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SYHQP$IS 
•.; • •:'r'-.· . ....• · 

This rep~Tt presents the- resul·t"s. ·of a:b.. explor.atb'ry tes·t- s~~ie s which 
const;~tes ~-; ini ti~l. phase of_ an iz;tves~igaij_ o_nal prog~a~. vJ~ose purpose 
is ~~:-'q.et~rrgl,ri~ -~ethOds of des'cribing. arid' classifying_ -~-rO'z:~n· soils' and 
tC?. ..... 9;~:t.~~~ne_"··tn.e···:.'strengt}:l. charapteristics. of frozen ·soils~_· .. The investi• .. 
gatio!t,.w!3.s~ ·perfor~d by the Frost Effects· Laboratory; Ne1~ Englatxf ·nl.visio:n, 
Corp~s:·-or,'· [Engilli3ers1 Uo So. Arrcw3 for the --Snow,-- :i:ce ~l:ld ·perrrafros t Rese·aroh .. 
EstabJ~~~*t,,_,c_orps· of Epg;ine~rs, U. s·_o Army,. iocrited at·Wilniette,:· Illi.;., 
no~~;--- · · · .: -

' . · . 

. :P~evious studies of rrozen s oi1· character is ~tics· vlere · cond.'u:cted
principally in Russia e Available. translations of the Russian reports 
have been reviewed and the results have been suunnarized in this report. 
Where feasible 1 the results are compared with those obtained in the 
present investigationo However, the basic data on materials, test con
ditions and procedures are frequently incomplete in the Russian reports, 
and correlation is therefore di fficu lto 

Laboratory investigations were conducted at the Frost Effects Labo
ratory on artificially frozen soil specimens. Ten types of soils were 
tested, ranging from non-frost susceptible sandy gravels and sands to. 
frost susceptible silt and clay soils, and including one peat soil. 
Tests were also performed on artificially frozen ice specimens prepared 
under the same conditions as the frozen soil specimens. Specimens of 
two clay soils and the peat were trimmed from undisturbed samples o 

Specimens of th9 remainder of the materials vvere prepared for freezing 
in the remolded conditione The samples were placed in molds and fully 
saturated prior to freezingo They were frozen from the surface down, · 
with water available at the base of the samples:J at a sufficiently slow 
rate to permit development of ice segregation in the frost susceptible 
soilso 

It we.s found that the temporary strength ( l) of frozen soils increases 
with decrease in temperature below the freezing point~ the temporary. 
compressive strength at minus 10°F. being 4 to 9 times greater than at 
plus 31.5°F., depending on soil type. Average temporary compressive 
strengths ra~ed from a low of 170 psi (12 tons/sq. ft.) for Boston Blue 
Clay at +31.5 F o to a high of 3230 psi (230 tons/sq., ft.) for Manchester 
Fine Sand at -10°F. Temporary tensile and shear strengths were also 
measured. Clean cohesionless materials were found to have highest frozen 
strengths; clays had lowest strengthso It was indicated that clean, 
uniformly graded sand has greater temporary strength in the fro_zen state 
than more well graded sand and gravel soilso Frozen soils and ice loaded 
in compression at temperatures ranging from +26 to +30°F. showed c6ntinu"'· 
ous plastic deformation under constant compressive stre:?ses of as little· 
as 3 to 8 per cent of the temporary compressive strengths at equiva-
lent temperatures. At temperatures slightly. belOVIT + 32°F., variation of 

( 1) See page 5 for defini ti.. on. 



the rate of stress ,increase in the ;.r~nge fro~ 200 to, 1000 ~~i/min •. :did 
. not have a pronounQed. effect upon the tenipor~ry oompres~iv~ .strength, as 

compared with'.th~ obs.e_ryed effects (of: variation~{~. in temperature. 
. - ·, -._ ..... · . ' ., . -

· .. Dyt1fim~ c .£lexU-r${.inodl.lli :. of elasticity were·-measured on . the froze~ 
soi~s, ahd .. ·a:v~._rt1~e 0~es}llts r~nged f.rom·a .. lo6 of. 0.5 · x lQ~~ psi.·:·on. Bostoi?-.. . 
Blu.e Q~ay ~t +2,9o3 F o to . a hJ.gh C?f · 4o5. X 10 . psl. on a bl~nd of 14anchest~ r · 
Fin~ :sang and Eas~ Bos~on 'r~i:i·at ~5~Fo ··. ·stu~ies 'Pf. ice, ory~tals sh~wed ·. ··· 
tha~. crysta.l sti-\ioture of ice ·a.pe.cimens froz~n· simUlta*eo~~Sly .with soil . 
speoimeils is not 'indicative of ice crY-~t~l strtic't;ure ill ~eg~egated' ic~ ·, . 
letiS$8 in fro~~n soil. . A tentati-ve <iescriptio~. a'nd. classifi ca-t;;~on sy~tem 
for froz~n · s.oi_l~ was, pr~pared and is· included ~s Ap:Pe~dix A to ~h:is re
port~ 

.. : -
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PART To ~ .-INTRODP" CT I ON ' ; \-.·.· 

) · ... 

. +~.O~'o:-:;·· 4uth.or;i..za-tion_e The Fros.t _Effe9ts 'La_~ora·"t?..C?,rY of th_e New England 
Divi'si.on wa~ authori~ed to cond.uct an _exploratory test se.ries to· determine 
des~ri.p,i;i.~rt,,- classification,. and strep.gth'• proper.t~.e~. or::fr.ozeil soils for :the 
Snow;. tq·~ ·&. P~nn~f-rost. Re~e.a·rch Establis.!rmen~.-;in· 2;J;ld ... -inpo-rsement. from the.; ·., 
Chief of· Engineers~· to tpe ConimanO.:i.ng 'Offi~er, Snow, Ice & -Permafrost ..... 
Research Establishment, .Sto. Paul, Minnes.o.ta, file ENGNC. ( 18 July ·1950) ·dated 
20.:.~~p'tember .. 195(), -to .l~tter, subject:s: .. ~Proposed ·Plan. of~.Re~.e~rch .·._for .. ~plora
tory ·:'r~st __ Serie.~. to.Det~rmin.e Desc;t:ipti~n,, C1assif:i.c.ati(>ns) ·,and:: $trength: · ·· 
Properties of Frozen·· Soils and Ice-Soil Mixtures o"· I~sti:uqt~~().I1S• ~o. iri,i~ia.te 
.the work were· received in letter from the Commanding Officer·, Snow, I.oe·'& · 
Pe~_fro:fl_-t R~sear_oh .Es,tablishment, . to_ -the. Di vi~ion Engine~r,: ~~ew ,,Epgland. : 
Div:i.sion, . .file EN~NS, 600ol2 .(srr.RE)..:da_~ed .3 Oct_ober1950, s.ubj~cts ;:·;~_Propos~d 

Plan ·!Jf R~search for Explo~ato~ .T_es~ __ Serie.s_ to Dete_rmine Desorip~~_on, ~ · ·· 
Classi~ication, and .Strength Properties ()£:-Frozen .Soils:. and·. _I_ce;Sq~l-:- ·::. 
Mixture,s ·" · . . · · ....... · _ 

; .. ·,.:··, 

l ... 02o Purposeo T~e object of this investigation is to· perform:studies 
aimed (~) ... tow~rd determination of t~e strength: character-i.s~iot3: of .·frozen 
soil~ and· the s-ign~.f'icance. of _the vario.us. fac:tors 'that aff~c~ fr~~~~ soi ~· ·,··.·: ... 
strength eiuch as. soil gradation,. frost. susceptibility., temperature., ·~~d rat.e · 
of,load.ing, and (2) toward eventual establishment.of uniform means of P,e
sc~i-bing -~nd cl~ssifying _the_se_ materialse~ The rese~rci1 pr.~gram wil~>ultimate
ly_: provid~ a_: bo~y- of basic data whic~: i~. -needed po tiss.ist P·~a:c1nin~, ... .design.~·. 
oonsttuction.· D).ai-rit~nance,~~ and, field·· operations. in area.s where f.roz.~~· .s,oils 
exi~t. · .. 

. Most. ·or the stu,di-es previously made of. the strength· properties of 
f'ro.zen.soils,~~· principally Ru_ssian,. are_ far from completeo .. !n most. instances 
p~rtinent·_ test conditions or d~t~i1~_ of the test. procedures. find _ equipm~n~; a-re 
not presented· in. the 8V!J.i1able reference~~~ ·and re la t'i Ve ly little appears ·-to·.; 
have been done in the past:to establish a' consis:tent system. for describing ·:;. 
and classifying frozen soils in their v~riou:s phases of fr~ezing and thawingo 

1~03 o Scope o . · This re.port with its:. appendices· pres~nts~.'· the· ;·re-~~1 ts .J of. 
the investigations made during Fiscal, Year 195lo The investigations were . 
l;lCcompli•shed :by a. review _of: avail~ble literature. on. the:.stre.Q.gth· propefties 
or frozen. _soils and ice and by the performance . . of '.test·s-:<fn·,~:the~::··cold ro.oms .. at. · 
the Frost Effects Laboratory on undisturbed.,and remolqed~ ·artificially. .-:.: 
frozen. eoil and ice s,pecimenso 

l'. ~ 'I ' 'j • ~~ ~:: .. 

.. ~~e ·.laporatory tests included·. in~estigat~:cin' of>'t'h~ following 
specific subje etas · 

· · · ·ao · Temporary- resistance 9 or strengtfi:o~./-.of.frozen 's.oi ls -·and:·. · 
ice in compression.~~ tension,p and shear.o including determination· of-·the ' 
effects of temperature and rate of loading on the strengtho 



0 

b. Plastic de.for.mation of -frozen soils and ice when sub
jected, for re.latfvely long p~r,iods; to constant loads of magnitudes con
siderably less than the measured breaking .strengths. 

- . . . 

·c. · :Dynami-cf'nioduli. of elas:~j_oi ty of fro?ezf ~:o'~l-~ 'and i.ce•· 

d. Size-, shape·; ~d orientation ·of crystals in artificially 
frozen ice· specimens and in len.ses of segregated·:ice from frost· _suscept~ble · 
frozen soils.· 

· · ·1-04. Presentation of Report. The results- of the studies carried out 
during· the 'Fiscal Year 19?1 exploratory tE3st·· series are presented· ~n. two 
volumes, as follows: 

a. · Volume I, entitled "Report of Investigatio~s", contains the· 
text of the' report wi tll accompanying plates of test result summaries, . .' . 
illustrations· of -laboratory equipment an.cl:-faci,lities,- and photographs Of : 
typical test·· specimens after freezing ·and .after testing.· Bmmd also in · · 
this volume is Appendix A, which presents a tentative frozen soil classifi.;;,. 
cation system. 

b. Volume· II, entitled "Appendix B:· ·Investigational ··Data'',· 
contains tables of' test results, freeze ·and heave data, and stress-strain 
plots for the ·compression, tension,· and shear tests.; 

l-05~ ·Definitions. The description of test~- and analyses of results 
involve specialized use of certain words and phrases. -Definitions of these·. 
expressions· as used in this rep6rt1 together :with a few more common but · 
especially important terms, are as follows: 

Elasticity· is the capability Of a strained body to return to its 
initial size and shape after release'of ~cad. It·is_said that the body is· 
perfectly elastic if it recovers its original size and shape completely 
after unloading; ·it is· partially elastic if. the· deformation produced by. 
external forces does not disappea! completely· after Ul11oadingo :.: .. 

.. . 

Frost heave is· the raising of a surface due to the formation of 
ice in the underlying soil. 

Frost susceptible soil is a soil in whl.ch significant. ice_: 
·segregation will occur· when the requisite moisttire and freezing conditions 
are present·. -·, · 

Ice content is the ratio, expressed as a percentage, of the 
weight of ice phase to the dry weight of _soil. 

Ice segregation is the growth of ice as distinct lenses, layers, 
veins and masses in. soils, commonly but not: always·. oriented normal to 
direction of· heat loss. . , 
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~: 1·;> ~~M:oa~ius\-', 6r·· Eia·stic ity- .; ('Y8ung 'i~<::t~ociulus·-~:,::'1:5' th~:-~_;fi~>te.:;Jr.:-~ change ·~of··: .. 
~-i~ _ . .te.n~~:~e _or compressive stress vvi th respect to un~;t .:. tep:si le or compres- · 

~tf:~trB'Hf5~2. :'J~~ :· dOn d~ ~i 6''\·~:. u,rt~~.~~~~ ;· ~~z:e S s :iw.f'thiri'· tire··; pi-ci~~'~tio~~l , 
,; .. . : •, ~-. \ ;. ' . ' ;• . -~ . 

r ., t !.l'. 

Modulus of Rigidity (Modulus. of Elasticity· irl·."·Slieatlor<T.orsi on),_. is· 
.. the rate of change_ of uni~ shear stre_ss with respect to unit. shear strain, 
···r6r >tile conditio~ or·r~ptire·: shear 'within the •'proporttonal llinit~··· ; .. · .. ·. 

·~ .... ~ --~- . <t ·:~ ,~_#_~t- ~ ,; ••• , •.. ~·.: .... _ ".~ •• --:.'~\ ••• :?- • .. ~i~-~"~;1,~. ..':" ;,~·.J·.~:·~· - ..,_: .. /··· 

, .. :~ .. · . · 6peti~;sys·tezi1 is; a _:.colidi t:f oh·,:irt .. ''rhicni .ffee ·wa:t·er:. in' ·excess::: o·r·::-that :'' ·: 
contaihe d: or~glnally .·in'·the·'·.void's·;f(jf-.:t:he ;, 'soil·:--is~'iivaalable· .. tb:: be :·moved;·to' 
_the surfi=lce' 6f. free' zing·;;~ to·. form s·egr'egated ice.'--ihY fros't S't+S~cept'-ible soil •. : .... :: 

~~ '".·.-,.--;'~~:"..,:· . .. ·: /• :,.. ·_" .- ,'""~-~- "~-;~ ... ·.-; ,::.. _:- :_·._· '\\,·-~: •• ·:~~~~ •. : .. ' ·;.: ~:.:.··. ;l, .. \:"··" 
' ";_ .. 

. .,. _Per cent heave is the ratio, expressed as a per~entage, of the. 
"';i'~:ni:6ilii{ .or'· heave ·to"the :·depth i o'i! the·· fro.zert• ·soi·l b:efore'- 'fre~zirig.-:. :,_ . 

.; · .. ·:.· 

. . . _,... P~r ce:qt saturation, as ·used in this report, is the ratio, 
ed:p·t~~~§d· ~·s a:· pe rCehtage,: ·of· tha··.-volume:· of<:vvatert:::.-or~ L¢e:-·in_~a.\ gi·v-en soil 

· ma'·§s'·-'to.·:~he. total volume·: ·of inter granular'·.: sp'abe:•,<':Pei- 'Cent.; sa.t·urtitio:rr·<.and_; · .. :_: 
degree of:'· s:lituratioil.·~ are' s·yn6itym0us• ,;, ,_:.~, :·.:: <· ~: .. , .: ::-:·:_.' 

. ..: >··. "' ~ ... ~;: .. 
~.' ~ r. :... (~- ~ ·-·~-~ 

~ 

Plastic Deformation is the pennanent defonnation resulting from 
yielding or flavring of the material un.der load. 

Poisson's Ratio. is the ratio of lateral unit strain to longitudinal 
tmit strain, under the condition of unifonn and uniaxial· longitudinal stress· 
11Vi thin the proportional limi ~· .. 

·Rate of Plastic Deformation, as used herein, is the rate of · 
continuous· increase in defonnation tmder ·a steady load. 

Temporary Resistance of a mater.ial in compression, tens ion, or 
shear, respectively .. is the ·maximum compressive tensile or shee..r stress 
which ce.n be induced in the material under loading conditions involving 
·relatively brief periods of time. (Synonymous with temporary strength). 

Void Ratio is the ratio of the volume pf yoids to the volume or· 
soil in a specnnen. 

·Water c.ontent is the ratio., expressed as a percentage, of the 
weight of 1vater to the weight of dry so-il in a specimen. In this report. 
the·weight of water for frozen soil specimens is the total combined weight 
of ice and unfrozen water~ · 
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PART II o REVIEw OF PREVIOUS INVESTiqA.TIONS: 

.... ·\ .~-. t<. i . ·, .. - . ~ -: ~. · ... 

2-01. General. Review of published material on the, strength prope~ties 
of frozen soils sho'V'{s that past.i:~rvestigations in j;hi_s field have .been per
_formed .. airiio,st e.xclus ively by the RU~Si$nS.: ·. The:: Ru~·~.i'an ··iJ:lyes,tigator.~ ha"e 
~ested ·both :tindis'turbe'd and artifici$1ly prepared frozen.· .soils .~d ·¥lave . 
COVered. a fairly Wide. range of soil .type.Sg . teiripera~ure ,COnQitions, and types 
of tests. However, the published dat~ are not always use'ful ·du·e to the. fre
quent omission of important test information and the use of dubious test 
techD.iq~es. :In ·tests of artificially froz.en soi'ls, :·~he m~thod and ~.ire~_:t;ion 
of fre·e,zing are often not presen'tedo · ·similarly, .the ·~nv~.s~ig·a:.to'rs·:generally 
fail to s'tate whether or 'not water was· available at the b4lse. of the artifi
oially'pre'pared fro~t .susceptible· a·oil samples d~ring fre¢z.i!lg .. -a~c(wliethet. or 
I?-6t ,-~he .freezing penet.rated the. s.pecimeris from o!le "side only~~:. ,Suo}l ·-:r~ctors 
are :be-lieved to affec't: the strength 'of .artificially· frozen soil.'s to ·a con~ 
s1/d~rable exterit and the 'omission 'of ·su'ch. information casts .. ci .. oubt on 'the'· . 

. co~c1us·ions drawn a·s. well as makin'g i't difficult. to evaluate and r·co.mpa_r~ .· 
re·sults.t· .Also, in compression tests,: the Russiaris· .. :often used' sm8:_11· cubes· 
or .bl'ock. samples having·· ratios of height to' width'·tn·sufficfen't 'to·· 'permit ." 

· ;:bic'ipient. r·ai lure planes to develop freely wi thi:q the body: of:~~:~~.: s.·pe:cimen·, 
unaffected. by the end. conditions o Thes·e deficiencies· coupled:· w1{11'~the· .... 
general omission of such critical test data as. test temperatures/ cieniity .. 
of soil,. rates of loading and/or per_tinent soil properties,. reduce the. . 
pract~cal>value of 'i?he ·over-all mass of 1

av~ilable. inf'otrr).at~on •. 
' .. . .. . . ;~. •')~. ·." ~ :. ~-.~ ;- .. ! .• ' 

·. 
· .~ < ·The re:sults :of the ·Russ ian irive s tigt:itions of the' ·-~-'tre.ngth' p·ro~-· . 

pe-rties (of: ·frozen soils are presented in, the followinlg par~g·r-aphf:{o ~··A :< .. • .. 

coinpari'sbn of· these results· with the ·r.esu~ts of the" ·current ir1ve·stigatidn . 
is presented in Part III of this r~port, where s_9il types and test conditions 
showed a .rea~?n~ble~, deg·r_e~ of s~:milari tyo · · , ... ._ ,.· 

. :".The soil. names appearing in the· R'tlss.ian references )··ar·e· used ·i~· 
literal form: in ·this ·review, although these frequently differ considerably 
from preseil't' usage in this counteyo· .. -The informa. tion availa.'~:rle· vias coni3idered 
insufficlenii to justify ·conversion of .. these names into the Department of 
the Army, Uniform Soil- Classification Systemo ·· · ·· · : ... 

· · ·. ·· 2~02 .- · Comprt!)ssi ve_ Strength or·· Frozen ·soi'lo · ·The · res·ults. of the .. 
Russian:· investigators' ·tests of the compressive strength~·.:of ·fro.zen .s'i;>i'ls. 
are summarized in· T·able lo . As· shown the'rein~ the conditi6ns unde.r which· 
the d~ternunations were made, and particularly the· soil properties, are · 
often·lacking-. ·.Available gradations of the frozen soils~ tes'tced ·.lri .. 
compression, are. shown> in Figures 1' through 8 on .Pl~te 1; the· pescriptions 

.. of. the frozen ·soils shoWn are those ·of the investigato·r ·or translat·oro 
. . . . . . ' ,;• ... 

The -·Ru~sian investigations of the corrtpre.ssiye ·stren.gth of frozen · 
soils 'are· r~viewed briefly in the following paragraphs{ ~- . . . 

a.. Gumenskaia, Oo Mo (1936). (19) conducted tests to deter .. 
min~ .. the compre·s·si ve strength of artif~·cially frozen heavy clayey sand, 
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. -
quartz -s~d, and· clayey gl:'oundo Results f).re shown in Lines 1 to 9D Table lo 
.Rate of~ st~es~ in:crease, material gradation and other pertinent test d~~a 
are· ·not availableo .. 

'b o Go.lubovich» Iu o · P.o { 1937) · (18') investigated .the com
pressivE( strijngt}l of _pe.rm~ently froze·n:·soil and frozen il'oil. from the .. 

.. ~cti~e .. _layer of. the- permafrost regiqns~ .. The i?.ra4a,tions. of .s·o~ls. inve-stigated 
·are shoWn. in Figtires· 6 at;t~ 1 or· Plate 1o- ··." 
. -~ . 

, . · · _ : . . ; __ Data: rrom compre~sion teit~ on 2~omo cube· sample~ Q.f . _ 
'perm~nen~·~y- frozen_ sandy clay a~e sUIDID.arized on ·Lines 10 to 15 in- Table. lo, 
D~t~. fpr_ :test resul~s o·n· frozen sandy clay samples from the aotiv~ }ayer.,"are 
s~ar·;zed. ):>ri Line 16 i-n. Table 1, _but, it will b,e noted, the test temp~·ra-=". 

t~_re_a_· are. unkn'own~- Results of tests.-to determine the C9mpressive s'trength. 
of froz~'ri: cJayey'' sand of undisturbed natural structure .(2 and 4-cmo. cubes) 

·from· tne· ~c'.tive layer are summarized in· Lines 17 to 21 of Ts.ble i .and data 
on t(~s~s :of '·a· silnilar _soil 'from_ th~ .·permafrost 'a·re given on 'tine ~~.o . ·Again 
th~ _temperatures. are un.knowno. Lo So Khoriliche.vskaia (1940) (22) studied the 
results: ·of.-.the. i.nve.stigations by __ Golubovich and concluded that the com=- . 
p_res;~iye_ streri.~gth of these soils int?reased with low!3·rl ~emper~tures and thf;at 
'the ~8-t;'rength. is a d'irect function of .the per .cent ,of .the lo·O' to Oo05. nlmo .. 
fra;ction :iii ,the: ·_sample o · · · 

. . .. . . . . ' .. . ; .· . . (. ' . ; . 

Co 'rsytovichg No Ao (1937). (38)p(9-rfor_med compressiv_e 
strength tests on artificially --frozen sand 9 dust-like ground 9 and clayo 
Gra~titions_. of the. soils tested ~re-shown in Figo 8 of Plate 1 ~nd t·~st 
data··a:.re-sunnn.ariz_ed on Lines 239 ·24 _and.25 of.Table lo . A.s.wnmary plot of. 
maximum .stre·ss: in. ~_ompression vs o- temperature is. shown in Fi~ o 4.,. Plate 4lo 

~ :- $! ) 

·_do T~yt~ovi.ch and Sumgin :{1937)· {39) ~nve~tig~ted by 
laboratory e)cperi_ments and review of. previous studies, the effects of· 
sample siz·e., method of .freezin:g, freezing temperatur~s. water content, rate 
·or. loading, and. sample gradation on. the compres·si ve: '$trel}gtn of various 
types of artificially' frozen soil specimens.o . Gradat:Lons of soils covered 
in .these ·a,tudies.are presented on Plate 1 ano/o.r ~abl~ 1 as .referenced .in 
the following paragraphse · 

The investigators. observed that th~ comp~essiv-e s.trength 
of artificially frozen q'-lartz sand and clayey: ground as dete:r-lll:ined by . . 
Gumenskai~ (l9) is considerably -lower for 2-cmo cubes: than for. -5 and 7-cm.~ 

cubes ,o 'for -the latte.~ 'two s~mple. si~es~: the difference irt value 'or' strength 
is in.sign'if'ica~to Summary of t.hes_e cit~d ·t~stresu~ts is,·giv~n ~n L:i.nes ·2 
to 9s Table ·lo .. Result$ .of ~ests by Tsytovich and Sumgin (39) of e].astic 
deformations for the same type .of frozen so-ils as. u~ed by Guinen.skaia" wher.e
~n. the s~ples were, 20-cm~ cubes, indic~te :that for frozen:. sand the com= _ 
pressive stre~gth is. greater than for cube_s 5· to. 7-cmo; for: clay., the larger 
sample'· size. d'id not effect an i~crease in the compressive strengtho . 'sum
mary of test results is given in Table I» Lines 32 to 37o 

.. The investigators reported that_: the length of freE!z ing 
time of sainples.afr'ects the value of compressive strengtho Tests on 

-8= 

o.' 



"m~d~l.Uil grail1 sand~ indicat~d that for _ma~imum· stre11gth·-.3 to"4 days is the 
nlj_~;~ p~·r~oq ·,Pf.freez;i.ng tq1der. the. temperature ~n~ -moisture···_ conditions 
'sh~Wil Jn.:t~ -t;abl~ ·below, and fre~~ing for longer ·perio4s did not yield 
s~g!l:i.fio,p.,~'' ill.Qreas'es·. iri. oompr~s$i ve strength. . ' .. 

' ~. ' .- . . }~. 

. . ~TERIAL 

. .. EFF~CT OF CONDIT ION . . ... 
.. OF. ·F·RE~ING ON ·COMPRESSIVE. STRENGTH ... 

WATER 
CONTENT 

. % (1) . 

'LIMITS OF TEM:P. .AVERAGE 
VARIA.TIONS.·DUR- TEMPo ~DUR- .TIME OF COMPRESSIVE 
ING FREEZING ING FREEZ- FREEziNG STR. G +23°F. 

. °F o . ING. ·oF o IN·-DAYS . .'._psi . (2} .. 

Medium Grain 14o3 +26.6. to, _:l3o0.:. :+6~8 _i' . 
Sand (~assing 

. 'i'44?"perr ./om.2 ... 
<. 2: .. '725. ·. ·Retained -on 

2 
. 14.4 . ..+26o6 to .-13o0 · ·· ~ +6.8 

225 perf./cm. -) 1--....:.....;.-+-----------;;..---1f----:-----+----........:.;..i'.....:':.:....· ~~-......___;;,~--! 
Samples ·7 omo ·. ··' ~ ' 

cubes ·· 15o9 +23o0 to -13o0 +5o0 . l ... 
All samples 

838 

881 temper~d _: .. ·. · 15.3. .+19.4 .to -16.6 · +1.4 4 
3 hrs. : at . -t-23 °F J-----+------:----:-:-----:---+------f--~-:------:t-----....,.,--t 
prior :to <test 16o4 +19.4 to: -16o6 +1.4 .\· 5 

(1) Average of 9 testse 
(2)" Average of .3 -testso 

+ l9 o4. ·to .• -16 e 6. ~· 6 

910 . 
. ' 

. 910 

Further experiments showed tha~_ the freezing pe~iod of soil in a .chamber 
-,vith an average.temperature of.+lOo4°Fo to +lo4 Fo shoulq. no~ ~e less.than 
3 days for sand and no less than ·4 .. ·d~ys for clay. qont(lining up to 4o. per 
cent of particles finer than Oo005 Irimo in diametero It was stated that 
less~r .periods 0f freezing. time ·do not.- stabili~e the mechani~al properties 
or ... :frozen .. S(.)Jlo It was further st~ted that ~he r~te of f~~-ezing .i~ not 
reflected .~qticeably in the mechani_cal prQperties of frpzen soil provided ... ' 
the samples are tempered long enough at. the test. teniper~ture~. ·For, ex;arqple,·. 
soil samples frozen wi t;hin 3 to 3 1'1/2 hours and thpse fT,ozen in perioc;is of . · 
approximately. 20 hours yielded' the same values in strehgth .tests; when the. 
sa~ples were _temp~red for >48 ho~rs at :test t~mpe.ratures_. rangi.ng .t:rorii. pl:us . 
23 F o .. to mJ.nu~ 13 .F o , :. . 

. . : ,Specimens~ were ·prepared by freezing from a:il ·sides ·and 
a~so by freezi~g from_ the top .o~lyo It was reported t~at,. although. the 
directi.on. of freezing undoubtedly affects the ·struct\l.re of froz_en.. ·soil, 
".in practic~~ll howeve .. r, .t~e.·effecti.s_usually.qu~te.~egligibleo:. . .. 

. . Results obtained trom ·conip.ression te:sts -'on f.b:ur .type·s 
of frozen s oi'l 'samples in9.ioated that .the 'te'mp6racy :resistance 'o'f frozen 
soi 1 is· to a great extent dependent on the temperature o The ·-r~s':li~s. are 
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tabul~ted on :Line·s·· 26· to 30 ·and :Line 32 9 ·Table lo The strength was found.· 
'to de crease .. :wi th' -:temperature a·s shown by the sunimary plot on-~Figo 39 Plate'·.· 
4lo The. greates't·· rate of increase • occurr~d' ·at the temperatures just~· be1ow~ ·. 
freezingo At colder temperatures, the increase was less rapido. Water 
contents were held nearly constant throughout the· tests with a deviation of 
1 to 2 per cent. from the averags:valueso The plotted points represent the 
average results of ~t ·least three· tests·o It 'was st.at~d that individual 
test results deviated about 5 to·lo per cent f'rol!l ~!le. averageo 

.·. , A summary·· plot of- re·stilts of. tests to . determine the 
effect 'or water ·content on compre_ssive stre:q.gth~ u$ing -six types of frozen 
soil, is· shown 6h Fige 1, :Plate 41Ao T.he investigators qoncluded from these: 
results that ·the ·compressive strength of. frozen soils, when the voids are · 
not completely· filled with icf3,· ·increases with the increase. of water conye:q.t 
of the. soil up t_o a maximum compressive strength when the vpids of the soil: 

·are completely filled with ice; beyond. this water cbntent: the· str~tfgtli decreases 
approaching a_ certain limit. Increasing the 1vater• content above full saturation 
of the voids. at a specific density ·.requires a decrease in density of the 
soil iind<tends· to reduce' .. the st·reng'th of.·the ,.fro.zen: soil, to a :limiting value: 
eq~al. to ·:tm __ strength :of:·'·i:ce~:. . . 

Tsytovich and Sumgin concluded that the strength of · 
f'rozen soil' is dependent to a considerable extent. on the rate of. stress 

. increa·seo The ·strength was found to increfise directly with the rate· of 
· load1ngo · .Howe:v·er these conclusions are based on results of ·tension and shear 
:tests (see Sections 2-<>~b and 2=05b) o N.o data are presented to support the 
conclusion in r·ela~ion to compressive strep.gtho. 

It was also stated.· tha.t the compressive strength of fro.., 
·zen soil is a function of the gradationo With the degree of ice saturation 
constant;; the greater the nUmber of sand arid gravel size particles,!) the· 
greater the compressive strength; increasing the clay si~e particles de= 
creased the .·_compressive strength of a soil~- . 

eo K~oinichevskaiag' Mme o: Lo. Sag (1940) (22) c~~related the 
tesi; res'ults of the {!oSoSolio Academy of Sciences Permafrost Co1;Dffiittee which 
investigated· the cmnprespive strength of naturE+l permanently frozen soil 
(permafrost) "on the Taimyr -Peninsula during 1936-1937·0, The experi1llei1ts 
were .perfornied:to 'investigate the effects of temperature~ moisture.ll and 
rate- of ·stres··s- increase upon the compressive s~rength of .. undisturbed' and 
artificially· frozen soil specimens o ·.The test· samples_ were cubes. generally . 
measuring 5 to 6 cmo on a side but never l~ss than 2. cmo or greater than 
10 omo . A summary of test data as presented 'in the re-port is-~ gi van· in Table 
1, Lines 48 to 71, ·-inclusive,p and the gradations of soi~~ ~nvestiga~ed are 
shqwn in Figse· 1 through $' on ~Plate lo. ~he p~ysic~l'f;charaoter~stics_ of the 
soils given in· Table 1 are_ those quoted by the. investigator; it is noted . 
that' the results· in a few instances show ·greater than 100 per cent sat;u~ 
rationo The. method of computing the 911_degree of saturationw is not given 
but 'it is· a'Ssumed to be the ratio of the voiume of the H20 phas~ to 'the 
volume of vo,ids~ a't some particular u~it d~y weight of the soil in. the: 
unfrozen stateo 



Three' general types >of soils were investigated:·' silt,· 
sandy "clay, arid clayey sande· In addition~ a so-called ooarse-graine'd soil 
and peat ·were partially investigated to ·round out the rang~ .of soil types 
des"l.red. Each of these typ~s W!:l~<t~ste<l,·;in an. undis-turbed st.~te andjor as 
arti£icially frozen ·saniples•'·. :·: · ·.·. - · · , 

Of the types of soi:ts tested, undisturbed silt attained 
the highest average maximum compressive strength in the investigational 
temperature range down to about plus 9°F. Test results for this soil are 
summarized in Lines 48 'and 49, .. Table 1. For soil gradation see Figure· 1,. 
Plate ·1• A summary plot of. maxiirJ.wn.·'s~l"e~.s in ·compression vs. temperature 
for undisturbed silt is show.r{·:on :Fig~. 2i·/;l?late 41. V'lhile the individual 
test points are so widely scattered that Iio average curve- has been drawn, 
the range of test points has been shaded and shows a· general increase in 
.compressive s-trength with a decrease in temperature~~ Fig. 6, Plate 51B, 
shows curves o·r the relat·$o!ls_h.:~P; .. ?.~~~f);I,?.\;·::()ompressive strength and rate of 
stress increase for tindisttirbed an:~ -di.s$,{trbed silt~ However,; (and the 
author so states) this relationship foli'ows no discernible pattern, as 
strengths for the different temperature ·series sometimes increased 110.. th 
rate of stress increase and sometimes decreased. One patte-rn v,ras deemed 
by the author to be discernible: "the highest strengths for each tempera
ture. s·eries were obtained at rates. of,loading betvveen 71 e.nd" 285 psi/min. 
although rates as high as 2850 psi/min.; wc:re used~ However,·· the plotted 
da-~a lack consistency and do not ·conclustvel'.r su.bstantiate this· interprq':::;a-
t i ori 11- . ; ' . . · . v · 

The author concluded .from the test results that the 
~ompressive strength of the und:is·.turbed ·rrozen silt samples·' w~s 1"5 times 
that of the artificially- frozen samples of the ~airie soil. However, the 
method of. artificial freezing ym.s>no.t cJ.;ej_arly explained; theref-oreJ it· is ' 
diffi cu1 t to evaluate this ·statement~ ·· · 

. . . 
. . 

. . . The r,~sl..ll:ts :o.f ... t~s~t$: ~o determine the (;Ompres'si ve 
s"trengths" of undisturbed and disturbed :·saJnples of heavy, silty_, sandy cle.y 
are summarized in Lines 51 and 52, Table 1; of light~ silty 3 sandy clay i:rJ 
Lines 53 and 54, Table 1; and of tmdisturbed light, silty.~~ sandy cla:y 
samples with occasional gravel-in ·Line 553 Table lo The gradations of 
these sandy clays are shown iri Fig. 2, Plate 1. ·curves 1 to 4, Figo • 21 

Plate 41, show the relationship between the compressive stre·ngth of undis
turbed heavy, silty, sandy clay and temper~ture. An increase in strength 
·with a decrease in temp,erature is shown., .:btit the rate of streng-th increase 
is. considerably less than ,_that'. of :.the s~;,lt soilo . . . . ., . '•. · ... ·.· ·:.:.·· ·.·. · .... '•. .... . . . . 

Ffg. 4, .Plate 51B, is a plot of maximum sJc;ress in 
compression vs. rate of stress increase for heavy, silty, sandy clayo , 
Changes in the rate of str~ss increase,·. generally~ had negligible effect 
on compressive strengtho 

The relatiqrt::;hip between compressive strength and 
temperature for undisturbed _light~ s11ty1 sandy clay '-is shewn on curves 5; 
65 and 1 of Figo 2, Plate 4lo An inoreasa in compressive strength with a 
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decrease in temperature is shown,- with the strength being somewhat higher than 
tha't of, the heavy, silty:, sandy clay at equivalent temperatur.eso Figo 5, Plate 
51B, presents the .relationship between compressive. strength and rate of stress 
increase for this material. No consistent trend is evident. 

Figo 2, Plate 41A, shows a plot of maximum stress in 
compression vso water .content for light, silty-dustyJ) sandy clayo· There is 
evident, thereon, a tendency for an increase in 'strength with an increase in 
water content (after freezing) to a certain point. There are insufficient 
data given for this ~pe of soil to accurately compute the water content ~or 
lOQ% saturation, but Khomichevskaia states that the strength increases with 
water content up to a value double the saturation point. 

The investigator concluded that artificially frozen 
samples of disturbed heavy, silty, sandy clay, if subjected to sufficien't 
freezing (19 to 20 days), attained compressive strengths equal to those· of 
undisturbed samples; the strength values ranged from 482 to 553 psi with 
soil temperat.ures approximately 24°Fo (Line 52, Table l)o. · . 

The compressive strength results for undistm·bed samples 
of frozen$cl~yey sand fluctuated within broad limits as shown in the summa~J 
of test results in Lines 56 thru 70 of Table lo ·. The gradations of these 
clayey san<;ls are shown in Figures 3 and 4 of Plate lo The average value 
was less than the minimmn .strength for undisturbed frozen si 1 t 1 and was 
higher than the average streng,-th value for sandy clays o Khomichevskaia 
concluded that the compressive strength of frozen clayey sand increased 
with a decrease in temperature and a.lsp increased vv.i th an increase in rate 
of loa.dingo Plots of the latter relationship are sho'VIm on Figso 7 and 8 0 

Plate 51Bo The investigator also concluded that~ (1) the inclusion of lO 
to 30 per cent. of coarse ... grained soil in a sample of· clayey sand reduced 
the compressive strength (the author cites the .data given in Lines 65 and 
66~ Table 1), and (2) artificially frozen, ciayey sand» subjected to suf
ficiently prolonged freezing. at low enough temperatures, attained strength 
values (see Line 671 Table 1) only fractionally smaller than thos·e of the 
undisturbed sampleso . 

Test r~sults for coarse~gra.ined types of soils are 
stl1lll1iarized on Lines 68 through 70 of Table lo Gradations. are shovm in 
Fige 5 of Plate 1~ Fig~ 2, Plate 51B, shows a plot of maximum stress in 
compression vso rate of stress. increase. for gravel with clayey sando 'rhe 

-curve shows no definite trend for this relationship~ 

The compressive strength of peat samples ranged between 
390 to 796 psi at soil temperatures varying from +30~0 to +28o6°Fo Results 
of these t.ests are swnmarized in Line 711) Table lo · Figo 1~ Plate 51B.? 
shows a plot of maximum stress in.compression vso rate of stress increase 
for peato There is shown a tendency for an increase in compressive strength 
with an increase in rate of stress increase, with some scatt,ering of the test 
points. Curve 3 of Figo 29 Plate 41As presents a curve of the relation o.f 
maximum stress in compression to water content for peato A maximum strength 
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is obtained·--~t· approximately 59afo water content.., but the significance of this 
v1ras not explained by Khomichevskaia, and data on the characteris.tic s of this 
soil are lackingo 

Khomichevskaia presented the ·following conclusions from 
her investigations: 

( 1) - All types of soils ;tested showed an increase 
in compressive strength with a decrease in temperature, .with the relation
ship varying vdth soil typeo 

(2) The relationship between ra.te of load appli
cation and compressive strength is not clear.. However, maximum strengths 
for silts and sandy clays were obtained with rates from 71 psi/min. to 
285 psi/min. and certain types of clayey sands shaw.ed an increase- in com-

,- pressive- strength- with an increase· in rate of loadingo · 

(3)· No clear relationship between·ice content
and compre~sive strength was found, except in the case of light~ silty
dusty, sandy c layso This material showed a rise in strength with an 
increase -in ice content up to double the saturation pointo 

(4) Although not listed in the investigator's 
·own surrnnary, it was mentioned in several places in the report tha-t mater~ 
ials with a high percentage of grains in the size range from loO to 0;5 ·mrno 
appeared to shaw higher compressive strengths. 

-2-03 o _Compressive Strength of ~-Ice 0 . Many investigators have- performed 
compression tests on· iceo .A summary .of available --test data is- presented in 
Table Bl2 of Appendix ·B;,: and a composite plot ·of maximum stress in- compres
sion vse temperature is contained o:p. Plate 40 in this, voltuneo A disc·ussion 
of· the data presented is contained in- Section- 3-05 in- conjunction with· the 
discussion of test results of the current investigation. 

2-04. Tensile Strength of Frozen Soil.; The results of tensile strength 
tests by Russian investigators are summarized in Table 2o As shown therein, 
very few investigations have been mad~ to determine _the tensile strength of 
frozen soil, and the data which are available lack pertinent basic informa
tion rel·ati ve to test conditions and soil propertieso · No soil gradations. 
are availableo 

a. Evdokimov ... Rokotovsk'ii (1930) (13) performed tension tests 
on artificially frozen clays and sands with. the samples necked-down at 
their centers similar to portland cement tensile strength briquetso The 
available test data are summarized in Table 2o The investigator concluded 
that the tensile strength of artificially frozen clay- and sand increased 
with lower sample temperatureso It was further concluded that for equal 
temperatures and degrees of ice saturation, the tensile strength of frozen 
ciay vras greater than that of frozen sando The latter statement was dis
puted by Tsytovich and Sumgin (39) in a review of the r'eporte The avail
able test res~lts' are incomplete, and the bases for the uvo conclusions 
are unknovm. · 
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bo- The Laboratory of L.I~I.KoSe (1935-.1936) (26) reported the 
tensile strength of artificially frozen sand as stnnm.arized in Line 2, Table 2., 
and in the following table: 

... ·,·wATER TEMP •. RATE OF STRESS TENSILE STRENGTH 
MATERIAL CONTENT ·o 

IN. F. INCR. psi/min. psi 

Frozen Sand 15-18 +30.2. 213 427 
10o%.finer 15-18 +30 .. 2 57 341 
than 1~0 mm. 18· +23.9 454 -. 455 

18 +23~9 208 413 
18 +23.9 124 370 
18 +23:o9 67 327 

The conclusion was drawn that the tensile strength is depende~t on the rate 
of stress increase: The slower the rate of stress increase~ the smaller the 
tensile strength; 'with an accelerated rate of ·stress increase, the tensile 
strength increa~es until the rate approaches a dynamic loading condition, at 
which the tensile strength decreases .. 

2-05.. Shear Strength of Frozen Soil. The resU:lts of shear strength 
investigations by~the· Russians are summarized· in Table 3, and available grada
tion curves are shown iri Figso 8 and 9 on Plate 1 •. As in the case of compres
sive and tensile strength investigations: considerable basic information is . a 
lacking. 

a. Sheikov, M~ L. (1933-1934) (34) conducted tests to determine 
· the shear strengths of artificially frozen ··clay,. dust,;.,silt, ground, ·and sand 

and gravei of various· types. A -Ptll1Ch ~¥fe of shear· test tms used-, dn which 
a disc-shaped sample vre.~ ·~con.f~ne:d~ in ·a_~·lli6ld and a pis ton forced throu'gh the 
center. The available test data are suinmarized on Lines 1 through 13, 
Table 3o Insufficient. data were given tq piot gradation curves of the var{ous 
soils. As the data for the work of Sheikov v1ere taken from the report by 
Tsytovich and Sum.gin (39), the data. and conclusions used herein are those of 
the latter investigatorso 

A plot of 'the maximum stress in shear vs. temperature for 
clayey sand and clayey ground is presented in· Fig.· 2, Plate 75Ao The effect 
of temperatU.re was studied for these two soils only; individual tests were 
conducted on the other soil types apparently for comparison purposes onlyo 
The conclusion was dravm that temperature has a major effect on the shear 
strength, with strength increasing wi. th a decrease ir;r temperature·. It was 
noted that maXimum strengths for a given temperature· range were obtained 
with rates of stress increase in the range of 58 to 61 psi/mine, and that 
smaller rates resulted in lower strength value so No attempt -was made_, 
hovvever., to make a comprehensive study of the effect of rate of stress 
increaseo 

The effect of water content on shear strength was investi
gated for clayey sand, dust-silt gro\llld, and clayey groundo A plot of 
test results is shown on Fig~ 5, Plate 75A., The fol~owingconclusions were 
reached: 



(1) The water content of the frozen soil S:ffects its 
sht9ii'r str'e:ngth 'but· to ·a H~s~er degree than temperatureo · 

(2) The shear strength increase~ with an increase in 
water content, with a ma~i:rnwn at th~ -100% $aturated cqnditio:rio · (This· 
conclusion cannot be checked as t'he densities' of' samples ~rei not' presented 
with water content datao) . . . : _:· 

·· T~ytovich and Su:qtgin further concluded f.rom··the results .·of 
Sheikov 's ·inve-stigations that the effect· of· s·oil gr.-tdation>:on the shear · 
strength· i~ insignificant ·when the voids are completely:· or· nearly · 
completely filled with ice, in comparisoJ+ ·to ·the e-ffect· cau·sed by. changes 
in temperature or rate of stres-s inc;-eas~o . . ! 

·:'; '. 

bo · Th~ Laboratory o{ Loiol~Ko·S-~* (1935-1936) ·(26}. conducted a. 
brief invest'igation of the· shear strength of clayey sando.~: :Apparently the 
samt=f punch type ·or shear test was used· a.s t!lat of· Sheikovo :·-The: purpos.e 
was apparently to investigate. th~- effect .·or. rate of stress. increa.seo:· ·The·
data· are summarized in Line 14; Table ·3~ and the available ·grad·ation da:ta 
for the soil are .listed thereino A sunnnary plot of te.st results is, given 
in Figc, 4,· Plate 75A~; ,which shows a ·pronounced incre_ase in_~str~ngth occurred 
up to a ·rate of stress increase of approximately 900 ps_i/min.;. :Approximately·. 
equa:l shear strengths vtere 'obtained at r$tes of stress ·increase .of 900. 
psi/min o .. and· 2220 psi/mine~ . · · ., · . . · ·.· · · · , · ·. · · ·· .. ·.-

• • 1 • ' 

co .· Tsytovich., N·~ A~' (1937) (38) investigated the ·shear :strength 
in torsion of sand., dust-like ground~ and clayo, A ·cylindrical.tes·t sp~cimen; 

\: 20 omo long and 4 em~ in diameter,. was. usedc, The specimens were flattened 
at eaoh ·end and held in'metal forms~ ·Deformation was studie9.· only in the 
central '5 em~· portion. ofc each cylindero 

Test results are summarized on ·Lines 15 through 18., Table· 3., 
and presep.ted graphically_ il1 Figo 1., :Plate 75A, ·with maximum stress in 
shear plotted vso temperature~· It is ·shown that shear ·strength increased 
markedly with a decrease in temperaturec, The water content for each type 
.of so~l was maintained within a maximum deviation of 2 o.4% and the rate of 
stress .inc~ease deviated only }o2% for all tests 41 thus virtually eliminat= 
ing tHese ·variables o 

. d'o. Meister and Mel~rdkov {1939) (27) conducted a series of tests 
to de:termine the shea:t~'strength of undisturbed 9 _silty-dusty soilo Two types 
of this soil were investigated8 differin~ slightly ih grain sizeo The gre.da ... 
tions of the ·two types are' shoWI1 in Figo ·9.o Plat~ l,o · The -tests wer~ con
ducted· on the in-place frozen soil by excavating test pits_ and leaving a· 
continuous undisturbed beam: between opposite walls of the testopi to A wood ' 
beam, equal in length to the frozen soil beam9 was placed against the under"" 
side' of 'the' frozen: ·soil beam and' lifted up until the. soil beam failed in 
shear at the wall surfaceso Test results are sum.-rnarized on Lines 19 and 201 

Table 3o ·A plot·,.:showin.g the increa_se in maximum shear.<.s·tress with tempera= 
ture is sho:wn in Fig~ 39 ':Plate 75Ao While the rate of stress increase 
varied, no attempt was made to investigate the effect' of this factor and the 
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range of rates used was, not 'sufficient to show a_ definite relationship with . 
·strength. 

: ·, ~ 

a. Generalo Laboratory studies were made by .the Russian investi...; 
gators Tsytovioh and SUm.gin (1937) (39) to determine the effect of tempera
ture,·_moisture: content, method of loading; (repeated and static), a:nd ·soil 
gradQtion. on .the ·elastic. deforma-tion of =&irtificially frozen 20-cmo cube 
samples of clay, dust-silt ground, clay~y sand· and sand 9 load~d. ;in ._compress
ion •.. Gradations of these soils are -~hown in Fig~re 10 of' Plate lq· · Studies 
were made. with the water content of the· soil specimt:)ns closely corresponqj.ng : 
to complete ice saturation of the voids. Test samples were·tempered at 
freezing temperatures_ for 12 to 14 hours ·prior to testing; however, the 
method -of. sam.p.le freezing was not stated. Measurement of deforma.tiqn. was 
confined. to -.the central section$ of' specimen~. . This. procedure· was .followed . 
in orde·r "to reduce the effect on the measured deformations of friction along 
the planes of contact. 

.. . : bo Young's Modulus* o Ca;l.cul_ations .o.f Young v s .Modulus ·were made 
from .the· .data obtai!).ed by measuring .the elastic deformation of specimens 
subje ct~d- .to. ( 1) ·r.~pe a ted cycle.s of loading and unloading within the limits 
of 35 o5 to 71 psi and (2} static loads within the lim.i ts .of 7 o 1 to 71 psi . 
for loadin.g periods of 30 seconds o The initial studies ( 1933 .... 1934) showed 
that Young's Modulus varied from 440 9 000 to lJI 775-9 000 psi for the. soils . 
investiga,ted and was a t'unction of the.' soil. temperature and soil grad~tiono 

. . ' . ' 

FUrther .studies (1934-1935) indicated that the relation 
between Young's Modulus and soil temperature was linear for the limits of 
the experimentse ·This relationship is· expressed by the following equation, 
which wi:l1 be referred to in this discussion as Equation fa) g 

whereg 

E = 0( + $t 
E = Young's Modulus 

0.. ,and,8 = parameter's of the straight l:i.ne determined· 
from the experimentso 

t = Difference between test temper~ture and plus 32°Fo 

far~meters of the straight line for the relntionship_ between 
Young v$ Modulus and -the test temperatures were found· to be as follows for 
the soils studieda.; 

*Young's Modulus calculated from .expression& 

-16.., 

E = Unit Stress 
Unit Strain 
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'I o' •, 

....... 

26 

· · 'of· .·From· 
· Res:~1ts · .'.Equatio~-.· (a) 

.. 116o5 .. +2o'oi to +5o3 ~·.z5 .... !}3' .. (15~8 '.f 1 o9t) 104 
. xlo4. 

+27.0 to +9.0 9~7-~T. ·(7•1 + O'o87t)l64 
.· x10 . _· 

r-------t-----+-------+-~~-_..;... _ ___;,___;,+-- _. .. 

Clayey Sand 23 

Sand 22 

129o6 .+29o6 to +18o3. r·:2•5""''t,03· 
xlO 

· · ·+3lo} to +24o2 ~.17--129· 
xlo4 · 

{ 8o5 + 6o3t) 104 

The in::i tial coefficient Qf the straight line ( o<. ) r~mained almost constant 
for th;e soils investigated, and was a f\mction of the degree of ice · 
saturation of the soilo .It was noted, however 11 that the t~st dQta showed . 
in some' 'instances rather diveir'gent re~ults; therefore,~~ the authors. consider
ed the above relationships should be regarded as' merely determ.ining :the: . ·. . 
order-. of magnitude of Young is Modulus of frozen soil and also as 
clarification of the effects of separate factors on ·its value o 

A s'eries ,of tests was als.o p.erform.ed to .determine the .. ·' . 
effect of water content (degree of ice.saturQtiori) on the value of Young's 

. Modulus at differerrt ·freezing .temp.e.ratures and with the· ~oad increasing 
by l4o2 psi o increments during 30 ... second interv~ils from 7 o 1 to 49c7 psi o 
The results of these tests were as followss.· 

.Soil Type 
Water 

Content fa 
'v.coefficiet;~.t 

of PorosityH {1) 
'·· E from 

·· Equ9.tion (a). psi 
1----------+-------+----------t-....:._-__,;..---------------

,'. (5o 7. + o40t) 104 Clay 

Dust-Silt ·Ground: 
. . ~. ', .. .. 

Clayey Sand 

Oo83 

Oo85 

Oo99 

Oo90 

_,·' .· .- . 4 
:(7ol ·+ ·o63t) 10. :·· 

.· (15 o6 +. 1 o6t) 104 
---..,..---.,....-..-! 

'.:. (l:~4··~;+. o;55t) .. 104 

(2~~ + 2o8t) 16, 
.· -;: ... :.~, :_:·~:.ci.:~,4. + 2 ol:t) 104 .. 

''{l'o4· + 5 o9t} ·104 
L...---------1--------+--~-------'- -------'·~·----·-----' 

(1) Term used by Tsytoili c.."'l and Sumgin = not define-do··:. 
=17= 

I 
/ 

. ·.,_ .. 
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The above test data indicated that Young's Mod\llus of frozen 
soi 1 increased wi ttl the increase of the. water content of the . soi 1 ani# also, 
Witlrrlower t~p~r~:~.res~ ~d -':t;Flat.the ·greatJr the w_ater conterit.: .. the greater 
tile effect o£ lowe'r temperatures o:ii"'Yo1lng's'Modulus·~(increasing :the :water.· -_ _ 

-··conterit · incre~ses :t:M ·_ angle ·coefficient /d· of the 's.traight lint;) ; re~t.ionship) •. 

c. _Poisson•s· Ratio. Tsytovioh. and Sumgin attempted to evaluate 
· .Poi_sson.'s Ratio (jQr tot cylindrical samples of artificial+y frozen soil . 

by the method of torsion. The investigators'calculat~d the ratio from the 
E3quation for mOdulus of e lastioity in sh~ar (Modulus of Rigidity)': 

wheret 

G =_-:·E . 
. 2J1t+f-t) 

· G = Modulus of Rigidi:t:;y 

,_E= Young's Modulus 

.fA = Poisson'_s :a,Eitio 

The Modulu.s of Rigidity (G) was ·determined for the- fro~en 
soils from torsion tests· by the fqrmula_S · 

where: 

B = TL} 
GJ 

T = Tytisting moment (i*ch-pounds) 

L = Length of s~mp_ie ·(inches} · 

G = Modulus of ~gidity (psi) 

J = Polar -moment ·of inertia .(incpes4) 

e = ~gle of' torsio~al deflection (radians) 

_ It is noted that iP, cEalc~lating ~ois-son vs ra_tio with the 
above formulae, it was necessary to lqlow foung 's Modu:lus o 

The investiga~Qrs adi1litted that the torsion m~thod is. poorly 
sui t$d for the det~nlti.nation of ~P9i.~son:rs· Ratio~ and regarded the results 
which follow, as only approximate,; th~y wereSl however, consid~red by'the 
investigators to be indicative of the order of magnitudE9 of the ratio: 

Water 
Soil,Typ~ . _ coriteri.t. %. 

Dust~Silt Ground 

Sand anc::i Clayey Sand 

_33 

29 

18 

Temperature 
--... -'?F;) 

-do 

do· 

... 18-

. Poisson's 
.·-Ratio 

o·o4-o~s 

Oo3--0o4. 

Oog-Oo4 



. __ ._ : .. . . ..... : BJr, ~u.se_ of the elastic t4eqry.P -~quations were, presented which 
.utiiiz.ed_.V,altu3 ~ ·--c:Jf You·ng 's Modulus _and J:~oisson.~.s- .Ra~io .. for de.te.r:mination of 
der6r~t_i·on)>.t ;·:~4~. ~u-rf_aoe or rrozen: ground under -concent't:a.teA:·.>ioacis ;and ot. 

- elast.ic_:or._:ri,gl,:'d_·_·t_o~D,df4,tion. slabs·., -T-he_-equat:ions: are- not pr.esent~d l:lerein_, 
~s ·tJ:l$. vai\le'{_of -l~Uzig_'s .. Modulus and .Poi·::J~~o;nts ·Rati.Q. pres~nt·~~ J)y_ T.syto~i.oh 

. and Sunlg:tt{··~'re considered open to que~_tion :·and. aiso :·.:t~ applica.tion of ... · .. ·_ 
elastic. theories to frozen soils: is -~trid'tly valid. only' at low stress' oozi~ . 
di tions.~. 

'· ..... · .. 
: . . ' 

._ __ d.o" Analytical Determination. of Elastic Deformatio~ of ·F.ro~en_··. 
_Sqil. _ TsytQvioh and .Su~gi:t;). h~v~ pres,ent~d,.-in p~apte.r __ y pf T.he",Prip;oiple-s.- .-. 
~he 1ieoh6lllios .of. Froz-en .Ground (39) . a discou-rse; on the 'the.or_et~o.al , ,- . 
methOds that may be used in computing the elastic deforinatj_o~-: · riai11ely ·-
by the method of general deformations (Boussinesq - •::Schl~i-cher) and by the 
method of .local d~f'ormations (Winkler :~ .Schwedler)_o ·-'J;he ·method of' general 

. defor+natio~s considers el~stic deformation~ of the soil ·not only directly 
Uilder the load but also for a considerabl~ extent around the loaded. surfaceo 
The; method' of local .def'ormatio:p.s'. takes 'into acCount 'only •'the area. di~~otiy 
beneath. the loado ·Deformation of th,e ground outside of this area is assumed 
to b~ equal to· zero-~ Tsytovioh and' ~umg~~ state that thi's· last assumpti9n · 
oont~ad~ots direct obsE9ryations o · · · · · 

2.-Q7 o' . Plastic Deformation -Of :Frozen ,Soilo Tsytovioh and ,Swngin ~lao 
P!'f!ts~nte.q in Chapter V of· 'JJhi· ,}Tinci ·.-le$ col .the· Mechanic• .of· FrC!S~en Ground 
the .. re.sults of studies, made o ' e erm,.ne· e p as . 0· ''~ orma. 1·op..-::C> . . fU"- . • 
oiallf trQz.~n 20 ... ~o cube samples. of'_. srtiticially t':ro_ze~ ~- ol~y'!.;; " .. ~u~t:"si~ t 
groUnd". and "olayey ~and";'·· tost~d 'in oompr~ssionQ . '!'he' spe'oim.<;t~i''·d~risities and 
m.et_hod o£ f~ee~ing are· not given in the. referencEJ o· Gradations. of .. these· 
soils_ are_ given in Figure, 10 on· :,Plate lo · !J;ho ciefo~atione were ·:m.e~e~red 
over: a 'time period of' 10 minutes '~~~:le. tp,~ compressive etres~ was held, oon ... 
stan~<». Peformations ~ere. me~,sur~9 every 30' seQonds. ',The: ti~ of' lo~<i · · 
applicat-ion (10 mins ~) ·w~s oonsider~d sufficient'~ to a~:te,rm~fie:~- ~he rate: of .. ·· 
deformation under a given load~- This was establisbed:·by' 'i.;)er.forming tests '<in 
identical samples. tor longer' Cjiuratio~s, ··~p' to ;o. min~tes., Y!~~~h pr~duceq . 
s~milar rosults9 (fl6\stl..o ,deformation tosts_by thoFroat ~teots ~boratory 
indi,oate tbtlt tho· d~ation ot te~te ·should be f:4 mi.n:imt~m~ of -l? boura ~ _ .See · 
P~.r_•srap~ '~o9) ~ . ... . . -

.. Te.st results indicated that plastic deformation was. present, 
for the frozen s'oils. studied eve~· a·t ~ pressure of only 21~3 psio . It ·was 

· oonoluded .that soon after· the ·load application~, the curve· for deformation· 
wtth time W$s linear; that is t~e increase of deformation' per unit of ti~ 
assUm.ed· a oen.stant ·value· and. a state of plastic flow ·occurrecio Th_e: ()bserve~f 
r~lationship between. rate of. deformation: and oomp:.:~~sive ~tress for ~.:clay"::, 
"du·st-si-lt ground'~~g ·and. ",.clayey. sand~~, is- shovm in Figures 1, 2 and· 3·· respe~c-
.ti:vely.P :page 21~- · ·· __ · 

- It. was o,onoluded that as the s.ampl~;' ;t~mp~rat_ure approached 
32°F~- ·anc{'the_ g~eate'r ·the applied pres-sure» t~~~(;!·~:f~~r·"beca~e __ the value.· of 
p_la'~tio 'def'~,rm~t~on of frozen soilo . . 



.-,;·.:'··'~The· i~vestigators reported plastic deformati~. to be ·caused 
by the_ ·plast_i6' 'properties of ice which, (a) either partly or oompiete~y _fills 
the'·volds or: fr'ozen soil, or (b) _may occur as lenses or l~yers in frost 
susc,eptible: soils·~ ·The·· appiied· pressures ·• overcome the intergranular resis• 
tanoe to friction· and plastic· deformation- then ensues, which tend's to 'be·: 
especi~~ly iarge in bodies containing segregated ice 0 

I ~ ' ' ' : , . ' . ' . I . . . • ' 

. · 2-08 •. Vi'scosity· of,: Frozen :·soilo Tsytrivich ~nd Sumgin stu~ied the 
viscosity pf frozen soil by m~ans of torsion tests,·iri which th~ velocity 
change in time. of .. the angle of . torsion under the intluenoe of . a constant 
tWisting mom~rit.·was ·deternii~edo In this method the coeffioie~t of. viscosity• 
was· computed' by' the followi~ formul~ i · · 

· .. ' 

where a·· 

'"Y\ = Mt gl 
J cp· 

. "'\··viscosity in gmso/cm./seco 

M.1; = t.wisting_ moment in cmo-gmso · 

1 = length of portion of sample in omo s.ubjected· 
to torsional forceo 

~ = ·acceleration of the Force of gr~vi ty i~ cm./seco/se:c·o: 

J = pola: mo~en1:; of inertia 'or cylindrical cross
sectJ.on J.n cmo4 

. . . 

q> = rate of. chiang~ o·f· angle. of' torsion in radians/seco 

TbS torsional tests yielded the foll_ow1ng coefficients of . 
viscosity for· the various artificially f_rozen aoi'ls s· 

.. 

co&f'f'ici"ntof' . . 1 ' Water Temperature 
. Soil Type Content % . °Fo Viscosity gms o/cmo/sec._l 

Clayey ·sand l9ol ::0-30o5·6 1~9 X 1012 

Clay 27·7 '+30o56 Oo9 :X: 1012 
. 36%". iirl.flus . " 

Oo005' m.m.· 
.. 

1012 
Pure Quartz Sand 19~1. +3lo28 lol X 

The coefficient of viscosity was also determined from -the rat~ 
of deformatio~ under compressiono Howeveri. this method was considered .f.l.?.nda

. mentally much less accurate than the torsional method. The· followi!ig formula 
was used to calculate the coefficient of viscosity for frozen soil under 
compression a 

-20-
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o.oo:cn. 
l -·· ... 
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o.ooo1 

o.oooe 

o.oo01 

0.00 

OOJIPRESSIVE STRESS psi 

: :..water · · Voids 
cOiit.!mt'' . ' ~. 

;. ·, o, . . x·' 
-~ 

• 
A 

--~:=:.P~}. : . 
., .. 26.9° 

·DUS!·SIL1' 

Curve 
~ 

0 

X 
6 

• 

6 24.SOl 
e26.&-J 

Water 
Contem 

32.6 
38·9 
36.0 
39.2 

CLAYEY SAND 

0 
X 

• 
' 

0 28.2•1 
~fti! 
• 15.2° 
AIOD• 

Water 
Conterrt 

12.8 
16.9 
13·5 
12.0 
17.0 

1.03 
1.02 

. 0.93 
.o.86 
-1~01 

Voids 

~ 

o.96 
1.21 
0.91 
1.23 

Voids 

~ 

0~40 
o.54 
0.50 
0.43 
0.51 

·, __ · 

COMPRESSIVE STRESS psi 

FIGURE 3 

n.o 

RELATIONSHIP BE:rWEEN RATE OF STRAIN AND COMPRESSIVE STRESS 
(Tsytovicb arxi Sumgin) 
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Notes-
Figures adjacont to 
plot~ed points indicate 
test temperatures in 
plus degrees Fahrenheit.· 
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·-·····-·· -

~·~ ·~ ~ 

where_t p •· wii t pressure (gms ~/ CDJ..2).: 

g • acceleration of the force of gravity ( cm./sec./sec.) .•. 

V ~. rate of relati!e deforma~ion (1/seo.) ~ · · 

~ • COtlfficient of viscosity·. (g~./cm./sec·.) • 

·The coefficients of viscosity deta~ned. _from compressi9n 
tests, for the frozen S<?ils-··investigated,· ·are shown on the following page. 
From these test results~· it was concluded that the coei'f'icie~t of· viscosity 
of ·frozen soil is a function of temperatu~ ... increasing g~~tly with 
lower .temperatur~ - and of soil gradation·,. being ie.ast for frozen' clay and 
largest for.froz~n sand andolayey sand. The viscosity also appeared:to 
depe,nd on the; ni~gnftude of compressive· stress and method of load applica
tiox1,' thotigh ~he data we're considered' too limited to permit' d~finite 
c~ncl.u..~;i __ o~. 

~. -

- ... ", . ·' ~ 

. "; :· .··· 
~- , .I 

<:.~ .\: ;_. ,·. -. . · ... -. t • ~.,: ··-~ •• •• ~·· ;_l ; • 

. ;. ·~ .. 
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Soil Type 

Clay 

Dust-silt Ground 

Clayey ·Sam 

VALUES OF THE COEFFICIE:rr OF VIS COO ITY 1 "Y\ • OF FROZEN GROUND 
IN RELl\.TION TO TBi!PffiATUR E AND COMPRESSIVE STRESS 

.... - .. 

1\rater p = 21.3 psi p = 35.5 psi p: 49.7·psi 
Content t "'' t 

gj::;sec. 
t " % 0'!':\ g/arit/sec. 0 oF. gf c:in./ s eo. . ~. Fe 

33.2 26.9 4.l.ptlol2 . 28.4 2.lxl0
12 28.9 o.sx1o12 

12 
30.8 - ,_ - - - 17.8 10.3x10 

32-.6 26.9 a.ax1o12
· 30.2 ~7 ·3:d012 .·. 30.6 1'2xl012 . . 

37.6 
• 12 

25.7 
. 12 .... - 25.2 l4e7xl0 13.7x10' 

13.1 •. ... 28.2 -l4.7xl0
12 

30.2 · 6.8xlo12 

12.0 - - - - 21.2 20.6xl.o
12 

Note: All temperatures are plus °F• 

p :: 71 psi 
_J 

t "'\ 
oF. r/ari/sec. 

--. -.. 

4~2xl012 20.3 

J - -
26.9 

- 12 
.. 4.9xl0 • 

.. 
: 

30.4 
·. 12 
·.l.lxlO 

... . 12 
24•8 7·3x10 



- J •. ~ .. : ··PART III·o··'-LA.BORATORY INVESTIGATIONS· 

3..;0lo · General'o · Laboratory investigations were performed on: frozen 
specimens·· of 'teri> different soil types and on ioeo ·All we:re· artifici'ally 
frozen. 

·.. ' 

. With e·x·ceptions as noted, the temporary ·resistance. of the various 
frozeli'· soll types an:d· ice were 'determined unde·r co'mp'ressive~ .tensile, and"-. 

.shear loadings and. under' various oonditi'ons of temperature (hid rate. of ; 
lo~ding, as follows-a· 

• ; I. - ~ .-

Rate·of·Loading 

.:.,slow 
Medium, 

·:Fast 

-10 

Nominal Test Tem_p__erature, ·°Fo 
~32 

:t-20 · · · -+30 ( unthawed) 

c 
· .. c C, T,s•· 

·c . ,. . 

c 
C,T,S* 

c .. 

C = Compression test, T = Tension testa S = Shear test 
·~ 

· · · *Tensile and· shear tests were not performed on Peabody Sandy 
Gravel and shear tests· were not performed ;on Dow Field Clayo 

Because of the wide sprefild o~ test res~lts, obt~i~ed by previous 
investigators of the strength properties of frozen·. soil ap.cf ice" three to 
five individual specimens were usually pre.pared and broken 'and ',the results 
averaged for each soil t;r.pe ·and .test· condition being examinedo The speci
mens in any one group to' be tested under the same conditions-were all 
~repared, frozen, and t(:}mpered at .the same timeo 

The rate of 1oading in tests was controlled on the b~sis. ?f rate 
of stress increase rather than on the ba$is of ra-te of strain· in order to 
place results with different sizes and shapes of·speoimetis on a comparable 
basis ap.d for simplicity of tests o Rates of loading~ specimen ·• sizes, and 
direotimis ·of applied forces are summ.ar:ized in the followi~g 't~bulatioris · 

..... ,, 
" 

·Typ~ of test Compr~ssion Tt?ns-ion ·Shear 

Rates of stress inorea.se in .. 
tests, psi/mino 200 4oo 1000 4o 40 

.' ' . 

Sizes of 'Test Specimens 2-3/4" diao x· 2~3/4" diao ·3" :x:3"'x3/4". 
.. 6" high; ~xcept x· 3"· dle~r 

.,_ 6" diao x 1211 betWe~n 

high for sandy grips.-· 
gravel· 

-' 
Direction of applied force 
with respect to direction Parallel Parallel Perpendi-
of freezing of specimens cular 

' .;:" ".,- .• .,. ,. -~"'·r'!:i' . '· 

. -24-



The flexural. and torsional dynamic moduli of e lastioi ty of seven 
frozen soil types a:nd of· ice~ were investigated by means of induced vibra
·tions o It was visualized that these tests would provide over..;.all measures 
or the ·.pt.ope-rties- .of: ;_the materials and wot1ld provide f'undamen~al ~ata: of. 
value .in: geophy.sical studies o · Sampl~. te1tlpe ratures varie.d fr.om.·zili~us 10. ~o 
plus 32 (tinthawed) degrees Fahrenheito · 

. .. . . 
' . . 

: _ . ,Liini.ted, ceysi:;allographic stUdies were perfor~d :. in conjunction 
With .. the ~s·~re!lgth te:sts ~y us~ of a polarizing microscope and :_a polariscope 
to determine the si:ze, · s~ape, and orientat.ion of. the cryst~ls .in the art.~fi

cially frozen ice sp~cimens and in t!te segregated ice of .the .froz_en s.oil,' 
specimens o . These -studies we.r.e performed·. for· correlation with the result$ 
of th$ st·r~11gth .tests~ ln addition, a selected group of frozen soil and· ice 
samples wer,e forwarded to Dro James To 'Wil~on C?f the D~partment of Geology"· 

·Universi'W Qf Michigan, Ann-Arbor, Michig~n9 for separat~ crystallographic 
studies·o : :· . · .· . . . . . : 

. Additional supplementary tests included determinatiqn of the 
chemi'cal co~posi tion of the minus 200 mesh fraction of the frcu~t susceptible 
soils and''chemical analyses of the pore ·water ·from the ·v~r~ous s·oi~ speci
mense 

. 3-02~: ··:·Soils Selected for Investigationo · The ·_following ten soils were 
s~leeted ':for te:sting&· · 

· ·peabody Sandy Grav~l 
:McNamara .Concrete Sand 
<Manohe star -Fine Sand 
Blend9 McNam~ra Concrete Sand ·and East Boston -Till· 
Blend, Manchester. Fine. Sand and Ea.st Boston Till 
East, Boston Till. · · 
New Hampshire Silt 
Bosto!l Blue Clay 
Dow Field. Clay 
Ala·s~an ·-.·~~at. 

The s'oi1s .. were chosen to represent the full ra-nge of soil types li·l,cely to .. 
. be encountered in the field .. o T_heir gradations; their ~as~c. ch:aracter~stics 
in the unfrozen stateg and their" cla~sifications according to the ~apartment 
of the Army Uniform Soil Classification System are- stimmar~zed on· .Plate 2 o 

Details of ·this system are ·shown. on· Flate A3. ~f Appe~clix A o · 
. . 

· Three~ of the ·soils 9 Peabody S~:ndy Graye1, .McNamara Concr~te Sand 
and MarichestE;lr Firie Sand. ~re non-frost· s:Uscepti.bie soils, .with .hi:gh .... coef
ficients of per1lleabilftyandrelativ~ly _high ~ngl~~ of ·internal.frictiono 
T:vvo ·of ··the· soi~ls ··w~_re --artificially produced ··by_ blertding the minus Noo 4o 
mesh fraction .of East Boston Till with each of the two non-frost susceptibl~ 
sands, to produce frost sus~eptible characteristics o East Boston Till, 

. New Hampshi,re Silt; Boston Blue Clay. and Dow Field Clay are all frost sus"'" 
ceptible soils· in which con:siderable ice segregation Q.eve lops when frozen 

. . 

with:.a, supply of water· available to the :materialo The Alaskan Peat qid not 



, '.; ~· ". 

he.ave .. to any apprec~able extent during freezing. Descriptiq~-s. of froze~ 
s oif structure and' the -average per .. Qet+·t .heave _for .. : each of the materi~ls are 
'tabulS:ted O!l page 27 •. 

All s~ils exceP,t t.~· two. clays and .the pe~t were: ~btained as b~g 
:samples; (disturbed).· The .·clays and pea.t .w~re 9btai~ed. in an y.ndisturb.ed 
-state in ·shelby .tubes, o.ne focrt. qubes .or chunk. sampl~s ;·:every effort was · 
'made. to. maintain their origin~l soil. structure: prior tq fr~e.~.ing :in Qrder 
that density, water content;, .. and. ox-ientatio~ .. would be similar to th~t -~n 
natux:-e.· , .. . . ' . . .., .... .. 

· .. ~ 
A, C9mprehensive. stu<iy of the .. frost SUS_ceptib,fe ___ cha.rac~eristics ... 

· of most of the soils used in .. this in~estigation has. ~een made ·by the 
. Frost Effe.c~s L&boratory (48) o . · · · •.• · , ··; · 

' . 
3-03. Freezing .Faci li-tie.s o 

a o Plus 4o Degre.e Fah~enh~~ t ·Cold Roo~. , Th~ freezing ~~~ine~s 
used' in the preparation of test' speoilllen.~· are con-tained in. a walk~in' type 
refrigerator with inside dimensions ~pproximately 9. feE?t 'wide by 26 ·ree·t 
long by;6.5fee1i higho· This room is cooled ·bytw9 unit cool~rs.~ Room 
temper~ture .is controlled wi.th a. Minneapolis~Honeywell bi,metallic .merQ\lry 

. bulb thermostat, within limits of._ .. plus _or .'minus .2~d~_grees Fahrenheit .... 

. The rooiu is designed to_ operate .pe~ee~ plu~ 10. and· pl#s ·40: q_e"grees :. 
Fahten~ei to .. Within· the room ~re _fa.oil_itie~. for.<satur~ting samples, :w,i th. 
vacuum an·d de~aired water available o ~- Pho~o.gr~p.J>.~ of; ~~~ . interior of .. the 

· C()ld . room are shown on Plate 3 o · 

b. Minus .40 Degree Fahren};le-it Col<! Room~ .. The room in which _the 
strength tests were performeq: has a .m~iil_;· ro9m-wi-;th .inside dizneP:sions 7 
feet wide .by -.10 feet long 'by 8o5 feetJ~igho. A vestib~l~ is ·provided at 
the entrance to the main ·room with appro.x:i;mate. -~nsiqe.d~mensions·~8 feet 
wide by 4 feet · lon~ b¥ 9 ·feet higho . · 

The lo~· temper&:tur.e: te·st ,_room i~ coole.d· by a seri~s of.' cold 
plate type evaporators whioh are suspended f-rpm th~ ;test room,cEdlingo . 

. Room. temperature is cort~z:ool~ed by.&!). ·inJection of hot gas in~o the evapora~ 
tor plates through a solenoid valve aotufited by.a. DeKhotinsky;bimetallic 

·helical: typ.e thermoregulator.· Room temperature· may- be maintaine~ to .plus 
. or 'minus .1-1/2 degree(! Fahr~nhei.t. · Th" .t~~t room· is. d•signed to op~r&~,te 
between. plus 35 and minus 40' degrees . Fahre:hl'J,ei~, but has been :·cooled . • 
below ·minus 60°F. ·'<.Phot~gr_aphs of the·-.te~st .room interior are sho?in on . 
Plate 4. . . . 

The ve'stibule is cooled by a unit cooler•: ·The ·temperature 
is controlled with a Mizmeapolis-HoneY"weli ··mercuey bulb 'thermostat within 

: limits .of plus ()r minus 2 ·degrees Fahrenheit •.. · The ve.sti bule i·s designed 
to ·operate at· 28 degreE:fs· Fahrenhei to , 'Although the·. vestibule was. primarily 

· designed to aid in maintaining lo'W· temperat\ires. fn~ the. ·test room~ while 
opening and shutting the door~ it is' frequently used'.lirs a work room for 
preparing frozen samples for testing;. · 

.' 



Soil 
Name··· 

Peabody SandY' 
Gravel 

Fro-zen Soil ~aracteristios 

Characteristics As Dete~ined After Laborato!X_ Freezing Letter 
Sjnnbol 
(see·· 

'App. ·A)··· ·Fro·zen SQii Description 

Avg. Avg. 
· Avg. Water Degree 
Heave Content of Sat. 

% .. % :% 

·· BraW-n, well-graded sandy GRAVEL·, · · 
CWf.;.Nw· ·no· ice. segregation, well bonded·,.· N 9•6 75 

· · ·high'- degree ·Of· ic_e saturation 
·------...;;.~-..;...r-~...:;__-r----------------;...._--+-------F-----t--...--~ ·········---··"" .... 

McNamara · Con;_, 
orate Sand 

::· 

Manchester 
Fine Sand 

·Brown, well-graded· SAND,· ~C) ice 
.segregati 01;1,· vrell bonded,.' high 
degree of ice saturation 

Light.· brown, . uni.form f'~ne SAND,, 
no ioe segregation,- well bQnded, 
high degree of ice saturation 

N 

N 

Blend,·" McNamara·· -
Concrete Sand · SM- IS 
& East·· Boston· 

Brown, silty SAND, .very fi11e 
hairline· tO 1/16'! thick~·hori·zon

.-ioe--lenses averaging "1/2~· in . 10 
Till 

Blend:,· Man
ohe star FinEr 
Sand & East 
Boston Till ' 

East Boston .. 
Till ., 

NfiW Hampshire 
Silt 

Boston Blue·· . · . .: -· · 
Clay 

SM-IS 

CL-·I-S· 

: 

horizontal"" extent,-' 1/4'! to· 1/2~ . 
spacing · 

Light brawn, ·fine 'silty SAND,. -
·wry ·fine . hair·line· to 1/16-'r thick 
horizontal ice lenses· averaging 
3/4 "· · in horizontal ext~t:, : 1/4 ~ 
to 1/2" spacing ·· 

Brown, · gra~lly sandy :CLAY, very 
·.fine hair line to ·1/16" thick ·-
horizontal ice lenses averaging . 
l~.- in horizontal extent~ 1/4~ to 
1/2" spacing · 

- . Light ·- gray-bro;m,. inorganic SILT, 
ML~IS· ·. very fine (1/16") horizontal.ioe 

lenses ·averaging 1 It in horizon~ 
tal· extant•· 1/4" to 3/8". spacing. 

9 

10 

~~ · · Blue CLA~, ice -lenses esf3~ntially 
·CL-IS horizont~l ~/8'! to l/4~·.in thick- .. 

ness,. for full di~tnteter of _speoi- 44 
mens, spaced approx• 1;4~ •. · Ice· 
lenses hard and slightly cloudY' 

·. \ •' ,'\ 

Dow Field·. 
Clay ·· 

Alaskan Peat 

N = Negl1g1.ble 

CL-II 
Gray CLAYt' ice·. in horizontal 
lenses connected by diagonal and 
vertical veips,, le~ses and veins 67 
avel"aging .1/4 ~,.-in thickness: and 
1/4~ _ spacing.: Ice lenses hard 
and slightly cloudy.-: 

.... l_ Dark brown to black PEAT, no· iee 
PT-NN I segregation~ well b-onded,- high 

degree o£ ice saturation 
2 

. 18.2 

29.5 

! 

i 
388 

; 

89· 

91 

95 

. 93 

88 

9.8 

98 



~ ' .: : .- .. 

. . . 

Co Freezing Cabinetso Nille :l.ndividual freezing cabinets with 
insid~f'diinem~'sions ·of 19 inches by 19 inches, which can ,accoimnodate soil 
specimens up to 12 inches high, are located in the pius '4o deg·ree Fahrenheit 
cold room as shown on -Plate 3o The cabinets are. equip:Ped with hinged covers 
on top;' facilitating access to ce.bine1:;s- _fqr observ~tibn aild. <ro:r necessary 
measurements"· wi'th' insignificant distur~"a!ide of the 'cahin~:t temperature 0 

Insulation in·' sides ··and covers oonsi.sts ··of. 6 inches.·of >¢ompre~se_d· cork .. 
boardo ·Refrigerant is provided 'separate·:iy to eaoh ·ca'binet ·by' 1/4.;.HoPo air
cooled condensing units o Cooling inside the cabinets,~~_ at temper&l.tures 
ranging from plus 40 to minus 20 degrees Fahrenhei. ti is ac·complished by 
passing the refrigerant (Freon) through single embossed coi~s. ihside a 
14~inch wide zinc.:.coated ·copper refrigerating ple. te fitted to~ three s~des _ 
Of the cabinet, beginning 13 inches:from'the bottom a~d ~ontinuing to the .. 
topo · Temperature in each cabinet is controlled by· a DeKhotinsky bimetallic· 
~elical type. thermoregulator with an accuracy of plus or minus 1;2-degree 
Fahrenhei to · · · - · · 

· ... } · ..... 

The bottom of ·each freezing cabinet oon·sists -of open gr:Lil ' . 
work to allow the plus 40 degree Fahrenh.~it 'cold room temparattlre':to :be ' · · 
applied. to the bottom of the soil specimens during freezing while "the tops 
of the samples are subjected to any desit-ed cabinet temperat\.,.re~ · · Facili..;. 
ties ·=.for ·rurnishing de-aired water to the freezing sp-ecimens <at a definfte · 
water level· are· pr~vided by adjus~able CO!fStant water level devi'ces as . 
shown· j;n· Fig. 2 of Plate 3 o · · · · 

. de · Freezing Trays o 'Freezing trays were ·constructed specifically . 
for this test 'pro·gram to .facili t~Ate the freezing,\) i'n the tim$ available, of 
the large number of test specimens requiredo . Each tray consisted .. or a - . · · 
wooden mold 17-1/4 inches square and 7 inches high,. a removable<metal pan, . 
'17-7/16 inches squarE:)' and 7-1/2 inches high (inside dimensions)" e. removable 
17-7/16 inch square meta 1 cover». and two mats o . Photographs or· the .~pecirnen 

·Freezing Trays are' shoWn. on Plates. 5 and-' 6o . Construction :and assembly . 
details' are shown on Plate 7 o · 

The 'mcfids for freezing· compression e.nd· tension te'st s_peci~ns 
were" fabricated' from' laminated pattern pine,~~ except for ~he top .inch and·_ ' 
bottom inch which were maple$ each of_ these molds c'oiitained twenty..:.five 
cyli~drical sample compartments, 2~3/4 inches in diameter. by 7 inches higho 
The· mold for freezing shear test specimens was ma.de entirely: from p~ttern 
p:1Iie and ·had sixteen sample compartments.!) 3=1/8 inches square by 7 iriches' 
higho ~ The ~mold for freezing beEJ,~ for d;Ynamic modulus tests· was. _··al~fo . 
fab~cated from pattern pine and had fo~r reotangul~fr _'sample" compartments" 
3 inches wide. by ~4-1/4 inches lo~g and 7 in~hes 'higho '1!-he-•.la.tte·r two· ·. 
molds were co:nstructed of separate S(3Ctiorts which: were tongue and gr9oved -_' .. 
arid/or screwed together.~~ ·enabling- e~sy. d~smantling for sample remo1nifo -The· 
molds were sanded smooth· all ove,r and were water .... pre>ofed with three coats· 
of_ spar varnishc Along the top and bottom. perimeters of' each mold there ... -
was a' 1/4-inch by -1/2 inch continuous r11,bber gasket ·and_ ·a series of 'I/4.:..inch 
stud bol t·s ·.for attaching the pan and· covero . The liltter·' we·r·e fabricated ·, . - ', .. 
f'rom 13-gauge galvanized sheet steel with all· joints .. s_old~red water-tighto 
To the· center of the bottom of the metal pan and to the _center· of· the· top 
side of the cover were attached' a l/4=inch brass" nipple 3 inches longo 

=28= 



At the· perime':te·rs ·of p·an and cover; 5/16-inch holes were drilled to receive 
the studs r:if 'th~- molds in asseniblyo 

• ,·:.' -~•:,>~~·: I~. • :- .• ~ ' 

.. 'Vihen···the free~ing ·trays ~ere assembled, ~ats .were~ plac~d .at 
the tops· and b6ttozns of the molds to act ·~s filterso These mats were built 
up fro~-64 x ·64:weave muslin (again.st mold), 18 x 14 mesh bronze screen . 
cloth end 1/2~i~ch, 18 gauge ga~vani~ed expanded metalo . 

3-04o ·Specimen -Preparationo 

ao. Molding of Specimenso The three non-frost susceptible soils, 
Peabody·sandy q.:ravel, McNamara Concr~te Sand, and Manchester Fine Sand,'were 
pre .Pared ·for freezing_ by compacting· thorotighly mixed prede"t;ermi;ted weights · · 
of· dry soil_ a:nd ·de-aired water into the .freezing tray compa:rtments to · 
densitie·s approximately 95 per cent of .Providence Vibrated DensitY*o _Twenty 
soil samples ·and five· ice. samples were frozen simultaneously· in this type 
of tray~ The ioe samples were always located· in the f'our.corners and the' 
center· compa-rtment· ·or the· twenty ... f'ive·-compartment trays o The two silty 
~and [?iend_s, the. ~ast Boston Till~ ·and the New _Ha~pshire Silt· specimens 'we're 
simila~I.:{.·prepared 'except that these soils were compact~d to densities . 
approxiiila~ely _95· per cent of Modified AoA.~SoHoOo**o The undisturbed clay 
and' peat samples were trimmed to proper dimensions from .undisturbed one- . 
foot-cube '·samples ·and/or shelby tube. samples., The molded sample·' dimen~ ions 
for the compression., tension$ and plastic deformation tests were .2-3/4 
inches diameter by 6 inches high, except for Peabody Sandy Gravel specimens~ 
which' were: 'e:lways frozen in individual· waxed cardboard :containers., 6 'inches 
in·· dianiete:r, arid 12 inches high. and were subjected, to compression tests onlyo 
Five of· the 6.:.inqh.diameter samples were, frozen. simultaneously in one 
oabineto. ·Prior to construction of the freezing trays some of the specimens 
of :McNamara· Concrete Sand and Manchester; Fine Sand were frozen in individual· 
waxed cardboard containers£) 2-3/4 ± inches d~ametero Sp~cirhens fr~zen in . 
this manner are so indicated on ·T~bl~s B2. and -B3 of Appendix B which present 
the summaries of test data for these 'two: soilso Shear test samples were 
molded 3-i/16 inches squa-re by 6 inch.e~ }ligh9 16 such samples per trayo · 
Dynamic modul_ 1 S)leoime'ns were molded approximately 3 'inches square in cross= 
section by 14-1/~ inches ~ongg 8 s~ples per trayo 

In placing :the soil in· the freezing trays; the inside walls · 
of the ··v.iood~n· molds were first lubricated with a thin coating of petrol~tum~ 
The mold's were next· lined with transparent cellulose acetate Oo007 inch in 
thickness~; The petrolatum and acetate S(3rved.to minimize the side friction 
of 'frost· su_~ o~ptible samp~es during_ th~ ~eriod Qf heave ~nd f~yi li tat~d the 
removal Of frozen spE9cime.:qs from the mol~s o · Th~ wooden ·ntolds· were then 
pla~ed 'in'therriletal pan~. with the bo'ttomi filt~r-·lll?-t in pl~ce.-betw~en the 
mold and pan~ ~d. th~ pan. was secured .. ~ightly_ agtiiinst.: ~he ;rubber_:· gasket· ()n 

. . -. ' ' : . ~ .· - ; . ' . : . . - .. ~ . . ~- ' . 

*For description of test 9 see· pages 243=247, VolU.me IV 9 .Proceedings of. the 
_Second Interna.tional- Cont~:z--ence on Soil Me·chanics and Foundation ED.g~neeringo 

••For description_ of test, .see paragraph 20-1.4"' Chapter xx· of .Engi:r1eering 
Manual for ·~litary Constru~tion, Corps of Engineers, dated March 1943o .· 



the bot tom of the mold py means of tre s"b.ld s, nuts and washer So The soil 
specimens were then compacted and/or placed into the moldso A 2-3/4-inch 
diameter filter, built up from 18 x 14 mesh bronze screen cloth and 64 x t4 
wee:ve·!nu8·-iiri~;,¥ias placed on top of ea.ch sample' in the freezing tray, and 
tb:e·~"remai:O:i.ng space· approximately l-inch high was filled· With ·ottawa Sand 
iD the·· tOp of.· the wooden mold. The top' filter mat and cover were tren put 
in p_lic_e_'·and fastened~ · 

.· Each· of the 6-inch diameter waxed· cardboard molds for the 
sandy g t;~ve:].-· s _amples was fitted at fue bottom end With a' brass ·cap, whi. ch" 
ser-Ved ·a:~s ·~· sample receptacle in "the freezing· cab:inet·, a ·porous dis 0 3/8-
i~ch thi_ak:,,. ari~ a :fi.lter paper, in that sequenceo Rubber sleeves· and bands 
~ere used to ·oi nd the· cardboard mold to the brass cap to ·prevent· air· leakage • 

. The soil''specimen was then compacted in the 6-inch diameter molcf·and the top 
end 'was. fi ~ted With filter paper, porous disc and brass cap, the. sa·me a."s at 
ihe.· bottbm ·end. ·· · 

· ·· · · ' · b. ~Thermocoup'les in Sfecimens ~- Thermocouples w~re~ inserted· or 
placed during molding at !.;..inch J.n:tervais along the central l:oiigi"W.dinal· · .. 
axis, including top and bottom faces:> in at least one of eaoh type of soil 
sample; per ·tray and at the. bottom ··of the ice specimens e ThiS provided a 
means of' .ciliS· eking the tempera"W.res within the specimens and ohserv:ing the 
progress of freezmg temperature into the specimens. In undisturbed'semples 
thermocouples were inserted into openings made -v'lith a ·slender ice pickc. 

Co Saturation of SpecimenB o All specimens were de-aired and 
saturated· prior 1D 'freezing. This phase of the s-peci:man preparation was 
performed With facilities prdvided in the plus ·40· degree Fahrenheit cold 
room. Plate 8 shows a' 6-inch diameter ·by 12-inch high· sample prepared for 
saturation., After first de-airing the i:ndi vidual 6-i:rich diameter· samples·· · 
and the freezing trays by applying ·vacuum at both top and bottom, water 
was supplied at ·the bottom of .th~ samples while de-airing was continued at 
the topo· · This step was con-tinued for a minimum period of J2 hours for. the 
non-fres t susceptible soi ls and 24· hours for the ·frost sus·oeptib le soils 
and was· continued 'longer if requiredJ) .until the discharge of water at the
tepa· of the sample was virtually free of air •. During saturation. of the . 
freezing trays· the five compe.rtrrents set a·side for freezing ice specimens 

· _were sealed with rubber stopperso During the satiu:~e.tion procedure, the 
samples were simultaneously ·brought ·to :?8°F. preparatory to fre·e:zing in .. 
the · Oal::d. nets. · -~ _. 

· ·· : ··d. Plaoin~ Specimens in Test Ce.bjneto After ·saturation, the 
specimens -were place in the freezing cabinets of the· plus· 40°F •.. cold. room: 
'With the me tal freezing tray cover or upper brass cap removedo 'Aluminum 
discs, 1/8-inch thick, were placed on top of each sample and marked with· 
the ···s·ample ntimber o · A de-aired water supply was oorme cted to the brass 
nipple of the freezing tray pan or the bottom brass caps of the 6~inCh 
molds, and the constant water level device adjusted so that the water in 
the ·specimens· wou:Iii be rna intaine d ~at tre level of. .the tops ··or the speci~ 

mens 'prior· to· freezing. .The ice sample compartments <in the: freezing 
trays _were also at this time 'filled with de-aired. water;o: ;The spaces be ... 
tween the trays and the walls of the cabinetstt or around the 6-inch molds, 



were filled. wi.th gr,anu1ated. cprk insulatiorio 

. . e,. ···Specimen· Freezing Procedure o Specimens were frozen in the · . 
freezing. oab:i;.nets wi t'h .the bottoms of the specimens subjected to an. average. 
cold.'room·temperature of plus 389F.· while the tops of the samples were . · 
exposed to the cabi.net temperatures. F~ez.ing was started by closing the . · 
cover and low~ring the temperature in the freezing cabinet to approximately 
plus 27°Fu until the. thermocouple at the top face of the specimen indicated 
a temperature of· plus 29°F o The cabinet temperature was· then rfi\ised to . . . 
29°F~i.· and thereafter was· changed only by the amount neces·s·ary· (1). to ~ain~ 
tain .a rate of penetration of the 32°.Fo temperat\lre plane into frost _sus~ : . 

. . ceptible soil samples· of 1/2 inch per day, _or {2) to fr·eeze· non-trost .. su~~. 
: ceptible·: soil-·samples completely in 6. days o . Freezing trays w~·ch contained. 
ice spe~cime~s· we~e given one extra day of frE3ezing at the end, ··beyond the· 
periods .required for the above rates, to i~sure that the ice samples were . 
completely frozen. Temperatures within the s pe·cimens were read daily and 
temperatures .in .the cabinets were adjusted. accordingly, depending .upon the 
progress of ;the ·32°F~ temperature within: the samples o · 

Heave m.e·as~rements for each spe,cimen were made daily and· 
were read, :to .the neares.t half millimeter. Measurements were Qbtained by ... 
placing ·a· s-traight-edge across the top of the -·~abinet. opening, ·with the· e~ · 
of the. meter stick placed· .on, the ~lumin~ dis·cs· at. t}:le_ tops' of t~,.speoi~ens. 

. ~ . . 

. Freezing and. heav~ data ~re .s~~rize4 in Tables Bl through 
· Blli Bl3, Bl5 and. Bl6 and plots shoVJi.ilg the heave, degree~hoU.rs, · and the· 
penetration of .the 32°F. temperature vs. time for. the frost~susceptible 
specimens are shown.o1.1 ·Plates Bl through B2(), in Volume I:t,-Appendix Bs 
"Inves't1gationall)ata .~ · 

.. 
.. f o Removal: of ·Frozen ~pecimens from Molds e To remove· the froz.~n 

2-:-.3;4-i~ch diameter soil· ~pecimens *'r.om ~he freez~ng trays ,I) the· mold was 
first separ~ted from the metal pan·, and :bqttoin filter mato It ·was then 
placed in a specially constructed frame, in the. vestibule of the minus . 
40°F •. room with the temperature at plus 28 Fo·9 and the samples were ejected 
by·pressing lightly with a small hydraulic jacko Experimentation at the 
start of the testing· program had shown tp.at frozen soil samples well lubri~ 
cated with petrol~ tUm and· encased in a thi:q. sheet. of acet~te would · 
eject easily from the mold.with no discernible strain or cracking of the 
sampleso The ice. specimens wer~ more sensitive. however,_ and befor~ these 
specdmens ·were ejected the trays. were .placed in the ·plus 40°Fo cold room 
for 2 hours with the temperature at 38°F;~, af~er wh.l.ch the ice specimens 
we.r~ ~jected by harid pressure or py l;ght j~cking;o 

. . 

Samples frozen in individ~al 9 ·waxed» cardboard containers 
were removed by simply stripping off the cardboard • 

. The .freezing trays for shear samples and for beam samples 
were constructed so that they·could be taken apart, piece by piece, ~nd. 
the ·sample.s· .removed .without necessity for. pressing outo 
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Photographs of typical specimens of the ten types of soils 
after freezing ar~ pr~sented on -Plates 9 -through 13, inclus~ve. The samP,les 
are shown ·befqre _preparation for- testing-o 

) .' . ~ . . . ' .. '· '· . : . . .. .. . ~ . . . .• . . 

go Preparation.of Frozen:Specimens for Testing. Innnediately 
after removal of the frozen soil specimens from the __ mol9:s~-- e:~cl'l sample was 
photographed using both color and black- and white film; ·and'-the ·specimen 
dim1:9nsions~ . condi t~on, and a prief description, including si~e.· and frequency 
rif i~e ~e~~~s, ·w~re recordedo. - · · 

Samples designated for compression or tension tests were then 
cut· to· ~pp~ximately 6 inch height, sele~ting t~e '-most representative 
seottori of' -the· entire length of sample •. ·cutting was accomplished ··with a 
skip~tooth '(2 :or 4· t~eth to t~e inch) hack ... saw blade and fra~e·:.'ir( a. specially 
cOristM.-tcted steei miter bOXo . Each sample was then placed in a~·Jndividtuil
plas't~c .. b~g with the top tightly tied, to prevent sublimation~ :wl;l.iJe a~ai t
ing te's-~. . Just before tes·tirig, the ends of each ,specimen we~e :sm.~othed and 
square.(f·'~i th the longitudinal axi-s. - For fine-grained soils this f.in~l :trim-. 
ming:1Jvas. accomplished with a coarse wood rasp, followed -by 's{l.~6~s$ive 'grindiilg 
on' emt:J_.ry cloths of increising fineness until a· smooth surface was. ob~ained 
norma~ to the longitudinal axis of the specime_no Coarse-graiiied s·oils re-:
quired capping with plaster of pari~ .after· smoothing and_ squari~_g,·'~s 1Jiell_. 
as possible with the rasp and. emery· clotho · Samples were ha.ndled-viith gloveS' 
and all' tools and equipment were kept at. below-freezing temperatures, to · 
avoid da1Jlaging the samples· by thawingo The ice samples were .prepared in 
the same manner as· the fine-grained soils except that the ice was much mor~ 
difficult to handlea ·It wa·s fo\lnd that the alignment of the sample in th.e · 
testing machine w·as of extreme importanceo ·samples with poo·r alignment or 
bearing on the end surfaces-, invariably faile.d at· lower values o:(' stress •. · .. 
Accordingly, consider-able time ·arid e.ffort wa.s expended to obtain good bear·-. 
ing surfac·e and· a:lignmento. When grinding the surface did not seem satis- · 
f'aotory, a 3 inch by 3 inch 3/8 inch a.luminum plate was affixed "to each . 

·end of the sample, by warming the plate to about plus 40°Fo,- gently rubbing· 
the end of the sample w'ith the plate {at the same. time checking· the'' angle 
of th-e. plate with- the· side· or' sample· with a carpenter ~s square) and then, 
when satisfac.tori ly seated. allowing the . plate to freeze. o:ri~ .· . For 'tlri.s pro~ 
cedur'e, the temperatu-re of the room and the sample was maintaine-d at. about .--
plus 20°F. · 

. ... The shear strength samples were tested almost immediately 
after :tem6val· from the ·freezing trayo Sections 7/8 inch to one inch thick 
were' -iirst cut from the specimens 6 inches or greater· :ln height as ·rrozen . 
in· the- trayo · The ·resulting 3-1/8 inch .bY ·3~1/8 in~h by 7/8 ·inc:q· ··s~mples 

. were then. 'held in a specially ni,ad·e steei miter box whilE) ~11 'sides· ·v/e.re · 
ground ·smooth and square to the final dimensions of 3'in:ches by' 3 inches 
by 3(4 ·-inch, so ·as to fit snugly int·o the shear test box.·.· . · · · 

. . . . . The . beam samples were wrapped in alti~I1wi(,foi1 when a period 
of storag'e ':Was;, necess"ary before testingG 'T_hey, were 'pre-pared by grinding -' 
the- <top. and bottom faces to smooth uniform S.l.!rface.s _ par(i~lel to each ot~r 



- -.~:-1: .;.. ;:. -. : .. 
to give ~·constant heighto The sides of the beam spe.cimens, generally, ... -.. 
did not require trimming and were tested at their original as-frozen ;~inch 
wid tho 

-·' :~:- > , •. 
3~05 o .. Tezn.porary _Compressive Resistance o 

a o Tes·t Equipment and Procedure o - T~sts to determine the temporary 
compressive r.esistance of the frozen sanqy gravel samples (6 inches in· dia
me.ter,by 12 inches· high) and of other frozen soils with relatively high 
breaking strengths (total. loads to excess of 8000 lbs o) were performed -in 
a 30-ton lightweight altlminum .test frame as shown in Figure 1 of Plate 14 
an.d detailed on P,late 16o Loads were applied by means of ~ hand~operated .. 
30~t,on hydr,aulic jack ,equipped with lowp. medium and high pressure hydrauli,C) \ 
gages for .. r~ad~ng t~ .total load in pounds o Uniform bea:ring _on top -of _th.e.<. 
test ~.amples was obtained with a swivel head att_ached to the top .loading ., 
pla~e of, ~he ~e.st frame. The sample deformations were _measured by three ,· .. 
l/1000-i:nQ~ .. ,dial extensometers firmly clamped to the tes:t frame and sp~C)ed-
120.0 , apar1; around the test specimen with the extensometer spindle_s seateQ. · 
y.pon the 1/2 .inch thick aluminum bearing plate which fi t.ted on the jack .. 
pistono . The extensometers were read to the nearest thousandth of an inch 
and the. i:;hr_.ee measurements averaged, to determine the axial strain of the 
sample o 

Tests on specimens having medium breaking streng"!ihs ·were c·on
duoted ~_ith -_equipment prepared ~s part of a~ Ic~ Mechanics Test Kit*·. develop
ed ,by .. the ~rost ~ffects Laboratoryo This eqUipment. consisted of a light• _ 
weight: a,lw:llinum loading frame with a capacity of 8.00Q-pound_s, a hand-operated 
mechanical screw-type jack** :with a capacity in excess of 8000 lbso 9 a 
7000 .lb,o cap_acity proving· ring fe>r measuring loads, and a swivel head 9 

Details of the frame, jack, and swivel head· are sho~. ·on :Plates 159 17 and 
18, r('3spectivelyo Plate 53. Figo 1, shows ti photograph of this apparatus as 
set up for .tension test;s. · The. jack h~s two gear ratios, corresponding to 
6 and· ~.8 revolution~ of the hand crank per Oo05-inch piston travelo The 
range. of piston travel is about 5 incheso Deformations of the specimen ... 
were mea~ured with a 1/lOOO"!'inch dial extensometer attached t<;> the_ ext~nsion 
rod~ of the swivel head,·with the spindle. resting on the bottom bearing 
plate of the frame o · 

Tests to determine the temporary compressive resistance·of 
frozen s.oi+s having r_elatively low strengths -:were ;performed .in the 30=to~. 
test .£ram~.- adapted as shown in ~igure 2· of .Plate l4o Loads were applied to_ 
the b'ottOin -<?f the 'test samples by mea-ns of a hand-operated 1500-pound· ' 
screw .... type ·jack since a very rapid travel of the jack piston was .required 
to.maintain the desired rates of stress increase for ·the soils with low 

~S~e "Final ~Report·.on Developme:pt of Ice Mechanics ·Test Kit for Hydrographic 
Off1ce, Uo S~ Navy,'~- dated. MarQh 1950, 'prepared by the Frost Effects 
-Laboratory. for :office. of· the Chief of Engineers 9 Airfields ;Bran_ch, Engineer:... 
ing Division, Military Constructione · . - · . 

*.*The jack design is a modification of one originally- developed by the 
Waterways Experiment Station~ Vicksburg, Misse 



stren'gthS·.· ·The loads e:Jte.rted by the Jack were measured with·_-the, 7000-pound. 
proving ring attached to the top loading plate of the 30~ton test frame. 
Un~form bearing Oll top of the test sample was obtained with the swive·~ head 
shovm. ~n }'late .18 which was atta·ched ·to the bottom of ·the p;ro-:ving ring. 
Average s_a-~ple deformations were measured· with two 1/1000-inch e:xtensometers 
attached to the frame with the extensometer spindlesresting on the jack 
piston bearing plate. · 

For strength tests planned at minus 10,· .pl\.l.S ·20 and plus 30°F. 
the. s arilples were tempered in the te~t room for a period of 18 to 36 hours, 
immediate.ly pr'ior to test; at approximate~y t~ temperatures at which· the 
strength -t~sts were scheduled to be performed o The thermocouple. :which had 
be~n 'emb~dded before free·zing at the mid-point of one specimen in each group 
of: sampl~ s was used to determine sample temperatures during t~mpering and' 
testing, ·and the sample containing this thermoc·ouple ,was called· -the· pilot 
s·ampleo· TP-e pilot sample was.exposed.to the same tertl:tera:ture c~nditions a.s 
the specimens actually under test. .When the sa~ples reached the ·temperature 

. desired testing was started. A temperature reading was takeri on ·the pilot 
sample· immedi~tely· prior to start of .test on each sample and again at the 
fin~sh of ·the test.· ·These two temperature.s were. averaged· .and. recorded as 
the s ampl~ · test temperature o · · · 

'' . ' ; ' . 0 ·. . ' ,. '·,. 
~amples. to [>e tested at p]..us 32 F. were ·-~empered: in a freezo;a 

ing cabinet where temperature~ could be more closely controlled~ A layer· 
of corkboard ·.was placed in the bottom of·.the cabinet and the cabinet tempera
-ture est~bli.ished as close as possibl~. to plus 31•9°Fo ·Tbe group of samples 
to be tested ·was placed in the .cabinet wi~h a -pilot sample and the .same·: · 

• procedure follow~d as in tempering in the test room except thQt samples .were 
removed ··.from the- cabinet one by ·one ·and izmnediately tes:tedo · 

' •, '. • ' • ' ' ',' I > •' 

'I-;'. 

·T.he :pilot samp~e wa,~· the last sa~ple tested. in· each ·group. 
O.ccasionally ·.tempe·ratures within the sample' were read continupusly during 
the time' of 'testing~ .. However. no 'ffignificant temper~ture rise within· tne 
sample "{Vas ever" noted; even at a test temperelture of minus 10°F. · · It appears 
th&1t with the· ra~es. of l,o~ding used the average rise in tempe~ature in the 
center of the sample under a compressiv~ s~ress is :Qegligibleo 

••. " ' •• ; . -. . • • • . • ' ! • 

. . .' Samples tested at .minus 10°F o were·· loosel;~( ~n~~s~d in a 
transparent' plastic cylinder during test· to protect the surface of the
sample from the breath and' body he'at of the test oper~tors and· to prevent 
the possibility of temperature stress effectso · · 

·Preparatory to the compression tes·t, the h~ight and average dia-
. meter. c;>f each cyli*drical 'test .sampl~ was determined to the· nearest, CoOl ... 

in_ch and the sample weighed to the nearest gram •.. The sample ~as then 
accurately ·centered and aligned on the bearing. p1a :t.e s of the te s·~·- frame . 
an~ seated under 5 psi. The temperature of the. test :room, and of ,the pilot. 
sample was recorded a The sample was then 'loaded· to failure at the. desired: 
rate of stress increas.e; deformations were measured at. appropriate time 
int'ervals .to define· the stress-strain diagram. The maximum load. the 
temperature of·. the. tes't room, and th~o ·s ~mple temperature were recorded upon 



completion of· the test. A sketch was made and photographs were taken of 
the failed specimen·~ -and the. water conter;tt was· determined ·for the·tot~l 
frozen specimen. ·· '·- · · · 

'· .. 
. Plates 19_· to 29~ .Jn~lusi~~-- shqw photographs -c;>f .typ~o~+-

speoimens :ruptured- by oompre_$si 19 -e~t~e~-~es for .the ten frozen soil .tY."P,es.: -
and artificially prepared ice_ of 1?1li.s E3#ploratory test serie_s. 

b.. Test Results.-

. . . ( 1) Presentation of Basio Test Data.. Results of te~ts to .· 
determine compressive. strengths ,pf,. froz~~ soils -.are_ sunnnarized in Tables .. _ · 
Bl thr()ugh BlO of Appendix B •. Oii -~aoh' t~]:>le tests are grouped according·_ 
to test temper-~ture magnitudes, n8Jile ly-~ ~-;· ~10°F., +20°F., +3.0°F. 1 and · · 
+32°F., in that order •. In the + 30°F~<'fil.nd + 32°F. sex:ies, the tests are _· 
subgroup~ d. l3.,c:cording. t_o the rate of· loa_di~g us-ed,~ viz. 200~ 400 or 1000 
ps:l../min~., The ·. s~oo~d column: ~n, eao}l }.;a?..,~.e- gives. the nUmber .~f the. 
freezing tray. in which E38.Ch __ gro'l\p: of:·::~p~~:p:t_mens WElS prepare do . 

. . . . ~ . . . . . - . . . . .. :·. -~.. . . -·Y:\7~-~{;; ) . . 

. . The' heave~ degree·· hoUrs 6 and penetr.ation. of the . +3 2°F ~-- ... 
te~perature· vs. ·time for· the tray nmhbers listed are presented on . 
Plates Bl to B20, inolusi ve, f.or froSt s.~sceptible soils. Plots of ·this 
type :\Vere not, prepared for the non-fro~si;<suscepti ble soils, . ~ince they 
eviden~ed li ttie or no. heaving. . ·. ,·~'. 

. . . . . -~ 

· ·" .. ·· . Stress-strain· curves; failure sketches and· fUndamental 
data f.or ihe individual frozen soil compression tests are shown on Plates B21 
tJ:lrougn. Bl25 ·of. Appe1;1dix B. The next_. to'.last column in each of Tables Bl .. 
through BlO lists the. applicable refererioe plate niunber for each sample.·_ Each 
stress-strain relationship· plot group~:. 4ate. of like conditions of· soil tYI;e, 
test tempera"t?ure,_ and rate of loading.~ :::··:'f.he values of maximum stress and 
correspo]1d~g- ~~ie.l strain listed were·-t~en from the original test data since 
gre~ter accuracy and c orisistenoy could be obtained· by· this method than. by · .· 
picking Values from the graph .after plot~ing. The majority of the curves ' .• 
shaw- stress v~lue s plotted beyond th,e ·m~~imum value of stress. A feyr, of the· 
specimens, parti~tilarly those of ice,·: l?.~qke off suddenly or shattered.:at the 
peak point, making further load and stl"~~n readings impossible. In thes·e 
instanc~s, in order to indicate that t~~,,:ma:ximum point had been reached0 the 
curve is sho-wn continuing' downward_.:with:,:·a ·short dashed lirieo In the computa .... 
tions for the tinit stress.theoross~sectional ·areas of the specimens were 
corrected for strafn, ( 1) under the '~sfnnnption ·that there was 'no change ·in 
volume during the test. 

· ·T~ble Bll sUmmarizes. ·the. results of tests to detennine 
the , compressive. (and tensile) _strengths of ice o Data listed are i~ general· · 
the same as for frozen soils except there are added the ··location of the -
sample· in the free zing tray and notations as to the _size of crystal prevai 1= . 
ing. in each sample. Plates Bl2S to. Bl34, inclusive, show the stress-strain 
curves for the compression tests on ic~·~:: 

(l) Soil Testing for Engineers by ·T. :_ Wil·liam -Lambe,· Chapter XII: Unconfined 
Compression Test. John Wiley & Sons~-' New York, No Yo 
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._., ... ~ :. ... ·~ . 

. (2) Compressive Strength of Froz~n Soils vs. Tamperatureo 
The re·sults of .tt3sts tq determine the relationship betvreen maximum stress in 

. compression. and te~perature for the 10 ':fro'zen -~oil types are surimta.rlzed on 
Plates 30 to 39, inclusive. Each soil type is ·presented on -a sep~ate· 
plate •.. 4+.+ y~l\les of maximum_ str._es~ in_ c:ompressio~ at a rate of loading of 
400 psi~·/niin~·~- · a·s_ listed ·in '-the :~Umm:ary' ()f. :l)ata _table· for .that particular 

. soil, are. plotted· ~gainst the test temper.a~re~. 6~_'-t;J?.e ·.~amplese. A smooth 
average curve has been draw.ri through the'se poin-:ts~. ·., . , .. 

Only one curve has a questionable shape. Although, the 
test data obtained for Manchester Fine Sand .indicated the. reverse curvature 
shOVVl1 o.n, Ple:te- 3~J· it is possible -that_ additional test poi!its bet~veen +5°F •. 
and ~15°~~:.wo\illd ptoducie a· curve having a> shape' similar: to:-th.C:,s,e{ for the .· 
other .:.frozen soils. · · · -

. . A composite plot ~f temperature vs. mrotiirrum · st~e~ ~ ·in_, 
compression for each of· the 10 soil types_: tested _in this .invEtst_i'ga~~ort, is· 

. -shown in Figure 1; Plate 4ic.- Strengths:,-.··indicated by the curve.s
0 

on->Figure 
1, ar~ summarized belovv arranged in order of their values at -10 Fo :- . 

··· Soil 
-·~ 

*Manchester.Fine Sand 
•Peabody Sandy Gravel 
*Blend, Mancha ster Fine Sand 

·: .and .East J?osto;t Till 
New-Hampshire Silt 

•McNamara Concrete Sand 
*Bl~d,-JvicNama,ra . Concrete Sand 

and E~st Boston Till 
E~st Boston -Till 
Alaskan Peat 
Dow.F~eld~ Clay 
;Boston Blue Clay 

. . I 

*Indicates non.;..p~astic soil 

- Temporary Compressive· Strength,· psi • 
. At ·-l0°F • at +31.5°F• _- . R8.tio .. 

3230 76o··_ 
--~~2~ 

2490 380. : .5. 

2460 350 7•03 
2220 240 .9o.?5. 
~030 510 ' .. ·;:.98 

2000 .270 7~1A 
1830 200 9 .• 15 
1700 250 6.80. 

.. 
1620 200 :BolO 

·13.50 170 
.. 

7·94 

.. . . . It'W:ilf·be observed that the five non:..plas~ic soil~ all 
show higher strengths than the four plastic soils and-peat; a.t:both-~10°Fo 
and +31.5°F.,. except that a.t the lower terriperature the New Hampsh·ire Silt 
is found to be in the strength range of the non-plastic· soils~' In general$ 
the higher. the plastic limit, the l~n~r the strength~- The unusually rapid 
gain in _strength of New Hampshire Silt w~th _decrease in temperature, as 
compared with the other fine-grained soils is eonsidere~-' to. be due to the 
nature· of' its·_soil grains~ which even though ·relatively·fine~ ·consist · 
principally of quartz (4CJ1fo)~ together with fe~cispar~ :;'mica;.: end' apatiteo 
The absence of 'ali ·but a trace of clay ~nerais of high .adsorption 
characteris.tics would be expected to produce characteristics approaching 
those of the . granular, non-cohesive soils wi. ~h. :res,:Peot, to· fre'ezing of soi 1 
moisture. ·· 



Three distinc~ types of frozen soils are suggested by 
the aboy~ 99~~J.detations. In each case, below, it is af?Stnned that the. 
soil is.: ~~~~-~t;e_d at start of freezing: 

:"(a) Non-Frost Susceptible Soils. These soils 
freeze honiogeneously, -i.e., the water freezes essentially in-place in 
the voids and no ic.e segregation occurs. ·The· strengths obtained are 
those of an intimate inter-mixture of soil partie ie s ·and ic-e. · 

. . (b) Frost _Susceptible Non-Clay Soils. These soils. 
deve~op ice segregation if water i.s ·available._ The moisture in relatively· 
homogeneously frozen' soil layers between the ice 'layers begins freezing . •'' 
more or less completely at only moderately law temperatures. The· strength' 
characteristics may then be visualized as those of a homogeneously frozen 
soil modifi~d by the presence of solid ice lenses within the mass. The 
limi tirig oo~'di tlon :ts that in which ice segregation is so extensive that 
the s~re#c;~~ ·properties approach those· of p·ure ice.· · 

·(c) Frost Susceptible Clay Soils. These soils 
also develop_ice s~grega~ion if water is available. However, sane of the 
highly-_a.,dsorbed moisture between the segregated ice layers is ma~kedly 
resistant' -to freezing and part of the soil moisture may thus remain unfrozen 
at temperatures considerably below 32°F.. The strength properties may then 
be influenced by the characteristics of the relatively softer soil between 
the hard; ice lenses. 

(3) Com ressive Strength vs. Temperature· Data Compared 
with Results of Previous Investigators. Figures 2, 3 and on Plate 
present summary plqts of the .:r:e.::h.t}~.s.~.r;:p~ev~ous. investipation.s or the. 
relationship between compressl.ve '·$•t'rehi?;tl1~-:or frozen soils: and' temperatureo 
In order ·to permit comparison of test results for similar soil types, the 
data have been plotted in these figures to the same scales used in Figure 1~ 

the composite plot of results obtained during the present investigation. 
Reference: is also made to Plates 1 and 2 which show gradations of· the soils 
studied in this and previous investigations. 

In Figure 2 on Plate 41, curves (1) through (7) 
of the data reported by Khomichevska.ia show tests on "heavy and light 
silty, s~dy, clay soils 11

, which have gradations approximately similar to· 
New Hampshire Silt. For the se..rne temperature range, curve (5) in Fi~re 
2 has approximately the same slope and shows slightly higher strength 
tha:rt~,N~·w Hampshire Silt (in Figure 1), but the avera..ge water_content is 
repo.rte.d. as about 3 times that of the New Hampshire Sil i? specimens; the 
rate. of loading was cor1siderably slower than used f~r tne ·New Hampshire 
Silt_tests. Curves (1) through (4) in Figure 2, representing tests on 
specimens at nearly the same 1vater contents ·as for the New Hampshire Silt, 
sh011'.; very nearly· the same strength as New Hampshire Silt from +27°Fo to 
+25°F. ·but 'Qelow _+25°F o do not increase in strength with decrease .in temper
ature as rapidty a,s New Hampshire Silto The plotted points on Figure 2, 
Plate 41, shaded but without curve; are fo:t:" a fine sand* with gradation 
similar to the Manchester Fine Sand but only slightly coarser in the 

•Classified as silt under the Okhotin Classification System (Russian) 
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upper,po~ion;._ The.average water content inthe Russian tests is reported 
as. 24.4% ._(co:rp.pt3,r.e,d ~o ~~it% for the. ]Jfanchester Fine .. S~d)~ · The results from 
Kho~c!l~.vsJs:a.ia. i!), this case are widely· scattered.; put .gen~ral1y shdW approxi
mate].y (>p, per; cent_ greater compressive str.ength than the ,¥an~hester 'Fine · 

.· San<f •.. ·'nle.,·rea.son for·.the w.tq.e differen~e between ·th~s~: re:sults is not 
apparento 

. Iri compressive strength tests .. report-ed. by Tsytovich 
and SUmgin, which a~e- summe~rized in Figure 3, Plate 41. th.e "quartz sand", 
has a gradation in the lower portion of'the curve (only, data available) 
which ~s hetween the gradation or Manchester Fine Sand and Mc~ama:ra Sand; 
the- rep.qrted average water content iS· also between'·thos,e of the _latter two 
sands. - The 'compressiv.e strength of the .'~quartz sand". as_ sho~ bY curve (1) 
on Figure 3 is similar to the strength of Manchester Fine Sand from plus .. 
31 °F. to._ about. plus 25°F. and nea:r plus 5°F ., and is lower between plus 5°F. 
and: ~u_s-5°F~ The. ''clayf3y sand:" soil in Figure 3 ha,s a. grft\dayt~:m. simfl.~r· 
to: the- ~blend·. qf. McNamara. San.d and East Bosi;on, _Till. The. speditn~~.s. repre• · 
.~en:~~~ by ,curve (2) were te.sted at water· contents averaging' _oritY.· ~lightly 
lower than for the blend of McNamara Concrete Sand and East Boston, Tillo · 
Curve (2) is almost identical with the curve of strength results for the 
blend of .McNamara Concrete Sand and East Boston Till shown in Figure 1. The 
same materi·a1 gave .the res~l ts shown by ()urve _(;)_'when test~~ e.t .. double th~· 
we.te~ ~o~ten'!:;; _the results are· nearly _identical ih strength With- the bland · 

. of MoNaina~a. Conore~e Sand and East Bos~on Till near pllis 3'1°F~; but' the .. · · 
"clayey s~hd." is. weaker at lower temperatures. ·However··~ s<;>me d:if.fe-renoe 
would have been e:q>ecte.d beca.'!lS·e of the -.di.fferen~~ .in water contentso _ The 
"clay'' and ••ciust~fdlt ground~' in F~gu~e·; · ar~ most nearly ·similar in grada~ 
tion· and average test moisture .content to Dovr Field Clay and Boston Blue - · 
Clay .although more uniformly gradedj the compressive stre~gths or. the '''clay" 
and "dust~silt ground",. curves (4) and (5)~t respectively,'areappreoiably 
less than for the Dow Field Clay and Boston- Blue ·clay-- in Figure 1$ The · 
re:te _qf loading in all the. tests repr.esent~d in ~igure 3 Wa.s abo\xt halt the 
ra:~e f'or the t.ests summarized in FigUre le 

. . . -The compressive .tests r·esults of, Tsytov'ioh are . 
. _stamrfarfzed ·:tn Figure 4, Plate 4lo-. 'The '9sandu ·soil in this- figure is some

vmat fin~ r· and more uniformly graded than McNamara Sand ariP. 'was tested at 
sl~g'htly higher water content$ curve.-. (1) in Figure 4 shoV.rs less ·compres··sive 

,strength, than for McNamara Sand from plu~ 31°Fo to plus''27°F., and-:oonsider~ 
ably greater streugth fr<El plus Z7°F • to plus 15°F o . Thef _.t'dust.;;.,like groun.d" 
in .Figure 4 is somewhat coarser than. New Hampshire Silt -and wa~. tested at .. · 
about~ :h~· s8Ille water content; insgectio;n -of cu:'Ve ( 2) .shows ,the: two .materials 
have SJ.ml.lar strengths at plus 30 F., bel~mv whJ.ch the strength of' the "dust
like. grollll:d" increases much more rapidlY than for·_.~che ·New Hampshire·: Silto 
The "claY:" in· Figure 4 has a gradation cl.lrve inter.me.diate. between those of_ 
Dow Field: Clay and Boston Blue Clay and the average test moisture content ... 
is a little .. lower than for tliese two materials; 6urve_(3.} ·shovis the "6lay"
has les:f strength than either Dow Field 91ay or Boston Blue Clay, ~t all · 
test teniperat11res~ All the tests represented· on Fig{q"e 4 of Plate 4l were· 
performed· at rates of loading of·the order. or: 1/2 to 3A 'of those us·ed in 
the te'sts _covered iD: Figure le 



;.·. . . Generally, the compressive strength results optained 
in this inyest~:gat~ol1 are of the same order of m.agni tude as reported by other 
investig~t()rs -f9r-;s,_C?ils of ~pproximately similar g-radation and.:·water contento 
.some. ~f; the :d~f[~xences which·exist may· be attributed to the fact that the 
disturbed ·spe(?~~1ls.· of the frost susceptible soils prepared by the Russians were 
not frozen !vi th water available for i~e segregationo T;his would have con
siderable beari:ng on the' frozensoil structure and would undoubtedly affect 
the strength properties o · ·Also the ge:Qeral tendency for the cl.ay_.,..like soils 
in the. tests by Tsytovich and Sumgin (Figure 3, Plate 41) ·and by Tsytovi·ch .. 
(Figure 4) to yield lower· str~ngths· than obtained on similar soils in the. 
ourr~nt ipvestigation, may be att'ributed to the fact the ·Russian tests were' 
in· these. instan·ces performed on disturbed clays, whereas tP,e comparable 
D'Ow Field Clay. and Boston Blue Clay were tested undist}lrbedo '. 

. . !; .. : 

· ·~ · · .· . . Investigation of t~e effect of variation in water . 
content;·on th~ ... ~compressive strength of frozen soils was not within the: scope 
of the· curr~n.t studies o Results- of tests to determine t;hi.s: relationship by 
Russian.investigators.are swmnari~ed on'Plate 41A and discussed in paragraph 
2.;,02o: . 

. (4) · Compressive Strength of Frozen So~ls vso Rate of 
Loadingo'' -The ·re·sults of tests to determ1.ne ·the effect of rate of loading 
on 'the: compressive·. strength of the frozen soils are ·sumniarized on Plates 42 
to 51, inclusiveo ·The 'strength values obtained at 200, 4oo· and. 1000 psi o/mino 
rates of stress increase are shown thereon in ·two groups correspondingto 
two·· test temperature ranges e Average curvefl have been draWn. through .the_ _ 
points for each of' the two groupso The ranges o·f actual te~t temperatures:> 
~or the tests· represented are designated on each curve o Although the 
general· plan of test called for test series· at· plus. 30°Fe :and plus 32'?F •. 
(unthawed), actual temperatures_ ~ve'raged:>a> J.i ttle·· '"beiow. th~ae vaiues:e; 

·To permit ~ase· of comparis·on of results,_ composl.te 
plots showing the relationship between maximum cqmpressive stre'ss and rate 
of stress increase are presented on Plate 5~o It is apparent from Pl~tes 
42 through 51A that, in comparison with· the: effect of temp,erature, the effect 
of rate of stress increase on the ·o.6mpressive strength of frozen soils is not 
pronoun_oed at temperatures slightly be.low freezingo There appe_ars to be- · 
· sbme tendency for the coarse-grained soils and the Alaskan Peat to show ~n 
increase ··in- strength with rate of loading and for the fine-grained frost · 
susceptible: soils to maintain relatively ~onstant strengtho However~. the 
individual :re·sults sca1

t~er too widely for definite conclusions to be drawn 
. in· th:ls .re:specto . A. conside>rably greater number of individual test points 

fs needed for each test conditi'on: in order· for consistent average values 
to be obtainedo- · Also 9 a considerably wider range of rates of loading 
should be investigatedo Different relationshi·ps may be found at lower 
temperatures than in ·these testso . It may at least be concluded that at 
temperatures slightly below freezing small variations ·from any.adopted 
uniform rate or ~tress increase within the range of rates here tested 
will cause negligible variations in the'compressiv:e strength results,p·in 

j 
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com.pa,rison with·- the: effects. of'- other factors,- and t4~t· und(3r. these conditions 
the test, VJill· not l;>e, particularly sensitivt? to -this:·f'actor,• The -results ·of•, 
prev.ious.•inves.tigations of the ef'fe.ot .of rate of stress increase on maximum 
compressive s:t;r,ess· are summarized on Plate.- 51B. and· are-discussed in -.paragraph 
2.:..02e., ·It i·s·-readily·apparent that. the _data plotted:on:-~late_51B show much 

·lack of consistency.- ,For-this -reason no. specific._ comparisons between· the 
results .reported .by--Khomichevskaia-·and the ·results b'btained~ in_ the current 
investigations are .at:~empted. - .. . --

(5) Per Cent Strain at Maxtmum Compressive stress. · In the 
compression tests ~he per cent longitudinal strain ~t ma.xim.tim compressive 
stress was found to vary over relatively wide limits for _the ~iff'erent soil·_ 
type-s.. . F;rom th~ s_tre~s-str_ain curves in App~endix B the average per cent. . . 
strains -'at maxiin-uJn compressive stres's were computed for .. e~ch s~~il, temperatu~e 
condi ti_on1 and_ rate. ot stress increase. The relatio_nshi!>~.betWeel:L. ~el:• cent _ 
strain at· maximum_ compressive. stre·ss and nominal- temperatur~- are shown on Plate 
52A, for. a· loading rate oi 400 psi per minut?· . Thi~ plot. 's_haws; negligible . : 
variations . in per cent strain at w;ximum st_re·sf$ ;for a particular soil_ on·. .· : 
in,creas·e ;_n · tempera~ure ·from minus 10<?~ to plus·· 20°F.;; hoviever, b_etween' 20°;F. 
an.d 32°F. (n_ominal) the per cent strain increased r~pidiy •. ·-The New H~pshire 
S:i.it s·pacimens showed the ·greatest strain- at ~ximum. stress~ ·varyiJ;J.g from 26: 
to. 32 per_ 'ceri.t, while for the. Peabody s~,dy 'Gravel the: per oeri~ strain .a.~ . : . 
maxiJnurn eompre·ssive s~r~ss was only '·or i(he order of 2 to· ;_:per ·canto ·The two 

. coh,esionless _·sands. showed the next' lowe_st ·:strain$ _above the 'Pe~body- Sahdy- . _ . 
GriLvel, . apprQximately :'4 to. 8 ,per oento _·. The per cent ·strain· a~ maximwn stre'ss 
for the- remainder of the soils fell in a range betw~en 5' and1 21:' per o'ent'.: ·:· 

• . ·. . ' . 'The ·r~lationships betWe'en per ce~t- str·a·i~ at maximUm 
compress~ve. stress ·and rate of· stress· increase are plotted on:: Plates 52B and_· 
520 for-the nominal_-test ternperature·s· of'.plus_ 30°F~ and plu~ 32°Fe; respectively. 
Actual· average te·st temperatures ·ware plus 2·8.5°F~ and plus 3l.3.°F'.·~ ·respec_t'ive
ly. These plots rev~al that the per- cent strain at ma:Ximum.compres·sive· ~tress 
increased' with. a decrease in rate of. loading to a lmite'ci extent·. at. the .. · _ · 
average test, te3mpere.tilre of p'lus 28.5°F.~ and to a m~rkadly greater· de·gree at 
the a~erage test tampertiture of plus ;1.:3°Fe. . The ·results· indiCat·e'that the · 
frozen soils defonn plastic-ally, even at relatively fast rates of·loading- at~ 

temperatures approaching the melting point. The generally distinct 'do-wnward· 
slope at the 1000 psi/min. line on Plate 52C indicates that. the strain at 
maximum 'compre·ssive stress is continuing to: decrease as the length ·of the test 
becomes .·shorter. If there were no plastic. deformatfon, . the curves·: on .. · .. 
Plate 52C would be expected to be ·horizont_al; as Plate 52B shows~ .. them to he · 

· nearly so at· loWer .temperatureso· 

(6) Compressive Strength o.f Ice• :·Results of compres·sion 
tests on ice specimens are summarized at right side of Plate 40. The rates 
of· ioa-dmg ·used and orystal o·rientatiort and: ralat~ve size are indicated for 
each plot~ed point.: · 

:~· . 

- It .has. been. originally. propo.s.~:d. that these :ice ·. 
samples, ,frozen :in the S8m~ manner as the.s.oi-ls, be \1S9d for CO~parison 
purposes and to permit observation an.d ~ontrol of: 9rystal. ~tructure of th~ 
ice p}lasa. As described in paragraph 3•12, crystal structure of the ioe 
specimens proved to be very different from that in the segregated ice lenses 
of the frozen soil specimens. It is also ~ediately apparent on Plate 40 
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t,hat the ice strength resq.lts permitted no definite ·correlation of com.~ 
pressiv~ ·st·rength with .. temperature, anc;l; in fact, no definite average , 
compressive strength v.alue; for any temperature can be established from' the . 
data. The::plot:showing· rel~tionship between- compressive strength and: rate· 
of: loading on· Pl•t~ 52· also··lacks consistency. ·The number of ice speeime~s . 
produced i.n the course· of .freezing the· soil specimens ·proved insuffioi.~nt -•· · 
to obtain--satisfactory: averages •. Ten specimens would. have· b~en ·desirable 
for each condition, but. time did not permit the freezing of such additional· 
. specimens~ .. 

. The results of previous investigations on the~ . . 
compre~sive streng.th of ice - which ·also s_how a grea-t; amount or dis:f,er$ioi(·.;;. 
are pre~ented at the left of-·pfate 4o. and. in· Table. Bl2 of Appendix }3o Tabie 
B12. shows whatever pertinent data were included in the references, such as . 

. type or··_.ice~' size of' speoi~ns, orientation of' crystal. axes, and rates of 
· ioad.ing~ ·A~ s~own. ort ~lat~ ·40, ~o groups of' investigators, Vitzun Sin~_-,· · .. 
Shandrikov, :and· Brown •. show particular~y well, substan~i.ated curves of the, 
r.el_ati.onship of. .. comp~essive strength of· river ice to temperature but: t'here ·· 

· i.s wi:de ·differ~:tice:·between the str~ngths determined in the two serie·s·o·.·-~~-. 

_addition :th.e strengths rep~rted by ir:tvestigators such as Finlayson. Krayger. · 
t.ud'low, and oth~rs; vary widely.from •those reported by Vitman ~d :shandrikov., 
and Brown. The erratic results which. have been obtained to date are . . 
believed. t~ be partially due to sample . preparation procedur!'s and vari~tions 
in te;s,.ting. techniques and methods; ~owever, in view of the relatively l&,rge. 
ntimber of ~~ves.tigations, the erratic nature of .the test determina~ions· -
must. ·also be attributed to a major degree to the materi-a; - ioeo It i'~i 

visualized tha~ internal stresses, min~te oheckiil.g or cracks in the speci
me~s, differ.enoes in ceystal si~e ahd orientation and slight diff'eren_ces,~ :. 
in the nat\ire · .. of the bonc;l between crystals may have. an appreciable eff'ec~ · .... 

· · on the behav~or. of the specimen under. $tress. V:nequal intern.al distripution 
of, the superimposed stress, ·being applied at a rela:{;ively f.st r~te~ :vi()Uld .. 

· result in stres~ ·concentrations,· and unequal strains, particularly if· . . · 
strains develop principally along :the crys.tal boundaries, ·and wou.lQ. tend 
to oa\.lse progressive. failu.re within the speoim,eno .~uch· a cond;ition.wo~ld 
be:.accentuate9 if' the sampl~ ends are irregular or the load is appli~<i"." 
ecoent~ioaily. - . . . 

. . . . ,, .. 

The loading of' an ice specimen in compression 
parallel .to" th~- . Qptic ~xes may perhaps. be, considered. analogous wi:th the . 
loading of a group of dqlumns · which. niay fai 1 individually or as. one unit •. 
depending upon the uniformity of' loading, the strengt~ of-the. bond which ties 

.them together, ~d the length-diameter ·ratio of the individual oo~unuis ~ Figo 
l on ~Plate.~29 sll.ows the ~ype of col\lliltl&.r splitt~ng which was connnono 

··,The ·results .of te·~~t$ conducted for this project as 
shown on.Plate 40.offer some evidence that a sample having a number of 
small crystals has greater strength in compression than a sample having 
one or· two· large crystals. An insuf.ficient number of tests were conducted 
with this ·variable controlled, to.be· conclusivej but the evidence seems 
strong enough· .. to warrant ··further ilivestigati·on. 
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:,::}:"",9?.;~~:·-·,'J;'empqrary_ Tensile .. Resistance~ ... ·':: ·~ 

# . ).:::·.>·'.''a·~~-; Te.st .Equipment' and Pro'cedureo .. Tests, t~, dete~ine ·,the tempo:rar:y 
resistance .to tensile stress of frozen soils and artificially prepared ice 
were perf9r~~ c;i w.i ~ . the light-weight_ ~000-lbo cap9:9i:tY lo9:d~:r1g frame and the 
mechan-~q,!3,l·. s,oreW.-.tY'Pe jack des.crib_ed in paragraph 3-05·a pius ·.f;,._' .tension te:;1t 
adapt~r .9qn:s.tructed. as part of the Ice Me-chanics Te~~. Kito. ·.'_'!\ .ph9togr~ph. of . 
this equipment is sh.o'Wn in Figure l of Plate 53~ and·d~tails· o~-the devfo.e .. _ 
are shown on Plate '54. In th.e tension device a framew:ork: transfers the load· 
frem .. the .m,echanical jack to the .bottom specimen grip. ~rough, a_ turnbuckle 
hook. the p_ronng ring ope.rating in. compression. / The: tipper, spec~en grip is 
helQ.:: .~:t.a,.t~c;>n~ry:by an. adjust~bie turnb11o.kle hook se_cur,ed to thEh s:uppqrt. be;am 
of th~---',d~1!'~9e•. · · ·· ·· ' . . . · . . . · - . . ' 0::, ... ' .:-~<,: ·· · 

Sample deformations were measured using two OoOOl-inch dial 
extensome.ters· attached to the channel columns of .the tens.ion, loading frame 
with the extensometer. spindles seated· on eac;:h side of.. tht;l.O:uppe~ ;beam;yoke of 
the .. lo~dill.g. frame (Item. 3, Plate. 54) o . To .preveirb damage. to t}?.e . eXtensom.e1iers 
and test apparatus when the sample failed~ a lucite cy~inde:r,.wa_s .lo9s_eiy. ·" / 
fi,tt_ed ~romd the specimen grips and specimen to hold the .bottom gJ:'ip and ... /' 
lower half:_' of the _specimen from falling after: specimen failureo In addition, 
a thick spop.ge_ rubber~ strip was placed Un._der the lower grip and upper yoke · 
of. tAJ.:l.e·,lo~ading: frame to catch and ·cushion. the fall. of these pieces, a.,fter . 
rupture .· 9f· the. specime~o · · · · · 

Soil specimens were frozen in the. same manner as the oompres- · 
si:On tes~ specimens. and were prepared for tension ·te-st.s by freezing the, .. -,. .• . 
SampleS; ii1tO 2~7 /8 izlch diame.ter .,spe_oim.en. grips at each .aad0 The 2 .... 3/4.,.inoh: 
df;amete.r. PY 6-inch ~ong specimens extended into each grip for a' distal1CH3. of' 
1-l/2 inches, leavi~g 3 inches expose de; With the temperature o.f the, g;rip. · 
and sample about plus 20°F&, water ~t freezing temperature wat3 poured het-yveen 
the grip _and sample,·. at th~- same· time checking the alignment of the. s~.rllple. ·in 
the grip with a carpenter 11 s squareo . When. one grip was solidly f":t'ozen~ 'the 
sample yv-as turned over and the other grip. attached fn the same manner 0 . The 
sp'e'cimen-, with: grips attache db was. then .tempered to test temperatu,re, using .. 
on:e specimen containing imbedded thermocouples. as a pilq};; for the &rotJ.p _:tn, 
th~ manner· described in paragraph 3=05a.o 

. . 

Specimen diam~ters ~er.e ~ee.sured to the nearest b~-01 ino.h. at 
fo\ir .loc.ati ons and tbe. r.~~ul ts averaged. Since strain mea.suremen.ts were to 
be made, the leng~h of_ ~~p-~e eXposed between the grips:was also mea.sured to 
the nearest OoOl inch. The effectiv·e length used in the c-omputations ·was 
taken as lo5 inches greater than the measured length between the grips, 
on the l assumption .th:at the ·sample was a_ubject to appf'ecie.ble strain for the 
equivalent. of~ 3/4-inches inside each .gripo The. spec.imep., \vas then suspended 
in the ,fT~ework. and. a:n initial 2o5 psi equipmeJ.?.t _sea.t"~·g, load. applied0 . 

Prio.r··:t.o each t~st, :the sample .temperature .and the,,t~p~·ra.,t.~r~ i:n· tl;le. test 
roomc:~r.e recordedo · Specimen$ were loaded under a'. ~on~.~~~- ;rate of stress 
increase~::< ·Deformations _v;ere .reoorded at app,ropriat.e~:.ti~a·: intervals ·tmt~l 
failure _o.ceur:redo ·.After the test_· specimen. failed,··· -t11e:_.-test room tempera
ture and :Samp.le· temper.ature :were- again r~oordedJ a fa;fiure ·,sket.ch was dravm 



and photographs of the speo~ens were taken~ . The specimen was then oUt off 
at the face~, of the grips and the water content determined for the tot~l 

'·portion· or:· :sample.'· betwee:n: the gripsc, . 
. .'\· ~ ... ! .. ~ ·" ·.: ::~~ : .,. : 

.,. Plat.es· 55 to· 64, inclusive·, ·shaw photographs of tyPical 
specimens failed by ten-sile sjiresses for nine fr'ozen s1oil types and· ··artitl- · 
ci~lly prepared 1~~·· · Peabody· Sandy Gravel specimens were. not subje·cted to:· 
tension tests in this investigation~ · · 

. · ~b~:· · Teist Results.· Results of- the te·ats tO determine the temporary· 
resfstance· 'of .fro~e:n soils and ·ic:e to t·ensile stress are summariz'ed in ·· 
Ta:bles B2 to -Bll~ inclusi-ve, in Appendix ·B•- ·stress..;strain curves of tests:. 
a.re presented. on 'plates in Appendix B ~a-referenced in Tables B2 through. 
Bll~ . 

· · ·The· tests-·were run only at nominal temperatures· of'. ~30°Fo·· 
arid +32°F~ (lm.thawed) ·and at one rate of loading, 40 psi/min~.- . The t·est 
re$ults- are summarized· as follows,: arranged· in order of their. s.trengths in 
the series near '+30°Fo :: . · · . 

Series Near 
+30°Fo· 

.· 

Series Near 
+32°Fc. · (unthawed) 

:Material A:Vg• Max. Actual A vg& Avge Max& Aotual Avg& 

.~McNamara c·oncrete Sand 
•Manchester Fine· Sand 
Alaskan· Peat .. 
New Ha:mpshire Silt 

•Blend, McN~ara 
.. . Concrete Sand &.. · 

E~ Be Till 
Boston Blue Clay 

*Blendt .Manchester 
Fine;:Sand & E.B. Till 

East Boston Till 
Dow Field Clay 
Ice ··., 

· ...... _. 

Stress· Temp. 
psi 0t~ 

177-
170 
163: 
·153'· 

142 
114 

86 
'81 
75 
67 

29e3 
. 2Bo3 
30.6 
~-.9 

· !Indfoates non-plastic soil 

stress Tempo 
psi °Fo 

'43 
162 

·100 
: 12~,·~ 

·33~· 

31 

64 
68 
64 
67' 

31·~2 

30o9 
. .-. ':31~l··.· 
· ·.·.· 3lel· · 

3lo7 
31&3 

31·.7' . 
31•3 ... 
3lo9 
31-e4 

•*Single test value 

The· two 'olean-, eohesionless ·non~plastie' sands ~how the 
highest. strength value·s .and if results from both of the·· temperature series·;. 
are taken into a-ccount~ the Manchester Fine .Sand must again.· be· given top 
strength rating-, the same as in the compressive strength tests·o The Alaskan 
Peat shows surprisingly high tensile ·strengtht probably due to the strength· . 
contributed by· its fibrous struotureo The New Hampshire Silt· is again-. 
fomrd in. the upper range of .. strengths, in spite of its relatively· fine .. · grain 
size. · The.-B&stozf. Blue Clay, lowest- of :all· in the compressive strength· 
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te~:~ts·, . at .fi.rst:. g,lap.ce appears t(). ~ate fairly high in tensi1e ~-\jrength,_ bl).t 
it should :b~;~:nqte~ t,hat the_· ~yera_ge test temperatu.re ._in the i'owS,_~· temp~rii- · 
ture St(rb3S .i.s .·lO!Ver "t;lian. ro~ the othe.r materials, p+us ·26.5~f.._,_ ·and. ~f ..... · 
tests had· bee~ .. r\ln nearer .p1us 30°F. lower• results might have '.b~e~ obta~ne.~• 

. . . :· ·-T~e -reports of prevfo~s 'investig'ations of te.ris1le. strength of' 
frozen· soils;-··summariz'ed on Table 2, and dbicusseci in paragraph 2~04.J cdntain 
insuf'fi cient da'ta. on ·test coridi tions to permit. ready correlation with the. 
res.ults. obtained in this investigatione The ·conclusion· of .. Evdokimov- · .. 
Rokotov'skii {l3)' that the tensile,- stre.ngth of frozen clay is _greater: than 
that. of frozen sand is in direct contradiction to the . tensile test results.· 
obtained in·: the present investigationo It may be hoted. thrit Tsytovich and 
Suingin {39) aiso disputed this conclusion by Evdokimov.;.Rokotovs'kii • The · 
results ·~r tens ion te.sts performed on· a frozen ·sand by; "tihe · ~Lah~ra.tory or· 
L.I:.I .• J{.S~ .(26), tabulated in paragraph 2-04b, .. show strengt'hs ·of· 34i arid; 
427:,.ps~, e,.t ;a. +30 ~2°F. test.· temperature and under, 57 and: 213 · psi/1ni:n· r!ites 
of s·tress 'i.ncr.ease, respectively. The gradation of the sand ·used· is ·n()t 
given in the reference; however; the tensile strength.·of M~nchester Fine 
Sand;_the strongest of the two sands tested in this il1vestigation, wa~ 
only. 163 psi.·. The average water content of the Manchester Fine Sand ?peci
mens yvas 22 per cen·~, compared with a 'Yater conterit_rang;e. of.15.t<? l~.per .: 
cent ~or th,e sand tested by LoioiGKoSo Laboratory. _The details ·af 'tlt~.' 
tests oy the L, I .I.K ~s·. Laboratory are net available ~ut the. wide ci'ifference. 
in' results warrants addi ti,onal 'investigation in; order •'to try .to recoriciie 
the lack of comparison of res~~ts. · 

The average ice strengths ·iri the two s·~ries, 68 arid 66 psi 
are rather· low in comparison with average values of 107 and 155 psi with · 
directioris of applied. force perpendicular and: paralle 1 to .. the Opt'ic axes; 
respe-ctivelyJ) -.measured by Pinegin on rivet ice· at .a.tempe.rature of pltrs ·· 
30.2°F. (see Sheet 4, Table Bl2, Appendix B)o . 

In generalJ) the nu.."llber of tension test specime~:;; averaged 
for each determination was rather sma11 in relation to the range 6f the 
test values, averaging about three; arid. in one case. ~:miy a_ 'sing)e value was 
obtained. The number of materials _being tested was so larg€f that· time 
permi tt_ed only minimum coverage;. on1y a small increase irt t4~ · nu~ber o.f 
indivfdua.l tests would haye involved a. relatively large 9_v~r~ali .. eip·endi
ture of time o 

}-:07 • ·T~mporary Resistance to Shear Stress" 
~ .. : , 

.· .. ao .Test Equipment and Procedurec Tests to determine the. , 
tempg~ry re,sistance to shear stresses for frozen soil types and artifi
cial_ly pre~are.d. ice were pe'rforrned in an Moi~T. t:n)~ direct shear maqhine* 

*A detailed description of thedirect.shear.machineis:given in ·"A Machine 
for Determining the Shear Strength of. Soils" by H. ,:A. Fidler; , Record of 
the Proceedings, Conference on ·Soils and ·:B,oundations,. C:orps· of. Engineers, 
u. S. Army, Boston, Mas~., 1938. 
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shown i'h .. Fi.gG-'z.-~·: 2."or:Pl~te. 53o The shear box in this apparatus consists of' 
an upper '·r·ram}{'ahd ·a· 'lower frame_ hol9,ing a 3-inch square by 3/1i-inoh high 
test s~p~~~~;::h~:;fr of 1~hich is in each frame. A .constant normal toad Js_· · .. 
applied to the. top of' the· sample which causes a compressive stress ·across · 
the plane. of. s~para.tion between the upper and lower frames;, and the· sample 
is s~~areq.· .at, the .. plane or'_ separa:tiono ·This normal load is :applied by a 
plat.f'orm ·scale and is transmitted to the top of the sample through ~ loading 
yoke beat~rig o~. a 3-i:nch squ~re piston fitted into the upper frame. Failur~e ... 
is caused by ~pplying' a force to one frame parallel to the direction of, .th~: .. ::·· 
plane._ of. .. separat~on~ irrhile ·the. other frame is anchored ~n position by a· .· ·=.··.': 
horizontal armo . The force exerted on this horizontal ann is measured with a.·· 
steel _pr-~vi~g ring •. · The shearing ·foroe. _causes relative displacement betweel'l 
the upper a.nd low:er frames; this shearing displace1nent is measured with a. · · · 
1/1000-inch :exten!3ometer o A vertical -1/10, 000-inch extensometer, seated on, 
the lo,adii;tg ~yoke,'· measures the changes of sample thickness during t_he te~t-.:~. _: 
In the pres en,~· t_ests the .top and bottom covers or holders, whfch· fit within· 
the frames~ 1vere the nonporous type, wi1;h6ut p~ojecting teeth. 

~ . . . . ' . . . . 

.. Shear tests were performed by the application Of a 40 psl./min. 
constan:t'. rat'e of increase of shear stress and 20, 40, 60 and 80 psi normal 
loads~ ~r.e,~pecti vely, to· the test specimens of each investigational· frozen ·· 
soil·,ty_pe, -~rid ~rtificially frozen ice. Peabody Sandy Gravel and Dow Field · 
ClaY s'oil_ 'types· were not inclu<;ied in this phase of the laboratory investiga;..' ·. 
tion~:~- rn.· a'ddition, only the minus 1/4-inch material was used in the . . ·. 
preparation of East Boston Till soil samples since the test specimen height · 
was or~:ly 3/4~inch •. As in the strength determinations previously described• 
the s'a.ID.ple and te.·st 'room temperatures were recorded before and after the 
test.,'-~ At the. completion of each test,· a failure sketch was made 1 photographs 
were taken of the failed sample, and the water content was determined_ for· the 
total test sample. Plates 65 through 67, inclu~ive, show photographs of · 
typical specimens failed in shear. · 

b. Test Results. A summary. of shear test data. is presented in 
Tab.le_ Bl3 of Appe.ndix Bo As in tables summarizing the compression eng 
tensimi tests, ·the next-to-last column lists :the number of the plate in . 
Appendix ·B ·on which ·is· given the stress-strain plot for each test conducted. 
Many o:f' · .. 1-;he: curves· .Presented on Plates B136 to Bl53, inclusive, are character-
ized by: initially steep hut gradually flattening slopes which,. however, · 
continue to large strains, as high as Oo6 and o. 7 inches, vd thout any pea..k 
being reached. Some of the curves a·re typical_ of stress-strain. curves 
obtained on dense unfrozen soil, i.e., shmving· a reduction in unit stress 
beyond the ~~ximum value. In some tests the specimens failed abruptly at 
relativ~ly ·•1'ow strains, and the dials moved too s1r;iftly to be ·read beyond 
the last· ·point shoVIlll on the plots. In these instances a short O.ashed line 
extending ·dmmward has been added to the curves to indicate that 13. rupture· 
occurred. In the tests performed a large part of the shearing displacement 
is. considered to be. the result of plastic deformation. The stresses lis.te.d 
in the· data which accompany. the stress-strain curves are those at Oo·l-i:n,ch. 
strain',andare sh.ovvn.for comparison purposes onlyo The.maximum shear st:r.ess 
values recoX:dE3d for· each .sample are tabulated in .Table Bl3. 
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. .. There was a tendency for the, tes.t specimens· to.-fail by shearing 
o£.f •. :~t-'·the q_qrners, as illustrated. in Fig. 2 Plate:> 65.; · ~his- is believed t_o 
re13u~t -f~PIP. the. dimensions of· the test specimen and .als.o<f:rom the. design of 

. the- s'hea.r ma9hine ·vrh:ich permitted one end of -the upp~i--,f?hea;r_ frame to be dis-
. placed upvvard. ~s a result-.of an upward force exert.ed· by" the~ p.l~stically defonn
'· ing sp_ecimen. _The shear machine was not designed to terrt fr<?_Z~n soils with 
.high shear strengths but pe-rformed satisfactor.ily_ with. unfrqz,en.'·so:lls vrhose 

'. ·. she.~r,· strengths are considerably lower. It is· .believed ··th~t.~: in· order _to 
: 'obtain a: def'inite maximtnn stress· condition the· area of_. the.· specime:p. in the· . 
. shearing plane will have to be considerably reduced to provide :the ·:path of• 

least resistance to shearing forces in the desired plane. The appearance of 
eaeh·test ·specimen at the end o£ the test is sketched on: Plates Bl36 to 
Bl53~' 1nclusi ve. ··The c·omputation of shearing· stress was· in:,ali:· cases made· 
in:·;the standard manner for this type of testt i.e •• the·· sliee.ring: ·for-ce was 
figured per unit area of. rupture surface, vJhich was considered to: be·e. plane 
surra-c.~ :through the sample between the upper and. iow-er 'frames;~'<.··,_' . '· . 

· , .. : ·· c. Comparison of- Shear Test Data ·With Results of Previous ·Investi
gators. ·The ·:review of previous investigations reported- in··Part II showed· that 

··sev:eral'-tnethods of shear test had been employed 'in the Russian studies'; but in 
n6 ·case· was a method· followed Similar ·to that -used in this inV"estigationo· ·:A 
'norinai load :Vias not applied in the Russian :t-ests and accordingly it .. _is · . 
necessa:ry- to use shear strengths at 'z,e:ro. normal load~' for'· 'comparison '~purposes. 
Such strengths can be interpolated from the data obtained in·· the present · · · 
studies _by reference to the _Mohr envelope .. curves on )?lates 68 to 75o The 
following table lists the shear strengths· at zero ncil1rlal· ioa:d for the nominal 
+30°F. temperature series, selected from these plates. Data. fen~ the 'nominal 
+32°F. temperature series are not lis.ted. because- the Rus.sian dat~ do riot. 
incl.ude t~sts at' cornparable tempera.tures: 

Manchester Fine Sarid 
McJJ~ar:~. _Co.ncrete. Sand 
Alaskan Peat . . . 
Blend; M9Namara Concrete San.~ and 

East Boston Ti+l · 
New ·Hampshire Silt ·. 
Blend, Manchester Fine Sand and 

East Boston Till 
Bqston·;Blue ~clay. 
East·BostQn·Till 

.... .• 

·Maxiinmn Stress 
in. Shear 

psi 

189 
162 
l'ZJ 

112 
1.08 

100 
80 
72 . 

4verage 
· ·-.Actual·. Test 

:. Temp., +0·F. 

··29.7. 
30.0 
'29 .• 2 

·.' 

.•· .·;?9."1' 
.... · .·28o8· 

~.7 

28e3 
29.2 

The :rate--of.: loadiiig applicable for- these value~ ~is_:_;:~d~;termtnat~ -·since the, 
tension· a.ncf'(iompression tests used to develop th~---Mohr~. enyelopes involved · 
rates of ·increa·se of. shear stress of 16.7- and 167: ps'-/m.in•~ r(1spectively. _ 
Thus the applicable rate for the values tabulated may be considered as some
thing intennediate betw-een the two extremeso 
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The comparison of results with Russian data is also complicated 
by lack of data on the gradations of the soil types· tested by the Russian 
investigators& In several cases, only one or two points on the grain ·size 

·.'C1.lr"'res. ar.~:. ayailable:.and it ·is only possible. to est~mate that the soil may be 
similar' .i:c. gradation to one or· the_ other of the types used· in this investiga
tion. _ Iiates·: :of ·loading used by the Russians also. ~ried over .a wide . range •. 
~n _general• .the >Russians ·used spec_imens at 100'/o sa~'q.ration, i.e06 the ·voids 
completely filled :with iceo Most of their specime~s were remolded. (disturbed) 
and artificially. frozen; this was probably carried ·out without aoce·ss to water, 
thus· restricting· the development of ice segre.gatione It. is believed that the 
non-frost·. susceptible specimens in. the Russian studies are probably .similar: in 
ice content to those in.the present investigation~ but that the frost susoepti
blE:r specimens may not be 9 because of a probable relative absence of ice . lenses. 

. .;·: .Tl1e shear ~trength of McNamara Concr~te Sand and Manchest~r: , 
Fine Sa.lld, may be roughly compare·d wi t}:l the· strengths of sand obtained by , : 
Tsytovich: ·and Sheikov (See Se_ction 2-05c) o A comparison of the grain siz·e 
curve for the sands shown in Figure. 81 Pl~-t;:e 1. and the grain size curves on· 

· Plate 2 indicates. that Tsytovich' s material has a uniformity similar to 
Manchester Fine Sand, but that its finer sizes approxiniate those of McNamara 

.. Conqrete·~-.S~d •. ·By reference to curve (3) on. Figure 1 'Plate 75A, it will be 
,.s,een:tl?.ilt ·t}1e-shear strength_raported by Tsytovich :for this material is 130 
• psi at . a_. te~t temperature of +3'0°Fc. and a rate. of loading of a.bout 20. psi/mino 

_+his, i~ :-to .. _.i?e.: compa!ed With 162 psi for McNamara Concrete .Sand at +30°Fo and 
189 psi, for Man_ches.ter Fine Sand at .+27o5°Fc, The reason why Tsytovich's .~~ue 
:i.s,).<;nver .. i~:-not·.·~pparent al~hough it may be due in part to a relatively ~lm.v 
rate::9f :).qading. · · · · .. 

. sheikov. (See Section 2-05a) present·s ·a curve for the she~···.· 
$tfer.lg~- of· playey ·.sand vsf> temperature•: curve ( 2),. Figure 2. Plate 75A. bUt 
only' one' poi~~ on. th.e soil grada~i9~-· $\;t':V~;'fs: gi ~·- . Curve {2) shpw~ a . 
maxiiil\lm shear strength of· 195 ·psi···a.t· >+;o0:F~ test temperature•- The ·rate ·of · 
loading is -263 to 3o6 psi/mino or considerably .faster· t4an that used in this 
investi'€;~t~on. Sheikov gives one other shear ~trength. value for sand~ (Sag · 
Line 12, .Table 3), listing 164 psi as the average of 4 to· 6 tests at +30o6 Fo 
temperatUre· with a rate of loading of 284· psi/mino; again~ gradation data are 

.lacking. ·.·These values compare favorably with the shear strengthsD at +30°Fc.-, 
of the, sands testad in this investigation&· 

·· ·· Sheikov reports, on Line. 8, Table 3~ the shear strength of 
sandy clay with gravel to be 154 psi at +~.1 °Fo with. a rate of loading of · 
142 ps:J./min. The only two points given relative to the grain size di·stripu~ 
tion of ~he sandy clay with gravel lie along t:q.e lower portion of the · 
gradatiohi_: curve for the blend of McNemar~ Sand a,.nd. East Boston Till ·pJhich 

· had _a §~.~r strength of 112 psi at +~.1 F. · . - · 

The re~ul ts of shear tests performed by Sheikov on a gravelly 
sandy clay are summarized on Line 9, Table 3o The gradation of this 'soil. 
is similar to that of East Boston Tillo · The reported shear strength of .the 
gravelly s~dy ·clay is.- :213· ·psi .(the highest strengh he o?served of all the 
soils: tested) at +30°Fc,- and- at a rate· of c loading of 284 psi/mino This 
strength is· -approximately three times that of East Boston Till a:h the 
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.. · 

same test temperatUre. A possible explanation agaizf maY':'b:e: tha·t ic·e f:re:gre
gation was allowed to develop in ·t'he. frost susoe~tib.le. so1ls pr:epared 1ri':' 
the current investigation. · ·· · 

Several of the Russian investigator~ rei:>orted o:tf the· shear 
strengths of .frozen soils. of approximately ·similar grad.ati6n ·to .. tha:t··:.or::· New 
Hampshire· Silt. · One suQh soil was the. dust-like ground. teste_d by\ ~sytovich 
(Section 2-05c). The grain size curve .of this soil· (Se'e!:F±gure B;·'Plate 1) 
shows a similar shape to that of New Hampshire· Silt but is somewhat coarser • 

. Figure_ 1, Plate 75A shows a shear strength of 15.0 psi ·for··':.dUst..;like ground 
at plus 28.8°F • and 20 psi/min. rate of loading., or somewhat strong-er .than 
New Hampshire. Silt with 108 psi shear str.ength at plus 28.8°F. · The higher 
strength might well be the result of the coarser grain si ze• ·Meister and· 
Mel 1nikov (Section· 2-05d.) report on an undisturbed, silty., dustY' soil•- ··The 
.grain size curve for their Type I soil (Se~ Fig\lre _9; Plate 1) is som~what 
similar to that of New Hampshire Silt. The cresults· of ·hhei'r .:~:ests· a:hf shown 
on _Figure 3., Plate 75A. For the· test teinperatlire of pluf:(~28.:·aor·. ·there> is 
given a shear strength of 60 psi using a rate of, loa-ding--·br ·57 ;·t:o .. :ss-: psi/min. 

'The reason for the lower strength is not apparent; espec'ially~·· sihce :i:n.this 
case, the water contents are very similar·: 30~3% for the silty,::.dusty>'s:oil., 

'and. an average of 299~ for New Hrunpshire Silt.· · · · · 

The clay tested by Tsytovich has a grad.ation (See' Figure 8~ 
Plate 1) quite similar to that of Boston ·Blue Clay. Curve (1) ori Figu·r"e::· 1, 
Plate ·75A, showing the results of shear tests on this material- :indicates · 
a sh~ar strength of. 95 psi at plus 28.3°F. with the rate of loading of 20 to 
21 psi/min. This compares with the shear strength of Boston Blue Clay of 
80 .psi at plus 28.3 °F. · · ·· 

Sheikov reported on a clayey ground which; f'r;om-'the. litnited 
data available, appears to be somewhat ~oarser grained than Bo'ston Blue:_, ; 
Clay. On Line 8 of. Table 3 there is given a shear strength for this soil of 
154 psi at plus 29.1°F. and a rate of loading of 142 psi/min. Curve (2), 
Figure 2, Plate 75A,shows a shear strength of 250 psi at plus 28.3°F. and a 
rate of loading. of 263 to 306 psi/min. . · · . · · ... ; 

The general lack of· co~parison of the re-sults.·' by ~;the Russl·an 
investigators and those obtained in this investigation is.··:n.ot; s'1irp:r~is1rtg..;' 

Since no tests were perfonned at zero normal load in ·this._ihve~tigati6n;;· ·the 
.shear streng~hs utilized in the comparison, as state.d.,. have beeri .. tak:en as 
. the ordinates of the Mohr Rupture Curves at 'zero ·normal .stress~ In the · 
Russian' tests a direct measur~men t of the_ shear stress was made, using for 
the most part,. punch type or torsional shear equipment. ~~1 though the details 

·of the equipment are not available, the use of such equipnient 'in·. testing· 
unfrozen soils has not gained wide acceptance. It is beli.evecf that 'the· ~most 
significant difference be·~ween the present investigations· .-a:nd the RU.ssl.ari' 
tests is the method of sample· preparation. In the ·current ·i!rvestigatiol.is the 
development of ic~ lenses, generally. oriented ·riormar' to .-the. :dfrec.tion ·of · 
freezing$ conceivably reduces the intergranular'r'rictio'Il in.·:'th'e cti·re6tiorl 
parallel to the ice lenses. In the. Russian tests no report is made of . 
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water being supplied to the specimens during freezing, and also the· specimens 
·were generally not,frozen .from· one· direction as· occurs. in natureo Both of 
these procedure~ would. preclude the natural formation .of ice ·lenses and is 
offered as an explanation as to why the shear strengths of the frost suscep
tible type soils tested by the Russians were generally higher than those 
obtained in ·the ,cu~rent ·investigation. 

3-b8o ·General. Analysis of. Temporary Resistanc.~ Data. 

a. Mohr Diagrams. In order to compare the results. from the. com
pression, tension, and she>ar tests .performed to measure the temporary .strength 
of frozen soils1 the Mohr diagram of stress- has been utilized. The Mohr 
diagram provides a.· ... graphical representation of the relationship between .prin
cipal stresses at a point and the normal and shearing stresses at the same 
point on planes. ·inc~ined with the planes of the principal stresse.s. · The Mohr 
circle is, in effe'ct, a .locu·s. of points in the rectangular coordinate .. system, 
each of which represents the stress condition on a plane at a specific ·angle 
with· planes of··principal stress, with the abscissa representing the .nonnal 

.· stress and· the ordinate the shearing stress. Compressive stresses .are con
sidered posi tiv'e and plotted to the right of the origin and tensile stresses 

'are negative and plotted to the left~ In ordinary compression and tension 
tests of specimens, the normal and shearing stresses on planes inclined to 
the principal planes are represented by circles tangent to the ordinate axis 
~vri th diameters equal to the compressive or· tensile stresses respectively, 

. 'since the· lateral pressure (minor principal stress) is equal to zero. 

A. curve tangent t.o two or more Mo~ circles repre·senting 
stress conditions at failure,· for the same test conditions (temperature,· 
etc.), defines the relationship between limiting shearing strength of the 

· material and normal stress 0 Such a. cunre ·is known as a Mohr envelope and 
no Mohr circle can' represen·c a state of stres.s at failu:re unless it is 
tangent . to the envelopeo 

_ . On Plates 68 to 76, inclusive, circles have been drawn to 
depict the stresses. in the test specimen for, the condition of maximll!!l com
pressive or tensile stress for each of the' materials tested in this investi
gation, at the nominal test temperatures of plus 30°F. and 32°F., 
Conipressiv·e ·strength values. on the.se Plates were taken from curves of 
strength versus temperature on Plates 31 through 39, at plus 30°F., and 32°F. ·· 
temperatures. Tensile strength values were taken from Tables B2 through. 
Bll in Appendix B at actual test temperatures, which approximated the nominal. 
Shear strength values were taken from Plates Bl36 through Bl53 of Appendix B, 
again at the actual test· temperatures~ approximating the. nominalo Mohr 
envelopes have also been drawn on Plates 68 through 76 for the two nominal 
test temperatures., Since orily·two ci roles are available, the ·Mohr envelope 
is shown as a straight lineJ although the relationship betvreen shearing 
strength and normal stress is possibly curvilinearo This could be asqer
taine d by performing. triaxial. (confined) compression tests. with ·lateral 
pressures on the specimens o 

The· results of the direct shear tests also provide data for 
determining the Mohr Envelope, since. such a test is a direct measure of the 
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sheari!lg s~r~~gth at y~rious norm.al str.esses.a ... Since . .the tensiq~ .and particu-
. larly t:h'e :.6ompressio:ri tests 'were mor'e eXtensi iro· than the:.·~hear tests; the data 
from th~ .· forme;r- . tests have been used: :to plot the :Mohr envelope ·.and the shear 
test da~~::· ~-~r-vEf.. m~~ly to check ~r;tg .·confirm the various tests. results$ Where 
the shear te~1t stress-strain curves did not reach a maximum stress condition, 
the maximum. stress has been estiin.ated by extrapolati6il~ ·It::· may be seen from 
e~amin~ti911 of .Platt?s 68 .to 768 . inclu~iv,e, .. tha:t the ~hear .. test points fall, 
.~rl:th r~l.ativefy few exo~p-fjions, ~long or close._to -~~e M;ohr envelop~s. based on 
tension arid oomptession ·tests41 Theoretica_lly,. the. ~pave· da:~~ involve three 
·differ~nt angles· :or shear' vr.i.th respec1:; to the optic axe's qf th~: crystals, . 
considering; for exampl~,. ·~pe~iniens. of ic.e cemposed:'of ,long crystals ·'with their 
;~xes· orienteq,vertically,. and· assuming an angle of internal.friction ~--~ 40° for 

· 'the /f!ldi v?.dual ice cryst~l, w·e may picture :t~he failure . conditi ens as follows: 

Optic Axis · 

45~-~ = 2.5°_ 

'j .• _.. • .' . 

... : ... 

Oanpression· Tension· ·Shear 

Or. if w~ might :a'sstnne the specimens fracturing in the following manne·r, vJi th 
the indi vi. dual crystals ·breaking' on the same angles as above, but vJith vertical 
breaks at the weak: crystal boundaries: 

i\ 
1\ 

.. 

,. [\ 

\ :\ 

·\ 

~I' ~'--.. ~......, 
' ( 

' l 
( .· t .. 
! . 

' 
Tenqion .:Shear,· 

•. c.· 

Data on the strength properties of the individual crystals in different 
directions with respect to the optic axes are needed in order to further 
analyze this conc~pt. . . . . 

Rates of ·stress incr.ease in the three type's .of .tests compared 
were~·not the same,. :being 400>p~i per minute ·.for. the .. compressi·on t~sts and 
. 40,. psi. per minute f:or tl1e tensi·on an,d shear tests. ·.so that the· results may · · 
perha.ps ·not pe considered strictly compart;tblec. Hovr~ver~ as h~s; alree.dy been 
sho·wn, the compressive strength resu.lts do. not appear. mar.J,tedly sensitive to a 
cha.ng.e f:rom 400- to. 200 psi. per minute, at leE~,st.· , .Vf.hen .all ·thr~e tests are 
compared· qn b_asis ·O.f ·rate of. increase qf shear:-· ·a~s:uming, a. Mohr· envelope ; · . 

! · haVing an angl~. of 30 degrees w.i. th the abscissa, the fol~ov1ing average rates 

-50-



are obtained: 

Compression··· at:; 400 

1'73 psi/mili'; 
shear s-tress ~- · 

.: :'. ,,..-: 

Te~sion at 40 psi/mino 

· ··17.3 psi/min. 
shear stress 

Di~ect Shear at 4b psi/mino 

·40 psi/min. 
shear stress ·· 

As previously· ~9te_d,. addition~l study is. needed of effect of rate of loading•' 
' . '. . 

I~ should be emphasized that the shearing_strengths referred to 
in the above d~s·cu~sion were derived from tests of short duration in which the 
rate of stress_ increase was relatively large• The shear strengths,~therefore, 
must be considered only -a temporary resistanc-e' to shear. rn· the tensile and 
di.rect shear tYJ?es of tests, shear stresses or considez:ably smaller magnitudes 
than the temporary shear strengths would undoubtedly result in creep or plastic 
deformation to·'the extent that eventual failure would result;. The. results. of 
plastic deformation under const·ant compressive stresses are discussed in 
paragraph 3-09. 

b• ·Mode of Failure in a Frozen Soil0 It ·is visualized that the 
strength of a homogeneously frozen soil is derived from tw"O _distinct resistances: 
(1) the strength of the ice in the soil voids and (2) the int~rnal (inter
granular) .friction of the soilo As· a body of frozen soil is s-q.bjected to a 
superimposed ·load and deforms, the soil grains protruding from one side of a 
potential plane of rupture may be pictured as keying into voids in the opposite 
side o:{' the plane, resulting in internal friction 0 This internal friction is a 
function of the density~ gradation, particle size and s}:lape;, and the strength of 
the i!ldividua.l mineral grains of which the soil is composed. Also~ in order 
that the internal friction of the soil particles may be developed, the soil 
grains along the pot anti al rupture sUl"faces must be held in place and prevented 
from· rolling over one another as in the case C?f an unfrozen sand with no 
confining pressure. 

In the tmconfined frozen soil s ec. ··en the tendency of retruding 
ride up out of voids in the oEPosite face is res~s e y the ~~e 

tren · the ice:1 which m er.fect provides a con£inin ·force The ice phase 
also proVides resistance-- o ae orma ion y virtue of its ~:shear strength.o 
The ability. of the ice phase to resist the tensile and' shearing stresses- at 
the potential. failure surface, depends on the area of ice phase and also to a 
large measure on the temperature of the iceo The area of ice varies 1v:i.th the 
ice content ,,of the frozen soil.. There are~ therefor.e. two limiting conditions~ 
(1) vvhen the ice content is zero the frozen soil strength is the same as ·che 
unfrozen strength and ( 2) when the ice content ratio approaches infinity the 
strength becomes that of ieee In between, the strength is higher than at the 
extremes. 

The soil grains in a non-frost susceptible soil are not" moved in 
relation to one another, to any appreciable extent., during the :freezing 
process. Suoh soil1 therefore, retains ,in large degree its original density, 
and interlocked structure. A well-graded Ilon-frost susceptible sa...nd. or sandy 
gravel which has. a relatively high dry density and high angle of internal frio
ti on ·also has small void space and therefore a low ice content~ even when 
completely ·saturated. As a result the high internal~ friction: of 'the soil can: 
not, in theory, be fully developed,· as the area of ice, being sin.alll cannot 
provide sufficient confining forceo. In the case of a uniformly-·graded sand, 
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the dry(density.is lower and the water content relatively high • .Although the 
angle-'-,of -intern~l friction of the :soil. phase of such a material is. not as 
large as for the well-graded material~ the higher ice _content- at saturation will 
more fully develop the internal friction of the soil thro1 in the ·case of the 
well-gr~q_eq.-:: .. soi'l• This- ~ay .explain- why a soil ! such as. ::Manchester Fine Sand can 
have greer~~~ :te.mporary resistance to compression-- t~an si~ilar .. ·b.11:t mor~_ well-. 
graded Jso~ls .such. as Peabody Sandy Gravel or McNama:r.a ,.C()~()re:te ~ando 

Theoretically, the watex- in an unsaturated, un.frqzen soil i·-S 
drawn ~nto and held in the narrowest portions of_ the. voids·, whi·ch are S:t 
points .of contact of the soil grainso _Upon freezing, th~ ice a~ .these points 
of contact acts as e. cementing agent in holding ~he g:r~ins in ppsition. Since 
the area of ice along a failure plane is less than for the condition of full 
saturatiq.n, · the internal fricti.o~ is here again not fully developed. It is 
logic.al1: :therefore, that the strength of .. frozen soil' should decrease with 
decrease in water content below full saturation. This hy])othes.is _:_i·s in·-· agree
ment 'With the results of the Russian studies on effect of Wa.ter content (see 
paragraph 2-02d.) which showed_ that ·temporary compressive· _strengti?- .. decre.ases 
both with decrease (and with inorea~e) o~ water content wi'th· respect to full 
satur~tion .(based on volume or voi·ds ·before f'reezing)o 

··· -:. · In frost susoepti ble soils which,. during fre~zing,· ·increase ; 
their water _contents above the original saturated ·condition,,. :{jhe segre·g'ation of 
ice tends to separ:ate the soil_ grains into groups 'or layers.. Where the sofl is 
sep'arated into groups by ice segregation. (ciomrnon in silts) intergrantilar keying 
and oont·act upon which' internal ~oil ·'friction depend's, is greatly· reduce'de 
Where such _ice separ~tion oqcur·a the frozen soil strength is· v.i.sua.lfzed as 
becomi.ng ·principally a function of· the shear strength of ·the· ice. However, the 
m::lner_~l ,grains may still . affect t!le· _strength results ·by ·controlling· in part 
the paths. and are.as of rupture surfaces with re·spect to the zorie of bond of. 
unkndwn strength between the soil ·~d-ice phaseso · · 

In fine-grained soils consisting largely of grains of colloidal 
sizes (clay) ice segregation connnonly appears in stratified layers separating 
layers of soil of variable t}:licknesso Some of the moistu_re present in such 
soils :is _adsorbed moisture wilich is botmd firmly to the soil. _particles by 
strong molecular f'orces and which ·remains urifrozen. at temperatures considerably 
below 32 :degrees Fahrenhei to Further resist?-nce t_o freezing may result .frqm. 
concentrations of dissolved minerals . and other impurities in the _pore water 
{see par. 3-13c(2) ). Thus the she_ar strength of het-erogeneously frozen clay 
may he greatly influenced by partially frozen clay. layers~ depending on the 
positi.on and orientation of the plane of. ruptureo · - ~~l~: 

· ·- · ·The conclusions that may be drawn and ·the appiicatiori -of' the · 
'te'st' results. from the present investigation are l:i.mited to the cases of water 
content equal to or less than the water content of full saturation for 
cohesionless. coarse-grained soils, and for fine grained and'• cohesive soils, 
to o·as·es of' water content equal to and greater. than·' the water- content of full 
satur·ati6n (based on volume of voids pefore freezirig)o .· :- .. 

. 3-09· :-Plastic Deformation of Frozen Soils and Iqe, . · 

. :··. , __ ,a.. General. During the investigation of :_~ne >tempora~·y resistance 
of the· frozen soils, it was frequently difficult· to --'move 'the ·loading head at · 
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a sufficiently .. fast rate· to maintain a constant rate of stress incre$seo. 
This was· attriouted to. the continuous _plastic deformation:·occurring in the 
speciniens.·:under the. loading-: appliedo. 

;In·o·rder :to .·obtain data on the magnitude ·and rate -'of su·cl!. 
deformation, _:laborator.·y:: investigations ·:were initiated us-ing specially.:·
designed loading equipmento· Six of the frozen soil--.types were. selected 
for study, namely: New Hampshire Silt, East Boston Till, Dow Field Clay. 
Boston Blu·e.:Clay-, Alas-kan·.Peat, and blend.- of -McNamara· Concrete Sand and 
East Boston· Till&· ,Cylindrical specimens 2-3/4 inches diameter by 6-inches · 
high were ·stibje.cted to cons·tant compressive. s·tres:ses, va:rying from 26 to 
110 psi, and t~e deformations were recorded- continuously. 

:, 'The duration of test varied from· about 40 to 60 hours, ·unless 
the magnitude of· 'deformation- was excessive or the specimen became .appre'ciably 
di'storted under loading • 

. ·.:,. . ... 

.,._ .. 

(1) ·'Apparatus~- ··The constant· loading beam which was used to: 
determin~ ,plastic,deformations of test samples is shov.'!l.in the. photograph 

.on. Plate·_ 7.7• A 5/16 :t_ri'ch diaine_ter shaft through the beam rotates in ball 
bearing 1J:UShings in vertical .cQlumn supports on each side of the. beamo The 

. beam_ is balanced by. counterweights placed on the ieft end· prior to te~t~ A 
weight, p1a_¢ed a:t the right end of the bea~ loads the test specimen$ with a 
mechanical advantage of. ten, through a ball' joint conipressi'on he'ad. that 

. ,insures .uniform pressure distribution,. The deformation of the sample is 
. reob_rqed upon ;th~. cylindr~cal chart of a Friez Port-able Water Leve1 Record~r.,_ 
Model .FW-1, ···geared up. to magnify the specimen deforma_tiorts 25 tim~s; ·this ·.r. 

penni ts continuous measurements to th~ nearest 0.001 inch •.. The cold. room 
tempet:"ature for the test duration was recorded by a Friez Rticording The:rmo~ 
·g·rapho · 

·(2)·· Procedi.lreo· The· specimens of frozen soil and ice were 
prepared in· the same manner as ·-for temporary compression tests,· a·s described 
in p'aragraph 3-04, except that immediately prior to ·test the cylindrical 
SUrfa:ce of· each specimen Was coated VJi th a thin layer of petrolatum to 
prevent sublimation of the· i~e phase during testo: 

In conducting the ·:plastic deformation ·tests, . the bea:rTJ. 
was first balanced by applying weights to the counte:nveight hangero· The 
test sa~ple w~s-then centered on the. base plate_which, in turn, was adjusted 
in .~eight so_thS.t a slight pressure-was exerted-by the sample,.against.the bal_l 
joint bearing ·Pl.ate . at the top of the s.ample o ·. A: 20=pound se.eting · lo_ad was · 
applied to :the :.sample by placing a 2~pound ·weight on. the :weight hr;t.ngero Wi ~h 
the ,weig~t ~rn1 of the b~am temporarily supported, by a .hydraul~c jack,\) _wetgh~s 
were added to the weight h~nger and the pen ~rm '~f th:e recorder IJVF.tS .s~t. at 
zeroo The load was then transferred to the sample over a period of a few 
seconds by releasing the· jacko __ The sample was ·allowed to deform under the 
load while .the temperature ~f the test room was held. relatively constanto 
Sirice .~he· te~p-O,rary re~~stance tests were being performed in <the, te~st room 



simultaneously with 'the plastic de.foriri.ation tests,.: 1 t was not· pc>ssible to 
maint·ain' the .:same temperature for the full period of· test·o The test 'room 
temperature during the night usually:·· showed negligible v~ri~tion~ Temper-· 
atures durin:g<tests ranged ·fromT24°F~ to+32°Fo but· were generally between 

-tJ2 8 °F. and~30 C>'F o . · . .. . . . . . 

. : .. Co Test Resultso ·The results of tests are preserited,.:on.:Plates 
78 through 84: as p~ots of axial shortening against -ti-me f·or 'each· .teste.· 
Also presented on the referenced plates are plots of cold room temperature 
during each test and· sketches of the specimens at· the ·coriiple·tfon of tests o 

Examination of Plates 78 through '84 reveals that·tne samples 
showed ·.rapid .initial yield immediately upon loadirigo It was· assumed -that this · 
initial .deformation was due to a combination of elastic and uneliastic short• 
ening :·of the sample~ The rate of deformation ·then decrea·sed "gradually over 
a period·of' from10 minutes to 4 hours, until the specimen,be·oame<virtually·· 
stable under the imposed load or continued .to ·deform plastica·lly wfth'··tj.me, 
at approximately a const·ant rate (allowing fo.r the effects·"of :.tenipefra:ttire · 
changes) o Temperature fluctuations during the te·sts caused: appreciable· 
changes. in the rate of deformation indicating. that· the plastic prope-rties 
(e.·nd. by i'nference the temporary resistance) ·are critically :dependent ·on· 
temperature in the ·range o;f' a few degrees just ·below the fre·e:zing point. 
Several of the· plot~ show ·this. For ·example,\) P.late ·78 -shows that the· blend· 
of McNamara Concrete Sand and East Boston Till was ·deformi:ri'g at a: :constant · 
rate between 2 and 5 hours after loading, with the temperature· in a rarige, 
between-126 and+28°F. At 5 hours the room·temperature ·started a' .ste.ady ·.:rise 
from+28 to+30°Fe and the .specimen started a· corresponding marked ··increase·· 
in rate of deformationo Four hours later the temperature returned·· to ·=the 

+26 to+28°F o range and the rate of. deformation reverted to apprdx'inl:a t:eiiy' :the 
previous rateo 

The time required for ·the. specimens to :stabilize ··or.·.attain 
a constant rate of. plastic deformation,\) -after applying the· load, was con
siderably longer in these tests than reported by Tsytovich and Sllingin (39) 
for .similar tests o These authors stated that ·the duration 6f their plastic· 
deformation 't·ests was selected as lo' minutes after they found that tests 
of up to 30 minutes duration gave similar results o The res·u'lt's: or' their· 
tests have: been ·sUmmarized in paragraph 2-06 of· this ·repor.to:' · .. ::-.- .·. ·: : 

The results of the plastic deformation tests ·are; ::;s.Urmnari zed 
and cOmpared in Figure·s 1 and 2 oil Plate 84Ao The r·a.-tes of ·pl'a·stic ;de- . 
formation were taken as the slopes ·of the ·deformation vs o time 'plots On : · · 
Plates 78 to 84. Generally, the slopes were taken at the points at which 
the rate of deformation became constant".9 imniediately,·after :completion of 
the ini tial-·shortening involving elastic deforniationo J ·.• ., 

Iri Figure 2 on Plate 84A the rates of ·pla'stic~:·aef'O"rrriation 
have been ·plotted in relation to the ·ratios of c6ns·tar:i:'tF;c6rrip.ressive stress 
to temporary compressive strengtho The temporary compr~s-sive· strengths 
used to compute the rati_os~, for the same: tes·t tempera:t\fres' as· used in the 
specific plastic ·deformation tests$ were· determined :.fr-om plot of maximum 
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compressive' s,t.re.ss vs. temperature on Plate 4lo Figure 2. reveals: that the 
frozen .soil 8ffs( i~e specimen~ 'were not able to sustain constant compr~ssiv~ 
stress~ without .. ,continlJ.ing: pfastic deformation~ when the stress w~s as. low 
as ·:; to EL'_:.Pe·r;~~,~-f.'nt o~ .th,e.:tE3rnpora~J compressive ,strength determine~l by 
loading at a rate of stress increase of 4oo psi per minute o · The ~qe :·~pec~IIJ.ens 
showed sme.lle r rates of plastic deformation under equivalent loading than any 
of the frozen so~]. specimens. Of the soils tested~ it was found· that specimens 
of the two cl~y ~p~l~and peat were .most susceptible to plastic deformationo 

The f~ct that the ice specimens did not show as high a rate 
of creep as the frozen soils may possibly be attributed to inter-crystal 
structure. Oryst~llographic investi·gations (see pa.ragraph ·3-12) showed that 
th~~ crystals -:~n the cylindrical ice specimens generally were of relatively· 
large size in.rela.ti9n to the specimen diameters.P were oriented parallel to 
the axes of th~ specimens~ and were .relatively very longo Upon· loading» the· 
crystals. in the.·i:.9e ,specimens would tend to act as columns in supporting the 
load, with the outer crystals tending to buckle outward, causing tensile. 
stress ·at ver~ipal crystal boundaries o The crystals would be SU:bject indiy;id= 
ually to j,nteroal shearing deformation, but shearing along· crystal t;ounda:d::es 
would be. definitely r.eE3trictedo On the .other hand. the relatively minute:· 
crystals int.he..io~in the frozen soils would permit slip along crystal bound
erie s much -~ore ,r.~ad.ily and V!Ould be subject to angula·r displac~ment and re~ 
orienta.tio!l,< resu). ting in greate!' tendency toward p~lastic deformation of , the 
specimen. Tbis. tendency would be enhanced by any weaknesses at boundaries · 
between ice ccysta].s ·and soil grains, due to lower freezing. points· of adsorbed·. 
films, and by. general crystal boundary ·weaknesses due to the much greater 
content of .di~solved ,chemic~ls in the soil pore water than in the ·tap water. 
of the ice_spe9~D1ens. In frost susceptible soils the .presence of u,nfrozen 
or partially·frozen soil layers.between ice lenses must also be an important 
factor. 

3-10. =.Working. Stresses in Frozen Soils. For a particular engineering. 
problem it is necessary to know ~he magnitude of.the stress that will .prevent 
rupture or exc~ssive deformation of each .of the materials that are part of 
a structure. This stress is usually called the .working stress~ In most . 
structur~l :materials the working stress is kept .. well ~below .the limit of pro= 
portionali~y tq_ preclude the po.ssibili ty of permanent .seto A factor of 
safety is applied so that :there will be a safe margin between-the working 
stress and the elastic limit of the materialo The ~agnitude of the factor 
of safety _depe.~ds ... :upon the homogeneity o£ the materiala. the exactness with 
which the ex~e;na:l forces. acting. on the st~cture are knmm 9 and the acc.uracy 
with which the . s.tresses throughou~, the .s.tructure can be determined o 

This investigat~onas well as other st:udies haye indicated that 
ice. the critical component affecting the physical properties of frozen· 
soils~ does not deform under stress as an elastic material except at ex= 
tremely low ~tre:sses~;. a,-t:; least .in the normal range of temperatu:t~~s o In the 
tests to detez:mil1e. the, temporary resistance of ,frozen soils the .lo~<i was 
increased~· .ov~r .a pe:~~od of a few. minutes.P until the test speci!49P.: fa-iledo 
Such a ,load~ng is a,na~·ogou~ in the field to a short=time' or. transitory 
loading. = Loaclings of this type would generally ~e due to rnov.em.co:1_t: :o_f· 
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vehicles or short-time footing loads as in the case of a live load on a crane 
foundation. The use of· the temporary strength· values, re·duce.d by a sui table 
factor :·of safety,· are ·considered to be applicable for such loading conditions. 
For frozen. soils dn the saturated condition, which are similar_.t.o those .used 
in this .investig-ation; the temporary strength values .. :shoW!1·on:~Iate 41 for 
the speci·fi c .temperature· conditions may serve. as :a guide· in- ,estimati-ng- working 
stresses.· 

',. 

Most structural materials will creep or flow to some ex·tent tinder 
a constant load less than the temporary strengtho In metals this tendency 
is greatly increased at temperatures approaching the melting point and is 
of considerable importance in the design of high-presslire s'team equipinent. 
At atmos.pheric temperatures wood and concrete are _subject to plastic flow 
to an extent that the validity of utilizing the conventional_desigri methods, 
based on elastic theory, must be considered open to se!_~oli$ question in.· 
cases '~here strict analysis is requiredo Except at and relatively near to 
the groU:ri.d surfac~, the temperature's of frozen soils in n~t~re are generally 
within a 'relatively few degree·s. of the thawing tempo;ratur(i~ _Likewise the 
temperature of ·the bottom surface of an ice sheet on· a b.ody of .wat'er is at·· 
the freezing temperature. Since there i_s much greater teride116'y for yield 
under ·continuous loading at temperatures :n.ear the me 1 ting po:i·nt, the .. '·probl~m·· 
of. plastic flow must therefore usually be considered in 'a;ny .iong-t"imt:{'loe.ding 
of frozen soil or ice. Also, because of the .high rates of yield which niay· . 
occur, the _problem may be more se~ious than in case of most st,~.:uctural mate-
riai_s. . . . 

Stresses produced in frozen soils by foundations of s·tru·ctures,; 
and embankments, or stresses at walls of excavated cuts, tunnels~ and shafts 
are generally maintained continuously for the life of the structure·o. Wfuere · · 
loadings are repetitive in service and are maintained for a suffic-ient period 
of time for plastic deformation to occur,· the· cmnulati ve effect would be 
similar to a condition of constant loading., Such conditions of. loading. are 
more close~y approximated in the lab'oratory by applying long-time sta:tic 
loads to test specimens 'to· determine the creep or plastic deformation at 
temperatures prevailing under service conditions, than by.the temporary 
strength tests. ·rn the limited plastic defonnation tests. perforined ·during 
this investigation, the compressive load was applied to late.rally~unconfined 
specimens. The confinement necessary to develop j_ntergranular .friction was 
entirely dependent upon the ice phase,. .For unconfined fi€lld loadings and 
other instances ·where shearing stresses are imposed on frozen soils wi.thout 
the benefit of confining lateral pressures, the ice _phase is -1i.kewise called 
upon to develop inter granular friction. In such cases the .work::ing. stresses·. 
for long-time loading should be limited to the· stresses at w}1i-ch. 1:1he. · 
specimens were found stable in the plastic deformation tests •. FQr frozen 
soils in a saturated condition and Siii1i1ar to the soils used in the .plastic : 
deformation tests in this. investigation, it appears .from Plate 84A .that such 
working stresses where the foundation is not confined might have to be 
limited to somewhat less than 20 psi. (I.l..t4 T/sq.ft.), depending.:orr·th~··:· 
temperature, anticipated. duration of loading and tolerable ):~10vement~ 9f the.· 
structure. However; the· subject of working stress·e·s fqr construction on· 
frozen ground is a complex one, and it is beyorid th¢ sedpt3 of the present 
report. to recommend w~rking stresses for parti.~ular .. qaseso 

Footing· loads are most commonly imposed upon:frozen soils· at some· 
depth below the ground surface so that the frozen soil. is confined·beneath 



the foot~ng ·:by. appreciable overburdeno In order to· determ_ine working .str~sses 
for the co;nd~·tion .where there is confinem~nt by overburden, it is believed,. 
necessary to· perform compression tests on' tp.e frozen soils in a triax;~al _ . 
apparatus. · Su:oh tests. should include both the determination· o_f the t~.Hnporary 
resistance-and:measuremeht of the ability of the specimens to sustain_a .con~ 
stant load. .Tests should be run at a variety of constant-load stress, :values, 
including very·low stresses, and also- at a number of temperatures» under very 
careful controi. · ·. 

3-11. Dynamic Moduli of Frozen Soils and Ice. 

a. ··General. Laboratory investigations_ were made to determine ·.the 
flexural and torsional moduli of ela~ticity for selected frozen soil ty-pes 
and artificially prepared ice •. Determination of Poisson's-ratio was also 
attempted. l'he· _soils selected for these studies were ·-Peabody Sandy Gravel, 
McNamara C?:tlc:rete ·Sand, Manchester Fine Sand, East Boston Till~ New Hamps_hire 
·silt, Bosto_l:l· Blue Clay and the blend of·Manchester Fine Sand and East Boston· 
Till· •. An. el~ctronic testing device was used ip. this investig-ation; -the h1odu1i 
of elasticity'\ values were det_ermii_led. by measur-ing frequencies at which re;,., · ... 
son~nt response occurred to vibrations applied to_ beam specimens~ in the same 
manner as co~only used for concrete~ 

The dynamic methods are believed to be the most _satisfactory 
means available for determining elastic constants. This view is supported 
by most investigators. :strong (53) show~ that the dynamic ,rjl.~thods yield 
more consistent-results than the-static methodso Dorsey (11) states that 
the_ results optained by the dynamic ~etho~s» such as J.1.Sed by Boyle and Sproule* 
·n alone deserve serious cons_idera:tion'! o · Ewing, Crary and Thorne ( 14) stat~ 
that the static methods are_ "ill suited to a substance whose elasticity>is. 
as imperfect as ·that of ice". :Static methods usually involve measurements 
in the plastic rather than ·elastic. range of deformationo. Elastic deformation 
takes place.- over 'such a small range of load values' that» unless extremely 
delicate equipment is used. the elastic limit is quickly surpassedo ·The 
dynamic method ~i·s. an indir~ct ·ma..:t?hodJI involving the measureme-nt either of 
the resona,nt · .. frequency of a. particular mode of vibration in ice or _of ,the 
velocity· of ·a wave. froni; passing t}lrough ioeo By its. use» the large aber
rations caused-by plastic deformation, can be effectively avoide<io 

. . . . . 

b o· · Test Equipment o Princ~pal i terns of the apparatus 9 a.~ shown 
on Pla-te '85. consisted of a variable frequency oscillator capable of pro= 
ducing frequencies from. 18 cycles to 220 9 000 cycles per second». a cathode= 
ray oscilloscope (RCA Type Noo 160 B) with a power consumption of 5.5=wattso 
and an amplifier (Stroniberg-Carlelon Model AU~42) with a power' consumption 
of 90-watts •** · A piezo-electric phonograph pickup unit· (Vibro:mike) ·was 

*Boyle, .Ro 'wo ·a]ig,Sprouie, Do Oo (1931)» Velocity of Longituti..inal Vibrations 
in Sol_id Rods. (-q-ltrasonic Method) With Special_ Reference to th~ _Elasticity 
of Ice, ,C~no Jouro Eesearch, ·volo 5 9 po 60lo · 

**For detailed information concerning equipment and circuit ~rr~rlge.ments 
for this· type of· test see -" CRD-C, 18-48g Handbook for Concrete .and Cement'u·" 
Waiierways.Experimeiit Station» August.o 1949o 
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US:ed:·:~q- p~CJcJlp Vibrationso.· An 8-inch: pel"'Uanent magnet type. loudspeaker,· , 
mou:q.ted.in 9:.wooden bo~, 'was used .to transmit vibrat.ioris to .. the- test-specimen 
by ·an alUminum driving spindle cemented to the voice coil·•-~~ · Sp~cime.ns were 
s~pported by a nodal board equipped with adjustable plastic nodal support~ 
~p cg~~nq~O.~: with. tJ:l,e nodes o~- th~ beamo .. This pc;>f?.rci rested qn top of the 
loudspe.ake,r- box and. couid be eleva ted __ or,· lo,vtere<k by :ar.i f;lqjust~l;)le .. _,s crew at
one .-~-~d:~ Sp~nge. rubber was pla~eci J>enea.th_ the .. b.ox,. aiid.. a-;t;--. :the, po~nt~. of , 
conta~t- between the box and ·the nqdal. board -.to damp~n. any .. induce<]. vibrations • 

• • .. • ' • •• .';, I ". ~- .i I 0 o o '. ·, ' • \ o • _• • .. .. • • • 

·• ·.' 

._ .. _ .9o Procedure o Beam .specimens. were prepared a.nd-,.frpzen a~ descz:ibed 
in para_g~ap~ 3-04o 'Table Bl6, Appendix B,: sh.ows ·~amp1e_prepa.ratio,n datao·· ... · 
P~~te B2Q, Appendi::x:. B, shoVfs freezing and heave. data for· those · pf t;he spils . _ 
classE3d as fro~t susceptible(! The specimens wer~ ·out -to uniform,.dimens.ions~ 
and ·t[le_ s~rfao~s. vvere made as. smooth as posstt>le prior ,to ,t~ll,Lpering·o ·Before 
~~sting, the weight· and dimensions -.of 'each p~am were recordedo .:CQppE:)r.;..oonst·an
tari. th~rmocouples which _were· frozen into .the beams approximate.ly .. a. t _their mid
points were used to .measure the temperatur~s of ~he beams.· a.-t "t;i.tne·•. of. _-test.', 

• . . The fundamental flexural and/or _torsional fr~quencies of the 
. test spe<?:i.f!i.ens were. determined b'oth pa-r~1le~ -to and.:perp~ndJc~l.S.r~:tO·-t}le 
direction of freezingo ·It was hoped that. a' possible difference<in the 
respective moduli of elasticity due to the direction of fre~zing could thus 
be notedo 

!: . : ~ . 

(1). Flexural Modul\ls: Tes~so For the flexural test 
series, ·the loudspeaker ·bO)C1 ·frozen beam ,Sample.~ anci' pickup un:i. t were placed 
in a :freezing ·cabinet, of the. plus 40°F o· cold 'ro·om and the other apparatus 
items were located nearby within the cold- roe>mo Thereby, other strength tests 
be~ng concurrently perform~d ·in -the .low temperature ·test room of t;he ~nus 
40 F~ :cold room :were ~ot d1srupted, and yeti ~the test temperatures for the 
;modulus studies were_ r·ealized o T_hese tempera·t.ures ranged from about minus 
10°Fo to plus 32°F. (unthawed)o 

_, . . . . . . In det-ermining th_~ :fundamental ·{lemral frequency · 
of.-~-- speQimen, th~ beam was pl,aced ·o'ri t}1e ~:P1asti'c _;s-upports of the· nodal board, 
so_ located. as to be Oo224 times the length Qf the ':speciiD:en -~,f.rom each ·-~_t;l,d. ,of._ 
-,the -~peQimeno The pickup unit ,was plac~d at· the top,_center: of· one extreme ·: .. 
end of .~he specimeno· The aluminum spindle, cemented to the lo~dsiJe_aker, was 
then brought· into contact with the center of the specimen s.o -that· a· .slight 
pressure- was exerted on ito The variable frequency oscillator . .Was .then. 
turned on and the vibrations were amplified and transmitted to the loudspeaker 
whi_q;h .in :turn vibrate.d .the test_ 'Qeamo These ·v.ibrations were picked up l)y · 
the piezo-.eleotrio uriit~ at one end of the. beam, and were .·t~en fed-Jnto the 
vertical' deflecting plates of ·the oscilloscope c The· -ho.riz'ontal gain was . 
adjusted to produce ·a vertical lj.ne, and the·.· vertical gain was ·adjusted to 
produce ·a l:):ne- of converiiemt length -during_ the tests.~ .· After --both vertical._· 
and horizdrftal gain dials wer~ once 'set;<they were· ·no·t mov~cf~_-- _ .. As .·the' audio -
osoill(ato;r· was adjusted· through the :_range· of :frequ~ti-6i,~':s -·of .~h~ 'qsc~i lla-to~~ 
the imposed vibrations caused the beam to: vib~a-te'/-~:.'and 'tH~·':'iength br line' as 
seen on the oscilloscope incr~ased or decreased accor9-ing to tner·ampli tude 
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at the end of the beam. When a beam is vibrated in this manner,-the maximum 
amplitude u~dE3r given energy of vibration occurs at the endso Thus, the · 
fund~ment~i:::rlexural frequ~:p.c;iy_ was_ recorded when maxi~uin-_l~ngth_ of vertical 
line· in th,~~r;_ 9s-ciiloscop~ · ·c;,,~9~rredo · · · · 

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

... .. '. 1: 

- ·- -·:_·· . _. - 'A_lt~o:ug~ the resonant frequency' C9rre_sp~n9-ing to: the 
first m9de_ 9,f .,fl_e;~ral; vibration normally gives the mo~~ .. di~~inc;t respon~e_.,
other vib_ratio~~-'-are .frequently-_obtained:_which may raise.sqme~doubt in t:P,e-,-.·
mind of ·t:he ·teste~ _.as to, the· correct resonapt fre·quencyo __ -Sue!?. :vibr~tions _may; 
be highEn" mocfes o.f" flexural ·vibration, -stray vibrations' froin- sup.i>orts~ box or
speaker, or inadvertently .induced vibrations of o,:ther. fo~, sttch:as torsional 

"vibration or vibra~ion perpendicular to the directionin which the beam is 
dri~e~. ·In-many. of the tests difficulty was exper~enced in identifying the_ 
de~i-!ed frequency on .'Qasis of the trace, on the oscilloscope screen ~lori~, . 
p~rticularly with the _-_.frozen soils of lower moduli of elastici tyo . To assist 
:this :ld.~ntitioat·i.<?~• · the. pickup unit. was moved about on lihe bea_~ whil~ it w~s. 
held· in vibration .at --~requencies in question, in' order to determine 'the. , 
posi t~ons , ~f . __ the n'odes. · · -

With the fundamental _flexural frequency known~ the 
dynamic_ flextl,r,~i.-mo,~ulus of elasticity was computed from the following.,: _ ._ 
formula:- · · · .. · · 

Where: 
E ;= Cwn2 

E = Flexural modulus of elasticity in pounds per 
square inch . 

W = Weight of the s pe oiinezi in p.ound_s _. . 
n = Fundamental -flexural frequency in.cycles .per 

second · - _ 
.C = ~ factor· which depends upoD: the shape: and s~ze_ 

... or' the specime'n, the_ niode of vibration:~ and ... 
Poisson's ratioo The value of C was <i'etermined 
from available 'gra;phs oli' . . . 

. ·- .. _ ;::·· . . ._ _ _ (2) Torsion~l Modulus Tests. It was necessary to ~on-
4uct· the .t_o_r~J-<;>.na~ test series concurrently w:i,:th other strengt.h tt;.st_s;:_i:n. the 
!'ow ·te#lP.e~~-~':lr~-:.test room· of. the minus 40°F "· cold room due to limitai:;~qns :c 
impo_sed .b§_·'~~~- :size· of the plus 40°F" cold room freezing cabinets. a __ T!lerefore 9 

the .fundairien.tal torsion~l frequency of- tel:!t beams was determined_ at that. _' .. ·· . . ; .. ,_ -... , .. __ ,_ . . . . 0 0 .. ' 
temperature: V!nioh exis:ted. in. the te_st -rC?om, nall!-ely 29 =32 . (unthawed)~-: 
Fahrenhe i t_o · ' · · · · · 

_ · In determining the fundani~ntal torsion~l frequenqy. · 
of a_ b_eain_. sPe':cimen, the. beam was supported at_ its center on one plastic . 
support. of the nodal boardo. Th~ p;ickup unit ~as placed at a top corner of 

·\!' 

*Contained· in -paper :oy Gera-ld-- Pickett, "Equations for Computing El:astic 
Constants-·:from Flexural and ·Tors1onal Resonant Frequencies of'' Vibrations 
of :Prisms ·and·, Cylinders".; :Proceedings, Amo Soco Testing Matils:o.l.l- VOlo 45» 
pgo 846, 1945o '·'.:.--,- .. 
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one ·~text:reme : ·e~d· of .. the. s pe c.imen, and . the a l~.r~um .. ~- p~~d-1:~, · ~··~,~ ~ .· bro.ught . in to 
COntec.t,.wit_h:;the. ·.oppos:i,te_ bqttom corn,er, of ·th~-. Sp,ecim.en-:SO, :-thfit. ·~ slight· 
pressure,,w.a~~ .~xe~t~~- on. ,it •.. Th~se locatio!l.s a.re Ji,h.t9· :opt,im~:·:P,PSi t~_ons ~~oth. 
for y~b:r~t-~1l:g·::·t~ bea~ in tors_i.on .. and for.~pi9.~in.g :}lP tije ~P.4.l:l.~~9,_,:yibra.tions _ 
by .tl:r.eJ. p,:i;e.:Z9~.e.:l~otric ,unit. · ·The. test· procedures,: .. thereaf'·~_er;•: Vi.er~: ide~tical. 

to ·.that.~.~:()utJin~·q-, p~ev.iou~ly .. for. dete~min~ng .the. ;r.~·AdameP.t~~· -~·f;l.exura~. ~frequ~ncy 
of a beam:~·s.peoime:n.. . · .... , · .. :-.· : ·.··: ~' · · 

· .. : !_,· .-:·-~ ·:- -~ :.~. - . .• • ···:.-: ··: ~:-:· ~-··. ·t.:: ... . ..: _ _..·:·:· . ._.:··. ·.:;T. 

VVi t~· the fund~m~_ntal ,torsional',· f:~r~,q~e~.9.Y: :known;,, t~e·.-. 

dynamic.· torsional modulus of ··elastici ~Y. was- cQrqpu.ted _by<t~~ fo~lowi:qg. ·fq~~;.la: 

. ·, r • . . ~- . ~ • ~ • _:' . . Where.s 
:::.:· 

·:.·:: ;·-.·· ; _ ..... 

Where: 
: ':i' 

~-. ·: ; . ... : 

~ ·- . 
i.: .C>: ~ :. :· 

. 't 

(n')2 
:~ ,. ·, 

•. :- .• ,'·1 

G = BW 
G = Tors-ional mopulus of elasticity in pounds per 

· square inch ... · ·· · · 
·W =Weight ·o.t;':spe.cimen.in p~und.s' .. :' ·· .... 
n ~ = Fundamental· .. tor.stonal. fre:quenoy.·,-i:q .. :GY9:L~s ·per .. ;· 

·. second , ·;,··: 

B = 4LR ··· ~;. i. ' ·>: . 

gAi.2 . ' .. ·:··" 

A = Cross-sectional area in square inches 
L = Length of spe.cirnen in .inches .. .. . 
i = Unity for fir~t·rtiode · df ·vibra:tf.ori, ... tw·o r·or 

se'cond, et6 0 . . . '".: ... :· 

g = The· acceleration of gra-vity in· inches. per .. 
second· per ·second 

. . .. ~ .. 

R = The ratio of· polar mqmemt of inertia. to the 
shape fa~tor for .torsional rigidi t;y · 

. ' . ' . ~ . . 

~ ..... . 

Th~ ratio R is. unity ·r?l:'" a circular cy~inder and -~ .183 
:for a p_rism of square section. It~ .approximate value for rectangt1lar secti<;:>ns 
'nia'y be: computed by a. formula presented' in th~ previ~usly. refer6,noed paper ~y 
Pickett. -. · ··, ~ · . 

(3) Poisson's Ratio. Knowing the dyrt~rid.d•,riexu~al and·. 
;•,torsional moduli. of elasticity, Poisson's :Ratio J;Uay"''be' cqijtpBted by,u§.~ o'f .. >the'; .. following modulus of ~igidi ty equatio~s . . . ._., ·. " . ; .. ; 

G = E 
2(1 +p) ' 

Where: G = Dynamic torsional.modulus pf. !~f~,ij.~~p~~i ~·ri ... ,~m·~I1~~ 
per square inch 

E = Dynamic .fleX\lral modulus of, .. elastici ty in. pounds; 
~ per square inch · 
~ = Poisson's Ratio 

d •. Test Results and Analysiso 
:: •• • ~ •• . • -. -. -· .~ <; 

(l).,.Flexural Modulio .. .Va.lue.s .. ofL.dyna~:ic. f1exural moduli 
.Q.f'_J~.la~ticity· determi~ed on frozen· soil ,f:lnd ice bea~s at variouff temperatures: 

..... ,.ar~.:·§ .. P.Q.~ .. iA_Table. Bl7 a_nd on PlatEr 86o' Diffe-rentiation betW~en the results 
. ·".. " ... , , .. . " .... ,. """" •" ,;. u·... -.,·.-, ,_·,.,'/"'"",''' .,,,.,_,,.,.,,.,,.," • 
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obtained from>i;,~st~ .·pE;lr.formed. ·pare,llel< and-perpendicular to the direction of 
frost penej;t:a;!;i@P.!':~S :· s:P.o'Wll~·Q.r,t :the. plot~ l:>y enc.ircling the test .. values for. :the 
parallel G9P.d.t~~t,p:q~=,~:.: A~ ·shown /On Plate . .8q~ the ,computed dynamic :flexural ,, · ·: 
moduli of '-~las;ti~:i;ty f:or :fthe~_~s;eyen,-investigational frozen soil:~:·types :ranged 
from lOO,OOO:;to ?,GOO,.OOO>ps~•= . .-c:·Within the -temperature limits studied,,. plus -~. 

· 31.9·.to.mi}1us·.-9.-5 d~gre,e;~ ;Fahrenheit;· ,the moduli .values- generallJt increased 
relatively rapidly as the temperature decreased to about plus .20 degree~ 
Fe.hrenheit and thereafter increased more graduallyo An exception was Boston 
Blue Clay which -~hqwed only, a smal~ ,increase in E~ with decrease in test 
temperatu~es·::from.3Q?F. to approximately 0°Fo Peabody Sandy Gravel -showed .ap.· 
unusually high moduius near 32°Fo 

,,,, . The dynamic flexural moduli results on artificially 
frozen i'ce ·beams ranged from 1,090,000 to 1,610$000 psi for the investiga= 
tional temperature range .. of plus 3lo9 to minus 6·.3 degrees Fahrenheito The 
plot .,of .:rn()gulu~_:.ver~us- temperature -for ic·e, shown on Plate 86, includes the 
results of other :iilvestigators; andas shown thereon, the values of this 
exploratory test series check reasonably well 1rlthin the results previously 
reported by otherso 

Tile range of· test temperatures and· corresponding 
values o,f Fl~xural Modu~i of Elasticity" E, determined in this test series 
are stliiimari ~ed 'beic>W, ·listed in ·order of decreasing average moduli value so . 

:''.i . C'f .;· r After Freezing ' Flexur~l6Modulus x 10 psi 
:·?. : 

" Water 

E 

·Dry··Unit 
So if Weight Content Heave at+30°Fo at 0°Fo 

pcf ·. %. % 

Blend, ·:Mane hester Fine .T 108' 23~7 14 ·2ol··- 4o39 
Sand& :East·Boston 'Till B 109. 20.,4 

Peabody Sandy Gra-vel T 127 9o5 N 2o9 3o65 
' 

·. 
·---~-

Mane he ster· ... -Fine Sand B ·101 22o8 N ·1o5 . ; ~ ··'3:;35 
~' '·-

;.._:._, 

East Boston Till T 114 16o5 t2 Oo8 3o36 B 119 ; 
17o3 

.. 
Concrete- sand I. 13o6 McNamara T 117 

B 117 ) 13o6 
N Oo9 2o70 

,: ., ., 

New Hampshire Silt T 55 7Bo4 6 75 
l Oo8 2o70 B 61 t .·.\ ~6o1 

Fresh Water Ice~ 
= ., L,2 1o48 = 

Artificially Frozen . ' 1·• 

: ,. . '; 

47 Bo:?ton Blue .c~~y: :_.; 
. ~· ; 

T .. 98o5 ·I· ..... 
'~0o5. CoBb· .B.46 

~ 

'99~6 7T· 1-· -·'·!; 

.. ,, __ .... _ .. _; . ...... ·\· .· ' ~ .. _., '. 
,., 

T = Top Layer in Free zing Cabinet N = Negligible 
B = Bottom Layer in Freezing Cabinet 



___ ,-,,_ · .· --. '· .. · ·- .. _ '- · · .• __ -_ Th.ere···appears ·to be··-no: close· :correlation between 
th-e':· ~~~--kal''fu~'dulus·:-'of•Jelastj;c:lty and. the. grain size. 'characteristics of the 
indivf~uai''~frbz~n:·sal:ls~-- However, ·it:·'can be·stated that ·the'·sands·a.nd · 
gra-\T~~'i1y':-'sBfls;' ;_ ht':general~ -including • th.e :glacial tills~: seem ·to·· p6sses s -
high~r ·m:e>at11f than •--the si Its·: ·and ·clays~ The· lovver · dry· U:nit >~veigh ts _and · -
high~r-viater ;~contents, ;;'after freezing~·. of the. si_lts and: clays''iundoubtedly''~ 
infl~enced_ the{~'resu~ts~" 'Other variables, such -'as --the 'specific :.physico-. . 
chemi¢8:1 p~operties ··or the fines~ the elastic' properties. arid 'soundness of: 
the sqil ·_particles~. and the grain shape, ·are probably involv.ed~ : i' · · 

· .. !. :-,;.:_,c:J ! . : '· .. . . - - . _ .. _' . . ·- . . ·. ·-,-·_.: -:- ,, . 

. ::..~, -:~ · ' __ ... _ _ _ The beams tested in tvto orientations, (induced flex~ -" 
U.ral:·Vibrations parallel.- and perpendicular to· the- direction.-··ef•::freez:i.Iig) -. 

··sh6Yred :n~·appreciable difference in:results·, within the limits·:of-•variation 
···of::'the·:·;test values. ·This is in general ·agreement vnth results :ob,·!:;ained ·on -
~ce~(by· other investigators.' · :· · • : · - · .. --
,~- !) . ; . .'· .-.. ::j .. :." t • • ~·:··:"" ~::· ... • ~ ~ • L '.., ~ 

':' '·-., - · ·.,_ The effect· of -density variations- up·ort::tne:.·moduli-. -_::-
values of any g1 ven frozen soil was not investigated in· this test series.-

:::;;-: -~ · '-· · (2) · Torsional Moduli. The· tests for dynamic torsional 
modulus -'of 'elasticity resulted in va·lues ranging from 50~ 000 to li;4o, 000-- psi 
for _;·the :Investigational· temperatures. of +2lo2 to +3lo9 degrees Fahrenheit•· :·- ... ' 

'Ho1rEhrerj 'because the procedures used were not well adapted .to ·determinatio;n .. 
of torsional-· moduli, individual values are not presented hereine Pos.si ble .. 

",::methods :for improving these procedures are discussed in paragraph· 3-lldr{4) ,· :-
beloVro 

-... -- ,. (3) -Poisson's Ratio~ ·The results obtained for Poisson's 
Ratio on' frozen soil and artificially prepared- ice specimens- are- not: pre sent.ed 

'herein; ·-because .the values ofb Poisson's Ratio,- when computed .. from_ the. values
or.-:the· _torsional II10dulus, reflect the inadequacies. of the exper:imen·!:;al method 
for determining the lattero A ·value of Oo29 was obtained- for. Mariche_ster _Fine
Sand and a value of o.:;o for iceo By comparison, a value of 0.365 was 
obtained by Ewing, Crary and 'Thorne (14) for ice 0 _ 

:: (4)- Irivestigational Equipmerito Although the equipment 
_ used.in this phase .of the investigation, performed v-ery viell 'in ··.flexural,:·· 
modulus ~measurements on ice arid the: more- rigid frozen soilsj .-it proved. 
difficult ~-to pick· out· the desired fle}.;'Ural_ and torsional resonant frequencies 
of ;;the less satisfactory.. materials uriless the. investigator ._was extremely ,well 

''versed· in··identi.fying the various types of vibratiqn induced in the t.est ,. 
beams,,_and in-selecting the desired natural frequency of the be~ itself from 
among·;·the' .natural·. frequencies of various parts of tb,e apparatus :.~td -from ·. -, _ 
harmonic frequenc.iese Furthermore, it was eA.-tremely difficult to inchice a 
satisfactory torsional vibration by this method. 

···-
' < '.' 

.->f .-' . 
~·. . ... ' . :. ~"' . . : ;-..... . . . ... ~ 

,. . :; . .. ~ 

-, -~ _ ... ' . . 



__ . . . The -method used is considered exploratory; the 
;results, how_~vep,:···'We._rrant further testing with improved equipment •. Azn:o:ng· the 
possible be:t"t;et: pr()Qedt1r~s are those used. by Ey.ring, Crary and Thoz:ne· (14). 
For labora:to.ry tes_~s, .()n. ice th~se investigators prepared samples_·~-whi,ch were 
described· as ·be~~g r:o4s a few. centimeters in diameter. and about ·a ,:meter. in 
lengtho · -For· long~.t~qina~ vibrations, an· eboni te rod was frozen into· ·each 
end of .the samplE?o: To the ebonite rods iron disks were.)lttached •. -.A-radio· 
oscillator: forced ·vibrations .in a t€Jlephone receiver which .actuated the iron 
disk at one end of therod, thus producing· a vibration in the ·sample. A . 
telephone recei ve'r o'n the other end. of the sample picked up the longitudinal' 
vib.ration~, and a. voltmeter· recorded the. resonant frequencies o For t6rsion~l 
vibratio!ls:,· .a solenoid was attached to each end of the sample at right ·angles 
to ·the ·1ongi tudinal axis of the sample o A. permanent magnet was placed so that 
its field lay at right angles to both the solen9id and the sample is longitudi
nal axis. ·Alternating currents fed into the solenoid,at one end of_ the rod 
caused a torsional vibration of the sample. The solenoid on the other end'of 
the samp1e. was .connected ·to ·a voltmeter, thus. recording the pure torsional 
vibratiorio 

A-similar method was suggested_to the Frost Effects 
~borato_ry <P.Y Dr.· Francis Birch .of Harvard Unive·rsity in 195lo This sche~e 
mak~s use of:. i.ron bars or plates set in the ends of the. samples. The b~rs 
or p-lates a.re' J~.cted upon by the magnetic fields of electromagnets, . produGed 
by alternating,. curre·nts o. Depending on ·the connections,\) vibrations ~re •·· 
induced in ~-the metal pieces in such a manner as to produce either longitudinal, 
flexural,\) or torsional vi brat ions in the. s ampl~ o 

· It is beflieved that the latter dynamic method or the 
method used by Ewing, Crary and Thorne .is more adaptable for l~boratory 
measurements of resonant frequencies for -both flexural and torsional vibrations 
since the apparatus is. sensitive subject only to vibrations of types specifi
cally -induced .·in··the test specimeno · 

3-12o Crystallinity of Ice Phaseo 

. a--,o ·· General. Studies were performed to determine the size» shape» 
and orientatfon of the crystals in ice lenses from .frozen frost-susceptible .. 
soil specimens and in artificially prepared ice ·specimens for. correlation . 
with the results of strength testso The ice lenses were obtained from frozen 
s'amples of New Hampshire Silt.!) East Boston Till.~> ·a blend ·of Manchester Fine 
Sand-with East Boston Till» a· blend of McNamara Concrete Sand with East Boston 
Till, Boston Blue Clay and Dow Field Glayo A polariscope and a polari.zing. 
microscope equipped vd th Nicol prisms ·were used in the observation of ice 
crystals o 

bo Crystallography of Iceo Crystallographically,l) ice belongs to 
the "hexagonal' system"o" In the'he:xagonal syst~m·~:the crystals 

*See Kraus,\) Ee Hes Hunt 1 We F o and Ramsdell» Lo So 9 Mineralogy.!) An Intro..;. 
duction to the Study of Mine.rals and Crystals 9 McGraw-Hill Book Coo 11 Ince, 
New Yorko Third Edition, 1936o 



of ac;:substance are·· referred to· four crystallographic axe:s·s', three of\ which are 
e.q.ual ,an_d~:lfe .. in a.' horlzont_al ·plane intersecting each. other. at an.:angle of 
60 de,gr:ee:s•" ''>These three -interchangeable, axes are called _;\jhe;r lateral axes~., 
designated:·by t.he ··letter a• Perpendicular to ... the . pla,rle ,-of ·::tfu.eJ~.? lateral axes 
is' the:· verticaL .axis 1 which may be longe·r .or shorter than:_the. ~- -ax~~. . Th~s 
f:o"CU"th ~axis ·.is call~d- i;he principal axis or the ~ crys_ta~logr~ph;ic axiso. -,The 
axial': c~oss: of this system: may. be shown: dia.grammat.ical~~y, ~~:.:__ .. · 

The. crystal form·. of ice is also classified ·;Ln ~:t::he doubly 
refractive or anisotropic optical group 'W'i th one: isotropic direction an.d with 
two principal indices of refraction •. _Such- substances he.ve. on~:- optic axis and 
are called uniaxial.) The. direction of ·.the· optic axi.s :i~ that of the o 
crystallographic axis in the .hexagonal syst~ .and .may be illustrated as: 

Optic Axis or 2.. Axi·s 

-The optical properties of .ice may be_ -;-apidly: :.determ~n.ed -by . 
observations in plane ·polarized light• A ray of light vibrating in one plane 
entering the uniaxial crysta~ of ice at any angle to the optic axis is doubly 
refracted into two rays whichs when they. emerge, vibrate in planes that are 
mutually perpendicular'~~ These· two rays are called ·hhe ordinary ray w and the 
extraordinary ray e e \The indices of refraction·,of the two rays vary accord
ing to the wave length of the light in which the crystal ~ts observed. A shift 
to th~ ,longer wave .lengths· decreases the indices while a shift .tQ tp.e. _shorter 
wave, lengths has the opposite .effecto For light -'of any gi:ven·. wave, )~--~gth-· t,ha 
ordinary:ray trave.ls with uniform velocity when passing thrpugh .th~ ,,crystal, 
regardless -'or the direction of propagation in reference to the o.ptio ax~s: of.· 
the c-rystal<t: on the other hand, the extraordinary ray in i,ce trave-ls_ .a~ :a 
slawer velocity than the ordinary ray when the light pas_ses throu..gh the ice 
crystal in any direction other than in the direction of the opt_io axis• and 
when the direction of propagation is at right angles .to.:.:thet. ·optic -~is the 
extraor-c;l;~ry .raY has a minimum veiocity. Hence, wiJ.en,.polarized light passes 
·throtigli';~_he lc~' crystal in. the'direotion 'o·f one opti;o.axi~, __ it_is _unch~ged,. 
but .. _when. :the' path- of t}J.a. light ray is at- an angle :with\·the<op't'io ·a.Xis the · : 
two ''rays ·will pass "through the crystal at different ··v&l/dO'ities···and · arrierge __ · 
from the orystal1 ~-out of phase. "'·This retardation ca:uses- the rays to 'interfere 
with one another, producing an "interference color". 'When an ice crystal is 
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placed ·between .two· pol~ro~d·.disks. whicll are in -the "crossed" or extincti-a:L 
position~ the iCEkcrystal·· lying with its optic: ·axis in the line· of: sig~t YJill; 
appear darko. ·.It· will remain ·s·o no matter how it is rotated in ·that plane .•... 
A crystal not" .. fin:ed .up in:·.:t:P,is-:way_ will, ex.hibit. colors. depending on·- the:.. . 
amount· of interfe:rence··of the(.(J and .€.. rays. 'When the crystal.·i~: ro~ated.. in 
a plane so· tha~. the· .optic· ·axis ·.is· not in the line of-. sight,: the· :c_ryst~l. shows:·· 
maximum illum.ination .at four positions 90° apart and extinction also as- four 
positions 90° aparte The positions of maximum illumination and extinction 
are separated by angl.es of 45°. 

The relationship between the retardation of one ray with res
pect to the other and the characteristics of the c~stal section may be 
express~d by the folloWing equation: e 

A =t(E.-W ) 
A is -the· retardation· factor, expressed in millimicrons 
t represents the thickness of the section 

... lAJ fs ·the index of refraction of the ordinary ray ~d is 
...... :---1 ·. -. · a constant · for light of a given wave length · · 
~. ·.; .. .,. ··' ·e:_ is the index of refraction· of the extraordinary r.ay 
···<:i · •· .·;,, and varies w:i.. th the direction in mich. it passes. · · · 
· ···.r·_,. ·. .. through the crystal 

~~ the retardation, can be approximately ascertained from the interference 
colore The thiclmess can be measured'~ The index of refraction of the 
ordinary ray is constant. Thus, from this equation, the index o:f refraction 
of the extraordinary ray can be computedo 

Passing through an ice crystal at an angle of 90° vr.i th the optic 
axis, e is at a max:i.mum0 As the direction of passage of the e),."'traordinary 
ray approaches coincidence with the direction of the optic axis8 ~ approaches 
w 0 The value o:f €.. may be related to the direction in which the extra-. 

ordinary ri.y passes .'through the crystal by the following equation~ 

c_' = ~w 
-~E2.. ~z¢' -1-c.d:L~z..cp 

I . . : . . . . 

Irf·this equation~· €_ is the index of· refraction of the extra6rdinary ray~. 
intermediate between its max:Unum index of re~ractionB ( , and its minimum
in-dex o·r· refraction which. approaches .W D .. the index . of refraction of ·the 
Ordinary rayG . The angle Of inclination of the OptiC aXiS frOlT:- a plane per• · 
pendicular to ·the line of si.ght is designated fl~~ or (90 - }lJ) is the angle . 
between· the·· optic axis ·and the line of sighto 

.• ·. ,S_o . -Test Equipm~_nto .. _ 

. ··. _; ··.· . . . (1). Observational Equipment$ Thin Sections of: rela~·· .. 
tively_ small. di~~,t~r were. observed with a petrographic microscope equipped 
with polari"zing, a.ttachment's 0 ·The stage rotated and ·translated only in· the· 
horizontai plan~4) ·. Sections of· ice cylinders up to 3 inches in diameter 



an'd · 1/4-inch thick were observed with a polariscope that was equipped with · 
4-1/2-ilich' diamete'r polarizing ·and analyzing Un.:lts,; ··the .ic'e sections were 
supporte·d in a'· tr·iaxial moU:nt which consisted of a circular clamp that could 
be rotated on three axes. The light source was a 300 wat_t. microscope lamp 
With _he.at abs·orbing: filtero A photograph of :the· polariscope is: shown on 
Plate 87 • . . . 

(2) · Photographic Equipmento· To photograph t:b,in ·se.ctl.ons 
of ice,· ·a 9 x 12 em. camera, wi~h its. lens remov.ed and equipped ·with a· gro'und 
glass focusing back and cable release,· was mounted on an adjustable vertical 
stand and was connected to the eye.;..piece of the petrographic microscope by 
a light trap, as shown on Plate as. The lightsource for photomicrographs was 
the microscope lamp with heat absorbing filter. , Three-inch diameter ice 
cylinder· sections were photographed with the apparatus shown in Figure 2 of 
Plate 87~· consisting or the polariscope" a· 9 X 12 cnio' came:ra vnth; a, ground 
glass· ·roou-sing back, and a photoflood lamp with reflector 0 · A' grotmd glass 
plate (not shown) was inserted betWeen the lamp and the pola;ri?:ilig ··Un.it to 
provide :.uniform illumination. · · · 

de ·Preparation· and ·observation of Speo:imens·o Three•inch diameter 
ic'e' sections were· prepared for observation from ice cylinders frozen in the 
center and four comer compartments of the freezing trays. The ice· cylinders .. 
were first cut into .a series of 1/2-inch thick sections perpendicular to the 
longitudinal axis of the specilnen, using a miter. ·box and a skip-tooth blade 
hack: sa.'v~· . The depths of these sections from the top of the sample were 
recorde·a.·' Sections ·which contained air bubbles or cracks ·were discarde·d. 
The remaining sections viere reduced to approximately a 1/4-inch 'thickriess' b~r 
first planing the sections with a carpenter's block plane., t·hen grindi~g ·with 
emery cloth, and finally polishing with Noe 4 emery paper. · T'.ae l/4•inch ;· . 
sections were placed individually bet'\tveen glass plates, approximately 3 inches 
squa're, and· were sealed with masking tape and glyp~l:;al. to prevent Sublimation · 
and to_ facilitate handling of the ice sections. · The encased ice sections were 
next fastened into ·the triaxial monnt and were observed through the polariscope. 
Photographs and sketches were made to record the size, shape and orientation 
of the ice crystals in the section0 · 

Thin sections from ice lenses in the frozen frost-susceptible 
soi~s were more difficult to prepare. It was necessary to find a lens of 
suff;icient thiCkness in the frozen cylindrical soil specimen t9 pennit . 
prep~!ati'ort of both horizontal and·vertical cross sections of- the ice lens. 
Rough: sections were f'irst cut out of the lens with a chisel~. care being taken. 
to insure that_the sections trulyrepresented vertical or horizonj:;al sections. 
A guide to the orientation of these thin sections· was generally provided 
by the tiny ~dr bubbles which were nearly always present and we1:..e elongated 
vertically. The· sections were next frozen to micros·cope slides according· 
to the desired orientation and were ground dovm on emery' cloth; using pro
gr~ss.ively finer gra~es with final polishing being done by No. 4 ··emery· paper. 
The .·thin: sections had a final thickness of the order ·or· one mill:inieter~ ·The 
sections .. vrere pre-served for future reference by cove.ring :them with micro
scope. slide ·covers .. and then sealing them off from the·· ·air vri th mounting 
cement~ .. This _process :was most importaht since uncovered specim€ms frequently· 
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were completely lost in a single night due to sublimation. The thin sections 
were then ob~erved and photographed through the polarizing microscope to . 
determine the size, shap~, and orientation of the crystals in the ice lenses •. 

e. Det.ennination of Crystal Orientation. To obtain the inclination 
of the optic axis of an individual crystal with respect to the longitudinal' 
axis of the 3-irich diameter cylindrical spe·cimen from which it Was cut, the 
ice section was turned in the triaxial mqunt, shown on Plate 87, until its 
optic axis coincided with the line of sighto The triaxial mount ·was rela
tively crude, and.for·precise measurement of crystal orientation use of a 
universal stage .or its equi vale1,1t is required• 

Examination of a considerable number of the ice specimens 
indicated that\ most of the crystals were oriented at angles not over 15° with 
the specimen axis~ and the average direction coincided with the. direction of . 
the thennal gradient during freezing. Inspecti.on of cross-sect.ions.ta.ken in 
different directions also showed that· a section taken normal to t.he average 
optic .axis displayed more ·or less irregularly rounded crystal outlines, while 
a section taken parallel to the average optic axis revealed the crystal as 
greatly elongated. Thus, simple inspection of the crystal outlines in ice 
sections provided a means of approximately identifying the directions of ·the 
optic axes. · · 

. Some experimenting was done vrlth a method for identifying 
crystal orientations from the interference colors of specimens vievred with 
polarized .light.. From the two equations, presented in paragraph 3.;.;.12b aboves 
the chart shown on page 68 vras prepared·~ This chart was prepared for the 
observation of ice in light of 656o3· millimicrons wave length. vm.ere 

€ = lo3084,· and W = lo3070o Along the bottom are plotte'd values of 
retardation$ Thiclaless is plotted along the left side of the charto Along 
the other ttvo sides are plotted the degrees·, from 0 ~o 90s e.t which the optic 
axis is inclined .frOm· the plane of' the thin section0 With this chart8 kn01.rVi11.g 
the thickness and the color~ the 8Agle. of inclination of the optic axis can 
be determine d. 

This chart 1.va.s prepared chiefly for use in connection with thin 
sections 0 . An experienced observer., it· is believeds could quite quickly and 
reasonably_ establish the orientation of .a crystal by this method. An 
increasing retardation produces a spectrum· in t"lhich a sequence. of. colors is 
repeated three times with litt~e change~ Beyond these first three sequences 
of orders• a white color is seen which is te:nned high order whiteo In order 
to detennine what the retardation is,. it becomes necessary to decide to which 
order the original color of the crystal. ·belongs. · Petrographic microscope. 
accessories such as the full•wave plate and the quartz wedge enable the 
observer to solve this probleme These devices increase or decrease the 
phasal difference between the two rays depending on whether the fast ray of 
the crystal is vibrating parallel to ·or at right angles to the .fast ray of . 
the test plates 6 The color of the crystal changes when the phasal difference. 
changes and by the color change .the observer c~ find in which directions the 
fast and. slow rays _are vibrating an4 to vmiah order the original color · · 
belongse . A_~minor ·i;echnical difficulty is the measurement· of the thickness 
of the thin sections. A very sensitive micrometer is· required e.s the ice is 
crushed very easily. Measurement can sometimes be accomplished by foc-qsing 
first on the lower and then on the upper surfaces of the sectiono· 
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fo .)ypical Ice Crystai Photographso Plate 89 shows photographs 
of four· -secti.ons .·from an -.ice cyl~nder· frozen in the right· rear compartment . .. 
of Freezing Tray· ;No. 7o Tl).e sections were cut parallel to the top and 'Qottom 
surfaces of the cylinder. ·The individual- crystals in Sect:Lon 1 have been 
outlined to make them more c-onspicuous and· some have been numbered for · 
reference· purposes. ·with the exception of crystals 1, 2 and 3, ·.the C?rystais · 
appear gen~rally rounded, as would be expected if the cryst.als were out 
normal to their optic axes. Crystals 1, 2 and 3 are-elongated, as though 

. -the sections were cut nearly parallel to the optic axes. Rotation of the 
section in the triaxial mount indicated that the inclination·· of most of 

. th'e optic axes with the longitudinal axis of the 'specimen was between 0 ahd 

. 15 degrees and the. t the optic axes of crystals . 1; 2 and 3 were inclined 
. at angles. ·of 15° 1 75° ··and 45°, resp~cti vely 1 to the longitudinal axis .of .. 
the cylinder o · ... The diameters of :the· crystals in this specimen aver·aged about 
one half ·incp..: · T~e largest was 1-1/4 inch in diameter. The varying shadeS, 
on Plate 89·-a:r:e due. to slight· differences in inclination of the axes and .. 
differences in orienta~ion of the planes ··of polarization in the crystals.:. 
Crystal 4 is at total extinction while the other crystals are at stages 
between total ·extinction and maximum illuminationo There were no colors 
other than va~ying shades of gray. By examining Sections· I to 4, Plate 89; 
it: is possible to ident~fy by location and shape severl:tl of the crystals 
and trace. them pro:gressi vely down through the cylinder. 

Plate 90 ·contains· photographs. of two sections from an· ice 
cylinder frozen in the left front compartment of Freezing Tray.Noo 7. The 
sections were cut parallel to the top and bottom surfaces of the cylinder •. 
This ice cylinder consisted principally of,one large crystal occupying·nearly 
the entire volume of the cylindero A smaller crystal formed along the 
lateral surface of the cylindero On.Plate 90 the larger crystal is apparently 
oriented so that the observer is looking down its optic axiso· Rotation on 
the trl.axial mount indicated that its optic axis was normal to the plane of' 
the photograph. The mnaller crystal was somewhat more difficult to orient~ 
but examination by: rotation indicated that the optic axis was inclined not 
more than .• 10° from: the· axis of the specimeno The larger crystal as shown · 
was at its position of maximmn extinction and its maximum iilumination ·was 
not much brighter than this. The smaller crystal 1Jiffi.S at its maximum ~right
ness position0 At extinction~ it was somewhat darker than the larger crystal. 
The-. cryst~1s ... exhibited -n~. colors) only white and gray«> 

Plate 91 ·is ·a photo.graph of·· a section from an ice cylinder 
frozen in tl:le. right f~ont compartment of. .F~eezing Tray Noo 7 o The section 
was cut paral).el to the longituqiJ;ial axis :of. the cylindero The shape of 
the crystals' in.: this· vertical section is clearly different from. the sh~pe 
of the crysta~s in horizpntal sections 9 such as .shovm on Plate 89$ the · 
crystals being greatly elongated in the vertical direction. The tvvo white 
crystals are ·at maximum illumination--and -the others are at maximum extinction. 
As in the other sections of considerable thickness, no colors were visibleo 

: ~lates .9~ and 93 are photographs of sections cut· from· an .ice 
cylinder frozen ·ip.. the. -lef.t rear. compartment of Freezing Tray Noo 7·· · :.The· 
sections were cut parallel to the top and bottom surfaces of the cylinder. 



The crystals in cross-section appear somewhat elongated, but if they are 
- tr'ac'ed~· ·¢own ~through the successive sections in the· cylinder) it' .l.s se·en that· 
· .:the:··.crys,tals :are elongated much more in the .vertical- direction than· in the ·· 

horizontal directiono The largest crystal is about 211 xl..;.30f'' ·in ·.plan, while 
the others are about 3/4" to 1" in di~meter. There. were no colors, only · 
shade·s· of· :gray and ·white o . Orientation· by rotati·on on· the·'·triaxial mount 
indicated th~t the crystal in the. upper right corner of the photographs ·is 
so oriented. that its .optic axis is almost exactly at' right angles .to the · 
tot> surface of the oylindero The other crystals: have approxinia.tely .the 
same orientationo 

·. .. ·.· .. -~- · Plates 94 through 96· illustrate the crystal· struc.tur'e of an· · 
ice beam used-.:in dynamic modulus _testso The beam measured -2-3/4"x3'txl2-3/4" o 

A ·.·s,aw; mark. was out along the length of the beam on the top 2-'.3/4~-xl2-3/4" ··. 
su'rfa.oeo :This mark a•ppears at the top of the section i·n the phot·ogra·phsc. ·· · · 
Sections 1, 3·, 5, 11 and 12 are parallel Ito the 2-3;4"x3"--.fac'e's. ·sections. 
6, 8;: 9· and· 10 ·are· parallel to the 12 ... 3/4"x2-3/4" faoes·o · On Section. 6, the· 
·saw mark appea·rs as a line bisecting the section o · Another saw mark was out · 
on the .·side of the beam and can be seen on the left of Sections: 6 through ·lO.o 
These'saw .marks se·rve to orient. the sections with respect: to. their. ·oz:oiginal· 
positions in· the. beamo .The crystals appear .to be oriented ·.with their .:long· .. 
ax~~, approximately normal to the· top· face o. ·The downward right :.to lef.t ·· -.. 
inclina~tion which'· is shown by several or the crystals on .Plates:. 94 ·:,and 96 

-:?indica.te:s pl;"~bably :that the thermal gradient was ·dominantly. in that': direction. 
In ;Sections:. 6 ~to 10 various·. crystals can be. traced from top· to, .bottomo · -There 

.. ~·-.is,: evident here· also a. shift of the outlines of some crystals _fr·om:·.the .right_ 
to~ the left. -Longitudinally, ·in Sections 1 through 5 ·and· .11 ·an~:.':l2·,· ·some 

·:-:crystals appear to be similar in outlint':' and location,· and this s.iinilari-ty · 
may -create the .impres-sion that they •. are ·actually continuol.ls:. through the sec~. 
tiona o. The. crystals appearing at ttl.€! .e~:t;reme .right of, each ·:of .. these .:s·e ctions 
are examples· of this o , However, .Sections 6 through 10 demonstrate con·clusively 
that the· crystals do not have a very great longitudinal extent.. Gray and .. 
white were the only colors presento 

· · · <Plate 97 is a photograph of frozen Boston Blue·. QlS.yi · Sample·· · 
SBC-31, ·and a photomicrograph of a. thin ice lens section, 1-mmo,'in thickness;, 
ma:gnif~ed 20 timeso The section was· cut parallel to.ll and 2· to 3 j.nches.:. f·rom 
the sample's top surfaceo The general- crystal orientation paralleL to·· the · 
longitudinal axis. of the sample was more clear-cut .and more .u~ifo·rm ~-fir. these. 
soil sample· ice lenses· than in the case of crystals . from ice ,cylinders.o 
The crystals in the section illustrated on Plate 97:varied from Oo5-nnno· to 
3o0-mmo in diameter as compared with a 60-nuno diameter which some crystals 
,attained :in sections.fromice cylinderso The crystals exhibited vivid 
shade·s of green; blue, yellow~ and red depep.ding on the orientation of the· 
opti'c' axes· and· the thickness· of the section of ice lens as di.scusseql.n 
paragra~h'· ·3-12e .• 

·;Plate 98 .shows a photograph of frozen Dow Field Clay, sample 
SDC-9, ., and , a· photomicrograph of a thin ice lens section magnifi.ed 20- times o 

Thi's, thin :aection .. was. cut parallel to,; and -between 1 ·to .2. inches from the ... 
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top surface: ~·or; ·:the sampleo As in th~ thin section of Boston .Blue ·Clay, .this 
secti·on :reveals· ·the, .angular outline of the crystals. characteristic~ .of sections 
cut perpendicular' to )the: direction of freezingo. 

. .. ' -. 

. Pla·te 99 shows ·two photonlicrographs of a cross-section of a· 
typi·cal>ice leris. for:rn.ation in a frozen sample of· Boston Blue Clay with a 
magnifi~atioti of 20 times o These photomicrographs reveal that.''many small 
fragments of ·-clay are present· within the ice 1eris. 

go Discussiono The crystals from sections of ice cylinders varied 
f~om· about 1/8.· to 2-1/2 inch~s in diameter. In i-ce· cylinders frozen in the 
'front compartments of the freezing trays the average crystal diameter· was 
1 to l-1/2 cinches-, generally. ·there Vias one large crystal about 2 inches in . 
diameter ·and: one ·or two smaller crystals from 1/2 to 1 inch in diameter. In 
ice: cylinders frozen· in' the rear compartments of the freezing trays the 
crystal diameter· was smaller~ averaging 1/2 to 1 inch. This variation in· 
crystal diame'ters between ice cylinders frozen in the front and the rear opm
partments of~the trays is attributed to temperature gradients within the: 
freez1n·g·' ·cabinets; resulting from the fact that the embossed refrigeration· 
plate :'is' :lo·cated~· only at the back and the two sides of the cabinets. The 
temperath,re directly above the samples at the back corners· of the freezing 
tray~ >wa·s ''found 'to be approximately 1 °F. :lower than at the front corners o · 

·such ·a tempe'ratu're diffe·rence is regarded as very .critical during the initial 
<r6:z-matton of ice crystals· at the surface of a compartment of wat.ero It 'is ~·: 

reasoned that at the warmer temperatures the initial points of crystall'ization 
would ·tend to be 'relatively few in number and the. firs.t crystal or crystals· 
formed would haver greater time to grow .laterally over the surface prior to 'the 
formation of other crystals·o At the: position of slightly colder temperature. 
crystalliz·ation would tend to be initiated simultaneously at a greater number 

.. of points 9 and e·ach crystal would thereby be limited by its neighbors to· 
s~aller diametero · .. · 

The larger diameter crystals could be followed down through 
the ice cylinders as far as the sections were cuto The longest were 2-3}4 
inches in l~ngth when cut off ·and showed no indication of tapering offo. 
Sma1ler diameter c·rystals caine to an end in l/2 inch or less o Some crystals 
wereuri:lforin from top to bottom while others tapered one way or anothero 
'Virtually.no crystals showed a hexagonal pattern in cross-section;· instead 
the crys·ta>I outlines were quite irregular9 as controlled by their contact 
with face~r ;of· adjoining crystals~ at random spacing o 

In generalJi the ice crystal structure in ice· lenses· taken from. 
cylindrical specimens of frozen clay showed a much -finer. grained and much 
more uniform appearance than in the cylindrical ice. specimens o The small , · 
diameter of the crystals,. Oe5 to 3o0 mmo 11 is presumed du~ to the presence 
of numerous potential crystallization nuclei in the soil mass., which would 
be absent in a .freezing compartment containing· only water • .Since the crystal 
axes were' orient'ed generally normal to the t·ops of the frozen soi1 ·.specimens, 
without noticeable distortion toward. the .sides of the samples. it' ·is· coh
sidered satisfactory reproduction of. natural freezing conditions was obt~inede 
The results with the ice speciptens were less satisfactory in this respec-t:;~ and 
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it is concluded that the crystal structure of ice specimens frozen simultane
ously 'with soil specimens in the mann,er of "these tests is not indicative of the 
ic·e ··crystal structure in the frozen soilo - The condi tioris of freezing are 
qu'ite _differ~:nt'~ ',not only as_- regards· availability of ·nuclei· for ·crystal~ization, 

·but· also· hecauffe convection can o~cur freely·-·under -ther=£reez'ing ice specimens 
and cannot in the soil specimens o ·- · · - -

:t,:; 3..;;13 • · SU.'pplementary Tests o 

/ 

'a. ! Generalo ·· Previous investigations had indicated that th~ par.;.· 
- -~ ticle si:ze and the- •distribution of the_ fines (minus 200 mesh ·fra'dtion) 

influence the: formation of ice lenses 'in a soil and ·th.e temporary res:i:stance 
to stresses· of a frozen soil. ·rt was· believed that the- mineral arid/or chemical' 
composition· of these fines, the· surface area arid the s·hape of the particles, 
arid tlie\ :cheniical composition of the pore water also -influence the·strength 
properties =or frozen soils-. Therefore, laboratory investigations we.re macie 
to. determine the surface_area and composition of the_fines in· five soils ·and 
the•conipositi•on'of the pore water in all ten of the: soils selected for~this 
exploraf6ry test seri-es._ 

· bo -· Analysis of Fine Soil ·Fractiono • 

· , i (1) Generalo The Frost Effects· Laboratory contracted· 
with Dr•· T'. iiilliani Lambe of the Massachusetts Institute :·of Technol6gy;· 
Camb:ridgeJI Mass.JI to determine the surface area per unit mass of the fine
soil fraction and to identify and determine the percentage of each of the 
mineral constituents present in the pqrt~on of the soil passing the 200 mesh 
sieve by differential thermal analysis o The five soils sele'cted for this 
study were.- Peabody Sandy ·Gravel, East Boston Till, New Hampshire ·silt, Do·w 
Field Clay and: Boston Blue Clay., 

(2) Test Procedures" The total surface area per mass of 
·soil .was determined by the Ethylene Glycol Reten~tion Test.*·· A soil sample 
of ·;approximately 1.2 gms-. wa's first dr~ed to a constant weight over phosphorus 
pentoxlde ~P205) in ian atmosphere .of' less than Ool mmo rig. :absolute pressure~ 
and ·approx~mately 3/4 gms o of ethylene glycol was added to the· dry sample 

~-which was allowed tO soak for 24 hours o _ The glycol-soil niix'ture was· :then 
put .over calcium chloride. (CaCl2)- and was subjected to an-'abso1ute pre•ssure 
of less than 0.1 mrno Hg. until it reached a constant weighto '-The sample was 
weighed and the weight of glycol retained per gramof soil was calculated 
·since the' area· covered by one gram of ethylene glycol is known to be a.pproxi-
. mately 0 •3204· square meters o - · · · 

The total surface area.per mass of soilJ) as computed 
from: the glycol retention test, is only approximate becaus.e. :it has not yet 

*A detailed presentation of this test can be found· 'in "Total Sur£ace of Clays 
in Polar Liquids as a Characteristic Index"., Ro So Dyal and So Bo Hendricks, 
Soil Science, Volo 69, June 1950o 



-been shown that1. the::_ retained glycol. forms a single molecular layer on all 
minerals o· >.The··deg.ree··.to which· the glycol penetrates the· interior· of· certain· 

. miner~l .parti .. cle.s· is .-also unlmowno · However$: Hendricks· has proved that glycol 
re~eD..tion gives,·. :ail excellent. measure of. the total surface area of. the expand
ing lattice minerals.·· 

The mineral composition of .the soils was dete·rmined 
by differential thermal analysis.. This. analysis was· performed With a differ
ential thermal a~alyzer .similar to .that used by Kerz:- and Kulp*• Each soil was 
brought to an equilibrium water content at 50 per cent relative humidity 'before 

. testing so tha-t .the. ·absorbed water deflection on the thermogram could be used 
· in the -aiuilysis ~ ·Since ·this equilibrium moisture content .has· been found·. 

indicative. of.the composition and properties-of a soil, this moisture _-was, 
me~s1:1re.d and·.:recordedo The thermogranis obtained were. compared with ones of· 
lmown mi·nerals·,,for identification of the various components in e.ach soiL):., 

.. ; .. , 

, .. . Quantitative analyses on the soils were not made .for 
the feldspars, micas, amphiboles:, etcot because the differential therm~l 
analyzer does not lend itself to this analysis as well as other methodso 
·Dro -Lambe did not think it justified. to try to make quantitative analyses for 
these minerals by other m~thods.because tlieir contribution to the physico
cht;mical jpropert:ies of the s.oil appears to be neg1~gible G In conjunction with 
the the}·mal analys:es~ dilute hydrochloric acid was added to each soil sample 
to· test f.or c·arbonates o 

· (3) Test Results~ The mineral ~nd chemical composition· 
of the five soils ~elected f·or this ;investigational phase 'are .. summarized· in . 
Tab1e· 4o· !.· :The .thermograms for the. soils tested are shown on Plate 100 o The 
solid lines are for the initi,l run and tl;le .broken lines for. the rerun us.ed · 
to detect minerals with reversible re~ctions o The so'ils investigated have 
·been grouped.o in the .sw:milary table apd ·on the thermogram plate.~~ so that s,oils 
of approxima-tely similar. compQsi tion are togethero The original . thermogram 

,obtained f'or:-the minus 200 mesh fraction of East Boston Till was ·such that 
-it .was thought ·desil'able to isolat~ ·the·. minus ?-micron fraction by centrifuging 
and :th~n analyzing it with. the thermal analyzero Although the thermal .test·s 
ori the minus 2-m±:cron fraction~. as showri on :plate 100, did not make a positive 
analysis of the till possible,· it did aid. in· interpreting the origina1 the·rmo
g·ramo · 

The approximate surface area_s of the fine soil ;f'rac
tions of the five soils are-comp~red with pertinent d~ta .for the original 
soils in the following summary tabulatiorp · · 

*Kerr, p., Fo; Kulp, Jo Lo and Hamilton9 Po K .. , "Differential Thermal Analyse's 
of Refe.rence -Clay M:ineral Specimens"_!! Alnerican Petroleum Institute. ~aport of 
Project 29, Ne.w York, '1951 o 

~ :.. . . } 
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, .... Soil; 
: ·; :.:. . ; ~·. ··~ ' . :. . . 

New Hampshire 
Silt· 

·Eaist' B.oston Till 

: Pe.abody Sandy .•. · 
; ··Gravel. 

Bost:on· 'Blue· Clay 

·. Dow>Rield Clay 

Approxo 
SuTfaceArea 

of, Minus 200 Mesh · 
·Fraction· 

· .. :iil, Squarer.Me.te~s 
.: Pe·r Gram of Spil 

. . : ;.·· 

23 

35 

37 

.Per Cent Re.lative Strength 
· .. Finer Than · ··, ln:iT&mporary Compro 

·200. Mesh; In .·· .S1trength Tests 
.:·~Original.·Soil~: :: ~/~.lO~F o . ®+3lo5°F. · 

100 2 2 

47 . 3 '·.' 3 

.:l ·1 

,. ·'( }'>. ') :; ! · .. 

·100· · ,· 4.::·'.L':t,t ··. :·4 '. 
i ... • .• ·,. 

'•. ·. 

If.· allowance is made for the fact .·the.~ the· P.ea~ody 
Sandy Gravel fines are only a very sma·ll percentage .of the original m,~terial 
from: which they we.re obtained$ arid the> la~_ter material· is· therefore assumed· 
to have a low average surface area per gram, the compressive· strength ·re.sults 
fall approximately~ in the same sequ~nce • as: the surface area results o . The 
pr~dominant mineral constituents in the ·.fine fractions of the five soils are 
quartz.' and·· illi te·o This similarity in mineral composi-tion may: be: explained· 

·.by titt-r fact that the five soils ali were ~btained from the. same ,geographical 
· areaV · The quartz is merely rock flour~ Illi-te is not ~ particularly "act·ive" 
clay/mineral; however, i-ts effect might v~ry with differen,ces in the type of 
adsorbed ions. This would al~o be true>of other types of .clay minerals~ such . 
as kaoliil.ite and mcmtmorillin:i.te. , Tests on a v:ariety of ·s.uch clays in which 
the. clay·. mine:~als and the nature of their ads~rbed ions are carefully identi
fi·ed,· might yield sufficient 'correlatfon S9 tha-t the gene.ral st:i-ength prop· ... 

;~-~·.erties of.various types o.f clays @.der yarious freezing·and moisture condi-. 
tions might be. roughly predicted from a .knowledge of their. mineral consti
tuents·o 

. ; 

A s·ubjeot to which these studie.s relate.o and which· 
seems not to have been inyestigated to date, is the degree of·. bond at the 
interfa-ces·. between the soil particles· and the ice crys1;als., .' Tsytovich and. 
Sumgin (39) have theorized on the s.tate of. stress at. points· O'f contact of 

. the· mineral grains wi.th ice;.:. however$ they assumed the ·grains. to be 'spherical 
in shape· and' ·the mineral grains and ice-. to be eiastico . Investigation of the 
true conditions· l.n these boundary zones and· their effe'cts upon the · charao= 

. te:ris·t:i.os: 9f.• the: froz'en soil would appear to. be. a diff~·-cult'.' and challenging 
task •. 

'···.::: .. 

. . 

(1) Prooedureo During the· course of the investigation 
frozen;soil fragments .which remained after the:strength.tests on each of the 
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ten soils, were retained and meltedo The water released from·: the samples 
upon thawing'··waS:!·c"cfl,lected arid,pa.s;sed through filter paper to remove solids 
in suspensibn'~ u,'Dis~illed ~ater w~s ·: add~d to the extracted water .as necessary 
to proV:ide orie--.'.·g~1Ton. from.--_e'a-~h-so~l for chemical- analysis testso An analysis 
w$s .~ls,o>m~~eLof:~~th~: tap~ w~'te_--r-·used- in ~he. preparation of-;_the remolded ?~9_il 
s-pecimens and supplied to the bottoms of the samples during the freezing-
proc~ss o 

_ (2) Test Results o _ The results of the chemical analyses 
performed on- the·_ pore water samples and the tap water are presented in Tabl~ 
5o Values have been adjustedfor the diluting_,effect of the distilled water. 
~here applicable o The figures for· the pore water from the remolded specime-ns 
were -obtained- by: deducting the constituents in the tap water used in preparing 
and saturating .the specimens o Thus the fig1:1res shown represent the consti- · 
tuent·s naturallY· present in. the soilo Actually, the combined const:l. tuents 
of tap water and natural soil ·moisture were present in the voids of these 
materials during' freezing~ In the case of Alaskan Peat, Boston Blue Clay 'and 
Dow Field Clay the tap water constitue11ts were not subtracted as the specimens 
of these soils were prepared frqm.undisturbed_sampleso Tap water was not used 
for preparing' these soils~ but w~s suppli~d during freezing, so that a portion 
of' the <water·:in: the samples after freezing -uvas derived' from' the tap·: water 
whilEF the: remainder of the water was- origint:;lly present in the- soil yoids. as 

;_ sampled;;in',the- fieldo. 

_ Tc) what degree the chemical :constituents of the· pore 
water·: extracted·:- in the inanne·r described may also-'be typical of the·- moisture · 
fi1Ihs· attached'' more tightly· to -the soil particles is not known:o_ However.» let 
{t! be' assumed for purposes: of discussion that the- test. results on Table 5-- are 
applicable for all' the' moisture in the soils which is subject to freezing·o ~· 

.. :It is- obvi·ous by ·comparison with _the ·analysis of the tap water th~t the p_ore 
water in all· the material's contained relatively large amount$. of- dissolved 

· substances~~-',_. lc~ crystals forming iri water containing su9h impurities would 
reject these·''substances,and·' the remaining unfrozen water would-tend to .have 
a· nigher and~: higher C()ncentratio"n- of impurities 9 the limiting condition being 
a brine which would be in. equilibrium at theJ1owest temperature reachedo 
Entrapment of these concentrated impurities~ including gases 9 _would occur 
at the crystal :t>oundaries and at surfaces between ice crystals and soil 
particles-. Thus~·. the greater the' content of dissolved substances. in the 
pore water-,- the :weaker 'the ice=to-ice and ice-to-soil particle bondi-ng and' 
the· less_- r·apid' the' gain 'in strength with decrease"in temperature which' mtght 
be ·expected o" More rapid loss· in- strength under warming conditions lnight-·-
also be anticip-atedo Vfhen large crystals are formeds as in. the ice :Specimens 
:frozen during this' i~vestigatiOIJ.8 the area Of crystal interfaces,- per' unit Of 
volume- ·rs low fi-- On ·ther ·other hand-, :when small ice crystal~ ar·e 'formed, as in 
the fee' -lenses:':·of the soil specimen~;· t}ie a-rea_ qf crystal ·interfaces-. -per un~ t 
of volUme is very much higher;o. For.- equal amounts of substances· entrapped- per 
unit volume 9 the finer grained materials might therefore be expected to be 
stronger9 since the concentration per urii t. of crys~al surfa,_~~:·-·:would be less o 

·:! -··. 'In sea ice the dissolved materials are in such con
·centration that channe-ls·-- are formed in the ice -from the- s-t-~r __ t-.9: through which 
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entrapped brine may drain. Thus, though initially weak, sea ice may deter
iorate less rapidly under thawing conditions because soluble impurities have 
been removed. In fresh water ice, on the other hand. entrapped soluble 
matter· h~s no ~pportunit.y to escape until thawing occurs, at which time the 
crystal boundaries rapidly are dissolved away and th~ mate'rial ·becomes very 
we~k. This suggests that in frozen so~ls, which may have ·appreciable· soluble 
matter in their pore water, noticeable ·alt~ration of strupture·and strength 
properties may occur if the temperature is; raised to just under+32°F. for a 
time, sufficient to permit movement of minute brir;te coricent'rations ·S:t 
critical points within the specimens. It is also'suggested that as freezing 
progresses downward, the 'pore water immediately underlying the ice boundar,y· 
may develop concentratioilf! of minerals which may help in ~upe·roooling; of 
water molecules and contribute toward formation of ice lenses and be.tespon
sible for the alteration of ice lenses and strata of relatively undispersed 
soil. 

Correlation of strength properties of the frozen 
soils with the pore water data by itself does not appe~r feasible~ since 
a number of other factors such as gradation~ angle of ~p.ternal friction, 
adsorption characteristics of'mineral, ~oil' structure ~fter fre~zing, etc., 
also vary simultaneously. However, it does· appear logical from the relatively 
low ~ohtent of dissolved· substances that the Manche~ter Fine Sand should have 
shown outstan~ing strength groperties in this inves:tigation, particularly 
at temperatures close to.+32 F o 
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PART IV • DESCRIPTION AND CLASSIFICATION OF FROZEN SOILS 

4-0l. The need for a systemized method of describing and classifying 
frozen soils, recognized before the start of the investigation, was 
emphasized during the review of results of previous field and laboratory 
studies. Absence of elementary correlation data, differences in methods 
of expressing basic infonnatio~# and usage of tenns in special ways without 
definition made interpretation and usage of the available data sometimes 
difficult or impossible. 

The following three basic .elements of frozen soil characteristics 
are considered the most sensitive indicators of' engineering behavior: · 

a• Soil type 
b. Content o£ ioe phase and its distribution 
Ce Temperature 

A classification and description based on the first two of the above factors 
as the fundamental characteristics• with te.mperatu~e regarded as a subsid
iary variable oonditi on, and which covers the types of frozen soils encoun~ 
tared to date in this and other studies by the Frost Effects Laboratory, is 
presented in Appendix Ae Although much detail is shown on Ple.te A2 of this 
A~pendix, this is done mainly for the purpose of working out and indicating 
the entire framework• In many oases, partioularly.where relatively 
untrained personnel must oarr,y out the bulk of the classification and 
description and where only the stmplest infor.matian is necessar,y, only the 
word descriptions of the basio soil type and the nature of ·blte ice phase as 
oovered in Part I and in Columns 2 through 5 of Part' +I on Plate A2, 
together with letter symbols, would be used. The system is quite tentative, 
proposed as a neoessa~ first step toward an ultimate satisfacto~J solution. 
The word description method of picturing the. em.ount, nature and distribution 
of the ice phase in particular is cumbersome. Possibly better letter 
symbols more easily ra.mambered might be selected. The major divisions of 
frozen soils shown in Part II of Plate A2~ Homogeneously and Heterogeneously 
Frozen Soils8 might perhaps better be . divided into t.l:J.ree groups: Homo gene• 
ously Frozen Soils, Non-homogeneously Frozen Non .... clay Soils 8 and Non
homogeneously Frozen Clay Soils. 

The effects of va~ing ice content in frozen soils have received 
very little study in the present investigation; however• previous investi
gators have found that frozen soil strength is a function of ice content. 
When further investigations are performed to study the effects of" varying 
amounts and varying distribution of ice in the frozen soil, it may be .found 
possible to simplifythe methods of expressing these characteristics in 
a. classification system. 
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PART V. SUMMARY AND CONCLUSIONS 

-~~-5~Pf~·,~·.:: Gondi tions o;f' A~plicabi lityo _ .'I'he · summary res~l;ts. El!ld>conclus.ions 
presente~d· iP.~thi~ s.ection, llfith respect to the strength prqperties. of· ,fTozen. 
-soils,··:f1:r·~· appl.icaple for soils. within the range of types ·includ~d in the 
present' er!:;}.lci~ee, ..• ::tmder the follOO.ng specific condition~::>.·· ... 

.. . . a. Soils tes.i;ed in a frozen state after .. ha'Ving b-e.en ·artificially· 
:, fl;-oz~:n sl.oyvly in one direction w:i. th fre.e access to water., The·. average . ·. 

deg:re.es of s~tu_ration for.' the three coarse~graine d, oohe'sionle.ss soil~ ranged 
from 75 to e9 per cent • The remaining soils, including Alaskan Peat, were 
tested at average degrees of saturation ranging from 88 to 9,$. per cent .• 

- .. -·.,· . -' ·-

, ........ be .Clays* and peat•• tested in the undisturbed stat~ and. remaining 
soils tested in the ·remolded oondi tion. .. : 

T •' ' 

"~ •. Uniaxiailoadings applied in tension ru:id compression tests .and 
biaxial loadings applied in shear tests. 

Results are considered representative of field conditions to 
· the ·ext.ent that· natural frozen. so:tl conditions were reproduce <f.! 

5-02. ·General 'strength Properties.e · The ·following gener~l' s'tre~g~h ·. 
results are indicated by the compression~ tension and ·shear test 'data: ·• · · 

·. ·: •·· .. :· .: a~ . The temporary strength of· frozen soils: incret:.i·ses· with decrease 
in· temperature below the ~ree zing point$ · · 

bo In general~ clean cohesionless materials have highest frozen 
strengths and:. clays have· lowest. 

·co· .Clean uniformly graded sand was found to have greater temporary 
::~strength in the frozen state than more well=graded sand ·and: gravel soilso · 

do· The temporary ·strength of si 1 t compose.d :.princ·ipally of'. non-clay 
·.<··:minerals ·approximated that of the clay soils ·at temperatures very near 

· +32°F o but increased very rapidly With· decrease in t~peratureo 
'. ,·-· 

... e •. The· temporary strength of frozen fibrous· ps~t:,)ipproach~d- the 
strength characteristics of the clay soils when tested in '.'PQ:rq.pre.~sion but .· 
showed considerably higher strength tgan .these soils -yvhen ·tested in t~nsion 
and shear within a few degrees of +32 F. 

• ·: Boston:_:f,3lue · Clay and Dow Field Clay <t · 

•• Alaskan Peate 



f.• The temporary .compressJ.ve ·strength values obtained· in the 
current ~tudies were generally_ of appr_oximately the s~e order of magnitude 
as. rep·ott'E,Ci p;reviousty< by' other invest.:lgators, for soils. of approximately 
similar gradation: and -:~ate:r COl1ten,t·_o ~However 1 the shea·r ·te~t ·res\.rl ts·: ·were ·· .. 
on a who1e somewruit 'lowe:r,···an:a· th~ tension test results were· much lower,· than 
those repor~ed by Russian· investigators;· insufficient data are available·:· from 
the Russian studies to adequately detel"lfline the explana~ion for·these differ
ences~ but they a're considered ·to be due in part ·to the .fact that the Russian 

'investigators'di.d· not provide a source of water to their ·artificially prepared 
sp·ecimens·· during;.~freezing which would· permi.t· full ice segregation to occur.-

_.·:... .. :.· -"-:::,··. 

5~03 • · Temporary Compres:sive ··strength.: · .. 

a. Temporary compres~ive strength of soils increased approxim~t~ly 
4 to 9 times with decrease in temperature from +3lo5 to -l0°F.; the rate· of'. 
increase. was. ·generally :greate_st in .:t4e first few degrees be low+32°F. · 

b. ·At -10°F. · ·~ompr~ssive s-trength vaiues ranged from approximately 
1,350 :tc{ _3_,,230 ps~ 6 at r~te of loading of 4oo psi/min. · · · 

. . . 

c. At +31 •. 5°F. temporary compressive strengths ranged from 170 ·to 
760 psi., at :r-_ate of loading. of 400 psi/m:ine 

·. · do At +31. 5°~~ Ne~ Hampshire .Silt showed gre-atest ~xial strain (327';) 
at max.imum. stress and Peabody s·andy Gravel the least (2-1/2%) 1 at rate of 
loading· o{ 4bo psi/mino · · · · 

.. . :· .. . . . . . ' . 

. , e· •... At temperatures s.l.ightly be low +32°F o variations in :the rate of 
stress increase in the range fro~ 200. to .lOoo· psi/mino ·do n~t havla pronou~ced 
effect on the temporary compressive strength of frozen soilso 

. . 

fo . Frozen soils and ice loaded in compression at tempe.ratures 
ranging from +26 t~ +30°Fo showed conti~uous plastic deformation under constant 
·stresses: of· as little as. :3' to :·8%.: of the· temporary. compressive strengths .at 
equiva1'ent temperatures, cietermir1ed by loading at a rate of stress increase ·of 
4oo psi/min. The· peat and clay· soils were more susceptible to plastic defor
inatiori'·:·tn~n tJ1e more coarse~grained materials .tested in this investigationo 
Ice s~qwed'the:1east plasticdefonna~io~ of any of the frcizeri materials testedo 

5"::"04. Temporary Strength in Tepsiono At temperatures within a few 
- degrees o.r· p1tis'32°F., tensi;l.e str.enf;t~s of the materials ranged from a 
. nliniimlm of 136p_si for East' Boston Ti'll' at+3l~-3°F ~ to a maximum of·l78~ psi for 

McNamara Concrete Sand at+30 o0°F .• at ·a loading rate of 4o . psi/mino · 

5-05.• .Temporary Strength in .Shearo At zero normal load and at average 
temperatures of+28 .3 and +30 o0°F o, ,temporary strengths· obtained from ·Mohr enve
lopes range from 72 to 189 psi.~~ the ra:t~ .. of stress· increase corresponding to· 
a value intermediate between l6o7 and 167 psi/mino · ),:~ · 
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. ~5~66; ,,,.Wo'tk:ing Stresses~ ··For. tempo~a~J ~loadings·.'.th·~i·fi.ozen .soil strengths 
obtained in this investlgatioi1, 'reduce(f.by a ~utbable;,:'factor' of s'afety~. may be 
used~ For long-time loading on soils ·which re~~in pf):map.ent.ly- frozen*, the 
effects· of possible plastic flow must be consiae·~ed,'ahA>th.~~\.1/vorking stresses 
must be reduced still further, if peceSSf).rY-a. . 

5-07. Elastic Moduli • 

.ae The dynamic flexural moduli of elasticity_ of f~ozen soils at 
approximately +30°F • ranged from 0.5 to 2~9 X 106 p~·i, vrith the :f'iner grained 
soils,, ge;n~r~lly having the lower va.l11e s .• : Moduli valu~s general_ly increased 
:rc:1+atiy~l~r~ rapidl~r from this temperature. down to about +20°F;; 't.henJ~lore · 
slowly.·., Ho.rrever; Boston Blue. c:ay shovJ"ed. only small increas:ej 9-~~ · t?. test 
temperatures of·about 0°F. Maxmum average modulus vra.s 4.5 x 10 psi f'or 
Blend,.Manchester Fine·Sand and East Boston Till at -5°F • 

. bt) The dynamic flexural modu~us of elasticity of' ice ranged from 
1.09 x 106 psi at +31110°F. to 1.61 x 10 · psi at -1.7°F. 

5-08. . Crystal Structureo 

ao In ice specimens, and in ice lenses of soil specimens, crystals 
were found .to be oriented vrlth their average direction generally coinciding 
vdth the direction of thermal gradient. Individual crystals were usually · 
oriented within 15 degrees of the direction of freezing though some had 
greater divergenceo 

b. Crystals in ice specimens varied from 1/8 to 2-1/2 inches 
(3 to 60 mmo) in diameter. Crystals in ice lenses in soils were much smaller 
and varied from 0~5 to 3.0 mmo in dirumetero 

Co Crystal structure of ice speoimens frozen simulta..."leously vri th 
soil specimens is not indicative of the ice crystal structure. in segreg;ated 
ice lenses in the frozen soil •. 

5-09. Supplementary Tests. 

aG In limited tests, strength dec;ea.sed as over-all soil surface 
area increased. 

b9 All materials showed appreciable content of d~ssolved substances 
in pore water, and the uniform fine sand, which had relatively low percentage 
of mineral matter in its pore water, had superior strength properties~ 

* The problem of settlement and loss of strength of frozen soils on thawing 
is not taken up in this reporto 
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. 5-10.. Description a:nd Classification of Frozen Soils~ 
· tentatively···be::d±vided: into·, the-following major classes: 

;,:._. 

b. Non-Homogeneously Frozen Soils. · 

(1) . Non-Clay Soil Types • 

. (2) .. ·• 

Fro zen soils may 

The··above divisioD: of frozen sol.l types is considered to be of as much·.or 
more importance in indicating· probable strength. ·and settlement characteristics 
on thawingj ,·a.s it is in· indicating strength prope:rties while frozen • 

. ... ·· .. 

. ~ . . ,: 



PART VI. RECOMMENDATIONS 

6-01. It is re·cotrmiended that- the ;.investigation of the description, 
classification, and strength properties of frozen soils be continued· and the 
fol~owin~'i'a''dd;iti-bnal studies- be made: 

·_ ~ . .;:.. ... r .: ~:~·~-..-· > . . 

- : :: :: -"· ·,~ ":a. ~~''The- scope of the .present studi:e s should'. be expanded by measuring 
the effects on strengths-of frozen solls -of'.variati,ons·,_·in the:following factors 
which were not studied in the initial program for Fiscal Year 1951: 

( J.:) ·Degree o·f ·saturation (rio controlled -tests have been made· 
to dat·e· to ·:detetmirie the effect of various. degrees· of Saturation on the· 
frozen strength)o 

. _ (2) ·: Degree of ice segregation (where full :development is 
rest:ric·t·ea by·unavedlability of·6utside -water). ,_, 

- ' 
(3) Orientation relative to direction of freezing (i.e., 

relative to o·ptic ~;a·xes). · · · ·- · _,., 

(4-) : Rate ~of freezing~·_ ·~ ,-·· 

Density of homogeneously· frozen soils-. 
·.'·P· 

. b. A limited number of additional tests should be perfonned .under. 
the same conditions as in Fiscal Year 1951, where present results appear ques
tionable ··or· insufficiently· supported. In· particular, ·additional 9ompressive 
strength tests to ·investigate the effect of· rate of-~loadirig. snouldJ:?e run. j;n 
order to obtain consistent average values· for the rates which have· beep. .studied 
in the pr,e.sent programe 

c.; In 'the- investigation of effect of rate of ·loading, a vd-del~ r?-nge 
of rates and temperatures should be coverede .·The effect of· variations· in. rate 
of loading on tensi:e and shear strengths should be explorede 

:do ··Tests·:should be run to obtain curves of tensile and shear 
strength vs. temperature similar to those developed in the current tn::vesti-. 
gation for compre~sive strengtho_ 

, ee ·The-. present very 1imi ted investigations- of the plastic deforma
tion of frozen soils under constant long-term loads ·should be expandedo . Tests 
shou!d be performed at several temperatures and stress intensities. 

·: ·.'. f''o . Exploratory' investigations· should be: perfonne d- 'Vi th the -triaxial 
compression apparatus. ·Using this machine, the elastic and plastic proper-
ties of frozen soils should be studied under temporary and long-time loading 
and under· ·t}ie:. iilfluen.c-e of various lateral pressures c. :The presently developed 
Mohr e!lwiope·s should be extended,- and the ·effect of· overbv.rden. confinement 
on pl£(stJ.c:. flo'lftr under const"ant load should be studiedo ·-Measurements _of 
late:r:-al deformation and volume change under various in·tensi ties of axial load
ing···~hdul·a- be·· include-do ·Eventually, these· tests;_ shou,;ld,;·include- series at 

.. 
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, different .. _t~P,<:Jr.a.tures ·and._ different degrees of saturation •.. 

g. ·'-Field. studies should be made" of the a.~tual loadings and 
stabilities under existing structures. c6hstructed on. frozen soil for o'ori~l~
tion vvi_th resul_t.s.obtained by ·la~~ra~ocy:tests •.. Plate loading. tests of· long 
duratioll, ori.- frozen ground, . shquld also be considered. 

. -

h~ One ·or two more additi.onal clean; Unifc)rmly graded, qobesion:.. 
·less spils should:be investigated .to d_etermine the grain size characteristics 
producing the. highest frozen strengthf3, .the ·largest values thu~. far having 
been _obtained with. uniform!~ g;raded- fj_n$' sand. · · · · ·· 

i. ~o .. silt soils. common to Alaska and one additional clay- soil 
containing miner.als of marked physico-chemical activity should be adde4 to.· 
the present group of soils being investigated. 

j. Present prelilninary tests to evaluate the elastic properties. 
of frozen soil should be continued using equipment desigz).e d to induce · · · 
positive torsional,. flexural ~d longitudinal vibrations of la:lawn frequencies. 

k. A number of specimens of _naturally frozen soil from seasonal· 
frost and permafrost areas should be obtaine.d and tested for comparison and 
correlat~on w,ith labor~tory frozen specimens • 

. 1. Correlation tests used in the present studies should be con
tinued,· s:uch as studies of crystal size. and orientation; the_ effects of 
crys-tal ~i ze on strength should be studied. 

m. Working stress and loading criteria which may be used in 
design. and construction in areas of frozen soils should be formulated as 
q,uiok:ly as adequate b~sic data are acctimulated. 

n. The effects or· various degi;-ees of thawing and of repetitions 
of free~ing a~d thawing on strength properties of frozen soils should be 
explo.req'~ 

o. Possible means for evaluating the effect on strength of the 
bond ·at interfaces between ice crystals and between ice crystals and soil 

, _pa!"tic les should be explored • 

. P• It is suggested that te~ts on a given soil in' which the per- . 
centage ·of dis~olyed _subst~ges. ·i~':i .. deli'P'~r~i;ely_ varied might demonstrate the· 
effect .·of .this ·ractor uppn the strength of frozen soils •. 

. .. ~ 

q. Lia-ison should be maintained with military. construction 
activi tie~ . and with other a.genci e s carrying out operations and study in 
areas of frozen ground to aid. in formulating investigational o_bjeotiveso 

. · :t:'o . The. te~tative classification system should be disousse'd with 
interested agencies 'and individuals and should be modified as necessary to 
meet requirements not now foreseenCt 
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IliVES'l'IGA'l'OR 
(a) 

GUYENSitUA, O.M., 1936 (19) 
(All Speci:nens Disturhl'd) 

GOLUBOVICH, Iuo P., 1937 (18) 
(All Specimens Undisturbed) 

TSYTOVICH, II.A., 1937 (.38) 
(All Specimens Disturbed) 

TSYTOVICH,· I.A. A SUMGIJ, II. I. 
1937 (-'9) 

(All Specimens Disturbed) 

IIHO!fiCHBVSIAIA, L.S., {l'b.) 
1940 (22) 

LIHB 
10. 

1 
2 
3 
4 

SOIL 'l'YPE 
(b) 

Frozen Be!lV)' Clayey S1liD (Disturbed) 
Frozen Quartr. SAND · 

~ , Fr~zen c ~ayey 'G~oUnd 

7 
8 
9 

l'J 
11 
12 
13 
ll~ 

15 
16 
17 
13 
19 
20 
21 
22 

Li~ht Sa~y cu.; ,_ 
" 

Silty•Dusty Sandy CLlY 

" * " " 
Sandy CLAY (.loti ve Layer) 
Fr~r.en S!lty•Du!ty Cla~ey ~ (Act;n tarr) 

Frozen Yellow Silty-Dusty Clayey· SA!ID 
Frozen YU low Clayey SAND (Active Layer) 

" " " " " " 
Permafronn Clayey SAND (Undisturbed) 

23 Frozen SAND 
24 Frozen Dust-Like Ground 
25 Frozen CLAY 

26 
~ 

-26 
'29 
30 
31 
32 
}3 
34 
35 
36 
}7 
38 
39 
40 
41 
42 
43 
44 

t~ 
47 

4B 
49 
50 
51 
52 
53 
54 

55 

56 
57 
58 

.59 

60 

61 
62 
63 
64 
65 

66 

67 
66 
69 
70 

·,·1 

Frozen Quartz SA:t.'D 
Fn!en ~l:yey SA~r; 

Frozen CLAY 
" " 

Frozen Dust-Silt Ground 
Frozen CLAY 

Frozen SAND 
" " 

Frozen Dust-Like Ground 
Frozen,SA!ID with Gravel 
Frozen SA!ID 
Fror.en Dust-Like SAND 
Fror.en Silt-Lilre S.Um 
Froun Clayey SAND 
Frozen Clayey Gro'lnd 
Fror.en Sandy ClAY 
Frozen Sandy CLAY with Gravel 
Frozen Duat•Ub Sandy CLAY 
Froun Duet-Silt. GrOWid 

Pennafro~en SILT (Undiaturbed) 

Pennafrozen SILT (Diaturbed) 
Pensafrozon Heavy Silt.y Sandy CLAY (Undiat.) 
Permafror.en Heavy Silt.y Sandy CLAY (Di~turbed) 
Penrw.fror.en Light Silty Sandy CLAY (Undht.) 
Permafronn Light' Silty-!)uaty Sandy CLAY 

(Undisturbed) 
Pel'lllnfror.en Light Silty Sandy CLAY with 
occasional granl (Undilturbed) 

Frozen Silty-Duaty Heavy Cleyay SI.JD (Undht.) 
" " !1 " " " .,' 

Froun Silty-Dusty Heavy Clayey SAND with 
Ice (Undisturbed) 

Fror.en Silty-Dusty Heavy Cllyey SAND with 
Granl and Ice (Und:\at.urbed) 

Fror.en Silty Heavy Clayey SAND with Ice Wedgea 
(Undiaturbed) 

Fror.an Silty-Dusty HeayY Clayey S.&.ND (UDdht.) 
Fror.en I.ight Clayey s.um (Undisturbed) 
Fror.en Silt-y-Dusty Light Clayey SAND (t;ndht.) 
Fror.en S1lt.y P.eaV7 Clt.ytty SAND (Undhturbed) 
Permafroz:en Silty-Dusty Cla.yey SAND with 
Granll and Pebblu (Undisturbed) 

PeJ'IIIafror.en Silty-Dusty Heavy Clayey SAJ.'D with 
Gravel, Saturated with loa _(Undilt.) 

Fror.en Cla.yey 8AJID (Dhturbed) 
Fror.en GRAVIL with Cll:ioy Sand (Disturbed) 
Fror.en Sandy GRAVEL with Pebblea (Undhturbed) 
Fror.en Silty Clayey SAID with Gra.,..lo and 
Pebble• (Undhturbed) 

Per.afror.en PBA'f (Uudhtllrbed) 
( 

•'lotiaated trca a-ihble data. 

(a) Figur .. ill· panlltheaea refer to biblio,raphy at end of report. 
(b) SoH description 11 that of investigator. 

PER CENT FINER THAI 
GRADATIOli NUMBER 

FROZEN SOILS" INVESTIGATION 
FIS(i.lL YEAR 1951 

TABLE 1 

SUWARY OF TEMPORARY COMPRESSIVE RESISTANCE 
OF FROZEN SOILS BY PREVIOUS INVESTIGATORS 

TEMPERATURE RANGE 
OF TEST SAMPLES 

TEMPERATURE RANGE 
OF TEST ClWlBER 

I 
RATE OF STRESS COMPRESSIVE 

SHCM'B OF 
0.25 0.05 0.005 01 PLATE ·1 TESTS 

SPECIFIC ~~~~T U~~~~~ 
GRAVITY ~IGHT WEIGHT 

AVERAGE 
WATER 

CONTENT 

INCREASE ljA.liGE STRENGTH RANGE AVERAGE 
r-------~-------T------~--------~------~------~----~----~COMPRESSIVE 

. FROM i TO FROM TO, ST~GTH 1.0 -· 
100 
100 
100 

liY.l 
1·)() 
10:> 
100 
10::> 
100 

100 
10) 
100 
100 
DO 

100 
1·)0 
100 

100 

100 
100 
100 
15 

56-20 

99·5 
95-85 

97-79 
88. 

lC•O 
100 
100 
100 
lC•O 
lC() 
100 

97o7 

100 
lCO 
100 

85.4 

100 

100 
lCO 

-100 
99 

76.2 

72.8 

21.4 
54.4 

11111• mm. mm.. 

0 
6o 

. 60 
60 
98.5 
98.5 

96.4 
46.6 
96 
74.e 
71.3 

66.7 

0 
0 

_o 

'4o 
15 
40 
20 
-85 
eo 
45 
79 
79 
59 
46.2 
46.2 

~.2 

64.2 
64.2 
88.2 

(c) 
(d) 

8-
8 
8 

36 
}6 
14 
51 
51 

0.2 

4 
7 

10--9 
45-26 
23-13 
17 
26 
22-12 

Fig. 6 
Fig. 6 
Fig. 6 -
Fig. 6 
Fig.· 6 
Fig. 6 

Fig. 7 
Fig. 7 
Fig. 7 
Fig. 7 
Fig. 7 

Fig. 8 
Fig. 8 
Fig. 8 

Fig. 10 
Fig. 10 
Figo 10 
Fig. 10 
Fig. 1:> 
Fig. 10 

Fig. l 
Fig. 1 
Fig. 1 
Fig. 2 
Fig. 2 
Fig. 2 
Fig. :< 

Figo 2 

Fig. 3 
Fig. 3 
Fig. 3 

Fig. 3 

Fig. 3 

Fig. 3 
Fig. 3 
Fig. 3 
Fig. 3 
Fig. 4 

Fig. 4 

Fig. 5 
Fig. 5 

5-7 
5-7 
5•7 
5-7 
5-7 
5-7 

5-7 
5•7' 
5-7 

l'J-14 
10-14 

12 
12 
12 

18 
12 
12 
5 

12 

12 
2 
5 
3 

3 
} 
9 
} 

~-
15 
39 
3 
3 

18 

~-

10 
6 

18 
6 

19 
8 

5 

5 
4 
1 

1 

7 

1 
1 
1 
1 
5 

5 

14 
6 
3 
3 

5 

Results frOIIl ODII test. 

2.67 
2.69 
2.78 

2.81 
2.80 
2.80 
2.81 
2.60 
2.L.3 

2.87 

2.8o(c) 
2.60(c) 

2.60 

2.88(c) 

2.71 
2.80 
2.80 
2.60 
2.80(d) 

2o79(d) 

2.83(c) 
2o67(o) 

Average results from two testa. 

FROM TO FROM TO 
pof pcf " or. or. oF. or. 

122 
115 
12l(c.) 
113 
110 
84 
79 

132 

1~8 

131 
67 

120 

127 

ll5 
137 
119 
lf? 
117 

77 

146 
131 
139 

63 

97 
94 

85 

45 

1?2(d) 

120(c) 
BB(c) 

79 

1C4(c) 

~2 

97 
84 
97 
92(d) 

27(d) 

137 

11.2 
n.1 
13.1 
13.1 
27.2 
27.2 
27.2 
32.6 

. 32.6 

16.3 
22.3 
11.3 
11.8 
46.7 
47.1 
57.6 
16.8 
23.2 
11.6 

9.8 
15.0 

. 17.6 
36.0 
20.0 
31.5 
42.4 
31.6 
23.0 
52.0 
51.8 

24.4 
26.8 
24.0 
32.8 
34.8 
91.8 

188.0 

52.2 

25.6 

18.1 
41.5 
42.7 
30.2 
25.6 

195(c) 

39.8 
6.2 

16o9ld) 
13.l(d) 

5$1.6 

20.8 
20.8 
23.4· 

2A.8 28.0 
26.8 28.0 

31.1 
~1.1 
~1.1 

29oB 9ol 
28.6 23 .. 0 
}0.9 24.8. 
26.6 10.6 
24.1! 24.1 
29.6 16.0 
29~8 28.2 

14.4 
I 

2}.0 
12.2 

I 
25.9 

I 

2~.0 

24.8 6.8 
30.L. 29·8 
24.13 2~.0 
24.5 23.0 

30.0 28.6 

I ~~=~ 

31.1 
31.1 
~1.1 

12.2 
12.2 
3.2 

-4.0 
2~ .o 
30.4 

I 
5.9 
5.9 
5.7 

15.6 
I 

19.9 
15.8 

I 
26.2 

I 
24.4 

I 
26.2 
21.2 
21.2 
26.2 

~.o I 

(e) "Instantaneous" load increaae h either at 
1422 psi/min. or 2844_ palj.dn. 

u..o 
14.0 
1.4.0 

17o2 

pei/min. pei/min. psi pal oai 

213 
213 
213 

30 
37 

21'5 
213 
21~ 

I 
213 
I 

213 

I 

107 
20.8 
29.2 
20.6 
1£ .• 2 

220 

284 
284 
284 

Inat.(a) 
Inst. 
Inat. 
In1to 
Inat. 
Inat. 
Inat. 

Inat. 

109 
40 

455 
290 

312 
I 

122 

" I 
131 
161 
136 I 

Inat. 

132 Inato 

' 44 Inst. 

72 Inat. 
14 In•t• 

284 :293 
183 281 

16 777 

133 

- 71 

1490 
11)93 
2130 

128 
125 
128 

1 882 
171 
199 
129 
85 

71 
'284 
398 
~0 

137 
363 

398 I 
317 

~ 3918 

213 

870 
1200 

31!· 
412 

11.~10 ' 

1990 

1920 
1274 
2710 

1805 
11317' 
6}9 

216o 
825 

1}80 
801 
710 

498 
455 
711 
574 

509 

610 

}70 
284 
384 

2650 
2200 

>862 

lb~ 
328 
502 

>1166 
1003 

553 
1150 
805 

990 2560 

460 1742 
975 2090 

1025 
I 

) 5C4 

364 1. 1685 

1540 
8}4 

15}0 
1055 

698 936 

715 1020 

364 lCl~ · 
219 414 
484 916 
367 678 

390 796 

675 
141 
592 
569 

·~~ 
580 
557 
557 

2600 
1778 
1650 
1990 
1778 
14.20 

312 
171 
128 

1705 
1184 
2420 

949 
892 
320 

ll~~ 
875 
465 

t~ 
277 
370 
577 

6~ 
306 
38~ 

478 
}13 
396 
250 
210 
300 
31~ 
412 
210 

1940 
1712 

;)>1048 
586 
522 
703 
662 

1655 

920 
H82 
1025 

5a4 

890 

1540 
834 

15}0 
1055 

794 

850 

66o 
3~ 
670 
51~ 

550 

2 em. cube 1ampla1 
5 Cillo ciabe lampl41 
7 ca. cube 1amp1as 
2 em. cube aamp1ae 
5 Cillo cube 1amplaa 
7 ca. cube eaaplea 
5 cm. cube aampleu 
7 ca. cube sampl .. 

2 ca. cube aamplea 
2 Clio cube aamplea 
2 Clio cube a&llphe 
2 Clio cube llllllplu 
2 ca. cube aamplea 
2 .em. cube a&JRpha 

2 Cillo cube aampltts 
4 Cillo cuba eaaphs 
2 em. cuba l&lllpl"ll 
2 ca. cube 111111pl .. 
4 ca. cuba 1amphs 

7 em. cube lllllllplea 
7 em. cube eamplee 
7 Clllo cube aamplea 
7 em. cube B&lllpha 
7 c11.' cuba supl•• 

20 Olio cube aampln 
7 Clllo cube samples 
2 em. cube aaaplu 
7 em. cube samples 
2 em. cube B&lllplea 

20 ca. cube .. 11plu I) oa. oubo •-ploo 

)!;om testa to determiDII 

1 

( e~fect of a oil gradation. 

IJ 
Approx • 5 cm. cube lllllplea 
Approx." 5 ca. cube lllllllpleo 

.t.ppro:a. 5 Cllo cube B&llpllll 
Approx. 10 em. cuba. aamplu 
Approx. 5 ca. cube alllllplu J A.pprox. 6 ca. cuba samples 

.lpprox. 7 Cillo cube aamplu 

Approx. 7 om. cube aaaples 
ApprGlt • 7 Gao cube Dl.lllpla D 

Sample dried out. Approx. 
.4.5 0111. cube 111111ples 

Approx. 9 ca. cube aaaplea 

Approx. 5 ca·. cube. llllllpl~l 

Approx. 8.5 Olio cube aamplea 
Approx. 8.5 cia. cube samples 
App- o:r. • 4.0 Clio cube samplu 
Appro:r.. 8 Cillo cube l&llplu 
.lpproat. 7 em. m.:.be aamplu 

Approx. 6 011. cube H.lrJillll 

7 ca. cube 111.11\ple 1 
Appro:a. 10 Dill~ cube 11.111plee 

Approx. 6 em. cube 1ampba 

t-OTES• All OJn<iisturbed samp~ s are naturally fro~en and dist\lrbed 
samples are artificially fro~en. 

Where J~eat Un.ta. or result~ a.re or:ri.tted, data.. \"Jere no·t; 
presented by inveatie;ator. 

TABLE 1· 
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PER CENT FINER THAW 

FROZEN SCILS IN7ESTIGATION 
FISCAL. YF~R 1951 

TABLE 2 

SUMMJ.RY OF TEMPORARY TENSILE RESISTANCE 
OF FROZEN SOilS BY PREVIOUS INVESTIGATORS 

INVESTIGATOR 
(a)· 

LINE 
NO. 

SOIL TYPE 
{b) 

GRADATION ~MBER AVERAGE TEMPERATURE RANGE TEMPERATURE RANGE RATE OF STRESS 
1----r---.----~----1 SPECIFIC OF TEST SAMPLES OF TEST CHAMBER INCREASE RANGE SHOWN ON OF GRAVITY WATER 

TENSILE 
STRENGTH RANGE AVERAGE 

TENSILE 

EVDOKIMOV-RCKOTOVSKII 1 Mol • 8 

Pror,., 1931, (13) 
1 Froun CLAYS and SANDS (Disturbed) 

LABORATORY OF L.I.I.-K.s., 
193,·1936, (26) 

2 Frozen SA.ND(Disturb~d) 

INVESTIGATOR 
(a) 

SHEIKOV, M.L. • 1933-1934, (34) 
(All Specimens Disturbed} 

) 

LABORATORY OF L.I.l.K.s., 
1935-1936, (26) 

TSYTOVICH. N.A •• 1937. (38) 
(All SpecimenA Disturbed) 

MEISTER & MEL' NIKOV. 1939 •
(27) 

LINE 
No.· 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
ll 

12 
13 

14 

15 
16 
17 
18 

*Estimated from ~<dil~bl• data. 

SOIL TYPE 
(b) 

Artificially Frozen Clayey Ground 
ArtificiallJ Frozen Clayey SAND 
Artificially Frozen Dust-Silt Ground 
Artificially Frozen CLAY · 
Artificiaily Frozen Clayey Ground 
Artificially. Frozen Sa~dy CLAY 
Artificially Frozen Dust•Like Sandy CLAY 
Artificially Frozen Sandy CLAY with 

Gravel 
Artificially Frozen Gravelly Sandy CLAY 
Artificially Frozen Dust-Silt Ground, 
Artificially Frozen Dust-Like Clayey 

SAND 
Artificially Frozen SAND 
Artificially Frozen GRAVEL 

Frozen Clayey SAND (Disturbed} 

Artificially Frozen SAND 

" " " 
Artificially Frozen Dust-Like Ground 
Artificially Froz~n CLAY 

Frozen Silty-Dusty Soil (Undisturbed) 
" ,. " " 

(a) Figu;.•es ln parentheses refer to bibliogra.phy at end of report. 
.(t,) Soil description h that of investigator. 

1.0 Oo25 Oo05 0.005 PLATE 1 TESTS CONTENT FROM TO FROM TO FROM TO FROM TO STRENGTH 
mm. mm. mm. mm. 

100 

PER CENT FINER THAN 

% 

10-20 

18 30.2 

T.ABLE 3 

SUMMARY OF TEMPORARY SHEAR RESISTANCE 
OF FROZEN SOILS BY PREVIOUS INVESTIGATORS 

pd/min. psi/miD. psi psi 

-o.h 114 327 

57 454 327 h55 

GRADATION _NUMBER SPECIFIC AVERAGE . TEMPERATURE RANGE TEMPERATU~• RANGE. RATE OF STRESS SHEAR 
~-~--~--~---~sHmffi ON OF GRAVITY WATER r--o_F_T_E_S_TTS_A_MP_LE_s_~o_F_T_E_s_T_cr~-M_BER __ ~_I_N_c_R_EA_s,E_~_G_E_+-s-T_R_E_NG~TrH--~--G~E 

1.? 0.25 0.05 0.005 PLATE 1. TESTS CONTE~!T FROM TO FROM TO FROM TO FROM TO 

nun. 

9h 

75 

1')() 

100 
1•)0 
1~ 

100 
100 

mrn. 

66-49 

1·0 
7.0 

96.3 
99.6 

98.6 
99.4 

Dmlo mm. 

32 

36 
8 

lh 
45-41 

31 
27-10 
25-14 

13 

9 
14 
4 

3-0 

8 

0.2• 
0.29 
3.2 

50.0 

Fig. 8 
Fig. 8 
Fig. 8 
Fig. 8 

Fig. 9 
Jo'ig. 9 

4-6 
2-3 

22·33 
8-12 
2-3 

2-3 
2-3 
2-:-3 

4-6 
2-3 

' \ 3 

18 
3 

18 
i5 

7 
8 

2.67 
2.67 
2.61} 
2.78 

4lo5 
18 .• 1 

28.3 
34.0 
29.0 
29.1+ 
29.0 
19.0 

49.0 
55.0 
26.0 

27.0 
23.0 

19.0 

17.6 ° 
17.1 
28 .o 
53.() 

30.3 
ho.6 

31.6 16.1 
31.3 15.2 

28.8 
28.8 1/28.2 

28.6 . 
30.4 I 2a.2 
29.6 27.0 

29.1 
. I 
30.0 
30.9 
29.1 

30o7 I 30.6 
28.8 

24t8 

31.1 I 12.2 
27.3 

31.1 14.9 
~1.1 14.0 

27.0 
26.2 

o.6 
9o3 

or. 

31.1 
31.1 
31.1 
31.1 

or. 

12.2 
J.h.o 
14.0 
I:-'.o 

4.3 
11.1 

psi/min. pal/~in. psi 

l.J~2 

ll.t2 
142 

11+2 I 

287 

lh2 
l42 

I 
2au 
2au 
ll.t2 

I 
284 
142 

20.') 
213 

'20.0 
20.0 

3o6 
306 

284 

2220 

36 
70 

132 
9h 

100 
85 

155 

68 

68 
65 

62 
43 

126 

psi 

476 
690 
148 
llh 

I 11-'6 
199 

154 
I 

213 
111 
142 

I 17.3 
1?6 

444 

678 
~L.6 

564 
257 

270 
217 

psi 

220 

391 

AVERAGE 
SHEAR 

STRENGTH 

psi 

222 
.305 
11+2 
ld. 
126 

'124 
126 
154 

21} 
111 
ll-!-2 

164 
156 

357 

301 
347 
249 
135 

164 
92 

REMARKS 

REJIARKS 

} 
(c) , 

18% Organic Substance. 

I\ 
) ( 

Reaul~• of Punoh Shear 
Toats to determine effect 

>ot gradation when pores 
or sampl~ are saturated 

I with b~. 

Punch Shear Tests 

)Results f~r Torslona1 J Shear Testa. 

} Rea~lta for Doublt Shear 
Teats. 

(c) Results.of Punch Shear Tests to determine effect or 
temperature and moisture content. 

NOTE: '!"i.!lere test. data or results, a.r~ onri tted, data we11e 
not presented by mvestigator. · 

TABLES 2 8 3 



SOIL TYPE 

Peabody Sandy Gravel 

.East Boston Till 

New Hampshire Silt 

Boston Blue Clay· 

Dow Field Clay 

FROZEN SOILS IN'VE3TIGATION 
FISCAL YEAR 1951 

TABLE 4 

SUMMARY OF RESULTS OF SURFACE ARFA TE3TS 
BY ETHYLENE GLYCOL RETENTION TESTS AND MJNF.RAL .CO:MPOSITION 

BY DIFF:ffiENTIAL THERJ/[A.L ANALYSIS TESTS 

TESTS PERFORMED ON MINUS 200 MFSH FRACTION 

ETHYLENE GLYCOL APPROXo SllRFACE WATER CONTENT AT 
RETENTION IN g. ARFA IN SQ. m/g 500/o RELATIVE CARBONATE 
GLYCOL/g. SOIL SOIL HUMIDITY IN % SPOT TEST 

' 7.4 24 1.2 Negative 

7·2 23 1.0 Negative 

4.1.~ 14 1.2 Negative 

io.9 35 1.6 Negative 

---~-- --

ll.h 37 1.5 Negative 

COMPOSITION IN % 

MINERAL P:rn CENT 

. 
Quartz 40 
Garnet, Topaz. 
Amphibole 

Quartz 30 
Illite 20 
Kaolinite 20 
Feldspar, Mica 
·& Limonite 

Quartz 55 
Feldspar, Mioa, 
Apatite 

Illite 40 
Quartz 15 
Limonite 5 
Feldspar and 

Mica 

Quartz 45· 
Illite 40 
Gibbsite 5 
Limonite 5 
Feldspar and 

Mica 



~ 
CD 
r , 
(11 

~ 

FROZEN SOILS INVESTIGATION 
FISCAL YEAR 1951 

TABLE 5 

CHEMICAL ANALYSIS OF PORE WATER 
(All results in parts par million by:·weight. emept Iii values) 

I 

PFAOODY ; MCNAMARA MANCHESTER . BLEND - BLEND- EAST Nm DOt"f BOSTON. 
SA.liDY CONCRETE FINE MCN. CONC. MAN. FINE OOSTOB HAMPSHIRE FIELD BLUE ALASKAN 

ri'EM GRAVEL SAND SAND SAND a: SAND &: _ TILL SILT CLA.Y CLAY PEA! 
r E •. B. TILL E. B. Tn.L 

SP SM SNH S:MT smrr SEBT SNHS /SDC SBC SAP 
J 

/ 

Turbidity ~ 598 63 182 3~ 1:;8 375 1240 266 ··9450 

Color 3?8 145 21 133 
) 

:;a 49 125 6o 61 9450 

Oxygen Consumed 84.0 56.1 ( 2.4.4 93.1 44.7 37.6 40.7 21.6 2C).6 302.4 

Nitrogen - &s Nitrates 1.8 . 0.9 1.3 1.7 . o.6 · o.8 o.6 0.4 1.1 1.9 
i1 

Chlorides 56.0 18.9 8~ 123.4 21.1 .85.4 48.0 16.0 53.2 45.9 
. 

Acidity - so4 : .. 64.8 

Alkalinity -:.as cac~ 212.8 119.7 6.3 1305.0 89.7 141.2 74.0 148.0 235.6 . 
I 

Hardness. b.Y Soap Method 
l 448.o 1R9.0 58.8 2400.8 564.8 2192.o 134.0 168.0 744.8 307.8 

Hydro gan Ion Concentration. pH 6.9 6.8 5.4 6.9 6.3 6.6 6.2 7.0 
r 

7.6 4o6 '' 

!roll - Fe 20.2 13.2 
l 

0.9· 6.7 9.4 e.4 20.3 48.0 6.4 / 55.1.~ 

Total Residue on Evaporation 1859 718 206 1$t9 . ll4.2 3661 1.,93 -1~ tli>7 5751 
Total Mineral Residue 1~ 536 130 3265 1101 2742 't$7 ll76 1056 1539 

Sulfates • S~ - 1196 1~ 99 1964 454 1952 135 612 34l 54 
Cal oi u:a - Ca 171 65 0 770 156 I 595 1$} 'f:i> ' 234 118 

Magnesium - Jig " o.o 3.8 10.1 140.2 40.9 170.2 Trace Trace 31.2 1.4 
l 

AlkaliDi ty - ~oarbonate '213 120 6 1295 80 131 64 ~ 236 0 

Note a Pieces of the frozen s~ii speci.Ju111s were thawed .and pore water extracted. Sufficient distilled water was added to provide suitable sample for 
testilag and results o.f analysis adjusted to be representatiVe of original pore water. The tap water. used .for preparation and supplied during 
f'reeziDg- o.f the specim8Jls, was anal.;yzed and the. results subtracted f'rom. the pore :water analysis except tar Clays and Pea~ 'Which were prepared 
f'rCIIII. undisturbed sampl•• Thus. the tigur·es in the table repres&Z?-t quantities of the various 1 tems gained by the pore 11a.tar .fran· the soil. 

TAP' 
WATER 

0 

15 

:;.a 

0.1 

2.0 

6.0 

16.0 

6.6 

0.2 

;r 

l8 

8 

7 

Trace 

16 

-------
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KHOMICHEVSKAIA, LS., Mme., 1940 (22) 
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FIGURE 5 

KHO~ihc.:fEVSKAIA; L.S., Mme., 1940 <22) 
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FIGURE 8 

TSYTOVICH, N.A~, 1937 {38) 

01 O.ol 

SILT or CLAY 

i Figures I thru 8, and curves <D~ @~ @~and ®~ Fig. I~ ore the 
gradation curves of soils Investigated for temporary compressive 
strengths. 

0.001 

·-= 

g Figures 8 and 9 are the gradation curves of soils investigated 
for temporary shear strengths. 

~ Curves@,@,@ an_d@~Fig./0 ore tf1e gradation .curves of 
sails investigated for elastic and plastic deformations. 

0 

4. Figures in parentheses which appear after investigator's 
nome refer to bibliography. . ~ . 
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FIGURE 3 

KHOMICHEVSKAIA, L.S., Mme., 1940 {22) 
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FIGURE 6 

GOLUBOVICH ,IU. P., 1937 (IS). 
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FIGURE 9 

MEISTER and MEL'NIKOV, 1939 (27) 

FROZEN SOILS INVESTIGATION 
J 

FISCAL YEAR 1951 

GRADATIONS OF FROZEN SOILS 
TESTED BY OTHER INVESTIGATORS 

FROST EFFECTS LABORATORY 

BOSTON , MASS. 

PLATE I 
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Grain Size in Millimeters 

SAND GRAVEL 
SILT or CLAY ·oarse Medium Fine Coars.r Fine 

GRAIN SIZE DISTRIBUTION 

1.0 

Coefficient of Permeability- ems/sec X 10" 4 "at 10°0. 

VOID· RATIO VS COEFFICIENT OF PERMEABILITY 

SUMMARY OF SOIL 
. DII'AJITIIBIIT OF THE AliiiY A'l'TERBERG LiliiTS 

SOIL 
UIIIFORJI SOIL CWSlPICAUOII (-') 

SOIL IDKIITIFICA'I'IOII SOURCI! 
.LBGII:IID IErTII:R LIQiJID PLASTICITY IIAIIII: SHRilll.lGE 

SY!O!OL , LIMIT IND~ LlVIT 

Well gro.ded, bank r~n Sandy GRAVEL 
l 

SP Peo.body Sandy Gro.vel Peabody, !laos. -11 rounded o.sgrege.te · Glr 
non-pl uti c -

I ~ 

lfell graded SAliD, brown, angul•r, 
Sll llclleaara Conorete-Sand , lleedhMI, ...... r p:M»eeaaed tor eonerete sw non-ilaatic -

I 
Unlf'ono, tine SAJID, llght bro...,, non-plastic 

SRI! lfancheoter Flne Sand llo.neheoter, N.H. elf!lan SP I ' -
Blend, llcliiUII&ra Concrete 811 blended with 3~ 

I 

Sllr Sand and East Booton Till minuo 40 meeh SEBr Sl.l~y SAND Sll non-~laatl c -
Blend, llanchester Flne Se.n~ SIB blended with 3~ 

I 
non-plutic 

SIIBT and East Booton Tlll minus 40 mesh SEBT Silty SAND 511 I -
East Bai tcm, llo.es. Granlly, Sandy CLAY 

SSBT Saot Booton Till v (East Boston Till) (Glacial Till) CL 21 7 -
SNIIS New Hampshire Silt Manchester. N.H. Light gray brown, inorganic SILT MI. 26 5 -

llo. c ... bric~;e, l!aes. Stiff lean CLAY, relatlnly homo- >) 
_SBC Boston Blue C lo.y ( Bost011 Blue Clay) geneoue -& tree of tracture11 &: "V''U""HS CL 47 27 22 

Very stiff, loan CLAY, so"'" f'rae-
ture s, brown orga.nie stain aDd 

soc Dow Field Clay Dow A.F.9., Bo.ngor,lle. trace of fine rooto CL 34 17 20 

( 

Dark brawn to blocir PEAT; fibrous, 
partially decomposed (Organic Tests inAppHco.t1• 

SAP Alubn Peo.t Fot-rbanks, Alaska con+:ent 82 percent) PT I 

TEST DATA 
COIIPACTIOII CHARAC,TERISUCS 

SPICIFIC 
IWt. DRY OPT IliUM GRAVITY 
UJJiT tiT. WATER COIITEIIT 

l>Cf' " 
2'.72 134 (1) -
2.72 123 (1) -· 

2.68 1C6 (1) -
2.72 ~ (2) 6.8 

2.72 128 (2) 9.2 

2.76 > 137 (2) B.l 

2.70 l<fl (2) 15.6 

2.61 - -

2.79 - -

1.52 
l -' -

CONDITION OF SPECI!IEIIS BEP:ORE ~ZIIG 

SIZE 

DU!f.. 
illdhea 

6 

2~3/t 

2•3/t 

2-3/t 

2-3/t 

2-;A 

2-;,-t 

2-3,-1. 

2·}/t 

2-311. 

DRY COEF. OF 
VOID PERIIIWIILITY BT. Ul'IIT 'liT. 
RATIO 

Oil/sec. x l:l~ l.nchee pot 

12 ~ 127 0.334 94·0 

6 117 0-456 64.0 

6 101 ~. 0.658 52.0 

6 135 0.262 o.ooe 

6 -121 0.398 o.1J6 

6 1}0 0.}27 0.006 

6 102 0.653 0.0;2. 

6 65 1.057 0.002 

6 100 0.738 o.oo4 

l 
6 - - -

NOTES: (1) l'ro1rtdmce Vibrahc Density 
(2: Modifle<j. AASHO Density 

10 

IIAX. 
UIIC ONFIIOOJ 
OIIPRESSIVI! 
STREiiGTH 

poi. 

-
-
-
-

-

-

~ 

21.9 

}8.1 

.c 

"' i ... .., 
.. 
c; 

i:: 
c; .. 
u 

i 

00 

90 

8 

7 

60 

~ 

40 

30 

20 

lol 

-. 

ll" 2" ·~:.r 74 ~- 8 

I· 
I I 

I 
I I 
I 

I I 
I I 

I 

10 

GRAVEL 
Caaroe ·Fine 

DIRECT SIIBAR TESr 
AIIGLII: OF I I!TERNll 

_FRICTIOB • ~ 

degree• 

-
~ 

39 

35 

38 

32 

28 

;o 

. 

-

-. 
(3) Se~ F!o.te A? 

4 10 20 50 40 

I 
I 
I 
I 
I 
I 
I 

I 
~ 
II 
'il 

L9. 
G ro1n S.1ze 1n M1lltmaters 

SAND 
Coarse · Medium 

70 100 200 

Ql 

Fine 

100 

U.S. Standard Sieve Size 

k>. 
1\"'\J"--.... 

\1'\..' 
I '\. 

I!;INI kP. 
\so ]',... sse 
\ 
\ I'; " \ I\. 

\ f\. 
'\ 

'\.. 

' 

1-

0.01 o.oo 0.0001 

SILT or CLAY 

1.100 

1: 1.000 
~~I 

I'' I 

.900 

!..I I 1!1 
IIi ,aoo r i! 

'I .700 

I rl!: 
.600 

'II 
lr 

.500 

.400 

.300 

.200 
1000 

FROZEN SOILS INVESTIGATION 
FISCAL . YEAR 1951 

SUMMARY OF 
SOIL CHARACTERISTICS 

FROST EFFECTS LABORATORY 
BOSTON, MASS 

PLATE 2 



FIG. I. VIEW OF RIGHT SIDE OF COLD ROOM, AT REAR, SHOWING 
THREE TEST CABINETS WITH CONSTANT WATER LEVEL DEVICES, 
THERMOREGULATORS, AND ' THERMOCOUPLE TERMINAL BOARDS. 

FIG. 2. VIEW OF LEFT SIDE OF COLD ROOM SHOWING SIX 
TEST CAB I NETS. 

PLATE 3 



Fl G. I 

Fl G. 2 
INTERIOR OF LOW TEMPERATURE 

TEST ROOM 

PLATE 4 



FIG. 
FREEZING TRAY FOR 2 3/4 INCH 

DIA. SAMPLES 

FIG. 2 
TRAY DURING FREEZING. VIEW LOOKIN~ 

DOWN INTO FREEZING CABINET. 

SPECIMEN FREEZING TRAY PLATE 5 



FIG. I 

FIG. 2 

SPECIMEN FREEZING TRAYS 
PLATE 6 
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wi#tillil/D._ Pine--. !T 
.:-R-.~~ .. /iirJdf t,tu~ 

~~~---+H-------~--~--~~----~~----~~~- ~ 

~~==~======~~==~,====~====~ 

MOLD i="OR FREEZING 
' ) I 

COMPRESSION AND TENSION TEST SPECIMENS 

I· 
. .. i 5" i ~· J ----,--.i,. --r-J,~ 

IJ 909e. 9alv. ~hoe/ !J6n and 
cover. lUI jot'nt.s waferfighf. 

.j Sid J)ras:s pipe. J -CONC. soldered 
to ~rovide a W4f~r/i~llf connecf/on 
C~nfe>red on corN and on hot/om. 

TRAY FOR FREEZING MOLDS 

. 11;'' . 

~ 1~'-~.1, =----rt r- ;,;;;:_ < -3 k"--11- .~;.~ ;&". 

~ -fl;:: H-3 . I _.j..J.,.,, . ~~ 
,.-., h - --~ T--

l.f . 
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! ·. -I-

II .· I 
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I 
~"' r -

L ·[[· I "'·~ 

·1 
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.L 
~· -r 

~ l --- ---- -
E'~ ~r~~ -- I 

j I 

..;;,._ ("·1-

II' 
I· II 
1!.'1;,, 

. I 

MOLD FO'R F,REEZING 
SHEAR TEST SPEOMENS 

----Fslud. 

.,.,.Jm:Ii::;:ill~;;;;--- Sfd.:{ ... leel washer 

Jj.:;.. 1f lea/her wa$lter 
.i_} j-conllnuou.; ruhber 
ga.skel. cemenled lo mold. 

A mal-bwH llpt!flfol/owJ 
1-S p/aceo'on fhe lop and bollom 
of lhemold: 

I.. 64~ 64 weare muslin (a~insf mold). 
1'. ltix 14 meshbron:ze .screen clolh. 
J. i • 18 r;a. gaiY. eKpanded melal. 

Tr~y 

fi-eez:in9 mold. 

HALF. SIZE PARTIAL SECTION 
SHOWING ASSEMBLY-

___j___L 

.,.___ The Jii side dime;,~/cn of all 
of/he .tSf!uart' opening..s rhe 
mainl11ined lo wdhin %j/ 

~~ten wilh No. 12 FH, I} "'iJrt!lss 
wood screws and r No:ti! 
Rewlplu~.s_ 

I' 0 

''•'•I 
•• t' 'S' 4" '5" 6" 

I I I I 

SCALE 

7{----------...j~ 
~· !f r .r--,cf.fi~ J" J" .J'- IJ" 

~~~ -~ ' . -, 
,h' i I I ~·'( 

:'~ 
r- t---1. I 

t rll- ...... - __,_ 
-~ . I 

I 
-1 

:j, 

I I I . ' 

. ,. 
--r.-- - - -

, ... ...... 
~ ~ . i 

I 

I 
I 

I I ~ 

' 
rl: t. 

~t-· - i 
..__ i r'·~--: . 

'"'I ' 
~~ I J . i4' 

I I 
~ 

MOLD FOR FREEZING ~EAMS 
FOR DYNAMIC MODULUS TESTS 

NOT£S: 
· I. All wood used is first qMde•paffern pine 

excepf where mapltJ Jsjpecili'tld. ' 
~- Molds tire .sanded allover lo a .smoofh .svrf«:e 

and finished w/lh fhree cocrl..r of spar varni:Sh. 

., 

FROZEN SOtlS IN\(fSTtGA~ON 
FISCAL Y£AR 1951 

DETAILS O,F 

SPECIMEN FREEZING TRAYS 

FROST EFFECTS LABORATORY 
I BOSTON, MASS. 

PLATE- 7 



Fl G. I 
CONTAINER, 6 INCH DIA~ x 12 INCHES HIGH 

OF PEABODY SANDY GRAVEL 
PREPARED FOR SATURATING 

PLATE 8 
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Fl G. I 
PEABODY SANDY GRAVEL 

TYPICAL SPECIMENS AFTER FREEZING 

FIG. 2 
McNAMARA CONCRETE SAND 
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Fl G. I 
MANCHESTER FINE SAND 

TYPICAL SPECIMENS AFTER FREEZING 

FIG. 2 
ALASKAN PEAT 



• 

FIG. l 
BLEND, MANCHESTER FINE SAND 

AND EAST BOSTON TILL 

1

0RJGIN \;,.. 

' 
~ l 

tNGm:S 

3 

2 

SAMPLE NO. SMT- 3 

FIG. 2 
BLEND, McNAMARA CONCRETE SAND 

AND EAST BOSTON TILL 

TYPICAL SPECIMENS AFTER FREEZING 
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Fl G. I 
EAST BOSTON TILL 

FIG. 2 
NEW HAM HI E I T 

9N IZ33~~ ~3l~V SN3~1J dS lVJidAl 
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SAMPLE NO. SBC- 30 

Fl G. I 
BOSTON BLUE CLAY 

TYPICAL SPECIMENS AFTER FREEZING 

FIG. 2 
DOW FIELD CLAY 



FIG. 
30 TON HYDRAULIC JACK AND FRAME 

FOR TESTING 6 INCH DIA. BY 12 INCH 
HIGH SAMPLES AND 2 3/4 INCH DIA. 

SAMPLES WITH HIGH BREAKING STRENGTHS. 

FIG. 2 
1500 LB. CAP. SCREW JACK FOR TESTING SAMPLES 
REQUIRING RAPID TRAVEL OF JACK TO MAINTAIN 

RATE OF LOAD INCREASE. 

APPARATUS FOR COMPRESSION TESTS 
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END __ ELEVATION 
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Riyef.s(.? holl!t) 

NOT£:-

D£ SCRIPTION 

M«.bin~fo' 

prrwi~f/af 

rori4cl!lor 
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On7!4nd 14Dfor!II"-M· 
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ELEVATION 
BEARING PLATE 

c~ iJ"Jr;.x4Ang/~ 
~!OC.. 

ELEVATION 

I 114 -,-

@) 

A/1 bolts and nuts to nave Amsri::on Slundoirl NC·2 fhta:Ids. 

FROZEN 501:.3 INVESTIGATION 
FISCAL YEAR 1951 1 

1!:. 

LOADING MACHINE FRAME .,. 
...... 

_ELEVATION ELEVATION 
SCALE IN INCHES· 

FRAME CAP STIFFENER PLATE 0 
0 z 

DRAWING NO. SLP-Y II 

·) 



W~K~TMENT 

0 0 

EXTERIOR PLAN 

t·-

EXTERIOR ELEVATION 

lJn!!"C(drill,side ~heod 
p/afes- 6!1olfi's ---r--I'C=-

Drill ~fop hose ploff!' -6 holes 
Sfts" 18-/VCZ. 

H(gh speed' .s.hal"t, 6 revols. • . 0.5"' 
Chromrp!ol" e..-po~d sfee~ !his Md. 

SECTION A-A 

· Woou'r} 71" K'q 
2 re?vir"d •· 

No. 00001 T11per pin (.3} 

.:--- Bro7z"' >'hrust wwh .. r(i') 

__ For Gerr.'Enclo.s""" Oel'u1l.r 
su th.-9. No. SLP· YJS 

~4x!'Bron.uHe.<.Hfi'od IO·N.C. 2 8olf 
h'emoY~ fllrNdondfinirh .Ya-of bollundn ~od 
fo ocf os o 0. 6RO • Shoff. Closs .J Fil. Tl!nod rt'moin
dfi'r of boll k"'-<.Jfs•I.JNC-1!. Bore~u·noluos 
shown, folubricoffi'shoff Cuf s/olfor f.q"!O·N.C 
-l t:one-po,-ni.J'~t .Scr~w. -loenlerl'rom under 

Heod Plofe. · 

Brtu.s !>1/.s!>ti->,9 (.4) 

M:Vilr (/18. 1: minor die ?,1J" 
Bore -Ve • C(OJs o fd: ill 
SideP!ole. Clorr? filof sllo/'1 
in buJ'hin9. 

c. R. Sleet .snerl 

Low .speed siNtr/, 18 revo/S. ~. 05" 'ravel 
· Chrome plol,. D¥pOsPd s/r,e/, fh1:S end 

[)ia . .S/e 

f-.----------------sj':.. -------------------1 

6" l'illi.rl"r fleqd cop SCI"l'WJ 
S/,6• 18 /VCi', 1~8fOIHJ 

Sli-1t;le direcl10n, Boll fhrusi.Beort/19. 
Hedium. Groon~d. Inch fyp~; S1miior 

o~:quo~t_o Aefno"No. G-19;2/{aa. 

r----_:___·---'--------· 8-J ::____ ___ ··- ---· ·-·----· 

18 10. jj lll!clr. 5/otJc /(}(1(/ co,a tZ.OOOibs. 

{ao. 
lhrvsf washer :.,ore! Base Plote I!· D. 

7nrusl wo.rl>er -loword /feod Plait> {~-g. 

Bronze worm wheel. 10 pile h. s;.,· foe~. 
JO IP<-Ih. R. H. 
PressureAnqle t4t~: PO..J': 

To be furnlsht>d wtlh ,?/f#''di0. hub. 
projedin9 ~}'61 /lola/.- nvb#foce : 
!%¢'';, 1Jo,..dfor !"d1o }hoff. Closs 6 

fit. Ptn.l!ub wtll! ~o.</ fopPr ptn. End loword 
. .flose P/ofe fa provide full beo11n9 

on ball beorint; ihrusl wo.rbers. · 

..I/ pel worm,lo male II worm wlreel, 
10 ,ode h. ,sinq/p thread. h'H.. ?"face 
Pressure on9l<" 14 Y.> •• Threod onqle 4'JJ; 

'- Leod.JI4i':Po.tt.f!: · 
To be furnished w.lh c, !'"olio. hubs 

projectinr; %" eocb stde and bored for 
s;e'"dio. shofl Closs 4fdPin eoch hub 
wilh No. ? loppr pin. 

4 ""410 st SfeiZ/ ~Pin !(e(IS- "r? JtJi~ 
Niih 8rifNZII ~onlness or 187, spaced .90• 

.11 oporl on 2/ Ora B C. to b:k au far fvbtz in 
ploce. One pin kev shown in position in fni3 
r1e.,: 

Recessi!'Ci '116 • 

fll"_. ¥16" lf?'lreyfNo.410.1Jeaflrfi'Okd_ 
full nord sloinless st .. ~O 

f.r) -?§/ dio. ptnJ {Ala 410, npot ireuk>d 
full hord slain less .>leefJ. C/osY 7 fil. 

:S"Iail?le.ss StPel head, Unfhrecded oorhOIJ 
!'f.?"d'io, Closs 4 fil. Tnreode<:/for ':Ia: ~~·ao_, 
16L.H.·NF·? .. 
Connecfor ltvb ~~·Hi NF-i'. 

Remavf' fir! I ihrt>od odjtx'enllo 
face or oision heo<:/ 

SECTION 8-B 

rt'J4".r46~ i'ONC·? Iter J'ocltef. Full do9.Aionel. 
set scrPws. P/ou /8()' oparl ovoidin9 .t'l!ywoy 
OogJ lo penelrolt!' h('ud wh('n d/ol of ollocM>d 
provint; rmt; !bas loword fronl of jock wtlh 
S/oin/Ns .rlee/ head tvrnt!d ftfjhf o;oinv/ 
shoulder and u/1 olht!'r o.uemhly )om!; tiqhl 
Alochine shovlder <TI head o.r ""cl!'sscrq to 
ochteYt' fhis. Pron/19 rings Will~ looned lo 
Conlroclor for ihiJ" oclju.rlmenf ~ 

Proridl' I Sfotnl<'.rs Steel 
Hex. nul, ~4~ NF-l us proiE>clor:
fot Connector ltub lhrt'ods. · 

~ 
~ 

~ 

CORPS OF ENGINEERS, U. S. ARMY 

SECTION C- C 
B C. II( • Bo.rfon Ceor Works 

i'2 'S:Iondorol Alvmmvm Pip~ {6/.I- 76) 
Reamed io Closs J ftl. 

*!OJ<~· ?4-NC,2 csk. FH., Mont•! or 
Alvminum, Mach. S<'rt'W. 

fnclosurt' lobe 
moislvre lt9hf 

!Jia. 1; PO kell> 
Outside a"NI. 1~10· 

Ch/J .. 6?0 • Clos.r 3 fil. 

2!-1!; 50 ·edt> 
C'ul.!tde dia. l?6/Jo" 

a ·72 ·a 0. Aluminvm WoshPr C /aJJ i! f,"} 
6" . 

JACK HANDLE 

NOTES: 
/. All Aluminum fo be 245- T AllOY. unless 

otherwise noted 
2. For details of gear enclosure, see Orowing 

No. SLP- Y 35. 

Carbon or stainless steel. 
FROZEN SOILS INVESTIGATION 

FISCAL Y\'AR 1951 

Bronze or Bross JACK 
Aluminvm 

SCALE IN INCHES 
0 I 

-~ 

BY 

DRAWING NO. SLP- Y4 
FROST EFFECTS LABORATORY 

BOSTON, MASS. 
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ELEVATION 

2 I Net! EXTENSION ROD@ 

~--

;.\SSEMB~i PL_AI':i 

_ASSEMP:,_lY ELEV/\TION SECTIOtJ /\-A 

T 

ELE'viATION. 

CONNECTOR CD 
NOTE: PROTECTIVE HOOD NOT SHOWN 

ELEVATION 

4 IN01 EXTENSION ROD@: ___ · ----~-~~&- __ , I 

~v~7d,;N 

1 ~.0 __ · '£7~-~-: _ __:__ -0+-.. ~ '--® ®---i . ~/ ! 
\ ' I 

ELEVATION SECTION 8- 8 

CLAMP ® J 

/ 

.ED:-··~· -~.··----·. -- . 

. I 

ElfVATION 

BASE G) 

~ 3 "8 x !1-1/' ~ NC -2 RH Machine Screws «ow -d111o-
~----"'=--+--..,.---+ 16 Go~9e"j£j!i_R_;_~g_;__~6 ·..ntieit_!i/~T.d,_~:-~ ---··· · · ·· -r -:dille

.. ... 0ni_fal P!_f!.'~;tive .f-!ood ~: - s/e Foirrxene
41
5(X)6 Fabric_ .LJfe_o~~~~o.!!._~tl__ ;:Q6,.ic 

II' Hood to be oisulficienl ~ire to (!flow 17 oximum range or mot~emenl Dl C<ltfn«tor and to be 
sufficienl/y thin to provide negligible resistance to such movement Of low temperatures. 

.-, ll' These pt1rls not dela1'led separately, 

NOT(~ 

. I. Finish and polish spherical contact surfaces so as to provide 

erH·e of movement irJII posiiiOf7S under campression 

2. Extension Rods andConnector{Parl.s 1,5ond6)to1Jecopable 

of /Jeinq assembled readily, in any sequen~e, or with 

existing proving rings !upped with standard ~/.---16 NF-2 

threads, using fingers alone. Proving rings will be loaned 

/(J Conlroclot lor this lilling.AIIthese pnrts shall remain true 

on c.Jmmon Jxis when assembled in ony sequenr:eond rotoled.FII 

ol P~1rt 8'nE~tension Rods and Connech;r iho/1 not be so tiqhtos 

ro cause ihl.'ll'/0 become out .-:I true during assembly. 

·--------·-·--·---·--------:-------___:.---! 
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SCALF IN INCIIF.S 
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Fl G. I 
TEST TEMPERATURE = -6.5° F 

MAX ~ STRESS= 2135 PSI 

Fl G. 2 
TEST TEMPERATURE = + 31.0° F 

MAX. STRESS = 341 PSI 
RATE OF LOADING= 400 PSI/MIN. RATE OF LOADING= 200 PSI/MIN. 

PEABODY SANDY GRAvEL 
AFTER COMPRESSION TEST 



Fl G. I 
TEST TEMPERATURE= -6. 0° F 

MAX. STRESS = 229 I PSI 
RATE OF LOADING= 400 PSI/MIN. 

FIG. 2 
TEST TEMPERATURE = + 27.6° F 

MAX. STRESS= 521 PS I 
RATE OF LOADING= 400 PSI/MIN. 

McNAMARA CONCRETE SAND 
AFTER COMPRESSION TEST 

PLATE 20 



~ SAMPLE NO. SNH-2 

Fl G. I 
TEST TEMPERATURE= -7.3° F 

MAX. STRESS = 2963 PSI 
RATE OF LOADING= 400 PSI/MIN. 

FIG. 2 
TEST TEMPERATURE = +28. 3° F 

MAX. STRESS= 1355 PSI 
RATE OF LOADING= 400 PSI/MIN. 

MANCHESTER FINE SAND 
AFTER COMPRESSION TEST 

PLATE 21 



Fl G. I 
TEST TEMPERATURE = -I I. 6° F 

MAX. STRESS = 2265 PSI 
RATE 0 F L 0 AD I N G = 40 0 P S I I M I N . 

FIG. 2 
TEST TEMPERATURE = + 3 1. I ° F 

MAX . STRESS = 308 PSI 
RATE OF LOADING= 1000 PSI / MIN . 

BLEND, MCNAMARA CONCRETE SAND 
AND EAST BO STON TILL 

AFTER COMPRESSION TEST 

PLATE 22 



FIG. I 
TEST TEMPERATURE = -I I . 3° F 

MAX . STRESS = 2649 PSI 
RATE OF LOADING= 400 PSI/MIN . 

SAMPLE NO. SNHT-2 1 

FIG. 2 
TEST TEMPERATURE = +29. 1° F 

MAX. STRESS = 439 PSI 
RATE OF LOADING = 200 PSI/MIN. 

BLEND, MANCHEST~R FINE SAND 
AND EAST BOSTON TILL AFTER 

COMPRESSION TEST 
PLATE 23 



Fl G. I 
TEST TEMPERATUR E= -9.7°F 

MAX. STRESS = 1940 PSI 
RATE 0 F l 0 A 0 I N G = 400 P S I I M I N • 

F l G. 2 
TEST TEMPERATURE =+ 3 1.6° F 

MAX. STRESS = 233 PS I 

RATE 0 F L 0 A 0 I N G = 400 PS I I M I N • 

EAST BOSTON Tl L L 
AFTER COMPRESSION TEST 

PLATE 24 



Fl G. I 
TEST TEMPERATURE = -I I ° F 
MAX. STRESS = 2387 PSI 

RATE 0 F LOAD I N G = 400 P S l I M I N • 

Fl G. 2 
TEST TEMPERATURE = + 31. 3° F 

MAX. STRESS = 329 PSI 
RATE 0 F L 0 AD I N G = 40 0 P S I I M I N • 

NEW HAMPSH IRE SILT 
AFTER COMPRESSION TEST 

PLATE 25 



Fl G. I 
TEST TEMPERATURE= -10.0° F 

MAX.. STRESS -= .1 354 PSI 
RATE OF LOADING= 400 PSI/MIN. 

FIG. 2 
TEST TEMPERATURE = +31. 2° F 

MAX. STRESS = 248 PSI 
RATE OF LOADING = 400 PSI/MIN. 

BOSTON BLUE CLAY 
AFTER COMPRESSION TEST 

PLATE 26 



Fl G. I 
TEST TEMPERATURE= -4.0° F 
MAX. STRESS= 1415 PSI 
RATE OF LOADING= 400 PSI/MIN. 

FIG. 2 
TEST TEMPERATURE = + 26. 5° F 

MAXw STRESS = 460 PSI 
RATE OF LOADING = 400 PSI/MIN. 

DOW FIELD CLAY 
AFTER COMPRESSION TEST 

PLATE 27 



FIG .. I 
TEST TEMPERATURE = -10. 1° F 
MAX. STRESS = 1699 PSI 
RATE OF LOADING= 400 PSI/MIN. 

Fl G. 2 
TEST TEMPERATURE = + 3 I. 4° F 

MAX. STRESS = 338 PSI 
RATE OF LOADING= 400 PSI/MIN. 

ALASKAN PEAT 
AFTER COMPRESSION TEST 

PLATE 28 



SAMPLE 

Fl G. I 
TEST TEMPERATURE= -6.0° F 

MAX. STRESS = 799 PSI 
RATE 0 F L 0 AD I N G = 40 0 P S I I M I N . 

Fl G. 2 
TEST TEMPERATURE = + 31. 5° F 

MAX. STRESS = 573 PSI 
RATE OF LOADING= 400 PSI/MIN. 

ICE SAMPLES 
AFTER COMPRESSION TEST 

PLATE 29 
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FROST EFFECTS LABORATORY, 1951 
Figure '1 
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Boston Blue ·Clay 1 l)ow Field Clay ~d Alaskan Peat were un
disturbed~ all other specimens were remolded. 

Size of Specin:en: 2-3/4 inches diem. by 6 inches high 
· except ?eabody Sandy Gravel, 6 inches 

diam. by 12 inch~s high. 
Specirr.ens approximately 100}~ saturated. Refer to Tables 

Bl to BlO of Appendix B for water contents. 
Refer to Plate 2 for soil gradations. 
Rate of ~tress Increase: 400 psi/min. 
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TEMPERATURE- °F. 

KHOMICHEVSKAIA ,.L. S., Mme.,l940 (22) 
Figure 2 

·size. of Specimen: Approximate-ly 5 em.' 
qurves (1),. (2), (3) and (4)a-
~ Heavy, Sil , Sand Clay (Undisturbed) 

Average Water Content: 2. ·o 

Refer to Curve 1, Fig. 2, Plate 1 for soil gradation 
Rate of Stress Increasez-

Curve (1) 20.7 to 83.9 psi/min.- ·· 
Curve (2) 112.} to 359.8 psi/min. 
Curve (3) 569.4 to 742·3 psi/miri. 
Curve { 4) Instantaneous ( l.Q22 psi /min.) 

Jurves (5), (6) and (?):-
Light, Sil , Sand .Clay {Undisturbed) 
Average Water Content: 91. 0

o 

Refer to Curve 3, Fig. 2, Plate l for soil gradation 
Rate of Stress Increases- · · 

Curve (5) Approximately 57 psi/min~ 
Curve (6), Approximately 1~ to 284 psi/min. 
Curve (7) Instantaneous ( 1.420 psijmin.) 

(8) · Individual Test Points Indicated by (o) 
Fine Sand (Ut:l<listurbed)" 
Average Water Content: 24.4% 
Refer to Curve {1), Fig •. l, Plate 1 for soil gradat~ 
Rate of Stress Increase:- 30 psi;inin. to instantanerus 

(9) . Individual Test Points Indicated by ( +) 
Silty Fine Sand {Undisturbed~ 

• 

·Average water content: 26.8% ·. · 
Refer to Curve (2), Fig. 1, Plate l for soil grada

tion. · 
Rate of Stress Increase:'!" 37 psi;min.to instantaneous. 
Classified as silt by the Russians 

500 

+25 -tl5 -t5 . -5 

TE.MPERATURE-°F. 

TSYTOVICH ,N.A .. a SUMGIN,M.I.,I937 (39) 
Figure 3 

Size of Specimen: 7 cm.3 
-Refer to Fig. 1.0., Plate 1 for soil gradation 
Rate of Stress Increas·e: 213 psi/min. • 
Curve (1) Quartz Sand (Disturbed) 

Curve (2) 

Curve (3) 

Average Water Content: 16 .. ~; 
'I 

Claley Sand (Disturbed) 
Average Water Contents 11.~· 

Clayel Sand (Disturbed) 
Average Water Content: 22.3% 

Curve {i.d Clay (Disturbed) 
Average Water Contents 46.7% 

Curve (5) Dust•Silt Ground (Disturbed) 
Averag:J \"iater Content: 57.6fo 
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TEMPERATURE- °F. 

TSYTOVICH ,N.A. ,·1937 ( 38) 
Fioure 4 

Size of Specimen: 5 cm.3 
Refer to Fig. 8., Plate l for soil gradation 
Rate of Stress. Increase: 213 to 284-.psi/min. 
Curve {1) Sand (Disturbed) 

Average Water Content: 17."' 
' . . . 

Curve (2) Dust-like Ground (Disturbed) 
Average Water Contents 28.~ 

Curve (3) Clay. (Disturbed) 
Average Water Content: 53.8,% 

FROZEN SOILS INVESTIGATION 

FISCAL YEAR 1951 

SUMMARY OF MAXIMUM STRESS 

IN COMPRESSION vs TEMPERATURE 

FROST EFFECTS LABORATORY 
BOSTON, MASS. 

PLATE 4.1 
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(l) Constant Initial Density. Wat~r 

Content •.@ lOO'fo Saturation • 33fo* 

! Curve (2) Constant Initial Density. Wat·er 
C?n tent ~ l:O<Y/o Sa tura ti on = 22% * 

Curve (6) Constant Initial Density. Water 
Content ~ lOa% Saturation • 16.B,%• 

~ Curve (7) Constant Initial Densities. Water 
·I . 1200 ......,...;· ...... · --~~~f---__;_~-............ -+-~ Content ·~ 100/o Saturation • 21%* 
CJ) 
(/f 
w 
a:: 
t
(/) 

Curves (3) thru (5) Varying Initial Densities. 
All specimens lOofo saturated 
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Figure I ., 

TSYTOVICH .. N. A. "'8 · SUM GIN, M. 1.,:1~_37 (39) 

Curve Reference for 
No. Soil Name Soil Gradati ori> ··. 

\ 

1 Dust• Like Ground Line 37. Table 1 

2 Sand Line ~5, T~ble 1 

3 Dust-Silt Ground Curve 4, Fig. 10, Plate 

4- &: 5 Clay Curve 6, Fig. 10, Plate 

6 Clay~y Sand Curve 3, Fig. 10, Plate 

7 Quartz sand Curve 1, Fig 10, Plate 1 

All Specimens Disturbed 
Rate of. Stress Increases 213 psi/min. 
S~ze of Specimans Curves (1) and (2) 2 cm3 

Curves (3)thz-U (7) 7 c~· 
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(- Figure 2 

KHOMICHEVSKAIA, L.S:, Mme.-, 1940 (22) 

All Specimens Undisturbed. Size of Specimens: 6 cm..3 
·Curve (1) Light# Silty-Dusty. Sand Cla 

Rate of Stress Increase: to 887 ~si/min. 
Refer to Curve 3# Fig. 2# Plate ·1 for soii gradation 

Curve (2) Light, Silty-Dusty, Sandy Clay 
Rate. of Stress Increase: 16 to 1422 psi/m.in.· 
Refer to Curve 3, Fig. 2., Plate 1 for soil gradation 

Curve· (3) Peat 
Rate of Stress Increase: 
_Soil gradatia~not given 

16 to 778 psi/min. 

FROZEN SOILS INVESTIGATION 
FISCAL YEAR 1951 

SUMMARY OF MAXIMUM 
STRESS IN COMPRESSION vs 

WATER CONTENT 
BY PREVIOUS INVESTIGATORS 

FROST EFFECTS LABORATORY 
, BOSTON, MASS. 
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·Fi911re I Figu're ·2 Figure 3 

PEAT GRAVEL WITH CLAYEY SAND LIGHT • SILTY, DUSTY • SANDY CLAY 

. Undisturbed l)is"lt:urbed. Undisturbed 
Average Water Contents 581.~ 
Size of Specimens Approximately 6 c~3 
Soil gradation-not given 

tverage Water Content• 6.~ 7 
Size of Specimens Approximately 10 em; 

Average Water Contents 18.8% 
3 Size of Specimena Approximately 6 em 

Refer to Curve 3, Fig. 2, Piate 1 for . Soil gradation not given 

: c· -~-~ ~0 1-----+------+-----+------t 
'I 

500 1000 1500 2000 

RATE OF STRESS INCREASE-p.s.i/min. 

Figure 6 

SILT 

Refer to Fig. 1, Plate 1 for soil gradation 

Curves (1), (2). (:~) and (4)s Undisturbed 

Curve (5} 

Curves (6) and (7) 

Average Water Contents ~-~ 
Size of Specimens Approximately 5 cm3 

Disturbed 
. Average Water Contents :;:4.0% 

Size of Specimen not ~iven 

Note: !'~or curve (5) the speciniens were not 
failed.· Plotted points are for maximum 
stress applied in test. 

Undisturbed 
Average Water Contents 26.8% 

3 Size of_Specimen• Approximately~ 

soil gradatit'n 

500 1000 . 1500 

·OF STRESS INCREASE- p.s.i./min. 

Figure 7 

SILTY • DUSTY • HEAVY • CLAYEY SAND 

Curve (1) Silty, Heavy, Clayey Sand with·Ice Wedges 
Undisturbed 
AvE!rage Water Contents 25.6% . · 
Size of Specimenss Approximately 5 cm3 
Refer to Curve 4, Fig. 3, Plate 1 for 

soil gradation 

Curve (2) Undisturbed 
Average Water Contents 24.5% 3 
Size of Specimens Approximately 7 em 
Refer to Curve l,.Fig. 3, Plate 1 for 

soil gradation 

Curve (3} Undisturbed 
Average Water Contents 41.~ 

3 Size of Specimen: Approximately 7 em 
Refer to Curve 1, Fig. 3, Plate 1 for 

soil grad a ti 1m 

-~----·-~!~-· cy l 
::E 
:::::1 

.::E x 
I .:[ 
L:...~._: ~-o L...--"-'--__._ __ ....;... _ _,_ ______ -'--:-

o 500 1000 
RATE OF STRESS INCREASE -p.s.i/min. 

Figure 4 

HEAVY • SILTY • SANDY CLAY 

! 

Refer ·to Curve 1, Fig. 2,· Plate for soil gradation 

Curves ( 1 ) , ( 2) 
and (3)s Undisturbed 

Average Water Contents 32.8,%. 
Si~e of Specimens Approximately 5 cm3 

Curve (4) Disturbed 
Average Water Contents 34.~ 
Size. of Specimens Approximately .10 cm3 

0 500 1000 1500 

RATE OF STRESS INCREASE- p.s.i./min. 

Figure 8 

Curve (1) SILTY-DUSTY, CLAYEY SAND ~"•ITH 

GRAVEL AND PEBBLES 

Undisturbed 
Average Water Contents 25.6% ~ 

Size of Specimens Approximately 7 em~ 
Refer to Fig. 4. Plate 1 for soil 

gradation 

Curve (2) SILTY DUSTY • HEAVY CLAYEY SAND 
WITH GRAVEL SATURA'J'ED .l\ITH ICE 

Undisturbed 
Average Water,Contents 195.0% 
Size 3f SpecimQns Approximately , . 
5 em to 6 em-' 

Refer to Fig. 4, Plate 1 for 
soil gradation 

Curve (3) CLAYEY SAND 

Disturbed 
-Average Water Contents 33.l.c' 
Size of Specimens 7 cm3 
Soil gradation not given 

Note.ss 

··-- -·-..,.--; ----~~-,-····-:_ ., ... _,-:. --.~~-.--· 

·:··:-:;····-:··: 

0 500 IOoO 

RAtE OF STRESS INCRE AS£~ p.s.i/min. 

• Figure 5 

LIGHT, SILTY, SANDY CLAY 

Undisturbed 
Average Water Contents 91.8,( 
Size of ··specimens Approximately 5 .~ 
Refer to Curve 2, Fig. 2, Plate. 1 for 
soil gradation · 

Instantaneous (Approx. re45 psi/min) loadings 
not shown 

Temperatures shown are a_verage test temperatures 
for tests represented by· cUrve · 

Refer to Table 1 for Summary of Data 

FROZEN . SOILS INVESTIGATIOI'' 

FISCAL YEAR 1951 

SUMMARY OF 
MAXIMUM STRESS IN COMPRESSION 

vs 
RATE OF STRESS INCREASE 

from 
Mme~ L.S. KHOMICHEVSKAIA, 1940 (22) 

FROST EFFECTS LABORATORY 
BOSTON, MASS. 

PLATE 518 
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FIG. I 
TENSION TEST APPARATUS USING 

7,000 lB. CAPACITY, SCREW JACK~ 
FRAME AND JACK ALSO USED FOR 
COMPRESSION TESTS USING SWIVEL 

HEAD AND PROVING RING SHOWN IN 
FIG. 2, PLATE 14. 

FIG. 2 
M. I.T. TYPE DIRECT SHEAR APPARATUS 

APPARATUS FOR TENSION AND SHEAR TESTS 
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Fl G. I 
TEST TEMPERATURE= -t-30. 1° F 

MAX. STRESS = 223 PSI 
RATE OF LOADING= 40 PSI/MIN. 

FIG. 2 

MCNAMARA CONCRETE SAND 
AFTER TENSION TEST 

PLATE 55 



Fl G. I 

TEST TEMPERATURE = + 29. 5° F 
MAX. STRESS = 146 PSI 

RATE OF LOADING= 40 PS I /MI N. 

FI G. 2 

MANC HESTER FINE SAND 
AFTER TENSION TEST 

PLATE 56 



SAMPLE NO. SMT-18 

FIG. I 
TEST TEMPERATURE= +28.2° F 

MAX. STRESS = 137 PSI 
RATE OF LOADING= 40 PSI/MIN. 

SAMPLE NO. SMT-18 

FIG. 2 

BLEND, McNAMARA CONCRETE SAND 
AND EAST BOSTON TILL 

AFTER TENSION TEST 

PLATE 57 



SAMPLE NO. SNHT-16 

FIG. I 
TEST TEMPERATURE= +29.5° F 

MAX. STRESS = 78 PSI 
RATE OF LOADING= 40 PSI/MIN. 

SAMPLE NO. SNHT-16 

FIG. 2 

BLEND, MANCHESTER FINE SAND EAST BOSTON TILL 
AFTER TENSION TEST 

PLATE 58 



FIG. I 

TEST TEMPERATURE = +31. 3° F 
MA-X. STRESS = 65 PS-I 

RATE OF LOADING= 40 PSI/MIN. 

FIG. 2 

EAST BOSTON TILL 

AFTER TENSION TEST 

PLATE 59 



Fl G. I 
TEST TEMPERATURE =: + 31. 2° F 

MAX. STRESS = 70 PSI 
RATE OF LOADING= 40 PSI/MIN. 

FIG. 2 

NEW HAMPSHIRE SILT 
AFTER TENSION TEST 

PLATE 60 



Fl G. I 
TEST TEMPERATURE = + 26 .0° F 

MAX. STRESS = 108 PSI 
RATE OF LOADING= 100 PSI/MrN. 

FIG. 2 

BOSTON BLUE CLAY 
AFTER TENSION TEST 

PLATE 61 



Fl G. I 
TEST TEMPER ATUR E = + 27 .8° F 

MAX. STRESS = 68 PSI 
RATE OF LOADING= 40 PSI/MIN. 

FIG. 2 

DOW FIELD CLAY 
AFTER TENSION TEST 

PLATE 62 



Fl G. I 
TEST TEMPERATURE = +28. 6° F 

MAX. STRESS - 154 PS 1· 
RATE OF LOADING= 40 PSI/M1N. 

FIG. 2 

ALASKAN PEAT 
AFTER TENSION TEST 

. . 

PLATE 63 



Fl G. I 
TEST TEMPERATU RE = + 29.9° F 

MAX. STRESS = 66 PSI 

RATE 0 F L 0 AD I N G = 40 P S I I M I N • 

F l G. 2 

IC E AFTER TENSION TEST 

PL ATE 64 



SAMPLE NO. SMT-53-2 

Fl G. I 
BLEND, McNAMARA COKCRETE SAND 

AND EAST BOSTON TILL 
TEST TEMPERATURE~ +31.9° F 

NORMAL LOAD = 40 PSI 

Fl G. 2 
MANCHESTER FINE SAND 

TEST TEMPERATURE = + 32. 0° F 
NORMAL LOAD = 60 PSI 

SPECIMENS AFTER SHEAR TEST 

PLATE 65 



Fl G. I 
BOSTON BLUE CLAY 

TEST TEMPERATURE = + 29. 6° F 
NORMAL LOAD = 40 PSI 

NO. S N HS - 57 - ~ 

FIG. 2 
NEW HAMPSHIRE SILT 

TEST TEMPERATURE =+31.2° F 
NORMAL LOAD = 40 PSI 

SPECIMENS AFTER SHEAR TEST 

PLATE 66 



Fl G. I 
ALASKAN PEAT 

TEST TEMPERATURE= +29.5° F 
NORMAL LOAD = 80 PSI 

Fl G. 2 
ICE 

TEST TEMPERATURE =~29.3° F 
NORMAL LOAD = 60 PSI 

SPECIMENS AFTER SHEAR TEST 

PLATE 67 



, 
r 
l> 
-t 
('11 

()') 

-• a. 

. I 
II 

.020011 

TENSILE 

W. c • Pr-f-++--+--!~-t--t--+-t--+-t-t--+-~- __ Temp • 

L I -oF •. 
+-+-++-+--+--+-<t-t-++-t---J.-+-i· - ,_ --1----
~++-+--+-+-t-t-+-+·-1-+-+-T-+-i- 1-

15.9 m~~mmmm 32.4 
~++~~\~++~~uh4-~~-~ 

15 ·3 t-r-r-~ 1\ 
11 :31·9 .. 

-~--~ 
j 

. · 15 .6 ~+++'1\tt---t-l\~-+-t-t-ft-t 
1

+-t-ir-r
1
!-+--: 31.3 

1\ I · I _j 

16.2 ......,_-t-f~r-+--\t-'r-~+-;-'r\..,._,-tt-i+-111--+--III/H-11-"l-~32 .0 ' 
1/ 

lri" IX 17' ' 
100 0 100 

STRESS, psi 

1f •• c. (/) 

% ---
19.1 

16.a (2) 

H3 ~l.i-

Mohr circles represent stress condition of: . 
(a) Maximum compressive strength obtai(led 

from curve on Plate 31. · 
(b) Average of maxiinum tensile stren.gths 

from Table 82 in· Appendix B. · · 
Measured maximum shear stress 

from direct shear test$ int;licated by: 
o Nominal· test temperature + 32°F 
}( Nominal lest temperature + .30° F. 

16."~,1--r·~~!~i~~~~~~~.-~~~rrTT~~rT~~rTTI~ 

200' 300 

COMPRES.SIVE 

' i 

400 

STRESS,· p_sl. 

ll _l Jill 
II l I l :l .11 I J· I 

500. 600 

MOHR DIAGRAMS ·OF STRESS CONDITIONS AT FAILURE 

MCNAMARA CONCRETE SAND 

m~----------------------~----------~----------~------------------------~------------------------_. 



"'0 
r 
l> 
-1 
1'11. , 

• Q. .. 
(/) 

4 

:3 
G: ... 
fn-

C) 
z 
g:2 
c 
I&J 
% 
(/) 

--uu 

.. 

00 
f-' 

~ 

VV' I 

I 

- ~ . . 

Temp. w.c 
0 .. % F. ......._.._ -. 

30·5 26.4 
31.0 23.2 
28.2 23.1 

28.6 22.8 ...... 

v-
jol""~ 

1/ 
~ I" 

/ 
, 

/ 

1\ ..,_..,.. 
1\. ./I' ~ 

~ /'/ , 
\ 1// ~..,... 

1\. I\.. I" ...~.~ 
V" ~~ ,. 

~..~ 
,..,... 

\ ~ " v 
I'Y .... .,...., ILA ,..,... 

')( ../ I r.r -1""11 v 
,I ~" I "/ IH 

~ I"' N~ / 

r. iJ'J ,..,... ,., 
r.l:Y :,...-

I ...,. ..... 
fl ..... 

J / 

IJ)"' 

'T 
I ' ~ 

---- I -r-""' 
~ .... I ~ ... ,..,. . - .._ . 

A, (· ~' 
~ 

"""'"""' 
~~ 

' ~ 

"""' ~ 1./r..- Temp. w.c.: 
iiJ.~ ~,..... Average 
~ .... oF •. % ., ...... Vi...o'f'" 

- Mohr· Terrip. w.c. -i 

~"' :~il".:io'" oF % 
'JJ ~~ 

r-r-· Circle """--.. 
"' ~-+~ ?le7 22.7· ~ 

~ v 
v 32.3 27·9 CD 28.8 21.7 ,..,... ,..,... --

v f-- f--
__ ,_ 

® 29·5 23.0 ...,. ...... 31·9 23.8 ·-r-v @ 31.2 23·~ v ,/ 

v 25.6; @ 30·~ 21. 
v .,/ '32.0 ----

v 
~ l l 1 1 I I l J 1 I I I I I I I l l 

!J-Im. NL 'J J Lfl(fj fJllRilHS I I I I I I I 
~ I l l l I l I l I l I l I l I I I I 

. i~O , ... -~---· ... -· •···· .. -· -
,.,; .. 

(!) Mohr ci'rcles represent stress condition at:. 
(a) Maximum compressive strength obtained 

from curve on Plate 32. 
00 I"/ Ill (b) Averag_e of maximum tensile strengths ~/ r1 

from Table 8 3 in Appendix 8. . ... ~I/ 

~~ """~:~!. 

~~ f"''lll 
.A~ " I/ 'I' " /I/ ~ 

~ I ~ 1\ 
~~ 

I 0 200 100 0. 

TENSILE STRESS, psi 
100 

(2) Measured maximum shear stress . . 
from direct shear tests indicated by: 
o ·Nomiriol test temperature +32° F. 

)( No~in~l. test temperature +30°F. 

200 300 

COMPRESSIVE 

•-~C· • . 

400 

STRESS, psi 

500. 

MOHR DIAGRAMS OF. STRESS CONDITIONS AT FAILURE 

MANCHESTER FINE SAND 

~ 

600 

D ~----------------------------------~~------------------------------------~----------------------~ 



~ 

r 
l> _. 
rr1 

~-

500 -J,..l,_-l__.Ll_. 1 I I t_ I l_j __ LLl L.LLLLJ..I I.L.LLLLW.l~J I.).LI I r-
NOTES: 

.. 
a. 

... 
(/) 
U)· 
I&J3 
It: .... 
(/J 

C) 

z 
lt:2 
c 
1&.1 
:t: 
U) 

---

r-· 

00 

~---~-
1--

o-IU 

00 

00 

-·r-

Temp~ 

oF. --
f--1- 30·3 1-1-

30.3. 

. 30.0 

29·9 

I 

~ 

I . 
~~~ . J 
~p I 

I w.c. 
"% 

13.0 

34.3 roor, 

14.6 r 
1\ 

13·7 ...... \ 
l\ 

\ 

~ 

..... ,. 
~ ,.,. 

...... ""' 

.ri 
l:i"\ . ') 

(/)· Mohr circles represent stress condition at: 
I I . (a) Maximum compressive strenth obtained 

J 
I I from curve on Plate 33. 

(b) Average of maximum tensile strengths 1 j 
I I _. from Table 8 4 in Appendix 8. . I 

- !-~- Temp. w.c& (2) Measured' maximum shear stress · 
0 . 

..L from direct snear tests indicated by: F • 
- --

I 31.e i3.6 0 Nom/no/test temperature +32D F. · 
I 

\ X Nominal test temperature +30°F. 
!\ 

_l _Ir r- 31·9 12.3 I 
lL lL I 

l-"' r-
!\ !'\,. 1.-1- 31.3 13.8 1 

If 
\ \ I -

!\ 1\11 . I 
~ 31•9 13·9 tL -['\,. J -t 1\ \ ."L 

\ J 1\11 ,. 
.. 

\ 1\ I I ~ -"'!till f'..,.. l"i' . . '-· - . 

1\ ll l1 _..I ~~ ~ Average ll ~,.... I"""""' 
1\ D, I' :L 

-

"" Mohr Temp. w.c. 
\ \ [:::' j " 

. 0 
1\ 'j. L.,.,jl'S: "" 

I 1 C~rc1e F _L 
\ L.J-K JV: t ..L t- ·- ~---~- --,(~ I' 

Ito-' II .. llf ~ I"'~ I ~~ I' "j 

I-' . 1\ 1/ ~ 1\ v ~ "i CD 28.8 ~.4 
lf.'r. .L I "" ® 28.2 34.1 I'( / ' ... _,_ ~· ',[ 

12.4 JV ~~ !'-' "T ITl[C.. 1r 1 l"'rr·, f\, 11411" ~·I> \ @ 31~1-
~ \ 

,, 
31·7 12.6 " ..Art ' @ ~ 'h 1\ 1\ 

In I \ \ 
\ ' i 

~I""" I ! llllllll_l_l 
I 0 200 100 0 100 ·200 300 

! i I 

400 

STRESS, psi 

lll!Jii_l_l_l 

500. 

TENSILE S!RESS, psi COMPRESSIVE 

MOHR DIAGRAMS OF STRESS CONDITIONS At FAILURE 

BL_END, M·cNA.MARA CONC~·ETE SAND AND EAST BOSTON TILL 

roo 
r-
r 
r 
r--
roo 
roo 
roo 
1-
r 
roo 

·_r 
r 
t-
1-
1-
1-

t-t-
"I-t-
t-r-
r-r-
r-r-

·.r-r-
r-t-
r-r-
1-1-
t-r-
---
--:-----
.--

600 

0 ~~------------------------------------------------------------------------------~--------~----~ 



500~~~~~~~~~~.~~~ rr.r!~l"""-,""~.~,,~ .. -.i~,.~, ''!'l.'J' .. ' .. J'.L'.J~.,'.J' .. '.J'. _ri~~~,~~_~~~~~I~.I~J~.I~-,~~,~,.~ 

t-.++4-+++-~-++-t-t-+-H-+-+++-H--1-++++-t-+-t-+++-+-H JJ!O T ES: 

1-+-+-+++--+-ii' 
~+-+--+--+--+--+~~ Temp • 

oF. 

I I 

··N. C .'-+--l--t-+-+--+,-+1-+:-t-t-+-tl Temp • 
% . ! ' : ' oF. --· -+-+-+-+-+-t--+-f--+-if--+.,-1 

(I) Mohr circles represent stress conditions at: ; 

• 1 

(a) Maximum compressive strength obtained t 
from. curve on Plate 34. . . yr-

(b) Average of maximum tensile strengths. ( . 
w.c. from Table 8 5 in Appendix 8. i~ 
% (2) Measured. maximum shear stress ~:= 

from direct shear tests indicated by.,. · 1r-
o Nominal test temperature +32°F. . J~ 
x /t(ominol test temperature +30°F. ~~ 

-1--+--+4·~~~ 29.8 . 17el ,- \ I r·:-F"==· 31e7 19e8 
'I. . I 

1--t--+-+-++-+-till 29e2 19e6:+- \ I .--; 31.3 19e5 · 
~ :/ ~~~~~~rr~++~~~r-r~++~~~~+-+-++~~~ 

t-4-+-+-~t+·~··2a~ 17~~~, \~H-1-=. 31~ 16.5~--~4·-4-~~~~~~~~~~~~--~-~-~~~~~~~ 
I\ \ \ I 

t--4--+-+--~-+---« 2 7 • 7 16 • 3 r\ \ ~~ I 1 
1 \ \ N 

; r I - \ If 

I \ I \ f\. 1\ ~, "' 

l i ' 

I 

"~ tJ J !'-= i ! I I I I 0 200 100 0 100 200 300 . 400 . 500 

TENSILE STRESS, psi. CO.MPRESSIVE STRESS, psi 

MOHR DIAGRAMS OF STRESS CONDITIONS AT FAILURE 

BLEND, MANCHESTER FINE SAND AND EAST BOSTON TILL 

600 



~ 

• a. 

500 
I I J I I I I j LJ.-.Ul-,LL L.1. I I l ... ~ I I ! -: ~..,-

NOTES: 
r-

(I) Mohr circles represent stress conditions of: 
I (a) Maximum compressive strength obtained 

I I from curve on Plate 35. I ! 

4 00 . I I (b) Averqge· of maximum tensile. strengths 
I I I r-r- from Table 8 6 in· Appendix 8. I 

(2) Measured· maximum shear stress 
from direct shear tests indicated by: 

r-
r- _j o· Nominal test temperature +32° F. 

-H- X Nominal test temperature +30°F. 
00 : r--

I 

-~ 
.. 

I I '. I 
...:..._ __ 

-r- Temp • w.c. Temp. w.c. • I I 

oF. I oF. % 
I I 

% I j I - ' . ! 

31.2 21.8 
. - , I I 

1--""\ --.: 31.2 17.8 '- I - v ! 't I I 

30·7 14.9 \ / 31.6 20.4 : I 

00 1/ 'l I i j ! 

1\ \ I I · l · I L 

23.41:- 1\ / 31·7 19.4l 
I-·~ I I .1 I l 31.1 \ \ v / l I .1. ... _,._- l l ... . L.. ·- ... 

. \ \. / Average 
30.8 16.7r'\ 1\ I/ 31.8 16.3: \ !V / "'~ t". Mohr Temp. w.c. 

l\ .I tfl' L. 

\. o/ !'),Ji"' ~ Circle OF L 
I \ ' J!\.lt"' ./ ~ 1:\ -----

00 \ 1\._ ~·} /,/ ....... ~""-J. 

CD 14.5 , 
~ l.Ji~ I ~ 28.5 

fi'A ..:~"""' I I __ ........ 
1T ® 28.3 15.2 "'"' f..) rn ! I .... ,'-! -; 

.Ill" ""'i.-' ~~ 
-· -+ t 

1'\. ~--!J T ' I 15.8 @ . 31o5 i4.,1 l _,;. ,,., , 
IV - l4.1 :.t IJ.fll':. ..t:t \. ' I \. @ 31.2 

~ \ I \ I -I'? ~ ~ r I"~ .\ 1 I 

r- -- :r~~'\- 'I ~i'\ /,'(/ 1./rtrt r:fr.J f-J! If..},'/. iC. IU!/1 'J;t:.i::J I ; I ' ' l i I l I I I I i I -~~ltL--r-, --1 +- "'"P' ' \;;V I I ' I i i I I ! I .I I 1 L 0 zoo 100 0 100 200 300 400 500 

TENSILE STRESS, psi COMPRESSIVE STRESS, psi 

MOHR DIAGRAMS OF STRESS CONDITIONS AT FAILURE 

EAST BOSTON TILL 

·' -
---
~-
~-

r-
f= 
'f-

.. --
-
--
-
;_ 

--.:.... 

---1--
f-'-· 

r-r-
r- ... 

·~ . 
!_j rlr-
t-f-
+-r-
1-r 
+----
r-:-· 

600 

N----------------------------------------------------------------~------------------------~--~~ 



tJ 

> 
-1 
11 

..J 

,I I 1 1 1 I 1 I I 1 _L_(._j __ LLLL LJ 1 I I I. .! Ll. . .L Jj_ I L_._I......_!....L.-L ....... _. .. _l~J-
t-t-t-t-t-+-t-+-+-+-t-+-+-+-.j-...+-~~~H-+~~-~·-+-+-+-+-+-+--tt NOTES: ~ 

T W C t-+-+-+-+-+--r+--+-+-+--1 Temp. 
-H-+--11-+- em p. · • • 0 

_ +1--t-i~l---+--l· o % F • 
•-+-·t-t--+-+-+-1-+-. F • --!:._ +-. f-+-++++-+-+-+-+~ ---

-~--+--+--~ 39 .2 2 5 .4 .OF=' f=:'td--t-+-1--t-~~ 31.9 
t-+-+-t--+-+·-+-+-+-129 .6 

\ ~ 

22.7 r--, ' t r-~ 32·.0 
l\. l/ I 

1\ \ /r\1 I I 

r
f-

(I) Mohr circles represent stress conditions at: :-
(a) Maximum compressive strength· obtained ~ 

from curve on Plate 36. ·_ 
· (b) Average of maximum tensile strengths =: 

from Table 8 7 in Appendix 8. · ~ 

(2) Measured. maximum shear stress -
from dirs¢t shear tests indicated by: ··- - s: 
o Nominal test temperature +32 ° F. :--
X Nominal test temperature +30°F. ;: 

w.c. 
% . 

36 •. 8 I 
I 

25.8 

28.6 
. 

I 

27.8 

0 I "JI",. I I I I I I I I I I I I 

. 200 100 0 100 . 200 300 400. 500. 600 

TENSILE STRESS, psi COMPRESSIVE STRESS, psr 

MOHR DIAGRAMS OF STRESS CONDITIONS AT FAILURE. 

NEW HAMPSHIRE SILT· 

~ ~----------------------------------~----------------------------------------------------------------.J 



.,
r 
l> 
-t 
rt1 

-...I 

• Q. .. 
(/) 

500 

400 

t-
f-1 

-

~3 oo· 
«t: 
1-
(/). 

~ 
z 
«t:2 
c 
&IJ 

00 

., 

-

' 

· Temp. 'W. c. 
oF. % 
30.1 82.8 

29.6 8;.2 \ 
I 

\ :\ 
;o.8 77·5 1- \ 

\ v 

I I I I I I I I I I I I I I I I I I I 1111111 I I I l I IJ I I I 1·1 I I I I 
'NOTESi - . 

. . 

1-
1-' 

,. (I) Mohr circles represent stress condition. al : 
1-
f-. 

(a) Maximum compressive strength obtained :f-
·I--~ -~ ~ 

- from curve on Plate 37. ~ 

(b) ·Average of maximum tensile strengths 
..... 

from Table 89 in Appendix B. 
,_ 
:_-

(2) Measured maximum shear stress -·,...... 
from di'recr snear tests indicated· by~· f-

f32°F 
:f-

o Nominal lest. tempera lure ~ 

X Nominal lest temperature f 30° F 
If-
1-

.; 

I I I I 
l I I I I 

- Temp. w.c. 
--:--- oF. "' -
II 31.; 81.4 

31.4 57·6 
-f-f-

I 
I ~- 31 .• 3 11·1 - . ""'-··;-.·' -u- ... · - . . ·- . ·-

1-1-
I f-f-

% 
(/)' 29.3 52.0 

\ 
1 

1\ Average 
. 1-f-

J I 
\ 1 A I I 

~ I 
I 1\ ~ I \ :/ 

I 1\. \ I .J..-Jc 00 ·U ~~ I ~~ 

" .... ~ IJ~ 11.11' 
1'1(1 

"""""' 
I o'l' 

--t-2 ~ .... .J~ , . ..... '" () -t' 7.: 
/· ..1\lr Ill ;I. \01 

... J 4,1,;. ~'II 
( 1-- J ~ •-" ~ " II I' . t-!1 0 200 100 0 

TENSILE STRESS, psi 

;1.3 73·2 
~ 

~~ 

~ 

JH. IIi'' Fi'l'JJ "· ~ '/,i. ~l[l f} J 'J. 

' ~ i'\. ...... 
I' r':l:\ ~~! 

'- ...... ~"= \ 

\ ' I\ 
I 

100 200 300 

COMPRESSIVE 

MQ.hr -Temp. w.c. 
Ci-rcle OF _L 

-I-

CD 27.6 80.9 
ti 

® 26.6 69·3 
! 

@ 31.2. 89.4 
® 31·3 9'1·5 

I I I I I I J I I I l II I 
I I I I I l I I I I 1·1 I 

400 

STRESS, psi 
500. 

MOHR DIAGRAMS OF STREss· CONDITIONS AT FAILURE 

BOSTON BLUE CLAY 

1-f-' 

-~ --,___ 

~--,__ 
r-r-
t--
if-,... 
~f-

.~~ 
1-1-

600 

~~------------------------------~--------------------------------------------~------~------~ 



, .
~ 
.-t 

"' 
'"""' ~ 

. ·-. 
(I) 

ci 

en 

500 

.. 

400 

fl) 300 w 
a:: 
~ 
fl) 

(!) 
z 
a:: 
< 
LLJ 
l: 
(/) 

200 

roo 

0 
"200 

TENSILE 

It I I I I 1111111111 111111 I I I .•. ~ 

~NOTES: -I-
I-

Mphr circles represent stress condition of: +-
t-1--

(a) Maximum compressive strength obtained 
t-
I-

from Plate 38. :1---curve on 'I-

(b) Average of maximum tens lie strengths ;t-
1-

from Table 88 in Appendix 8. 1-
t-

-- ... .----.--'- ~-.----rr-·r-~ . -- --· .. •···· ... --··· --. t-

.... 
C I 

~f- -~1'-oo I 
~ r-. 

~ It' ~ 
__ ..... 

Ltl• v~ 1-...... 

'"-"~ ~ I'. 
pr~ I' 
II' L\ I' -t-

1/ Average ,_I-
Ll 1\ 

I~ Mohr Temp. w.c. ~~ 
/. 1.- Circle :oF ..L -tr-r/ 10 -. ·~wj [} 1-f.l? 111ft r" J IHHt ~'JIJJ k' 'l _4 

-t-
~ . -~ :...-' 

r-t-1/ "' CD 2?.8 70.1 1-1-,.,... r- I 
I-I-1/ L ...... b @ 29.1 97·5 t---

J'.~ ~ Jilt , 
~I' ~v i @ 31·3 55-0 

t--

~ t--, 
7~ 'Ill 30.8 E 'I' I \ -~ 77·2. -

""' -. ,. - " _. 
11.:~ '"''oi; 1\ ..... 

~ lA 114" ' \ . IRIIII I I I 
t-<~ tl-" p I II I I II II I I I I I I I I 

100 0 100 200 300 400 500 600 
STRESS, p. s.1 • COMPRESSIVE STRESS, p. s. i. 

MOHR DIAGRAMS OF STRESS CONDITIONS AT FAILURE 

DOW FIELD CLAY 

~~------------~----------~~----------~----------------------------------------~----------~ 



""'0 
r 
l> ..... 
M 

-....~ 

500 

• 0. .. 
(/) 

4 

:3 
a:: 
t-
(/). 

" z 
-2 a:: 
c( 
w 
:X 
(/) 

00 

... 

00 

00 

00 

f-f- Temp. 
f-f- oF. f-f-
f-f-
~-1-:- 29·5 --
f--
f--

29·3 ,_,__ 
f-f-
f.-f- 30.1 f-f-
f-f--
f-f-
f-f- 28.s 
f-f-

I 

f-f- -f-

r>--'-

.. 
~ 

lA~ 

\!b.l 'I' 
"'1 

--:- - ~-
L· 

0 zoo 

w.c. 
_to_ 
545 

356 

320 
I 

366 

"""" ~ 

fl"' 

~ 

"'/ 
~ 
looOo "'/ 

I 

100 

-·-
. -· 

Temp. 
oF. --

,....,... 31.6 
\ 

t:::: 31·5 \· \ I 
~ lL 

ll 31.6 
1\ ~ ~ 1/ 

j 
1\. .'\ \ i_L 31·3 ~ IL J 

1'\ ··"' . 

1 
1\ l\ lL -- r-r--

\ .1 

' ~ ~~ ~ 
[\,. 

' 1\ I\ 1 ~ 

I 1/ l\ 
""' ' \ .I 1/ , 

1\1/ Dt ~ l 
\ v ~ I'~ 

"""" 
1\ 111' ~[\. 

I-ll( I ~ ff ( ..... 
~ II II 

""' \ 
.... I' 1\ ~p 

1111" -~ 
~"\ 

r-... .... , 1/~ . 
~...-'~ 

.,~ ..... I 

I' ' 11 
'~:\' 
~ 

·o 100 

:LLLI I I I I I I I I I I I I I I I I I I I I I I I I I I liJl~Ll 

NOTES: -
-

(I) Mohr circles represent stress condition of: 
,_. 
~-(a) Maximum compressive strength obtained -

r-~ -, from curve. on Plate 39. ..... 
-(b) Average of maximum tensile. strengths -

w.c. · .. from Table 810in Appendix 8. ···. -,-
% (2) Measured maximum shear stress -

~ 

-

0 

-. · !rom direct shear tssfs Tndlcoted ·by~· -. 
295 0 Nom1'nol ~est·temperofure +32°F. · --, .... 

X Nominal test. temperature. +30 °F. 
~~ 289 -

26~ 

290 --

. ·-· 
I i 

~rr 1.-- i J . ..,. 

1=:::[-oo-t-7 r-1- ~ i 
1/ r--.· ~~ J ! 

"' J ,;.?:-::*'~ . .. . ·- . . '-'.,:· 
_t J "'' I t-t-

Average "'r' " I t-r-
.... Mohr Temp. W.C. t-r-

'I., I 
t-r-

I'\ I Circle OF % r-r-
r'l' 

1/ ..... ,.., i\ F-r-

~ ~::~~~· ... , ,_. •tt. I r-r-.. ... 
<D ~1-'-. . 'r' I' I' 

l' '"' 
IT I I 1'-' ' 11" "I" I' : , ia.l~ '\ I 28.7 466.0 .... I t-t-

I 

·®· 28.4 470.5 '\ i\ ~r-

~r-
~ ~!\ . -+-r· I 

@ 31-3· 365.0 '~"-~~ 
f-r-· -- r-r-

1\ I .1_ 31·3 371.0 r-r-
\ i ! .J ;: . ® r-r-

' l a. >--r-

i I I I ; I I I I I I I I I 
i 1 !' I L I I I I I I I I I 

200 300 ~00 500 6 00 

TENSILE. STRESS, ps-i COMPRESSIVE STRESS, psi 

MOHR DIAGRAMS OF STRESS CONDITIONS AT FAILURE 

ALASKAN PEAT 

~~--------------------------------------------------------------------~--------------------------------------~--~ 



\ 

eli 
·ci 

I 
(/) .. 
(/) 
w 
0:: 
~ 400~--~-4-~~----:-r------_, 
(/) 

:::!: 
::> 
~ 

X· 
<( 

~ 200~-~~~~---:~~--+-------4 

0 ~_...;..------~--------~--------~ 
.. 35 +25 +15 +5 

TEMPERATURE- °F. 
Figu_re I 

TSYTOVICH, N·.A., 1937 (38) 

Torsion-Shear Test 
All specimens: Disturbed 
Size of specimen: 4 em. diam. by 20 

em. length 
Rate of Stress ·Increase 20.0 to 21.3 

psi/min. 
Refer to Fig. 8, Plate 1 for soil 

gradation 
Curve { 1) Clay 

· Average ·water content 53.6% 
Curve { 2) Dust-Like Ground 

Average water content 28.Q% 
Curve (3) Sand · 

Avera~e water content 17.6~ 

.~ 40or·--------~~--------~--------~ 

eli 
ci 
I 

(/) 
(/) 
LLJ 
0:: 

• 
·- t; 200 ~------t---=--~---+-----_, 

:::E 
:::> 
~ 

x 
<( 

~ 
0 L---------~--------_. ________ ~ 
+35 .. 25 ;+15 +5 

TEMPERATURE- °F. 
·Figure 3 ... 

MEISTER 8 MELNIKOV, 1939 (27) 
s~i'i~ty-Dusty Soil (type I)· 
Double Shear Test 
All sp~cimens: l~disturbed 
Size of BPeCiJ'!len: Varies 
Rate of Stres.s<Increase 57 to 85 

psi/min. 
R~fer to Figw 9, Plate 1 for soil 

gradation 
Average water content: 30.3% 

eoo~--------~---------T--------~ 

·. 600~----~---r---.~---+----~~_, 
eli 
ci. 
I 

(/) 
(/) 

w 
0:: 
~ 400~-------,H---~-----+--------_, 
(/) 

:::!: 
::> 
~ 
X 
<( 

'·.· :::!: 200 1----'---l'l---+-----'-----t-----~ 

.; 

0 L-________ ._ __ ........ __ ~~--------~ 

+35 +25 +15 +5 

· TEMPERATURE.;..°F. 

Figure 2 

SHEIKOV ,M.L., 1933-34 (34) 

~PUnch. Triie shear tes·t 
All specimens: Disturbed 
Size of specimen: ·unknown 
Rate· of Stress Increase 263 to 3o6 

psi/min. 
Refer to Lines 1 and 2, Table 3 for 

soil gradation 
Curve (1) Clayey Sand· . 

Average water content 18.1% 
Curve {2) Clayey Ground · 

· Average water content 46.3% 

&&0~----~--r-~-----,,---~--~ 

. (/)f 400 ~-~,_/· __ +------t--'------:----1 

~ l 
i 200~-------:---;-------~-+--------_, 
x 
<( 

:E 

. "'0 &..---------~------------------' 
0 1000 2000 3000 

RATE OF STRESS INCREASE-p.s.i./min. 

Figure 4 

LABORATORY OF. L.I.I.K.S., 1935-36 (26) 

Clayey Sand 
Punch Type Shear Test 
All specimens: Disturbed 
Size of specimen: Unknown 
Avera~e water content 19% 

0 
Average test temperature 24.8 F. 
Refer to Line 14, Table 3 for soil 

gradation 

eli· 
ci 
I 

(/) 
(/) 
LLJ 
0:: 
~ -200 ~-------!---~-:.--+-:--'--:-;-~~--.-'~~~r----;-~---:----:---r.---:-,..-,.-.-;-;-~ 

~ 
::> 
·:E 
>X 
·.''!(( 

(I)· 

·:::!:_ 100 j....:.-.-~--+---__;_-+--"--.~---'---:---~--.---:---:--'T-~~~--r:--'-----:---:":~ 
·--· 

---r~~~ ~ : ...... r·. ' 
-~ __ ; .... -· 

__ L__; __ !.!. --·· ... !.. 

~"'""'": _____ _,~..::....~~4-·(6)-:: .: .. ~ -~ _t_ 

.. 1:. :.·i~f·:~.t~±l:: 
... ,_ O OJ..._ __ _...;.__; __ ..li0___.._._ __ ;...:_..__2J..O,;,_..;...;.._+-....J30__;_~o...;..~4:':0-......;.........,...:...~5':0--.. ....... ......_......_~60 

WATER CONTENT IN PERCENT 

Figure 5 
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PLASTIC DEFORMATION UNDER CONSTANT COMPRESSIVE STRESS 

MATERIAL- EAST BOSTON TILL 

!!Q!§.: -
Sample Size - 2 -f inch 

dio. by 6 inch ~igh. 

Refer to Table B-13, 
Appendi~ 8 for sample data. 

SKETCH AFTER 
LOADING TEST 

SEBT-18 

SEBT-21 

0 
SEBT-33 

0 
STRESS = 80 psi. 
SAMPLE SEBT-18 

STRESS= 50 psi . 
SAMPLE SEBT-21 

STRESS = 20 psi. 
SAMPLE SEBT-33 
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PLASTIC DEFORMATION UNDER CONSTANT COMPRESSIVE STRESS 

MATERIAL- NEW HAMPSHIRE SILT 

NOTES: 

Sample Size- 2 i- inch dia. 

by 6 inch high. • 

Refer Ia Table 8-13, 

· Appendix B for sample data. 

SKETCH AFTER 
· LOADING TEST 

SNHS-39 

tJ I 
SNHS-37 

0 I 
I 
I 

SNHS-40 

D 
STRESS= 80 psi. 
SAMPLE SNHS -39 

STRESS = 50 psi. 
SAMPLE SNHS-37 

STRESS = 20 psi. 

SAMPLE SNHS-40 
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PLASTIC DEFORMATION U~DER CONSTANT COMPRESSIVE STRESS 

MATERIAL- BOSTON BLUE CLAY 

br 6 Inch high. 

Refer to Tobie 8-13, 
Appendix B for sample ~ata . 

. SKETCH AFTER 
LOADING TEST 

SBC-44 r----, 

D . 
I 
I 

'SBC-43 

D 
SBC-45 

0 
STRESS = 80 psi. 
SAMPLE SBC-44 

STRESS= 50 psi. 
SAMPLE SBC-43 

STRESS = 20 psi. 
SAMPLE SBC-45 . 
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PLASTIC DEFORMATION UNDER CONSTANT COMPRESSIVE STRESS 

MATERIAL- DOW FIELD C.LAY 

NOTES: 

Sample Size- 2 -i inch 
dio. by 6 inch high. 

Refer to Table B-13, 
Appendix B for sample dolo. 

SKETCH. AFTER 
LOADING TEST 

SOC-40 
r----, 
:r1 
II I I I 
I I 
I I l I ---..J 

SOC-39 

i] 
SOC-37 

D 
STRESS = 80 psi. 
SAMPLE SOC-40 

STRESS =50 psi. 
SAMPLE SOC-39 

STRESS = 20 psi. 
SAMPLE SDC-37 
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PLASTIC DEFORMATION UNDER CONSTANT COMPRESSIVE STRESS 

MATERIAL- ALASKAN PEAT 

NOTES: 

~mple Size-2-iinch 

dio. by 6 inch high. 

Refer to Table B-13, 

Appendix B ·for sample data • 

SKETCH AFTER 
LOADING TEST 

SAP-13 · 

0 
SAP-14 

0 

STRESS: 50 psi. 
SAMPLE SAP-13 

STRESS= 37 psi. 
SAMPLE SAP-14 
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PLASTIC DEFORMATION UNDER CONSTANT COMPRESSIVE STRESS 

MATERIAL-ICE 

NOTES: 

--;mple Size- 2 ~ inch · 
dia. by 6 inch high. 

Refer to Table 8-13, 
Appendix ·a for sample data. 

SKETCH. AFTER 
LOAOII'fG TEST 

Sl-34 

[6 
Sl-35 '@ ___ i 
I I. 

( (I : 
I I 
I I 

Sl-33 

0 

STRESS: 80 psi. 
SAMPLE Sl-34 

STRESS = 110 psi. 
SAMPLE Sl-35 

STRESS " 50 psi. . 
SAMPLE SJ-33. 
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8,- SMT- BLEND, MCNAMARA CONCRETE SAND AND EAST BOSTON TILL 
+ -SNHS-NEW HAMPSHIRE SILT E) -SOC- DOW FIELD CLAY 
0 - SBC- BOSTON BLUE CLAY X ..... SAP- ALASKAN PEAT 
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PLASTIC DEFORMATION OF FROZEN SOILS UNDER CONSTANT COMPRESSIVE STRESS 

FISCAL YEAR 195i 

PLATE 84A 
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Notes 

1. The modulus of elasticity. values determined by the Froat Effects Laboratory (1950-1951) were computed 
from the results of flexural vibration of beams aprro::inately 3 inches by 3. inches by 14 inche'!_• 
All samples were artificially frozen. All slllllples were remolded, except Boston lllue Clay, which was 
trimmed from undisturbed cubic foot sample. Refer to, Table Bl6 in Appendix B for Summary of Sample 
Preparation Data. 

2. The values were computed frofu the formula I-.E" 'avfu.2 .where I-
E • Flexural modulus of elasticity in l'ounds per square inoh • 
W " Weight of specimn in pounds. . 
n • Fundamental flexural frequency in cycles per second. 
0 " A factor which depends upon the shape and size of the specimen, the mode of vibration and 

Poisson•.& ratio. (See Section 3-11 of ~port of lnvostigationl). 

3. A s'b.ldy of the crystal structure of ice beam tested is presented in Section 3-12 of Report of Inves
tigations and Plates 94, 95, and 96. 

'4. All investigators have asswned that optic axes· of crystals are parallel to direction of freezing. 

5. For Frost Effects Laboratory tests (1951 ), en-
circled points indicnto flexural vibration 
parallel to direction of freezing. All other 
points a~e for flexural tests in which the 
vibration was transverse with the direction. 
of freezing. 

6. {4) indicates average of four tests by Boyle 
and Sproule from longitudinal ,..;.br•"tions of 
of rods of' river ice, Angles betvreen. len&t;lt 

~~o s~c~':"Ze:~~. op4~8 ~e~n~ft~~:~~: :cr~n: 
one test. 

FROZEN SOILS INVESTIGATION 
FISCAL YEAR 1951 

DYNAMIC MODULUS 
OF ELASTICITY, E, 
VS. TEMPERATURE 

FROST EFFECTS LABORATORY,BOSTON,MASS. 
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FIG. I 
POLARISCOPE WITH MICROSCOPE LAMP 
EQUIPPED WITH HEAT ABSORBING FILTER 
FOR VISUAL OBSERVATIONS. 

FIG. 2 
POLARISCOPE WITH CAMERA AND LIGHT 
SOURCE FOR PHOTOGRAPHY . 

PO LARI SCOP E FOR CRYSTALLOGRAPHY 
PLATE 87 



FIG. I 
KODAK, "RECOMMAR", 9x f2 CM. CAMERA 
WITH LENS REMOVED. SPENCER PETROGRAPHIC 
MICROSCOPE. 300 WATT MICROSCOPE LAMP. 

PHOTOMICROGRAPHY APPARATUS 

PLATE 88 



Section 1 

f--2.7s'Y 

Section 2 

0 1 2 
I I I I I I I I I I I I I I I I 

Scale in inches 

Section 4 

Location of Seotions 
in Ice Cylinder 

Sections are parallel to top and 
bottan. surfaces of cylinder. 
Cylinder was frozen in the right 
rear compartment of freezing tray 
No. 7 (See Plate 136, Appendix B). 

SECTIONS FROM AN ICE ClLINDlm 
SHOODIG CRYSTAL STRUCTURE 

PLATE 89 



Top 

Section 1 

0 1 2 
I I I I I I I I I I I I I j I I 

S ca.le in inches 

Seabion 2 

IDoati on of Sections 
in Ice Cylinder 

Sections are parallel to top and 
bottom s urf'aces of' cylinder. 
Cylinder was frozen in the le.f't 
f'ront compartment of' freezing tray 
No. 7 (See Plate 136, Appendix B). 

SECTIONS FROM AN ICE CYLINDER 
SHO\"liNG CRYSTAL STRUCTURE 

PLATE 90 
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1 T 
6" 

Top 

() 1 2 
I I I I I I I I I I I I I I I I I 

Scale in inahes 

Location of' the Section 
in Ice Cylinder 

Section is perpendicular to top and 
batt an surfaces or cylinder. Cylinder 
was frozen in the right .front compart
ment of freezing tray No. 7 {See 
Fh.te 136, Appendix B). 

A VERTICAL SECTION FROM AN ICE 
CYLINDm SH<lVING CRYSTAL STRUCTURE 

PIATE 91 



Section 1 

0 1 2 
I I I I I I I I I I I I I I I I I 

Scale in inches 

Section 3 I 

Section 2 

Top 

j+----2. 75"~ 

Location of Sections 
in Ice Cylinder 

Sections are parallel to top and 
bottom surfaces of cylinder. 
Cylinder was frozen in the left 
rear compartment of freezing tray 
No. 7 (See Plate B6, Appendix B) 

SECTIONS FROM AN ICE CYLINDER 
SHOWING CRYSTAL STRUCTURE 

PLATE 92 



Section 4 

0 1 2 
I I I I I I I I I I I I I I I I I 

Scale in inches 

Section 6 

Section 5 

Top 

Plate 92 

j.--2.75"-4 

Location of Sections 
in Ice Cylinder 

Sections are parallel to top and 
bottom surfaces of cylinder. 
Cylinder was frozen in the left 
rear compartment of freezing tray 
No. 7 (See Plate B6, Appendix B) 

SECTIONS FROM AN ICE CYLINDER 
SHOWING CRYSTAL STRUCTURE. 

PLATE 93 
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Section 3 

Top 

Direction of Right 
Left Side~ 

Side 
view, 
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FIG. I 
SAMPLE FROM WHICH ICE 
LENS REMOVED FOR STUDY 
OF CRYSTAL STRUCTURE. 

FIG. 2 
SECTION CUT PARALLEL TO 

TOP SURFACE OF SAMPLE, TWO 
TO THREE INCHES FROM TOP. 

MAGNIFICATION- 20X 

THIN SECTION OF ICE LENS FROM FROZEN BOSTON BLUE 
CLAY SAMPLE SHOWING CRYSTAL STRUCTURE 



FIG. I 
SAMPLE FROM WHICH ICE LENS 
REMOVED FOR STUDY OF CRYSTAL 
STRUCTURE. 

FIG. 2 
SECTION CUT PARALLEL TO TOP 
SURFACE OF SAMPLE, ONE TO 
TWO INCHES FROM TOP. 

MAGNIFICATION- 20X 

THIN SECTION OF ICE LENS FROM FROZEN DOW FIELD CLAY 
SAMPLE SHOWING CRYSTAL STRUCTURE 



Fl G. I 
MAGNI FICATION- 20X 

FIG. 2 
MAGNIFICATION- 20X 

TYPICAL ICE LENS FORMATION IN FROZEN BOSTON BLUE 
CLAY SAMPLES. REFLECTED LIGHT. DARK AREAS ARE 
ICE LENSES. SECTION CUT NORMAL TO TOP SURFACE OF 
SAMPLE. 
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APPENDIX A 

METHODS bF DESCRIBING. AND_CLliSSIFYING FROZEN_ SOILS 

Existing types of classificati. o.n schemes. for frozen so~ls are mainlY: 
structtire.l. classifications such ':a·s those shown on Plate Al.· Here the princi
pal s~rata are identi.f.'i~d as "Permafrost",' "Frost, Zone",_ uActive Zpne", ·etc. 
This type of. _system provides no .way of describing the appe~rance and physical 
properties . upon which depend the .. engineering behavior ,characteristics of the 
materials. in the frozen_ state and the changes _which the materials undergo 
upon thawing. Also if one wishes j:;o describe and c1assify a specimen of soil 
fro zen in the laboratory, ·.the tenninology shOwn. on Pla~e Al is enti re~y in
applicable. A system is therefore needed which is independent of the 
geologic history· or mode of origin of the material apd which can be easily 
expanded or' contrac~ed in order to cover as much· or. as littl~ detail as 
desired. · , . . . 

A preliminary classification and description system.'fOl:~ fro·zen soils 
which attempts to meet these needs .is shown on Plate A2e As. _indicated in 
Part. I on this: Plate, it is proposed that .the. soil phase be identified in
dependently of. any characteristics resulting from the: f,rozen condition of 
the material, using the Department of the AM.y Uniform S.Oils Classification 
System9 The basic· elements .of the, latter system are indic,ated on Plate A3. 
The soil characteristics res:ulti!lg from the frozen state of·the material may 
be thE3n added to the soil description in accordance vlith the orgat,lizationa.l 
system showri in Part II of Plate A2. Major ice strata found- in the soil :rp.ay 
be describe.d as shown in Part III of Plate A2o . 

. Ref.erring to Column .·2, · Part II of Plate A·2,. the· simple ailg elementary 
adjectives "frozen"- and 11nnfrozen •• shoul<:i be used as ap-plicable ~n a:ny logs· 
of explorations in frozen soil regions. 

. . As .. shown in Column 3 of. Plate A2, froz~ so~ ls p1ay be divided into two 
major groups --- homogeneously and heterogeneously frozen .soils. In_.homogene
ously frozen soils the i'ce phase is uniformly dispersed through the soil and no 
appreciable concentrati_ons of ice have been formed in the. freezing process 
which are distinguishable to the eye.. Heterogeneously frozen soils,· o~ the 
other hand, show distinc_t. ice· c·oncentrations. ·.At present·· ;it is believed it 
may be sufficient to diVide homogeneously frozen soils 'into only two main . 
types: (a) "!.vall-bonded frozen soils fn which the ice cements the material 
into a 'hard, solid mass, and (b) poorly-bonded to friable ·materials i~ which 
the ice only weakly cements the particles togethero The heterogeneously 
frozen soils have been divided into four principal sub-groups on the basis· of 
the form in which the ice concentra_tions within the soil mass appear •. These 
four principal ice forms are: (a) stratified ice lenses or layers, (b) irregu
larly orientated lenses, veins, masses:~ e·ccG, (c) coating of ice .on indl-Yidual 
particles_, and (d) individual ice crystals within the soil mass. 

A-1 



. In addition to the soil nam~, with the descriptive adjectives as indi-
cated in C.olumns 2 and 4 of Plate A2, further desoripti ve terms may be· added 
where applicable; as indicated in Column. 6 of Plate A2, covering 'Such 
features as thickness, orientation and spacing of ice lenses, etc10 · When 
greater de~a.il;. 8.!ld more_ specific information thfl.ll is obtainable from visual 
inspection is' :des'ired, ,physical tests· and measurements m~y be 'per'f«;)_rmed on 
the f,rozen ~oi:J. as in<:H;cated iri Column. 7 qf Plate A.2, and the resu~ti:ng 

· data·· may pe. acid_ed to the· previous.: de-~cri.pti ve infornia.ti ori. to give· a compl€)te 
p~cture_ c;>f, ·1n~:. _character~stics of the frozen soilo . Plate A4 shows an . . . 

. ex~mple of #he 'u.~e~'ot the .. frozen soil classification system 'out'line(l ()n .... 
.. Plate Ag ·as .. ·appli~d fn preparation of the log of a subsurface· ejq>lorati on~· 
~f temperat'\ire,: density arid othe_r mea'sure_ir data were obtai~ed,,". they 'w?u.l4.> 
be. added af,ter th~ app~opriate descr'iptions' 'ori ]?late A4~ ·". ,. · . 

. . 'l;'he: .. ~<:ij'e.ctive· description·. system Shoim in Part III on. Plate A2 is .. . .... 
based on a.· preliminary· ice olassifio.atiOn.. system proposed by .the Frost· 
Effects Laboratory in "Final Report on Development of Ice·Mechanics Tes·t 
Kit for: ;w.dro.9raphic Office,_ U.: s. ·Navy'~. dated .Marc}:l ~950~ 

The.let~er>:symbols ·shown ·in Col'-llll!l 5 ·of Pla~e A2 are intended for 
conveiJi$no:e ~-~ p:r~p~ring graphic logs of ·exploratiC?ns o]:- geologl.c profiles 
and.. ni_a.y·l:?$. addad,.i;;o. the Department. of the-.Ariny Uniform Soil Classification 
systenc~yin:f?ol.s .in the mann~r shown at the b~ttom .of Plate A? or on Plate_A.4e 
HOw-ever; ·.the. word desc~iption system is the fundamental· feature· of the classi
ficati~ri sys~em propos~d~ 'and the temptation to regard the :J_ette.r . de signa.; .. 

. tiohs as other than a.' s~bsidiary part of the system ~hould be resistedo . 

It is not expected or intended that 'all the detail and descriptive 
material outlined on Plate A2 should alvmys be showne . In much simple 
engine.erihg w6rk only the most fundamental details need be· recorded~· In 
many sc'ientific studies$· on. the· other hand., very 'detailed records may be 
necessary o · 

. ·. · • ·Tlie. . pfopo.sed c.lassif'icati on- system will undoubtedly ~equrr·e modifies...., 
·: tiob.'s in: the future· in order to· fit requirements not now foreseen~ It· is. 

c ' ~~c~ended. it 'be tried in classification and description of soils in fieid 
e:~pi~F~tiC>~~ 1~· permatrost area~ and in seasonal rrast areas,.- ~d ·:rn ... 
lS..boratory .studiese The. sponer any needed modifications are. determine_<_i». 
th~ bettef, since frozen ··soil data are rapidly· accumulating and ad~quatEf 
identification of -t;;he materials involved is essential in order·. that the 
r~sults of different inv~stigations may be correlated with. each other<; 

' ! ' ' . . ,. ' ·, ~ • . • 
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ILLUSTRAT10NS OF TERMINOLOGY USED OR 

PROPOSED BY OTHERS TO IDENTIFY CHARACTERISTIC 

STRUCTURAL CLASSIFICATIONS OR DIVISION 

OF SOILS PRODUCED BY FREEZING PHENOMENA. . 

Frost Effeeta Laboratory, Hew Ent;land Division, Corps of Engineers, u •. s. Ar..y, Boston, Mass. JUM 1951 

A.reae of Perennially froun GroUDd 
Non•re..-rrost Area 

Subjeot to 

Seasonal Frost .lctioa 

LEGEND: 

~ r'rozen 

[=:::J TJnfrozen 

Tel'llll in Relatively CoBDOD Use • 

DEFINIT.IONS • 

Fro at .lotion ill a gene rill. term tor freezing and tha•ing of IIIDhtu re in material• 
aii4 the ""sultant effects on those mater.ia.la and on structures of •hieh they 
are a part or with which they are in contact·. · · 

Frozen Zone is a range of depth 'Iff thin which the soil is frozeno- The fro1en aone 
-y be bounded both top and bottom by unfrozen soil, or at the top by the ground 
surtaee. 

Annual Frost Zono (active layer) ill the top layer of ground subject to aMUal 
freezing and tha'lfingo In arctic and subarctic regions mere annual freedllf: 
penetrates to the upper surface of the permafrost layer, euprapennafroet .and 
the annual f'rost zone are identical. 

Permafrost ie perennially frozen groundo 

Frost Table is a more or leas irra&~.~le.r surface that represents the penetration 
of spring and summer tha•ing of the seasonal frozen ground. 

Permafrost Table il the surface •hich represents the. upper 'limit of permafrost. 

l'ereletok h a. frozen layer at the base of the active layer 'lfhicb remains unthawed 
--roroiie or· two su~anerso 

Residual Thaw Zone (talit) ie a layer of unfrozen ground between the permafrost 
and the annual frost zone. This layer does not exist where annual treat extends 
to permafrost. TaUt also applies to an unfrozen layer within the permafrost 
and to the unfrozen ground beneath the pennafroat. 

Sources o!' .. Terminolo~ and Definitions• 

Pergelhol 1a pel"'llt.nently or perennially ·rror.en groullldo 
Sa11111 as *permafrost*. 

Jloll1~ol it seasonally tha•ed ground above the perge• 
"'""lr'i'Or.' 

Intergelhol is a layer or frozen grourd between the 
pergeliaol and the molliaol, whioh -Y perlliat for 
one or sOTeral yearso Same as "pereletck". 

Tabetiaol 1a unfrozen ground abon, 'IIi thin or below 
·"the"P8rgel1aol. Same as "talik" • 

Pergelisol Table is the tcip of pergelieelo Same 111 
. "permafrost table". 

SuprageHeol is the zone above the pergelholo 

Subgelisol is the ~one 1:1 untro zen ground bel- ps r
manently frozen groW\do 

• .Definitions of terms, except. those of Kirlc Bryan, correspond, in genere.l, with definitions now under consideration tor 
joint acceptance by various interested agencies of the Department or the Arrtti. 

•• Bryan, Kirk, ".Cryopedology • The Study of Frozen Ground and Intensive Frost•Aetion with Suggest! one on NOI!lenclature", 
American Journal of Scien~e, Vo1. 21Jl.., 19L~b, ;:op. o22-6i..2. 

PLATE A I 



PLATE A2 

FROZEN SOILS INVESTIGATION 

A PRELIMINARY NON-GENETIC CLASSIFICATION AND DESCRIPTION SYSTEM FOR FROZEN SO!I.S 

Frost Effects Laboratory, Mew England Division, Corps of Engineers, U~ s. ArllfY, Boat01; Mass. 

PART I 
DESC!ITPTTON 

OJ 
SOILPIIASE: 

(Independent ot 
frozen state) 

Classify Soil Phase lly the Departnsnt of the Army Uniform Soil Classification System (See Pla~e A~}, 

Condition 
of Major 

Material Groupings 

(2) (}) 

Homogeneousll Fror.en 
Soilst Soils in which 
~-is fr0.1111 within 
the material voids 
without macroscopic 
aegregation of 1ce, HO ICE 

Key Descriptive Terma 
Relating to Tee Phase 

(4) 

WELL-BOIIDED 

" 

Letter 

(5) 

-Field Tdentific atio n 

(6) 

Identity by visual examination 

State degree of ice saturation 

Pertinent Properties of 
Froter Materials Which May 
be Measured by Physical 
Teats to Supplement 
Field Identification. 

{7} 

In-Place Tamperatu.re 

Guide Criteria for Airfield Pavement and Hl gh
we.y Construction on Soils Subject to Freezing 
and Thawing. (From Chapter 4, Part IT!, E-.v.} 

(B) 

SEGREGAl'!Oll 1---------.....:....------+----+----'------------ll n::s~~Y ~~:e:o~:a~:tio 
POORLY BONDED be After Thawing in 

Generally all gra,.elly and aal'ldy fteHs which con
tain less then ~% of grains by welr;ht finer than 
0.::12 mm. ir. diameter ar'e not su1o11ptible to aignlfi 
cant ice segrer,atio11 within the soil mass during 
freezing. They, therefore, usually occur as Homo
geneously Frozen Soils. 11'1 pel"lll&f'roat areas ice 
wedges or other ice bodies •Y be found within 
such soils, but it is contoidered their mode of' 
origin may he different. Finer-gra!nert soils may 
also be homogeneously froze" if insufficient to Identify by visual examination Place 

FRIABLE lfP 
N 

p 

~ 
FROZEN 

DESCRJPTIOJI or Heterogeneously Frozen 
UHFORZEN S~sr Soils in which 

OF FROZEN SOIL part or the -tor 18 
STRATIFIED ICE 

------ frozen in the form of LENSES OR !.AYERS 
macroscopic ice oc-
cupying space in ex-
cess of the original 
voids in the soil. 

IRREGULARLY ORIENTED 

LENSES, VEINS, _AND J.IASSES. 

IS 

II 

State de!!:ree of ice aaturlltion 

Identify by vi aual examination 

For ice forrne.tlo1'1s, record 
following as applicable r 

Structure per Part Tll, 

Wat~r Conte"t (total H20, 
including ice) 
a. Average 
b. Distribution 

Stren~h 

a. Compressive 
b, Tensile 
c. Shear 
d, Adfreed ng 

Elastic Prorertiea 

Plastic Properties 

mol. ature is available to perm! t ice segregati em. 

Generally all silt and clay soils and granlly and 
sandy soils which contain more thef. 3 per cent of 
grains finer thar 0 .• 02 mm. in dia111eter, by weight, 
are susceptlhle to occurrence of ice segregation 
within 'the son mass end, therefore, or.r.ur aa 
Heterogeneously Frozen Soils if froter at no'!"&l 
rates with water readily available, 

Location 
Orientation 
Thickness 
Length 
Spacing 
Hardness } 

Color below Thermal Properties 
~--------------~--------------~----+_-Id-en-ti-fy-cy~v-iw_a_l-ex-~-i-na-ti-on-1 

COATINGS ON 
IC 

PARTICLES 

IX 
CRYSTALS 

For ice formati.onR 0 reoord 
foll owl ng as applicable 1 

Locstion 
Type and she of Pe.rti cles 
Thiclrness 

Identify cy visulll examination 

For ice formations, record 
following as applicabl er 

Location 
Site 
Shape 
Pattern of Arrt<ngement 

~ 
lee or r.round lcea Designate -terial as !CE 11) and use descriptive torms as 
Soil phase is negU- foll_ows, usually one item from each group, as apnl!cablea 

fde!'ltify by visual examination 

gible or absent. 
DESCRIPTION Hardness Structu!_! Color Admirlur'e• ---- TCE 

HARD CLEAR COJ.ORLESS CONTA 1NS ~'T;W TH' N 
SOFT CLOUDY GRAY SILT TNCLUS IONS, 

~ 

ICE. STRATA (of mass, POROUS BLUE (example) 
not In• CANDLED (examples} 
di vi c!ual GRANULAR 
crystals). STRATIFIED 

::JEFINITIONS: 

Coatings on Particles are discernible layers of ice found on or below 
tete larger soil particles in a frozen soil mass, They are som<Jtimes 
associated with hoarfrost crystals, which have grown into voids pro-
duced by the freezing action. ~ 

Clear Ice is ice which appears to be internally transparent and contains 
only a moderate number of air bubbles.(2) 

Cloudy Ice is i.ce which appears internally relatively opaq!le due to en
trained air bubbles or other reasons, but which is essentially sound 
and non-pervious, (2) 

Poorly-bonded signifies that the soil particles are not strone;ly held together 
by the ice phase and that the frozen soil· consequently hes poor resistance to 
chipping or breaking. 

Friable denotes extremely weak bond between soil particles. Material is 
easily fractured or crushed. 

Ice Lenses are lenticular ice fonnations in soil occurring essentially paral
lel to each other, generally normal to the direction of heat loss and commonly 
in repeated layers. 

Ice Segregation is the growth of icc as distinct lenses, layers, veins, and 
Porous Ice is ice ·which cootains numerous- voids, usually interconnected masses in soils, commonly but not always oriented normal 
and usuilly resulti~r;· from melting at_ nir bubbles or ulonr, crystal inter- loss. 

to direction of heat 

faces from presence of salt or other materials in tho water, or from the 
freezing of saturated snow. Though porous, the mass retains its struc
tural unity. 

Candled Ice is ice which hes rotted or otherwise formed into loog colum
nar crystals, -very loosely bonded together, 

Granular Ice is ice which is canposed of coarse, more or less equi:li
mensional ice crystals, weakly bonded together, 

'{/ell-bonded signifies that the soil particles are strongly held together 
by the ice phase and that the frozen soil possesses relatively high re
sistance to chipping or breaking. 

[;_r:.r_sJ;_Il_! as design?ted b::- ~etter symbol X in ?art ~I above, is a very small in
diVTciU'ill ice partlcle v1s1ble 1n the face of a so1l mass. Crystals may be 
present alone or in combination with other ice phase fonns, 

(1) i'ihere special forms of ice can be distinguished, such as hoarfrost, more 
explicit identification can be given, 

(2) Observer should be careful to avoid being misled by surface scratches or 
frost coating on the ice, 

Tee Crystal Structure 
(using optical i~stru• 
ments). 
a, Orientation of Axes 
b. Crystal Site 
c. Crystal Shape 
d. Pattern of Arrange

ment. 

Same as Part TT above, 
so far a~ ar-nli.cable, 
with spedal emphasis 
on Ice Crystal Structure, 

NOTES: 
T<w letter symbols shown are to be affixed to the Uniform Soil Classi

fication letter designations, or may be used in conjunction with graphic sym
bols, in explore tion logs or geolo;:;ical profiles. Example - a lean clay with 
essentially horizontal ice lenses: 

lh 
~ 

or 

The descriptive name of the 1'rozen soil type and ·a complete description or the 
frozen materia l_arto the fundamenta'l elements of this classification scheme, 
Additional descriptive data should be added where necessary. The letter sjm!:Jols 
ar<: entirely secondary and are intended only for convenience in preparing graph 
ical presentations. Since it is frequently impractical to describe ice forma
tions in frozen soils by means of words alone, sk.,tches and photographs should 
be used where appropriate, to supplement descriptions, 
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Grain Size in Millimeters 

UNIFORM SOILS 'cLASSIFICATION SYSTEM 

NAME 

Gravel or Sandy Gravel, well•aradecl 

Gravel or Sandy Ciravel, poorly aradecl 

Cir4vel or Sandy Gravel, UAiformly 
aracled 

Silty Gravel or Silty Sandy Gravel 

Clayey Gravel or Clayey Sandy Gravel 

SaDCl or Gravelly Sand. well-araded 

Sand or Gravelly Sand, poorly aradecl 

Sand or Gravelly Sand, Wlilormly 
araded 

Silty Sand or Silly Gravelly Sand 

Clayey Sand or Clayey Gravelly Sand 

SUta. Sandy Silta, Gravelly Silta, or 
Diatomaceoua Soila 

Lean Claya, Sandy Claya. or Gravelly 
Cleya 

Orsanic Silta or Lean Orsartic ClaY• 

Micaceoua Silta, Diatomaceoua Soila or 
Elaatic Silta 

Fat Claya 

Fat Organic Claya 

Peat, Humua. and other Organic 
Swamp Soit. 

0.01 0.001 

SILT or CLAY 

FIELD IDENTIFICATION 

Dry Strensth 

NOne 

None 

None 

. None to ollsht 

Mecllvm to hlab 

None 

None 

None 

None to aUsht 

Medlvm to blrh 

None to alight 

Low to medium 

None to aUght 

None to alight 

Hlrh 

Medium to high 

60 

50 

40 

~ 30 

ii 
0:: 

20 

10 

Other Pertinent Feature• 

Gradation, arain abape 

Ciraclation, 1r•in abape 

Gradation, araln ahape 

Qradatton, ar.aln abape. 
examination of flnea 

CiradaUon, araln abape, 
uamination of flneo 

Gradation, grain ahape 

Gradation, fll'&in ahape 

Graclatlon, srain ehape 

Gradation, grain ahape, 
examination of linea 

Gradation, grain ahape, 
examination of finea 

Examination wet ( ahakins teat) 

Examination in plaatic ra~ge 

Exainlnation in plaattc ranae. 
color. odor. orsanic content 

ExamlnoUon wet (abakiDS teat) 

Examinaticm in plaattc ranse 

Examination in plaatic range. 
color. odor, organic content 

Readily lclenUflecl 

TYPICAL WELL GRADED AND POORLY GRADED SOILS 

0 10 20 

LABORATORY CLASSIFICATION 
TESTS 

Slew AD&Iyalo 

Sieve Aaalyala 

Sieve AD&lyalo 

Sieve AD&lyalo 
LL and PL 011 "Minva •o" 

Sieve Analyaia 
LL and PL on "Minva .0 .. 

Sieve Analyab 

Sieve Analyaia 

Sieve Analyab 

Sieve Analyaia 
LL and PL on "MIIlV& •o .. 

Sieve Analyata 
LL and PL on •\t-Unua 40'' 

Sieve Analyaia 
LL and PL Oil "Minua •o" 

Sieve Analyaia, if applicable. 
LL and PL on "'Minua 40" 

LL and PL before aDd after Oven 
clryiDS 

Sieve Analyaia 
LL and PL Oil "Minua .0 .. 

Sieve Analyaia, U applicable. 
LL and PL 011 "MIIlua .o .. 

LL and PL before and after oven 
clryllll 

Conaiatency, Texture. and Water 
Content 

CH A-Lin, 

1--
CL 

MHI& OH 
H H 

~ aoL 
H PLASTICITY CHART 
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ILLUSTRATIVE EXAMPLE OF THE USE OF 

THE FROZEN SOIL ClASSIFICATION SYSTEM 
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NW 

IN TYPICAL EXPLORATION LOG 

Surface Elevation 963.2 Ft. -z 
Brown, well-graded SANDY G~VEL medium compact, 
moist, unfrozen. 

Bro'Nl, well-graded SANDY GRAVEL, frozen, 
no ice segregation, negligible thin ice -film on 
gravel sizes and within larger voids, poorly bonded, 
low degree of ice saturation. 

Brown, well~graded SANDY GRAVEL, frozen, no ice 
segregat~on, well bonded, high degree of ice 
saturation. 

Black, micaceous SANDY SILT, frozen,. strati-
fied horizontal ice lense~ averaging 4 inches in . 
horizontal extent, hairline to 114 inch in thick
ness, 1/2 to 3/4 inch spacing. Ice : 20~ of total 
volUII1G• Ice lenses hard, clear, colorless. 

ICE, hard, slightly cloudy, colorless, few scatter
ed inc lus icns of silty sand. 

De.rk brown PEAT, f-rozen, no ice segregation, well 
bonded, high degree of ice saturation. 

10---
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~ 
Light brown SIUT, frozen, irregularly oriented 
ice lenses and layers 1/4 to 3/4 inch thick on 
random. pattern g~rd approx. 3 to 4 inch •pacing. 
Ice : 10±% of total volume. Ice lenses moderately 
soft, porous, gray-white. MH~ 
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' 13.8 
Bottom of Exploration :X 

PLATE A4 




