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PREFACE 

This report is the third in a series of reports, presenting the results of cold 

room studies of frost action in soils conducted during Fiscal Years 1952 and 1953 at 

the Arctic Construction and Frost Effects Laboratory (ACFll.J), u. S. Army Engineer Di v

ision, New England. The studies are being conducted for the Office, Chief of Engi

neers, Department of the Ar~~. Airfields 3ranch, Engineering Division, Military Con

struction, as part of a continuing program of frost investigations for the purpose of 

establishing and improving engineering design and evaluation criteria for roads, high

ways, and airfield pavements constructed on frost-susceptible soils which are sub

jected to seasonal ·freezing and thawing. The tv.u previous reports in the series are: 

"Interim Report of Cold Room Studies", dated July 1950, covering initial 

studies. 

neal d Room Studies, Second Interim Report of Investigation", dated June 

1951, covering studies conducted from the initiation of the program in 

February 1950 through Fiscal Year 1951. 

This interim report is presented in two volumes. Volume I contains the results 

of studies performed by Corps of Engineers personnel at ACFEL. Also included in Vol

ume I are Appendix A, Equipment and Test Procedures, which presents detailed descrip

tion of cold room, freezing cabinets, standard specimen preparation and test proce

dures; and Appendix B, Investigational Data, which contains tabulations of basic test 

data and results, plots of freeze and heave data, and water content distribution in all 

specimens after freezing. Volume II contains appendixes C and D. Appendix C, Miner

alogical and Chemical s.tudies is a report subrni tted by Dr~ T. Will iarn Lambe of the 

Massachusetts Institute of Technology, Cambridge, Massachusetts. who was engaged as a 

consultant on studies to determine the effect of frost action on mine.ral composition 

of soil fines, and on admixture studies for the modification of frost action in soils. 

Dr. Lambe provided the admi.xtures used in the tests, while the Corps of Engineers was 

responsible for the preparation and freezing of the test specimens. Appendix D con

tains all ACFEL investigational data for the mineral and chemical studie.s reported on 

in Appendix C. 

This interim report was prepared to summarize the test results and conclusions 

for review by the aoard of Consultants and to aid in formulating the direction and 

scope of future studies. 
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SYNOPSIS 

The effects of several individual factors which influence the formation and growth 

of ice lenses in different types of soils are shown. Test results are presented showing 

the effect of variations in the initial dry unit weight of sandy, silty and clayey soils. 

Fbr sandy gravelly soils there appears to be an optimum initial dry unit weight at which 

ice segregation is a maximum, for silts heaving increases continuously with increasing 

density. Limited tests on clayey soils indicate that ice segregation is diminished with 

increase in initial dry unit weight. Overburden pressure or surcharge on a frost- suscep

tible soil is shown to reduce the rate of heaving, the effect being more pronounced in 

the silts and glacial tills than in the clay type soils. 

'Tests performed in the closed system (no free water available at bottom) show that 

ice lenses may form in the upper portion of the soil by transfer of soil moisture from 

the lower portion. Results of freezing tests, wherein the depth to water. table was 

varied from 6 to 42 inches in glacial till, indicated that heaving was greatly reduced 

when the source of water ··was more than 18 inches below. the freezing plane. 
I . . 

Other data are presented showing the .effect of disturbapce ;Of.· soil structure and 

of variations in natural soil gradations. It is concluded that the gradation of a soil 

still offers the most expedient means of recognizing a potentially frost-susceptible 

roil. 

. viii 



PART I. -·INTRODUCTION 

1-01. Purpose. The object of the investigation described herein is to 

detennine by comparative laboratory tests, the effects of the variables which. 

significantly influence frost action in soils,· with the ultimate purpose of 

formulating improved engineering design criteria for situations where frost is 

a problem. 

1-02. Scope of Studies Presented in This Report. This report presents 

the results of cold room studies for Fiscal Years 1952 and 1953. The investi

gations described herein include the following items, listed in order of pres

entation in this report: 

a. The relationship between initial dry unit weight and intensity 

of ice segregation. 

b. The relationship between surcharge pressure during freezing and 

intensity of ice segregation. 

c. The effects produced when soil. is frozen in a closed system. 

d. The effect of disturbance of natural soil structure by remold

ing on intensity of ice segregation. 

e. The relationship between depth to water table from plane of freez

ing and intensity of ice segregation. 

f. The relationship between natural soil gradations and intensity 

of ice segregation. 

g. The freezing point of soil moisture. 

h. Mineralogical and chemical studies. 

i. The crystallography of segregated ice lenses in frozen soil. 

·A complete listing of the items contemplated for study in the overall 

program has been given in the second. interim report.11 * 

*Raised numbers refer to references listed at end of report. 



1-03. Authorization. Frost investigations during Fiscal Year 1952 were allocated 

by Job Number, New England biv!sion-52-ESA-ES, Directive 1, dated 29 December 1951, 

file ENGMG, from the Chief of Engineers to the Division Engineer, New England Division. 

Instructions and Outlines for Cold Room Studies were transmitted as Inclosure. with OCE 

2nd Indorsement., dated 22 August 1951, to basic letter dated 23 April 1951, from the 

Chief of Engineers to the Division Engineer, New England Division, Subject: "Frost 

Investigation; Fiscal Year Ending 30 June 1952. • 

Frost investigations during Fiscal Year 1953 were authorized and funds allocated 

by Job -Number, .New England Division-53-ESA-ENG, Dir~ctJve 1,' dated 160ctober 1952, 

file ENGEC, · from the Chief of Engineers to the Division Engineer, ·New England Division. 

Instructions and Outlines for Cold Room Studies were transmitted as Inclosure with 

letter dated 30 January 1953 from the Chief of Engineers to the Division Engineer, 

New England Division, Subject: •Transmittal of Instructions and Outlines. • 

1-04. Definitions4 Descriptions of tests and analyses of results involve spe

cialized use of certain terms and words. Definitions of these words and terms as 

employed in this report are as follows: 

Average daily temperature - The average of the maximum and minimum tem

peratures for one day or the average of several temperature readings taken at equal 

time intervals during one day, generally hourly. 

Closed system A condition in which no source of ·free water is available 

during the freezing process beyond that contained originally in the voids of soil at 

and near. the· zone of freezing. 

Degree- days - Each degree in any one day that the average daily air tern

perature varies from 32°F. The difference between the average daily air temperature 

and 32°F. equals the degree-days for that day. The degree-days are minus when the 

average daily temperature is below 32°F. and plus when above. 

Degree-hour - A variation of one Fahrenheit degree from 32°F. for a period 

of one hour. The degree-hour is negative if below 32°~ and positive if above 32°F. 

Freezing index - The number of degree days between the highest and lowest 

points on the cumulative degree-days-time curve for one freezing season. It is used 

. as a measure of the combined duration and rnagni tude of -below freezing temperatures 

occurring during any given freezing season. The index determined ·for air temperatures 
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at 4.5 feet above the ground is commonly designated as the air freezing_ index; while 

that determined for temperatures immediately below a surface is known as the surface 

freezing index. 

Frost action - A general term for freezing and thawing of moisture in 

materials and the resultant effects on these IT!ateri al s and on structures of. which they 

are a part or with which they are in contact. 

Frost heave - The raising of a surface due to the formation of ice tn the 

underlying soil. 

J Frost penetration - The maximum depth from the surface to the bottom of the 

frozen zone. 

Frost-susceptible soil - Soil in which significant ice segregation will 

occur when the requisite moisture and freezing conditions are present. 

Frozen zone - The range of depth within which the soil is frozen. The 

frozen zone may be bounded both top and bottom by unfrozen soil. 

Heterogeneously frozen soil - A soil in which a part of the water is frozen 

in the form of macroscopic ice occupying a space in excess of the original voids in the 

soil. 

Homogeneously frozen soil - A soil in which water is frozen within the material 

-voids without macroscopic segregation of ice. 

Ice lenses - Ice formations in soil occurring essentially parallel to each 

other, generally normally to the direction of heat los~. and commonly in repeated 

1 ayers. 

Ice segregation - The growth of ice as distinct lenses, layers, veins, a,nd 

masses in soils, commonly, but not always, oriented nomal to the direction of heat loss. 

' Non- frost- susceptible materials - Cohesioriless materials such as crushed· 

rock, gravel, sand, slag and cinders in which ice segregation does not occur under 

no mal freezing conditions. 

3 



Op~n E;Ystein- A condition in whi-ch:free water, in excess of that contained 

originally in the voids of the soil, :is available to .be moved to the surface of freezing 

to form segregated ice in frost-susceptible soil. 

\ Percent heave~ The.ratio, expressed as a percentage of the amount of heave 

to the original height of the frozen soil. 

Rate of heCl;ve - The average rate of heave in millimeters a day, determined 

from a representative portion of the plot o~ heave versus time, in which . .the slope is 

relatively constant and during which the penetration of the 32°F. isotherm i~ relatively 

linear and between 1/4-inch and 3/4-inch per day .. R.ate of heave is averaged over as 

much of the heave- vs. time plot as practicable, but the minimum number of Gonsecutive 

days used for a determination is five. This measure of frost susceptibility is used in; 

open system tests only. 

Standard Proctor density. ..., The maximum dry uni.t weight obtained by com

pacting soil in a 1/30-cu ft cylinder using 3 layers, 25 blows per layer of a 5. 5 lb 

tamper, 12- in. drop, as describ~d in ASTM Standard Designation D698:-42T. 

Modified AASHO density - The maximum dry unit weight obtained by standard 

Method of Test for the, Compaction. and Density of Soils, AASHO Designagion T99-49 using 

1/30- cu ft cylinder, but substituting 5 layers, 25 blows per 1 ayer of a 10-1 b tamper; 

18-in. drop for 3 layers, 25 blows per layer of a 5.5-lb tamper, 12-in. drop. 

Corps of Engineers' (C of E) airfield densi:ty - The maximum dry unit weight 

obtained by compacting soil in a 1/10 cu ft cylinder using :5 layers, 55 blows per·Iayer 

of 10-lb tamper, 18-in. drop as described in pa:ragraph 3JLof Appendix B to Chapter 2, 

Part XII of Engineering .Manual for Military Construction entitled "Airfield Pavement 

Design, Flexible Pavements. " 

Providence vibrated density - The maximum dry unit weight obtained by com

pacting a .soil sample in a 7-in. inside diame~er ste~l cylinder under the combined 

action of a 1000 pound static load and vil;>ration produced by blows of. 2-1/2 pound 

hammer over the exterior walls of the cylinder. (See Kenneth S. Lane, "Providence 

Vibrated Density Test," Prqceedingsof the Second International Conference pn Soil 
···-- ., 

Mechanics. and Foundation ;;ngineering. Rotterdam, Vol. IV, pp. 243- 247-1~48) .. 

4 
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PART II - SOILSi TEST PROC~DURES AND FROST CLASSIFICATION 

2-01. Soils Selected for Tests. - The sources and classifications cf the soils which 

have been subjected to testing in the Fiscal Years 1952 and 1953 are summarized in Table 1. 

As shown there, the soils ranged from well-graded silty sandy GRAVEL (GW-GM). to a highly 

plastic CLAY (CH). Classifications are based on The Unified Soil Classification System. 12 

Included in Table 1 are a considerable number of subgrade soils and proposed base course 

materials of questionable frost susceptibility from. airfield and highway projects located 

in the ·northern United states, Alaska, Canada, Iceland and Greenland; these soils were 

forwarded to the Arctic Construction . and Frost Effects Laboratory during Fiscal Years 1952 

and 1953 for laboratory freezing tests to measure their relative frost susceptibility. .The 

gradation curves of the soils used In the investigations are shown on Plate 1. 

2-02. Standard Laboratory Freezing Test Procedure. In these studies, soil specimens 

were generally prepared for freezing in a 5.91-in. inside diameter steel molding cylinder 

to an approximate height of 6- in. and to a predetennined density oy means of a static load 

and/or vibration. Cohesionl.ess soils were molded at a low moisture co.ntent to improve the 

apparent cohesion and to aid specimen handling after moiding. All other materials were 

molded at optimum moisture content as determined by the modified AASHO density test pro

cedure. Some undisturbed specimens of cohesive soils were trimmed to the proper size. 

The specimens ejected from the molding cylinder, or trimmed to size, were placed in 

6- in. diameter heavy cardboard containers. In the earlier tests, the interiors of these 

containers were lubricated with petrolatum to prevent friction between th.e specimens and 

the container walls during heaving. In the mo~t recent tests, a liner c6nsisting of sheet 

cellulose acetate or l-in. high cellulose acetate strips lapped in a telescopic manner, was 

placed within the cardboard container. The acetate 1 iner was coated on both sides with 

silicone*. 

The specimens were then evacuated from the top and bottom and saturated from the bot

tom using deaired water. All specimens were allowed to temper for a minimum of 24 hours 

at 35°F.before the freezing tests. Thermocouples were inserted at intervals along the 

*Silicone used is a non-melting, translucent material that retains the consistency of 
petroleum jelly at temperatures ranging from -40°~to over +400°F. It is heat stable, 
oxidation resistant, inert to metals, plastics and most organic materials and has other 
useful characteristics, i. e. , waterproof and water repellent. 
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height of at least one specimen in each freezing cabinet; this was done to measure 

temperature changes. The specimens were placed i.n a freezing cabinet and granulated 

cork was placed around the sides for the full height of the specimens. A free water 

surface was.maintained approximately 1/8 in. above a porous stone at the bottom of 

each specimen tested in the open system. A surcharge weight of 0.5 psi was placed 

on top of each specimen, simulating a minimum height of 6 inches of pavement. 

The specimens were frozen from the top by gradually decreasing the temperature 

above the specimens in the freezing cabinet, while the bottoms of the specimens were 

exposed to the cold room temperature maintained between 35°F. and 38°F. The tem

perature in the test.cabinet was lowered to obtain approximately 1/4 in. penetration 

per day of the 32°F. t~mperature into the specimens. Heave measurements were taken 

daily. At the completion of the test, usually after 24 days, the specimens were re

moved from the freezing cabinet, measured, split longitudinally, photographed, exam

ined for ice segregation, and finally broken up to. determiQe the water content 

distribution. 

A more detailed description of the standa.rd laboratory specimen preparation and 

freezing Pro.cedures is presented in II Appendix A;. Ea.ui·pment and T~st Procedures. n 

The heave data, the penetration of the 32°F. temperature, the cumulative degree-hours 

below 32°F., and the test cabinet temperatures all have been plotted versus time. 

These plots are in nAppendix B: Investigational Data. " The water content distribu

tion in each specimen, before and after testing for each test series, is also pre

sented in "Appendix B: Investigational Data. " Appendixes A and B are found at the 

end of this report. 

2-03. Evaluation of Frost Susceptibility. The cold room tests performed in 

the series of studies reported herein have been designed to subject the soil to a 

very severe combination of the conditions conducive to frost action. The soils have 

been generally compacted to densities in the range of average field densi ttes, ~d 

the rate .of penetration of the freezing temperature into the specimens has averaged 

1/4 inch per day, which is considered to be representative of field freezing con

ditions during the latter half of the freezing period when penetration is slower 

and heaving is greatest. However, in the majority of the tests performed in this 

investigation, an unlimited supply of water has been provided at the base of the 

specimens. In the field, this would. correspond to an extremely pervious aquifer 

only a short distance below the plane of freezing. This is a severe condition, and 

it results in virtually the maximum rate of ice segregation and heave which the soil 

can exhibit under natural field conditions. The results are, therefore, not usually 
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quantitatively representative of actual heave to be expecte.d iri the field. The cold.· 

room test procedures are considered satisfactory, however, for determining the relative 

degree of frost susceptibility of. various soils, with the possible exception of un

weathered clays which may show unduly low heave for at least the first cycle of freezing. 

In clays, which are unfissured and have not previously been frozen, the rate of heaving 

may be low initially, but as the clay. is repeatedly thawed and refrozen and becomes. 

fissured,. the rate of heaving may become much greater. 

Rate Qf heave (see definition, p. 4) has been found to be relatively independent 

of rate of freezing, over. the range of freezing rates employed in the investigation. 

Therefore, average rate of heave has been utilized as the basis for expression, com

parison, and evaluation of test results. The following tentative scales of average 

rate of heave have been adopted for· rates of freezing between 1/4 in. and 3/4 in. per 

day: 

Average Rate of 

mm/day 

0 0.5 

0. 5 - 1.0 

1.0 "' 2.0 

2.0 - 4.0 

4.0 - 8.0 

Greater than 8,. 0 

Heave Frost Susceptibility 

Classification 

i ~egligible · 

Very low 

Low. 

Medium 

High 

Very high. 

The evaluation given by the standard freezing test should be considered empirical 

in nature. Average .rate of heave does not represent.a simple and fundamental physical 

value, since such factors as surcharge and moisture 8.Vailability vary qqptinuously during. 

the test.. ~he PJ:Ogressi ve decrease in thickness of soil through which water is. drawn to 

the freezing plane tends to nake· moisture progressively more readily avail,able at the 

plane of freezipg and thus. to permit a. p~ogres~i ve increase in .rate of heave, during the 

test. At the. same time, increasing ·surcharge on the freezing plane tends to decrease the 

rate of heave, the .estimated possible decrease. due to surcharge .effect being up to as much 

as 15 to· 20% between the start and ·end of. a test on a sp~cimen of 6- inch initial height. 

Since the changes ~n moisture availability and surcharge produce opposite effects, the 

net effect: js to tend to produce .a more· unifo.rm rate of heave than might otherwi$e be.· 

expected. 
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Inspection of specimen heave records such as those shown on Plates 81 thruugh 831 

of Appendix B shows that the rate of heaving is quite frequently non-uniform. This may 

be due to factors such· as those discussed above, but also to such other influences as 

erratic temperature control in the freezing cabinet or a disturbance to the free supply 

of water to the specimen. A slight rise in the cabinet terr.perature or presence of an 

air bubble in the water supply line is quickly reflected in the heave rate. For these 

reasons, the average rate of heave is computed from a representative portion· of the heave 

vs time plot as described on p. 4 .rather than from the whole curve. 

It will be found that the values of average rate of heave and percent heave shown 

in the tabulations in this report frequently fail to correlate with each other. This is 

due to the different data and methods used in the computation of each. While average 

rate of heave is determined from a port.ion of' the heave vs time plo,t, the percent heave 

is determined frorr. direct scale measurements of: 

(a) the total height of each specimen .before and after freezing , and 

(b) of the height of the portion of the specimen actually frozen at end of test. 

The summation of the daily heave readings is not used for the percent heave deter

mination because it does not always agree with the measurements taken of the specimen 

at end of test. The difference is usually caused by the formation of an. ice lens, up 

to 0.1 inch in thickness, which frequently forms during the initial stages of freezing, 

beneath the steel surcharge plate on all standard size specimens, or by the errors in 

the daily heave readings caused by either slight or moderate tipping of some of the more 

highly frost-susceptible specimens during heaving. In making: direct scale measurements 

of the height of the frozen specimens, any ice lens directly beneath the surcharge plate 

is disregarded; this .thickness thus is not included in percent heave value. The growth 

of this ice lens will have been reflected however, in the accumulated daily heave 

readings. For specimens which have been deformed, an average height is determined for 

computation of percent heave. 
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PART III - COLD ROOM INVESTIGATIONS 

3~01. · Effect of Variations in Dry Unit Weight (Degree of Compaction) .. ·During Fiscal 

Year 1951, a series o( tests h~d been perfonned on various soil types to study the relation

ship between inten~i ty of ice segregation and such physical soil properties as void ratio 

and dry unit weight. The test results, as presented in the Second Interim Report of Inves

tigations, dated June 195~. showed the following: 

a. In well-graded frost-susceptible soils, the intensity of ice segregation 

incre~sed. moderately with increase in .dry unit weight. until. a pea}{ value was reached; 

further increase in. initial dry unit.-weight then resulted in a slight decrease of ice 

segregation .. 

b. In uniformly graded frost~susceptible sands, the initial dry unit weight 

had negligible influence on the intensity of ice segregation. 

c .. .In inorgan.ic silt so.il s, the intensity of ice segregation increased with 

initial dry unit weight up to the maximum dry unit weights whtch could be attained with 

these soils. 

In Fiscal Years 1952 and 1953, :freezing tests related to this phase of the cold 

room studies were continued using the following three soils. 

a.. Silt .subgrade material from the Field Research Area, Fairbanks, Alaska. 

b. , Clayey sand from Fargo,. North Dakota. 

c. Clay subgrade soil from the Western Associatiop o.f State Highway Offic.al s 

(WASHO) Road Test Section, Malad, Idaho. 

The gradation curves of the test materials are shown on Plate 1. The test data fnr 

all the 1952 to 1953 test specimens are tabulated in Table B1 of Appendix B. 

On Plate 2 of this report, the relationship between the dry unit weight and the 

average rate of heave for these test specimens has been plotted for comparison with 

results obtained in Fiscal Year 1951. Included on Plate 2 are also the results of tests 

on soil types from Project Blue Jay reported in paragraph. 3-06, Tests of Natural Soil 

Specimens Used for Frost· Susceptibility Tests, and listed in Table B7 of Appendix B. 

10 



Latter materials were tested for relative frost susceptibility at approximately 95% and 

100% of maximum dry unit weight. Gradations of the Blue Ja:y soils are shown on Plate 1. 

Results of all tests in this series' are summar!zed in Figure 8 of Plate 2. 

(1) Fargo Cla:yey Sand. The test results on the remolded Fargo cla:yey sand 

subgrade specimens (FA-5 and FA-6) indicate a decrease on heave rate with an increase in 

dry unit weight. This is shown in Figure 4 of Plate 2. Additional freezing tests at 

lower dry unit weights, using this material, are to be performed to further develop the 

indicated curve. 

(2) Fairbanks Silt. The data for the undisturbed silt specimen (LFT-10) and 

the remolded silt specimens (LFT-13 and LFT-14) from the subgrade of the Fairbanks 

Permafrost Research Area, Fairbanks, Alaska, fit approximately an extension of the Ladd 

Field silt curve plotted in Figure 5 of Plate 2. The gradation of the silt from the 

Fairbanks Permafrost Research Area (Fairbanks Silt) is almost the same as for the silt 

from Ladd Field and is similar to New Hampshire Silt-A,_ although coarser. 

The test data" indicates that the silt from the Fairbanks Research Area foll-ows· the 

same pattern of behavior as New Hampshire Silt-A, in that for both soils, the rate of 

heave is greatly increased with increase in dry unit weight~ However, as indicated in 

Figure 5, the Fairbanks Silt is apparently a considerably less frost-susceptible material 

than the·New Hampshire Silt. The lower magnitude of rate of heave of Fairbanks Silt ma:y 

be attributed, as an hypothesis, to ( 1) the presence of undecomposed organic matter, (2) 

the smaller percentage of quartz mineral fines in the minus 200 mesh fraction of this soil, 

as compared to New Hampshire Silt, and ( 3) the size and shape of the voids in the soil 

~pecimen, which are dependent upon the size and shape of the soil particles. Freezing 

tests• by ACFEL have shown that fibrous, partially decomposed peat with an o'rganic content 

of 82% from Fairbanks, Alaska, heaved only between 0 and 8% after twelve days of freezing. 

The Fairbanks Silt contained an average of 4.5 percent organic matter (determined by the 

H
2
So

4 
- K

2
Cr 

2
0

7 
digestion method adapted from Peech 9), with slightly more than half being 

non-colloidal. 

*An exploratory ·test series to determine description, classification and strength prop
erties of frozen· soils performed by this office for the U.S. Army Snow, Ice and Perma
frost Research Establishment, Wilmette, Illinois. Results of these tests are reported in 
Volume .1 of the Draft Report of Investigations for Fiscal Year 1952, entitled "Investi
gation of the Strength Properties of Frozen Soils", June 1953. 
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· According to Ducker6
, the frost sensitive properties of soils are chiefly due to 

the quartz flour·which has little· or no swelling properties. Clays with high swelling 

characteristics such as montmorillonite (mineral of bentonite) are substantially impervious 

and should exhibit .little or no ice segregati.on upon freezing, depending upon the ex

changeable cation 7• New Hampshire Silt contains 40 to 55 percent of quartz fines while 

the· quartz conte~t ~f the Fairbanks Silt fines varies between 20 and 35 percent. Further

more, Fairbanks Silt was found to contain approximately 10 to 15 percent montomorillonoJds . . 

and 10 percent chlorite, neither of which were found present in the New Hampshire Silt. 

Therefore, it does not appear unreasonable to expect that the frost susceptibility of 

Fairbanks Silt would be less than that of New Hampshire Silt. 

(3) WASHO Test Section Clay. As shown in Figure 7 of Plate 2. the test results 

for the remolded clay specimens from the subgrade of the WASHO Road Test Section, Malad, 

Idaho, indicate a siight decrease in the rate of heave with increase in dry unit weight 

for the density range investigated~ 

(4) Project Blue Jay Soils. As shown in Figures 1,. 2 and 4 of Plate 2. the 

tests on the Project Blue Jay soils generally confirm the relationship between rate of 

heave and dry unit weight established in .. Previous test series on gravelly soils. It is 

demonstrated that increasing the degree of compaction in such soils from approximately 

95% to 100% of the maximum density results in a slight to moderate decrease in intensity 

of ice segregation. As has been brought out previously, however, the advantage of . 
. . . 

obtaining a high degree of compaction in these soils is questionable because, even if the 

soils could be made almost non-frost-susceptible by compaction, one would expect a 

loosening of the soils after one or more freezing cycles. This may be less true when the 

soils are well- drained than when they are at relatively high degrees of saturation. 

(5) Discussion of Effect of Dry Unit Weight. The fact that materials of 

diverse mineral characteristics and origins follow similar trends when grouped accord

ing to gradation characteristics, as shown in the indi vidaul Figures 1 through 7. on 

Plate 2, indicates that whether a material will show increasing or decreasing rate bf 

heave with increase in dry unit weight, or whether it will show an •optimum• is dependent 

largely on the sizes and distributions of grains.. This is not to say that the degree 

or level of frost suceptibility is thus largely controlled;· this hypothesis relates 

only to upward or downward trend with change in tightness of packing. While it seems. 

obvious that the rate of heave in a given soil should b~ governed in some degree by. 

the size and shape of the voids, as controlled by the grain size distribution and 
/ 

degree of densification, it is not necessarily obvious whether an increase in degree 
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·of compaction in a given soil should result in ari increase, or in a decrease, in the 

rate of frost heave in absence of experimental test results such as shown on Plate 2. 

or that soils of similar gradation characteristics will show similar trends of rate of 

heave vs. dry unit weight. A basic study of the frost action phenomenon in soils could 

probably interrelate quantitatively the effects -of such variables as void ratio, void 

size, and permeability, so as to provide a fuller explanation of _the observed trends. 

Since frost penetration was kept advancing into the specimens, rate of heave was 

not limited by rate of removal of heat, but by rate at which water was made available 

at the freezing plane. In turn, the rate at which water could be made available must 

have depended on ( 1) the pressure differential which could be generated within the soil 

water to draw moisture to the plane of freezing, (2) the effective permeability (and 

compressibility) of the soil mass below the plane of freezing, and (3)* the facility 

with which water could be made available to ~he ice through moisture films .21 the soil

ice-plane. Since the applied surcharge pressure was not varied in these tests, the 

vertical pressures on the plane of freezing were comparable in all specimens, and the 

effect of this factor on flow in water films at the soil- ice boundary ·can be disregarded 

in a comparison of results. 

In considering the performance of the silt specimens, it is obvious that the effect 

of lower permeability at the higher unit weights is greatly outweighed in these materials 

by other influences acting to produce an opposite trend. One of the factors thus acting 

might be an increase in the force of moisture attraction to the growing ice lenses with 

increase in density. Such an increase might be the result of more effective supercooling 

in the soil immediately below the plane of freezing, which in turn might result, in part, 

from the reduced cross-sections of the moisture threads filling the voi~s. and, in part, 

from the greater effective thermal conductivity of the soil phase at the higher densities. 

In addition, it is possible that closer packing of the soil grains provides better con

tinuity of the adsorbed mofsture films, more soil- ice contacts of individual grains per 

unit area at the freezing plane, (and consequently less unit surcharge pressure on the 

moisture film surrounding each grain) with the result that greater volume of moisture 

can flow to the freezing surface, in spite of a lowering of permeability of the densi fied 

soiL 

In the clay soils and in the well-graded soils, it is presumed _that permeability 

reduction probably outweighs the other factors, resulting in a reduction of rate of 

*According to Beskow' s concept. 
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heave with increasing density. Thought should be given to simple experiments to measure 

and evaluate the individual factors discuss~d above. 

Thought should also be given in practical ·pavement design to the po.ssibility that. 

initial high densities in frost-susceptible soils may be lost after the first winter as 

a result of loosening by frost action. The most obvious solution for guaranteeing the 

built-in stability of high density base courses and subgrades in modern highways and 

pavements is to use only free-draining non-frost-susceptible materials within the zone 

subject to frost action. Possibly, this may be aided in the future by use of chemical 

additives ·to modify materials which would otherwise be unsuitable. 

3-02. Effect of Surcharge. In Fiscal Year 1951. it was- brought out that heave rate 

decreased as the surcharge increased. This same trend has been observed by other investi

gators (Beskow1, Taber10 ) in laboratory tests. It is evident that if variations in over

burden pressure do cause variations in frost heave of soil under field conditions, this 

relationship can be taken into account in formulating engineering. design criteria. for 

construction on frost-susceptible soils. 

However, a possible weakness in the test methods was visualized. In particular, it 

was questioned whether side f:riction on the soil specimens during laboratory freeze tests 

was influencing or producing the qbserved trend. Fbr example, is there more lateral 

expansion or crystal growth during freezing under the heavier surcharge load? Could the 

total volumetric expansion be the same under heavier surcharge, but be unobserved because 

it occurred laterally instead of vertically? Could the increase in "'side friction resulting 

from possible lateral expansion be the cause of the change in heave, rat~er than the sur

charge pressure itself? To explore these considerations, addi tiona! studies and laboratory 

tests were performed in Fiscal Years 1952 and 1953. 

a. Lateral Expansion. Studies of the structure of frozen soil show that under 

one:- dimensional heat flow, growing ice layers orient thems.el ves, generally perpendicular 

to the direction of heave or heat transfer, and that substantial. lateral expansive force 

due to ;gro.wth of the cryst~ls .does not. occur. The 1 atter ,factor has been demonstrated 

indirectly by Beskow in his experimental tests to devise apparatus for reducing the 

sliding resistance between the soil mass and the container walls in laboratory specimens. 

Beskow utilized a container c~nsisting of a series of short glass rings, placed o.n top 

of each .o.ther to form one cylindrical container. These glass rings ~uld have broken 

during freezing of the specimens under any substantial expansive force; however, such 

phenomena was not ·reported during·th'e tests. Further, in routine tests by this laboratory, 

specimens frozen in cardboard cylindrical containers lubricated with petrolatum or in lucite 
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containers with a liner composed \of sheet acetate and silicone, ~ave shown no change in 

circumference or have decreased in circumference (lateral shrinkage of the unfrozen zone 

in closed system tests), as compared to the dimensions befo.re the freezing test.· 

b. Experiments to Evaluate Side Friction. Exploratory tests were performed 

in Fiscal Years 1952 and 1953 to evaluate the m'agni tude of frictional restraint upon 

heaving offered by various specimen containers and of various methods used to minimize 

the frictional forces. Gravelly sand (the minus 3/4- in. fraction) from Peabody, Massa

chusetts, and Silt-B from New Hampshire were'used for these tests. The grain size 

distribution of these soils are shown on Plate 1, and the pertinent data for this test 

series are given in Table 32 of Appendix a. Individual soil specimens were prepared for 

quiclr freezing ( 1-3/4- in. per day) in 6'"' inch I. D. micarta containers and/or tapered 

lucite cylinders, 5.5-in. I. D. The specimens were packed to a six-inch height and vari

ous liner types were used. The relative effectiveness of each of these liners and the 

magnitude of frictional restraint were evaluated by determining the force required to 

eject the frozen soil specimens from the containers. The results of this test series 

are ~isted below 

Soil Container -
Peabody Micarta 
Gravelly 
Sand II 

.· 

II II 

II II 

II II 

II 

II Tapered 
Lucite 

New Harnp- II 

shire 
II 

Silt- i3 

Liner Type 
and 

Lubricant 

Petrolatum sheet 

Acetate w/Silicone 
1" .Acetate strips 

(lapped) 
w/Silicone 

111 Acetate squares 
(lapped) 

wLSilicone 
1 Acetate strips 

(lapped) 
w/Liqui-Moly 

Dental dam (lapped) 
w/Li qui- Moly 

Silicone 
Liqui- Moly 
Sheet acetate and 
Liqui-Moly 

Frictional 
Side 

Restraint 
psi 

6.6 

5.8 

3. 1 

1.2 

0.9 

0.3 

1.4 
23.8 

1.8 

Equivalent heaving 
pressure, psi, 

. which would just 
balance frictional 

restraint after 
specimen frozen 6 in. 

26.4 

23.2 

12.4 

4.8 

3.6 

1.2 

6.1* 
104. 0* 

7.9 

•containers assumed 5.5 inches avg. I.D. and 6.0 inches high for computations. 
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The Micarta containers were 6 inches I. D. The .luci te containers were 6 inches in 

height and were tapered from 5. 65 inches I. D. at the top to 5. 40 inches I. D. at the bottom. 

The high value of frictional side restraint and corresponding equi valent heaving 

pressure obtRined for New Hampshire Silt-Bin the tapered lucite cylinder lubricated with 
. \ . . 

liqui-moly is attributed to the non-affinity of this lubricant to lucite. This was 

evidenced by the fact that, upon ejection of the frozen silt specimens, the interior 

surface area of the lucite cylinder was very clean, whereas liqui-moly adhered to the 

contact surface of the frozen specimens. According to information available, lubrication 

with this material is achieved by the molecular structure of the form of molybdenum used 

in liaui-moly" According to this theory, each molecule orients itself so that it is 

firmly attached by molecular attraction to each face.of mating bearing surfaces, leaving 

two molybdenum- coated friction surfaces bearing against each other instead of the orig

inal bearing materials. In this particular test, only one surface ""' the soil surface -

was coated with molybdenum, which presumably resulted in the high frictional side restraint. 

c. 12-'- inch Diameter Specimen. In the side friction tests reported in the 

preceding paragraph, side friction on the laboratory specimen is equivalent to an 

intensity of surcharge acting over the cross section of the specimen, varying from 0 

at start of freezing to 4 times the maximum surcharge applied in the tests when freezing 

reaches a depth of 6 inches. Consideration of the relationship between the surface area 

on which friction maY act along the perimeter of the specimen and the cross sectional 

area of the specimen suggests that by increasing the diameter of the specimen without 

increasing its height, the relative effect of the side friction should be reduced since 

the side frictional area increases only as the diameter, whereas the cross sectional 

area on which. surcharge and heave pressures act increases as the square of the diameter. 

To examine this relation, a sample of Truax Drumlin Soil (TD-36) was molded in a 12-inch 

diameter transite container. The specimen was reduced, to a 6- inch height with a com

pactive effort equivalent to that of the modified AASHO density test, and it was then 

subjected to an open system freezing test. Prior to placing the soil into the container, 

the inside walls of the transite were. first lubricated with a thin coating of silicone and 

lined with l-inch wide by 0.007 inch thick cellulose acetate strips in a telescopic 

fashion. The surfaces of the acetate were lubricated with.silicone. 

The 12- inch diameter size necessiVOJte substitution of a i/ 2 inch. thick filter. built· 

up from Ottawa Sand; 18 x 14 mesh bronze screen cloth, arid 64 x 64 weaY'e muslin (against 

base of specimen), in 1 ieu of the .customary 3/8 .inch thick porous disc and filter paper 

utilized in.preparation of 6~inch diameter test specimens. Except for the aforementioned 

differences, the testing procedures ~or this specimen were similar to those described in 

paragraph 2-02, Part II, Soils, Test Procedures and Frost Classification. 
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As indicated in Figure 2 pf Plate 2. the test result for this 12-inch diameter 

. specimen plots directly upon the curve established in Fiscal Year 1951 for the 6-inch 

diameter specimens. The 1951 six-inch diameter specimens were prepared with only use 

of petrolatum on the walls of the cardboard container to reduce friction. Therefore, 

the test on the 12- inch diameter specimen should have been under reduced relative side 

frictional resistance, as compared with the 1951 tests, as may be deduced by examination 

of the tests summarized in the table in paragraph 3-02 a, above. This factor and the 

doubling of the diameter height ratio of the specimen, would be expected to show a ~arked 

change in the heave rate if the side frictl.on is a significant factor in these tests. 

The close agreement of the data from this test with the previous results, as shown in 

FiJmre 2 of Plate 2. indicates that the factor of side friction does not significantly 

affect the test results. However, it is recognized that this represents only a single 

test and that a larger number of tests are reauired for conclusive proof. 

d. · Additional Surcharge Tests in Fiscal Years 1952 and 1953. The ·following 

soils were used in further surcharge tests: 

( 1) Undisturbed Silt from the subgrade of the Fairbanks· Permafrost Research 

Area, Fairbanks, Alaska (Fairbanks Silt). 

(2) Remolded silt from Valparaiso, Indiana (Indiana Silt). 

(3) Remolded clay subgrade soil from the WASHO Road Test Section, Malad, 

Idaho, (WASHO Clay). 

The pertinent data from these.tests are listed in Table B3 of Appendix B. The average 

heave rates are plotted against intensity of surcharge on Plate 3. The data shown thereon 

includes all the 1951. 1952, and 1953 test results. The grain size distributions of the 

soils tested in the three fiscal years are included also on Plate 3. 

In general, all the test results show the tendency for decrease in rate of heave 

with increase in surcharge which was originally shown in the Fiscal Year 1951 report. 

The two specimens containing an appreciable clay content, namely, the East Boston Till 

and the WASHO Clay show a tendency toward a less decrease in rate of heave with surcharge 

than the other soils, which produce more or less parallel curves. This result appears 

to be in agreement with Beskow' s observations; he found, similarly, that the finer- grained 

soils were less affected by surcharge. Following Beskow' s reasoning, in the clay soils, 

the film of water at the critical plane between the already-formed ice lens and an under

lying soil particle is apparently less readily cut off by a surcharge load than it is in 
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the coarser-grained soils such as silts. Thts may be notonly becauseof relatively 

thicker and presumably stronger films on the clay particles,_ but also because of the 

vastly greater number of particle contact points at the freezing surface in the clay, as 

compared with the silt, with consequent lesser unit surcharge stress on the intervening 

films of the clay particles. 

&>me difficulty was experienced ~t:ring these· tests in establishing accurate_daily 

heave measurements for the silt_ specimens under heavy surcharge loads. The specimens 

had a tendency to deform and tip laterally during the freezing process and this resulted 

in erratic average heave rates, thus accounting_ for some of the ~cattering shown on Plate 3. 

e. Discussion of Effect of Surcharge. 

( 1) There seems at this time to be no doubt that surcharge· does reduce 

· fro-st heave as indicated by the tests. · ·However, in ·evaluating the tests in terms of 

field conditions, it must be remembered that the condition which we have attempted to 

approximate in the laboratory is that of the freezing of a surface which extends infinitely 

in a horizontal plane and over which heave is at all points uniform, so that there is no 

shear or bending action in the frozen layer. Actually, however, if heave is restrained 

by a surcharge pressure locally, as under a road embankment, the resulting shear and 

bending developed in the layer of frozen material at the edges of the embankement results 

in mobilizing lifting force over an area which extends, well outside the immediate area 

over. which surcharge is actually applied. Again, however, the latter condition is for 

one of assumed uniform frost penetration, both under and beyond the roadway pavement. 

The comparison becomes somewhat complicated if we consider the fact that snow cover will 
- . . 

normally reduce the extent of frost penetration beyond the edges of a pavement, thus 

tending to balance the reduction in ·heave under the pavement due to surcharge against a 

reduction in heave at the ed.ges because of less severe freezing. 

It is believed that the relationship between surcharge and heave which has been 

shown in these tests, can be taken advantage of in actual cases if a reasonable assump

tion of the effective area over which heave forces are to be assumed can be made. In 

order to obtain field data on this. point and to 'confirm the valid:i ty of the labo-ratory 

tests, it is believed that a test area should b~ constructed on which 3. to 5 diff~rent- ·· 

surcharge in tensi ties can be applied to full- seale foundation areas. These ar~a~ sh~uid 
. . 

be selected and prepared well before the time that the actual surcharges are applied, 

\and the heaves of the test areas should be determined ·for full seasons both before and 

after surcharge application. Preferably each of the measurement periods should cover 
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several seasons in order to penni t averaging-out of water contents arid other variables. 

Snow should be kept cleared from the test areas and for a reasonable distance around in 

order to obtain uniform frost penetration and results which are conservative. The method 

of surcharge application should be carefully considered in order that the effect of sur.:. 

charge will not be obscured by variations in freezing conditions or other factors. For 

example, use of gravel layers of different thicknesses to apply surcharge will result in 

differences in frost penetration. However, prior to the construction of any test section, 

it is recommended that an attempt be made to correlate field data from the Fairbanks 

Permafrost Research Area and other locations where information on pavement and base 

course thicknesses and heave observations are available. 

( 2) The experiments to evaluate side friction, reported in paragraph 3-02b, 

above, indicate that in a rigid container the frictional side restraint can reach rather 

high values, particularly in relation to the surcharge intensities used. Thus, the 

standard laboratory freezing tests might show considerably higher rates of heave if side 

frictional restraint could be entirely removed. Also, tt1e effect of the surcharge load

ings might be considerably greater in a relative sense. ·On the other hand, the results 

of the single 1 arge- diameter test reported in paragraph 3-02c, above, appear to indicate 

that side friction is not a significant factor. It is believed that this may be be~ause 

the comparison tests in cardboard containers also had low side friction du.e to .the ability 

of the containers to stretch and distort moderately. It is, therefore, planned to run 

additional laboratory tests to measure the friction in the 6,.. inch diameter .cardboard 

containers used in the standard laboratory test. Further, a series of heave tests should 

be run in which the only variable is the side friction, using the various fri~tion-reducing 

methods reported in paragraph 3-02b, and a plot of side- friction vs heave, or rate of 

heave, should be obtained. 

3-03. Closed System Tests. 

a. Test Program. In Fiscal Year 1951, a series of tests was performed to 

determine the effect of initial degree of saturation on ice segregation in frost-susceptible 

soils in a closed system. The test data indicated that the water content of the upper 

frozen portion of each test specimen was increased considerably above its original value, 

and that the water content thus reached bore a direc~ relatio:n to the initial degree of 

· saturation. On the other hand, the water content in the lower portion of the test specimen 

decreased to a relative low value which appeared ·to be independent of the initial degree _.1 

of saturation and was relatively constant for a given soil. Since the previous report, 

additional tests have been undertaken to further examine these indicated water content 

relationships. 
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The·: materials subjected to testing .in the new studies were: 

( 1) Glacial clays from North Cambridge, iv1assachusetts; Searsport, Maine; 

and Fargo, North Dakota. 

· ( 2) Well- graded Silt- A from GOff' s Falls, New Hampshire, and silt subgraqe 

soil from Fairbanks, Alaska. 

(3) Sandy clayey gravel from Revere';· Massachusetts, (locally referred to 

as East Boston Till), and silty gravelly sand (glacial till) from Portsmouth, New Hampshire. 

The gradation curves for these soils are shown on Plate 1. 

Specimens of these ooil· types were prepared a:t degrees of saturation between 90% 

and 100% in the new test· series, .except the Portsmouth glacial till specimens, which 

were prepared at approximately 70%, 80%, 90%, and 100% saturation. All siYecimens were 

tested iri the closed system (see· Definitions). The brass nipple of the base receptacle 

was capped to prevent loss of moisture by downward drainage. No special provision was 

made :to insure maintenance of atmospheric pressure at the base of specimen. Pertinent 

''data· from this test series are summarized in Table 2. Pertinent data from Fiscal Year 

1951 tests are also included on Table 2 and are indicatedby an asterisk thereon. Complete 

data on Fiscal Years·1952-arid 1953 tests are given in Table ·s4. · 

A summary plot of the closed system free;zing tests to ·date is· shown on Plate 4.-. 

The water content distributions after freezing for the specimens· in the new series 

reported herein are shown on Plates 837, 338, B39, 340, 843, B53, B61 and 862: 

b. Moisture Reductions at Bottoms of Specimens. The data in Table 2 and on 

Plate 4 show that for most soils the water content in the unfrozen zone at the bottom of 

specimen, or the bottom frozen inch of the specimen, ·had decreased. by the end of the test 

to a value which appears to be relatively constant for,. a given soil and in some cases 

completely independent of the i.ni tial degree of saturation.· ·rn the unfrozen zone of· 

the :undisturbed arid remolded sp eciinens of the three '1 ean . clays, . the water content decreased 

/ considerabiy, as water moved to the zone of freezing where -'ice lenses were being formed .. 

Reference to Table 2 and Plates B61 and B62 shows that there was no consistent and 

defirii te migration of moistifre-in the: highly plastic- clay from Fargo; North DakOta, either 

when tested undisturbed or when tested iii the remolded eoridi tion. The very bOttoms of 

the ·two undisturbed specimens o'f FargO' ·claY ·do show slightly lower water contents,· but 

the evidence is insufficient to establish that freezing is the cause. 
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In the remolded and undisturbed silt and remolded glacial till specimens, the water 

content of the unfrozen zone decreased below the initial moisture content. The greatest 

decrease was observed in the New Hampshire ·silt. The plastic limit· and/or the shrinkage 

limit (determined according to ASTM standards, 1952), are indicated for each soil on 

Plate 4. 

c. Moisture Between Ice Lenses. The water content of the soil between seg

regated ice lenses in the frozen zone was also determined in several of the test specimens 

as shown on Table 2. It may be noted that the most impervious specimen of the group 

tested for moisture contents between the ice lenses, the remolded Boston Blue Clay 

(BC- 21), showed a reduction of moisture content to the shrinkage limit, whereas the 

coarsest material, the New Hampshire Silt (NH-48 and NH-49) actually showed considerable 

increase over the initial moisture content. Other materials showed intermediate results. 

Evidently, ice segregation occurred even within the ~il between the ice lenses, in the 

silt, and moisture was readily withdrawn from the underlying soil from some distance, 

so long as it remained available within the specimen. On the other hand, it was appar

ently very difficult in the remolded clay to replace extracted moisture by movement from 

below. The undisturbed Boston Blue Clay (BC- 22) either was able to do this somewhat 

more readily, or else moisture extraction. was· cut off before achieving ·full effect by 

formation of an ice lens at a lower level, since the results show moisture content 

between ice lenses about 10% higher than in the remolded Boston Blue Clay. This may 

be due to the-flocculent structure and lower compressibility of the natural clay 

( Casagrande3) ·. 

d. Moisture Gain at Tops of Specimen. The water content increase in the top 

inch of the specimens is also shown on Table 2 and Plate 4, and inspection of the latter 

plate confirms the previous conslusion that the moisture content of the upper frozen 

portion of the specimen bears a direct relation to the initial degree of saturation. 

However, no tests were performed with the Fargo Clay at reduced degree of saturation, and 

it may be that clays as fat as the Fargo soil will not follow this trend. 

e. Discussion of Closed System Tests. In the earlier cold room tests, many 

specimens experienced temperature "kick- backs" due to sudden, spontaneous freezing 

after supercool in g. This resulted in quick freezing in at least the upper part of 

these specimens, with resultant probable lower water gain there. Review of the test 

records indicates that the following specimens probably suffered temperature kick- backs 

to some degree: 
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Dow AFB specimens 

East Boston Till specimens 

Portsmouth AFB specimens 

(slight in 10 through 12) 

Truax AFB specimens 

EBT- 5 through 8 

I 
PAFB:..g through 12 

I 

I 
TD-17 and. 18 

As a result, water content in the top inch of these specimens, as plott~d on Plate 4, 

should. tend to be somewhat lower than if kick-backs had not occurred. / 
I 

Some of the seat te r of the test results is probably caused by varJ tions in initial . 
I 

dry densities. Variations .in ice segregation waul d be expected with differences in 

density. 
I 
I 

I Any migration of moisture in the _Fargo Clay must have _been over veFy short distances 
' ! 

less th_an about an inch, which was the order of thicimess of the water dontent slices . - . . - - - I 
(see Plates B61 and B62). On the other hand, migration was most pronouifced in the two 

silt specimens. It is believed that this difference in performan~e is dontrolled by such I . . 
factors as differences in effective permeability (in the soil mass and ~t the soil ice 

· t f 1 t h. · I ·. h ·1 lens interface)_, differences 1n amoun o · mobi e mois ure w 1ch 1s present 1n t e so1, _ . I 
and differences in pressure gradient, toward the freezing plane, capable of being developed 

in soil moisture. From a practical point of view, one way in which the I problem is of inc 

terest is in helping to evaluate the extent to which partial desiccation can be produced 

in a m~ss of unfroze!?- soil by frost action in an adjoining mass of soil/with which it _is. 

in contact. For e}_{ample, to what extent can drying _and consolidation _b~ produced under 

the foundation of a heated building by frost penetration down ~ast the Jails of ~he build

ing? 11le te~ ts pres en ted he rein indicate that it is very unlikely that I such drying caul d . 

occur in a fat clay, but that it would not be unlikely in a coarse, relatively .pervious -- - - -- - - - - I.- - - --
silt. However, much needs to be learned before such a problem can be aJilalyzed quanti ta-

tively for any given soil condition. Test information is needed which ~ill relate· tern-. . . . ._. ' . . . '!--
perature gradient or rate of removal of heat to j)Ore_prepsure g~adients/ in the soil unde~~ 

lying the frozen layer in such a way that rates and patterns of moisture flow can be. com-
. . . 1 . 

pu ted for any given set of condi t~ons~ . 

j. 
The evidence to date indicates that a reduction of percent saturation to the order 

of 70% does not eliminate ice segregation and heave but does reduce it kubstantially, as 
I 
I 

This cbnclusion is 
I 

well as reducing moisture gain in the top inch of the specimen. 

I 
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applicable only for the first cycle of freezing. 

3-04. Effect of Sample Remolding. A series of tests was carried out to determine 

the effect of remolding on ice segregation. 

a. Tests Performed. The following soils were tested: 

( 1) Lean clays from Cambridge, Massachusetts and Searsport, Maine. 

( 2) Highly plastic clay from Fargo, North Dakota. 

(3) Silt from Fairbanks, Alaska. 

(4) Stratified clay, consisting of relatively thin bands of very fine 

sand, silt and clay, from Portsmouth, New Hampshire. 

Undisturbed cubic-foot specimens of the lean clays and the stratified clay were 

obtained at depths sufficiently below the frost zone to exclude any effects of previous 

frost action. The silt was obtained as undisturbed cubic-foot specimens from the subgrade 

at Runway Test Section RN-4 in Area No. 2 of the Field Research Area, Fairbanks, Alaska, 

within the zone of permafrost degradatior~. The Fargo fat clay was obtained as undisturbed 

specimens, approximately 6-1/2 inches in diameter and 8 inches in height, from the subgrade 

adjacent to Taxi way 2B of Fargo Municipal Aiport between the depths of 2. 2 to 3:"8 ft below 

the ground surface. The gradation curves for these materials are .shown on Plate L 

~ 
Undisturbed and remolded companion* specimens of ~the lean clays and stratified . .,. 

clay were subjected to freezing both in the open system and closed system types of test. .ff.. 
.~·· ... 

Available quantity of the Fairbanks silt permitted testing of undisturbed and remolded 

specimens in the open system only. Undisturbed and remolded specimens of Fargo clay were 

tested in the closed system and remolded specimens in the open system. The undisturbed 

Fairbanks silt and Fargo clay specimens in this series were not subjected to freezing in 

the same test chamber with their respective ·remolded specimens. 

b. Test Results. The pertinent test data for the specimens are sho\\n in 

Table B5. The percentage heaves for the materials investigated, ba·sed on the original 

height of the frozen portion and as determined in each type of freezing system, are 

summarized in the following table : 

*Companion signifies that the soil specimens were prepared to similar dry unit weights 
and degrees of saturation and were tested together in the same freezing cabinet. 
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Materi&l 

Joston 31 ue Cl2y 

Searsport ClaY· 

Fargo Clay 

Type 
of 

System 

Open 

Closed 

Closed 

Open 

Closed 

Open 

Closed 

Fa.irbank.s Silt' 0l)en 

Open· 

·Portsmoath Open 

Strati U ed Glay ·Closed 

Undisturbed 
Original 
Eej_ght of 

Frozen 
Portion 

in. 

4.00 

5. 12 

3.25 

6.00 

3.75 

6.00 

6:oo 
5.50 

4.42 

2.99 

5.00 

Remolded 
Original 
Height of 

Frozen 
f!eave Portion heave 

('/ 
!0 in. % 

111. 8 3.94 58.9 

10. 7 5._ 4;3 11.0 

240.3- 4-.28 47.2 
7 ,, 

,._) 6.00 9.7 

155.2 5.36 38.6 

4.8 6.00 6.8 

'. 

5.80 18. 4 

'5.75 24.0 

2.0 5.60 8.6 

2.2 6.00 9.7 

124.0 4.80 81. 8 

5.'30 102-. 1 

95.3 3.07 114.9 

- .6 .. 8 5.00 5.0 

The test results indicate that generally when· these soils are remolded, the per

centage heave is greatly· reduced ~J an:.open system .and slightly increased in a closed 

·~stem,. as compared to. the corresponding percentage heave for undisturbed specimens. 

The Portsmouth ·stratified clay provides- the sole exception. 

c> Discussion of Effect of Sp.ec-imen Remolding on .Ice :Segregation. - This 

frost- behavior change is attributed to the structure alteration produced ,by the re~ 

arrangement of the soil particles during remolding. Fine particles deposited in an 

alluvial medium in nature are likely to have a loose and random flocculated structure. 

Even though consolidated under overburden pressure, the original porous structure 

remairis~ exhibiting considerable strength. 

Upon remolding, the particlBs are oriented into new _positions .. The permeab_ility 

is decreased. For example,_ others have found .that th_e permeability of remolded Boston 

-clay-is 1/200th of that in the,undisturbed state8 • A decre~se in-permeability would ----
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affect ·~h~. r;:tte. ~t whicq, water could' be supplied to a growing .ice len~~ The large 

decrease in heave observ~.ct in .open syst~m. tests after· remolding. is ·attributed to · 

this qecrease in· perme~bil ity ... 

In the closed.sys,t~m. water ·is m~de ·available for ice segregation only from 

within the soil specimen, and if all portions of the specimen were to remain 

saturated, the total increase in specimen volume· would not exceed the volume increa~e 

of the portion of t~e water in the specimen wn.ich ,freezes. ~ Actually, the increase :; . 

tends to be 1 arger because of the te~dency. for free water to be removed from the soil 

voids and be concentrated in the ice lenses, leaving the voids partially filled. 

Water is SUJ,?Plied for ice le11s growth from the material directly .below the plane of 
' ' 

.}reezing, resul.ting, ip. the conso;tidat~on of this material under the .resultant pore 

wate:r: t~nsi~~· If ice form~ witl:lin the soil voids as well as in ice l~nses~ .ther~ 

may be som~ diste~tion again. ~~ crystallization occurs. As the plane of freezing 

advances, the material next below becomes consolidated, and the process continue~ 
. . 

until .no mor~ mobile w~ter is anywhere available .. In the open .system, the process .. 

!'- is the same exc'ept that water is drawn up from the source at the ,t>Qttom of the, 

specimen, __ .~.s well as from the soil void~ . 
.. 

Since soil in the remolded state is also more compressible.than the same soil 

~n. ~he natural state3, it is . .visualized th~t <;luring t~e fr:eezing prQcess,. a slightly 

greater volume of pore ~ater.is made available f~r ice lens. grow~h in the .remolded 

·"'~~ · cohesive soil than in t~e undtst~rbed; '}:'he slightly greater heave shown by ·remol~ed 
~ .. 

specimens as comJ?ared with .undisturbed specimens were tested, in a, closed system, may 

in part b~ attributed to the expansion of this addi tiomil ·amount of water .in freezing . 
. •. . . ' . . ·~ . .. . . . . . . 

However, other effects of the changed .structure broug~t. about by remolding may .~lso 

be involved. 4' 

Although .the Fairbanks silt material exhibited the same trend as the clays, 

this frost b~havior change cannot be totally attributed to a structure alteration 

similar to that effected by remold-ing cla;y soils. vertic.al . seima·g.e. fis.sures and 
l : • . • •.• • . 

paths developed by past freezing, and the presence of old root ho~es, undoubtedly 

resulted in a more ready source of moisture for ice segregation in the undisturbed 

Fairbanks silt specimen. 

This series of ~r.eezing. tests ;al~o indicated that the· percentage heave of 

remold~d Portsmouth ?tratified clay _jncr~~sed in an open system and slig.htly de

creas~d in the closed syst~m t~~ pf test, as compa~ed ,to the nat.ural material. 
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This reversal in frost behavior is attributed to ·the ·stratification in the natural 

material. Remolding probably in this case increased the overall vertical ·permea

bility and by producing a relatively well-graded mixtQre, probably also slightly 

increased the capacity of the thickness equivalent of the sand and silt layers to 

retain moisture against the suction created by the growing ice lenses. 

This reasoning p'oints up the fact that differences in frost act1on ·of varved 

clays are strongly dependent upon the permeability of the 'finest ia·yers, when water 

is available only by flow in the vertical direction. 

From the standpoint of decreasing the effects of frost action, however, the possible 

advantage of remolding the ·1 ean clays and silt has not been p·roved, sirice loosening and 

rearrangement of the structure of these soils could resui t after ~ few freezing cycles, 

which could possibly restore the avilabili ty of pore water ·for ice segregati'on. 

3-05. Effect of Proximity o'f Water Table. ATI explo'ratory series of tests was 

performed to determine the effect of the relative proximity of the water table on ice 

segregation in the minus 3/4- in. fraction of the highly fro~t~ suscept,ible gravelly sandy 

. clay (East Boston Till C) from Revere, Massachusetts. 

The East Boston till specimens were prepared at about optcimum moisture content with 

a compacti ve effort equal t6 that of the· Corps of Engineers Airfield Density Test. · The 

specimens were molded 'in 5. 45 in. inside diameter lucite cylinder's to approximate heights 

of 1. 0 ft, L 5 ft, 2. 5 ft and. 3. 5 ft'. rt"e inside walls o'f the portions of the l uci te 

cylinders which were·to project ~nto the freezing cabinet were lightly coated with 

petrolatum and lined with 0. 007L~ln. thick cellulose acetate, the interior surface. of 

·· · .. :which was also lubricated with petrolatum to minimize the side-wall friction in the 

specimens during heave. All specimens were saturated in the cold room to a temperature 
. . 

between 35°F. and 38°F., prior to freezing, by the pro'cedure described in paragraph 2-02 
' . ' 

of Part II, Standard Test Procedure, Appendix A. The average degree of saturation for 

each specimen was computed from weights of specimen and container before and after satu-
. ' 

rating; the dry unit weights were computed from th~ predetermined dry weights of soil 

and container volume. 

Thermocouples were inserted along the longitudinalaxis at 2-in. intervals in the 

upper 12- in. of one of the four till specimens. In addition, thermocouples were placed 

at the top, and 12- in. from the top, in another specime·n. The four specimens were placed 

in the freezitig cabine~ so that the to~ 12-in. of the specimeris were in the cabinet. 
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The remaining lengths of the specimens protruded below the cabinet and were exposed to 

the cold· room temperature of 35 - 38°F. 

A supply of deaired water was connected to the receptacle at the base of each specimen 

and the constant water level device was adjusted to a he~ht such that the water in the base 

receptacle .would rise to about 1/4-in. above the porous stone and be in contact with the 

soil. The specimens were frozen at a rate of penetration of the ·32°F. temperature, approxi-
. I 

mately 1/4-in. per day under a surcharge intensity of 0.5 psi. Only the portions of the 

specimens which were within the cabinet were frozen. At the completion of freezing, the 

specimens· were removed. from the cabinet and weighed to determine the change in water content. 

·Distribution of water contents for the unfrozen portion was obtained by removing the soil 

mass in about 1- inch increments with· a metal spoon. The frozen portion was ejected from 

the luci te container, measured for amount of heave, weighed to determine the average change 

in water content of the frozen portion and then split in two longitudinally. Observations 

for the location, distribution and magnitude of ice 1 ens formation were made on one-half 

of the specimen and the remaining half was used to determine the water content-distribution 

for every inch of depth. The test data and moisture determinations after freezing for this 

series of tests are given on Table B6 and Plate B45. of Anpendix B. 

The indi vi.dual moisture .content determinations for the East Boston specimens, EBT-42, 

43, 44 and 45,. shown on Pi' ate B45, together with the results of sample EBT- 25, have been 

plotted on Plate 5 as average curves to yield a composite plot. The data for specimen 

EdT-25 were taken from the Second Interim Repo~ of Investigations for Fiscal Year 1951 to 

add the effect of a water source 6 in. from the top of the specimen, lacking in this test 

series. Examination of this compos~te plot reveals (a) that unless an unlimited source of 

water is available within a depth of 4 to 6 in,., ice segregation at the plane at which 

freezing is occurring is 1imi ted in this soil principally to what it can extract from the 

water already present in the soil below the 1 evel of freezing, and (b) that in the 42- in. 

specimen (E3T-45), water was extracted for ice segregation from a maximum depth of about 

18 in·~ below the freezing plane. Substantial increase, or decrease, in the rate of frost 

. penetration would ·change. these results quantitatively. Plate B45 shows higher water· 

.contents than the original values in the lower 2 to 3 in. of specimens EBT-43 and 44, 

and also in the bottom fraction of an inch in EBT- 42. This maJ{es it appear· that these 

speGimens were able to expand and take on water in these regions; however, it probably 

represents density variations due to specimen preparation or handling. 

The relationship between average rate of heave and depth to water table, measured 

from the top of specimeJ1s of East Boston Till, is presented on Plate 6. The rates of 

heave shown thereon are based on about 11 inches of frozen depth. It is seen ·that, on 
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an arithmetic plot, the average .rate of heave for East Boston Till decreases .non-, linearly 

with an increase in water table depth for the range explored, approximately 0. 5 to 3. 5 ft. 

The greatest decrease in average rate of heave occurred with decrease in water table to 

about 18. in. and additional increase in dep_th up to 3. 5 ft had little effect. 

In general, this exploratory series of tests measured the effects not so much of 

water table proximity as of depth to an aquifer, an unlimited source of water. In order 

to determine the effect of depth to water table within a homogeneous soil mass, it is 

recommended that test e_quipment be designed to give a practical equivalent of infinite 

depth of specimen, or, as a minimum alternate, the specimens should all be of the same 

length, with ~he water table controlled at different levels in the specimens. Provi

sions should also be made in the equipment to obtain the distribution of degree of satu

ration, as well as water content, with depth in situ, both prior to and after freezing, 

in order to establish more conclusively the ~oisture distribution pattern with varia

tions in water table proximity. Finally, it is recommended that additional tests be. 

conducted using densities for these materials which will give fairly high rates of heave, 

to ac~entuate the differences, as the· current test densities were such that the rates of .. · 

heave were almost negligi_ble. 

It may be noted that several cycles of alternate freeze- thaw might have altered the 
' ' . . - . - . 

soil structure sufficiently to_produce conditions favorable to increased lee segregation. 

Increase of frost action with time has been observed to occur in the field, particularly 

in cut sections, wh~re exposure to the first winter following construction has produced 
~? . . ' 

relatively minor frost action, but considerable heaving has occurred during subsequent 

winters. 

3-06. Frost SUsceptibility Tests of Natural Soils Specimens. . Tests were per

formed to determine the relative frost sl!-sceptibili ty of base course and subgrade soils 

from various airfields and highways in the northern United States, ·canada, Alaska, Ice

land and Greenland. Included in these soils were materials proposed for base course 

construction. The majority of the soils were submitted by various Division and District 
; ·• r 

offices for laboratory freezing tests, in accordance with paragraph 4-07 (a), Chapter 4 

of Part XII of the Engineering Manual. The materials were generally tested in the ~e

molded- condition at a density, _between 90 and 100 percent of maximum density, as deter

mined by applicable laboratory oompaction procedures. However, subgrade silt (Specimen -

LFT-10) from the Fairbanks Permafrost Research Area, Fairbanks, Alaska, and ·ciay specimens 

from Portsmouth (New Hamp~hire) AFB, Searsport, _Maine, and Cambridge, Massachusetts, were 

subjected to laboratory f!eezing tests in the undisturbed state. 
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The data for the complete series of Fiscal Years 1952 and 1953 tests are presented 

in Table B7 of Appendix B. The grain size distribution of the test specimens and the 

relationship between the average rate of heave and percentage finer by weight than 0. 02 

mm are plotted on Sheets 1, 2 and 3 of Plate 2 in this report. Included on plots of 

rate of heave vs percentage finer than 0. 02 mm are applicable test results from the 

Fiscal .Year 1951 second interim report~ 11 On Sheet 2 of Plate 2, envelopes have been 

drawn to encompass the points falling into specific groups outlined by the Unified 

Soil Classification System. 12 On Sheet 3 of Plate 2, lines have been drawn through 

the same data to show the average relationship of a soil group between its rate of 

heave and the percent finer than the 0. 02 mm size. 

Examination of the summary plots reveals that (a) the average rates of heave of 

similar soil types fall into definite envelopes, (b) a rather wide range of rates of 

, heave. may be obtained at any given percent finer than 0. 02 mm and a. given rate of heave 

may be obtained with a number of different soil types, and (c) there is a progressive 

increase in the percentage of minus 0. 02 mm material at which a given rate of heave 

is obtained as soil type changes from coarse to fine. There is a considerable over

lapping of the envelopes and no clear distinction between the behavior.of immediately 

adjacent soil groups. It will be noted that for a relatively low percentage of 0. 02 

mm size, the gravel groups exhibit higher rates of heave· than similar sand groups. 

The use of percent finer than the 0.02 mm particle size present in a soil gradation 

as a criterion for frost susceptibility was introduced· by Dr. Arthur Casagrande4 , based 

on frost heaving experiments at the Massachusetts Institute of Technology and in New

Hampshire in 1927 - 1930. Based on the above· studies Dr. Casagrande concluded that: 

"Under natural freezing conditions and with sufficient water supply one should 

expect considerable ice segregation in non-uniform soils containing more than three 

percent of grains smaller than 0. 02 mm, and in very unifonn soils containing more than 

ten percent smaller than 0. 02 mm. No ice segregation was observed in soils containing 

less than one percent of grains smaller than 0.02 mm, even if the ground water level 

was as high as the frost line. " 

These criteria are fairly well borne out by the test results obtained at ACFEL 

except that in the laboratory tests, considerable heaving has been observed in some 

well-graded gravelly soils containing less than 3 percent. of 0. 02 mm size. However, 

it must be remembered that the laboratory tests are perfonned under exceptionally 

severe conditions as far as availability of unlimited free water is concerned. Such 

a condition is unlikely to be duplicated nonnal~y in the field in ·the base course of 
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a well-designed pavement. Therefore, it is concluded from the data presented and re

lated field experience, that the gradation of a soil and the percentage finer than 

the -0.02 mm size still present the most expedient means of ,recognizing a potentially 

frost-susceptible soil. 

Several other soil properties, many of them interrelated and interdependent, are 

believed to greatly influence the frost behavior of soils in addition to gradation, 

such as permeability, particle shape, mineral composition, particle arrangement, void 

size between particles, surface area, and molecular surface forces. An optimum combi

nation of these various factors evidently occurs in the silts and lean clays to produce 

conditions conducive to extremely high frost susceptibility observed in these soils. 

In fat clays (CH, CH-OH), the rate of heaving has been observed. to be considerably 

1 ess than in the silts and lean clays· as illustrated by the lower position of the enve

lope shown on Sheet 3 of Plate 7, encompassing the results obtained with the highly 

. plastic clays. This is attributed to the greater imperviousness of the clay due to 

its particle shap.e and arrangement, surface area, and to the strong molecular surface 

adsorptive forces which attract and hold pore water with great tenacity. 

The remolded silt material from Whitehorse, Yukon Province, C~ada, identified as. 

specimen Y8-l, gives results out of line with the rather similar Fairbanks and Indiana 

silts. The test datain Table·B7 indicate that the Yukon silt specimen (YS'-1) was tested 

for .frost susceptibility at a density of 122.6 pcf, or 98%of modified AASHO density; 

this ~s ·about 9 pcf higher than the test· density of the Indiana, silt specimens and about 

24 pcf higher than the undi;:;turbed Fai.rbanks silt specimen. It is an exceptionally high 

density for a silt. Since it has been concluded that the average rate of heave increases 

with· iricreasing density for silt soils; one might expect that the rate of heave for the 

Yukon specim~n would be. higher than for the Fairbanks or Indiana silt specimens, but 

the test data·indica.te the reverse. It. is beJieved, therefore, that it might be worth

while to m~e a· detailed analys~s o.f these silts to determine .effect of density 

variations and, organic content on frost susceptibility, in addition to the mineralogical 

and structural differences in these silts which cause such a wide difference in rates of 

heave. 

, As an obj e'ctive in: the future, . it is alSo suggested that plots similar to Plate 7 

of this report. be developed for field rather than laboratory heave conditions,· for· 

specific ground water ·table positions below. the subgrade surface and other speci fie 

conditions, and that efforts to establish -relationships between the laboratory results 

and actual. field performance be continued~· 

30 



3-07. Freezing Point of ·Soil Moisture. Information on the freezing point of moisture 

in soils is necessary because of the influence of this factor on the prediction of depths 

of freeze and thaw penetration. Present theoretical methods either assume the soil 

moisture freezes at 32°F. or at some constant temperature below 32°F. Increased knowledge 

of the freezing point of soil moisture will also aid in understanding the phenomena of 

ice segregation. 

Previous laboratory studies by Bouyoucos 2 at Michigan State College, Beskow1, and 

others, have demonstrated that the' freezing point of soil moisture in fine- grained soils 

is generally below 32°F. and for a given fine-grained soil, the freezing point decreases 

with decrease in water content~ Most investigators attribute the depressed freezing 

point of soil moisture to (a) soluble salts in the pore water and (b) the adsorptive 

forces by which the water is held to the soil grains. Pore water at the center of the 

interstices is considered tq freeze at a hi_gher temperature than the water closer to the 

surfaces of the fine soil grains. 

In previous investigations by the Arctic Construction and Frost Effects Laboratory, 

the freezing point of soil moisture has been determined by measuring with thermocouples 

the temperature at the visual boundary between frozen and unfrozen soils in test -pits 

and cold room test specimens. For proper correlation and application o-f these results,· 

however, comprehensive laboratory studies are required to analyze the effects of such 

factors as moisture content, dry unit weight, soil mineral characteristics, and the 

dynamics of the freezing proce~s. Exploratory laboratory studies, ther~fore,. were 

initiated in F. Y. 1952 to work out test. techniques and instrumentation, and to obtain 

the freezing history of several soil .types at varying moisture content. The soils .. 

selected for this exploratory test series were Lowell Sand, Manchester Fine Sand, New 

Hampshire Silt and Boston Blue Clay. Each soil type was prepared at several water 

contents by adding distilled water to the oven- dried materials, except that the tests 

with the clay soil started with air-dried material. Test specimens were prepared by 

placing each specimen into a copper tube, 3/.4- in. in diameter and 3-1/2 in. in length, 

with a wall ·thickness of 0. 065 in. A 24 gage copper constant thermo_couple was _in

serted along the longitudinal axis of the specimen to its midpoint to measure temperature 

changes within the specimen, and the ends oL-the tube were sealed with asphalt mastic 

to prevent loss of moisture by evaporation. A relatively long specimen container was 

selected, and the thermocouple wire was run lengthwise down the middle of the specimen, 

to avoid erroneous readings due to flow of heat along the thermocouple wire. A cross

section showing test specimen details is shown on Plate 8. 
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The specimens ·were suspended 1nside the 'freezing cabinet so that· all ·surfaces were 

exposed to the atmosphere of the chamber. The freezing cabinet was he!'d at a relatively 

constant temp~rature; anct the temperature change Wl thin the specimen WaS measured. COntin

uousiy at 1-minute intervals during the freezing cycle with a Leeds and Northrup tYPE:! K-2 

laboratory potentiometer. Typical temperature- time 'plots for specimens of the selected. 

soils are shown on Plate 8, together with pertinent test conditions. It is noted that 

during the initial stages of cooling, the temperature of each specimen dropped at a 

relatively s·teady rate to ·a t~mpera ture considerably below 32°F. , and. then sudde~ly ro~~ 
. . .· . . . I . . . 

to a higher temperatu-re. In the case of Manchester Fine Sand, the temperature rose to 

32. o°F. arid remained ·constant for approximately 3o minutes and then the temperatury 
_._ ,· .- .. ; . 

dropped off at a relatively 6onstant rate. On the other hand, the temperatur~ of the clay 

specimen rose to. 30. 2°F., then immediately began to decrease with time. · 

The· sudden, temperature ris-e observed after the specimens ·had been lowered somewhat 
. ' . 

below 32°R, is attributed to the start of crystallization of the super- cooled pore water. 

The temperature at which the crystallization starts has been observed to vary considerably 

for specimens of the same soi1 aild test conditions. Outside effects, such as vibrations, 

may ·influence the temperature of initial crystallization in the pore water. It is recog

nized that the character1stics of the pore ~ater and the p'rest'mce of nuclei for ini tia.tion 
. ·. ··. 

of crystal formation have an important influence on the temperature of initial crystalliza-

tion.· Dorsey 5 has similarly reported th.at the temperature of spontaneous ':freezing of water 

varies, i.e., same results are not obtained when tests are repea.ted, as ~-ho.wn by a lo~g 

series of freeze and thaw tests on water specimens. Possibly the "mote" at which the 
. . 

freezing 'first starts varfes'within the same water specimen with the result 'that the 

temperature of spontaneou~ freezing is no.t the same in every case. 

~ . . 

The same phenomenon of supercooling· has beeri obse-rved. in the· c·ol-d room- test specimens 

that are frozen at a constant rate of penetration of the 32°F. temp.erature. Unless counter 

measures are taken, there normally occur's a sudden, spontaneo~~ freezing of the upper 

portion of the specim.en after the 3.2°F. tempe~ature. has penetrated 2 to 3 inches below the 

surface of the specimen. In: ·order to prevent this effect and attain-~ more uni;form rate 

of {reezing temperature penetration in the standard freezing tests-. positive steps, 

including seeding, are taken to 'insure ini tiatiori of crystallization. at the time the 32°F. 

temperature penetrate's slightly below the surface of the specimens. 

The typical temperature:. time plots on Plate. 8, and the expl~ratory tests of this 

series summarized in Table 3, indicate that ·the 1 evel to which temperature rises after 

start of crystallization is a function of soil type and water co~tent. The specimens 

prepared using the two sand soils and the inorganic silt soil, rose to a temperature of 
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32. 0°F. and the temperature remain·ed constant for a period of time which was a direct 

function of moisture content. It is visualized that in these soils, after ·the start 

of crystallization and rise of temperature, a major portion of the pore water froze at 

32°F., with the progressive release of latent heat maintaining constant specimen tem

perature. In the specimens of clay soil, the temperature to which the specimens rose 

after start of crystallization is a function of moisture content. Fbr moisture contents 

of 11%, 17%, and 21. 5%, the maximum temperature reached after start of crystallization 

were 27. 4°F., 30. 2°F., and 31. 3°F., respectively. After re.aching these temperatures, the 

specimen temperatures then gradually decrease, indicating that the latent heat of soil 

moisture was not being released at constant temperature but that soil moisture was being 

gradually and progressively made available for freezing as the specimen temperature was 

lowered. The increasing steepness of the temperature-time curve for this portion of the 

freezing cycles for Boston Blue Clay shown on Plate 8, indicates that a smaller and smaller 

auanti ty of water is available to freeze as the temperature decreases. 

Prior to the initiation of the above test series, temperature measurements were 

obtained near the boundary and at the center of a remolded Boston Blue Clay specimen 

during a freezing cycle. The objective of this test was to establish the degree to 

which the temperature at the midpoint of the specimen was representative of temperature 

at the boundaries of the specimen. The clay specimen was molded at its water content in 

a lucite container, 1-1/2-in. in diameter and 1-1/2-in. long, sealed at both ends with 

paraffin, and with thermocouples placed at the midpoint of the sample and 1/8- in. from 

the inside perimeter of the container. Correlating properties, i.e. , dry unit weight 

and water content, were not determined for this specimen. The temperature changes 

within the specimen at the tv.o locations were obtained at 1-minute intervals and are 

plotted on Plate 9. 

It was visualized that freezing· would be most like}5 to.start at the boundaries of 

the specimen since these surfaces must be cooler th~ the interior for outward heat flow 

to occur. In case of such inward progressive freexing, the edges would, at the start, 

experience little pressure due to freezing expansion, but the center which v.ould be the 

last to freeze could possibly experience a substantial pressure. Also, there might be 

some tendency to concentrate dissolve salts in the pore water at the center as freezing 

progressed inward. These factors would theoretically result in a slightly depressed 

true freezing point of the soil moisture at the center in comparison with that at the 

edge. The temperature plots on Plate 9 indicate, however, that crystallization occurred 

more or less instantaneously (though presumably not quite simultaneously) everywhere 

over the cross section of the specimen, within the precision of the observations, and 
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that the temperature at the center, .. in the first observation immediately after initial 

crystallization, was es_sentially the .same as at the edge. The temperature. at the center 

then rose an additional 0. 3°F. ;by the second reading, after which it gradually decreased 

with _time. A~ the edge_. th.e, _teq1peratur£? decreased steadily after the instantaneous. 

crystallization rise, _a grad~ent from center to edge being maintained, which gradually 

increase.d. T.he slightly more rapid drop in temperature in the outer thermocouple indi

cat~s a more rapid loss of heat ne~r the edge. The 0; 3°F. secondary :rise in temperature 

at the center after start of crystallization is not easily explained. However;. it is 

logical that the center should rise to a slightly higher temperatur_e than the edge; The 

temperature at the edge was about 0. 7°F. lower than at the center just before initial 

crystallization. The temperature at the edge jumped up from 26. 1°F. to 30. 8°F;-, or a· 

rise of 4. 7 degrees .in the initial crystallization. In warming .to the same temperature 

30. 8°F~, the center, therefore .. gave off ~:-~ x 100=15%. less heat, and 15% less ice. 

was formed. Since 1 ess water has been converted to ice at this .tempera.ture, the freezing 

point of the still-liquid water at the center should have been slightly higher than at 

the edge, and the temperature at the inner thermocouple should have continued to rise to 

a slightly higher level than at the .outer thermocouple, which is what actually occurred. 

This reasoning indicate~. that th~ :true _freezing temperature is not entirely independent 

of the level to which the immediately preceeding supercooling has occurred .. 

Based on the results of this preliminary test, it was concluded that temperature 

changes measured at the specimen midpoint would be reasonably representative of the soil 

moisture freezing conditions, within the requirements of this investigation, pr:ovided 

the diameter of the cont~iner was relatively small,. so as to preclude significant tern~. 

perature di ffer~nc_es. between the center and the edge. 

As a result of these studies, it is suggested that the following points should be 

considered or evaluated in a comprehensive study of the freezing point of soil moisture 

among other factors: . 

. a. Effect, if any, of the specimen container; that is the restraining effect 

of a rigid contajner, possible chemical effects of a· no,n-inert containe.r, ·and effect of 

discontinuities at co.ntainer-soil boundary. 

b. Types of minerals present in the soil as. affecting the tqicknes$ of the· 

adsorbed films and the ad$orption. characteristics with respe~t to water, vapious ion$, 

and organic molecules. 
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c. The surface area of the soil grains. 

d. Thawing phenomena, as contrasted with freezing phenomena, these being not 

necessarily the same. 

e. Correlation of heave measurements with temperature measurements vs time 

to determine the extent to which heaving is uniformly continuous or erratic during 

freezing. 

f. Percentage. of moisture frozen at any given point in the freeze-thaw cycle. 

3-08. Mineralogical and Chemical Studies. Previous studies by others, the Fiscal 

Year 1951 studies by the Arctic Construction and Frost Effects Laboratory, and advances 

in the knowledge of clay m!neral properties and base exchange characteristics of so~ls 

have all demonstrated that the nature of the fines influences the frost susceptibility 

of soils. These studies have indicated the possibility of developing admixtures to pre

vent or minimize frost action in soils; Therefore, Dr. T. William Lambe, Director of 

the Soils Stabilization Laboratory of the Massachusetts Institute of Technology, was 

retained by con tract to: 

a. Study the effect of composition of soil fines on the frost susceptibility 

of soils. 

b. Search for suitable admixtures which in trace amounts would reduce or 

minimize frost action. 

c. Recommend freezing tests, as deemed necessary, to substantiate the studies. 

The detailed results of these studies during Fiscal Year 195·3 are presented in 

Appendixes C and D, · in Volume II of this report. The data, which in most cases are ex

plained in terms of mineral structure, demonstrate that : 

a. The composition of the soil fines has a great influence on the frost 

behavior of soil. 

b. The nature of the exchangeable ion has a pronounced effect on the frost 

heave potential of montmorillonoid fines. 
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c. Dispersant additiv-es, which alter ·soil structure, show considerable promise 

as frost modifiers, i.e., a one percent treatment of sodium tetraphosphate reduced the 

average rate of heave in 6ne specimen of Bel voir sandy clay from 2 mm per day to 0. 1 mm 

per day, a reduction of 95%: 

It is necessary, :however; :before placing too rriuch emphasi·s ori the effectiveness of 

the dispersants,· to investigate thoroughly their permanence· after -rep.eated freeze.:. thaw 

cycles, their resistance to bacterial attack, and their stability against chemical reaction 

and deterioration. Their effect on the peremeability of the soil should also be thoroughly 

investigated. 

These studies are being continued in expectation· ··that it w.iil be possible to predict 

the frost action potential of a- soil dn basis of the mineral composition of the fines, 

ainong other factors, and in the hope tha-t economical and effective methods· oi modifying 

the. frost susceptibility of soils. can be developed. 

3-09. Crystal Structure of Ice Phase in Frozen ::::Oil.·· A microscopi'c: examination was 

made of severai ice lenses-taken· from:~ frozen specimen 'Of New Hampshire silt. This 

specimen was the untreated control sample (NH-79A) of a group frozen to establish the 

effectiveness of admixtures in reducing or preventing ice segregation. (See Table D3, 

Appendix D, Vol. - II). 

Ice lenses were separated from the specimen by· sawing out soil sections which 

included ice lenses, peroendicular to the longitudi-nal axis of the specimen. The soil 

was removed from the- ice lenses by rubbing the sections with emery cloth. Each side of 

the ice lens was hand ground to attain a uniform thickness. Next, the ice lens was frozen 

'ontO a glass slid'e. 'The glass was wanned to permit a' slight melting of the ice. Upon 

cooling, the melt water refroze and secured the ice to the glass. By controlling the 
' ' . 

degre~ 6f-~elting and the thte of tecrystalliz~tion, the melt water was observed to re-

freeze in the same orientation as the existing crysta1s.' Further polishing was ·performed 

with fine emery paper until the firuil thickness of the· ice section was between 0:03 inm 

and 0. 4 mm. The average area under examination was approximately 5 sq em. A cover · 

glass ·was: then placed 'over; the thin section and the glass edges were sealed to prevent 

sublimation, by freezing water around and under the cover glass up to the boundaries of 

the thin section. 

The thin ice sections were examined under polarized light using two types of micro

scopes, namely, a Spencer polarizing microscope and a Bausch and Lomb stereoscopic wide 
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field microscope. The light source was a microscope illuminator equipped with a single 

mercury vapor lamp. 

There was a greater variation in size of the crystals seen in transverse sections 

from this silt specimen than existed in the transverse sections from frozen Boston Blue 

Clay studied in another investigation by this office.*· The largest crystals were about 

the same size as the largest crystals from ice lenses in the clay, viz, the longest cross-

sectional axes of any of the ice crystals did not exceed 5 mm. Since the silt specimen 

contained numerous small crystals, however, the average diameter of the crystals in 

transverse sections was only of the order of 1. 5 mm in the silt, as compared to an average 

crystal diameter of the order of 2.0 to 2.5 mm in the clay. The orientation of the c-axes 

of these crystals varied a great deal. 

In longitudinal sections from the silt specimen, the crystals appeared elongated in 

the vertical direction. The estimated average length of crystals observed in these ·longi

tudinal sections was between 3 mm and 4 mm. The largest crystal observed was 6 mm in 

length. The greatest crystal width observed was 1. 3 mm with an estimated average width 

about 0. 8 mm. 

In general, it was noted that more random crystal orientation existed in the ice 

lenses from the silt specimen than in lenses studied from the frozen Boston Blue Clay 

specimens. This factor is attributed to the large silt particles or groups of particles 

which were embedded in the lenses, causing local divergencies of the heat gradient away 

from the vertical direction. 

Photomicrographs of sections from ice lenses in the New Hampshire Silt specimen 

are shown on Plate 10. 

*See footnote on page 11. 
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PART. IV·-. SUMMARY OF. RESULTS-

4-01. Summarized below are the indicated key results of those phases of the cold 

room studies which were· completed during Fiscal Years 1952 and 1953. Some of the ·trends 

repoxtect · are. ba$ed ·on 1 imi ted· data and· may be modified after ·additional restil ts . are 

obtained ... 

a.·· ·Effect of Variation in Dry Unit Weight (Degree of Compaction) . 

. (1) Verifying a previously reported conclusion, the rate of heave -in 

f:rost- susceptible, well- graded, gravelly soils increases .moderately with initial dry 

unit weight up to a peak value. The dry unit weight at this peak is of the order of95 

percent of the Providence Vibrated Density and/or the Corps of Engineers Airfield Density. 

Above .:this weight,· .there is a decrease in rate of ice segregation with increase in dry 

unit weight. 

(2) Verifying ·a previously ·reported conclusion, the rate of heave in inor

ganic silt soils increases with initial dry unit weight up to 100% of the modified. AASHO 

Density. 

(~) tur clay or clayey soils tested· to date, 1 imi ted results indicate 

decrease in rate of heave with increase in density. at ini tia1 dry unit 'weights equal to· 

or greater :than about ·go percent of the Corps of Engineers Airfi:eld Density. 

(4) In tests completed to date (which have included principally materials 

other· than clay or clayey soi·ls) ,· .the gradation characteristics appear. to be the main con

trolling factor in determining whether rate of heave will increase or decrease with 

increase in dry unit weight, or whether it will show an "optimum", in the normal range 

of compacted densities. 

(5) In inorganic silt soils, the effect of decrease of permeability 

with increase in dry unit weight is greatly outweighed by other inadequately understood 

factors acting to increase the rate of heave. 

b. Effect of surcharge. 

( 1) Laboratory tests to date indicate that the rate of heave is appreciably 
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to moderately decreased in all soils by an increase in overburden pressure. The 
measured rate of decrease with surcharg~ was least in two (remolded) specimens which 

contained appreciable clay materials. 

( 2) Available evidence is insufficient to date to adequately evaluate 

the effect of the side friction on observed laboratory heave rates. 

(3) Frictional restraint on the sides of specimens subjected to laboratory 

heave tests can be markedly reduced by various techniques. Lapped dental dam lubricated 

with molybdenum compound has given minimum frictional resistance but involves a di ffi

cult and time consuming procedure in specimen preparation. Use of squares or strips of 

acetate lubricated with silicone grease is simpler and produces relatively low frictional 

side resistance. 

(4) IX>ubling of diameter-height ratio and coating sides of container with 

cellulose acetate strips plus silicone to reduce total force of frictional restraint 

produced the same rate of heave as obtained in 1951 Fiscal Year tests with 6- inch diame.

, ter cardboard containers 1 ubricated with petrol a tum. 

c. Closed System Tests. 

(l) In most soils, the water content at the bottom of specimen after 

freezing in the closed system decreases to a value which appears to be relatively in

sensitive to, and, in some cases, independent of, the initial degree of saturation. 

In the present tests on undisturbed and remolded lean clay specimens, the water content 

at bottom of specimen was reduced considerably. In highly plastic clay, ·1i ttle or no 

reduction of moisture content occurred at bottom of specimen and any moisture migration . ,, 
was extremely localized. In remolded and undisturbed silt, 8!_1d in remolded glacial till, 

the water content at the bottom of the specimens also decreased considerably below the 

critical water content, with the greatest decrease occurring in the silt. 

( 2) · Evidence to date indicates that reduction of initial percent saturation 

to about 70 percent does not eliminate ice segregation and heave but does reduce it sub

stantially, as well as reducing moisture gain in the top inch of the specimen. 

d. Effect of Specimen Remolding. For at least the first freezing cycle, the 

intensity of ice segregation in undisturbed, homogeneous fine-grained soils is markedly 

reduced by remolding if the soil has free access to water. However, if the natural 

material is stratified, remolding may increase the percentage heave. 

39 



e. Effect of Proximity of Water Table. The following concl.usions are aPI:>l i-. 

cable at a degree of compaction of approximately 100% of the Corps of Engineers Airfield 

Density Test; results may be quantitatively different at lower degrees-of compaction. 

They should also be considered limited to normal rates of frost penetration, i.e., ap-:

proximately 1/4 inch per day. 

(1) The rate of heave and as a result, ice segregation, is markedly 

decreased in remolded East Boston Glacial Till when the depth to an unlimited supply of 

water is increased. (Range explored was 0. 5 ft to 3. 5 ft.) 

(2) Test results on remolded East Boston Till-indicate that withdrawal 
.· 

of moisture from the voids of the specimen itself, ·in order to satisfy the suction at the 

freezing plane, does not extend more than about 18 iriches below the plane of freezing in 

this materiaL 

. . 

(3) Unless an unlimited source of water is available within about 4 to 6 

inches of the plane of freezing, ice segregation in remolded East Boston Till is 1 imited 

1 argely to the volume of moisture which it can obtain from the amount already present in 

the soil below the level of freezing. 

f. Gradations of Natural Soils Used for Frost Susceptibility Tests. Although 

there is an-appreciable scatter.ofresults .. ·a~erage rates of heave b'f soils of similar 

types. fall into definite envelopes. A rather wide range of <rates of heave may be ob

tained for· any given percentage finer than 0. 02 mm. In ge~eral, there is a progressive· 

increa~e in the percentage of minus 0. 02 mm m·aterial at- which a giveri rate of heave is 

obtained, as soil tY.Pes change from coarse towards fine*. 
'' 

'g. Freezi~g-Point of Soil' Moisture. The exploratory laboratory studies indi-

cate that: 

( 1) The temperature of initial crystallization of soil moisture is not a · 

function of soil t:YPe arid moisture content. 

*Note, however, that rate of heave is not a direct measure of potential spring frost 
weakening. A fine-grained soil may weaken more than a coarse-grained material, even 
though it may have deve_~oped less ice _segregation. 
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(2) The temperature to which the soil moisture rises immediately after 

start of crystallization, and the duration of this temperature, are dependent on the 

soil type and water content. 

(3) Soil moisture in sands and silts is apparently completely frozen 

at approximately 32°F. 

( 4) In clay soils, the proportion of the soil moisture frozen at any 

given temperature level appears to increase progressively as the temperature decreases. 

h. Mineralogical and Chemical Studies. (See Appendix C, Vol. II). 

(1) The composition of the soils fines has a marked influence on the 

frost behavior of soil. 

(2) The nature of the_ exchangeable ion has a pronounced effect on the 

frost heave potential of montmorillonite fines when added to a clean cohesionless sand. 

Sodium as anexchangeable ion caused the 'lowest rate of heave, while the ferric ion 

produced the highest. 

( 3) Dispersant additives which alter soil structure have considerable 

promise as frost modifiers. 

i. Crystal Structure of Ice Phase. Examination of crystal structure in ice 

1 enses taken from frozen New Hampshire Silt showed crystals to average between 1 and 2 

mm in cross- section and to ·be elongated in the direction of freezing. Although crystals 

were about same size as in sections taken from Boston Blue Clay in another study, there 

was greater variation in size and more random orientation of crystal axes in the New 

Hampshire Silt ice lenses. 
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PART V - RECOMMENDATIONS 

5.:.01. Long Range Program. It is recommended that the long range program of cold 

room studies outlined in the Fiscal Year 1951 Interim Report be continued. 

5-02. Effect of Variations in Dry·unit Weight. 

a. It is recommended that additional tests be performed on clay soils of a 

considerable range of characteristics and over wider ranges of compacted densities in 

order to round out the picture of effect of dry unit weight. 

b. It is recommended that simple experiments be considered for purpose of 

measuring and evaluating effect of variations in dry unit. weight in relation to such 

basic factors as the suction force with which moisture is attracted to the growing ice 

1 enses and the number of soil- ic.e contacts per unit of soil cross- section area. 

5.,.03. Effect of Surcharge. 

a. It is recommended that full scale field surcharge experiments be carried 

out following study of existing and available data. 

·b. It is recommended that the measurements of side frictional resistance of 

specimen containers be extended by measurement of the friction in standard cardboard · 

containers supplemented by measurements ot lateral expansion· ~d qontraction during 

freezing tests .. 

c. It is reco.mmended that a series of laboratory heave tests be performed 

with side frictional resistance of container as the only variable, preparing containers 

especially so as to achieve a range of values. 

5-04. Effect of Repetitive Freeze-Thaw Cycles. It is recommended that tests be 

performed in the laboratory for several freeze~thaw cycles on both undisturbed, un

weathered clay soils, and on rel!)ol ded specimens to evaluate the changes that may occur 

in the structure and permeability of the soil under simulated field conditions. 

5:.05. Effect of Proximity of Water Table. 

a. It is recommended that additional tests on effect of proximity of water 

table be performed on silts and other key soil types, at various degrees of compaction. 
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b. It is recommended that tests be performed which simulate the effect of 

a water table within an infini t,ely deep soil mass, rather than an unlimited source of 

water at a finite depth. 

c. It is recommended that a study be made of the present standard freezing 

test in the light of the results of tests on effect of proximity of water table, to 

determine whether the present standard test is giving results which are satisfactory 

for its purpose and whether or ·not modifications are in order. 

d. It is recommended that the degree of saturation be measured in addition 

to water content in future tests. 

e. It is recommended that laboratory tests be run to correlate temperature 

gradient with the suction force of attraction of moisture to ice lenses, using a range 

of soil types, with the eventual objectiveof developing methods by which rates and 

pat terns of moisture flow can be computed for any set of freezing conditions. 

f. It is recommended that laboratory tests be performed to evaluate 

the following effects in natural soils under conditions typical of frost and permafrost 

areas: 

( 1) Comparative moisture movements with and without freezing conditions. 

(2) Movement of moisture entirely by vapor flow under various tem

perature gradients. 

(3) Movement of moisture by combined vapor and liquid flow~ 

( 4) Range of moisture contents in which all mov~ent is by liquid 

transfer. 

Above studies should be coordinated with comparable studies of the Flexible Pave

ment Laboratory and SIPRE. 

5-06. Gradations of Natural Soils Used in Frost Susceptibility Tests. 

a. It is recommended that a plot similar to Plate 7 of this report be de

veloped in which all test points represent a single degree of compaction, such as 95 
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percent or 100 percent of Modified AASHO, in place of the present general range of 90 

to- 100 percent. 

b. It is recommended that consideration be given to development of a plot 

comparable to Plate 7 of this report,. which can be used to estimate heave which will 

occur· under ~conditions, knowing water table position arid similar factors. An

other similar .plot should eventually be prepared covering in some manner thaw weakening 

rather than heave. 

c. It is recommended that a special study be made of the test points on Plate 

7 of this report which show wide scatter from ·the average. amount,· to determine the reasons 

therefor. 

· -5-07. · Freezing Point of Soil Moisture. 

a. It is recommended that percentage of soil moisture fro·zen at various tem

peratures below 32°F. during both freezing and thawing phases of the freeze- thaw cycle, 

be determined .on typical natural· soils. 

b. It is recommended that measurements of total surface area per mass of son 

be made in future freezing point studies, for correlation purposes. 

c. It is recommended that heave vs time measurements be obtained in addition 

to temperature vs time records in future tests to determine the extent of which heave 

occurs smoothly or in abrupt increments. 

d. It is recommended that siniul taneous tests be run in 'a rubber or soft 

plastic jacket and in a copper tube, in order to investigate the possible effects of 

1 ateral ·.restraint and -container ·materials on- the results. 

e. It is recommended that the effect of discontinuities on the freezing point 

characteristics be -examined. ·PY deliberately inserting discontinuities,· such as large drops 

of free water, in soils of various types. 

f. It fs recommended that freezing ·point tests 'be 'performed on key clay 

mineral soils and treated materials in the mineralogical and chemical studies (below), 

to assist· analysis of observed freezing phenomena in these :materials. 

44 



5-08. Mineralogical and Chemical Studies.. It is recommended that these studies 

be continued to improve methods of predicting frost action potential in soils and to 

further explore the possibility of modification of frost characteristics by admixtures, 

particularly in soils of borderline frost susceptibility. 

5-09. ·.Crystal Structure of 'Ice Phase in Frozen &Jil. .It is recommended that 

limited photomicrograph studies be continued with the objective of determining differ

ences which may exist between ice structures in the major soil types. 
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PAT Plattaburs AP'B, Pl.attebll'l, lev Yolk 
Si1\7 S4JID 

suv SAJI) (7P-2) SJl 28 2 2o68 uw.9( 2) lon-plaat.lc 

PAFB Port_,utb Af'B, Port.oGt.b suv SAJID SJl 29 8 2.1) lll.6{)) 12.s .. 
lev~slll.n 

1M: ll'a1rch1ld AJ'B ,Spokane, Waahingt.oa Sil \T Gnvel.l7 SAil) SM-SC 20 10 2'o79 ).44.1.1(2) 24.6 6.) 

PlW Pn:iject Bl1111 J_,, TP-244 Grawel.ll' ClaJW7 SAJID sc 3S 2) 2.7) l))o1(4) 9.4 2~.7 8oi 

Pl:lol Project Blue J.,, TP-276 G:rawl.ll' C1..,- SAMD sc 44 3S 2o7S 1)11.6(4) 1.0 18.6 9.) 

Fit. Fup lb11c1pal Airport, Cl~7 SA1iD sc 16 9 2.1'0 127.0(4) Boo )Oo7 10.S 
Fargo, Hortll DMota 

VIS Val.para.ho, Indiana SILT IlL 99 53 2.1? ll5.6()) 13eS 2.).7 4.0 

'IS Wh1 taboriiB, Yukon Pron-, CaMda 
( Refarr.d t.o aa Illkoa Sil\) 

Cl.Qw7 SILt CL-IIL 98 '6p 2.1) l2 4.st )) u.s 2S.3 So& 
; 

!IH Goff'• Falle, lev ifppslll.n l&yeJ SILT (A) CL-ML 86 61 2o76 107 • .3(3) 17.8 24.1 5.9 
(Refe1'1911 t.o as !lew lluplh1re Silt) ~l&J87 SILT (B) CL-ML 99 7:3 2.14 110.1(3) 14.7 2).7 6.0 

~ILT (C) ML 96 S8 2o70 1.07.0()) 17.0 26.6 0~ 

ll I.add J'ield, J'airbanka, Ala*• ~ILT JIL.OL 90 37 2'.711 101.6()) 13.1 )1.6 Oo6 

In Field lle..rob Area~ Fairbanks, Ala*- ~ILT Mi.-OL 94-99 11>-48 2.68 107.40) 17.1 i 2S.6-)2o6 3.8-6.2 
(Referred to aa J'airba!*e Silt.) ~7.1-lOl.S(S) 22o9-26o9(6) 

PAJ'B Port-tb ATB, Port.-tb,lev llupllblze ~trat.1~1ad CLAY CL 86-96 1,6-49 2.1) 96.1-108.6(5) l9o8-27.7(6) )OoO ·11.1 

FB J'ort. Belvoir, V1rg1Dia 5and.1 CLAY CL 61 49 2.1) 115.){)) l~o11 i bJ.8 20 • .) 

SG Se&riiPOrt., Jla1De "'LoU CL 100 61 2on 9So.l-99o2(S) 
I 

2S.6-3CM(6) 36.S 17.9 

WASHO ~110 lioed Teat. S.Ctioa, Jlalad, Idaho !"LoU C.Lo,CIL 96 6S :i.'oS8 99o6()} 21.0 )7o0. 1.).0 

BC Jortll Callbridge, llaaeKilll .. t.t.l jcw CH 100 94 2o78 85o1-86o5{5) )4.o-.)6.1(6) . S2o7 26o4 
(Jietarnd to aa Boet.oa Bl.aa Clq) 

FA( C) Far&o aud.cipal .U.IpOI"t,J'argo,llo.DUtota p.;LoU CB-al 98 8S 2.76 ~S.S-88.S(S) 28.S-Jl.8(6) 67.8 4So8 

IO'liSa 
(1) ()a Mt.arial pa•1ng t.111 Uos.staildard"lbO deft. (4) CGrpa of liQgi-ra Airtield DauaiV Taet.. 
(2) ProY1~ Vib:rat.ad !Jin»1f.7 Taet.. (5) Uud1a\lu'tled dl7 d&Mlf.7. 
(3) llod11'1ed .USHO Daaaiv Teat. (6) latu.ral vawr cGDtent.. 

• ()a (-~4) 1DDll MWrialo 
. \ 

<. 

-.._ 

./ 

TABLE 



TABLE 2 

CLOSED SYSTEM TESTS 
I 

! 
WATER COlllTENT DETERMIHATIOWS Ilf PER CBlft 

NAME AND SOURCE . 'CORPS OF INGI!IEERS GRAil SIZE · A'l'TERBBRG DRT AJI'tER P'REI!ZIIG 
!WIPLB OF UJIIFIBD SOIL CUSSIFICATTOJf PERCIIJ'UGE FilER 'l'RAJI LIMITS UNI'r 'rO'l'AL SAMPLE 

P'ROZEif -ZOHB 
lUMBER SOIL (1) WEIGHt' BEJI'ORI P'REI!ZI!IG UlfFROZEN ZOIB PER CBIT 

SOIL BE'l'WEBJf OR HEAVE 
· DESCRTPTIOJI' LB'l''l'ER 114 #40 leoo 0.02 o.oos WATER G TOP ICB LERBRS BO'!'TOM FROZD 

SYMBOL SIEVB SIEVE SIEVE -· llllllo Lw Pv I'll 9lr pcf. CONTENT (2) JliCH PER CENT LOCATIOli ('5) IliCH 

. •TD-15 Truu Dnalin Soil -}A" Gravelly, Silt7 811 93 76 35 21 11 14 12 2 10 . 130 7o8 70 8.3 7oo o.o 
-tD-16 TI"IIAll AP'B, SAID. ( Rinolded) .no 7o7 (:IJ 9o3 6.3 o.o 
•TD-17 Whcondn 130 9·1 89 10.0 9,0 1o0 
•TD-18 130 10.9 99 13.7 6.5 5o1 

-

PAP'!!• 9 Porta~th' .AP'li, Tiil -3A4" Silty Gn:relly Sll 87 58 29 18 8 •on-p1aat ic 16 126 e.9 71 15.5 5•2 1.3 
PAJ'B-10 Porta-th, SAID (Re.o14ed) . -· 128 9o} 80 15.1 4.8 1.7 

·PAFB-12 lew Ramps hi r~ I 125 11.4 88 22-4 4.7 6.8 
;PAFB-11 128 n.o 92 ~.o. 4.6 7.1 

•RH- 5 llnr Bampahi~e Silt sru-c (hmelded) IlL 100 99 96 58 10 27 27 0 - 99 l':lo5 68 24.9 6~1 1.3 
•NH- 6 Goff's Falla, '100 20.0 79 27.1 6.1 4.8 
•IIR--7 •- Hampshire · 100 22.5 68 26.0 4.8 5.5 
•lfH- 8 \ 100 25.0 100 3(,.o 5.5 9.5 
IIB-48 SILT-A (~e.olded) IlL 100 100 85 61 16 24 18 6 22 102 22.8 91 38~2 33.7 0.1 2.2 7.8 
111-49 103 23.4 96 43.5 34.3 0.3~ 2.7 9.1 

-.. 
LFT- 1 Fairbanlca Silt SILT. (Undisturbed) :_IlL 100 100 ~ 40 12 33 27 6 22 97 26.8 100 45.0 6.8· 15.1 

Fairbanks, Alaska .. 

BBT-40 !aat. Boston Ti 1 l~C -J~" .GraTOlly CL .fl2 65 46 32 22 23 1S 8 12 128 li.9 96 20.2 15.9 0.1 7.6 _8.6~--
ReTOre, Sandy .CLAY ... 13.2 1~2 

Mas saohuaetta (Re1110lded) 12.7 2-3 
;EBT-41 I 128 12.2 98 20.6 22.1 o-1 10.0 7o3 

19.6 1·2 
15.1 2-3. 

- J/4" Gravelly Sanc!7 CLAI 43 .10.6 
15.4 3-4 

•EBT- 5 F.9st Boa ton Ti'll-.l CL B4 72 56 26 23 16 ,7 17 125 9.5 70 6.8 0.3 
•KB'l'- 6 Revere, (~IIIOlded) 126 10.9 81 n.1· 7.1· l.B 
•l!!BT~ 7 . Mas~~achueetta · 125 12.2 90 13.7 8.3 2.3 
•IllY• 8 1:27' 12.9 100 20.9 7.1 4.7 

-........,.___ 

•nrc- 1 Dew P'1el4 Clay, CLAL( Re110lded) c'L·. 99 98 93 72 40. 34 ·17 17 17 115 18.0 100 . 23.1 14.9· 9o7 
•Dn!- 2 Dow AP'B, Maine iUl 13.3 68 18-4 llo5 2.0 
•DFC· 3 11~ 15.2 62 21.5 .. 12.9 1.5 
o':'!FC- 4 113 17~ 1 92 20.9 13.6 2.7 
•DFC- 5 -. 119 16.3 100 23.9 H.9 7.5 

----
--------

' '( 

18 I ~/ ---~': -
.sc-4 S.araport Clay CU Yi ( Und htu rbed) CL. 100 100 99 86 12 36 18 -· 95 28.0 95 33.8 18.1 5.8 
sc- 5 Searaport, llaiae 97 27.0 95 28.8 15.8 7o3 
sc- 3 

18 
rn 27.3. 96 34.o 17 ·5 4.5 

·SC- 8 CLAY (Re.0lded~ CL 100 .. 100 99 BO 12 36 18 18 97 27.0 95 35.6 17.5 9·1 
II 

BC•l9 Boston Blue Clay CLA T (Und i·sturbed) CL ].00 1-QO ' 1()() 94 81 53 n 26 :?5(4) 86 34.3 94 51.1 21.8 ll.1 
BC-18 : North Clll!lbri dge, - 86 3L.o 94 46.5 21.5 8.9 
BC•22 Massachusetts 85 .· 35.8. 96 52·3 29.1-3·3.4 18.9 10.7 
BC-21 cuy· (RMaolcied) CL 100 100 ':·100 94 81 53 27 26 21 88 ~?.2 '.100 48.0 20.1-?1.2 19.9 n•o 

FA(C)• 2 P'ar,;o Clay CLAY (Undiaturbed) '' CH~OH 100 100 98 ·85 65· 68 . 22 it> 15(4) 83 38.9 100 36.9. 31.8 2.0 
P'A(C)• 4 Farr;o • !forth Dalr::ota 86 35.0 100 38.9 29.2 2.2 
FA(C)- 5 CUT (Re1101ded) CH-OH 100 100 98 85 65 68 22 46 8 8~ 37.1 100 35.3 41.1} 8.6 
FA(C)• 6 85 37.1 100 36.1 ~.6 .. 9·1 

MOT ESt . Indicates F. T. 1951 testa 1'ro111 previous report. (1) 1.w - I,iquicl Li.ait Pv-Plast.ic LiJiit (2) lle,;ree of Sat~r.:ti~ in Per Cent. 
All specimens 6-incheF in diameter and 6-inches high Axcept Iw - Plasticity Jndn (3) W.easured P'r0111 Top of Sample in Inohea. 
f'lr D.lo'C 2 thru 5 which ~re only 4-inches hic;h. Sir • Shrinkage Li•it (ASTM lllflthocl) (h) 'IJI!i sturbed Shrinkage· Lim:!. t. 



TABLE J 

SUMMARY OF EXPLORATORY TESTS 
FOR DETE&~INING FREEZING POINT OF SOIL MOISTURE 

INDICATED DURATICN 
DRY DEGREE A\TERAGE INITIAL INITIAL INITIAL OF INITIAL 
ill~ IT 1~ATER OF CABINET CABINET CRYSTALLIZATION· FREEZING FHEEZmG 

WEIGHT COO TENT SATURATirn TEMPERATURE TEMPERATURE TEMPERATURE TEMPERATURE TEMPERATURE 
MATERIAL per % % oF. oF. oF. oF. min 

Lowell Sand- 99.2 6.0 23.4 3.3 40.6 27.0 32.0 5 
10.6 41.3 3.6 38.2 26.9 32.0 12 
14.7 57.4 1.2 36.6 26.9 32.0 20 
19.5 76.0 1.0 40.1 26.6 32.0 28 

Manchester 98.4 6.4 24.3 4.6 39.8 25.7 32.0 8 ~\. 

Fine Sand 10.6 40.3 4.3 45.8 25.2 32.0 18 
15.6 59.4 4.3 39.3 25.6 32.0 30 1-: 

19.6 74.6 4.2 37.1 25.2 32.0 37 

New Hampshire 92.4 5.0 15.9 14.3 43.7 24.8 32.0 5 
Silt 10.9 34.6 18.5 38.2 . 26.4 32.0 27 

18.2 57 .a · 21.5 41.6 25.4 32~0 31 
20.7 65.8 16.4 36.7· 26.2 32.0 43 

Boston Blue 76.3 11.0 22.6 7.4 44.8 26.0 27.4 Momentary 
Clay 17.0 34.9 3.6 42.6 27.6 30.2 II 

21 • .5 44.2 12.0 35.6 27.2 3~.3 n· 

-t 
l> 
CD 

:r 
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US. STANOARO SIEVE SIZE 

SIN .f-IN .f. IN NO. 4 NO 10 . NO. 40 NO 200 

•oo .,, 1 _\- · l_LL li I I I I _l;_J•' :1 I iii 
' I : I -, '~~T ll ' I II I I I+-: ·ff,l--t--t------ttii, Httii+-Hf---H-H+l-++--1----l 

eo tH- -t~---:~ : \ f1-"'~ :: !1L()r~~~~!l ii'-rrf-G,_R<~-'VE"'L-tHJ ljj-!11 H-H--t--+H1-t+-H-t---l 

eo Ill i 1 · il', I I ' II 11.1 LllL 
II' I I ; i ,I\. v-"' ' 1-}IEosl Basion Ttll-8 H-H--t---,f+ttt-HI-+-t---1 

20 

jj_~'!'!_t~,_s_~"!!J'_ §~AVf~-:: _ lc~IJ. f-t-t-"----""'t.l:lci:!: '+' 1~~-o+""-""""":t+t!-H+-H-f--4+++-H~HI--l ii II(PiiRun) TITII i i _ji_ 1'·-; I· 1 'R"f:!:: I'~ r..... 
•o II II I I lllill' ...L :, ; _I_ 

Porlsmoulh st'lly SAND/ . '~bliJJ J I !.'c.:. 1 I IIIII I I I 
i"l T .. 'll"~ "'31!:-W "I \ I I '\., II Iiiii I I I 

I! I I \ -i-;.1 ; 1 · -l., t-\- /Truax Drumlin soil, 

70 
i 1 i 1 I , I", I; I / ' :sandy,cloy1y GRAVEL -rl-+--+t+tH-H-f--4 
:, , ., 'I'·" ~~ 11 --'"'·-mrnl 

II I II'' !N-Y . If. st'll grov1/ly SAND 

00 

TP -25D, sandy G"";'~L_tY- J_. '\. i' :-- I --f""'--t'+I++-J--lf-f-""-~--ttiit-' t-HH--1--tt+l-t+H-+--l 
IIIII!, 1'1:'1'- 11 /,~i!rJ "-i~' "Ill 

• !II I I.L- i I :---...."' I['< \ 1111 I ,I I ~~ I I \ l[li 

~ !'fff::~y~;~:/f:'J:ND21~ ::: : fi' !" ~ \ -\\-t:H ltiHI-t-t-t-+---t+t+t-HI-+-1---l i ~HH++~~~~rn~~,r-:-++-l~lll~lrl+-1+-~~-~+rr~~~~~~+-r-f---++-H+l-++--1---l 
~ Fairchdd, sdly,grave/ly_ SAND "--

~ I Iii II li I I " I' I 
r Project Slue Jay, tfl-~4 4·, " 

ttH++-H-+--tH+ti-rg'r-•'-lr••;lr,cla ~~~ f~~DI i ~ ' r--.., 

00 lJ-l_L :_,_ . : ~ ''N.ttJ-..L 'i I Pro'ecl!l.!!!P...!.a.L TP-274 
Project 8/ul Jay,/ !'i ''~ ':i"iii--.1 II l' / · II! sandy GR:!-:A.L..VE':-'-Lrrllllrrll'r-Jt'+--t-f----l 

"".jJ_J)_JJ._L_L_ L lb L-.V~ :"'' IN.. '- 1\ ' i-11: Project 8lu1 Jay,TP-275 
,., Keflavtlr,stlly sandy GRAVEL~ ! 1 l_~ i'<. 1! j)._ LJl stN ,sand GRAVEL 

ll_•_j{frusher Ru~) j:,! ;_ , _ II / r,.L I I-N--' "- ! i I / t---
11 1 1 1n- • · • T"w 1 1 'T'II'N.." - ::--::N , '< " 

HH-d-1 I I .·I 1'-. 

0 II i 1 ' I !I 11 : :! I 
1 CO 100 01 

H+t+f-H-!---tttt+t-H--lif---cfi-1' +lt-th jPrlarll==fsburg, st'lly SA DfTP 2J , H- i"""--=# 
,
0
'111 1 11 ~-~~ 1 I I o• 

:---,::::s; 
' -.---

c.. I m 1 r. r.;; I 

.J.1H NO.4 NO 10 

_'

00 

I I ! ' 1 J i"'... 'illl N. r~ ill~. I II -L-t--'lltill~illt+t 1-+-+---+itt-t++-1-t---l 
· 1:· !~ :~ 11 ''i· 11 1 N rn-r lil:tl 

eo ,Jj ~ : 
1 
PM:+-~~*~ ~~ ~ ~ 1 _Mf-'clll,-'o,m-"o'-''""1' Srr-l1rti:N-l-DH-+-+--H+H-+++-+----I 

eo II' ! ! JAl !'fU 1i I I IIi 

:cj··L ~~~- 1 ;,jJ : 
!' : ~- L .. ; --· ·ir_~K\f-1-l-- l_lj_j Hl·-f---l----
11 II !,, I ., t 

Plallsburg,gravelly AND/ I I~ II !l' I [I 
70 

Ban~ Run Gravel AJ I 1 
1 '- i I I · \i !· \ Ill 

70 
I II I LLI 

60 u I Ill I 
LL I '\ II I I 

00 
11 \\!~\ New Hompshtre 

1-t. tt; +, t-,fH-!---\-Hi-t+t-H-\f\-1\-'' '<"m;:ClT'oyH'e Sl'{.....~-

HH H-i- :',: .I.\ I "I '!, ~ 
l!lLJ _. rr----tm·rr++ , ur1 I :<-. , 1 1 1111 11 

,.J!i 1 
,
0
;11; 1 

•o lH 
00

, I I I j_ it:: H--r- :¥+rt-r+--l:rt ~~ 
01 001 0001 

GRAIN SIZE IN MILLIMETERS 

!liN fiN N04 NOlO N0.4() 

----~-. ·, !l__j__, ·-1-, I I! I :~;.Lll_~. II I 
iT i i"k. ·~" ! I.Li!rojilcl Blue Jay,TP-262,\ i li H- +- --~- 11 nttr--fttl. I- -~_NJ"'l;t'--M· ""--kr---....---tttUH-s.±-os'-:-ta'-:-n±Biu-,--1, 

+LL --+-~ -11-tt+-i't-+- ~'-'I ~t:Kll .sf!!_;;..g,ro_v~ ~~N_,l"-1 -tt-!-11--tll-jfttl +++-+-+--+++f+++-l-f---1 li I"' ~1 '1 'I: I IIi 
'r-Forgo, 
!'\,CLAY 

- - :li ~' l .. c_ari_Be!~o!i;:J_ l __ \Wl -t\ 
~ 

00 
-~- t-· !I[ I' 1 sondyCLAY]I -~r:-:i:i!Hf-'1''+--+---fkf+ll'lrl-l---J.'..'\.-~ 

; -!- . UJ i.L) ... ~~~11,1~ L_ . __ !JI_ '" \ 
1 'II tl I 11 []Porlsmouth, CLAY ...--'\ '\ 

'C 

H-H+++-t-+--+Ht+i-t--r-1+-' --'-sir-:"IIJ'."f''~-r''ratt-"r"T'Y SAND II' II I !111.: -, :'-1----:-:-::-n:H. Ji-). 
I f.'J ill . T ,IJ I! I J,llll --+- -- H---- ti-~ ++ tH + 

... ill ... &n I All "'"' EM1 I r. c.. I '"" 
GRADATION CURVES OF NATURAL SOILS USED IN STUDIES 



El PROJECT BLUE JAY, TP-274, Sandy GRAVEL (GWI 
PROJECT BLUE JAY, TP-250, Sandy GRAVEL (GWI 
LORING Sandy GRAVEL (GWI 
LORING Silly, aandy GRAVEL (GW-GMI 
PROJECT BLUE JAY, TP-275, Silly, sandy GRAVEL (GP-GMI 

.~~ !L+--- ·-I;· ---'\~:+ ~,;_p;;,-lritlt-++-t--Httt-t- r--

Pooo 

'? 

I r-..! .... ·~ 

SANDY GRAVEL (GW) AND SILTY SANDY GRAVEL (GW-GM,GP-GM) 

FIGURE I 

%s~.=~~~~==c=~~~~~~r-~11~~--r-l 
~ II 0 II~DIANA DUNE SAND (SP- SMI .I l •H ,:, ALASKA SILTY FINE SAND (SMI 

~3~~--~~~~~-1--~-1--~~--+--+--+--T--+--i 
:! 
02~~--~~~~~-1--~-4~~-4--+--+~+--+--+--i 

~ /1 :;.' ___ .... 
j -o9b8--L-b--L~_j~~.o~• ::.:i=::;;;!,o~6 ~=~,o;;=8 :::l:! __ b--_j_-:--;*'--_j_-J, 

DRY UNIT WEIGHT, p.cl. 

··•·!· 
I f~ \ -~:f f+-i--thri-1

1 H--+-+---J ·I 
I ·•·· 
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SAND !SP-SM) AND· SILTY SAND (SM) 

FIGURE 3 

~O ~EI PROJECT BLUE JAY, TP-262, Gravelly, silty SAND (SMI 
E 8 '11 PROJECT BLUE JAY, TP-256, Gravelly, silly SAND (SMI 
-: 0 TRUAX DRUMLIN SOIL, Gravelly, silly SAND (SMI 
i; 6 A PROJECT BLUE JAY, TP 248, Silly,gravelly SAND 1SP-SMI 

a:~o• 4 ~~ J I I P~J-4+-+--+--+----1 6 PBJ--10 PBJ-;B :"-{ _ . 

t. 20 ~----0 T I PB,J--""" ~~Br3 - ;-u 1 · '-TQJ-36 {12 in.dioineter .Sample) 
~ 0

116 128 132 136 
DRY UNIT WEIGHT, pel. 

---. 

---- J 
Truax Drumlin Soil f 3/4 ) 

___, ·- '----- I 1----

GRAVELLY SILTY SAND (SM) AND SILTY GRAVELLY SAND (SP-SM) 

FIGURE 2 

i' 0 

e 1EI .!S 8 A 
0 

PROJECT BLUE-JAY, TP-244, Gravelly,clayey SAND (SCI ~1--+---+---+--+--l 

~:~~~CCTL~~~~ ;~~ri~s-;;f1s, Gravelly, clayey SAND (SCI I 
:! 6 

~ 
4 

2 

~ 

J o, 120 124 • 128 I 136 
DRY UNIT WEIGHT, p.c.f. 

·· •• •o• ~·o 

-+-- i: 
~,: . : : 

',· 
.,. 

l.i'.WIIt ... -

·GRAVELLY CLAYEY SAND (SC) AND CLAYEY SAND (SC) 

FIGURE 4 

EFFECT OF ·vARIATIONS. IN . DRY UNIT WEIGHT 

PLATE 2 Sheet I of 3 
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NEW HAMPSHIRE SILT-A (ML) I 
LADD FIELD SILT (ML-OL) 

I FAIRBANKS SILT (Undisturbed) (ML-OL) I 
FAIRBANKS SILT (Romoldod)(ML OL) 

0 0./0 

0~ 1--1--::::"Cf;::.l LFT-14 

,....-~ 0 

0 

.____ HLFT,IO 

92 96 100 I I II 
DRY UNIT WEIGHT p.c1. 

~- ···T i I ":· f·: ~~)··f++-1i' H-+ 
i. 
I 

. I' 

2. 

__ 1,. i"" 1: · +-+~j- ~!--i---JtrH++-+-+-1 

"'1rir ++- +, .: .. 1, .... , +r I ·H---- +r fi~~~~-+\---tt+t-HH-f--+--1 

ft;+l. +4--··ll .. ··:- {- 1' i·+ I I~ 

!0 

~ 6 
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I. 

P· 

Ft1irbt1nk1 Sill 
Undistur 1dl 

·l:· -1· H-·r-- 1\~ 

1-1 

SILT (ML,ML-OL) 

FIGURE 5 

WASHO TEST SECTION CLAY ICL -OL) II 

-·tL 

·'·· 1 

+· 
• .l •• ,, 

I I I 
~ ~~ WASH0-6 

0WASH~-7 

I 
I 

f•• 

-

I ! IWASI0-5 
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92 94 96 
DRY UNIT WEIGHT, p.c.f. 
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CLAY (CL-OL) 

FIGURE 7 
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110 EAST BOSTON TILL -A,Grovolly sandy CLAY (CL-ML) 
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FIGURE 6 

MATERIALS 

Project Blue Joy, TP-274 

Project Blue Joy, TP-250 

Loring Sandy Grovel 

Project Blue Joy, TP-275 

Indiana Dune Sand 

Project Blue Joy, TP 248 

Project Blue Jay, TP-262 
Project Blue Joy, TP-256 

Truax Drumlin Soil 

Aloeko Silty Fine Sand 

PrOJOCt Blue Joy, TP-244 

Forgo Clayey Sand 

New Hampshire S•lt-A 

Lodd Field Silt 

Fairbanks Silt 

East Boston Till -A 

PrOJOCt Blue Joy, TP-276 
WASHO Rood Test 

COMPACTION 
CHARACTERISTICS 

148.2 (I I 

148.2 (I) 
139.1 (I) 

143.4 (I) 

107.1 (I) 

142.6 (I) 

136.0 (2) 7.0 

137.3 (21 7.5 

139.0 (2) 5.3 

105.7 (I) 

133.1 (2) 9.4 

127.0 (2) 8.0 

107.3 (3) 17 .B 

101 .6 (3) 18.1 

107. 4(3) 17 .I 
97.1-101.5 (4) 22.9-26.9 (5) 

131.6 (2) 9.0. 

139.6 (2) 7 .o 
99.6 (3) 21 .o 

Sect•on Clay 85.5-88.5(4) 28.5-31.8 (5) 

( I ) Providence Vibrated Density 

(2) Carps af EnQineers Airfield Density 

(3) ·Modified AASHO Met had 

(4) Undisturbed Dry Density 

(5) Natural Water Content 

NOTE' 

The rekJtionship between the overage rate of 
heave and dry unit weiQht for the various soil types is 

reproduced from Pia to 4 of tho Second Interim Report 

of Cold Room Studies, Fiscal Year 1951,Voluinel. 

The numbered points are tests conducted in Fiscal 

:rears 1952 and 19~3, all ot~er points ore tests con

ducted during and prior to Fiscal Year 1951. 
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{I) The 32°F temperature was 
allowed to penetrate //-inches into the 
East Boston Till samples. 

(2) Average rote of heave v.ories 
from 1.0 to 7. 3 mm/doy for similar Eosl 
Boston Till with depth to water table 6-
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from 2/U /nlerim· Report of F. Y. 1951. 
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GRADATIONS OF NATURAL SOILS USED IN FROST SUSCEPTIBILITY TESTS 
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PERCENTAGE BY WEIGHT FINER THAN 0.02 mm 

SUMMARY OF ENVELOPES OF AVERAGE RATE OF HEAVE· 

vs 

1/:V 

PERCENTAGE FINER BY WEIGHT THAN 0.02mm SIZE FOR VARIOUS SOIL GROUPS 

Tests conducted during and prior to Fiscal Year 1951 
ore ·shown by open symbols. Tests conducted during 

Fiscal Years 1952 ond 1953 are shown by solid symbols. 

* Tests performed on undisturbed specimens 
•• Computed heove rate due solely to expansion in volume, 
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SUMMARY OF AVERAGE RATE OF HEAVE vs PERCENT FINER THAN 0.02 mm SIZE IN NATURAL SOIL GRADATIONS 
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Figures 1-3 ore transverse sections. Figure 4 is a longitudinal section. The block 
spot in .Figure I is where melting too ·k place. The block areas in Figure 4 ore 
silt lenses and the narrow lines ore air bubbles. 
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APPENDIX A 

PART I - DESCRIPTION OF COLD ROOM AND EQUIPMENT 

1-01. Cold' Room. The cold room used in these tests is a walk-in type refrigerator 

with inside dimensions approximately 9ft. wide by 20ft. long and 6.5 ft. high, insu

lated on all sides with 6 in. of mineral wool. It is constructed of 22 separate panels 

which are bolted together to permit ease in assembly and dismantling and to provide flexi

bility for enlargement. The panels are faced.on both sides with painted 20-gage galva

nized sheet metal: 

A 1-1/2-hp water-cooled condensing unit, located outside the cold room, furnishes 

Freon gas refrigerant to two unit coolers mounted inside the cold room. Room temper

ature is controlled with a Minneapolis-Honeywell bimetallic mercury bulb thermostat 

within limits of :t 2°F. · The cold room is designed to operate between +10°F. and +40°F. 

1-02. Test Cabinets. Nine individual test cabinets with inside dimensions of 

19 in. by 19 in. , which can accommodate soil specimens up to 12 in. in height, are 

located in the cold room. The cabinets are eQUipped with hinged covers on top, 

facilitating access to cabinets for observation and for necessary measurements with 

insignificant disturbance of cabinet temperatures. Insulation in the sides and covers 

consists of 6 in. of compressed cork board. Refrigerant is provide<:! separately to 
each test cabinet by 1/4-hp air-cooled condensing units. Cooling inside the cabinets, 

at temperatures ranging. from +40°F. to -20°F .. is accomplished by passing the refriger

ant (Freon) through singl e-·embossed coils inside a 14 in. wide, .zinc- coated, copper 

refrigerating plate fitted to three sides of the cabinet, beginning 13 in. from .the 

bottom and continuing to the top. Temperatures are controlled by a DeKhotinsky bi

metallic thermoswitch in each cabinet with an accuracy of +0.5F. 

The bottOm of each freezing cabinet consists of open grill work to allow the 

+35-38°F. cold room temperature to be applied to the bottom of the soil specimens 

during freezing while the tops of the specimens are subjected to arty'desired cabinet 

temperature. Facilities for furnishing de-aired water to the freezing specimens at 

a definite water level are provided by adjustable constant water level devices. De

tails of these test cabinets are sho~n on Plate A1. 

A tenth test cabinet in the cold room is designed for the special purpose of 

determining the effect of the relative proximity of water table on ice segregation in 

frost-susceptible soils. This cabinet has inside dimensions of 17 in. by 17 in. and 
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can accommodate soil specimens 42 in. in length. '!'he cabinet has a removable cover and 

front face for observations and placement of specimens. .Freon refrigerant is supplied 

to the cabinet by_a 1/3-hp a:Lr-:-cooled c<mdehsing .unit; Other construction and temperature 

control details are similar to that of the nine individual test cabinets discussed in 

Paragraph 1-02 ·above. A photograph of this special' cabinet is shown in. Figure 1 and a 

general view of the individual cabinets in Figure 2 of Plate A2. 

1-03~ Temperature Measuring. Equipment. · The teinn_eratures 'in soil specimens are 

measured by means of copper- constantan thermocouples~ The thermal electromotive force 

produced by the thermocouples is measured by electrical instruments consisting of a 

standard cell, sensitive galvanometer, and a Leeds and Northrup type K-2 potentiometer. 

Temperatures are read and recorded to 0. I°F. Two toggle switchboards enable any one of 

172 available' thermocouples to be placed rapidly in the measuring circuit. This equip

ment is conveniently placed iri an instrument room adjacent to the cold room as shown in 

Figure 1 of Plate 'A3. 

Two Leeds and Northrup, Speedomax, type "G", model "8", multipoint temperature 

recording and indicating units, with an operating-range of -20°F. to +40°F. are availa

ble for a continuous temperature record of 32 thermocouple-s. A Leeds and Northrup 160 

point Speedoniax Recorder and Multi-Bank Switch Unit is aloo located in the instrument 

room for continuous or timed temperature records. 

The nine individual test cabinets are each equipped ·with a glass thermometer which 

can be reaq from the outside through the thermopane window. A close check of the· tem

perature is a18o maintained by means of a thermocouple inserted in a .glycerin- filled: 

glass vial, 3/8 in. in diameter and 1-1/2· in. long, suspended near -the -top of the 

specimens, <in each ·cabinet. The glycerin damps out 'the small temperature fluctuations 

occurring in the test cabinet during the riormal operating cycle of the compressor,. thus 

permitting an average temperature to be read and recorded. The value of the average 

daily cabinet-temperature is determined from the average of several readings with the 

thermocouple· in the vial. 
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PART II - STANDARD TEST PROCEDURES* 

2-01. . Molding _of Specimens. Standard soil specimens for cold room studies are 

. generally prepared in a 5. 91 in. inside diameter steel molding cylinder. The soil is 

compacted to an approximate height of 6 in. and to a predetermined dry-unit weight by 
' 

means of a static load and/or vibration. Undisturbed specimens of cohesive soils are 

prepared by trimming to a like size. 

Two methods are used in-molding specimens to the desired dry unit weight. Rela

tively cohesionless, coarse grained soils, such as sands and sandy gravels, are gener

ally prepared by an adaptation of the Providence Vibrated Density Test method. In this 

method, a predetermined weight of soil is placed in the steel cylinder and a load of 

approximately 1000 lbs. is applied by a piston at each end and a heavy spring at the top. 

The soil within the steel cylinder is compacted by vibrating the cylinder with hammer 

blows on the sides. Fine- grained soils, such as uniform fine sands, .silts and glacial 

tills are prepared in an open-ended steel cylinder by applying pressure to movable 

pistons at both ends with a 60,000-lb. Southwark-Emery compression machine·using an 

average pressure of 1500 lbs. and a maximum of 4000 lbs. Some specimens are molded by 

a combination of· the- two methods or by either the modified AASHO or Corps of Engine·er 

Airfield Density Test procedure. Specimens are removed from the cylinders by piston 

pressure at the bottom of the specimen.· The inside walls of the cylinder are lubricated 

with a thin coating of petrolatum followed by paraffin before molding to facilitate· 

ejection of the soil specimen. 

Cohesionless soils are molded at a low moisture content, which improves'the apparent 

cohesion and aids specimen handling after molding. The soils are molded to a dry uili t 

weight approximately equal to the Providence Vibrated Density value. Cohesive soils are 

molded at the optimum moisture content and to .the dry unit weight determined by the · 

modified AASHO test procedure .or Corps of Engineer Airfield Density Test, d~pendiilg upon 

the anticipated field conditions or requirements. Base and subgrade soils o~tained from 

beneath airfield pavements are compacted to approximately natural field dry unit weights. 

The trimmed or molded specimens are then placed in a 6 in. inside diameter, .heavy, 

open- ended cardboard container, the interior of which is coated with silicone to reduce 

friction between the specimens and container walls during heaving. In more recent tests 

the container walls have been lined with 0.007 in. thick cellulose acetate, coated on 

both .sides with silicone grease. 

*Standard procedures are always followed unless special objectives require deviation: in 
latter event, deviations are specially described in report. 
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2-02. Saturation of Specimens. All specimens ·tested in the open system are satu

rated prior to freezing. Saturation t_s carried out in; the cold room at a temperature of 

38°F. Filter papers, porous discs 3/8 in. thick, and brass caps, which serve as specimen 

receptacles in the freezing cabinet, .are fitted to both ends of the soil specimens in the 

cardboard containers. Rubber sleeves and b.ands are used to seal against air and ·water 

leakage. · Specimens are evacuated and· saturated with de~ aired water.. The degree of satu

ration for each specimen is computed from weights of specimen and container before. and 

after saturation. Specimens undergoing saturation are shown in Figure 2 of Plate A3. 

2~03. Placing of Specimens in Test Cabinets. After saturation, the specimens· are 

plac,ed _in .the test cabinet with the upper brass ,receptacle removed and the bottom receptacle 

kept in place. The de-aired water supply ts connected to tne bottom .Pf each receptacle, the 

constant water level device having be.en previously adjusted to a height such that the water 

in receptacle would rise to approximately 1/8 in. above the porous stone. and be in contact 

with the soil .specimen. The specimens are then insulated from each otner for their full 

height with ,granulated cork. 

2-04. Surcharge. Mo~t. specimens are tested ·_under ·a surcharge load of 0. 5 psi to 

simulate field conditions consisting of a 6 in. combined thickness of base -and pavement. 

A steel surcharge base plate. is set .on. top of the specimen and firmly seated to ·provide a 

uniform ~on tact. Fbur lugs are attached. to the base plate to raise the-lead weights 1-1/2 

in. so that the air .may circt1late over· the t?P of the specimen.. A typical. S()il specimen 

with surcharge weights, ready for placing into a test cabinet, is sho.wn in Figure .l of 

Plate A4. 

2-05.· .Thermocouples in Specimens .. Thermocouples· .are.inserted.at" l-in. intervals. 

along the longitudinal axis, i~cludinK top_. and .bottom, in one of the four specimens. in a 

test cabinet, and at the _top and ·bottpm only, in one addi tipnal specimen.. The former 

installation provides .. a means: of. checkJng the tempe.ratures within the speyimen and ob

serving the progress of. fl."eezing temperature into: .the specimen. The latter installation 

provides a me~s of checking th.e start and completion of the freezing test. The thermo

couples are inserted through the side of the specimen and the entrance points are sealed 

with sealing wax. 

2-06. Specimen Freezing Procedure. _Prior to initiation of the freezing tests, the 

specimens are tempered at -35°F. Actual freezing of th,e specilllens is started. by lowering 

the temperature in the test cabinet to 20°F. until crystallization is visible on the top 

surfal5e of the specimens. If necessary; crystallization in specimens is artificially 

instigated by seeding with ice crystals. Th~ base plates and surcharge weights, -which 
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are tempered to 28°F. , are then placed on top of each specimen and the cabinet temperature 

is raised to 28°F. The specimens are then frozen from the top by gradually decreasing the 

temperature in the freezing cabinet while the bottoms of the specimens are exposed to the 

cold room temperature which is maintained between 35°F. and 38°F. Temperatures within the 
- f 

soil specimens are read by means of the thermocouples in the control specimen, and the 

cabinet temperature is adjusted to maintain a rate of penetration of the 32°F. temperature 

into the specimens at 1/4 in. per day. Heave measurements are taken daily with a meter 

stick or an extensometer placed on a designated point on the surcharge weights over the 

specimens. 

Plots showing the heave, degree-hours, and the penetration of the 32°F. temperature 

versus time for all test specimens are shown in .Appendix B. 

2-07. Examination of Specimens. Upon completion of the freezing tests, usually 

after 24 days, the specimens are removed from their containers, weighed to determine the 

change in water content, and then split in two,longitudinally, in the compression machine 

with the aid of a steel wedge. A photograph of a specimen being split is shown in Figure 2 

of Plate A4. Measurements for amount of heave, and observations for the location, distri

bution and magnitude of ice lens formations are made on one-half of each specimen. The 

remaining half of the specimen is photographed and retained for supplemental laboratory 

tests. The water content distribution is obtained for every inch of specimen depth. The 

water content determinations on all test specimens are shown in Appendix B. 

2-08. Supplementary Laboratory Tests~ The following standard laboratory tests were 

performed on all materials tested, for correlation with the average .rate of heave : 

a. Gradation 

b. Permeability. 

c. Specific gravity 

d. Atterberg limits (if applicable) 

e. Compaction characteristics 

The results of these tests are presented in the various tables and plates of the main 

report and in Appendix B. 
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FIG. I. RIGHT SIDE OF COLD ROOM SHOWING SPECIAL TEST 
CABINET TO DETERMINE THE EFFECT OF RELATIVE PROXIMITY 
OF WATER TABLE ON ICE SEGREGATION. 

FIG. 2. LEFT SIDE OF COLD ROOM SHOWING TEST CABINETS 
EQUIPPED WITH CONSTANT WATER LEVEL DEVICES, THERMO
REGULATORS AND THERMOCOUPLE TERMINAL BOARDS. 

PLATE A2 



FIG. 1. TEMPERATURE MEASUR ING EQUIPMENT FOR USE WITH 
THERMOCOUPLES. 

FIG. 2. SOIL SPECIMENS BEING SATURATED IN COLD ROOM. 

PLATE A3 



FIG. I. TYPICAL SOIL SPECIMEN WlTH SURCHARGE 
WEIGHTS, READY FOR PLACING IN TEST CABINET. 

FIG. 2o SOIL SPECIMEN BEING SPLIT IN THE COMPRESSION 
MACHINE. NOTE THERMOCOUPLE WIRES IN PLACE. 

PLATE A4 
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COLD .ROOM STUDIES OF FROST ACTION I.N SOILS 
FISCAL YWiS 19.$2 AND 1953 

TABLE B I ' 

TESTS FOR EFFECT OF .VARIATIONS D1 DRY UNIT t!EIGBT 

(DEGBG OF COMPACTION) 

( oPEM SYSTEM) 

PLATK REF~Itl!:NCE 

GRAIN SIZE PER CENT AVERAGE .DRY PERM&- GAT ATTERBERG 
~VE AND ~ WA'fER SAMPLE/ MATERIAL ~. -'/.Finer HEAVE . RATE OF UNIT VOID 

~!Li~4 
START LIMITS (3) 

NUMBER HEAVE Wli:IGHT RATIO 01<' TEST 
L.L.IP.I. 

'EMPE.RATUt(l<; C~NTENT 
2o0 0.42 o074 O.a2 (l) mm:/da:r pcf. e cm:/~eco (2) DATA DATA 

PBJa6 Project Blue J sy TP-2.$0 31 18 4 2 51.8 )o.$ 140.1 0.212 1 • .$8 lOOoO Non-Plastic B22 B49 
Sandy Gravel ( GW) 

PBJ-11 Project Blue Jay~ 'fP-274 34 16 3 1 16o0 1.7 14Jo7 0.188 0.11 100.0 n n Bl9 B46 
::>andy Gravel (r..W 34 16 3 1 I~J.O 2.2 140.1 0.218 0.21. 91.3 n II B20 B47 

PBJ-13 Project blue Jay, TP-275 47 32 10 4 19.6 1.4 142.8 0.194 0.14 100.0 II n Bl9 B46 
Pl:lJ-14 Silty Sandy Gravel (GP-GM) 47 32 10 4 47o4 2.6 137.8 0.2)8 0.2) 79o) II n H20 B47 

PBJ-3 Project Blue .Jay, TP-248 6) 46 10 4 29.0 lo9 138.4 0.215 o.so 100.0 II II B21 B48 
Pl:lJ-4 Silty gravelly sand (SP-SM) 63 ll6 10 4 69.4 ).9 1)6.8 0.2)0 o.61 100.0 II n B22 B49 

PBJ-10 Project Hlue Jay, '!P-262 7l 53 21 7 36.9 2.5 128.7 0.312 o.SJ 88.0 n II B20 B47 
Silty Gravelly Sand (SM) 

PBJ-1 Project Blue Jay, TP-256 6) 54 31 18 15.7 loS 1)6.0 0.2)8 o.oo36 72o7 &.6.0 Jo7 Bl9 B46 
Pl:lJ-8 Silty Gravelly Sand (SM) 63 54 31 18 J7o4 2.8 l32ol 0.275 0.0014 67.6 16.0 )o7 B22 B49 

TD-36(4 Truax llrumlin Soil, Mlty 83 13 )2 19 21.0 1.9 
Gravelly Sand (-3/4") (SM) 

1)6.0 . 0.2h6 o.ooss lOOoO 14.4 1.6 Bl B32 

PBJ-15 Project Blue Jay, TP-276 72 58 44 35 26.) lo) 1.39.1 0.234 Oo0027 100.0 18.6 9.3 fll9 B46 
PBJ-16 Gravelly Clayey Sand (SC) 72 58 44 35 8).0 4.0 1)1.9 0.301 0.0046 100.0 18.6 9oJ B20 B47 

PBJ-1 Project Blue Jay, TP-244 68 55 35 23 25.3 1.3 lJ)ol 0.272 0.0)3 100.0 24.7 8.1 B21 B48 
PBJ-2 Gravelly Clayey Sand (SC) 68 55 35 23 71.1 4.5 127o7 OoJ34 0.078 8).4 24.7 8.1 B22 B49 

FA-5 Fargo Clayey Sand ·esc) 89 34 16 9 52.6 4oJ 112.7 0.494 0.)6 86.8 )Oo7 10.5 B2 BJ3 
FA~ 89 34 16 .9 40o8 ).1 177.1 0.1&38 0.19 88.8 )0.7 10.5 B2 B)) 

LFT-10 Fairbanks Silt (Undisturbed) 100 100 94 40 124.0 4.5 98.1 0.702 95.8 25.8 ).8 B29 B5J 
LFT-13 (ML-OL) (Remolded) 100 100 99 41 223.6 ' 11.) 101.4 0.646 0.20 100.0 32.6 6.2 B) B34 
LFT-14 (HePIOlded) 100 100 99 41 281.2 11.5 110.9 o.sos 0.09 100.0 )2.6 6.2 B) BJ4 

I:IASHo-5 WA.SHO Road Test Section 100 99 96 65 61.0 ).5 96.0 0.678 100.0 37.0 l)oO B4 B59 
WASHQ-6 Clay (CL-OL) 100 99 96 65 42o) 4.1 98.0 o.64h 100.0 )7.0 1).0 B4 B60 
WASHQ-7 100 99 96 65 45.0 4.2 98.9 0.627 100.0 )7.0 l)oO B4 B60 
I!IASHOa8 100 99 96 65 6Jo3 5.4 92.2 0.745 100.0 37o0 ]3.0 B4 B60 
1NASHQ..9 100 99 96 .65 58.6 5.1 90.0 Oo790 · 100.0 )7.0 l)oO B4 .860 

'" 

NOTES: (1) Based on original height of frozen portion. 
(2) Degree of Saturation in percent at start of test 
(3) Tests made on material passing the u. s. Standard Noo 40 sieve 
(4). This sample vas prepared 12-inches in diameter and 6oinches in height 

,, 

TABLE 81 
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COLD ROOM STUDIES OF FROST ACTION lN SOILS 
FISCAL YEARS 1952 AND 1953 

CDi ;. 

TA.BLE '82 

TESTS TO EVALUATE SIDE FRICTION 
' 

(OPEN SYSTEM) 

LINER TYPE 
GRAIN SIZ·E DRY PERME-. G AT ATTERBERG RATE 01' MAXIMUM FRICTIONAL 

mm. - % Finer UNIT VOID AB!LIT!4 
STARr LIMITS (2) ST!{g8 NORMAL SIDK 

SAMPLE MlTER!J..L CONTAINER AND WE!GH'l' RATIO k X 10 ' or TEST 
L.t.fP.I. 

INCREASE STRESS RESTRAI:NT 
NUMBER LUBRICANT 2.() !0.42 .074 0.02 pot.; e cm./sec .' (1) ·psi ./min. psi. psi. 

AG-1 Peabody ~dy Miearta PetrolatWil 58 24 3 1 130.1 0.303 26~b 100 Jton;..plastic 10 26.5 6.6 
GRAVEL ( ..;3/4") I 

AG-~ Micarta Sheet Acetate 58 24 3 -1 127.2 0.3~.3 47.0 100 " 10 25.8 s.e 
w/Sili~one 

AG-4 .Micarta 1" Acetate Squares 58 24 3 1 126.9 o.,37 51.0 100 " 4 s.o 1.2 
. (1apped) w/Silicone. 

AG-5 lliearta 1" Acetate Strips 58. 24 3 1 
(lapped) w/Sil icone . 

124.~ 0.365 87.0 100 " 4 12.L: 3-1 

AG-6 Micarta Dental Dam (lapped) 58 24 3 1 123.4 0.373 ]00.0 100 " 4 1.1 o.~. 
w/Liqu'i-Moly 

AG-7 Mi. carte. 1" Acetate Strips 58 24. 3 1 120-h o.4cB 200.0 100 " 4 3.7 0.9 
(lapped) w/Liqui•Mo1y. .. 

AG-8 Tapered Silicone 58' 24 3 l '122.8 0.382 75.0 100 " 5 6.3 1.4 
Luc:l.te 

lfH-1B lfew HampRhir~ Tapered Sheet Acetate 100 100 99 73 .. 98.8 0.705 o.-n 92.L 23.7 6.0 10 8.3 1.8 
SU.'l'-B Lucite w/Liqui-lfoly 

IH·2E • .Li qui -Uo1y 100 100 99 73 99.6 0.691 0~26 85.0 " " 9 118.6 23.8 

. 

NOTES1 
(1) Degree of s.aturation in per· cent at start of test. \ . 

(2)' Teets made o:r. material passing the u. S. Standard No. L.o Si.eve. 

' 



COLD ROOM STUDIES OF FROST ACTION TJI SOILs 
FISCAL ·YEARs 1952 AMl 1953 

TABLE B3 

TESTS FOR EFFECT OF SURCHARGE 

(OPEN SYSTEM) 

GRAIN SIZE PER CE!IT AVERAGE DRY PBl!lm- GAT ATTERBERG PlATE REFEREIICI 
SAIIPLI SURCIIJl.RGE ll'l&i~ - " Finer HEA.VE RATE OF UliiT VOID ~B;L~~!4 

START LTJ11TS (3) 
mJtfBIR t!ATERIAL HEAVE WEIGHT RATIO OF TEST HEAVB AND 'if A TEll 

1ba./in
2 

2.o• o.L2 .074 o.02 (1) 111111./day pet'. e om./oeo. (2) L.t. P.l. TEMPERATURE CONTENT 
·DATA DATA 

TD-36(4) 'i'ruCill: Dn.mil iD Soil .Silty 
Gravolly Bo.Dd (•3til.") 

0.5 83 ·73 32 19 21.0 1.9 136.0 Oo246 o.ooa5 100.0 11.4 1.6 B1 BJ2 · 

LP'l'•9 1'-ir'banlrs SILT (U11111ot\l~;ood) 0 100 100 92 50 55.7 5·5 1~.2 o.~ 100.0 25.8 3.e B5 BJ5 
LFT"'b 2 100 100 92 50 43.8 1.2 100.3 o.665 o.ulC(5) 100.0 " B5 BJ5 
LFT-7 4 100 100 92 50 23.1 o.8 97.6 0.710 o.013(5) 100.0 " .. 85 BJ5 
LFT-8 6 100 100 92 50 29.2 0.1 97.1· 0.719 0.015(5) 100.0 .. .. B5 BJ5 

V18-7 Ind11l111l SILT 0 100 100 99 55 142.3 5.8 111.9 0.516 0.026 93.6 2~.7 4.0 A6 B)6 
VTS-1 0.5 100 100 99 55 95·3 9.8 113.1 0.501 o.CY.!4 100.0 B28 B51 
VTS-2 0.5 100 100 99 55 100.0 10.0 113.1 0.501 0.024 97·8 .. " 828 B51 
VIS-4 2 100 roo 99 55 67.3 4.1 112.5 0.508 0.025 72.5 " " B6 BJ6 
VIS-5 4 100' 100 99 55 54.6 3.8 111.9 0.516 0.026 71.0 " " 86 BJ6 

WASH0-1 WASHO Road Test Section CLA! 0.5 100 99 96 65 20.9 5.3 98.6 o.63o 100.0 3z.o 13.0 87 BS8 
WASHQ-2 2 100 99 96 65 44.6 5.0 98.8 0.629 100.0 " f(T 859 
'\USHQ-3 4 100 99 96 65 24.0 4.1 <jtl.8 0.629 100.0 " " 87 

~~ WASHo-4 6 100 99 96 65 25.2 3.0 100.0 0.611 1oo.o " " B7 

TABI.E B4 

CLOSED SYSTEM TESTS 

·. 

GRAnt SIZE PKR ClW'l' DRY vom PIW!!.o I a A't A t'TIRilKRG I PLAn; liEFKJW:CR 
~I& 
tlUHBEa JatmUAL IIDDo •% Finer HEAR UNIT RATIO 

~;x.:~4 I START LII'IITS (3) HKAVE AllD 'dATER 
l:liUGHT 0 a7 TEST 

L.L. I P.I. 
TEMPERATURE cOt!TEDT 

2o0 0-42 o074 Ooa!! (1) poe. em./sec. (2) DATA ll.\TA 

PAFB-~ Port~tb Silt7 Gravell7 $All!) (-3/4") 80 58 29 ia 1oJ 125o9 0.311.h 70ob tt::n-p1:st.1c · B8 B)7 
PAFB-10 80 58 29 18 1o7 128.6 o •. n6 80ol ll8 il37 
PAFB-12 80 58 29 18 6.8 125.1 Oo)S.) 87oll A A B8 llJ7 
PAFB-11 80 S8 29 18 7ol 127o6 0.326 !llo7 " " B8 B37 

t!H-48 ~ if::::::Jlob11'0 SILT - A 100 100. liS 6l 7o8 101o7 0..69) Oo071 90..8 24..1. 5..9 B<) 8)8 
Ds-Q9 100 100 85 6l 9ol 103o0 Oo672 Oo06.3 96.2 

... 
B9 8)8 

LFT-1 P'nirbnnlto SILT (Undisturbed) 100 101) 9~ 40 1,.1 97o2 Oo717 100»0 25...8 3..8 B29 B53 

iBT-1&0 East tlootoo Till --c (aJ/4") 77 65 46 32 8.6 128o2 Oo.34) o.a.v 96.0 2~o7 ~ .. .3 E9 8)8 EBl'..fU 77 65 1&6 32 7o3 l28o2 OoJ4j 1 o.o44 98o) BQ B38 

scoo4 Se.arsport CLA.I (UadiatQrbed) 100 100 99 80 5o8 95o..3 o.813 .00046(5) 95.2 36..5 17..9 BlO BJ9 .:;c.;.s 100 100 99 eo· 7o) 96 .. 9 0.784 .00041(5) 95o4 " " Bl!) Blu SC-3 100 100 99 80 l&.J) 96o8 Oo785 .00041{5) 96 .. .4 .. " BlO BJ9 SC-8 (&c:ol®d) '100 100 99 80 9o7 96.S 0.785 9So1 " " 815 B4.3 

!lC-l9 Bo:J ton lll.us CLAY ( Uoadia~) 100 100 100 94 1{.1 66.5 1.005 .0066(5) 9)o9 5~ .. 1 2~-4 B10 BJ9 BC.,J.8 100 100 100 94 I 8o9. 86.2 1 •. 012 .0066{5) 94.) 810 B39 
BC-22 100 100 100 94 10.7 85.1 1.038 .0966(5) 96..0 " " lll7 Bl!O BC-21 100 100 100 94 lloO 87.7 o.n8 100.0 " " H17 BhO 

FA(C) .. 2 Fargo CLAY ( lll:diotllrtlad} 100 100 98 85 2o0 83.2 1.071 100.0 67~ 16..8 Bll B61 FA( C)~ - - 100 100 98 85 2.2 86.1 Oo996 100.0 .. BU B61 J'A(C )-5 (RQJ::Ol.dlad) 100 100 98 85 B.,C 85.1 
~::: 

100.0 .. . ~ BH 1181 f~(C)co6 . 100 100 98 85 9o7 8).1 100~n " . 

NOTES, (1) Based on ori ~illfl1 hei ~ht of frozen port ion. 
(2) Del';ree of saturation in per cent at start of test • 
(3) Tests made on material passi.nr; the u. s. _Stlli!dard Noo 40 sieve. 
(4) This sample was prepared 12-inches in diameter and 6-inches in. heigbto 
(5) Determined from consolidation charRcterist'ics of' undisturbed sampleo 

" 

-

I 
-

TABLES 83 and 84 
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COLD ROOM STUDIES OF fROST ACTION Ul SOILS 
FISCAL YEARS 1952, Alii> 1955 

TABLE B5 
'-

TESTS FOR ·EFFEC'l' OF REJIOIJ)!IIG 

(OPEII Aim CLOSED SYSTDII) 

.. 

-~~!:.. JPIRMI- J~ 
-· 

SAM!'~ tiST CO!iiDI'liCE Pm cur AVIIWB IIIli G Af PLATK REFEBKMCI 

"'IIJtBEB. JIATIIUAI. 
.o74 'o.02 

JBAVI RAD f6 lDIIT vom All~ S'l'ART 

LoL•I Polo 
HEAVE AND WM'ER • 

SAil' I& S!SDR 2.0 0.42 (:a} IB4VIl WIIGHT RATIO kx C6 TEST TEMPE !U TURE CO!I'l'DT 
__ ,_ 

pet. • -~-~ 
(l) ..DATA.. DATA 

LF'T~ Faiftab-SlU 'UD!lUturiltMI Ope iOO ltlo 94 40 124.0 4.5 98,1 0.702 .95.8 25.8 ).8 B29 B5j 
LFT-19 R.oldecl Ope 100 1cn 94 40 81.8 7.9 98.0 0.703 100.0 .. . Bl3 841" 
LFT•20 !!lllll)ldeil ~a 100 100 94 40 102,1 11,6 97.2 o~n7· lOG-.0 . . BJ,) 841 

PAFB• l Pon.a-utit cu.r Undistwbecl OpeD 100 100 92 47 95.3 "4,2 .96.1 0•772 97.8 ~.0 1~.7 Blla 842 
P.Afll• 2 Ras>lded Open 100 lOo 92 47 114.9 4.1 94~7 o. 798 94;8 Blk 842 
PAFB• 3 Undisturbed Closed 100 100 86 50 6,8 -. 97.0 o.TSo 100,0 . . B14 842 
PAF9- 4 ~lded Closed 100 100 86 50 5.0 - 97.0 o.TSo 1,00,0 .. . BU 842 

SC-7 Searspon cLt.Y Undisturbed OpeD 100 100 99 8o 2110,3 8,4 95•6 o.sos .oooti6(1a) 93.5 ~s 1]·9 B15 BlU 
SC-9 Und.ia turbed Open 100 100 99 8o 155.2 ~.2 98.5 0,755 .ooon<a.> 98.2 116 B44 
SC-6 .• R_,lded Open 100 100 99 8o 47.2 2.1 95.8 0,804 93.1 ... •. DS 1143 
SC..J.O Ralolded ()pea 100 100 99 flO 38.6 .2.5 98.5 0,755 98.2 • •. a6 B44 
sc .. s Undisturbed Closed 100 100 99 8o 7.3 . 96.9 o. 784 

=~ 
95.4 • !'. BlS B43 

sc.u Uncl.is turbed · Clolled 1o0 100 99 80 4.8 - 97.1 0,~37 90.7 • • . Bl6 B44 
SC-8 Rei!Dlded Closed 100 100 99 80 9. 7 ~ 96.8 . o.Y86 9'5.1 • "· BlS B43 
sc-u Remolded Closed 100 100 99 8o 6.8 .. 97.1 o.8·37 90.7 ... .. 116 B4k 

BCoo20 BoMan .ill.ull CLt.Y Undiaturilad Ope 100 100 100 94 111.8 4.1 85.4 l,O)l .0066(1a) 97.3 S2.7 '! ... 117 B40 
BC-2.3 Rea:>ldecl Open 100. 100 100 94 58.9 2,4 87.4 0,9119 100.0 

., Bl7 B4l:l 
l BC-22 Undieturnecl Closed 100 100 100 94 10 •. 7 - 85.1 1,0)8 .0066(l) 96.o . .. Bl7 . Bl.O 

BC-.21 Remolded ClCIQiecl 100 10!1 100 94 u.o - 87.7 0,978 100.0 . • Bl.T ~ 

FA(C)- 7 Fargo CLlY Re.:olded OpeD 100 1m 9S as 18,4 1,0 86,6 0.988 100.0 "67.8 If:' 11.2 1162 
JA(C}~· 8 Remclded Open 100 ioo 98 85 24.0 1.5 86.5 Oo981! ·100.0 . 112 B62 
~A(C)- 2 Uix!uturbed Closed 100 100 96 85 2.0 - 83,2 1.on 100.1) 

... • Ill ll6l 
A(C)- 4· G nCi s turbecl Closed 100 100' 98 85 2,2 .. 86..1 ~996 100.0 I .I lSll 1161 

FA(C)- 5 ~CIIDlded Closed 100 101) . 98 85 8.6 - 85.1 1 .. ~ 100.0 .•. I BU B61 
FA(C)- 6 RS.oldecl . C1oR.d 100 lot 98 85 9.7 - 85.1 l.ll24. 100.0 ·: .:· 812 B6l 

.. ... ~ 

'JABI.i B6 

~TS FOR EFFECT at PNOXIKITY OF iiA-m.a TABLE 

(a>ill SYSTEH) 

/ I 

DJ.;PTH TO GRAUl SIZB 
Pill CElT AVEii.lCll DRY PEiiMi- GAT ATTERBERG PLATE REFEBDC& SAMPlE WAThR TABLE -. -'Filler LIMITS (3) BATE at UNIT vom ABILITY START NUMBER . MATERIAL . BELaoi TOP 11&4VE HEAVE RATIO t x lo-4 ~ TKST HKA. Vi: AliD WATER 

at SAMP.L& (1) WEIGHT TEMPERATURI COHTBIIT 
(Iiu:bea) 2.0 0.42 .074 0.02 -./cwi pet. .. ria./aec. (2) L.L. P.I • 

DATA DATA 

EBT-42 Eut Bostcm Till - C 12 77 6S 1.6 32 s.s Oo3 lJ4o9 0.217 0.022 95.0 2~·7 8:3 B18 BiaS 
iBT-43 (-J/4•) 18 77 65 la6 32 0.7 0.1 1.)6.6 0.261 o.ol.Sl .100.0 B18 BiaS 
EBT-44 .30 77 65 1.6 32 3·2 0,1 1.)6.6 0.261 . 0.019 100.0 .. . B18 Bl6 
EBT·J&S 42 77 65 1.6 32 2.8 0,1 1)6.6 0.261 o.ol.Sl 96.8 . . Bl8 .BiaS 

~' 

~· 
(1) Ba1111d • origiBal '-ilbt of fn.a ~ 

/ 

(2) Degree of satllraUOD ill p.i' coat. at start of t.e•~ 
(3) Testa llade OD ut.eli:al pudas tile u. s. St.audard lloo 1!0 lien. 
(4) Det.ei'IIS.aed trora coneol1dat.10D cbaracter1•t.1c• ot mdhturbed Nllploo 

/ 

•/ 

/ 

--- ---· 

( 

.. --
. 

TABLES B 5 and 86 



COW ROOit S'l'IIDII!S a:l l'BOST ACn<X:! D! SOILS 
FISCAL .nABS 19S2 At!D 19S3 

TABL8 Bf 
/ 

DST DATA FOB tiATURAL SOIL SPICDaUIS USED POll ~ ~ft m5YS 

(m>i!:J SiSm:J) 

OIIAUI SIZB 
AVl!a!IIO lllli ~ 0 AT ATTUB!DIO I'Uft~ 

SIJIPI& =·· - lS l'inor PB!ICIS!I'l BAmrfl IJI:!lT IXmlllm aJ VOID 

~"" 
STAm' LUU1S (Ia) II!!AV& Alii) \:IADil 

!IUKII!IIl W.miiiAL IIKAVIS IIBAVIS .l!JlOIIi' Ca:IPACTI<X:! RATIO a:Jt!!B'l 
L.L.I 1'.1. 

m:J'~TIIIIl! Coerm!IT 
2o0 OoL2 .07la 0.02 (1) ~dt:q pet. (2) 0 ~./r::ic. ()) DATA 

PB.I-U Project Blue .Jq, TP-27L 
Sand,y ~ (5) 

.311 1.6 3 l 1.6.0 loT lh).T 9To0 Ool88 o.n 100.0 lion-plallti.C Blll 846 

Pli:J-6 Projoct .Bluo .Jq, TP-250 )1 18 " 2 SloB )oS ll&Ool 9laa6' 0.21~ loSS lOOoO " " B22 Bh9 
• Sand,y OIII.VEL (5) 

~l !otlaYil< SCDd,y GliAVEL (Pit. Buft-go) )2 lS 5 2 7o8 o.s 1)6.8 89oS 0.)90 99aS ~lLI:uc B23 
~=~ IIA-2 Kenan!< Silt7 ~11nd;y ORAV&L 27 lS 6 2 2.6 Oo3 1~1·1 9Soo o.)80 94.2 112) 

(Crusb3r Run) 

PB.J-U Project Blue Jay, TP-27S · 
Sil~ Ssnqy GRAVEL (5) 

47 )2 10 " 19.6 lola 142.8 99.6 0.194 0.14 100a0 a " 1119 Bla6 

PAF-3 J'iDtt.oburg 01'Dvoil7 SAMD (A)(8~ n 20 2 1 6.0 Oob 13(1.0 9Bo3 0.281 lOOoO " 0 B2S BS6 
PAl' -Ia (8 Sl 20 2 1 9.6 0.3 l29oT 97.6 0.283 IOOoO " " 826 BS6 

PAF-8. Pl.Litto'bu.ztl Oravoll7 S.AI!D 
(t=l~d So=:!IWigs) 

26 l 0 0 lola <Ool 126.8 99o1 o.I!SS 80.00 a a 826 1!$7 

Pl:!/-7 Pl.Litt.obui'J Orcwll7 St.t!D 
(~II:I'OCIIiii(Io) 

24 1 3 1 7aS Oo2 1)8.6 lOOoO o.LkO 86.0 " a B2S BS7 

PAl'~ Pl.Littobura Oravoll7 ~(D) 68 .36 " 2 S.3 0.2 124.2 99.4 o.)lll 9So0 a . . B2S BST 
Pt8o6 68 .36 Ia 2 9~8 0.6 12s.o 100.0 0.)29 90.4 " "' 826 BS7 

PB:J-3 Projc#t Bl~ Jq0 TP-21:B 63 lt6 10 Ia 29.0 lo9 1)8.L 97.2 0.215 o.so lOOaO . . B21 Bla8 
811~ Orcw1)¥ SAJ:D (S) -

PB:J-lD Project BlDo .Jq0 TP-262 · n S3 21 1 .36a9 2aS 12Ba7 9lao6 Oo)l2 OaS3 88aO . a B20 BlaT 
Si11V Oravoll7 SAl!D ( S) 

~1 P'o1rel1Ucl~111i" Orovoil7 SAI!D ( 1) 81 3S 20 10 29.0 2a9 1.)1.3 92ola o.)lla 9).9 21.6 2.9 BaJa BS8 
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,, ,... ,. 
~ 

I'll 

ID • 

2: 
SAMPLE %<0.02 % SATU-

mm. RATION 

e 
E 

15 EBT-40 32 96 
EBT-41 32 98 

I 
UJ 
> 
<X 

NH-48 62 91 
I 0 NH-49 62 96 

.UJ 
z 

CLOSED SYSTEM 

(/) 
.UJ 

:I: 
(.) 

5 

0 

2 

~ t++t+++-. 
I 
z ... 
Q. 
UJ 
0 

3 

4 

5 

6 
0 24 

. 24 

~ .•~-" 

o 6000 P<>U; 3n 
(\1 I 

~ w 
0:: 

~ 5000 ~ 25 

...1 ~ 
UJ w 
CD 4000 : ~ 20 . 

~ ~ 
g 3000- t; 15 
:I: z 
·I ~ 

:!! 2000 ~ u 10 

0:: 
C) 

~ 1000 

0 

48 72 

48 72· 

4 

4 

96 

96 

6 

6 

120 144 

120 144 

f::tc.- _: --. 

~ - -

NH-48 !--

8 

·I. 

168 192 

168 192 

HEAVE VS TIME 

'NH-49 

10 12 . 13 14 15 16 

DAYS IN TEST 
9 10 II 12 13 14 15 16 

:t-

17 

17 

18 

18 

19 

19 

PENETRATION OF 32° F. TEMPERATURE VS TIME 
IN SAMPLE EBT-40 

216 240 264. 288 312 336 360 384 408 432 456 
HOURS IN TEST 

216 240 264 288 312 336 360 384 408 432. 456 

20 

20 

480 

480 

. _;CUMULATIVE DEGREE-HOURS BELOW 32° F. VS TIME 

21 22 

21 22 

504 528 

504 528 

,_._,......_.~, 

23 

23 

552 

552 

24 

24 

576 

576 

EBT-4! 

25 26 

25 26 

27 28 

27 

0.75 
(/) 

0.625UJ 
:I: 

0.50~ 

0.375~ 
> 

0.25 <X 
UJ 

0.125:I: 

(/) 

2 UJ 
:I: 
(.) 
2 

3 I 

:I:· 
1-
Q. 
UJ 
0 

5 

6 
600 624 648 1;72 

600 6 24 648 6 72 7000 

(/) 

6000 0:: :::> 
AVERAGE CABINET TEMPERATURE 0 

:I: 

5000 ~ 
UJ 
0:: 

4000 ~-
0 

3000 

TEMPERATURE AND HEAVE DATA 
FOR SAMPLES 

EBT-40, EB.T-41, NH-48, NH-49 



20 
Yo<O.O~ %SATU-. SAMPLE 0.75 mm. RATION HEAVE vs TIME 

BC-18 (/) e 15 SC-3 8.0 96 _.625UJ 
BC-19 :I: E SC-4 80 95 0.50 ~ I 

UJ ro-l BG-18 9_4 94 -
> . I --·· 0-375~ 
<l BC-19 94. 9.4 > UJ 

!5 CLOSED SYSTEM -".25 <[ :I: 
'·' UJ 

SC-4 SC-3 :I: 
-- 0.125 

... 

0 I 2' 3 4 5 6 T 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 . 25 26 27 28 
DAYS fN TEST 

o'o I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 280 

PENETRATION OF 32° F. TEMPERATURE VS TIME 
I. IN SAMPLE BC-18 

I 
::) 

(/) (/) 
UJ 2 2 w 
:I: : :I: 0 0 
~ ~ 
I 3 3 I 

:I: :I: 
1- 1-a. a. 
l1J 4 UJ 
0 0 

5 5 

6 
456 576 

6 
0 .24 48 72 96 120 144 168 . 192 216 240 264 288 312 336 360 384 408 432 480 504 528 552 600 624 648 1;72 

HOURS IN TEST 
7000° 

24 48 72 96 120 144 168 . 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 6727000 

I 

... CUMULATIVE DEGREE-HOURS BELOW 32° F. vs TIME (/) u. . . .. 

6boo 0: 0 6000 ·::- 30 ::> 

"' ""~ AVERAGE CABINET TEMPERATUR 0 
If) :I: 0: 

5000 ~ ~ 5000E ~ 25 
0 <l w 
...J 0: 0: l1J UJ· 

4000 ~ m4ooo ~ ~ 20 
(/) UJ 0 
0: 1-

g3000 ~ 15 3000 
:I: z 
I ID 

<l 
I 

tt12000 u 10 
I 

0: TEMPERATURE AND HEAVE DATA 
(!) 

FOR SAMPLES ~ IOOQ 
SC-3, SC-4, BC-18 AND BC-19 

~ 

0 
.. 



, 
r 
l> 
-i 
rTI 

CD 

e 
e 
I 

IU 

~ 
IU 
J: 

en 
IU 
:1: 
u z 
T 
:1: 

tL 
IU 
0 

12 

mm. 
I 0- FA (C)-2 8 5 CLOSED SYSTEM 

FA(C)-4 85 CLOSED SYSTEM 
8 

f-- UNDISTURBED SAMPLES 

6 

4 

2 

0 

0 
0 

2 

3 

4 

5 

2 

2 

3 4 5 6 

3 4 5 6 

7 8 9 10 II 

7 8 9 10 II 

PENETRATION 

HEAVE vs TIME 

FA(CJ-2 

12 13 14 15 16 17. 18 19 20 21 

DAYS IN TEST 

12 13 14 15 16 17 18 19 

OF 32°F. TEMPERATURE vs TIME 
IN SAMPLE FA(C)- 2 

20 21 

22 23 24 25 26 27 28 

22 23 24 25 26 27 

2 

3 

4 

5 

0.4 

0.3 

0.2 

0.1 

.en 
IU 
J: 
u· 
!: 
I 

IU 

·~ 
IU 
J: 

en 
IU 
:1: 
u 
~ 
I 

:1: 
1-
Cl. 
IU 
0 

6 
24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672 

0 24 
7000 

I.L. r-I.L.-
~ 6000 °1 30 
rt') ~ 

~ 5000 ~ ~5 
..J a::: 
IU IU 
CD 4000 ~ 20 
en IU 
a::: 1-
5 3000 1- 15 
J: IU 
I z 

IU 2000 CD 10 
IU ~· a::: 
(!) 

IU 1000 
0 

0 

48 72 96 

HOURS IN TEST 

120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 

·CUMULATIVE DEGREE,;,... HOURS BELOW 32°F. vs TIME 

1111 

..<V. RA,1E Cl- BINET TEMPERATURE 

552 576 600 624 648 672 

6000 

5000 

4000 

% 
(!) 
IU 
0 

TEMPERATURE AND HEAVE DATA 

FOR 

SAMPLES FA(C)-2 a FA(C)-4 



·I~ r---------------------------------------------------------------------------------------------------------------~----------~ !r-. 
l> 
~
rrl 

m 
1\') 

E 
E 
I 
w 
~ 
I&J 
l: 

(f) 

I&J 
J: 
0 
z 
I 
l: 

t: 

30 
SAMPLE% <0.02 TEST CONDITION .mm. ... 

25- FA(C)-5 

FA(C)-6 
20

- FA(C)-7 

15 
FA(C)- 8 

10. 

0 

0 

2 

3 

4 

2 

2 

85 

85 

85 
85 

3 

CLOSED SYSTEM 

CLOSED SYSTEM 

OPEN SYSTEP.4 

~OPEN SYSTEM 

4 5 6 

4 5 6 

7 

7 

HEAVE vs .TIME 

-
4JC- , . 

8 9 10 · II 12 13 14 15 16 17 . 18 · 19 20 21 22 23 24 25 26 27 28 

DAYS IN TEST 
8. 9 10 II 12 13 14. 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

PENETRATION OF .32°F. TEMPERATURE vs TIME 
N SAMPLE FA(C)- 5 . 

0 

2 

3 

4 

1-0 

o.a ~ 
l: 
0 

0-6 ~ 
I 

···I&J 
~-

0.4 I&J 
l: 

f/) 
I&J 
2: 
0 
! 

I&J 
0 .... 

5-------~~~~·: 6 
0 24 48 72 96 12Q 144 168 192. 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 . 648 672 

I 
2: .... 
a. 
I&J 
0 

0 24 
7000 

~ ~ . 

~ 6000 °1 30 

; ~!J. 
0 . 5000 ~ 25 
_, 0:: 

:X: w 
4000 ~ 20 

(f) w 
0::. . ..... 
;:) 3000 ....,: 15 
~ w 
I· z 

w 2000 : io 
~- 0 
<.!) 

~ 1000 

0 

48 72 96 120 144 

2-5 6 

HOURS IN· TEST 

168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672 

.'CUMULATIVE DEGREE- HOURS BELOW 32°F. vs TIME 
6000 

'£RAGE CA ~/N£1 TEMPERA VR 1:'" . 
. . . ~ t-· ·-·r-t- .... T. 

5000 

4000 

TEMPERATURE AND HEAVE DATA ........ FOR . 
SAMPLES FA(C)-5 TO FA(C)-8 



120 
%(0.02 Tf:ST SAMPLE mm CONDITIONS HEAVE vs TIME· 

4.0 (f) e 90 LFT~I9 40 OPEN SYSTEM UJ 
J: 

E LFT-20 40 OPEN SYSTEM 3.0 
0 

I ~ UJ LFT-20 
60- I > 

2;0 UJ <I >. UJ i LFT 19 <I J: 30 UJ 
ID :I: 

0 
() 2 3 4 6 9 10 12 13 14 15 16 '17 18 19 20 21 22 23 24 25 26 27 28 

DAYS IN TEST 
0 

3 4 6 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 280 

PENETRATION OF 32°F. TEMPERATUAE VS TIME 
IN SAMPLE LFT-19 

;""'~: 

.~-:~ 

(/) (f) :~:~ 
UJ 2 2 UJ #:.~ :I: J: : .... 
0 0 
~ z 
I 3 3 I ·-~~: I 

J: ·J: 
t- .... Q. 0. 
UJ 4 UJ 0 0 

5 
~ 5 

6 
3134 

6 
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 408 432 456 480 504 528 552 576 600 624 648 1;72 

HOURS IN TEST 
7000( 24 48 72 96 120 144 168 192 216 240 264 288 312 . 336 360 384 408 432 456 480 504 528 552 576 600 624 648 6727000 

'CUMULATIVE DEGREE-HOURS BELOW 32° F. vs TIME· 
(f) 

LL 
~ 30 6000 0:: o.6000 

AVERAGE CABINET TEMPERATURE :) 
N .. 0 If') ILl J: a: 

5000~ ~5000 i= 25 
4 UJ ...J a: 0:: 

UJ ILl 

i 4000 ~ m4ooo ~ 20 
(f) ILl 0 
0:: 

..... 

~ 53000 ~· 15 3000 

:I: z 
"0 I CD 

4 ,... 
tt12000 0 10 

J> 0:: TEMPERATURE AND HEAVE DATA 
-1 (!) 

FOR 

"' ~ 1000 
SAMPLES LFT-19 AND LFT-20 

CD 
0 

"' 



~~----------------------------------~------------~------------~~--------------~--~r-----------~----------------------~ 
r / 
,. 80 SAMPLE %<0.02 . TEST 
-t · mm. CONOITIONS 

"' E. 60- PAFB-1. . 47 OPEN SYSTEM 

CD .. 
~ PAFB-2 4 7 OPEN SYSTEM 

~ 40- PAFB-3* 50 CLOSED SYSTEM 

<X PAFB-4 ·50 CLOSED SYSTEM 

~ 2 0 *'UNDISTURBED SAMPLE 

0 

60 

.. I 

CJ) 
UJ 2 
~ 
0 
~ 
I 3 
~ 

1-:-a. 
UJ 4 
0 

6 
0 24 

24 

lL u:· 
~ 6000 ~ ~ 30 

If) p~~ 

~ 5000p ~ 25 

...1 ~ 
UJ UJ 

CD 4000 p ~ 29. 
(/) UJ. 
0:: ,_ 

5 3000 t;j 15 
~ z 
I . ~ 

~2000 ~ (.) 10 
0:: 
(!) 

~· iooo 

0 

2 4 

3 . 4 

48 72 96 

48 72 . 96 

5 

120 

120 

6 

6 7 

144 168 

144 . 168 

8 

8 

.HEAVE VS TIME 

~· 

PAFB-2· 

PAFB-3 PAF8.:.4 
TT"~ 

10 12 13 14 15 16 17 18 19 
DAYS IN TEST 

10 II 12 13 14 15 16 17 18 19 

PENETRATION OF 32° F. TEMf?ERATURE VS ·TIME 
IN SAMPLE PAFB-4 

PAFB-1 

20 21 

20 21 

22 23 24 25 26 27 

22 23 24 25 26 27 

3.b 

2.5 

2.0 

1.5 

1.0 

:.5 

28 

280 

2 

3 

5 

CJ) 
UJ 
~ 
0 
~ 

I 

UJ 
> . 
<( 
UJ 
~ 

(/) 
UJ 
:I: 
0 z 

I 

~ 

1-:
Q.. 
UJ 
0 

6 
600 624 648 1;72 240 264 288, 312 336 360 384 408 432 456 480 . 504 528 552. 576 192. 216 

HOURS IN TEST 
192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 6 24 648 6 72 7000 

;CUMULATIVE DEGREE-HOURS BELOW 32° F. VS TIME· (/) 

L , .L. 

AVERAGE CABINET TEMPERATURE 

6CXX)o:: 
::l 
0 
:I: 

5000~ 
UJ 
0:: 

4000 ~ 
0 

3000 

TEMPERATURE AND HEAVE DATA 
FOR 

SAMPLES PAFS-1 TO PAFB-4 



0 

(/) 
UJ 2 
:X: 
0 
~ 
I 3 

:X: 
1-
a.. 
UJ 4 
0 

5 

6 
0 

7000° 

0 

CLOSED SYSTEM 

OPEN SYSTEM 

OPEN SYSTEM 

CLOSED SYSTEM 

h * UNDISTURBED SAMPLE 

3 4 

4 

,_ 

-£ 

24 48 72 96 120 

24 48 72 96 

HEAVE VS TIME 

t ' 

10 12 13 14 15 16 

DAYS IN TEST 
10 II 12 13 i4 15 16 

;_·· 

sc· 7 

SC-6 
SC-5 

t- -t:tt:t-~ 
-·-

-++++ ~ -+- r:f=J:±: :.-~'f++H -

17 18 19 20 21 22 23 

17 18 l9 20 21 22 23 

SC-8 

24 25 26 

24 25 26 

-a 
7 
6 

5 

4 

3 

2 

27 28 

27 28 0 

2 

1 :~~t~ ~ 3 
~ :]:: . 

(/) 
1.&.1 
:I: 
0 
! 

I 

UJ 
> 
<l 
UJ 
:X: 

rJ) 
UJ 
:X: 
0 
2 

I 

::z: 
1-
a.. 
UJ 
a 



I 

e 120 
E 
I 

SAMPLE %< 0.02 
mm. 

SC-9* 

SC-10 

~ 80 SC-11* 

80 
80 

80 

80 <( SC-12 
UJ 

TEST 
CONDJTIONS 

OPEN SYSTEM 

OPEN SYSTEM 

CLOSED SYSTEM 

CLOSED SYSTEM 
·-~-"' 

::r: 40 J::t::t::t: 11
~p)pTURBED SAM!,~~+ 

(/) 
IJJ 
::r: 
0 
~ 
I 

::r: 
1-
a.. 
w 
0 

0 

2 

3 

4 

5 

6 
0 

LL 
0 6000 
N 
rt) 

~5000 
..J 
UJ 
m4ooo 
(/) 
0::: 

53000 
::r: 
I 

~2000 
0::: 
(!) 

~ 1000 

0 

o -'U 
I 

UJ 
0:: 

24 

24 

~ 25 
<l 
0:: 
UJ 

~ 20 
UJ 
1-:' 

~ 15 
z 
m 
<l 
(.) 10 

49 

49 

4 6 

4 6 

72 96 120 144 

72 96 120 144 

169 

168 

HEAVE VS TIME 
SC-9 

SC-12 

9 10 12 13 14 15 16 17 18 19 20 21 22 
DAYS IN TEST 

10 II 12 13 14 15 16 17 18 19 20 21 22 

PENETRATION OF 32° F. TEMPERATURE VS TIME 
-1 IN SAMPLE SC-12 

SC-10 

SC-11 
·~ 

23 24 25 26 

23 24 25 26 

27 29 

27 

6.0 

5.0 ffl. 
::r: 

-4.0 ~ 

2 

3 

5 

6 

3.0 ~ 
> 

2.0 <(. 
w 

1.0 ::r: 

(/) 
IJJ 
::r: 
0 
z 

I 

::r: 
1-
a.. 
w 
0 

192 216 240 264 299 312 336 360 384 -409 432 456 490 504 529 552 576 600 624 648 1;72 
HOURS IN TEST 

192 216 240 264 289 312 336 360 384 408 432 456 490 504 529 552 576 600 624 649 .6727000 

CUMULATIVE DEGREE-HOURS BELOW 32° F. rVs-"ifiME 

a: 
1&.1. 
c 
a: 
0 
u. 
0 

1-
:::l 
0' 

AVfRAGE CABINET TEMPERATURE 

(/) 

6000 0::: :::> 
0 
::r: 

5000~ 
w 
0::: 

4000-~ 
0 

3000 

TEMPERATURE AND HEAVE DATA 

FOR 

SAMPLES SC-9 TO SC-12 



120 
%<0.02 TEST 

SAMPLE mm. CONDITIONS 

e 90 8C-20* 94 pPEN SYSTEM 

E 8C-21 94 ~LOSED SYSTEM 
I 

LIJ 60 80-22 * 94 CLOSED SYSTEM 
> 
<! 80-2 3 " 94 OPEN SYSTEM ~ BC-20 
UJ 
:I: 30 lftM*UNDISTURBED SAMPLE-

0 3 4 6 1· 8 

00 2 3 4 6 8 

(/) 
UJ 2 
:I: 
0 
~ 
I 3 

:I: 
~ 
a.. 
UJ 4 
0 

5 

6 
0 24 48 72 96 120 144 168 192 

7000 
24 48 72 96 120 144 168 192 

u. ::-30 • 6000 
N 

~-rt) 
a: 

~5000 ~ 25 
<S 

...J a: 
UJ LIJ 

m4ooo § ~ 20 
(I) LLI 
0:: ... ., 53000 ~ 15 
:I: z r I iii 

J> ~2000 
<S 
0 10 

-1, 0:: 

"' <!) 

m: ~ 1000 

~ 0 

HEAVE· VS TIME 

BC-21 

10 12 13 14 15 16 17 18 19 20 
DAYS IN TEST 

10 II 12 13 14 15 16 17 18 19 20 

. PENETRATION OF 32°F. TEMPERATURE vs TIME 
IN SAMPLE B0-22 

216 240 . 264 288 312 336 360 384 408 432 456 480 
HOURS IN TEST 

216 240 264 288 312 336 360 384 408 432 456 480 

~CUMULATIVE DEGREE-HOURS BELOW 32° F. VS TIME· 

C-23 

BC-2. · 

21 22 23 24 25 

21 22 23 24 25 

504 528 552 576 600 

504 528 552 576 600 

- '-

26 27 

26 27 

624 648 

624 648 

28 

2 

3 

5 

6 
1;72 

4-5 

4.0 (/) 

3.0 ~ 
2.5 -;-

2.0 ~ 
1.5 <! 

1.0 ~ 
0.5 

(/) 
LIJ 
:I: 
0 
z 
I 

:I: 
r-
a.. 
LIJ 
0 

6727000 

(/) 

6000 0:: ::::» 
0 
:I: 

5000~ 
AVERAGE ~ABINET TEMPERATURE 

LIJ 
0:: 

4000 ffi 
0 

3000 

TEMPERATURE AND HEAVE DATA 

FOR 

SAMPLES 8C-20 TO sc:.23 



20 
%<0.02 SAMPLE DEPTH 10 

.HEAVE vs TIME 
Q.75 

mm. WATER TABLE 

e 15 EBT-42 32 12" Q.625ffi 

e_ EBT-43 32 
:t: 

18" 
0.50 ~-.. 

EBT-44 
EBT-42 

UJ 10 32 30" -r-

> Q.375W 
<I EBT-45 32 42" EBT-45 
UJ EBT-44 > 
:t: 5' 

Q.25 <I 
UJ 

EBT-43 
Q.l25:t: 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 156' 
DAYS IN TEST 

00 2 ·4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 52 4 60 

PENETRATION OF 32° F. TEMPERATURE VS TIME 
-

2 IN SAMPLE EBT-43 2 

(/) - (/) w 4 4 UJ 
:t: - -· :t: 0 :t=> 0 
~ --- z 
I 6 - - 6 -

:t: f - ·_F I 

:t: .... .... a.. 
8 a.. 

UJ 8 UJ 
0 0 

10 .. 10 
: 

.. 
12 -- 12 

0 . 48 96 144 192 240 288 336 384 432 480 628 576 624 672 720 768 816 864 912 960 1008 1056 1104 1152 1200 1248 1296 1344 
HOURS. IN TEST 

'.7000° 
48 96 144 192 240 288 336 384 432 480 528 576 624 672 720 768 816 864 912 960 1008 1056 1104 1152 1200 1248 1296 13447000 

. - -- -t-· i- .CUMULATIVE .DEGREE- HOURS BELOW 32° F. vs TIME· 
u. 

~~ltj~ 
- J!=t H-+ ~:.j=j: i-- . 

·-~:1'-· 
(/) 

~-·- 6ooo 0:: 0 6000 ----- . t· :J 
N - ··•-t· 

~ 0 
rt) UJ -t-It :t: Q: 

~5000 
:::> . -

5000 ~ ~ ~ 25 
UJ 

...J 0:: 0:: UJ UJ AVERAGE CABINET TEMPERATURE 
4000 ~ (114000 ~ 20 r . 

(/) 
-w 0 

0:: 
1-

63000 ~ 15. 
-- ·•- J:: - 3000 -· .. 

:t: - z -

I . t~ 
.. 

t-
- r -

~2000 t (.) 10 
t 

... 

0:: t - TEMPERATURE AND HEAVE DATA 
<!) ~J:f:f -

FOR 
~ 1000. --- ~- ·~.:t:t SAMPLES EBT-42 TO EBT-45 -I . --;.X 

-
..... - .. - . - ·J=r: -. ::t't- . J:f; :t=1+~:i.- - :n:: ·· 

0 
- ++-l+-. -. - F .:t: 

' 



40 
%FINER 1.50 

SAMPLE 
THAN 0.02 mm. HEAVE vs TIME 

PBJ'-:15 1.25 (/) 

e 30 PBJ-7 18 UJ 
PBJ-11 J: 

E PBJ-11 I - 1:.00 0 
I PBJ-7 ~ 

UJ 20 PSJ-13 4 0.75 I > UJ <I PBJ-15 35 >. UJ PBJ-/3 0.50 <l. 
J: 10 ... ': ·, UJ 

0.25 J: 

'· 
0 I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 . 25 26 27 28 

DAYS IN .TEST 
00 I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 . 28 0 

PENETRATION OF 32° F. TEMPERATURE VS TIME 
I IN SAMPLE PBJ-7 

1. 

(/) (/) 
UJ 2 2 .. UJ _J: J: (.) 0 
~ z 
I 3 3 -I 

J: J: 
1- 1-a. a. 

.UJ 4 UJ 
0 0 

5 5 

.f 
6 6 

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 5~2 576 600 624. 648' 1572 
HOURS IN TEST 

7000° 
24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672

7000 

.:CUMULATIVE DEGREE-HOURS BELOW 32° F. vs TIME· 
(/) u. 

~ 30 6000 a: 
0 6000 ::> 
(\j .... AVERAGE CABINET TEMPERATURE 0 
rt) UJ J: 0::: 

~5000 ~ 25 5000~ 
4 UJ 

...J 0::: Q:. 
UJ UJ 

4000 ~ CD4000 
n. 

(/) 
p ~ 20 

0 
a: 1-

g3000 -~ 15 3000 
J: ~ 
I 

IX) 
4 

~2000 (..) 10 

a: TEMPERATURE AND HEAVE .DATA 
(!) 

~ 1000 
FOR SAMPLES 

PBJ-7, PBJ-11, PBJ-13, PBJ-15 

0 
: 



"'0 
r 
l> 
-t 
ITl 

CD. 
1\) 

0 

roa-r----.-----· 
SAMP E "to FINER 

. L THAN 0.02 mm. 

E 75 PBJ-10 

E PBJ-12 
I 
~- 50_ PBJ-14 

<l PBJ-16 
w 
J: 25 

(/) 
UJ 
J: 
(.) 

~ 
I 

J: ..._ 
0.. 
UJ 
0 

2 

3 

4 

5 

0 

6 
0 24 

24 

u.. .·~ 

0 6000 :t 30 
. N =--r-

l'f') w 

~5000 
...J 
w 
tD4000 
(/) 
0::: 

63000 
J: 

0:: 

~ 25 
<l 
0:: 
w 
-~ 20 
w 

-I-

t:i 15 
z 

I ·~ 

~2000: (.) 10 .. 
0::: CH- . 

<.!) :=i= ~ 
UJ .H-

01000 t::t: 
-H-.-
H- ··-

0 

48 

48 

7 

I 

4 

35 

72 

72 

4 

4 

96 

96 

6 

6 

120 144 168 

120 144 168 

HEAVE VS TIME -·-. 
PB.J-16 

PB.J-10 
. _., ~-

10 12 13 14 15 16 17 18 19 20 
DAYS IN TEST 

10 II 12 13 14 15 16 17 18 19 20 

PENETRATION OF 32° F. TEMPERATURE VS TIME 
IN SAMPLE PBJ-1 0 

.,-
-1- ·-

-'~-

PB.J-14 
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. PB.J-i2 

21 22 23 24 25 

21 22 23 24 25 

26 27 28 
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192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 1;72 
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CUMULATIVE DEGREE-HOURS BELOW 32° F. VS TIME 

AVERAGE CABINET TEMPERATURE 
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6000 0::: ::> 
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J: 

5000~ 
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0::: 

4000 ~ 
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3000 

TEMPERATURE AND HEAVE DATA 

FOR SAMPLES 

PBJ-10, PBJ-!2, PBJ.:14- PBJ-16 
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'Yo FINER 1.50 SAMPLE .HEAVE vs TIME 

~ ............... ~ .. 
L' 

THAN 0.02 mm. PBJ-3 PBJ-1 
1.2 5 f3 e 30- PBJ-1 22.5 

:::r:: e PBJ-3 4 1.00 ~ I 
ILl 20- PBJ- 5 2 

0.75 ~ > PBJ-9 <( PBJ -9 7 > UJ 0.50 <( :::r:: 10 I UJ 

0.25 :::r:: 
·· PBJ-5 

0 3 4 5 6 10 II. 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 
DAYS IN TEST 

00 4 6 9· 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 280 

PENETRATION OF 32° F. TEMPERATURE VS TIME 
IN SAMPLE PBJ-1 

(/) (/) 
ILl 2 2 UJ :::r:: :::r:: 0 0 
~ z 
I 3 3 I 

:::r:: :::r:: ..... 1-a. Q.· 
ILl 4 UJ 
0 0 

5 5 

6 6 
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 50_4 528 552 576 600 624 648 1572 

HOURS IN TEST 
700d 

24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 6727000 

,CUMULATIVE DEGREE-HOURS BELOW 32° F. vs TIME·~rAVERAGE CABINET TEMPERATURE m (/) u. .-.-r-r-1-t 6000 0:: 0 6000 .. t~ ::) 
N I 0 rt) w :::r:: 0:: 

5000~ ~5000 ~ 25 
cr UJ -l 0:: 0:: ILl w 

4000 ~ m4ooo ~ ~ 20 
(/) 0 
0:: 

1-

53000 ti 15 3000 
:::r:: z 

-u I m 
r ~2000 R~ 1o 
l> 0:: TEMPERATURE AND HEAVE DATA -t (.!) 

FOR SAMPLES 1'11 ~ 1000 
PBJ-1, PBJ-3, PBJ-5, PBJ-9 
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N 0 
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L THAN 0.02 mm. 

E 90- PBJ- 2 22.5. 

E PBJ-4 4 
I 

UJ 60 PBJ-6 2 

~ PBJ-8 · 18 
UJ 

:I: 30 
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w 
:I: 
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~ 
I 

:I: 
1-
Cl. 
UJ 
0 

0 

2 

4 

5 

6 
0 

7000 

. 24 

24 

~ 6000 u._.,n 
N ~I 
rt) UJ 

a:: 
31:5000 ~ 25 
0 <l _. a:: 
UJ UJ 
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(/) UJ 
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5 3000 ~ 15 
:I: z 
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48 
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72 

72 
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4 
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96 
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120 144. 168 192 
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9 10 12 13 14 15 16 17 18 19 
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9 10 II 12 13 14 15 16 17 18 19 

PENETRATION OF 32° F. TEMPERATURE VS TIME 
IN SAMPLE PBJ-2 

20 

20 

216 ·240 264 288 312 336 360 384 408 432 456 480 
HOURS IN TEST 

216 240 264 288 312 336 360 384 408 432 456 480 

CUMULATIVE DEGREE-HOURS BELOW 32° F. VS TIME 

PB.J-8 

"IN-6 

21 22 23 24 

21 22 23 24 

25 26 . 27 28 

25 26· 27 

4.50 

4.oocn 
3.50~ 
3.00~ 
2.507 

2.00~ 

1.50 <[ 
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0.50 
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3 

5 
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0 
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··~~.~-
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.0 

:I: 

5000 ~ 
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a:: 

4000 ~ 
0 

3000 

TEMPERATURE AND HEAVE DATA 
FOR SAMPLES 

PBJ-2, PBJ-4, PBJ-~ PBJ~8 
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(/) 
a: 
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HEAVE vs TIME 

- f- -
- '---,-- -f-·- f--- - -- --'-------1-- ----

-1::±:+-
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- f-f-- -- - --f- -

9 10 II 12 13 14 15 16 17 
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- f- --+-- -- --r- --- -
H-- , ---
~---+---,--- - -- - ---

- - - --- -- -

--1 ~- -- ~:~.:.=__r---:::::: -~ _ _:_:_f __ -=- f-- ,--=-_-

- -r----- -- --,--- r--- __ ,____ -r---

18 19 

K/.- ....... ii_-_____ ,,::___ 
---- ------- - "';of---

20 21 22 23 

--+-

24 25 

::r""-=±~ -- --= 
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- -~-~0.50 

--:-------

26 27 28 

0,30 ~ 
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w 
~ 0.20 w 
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0.10 
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PENETRATION OF 32°F. TEMPERATURE vs TIME 
IN. SAMPLES KA-1 8 KA_-2 

KA-1 3 
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5 

1/) 

"' l: 
0 
! 
I 
l: 
1-
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w 
0 

192 '216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 
6 

576 600 624 648 672 

192 

HOURS IN TEST 

216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672 

-CUMULATIVE DEGREE- HOURS BELOW 32°F. vs TIME 

Alfl:li~G£ CABINFT TEMPEl 'ATUR£5 .L 
6000 

.. 

5000 

4000 

TEMPERATURE AND HEAVE DATA 

FOR 

SAMPLES KA-1 AND KA-2 
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PENETRATION OF 32°F. TEMPERATURE vs TIME 
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22 23 24 25 26 27 28 
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216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672 
7000 1/)-

CUMULATIVE DEGREE HOURS BELOW 32°F. vs TIME 

VEJ 'AIJ~ "'A8li11Fr 7i 'MPEJ 'ATllrt 
6000 

·-- ·-
4000 

TEMPERATURE AND HEAVE DATA 

FOR SAMPLES 

WWC-1, WWC-2 8 WWS-1 
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DAYS IN TEST 
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PENETRATION OF 32°F. TEMPERATURE vs TIME 
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5 3000 
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·CUMULATIVE DEGREE- HOURS BELOW 32°F. vs TIME 

5000 

4000 Q 

. '. ·. 

TEMPERATURE AND HEAVE .DATA 

FOR SAMPLES 

PAF-1~ PAF-3, PAF~5: a PAF-7 

-~~----------------------------------------------------------~----------------------------------_.--------------------------~ 
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•··-·- ·:- ·-. ···--

PAF-6-r-... 

.... 
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e 90 . PAFB-7 
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I 

L!J 60 > 
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1-
a.. 
L!J 4 
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HEAVE·. VS TIME 

PAFB-8 
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PENETRATION OF 32°F. TEMPERATURE VS TIME 
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21G 240 264 
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288 .H~~~RS 3~~ T ~~T 384 408 

432 

432 

456 
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20 21 22 

20 21 22 
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'CUMULATIVE DEGREE-HOURS BELOW 32° F. VS TIME· 

23 
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3.0 
2.5 
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5 
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a: 
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TEMPERATURE AND HEAVE'DATA 

FOR 

SAMPLES PAFB-7 AND PAFB-8 
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(/) 
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I 3 
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7000 
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HEAVE vs TIME V/S-2 7.0 
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J: 
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4.0 I 
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3-0 > ·-~~- <( 
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J: 
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9 10 II 12 '13 14' 15 16 17 18 19 20 21 22 23 24 _; 25 26 27 28 .. DAYS IN TEST 
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PENETRATION OF 32° F. TEMPERATURE vs TIME 
IN SAMPLE VIS-I 
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CUMULATIVE DEGREE-HOURS-BELOW 32° F. vs TIME (/) 
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5000~ 
AVERAGE CABINET TEMPERATURE: UJ 

Q: 

4000~ 
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3000 

' . 

TEMPERATURE AND .HEAVE DATA 

FOR 

sAMPLEs v1s-1>v1s-2 AND xs..:1 
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~ LFT-10 40 85 
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1&.1 
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2 3 

2 
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0 6000 0 

N "I , ur 
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HEAVE VS TIME 
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PENETRATION OF 32°F. TEMPERATURE VS TIME 
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0 
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:) 
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.0 

TEMPERATURE AND HE'AVE DATA 

FOR .UNDISTURBED SAMPLES 

LFT-1 AND LFT_-_10· · ,·, 
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6 
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FOR . 
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