280 

27T 2 . X 3 . I 4 I 6 
= 

T 365 

T 5T 

- 0.01724 

t 1 =-and t 2 =- (from example Prob lem:·H8) 
12 12 

27T T 7T = -.-X ---
T · 24 12. 

27T 5T 57T = x_ = 
T 24 12 

3020 X 20 = I 0- = 
280 

10 - 215.7 - -205.7 

I o2 G2 = / 30202 - 28o2 = /g., 042, ooo = 3007 

A-30 
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! 

c.ut: 7T 
G + D tan --1 = 280 + 3020 + tan-= 280 + 3020 tan 15'0 

2 I 12 
i 
I 

I 
i 

= 280 + 3020 X 0.26795 

= 1089 

· . c.ut I 57T 
G + D tan ..:::g_ = 280 + 3020 tan-= 280 + 3020 tan 75° I 

2 I 12 

I = 280 + 3020 X 3. 84103 

! 

. , I 
II c.ut I 

G jt D tan-

' ,. l ~ '- ~-I 

i 2 1089 
arc tan ( J = arc tan --.- = arc tan 0. 3 62 I 5 

/b2 ·~. G2 3007 

- = 19.91° 

. c.ut 
tali _.2_ 

11550 G t D 
a rc t a n · ( ---:;±:;;;:::=:::::::=::::--

/b2 - G2 
= a rc t a n = a rc tan 3 . 84 J 05 

3001 

I 

I 
40rr B 

-c.u(t 
G 2 

20 X 27T T 
t)=----

1 280 X T 3 
=-- = 0.14960 

840 

The ref ore 

. 2 I 48 X 0. 03 X 3 0 . . . 2 0 0 
X . = ------- [(...;205.7 )( ---:--1(75.41 -19.91 )+0.14960] 

X 

r 
PROBLEM NO. 151 

Given ~ 
I 

I 
I 

0.01724 . 3007 

= 2505.8 [(-0. 13681 J (55.50°) + 0. 14960] 

= 2505. 8 [ ( ~o .J3681 ) ( 0.96866 rad ia ns J + 0. 14960] 

= 2505.8' (-0.1325 + 0.149601 

: 2505.8 X 0.0171 = 42.85 

142.85 = 6.55 ft. 

homogeneous, isotropic mass of frozen soi I of senli-infin ite 

.A-31 
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extent, exposed to a surface temperature "vs" which is below freezing. 

is 

dQ 

dt 

Find the ·effect of radiation and ground film. 

In accordance with Newton 1s Law of cooling 

• • • • • • • • • • • • • [.I 3 7] 

The rate at which heat passes out through a unit area of surface 

24 k i x ::o = 24k"'( vx =o 
24k 

vs.) =-- (v -
1 x-o 

dQ cf 6v 24kllv 
Ldx +-- dx -

dt 2 I 
X+-

.tji 

1 24k~v 
or (x + -)dx ---~-- (dt) 

·'· cf. 
'Y.' L +- ~v 

Now let y = x 

:. dy = dx 

Then ydy = 24~v 

c 
L +_i~v 

2 

dt 

I 
+-

"' 

2 

or y2 -
48k~vt - I 2 + -K = (x +-) .. - ...... . 
L + cf 

--~v 

2 

W he n t = 0, x = 0. • . K 
1-2 = {---) 
tP 

I 
•• (x +-)2 :: 

"' 
48~vt I 
---- + (-)2 

c 
L + __!_ ~v 

2 
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: I 

. . 

.. 

From 

. I . 48k6vt I 
X. =- -.- + 

. r 1/J 
~-~-- + (-j2 

! + S. fiv 
-2 

/48k{ 1)2 - v5 I 

c . 
L + ~ 132 - v J 2 . ' s 

·y; 

I 
+ r)2 

y;: 

[ 1"44] 

•:. 

[ 145] 

The va1J1e~ mayb~· regard.ed as an extra layer·of soil ha~_ing the 
1/J . ' ' 

same therma I co7duct iv ity ·11 k 11
. as the base.: soi I, _but haVing no vol'umetric 

I . . II I" . . . ' 
heat capacity. 

1
The value-·_-.-·- is also a f.unction of the vel~ci.ty of air 

. . i. . . . . . y; .·. . .. · . II I" 
over·the surface· ... For large values of !fEii' (~·<?r 6J, the value •of7is 

.I . . . . . .· II I II 't' 

sma II, but for. ~rna II va l.ue~ of 11 E11 (I or 2. f, Ot'he. va iue of-·.-. b'ecomes ap~ I . . . . . . . . ·:· . . : 1./J . 

p r e c i a b I e • The I f 0 I I ow i n g t a b I e ·. i n d i 'cat e s t he e f f.e c t of n e g ·1 e ct i n g t he 

v a I u e II I II i ri e q ,u at i .o n [ r 4 5 ] us i n g ~ he f 0 I I ow. i n g v ·a. l'ue s : y; . I :- . . 
L · = 800; , t = . I 80; a rid C f =. 3 0. 

vs 
~e r Cent Error in Om itt i ng I /lj; from _·Eq ua:t ion. [14.5] ·. 

I 

E = 6 I E = 5 - E. 2 ·E = I. (OF) 

k=0.5 k=l .0 jk=l .5 k=0.5 k=l.b k=l. 5 k=0.5 k=l .. 0 ·k=:r·.5 k=o • .5 1:<=1 .. 0 k=l .5 
.. 

31 ·3 .6 5 .I 6.2 4.4 6. I 7.5 10.8 15~2 18~5 21 .~5 29.4 36.2 
27 I .7 2.4 2~8 2.0 2.9 3 .. 4. 5.0 7. -t· 8.5 1.0.0 14.1' 16.7 
22 I .2 I .8 2 .I 1.5 2 .I 2.6 3.7 5.2 . 6 .4· 7.4 I 0.4 12.8 
17 I .0 I .5 I ~ 8 I .3 I. 8 2.2 3.1 4.4 5~4 6·.3 . 8·.·9 10.8 
12 .9 I .3 I .6 I .I 1.6 2.0 2.8 ·4.0 4.9 5 ."7 . 7. 8 9.7 

7 .9 I .2 I .5 I .0 I .5 I .8 2.6 3 .. 7 4.5 5.2 7..4 9.0 
2 ~8 I .2 I .4 I. 0 I .4 I. 7 2.5 3.5 4.3 4.9 6.9 8.5 

I If I'' 
T h e . p e rl. c e n t e r r o r i n om i t t i n g t he v a I u e f rom e q u at i o n ll 4 5] 

~ . . 

for airport runways and highways where the'snow is plowed off and the sur-

face exposed to the wind, w11_1 be small·, sinc.e- the value of 11 E11 wi II be 

about 5 or 6 

cated in the 

and the temperatures involved wi II be the temperatures 

. I· . f I m1dd le and tower port 1ons o the above tab e. 
I 
I 

i 
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PROBLEM NO. 16 

Given a homogeneous, isotropic soi I mass at a temperature "v 0 " 

suddenly exposed to a surface ·temperature below freezing "v.f"· 

Find th.e depth of freezing "x",.assumingthatthetemperaturevaries 

uniformly wrth the depth. 

h. 
2 

= the rma I gradient at start of freezing 

= the rma I grad i ent at end of freezing 

= i 2 

The heat conducted out of _the soi I is given by equation [61] 

d H =. 24 k i dt 

t 
an? H = J 24 k i d t + K 

0 

when t - 0 H = 0 K = 0 and H = 24 kit . . 

The total heat gi.ven up the soil-as ind ic:afed in sketch is 

= h2 - h H I ( v 
0 

- 3 2 . + v 
0 

· ·_ v f J C . -t Lx 

2 

But h
2 

-·h 1 = x 

c 
. • H = X [- ( 2 v 0 - 3 2. ~ v f ·) I t . L] = 2 4 k i t . . 

2 I 

Now 

= 32 - v f F 
and 32 - v f.--

X . t 

F 
=·-- .. •' ..... 

xt 
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... 

I 
i 

- . I . 
Substituting eql~tion [150] in equation [148] • 

From 

He nee 

C · ~ 24kF 
X [-- ( 2 J 

0 
- 32 - v f ) + . L} - --

2 . I X 

. lA· c . 24 k F 

and x = ~ (2v 32· -· vf J+L 
2 0 

eq uat: ion [I 49] 

- vf 

equation [I 52] 

X = 

·r , 

of. X =1/c 

F 
32 

t 

bee omes 

24 k F 
C . F 

+-(2v -:64+-) 
"2 ° . . . t 

·24 k F 

F 
+ C(v

0 
- 32 + --.) 

2t 

Example 
I 

. I 

Then 

X 

Using data from examples for previous Problems 

= 

= 42°· v 0 . ' C = 3G;. a = O.D3; and L = 2880 

X 0.03 X 30 X 1217- = /263_3, 33000 
121'7 

30(.42 - 32 +-----) 
2 x 121.7 · 

= .. /7-_. 88. -= 2. 8 I ft • 

.PROBLEM NO.· 17 '). 

U5ll 

[ 152]. 

[ 153] 

[ 154] 

Gi~en J homogeneous, isotropic sol I mass of semi-infinite extent, 
overlain by an !insulation- layer of thickness "d", all at temperature "v 0 '' 

and suddenly e1posed _to a surface temperature below freeziog "vt"· 

Find the depth of freezing ''xR", assuming that the temperature 
I .. . . 

varies uniformly with the depth, that there is no significant change Jn 
temper~ture.grJdients due. to the jnsulatlo~ layer, and Meglecting lai~nt· 
heat ''LR" and Jolumetric heat "CR" of t.he insulation layer. 
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Now equation [151] can be written as 

24 kF 

d ! XR 

.· 24 k F 

or XR(d + xR) = .c . .. . . . . . . . . . . 
L + 2 ( 2vo ...... 32 -· v ) f 

Solving for xR 

~~~ 12 + C 24 k F 
d 

=--+ XR 2 . . . . . . . 
;(2v0 - 32- vf) + L 

Substituting equation [149] for v · . f 

d = --+ XR 2 
24 k F + 

F 
L + c' v - 32 · + -. - r 

0 ' 2t. 

Examr I e. 

Using same data as for examples for pr~vious Probte~s 

c = 30; a= 0.03 and L = 2880; also d = 1.0 ft. 

XR =- 0.5 +I (0.5) 2 + 24 X 0.03 X 30 X ·1.217 

1217 

= 

2880 + 30 (42 - ·. 32 + ----~ 
· . 2 X 121. 7 .. 

I 26300 
-0~50 + 0.25 +---

3330 

A-36 

=-o.5o +I a. 13·· 

=-o~5o + 2.85. 
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· :-~U~T·, -*~~~IO~. 9F .. A~F:IE~D·:. ~AY~.~NT;~ 
AT'-.A!RFORCE INSTALLATIONS CONSTRUCTED ON 

·.FROST SUSCEPTIBLE $lmGRADES. 

l· .... ' I. 
I 

I o . . rNTR ODUC TI ON. 
I 

! 
I . . . 

~Author iz ati OJlo 
·i. 

This summary tabulation was auth9rized by tho 
.. . . . . . '. . . .· . ' .. ~- . . . . . -: ' . .' . . ... . . . ' . .' 

bttice 9 ChiJt of ·Enginee~s~ in the '':tnstru~tio~s end· Outline for F~ost 
... •. ··.: 'i.. '· ..... ... 

tiiv~stigatidn8i1 (Fis·o~~ Ye~r 1948) dated Augu~t 1947 o · 
,;.. .·: ..... ::; .· ·:J·.·. ·. < • .. : • • •. , , ,. • • ' 

i•02o l~rp()~e~· The purpose\ of this suliliJl~Y is ·to present in tabu!ar 
. . • • . • . . . . . • • • ! . ' . . ~· ' • . .. < ' 

. ' ; 

for~ ti?.e pe:v:elllent ev.e)uatiqn, tr~fic histoty, pavell}ent .con~ tion __ .and 
• • •• - • -.-! ~ • - • • • . ' / -: :_ . •• • • • • • • ~ . . 

.. 

other perti~e.~t data f~r all_P~IDSil:E3~t· Air For~e In~taliations constructed 

on ·~ro:~ s~~c~p1;tblf! Silbitrade~. ~ to co~~e the theo;etical ~a.vement 
.:. \ ~ 1 -. . ; 

evaltiatio~s,! 'made· iri accord~~e with the Engineering ~anuai~ _with the 

' .ao~a~ pert~~ce records of t}le fields~ 
.... ; . 

· 1-0~." /Scope~·. The pertirie~t data used in th~ prepar~tion of this 
.. ·:· .. - ·. - r ,7 •. : •. : • . . .. . . . . . · .. · . . . . . ·•·.·· . 

. summary tabule:tiori were ·.obtained f~qm the Airfield PS..vement EvalUation 
. i ~:· :'. _·· •'- :·· . . ·. . . . . ~ . ··. • .. : . ; . ! -·,. ., : • '. ' ' •• • •.• .., ' • • • • ~. ..'_: • - l: . . . '. : . . 

Reports6 the Pa~~nu~n t Failure Report·~~- the Frost' Investigation Program and 
. . . ~ . . . . _. . : ~: ~- ~ . . " . . ·. ~ . . . . :. ·. . . . . . . . . } . . . . . . ' 

the latest·, ~raffi~ hl~tory avid iabl~ froni _each field<> No .field inspections 

or tests were made for this stmlmacy~ . Data toei~tive to c~ndition of paire-
i ' . 

llienh are a~aHable 'rrc;m 9nly e.ight or t~e t#e#Y-n-v-e ~ieids Sulllllliirtzed. 

·II~ :PREPARATION··. OF DATA 
' ' 

2-01~·· :ezene,ral'o· The·aati available' ·to the Frost Effeots Lab6ratory 
. '}. · .... ' .. '' 

~onsisted pr:incipally of ·~iialUS:ti.6n reports prepare·d .·by the various District I . , . . . 
: ~ . .. . . . . .. - . ' . . . . . ' . . . . . . . . . . . . 

·a:nd ·Division> Offices in the Airfield Pavement EValuation Reportso The 
! . . . 

oyoles of :t-~eofts and· landing's pe·r day br ~6nth.iad been summarized tro~ 
I . .. 

the recor~S [o£ tr.u'fio liis torymade avail&.l:ile by th~ orrtoe, Chief dt 

Engineers 'to.r the period 1945 to Febru~ry ~948, i~olusiveo · 



No Airfield Pavement Evaluatio~ Report was prepared for Sherman 

Field6 Fort Leavenworth, Kansas., The data incl~ded for this field were 

obtained by correspondence with the Omaha District Office through the 

hussouri River Division Office., 

Pertinent data for each airfield are presented in Table B-1. The 

locations of the twenty-five Air Force installations Which have been 

sunnna.rized are shown on Plate B-1., The plan views of .individu8.1 installs.-

tions are presented on Plates B-2 to B-26, inclusive. 
' 

2-02., The Evaluation Criteria,. The original gross load evaluations 6 · 

as taken from the Airfield Pavement Evaluation Reports and the present 

evaluations based on Chapter 2, dated May 1947 and Chapters 2 and 3, dated 

J't4ly 1946, Part XII of the Engineering Manual, are presented. 

ae Flexible Pavements. The present frost condition evaluations 

of flexible pavements were made in accordance with Figure 4, Chapter 4, 

Part XII of the Engineering Manual., When the thickness of pavement and non-

frost susceptible base is less than 9 inches, the evaluation is given as 

less than 10,000 pounds gross loado 

b, Rigid Pavemento 

(1) Evaluations of rigid pavements during the frost-melting 

period were made using Figure 5g Chapter 4, Part XII of the Engineering Manual. 

When the thickness of the non-frost susceptible base is less than 6 inches; 

the evaluation is given as less than 30g000 pounds gross load. 

(2) The evaluations of the airfields were based an the modulus, 

k, of the subgradeo However, if the modulus of the subgrade had not been deter-

mined or was not known, the modulus, k, of the base was used to evaluate the 



. I 

I 

pavemento· Fields· evaluated in this manner ar~ DOWp· Mitchel~-· Presqu~· I~lev· 

Stewart 9 -·.: Spokane~· and Wendover~: 

IIIo C()NCLUSIONS 
. . .. ' 

3-010' l Conclusionso · Pav~ment ·railv~es ·or pavement .distress have 
i 

occurred a~ all eight of .the twenty-f.ive ins t.all~tions on "Which p~vement 
1 

condition ~at a are availableo The tr~fic .. data in~icate that seven of 

t~e eight fields had been subjected to loadings in excess. of the frost' . 

c.ondi ti~n eva.luationo· : 
! . 

. . 

The 'only field ·showing pavement d:i~tress under normal tr·aff'ic 
i 

. . . . : . ' . . . . . 

load not e~ceeding the evaluation is Presque· Isle .ftirfield .... ·Presque Isle,. 
I 

Ma~neo V'lerving of the flexible pavements has been ·observed during the 

frost=melt~ng periods Q Widely spaced. map cra.clP.ng due to frost heaving 
. i 

I 

if? ge~eral! thrqughout the airfieldo .. 
I . 

·. When. the report~ of .the pavement c onciit ion are available for , I . . . . . .·. . :·· . ··= 

. all the ~n~tallati.ons .summarized;~ ··c·orr~1ation.· wiit be made betWeen pave-! . . .. 

ment evaluation9 . pfl.vem~n,t condi tion9 end 'traffic hi~toryo . This o·orrela.-
·~ 

'... . i .. 

tfon w:i 11. af~ord q~a.li tative -iriformation on vhe a4equ~cy of present design 

oriterfao 

B-3 
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F"Oit A USE THICUESSOF 19• AIID A PAVE­
NUT THICUESS OF a:•. 
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EVALUATIOI OF TUI.AYS AIID APROII HAVE 
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TKE IORNAL PERIOD CAPACITY OPUATIOI 
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110 OATA 

::g~:o •!~~~~ ~:~~u~u""-. 
APRON 
(IIOT COUIOLL .. C 

PAYEMEIITS) 

91TUMIIIOU$PAVED 
AUIIWAYS AIID TAXI WAYS 

TUIIAT 1a IN OII'IGIUL 
PAVED LAIES AltO S. E. 
COlliER Of ilPROII. 

OUTER PAY£0 LUES Of 
APROI AID TAXIWAYS 
lb. ZAIOJ 

DESCRIPTION 

USE ... 
SfiiAll DEPRESSED. CRACKED, SUBBASE 
AIIO CHECIIEO AREAS. •u 

CRACIIfiiG AID SI.AB 01 s- SUIGRADE 
n~~~T. '11 

SHEARED TOMGUE AID 
GlfOOVEJOIMTS, COINER 
CRACKS, Sf'.lU.IItG AND 
FUCTURIIIG OF CONCRETE 
FOA .l WI OTH Of SEVERAL 
INCHES. 

CDMCJIETE DEVELOPED RAJI .. 
OOMCRACICSAIIOSOME 
COAII[RCIUCKS 
(UCF SLABS.CR.lCHOBY 

SPAIIIG OF 1913 UO JDI 
8YFALL19116) 

FAILURESOCCURREDAT 
TKE JOINT BET•HII TME 
RUliWAY PIK)PEA UO TH£ 
SHOULDER. THE z• A.C. 
SHOULDER PAVEMEIT 
PULLED AWAT FROM THE 
6• A.C. RUIIUT PAVE­
MENT ALLOWI MG WATER TO 
EIITEP THELOMGITUOIUL 
CRACM$. DEPRESSIONS 
8ECA .. E EVIDENT WMEII llll­
CR.lfT ~E£LS PASSED OVER 
THISJOUT. 

BASE 
IIOTREPORTt:O 

SUIGAAOE ... 

BASEOBSEitVED 
TO BE SATURATED 
OUAINGTM[ 
FROST NELTIIG 
PERIOD, 

BASE 
271 

SUBGUOE 
621 

WINTER 
U112-l91&3 

REPOKTED CAUSE 

LOCAL.POOASUIGIU.OE, WAlE 
POliCING, POOR USE • 
SLIGKTFACSTACTIOit IN 
SUIGIU.O£. 

DIFFERENTIAL SETTLUUIIIT 
UNO[Il TRAFFIC, POliOIIG· IN 
D£1RESSIOIS, 

OVERSTRESSUG ALCitG 
TAIIIIIGLIM[S. 

INSUHICIEIIT BEARIIG 
CAPACITY OF Sl.IBGRAOE 
SOFTUING OF SUBGRADE 
OUAIII(i TKA.IM(O UO 
~REEliNG, OVEILOAOI IG 
SUBS WITH HUVY WHEEL 
LOADS. 

I•AOEQUATE OIIAIHII.GE,WATU. 
FLOWSACROSSRUII'IIA'I'S. 
AREAS ADJACENT TO AUM­
W.lYS BECOME SATURATED 
ASARESULTOFPILIIIG 
SNOW ALOIG UPPER EDGES 
BYPLO'IIIIIfG. FROSTACTIOII 
COIITRlBUTESTO OEHRICR"­
TIOII. 

POQR SUBGIUDE•SI.IPPORT 
AND IMSUHICIENT PAVE­
NUT TtiiCUESS. 

~81&·"~:1~~;~~~ ~:uuE• 
COIFIIIED PATHS. 
POOR SUBGRAOEP.IRTilLLY 
RESPOIISI BLE. F.IILUA£ 
CHIHL~ OUE TO IUUFFf .. 
CIUT PAVEMENT THICKNESS, 

--------------------~-------4--------------------------------------------~------------------------------~-i--------------------~------~----------~----~r-------------------------------------------------~-rDTES 
YES (10-16) 2l-GI CL,ML 

YES (IO-U) CL,ML 

2)-U YES (10-16) 

YES (10-16) CL 

YES (28-U) 

U-67 YES· (28-02) 

YES (20-'2) 

YES (28-U) 

LL2._U 
PL 13-2! 
PI 7-27 

76-
1U 

12~ 
12 

P[.fOtATEO PIPE Ill 
TREICHES IUCIFI LLED 
WITM UAD£0 FILTER 
14AT£11AL 011 EITHER 
SIDEOF"RUIWAYS, 

• 

38,000 

•1,000 
UCEPT 1[-SW 
RUIWA't-
51,000) 

7),000 

T"£ IIORMAL PERIOD CAPACITY OPEUTIOI 
EYALUATIOU HAVE 8[[11 C(IRI£CT£D AS 
FOLLOWS; 

(1) ALL PAVEMUTS UCUT 11£-SW AID 
£-W IUUAYS HAY£ 110 REDUCED 
201 FOR WUMUP UD TAXIUG. 

(2) USE COURSE HAS IEEII ACCOUnED 
FOR IY ADOUG 1• TO IITUIO" 
THICUUSOF II'AYlM£1T FOR UCH 
•• OF BAS£. 

(J) ~~:L~:::~~ E::s £~~~~ T~~~:~g~o 
1Y UTI 0 OF EDGE Till CUES$ TO 
1.~ TIMES IIITEA-tOA THICUESS. 

()0,000 

,:,a,ooo <·)0,000 

)6,000 <'io;ooo 

<JO,OOII <·,o.ooo 

~,0.000 

• 15,!67 
1185 5 u,. 
! 617 1105 

occ. 6 
6/MO, 107 

12 

1~ 

occ. 
9/MD. 

26,237 
6366 
1) 

2 

,, 
18 ,, ... 

TRAFFIC OISTRIBliTIOII 11-S, 501; lE-SW, !81: f:-W,. 1;1; 11111-SE. 91 

3196 
1160 

.. 
19 

(,U SUICUO"t MODULUS OURIIIG f'ROST MELTII\1 P£1100. 

(8) OEPTM OF FROST PUETUTION fROM FREEllliG IIIDEl CURVES. 

. C) _WEIGHT CLASSIFICATIOI AS SMOWM 8ELOW. 

1U2- 191&5 

GROSS WT. OF PUlES 

2:1,i:iOO - )5,000 LBS. 

~g:g~g : ~;:g~~ t:~: 
7S,OOO - 90,000 L8S. 
00,000 -lU.OOO LIS. 

•• a c 
0 
E 
F 

~ 

19U- 1U8 

Sheet I of 3 

MOT OVER 1~,000 LIS. 
16,000 - 28.0(),0 LBS. 
31,000- !U,OOO LBS. 
56,000- 76,000 LBS. 
76,000 -123,000 LBS. 

t;l;g~g -~~!16 $~~ LBS. 
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BASE 

FROST 
SUSCEPTIBLE 

(~ FINER 
THAN 0.02MN) 

YES (4·32) 

YES (•·32) 

YES (•·32) 

YES (11-32) 

YES (4·32) 

IES (4·)2)' 

ASSUMEO"IO 

ASSU114EOKO 

YES (-10) 

ASSUMED 10 

BORDERLINE 
(0-8) 

8(1RDERLI ME 
(o-e) 

CBR OR 
SUSGRAOE MOOULUS 

K0 I k I ~~~ ( CBR 

sol 

. ., 

300 300 25 

SOl 

SUMMARY 

SUBGRADE 

AIRFIELD 'I> PASSINO SUSCEPTIBLE ATTERBERG SUBGRAOE MODULUS ·~t FROST I I CBR OR 

CLASSIFICATION N2DO SIEVE (,;FINER LIMITS I K 'I K I_K. ICBR 
THAN 0.02MM) u I If•~' 

SF-CL,SP,CH 

CL,SF 

CL,SF 

ML,CH, CL 

ML,CH,CL 

CL,ML 

Ml.Cl 

OL,CL 

OL 

32-69 

32-69 

32-.69 

20-87 

20-87 

20-87 

22-90 

18-50 

96-08 

96-98 

YES (!4·48) 

YES (a-•e) 

YES (111-118) 

YES (!8-54) 

YES (28·5•) 

YES (12·56) 

YES (12·56) 

YES ·(12-56) 

YES (1,2·56) 

YES (!2-56) 

YES ( 12-56) 

YES (4.,:_65) 

YES (lUl-U) 

.YES (U-65) 

YES ( .. ·65) 

YES (10-25) 

YES (10-07) 

YES (14-70) 

YES (1.11-75) 

YES (111-75) 

YES (1•·75) 

YES (1·8) 

YES (02-70) 

YES (5!-70) 

LL 18-50 
PL 15-28 
PI 4-~3 

LL 2J-67 
PL 15-28 
PI 11-113 

LL 2S 
PL 2) 
PI! 

LL_36-ij8 
PL 18-25 
Pl12-23 

LL 20-22 
Pl 16-19 
PI r• 

L.l22-71 
Pl 17-32 
PI ~110 

lL 22-Jt.2 
PL 19-26 
PI 3-16 

LL 25-.113 
PL 18-26 
PI 3-25 

116-
1~2 

112 

., ,, 

TABULATION OF AIRFIELD 

EVALUATION L8S GROSS PlANE WEIGHT TRAFFIC HISTORY 
GROUND 
WATER 
DEPTH 

(FEET> 

SUBSURFACE 
DRAINAGE 

OPE!tJOINTPIPEuO 
GR.lVEt. BACKFILLED 
TUNCHESALOIIIG 
SHOlJLDUS OF SOME 
PAVEMEIITS. 

OP.EN JOIJH ORAIIfAGE 
PIPES ALDHG EDGES 
OF PAVED AREAS, 

OPEl CONCRETE TOE 
AIDSHOULDERGUrTERS 
01 EMBAIHMENTS~ 

lOT REPORTED PERFORATED CONCRETE 
PIPE 25 FEET FROM 
EDGE Of PA'IEHEIITS 
HI TAEIICHES, lACK­
FILLED WITH CRUSHED 
STONE UNOER 6• OF 
CUSOLIDATEO £ARTH. 

8ELOW IN­
FLUENCE 
OEPTH 

nR~2~:;!~~sHH~iF~ (E~o 
WITH COARSE GRADED 
A-OCKAKDV.C. OPEN 
JOIMT PIPE ljffTH RUII 
OF BAliK GRAVE!. BACK­
FILL LAID ALONG 
EOGES OF RUNWAYS, 

lOT REPORTED 

OPEN JOINT TILE ORAUtS 
ALOMC EDGES OF RUM-
WAY PAVENEIIIT. 

APPROX. Ft«JST 
FREEZING PE~fJ~A-

1 NOEX (INCHES) 

21(8) I 

21(11) 

,.,., 

150 

,, 

)9(0)_ 

20,000 

25.000 

3o.ooo 

25,000 

30.000 

20,000 

17,000 

27,000 

33,000 

36.000 

15,000 

35,000 

J.1SO,OOO 

6,000 

u.soo 

77,000 

101,000 

)8,000 

62,000 

u.ooo 

27,000 

THE NOAfiiAL PERIOO CAPACITY OPERATIOII 
EYALUAHOMS OF All PAVEMENTS EXCEPT nt£ 
11-S RUNWAY HAVE BEEN REDUCED 201 FOR 
WARMUP ANOTAXIING. 
NO CORRECTION MADE fOR DEFICIENT EDGE 
THICII:li£SS. 

THE NORMAL PERIOD CAPACITY OPERATIOII 
EVALUHIOIIS fOIJ TAXIWAYS AIID APROIIS 
HAVE BEEN REOUCEO 201 FOR 'IIARHUP AND 
TAXIING. -3 

THENOAKALPERIOOCAPlCITYOPERATtOlf 
EVALUATIONS FOR TAXt.AYS AIID APRONS 
HAVE BEEN REDUCED. 201 FOR WAitMUP AND 
TAXIING, 
110 CORRECTIOMo MADE FOR OEHCIENT EDGE 
THICKIIESS, 

THE NORJIII.tL PERIOD C .. PACITY OPERATION 
EVALUATIONS FOR ALL PAVEJIIIENTS HAVE BEEN 
REDUCED 201 FOR WARitUP AND TAXIING, 
110 COUECTIOH MADE FOR DEFICIENT EDGE 
THICKIIESS. 
THE P"AVEMEII.T ON THE· IIE-SW "UNWAY CON­
SISTSOFTWOLAYE"SOFCONCAETESEPA­
UTED BY A THIN BITUMINOUS MEMBRANE. 
THEEFFECTfVETtiiCKNESSfOREVALUATION 
HAS BHN TAKEN EQUAL TO THE SQUARE R()Ol 
OF THE SUM OF THE SQUARES OF THE THICK­
NESS OF THE I NOIVI DUAL LAYERS. 

THE NORMAL PERIOD CAPACITY OPERATION 
EVALUATIOIS FOR ALL PAVEMENTS HAVE BEEN 
REDUCED 201 FOR WARMUP ANO TAXIING. 
NO CORRECTION HAS BEEIII MADE FOR 
DEFICIEIIT EOGETHICilNESS. 

TNE IIOAMAL PERIOD CAPACITY OPEIIATIOM 
EVIJ,.UATIOJIS HAVE BEEN CORRECTED AS 
FOLLOWS: 

(1) TAXI WAYS AND APRONS HAVE BEEN 
REDUCED20ifORWARJIIIUP AND 
TAXIING. 

(Z} EXCEPTFORTHEAPifOIL..TH£ BASE 

~~u:;~,~~s 1~E~~ ~~~~A 
THICKNESS OF THE PAVEMENT FOR 
EACH 11• Of BASE. 

(3) CORRECTIO! FOR DEFICIENT EDGE 
THICKNESS HAS BEEN MADE BY. 
MULTIPLYIIIG EVALUATION BY THE 
RATIO OF EXISTIIIG £DGE THICKNESS 
TO 1.5 TIMES INTERIOR Tf!ICUESS~ 

THE IORMAL PERIOD CAPACITY OPERATION 
EVALUATIONS OF APRON$ AND TAXIWAYS AR£ 
REOUCED 201 FOft WARMUP AND TAXIING.. 
NO CORRECTION MADE FOR OEFICIEH EDGE 
THICKNESS OF CONCRETE PAVEHEJIITS. 
.AVEIUCE. TKICIINESS OF PAVEitENT AND BASE 
FOR RUNWAYS, SHOWfN IN PUENTKESES. 'IIERE 
USED FOR EVALUATION. 

THE IIORIIIAL PERIOD CAPACITY OPEUTIOI 
EVALUATIOIS HAVE SEEN REDUCED 201 FOR 
WARMUP AND TAXIING. 

l~ ~L~~f~~~sP~~ 1 ~Et ct:f~~I~T~P ~~~H~
111
TH£ 

ij_g RUNWAY HAVE BEEN ltEDUCEO 201 FOR 
WARMUP UO TAXIING, UO ALL PAVEMENTS 
HAVE BEEJt REDUCED 151 FOR OEFICIEJIT EDGE 
THICKNESS, 

<30.0(10 

<')0,000 

< )0,000 

..:)0,000 

<JO,OOO 

< !30,000 

< ;30,000 

< so,noo 

<po,ooo 

<)0,000 

50.000 

, •• ooo 

< !30,000 

<~o .• ooo 
<,30,000 

110,000 

58,000 

30,000 

< ~o.ooo 

<30,000 

.... ---

< )0,000 

<)0,000 

<JO,OOO 

<:JO,OOO 

<(lO.OOO 

<1)~,(100 

<30,000 

< ,o.ooo 

< 30,000 

<10,000 

<)0,000 

<.ld.OOO 

<:30.000 

<\10.000 

<,0,000 

.eo.ooo 
<[fO~OOO 

50,000 

<:)0,000 

13,000 

< ~0,000 

<30.000 

<39.000 

10 

8/Mo. 

50,258 
19,655 

1l1U9 . 
'" 

~~8 •8!~:; ~~· 
11 937 ' occ. - -
t 158 13/MO, 

661l6 ... 
56 
t 
34 

TRAFFIC OISTAIBUTIOIII N-S, ll8'1: NE-SW, 27'1-i E-111, 25'1 

8/1<0. eliil. 
!5MI 

53 . 
TRAHIC 01 STRIBUTION N-S, S51; NE-SW, 1151 

1,,589 '7 37,8Z9 1011 711,775 205 78111 
787U 21 7281 20 7598 21 1577 
S6611 2-" 2160 6 1097 3 87 

62 &/MO. 1 DCC, 2 OCC, 
- - 55 5/NO. 127 10/NO. 1!5.~ 13/MO. 36 

~::t-1:~ ~~~tUf8:~ i~:8~8~ tt:~g f: 19U, ,7 3 CYCLES/DAY THIK)UGH CLASS C~ 

TRAFFIC pi STRIBUTION •E-SW, 481; N._SE, US; E-W, 81; M-S, 01 

611 t8,8'7 80 
ij 195e 
1 200 

- - - 17 

2).)92 
1"601 

205 
)2 3/MO. 20 

5 
17/MO. 

2/1<0. 
19U- 20 CYCL[S/OA'f· CLASS C 

30 

87 
15 
12 

TRAFFIC OISTRIBUTIOtri U-SE, 561; IIE-:S'II, 301i 11-S, 1111 

)0 
9183 
1321 
2106 

! 
! 

:· . 
occ. 
occ. 

)8,506 105 
2806 8 
1U9 5 

71 6/MO. 

TRAFFIC DISTRIBUTION E-W, 61&1; N"lf-SE, 3151 

NO DATA 21.UO 
5898 
753~ 

50 2., 

29,820 
3088 
2)55 

82 
9 
7 

10/MO. 

29ti~l H 
)18~ 9 

TRAFFIC 01 STAIBUTIOII NE-SW (A), 591: NE-SW (8), 111; N"-SE, 2~1 

110 
II 

t 
ace. 
17/MO. 

•1 
21'!'· 

ljo ... 
1~ .... - '-

18/MO. 

5~ 
11/MO. 
a/MO. 

52 

' 17 

16/MO. 

2081 
92 

180 

. 
10/MO, 
20/HO, 

2785 
87 

7 
7/MO, 
11/MO. 
occ. 

251 • 
5 

" 1' ~4 1~~=: 

TRAFFIC DISTRIIJUTIOII N-S, 451; E-W, 311: NW-SE, 2111 

NO DATA 3613 
1280 
1,07 

' 12 

:0 
occ. 

1/MO, 

17,1165 liB 30,8.1&7 
573 2 10&14 
622 2 815 

5:3 1&/MO. 

TRAFFIC OISTRIBUTIOIII E-W,. 551; NW-S£, 381; NE-S'II, 7f 

150 CYCLES PER DAY 
Pt.UES UP TO CLASS E 

111,822 41 7-11,871 
2839 8 7188 
ll321 12 530 

21 
191 16/MO. 56 

205 85,)29 2:3- 10,01&1 
21 6233 17 1007 
2 630 2 96 

3/MO. 
5/MO. B8 11~0. 

TRAFFIC 1HSTRIBUTI0ft Jt-S, 521; 1£-sllf, ·2010 NW..SE, 191f E-W, 91 

167 ~ 
17 
! 

11/MO. 

01 STRESS OR FAILURE IN WHICH FROST ACTION WAS A CONTRIBUTING CAUSE 

LOCATION 

10 DATA 

110 OArA 

NO OA'TA 

10 DATA 

f'ORTIOM OF N-S RUNWAY 

•o DATA 

APROft AND E-W RUJIWAY 

I DESCRIPTION I SATURATED LTE FIRSTl REPORTEO CAUSE r NOTED 

-------- ------

NOTES 

-----{A)-SUBGUDEtoOULUSOUAIMGFROSTJIIELTIMGP£AIOO. 

(8} DEPTH OF FROST PEIIIETRATIOI FRO)I fR£EZING INDEX CURVES. 

(C) WEIGHT CLASSIFICATION AS SHOWN BELOW. 

CLASS 

... 
c 
D 
E 
F 

~ 

f'A'iEMENT DEVELOPED 
WEAVIMGINTHESPRIItG 

~~t~tl9~~T Agf T~~[ FmJND 

BASE 
30-601 

(NORMAL PERIOD) 

SUBGRAOE 
• 70-801 

EXTUSIVE.FAILURE ALONG SUBGRAOE 
THE APRON 50 FEET FROM 
THE EAST EDGE AOJOINIMG 
CONCRETE BOX DRAINS. 
SOJIIECRACKINGOFI"AVE-
MENTS AT TONGUE AMO 
GROOVE JOINTS AND ·AT 
CORHAS. LOIIGCRACKS 
ALOIIGTHECENTRALPORTIOIC 
Of THE E-W RUMWAY PARAllEl 
TOLONGITUOIUL.JOIJITS 
Wl1EU EDGETHICKE.ING 
COMMENCES.. 

GROSS WT~ OF PL.AUS 

25,000 - :35,000 LBS. 
:35.~~:~o - eo,ooo us_ 
50,000- 75,000 LB.S. 
75,000-90,000LBS. 
90.000 -135,000 LBS. 

NOT OVER 15,000 LBS • 
16,000-28,000 LBS. 
31,000- 56,000 LBS. 
56,000- 76,000 LBS • 
76,000 -123,000 L8S. 
~;~:ggg j~~56e~~ LBS. 

SPRIItG 19103 

FALL OF 191:3 

SEYER£ FROST ACTIOII 
1111 TKE SU8GIUOE AESUL TIIG 
IN ITS SOFTENING OUR I JIG 
THE SPRING TH~W 

LACK Of SUBSURfACE DRAIN­
AGE OR INSTABILITY Of 
BACKFILL DUE TO IIISUFFI­
CIEJtTCOMPACTIOJtORUit­
SUITABLE B.t.CKFILLING 
MATERIAL. ACCUNULATIOII Of 
WATER fill THE SUBGRADE AT 
DIU I MS. OVERSTRESSING OF 
PAVENENTSDURINGHEAVY 
TRAFFI e. FAll AND SPA lNG 
lU), CAUSED CRACKING. 
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lASE 

FROST 
SUSCEPTIBLE 

('I. fINER 
THAll 0.02MM) 

:~·clf5 l 
YE$ ()-•) 
•• (1) 

ASSU~EO 10 

ASSUM£0110 

YES ()-B) 

YES (J-8) 

TlS (J-11 

Y[S (J-81 

:u (l-8) 

TlS (Hl) 

YES (tO) 

YES (to) 

YES (to) 

YES (8) 

YES (0) 

YES (ol 

YES (0) 

YES (0) 

YES (8) 

10 

CBR OR 
SU~GRADE MODULUS 

2t7 

)50 

)tO 

)tO 

HO 

282 

)96 

217 115 

2t7 

)50 

)tO 

)tO 

)tO 

282 

)96 

SUMMARY TABULATION 

SUBGHADE 

FROST 
AIRFIELD ll PASSING SUSCEPTI6LE ATTERBERG 

CLASSIFICUIOII 1200 SIEVE (I FIUR LIMITS 

ML 

~L,CK 

CL,CM 

CL,CM 

CL,CH 

CL,CII 

Gf',GW,SG,SP,Mt. 

Gf',GW,SG.SP,ML 

Gf,GW,:iG,SP,NL 

CM,CL,GF 

CH,Gf,GP,SP 

CL,ML,Sf,OL 

ML,MH 

CL,ML, SF,OL 

CL,MH 

CL,MH 

CL,MM 

)$-9) 

66-99 

6-82 

6-12 

87-99 

87 .. 99 

THAW 0.02111) 

TlS ( 18-7)) 

T£5 ( t&-7)) 

TES (t&-7J) 

Y£S (JG-76) 

YES (,.,-76) 

YES (l0-76) 

YES ( 2-11) 

YES'( 2-11) 

YU ( o-5o) 

YEs ( 11-!•) 

YES(II-!•) 

YES ( 11-!•) 

YES ( 1-!1) 

YU ( t-!1) 

YU (!1) 

YES (5•) 

YES (!1) 

YES (o•) 

YES (68-96) 

YES (60 ... 6) 

YES (60-96) 

YU (68-96) 

YES (68-96) 

Y£S (60-96) 

YES ( 0-!1) 

YES ( o-5•) 

YES ( o-••) 
YES ( 0-.. ) 

LL 20-52 
PL 20-27 
PI .-zs 

LL !5-6! 
Pl 17-29 
PI 18-)9 

LL 16-ll 
PL 1 ... )7 
PI t-7 

Ll 19-22 
Pl. 16-17 
PI._.. 

LL 2)-19 
PL 1~•0 
PI 11-2) 

LL 20-)9 
PL 15-26 
PI ll-19 

CBR OR ROUND 
SUBGRAOE ICOOULUS ~~~~ 

Ku I' I 1l•~ I CBR I FEET> 

,,. 
,. 
1)8 

,. 

tOO 

,. 
25 

- lOT REPORtED 

... lOT REPORTED 

600 ! 

~7 

SUBSURFACE 
DRAINAGE 

lOT REPORTED 

lOT ltlP'OITED 

OPEl .IOIIIT PIPE II 
PERVIOUS Gl'UULAA 
.. CICF'IU AT LOW 
POUTS. 

101£ IEPOIT£0 

:~~~ .. 'lf ofEol:t :~·-
or PUVIOU$ MATUlA&. 
II TR[ICII£S OVER a• 
PIPE. 
IUUC(PTOI DIUIIS 
FOR&PROISUD 
TAXIWAYS. 

OF AIRFIELD PAVEMENTS. 

EVALUATION ltlS GROSS PLAN£ WEIGHT TRAFFIC HISTORY DISTRESS OR FAILURE IN WHICH FROST ACTION WAS A CONTRIBUTING CAUliE 
APPROX. p~~~~A t=~~~~==~-!~tl[t~~~]E~VA!!UA~T~I·~~============t=:~Piiji~I!EWT~]E~V~~~~~~T~I·ib::~~~~==;;::::~~~r.Y~~~~ruq~o~F~L~U~O~·B~~s~!ru~I~Wff~f~S~:;~:;~~~~~;::t~~~~~~~~~~~;_~~~~~~~~~~~~~==~---------i 

FREEZING TION - r JiM I tiORMAL I FROST . WEI611T I 9" 3 l I 9 II" -1 I II"~ I 9 II 6 I I g"' J J~: ~E~ LOCATION DESCRIPTIO" SATURATED DATE FIRST 
INDEX (INCHES) fiKftfTL REMARKS PERIOD CONDITIONS ~:rs t--lTAP-PR_O_l+-J-.Ir.AI-::P::-:R:-::0':"11--I-Ir.fi~P::R~OI::I--,~ IAP::P~RO""'l+-1.-......,..I,AP"'P""RO...,~,J-!I~.:.II~~IPR~O~l •oTED 

E.~UL~-~!~" E.~L~~~~II TDTAq DAILY ITOT~I DAILYITOTALI DAILY TOT ALl DAILY I TOTAL) DAILY] TOTIILI DAILY 

REPORTED CAUSE 

JO 

• 21.(6) 

18(1) 

)00 ,. 

U(IJ 

)2.000 

1U,ZOO 

1,)6,000 

aa,ooo 

51,000 

~2.000 

u.ooo 

12,000 

sa,oao 
?2,000 

U,OOO 

17,000 

51,000 

$2,000 

u.ooo 
51,000 

,.,01)0 

ss.ooo 

70,000 

80,000 

61,000 
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