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Soil cnaracterlstlcs play an 1mportant role in clv11 eng*neerlh

structures, One o? the charactewlstlc phenomena a85061ated with the .

,

oehav1our of 50113 is frost heav1ng. ﬁrost heav1ng causes con31de-
Trable andFe to hlphways, foundatlons, aerlelds ard other types of

eafth‘strnctures.Y-A‘signif bant problem o be cons1dered serlouslva

.
R Al

~qu1cheatmres of frost-a cthﬁ and facuors 1n fluen01ng frost

5,act10n has bsen snortly rev1ewed

Taklng v01d Patlo as a parameter, exoerlmants WS re performed

to measure the saturatlon capllldry heads of dlffewenn soll fractlons

-and- tnelr VarlOuS conblnatlons. vﬁor thls Durnose a transparent

"canlllary' tube, made of far nlas,* was construCued 1n nhe 1aboratory.

v“ermeabllvtles of tho same 30115 are measured, at the same VOld

ratlo as 1n tqe cases of'cap111ar1uy Lests.- vreezlng of the s0¢1s

'.’were DBPfOTNGd in. a 50901a11y constructqd ‘freezing . cnamber, thus
belng able te measure th81P m01sture content increases, whlch causes
'ths main destructu“e heav1ng in the dePS and Poundatlon or civil

englnaering struoturas.

LN
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. HISTORICAL INTRODUCTION

'uround Preez1ng and haav1ng nas, Trom tne earllest t1mes, been
Ta’subjéob of observatlon and. dlacu531on among the people. Tae early
litera ture 1ndlcated famlliapluv u1th bﬂedklng Gf Dldnf "oots by

j_h@aVlnr'OLftne ground sunface and contalnnd descriptions of frost

o b0113 nd ground.naarffrosn'(needlevlca). Bpuv1nb as iated with -

”Wfreez1lg oP grouxd uas mennloned bv Punebarg in 1/65, who found

e

"cllaraln 011, and lHSA bv VOI&GP (l)

Jurlng anvelopment of stane noach tra?flc 1n 1700' > it'Was
obssrved that rost heav1n¢ caused damare to ourverts. PeOple at

that t1me did not. fully understand the phenomenonﬂof”softenlng.

r@he_céming of’autéﬁobile bfought‘wifh it‘the'becessity for -
preven31ng the uo”tenlnm and in some cases the chpieﬁé Break dovn -
f,tae road sur“aces durlnn ?nc syring. tnaw1ng p riod, Then thev
' ,t cnnLCui “POblemS assoelateu W1Ln frost actlo att fd_ oé} sig=-
'nlilcance_zrom a DPdctlcal as” well as aconomlcal p01nt of, v;ew.l,The

_ppoblem bacame aq acube one prlor to 1920 and in the early 1920'°

ca ulnu anGSbl&auLOAS to be unuertaken in dl?ferent Pountrlesc

_ The present cor'cept that frost heaving is due to the growth
of‘iCe chsu 1ls diato ice 1enses cwas 1its origins to Taber’s'study(l)v‘
of he work ol LaVulle, and Becnef and bay on crystal growth. In

1907, Tabér snovad eyperlmantally that ice formlng in clay soils
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surface 3

b
SQ

1ift

by the growth of 1ce cry tals lPtO 19nses or 1avers of ice.’

aowaver,»was onl
action in soils.

[

weights,’

e

He tn

N

!

ex concluded that‘heaving is caused

That,

the be glnnlng of Taber s extensmve sLudy of LPOSb

- Taber's early s*au%menu oraught *ortn consmdew vle dlscu531on

cithe’r “‘acus or :,pe

th~cbncaiyed'by'many‘engineers'for a 16ng time'

Jnu OUOLlSﬂad 11L°ratnve

rienes.

Lo the old concept BXD

)

Taber's

ﬂew d93¢gns appaar

concept-on

.

‘shd thev

frost

stiil

essed by Runebﬂrg in 1765 that Lhe
hemv1ng uds due to voTume onange of the contained water»

ng ‘o ice (apﬁroxvmafely 9% volume 1ncrea3o)

Tabergvlater5bn, with his-comnrahenSive7febort in 1929'1disf5

sollulfy Nl h oa doc”e

ase in volume.

: Drovea bnls concapt wltﬂ the use ben21ne and nltwobenzlne Whlch

As early as 1897 Holmqulst

\ WdS often unfrozen 1nd10&t1nr a lower

;

3

-~

of ice..

. xho. 1"'oumi marked d; f

SOllu and Por a glVPﬂ

tne

erences 1n the

3011 at

water con

-

tinuing to

.untll tnOJ develope

,obgerveu ,nat 1n clay u(ﬂls phe 3011 between thP 1owest ice. 1uyers

;r8621ng;P01nd afber;some.watei

‘had bren drawn out‘lnithe procuss of formlng the overlylng layers
That ooservatlon was followpd bV extensmve studles of. the

~ff9971ng n01nt in SOll durlng the nerlod 191h to 1923 by Bouyoucos

1P8821ﬂ5 p01nts in dlfferent

dl“ferent m01qture contents.‘

[

It was

mouyoncos and otner 1ater 1nvest1gaters

whi.ch made possible a'bW u81ble expWanatlon of Tabor s concept of

f"lcw to and nOuPlSnlng grow1ng 108 crystals

1nto ice layers. 2
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“Runebarg:in 1765, by m2asuring the moisture content of a
pliece of frozen clay, found that it contained four times as much
‘moisture as it had contained before it was frozen, - . - . - -

From that tlme on much attentﬂon was directed to the movement
dffwatarlln so;l. Briggs (189/), Bouyoucos (1921), Leblde”f (1927;

~iand72unkar (1933) are among those vho neld thac forces rsspon51ble.

"for wauaf movements were an alogous to those whlch move water in a

caplllary ube. Buchlnvnam had a dlfferant v1eu. He madelhls, '

-

N - ) e -
comparlsoq ‘with the flow of electrlcl+7 througn COnQuctor and

assumea tnan :=ter ”lowad 1r'an analogous mannpr, the dr1v1nc f‘orcu

tel b61ﬂ0 the P°SU1t of the dlfference 1n 710 tnre Cﬂntent Ln the

.sqll._lﬂe callnd that dr1v1nr force the "capll rity potenpial"(l); _

‘Tacse who nave si uuied the Fraezihg‘and heaviﬁw*cf“!01ls saw |

,in'the,existing concents no coumletely sat1s9a0uory explanat1on of

ﬁhe'fOrces resoonsible'lor dwawlng the water 1nto Lhe LreevlnL aone.,

:

mabor agrreed that durlng the. growth o;klce 1ayer 1n claj, water 1s

supnlled tu'una crystals Lhrough small caplllary DdSSages out neld
thac(l) Yo thE upwalu movement of Wduef should not be attrluutea ’

to canvll&rlty as theré is nQ free surface,or'menlscus. ‘The uplifg

N\

13 due to coh951ve ?urcea 'n'the watart, BeSkow's,ccncapﬁ of -

fr8621ng and heuv1nn did- not dl Ter mace y frcm”thbse'of Taber,

He saw b%n ﬁravt101l ty o P ﬂecornlslnw water movemant By what he -

 called_capi11ary snotion, théfrate of flow being dependent on the

Fal
i

pressure difference and the gize ‘of vore cansmmels. He devaloped a-

N

ive msasuras o7 tha neight of capillawy

S‘n

capillarimster to give = ral

i
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rise'in*soils, Hls practlcal treatment of water movement as it is -

relatpd to frost hpav1nﬁ is perhams the most comp”ehen51ve avallable.

T
i

Some of the earllest fleld studles in tne Unlted States were

'measuremnnts o” 301L m01sture content, and SOll heav1ng of subgradss

N

by the Illwn01s )enartment of ﬁLghwayg in tne %ates xperlmantal
roaa in no saﬂly 1920 s.] Also tney conducted 1oad bearlng tests
‘with; ted apollcatlon of load.. Tuelr nebts 1nd1caned & marked
Creductlon in load Carryln& capa01tj of suogfades QUrlhg the frost

eTtlng nﬁrlod -

Studles in chhlg n, st artlng 1n 1920 8 brought out the relatlor

'bmtwe n SOll Ljpe, 3011 pfOlLle cnaracterlstlcs, 011 water cond1-f7

’sc

tlous and heaVlng.,- _fff; S A v.'; S

In 19?5, the Swedlsh Instltute of Roads c'Uon ored a- conferenca

ts

Con ! vost actlon. Vlth tne nelp of\nap@rs 1sgued b tnls eont erence,f

andfwith that’background of 1nxormatlon anqtcooperaulqn, eskow and !
7hls friznds attacked the nroblem. . They have ta%en intd'acocﬁnt

tne‘varlous Dhas s o? uhe phenomena 1nclud1ng snow DlOWlng, dralnagp,

.‘,
B

vsigniflcance of gaologlcal factors supportlng value durlng tha. frost

5m61tjnp Du”lod, the caplllary Jers Jpertlbs,oL-. .1,fc:n how te neasuref

N

.-it,fmeasures to—lnsolate ‘and to isblate frbsb, tne ucvof choloride
 salts and sulf ldP ngnors;corrug¢u&on aﬁd countev maasures. The.

- resulbs bf thalr_studlas ne e pu071sned in a 51nble bulTeth in

‘Scieéntists also ware interested in this soil freezing and
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'frostwboil_phenomoha.‘ FQPbGS)Hin‘1837 obsefved;éOil témperature to
F'depthéyof'over'25fftg, w1th a sp 01allv construcuad thermometar
26 £t 1ong capable 01 measurlng temparaturns to one—hundredfh degree

Fo’ -

erlv umdlas oL iundamental in natuwa wasg followed by Fleld_

studies'of arlous d351gns to nrevent or reduoe che occurrence o?

-méx‘w frostoneav1nq. The oroblem oP severe dlfferentlal heav1ng

,seemed to be wal understood after the svmn931um neld at Purdue

N
/

Universi v 1n 1938. ,‘En'inoars could reoognlae,,from 5011 suwvey
'dotw, Mfeas where severe aeaVlnb mlght aceur dnd uould also oﬂeparev‘

"VQQSLgnS ul*h “easonable assurunce that rhay would ba succevsful
Engineers wers also awarr of. the marked reduotlon in beamlng,

' 'F"

vcapécity mhlch followed frost meltlng 1n arsas of severe he v;na

O

and whichoe presseq themsnjves 1n the o ,of'Lro b b01ls and a
» : \ .
'ﬁuoqeavent oreakup of rcad SUPf&CBS of the llghter types.

Hows ver, as the whoel loads of’commercial traffi bacame haav1er
and tbé number of commercial'vehicles increased rgnlily 1n the early

,1?u0‘s it be gcame . ev1dont that eng1neers had 1asu"€‘c1ent hnowledge

o Fro ot hnﬂnomena to DP°deu the ef“ect uhlch tne naav1er and more

3ooncentrat kL' “ ic would nave on .the gr at‘mllagouof roads subjecti
Uévﬁ-SOﬁe %hat,lightar;fovm of frost actlon.;oTﬁoso'more'raoént?deve-
.‘}opménﬁs rééultéd'inttho ek @n81ve 11ve'*15*+io;~of fﬁostﬂaotioh By'

;ﬁbefCofﬁoiof nglqeefs. . The ﬁ WOrk’was,bégins in i?@f;and'consﬁitutes;
hé most chprPhensvve field aﬁd‘1aboyatoryfstnﬂieéoofffrostnaction;_

'conducted'in U.Sihe
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';vCHAPTER_I

DEF TNITION _OF TROST ACTION

Among thé'many-terms*which.have béen used'to déScribe~thef 

~p§ocess of 3011 freezlnr and heav1ng and thaulng and thelr ez?ect
 on pavem9nts and structures, some of uhem are: frost actlon, freeze
“-damawe,'Lros+ neave, frost b011 mud bo£1 and spvlng break up. The'
‘;berm, Prost, is the procesg(of congeallng cf l qulds WLtn speclal
y fefewence to water. Becausé the act of fTBGZlnﬁ 1s the fundamental

f.'nhase of the whole p’nenomenad the tarm frost acflon is w1dely used

.

'”to descrlbe the above mentloned serleS\of actions and damages.,

Thus the word Prost actlon covers aver all phenomena, 1nc1ud1ng

5fweez1ng and thaw1ng and heav1ng, as well as cnanges 1n watar oonten1
”sln por031ty or structure of the s011 or changes 1n thelr capaci y to

'_support 1oads. :v“';if  :l;Hf_:”T<'-;}, .vf;jlvif>:‘i {_7k;5*'
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FUNDA IENTAL CONCE PTS AND n':mo“rs B

For quposes of CldPluy in the- suoseqvent sectlons,some tarms
f-’ave baen taken from a llsb nrepdred and apnroved oy the HRB COmmltte

, :on Frost: Heave and T“r*o.;t actlon in 3011s(2)

- Frost Heave:- jmhe ralslng oP a surface due to the formatlon

“

“of: ice in the underlylng 3011.

s

Percent Heave:-  The ratlo, ‘expres ved as. & ne“centg o, f‘the‘
: &

 amount, oF heave to the donth of frozen 3011

._befdre Pweez1ng.

_j   'rrost-Suscent1b1e 5011» 8011 1n Whlch 510n1flcant, iet

I&/ o

' b
mental 1ce Uegregatlon w111 occur,vhen the

requ1s1te m01sture and fraez1ng condltlons
are present._ R |

i
a

»,Eon-Prost Susceptlble materlals-- Cohenéionless matefia1s;f

1

such as crushed rock, gravel, sand - slag and
»01nders in wh;ch,slgnlflcann detrlmental ice;f

segregation“dOSS;ndt occur under normal free-

21ng condltlons.‘f

,Ice Segragatlon = Tne growth of 1ce as. dlgtlnct 1enSPs, 1a-*

yers,velns and masses 1n 30113, commonly, but

/
not always, orlented normal to the directlon

of heat 1oss. :1; 5 . “< SRR

" Ice lenses:t-- Tce formatLons 1n 3011 occurlng essentlally

:l‘j*' \ ”i* o i_f parallel to each other, generally normal to th
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C PHYSICAL P“(‘Cﬂba oy °O"L ﬁnﬁmxx*e o

The . Structure of frozen soili~ PO P
it i b@en obu,rvea by many. 1nvest1vators nhat the strucuure

of frogzen soil shows dllfnrent varlatlons._ okkonen cla531fles 1t
into btwo forms: “a331ve or. qonogenous and stratlfled :rozen 30115

w, 6. |

Homogenous Trozen Soil e RS,

Th ype oP frozen s011 is asuoc1ated w1th bOﬁPSB gralned s0

usually ﬁedluh sands end ccarser. (apnroxlmatelv 0. Amm.partlcle dla

“mekter or 1arger) (11). The vatew in the natural v01ds is Prozen :
R o ( - :
without formation ice lenses, Thls klnd of fOFMdulonS can' also take
pléce in fine grained scils being wéllvbelow full saturation,land"

vunder P&pld _reez1n~ ccniitiCné.

Stra'i ieC.Ffozenkail' I - .  }! .f B .[ S = u
This kind of formation oceurs in~a,layery appaarance. Its

’fofmation is initiatad;' ‘the orlglnal voidglof Lhe 301;, The V01u3

u0fv'h9 ifenstl tl‘lcafi 1atnr on, exc2ods tne volume of the - Oflg

nal volds, dUP to- uuctlon of uatew from other caviuiésfand ground

fwata Nluh ths act of canlllarlty.

The 11Vers -are usua11y parqlleW to the ground surfark énd'

‘psrpendlcular to the dlrect1on of neat 10°s. Between bherlayersd
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soft unfrozen clay accumulation is usually encountered.(2) -

! -~
S

The thickness ofgthe layérs dépends upon the-fineness of the

(I

soils. QThe finer the. soil, the thcker will be the ice lenses, ang

H

~the w1der they ure sepe%dtﬁd " ,';w } R ?. i R

. TFigure (1) bélow 11u ates ice crystallization in open

"Fig.l'.,SCh“mdtlc dlagram 111ustrat1no ice crys~f

: tallization in open fissures and prog- ,
ressive development of fissures bslow RO

the fros:t line (dashed line is frost ‘ ‘ '
line). (After.Beskow 1947-12)

S~ . . . B . - \

Figure (2) shows the formdtlon ice 1ayers in: zone of- free21ng

ey /// 71,

| / /,c//o,e/ “//////

| e mwmmmw«mm o

E | ’ - . | | ; o (gfovvld waker ' fv \ ‘1 {{QW (b : / . : /.
” - = = = = Sor! |

— e e =

Parr‘rdes

Tormalion of ice Loyors in ":\«{

| R b o e
oma o',(_ ‘_g‘jeg%;“% .Ca\.)se ok 'C‘tiu: ’ {o _&e Youe of %r{ee‘-g‘m‘%

. Fig. 2
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i gure (3) shows basic types of structures of frozen soil(13)

NS

(a) . by TS

. v
~

Freezing Point in Soil and amount of fra eozabla v in:soil_"

RG earcn@rs (1 h, 13 ?) worklng on ths Ileld of SOll fresz1

N
-

have oPten found unfrozen soft clay between Qeepesn ice, 1avers., ”h
‘means thet e Lomr temperatnre is requlred to. free"a tne uater in
remaining clay depqsits af{ér,the "mora«free“,water‘has frozen.,'Th

lowering of the freeszing tewperature may smount to & few degree.C.

Abcordwn&ly, not dll the uater is frouun when the 5011 mas i
uuo3ectea to subfreszlng emperﬁture.t Thls Dhenomena is byperlmen~
~tally snown to be true for 00115 contalnlng a hlgh pe centag° of |
.Ilue-rralned part1c19s, _he,causejo; ‘this nar tie u ar ty is eyplavn
;by the nature of tne SUPL ce fofces develOped between the water:

‘fﬂlms suvroundlng ubﬁ flne bnrnloles ‘and dethleu 1bye]f.a‘uhereé

yxore, the temperature decre ase req i d lor Prme g of the water

| beld to the- 3011 oaPthlJS will vary w1th the in uy or ghe inte
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a

.

P66Z1Pg p01nt and the quantmty of unfrozan water as a propor—

: Hltllo

)

)

c)v

d)

o)

£)
o
)

.Tne

-

novn grep

original water content

v

I

‘percent'wateszatuPationi

fr 621ng temverature
o;aj content

charge den81ty of 5011 partlclss - S

-alectrolyte concentratlpn‘

3011 Suructure

fre ez1ng hlsnory of 3011

-

,tlon of nne Lotal water content, or Prcenb unfrozen water varles
p

reaults of tne experlments perfofmed bytﬁéuybucés]is 

’

'1ca11y below (1)_ o ;f‘ f T

T R

. ECRETTS « CEM i3 ALY
o - :

I:uls‘ruv;c »co;n‘nw - Psm;&{ o bm_/ urf‘o . ' oy
o
Pig. b Fr8621ng temperdtures oP'_ .

- gifferent soils. No.l- hunus -
Jloam, 'No.R and 6 clay lodm.,
Ho.3 silt loam, lo.k sandy 1oam
and £0e.5 & quartz suand,
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"'crystal, (2) the grow1ng crystal dlsplaces materlal overlylng 1t

iy,

1 ‘The Volume Change:of iater on Freeiiﬁg*
The denslty of 1ce et Ooc is ,e9167u and thgt OP;ﬁgEer atthe;ﬁ

sams temoerature is: 0,9998/...mhe 1ncrease 1n volume of one gram
of wauer when it solldlfles is O 0907 cc.‘or sllgntly greater than

%, (1, 20)

y Tbeories'on,the'formation of ice lenses ‘and ‘heaving

Parllest records oP observatlons 1nd1cate~thac frost heav1ng
:1s attrlbutable to the volume increase of 5011 ther on freezlng._'
-"That cpinion apoarently was held w1de1y unﬁll after 1900 when. ;,

‘Q_Johanson dlscovered that water flows to the freez1ng zone . and two 1ff

‘~7yearsﬁlater Taber explalned the cause of heav1ng._.‘

Taber‘s theofy“eXDlaining the'meChaﬁicé Of”heaVing'is*baeéd;oni‘
;the oremlse tnat (l) all 5011 wauer does not fﬂeeze at the same

temperature whlch m&kes 1t p0531ble for water to move to thexgrow1ng

l_and thus develope ice 1enses. He placed metal welghts on wet clays
‘and exposed them to freez1ng.» Uhen 1ce formed, the metal welghts
_were ralsed and thls was - due to grow1ng 1ce crystals, (3) the frost

llne 1s relatlvely statlonary durlng the growth of cﬁystals formlng

zche ice lens or

He held (ref l) tnat "Durlng the prowth of an 1ce layer in clay
'}water is supplled to the crystals through small caplllary passages*’

fkbut tne upward “low of water snould not be attribuned to caplllarlty
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as there is no free surface o%fmeniscus. The uplift iS~due to the
/o

coher31ve,Forcos 1n fhe wateﬁ cecns ~"Cond1tlons eKlStlng durlng

the growth of an'lce laye“ in clay are pdrtlculany f3VOrable for ‘

s

.»tne_upllft,of water by moleculer coh951on."

-

"A prowlng 1oe crystal is 1n contact w1+h a thln Illm of water
31mllar to the ddSOPbGd laver that forms on other sollds. ‘As: |
moleonles are. removed from tne fllms and attached to the crjstal, l
they are reolaced by others 1“r'om the surroundlng wacer.‘ When an

1ce crystal grons 1n a: dlrectlon in: uhlch growth is oonosed by a S

: SOlld body such as a clay partlcle, the pressnre s emerted through

ﬁ_ thls fllm whi ch seperates them....f After the avavllole water has

been exhausted the Pllm may be frozen, but 1+ does not freeze easll‘
Coh651ve 1s greater betueen the molecules in the fllms and between
tbese molecules and the 1ce tnan it is between,dater molecules that;_

.l

are not;close_to,icejcrystals.,’ o S

"Orlentatlon and attachment of a water molecule to an. 1ce
oryGtel 1s accompanled by & sllght repulslon, proportlonal to the
change in volume, and tnls results in a sllght dlsplacement of the

wbole strvcture relat1ve to the nelghbourlng eolld‘ J"As the new:_uf

o molecule 1s attached to the 1ce crystal, another molecule 1s drewd’

"1nto the Pllm by cohe810n, and this 1s thm dlrect cause of mosu o?

the dlsplacement"~

\

b

“”he grouth of" ice 1ayers in SOllS and he accompanylng nressur

effects are thereiore attrlbuted to molecular cohesion° The energyf
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for the process is of course supplied by the removal of neat. \iater

is not only oulled 1nto the‘film under’anice crystal with'force1

'sufficient tO‘lift the overﬂylng load qu con31derable force: must bef

\ekerted inxpulling it tnrough dense Claj uO the groulng crystal'
hence 1n these eXperlments,‘water had been placed under ten51on

sufflclect to 11?t a colomn OL uater over 150 metere-(h92 Pt ) in’

~ N .4‘

\:aelgbt“ , L R o L : v."'f

"Tne grownh of 1ce 1ayers 1s stopped bv lack oP water supply
\
5wh1ch mav be due to ruoturlng of the upward mov1ng fllaments and

»11ns of water under tens1on or to tne 1nab111ty of molecules to

1

ienter Pllms under pfessure.- Fressure tends ‘Lo weduce the thlckness

IS

oP the uourlshlna Pllm by eXpelllng some of the molecules and s1nce

'tne B3 oulelve f‘orce.ss are 1ncreased the at*r&ctlve zorceq must llke—i

WLee be 1ncreased DJ louerlng the temperature, else molecules cannot,*

,‘enter the»film; pressure decreases molecular moblllty in the xllm,

ré+erd5~cfystal &rowth, ano lowers the 1r9921ng p01nt. The growth
'of 1ce crvstals under pfds vre in open ystems isg p0551b16 because
iweuer_ocCupying very amall v01ds can be under coolcd

aﬁeb‘s planatlon as to whv 1ce lavers do not Pofm 1n coarse

e

.‘:“ ;,a

»

‘ wralneo 50113 1s “”he €r6621ng 1sotherm (11ne of free21ng temperature

cannot advance as ranldly in wateﬂ as.in the mlnerals found 1n 301ls,

fof lu dsg‘a pooper conductOf of heat has a greater soec1plc heat,

A -
‘and also mich heat has to be removed 1n convertlag water 1nto 109;

qence,'lf 103 crystals in grow1ng dowvuard come 1nto contact with

the tOp of a 1arge s011 partlcle, and beélﬂ to - quf'round 1t so thac,

S
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“'the“témperatﬁre at the‘tcplof the cartlcle dPOpS bclow ;r9921ng,

f:tnen the temperature OL tne bOVtom of the detLCle w111 reach the

‘? 22y lxg c01nt bcPore ne water Wluh wnlch 1t is in contact. Tnere+'
*ore f”@@”ln” tckes pl¢ce 1n Uart outward from tnv burfuce of 1arge‘
fmlnerfl aaptlcles tuat are incontact. with aater, and not merely R

, h?ouwn the downward g owbb of 1ce cryst ls as in pure watnr."

\ ¥

"When a &rowvng 1ce crystal'clogely anrroaches avsoil particle

cthe?wéte oeneratinv Lhew is cradually reduced to very thln fllm

cnd further growth of the. crystal in’ thls dl”BCthn cen nake placef

-

‘~on1y au mclecnles o“ water enter' hlS fllm.’ IF ‘the soml partlcles

tig elatlvely small so- uhat the molecnlcr do nos hdve far to travel

:fﬁbrough the. fllm,_and 1f grouth 1s relatlvely slou, 80 that they

”:havc tlme tn Pnt r between ice nd oartlcle, then the grow1ng 1ce

crystal w111 exclude nnP partlcle, and *f the partlcls is relatlvely

.14rce aud if freez1ng is rel“tlvely rapld, bhe par tlcle is graaually
.;suwroun ded by *ae ice.  To oulld up a layer oP ice, Jhlch ConSISuS

of uany prismatic. crystdls, tne capillarles supolylng the water must

be closely spaced." .

Latérvon Benlclman and Olmstead stated~a thJ0°y@as uO uhe

nature of froSt‘hcav1ng,' Taey have conducted 1abo'atory experlmenus

on vapigus;soils.' They froze their sn901mens under';luctuatlng

'he;resultu obtalned tﬁey concluded

Tt
L

romf

temperauure condltlons.

te nte“atlvelv hnat exc°s°lve heaV1ng may oocur ln s011 of almost

énv gradlng or Lextnre nrov1dcd an adequate supcly of water is

| present or avallable. They hald the theory ".;.. offered an

 pace 16
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SXplénation of the formatxon of ice nlates of any size and number.

i e e ey ot

_All tnat ‘is requ1“ed 1s ‘a saturated w1th water and a ?1uctuat1ng

~

i

vfrost 11ﬂe ....."(1)

s

They uere advocatlnb theory Whlch axplalns the frost heave

N L '

‘as an expan31on of tha 1n1tlal water of tne 3011 AR "-f'i R B

.‘nlnn eummarlzed ‘the Llndlngs of most of the . pr1n01pa1 1nves—

~.t1“etore on eondlblons necessary ?or frost actlon to accur as shown

’T“if[:QeSbfnctive,freezing associated with fOrmatiqn Of S38Té‘~
"bciu d Cé..‘ | | l | |

2. otal frost neéVe_equal ﬁo ﬁhe sum ef,fhé»totéi,ﬁhickﬁéés?t s
- DAt , , R St

  ef 1eeeiénses.

~

'35 *motal fOSL neave in dlr ct pfoeorﬁiOQS,ﬁo;;hereeselin 
| 'total xater content of frozen soil. ;”': o L i:/f"'
o Soii'must equal state ol‘caplllary saturatlon for 1ce
| 'Eegregaulon to bake ulace.
5. A bupply of wal er must ve dvallable eltner in 5011 or. M
from'SOma e> tavnal source i.e. water taole.‘. |
6.]_§or normul condltlons of temperatnre, +he percentage oLi
0'02'mm.-dlameter of gralnsvls crltlcal._
7. One slow freeze w111 cause heav1ng;f mhawlng and refree ing
1ncreases severlty but does not channe b381c aetlon. 7 f
'IS,V,Cumulatlve curve of degree hours of fP6921ng plOtued
agglnst tlme is qualltdtlve rmeasure o¥ 1ncrease oP heave

N

with tlme;p'~“
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9. The. Lollow1ng factors are all necessary for icée segregatloz

ang - "ost heave.
a) Caplllary satu atlon of Lhe e011 at beblnnlng and
'during'frep 1np Drocessrh

b A Pree supnly of water rom ultnln or hlbhout

12

C).,n mindi mums DPPCCPLage of gr ;s smaller cnan O O? rm.

(3 to 10%) S A'; A \1

~

d) Gradual decrease in temperature of air above .soil to -
below freezing temparature.m™

A

B : : ' . . S
Later,inves+1nators huve held severaT ﬁhPOPleo on the ice -

Tscow1¢n are scme of +he.se.v(? h, 3, 13) B
7o
" 14
‘ N . ,
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~a0uorb in*“luenclnb the magnltude, rate, and nature of

ffo actlonvh o ' o o kw"“'»

v /
\

Si _?~A'Frdst actwon, as a tywlcdl 0011 benaV1ov, is ».vefy com§1iéa£e§ 
- one.. fhére_arg_manv ;“ctors whlcn-lnfluences 1t.-<£ndxif§ occurfencéf
z.is‘poSsible only \hen the comblnatlon of conditlons pravalllng Por

~iﬁ“i§,f vorable. Ho vpr, ;t is again deSIPlee to saperata these

: 'factors‘fdr:a‘convenient an§1331s.~ qusa~ma1g facuors,can beillsted>:

'aé,follows, ’f],>A‘J‘;_ o - 1:' - ”; f. ‘   »13{7; ' :;~‘, }
1. ‘Climatical factors.

2.;‘Iﬁ?luénceldfjnréésﬁre on. beéviﬁg.k

230 InVluence of UH?Slcél chavacterlsnlcs‘and_prOperties'of*SQil

L, Phy31co chemlcal prOpertles’,

gflif'01imatic‘ﬁactors e T T T e T e e
() ' Rate of freezing

Beskéu ;nd Tabﬂr (1), COuQUCtlng manJ laboratory e: perie

)

ments gteted. one 1moorcancp of effoct of wate of freeczing. Al-

pabe of fraeezineg did not 1nf1uencs the total heave, it aid

Eluence nhp thloknessc>f ice 1ensés;’and thus the distribntiOnfof:

s ’

water excess and the consequeﬂt reductlon in heav1nf candcluv.

pigure 5, (1) shows an'examplé of results of freezing tests
) ¢ A ‘ S
Lllu»tpdtln v,he 1ni@nand°nce OL frost heaving on ratse oftfreezing,“

'?h 5011 usod was & very Fﬂne fllt (38 9 % coarsar than 0. 02, 75'% 

coarsar than’0.006, 1Q %lennr than 0. 002 j(;_ter Beskow)
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2. Influence of Pressure on Heaving

. .2'( : o -
f2.9 /
ow o :
3 ) g N
. Pd

\ E ] / A '
- ! FrostHeoving ¢
n o . 2
&
[ . .
40

: °° . B 59‘ ¥ . ' loo 15!; ‘ 200
B N . ) Time - Mwotes \ X
/ SN
®ig.5 An examp]e of the regults of fr°e21ng
‘ teshs 1llustra tlnb ‘the independence o
of frost—heav1ng on the rate of freezing. BN

The soil used wasg & very. fine silt.. o
. Presgure 410 rr. per sq.kcw,(0,01b psi. ).
“(iftsr Beslkow). - ‘ : o

(v) Effeét of Thawing and Refreezing

‘Frost acﬁion is‘more severe alter a»thav Uhaq after . a

single freezs and that thers is & yceater 1ﬁer93~e in soil m01sms@
" content and redvction in load carrying capacity follpwing severall

eycles of freezing and thawing.

téyfqgoad resaure

sults. oP m&bﬂr'n exper riments (1) ol various soil samples

\ o NG
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showed that the amount of heave in open systems deCréaseS'withVinc;~
reasn ﬂn Uf@SSU?E aqd qe mixlmum lo X} whlch mav b@ 11 u,d 1ncreases}

\mtn erease in partlule 51ze, but wlth mnnh decrease 1n size of

i

‘parulcle, the materlal wonld become hlrhlv 1mnermeab1@. The 11m1t

eagd

tO«the 1oaa hlch mav ‘be Jlfted ov frost ho«vwnp 1n an open system

is noh,dﬁe 5o, tne 1nab11;+v of the ice crystals +o grow vnder

'hlﬂnpr nre sure out due to tne fallure of the dater svpply.x Thls‘

|
was rroved by Tabar who conductpi exnerlmenus y suonlylng water .

'under prmsqure 1arger cnan atmospherlc nressurc. ﬂls 1oad was.
"14 k”/sz; He obtalned a to al thlcxness of 1ce 2 to 3 cm. whlle

in-“hm e pezamﬂnts Nlth vater at anmoepherlc nressure he dld not

- i . A +

find any ice lenses.
(b)) Load and 113 vy Pree vre

qptar hav1ng conduoted numerous 1aonratory expewlments,

RS -

'los‘»;o"r summarlzed his flndlngg on tha ePfect of load nap:.l"ary pressure

~as follows (1):

" The rate of .frost hsaving for a siven soll i*'ipveruelv g
. X

'DPO”orLLondl zo the squur ‘of the pressure (sum of'l d and caplllary
-pressura),'aft he pressure excaeds a cerualn but not 1arge value.

7Thé peason for tq1s "Lnltlal prescnre 1ncrem=nt" is that -when the

e
423

pmpashfe &nppoaches zero, the theorotlnulrat frost heave'dqes not

appfoacn 1n11u1ty but a 11m1t1n5, but quite 13189’.Vﬂlveﬂf

.

Some of ‘his results are shown in Fig.6, Fig.7 and Fig.8 (1).
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Fm;t Ncavn'ug o,

o - . -do . X} . : 90 . 420 - . - 450

B - : Tl‘me-M;nvtf.sv_ . ) ’

. Figure 6. -Diagram showing frqs_t—-hea&fng. at diffe‘r‘en'c'pres_c,u;fes (']oad, or. o
: capil]ary)_.Soil-specimen: pure fraction, 0.01 - 0.005 wm., particle size "=

[
. '

—

ye Copiltery Pressure’” - |7
o= Load Pressure
I 30
v ~ , |

~
.

/V ;/o . . ' . L (
/ A - _ l 1 - .

!\)_
o

_MILUMETERS PER HOUR

o
W

g
o

RATE OF FROST.HEAVE.

'N\\;f~\» ia ’f-'

AN
<

.

°
foan

X

I~

. N . e e
;\*'\hﬁf\—x
o

© ' too <. 200 ) 300 o 400
P . o PRESSURE - GRAMS PER SQUARE CENTIMETER. - .

.—-irn

F(g@re 7. Frost-heaving rate .as a function of pressure for some natural
' ‘soils ) . ST :
i s '
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Ratcef Frost hemuine i fiopn

5

~ 8:006-P.002 \,,

bl
w

) U U R m AUNRIRECI RN

4\' o, 20,

' L

¢ : D\« »o\ n:l ~o0rmi., wa : 3 . s o
lvo - 09 117 1] ov.

CnP oy Preisur: - Quafeq.

R Figuré 8 . ~Diagram of frost he vxﬁg
rate as a funcl:xon of pressure

35. Influence of thslcal Characterlstlcs and Prooertles of

Qoll on Frost Action - j  '~f’.  1~‘kf>,”a “j  5f 4:; ;*”7

* (a) Influence of graﬁinf size distribution

The type of 3011 831t effects the klnd of water 1ncluded,a,f

| nas a 1arge effect on 5011 fr3621ng and heav1ng.- In COhBSIODIBSSl .
 ,30113, hav1ng 11ttle caplllarlty, no detrlmeqtal frast heaves are

’;11kely to. accur. yr9621ng of the orlglnally contdlned water 1n thebf

 'pores 1s not followed by draw1ng extra water from the below Dartlcles

\,and strata. Coh631Ve water partlcles do not exlst 1n amounts suffl-,l

N

;f01enu to cause exces51ve segregatlon of 1ce. On the o+her hand, 1nk'
'Sllts where ve flnd 1ow cohe31on and hlgh C&plll&rltYs apnrec1able ‘
"amounts oF hedves are obtalned In tne clayey 30113, due to coh931ong
.and 1arge amoth of adsorbed water, canlllary water wlll travel vewy

vslowly. There ore s when we have 1ow ground water table, 1n the

'absemce of 1atera1 seepage, ice segregatlon is. 11m1ted by contalned

| ‘water 1n-dense clays.~
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 resu1us of the hegvea ‘are

P—

The tablé belOW‘ShOﬁs_ﬁhérriSe,of-wéterj;n7grains of different

sizes. (3)

[} . v

RIST. or WAT R Iw GPAINS OF DI FERENT,SIZES

- Diameter of Rlze in 24 hr . Max;'risé'f Period for mix. |
- .grain mm., 1ﬁches _ . inches  rise. days ‘-

5 to 2 v’k'.V/‘q,87f,",”";   , 1.0 -
2.1 213 o 2e G

0.5 -0.2 .83 . ol
0.2.-0.1 kg0 16,9

§

VB w o 5w

.02 k539 oo s
. 0.02 ; Q}oif] "r‘.19909§'”' e |

0.1

10.05°

0. 01 -'0;005 ‘f"v 11, 22‘; MR SRR
;kO.'OHOl.. : | . 2. 17 |

“maherlal such as 511t, very flne sand ‘and s11t, or 311ty clay, cldy :

Burton and Benkelman made detalled analys1s (1) of 156 heaves, ;,

ffmhey showed that 9h occured 1n 1ayers at pockets of ?1ne textnred

. or sandy clay surrounded by coarser, better dralned materlals_ The




; POBhRT COLLEGE GRADUATE SCHOOL A G P
-  BEBEK, ISTANBUL Lo e PAGBZ5
{: e R s . \ i
L. oo “Average heave
5'5%‘511* L ATEE ST ':iw6*iniﬂ:
 32 m in very flne sand. and 311t',““]'> . ' .¢'9 11 .
'yh 3 % 1n very flne sand f*.,'”‘f' EEE “w'h 1n. .

’30 wfln»clay' | |
| 1’7‘7insand7 *cj;'ay R I T T

'AS can be seen tha+ tnose materlal hav1ng hlgh cavillarlty is-
;_'causlng de rlmental frost heav1ng.. Whe only cure fOr thls 1s toli*iﬁJ

’_Vrenlace tna matarlal xath materlals hav1ng ?avaroble thedrainagel_g{ff

“acharacnermstlcs. As for tnecmarsernmterlals the ellmlnatlon of'

‘ Vfrost heavang can be accompllshed by prov1d1ng adequatedrainage,v~:;"”

7cond1t10ns at the ba31s 01 foundatlons._ f.ff,ff”

. (v) IMéiéturevmbvement{and moisturelretentibn,infsoils@aQ ,‘v:ii
 ;«‘ Detrlmental 1F‘x'ost actlon cannot be concelved w1thout water

’”lmovements 1nto the zone of freez1n°. I”he process of water movemenﬁ

N . s

“ 18 fundamental to water galn heaVlnchxfﬁﬁZlng,» as wsll as reductlon

'“ 1n 1oad carrylng capaclty follow;ng thahlng of ?rost (1) It 1nc1udew

Ry

~;'movements of water through a  range oP complete sgturatlon to a
‘ condit1on of partlal saturatlon whare the quant*ty 0f‘m01stuﬂe flow

‘: is- notvs1gn1f1cant. The process of m01sture flow depends on many ';(

‘factors" graln compos1t10n, shape and graln 81ze dlst?lbutlon(?, é,\

AlO), these 1nf1uenc1ng tha 31ze and shape of 3011 pores.\ It is also

5”fdepend1ng on soil dens1ty, 1n1tlal water content and soil structure,

BOGAZlCl umv&asnssz KUTUPHANE“l
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b?dause'theseffactbrs,effects,thé naturé,of‘the~pcre speces,

i

»; Lany 1nvestlgators have 018331?19d the water Ln the 5011 1nto‘ff
:three cabegorlas.'_(é), urav1tat10nal or free water, (b) Caplllar#
water,"(c) Adsorbed water. Slnce the act of exce Oive heav1ng
is médeipo 31ble by movement of canlllary water. to the zone of .

1ree 1n34 we' will be malnly 1nterested w1th the caplllarlty.‘

~

manj authors nd 1nvest1gators have refralned from the-

(bl)
eﬁbianétibﬁ of a3 1stance of caplllarlty water asg descvlbed by the :I‘f
'rlse of water abcve a 1“ee surface 1n a sma11 dlameter caplllary -
’;tube.v They have uﬁﬁnorted thelw arguments that there is no Lree
; jéﬁrféce;e 1st1ng 1ﬁ a 5011 mass after the 2011 has frozen as 1L 13'  7
;zkln the case of a caplllary'tube. But the ooncepu of capﬂllary tubéfg
‘3’analogy isa useful one, only whan one takes 1nto account the rela-}y°

,tlve complex1ty and 1rregular1ty of the small cﬂpllTaPltles 1n the

4 . N . X - A L : . . N [

VLiSOll mass.,

o be able to v1suallse the mechanlcs of canlllary phenomena
'voccurlng 1n v01ds of a dry, cohen51onless sand, we 31mp111y the  ff¢@f
 prob1em by con31der1ng the rlse of water in caplllary tubes.' Firure

\

59 snows a caplllary tube:mmgzsed in a vesse; contalnlng water,

Fig. 9.
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*At\nOint a we have atmosphéric preésﬁre. Slnce p01nt b 1s at

:tne same elevatlon as p01nt a, the preSSure 13 the sawe as at p01nt

a. To be able to raise a uater column above tha frqe’suvfape, tbepe*‘

should ex1st some~k;nd»ofkpransactlons‘ofpforces éiis%ipéfih the
,ftﬁbé. or the.radiﬁs of the:tubé'is f, théirise.6f watéf is1h6 éﬁd.

oL is the contact angle bntween the tube and water surface, from the

‘Jeqvillbrlum of forces 1n vertlcal dlrectlon, we can ertP

‘CosoLAQ)(fT : ;r’r h Yo

‘ ‘ "'hcfg’ﬁ;léfcgg& o
o . , ' ; i ‘pr ¢ o .
. : . N . . o - X S .

R M;VQL2£EL A Cosol
e T |
As»ws 560 it'from thls equatlon xor a glven tamperature éﬁd
1_g1§en encWOSlng tube, the caplllary rlse is 1nversely propor+1onal |
to the radlus of tne tubu.. The smallar the tube ;size, Lhe hlgher |
the naplllary there w111 b;. B | |

N

rPhe follow1nv tabla gﬂvps Uhe ten81on T _L“ thC smzface fllm">'

.water.LLcwncacL ulta alr :ow dlIfPPent nemueratures(7)
T(O0) 00 107 200 309 o0

'Tg(' . po r cm) c 0756 o O7h2 0 0/27 0 0711 0 0695

Lets consmder a colomn of dry sand whose loxew end 1g 1mmer°ed~
in a wate tank. A8 soon as it lS lmmersad, capl’lary actlon dup no,
“_Surface uen81on bptween tne sand and water 1s gOLng £o takc place.'

dets denote the dlstance the water LS g01ng to rlse as nc (ASuumlnL

S
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'Laet the oortlon that water has rlsen is completely Saturated, and?ji
'above portlons as dry). Slnce hc represent a capaclty of water tov:a

’I ~ - .
: rlse 1n soil, it can be denoted as caplllary potentlal Caplllaryhf'

“‘water f10w1ng in the sand, 1s unqer the actlon of thls potential,

Cor head.

-
" ‘Bince floW»of water;iﬁ soil_ié:qete;minedfby Defcyisvlaw,' We i
| | €e=jk.1

) ﬁhere v = dlscherge veloclty

,k.

;permeability,or'scil

i hydmuuc gx?éd 15.{11:’.‘ |

A_VfAt a glven tlme t the caplllary water 1n the sand 1s at an }'“
',elevetlon zZ. Assumlng that the vertlcal component of surface tens1on
:fjat the upper boundarv of saturated sectlon for any elevatlon, theiL‘“

T_Thydraullc head w1th respect to the base of the colomn, 1ocated atff f

?5the free 1eve1 is 'h, -z _ "' 5 153&jlf1 ;'?A7‘\
i;;anﬁ”hydraullc gradlent belng hydraullc head d1v1ded by dlstance PRk o

- (hwc-Z‘i/z '
'.the rate dz/dt is the rate at whlch water 1s flow1ng 1n the sand-:~
:rcolomn, whlch is equal to seepage veloc1ty Vg

fVé;' dz

dz _ v '
Ta VS. = T
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ct
1
jo]
N

- ffbm‘whicbrwe‘get

~ Be -z = hy Loglhg-z) . X ¢t o0 ~
o o e s g e
.- \‘ . ‘ - ) o ) \{»/
at- t£t.= 0 .z =0 o | s
¢ 5hcf5hc i@gﬁhc "-3f,'f‘ff ;'@j,';:; B

“Thus @e"obtain; substituting theMVeiues;aBQVe;'

AV\\/\C"H e 2
S o Loe St
: J""fg' K { "8 o “cl :

mherefore, s we see from thls equatlon, the tlme requlred for tne

: caplllary cllmb ig llmlted by the 3011 permeablllty.Vv.s~; i‘i/.

'V(b-2) The Approxlmate Relatlon between the Permeablllty

and Canlllary Head E ]'9 o

An aperox1mate relatlonshln between the permeablllty and the ;j,
.eanlllary head of a 3011 can be deVeloped by a comoarlson of flow
“apd canlllarlty relatlonshlp for "soil- caplllarles and caplllarv   ¢
’itubes Thls apnrox1mate rertlon as glven in reference (8) 1s'e

VWhere AT is relatedfto'the~watér propeftiesk .¥

B | 2 B o
}p'and A= 290 cc/sec at T 20°C
R B 1s a factor dependlng on 8011, 1t generally Varles betweenv"

,Zd'and 300. mhe range of values of B/n 1s from 50 to 600
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"?H‘fszco - ca m:cp.L PROP“RTIES ov SOIL

As Lu nds baen shown oy Taber and oy otnef lHVéSbl atars thdt
'~wat iig ln flne cldv s011 freebes at several degraes below«oc.f Thls
:';«fact 13 bGSu exnlalned oy super coollng of +he water adgacent to

o vl/v
7f{tha £ilms around the par 1cles._ It is’ necessary o remove more heatp

;;Dtnus ragvctlon in tamperature, so as to be able to 1nuroduce the

: wetef molecules 1n the film LO the grow1ng crystal. ”ﬁnd the amount

w

*":e wn.to tne f

'.“‘Q
',"J
,J

of heat removed thus the amount of energy exppnded,'
mnanure of the Porces bstW°en the water molacules 1n the fllm and

 the 3011 molecules.‘ ”hus the sunarcoollng lS dlrec 1y eFfected byy °

__tne mlnerologlcal comﬁOSItlon of clav partlcles.u
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© CHAPTRR II

o Soil

g
Lo

*ractlons and VdPlOUS ﬂomblnatlons

’1CQ
100
xl;OOQ
50
‘ 50.
.50
‘ 556,
5o
%

25

75

1b;’

O™
W\

75

‘\_’ Ny
‘W

2

|

T

“5?4 50

~f—lOO

?VJA{.¢Sdils.t01béfinveétigaféd~:x;'"

= These are glven 1n & 1lst form below

-\-" 100;(1'

1-200 f

| -2001

=50
100 4
<100

=100

.;100;
200
=100

-200°

200

<« +100

100
200

-+100 -
4100 -
2000
+200

+ZOQ.

4—?00" o
Lbyg

by

'by}

by

C w100
ooy

L R00

'bY‘

by

~ MATRRIAL AND APPARATUS =

Wéight J

weight

e T

of'thGM‘éreftaken.f'w'

fwéighﬁx?

weignt

weight

veight

wéiébt;f |

vweight.
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In the experlments -to. determlne the saturatlon caplllary head o
.8 v01d ratlo is prov1ded to the speclflc 5011 at hand. This v01d ff

S B ’
S ratlo 1s then kept the same 1n all other experlments,,llke 1n per- '

Zmeabllity and 1n Preezlng tests.l?’ff:‘inf ;ﬂ]1fl,f‘f‘f%; vf°5 §T:"k~

.;kf\ —200 denotes tha xractlon;m581ng No. 200 51eve hav:l.ng an RSO

‘

\ \Openlng O 074 mmnoﬂ7iv

.. =50 +1OO denotes the fractlon na531ng No 50 31eve and

Peualnlng on No. 100 31eve.

f—lOO -%200 denotes the fractlon p3351ng No 100 81eve and

retalnlng on ho 200 s1eV6.”

In the exporlments nerfonmed, the portlonkbelow O 05 mm. was f»
not ‘: saperated from —?OO _31eve portlon. Slnce thlq portlon and
dlameter 31zes smaller tnan thase portlons con31sts of clay partlc;t
1es, experlmental con31deratlons of the graln size efPocts are |

veffected by the adsorbad water. #nd thls introduces some errors 1n“,

tne experlmental rssults.

-B. Apparatus. -
1) Déscriptionoanddpreparation;Qf apparstus for tests

Tests of. sa*ura+1on canllTarv haads ware performed 1n an :

: apnapatus manufactuned 1n‘the 1aboratory.. In de51gn1ng th1S'f
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 'Its commer01a1 ‘name 1s “far glass"

iuransparent mauerlal is to be able to have a control on the dlfferent

:the 3011 durlnb tne nJasuremenu of caplllary heads.

. '
\." IR R

: fap?aratus;"thg apﬁératuégdeséribed inxraf:(l9)}5waébféken as a model.f

.

- The - flgure below shows the dlfferent sectlons of thls apparatus.

e
M

T | T

nut\no\cs N
P wa’ccr m\et (no’r.\e*-)
’ llx_ ! - LA — vppeccap '

: 1 : B L )
L e o P POrous chome N
R [ ru\o\ber obas‘k-c‘:. ; s

——

" 5.00|cwa < i

——
~

T T
H []
v ; K]
13 SRR BRI R 1

!

o

5.00cun .

"By enw |

2108l - 4.do

R O S o B O . BRSNS

o'oket

owne R R | R R L E RN

—+- ru\o\oer
: _— Porous £

‘ ,' e Lowar cop

" _water Butleti(inlet) R

- N

if'Thé-éﬁparatﬁé is Droduced*fromaa transparent Syﬁthetic glésSQHJf

“'he mason IOI’ choos:t.ng a

‘stages 01 experlmenus, Lo be able to'see the pthOmena occuring 1n

- for thls purpose.

'Wreezin@ tests were

It/is

: a water tank to whlch 1s

water c1rculaulon in uae

performed in a fﬁeézing;chamberfchStructed'

COnsiSted“of threeknarts..f

attached 1nlets and outlets to have a;'\ .

i

tank 80 that the temperature changes w111

LoWer part is

PAGE 33
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essentially be Zero. rphis portlon represents the ground water 1eve1

‘WOOCU”IA’ 1n nature. -hlddle avt contalns the i swlating materlal
/

.bsufroundlng the brass tubes contalnlng 3011 samplP TOp portlon  {

o 1s the sectlon whlcn is belng cooled bv cold air above 1t.H Foollng

"the samples were perPommed by maans o dry 1ce and tne air temperabne
,obtalnsd was around -20°C Por a 10 hour 1ong 1noerva1.a>”he Plgure

of tha appdpatus and 1ts va rlous parts are snown bglow.

- C;So\ivyg porfiow : .
m P D - . -
Do o ; -
[ N S e o : ' o
) . TR S > R
: '-7»— %o!l -h.s\.,czs : .' ;M\s‘,u\u\_eéf : s Q :
- b RS ' . portiown oy A
N N : |- L. N R : ‘—v‘——'
! ey Tt = 0=
L\-.: B L_; i_" TR .
Watew awkl o e
P ‘ 4
: "Side - Niew B
! 1
1 . l‘
’ ’ L} . H )
{ . 5o‘.o‘ G | }
' T e e T e L T R e
q} et Oy oy B
g S R N T\uo Layer 2\0“ .
REN KJ\ RS l R \uméew IR
_LA . _, : . /-\‘ : » A»t . e .
Top wview
L .
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: uermeabllltles of the 5011 saxmles are obtalned 1n a standard
f'all.'.ng ﬂf..&u pprmedmeters in the 1abOI’&t0I‘y. . I'LS qtandplpe COTltaanB

4’0

. of

ml‘., of water at 'I‘ : 20° '“he f‘lgure below sqovs the f‘lgure

ne Tfalling ‘nead permeameter and l'bS varlous portlol

: o -
K E 1]
_ . !
y
B .
a - 5
o S i )
s -
- & g :
' R - D\~ w\terwa\ dxow\a:\er o{- ;'\-oua P\e{ i
\ . o . . u " »,\,\keru.o\ fcrvss Lea’r\ ouo\ cu'e_o\ o{-
) ) ) : - '. Stuud PI?? -_ de/b,
. o . b- lv:*e.(“q\ A\OW\'O-{Q\" 1a—€ so-\‘hu\og
A ( fvors- sec.-hov\ox\ Qreo o—(— So\f
’__J : ) ' chf?\e_ ; Yb /L) \
'~ 5 - s agie 1’04 ol Samgre.
i - . 2 - = - ] ..)Q\&A.?‘ﬂ\_
', 50;\‘ N = \ro\v\me. olg >a\‘ auw?\¢ :
‘ i fﬂb’“/U) H)
y - '(Dorou“g“‘ - —"5:
. e .
: ‘ i - woler
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| CHAPTRR III

EXPERIMENTATION .

\

Capillary Head Test

ﬂeasurement of saturatlon caplllary heads were measured 1n the
_anparatus produced in the 1aboratory.f mhls apparatus was d951gned

in a 31m11ar fashion: llke the ‘one described 1n ref (19)
AN . I

'-?rOEedﬁre of;the'eipeféﬁen?;a | k '
1. Cloaning the tube |
t_'é: Wbelghlng the tube e;eﬁ __2,je!e¥i '.fteiffﬁb 7;fie;e5;ﬂie$?j;\i

fB;gaﬁllllng the 1ay3rs 1n 2 nm. thlcknesses at the same tlme :

kicomoactlng the 5011 put.-“f""i | | N | '
i',h;z_Puttlng fllter naner on ton of the s011.v ,vli“;‘jafaﬁ'f
 5;“;P1ac1ng the unper cap. of the tube N |
 6.‘]he1gh1ng it to an accurucy of 0, 1 gm.;
'7;';heasur1ng £he length of the soil- L

'J8; ZCODDPCulng top portlon to vdnuum, bottom water supnly. f°“5

:9.'-upp1ylng vacuum, untll water 1s seen to be comlng out

i*‘.} through the porous scone at the top cap.‘-- T

. 10; eApplyln& head to tne 3011 at the bottom tube by 1ower1ng

the water tank 20m./5 mln..‘

heasurlng the dlstance from tne bottom of the SOll sample to 7

ethe watar 1eve1 1n the’dater tank, as soon as flrst alr buble is”
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i_seen to be comlng out of the porous stone, at the bottom of the 8011

~~sample.

In,the césa of véry'fine'gﬁainédvparticles nd 1ow v01d P&thSs'

Ztnls nhead comPs out to be very hlgh In tnat case saturatlon

’

‘fcaplllary head cOmes out to b° very hlgh.w Wor thls, we use mercurv
- e .

f'lnstead of‘water. Saturatlon caplllary haads of dlfterent samples»f”ﬁ

'}w1th dl?fefent v01d ratum 'JGPG measured | Taey are plotted on a

e VS- “cs 5cale. - In this_graph however there are certdln errors

~Q1nv01vea due co,

1. fulthrunh wa are COﬂolQBPln& the v01d ratlo as a parameter,

»wetted perlmeter nas an’ e:fect to chunge the saturatlon‘ vf
caplllary heaas. T‘:.; \fV ' ,f  .f] E v'\;f ~;7 'iﬁ  ,3f r:

2. ;ﬁlnus 200 portion conta1ns clay partlcles,iwnlch has adsor-'f‘

- ,,.

‘ﬁbed uater 1“11ms around,'as well ;Thls also has an effect

-on Lhm saturatlon caplllarv hpad, not belng related to v01d«

ratlo of 3011.Ir1the:ﬂ1gure on’ page 38 he set-up of the s

apnaratns, durlng saturatlon and durlng measurement of

,saturatlon caplllary haad51s saown.f~

Pienometer calibration

.er.be able td ﬁéésure,the'specific gravitiés"of the’di?feren;f *M

SOll Sdnnle, e have to, firsn, callo"ate the plcnometer. ‘The:picno-f

meter used has a volume of 200 ml. at 20°C.,_: B

~

‘ .mhe pwocgdufa oP the e perlments is as fOlTOWS."
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1.
2.

',6;

jheasure temperature of water, (at room temperature )

,AWelgh plcnometer and watev %0 an accuracy of 0 01 gm.

‘,enweruture.‘ocl

Cleanlng the nlcnometer C EERR
* f

<?utt1ng‘water nto it so that the bottom of the water 1n,?J“‘
. " the plcnomater 13 at che same level as . the 11ne on 1t
EN
b

-

‘Heat the plcnometer slowly, at. the same tlme stlring tne'

‘water in 1t to hava unlform temnerature dlstrlbutlon 1n it.u

Add, or. . take out some water, (as n803531ty arlses) ‘so that

the- bottom of the menlscus 1s at the same level as nhe level ;-

of 11ne on the plcnomeuar.Q
welgh tne pwcnometer to an accuracy of O 01 gm.

Reneat the. steps 5 uO 7, w1th1n temperature range or

 ?0°—30°0 untll you ﬂet h more p01nus.f"

'Plot , (uelgpt of water + welwnt of chnomeuer) vs.'f

A
Y .

,°nuranped w111 bnbole onu.

‘Determination of Specific Gravities

‘Velgh tare Lo an accuracy o& °°4°W\

Vedi gh uave -+ a011, '*" B 1' . R AR '.,.X 

Put s011 1nbo thc wlcnOmeuer + water system. L

Heat 1*'slow1* oy applying nartlal Vacuum 80, that all air |

'”Adjust the‘level of!bcttom Qf‘meniscus,td:phe>sameilevgl,.~

Y

" as ﬁaiw‘lineSOh the picnometer, at the'saﬁé time‘éoolihg'.
;and 3inr1ng the . uater and 3011 to brlnr 1t to the temnewa-'

.'ture rdnge of 01cnometer calloratlons.




ROBERT COLLEGE GRADUATE SCHOOL SR Rl e
; e BEBEK,ISTANBUL L ”'L f"; -~ .. PAGE O

' Calcu1ations(a§d:da£a ére shoWn in‘appehdixa'>

R

ileasure the temperature of water 4+ soils . . . -}

fSpeclalc grav1ty of a 3011 is SR

ws W AW . SO e

‘Permeability Determinations

11,

a2,

‘Glean tbe-péwmeameterfi'

jﬂaasvre the 1ength of the uube 1n whlch 3011 1s put

Put the 3011 1n 1 cm. 1ayers.vf°

 soil:sample.

Vmark the dlqtanﬂes ho,vdhoh 5 h],. 5i‘f‘

‘-

A ¢
!
oy

-

Uedsure the 1nLerﬁa1 dlameucr of the tuoe 1n whlch soml 1s

L oo
SRR i

T

- Calcbbate the amount of s011 to be Dut to have the v01d
 vrat1o a8 1n tae case of saturatlon caplllary heads. . .» :
.  We1gh the oven dry 3011 equal to the amoun+ found in 1tem 3;;
né;’* : - R
,»7.M

,".

b’maye sure thgt the 3011 put ]ust fllls up to the tOp onﬁhég’

A\

‘quu fther Uaasr on op of the soil.
‘Aosemble the top portlon of oermeamatar..

» Saturate_the-soll 1y by applylnw bead to the bottom o~"

) ,I‘.

ﬁake sure thét no air bubble is coming out of the standpipe,

. 'by tapnlng to th@ tube.
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3

14,

CIf thev do not agrea

e

R B . . o . .

Measure tne temnerature oP the dlstllTed water used 1n the;

permeablllty exnerlment.

_Neasure the. tlme from By to Jhgh: and from hohl to hl. ‘

'1th1n*2#3 5. empty the . tube and refill

 ;it;' Repeat the steps 6-1h untll you get *he contltlon

above

CalcuWate the permsea bility”é0¢°rdih8366”$‘f

e

, u 3

—

2.3 .

'a'L’

Loé.’h°:

"'.A(tl7td) ‘?4:1h13'j
CalCﬂlaulOHS and data pertainlng to tnis experlment are ;’

1n the anpepdlx.t

A} Y
» . !
B
N
T
i
. z
1
i
N N
B
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... Freezing Bxvweriments

Freezing of the samples were perfo-med in the folloulng manner.7

1. :Prepare‘the ;r8621ng chamber ~or the exoerlment.

4

2. sﬁeaqure the dlumeter of tubes.. ’ ’

§.  "3.‘ Calcula+e volumo of 5011 to be put lPtO a helght of 12 cm.  fﬂ”

480 as to have tne same v01d ratlos as - 1n cavlllary and

‘ ,p8Im6db111ty o3 pewlments.‘7“ ' .j5"f:;" ?ff57f“5fQ\kfo.

B T;f‘éé::welgh the necessary amounts of ovendry Soll.; ;f3ﬁ*

x " f~5; Pléde bhe 3011 1n ? cm.,thlcknesss gradually COMDBCLIHS 1tru

:~° uhat 1t fllls a helght ofiz cm.y(3011 put 1s partlally ‘ﬁ

? i £satnfated) '”f; v | : |
F 6. Freeae the 90113 by dry—lcs gradually at a rate of 2 °ﬁ/hr,

’untll tne tamparature Oij- -2000 1s reached,

->7i  “a1nt&1n —?OOC temperature for 10 hours.viifif; ;L

' j8;“3measure heaves, if any Dresent. i - fi

29;;;Heasure~uno PlLal m01sture contenus alter freezlng” .77- ’ f

 10, 4ﬁepoat ateps 1-9 Wlth full gaturatlon at smaller v01d rat1§s’ﬁ

. J Iaasurem§nts of the molstuvé contents (a; snown ‘in anoandIX) o {

ére done accordlng o the potatlon in the ?1gure below., ~4;K"  = i

, S \

s

. T I N . S , , ;

. 50:\ Sciwa 10_
takew ov\ o} ‘of"“"- '\"’\"e
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Cé‘pi\\dr\iﬁy ‘ Tests s

sAMPLE No"{ = ' f/oo /t,

: \Ue_\o\/\-\ ok <‘°P‘\\°“"1 '\-o\oe (,ew\?\ 1)

‘\»e%yx ok u;?mof*¥uue_(g uea) =
: \Ue\o\,\\‘, O‘\— $O_\L =
_ '.).evxo‘\'\/\ o% 'so;\ 'DO\:AA%\‘QV » ‘ =
. DM.; ok Sru\m:. ’ -:

- ) - y2 -

\)a’wus '\o(» .>bo\\ = 3"“_"",‘ — o =

e .

G ‘-V.(‘De{e\'.w.\\‘meila f‘\ll_t'sycl-"i{r\"(-- 0(4“;’;)'] “"-”{’) “»;
»'Kér’q/“: ) 5‘:"_ . : Br

»\]to\.ayl ' B l+e

e = Y = :
hd 2,68 n 1, 394

. CALCULATIONS

- ~'~ +
~50  + 100D

B8BO% o°w\

,\'1’32».’50 Qw

487,50

ow
[

B4 b

29k cw?

2.8 .

487.50

5 a’turc}-’r"\oQ ..c.o?\\\of 1 “\ead e

P rrux_/\‘ B ‘ .“:.s = 2’7‘ ‘“wm
i ‘D<¢..acyu§ ow » . »lJ‘Lﬁ = 2 B ewm
TWied rom-. 0 Meg
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- &AMPLE No: 2

6
'\)JQ;%\/\{’O( soil

WeigWy of (.d?‘\.\\or\/“\o\o.e Qﬂ—-i\\ic)«>. S .'("

400 70' ‘

Wv ei:o\k\ oﬂ ; w\;}\\ﬁﬁy' Yobe Lvye\m“v\\} >

. .Lev\o\\/\ o% uo\\ sov‘v«?)'e“_v

-bmf c-‘» -\u\oe.

o\ow\e ot 56?\

N »G ( Ae\e.rwnv\e&

We -

Ve

Vaey =

E¥w

e+ S5 veld

sl Wy

» o .
. D atoraliown

. < A
~FirsY rown’

_$e<,bv\\i TUW

24844

2
3\“& yxi

VWAL lf\,\_x:z, < Fec\-&c C&ft}\\)l*\/"ﬁ’&'“ ‘

T 1+ e ]
. . .

3“54 _’_1;,1 o e_

‘ca §i\\gr7 ’\/\'eud' -

H;;ﬁ"“"

-y

T, - a21°c - (

i st Py
=400 "+ 2.00.

Li'Dz'an\_

]

13_08.6 O WA,

563.0 Towa

S B3AL

L 3DL ew”

- 248

°0.%35 -

R c&-wa’rer X

c.';' ‘uao.'{'e/r' :

&g,\'h\pe..f atore ot uuox*rer};

=
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. "
\J\)C;é\r\'\ o{ bc.oF'\\\o'ri( Yobe (éwp’(ﬂ} ) : 8?50 -:éws
\}Je\o\/ﬁ o%— u:F\\\nr\l *\-o\ae(( \\e&\> = '1278.5 :%W\
\UQ\O\A\‘ D{‘ 50\\ L = 4755 zw
Lev\o){\/\ o-{— 50\\ ':DO\.\AF\Q - :5\l14- c_\M ’
bmt o{- 4u\ae: = l-f'.O cwa
‘\)O\U\’N\'Q ok\sm\‘ = ’61.45)1.;4 _Z_L ::' v ' 5")4 (-W\_B
G - dele r’W\‘\k\A’eA.FZV\ AVEY s?éc"\{—id ogéu“uH»; -‘u‘}) .'Z 58
'\6&*“1‘?\”'5_ PR IR
o o Ne . \+€ o
ol L
e- &% \Jt-\ LRSI YR
Wg ! 4725 0L .

= Sca’rurcd\mv\ LO\P\“QI‘Y' \Ae.uc&

l‘\cs‘,—_. Hw—l- «1'562

—-Hu)
Mes - 5O+L7l—50) 3.6 -(’?u 5?0
Moy = 519_ cw

o-{ wo\év‘

T, = 22°C

(‘Tew«\)"e fq*g;g c{@hq;\cr) .
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- SAMPLE Noz &4 50 —‘50"+lob'i'

j .We'\c&\d’c of C;OP'\‘\\ar\i‘ +Q\oe_~A(ew\\>er) RS B80S g

i}

Weig of capilorytoioe [ §illed) 1325 gm

\k)e}’\a‘\/\"t o* -bo\‘. » 520 %\N\

S cwa

LC;\A\S‘\'\A o%— Soll saw ?\;. ,;‘
N oo : . T g : . 2 : '
Vorvme o% woil & BLhL s 4.0 ; L= BB, c-w‘}

]

]

DQNT : O‘( ‘\‘\J\oe,.'; - - 1—4—0 ‘lf-vV\ 7' ’

. ; Gg(ée‘kcrv}fw\ed“ -(('OVV\ 59;.%ra;1'|‘\'\{ *Eﬁ*’ ) , : 267 :
' Wy efe - . g

Xx;\r = = = e = ﬁw N "“‘
j';~Vb‘,[l»+e s LT T

2.67»&'.4; i ‘ X . T
LG L T | e

1]

ERYIR

50%0\'“*‘\6\:} - _c'q;Pi‘\\o\r ~'('M\Aecl;d :
- '\:\rb'\ con ) S ‘“('_5 = 28<w\ : o~‘ "wdxev‘ ‘
Second " rov'\b o " o Heo! -— 28 c.W\ ._70(".‘ “’de% ;

’
Sy :

—r‘” = 9"2 DC’ . ( _‘rc'\;mpero.h;r.é o»{- wa%er) .

T

\

50 B/u .-\OD“ +10§  : \éy we,ig\&"(.
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SAMPLE No: 5 50l —100" k200"
So 71:' ."'.Q.OC') lo\{ w-eight :
N “ . *
\N_é‘c&\a* vo -& Lé)}s.\‘\c(\l. ‘\u\oe (“}e.mpl%,')».j = A0OB -gwx

We'\r&\/\\' oh “capillary tobve

(e

= 45’70' 2M

fwe:am “od Tsoi = 562 qwm
, Le,vxo\'\/\ oJ(' 3@\\ so‘wx?\e_ - 3?\.'5. C_\AA

o ) Lo

: D"“"’ Vo\- -\-o\oe_ v = ‘L{'-O“Lv‘m :

'Z o RN 4 A.
Nowome olr soil = BBy x 2D 20 DS cun

. . Lt ' 4 . .' ‘. . .
G (de-\ermw\eé {row\ sp. oGromw\\/ #es%-) = 2,68
CBaey s Ve '_Cfff_“_’_; = e_.:'sx‘”'v\/;_;i{
. V, . A+ e o - \ws‘ g

S562%

‘ 6;\*0?‘0\%\5;\ ‘ coﬁ"\l\\ary “\ead - .
Mo Wo \5.9‘&“!; W
fHCb'_: ?4 +"%Q 375 -
ch : 584
. N

Y-

Tw =

; O."- wo*.ef i

2’).'_c_ .

‘L.;Fciw[:eéo'kufe o—{‘- wa*évr)
;,
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4

SAMPLE. NO 3 6 . 307, = -50 4 105
Sl . & -2038 \oy weio&\/\tﬂ

We‘\%\f\'\ o& ) (_O‘Fi\\o\c_\’t - .'X-u\oef_: LQ\MP'\\/) 328 %W\ :

A 555 . %W\

VWQ‘\%\A'\_ ;04 Ld?i\\ox_rj ‘2"'\)\@'{ (-g\\\e.& )

e

 ‘.557; %;'V\’

Lengi of soil sawple . 24D e

1

Bt T . . —t . L . L )
\)OHUM; ' C)& boi\ 2 34 3 " ‘4:;-0 c. T = 58 . C.\N\?> .-

"Gy ( befevv;/\'meé -‘roy\‘/\‘ ':\5( occa\,\*-\/ +q5*3 .»: ~ : 265 -
K?‘:w‘ = Y ==l L = E _’_.ef»: . Guf A\IL' —-4

g":,* . :" 4+,£t

e = 28214 age_g . ez oFo -

: sqsél;‘axxog VcOP.,'\‘\\;r‘\/v, \aeua . °

Hes : Ho 4+ Qw’lus‘e "Hw‘ : | RN SRt o
“Hee ';".'75 + ('e,nz's;-_'zji). —4D | - |

Moo = 646w of waked

L T\.\J‘l—' QDGC (Tewpé(‘o*ur.e_ o{éu:o.{-er)
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S ,' Lo 25'%-’

SAMPLE No: 7 -’257 .
S o 75/

\Ne\o\qJL o{ C.OF\ O\("‘j ‘v e (ewtp’(\/)

v \Ne\o\/\l. o% c.oF\\\or\/ -\*u\oe_ ( \\\a&') . "

"WAQ\%\/\V*. D‘P sl
Lewghh of soil
Diwe of +o\oe |

sgmﬁe(

=

\]ov...\)M\: o-(— 60- 3"4 X . i_?-\ .
. . Z

‘16 (o\e’rervvxmeé {row\ ‘aP %fO\JF‘C\I R—es& )

Kéry: - o=
VL v+ e - Wa»»

e:____.ib€> 4 3<2>L+—4;
543 ,

e =

$o¥oru\—\ov\ cuPs\\or\f Memo\"' ;

?urs’t i.ru\A : Hc,_-, -: : 28 c.m
. 6e;<.ow:\ '<\"U\‘/\'" s Hes - ‘:, 9_4 CVV\V“—

. PAEE . PN
CThied rown o Hes =

w =
(?50/5

SamPLE NDOSR

- Cemphy)
( gz\_h:.d) _

\Ne.\%\nt o% LOP\\\O\‘\/ -\-u\oe
‘ Weight of cop\\\or\f -\u‘ocz.
"\Ne,\ %\/\Jt, o& sox \

. ,Levx3+\/\ of 50\\ sqmp\e_ e

S 2

D:NH o-(( tu\oc_‘ -
\/\:\.UME o{v bo\\ = 1. Li‘JTg %0

E Gs(éetermmec\ {vowx-sp %m\vny *\-es“’t)

_\66\’7 = 2 = 6 KN e

= =

2664
e = — —
: 569

£ 2O —4 e

o om
-50 + /oo.x

o.é?so;
26 Cowa
_ "‘rful;'

Loow
50 4100

v #
"~ .~loo

GK\-U'

A

. #

» —/DD -f—QDD '; Ey‘u)eigb\t

= 805 ow
0

= AB4UB :
ASHE g

L 543‘%;&

LR

DL cw

N

H

3%4 'c.w\z' -

266

Vo4

o{— uoo\'e_('b
6-(5 \.UdJIQr‘v :
og» u.JoJ'Q\’

22 °c (Te_vupero¥ore o{- wc‘xer)

+200" by %uei-%\»\’t' o
,’-'aﬂxo“‘%m )
A7 gw
562 g
il dw
40
294 cm?
=266 :

wo oo

.

<wA

1

i

\/t "»’J. 2

= '~O.:.83(3 -
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Sohwa’c\ov\ c_aF\“\:r\/ \r\eaé. T T - B | L o
T:\rs’r row 'Hr-s = 26 S »A.c..v\j\ o loatec )
: E;?a(__ov\:drt‘\_)\/\. o : Hcs ‘:‘ - _' 2’_’>.5 .‘.:_“,\._ ot wa%er,_-
. ;FM‘\ra l\‘_ok " e \\:.-;_ . 153¢w\ ok S;Jate‘,—'. .\ ' .
PR o Lo = 227C (Tewparatore of water)
SAMPLE No:3 . 257 —d00 w209 SR S
, s : , n ?5‘/51 o : {:LQO” | ‘ - :

Yoy u;ei%\/\t '

E We\%\/\‘h o% c.cqax\\av\’ 'Lu\oe.(ewy*ﬁ)
._We\%\/\t of cap\\\an}-\u‘oe ({ hed )
~Wexo\.«& of 50\\

= BOS gw.
= 1%54.90 %w\
- v = 546.90 gw B |
Lwow of soll sowple . . = '3d L cm -
. —D;M . o{ tu\oe ‘ o -

_\/O\_UM:: °§’ so\a_

B . n‘40/4 L= 294 cvn’
- Gy (deﬁ(er\mmev\ #rows spem{\c cr *Les‘h}

2,63
L Kdr\/ - V\/b - Gﬁwa . L e__.”.G Kuu \/ .
'e.:,_g_é’.?___‘- .

394 ~ 4 S A

e = 0882
546 >0, oo ’

%o-\'orc\{\ow'caP\ ary \/\Qad 4

Hcs" Hw+\1>e>2M_H“, S /
T—‘rr.éf fOW’ . ch - 317 + 13642.0 - 26, ==? Hes = 260 cun D{‘ Gober
k - ’ Hcs'—40+’7*'36 —3?> —,:'—9 Hes = 238 cwn of wo+€./
’ ‘ Tw— 22°%.

) 66(..0(.«‘6 TUW
(Tew\?ero“’ru& og wok?ef)
' SAMpLE . NO g0

) nr . ] ‘#’
?SL ' =400 + 200

257 ~208° Gy weisWt
Wei%\,\‘t- ‘o!'f capilary tobe '(ewpt\/) = 805 gwm.
Weight. of capilary tube (filled) - -izus  ou.
o \Ne_i%\nt. ok 50\\ o . - s B4, g w
Le\n%lr\/\ ot Sot'\ bowg:\e = DAL ew
‘b?“‘f C el tu\oe e w = 4.0 ‘cw
Vouome ok botQ = 341-4 T K A

yraty . | = 2924 Cwa
6‘ ( cic’\-crmmec\ {-fovw s?e_cx{\c %v test) = 2.64
. b,dr\; = \._..__._-—-s = ,___.__W‘fi.. . —-—?__ > & = G Sw Ve Lo T
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[ r ""' ¢
" 4 o |
e - _Q;é_’L_*__‘___,‘ 5%4 4 ‘ e = 0920
540 N

: so*uro\\mwA C—o?\\\or\, \/\eu&
CHes = Hw + Cans 1.6 -HJ
Cwa o{’ water |

1 'T“": 20° C L Tewxperu‘\:uv-e_ °+ u.;cxt.er)

" SAMPLE Noz:dd - 289 . _50 4100

-_-75 °/° '_ . _200’“ » b\/l We\%\’\t
We\%ME o-‘- L;u-\b;\\\df\/ tu\oe (QMP*f\/) ’b :. 805 %w\ .
SWea %\«t ok capillary Lolbe (; \\ed) = 4%25 " %W\'
V.We\%\f\i ‘as- box\ R = 520 %w\
.,Le_v\%ﬂz\ oSr"§O\\ &Q\Mp\e o R - ’3174 cw
SO .t‘;‘bﬁ o : C2 4.0 0w
: RIS L
T VQL\)M: O{' ba\e- = 34 & »xJI 7( 44- st = 384 QVY\$ .
‘ Cp (C\E“&e\'wnv\ea {rovv\ ’ sP %ro\u\f\; 'tes‘“ QGi 1
< . .
i ) y 675-»
Yary o X2 | B SRS RV
. 262 .4 T S T
e - B Do i
St emed en oo

Satuvrakion C.QF\\\O\\"\’ "Wead ‘.’
‘ ’ HLS;‘:HL&J"‘\B(’*Q

- 32 4156 4 9.5 Heg = 270 cwn of woter
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