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Yoluma Changes in Clsy Soila - 3hrinking and Swalling

|
|'in watsr content; shrinking and eracking on drylng and swelling on

Clay aoils typically undergo changes in volume with changes

|gnuotting. Thias change will be seasonal In a climate with a dry asummer,
whlle smaller changes will rasult from alternate precipltation and
dry¥ng periods. If the volume change is uniferm 1t 1s not easlly
cbasrved; and conslderable vartical acil movemsnts mey occcur without
baing recognized. ‘Problems pasapclated with volume changes usually arlae
from uneven shrinking or awelling, espaclally in the engineering use of
40ila to aupport leads. Tha cracking agscclated with shrinking 1s of
concgrn for plent growth on egrisultural scils. This may be benefleclal
in promoting seration, or harmful in breaking roots and allowing extremae
dryinz. B2maller cracka promotes formatlen of soll strusture unita.

A largs amount of shrinkage occura when water-depoalted clays
ars firat dried. The amount of raswalling dependa primarily upon ths
clay minerals. High-swelling clays containing montmorillonite show an
almost revarslble swelling and shrinking ﬂﬂJréwetting and redrying,
vhearaas the marine-deposited clays, sapecially these containing illite
'end chlorita, show an Initial large volume dscreass on drying with eonly
a limitad swalling on rewetting. The net decrease in volume after aach
drylng and wetting cycls for tha lattar clays becomss smallsr until an
agquilibrlium 1s reached where swelling and ahrinking occurs batween
senstant limits. Thia reaveralble volume change bstween flixed limlts ias
also found for asurface horizona of agricultural aolls which have undar-
gone numerous watting and drylng cyclesa.

In the following zactliona the machanisms of volumes change and
the %201l properties determining the magnituds will be discussed.

Shrinklng

If the volums of s aaturatad clay sasmple {a measurad sz 1t 1a
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slowly cried, & relationship of the type ahown in figura 1 iz obtainad
batween volume and water contant. At high water content the slope of
the line 1s [5°; for each unit of water loat the volume decreasea by
one unlt and the soll remaina saturated. This was tarmed normal ahrinkage
by Haines (1923). A a0ll sampla need not be fully watsr-aaturated to
ahow nomal shrinkage. Undisturbsd ssmples taken from balow the water
tabla are uaually less than 100 per cent saturated but the amount of the
gas phase remains conatant on drying, resulting ia normal shrinkege.
Filgurs 1 illuatrates such a ¢asa; the theoretlcal lins for complats
saturation is shown below the shrinksge lins for the sampla. On furthepr

drying, the slope changes and air entars the volds at ths shrinkage limit.

A small amount of shrinkage, terméd residual shrinkage, takes place on
further drying. The shrinkags limit has been defined in several ways as
shown by points A, B and C in figure 1. Ths water content at the shrinkag
1imit which hsa a physical signifieance ls at the point of ungaturatlon,
point A. The other two are plotting convenlences, although point C gives
total ahrinkage. '

The force cauaing ahrinkling arlssa from ths presaure diffarsoneas
asross the surved air-water interfaces of the voids at the boundaries of
the sample. As water evaporatea from the surface s curved interface ls
formed in the voldas at the surface wlth s lowsr pressurs on the convex
inner side, and waeter la drawn from inalde the asmple dus to this presaurs
difference. As long as thia forece axceeds tha resistance of the alaey
partlsales to cloasar approach, l.ea. to ahrinkasge, the sample remains
gaturatad wlth a voluma decreasse egual to the water content loss. Thias
1a the range of normal shrinkage. Eventually a condition 1s rsached whers
particls intaraction restricts shrinkage and further Ilncreamenta of water
removed ars partly replaced by alr. Some sddlitional, residual,shrinkage

cceurg dus to further rearrangsment snd 1n some cases banding of particle

|||||
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Thia partlicla Interactlon reslating oeleser approsch may be diract contact
of particlea or of hydration leaysrs, o 1t may b8 interparticla rapulsion
due to forces causlng swelllng. This intersction 1a discussed 1n more

dotatl in the chaptear on ¢lay minerals.

Seoll chsracterlatics affecting shrinkage:

Charactoriatics of the shrinkagse curve vary with tha natura of
the soll., Total shrinkage increases with increasing inltial water content,
which ls in turn a function of clay minerals, mode of geological daposition
ths deposltional environment which detarmlnes both particle arrangament
and overburden pressure, and degres of weathering. High-swelling clays
containing the mineral montmorillonite have high Initial water contanta.
Sediments deposited in sglt water have a random or edge-to-face amssocclation
of particlea with largs volumes of trapped weter. Under these condltions
high initlal water contanta are found In tha abasncs of high-swelling
elays. 4Uverburden pressura consolidates sediments end decreases the
watar content. Repeated cyclas of watting and drying have overcoms the
influence of dapositlonal anvironment for surface solls, and totai
shrinkags depends primarlly upon the clay minerals.

Total shrinkage 1s leas for random particle arrangement as shown
by ashrinkegs msasursments for two clays in figures 2 and 3. %When shrink-
age for the kaolinite samplss in filgura 3 iz compared at tha sams water
contant, the diapersad sumple with morse parallel particle arrFangemsnt
ghowa a much larger chenge than the flocculated samples with randem particls
arrangemant. The final dry denaltles muet than also be differaent. The
lowar donaltlss fer randem particls arrangemant are shown in table 1 feor
the kaelinite and for the marine-deposlted Leda clay which contalns some

chlorita and 11lits,
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Table 1. Shrinkags limlt and oven-dry volume welght as inflluenced

by partiecle orientation.

Water Content

Gualltativa at Qvari-dry Vo

Slay Orisntation Shrinkage limit{%) Weight, {gw/
Disparsed Kaolin (pH1O) parallel 19 1.70
Flocculated Kaolin (pHy) random 26 1.52
Remouldad Lada pertly parallsl 20 1.77
Undisturbed Leda random 30 1.64

The water content at which unssturatlon eccurs, tha shreinkaege
1imit, &lac depends upon the arrangsment of particles In tha clay acll
and upon ths e¢lay minsrala. (Tables 1 and Pigura 3) A mors random
arrengenant lnoreasea the shpinkage limit, a mors parallel arrangement
deoreases it. FParticls intsrection lsads to unsaturation at a highar
watar conteant [or the randos adga-to-face arrangemant of partiplea than
for the more parallsl arcangemant. Thia additlonal volums is trapped
betwsen pacticles in the random arrangsment. The particls arrangsment
in flocculated snd In dispersed cleys 1s discusead in chaptara —11-"""'_;‘&}‘

Kaolinite usually shows a residual awelling rather than
shrinking. (Figure 31} Thia 1s probably dus to slastlc rebound of
particles after the connacting water fllma are broken.

3end and stlt-alzs particles decreasass total shrinksage bacauss
they decransa thae water content at saturstlon., The influencs of texturs
on the watsr content at the shrinkage 1limit dspands upon the clay mineral.
Figure |} shows tha dscreass Iin total shrinkege snd the change In shrinkags
limit as 100 4 average dlametar plass beads are mixed with { 2 4 mont-
morilleonlte ard Leda ¢lay. These masguraments ara for a simplifled syatam
where ths eoarse partlelaa are of one sigs. Total shrinkags expressed
per waeight of ¢lay should be Indapsndent of the proporticn of clay to

sand-size matarisl urntll ths wvelume of zlay is less than the wolume of
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pora space between the coarse particles whan they are touching. At thia
proportion of clay to ssand, shrinksge should cesse. PFigure Y showa this
affast ssml-quantltatively. Tho slope of the shrinkege line 1s approxi-
mately one; total shrinkage for 50X clay is about one-half that for
100% clay. At about 25% Lada clay, shrinkage draops sharply to almost
zere. Thia is in 1line with the calculated valua of 284 {de Jong, 1962).
For montmoriilonlite,shrinkage 1s expected toc stop below 15% clay. Even
for ths spherlesl glass beads 1t is d1fficult to check thla quantlitatively
because tha packlng of the spharea and the orlentation of clay particles
in relation to ths spheres and to each other ere known only within limits
(ds Jong, 1962). The clay fills ths volds batwsen thea larger particles
but alsoc forms orlented layers around tham.

The water content at the shrinkage limit alao decreasas naarly
in proportion to the smount of the larger particleas down to 505 clay.
Below thiz clay percentage, ths largar particles interfers to allow un-
satursation. Ths increase in water content at the shrinkage limit for
caleium montmerillontte with more thaen 50% glasza beads has not been
satisfactorily explained.

Shrinkage will be anlsotropie 1f the tabular clay particles
have a preferred arientation in the sample. Thls cccura in sedimsnts
depos]ted under lascustrine condltions, or where ovarburden preasurs
hes oriented the particles during conaolidation. Vertical shrinkage
aexceeds heorizontsl shrinkesge and tha dimensalonal shrinkage iIs not linear
with docraassing water content. This Is shown In figure 5 for an undis-
turbed sample of s glaclal lacustrine clay containling montmorillonita
and 1l1lits. For a clay plate with a leonger horizontal than vertlical
dimenaion, shrinkage will be greater In the vertical dimensioen even Af
g watar fllm of uniform avarags thickness surrourds the partiecla,
bacauss ths proportion of water to solid 1s graater along a line In the

vortical directions In addition interparticla repulsion is graater
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batwesn {lat msurfaces, resulting in o larger uvarhga distance between fla
surfaoes than batbtwean odges. As gean from the slopeas af the dimensaicnal
shrinkege curvas, the rata of verticel shrinkage gradually decrosasas
whilse the rate of hoprlzontal shrinkage Increaseas until the shrinkage
limit 1= reachad, If the volume 1s oalculated from the dimensionsl
shrinkage 1t can be shown that normel shrinkeage cccurs, 3Jhrinkage for
the remculded sample is iactropie. Shrinkage of wsathered asurfacs soils
ard s0ils with random particls arrangement will Be laotrople. Orlenta-~
tion of partialea can be induced in samples by one-dimensional consolida-
tion or by drying frem suspensions. Such samples will slse show
anisotrople ahrinkage.

Surface aolls with a low clay centent or with a wsll developed

crumb atructure may show no rapnge of normal ahrinkage aa the water contant
is decressed. The degree of unsaturaticn incressss with decressing water
content and hence the total ahrinksge la lowar than it would be for
normal shrinkaga. This 1z typlcel for soils with a wilde rangs of vold
alzans whers water, sapscially In the largest volda, la hald by saplllary
forces. In a clay soll with a well developad crumb structure thease

larga volds are between crumbs and they becoma unamturated at low soil
suction valusa, Tha voldz within the erumbs, where water i1s held by the
forcas smascclated with swelling, remain saturated up to high values of suct
In these solls the flrat increments of weter losas srs accompanied by a
volume dacrémss lass than tha volume of water leoat. This has beesn termed

atructurel ahpinkega (Stirk, 1954). As drying procesds, normal ahrinkage

may occur whan the water withln tha crumba ia lost.

Sinca the shrinkegs curvs shape depands upon particle srrange-
ment, which i3 tha most importent factor in soll sturcture, it has been
suggasted that the changs 1n this curve on remoulding or puddling s

sample be ussd as & measurs of aoil structure {Laurltzen, 1948). When
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4 surfaca sall with well-developed structurs ia remoulded, ths largar volds
disappear. The range of normal shrinkage lncresses whlle the water con-
tent at the shrinksge 1Iimit decreasas. For e¢lay subsoils which do not
contain large volds the change on remoulding may be very small. The changes
in the shrinkege curve will dapsnd upon the orlglinal and the rsmoulded
particle arrangements.

Massurament of shrinkage for samples:

Shrinkage curves have besn experimentally determined by measuring
eithsr linesr dimenalona or volume ag a wat sampls lcaes weter. The
averags watel* content can be easily cbtalnsd by welghing the asmpls.

Thera ja the problam of shnsuring that the sampls has a uniform water con-
tant, alnce drying proceads at tha surface and water must move from inside
the sampls. This can be asccomplished by slew drying of small samples or
by allowing thas semples to equllibrate in a saturated atmosphare after a
short drying psrled. Accurate mesaursmsnt of the volume is more dirfi-
cult.

Hainea {1923}, In nls clasaical work dafining the charasteristics
of tha shrinkege c¢urve, measursé volume by dilaplscemant of mereury in a
apacial pyenomstsr bottls. If the samples ars plastle, the requirsd
handling will daform the sample; dry samples may break under the
preasurs. Also the merocury becomer contaminated with soll, and there ls
the general undesirablliity of handling msrcury sxtensively. Howsver,
this remaing the most ascurata method of measuring volumes unless vary
regular agmpls shapss ¢sn be obtainsd., Volume can ba determined by
displacement In water 1f the sample is coated to pravent water entry.
Paraffin and fllma of plaatic, obtalned by evaporating off the solvant,
Lre usad. The disadvantage 1as that the sampls can bs used for enly one
measurament. 3everal samples must be usad to dsfline the shrinkage curve,

and varliability of soll samples must be taken lnto account. Volums can
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also ba msasured 1f the velds are filled with a liquid such aa karosane
(Stirk, 195L).

Linear dimenslons of the sample, fromwhich volume shrinkage ¢
ba calculeted, were memsurad ln early studies of shrinking, {see Kesn, 19
More recently, the magnified image of a cubs sample projescted on a scrsen
has been measurad {Cronay, Coleman and Black, 1958). Linsar dimension
¢hangea have alsd bean datarmined from the changing distance bhatween two
marks on & asmple fCaoce, either plua or marka scratchad Into the mampla.
The distance betwaen pointa on the surfaces of emall agmples can bs
measurad with & travelling wmicroscops. If the sampla has a thin wafer
ghape, the water distribution withln ths ¢lay on drying is mors emsily
kept uniform {Warkentin and Bozoczuk, 1961).

Tiia shrinkags limit cafined ms polnt € In figure 1 ia the
watar content whiah would be requirsd to flll the volids present in the
dry sample. This can be obtained from tha volume walght if tha density
of the mineral particles is known or measured. Volums weight can bas
detarminad by measuring the volume, or ths weight, of mercury displaced
by the sampls 1n soma form of pyocnomater bottls or cons tant volums vessel
in which the dry sample 1s immeraed in mercury. Alternativaely, ths
sample ¢an be costed with a water resistant materisl and a measursment
made of the amount of watsr displmcad {Russell, 194%9). This shrinkage
l1imlt may also be satimated by maasuring the linssp shrinkage of bars
of 801l made to dlfferent water contsnts and dried. An extrapolation
to zer¢o ahrinkage givesa tha watesr content at the shrinkage limit, C.

Joil characteristics affacting swellirgs

Volume inoressas dus to swalling 1s diastinguished from water
content regain on rewstting. An unsatursated aoll can tske up watar,
replacing air In ths pore spscse with water, wlthout a consaguant increasae

in volume. This occupra typlcally for sendy and silty asolla. Swalling
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- requires a force of repulsion ssparating clay particles as the watsr
content incroasas.

The amsunt of swelllng dapsesnds upcn the clay minsrels snd their
arrangement or orientatlion in tha clay so0il as well as upon physicsl-
ckemical propertiss such a&s valencs of exchangsabls catlona, pore-watar
sglt ¢oncantration and cementing bonds betwean clay particles. Swelling
increases with increaaing surface area of the clay and with decreasing
valence of the axchangeabls catlon., Speacifle differsnces betwasn clays
within 2 minerslogical group glve rilss to smaller diffsrances in swelling.

Surface aren of a clay depends more upon thickness of the
tsbular partiecles than upon ths other dimenslons. 1% decraases fronm
the thin particless of montmorillonite to the much thicker kaclinite

particles as shown in table 2. Monovalent exchangeshle ions,

Tavla 2 31ze and swallling properties of clay mineral groups

Approximate Surface Area Qbserved Yolume
Mineral Thickness (A) 1/ pm Change
Hontmorillonite 20 ] ‘SGG high
I1lite 2060 8¢ madium
Kaplinite 1000 15 low

sugh a8 soﬂium, caugs greatear awelling than divalant cealcium iona.
Highly acidic clays have polyvalent 4aluminum aslaxchnngaabla lons, with
a consequent low swalling. An Increase in pore-water aslt concentratiocn
decroases awzlling of the high-awslling ¢lays, eazpeaclally if monovalent
iona ars praesant,. Whera much exchangeable ascdium 1z present 1in solls,
awelling and diaparalon ars reduced at higher salt concentrations.
Uspually awelling is undesirable but for purpcses such as lining irrigation
canala montmorlllonite wlth sxchangeable ascodium 1a uaged.

Camentation batwsen particles 13 usually conzldered a major
factor In limiting volume regaein of c¢clays on swelling. Iron hydroxidas,

carbonates and varlous orgenic moleculas are the cementing matarials.
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It 1a not c¢lear in many camas whaethsr thesoe matarials bond batwsen
particlas to form a rastralnt to swelllng o whethar thay affaci the
phyaloal-chanlcal proparties of the surfsce In such a way as to raduce
the swelling fores. Ircn selts dried {into a c¢lay can markedly reducs
awalling; thla ogours in some "non-awelling" montmorillonites. In meny
atudies showlng Iincreassad swelling after ramoval of iron oxldes, the soil
we3 left with sodium as exchangsable 1on, and thls may have bsen the c¢suss
of the incrasgad awelling (Prebble and Stirk, 1959), Partiols srrange-
ment, whiech influences gwalling, i3 also alterad in the chamlenl resoval
of the osmenting materlials.

The decrepnse In swellling causad by cementing meterials will
ba greater for weathsrad c¢lays which have undergons oycles of watting
and drying. Most of ths mechanisms for csmentatlon depend upon dehydratiy
of colloidal material tc¢ form bonde batwsen particles. Baver {195&) has
summarlized the studies of cementation and aggregete stability in surface
solls. Magasurements of volume regaln for two unweathsred clays In
figure & show that removal of 1iron oxides and carbonates resulted in

only e small inerosse In swalling of the high-swalling ¢lay end deoreased

the volume regeln of tha low-awelling cley. This decrease was likely
dus to tha mors thorough remculding durlng chamleal removal of camenting
materials. The change 1in particle arrangement csused by remoulding hed
the largeat Influence on awelling.

Tha differance in the water vatention curves of dlsturhbed

and undisturbed ¢lays dilscussed In ¢hapter show the Influenca
of partlcle arrangement on water content and swalling. The dirsction
of the chenge in swalling wlth changlng partlcls arrangement sesms to
depand upcen the type of clay. For hlgh-swalling clays such as sodiuvm
montmorillenlits, awelling agalnst restraint is greatssat for perallel

particle orlentation (Warkentin, 1951}, The awslling volumse ard swelling
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prassure for most natural goils 1s greateat for random or flosculated
particle arrangemsnt (Seed and Chan, 1953). Flgure & ahowa the affeot
of remoulding on volums regain for tha low-swelling Leda clay and for a
high-swalling Manitoba clay. The Leda clay has & flozeulatsd random
particle errangement; remoulding results in more parallel particls
arrangement over short distances and volume or weter content ragain 1s
daorassed. The high-swelling olay 1s partlally crientsd in the natural
stata; ramoulding changes the orlantation but 1t la not known whather
the remculdsd orientation 1s mors or lssas parallsl from partlele to
particle. An explanatlion for the influysnce of particls arrangsment on
awelling 1a discusasad iIn the gection oo mechanlam of swalling.

Swalling occcurs primarily 1ln the plans perpsndleular to the ‘
flat surface of the clay particle, so swelling and shripking are anlesotro
for claya with an overall orlentation of particles. Samples of high~
swalling montmorillonite orlentated by pressure or oy drying from dilute
guspension show horlzental swelling which is only a few psr cent of tha
vartical swalling. Anlsotroplc swalling of a sample of the Manitoba
¢lay 1s shown In filgure 6. Swalling In ths horizontal diraction dces
not raach the original dimenslon, but vertlecal swalllng excesda the
original vertical dimension. This diffarence will be discussed further in

the asction on machanism of swslling.

Swalling preasaure oOf golla:

Swalllng c¢lays axert pressure against a confining locad whan

satsr 1 mvallabla for s volume Increase, This oresssure axceods usuasl

loadlng, so that volume change la dacreased but not prevented by the
atructures which the zoll supports. The magnitude of thease pressursa can
te esen In tables 3 whore 3oma measured pressures reported In the literaturas

for amcilas ars listad. Except for high-swelling claya, ths awelling preasure
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'!hhlt 3, Some values of swelling pressure of solls reportad in the
Jiterature.

301l Swelling Pregsure Rafarance
Pona/fagq.ft.
Black Cotton So0il k| Palit, 1953
Sandy ¢lsy
Random 3 Saed & Chan, 1959
{rlentad 0.1
Houston, 2 4 tlay 0.2 Davidaon % Page,1956.

| dscreases rapidly with smsll volume Increasss arll the amesunt of swelling
 under load is usually small.

Ths dapandeance of swslling prassurs on volume vhenge moken a
precise measursment of pwelling pressure dlffleult, and unless speclal
precantions are tsksn In thes messurament to pravent volume changs,
measured presgures will underostimate the awelling pressure. A pressurs
meaauring device is roaquired which ls actumted by the lowsst volumes
shangos, an ordinary oedometsr allows too much volums expanelon. The
normal rebcund curve, tharefore, underestimates the awelling prassure
at any vold ratio.

A number cf devices for measuring awelling preasura have besn
deacribed 1n ths litsratura (e.g. Palit, 1953). Typlcally they consist
of a rigid cell conlining tha sample, wlth access t¢ water through a
poraus atone or water-psarmaable membrane &t one end end & solid or
fluld piston a% the othsr which ellows & preasure measuremsnt. Swellling
pressure 1s measursd ea the restraint which has to bs applliad to the
platon to prevent movement. Swelliing preassure 1n ssveral directlions can
bs measured if the confining ceil 13 fluid rather than a rigid wall.

The awelling prossure measured In these devices 1a not
doevalopsd instantanecusly. The results given by Palit {1953} show that

the pressurs increasss approximately expohentlally for a number of wsaka.
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Two factors contribute to this inoreage. If an initilally air-dry asmple
fa belng tested, the complete hydration of o¢lay alneral surfaces con
wotting will requirs time. Emaracn {1955) has shown that a e¢lod of
soil contalining 11lite continues to take up water for many woaks. The |
full swslling preasure will not be manifested until hydration 1la complate.
Secondly, moat preasure measuring devlices dapend upon some volume change
for actuation. This sxpansion of the aample requires that water
mo¥s Into the clay., Since the permeabllity of awelllnog clays 13 leow
thes nesceagary distribution of water under small prassurs differsncas
will reguirs conalderable time.

Msasured swelling presaurses for pure clays Iin figurs 7 show
tha influencs of surface ares and valance of exchangeable lon. The
sodlum-montmerillenite ahows much highar swelling pressures than the
gther clays. Ths 11llite has s lowar surface ares, end the divalsnt
calcium fon also decresass awelling.

Machanlam of awelllng:

Swalling, or a volume incrsase on wetting, requires an
attraction of water to the clay to provide an effective repulsion bhetwaen
clay particles. PFrom thermodynainle considesratlons, as long as the fraee
anargy of the water in the so0ll 1a leas than that of free water, water
will move Inte the scll. Water {ills the velds of a sand w]thout a
significant increase in volume, but for clays this wetting usually
reaults in & velume increass and the resson 1a spought 1In the surfacs
proparties of clays.

Different mechanisms have bean suggested for water sorption
¢auging awelling. There l1s evidence from many sxperiments that water
at the c¢lay mineral surface has a structurs, giving Lt propertios
differant from free water. This has been generally termed "bound water'.

Forsea at the surface cause an ordaring of water moleculss which may
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oxterxl somes distance from the surface and provlde the inter-particle

repulaion required for swelling {Low, 1958}. Another explanstlon is that

the repulslon arlsas from the osmotic pressure dus to tha concentraticn

of exchangeable icns. Thesa concepta are dlscussed in more detail In

the chapter con properties of ¢lay minsrslas. When two clay particles

ers sufficlently close for thelr 4Aiffuss lon-layers %o overlap, thes

lon soncentration in the plane midwey batwssn particlas {8 greaater than

that in free water, and watear moves beatwaen the particles. As the
particles sre assparated, the difference 1n lon concentration 1a lowerad
and $he repulslen or swelling pressure decrmases. A third mechanism

to account for small amounts of awelling measured on release of presaura

1s alastic recovery, both unbYending and rearrangement of particlea.
Evldance axiats to support all three of these mechaniasms.

It is of Interest to calculate the amount of swelling predicted
by the proposed mechanlismz and to compara the values with messured
swelling. The swelling volume is diffizult to caleulate bssauss it
dgpends upon the balance bstwasn forzea of attraction andmepulalon.

The driving force decreasss as swelling increases and the final volums
s sansitive te cutside influences. 3Iwelling pressures at volumes less
than completaly swollen are mora saslly handled bacauas thay deapsnd upon
the larger net forces of repulslon.

The properties of bound water gennct be calculated with the
prassnt knowledpga, 30 the Influenca ¢f varlous clay propertlea on
sWelling cannot be predicted in this way. ©Osmotic swelling can be
calculated with certain simplifying assumptions dlscussed in chapter — .
Those assumptiona severaly reatrict 1ts application In predicting
Malling of clay soils, but it will he ssen that whare tha theorstlcal

nodel 1s valld, the calculetlions can presdict cbaerved swelllng pressures.
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The following discussion will ba from the standpoint that bound watar
accounta for the [iretf [ow water layers taken up on awelling and that
extended awslling, especlally with monovalenkt lens, 1a osmotlic.in naturs.

Tho awalling preasurs Is dalsulated as tha osmotlo presaura
dus to tha difference in concentration of lons betwesn clay particles
and in the outaides pors water. This glves only the foree of repulsion,
and will be in errcor In predicting swelling by the amount of any forcea o
attraction. The modal assumad 1s that of charged, tabular particlss in
parallel arrangement with diffuss laysrs of s xchangeable iona which
overlap, resulting in an ion concentration batwesen particles hnighar than
that away from their influence. The proparties of the ayatem whioh muat
ba known to make thia calculation are: apecifie aurface ares of the
elay, natura of the exchangeable lons, consentration of ions in the
pore water, and exchange capaclty or surfaca denslty of charge of the
clay.

For water contents below 60 par cent on a walght baalas, and
pora water salt concentratlions below G.CO0l1l M, the concentratlon of anlons
batwaan the clay particles can be neglected, and the caleculation 1s
atmplified. The concentratlion of catlons at the midpeint hatwesn two
interaoting platea cannct be measured. Lt can bte calculated from the

model (Langmulr, 1938) and is given by:

g = "2

¢ 2
zZB(d + x,)

whara! C = concentration of caticha mldway batwesn two clay plates

= yalances of axchangeabla ions

half dilstance botwesn two g¢lay plates

o ® correction factor of 1 = A depending upon ion valencs
and charge density of clay

B = 10l em/m mola. Thias constant depands upon tamparatura

and dieliectric constant.

M.
44




f

The swelling prassure can then be caleulated from the van't Hoff

squation, which for monovalent lona 1s:

! P =RT (Cq - 2C,)
vhore: P = calzulated awoelling pressurs
B = gam consatant
T # abaclute temperaturs
C, = concentration of salt In the pore water In moles/litre

fhe relationahip betwasen water content and intsrparticla apacing ia

glven by:

W =84
100

where: W = watar content in waight pgr cent
S * surface ares of clay in mn/gm. for, 4, in A

Theas calculations adequetely predic¢t maasured swelling pressuras for
the high-awslling acdium-montmorillonite at low salt concantrations
(Figure B8). The samples were orlented by drying dilute suspenslons to

achileve the parallel perticle arrangement required 1n the theory. At

highar salt concentrationa the messured presaures of aodium montmorlllonits
[exnemd calculated values. This 1s not due to flocculatien, and probably
reaults from tha errors in using concentratlons rathar than sctivitles
of the exchangeable ions {Warkentin and Schofleld, 1962).
J Calculationa of awellling preasura from diffuse lon-layer
thaory for divalent ions are not wsll aubstantiatad exparimentslly.
For montmorlllonlite there ia an uncertsinty sbout the relevant aurface
ares bacsuze the particlea are arrenged in packetz with axtended awelling
only between tha packets. When the surface area ia reduced to take
this Into acsount theoretical end measured swelling pressures are in
better agresment {(Blackmore and Miller). Ingresaing salt concantration
appears to have little effect In decreasing swelling preasura, although
this may ba tha rasult ¢f low awelling in water comblnad with the arror

in concentrationa which waa measured for the acdium cley. Free swelling

¢f nateral elayas which ares largaly celcium-saturated 1s lass In salt
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(Warigtantin sand Sehofisld, 1862).
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arrangeasnt {f oamotlc awelling ls small. The amount of camotlec
swelllng and the swelling presaure ara, howsver, depandent upon the
amount of surfaca which 13 interacting, 8o for high asawelling ¢lays the
parallel particls orlentation results In greatest swelling. This
difference 18 fllustrated in figure & by the volume increass of a high-
awelling and & low-swelling clay wlth different particle arrangement.

A awallling c¢lay depealtad from fresh watar has an orianted
particle arrangement with the flat faces lying norlsontally. The
particles sediment Individuslly and gettle in this minimum energy
configuration. Repulsion batween facas suatains the overburden. A
sample prepared by one dimenalonal oomaolldation will have the same
characterlisticas, and will have a large average distance batween odges
in the diraction perpendicular to consolidation. On drying, this sample
will show c¢onsidarables ahrinksge in tha horizontal direction as particle
edgaa appreoach. Swelling, however, wlll oceur preadominantly 1n the
vartical directlion from repulslen botween facas.

A sample allowed to swall without being loaded Will increase
in volume untll forces of attractlion balance the forcss of repulsion.
Thesa forces of attractlon are not quantitatively undersatood but
probably include van darWeals forces, Coulom® forees batween unliks
charges, and organic and 1norgsnle melscules which bond between partioles
Theas forces are diacussgsed in chapter — . Some sodlum-gaturated <¢lays
wlill awell until they dispsrse; repulsicn exceada attraction aven at
large dlatsnces hetwesn partlelea.

Het Voluma Change

A sample allowed to awell In waeter after bsing dried will
attaln a final volume which 13 usually different from the original
voluma of tha sample. This differsnce will depend upon the factors

which control aualliﬁg- If there 1a a net dacroase in volums aftar ane
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&tole of drylng and wetting the aécond c¢ycles usually shows a further
folume decresas. Eventually equlllbrium 12 rsached wheTe the volume
changaa are reveraible.

The volumae during swellling 13 alao different from the volums
tha ammple had &t the seme water content on shrinking. Uaually the
velume is higher on swelling, indicating santrapped air. It 13 posaldbls
Rlso that the sample will contain less air after swelling.

Some change in particle arrvsangement occurs during shrinking
wid swelling, as shown by ths hysterssis loop when suctlon 1s plotted
againat water content, and by tha fact that the [lnal water content
aftar reswelling 1s often lower than the initial water content. For
unsaturated materials this hyatereslis may result from caplllary affectas,
but in saturated c¢lays where water uptake results in awelllng it 1s
Ilikaly dua to plestic readjustment of the clay particles. The araa of
the hysiteresis loop represents the esnergy lost In this readjustment par
gycle of wetting and drying (Holmes, 1955).

Shrinking and Seil Suetlon

In most atudles on shrinking, the volums has basen masaaured
"a g functlon of water content. Lt 1a of Interast to determine ths
011 auction valuas assccelated wlth differant atages of shrinkage.
Jeation as a functlion of water content 1s usually measurad on saparate
samplea and then compered with the shrinkage curveas.

The scll suction value at which unsaturation ceccurs depends
ypon the characteristics of the shrinkage curve, I.e. upon the factors
such a3 perticle orientation, ¢lay minerals etc. meantlonad above. For
¢lay #0113 with sppreciable volume change the auctlon at the shrinkage
1imit is usually betwesn pF 4 and 5. Smith (1959) shows that at pF 4.2
the ahrinkage 13 atlll normal for the awselling Texes Bleckland solls.

Holmes {1955) reported walues of pF 5.1 and 5.5 at the shrinkage limit,
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and pFf 5.7 and > 6.0 where shrinkage ceased for two clay sofle iIn
Austrslia, Cronay, Colsmsn and Black (1958} show pF valups from 4 to

over 5 at the shrinkege limit. Stirk (1954) found values between p¥F
lL.2 and 4.9 at commoncemant of realdual shrinkage for solls which
cracked on drying. For surface solla in which the larger pores pre-
dominate, tha pF at ths shrinksga limit should decraase until eventually
a matarial is obtainad which shows no reglon of normal ahrinkage. Thia
{3 indicated in the valuss reported by Stirk (1954} for non-craecking

aofls: the pF at commencement of residual shrinkege varies from ¢ 2.0 teo
I.‘.!E'I

Crack Pormatlon durlng Shrinking
Cracks wlll form in clay solls on drylng unleas tha shrinkagse

18 one dimensional and vartical. Thisa might ¢acur Iln s plastle aoll
at depth where the overburden conaclidetes the clay, but ths usual casa
1s approximately thres dimensional shrinkage. Cracks form whare the
cohasion of the soil 1s lowast. Whare drying 1s not uniform, cracks
will form Iin tha molster acil. A change in particls orlentation occurs
at the erack surface, and on radrying after watting, the cracks will
appasr In the sama place 10 the acll haa not been otharwisme disturbad.

The number of craclks per unit area dspands upon the clay and
particls errangement. & large numbar of cracke will form in flocculated
clays, whila in disparasd clays with highsar cchesion a few ralativsly
largs cracks result. The cracks in & surfaca soll with a wall-developed
¢rumb structure may bs unnoticed bwcause sach small unit becomes
aaparatad by a amall dlastance from the ad]einling cone.

When a crack has been formed, water loas procseds from tha
orack faces, sc that a larger aurface ls avallable for avaporaticn.
Watar loss par unlt area of orack face may ba as high az cne-half the

lcas par unlt area ¢of aurfacs s0ll. This increaass tha size of a crack
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ocpes formed.

Volume Changes in thes Flsld

The soll charactariatics affacting shrinking and awelling
which have baan discusasd in this chapter have boen atudisd on amall
samplas in the laberatory. Volume changes of soils in situ may differ
in degrea. Tha only unconfined boundary occurs at the surface so that
aspecta such aa cracking muat nacessarlly be studled In the field. In
general, the volume changas occurlng in situ will bs lowsr than thoae
mogsured for small samples.

Climata, in determining scll water contemnt chaengea, determines
tha dagree to whiech the potentlal volume change of a clay will be
sapressad. Ths amount of shrinking and swelling can ba predicted 1f
the ¢lay propartlea and the ¢limate ara known. Thils 1a the gpplicaticn
to be made of laboratory studies cf volume changa.

Strustureaplacaed upon clay solls can change ths water relatlon-
shipa of ths 201l beneath them by decreassing water loss by evaporation,
or preventing water content increazes from rainfall. Diffearential volume
changas will then cccur between expossd snd unsxposed aoil. Desp rooting
planta decrease the water content of soils at depth. The {ncreased
shrinking eround trees ls well documented and readlly observed on clay
aalla where reswelling 1s only e fractlon of inltlal shrinkage. Ths
volune changss may occur to a depth of 10 to 15 fast. Recent more
numercus studies of naturally cccuring volume changea, based upon s
knowledge of shrinking and swelling mechanisma, are defining the important

practical aspects of these volume changes.
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