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ABSTRACT . 
. i 

Soil churacte'ristics play an inportant,'r,ole,in civil·engineerin; 

structures. ,One of the cbaracteristic phenomena associated l.uth thE? 
, 

behaviour of' so:i.l~ is frosp,heaving; Fros t heaving causes conside'" 

,'rable damag~ to highways, foundations j airfields. and other types of 

earth str,1lctlJres. A 's~gni fico,nt, problem to be considered ,seriously" 

" , 
Basicfe'attu'88 of frost· actiop and factors in fluancing frost 

~!!tion has b:3en shortlyrevievled. ' 

Taking void ratio as apararneter, e~perj;1l1ents Viere performed 

to roeas,ure the sat'urutipn capilla~y, heads of di.fferen"4 soil fractions 

and their, various conbinatio~s. '}':'or', this purpose a ,transparent 
> .". ", • • 

capillc.it'y .tube~ made of farglas~.'~·' 'was constr:ucted,in' the laboratory. 
\' I • -

Permeabil:i ties of the same~~{;lis;were metisu.~ed,. at 't'hes[-\me void 
. (':",' 

ratio as in the cases of:~~~:p.il1arity test/s~' Freezing', ()r'the soils 
'. . . : ~ ~. ".:L . . . 

,were perform8d in a speci~iiy cOnstruct'3ct:freezing chamber, tilt~s 
. . ". ' . . , 

, , 

being' able to measure t11eir moisture content increa~es, which causes 

the mail1 de~trl.J cture,heaving in the, bases and ro:undation o'f civil 

engineering s trl.l,ctures. 
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G round free zing and h~aving hus, from the earliest ·times , been 

a subje ot 'of ohse,rvation and. discussion amon~ the people. The earl:! 

lit;erature ind:i.,~atedfamiliarity with breaking of. pluntroots by 
,-;, 

heavinr"o.·f,·the, gro.und sUl"face 'and. contain!;)d', <.1~scriptions of frost 
" <, > ?? _·"_.(:;.1 ~ • ,-", :,','"\ - , , .' . 

• ,':;:;:- ,I 

boiis~ild ground heur-'frost (needle ice ). HeavinG as,soc'1.uted with 

freezing of ground\'Jus :mentionedby Runeb'3rg in 1765, who found 
'c..e. 

c1earA in SQil'~1'~~1.}154 bY-Volgel". (1) .. 

'Dur~inc; development of stag~ coach traffic in 1700's, it 'was 

observed that frost heaving caus(.iW damage. tocurverts q People at 

that time did not fully underst,and the phenomenon, of softening. 

';,'1)e. cOlning of automobile brought with it· the ):'18 cessity for·' 

prel(enting the so f'tening .. and i nsome cases the complete breuk dovm 

of' the road 51) pf'a ces during the spring tho. wing period.. Then .the 
. . -

t'3 chnical nI'oblarDs associated with frost action attained rAe.l sie-
. I 

. (" .. - .. 
In!_~Cq,nce fY'om a practicFllas VJsllas ?conomical poillt of.v;iew •. The 

1) r.'obl em , b.J.came an acuttJ one prior 'to'1920 and· in the early 1920's 
,>- ".;.; : 

causing investigutior~s to ,b~undertakon in different countries .. 

The prElsent cOlfcept that frost heaving is due to' the' gr'owt,h 
-

of ice cryst<ils int·o ice lenses owas its origins to Taber's, ~tudy(l) 

of the x(oI'k. of Lavelle J ~md BecksI' and Day on crystal growtb.· ,In 

1907, Taber showed experimentally that ice forming in c1uy soils 
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lifted. suri'e.ce weights.' He tne:n concluded -that heaving is caused 

by the growth of ice crystal.s 'int~ lens~'s or layers, of ico.· T1,1at, 

hovJGve r, was on}_y the beginning of Taber's extensive study of frost 

action iri soils. 

Tabe r.t 3.. earlY' statem~nt brought £'orth considerable dis C1.lS sian 

ill .the published li~eratlJre. "T ·d .' . , . .... d 1 hew· eSlans anneapco., rl1nn)OY'liA )y \ b, ... J. . .. ... 

either tects or ~xperience. 
f-

. . 
Taber'~ ~on~eDt ·on ~rostheavin~ was 

., . .. ' '-"' 

! 
pot cbnc9:i,vedby man~ engingers for a long time and t,hcy still 

. , 
sti cl{ '1.0 the old conceptexpres·~edby R1.~ne~')·rg in 1765 that the 

i fros!t heaving v~as duo to volume change of the contained water 
" "" 

chanSing·t·o ice (appiroximately'l}; volume incI>ease.). 

Taber, luter :"9{1, with his comprehensive' report in 1929, dis­

proved this concept with the use benzine and ni trobenzine whi ch 

solidify wit'h a decr~ase in volume. As early as 1897 Holmquist 

observed that in clay s()lis the'soil between the lowest ice lll,yers' 

was often unfrozen indi cating -a lower f',:reezing poil;1t artier some water 
. ," .' 

had b3en dravm outin,t-he procoss of forming tho'overlying layers 
./ 

of' ice., That observation 'was followed by., oxtens.iva· studies. or the' 
, , 

'·freezing point in soil during-th~'period 1914'to 1923 ,bY Bouyoucos' 
, , .' - . . .' 

. xlho found markod di frarences in the f'reezine points'in different'; 

soils and 'f'or a given:soil at dif'ferent .mo~sture contents. ·It was 

the f;indings of Holmqnist and BOUYO'~lCOS 'and other~ater investieaters: 

which made poss.ible a pla~sible explanation or" Taber's concept of. 
, 

water cont~nlling to flow to and nourishing growing ice crystals 

until they de,veiope into ice lalars.· 
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Runeberg'in 1765 ,by ffio3a~uringthe moist'ure content of a 

piece of.frozen clay, found that it contained four times as much 

moisture us it had contained befor'e it was frozen. 

From that time on nruch ~ttention was directed to the movement 
, , 

of' water in soil. Briggs '(1897), Bouyoucos (1921), Lebidef~ (1;927) 

, and Z1.lnke~e (1933) ar:e, ani'ong those who h_~l.d' that forces responsi'~le 
I 

for' water' rncrvftr:1ents weI'e analogous to thc)~e vihich move water in a 
, ' 

ca12i1lary tube. . Buchingham ha?- ,a.dii"i'ererit view.- ~re rna'de -his, 
// 

.co~;;par·ison wi th the flow of' electricity -thI'oueh e. conductor and 

as surned that wut er fl o'lled'il'J' an analogons ma!Ll1er, the dri'Yi~1g force 

vu?ter be'ing the' \"'9su1t-of't;he difference in noisture -content in t,he 

soi1.Ee called that driv~ne force, the n capillarity potential" (1) .. 

. " ".- -.. 
'l'acas "(Jho have studied th!:'f fr98zirig, ~nd heaving of ~J6ils saw 

\ '. . . . 
in the existing concents no completely sati~factory explanatioh.of 

i 

the forces responsible 'for dravdng the \~a.t(H' il1tO ,the freezing zone.' 
- , 

TabsI' aggreedthdt ,during'che, growth of ice layer in 'clay, vlater is' 

suppliad to ,'tha crystals ,thl'1ough small capillary pflssages but heid 

that (1) Ii 0.0 .ene upwar'd movementi of water should not be attrib.uted 

to' capillarity ,as there is no free surface, or meniscu.s. The uplift 

is due to cohesive forces in 'the vw.ter".· Besko,<Jf s, concept of 

freezing and heavinG did. not di ff'errnate~iD.ll:y front"those o:f! Tah(3r. 
i .. 

He saw the "1)ra~tibility of j:'ecognising -.vat er ri10ve.r.10nt ib:! wbat he 

called capillarys~)lJtion, the pate of flow being depondent on the 

p1"eS8111'6 difference aiid the size 'or pore crH~m1elso 'He devoloped a 

capil1~rirn9tAr to give 

-----------------.-----------------------~----~ 
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rise in soils. '. His practi.cal treatment 'of water moveme~t as it is ~ 

r.elated to· frost heaving is p-3~haps the m.ost comprehensive avaiiabl e. 

Some of the earliest field studies in the United States were 
'.' 

mea~ur?Ii1ents ,of' ,soil .moistul"·e ,content, and soil. hatwing of sllbgrades 

by. the, Illinois Department of Highways in the',Bates experimental 

road in tee early 1920"8 •. ' "1>,180: t,hey conducted 'load bearing tes,ts 

with re:peatedapplicatiori of load •. Their tests indicated a marked 

reduction in load carryingeapacity of subgrades"during the frost 

melting period. 

T _ ~ 

. J 
• I , 

Studies in Michigan, starting in '1920ts brought out· the, relati~!1 

between s o~ltype, f?~il profile chara cteristi os, s'oil watercondi ... " 

tious and heaving. 

In i925, tbe' Sviedish Institute. of' Rouds sljonsored a: conference 

on frost action~ . With the. help of' papers~ ,issued b)· t'nisconference, 

and, with th:1t background of information and .cooneration, Besko\y and I 

his fri'3:nds attacked t·he problem •. They have taken into' acco1.mt 

the various phases' of'the phenomena including s·now plowing, cirainage; 
\ 
\ .. 

signi fi cance of 'ge,ologi cal fact ors supporting valuedu:~ine' thA_ f'rost 

'melting 'p8riod, the capillary propertie s of soi).: ;,~nrl how to measure 

it i ~'H3asures 'to insolata \ fmd to is olate fros t, t,{;C 1;S{; 0'£' cholor'ide 
, . \" . 

.' . 
sal~;'s and sulfide ·l:~guO).'ts~· cor:rogati on a!1d countcl" ma8.sures. The. 

1'\ \ '. . ' 

results of thHir stndieswC1'8 puolishe'd in a singlf} bulletin in 

Scie,ntists also W3re iriterested in this soil i'l~eezing and 
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• 

frost boil phenomena. Forbes, in un,7 observed soil temperature to 

depths of over 25, ft., with a specially constructed therl!l0met'er 

-26 ft~ iong capable of' neasuring t emperatllres to one-hundredth degree 

F. 
'" 

'S8.rly st~ldi-3s of 'fundamental in nature was followed:by field 

st'IJdiesofvariO'l.ls designs, to pr~ven,t or .reducethe ,b~currence of 
• • I . , 

The problem of< severe differential heaving 
. .", 

,se emedt 0 bew3'11 under'stood after' the s'V111Dosium held a't Purdue 
.' - ; ;" II.' ...., • • ,f /' 

Vnivers'i-e~r in' 1938 •. , Engineers cOlJld reco[;ni'ze, from soil' sU:rVey i, 
,/ ...... r . ~ • ". '. 

'dutL1., ~l'reas Where severe .l{eaving might t.lCC~lr an~' ·.mulcl. also prepare . 

designs y:ith ,reasonable e~ssur,ance that they would be s1.1ccessfu+. 

Engineers were also' U\'lare of the Iilarke'd reduct'ion in be'aming. 
, ' 

" 

capacity which followed i'r'ost melt'ing in areas 6fsevereheuving . . ~ ' .... -, , 

, and l,'Jhlch expressed themselves in the form 

subsequent breakup cir r'oad surfaces of" the 

of rro~t.boils·and a 
\ 

ligbtor types. 

Hov10ver, a.s thewh':lel loads of commeroial traffic became beavie r 

and the' numbel" of commereial vehicles increased rapi:Uy in tbe' ea.rly 

19hO 's,' it became. evident that engihr:ers l:la~ bumfficient; knowledge' 

of frost :)henomena t; 6 precUct ,'the effe ct \':Ibi cb the ,beavier a.~dinore 

,concentrated vra f'f'ic would have on ,the great milaE60f roads subject 
. t . 

to [, some ,what light81~' fOj.'lTi of fl'ont action. Those mo:pe 1"8 cent deve-
'---- ,. 

Jopri19tl'G:-J resulted in ti..lfJ tn:tEinsive investisat~Dn of fl'osta~tion by 

-tbe: Corps of Bngin'3ers •. Th;J.t work 'was. begins in 1945: and constitutes, 
. . 

th~ .most comprehe.nsive field lirid luboPuto!'Y studie£ or i'rostaction' 

·c.ondu ct ad 'in U. S. J\.. 
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, " 

Among the many terms' which have been us ed to des cribs' the­

proces.'s ofs<?il 'freezing' and heavin~ and. thawing and their eft'e ct' ' 

on pavements'and.st:J?uctures, some of· them are: frost action, freeze·' 

'dmragEJ ,' frost ';leave, frost boil, mud boil and, spring break up. The 

,term; £'1'08t, is the ,process ofc'onee~ling of l:i.quids \'Ii t11 ape cial 
• I 

t 

reference to water. ',Because the act of freezing is the fUndamental. 
, ' 

phase ,of t'he wholepllen'Omenf3.4 :the term frost action is viidely used 

to.'des cri be the above' mentioned series "-of actions and damages. , 

Thus the word, frost actioI) covers. over all' phenomena; includfn~ 

: f~ee,zing' and thawi.ng 'and heaving, as viell as ',ch~nges, in water cont,enl 
" . 

. 

~,[I·· in' porosity til' stru-cture oT the:.soi1 or,chaneesiri"thei~<ca'pac'ity tb 

support loads,. 

i ' __ ' ___ ,_-'-' _____ _ 
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For purposes of clarity in the s~bseque~t sectio;!s,some tBrms 

have bden taken from a lis'G· prepared and approved by the liRB pommitt~i 

on Prost Heave undFrost action in ,soils (2). 

Frost Heave:-

Percent Heave: ~ 

The raising of a surface due to.the formation 

'oficoin the uriderly~ngsoil. 

The' ratio, 'expressed as .. a percentage., of the 

9.mount of heave to the depth of, frozen soil' 

be fo re f're~,z ing. . \ 

Prost-Suscentib16 soil:- Soi1 in which'significant, detri~ , '. 

mental' ice segregation will oc6ur Nihen the 

requisite moisture' and freezing conditions 
. ( 

are prC?sent. . J .. . . 
lion-Frost Susceptible mat'erials:- COhenSi?nlessmaterials,~ 

such' as crushed rock, gravel.; &and, slag 'and 

.cinders in which ,sig'nificant detrimental ice 

seg~egation doe~ncit occur under normal free-
, ' 

zing conditions. 

Ice Segre&ation: -' The grov:rth. of ice as distinct len~ as, la­

yers.,veins and ,mass,es in soils, commonly, but 
'/ 

. not always, oriented normal to the direction 

of heat, loss. 

Ice lenses: -' 'Ice formatL ons in soil occuringessentiall;r 

parallel to each other, generally normal to 
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. PHYSICAL pncc:sss or," SOIL Fn!7;F.ZTNG 

The Stl"ll otu1"e . of frozen soil:':' 

It bas be,en obt.~:~r.U"edby many investigators. that the structure' 

of fpozen soil shows diffet'ent vUl'iations •. Kolclwnen classifies it 

into two !'ormn: iia:s sive or homogenous and str'utified frozen soils 
" 

(l), (3)., 

.. :Uomogenous 17r'ozen s61l 

This typ'~ .of, frozen soil is associated with (;oarse grained so 

usually 1TIeciimr:. sands und (:oa1"ser. (approximately 0'0 4mm. parti c19 diu 

meter .or larger) (11). ~he water in the natural voids is frozen 
< 

withqut formation 'ice lenses. This kind 'ot formations can' als~ take , . 

place in fine grained soils being well belo¥i full s'atu~ation,and 

I·· under rapid free Zi !1G cond;' t ion\, • . 

. stratified.Frozen Soil ____ .. _ Ii 

Thi,s kind of formation occurs in a )ayery apgea~ance. Its 
',." ",':"" 
',. ". 

fOl'nlct ion is initiated in the original voids '01' the so:i, 1. The volu, 

of' tbe ice' str'Gtii'ica-tion,. la:l;er 'c;;.n> exc3eds the ~olume of the· or'ig 

nal voids,' due to' suction.of water from other cavities'and ground 
, , 

: wat'3r with the) act of capillarity. 

, . 
" 

The L,1;rersare usually parallel' to the ground s1.~rface and' 
.. 

pSr'pendicular to the direction of heat loss. Between the layers, 



. ROBERT COLLEGE GRADUATE. SCHOOL 
PAGEl. BEBEK"lSTA!'lBUL 

soft unfI~ofen clay accumulation is usually encountered. (2 ) 

" / 
The thickness of.the ltiyers depends upon the fineness of the 

soils. The 'finert.he.soil, the thicker vlillbe the ice lenses, and 

the. wider they are sepe,rated • 

. T1'iGllI'0- (~) belo\'l illus-trates ice crystallizatiyn in open 

fis aures. (1)' 

Fig. I" 

Figure (2) 

(11) • 

Schematic diagram illustrating ice, c!'ys-' 
tall'ization in open fissures 'and prog­
ressive· development of ·fissures below 
the frost line (9,ushed line' is . frost 
line). (i~fter Beslww 1947~12) . 

~ : i 

shows the formation ice layers in zone' offreezihg 

, '. /,,' / .. //'/ <I/!I!; //// 
'/1'1 'i//I / '; . .1'/ // // :~<! / 'I, //1 /1/' , 

! 
/ /i , ! II .' 1/1'/ / . /, .' / I, '/ 

,//1//
1
/////1////1;'/1/ , . 

/ /; Ic~ loyer/ /.' 
/ /// /11, I. /1//)//(. . . liIJJJ New 

.lh_h\~ \~'\II iliili1l(\ldl\ Ihl u Ilh II lL~1 'l.hl,Ld I GIIGItI''3roVvth 

r: ~
;:. ~ (S- .. 

~'t~'CJ 
... "-So,,· . . f'ad'~/ 

Fig., 2 
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/. , 

Fic;ure (3) shows basi c types 0 f stru ctures of frozen. soil (13) 
, :., 

(0 ) ( b) lc) 

: . /' 

~ .......... ~ 
-s:==.~;:::::~ 

.' .. ' ..... -.... ' . . ~ .' 

,\,' 

.:. ... 
, .... 

/ Fig. 3 

Fl"ee zing Point in Soil and amount of 'fre ezable·· water' in: soil -- ............. -.- , . 7··'······· 

RoseaY'cher's'{l, 4, 13, 2) 'vlOrldngon the' fieldofs,oil freezi 

haveofte n found unfrozen soft C?lay .bet ween deepest ice layers. .Th 

means that a lovwr temperatiJ.re is r'equired to, f~eeze the v/ate'!, in 

rerraining clay deposits aJ~r the "more -freelt ,'water 'ba~ frozen.. Th 

lowering of th~freezJ.ng tempel~atUl'e may amoUl1t 'toe. fe'w degree:, C. 

ACcoI'dingly, not all the wuter' is frozen 'when the'soil mass i 
, , 

'subjected to subfreezing temper'ablre.' This phenomena is experimen 

tally SQown to be ,true for S oi:13 containing a high per'centage of 
, . 

fine-grained, particleso The, eause' of 'this partic~llari:~Y is 'explai1 

by the nat'urs of the surface ,forces dev:eloped between the water 

films sU2~rounding the fine' pRrticles 'and particles itself. TherA­

fore, the temperature decrease required forfreezi::g 'of the water 

beld to the' soil narticle swill VIH'Y with, the intensity of the; :tnt 



Hctions .' 

ROBERT COLLEGE GRADUATE· SCHOOL 

BEl;3EK, tSTAN,BUL , PAGE 

, 1 

Freezing point and the quantity of unfrozen water as a propor­

,tion of the total water content, 01"' percent unfrozen, 'water varies 

~dth. 

a) original water contient ( ; 

b) percent' water';':satux'ation' 

c) free zing temgerature 

d) clay content 

a) cl~~rge densitY,of s oil pa~ti cles 

f) ole ctrolyte' concentra-ti,on' 

g), soil structure 

h) freezillg history of soil 

" 

. , l1he results of the exVeriments performed by ~ouyoucos is 

'shown gl"f?ph~callY below (1) 

Fig •. 4 Freezing tempe~atures. o'f 
different soils.; No.1 'humus ' 
loam, "No.2 and 6 clu.yldam., 
No.3 si~t lOOlTi"No.4 sandy loam 

/ 
J 

and No.5' a quart z .Eili_nioOd_. ________ ~-__ ----
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The Volume Chan&e'of Water on Fre.ezing 

The density of ice' £l.t O~C is 0.91674 and that of'wa'ter at;the~c" 
, 

same temperature is 0 ,99987. , The 'increase in volume ,of C?lf.!3 'gram 
, '1:~,:" "" 

of w_?-;ter when it' solidifies is 0,0907 cc'; or slightly greater than, 
, " , .' 

~ 

Theories on the formation 0 .<> 
1 

, Rarlies,tre cords of, observations indicate (that frost heaving' 

is attributable to the volume increase 'of' soil ''(later on freezing.' " 

That opinion 'apparently \'~as held widely uriffl' '~fter 1900' when 

Johanson discovered that water flows to thefreez:Lng zone and tvio '. . -' . . . 
", ~.; -

, yea'rs .':';l:a'te r, Taber explained, the cause of, heaving' •. 
:.:~.'} '. .'~ ~::! ~.-:-:: 

Taber's theoryexpll;dning the ,meohanics of~eaving is based..- on, 

the ,premise' that (1) all soil:'water does riot 'freeze at the same I. temp~r~tllre ,vhi ch makes it possible. for wat~I' t~ move to" tbe,;'groW;lng 

'c,rystal J' (2), the 'gr~vdng ,crystal ~isplaces material 6verlYi~g":tt, ' 

and thus d~velope ice lenses~ He placed metal weights, on wet clays 

'and ~xposed them to freezing. When ice formed, the meta.l weights 

were· raised and this was due to growing ice' crystals, '(3) the frost 

line is relatively,'stat ionary duri,ng the growth of crystals -forrru.ng 
. " ~ 

the ice lens or 

He hel~ (ref.l) that "During the growth of an i',ce layer in cla-y 

water is s11pplied.t o the . crystals tb~ough :small cap11iary passu~e's 

but the upward flow df wate'r should not ,be attr1ibu'tedt?'dapillar,ity 

-------------------------------------------------~ 
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as there is no fr.ee sur fa ce or menis cus. The upli ft is due to the 
.. 

cohersive forces in the water" •••••. " Conditions existing during 

the growth or an i ce iayer in clay are partic'\)l,lrly favorable for 

the uplift of water by molec1.11ar cohesion •. 

"A l3I'ovling ice crystal is. in ,contactvlith a thin fi+ITI. of· water 

simi luI' to the adsorbed lUY'3r that forms on other solids. As 

mole 6'11es are rem'oved from the films and attache.d to the' crystal, 
, . 

the.y are replaced by others from the surrounding ·:water. When an 

ice crystal grows .'in a di,rection in which growth is opposed ,bY a ,', I: 

solid body 'such us u. clay' p~r~icle, the pressure is e,xerted through 

this film which seperates them •.... Aft'ar the avail<1ble water has 

been exhausted, the' ril~' may be frozen, .bu~ it. do\e~ hot free ~e . easilyo 

Cobesiveis greater' between phe rn~lecules in the 'films and between 
\' . 

these molecules and the ice than it is between, ,vJater molecules that 
'. I 

are not - clos e to ice crystals. 

ttOrientati~n and attachment of a water mble cuIe'to an ice 

I crystal i,s.a:ccomPariied by a slight repulsion, proportiomllto the.' 

. change;' in volume ?and tlii s results' in a slight<· d~spl~cement .~rthe 
. ' .. 

whole:str,~cture relative to ,t,heneighbouring solid'" n As the new . 
. . 

moleculeis.'attached to the ice crystal;anothe·r.molecule. is' drtDvm" 

'!into tbe film 'b-ycohesion, and this is thEil direct cause of mos-cof 

thidis~lacement.» 
'.- • 4' 

tt'1;'he grov/th of' ice layeru :i..n. soils and the a·ccompanying pres sur 
, '. 

erre'cts are therefore attribut'ed to .molecular:cohesiono The energy· 

--------~------------~----~~----------------~--
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" ' 

for the process is of couN;€} supplied by the removal of heat.' Water' 
, ' . 

is not only pu.lled into the film under 'anice crystal with fo:r;ce, 

su~fieient,to lift the overlying load 'but considera,ble force must be 

~xerted in pulling it through dense clay tOr the r;rowin,g, crystal: 

~ence. in these experiments, viat er had been' placed under ·t ension 

, 'sufficie,nt to lift a cQlomn 'of \-'Jater over 150 meters (492 ft.)' in 

It T,he growth of :Lce layers is stopped ,by lack of water s31Pply, 
\ 

"'thich may-be clne to, Pllpturing of the upward'moving filaments and 

films of water und~r t~nsionorto'the inabil~ty; of' ~ole cui~s to', 

Elnte I" films under-pre S8U1"e. Pressure tends to reduce the thickness 
" 

; ... -

of the nourishing film by 'expelling s orne of the mole'cuI,es' ,ahd sin ee 
, ' 

the expUlsive forcas are 'irlcreased the attractive ror~e's rrrust, like'.,.: '. . -
wise be increased by lowering the temperature., els~ molecuies. cannot 

. " " ",." . , 

enter the ' film.' Pressure" de creases mole,cular. mobility in the film, . '" 

ret~~ds crystal growth, and lo~ers the freezing p6~nt;The growth 

of ice crystals under preSSlJI'e in open systems is ;possibf.e bocaus"e 

'>:vater oc:c\1pying very sm;"ll voids can be undel" qoolc;d • 
. ,.,' 

'. ,.9;"a;ber'1a e:{.planation as to why ice layers do not' ,fOl-m in coars,e 
~ -.', ' . 

lSl'>ained soils is It,The freezing isotherm (line . of freezing, tem~erat'ure' 

cannot ·advance. f:l's rapidly in water a's in the minerals found/in soils, 
~ .. 

'to'''' . 

, for ~t ·is'"a poorer conductor of heat ,has 'a great,sr sp~cific h'eat, 

and alsorrnJ ch heat has to be reI?.oved in Jconvert:rng \'{ater into: ice. 

Hence, if ice crystals in growing downward, come into' contact with 

the top of a" large soil pa.rticle, a.nd begin ·tosurround. it so tha)G 
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i 
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::thetemper.t{ture at the 'top of the particle drops 'bel,ow freezing" 

then the temperature of ,the 'bottom or' the particle will reach the' 

'freezing, }Joint before the water with' whichiti,s in contact. There ~ 

fore freezing t'akes,place ~n part out\'Jard fl'om the surface of larGe 

minaI'D.l pl:irti"cles: that ai'e i'ncontact with water, and not merely 

throl',-gh. the downwurd 8ro~:lth or ice crystals as in ,pure ,water. tt 

. . i ' . 
, , 

nWhen a growint; ice cl.'ystal' closely approaches s' s oil particle 

thewatE)r:sepel>atinG them,is grad1.Jully reduced to very thin film 

8xtd furthsl'grovlth 'of' the, cr·ystal in this, dire'etion can take pla.ce 

only ,as "n1claculesof' \:lat er enter'this film.,' If the soil particles 
• ~ 1 • 

"i~ "relati'vely 8~ail so that the ,molecular do not have far to tr,avel 
/ 

through the f.ilm ,and if gpowth is relativel,y slow,s 0, that' they, " 
,. " 

" . . 

have timet/) Anter between ice and particle, then the growing ice 
" ' 

crystal ,wi 11 exclude the particle; and if ,the pa~ticl3 is relatively, 

l~rrge and if free zing is r~'lati vely rapid, 'bhe parti cle is gradually 
. 

"surroundedhy ·the ice. To buildup, a layer of ice, which consists 

of ~nany prislUa;tic crystals, the capillaries supplying the \vat~r nmst· 

be closely spaced." 

,Later on BenlcBlman and' Olmstead sta'ted a the'oi"Y las to the' 
, ... _ .. ~ .' ; ~.-';:,:\ 

. -, 

natu re of fros1;heaving. They have cond'l~dted~ lal)9~r.e.t9ry expe rimemts 
, .' ; '. - .• :.' ',. -: 

on va ri ous, soils. Th(3Y 

tempe ratul"leeondi ti ons., 

fro ze their,s'pe~imens' ullderfluctuBt.ing , 

From:thl~;~~:Ul~ s "obt~ine'd:'~'~'hey concluded 

tentetative1:y;~,hat exc~s2'iv~ b'ea:z.,iilg may occu'r. in soil of al~ost 
" ... ":. 

ani grading or textul"e pI'ovided ana~eq~ates~'lpp1.yof \ilater is 
, '. 

present or available. They held the theory". •••. offered 'an 

~ t 
! 

,I 
1 , 
I 

1 
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lil 

explanation o:fthe formation of ice plates of any'size and number. 

All that'is required is a saturated with water, and a fluctuating,' 

frost line • ~ .•. !t(1). 

,They were advocating theory which explains' the frost heave 

,as an expansion of the initial water of the soil. 

\'dnn smmnarized the findings of most .of the principal inves­

tiGf;'·tOl~S on conqitions necessary for frost· action to accnr as shown 

"j v,, 
j'l 
U 
I! 
II 

' .. (1 
i'l :. t,~ 
1 ii 

- / ~,,' 
; , 

1; 

l 
i 

:·'in·(:;h9 following outline ~ \ ' I 
n 1'0: Destrn ctive freezing as sociated 'Nith formation of segre-, ;; 

gated ice. 

2; rotal frost heave equa,l to the sum of the total thi clnless J 

\ 

. or ice lenses. 
-, 

3. Total frost heav~ in dir.ect proportior:s to increase in 

'cotal water content of frozen soil. 

4. Soil must' e':pwl s,tate of capilla!y.f 'saturation for ice 

segI'egation to ,take place. 

5. k supply of wa/c.er must be available either in s6il or 

fr'om soma exto rnal source 1. e. wa.ter table. 

6. For normal' conditions of temperature, the percentage ,of 
, . . 

O.02mm. diarneter of grains is crit~cal. 

'7. One slow ~eeze'will -cause heaving.,' Tbawinr; :ind'refreezing 

increases sever·ity. b~t dC?es not change basic u~tiori.' 

Cur~lative curve of,' degree hours of freazing p~otted, 
. , i" , 

against time "is qu'nlitutiv6, measure of increase of heave 

with time. 1 
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< •• ~ • t 

The foll.o1fling factors are 01.1 n~ c~ssary.for ice segregat;i0lj 

and· fl"ost ·heave. 

a) Capillary saturation of the s oil at beginnipf,' and 
i 

/ 
d}lring fl"ee~ingprocess. 'I 

i 

b-) A fr'ee s1?pply of' wate'r f r'om within or without . ~ 
1 

i .' , 

c) It minimum pdrcentage of grains 'smaller thun 0.02 mm •. 

(3 to lOj~) 

d) (Trudllu1 de crease iri temperature of ail' above.s oil ·to 

below free.zing temperature. n 

\ '. '. 
Later' .investigators have held severa.l theories on the ice 

I segregation niechunism. B. Penns!"; H. T. Mar-tin, L. W.' 'Gold, a~d 

Irs c,oVJi~h clre some of these'. (2, 4, 5, 13) 
I, 

.' 
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Frost action, as a typical soil behavior', is a. very complicated 

o1).e.. Th~re are ,many t'a.qtor's ;Jbich influences 'it. And its OCC'lu'rence" 

.is po'ssible only \vhen the cOrtlbinati'on of conditions, prevailing' '-ror 

it is fav9rable~' However, it is again desirable to, separate' these 

fa ct ors for a cOlwenient analysis. These, main facto:C's can be listed 
, . 

as follows, 

1. 'Climatical factors, 

2 . Inf.'1U(3nce . of' pra ssure on heaving 

3~ Int'l1)~nceor phys:ice,l' characteristics and properties orsoi 

4.' Physico-chemical prope'rtie.s 

,i. Climutic F'aetors 

(a) Hate of freezing 
r . 

Besko\,l and Taber (1),' ,conducting manylaboi-'atory experi-
.' 

merits, st.e.ted. theimpor'canc,e of effect of 'rate ot: fl~eezing. 1\1-

.\t~oi:igb,'rhte of free zinG did not ,ir:fluenee ,the to'tal,be ave , it did 
," .-'.' -.... ' .. ' ..... ~ . . 

influe nee the th~ ekness-o f' ice lenses, and thus the dif3tribntion of, 

water excess and the consequent reduction in heaving capacity. 

:i'igure 5, (1) shows an c:xarrrple of results of freezing tests 
( 

:Lllu::trating the i ndenendence of frost heaving on rate of, freezing. 
. ", 

'rlj0 's,oil pS(3d \'las a v,ery fine filt '(3R ~0: eO:ll'Ser than 0 .. 02, 75 % 

coarS0,r 'than 0.006 ,10 ~:i; finer than 0.002. (After' Boslcow) 
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Ti'ig.5 An example of'the, reslll ts of' f'ree zing 
tasots iJ.IustratinG the indep3ndence 
of frost-heaving on the rate of freezing. 
The soil'us ed \\'as a va "'{"J. fine silt." 
Pre~sure 410 ~r.· per sq. cm. (0.014 psi. Y. 

'(i.fter Besl':owr. 

(b) Effect of 'rhawing and TIe-freezing 

7rost action is more S8vere aftef a thaw than afte~"a 

single fr0e Zt3 and th3.tthere is a. greatt'~ r in CI'8Ll.S e in S oi"J.. moistu:re 
, . - ' 

cont(~nt and reduction in load carrying capacity fol19 wihg several 

cycles of freezinG und tllaV/ine;. 

2. _~nfluence of Pres8tu'e or:.,]IsLwing 

I 

/ 

," . 
He-suIts of Tab,crt.s ex,pori:r::ents (1) on v<.:\riov.s soil samples 
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showed that the amount of heave in open systems de cre'ases with :inc~ 
. , ,. 

rease in '01"'888111'8 and th8 m~\:,dml1:m ;Load which ma:'T 'be T:Lfted increases .... '. ..." . "..,. . 

\'!.i..thdecrease in 'particle size,. but viith'milch dec-r9:;:\seipsize or 
particle, them~tf3rial wou).d become highly irrrpermeable. The limit 

to ·the load whichma;T be Ii fl~~d. by fy.~S,t h~(:\ving ,h1 an open system 

is not; due to the inability of the ice crystals" to (trow under 

higher press1lrebllt. dneto! the f'ai111reof the w&.tersupp1y. : This 

V.18:S ,TJrovedhy Tabe r who condu ct eo. 'experiments by supplying water 

under pressure large r than atmospheric pressure. His load was 

"14 kgjem2 .- :18 obtained a total thicl{nes~ of ice 2 to 3 cm. while 

i'ntne exper>imentsVlith "vater at atmospheric pressure-he, did not 

find any ice lenses. 

(b)' LO[J.d and' Capill:?,:r>y Pressure 

il.ftep' having conclu cited numerous' i!il'ooratol"'Y experiments, 
I • ,/ 

Bosko\';! summarized his ,fin<1:ingson th·3 effect of ,load- capil1arypressur 

o.s1'o110w8' (1): 

"The I'at'3 of.',fros~; hrJavinr; for iJ.. s:l.von- soil iainversely 
, , 

TJro:;or'!cional to the sqnare of the pressure (sum of load and capillary. 
£. , 

Pl~t)ssure) " after the pressvre exceeds a certain but not large value .. 

T~le reaSOYl for this It ini tia1 pressure ,increm3nt" is that 'when the 

e.pprol3.cl1es zero, the, theoretical rataaffrost heave does not 

ap-p:L'oach infinity but a limitil!-g, but quite 1ar8e, V(;l.l~len. 

SOln~ of 'his results are shovm in-Fig.6, Fig.? and Fig.8 (1). 
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capillary) .Soil-specill\en~ pure. fraction) o.pl - 0.005 \11)1\., parl..icle. size, 
I 
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Figure 8 '. Diagram of frosl helivill.€ 
rate as 'a fUl\cl!on of pressur~·. ' 

, . 

Influence of, Physi cal CLhara cteristi cs and Proue rties of 

Soil on Frost Action . 

(a) Influence of grain size· distribution 

The type of:' soilasit effects the kind of \'1aterinciuded, 

h?-s a large effect. on ,soilfreazing and heaving •. In cohesionless 

soils, having l~ ttle' capillarity, no detrimel1tal frost heaves:.sre 

" ; likely tOl:1ccur. Fr!l1ezing of the originallycontairied water in<the 

pores is not followed by dra\vingextra water fro~ the below particles 

. and strat·a •. Cohesive water particles d.o not exist J.n amolir~ts suffi~ 
. \ . 

On the other hand, in 'cient to cause excessive segregation .of ice. 

silts' where' we find low cohesion and high capillarity ~ appreciable' , 

." 
.amounts of heaves are obtained. In the ciayey soils, due to. cohesion 

, . . 

,and la r'geamO'l:n t of adsorb,ad 'water, capillary .water ~Tlll travel very 

slowly. Therefore, when we have low ground water table, in· the 
.. 

absence of lateral seepage, ice segregation is limited by contained' 

water in dense clays.· 

I 

I' 
I 

I 
t 
I 
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I 
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The table below shows the rise ,of water ingrains of different 

sizes. (3) 

RISE OF WhT3R IN GRAINS OFDIFFERSNTSIZES 

Diameter of 
~rain mm. 

5 to 2 

2 1 

1 0.,5 ' 

0.5 - 0.2 

0.2, - 0.1 

9.1 ... 0.05 

o .05~~··0 0 02 . ,", """, 

O~02 

9.01 

0.01 

0.00.5 

-0!005" 0 .002 

0'.002 - 0.001 

Rizein '24 hr. 
inches 

0.67' , . 

2.13 ' 

4.53 

,8.43 

14.80' 

20.87 

45.39 

.19~09 . 

11.'iZ 

-5.63 

2.17 

,. .. 

Max, rise 
inches 

1.0 

2.6 

5~2 

9·7· , 

16.9 

41.5 

... 76 

'Period for max. 
rise. days 

3 

4-

4 

6 

8 
• • j • 

'72, 

,53· ' 

". " , 

~ , 

Burt on and Benkelmul1 made detailed analysis (1). o,f 156. ,heaves .. 
-

'Th~y"showed ,that 94 occu:r'ed in l'ayers at pockets of fine' text11l:'ed 

material such as silt J very fine' sanci, and silt, or silty clay, clay 

or sandy clay surrounded by coarser , better drained material: .. ' The 

results of the heaves are 

;,. 

r' 
I 
i 
! 
'l 
I 

I 
I 
I 
\ 

i 

1 

I 

·1 
1 

\'j 

1 
i 

.j 
'\ 

1 

j 
'! , 
l 

- ,! 
1 
'j 

I 
! 



... ,. - .;-

ROBERT. COLLEGE GRADUATE SCHOOL, 

BEBEl<, iSTANBUL" PAGE!25:' , 

--~--~----~~----~~~~--~~------------~--------~ 

5.5jb'silts 

, 32 ~b in very fine ,SUild· and silt 

.4. 3 ~o, in very fines urid 

30 %1n clay 

8 '~~ in' silty_clay 

: .. ' ...... .' . 

I, i 

/ 

'-, 

AVera$eheave 

, ,6in~ 

,'4 in. 

5 in. 

3 in.' 

As can be seerl:"t11i3.{'those' material having, high capillari'ty is 

causing de'c rimerital fr9s~heaving.'The only, Qu:r-e for this ' is, to 

replace th~ mate.rialwith materials having favaroble, the. drainage ' 
·',1 

characte ristics. .As' for.the"coar:Ser materials the eiimins.t.i6n of ' 
• J •• :' ". '.," 

fl"OSt he~vingcanbe ('acriomplisl1~d by"provid~rig ad~CqtUltedrai,n~ge 

:'conditions at-the basis of foundations." , , 

(b) . Moisture movement and moisture retenti'onin soils, 

,. ,I. 

' • . f 

Detrimental.·:frost ,action caD.no:~:;peconceivedv.rithout '\'Vater 
, , 

. '. mov'erne nts into the zone 

, is fundeine ntal to wa tar 
, . 

: ' 

in l6a'4 carrying capacity following tha~ving. of frost (1). 'It include 
• .' • I 

'/ 

movements of .water,through ~ ,range:: of "compl~te' ,saturation to a 
'., -" .,. '. , 

\. • c ~, • • • 

condi tic)l1. of partial saturation 'wh~rethe ,quanti:ty df 11l0ist~ reflow 

iSl1O"e ,Significant. ,The proce~~,' or ,mOisture' flow depends on many' 

'factors: . g~ain ~omposit'ion~ shape and grain size distl'libution{7, 8, 
. . . '. . - . 

10) ,these influencing the size and ,shape. of'soil pores. ,It. is also 

de:pending on soil density J initial. wa.ter content and soil structure, 
, ' 'BOGAZiC1 UNIVERSITESiKUTUPHANESl ' 

. ' '. / 

I 

:' 
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I 

because ·these' fact orseffects the nature of the' pore spaces. 

r.rany investigators have classified the water in the soi;1 .into 
, ,\ 

three categories:". (a) Gravitational or free vJater, (b) '1 Capillary J 

. , 

vvater, '(c) Adsorbed water. Since the act of excessive heaving' 

is :nadepossibleby 'mov,emant of capillary water to the zone of 

freer~ing-., we will, be mainlyinte'restedwith the c·apillarity.· 

.(p;~l) ,::I:tlany' ~u;~~;~rs .·an~ i~vestigat6rs .have refrained from 'the 

explariation"ot: ex~stance ofcap±llarity wa~er as described by·the 

. rise of v;at er above a5ree Sllri'ace in a: small diameter capillary 

.tube. They have,;,:ri~~pported ·their argti~entsthat. t.h~re' is no : free '. 
o· .' • • '. • • 

, . . 
sUl"'face exlsting :in a soilmas'se:ftertheboilhasfl'ozen as it. is" . ~, . ( . . 

, , , 

soilr2 ss •. 

,:' 

':'0 be ub1e to visualise the me chani cs of capillary, phenomena 
.' . 

occur-ing in yoids of a drY.J.cohensionlesssand, \ve simplify the 

pr'oblem by I considering the ris~ of· water ~in 'capillary tubes. Figure . - .. 

9 shows a capillary tupe :imimreed in aves sel containing 'ovate r • 

.... ~/ •. ' . ", /. ' 

. .~~. .' 

. . ~G 

. Fig. 9 

1 

I 
1 

'j 

, II I 
'; I 

I 
. J 

I 
I 
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, At ,point a we ,haye atmospheric pressure. Since' po'irit' b is at 

,:)oe < same 'elevation as point at. the pressure i$ the same' as ,at:point 
'j> : . ' . . " ' 

, 
a.To be able to raise a water column above the free sl1pface, there 

. \ 

should exist some kind of tl'1ansactions of forces 'existing' ih the 
, : 

tube. or the. radius of the. ttl,be is 1", the rise of \'Ja. 'cer i'sh c and 
, \ 

" 

d-. is the contact, angle between the tube and water surface .' fr'om the 
.: 

equilibrium of forces' in, v.erti,cal,direction, we can write. 

\ 

Co!>ol, 21t T .' 
, ::. 

1- ' '.2. T ' 'Y'\c,. :::,' __ 5 Coso!.. 

1f",f-

" 

As we see it from this equat,ion for a giventernperature and 

given enclosing tube, the capillary rise is, inv:-ersely proportion~l 

to the radius of the tube. The ,'smaller the tube, size -, the higher' 

the ~apillary there will be. 

, 
The following table gives.the tension'Ts ' in thesi.T~fa cs film 

water i r; contact with air for different, te,mperatu,res (7). 

T(OC) ,300 

Ts (gr.per em)- 0,0756 0,0742 0,0727 0,0711 6,0695' 
1 

Lets consider a colomn of dry sand 'uhose' lower end is immersed 

in a .,:,ater tank. /As soon as it is ilmnersed; capillary actiondue'to 

surfa c~ tension bet\:Jeen the sand ~nd V/ater is going to t akepiace ~ 

Lets denote the distaI}ce -[ihe water is going, to r:i'se as hc(Assuming 
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, , . 

" 
that the portion that wnterhas risen is completely saturated, and 

above 'portions as dry). 
/ 

rise in soil , it cunbe' denoted 'as cap'illurypoten tial.: Capillary,' 

water flow~ng in the 'sand, is under the u'ction of this po~,ential, 

'or head. 
i, 

\ ,- . 

Since flow of wateriri sO'il is determined by Darcy's laW. We 
.'. ' 

can write' 

v = k.i 

wbere v = discharge velocity 

k'=,perrneability 0'1' soil . ' 

i- hydraulic gradient. 

At a ,given ,time t, the capl.llarywater in 'the sand'is' at an 

elevation z. Assuming ,that the 'vertical' i?0l)1pO'n~nt .of surt~ce :tens"ion 

,a:t the upper bOlmdary of satur~ted secti on for, any ~le'vh'tion, tbe' 

'hydrauiic' h~ad, with respect' to 'the' base 'of the, col oron , located at 

the free level :j.shc -, z ' 

'. ",~n¥i~'Y~raulicsradtent 'being hydrau'lic he~~ .divided' by distance 

tra:vel)~ed , 
, \ 

the rate' dZ/dt' is th~ rate at which water is, flowing in t,he sand 

colomn. which is equal to seepage velocity v s 

.. , "-" . . \ , ~ 

,v' v S=-, 
'0 

O'r 

if VJecombine the,equatiO'ns 
~ ~. ' 

dz 
at =, Vs 

V !, -n 

, v dz s ::--err; 
j , 

, \ 

l~~ __ ....:.....----~-----, '--:0---



ROBER~-COLLEGE GRADUATE' SCHOOL 
BEBEK. ISTAN~UL PAGn 29 , . 

from 

at 

dz 
~= 

which we , 

he - z 

t= 0 ,z 

k 

k.i 
n 

-~ n 

get 

. -

hc-z' 
z· 

~ h c Log (he-z) 

-::: 0 

e ::- h -c. hc 

k t = - n 

Log.h e 

"i-

... , 

,c 

- Thus 'Ne obtain, substituting the values. above. 

. -l: . 00 -- --VI "'e.' L L' "" e.. ~ '1' k 6 \-)<--"l '-'''-

". 

Therefore, as W~ see from thise'quation,. the time requiredf6r the 

capillary climb is' limited, by the s'oil 'permeabili ty. ' 

(b-2) The [\.pproximat~ Relation between the Permeability 

'. and Ca,pil1ary Head 

. An approxim'atere1ationshipbetween the- pe~meability and the 

capillary bead of a J3oi1 can be developed by a comparison of. flo\v 
, '. . 

, . .. . 

snd c~pi11arity r~lationsbip for "soil capillaries and capillary 

. tubes . Tbis apnrox~mata relation as given in referE;}nce, (8) is 

where is related to the water proper-ties 

and A:: 290 ce/sae at T'-2000 

,B'is a fac.tor "depending' on soil ,it generaliy variesbet\'~~en 

. , 

20 and 300.' The range of values of ,B/n' is from 50 to 600.' 
", I 

• i 
" I 
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;.1 

As ithc4s been shdvjn by Taber and by other invest'igatqrs tha,t 
'/ 

wat~el" ,in fine clay soil freezes at sever~} de'~rees' below 0J~. . This 

:fuct:'is best ,explaine.ci by super cooling of the viet!;)r adjacent to 

:tl)e" films' aro~nd the pL'\rticl~~I. 
>'. :-

. . ./ . - ;. "" \ .-

It is' ne cas sar~ ):;0,' l~emoye mor~ bea t ~ 
" . I .... . - : . : I' 

.thus reduction i'ntemperature, so as tobe able' to i.ntroduce the. 
, . 

w8;te.r mole O11les' in the film to the growing crystal. And .the a!]lount 

of' -heat remove~ • thus-the amount' ,of energyexp~~ded, \ray·ies \"fith' the­

nature of the ['orces between the water molecules in the film'an'd" 
• > • • ". , • ~ 

the's 9ii mole Cules. Thus thesn})~rcooling is dir~ctly e f.'fected by 
. t/' t··· . '. ' ". .. 

the minerological composition of -clay particles •. 

. \ 

, ; 
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12. },5 11; 50 +100 '/0 - I 

25 <:/0 -200 
by weight 

.: I 

In the experiments ,to, determine·-the saturation capillary head 
'/' , 

,a void ratio, is.provided to the specific aoi,lathand.' -This ,'void 
'\ 

·'ra.tio . ..is then ke,ptthe, same, in all other,experimen1?s, like in per-: 

;::~~'~bili ty and .in free zing, tests! •. 

-200 denotes the fracti~n ?~sing ,No.200 _ sieve having an . 
, . " . . '~. 

, ~50 +:100 
- . " 

denotes the traction passing lio.50·'sieve and 

. retaining on- No .. 100 sieve. 

-lob ~200 denot.es the fraction pO::ssing No,. 100 sieve and 

retaining oil No.200 sieve. , 

. In· the .experiment,s-p.srformed, ·the portion'below 0.05- mrn.was . 

-'not sdperated from-200, sieve pOr'tion-.' .Sinc,e .. this portion and' 

diems ter size's smaller, tharlthese portions consis ts' ,of clay partic~ 
.J 

.les, experimental consiqe.ratfbns of ·the grainsizee.ffe,ct ~ are 

effected by, the' ~dsor.badwate~," And this introJuces some errors iri 

the experim-entalresul ts. , 

. B. Apparatus 

1) Des cript~on and 'preparation. qf appare.. tus fort ests 

Tests of saturation capi~lary h'3adsVlare, performed in an 

ap~')aratu.s 'manufactured in the laboratory. In 9.esig~ing this -



THES.lS ," 
ROBERT COLLEGE GRADUATE SCHOOL.,' 

, BEBEK; lSTANI3uL: PAGE,33,'; 
",' , 

~~------~--~--------~= J 
I 
1 

I ' 

,I, l 
. apparat~s ,the apparatus described in re'f.' (19 )', was.t'ak.en as a model~ ! 

! 

.' I' 

:i 
IJ 

:SO! \,... ' .' 

I, 
I, 
U 

0.5 , -'!. 0._ 0.5 

. ' .. , 

, . . ' 

n ... " 

" II .... 

" 

i, 
I, 
00 

" 

1- .,:'" -' .. : 
~ LJIJ..I~' ==::rrrF~j:.:.J: 
• 'I, .JJc.":': , T 

. _. _'. ,r"IJ\o\oe-rqo."'k<:t. 
,-. - P.O("O\J~ ~~oV\<e. . 

__ ' 1..;;'""", ..... c:..o.p 

I 

~ 
.11 
o 
0-1-+----1-+ ----+ 
In 

__ Wo.\:.e.r t,vt\eJ:. (i",\<:'I:.) 

/ 

" t 

A-A 

I 
I 
j 

. " I 
I 

I 
,1 

··11 
/. ·1 

1 

1 

l 
, .. j 

1 
1 

I 
/ '.j 

/ ' 
~ 
J 

1 
.. The apparatus is produced from ,a ~rt:inspareI/.t synthetic glass. i 

Itscornmercial name i~ 'Mfai' glass". ~he reason, for choosing a II 
\ I 

transparent material ~s to be, able' 'to 'havea co~tr~l,' 6~ t,he different 1 

stages, of experiments, to be able to 'see the phenomena oc.curing in ,I 
the soil during the m::lusurement ofcapilltiry heads. I 

I 
I 
I 

Freezing tests were performed in a freezing. chamber cons.tructed ' 

for this :purpose. It is consisted-of three.~arts •. Lower part is 

a water tank to which is attached inlets and outlets to,. have' a 
.. 

wat.er ,circulation in the t unk sd thri.t the ·ternperature changes will' 



r:H ESt S 
RODERT COLLEGE GRADUATE SCHOOL 

BBBEK, 'ISTANBUL ?AGs34 

'\ ' 

f 

essentially be zero. This P?rtion represents :;the : ground water level 

,occuriing in nature. rf.idd,le pa;t contains 'the insulating' material: 
I ' ' 

J 

surrounding the, brass tubes, containing soil' samples. Top port1:cm 

is ,the, secti on which is beingcool~d by cold air above it. ,Gooling 

th~ samplesw':3r~perfb~med by means of 'dry ice ,and the air~,.empera~ 

. obtained was e.rou~d -20°C for 'a ::1.0 hou~ long int~rval.'. The, figur~" 

of tha apparatus and its various parts ara ShOW11 balow,,' 

,'" . 

I 

C ';o\;Y\~ po r \ioIA 

'i 

. , . , L_. 

, ~ide " Vie-v 

\' l 

., I 

cb
l
' +---, --'-----'-.--f-

. , 
, i,· !, 
~
."" ....... : 
-' t· -f----'-, '. " . 

I: 

, , 

T",o ,l..Q~4r 'o\o""s; " 
"" i'",o\",,,,,, II , ' . 

I 
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Permeabili ties of the soil samples are obtained in' a staridar'd 

i'allingheLl.Ct permeameters in thelaborutory. It.~ standpipecontaines 

..to rnL ot v~u;ter at T-= 20°C. The figul'e' belowsr1oV/S the figure 

cjf the falling bead permeameter and its vaJ::>ious 'pol'tiol1s. 

wo\. ......... 

, , 

C\., ; '" Ve ,.."'0.\ : c. .-os, r.. , ...... ~ T' O\AO \ o."~o. Q f . 
~lo.",d. ",i,,€' .,; ,JlO,l/4 

D:: ~",-{",,~"o.\ 6,\o.W.4.{ .... !o{ ';o~\-l:.,,1.:,e. 

A Jc:'"~~ ... -- .. :.:,d~o"';,.,\ Cv'eo. of So;\ 

1-\ " \ e",..:> + "'-6 . v-t !o 0\ \ .:'.o. ...... )'\~~. 

v-:. \To\v...;.~. o~ ..:.~ ,\ ... "-·.-rle.. 

: (JTh~/0( ~) 

• < , 
.J 

.j 
:1 

-1 

I 
.. J 

I 
I 

·1 , 
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CHAPTBR III 

EXPERIMENTATION " 

Capillar;[ Head Test 

" 
Measureme'nt of saturation capillary heads were measured 'in' the 

apparatus produced in the laboratory. This apparatus w~s designed 

ina similar f'ashi,on'lil{e the 'one described in ref. (19)" 
! ' 

Procedure of, the' experiment., 

1. " Cleani'ng the tube 

'2. Weighing the tlIbe , .~ .. 

'3. , Filiing the layers, ·in 2 em.' thicknesses at the same time 
I 

. '. . 
campa eting the s oil put,. 

4.. Putting filter paper onto-p of' the soil • 
. 

5. Placin'g the ·upper' cap ,of the tiibe 

6. Vveighingit to an accuracy of 0.1 gm. 

7~' _Measuring' the length qf t'he soil-

8. Conne'ctingtop portion to vacuum, bottom wat~r ,-supply_ 

9. 'Applying vacuum, until water is seen to be coming out, 

through the porous'stone. at t'he top cap • .-

10. Applying, head to the.~oil at the bottom. tube by lower;Lile; 

the water tank 2cm./5 min. ' 

',Measuring ,the distance from' the bottom' of the soil sampie tci 

"the wate,r level in .the vJater, tank, as soon as first airbuble"is' 

" I 
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seen to' be coming out of the porous stone, at the ~6,tt om qf the soil 

sample. 

In the case 'of very fine gi"ained particles and low voi'd.-ratios, 

. this head COmes out t9, b~ very high.Iri that case saturatiqri 

capillary head comes out to be very high. 'For th:i.s, we us'e' mercury 
/' 

instead of· water. 
! J .. . ' ~' .' , 

S'atul"ution capilhi.ry head~· of different samples 

,wi thdi fferent void r~ti~s were measured. 'rl'hey are plotted on a 

e vs. Hcs scale. ,In this. graph,' ho:vever there 'are certain -errors 

',involved due to. ·1 
, j 

.1. 1).1 th ough we are 'consider>ing the void ratio, as a parameter, 

,wettedp~riIneter bas an' effect to cha,?ge the saturation 

capillary head's.-

2. ,'MimJs 200 portion contains clay particles. , which has'edsor':" 
,/ 

" 
I, 

bed water fi Ims . a'round , as well.' This also has an ,effe ct 

oln the saturation capillary head, not being related to void, . , 

ratio of. soil'. In the figure,<mpage '.J8~,the set-:-up'Of the 
, ' .' 1 . , 

apparatus, during saturation and during measurement of 

sat1.11~ation ,capillary heads ,;is shown. -

Picnometer calibration: 

,To· be able to measupe·the ,specifi~ gravities of the 'different' 

soil sarrlple, we 'have to, first, c~librlate the picnometer. Tpe.picno­

me.ter used has a volume of 200 ml.at 200 C. 

The Vr6cedllre 'of the, experiments is as follows: 

,1 
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1. Cleaning the picnometer 

2. I 
Putting water into,it so that"the boptom of the vieter in 

'the picnometer is'at .'the same ,level as,the l:Lne 'on it~ 

3. ,Measure temperature of water, (at room temperature.).' 

4. ,\Veigh picnometer a11d water to an accuracy of 0.01 gm. 

5. Heat the picnometel" sloW1:!> at, the same time' stiring the 
, . 

, water in it to have uniform temperature' distribution ih it. 

6. Add,' or ,take out 'some 'weter, '-'(as' necessityaJ;>ises )50 ,that',' 

- ! 

, 
, , 
'j 

the' bottom of the meniscus is at the same'level as the levell' ,I 
, ,1 

of line on the pi en ome ~ar. " ' -. ", 'I 
I 

7. VJeigh the picnometer to an accuracy of 0.01 gm. ' 
. , . . 

8.- R,epeat thB steps 5 to, 7, \'~thiri temp~ratlt're range' o,f ,', ' 

,20°-300C until you get' 4 more points,. , 

9 ... Plot , (\'might 01' water + wei'ght' ,of picnO:lIster'J vs. 

o 
tempere:~ure., C, 

Determination of SEecific Gravities 

2. neigh tare + soil~' 

. ' 

3. 

4. 
Puts oil int 0 the picnometer +wute I' system. 

Heat it slowly by ap~olyin['; partialvacuutn so that all air 

5. ','Adjust thG leve{ of, bottom of.'rnen:l.scus to the same'level, 
. , 

I 
I 

1 
1 

: 1 

'j 
i 
I 

I 
1 

I 
J 

I 
as hair line' on the picnometer" fl"t ,the same time ,cooling I 

,and,'stirring,' the water and soil to bring it to the tempera";' i 

. ture range of picnometer calibrations.' 
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6. llieasnra thetempera,ture of, water-\- soil.' 

Calculations arid da'ta are shown in appendix. 

Spe c~fic gravity of ,a soil is :-

VV!>: 'G T 

Ws - '\N, + Y-J'2. 

permeability 'Determinations -- - ... 

, 
L 
I 

, ! 
Cloan theper'meameter', ' 

! " ~ 

Mansura thei length of,the tube in which s oil is ,put, 

PAGE 40. 

3.' Measu,re the ini;~'rhal:,diarneter of'th'e tube iil which soil is 

put. 

'4. Caltbi"ate the amountofs,oil tO,be p'itto:h~ve;the'void 

ratio~s in the, case ,of'satliration capil,lary heads. 

5. 'Weigh' the 'oven dry soil equ~l to the' amOllnt found' in item ',3'. '. ' 

6. Put'the sOilin'l c~.- layers. , " 

'. 

7. [Iiake'sur,e that ,the "soil. put,.Just rll1~ up,t~,the.,top of the. 

'tube~ , 
" 

8. Put filter papar on top of the soil • 

. 9. Assemble the t·op :portion ofperrneabeter. 

'10. Saturate the soil slowly by applying head to, the bottom of, 
t, 

soil.~ sample.-

11. Hake sl1~e that no o.ir bubble is coming out 01'- tl}e ,~tandpipe', 

, by tapping .to the tube. 
, ~ 

, '-, 12. _ Iiiark the distances ho' Vhohl' 'h] 

-' 

I 
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13. Measure. the temperature oJ; the distilled \'/ater used .. in the' 

permeabi1it;r ej{J)erim~nt. 

14. Beasure the ,tim~fro'm hq toihohl. andfromJhohl.. to. hl.. 

If they.do not agree '1iithin '2~3%, empty the.~ube and ·re.fi1.,l 

it. Repeat the steps 6-14 unt'il you get the oqntitiori.· 

above; . 
. 

1'5. Calculate the perm~abi1ity according to 
.' 

. . i . 

Caloultlt±ons and datapel't~ining to this' 'experiment. are "given' .'. 

intb(3' appen~ix .• 

, ' 

I .. 

" , 

',. 

l 
I 
I 

1 

J 

J 
1 

1 
'j 

1 
i 

.~ 

j 
I 
i 

'j 
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I ,._ 

Freezing of tbe s'umple s were performed in. the followinf:?mO,rmer., 

1. Pr,epa:re the freezing ,ch!:lmbe'r,f'or theexp'eriment'., 
i 

2.~i1fiasure the dia~eter of tubes. 

:3 • Co. 1 cula t e . v 01'.111113 of ~ oil 't'o be put int'o a h\eign t o'f 12, cm·~. 
. .. 

so as to' have the sarna void' ratios. as in capillary and ,.: " . 

pe rmeability expe:d.l11ents:' •. ; 

, i 

" 

, 4. 

" 5. 

.i'ieigll.the necessary amounts. of 9y~',dry, s,oi~. " ""1' 

Place tbA soil ill 2 crn~. th~ckness(t gra?-ua~lY "comp,a,c~~~:lt>: • ;1 

so that it'fills, u 116igpt.of12qm. (s'Oil'pUt i'~'p~rtialiy" 11 

I' 
I 

, ' . . 

.·6. Fr~e~e th,e soi;Ls;by,~ry-ic9 'gradmlllyat, a .rate of 2,oC/hr~ 
. ,'-. 

until t'3mp orature, of ,-2090 is reache9:~ the . ' 
T~1uint&in ':"'20oc tempe r~turef',orl0 hours'. ", 

I,1e'usure heaves', 'irUny present. ", ' , 

.. :'.:' ' 

9; 'Measure the final moisture contents' arts; 'rreezing~~ . 
. . \ '. . ... 

10. . Hepeatsteps 1-9 -with f'till' saturation at smaller void' r~tios 
. , . . 

Measurements o,f the moisture contents '(as shown in ~ppendix) 

are done accordirig .'co the notation in thefigur.e . beloVl~ 
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