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Volume Changea in Clay S o i l s  - 3hrinklng and Swell iw 

I 
Clay a o i h  typically undergo change8 in volume with changea 

I 

t'in water content; shrinking and cracking on drying and swelling on 

Irewattlng. Thia change will be aeaaonal in a climate with a dry summer, 

while smeller changes will r e a u l t  erom a1 t o m e  te  precipitation $nd 

drylng perioda. If  the volume change l a  uniform it l a  not  eaaily 

obaemds and considerable vo~tical a011  m Q V m d n t S  may occur without 

h i n g  reoognizmd. Problema aasociatod r t th  volume changes usually a r i a s  

rron uneven shrinking or swellingp e s p a c l a l l y  in the engineering uaa o f  

hoi la  to  support loada.  The cracking associated with shrinking is of 

concern for p l m t  growth on agricultural a o l l s .  This may be beneficla1 

i n  promoting aeration, or harmful i n  breaking roots and allowing extreme 

drying. Smeller aracks promote formation of 8011 s truotura u n i t s .  

A large amount of shrinkage occurs when water-deposited claya 

' nrr firart dried. The amount of reswelling depends primarily upon the 

o h y  minerals. High-swolling olaya containing montmorillonite show an 
,- ahoat  revsrs ible  swelling and ahrlnklng on rewetting and ~ ~ d r y i n g .  

wborqas the marine-depoaftod clay;, aapesllfally those contain in^ lllite 
I ,and chlorite, show an i n i t i a l  large volume decrease on drying w i t h  only 

a limited swallin~ on rowetting. The net decrease i n  volume a f t e r  each 

d q l n g  and uetting c y d e  for  the latter clays  baeomae smaller untll an 

a q u i l i b r i u m  is raached where a w l l i n g  and ahrinking occur8 betueen 

oonatant limits. Thin rsvar~ibls volume change between fixad limits is 

also Pound for aurraca horizon# of agr iau l tura l  8011s which have under- 

gone nilmsroua wetting and drying cycles.  

In the following aect iona the mechanisms of volume uhangs and 

tb m i l  propertlea determining the rnagnltude will be diacusaed .  

Shrinking 

If the volume of a saturated clay *ample i s  meaaured as i t  la 
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slowly cried, a re lat ionship  of the type shown i n  rigurs 1 ia obtained 

b s t v e a n  volume and water content* A t  high water  content the slope of 

the lCns is 4s0; for each unit 01 water l o s t  the volume decreases by 

one unit  and the a 0 1 1  remalna saturated. This was termed normal shrlnkaga 

by Aainea (19231. A aoll aampla n s d  n o t  be fully water-saturated to 

show nomal  ahrinkage. Undiuturbad samples taken from below the water 

tabla  are usual ly  laaa  than 100 per  cant saturated but the amount of the 

gas phase remains constant on drying, rsault ing i n  nomanal shrinkage. 

Figura 1 i l luatratoa  euch a case; the theoretioal l i n e  f o r  complete 

saturation :e shown below the shrinkage l ine  fo r  the aampla. On further 

drying, the slope changes and a i r  enters the void8 a t  tha shrinkage l i m i t .  

A small  amount of shrinkage, termed res idual  ahrinkage, takes place on 

further d q i n g .  The ahrinkage l i m i t  has boon defined in mvera l  nays a8  

shown by pointa  A, B end C in figure 1. The water content a t  the shrinks% 

l i m i t  which ha8 a physical aignlficanae is a t  the point oP unaaturatlon, 

point A. The other twe are plotting conveniences, although point C give# 

t o t n l  ahrinkage. . . 
The force caualng ahrhking ariaea f r o m  the praaaure differernas 

ecrosa the aurved air-water interfaces of the vo ids  st the boundaries of 

the a m p l e .  As water evaporates from the aurface a E urved interface l a  

f onned i n  the voids at the s urface w i t h  a lower preaaure on the convex 

innep s ide*  and water l a  drawn from ina ide  the sample due t o  this preaaure 

d l f  rerence. As long as thia force exceeda the resia tame or the alsy 

part ia le s  to  cloaer approach, i . 0 .  t o  ahrinkage, the aamplo  remain^ 

saturated w i t h  a volume decrease e q u a l  to the water clontent loss. This 

l a  the range of n o m a l  shrinkage. Eventually a condition i s  reached whem 

par t i c 1 3  i n  taraction reatr iots  shrinkage and further iwrementa or uater  

removed are p a r t l y  r e p l a c e d  by air. Soma add1 t i o n a l ,  ses idua l ,  shrinkage 

occurs dua to further rearrangement snd in soms cafiea banding of part io l e  



Watsr content - peroent 

Figure 1 Oenaralimad shfinka~s curve for a clay soil 



Thla p a r t i o h  i n t ~ r a c t i o n  reals t ing  aloser approach may be direct cantapt 

of p @ r t i d ~ #  or o f  hydration layers, or It may be interpart ic le  repulsion 

due to forces c a u u i n ~  swelling. This interaction is dlaouased i n  more 

detail i n  the chapter on clay mineral#. 

S o i l  charactarlstioe affaotin~ shrlnkmgs: 

Cheraeteriatics of ths ahrinkage curve vary with the natura of 

the aoil. Tota l  shrinkage increases with increasing in1 t i a l  uater content,  

uhioh is i n  bJrn a function of clay minerals, mode of geologfcal  deposition, 

the deposi t iona l  environment which determinos both particle arrangement 

and overburden pressure, and degree of warnthering. High-swelling clay8 

containing the mineral montmorilloni te have high i n i t i a l  uater  contents. 

Sediments deposited l n  s a l t  water have a random or edge-to-face amsociation 

oC p a r t i c l a a  w i t h  large volumes o f  trapped wetor. Under them conditions 

high l n l t i a l  water contenta are found in tha ebaence of high-swelling 

claya. overburden preeaura conaolidatea sediments and decreases the 

~ a t 3 r  content .  Repsstbd c y c l s a  of watting,and drying have overcome the 

inf luence of depoaltional environment for surface soils ,  and to ta l  

shr inkags dependa primarily upon the clay minerals. 

Totnl shrinkage i s  lean for  rendom part ic l e  arrangement as shown 

by ahrlnkaga wa8ursmsnts for  t w o  c h y a  in figures 2 and 3 .  Whan shrink- 

age tor  the kaolinita sarnplea i n  f i g u r e  3 is comgsrsd a t  tha acme water 

content, the disperaad sample with more para l l e l  part lc l s  arrangement 

shoua n much  large^ change thmn the flocculated ample with rrndoa partlalo 

arrangement. The f i n a l  dry denaitlafi muut  then slao be dift'erant. The 

lower dunaitiaa for randon particle arrangemant are sharn i n  table 1 ror 

the kaol inl te  and f o r  tha marine-dep~aited Leda clay which contains aome 

chlorite end illitem 
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p a r t i d s  orientation. Paral le l  arrangement l a  100$ orientatton 
and random arrangement 1s O$ ( from Lamb*, 1960 ) 

Figure 3 b a a u r n 8  shrinkage ourvea for kaolin1 k w i t h  rlocoulated 
, (random) end d l 4  eraad ( p a r a l l e l )  particle arrangment. 

(Wa~kontin~ 1961 ! 
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Table I. Shrlnkage l i m i t  and oven-dry volume nelght as lnrluenasd 

by part io le  or ientat ion .  

Water Content 
Quuali t e t i v ~  a t  Oven-dry V 

Clag Orientation Shrlnkaua l i m i t ( $ )  Height, (d 

Dispersed Kaolin (pH101 paral le l  19 1.70 

Flocculated Kaolin ( p a )  random 26 1-52 

Remoulded Lads pert ly  parallel  20 1.77 

Undis turbsd Leda random 30 1-64 

The water contsnt a t  which unaaturation occura , the  shrinkage 

l i m i t ,  also depends upon the arrangement oS gartielem in the olag  soil 

and upon the oley rninarala. (Table 1 and Figure 3) A mora random 

arrangement inursasea the Bhrlnkage l i m l t ,  a mors parellel arrangement 

daoroeaea i t .  Particla l n b r n c t i o n  leads t o  unssturstion a t  a hlgher 

w a t s ~  conten t  far the randm edgs-to-face arrangomant of p a r t i o l e a  than 

for the m o m  p a r a l l e l  arrangement. This additional volume i a  trappad 

between part ia les  in the random ar~angamant. The particle errangement . . 
3 d h t h  in flooculatsd and in dirperssd c l a y s  I s  d h e u a s a d  l a  ohaptera . 

Kaolinlte uauelly ahowa a residual &welling rather Ulan 

shr1nNing. (Fit3ura 3) Th5a l a  probably due to e l a s t i c  rebound of 

part ic lea  a f ter  the connecting water films are broken, 

Sand and s i l t - a l e *  p a r t i c l e s  dscrsaae total shrinkage bsaause 

they decreasb the watar contsnt a t  saturation, Tha influence of  texture  

on the water content at the shrinkage limit d3penda upon the clay mineral. 

Figure 4 show the decrbas* in total shflnkage and the change In shrlnkagb 

limit am lOO& average diameter @lass beads are mixed with  ( 2~ mont- 

rno r i l l on i t e  ard  Leda clay. Theae maaswemanta &re f o r  a s i m p l i f i e d  system 

w h e ~ e  the bOaP8e p a ~ t i c l b a  a m  of one blse .  l 'otal ahrinkage exprehsed 

per weight of clay ahould be indapandant of the proportfen of  clay to 

sand-size material u r . t i l  tha  voluma o f  c l a y  I s  lesa thqn the volume of 
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X- x Montiuorilloni t e  
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Peroent d a y  in clay-glaas bead mixture 

ngure 4 Influence of mnd-s ize  particlea on to ta l  shrinkage and shrinkage 
limit o f  tut, olaya. (de Jong, 1962) 



-8 - 
pore apace between the coarse particles when they are touching. A t  thin 

proportion o f  c lay  t o  send, shrinkage should cease. Flgura 4 ahows thim 

e f f a a t  asmi-quantitetlvdy. Tbe slope of the ahrinksge line l a  spproxi-  

mately one; t o t a l  shrinkage ror 50s c lay  i s  about one-half that for 

100s clay. A t  about 25$ Leda clay, shrinkage drclpa sharply t o  almost 

zero. This i a  in l ine  with the calculated value of 285 ( d e  a ~ n g ,  1962). 

For montmorl l l o n l  te,shrinkage i s  expected to atop below 158 c l a y .  Even 

for ths s p h e r h a l  glass beads i t  i 8  d i f f i c u l t  to check thia  quantitatively 

because the packing of the spheres and the orientation of clay part ic les  

i n  re lat ion to  tha spherea and t o  each other are known only within l i m l t s  

( 6 s  Jong, 1962). The clay fills the voids betwoen the l a ~ g e r  particles 

but a l so  forms oriented l ayepa  around them. 

The water oontent a t  the shrinkage l i m i t  a l a o  decreaaas nearly 

i n  proportion to the amount of the larger part ic le8  down t o  505 clay. 

Below this clay percentage, the larger pmrticles interfere  to  allow un- 

scturation.  Thm hcreaae in water content a t  the shrinkage limit roc 

calcium montmcrillonite with more than 50% glass beada has n o t  bean 

sat isfactori ly  explained. 

Shrinkags will be anisotropic i f  the tabuler c1.y part ic les  

have B proferred orientation i n  the ample .  Thls occur4 i n  sediment* 

deposl  tad under lact l8  trine condi t ions ,  or where overbuden  pressure 

has oriented the particlea during consolidation. V e r t l a n l  shrinkage 

excaeds horixonQl shrinkage and the d!msnsional shrinkage is not l inear  

with docreaaing water content. This is s h o ~ n  in figure 5 f o r  an undia-  

turbed a m p l e  of a g l a c i a l  lacuatr ine  c lay  containing montmorlllonite 

an6 i l l i t a .  For a clay pla te  with a longer horizontal than ver t iaa l  

dimension, ahrinkage will be greater in the vertical dimension even i S  

a water f i l m  of uniform average thieknesa surrounds the part io l e ,  

bacausa tha proportion of water to  ao l id  is grenter along u line in the 

verticel direc t ion .  In addi t ion  intarpartfcle  repulsion 1 s  greater 



-0 Vertical 
X- x Horizontal 
A -  Remoulded 

Water content - percent 

Figure 5 Shrlnkaga nurvaa for  a lmustr ins  clmy with p a r t i a l  orlaatstion 
of part lo lea  {Warkentin and Ebzozuk. 1961) 
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batwean f l a t  surfaces, resulting in r larger average diatanae betwclen f h  

aurt'aoea than between sdgea. As reen from the l l0pa8  of the dimensional 

shrlnkege curvas, the rata o r  v e r t i m 1 .  shrinkage gradual ly  deoreaaes 

while the rate of  hociaontal shrinkage inareasaa until the ahrlnkagm 

limit is ranched. If the volume is ar lcu lated  from the dimensional 

mhrinkago i t  can be mhown that  nQrmsl ahrinkage ooours. Shrinkage for 

the cemouldod sample is i ao t rop io .  Shrlnkaga or weathered surface aoilm 

a d  a o l l a  ulth rrndom p n r t l c l ~  arrangement will be iaotropia. Orisnte- 

tlon of partlalea aan be induced i n  aunp10s by one-dlmonaionml conaolida. 

t i on  or by drying rrom atlapdnsionn. Such samples will also show 

aniaotroplc shrinkage. 

Surfmce aoih with a l o w  clay cantont or with a well davbloped 

crumb atructura may show no range oP n o m l  ahrinkaqe as tha water  c o n t e ~  

l a  decrmmsed. Thm degrae or unaaturation increnees w i t h  decreming uatw 

content and henan the total ahrinkmge ia lower than it would be for 

normal shrinkage. This i s  typical for soils with a wide r m g s  of v o i d  

aizea where water, aapec ia l ly  in the largeat  vo ida ,  l a  held by oapillarg 

forcsa. I n  a clmy soil ui th  a well developed crumb atruaturo  theae 

larga vo ids  are botweoo crumba and they become unsaturated at leu moil 

a u c t i o n  vnluea. The voida within the crumbs, where water la hrld by thq 

force* a a a o c i ~ t a d  vfth &welling, remain sa krratsd up t o  high value8 of #uctl 

I n  there soils tha f irst  incramants of water loaa arb aoeompaniad by m 

volume d a c r e n s e  less than the volume or water loat. Thim haa been tamed 

a tructurnl rhrinkaga ( S t i r k ,  1954). As dry f ng proceeds, normal ahrinkacm 

may occur when the water w i th in  t h a  crumba i a  l o a t .  

Sinca the shrinkago curva shape depanda upon particla arrange- 

ment ,  which ia ths ~ 0 8 t  imp9rtEint Pactof i n  soil oturcture, i t  has been 

sugeea ted  that the change in thi8 curve w remoulding or puddl ing  a 

sample be used na a maaaurs of aoil atrumture (Lauritzsn, 19b8). When 
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4 murfaca ooil u i t h  well-developed structure l a  mrnouldad, tho larger voids 

dirappear. The rang8 or normal shrinkage increases while the water oon- 

trnt a t  the ahpinkage l i m i t  decreases. For clay a u b ~ o i l a  which do not 

coatain large voida the ahange on remoulding may be very  amall. The change 

in tb ahrinkage curve wlll depend upon the orig inal  and tho romouldsd 

. . partiola arrangements. 

Uaaauremsnt of ahrinkeae for aamples: 

Shrinkage ourvea have boon axparimsntelly determined by meaauring 

either l inear  dimenaiona or volume as a net  sample loass w e r t s r .  The 

aiamga wstsr content can be eas i ly  obtained by weighing tfis ample .  

lbrm 1 s  the problem of ensuring t h a t  the sample has a unl fom water con- 

tent, aince drying proceeds mt tha surface and uater m u s t  move from i n s i d s  

th ample .  Thin aan be aaeompli~hed by slow drying of small samples or 

by allowing tha manplea to  squll ibrate In e saturated atmosphere a f t er  a 

ahart drying period. Accurate measurement o f  the volume l a  more diTrl -  

cult. 

Hainea (19231, in n i a  classical work defining the cheraotaris t ics  

of the ehrinkage curve, meeaured volume by diaplaoarnsnt of mercury in a 

a p c l a l  pycnomotsr bottle.  If tho samplea ara p l a a t i c ,  the r e ~ l l i r a d  

handling will deiorm the sample; dry samples may break under the 

prosmure. Alao the  meraury beamen contaminatad with s o i l ,  and there l a  

tho general undes irabi l f  ty of handling mercury oxtonaivaly.  B w s v a r ,  

thia remains the most aocurats method o f  rneamrfng volumea u n l e s s  v e r y  

regular sample ahepes can be obtnfn6d. Voluma oan tw d s t a m i n e d  by 

displacement in water i f  the samplo l a  coated t o  prevent water entry. 

Paraffin and f i l m  or p l a s t i c ,  obtained by evaporating off the solvent, 

are uasd.  The dimadvantage l a  t h a t  the sample can be used for  only one 

ma8urmment. Several emplea  m u s t  be uasd to derine the ahrinkago curva, 

and variability of soi l  samples muut be taken i n t o  account. Volrime o m  
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elao ba msaaursd if the vofda are filled w i t h  a l i q u i d  auoh aa  kerosene 

(St irk,  19%) 

Lineer dlmensionn or the sample, rrom which volume ahrinkage cl 

be calculated, were measured in early studlea of shrinking,  {sea Keen, 1( 

M o w  recently,  the magnified image of a cubs sample projected on a sar&si 

has been measured (Cronay, Coleman and Blaok,  1958) . Linear dimenuion 

changsa have a'lao been de termfned f r o m  the changing distance be tween two 

markg on a aample h o e ,  e l  ther pine or marka aoratchmd into the n m p l e .  

The distance betueen points on the surfaces of small asmplen cen be 

meamred with o travelling microscops. If t h e  sample has a th in   rate^ 

ahape, the watsr d i s t r i b u t i o n  within tha clay on drying ia mora ansily 

kept uniform (Warkentin and Bozozuk, 1961) . 
Tn8 ahrlnkage l i m l t  C ~ F i n a d  ma point C in Pigure 1 i a  the 

water contant whiah would be rsqulred to f i l l  the volda present i n  the 

dry sample. This can be obtained from the volume w e l e t  l r  the d s n a l t y  

of t h e  mineral p a r t f c l e a  I s  known or measured. Volume wefght can ba 

detemlned by rneamuring the volume, or the weight, of mercury d l a p l a c e d  

by the aemple i n  aome t o r m  or pycnometer b o t t l e  or corm tant volume vessel  

in which the d r y  ample is innnersed in mercury. Alternatively,  t b  

aample can be coated with a watsr r**Mant material and a meaaunnent 

made of the amount of water d isp laced  {Russell, 1949). Thia ahrinkage 

l i m i t  may a l a o  be eatlmated hy maauring the l lhaar ah~inkap of bar8 

oe soi l  made to d i f f e r e n t  water contents and dried.  An extrapolation 

to z e m  ahrinkago g i q s a  tha xa%r content  at t h e  shrinkage l i m i t ,  C .  

So11 charaoteristics affactin~ a w a l 1 i r . g :  

Volume inoraaas due t o  suall in.g,  l a  d ia  tinguiahed from water 

content  regain on rwuat t ing .  An unsaturated aoll can talte up water,  

replacing a i r  in the pore space 41th u a t e r ,  wlthout a consequent incraaao 

in volume. Thla occurs typical ly for eendy and s i l t y  ao11s.  S w e l l i n g  



I raqufras a force of repulsion aaparmting clay p a r t i c l e s  &a the water 

contrnt incraasas. 

The amount of auellinp, d a p m d s  upon the clay m i ~ r s l a  and their 

arfangement or or ien ta t ion  in tha c lay  soil aa well aa upon phys lc s l -  

etenicnl properties such PB vnlenca o f  exchengaabla cat iona ,  pore-water 

aalt concentration and cementing bond8 betueon clag partialem. Swelling 

incrsaasa with increasing surface arem of the olay and with decreasing 

valence oP the exchangeable cat ion .  Specif ic  differences between c lnys  

within r mineralogical group give rise t o  smaller dlfferencea ln swelling. 

S u r h c e  area or a clay dependa more upon thiclmesa of tho 

t a h l r r  p a r t i c l e a  than upon the other dimensions. It d e c r a a ~ a s  Prom 

the thin pepticlea of montmorlllonita t o  the much thicker k a o l i n i t 8  

p a r t i o l e s  as ahoun in  table  2. Monovalent exchangeable iona, 

Tabla 2 Size and swelling properties of  clag mineral groups 

Approximate Observed V 0 h m 8  
Thickness ( A )  Change 

800 high 

80 madium 

15 low 

suoh # a  ~ ~ ' d i ~ m ,  cause greater swelling than divmlant calcium lone. 

Highly acidic clnys have polyvalent aluminum as exchangeable ions, with 

r conasquent low swelling. An increase in pre-water aslt coneentrmtion 

decmaase swelling of the high-awslllng clays, especially i f  monovalent 

ions rrs present. mere much exchangeable a d i u m  is present in soils, 

svalling and diaperaion are reduced a t  higher salt concentrations. 

Ueually awelling is undeairmble but for purpoaes such as l i n i n g  i rr igat ion  

canals montmorillonite with exchangeable sod ium is used. 

Camentation betwoan partlcloa I s  u a u a l l y  considered r major 

factor in i lmit ing  volume regein of clays on swelling. Iron hydroxides, 

carbonmtss and var ious organic molecules are the cementing matoriala. 
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l t  i s  not  clear in mrny caaas whathbr these m a t a ~ l a l s  bond between 

part ic l e s  to fom a res tra int  to swelling or whether they arrsat the 

physiaal-chemioal properties o r  the surface  in such a way as t o  reduce 

the swelling h r t a .  Iron a a l t s  dried into a clay can markedly mducs  

aualling; this ocaura in some "non-a welling" mon tmori l l o n l  t a s  . In many 

a t u d i e a  showing ineremaad swelling mfter ramoval of Iron oxides ,  the ~011 

nos  l e f t  w i t h  sodium a3 exchangeable ion, and t h i s  mag have baen the emu{ 

of the inoreasad awslling (Prebble and S t i r k ,  1959). Partiols arrange- 

ment, w h i ~ h  influences swsl l inr ,  i a  a l s o  alterad in the chemical reaioval 

of  the oemmting matarlala .  

The decreaae i n  swelling uauaed by cementing meterials will 

be greater for weathered clays which have undergone oycles  of uatting 

and drying. Host of the mechanf~ms for  csmentation depend upon dehydrat: 

of c o l l o i d a l  mter ia l  t o  form b o d e  between part ic l e s .  Baver (1956) has 

summarieed the a tudies of cementation and aggregate s t a b i l l  ty in surface 

soils. baaurernents of volume regain for two unweathered o laya  in 

figure 6 show that  removal of iron oxides-and csrbonatea resulted in 

otily a small inereaue I n  swslllng of the high-swalline c lay  and dsoreased 

the volume regain o f  the low-auelling cley. T h l a  decreaee waa l i k e l y  

due t o  the more thorough remoulding during chernlaal removal of cementing 

materiala. The change in particle arrangement caused by remoulding hsd 

the largoat inf luence on swelling. 

Tha di f ference  in the water ratention curves of disturbed 

and undisturbed clays d l s ~ u a s e d  in chapter - show the influence 

of part ic le  arrangement on water content  and swe l l ing .  The direction 

of the chsnge in swelling w i th  changing part ic le  arrawemsnt seems to 

depend upon the type  of clay. For high-swelling c l a y s  such aa sodium 

rnontmorll lonita,  swe l l ing  against restraint is greateat  for parallel 

particle orientstion (Warkentin, 1951)+ The auellinc: volume apd awelling 
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Water aontent to whiah a a z p l s a  are d r i s d  - percent 
Figure 6 Heaaured swell in^ o f  two d a y s  as influenced b mmouldlng and 

removal of cementing materiala. (Warkentin, 19 g 1, Harkentin am 
(Bosoruk, 1961) 
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pressure for most natural #oil0 i s  g r ~ a t e s t  f o r  random or i l o o c u l a t e d  

part la le  arrangement (Seed and Chan, 1959) .  Figure 6 ahowa the efPeat 

of remoulding on volume regain for the low-swelling Leda c l a y  and for A 

high-swelling Manitoba clny.  Ths Lede c l a y  has a f locculated random 

p a r t i c l e  arrangement; remoulding r s s u l t a  i n  more parallel part io le  

arrangement over short distances  and volumo o r  w m t e r  c o n t e n t  r*galn I s  

deoran4ed. The high-swelllng olay i s  p a r t i a l l y  o r l e n t d  in the natural 

atata;  remoulding changes the orientation b u t  i t  l a  not k n o m  whether 

the remoulded o r i e n h t i o n  La more or lssar parallel from p m ~ t l o l e  to 

p a r t i c l e .  An explanation f o r  the influence o f  p a r t i c l e  ermngement on 

swelling is discuaaed in the asot ion on mechanism of auslling. 

Swelllng oocurm primarily Ln the plsne psrpendiculrar to the 

P l a t  surface o f  the clay p n r t i c l e ,  a 0  suelling rrd shrinking are asltrotrt 

f o r  olays with an overall orlentation of particles. Samples or high- 

swelling m o n h o r i l l o n i t e  orientated by greaaura or by d r y h g  from d i l u t e  

suspension show horizontal swell ing Uhlah Ls o n l y  a f eu  psr cent af the 

vert ical  awslllng. hnLsotrop1c s w e l l i n g o f  a sample o f  the Manitoba 

c lay  is shorn i n  figure 6 .  Swelling i n  the horizontal dlraction does 

not  reach the original dlmenaion, but  vertical swelling sxcesda the 

orig inal  uertioal dimension. This difrerenca will be discussed further J 

the aect ion  on machanism of swelling. 

Swelltns pressure of aoils: 

Swelling clays exert preaeure a g a l n ~ t  a confining load when 

water 14 ava i lab le  for a v.olume inoromem. ThLa presaure exceada usual  

loading, so that v o l m e  change l a  decreased but  n o t  prevented by the 

a tructures which the soil  suppor te.  The magnl tude or these presawea can 

be memn in tab le  3 where soma measured pressures reported i n  the l i terature  

f o r  a o i l s  are l isted. Except for h igh-awl l ing  o lays ,  tha awelling pressurn 



1 fibla 3. Some va lues  of suelling praaaura of s o i l s  mported fn the 
If t6ra ture , 

Seed & Chan, 1959 

1 dacreasea repidly with &mall volume ir~craaasu a d  the t of swelling 

, under load f s usually small. 

The depndence of swelling pressure on volwm h g &   make^ a 

preciae maauraaent of s u e l l i n g  presaura d l f f i a u l t ,  and unleau special 

precautions are taken in the measurenent t o  prevent volume change, 

pwaaured pressure8 will underestimate the w e l l i n g  pressure. A p ~ s  saure 

maauring dsvrae  is required which is actuated by the l o w 6 8  t volume 

ahanges, an g r d i n w y  oadom&Mr allows too  much volume expaneion. The 

nornal rebound curve, t h e r e f o r e ,  underestimates the suelling pressure 
. - 

k t  MY void r a t i o .  

A number ~f d 8 v I c e s  for meaaurfng  awel l ing  presaura have been 

dmcribed in +Aa l i t e r a t u r e  (e .g. Palit, 1953 ) .  Typica l ly  they consist; 

OS a rigid c a l l  confining tha a m p l e ,  with access t o  water through a 

paceua stone orn uatar-permeabls  membrane at one end ndnd a a o l l d  or 

f l u i d  plston a% the other uhioh sllowa 4 pressure maesurement. Swelling 

preaaurs is meaaured 6s the r e s t r e i n t  which has t o  be a p p l i e d  t o  the 

piaton t o  prevent movement. Sueliirlg preasure in several d irec  t i o n a  can 

be li66iaur6d if the confining c ; a i l  i a  f l u f d  rather than a r i g i d  uall. 

The swelling proaaura measured in these d e v i c e s  l a  n o t  

devalupad instantaneously. The r e s u l t a  given by P e l i t  (1953) show that 

the presaure increases  approximately exponential ly  for a number of ueeka. 



i a  being tested, the complete hydration of o lay  mineral surfaoes on 

netting w i l l  requirs time. Emerson (19.551 haa ahown t h a t  a olod of 

soil containing illite continutrn t o  take up water for many waeke. Ilhe I 

f u l l  swelling preaaure w i l l  not  be msnifested until hydration l a  complete. 

Secondly, most preaaure measuring devloea depend upon some volume change 

for ao tuat ion. This expansion o f  the sample requires that water 

more into the clay. Slncs the pmmmbil i ty  of auslling claya l a  leu 

the neaossam distr ibut ion of water under a m a l l  prasaure dirfsroncsa 

w i l l  rtrquire conaidorable time. 

kaaured swelling presaurea f o r  pure claga i n  figure 7 ehou 

the influsnca o f  arirface aree and valence of exchangeable lon. The 

sodium-montaorillonite ahown muoh higher swelling pressurea than the 

other claya. The illita has a lower surface aree, end the divalsnt 

cala ium ton a l so  decreases awelling. 

Mechanian oP swelling: 

Swelling, or a volume incraaae on vatt ing,  requires an 

attraotion o f  water to  the olay to provide an e i feot ive  r e p l a i o n  between 

clay partioles. From thermodynaaio conaideratlona, aa long as the free 

snergy or the water in the s o i l  1s leaa than that o f  free water, water 

u i l l  move in to  the ~011. Yater f i l ls  the voida or a sand wl thout a 

signifinant increaae in volume, but Sor claya thfa wetting usually 

reaul ta  i n  a volume increaae and the reaaon la aought i n  the aurfacs  

properties of clays. 

Different mechanf sma have been suggssbd for  water sorption 

causing swelling. There i s  evidence from many experiments that water 

a t  the clay mineral aurface has a structure, giving L t  properties 

d i f h r e n t  from free watsr. This has been generally termed 'bound watsr". 

Forcea a t  the surface cause an order ing  of water molecules which may 



mpulaion required for  swel l ing  (Low, 1958). Another explanation iu that 

.& r a p l a i o n  arises from the oamotic preasure due b tha concentretion 

or exehangsable ions.  Theso concmpta ere diacusaed  i n  mare d e t a i l  in 

tb uhapter on propertlea o f  olay minersla. When two olay partiales 

ore suff iaiently cloam for their  dlfiurss ton-layers to  avsr lap ,  the 

iaa aancontration in the plan# midway between particles i s  greater then 

b t  in  free water, and w a h r  moves between the p a r t i c l ~ r .  Ae the 

particlea are separated, the difference i n  ion concantrntion i a  lowered 

and the repulsion or swelling pressure dsareeaes. A third mechanism 

b account for m a l l  amounts or awel l ing mesmured on release of preasure 

l a  e laat ic  recoveq ,  both unbending mnd rearrangement of par t l a l e a ,  

Evidence ex iata  to aupport e l l  three o f  theas mchaniams. 

It 18 o f  i n t e r e s t  t o  aalculate  the mount OS wel l ing  predicwd 

by the proposd  mechanisms m r d  to cornpara the values w l t h  measured 

a w l l i n g .  The uwslling voluae is d i f f i c u l t  t o  calculate  baoauar~ it 

depend8 upon the balance b tween forcos of ittrac t i o n  andmpulaion. 

The driving force decrerasas a8 swalllng inoreases end the i l n a l  volums 

$8 8enai t iv9 to outside influences. Swelling preasureo a t  volumes leaa 

than completely swollen a m  more eaully handled bacauae they dapend upon 

tha larger net forcea o f  repulalon. 

The propertlee of bound w a t e r  oannot be ca lculated  with the 

praasnt knowlsd~e, so the influsace of various a lay  properties on 

mwslling cannot be predicted in thia way. Osmotic swelling can be 

calculated with oertain simplifying assumptions discussed in chapter - . 
These easumptlona severely restrict l t a  appl i ca t ion  i n  predicting 

rualling of clag solla, but it will be asen that where the theoretical 

model l a  val id ,  the caloulntiona can predict obaerved swelling pressures. 
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The following discussion will be from the atandpoint that bound uatar 

aocounta for the f i r e  t feu water Layara taken up on swelling and t h a t  

extended auelllng, especially with monovalent ions, i a  osmotic.in nature 

The swelling preasura is aalaulated ae the oarnotlo prsmaure 

due t o  the difference in concentration of l o n a  betwean c lay  par t l c laa  

and in the outside pore water. This given o n l y  the force of repulsion, 

and w i l l  be i n  error in predicting swelling by the amount of any f o ~ o s a  8 

attraction.  The m o d ~ l  aaaumed 1 s  that of charged, tabular part io las  in 

pare l l e l  arrangement with d f f f u ~ e  layers of exchangeable iona which 

overlap,  result ing i n  an ion concentration be tueen p a r t i d e a  higher thpn 

that w a y  from their inf luence .  The proparties o f  the system whiah m a t  

bs hown to  make thia calculation a m :  specif la  trudace mrea of h a  

clay,  nature of the exchangeable lona, conaentratLon of iona In the 

pore water, and exchange capacity  or aurfaca density OF charga or the 

clay. 

For u a b r  contenta balow 60 per  cent on a weight basta, and 

pore watar salt concentrationa belou 0.001 R, the concentration o f  anions 

between the clay pmrticlea can be negleoted, and the calculation l a  

almplified. The conasntratton o f  cat lono a t  the midpoint betweern two 

ln t erao t lng  platea cannot be rmsaupsd. It can be c a ~ c u l a t + d  f r o m  the 

model (Langmuir, 1938) erld l a  given by: 

=c 
f 

e2~(d + x 0 l 2  

where: C = concentrat ion of cat ions  ddway  between two 
C 

t = valence or axchangeable  ion^ 

c l a y  p l a  tea 



I Tha swelling prassure can then be calculated from the vantt Boff 

I.quation, which for monovalent iona is: 

P = RT (C ,  - 2C,) 
&re: P = calculated awelling preasure 

R = gnu constant  
T nbaoluta  temperatura 
C, a concentration of salt in the pore water i n  moles/ l i tre 

I B e  n l a t i o n a h l p  be t r a m  rmter content and inhrpar t l c la  npaclng l a  

W = 3 d  m 
vhe re : W = uatmr conwnt in weight p r cent 3 S * aurfaca arm of clay i n  R /@I. for, d ,  in A 

1 meae ca lou la t ions  adequately predict measured awelling pressures for 

I tbe high-swelling s d i u m - m ~ n t m n r i l l ~ n i t e  a t  1 0 w  s a l t  concentrations 

Wher a a l t  conaentrations the measured preaaurea o f  aodfurn nontmorillonits 
I 

I 
exceed oalcula tsd v s l u e a ,  This is n o t  due to flocculation, and probably 

of w e  exchangeable ions (Warkentin and Sohofisld, 1962) . 
I Calculations of awelling preasura from d i f f u s e  ion-layer 

' theory for dlvalant  ions are not well aubatantia ted exp~~r imenta l ly .  

For wontmorlllonl~ there l a  an uncertsinty about  the relevant. aurface 

area baaauas the partie lus  are arrenged in packets with extended w a l l i n g  

only between the packets.  !ihen the surface srea f a  reduced to take 

thin into acoount theoretics1 snd meaaured awelling preasurea are in 

better agreement (Blackmore and Mil ler) ,  Increealng a a l t  concentration 

appears t o  have little e f f e c t  in decreasing avelllng preaaure, elthough 

t h i s  may b thr raault of lou awelling in water aombinad with the error 

In concentrations which wna m a n s u r d  for the aodium cley. Free awelling 

of  natural c lays  which a re  l a r g ~ l y  aalcium-saturated is less in a a l t  



Heaaured swelling pressures of three alayar (Bolt. 1956; 
Blaokmora and Miller, l9bl) I 

I 
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"gum Comparison o r  cmleuletsd w t t h  measured awslllng prsasure 
for #odium aontmorllloni tB at  two aslt ooncentrationa 
(Warkentin and Sahafield, 1962). 
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arrangement i f  oarnotic swelling l a  smal l .  The amount of oamotie 

swelling and the swelling pressure are, however, dependent upon the 

amount of surface which l a  interacting, so for hi&h awel l ing  olays the 

p a p a l l e l  part ic le  orietltation results in greatas t swelling. Thi B 

difference is i l l u s t r a t e d  i n  f igure b by the volume inoreeae of a high- 

awelllng and & low-swelling clay with different part ic le  arrangement. 

A swelling c lay  deposited from trash w a h r  ha@ an oriented 

part ic le  arrangement with the f l a t  faces l y  ine horizontally. The 

particles sediment individually and settle i n  this mfninurn energy 

configuration. Repulsion be tween face# aua Caina the ovsrburden. A 

aemple prepared by one dimensional oonsolidation will have the same 

character is t ics ,  and w i l l  have a large average distance between edges 

i n  the dira e t ion psrpsnd i cu ler  t o  consol idation. On drying, this sample 

will show considsrabla shrinknge in the horizontsl  d irec t ion  aa part ic le  

edgea approaoh. Swelling, however, w i l l  oacur predominantly in the 

vertical direc  t lon from mpuleion between facea. 

A aample allowed to  swell uithout beLng loaded will fncreeae 

in volume until Poreea oP attraction balance the forces of w p u l s f s n .  

l'heaa forces of attraotion are not quantitatively understood but 

probably include van derUaala  forcas, Coulomb forcea between unlike 

charges, and organic and inorganlo molseulea which bond between part to lea  

These forces sra discussed in chapter - . Some aodium-saturated clays 

w i l l  swell u n t i l  they dlapsrse; repulaion exceeds- attraction even at 

large distances betwesn partlalea. 

Net Volume Change 

A sample allowed to swell in wstar after being dried w i l l  

a t ta in  a f i n a l  volume which i s  usually di f f eren t  from the original 

volume of t h e  aampls. This  d i f ference  w i l l  depend upon the factors 

wMch control awelling. If there is a net  deareeab in voluma a f t er  one 



I~olune decranse. Eventual ly  equl l lbr lum l a  reached where the volume 

I ahangea are revera 1 b l a  . 
The volume during a w e l l i n g  i s  alao different from the volume 

th sample had a t  the a m @  water  c o n t e n t  on shr ink ing .  Usual ly  the 

roluma i s  higher on s w e l l i n g ,  i n d i c a t i n g  antrapped a i r .  It i s  poss ib le  

a l ro  t h a t  the aample w i l l  contain leas a i r  a f ter  swelling. 

Some change in part 101s arrsngement occurs during shrinking 

and s u e l l l n g ,  a s  ahown by the hyateresia loop when a u c t i o n  i s  p l o t t e d  

against water content, and by the ract that the Cinal. water content 

ortar r e s w e l l i n g  is often lower than the i n i t i a l  water content. For 

unsaturated m a t e r i a l s  this hysteresis may result from capillary srfectar, 

I but in saturated clay? where water uptake resul ta  i n  swelling i t  l a  

l ike ly  due to plastic readjustment of the c l a y  p a r t i c l e a .  The area or 

the hystoreals loop represent8  the energy l o s t  in this readjustment per 

~ j c l e  of wetting and drying (Holmea, 1955) . 
Shrlnkin~ and Soil Suction 

En moat r t u d i e s  on s h r i n k i n g ,  the volume has bsen meaaured 

)a a t'unction or water  c o n t e n t .  It i a  of interest t o  determine the 

soil auction v a l u s s  a s a o c l a t e d  with d i f f o r s n t  atagea of ahrinkago. 

Suetion a s  I. Function of water c o n t e n t  l a  u s u a l l y  rneaaur~d on s e p a r a t e  

omplea and then compared with the shrinkage curves. 

The s o i l  a u c t i o n  value at  which u n s a t u r a t l o n  occurs depends 

upon the characteristics of the shrinkage curve ,  1.8, upon the factors 

muh sa perticla o r i e n t a t i o n ,  c lay  minerals  e t c .  mentioned above. For 

clmy 8011s with apprec iab le  volume change the a u c t i o n  a t  the shrinkage  

l i m l  t in u a u a l l y  be tween pT 4 and 5. Srnl th (19.59) shows t h a t  a t  pF 4.2 

the ahrinkage i s  s t i l l  normal for the a w e l l i n g  Texaa Blackland s o i l a .  

Kalmes 11955) reported values of pF 5.1 and 5.5 a t  the  ahrinkage limit, 
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and pF 5.7 m d  ) 6.0 vhare shrinkaga ceased f o r  t w o  c lay  eoil~ in 

Australia, Cmney, Calaman and Black (1958) show pF valuea fmra 4 t o  

over 5 a t  the ahrlnkego limit. S t i r k  (1954) found valuea between pF 

4 .2  and 4.9 a t  cmencement or r a e l d m l  shrinkage for ~ o i l a  which 

cracked on drying. For aurfacs aoila in which the larger pores pra- 

dominate, the pP a t  the ahrinknge limit should dscmaae u n t i l  eventually 

a znaterial is obtained which showa no r ag ion  of normal ahrlnkaga. This 

is indicated i n  the values reported by S t i r k  (1954) for non-cracking 

aofls; the pF a t  cornencement of residual ahrinkaga varies f r o m  < 2.0 t 

4.2. 

Crack Formation dur lw S h r i n k i s  

Creokd w l l l  f o m  I n  clay soils on dry ing  unleas the shrLnkege 

Is one dimensional and vert ical .  Tnia might oacur in a plas t i o  a011 

a t  depth where the o v a r b u ~ d e n  c o n a o l i d e t a a  the clay, but the usual case 

i s  a~proximately thras dimenalonal shrinkage. Cracks form where the 

cohesion of the s o i l  I s  lowest. Where drylng l a  not unlform, orocka 

will form i n  the m o i 4  ter a o i l .  A change I n  p a r t i c l a  or i en ta t ion  occurs 

a t  the crack surface, anb on radrying after wetting, the cracks wlll 

appsar in the same p l a ~ a  i f  the a011 has not bsen otharwim disturbed. 

The number of cracka per u n i t  area depends upon the clay and 

p a r t i c l e  arrangeaent. A large number of cracks uill form la flocculated 

clays, while in dlsparaed clays with hiehar coheslon a few relatively 

large craaks result* Tho orecks in 8 surface moil with a wel l -developed 

crumb structure my be unnoticsd b cause each amall unit bscomea 

asparabd by a a m a l l  diatance from ti14 adjoining one. 

When a crack has been formod, water losa procssda From the 

orack facea, ao that a larger surface is available for avaporation. 

'dater loaa per unit  area of orack face may be a a  high a s  one-half  Uls 

loas par unit area of aurfacs  a o l l .  Thla increaaoa the size or a crack 



once farmed. 

Yolunns C h a n ~ o s  in the F ia ld  

Tho soil chnractor i s t ica  af fect ing abrinking and swelling 

whioh hmva bean dlacuaaed in this chaptsr have boon atudlad on amall 

samples i n  the laboratory. Volume changes of a o i l a  in a i t u  may d l P P s r  

in degrae, The only unconfined boundary oecurs a t  the aurfece so that 

aapctn such aa crackhe must necessarily be studlad i n  the f i e l d .  In 

general, the volume c h a a ~ e s  occuring in s i t u  will be lower then thoae 

naaaured for small ranplea .  

Climata, in determining a011 water content changea, determines 

tba degree t o  which the potential  volume change of a clay w i l l  be 

sxpraaaad. Tns amount o f  shrinking and swel l ing  oan ba predicted if 

tha clay p r o p e r t l e a  and the climate are known, Th18 l a  the appl icat ion  

t o  be made of laboratory a t u d f e s  o f  volume change. 

3 truoturee placed upon clay soils can change t h e  ua ter rala  tion- 

shlpa of the a011 beneeth then by decreasing wetar loss by evaporation, 

or preventing water content increaaea from raintal l .  Dif t'erential volume 

ahangea will then occur between exposed and anexpoaed soil. Deep rooting 

p h n b  decreese the water content of soils a t  depth. The increased 

ahrlnking nround trees Is we13 documentgd and readily observed on clay 

a d l a  where reanelling i a  only a fraction of i n i t i a l  ahrinkage. The 

volume changes nay occur to  a depth or 10 to 15 faat .  Recent more 

numerous atud54s of naturally occuring volume changea, baaed upon a 

knoulsdge of abrinking and swelling mechanisms, are defining the important 

practical aspects of these volume changea. 
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