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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 ap
theArctic Construction and Frost Effects Laboratory (ACFEL), U..S. Army Engineer Div-
ision, New Eﬁgland.. The studies are being conducted for the Office, Chief of Engi-
neers, Department of the Army, Airfields Branch, 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 two previous reports in the series ére:
i .

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

studies.

"Cold 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 isApfesented in two volumes. Volume I cqnﬁains 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-
tidn of cold room, freezing cabinets, standérd specimen preparation and teét proce-
dures; and Appendix B, Investigational Data, which contains‘tabu1ations 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 £, Miner-

alogical and Chemical Sﬁudies is a report submitted by Dr. T. William Lambe of the

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

consultant on studies to determine the effect of frost action on mineral - composition
of soil fines, and on admixture studies for the modification of frost action in soils. .
DOr. Lambe provided the admixtures 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_studieS’reported on

in Appendix C.
This interim report was prepared to summarize the test results and conclusions

for review by the 3oard of Consultants and to aid in fprmulating 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 dr& unit weight of sandy, silty and clayey soils.
For sandy graveliy soils there appears to be an optimum initial dry uhit weight at which
ice segregation is é maximum,,forAsilts heaying increases Continﬁodsly with increasing
density. Limited tests on c1ayey soils indicate ﬁhat ice segregation is diminished with
increase in initial dry unit weight. Overburden pressure or sufcharge 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 ﬁpper poftion of the Soil by transfer of soil moisture from
the lower portion. Results of freezing tests, wherein the depth to water‘tablq was
varied from 6 to 42 inches in giacial till, indicated that heaving was greatly reduced
when the source/of water ‘was more than'18 inches,below_the freezihg plane.

Other data are presented showing the‘effebt‘of disturbance .0f: soil structure and
of variations in natural soil gradations. It is concluded that the gradation of a soil
still offers the most expedieht means of recognizing a potentially frost-susceptible
soil.

o viii



PART I - INTRODUCTION

1-01. Purpose. The object of the investigation described herein is to
determine 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 sitdations»where frost is

a problem.

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

fhe 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:

va. 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 relatiohship between natural soil gradations and intensity

of ice segregation.
g. The freezing point of spil moisture.
h. Mineralogical and chemical studies.
i. The crystallography of segregated ice lensesvin fro;en soil.

‘A complete listing of the items contemplated for study in the overall
program has.been given in the second. interim report}l*

*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 Division-52-ESA-ES, Directive 1, dated 29 December 1951,

file ENGMG, from the Chief of Engineers to the Division Engineer, Néw England Division.
Instructions and Outlines for Cold Room Studies were transmitted as Inclosure.with OdE
2nd‘indor$ement, dated 22 August 1951, to basié letter -dated é3 April 1951, from the
Chief of Engineers to the Division Enginéer, New England DiVision,-Subjeétf *"Frost
Investigation; Fiscal Year Ending'30 June 1952. *

' Frost investigations during Fiscal Year 1953 were authorized and funds allocated
by J6b<Number,:New England Diyision-53-ESA-ENG, Directive 1,7 dated 16'Octobef 1952,
file ENGEC,  from the Chief of Engineers to the Division Engineer, New England Division.
Instruciions 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. Definitions. 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 thét the average daily air tem-
perature varies from 32°F. The difference between the average daily air temperature
and 32°E 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 périod

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

Freezing index - The number of dégree 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 magnitude of below freezing temperatures

occurring during any giveﬁ freezing season. The index determined for air temperatures



at 4.5 feet above the ground is commonly des1vnatcu as the air freezing index, while

that determlned for temperatures immediately below a burface 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 materials 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 in the

- underlying soil.

- Frost benetration - The maximum depth from the surface to the bottom of the

frozen zone.

frost-susceptible soil - Soil in which significant ice segregation wiil'

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 séil - A so0il 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 mater1al

'v01ds without macroscopic segregation of 1ce.

Ice lenses - Ice formations in soil occurring essentially parallel to each
other, generally normally to the direction of heat loss, and commonly in repeated -

layers.

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

massesvin soils, commonly, but not always, oriented normal to the direction of heat loss.

on—frost—suscept1b1e materials - Cohes1on1ess materials such as crushed’

rock gravel .sand, slag and cinders in wh1ch ice segregation does not occur under

normal freezing conditions.



‘Open system - A conditionlin-whichrfree water, in excess of -that COntalned
originally in the voids of the,soil,:is~a0ailab1é to be moved to the surface of freezing

" to form segregated ice in frost-susceptible soil.

S

Percent heave - The ratio, expressed as a peréentage of the;amodnt of heave _

- to the original hgight of the frozen soil.

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

from a representative portion of.the plot of heave versus time, in whick the slope is
relatively constant and during which the penetration of the 32°F isothermvié”relatively
linear and between 1/4-inch and 3/4-inch per day. Rate of heave is averaged over as
much.of the heave vs. time plot as practicable, butvphe minimum.numbef of consecutive
days used for a determination is five. This.measure of frost susqéptibility is usqd i -~

open system tests only.

Standard Proctor density - The maxlmum dry unit weight dbtained‘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 described in ASTM Standard Designation D698-42T. '

Modified AASHO density - The makimum dry unit weight obtainéd'by standard

Method of Test for the Compaction and Density of Soils, AASHO Desigﬁagion T99-49 using
1/30-cu ft cylinder, but substituting 5 layers, 25 blows per layer oflad10-1b~tamper; ,
18-in. drop for 3 layers, 25 blows per layer of a 5.5-1b tamper, 12-in. drop.

Corps of Engineers’ (C of E)-airfield dens1ty - The max1mum dry .unit weight

obtained by compacting soil in a 1/10 cu ft cylinder using 5 layers, 55 blows per-layer
of 10-1b tamper 18-in. drop .as described in paragraph 3 b of Appendix B to Chapter 2,
Part XII of Eng1neer1ng Manual for M111tary Constructlon ent1t1ed "A1rfleld Pavement

Design, Flex1b1e Pavements.

Providence vibrated dénsity - The maximumvdry unit weight obtained by com-

pacting a-soil sample in a 7-in. inside diameter steel cylindér under the combined
act1on of a 1000 pound statlc load and v1brat1on produced by blows of 2-1/2 pound
hammer over the exterior walls of the cylinder. (See Kenneth S. Lane, "Prov1dence

V1brated Density Test " Proceedlngs of the becond International Conference on Soil

Mechan1cs and Founuatlon 2ng1neer1ng Rptterdam, yblﬁ,IV, DD. 243 247 1948)
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PART II - SOILS,. TEST PROCEDURES ANb 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 summar1zed 1n 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 1n Table 1 are a cons1derable number of subgrade soils and proposed base course
materlals of questlonable frost susceptibility from a1rfield and highway projects located
in the northern Unlted 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 predetermined density oy means of‘a static load
and/or vibration. - Cohesionless soils were molded at a lowvmoisture content to improve the
apparent cohesionvand to aid specimen handling after»molding. All‘other materials were
molded at optimum moisture content as defermined by the modified AASHO denslty,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 the specimens and
the container walls duringlheaving. In the most recent tests, a liner cBnéisting“of sheet
cellulose acetate or 1—in.>high cellulose acetate strips lapped in'a telescopic manner, was
placed within the cardboard containef. The acetate liner was coated on both sides with k

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°F. 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.



" height of at least one specimen in‘eacn freezing cabinet; this was done to measure
temperature changes. The specimens were placed in a freezing cabinef and granulated
'cork wds 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-

A perature in the test cabinet was lowered to obtain approximately 1/4 in. penetration
per day of the~32°F.temperature 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 determine the water content

distribution.

A more detailed description of the standard laboratory specimen prepardtien and
freezing procedures is presented in "Appendix A: Equipment end Test Procedures. "
The heave data,'the penetration of the 32°Fltemperature, the cumulative degree-hours
below 32°F, and the test cabinet temperatures all have been plotted versus time.
These plots are in "Appendix 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 rebofted 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 densities, and
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 ffeezing 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'tne 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



quentitatively representative of actual heave to be expected in 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 exeception 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 prev1ously 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 of 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 fdllowing 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 Heave ‘ ] Frost Susceptibility

mm/ day ' ‘ Classification
70 - 0.5 . _ ’ o o Neg}igiblé‘:b~ _
' 0.5 - 1.0 L ) : : S Vefy low o
‘1.0 . 2.0 B - Low.
2.0 - 4.0 » o Medium
40-80 . : High

Greater than . 8.0 - - Very high.

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

in nature. . Average rate of heave does not represent a 51mole and fundamental physical

value, since such factors as surcharge-.and moisture. ﬁvallablllt} vary contlnuously during .
the test.. The progressive decrease in thickness of soil through which water is.drawn to ’
the freezing plane tends to make moisture progressively more readily ava11ab1e at the
plane of freezing and thus to permit .a progressive 1ncreaseA1n.rate of heave, during the
test. At the same time, ihCreasingsurchargeon the freezing plane tends to decrease the
rate of heave, the estimated possible decrease.due to surchafgeeffect being up ﬁo as much
as 15 to 20% between the start and end of a test on a specimen of 6-inch initial height. '
Since the.changes in moisture aVailability and surcharge produce opposite effects, the
net effect: is to tend to produce -a more uniform rate of heave than might otherwise be:

expected.



Inspection of specimen heave fecdrdé such as those shown on Plates Bl through 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 tb the freevsupply
of water to the specimen. A siight rise in the cabinetvtemperature 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 fdund 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,thé computation of each. While averége
rate of heave is determined ffom a portion of the heave vs time plot, thc percent heave
is determined from direct scale measurements of: .

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

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

The summation of the daily heave readings is ﬁot used for the percent heave deter-
mination because it does not always agree with the measurements taken of the specimeﬁ

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 étages 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 specihens during heaving. In making direct scéle measurements
of the height of the frozen specimens, any ice lens directly beneath the‘sufcharge plate
is disregarded; this thickness thus is nqt included in percent heave value. The growth
‘of this ice lens will have been reflected however, in the accumulated daily heave
réadings. For épecimens which have been deformed, an average height is determined for

computation of percent heave.



PART III - COLD ROOM INVESTIGATIONS

SrQI. - Effect of Variations in Dry Unit Weight (Degree of Compaction). -During Fiscal

Year 1951, a serles of’ tests had been performed on various soil types to study the relation-
ship between 1nten51ty of ice segregation and such phys1ca15011 properties as void ratlo
and dry unit weight. The test results, as presented in the Second Interim Report of Inves-

tigations, dated June 1951, showed the following

a. In well-graded frost-susceptible soils, the intensity of ice segregation
increased. moderately with increase 1n dry unit weight until a peak value was reached
further 1ncrease in initial dry unit welght then resulted.in a sl1ght 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.

In 1norgan1c silt 501ls the intensity of ice segregation increased with
initial dry unit welght up to the maximum dry unit weights which could be attained with

these soils.

In Fiscal Years 1952 and 1953 free71ng tests related to this phase of the cold

room studies were contlnued ‘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 s011 from the Western Assoc1at10n of State nghway Offlcals
(WASHO) Road Test Section, Malad, Idaho.

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

all the 1952 to 1953 test specimens are tabulated in Table Bl 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

Spec1mens Used for Frost Susceptibility Tests, and listed in Table B7 of Appendlx B.

10



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

100% of maximum dry unit Weight. Gradatibns of the Blue Jay soils are shown on Plate 1.
Results of allvtests in this series are summarized in Figure 8 of Plate 2.

(1) Fargo Clayey Sand. The test results on the remolded Fargo clayey sand

 subgrade specimens (FA-5 and FA-6) indicate a decrease on heave rate with an increase in
dry unit weighp. This is shown in Figure 4 of Plate 2. Additional fréezing tests at
lower dry unit weights, using this material, are to be performed to further develop the

indicated curve.

(2) Fairbanks Silt. The ddta 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 fqllows:the
same pattern of behavior as New Hampshire Silt-A, in that for both soils, thekrate 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 mégnitude‘of rate of heave of Fairbanksisilt may
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 shapezof the voids in the soil
specimen, which are dependent upon the size -and shape‘df the soil particles. Freezing
tests* by ACFEL have shown that fibrous, partially decomposed peat with an organic 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
stou-' KZCrZO7 digestion method adapted from Peechg), with slightly more thén halfAbeing

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 DuckerS®,

the frost sens1t1ve propert1es of 501ls are ch1ef1y due to

the quartz flour- which has 11tt1e or no swelling properties. Clays with high swelling
character1stlcs such as montmorillonite (mineral of benton1te) are substantlally impervious
and should exhibit little or no ice segregatlon upon freezing, depending upon the ex-
changeable cat1on New Hampshlre Silt contains 40 te 55 percent of: quartz f1nes while
the quartz content of the Falrbanks 5ilt flnes varies between 20 and '35 percent. Further-
more Falrbanks S11t was found to contaln approx1mate1y 10 to 15 percent montomorillonoids
and 10 percent chlor1te ne1ther of which were found present in the New Hampshlre 8ilt.

. Therefore it does not appear unreasonable to expect that the frost suscept1b111ty of

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

(3) WASHO Test Section Clay. As shown in F1gure T of Plate 2 the test results
for the remolded claysp901mensfrom the subgrade of the WASHO Road Test Sectlon Malad

Idaho, indicate a slight decrease in the rate of heave with 1ncrease 1n dry unit weight

for the den51ty range investigated.

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

tests on the PrOJect Blue Jay 501ls generally confirm the relationship between rate of
heave and dry un1t we1ght estab11shed in prev1ous test ser1es on gravelly soils.. It is
demonstrated that 1ncreas1ng the degree of compactlon in such soils from approx1mately
95% to 100% of the max1mum dens1ty results 1n a sl1ght to moderate decrease in intensity
of ice segregatlon As has been brought out previously, however, the advantage of
obta1n1ng a h1gh degree of compactlon in these soils 1s questionable because even 1f the
soils could be made almost non-frost susceptlble by compaction, one would expect a
loosening of the soils after. one OTr more freez1ng cycles.. Th1s may be less true when the

soils are well- dralned than when they are at relat1vely ‘high degrees of saturat1on

(5) D1scuss1on of Effect of Dry Un1t Welght The fact that materials of

d1verse m1nera1 characterlstlcs and or1g1ns follow 31m11ar trends when grouped accord-
ing to gradation characteristics, as shown in the 1nd1v1daul F1gures 1 through 7.on
Plate 2, indicatesbthat whether a material will show increasing or'decreasing_rate Ofv
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 dggsge
or-lgzgl of frost suceptlbility is thus largely controlled;=this hypothesis relates

only to upward or downwardvtrend with change in tightness of packing.:'While it seemsl'h
obvious that the rate of heave in a given soil should be governed in SOme'degree by.

the s1ze and shape of the voids, as controlled by the grain 51ze d1str1but10n and

degree of densification, it is not necessar1ly obv1ous whether an increase in degree
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-of compaction in a given soil should result in an.increase, or in a decrense, 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 permeabilitj, so as to provide a fuller explanation of the observed trends.

Since frost penetration was kept ndvancing 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 the ice through moisture films gi.the soil-
ice-plane. Since fhe applied'surchafge 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 speéimens} 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 thé factors thus acting
might be an increase in the force of moistune attraction to the growing ice lenées 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 éross-sections of the moisture threads filling the voids, 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 soii grains provides better con-
tinuity of the adsorbed moisture films, more soil-ice contacts of individual grains per
unit area at the freezing plane, (and consequently less unit éurcharge pressure on the
moisture film surrounding each grain) with the result that gneafer volume'of moisture
can flow to the freezing surface, in spite of a lowering of permeability of the densified
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 incréasing density. ThoughtAshould be given to simple experiments to measure

and evaluate the individual factors discussed above.

Thought snould also be given in practical pavement design to the possibility 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 matérials'within the zone
subject to frost action. Possibly, this may be aided in the future by use of chemical

additives to modify maferials which would otherwise be unsuitable.

3-02. Effect of Surcharge. 1In 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 (Beskow?, Taber?o) 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.

Hdweyer, a possible weakness in the test methods was visualized. In particular, it
was questioned whether side friction on the soil specimens during laboratory freeze tests
was influencing or produning the observed trend. For example,.is there more lateral
expansion or cryStal growth during freezing nnder the heavier surcharge load? Could the
total volumetric expansibn‘be the same undef heavier surcharge, but be unobserved because
it oécurred latéraily instead of vertically? Could the increasé in side friction resulting
from‘possible latéraliexpansion be thevcause of the change in heave, rather than the sur-
charge pressure itself? To explore these considerations, additional studies and~1aboratory

tests were performed in Fiscal Years 1952 and 1953.

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

one;dinenéional heat flow, growing ice layers,orient themselves, generally perpendicular
to phe;direction of heave or heat transfer, and that substantial. lateral expansive force
duéito;growth of‘the crystals does not occur. The latter factor has been demonstrated
indirectli'by Beskow‘in nis experimental tests to devise apparatus for reducing the o
sliding resistance between the soil mass and the container walls in laboratory specimens.
Beskow utiiized,a container consisting of a series of short glass rings, placed on top

of each.other to form one cyiindrigal container. These glass rings would have broken
during~freezing of the speciméns undef any substantial expansive force; however, such
phenomena was not reported during the tests. Further, in routine tests by this labdraﬁory,

'7spécimens 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, have 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 before the freezing test.:

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

in Fiscal Years 1952 and 1953 to evaluate the magnitude of frictional restraint upon
heaving offered by various specimen containers and of various methods used to minimize
the frictional fofces. 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
distribufion of these soils are shown on Plate 1, and the pertinent data for this test
series are given in Table 32 of Appendix B. Individual soil spepiméns were prepared fdf
guick 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 theée liners and the
magnitude of frictional restraint were evaluated by determining the force required to
eject the frozZen soil specimens from the containers; The results of this test series

are listed below :

' ’ Equivélent heaving
pressure, psi,

Frictional . which would just
Liner Type . Side balance frictional
. i and Restraint "~ restraint after
Soil " Container Lubricant ’ psi ‘ specimen frozen 6 in.
Peabody Micarta Petrolatum sheet 6.6 7 26.4 '
Gravelly '
Sand " Acetate w/Silicone 5.8 - 23.2
W " " 1" Acetate strips : '
(lapped) - , S
w/Silicone 3.1 . 12. 4
" " 1" Acetate squares
(lapped)
w/Silicone 1.2 4.8
" " 1" Acetate strips '
(lapped)
w/Liqui-Moly 0.9 3.6
" ’ " Dental dam (lapped) ' »
- w/Liqui-Moly 0.3 1.2
" Tapered T t ’
- . Lucite  Silicone 1.4 6.1*
New Hamp- . " Liqui-Moly 23.8 104.0*
shire - ‘Sheet acetate and ' .
Silt-3 ) - Liqui-Moly 1.8 ! 7.9

*Containers assumed 5.5 inches avg. I.D. and 6.0 inches high for computations.
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The Micafta containers were 6 inches I.D. The lucite 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 equivalent hea?ing
pressure obtalned for New Hampshlre Silt-B in .the tapered 1u01te cyllnder lubricated with
liqui-moly is attrlbuted to the non-affinity of this lubricant to lucite. This was
evidenced by the fact that, upon eJectlon of the frozen 511t spec1mens the interior
surface area of the lucite cyllnder was very clean whereas 11qu1 moly adhered to the’
contact surface of the frozen specimens. . According to information available, lubrication
with this matérial is achieved by the molecular structure of the form of moiybdenum used
in ligui-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 molyhdenum-cnated'frictidn surfaces bearing against each other instead of the orig-
inal bearing maférials In this particular test, only one surface - ‘the soil surface -

was coated w1th molybdenum which presumably resulted in the high frlctlonal 51de restraint.

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

- preceding paragraph, side friction on thé,laboratory specimen‘is equivalent to an
intensity of surcharge acting over the cross section of the specimen, varying from O

af start of freezing to 4 times the maximum surcharge appiied 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‘ﬁhevperimeter of the specimen nnd the cross sectional
area of the specimen suggests that by increasing thé diameter of the specimen without -
increasing its height, the relative éffecf of the side friction should be reduced since
the side frictionai aréa increases only'as the diémeter,»whéreas the cross‘sectional
area on which. surcharge and heave pressures act inéreéses 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 réduéedftb a 6-inch height with a com-
pactive effort equivalent to that of the quified‘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 lubricatéd With_a thin coating of silicone and
lined with 1-inch wide by 0.007 inéh thick ceilnlose'aéetate strips in a telescdpic,

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

The 12-inch diameter size necessitate substitution'Oan 1/2 inch .thick filter built-
upvfrom Ottawa Sand 18 x 14 mesh bronze screen 6lnth :;nd764 X 64 weave muslin (against
base of specimen), in lieu of the cu%tomary 3/8 inch thlck porous disc and filter paper
utilized in'preparatlon of 6 inch dlameter test specimens. Except for the aforementloned
differences, the testing procedures for this specimen were similar to those described in

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

.snecimen p}ots directly upon the curve established in Fiscal Year 1951 for the 6-inch
diameter specinens. 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—ineh diameter specimen should have been under reduced relative side
frictional resistance, as compared with the 1951 tests, as may be dednced by examination
of the tests summarized in the table in paragraph 3- 02 a, above. This factor and the
doubling of the d1ameter height ratlo of the spe01men would be expected to show a marked
change in the heave rate if the side friction is a 51gn1f1cant factor in these tests.

The close agreement of the data from thls test with the previous results, as shown in
Figure 2 of Plate 2, indicates that the factor‘of side friction does not significantly
affect the test results. However, it is recognlzed that this represents only a 31ngle

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

d.  Additional Surcharge Tests in Flscal Years 1952 and 1953. The:following

soils were used in further sureharge tests:

(1) Undistnrbed Silt from the subgrade of the Fairbanks'Permafrost Research
Area, Fairbanks, Alaska (Fairbanks Silt).

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

(3) Remolded clay subgrade soil from the WASHO Road Test Section, Malad,
Idaho, (WASHO Clay). '

The pertinent data erm these tests are listed in Table B3 of Appendix B. The average
heave rates are plotted,against intensity of surcharge on Plate 3. The déta shewn thereon
vincludes all the 1951, 1952, and 1953 test results. The grain size distributions of the

.s0ils 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 reporti
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, whlch 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. Fbliowing‘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 ‘rThis may bevnot onlyrbecauseiof relatively )
thicker and presumably stronger fllms on the clay partlcles but also-because of the .<
vastly greater number of part1cle contact p01nts at the freez1ng surface 1n the clay, as>
‘ compared with the silt, w1th consequent lesser un1t surcharge stress on . the 1nterven1ng

f1lms of the clay partlcles

Some d1ff1culty was exper1enced durlng these tests 1n establ1sh1ng accurate dally
heave measurements for the silt spec1mens under heavy surcharge loads The spec1mens
had a tendency to deform and t1p laterally durlng the freez1ng process and this resulted

in erratic average heave rates, thus account1ng,for some of the scattering shown on Plate 3.

e. Discussion of Effect of Surcharge.

(1) There seems at this t1me to be no doubt that surcharge’ does reduce
~frost heave as 1ndlcated by the tests. However 1n evaluatlng the tests in terms of -
field conditions, it must be remembered that the cond1t1on which we have attemuted to
approximate 1n the laboratory 1S that of the free21ng of a surface which extends infinitely
in a horlzontal plane and over wh1ch heave is at all po1nts un1form, 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 result1ng shear. and
bendlng developed 1n the layer of frozen mater1al 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. Aga1n however, the latter condition is fOr
one of assumed uniform frost penetration, both under and beyond the roadway pavement.
The compar1son becomes somewhat complicated if we con51der the fact that snow cover will
normally redice the extent of frost penetrat1on beyond the edges of a pavement thus
tending to balance the reduction 1n heave under the pavement due to surcharge against a

reduction in heave at the edges because of less severe freez1ng

It is believed that the relationship between surcharge and heave which has been
shown in these tests can be taken advantage of 1n actual cases 1f a reasonable assump-
tion of the effective area over which heave forces are to be assumed can be made m
order to obta1n field data on th1s p01nt and to conflrm the va11d1ty of the laboratory !
'tests it is belleved that a test area should be constructed on Wthh 3 to 5 d1fferent
surcharge 1nten51t1es can be appl1ed to full scale foundat1on areas These areas should
be selected and prepared well before the time that ‘the actual surcharges are applled
and the heaves of the test areasshould be determlned for full seasons both before and

after surcharge appllcatlon Preferably each of the measurement perlods should cover
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several seasohs in order to permit averaging-out of water contents énd other variables.
Snow should be kept cleared from the test areas and for a reasonable distance around in
order to obtain uniform frost penetration ahd.results which are cdnservatiﬁe. The method
of surcharge‘appliéation 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 thicknésses 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 oh 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 restraintvcén_reach.father
high valueé, particularly in felation 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, the effect of the surcharge load-
ings might be considefably greater in a relative sense. -On the other hand, the‘results
of the single large-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 because
the comparison tests in cardboard containers also had low side friction due to the ability
of the containers to stretch and distort‘moderately. It is, therefore, planned to run
additional 1abofatory tests to measure the friction in the G?iﬁch diameter cardboard
containers used in the standard laboratdry test. Further, a series of heéve tésts should
be run in which the only variablé is the side friction, using the various friction-reducing
methods reported in paragraph 3-02b, and a plot of sidleriction vs»heave,‘or rate of ~ [

heave, should be obtained. !

3-03. Closed System Tests.

a. Tesf Program. In Fiscal Year i951, 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 direct relation 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 o
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

reiationships.
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-"The'materials subjected to testing in the new studies were:

(1) Glacial clays from North Cambridge, Massachusetts: Searsport, Maine;
and Fargo, North Dakota.

(2)  Well- graded Silt-A from Goff's Falls New Hampshlre and silt subgrade

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 soil- types were prepared at degrees of saturation between 909
and 100% in the new test series, except the Portsmouth glacial till specimens, which
were prepared at approximately 70%, 80%, 90%, and_loo% saturation. . All specimens were
tested in the closed system (see Definitions). The brass nipple of the baseé 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 indicated by an asterisk thereon. Complete

data on Fiscal Years 1952-and 1953 tests are given in Table B4.’

A summary plot of the-closed syStem'freéZing_tésts to date is shown on Plate 4.

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

RN

reported herein are shown on Plates B37, B38, B39, B40, B43, B53, -B61 and B62.

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
toa value which appears to be relatively constant for a given soil and in some cases
completely 1ndependent of the initial degree of saturation. 'In the unfrozen zone of -

the undlsturbed and remolded spec1mens of the three lean clays, ‘the water content decreased

considerably, as water moved to the zone of free21ng where ice lenses were being formed.

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

definite migration of moisturein the highly plastic clay from Fargo, North Dakota, either
when tested undisturbed or when tested ifi the ‘remolded condition. The very bottoms of
the two undisturbed specimens of 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 limittand/or the shrinkage
limit (determined according to ASTM standards, 1952).'are indicated for each soil on

Plate 4.

Cc. Moisture Between Ice Lenses. The water content éf 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 imperviohs specimen of the group
tested for moisture contents between the ice lenses, the remoldedBoston Blue Clay
(BC-21), showed a feduction of moisture content to thé 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 soil 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_moveﬁent 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

(Casagrande?).

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

inch of the specimens is also shown on Table 2 and Plate 4, and inspection of th¢ latter
plate confirms the previoﬁs conslusion that the moisture content of the upper frozen
portibn of the specimen bears a direct relation to the initial degree of saturation.
However, no tests were pérformed with the Fargo Clay at reduced degree of saturation, -and

it may be thét clays as fat as the Fargo soil will not follow this ﬁrend.'

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

specimens experienced temperature "kick-backs" due to sudden, spontaneous freezing
after supercéoling. This resulted in quick freezing in at least the upper part of
these specimens, with resultant probable lowgr water gain there. Review of the test
records indicates thét the following specimens probably suffered temperature kick-backs

to some degree: -
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through 5

Dow AFB specimens DFC-1

Easf Bbston Ti11 specimens .EBT-S £hrough 8

Pdrtsmouth AFB specimens PAFB-9 ;hrouéh 12
(slight ip 10 through 12)

Truaﬁ AFB séecimens TD—17‘ahd‘18

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

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

Somg of the scatter of the test results is prbbably‘caused by variations in initial-

dry densities.

density.

Variations in ice segregation would be expected with differences in

Any migration of moisture. in the Fargo Clay must have been over very short distances

‘less than about an inch, which was:fhe order of thickness of the water content slices

(see Plates B61 and B62).

silt specimens.

On the other hand, migration was most pronoﬁnced in the two

It is_believed that this difference'in performance is ?ontrolled by such

factors as differences in effectiyevpermeability (in the soil mass. and at the soil ice.

lens interface), differences in amount of mobile'moisture which is present in the soi]l,

'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

problem is of in-

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

in a mass of unfrozen soil by frost action in an adjoining mass of soil

in contact.

the fogpdation‘of a heated building by f;ost_pehetration down past the v

ing? The tests presented herein indicate.that it is very unlikely that

occur in a fat clay, but that it would not be unlikely in a coarse, rel

silt. However, much needs to be learned before suchAa problem can be ar

tively for any given soil condition. Test information is needed which
perature gradient or rate of removal of heatAfo poféjpre§sure grédients
lying the frozen layer in such a way that rates and patterns of moistur

puted. for any given set of conditions. .
The evidence to date indicates that a reduction of percent saturat

of 70% does not eliminate ice segregatidn and heave but does reduce it

well as reducing moisture gain in the top inch of the specimen. This c
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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 reholding on ice segregation.

a. Tests Performed. The following soils were tested:
(D Lean clays from Cambridge, Massachusetts and Séérspdrt, Maine.
(25 Highly plastic clay from Fargo, North Dakota.
(3) S.ilt from Fairbanks, Alaska.

©(4) Stratified élay, 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 w;re
obtained at depths sufficiently below the frost zone to exclude any effecté 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 Reséarch Area, Fairbanks, Alaska,
within the zone of permafrost degradaiion. The Fargo fat clay was obtained as undisturbed -
speéimens, approximately 6-1/2 inches in diameter and 8 inches in height, from the subgréde
adjacent to Taxiway 2B of Fargo Municipal Aiport between the depths of 2.2’tok338 ft below

the ground surface. The gradation curves for these materials are shown on Plate 1.

Undisturbed and remolded companion* specimens of%@uelean clays and stratified
clay were subjected to freezing both in the obeﬁ system and closéd system types of testuﬁlm
Available quantity of the Fairbanks silt permitted testing of undisturbed and remolded ’
specimens in the open system only. = Undisturbed andxemoldedspeéimens of Fargo clay were
tested in the closed system and remolded specimehs in the open system.. The undisturbed
Fairbanks silt and Fargd clay specimens in this series were not subjected to freezing in

the same test chamber with their respecti?e Temolded specimens.

b. Test Results. The pertinent test data for the specimens are shown in
Table B5. The percentage heaves for the materials investigated, based 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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Undisturbed - - © - Remolded

Original Original
Feliht of Height of
‘Type . - Prozen U S f'rozen .
of Portion Heave : Portion - _ Heave
Materizl System in. ' % . in. - . oo
3oston 3lue Clay Open , 4.00 - 1118 3.94 A 58.9
Closed 512 - 1007 0 5,43 11.0
Searsport Clay~ - : "Open.. . .. - 3.25 -~ . 240.3" : . 4,28 47.2
Closed 6. 00 7.3 - 600 9.7
Open - . B R I . 155. 2 5,36 0 . 38.6
Closed 6.00 4.8 6. 00 6.8
Fargo Clay Open - - 5. 80 18. 4
' - - o- 5.5 24.0
Closed 600 - .. .20 ©5.60 8.6
5. 50 ‘ 2.2 6.00 9.7
Feirbanks Silt? - Open - 4.42 . . 124.0 -+ 4.80 ' 8l.8
Open *. ) - R 5.30 - 102:1 -
Portsmouth e Open. - . 2.99 95,3 ¢ o 3.07 o 114.9 0
. Btratified Clay - -Closed - - 5.00 - . -6.8 5.00 - 5.0

The test results indicate thag generally whén‘these soils are remolded, the per-

centage heaveris>greatly‘reduced‘@g an-open system and slightly increased in a closed

@153¥Stem’ aé:compared to:the corresponding percentage heave for undisturbed specimens.

The Portsmbuth‘stratified~c1ay provides-the sole exception. - -

~c.~ .Discussion of ‘Effect of Specimen Remolding on»IcefSegregation,' This

frost behavior change is attributed to the structure alteration produced .by :the re-
~arrangement of the soil particles during remeclding. VFine particles deposited .in an

alluvial medium in nature are likely to have a loose and randdm flocculated structufe;

Even though consolidated under overburden pressuré; the original .porous structure

remains, exhibiting considerable strength.
Upon remolding, the particles are oriented intd new positions. .The permeability

is decreased. . For example, others héve,found that the permeability of remolded Boston

“Clay-'is 1/200th of that in the,undistﬁrbed state. A decréase infpermeabiiity would
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affect the rate. at which; water could be supplled to a grow1ng ice 1ens The'large
decrease in heave observed in .open’ system tests after remold1ng is attributed to..

this decrease in:permeability. . ’

In the closedvsystem;:water:is:made*available,for'iceasegregation.only from

within the soil specimen, and if all portions of the specimen were to remain
>saturated the total 1ncrease 1n spec1men volume would not exceed the volume 1ncrease-
of the portlon of the water 1n the specxmen whlch freezes Actually, _the increase
tends to be larger because of the tendency for free water to be removed from the soil

voids and be concentrated in the ice lenses leav1ng the voids partially f111ed

, ‘ . Water is supplled for 1ce lens growth from the mater1a1 dlrectly below the plane of .
| ?‘ 1b:free71ng, result1ng 1n the consol1dat1on of this materlal under the resultant poref.
water ten51on If 1ce forms w1th1n the 5011 v01ds as well as ‘in 1ce lenses, there.
Vmay be some d1stent1on again as crystall1zat10n occurs As ‘the plane of freezing
advances, the mater1a1 next below becomes consol1dated and the process cont1nues
unt11 -no _more mobile water is anywhere avallable .. In ‘the open system the processr
R 1s the same except that water is drawn up from the source at the bottom of ‘the

Vm_spec1men as well as. from the 5011 voids. . -

{ - . . : - . ot . . . .
! L. X

Since so0il in the remolded state 1s also more compress1ble than the same 5011
‘in the natural state3 1t 1s v1suallzed that durlng the free71ng process a sl1ghtly ’
,.greater volume of pore water is made ava1lable for ice lens growth 1n the remolded
: cohesive s011 than 1n the undlsturbed : The sl1ght1y greater heave shown by - remolded_
Vspec1mens as compared w1th und1sturbed spe01mens were tested 1n a, closed system may
in part be attributed to the expan51on of this add1t1onal amount of water in freez1ng,

However, other effects of the changed structure brought about by remold1ng may also

be 1nvolved ‘A S , _ L o - ) 94:ﬁ?

Although the Fa1rbanks s1lt materlal exh1b1ted the same trend as the clays

':th1s frost behav1or change cannot be totally attrlbuted to a structure alteratlon :~
Vis1m11ar to that effected by remoldlng clay so1ls ‘ Vertlcal seepage fissures and

! ) L paths developed by past freez1ng, and the presence of old root holes undoubtedly
resulted in a more ready source of moisture for ice segregat1on in the undlsturbed

) o Fairbanks silt specimen.

v . ThlS serles of freez1ng tests also 1nd1cated that the percentage heave of
remolded Portsmouth stratlfled clay 1ncreased 1n an open system and sllghtly de~

» creased in the closed system type of test as compared to the natural materlal
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This reversal in frost behavior ls attributed to'the’stratificatiOnvin the natural -
material. Remolding probably in this case . increased the overall vertical permea- :
_ bility and by producing a relatively well-graded mixture, probably also slightlyi'
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.

. . . . . ‘\' ! . I L 8 o
This reasoning points up the fact that differences in frost action of varved
clays are strongly deoendent upon the permeab1l1ty of the f1neet layers, when water

is available only by flow 1n the vertical d1rect10n

From the standpoint of decreasing the effects of ffost action ‘however, ‘the possible

advantage of remolding the lean clays and silt has'not'been'proved s1nce loosenlng ‘and
rearrangement of the structure of these soils could result after a few free71ng cycles.

which could poss1b1y restore ‘the avilability of pore water for ice segregat1on

3-05. Effect of Proximity of Water Table. An exploratory 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 froet?susceptible gravelly sandy '

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

The East Boston till specimens were prepared at about optimum moisture content with
a compactive effort equal to that of the'Corps’of Engineers Airfield Density Teet " The
specimens were molded 'in 5.45 in. 1ns1de diameter lucite cyl1nders to approximate helghts
of 1.0 ft, 1.5 ft, 2.5 ft and 3.5 ft. fﬁ; inside walls of the portlons of the lucite
cyl1nders whlch were to nrOJect 1nto the freezing cabinet were lightly coated w1th

petrolatum and lined with 0. 007x1n thick cellulose acetate, the 1nter1or surface of

: L:whlch was also lubricated with petrolatum to minimize the side-wall frlctlon 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 procedure described in'paragraph 2-02

of Part II, Standard Teét Procedure, | Appendlx A The average degree of saturat1on for

each specimen was computed from welghts of spec1men and container before and after satu-“
rating; the dry un1t we1ghts were computed from the predetermlned dry welghts of 5011

and container volume

Thermocouples were inserted along the longitudinal. axis at 2-in. intervals in the
upper 12-in. of one of the four t111 spec1mens In addltlon thermocouples were placed
at the top, and 12-in. from the top, in another specimen. The four specimens were placed

in the freez1ng cab1net so that the top 12 1n of the spec1mens 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 hefght 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 froéen,at a rate of penetration of the'320F.temperature;appxoxi—
mately 1/4-in. per day'under a surcharge in%ensity of 0.5 psi. Only the portions of the
specimens-whieh 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~ebout.1-inch'increments with a metal spoon. - The frozen portion was ejectedvfrom;
the lucite container, measured for amount of heaﬁe, weighed to determine the a?erage change
in water content of the frozen portion and then’split in two longitudinally. Observatlons
»for the location, distribution and magnitude of ice lens 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 86 and Plate B45 of Anpendix B.

The individual moisture content determinations for the East Boston specimens, EBT-42,
43, 44 and 45, shown on Plate B45, together with the results of sample EBT-25, have been
plotted on Piate 5 as average curves to yield a composite plot. The data fqr specimen
E5T~25 were taken from the Second Interim Repomt 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 composite 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 Limited in this soil principally to what it can extract froﬁ the
1.wa£er already present in the 'soil below the level 6f freezing, and (b) that in the 42-in.
specimen (EBT—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'makesbit appear that these
specimens were able to expand and take on water in these regions; however, it probably

represents den51ty variations due to specimen preparatlon or handling.
The relationship between average rate of heave and depth to watef table, measufed
from the top of_specimeqs 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 depth up to 3.5 ft had little effect.

In general, this exploratory series of testsvmeasured_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 equipment be designed to‘give a practical equlvalent of infinite
depth of specimen, or, as a minimum alternate, the specimens should all be of the same
length,. with the water table controlled at different levels in the specimens . Provi-
sions should also be made in the equipment to obtaln the dlstrlbut1on of degree of satu-
ration, as well as water content, with depth in situ, both prior to -and after freez1ng,
ln order to estab11sh more conclus1ve1y the m01sture d1str1but1on pattern with var1a~
tions 1n water table prox1m1ty Finally, it is recommended that add1t10nal tests be
conducted us1ng dens1t1es for these materials whlch w111 g1ve fa1rly h1gh rates of heave,
to accentuate the differences, as the current test densities were such that_the rates of

heave were almost negligible.

-It may be noted that several cycles of alternate freeze-thaw might have altered the
soil structure suff1c1ently to ‘produce cond1t1ons favorable to 1ncreased ice segregatlon.

Increase of frost actlon with t1me has been observed to occur in the field, part1cularly'

" in cutvsectlons, where»exposure to the f1rst winter follow1ng construct1on‘has pxoduced

relativelyvminor_frost action, but considerable heaving has.occurred duringhsubsequent,

winters.

3 06 Frost Suscept1b111ty Tests of Natural Soils Spec1mens Tests were per-

,fonmed to determ1ne the relatlve frost suscept1b111ty of base course and subgrade so11s

from var1ous a1rf1elds and h1ghways in the northern United states Canada Alaska Ice—

land and Greenland Included 1n these so1ls were materials proposed for base course .

‘construct1on The maJorlty of the so1ls were submltted by various D1v1s1on and Dlstrlct

offices for laboratory freez1ng tests 1n accordance w1th paragraph 4 07 (a), Chapter 4
of Part XII of the Eng1neer1ng Manual The materlals were generally tested in the re- _
molded cond1t1on at a dens1ty. between 90 and 100 percent of max1mum dens1ty, as deter-:'
mined by appl1cab1e laboratory compactlon pxocedures However subgrade s1lt (Spec1men'"
LFT-10) from the Falrbanks Permafrost Research Area Fa1rbanks Alaska, and clay specimens
from Portsmouth (New Hampshlre) AFB, Searsport Malne and Cambr1dge Massachusetts were

subJected to laboratory freez1ng tests in the und1sturbed state. V
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The data for the complete series of Fiscal Years 1952 and 1953 tests areApresented
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. 1Included 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. 1! oOn 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 envelqpes, (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 ffom.coarse to fine. Thereris a considerable over-
lapping of the envelopes and no clear distingtion 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 soilfgradation
as a criterion for frost susceptibility was introducéd'by Dr. Arthur Casagrandeu, 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 consideréble ice segregation in non-uniform soils containing more than three
percent of grains smaller than 0.02 mm, and in very uniform 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
v well-graded gravelly soils containing less than 3 percent.of 0.02 mm size. However,
it nust be remembered that the laboratory tests are performed under exceptionally
severe'conditions as far as availability of unlimited free water is concerned. Such

- a condition is unlikely to be duplicated normally in the field in the base coursé of
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a well-designed pavement. 'Thereforet it is.concluded from the data presented and re-
lated field experience, that the gradation of a soil and the péercentage 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 gfeatly 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 heavingbhas been observed to be considerably
less than in the silts and lean-clays as illustrated by the lower positionvof the enve-
lope shown on Sheet 3 of Plate 7, encompassing the-results obtained with the highly
~plastic clays. Thié is attributed to the greater imperviousness of the Clay.due to
its particle shape,and arrangément, surface area, and to the étrong molecular surface

adsorptive forces which attract and hold pore water with great tenacity.

The remolded silt material from Whitehorse, Yﬁkon Province, Canada, identified as.:
specimen YS-1, gives résults out of line with the rather similar Fairbanks and Indiana
silts.. The test data.in Table-B7 indicate that the Yukon silt specimen (YS-1) was tested
for frost susceptibility at a density of 122.6 pcf, or 98%v6f modified AASHO density; |
this is-about 9_pcf higher than the test density of the Indiana- silt specimens and about
24 pcf higher than the undisturbed Fairbanks silt specimen. - It is an exceptionally high
density for a silt. Since it has been concluded that the average rate of heave increases
with increasing density for: silt soils, one might expect that the rate of heave for the
Yukon specimen would be higher than .for the Fairbanks or Indiana silt speciméns, but
the test data-indicate the reverse. It is believed, therefore, that it might be worth-
while to make aldetailed,analysis of these silts to.determine -effect of density
variations and organic content on frost susceptibility, in addition- to the mineralogical
and structufal di fferences in these silts which cause such a. wide difference in rates of

heave.

~As -an objective 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_grdund'water-table positions below.the subgrade surface. and other specific : .
conditions, and that efforts to,establish'relationships.betweeh'the laboratory results

and actual field performance be continued: - -
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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 et 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.

Previousjlaboratory studies by_Bouyouc052 ét Michigan State College, Beskowi; énd
others, have demonstrated that the freezing point of soil moisture in fine-grained soils
is generally below 32°Fiand for a given finefgreined 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 to freeze at a higher temperature than the water closer to the

surfaces of the fine soil grains.

In nrevious investigations by the'Arctic-Construction and Frost Effects Laboratory,
the freezing point of soil moisture has been determined by measurlng with thermocouples
the temperature at the visual boundary between frozen and unfrozen 50115 in test pits
and cold room test specimens. For proper correlation and application of these results, -
however, compreheneive laboratory studies are required to analyze the effeots of such
factors as moisture content,‘dry unit weight, soil mineral characteristics, and the
dynamics of the freezing process.: Exploratory laboratory studies, therefore, were
initiated in F.Y. 1952 to work out test techniques and instrumentation, and to obtain .
the freezing history’ of several soil .types at varylng m01sture content. The soils ..
selected for this exploratory test series were Lowell Sand, Manchester Fine Sand, New
Hampshire Silt and BSBoston Blue Clay. Each soil type was prepared at sevefal water
contents by'adding distilled’water to tne 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'thiokness of 0.065 in. A 24 gage copper constant thermocouple wasAin-
serted along the longitudinal axis oﬁ tne speoimen to ife midpoint to measure temperature
changes. within the specimen, and‘the ends of-the tube were seal ed with»asphalt mastic
to prevent loss of moisture by evaporation. A relatively long specimen containerAwas
selected, and the thermooouple 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 speclmens ‘were suspended 1ns1de the freez1ng cablnet so that all surfaces were
exposed to the atmosphere of the chamber The freezing cablnet was held at a relatlvely v
constant temperature and the temperature change within the spec1men was measured cont1n-‘
uously at 1-minute 1ntervals durlng the free21ng cycle with a Leeds and Northrup type K- 2

‘laboratory potentiometer. Typical temperature time plots for spec1mens of the selected

- soils are shown on Plate 8, together with pertinent test conditions. It is noted that
durlng the initial stages of cool1ng, the temperature of each spec1men dropped at a
relatlvely steady rate to a temperature con51derab1y below 320 - and then suddenly rose
to a hlgher temperature ‘In the case of Manchester Flne Sand, the temperature rose to
32.0° F and remained constant for apurox1mate1y 30 minutes and then ‘the temperature ’
dropped off at a relatlvely constant rate " On the other hand the temperature of the clay

spec1men rose to 30 2° F, then 1mmed1ate1y began to decrease w1th t1me

The “sudden_ temperature rise observed after the spec1mens ‘had been lowered somewhat
below 32°F, 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 soil and test conditions. Outside effects such as v1brat10ns
may ‘influence the temperature of initial crystall12at1on in the pore water It 1s recog—
nized that the characteristics of the pore water and the presence of nucle1 for 1n1t1at10n
of crystal formation have an 1mportant influence on the temperature of 1n1t1a1 crystalllza-
tion. Dorsey has similarly reported that the temperature of spontaneous ‘freezing of water
varies, i.e., same results ‘are not obtained when tests are repeated as shown by a long
series of freeze and thaw tests on water spec1mens P0551b1y the "mote" at wh1ch the
free21ng first starts varies w1th1n the same water ‘specimen with the result ‘that the

temperature ‘of spontaneous freezing is not the same in every case

The‘same.phenomenon ofAsuoercooling‘has been observed'in the‘cold room. test specimens
that are frozen atl a constant rate of penetrat1on of the. 32 F temperature Unless counter
measures are taken, ‘there normally occurs a sudden spontaneous freez1ng of the uoper A
portion of the specimen after the 32° F temperature has penetrated 2 to 3 1nches below the
surface of the specimen. In order to prevent th1s effect and atta1n a more unlform rate
of freezing temperature penetration in the standard free21ng tests p0s1t1ve steps,
including seedlng, are taken to insure 1n1t1at10n of crystalllzat1on at the time the 32 F.

temperature penetrates sl1ghtly below the surface of the spe01mens

The typ1ca1 temperature t1me plots on Plate 8 and the exploratory tests of th1s
series summar1zed in Table 3, 1ndlcate that the level to which temperature rises after
start of crystallization is a function of soil type and water content. The specimens

prepared using the two sand soils and the inorganic silt soil, rose to a temperature of
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32.0°Fiand the femperature remained 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°E, with the progreséive 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 temperaturevreached after start of crystallization
were 27.4°E, 30.2°E, and 31. 3°F, respectively. After reaching these temperaturés, the
specimen temberatures then gradually decrease, indicating that the latent heat of soil
moisture was not being released at constant temperature but that soil moisture was being
graddally and progressively made available for freezing as the specimen temperature was
lowered. The increasing steepness of the temperatﬁre-time curve for this portion of the
freeziné cycles for Boston Blue Clay shown on Plate 8, indicates that a smaller and smaller

guantity 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 Bostoﬁ 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 cdntainer, 1-1/2-in. in diameter and 1-1/2-in. lohg, sealed at both ends with
paraffin, and with therﬁocouples placed at the midpoint 6f the sample and 1/8-in. from
the inside perimeter of the container. Correlating pfoperties, i.e., dry unit weight
and wﬁter content, were not determined for this specimen. The temperature changes
within the specimen'at the two locations were obtained at 1-minute intervals.and are

plotted on Plate 9.

It was visualized that freezing would be most likely to.start at the boundaries of
the specimen since these surfaces must be cooler thap the interior for outward hea% 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 would 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 ffeezing
progressed inward. These factors would theoretically result in a slightly depressed
true freézing point of the soil moisture at the center in comparison with-that at the
~edge. The temperature plots on Plate 9 indicate, however, that crystallizatioh occurred
more or less instantaneously (though presumabl& not quite simultaneously) everywhere

over the cross section of the specimen, within the precision of the observations, and
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that the ﬁgmperature at the center,. in the first observation immediateiy after initial -
crystallization, was essentially the same as at the edge. The temperature at the center
then rose an_additional_O,BOFtaby the second reading, after which it graduallybdecreased
with time. At thevédge,.the,temperature decreased steadily after the instantaneous .
crystallization rise, -a gradient from center to edge being maintained, which gradually 
jncreased.v,rhe slightly more rapid drop in temperature in the outer thermocouple indi-
cates a more rapid loss.of heat near the edge. The 0..3°F. secOndar& rise-.in temperature
at the center after start_gf,crystailization is not -easily explained. However,-it is
logical that the center»should rise to a slightly higher temperature than .the edge:’ The
temperatﬁre at the,edge was about 0. 7°F. lower than at the center just before initial
crystaliiza@ioﬁ. The ﬁemperatqre at the edge jumped up from 26~19Fa to 30.8°F., or a-
rise of 4.7.d¢grges'in the initial crystallization. In warming -to the samevtempérature
.30.80F,, the center, théreforehkgavé off<%§;-x 100=15%, less heat, and 15% less ice.
was formed. Since less water has been converted to ice at this4temperature,-the,freeziné
point of the still-liquid water at the center should have been slightly higher than at
the edge, and the temperaturé at the inner thermocouple should have continued to rise to
a slightly'higher level than at the outer thermocouple, which is what actuallyoccurred."
This reasoning indicates'that'the true .freezing temperature is not eﬁtirely 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
chénges measured at the specimen midpoint would be reasonably<fepresentative'of the -soil
moisture freezing conditions, within the requirements of this investigation, provided.
‘the diameter of the container was relatively small, so as. to preclude significant tem-

perature differences 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 container, possiblé chemical effects of a non-inert container, - and effect of

discontinuities at container-soil boundary.
b. Types.of‘minerals present in the soil as affecting the thidkness of the:

-adsorbed films and the adsorption.characteristics with respect to water, various ions,

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. k

f. Percentage of moistureefrOZen at any given point in the freeze-thaw cycle.

3-08. Mineralogical and Chemical Studies. Previous studies by others, the Fiscal

Year 1951 studies byithe-Arctic Construction and Frost Effects Laboratory, and advances
in the knowledge of clay mineral properties and base exchange characteristics of soils
have all demonstrated that the nature of the fihes 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 contract. 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. X
c. -Recommend freezing»tests, as deemed necessary, to substaﬁtiate the studies.
The detailed results of these studies during Fiscal Year 1953 are presented in
Appendixes C and D, in Volume II of this report. The data, which in most cases are ex-

plained in,tefms 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 additives, 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 Belvoir sandy clay from 2 mm per day to 0 1 mm

per day, ‘a reductlon of 95%.

It is necessary, ‘however, before placing too. much emphasis on the éffectiveness of
the dispersants, to investigate -thoroughly their permanence'after”repeated freeze;thdwlv
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 continded in expectation that it will be possible to predict
the frost action potential of a soil on basis of the mineral composition of the fines,
among other factors, and in the hope that economical and effectlve methods’ of modlfylng

the frost susceptlblllty of soils can be developed

3-09.  Crystal Structure of Ice Phase in Frozen Soil. A microscopic’ examination was

made of several ice lenses. taken® from'a 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 prevent1ng ice segregatlon (See Table D3,
Appendix D, Vol. II). ' ' -

Ice lenses were separated from the sbecimen by sawing out soil sections'which
included ice lenses, perpendicular to the longitudinal axis of the specimen. The soil
was removed from the.ice lenses by rubbing the sectionsvwith emery cloth. “Each sidé"Of
the ice lens was hand ground to attain a'uniform thickness. Next, the ice lens was frozen ’
‘onto a glass slidé. ‘The glass was warmed to permit a slight melting of the ice. Upon
coollng, ‘the melt water refroze and secured the ice to the glass. By ‘controlling the
degree of meltlng and the rate of recryqtalllzatlon the melt water was observed to re-
freeze in the same orientation as the exlstlng crystals. Further p011sh1ng was performed
with fine emery paper until the fiﬁal thickness of the-ice section.was between 003 mm
and 0.4 mm. The‘average area under examination was approximately 5 éq cm. A coverd
glass ‘was’ then plaCed'overgthe thin Sectionxand'tﬁe glass edges were sealed to prevent
subllmatlon by freezing water around -and under the cover glass up to the boundaries of -

the th1n sectlon

The thin ice sections were examined under polarized 1ight 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 iﬁvestigation 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 numeroué 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 cbmpared 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 largést crystal observed was 6 mm in
length. The greatest cfystal width observed was 1.3 mm with an estimaﬁed‘average width

about 0.8 mm.

In general, it was noted that more random crystal orientation existed in the ice
lenses from thé silt specimen than in lenses studied from the frozen Boston Blue Clay
specimens. This factor is,attributed to the large silt particles orvgroupS'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 kKey results of those phases of the cold'
room studies-which were completed during'Fisqal Years 1952 and 1953. Some of the 'trends
reported are based on limited data and may be modified after additional results are

obtained. . .. .

. ar'fEffectzof'Variationnin»Dry Unit Weight (Degree of Compaction).

g .. (1) Verifying a previously reported -conclusion,” the rate of heave -in

- frost-susceptible,. well-graded, gravelly soils increases moderately with initial/dfyx‘u
unit weight up to a peak value. The dry unit weight at this peak is of the order of 95
percent of the Providence Vibrated Density and/or the Corps of Engineers Airfield Density.
Above .this weight;]ﬁhere is a decrease in rate'of ice segregation with increase in dry

anit weight.

(2szerifying‘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.

7 (3).For clay or clayey soils tested to date, limited results indicate :.
decrease in rate of heave with increase in density at initial dry unit ‘weights equal to

or‘greaterithan‘about'go percent of the Corps of Engineers Airfield Density.

(4) In tests completed to date (which have included principally materials
other. than clay or clayeyvsoilsf;_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 rénge

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.

-7 (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 pfessure. The
measured rate of decrease with surcharge 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 restfaint on the-sides of specimens subjected to laboratory
heave tests can be markedly reduced by various techniques. Lapped dental damrlubricated
with molybdenum compound has given minimum frictional resistance but involves a diffi-
cult and time consuming procedure in specimen preparation. -Use 6f squares or strips of ,
acetate lubricated with silicone grease 1s 51mp1er and produces relatively low frlctlonal

side resistance.

(4) Doubllna 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 lubricated with petrolatum.

c; Closed System Tests.

(1) In most soils, the water content at the bottom of soe01men 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 remoldedllean clay specimens, the water content
at boftom of specimen was reduced considerably. 1In highly plastic clay, 'little or no
reduction of moistufe content occurred.at bottom»of spec%mén and any moisture migration
was extremely localized. Iu remolded and undisturbed silf, and in remolded glacial till,
the water content at the bottom of the speciﬁéns also decreasedvconsiderably below the

éritical 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 el;minate ice segregation and heave but does reduce it sub-

stantially, as well as feducing 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 percentége heave
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e. Effect of Proximity of Water Table. - The follow1ng conclu51ons are appll-

cable at a degree of compactlon of app10x1mate1y 100% of the Corps of Eng1neers Airfield
Density Test; results may be quantltatlvely different at lower degrees of compaction.
They should also be cons1dered limited to normal rates of frost penetration, i.e., ap-
prox1mate1y 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 un11m1ted supply of

water is 1ncreased (Range explored was 0 5 ft to 3.5 ft. )

' (2) Test results on remolded East Boston Till indicate that withdrawal
of noiSture from the voids of the specimen itself, in order to satisfy’the suction at the
freezing plane, does not extend more than about 18 inches below the plane of freezing in

this material.

(3) Unless an un11m1ted source of water is avallable w1th1n about 4 to 6
1nches of the plane of freezing, ice segregation in remolded East Boston Till 1s l1m1ted
largely to the volume of moisture which it can obta1n from the amount already present in

the soil below the level of freezing.

f. Gradat1ons of Natural Soils Used for Frost Suscept1b111ty Tests. Although

there is an appre01able scatter of results average rates of heave of soils of similar
types fall 1nto definite envelopes. A rather wide range of rates of heave may be ob-
tained for‘any given percentaée finer than 0. O2 mm. In general there ié a piogressive'r
increase in the percentage of minus 0.02 mm mater1a1 at’ wh1ch a g1ven rate of heave is

obta1ned as so11 types change from coarse towards flne*

g. Freezing Point of Soil Moisture. The exploratory laboratory studies indi- -

cate that:

(1) The temperature of initial crystall1zat1on of s011 moisture is not a-

function of 5011 type and mo1sture 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 developed less ice segregation. . :
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(2) The temperature to which the soil moisture rises immediately after
start of'crystallizatiOn, and the duration bf 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 proportlon of the soil moisture frozen at any

‘given temperature level appears to increase progress1ve1y as the temoerature 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 pronounbed effect on the
frost heavekpotential of montmorillonite fines when added to.a clean cohesionless sand.
Sodium as anexchangeable ion caused the lowest réte 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

lenses taken from frozenvNew 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 séme size as in sections taken from Boston Blue Clay in another study, there
 was greater variatidn in size and mére random orientation of crystal axes in the New

Hampshife 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 continned.

i

5-02. Effect of Variations in Dry Unit Weight.

a. ‘It is recommended that ddditional 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 attfacted to the growing ice

lenses and the number of soil-ice contacts per unit of soil cross-section area.

5-03. Effect of Surcharge.

é. It is recommended that full scale field surchafge exberiments 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 of lateral expansioﬁﬂand contraction during

freezing tests..
c. - It is recommended 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 remolded specimen$ 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 thatfadditional tests on effect of proximity of water

téble 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 infinitely 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 :ecommended 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 cdrreléte temperature
gradient with the suction force of attraction of moisture to ice lenses, using a rangé
of soil types, with the eventual objective of developing methods by which rates and

patterns of moisture flow can be computed for any set of freezingvcdnditions.

A 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 movement is by liquid

transfer.

Above studies should be coordinated with comparéble 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- field conditions, knowing water table position and 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 fromfthe average. amount, to determine the reasons

therefor.

.5-07.- Freezing Point of Soil Moisture.

a. It is recommended'that percentage of soil moisture frozen at various tem-
peratures below 32°F.during both freezing and thawing phasés of the freeze- thaw cycle,

be determined.on typical natural soils.

b. It is recommended that measurements of total surface area per mass of -soil

be made in future freezing point studies, for correlation purposes

¢c. It is recommended thatvheave vs time measurements be obtained in addition
to température'vs time records.in future tests to determine the extent of which heave

occurs smoothly or in abrupt increments.

d. It is recommended that simultaneous tests be run in‘a rubber or soft
plastic jacket and in a copper tube, in order to.investigate the possible effects of

lateral restraint and.container materials on the results. :

e. It is recommended that the effect of discontinuities‘on the freezing point
characteristiCS'befeXaminedgby'deliberately‘inSerting discontinuities, -such as large drops

of free water, in soils of various types.

f. It is recommendedthat fpeézing-pdint 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.

o~
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5-08. Mineralogical and Chemical Studies.. It ié recommended that these studies

be continued to improve methods of prediéting frost action potential in soils and to
further explore the possibility of modification of frost characteristics by admixtures,

pdrticularly.invsoils"of borderiine frost susceptibility.

5-09. - Crystal Structure of 'Ice Phase in Frozen Soil. 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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COLD ROOM STUDIES OF FROST ACTION IN SOILS

FISCAL YEAHS 1952 AND 1953
3 TABLE 1
NATUBAL SOILS SUBJECTSD TO COLD ROOM TESTS
—~ . . ~
CORPS OF RNGIMEERS - PRRCENTAGR COMPACTION
S ' UNIFIRD SOIL CLASSIFICATION FINER THAN CHARACTRRISTICS s (1)
SPECIFIC | MaxIMUN QPTLMIN
mmml SOURCE ) GRAVITY _DEY WATER LIQUID |PLASTICITY
DESCRIPTION SYMBOL | 0,074 | 0,02 | (TOTAL | DRMSITY | coaur LINIT
) - =, |SAMPLE) pefe % } 3 £
PRV Project Elue Jay, TP-250 Sandy GRAVEL o 4 2 2.72 1,8.2(2) Fon-plastic
KA Keflavik Airfield, Icelamd ~_|Si1ty, Sandy GRAVEL GG [ 2 3.06 US5.0(2) . .
(Crusher Aun) .
1s0 Loring AFB, Limestono, Maine S11ty Sandy GRAVEL -GN [ H 2.7 1¥9.3(2) .
PRY Project Blue Jay, TP-275 Silty Sandy GRAVEL ap-a | 10 4 2.73 Uil 2) .
PBd Project Blus Jay, TP-27L Sandy GRAVEL [ 4 3 1 2.7 8.2 2) "
[ 7Y Eeflavik Airfield, Iceland Sandy GRAVEL (Pit Run) [« 4 3 1 3.04 153.0(2). .
EBT. Aovere, Massackusette (Beferred to as  [Sandy Claysy GRAVEL ac % 26 2.75 135.0(L) 9.1 2.7 8.3
East Bosten TA1L-B7.) (Glacial TN1) N g
PAF Flattsburg AFB, Plattsburg, Mew York Gravelly SAND , S 0 0 296 127.3(2) Bon-plastic
. | (wasbed Screemings)
. PAF¥ Plattsburg AFB, Plattsburg, New York Gravelly SAND LY 3. 1 3.20 18.62) .
: (Unwashed Screenings)
A8 Peabody, Massachupetts Gravelly SAD sp <1 - 2.72 13.6(2) .
18 Lowell, Massachusstts Lsum sp | <1 - 2468 109.0(2) .
s " , Massechusetts (Referred to as [SAND sp 2 |<a 2.7 122.0(2) T
. McNamars Sand)
PAF Platteburg AFB, Plattsburg, New York Gravelly SAND sp 2 1 2467 132.2) .
. (Bank Run mm.u : -
PAF Platteburg AFB, Plattsburg, New York  [Gravally SAMD sP A 2 2.67 125,0(2) .
. {Bank Bun Gravel-B) . o
PBJ Project Blue Jay, TP-2L8 11ty Gravelly SAMD SP-sM | 10 k 2.7 UW2.52) . .
WS Manchester, New Hampshire 11ty SAND spsM | 7° 1 2.68 109,1(2) .
PBJ Project Blue Jay, TP-262 1ty Gravelly SAND SM. 21 7 2.7 136.0(L) 1.0 .
WS Fairchild AFB, Spokane, Washington 11ty Gravelly SAND su 18 9 2.1 142,1(2) 21.6 2.9
PAFB Portemouth AFB, Portssouth, silty Gravelly SAD SM 23 1k 2.1 128.6(2) Non-plastic
. New Hampshire . . S~
N \
PBJ Project Blue Jay, TP-256 [Bilty Gravelly SAND ‘sM n 18 2,70 137.X L) 7.5 . 16.0 3.7
™ - Truax AFB, Madinson, Wisconsin Dmnnn Soil, Gravelly M 32 19 2.72 119.0(4) - Se3 TN 1.6
. ilty SAMD : -
PAF Plattsburg AFB, Plattsburg, New York Silty SAD (7P-2) SM 28 2 2,68 109.%2) . Non-plastic
PAFB Portemouth AFB, Portamouth Silty SAND sSM 29 8 2.73 1m.4(3) 12.5 - "-
i | Mew Hampehive
e Fairchild AFB,Spokane, Washington " |silty Gravelly SAND sk-sc | 20 10 2.7 W) 2) ) 2leh 6.3
PBS Project Blue Jay, TP-2LL |cravelly Clayey SAMD sc 35 23 | 2.13 133.1(k) 9.4 2,7 8.1
P Project Blue Jay, TP-276 Gravelly Clayey SAND ¢ | uw s 275 19.60L) 7.0 18.6 9.3
Fh Fargo Municipal Airport, Clayey SAND sc 16 9 2.70 127.%(k) 8.0 0.7 10.5
Fargo, North Dakota o N
VIS _{Valparsiso, Indiana lszLt o 99 53 2.72 115.5(3) 13.5 23.7 ko
Y Wit tahores, Yukon Province, Caneda Clayey SILT cL | 98 |60 2.13 R L5t 3) 1.5 5.3 5.8
{(Referred to as Yukoa Silt) : Lo
NH Goff's Falls, New Haapshire (Clayey SILT (a) Cl-ML | 86 61 2.76 107.X 3) 17.8 1 2ua 5.9
(Raferred to as New Hampshire Silt) Chyey SILT (B) CL-ML | 99 73 2.7 110.1(3) JU 23.7 6.0
. SILT (C) m .| 96 58 2.70 107.0(3) 17.0 - 2646 0.
w Ladd Field, Fairbanks, Alaska ISILT M~OL | 90 _ 37 2.7 101.4(3) 13.1 1.6 0.8
T Field Bessarch Area, Fairbanke, Alasks [ILT Mi-oL 9499 |o-L8 | 2.48 107.4(3) 17.1 | 25.8-32,6  3.8-642
(Referred to ss Fairbanks Silt) ) 971-202.5(5) |22.9-26.9(6) e :
PAFB Portemouth AFB, Portsmouth,bew Haspoiire [Stratified CLAY CL  {86=96 |Lb=lo | 2,73 [96.1-208.6(5)[19.8-27.%6) | . 30.0 nm.a
B Fort Belvoir, Virginie Sandy CLAY cL [3% ") 2,73 | 15.X3) LS L I W 20.3
. ; / .
S Searsport, Maine C1AY : cL 100 a 2.77  [9503-9902(5) |2546-30.%6) . 3645 17.9
WASHO muo Road Test Section, Malad, Idaho  [CLAY CL-0L | 96 65 2458 9946(3) 21.0 ‘37.0° 13,0
BC North Cambridge, Magsachusstts lCLAY CH 100 9L 2.78  |85186.5(5) |3k:0-36.1(6) 52.7 26ek
(Raforrod to as Boston Blue Clay) C
FA(C) Fargo Manicipal Airport,Fargo,No.Dakota LAY Ch-0H | 98 8s 276 rs.s-ea.s(s) 26.5-31.8(6) 67.8 LS.8
NOTESs '
(1) On material passing the U,S.Standard #L0 dm. (L) Corps of Engineers Airfield Dnnd.v Test.
(2) Providence Vibrated Deneity Test. (5) Undisturbed dry density.
(3) Modified AASHO Dengity Test. (6) Naturel water content.
. - -

On (-3/4) inch mterial.

TABLE |




TABLE 2

for DFC 2 thru 5 which were only L-inches high.

CLOSED SYSTEM TESTS
K . ] L
. . WATER CONTENT DETERMINATIONS IN PER CENT
: NAME AND SOURCE _ CORPS OF ENGINEERS . * GRATN SIZE . - ATTERBERG DRY ] AFTER FREEZING
SAMPLE OF UNIPIED SOIL CLASSIFICATION PERCEWTAGE FINER' THAN LIMITS UNIT | TOTAL SBAMPLE == :
" NUMBER SOIL : (1) WEIGHT | BEFORE FREEZING FROZEN ZONE | UNFROZEN ZOME | PER CRNT
X . i K SOIL_ BETWEER OR HEAVE
‘ DESCRIPTION LETTER | #i #,0 |#00 [0.02 [0.005 [. - WATER e TOP ICE LERSES BOTTOM FROZEN
; SYMBOL [STEVE | STEVE [SIEVE | mme | mm. | i» Pw  Iv 8w | pef. |coNTENT| (2) TNCH PER CENT -| LOCATION (3) INCH
oTD-15. Truax Drumlin Seil |-3/4" Gravelly, Silty s o3l | s 2| |w 12 2 100 10 78 70 8.3 i 5. 0.0
*TD-16 Truax AFB, ) .| sAED (Remolded) A . I 130 77 1. 69 9.3 6.3 . 0.0
eTD=17 Wisconsin - - N .. 130 9.7 89 10.0 9,0 - 1.0
sTD-18 i 130 10.9 9 13.7 | - 6.5 5¢1
PAPB- 9 | Portsmouth AFS, Tii1|-3/A" silty Gnnlly | sw [ 87 56 | 2 [. 18 8. | Won-plastic 16 | 126 8.9 | ' | 155 5.2 1.3
- PAFB=-10 Portsmouth, SAND (Remolded) : . i ) 128 9.3 80 15.1 | L.8 1.7
| ;PAFB-12 Bew Hampshire / 125 11 88 2.4 L7 6.8
(PAPB-11 | : - o 128 1.0 | 92 22,0 . 4.6 74
*NE- 5 Bow bmpuhirc sut STLY-C (Remolded) w | 100 9| 96| 8 | 108 {27 21 o -] o ms5 | 68 | 2k 6.1 1.3
*NH- 6 Goff's Falls, - o o | : -l 100 20.0.| 79 27.1 6.1 - 4.8
*NH-~7 New. Hampshire - . . 100 22,5 88 2840 - L8 5.5
*NH- 8 B \ o ; . 100 - 25,0 [ 100 36.0 545 - 9.5
XB-i48 STLT-A (Remolded) ML} 100 w0 | .85 |-.60.] 16 {2 18 6 22 | 100 22.8.1 91 .| .38.2 33.7 [ S 2.2 7.8
. WH=L9 ’ ' C 103 230 [ 96 | L35 3.3 0-3/ 2.7 9.1
LFI- 1 Pairbanks Silt. STLT (Ondisturbod) an (100 | 100 | ok | o | 22 {35 22 . 6 22| o7 26.8 | 100 | b5.0 6.8 15.1
: Fairbanks, Alask- " : o i : : . ' ’ ) .
EBT-40 East Boston 'rm-c -3 /4" Gravelly cL - e 65 | s | 32| 22 |23 15 8 12 {128 | m.9| 96 | 20.2 15,9 0-1 1.6 8.6
: Revere, Sandy CLAY ’ L . e : . L : . . 13,2 1-2 - )
) Massachusetts , | (Remolded) 12,7 2-3 o
BBT=41 / 128 12.2 98 20.6 22,1 0-1 10.0 73
. 19.6 1-2
. 15.1° 2-3 -
: R : I Do | no 15.4 3k - ‘
*EBT- 5 Esst Boston Till-L -3/4" Gravelly Sandy CLAY oL N 72 | s |- L3 26 |23 16 1 17 125 9.5 70 106 . ) . 6.8 | 0.3
°EBT- 6 Revere, (Remolded) . i ) o e 126 10.9 81 13,7 N St 1.8
*EBT- 7  Magnacmestts - 125 12.2 90 1347 8.3 2.3
*EB?- 8 . f27. | 12.9 | 100 20.9 7.1 Le?
#DFC- 1 Dow Field Clay, CLAY (Remolded) et 99 | 98 93| 72| w3k a7 17 17 | 15 18.0 | 100 |- 23.1 149 9.7
ord- @ Dow AFB, Maine ’ : 111 13.3 68 18 1145 2,0
*DFC~ 3 ) ‘ 113 | 15.2 82 21.5 12,9 1.5
«FC- | 113 17.1 92 20.9 . 13.6 2.7
*DFC~ 5 | 119 16.3 | 100 23.9 13.9 7.5
e : ] . o N T . ' ' ‘
sc- Searsport .Clay CLAY/ (Und{sturbed) oL, | 100 | 100 9 80 12 3 18: 18 - o5 28490 95 33.8 18,1 .
SC- & Searsport, Mainme o : . Lo - o ) 97 270 95 28.8 15.8 T3
SC 3 , N - e Co : R R B { 27,31 % | 3bb 17,5 L5
.8C- 8 ( CLAY (Remolded) cL 100 . 100 |99 | 80 12 26 18 18 18" 97 2740 95 35.6 17.5 9,7
=19 Boston Blue Clay CLAY: (Undisturbed) cL 100 | 100 | 100 | 81 |53 27 26 25(4)| 86 3.3 | éh 5101 : 21.8 11.1
BC-18 North Cambridge, . ) . : - . R T 86 3.0 ol hé.5 . 21.5 8.9
BC-22 Massachusetts S N T . R B 1 85 35,8 | 96 52.3 | 29.1-33.4 18.9 10.7
BC-21 CLAY (Remolded) cL 100} 100 {.-100 81 |53 ' 27 . 26 21 88 | 35.2 | 7100 8.0 .| 20,1-21.2 19.9 11,0
FA(C)- 2 - | Pargo Clay CLAY (Undisturbed) .- | -Cmeom| 100 [-100 | 98 | 85 | 65 |68 -22 6 150) 83 38.3 | 100 | 36,9 31,8 2.0
FA(C)= & P-rso. North Dakota - 86 35.0 | 100 38.9 29,2 2.2
FA(C)- 5 CLAY (Remolded) CH=-0H| 100 100 98 85 65. |68 . 22 6 8 8% 37,1 | 100 35,3 k1.5 8.6
FA(C)- 6 - ' . » 85 7.1 100 36.1 3.8 9.7
NOTESs s indicates P.Y. 1951 tests from previous report. (1) 1w - Liquid Limit Pu-Plastic Limit (2) Degree of Sntian'ﬁm in Per Cent. \
I All speciméns 6-inches in diameter and 6é-inches high excepv. Iw - Plasticity Index (3) Measured From Top of Semple in Inches.
Sw - Shrinkege Limit (ASTM method) (L) Umisturbed Shrinkage Limit.
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TABLE 3

SUMMARY OF EXPLORATORY TESTS
FOR DETERMINING FREEZING POINT OF SOIL MOISTURE -

‘ . | INDICATED DURATION
DRY DEGREE AVERAGE = INITIAL INITIAL INITIAL OF INITTAL

UNIT WATER OF CABINET CABINET = CRYSTALLIZATION- FREEZING FREEZING
- WEIGHT CONTENT SATURATION TEMPERATURE TEMPERATURE  TEMPERATURE  TEMPERATURE TEMPERATURE
MATERTAL pcf % g oF, - OF, . o, op, min
Lowell Sand - 99.2 6.0 23.) 3.3 L0.6 27,0 3240 5
I 10,6 L1.3 3.5 38,2 - 26.9 - 32.0 12
14.7 57.4 1.2 3646 : 26.9 32,0 20
19.5 76.0 1.0 Lol 266 32.0 28
Manchester 98.4 6.l 2Le3 L6 39.8 25.7 32,0 8
Fine Sand 10,6 40.3 4.3 45,8 25,2 32,0 18
19.5 Theb 4.2 37.1 25,2 - 32.0 37
New Hampshire 92,4 5.0 15,9 1h.3 L3.7 24.8 - 32,0 5
 Silt - 10.9 346 18.5 38.2 . 26.4 32.0 27
1802 57 08 21.5 ’41.6 25011 . 3200 3
20,7 65.8 16,k 36.7 26,2 32,0 L3
Boston Blue 76,3 =@ 11,0 = 22,6 T.h Lk .8 26.0 274 Momentary
Clay ‘ 17.0 3449 3.6 h2.6 27.6 30,2 "
21.5 hhoz 12.0 ) 35.6 2702 31\.3 ’ : L
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T
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4
HIRR [T
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LN ) 11 AN 11
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b 11
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N 1 [ I
1 [
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T
e
T
i
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R ! N TR grovelly _SAND
Project Blue Jay, TP—248 7. NN R T
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PERCENT FINER BY WEIGHT
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am 3m. NO. 4 moto “no. a0 no, 200
T [ il s e o O I S AN
[N s‘IH { f> \ il - Fam?ﬁ/?'f{‘wlr
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T NS N N T
AN ] ruax Drumiin sofl,
i 2e N silly,gravally SAND)

¢
-
! \ * =
§ Project Blue Joy, TP= 276, A
2 gravelly, cloyey SAND || NN
£
H 7T T 2\ \
g Fairchitd, silty grovelly SAND 1 i
i T M) a
H Project Blue Joy, TA-39 4, ] >
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I w1 1]
L
[ . ] i N
T b T
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IR T e
8 = g 7o Sor 5501
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GRADATION CURVES OF NATURAL SOILS USED IN STUDIES




PERCERT FingR BY WEIGHT

~ rEncent.FinER By weiGHT

T T 1 T T T T T [T T

T T T T T 1T 1 T _T T 1

SAND (SP-SM) A'N.D~SILfY SAND (SM)j'

FIGURE 3

EFFECT OF VARIATIONS.

= =
3 5
2 @ PROJECT BLUE JAY, TP-274, Sandy GRAVEL (GW) 2 |[@ PROJECT BLUE saY, TP—262, Graveily, silty SAND (SM) _
£ s a PROJECT BLUE JAY, TP—250, Sandy GRAVEL (cw) £6l v PROJECT BLUE JAY, TP-256, Grovally, silty SAND (SM)
b © LORING Sondy GRAVEL (GW) < [|o TRUAX DRUMLIN sOIL, Gravelly,
2 o] X LORING Silty, sondy GRAVEL (GW~GM) § 6H & PROJECT BLUE JAY, TP—248, Silty,gravelly SAND {SP—SM)
2 ¥ PROJECT BLUE JAY, TP-275, Silty, sandy GRAVEL (GP—GM) 2 - T
- R —— s | es
a ; 4
. 1 APBU=6 £ PBJ-I0 {
2 _PBJ-I14 PBI-12 4 L — PBY
© e O PBJ—IT 3 =
s - s ] B
N 2 - : 1 PEs | H 1 I TO- 36 (12in, diometer somple)
; BIIS 120 2 128 " 132 36 140 144 148 : 16 120 124 128 132 36 140 1aq 148
DRY UNIT WEIGHT pe.t. * DRY UNIT WEIGHT, pef. .
. U'S STANDARD SiEVE SiZE = U's STANDARD siEvE SiZE
I 3in I 0 NO 40 Q. " 2w 0 200
R \ L h ] T T T
: T I I
\\3& .. — T NN - T T=n N
T =
i D i IS
W
H i VO PR S H 8 O A A O A {— il
‘%’x . f» . H 3 7P-2 Truax Orumiin Soil (-3/4")]
% v A E . - -4-—— i
7 3 : £ N
' o Q\/LK ! D
7P-2504 I ¥
B H N
i v‘\g N T o
: < - : _ NI 3
. IO L i b k,v:_ I \JJJ\ M=
L ; ===, % . . e ———
| anam s somerens s D€ e M LmETERS
o J;r-—l o e e | waan ] - = e e o ]
SANDY GRAVEL (GW) AND SILTY SANDY GRAVEL (GW-GM,GP-GM) GRAVELLY SILTY SAND (SM) AND SILTY GRAVELLY SAND (SP-SM)
FIGURE | FIGURE 2
- ) = . -
s  ———— — — 5 T 1 T T T T T T T 7T
2 || © INDIANA DUNE SAND (SP—SM) % | [ PROJECT BLUE uaY, TP-244, Gravelly, clayay SAND (S5C)
€ 4[{ & ALASKA SILTY FINE SAND (SM) E 81HA PROJECT BLUE JAY, TP—276, em.uy,cmy.y SAND (SC)
£ < | |© FaRGO CLAYEY saND (sc) |
H 3 T T
.2 z | l
- 5 - FA-5 .
S < (o2 PBJ-16
2 y; g QFA=6 | . I:L\‘\
& , O PBU2
s i - é - D\
g | A =] F PBJ || eBu=I5
s . . —n= H . . i
3% 10 . 102 104 106 108 [ TNz 4 < Yg 2 16 120 24 . 128 32 136 140
E DRY UNIT WEIGHT, pci. . DRY UNIT WEIGHT, pet. .
/
) U'S STANDARD SIEVE SIZE U S STANDARD SIEVE SiZE
im - o o s
: -4 -
- ; ; <Forge Clayey So : ;
oI T Cil
I i A | .
o ; t Fesre T i FL s H
B N S 54 :
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i
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i i i
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. i . i an |
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'GRA\)ELLY CLAYEY SAND (SC) AND CLAYEY ' SAND (SC)

FIGURE 4

IN DRY UNIT WEIGHT
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PORGENT PINER Y wriGHT

CLAY (CL-OL)

FIGURE 7

of Cold Room Studies, Fiscol Year 1951,Volume |,
The numbered points are tests conducted in Fiscal
Years 1952 and 1953, all other points are tests con-

EFFECT OF VARIATIONS IN DRY UNIT WEIGHT

Shget 20of3 PLATE 2

ducted during and prior to Fiscal Year 195I.

e .. .
- — T T L[ T T 1 5 |[© EAST BOSTON TILL -A, Gravelly sandy CLAY {CL-ML}
H © NEW HAMPSHIRE SILT-A (ML) K A EAST BOSTON TILL —8,Gravelly sandy CLAY (CL—ML)
3 25 & LADD FIELD SILT (ML-0OL) I - -1 T
H T FAIRBANKS SILT (Undisturbed) (ML-OL) / H . !
< 201 ¥ FAIRBANKS SILT ( )(ML-OL) . o ° -
H g °
a = b4 f ¢
£ ° e £ _,L—‘/ >
< % R —
; ° | A—1F7= FT-1a - 1 I
S 1 - 5 4 a )
& = (] ® { -
3 [ £ S °
H ! — QLFT-10 H °©
2 |2 : | | °
080 84 a8 92 96 . 100 104 08 ne 104 08 ne e 120 124 28 2 136
ORY UNIT WEIGHT ped. DRY UNIT WEIGHT, p.cf.
s sranoaRD sieve size IR ——
" '™ o 0 wo s0 No { sm e no o P <
7 - q - - : 3
i f y L i | -
i L N Iit | AT N
[ é‘ O T S ;
; i [T N
N 1 THT TN\evew ire Silt-A § - . ..Eos1 Bosran Till -8 (-3/4")
Fipoo | i ] = B
S ! "# \ I :
i \VAN ! H ;
_ H LT \ \\ { i N
i H
Y Lodd Field Silt Foirbanks Silt H - L
b o isturbed ; :
: Eost Boston Till
[N - . Eort Bo
R | .
1
e [ A ]
B - g so0n T
[ — . Gman Gize i M LmETERS
coms }—W%ﬁ‘!—"b——‘l maas ] 3 = = acn ]
SILT (ML ,ML-OL) GRAVELLY SANDY CLAY (CL-ML)
'FIGURE & ) FIGURE 6
COMPACTION
CHARACTERISTICS
T e S " w—— — MATERIALS MAXIMUM | OPTIMUM
2 |[©_ wASHO TEST SECTION CLAY (CL—~0OL)] DRY DENSITY WATER. CONTENT|
£ pet %
B . Project Blus Joy, TP-274| 148.2(1)
2 >———_owaswo- Project: Blue Joy,TP-250( 148.2 (1)
% WASHO -9 R WASHO—~6  owasHo-7 _| Loring Sandy Grovel 1390 ()
H WASHO-5 Project Blue Joy,TP-275] 143.4 (1)
x. tndiana Dune Sond 107.1 ()
g Project Blue Joy,TP 248{ 142.6 (1) .
H . s = 3 Project Blus Jay, TP-262 136.0 (2) ' 7.0
< 88 20 92 94 96 9 I . .
g DRY UNIT WEIGHT, pet. Project Blue Joy, TP-256] 137.3 {2) 7.5
Truox Drumlin Soil 139.0 (2) 5.3
Alasko Silty Fine Sond 105.7 (1)
Project Blue Jay, TP-244 | 133.1 (2) 9.4
Fargo Clayey Sand 127.0 (2) 8.0
New Hompshire Silt-A 107.3(3) 17.8
s srancano sve sre Ladd Field Sitt 101.6(3) 18.1
w dm o hes wew  _m . . 107.4(3) 174
Foirbanks Silt -|971-101514) 22.9-26.9 65)
East Boston Till —A 131.6(2) 9.0-
Project Blue Joy,TP-276| 139.6 (2) 7.0
i . WASHO Rood Test 99.6 (3) 21.0
: Section Clay 85.5-88.5(4)[ 28.5-31.8(5)
(1)  Providence Vibrated Density
r e —fe (2) Corps of Engineers Airfield Density
T - (3) - Modified AASHO Method
(4) Undisturbed Dry Density
[ ) (5)  Natural Water Content
o =
. . NOTE:
g - 6 57 Bor The relationship between the average role of
LR ap— o N "
heove ond dry unit waight for the various soil types is
. @ o ] . reproduced from Piate 4 of the Second Interim Report
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Average Rate of Heave (mm/day)

26

24

DRY UNIT WEIGHT p.c.f.

}
/ v
i
ST (ML)_‘/
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.
Py
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/
/
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_‘SUMMARY PLOT OF AVERAGE RATE OF HEAVE vs DRY UNIT WEIGHT

FIGURE 8
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"EFFECT OF VARIATIONS

IN DRY UNIT WEIGHT
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GRADATION CURVES
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WATER CONTENT

PLATE 4

' SUMMARY OF CLOSED SYSTEM

FREEZING TESTS

50 50 - 50
D] wl || [ ][] HER
= -
w PORTSMOUTH AFB TILL (PAFB) FARGO CLAY FA(C) & SEARSPORT CLAY (sC)
040 40 - e . a0 - -
« : ' :
a Top _inch f
o e
z g
Z30 30 30}- -
o. : Tnital g [0)
| o A—ta - B
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FIGURE "I FIGURE 2
X X

FIGURE 3 ' FIGURE 4

6.5X 13X

PHOTOMICROGRAPHS OF THIN SECTIONS FROM ICE LENSES OCCURRING IN
NEW HAMPSHIRE SILT

Figures |1-3 are transverse sections. Figure 4 is a longitudinal section. The black
spot inFigure | is where melting took place. The black areas in Figure 4 are

silt lenses and the narrow lines are 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 insidg dimensidns approximately 9 ft. wide by 20 ft. long and 6.5 ft. high, insu-
lated on all sides with 6 in. of mineral wool. It is constructea of 22 separate panels
which are‘bdlted together tb permit ease in assembly and dismantling and to brovide flexi-
bility for enlargement. The panels are faced,onvbothvsides with painted_zo-gage galva- ‘

nizédAsheet metal.

A 1-1/2-hp water-cooled condensing unit, located outside the cold. room, furnishes
Freon gas reffigerant to two unit coolers mounted inside the cold room. -Room temper-
ature is controlled with a Minneapolis-Honeywell bimetallic mercury bulb thermostat
within limits oI?tzOF. " The cold room is designed to operate between +10°F,and +40°F.

1-02. Test Cabinéts. Nine individual tesf cabinéts with ihsidevdimensions of
19 in. by 19 in., which can accommodate soil specimens up to 12 in. in height, are
lqéated in the cold room. The cabinets are equipped with hinged covers on top,
facilitating access to cabinets for cGbservation and for necessary measurements with
insighifiéant disturbance of cabinet temperatures. Insulation in the sides and covers
consists of 6 in. of compressed cork board. Refrigerant is provided 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'refrigef-
ant (Freon) through single-embossed coils inside a 14 in. wide, zinc-coated, cbbper
refrigerating’platé,fitted to three sides of the cabihet, 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 fréezing cabinet consists of open grill work to allow the
+35-580F.,c01d room temperature to be applied to the bottom of the soil specimens
" during freezing while the tops of the specimens are subjected to ény‘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 shown oh Plate Al.

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



can accommodate soil specimens 42 in. in length.'.The cabinet has a removable cover and
front face for observations and placement ofnspecimens. Freon refrigerant is'éuppiigd
to the cabinet byﬁd’1/3-hp'aif-cDoléd_COndensinglunit; Other construction and temperature
control details are similar to that of the nine individual test cabinets discussed inm
Paragraph 1-02 above.” A photograph of this special'cdbinet is shown in Figure 1 and a

general view of the individual cabinets in' Figure 2 df Plate A2.

1-03. Temperature Measuring. Equipment. ~The temperatures in soil specimens are

measured by means of copper- constantan. thermocouples. Thé thermallelectrbmotive 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 0.1°F. Two toggle switchboards enable any one of
172 available” thermocouples to be placed rapidly in the measuriﬁg circuit."ThiS eqhip-"
ment-is conveniently placed in an*instrument room adjacent to the cold room as shown in

Figure 1 of Plate A3."

Two Leeds and NQrthrup,‘Speeddmax, type "G@, model "Sf, mul tipoint . temperature
recording and indicating units, with an operating'réhge of ~20°F. to +40°F. are availa-
ble for a continuous temperature record of 323thermOCOuples{ A Leeds and Northrup 160
point Speedomax Recorder and Mul ti-Bank Switch Unit‘is:also lodatéd in the instrument

room for continuous or timed temperature records.

The nine individual test cabinets are each equipped with é‘glassfhermometer which
can be read from the outside fhrough the thermopane window. A close check of the tem-
perature is also maintained by means of a thermocouple inserted'in’a~g1ycérin-filledv
glass vial, 3/8 in. in diametef and 1-1/2 in. long, suspended near -the ‘top of thé
spécimens, ‘in each cabinet. The glycerin damps out ‘the small temperature fluctuations
occurring in the test cabinet during the normal operating cycle of the gompressdr, thus
permitting an average tempefature 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.



.PART 11 - STANDARD TEST PROCEDURES* o

2-01. . Molding of Specimens. Standard soil specimens for'cbld 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
vapproximately,lood 1bs. 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 soiié, 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 60,000-1b. Southwark-Emery compression mabhine-using an
average pressure of 1500 1bs. 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 Engineer
Airfield Density Test procedure. Specimens are removed from the.cylindefS‘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 specimén handlingafter molding. The soils .are molded to a dry unit
weight approximately equal to the Providence Vibrated Density value. Cohesive soils are
molded at the optimum moistufe content and to .the dry unit weight determined by~the.'» ’
modified AASHO test procedure or Corpquf Engineer Airfield Density Test, depending upon
the anticipated field conditions or requirements. Base and subgrade Sbils obtained 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. inéide 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 silicohe grease.

~

*Standard procedures are alwaysvfolloWed unless special objectives require deviation; in
latter event, deviations are specially described in report.

A3



2-02. Saturation of Specimens. All specimenS'tested in the;open system are satu-

rated prior to freezing. Saturation is carried out inithe cold room at a temperature of
38°F. Filter papers,  porous discs 3/8 in. thick, .and brass_céps; which serve as'sbecimen
reéeptacles in the freezing cabinet, are fitted to bofh ends of the soil speéimens'in the
cardboard containers. Rubber.sleeves and bands are.used to seal against air and water
leakage. - Specimens. are e?acuated and -saturated with de-aired water. . The degree of satu-
rétion for each specimen isAcomputéd 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

- placed in the test cabinet with the upper brass.receptacle'removed and the bottom receptacle
kept in place. The de-aired water supply is connected to the bottom of each receptacle, the
constant water level device having been previously -adjusted to a height such that the water
in receptacle would rise to .approximately 1/8 in. above'thg porous stone.and be in contact
with the:soil‘specimen. The specimens are then insulated,from each other for their full

height with granulated cork{

2-04. Surchargé. Most 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 contact. Four lugs are attached to the base plate to raise the- lead weights 1-1/2
in. so that the air may circulate over the top of the specimen.‘ A typical soil spécimen
with surcharge weights, ready for placing into a test cabinet, is shown in Figure .1 of
Plate A4. '

2-05.. _Thermocouples in Specimens. . Thermocouples are.inserted at.1-in. intervals:

along the longitudinal axis, including. top. and bottom, in one of the four specimens in a
test cabinet, and at the top and bottom only, in one additional specimen.. The’formef
installation provides a means: of. checking the temperatures within .the specimen and ob-
serving the progress of. freezing temperature into. the specimen. The latter installation
provides a means of checking the start and completion of the freezing test. . The thermo-
. couﬁles are inserted through the side of thevspecimen 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: the specimens is'started,by lowering
the temperature in the test cabinet to 20°F. until crystallization is visible'on the top
surface of the specimens. If necessary, crystallization in specimens is artificially

instigated byrseeding,with ice c:ystéls. 1The base plates and surcharge weights, .which

A4
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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 speéimens are then frozen from the top by gradually decreasing the
temperature in ﬁhe 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
- soil specimens are reéd 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 exfensometer 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 ali 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 isthown in Figure 2
of Plate A4. Measurements for amount of heave, and observations for the location, distri-
bution énd 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 distribufion is obtained for every inéh of specimen depth. The

water content determinations on all test spedimens are shown in Appendix B.

2-08. Supplementary Laboratory Tests. The following standard:laboratory tests were

perfgrmed on all materials tested, for correlation with the averageirate of heave :
a. Gfadation

b. Pe¥meabilitf

c. SDecific‘gravity

d. Atterberg limits (if applicaﬁle)

g. Compaction characteristics

The results of theése tests are presented in the various tables and plates of the main

report and in Appendix B.
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FIG. |. RIGHT SIDE OF COLD ROOM SHOWING SPECIAL TEST
CABINET TO DETERMINE THE EFFECT OF RELATIVE PROXIMITY
OF WATER TABLE ON [CE 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 MEASURING EQUIPMENT FOR USE WITH
THERMOCOUPLES.

FIG. 2. SOIL SPECIMENS BEING SATURATED IN COLD ROOM.

PLATE A3



FIG. |. TYPICAL SOIL SPECIMEN WITH SURCHARGE
WEIGHTS, READY FOR PLACING IN TEST CABINET.

LT T e

FIG. 2. SOIL SPECIMEN BEING SPLIT IN THE COMPRESSION

MACHINE. NOTE THERMOCOUPLE WIRES

PLATE A4

IN PLACE.
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COLD ROOM STUDIES OF FROST ACTION IN SOILS
FISCAL YEARS 1952 AND 1953

TABLE B I

TESTS FOR EFFECT OF VARIATIONS IN DRY UNIT HBIOHT

(DEGREE OF CQMPACTION)

(OPEN SYSTEH)
: PLATE REFERENCE
. . GRAIN SIZB PER CENT|{AVERAGE | DRY PERMB- | G AT ATTERBERG 1
SAMPLE- MATERIAL mme = % Finer HEAVE ' |RATE OF | UNIT VOID |ABILITY) | START | LIMITS (3) HEAVE AND | WATER
NUMBER HEAVE MWEIGHT |[RATIO [k x 107" |oF TEST (TEMPERATURE {CUNTENT
200 | 0012 O7h| 0s2] (1)  mmo/day | pef. 6 |cmo/sec.| (2) L.L. IP.I. DATA DATA
PBJ=6 | Project Blue Jay TP-250 31 18| L4 | 2] 51.8 3.5, 140.1| 0.212| 1.58 100,0 | Non-Plastid B22 BL9
Sandy Gravel (GW) . :
PBJ=11 | Project Blue Jay, TP=27h 34| 16| 3 | 1| 160 1.7 143.7] 0,188 0,11 | 1000 | " " Bl BUS
Sandy Gravel (a4 3u| 16| 3 | 1| 3.0 2,2 140,1| 0.218| 0,21 913 | " ow B20 BLT
PBJ-13 | Project Blue Jay, TP-275 ~ | 47| 32| 10| U | 1946 | 1o | 112.8| 0oasu| 0.2k | 1000 | » @ BlY BU6
PBJ-1l | Silty Sandy Gravel (GP-GM) | L7 | 32| 10| L | L7.h 2.6 137.8| 0,238 0.23 193 | " " B20 BT
PBJ=3 | Project Blue Jay, TP-2L8 63| 6| 10| 4 | 29.0 1.9 138.4] 0.225| 0.50 1000 | * ¢ B21 BLB
PBJ=l | Silty gravelly sand (SP=SM) | 43| k6| 10| L | 69.4 3.9 13608| 0,230 0061 1000 | » ® B22 BL9
PBJ-10 | Project Blue Jay, TP=262 71| 53| 2| 7| 36.9 | 2.5 | 128.7] 0.312| 0.53 | 8.0 | " ® B20 BL7?
Silty Gravelly Sand (SM) : o _
P8J-7 | Project blue Jay, TP=256 63| sk| 31| 18} 15.7 1.5 136,0] 0,238 0.0036| 72,7 | 16.0 3.7 B19 BU6
PBJ-8 | Silty Gravelly Sand (SM) 63| sh| 31| 18] 37.4 2.8 132.1] 0.275( 0.00LL| 67.6 | 16.0 3.7 B22 Bl
TD=36(L) Truax Drumlin Soil, Silty |.83| 73| 32| 19| 2.0 | 1.9 113600 0.246| 0,0085| 1000 | Uk 1.6 Bl B3
Gravelly Sand (=3/L") (5M) . : . .
PBJ-15 | Project Blue Jay, TP=276 72| 58| UMb 35| 26.3 ' 1.3 ©139.1f 0.234| 0,0027( 100.0 1 18.6 9.3 B19 Bl
PBJ-16 | Gravelly Clayey Sand (SC) 72| 58| Wh| 351 83.0 ] 13169 0,301 0,0046| 100,0 | 18.6 9.3 B20 BY7
PBJ-1 | Project Blue Jay, TP=2Lk 68| 55| 35| 23] 25.3 | 1.3 133.1| 0.272| 0.033 | 100,0 | 2h.7 8.1 B21 BYS
PBJ=2 | Gravelly Clayey Sand (SC) 68| 55| 35| 23| T7.1 | LeS 127.7| 0.33L{ 0,078 83,4 | 247 8.1 B22 BLS
FA-5 Fargo Clayey Sand (SC) 89| 34| 16| 9| S2.6 ko3 112,7| OolSL| 0,36 86,8 | 30,7 10.5 B2 B33
FA=6 ) 89 34| 16 .9 LO.8 3. 177.1f 0,38/ 0.19 8808 | 30,7 10.5 B2 B33
LFT-10 | Fairbanks Silt (Undisturbed)[100 [100 | 9L | LO| 1240 | Le§ 98.1| 0,702| 95.8 | 25,8 3.8 B29 B53
LFT-13 | (ML-OL) (Remolded) {200 [200 | 99| 41} 223.6 -| 11,3 101.h| 0,646] 0,200 | 100,0 | 32.6 6.2 B3 B3l
| wrre1y (Remolded)  [100 /100 | 99| L1| 281.2 | 11.5 110.9| 0.505| 0.09 | 1000 | 326 6.2 B3 B3l
HASHO-5 | WASHO Road Test Section 100 | 99| 96| 65| 61.0 3.5 96,0 0,678 100.0 | 37.0 13.0 Bl B59
WASHO=6 | Clay (CL~OL) 200 99| 96| 65| L2e3 Lol 98,0 006Ul 100,0 | 37.0 13.0 BL B60
.| WasHO=7 . 10| 99| 96| 65| L5.0 Lie2 98.9| 04627 1000 | 37,0 13.0 Bl B60
WASHO-8 100| 99| 96| 65| 63.3 5ol 9202 0.745| 1100,0 | 37.0 13.0| Bl B6O
WASHO=9 100 99| 96| 65| 58.6 5ol 90.0| 0.790(- 100.0 | 37.0 13,0 By B60
v\
NOTES: (1) Based on ongﬁd height oi’ frozen portion.
. (2) Degree of Saturation in percent at start of test .
(3) Tests made on material passing the U, 5. Standard No. LO Sieve
(L). Tnis sample was prepared 12-inches in diameter and 6-inches in height

TABLE
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COLD ROOM STUDTES OF F'ROST ACT ION IN SOILS

FISCAL YEARS 1952 AND 1953 -
TABLE ‘B2
TESTS TO EVALUATE SIDE FRICTION

(OPEN SYSTEM)

. LINER TYPE GRAIN%SIZE DRY . PERME- | G AT ATTERBE](?G) RATE OF | MAXTMUM |FRICTIONAL

: . mme = % Finer UNIT | VOID | ABILITY,|START |LIMITS (2) |STRESS NORMAL | SIDE

LS| MATERIAL |CONTAINER LUBRICANT —WEtGHT | RATIO |k x 1074/ OF TEST[—— T INCREASE | STRESS |RESTRAINT
! 2.0lo.l2 [.o7L|0.02] pef. ® cmo/sec.| (1) L.Ls|PeTs [pst./min psi. psi.
AG-1 Peabody Sandy|Miearte |Petroletum s8] 24| 31 1| 1%30.1 | 0,303 26.0 100 Non=-plastic 10 26.5 6.6
: GRAVEL (-3/4")|. | : : _
"AG=3 Micarte |Sheet Acetate 581 24| 3 1| 127.2 | 0.333 L1.0 100 " 10 25.8 )
. w/8ilicone o : o :
AG=l Micarte |[1" Acetate Squares 58 2L 3 1] 126.9 | 0,337 51.0 100 " L 5.0 1.2 .
. : ] (1apped) w/Silicone. : ' : o

AC=5 Micarts [1" Acetate Strips s8l 24| 3] 1| 124.3 | 0.365 87.0 | 100 " oL 12.L 3.1 °

(1apped) w/8ilicone . : -
AG=6 Micarta |Dental Dam (lapped) 58l 2ul| 3 1] 1234 | 0.373 100.0 | 100 " -k 1.1 063
‘ w/Liqui-Koly , ' . R :
AG=T- Micarta [1" Acetate Strips s8] 24| 3 1| 120.Lh | 0.LCB 200.0 | . 100. " L 3.7 0,9

» (lapped) w/Liqui-Moly : . ’ , :
AG-8 Tapered [Silicone 58 24| 3| 1] 122.8 .382 75.0 | 100 " S 6.3 1ds
) Lucite : 4
‘NH-1B | New Hampshire |Tapered |Sheet Acetete 100| 10099 | 73 | . 98.8 .705 0.27 92,k |23.7 6.0} 10 8.3 1.8
: SILT-B Lucite |w/Liqui=Moly : - _ , ‘ ,
NH-2E " Liqui -Moly 100 10099 | 73| 99.6 | 0.691 0,26 | 85.0 | " " 9 118.6 23,8
NOTES:
(1) Degree of saturation in per cent st start of test. .

(2) Tests made or materiesl passing the U. S. Standard No.. hO Sieve.
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COLD ROOM STUDIES OF FROST ACTION TN SO_IXS
© FISCAL YEARS 1952 AND 1953

TABLE B3

TESTS FOR EFFECT OF SURCHARGE

(OPEN SYSTEM)
GRAIN SIZE PER CENT|AVERAGE DRY PERMB- G AT ATTERBERG PLATE REFERERCE
SAMPLE SURCHARGE m, = % Fiper HEAVE [RATE OF | UNIT VOTD | ABILIZY | START | LTMITS (3)
IUMEER MATERIAL 2 . | HEAVE |weiGHT | RATIO |¥ x 1074 OF TEST HEAVE AND | WATER
: : 1ba./in" | 2.0%f0ds2 | .07 |0.02] (1) |mm./day | pof. ° omo/oec.| (2) |L.L.  P.1. |TEMPERATURE|CONTENT
. - DATA DATA
-36(L) |Truax Druslin Sof1 staty | 0.5 83| 73| 32| 19| 20:0 | 1.9 |136.0 | 0246 |0.0085 | 100,00 | 1.6 B B32
Gravelly 8Band (=3/4F)
LFT-9 Poirbanks SILT (Undicturbed)| © 100 [ 100 92| %0 | 5.7 545 10h.2 | 0.602 100.0 |25.8 3.8 BS B35
LF?6 2 100 | 100| 92} 50| L3.8 1.2 100.3 | 0.665 |o0.v10(5) 100.0 | * " BS B35
LFE-7 . . , L 100 100| 92| 50| 23,1 0.8 97.6 | 0.710 |0.013(5)] 100.0 | " .. BS B35
LFT-8 : 6 100 100 [ 92| 50| 29.2 0.1 97.1 | 0.719 [0.015(5)f 100.0 | " " BS B3S
V15-7 Indians SILT 0 100 | 100 99| 55| 2.3 5.8 111.9 | 0.516 |o0.026 93.6 (2347 Lo B6 B36
vis-1 0.5 100 | 100| 99 55 | 95.3 9.8 113.1 0.501 | 0,024 100.0 | " " B28 BS1
vis-2 0.5 100 100 99| 55| 100.0 | 10.0 113.1 | 0.501 |o.02h 97.8 | * " 28 © B51
VISl 2 100] 100 | 99| 5| 67.3 Lal 112.5 | 0.508 | 0.025 2.5 | " " B6 B36
VIS-5 b 100 100 [ 99| %5 b.6 3.8 111.9 | 0.516 |0.026 71.0 | " " B6 B36
WASHO-1 |WASHO Road Test Section CLAY| 0.5 100 99 96 65 20.9 ) 53 98.6 0,630 100.0 {37.0°  13.0 B7 BS8
WASHO-2 | - 2 100 | 99 65| LhL.é 5.0 98.8 0.629 100.0 e " R7 B59
WASHO-3 L 00| 99| 96| 65| 2L.0 La 98.8 | 0.629 100.0 | " " B7 BS9
WASHO=L 6 100 99 96 65 25.2 3.0 100,0 0.611 100.0 " " B7 3859
TABLE By
CLOSED SYSTEM TESTS
) SAHPIE ’ GRATH SIZE '| PER CEMT| DRY VOID | PRRIGo G AT | ATTERBRRG PLATE KEFEREECR
8 - S mo, - % Finer - | HEAVE | UNIT RATIO | ABILITY | START LIKITS (3) ["Eave D | WATER |
UMEER TERTAL . i ) YEIGHT ) kx 10 | F TEST | TEMPERATURE | CONTENT
2,0 | 0oks2| 0074 0,08 | (1) pot. em./sec. | (2) Lele | Pels DATA DATA
PAFB-9 | Portsouth Silty Gravelly SAMD («3/L%) 80 | 58 | 2 | 18 | 14 12509 | Ouzbl 7006 | Bon-plastic:| B8 B37
PAFB~10 ] . 80 [ 58 | 29 [-1e 1.7 128,6 | 0,316 80,1 v oe B8 B37
PAFB-12 6o | 58 | 29 | 18 6.8 125.1 | 00353 8708 L ‘B8 B37
PAFB-11 ) 80 | §8 | 29 | 18 7ol 1276 | 0.326 0.7 | » » B8 B37
HH-48 | Mow H—pohro SILT - A 100 |100 | &5 61 1.8A 1017 | 0693 { 0,071 9008 | 24l 5.9 B9 B38
IB-49 100 (100 | 85 | 61| 9,1 1030 | 0.672 | 04063 9602 . " B9 838
LFT-1 Fumo SILT (Undiaturbed) ‘(200 [100 9% | kO | 1%5a1 1972 | 0o717 100,0 2548 348 B29 B53
BBI-40 | East booten Ll = (=3/k¥) 77| 65 | w6 | 32 | 86 | 12602 | 0ums | ootk | 960 | 2247 8
g o 3 . B9 B38
EBT -1 T | 65 | k6 | 32 | 7.3 128,2 | 0.3L3 | 0,04k 9803 o B9 58
5’:(3::354 Searsport CLAY (Undisturbed) . 100 [100 | 9 80 508 9503 | 0,813 | .00046(S) [ 95.2 36s5 17.9 B10 -B39
o3 100 [100 | 99 | 80 7.3 9609 | 04784 | ,00041(5) | 95k B " B16 Bl3
so-8 : 100 | 100 9 80 bo§ 9608 00785 | +0004k1(S) | 960k “ " B10 B39
. v (Borolded) -200 100 | 99 | 80 901, . 9648 | 0.785 9501 T ‘- B15 BL3
BC=19 - | Boston Bluo CLAY (Undistarbed) ) 100 [100 100 | oy | 111 8605 | 1.005 0066(5) " BlO
BC-18 . {200 {100 200 | @ | 7808 86,2 | 17012 | <0066(3) 333§ el 2 B10 §§3
%:gi . 100 1100 | 100 | 94 [ 10,7 | 851 | 1.038 | .0966(5) | 96.0 " " B17 BLO
7 100 100 (100 | S4 | 110 87,7 | 0,978 1000 | " " B17 BLO
FA(C)-2 | Fargo CLAY (Undfioturbed) 100 |100 | 98 | 85 | 2.0 T 832 | 1.0 10,0 | 67
FA(C)=k - 100 |100 | 98 | 85 2.2 86,1 | 0.99 100.0 ~-°8 s ;n{l; :i
FA(C)-5 | {Rero1dad) 100 [100 | 98 | 8% 806 8541 | 1,024 ~ |100.0 ® "
rae)=6 . . 1100 100 | 98 | 85 | 9.7 8501 | 109 - | 100,0 L Bl 59}__..1‘

(1) .Based om original height of frozen portion.

(2) Degree of saturation in per cent at start .of test.

(3) Tests made on material passing the U, S. Standard Noo 4O sieve. -

(L) This sample was prepared 12-inches in diameter end 6=~inches in heigbte. -
(5) Determined from consolidation characteristics of undisturbed sampleo .

Ce e TABLES B3 and B4



COLD ROOM STUDIES OF FROST ACTION IN S80ILS
FISCAL YEARS 1952 AND 1G53

. TABLE BS -
TESTS FOR -EFFEC? OF REMOLDING
(OPEN ARD CLOSED SYSTEMS)
SAMPIE . TEST CONDITIONS "f; Sz pEn caarr] AVERAGE | DRy bame- [0 ar A Teres) | PLATE REFERKNCE
TWOMBER MATERIAL HRAVE BATE OF [ ONIY VOID  JABILITY START { HEAVE AND WATER "
suelx | system [2.0 [o.k2 |.o7h 002 | (p) _“;:: ":Icg*“‘ u1Io Jk x /f * (Tvm LoLe | PuI. |TEMPERSTURE| cowrewr
. - 4 . . DATA, DATA
LFT=}0 | Fairbanks SILT Undisturbed| Open (100 | 10| 94 | ho | 224.0 LS 98,1 - | 0,702 " ].95.8 [25.8 3.8| B® B3
LFT=19 Renol ded Opan 100 | 10 | 94 | ko 81,8 1.9 98.0 0.703 100,0 | ® W B3 - BlLl°
LFT«20 Remolded Operi {100 | 100 [ 9k [ ko | 202,01 | 11,6 9T.2 0.7 100:0 LN B1) 8L
PAFB 1 | Portemouth CIAY | Undisturbed| Open [100 | 100| 92 | k7 | 95.3 | W2 | 961 0,772 97.8 |[30.0 11.7 | Bl BL2
' PAFB= 2 Remolded Open (100 | 100| 92 | 47 | 1149 L 9h,7 0.798 k.8 ., ., Blk 8L2
PAFB=~ 3 Undisturbed | Closed [100 | 100 | 86 50 6.8 - 97.0 0,750 100,0 . ., nl BL2.
PAF3= L . Remolded | Closed [100 | 00| 86 | S0 5.0 - 97.0 | 0.750 00,0 | % Y. BlA B2
SC~ 7 .| Searsport CLAY Undistwbed]| Open (100 | 100 ]| 99 | 80 | 2Lo,) 8,k 9546 0,808 |.00046(k)| 93.5 355 17.9 B1S Bl
g- g Undisturbed| Open | 100 im f;; g 155.: g.i 9!;.58 o.‘gﬁ ,00037¢h)) 91;.2 RO BY6 ;‘uh
~ - Remolded | n | 100 0 7. . 95. o, 93,1 | .. . ns 3
5C~10 Femited - | coen |100 | 100| 99 | 80| .6 | 25 | o8 | ovrss o otz |l el | mé . Bl
SCe 5 Undisturbed | Closed [100 | 100 | 99 | 80 7.3 . ] 969 0,78l |.o0ou1(h )| 95.4 LN 815 BL3 .
F scall Undisturbed| Closed |100 | 100 | 99 | 80 k.8 - 97,1 0,837 |.00065¢h)| 90.7 "o, B16 ‘Bl
sc- 8 Remolded | Closed [100 | 100} 99 | 80 9.7 . 96,8 0,186 g5 | e, W, B1§ BL3
SC-12 Remolded Closed |100 | 100 | 99 | 80 6,8 - 974 0,837 90,7 [, W, né . Blk
BC-20 | Boston Blue CLAY | Undisturbed| Open [100.| 100 | 100 | 94 | 111,8 ka 85.k 1,00 | 0066(k)| 97.3 | 52.7 2ok Ry BlO
| X2 Resolded Open |100. | 100{ 100 | 9k 58,9 | 2L 87.4 0,989 100.0 e 3, B17 - By
BC~22 Undisturbed| Closed 100 | 106 | 100 | 9k 10,7 - 85,1 1,038 | ,0066(k); 96.0 e, e, B17 “BUO
BCa21 Remolded | Clazed [100 ( 108 [ 100 | 94 | 11.0 - 817 | o1 | - fim.0 | . e Loy Bl
FA(C)= 7 | Fargo CLAY Reswo 1ded Open 100 | 1| 98 | 85 18,4 1.6 | 86,8 0,988 100.0 [67+8 hg.l R2 " BE2
BA(C)« 8 . Remclded Open [100 | ioo | 98 | 85 24,0 1.5 86,8 0,988 10,0 | %, 0. H2 B&2 -
4(C)w 2 Undisturbed| Closed [100 | 100 | 98 | 85 2.0 - 83,2 1,01 -100.0 ., X m B&L
A(C)~ L - Sndisturbed| Closed {100 | 100 98 | 85 2,2 - 85,1 0,996 100.0 Lo - Bel
FA(C)= 5 emolded Closed |100 | 100 |98 | 85 8.6 - 85,1 1,024 100,60 .| '*.  # H2 B& ~
Fa(C)= 6 Remolded | Closed |100 | 108 98 | 85 9.7 - 85,1 1,02L. 100.0 LS n2 B61
TABLE B6
FESTS FOR EFFECT OF m:x.m‘m OF WATER TABLE
(OPEN SYSTENM) "
/4 B !
" DEPTH GRAIN SIZB : }
SAMPIE oIS —S Fiper  |PER cRNT lﬁfrﬁ‘g Y| o PERE- | O AT ATTERDE g) PLATE REFEHENCE
NUKBER .- MATERIAL L OF | | wrosr | matIo [ x 107k jor T [T HAVE WD | WATER
' (Inches) |20 |0+k2 | LO7L |0.02 . /day | pef. e |cme/sec.{. (2) Lo | Ple Pham DATA
EBT-42 | Bast Boston T111 - C 12 77 |65 B | 32| 55 0e3 1 13he9 | 0,277 | 0,022 9540 | 2247 | 8.3 B18 BLS
EBT-L3 (=3/4%) 18 77 |65 b6 | 32 | 0.7 0.l 1366 | 0,261 | 0.019 |.100.0 | * . B18 BUS
EBT-Lk : 30 7 |65 b6 | 32| 3.2 0.1 136.6 | 0,261 [ 0.019 100,0 | *° " 516 BS -
EBT-4S ’ 12 77 |65 b6 | 32 | 2.8 0.1 136.6 ' | 0,261 | 0.019 96.8 | * . B8 Bl
HPTES: (1) Basad em original height of fromam poriica. -
B (2) Degree of saturation in pe¥ cent at start of test.
(3) Tests made on material passing the U, S, Standard No. O sieve,
(L) Determined from consolidation charscteristics of undisturbed samplo.

TABLES BS5 and B6




COLD ROGH STUDIES (7 PROST ACTIGY I SOLLS
FISCAL YBARS 1952 AMD 1953

) TABLE BY
7/
TEST DATA POR MATURAL'SOIL SPECD®HS USED POR FROST SUSCEPTIBILITY TESTS
(oPeH SYST™I) ’
OBAIN SIZB
: VERATS| DEY G- | G AT | A PLATE REFEFERCE
SAHPLE = = 8 Moor | ppoeme gAﬂ @ uas DECRES 7| VoD | ABILITY, | sTamy | LULAITS (L) [ HEAVE AND THATER
BUMERR HATERIAL HEAVB | HBAVE | ¥010T | cowacTIq|RaTIO | K x 107U{ 7 ST TRPERATUBK] CONTEHT
o : 2.0[0.L2].074/0.02| (1) |on/acy | pef. (2) o en./coe.|  (3) L-L-l P.Io DATA | DaTA
PBJ-11, | Projoct Hluo Jay, TP-27L Bt 16] 3| 1| 160 1.7 |37 | 970 0.288 [ 0.1 | 100.0 | Bon-plastic B19 B
‘| Sondy GRAVEL (5) '
PiJ=6 | Projoct Bluo Jay, TP=250 anf18f 4| 2| n.e 35 | W0 | Su6> | 0.222] 1,58 | 2000  °© e B2 Bl
X ' Sondy GRAVEL (5) .
KA-l | Koflavik Sandy GRAVEL (Pit Run=3°) s | 2] 7.8 0.5 | 1368 | 8905 0.390 99,5 | Bon-plostic 823 °
| 582 | Eeflavik Silty Sandy GRAVEL g?: 1|6 2 2.6 0.3 |17 | ss%0 0,360 M2 | * - ) éo;
(Crushor Run) . N .
PBJ-13 | Project Hluo Jay, TP-275° Tur| 32|10 | 4] 196 | 14 |w28 | 99.6 |oasu| oau |wwe0 | ny | B
Silty Sandy GRAVEL (S) :
PAP~. Flottoburg G SAND (A)(8, st 21| 6.0 Ocly [ 10,0 | 98. 0,281 100,0 | ® ° B2S B56
o "8 Orovolly @& 2l 20| 2| 1| s6 | 03 |12907 w3 | o w0 [ = o 6 | B3
PAF-8, | Plattoburg Grovolly SAID 2] 1] 0] o] 1 | <0 [126.8 | 9.7 | ouss 8.00) = © o6 | ESY
(Bachad 8srconings) . .
PA7-7 | Plottoburg Orawolly SAD 2 7|31 18 0.2 | 1386 | 100,0 0.Lk0 80| * © "3 B57
. (Tzach=d 8erocaingo)
PAP-5 | Plattoburg Grovolly SMD (D) 68] 6| 4| 2 Se3 0.2 | 12k.2 9.l 0,338 95.0 | = = 5 B57
P-b " i ¢ . 68| 6| 4| 2 908 0.6 | 1250 | 100.0 0.329 Pk | ® o % BS7
PBI=3 | Projcst Bleo Joy, TP-2L8 63| k5|10 | b | 29.0 1.9 | 138.k 9702 0,215 050 | 1000 | °° ® B2 BUS
8ilty Orovelly SaID (S) : : ) .
PRJo10 | Projoct Bluc Jay, TP=262 nl safa [ 7| 369 2.5 | 128.7 | 96 0,312 | 0,53 88,0 { " L B20 BuY
. 811ty Grawlly SAID (5) . . : . | )
5.1 | Poirckdld Silty Grovolly SA® (7) | 81| 35|20 [10 | 2900 2.9 | 131.3 | 92U 0,314 93.9 | 22.6. 2.9 B3y BS8
VLol | Podrenild Silty Grovelly SAMD (7) | 65 34|23 [11 | 6.6 2.5 | 1384 | 93.8 0.287 100.0 | 24.6 . €03 B2k B58
B2 . . (1 | 6] 3j23 |1 | 271 2.5 [ 1361 | Lok 0,280 1000 |- 2be6 603 B2l B58
PAPB=8 | Portc-suth Silty Gravelly SAMD (5) | 62| 5|23 (14 | 61.8 b7 | 127.0 98,8 0,333 . 100,0 | Nomeplagtic 34 B0 -
PRJ=T | Projoct Hluo Jay, TP-256 63| sul3 [18 | 15.7 1.5 {1360 | 989 0,238 [ 0.0035 | 72,7 | 16,0 3.7 By B
Silty Oravolly SAMD (5) -
PAF=) | Plattoburg Silty SAMD (TP«2) 00| 95|28 | 2 | Lok 0.1 {1087 [ 97 0,567 8.7 | Mon-plastic B2s B56
PAF=2 ) - 00| 95[28 [ 2 | Lo 01 | 1085 N 0.540 955 | = .® B26 B56
PAFB=7 | Portcouth Silty SAND (7) 98| 9uj29 | 8 | 13.5 1.0 | 109.0 97.8 0,560 3.6 961 | = T ° - B50
PBJ-1 | Projcct Blue Jay, TP=2Ll 68| 55035 |23 | 25.3 1.3 | 1332 | 100.0 0,272 | 0,033 | 1000 | 247 8.1 B2 | B4
Lo Gravelly Clayey SAMD (5) R :
PRI=1S | Project Elue Jay, TP-276 72| SB[ Lk |35 | 262 1.3 [ 139.1 | 99.8 0,25 | 040027 | 100.0 |18:6 $.3 1] B
/. K Gravelly Clayoy SAMD {5) .
vis-1 | Ipdiana SILT 10 100('99 |53 | 95.3 9.8 |13 | 97.8 0.501 | 0,024 | 100.0 |23.7 L0 |- m8 Bl
VISe2 200{100( 99 |53 [100.0 | 10,0 |113.1 | 97.8 0,501 | 0,02k | 97.8 [23.7 "heo | . B28 Bl
1S-1 | Yukon SILT 100/ 100 98 |60 | 37.0 2.2 | 1226 | 985 0.3 | 0.0021 | 100.0 | 25.3 5.8 B20 B52
NH-79-A | Now Hupehire SILE (A) 100} 100] £5 (63 [150.2 7.9 | 1048 | 9746  [0.6M3 | 0.05% | 88,0 | 241 59| @m.. . |TaBs DIS
v , Vole IX |¥9edo XX
L#9-10 | Poirbanks SILT (Undistarbod) 100| 00| 9L |40 }12Le0 ko5 98.1 0.702 958 | 25.8 3.8 | * ey B33
‘w19 ! (Bszoldod) 100| 100f 54 Lo | 8.8 79 | 98,0 | 9102 0,703 10,0 | 258 3.8 3 Bi)
LFT=20. (Rorolded) © |00 w0f9k (L0 |12 | 16 | 97.2 | 0.5 o.n? 100:0 | 25.8 - 3.8 B13- | BA
| PAFB-1 | Pordcoouth CLAY (Undisturbod) 100{ 100 92 | LT .| 9503 Lo2 601 ' 0,772 978 | 30,0 1107 Bb 2
PAFB=2 | (Romoldad) 100{ 100 92 |47 [1l4e9 - | kol 97 0,798 U8 | 30,0 11.7° ny 2
PAFB=S (Wndtoturbod) (200 200| 96 (19 |022.7 L5 | 108.6 00569 9501 | 300 117 -B30 B
[7B=T-A- | Port Bolvoir Samty CLAY 1 o97| sol6r [u | 18.2 15 |117.0 | 1015 0.uS6 | 0,098 | 89.8 | W38 20.3 2. |2aBL3 M5}
Vols II  [V¥edoiXX
FBegah 91| sof[6 |u | 220 1.3 | 113.3 98,3 0050k | 0.130 | 1000 | b3.8 20,3 | Db °© e
B-1lisA 97| 0|6 (L9 | 27.6 2.2 | 118.2 | 102.8 Oclll | 0,089 | 2000 [U3.86 20.3 | m§s * e
8C-1 Seargport CLAY élhdlsm.rbed) * |100| 100(99 |61 {1822 8.6 | 90.2 007h2 |60036(6)| 9505 | 36:5 17.9 B5S
5C=2 Undi sturbod ) 100{ 100/ 99 |81 1.3 be? | 9846 0,753 |-00037(6)| 100.0 | 36.5 17.9 81 B35
5C-6 (Remoldad) 10| 100| 99 181 | k7.2 201 95.8 0.60L 93.1 | 365 179 ns B3
SC=7 " (Undisturbed) 100 100| 99 |81 [2kD.3 8.l 9506 0,808 |,0006(6)| 9305 | 36.5 17.9 Bns B3
(Undiotartod) 100| 100 99 |81 -|155.2 6.2 | 98,5 0,755 |.00037(6)| 98.2 | 36.5 17.9 0né B
SCe10 (Bxolded) ~|1w0]| 200(99 |81 [ 38.6 2.5 | 98,5 0,755 9802 | 3605 179 Bé -0
BC-20 | Boston Eluo Clay (Undisturbed) 100{ 100| 100 [ 9k [111.8 bl | 85.- 1,031 (.0066 (6)] 9703 |52.7 260k 7 ©wo
823 (Bemoldsd) 100 100 100 {9k | 58,9 | 2.k | 8%k 0.9 | 1000 |52.7 26l 0y | o
HASHO-1 | HASHO Roed Tost Seetion CIAY 10| 99| 96|65 | 20.9 53 | 986 | 9.0 | 0:630 1000 | 370 13.0 L4 BS8
HASHO=6 100 991 95165 | L2.3 kol 989 980k 0064k 100.0 | 37.0° 13.0 Bl B§Q
HASHO=7 00| 99| 96|65 | LS.0 ko2 | 98.9 993 00627 100.0 | 37.0 13.0 By B6O
FA(C)=7| Pargo CLAY (Bcxoldad) ) 100[ 100| 9885 | 18k 1.0 | 858 0,988 | 1000 |67.8 uS.8 n2 | B2
PA(C)=B (Reoldad) 100]| 100| 98 {85. | 2L.0 1.5 | ‘8608 0,988 100,0 |67.8 LS.8 B2 BS2
(#) Hater Contont distributioa not obtainod duc to laxgo gFavol content of ;:bodm.
HOTBS: (1) Baeod on original hoight of frosca portiono )
(2) Bsod on maxirun donoity givon in Tcblo 1 of cin roporte .
(3) Dogroo of saturation in potecnt at otart of £30te
(L) Tosts madd on material poscing tho Us 8. Stondard Moo 4O olovo.
(5)  +3/L° material ropleced with =3/L° to + k. o
(6) nod from lidation tico of undiotureod co-plo.
(1) _Tosto performad on =3/L° portion of original &plo. |
(8) ® Tooto perfarrod an=1-1/2° porticn of origiml explo.
T
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28 31ivad

80 P S A —
/QOZDRYWT ----------- EEEEREs=n: 3.0
SAMPLE | | s 3 HEAVE VS TIME : "
g ool fas | 5 | s 2s §
|.E FA-6 9 nr Fa-5 : ’ 20 8
w 40 ‘ " - 1.5 -l-
1 ‘ ‘ FA-6 W,
w 1.0 K
T 20 w
os T
3 S
0 I 2 3 4 5 6 7 8 9 10 n 12 3 L3 15 i6 17 8 19 20 2 22 23 24 25 26 27 28
, : ~ DAYS IN TEST v
OC - i 2 3 4 5 6 7 € 9 — .'? IIIII l! lllll I? lllllllll . 1§ """" I? rrr I? 777 I?l . 20 2 22 23 24 2! 26 27 280
PENET RATION OF 32° F. TEMPERATURE VS TIME
\ - IN_SAMPLE FA-6 i
) n
w 2 2 w
5 3
2 2
] 3 3 T
E b o
a &
u 4 4 w
o o
S5 ]
60 24 48 72 96 120 144 168 i92 2i6 240 264 288 (3)'2 s 336 360 T 384 408 432 456 480 504 528 \552 576 600 624 648 672
: URS IN ES )
70000: == :24 22 e 2 Il 2 'lg:zn = ;2.:65 T L:?ﬁ; 7 :2:?“:: T ;zisaé s ‘312 7T 36‘ T '} T '3'8-4‘ = :‘:?e: = 432 456* T :‘ze:o L ST AL AL PR ey
- EEE ‘CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME "
" EREEE:
o 6000f s 30 6000 &
o b o5 = = o
g o — AVERAGE CABINET TEMPERATURE T
2 5000 2 25 5000 y,
(e} E w
- F o [+ 4
w Fw ©
@ 4000F £ 20 4000 w
) E w : o
« E
23000E G 18 3000
T  EZ2
| E‘g
1 2000E © 10 :
€ TEMPERATURE AND HEAVE DATA
w00 FOR
e v SAMPLES FA-5 AND FA-6




€8 31vd

HEAVE - mm.

DEPTH-INCHES

°F

DEGREE- HOURS BELOW 32

280 Fo<qoz[oRY WT. EEEE R e e P e T R L e o
SAMPLE mm.  |Wbs./ft3 HEAV E VS T'ME 'g @
210 4 LFT-13 4| 101 w
LFT-13 g8ss 8z
LFT-14 | 41 | 11 2= z T2z
140 o
? Lqg >
: LFT=14 a
70 3w
L2 T
T g "‘
o] | 2 3 4 5 6 7 8 9 0 n 12 13 14 15 16 17 i8 9 20 2! 22 23 24 25 26 .27 28
- S ) . DAYS IN TEST
Oc ; 3 = : = : z TI%HT};?%H?{';EIi}{?1T"'}’17T¥i{§iHxx?i{i§I=6{€:!§I|Z¥|rr¥_‘r|§§f‘|%i!1?rxx 22 2 2 2 2 22 2 2 280
 PENETRATION OF 32°F. TEMPERATURE VS TIME
| .
»
2 w
I
S
2
3 3 T
T
&
4 4 w
o
5 5
6O 24 48 72 96 120 194 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 60 624 648 G7ZU
7. | 144 16 . I 240‘ 264 288 HQURS ;‘6“ T3E6§T 384 408 432 456 480 -504 528 552 576 60! 624 648 672
7000 bt e e = P R o F P FF e bFEFE S FrE A FFEE  FFFEF FEEEFF FEFEREEErE 7000
HEE CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME{ o
6000 & = e e e e e 6000 &
E L AVERAGE CABINET TEMPERATURE 2
Fa E 3 ]
5000F P 25 5000 1y
¥ ! w
E ui ®
4000E & 20 4000
E w o
B e
3000 i 15 3000 -
E 2.
F ©
F <
2000 © 10
& TEMPERATURE AND HEAVE DATA
1000 FOR
SAMPLES LFT-I3 AND LFT-I4
0




8 3Lvd

ODEPTH-INCHES

- DEGREE -HOURS BELOW 32°F

HEAVE-mm.

120 — o ‘ . _
: %<0.02 "DRY WT., : I I} 5 0 0 O 6 | 4.
- |SAMPLE| ™ O T s /e {HEAVE ~vs TIME] ‘ o0
100 4WASHO-5| 65 96.0 - 4.00
. WASHO-6] 65 98.0 : = 3.50
‘80-{WASHO-7| 65 | 989 : WASHO-9 SES=E| 100 &
. |wasHo-8] 65 92.2 WASHO-5 — T L 1 z
" 60|WASHO-9 65 | 90.0 a1 2.50 2
- - 111 ]
; - 1t w
» : : WASHO-8 — e WASHO-7 : 2.00 2
40 : T 3= S B
20
== - 0.50
j ) U S N (N N Y A 00 (S D N N N % U TN A O { }L } { ll : ll .
0 1 2 3 4 5 6 7 8 9 10 W 12 13 14 15 6 17 18 19 20 21 22 23 24 25 26 27 28
» , _ DAYS IN TEST v : ’
o 2 3 v4 S 6 7 8 9 [[o] n 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
054 000 0 (N 0 S 0 00 S S S O S 0 O [o]
i - LPﬁ:h_lETRATION OF 32°F. TEMPERATURE VS TIME |
) - N $AMPLE WASHO-6 1
~ 3
2 2 T
: (8]
Q.
3 3 2
X
: -
a 4 w
. o
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5 5
N .
86 24 48 72 96 120 144 168 192 216 240 264 288 32 336 360 384 408 432 456 480 504 528 552 576 600 624 648 675
. HOURS IN TEST S
O 24 48 T2 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 T S 0 S 0 0 S S AU O A S O N A R | . - 7000 »
‘;. | .CUMULATIVE DEGREE-HOURS BELOW 32°F. vs TIME| %
6000 =30 e e - A 6000 2
—f.':" =t 7 AVERAGE CABINET TEMPERATURE '
15 T T I 7 uw
8000 225 ! # 5000 %
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4000 H 20 oy S — 4000 ©
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3000 H- 15 =5t >
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’2000*—6 o= o TEMPERATURE AND HEAVE DAT.
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SSSE=saaEas !
o 1 i vl' 11 I
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S 4 o
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4 2000E © 10
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o LFT-6 TO LFT-9
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HE AVE -mm.

DEPTH-INCHES .

DEGREE ~HOURS BELOW 32°F

48 31v1d

60 1o, - - D O Y D
% <0.02 [SURCHARGE T =
SAMPLE| ™4 bs/int [HEAVE vs TIME] A
50 -WASHO-1| 65 0.5 ‘ : 2.0
WASHO-2| 65 2.0 WASHO -2 = "
40 fwasHO-3| 65 4.0 : \w as 1.5 W
- z . . [&]
WASHO-4] 65 6.0 i - : [ ] % ’ 2
30 - 8 A oy <
- ] ’Yv 1.0 g |
20 LAz A 4 :
WASHO-3 - - i 4r( I
- = A WASHO-I 0.5
P - 3 -
1o e E ! e Csms g== !
. L oy e i 1 X X L WASHO-4
] G e O A A I s o e [ I 1 - T
o | 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
. DAYS IN TEST :
o 1 2 3 4 S 6 7 8 9 10 1l 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 - ‘
o] T ll[[!][llll]l]l[l[llll[llllllllll °“1
IL_%\!ETRATION OF 32°F. TEMPERATURE vS TIME | - 0
) - IN -SAMPLE WASHO-2 - (-
o’
2 T 2 %’ :
O
= z
3 7 3 1
z
—
a 4 w
! - °
5 5
6O 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-
e . HOURS IN TEST :
) o} 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 C
700°v - ) S S S Y ) S O 5 S S (5 S 5 U S 5 30 S A S S 0 (A A S 0 7000 &
. e ~l= | CUMULATIVE DEGREE-HOURS BELOW 32°F. vs TIMEN i §
s000 H% 3b : 1 + 6000 2
W L TX = o Iy o | o 7 o 1
Ha L == - w
2o —

5000 [+ 25 . 5000 ¥
: Ho N : - e
He -/ € X 2, /RE& - L
4000 & 20 —AVERAGE _CABINET TEMPERATU , 4000 ©

T HE = -
i
3000 :E 15 10 1 : . )
M2 : -
o —= TEMPERATURE AND HEAVE DATA
2000 {2 10 s L .
“°°Hg : = FOR
1000 o = SAMPLES WASHO-1,2,3 AND 4
S| 76,600 624, - = T
| I R N e y ol | T 11
o y oo S D )N . 1 ) -
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DEGREE~- HOURS BELOW 32°F

" DEPTH-INCHES

HEAVE - mm.

20 - e T
"% <002 | % SATU- e R e e e e e R e e e FEE e T 0.75
SAMPLE | e o ON HEAVE VS TIME 3 “’F” ‘/“ PAFB-11 »
154 PAFB-9-| 18 | 71 : : ; = PAFE-12 -O-§25tix ‘
PAFB-10| 18 : = O
| PAFB-I1- — 2 050 2
o B-l1| 18 92 2257 0375, |
| PAFB-I12{* 18 .| 88 _ PR w
o CLOSE 0 SYSTEM] FAFB-10. 25 <
5 w
25T -
o i 2 - 3 4 5 6 7 8 9 . ‘10 n . 12 13 - 14 15 . 16 V7 18 19 L 20 21 22 123 24 25 26 - 27 26_ °
: : - ‘ ,. DAYS IN TEST® . : . e T
d( 1 . 2 3 -4 -5 & 7 . 19. - |0 lI I2 lllllllllllll 16 17 -|e 19 20 2 22 23 -24 25 26 27 28’0
; PENETRATION OF 32°F.. TEMPERATURE VS TIME :
; _IN' SAMPLE PAFB-9 : ‘
- |
[72]
2 . > w
: i \] X
8 O
SEaCERRjanaE : \ 2
3 - 3 n
B2 & T
: 3 g
R - i o w
‘ o
5 : 5
OO 24 48 72 96 120 44 168 . 192 216 240 ' 264 288 312 336 . 384 ‘408 432 456 480 ‘564 528 552 - 576 600 G‘24‘ 648 /72
' X - Co - HOURS " iN TEST : . o ) '
7000 e e e e e e e e e e e e e e e
CUMULATIVE  DEGREE-HOURS BELOW 32°F. VS TIME
6000 4561 \ : 2
Ew
Eax o
5000F 2 25
E
F o =
E W fiSEe
4000E & 20
Ew
: -
3ooo§§ 15 3000
- EE
I =
2000E © 10 S S A
BE = TEMPERATURE -AND HEAVE DATA
1000 EEEEs 'FOR' SAMPLES -
: g " PAFB-9 TO PAFB-i2
o




HEAVE - mm.

- 7000

DEGREE - HOURS BELOW 32°F

68 31Vd

DEPTH- INCHES

O T T e e e e e :
%<0.02|% SATU EESESasEsE: L B 075
SAMPLE [ | RATION NH- 48 HEAVE VS TIME .
154 EBT-40| 32 96 T =2 ISSEEs 062514
EBT-4| | 32 | 98 i T
g 7- Q
NH-48 | 62 | 9l Ulsahth E87-9/ 0502
J N SSSemEs! o "
10 =NH 49s ssvz 96 ! 0'375‘;‘
F{ CLOSED SYSTEMg - 3
_ K D e £67-40 025%
5 EEpE w
FEpeE i : o125t
(] | = Ié = ‘BI - 4 5 6 7 8 9 10 i 2 3 14 15 16 17 e 19 20 2) 22 23 24 25 26 7 28
, DAYS IN TEST , > ‘
o(‘ i 2 3 4 5 6 7 . ’9' — 10 " ‘l“z “““ I?' —— I.A ‘‘‘‘‘ '.5 llll I.s ““““ I‘7 — 18 19 20 2 22 23 28 25 26 27 280
PENETRATION OF 32°F. TEMPERATURE VS TIME
' IN SAMPLE EBT-40 |
n
2 2 w
I
Q
L
3 s -2
I
‘ Y
4 4w
o
5 ]
60 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 6720
HOURS IN TEST : e
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432. 456 480 504 528 552 576 800 624 648 6727000
£35S, . ,CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME:
6000 E 30 - 6000 %
" Fuw AVERAGE CABINET TEMPERATURE : e
13 Y
SO00F 2 25 5000
Eg w
E x
4000 S 20 4000 1y
Fuw (=]
E - ,
3000 & 15 3000
EZ
F @
- <
2000E © 10
TEMPERATURE AND HEAVE DATA
: FOR SAMPLES
1000 ' :
S5 EBT-40, EBT-4l, NH-48, NH-49
0




018 31vd

- “HEAVE - mm.

-DEPTH- INCHES

DEGREE - HOURS BELOW 32°F .

20 e
. 6 <O0A%SATU- RPN R SSs=s=as 075
S{WPLET/ mm. |RATION HEAVE VS TIME. e o
54 SC-3 | 80 | 96 6251
BC-19 5
|.sc-4 [ 80 | 95 050 2
8 | 94 =
10-_BC- 94 0.375,'
BCH9 |:94. | 94 y
5 JCLOSED SYSTEW o 25
Hj”hﬂ' > sC-4 T
£ EEEs EEE! Eses==ss===s } 0125
0 TJ = 2" l ‘; l 4 i 145 6 T ‘8 .9 10 It 12 3 i4 15 16 17 1‘8) = II‘SI = 20° 2| 24 ” 25 26 27 28
A . ' : 'DAYS IN TEST - .
o(' i 2 3 4 5 [ 7 r'9' i 'I? ''''' I! — 12 i3 . 14 15 16 - 17 . Il'el 19 20 2 22 23 24 2 26 27 250
PENETRATION OF 32°F. TEMPERATURE VS TIME
v < IN_SAMPLE BC-18 )
: -
X
Q
2
3 s =
p
—
. o
4 w
(=]
5 5
GO 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 6720
. HQYRS [IN TEST a 56 552 76 600 4 648 67
70000;-;;; ;24 o e = e :z:zH:hzlls‘“;z;:?H}2{:%%35{3{{{“31{2”:‘3[3:5. r:z..:::3844'--:;?s:::;??z'"-?:;::.“o e i = 17000
2SS _CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME. "
6000F - 30 6000 &
H&'_ ; AVERAGE CABINET TEMPERATURE 2
o - [
5000f - 25 E: 5000
F a " uw
£ :
4000F £ 20 4000 w
b S .0
E o~
3000E D 15 3000
E 2 -
. F @
F <
2000F © 10 .
: TEMPERATURE AND HEAVE DATA
1000 FOR SAMPLES ‘
h SC-3; SC-4, BC-18: AND'BC-19
‘ fo) =




HE AVE -mm.

DEPTH-INCHES

DEGREE -HOURS BELOW 32°F

118 3LVd

12 - D Y S O O O
‘ SAMPLE °/°m<Q°2 TEST CONDITION THEAVE vo TIME]
10 Fa(c)-2| 85 CLOSED SYSTEM : T T 0.4
FA(C)-4| 85 CLOSED SYSTEM : e
® T TUNDISTURBED SAMPLES) : : 03 &
- FA(C)-4 T H o2 w
4 . . : <
e e =t o ¥
2 > e FA(C)-2 0.1
=2gE=z: S=dE=sm=smsss:
Y 2 3 4 85 & 7T 8 9 10 M 12 I3 14 15 16 17 18 19 20 2 22 23 24 25 28 27 28
DAYS IN TEST S
) | 2 3 4 s 6 7 8 9 10 N 12 13 14 15 16 (7T 18 19 20 - 21 - 22 23 24 25 26 27 28
[0} AR (N SN A N (N (N N N N S D D (N (U N (N SR N 0 AU OO0 AN OO N N O O A l l (o}
__ENETRATION OF 32°F. TEMPERATURE Vs TIMEl )
. IN SAMPLE FA(C)-2 !
[ .
2 2 Ii)
Q .
2
3 3 z
X
-
a 4 w
‘Q
5 5
[
: -
80 2a a8 72 96 120 142 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 o73
» » ‘ HOURS IN TEST ‘
O 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 TTTT7T - S A D S 50 0 5 5 S 5 0 N S S S S S D S 0 0 S O 7000 .
a1 [__CUMULATIVE DEGREE-HOURS BELOW 32°F._vs TIME] &
s000 H° 30 . ' : : 6000 $
s . 1
:g H - N LW
5000 Hk: 25 = 5000 %
S AVERAGE CABINET TEMPERATURE ; =3 =R : b
4000 H 20 : 4000 2
H#
3000 Hi- 15 = .
Hw -
2z T ] - : . - .
2000 H® 10 552576 — - TEMPERATURE AND HEAVE DATA
Ha B . :
H3 : : " FOR .
1000 ] SAMPLES FA(C)-2 & FA(C)-4
)




218 31vd,

. HEAVE-mm. -

'+ DEPTH-INCHES

DEGREE - HOURS, BELOW 32°F

30 — A _ ' 12
 |sampLe[% SO-02| TEST CONDITION THEAVE e T IME T o
-] —T e - - — L= 1.0
25—FA(C)-5] 85 CLOSED SYSTEM FA) 4 H ,
. FA(C)-6| 85 ‘CLOSED SYSTEM E\W )
20+ S et 0.8 3
FA(C)-7| 85 . |OPEN SYSTEM 5
Is FA(C)-8| 85 _OPEN SYSTEM ! 0.6 Z
H-FA(C)-F ety
- J—‘ oL >
10 - 2 ! 0.4
. 11 - - =] 7 I
. 1. =X = X - .
& H 2 ‘-
5 FA cu)i" - == = S8 0.2
',ﬁ = = FA(C)-5'
- - ™ . .
-— = ) 1 1 T T v - g
0 ) 2 3 4 5 6 7 8 9 0. N 2 013 14 s 16 17 18 19 20 20 22 23 24- 25 .26 27 - 28
. . . DAYS IN TEST g i oo T
0 ' 2 3 4 5 6 7 8 9 10l 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
o T TI[IEEQEEE}} - S S U U S S Y D [o}
{PENETRATION OF . 32°F TEMPERATURE vs TIME |
| IN SAMPLE FA(C)-5 |
2 2 W
(33
2
3 3 2
. X
4 4 w
5 5
’ : . 6
& 24 48 -T2 96 120 |44 168 192. 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672 )
S o HOURS IN- TEST o P
O 24 48 72 96 120 144 168 192 2(6 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672 )
7000 } } : | S S O SO0 M M D A S R S A S D D A A S D S O D D 7000 &)
o 1 __CUMULATIVE:- DEGREE~HOURS BELOW 32°F vs TIME! >
6000 H* 30ff : . I . 6000 2
. ! = _
Eg AVERAGE CABINET, TEMPERATURE : w
5000 H: 25 - : : {5000 g
Hoe g = - S
CHw - g‘
4000 H& 20 - 4000 ©-.
Fw
CHe =
3000 [+~ 15
2000 H® 10 ——= TEMPERATURE. AND HEAVE DATA
© o "FOR -
1000 - SAMPLES FA(C)-5 TO FA(C)-8
1




HEAVE- mm.

DEPTH-INCHES

€18 31v1id

DEGREE-HOURS BELOW 32°F

120 - : = - ' e M—
o< 002] TEST Ssszss=sssssssoossmsEs:
SAMPLE| |CONDITIONS HEAVE VS TIME: ; w0 o
90 4 LFT=I9| 40 |OPENSYSTEM ° i
LFT-20| 40 |OPENSYSTEM 0 O
60 - LFT-20 z
. 3 ' o W
: 2:0 3
= LFT - 19
30 i a
Y a |O‘ T
o =25 , &
. 0 1 2 3 4 5 6 7 8 9 10 " 2 13 14 15 16 a7 18 19 20 21 22 23 24 25 26 27 28
: DAYS IN TEST o
O(' ) 2 3 4 5 6 7 9 10 II 12 16 — ...7 rrrrr I'a rrrrr l? 20 2 22 23 24 }_.’:_____26 27 28 0
PENETRATION OF 32° F. TEMPERATURE VS TIME ‘
\ IN SAMPLE LFT-19
»
2 w
T
O
2
3 3 T
T
Y
4 4 W
=}
5 5
6 ; =
0 24 48 72 96 120 I§4 168 192 216 240 264 -288 ' 336 360 ~ 384 408 432 456 480 504 528 552 576 600 624 648 672‘,
) 96 120 144 [} I 240 264 288 HOURS lgl TSEG§T 38; 408 432 456 480v 504 528 552 576 ‘ 600 624 64 7
70000,,¥¥¥2‘ rE = 2 e !9{2" %GT:HHHHH‘.HHHHHHHH"‘!H S 0 0 A o o o 0 5 2 627000
et CUMULAT IVE DEGREE-HOURS BELOW 32°F. VS TIME] *
E U 30 6000 &
6000 o AVERAGE CABINET TEMPERATURE 3
A1 T
S000F i 23 i 23 ] 5000
F g w
E & ! o«
F o ©
4000F § 20 4000 W)
Ew 0
™=
.:.|.- g
3000E w 15 ! 3000
F2 T
ES : -
F g
2000 © 10
TEMPERATURE AND HEAVE DATA
: FOR .
| .
000 SAMPLES LFT-i9 AND LFT-20
o .
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80— T%002]  TEST = Ssssszzze-cosszzcosszazeoss . 30
sampLe (002 LS ns HEAVE VS TIME o
€ 60-PaFB-1* | 47 [OPEN svsTEM £ 1 2.5 i
€ |paFB2 | 47 |OPEN SYSTEM PAreE e : T 20 9
W 40-PAFB- 3* | 50 |cLoseDsysTEM = 15 1
2 PAFB-4 | "50 |CLOSED SYSTEM ‘ Y
N === *UNDETJRBED SAMPLE & PAFE-3 PAFE-4 0 I
: SSSSSSSSsSSSSess: 5 I
! SESSSSSEEESSSE -5
===2= FESRE8S38=5!
4] 1 2 3 4 5 6 7 8 9 10 Il' 2 . 14 16 17 8 19 20 21 ‘ 22 ‘23 24 25 26 27 - 28
: A : , DAYS IN TEST , : , :
’o(' i 2 .3 4 S 6 7 S IE) lllll l! "" l? JJJJJ |.3._._. . .I.4 ‘‘‘‘ If")l 16 17 i8 ] 20 2 22 - 23 24 25 26 27 280
PENETRATION OF 32°F. TEMPERATURE VS TIME ‘
\ - IN SAMPLE PAFB-4 '

e g .o
X 2 %
Q [*]
z 2
e 3 3 =
o I
., &
w
& &

5 5
8 20 e 72 9 120 144 168 192 . 216 240 264 288 312 336 360 384 408 432 456 480 - 504 528 §52° 576 600 624 648 672
» 7 6 120 ‘~ ‘ | 4 64 288 HQURS lgl TBESST 384 408 432 456 480 504 528 552 576 600 624 648 672 -
7000 T e :?ﬁ;:::z:sa:'::z;:?:::2::":'.::::::;H::H:HuH?H:::::::::::::;::H:HH::;' 7000
=225 CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME. "
- L3 SESs! ' 6000 &
:\JSOOO;«W SSE! 2
E

‘™ F w £ AVERAGE CABINET TEMPERATURE e

; F . .
2 5000F P 25 5000
(=} CEa w
) o [+ 4
w E W ©

: @a000F 5 20 4000 1o
) F
& -

3 3000E G 15 3000
I EFZ -

Co S
W 2000F © 10 :

@ : TEMPERATURE AND HEAVE DATA

W oo FOR
e 'SAMPLES PAFB-I TO PAFB-4
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200 — ' : N — 8 ’
%<0.02 TEST SRR e LD e s ESESEEEES: . :
SAMPLE | "mm. | CONDITIONS "HEAVE VS TIME S LA
€150 SC-5%| 80 |CLOSED SYSTEM s 8§
E SC-6 | 80 |OPEN SYSTEM 5 2
w ool SC-7*| 80 |OPEN SYSTEM 4 T
2 SC-8 80 |CLOSED SYSTEM sc-6 s Y
w -y g == 4
% sc-5 : <
T 'so-fc X UNDISTURBED SAMPLE £ T
= - b E50-8 . T
o] 1 2 3 4 5 6 -7 8 9 10 " 12 13 4 6 i7 18 19 20 21 22 23 24 25 26 21 28
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0 | 2 3 4 5 6 7 9 10 1] 12 16 17 18 9 20 2 22 23 24 25 2 27 28
o IR SR E SRS i - —————— ;HHH'JH?H.HHHH{HHv!v1n| i o}
PENETRATION OF 32° F. TEMPERATURE VS TIME ‘
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%) ;
w 2 =+ T 2 $
I - : : 35 b
Q EEEEERE ! ! f o o
2 - PR bt I ; ] 2
' 3 EEmEs . = 3 n
Tz - § EERESED T
= e
a 4 a
w H -
8 - Z
5 B : TR SLELT e : S
6 ek : SN SSnESau SN SRS B : i 6
o 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 504 528 562 576 500 524 648 A72
96 20 44 68 92 216 240 264 288 - Hc'glté.RS N TSEGOT 556 408 432 456 576 800 624 648 67.
0 24 a8 72 | ] i l : ; 5 - '
7000 e E TP TP P P L E P T T T :’l EERFEF L PR LR ekl =5 TIET 7006
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w T 1 g
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. E2 25 == -
o 50005: s5at E /
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ul Ew EHEEEE B FERERR.
m4ooof%zo B -
7} r —H it
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3 3000f 4 1 EES PR gt 233 30C0
X = 2 EEEE .
[ B 2 ' = e S
&12000E © 10 i o
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& 1000 £ - g e Ter
= 2 . SAMPLES SG-5 TO SC-8
O i 1 - = I .
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HEAVE - mm.

218 31vd

120 <002 TEéT g Ssss=sssssszssssassssssss: : 45
SAMPLE |09 GONDITIONS HEAVE VS TIME: 40 o
90| BG-20%] 94 [OPEN SYSTEM } 1208
BG-21 4 |CLOSED SYSTEM R c-23 z
c-21 | 9 BC-21 : 302
60| BC-22 4 94 [cLOSED SYSTEM s, : ; 25 T
BC-23 94 OPEN SYSTEM 8C-20 g 20 ';'
: 7 8C-22 5 2
30 Ttmmswaseo SAMPLE : oY |
5 = T T B U S D S N O OO N O 0 G 0 0 (R N N N A 0 0‘5
o] [} 2 3 L} 5 [3 TY";'“ 9“””; 10 ) 1”2 I 14 ‘1'5‘ ‘“7I16h”’I'7“” 'I'B """ I;l 20 2t 22 23 24 25 26 27 28
_ A " DAYS IN TEST . '
05 2 3 4 s 6 7 9 10 TN SN S . M is____ s____ i7____i8 19 20 2 22 23 28 25 26 27 28,
PENETRATlON OF 32" F. TEMPERATURE VS TIME
| . ' IN SAMPLE BG-22 .
g 8
§ “E 3
g §
] 3 3 s
X X
- -
o Q.
w 49 w
o [=]
5 5
60 24 48 72 96 120 44 168 192 216 240 ~ 264 288 312 336 384 408 432 456 480 504 528 552 576 600 624 648 672“
‘ 216 240 264 283 HOURS 3;2‘ TEST 384 408 432 456 480 504 528 552 576 600 624 4648 6725~
96 121 144 168 192 { . .
' 7000(‘71??32‘ 22 ked 20 5 """"""{} ---------- 'Tnix'ﬁ.;----xn S B B o 7000
) SEEs: CUMULATIVE DEGREE HOURS BELOW 32° F' VS TIME @
3 [ 4
o 6000F & 30 6000 5
& E : °
" -~ AVERAGE CABINET TEMPERATURE T
2 5000f 2 25 S000 w
(o] E w
g tE g
® 4000 & 20 £ -
® E =B
g ool
S 3000F G 15 ==13000
< FZ
N i
41 2000F © 10 ‘ :
& : TEMPERATURE AND HEAVE DATA
& 1000 FOR
e SAMPLES BC-20 TO BC-23
)




818 3Lv1d

DEPTH-INCHES

‘SAMPLE'°/°<°‘02 DEPTH TO HHHH R At S SR RSEEREESES! 0.75

. HEAVE - mm.

DEGREE- HOURS BELOW 32°F

mm._|WATER TABLE HEAVE VS TIME : "
|54 EBT-42 | 32 12" 06254}
EBT-43| 32 18 , oy 050 8
JEBT-44 | 32 30" =
10 i 0375,
EBT-45 | 32 42" - £6T-45 W
A EBT-44 0.26 <
5 ! w
I
A £BT-43 | 0123
b - " e 1 o o o o e
[o] 2 4q 6 8 [Ke] 12 14 16 8 20 - 22 24 26 28 30 32 34 36 38 40 42 44 46 . 48 . .50 52 54 86
v DAYS IN TEST . :
oSk 3 £ ot s 820 PR 24 RS 38 38 90 44 46 8 52 4 55
g - PENETRATION OF 32°F. TEMPERATURE VS TIME
2 : IN SAMPLE EBT-43 >
y a 9
X
O
2
6 o A 6 -
I
&
8 8 o
: [=}
10 10
12 =222 ] 12
o . 48 96 144 192 240 288 336 384 432 480 828 576 624 672 72 768 816 864 912 960 1008 1056 1104 1152 1200 1248 1296 1344
- . ’ HOURS IN TEST A
‘70000 48 96 144 Il92 ’240 288 336 3.8.‘. _ 432 ] 480 528 57'6' 16.2.4. . ‘G;Z?x . ?%O‘r“ 7,6.8. . ‘BIIIS‘ = |86L4Lu . A9Il2l . ??O 1008 1056 1104 1152 - 1200 1248 1296 13447000
‘ : i CUMULATIVE DEGREE HOURS BELOW 32°F. VS TIME. *
E - ! T s .
6000f4330 H ! 7 =228 EdsSssssss 6000 &
£ = e =y 3
E f i . T
3 iEst i L
5000k 25 j H Br=sasi 5000 y,
E & £ I u
E W AVERAGE CABINET TEMPERATURE : ©
4000F = 20 4000
=] (=]
1= :
E
3000f i3 15 3000
F2 SaEsiieees
2000E© 1o : ,
; 252 FEes TEMPERATURE AND HEAVE DATA
T s . . F
1000 OR
SAMPLES EBT-42 TO EBT-45
o) . L
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40

"% FINER e EH'Hf .50
SAMPLE | 1 AN 002 mm. HEAVE VS TIME: FeEE
. EEmE== PBJ-I5 25 &8
£ 30-_PBJY-7 18 PBJ '// A > ¥
: N 2 .00 O
; PBJ-II | EEEE 100 8
w PBJ-I 4 =
W 20 BJ-13 = 075 !
a PBJ-15 35 e~
w =2 PBI-13 050 & -
I 10 - = \-]l-:J
: : ; 025
s =5 Z.isZomsSSSEEESERSSs anRsnE EESSSE! T i .
o 1 2 3 4 5 6 7 ‘8 9 (o] 1l 2 13 4 15 16 17 18 s 20 2i 22 23 24 25 26 27 28 “
DAYS IN TEST . :
o( I 2 3 4 5 6 LA N — ‘19 “““ l! ''''' I"Z ,,,,,,,,, I.‘ IIII I?‘ 16 17 . 119‘ — 19 20 2 22 23 24 25 26 27 280
3 PENETRATION OF 32° F. TEMPERATURE VS TIME
B - IN SAMPLE PBJ-7 |
o) o
w 2 2, w
& 5
Z g , - 2
1 3 5 =
e . Z
a o Py
W
a =
5 5
X 60 24 48 72 96 120 144 168 192 216 240 264 288 312 336 384 .408 432 456 480 504 528 552 576 60 624 648 6720
: HOURS IN TEST o ,
7000 b e e P e A E i S P I PR e EHrrE R R E P P e L e e e ey 0%
EEE ~"CUMULAT IVE DEGREE - HOURS 'BELOW 32°F. VS TIME! *
o 6000 & 30 6000 &
o i 1 AVERAGE CABINET TEMPERATURE Q
Fe . 1 = -
2 EP 25 t 5000
& 5000E £ : w
L
E N IC)
@ 4000F £ 20 4000 o
» o o
@ £
3 3000F k15 3000
2 -
b <
! EQ
12000 © 10
3 TEMPERATURE AND HEAVE DATA
w FOR SAMPLES =
& 1000 . :
PBJ-7, PBJ-II, PBJ-i3, PBJ-15".
0




L’

OH-33¥930

: g 8 g

S3HONI-3AV3H : ..~ S3HONI-H1d3a

waon ogwn o9
L I B NN - o

28
28
K72
672 7000

27
27
648
648

26

26
624
624

25

25
600
600

TEMPERATURE AND HEAVE DATA
FOR SAMPLES
PBJ-10, PBJ-12, PBJ-14- PBJ-16

24
24
576
576

ol I

PBY-14

23
23
552
552

va

22

22
528
528

aensmn !

PBJ-12

1

21

21
504
504

20
20
480
480

PBJ-16

19
19

as6
456

o o e o

et

432
432

T

AVERAGE CABINET TEMPERATURE

e

I g o o 4

) i 0 S O B

17
17

;
=
408
o

=== i=
8
8
18
TP T TP PP T T T

6

6
384
384

15

i5

i i

IN TEST

336

13
DAYS
13
32
312

IN _SAMPLE PBJ-10
336

HOURS

HEAVE VS TIME
14

s e e

3
2

288
288

264
264

10
10

240
240

A 0 P 0 10 A G 0 B 0 P01 0 i e

PENETRATION OF 32°F. TEMPERATURE VS TIME

PBJ-10

216,
216

CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME

1 0 0 e

360
IN TEST
360

T
1
i i i o 0 e o

=
8

192
192

e s

o o o

7
7
168
168

6

€
144
144

5

5
120
120

% FINER

35

THAN 002 mm.

2

2
a8
48

M o 0 ) ) o

...... P4 o~ * b =

PBJ-I12
PBJ-14
PBJ-16

SAMPLE
PBJ-I0
w
o
—

w
14
p=l
-
b
a
w
a
=
ur
=
[
w
Z
[ae]
a
(&)

- ~ 0® w o © o 9 9 = o o
g 8 ° M 8 8 8 8 8 8 38
8 8 © @ © &8

“Ww - IAVIH o - S3HONI-HLd3Q - 402 MO39 SHNOH-334930

100
754

PLATE B 20




HEAVE - mm.

DEPTH- INCHES

DEGREE- HOURS BELOW 32°F

128 31vd

40 : ' ’ S ———— S :
% FINER  EEEEEEE e e e e e e VTN S=g=E=ESSEE: e 150
SAMPLE | rhaN 002 mm. HEAVE VS TIME: t PBY-3 PBY-1 "
30— PBJ-I 22,5 1.25 L:L:J
- o
PBJ-3 4 ) - 1.00 z
20~ PBJ-5 2 075
PBJ-9 7 P8J-9 Y
=o==a H 0.50 <
10 SSEES: 2=2 =2 222 T
E2gisassse: : ‘ o2s T
g e R e e ! £F8J-5
-, T===a! i m e v e
o ! 2 3 4 s 6 7 8 9 10 0 2 13 14 15 16 17 18 19 20 2 22 23 24 25 26 27 28
DAYS IN TEST
0% i 2 3 4 s 6 7 T o____ n____ l2__ 13 14 05| . ____ i7____18 19 20 2 22 23 28 25 26 27 28
: 3 PENETRATION OF 32°F. TEMPERATURE VS TIME
! IN SAMPLE PBJ-I ,
(2]
2 2 w
X
o
2 -
3 3 n e
I
e
4 4 W
o
5 5
8o 24 a8 72 96 120 144 168 192 216 240 264 288 312 336 384 408 432 456 480 504 528 552 576 600 624 648 672
HOURS IN TEST o e32  as6  ase ’
7000 e T 72 5 s I921 ZIEGHi}?‘{(:‘LHz{sE‘IHi"{’aie'rﬁ‘rliiﬂt*xsialeﬂ‘.{}{h:'3'8'4'""98"‘....HH"HHS:O : 501“:117?2:3:::;?5:2,.‘.!:7:6::::6:(:(:::'12;....G,“L S 7000
T CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME AVERAGE CABINET T TEMPERATURE "
6000 f 5 30 5 ¥ H ' 6000 €
'
[=]
& 2 I
5000f P 25 : . 5000
< w
« @
w
a 400 ©
4000F = 20 000 3
=
- .
3000F w 18 3000
2000E
‘TEMPERATURE AND HEAVE DATA
FOR SAMPLES
1000 PBJ-1, PBJ-3, PBJ-5, PBJ-9
[o]




229 31vid

DEGREE- HOURS BELOW 32°F

HEAVE - mm.

DEPTH- INCHES

120 T T
% FINER = ESSSEsssmcsesnssssoTE: T 4.50
SAMPLE | ran 008 mm. HEAVE VS TIME B ol
90 PBJ-2 22.5 o2 350F
PBJ-4 4 L PBY- 4 3.002
60+ PBU-6 2 A =¥ 2507
"~ | PBJ-8: 18 = 2004
£8J-8 .50 <
30 w
= = .00 ¢
== === i mmeme I SR ~PB/-6 050
3 4 5 e A 13 14 15 16 17 18 19 0 ol 23 23 24 25 26 27 28 '
DAYS IN TEST - ) ;
oc 1 2 3 4 s 6 7 9 ___lo L ___ iz 13 . 145 16 17 18 19 20 2 22 23 24 25 26 27 zeo
. PENETRATION OF 32°F. TEMPERATURE VS TIME
I - IN SAMPLE PBJ-2 \
[}
2 2 w
X
[$3
2.
3 3 <
T
- &
4 4 w
=]
5 S
6-0 : 24 a8 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
6 2 " 216 240 264 288 H03|L2J‘RS 3%2‘ Tz'Eng 364 408 432 - 456 480 504 528 552 576 600 624 648 672
1 144 I 19
7000 £e = 2 2 S T P P PP P P T P P PR R T AR PP PP P P FET 7000,1
= CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME o
6000 F-3=30,] FEEEH 6000 &
g t‘u AVERAGE CABINET - TEMPERATURE g
Fa s = |
S000F {2 28 e 5000
Fa ; w
& >
4000 220 == 4000 g -
Fuw i [}
=
3000E 5 15 3000
- 2
E @
E < .
2000E© 10 . _ :
TEMPERATURE AND HEAVE DATA
FOR SAMPLES
1000
PBJ-2, PBJ-4, PBJ-6, PBJ-8
0 [ ==—" ’
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HEAVE-mm.

DEPTH-INCHES

DEGREE -HOURS BELOW 32°F

€28 31vd

15 PER CENT FINER - B 0 S -
|SAMPLE[14aN 0.02mm. : [HEAVE vs TIME]} : -
KA-1 - 2 m a -0.50
Ka-2 | 2 040 @
10 . 1 xa-7 ’ 40w
AN [S]
7] o0 %
--—.(\ . : u>J
.
. = =3 0.20
p.: rt (5.!0 ’
=5 S +
I 1 |
i 1 1 -
0 I 2 3 4 s 6 7 8 9 10 N 12 13 14 15 16 17 18 19 20 2 22 23 24. 25 26 27 28
. . 0AYS IN TEST ] : ; )
) ] 2 3 4 S5 6 7 8 9 10 0 12 13 14 15 16 17T 18 19 20 -2 .22 23 248 25 26 27 28 . .
o 1 | 1] T T r 1t 1 1 vrrr 3y 1 1 3 1 vy ¥ °r P 0 01T ¥ 1 v ¥ [ 1 [ ! JL o] (}}-
[PENETRATION OF 32°F TEMPERATURE Vs TIME} :
0 " . IN. SAMPLES KA-1 8 KA-2 ! ! by
2‘ = 5 g
3 N z
1
KA-1 z
V.
a
4 g 4 .
i/ = &
; A2
5 N 5
“ N
N
, 6
80 2a 48 72 96 120 144 168 192 216 240 264 288 3I2 336 360 384 408 432 456 480 504 528 552 576 600 624 648 673
- : : : o HOURS IN TEST .
0 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 5 0 S e 5 5 5 S 8 S 7000 o
A { . CUMULATIVE DEGREE-HOURS BELOW 32°F. vs TIME} z
- T - [=]
6000 = e i VERAGE CABINET TEMPERATURES 1| ©0°° T
- » S r : T o
5000 i : 7 t 5000 @
! o
. " w
4000 4000 ©
3000
2000 - = = TEMPERATURE AND HEAVE DATA
528 582 6576 600 624 - = - :
1000 HH - == - SAMPLES KA-1 AND KA-2
] T T 1 1 '
111 1 1
° 1 1 1 1 .
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 DEPTH-INCHES

DEGREE - HOURS BELOW 32°F

_HEAVE-mm..

0 S

2.00 .

. HEAVE -INCHES

DEPTH-INCHES

DEGREE-HOURS

60—
- % FINER - 2.25
SAMPLE ITHaN 0.02m [HEAVE vs TIMEF H
s0d wwe-1]. 1 = SSIS=s
WWC-2 T WS I . 1.75
a0 WWS_| 10 TN L 4 .50
: WWC-2
- .25
30
b ’, I.OQ
20 WWC-T 10.75
: = -0.50
104= :
mu- 1 -0.25
3 I } I - —t—1— —
o] | 2 3 4 5 6 7 8 9 10 n . 12 I3 14 15 16 17 7 18 19 20 . 21 22 23 249 . _25 26 27 - 28
‘ . o :  DAYS IN TEST : o : :
o | 2 3 q 5 6 7 8 9 10 " 2 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
[o] | RN ) N O S N (N (N N N N NN N NS N A ] D (N0 (N S A A N B B (o]
[PENETRATION OF 32°F. TEMPERATURE Vs TIME}
1 IN SAMPLE WWC- 2-++ I
2 .
3 3
4 4
5 (. 5
6
86 24 .48 72 -96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 673
' ’ o HOURS IN TEST : . 4
O 24 48 T2 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 - U D A U Y 0 S O e (S O 000 00 G S 5 0 S S S G S O S S S A 7000
3“’ 1  CUMULATIVE DEGREE-HOURS BELOW 32°F. vs TIME! |-
o 11 .
6000 ' 30 AT AVERAGE CABINET TEMPERATURE - 6000
@ - P
: = P e X O == == )
5000 Hi=25 —_— 5000
_z - .
Hu T
4000 H% 20 4000
Eu
-
3000 H- 15 )
2000 HZ o TEMPERATURE ‘AND HEAVE DATA
° - - . .
HS FOR SAMPLES
1000 ‘WWC-I, WWC-2 & WWS-I|




HE AVE-mm. -

DEGREE - HOURS BELOW 32°F

Ggeg 31lvd

. DEPTH-INCHES

12 D I S A N O D
% <0.02 T 7
|sampLe| % <00 THEAVE vs TIME[ B o e S
1o 4 PAF-i 2 040
- t PAF -3 - - '
o PAF-3 1 : PAF-3 ‘ °
4 - ~ < ;. @
PAF-5 | 2 : i = - EESsmp 030 ¥
e PAF-7 T E E4
1
I ] 10.20" :‘>:"'
¢ PAF-1 S s coma== o= : ¢ |
2 {ef = -0.10 -
3= - - 1
225 S SsEaaasSTrEn
=  dad T 113 1 T T
- . 1 11 1 I i 1 ) I |
o 1 2 3 4 5 6 7 8 9 10 O 12 I3 4 15 16 7T - 18 19 20 21 22 '23 24 25 26 .27 28
DAYS IN TEST ‘ » o
[ 12 3 4 s 6 7 8 9 10 1 12 13 14 15 % (7T 18 19 20 21 22 23 24 25 26 27 28
o I 0 0 5 S 5 o
IPENETRATION OF 32°F. TEMPERATURE vs TIME | g g 1= mm
. . IN  SAMPLE PAF-l . . I
2 2 T o
O 2
H o
3 3 i
3
= &
4 a & -
- e
5 5 v
A 8 = G
80 23 a8 72 96 120 144 168 132 26 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 848 672
B HOURS. IN TEST . R
O 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 e G W e D D D A0 S S A S0 S T 0 S S A A S 0 ) S 7000 o
e 1. CUMULATIVE’ DEGREE~-HOURS BELOW 32°F. vs TIME} : %
. He . : — °
000 H,),30 AVERAGE CABINET TEMPERATURE 6000 T
i3 = - : w
5000 H 25 + e 5000
Ha &
w w
4000 :gzo 4000 @
W ———
L1
3000 [+ !5 .
2000 H2 10 TEMPERATURE AND HEAVE DATA
Ho 1 : FOR - SAMPLES \
1000 = : PAF-1, PAF-3, PAF-5 & PAF-7
= 1 ' : oL :
Q bum L 1




928 31vd’

. HEAVE-mm." . - :

» DEPTH-INCHES

DEGREE - HOURS . BELOW 32°F -

L L [ [ § [ [ T T 1

- o X - -
 [sAMPLE| % <0.02 i {HEAVE vs TIME} : . -
o PaF2 [ 2 ' S . 0.40
PAF-6 | 2 . : ; L 030 ¥
. |Par-s o PAF-6= ~ ame 2
. 6 PAF: : Eeer T T
= L w
. A . 0.20 s
4 w
4 1= i T
. H . T iF 6 /I TPAL -2 o010
= ] : C e ar==
+ E = : - ol = = = = — ¥ —
n!y 1 — ) 1 1
0o . 2-.3 4 5 6 .7 .8 9 {0 .l 12-., i3 44 . 15 - 16 17 . 18 19 20 21 22 23 24 25 26 27 28
S e SR B CT v ‘DAYS IN. TEST .. . ° T S
o ] 2 3 4 s 6 7 8 9 10 N 2 130 14 15 16 U7 18 19 20 21 22 23 24 25 26 27 28
o | I I A O | L .t r v 1y r - v L1 I T [ 19 P 1 1 (o]
NI - . [PENETRATION OF 32°F. TEMPERATURE vs TIME]} : .
s , : IN SAMPLE PAF-2 - I
b
2 2 w
0
~ z
3 N 3 1
= i
s .
4 4 w
o;
5 = 5
&5 © 24 48 727.°96 120 144 168 ~ 192 216 240 264 288 3I2 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672
L SRR S ' HOURS IN TEST - . : ’ o v ' . '
, O 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 T D O A S A S S S 5 S G 5 0 Y 0 S S 5 S A ) ) S 0 7000(&)
™ 1. .CUMULATIVE DEGREE-HOURS BELOW 32°F. vs TIME] . 5
6000 H° 30 = 6000 $
Hee. = ] AVERAGE CABINET TEMPERATURE o
1D = Iz I [ . . 3
5000 [}z 25 - = = 5000 @
s ®
Hw w
4000 Hg 20 4000 ©
Hw >
[~ -
3000 Hw.15
HY 55211576 : .
2000 H2 10 TEMPERATURE AND HEAVE DATA
o . . - : - FOR SAMPLES
1000 - : PAF-2, PAF-4, PAF-6 & PAF-8
) L I




428 31vd

120

. % FINER. Esssssssssassssssssass: 45
SAMPLE | THAN 002 mm. HEAVE VS TIME 40
€ 904 PAFB-7 8 =22 35 1
.E _PAFB-8 14 PAFB-8 -3.0 . g
w 25 T
60 '
I : 20 W
g:-’ PAFB-7 1.5 «
£ 30 % i o ¥
5 5 s 5 : i Fre } t + 08
0 ! 2 3 4 5 6 7 s s 0 a3 e 5 16 17 8 19 20 2 22 23 24 25 26 21 28
: ; , , ', DAYS IN TEST :
05 i 2 3 4 s 6 7 : ule - T ST S S S . 617 18 19___20 2 22 23 24 28 26 21 28
: NETRATION OF 32° F. TEMPERATURE VS TIME
\ IN SAMPLE PAFB-7
(2] (2]
w 2 2 -
5 3
g 2
' 3 3 -
.1_1 o
i , &
a8 8
5 &]
8o 24 8 72 96 120 1as 1ee iz 205 240 266 288 312 336 384 408 432 456 480 .504 528 552 576 600 620 648 872
. o6 120 1as ies s 26 240 264 208 dpD sih TEST 384 408 432 436 480 504 o528 352 576 600 624 648 672
. 7000 R : RS ETTaLs saECiittiiasweitsewss-aks=Lenceirseesil ESmsm=mzssssEmEIEEa=s: : 7000
EESs: . 'CUMULATIVE DEGREE- HOURS BELOW 32°F. VS TIME. "
u g T
o 6000 F EEES: 6000 &
s Eu 2 AVERAGE CABINET TEMPERATURE 2
W ; £ \ . :
=3 F22s 5000
3 5000 i 5 s W
P F o [+
® o 4000 ©
04000 & 20 4000 w
] F H a
@ 3 =
2 3000F 18 3000
T - E2
! E 2 .
W 2000E © 10
g TEMPERATURE AND HEAVE ‘DATA
"é" 1000 FOR .
SAMPLES PAFB-7 AND PAFB 8
(o]




828 31vid

HEAVE-mm..

DEGREE <HOURS BELOW 32°F

- DEPTH- INCHES

200 T VI'FINER ==== : = sSos=s=ssosssssassssssss=ooa: Sass SRR
o N T
| sAMPLE | o Y FINER HEAVE VS TIME: =~ VIS-2 & : 70.
1504 Vis-l | ss ' = e Io==ss memsw 6.0 ‘il
o | - = Y : . - [&]
. VIS-2 | : 55 ’ C - 5‘0_»-2_
oo YS-l | €2 - _ : 40
- = viS-1 ' —YS -/ 30 <>t'»
50 z 20 w
T
2275 EEESESSEESS 10
SE==sSsamasse =S=E: P T ] )
0 1 2 3 e 5 6 7 ] 9 o 2 13 14 15 6 . 17 . .18 . 19 20 _ 2 22 23 24 25 26 27, 28°
: : - ’ : N DAYS N TEST : ) - A
0 ] 2. "3 - a4 5 6 7 © 9 10 12 16 17 1819 20 2 22 23 24 25 26 27 28
0 ”.Hnr....::H::Hu,.u..”.,.,,..‘.::::HH[HHHLU:HH'!T’.“ : : A o]
‘PENETRATION OF. 32°F." TEMPERATURE VS TIME
| : IN SAMPLE VIS-I \
B [42]
2 w
X
[&]
Z .
3 3 T
p o
. ’ E |
4 w
o
;5 = = to
8o 24 48 72 96 120 144 168 192 216 240 . 264 288 312 336 - 360 384 408 432 456 480. 504 ' 528 - 552 S576. 600 624 | 648 672
, - S . . HOURS IN TEST : , R SRR :
7000 }24 22 ey e gﬁiﬁ?ﬁl.sr'. : x?ﬁ; ; 264 = zes Sas: e a e Hj : ; ; T ; T e T 3“ T -???- T 432 T 456 = :4;‘30 e AT L ALTLILY (oo
CUMULATIVE DEGREE-HOURS BELOW 32°F. VS TIME : "
6000 3 6000 %5
Ey L <}
F W : T
F 1 '
5000 2 25 = = + 5000 )
5&1 AVERAGE CABINET TEMPERATURE - Ia:.l
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