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REPORT 

ON 

FROST INVESTIGATION 
I9U5 * 1&6 

Synopai«. The frost investigation program for the fieoal year 

I9U5-I9U6 was oonduotod by the Frost Effects Laboratory in the NewEngland 

Division with the cooperation of the Great Lakes Division and the Missouri 

River Division. Field investigations were made at nine airfields, with vary¬ 

ing subsurface conditions, located in the northern part of the United 

States and laboratory studies at the Frost Effects laboratory. The purpose 

of the investigations was to augment the tests made and data obtained from 

frost investigations conducted during the years I9I4J4 and 19¿i5 and, if neces¬ 

sary, to recommend changes to Chapter h, Art HI of the Ad Interim Engineer- 

log Manual dated July 19^6, This report with nine appendices presents the 

data obtained during the fiscal year 19U5-19U6 with the conclusions based 

on these studios. This report contains a method of predicting the depth 

of frost penetration, based upon the properties of the soils encountered. 

A study of the pavement failures which wore caused by frost action or to 

which frost action was a contributing causo is prosonted. Or the basis 

of these studies,:',no ohangos in Chapter ^ of Part HI, Ad Interim Engine¬ 

ering Manual, dated July 19i|6, are recommended. 

2. Introduction. \. 

Authorization. - The frost investigation program was authorized 

by the Chief of Engineers by letter to the Division Engineer, NewEngland \ 

Division, dated U August I9U5» Subject* "Frost Investigation During Fiscal 

Year The Boston District was assigned the responsibility for 



per»Sa. 

organising the program, obtaining the cooperation of the Missouri River 

Division and Great Lakes Division in the program, and analyzing and report* 

ing on all the investigations* The frost Effects Laboratory, established 

at the Boston District by direction of the Chief of Engineers, as stated 

in circular latter No* 3221, dated 11 August ISMi* with the purpose of 

carrying out the frost investigation program, was continued in its function* 

b* Purpose* - The purpose of the frost investigations during the 

fiscal year 19U5~19¿4Ó was; (l) to augment the tests made and data obtained 

from the frost investigations conducted during the years 19Í4* end 19^3* 

(2) to study in moro detail the factors influencing frost action for cement 

concrete pavements, and (3) to correlate previous investigations for both 

rigid and flexible pavements* The purpose of this report is; (1) to unify 

and summarize the results of observations and tests made at various air* 

fields in the unitod States, studies of soil properties influeicing freezing, 

theoretical studios of frost penetration, austudy of pavement failures to 

which ono of the contributing factors was frost action and (2) with reference 

to 'art XII Chapter 1;, "Frost Conditions", Ad Interim Engineering Manual, 

dated July 19U6, to present additional supporting data, and recommend re¬ 

visions, if warranted* 

o* Scope* - This report with the appendices presents in detail 

the sunmary of the studies, the observations and tests made, and the 

supporting data for the chapter on Frost Conditions in Ad Interim Engineering 

Manual* The program consists of the following phasesi 

(1) The performance of controlled laboratory tests to 

determine thermal conductivity of frozen soils* 

(2) The observation and testiiç of the effect of frost 

- 2 • 
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par. 2o 
action during the winter of I9U5-I9I4Ó under paved 

and turfed airfield area*. 

(3) Mathomatioal studies of frost penetration phenomena. 

(J|) A study of airfield pavemerxt failures to whioh 

frost action was a contributing cause. 

(5) The feview and analysis of the results of investi* 

gâtions performed. 

The controlled laboratory tosts consisted of an investigation 

of the thermal conductivity of frozen coheaionlcss soils with different 

densities and water contents under controlled temperatures to assist in 

the prediction of depth of frost penetration into ooheaionloss soils for 

design purposes. 

Tho observation and testing of the effect of frost action under 

paved and turfed airfield areas were studied at nine airfields located 

in northern United States. A total of 23 test areas were investigated at 

those airfields. Thirteen test areas had flexible pavements and eight tost 

areas had rigid pavements. Two turfed areas were investigated adjacent 

to paved test areas. The individual test areas were selected to encompass 

the full range of the following variables influencia frost action* 

(1) Air temperature ranging from moderate to severe 

(2) Ground water table varying from an elevation near the 

surface of tho pavement to an elevation greater 

than 25 feet below the pavement surface. 

(3) Precipitation during tho fall prior to freezing period, 

varying from light to relatively moderate. 

C.P. 
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par» 2o» 
(U) Base and subgrade materials of various water contents» 

ranging from relatively dry to saturated» 

(5) Subgrades of various materials, ranging from & plastic fat 

clay to a nonplastio silty gravelly sand and a cohesion- 

less clean sand» 

(6) Bases of various materials ranging from a plastic 

sand-olay-gravel to crushed rook with soil cenent at 

one test area» 

(7) Rigid and flexible pavements» 

(6) Pavement designs which would support light to heavy 

aircraft. 

Of the 15 airfields investigated during the 19U*-19li5 period, tho 

following oight wore selected for investigations during th» Ipl*5-19lj6 period 

(1) Dow Field, Bangor, Wains, 

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

(3) Truax Field, Madison, "Wisconsin. 

(U) Pierre Airfield, Pierre, South Dakota. 

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

(6) Watertown Airfield, Watertown, South Dakota. 

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

(Q) Great Bend Airfield, Great Bend, Kansas. 

The investigations at these fields aanged from a minimum, uhioh 

consisted of weather observations, heave and subsurface temperature 

measurements, and ground water observations to more comprehensive investi¬ 

gation which consisted of the above supplemented by periodic observations 



par* 8a» 

of varlatloaa la »aior 

and tubcrodo —%Ut ** fUW Worioc WOM m Ui r%4* tlmakto 

pownt* to* on tbo taoo» bowol* W» rtêU 

alrflold* Bodford âlrflaM» ladftré* ^imÄ'oaaün» 

•urfaoo tonporatoro anoai^aao*» «ni *f 

panairmtiom la aon-fwat Maaainiblo bono« MB a^ÉffMaa ba«n*«n »14H ' 

f lo libia paaanool«» 

This faport doaa aa% laalada MT aolioaiM *1 ^lf 
0 

ride« n.ld. Mura#«, «nam « «H%iU4 ftHMÜpilMI it#l P^Hi 

oonditioob inal«di«f tmffla laat*» ••• na4a» tba lawallfatloo 

ai Solfridc« fio Id la praaaalod M •fcf»»« an 

tmffla Taata, Solfrldfo fUU, IbëilcM»* Ba» HI*» 

Tbt* ropori doaa not laalaia any Bata at 1 lao**d Barm, Ma 

of traita»at of »oiU to pr»«aM fiant laUon» tfc raaalt« *f «È» ( 

of traatnaot of «alla to prow* fraat natía* ora 

on Btudlaa of Biaa Cowaa troaUMt ta 

d. ¿rrancanant of fcfort. - tMa rafart pmaa«a a 

tnilyaia of tho data Mlali aara obtalwd fran iba fl« Id and 

«aatlcatlona. Datai lad raporta of U» flaU lanaattfatiana 

in tho follovins appaadiaoa Mia* ara tfea baala <W M» roaalta 

ha rain« 

Apaandii Bo. 2fi& 

1 Biport oa Dan Fla Id» Bmcar» Buaa* 

0» •* BMlaoarOffta«» •»atoa» ^aa« 

8 and 3 Biport an fraafoa 1»U AirfMftd» Mat«« lala» 

Maim» and badfbrd air full« Bodlbrd* ^aa«» 

C.P. 



4 

Am IftAw % *• Off i«« a &*•• 

«• trm» fUU, Ml»«, Jmm 19U* 

•• •• lAfliMinf Ofrv*>c laiMMii, 

$ o»i 0 te|»*4 Ml #Wrr« *lrfWl4v fun%, U«t4 do»««, «ntf 

*IU AlriWM, HIU, «MUI feiet«, J«« 

MM* aiM4«rft ti**r Om» M* Ofn*», Ommm, feOrtife* 

14 0 410 0 feprt M fet»f««4« *lrfl«l4A felwfUMi, Or mi 

felM«« fe««« «laoifel Mffull, feffe, Serti 

feto*«« Mi OfM« fei« 4irfl4l4, OfM« fe1««, 

fe««*«f Am IHrft, fe*#«wi ll««r OlriaiMi Oft im. 

•• mumflfc» • ffe 4f MM Mit! tai «atl/ftU Af 

MMltl M* »• I «rMUtUw« «M •# 4»n%»4 UfM «fe MT««. 1*4 M>r«l 
4 

4fll \*m* «M4 II till «»fMi «91 feffM« II Ife ^IIammt" •« tu mvd of 

«Bli NOVO« 

#* ÊÈÊBÍBâtÊtÊÊ^ * 1141114 ft«« fe**-« «fon fWdftaBAol 

f«l4il««l «»Mi*fMi V4« pr«MM«4 If f««4t««4 iMftftil^tftri« fOTtlftttUrlf 

i« t«ft»if, A« 0fcfe§«iai«t #• e. feu#««», *«i o, iiiifei, 

tu* UM«ftti%At|«o «%« »öl *«t.4 If f» roc Ami of im fei Cf^uad 

¢1910141. »»«t«U4 If firoeftiml 4f %M OfMt Um% fevialon «m ÜMourl 

fe«*« OloiftlIfe 

fe« m feft«|#«afe ««i fe« i« 4* «1p*« of feroftii Uiii««nltf oa« 

fe« /• €• fe« 1*44* «f feriiMftferft fei mi roit/ o«u4 ia tu« ««pooitf of ooa- 

«ftfefefe 

440mol«44iiiM«* M aoft« io in» 0« ft« feftifer fereftu flr ftamlah* • 

m «Mifer feil WM m Vm feil fe^iftaer« •! «örtern utt 1oo«*1oa« fbr 

•4oi«<*m« «le»o la p» ¡‘fl'fMaft Io#Io« 

•«IW • o • 



Par« Ut 

C# jMorlPtion of ftroat Aotion. - FroBt action is dofinod as the 

phytioal ph«nomonon by which layers or lensos of ioo are built up within a 

•oil mass« Three conditions must occur simultaneously for those ice layers 

to form. Those are as follows i 

(1) Soil. - Frost action within a soil is a function of its 

mo id site which may be conveniently expressed as a function 

of grain sise« 2n this investigation any soil which 

contains moro than throo per cent by weight of grains 

smallor than 0,02 mm. is considered frost susceptible and 

a soil in which frost action is possible« 

(2) jiator. - Frost action depends upon the availability of 

water either by virtue of an adjacent ground water tablo 

or a capillary supply or as water within the soil voids. 

(3) Temperature. • Frost action within soils requires the 

maintenance of freosing temperature slightly below the 

lower surface of ice Ions formation. The greatest ac¬ 

cumulation of ice will occur when the penetration of the 

freeting temperaturo is slowj a rapid penetration may 

result in few or no ice lenses. 

The process of frost action may be described as follows* The 

water in the void space« becomes cooled below the normal freezing tempera¬ 

ture of water. This super-cooled water has a high molecular attraction to 

ice crystals. Thus, the super-cooled water travels to ice crystals, which 

form in the largor voids, solidifying upon oontact. ^petition of this 

process forms an ice lens. A single lens will continue to grow in thickness, 

always against the direction of heat transfer, until the fbrmation of a lens 

- 7 - 



par. 2g. 

.t a lower elevation out. off the .ouree of water, or until the temperature 

rises above freezing. 

Prost heaving is directly associated with frost action and is 

the visible evidonco on the surface that ice lenses have fonnod in the soil 

mass. The frost boils, as referred to by highway engineers, are caused by 

a rapid thawing of an area of frost action bonoath a flexible pavement. 

The thawing occurs largely from the surface down under a rapid thaw and 

the excess water liberated from the thawed area is p-evented from drain- 

ing downward by the still frozen undeHying soil and ice layers. The 

excess water causes the thawed soil to become exceedingly soft. Likewise, 

the pumping of water from joints in concrete slabs during the spfing, may 

be the result of excess water in the subgrade liberated from thawed ice 

layo rs. 

3• ggnoral Conditions at Sites Investi».*^. 

a* Igcations. - The nine airfields selected for this investi- 

sation uro locatod in tho Now England Divi.ion, Grout loko. Bivi.ion, und 

mu.ouri SivorDiviUon. Theo uirfiold. oompri.o tho vuriod oondltion. of 

•oil, tomporuturo, rainfall, and ground wator roqulrod for eomparatlvo 

study in an investigation of this nature. 

The following tabulation, in addition to geographical 

location map shown on «ato 1 summarizes tho locations, elevations, and 

general physiographyi 

NOCTH 
AIRFIELD TAT, (°) 

Dow, Bangor 
Maine 

Presque Isle, Itf 
Presque Isle, 
Maine. 

VEST 

IONG.(°) AGENCY 

69 New England Div 

66 New England Div, 

E1EV. 
ABOVE 
MSL.Ut) PHYSIOGRAPHY 

I70 Glaciated 
region of 
rolling hill* 

5OO Glaciated 
region of 
rolling hill« 

- 8 - 



par. 3a. 
NOKTH ViEST 

AIRFIELD LAT.(°) IX>NG.(°) AGSRCY 

ELEV, 
ABOVE 
MSL.(ft) PHYSIOGRAPHY 

Bedford, 1*2 ?2 
Bedford, Mass. 

Now England Dlv. I30 Rolling tor- 
rain of Icar 
roliof 

Truax, Madison, 1+3 89 
".¡iscons in 

Great Lakos Div, 86O Low lovol 
marsh 

Piorro, Pierro, 1+1+ 100 
South Dakota 

Sioux Falls, 1+1+ 96 
Sious Falls, 
South Dakota 

Missouri idver 
Div. 

Missouri idvor 
Div. 

I72O Ravines to 
predominantly 
flat platoau 

0 Flat float 
plain 

Viato rtown, U5 97 
Víate rtown. 
South Dakota 

Missouri River 1730 Plat to 
Div. rollirç 

Fargo Manicipal ,1+7 97 
Fargo, North 
Dakota 

Missouri Rivor 
Div. 

9OO Bod of ancient 
lako-vory flat 

Groat Bond, 39 98 
Great Bend, 
Kansas 

Missouri hiver 
Div. 

1885 Vory flat 
rivor valley 

b. , Weather. - Of the nine airfields investigated, Fargo has the 

greatest normal freezing index. The nine airfields uro tabulated in order 

of decreasing freezing indices, te shew the normal freezing index and the 

approximate datos of the normal freezing period 1 

AIRFIELD 

Fargo 
Presque Isle 
Watertown 
Pierro 
Dow 
Truax 
Sioux Falls 
Bedford 
Great Bend 

NOKHAL FIfiEZINO 
INDEX 

261+6 
2061 
1781 
1288 
1275 
1220 
1216 
680 
50 

NORMAL 
FIEBZ1N0 PERIOD 

1 Nov. - 1 Apr. 
10 Nov. - 1 Apr. 

1 Nov. • 20 Mar. 
15 Nov. • 15 Ifcr. 

1 Deo. - 25 Mar. 
20 Nov. • 10 Mar. 
20 Nov. . 15 Mar. 

1 Deo. • 10 Mar. 
25 Dos. - 2$ Jan. 

V 
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par. 3b* 
¿r*oiplt«ticn durlne th* thr«* aoiiths prier to tho frooslnc period 

has b«on ocnaidorud to dotomln* its effVot oa water table and saturation 

of tho subcndu during this oritioal period* tho ocnial pieelpito'.ion Is 

¿rontosf et Dow PU Id whero a total of 11 lochos It indicated ft r tho throe 

■oaths prior to the start of frewsint 
* 

airfield la as fclleersi 

alMFlUD 
us— 
todftrd 
»'rosque Isle 
Tnias 
liou» Phils 
Groat Send 
Phr¿o 
.M tort own 
»U. rr\' 

The no noel precipitation at each 

:©u UJL ; éjci nT..: ioi; pv <j ;g 
3-id) .; Si »1U10D « a£C£DI ng 
PtUZINO (Inclws) 
-Î1.P V- 

10*8 
10.0 
7.0 
5.9 
5.3 
•1*0 
UM 
2M 

tncwfall wac ¿reatest in the E.w ¿ncluad rcclon during 19(«5*19U6# 

where Praaque lale had a eusaalatlve total of 7U Ineheei Dow, 61» InohuSf 

and ladftrd, 70 inches. The MBaletlee total eaoerfall et the alfeectcrn 

alrfielde reacel fres 20 to 14 instas Ihr the i%5*19U6 winter, 

e* îmffle disury. • a brief traffic history ie tabulated for 

eeeh elrflwld as part of Tabla 1, *h* data was obtained fron ¡avwnont 

Sealuatlon ihperts of 19U«» with the addition at laur data fron the ap¬ 

rendía** to thla report* 

d* ïipi.s and Cvniim<un cf t.- The loeatlcn of the test 

areas et eeeh airfield ie «hewn on *lau 2, Tta thloSuass and type of 

pa ««sent fbr each test are* is shewn in Table 1* Ih* acnditlcn of the 

•urfae*e of tta pásmente prior to ln**stl«btUna is briefly sunsarlsed 

belt«* Crack surmye wem wad* durla| tta »mal period and *ft«r the 
f 

fn st ssltiiti periods at «^wequa «ti*, &*, si*rrs, and liou» Palls 
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Airfiold«. The survey« are presented in tho rospootivo appondico«. 

jJhFI£LD 

Dow Fit W 

Tost Area F 

Tost Aros D and £ 

Pro »quo Isle 

Test Area A 
Test «rea C and D 

Bedford 

Test Area A 
Test Area B 

Truax 

Tost Area A 
Tust Area C 

Test Area D 

Plorro 

Test Area A 

Test Area C and S 

Sioux Falls 

Test Area A 
Test Area B 

latert own 

Test Aroa A 
Test Aroa B 

TY*E OF PAVEMENT 
AND THICKNESS IN 
- INCHES_ CONDI TI ON 

7 P.C.C. Fair - About 20 % of area 
oraokod. 

3.5 fi«C# Good ~ Scattered longitu¬ 
dinal cracks along con¬ 
struction lanos. 

7 P.C.C. Good - Pew small cracks. 
3*5 B.C. Good - Few small cracks 

and depressions. 

6 P.C.C. Good. 
3 B.C. Good. 

2.5 B.C. Good - Minor cracking. 
6 P.C.C. Good - Minor cracking and 

depressions. 
2*5 B.C. Good. 

7 P.C.C. Good - Pow cracks, minor 
ponding condition. 

5»5 B.C. Good - winor cracking and 
depressions, ponding. 

2 B.C. Pair - Numerous cracks, 
6 P.C.C. Good - No cracks. 

8 P.C.C. Good. 
5 B.C. Good. 

* • *P. 
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f 

t 

•' * 
» 

TYiTS OP ^AVEMEN'i 
AND THICKNLSS IN 

AIRFIELD INCHED CONDITION 

Fargo 

fast Area A 1*3 B.C. Transverso cracking and 
niinor deformations. Area 
sealed in good condition 
prior to start of$ests. 

Great Bend 

Test Are i A 7 P.C.C. Good. 

e. Bases. - Sand and gravel base courses, predominately of GW 

classification, range in thickness from sera to U9 inches. The grain size 

distribution curves for these base courses, «how that several samples of 

each test area contain more than three per cent by weight finer than the 

0.02 mm. siza. At Truax. the subbase underlying a crushed rock base, is 

a frost susceptible material because of its sandy clay content. At ¿’rosque 

Isle, four inches of crushed rook overlies a sand and gravol base in Tost 

Areas C and D. A soil cement base course, 6*3 inches thick, is located 
i 

under the bituminous concrete wearing surface in Tost Aroa A at Pargo. One 

tost area at Sioux Falls and one at ’ftatortown have pavements constructed 

directly on frost - susceptible subgrados. The classification and grain 

size curves for base course materials in each tost aroa are shown in Figure 

il on Plates 3 to 8 inclusive. 

f. Subgrades. • A wide range of subgrade soils are ibund in the 

tost areas. Predominant are the silty clays and silty-clayey gravels of 

CL and GC classification, respectively. All subgrade soils with the ex¬ 

ception of Bedford are frost susceptible, with four to 97 per cent finer 

by weight than 0*02 mm. in size, ¿’lates 3 to 8 inclusive show description. 

C.P. • 12 - 



classification, and grain siso curvos of the predominating subgrade soils* 

g. Ground \¿ater» - Of t.hj nino airfields investigated, five 

airfiolds, Dow, Prosquo Islo, Bedford, Truax and Pargo, have ground water 

tables from two to about eight feet below pavement surface. Throe airfields, 

liatortown, Sioux Falls, and groat Bend, have water tallos from about 10 to 

ill feet in depth, and one airfield, ¿^orro, has a ground water table more 

than 25 feet below the ground surface. 

h* Drainage, - The surface and subsurface drainage facilities 

at the several test areas are summarised in the following tabulation! 

AI RFI ELD 

Dow 

TEST SURFACE SUBSURFACE 
AREA D BRI MAGE DRAINAGE 

D and E Surface runoff from ^ 
pavement oolleotod 
by catch basins located 
75 feet from £ and 
spaced 225 feet longi¬ 
tudinally* 

Eight-inch non-reinforood 
concrete pipes, open, 
¡joints, li-fbot depth, 
backfilled with bank-run 
sand and gravel* 

F Surface runoff from £ 
pavement collected by 
drains located at edge 
of pavement 175 f®3* from 

Í* 

Eight-inch V*C* underdrain 
100 feet from taxiway £• 

Fresque Isle A Surface runoff from {ave- Base course continued 
ment collected by catch through shoulder to edge 
basins in valley in apron of fill on one edge* 
area and pavement edge* 

Bedford 

C and D Surface runoff from pave¬ 
ment and shoulder col¬ 
lected by shallow turf 
or rook gutters which 
drain to a catch basin 
at end of taxiway* 

Six-inch open joint pipe, 
five-foot depth backfilled 
with sand and gravel at 
outside edge of surface 
treated gravel shoulders* 

A Surface runoff collected None 
by catch basins located in 
shallow gutters in pave¬ 
ment area with closed 
joint drains* 



TEST 
AIRFIELD AREA 

SURFACE 
DRAINAGE 

SUBSURFACE 
DRAINAGE 

« 

Bedford 
(Cent,) 

Truox 

B Surfaoo runoff oollootod Opon joint drains 75 foot 
by oatoh basins located fron originally part 
at edges of original pave* of surfaoo drainage system« 
ment sind also at edges of 
present pavement« con* 
naoted with closed joint 
drains* 

A burfaoo runoff from d of None, 
pavement to edge of Moulder 
collected by catch basins 
in shallow gutter at 
shoulder edge« 

Pierre 

C Surfaoo runoff from pave 
ment and adjoining turf 
area collected by catch 
basins in turf area at 
low points* 

D Surface runoff from £ 
of pavement to edge 
of shoulder collected 
by oatoh basins in 
shallow gutter at 
shoulder edge* 

A Surfaoo runoff col¬ 
lected by shallow 
swales at edge of 
shoulders* 

Trench filled with sand 
and gravel and containing 
a V. C* pipo with opon 
joints along south edge. 
None at north edge. 

Perforated tile pipe in 
tronchos filled with ooarso 
sand at edges of pavement* 
Top two inches is clay top 
soil* 

Nono 

C and D Surface runoff collected Nono 
by shallow swalos at edge 
of shoulders* 

tioux ' A odd B 
Falls 

Watertown A and B 

Fkrgo a 

C.P* 

Surface runoff oolleotod 
by shallow swales at edge 
of shoulders* 

Surfaoo runoff drains to 
shallow swalos at edge of 
pavement * 

Surfaoo runoff from pave¬ 
ment oolleotod by com¬ 
bination drains at pave¬ 
ment edges* 

None 

None 

Combination drains back¬ 
filled with ooarso aggre¬ 
gate located in shoulder 
with open Joint pipe in 
trench* 

- 1U 



par* 3h 

SURFACE SUBSURFACE 
DRAINAGE DRAINAGE 

Surface runoff oo Hooted Nono 
by drainage swales to north 
and oast and by drainage 
into sump ponds* 

a* Teste for Soil Classification* Laboratory tosts, including 

sieve analysis, hydrometer analysis and determination of Atterberg limits 

and specific gravity wore conducted on representative base, subbase, and 

subgrado materials during the previous I9U1-I9U5 investigation. Addition¬ 

al tests were conducted, for checking, and where required during tho 191+5* 

I9I46 investigation. The soils were classified in accordance with air¬ 

field classification as outlined in the Ad Interim Engineering IJanual, 

Part XII Chapter 2, dated July 191+6. Tho specific purpose for grain sise 

distribution curves was to dotormino whether or not the base, subbase or 

subgrado materials were frost susceptible. Grain size distribution 

curves and classification data for typical materials and typical logs for 

each test area are shown on Plates 3 bo 8 inclusivo, A summary tabulation 
i 

of the results of tests, including Attorberg limits, soil classification 

and percentage by woi^it of particles finor than 0.02 mm is included in 

Table 1* 

b* Tests for Availability 6t Tiater for Frost Action. 

(1) Precipitation* Precipitation data for tho various 

airfields were obtained from eitherrthe U. S. «feather 

Bureau Station nearest the airfield or from the A.A.F. 

Weather Officer at tho specific airfield. Cumulativo 

rainfall ibr the mènths of September to December and 

C.P. 

TEST 
AIRF1EID AREA 

Great Bond A 

U* Results. 
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snowtfàll rooord aro shewn on Plates 5 to 8 Inclusive. 

Tabulation of the record of precipitation for the 

throo months prior to tho freezing period för all 

airfields is included in Table 1. 

(2) Ground ^ator. Ground water elevations in both the sub- 

grade and base were obtained periodically from October 

I9U5 to June I9Í46 by moans of obsorvation wolls in the 

base and subgrade. Those measurements were augmented 

by excavation of tost pits at periodic» intervals. Depth 

of ground water from tho surface of the pavements is 

plotted against tire in Figuro 5 on Platos J to 8 in- 

oluwive. Tabulation of the depth of the water table 

from the surface of the pavement for the various 

periods is included in Table 1. 

(3) Yfator Content and Density. Water content and density 

determinations, of tho base and subgrade materials wore 

obtained in test pits excavated during the nonml per¬ 

iod, during the freezing period, during the frost molt¬ 

ing period and during the period whon subsurface cond¬ 

itions were no mal, generally in May or June, Tho 

spooific time for tho excavation of tho tost pits was 

based on previous data. Tho variation in density and 

water contents for tho subgrado and base materials dur- 

in these periods ia shown graphically for all tost 

areas in Figure 9 on Plates 3 “to 8 inclusive. Results 

are also summarized in Table 1. 



‘!

pftr. Ubb

(U) DegreeofSaturjtl^. The d«give of taturatlon of the 

beae and subgrada materials during the normal^ freeting* 

and frost melting periods was ooraputod from the density, 

water content and speoifio gravity of the various mat

erials, Variations in the degree of saturation during 

these periods arc shown ir Figure 9 Plates 3 to 0 

iuolusivo. Xho average degree of saturation of tho bass 

and subgrade na terials for the various testing periods 

is siunmarized in Table 1.

0, Tests for Tewperature« Air temperature measuronibnts were 

Dade or obtaiaad at all airfields investigated. At 19 test areas measure

ments of subsurface tomporaturo wero siade,

(1) Air Tomperaturos. The air temperaturos wore obtained 

from either tho nearest U, S. "lioather Bureau Station 

or the A.A.F. ^leather Officor at the airfield. At sobs 

airfields, theso wero supplerwatod by U.S.E.O* thermo

graphs, located at tho tost areas. Air temperature 

data in the Ibra of degreo day curves ore shown in 

Figure 1 on I'latos 3 to 6 inclusive. Cor tho normal 

wintur, wintor of 19U5"^* whore available, for the 

winter of 19t444i3, Tho normal frsesing index, the 

freeting index for 19U5*^6» and the peroontago above or 

below normal for 19i43-M are included in Table 1,

(2) Subsurface Temperatures, Subsurface tomperaturos were 

moasured by two methods» ooppor-oonstantan thormo- 

oouples and glass bulb thomomotors. Tho thermocouples

C.P. - 17 -
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I*I

wore ejnboddod in the pavonont and the soil benoath pave

ment or turf at vurioua depths up to eight foetj the 

temperatures were road directly firm potontiometer type 

instruments* Partial imsiorsicn thumomuters wore sus

pended in apfrexiaatoly tnrec inches of antifreeze oon- 

tainod in *Saran" pipes which were installed in thormo- 

motor wolls exoavatod to various depths* A complete de

scription of temperature measurit^ installations and 

measurements is presented in the appendices* The fol- 

lowi:^ table indicates the test areas at the various 

airfields in which thormooouplo and thermcroctor in

stallations wore nukdot

jj rfilLL' TnST AIS.A

bituminous Uonorete j (;onont c;cncrete

Dow# Thermocouple and Thermomotor | Thormooouplo and Thurmostotor

Presque Islee j1 Thermooouplo and Theracmeter Thormoecuplo and Thermonstar j
1

Bedford 1 Thermometer Thoimooouplo and Thermometer ,

Trunx Thornemotor Thememeter

Pierre** Thermooouple and Thonaonotor Thermooouple and TherraoBOtor

Sioux Falls Thermooauple and Themomstor The nnometer
1

Tiatortovm j
1
1 Thomoocuple and Thomometor Thermooouple

Fargo Thermometer I
Great Bend Ths rmomoter 1

C*F*

•Thermooouplcs and thormcmetors were also installed in Turf areas* 
esThcmccouples were also Installed in a special test box*

The subsurface temperatures obtained by thermocouple

and thermometer installations were compared to detomine

- la -



whether any appreciable difference existed between the 

two methods. At Presque Isle, Dow, and Víatertown a 

group of thermometer wells were installed within a 10- 

foct radius of a thermocouple installation, A study 

of eight typical sets of readings through the period 

of this investigation show that approximately 50 poi* 

cent of the thermocouple readings are greater, 35 P®r 

cent less and 15 per cent equal to the thermometer well 

readings. Variations between the two methods wore 

generally from one to two degrees, although a few 

readings differed by three to six degrees F# The 

disagreement between the two methods nay be the result 

of actual differences in the soil temperatures between 

thermocouple and thermometer well locations. In general, 

it is indicated that thermocouples or thermometers 

are equally reliable for uso in the measurement of 

subsurface temperatures. Typical subsurface tempera¬ 

tures as determined by both thermometers and thermo¬ 

couples are plotted on Plato 9 for purposes of comparison, 

The variations in temperature from the surface to depths 

up to eight feet during the winter and frost melting 

periods are shown in the various appendices by plots 

oriented with the soil profilo. In Figure 3 on Plates 

3 to 8 inclusive are shown plots of the 32°F, subsurface 

temperatures from December to **pril with respect to 

depth. Similarly plotted on those charts are the depths 

of frost penetration obtained by excavation of tost pits. 



Tosta for frost Action. 

(1) loo Lonsea« Tho prosonoo of loe lensos was investigated 

by moans of tost pits excavated during the freezing 

period. Location and measurements of ioe lensos re¬ 

ferred to soil profile for each tost aroa are shown in 

Figuro 6 on Pintes J <md 8 inclusive. These data aro 

summarized in Table 1, The ice lenses observod in the 

subgrade occurred in non-oontinuous horizontal layers, 

ranging from 0*75 inch to hairlina in thickness, and 

woro generally spaced irregularly loss than 0*5 inch 

apart, with tho lonsos becoming thicker and more 

closely spaced near the bottom of the frost penetration*. 

No ice lonsos wore obsorvod in tho baso ’tIs at 

tho airfields, except in the base materials in Test 

Aroa C and sub-base materials in Test Areas A and D at 

Truaoc, loo lonsos observod in excavations during the 

freezing period in subgrade soils, woro consistently 

of increasing thickness and extent with depth at all 

tost areas at Dow and Truax, and Tost Area A at Presque 

Isle. Small, thin, soattored ioe lenses were observed 

during the freezing period at all test areas at Piorre 

and Sioux Falls* No ioe lenses were found at Bedford. 

No observations were mado at Watertown, Fargo and Great 

Bend. 

(2) Pavement Hoavo* .The pavement hoave was measured by 

means of level surveys during the normal, freezing. 
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and frost melting periods at Dow, Presque Isle» Truax, 

Piorro, Sioux Palls, Watortown and ftrgo Airfields, 

Tho amounts of heave are shown on Tablo 1 and in Fig, 

7 on Plates 3 to 8, The maximum pavement heave was 

0«U foot and occurred in Tost Area D at Presque Isle, 

Test Area F at Dow showed the greatest average heave 

for tho entire area (0.25 foot). Tho average pavement 

heave at all tost areas except those at Dow, Presque 

Isle, Truax and Sioux Falls was practically negligible 

being loss than 0.05 foot. The pavement heave was 

relatively uniform for all airfields except Dow, 

Presque Isle and Viatortown. In Tost Area C at Pierre, 

and Tost Area B at T’latortown pavement heave observations 

indicate that the' pavement at tho crown did not heave 

but subsided a vory small ameunt while tho pavement at 

tho edges heavod. This typo of heaving is best il¬ 

lustrated at \<atortown as shown by Plato 6, Appendix 7, 

^ Field Ifcasuromonts of Frost Penetration. Tho depth of 

frost penetration and the rate tho frost entered tho ground were obtained 

by observations in tost pits, beginning at the start of freoting and ex¬ 

tending to the end of the frost melting period. At some of tho airfields, 

test pits wore excavated to obtain the maximum depth of frost penetration 

only. The results of these observations are plotted in Figure 8 on Plates 

3 to Q inclusive. It will bo noted, from inspection of Figure 8 on Plates 

3 to 8 inclusive, that there is a relatively close agreement between tho 

depth of tho 32° F. curve obtained from results of subsurface temperatura 

C.P, 
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readings and the frost penetration obtained by observations in test pits* 

f. Studios of Soil Proporties Influenoing Fieesing* The 

principal soil properties influencing freezing ares thermal conductivity* 

latent heat* volumetrio heat* and freezing temperatures of soil moisture* 

The Ibllowing paragraphs present tho infonnation and data obtainud to date 

regarding these several properties*

(l) Laboratory Studies of Thermal Conduotivity* Tests for 

thermal oonduotivity wore oontinued as performed during 

tho 19Us*19U3 Rrost Investigation. Tho tests described 

in "Itoport on ^boratory Tests on Frost Psnetratlon and 

Thermal Conductivity of Cohosionless Soils"* Asragraph 

7, pages 10-15* Appendix 13 of the 19lsls-19U5 Compre

hensive Report* pertain to material tested in the un

frozen state* During tho 19U5-19i*6 Frost Investigation* 

tests were made on similar matorials in the frozen 

state*

(a) Tho investigations wore porfomod in tho soils

laboratory cold room at Harvard University Graduate 

School of Engineering* Cambridge* Mass. Tho cold 

room could bo regulated to any air temperature be- 

tvroen 30® F* and 50® F* and the tomporaturo in tho 

air space above the dravurs in a freezing cabinet 

^ oould be regulated, to any tomporaturo from that

of cold room to minus 10°F. The materials tested 

for thermal conductivity in tho frozen state con

sisted of sand, sand and gravel* cinders, slag* 

and oruMied rook* These materials are non-frost 

- 22 -



aueoeptible and are oonmonly used for base course 

oonetruction* Gradation of materials tested is 

a's shown in ligure 3s The te8t a^oim 

mans were cylindrical in shape, 5«36 inches in 

diamoter and 10*67 inches in height and were 

contained in a brass cylinder of l/l6 inch wall 

thickness* The materials were placed in the tost 

cylinders at a uniform density and desired water 

content* Tho tops and the bottoms of the 

cylinders wore sealed. A thermocouple was placed 

at the exact midpoint of each oylindor. Each test 

consisted of subjecting the test cylinder to a 

constar* frooting tempo rature of approximately 

minus U° F., inside the freeting cabinet until 

température equilibria was reached, and then im¬ 

mersing it into a brine bath in the cold room at 

a constant temperature of approximately 27° F* 

Tho bath consisted of circulating brine main- 

taired at constant temperature by the addition 

of either hot water or dry ice, as required. 

Tho resulting temperature change was measured at 

the midpoii* of tho specimen until temperature 

equilibrium was reached* 

The data obtained from these tests are com¬ 

pared with similar tests made during the 19UU-19U5 

Frost Investigation wherein unfroten speoimens 

irare used* Table 2 contains a summary of test 



dàta showing the comparison between the unfrosen 

and firozon groups of thermal conductivity tests» 

Plato 11 contains plots of the same test results 

shown in Table 2 ta illustrate the greater 

the mal conductivity for frozon material as the 

water content is increased* Plate 10, Figure 1 

presents curves which wefe developed to obtain the 

’’time factor” for temperature change at. oontdr of a 

cylinder* Plato 10 also shows an example, for 

determination of the thermal conductivity by use 

of those curves and data* 

(b) In addition to the tests performed by this office 

as described in the preceding paragraphs and 

those reported by H* £• Patten and summarized in 

’’Report on Laboratory Tests on F'rost Penetration 

and Thermal Conductivity of Cohosionloss Soils", 

Paragraph 7, pages 10-15, appendix 1J of the 19^- 

1&5 Frost Investigation, other investigators 

have made detominations of the thermal conducti¬ 

vity of frozon and unfrozen soil* The results of 

these studies are summarized in Table J. It will 

bo noted that values for unit dry weight of soil 

as tested wore not detemined by some investi¬ 

gators. Shanklin stated that in his tests the 

soil was well tamped* Also, it is not certain 

whether water content is expressed as a percentage 

of the dry or the wot weight in those tests. 



par« i+f. 

(o) From the data collected, the following results are 

summarised! 

1* The thermal conductivity of oohosionless soils 

in the frozen state is greater than in the 

unfrozen state, at high water contents and is 

approximately equal at low water contents, 

2, The thermal conductivity of most types of 

soils increase« with increasing water content 

and increasing unit dry weight* 

5* A reasonable range of thermal conductivity 

of most soils frozen or unfrozen is from 0,6 

to 1*5 BTU/ (ft#)(hr,)(°F*)* This range does 

not include the organic soils such as poat, 

soils of volcanic origin, or other soils which 

may bo expected to differ in thermal proper¬ 

ties, An average value of 1.3 BTU/(ft.)(hr.) 

(°F,) has been used for the thermal conducti¬ 

vity of soil in this report as described in 

paragraph 6d* below, 

(2) Latent Heat of Soil jvioistiure. The single most important 

property influencing depth of freezing is the latent 

heat of the soil moisture. Latent heat is the heat re¬ 

quired to oliango water at 32° F, to ice at 32° F» The 

Bureau of Public Hoads (1) has performed tests to de¬ 

termine the percentage of water in soil which freezes; 

this percentage determines the latent heat. In the 

(1) fhiblic ííoads, February 1$¿5» rcentage of t'iatbr Freezable in Soils", 

C*P, - 25 • 
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teata performed, the entire aoil specimen wna subjected 

to below freoting temperature and water content of the 

soil maintained constant during a test. These tests 

indicate, for the oorditions tested, that all water in 

a clean quart* sand (standard Ottawa sand) frotr at 

0°C and from 32 to 83 per cent of tho water in soils 

containing silt and clay, froze at a temperature of 

minus 1.5°C, (29.3°F.), the percentage of water freez¬ 

ing depending approximately upon the amount of fines. 

Baaed upon a few toats they concluded that the per¬ 

centage of water frozen is indopondont of tho water 

content. 

The tests porformod at Harvard University (2) (3) 

on a plastic clay indicate that for tho conditions 

tested about 33 per cent of tho original wator in the 

clay froze at a temporaturo between minus 1.0° C and 

minus 2.0° C. (30.2oF, to 28.i+0F.). 

It is boliovod that tho percentage of water which 

will freeze in a soil is primarily dependent upon» 

(a) The relative quantities of free wator and 

capillary water present, 

(b) The presence of soluble salts. 

(o) Tho temperature. 

(d) The molecular attraction between soil part¬ 

icles and water and between ice and water. 

^2^^1°81935 ^°^0nn^nat^on8 in Clay öoil8" Engineering Nows Iteoord, 

(3) Maekintosh "Progress Report on Investigation of Frost Action in Soils" 
Proceedings of International Conference on Soil Meoh. and fbundation 
Engineering. 
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Based upon tho relatively few number of tests per- 

fomod together with obsor'ations in the field, it is 

believed that, for all practical purposes, all water in 

clean oohesionloss soils of tho GW, GP, SW, and ¡>P 

classification will freozo at 32°F» In silt soils of 

tho ML classification most of tho water may be ex¬ 

pected to frooze at 32°F» In the remaining soils of 

GC, GF, SC, SF, CL, OL, MH, CH, and OH classification 

the percentage of water in the soil which will freeze 

will bo loss than its water content and will depend 

upon tho factors listed in the preceding ¡B. ragraph. 

It is believed that the range of values for tho quantity 

of water frozen for usual conditions onoountored may 

vary from 35 to 80 por cent. Figuro 1, Plato 12 shows 

tho relationship botwoon density in pounds per cubic 

foot and latent hoat of fusion in BTU por cubic foot 
» 

for various wator content* in percentage of dry weight* 

Yftiere there are several soil layers at different 

wator contents the avenge latent hoat may be determin¬ 

ed using the following equation: 

. . Lldl ♦ <*- *5d3 f • • • Mn 
L - r 11 

¿i 4 dg 4 dj f , . * d,^ 

where 

L is average latent heat in BTU/ou* ft. 

Lg, Lj, etc., are latent heats of layers 1, 2, 

3, etc. 

C.P. 
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dl# <¡2» djt Qto,t, are thieknosses of layers 1, 2, 

3. etc., in feet. 

It will be noted that d| f dg f dj . , , da 

equals estimated depth of freezing. 

(3) Volumetrio Heat of Soil. The volumetric heat of 4 soil 

is the heat required to raise a unit volume of soil, in¬ 

cluding water or ice, a unit of temperature. The 

volumetric heat is dependant upon the unit dry weight 

of the soil, the specific heat of the dry soil, the 

water content of the soil, the specific heat of water, 

and the specific heat of ice. It has been demonstrated 

by various investigators (1) 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, i.o, dry soil and water or ice. Figure 2, 

Plate 12 shows the relation between unit dry weight, 

water content, and volumetric heat for average valuoe 

of the specific heat of soil, water, and ice. 

The average value for the specific boat of a dry 

soil has been assumod at 0.2 BTU/(lb.)(°F). There are 

tabulated below tc substantiate this assumption a number 

of values for specific heat for various soils, rocks, 

and minerals obtained from "Handbook of Chemistry and 

fhyaios" 19ii5 Edition, and "Mechanical Engineers1 

Handbook" by Markt, 19Ul, 

i 



P»r, Uf,

UATS.JiiL

Asbostoa

Basnlt

Calospax

Con^nt

Chalk

Clay, dry

Granite

Marble

Kioa

Quarts

Cinders

SPECIFIC HEAT 
BTU/(lb)(°F)

0.195

0.20

0.200

0.20

0.214

0.22

0.192

0.21

0.206

0.188

0.18

:^A?E!JAL 

DcIonite 

Gneiss 

Hornblende 

Kaolin 

Humus (soil) 

Salt. Hook 

Sand

Sandstone

Serpentine

Talc

S.nCinC HEAT 
BTU/(lb)(°F)

0.222

0.18

0.195

0.22U

0.44

0.21

0.195

0.22

0.25

0.209

Average vuluoe for tho specific host of ioc and 

water of 0.5 ajd 1.0 BTU/(lb.)(^F.) rospootivoly, haeo 

been used in this ropert,

Vihere there are several layers at different unit dry 

woi^ts and water oontonts, th- follcwinc equation SMiy 

bo used' to determine an average -value for voluioetrio 

boat.

• • • °n<^O 5 ”1 dj -h Op dg 4, 03 dj f 

dj + dg 4- dj

whore

*1» *2 otc., are voluaotrio heats in froson or un- 

fresen state for la^rs.

c.r. - 29 -
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thioknessos in foet of layers 1, 2, 

etc., to a total depth of fifteen feet,

0 is the weighted average volumotrio heat in BTU/ 

(ou.ft.)(°F),

Tftien the soil is fully saturated, the volumetric 

hoat of unfrozen soil is nearly constant, varying from 

kO to h3 BTU/(ou,ft,)(°P) for reasonable limits of unit 

dry wei£^t and for frozen soil it nay be considered 

oonstanb at approximately J3 BTU/(ou,ft.)(®F),

(1|) Freezing Temperaturo of Soil Moisture, For

computing the freezing index and for mathematical 

studios, the assumption is made that the freezing 

tomporaturo of soil mcisturc is 32° F, This assumption 

is open to question, oonsidoring tho tests made by 

various investigators, to dote mine tho freezing toz^ra« 

turo of soil moisture, Bouyouoos (1) found that, oo- 

hosicnlcss soils could bo supor-ooolod without agita

tion to a temperature of 2U,i|° F; cohesive soils to 

23° F before they froze; distilled water to 21,2° F 

before it froze; and by constant agitation soil could 

bo cooled to about 30,2° F before it froze.

The Bureau of faiblio A^ads (2) has perfomud tosts 

to determine tho freozing point of soil moisture in 

fine grained soils. Their experiments led to tho con

clusion that the freozing temperature jjrainod

(ij Bouyeucos, G. "Degree of Temperature to whic)* Soils Can Be ilooled ViilTi- 
out Freozing". Journal of Agricultural kisearch, November 1920,

O.p, (2) Public Aoads, Fob, 1925;"Pcrcontage of'.iatcr BVeezable in Soils**
- 30 -
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soils tostod is not at 0° C* but somewhat lower; in 

some oases it was found to be bo low minus 1«5° C 

(29*3° F)« The soil moisturo in ono sample of oloan 

quartz sand (standard Ottawa sand) Trozo at 0° C 

(32.0® F). 

Tosts performed at Harvard University (1) may bo 

utilized to doto mine tho température *t which water 

in a plastic day sc il freezes in ioolonsoa. The 

day was placed in a oontcJ.nor at an average water 

conto:* of b2«l¿ per cent with a layer of powdered mica 

beneath, at an average water content of 75,3 per cent. 

This sample was gradually frozen from tho top downward, 

resulting in tho ftmaticn cf ice lenses« as the ice 

leñaos developed, water was drawn from thu aioa layer« 
f 

Thormoocuplus imbedded in the tost specimen wore used 

to determino tho temperature gradient, «hun tho spéci¬ 

men was frozen to about twe-thirds tho thickness of 

tiki day, it was removed fren freezing oubinot, ex¬ 

amined and tested ft r water ocutent« Thu clay be¬ 

tween tho lee leñaos was plastie and at a water con¬ 

te it cf P7.2 tc Pd«9 per oeflt cr slightly above tho 

plastie limit« Ifcasurunuitts indioated vno temperature 

in the tent of loo lensot rou vd from minus 1«0°C to 

ml vw 2«O C (J0,2®F U 26«J,°F)« Oth«. r tests at Harvard 

(i) Url avert nr Aiwa *a.rd, 25 July 1935. "In- sressure Deteraitmtiona 
1¾ Cloy § lit*. 

CM. 
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(2) indicate that tho temperature at the boundary 

between tho ice lenses at tho lowest elevation and 

the unfrozen olay below was minus 0.7° C and minus 

0.5° C (30.7°P and 31.1°P) for two specimens reported. 

These observations indicate that the freezing tempera¬ 

ture of soil moisture of a plastic soil is a function 

of the water content, 

Tho freezing temperature of soil moisture may be 

determined by comparison of tho depth of froten soil 

as measured by tost pits with the soil temperature 

at that depth determined from adjacent thermocouples or 

thermometers. In making such a comparison, it should 

bo remembered that soil temperature is dependent upon 

several variables and honoo scil temperatures at two 

separated locations nay be slightly different. In 

Table U. are tabulated, values for tho depth of 

frozen scil determined by excavation of tost pits and 

tho temperature at that depth, as dote mined by 

thermocouples or thermometers located adjacent to 

the test pits. 

A study of this tabulation indicates that, with 

certain exceptions, the temperature at tho bottom of 

frozen soil was approximately 32? F, or slightly above. 

Tho arithmetic average of all observations is 33^0^. 

Discounting the unreasonable values (those above 3UCF) 

the average is 32.0° F. 

(ZJ MttoklntcoK "lYcgreas kb port on an lixvusiigation of àrost potion in Soils”) 
Proceedings of tho International Conference on Soil Ibahnnios and 

C.r» Foundation Lngi nee ring» 1936* __ 
• 32 • 
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Observation# by Fuller (1) at Portland, *<aine, in 

a gravel soil and in a olay soil indicated that the 

température at the bottom of fro sen layer was 32*5° F 

for each soil* 

Those date indicate the followingi 

(a) The freetir^ temperature of soil mois¬ 

ture in clean oohesionless soils is 

approximately 32°F* 

(b) The freezing temperature of aoil mois¬ 

ture in fine grained soils depends upon 

its water content and percentage of 

fine s * 

(o) Field measurements indicate that, pend¬ 

ing mure complote data, it is reasonable 

to uso a value for the freezing tempera¬ 

ture of soil me ist uro of 32° F* 

The effect of the freezing temperature of soil 

moisture at the boundary between frozen and unfrozen 

soil upon the predicted depth of freezing may be com¬ 

puted using the formula developed below. If the 

freezing temperature of soil moisture is 31°F, the 

predicted depth of freezing is about two inches loss 

than the depth for a freezing temperature of 32° F. 

For each additional degree F that the freezing tempera¬ 

ture as below 32°F, the depth of freezing is about throe 

UJ fuiW, «.li., ^Studies of Flrost r'onotraUcn" Journal N, E* Water 
Works Association, September 19a0* 
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ir.clfcj« lo««, Thu» tbr ft 28° F Crftotir^ tonporntum of 

• 11 n: laturo at boundary botwoon fVt>to& and unfrtaon 

•oil the d«?tu of frwe«ÍA( would bo about 11 inohoa 

u,# «hw» «Ha depth date mined for a 52° F frooalrv 

tanpu rature» 

c* j^themtlcal Itudlea of loll Tmeoratura Conditio«, a eon- 

prohunalvu natheaatleal rtudy of the tonpe rature eondltlom in a aa«!« 

Infinita» hoacconoou« and isotropie ac 11 aast duo to variât let» in air 

temperature has bean made» Tha pro bien would lend itself readily to suah 

analyses if it «are nut for ti» latent hoot «hioh is ciren up by no 1st 

•oil as it passas from above te bolo« freosiRc tompamtures. In pursuinc 

those studies full use of the literature available has boon made» 

Afc~sc studios «oro pafft mod prlnelpally by Dr» La A» 

Apes, Harvard Uni varai ty» The results of his studios are presented in 

Supplooent a in otndonsod fera as problem «r. 1 u 11*. Trcblons l, 2. 

3* U» and 5 have boon plaoed in a ffcra wnvunlont f<ir ocnputliv’ values ftr 

tho «horeel ounduotivlty or thuraal dUAisivity and apply enly tc oaaos 

idle re tonpv futures are above freu «irr or «hors ir latent heat is Involved, 

«Yoblea 6 has been plaood in a fora otnwnlent for ». put 1 n*- the dfpth cf 

freat ¡a retratit n r»Gleotinc «ho latent hoot cf fuel« n» iYrbKna 5 and ? 

it «ill bu notad, deal with the oasu of a surfaoa layar «tuso tharml 
a 

properties ore difibrent fro» the uf^orlyiec sani-inftnite, hem^aneewa 

and isotrrpio soil mss» These so lut lens dc net inoludo launt heat, 

snbleas 8, 9, and 12 are alnplo ansas» oontiferlnc that olthor tho 

latent heat or tho velum trio heat capacity due to apeoirio heal are pre¬ 

dominant, «Yoblwns 10, 11, and lh ocmid«.r Uth loUnt heat and a pcrtlon 



ê 
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of il» volunotrio ho at and honoc aro noro gorsral solutions» Frcblem 13 

1s for portioular application to Um moltinp of ailayor of soil overlying 

pgnMntntly fro son soil at a constant temperature« The prlnoipàl as sump* 

tiens art inclvdod in ths presontation of eaoh problem« Tho detailed 

dcvolopMnt of each equation is on file in the Newfingland Division Office« 

In addition to those lit problems, supplemental studios consist* 

lag of Problems 15, 16, and 17 were made by personnel of the NowRngland Div¬ 

ision to further develop equations for predicting depth of froeting and 

thoiml properties from observed data, Tho principal difference between 

Problems 1 to 14 and 16 and 17 is in the assumption of temperature dis¬ 

tribution in the soil« Ths first sot of problems 1 to ll* inclusive 

asswnd (a) that the soil tempo raturo is dote mi nod by the air temperature 

end may bo expressed mathematically as a function of the air temperature 

aid (b) that tho volumetric heat below the depth of freeling my be 

neglected together with all or some of tho volumetric boat in tho froxon 

layer« Appanmtly, these two assumptions do not express adequately, the 

results of limited observed data« Thost data indicate that tho temperature 

gradients in a soil mass subjected to surface temperatures below freexing 

sra reasonably constant duriiç tho period of s. il frouxing as illustrated 

by figure X, Plate 4-1, Supplement A« Problems 15 and 16 are based upon 

ths assupotion ef a constant temperature gradient cud, in addition, include 

the total vi lusa trio ha at above anc below depth of freexing, together with 

ths total lu tent huât« Problem 15 is an attempt to evaluate tho effect 

of tho air film at a pavement surface on depth of froosing« Problem 17 

eonaidars tlai effrot of a surface insulation layer« 

h, Tusts Por flexible Pavoaunt Supporting Capacity,- Tho 

supportin' capacity of flexible pavumonta was investigated by moans of 

c«r. • 35 * 
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plato befe ri ne to.to oonduotod during tho noraal period and tho fro.t molt- 

Inc period. Tho field test procedures for plate bearing tests wore the 

sane a. used during the 19Wi-19tó ihTestigations ana are described briefly 

in the following paragraphe« 

(1) Tho static load tests wore conducted in the manner 

described in the Engineering Manual, Chapter XX, Para¬ 

graph 20-/+1 except that a JO-inoh diameter plate was 

placed directly on top of tho bituminous concrete 

pavement, 

(2) The repeating load test used tho same typo and arrange¬ 

ment of testing apparatus as required for tho static 

load tost except that a 2l+-inoh diameter plate was used 

which was also placed on top of the bituminous pave¬ 

ment. The repeating load test was conducted in the 

following manner, a seating load of 3500 pounds was 

applied for five minutes and released. A load of 

20,U00 pounds was then rapidly applied in one incre¬ 

ment. Tho load was maintained for ten minutes during 

which tho deformation was measured at the end of 0^25, 

1. 2.25, 6,25, and 10 minutes. The load was rapidly 

released and deformation readings taken at the end of 

a 5-minute period. Tho ieregoing procedure was then 

repeated until ton load repetitions had been made, 

Plate bearing tests wore oonduotod at Dow, ."rosque Isle, Truax, 

Pierre and Sioux Pall. Air flu We. at tho.e airfield, teat, wore oonduated 

during the fall and during and after tho fro.t melting period, except at 

fro„ut lelo where tuet, were net made during the froet melting period. 

C.P. 
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Figure 10, Platos 3 8 inclusive, presents the averago results of the 

static tests. Detailed results of all plate bearing tests are presented 

in the appendix for the specific airfield. In general, the results are 

summarized for each field as follows! 

(1) Dow, fcosults of the static-load plate bearing tests, 

as plotted on Plato 16, indicate that the ratio of 

loads to produce a 0,1-inch deflection of the plate 

in the normal period to the frcmt melting period at 

the average thickness of frozen subgrade of 0,8 foet 

is 1,7, Aho ropoating-load plato bearing tests show 

that the samo load in the normal period produced 

about 0,7 of the deflection obtained during the frost 

melting period, 

(2) Presque Isle, Results of the static-load plate boar-' 

in:, tests, as plotted on Plate 16, indicate that the 

ratio of loads to produce 0,1-inch doflection of the 

plate in tho normal period to the frost molting period 

at the averago thickness of frozen subgrado of 3*1 

feet is 2,2, The ropeating-load plate bearing test 

shows that tho 20,000-pound load in tho normal period, 

produced about O.U of the deflection obtained during 

the frost melting period, 

(3) Truax, Sesults of static-load plate bearing tests, 

as plotted on Plato 16, indicate that the ratio of the 

loads to produce a 0,1-inch defoimation of tho plate 

during the normal period to the frost melting period 

C.P, 
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at an avorage thiokooss cf frozen subgrado of I.3 feet 

is 4.3* The ropoatinc-load plate bearing tests show 

that the 20,000-pound load in the normal period pro¬ 

duced from 0,2b to 0.¾ of the deflection obtained during 

the frost melting period. The repeating-load plate 

bearing tests indicate that the reduction in pavement 

supporting capacity extends over a period of about 

throe months after the sudden decrease during the 

frost melting period. 

(U) Fierro, results of the static-load plate bearing 

tests, as plotted on Flato 16 indicate that the ratio 

of loads to produce 0.1-inoh deflection of the plate in 

the normal period to the frost malting period at the 

average thioknoss of frozen subgrado of 2.6 feet is 

1.6. The ropeating-load plate bearing tests whew that 

the 20,000 load in the normal period produced about 

O.9 of the deflection obtained during the frost 

molting period, 

(5) Sioux Falls, lîesults of the static-load plate bearing 

tests, as plotted on Plate 16 indicate that the ratio 

of loads to produce 0.1-inoh deflection of the plate in 

the normal period to the frost molting period at the 

average thickness of frozen subgrado of 2.9 feet is 

2.7. The repeating-load plate bearing tests show that 

the 20.000-pound load in the normal period produced 

about O.k of the deflection obtained during the frost 

ntolting period. 

- JQ . 
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i# Tosta for frigid lavement Supporting Capabity.» The support¬ 

ing capacity of rigid pavements was investigated by means of plate bearirç 

tests conducted during the normal period and the frost melting period. Ad¬ 

ditional investigations of rigid pavement conditions at Selfridge Field 

consisting of traffic tests, explorations, pavement rupture tests, subgrade 

modulus tests and ground water and subsurface temperature measurements are 

reported separately in a ropo?t "Frost Investigations and Traffic Tests, 

So!fridge Field. Michigan". U. S. nngineer Office, Detroit, Michigan. June 

I9I46. 

The field test procedures for the plate bearing tests were 

the same as used during the 19W-1&5 investigations and are described 

briefly as follows, (1) Tho rupture tests were made directly on the surface 

of tho pa vu mont using a 2ti-inoh diametor plate placed at a corner of a slab 

nade by the intersection of a longitudinal construction joint and trans¬ 

verso expansion joint. The edge of the plato was about three inches from 
0 

the «lab «dses. Tho itllcwinr tost procedure, was followed: Tho plato was 

•sated on a thin lajor of sard. Two ontonsonotore wore placed In a lire 

bieectinc tho rlcht anclo fomod by tho pavomont joints. Tho load was ap. 

piled in successive total, of 20, 30. 35. i»0. U5. 50. 55 an! 60 thousand 

¡»und.. If tho available lead was not sufficient tc ouuso failure, tho 

loading was released In one dooronnnt and reloaded by Increments to tho manl- 

musi total load. This proooduro was repeated until rupture ooourred or for 

* t0tal 0f ^ (2) Tho suberado modulus tests wore oonduoted 

on tho surface of tho baso material after tho removal of part of tho slab 

ot tho same location as tha rupture tests. Tho tests wore oonduoted as 

far from tho locution of tho plato for tho rupture tost us practicable. 

I 
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^he surface of the base was carefully leveled and a thin layer of fine, 

dry sand« was used to seat the bearing plate. A load equivalent to five 

pounds per square inch, rapidly applied and released, was used to obtain 

additional seating of the pie,to before beginning the tost. Deflections 

were measured by two extensomotors bearing on opposite sides of the bear¬ 

ing plate, the oxtonsometors..being mounted on a beam indoponflont of the in- 

fluondo of deflections caused by tost loads. Load increments wore applied 

at the rate of five pounds per square inch, each increment béing held con¬ 

stant until the* increase in deformation for that increment of loading, dur¬ 

ing a five minute period, was loss than throe por cent of the total defor¬ 

mation fbr that inoroment. Loadings wore applied until cither a total do- 

formation of 0.3 inch was obtained or the capacity of the loading equipment 

reached. Only single cycle loadings wore usod to determino subgrado modulus. 

Tho load deflection data obtained from the subgrado modulus tests woro usod 

to determine subgrade modulus by means of the formula Kg * ^ j "K." is 
0.05" 

the subgrado modulus and is equal to tho prossuro in pounds per square 

inch required to give a vertical deflection of 0.05 inch in the plato 

bearing test. Rupture tests and subgrado modulus tests woro conducted at 

Dow, Presque Isle, Truax, Sioux Palls and Piorro during the fall and again 

during tho frost molting period in order that tho dififcrenoo in bearing 

capacity between those periods could bo obtainsd. Detailed results of all 

tests conducted arc prosontod in tho appondioios for tho specific airfields. 

In general tho results aro summarised for eaoh .airfield as 

followss 

(1) Dow - Tho rupture tests did not break tho pavemont with 

fivo repetitions of tho available maximum load of 

- 1+0 - 
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60,000 pounds with deflections as grout as 0*27 inch 

inch during the frost molting poried. Tho ratio of 

loads at 0.1-inoh doflcotion during tho nnr*al per¬ 

iod to tho fro it molting period was 1»5« *ho subgrado 

modulus tosta conducted on tho top of tho gravel baso 

indioato an avorago subgrndo modulus of 200 Ibs/sq« 

in./ in., during tho normal period and I50 Ibs/sq. 

in./in,, during tho freest molting period. The results 

of tho subgr&do modulus tests during the frost melting 

period are plotted on viato 15« 

(2) Presque Isle.- Tho rupture tests did net break the pnwe 

mont with five repetitions of the available maximum 

load of 60,000 pounds with deflections up to 0.18 

inch during the first ne 1 tin,* poried. The ratio of 

loads at 0.1-inoh deflection during tho ncrml period 

to the frost molting period was 1.2. Tho subgrade 

modulus tests oonduoted on the top of the gravol baso 

indicate an average sub grado modulus of 1*00 lbs/sq. in. 

in., during tho normal period and lU5 lbs/sq. in./in., 

during tho frost melting poried. Tho results of the 

subgrade modulus tests during the frost molting period 

are plotted on *'lato I5. 

(5) Truax.- The rupture tosts did not brook tho pavement 

with five repetitions of the available maximum load 

of 1|6,000 pounds with deflections of 0.12 inch during 

the frost melting period. The ratio x>f loads at 0,1« 
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Looh duflootlcu Uurinn thu otrm\ period to the froat 

mltiqc period wee 1«5« îh« auberedo mdulua toeta 

oonduetod on the top of tha cr«Tol boao indlonto on 

avori|.e aubjrode nodulva uf 2U0 lb a/a q. lu*/ln.# 

durloc the nnraal period end 120 Iba/a^« in«/in«t 

durinc thu float noitlnc period. The rvaulta cf tha 

aubt:red« »dulua t«ata durla the froat noitlnc period 

ere plotted on .lat« 15« 

(U) ¿ierre»« *hu mpturo taata oondoetod doria* the froat 

atltinc period owuaod feiluro in tfco ¡arjaont et total 

loeda renf.iar. fna 32*000 / urda et 0»lU3 inoh do« 

floetion to t«o Iced ipplianiona on «no tvat» first 

loed of 60*000 pounds «uh duflweUcn of 0*22inoh 

without fkiluro erd acot ad loed rf 70,000 pounds with 

fhiluni ot 0«2U3 inah* The relio of leads et 0.1-lnoh 

dofkoti' n duolnr. the nr mol period to the first seit« 

inc 1,2» The sub^mdc ardulus tests oonduotod on 

the trp of tter ,;rcT«l beso indleete en escrv'® •'A* 

Credo Modulus of 136 Ibs/sq» in«/Ln»» durir<- the nnraal 

purled end 120 Ibs/sq» ln»/ln», durinr the frost 

■oltlm* puriod. Thu insults of the subfrsdu acdulus 

tosts durluc thj frost no 1 tine purled mm plotted on 

Plate 13* 

(3) Alou» fulls* • The rupture tosts onnduotud during the 

normal end first no It lu- puriod orueked the parc mont 

at total leads mniir^. fron 60,000 to 80,000 pounds« 

Dufluotions rancod fren 0,29 to 0,3) Inch during thu 

• U2 - 
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normal purlod and inoroatod to 0«i£ inoh durinc tho 

frost moltlii period« Tho ratio of loads at 0«l-ineh 

dofluotion iurln. tho noraal period tc tho frost molt* 

i*V purled was 1«5* Tho soberado modulus tests c*vo 

# an ar.ra, c raluo of 8? Ibs/sq« in«/in«( durinc the 

normal period and 71 lbs/sq. ln«/ln«( during the frost 

Kiltiuc period« Tho results ol the suberads modulus 

tests durinr the frost mo It 1 nr period are plotted on 

¿lato 15« 

J« tests for Ansulatlon #alitlos of Turf and >nosr Cosor«* In* 

sestt^ations were ot nduetod at two turfed areas» ono at eVesque Isle and 

one at Dev* Ihu tusts ot nduetod and observations modo «oro for soil 

olasel fleatiun, availability of water for frost aotion» air oä? subsurfaee 
0 • 

temperature« froet aetion« depth of frost ponotratitn aixl snew oover« Tj» 

• snc««as nut plowed at thu turfed araos* It was tho ¡rarpeso of those tests 

to obtain a oomparlsou of tu»t results parti oularly frest penetration in 

turfed araas a.*alnst paved aroas« mistults cf tests in turfed areas are 

summarised in Table 1 and Included on flatos 3 tc l; inclusive* Detailed 

results of all tests are oo at ai nod in tho raspwotlvu appundioos IVir Dow 

and rrosque isle* The paved test araas wore plowed and snew rvm* vod as 

elose to th: pavuwntas psmstloable inmodlately aftur oaoh snow ihll* It 

was not possiblu U remove tho snow to tho bare patentât with tho result 

that durinc tho wiatur months* d-pundiry, upon weather ecndlticns* a layer 

of paoiBsd sr.ow tr loo fnu; 0*5 inah to twt inehut in thloknoss oevared 

tho paved tost nraas* at thu turfed areas noasuromunts of snow ©over »/uro 

nado periodically* 

là 



P***, Uj. 
5* airfield ^avumont Failuro hoviow»« A ctudy was madu of all air- 

fiold pavunoat failuru pojort» which wore submitted to tho Frost Effects 

Laboratory to determine the failures tc which frost action w*.is a contribute 

inc cause* Of the reports studied, frest action was bclievod to have oon- 

tributud to tho failure at JO airfields as listed in labio 6* telativoly 

fow of all. tho failuro reports show fre-st action as a causo, hewovor, it 

is boliovod that frost action has boon a contributiiv: factor tc all tho 

foiluros listod in Table 6* 

At those alrfioldc 2h failures wore on flexiblu pavunent and 16 

failures wore on ri(;id ¿nvoewnts* In 1? of the failuro areas tho base was 

either frest susowptiblo or a borderline material* In all of tho failure 

amas tho subtrado was fit;«t susceptible • The crourJ water olovaticn was 

reported at a shallow depth in ten failuro areas and mero than Id feet be* 

low who pavcacr.t surface in 1J failure areas* Tho cr»und wator olovation 

was not reported in 17 failuro aruas* Tim fruusin¡* tonperature oouditions 

va rio d tfm 4x ri cd s cf altem, to froesin and thawiiv with relatively lew 

cumulative dot row d-.ys to u frocrir^ iidox of mere than 2500 dcjrwu days« 

Tho uvuluatien fkr frest c-ndltlons of t!x failuro arcus based 

upon Chapter U, Pi-rt XII of tho En(‘inoerii\ ^luual dated July 19^6« ccn- 

pamd with the traffic usin»' tho areas indicate that tho pavement was over* 

loaded or loaded tc the evaluation loud in 27 of tho 1,0 foiled crocs« 

6« Analyses« 

a« Affect i f '¿ator Seuroo on frost Action»» Fbr frest action 

to occur there must bo a source of water* This wator source nay consist 

of a ground water table at the depth of froetin^, a rise of water by cap¬ 

illarity fren a relatively close ¿round water tabic tc tha froozinf aril. 
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or a flow of water from adjoining soil resulting in a depletion of its 

water oontont. There are a number of different methods by which the avail* 

ability of water for frost notion oan be measured or indicated. The so 

methods consist of measuring depth to ground water, measuring precipitation 

occurring prior to freezing period and measuring soil water content and 

degree of saturation before freezing, ¡«suits of these measurements at 

all test areas are included in sunmary form in Table 1. In addition, there 

have been added to this table, data which show the character and extent of 

frost action« from a study of these data, the following conclusions are 

presented* 

(1) At locations whore the water table is less than 16 

feet from the ground surface and there is no stratum 

which will prevent tho upward flow of water when freos* 

ing starts (suoh as a layer of olean sand) extensivo 

to slight frost notion occurred in frost susceptible 

soils« 

(2) At locations whore tho wator table is below 23 feet or 

whore thuro is a stratum of clean sand above tho water 

table which outs off upward flow of water, slight to 

no frost action occurred in frost susceptible soils« 

(3) loe lens furmution varied from an exceedingly few 

thin lenses to many thin to thiol: luxisos« depending 

upen two related factors* the degree of saturation 

at start of freezing and the relationship between tho 

natural water content at start of freezing and the 

Atterberg limits. Thu greater thi degree of saturation, 

the greater tho frost action. Soils with natural wator 



contents below tho plastic limit during the f?.ll, prior 

to froGtin£, had negligible frost action* As tho natu¬ 

ral water content approached the liquid limit, frost 

action increased* 

(I4) Tho decree of saturation beno^th paved arcas variod 

generally with the clim’oic conditions, tho lowor degree 

of saturation occurrin;, in tho aroas of low annual 

rainfall* lho degree of saturation also varied gen- 

oral ly with tho depth to ground wator, tho higher the 

ground water table the greater the degree of satura¬ 

tion* 

(5) At tho fc Hewing four test areast Tost Area D, Fresque 

Isloj Test Area A, Truaxi Tost Area A* Sioux Phils 1 

and Tost Aroa B, Vtatortowns frost heaving was at a 

maximum at the pavument edge and decreased toward tho 

center with seme tost areas showing a slight settle¬ 

ment during tho winter* This typo of hoavir^g is be¬ 

lieved to bo a result of flow of wator from adjoining 

turf area into the subrrr.de boneuth tho pavement « 

Greater heaving at edges than at center of pavements 

occurred only at test areas with bituminous concrete 

pavemonts without subsurface drains at pavement edges, 

except at A'rosquo Isle, where subsurface drains are 

installed* 

(6) At all concrete paved tost areas, it is believed that 

surface water infiltrating through joints into the base 
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and subcrado prior to freezing augmented to a slight 

dogreo tho availablo water ibr frost action« The pave¬ 

ment heavo v/as more uniform in portland oomont concreto 

teat areas compared with tno heave in tho bituminous 

concreto paved tost areas« 

b« Effoot of Tompo roturo en Frost ¿otion«- The freezing index 

at five airfields was greater during 1945"than during the previous 

winter and less at two airfields« jit tho five Holds where the freezing 

index was greater, two had greater hoavo and three had loss hoavo during 

I9U5-I9U6 than during 19Í4+-19U5» Qno of the airfields v/ith a lower freez¬ 

ing index liad greater hoavo and tlie other field had leas hoavo. In general, 

tho observations made do not. indicate the effoot of below freezing air 

tomperaturc on frost action« It will bo nocossary to curry out observations 

over a number of yoars at tho same locations to isolate tho effect of 

froozing temperatures from tho ether factors influencing frost action« 

o« Effoot of Soil on frost motion«- Fbr tho occurrence of frost 

action in a given Sv.il, it must have not less than throe por cont by weight 

of sizes smaller than 0.02 mm in diameter« In general, tho observations 

reported herein substantiate this criterion. However, with tho exception 
s 

of Bedford, which has o nen-frost susceptible baso, tho base material», 

except crushed rook, at all fields havo moro than three per cent by weight 

finer than 0.02 mm. in diamotor, yot only occasional ico oiystals wero 

reported and in enc instance a few loo lenses, '¿'hose results may bo con¬ 

sidered a contradiction of tho oritorion, however, it may bo explained by 

the absence of a roadily available water supply uxoopt in tho one instance 

where a few ice lonsos wero observed« In this case water is boliovod to 

-1*7 - C.P, 



par» 6o* 

havfci entorod tho base thruu^i joints in the pavwinont just prior to froez- 

ine and during tho early stages of freezing vihon surfaoo thawing occasional¬ 

ly occurred. This conclusion appears reasonable, sinco tho ice lonsos wore 

observed in the baso inmtediatòly bunoath the pavement and not in depth. 

The observations performed do not indicate which soils aro 

more susceptible to frost action since othor factors such as water avail» I 

ability and freezing indox, woro different at tho various locations tostod ^ 

and mask tho offoot of tho soil typo oh frost action. However, other fac¬ 

tors constant, tho observations indicate that tho finer grained soils aro 

moro susceptible to frost action than those with gravel and coarso sand sizes, 

d. Analysis of Frost Penetration. 

(l) Laboratory Studies. Laboratory studios of tho mal con¬ 

ductivity •conducted upon selected samples of non-frost 

susceptible base materials in the frozen and unfrozen 

states show that the thormal conductivity inoreases 

with an increase in water content as shown in Figures 

1 to 5 inclusive, x-'late 11. At water contents less 

than one per cunt by dry weight, tho thermal conducti- 
« 

vity for tho Lowell sand, Winchester crushed trap rock, 

Somerville cinders, and Liystio slag were all approxi- J 

matoly tho some, 0.¿ BTU/(ft)(hr)(°F), in both frozen 

and unfrozen states. Fbr Bangor sand and gravel the 

value incruasos rapidly from 0.3 to 0.6 BTU/(ft)(hr) 

(°F) up to a water content of one per cent. Above one 

per cent water oontont there is no correlation between 

the thermal conductivities of the various substances 

C.?. -1+8- 
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in oithor tho frozen or unfrozen conditions« The 

ratios of the thermal conductivities of the cinders 

and slag to the thomal conductivities of tho other 

non-frost susceptible materials vary between I.5 and 

This indicates th.^.t cinders and slar may bo used 

to reduce the thickness of base ocursos required to 

prevent frost panotratirv into a frost susceptible 

material* 

(2) Mathematical Studies«- The depth to which a pavement, 

base, and subgrado will bo frozen during a winter will 

depend principally upon tho magnitude and duration of 

freezing air temperature, the thermal properties of 

the materials and the subsurface temperature conditions 

at tho start of freezing« All the so factors have boon 

used in this study and methods of predicting tho depth 

of frost penetration are presented i«hioh are reasonably 

close to the measured values at the various tost areas* 

Observcticns of depths of freezing have boon made over 

a period of one to thruo years at I5 sites« Tho results 

of these observations together with pertinent data in¬ 

fluencing depth of freezing are summarized on Table 5» 

In addition, there aro also tabulated tho valu »8 for 

predicted depth of freezing based upon equations (83), 

(¾). (154), (150), and the onpirioal formula for tho 

several variables as indicated. Those équations wore 

selected from the Problems in Supplement A except tho 

- 49 - 
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ompirioal formula which was dorivod from all observa¬ 

tions of frost ponotrationi as they aro considorod to 

represent in thu most usublo fom, the principal 

variations in assumptions. The valued of predicted 

/ depth of frost penetration tabulated were determined 

i in the fbllowin,; manrwri 
i I 

. (a) Thermal Conductivity.- The the mal conducti- 
! ) 

vity usud for computations of depth of freez¬ 

ing is for all oases l.J BTU/(ft)(hr)(°F)« 1 , 
Based upon tested values for thermal con¬ 

ductivity, as discussed in paragraph 14^(1). 

this valuó may be somewhat high as an aver- » 
’ 

age valuó for all soils to a depth of 16 
ê 

feet; however, it is believed to be a 

' reasonable valuó Ibr the pavement, base, and 

subgrado soils which are frozen or unfrozen. 
I 

(b) Mean Soil Tomporaturo.- The moan soil tempera- 

ture is equal to the nean annual air tempera¬ 

ture at the parti calar location. At a depth ^ 

of about 16 feet below ground surface the 
I 

amplitude of soil tempo rature change ap- 
I 

preaches zero. Values for the mean air 
I 

temperature in the United States are given 

in Figure 1 on Plato 13 which was plotted 

' from heather Bureau data. 

(o) Latent Heat.» In oohesionless soils, all 

water in the voids will be frozen and thus 

C.P. - 50 - 
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tho latent heat may be doto mined from the 

wator contort usiir,; tho crú?h *n Figuro 1 

on ¿lato 12« For cohesivo soils, thero will 

bo a portion oí* the measured wator content 

(in poroontr.fo cf dry wciçjat of soil) 

which will rx't free20 at 52°F as discus sod 

in paragraph iufíS). Thus for somo soils, 

not all tho wator content contributes latent 

boat. In "able 5* it is considered ail of 

tho water freosos, the yalue for latent boat 

ns tabulated being determined fron Figure 1, 

Plate 12» 

(d) Volumetrio Heat»» The average volumetric 

boat at each location was determined using 

tho equation given in paragraph l4«f(3)» 

Values for the volumetric boat for each 

different soil wore determined using tho 

average water content and unit dry weight 

as tabulated on dable 5 and Fleure 2 on 
\ 

Plato 12» Seile within the depth of frees- 

ing v;oro considered to be totally frozen in 

determining the average volumetric heat» 

Based upon ormparisons contained in Table 5» it is concluded 

that values detorni:ied from equation I5I+, paragraph V and the empirical 

formula compare most favorable with measured depth of freezing. In Tabic 

5# an arrow pointing to tho loft has been placed beside tho predicted 

values which fall within six inches of tho measured depth» ¿»n arrow 

*5.P. 51 
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pointing tc thu rijht has boon placed adjacent to tho value closest to the 

measured aepth. 

Tho pmdiotion of depth of froesinp at a particular location 

may bo aoo^nplishud with roasenablo accuracy from tho Design ourvo.frc\m tho 

Ln^inoori^ ILnuul Itirt XII, Chaptor li, July I9/46 as shovm on Figaro 3# 

.lato 1U usine ^ Fruorine Index "F" obtainod from Ficuro 2, Flato 13. 

If thoro is an insulation layer present, such as slae or cindur base, 

sawdust, poat or tundra layer, the depth of frooting nay bo detominod by 

equation U^S). 

(3) Hold Qbaorvntiens,- ,1 study cf the actual frost ponot- 

rations in nen-frost susceptibly soils hhovrs that tho 

depth of first ponotrution varies approximately as a 

straight lino function vs. fruezinr indox when it is 

plotted on lo,; lor plot as shorn on *luto 3Í+. On 

Flato lit thoro aro plotted all observations of depth of 

frost ponotration in nou-frnst susooptiblo soils against 

froozin.' index fer tho years I9I1U-I9I6 and 19ii5-19l*6. 

Fipuro 1 shews data for portlrnd ooront concreto pavo- 

nunts, Fi^ui’o 2 for bituminous concreto p; w.aonts, and 

Ficuro 3 contains all rosults. Figuro 3 »miy bo used 

to predict tiiy dupth of frost ponotration bonoath pavod 

areas, regardless cf pavement ty^w, which are raaintainod 

siiow froo, and which have buses constructed of nen- 

insulacinc and non-frost susooptiblo materials such as 

sasd, cravel, or crushed reek. On the basis of tho 

additional data obtained dur in,; these invostd^ations, 

as plotted en ¿lato lli, no chan o in tho dosl,;n curve 

c.r. 
52 



par» 6d» 

is roooinmcrxlod» 

The results of frost ponotration noasurod in the turfed areas 

with enev: oover aro s uma ri zed in tho ibl lowing table ani comparod with 

frost ponotratiens i** adjacent paved aroas» 

Ave rape Snow Average Total 
Cover During Winter Prost Pénétration in Poet 

Location of In Turfed Areas Turfed Pavanent 
Turf Tost_(Foot)_ l£tT-ImT.C. 

Dow Weld 1.5 2.2 iu3 h.h 

Presque Isle l.J ^.2 5.8 6.5 

ihoso data indioato that snow cover and turf tocether provido 

an insulatiiv’ blanket which retards frost penetration to a oonsidorablo 

magnitude» 

°* Affect of Frost Aptian on Id rid Pavomont Supportii^; Capacity«» 

Tho losults of the subtraio modulus tests as plotted on Plato I5 indioato 

that the additional data obtained from those investigations tends to sub¬ 

stantiate tho dosipn curvos as they are shown on Plato I5. .ill tho subgrada 

soils at tho airfields where tests were performed fall into group 3 which 

is dofinod as all frost susceptible soils which have moro than 25 por cent 

passif ¿200 mesh sievo. Additional tests aro required to eliminate the 

scattering of the test data befare any revisions con be made in tho de¬ 

sign curves. Thu rupture tests performed on the top of the pavement in¬ 

dicate a reduction in load required for 0.1-inch deflection during an? 

immediately after the frost molting poiiod. Prom the study of tho 

pavement failure reports it is ocnoludod that frost action was a substan¬ 

tial contributirv cause to tho failures of tho rigid pavement. 

Sxfuct of Fraat action on Flexible Pavomcnt Supporting 

Capacity.- The plato bearing tests performed at Presque Isle, Dow, Truox, 

Piorre, and .iaturtovm indicate that a reduction in flwxiblo pave .to nt 
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Bu;îportine ocvpaoity ooours durinc tho frost nwltini: ixiriod as a rosult of 

frost action in tho suturados. Tho data as plotted on Plato 16 indioatos 

that in gonk.ral thero is about tho sor» roduotion in strength caused by 

front action ro(;ardloss of tho thicknoss of tho sono in which frost action 

ooours. From tho study of tho pavement failure reports it is conoludod 

that frost action was substantial contributing causo to tho failures of 

thu flexible pavements. Sinco no traffic tests wore conducted on flexible 

pa venants no chock on the design curves for flexible pavements in tho 

Ad Interin Engineering Manual, ¿’art XII, Chapter h, airfield Pavement Design, 

'•Frost Conditions", datod July I9Í-6, cun bo mado. 

7. Conelesions.-On the basis of tho results obtained from tho frost 

investigation conducted during 1945-19½ tho following general conclusions 

aro presented» 

a. A method of predicting tho depth of frost ponotrution based 

upon tho soil and woather ohuractoristics at tho sito was de^lopod, 

b, Th^ température at v/hich soil freezes is approximately 32°F. 

o. There is a definite lowering of the supporting capacity of 

rigid and flexible pavements caused by frost action. 

d. ¿hvenont bearing capacity for both flexible and rigid is 

reduced about the same magnitude irrespective of the depth of frost péné¬ 

trât ion. 

0. The curves presented for the design of rigid pavements in 

f^rt XII, Chapter 4,Airfield lavement Design "Frost Conditions" Ad Interim 

Engineering Manual and datod July 1946 arc satisfactory, 

f. The curve to datomine the combined thickness of pavement 

and base required to prevent freezing in the subgrade in ¿-art XII, Chapter 

4, Airfield ¿’avumont Design, "Frost Conditions", Ad Interim Engineering 
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Manual datüd July 191+6 is satisfactory* 

C*. No revisions to Part XII, Chapter 1+, Airfield Pavomvnt 

Design "Frost Conditionsw Ad Interim Erjfinoerirv; limual dated July I9I+6 

aro roocnup.oddod at this timo* 

H* R*ost action has bbon a oontributinf factor in numerous pave¬ 

ment failures in both ricid and flexible pavements# • 

8* Rooommondations *- Rrom the data and analyses presontod heroin 

the following; recommendations are submitted* 

a# Continue collection of data to chock the curve for the pre¬ 

diction of frost penetration in non-frest susceptible materials# 

b. Continue tests to chock the dosi;’?! curves for ri^id pavo¬ 

no nt# 

0, Study and correlate all data obtained to dato# 



GLOSSARY 

Tho body of the report contains oortain terms and words which 

defined below as to thoir special use relative to frost investigation. 

(1) Tost Area. - '¿'he tost area is tho portion of the air¬ 

field selected for observations and investigations. 

(2) javemont. - Tho tom pavement is defined as a covering 

of a prepared or manufactured product superimposed 

upon subgrade or base to servo as an abrasive and 

weather resisting structural medium. 

(3) Base. - Tho term baso applies to tho course of specially 

solootod sells, minorais, aggregates, or treated soils 

placed and compacted on tho natural or compacted sub- 

grado. 

(i+) Subgrado. - The torm subgrado applies to tho natural 

soil in place or to fill material, upon v/hich a 

pavonunt or base is óonstruotod. 

(5) Frozen Soil, . frozen soil as referred to in this report 

is as follows i 

Homogeneously Frozen Soil.- A homogeneously frozen 

soil is a soil in which all tho wator in tho soil 

is frozen within tho natural voids existing in tho 

soil, without observable accumulation of ice lenses 

or frost forms, exceeding in volume, suoh natural 

void spaces. 

Stratified frozen Soil.- A stratified frozen soil 

is a soil in which a part of the water in the soil 

is frozen in the ftm of observable ico lenses. 



occupying space in excess of original soil voids. 

(6) Ice Crystals. • ^he fonnation of ico particles found 

in the pores of homogonoous1y frozen soil is foforrod 

to as ice crystals. 

(7) loo Lenses.» loo lonsos are the ice formations in 

stratified frozen soil, occurring in royoatod layers, 

in general, parallel to oach|other and normal to tho 

direction of heat loss. 

(8) Frozon Zone.- The limits of depth within vfoich tho 

soil is frozen is designated as the frozon zono. 

(9) Frost Penetration.- Tho depth from tho surface tc tho 

bottom of tho frozon soil. 

(10) Depth of Freezing Tomporaturo ronotraticn.- Tho depth 

of free zinc tomporaturo penetration is tho maximum depth 

bolow tho surface of freezing tomporaturo• 

(11) Frost Action.»» Frcjt action is the accumulation of 

water in the fern of ico lenses in tho soil under 

natural freezing conditions. 

(12) Frost Ho a vo.- Frost houve is tho raising of tho pavé- 

mont surface duo to tho accumulation of ico lonsos. Tho 

amount of houve in most soils is approximately equal to 

tho cumulative thickness of icc lonsos. 

(13) Frost Susceptible Soil.- Frost susceptible soil is a 

soil in which frost action is possible. Any soil which 

contains throe per cont or moro by weight of grains 

smaller than 0.02 mm. diameter shall bo considered sus¬ 

ceptible to frost action. 

c.r. 
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(lU) Kon-Frost Susooptlblo Materiale,- Non-fr^st susoeptlbla 

matoriala are orushod rook, sand and gravol, gravol, 

sXagf cinders, or any other oohesionless inatorial in 

vdiioh frost aotian is not possible* 

(15) Degreo Day*- Decree day for one day is the algebraic 

difforonce botweon 32° Fateanhoit and tho daily mean 

tempe raturo. The degree day is plus when tho daily 

moan temperature is below 32° Fahrenheit and minus whoa 

above# For any one day thoro are as many degree days 

as there are degroes Fahrenheit difference in tempera¬ 

ture between the moan temperature for the day and 32° 

Fahrenheit# Cumulative degree days-timo curve is ob¬ 

tained by plotting tho cumulative degree days versus 

timo, 

(16) Freozing Index«- Froozing index is a monsuro of the 

combined duration and magnitude cf belcw-freozing air 

temperatures occurring during any given wintor and is 

tho maximum ordlnato of the degree days-timo durve 

(I?) formal Freezing Index«- Normal froozing index is the 

index oemputod for nomal air tamporaturos based upon 

a long; period of record, usually 10 years or mere* 

Ground Water Table*- Tho ground water table is the free 

water surface nearest to tho ground surface* 

(19) Density*- Density ie tho unit dry weight, in pounds per 

oubio foot, 

(20) formal Period.- '¿he normal period is the timo of the 

year, summer and full, ’.Then there is no reduction in 

strength of foundation materials due to frost action, 
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(£l) Freezing; ¿fyriod.«" Tho freezing period is the time 

during which, tho frost is in the ground and there 

is no reduction in strength of foundation materials duo 

to frost action* 

(22) Frost Siting i^riod*» Ahc frost melting period is 

tho time of year during which tho ffcost in tho 

foundation materials is returning to a liquid state. 

In frost susooptiblo materials it is tho period when 

melting of tho ice lensos causes a temporary incroaso 

in tho wator content of the material resulting in a 

reduction in tho supporting capacity of the pavement, 

(23) Vmter Content«■ Water content is the ratio, expressed 

as a percentage, of the weight of water in a given soil 

mass to the weight of solid partidos* 
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101 P 

• 0» P 

ië? a" 
0» A 

0? P, 
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SUMMARY OF AIRFIELD PAVEMENT FAILURES WHERE FROST 

AIRFIELD 

LOCATION 
OF 

DISTNttSCO 
ARCA 

PAVEMENT 

u „ 

BASE 

Uj If) 

l X 

S ï 
5 
At 
3 

fc 
10 

Ä 
w 

a o to 
o < a 

0 0? 

0 
0 o 

5 

SUBGRADE 

o 
u 

!c 
B 
3 

5 
0 

RL. L.L. 

a4fh 
Bg^iS 

°0O¿SZ 

2> 

ground 

water 

DEPTH 
(FEET) 

Î FIELD, BASOOl, MàlNl 

! RES*' E I SI F AIRFIELD 
f wive :su, HA in 

•Pilono» - wtinui 
AIRFIELD 

WLl ltlE, K. J. 

MORRIS -1 ELD 
cHAAierrr, r. 

JUSOCn AIRFIUD 
5LASOOR, WTNTA.NA 

HARVARD AIRFIELD 
HARVARD, REFRARFA 

CIT BAAL AATAILXT1 AIRFIELD 
CUT SAIF, MOITAlá 

RICHET FIFIS, 
DOrVlR. I OI CRASO 

lAfcí WILLIAMS AIRFIELD, 
CAMP DOTOLAS, HSrCRSII 

cTi *:eld, 
IAM! 'SWARDS, MAM. 

s:UT tfITiHKLL f'Hl 
I'IAJTT, Ti, 'Kr:*! 

Aproe oldonleA, 
tumoround ond 
•ftm>up opron 
1C.XC* yd«. 

Portion cf R-S 
Ruaoojr ‘00 «q.ydo. 

Fortlono of KV-M 
ond IM-3F pijnwjro 
fro» 50 to l,cX» 
•q. ft« ot ir.tor« 

Sor-roln- 
foreod 
eoneroto 

Aoiholtte 
eeneroto 

Aortaltle 
oercroto 

fortland 
Conont 

Conerot# 

Sank rur 
•anO and 
çrarel 

F«nk run 
•and and 

Crovol 

During 
frort molt¬ 
ing period 
boao ob- 
oorood to 
bo «Bturat- 

60E 
(1) 

k « 

515 
(1) 

(l) 

15.000 oq« yd«, 
•eottorod «roo« 
prlnelpolljr ln 
cantor of ! rummy« 
and particularly 
bad at lnt«r*»:»ion 

Soattorod «nail to 
ono largo «roa or. 
IE or.d of W-il 

raid voy 2 ar.d «••: 

aroaa of «outil ond 
north onda of 
Rummy 

Fort Ion« of tajrlvoy 
1. 2 and ), ««at 

ond VW ond of KM- 
SE Rummy 

F.-W «ni M*-SE Run- 
ooy, taxiv«y« A, 
>. C. D, E, F. :. 
W and l alto land 
Ing arron 

Lao# !n Apr«. 

tana on taxivay 
at oaat ond of 
•pro« odgoa of 
cltuaiaov.« h to— 

Mala aomea atroa, 
oatonaloc to itr- 
rtoo opron, nimm 

tOC ft. Bt «oat ar.d 
:.-H rir.v%y# of 

?% 
of *?-■» r.omy, 
•r»fr» ft of 

i ron ta«.way 

Aophnltlo 
ooccrrto 

Fortload 
cenert 
roneroto 

Aarholt 
coreroto 

Fortlord 
OOBior.t 
¿ore roto 

Arooa ovor 
fill ro- 
Inforcod 

F ort lau? 
ooBont 
«oM roto 

bltuTinoua 
core roto 

A;ron-nor- 
roinforcod 
I ort land 
co-m nt 

•rot« 

S'.tunlr.oL 
rot« 

Cruahor 
rur. átono 

Froeooaod 
t-anb run 
«and and 
gravo1 vith 
IW ovor- 
« io cruoh- 
rd. 

tot rorort- 
od eoleu- 
lotod frov 
tho ovo lu- 
•♦Ion ro- 
-rt aa 
Cf 4. 

3r. sr 
and 

Mlcaeaoua 
elnyo CH 

Tailoay I 

35C 

rit nu 
gravol 

525 

- BR • 
»PC (1) 

Ifot 

7D* 

to 
FOE 

fW 

to 

Sot roport- 
od cal cu- 

latod fron 
ovaluatlon 
roport •• 
e5«. 

Rot 

raiortod 

CL. ¥1 
CH, Ol 

5i to i 

;J5 

Nono 

Vorloo 
froa 6" 
.rovol - 

•ad to 6' 
•ovo! - 
ind on 6' 

! •okaa 
anolo. 

Soak run 
ord g rovol 

Ptt tun 
grovol 
•trjohoi 
«tono 

’BP m 
2‘ *f 

■I of 
25 undor 
toxlvny 
and 3. 

3?< 

CH. a . .ÎF 
SF-CL 
Ct-SF 

6 to 12 
Var!olio 

Fron 
Dro.n:r..-, 

ilS to 

r>l*? con- 
•tr ctlon 
conto'.na 
•oao aroa« 
that aro 

frort ouo- 
ooptkblo 

51JL (1) 
«vor*go 

k o U5 11 ) 

( SP a 
65 A) 

75 (1) 
to 

'•0 U) 

st, m 
V*. Vf 

»». on 
if, op 

Avoraro "iS 

tCK 
to 

l'XX 

"U 
to 

Vl< 

V.M 2),6 

CBR a 
L (1) 

CIR « 
r (i: 

5o«/ (r 

k a 
550 (i: 

'HP g 

• u; 

5 (I) 
1 laboratory 
to«!« on 
oookod 
ooaploo) 

ko“. 
k o 1'-! 

PF a 
a: toi .ï 

Vo)' S 
k o ?7 |2 

Appre». 
2 te 6 

H- B 
2).5 1 
‘»crofo 
aat. r» *o 

Ii doftr.lto 
but doop 



MLURES WHERE FROST ACTION WAS CONTRIBUTING CAUSE 

ADE 

n 

! 
RL. L.L. 

15 
tc 
K 

?C 55 

r/- if-.t 
tc to 
'.1 V.I 

S jj 
BS«!?, 

2z 

ground 
WATER 
DEPTH 
(ftET) 

CBR • 
L (1) 

CIR « 
i- (i: 

CBR , 
50/ (1' 

k . 
ï50 (15 

ê (1) 

Apt ron 
2 to 

tFrre« 
2 tc 

Rot ¡ l»tr. 

5 (1) 
( Uko rotor) 
tORtO or 
•ookoO 
•taploo) 

k o V« 
k o im 

RF ( 
;i: t©( .]• 

I» doflr.lto 
but doop 

117 (1) 

H g 
23.; i 
Tprofo 

Mt ‘P 

.1) 

Rot 
ro-crtod 

.J. -'Jwb 
to ^ to 

Around 
pOTOMRt 
por'.phory 

At 00(0( 
of rtiimoy 

‘t 0d|0( 

DISTRESS OR FAILURE 

description 

0 DC rot# d*«o:opod MU’, do* «rook# 
or." 00*0 cornor crooks {9% of 
(lots rrockod by sprlrg '1*3 ond 
3« ty foil •Ué.. 

rooooor« dooolopod «ooTlof Ir tho 
siriDf of líw3 »( froit «sao out 
of tho (rotad. 

locoHtod crseklB( ond rutttr.« 
!" coop) dooolopoa Ir. Msrrh ond 

A( rl 1 1CL3 oat; pooooort rul od out 
wiidor troffir to oono srooo. 

ct otío- Hoool!.(, of s.b(rodo ond ooorlooo* 
oto WhOM .0( COL (Od 2011( loo(ltutíü.ol 

•.lioi. Crocks which lotor broochod out. 
ForcoUtloa of su-ioeo wator 
hortonod dotorloration, rtoao boo# 
larrc(natod wit* rc* rloy ond 
(root action to see htoTla( which 
resulted la roduooc tworir* pornor. 

Rot 
rope (tad 

.cited i 
etollo 

oor at 
iro or 

: inrovs 

r .*•- ns 
U.S (¢(0 

• -OMOt 

-iro c' 
«*>•# 

ni * 
ror, ->* 

Aroo showed ro slpao of diotraao 
uetU frost loft tho (round whoa 
wher doprosslona bo(sn to appear 
which Ir. oono Instaaoos increased 
to •• depth of 60 with ereooipanyla( 
crecklBf. 

local tied oreos of bed ehoeklaf. 
creekin*, sottlsnsnt, opal led as- 
; erst on sad roatraeMoa Joints, 
wotsr saopS(t fron eoatractlaa 

Inti one crocks. 

(*reos shows'* signo of dlstraos 
when fro-t loft ground Ir srrin* 
por.ths as those sroos wore usad, 
they startsd to rut and fallad 
cor; lately the first the load was 
-ur ooor tho*. Vtllity troncheo 
eottled eher frost loft ground. 

Ai: oirflold (oosnorts li. poor 
ca.d'tlsn d.s U oo'storco of 
cractln*. saollng and heaving. 

DATE 
FIRST 

NOTED 

.i r. tracking of cote rote 
oloif lanes i*.eared of snow. 

Agitions 2 rrecka ir o* íwr se tlor 
arror.. P-17 lor "lar r.-ttod 

floal • Is ■s-ewert. 

Rlntor 
19.UP-L? 

irríte 
1*1.3 

:rring 

Mid le.!«? 

Rot 
rorortod 

Not 
reportod 

•hen frost 
left 
(probably 
trriog 
1^35 

Rot 
ro,«rt#d 

Rt^ORTtO 

CAUSE 

Arm 
Hu3 

• #* if durlr.f wmtor rf 1-U 
•evirt. Siriaco '‘ones .» 

■ .-c i art*, tv * oi r.nwfyo lot soi 
• p#r# ; t . oct b) tnrr c» 

•or rocken sr • • «eved at nuc* 
1* at join» tn i. --1(. 
wo; '.eooos ef i*-; ' un* :t 1¾ 

of . sva-nont. 

rirwe; »: taaloo} .hewod soso 
i t¿ on Pittli^ .r sianaor of 
. .wrspring of 1^*3 ad¬ 

ditional .'rockt and ruto oaf J" 
ooi 0( i oor- ... hot' rui.eayo* 
uttlns. «t¿ej!e'.l¿ tou i.-iers tosí 

way joins r.neey. 

(at. 
1-U4 

korch 
10.3 

Sjwoer 

trrtH 
1*(L3 

ieuleaert of setersds, U 
strength of cenerst# and 
frert sctlor. 

'.evsre frost setloe in sub- 
¿red* resulting io It# 
(oftonlng duritg ijrlr.g **ioi 

low CcF of toss, .'.cfrado 
not -onpoctol -.c tor loua 
donslty. lnedoc,Lsto noln- 
tenanoo of droitogo ord 
psvsnont. Pelluroi »tirtod 
what fro*t was racing ort 
ef the ground. 

Poundstior. too wosk to sup¬ 
port Uposed load. Mice- 
coouo cloys heve high swell 
factor and net suitable for 
foundations. Stets bass 
coursa joorly grsdsi. 

freaeslvs coif ture it sub- 
greds what revenant laid 
end at oono roints istur- 
•tien dus te ponding st 
edges of pevenant through 
lock of dreinege and In¬ 
sufficient boss as s oor- 
tr :utlng fester. 

Insufficient tnlokross of 
tsslwey sad spree pavanent 
for unfavorable subgrade 
conditions esietlag during 
thawing. 

Inpreper ceepoctlon of fill 
under rwiwnys, peer drslnngo 
weak aubgrede naterlais, 
p*seing of ssphelt corcrsts 
pavanant en froten aubgrede 
o» piecing during cold end 
eat weather. Insuffle leak 
base. 

But reported 

g S 
k. ul 

K 
X h 

Û « ? z W C 
Z b 

: « 
0 I? 
2 0 

H Jj 

u r * J 

F-»''t sctlen eaused rs-king 
of s; rtn. need of water 
dor • -on causing blood lag •’ 
crooks oi d joieto. 

d ♦lonol dro*rers aid 
ooi -oat [revente■ t risco 

u-. -i-rpr- < wotsr drs- 
rcylrif avenant. 

* re * * f troffir o *r i ur.- 
*■* r*l or*. 

Frrst o-tier o*uoed rocking 
or- -r- - tice or.; trorgorl 

eottsr ,r looo. 'e.p *roio- 
fr lock of sea; .-sot, 

rd-kots of poor oetvrlsl 
fou.d Is constrvrted 
srooo. 

suffutoat bato for tract 
mforior rainant 

•■a eetoriole • con- 
.ting fartoo. 

.'1*2 72 
•'ui 31 

rot.*¡,3 05 

Alternate 
freeing 

id thawing 

Dec.'U 16 
Peb.'U; 2L 

• '**3 ? 

Altomoto 
frooslng 
ond thowine 

Viator 
152(2-19((3 

25¾ 

Viator 
152.3-15U. 

2*3 

vintor 
1%2-19I*J 

3P0L 

viator 
1^3-1 -U* 
Dee. a 61 
*B. 0 Ifi 
Feb. a 111 
Iter, a UC 
(alterant 
freoilng 
and »how- 
lx) 

I4U-1<IU 

- Í 
0 2 y 
X 5 0 

a a a 
-•'S 
° -s 
“ 2 2 

it? 
2 Si 

TRAFFIC 

** vi R <! § S 0^> 3 ja V* 
^ n hi 0( 
00bk 

Û ^ 
o« ú¿ 

«2ff! 
«lo 

Fall 

st ^ 

5¾1 

o¿s0-« 

2SÜ!? 

* 

EVALUAT ION 

LSS GROAS 
Flame wt 

in} 
5St2<! 
sjO J - 

remarks 

oí 

I? ï-oSî' 
S iS* 3 
o <> 
C 

:¾..1 
to 

Aw*. 

7n,:« I _,3oc 

: 

: .u3-lvJ. 

uno -w2-11C 

292*1 :yclo« per 2C.OOC 
ta Soy-lf ,»Cf 

Au*. 
'.H.* 194.5-151 

îjrcloo per .-7¾.-a 
loy-dC.MCf 

■f 
thn. h.ooc :;,ooc 
July 
19L3 

Rorortod 
es fron 
3-5 ft. 

152.3 

.«•e 
19a 

Spring ’i.3 

August 31, 
19((3 

1.0-55 bst 
neainuB 
pssotre- 
tien bol« 
roved 
erees 

1 Aug. 
192(1. 

19L2-20ÎJ 

60,000 

50,3» 

20,0» 

75,0» 

R,'»» 
te 

It,000 

•'«. i id. 

key 14UL 

Jure te 
der. r.J 

*5,3» 

b2*,3» 

32,»c 

“.WC 

*,a» 

:oti3» 

t. 

hf.vr 

7U,000 

JL.OX 
te 

120,300 

:2\jor- 

*-• ruiaeo 

1 ,3« 

lê, 

3*. 3» 
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T FAILURES WHERE FROST ACTION WAS CONTRIBUTING CAUSE 

BGRADE 

RL. L.L. 

37 
»-•»rte« 

;*i 10 
1 

Ut.l 
to 

17 .P 

22 
U 
tra 

>1*.^ U J« 

^*5- 

SSS'Í 
283«« 

k • lii3 (1) 
k ■ 101 (2) 

l«v 
If- to 3*1 

(1' High wot«] 
toblo not 
provolont 

k o 39 (1) 

^ • a* in 

Bh s 6 ootr 
for toxlony 
"'a* 

kf o 39 

cm o 6 
( 1 ) to 12 (1) 

cm o 
9(i)to a 
(i) 

I • 7 
tvorngo 
lob. tooto 

'114.3 
to 

13..5 

:bp t 
Hold 

^5(1) to ?e 
Ub. Otc27 

iM ■ 
7 (1) 

GROUND 
WATER 

DEPTH 
(FEET) 

High votar 
tallo not 
provnlont 

ro ported 

Hoportod no 

-ndotomln- 
(hot 

footer ) 

Not 
roportod 

DISTRESS OR FAILURE 

PtOCftlPTiON 

901 
Fo 'Otallo 

lo lubaur- 
fooo drol 
0*0, 

No autour 
fooo •'rain« 
o*o oyo< 

No autour- 
fooo drotr- 
Ogo «yol 

hoeeol*« «rooking of olob. 
tlculorly ot «ho joint«. 

taooooloo rutting and shoring of 
aurfboo enrío dorolepod on 3« and 
Of NS-SN runway, m and of NR-3K 
ruwmy and la «oat quarter of 
tul voy No. T-2. h«,Kh »hlrd of 
N-S ruinroy fa.ljroo CbiiL it O'I of 
rutting, *»r* klnt, aid ;et halos. 

Taxlooy S oooplotoly failed, other 
orooo ahoMd aigno of diatrooa by 
ruttiag. Nut a 2" deep «ero fem¬ 
ad «hon teatlag by power grader. 

Poreaoeta erected eoT*rely under 
troffl c, neveaiento garen My In 
poor condition. Soepogo of «ator 
freo erooka and jointe noted Ir. 
■any orooo. 

Running under truffle la joint 
oreo, dl op . aoaaiont by pleno uheeli 
of ir A.C. poroamt, the 6* boat 
eoureo end aororol loiboo of 
ooturoto'i aubgrodo. 'reeking and 
orocklng of original ««wrote 
at roa, i on ooncroto piToaanto 
ohoo oar page of «ator froa jointe 
ot lo« olorot one. 

Nook drelao Arooa ohoaod aigno of dletrooa 
and began nop ereeklng. Foilure 
•on progrooalro arlth brook-up, 
rovoiling and oawploto deterioro- 
tíos «Ith ruto opproilaotoly 6” 
deep. Groeteat dlatroaa oeourrud 
at the aouth end of the N-8 Run¬ 
way «haro the nojorlty of hoary 
olroroft nod« Mrat eontoet. 

DATE 

FIRST 

NOTED 

vereh 
19U3 

Fall ITliU 
3 »«ring 1H*5 

May VtL! 

ropertod 

. l%3 

«ador run- 

At edge of 
oyo 

poor «ark- 
lag order 

badly 
cir^od 

At. edge of 
•y» 

No o.brir- 
fooo drain 
Ogo 10 tad 

ty orooo 

!«• / 
lo« aur- 

Edge of 
I avenant 

Net 
report od 
(foer) 

Soft opongy aurfaoo «hleh lo bad¬ 
ly crocked and In a generally 
aunken condition. Bird bathe and 
oeepege Into bore end aubgrodo. 

Soft opongy lurfooo -oneleter.tly 
uidcr «ator during wot «eather. 
Aaphnlttr eoiiorete ourfaclng »oa 
«Mily pooled off by whoolo of o 
two ton truck and freo «ator 
apoutod fror sat rato; Vaso eouroe 
i.uder load e( t-v.ok. 

Badly fa:lad erooo choreetarlaod 
by a rutty, aoft, epergy aurfooo 
«1th conoldoroble erocko, bird 
baths. 

rovonant crocked or < doproooUao 
?■ to 6* deop «oro found. Ruta 
end brook through by «hoolo «lion 
froat loft givuMl. 

19U! 

Not 
reportod 

Not 
reported 

Not 
reported 

mreh 191.3 

REPORTED 

CAUSE 

; 9 a 
« 

- X h 
W FI 

§ So 

Si 
2 0 
Z Rf N U 
w ¡f « i IL ^ 

fovsaert corat net ad on Ion*]- 
laod .-oo of edaoraa tubgrodo 

of trafile lerrea c-ar 
thla area and plores ere olao 
warned up. 

Mol atura content of boao 
above opt law ot tiee cf 
onont otebMMotion thus 
ravanttng (roper cvrant- 

at Ion of th# l aas courao 
notorial, which hoi a high 
F. !• low CBN, and boroaoo 
unatotle «her satorstad, 
r»caaa «otar ma , roba My 
trappe 1 ln boao and aubgrodo, 
eye’.oa of freetlng «nd thaw¬ 
ing dvrlag K.sJ and l9Wi da¬ 
ta riorotod boao. 

Umtoblo boao orurca, high 
F.l. lo« CBR and an ab no mol 
«oieture contort due princi¬ 
pally to heavy rolrfoll and 
adrarse «eathor cord It losa 

tag conatnietlen. 

'rocked orooo ore oonoontra¬ 
ted In orooo having thin 
pevenwnt ooetlona varying 
fron 3# to 5^, F-voaant 
oonatnetod u.cor adraría 
weather during «lotar of 
lis Jon. 10U3 to <4 Fob. 15is3 

Molotur« penetration Into 
boao eouroe, and liability 
to aupport load under eilet- 
tag noi aturo oontont. Leak¬ 
age of water into boao oou— 
and aubgrodo through Magi 
tudlnol jolnta accelerated 
failure. 

•a, lurfooo 
«otar poroolotlng through 
«oaring aurfooo contributed 
to final failure. 

Inouffiolont thleknooo of 
povoaoi.t for heavy traffle 
Penetration naced an hoe In- 
etif fie lent amount o: 
Low donaity of fill on 
frost penetration deep 

Poor aurfooo end aubourfeee 
drainage, ticoaa «ator peotfe 
over oapholt povaaant, and 
seeping Into boao aouroo 
mokoalng the aubgrodo. Pava¬ 
nent not thlok onmigh. Poor 
boao courao. 

Low bearing reluea of boao 
eouroe brought about by low 
doMity and eioeea not atura 
rutarla* througfe apea Joint! , 
erooka and poroua orooo. 

Soturottoc of boas coursa, 19U2-19L3 
«oak aubgrodo, poor drainage 1221 
poorly (onpoetod boao eourao ( iront Polls 
"ChimeIr” «eather aeuel« motbor dota 
eieoaeive frooaing arrt thaw- uaed aa 

boao* 

19Ù2-19L3 
6¾ 

19ÜI-19L5 
Max loua 
frooting 

35 Indoi j 

. z 
0 2 « 

1 5 0 
iii 
°2S 

< u O 

S « h 2 o 2 
Ik 

-’an. 19U5 
92 

Mor. 19U3 
té 

(Altornoto 
frtailng 
end thowlni 

1'íiJ-UU. 
Doe. a 62 
Pob. g 32 

(Altorxato 
froes log 
and thwrirg 

1997 

Doo. 19b2 
101 

Jan. 19L3 
26 

Pob. 19ls3 
53 

. 191*3 
57 

19L3-19U* 
629 

19L3*19U* 
1QL2 

19L3-19U* 
1072 

TRAFFIC 

tin 

sgS“ 

til* 

Fob. 
IA.Í 
to 

Aug. 
191.3 

16 Doo.19U 
to 

1 Juno ITU* 

3 ft.eppn 

Sov. 1^^2 
to 

Doc. 19t3 

Fob. 191*3 
to 

Fob. 19U. 

Oot. 191*2 
to 

Amo 19L3 

•1*2 
. 'U 

Bag 'If 
w I9C2 - 
rnr. 19lt3 

mr-Ang '1*3 

19U* 
Principo)ly 
1-1*0. r-u7. 

C-J* 
51/95 

londlogo 
end wko- 
offa. 

191*3 
nightly 

“St c 

hM 
o^gss 

«35J.5 

EVALUATION 

LU GROSS 
FLÂNE WT. 

5.000 
to 

15.000 

6,00c 

1,500 

3’ to 5' 

won Mia 
ebuoe of 
field. 

15 nor SI»! 
to 

15 Juno 191*5 

1*6,000 

6,000 
22,000 
12,000 
27,000 
33.000 

1*5.000 

1,200 
to 

2,100 

1,100 
to 

3,300 

< n.oro 
to 

1*5,»» 

?C,000 
to 

55.000 
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APPENDIX A MATHEMATICAL STUDIES 

OF THERMAL PROPERTIES 

Symbols and Definitions 

The following symbols are used In the mathematical studies: 

SymboI DefIn it Ion Unit 

A 

a 

B 

C 

Cl 'C2'Cn 

dl 'd2'dn 

E 

e 

F 

H 

h 

i 

K 

k 

Temperature difference between annual 
mean air temperature (v0) and freezing 
temperature (32°) 

Thermal Diffusivity = k/C 

Amplitude of air temperature change for 
yearly cycle = 1/2 range 

Volumetric heat 

Volumetric heat of layers l,2,..n respec¬ 
tively 

Volumetric heat in frozen state 

Volumetric heat in non-frozen state 

Specific heat 

Thickness of insulation layers I, 2,...n, 
respect Ive ly 

Surface coefficient = ki// 

Base of natural (Napierian) logarithms 
= 2.718 + 

Freezing index 

Total heat given up by soil = Qt 

°F 

ft^/hr. 

°F 

BTU/(ft3M°F ) 

BTU/lft3 ) (°F ) 

BTU/( ft3 ) I°F ) 

BTU/lft3)(°F ) 

BTU/( lb ) (°F ) 

ft. 

°F days 

BTU/ft2 

Depth below ground surface 

Thermal gradient 

Constant of integration 

Thermal conductivity 

ft. 

°F/ft 

BTU /(ft )(°F)(hr) 

A-l 



De finiti on Unit 

Thermal conductivity of layers l,2,...n 
respect ive ly 

Thermal conductivity in frozen state 

Thermal conductivity in non-frozen 
state 

Latent heat of fusion of water in soil 

Rate of heat flow from ground surface 
= ki 

Thermal resistance + 

Thickness of upper soil layer 

Time period of temperature change for 
I year 

Time increment = duration of freezing 
i ndex 

Temperature amplitude in soil at depth 
"h" 

BTU/( ft 11°F) I hr I 

BTU/lft ){°F M hr I 

BTU/I ft ) (°F)( hr ) 

BTU/ft3 

BTU/(ft2 Mhr) 

I_ 

BTU/(°F )( hr ) 

ft 

365 days 

day 

°F 

Average air temperature during period 
of freezing °F 

Average soil terperature = mean annual 
air temperature . °F 

Constant suddenly Impressed air tem¬ 
perature °F 

Variable air temperature during period 
o yn Op 

Depth of freezing = depth of melting for 
rising soil temperatures ft 

Depth of freezing, when soil is overlain 
by an insulation layer ft 



f 

!-rmbo1 Definition 

Elevat'on a point from the boundary 
layer - measured in opposition to "h" 

Ö Growth coefficient of melted layer = - h_ 
27247t 

Parameter = 27t/T 

Dimensionless parameters for simplifi¬ 
cation of equations 

p,G,m,y,ò,0 Parameters for simplification of equa- 
t i ons 

'P Mean temperature gradient in period At 

,n log to the base "e" 

Un it 

ft 

°F / ft 

PROBLEM NO. I 

«ith ¡t.'ii-r .h“09eneOUS' ¡sot'-opic soil mass of sem i- i nf i n ¡ te extent 

V: ,TV teH”P!ratüre at ”»0". Its surface tempe rat urp 
is suddenly changed to temperature "Vp". 

(a) Find the thermal diffusivity "a" bv meaeturinn + 
perature gratients a, different times, neg le'ctîng Ute:, Pe^9 

The temperature at any depth "h" at time "t" is 

v(h,t ) = vo + (vp - v0) [i - erf (/3) ].[,] 

"erro/fÜncti 'Srthe Probabi 1 I ty - i nteg ra I, also known as the Gauss 
error-funct.on" of ß, and can be expressed as 

erf (/5) = 7=7-/ e“u2 du . 

B, def,nit¡on^_£_.[3] 

toe ,e"Peratu- 9raaia"‘ . aaa aa -P—d as 

¡ - dv - , d dß 
' --'''»-''P'd— .. 

A-3 
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[5] 
Now erf ß s 

• dv 2 -/52 i e-ß2 

• • d* - •''o - Vvç-e • - -|vo-»p'^==.(«i 

At t¡me "ti fl = “ (V, - vp) 
e 

/247rat 

2 
"5^aT 

.[7] 

• [8] i 

I 
.[9] 

S 

Then —L = 

h2g 

96a [10] 

[II] 
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Va Iues of "¡J" and "¡2" 
ture profiles for times "t," and 
at depth "h". 

may ^>e obtained by plotting the tempera- 
"*2” and then drawing tangents to curves 

. +TKhis P!ri0blem is generally one confined to the laboratory. In 
îure oVer aV temP®rat^e is not uniform at any time and the tempera¬ 
ture over a g.ven period never changes from one constant value to another. 

. , ib\ Find the thermal diffusivity "a" by noting the time re¬ 
quired for a point at depth "h" to change its temperature by (v0 + vD>. 

2 
Substitut ing 

vo + vp 
^or vh,t' equation [|] becomes 

—2- = v0 ► (vp - vo, [1 - erf (ß)] 

Then erf (/5) = | /2. 

From tables of error functions or Fig. 5, 

(/3) = 1/2, fi = 0.477. 

From definition ß =—7== 
2/24at 

Then h = 2^/24at = 2 x 0.477/24aF 

_h2 0.0458h2 or a - ='— - 
21.91 t t . 

. [14] 

Plate A-2 when erf 

. [15] 

turp ... I Inn It 3 S,° Very great depth at a uniform tempera- 
M *2 ' and the surface temperature is suddenly changed to temperature 

V , then with a thermometer or thermocouple placed in the soil at depth 

hi » „ n0ted When the soil te^Pe^ture reaches a value halfway 
coíf H +° th ."VP"' 3 Va,Ue °f "a" Can be ohta i ned. This problem is confined to the laboratory. 

PROBLEM NO. 2 

ex posed 
so that 

Given a homogeneous, isotropic soil mass of semi-inf inite extent, 
to periodic temperature changes over a sufficiently long period 
the interior temperatures are also periodic. 

Find the thermal diffusivity "a", by measuring the tempera- 

A-5 



t 

ture gradients at different times, one quarter year apart, neglecting la¬ 
tent heat. 

. The surface temperature can be expressed as 

vs 3 32 + A + B cos U \.[l6] 

The temperature at any depth "h" at any time "t" is 

-mh 
v(h,t)“^^+A+®e cos ~ mh ).[|7] 

where m = /oj/48a = / 
/24aT 

At any time "t", the temperature gradient "i" can be expressed 
as the slope of the temperature versus depth curve, 

—. . _ dV “mh -mh 
I hen i =— - -mBe c os (cut-mh )+mBe sin (cut-mh ).[la] 

d h 

At time "ti" 

i I =mBe [s i n(a>t i-mh ) - cos (art |-mh )].[lg] 

and at time "t2" 

-mh 
¡2 = mBe [s ¡ n (a^-mh ) - cos(cut2 - mh )].[20] 

Now let f(h) equal the sum of the squares of the thermal gradients 
at depth "h", 

f(h» = ¡i + ¡22.[21] 

i2 = m2B2e-2mh [s in2 (oit-mh )-2s in (a;t-mh )cos (ajt-mh H-'cos2 (art-mh )] 

= m2B2e-2rnh[|-2s in(a)t-mh Icos (cut-mh )].[22] 

. . f(hl = m2B2e~2rnh[2-2sin(ajt|-mh)cos(cut|-mh) 

- 2s i n (cjt2~mh Icos (ajtj-mh )].[23] 

Since by hypothesis t2 = t, + T/4/ substitution in equation [23] 
gives 

A-6 
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f ( h ) = 2m2B2e*2mh .[24j 

At depth h J, f I h, ) = 2m2B2e“2mhl ' and at depth h2 

f (h2 ) = 2m2B2e~2mh2 

Th.„ f lhl 1 = = ,2mlh,-h, I f,M 
^ TThjT 2m282.-2"h2 8 2 ' . U51 

f (h( ) 

ln77^7= 2m(h2 - hi ’ . [26] 

I f (h, ) fv 

2lh2 - h, ) f(h2 ) /24aT u 11 

from which the value of "a" can be computed. 

Examp le 

Temperature prof I les are shown In Figure I on Plate A-l. Using 
equation [27] and drawing tangents to the temperature profiles for the 
months of June and September, the results of "a" are ?s follows: 

De pth 
I n 

feet 
h2-h| 

iun£_ 
i 

Sept 
f (h ) 

f lh| > 

f (h2 ) 
I n1 

f I h J ) 

f (h2 ) 
m m 

I 0.0 

5 .7 

3.5 

I .5 

0.5 

4.3 

2.2 

2.0 

I .0 

.38 

.96 

I .3 

2.0 

3.3 

.144 

.922 

I .64 

4.00 

10.89 

.60 

.55 

.10 

.23 

.55 

.360 

.303 

.010 

.053 

.303 

.504 

I .225 

I .648 

4.053 

I I .193 

2 .431 

I .345 

2.495 

2.762 

.8883 

.2964 

.8998 

I .0159 

. 103 

.06.7 

.225 

.508 

.01 07 

.0045 

.0506 

.2581 

.0335 

.0797 

.0071 

.0014 

The results of the example Indicate the difficulty of determining 
"a" from field observations. 

PROBLEM NO. 3 

Given a homogeneous, isotropic soil mass of semi-i nf i n ite extent., 
exposed to periodic temperature changes over a sufficiently long period 
so that the interior temperatures are also periodic. 
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at ~ 

From equat ions [l6] and [l 7], 

vs = 32 + A + B c os ct> t, and 

- T/a 

v(h,t) “ 32 + A + Be cos(o>t-mh) 

At depths " h J " and "h2", 

_ -mh 
vh J “ 32 + A + Be cos(cjt-mh( ), and 

_ ,„ -mh 
- 32 + A + Be r|2 ----- • cos icjt-mhj ) respectively . 

For max¡mum va loes, 

-mh 

'1 32 + A + Be , and vh = 32 + A + Be 
-mh^ 

[28] 

[29] 

[30] 4 [31] 

32 + A + Be mh| 

32 + A + Be_mh2 
or 

32 — A ^ mihp — h») 
- e 

32 - A • • . [32] 

- 32 

h2 - h| 
-I n [—- 

32 - A 
] 

Since A 

.,2 

32, vh - 32 - A = V 

Examp le 

V 

'24aT 

I V, 

h2 - h. 1 n fü“] 

=Urves 3''an in Figure 2, Plate *-! the foil«! 

[33] 

• . [34] 

ng va I ues 

Depth 
i n 

feet 
h2 - h, 

V 
°F 

V. 

V2 V2 
m 

a 

(ft2/hr 
10.0 

5.7 

3.5 

1 .5 

0.5 

4.3 

2.2 

2.0 

1 .0 

4.7 

7.8 

9.8 

12.0 

13 *7 

1 .660 

1 .256 

1 .224 

1.142 

.5068 

.2278 

.2021 

.1328 

. 1 179 

. 1035 

. 1 01 1 

. 1328 

.01390 

.01071 

.01022 

.01764 

.0258 

.0335 

.0351 

.0203 

A-8 



PROBLEM NO 4 

Given a homogeneous, isotropic soil mass of semi-infinite extent, 
subjected to a change of temperature over a period of time. 

Find the thermal diffusivity "a" from temperature variation with 
depth, at two or more different times, neglecting latent heat. 

V -• temperature 

Let "0" = total quantity of heat absorbed by a layer of soil of 
depth (h2-h| ) and of unit cross sectional area in the period "At" 
(At = t2 - tj ). 

ho 

Then Q - Cf (V2 - V| ) (dh) 
h. 

[3B] 

= C X Area between temperature curves and depths "l^" and 
"h," 

Let "Q|" and "Q2" equal quantities of heat per unit area of sur¬ 
face, transmitted out of and into the layer through planes "h|" and "l^", 
respectively, in time "At". 

Q, = 24k0, At. [36] 

Q2 = 24k02At. [3 7] 

"At" 
Now the increase in heat in the layer 

is the difference between heat input and 
during the time 
heat out put. 

inte rva I 

Q = Q2 - Q| = 24k(<£2 - <P\ ) (t2 - t| ) = C X Area [38] 
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k A rea 
or — =-- 

C 24(^2 - 0, )(t2 - t, ) 

In genera I terms 

[39] 

(v2 - v| > (h2 - h, ) _ AvAh 

(02 “ 0, ) (t2 - t, ) A ¡At 

whe re 
"dv" 

dt 

dv dh dv I 

dt d i dt X d ¡ /dh 
[40] 

is the tangent to the time-temperature curve at a given depth 

"d i" 
and time and _ ¡s 

dh 
interval "At" must be 

the tangent to the temperature-grad ient 

expressed in hours. 

curve . T i me 

Examp le 

i n 

Us i ng 
Plate A-I 
F i g u re 4, 

equation [39], and va I ues or therma I gradient "0" from Figure 
for the months of May and June (typical example is plotted 
Plate A-l ) the following values of "a" are obtained. 

For May to June 

At = 31 x 24 = 744 hrs. 
Depth 

i n 
feet 
-PA A- 

h2~h| 

>
 it- 
o 

>
 

+
 

C
M

 

C
M

 
>

 

0 
02 “ 0| 

(A0) 

At 
t i mes 
A0 

Area 
a 

(ft2/hr 1 

1 0 • 0 

5.7 

3.5 

1 .5 

0.5 

4.3 

2.2 

2.0 

1 .0 

2.16 

4.27 

5.35 

6.00 

6.22 

3.23 

4.81 

5.68 

6.1 1 

-0.23 

-0.75 

-1 .08 

-1 .83 

-3.55 

.52 

.33 

.75 

1 .72 

386.9 

245.5 

558.0 

1279.7 

13.889 

10.582 

1 1 .360 

6.110 

.0359 

.0431 

.0204 

.0048 

Using equation [40] and values of -—obtained from Figure 2, 

Plate A-l, and values of thermal gradient slop, obtained from Figure 

3, Plate A-l. Values of „ere obtained from tangents drawn to the 

gradient curves . 
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Depth 
in 

feet 

d v 

7T °F/me inth d 1 n O 
- = °F/ft2 
dh 

a = ft2/hr 

Apr. June Nov . Apr. June Nov . April J une Nov . 
10.0 
5.7 
3.5 

1 .5 
0.5 

0.7 
2.5 
3.6 
5.3 
6.5 

2.5 
3.9 
4.7 
4.0 
5.0 

-2.1 
-4.3 
-5.8 
-5.0 
-6.2 

.035 

.085 

. 1 70 

.620 
1 .57 

. 135 
. 135 
. 190 
.720 

2.64 

-.070 
-.150 
-.245 
-.355 
-.380 

.0278 

.0408 

.0294 
.01 19 
.0057 

.02 5 7 

.0402 

.0344 

.0097 

.0027 

.0417 

.0398 

.0328 

.0125 

.0226 

PROBLEM NO. 5 

Given two layers of homogeneous, isotropic soils, possessing dif¬ 
ferent soil properties, the uppermost of which is exposed to a periodic 
temperature change. 

F i nd the therma I diffusivity "a" of both layers, neglecting latent 
heat. 

Surface exposed to v, 

s +k 
Soi I layer #I a = I 

/24 a i T 

Soi I layer #2 

a2 
= k2 nio 

/24 a0T 

Layer #2 of infinite extent 
Arrows indicate direction of measurements for "z" 

and "h" 

It is assumed that the impressed periodic surface temperature can 
be expressed by equation [16] 

Vg = 32 + A + Bcosort 

It can then be shown that the temperature at any point "z" in 
layer # I at time "t" is, 

Vl {z, t ) = 32 + A+y [e ,Zcos(a>t + m,z - 0J 4 Ne m'Zcos (cut-m, z-ö )] [41 ] 

and the temperature at any point "h" in layer #2 at time "t" is, 

- ® -m0h 
v2(h,t) “32 + A 4 I + N )e ^ cos (cut “ m2h - Ö ). [42] 
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where "N", "Z" and "6" are parameters expressed as follows: 

/k, Ci - /k0C0 
N = 11 22. 

/k| C i + i/k^C^- 

-, / ^n'\s < o o “2m, s 
Z - V e + 2N(-I + 2cos^m|S ) + N^e 

-2m, s 
tan d = tan s ] . 

I + Ne 1 

[43] 

[44] 

[45] 

Now, differentiating equations [41 ] and [42] and following the 
procedure outlined in Problem 2, equations [ie] to [27] inclusive, it can 
be found that 

I n 
f ( z J ) 

f (z2 ) 

I f ( h ! ) 
- I n —" 
2(h2 - h ! ) f(h2 ) 

equat ion [27] 

[46] 

Howeve r, va I ues of "a" may be as much as 20 per cent in error. 

If the data were available as to the exact location of layer boun¬ 
daries and for soil temperature profiles, then,.at the soil interface, we 
have 

k| ' I = k2'2 . [47] 

This ratio of thermal conductivities may be of some help. 

PROBLEM NO. 6 

Given a semi-infinite, homogeneous soil mass, t he surface of which 
is exposed to periodic temperature changes over a sufficiently long per¬ 
iod so that the interior temperatures are also periodic. 

Find the depth of frost penetration "x", neglecting latent heat. 

It is assumed that the periodic surface temperature can be ex¬ 
pressed by the equation 

Vg = 32 + A - B s i ncut. [49] 

and that B>A, so that the temperature drops below freezing. 

< 
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The temperature at depth "h" at any time "t" is 

-mh 
v(h^j=32+A-Be sin (ait - mh ). 

To find the trace of freezing temperature (32°Fi surface "x" 

Then 
-mx 

32 = 32 + A - Be s ¡ n (art - mx ). 

-mx 
o r A = Be s i n ( art - mx ). 

mx 
Ae = B s i n (art - mx ). 

B 
or mx = In [—sin (art - mx)] 

A 

I B /ÃãT B 
and x = — In — sinloit - mx) - /- I n— s ¡ n ( art - mx ) 

m A / t; a 

Now "x" is a maximum when sin (ait - mx ) = I 

^aT B 

Xmax = / ~ir lnT . 

Examp le 

Given: vQ = 42°; B = 20°; a = 0.03 ft2/hr 

F i nd "x" . 

/^4 x 0.03 x 365 20 -- 
x = /- In- = /83.60 In 2 

/ 3.1416 10 

= 9.14 x 0.693 = 6.34 ft. 

PROBLEM NO. 7 

Given two layers of homogeneous, isotropic soil possessing 
ferent soil properties, the uppermost of which is exposed to peri 
surface temperature changes over a sufficiently long period so that 
interior temperatures are also periodic. 

Find the depth of frost penetration "x", neglecting latent 

A-1 3 

[49] 

t 

[50] 

[51] 

[52] 

[53] 

[54] 

d i f- 
od ic 
t he 

heat. 

I 
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Let the surface temperature be expressed by equation [48] 

vs ~ 32 + A - B s ¡ n cut 

and let B>A so that the temperature drops below freezing. 

n • + M ‘n?!cated equations [41 ] and [42], the temperature at an*y 
point "z" at time "f in layer #1 can be expressed as * 

vl (Z,t r 32 + A - Y [e sinlwt + mjZ - 0) + Ne 1 s i n (cut - m, z - 0 ) ] 

[55] 
and at any point "h" at time "t" in layer *2 by 

B 
v2(h,t > r 32 + A I + N )e 

" m0 h 
¡ n ( cjt - fT^ h - # ) . • . . [56] 

^45]6 res péctlve^y'! Parameter5 given quations [45] [44] and 

Proceeding in the manner indicated in Problem #6, the trace of freezing 
temperature (32°F) surface -x" in layer #| is eez i ng 

AZ _ mlz -m. z 

■ ■ • [57] B 

rï* J ^ —rn z 
e sinloit + mjz - 0) + Ne 1 s i n (cat - m, z - 0 ) 

and in layer #2 

AZ 
= e 

-rr^x 

B( I + N ) ' sinloit m2x - 0). [çg] 

Solution for "x" in equations [67] and [58] is by cut and try methods only. 

PROBLEM NO. 8 

Given a homogeneous, isotropic sail mass of set ¡-infinite extent 

the surface of which is exposed to periodic temperature changes over á 
iüdic y 09 Per,0d 50 that t,,e interior temperatures are also per- 

^ Find the depth of freezing "x", neglecting volumetric 
considering latent heat of fusion " L" . 

It is assumed that the per iod ic 
by eq uat i on [48] 

t' nperature change can be 

heat but 

ex pressed 

vs = 32 + A- Bsi neat 

The temperature gradient througn a frozen layer of thickness "x" 

A-1 4 
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i = 32 A - 32 + B sinct/t _ B s ¡ n oit - A 

x X . [59] 

Now, the heat liberated in freezing a layer of thickness "x" is 

dH = Ldx.. 

The heat conducted out in time "dt" is 

dH = 24 ki dt . 

Equating [60] and [6l], and substituting [59] for " i" 

2 A L 
Ldx = 24k idt =-(Bs incut - A ) dt r , 

x . [62] 
Lx dx 

ornr= -aw. [63) 
Intégrât ing 

jv2 _ -B 

C0SûJt - At + K . . 
2*k ^ . [64] 

[65] 

and cos 

A-I 5 



. ’ _ for [64] at t ¡ me " t J " 

o=-±i.src si„it - 
^ 8 . Cl) B 

and K --+ ±arc sinJL 
<*> U B 

anairr=-^°-‘sinf. (66] 

x = ~ ~~ i 7—- 
/-7"[~*~C°S COt - At + —./B^Ta2 —-arr ' 

L » a;"" ''"T1. [67) 

By rewriting equation [63] we have 

dx _ 24 k ( B s i n cot - A ) 

dt Lx . [68] 

"dx" 

when Equat,n9 — to 0, the max im(.-, and m i n imum penetration is reached 

t-arc s in— . 
“ B . [69] 

Two values of "t" satisfy £Q 
going sketch. At time "t," oenc tr-M ’J •’ tÕy ‘ Can b® Seen from fore“ 
begins end pe„e,rat,on ^ *'™ "V- 

Now t, - t0 =~_ t2 

* - T 

• • 2 ,T,ax 2 1 ' * . ! 70] 

Integrating equation [63] 
L xmax 

24 |< ^ xdx = / K(B sin cot - A) dt 

0 ^ 

*-xmax _ r B 
- l- — cos cot - At]-- r , 

48k co J t .[71] 

A-16 



-B 

OJ 
C 05 0*2 + C0S(:t,t| ) - A(t9 - t 

O) 
(COSO/t, - C OSOit o ) - A (— - 2t 

[72] 

Now coso* 
/ _ A* 

and 0 050*2 = 
/P": a5 

Suûst[tuting these »a lues in eguation [72] 

*-xmax _ 

48 k ù; b 

/ b2 - A2 B 32 - a2 T 
'----A (— 

o; B 2 - 2tl) 

a 2 
O) 

2v 

^ - Ail-- 2t, )=-/"b2 - A2 + 
2 o; 

A (2t i-) 
1 2 

Substituting for "oj" and—arc sin —for "t " 
1 cu B 1 

[73] 

Then x2 = —[£11 /^2 72 . A ,24T . A 24T v tox L‘„ ^ - A t A,—,rc s,„7-_ - 
)] 

£—[24/ B2 - a2 + 
ttL A (24 arc sin— - I27r)] 

B 

max V tri Aiarc sin-l---^ )]. [74] 

thP pn th! portion of the Curve below 32 °F is assumed to be parabolic 
b> equatlon for the surface temperature for that portion can he expressed 

V = (B - A ) (' 
4t4 

—»^32 . [7h] 

2t - t9 - t 
or = (B - A) [(-—-1,2 

t2 - t 
r - 1] + 32 [76] 

ivePr°tChPnÍn9 Ín the manner °utlir,ed b> equations [ho] through [' I ne I us i ve , then 4] 
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/ 

4k 

IT'ax J 31.1^ [77] 

Examp le 

Using the same data as was used for example for Problem No. 6, 

v0 = 42°; B = 20°; a = 0.03ft2/hr and further 

assuming C = 30 and L = 2880, then for use in equation [74] 

k = aC = 0.03 X 30 = 0.9 

Then 

X 
■/? 

r48 X 0.9 X 365.,_ |0 
roax y 7771-77777 O'400 - 100 +1 Glare s in-| .5708)] 

20 1416 X 2880 

= / I .74 X ( I 7.32 - I 0.47 ) = ,/7^9 

for use in equation [77] 

= 3.45 ft 

*1 = 
12T V _ I 

’ = 2T hours =-days 
6 12 V 

t 0 - ~ t i = 
5T 

= I0T hours 
12 

Then 

max ■/? 

X 0.9 

3 X 2880 
(20 - 10)110T - 2T) 

' /.000417 X I 0 X 8 X 365 - J\2Ab - 3.49 ft. 

PROBLEM NO. 9 

Given a homogeneous, isotropic soil mass of semi-inf in ite extent 
the surface of which is exposed to a variable surface temperature which 
is a general function of time. 

Find the depth of freezing "x", neglecting volumetric heat but 
considering latent heat of fusion " L". 

The surface temperature can be expressed as 

vs = fit) [78] 
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elusive/,Ter'"9 ¡n ,he eq ua t Î ons [59] t0 [62, in. 

. . 32 - fit ) 
i - •—__ 

x . [79] 

dH = Ldx = 24 kidt = 24k[~~ 
Jdt. [80] 

tk . 24k „ 
Then xdx = — [32 - f (t )]dt 

L . Í8I] 

Intégrât ing 

x2 _ 24k 

2 * L ^o[32-f(t)]dt. [82] 

Now 32 - fltidt = F = freezing index in degree days 

• x - AkF 
xmax “ ✓ i   [83] 

Fxamp le 

B = 20°;"?= o”" i,Thr• “7'-NÓ" rT1"6"8 N°- 6 "°- B »0 = 42°- TX /nr/ 0-30 and L = 2880. 0 ' 

152 vs * 1 vs - vo - 8 = ^2 - 20 = 22°F. 

t = * - T 
L *2 t|“3=l2l.7 days 

x - x 0.9 x 1217 

/ 2880 " 4,26 ft• 

problem NO. 10 

the surfacrnof\h°rh9Vse0eTposeTtoPaiC S°f ' °f semi-inf in ¡te extent, 
%o" -'ch is o udde n I y red^t 

¡, great^yH^n'excess'of°the"vo^umetrk'heat^C''9 'atent heat HLM 

=.=-.. b* '* 

The thermal gradient is therefore 
. _ 32 - vf 

^ .. 
A - I 0 



Hence the rate of upward flow 

24 k 
= —<32 - vf> dt. [85] 

Now, if the unfrozen soil has a heat capacity of "C " per unit 
volume and is originally at temperature "v0", then the heat liberated in 
lowering the temperature of the layer of thickness "dx" from "v " to the 
freezing point (32°F), is 0 

dH =Culv0-32)dx . [86] 

24 k 
Then, Ldx + Cu(v0 - 32 Idx <32 - vf )dt. [87] 

or X dx 
24k <32 - V,) 
-1_ df 
L + Cu(v0 - 32) 

Integ rat i ng, 

X2 24k(32 - v*) t 
— =-1- + K 
2 L + Culv0 - 32) 

When t = 0, X = 0, therefore K = 0, and 

/48 

/ L + 

48k (32 - vf )t 

Cu<v0 - 32) 

[88] 

[89] 

If the volumetric heat of frozen soil, "Cf", is considered, then 
equation [87] becomes 

1 24k 
i-dx + Cu(v0 - 32 )dx +—-Cf(32 - vf )dx =-(32 - vf ) dt. . . [90] 

2 X ' 

and equation [89] therefore becomes 

max 

48k (32 - vf) t 

Cu(v0 - 32) + cf (32 - vf) 

2 

[91] 

But by definition (32 - vf It = F (in degree days) 

Therefore equation [90] becomes 

max = /= 48 k F 

Cu(vo - 32) + Cf F 
[92] 

2t 
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Substituting a weighted average value "C" for "C " and "C " 
equation [92] becomes u ^ ’ 

max ■ /: 48 k F 

+ C(v0 - 52 +■ [93] 

Exa ^ e 

Using same data as for Example for Problem No. 9,v =42°; ! ~ 20°• 
9.03 ft /hr; C - 3u; and L = 2880 and further Cu = 32 and tf - 28. 

Us i ng equation [92] 

X = 
4b X 0.03 X 30 X 1217 

2880 + 32[(IG) T 28 X 121/ j / 2880 + 320 + liO 

2 X 121.7 

/ 52,600 

/ 2880 + 320 + I to 

Us ing equat ion [93] 

'48 X 0.03 X 30 X 1217 
X = 

2680 + 30(10 +1217) 

243.4 

V I 5.75 = 3.97 ft. 

52,600_ 

'2880 + 130 X 15) 

= / 15.80 = 3.98 ft PROBLEM NO. I I 

Given a homogeneous, isotropic soil mass of semi-Î nf ¡n i te extent, 
the surface of which is exposed to periodic temperature changes over á 
sufficiently long period so that the interior temperatures are also 
pe r i od ic . 

Find the depth of freezing "x", assuming that the latent heat "l" 
is greatly in excess of the volumetric heat "C". 

The surface temperature is assumed to follow the form expressed 
by equat ion [48] 

vs “ + A - B s ¡ rvxit, in which A = 0 

•*. vs = 32 - B sincut. [94] 

. The Thermal gradient "I" through a frozen layer of thickness "x", 

. _ 32 - V B s i n cut 

' — =——. 

,..1 . Proceedl"9 'n the same manner as in Problem *10. equations [65l to 
L87J i ne I us i ve , 

A-2 I 



f 

Ldx + C (v - rlv -- _ u ' v0 ) dx ( B sin art )dt . fggi 

Transposing and integrating 

24k6 i 

2 ' * X 

Now when t = 0, x = 0 

K 24 k B < J__ 

L + Cu(vo - 52) a; 

... x2 = _48 k B 

^tL + Cu(v0 - 32 )] 11 ~ C0Sa,t). [97] 

But I - cositit = 2 sin2-Sil 
2 

. 2 - 96kBsin2~ 
•• X — z 

u;[L + Cu(v0 - 32)] 

or X = 2 sin—-- / 24kB 

Ml + Cu(v0 - 32)] . [98] 

When art = w, sin^ = I, "x" is max. and t = — 

••• X», = 2 /—. /__4e Jt 

’X ul*0 - 321) 4 Cu(v0 - 321) . . . [99] 

Examp le 

v *UÎ2°? VSl^0i:0m “T'!5 f%r Prec®<l ing Problems 
o 2' B"2°i « s 0.03 ft2/hr; C = 30; C =32-0. =2fl- 

and L = 2880 u ' ^ 29' 

x * /je » 0-03 x 30 x 20 x iëT / 315.000- 

/ 3.1416(2880 ♦ 32 x ,0, /3Tl4.6 x 3200 

s »61.35 = 5.60 ft. 

4-22 
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PROBLEM NO. 12 

Given a homogeneous, isotropic soil mass at the freezing point, 
but with the soil moisture unfrozen. The surface temperature varies as a 
general function of time but always below freezing. 

Find the depth of freezing "x". 

The surface temperature "Vf" can be expressed by equation [78] 

Vf = fit ) 

Proceeding in the manner indicated by equations [79] and [80] in 
Prob lern #9, then 

32 - fit ) 
i - 

32 - fit ) 
and dH = Ldx = 24 kidt = 24k - dt [I 00] 

or- dx = [32 - fit )]dt 
24 k 

Integrating 

[101] 

= / [32 - f It )]dt. [102] 
48k 0J 

or x 
48 k j.t 

[32 - fit )]dt [IO3] 

Now considering the volumetric heats "C ” and "Cf" and proceeding 
in the manner indicated in Problem#! 0, equations [87] to [90] inclusive, 
equation [lOO] becomes 

Ldx + C [32 - f It )]dx+-í [32 - fit )]dx =— [32 - f(t)]dt . [104] 
u 2 x 

and equation [l03] becomes 

[105] 
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Substituting the weighted average value "C" for "C 
equation [l05j. becomes ' 

/48 k [32 - fit )]dt 

L + 3C [32 - fit)] 

~2 

Now since "vf" is always below freezing, 

/ [32 - fit )]dt = F 
o 

Therefore equation [l06] can be written 

48 k F 

X = 
3C 

L + — (32 - vf ) 
2 T 

Examp 1 e 

Using values from examples for previous Problems 

Vf - 22 ; a - 0.03; C = 30; and L = 2880 

48 X 0.03 X 30 X 12 1 7 

2880 + 45 X 10 
52,600 

3330 

15.80 = 3.98 f 

PROBLEM NO. 13 

. i . Glven a homogeneous, isotropic, se m i - i nf i n ¡ te mas 
soil at freezing temperature, the surface of which is expos« 
slant temperature above freezing "Vp". 

Find the depth of melting "x". 

The temperature at any point "x" at any time "t" can I 
by the equation 

v(x,t ) = f(x^l = 32 + A / e du 

2/24at 

A -24 

" and "Cf" 

[106] 

[107] 

i 

I 

of frozen 
to a con- 

expressed 

[108] 

I 



[114] 

F rom equation [62] 

dh _ dv 
“L —- = 24 k- ....(min us sign denotes me It ing ) 

dt dx 

Now, differentiating equation [|08] 

V - f(x,t ) 

dv dv 
dv = — dx + — dt . . . 

dx dt 

When x= h, dv = 0 

dv dh dv 
.-. 0 = (—) .(—) + (—) . 

dx x=h dt dt x=h 

Comb in ing equat ions [l 09] and [l I I ] 

dv 24k dv dv dv 24k dv 
0 =(—) .-( — ) + (—) or— = -(— ) . . 

dx x=h L dx dt x=h dt L dx x=h 

From equation [108] by differentiation, 

X 

4tv^24at 

-X* 

= Ae 96at 
dt 

[109] 

[l 10] 

[III] 

[112] 

[113] 

and 

dv 96at i 
- = Ae — 
dt 2/24at 

[114] 

Substituting "h" for "x" and substituting equations [113] and 
in equat ion [l 12], 

Ae 

4t/24 at 

24k A2 e 

96 L at 
[115] 

Now from equation [j] 

ß = r-- 
2/ 24at 

A -25 



Equation [lis] becomes 

“/Ö2 , 2 _2^2 
Ae . ß _ k» A2 e 

2t 4 at L 

-ft 
k Ae 

or ß - . . 
2a L 

ßeft k 
Hence •—. = - . 

A 2aL 

Now from equation [IOS] 

i-* ' . /Wd,. 
A vp - 32 0 

Substituting equation [ll9] in equation [IIS] 

^ :klVp-321. 

0 2a L 

, . r i rfi-n2 erf 
Now from equation [2] Je du =-- 

o 2 

« fl2 . r k(vo - 32) Civ - 32) ßefi erf Iß) = -E- =_ß_ 
v^rT al Lv^tt 

I f yS is sma I I, then 

»2 fß ,|2 
ßeß /e uduW/32. 

o 

Substituting in equation [l20] 

fl2^ C1VP " 321. 
21 

r , h 
Since from equation [3J ß -—. 

2/24at 

h2 *2 
^2 =-!— =-2_ . 

96at 96at 

T ^ IV- - 32 ) 
Then x îS? _P . 

L 

[I 16] 

[I 17] 

[118] 

[119] 

[120] 

[121] 

[122] 

[123] 

[ 124] 

[ 126] 
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Now) consider the series expansion 

^ = , . 
2! 3! 

Then 

ß eß2 = /5 + yö3 +-^. 
2 ! 3 ! 

-d ;fvdu = yö_jöi +JL-JL, 
0 3-I ! 5-2! 7-3 ! . 

He nee 

o 26^210 42’ 

= 2 .,.. . . [126] 

Then equation [l20] becomes 

/52 _ C(VP “ 32) 
^ ^. . [127] 

3 2 L 

and 

X = /^î.ti/! tüli;,-32IC - I) . [128] 

Examp ie 3 *" 

Using data from examples for previous Problems. 

a = 0.03; C = 30; and L = 2880. Also assuming vp = 42° 

Using equation [125] 

X = x Q-03 * 30 X 121.7x10 _ /$2,600 

* 2880 / 2880 

= /18.25 = 4.27 ft. 

Using equation [128] 

X = /72 X 0.03 X 121 .7 [/ I + ULi0 x ^ _| ] 
/ 3 x 2880 
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Us i ng 

i- rom 

= /263(/771^ I ) 

= /263 X .065 = v/l 7.09 = 4.14 ft 

equation [l20] and Figure 6, Plate A-2 

C ( V 
£ 

L X 

F i g u re 6, 

S i nee X 

2880 X 2 
= 0.0529 = \/6 

Plate A-2, ß - 0.225 

= 2/ö/24""ät = 2 X 0.225/24 x 0.03 

= 0.45/87.62 = 0.45 > 

121 .7 

9.36 

= 4.22 ft. 

The solutions by these three methods are in very close agreement 

but the method using equation [l20] and Figure 6, Plate A-2, gives the 
exact answer and is the easiest to use. 

PROBLEM NO. 14 

Given a homogeneous, isotropic, semi-i nf i n ite soil mass just above 

freezing temperature which is exposed to a constant temperature below 
freez ing "v ". 

3 P 

Fmd the depth of freezing "x", assuming that the thermal gradient 
varies uniformly from the surface to the depth of freezing. 

The surface temperature can be expressed by equation [78] 

Vp = f(tl 

Then, as indicated in equation [lOO] 

Ldx = 24k 
[32 - fit )] 

x 
dt 

"dx" i n 

The volumetric 

time "t", is 

dH = 

heat "Cf" liberated 

Cf [32 - fit )] 
dx 

2 

in the frozen zone of thickness 

[ 129] 
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cf [32 - f (t )] 24k 
[32-f(t )]dt = Ldx + d X 

or 

xdx 

= L [32 - fit )] dx 

24k [32 - f(tl] dt 

L +£f [32 - f (t )] . 
2 

[ I 3 O] 

[131] 

I nteg rat ¡ ng 

= 48k / 
[32 - fit )]dt 

t| L +ll_ [32 - f It )] 
2 

[132] 

Now since "v " is always below freez i ng 

f [32 - fit)] dt = F and equation [l32] becomes 

48kF 

L +--L[32 - fit)] 
2 

[133] 

and 

[134] 

vc.=32+Bsinci)t [135] 
The n 

cut. 

48k DB 2 . ¿ G + Otan - 

o.-“ ' —’Vl)^ 1 arc tanl — 
/D^ - G2 

cut 
G + Otan 

arc tan ( 
/P" 

^ )] + ~^(t2 - t, )}• [ I 36] 

A -2 9 
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t 

Cf A CfB 
where D = L + —— a nd G = - 

2 2 

Examp I es 

Using data from examples for preceding Problems 

= 42u; B = 20°; a = 0.03 ft2/hr; C = 30; Cf = 28; 

Gy = 32; L = 2880; and v = 2i 

Us ing equat ion [l 34] 

X - 
'48 X 0.03 X 30 X 1217 

2880 X 28 
(32 - 22) 

'52,600 

3020 

= / 17.40 =4.17 ft. 

Us ing equat ion [l36] 

28 X 10 
D = 2 880 +- = 3020 

„ 28 X 20 
G =-- 280 

2v 2 X 3.1416 

“=T=—= 0-0172* 

, - T 5T 
tl “ “ and *2 =“j"]T <from example Prob lern #8) 

Now cut i 

2 

cut 

27T T _ 7T 

T X 24 ~ 12 

2 = 
277 5T 
_ X _ 

T 24 

OB 
(A-) 

G 
10 

5tt 

12 

3020 x 20 

280 
10-215.7 = -205.7 

^ 1)2 - s / 30202 - 2802 = J 9,042,000 = 3007 
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G + D tan 
2 

= 2 80 + 3020 + tan-1-= 
12 

2 80 + 3020 tan 15° 

280 + 3020 X 0.26795 

= 1089 

G + D tan " 2 80 + 3020 
280 + 3020 tan 75° 

280 + 3020 X 3.84103 

= 11,550 

are tan ( 
G + D tan lli 

Ã>2 - ’ 
are tan 

1089 

3 007 are tan 0.36215 

= 19.91° 

are tan ( 
G + D tan 

/^2 ~ 

2_. _ I 1550 
- are tan -- = arc tan 3>84,05 

3007 

= 75.41° 

-^-íü(t2 - t, ) = -i.° x 2v_,l _ IOtt 

G 280 x T 3 840 = 0.14960 

The refere 

„2 . 48 x 0.03 x 30 2 

0.01724 C('205-7 M 7^^5-^^19.9^,+0.14960] 

= 2505.8 [(-0.13681)(55.50°} + 0.14960] 

2505.8 [(“0.13681,(0.96866 radians, + 0.14960] 

= 2505.8 I-0.I325 + 0.U960, 

= 2505.8 x 0.0171 * 42.85 

x = ^2.85 = 6.55 ft. 

PROBLEM no. 15 

Given a homogeneous, ,'so.roplc ™ss of Vro2en so,', of semi -i nf ¡o i te 
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extent, exposed to a surface temperature "vs" which is below freezing. 

Find the effect of radiation and ground film. 

In accordance with Newton's Law of cooling 

ix=0 = ^ 1 vx=0 - vs » = .[137] 

The rate at which heat passes out through a unit area of surface 
is 

dQ _ _ 24k 
— = 24kix=0 = 24ki/;(vx=0 - vs ) =— (vx=0 - vs )= 24E < vx=0-vs > [I 38] 

0 

. . [139] 

Then ydy = 24kAv 
dt 

L +—lAv 

[ 14 I ] 

2 48kAvt » I 
or y =--- + K = (x +-)2 

L + Cf V> 
-Av 
2 

When t = 0, x = 0. K = (-1-)2 
* 

I o 48kAvt I , 
.-. (x = - + (-)2 . . . 

* r * 

L + _L Av 
2 

[ I 42] 

ÍI 43] 
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From figure above Av = 32 - v 

X 
y/48kt(32 - vs) 

Cf 
L + (32 - V«. ) 

2 s 

♦ t1)2 

[144] 

[145] 

If I If 

The va luemay be regarded as an extra layer of soil having the 

same thermal conductivity "k" as the base soil, but having no volumetric 
Il I It 

heat capacity. The value—— is also a function of the velocity of air 
V H I H 

over the surface. For large values of "E" (5 or 61, the value of Is 
» I » 

small, but for small values of "E" (I or 21, the value of— becomes ap- 

preciable. The following table Indicates the effect of neglecting the 
Il I II 9 9 

value — in equation [|45] using the following values: 

L = 800; t = 180; anci Cf = 30. 

vs 

<°F 1 

Per Cent Error in Omitting 1 Ap from Eauation fuhl 

E = 6 E s 5 E = 2 E = 1 
k=0.5 k=l .0 k=l .5 k=0.5 k=l .0 k=l .5 k=0.5 k=l .0 k=l .5 k=0.5 k=l .0 k=l .5 

31 
27 
22 
17 
12 

7 
2 

3.6 
1 .7 

1 .2 
1 .0 
.9 
.9 
.8 

5.1 
2.4 

1 .8 
1 .5 
1 .3 
1 .2 
1 .2 

6.2 
2.0 
2.1 
1.8 
1 .6 
1 .5 
1 .4 

4.4 
2.0 
1.5 
1 .3 
i .1 
1 .0 
1.0 

6.1 
2.9 
2.1 
1.8 
1 .6 
1 .5 
1 .4 

7.5 
3.4 
2.6 
2.2 
2.0 

1 .8 
1 .7 

10.8 
5.0 
3.7 
3.1 
2.8 
2.6 
2.5 

15.2 
7.1 
5.2 
4.4 
4.0 
3.7 
3.5 

18.5 
8.5 
6.4 
5.4 
4.9 
4.5 
4.3 

21 .5 
10,0 
7.4 
6.3 
5.7 
5.2 
4.9 

29.4 
14.1 
10.4 
8.9 
7.8 
7.4 
6.9 

36.2 
16.7 
12.8 
10.8 
9.7 
9.0 
8.5 

Il J M 

The per cent error in omitting the value — from equation ll45] 
*lß 

for airport runways and highways where the snow is plowed off and the sur¬ 

face exposed to the wind, will be small, since the value of "E" will be 

about 5 or 6 and the temperatures involved will be the temperatures Indi¬ 

cated in the middle and lower portions of the above table. 
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PROBLEM NO. 16 

Given a homogeneous, isotropic soil mass at a temperat r —-- r V* • I Mid d 3 at 

suddenly exposed to a surface temperature below freez mg "vf". 
ure "v0" 

uniformly’wUh^the^dapth^ ilssu"'i"9 that the temperature varies 

dH = 24k i dt 

rt 
and H = J 24ki dt ♦ K . 

when t = 0 H = 0 .-. ÏÏ = o and H = 24kit. 

The total heat given up the soil as indicated in sketch is 

[146] 

[147] 

h0 • h, 
H s 2_L <v0 - 32 + v0 - vf) C + Lx 

But - hj = X 

. fC 
.-. H = X [“«2v0 - 32 - vf ) + L] = 24k it . 

Now 

I aii- -f and 32 - vf = — 
F 

t 

.-. I = 
xt 

[148] 

[ 149] 

[150] 
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Substituting equation [l50] in equation [148] 

rc , 24kF 
X [— ( 2 V „ - 32 - V.) + L] =- 

24 k F 

and X - / ~ (2vq - 32 - )+L 

F rom equation [ I 49] 

- vf =-32 
T t 

Hence equation [152] becomes 

X - 
24 k F 

C F 
L + — (2v- - 64 + — 

24 k F 

or X - 

L + C ( V - 32 + —) 
o 2t 

Examp le 

Using data from examples for previous Problems 

V0 = 42°; C = 30; a = 0.03; and L = 2880 

Then 

24 X 0.03 X 30 X 1217 

x " / 1217 
2880 + 30(42 - 32 +--) 

2 x 121.7 

[El 
/ 33 

300 

3330 

'7.88 = 2.81 ft. 

[151] 

[152] 

[153] 

[154] 

PROBLEM NO. 17 

Oiver a homogeneous, isotropic soil mass of semi-infinite extent, 
overlain by an insulation layer of thickness "d", all at temperature "v0" 
and suddenly exposed to a surface temperature below freezing "Vf". 

Find the depth of freezing "xR", assuming that the temperature 

varies uniformly with the depth, that there is no significant change in 
temperature gradients due to the insulation layer, and neglecting latent 
heat "lR" and volumetric heat "CR" of the insulation layer. 
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Now equation [l5l] can be written as 

rC 24 kF 
xr[t<2v0 - 32 - vf ) + L] =—- 

2 d + XR 

24 k F 
or xR(d + xRJ =-—--- 

L +T(2v0 - 32 - vf) 

Solving for xR 

[155] 

[156] 

+ 24 k F__ 

C 
-<2v0 - 32 - vf) + L 

Substituting equation [149] for 

24 k F 

F 
L + C(v0 - 32 + — ) o 2t 

Examp Ie 

Using same data as for examples for previous Problems 

42°; C = 30; a = 0.03 and L = 2880; also d = 1.0 ft. 

[157] 

[158] 

XR “ " + /(0.5)2 + 24 X 0.03 x 30 x 1217 

1217 
2880 + 30(42 - 32 + 

2 x 121.7 

= “0.50 + J0.25 +■ 
26300 

3330 
=-0.50 + / 8.13 

=-0.50 + 2.85 

= 2.35 ft. 

A-36 



D
E

P
T

H
 

IN
 

F
E

E
T
 

D
E

P
T

H
 

IN
 

F
E

E
T

 
WAR DEPARTMENT 

MONTHLY TEMPERATURE PROFILES FOR A TURFED SOIL 
(ADAPTED FROM“RADCLIFFE OBSERVATIONS, RADCLIFFE OBSERVATORY . ENGLAND. 1915’ 

FIG. I 

THERMAL GRADIENTS FOR MONTHS OF APRIL .JUNE AND NOVEMBER 

A 

FIG. 3 

M
O

N
T

H
S

 



JRFED SOIL 

TORY , ENGLAND. 1915”> 

CORPS OF ENGINEERS. U. S. ARMY 

MONTHS 

ANNUAL SOIL TEMPERATURE CURVES 
AT DEPTHS OF OBSERVATION 

FIG. 2 

PROST INVCSTIOATION 
194ft -194« 

MEMBER THERMAL GRADIENTS AT 3.5 AND 5.7 FOOT 
DEPTHS OF OBSERVATION 

FIG. 4 

THERMAL CURVES 
FOR A TURFED SOIL 

fWOST crrccrs LAÍ,S0»T0N.MAM JONC l»46 

t PLATE AI 



PLATE A 2 



SUPPLEMENT fi 

BI8LI0GKAPHY 

# 

% 



BIBLIOGRAPHY. 

» 

i 

* Aaron, H. MFro«t Heave in Highways and Ita Prevention". PoMic Roada 
Vol» 15, No. 1, pp. 10-16/, March 1934. ——- 

Agafonoff, V. and Pavloviteh, St. "L'Analyae dite Thermique, Appliquée 
a L etude du Sol. Academie dea Soleneea C.R.. Vol. 197, pp. 166- 
168, July 10, 1933, ^In French^. 

•imderaon, A.B.C., Fletcher, J.E., and Edlefaen, N.E. "Report of Com¬ 
mittee on Phyaioa of Soii-ííoiature, 1S41-42 (Soil-l¿oiature Condi- 
tiona and Phenomena in Frozen Soils)". Transactions. American 
Geophyaioal Union, pp. 355-371, 1942. -- 

Angstrom, A. and Petri, E, "New Ground Thermometer and Some Observa¬ 
tions on the Ground Température in the Vicinity of Stockholm". 
Teknlck Tldskrift. Vol. 58, pp. 237-241, June 9, 1928. (in Swedish) 

♦Atkinaonj, H.B. and ^ay, C.E. "Some Factors Affecting Frost Penetra¬ 
tion . Tranaactiona, American Geophysical Union, pp. 935-951, 1940, 

♦Baver, L.D. "Soil Temperature" Soil Phyaioa, Chapter VIII. pp. 267- 
289, ’«Yiley A Sons 1940,, - 

♦Belotelkin, X.T. "Soil-Freezing and Forest-Cover". Transactions, 
American Geophysical Union, pp, 173-175, 1941. 

*DenkeIman, A.C. "Studies of Frost Heaves in Michigan". Roada and 
Streets, Vol. 71, pp. 272-276, July 1931. — 

I 

♦Benkelman, A.C. and Olmstead, F.R. "A New Theory of Frost Heaving". 
Highway Rasearch Board. Vol. 11, pp. 152-177, 1932. (Discussion 
cy À. uasagranüe,-iY.l. Watkins, S. Taber). 

♦Borggren, W.P, "Prediction of temperature Distribution in Frozen 
Soil* • Transactions, American Geophysical Union, pp. 71-77, 1943, 

*¿eskew, 0. "Prevention of Detrimental Frost Koave in Sweden". High- 

1¾ r°h E°Rrd‘ Pr<*' 18th lîeetin6» Pûrt n» PP* 366-370,“^ 

»Boakow, G. "Soil Freezing and Frost Heaving". Sveriros Sooloeiska 
Undersoknlnr. Stockholm, .i955,Sorios Cv, Ho.'775, ‘Mi page!.- 
(Translated into English by J. Ostergerg). 

♦Beskow, G. "Soil Freezing and Frost Heaving". Public Works, Vol. 67. 
pp. 41-42, February 1936. (Abstract*) 

Buoyoucoa, G.J. "Hovonent of Soil Hoiature from Small to the Largo 
capillaries of the Soil Upon Freezing". Journal of Agricultural 
Research, Vol. 24, pp. 427-431, 1923. -26-- 

* Copy on file at Frost Effects Laboratory. 

B—1 



B0“Tu.‘;u ¡6°U Ml0h. Aer. Coli. Ext,. Station 

♦Bcuyouco«, G.J. »Do|ree of Teaporaturo to ^/hich Soils Can Bo Cooled 

4. pp“ *rleUltUral Vol- 2°. »«• 

Eonyouoos, G.J. «Classification and lioasuromcnt of Different Forms of 
water in the Soil by moans of tho Dilatometer Llothod". Mich. Arrie. 
Colloge, Teach.-Bull. No. 36, pp. 48, 1917. " ^ * 

Bonyouoos, G.J. "Further Studios on the Freezing Point Lowering of 
SoilB • Mckigan Agricultural Colie-pp. Bulletin 31, 1916. 

ßouyoucos, G.J. "An Investigation of Soil Temperature and Some of tho 

£îw°£n0jrîr,^lu°n°lnt yicultural 

nridgman, P.ÏÏ. "Effect of Pressure on tho Freezing Point of Water". 
Smithsonian Phys, Tables. 200 Pages, 1921. 

BUOtOIidrSubrr^«S80%SdiCOnt,rOl °f Froat Motion in Shoulders n Sujgrado , 8th Annual Asphalt Pavement Conference. 1929. 

»Burton, V.R. "Applieation of Soil Science to Highway Engineering". 
Roads and Streets. Vol. 71, pp. 163-165, May 1931. 

•Burton, V.R and Benkolorn, A.C. "Frost Action in Silt Soils Defined 

pp. kÙTo. ?e°K ïr»«!10’"' Ensi”5“rln6 !,OT'-&oord- »«a 1M. 

BUrt“:i^“1 A;C- 'T™* J>ctior- «¿.P^leotod Trouble. 
Docí Sr 1930^8 * ^inccrl0^ Hews-Hecord. Vol. 105, pp. 980-981, 

•Casagrando, A.^ ^Discussion of Frost Heaving". Proceedings Hiehwav 
Research Board. Vol. II, Part 1, pp. ÎOÔ-It^T^T-^^ 

Casagrando L. "Lessons from Frost Damage to Ronds". Ronds and Bridges, 
Vo*. 80; pp. 100, Fob. 1Ò42. (Abstract). 

•Ciarle, K^A. "Som¿ Examples of Frost Boils Oceurine on Alberta Hieh- 
Ihe Canadian Engineer. Vol. 69, ppt 7-10, sípt. ll, i935. 

•Collins,"Destruction^ of Concrete by Frost". Journal of tho 

ir1!. L }LL;eiP!0!:s (}ond™y Ko.T.Tov. 1944. (Abstract ln *7,way no so nr oh Abstracts^ 7nn. 1945). ' 

Day, P.R. and Bodman, G.B. "Thermoelectric Method of Determining tho 
Frying Points of Soils". Proo_._ Soil Soi. Soç Arnerl!^.?! 

B-2 



Dookstr.der, E.A. Effect of Freezing and Thawing of Soil Under Founda¬ 
tions of Cold utorago Warehouse". Proc. of the International Con¬ 
ference on Soil Mechanics and Foundation Engineering. Vol. IITTpf 
171-172, Juno 1936. * 

Duooker, A. "Experimental Study of Effect of Texture on Freezing of 
Non-Coho sivo Soilsj Freezing of Texture Fractions of Soils and 
their Mixture«», Forschunc,sarboiton aus dom Strasscnwesson. Bulle¬ 
tin 17, 1939, (In Germanj. "" ■ 1 

♦Duecker, A. "Soils Colloids and Their Behavior When Subjected to 
Frost potion . (Uobor "Bodenkclloide" und ihrverhalten bel frost) 
(From Der Bauingenieur Vol. 23, pp. 235-237. August 5, 1942; trans - 
lated by K.B. Edwards, Engineer Department Research Centers, Vicks¬ 
burg, kiss., -Doc. 1944, 11 pages, Tr. 141, 44-40). 

Edlefson, N.E. and Anderson, A.B.C. "Thermodynamics of Soil Moisture". 
Hilgardia, (in press 1942). 

♦Elgar, Vi.H. "Soil Movements ns /ufeoting Paved Surfaces". Public 
Works, Vol. 75, pp. 17-1B/, December 1944, (Abstract fF^iTTho 
Surveyor") 

♦Emrey D.J. "Subgrade Soils, Their Analysis and Drainage". The Cana- 
dian Engineer, Vol. 72, pp. 5-9, Mar. 23, 1937, - 

Endoll, K., Loos, W., and Broth, H. "Report on original experimental 
studios of relation between freezing of soils and its physical 
properties; condition of soil colloids, water capacity, water por- 
viousness ana capillary phenomena", Forschungsarbeiten aus dera 
otrassenwessen. Bulletin 16, 1939, eS^pâgos. ^In Üerman);- 

•Eno, F.H. "The Influence of Climate on the Building, Maintenance and 

pp. 211-243G I929h° Highway Research Board. Vol. 9, 

Ewdokimow I and Rokotowsky. ‘"Boutcn in Ewiggefrerencn Boden in 

German)11 * BuUinc°niour‘ Vo1* 14» PP* 224-226, April 14, 1932 (in 

♦Fuller, H.U. "Studios of Frost Penetration". Journal of the New Eng¬ 
land Unter uorks Assoc., Vol. 54, No. 3, ppï 2'/ö-2al, Sept. lôïo. 

♦ Fuller, H.U. "Frost Ponetration as Affected by Weather and Snw 

soTppîlâsAor/^Î.IJÜ:1,ew ^ ^ Vel- 

♦Garneau J.B. Discussion* "Soil Stabilization and Prevention of Frost 
H s* The Canadian Engineer. Vol. 77, pP. 52-54, Sept. 19,.1939, 

Gilkey H.J. "Freezing Ground Acts Like Hydraulic Jack". Engineering 
News-Record, Vol. 79, pp. 360-361, August 23, 1917^ ' ^ 

G00d0lif Forestrf0iv 1°°1 ^ Fr08t Depth ^termination". Journal of Foriiotr^, Vol. 37, No. 6, pp. 457-459, Juno 1939.: 

B-3 



Ihrrington, E.L. "Soil Tonpernturca in S^skr.tchowm". Soil Soionoo, Vol. 
25, pp. IBS, 1928* 

»Hioronymua, G. "Earth Ambient Tompernturos for Ccblo Lending Limits". 
Elootriocl World, pp. 92-93, Dooombor 9, 1944. 

^highland, S.G. "Study of Yonr Round Soil Temperatures". Journal Ameri¬ 
can Water Works Asaoeintion, Vol. 16, pp. 342-354, Sept. 1920» 

♦Ingoraoii, L.R. and Koopp, O.A. "Thermal Diffusivity and Conductivity 
of Somo Soil Materials". Phyaionl Review, Vol. 24, pp. 92-93, 
July 1924. - 

Ivie, J.O. and Richards, L.A. "Moter for Rooording Slow Liquid Flow. 
Review of Soiontlflo Instrumente, Vol. 8, Ho. 86-89, March 1937. 

♦Jurgenson, L. "Field Tost for Identification of Soils Capable of Frost 
Heaving. Prop, of the International Conference on Soil Mechanics 
and Foundation Engineering, Voii IÍ, pp. Juno 1936. 

♦Keen, B.A. "Soil Temperature". Physical Properties of the Soil. Chapter 
IX, pp, 297-333, Longmans Green & Co., 1931. ' 

*Koil, X. "Results of Frost Action on Experimental Road" (Abstract). 
Public .'orks, Vol. 70, pp. 49-50, Sept. 1939. 

Koon, B.A. raid Russell. "The Factors Determining Soil Torapwrntures". 
Journal of Agricultural Soionco, Vol. II, pp. 211-240, 1921. 

Krischor, 0. "Experiments on boat conductivity of soils; principally 
quarts and calcareous snndo, line und clay. Effect of dampness, 
texture, porosity, temp. etc. on thermal conductivity". Published 
by Munich A Berlin, R. Oldenbourg, 1934, (in Gorman). 

•Lang, F.C. "Tomperuturo and Moisture Variations in Concreto Pavements". 
Highway Research Board. Vol. 21, pp, 200-271, 1941. 

*Lowia¡ M.P. "Rato of Flow of Capillary Loistv.ra". U.S. Oopt, of 
Agrloulturo, Tech. Bull. Ho. 579, 29 pages, Oct..19ÍK 

•Mackintosh, A. "Progross Report on an Investigation of Frost Action 
in Soils". I'roo. of tho International Conference on Soil Mechanics 
rnd Foundr tion fenginooring, Voi. IÍ, pp. June 19^1. 

Mail, G.A. "Soil Temperatures at Boseman, Montuna, during Sub-Zero 
Wcathor". Soicnoe, Vol. 83, pp. 574, June 12, 1936. 

•McLeod, N.Vf. "Soil Science Applied to Subgrado and Base Course Design". 
The Cun: dl..n Engineer. Vol. 77, pp. 5-6, Aug. 1, 1939. 



21“ '-«ti« Etat 
03» ‘° fenWiat . val. s! ¾^|“,,": 
a. va «• ^ 

^AT-, 28 Ycf»r> of CtiHi 
and Hlclson. 1904-1920, pp."**~——^ Elnocrln|, Chrlttidiii 

urés duo *to Froit^b'R^dâ rjTd0^riBtf0rvPr>T*ntl00 0f R<Kld Fcl*- 1934, # K° *9 *** Stroot«, Vol. TT, pp. íi9-£2i. Juno 

1'sS^i^lL^aoti^Voî!, * TC ^pp^aTS *T4 f *£'£?:*' 10 W 

Engincorinc". -^rovî^f tiwaî^LiV Pound£‘tioo 
ohanlos r.nd r0nm7»i.l-n l^;,, *an >V~ 

01* x- pp* I43-M7, juik ;?ic. 
»Morton, J.O., Trotnor, D.. Stokat-d ni/. 

of Detrinontnl Proot riJh^x**ii^fl*CKrftn<io* l* ^w^ntion 
»o.tinc, Pr-rt II, pp. lù’a .l.~llf—*'y P«». IPth 

’Lotl,Â, Sîîîî^Sî.1“*- 

11 viiî'n. ioîTwî1“’»/ ^lio1!0 gg>»c «-U. 

crota". ¡ï?*''1' U'‘ *!tl1 **»> Cas- iorvi-iaoff— Wincvrirf' end Miólas 

«2Ü¿°í.x.Aio“^' 2o" p- J”»«**- «ÜLSil* 

Ä2a 

'fúttwh¿Ék. lütÄ'ir^fiw: ”•»• *>■ ^.- 

îés^i^ 
‘ by &'""iBo,,r »•p*- ■'--■»h c...*.,.: ^E'ïïTîs, 

's^}hXTíi:i IX ‘ 
9(^/l8), pp. 1T3-1V6), VAO«trr.ot ul iü-llolo U ■Ilm.M- 

B-5 



f 

It 
• • Proo. 

*SUt*P™^tl«“ °ír^U[lrtfkl0í1<“ ^ S“b«rad* s°‘l" for Frort 
* —gq» Klfthway Research Board, pp. 422-441, 1942, 

’SU,"uor¡d.^“S*0nln*£1?íf,0l » F««t Ho«™ of Caloium 

,teln,vo": ti. ;s:\äX": r»»b:* EiMtri-1 

‘““’'i^.rÓÂ1^!1® 1°^“^ "i In torro lotion* botwoo* th. 
-tor for .o»,, st,^ 

miîîs^lMsf”1'“ F”undrtion"- !L-S- Potont 

*S0U” »’lí nrh.v.^îlî" 1ó^71',,0f,DtltC on Fr°nt “o«“«"« for 
toy 1950. 7 ,in • —1,110 “ooil- Vol. II. Bo. 3. pp. 51.60, 

•‘“trtU fepfnîîîi; «<- ~?Wrï °î Fornatl°" “r f rozen Un,o* in 
f So».roi LliÎ"irL:ÏI"y M SOl‘ Fr*"‘i”8 1» Suberodo. 
vol. M. BO. 7, pr.reti:. Bolormr ° -8° 

Vkd%r«K TpubUc £J.011; r F;otor* 1“ t- tootruoti* 
Aup,«t 1930. —liC Roadü> Vo1- »0. 6, pp. 113-132, 

^'•VpP^Ä:' Fr0,t —"O1 °F Soolozv. Vol. 

'Fr0*t !1,*Tl"«"- j-oyrnol of Goolory. Vol. 57. pp. 426.461. 

*b,rc^t.l.s^facwkV*«^¾obord^of:tí"^^w^E^l1tf8Io8 

B-6 
< 



I 

"“Sit,. 
Ground3n*'*¿Án",)f "Principias of fjoohnnics of Prolan 

• - ^ °f ^lincas of USSR. 1337, 432 prgos. (In Russian). 

Itnrovioh, K.A. and Ynblonsky, V.s. »Study of Hont Conductivity of 

ture” rónhtvT v.th0lr ConP0!,ltlon- Prononou of Salts, and *ols- 
(1° RusslTÎ)!y0 Kh",y°1*tT0* Vo1, 2* PP* 130-195, Pot. 1931* 

K0*t,S?;™..”I!fi0;t,0f SoU “ul<>h on Soil ïunporature». Council of 
TX1;” d Ind"3trl°l Posearch- Vol. 5, Ho. 4, pp. OTTOTTTov. 

'trilUr22,:23';“llov?VÎ9Î5!aÜSe“ th6 Sprlni: B™^P?" 8°ttor Hoads, pp. 

*Klnn' ®;P: p-c- "frost iiotlan in Highway Baso. Sub- 

73, '-V rïï:Uî a-psrimnt Station. Sor. 

•Vinn, K.F.. Lang, F.C., Skolton, R.R., Bonnott, E.F., Boichor, D.J. 
Synposiun of Prost -otion". Proooodines of the Pnrd„0 Conforenoo 

t:i! ÎÎL'r " r'°d It5 ;ippTî;Til°"» 5°°f- ™~ 

»’.Jintorryer A.t. »Poroontngo of Viator Profttablo in Soils". Public 
2^08, Vol. 5, pp. 5-8, Fob. 1925 

Spooial ^!irlf‘* ^ K'way. Resoaroh Coord, Progrosa Report of Comittoo 
on Trt taunt of Suogrndo Solle with Cc.loiui* Ohlorido to ProwAn* 

p;.r«s:i^aÍ9«:ionn- »o. ns. 

Corps of Hnglnoors, B.S. I^ny. »Investi,ation of Airfield construct«». 

Sttbôîlsrm"!“"“0 :!a£l0””"- (30nfidontlal). Report 861. 

ü.S. OooUgionl Surrey, "Poraafrost or Poraanontly Proton Ground and 

S^^r^Cs^h im-r H',p0rt Strat°fii° 

.»loo-Presstre^toralnatio^^Clay^oil,.. E^inoorlng Hows.Rooo.rd. 

B-7 



li 

îmvTi.pï»t 

f ^¾0 uT’îlê. SS£-1°°°rlnB Kot^- 

, ^vot^rpti. 1T'iji>11üa."‘ui^f1',eertllt — ÎSSÎÎSSÏ 

*From Caloiun Chloride Asaoe. News «p4., _ 
MU° ffcrfc,. Vol. k 0t 

♦Road Abstracts fror. Bciuinireneur "Pm«*, u j 

£aHi° -°¾. voi. vCpp^JrLprístjí11 aoaa subernd8"- 

;*y0's43.Pr°°t aetl''in^"• K«»'!» rni Srldf.. Vol. 61, pp. 64-66, 

’H°” 2V 10^194°^ t8 Hoad. and 3rl4oo.. Vol. 80, pp. 

PP. 257-2557-01^1931^1 I’ro',lomn. Ronci5 md Stroot. Vol. 71, 

~ ^torlol... 
«3»ri-402T# ^nnnbrr ffl, 1331, ' * vol. £3, pp. 

Freezing of Fotmdrvtion Soil under c* 

Selopoo ^bsti-.oto (Brltlah Pob.^. VoUH. ppîu^a^hTraîïT4 

^"'^“tlpha^d0"“™.^ Citi0a"' H^tln, and Vo-tn J„r 

X- *ew =171.1«, Corp. , 

Br.nior,mno27’corpîl™ fhfvi''r =<» Field, 
1^88., January, 1943. ^oineora, ü.S. Engineer Office, Boston, 

* Frost Investigation 1945-104« r-- ^ 
to Prevent Frost Action".' u? S' Sí^Off?8 0fpBase Courso ‘^eatmen 

^ on . ü. S. Eng. Office, Boston, Mass. June 19 
rrost Investigation 1945-104« t> 

Te.t. Selfridge Fl.l^ riohl^»“ STO,ÍÍ6ations Md ^affl, 
Juno 1946. # lean * ü* s‘ Eng. Office, Detroit, Miel 

B-8 



‘“A1Är ¡:t tux;\nrride’ Ficid'n 

pp. 298-30o!0Dfc!rX9.l4“ndrti0n8,n «ofrl^orGtlon.VM. 47t Mo# 661i 

» 

« 

f 

I 

B-9 t 




