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S¡rnoPsis

The effecls cf variorrs inorqpilic chemicals on the vol--

rsne change ehar¿cteristics of fhe expansive cl-a;- soil of the

'l.Jiruripeg area have Ì:een investiqa|ed"

Chloride, sulphate and hydroxide salts viere used as

ir::lersing sol-utions for stanrlard one-din-rex-rsional consolidation

tests. These results l'rere cotTlpareri to lhose usinq distilled

water as ¿- swel-ling solution"

Differentia]- Tl.ernal Analyses revealect tliat, for eacìr

salt, exchanqe took place between tl-re exchangeable catj-ons heltl

in the inLerlayer r"¡ater of the elay riinerals and the cations in

the solution.

Tt v¡as founrl iilat tne ¿¡no'.tnt of sro"ellinq of lhe soil

was part,ially dependent on the val-ence of the exchangeable cation;

a monovalent, ion líÌ<e sodium absorbeci more water and thus produced

greater sr*el-ling tiran Lhe Lrivalent icn al-urtinum, The chloricie

salts tencle<l to reduce the swellinq of the soil whil-e the sulphates

ancl. hyclroddes generally increa.sed the aaor¡nt of sr¡¿elling. Cal-

cir:,r:r hydroxide, v¡hich hacl a considerabl-e stabilizing effect¡ Htr

s:l exception to the rul-e"

The effect of the ions upon the compressibilif)¡ of 'r,he

soil -'¡as snall in coinirarison tc the effecL on fhe sl,relling ehårac-

terisLics "
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initial voj-.1 ratic)

(ae/eo)s relat,ive arnount of swelring (change in void ratio fron
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ratio)

H original t,hickness of clay layer

AH corrnression of cÌay layer

mv coef ficient of vorrme cornÞressibility (.*2¡ qn¡ (eonr-
Þression of sojJ- per ,:nit of origir.r"i tt.ri"k1ess cer uni1.
increase i_n pressrre)

n porosity of soil

¿' n change in porosit¡'

P intergranular pres sure (Ton s/ r#)
Pc pre-consoli<iation pressure

Po initial pressure

Ps suelling pressure

ô p ctiange in Þressure

,/L 1 nicron (fO-ó meter)
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Chapter I

Introduction

TÌre soil in the Winnipeg area of Carada has, for rnany

Jrearsu been a constant source of Lrouble d-th regard to fcunda-

tÍon engineering and construcLion" The problen is a layer of

highly plastÍc, fine qrained lacustrine clay wirich has a thiekness

of frcm tvrenty to forty feet and in some places is even as deep

as eighty-five feet" This was deoositecl durj¡rg the recession of

Lhe l-¿st glacier as the fine grained sedinent settled out of the

,,+aLers of Lhe glacial La.ke Agassiz. This clay, vdrich has a fairl-y

low safe bearing capaci'"y, is irighiy compressible a¡rd can exert

tremendous swelU-n€ pressures 
"

To overcome tiris rlifficulty, nost, nedium and large size

sl,rucfures in 'liinni¡:eg are fcunded on caissons or plles vrhich extend

to Lìre glacial till beneath the clayo v¡here goocl bearing can be

obLainecl. i{owever this method is uneconomical for supporLing light,

build-i-n.qsu road and airfield pavements, In tfrese lai"üer instances

much così;Iy dar.nge occurs clue Lo Lhe vertical r¡ovsnenL of the clay

layer" beneaLh building floors ."¡d foundaLions, a.nC pavement sub-

gracles "

It is Lherefore desireable to stabilize this clay so es

Lo reduce its consolicÌation and sweiling charac""eristics. liuch

uork has been dole, and is being tlone, in sLabilizi-:rg soils for

roacl ancì airporL subgracìes using oortlantl lenent, calci'u:l chlorlde

and various t;rnes of lime comÞo''.:nds" These agents l:ave been shovar

to bind bhe soil particles toqether reduci:-rg t,he perrneability and

increasing the shea.r strength of the soil-"
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The purpose of this investigaLion is t,o det ennine wlrat

effecL r¡arious coamon inorganic sa.lLs and/or cations have on t,he

volune chanqe characteristics of the Lake Àgassiz clay" To accom*

*'ì:-L +r-:^ ^ ^^ries of r:ne-di-¡nqlsional consolidation tests tlereP-LrÞll uilrÞt ¿ Ðç

perforrnecì using these salts in the irarnersin,g solution" The result-

ing consolidafi-on and suelling charact,eristics ere compared to

Nhose v¿hen dist,illed rr'aLer is userj" These resulLs are correlated

to tl^e changes in the chenical sLr,rcture of Lhe soil, espeeially

of Lhe clay ininerals, as evioenced by dif'ferenfial tl:ernaÌ analysis

and L-ray cüff raction anaìysis "



Chapter II

TheoreticaL Review

( a) Cla¡r þ!1¡oa1og,y

In soil mechanj-cs, a clay is generally considered as a

maLerial nhich develops plast,icity wlren niixed v¡iLh a linited anounL

of v,'ater. t)lay has a large specific area,

There are msny dj-fferent clay nr-inerals buL al-l have a

flat plate-like sfructure composed of tr,¡o basic uniLs of atomic

i,aftice arrangenents " The one consist,s of tv¿c sheets of closelSr

packed ol¡¡gens or hydrorryIs Ín which aiuminurn, magnessiun or iron

are embedded in octahedral coordination, so that, the¡¡ are equi-

distant from six o4rgens or h¡rCro>q¡Is (Fi.qure 1) " If alrrni¡r'¿'lt is

Drecionnj-nant, t,he slructure is cal-]ed gibbsile; if magnesium, then

it is brucite. The structure is el-ectrically bal-anceci by i,he om.i-

ssion of some a1u¡rrini¡n ions depending on i¿hether alt¡ninrm or mâg-

nesir;m, etc" is oresent.

The other r:nit is conposed of silica LeLrahedrons in which

a silicon ato¡n is equidi-stanL from four olq¡gens, or hydrory'Is if

requi¡ecÌ to baJ-ance the struclure" ihe tetrahedrons are arranged

to forn a hexagonal nett'¡ork, tìle bases of v¿hich are in cne plane

giving a sheet cornj¡osiLion" Tne oxygen tips aII point in the sa¡oe

direcLion" (F:-gure Z).

The variorrs clay minerals are made up of conbin¿rtions

and variations of these Li.,'o sLructuraf, uniLs 
"

þionLmcrillonite clay has a strucLure forraed by two

silica tetrahedrons with a central alu¡ni-na octahedral sheet"
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The tips of the +-wo tetra^hedron sheets face each other ancì aþut cn

the centr:l- l-ayer" l{ith t}ris arranqciærlt the ox.vgen layer of one

unit is adjacent lo Nhat of the riexi, (Fiqure 3).

lix-chanqeaÌ,,Ie ca*uícns occur 'betr¡¿een bhe si-Iica layersu md

L,l,e spacinq between these iqyers de¡'er,.ìs t¡ arL exLe¡rb unon Nl:e sjze

of t,he cat,ion" Also tïre thicì<ness of tÌre v¡ai:,er layer beLiueen the

',¡ni'Ls d,enenr¡r.r upon t,l-Le n¡-'j,urc of t,he exciranqee.ble cabior¡. ^ror ex-

anpleu t,he oresence of Nal v,:jl1 ,rive ri-se to a,qrea.r,er spacing than

*'rl1 Caff and will affect the phi,-sicaÌ pror;erties of the clay"

Tìre lat,iice of moriLncrillonite always has an unbalance of

charge caused bv Lne substit,ution of ions of different valence in

the tetrahedral ancl/or octahedral sheet such as AI'?l for Si4r and
/ / ')/

¡',*ft ç^- ¡1 )f.-,6 ru.r å! , fhis i¡ partl-y coinpensated for by Lìre sr¡bstitu+"ion

of 0H for 0 in the octahedral layer, but tire net cìrarge deficiency

is b¿fancecl b¡r exchaägeable cat,ions absorbeci belween the unit layers

a¡d around t,heir ecìEes.

The excancÌing lattice siruct,rtre of montmori-Ilonit,e causes

it to srvelr considerabry in the nresence of '¡¡ater. Three layered

expanoing clay ir'inerals such ars nontnorirlonite are oft,en carleo

bentonite "

Iilite clay is si:nj.lar to mica, and also Ì-ias a s.Lruci:ure

conposed of two silica tetrahedral laycrs with a central alr,mina

octahearar layer' The unit is the sane as nontmorjllonit,e excepL

that scme of bhe siliccn ions are ål',var¡s repla,ced by al-r_i_nirruns and

Nhe resul+"ani ciiarqe def iciencr" is balanced by poLassi-urn ions,
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The sLrucLural unit }qyers of illile a¡e ln a. relativel-y fixed posi-

Lion, so that Lræ polar ions c¿¡,not ent,er between the¡r and cause

expansion" Also the interlayer baiancing cat.ions are not exchange-

ab1e. It is i:ossible fhet, rJ-I .qraciaLions caiì exist betrteen illibe

and rnonLmorillonit,e nal<ing cl:ssifica.t,ion difficult" Thus the sep-

aration of 'r,hese Lrvo r¡n:sù frequenLly'oe purely arbit,rary lrith, in

generel, definÍ-tely expandi-ng rna|erial being cslled non+-morillonite

anci non-expancring being called íllite.

The cla¡rs of the Wir:nipeg årea are qredom'ìnanuly nont-

niorillonite a¡cl illite ¿r.s vrill be cÌisc'.:ssed }e"ter in CirapLer Ä"

Hoi^¡ever otirer clay mi-nerals such as Kao] irrÍLe, Vernriculile ani. Chlor-

ite are aiso present,

Ka.olinit,e ha:; a stmcture comnoserl of one silica tetra-

hedrel- Ia5'er and one alurnína octahedraJ- Iqyer, The cìrarges uithin

each slructüral unit are balanced" The uniLs are closely spaced and

regrlarly stacked. r,+j-Lh strong bondina beLween successive layers (i.u"

no swelling).

Ver:liculite consists of an aftera|ion of míca and Couble

v¡ater layers" Like morit:ncrillonite, il l:as a high ion excirange

capacil¡r and an expanding lattice st,rucLure, However t,Ìris expansion

is lirúted"

Clrlorite is comnosecl of alternaf,e m-i-ca-like and brucit,e-

I i ke 1 avrjt^s ¡nri i s .? Têeson¡bl -¡ stable slruclure "

CIa;' mineral¡; have t,he pmperLy of sorbing certain anions

ancl cations a¡i rer-aininq these in an exchanqeable state. These

icns are held aro'ffd the outsiie '¡f the silica-ah:nina cla)' m-i-neral
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sfruc*".Jraf- rmi-ts. Tìre excharigc reect,ion flenerally clces nof affect

the structure of t,he sjlj-cs-alunina pacl:etr'lcrrt the nafr.rre cf the

e::cit.:rqeable j.on l-:ar,' influcnce su'oslantially the ph-'sicr-l rroperties

of the r:laterial"

Ion exch¿nge ce¡ecili¡ i-s ger.er:Il.,' neesi.rred j-n ferms cÍ

nilliequivalcnts per J-CC qrêr¡s of soil al pll ?.

Fjct,h cation €xch¿ìnqe encl aiC-on e:<cìr.inse occur bilt rnore

infor¡n:,ficn is ar¡ai-Ia.ble about tÌlc f ornier t,han a-oout the }aller"

The coirrcn exch¡¡rqeable catic,ns are celcírir.., r:ragn€siule

h;rci,r'cgen ) .otessi.ur.ie a:i't'']onÍu:n anrl sociir;m in orrie r of qenerel- rcla-

tive ¡;i¡unclence " lloninorillonrte and vernicirlite ¡ às Ir e.¡ior:sly

r.len'"ior:ccì have ¡. hj-.h calic¡ excÌ'ange capacil;. in t,he r¿-¡1qe of BC-

15C millie,rui.vnf-en*-s le:: 1C0 gfis, Illite and chlcrile ar"c l-oi+er

vÉt,h a rärlge of 10-4.0 neq rer lC)O cr.ns ancl kaol-init,e is ve:r,'l-oi"¡ with

.'ì rrrn ó'Ê ôf ? -'ì \ -^çrt npr 'l í )fl mq\J.L 
./-L ) ¿\J\, 

O;.'J 
ô

The conri.on anjons in clay minerals a.re sulÐhatee chloride,

phosphat,e and nibrate. Invest.iqat,icn ofl anjon-e"xclianse reactions

is very riifficult" The generîal relalive al,undance cf these anions

is noL Llno'."r hu1, t,heir excfLJ.lqe :e.pacit,ics are gen:ral-l;r nuch lower

than t,he calj-cn cxchan¡¡e canaciiies for each clay nincral .

/, \
\ n r' uon3o l].cat]-on

IJea1irrg i"ith soil-s .for engineering purÐoses present s an

acldítiona-L prcbltxr noL enco'unt,ere<1 in the use of olher maLerials such

as steel- and concreie, rdirev'e sLrenqth :s ine onli' consitìeraLion in

lhese laiier cascs, sett,l ener, l eriC swelling nrrsL :lso i:e accounted

for in soils as r-¡eIl as the shcar sLrength or bearine capacity.
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Terzaghi(2) first introduced the theory of consoiidation

ancì Ceveloped an ex¡u'ession for the coropulation of settletient of

structures lccated above a. confined stratum of norrnal-Iy loaded cla)'.

In the soil sLructure, but,h the soil part,icles and the

water in the voids are considered to be Ínconipressible" }Ihen a load

is anplied an excess Þressure is set up in the pore waLer. Since

a tiqu:d canrrot susLain shear stresses, Lhe water drains array through

the so!I, dissipating Lhe Dore pressure and leaving the soil struc-

trre to carry the entj-re aprllied load. The load squeezes the soil

parficles closer together filting the voicls vacated by t,he v¡at,er

and c onsolirìation t akes n1ac e "

The addition of the weisht of a fíll cn structure increases

the pressure on the clay layer fron the overburden pressure po t o a

value po /¿p. Tire corresponcling void ratío decr"eases from eo to e"

Thrrseo-e=ae= av.Ap (f)

or ê.1¡ ("t2) = ae (z)
igm , ap

fu i= ihe coefficient, of conpressibil-ity for Lhe given Ðressure

range "

The decrease in porosityran per rmiL of the original

soil volumee corresponding to the decrease in void ra.lio Áe is

given by the expression

An= ae {l)ï7%
Thereforean: &1¡ .áp=rnyaÞ (4)

LÃ
mu (em2) = &r¡ (¡)/- \\gm/ I/eo
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*r, i= the coefficisrt of volune compressibility" This gives the

cûfirls'ession of the clay layer, per unit of t k original thiclcress,

due to a uni| increase in pressure"

k{ith a clay fhichress of H and å llressure increase of Ap¡

the t,hicìmess of tfe clay is reduced by

ôH = H n¿.Þ .luv (6)

In a seni-logarit,Ìrmic plot lhe field consolidaLion curve

(K) Uecones a straight line (Figuru 4) which can be erpressed by

the equation

e = eo - Cc . loglo { e., I op) (?)
\ Po)

cc is called tlre corupression index and is the slope of Lhe straight

line part of the consolidafion cwve"

A decomc'ression curve is also fairly straight oi¿er a eon-

siCera.i:le pressure range and can be given by

e = er I cs " losrn I po lapl (s)( n"7
Cs is ealled the sv¡e]lin¡r index"

Combining equation (7) vrith (2) an¿ (i) gives

êv = Cc losro { p" I ap I (9)
.ôP\pol

or rv = õtr;Ð " 1o810 (t#)
Subslituting

AH

Itrv

-n

This represent-s

in load Ap"

(ro¡

in (6) results in

" cc_ . " losro lpo /¿p ì (u)
r{eo \ n" 7

tie compression of a clay layer under an increase
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If +.1-a clay is remolcìed, Lhe e - log o crtrve chanqes antl

since Lhe curve is sLraight over a large Fs-essrlre range it, can be

FêñF¿e ar-.t ¡À L'r" # hp asrroqqi nnI çLrI gÐçl; l,EU UJ U.ru v¡-lJ¡ vJr¿vl¡

\ L4)

Cc and Ce are det,ermi-ned in t,he labcnatory from ihe e -
1og p cuflre o,f a one-dimensional consoliCat,icn lest" The Cc '¡al_ue

obtaired from a laboratory test closely represenbs thai of the natural

stat,e i-n Lhe fie1d"

Ì¡lhen fine qraineC bentonitic soils are exposed to v¡ater a-t

a low confining pressure eonsiderable swelling occurs, The swelling

pressure is taken as Llæ fressì.rre on t,he curve at v¡hich the soil is

consolidat,ed to its original- void ratio before sr+elling occurrei."

(rieure 5) "

The va}res obtained from the e - 1og p curve of one-

di¡rensional consolidation tests ere ts ed t,o estimate tlre total

arnou.nt of sel,Llsnent or heavinn which will occw uncier a fill or

structure ir¡hich is pl,aced on a clay soil.

e3€o-cci"r"*ro(\4ê3)
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Chapfer IlI

Litez'aLure l"eview

(.-) tllay 3rr,:cture

Ïn Lhe previous chapter tlie basi-c structure of the clay

nirreral-s was cliscussed.. ¡oo¡*(ä) oresents a furtler exolanation

discussing not onlJ¡ the arrangeltent of tÌre soil particl-es bu+- also

t,l^e electrical forces actine beLv{een lhein" He stat,es thal electric-

al forces ac"r, betr+'een ali soil;articles bub cnly becone inportant

'.vhen the;r are large in comparison fo the fbrces relaleo lo mess,

This aÞplies in tne case of a colloirÌ r.¡hich has a lar.qe specific

s':rface end ti¡e electricai f orces held near the sur-face ¿re clom*

j nant " Clny si z e pari,i cì-e s , e:; p. ci-a^lly nontnorillonite, arc usuail¡'

in the colioidal raïìge, whicjr ís less than l niicrcn. ?he net neg-

at'ive cha;'ge cai"neú b..' ciay parLiclcs :re'r,alanced b;' exch€nqea-b1e

ions" Vtrhen ä c-l-a;' particlE is placed in water, the cations (plus

a snaller nunber of anions) sl..ramr around. t,he colloid as ilirrstra-

ted in Figure 6a" Fis¡rre ób shows the di-stribu'r,ion of ions with

disLance frorn the clay particle surface and Figrrre óc is ê. currye

of the eleetrical potential v¡ith d.istance. The sr.¿arm of counter-

ions is called the clcnlble l¿flrer. The counterions are also called

frexcirangeablerr sinee they can be replaced"

In addition, there are two other forces acLing on Lhe

clay narticlcs, Tlre lielnhol-tz or zet,a pctenLial is a repulsive

for"ce eristing at lhe bounciar;"" belrveen Lhe inner and outer" parts

cf the d.iffuse douÌ:le layer anri is much less tìran the poLerôial
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"¡hich can be calculat,ed for tlæ surface charqe iærsity. Van der

waal-rs forces are atf-ract,ive forces t¡hich depend on the clensit¡'

ancl size of the i-e.r+-icles and are also neglip.ible"

The Gouy-Channan t,heory shows how tÌre potential-disLarce

curve, i"e. double layer, varies ',titfi cleracteristics of the dis-

persion nedir:rn" Eq'.ntions have been cÌeveloped r,¡hich show ti¡¡lt if

polential enerry is rer-ìuced vinen a.rljacent nar"ticl-es a,ocroach each

otber, bhey rtill rrfloeculaterr or forn aggrepates, but if the enerÐ¡

of t"e sl'stet i.ncre¿ses l*hen trie particles ep-Ðtsoacit each oLhcr, tre¡r

i':-ill disp€rse" I./arial¡les iir the soil-water s¡rsf-en a.f f ec,u t!.e col]oi*

dal sLability. îe'..eralì-y a tenrlcncy toi+ard fl-occulat-i.on is causcd by:

increa.sing : elect,rolyt,e concentratiorr
: ion valence
: temÐera|ìrre

ciecreasine : cjieleclríc constant
: size o f hr¡clrat,ecl ion
" nl]. vr¡
: a¡ion abscrpt,ion

The v¡at,er in cJ-ay can be arbitraril¡r dirrj"rìed into three

t,ypes denending on the relative magni-t,ucle of force between the clew

anci water, ihe absorbed r+ater is held sironglv bv the soil; the

doubl-e lq,zer is aLl the v¡ater el,trecterì by the soil; anC free r.¡ater

is noL attracLed tc the soil at all. I'ieure 7 illust,rates a recnt-

norilloni-+-e particle a:rd iLs adjacent wafer layers"

The above nientioned variables in the soil--wat,er s-¡ste¡n

bogether r+ith t,ïle a¡iount of free v¡at,er afíect nct, only tìre sÞar

strength characteristics of scil lput, also the volurne chanqe cbarac*

LerisLics "
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fn t,he second Ðaper of the series (Ref . !), Lambe d.is-

cusses rrThe Engineering Behaviour of 0or.np,:.ct,ed Clayrl. He mentions

the the effecL of chemical reactions jrr the soil_ are imrrorLant in

the engineering use of soil-"

(U) Swelline of Soils

Swelling cìl:ractoristics of clay soils have been the sub-

jcct of rirån)¡ papers, (Ìlef " 6-L5). Discussions ar€ gereralJ-y centered

on the identificalion of sv¡elling type soils enci hcynr and l-rhy swelling

takes place.

Several sirnple +"ests irave Ìreen sugqesfeci íor means of

iiìent,ifyirrg ootentia-l s,'rôlling soi1s" Ihe rnost cornnon prcposal is

the use cf the At+"erberg Lindts" Kantey a¡,d Brink\l-u/ have offered

the follorrinq criteria f or deterraininq expansive soils:
/- \(i) the linear shrinkage :ho',r1d he qi.eater +.han 8,3
/ ^\12) the liqu-id iinii+. ehoul-cl be greaLer i,lLan 3C¡l(l) the plaslicit,¡' incìcx shcrrlC bc greater tir¡-n 12i.

Seed et .r (fZ¡ 
and itolt,z(?) prool,je oth.er re.l-ati:rnsÌ:ipe

^l-^ "-'i-^ /r+*-ç"^^-- T.i-;+-éJJ(J uÐ¿¡ið Ã(,UÇ¿ uçl t:i !J1.Jiì) o

The use of the actiuit;r ratio (Plas*"lc lr't)ex/',! Cla;ø Size)

iias ¿-l-so l:eerr supgesiecl as a crit,crion brrt t iris is not r+:'ìcl¡' agreed

niJün "

Probabì-y tlle best rorrtine t,esL for deter,qining an expan-

/ -¡\sive soil Ís the free s'¡rell test as sltrqesteC lry llclla\rr or the
(. 5)stanclard one-ci.ímensional consoiidation test descril¡ed by Hardy\' .

Actually thc onl¡' posit, j-ve icientification of cla;rs sub-

ject to vol.¿ne change is by nicroscopic exain-ination, X-ray ciiffrac-

t-ìon and differe¡rfieJ i,hermal a:ralysis" i{or,rever these Nests are
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time consun:inp, require rela+-ively eroersive e.r¡ipnenL and speeially

trained 'personnel 
"

It j-s generali¡¡ aqreed +-hat, several fact.crs are necessary

in order Lhet, sl¡elli.ng occrrs in soils. An exposure cf t,he soil

to water and/or a reducticn in lhe exLernal- load 1n co¡rbination

'¿rith a clay of a high specjflc surface are the most important points"

þlontncrillonite and iiÌite cl¿ys both fall into this category but

::nontmorill-onite is n^,uch nore expansive due Lo its surface chenical

co¡rposiLicn" This surf'ace structure Ís such Lhat water nolecules

s¡o c*Fnnalr¡ o.r-+,raCted to it" Thus the thiCkness ofl dollhle lawef

l,iaLcr bctr.¡eeir each cla-¡ par'cicle is greatly increase'ì (i"e., svrelling
\

^fnÌ1Fc 
Ivvvs¿ç'/ o

Sv,'el1ir c' '^: c rl qn hann e;:lli j.ned lr-,' ¡.li oslact.i: ir.t,crpfeta-

tion (Ruiz 6) " The cationie concentraticn is niuch righer in the

vicinitv of the clay particles than it is in the free r¡aLer" The

difference in ionic ccncenLration qives rise to an osÌ:rotic pressure

Cifference t,hat causes water to flow frorn the point of lol"' concen-

trr.tion to the point of high concentration (i,e., ínto ihe soil)"

'fhe sr^¡e-Lling pressure may oe eva-l-u3.ted by the vanrt, Hoff equatÍon:

p = ilT (c" - co)

i"¡here P : os¡notic or sr+e1ling pressure
r" - gas constant
T : absolute tenperatrü:e

Cc = concentration of ions at the point m-ich+ay'oett¡een
t,he two inter^actinq plaì:es

Co = concenLration of ions away fron the influence of the
elay part,icles

The a;nount, of sr+elli.ng in scils depends on severai- other

factors. It has been shcun that swell arC sv¿ell pressure increase

rcith increasing densi-ty, decreasing water content , increasing randon-
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ness of sLrucf,ure (flocculenL structure), a¡icì decreasi:ig elecLro-

iyte concent,ration in +"he absorbed v¡aLer" Sitell.ing nressure Ce-

creases as swellinß occurs "

The excira.ngea'oì-e cations nresenL al-so affecl Lhe sr+elIing.

For example cla.;is hal-ing monovaf-ent ion,s such as sodiu-rn trill take

up nore ''"¡ater than those having o.i.'¡aleni ions such ås calciun'

In any engineering v;ork dealine wit,h e:<pansive soils it

is lecessary to defernine fhe ainowit of swell a:rd si,¡ellj-ng nrcssure

t,hat ml} develop rrncler the anticípateci ocnc,itions" This is qrrite
1r, \

possi-ble with sufficient testing althouø¡ Ûwegrcv +:rcr fiarcìy\14l

illusii'ate the variabiii'uy in ans'/.'ers v¡hich are cbi,a-ined fron diff-

erent sr.+elling tests.
/r e\Holtz and fij-bl:s\1-)/ t'ive exa:nnl-es ','.¡here h.r'cjraulic struc-

tr.tres þ¡ere constructed on ex-L-ralìsive cl4vs" By ccnsideríng Lhe

swel-linq ¡rooerties cf tl-e soil, tirese strucl'¿rts idere hilt keap-

i-ng disr-ress i:o a lninjnu"n.

(c) Ion ¡xcìra¡ge and Stabilit¡'
l'I , \

Grí:n\lÔ'/ ,¡resents a uiscussion on Lþ f ':ncìanenlais of

ion exche-nqe" ile point,s out 'uhat an unúersLanding cf ion exchange

reaclion is cssentiai to en r¡rdersta¡d1-ng of t,he nabure of prop-

erbies of the soil-s, This is i¡n,:ortanL because it is the nech.trism

of ion exchange v¡hich lrovi,--ies f-he mosf practicable lreans of rnodify-

ing the cl'¿racteristics of soiis"

t¡interkorrr(t?) qives an exa¡:tple of stabilizlns eravel

roacj surfaces v¡jLh a clav bind.er l¡r¡ chenical neans" The compounds

r+ere applied. b;¡ sp¡aying Nhe road surface wiih aqueous soluLions"
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rrThe road was greatly impro.red and necessary naintenance

decreased by Lreatmerrt v¡ith sodium and noLassir-¡tn chlcriCes, sili*

catesr and phosphates, r+híle trcatn'renL -r+it,h cal-ci*a cltorioe nnade

lhe road lJorse. Laboratory tests on sa;r,Þles takez: frorn the íreated

secLicns sho'u¿ed tl":t the beneficial" influence of ihe sodi.run ard

potassi-um silicates, nircsphates and chloricìos '"*as cl.ue to Lhe same

c&usee nåJirely their ciispersive effecl and not No any ceilenline act,i-on

on Lhe secondary aqgregates" The calciu.ni-salt lrea|;tenL cn the

other handu resul-ted in further reÐressi-on of the iri.dralicn of the

clay a.gareqates a.rrcl in a consequenl incrcsse 'ì n lhe r,err,ear:ility

of the road surf ecett "

An interesting poi:rt nade Ìry 
""r'inLerkom 

is that ii is not

necessâry to l.¿ork r.iiiÌl l:onc-iorric soil-s in t,ie fielcì " i-le sta.tes

fhai a Ì'ra - soil- cìr¿racNerisLic ca:i be aclìieved iri-th about 15 oer

cerrf l'ia - saturaticn o-f tiie exciran.g;e conpl-e:: a¡rd'che saturation

proporLÍon required for I'e - anci À1 - soil characteristics is even

-LcÐÞ ô

tr'{interkorn also ¡:ientions successful stabilization tests

using ltla - soap solutions and orqanic cations"
f r <i\

Goidbere ar,d l(leinrrJ/ per.fo¡rnecl a serjes oÍ iest-"

+.realing iv;o e:e¡ansivc cla).s i^¡iùìi ca-l-cii-m ii¡'cir"o"r.t"" 'ìihey f ound

lira.t, adcij-Lions cf caJ-cium hydroxicie in excess of 2 ner cent consid-

erably re,lrrcecl the sv¡eiling char"ercl;erisNics of lhe soil" These

benefit s increascd l¿if lr increasi-ng á"noilrrLs ol salt up to abouL 6

Þer cerrt,. Increaseo resistance cf the soil to defcrnaf;ion rmder
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load was also nct-ed"

rrÏ*r'ay diffraction ancL differentiel' t,her¡¡ial studi-es of

t,ir'.: sevcrai nr¿:terials ínciudeo in t,iús itr.¿esLi.qalion i-ndic¿te the

ccnnlete convei'sion of all calcirlrn hyrìro':iclc cm'''Ioyed in 't,reaL-

neni lo ot,her forrns¡r.

tr. "it is siio'*lri t,hat a por*'ion of' *r,:le calc;um hyoroxide

is ccnverLed to c¡i-ciu¡t carbonate unier corrditions si¡rii¡r Lo Lhose

whi-ch ccc,-r.r in the f ieldr'"
liqlRoIt'-"'diC ccmlressi-cr¡ lests on calciu,lr, a¡id sooil:m

nonfmorilioniLe ani cn scctiun it-Ltte and comnared his resulLs urith

theoreLical-Iy c:.lculaled va.lues" In qeneral he got a gooci conipari-

son" He concluCed, rr". .llrat Lhe corr:iressilrility of nure cla¡'" 5,¡5-

pensicns and ¡:aste c.an be asco'¿nLeo r'cr vùrf, -;,'eII i;;r the corrsidera-

tiorr cf Lhe im-eract,ion betl.¡een fhe eleciric double iEyers forrred

-.* + t^.. -.f ..,- ,.^Ð+ iclesir .vl¡ u 1:Ç v!a,y Jú¡ v

At a s1-rnposi,"rm(20) =po.r"ored" 
'uy the ASüE f our papers

Ï¡e:'e presented by Gri:n, Taylor, irosenqvist and Lam'oe on Lhe physico-
/ ^-. \

chemicai properties of soiis" Grin\zue'' discllsses the s+.rucLure

a::i conÐosit,icll of ciay niinerals, lheir oriein anci methocis of

ioenLifyinq t,he clay ninerai-s"
{rorl

ïavIor\<'wul pr€senLs a complete discussion on iorr ex-

clLarge aria ír,s a,p:licabiliby f o sv¡el}ing anci ccll'¡ressÍciliLv of soils"

Iie coricl-uies that u t'.".it is evidenf frorn Lhe results obtained

wìære dctailed investir¡:ations have been caruiecì out Ín incìividual

cåses Lh¿t t|1e Gcuy-Ciiaonan Lþeory of oj-ffuse uouble iayer pro-

vides a salisÍact ory irasis fcr tire stri,l¡r o-f inan¡' clqv soils, ancl
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tnay be used to derive useful inforrnt,ion about rrrobable nechanical

behaviour frorn the results of clienícal tesLs'r.
( cn^\Rosenqvistts naper\4ve'/ on trSoil-¡iater Syslenisrr discusses

influence of the water nhase and the effect of r'¡ater upon mechanical

properLies of the soil. He also mentions the influence of sr:rface

ions on mechanical propert,ies of t're soil"
/on¡\

Llrnlre\4vu/ prcsenLs a:r inLeresting paper on rrThe llole

of Soil-Technologytr" He exr:Iains the various component s of soil

technol-og¡r a¡rd emohasizes the contributions of soil teckurolory No

soil engineering" fn part,icular he shows hov¡ technology has niade

i-mpor*tant conl,ributions in t,he analysis of stabilit,y and settle-

menl problems a¡d irnÌ:rovecl bechniques of soi-l- stabilization,

especially by chenícal lreaLment.

At the Conference on SoÍI Stabilization\tri h"l,i. at the

l"lassachusetts Instítute cf Technology in June 1952, pepers on all

types of soil sLabil-izabíon were presented, These j-ncluded r'rork

done by chenúcal- means, elecNrÍca1 , bit'.urens and oLher ad¡dxttres

as well as mechærical methods" The papers by Woods and Yoder, and

Muruay discws the effect of clenricals on the physical properties

of the soil" Hort'ever litt1e mention is made of chenj"cal changes

in the soíl structure a:rcl particula"r ion exchange phenomena. In

the fe¡,'r years since that tirne, much work has been done i-n the field

of ionic st,abili-zation.
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Chapier W

LabcraLory Invtstigat ion

/\(a) Descriptlcn cf Scil

Itle soil r:s ed in this investiqation was 1 typicaÌ clty

soil cf the Winnipeg area" It',+as oì:tained fron a si+,e on tlte c:¡it-

pr-rs of the l.lrriversit;r of i'{anitoba fron ibe excavation for a nerv

building" Fcur acljacent i.lock s¿rr'--les vrere rne-riually cug ouL from

the excav¿f.ion fl.¡or ai a'ìepth of nine Lo Len f.:ct" Kca':ing the

proper orienLation, i.ìte bloclcs ',¡ere Lri;:rrLed and r"rapped in a clcar

p1-astic wrap Lo reduce noisture loss. Tirey t'rere imedrately tal<en

t,o !i:e soils laborator-y'*'iere sarnÐles'*'ere Lakrm *"o deterïiine tire

noisLure conlenl" The block sant:,les were LÌ¡en rnrapp':tl in alurdnurt

foi1, coaLed ivit,h -,.¡ax anú s+.ored in a llunidit,;r chamber"

A depth of :rine to ten feeL r.¡as cl-:osen for tÌle test

sai:ples as Lhis is +-l:,e approrinaLe dept,ir rthere founcÌalions ':t¡ii '!,ã3ê-

menf floor slabs are located for nany slrucLures " Thus ii is at

this eler¡ati-on w-he::e the great,est a¡tount of seLllemen+. or ireaving

øoulrl oecur" In addrtionu tÌre sanple from lÌlis depth is above ihe

water tab1e.

One block of soil appro:.imalel¡r st. fosi, cube was used

for the entire tesling. 'lhe soil cculd be desc¡'ibed as a ßTey-

brov,¡n silt,;r-cla"v v¡iLh smal-l ;rockets of silt, ¿nd gvpsi:m and very

thin Ï:orizonLa^L s|raN|fications of silt or rock flour (See soil

profile Figure 8)" The sil-t, sLra.Lifications, vrhieh have a

thicl<ness of l-ess than IrllCO inch, are siriilar to vå.rves but' are

not unifomr enouEh íor the soil to be cla*ssifjed as a '¡ârged clay,
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The natural moisture content was founrl to var¡r from /+6É

t,a {¡5,4 wilth 56ir" being å reprcsentat,ive average" The degree of

saturation was approxin:at e'ry 96;a' "

To ident if;r the soil and ta ricter,nine the physical char-

acleristics and the p\¡rsicc-cheriicaJ- propert,ies, Lhree samples

were Laken from Lhe block" A horizontal slice was taken fro¡n bhe

rnn nna frnm +t"e bottOm ancl a VerLiCal_ sliCe from one side. Tìrevvtr 9 v¡¡v

three sarnples, r'rhich gave practically idenlÍcal- results, were pre*

parecì. ano tested according t,o ASTM, Proced-ures for !çs'b:i-ng_.9tils,

Lg58 (22) 
"

The averaqe specific gravity 1"ras found to 'oe 2"765 and

is esLinatecì to be accurate to 0.C05" Fron grain size analysis

the soil was found to consist of, on Lhe average, 93ì{ clay size

parLi-cles, 6.% silt, and 1S sand. In deter¡rúning t,he Atterberg Lj¡rit,s

a slighf modification to'rhe é,STM Procedure \.¡as emploSrsd; a-fter air

drying a:rd por*clering the soil r.",as cured in a moj-st condiLíon for

24 hours t,o give more consistenL resulLs " The liquid Ii-mit wqs

founcÌ to be 101 and Nhe plastic li-nit 35 giving a pl-asticit¡¡ index

of 6ó. A. shrinkage limit of 17 and a linear shrinkage of approx*

irnately 1?l were also determined. The activity ratio of the soil,

that j-s the ratio of the plasticity index No the per cent finer

bhan û"002 rnn, ís 0.?3.

When these results are plotlecl on Casagrcnders plasticity

charb, this soil is classified- as a CH tyoeu thaL is an inorganie

cla¡r of high plasticity or faL c1ay" Accorrling to Kantey 
"n¿ 

grink(lC)

This 'øou1d be cla-ssed as an exparìsive soil-.
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X-ray diffractoneter analysis tvere also ione lo ieter-

mine the nineralosical conposition of t,he soil and corroborate the

results of the differential ti:ermal analysis" The prccedure useci

uas tlial of 14" L" Jacksonu irSoil Cirenical ;\nel;,rsis, Advanced Courserr.

The orqanic nat,erial ¿¡¡i tÌre carbonates l-¡ere first renoved" The

ssil v,ras then fracti.onaied, by cenbrifuging into tfiree size ranges:

fine silt 5pto 2,u o coarse clay Z:at'o A"Zp anrì fine clay, Iess'/ / ' - / ,/'

*l¡on ô î,, T'.ra s|ldgS iq'€Te Oref:ared for. eaCh fraCtion" cnc Wif-hUtréI¡ Va4f ø ¡viv

tl
the soil saturaLed with üag,nesir:m, Mgrr and the other saturated

witÌ: potassium, Kf " In adrLition Lo the init,ial X-ray, each sanple

saturaLea vlith notassir,un rvas healed to 3ÛO$ and X-ra1'ed again,

f iien reheaf ed to 55OaC and X-raSrecl a thrird tfne. This gave a tot-

a} of lwel-ve X-rays for each sa*tqrl-e"

Instead cf phoLograpÌring bhe fringcs pr<,xìuced by t,he X-

rayo t'he resulLs rvere automatically recorded on ;qraphs' Posilicn

cf the peaks on Lhese graphs corresponded to the different d-spåcings

for the various ninerals and compounds and tirus idenbification uas

possible "

Montrnoril-lonite i,¡as Lhe predominant mineral in the fÍr¡e

clay fract,ion and tctaled approximateLy l+5É of t,Ìre complete sanple.
lra\

This is in gocd accorci r'¡ith that found by ot,hers, Elson'-'/" The

coarser sizes r+ere made up of illiLe, vermiculite, kaoliniNe and

chlorite v¿ith some quarLz and felclspar present'

Tire carÌ¡onale content ',vas sliently less Lban 5f" and or-

ganic me-tter orobably about, 2f .
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Differeniial fhermal a:ralvses shov¡ t:lat ì;he composÍtion

of the soil is predom-inantl;¡ inierlayered illite and monL¡noríl1onite"

iroionrite, orøanic comÌ:ounds e¡rd a trace of iree iror¡ are also present"

iìalcium is fhe main exchanqeable cation in the interla¡rer waLer.

(tirernoera;n for sarnple 1b, Apnendix B)"

The íon exchanqe canaciL.I' of tÌle soil v¿as also defermíned.

The exchanEeable ions in the soil are Le¿rched orrL,øiLh a 1:l mix-

ture of a-mroniurn acetate a:rd ethyl alcohol" ilhe t,otal exchange

canacit;,r ',¡as found to be hC-5A nilU-equivalenls per J-CO r{râr"tiso

This ;ras a}nost enlirely calciun, ¿tl uA magnesiu:n,lagli, with

slightly more caLcirun. Exchanqeable sodiirm arrcl potassS-um ic:ns '¡¡ere

very* Iovr rsiLh aacrcxi:nalely I meq per 100 qraJns eacir.

The p,Ì{ of llre soi} v¿as J"J r."ùrich also indicates a calciun
/r \

montnorillonife soil" Grimt'/
1, \(b) ConsoLidation Testing

A t,otal of tìrirL.y-tìu'ee one-dÍ¡nensioned consolidation

tests r'rere 'ilerforr,red iæing soiuLions of tìrirteen C.i-f iersrt salts

for swell-ing in addiLion Lo distilled v+ater. A consol-idometer

bank conslsiing of six loacìing franes was used t,o comoress Nhe

soil samples. Weiqìrts iqrere apÞIied to a pan ancl tra,rsferred through

â s;r5fsn of nulleys r¡it,h a 1:I0 ratlo to a yoke;,nd tirence to ihe

sa¡iple. Plate I sliows six tests in progress,

The consolidometer dish nhich contained tlle clay sanple

and Lhe svielling solu't ion eonsistecì of a lucife bowl rs-it'h a lucit,e-

covered brass base and a oi¿J- gauße supporl" The luciLe ¡*as used
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as ít

^^i .l^du allt

che:ricali;' inert, a¡ci not, corroclerl or aÍfecled by strong

bases.

Flcalinq ring tesl,s were useC t.hroughouL so as Lo reciuce

the sicìe frict,icrn ef-fecf anc prodllce a rrore uniforn l-rre),isure dis-
+ F-:i.1:+i^* +l.vì^.,^Ìì^rrl rì¡o iÌ-,iel,nqSq Crf t.he Stnnl^- .ì.¿. ri11ûc r\rÞì:Êt.rr.r L.v¿vtl V¡1juc3::vUt, ij,g L::¿Vl.ttt.vJ -.. -..- .,*..¡l ,a jô _..ç_ IlÍ15: itE;¿

of brass anrj'nacl an interior dia¡neter oî 2"04 lnches r+iLh a heieht

Õf 7/t\ incl: arij L lrickness of I/l+ inch.

i'lnro sr:ts rf rinqs l{cre usec cìurinq t,Ìre t,csting. T,:e

fir-qt. six.r.'ere paÍnueci ro¡^itil a clear enarnel paint t,¡ l{,:ep the r;ret,al

frc¡n ì,ein{ in contact, wjt,h ihe soil and solutìon.:nrj t,o nrevent

cûrrcsicn a:rd ta.rnishii'rg of Ì-ì'r e rings, llefore a tesL r+as scf up,

Lhe inl¿r'ror of t,he ring was coalecl r"¡ilh a vcry Íine t,eflon-iike

språy so as to further recLuce sirle fricLiorr" The pajnted rings

proveci uns¿.Li:if act-cr;,r cs1=c:ia11)' at the entl oî the *"esf '¡¡Ì-ren t,he

ser¡pl\:s uere ciriecl in Lhe cvenj the pai,n+- v¡culd- run and il woulci'ce

necelss¿"T'y Ln refinj-sh tlrer hef ore DSÉl e,g¿{in" iìowe.ver t,he aciu¿ìf

test. resulls usi ng these rings uere qrtile s,itisfaci,ory"

'I'r¡e seconrì set of rinqs were identj cal tcr the fir-qt

pycr¿y¡t. t, l',c,w ',.rerp tef ion cOaf ed inst ead of ¡ainted . lì'leSe r'¡ere

mucir easier fo DSr; Ê-s the.1r ¡re'venicd corrosionj r'eCuceo sicie fric-
*inn ra-r,l¿À ^^ relinishing pnrl !.rerí1 ersv t,o cle¿.:t. 'll,e fifSfar¡rL:r¿I¡¿i -!¡\r vlvf v \'aJJ uv v!L'

rirr¡1s l'rere useci for fcur+,t:en lesls a¡ici flie t,eflor,-coi.¡.Led ones

uere eniployccl ín Lile l¡rsL eiqht,een LesLs,

'¡iliile tne height, of 'clie rlnqs were 7/:' inch, t,he ¿v-

eragc ir,it,i a-l- :arnrie he j pl-,t, was onl;' C. ól ir,ch " Tne s¡-r:nlc ,''as

lrir¡:icc aL.out lz'4 inch srorl so es to allor" swelling'.'¡iilicr-r{: tì:e

I>

or
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soil escapi-rrg frcrn lire ring. îhe resrrlling L/D ralic i.¿as abcut

c" jc. A cutter r,qith the ex-¿.cr, sa,ire fnberior di_¡;iet,er a-* the rinEs

ï¡as üsed tc cut, lhe si"*npIes froril snall cÌrunks',rhi-ch i+ere ii1 iurn
cut frorn ihe rarger brock. Tne soir sarnpre was Lr¿insferred frorn

t'he cutter t o f;he ring and t,he encis røere trj-rrrned paraì-lel aìrout l/d
incìr shorLer than the rin¡¡. The weight of the soil a¡d ring were

recorded ¿nd a sar,"pre heignt, measurecl usins a cjial gaugc reacling

to 0"0CI inch.

lhe cla¡¡ sa¡¡.nle r'¡es centered in Lhe ririeu a Êiece of

filter paper and a jlorous corunclu,'n stone situatecl on either sicje

a-n'l ''-he ensenble placed in the consolidomefer a-ncl posilionecì uncler

fhe Ìoad fra¡ne " A, L/21t steel hall bearing vr;ts usecl to gel a uni_

form pressr:re cislriìrution from the yoke to the loaCinq can" A

dia-} garree rearÌing to C.001 inch v¡as seL up Lo læasÌLre tire cieflec-

tion of the sample. Pl:t,e rrirrustrates Lhe en|ire arranqerent.

þJìren the set up was comcrete and the iniLiar reacling

taken on the diar gauge, Lhe fjr-"t road was aqrrieri to the sa:rÞre,

Deflections L'rere ree.d at the follor,ring tlmes: 5e Io, 15 and 30

secs", Iu 2, l*, B, 15 and 30 nj¡rs., ancl I, 21 4 arrcl 2{ hours"

A.ft,er t,he tv¡o rn-inut,e readi-ng for the initia.1 road, tìre v¡ater or

salt solution, r^¿hichever tlie case, vrås adcìed to oroduce srvelling

in the. soir" The fevel of t,he liquid was kept to abcut rnicl-height

of tÌæ sample. A'ft,er 2ta hours aore solut,ion was aclci.ed i,c con;.:letely

im¡¡erse t,he sampl-e and swelring allowerl 1,o continue unt,i] ¡n,a.ximuni

r¡asi re¿ched after about 40 to f9 hours. Tire rernainins loa.ds +¡ere

added, every 2fu Ìrours



/\l

A loacì i.ncrement ratio of 1.'J rtãs rserl, +-haf is P2/P1- e

L"'75 orAP/PI = C.'5, 'Ir:e foli-ovdnq p?Jl loads r,rere apnliecl: 0.J,

0.5, 0"8e 1"1+e 2"5' h.,ae 1.5u \]u 2j axtd lrCI pouncls. The !t por:nd

iveigl.i, vrhich produces a Dressure of E.S2 tons per sqllare fæt on

t.he s:inlle, is the maxin:un canacit¡r of t,he loading frares" In the

unloading cycle everv second incre:nerlt v¡as,-lsccl , tÌrat is fron LC

Ibs. to 13, Lo L+"3u to l"/eu io 0.5 1bs" Ihe loads Ïrere rejì1oved aL

four hour intervals and u-nloading corapleted in one day.

Tests llt to flb were slightly dif f erent,. The loacl inere-

nent, ratio vias the sane but the maximurn loaC was 35 lbs " oy 't.72

tons/sq" ft" These l',rere run mainl¡' lo invest.i¡ate the effect of

differences in unloacling c.vcle rri:on the srçe1linq index Cs. ltlo. l-

.",as unloaclecl e'¡ery j-¡rcrernent aL 2lç hour interva,ls u #2, every second

incr:ernent, ¿+, ?-l+ hour inter"va-l-s, ii3 eveq seconcl íncrenent. a.L {' hour

intervals" 0n /lU tne loading 'u¡as st,artecl aL a t)ressure hiqhcr than

the overburden pres-clu'e j-n Llie field and the unloacLine uras every

second incremenL al four hour intervals.

Some variation r.¡as noted in the conpressive indices

bul the swelling indices for tÌre four v¡ere Ðractically constarit"

Thus iL hras assumecl t.hat unloading evenr seconcì. incre¡rent at four

ìlor:r interr,'als r.'ould gi.rre good results for thc sr'relling in.lex

and cut the Lime of the lesL al-mosí i¡r half 
"

lJhen t,he unloading '.Jai coapleted, the cial'r salple anC

ring r.+ere dried in an oven aL 110t to obt,ain fÌre c!ry vreight of

the soil and t.o det,errnine the init.ial and final moisLure contenls.
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l-he salt solutions useci in i,his Lesfj-ng pr"ogran, vriih tÌre

exce¡tion of a fer"r cases, had a one molar concentration, that is
one formula r*eight of salt per rÍtre of solution. (¡,s tire solufion

evaporated fro¡n the open consoliclomeLers the concenLrat,ion v¡ou1d.

increase slight1y" ) A reagenb gracle salt was used for each except

for sodium chloride where a comnon table branil '.,¡as usecl . The solu-

t,ions nf sodiur'.r sulphat,e and pot,assir.ur surphaLe v¡ere super-satura-

ted ¿nd some sart precipitat,ed out during Lhe lest" The sod.i_ure

chloride anci the a'trnonium chloriCe solutions were ai: the saturaLion

noint" The calciurn h;¡dro:<icìe v,,as insoluble end thus held in a

suspension 
"

Tests I to ia, as nentioned previously, hatì swell_ing sol,u-

iions of distÍlled rsater" Tests 5 t,o 3 had solutions of notassi¿n

chloride, calciuni chloricìe, maqnesium chlorfuìe anct a}'¿nin':m chlorid.e

res nect,ively.

1'est 9 vr,as an excepLion t,o the olhers. It, ivas d.one on

a FarneII consolidalÍon frarne" In this case the saraple was loacled

'r,o l8 tons/sq, ft", more than Lwi.ce t,hecanacity of the other frarnes,

and a recyc]-ing phase and r:nloading vras clone" A fixed ring 2.!O

inches in dia:neter and 0.75 inch hi.gh, giving the sanr: L/D ratio

as the other tesLse was used. The swelling solution was distilled

','¡aL er "

'fesi 10 is another rvith a s¡,*elling solution of distilleC

rçater and unlike ilL to #4 was loacled in the sêfte m¡¡¡1er as the

oLher tests +¡Ít,h sa-l-t solutions, TesLs 11 to 14 rsere vri|h solutions
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nf corlilìrñ att,r^hr*p qrrrìir:er ¡hlnrirìo n^:?q=irrm qrr'lnlrn*¿ rnÀ m¡ovL Jv\¡¡arr rL¡IlJ¡¿¿JU, J!'\.Ik-¿ U:l!U¡ ¡Ugg ;JUúéJ)IUJ ¡qtrUllOUç AfU :l¡ló-

nesilt-rl sulirbâfe. 'lesL i5 hac a :joluiion of ah::ri-nun srllphaie iqith

e O"5 nolar concentraticn, In lhis cåse iL þras not ì)ossible to get

mcre sâIL int,c solution"

Tests i6, I/ ancl l-8 wcre wibh swelìing soiutions of pot,-

essi',lrL h;'dro>j-de, sodiuin hyclro;cirie and ca-l-ci'¡n h:'droxid+ respectively.

As nenLionecì nrevicusly, fire calcirrn hydroxide woulC noL ,gc inlo

solu+-Íon and iuas held in a susÌlension.

In tes'r, 19 riisLill-ed '¡'rai:ev' was again used for sidelling

t,o conpare i,¡-iLh #I0 as a considerably nj-qlrer swellin.g pressure 'þras

found in #10 than in nos. I to Å""

Test #20 ìdas ,?n exLra" The svelling soluticn was 2CX

liqu:d detergenL (Jcl') arcÌ 8O j di:tillcd v¡ater"

Jilr. 2i again had a solut,ion of poLassium ck.Ioriie only

tnis t,i-me wit-h a 2 rnolar concenLralion"

AII the consoliCation LesLs up lo this poini, v¡ere on soil

sa¡¡n'l es thaf. were relp-',ivelv undisturbed. Fcr the remaincler of t,he

tesLs, exceot for #2E" the soil ,.vas remolded by working b)'hand and

nost of the above salts were usecr in the svrelling solut,iorrs again"

Tests nos" 22 to 27 enpLoyed solutions of riístilled rvater, so'iium

ehloride, caf-ciuni chloriiie, aluninurr chloricìe, ¡roLassiun h¡rfvsvi¿*

and sodir:¡,r hydroride resnecLively.

In fest íiZB the soil sample again r'¡as i-n a relativel¡¡

undlslurbed siate ancl lhe swell scluticn was arìnÌoniun chloricìe r¡ittr

a l mo1ar concenLralion (satura-Lion poinT)"
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Nos" 29-]I h¿C solutions of alu-ninu,n sulphete (again 0.5

rn,-r1rrr), :i:ine3ìun suì-p::aic æ¡l not,assi'.ul srrlrhetc rcsi:cti,,'cly.

The lasf tv;o t..s+,.s liere s1ignlì-;r tlifíerent" The sr>iI

sa:¡rples were rernolded nith the Cry por;rlerccl saft (nri:<crl in) anC

distil-ieri r¿aler w¿l.s lLsed for" sr+eliing" ll,:. 32 had aproxinalsl.,r J'1

c¡l¡:iu;:'r chloride ¡lcr fl¡.,r ¡,,¡sj;r.i of scii. lJc " 33 ha.C abcut j,l"

c¡'rciun Ìr.¡rlro.{i ¡ìe and IO:'1 distil-lec r¡af er. liris ro¡cr:.lcì rou4hJ-y

a-r:pr"or-ir'"al,e r.¡h¿t is of--en useci in r.oacl stabiliz¡:tion.

T ie rcs'.rlfs :f Nfrse ilúrt1'-l-þree lests arc plcr,r;eci as

e - Iog P curves in ÀrÐendix li and are tabulaiecì in Table l-"

( 
" 
) Di f f erent,i-¡-l 'llhenr¡r-l Ånalys j,s

,Aii:er eacÌr conscli,lalion tes', uås :ompletcrl ¡urd +-ire soil

Criecì i:r fì,e oven, ¿ ri -i-fÍerenii:rl thernni a-i:l;'sis'..'3s r1u1 rn ii:
f-o cicteni:ine t'ire cìringes in Lhc soíl c¿r'¿sed b.¡ t,he saiis 

"

'llhe f jrst, sLe;r v¡a:; lo pcr+dc:. lhe rlry soil ciisc frcm Lhe

ccnsoli,Lation test ancì pass it ihrouqh e íi6C: sj-eve , Ä renresenfa-

Live :alnrle, abcut 3 g,rtrs¡ tura3 laken ttsi-ng a sam;rlc sniilier,

spreaC on ¿ ;ta't¿tr gLlss a:rcì pl:ced in ,"" roorn vd fh a c¡;ntroll-ed hur¡i-

ctify of about l+5'X f or at least, 24 hours"
.îrl'he ùiff erenfial- íhe rr;r.:Ì a¡paratüs usecl was l.iodei LI'IA-131,Í

ir,;rntif ¡c'r,-r-trecl by iìoTrert L. St,orre Co", Ausl'in, 'lexas" The recorder

is b;r Le eds ancì llcrtìrrup. Plal"'sTì-I ani IV slicr+ the ¡.rsserbl;r in-

:ludj;,rz Ll^.e fis'nace 3n j snecincn holcicr blocl<, Lhc a¡lxili¡:';' f'Jrnace

;:n Lhe cool-ing racke li;e gas bot,iles anC the recorder.

The s:eciren holders have 'been Crilled in a c]¡]inirical

rod cf chrcne n'íckel sL.:el Clich is suplorteC b;¡ an aluninun iube"
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'Ihere are tr.+o specimen holclersr one for lle sanrle lo'oe feslecl ,

and one for i:hc lnert sin+-erecï al-umi,nu-'¡ o>rrje colnnound v¡ith which

Lhe sanpl-e j-s comparr¡d" 'lhermocouï-¡le wircs learJ to each of ihe

hoiCers e.ncì are ¡rr¡nøeri so t.hef, the cofent,ids oppose each other"

l{iti: t,he eþrrlication of heai substances unrlerqo exother::i_ic

anri en<lo+'hen¡ic reacticns. Tl¡ese reactions can be r¡iclieri ur: by t,he

scnsit,ive reccrCer and ar.e qr:rnÌ-reC as exol,herrni.c or endo+,her¡aic

peaì<s. Each peak is charact,eristie cf a n.rrticul,ar rnj-neral or

com¡;ouncl; as i'L j-s rrnlikely thaL an-¡ fiEo rrinerals h¡.ve clenieal-

l-.onds of identical st.rength, lhey ',.ri.1-1 decomposeu cxiciize, or cira¡ge

phase aL rlifferent tenpera.trrres" AIso the a¡rlrlitr:de anrì shace of

the peaÌ:s are 5-npor+-a"nt," \dhen t,le sannle is the sane as the sta¡d-

ard cor:ncirnc no clj.fferentipJ reacti-on takes place ærcl a straiqnt

linc i.s recorded cn tl",e qraph

llr+o r,rns vrere na,:le for e.r.ch sa¡nnle. The cne was heateci

to ócOQ in a niLroqcn atncsphere" Thj.s sunlressecì the oxidation

of the orqanie rnatler anc allov¡ed t,he interlayer water curve cf the

lov¡er ha.lf of the cla.v crtrve to ire v'ecorcì.ed." The second run l'¡as

heaterl to 1000?1 . An oxdvgen atnosphere l{as usecl up to betroreen

5coo anc- óoooc and t|:en r+as changecl Lo a carbcn dioride atnospher.e

which -lr'o.s conLinuecl to loO0oc. This alloi"¡ecl the orcanic natf;er to

be recorCed followed by t,he ulner half of the clay curve o

Tne heatinc rat,e in these Lests lsas abcrrt, l_OoC ::er nj-¡rute

+lSì-rnr'-h +ì"io *r^p-iorl el-i -h*'1 *r-aru-tu'l<lr r/: t- vdML DIIy_:tt/l_y o

Ðifferent,ial tlernal a¡alyses were al.,so cione on samples

of +.he orieinal imfreaLed clay (sane saa-nles as for X-ray analysis,
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as ÐrevioÌrsly nentioned) so i;hat the Lreaf;ecl sa:ipJ,es couid i;e coi¡i-

",¡r-c¡ì f or clra ¡-,r'es wi'ti.ch look nlace irr tlie soi.I :Ln-rclr-:r"e.

'llre +-hermoqran:s fron f;lic oifÍerent,i-al fher¡lal :r:iaJ-yses

ars l'eprccltrced in Li:¡;endjx B,



Ch:pt,er V

r."e s';:.1 t: cf Tests

( a ) C,rns oli ¡1.:t icn 'i'erts

'ili¿' ri:s¡."r1-t,s cri. f,h<: consoli cl:i.iic.,n frsts bi.hicli r/.j€!'e psr-

f onilç:c.L ris-lnq '1.Ìie various salt s j rr t,hc slrelJ.ing s,:iut.j-.rns .-re. plolted

lrr ¡i,Ìre forn cfl e - icg P curr¡i;s. l'Ìie:e arc reÐrciiucerì in i-;,];encli-x

A e.¡rci ihe va'lues of contnressj.ve ínoex, sit,€llinq iure>:o s',rclì.lng

r,r./.:.: îìr*r c-J¡ ., r1.e S1ìAIäSf ilecl in Tabie 1.

f n e ach ol t.hc t ests a s+ rai r;ht, lin c rrâs l:f cbt,"ined

on t\c' v-r rqin cornnressj.on Ìar'u of flir; e * Iog P c',l.r¡r:s. 'f l.c com-

f'r.::sj-vr ìr,ri€X, iìc, t'"es t.aì':m t,o be +-l'le sioÌ:e of t,he Line l--etv¡een

lhr: two point,s of ::ia:<j.r¡¡a nressrrri:, i.i,, 5"C8 i-rnr 9"c-:2 +-ons cer

sq" ft " 'ihis slope r+cuicì nat. ise the trur: ¿lrnllresslve i -,¡ì .':: -'s lhe

sf.rrj,"1-+. i i ne r:rft, cf t,hc curvc 1"Jas noL rcach.ed" IJoi..;e.¡e r t'¡i-g

velue is c1i-lj.i;e adequafr: for conn;rri.nq +"lrc eÍlecfs of tirc difíerent

s.rlts ¿.s the sapc coinls are rn cci i.n each c¡se . This i: i-l-lustra-

t,eci in LÌ¡e fests r+ifh t,i:c disfilfed,.'¡ater. Cc v¿Ll-ucs of C,500 anO.

l"L?2 wcre fcunci in lesfs r1os" lC ancl 19" Ei.rt, in the first four

tests '..¡here 't he sarnnles ï¡ere ìoacieci +,o e lorrer Ðrcssu-rc rh¡:r in

t-htr atrove CaSeS, lhe Co¡rì¡;res5lyç indrrw r.rnc'ld from C.&0S +"c fl "U92"

ï¡. t,es| lJc. 9 a Cc va^iue of C, "572 u'es for:¡lri r,+hen thc sârl)lc',r'as

loaclr:ti -i"o 1,8 ton:; r)€jr srl . ft .

Tlie sr'+ell'i no intacx , Ct u r¡as t ¿km to b,e the slc;:c cf lhe

linc l-:elvíeen +-he mayi¡um ïiressur:c, .3"82 t,ons per sq" fl" a^rrci C"32

Lons per sq " ft. " ír; Tlre unlo¡rÌir^,g c;rclcr" TI.:esr: tt'o poi nt s qi ve
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TA.BI..E 1

SUI'S'{ÀIT OF CONSOLID¡.TION TI.ST RESULTS

TXST SOÏL SIdELIING pFI of Pc Ps 
^N0" COIIDITION SOLUTIO¡Í SOLUTIOI{ T/r'yZ Cc Cs T/fi¿ a = QË_

Cc
Relativelv

1 Undisturbäd Dist,illed H20 7. o.g o.4cs o.2l_g c"35 0.533
2 [ r' I.O .bti+ "2IE "2t "491) tt n r " li ,\82 .zo9 

" 
28 .t+33

4 n tt "t+75 .22ß ./+80
5 't Kcl (r u¡ 6" "380 "l-16 .14 ';a5ó " caclz.zlP'zo (r i-i¡ U"j ,iloO .r4r "L3 "3527 11 r.fsÇ12.6H20 (r u¡ L"5 .t+o3 "150 "I4 "3728 n AICI3.érrão(ru) z" ,4,ct "IlC "06 "z7B9 n Distilled H2O 2.2 .5?2 "231+ "55 "40910 n '' 6 "5 I "3 .50O "210 . 5S "t+zolt il Na2s0¿ (r u¡ 5 "5 ,l+20 .I5g ,98 .376L2 rr l,tra0l (r N) u, .5Is "L72 . )t+ "332L3 " K2SOÀ ( r r.r¡ 6 " .3t+7 .os5 "56 .2t+51À 'r I'lSo¿r"ZIeo (f $) 5" "500 .I5s "jz .3L6

L5 f¡ Ar2(So4)3"1qH20(0"5M) 3. "5OO .r0O ,i3 "20016 '' KoH (r m¡ Ij " "t+59 "c\z "ut+ "L7gL7 tt NaOH (r I.t1 13 . "t+66 ,1oo L "3 "2L518 'f üa(OH)z (ru¡ L2"5 "å4s "L63 .21 "36hl_9 fr Listilled H2o 6"5 L"L5 "L+92 .Igg .35 "h}h20 tt 20.ti liquid detergent 8"5 "5tJ "lóO "35 .?_96
2I 'r KCl ( Z tU¡ t+,5 .t+26 "116 .01 "27222 Remclded Distilled il20 6 "5 " 60B "l7e ,h2 "29223 rr Nact [r n¡ 5 " "L65 "T?ß "15 "2752l+ ,f c a]\2,21t2o (f i"i¡ t+"j .&BO "LZ5 .23 "26A25 n A1C1j"6H20 (r m) 2" "t¿+5 "076 "20 .17r
26 ¡' KOli - (r li) 13. .t+73 .oô? "lo "Lhz27 n NaoH (r u¡ 13 " "565 "1O4 "45 .r83
28 Rel 

" 
Undisturbed Ì{H¿CI ( r u¡ 5 " ,375 .118 "L5 "3l-729 Renokred 412(50À)3 .18H20( O.5M) 3. .r08 "103 "¿5 "25230 n I.t8S0¿,.7nãO (r U) 5" "53O .I33 "t+3 .25l-

3r n Kasoi (r u¡ 6, ,t+75 "l1O .26 "23232 Renolcied with Distilled H20 5. "Lù5 "L27 ,L2 "306
5f. caÇlz"2¿lza

33 Remol-ded with Dislilled HeO 6" O,59L .û52 C"O "088
5'í ca(oH)z &
lvfr Hzo
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the best average slope of the urì-oa.rinq Ì:ar'r of t,iie curve and like

t),e ccr..rress:-ve .'::r.icx is s.:ti.-fac+.o:'y for cllrpa:=i.ns Ll,¿ ¿ff vcts

¡f Lhe various s:i-it:: 
"

The seej-iing pre:sirre for iitese soii salrùes '*¿es deLeniined

by t,Ìrerrfree s,¡elltï test, It i-" belj.eri':o t*¡ ccre aulhcrities lhat

t.hi s t s:st, is inval-icì ¿¡.nd ihat a rtconst,a¡i r"'ollrie''r lest, ¡ìtcuid be

use .i tc a:.:'-rr,, lc1)' Ccter::ri-nr tl e si.relì-ing tre Ef,rìrc. !lc'..'rve r ly-r'egrov
¡'r l \

aí'iì ilLrçì¡.\r'il f:.el tl'La.i ihr:rrfree sr.¡el-lr'lesl is ireferable in some

cases . Eilher wa]r, a gcoc c o¡¡1¡¡¡i 5on 'i s obÌ;aine dr as in ll:c ,rbove

inCiccs, cn lhe eíf ecL cí the s¿:It:; on i,¡e srseiling Drcc:;rrre of

the soii.

Ïn lÌ,: tests r".'it,h tire riistillei ir¿ter, llre pr€-JcrÌsoricalion

p,ress'lre (Pc) of Lhe soil r^:as estir.aLcC by l,)'u'-i :si'-qr'+r,.i e::.et:oci"

[3]rr¡5 rEnged fror: C'"c t,o -r,l;5 Lcns ìJer sì" fi-- l^¿a;r. or'c is :.igh

â.s 2"2 to:rs'!er sq. ft. The exisii-r,g cveri-".rden'.Tess',ì :e -iri the

fir:rd 1'iis aDiror:i:n:tely 0,5 or C.6 tons rær scr . ft" Thu: the scil

is in ¡r slishtl v ovcr-conscl-iitated st,ate,

Tr, rte::ar:,"1 *hc-- eff.--n* ^f fhe Sa]_i;S tVaS tO f.ed,UCe the SW¿II-

ing inrìex an'.] t,h.e c,-Jilprer]sive incÌex (in nocc cases). Ti^:e swell-

ing pressìrrc wâs aiso reCucecl excepL uhere tir socliuil salb:; r'¡ere

useri" These ef iecf s ,,¿iIl- t¡e cisc'¡sseC rncrc f¿llv in the ne>i"

nhcr.* c-¡ç 1r1:p!. vr o

In crcìer tc conriare Llie results pr.)Cì-rced by the iiff erent

salis on the vcl'.ne cìra:ge cfrar:.-cterisf ics of tlie. soij o nerir p]-6r[,9

'øere n¿rcle rv'hieh el-ird-nate,.l tile effect of tire initi¿.I vcid rat,io.

Each voici ralio, e, at, ihe various lc¿:l'ls cn the tesL samples rvas
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rjivi ¡ìerj h-¡ t,he injt,ial voÍc! ¡"aliÒ ê- - 'rnrì nêr,r q-rt¡veg v¡ere drawn

of er,'e" vs lor¡ P. Djrricìing Tr-¡ e6 elinjnlt e s the effect, lhat t,he

init,ia-l- cien.;iti' ancl noísture ccnlent have on the s'¡¡elling cÌrarac-

teristics of the scil. Thus each curve begins eù a corr;:an rioint

a:rd t,he relal,ive amounfs of swelling and consolicìation can easil;'
Tf)e oer,crïrneo. lSce Flqures 9-tÊ).

í¡) D-ì flf ere'"t i ¡l 'l'ì-errn¡l Än¡lgsis\"/

Tr: the ¡r:r':c:is chapter a descripticn of thc sril conno-

sition i".rs ¡iven. D;i-lf crentì.al ther:ra1 analysis shcr,¡ecl "'h¡.t tìre

nrin¡'y':l .:omirosit.ion ¡ås lx"edcm-inanlly inLerla¡rered ill-ite and. mont-

rnoril-IoniLe wit,h snúl- anounts of csrhcnatese qriar-tz, free iron and

UL:tilL) - .:'UUVJ . V U !¿4U .rOJ I LJU¡u VU u- u--; lisr¡ iu-:vlv ¿

in t,l'rr: interla-¡er r..¡ater of the c1a¡r"

Subsequent diffe,rential tÌrernal anaÌ¡'ses, r'thich were done

on fhe sar¿nles used ín the c¡nsolirìaticn lests, in l+hich salt,s were

ad,-iecl f o lre suellins sol'rtionse revea-l-ed lhat excìrange lool< l-.Iace

betr+een the cafcj.un ion in tÏle inferlaver nosili on ancl tl're cat,ions

in t,he solufion. In general r:o olher cnenqe in tÌre soil connosi-

Lion t¡as irot,ccl , Thc: tlierrno,qranLs from th.e v,,irious tcsts '.re repro-

cl.,rced in Aplôndix B"

f¡r the lest,s wifh dis'uiIle,{ 'v'ater nc chanqe from the orí-

ginal soii slr';cture occurrerl excenL -for a sli4.rt infensifiealis¡

o,f i,tv: c¡.icium exchanEe i-on. 'ihis '.'-as al-so the cåse 'rrllen thc

sa,nple','i¡.s renclr'red befcre consolidat1on"
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Where the sodirun salts ltere used i¡ the sweJ-ling solution

c¡ii cn excl-ianse r";es shorûl tc ha¡¡e tolten t1ace" Ti're sodiu¡i ion

cr:npieLelv rerl-aced the calciu,n in l,Èe int,erlayer I'rat,er of ti-:e clay"

TÌris 'r;as ;Ll-sc t\t c¿se in t,est I'lc" 20 '',ìrere a ni:rture ci lin';id

,lelergcnt alit 'r\i¿itr r.'as usccl Íor sucl-ì-Írii" .4.gair:. i,l ;e scdlr.rr'L ion

'¡.,r,1 rno.ì *ìrc csiq* jr¡ r"rl ¡'irr'-I ç: )1.:v

Tn ttre *,est-s; çhcre Doiassi-uil ¡:L¿s '*eÌ'e used.* gooC e-v,ehange

i,Í,?! r'ìot-od csneci-al-i)' -,,^I:lh tì^,e c¡lcr-i Ces ancl srllphåìtes. il:ri"ever

in ii,e ûå.srl '.-rf tn¡ nctas.ii-u:l h..'drc::irle f he exchanr¡e lJ¿ìs not, co¡nnl-ete.

kihil-e f.he !r:tassi-'.ril l+as sirc!.'il to bc in the :.b¡c:"1-.ed '.'¡ai'c.r ir-¡"er

some c-:alc;.',¡';1 or i.ârJflr-siin st'ill- renei.ned.

üoni',l,cle eïchiì.ì^!-ge i-Iso cccurrcci ','¡hen nagner:itlrn cl-rlorj-de

il ;le.qnt,s-"n s:ilp|,llc'.'.';ï-c usili" /rgain ti:c crlci';:-, i¡Ì 1i':1t:eri

'Lìri: ieagl:i:si-l¡;t c at,icri "

lihelr tlie cal-cium sal-t,s t'.reï'e 
"tscc: 

nc e:{chanqr: 
":.r-,neai'e''} 

LÒ

havc tal.:en 'c'I-icc ì,.irL ',-he cal.ci.un ion: in the ill+-er1;:1-e,r' wât,.rl r,""'€v'e

j,ntensjfied" Tlijs',.:as ñloj:t noticeable v¡ilh the c-L'l c-irr;¡ h-rr'lrrrirìe

'i,iran r,.i-il-h lhe cal-ci'.lrr chl-oriile" In test Nos " 32 anò 33 t'\x: salts

in powcier fo:'n r;cre ;,úxccl '¡i-t,il i,ì'e renol,1ed clai'. In lhese i"'¡o

inr;t,ances, t,ìre exclL:ì.Ì'l3ealrle calci'.r-¡t lon was nore 1l'ea+,I¡" it,lonsifie<i

t,ìian in t,Ìre;revioiL:i cil.ses rt'hen the sal-ïs were ¿.ncliei in sclr,rt'ion

Tile ai'¿nintu;r saiLs also lrroduced exche.lEe rcåc{-,iorls l"rjth

'i,he cal cj.ìJrn ion being :"enl¡rceC b-,' tire al'-nitt'n.

Ary;;icnj.i_t¡t.l cillcïide ,..:.3,S tlr r.:r:l es ¡: Solrrti c:r in Cne tesl. In

tì,'ì s case , it is <'.vfrieni t,iln-t the €xchange?Ì-:1e 
"tt.ir:¡l',';as 

replaced

en

i: ì-
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by t,he rnonovale'nt anrnonium ion"

fn the abcve cases v¡Ìære t,he sa-Trre soluLion r+as used on the

soil in a relatively undisturbed sLate and in a renol-cied codiLion,

there was no di-fference in the resulti ng mineralogical conposition

of the soil-.

For bwo of the samples which were treated v¡ith sodiun ancl.

potassium sulphate, separate DTA tests were done on Lhe outside

Iq-¡ers a¡rd on the cenLer layer of the soiJ- sa,nple from the consoli-

dation test" Ì{o cÌifference w&s noted between the outside and the

center layers; i.e. comnlete exchange occurred Lhroughout the 0.6

inch thick sarnple"

On the Lherrnogrars of Lhe samples treateci vith thc suÌphate

salts u a. tew small unidentified pe aks aopeared rshich r'¡ere not on

the Lhermogrån of the original r:nLreafed soil" These vrere probably

due to the sulphate ions"

In general, the chloride saJ-ts appeared to produce a better

exchange reaction"

The elect,ro-chenical series sives the order in urhich ele-

menLs rr.'i1l replace one a¡other. A partial- table of Lhis series

for the eations used in this testing is as follours:

Potassirua
Sodii¡m
Ca1cir;m
Hagnesir-r:n
Aluminu,r.

Potassium, as it is at Lhe top of Lhe table, will replace aJ-l of

the oiher ions below it whm thgr are held fn an exchangeable



\)

st,ate. Likeg¿ise sodiu.n válì- replace eve4¡'Lìring except polassiuir'

The diff erenLial tlrernal analyses has shown t,hat both pot-

assiu¡s and sorlir:m cations h,eve renlaced the exchangeable calcir.i¡o

ion held in the inLerlayer water of the clay" i-lov¡er¡er tìre magnosium

errd ahininum have al-so replaced the calcÍu;n which is conbrary to

the above table" This can be explained by t,he fact Lhat the con-

centration of the magnesium and aluminum ions in solution j-s much

greater than that of the cal-ciurn ion in the inLerlayer ro'ater"

This high coneentration cn¡ercomes the hieher place t'hat, cal-ci':m

holds in the eleclro-ehemical series aticl exchange occursó

Differential- thernat analysis has an advantage over X-ray

anal¡rsis in the identification of clay minerals " Both methods

will provide an identification of the ninerals but the ÐTA will also

ideribif¡r ¿¡o exchange cations held in the interlayer water" The

X-ray analysis vrill onl)r show whether the ions are rnonovalent, or

divalent etc. In addition, the DTA is much faster and requires

less preparation of the sample before testing" Variations in the

heating rate of the DTÅ' aÞparatus and drift clue to an ir,ba-lance

of the therrnocouples do pose problems, but irjenLificat,ion of the

mineral- l-s still possible" Both the X-ray and räfferential therlnaI

analyses wiIL provide qualitative results, but ín each case quanti-

tative result,s are only approxímate, de¡rending upon cornparisons

'øith stan,lard samples"
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thapter VI

i]i-scussion of Fiesults

The cilrves of e/eq vs log P provide a good nethod for corn-

paring lhe relat,ive anounLs of sr"relling and consolidation for the

various soil- samples, Fig'r"s 9 is the e/eo - log P plots of tests

l to 4 v.¡hich were rlrn with distilled l+ater. These curves all- lie
,*¡ilhin one fairly narror"r Lrand, bub should, as there uas onl;r a

smal-l variation ln the init,íal- voici ratios. Tests nos, 10 and 1Ç,

also with disüilleci r.\rater as t,he swelling solr:tion are shÕ-Rfl on

Fi-gure I0. T'he i-niti¿rl s'n¡el}ing and sÏ¡eII pressure of Lhese trso

trials are consirìerably different orobably due t"o the differences

in initiel- void rat,io, density anci noj-sture ccntent" Ho'.vever,

Lhe rela|ive amount of consoiidation for each is praclical*ly iden-

tical" Líkew"ise tire rebound curves are very sinils'"

Fiqures 11, l-2 anci 1-3 compare the effect of the various

cations of Lhe chloride, sul-ohaLe anci hydroxide salts on the rel-

a.t.ive amounts of ''¡olu¡ae cìrange of trne soll"

The swelling characteristics of the soj-I, in unùi;iurì:.:d

condition, for the different saLt +-reatments are sunrnarized in

Table 2"(({9)" is the naximum relaLive ærcunb of srvelling on tlie
( "o)

e/eo - Iog P curve and Cs anci Ps are frum the e - 1o P cr-rrve")

Frou this t,able it is quite evident t,hat bot,h the eations anrl the

anions in the inLerJ-ayer rEater positíon of Lhe clqy mineral-s have

a pronounced effect on the swelli.ng properties of the soil"
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/\{.å/ l,fi-eci: of Cat,ions cn S'ureiJ.ing

Albhough LL:e:"e is a defini|e tr.en,:L in t.he amount. cf swell-

inq in aisociation i.j-tì: each of tjle caLicns, sodi..rr i-s thc ncsi.

conspicuous. Tiris cation causes a coi'rsicì er-a'cly lr i_gher swcliirrg

pressure ¿nci t,hus ilore swelling th:.n aiqy of lhe others. The order

of cat:ons for rqhich the s',velling is decre."-s--,i for trris nart,ici;lar

soif is ¿ls fc-¡licws;

S ocjiilr¡
Är:ncni um
Pc'tassi'æ
Calcium, ì.lagnesi.um

(mosb swelling)

Aluminrun (nosf stable )

'Ihis trend is ev-ident with each of the chlorideu sul_

phate, and hydroxide salLs, although er¡ery catÍon cloes not ,3.llpear

in each series"

rn the surphat,e series of tests, the alunrinum lreated soil
swells less than the one treated with magnesiu.m, but the al_u¡r_inum

sulphabe has only a concenNration of 0"5 rnorar compared to the I
rnolar concentrabion of the other sal-ts" rt will- be shor.r*r rater

t,hat t'he ioni-c concentration also affects Lhe voru-nre changes of

U]1U ù lJl-I6

Fro¡r t,he above, it acpears that the swelling character-

isbics of the soiì- vary wit,h the valenee of the exchan,qeable cations.

Sodi-umu a:nnoni'u¡n and potassiun which are monovalent produce the

most sr*ellin6g vrfrile alirminum, a trivaLent ion causes t,he least

cliange, Cal-cir¡,q and nagnesium, being ciivalent, have swelling

eharacteris+,ics between Lhe two exLre.mes"

This is essentially what was stated in Chapter J. I¡Clays

hauing monovalent, ions such as soditgr r,ritl- take up nore water than



those harring divalent' ions sttch as calci"umtr"

Sodiur¡r ancl notassir:ri:L are hoth ¡ronovalent ione but Lhe

rela"Live a¡nouni, of si";elling prod'.icerÌ by each is consi..icrablv cÌiff-

ereni. Tne pota-ssiru:r 'nas a fixing por;er upon l,ìre e-x;,anör1q lat,tice

sfruci:ure of nontncrill-onite. ?his sives the montüìcriLloni-be

characteris|ics similar' to thai cf illit,e.
ír<ì

The result.s ci NcsLs b¡¡ Har<ly"// '.rere cìj ff erant fro:r

t,hose of Lhis invesLiøation" He founo tiçrt tr"eat',nent wit,h calcir:-.¿

ct.lori ie r'eiucc¡l bhe siseil j ng :rressure flron th ".L rf t,Ìre origi-ral

^^i ì ^-': + ì^^+ + reatnent vit,h sodiun cl-rlori cle rrrociucecL a f urther"JUI-L 9 <11!\l U'ldu u

redirci,ion. This j.s conLrary to t,he resulls of tl'le a'oove tests. No

ex¡rlanafion of f hrrse eonflioting result,s is rcadiiy apparent" Ïn

hcth cases, H''1t'dy userj saturabeC soluti ons, buL a saturaLed solu-

LÍon of ce-lciun chloride has a hipher nola.r ccncentration than that

of sodium chloride" Thrrs, tÌre calcj-u:n chlori-de shoulcl proiluce a

subs|antiall;r Iol+er swelling Ì:s'essure t,han lìre sodi,-tst chì-oricìe,

a.s will be sl-ro'"*n in narb d. üffect, of lon Concentration

(U) Ef i'ect, of Aniovrs on S'.ieliing

The anions alrpear to have an equaÌIy large effecL upon

the sv¡elling pronerLies cf a c1-a;,'scil, as rlo Lhe exch¿rngeabie

cat.ions. i¡rorn t,llese tesls i.t is obvious that chloriC.e sal-ts are

the reosb effeetíve j-n reducing the swelling of thLis soil. l,'ven

the sodiu", clil-crj.Ce, Nhe t+orst cf bhe series, produced swelling

which was verT' cl-ose Lo thet of the original soil, All of bhe other

chloride salts greally i,:aproved t,he srvelling oropertieso

The sulphate salts, unlÍ-ke the chlorides, terded to in-

creåse rather than decrease the amount of expansíon of t,he soi-l"
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l'la.qnesiun sulohate, r.¡hich had the most stable effect of t,¡e series.
oniy very slightl¡r reduced tlie cÌra.racterist,ics from that of t,he

original soiI" The sod.iunu cotassir:m ancì al-unrinurn sulphaLes

noticeably increased t,he swelli-ng, arthough al_uminum would rrob-

ablrl' ¡*ou been better'¡¡ith a concenfration the sane as tfre others.

sodir:m anci potassium hydroxicle, rike fhe sulpha"te salbs,

tend to increase the srserling of the soir. Tne effect of t,he pot_

assi um hydroxide is quit,e sir¿ilar to that of the potassium su]._

phate, but the sodium hydroxide produced a much higher amount of
sweì-ling and swell pressure than the corresÐoncìÍne sulphate sa-l-t,

0n the other hand, calcir:m hydroxide hacl just, the opposite effect"
The swerring ¡ressure was less than that of the original soir and

the amount, of sr'¡elring v*as very lov*. This crosely ressembled tire

results produced bv the calcium chloride.

The effect of tire three anions are ilrustrated in Figures

14 and rJ, showing the sodir¡.¡r and potassium salts res;:ectively"

In the above discussions only the relative amor¡nl of si+ell-

ing anci the swell pressì-tre were considereri. It, should be noLed,

that the swelring index of each soiL saniple treated r,rlth salt was

reducec from that of ihe original soil" However there cloes not

appeår to be any direct rel-ationship l¡etween the various ions and

t,he swelling index.

Thus, in sumnary, ,uhe chlorírJe salts wit,Ìr the exception

of sodir¡n, md calcíum hydroxide aLL procluced changes in the elay

minera.l- connosit,ion r+ì'rich tended to stabilise the soir with res-
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pect to swelling"

b-igure 19 is a pl ot of the relative amount of, swelling

of the soil sanpres against the swelring pressure produceri for

all the consolidaLion tests rrn in this investigation" The points

all lie within a fairl¡r nårrol'r band. For t,ire lower range up t,o

about 0"6 to 0,8 tcns Ìler sq. foot srEerring pressure t,his ba¡rd can

be represented by a straight, line" At higher pressures Nhe l-ine

curves ancl the amounL of swelling increases consirierably with a

sli,ght increase in swel-ring pressure. Thus, if the swelling press-

ure which a soil can exert is knovm, the total amounL of free

sÞiell- can be est,imated"

(c) BffecL of Ions on Compressibility

The consolidation characteristies for the soil sa,nples

t,reated with the various salts are list,ed in Table 3" ( l3}S) is

the mad-m'Lr:n relative arnount of compression frr¡m the "/""(:oil; 
p

curve and Cc is fron t,he e - log P curve.) ûerreraJ-ly t,Ìre ions do

not have as nnleh effect on the compressibility of the soil as on

the sr're1linq" The sodium eation does cause the soil to compress

the least whil-e the calciu."n and nagnesir:m ions (except for ca1-

cÍum hydroxide) aop.ar to pnoduce the great,est amount of consoli-

daLion" The effect of t,he p,:tassir:m, amnon-iurn and aluninum r,¡as

lntermediafe anC in no snecific orcler.

Tkre effect of the anions is shoun in l'inrres 1À and 15 of

the efeo - log P curves of the sodium and potassium salts,
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TABLFi 3

SU}Í]4ÀNY OF COI.ISOLTDATTON CH,.\RACTIf"T.STTCS CF TT1E TREÀTED SOTIS

C ATMJ lt!-L

OIIÏGINAL UMRLATÐ SOlt

SODÏUM

PO'IASSIUIVI

tÀtc IUlt

MÀGNffiTUI\'Í

Á.LI.]I4TNI,I!Í

AI,Tì"IONTUM

CHI,OÌìIDE

.2gg

"?l.l+

??Á.

.304

o JUO

o )Ia

" 3É0

,400

.LA\

"400

"375

SULPHAIE

"239

HYD]ìOXIDE

"l+2O

'1 1. .7

" )-1 |

"))L

| //
"¿j, .40()

"295 ,[58

" 
2óB . /+À8

o ?VU
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sulphates índuce the least conpression, chlorices èhe nost, and

the hydroxides an inlermediate amor:nL,

In comparinq the anount of consoli<iation of the sal_t

treated soils Lo tlre original soilu in n,ost cases the sa]-t caused.

an increase in comirression" However sodjll-"rr and potassiurn sul-

ohate ancì sodíum hydroxirle did inrprove the consolidafion charac-

teristics" Sodiu-m hydroxid.e only slightl;' redirced the amount

of swelling and the ccrrnpressive inder,. The socìiu¡n ano potassiun

sulphate reciuced t,iæse va-l-ues by a qreater amount, brrt still not

appreciabJ-v"

The compressj,ve index, Iilre the swelling i-nriex, r,r¿s

reduceo frorn +-hat of the original soil in arr cases except for

fh:'ee salts where a veïy slighrt, increase was noted. A..qaj-n there

i"s no correration betv¡een tìre rel-a.tive amounLs of compression

and tlre compressive incì.ex. U.ta(f 
g) 

suqgcsts that the ratio

a = cslcc is "indi.caLive for the relative importance of Ll'ie in-

fluence of the osmotic forces on the resistance of the clav sr:ils

against eomÞressionrr. In each tesL the rrar¡ va1u.e ',*as nec[rcerl

fron t,hat of the unt,reatecì soilu and in sol'.re cases consj-d.erzhry"

(see Table r) " Hor¡ever there is no ciirect rerarionship between

tfaE ancl either the anount of consolidation cr srsell"

ïn suirnaryu the stabilization effect of the sulphate

salts on Lhe ænsolidation of tire soil was snaJ-l comparecl to the

effect of the chloride sa-l-Ls on the swellins"
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(¿) Effect, of Icn Corpentration

Fisure 16 is a ccnparison of the elilect of concentrat,ion

of cne sait, on the anount, cf sr-¡erJ-i-nq an,ì corrpression oi the i_m-

disturbecl soil" rt is evjrient t,i,aL the exie.nsion cf the soil v¡as

flreat,ly affected bl," the increased concent,rafion of tlre potassirun

chroricìe " The I rnolar ccncerùration of the salt considerabl¡,

lorEered Lhe arnouni of sv¡erring fron t,hat cf the original soil"
But, the 2 r¡.oL¿x concentration further recluced blie swelring pot,-

ential so th.at no sv¡elling Þras able lo take place u:rcier the ini-
tíal ioad of 0.08 Lons per sq" ft.

In addit,i_on, t,he cnmnressi.bilit,y of the soil was also

affectecj" The increasecl coricentraLion of the sal-t substabtially

increased the anount oi corisoliclaLion, This j.s proof of r.,¡hi¿t was

stafed in C}:apter l: Incrcasine the electroll-Le concentration

car-rses a tendency torvar'd floccuialion of t,he clqy m.rt,icies"

using vanrt Floff rs equation it is nossibre to carcul-ate

the ion cc¡ncenLration in ttre ínt,eriayer r+ater of t,he cla;r ¡1ii¡israls"

p = lìT (Cc - Cc¡)

where P is sv¡eiling ¡x"ess'Jre (at,mospheres)
rt is gas constant (l-itre atrnospheres)(ffi)
T is absolute temperaLure (onelvin)

Cc is ion concentration mid',,ray f.reL¡reen cla¡r particles
(notes/Iitre )

0o is j-on concenLration away fron irrfluence of cla;,
parbicles (ínrnersing solutíon) (noles/Iitre)

I atmospher€ pressure = ll+"7 psi

therefore l ton/sq. ft." = 2o0Q x f_ * o.9l+5 atmosphere*
r-&4 u"7

Averaqe temperat,rre ã 72Öî = 22,20ç = 295"l+06

ThusP=2t+"25(Cc-Co)
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For the tests with distilled ,r";ater, assueing that bhe

ion concentration in the ínnersing solution is zero or. negligible

and using Lire ræasured sv¿elling pressure, Lhe ion concenLraLion

ln t,he irÈeriayer water c.":r l:e calculat,ecÌ as fcllor.¡s:

Test #l-0 Ps = C"5S tlns/sq, ft" Go = 0

Cc=A'945,"rf
2l+ " :5

: ô"C226 r,roles,/iitre (noler)

l¡I9 Ps : C"JJ tons/sr¡. ft" to : O

üc : 0"O137 n:ol ¿:s/l i t.r.e

rt appears t,ìral i:ire ion concenirat ion in t,fre i-nterlaye r
"v{a+uer of L}re n¡li,ural soíI is very lou, Thrs is for bhe position

;i:id'"¡a-¡ l:etureen thu; cl+y nar-i,icles; edjacenL Lo t jre ::.er.*bicles the

concent,raij.on ivould be highcr"

ü,:nsidering the iests using Lire undisturÌ:ecl soir i,rn¡;ersed

in sohrtÍons cf ;ro.i:assi'¡n sa.]-ts;

I tl eL'esl t;5 KCl I nclar

Ps : 0.i4 tons/-.q" ft" Co = I moles/liLre
13^ t \ - - ,{,\,c-tJ:q.9à5x.i4

Cc = l"OO55 iriolesfl-_ii;re"

#13 K^SO, 1 nolar
á. li

Fs ; 0.5ó tons/sq" ft," Co = 1i:roles/Ii1.r,e

Cc = 1.CI219 rnoles/litre

#ió lioH I rnol-ar

Ps : C.l¡{ tcns/sq" ft" Cc : L roles/l-itr.e

Cc : 1"6172 taales/1i+,re
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ttzl KCI 2 moLar

Ps = 0,01 tons/sq" ft.
(cc - e)= o.?45 x ,oÅ

Co = 2 moles/liLre

2l+"25

Cc = 2,00039 noJ_es,/Iitre

For the abcn'e t,hree sa-r-ts t¿it,h I morar imnersÍng soLu-

tions, Lhe potassir:m cation concentraLions ín the int,errayer

water are sinrilar, rn these cases, as the exchangea.ble ion con-

centration increases, so cloes the srøelling pressure. This is
contrårrr to what i+as stated above but can be easily exnrainecl"

This iruegurarity is rlue to the effecl of tþ anions and/or pH

as is discussed in other sections ofl this Chapter"

Compari.ng the efÍect, of t,he l molar an<t 2 molar pot_

assiurn chlorid"e solutions bet,ter results are obta-inecl. The 2

norar imrrersing solution oroducecl e¡r increase in the interrayer
caLion concenLratíon cn¡er that of the 1 morar test, ancl as prev-

iously menLioned reducecÌ the swe1ling.

The srverling nressure vari-es directly as the dlfference

in the ion concentration in the int,erlayer v¡at er and in the sr,,¡elr-

ing solution" rn t,he above nentioned cases, the test r^rith the

2 rnolar potassium chloride solution had the s¡nallest dj-fference

and t-ilus the rowest, sr"'erring pressuree The ion coneentration j-n

the interlayer rvater is alr*ays slightly greater t,han that, of Lhe

i-.'.mensing s ol-ution 
"

The folÌowins ealculaLion shors that, t,he I molar con_

cenfration of the swelling solutions used in this investieation
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to"as sufficiently strong to proriuce complete replacemenL of the

exchangeable ions (calcium) helct in ihe irrt erlayer water of the

eJ-ay mineral-s o

A.¡erage r*eight, of soil solids : JB qrans
Average v"ol',rme of srselling solution : 50O ml (0"5 litres)
ron exchange capacity of soil * 40-50 Bdlliequival-ents

per 1O0 $rs (use 45)
Avogadrots Nuraber = 6"A235 x IO¿J

(lür:nber of elect,ronic eharges in I litre of I rnolar
soluticn)

Ion ex-change ca.¡ecity of soil sa.nple = 45 x J8 ; t?
núlliequivalentso ^ lf0

Therefore soil qan exchange I'7 x l-O-3 x 6.A2ir5 x LO23
= 1.02 x LO22 electronic charges

.À"¿ailable cha{ges in solution = 015 x 6"OZj5 x ¡-:Õ23 =3.01 x 1023
Therefore Lhere are ].01 x lo23 monovarent ions ln sol-

ut,ion available for eNchange
or l-" 5O5 x fOlJ aivafen| ions ãvai-Lable
or l-"ffi3 x 10t) trivalent ions availabLe

Thus, there are sufficienï ions (electron cÌ.arges) in

the solution to completely reprace the exehangeab,le ions held. by

the clay. The 0.5 molar concentrati-on cf al-rminu¡r sulphate is

even sLrong enough to permit complete replacement,

(") Effeet of Rem<¡lding t,he Soil

A number of tests v¡ere done by treating the remol_ded

so1l wlth different sarLs, Ðd ari exLreme variatíon in results

øas founrl" ïn gwreral the relat,ive amounts of srrerling ancl com=

pression of the remolded soil v¡as greater tha-r t,hat, of the un-

disturbed eoi1" However, this u¡as not the case in severa.l_ tests

røhere the opposiLe was noLed" rn arLdit,ion bhe effect, of the salts

upcn the remolded soil was not a}ia5rs the same es upon the un-
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oisturbed" In sone instances the salt, reduced the swelling, ete.

fcr the re¡nolded soil r.¡here it was increased rsit,h t,he undisturbed

soiJ-, arrd více v€rså" This va"riat,ion r,¡as crobabl5r a resuif- cf

L,ìre tlegre€ of I'er,lo1ding and cliange ir: ll-.e ohysical soil sLruc-

ture, pcssik'l;' Lo a more random orient,atÍon of Ìrerticles.

In consolidation tes*'"s nos 32 end 33, the dry nowrlered

calciun chloride anrl calciu-'n hvdroxide r^¡ere r,ri:<eC urith the re-

nol.ded soil" Fisure 17 is a comi-nri-son of the e/oo - 1og P

c-drves for the tests r'¿ith tlie calcium chl-oride salts" When the

sal-t, v¡as applied in soi-uLion to Lhe renoldeC soil, there wes a

noticeabl-e increase in both i,he sr'¡elling and the consoUdation

over t.hab of the unrlisturbed soil" fiov¿ever, r,rhen the po'ødered

csJ-citl.ui chloride was rnix-ed rvith the renoloed soil, both the arnount

of sr.relling a.nd consoliclation were substantially riecreased, even

less than that of t,he rmdisturbed soiL.

Figure 18 is tfre e/eo - log P curves for the tests

w"it,h the calcium hydroxide" The powdered cal"cir:m hydroxide rnixed

iøith the remokied soil had the sa-ne effect as the calciu¡n hydrox-

ide only Lo a greater exLent. Flere tlie sr*elling anrì srøeJ-ling

pressure was reduced to practieally zero and the a.nount of con-

sol-idation was also appreciably lessened"

In addition, i¡ this final test i.rith calcium hyclroxide,

the deformation un<ier the inltial hal-f of t,he loading cycle was

considerably less t,han l-n al-l the oLher tests. This shc¡v¡s that

'¡he strength of the soil- l'iaci increased"
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The reason that, the soil beca.,-ne more sNable tshen mi-xed

with the powderecl c:lcirm chloride anc frydroxide v¡as shovsn in the

CifferenLial- thermal analyses. The calcil.rrrr exchange ion i+as

greatly intensified in these two tesfs, v+hereas in the other tests

r',{-th t'he calcir.in sal-ts t,here was only slight intensÍfication. This

increased fhe ion concenLrafi-on in the absorbed. r.vater, in lhe sarne

uaJr as t,he 2 molar concenLration of potassium chlorid.e"

( f ) Eff ect of pH of Irnnersing Solrrtion

Fi4re 20 is a ploi cf t,he relative anount of swelling

versus the $l of the irmnersiirg solution for. the r.¡¡rCist,urbed soil

sarnples" There is nc direct correlation betr+een the a,nount of

swel.ling and the É{ of t,Ìre swelling solut,icn. Flor"¿ever one rel-ation-

ship is evirient, For each ¡arLicul-ar calion (".g" soCium)u

the chloride has lle lowest pH, the sulphate slightly higher and

Èhe hydroxide the Ìrighest. (ntr excepLion j-s potassiun chloride

and potassirun sulphate v¡hich have the saree pfi") This is the same

crder in which anions s.ffect lhe swelling" Chloricies produce

t,he least swcllinq, sul-plrates more, anC hydroyiCes generally

Ll're greatest ar:"or;nt " Thus it ac're ars that for any particular

a^ùi^- +1.-. -^l+ur:ururrs vrLy oarv wìrich has Llre lowest nH (most, acidic) v,lÍIl pro-

duce the l-east svrelling in the soil"
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Chapter VTI

Su-rmary and Conclusions

l-rom the results of this investieafion several con_

can be cirarqn.

The volume change characteristícs of the cl4v soiJ- in
t,he lrJinnipeg areå can be contlollecì through treatment,
l*iLh inorganic cherqicals" rb can reasonabl-y be assumed.
tl:af o+-her rnonÈmorillonític clay soils a-írI similarly
be afíected.

ijifferential t,her¡ial anal¡rses (nfn) ìras definitely
establishecì that ca|ion excha.nge took prace in the inter-
layer water of the clay urineral-s when the soil samnles
were ím¡nersed in the various chemical solut,i.ong. How_
ever the DTÄ did not reveal a¡rion exchanqe"

Both the' exehangealil-e cations and- anions have been shown
t'o affect tile åÍlount, of swerling ancl comnression of the
soíl-" Chloririe salts change the soil so as to reclrrce
the swell-ing characterisLics while the sulnhates and
hydro:Cdes teni to increase the alnount of swelling.'l'he anion witir t,he }owe,st $l aørears fo have the great-
est stabilizinp; effect " '.fìre effect of the cations
varied i¡.ith titeir valency. Triva}enL ions such as
alumi¡um ceused only a rerabively snarl amou¡f of swel-l
conpared to ihe monovalent ion like soclium. Calcium
hydroxicle (line) j.s a.n exceÞtion to Lhe rul_e and like
the chlorirles promr:tes stabilization of the soi1.
possibly t,hrough i¿s cerrentinq action"

The effeci; of t,he Cifferent ions on cornpressibilit;r
of the soil is small wit h respect to tìrat on swel1ing"

Increasing tire concentration of the exchangeable ions
increases the st,abilit;r of t,he soi1.

One pcint that iras noL beeli ciíscussed in this investi-

(¿)

(r)

gatíon is hov¡ or when dces ion exchange take place. A possible

e:rplanation is ti:aÈ exchånge oceurs r,¿Ìren t,here is a reduction of

load on t,he soil. This he.ppens tw-ice drring each test,. The
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fj¡st time occurs r¿nen t,he sampl-e i;; i¡itiatly iu¡:nersed in the

swelì-ing sclulicn äncl the effective si,ress on the soil sralns is
úecrea,sed" The tension i¡: the pore waler has a suction effect

which is red';ced r"¡Ì-en t,he solut,ion with'rhe ions enters tìre soil.
r,rn exch¿nge t.hen La}<es place" This wc'.:ld be sin:lar Lo t,he action

of a sponge.

'lhe sesond loacl red-r,rciion is at the enc of ihe fes+. ciuring

t,he rebound cycle" The l-o¿c is ac'tualbrrelroved fror¿ the soil- and

swel]ting is allo*ed 'dith tire sa:ne efÍect as abo-,'e.

Hower¡er nmt, of Lhe exchangc is Inorrght Lc take nI¿ce

at the beginning of tne tesL as the initi.al su'elling:rrarecleristics

of lhe soíI are aILereC 'b:¡ lhe I'arious íons 
"
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Chapber VIiI

Future V,Icrk

i.) Practical Applications

Ìfoi",' tirat, it h¿s beeri shown that, iorric sLabilizaticn cf
expa::di-ng cl-ay soils is ;cossÍble, at reast, in the h-L,oraicr;¡,

iire rext urcblem is the anplication ci i:ix;se res,¡l-ts in tire field.
Pr"obaì;ly Lhe 'cesf ncr,hocì of r'eaLin¡{ Ine unci'ìsù,;r.ì:eci

soil r+ou-ld L'e t,hrouqh i,ìre'use of verticar s:üd drains. The salt
solutio¡rs, chloriies oi ahxúmlnu caJ-ciimi, ma¡-¡ncsiurn or ootassi¡n,
woulc be iun:ed intc the san,c orains a¡:d allowecì *,o þcr:ileate ihe

adjacent soil or be forced tbrough el<;ctro-osincticæJly. i\ purnp

systein ou"rsicle the area Lo Lre lreater: t¿oulcl drain the excess

wat,er" In t,lris ws.l¡ tire depLh of stabilizalion v¿oulc Lre confrolled

by t,he depth of +-ire sand drains. Tiie only problen r+oul-cl be in
det,ermj¡ing the spacing of the drains,

Ttii-s netirod woulcl be superior to thab of spr4ying the

surface cí the soil as !'JinLerkorn(rz) cìiscusses, as stabiriza-
tion occurs onry in the upper few inches of the soÍt bv this
lai;ter ¡rethod,

/æ\
FIoitz\ // sives an example cf electro-chenical st,abiliza-

tion of a canal bank in which chloricìe sarts r.¿ere used. A l;r
mixLure af T.l KCI a.nci l,?5 Á,1C13 .!,{as purripeci through the anorìe

while drainage rsa|er Þ.'as removecl at, tìre cathode for a leriod of

!] rnonths' calcíum chloricie rr+as first irrLrorjuced fo onen t,he

soil, i.e, increase the peri:ieability. The ¿node spacing Þras at

3c feet' but, favourabre si;ablrization onry occurued v"ùthin l+ feet

of the anode, rt vas found that potassium replaced the exchange-
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able sodiu-n íon in the soil and that aluainum aided. the stabiliz-

aLion. Although there wäs a. strengt,Ïr increase in the soil,
stabilization v+as not considered to be aciequat,e a^s heavi¡rg stiJ-l

occurred in the concrete l-ined sections of t,he canaJ_o

Calcium hydroride (fine) has been suceessfully usecì in

stabiliøaticn of many soils espeeially for roadwork, etc. Ho+¡-

ever stabilization only takes place for a clepbh of tr,¡o or three

feet, where the soil Ìras been rernolded"

(U) Laboratory Studi-es

There is sti}I nuch work to be done in the study of

ionÍc st,abilization of crqy soil. rn thÍs i-nvestigation only

chLoride, sulphate anC hydroxjde salt,s were usecl. phosphat,es

atd nit,rates are also comnon ions found in the soil whose effect

on volume change of expansj-ve soíls is yet, unknovm. rn addit,ion,

there are nurnerous cations such as lithiurn, iron, eopper, eLc"

as well as organic compor.rnds, esrecíaily t,hose with long chain-

like norecules, to be studiecJ, Ho',vever study should be rimit,ed

to chemicals which are fairly comton and econom:ical to obta-in"

As mentionecl in the previor:s chapter more investigatíon

is necessarv to deterrnine iror.¡ ion exchange occurs, how r:ruch Line

is necessary, and through iohaL thíckness of soil exchange will

take olace"

ACditional- r"¡ork is required on determining t,he proper

concenLration of sa]-t soluf,ions to be used. Aside from the

econo¡r¡-lcaJ- aspeetu the concentration of sa5r afruninum chloride

solution should be just strong enough to ;nevenL swelling without
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s':bstantialry Íncreasi-ng the anount of consoridation"

The effect of the various ions on other ph¡rsicar pro-

perbies of the soir such as Atterberg Linr-it,s, strengt,h and per-

neabiJ-ity is stil} open to stucþ"

As prerrÍously menfioned X-ray arelSrsis and differential
therma] ar,lalysis provÍcle the best methods for the identification
of expandine tyÐe clay minerals, Erectron microscope studies

provide structure, d-spacing and ierbicle size of rnineraf-s.

However the use of reratlvely sir'.rple tesLs for finding the ion

exchanÉge caracity of the soir and ciet,errnining the nature of t,he

exchangeabre cationsu togeLher rvith the sLandard consolitiation

test wil-r ::rovide a relativery good idenÉ,ification of trouble-

some clay i¿inerals" Adequate n€asures câr-r then be taken through

proper design and stabilization to prevent ser"ious cletrirnental

¡çround movements 
"
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Erplanation of Thermogra;r

The curves on the right side of the pages were run in

an atrnosphere of nitrogen up to a temperature of 6OOoC. The

curves on t,he left v¡ere run in an o)qt¡gen atnrosphere up to bet-

ween 5O0t and óOOoC; the atmosphere l{as thsr changed to earbon

dioxide and the run conLinued. to IOOOoC.

The zero tønperature (of the stanclard) is at the bottor¿

of the page and each small horj-zontal 1ine represents a tempera-

ture increase of IOOoC"

The peaks towards the right renresent endotherrnic reac-

tions where heat is absorbed; the ones to the left are exothermic

where heat 1s given off.



'i 1.i l

SAMPLE 1b
Orlginal untreated sotl

Dolo¡aite

Montsorfllonlte

Organlc
C oropounds

lrace of

Montnorlllonl_te
( Interlayered)

Trace of Free Iron

Calclum
Exchangs

Interlaye



tr>

soI¡n Kcr (tt't)

S oil Undi-sturbed

',_' 7-

Potas s ium
replirced

aon
ca lc ium



#6
Solrn
Soil

':'::

CaCTr.ZH}O (lt"t)
Undi sturbed

Calcium ion
intensifiod

Larger \
Water peak



4,*4

So]sn

SoiL
IteC 1z "6HrO (r ¡r)

Undisturbed

Magnesium ion
replaced calclr¡m



1{-rI

#8
SoIen
Soft

Alc13a6H2O

Undlsturbød
( 1M)

A lu¡ninun re placacl
Calciuø lon



'i::{:

î11
Sol.rn

Soil

Outside l,avers
Na-SoO (ltr)

Undlsturbed

$qdiun
rsplaced
Calclum Íon



'l r:7

#1'l' Centre Layer
Solon Na,,SOr. (tU)4+
Soil llndlsturbed

Sodium replaced
C¡rlclum ion



1 
-,.i

#tz
SoI'n NaCt ( tU)
SoÍl Undietu¡bed.

Sodiun lon
replaced

calcLum



,: 13 Outs j <ìe Layers
soron L¿so4 (lu)
S oit Uhrtieturbed

"tJ]

Fota ss lu¡n
røpLaced
Calctr¡m lon



1't i)

#13 Centre Layer
soton gso+ (ru)
Soil Uncìi.sturbed

Potase 1
Calcl

um røplaced
um Lon



"i 1',,

#1t+

Sotcn
Soll

M ÊO4ø7tr2O

tln<!lsturbed

Magnesium
replaced
Calcium



ll15
SoLon

S ol.1

f i?

Alz (s04)3o18Fl2o (o.5ff)

Undisturbed

Aluninr.rø replaced
Calciuø Íon



1i:

#16
Solrn
Sõ1I

KoH (1M)

Undísturbed

Potasslum
partially
replacod
Calcium ion



4 4 l"\ Ia

#17
Solrn NaOttr (tm)
Sott Undfsturbed

Sodlu.m lon
replaced

- S&a adJustnønt

calcLus



11i

#18
Sol-on
SoiL

ca(on), (tw)
Undlsturbed

Calcium ion
intensified



'1. ,,, *

fr19

Solen
SoiL

Distilled þO
Undisturbed

No change from
Originatr Soil



1i7

#zø
soi¡a ry.":ny+d Det.ersenr
soir u,.å.31f"3"t'trri"ã-{i

Sodinm lon
replaced

calcl"m



ati!:

4i21

Solsn
Soil

¡(cl (z¡s)

Undlsturbed

Potassium ion
replaced calciun



1't1

Dlstilled
Remolded

H2o

No change ffom
Original Soil
(CaIciu* ion
stightty intensifi ed



1Zi]

t23
So1 rn

Soil
NaC 1 ( 1M)

Remolded

Sodium ion replaced calcium



"t,21

#24
SoLtn
Sol.l

ceicL|oz\o (tu)
Remolded

Calclum ios
tntentsified



#25
Solon
S oil

Ill

Atct3"6H2o (ru)
Remol-ded

Aluminum
re plac ed

Calc ium



#26
Solrn KOH (1M)

SoL.X Reøo].ded

1i¿1

Potas s lum
partlally
rePlaced
Calclun lon



#27
Sol en Na0rr ( iM)
SofL Røøolded

1?,+

Sodiu¡n ton
replaged calciul¡



,t:-l

#z&
solon Ng4ct (1M)
SolL Undlsturbed

R eplacement
CaLcium ion
Ammoni_um



ll29
Solen
S oi1

't') {}

412 (s o4) I " 
18Hzo (o"5M)

Remolded

Aluminum
rePlarced
Calcium



,?a

#30
Solon
S ol-1.

rÁé5o 4c7tt2o ( rMD

Remolded

Magnøsiun
replaced
Calcù.m Lon



1 ?,tj

#31

solon bto+ (tu)
Soil Remolded

Potassiurn
replaced
CaLcir¡m ion



1,:i:

#32

Solrn
S oll

Distilled HrO

Remolded with
5% cñrz.z\g

Cafcium ion
intents ffied



13'}

ç33
Sol¡n Dtstllled E,O
$otl Rcroldcd rlth

5É ea(onl" * rq, rys

Calci.ø ion
LntentsÍfied



APPEhÐIX C

GRAPHS FRO}4 Ë-RJIY DT!'FRACTION ANAIYSIS



ffiPLÀN.q.TIOI'I OF G:iAPHS

The verbical axis of t,he'graphs is trsicethe refrac-

tion angte of the X-ray (ZO;. The test is run frsn 20 = 20 to

2A = 3Lo. The peaks at the various angJ-es are correlated tc t,he

d-spacings providing an identificalion for t,he di.fferent minerals.

The horizontal a;d-s has litt,Ie significance, but is used in

quåntif, ative anal;rsis "
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ION HC HANTGE DETEF'Ì'ÍI}.IAT ÏOTü5

To fj-nd th.e totel- ion exch.angs canacit;r of lhe soíl and

the nature cf the erchangeable ions r- 2J gta;r- sam¡l-e of soil- in

air ciry condítion r,¡as ,.:sed. This sa¡n¡le uas leached rsith a 1:1

n:-ixLure of a¡monium acetate and ethyl alcohol. The a¡¡:ronirn¡ j-on

replaced tl-re exchangeable ions held in Lhe soil"

The decantant from the leaching was l,"ed to finrl t,he

verious e)rchangeable ions. 'Iitration reveal-ed the amo'¡nt of

(1) cafci':m ar:.d (2) calcium pl-us raagnesium" The cìifference gave

The amor:nL of rnagnesir.¡ra. Á. fla¡ne compårison tes1- r'¡as 'r-s ed to

<Ietermine the quan+-ities of so<lium ancl potassium"

'Ihe a:nnoníum ion r¡as lcachcd f:'om the sample l+ith sodium

chloride. Titration of *"Ì'iis ciccanNan'; gave lhe loLal ion cxchange

a^n.^r'+" ^f +hn seif r+hi:h I'"'as aptlroxi:na+.e1;i the sun of the in-
u éPav! u,) ! !

rüvidual íonsu
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