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-S,YNO,~SIS .~ . . ; .:; 

J 

Mathematical equations for pre dieting depths of frost penetration 

wer~· developed as part of the Fr~st Investigations. du-ring 1944-1945o 

In the derivation of these equations the mean temperature at the pav~-
• ' • t . •· " ••• 

ment surface--was .assumed to be the same as the mean air temperature 
. . . . . . - ' . 

and the Freezing Index utilized in the equations was ba'sed on mean 

daily .air tempE:}ratureso This simplifying,cf;l.ssumptiop introduced an 
' ' 

error of unkn:own magnitude-as a..difference between 111ean daily air and 

mean daily pa..vement temperatures is known to exist which is dep-endent 

on such factors as solar intensity 9 wind velocity9 humidity9 preeipi-

tation.9 latitude9 and the heat absorbing characteristics ,of th~ pave .... ' 

men to 

This report presents the results of a study to determine the , 

relaticnship between the Freezing Indexes ~omputed using mean air 
·I 

' ' 

temPerature and those computed using pavement surface·temperatureo~ 

The study is based on subsurface temperature data available at the 

Frost Effects Laboratory consisting of periodic subsurface temperature 

readings throughout a complete normal freezing period from three air= 

fields and limited readings fran a fourth ~irfield9 'all located in the 

northern part of the United States o From these- readings a factor for 

modifying the Air Freezing Index is obtained and applied to the th~o..., 

retical equations 9 and a correlation made between the observe.d d~pth 

and predicted depth of frost penetrationo On the basis of these 

studies 9 the modified Air Freezirig Index9 or the Pavement Freezing 

Index9 is of the order of 75 percent of the Air Freezing Index for 
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bituminous concrete pe.:vements and of the order of 90 percent of the Afr 

Freezing Index for portland cement concrete pavementso The effect of 

the application of these ratios in predicting depth of frost penetra

tion is presentedo 

A more comprehensive studyg based on continuous subsurface tem= 

perature readings correlated with mean daily air temperatures~ should 

be undertaken to produce ratio coefficients which w~en used with exist ... 

ing mathematical equat~ons will result in more accurate predictions of 

frpst pene~ratiqno 



. : ·PARr I . "':' . INTRODUCTION, 

1-0lo AUTHORIZATIONo The Frost Investigations for 1949-19509 of 

which this investigation is a part.ll were authorized by the Chief of 
.... . . 

Engi:neers by teletype dated 22 November 1949.9 File g ENGMGo 

Study of the temperature transfer characteristics of 
· .... : 

pavement surfaces was recommended as part of Miscellaneous Frost 

Studies by representatives of the Office.ll Chief of Engineers 9 during 

the Consultantus Conference held at the Frost Effects Laboratory9 New 

England -q)ivi sion9 on 28 and 29 November 1949 o The re ccmmendation 

., f-~li,owed a suggestion by Dro Philip Co Rutiedge of Northwestern Uni= 

versity9 that a study of the considerable subsurface temperature data 

available at the Frost Effects Laboratory might result in improvement 

of the existing theoretical methods of predicting the depth of frost 

penetrationo 

1~02~ PURPOSEo The purposes of this study were (i) to determine 
. . 

the ratio of freezing indexes detennined from mean air temperatures 

end mean pavement surface temperatures 9 respectively.9 and (2)·' to deter= 

mine what degr·ee of improvement results from introducing; .... the ratios 

obtained into the existing mathematical equations for predicting depths 

of frost penetration o 

1=03 o SCOPEo The study has been entirely an office invest igation9 

making use of already available field data from four airfields in the 

northern U~ited Sta~so 

3 
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l-04o METHODo · The procedure followed in this study has been tog 

ao Determine the temperature at the surface of the pave-

ment from available SUbSUrface temperature data by extrapolat~on9 andD 

using this surface te.mperature 9 compute the Pavement Freezing Index 

and determine the ratios of Pavement Freezing Index to Air Freezing 

Index, for each site and each type pavemento 

bo Compute the theoretical depth of frost ~enetration for 

the sites listed in Table 1 using the four theoretical equations devel

oped in previous studies by the Frost.Effects Laboratory(!) and modify 

the Air Freezing Indexes by applying the determined ratios of Pavement 

· Freezing Index to Air Freezing Index as correction facto rso 

Oo Conduct a statistical analysis by comparing the theo-

retioal fr:ost pen~trations with the actual frost penetrationso Deter= 

mine the reliability of predicting frost penetration with the mathemat= 

ical equationso 

do Derive conclusiqns from the studies and list the 

limitations to facilitate future investigationso 

l-05o DEFINITIONSo A proper understanding of. the terms defined 

below will be of assistance to the reader in the study of this reporto 
~ 

FROST ACTIONo Frost action is the accumulation of water 

in the form of ice lenses in a soil under natural freezing conditionso 

FROST PENETHATI ONo The ma:Jeimum depth from the 'surface to . 

the bottom of the frozen soilo 

Cl) Report on frost Investigation 1944-19459 dated April 1947 9 

New England Division, Corps of Engineers 9 Boston9 ·Masso 



DEGR~E .PAYo. ~ach d_egree in.-~y one day t~t- the mean 

daily temperature varies from; 32°_Fo is c_alled-.a ~~gr~e .day<> .The 

differepce. ?.~tween .the d_a.ily ni~S:~ ~emperatur_e. ··-and 32°F a· equals .the 

degree-days for t~at dayo. The degree days are: plus .when the daily 

mean temperature is. below 32°F o and minus when above a A cumulative 

degree-days=time curve is obtained by plot'ting cumulative degree;,days 

against timeo 

AIR FREEZING INDEXo Air freezing index is a meas~re of 

the combined duration and magnitude of below=freezing air temperatures 

occurring during any given winter, and is the maximum ordinate of the 

d~gree days=time curve based on air tamperatureso 

PAVEMENT FREEZING INDEXo Pavement freezing index is a 

measure of the combined duration and magnitude of below=freezing · 

pavement surfa.ce temperatures occurring during any gi van winter and is 

the max~mum ordin~te of the degree=days=time curve based on pavement 

surface temperatures a 

·NORMAL FREEZING INDEXo Normal freezing inde~ is computed 

for nonnal air temperatures based upon a long period of record.\) usually 

10 years or more o 

FREEZING PERI ODo The freezing period is the time during 

which the frost is in the ground and there is no reduction in. strength 

of foundation material due to frost actiono 

NORMAL PERIODo The normal period is the time of the yea,rD 

Summer and Fall 9 when there is no reductio~ in strength of fou~datio~ 

materials due to fros~ actiqno 

= 5 = 



TEMPERA 'lURE GRADIENT a · Temperature gradient is the ra.te of 

change of temp f)rature between two pointso 

·FROZEN .L.AYERo The 1 imits of depth within whicl1 the soil 

is frozen is referred to as the frozen layer o 

6 = 
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~ PART II ""'. FIELD TEMPERATURES. , 

·.; 

. -·· · ... ~ • : _·:··: f -~ ', ··-· ' . . .., . . ' . . . . . . 

surface te~peratur~ data were available 9 are located in the_ New 

En:gia.nd ·Divi.sion and tile' Missouri River Divisiono · The roiio~ing · 

' tabulation sUmma.rizes the. airfield locati ens~ the years data were 
. . . -~ ; ·: 

recorded9 and types of pavemen tg 

Location 

Airfield 

Dow Fields Bangor 9 Maine 

Presqu~ I.sle .Airfield9 . 

Presque Isle 9 Maine 

s'ioux: Falls Airr'ield'D 
S,ioux Fall.~ 9 Soo Dako~a 

Pierre Airfield,\) 
PierreD Soo Dakota 

. N9rth . 
Lat~ Winter Type of Pavement 
'. 

45° · ·1946= 1947 Portlan'd Cement Conoo 
Bi-t;um:inous Conc.o 

440 

1945=" 194(> 

1946;., .1947 

I , . . 
Por~l,.nd. Cement _Cono_o_ 
Bituminous Cone o 

. . .. ' . 

Portland Cement Conoo 
Bituminous .Cono o \ . . -

Ma.roh 1945 Por~l and Cement rcono o ·. 
Bituminous Conoo . . · 

2-02o AIR FREEZING INDEXESo The Air Freezing Index at each of 
,., -·· . . - . . . . - . 

the four airfield sites was based on mean dailr air tempera~ures 

obtained from reoord~ng thennographs located at the airfieldso These 

. thermographs were enolose.d in stands five feet in haight wl th £our 

louvered ·'s'ideso . At Dow Field the thermograph was .located appro~imate

ly · 3000 feet southeas_t· of the subs~rfaoe temperature; .inst~lle. tio:ns and 
:. •. 

- ··-

at Presque, Isle the ther.mograph was adjacent to the bituminous cons 
. . ~ _... . . .. ' . 

crete a.:rea and ?lle mile from the portland cement eonorete installat~ono 

The temperature. data at Sio.ux Falls and Pierre. Airfields were Qbt~ined 
·' ' .. · .· 

.f'rom weather' stations located at the airfieldso .. 

El 7 E! 



2-03 o· . SUBSURFACE TEMPERATURESo The logs of test pits and depths 

of the copper-constantan thermocouples at the Dow Field9 Presque Isle 

and Sioux Falls airfields are shown on Plate ·lo· These thenn.ocoupl~ 

installations were made as part of the comprehensive frost i:nvestiga

tions at these siteso Ther.mocouple readings were taken at intervals 

of three to five days throughout the complete freezing period at each 

of these installationso The· subsurface temperatures were plotted 

against depth and the resulting thermal ·_gradients extrapolated to inter

sect the pavement surfaceo The temperature at this point of intersec

tion was considered to be the pavement surface temperature for that dayo 

An attempt was made in extrapolating the thermal gradient to smooth out 

large fluctuations in the upper thermocouple which were considered to 

be influenced by effects of short duration and in this matter obtain a 

more average temperature condi tiono 

At Pierre Airfield9 hpurly air temperatures were available 

for the period 13 March 1945 through 24 March 1945.., inclusive o Hourly 

subsurface thermocouple readings from approximately 9 AM to 6 PM were 

available for the period 13 March through 16 Marc~o For the period 

17 March to 24 March.., readings taken every ~ hours were avail able o 

The pavement surface temperatures at this location were obtained by 

extrapolating to the surf'aceo Plat.e 3 shows the relationship between 

air temperature and the extrapolated surface temperatures for both 

bituminous and portland cement concrete pavementso The period covered 

by the data presented on Plate 3. is a part of the thawing periodJ) when 

the air temperature is higher than the pavement surface temperature 

and the movement of the heat is into the pave.mento 



. ,._ ... 2-04·o; .. PAVEMENT. FREEZING INDEXESo The cumu~e.tive degree-da.y~time 

cur,ves we_r.e rplo~.i;.e,id f~r ~f!lC~ ins.te.lle:tio,n.!) us.ing the aver. age . Qf. t,ro. 

suq~essive .. det_enninations as the pf?.vement ~urf_ace te.m,perature for: the 

interval of. tim~ betw~en readingso A typical degree=day~time curve 
'; :· '• . . - . . . . ~ 

plott~d fr~ pav~ent surfao~ t~perature data and method of ,detenn.in= 

ing .the .Pavement .Freezing Index are show:n on ·Plate 2o .. Tl1e. Pavet;nept 

Freezing Index for each field investigated and the ratio. of thi.s index 

to _the Air :Freezing .Index computed from mean daily ~i r .. temp_eratures 

are as follows g · 

Air Pavement RATIO& 
Freezing Freezing Type of Freezing Pavement Index 

. Location . Period Index Pavement. Index .to Air In (:lex 

Dow Field· 1946-1947 .· 965 BitoCOno 722 
~ ·: .. Oo75. 

Pres9ue Isle .1945-1946 ~304 BitoCOno 1802 Oo18: 

Sioux Falls .1946-1947 l3l4. Bi to Cono 716 Oo55(l) 

Dow Field 1946-~947 965 PCC 838 Oo87, ... 

Pr~sque Isle 1945-1946 2304 . PCC 2190 Oo95 

.S.ioux .. Falls 19.46-1947. 1314.: PCC 1206 Oo92 

Note a 
. ( 1) Thermocouples had been ,installed at depths of' 0 o 16 f'eet 

and O_o90 ;'eet below the pavement surf'a~eo .. The qther 
installations had three thermocouples in the top one 

. foo't;.' le.yel"o It app•ars the.tD if' another thermoooupl.e 
had been installed approximately midway ·betWeen Ool6 
and Oo90 .tee'tD ·the resul ti.ng extrapolatio.n to the sur .... 
f'aoe generally would result i-n 'iower temperatu.res ·and 
oonseq.uently a hi.gher Pavement Freezing. I.nd.~xo 

. The numb~r .of in.s.tallati,pns ~d the treque11~Y of' tempera"' 

ture reading,. _are- oo~,idered. adequate .o~lj~\,_tor pre~iminary determina.e 

tiona of' the ratios ot Pavement Freezing Index to Air Freez~g Indexo 

ea 9 s 



FrO!n the available data as analyzed in this study· the ratio· of Pave

ment Freezing Index to Air Freezing Index is indicated to be of the· 

order· of 0~75 fqr bituminous pavements and Oo90 for portland cement 

concrete· pavemeiitso By applying these 'ratios as corre-ction factors 

·to the Air Fr-eezing Indexes at locations ·where the Pavemfmt ·Freezing 

Indexes have not been determined9 estimated Pavement Freezing Indexes 

may be obtainedo 

2-05o 'ACCURACY OF OBSERVATIONSo The ratios of Pavement Freezing 

Index to Air Freezing Index are based on limited information as pre;,; 

viously noted9 particularly in respect to .the frequency of ob~erva

tion so . In general 9 the observations were taken at intervals of 3 to. 5 

days between 10 AM and 2 PMo Plate 3 indicates that the surface tem-

perature lags behind the air temperature and the cooling or warming 

·effect of the air does not produce a surface temperature as low or as 

high as the air temperatureo It also is apparent that the pavement 

surface temperature may vary greatly in any one day and a freezing 

index based' on one daily reading would -still be an approximationo From 

observations by Wollny(l) reproduced on Plate 4., it can be seen that 

the difference between the temperature of the air and the temperature 

of the soil varies appreciably throughout a 24 hour periodo Likewise$ 

from observations by Smith ( l). also reproduced on Plate 4» it will be 

noted that a considerable temperature diff'erential exists throughout 

the yearo Therefore,\) a ratio baf?ed on one reading· every three or 

four days would not necessarily give a true relationshipo 

(1) Soil Physics by Lo Do Baver (John Wiley and Sans) 

= 10 ... 



2-06o RESULTS OF OTHER INVESTIGATORS~ The Permafrost Division of 

the Sto Paul District 9 Corps of Engineers evaluated correction factors 

using air temperatures and temperatures on various type horizontal sur-

faces at the Permafrost Research Area 9 FairbanksD Alaskao The correc-

tion factor is qefined as the ratio of the degree days above or below 

zero degrees Centigr~de computed from surface temperatures to the 

degree days computed frdm air temperatures during the same periodo 

The ~nter correction factor for pavements is therefore the same as the 

ratio of Air Freezing I~dex to Pavement Freezing Index as used in this 

reporto 
•' 

Tpe correction factors based on avail able data at the time 

of preparation by the Permafrost Division of the Comprehensive Report = 

I 

Investigation of Airfield Construction in Arctic and Subarctic Regions 9 

as revised in February 1950 were as follows g 

Surface 

Spruce trees 9 brush and moss over peat soil 

Cleared of trees and brush but with moss in 
place over peat soil 

Silt loam surface cleared and stripped of 
trees and vegetation 

Gravel surface 

Cone rete surf ace 

Bituminous surface 

. '"" 11 = 

c 1!8 Correction Factor 
Summer Winter 

Oo37 Oo29 

Oo73 Oo25 

lo22 Oo33 

2o00 Oo70 

2o03 Oo77 

2ol9 Oo 72 



PART III .... STATIS.TICAL ·ANALYSIS 

3~0l·o ANALYSIS o The predicted. depths of· frost· .pe:r;1et.ration using 

both the Air Freezing Indexes. e.nd the Pavement Free_zing Indexes and . 

the existing conditions at the 48 paved test location~ investigated are 

presented in Table lo Turfed locations shown in this table were not 

consi deredo The Pavement Freezing Indexes were determined by applying 

correction fac_tors of· Oa75 for bitum~nous concr·ete areas a~d .Oo90 for 

portland c~ent concrete areas to t-he Air ~eezing Indexeso A- statis-

tical_ analysis was made to .determine th~ reliability of the mEl,theiJ?.ati-

ca-l equations utilized in date rmining the depth of frost penetration 

and. the· effect of applying correction factors to the ·Freezing IndeJC:es 

·at the 48 ·test locations tabulated in Table lo · Statistical interpre-

tation of the dispersion was undertaken using the standard equations· 

-listed: 

X = data ex pres sed . in 
iri di vi dual items 

(a) arithmetic mean 
N = total number of items 

(b) medians. 
2
N ~-observation :(Middle item when items are 

arranged according to size) 

(c) 

(d) 

mode = L. + fa-. 
mo .f. .._ f. 

. -. -~ b. 
c Lm; ·lower limit of modal ·.group 

fQ.:.' frequency of class interval 
above modal group 

.f'b = frequency of class int~rval 
below modal group 

C= 

s'!;imdard deviation. 6 =t ~ ( -:1) 
- .. N . 

size of class inte·rval 

x· = deviation from 
ari thmetio mean 

.... 12 = 



(e) skewness mean- mode = JS' 

(f) The method of least squares was employed to determine the 

array of consistency of the computed depths to the observed depths 

X,-t = computed depth 

X0 = observed depth 

3-02e CCMPARISON OF OBSERVED WITH COW'UTED RESULTS o .The date. 

were arranged on the bas is of percent variation betv.reen observed and 

predicted depths of frost pene·tration with plus values indicating pre-

dieted depths greater than the observed and minus values denoting pre..., 

dieted depths less than the observedo The values were grouped in 

class intervals of ten percent and the statistical analysis madeo The 

results of the statistical analysis are presented below which show the 

variation of the predicted from the observed depths of frost penetra""' 

tiono 

S.o Using the Air Freezing Indexg 

Equation Number 
154}Z Design 

83 93 154 Paveo Curve 

Mean + 57o4% + 30o2% =5o6% t' 9o8% + 2o2% 

Median + L~Ool% + 22o5% =13 o2% 1- 2 o2% Ooo% 

Mode + 36o5% + 17 o5% =~o~/o -3ol% Oo~ 

Standard Deviation 5lo8% 37oO% 26o2% 30o9% 21o6% 

Skewness fOo403 f0o343 f0o338 fOo4.17 f0ol02 

Sum of Least Squares 31,1)762 12,1) 11,1~ 51)387 4.\)282 21'597 

The least dispersion from the ob.served depths of frost penetration as 

determined.by' the method of least squares was the Design Curve 11 s 

"" 13 = 



. ··predicted depthso, Equation 154 plus pavement was dis·persed slightly 

more, followed by equations 154 and 93o Equation 83 ihdie:ated con.;,. 

siderable dispersiono 

· bo · Using the Pavement Freezing Indexg 

. Equation Number 
l$4f 

83 93 154 Pave o 

Mean +- 26o5% + 20ol% -14o7% =lo6% 

Median +10o4% + 12o5% =20o8% =l2o5% 

Mode + 7o3% + 6o9% ""23oo% '""13 o3%~ 

Standard Deviation 42o2% 32o2% 23o8% 2lo6% 

Skewness fOo432 fOo4lO f.Oo349 fOo409 

Suni of Least Squares· 9,072 61)201 7[)878 41)377 

The introquction · of the Pavement Freezing Index produced a marked 

irilprovement with equations 83 arid 93, create'd somewhat addit:lonaf dis-

persian. wi~h equati.~n;_ ~54 and had very slight effect with 154 plus 

pavemento Equation 93 became more consistent than equation 154 while 

equation 154 plus .pavement and equation 83 maintained their original 

positions as to dispe rsiono 
·, 

3~03o GRAPHICAL PRESENTATIONo Graphical presentation of the 

dispersion of computed values with respect to the observed depths of 

penetration for each equation is shown an Plate 5o 

3-04o VARIATION FROM OBSERVED DEPTHS OF FROST PENETRATIONo The 

·number of predicted depths of frost penetration which fall within six 

inches of the observed depth is greatly increased by the use of the 

Pavement Freezing Index in equations 83 and 93 while in equations 154 



and 154 plus pavement somewhat greater variations restilt 9 as indicated 

in the following tabulationo 

ao Using the Air Freezing Index~ 

Noo of Predicted Values 
Equation ± 6" of Observed Values 

83 3 

93 14 

154 20 

.154/Paveo 26 

Design 30 
Curve 

Noo. of Predicted Values 
Which Are Closest to 
Observed Value 

0 

8 

9 

14 
.. '"'"'·-·'~' 25 ,~-~--~ . 

bo Using the Pavement Freezipg Index~ 

Equation 

83 

93 

154 

154fPaveo 

Design 
Curve 

No o of Predicted Values 
'!' 6" of Observed Values 

12 

19 

30 

.... 15 '"" 

Noo of Predicted Values 
Wfdch Are Closest to 
Observed Value 

10 

11 

3 

6 

20 
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t' • :··:· I .. ~ . ·PART· ·IV = CONCLUSIONS 

4=0lo RATIOSo This limited study indicates that the ratio of 
.! ( ', ~ --· • . .. ~ ·.' 

Pavement Freezing Index to Air Freezing Index is of the order of 

Oo75 for a bituminous concrete pavement 9 and is of the order of Oo90 
~ .... 

for a portland cement concrete pavemento 

4=02o APPLICATION OF RATIOSo The modifications of the Freezing 

Indexes by introducing the above ratios into the mathematical equa-

tions used to predict frost penetrations greatly incre~se the corre-

lation of the theoretical penetrations to the observed frost penetra-

tions for equations 83 and 93 9 and conversely9 slightly decrease the 

correlation for ·equations 154 and 154 plus pa.vemento 

4-03o. RELIABILITY OF THEORETICAL EQUATIONSo The design curve is 

the most consistent method of theoretically predicting the depth of 

frost penetration in a non~frost susceptible soilo The order of 

reliability for the equations considered9 based on the least squares 

method9 using the Air ·Freezing Index9 isg 

ao Equation 154 plus pavement 

bo Equation 154 

Co Equation 93 

do Equation 83 

and with the application of the Pavement Freezing Index the sequence 

be canes. 

ao Equation 154 plus pavement 

bo Equation· 93 

Co Equation 154 

do Equatiqn 83 

= 16 = 



.4•04o LIMITATIONSe ao Since the design curve is an empirical 

relationship obtained by using the same field data~ the close agree

ment between observed and predicted depth is to be expectedo 

be Variations between the predicted and .the observed 

depths of frost penetration are caused by several factors other than 

surface t~perature differenceso 

- +7 .... 
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. ••.• . . ' ... , ....... ~ . . · .. 

5=0lo PAVEMENT SURFACE TEMPEMTUREo The extrapolated surface 

temperature from subsurface readings is affected very little by read-

ings below one foot but lack of readings in the top one foot layer 
j.; ,· 

causes wide differenoeso The subsurface readings should begin as close 
·' ·:.!·. ·_. .. ·;,' 

to the surface as possible and it is recommended that in future studies 
'. ·'·· 

at least three thermocouples be placed in the top one foot layero 
;· .. 

5=02o FREQUENCY OF.READINGSo Two important conditions which 
i,. 

effect the airfield pavement surface temperatures are (a) the direct 

effect of the sun~s rays and (b) the temperature of the air ~ assumin~ 

there is no snow cover ageo It is obvious that both of these factors 

are varying constentlyo Therefore~ in any future analysis of. theoreti..;. 

cal prediction of frost penetration 8 a continuous record of subsurface 

temperature readings would be necessary to facilitate correlation be= 

tween mean air temperature and pavement surface temperatureo 

5=03o FUTURE INVESTIGATIONSo Continuous pavement surface or 

ground surface temperature data obtained at several locations with 

varying latitudes end climatological conditions would produce reliable 

factors for the correction of the Air Freezing Index f?r use with 

present mathematical equations for predicting depths of frost penetra= 

tion·in areas subj~ct to seasonal freezing or depths of thaw in per.ma= 

frost areas 0 

"" 18 = 
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With the data recently made available on the thermal 

properties of soil (l) ~. the use of the mathematical equations for pre

dieting depths of freezing and depth of thaw give pranise o.f greater 

reliability for varying conditiqns of soil and moisture than the 

empirical design curve which applies only to non-frost susceptible 

soils at aver age moisture conditions o It is recO!Ilmended that addi-

tional information be ~btained on surface temperature transfer charac-

ter i sties so that additional refinement in the use of the mathematical 

equations will resul t.o 

· ( 1) Final Report 1 La bora tory Research for the Detennina tion of Thermal 
Properties of Soil dated June 1949, Sto Paul District, Corps of 
Engineers» Uo So Arrtr:f 
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EQUATIONS: MEAN FREEZING PAVEMENT l'IASE loll SUI!IGI\ADE !Ill (IV) 
PREDICTED DEPTHS OF FREEZING (INCHES) FREEZING INDEX AVG. VOL. AVG.LATENT OBSERVED TEST ANNUAL INDEX DURATION Ill (Ill) THICK. WATER DENSITY (Ill) WATER 

DENSITY3 
HEAT HEAT DEPTH Of AIR FREEZING PAVEMENT FREEZING INDEX SITE YEAR AIQ. TEM~ THICK. THICK. INDEX AREA °F DAYS IN 

CONTENT 
LBS /FT.3 CLASS. CONTENT 

B.T.U/( FT.'JcoFl B.T. U./ FT.3 DESIGN v 4BLKf ·· 
OF DAYS TYPE IN CLASS. 

'% IN 
-__%___ 

LBS./FT. FREEZING 
EO.I54 83 ~ = ---- EO. 154 CURVE EO. 93 EO. 154 ~ (f) ttl INCHES INCHES !Twr-- ("Y) INCHES ("Y) !Cl ILl IN INCHES EO. 83 EO. 93 EO. I 54 t PAVE. EO. 158 EO. 83 t PAVE. (Wf I 

I ANDm 104)-111144 "2.~ l~l!t 108 B.C. 4.0 GW 17 0.8 13~ CL - 3 0.& 81 3 9.& 2920 48 09 e2 44 .. ..4841 . . ... 01 ... . .... •• 42 ... :II 1890 123 B.C. •.. GW 38 4.2 .. 13~ .. CL - lliJ.l ... 107- 3 9.!1 1300 •o 108 87 e·2 eo ' • 7 •• 71 ~ .. ... .. 46 k F Ill' TO 3!II 174~ 130 P.c.c. 7.0 GW lo 8.2 133 ~c L 
38 28.-4 .. j 42 .a 3900 •• 03 &8 41 .. 4 84 •• ·"' 62 • . ... 01 ... 

93 x= 
L+c(v0-32+ 2~ ) 

GC - 28.4 "' ·B 2 (I) I 
" Ut44- 1945 1~4!1 104 P.C.C. 7.0 GW I 8 11.1 119 CL 42 

~· 7 

08 4-4.1 30 3 !!I 
~· o& 58 .. 41 48 .. • ~ 3 ... ..... ..... ... •• • • GC - Z!l-.4 NF 103 NF 

8 144& 104 B.C. . .. GW 31 8.1 131 CL - 31.1 03 3 9.2 2310 >2 70 ee .. , .. .o .. ..,_IS 3 4 ..... •• ... . , .. 
24.2 NF 92 NF 

24 k F DOW c 134S 88 8.C. ... GW 42 8.2 121 CL - 11.3 109 40.0 I 9e.O eo 70 e 7 47 &0 81 .-n• ..... ... •• 46 1!4 X = 
L+c(v.-32+ 2~) 

c 144!1 104 B.C. 3.~ GW 42 0.2 121 CL - 10.3 100 40.0 19 9!!1 e2 &I 89 40 02 .. .. 61 ... ~ 61 ... .. ., 
TURF 144!. · to• T.S.. 8.0 - - - - CL - ca3.4 89 J 39.0 3300 24 37 

1$.2 NF' 112 Nf 
D IU>- 1844 1420 88 B.C. 3.$ GW 40 13.!1. .. 128 ... CL - 17.7 .. II$ .. <42.1 2!!130 ~0 7 I 02 444 .. 4 7 ... .. 53 -4 ... '3 .... ..... •• •• E 1420 •• B.C. 3.~ GW :u IO.C .. 130 . CL - 22.4 .. 101 .. ... .. ,. 220!t 48 7e ee ... 47 .. !0 .. . .... OT •• 41 .. ~ E 1010 H B.C. 3.0 GW sa 10.1 ... 130 .. CL - 22.4 .. 101 .. 41.6 2110 "4 e8 09 •2 .. ...~ .. 4T .. . .. •• 37 . .... , 10 eo 74 P.C.C. 7.0 GW 20 t.l ik 138 .. CL - 22.,. .. 110 '* 44.6 .:noo ... & 0 .. • 2 .. 37 44 46 • 53 -4 •• ~ 37 44 TURF •• 20 88 T.S . 8.0 - - - - C L - 2 2 .• (I) 101 Cll -4 2.0 3CIO 26 37 

" 1844·-194$ u.o 2060 15 P.C.C. 7.0 GW 33 8.3 134 GC - r '"j 38.7 194& 70 •• •• eo e7 .. •• •• •• •• ..... 
18.2 NF 113 Nr 

DESIGN CURVE- FIG. Z, E. II. PART XII, CHAPT. 4, IIARCH 1946 B 2080 115 B.C. 4.0 LC.R 4 -
I ~4] GC - 14.8 114 3 7.4 18 70 71 99 87 e.2 ... 10-4 •• 74 ... 77 ... 54. •• GW ao 6.5 14.2 NF' II 4 NF 

TURF' 140 25 T.S. 5.0 - - GC -
::: .. I 

100 3 9.1 2790 13 I 2 4 PRESQUE 
II 0 NF X=- DEPTH OF' FROST PENETR-ATION IN F'EET. 

A 1945-1148 22 .. 0 12. P.C.C. 7.0 GW 32 10.4 .. ISS lifl GC! - 17.0 .. 117 .. 41.1 2450 7& eo 80 .. 57 84 •• •• •n-e 04 ... k= THERNAL CONDUCTIVITY "IN B.T.U./( FT.)(OF)(HP.J ISLE c 2230 120 II.C. 3.$ [C.R. 3.$ - G·c - ·~-' 4ft If!!- * 37.0 178 & • 8 IOe 12 ~ 6 5 ... 72 .. ..... e, .... 00 00 87 .. F= FREEZING INOEX IN DEGREE-DAYS 3 -j GW 2& ·e.3 .. ""' 132 L ell AVERAGE LATENT HEAT IN B.T,U./FT. 3 D 2230 124 B.C. 3.5 [C.R. ... - GC - 18.4"**" 12 0 .. ... 4 4.0 2740 • • •• 78 . ~4 81 ..... .... ... 17 ... 47 ., C• AVERAGE VOLUMETRIC HEAT IN B.T .. U./(FT. )(OF) GW 25 10.5 lfttl tlt:tl- 1~2 V0 • MEAN ANNUAL AIR TEMPERATURE IN or TURF 2240 12 a T.S. $.0 - - . - GC - I 3 .II Cl l 115 Cll 37. e. 22 30 50 ~e .. t a DURATION OF FREEZING INDEX IN DAYS A 1945-lt4e 48.& 825 •• P.e.c . a.o GW I a 4.a .. 119" sw - •. 3 ... :~; ;;, 28.0 800 40 98 7e ... eo ~ 4 I -4 06 72 .. OT d -THICKNESS OF' IN8ULATION LAYER IN FEET_ l'IEDF'ORD II 
··~ 

117 8.C. $.0 GW 14 ... a (I) lit Cll sw - 5.3 (I) 2 e.o 80& 20 •• 70 48 >4 ... 3.8 •• 61 ~! 48 B 34. 41 II.C. •. o GW 14 4.8 (I) llo .Cil sw - 5.3 "' 103 J 2 a.o 80& 2. 62 ... •• 4 0 ~27 ... .. • • A lt44-lt4S 4a.7 >00 eo B. G. a.o - - - - r· >O ... "' .. 111;*: 124 27 ... 22 8$ .ze 34 31 .. 22 ... ze .. ~26 .. .. 26. .. 26 ... 18 24 .. AN AVERAGE VALUE f'OR THERMAL CONDUCTIVITY 
OTIS ML 2 3.& ..... Vt ~ 87 

(k). 1.3 8.T.U./(FT.)(Or)(HR.), IS USED THROUGHOUT SP 24 1.2 119 
GP - O.B 128 THESE CALCULATIONS. 

A , .... -114!t 40.5 1805 07 ... c. . . &.CEW . • le.3 113 
~~ 30 14.'1 

'" ~ 
3 •.e 2130 40 &I 72 "" • I .. 52 .. •• 61 u . .... ~ 47 .... 

HOULTON - [ 8.3 134 

- ] - 10.1 NF NF if II!] ... 1844- ..... .as. a 1210 &8 II.C. 2 .• [ C.R. 8 - CL 23 .21.1 .. 10 8 v.: 38.9 2385 48 •• •• 41 51 .. ~48.4 ., ... 50 ... u 38 G r I a 5.3 " *: 14 t SF 3e 0.1 .. 116 * 
1; z] 

CL - 21.1 ... 108 "* II 12 .. , ,, D.C. 2 •• [ C.R. 1 e - C L - 27.0 • 99 4 3.9 1 eo·s •• 78 e4 ... • • 50 .. 58 ... .... ... 40 .. GF 25 7.7 
c 124. 87 P.C.C. &.0 Gr 4.8 12.7 112 CL; - 30.0 82 3 8.8 2 0 7 0 • $ 74 • 2 44 • o .. • 0 ... •u~ 60 ... •• •• TRUAX " ····-··· 1020 83 II. C. 2.5 CC.R. a -

"' 1 ;o] [ CL 2& 2 7.! ... . ·~] 4 3. 7 2 4 3 0 ... 82 53 37 47 .. ~45<C ., ... .. 48 ... •• •• GF 1 a a.o " SF 3& 1e.e ... II B t1!r 
CL - 2 7. & .. 05 .. 

I" 
NOTES: c 1080 100 P.C.C. 7.0 GF 30 .10.1 " ""12 9 [ CL 32 35.5 "' 87 "] 43.0 2~~0 4 a • "I 53 .. 37 .. 4 .. 

~··~ •• .. so .. so ..... 
[~·:: 

sr - 20.4 .. 113i> 
0 I 0 II eo B.C. 2.& 20 -

- .. I;.] 
CL - .2 5.9 ... 01,. 4 3.2 1&80 $ 8 7 8 • 3 .. 44 eo ... ... 58 ... ..... •• 42 

(I) PAVE DolE NT TYPE& ARE .AS f"OL!..OWS: 30 5.8 * 8 lt41-114 47.1 14S 81 P.C.C. I 0.0 Gr 12 II .5 88 "L 13 16.0 
II 2 IJ 

4 4.1 2280 35 so 43 304 40 .. •as~ •• 41 ... ..... ..... B.C. - 81TUWINOU5 CONCRETE. 
5ELF'RIDGE SF 30 22.3 .. 100"' P.C.C.- PORTLAND CEMENT CONCRETE, 

CL - 31.·2 "' 8'!1;(1) T. S. - TOPSOIL (TURFED AREAS ONLY), 
A 1844-194 .. .,.5 900 104 P.C.C. 7.0 GF 7 &.7 .. 13 & .. CL 32 I $.1 ,. 

105 "'] 3 7.9 21&0 .. 2 e.3 •• .... 4e .. ....... •• •• 07~ ......... (II) VALUES USED FOR WATER CONTENT AND DENSITY ARE CH - 23.5 .. 90 .. 
FOR 'f'AEEZINC PERIOD WH£N AVAIL.A8LE, II ••• 71 II.C. ... or 8 0.4 ,. 140 ,. CL - 14.1 ... 87 * 32.8 IG40 2. e 2 12 ~7 42 ,. •• .. .. u 19 EXCEPT.IONS ARE NOT EO AS FOLLOWS: TURF 110 •• T.a . ·4.0 cu - - - - [ CL eo 1.2:.1 ,. ..... ] 33.6 1e ao 6 34 I -N: - VALUES FOR NORMAL P£1\100. PIERRE CH - 18.7 * 80 * ** - VALUES FOR I'I"RO&T MELTING PERIOD. A 1841-1141 IOZS 88 P.C.C. 7.0 [G r 7 7.4 ,. "142] [ C L 27 21.& .. e 1 * J 3 8.1 2825 4& • • $2 .. 37 .. 4 .. ~4· .. .... •• u ..... 

C U - A!.S.UN£ D VALUES. CL • .... .. ,. II 0 CH - 21.7 :·1 87-tt,.. 
NF -VALUES FDA NOH•FAOZEN $U8GRAOE SOIL c lOIS •• II.C • 6.0 [GF • 8.7 ... 

"' 12 I] 
CL - I 2.7 12 .. 30.0 II 7 0 .. .. 7 .. 83 ~ .. 5 ... &I ... 4 5 ... •• 80 . ..... •• , 4 

CFREEZING ·~ERIOD ). CL 7 l..L..ft. ,. II o .. 1844-11141 41 • .1 Ill 71 II. C. 2.0 [GC 10 7. 0 * " 132] 
CL OA. - 23.8 .. • ~ ".J 4 o.e 2140 40 ··I 49 .... .. 3 7 ... --·5~ ..... 42 ... so 32 IIIII SOIL CLA&&IFICATION roR AIRFIELDS EXCEPT AS CL 12 18.7 .. fc·ll 2 CH 3.0.8 .. 84 ... 

~-.... FOLLOWS: SIOUIC A 19 .. 5-IV4& 122 0 82 B.C. 1.0 [GC 10 7.1 .. fi 1~7] [CLORCH 4& 2 0.0 "' 8 0 "'] :t 0.5 3020 4 7 • 0 as .. 38 40 40 ... ~ 48 .. .. I& C.R.;... CRUaHEO ROC I<. CL 12 21. .. • " 103 SF-CL - I S.i .. 9 7 "' S.CEM. - SOIL CEMENT . FALLS II Ia I 0 100 P.C.C. e.o - - - - [ CH 00 3).0 "' 
&5 ~~ 3 8.8 3'160 42 .... &0 3. 414 B I .. •• ... •• .. 40 ... 

PIT CL II 27.!i *"· 87 .. (IV) DEPTHS or FREEZING OBTAINED FRO .. TEST 
sc - I 5.9 <ll 'I 7 cq, OB&ERVATIONS EXCEPT A5 FOLLOWS ' .. .... 4-194 42.5 180 &2 P.C.C. 8.0 - - - - ["-'' 32 14.e. "' 

112 "J S0.7 232 s 3B • 8 5.2 • l7 ... •• 4 2 .. 52 • • ..... .. ... TH- DEPTHS. OF FREEZING OBTAINED FR. OM 
0~-CL 20 23.8 tl B 7 * THERMOMETER ANO THERMOCOUPLE OBSERVATIONS. 

GP - 3.8 .. 120 CIJ 
444 ~ CLOSEST VALUE TO OBSERVED DEPTH, 8 840 59 B.C. 5.0 GF • 4.8 • 13"8. sr-oL 22 14,1 "' I 0 3 .. J 2 0.9 f9 70 42 e2 • a .... ~·1 .. 47 ... 411 ... .. . ... 

OL-CL II 22.1 .. a • * .. VAL.U£ WITHIN % e INCHES OF OBSERVED DEPTH. 
WATER- GP - 4.4 " 12 OCI_J 

~ f'\. TURF 8110 ... T.S . 6.0 - - - - [SF -OL &2 1.4 " 13. •J 30.6 12 .. 0 42 43 .. 
0 TOWN GP - ..... .. I zo Cl) 

X 

\ A 114&-1148 1715 •• P.C.C . 8.0 - - - - [ &r-OL 24 14.8 (II 112Cil~ 29.7 2 0 I 0 7 & TH 88 • 77 .. $. . .. et 70 ... ~ 73 .. •• ·II w o., OL-CL 22 ·2).8 (I) 87 (ll 
!~ t GP - 3.8 (II 1.20 Cl) .. " B 17" •• B.C . 5.0 GF 12 4.8 (I) 138tll [ sr-oL 30 14.1 (II I 0 3 Cll] 28.8 133 0 79 TH I 0.8 00 84 •• •• ~ ai 4 ..... 88 '., ... 

-~ 
z .. V' GP - ..... (I) 12 0 (I) ;:;o A .... 4 ... 194!11 so.z ,, . 71 B.C. ... GS.CEM. 8.$ 11.1 .. "' 12 !J [ OH-CH • 28.7 * 99 *] 4 3.2 29&5 48 •• •• 424 ~43 .. s l ... • 49 ... . .... 37 •• ~~ 

FARGO CL-SF 14 10.8 " * 12 I . CH - 31.1 "' eo " ~ -A 1845-1848 2485 I 2. a, c. 1.5 [O.CEM. ... II. I m 122(1)] OH-CH 12 28.7 Ill SJ IUU] 42.3 3395 72 TH e 1 • 7 3 4 52 •• .... 61 •• 41 ... aooo 
0 CL-SF II 10.8 Cl) 12 e U) CH - 31.1 (II 88 (IJ ': 200 

" 1944-194! 5 5.0 $0 5 P.C.C. ·1.0 SWORSF • 2.0 .. 120 "* [ sr-CL .. 1&.1 * 109 tl] 38.4 325 13 37 18 .. ... 13 ... 20 II .. •• 17 ~ . 12 .. .. TIME IN DAYS OR 
CL- SF 13.1 * J02 * R EL AT IDNIIfiiP IIETWUN Fa. t GREAT CL - 17.0 " 100 * 

l'IEND " 1145-1148 IS 0 II P.C.C. 7.0 SF ! 2.0 "' 12 0 (j) SF-CL •• I~. I Ill 

"""J 
3 e.2 1.e o o 2 4 TH 2 7 .. 21 .. .. • 22 .. "17 .... 24 .... 20 .. 14 21 ... 

OR 
CL-SF 13.1 Cll I 02!0 FROST INVESTIGATION 

1-cLC:.~L - 17.0 Ill 10 0(1 
A ...... -.... "' 19.0 12 eo •• B.C. 4.5 sc e 4.7 II 130·-..- 40 1e.e ll 8 7 .. 2 8.7 1905 41 78 70 • o .. >4 -.eo • •• 61 43 ... ~ 48 -4 1949-1950 l'IISMARCK 

SP - 8.1 ... 88 " ... 1044-184> 41 ... 3.5 59 .c. c. 7.0 - - - - SF' -CL 28 II. .. ... 
II H~ 2 0.2 I & 50 s 0 42 3 ... 284 33 .. ... 2 1 ..... •• •• ... •• ... ..-u~ 

~· I 2 I.e " 12 0 til 

CASPER '~<s::CL - 5.3 ,. Ill" 
B 3$5 58 II. C. •. 0 GW 7 3.8 .. 131 * 12 8.2 ll 117 * 2 9.7 870 I 8 e I 47 .... 38 ... .. .. 41 ... •• PREDICTION OF FROST SP 32 3.5 "' iOHJ SF'- C L - 8.2 • 117ilr 

' A Ut4 .. - 1845 52.0 180 70 P.C.C. e.o - - - - CL 2 & 28.0 1< 8. ,. 3 a;t 3,.~0 I 5 51 28 20 ... 28 28 •• 26 • 18 :"'I •• PENETRATION FAIRMONT 
CH - 2 3.0 " 88 .. -A 11144 -1e4s ~ 5.0 ,. 7 B.C. ... sc 10 !.0 .. IZ~ 

[ C L 
3 e I $.9 .. 

107 ""] 
3 8.2 oeo 12 IS .. .... II, 4 8 .. ... '>~. <4 .. II 4 10 .. T ... 9 .. 

GARDEN CH - 11.1 * 9!"' 
CITY OR 

' Cl-t-C:L 1&.3. .. 0 7 .. 

I 
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--..._,_~ ' . 

DOW FIELD PRESQUE ISLE AIRFIELD SIOUX FALLS AIRFIELD 
BANGOR, ME. PRESQUE ISLE, ME. SIOUX FALLS» S.D. 

T -aas po r-239 P TEST AREA A ' 

1946-1947 1945-1946 1946""1947 
..... 

0.18 Bituminous Concrete ~ 0.16 0.2 Asphalt Concrete 
0.3 Portland Cement Concrete 0.4 - 0.3 
0.6 ¥)() 0.6 Grove lly Sand ( SC) - 0.9 - 0.9 . ·~ 1.1 - 1.2 S!!llill 

Blended. Soi I (CL) 
Sand and Grovel Base (GW) 

1.8 - Sand and Grovei(GW) 1.8 - 1;8 
2.0 -2.5 -- 2.4 -- 2.6 

2.8 -3.1 - 3.1 -- 3.0 -3.3 3.3 

3.8 - Compact Clayey Silt, Dark Brown Cloy, 4.0 - 4.0 lllllill!l Loom and Silty Loom (CL) Sand and Gravel· ( GC) 
4.5 ·-4.7 - Silty Clay ( CL) 5.0 -I 5.2 -5.4 11111!111 5.4 

' 6.0 - 6.0 - 6.0 -1-
Topsoil L&J 

L&J 
LL I 

·I 
7.0 . · .. -z -

:t: 
! ...... T-697p '. T-241p TEST AREA 8 0.. 1945-1946 1945•1'946 1946-1947 w . - . ---

0 1946-1947 

~ Bituminous Concrete lxx<h 0.2 Portland Cement Concrete 0.3 Portland Cement Concrete 0.4 
Bituminous Pen·etroted Crushed Rock 0.5 ~ 0.5 0.6 0.5 &1D11111~. 0.6 -0.65 -1.0 am Gravel (GW) 

0.9 - 1.0 lllliiE! Sand and r;·3 - 1.4 Cli!llll LEGEND 1.65 1.5 -- 1.7 Sand and Grovel Bose (GW) 
1.85 lliZ!I!I 1.9\ l'mlliBl 2.0 lilifJII! 

\.'4 ·.- THERMOCOUPLES 
lillilri!D 2.5 -2.65 E!all!!l 2.6 fiiiRiliJ 

Block Silty Clay ( OH -CH) Fig~ res at I eft of logs 2.8 
3.0 flil!!i!lll indicate depth of thermocouple 

'\\ '.~ ·., 
I:,, 

from .· su rfoce in feet . 3.45 Dlllllllil 3~4, ... 3.5 lii!Bill 

I 
·. \ 4.0 llllliJi 

4.3 \ ,\~ 
~ lllliiiiD Silty Clay (CL) 4.3 

·, 

! 'i' Compact Clayey Silt, Sand \\.: ~1 5.0 ~\1: ':'.'\•\ 

and Grav~l (GC) B!l'6lml 
.5.15 l!!!Bi!li'iY miD 

5.5 
'--. 

. FROST INVESTIGATIONS 
--·· 

1949-1950 ; 
)...· G.O ~ 6.0 6.0 I1SWI Dark Brown Cloy, 

. Loam and THERMOCOUPLE 
Silty Loam (CL) INSTALLATIONS 7.0 D'D 

c 

JUNE 1950 
I 

. , FROSi EFFECTS LABORATORY ,BOSTON,MASS . 
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26 NOV.-16 DEC. 

0.18 

0.4 

1-
liJ "-
liJ 
LL 

1.1 
CJ) 
liJ 
_J 
a. 
::> 
8 
0 
:IE 1.8 0: 
LLJ 
::r: 
1-

LL 
0 

::r: 
1- 2.5 a. 
liJ 
0 

<D - 26 NOV. 

® 2 DEC. 
@ - 4 DEC. 

® 9 DEC. 
3.1 @ 12 DEC. 

@- 16 DEC. 

50 40 30 40 
TEMPERATURE IN DEGREES FAHREMIEIT· 

- 21 FEB.-17 MAR. 
PAVEMENT SURFACE 

.. 
0.18 . ' 

0.4 

1-
liJ 
liJ 
LL 

1.1 
CJ) 
liJ 
_J 
a. 
::> 
0 
0 
0 
:IE 1.8 0: 
liJ 
::r: 
1-

LL 
0 

::r: 
1- 2.5 a. 
liJ 
0 CD- 21 FEB. 

®- 23 FEB. 
@- 28 FEB. 
@)- 5 MAR. 

3.1 @-II MAR. 
@- 17 MAR. 

• 
40 30 20 10 40 

TEMPERATURE IN DEGRE~S FAHRENHEIT 

THERMOCOUPLE INSTALLATION T-886 pa 
DOW Fl ELD, BANGOR, MAINE 

19 DEC.-7 JAN. 13 JAN.-4 FEB. 

30 

19-31 MAR. 

CD-
®-
@ 
® 
@ 

30 

20 

CD 19 DEC. 
@- 24 DEC. 
@ 27 DEC. 
@) 31 DEC. 
@ 4 JAN. 
@ 7 JAN.· 

19 MAR. 
21 MAR. 
25 MAR. 
27 MAR. 
31 MAR. 

20 

10 

-200 

CJ) 0 
>-
<( 
c:: 
liJ 

~ 200 
(!) 
liJ 
0 

liJ 
> 
- 400 
~ 
_J 
::> 
::!:: 
::> 
0 600 

BOO 

1000 
0 

40 

N 

30 20 

CD - 13 JAN. 
@- 17 JAN. 
@- 23 JAN. 
@) 2B JAN. 
@- I FEB. 
@- 4 FEB. 

CUMULATIVE DEGREE DAY CURVES 
FOR 1946- 194 7 

RATIO OF PAVEMENT FR EEZING INDEX ; ~~~ ; 0.75 
TO AIR FREEZING INDEX 

D F M 

1946 1947 

NOTES: 

10 

A M 

~: 

----;;/i pavement surface temperatures obtained by extrapolation as 

5-18 FEB. 
EXTRAPOLATED TEMPERATURES 

40 30 

::r: 
l
n. 

20 

DOW FIELD 
BANGOR, ME. 

r-886 pa 
1946-1947 

. CD - 5 FEB. -
@- 7 FEB. 
@- 10 FEB .. 

~- 13 FEB. 
@- 14 FEB. 
@ 18 FEB. 

0.18 
0.4 ':~·::.-m~··.::~:~~ 

·-: : . .:.~: :: ;·~}.:.;c;·:· 
1.1··.::·~:.;: .. ; 

0.3 BIT. CONCRETE 

·.·;:0'.:· ...... . 
:: . . :o'.": ~.' 

1.8 ::~:.~:·: .. : 
• •• C> .··.-: 

:~ g~;~: 
3.3 

SAND 
AND 
GRAVEL(GW) 

10 

~ 4.0 

.4.7 

5.4 

6.0 

SILTY CLAY ( CL) 

FROST INVESTIGATION 
1949-1950 

TYPICAL PAVEMENT FREEZING 
INDEX COMPUTATION 

Thermocouples shown by short dashed lines above the location of the upper thermocouples. 
Figures at left of tog indicate depths of thermocouples from 

surface in feet. FROST EFFECTS LABORATORY 
NEW ENGLAND DIVISION CORPS OF ENGINEERS 1 

BOSTON, MASS. JUNE 1950 
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2" 
... 
I&J 
X z 
I&J 
a: 
X 
Cl[ 
1&. 

en 
ILl 
w 8 
a: 
<!) 

~ 

7 

~ 

• 

13 MARCH 14 MARCH 15 MARCH 16 MARCH 17 MARCH 18 MARCH 

r------,J+--j--r--~~~~--r-~46 __ ~----tM~------~6-------.X~I~I----~~~6~~~--~M~-r~~~6~------~X~II~~--~6~·-----r--M~--~---~~~-----X~I~I~----~~-----+~M~~~~~6~~~--~X~II--~--~6~----~~~~A------~~~----~~~fl~l--ir~~6--~--~M 
I..... I i I ! 1 .. 1 ' ··. i ./-!" I 

M 

1 , '1V ·r . ·! · ·· -·· . .. , :_d_:~ ·--.~-·~ 
r:· - I . L I . ·. . . . . . I -' : .. . .. . . .· ··I ' : : : ' : . : I ::' ~~ V>.: -' ' ' ;; ~ :' . -' ' . :- r -

• I , 
_::j •. :. 

Clear in A.M. lncrOtlsing wind and cloudiMSS. Portly cloudy ond windy. Clsorlng In P.M. 

19 MARCH 

II 6 

I 

Fog fo 1/:40 A.M. Clear,lighl brllt!!n at2:50 P.M. 
Partly cloudy, /ncrsas/ng wind a/5:50P.M. 

M 

~ 1.70 
~ 3.0 

i! 4.0 
::1: 

~ 5.0 

:!! 6.0 

7.0 

6 

20 MARCH 

XII 

Clt1or, sunny, no 111/nd. 

0.6 Portland Cement Concrete 

1 2 Gravel, Sand, Clay (GF) 
1:7 Brawn Sandy Loam with a little Grovel ICLl 

Brown Sandy Clay Loam (CL) 
3.0 

Brown, Lean or Medium Clay (CH) 

TEST AREA A 

M 

Misllng rain, clearing with lncrBD~Ing wind. 

0.5 

1.3 
2.0 

1-... ... ... 
!: 4.0 
::1: 
1-
Q. ... 
0 6.0 

7.0 

21 MARCH 

Claar, calm and mild. 

0.5 Aapholt Concrete 
Grovel, Sand , Cloy (GF) 

:}erown Sandy Loom with a little Gravel (CL) 

Brown Silty Clay Loam (CL) 
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TEST AREA 8 

THERMOCOUPLE POSITIONS 

Rain and uind . Pari 'Y cloudy and wind. 
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Portly cloudy and lncrsosmg wind. 
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FROST INVESTIGATIONS 
1949-1950 

AIR AND PAVEMENT 
TEMPERATURES 

PIERRE AiRFIELD,PIERRE,S.D. 
13-24 MARCH 1945 

JUNE 19!50 
FROST EFFECTS LABORATORY, BOSTON, MASS. 
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DIURNAL CHANGES IN SOIL TEMPERATURE IN BARE SOIL ( WOLLN.Y) 
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RESULTS OF STATISTICAL ANALYSIS 

AIR FREEZING INDEX 

EQUATION NUMBER 83 93 154 

Mean +57.4 ·t30.2 -5.6 

154 .PLUS 
PAVEMENT 

DESIGN 

t 2.2 
1------------1-~- ------ r-----·- ---~~- ----

+9.8 
---+------1 

Standard Deviation +51.8 +37.0 +26.2 +30.9 +21.6 
~------------ ----·-----.: ·- ---. ------- _;____ _____ ---·--7-
~~ewness +0.403 +0.343 +0.336 __ ---~-0.41~-- ~-~_<>._2 __ 

SuiA of Leosr Squares 31,762 12,144 5,387 4,282 

PAVEMENT FREEZING INDEX 

EQUATION NUMBER 

Meon 
1----------:------ --

83 93 154 

+26.5 +20.1 -14.7 

154 PLUS 
PAVEMENT 

-1.6 

2,597 

DESIGN 

-------
_Standard Deviation +42.2 +32.2 ~~~- __ +21~6 ______ ___:_ 

Skewness + 0.432 +0.410 +0.349 + 0.409 
--- ------- ------- f----------- ~ ------ ----l------1 

Sum of Least Squares 9,072 6,201 7,678 4,377 

EQUATION 154 + Pavement Thickness 
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NOTES' 

Distribution curves shown ore based on 48 observations 
lobulated on TABLE I. 

Distribution Curves ' 
·-· --Using Air Freezing Index. 
----Using Air Freezing Index modified by correction factors 

of 0.75 for· bituminous pavements and 0.90 for pori/and cement 
concr~te pavements. 

FROST INVESTIGATION 
1949-1950 

CORRELATION OF THEORETICAL 
AND 

OBSERVED FROST PENETRATIONS 

FROST EFFECTS LABORATORY 
NEW ENGLAND DIVISION CORPS OF ENGINEERS 
BOSTON,MASS. JUNE 1950 
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