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I. INTRODUOTIOI'. 

Water in clay soils is considered to be held by 

capillary and swelling forces. Both torees are operative 

but the importance ot each torce depends upon the water 

content. This relationship was assessed t'rom water 

retention, swelling pressure, and volume change studies 

usibg samplesot different aggregate sizes compacted to 

different porosities. The ett'ects of texture and partiale 

orientation on water retention in kaolinite-glass bead 

mixtures and in marine-deposited Leda clay were also 

studied. 

Clay soil aggregates used in these investigations 

difter from pure clays, clay blooks, or a clay soil 

w1 th a stable structure. An attempt was made by a macro 

approach, to disouss the variables atfecting soil water in 

clay soil aggregates. 

Methods for preparing samples, methods t'or measuring 

volume changes, and design of apparatus for swelling 

pressure studies vene involved in the investigation. 

In addition, an apparatus for volumetrie measurement 

ot water retention is discussed in an appendix. 
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II. LI~ERA.TURE JlEVIEW 
4 

le §sregate Formation and :Properties of .Agsregates. 

Soil structure is defined by Baver (1956) as the 

arrangement of primary particles -sand, silt, and 

clay tractions- and the secondary particles •aggregates

into a certain structural pattern. It is generally 

accepted that aggregate aize is one of the cri teri a 

by which soil structure may be evaluated ( ~iulin, 1926, 

Low, 19 ~' etc.). Swanson and Paterson ( 1942) emphas1zed 

pore s1ze, total pore space, and shape·of pore as the 

tactors to descritie natural soil structure, but these 

properties are determined by aggregate sizes, shape of 

aggregatas, and degree of compactness. Sieving methods, 

either dry or vet•sieving, were used for separating the 

aggregates. 

Colloids, clay, organio matter, and sesquioxides 

vere considared ~ play the most important role in 

aggregation, as they act as cemanting agents (Lutz, 19361 

S1der1, 1936, Paterson 1944, and 1947). Hussell_.!l934) 

was among the f1rst to propose that aggregate ~ormat1on 

was due to a linking system cons1st1ng ots particle -

orientated wetting molecule - cation - orientated 

wetting molecule - particle. ~he .forces responsible 

.for aggregation result t.rom London • van der Waals 



forces. Madelung forces. Coulombic forces, hydrogen 

bonding, orientation of water dipoles or OSmotic 

forces, depending upon the interaoting distance. 

Chepil (1950) and Tamboli (1961) found that 

apparent density decreases with inorease in ~gregate 

aize. However, the oalculation of apparent density 

from measurement of bulk densi ty probably leads to 

this conclusion. The difference in apparent density 

am.ong the different ~gregate sizes oould be the 

difference of inter-aggregate porosities, whioh is 

a function of aggregate aize at the same packing level. 

Antipov-Karataev and Kellerman ( 19 62) found 

practically no difference in partiale aize distribution 

among the different ~gregate sizes, except the clay 

content of the< 0.25 mm traction was slightly higher. 

There was no trend in organi c matter or sesquioxide 

content tor different sizes. 

2. Clay Partiale Arrangement. 

Clay partiales carry negative charges at the 

neutral point (pH 7), and the am.ount of negative charge 

usually increases as pH of the clay suspension increases. 

These addi tional charges are considered to be due to 

ionization of -OH groups from broken bonds at the edges 

of silioon-oxygen sheets. At low pH, extra H+, or H3o+ 

is attracted from the broken bond of unbalanced 

3 



(+••(oa-1))-i chargeJ the clay partiale can therefore 

have positive charges at these sites (Schof1eld, '1939). 

The nature of the charge determines the repulsion or 

attraction between edge and face of clay plates. Partiale 

orientation is thus eontrolled by controlling pH in the 

clay suspension. A clay suspension disperses when the 

force of repulsion is predominant; each clay particle 

settles independently from this suspension. A clay 

suspension flocculates when attractive forces prevail; 

the clay partiales clump together and settle as large 

uni ts (Yong and Warkent1n, 19 66). 

Kaolin1te usually occurs in the form of large 

crystals with 70 to 100 layera, which are held together 

by hydrogen bonding between hydroxyle from the alumina 

sheet on one face to oxygena from the silica sheet on 

the adjacent layer. The hydrogen bonding is relatively 

strong, and can· prevent any hydration between the layera 

(Yong and Warkentin, 1966). This property accounts for 

the low water retention. The clay platelets are bonde~ 

together in an irregular manner. These irregularly 

shaped crystals are stacked together into units known 

as the clay matrix ( e .g. Kem.per 1 19 ~) , or domain ( ~uirk 

and Ayiœore, 1960) or polyplates (Koenigs, 1963). The 

4 

clay partiale orientation in these units differa (Kem.per, 

19 ~). Slurrying ( Croney and Coleman, 19 ~) or compressing 

(de Jong, 1963) a moist soil probably changes the 
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partiole orientation. The remoulded clay is more 

parallel than the und.isturbed Leda ola7 (Warkentin, 1962a). 

Application ot meohanio~l torees probably breaks the 

edge to face and organie matter bonds. Partiele 

orientations tor kaolinite oan be represented as in 

A and C in Fig. II-1 tor parallel and random 

orientations respeetively. Application ot meohanioal 

torees. e.g. mixing or compression will change the 

tloooulated kaolinite to a more parallel orientation 

as illustrated in B. Fig. II-1. 

Orientation ot clay partiales oan also be 

varied by the conditions ot sedimentation and by 

rem.oulding. The slurried samples ot Croney and 

Coleman ( 19 54) retained muoh more water than the 

undisturbed samples. Koenigs (1963) stated that this 

was due to the development ot shear planes. Inoreased 

tangential movem.ent between the clay plates resulted 

in more parallel partiole orientation due to slurrying. 

3• Volume Changes~ 

3-1. General Considerations. 

The shrinkage ocourring on progressive and slow 

reduction ot water content ot a soil sample can be 

distinguished into tour stages: structural. normal. 

residual, and no shrinkage. In addition, soma soils 

may inorease in volume after the stage of no shrinkage. 



LEGE ND~ 

A, DISPERSED KAOLIN/TE. 

8, FLOCCULATED KAOLIN/TE, 
AFTER APPLICATION OF 
MECHAN/CAL FORCES .. 

c,.FLOCCULATED KAOLIN/TE. 

CROSSED HATCHED AREA= CLAY CRYSTAL. 

SHADED AREA = WATER RETAINED ABOVE GIVEN pF. 

POINTS= HYDRATED ADSORBED CATIONS. 

FIG. Il-l, KAOLIN/TE POLYPLATE CONFIGURATION. 
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Haines ( 1923) meaaured the ahrinkage of 

a black clay loam., and found that one-third of 

the am.ount of water originally present was lost 

before the shrinkage becam.e meaaurable. Lauri tzen 

(1948) found that hia natural clay aoil ahowed a 

stage in the wetter part of the moiature range where 

the change in aoil volume waa lesa than the volume 

of water ranoved. The aggregates apparently moved 

aomewhat cloaer together but pores emptied and 

allowed the entry of air. This report was supported 

by Stirk (1954), who ter.med this stage "structural 

sbrinkage". This stage probably can only be observed 

for surface soils with well-developed structure. 

Keen (1931) discussed the resulta of Haines 

(1923) and referred to the region where shrinkage 

was equal to water w1 thdraw.n as "normal shrinkage"; 

the peccent saturation of the aoil did not change in 

this region. 

The succeeding region, in which the decreaae 

in volume was less than the volume of water lost, 

was defined as "residual ahrinkage" by Haines (1923). 

He explained this as due to colloidal coatings, but 

Lauri tzen ( 1948) favoured an explanation of re si dual 

shrinkage based on the distinction between expanding 

and non-expanding lat ti ce clay minerals. In the 
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stage o:f residual shrinkage, water ram.oved t'rom the 

clay soil may be at the expanse o:f both capillary 

or :film water and water held in the expanding lattice 

o:f clay partiales. Soil with no expanding lattice 

clay mineral should not show this stage. 

Eventually, shrinking of the soil ceased 

when all parti cl es were in contact, and the coarser 

fractions in the soil maas for.med a rigid f'ramework. 

In this region, soil volume ram.ained constant even 

though water was still withdrawn (Lauritzen, 1948, 

Stirk, 1954). Stirk (1954) ter.med this region 

"no shrinkag e ". 

The explanation :for residual shrinkage proposed 

by Lauri tzen ( 1948) apparently do es not apply to 

kaolinite samples, which do not have an expanding 

lattice but which do show residual shrinkage ( c.f. 

Haines, 1923). Stages of shrinkage probably relate 

to a balance of forces as implied in Koenigs' 

statam.ent { 19 63J : 

"The moisture content of clay soil is 
the result of an equilibrium between 
the swelling pressure on one hand and 
the soil suction plus Madelung attraction 
on the other hand. However, f'rictional 
:forces, caused by organic matter bonds 
and by edge-face attraction, tend to 
fix any given arrangement. When the 
primary parti cles are moved in relation 
to each other, the true equ111brium 
between swelling pressure and suction 
is obtained, ···"· 
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Clay soils swell on rewetting. The process 

of shrinking and swelling may be :t'ully or partly 

reversible depending upon the type of clay minerals 

(Yong and Warkentin, 1966) and degree of drying. 

Both Haines (1923) and Holmes (1955) round that the 

volume on rewetting was equal to or larger than on 

drying at the same water content. They detinitely 

concluded that the increase was due to the air locked 

in the pore space. It is essential that the soil 

was dried below the shrinkage limi t, otherwise wetting 

and drying take place reversibly. de Jong ( 1963) 

allowed slurried samples of Leda clay to rewet before 

the shrinkage limit and foœd that volume increase on 

rewetting was only partly reversible. He explained 

this as due to an energy barrier, or to particle 

rearrangement, as suggested by Parr7 ( 19 60). Closer 

examination ot de Jong's resulta (1963) showed that 

there was no volume change with increase in water 

content in the wetter part of the reswelling ourve. 

Attention should be paid to the method used for 

ohanging the water content in investigating shrinking 

and swelling. Haines ( 1923) used spraying for· rewetting 

the soil. Rapid watering from the top of the sample 

by this method probably causes air entrapment in the 

soil and uneven w~ter distributfon. This was probably 

9 



the reason for Haines• result (1923) that volume in 

swelling was always larger than in shrinld.ng at the 

same water content. If the soil is rewetted slowly 

:t'rom the bottom of the sam.ple and the soil air allowed 

to escape, uneven rewetting would be eliminated. 

3-2· Influence of Soil Properties on Volume Change. 

Total shrinkage, stage of sbrinkage, and 

charaoteristics of shrinkage are influenced by 

properties of the soil such as type of clay minerals, 

aggregates, texture, orientation of clay partiales, 

exchangeable cations, pore space and organio matter. 

Tam.pa:ny (1917) and Haines (1923) round that 

total shrinkage increased wi th clay content. There 

are no systematio comparisons conoerning total volume 

changes among the clay minerals, but i t is generally 

observed that total shrinkage and residual sbrim.kage 

is linked wi th degree of expansion of lattice spacing 

in clay minerals. Kaolin has a non-expanding lattice 

whereas the lattice structure of montmorillonite is 

of the e.xpanding type. Stirk ( 19 ,54.) found that total 

sbrinkage and sbrinkage limi t of cracking soils were 

larger than for a non-cracking soil. He reasoned that 

the difference was probably due to clay content or 

type of clay minerals. Lauri tzen ( 1948) observed that 

natural clods did not exhibi t as much normal shrinkage 

10 
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.as arti.ficial blo oka prepared t'rom the soil. Lauri tzen and 

Stewart ( 1941) found that w1 th decreasing apparent specifie 

volume of the soil, the characteristics of the sb.rinkage curve 

became similar to the curve e.xhibited by the blooks. Stirk (19!if.} 

f'ound a large di.ff'ermce in sb.rinkage pattern between the soil 

aggregates and rem.oulded soil of the same m.aterial. The ratio of 

structural and residual shrinkage to total shrinkage increases with 

1ncrease in sggregate sizes. A difference in shrinkage limit 

between the soil aggregates and rem.oulded soil was also observed 

by de Jong ( 19 63). . Using clay-glass be ad mixtures, he f'ound that 

total shrinksge and shrinkage limi t were linearly related to 

texture in the range 50 - 100~ clay content (de Jong and 

Warkentin, 196$). 

Aooording to the capacity for volume change, soils ca:n be 

classified into three groups. 

Croney & Colaman 

( 19 !if.) 

Fally
compressible 
soil 

l'artially
compressible 
aoil 

Non-compressible 
soil 

Bol t & Miller 

( 19 g3} 

Ideal clay
wate:r 
system 

Non ideal 
clay-water 
system 

Coarse grain
water system 

Bab cook 

(1963) 

Swelling 
S:oil 

Thermodynami c 
expression, 
present author. 

Parti ally 
swelling 
soil (?) (a_v> -v 1 = < 

a~w P. T. 

Non-swelling 
soil 

where: 
V • Specifi c pore volume. 

V= Partial mo1~ volume of' water. 

~w= Amount of water change\·, in the system. 



4• Swelling Pressure. 

4-1. Theoretical Considerations. 

Clay plates bear negative charges on their 

surfaces due to isGmorphous substitution in the 

clay lattice., dissociation of. hydroxyl groups on 

the clay surface, and unbalanced charges from the 

broken bonds at the edges of the partiales. Cations, 

probably hydrated, are attracted by these charges. 

From the Poisson equatio~ using the Boltzmann 

distribution of ions, it is possible to predict that 

these cation occur in a diffuse layer at some average 

distance from the charged surface. This was first 

worked out by Geuy and by Ohapman. Interaction of 

the diffuse ion layera ,of parallel partiilles gi vas a 

concentration of cations at the mid-point which can 

be estimated from these equations (Yong and Warkentin, 

19 66). 

71'2 
cc = -----------2 . 2 z B( d - :x:0 ) 

(II - 1)·. 

where: 

0
0 

= Concentration of cations midway between partiales. 

z = Valence of adsorbed cations. 

B = 81(e 
2 

E:kT 

12 
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0 

Xo = Correction factor varies from l to 4 A depending 

on ion valence and charge densi t,-. 

k = Boltzman constant. 

T = Absolute temperature. 

E • 

d= 

S= 

W'= 

e= 

Dielectric constant. 
lOOW 
s-
Specifi c surface are a. 

Water content. 

Electronic charge. 

The difference in ion concentration halt-way 

between the parallel clay plates and in soil sol~tion 

is considered the cause tor water to move 

into the soil. Theretore it is possible, by application 

of van• t Hoftt s equatif)n• to calculate the swelling 

pressure. 'l'he equation is given as, 

where: 

P = Swelling pressure. 

R = Gas constant. 

T = Absolute temperature. 

Oc= Oalculated from equation (II-1). 

0 = Ion concentration in soil solution. 
0 

(II•2). 

From the above equation. it is possible to 

estimate the relation between water content and swelling 

pressure ot a certain soil in a gi ven electrolyte solution. 



The compression of a cla,..water system has also been 

described by this osmotic theory of swelling (Bolt 

and Miller, 19 551 Bol t, 19 56, Warkentin et al, 19 57, 

Greacen, 19 59) • 

4-2. General Considerations.· 

Swelling pressure can be measured by a conttning . 
pressure at constant volume. Significant disagreement 

'!' 

between calculated and m~asured swelling pressures 

appears in the li terature. Oalculated pressures higher 

than ( Warkentin, 19 62b, and Koenigs, 19 63) or lower 

than measured ( Warkentin, 1962b, de Jong, 1963, Kemper, 

19 !:8) have bee~ :!ound. The di vergence is probably due 

to the soil material and method of sample preparation 

which aftects the development ot swelling pressure 

(Koenigs, 1963) • 

According to equation (II-2), a clay soil should 

swell infinitely at zero contining pressure, because 

the ion concentration between the clay plates is always 
' 

higher than in the soil solution. Actually there is a 

limi t to swelling for any soil. Usually swelling is 

14 

very small for clay soils below pF 2. Norrish and 

Raussel-Oolom ( 19 62) oalled this oonstraint "interna! 

load". Koenigs (1963) explained it as due to a frictional 
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torce caused by organic matter bonds and by edge to 

face attraction. This is probably tirue only fo~ soils 

which have not been p~e-oonsolidated o~ d~ied. Aooo~ding 

to ~esults reported by Waidelich (19;8), expansion fo~ 

clay soils was ve~y small when the samples experienced 

pre-consolidation at 8 tons/tt2. 

5. Water Retention 

5-l. Analysis of Total Wate~ Potential and the Ther.modznsmic 
Approach to Water Retention. 

Energy statua of soil water has been given 

much attention by a number of i~vestigators since the 

ene~gy concept was introduced by.Buckingham (1907). 

The ~elation between soil suction or total potential 

and wate~ content of soils can be measured without 

reference to the forces holding water, and is known 

as the water retention curve (Marshall, 1959), moisture 

characteristic curve (Childs, 1940), or pF curve 

(Schofield, 1935). More than one force is usually 

involved in holding water in soil, and it is necessary 

to distinguish auch forces in order to understand the 

mechanisms of water retention. Such a breakdown of 

forces is also neoessary before measuring the caœponents 

contributing to total soil suction. As pointed out by 

Bolt and Frissel (1960), care must be taken in splitting 

the terms to prevent a term being hidden in other ter.ms 

or being counted twice. 

Day (1942) was aœong the first to use the 



ehemical potential to descr10e soil moisture. He · 

wrote, 

where; SE = Total potential. 

u = Ohamical potential. 

cf = Gravitational potential. 

N j = Mole fraction of solute species j .. 

P = Hy4rostatie pressure. 

T = Kelvin temperature. 

(II- J). 

(II- 4). 

He made his measurements wi th temltometers, 

and implied that the pressure potential could be 

identified as Buckingham's capillary potential. 

Tschapek (l' 60) also emphaaized capillary potential 

in water retention and suggested the tollowing equation 

to express the total potential. 

( II-5) 

where: G = Gibbs tree energy. 

S = Total surface of soil particles. 

Tschapek (1960) concluded that the influence 

of surface tension on watèr retention (ôG) in aB T.P. 

16 
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equation(II- 5) shows the. capillary .t'oree to be meat important 

.t'rom saturation to the permanent wilting pereentage. This is 

probably true .t'or hia sample,. a kaolin! te, but the equation 

(II-5) does.not have general application. 

Edle.t'aen and Anderson ( 1943) wrote the paper 

"Thermod~amios o.t' Soil Moisture" in which all factors 

contributing to total potential were discussed in detail. 

Low (1951) and Low and Deming (1953) have added an electroatatie 

.t'oree and a van der Waals .t'oree .field to the ter.m d~ of' Day' a 

equation to aocount .t'or positional potential. Babcock and 

Overstreet (1955) considered that water content should also 

be a variable in the ohemical potential o.t' soil water. Bolt 

and Frisa el ( 19 60) added another variable, 'the geometry 

.factor, to Day1 s expression. Box and Taylor (1962) further 

demonstrated that bulk density af'.t'ects the matric potential. 

Inatead of a geometry factor, wh! ch is unmeasurable, bulk 

density is a measurable independant variable. The expression was 

revised as, 

where: P e = E:xternal pressure. 

Pw = Moisture variable. 

fb.= Bulk Density. 

Sw = Entropy of water. 

(II - 6) 



The other notations are the same as in equation (II - 4). 
Bolt and Frissel (+960) wrote two equations: 

( a) Considering water as one phase of the three phase 

systam soil-water•air, the appropriate equation is, 

18 

- - 35 dG = VdPe + ( 
3 

T ) dT + dw + Mgdh + 6 dG + do\ (II - 7) 

(b) Considering the soil-water-air systam as one 

homogeneous system, the corresponding equation 

would read, 

- - -
d.G = VdPe + (ll)dT +(~)de+{~)~+ dw+ Mgdh {II -8) 3T 3e o;t 7-

where: G = faitüàltt;!lé>latt. :t":ree energy. 

e = Water content. 

}t = Geometry factor 

u) = W
0 

+ Wa , swelling torees inoluded due to 

tree salta and adsorbed cations respectively. 

0 = Surface area. 

6 = Surface tension of liquid. 

~ • Adsorption torees. 

Pe= External pressure. 

Note: Ch~ cal potential ( u), Gib.Qs tree energy { G), or 
partial molar tree energy (~) are Q.sed in thermod,nam.ics 
of soil water by different authors. The same resulta are 
obtained, although their meanings from a purely thermo
d,nam.1 c stand point are somewhat ditteren t. 



5-2. Factors Intluencing Water Retention. 

Soil mo1s.ture constants such as moisture 

equivalent, permanent wilting.percentage (P.W.P.) 

and water retention at a given potential increase 

19 

with increasing clay or colloid contents (Loughridge, 

18941 .Keen and Raczkowski, 1921, Lebedeft, 1927, 

Joseph, 1927). W11co.x and Spilsbury ( 1941} tound that 

F.W.P. was re1ated to co11o1d content. Lund (1959) 

· found that this re1ationsh1p was linear. Omstead ( 19 37) 

and Wilcox and Spilsbury ( 1941) der1 ved equations in 

whi ch the water-holding capaci ty was expressed as the 

sum of coeff'icients tor sand, silt, and clay. This 

may be valid only for some soils. de Jong (1963) 

~conducted experimenta wi th mixtures of glass beads 

and clays, and found that there was a linear relationship 

between water retention and texture for a clay content 

above 20% ei th er on drying or on wetting. 

Type of clay mineral influences water retention. 
. · ... 

Clays with exp~ding lattices retain more water than 

non•expanding lattice clays (Grim, 1953). Higher water 

retention is found for smaller partiale aize. Specifie 

surface area, which is a direct tunction of partiale 

size was considered the governing factor. 

Adsorbed cations on the clay surface influence 

water retention. Sodium montmorillonite retains more 



:water than the Ca++,H+, Al+++, or K+ .forma. These 

were considered to bond the partiales together, 

suppressing swelling ( Grim, 19 ;8, David sen and Pese, 

1958). Kemper (1958) e:x.plained that a Ca*-saturated 

soil paste held more water than ca++- Na+ -saturated 

soil paste due to the e.f.fect o.f partiale arrangement. 

Thomas and Moody ( 1962) found that the amount of water 

held at 1/3 atm was closely related to clay type and 

saturating cations, but there was little difference 

in water held at 15 atm among any of the clays 

regardless of cation saturation or clay type, except 

.for Na+-aontmorillonite. On the baais of these 

findinga, care must be taken in the application of 

diffuse ion layer equations to estimate water retention 

.from swelling pressure. 

The amount of water retained, especially 

in a sandy soil, depends upon the volume and aize of 

pores present (Marshall, 1959). Temboli (1961) 

found that an increase in bulk density increased 

water retention up to 5 bar. The opposite result 

was obtained by Wilcox (1939) who found a deorease 

in moisture holding capacity resulting .from an 

increase in bulk density. Wilcox•s result (1939) 

was supported by Taylor and Box ( 19 61} 1 and Box and 

Taylor ( 19 62). The affects were qui te marked w1 th 

heavy soils but almost negligible with sandy soil 

20 



(Wilcox, 1939). Croney and Coleman (195\) prepared 

a amples of plaster of l'aria w1 th different proportions 

of water. They found an increase in saturation 

moisture content, a decrease in the value of suction 

at which air first entered the structure,- and a 

decrease in amount of water held at high suction as 

the water/plaster ratio increased. These resulta 

were explained on the basis of increase in pore aize 

and pore volume. 

The affect of aggregate size on 'JWater retention 

was investigated by Tomboli { 19 61}. A ail t loam 

sample was prepared at three different bulk density 

values, 1.36, 1.15, and 0.95 gm/cc from aggregates 

with diameters, 0.5, 1.0, 2.0, ).O, and 5.0 mm. The 

resulta showed that the smaller the sggregate, the 

smaller is the water retention. The conclusion 

drawn by Tomboli (1961) was that at 1ower moisture 

tension, water retention is determined by aize and 
' 

shape of pores, whereas the moisture retained at 

higher tension values is det'ermined by surface 

adsorption affects. 

6. Hysteresis. 

It has been generally observed that the 

adsorption iaotherm in a porous solid is not retraced 

on desorption. Youngs { 19 60} stated that water content 
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is a single-valued function for soil only in very 

special cases. The difference between adsorption 

and desorption is termed hysteresis. It is a general 

characteristio of water retention by soils. The 

same affect has also been found for volume changes 

(Haines, 1923, Holmes, 1955), and swelling pressure 

( Warkentin, 19 56, Greacen, 19 59). Hysteresis for 

water retention and swelling pressure can be 

generalized into two main types acoording to the 

loops shown in Fig. II-2. 

TYPE - 1. The adsorption branch rejoins the 

desorption branch at a finite suction. 

Hysteresis of this type i s usually reproduoible 

( Holmes, 19 55, Croney and Coleman; 19 ~). 

Scanning curves are always enveloped by the 

main branches. 

TYPE - II. The wetting curve never rejoins 

the first drying curve (Haines, 1930, Holmes, 

19 55, de Jong., 19 63)., but succeeding cycles 

will have the same behaviour as that of type 

I (Poulovassilis, 1962, Collis-George, 1955). 

If drying were stopped at d and the sample 

allowed to rewet, the rewetting curve d-e 

will meet nei ther the first drying curve a-b 

nor the rewetting curve b-e but will lie 

between them (de Jong, 19 63}. The di stance 

between a-c or a-e representa the anount of air 
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pF OR EQUIVALENT pF 

FIG 11-2, HYSTERESIS LOOPS WITH SCANNING CURVES FOR 
WATER RETENTION AND SWELLING PRESSURE, 
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entrapped in the smnple and the volume 

decrease·a.~~' 

A number of mechanisms have been postula ted 

to explain the hysteresis affect; they fall into the 

category of fUndamantal theories of surface chemistry. 

Difference in contact angle, or affect of "ink bottle" 

pores that differe in filling or amptying account for 

the affect in soils with constant geometry. Haines 

{1930) considered V-shaped pores as contributing part 

of the affect in addition to "ink bott1e" pores. 

Holmes {1955) considereà that volume changes were 

the major cause of hysteresis in clay soils. Schofie1d 

(1935) exp1ained hysteresis for tully compressible 

soil as plastic raadjustment of position of clay 

particles. liarkantin (1956) explained differences 

in swelling pressura .•'* due to partiale rearrangement. 

Collis-Gaorge ( 19 SJ) concluded that the independant 

domains described by Everett et al (1952) could describe 

hysteresis in both compressible and incompressible 

soils. Poulovassilis (1962) used the independant domain 

thaory to calculate rewetting curves and found them 

to be clo-e to the experimental result. 



7• Development of Apparatus. 

7-1. Water Retention. 

Since porous plate apparatus was introduced 

by Richards and Firaman ( 1943) for investigation of 

soil-water relations, several workers have attempted 

to improve the apparatus in order to obtain reliable 

soil moisture data. The commercial pressure oooker 

based on Richard' s design ( 1948) was fo1md to have a 

persistent air leak that affected the soil moisture 

data { Jobnston and Perrier, 1962). However, 1 t -ia 

st111 oonsidered a oonvenient apparatus for routine 

work, beoause the oooker oan receive a number of 

samples at a time. 

Tanner and Elri ok ( 19 ~) tried to build a 

porous plate apparatus to study soil moistù.t'e ~,.,, 

volumetrically. Air which leaked through and 

aocumulated under the porous plate had to be ramoved 

from time to time by a '!nilking" pro cess. Reginato 

and van Bavel (1962) construoted a miniature pressure 

oell for so11 cores. The air leak also oould not be 

prevented. 

The porous plate apparatus may be used from 0 

to 15 bar pressure. Ho waver, simpler apparatus is 

preferred at the lower pressure range. Masonry brick 

oovered w1 th fil ter paper was used to measure water 
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retention at saturation (Richards, 1954). Fil ter 

f'unnels (Richards, 1949) or sand tanks (:Peerlkam.p 

and Boekel, 1960) can be used between pF 0 to 2 

simply by adjusting the water head. Pressure 

membrane apparatus designed by Richards ( 1947) can 

be used up to about 30 atmospheres. Air accumulated 

beneath the membrane can be driven of! by circulating 

water under the porous plate. 

7-2. Swelling Pressure. 

Swelling pressure 1 s measured by enclosing 

the soil sam.ple in a cell with a definite volume, 

usually having a porous plate at one end and an 

impermeable membrane at the other. Water is admi tted 

to the sam.ple through the porous plate by a water 

head (Palit, 1953) or by suotion (Kentze, 1961). The 

pressure developed is transferJ!ed through a proving 

ring or bar and indi oated by a di al type of pressure 

gauge. 'The proving ring or bar has the disadvantage 

that defleotion allows more or lesa soil volume change. 

The measured swelling pressure would be underestimated 

(Barber, 1956, Darson, 1956, and DuBase, 19.56). Such 

apparatus is limited to one measuram.ent. Seed et al 

(1962) reported a similar deviee in which the volume 

can be regulated by a piston operated by a screw. 
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Rengmark et al ( 19 .53) measured swelling 

pressure by anclosing the sample in a rubber cloth 

which was immersed in water. The applied mechanical 

force was transfer~ed by the confined water. He 

claimed that i t measured swelling pressure in sever al 

directions. Bolt and Miller (19,5.5), and Warkentin et 

al (19.57) placed the clay suspension between a porous 

plate and a sheet of flexible rubber in a miniature 

pressure cell. The sal* concentration was maintained 

by circulating the desired solution under the porous 

plate. Confining pressure was regulated with nitrogen 

gas. Inter-partiale spacing or water content changes 

were measured by the change in position of the 

nitrogen-water menicus above the rubber sheet. 

7-3· Volume Change Measurements. 

Volume of a given mass is usually measured 

from displacement of volume in a liquid. The soil 

is coated wi th wax or Dow "Saran" resin in ad vance. 

Haines ( 1923) used a mercury pycnometer to measure 

the soil volume. Tempany ( 1917) estimated shrinkage 

from measurements of the decrease in distance between 

two pins in the sample. Warkentin and Bozozuk ( 19 61) 

inscribed two marks on the soil surface; the linear 

change was measured by a travelling microscope. The 

change in depth of a sample can be measured by a depth 

gauge (de Jong, 19 63). Volume of a sample can also be 

measured from its image projected on a screen (Croney 

and Coleman, 19 ,5S). 
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III. COMPACTION- AMETHOD FOR PREPARATION OF 
CLAY SOIL SAMP.LES FROM AGGREGATES. 

1. Introduction. 

In a study to investigate the relationship of 

porosity and aggregate aize to water retention, 

preparation of samples is very important. The 

method of preparation should be auch that the samples 

have the following desirable properties: 

(a} The aggregate must remain intact, otherwise 

it is not possible to determine the affect 

of aggregate aize op water retention. 

(b) Duplicata samples must be identical in 

all respects. This is necessary because 

separate samples are used for determination 

of water retention, swelling pressure and 

volume changes. Comparison of these would 

not be valid if samples werè not identical. 

(c) It must be possible to prepare samples with 

a desirable porosity. 

When moist soils are compacted, soil structure 

is ohanged and the porosity cannot easily be 

controlled because it is a function not only of loading 

but also of water content of the soil. 

The use of air-dry soil in the preparation of 

samples overcomes the difficulties encountered using 

moist soil and appears to give samples with the 
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required properties. In addition, properties are 

a runction or loading; thus prov1ding a method ot 

deter.mining inter- and intra-aggregate porosities 

at any given loading pressure. 

2. Compaction or !gsregates. 

Two aggregate sizes, .( 0.25 and 1.00-4.76 mm., 

were separated .from :t'our clay soils described in 

Table III-1. The aggregates were separated by 

sieving the air-dry soil on a vibrating shaker* 

:t'or one hour. 

Appro:ximately 12 gms of the aggregates were 

poured into the compact1on apparatus shown in 

Fig. III-1. The apparatus with plastic holders, 

as ·Shown in Fig. III-lA was used tor the lower 

loading pressures, 50 to 11 000 psi, while the 

stainless steel (Fig. III-lB) was used tor loading 

pressures above 1, 000 psi. Oœtp•ct1en · was by one

dimensional, static loading, applied tor :t'ive minutes. 

Levers were used for pressures below 1,000 psi and 

* a hydraulic press :t'or the higher pressures. The 

soil air escaped through the clearance between the 

plunger and helder during loading. It was essential 

that the soil in the holder be levelled be:t'ore 

appli·cation o:t' loading pressure, otherwise the 

duplicates were not identical. 

* Eberbach, Ann Arbor, Mich., USA. 

* Black Hawk Mtg. Co., Milwaukee 1., USA. 
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TABLE III - 1 

DESCRIPTION AND 80MB PROPERTIES OF SOILS USED 

Soi la 

Ste. Rosalie 
Clay 

Ha cam le 

Lamothe 

Barbadoa * 
61.-18 

Barbadoa 
61-10 * 

Label Humber 

1 

2 

3 

4 

5 

Location 

Morgan Arboretum, 
Macdonald Oollege 

N'e.ar Palm.orolle, 
Abitibi, Quebeo 

Jlear Landrienne, 
Abitibi, Quebeo 

01aybury 
P1an~at1on 

Mt. All beda ot 
Sco:t1an& torllt.titt:t.,.::. 

* Used for oompactfon test only 

* Not used in ooapaction test. 

Depth ot 
samp1ing 

Be1ow 6 inchea 

18 tt - 2B" 

6" - 12lf 

0 6" 

Mineral a 

Mi ca w1 th ohlori te 
i'eldspar and 
quartz. 

--
Kaolin! te-halloy ai te 
wi th tracea ot 
illite sn4, 
montmor1llon1te 

Mon tm.or11lon1 te, 30% 
Illite, 40 % 
Kaolln1 te, 30% 

Continued 

\.ù 
0 
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Soils· 
Label 

.. number 

TABLB III - l ( Continued) 

;).j ___ 

DESCRIPTION AND .SOME PROPERTIES CJ' SOILS USED 

Losa on 
Ignition 

( 420-450° 0), tf, 

H,-groscopic 
iioiature 
iontent, % 

Mineral 
tenait,
. gm/cc 

Ste. Rosalie l 5.6 3.10 2.70 
Cla.J 

Macam.ic 

~~ 
'Barbadoe * 

61-18 

Barbados 
6J..J.O * 

2 1.6 

;~:· . --~·-" .0.9-

4 -
5 3·3 

* Used for compact1on test onlJ 

* Not used in compaction test. 

4·08 2.63 

3·27 .. 2#7-2. 

4·48 2.65 

2.26 2.70 

e 

Particle 3ize 
.distribution, % 

o.o2- < o.oo2 
>0.02 mm 0.0021111 mu 

32 16 52 

l 5 94 

20 31 49 

26 20 54 

\.V 
t-J 



3 
5 
7 

o" 
1 

1 , . 
• 

1 
• 

--~-

SC ALE 

4 

6 

---a 
__ _,0 

2" 
1 

FfG. 111-TA, COMPACT/ON APPARATUS FOR 

LOW LOADING PRESSURE, 
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LmE:ND FOR FIGURE III-lA. 

1. Curved reoess for levelling load 

2. Bras à plunger (upper part), 2.08 cmt:x 7 .oo cm H. 

3• Plastic sample bolder, 4.40 cm;x 2.40 an H. 
' 
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4• Plastic plunger (lower part), 3·39 cm+x 0.70 cm Th. 

S. Lo oking pin. 

6. Soil sample. 

7• Thin linen. 

8. Porous metal, 6.30 am. x o.ao an Th. 

9. Plastic bolder for porous metal, 6.30 cm I.D. 

x 11.00 cm o.D. :x 0.60 cm Th. 

10. Plastic base. 



POROUS METAL 

STAINLESS 
STEEL HOLDER--J.,.. 

BRASS BASE__/ 

0" 
1 

1" 
1 

SCALE 

1 

STAINLESS STEEL 
,--PLUNGER 

50/L SAMPLE 

AIR OUTLET 

2" 
1 

FIG, 111-1 B, COMPACT/ON APPARATUS FOR HIGH LOADING 

PRESSURE. 
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Bulk volume was determined a:rte:r each 

application of loading pressure by measuring the 

thiclmess of the sam.ple in the sam.ple holder. 

The total porosity, sum of inter-aggregate and 

intra-sgg:regate porosities was calculated from 

the following formula: 

. ~= x lOO% (III-1) • 

where: fT = Total poros1ty, defined as the ratio 

of thevolume of total pGre space 

ove:r bulk volume of the soil, %. 

and 

m = Weight of air-dr7 soil corrected 

to oven-dry weight, gms. 

r = Radius of sœaple holder in the 
' compaction appa:ratus, cm. 

4h = h1 - ~· b.J. is a constant which is an 

initial depth gauge reading without 

soil, am. h 2 is a fina1 depth gauge 

reading measured after each compaction, a.. 

d = Real density of soil part1cles, gm/cm3 

(inter. ... (intra. (III-2) • 

If one of the terms on the right hand side of 

equation (III-2) can be determined, the other term 

can be obtained since tT is lmown. ('T o:t different 

sggregates vs logari thm of loading pressure is plotted 
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on Fig. III-2. The point at whioh the two lines 

meet gi ves the intl"a-aggregate pol"osi ty. These 

values al"e oompal"ed w1 th the Hg-py~ometer method 

in Table III-2. Seleoted lai"ge aggregates from 

the 1.00-4.76 mm sample vere used in the latter 

method, based on the assumption that there was 

no signif'ioant dif'f'erenoe in the appal"ent density 

of' dif'f'el"ent sizes of' aggregates. Lal"ger aggl"egates 

wel"e seleoted beoause use of' smaller aggregates 

underestimated the appal"ent densi ty. Mercury 

oould not penetrate into the spaoes between the 

smaller aggregates or between the wall of' the 

pyonometer and the aggregates. This was observed 

in the transpal"ent plastic pyonometer. 

TABLE III-2 

COMPARISON OF INTRA-AGGRIDATE POROSIT! BE'l'WEEN 
COMPACTION M,ETHOD AND Hg-PYONOMETER METHOD, 

AND THE COMPACTIBILITY INDEX 

Intra-aggreg.ate poros1 ty, % 

Compaotion 
Soils' Method 

1 40 
2 40 
3 35 

·4 38 

Hg-pyonometer 
Method 

39 
38 
35 
38 

Compaotibility 
Index 

0.55 
0.60 
1.00 
0.46 
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Duplicate smnples were used for both methods 

and the dupli oates were w1 thin 2% •. ei'ror .:·if ::.!'he .plots in 

Fig. III-2 and data in Table III-2 are averages 

from the duplicate samples. The compactibility 

index show.n in Table III-2 was obtained from the 

slope of the compaction curve in the straight line 

region as shown in Fig. III-2. 

3· DISUCSSION OF RESULTS. 

Application of an external load causes aggregate 

rearrangement and cl oser approach. The applied stress 

is transmitted and carried by the soil skeleton. 

Phyonéo-chemical properties are considered to be in

a!et&Y.e in air-dry soil, therefore only uni vei'sal 

attraction forces and trictional forces are operative 

during closer approach and increasing area and 

number of contacts between the aggregates as loading 

pressure is increased. The loading is assumed not 

to be high enough to. change the water films around 

particles. At equilibrium, the applied stress is 

balanced by the trictional force at the point of 

inter-aggregate or/and inter-particle contacts. The 

mass force is considered to be negligible because 

the test sample is small. The loading pressure is 

the only factor governing the porosi ty of the a ample 

because tne frictional force is passive in nature 

and is a function of applied stress. 



F1g. III-2 sh~ws that two stages of eompaction 

can be distinguished on the sem.i-log graph. The 

oUI'vilinaari· section is term.ed inter-aggregate 

eompaction; the straight line is named normal 

compaction. 

A, Inter-aggregate compaction: 

Initial inter-aggregate pore volume is larger 

for larger aggregates and the trietional force 

should be smaller for the larger aggregate due 

to tewer inter-aggregate contacts. Therefore 

the rate of.decrease in porosity with increment 

of loading pressure. up to a oritical value, 

should be larger for larger aggregates. As 

show.n in Fig. III-2, it is only true above 100 

psi. This indicates that there is a threshold 

pressure for aggregate re arrangement. An 

aggregate could not move between two others 

until the loading pressure was high enough to 

displace them. The amount of displacement 

required, and henoe the loading pressure, 

inoreases with inoreasing size. 

The interoept of the two lines is supposed 

to give the apparent density of the aggregate. 

It is the point at whioh intra-aggregate 

porosity begins to deorease. This is veritied 

by the agreement with Bg-pycnometer resulta 

as show.n in Table III-2. 
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B, Normal compaction: 

The straight line portion may be represented 

by the empirical equation, 

where: 

losP = -kfT + b 

P = External loading pressure. 

('T = Total porosity, ~. 

k = Compactibil1 ty index. 

{III-3). 

b = Zero porosity constant, psi. It is 

an intercept on y axis by extrapolation 

of the straight i1ne. 

Although a definite relationship between the 

intra-aggregate porosity and compactibility index 

has not been found, soil 3 indicateJ that a lower 

porosity will be accompanied by a higher index 

(Table III-~ 

In this region there is no difference in 

interparticle distance between and within aggregates, 

but it does not mean that the soil sample has been 

united as a soil block. The surface properties 

of the aggregate probably remain. This was observed 

by separation of the aggregates, and verified by 

the difference in specifie pore volume atter 

saturation, (Column 5, Table V-1) between the samples 

prepared from. different aggregate sizes even when 

40 

the sample was compacted at pressures as high as 10,000 

psi. 
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IV. MA'l'BRIALS ARD MBTIIODS. 

1. General. 

The investigations were carried out with 

different clays and with compacted clay soil aggregates. 

The .f'or.mer were used to study water retention only; the 

latter were used to study water retention, volume changes, 

and swelling pressure. 

Water retention and volume changes were measured 

in a continuous manner so that one saœple was used to 

complete the whole dr~ng-wetting cycle, but they 

were measured on di.f'terent. sam.ples be cause the material 

used tor the bottoms ot the sam.ple holders had to be 

different. Choice of material for this purpose is 

orltical. "Millipore" ultra filter paper, which is wrinkled 

when it is wetted but l.asts long without rotting, was 

used for water retention studies. It was punched w1 th 

several needle holes to facilitate movement of water. 

Thin linen cloth, ot which the shape will not be 

affected by adsorption of water or change in water 

content, but which rem.ains intact no more than .f'orty-five 

days, was suitable tor the bottoms of' sam.ple holders 

in volume change measurements. The seme apparatus 

and process as in water retention was used .f'or 



changing the water content in volume change 

measur~ents1 except the period of the drying

wetting cycle was shorter at water contents 

below pF 3· These may not have been equilibrium 

values (except at pF 0) and volume is related to 

water content, not to suction. Apparatus, terminal 

pressures and direct~on of wetting-drying cycle 

for the respective etudies are summarized in 

Table IV-1. 

Every measurement was made on duplicata 

samples and the data presented are aversges. 

2. Preparation o:f Samples. 

2-1. Gompaoted Samples of Agsregates from Glaz Soils. 

Six different samples for each of soil, 1, 2, 3, 

and 5 as desoribed in Table III-11 were made by 

using two aggregate sizes,<0.25 and 1.00-4.76 mm, 

and three oompaction levels1 50, 1,000, and 101 000 
• psi. The procedure of oompaction is as described 

in section III-2. For the two lower oompaotion 

levels, samples were prepared direotly in plastic 

holders. At the 10,000 psi compaotion level, 

samples were prepared using the apparatus illustrated 

in F1g. III-lB. Then they were transterred into 

the sample holders. The sam.ples were 0.5-0.7 cm in 

height with a diameter equal to the holder used. 
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TABLE IV - 1 

APPARATUS, PRESSURE RANGE, AND DIRECTION OF 
WETTING-DRYING CYCLE FOR THE RESPECTIVE STUDIES. 

Soil lam.ples 

Kaolinite and glasa 
bead mixtures 

Leda Olay 

Clay Boil Aggregates 

Pressure itange and &rection Studies 

Air-dry ~pF 5~0~ 4·25 Water J!oetention 

1. Air-dry---?~- pF 0---joo 4.25___,... 0 W'ater Eetention 
2. Air-dry-?- pF 0~ 3.00~ 0 

1. Air-dry~ pF 0--;lllo- 4.25~ 0~4.25 
2. Air-day~ pF o~ 3.00~ o--,3111oo4,.,. 2~ Water .l'etention 

1. Air-dry ----?1- pF 0--?- 4• 25~ 0 ~ 4• 25 Swelling )res sure 
2. .Air-dry -?~- pF 0 ---;3llo- ,3. 00 ~ 0 ~ 3. 00 

, Air-dry--?-- pF 0--?-- 4·25~ O~oven-dry Volume Change 

..j::"' 
w 



2-2. Undisturbed Clay Soil. 

Undisturbed so11 l (Ste Rosalie clay) was 

taken 6 1nches below the sm-face w1 th a coppel' 

tube having dimension 2.0-2.5 cm H. x 5.0 cm I.D. 

x 5•3 cm O.D. 

2-3. Dispersed and Flocculated Kaolin! te and 
Kaol1n1te-glass bead Mixture. 

Dispersed kaol1n1te was prepared from 7% 
* Peerless Kaolin by adjusting the pH between 9.0-9.5 

with o.02N NaOH solution; 1t was allowed to settle 

i hour while the pH value remained above 9.0. The 

supernatant was siphoned into a u1 trafil ter apparatus, 

excess water rem.oved by air pressure, and then air

dried. The kaolin! te sam.ple prepared in this way 

would have a more or lesa parallel particle 

orientation. 

The flocculated kaolin! te was prepared :rrom 

the asme supernatant as described above blatadjusted 

to pH 3.5-4.0 w1 th o.02N H:Ol.. The excess water in 

the tlocs was forced out in the ultrafilter. The 

flocculated sample was supposed to have a random 

orientation wi th a mostly edge to taee arrangement 

ot the clay plates. 

* Distributed by R.T. Vanderbilt Co. Inc., 
New York 17, N.Y., USA. 
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Sam.ples w1 th 100!'., 80~, (:IJ~, 40%, 20% and o!( 

of dispersed or of :tlocculated kaolin were prepared from 

the respective prepared kaolin by an extensive m.ixing with 

No. 14* glass beads at liquid limit. After they were 

air-dried, they were ready for the water retention study. 

According to the specif'i cation of manufacturer, 9 S.. lOO~ 

of the beads has diam.eters smaller than 0.105 mm. 

2•4• Sed1mented and Slurried Leda Clay. 

Sedittlented Leda clay was prepared from 5 - 7% 

suspension of the 2 traction byd. tra f'iltering. The 

rapid settling should result in random orientation of the 

clay plates. This clay was slurried extensively at the 

liquid limi t. The sam.ple prepared in this way would be 

expected to have a more paralle1 partic1e orientation. 

3· Methods. · 

3•1. W'ater Retention. 

The time required to reaoh equ11ibrium. at an7 pF 

value was approximate1y ten days. Apparatus used, specifications 

and operations are tables in Table IV-2. Between the duplicates 

the error was 3%• 

3-2. V-olUm.e Change Measurement. 

Sam.ples with a cy1indr1cal shape 0.5-0.7 cm H x 4•4 cm 

were prepared in a 2.0 cm H x 4•4 cm I.D. x 5.1 cm O.D. 

transparent plastic holder. The sam.p1e holder was marked at 

120 degree interva1s for three measurements whioh were then 

averaged. The ear1y measurments were by the photographie method but 

* Potters Brothers Inc., Carlstadt, N .J ., USA. 
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TABLE IV- 2 

SPECIFICATION AND OPERATION OF THE APPARATUS 
FOR WATER RÉTJifTION 

Appa:ratus 

Saturation 
Tank 

Sand Bath 

pF Range 

0 

1 

Pressure Plate 2-3 
Ex'tl'aotor 

Pressure 
Membrane 
Appratus 

>4 

§peoit1cat1on and Qperation 

30 x 50 CD! Maaonery bri oka covered < 

with tilter paper in a 35 x 60 x 15 
cm plastic tank. Evaporation 'was 
prevented by oovering the top ot the 
tank w1 th a sheet ot p1aati o w1 th 
smal1 ho1es to maintain atmospherio 
pressure in the tank. 

<0.5 mm. tine sand was paoked into 
a 4 gal. oan to approximatel:y 20 CID. .. 
in height. This vas oovered vith a 
sheet ot linen oloth. .Anoutlet vas 

- oonneoted .t:t:-om the bottom. ot the 
tank to a 500 ml. tlaat. The water 
surtaoe in the tlask vas adjusted 
10 cm below the surface of the sand 
in the tank. Evaporation was 
prevented with a oover. 

Soil Moisture Equ1pm.ent Co., Santa 
Barbara, Calit., USA. 

Flow diagraœ tor oonneotion ot 
com.pressed air line was shown in 
Figure IV-1. 

Aooum.ulated ai:r beneath the plate was 
:r..,..ct". oy application ot suotion 
every 6 hours. 

Pressure plate bu1lt to withstand 
higher pressures (de Jong, 19 63). 
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most ot the measuraments were by the micreseopie 

m.ethod. Beth metb.ods were tound to have an 

errer ot 2~ between duplicate samples and are 

deseribed below. 

A, Photographie Method. 

The moist sample equilibrated at different 

pF values, was plaeed on a turntable with the 

same diam.eter as the sample bolder. The sample 

was photographed by baCk lighting with three 

60W bulbs, so that retraction from the ourved 

plastie bolder could be eliminated and evaporation 

:t'rom the sample under exposure minimized. An 

extension tube was attached to the camera.* 

Atter the tilm* was developed, the image was 

projeoted on a sheet of graph-paper. The 

specifie bulk volume was measured :t'rom the image 

w1 th reference to the image ot the sample bolder 

and oalculated from the f'ollowing equation. 

{IV - 1). 

* Pentax HV-2, Asahi Pentax Co., Japan. 

* Tri-X, ASA 400, Eastman Kodak Co., Toronto, Ont. 



where: VB = Specifi c bulk volume, · cc/gm. 

D = Measured O.D. or I.D. of the sample 

holder obtained from the image on 

graph paper. 

d = Measured .diameter of the sample 

obtained from the image on graph 

paper. 

H = Measured height of s ample helder 

obtained from the image on graph 

paper. 

h = Measured'height of the sample obtained 

from the image on graph paper. 

k = Actual measurement for the volume· 

of·the given sample holder based 

on O.D. or I.D. whioh should be 

identioal with D, oo. 

w8 = Oven-dry weight of soil sample, gm. 

If horizontal volume change was not observed, 

equation (IV-1) oan be written as, 

(IV-2). 

The method provided the advantage that the 

sample was exposed to open air for only a few 

seconds. Experimental errors in developing of 

film and in lens opening for the camera were 
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sometimes present, but these errors can be 

greatly reduced by experience. This method 

is not sui table for shr1nksge measurement on 

a st1cky soil because soil adheres to the 

bolder making the bolder opaque, so that the 

p1otures appeared indistinct. 

B. Microscope Method. 

A vernier microscope*was mod1f1ed to suit 
the purposes of this investigation. The platform 

was changed to a transparent plastic plate for 

oonvenience of lighting. Both the ocular and 

objective lens were taken off. The barrel was 

turned up aide down and was stoppered with a No. 3 

rubber bung in which a small hole was drilled. 

To eliminate the sight error, an additional 

copper tube wi th dimensions 1 n x 5/8 n I .D. was 

fixed at the top of the rubber bung. A pie ce 

of thin wire was tightened in the middle at the 

bottom of the barrel. Measurement was per:f'orm.ed 

by looking through the needled hole from the 

copper tube and. adjust1ng until the wire was just 

tangent to the edge of the sample. Diameter 

was determined from the readings on the scale 

at two edges. Height of the sample was measured 

by a depth guage. To pre vent the depth guage 

* Model No. P 16)6, Gri.f'fin and George Ltd., 
Great Britain. 



.from protruding into the moist soil. sampl.e, 

the soil sample was covered at three places 

with piaces ot oover glass. As in the photo

graphie method1 each measurem.ent was averaged 

trom measuraments at three positions. The 

bulk volume was then calculated trom the 

tollowing equation. 

V = t (Dl .. D2)2(hJ.-h2) 

Ws 
(IV • 3) • 

Wb.ere v8 and w
8 

are the same notations and 

have the same dimensions as in equation { IV-1). 

n1 and n
2 

are the readings on the microscope soale; 

h1 and h 2 are the readings on the depth guage and 

are the measure of the height without and with the 

soil sample respectively; their dimensions are all 

in cm. 

The microscopie was more convenient than the 

photographi o methode The errors enoountered in 

the photographie method do not appear in the 

miscroscopic method • 

.3-3· Swelling Pressure. 

F1g. IV•2 shows a cross section ot the assembled 

apparatus. It was designed to study swelling pressure 

in the pressure range equivalent to pF 0 to .3· This 
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LEGEND POR FIIURE IV-2 

le Plastic Tube Clamp. 

2. Rose Connector (Plastic). 

3· Clamp. 

4• Plastic Soldering. 

5• 4 Bolts. 

6. upper Base Plastic. 

7. Coni cal Chamb er., 

8. Rubber 0 Ring. 

9. Flexible Rubber Membrane. 

10. Porous Stone. 

11. Flat Rubber Seal. 

12. Lower Base (Plastic). 

13. W1ng Nuts. 

14• Clearance. 16. Brasa Connector 

15. Boil Sample. 17. Sample Holder 

A. Connection to Capillary Tuee. 

B. Conne ction to Water in Measuring Tube. 
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apparatus made 1 t possible to measure change in 

volume with change in water content during swelling 

pressure measuraments. 

The apparatus consista of an upper base, a 

lower base and a sample bolder assembled with four 

bolts (J.4 N.S., 20). The upper and lower bases 

are machined from Lucite plastic plate. The sam.ple 

bolder is made from plastic tube with a porous stone* 

held in a recess which is maohined into the tube to 

a height approximately equal to the thickness of 

the porous plate. The porous plate bottom is 

sanded off caretully with fine sand paper so that 

the bottom of·the sam.ple holder is perfectly leval. 

For operation of the · apparatus, the cavi ty 

in the lower base and the calibrated capillary t~be 

was filled with air-t.ree water. The saturated soil 

sam.ple in the sample bolder covered with a sheat of 

flexible rubber membrane was slipped into the lower 

basa on the~·, flat rubber ring seal.. The holder was 

held fir.œly, covered with the upper base, and the 

apparatus assembled with the bolts. Care had to 

be taken that no air bubbles were trapped between 

the rubber membrane and the soil sam.ple, and beneath 

the porous stone. Atter the conical cham.ber and 

calibrated capillary tube were filled with water, the 

* 1 1/5" x i" Th. 1d. th air-entry value 2 bar, 
Boil Moisture Equipment Co., Calif., USA. 



side opening for filling water was olamped. Air 

pttess1ute equivalent to pF 0 was applied from the 

upper·base. When equilibrium was established, the 

positions of the air-water menisoii in the oapillary 

tubes were noted. · The time required at each 

pressure step was approximately 24 hours. Change 

in po si ti ons of the meniscii wi th changes in 

applied pressure measured the volume change and 

the water taken up or foroed out of the sample. 

Each measurement of the volume change was 

oorrected by the volume change in an em.pty apparatus 

which was operated in the SWne way as the apparatus 

containing soil samples, exoept that instead of a 

soil sample, a porous stone was plaoed in the 

sample bolder. 
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The apparatus for high pressure, from equivalent 

pF 0 to 4.25, was the same in design and operation 

as the pressure plate apparatus for low pressure 

( o.r. Fig. IV.;..2) except the dimens.ions and materials 

used were as shown in Fig. IV-3. This· apparatus 

di t'fers from that for low pressure (a.t. Fig. IV-2) 

in not providing for measurment of volume change. 

The air pressure was applied directly to the rubber 

membrane. Air leaked tbrough the rubber membrane 

at the highest pressure. This trouble was overcome 
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by uàing instead of a sheet of rubber membrane, 

a rubber pocket wi th a dimension 5 cm x 5 œt 

containing approximately 15 ml of glycero1. 

G1ycerol was sealed in the rubber pocket with 

the exclusion of air. 

Jllow diagram for air pressure and adjustm.ent 

of water heads in the capi11ary tubes is shown in 

F1g. IV-1. Six sets of apparatus were operated 

at one time, either in 1ow pressure or in bigh 

pressure studies. 
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V. RESULTS AND DISCUSSION 

1. Volume Changes ~or·clay Soil Aggregates 

1-1. Definitions. 

The most important terms used in this 

investigation, the terms used for the first Jdme in 

this thesis (marked wi th an asterisk) and the 

methods for analysis of data will first be 

briefly desoribed. 

1. Specifie Pore Volume *: Sum. of pore space 

where: 

2. 

' 

in inter- and intra-aggregate pores at any 

given water content based on 1 gm of over-dry 

soil. It was calculated from the measurement 

of bulk volume as obtained from equation 

(IV-1), (IV-2}, or (IV•3) by the following 

equation. 

l 
• :til: v. - -sp B d 

( V-1). 

esp = Specifie pore volume, cc/gm. 

VB = Specifie bulk volume, oc/gm. 

d = Real density of soil partioles, gm/cc. 

Voltmle Chang es: Change in speoifio pore volume 

either in sbrinking or in awelling. 



4• Degree of Saturation: Percent of water in 

specifie pore volume. It is defined by 

taking the density of water equal to 1. 

5· Degree of Unsaturations Percent of air by 

volume in specifie pore volume •. 

6. 
. * Average Equivalent Volume Change : The average 

equivalent shrinkage * and average equivalent 

* swell. 

(a) Average ~qui valent sh.rinkage 

= Total shrinkage from pF 0 to pF 4·25 
Total water withdrawn from pF 0 to pF 4.25 

{b) Average equivalent swell 

= Total swell from pF 4.25 to pF 0 
Total water taken up from pF 4.25 to pF o. 

7• Structural Swelling-*: ·Increase in specifie 

pore volume is less than the increase in 

water content of the soil during wetting. It 

is obtained from the swelling curve. 

8. Unsaturated Volume Change: Residual sb:rinkage 

and structural swell. 

9 • Normal Volume Change: Nol'lnal shrinkage and 

normal swelling *. Change in specifie pore 

volume is equal to change in water content of 

the soil. 

10. Volume Change Limits: The sbrinkage limi t 
.t 

and swelling limi t obtained from the volume 



change curve and expressed as water content, %• 
These are the points of transi ti on .t'rom 

AV/AW = 1 to .6.V/ÂW :( 1 and :t'rom Ll.V~W ( lc,to 

~V/LlW = 1. 

11. Free Swelling: The air-dry soil s~ple is 

allowed to swell at pF o. The specifie pore 

volume is considered to be maximum. 

12. Net Swelling: Difference in specifie pore 

volume between the soil after .t'ree swelling 

and the initial air-dry soil. 

13. Apparent Equivalent Volume Change: Sum. of 

equivalent volume changes for individual 

aggregates. 

1-2. Volume Change Ourves. 

Since soil volume changes involve only the 
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pore volume, i t is beat to express the re sul ts •• • specifie 

pore volume rather than the whole soil volume, as 

has been commonly used. If specifie pore volume is 

plotted against water content, the theoretical 

saturation lina is drawn directly through the origin 

with a slope equal to 1. Moreover, from the ratio 

between Y-axis and X-axis values, any point on the 

curve representa degree of saturation. Normal 

volume change is parallel to or coincident wi th the 

theoretical line. Any deviation indicates a definite 

amount of air content of the soil. 



Different aggregate sizes showed different 

volume change pattertVJ, and the sam.pleaprepared by 

different compaction levels had different volume 

changes characteristics. Based on this graphing 

method, however, for constant aggregate aize and 

compaotion level, the different soils under 

investigation tell into the s~e p-ttern. One 

exemple is snown in Figure V-1. 

1-3· Influence of Agsregate Size on Volume Change• 

Both normal and unsaturated volume change 

were generally observed for the samples prepared 

from smaller aggregates, <0.25 mm (Fig. V-lA)., but 

normal volume chenge was not important for the 
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samples prepared from the larger aggregates, 1.00-4.76 mm 

(Fig. V-lB). Free swelling, shrinking and swelling 

will be disoussed. 

A. Free 8w'elling: The following conclusions are drawn 

from the resulta shown in Table V-1. 

1. Specifie pore volume after free swelling (at 

pF 0), was larger for the a amples prepared 

from the larger aggregates ( column 5). 

2. Net avelling,A\1, and equivalent swelling, 

A.V/AW, was generally smaller for the sam.ples 

prepared from smaller aggregates in soil 1 

and 5, but larger for small aggregate sam.ples 

in soil 2 and 3 (oolumns 8 and 9). 
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e TABLE V-1 

VOLUME CHANGES UNDER FREE SWELLING ~ÉF 0) 

1 ·2 3 4 5 6 

Sp. pore Sp. pore Sp. pore 
vol. of vol. at vol. of 

Size of · Oompaction prepared pF o, Vr, oven-dry 
Soil aggregates, leve1, a amples, cc/gm samp1es, 

Soi la No. mm. psi cc/gm. oo/gm. 

~ 1 (0.25 ·50 0.475 0.690 0.265 
al 1,000 0.295 0.570 0.245 OlP, 
oas 10,000 0.210 0.480 0.220 O::r-1 

0 50 0.640 0.890 • i.oo- 1,000 0.325 0.605 0.315 4> 
..p 

4·76 10,000 0.195 0.475 0.230 fl1 .;· 

2 (0.25 50 0.550 0.800 0.240 
() 1,000 0.370 0.690 0.220 

..-1 10,000 0.235 0.600 0.220 
i 1.00- 50 0.740 0.835 
() 

4-76 1,000 0.430 0.675 0.330 as 
).:! 10,000 0.240 0.600 0.270 

4> 3 <. 0.25 50 0.)85 0.525 0.215 
J .s:l 1,000 0.300 0.480 0.213 ..p 

10,000 0.224 0.420 0.200 0 

~ 1.00- 50 0.560 o. ffiO 0.330 
..::1 4·76 1,000 0.318 0.490 0.240 

10,000 0.224 0.440 0.213 

Ol 5 <0.25 50 0.4(:4 0.655 0.170 0 ·-o 0 1,000 0.280 0.550 0.169 a:lr-1 
.01 10,000 0.175. 0.485 0.152 
~~ 1.00- 50 o.~8 0.790 0.380 r:Q 4-76 1,000 0.300 0.560 0.235 

10,000 0.175 0.530 0.170 

Undisturbed Soil 0.476 0.)96 

Oontinued 



TABLE V- 1 (oontinued) 

VOL UME CHANG ES UNDER FREE SWELLING ~ ;EF 0) 
7 8 9 10 11 1,2! 

Water Net Eq. Degree Corr. :Bq. Corr-. net 
content swe111ng swe11 of swe11 swe11ing 

Soi1 at pF 0, { AV ) , (AV/AW)• sat'â, (~V/AW), (AV), 
So11s No. '% ao/@JD. % . % '% oc/gm 

G) 

..-i 1 (:J3. 5 0.215 32·9 99-3 32.7 0.213 'Q! 57.0 0.275 5J..o 100.0 5J..o 0.275 rn~ 
0<:11 48 .o 0.270 60.1 100.0 60.1 0.270 

O'.':r-1 52.0 0.250 ,51.1 ;11.4 29.8 0.146 0 
• 50.5 0.260 59.1 83.5 49·3 0.234 G) 

.p 43·0 0.260 70.2 90.5 63.5 0.253 tf) 

0 2 Bo.o 0.250 32·9 100.0 32.9 0.250 
erf (;fj.O 0.320 49·3 100.0 49·3 0.320 
m 60.0 0.365 65.3 100.0 65.3 0.365 
0 71.0 0.095 14.2 85,0 12.1 0.081 Q1 
~ 65.0 0.245 40.2 96.3 38·7 0.236 

60.0 0.360 t4·4 100.0 t4·4 0.360 

G) 

3 52.0 0.140 ;!3 ·1 99.1 23 ·7 0.139 .d 
.p 48.0 0.180 40.2 100.0 40·2 0.180 0 

m 42.0 0.196 50.6 100.0 50.6 Ot!196 
..:J éJ.t.o 0.120 19.0 94·1 18.6 0-,113 

49.0 0.172 37.6 100.0 37·6 0.172 
44·0 0.216 53.0 100.0 53.0 0.216 

rn 
0 

5 't!O 65.5 0.191 30.2 100.0 30.2 0,191 Q1r-l 
..Cl 55.0 0.270 51.2 100.0 51.2 0,270 
fd!:d 48·5 0.310 67.0 100.0 67.0 0.310 
Ill 53.0 0.202 39.8 67.1 26.7 0-.136 

50.5 0.260 53·9 90.2 48.6 0 .. 234 
48·5 0.355 76.8 90.7 tf1. 7 0-.322 

Undisturbed 41.5 soi1 



3· After correction for degree of saturation, 

bothAV and AV/t:::.W were larger for the sam.ple 

prepared from sm.all. aggregates ( column 12 

and 11). 

4• At the 10,000 psi, oompaction level, there 

was practically no difference between the 

samples prepared from different size aggregates. 

In the explanation of these resulta, it is 

assumed that (a) soil properties do not vary among 

aggregates of different sizes (c.f. II-~; (b) inter

aggregate pores are larger than the intra-aggregate 

pores; and ( c) the water shell around the aggregate 

has the same thickness independant of size of 

aggregates or aggregate rearrangement. The thickness 

is a tunction only of applied suction. 

The difference in Vr was the result ot . 
initial differences in the prepared samples. The 

larger aggregates had larger specifi c pore volumès 

( colUmn. 4.). The influence of initial pore volume 

. can be elim.inated by considering.AV. The revers al 

of the resul ts for two soils is probably due to the 

shape of the aggregates, which affects inter-aggregate 

pore size distribution. The granular aggregates ot 

soils 1 and 5 apparently have a greater proportion ot 
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• large inter-aggregate pores at pF 0 that the platty 

aggregates of soils 2 and 3·· This was supported 

by the finding that the degree of saturation of the 

former was lesa than that of the latter (column 10). 

The corrected AV/AW indicates that more 

water was retained in inter-aggregate pores in the 

samples prepared !"rom larger aggregates than .from. 

the small aggregates. The relation between oorrected 

~V and ~V/ÂW reveals the direct relationship between 

volume change and water retantion. 

Difference in repulsion between the aggregates 

oaused by swelling of the aggregates can be 

explained by the greater number of 1nter-aggregate 

contacts for the smaller aggregate. If the 

thiclmess of water shell around the aggregate 1s 

the same for any aize of aggregates, then the smaller 

the aggregate, the larger i s the volume change. 

Under certain conditions, partiales at the . 

surfaces o.f adjacent aggregates may be brought 

together in auch intimate contact that the distance 

between them is not greater than the distance 

between the partiales within the aggregate. However1 

the e.f.feot o.f organio matter and edge to face 

inter-parti ole attraction will not be present. The · 

aggregate wi 11 rem.ain discreet. 
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I t reveals that swelling ot aggregate 

enlarges inter-aggregate pores1 ot wb.ioh the 

sizes and volume depend on shape, size and swelling 

capao!ty of the aggregates. 

The diff"erencaadisoussed above were not 

marked tor the samples prepared at the 10,000 psi 

compaction level. This does not mean that the 

aggregate had been destroyed or that the interaction 

between aggregates was not important. ·Probably the 

larger inter-aggregate repulsion tor small aggregates 

was balanoed by the larger volume of inter-aggregate 

pores for the large aggregates. 

B. ShrinldngJ The charaoteristics of shrinkage 

observed from Table V-2 and Fig. V-1 ca:n be 

summarized as tollowss 

1. Total shrinkage was larger :for the sam.plea 

prepared .from smaller aggregates (column 5). 
2. Water content at the shrinkage limi t was 

lower :for the sam.ples prepared trom smaller 

aggregates ( column 8) • 
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3• Average equivalent shrinkage, À. V/ AW ( p.F 0 ~ 4e25), 

was generall7 leger for the sam.ple prepared 

from smaller aggregates. 

4• Noz:nal shrinkage was more important than 

residual shrinkage for the samples prepared 

from the smaller aggregate but the ratio of" 

.res!dual shr!nksge to total shrinkage was 



• • 
TABLE V- 2 

OHARAOTERISTICS OF VOLUME CHANGES FOR CLAY SOIL 
AGGRlinATES, SRRINKING FROM pF 0 TO 4.25 

1 2 3 4 5 6 7 8 9 
Bize of Compaotim Total Shrinksge, oo/gm Water content Ave. llq. 

ilggregates, level, 'Water at shrinkage, ahrinksge, 
Soi1 with- Total Normal Residuel llmi t, ~ AV/.6.W1 fo 

Soil No. mm. psi drawn, 
gm/f?JJ1 

1 <0.25 50 0.435 0.320 0.275 o.o45 40.0 73·6 
Cl 1,000 0.320 0.215 0.165 0.050 40.0 67.2 
<ri 

~ 10,000 0.230 0.150 0.105 o.o45 31·5 65.2 
co~ 
Oaf 1.oo- 50 0.345 0.145 - o.J.45 - 42.0 p;,-t 

0 4·76 1,000 0.300 0.165 - 0.165 - 55.0 • 
(1) 10,000 0.205 O.J.40 - o.140 - 69 ·3 .p 

Ol 

2 <0.25 50 0.490 o.uo 0.125 o.~5 67·5 83.6 
1,000 o.)8o 0.320 0.215 0.105 47·5 84.2 

10,000 0.290 0.290 0.290 - .31.0 100.0 
0 

ï 1.oo- 50 0.450 0.135 - 0.135 - 30.0 
0 4-76 1,000 0.)90 0.160 - 0.160 - ~·0 as 10,000 0 • .340 0.215 0.085 0.130 ,$1.5 3·2 :a: 

Continued $ 
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TABLE V- 2 (Gontinued) 

GHARACTERISTICS OF VOLUME CHANGES FOR GLAY .SliL 
AGGREnATES, SHRINKING FROM pF 0 to 4.25. 

"--

1 2 3 4 5 6 7 8 9 

Total Shrinkag e, cc/ gm. Water Oontent Ave. iq. 
Vat er . at shrink;se, 8b.ro1nkage, 

Size of' Gom.pactfon w1 th- Total Normal 
lim.it, AV/ AW, f> 

Soil aggregates, lev el, drawn, Re si dual 
So11 No. mm. ;ESi gmlB!! 

3 <0.25 50 0.370 0.260 O.lJO 0.110 35·0 75·7 
(f) 

1,000 0.330 0.235 0.1 0 o.o55 30.0 71.2 

:5 10,000 0.270 o.a3o ·o.195 0.035 22.0 85.0 
0 

50 0.460 0.140 0 .. 140 30·4 m 1.00- - -
H 4·76 1,000 o.)8o 0.185 0.025 0.160 46.5 48·7 

10,000 o.2Bo o.l85 0.090 0.095 35·5 66.1 

5 <0.25 50 0.465 0.410 0.265 0.145 39.0 88.,2 
l'Il 1,000 0.350 0.)00 0.220 o.œo 33·0 85.7 
0 10,000 o.2B5 0.235 0.165 o.œo 33.0 82.5 '00 
Clf.-t 
..01 1.00- 50 0.395 0.165 - 0.165 - 41·7 il !à 4·76 1,000 0.335 0.240 - 0.240 - 71.6 fXl 10,000 0.290 0.240 - o.ao 82.6 -

$ 



larger for the samples prepared from larger 

aggregates ( compare columns 7 and 5) • 

Shrinkage of the aggregates determines total 

shrinkage but num.ber of inter-aggragate contacts 

and aggregate rearrangement during shrinking affect 

the measured shrinkage of the s amp'le. The larger 

number of inter-aggregate contacts end the higher 

degree of aggregate rearrangement during shrinldng 

tor the swnples prepared ~om smaller aggregates 

account for the observation that the measured total 

shrinkage and. normal shrinkage were larger for 

these samples. The shrinkage limit depends upon 

air entry into the soil. Large pores prevail in 

the samples prepared from the larger aggregate, so 

the air-entry value occurs at low suotion, where the 

water contènt of the aggregates is still high. 

Therefore the shrinkage of the se samples o ocurred 

mostly as residual shrinkage. Similar resulta 

were also found by Stirk { 19 !:4) in his natural soil 

sample, with greater residual shrinkage for the 

larger aggregates. 

70 

G. Reswelling after Dryi:ng: The swelling measurements 

shown in Table v-3 and .li'ig. V-1 have the same trend 

as observed on shrinking {c.f. section B). The. 

sample properties which depend upon aggregate size, 

infleunce both swelling and neswelling. Repulsion 
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TABLE V - J. 

CHARACTERISTICS OF VOLUME CHANGES FOR CLAY SOIL AGGBEDATES 
RESWELLING AFTER SHBINKING 

2 3 4 5 6 7 8 

Total Swe111ng, oe/gm Water 
Size ot Compaotion water content at 
aggregates, 1evel, taken swe111, 

mm psi UP:~~g/g Total Normal Struetur al 1im1t, 
-

·~ 0.25 50 0.235 0.115 0.085 0.030 40.0 
1,000 0.200 0.100 0.075 0.025 31·5 

10,000 0.175 0.095 o.ost> 0.045 31·5 
1.00- 50 0.265 9.040 0.040 - -
4·76 1,000 0·250 0.090 - 0.090 -

10,000 0.200 o.oao - o.oao -
<0.25 50 0.220 0.140 o.o45 0.095 48·5 

1,000 0.155 0.095 0.020 0.015 44·5 
10,000 0.155 0.155 0.155 0 31.0 

1.oo- 50 0.355 o.o35 - 0.035 -
4·76 1,000 0.290 0.040 - 0.040 55.0 

10,000 0.215 0.090 0.015 0.075 46.0 

Continued. 
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TABLE V - 3( Continued) 

CHARACTERISTICS OF VOLUME oRANGES FOR CLAY SOIL AGGR;J:ïnATES · 
RESWELLING AFTER SHRINKING 

2 3 4 5 6 7 8 

Total Swelling, cc/gm Water 
Size of Conipaot1on water content at 
aggregates, leval, taken swelling 

mm ps1 up,g!g Total Normal Structural 11m1t, ~ 

.( 0.25 50 0.210 o.us o.065 0.060 30.0 
1,000 0.180 0.095 o.oso · o.o45 26.5 

10,000 o.J.So 0.140. 0.105 0.035 22.0 

1.oo- 50 0.355 0.010 0 0.010 -
4·76 1,000 0.255 0.110 0.050 0.060 36.0 

10,000 0.215 0.125 0.060 0.065 31.0 

<0.25 50 0.210 0.155 0.070 0.085 33·5 
1,000 0.205 0.145 o.oas 0.060 31.0 

10,000 0.140 0.090 o.oso o.oJ$0 29.0 

1.00 50 0.305 o.o35 - o .. o35 -
4.76 1,000 0•255 0.125 0.125 - -

10,000 0.190 0.125 - 0.125 -

• 

9 

Ave. •q· 
swell 

% 

57.1 
52.8 
77-8 

2.8 
43·1 
;8.1 

73·8 
70·7 
64·3 

11.5 
49·0 
65.7 

-.J 
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between the aggregates keel:'s the aggregate 

apart, and surface tension forees draw the 

aggregates eloser together. 

Two stages of swelling, saturated and 

unsatu:rated swelling whi eh are termed "normal 

ewell" and "structural ewell", are generally 

observed for the samples p.repa:red from smaller 

aggregates. A similar result had been observed 

by Haines (1923) in his kaolinitie samples, 

but his shrinking and swelling cu:rves di à not 

coincide in that region of normal swell. Air 

becaœe trapped in his sample dur1ng· rewetting. 

In the stage of structural swell, some of the 

larger inter-aggregate pores were not filled 

with water. At the ewell limit, all pores are 

filled w1 th water. The maximum. radii of the 

inter-aggregate pores are just equivalent to 

the applied suction. On turther decrease of 

applied suction, the increase in volume is 

equal to the water taken up by soil. For the 

samples prepared from larger aggregates, larger 

inter-aggregate pores are present, theretore 

the swell limit expressed as a water content 

is high (a.t. column 8, Table V-3). It pores 

larger than 3 mm are present (equivalent radius at 

pF 0), the stage of nor.mal ewell will never be 

obtained. 
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1-4. Influence of Compaction Levels for Preparips 
the Samples on Volume Changes. 

A. !Tee Swelling (Table V-1). Specifie pore 

volume at pF 0, Vf, was decreased w1th 

increasing compaction level (column 5). The 

differencies result from the differences of 

specifie pore volume of the prepared air-dry 

samples (c.f. column 4>• 
Net swelling, .AV , increased w1 th increasing 

compaction level (column 8). This is due to the 

decrease in average distance between aggregates 

and/or particles and to the increase in specifie 

number of contacts in the prepared air-dry 

samples. The difference becomes more significant 

if AV is corrected tor degree of saturation 

( column 10) as àlown in eolumn 12, be cause the 

degree of saturation was higher for higher 

compaction levels. 
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Equivalent swell, AV/.&W ( column 9), and corrected 

-:-:AV/AV_l ( column 11) are higher for the h1gher 

compaction levels. This means that the volume 

change is c!ifferent even though the seme 

&mount of water was taken up by the sample. The 

difference in .t:>.V/L!J.W or corrected AV/AW is then 

due to the difference in specifie number of contacts, 



and. the eriginal distance between the 

aggregates and/or parti cl es. 

B. Volume Changes {c.f. Tables V-2 and V-3): The 

resulta generally show that total volume changes 
1 

inoreased w1 th increase in compact! on leval for 

the larger aggregates ( eolumn 5). The opposite 

resulta were obtained for the ssmples prepared 

from the amaller aggregates; the total volume 

·change decreased w1 th inerease in com.paotion 

lev el. Thi a can be explained by aggregate 

rearrangement during drying or wetting. For 

samples prepared from the larger aggregates, 

the possibili ty of rearrangement is low be cause 

the radii of the inter-aggregate spaces required 

for rearrangement would be lar'ger than 1.00 mm. 

Total specifie number of contacts and not 

rearrangement is the main factor in determining 

the total volume change for these samples. For 

the samples prepared from smaller aggregates, 

this rearrangement will take place when the 

radii of the inter-aggregate spaces are lesa 

than 0.25 mm. Therefore, the looser the 

original packing among aggregates, the greater 

is the rearrangement. Moreover, aggregate 

15 



interference increases because of the larger 

number of 1ntel"-aggregate contacts tor the 

s~ples prepared at higher compaotion level. 

Volume change limita, expressed as water 

content ( column 8), decrease w::t th increase 

in compaction level. This is explained by a 

decrease in larger pores which determine the 

air-entry value 

1-5. Influence ot Soil Properties on Vol~e Changes. 

As discussed in the last section, the total 

volume change decrease wi th increasing compaction 

level .for smaller aggregates was due to aggregate 

rearrangement. From columns 5, 6 and 7, Tables 

V-2 and V-3, it is learned that the stage, 
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structural or normal, at whicn aggregate rearrangement 

becomes important is different. This 1s probably 

related to so11 properties suoh as shape of 

aggregate and to volume change of the aggregates at 

low pF • The shr1nking re sul ts will be explained 

here; the trend .for swelling is the same. 

Soil 2 (Table III-1) has a h1gh clay content, 

there.fore water retention within the aggregate is 

high. At low pF , changes in water content and 

volume are very small. 

inter•aggregate pores. 

Water is removed only from 

Th! s 1 eads to air en try 

and the sanples prepared at lower compaction levels 



have a shorter range of normal shrinkage. As soon 

as the aggregate shrinks,. aggregate rearrangement 

is taking place. The same tendency occurred in · 

soil 3, which has a high content ot fine partiales 

( <.0.02 mm fractions) and sm.all volume changes. 

17 

These surface soils 1 and 5, have granuler aggregates 

tor which friction is smaller, and rearrangement can 

thus occur even in the saturation region. 

l-6 •. 0om~arison of Shrink1:ng and SwellillS• 

Oomparison · ot shrinking ( colUIJn 5, 6, and 7, 

Table V-2) and swelling ( columns 5, 6, and 7, Table 

V-3), shows that total shrinkage., no:rmal shrinkage and 

residual sh;t'inkage are larger than total sweJ.l., normal 

swell, and structural swell respectively. ~his can 

be explained by aggregate rearrangem.ent on drying. 

The aggregates will not go back to the same position on 

rewetting at the same water content. The same difference 

is shown between average. equ1 valent shrinkage ( oolumn 9), 

(Table V-2), and average equivalent swell (column 9)., 

(Table V-J). Partiale rearrangem.ent, which accounted 

tor irreversible·changes in structure (Parry, 1960) 

might also occur inside the aggregate, and add some 

degree of irreversible change in inter-aggregate 

rearrangement. 

Volume changes show hysteresis in the 

unsaturated region (Fig. V-1). Shrinkage always lies 



abeve swelling~ and they meet in the saturation 

region if the soil undergoes normal volume changes. 

This result is opposite to that found b'1 Haines 

(1923), and was probably due to the different 

method of wetting (II-3-1 and IV-1). 

1-7· Comparison Between Agsregates and Undisturbed 
Boil in Volume Changes. 
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&nall volume changes 1.2 - 1.9% in specifie 

pore volume between pF 0 - 4·25 were fbund either 6n 
shrinking or on wetting for the undisturbed surface 

soil (Boil 1). It is expected that a fraœework of 

inter-aggregates contacts was f"ormed from the many 

C'1cles of dr'1!ng and wetting in nature. Swelling 

by the olay f"raction was probably inhibited in this 

rigid. framework. Specifie pore volœe of undisturbed 

soil at pF 0 is found equivalent to the sample 

prepa:red from 10~·000 psi but oven-d.:ro'1 pore volume is 

larger (Table V-1). 

1-8. Mechanism for Volume Change of Clay Boil .Aggresates. 

Theories of" shrinkege for soil particles as 

given by Sohumacher (18~), for soil blocks as 

given by Haines (1923), and Lauritzen (1948) (c.t. II• 

3-1) are not satisfactory to explain sbrinkage of 

aggregates with no rigid connections between the 

aggregates. As the resulta indicated, thére was 



signif'ipant aggregate real'rangement taking place during 

swelling and shrinking of the aggregates. Based on the 

assurnptions made in V-l-3A and the findings described above, 

the following mechanism is visualized to account :ror volume 

changes. 

When suction is applied to the sample, water is first 

wi thdrawn from the inter-aggregate pores. The capillary 

force is increased and the aggregates are drawn closer 

together. On :rurther increase in applied suetiom., shrinking 

of' the aggregates takes place accompanied by aggregate 

rearrangement. During normal shrinkage, inter-aggregate pore 

aize decreases due to aggregate rearrangement and oloser 

approaeh. The smaller pores developed'will not be emptied 
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by the applied suotion, and the pore volume decrease is e~ual 

to the water · loss from the a ample. At the shrinkage l1m1 t, 

aggregate real'rangement beoomes restricted. As soon as the 

t'oree of repulsion or the interference between aggregates 

exoeeds the capillary t'oree, the applied suction becomes larger 

than the equivalent :r.adius of the inter-aggregate pores. On 

further drying, · aome water .in the larger inter-aggregate pores 

po1!1l!ei.:-r.eplaced by air, al thoÜgh modif'i cation of' inter-aggregate 

pore aize ia still go:tng on due to ahrinking ot the aggregf;ltes .. 

Renee in the stage ot resldual shrinkage, decrease in volume, 

which is contributed by shrinking of the aggregates and by 

their rearrangement, is lesa than deerease in water in the 

sample. 
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During rewetting o:f the samples, water is 

:first taken up witbin the aggregate. Reswelling 

o:f the aggregates will also cause rearrangement 

and modification o:f pores between the aggregates, 

but · to a lasser degree than on shrinking. On 

· :further water increases, part o:f water will be 

taken up by the aggregate and part o:f i t by the 

inter-aggregate pores. in the region o:f 

structural swell, inorease in volume is less than 

inorease in water in the sàmple.· At the swell 

limit, all pores are :filled. In the stage o:f 

normal swell, uptak:e o:f water resulta :t'rom 

swelling o:f the aggregate, repulsion between the 

aggregates, and develèpment o:f inter-aggregate 

pores. 

1-9. ConClusions. 

Different aggregate sizes have di:f':f'erent 

volume change patterns and the sanples prepared 

at different oompaction levels have a different 

volume change oharacteristios. Total volume 

change is larger :for the sample prepared :t"rom 

smaller aggregate.s and lower compaction levels. 

Two stages of' shrinkage, normal and residual 

shrinkage, are always observed :for the samples 

prepared from smaller aggregates, but normal 

80 
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sbrinkage 1s not an important mechànism. for the 

samples prepared trom larger aggregates. Swelling 

appears to have the seme trend aa the sh:l'inkage. 

"Structural swell" takes place in the unsaturated 

region and "normal swell" in the saturated region. 

Volume change limita, expressèd as water contents, 

are lower for sa.mples wi th smaller inter-aggregate 

pores• 

Total volume change is a tunction o.f 

81 

aggregate rearrangement and of volume change w1 thin 

the aggregates. The change of size of inter-sggregate 

pores due to change in volume of the aggregates 

determines whether the soil is saturated during the 

volume changes. 

The range or structural or nor.mal volume 
: ,.. 

ohange depends upon soil properties such as shape 

of aggregate and clay content, which determine 

the inter-aggregate pores. 

Aggregate rearrangement it:.~ partly irreversible, 

oausing hysteresis of volume ~banges. Hysteresis 

loops do not ocour in saturated region. 

Sbrinkage and swelling of aggregates are 

different .t'rom undisturbed soil, because no aggregate 

rearrangem.ent ocours and swelling or shrinking ia 

inhibited by the rigid structure in the latter. 
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2. SwelliiJg ?ressUl'e for .Agsregate Samples. 

2-1. General Considerations. 

Kentze, (1961) has argued that air entrapped 

in the sample develops local pressure which 

probably decreases the swelling pressure. When 

water entera the pores, the air should be expel1ed 

to the larger pores whicn are beyond the extent of 

the inter-aggregate swelling. One might also 

consider that an increment of cont'ining pressure .. 
causes the instantaneous development ot pore 

pressure. Water is forced out of the pores until 

the pore pressure is equal to the atmospheric 

pressure. The time required tor this process is 

short ( c.t. Fig. App. 4), therefore this insta:ntaneous 

air pore pressure does not affect swelling pressure, 

even though air is trapped in the sample. The 

capillary force required to release the entrapped 

air is considered to be very sma11. 

2-2. Compaction and Compression. 
. ' 

Felt (1965) discussed methods and apparatus 

for compaction of cohes1ve and non-cohesive soils. 

Consolidation and expansion of soi1 under 1oad 

can be deter.mined in a consolidometer (Ho1tz, 1965). 

Triuial and unconfine~: oompl'ession are standard 

tests for measuring soi1 strength in engineering 

(Sallberg, 1965). Warkentin (1957), Greacen (1959), 
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etc., refer to the decrease in water content 

w1 th increaae in appli'ed pressure in a contined 

cell as compression. However, the ter.ms 

"compaction" and "compression" are adopted in this 

investigation. It is necessary to distinguiah 

compression used in this section and compaction 

discussed in section III. The distinction will 

be based on whether soil air escapes .t'rom the 

soil body during decrease in soil.volume. 

In compaction, the soil in an open chamber 

is subjected to e:xternal loading. The soil-air 

pressure is always equal to that ot the atmosphere. 

In compression, the soil in a closed chamber 

is subjected to extern.al loading. Instantaneous 

positive pressure will be developed. Equilibrium 

of internal pressure in soil to the externa1 

loading pressure resulta from ramoval of water 

.t'rom the soil body. 

2·3· Apparatus. 

Apparatus tor 1ow pressure (Fig. IV-2) or 

tor high pressure (Fig. IV-3) waa' designed to 

apply the conf:lning pressure uni""axia1ly rather 

than tri-axially proposed by :Kentze ( 1961). The 

glass beads or dry sands used in his experiment adsorba 

some water and also becomes compacted wi th increments 

of the contining pressure. The f'or.mer causes 
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underestima~on of the water content of the 

soil and the latter affects measurement of the 

volume changes. The effect on swelling pressure 

of the tri ctional force between the sa:m.ple helder 

and./ soil partiales was oonsidered very am.all, 

especially for the thin samples used (c.f. IV-2-1). 

The des1gned apparatus can be operated 

starting the measurement either with saturated 

samples (IV-J-3) or by tilling water ipto the 

dry soil by suotion as proposed by Kentze (1961) 

( o.f. App. II). 

It is necessary to have a blank apparatus 

along w1 th each measurem.ent to correct for the 

volume change in the apparatua:· i tselt, and for 

the losa of water due to evaporat~on. 

$ 

An example of measured volume changes A V, 

wi th change in water content, AW, due to change 

in swelling pressure is shown in Fig. V•2. The 

deviation from the theoretioal line indicates 

that air.:.:lsentrapped in the sample holder between 

the flexible rubber DB.mbrane and the ·saturated 

soil. The larger deviation is at the higher 

confining pressure. This sma11 amount ot entrapped 

air was considered to have a negligible ettect on 

swelling pressure (V-2-1). 
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The time required to establish equi1ibrium was 

short (Fig. App 4). This suggests that the long period 

of time required in water :n;;t.an:iiml studies ( c.f. IV-3•1) 

is required to establish equilibrium between swelling 

pressure and the capillary force. 

2-4. Compression and Swelling Pressure Curves. 

Compression and swelling pressure curves for the 

four soils.undar investigation were found to have the same 

general shape, an example is shown in Fig. V-3· The 

characteristics of these curves are as follows: 

(1) The large hysteresis between the first compression 

and swelling indicates irreversible changes. These 

changes are not only aggregate rearrangement and 

development of aggregate - aggregate bonds during 

compression but a change in pore volume in reswelling of 

the aggregate. 
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( 2) The slopes of the swelling curves from pF 3.00 appear 

greater or are at least equal to the slopes of the 

curves for swelling from pF 4·25• This is the resul t of 

greater sggragate-aggregate bonding developed at higher 

pF. 

{3) For the samples compressed to equivalant pF 4·25, 

the reswelling and second compression curves appeared 

ne arly horizontal below equivalent pF 2. This is 

equivalent to "internal loading" (Norrish and Rausse1i

Colom, 1962, c.f. II-4·2}. This behaviour was mostly 
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A, <0.25 MM 

50 PSI 

1,000 PSI 

10,000 PSI 

.. 

10~0--~~--~~--._~--~~--~~ 
.. 2 3 

EQUIVALENT pF 

FIG. V-3, COMPRESSION AND SWELLING CURVES, 
SOIL 3. 
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B, 1.00-4.76 MM 

50 PSI 

1,000 PSI 

\ . 

10,000 PSI 

2 3 
EQUIVA~ENT pf , ... 

_3 (CONTINUED). · FIG. V . 
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not observed for the samples compressed to a terminal 

pressure of pF 3. These .tlndings suggest that the 

"internal loading rt depends upon the maximum compression. 

Many soils have expertenced dry:llng to equivalent pF 4.25. 

The inter-particle·or/and in~er-aggregate bonding 

which limit reswelling are a f\mction of the terminal 

pressure which the soil has e.xperiencad. This is 

supported by Waidelich's consolidation experiment (1958), 

in which he found that re-expansion of the soil was 

ne arly constant in spi te of clay minerlls and immersing 

liquide used, after the soils bad been consolidated at 

appro.ximately 8 tons/ft2. 

(4) Water contents in reswelling and second compression 

are snaller than in the first compression, allowing 1~ 

error. Exceptions were found for the samples prepared 

at 50 psi, .from 1.00-4.76 mm. sggregates for all soils 

under investigation and 1,000 psi, 1.00-4.76 mm aize 

for soil 2, for which the water contents were higher for 

reswelling and second compression above pF 2 or 3 if' 

the soil experienced a terminal pressure equivalent.to 

pF 4• 25. These anomalies indi ca te rearrangem.ent of 

aggreg a tes. 

( 5) Hysteresis loops for the small sggregates are 

larger for the samples prepared at lower compaction 

levels except 50 psi in sbil 3 (Fig. V-3). 

The explanation for these observations is given in 

the f'ollowing seotions ( V-2-5, V-2-6). 



2-5. Effect of Aggregate Size on Swellipg Pressure. 

Allowing 0.5% error, the water content at any 

confining pressure is usually higher for the samples 

prepared from smaller aggregates, except for the samples 

prepared .from soil 3 ( c.f. Tables V-4A and V-4B). The 

difference is much smaller on reswelling and second 

compression for the s amples which have e.xperienced a 

terminal pressure of pF 4.25. The result is e.xplained 
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by aggregate rearrangement, of which the degree is larger 

for the smaller aggregates. This also explains the larger 

amount et water lost in the first compression for these 

samples ( column 1, Table V•4A). Development of aggregate

aggregate bonds, when the saaple experienced a ;,terminal 

pressùre of pF 4.25, is the explanation for the small 

difference between reswelling and second compression for 

the se aam.ples. 'J!he anomal y for soil 3 is probably be cause 

its aggregates have the smallest swellimg capacity of the 

soi1s under investigation (oolumn 8 Table V-1). Therefore, 

most of the inter-aggregate pores developed during swelling 

of larger aggregates are .tllled wi th water. !-·his is 

supported by the tree swelling (e.r. colupn 10, Table V-1), 

where soil 3 has the highest degree of saturation. 

The change in w at er content between any pF values 

11J:a1better variable for comparison tha:D. the actual water 

content of any pF • Ohange in water content w1 th change 

in con.t:lning pressure was general1y 1arger for the sam.p1es 
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Size of 
~ aggre
'È SoU gates, 
w No • ___!!!!, 

Il) 1 < 0.2$ 
..... 
'«1 
œ 
0 
A:;~ 1.00-

•r-4 4·76 
IDO 

t; 

2 < 0.2$ 

0 

· Ï 1.oo-
~ 4·76 

:&: 

e 

TABLE V- 4A 

COMPRESSION AND SWELLING IN SWELLING PRESSURE STUDIES 
WITH THE TERMINAL PRESSURE pF 4.25, ~ WATER AT GIVEN· pF 

pF 
J 

1st. :compression : Swe1~1ng 2nd compression Leve1 of 
êlom.pao
tion, 

1 1 

* . : ' ..:E!!! o..,_ 1 __,.... 2 ~ 3~4.25~ 3 ~ 2 ~ 1 -.llo- o ~1.....,. 2 _,... 3 ~ 4.25 

so $7.$ 55·5 49·0 37·0 26.0 32.0 33·0 33·5· .34-·ri 34·0 34·0 33'·5 25·5 
1,000 52·5 50.0 44·5 35.0 26.0 29.0 30.5 31.5 32.0 32.0 32.0 31.0 25.5 

10,000 42·5 41.,5 39-0 33·0 24·0 26.,5 27.5 28 ·5 28 ·5 28 .s 28 ·5 27 ·5 24·0 

50 43·0 39·5 31·5 27.0 23·0 29.0 32.0 33·5 ,34..0 34~0 33·5 32.0 24.0 
1,000 47·5 44·5 40.0 32.0 24·0 27.0 29.5 30.5 31.(1 31•0 )&.~. )Oef. 24•5 

10,000 38 ·5 )8.0 35·0 29 ·5 22.5 25.5 26.5 21 .o 21 .o 21 .o 21 .o 26.-S 22.5 

50 68.0 66.0 ~7·~ ~~·0 ~·0 j~·~ ~9·~ 41·5 ~2.0 42·0 41·5 Je .o ~·0 1,000 48·0 47 .o' ;;. .o ·5. • J· . j6.0 6.8 j6·a 35·5 )4.0 .5 
10,000 44•5 44.5 43.0 36.5 21•5 30.,5 32·5 3·0 33· 3· 33·0 32.0 21.5 

50 47.5 45•5 38.0 )O.O 27 •5 35.0 31·5 38.s 38.5 38·5 38·5 37.0 21.5 
1, 000 47·5 46.0 39 .s 32.0 28 .o 31·5 34·5 34·5 36.0 35·5 35·0 33·0 28.0 

10,000 4.5·0 44-~ 40.0 33·5 21·5 )1.0 32.5 33·5 33·5 33·5 33·0 32·5 21·5 

* See Table III - 3 

Continued. ...0 
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Size of 
Aggreg"" 

So11 ates, 
So11a No. mm 

3 <0.25 
G) 

.a 

.p 
0 

i 1.0o-
..:t 4·76 

5 <0.25 

œ 
0 

tt:J 1.00-as 
[~ 4·76 
~ 

e 

TABLE V - 4A ( Continued) 

-:::.;,:: COMPRESSION AND SWELLING IN SWELLING PRESSURE STUDIES .. 
WITH THE TERMINAL PRESSURE pF 4·25, ~ WATER AT GIVEN pF 

-- EF _.___, ___ 
Leve1 of lst. Compression: Swelling 

1 
2nd ~ompression l 

"ompac- 1 1 
1 

ti on, * l 1 
psi 0~1->- 2 ~ 3~·25l ~3 ~ 2 ~ 1 --=- b --=:;.-1-- 2 ~ 3--- 4·25 

50 44·5 43.0 )8.0 27.0 19.0 24·0 25.5 26.5 27.0 26.5 25·5 24·0 19.0 
1,000 40·5 40.0 36.0 25.5 18 ·5 20.5 21l • .$' 22.0 22.0 22.0 22.0 21.0 19.0 

10,000 37·0 35·5 31.0 25.0 18.0 19-5 20.5 20.5 21.0 21.0 20.5 20.0 18.0 

50 52.0 48 .o 38 .o 25·5 20.0 27·5 29.0 29·5 30.0 30.0 30.0 28.0 20.0 
1,000 38 ·5 37 .o 33·0 24·0 19.5 22.0 23.0 23·5 24-0 23·5 23·5 23.0 19.5 

10,000 34·5 33·5 30.0 24• 5 19 .O 22.0 23.0 23.5 23·5 23·5 23·5 23.0 19.5 

50 50.-5 49··5 44·5 Lll.5 20.0 zr.~ 29·5 31.0 31.0 31.0 31.0 28 ·5 20.0 
1,000 44·0 43·0 39·0 29 .o 2~.0 2!$:.0 2?·0 28.0 26'.0 28.0 27 .o 26.0 20.0 

10,000 42.0 42.0 31·5 28.5 24.0 2ij:.O 26.t) 26.5 27.0 27.0 27.0 25.0 20.0 

50 44 .• 0 43.0 36-.G 24.5 18 .. 5 25.0 27.0 26.5 29.0 29.0 28 .o 26.0 18.5 
1,000 43·5 42.5 .34·5 26.0 19 .. 0 24·0 26.0 27.0 27.0 27.0 26.5 24·0 19.0 

10,000 40.0 )9.0 35·0 26.0 19 .o 24·0 26.0 27.0 27.0 27·0 26.5 25.0 19.0 

* See Table III - 3 

...0 
(\') 



• 

Soi1 
So11s No. 

1 

CD .... 
'Q1 
Il') 

rit' 
r-f 

•O 
CD 
.p 
co 

2 

0 

i 
0 
os 
::ï: 

* 

TABLE V-~ 

SWELLING AND RECOMPRESSION .STUDIES WITH THE TERMINAL PRESSURE 
pF 3.0 , % WATER AT GIVEN pP. 

S1ze of Leve1 of 
pP 

Reswel11ng* l 
aggreg a tes, oompaot1on, 1 2nd Compression 

1 
mm psi 3--;;.... 2 --;..... 1 __..;.-. 0 __...,._ 1 ~ 2 ---..::;-. 3 

(0.25 50 37 .. o .38 ·5 40.0 42.0 41·5 40.0 31·5 
1,000 35.0 37·0 J8.0 40.0 39·5 39·0 36.0 

10,000 .33·0 J4.0 35·5 37·0 36·5 35·5 33·0 

1.00- 50 27·0 26.5 31.0 34·5 32.0 30.0 21·5 
4·76 1,000 . 32.0 34·0 35·0 36.0 )6.0 35·5 32.0 

10,000 29.5 31.0 32·.5 34·5 33·5 32'·5 30·5 

(0.25 50 41.0 42.0 lj4.5 46.5 45.0 lj4.o 42.0 
1,000 JB.O 39.0 41.0 42.5 42·0 40·5 39.0 

10,000 36.5 .38 .o 39 .o 40.0 40.0 39.0 31·5 

1.oo- 50 JO.o 32.0 34·0 38.0 35·0 32·5 31.0 
4-76 1,000 32.0 J4.o 36.5 )8.0 37-J 35·5 J4.0 

10.,000 33·5 35·0 31·5 39·5 .38 .o 36·5 34·5 

Cont1nued tro, Table III - 1 
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TABLE V- ~B (Continued) 

SWELLING AND RE COMPRESSION STUDIES WITH THE TERMINAL PRESSURE 
pF 3·0 , "' WATER AT GIVEN pF. 

pF 

Reawelling * 1 

Size ot Leval ot 1 2nd Compre sai on 
1 

aggregatea, oompaction 1 

mm psi 3~2-----7-1~0~ l--'>2~3 

(0.25 50 Z7 .o ~.o z:J .o 30.0 29·5 29.0 26.0 
1,000 25.5 26~5 27·5 28.5 28.0 Z7·5 26.0 

10,000 25.0 26e'O 21·5 29·5 28.0 27.0 25·5 
1.oo- 50 25·5 27.0 29.0 30.0 29.0 28.0 26.5 
4.76 1,000 24·0 25.0 26.5 Zl·5 27.0 26.0 24·5 

10,000 24·5 26.0 27 .o 28.0 27.0 26.0 25·5 

(0.25 50 31.5 33·5 35.0 M·5 3~·5 35.0 32.0 
1,000 z:J .o 31.0 33·0 ·5 3 .o 33·0 29.0 

10,000 26.5 30.5 33.0 34·5 34·0 33·0 29.0 

1.00- 50 24·5· 26.0 30·5 31.0 30·5 28.5 25.5 
4·76 1,000 26.0 2B .o 30.5 31.5 31.5 29.5 26.0 

10,000 26.0 â3 ·5 30-5 31·5 31.5 30.0 26.5 

• Continued t.ro• Table III - 1 
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prepa.:red :f'l"om smaller aggregates in the :t'irst compression, 

but smaller in reswelling ( column 5, Table V-5 and column 1, 

Table v-6) and second compression (coiumn 91 Table V-5 and 

column 21 Tabla V-6). Most of the change in water content 

on swelling occurred ln the higher pressure range. ( columns 

2, 3, 6, 7, 10 and 11, Table V"5). 

The resulta show that the magnitude of the swelling 

ratio pF 2- 4.25 , incrèased ~th increasing desorption
pF 0 - 4.2,5 

adsorption cycles which would. strengthen aggregate-aggregate 

bonding. Swelling of the aggregates be comes more important 

than aggregate :rea.:rrangemeJ;lt• 

2-6. Influence of Co.m.paction Levels for heparine; the 
Sam.ples on Swelling Pressure. 

Water content at flllY confining pressu:re was higher 

tor the samples prepared at lower compaction levels (Tables 

V-4A and V-413). This is explained by larger inter-aggregate 

pores for these sampl_es. This relation was only observed 

for the sam.ples prepared .fr.tom small aggregates. For the 

aggregate 1.00-4.76 mm, the non uniformi t,- of the aggregate 

aize probably resul ted in inter-aggregate pores w i th a 

la:rge size variation whi ch would account for the un•uniform. 

resulta tor the samples prepared from the larger aggregates. 

Allow:tng a 3:t error, the change in ·,water content wi th change 

in swelling pressure appears la.:rger or at least equal for 

the sam.ples prepared at lower compaction levels. The resulta 
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TABLE V- S 

CHANGB IN WATER CONTENT WITH CHliliGE IN SWELLING 
PRESSURE, % OF WATER. 

Size of Compaotion 1st. ·Dompression 
So11 .èggre- ·level, 

Soi1s No. gate, mm psi pF 0 pF 0 pF 2 EF 2~!±.22 - ~-25 ~2.0 ~-25 pF 0~4.25 
G) 

( 1) ( 2) ( 3) ( 4) "'"" rl as 
Il) 1 <0.25 50 3l·5 8.5 23.0 13·0 oP, 
r:r:as 1,000 26.5 8.0 18.5 70.0 rl 10,000 18.5 3·5 15.0 81.0 •0 
CD ...., 

0) 1.00- 50 20.0 11.5 8.5 42·5 
4·76 1, 0.00 23·5 1·5 16.0 ffi .o 

10,000 16.0 3·5 12.5 78 ~0 
0 <0.25 50 10.5 28.5 13·5 ~ 

2 39.0 
1,000 18 ·5 2.5 16.0 86.5 

0 10,000 17.0 1.5 15.5 91.0 as 
~ 

1.00- 50 20.0 9·5 10.5 52.5 
4·76 1,000 19·5 8.0 11.5 59.0 

10,000 17-5 s.o 12.5 71.5 
Cl) 

.d 3 <0.25 50 25·5 6.0 19.0 14·5 ...., 
0 1,000 22.0 4-5 17·5 79·5 m 10,000 19.0 6.0 13.0 ffi ·5 ....::1 

1.00- 50 32.0 18 ·5 18.5 56.0 
4·76 1,000 19.0 5.5 13·5 71.0 

10 .. 000 15.5 4·5 11.9' 71.0 

5 <.0.25 50 J0.5 6.0 24·5 ao.o 
tD 1,000 24·0 s.o. 19~0 79.0 
0 10,000 22.0 4·5 17·5 79 ·5 ~ 
.0 1.00- 50 25·5 8.0 17.5 ffi ·5 ~ 
I:Q 4-76 1,000 22.5 ?.0 15.5 f:F1.0 

10,000 21.0 s.o 16.0 76.0 
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TABLE V- 5 

ORANGE IN WATER CONTENT WITH CHANGE IN SWELLING 
PRESSURE, % OF WATER 

,•;' 

Size o~ Oompaotion Swe111ng 
So11 Aggre- lleve1, pF 4.205 pF 4.25 pF 2 .pF f·2~ ~2 

Soil No. gate, mm psi -~o ___,..2 ~o pF .2 -----a 
-

(1) ( 5) ( 6} ( 7) (8) 
'" 'a1 1 <.0.25 50 8.0 7·0 1.0 87.5 17! 

~~ 1,000 6.0 4·5 1.5 75.0 
r-1 10,000 4-5 3·5 1.0 11·5 •O 

(1) 
.p 1.00- 50 11.0 9.0 2.0 82.0 rt.J 

4·76 1,000 T!>O 5-5 1.5 78 ·5 
10,000 4·.5 4·0 0 • .5 88.5 

0 2 .(0.25 50 13.0 10.0 3.0 77·0 

i 1,000 ?.0 5-5 1 • .5 78.5 
10,000 5·5 5.0 0.5 91.0 

C) 
Cl 

1.00- 50 11.0 10.0. 1.0 91.0 ~ 
,4-76 1,000 8.0 6.5 1.5 81.3 

10,000 6.0 s.o 1.0 83-5 ., 
3 <0.25 50 8.0 6.5 1.5 81.5 . t .d .p 1,000 3·5 3·0 0.5 85.3 0 

m 10,000 3.0 2.5 0.5 83·3 
~ 

1.0o- 50 10.0 9.0 1.0 90.0 
4·76 1,000 4·5 3·5 1.0 78.0 

10,000 4-5 4·0 0.5 88.5 

5 <0.25 50 11.0 9·5 1.5 95.0 
1,000 8.0 7·0 1.0 87.5 

IQ 10,000 7.0 6.0 1.0 85.5 0 

at 1.00- 50 10.5 9·.5 2.0 90 • .5 ..0 

~ 4·76 1,000 8.0 7·0 1.0 . 87 • .5 
Ill 10,000 8.0 7.0 1.0 87 • .5 

/ 
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TABLE V - 5 

CHANGE IN WATER CONTENT WITH CHANGE IN SWELLING 
PRESSuRE, ·'f, OF WATER. 

2nci·Compr•ssion 
Size of Compaction . . 

Soil jggre- llevel, pF 0 pF 0 pF 2 ,EF 2 -?o-lt: 2~ 
Soi1 No. gate, mm psi ~·25 ·.~ ~.25 p~ ., ---:2-

Cl) (9) ( 10) (11) (12) 
""" ~ 1 <0.25 $0 8.0 . 0 8.o 100.0 
11ll>:t 1·,000 6.5 0 6.5 100.0 oa:s 
IX:r-t 10,000 . 4·5 0 4·.5 100.0 0 
• 

Cl) 
l·.;OG- 50 10.0 o.s 9.5 95.0 .p 

C'll 4·76 1,000 6.$ O.$ 6.0 92.$ 
10,000 4·5 0 4·5 100.0 

0 2 <0.2$ . 50 1).0 O.$ 12.$ 96.0 

i 1,000 7·0 1.0 6.0 86.0 
10,000 5·5 0 5·5 100.0 

0 
ce 

:=:: 1.oo- 50 11.0. 0 11.0 ' 100.0. 
4·76 1,000 12.0 1.0 11.0 91.5 

10,000 11.0 O.$ 10.$ 9$.$ 

Cl) 3 <0.25 50 8.o 1.$ ~-'5 81.0 .Q .. 
+> 1,000 ).0 0 ).0 100.0 
0 10,000 ).0 O.$ 2.5 8) • .$ m 

..:1 1-.oo- 50 10.0 0 10.0 100.0 
4•?6 1,000 4·5 o •• 4·0 89.0 

10,000 4·0 0 4·0 100.0 

l1l 5 <0.25 50 11.0 0 11.0 100.0 
·o 1,000 8.o 1.0 7.0 87-5 't1 ce 10,000 7·0 0 7·0 100.0 

.0 

~ l.Oo- 50 10.5 1.0 9·5 90.$ r.Q 
4-76 1,000 8.o 0.5 1.5 94.0 

10,000 8.o 0.5 1·5 94.0 
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TABLE V- 6 

CHANGE IN WA'l'ER OOI"TENT WITH CHANGE IN SWELLING 
PRESSURE IFOR THE CYCLE pli' 0 _,.. 3 ~ 0 ~ 3 

Size of Leve1 ot 1 2 
Soi1s So11 ~gregates, !Compact! on, Reswe11ing 2nd Compression 

No. mm psi 
CD 

4·5 <ri 50 s.o 
'al (0.25 1,000 5.0 4·0 IXIPll 10,000 4·0 4·0 oat 
r:t:r-1 1 0 

1-4.76 50 1·5 7.0 • 
() 1,000 4.0 4·5 +> 

C'll 10,000 5.0 !.t:•O 
50 s.s 4·5 

<0.25 1,000 4·5 3·5 
0 10,000 3·5 3•0 
~ 2 

50 8.0 6.5 
0 1-4-76 1,000 6.0 4-0 Q$ 

:&: 10,000 6.0 5.0 

50 3-0 2.0 
(0.25 1,000 2.5 2.5 

() 10,000 3·5 3·5 ..d 
+> 3 0 50 4·5 3·5 i 1-4-76 ..:1 1,000 3·5 3•0 

10,000 3·5 3·0 

<0.25 
50 4·0 3·5 

• 1,000 5·5 5.0 
0 10,000 6.0 5·5 'g 4 
.0 1-4.76 50 6.5 5.5 fil 
al 

1,000 5·5 5.5 
10,000 5·5 5.0 



further suggest the importance of inter-aggregate pores 

resulted from shrinking and swelling ot aggregates 

contributing to water t-etentAon·•.:.').',:î.\::-. 

2-7. Conclusions. 
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It is necessary to bave a blank apparatus to 

correct measured soil volume change. The small amount 

of entrapped air whicn existed between the membrane and 

soil sample was considered not to affect the measurement 

of swelling pressure. The time required .tor equil1br1um 

of swelling pressure is short. 

Large hysteresis in first compression and swelling 

is due to aggregate rearrangement. When the samples were 

compressed to pF 4.25, swelling pressure below pF 2 

approached a constant which is the "internal pressure"· 

described by Norrish and Raussell-Colom ( 19 62). The 

samples witn a terminal pressure of pF 3 did not have ~his 

property be cause there was less aggregate-aggregate bending •. 

The aggregate-aggregate bonding also increased with 

increasing desorption-adsorption cycles. 

Aggregate. rearrangement. w hi eh affects inter-aggregate 

pores, determines the change in water content w1 th change 

in swelling pressure. Development of aggregate-aggreg~te 

bonding restricts aggregate rearrangement, so that change 

in volume of the inter-aggregate pores will be a direct 

tunction of aggregate size. 



3. Water Retention. 

3-1. B.f.fect o.t l'article Orientation. 

A large difference in water retention between 

dispersed and flocculated kaolinite was expected. The 

small difference round {Table V-7) was probably due to 

the change in original structure caused by extensive 

mixing during S4Uilple preparation ( IV-2•3). This can be 

illustrated as A and B in F1g. II-1. Water retention 

by samples of dispersed kaolinite was generally slightly 

higher than by the flocculated samples. This affect 

of orientation was confir.med by the resulta for Leda 
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clay in which water held by the parallel particle orientation 

was al ways higher than by random parti cle orientation 

(F1g. V-4) • 

Examination of the resulta for 100~ kaolinite 

(Table V-7)for the wetting run shows that water retention 

for dispersed kàolinite was higher than .for flocculated 

kaolinite above pF 3, but they became nearly equal 

between pF 3 and 2. Below pF 2, water retention between 

these two samples beceme different again. On redrying 

the samples, water retention became equal again above pF 2. 

The asme tr.end was also observed for clay-glass beads 

mixtures. Based on observations, the mechanism for water 

retention in kaolinite, starting from air-dry can be postulated 

as .follows. 



e 

TABLE V -=-.J.. 

WATER CONTENT FOR DI!i'FBREN'f PJ.RTICLE ORIENTATIONS AND 
DIFFERENT KAOLINITB-GLASS BEAD MIXTURES 

Particle Clay/glass beads 
s 4 0 1 orientation prop:tlons 3 2 1 

Disperaed 100/0 4·0 24·0 32·5 34·S 43.0 so.5 41·5 
Flocoul·ated 2.s 19.0 :J2.5 34·5 41·5 4.6.S 46.0 

Diapersed 80/20 3·5 19.0 29.0 32·5 36.0 q.o.o 36·5 
Floooulated 2.5 16.5 23.5 .30.0 34·0 )B.f 31·5 
Diaperaed 60/40 2.0 14·5 22.5 24·0 26.0 30.5 26.S 
:!looculated 2.0 14·5 22.5 24·0 26.0 21.5 27.0 

Disperaed 40/60 1.5· 11.0 17.$ 20.0 23.5 26.0 26.5 
Flocculated 1.5 11.0 17.5 20.0 21.0 22.s 22.5 
Diaperaed 20/80 1.0 9·5 15.0 17.0 18.0 21.5 «!)..$ 
Floccul:ated 1.0 9·5 15·0 17.0 17.0 17.$ 17·5 

No. 14 glass beads 0 0 0.5 1.0 21.5 26.0 26.0 

e 

2 3 

36.5 35·0 
36.S 35·0 
34.0 33·0 
32·0 29·5 

24·5 22.5 
24·5 24·0 

20.0 19.5 
20.0 19.$ 

17.0 13.0 
15.0 13.0 

2.0 1.5 

4·2 

29·0 
29.0 

24·0 
24·0 

17·5 
20.0 

14.$ 
14.5 

12.0 
10.0 

o.a 

1-' 
0 
ft) 
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( 1) Above pF 3, water is retained mainly by capillary 

forces in small pores. As shown in A & B in Fig. II-1, 

dispersed kaolinite has a greater volume of ~all pores 

than :tlocculated kaolin! te. 'l'herefore, dispersed kaolin! te 

retained more water. 

( 2) Between pF 3 and 2, water was retained resulting 
~ 

from an equilibrium between the swelling pressure on one 

hand and capillary force plus Madelung attraction on the 

other hand. Swelling pressure would be e.xpected to be 
f 

larger for thè dispersed kaolinite, but specifie total 

pore volume w1 th a Kelvin pore radius smaller than 104 Â 
was probably larger for flooculated kaolinite. The sum 

or water held by swelling pressure and capillary porel.l

was the same for dispersed and :tlocoulated kaolinite in 

thi.s suction rà.nge. 

{3) Below pF 2, water was retained by swelling forces. 

It is probable that the samples were saturated below 

pF 2. Further water moved in due to repulsion between 

the clay plates. The repulsive force is larger for 

parallel partiale orientation than :for random partiale 

orientation, as&lready mentioned. This explanation is 

di.fferent from that given by de Jong ( 1963), but his 

experimenta seem to support this explanation. His 

result ahowed that a surface active liquid decreased 

water retention between pF 3 and 1 but had pnactically 

no influence below pF 1. This implies that oapillary 

force was the mechanism, or at least operative with 

swelling pressure~the range or pF 3 and 1, and at the 



lower range the swelling ·torce was the only. source 

retaining water in his Oa-kaolinite smnples. Tsohapek 

{ 1960) also concluded that capillary torce is the 

important mechanism of water retention in kaolinite. 
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The proposed mechanism also explains water retention 

for kaolinite on drying. The difference in water retention 

between the samples below pF 2 was due to the difference in 

swelling potential. Above pF 2, turther water was removed 

against capillary and swelling , forces. The ourves for the 

two samples during drying above pF 2 remained s1milar 

implying that irreversible changes in pore aize distribution 

took place after the wetting-drying cycle. 

A large difference was found in water retention 

between sedimented and slurried samples of Leda clay on 

the tirst drying {Fig. V-4). This shows the importance of 

sample preparation. Curves A & B, which start from the 

same water content, show that, water retention was higher 

for parallel than for random partiale orientation. The 

difference increased with increasing pF value. Swelling 

pressura is the main mechanism for water retention in 

parallel partiale orientation but'oapillary forces are 

dominant for random orientation. Water would be removed 

more easily from the open matrix in the random partiale 

orientation, where edge to face bonding prevents contraction 

of the olay plates. Alternatively, it can be explained by 

the difference in etfeoti ve pore size distribution. 



Small pores prevail in the parallel partiale orientation 

where the clay plates come oloser together when water is 

removed. 

Agreement between caloulated swelling pressure 

(after de Jong, 1963) and measured water retention was 

found for slurried Ledt clay for the first drying ourve. 

(Fig. V•4). This supports Koenigs (1963) statement that 

the theoretical oaloulation is only applicable for a 
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soil whioh is oompletely dispersed. Below pF 2.2, measured 

water retaàtion was lower than oalo,rated swelling pressure. 

Increased degree of dispersion and decreased edgeto face 

bonding could cause this amall difference. Between pF 2.2 

and 4.4, water trapped in polyplates caused the measured 

water retention to be higher than calculated swelling 

pressure. At pF 4.4, unsaturat1on probably began, 

therefore, the swelling force will be underestimated. The 

calcula~ed swelling pressure was thus higher than measured 

water retention above pF 4•4• 
Water retantion for the kaol1n1te-glass bead 

mixtures was calculated from the measured values for lOO% 

clay and lOO% glass beads, by assuming addit1v1ty based 

on proportion present, with no interaction. Calculated 

water retention was lower above pF 2 and higher below 

pF 1.5 tnan the measured water retention either on wetting 

or on drying~ (Fig. V-5). The deviations were larger ~or 

the samples prepared from lower clay contents. Above pF 2, 
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the difference can be explained by modification of' the 

aize of capillary pores by the clay reta1ned in the pores 

between glass beads. This was more obvious tor higher 

glass bead contents in the mixture. If water retention 

was due to swelling pressure above pF 2 the measured water 

retention should be lower than the calculated because 

dilution should be more extensive tor higher glass beads 

content. 

At low pF (<1.,5}, ·calculated water retention 

exceeded the measured values. Th1 s can be e:xplained 

partly by the clay .filling up the pores between the beads; 

originally these pores were tilled with water. Water 

taken up by swelling should be greater tor the higher 

clay content. The slopes of' the curves increase w1 th· 

deoreasing clay content, indicating that water was taken 

up due to swelling f'oroe. 

The sam.e resulta are show:n by oomparison between 

measured and calculated water retention based on clay 

only (Fig. V-6). The change between measured and oaloulated 

values ooours mostly above pF 2. It turther indioates that 

the capillary force is important for water retention in 

kaolinite above pF 2. 

3-2. Water Retention b: Ola: Soil Assresatea. 

The water retention ourves for aggregates ·fra. 

the tour soils under investigation were found to have the 

sam.e slope. An exam.ple is shown in Fig. V•71 in which 

the tirst drpng and the rewetting curves from the terminal 
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pressure or pF 4.2.5 are shown. More details are. gi ven. 

in Tables V-8 and V-9. The rollowing observations were 

made: 

1. All samples showed a large hysteresis etteotJ the 

relfetting ourves never rejoined the .first drying 

ourve. This kind or hysteresis loop had been observed 

by de Jong ( 19 631 o.rt. II• 6). This was probably 

due to the volume changes resul ting f'rom aggregate 

rearrangement ( of!r• V-1-9). 

2. The two rewetting curves trom pF 3 and 4.2,5, 

might or might not meet at pF o. The wetting ourve 

trom pF 3 was a soanning ourve.(Fig. V-8) because 
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or the higher rate ot water taken up ror the samples 

being dried f'rom pF 4.25. This can be e.xplained by 

pore volume-aize distribution and capil~ary attraction 

between the aggregates, determined by degree or 
aggregate rearrangement, smaller pore aize and larger 

attraction between the aggregates. Difference in 

degree of aggregate interference during rewetting 

and probably the difference in degree of development 

of inter-aggregate bonding explains the observation 

that the curves may or may not meet at pF o. Soil 

1 is a surface soil w1 th granuler aggregates. Aggregate 

interference will be smallest and aggregate rearrange

ment will be easier. As shown in Table III-1, this 
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So11 
So11s No. 

G) 
'f"i 1 
r-1 
Qf 
Ill 
ol>ll 
tt:i:d 

r-1 
•O 

(1) 
.p 
Cil 

2 

0 

ï 
0 
1:\1 
li: 

TABLE V- 8 

WATER RETENTION FOR DRYING AND WETTING CYCLES WITH TERMINAL 
PRESSURE pF 4.2,5. WATER CONTENT, % • 

pF 

r 

e 

Size o-r 1st. Drying ~un ~ Wetting !!un ; 2nd Drying l!un 
1 

aggregate, Compaction . 1 . 

mm. psi 0~1 ___,.... 2~3~4.25~3 ~2 ---7'-1 ~ 0 -?-1 _,...2 -:--3~4.2.5 

< 0.25 

1.oo-
4-76 

<0.25 

l.oo-
4·76 

~-

50 68.5 60.0 52·5 37·0 25.0 29·5 34·0 39·5 48·5 44·5 40.5 34·0 27·0 
1,000 56.5 50.0 45.0 35.0 25.0 29.5 33.0 31·5 45.0 41.5 38·5 33.0 25·5 

10,000 48.0 42.0 39.0 )2.0 25.0 29.0 31.0 )6.0 42·5 40.0 36-5 32·5 27.0 
... 

50 52.0 32.5 as.o 26.o 17.5 22.5 25.0 31.0 44.0 35.5 29.5 26.o 19.0 
1,000 50·5 39.0 2'1·5 27.0 2).5 23.0 27·0 35·5 46.0 41·5 35·0 21·5 22.0 

10,000 43·0 31·5 34·0 aB .o 22.0 26.0 29.0 34·5 42.0 39.0 34·5 (8.0 22.0 

50 80.0 70.0 60.0 47•5 31.0 34.0 40.5 47•0 53.0 51.0 46.0 36.5 29·5 
1,000 69.0 60.0 52.0 44•5 31.0 34.0 39.0 42•5 46•5 45·5 43.0 36•5 29·5 

10,000 60.0 so.o 44·.5 39.0 31.0 35·5 37·0 lj;0.5 46 • .5 44·5 41·5 36·5 29·5 

50 71.0 42.0 )8.0 36.0 26.0 29.0 31·5 36.5 60.5 )8.0 33·0 30.5 21·5 
1,000 66.0 46-5 40.0 36.0 26.0 31·5 J4.0 41.0 55.0 44·5 36.5 32·5 26.0 

1o,ooo 6G.o 48·5 43·5 36.o 26.o 31.5 34.0 40.0 47·5 44.0 31·5 32.5 ;:a.o 

*Continue to Table VI- 9. 

Continued. 
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Soi1s No. 
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Il 
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1 
A 
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Size of 
aggre-
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mm 
-
.(0.2~ 

1.00-
4·76 

<:0.2~ 

1.00-
4·76 

• 
TABLE V- 8 (Continued) 

WATER RETENTION FOR DRYING AND WETTING CYCLES WITH TERMINAL 
PRESSURB pli' 4·2~ WATER CON'l'BNT, ~. 

pF 

Compaction lat. ary1ng ltUn : llletti:ng i!un ! 2nd flrying l'un 
psi 0-+ 1 ~ 2 --.:;...- 3*-- li.• 2~ 3 -"!loo- 2 -'lil-l --> 0 ~ 1 _,..... 2 __:-:;.... 3 ....::;.... 4• 25 

50 
1,000 

10.000 

50 
1,000 

10,000 

so 
1,000 

10,000 

so 
1,000 

10,000 

.$2~0 40.~ 37•0 2~.0 1.$.0 19.5 27•~ 31.0 36.0 32·5 30.5 26 • .$ 1.$.0 
48.0 .38.0 34·0 2~.0 1.$.0 20.0 26 • .$ 29.0 33·0 )0.0 29.0 26.0 1.$.0 
42.0 37.0 32.0 2~.0 1~.0 19.~ 26.5 29.0 33.0 30.0 29.0 26.0 1~.o 

62.0 42.0 as.o 22.5 15.o 18.o 22 • .5 26.5 ~o.s 30.~ 27.5 23.0 15.o 
49.0 .38·5 29.0 23.~ 1,5.0 20.~ 23.5 29.0 4J..S 33.0 26 • .5 23.516.0 
44.0 37·5 30.~ 2~.0 1~.0 20.5 ~ • .$ 30.0 31·5 31.~ 29.0 24•5 16.0 

65.5 S6.o 46.o 30.0 19.0 22.5 aB.o 33.0 40.0 37·5 35.0 29.5 19.0 ss.o so.~ 42.0 29.5 20.0 23.5 )0.0 )4.0 39·~ 36.5 3~.0 29-~ 20.0 
48·5 44·0 38·5 26.0 20.5 22.0 27.0 31.0 34·0 32.0 )0.0 26.0 19.0 

53·0 37 .o 30.0 22.0 13-5 17 .o 22.5 26.5 44·0 32.0 é.6 .s. 24·0 14·.5 
~o.s 42.0 32.0 ~.o 17.0 19.0 25.0 31.5 42.5 35.0 3o.o 25.o 17.0 
48·5 44.0 36.0 25.5 19.5 21.0 27.0 32.0 j8.o 34.5 29.5 25.0 19.~ 

* Continue to Table VI - 9 

l-' 
l-' 

.J::"" 



Soi1s 

(!) 

..-1 
r-l as 
rn 
oP, 
~as 

r-l 
•O 

(!) 
.p 
Cl) 

() 

..-1 

~ 
() 

af 
~ 

e 

TABLE V - 9 

WATER RETEHTION FOR DRYING AND ~ETTING CYCLES WITH 
TERMINAL PRESSURE OF pF 3.0, WATER CONTENT, %. 

pF 
Size of Compaction Rewetting run ' 2nd Drying rtm Soi1 aggregate leval ' .t No. mm psi 3 --?-- 2 ~ 1 ~ 0 ---7- 1 ~ 2 ~ 3 -----;..>- 4·25 

<"0.25 50 37·0 39 .o 41.5 48 ._5 46.0 42.5 36.0 27.5 
1,000 35.0 37.0 39.0 45.0 43.0 40.0 34·5 26.0 

10,000 32.0 33·5 36.5 42.5 40.0 36.5 32.5 27.0 
1 

50 26.0 27.0 32.0 4J+.O 36.5 32.0 27.0 20.5 
1.00- 1,000 27.0 29 .o 35-5 46.0 42.5 35·5 29 .o 22.0 
4-76 10,000 é8 .o 30.0 34·5 42.0 40.5 35.0 30.0 23·5 

50 47 ·5 50.0 :52.0 • E13 ,·5 . 5.5~·5 52.0 41.5 34·0 
<0.25 1,000 44·5 46.0 48.0" 5:5·~ 15~ .. 9 48 .o 44·5 32.5 

10,000 39.0 40.0 .U-2 •. 0 -51-.",5 ,14-6·.-o 43·0 39 .o 30.0 

2 1.00 - 50 36.0 .38 .o 40.0 61.5 42.5 39 .o 36.5 29 .o 
4.76 1,000 36.0 .38 .o 41-5 ~.o 44.0 39 ·5 36·5 29 .o 

10,000 36.0 38 .o 41.5 53·0 47-5 40-5 36-5 29 .o 

~ Continue from Table VI - 8 
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TABLE V- 9 (Continued) 

WATER RETENTION FOR DRYING AND WETTING CYCLES WITH 
TEm1INAL PRESSURE OF pF 3.0, WATER CONTENT, fo . 

Size of Compaction 
pF 

aggregate 1evel, Rewetting run , 2nd .'d."ying :t'un 
mm psi 3â~ 2 ~ 1 -..;:,- Q ----+- 1 ~ 2 --7- 3 ~ 4·25 

50 25.0 28 .o 31.5 36.0 32.5 30·5 26.5 19 .o 
<0.25 1,000 25.0 28 .o 30.5 35-5 32.0 30.0 26.5 20.0 

10,000 25.0 27 ·5 30.0 34-5 31.5 30.0 26.5 20.0 

50 22.5 26.0 34-5 50.5 38 .o . 31-5 24·5 17.0 
1.oo- 1,000 23-5 26.0 33·5 41.5 38.5 32.0 27.0 18 ·5 
4·76 10,000 25.0 27 .o 32.5 .38 .o 36.0 32·5 27·5 20.0 

50 30.0 33·0 38 ·5 43·5 41.0 37 · 5 '31~0 22.0 
<0.25 1,000 29.5 32.0 36.5 40.5 40~5 36-5 31.0 22.0 

10,000 26 .o 31.5 36.0 40.5 40.5 36.0 30.0 22.0 

1.00- 50 25.5 30.5 lJ-5·5 34·5 22.0 30.0 24-5 15.0 
4.76 1,000 24·0 26.5 34·5 46.0 40.5 33·5 28 .o 20.0 

10,000 25·5 29.5 36.0 45-5 40.0 33·5 28 .o 25.0 

~ Continued from Table VI- 8. 

e 

l-' 
l-' 
0' 



70 ---FROM TERMINAL pF 3 

60 

50 

~ 

..: 40 

e 
~ ...., 30 

10 

o._ ____ ._----------~-------------
0 7 2 pF 3. 4 

FIG. V·B, WATER RETENTION CURVE, 

< 0.25 MM, 50 PSI, SOIL 1. 

.5 

117 



• 

• 

118 

soil contained the largest proportion of sand-

aize' parti cl es so that development of inter

aggregate bonding should be the smallest among the 

four soils under investigation. These two reasons 

were considered to account for the observation that 

the two rewetting curves for ao~l 1 met at pP o. 
It should be realized that if aggregate bonding 

does exist when the samples were dried to pF 4.25. 
it should be very small. 

3· The hysteresis loops were larger for smaller 

aggregates prepared at lower compaction leval. The 

affect was attributed mainly to the first drying. 

As explained in section v-1-4, these samples undergo 

more aggregate rearrangement and larger change in 

water content on drying. Although rearrangement is 

also found in rewetting. it is of smaller magnitude 

and bence the net reault is a large hyateresis. A 

similar result was obtained by O~oney and Coleman 

{19~), for soft and h~d chalk1 where a deorease 

in bulk density inoreased the hysteresis loop. This 

ià solely due to larger pore size in soft ohalk. 

The resulta for the ssmples prepared from larger 

aggregates were not as regular as for the samples 

prepared t.rom smaller, aggregates (Tables v-8 and 9}. 

This irregularily oQcurred mostly in samples 

prepared at the lower compaotion level. Although the 

water content change on drying was large for this 

sample, the hysteresis loop was narrowed because 
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of the large pore volume developed on swelling • 

4• In the second drying run, the sam.ples previously 

at a terminal pressure of pF 3 retained more water 

than for pF 4·25 (Fig. V-8, Tables V-8 and V-9). 

Even though the total pore volume was the same, the 

distribution of pore aize was different due to 

different drying history. 

3-3· Bffect ot jggregate Size. 

Sam.ples prepared ~om smaller aggregates generally 

retained more water than the samples prepared from 

larger aggregates in the first drying run (Table V-8). 

Soil 3 was enomolous in that the sample prepared from 

larger aggregate retained more water between pF 0 and 

1 (Fig. V-9A). 

On rewetting from pF 3 or pF 4.25 and on the second 
; ' 

drying, the samples prepared from smaller aggregates 

retained more or at least an equal am.ount of water above 

pF 1-2, but lesa below pF 1~2, than the samples prepared 

trom larger aggregates (Tables V-8 and V-9, Fig. V•9 

B, c, D, B) • Aggregate rearrangam.ent was greater for 

smaller aggregates, and inter-aggregate pore volume was 

decreased more. Xhis is evidence that inter-aggregate 

pore volume became important at low pP. An exception 

was tound for the samples prepared from soil 1, at 50 psi. 

The e.xplanation lies in the low degree of saturation tor 

this a ample w1 th larger aggregates ( column 10, Table V-1). 
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The capillary force drawi:cg the sggregates into closer 

approach on drying should be small, the~ore the chance 

of developing the right aize of inter•aggregate pores 

for retaining water was also a.all. 

3-4. Effect of Compaction Levels in Preparing the Samples. 

The effects of compaction level on water retention 

for the sam.ples prepa:red trom largar aggregatas {Fig. 

V-lOB, D, F, Tables V•8 and V-9} 81'$ i.as-.tollows: 

1. Water retention above pF 2 is la:rger for the samples 

prepared at higher compaction lavel. 

2. Water retention·at pF 0 is larger for the sam.ples 

prepared at lower compaction level. 

These resulta were also found by Croney and Coleman 

( 19 ;.4), al though the sample used and explanation of the 

resul ts were different (II-5-2). Total pore volume is 

. important in water retention in the low pF range. In 
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the higher pF range, pore volume-aize distribution or 

volume of small pores is important. Aggregate rearrange

ment and modification of intar-aggregate pore volume-aize 

distribution due to swelling or sbrinking of the aggregate 

contributes a significant affect. 

For the samples prepared trom smaller aggregates 

ei ther in drying or in wetting (Tables v-8 and V-9) 1 

Fig. V-lOA, c, E), the resulta show that the lower 

eompaotion leval resulta in the higher water retention. 
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The difference generally incre-.ses w1 th decrease in 

pF value. These resulta are supported by Box and 

œaylor (1962) but are opposite to those ot Ta.bo1i 

(1961). 

Box and Taylor (1962) prepared a loam soil 

sample at different water contents. ·and found an 

increaae in bulk density at any temperature (10°, 2;f 

0 
and 40 C) • This was exp1ained by the changing 

curvature ot air water interfaces tor the water he1d 

in the capi11aries of the moist soi1. There were no 

aggregate uni ta in their a amples. Tamboli ( 19 61) • 

tor ail t loam a amples • .found that the moi sture 

retained at any gi ven tension ( up to 5.0 bara) and 

by any gi ven aggregate aize were in the to11owing 

order 0.95<1.15<1.36 g/cc. Closer approach ot the 

aggregates and amaller pores between the aggregatea on 

increaaing the compaction leval. and the signiticance 

ot the interaction between the aggregate aize and 

bulk density, were his explanations. 

At high pF value., the samples prepared at 

higher compaction levels would be expected to retain 

more water. This did not oceur up to pF 4.25, probably 

becauae the pore volume developed due to aggregate 

rearrangement was larger tor the sam.ples prepared at 

the lower compaction leval. 
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3-5. Conclusions. 

1. Parallel_parti.cle orientation retains more, or at 

least equal amotmts of water,. compared w1 th random 

particle orientation. 

2. Water retention by kaolin was mainly due to 

capillary fore~, especially at higher pF values. 

Swelling forces are opera ti ve at low pF. This agrees 

with Tschapek1 a report (1960). 
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3. Calculated swelling pressure estimates the measured 

water retention in the first drying run in slurried 

Leda clay. The theoretical calculation appears to be 

applicable only for a clay soil which is completely 

dispersed, which agrees with Koenigs' statement (1963). 

4• Large Hysteresis etfects were mainly due to aggregate 

rearrangement. The hysteresis loop was decreased 

with increasing compaction leval for smaller aggregate 

samples. 

5• Inter-aggregate pore volume-aize distribution is 

important for water retention but development of 1nter

aggregate pore volume due to aggregate rearrangement 

became important at low pF range. 

6. Different aggregate sizes have different water 

retention patterns for different bulk densi~. It 

is concluded that the geometry factor proposed by 

Bolt and Frissel (1960) is a proper oomponent 

oontributing te. total water potential. Bulk density 

as proposed by Box and Taylor (1962) can be used 
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instead of the geometry .factor, tor the sam.ple 

prepared trom smaller aggregates but not for 

samples trom larger aggregates. 

4• Belationsh!p Between Swelling Rressure and Water 
Retention tor Clay Soil Aggregates. 

4-l. 'l'heoreti cal OonsifleJP.atlflo:a.•· 

A conclusion drawn in section V•3•5 is that the 

geometry factor rather than bulk density is a proper factor 

contributing to water retention in soil aggregates. 

As pointed out by Baboock (1963) 1 the equattons given 

by Bol t a,nd !Tissel ( 19 60) are somewhat bewildering 

because of the large number ot equations and the 

inconsistenoy ot their nomenclacture. Aotually. it is 

not possible to make a clear out distinction between 

water as one phase of'· a three phase syst• and soil

water-air as one homogeneous system, especially tor a 

clay soil wi th well developed structure or tor aggregate 

samples as used in this investigation, because water 

is not homogeneously distributed or equally wi thdrawn 

trom wi thin the aggregate and between the aggregate. 

It is not a homogeneous system; however, change in volume 

w1 th change in water content is equal if' the sam.ple is 

saturated. Based on the "parent equation" on a macro-

approaoh as suggested by Bol t and Frissel ( 19 60) in 

equations (II-7) and (II-8), a "wrking equation" at 

constant temperature and soil solution without f'ree salt 

oan be wri tt en as: 
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The notations are the sam.e as iD: equatt ons ( II-7) 
aEï and (II-8). The terms, do(. and ( ae)de whioh appear in 

equations (II-7) and (II-8) are covered b7 dWa and 6d'D. 

How&11Br do( is very small compared to the total potential 

and can be neg1ected. Wlth the proper limitations, equation 

( V-1) oan be used to study water retention and swelli:og 

pressure for aggrep1œw.. In the laboratory studi es the terms 
-VdP e and Mg db. can be de:f'lned. The fomer might be 

oonsidered a factor contributing to total water 

potential by oonf'lning. pressure, and the latter is the 

application of suction or pressure on a pressure plate 

as a multiple of the gravitational torce. Application 

ot the "working equation" to water retention and swel1ing 

pres sure can be made as tollows: 

1. Coarse grain - water system: For water retention 

-by .t'ri tted g~ass wi th a constant geometry, Vd.Pe1 · 

.\ oG dwa, and ( ô~}djG are equal to zero. At equilibrium, 

dG= o, equation ( V-1) beoomes, 

(V-2) 

• 

• • 
• (V•3) 



which resulta on integration, 

( V-4) • 

Equation (V-4) is Laplace1 s capillary rise equation. 

It can be written as, 

Ll.. h = l!.Q 
d 

( V-5) • 

where d is the d1ameter of the capillary pore, mm, 

and Ah is applied suotion, cm of water head. 

In studying swelling pressure, a oonfining pressure 

is applied to the tri tted glass. Mgdh is equal to 

o. The ter.m 6do is eliminated if the tritted glass 

is saturated with water sinee no air-water interface 
• 

exista, <)! )dJ= 0 as already stated. Therefore, 

equation {V-1) beeomes 

< v-6}. 

V=(~~)= O, sinoe volume of the system is 

constant w1 th q.p.a.nge in water content. Therefore, 

equ~tion ( v-6) is not defined. No swelling 

prés sure is developed by the tri tted glass·. 

2. Olay-water system: It is assumed that the clay 

suspension is completely di spersed wi th parallel 

partiele ori•ntation. The geometry ~aetor will be 



oovared by d~a , becausa a change in clay plate 

spacing occurs only )II!ti! wi th a change in water 

contant. There;ora, ( :~ )d~ = 0 ai thar in watar 

retention or in swelling pressura studies. If 

the clay remains saturated to high pF values 6do 

will not be involved, sinoe there are no air-water 

interfaces. At equilibrium, dG= 0, equation (V-1) 

ba comas, 

- Mgdh = dwa (V-7), .for water retention. 

- VdPe = dwa ( v-8), .for swelling pressure. 

There.fore, 

Equation (V-9) shows that water retention or 

measured swelling pressure would be equal to 

calculated swelling pressure. 

( V-9) 

3• Clay soil aggragate-water system: With the approach 

as used above, exoept that the geometry .factor 

should be inoluded, equation (V-1) becomes, 

( V-10). 

for water retention, and 

-vdP = dw + <a 5 )d~ 
e a ô~ 

(V-11) • 

for swelling pressure. 



The need to. take into account the geomet~y 

factor 1n equations (V-10) and (V-11) was 

verified tor water retention (o.r. V-3) and 

tor swelling pressure (c.r. V-2). 

If equation (V-11) is transformed 'into, 

( v~l2) 
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it snows that measured swelling pressure would not 

be equal to calculated swelling pressure because 

of the geometry factor, which will be positive 

or negative depending on the sample used. 

Probably it has a positive affect for the clay 

soil aggregates because the inter-aggregate pores 

will hold water which is beyond the inf'luence or 

the double layer asahown in the shaded area in 

Fig. V-11. Although the measurement is unambiguous, 

care must be taken in the explanation of the resulta 

for the aggregate sample. As show.n in Fig. V-11, 

two types of aggregate arrangement, close paoking 

and open packing, are possible. If they were 

subjected to the same contining pressure, water 

content vs swelling pressure curves would not be 

the a ame for the se two a amples. al though the aggregate 

sizes are the same. Open packing as illustrated ih 

A, Fig. V-11, will retain more water than close 

paoking (illustration B) although the number of inter

aggregate contacts is higher for the latter. 



e 

A, OPEN PACKING 

soil 
aggregate 

water in inter
aggregate pore 

8, CLOSED PACKING 

FIG. V-11, CROSS SECTION FOR ARRANGEMENT OF AGGREGATES, 

- ·- - ·-- --- ·---·-

e 

t-1 

""" 1\) 



As stated by Box and Taylor (1962), hysteresis in 

soi1 water retention is associated at 1east in part w1 th 

shrinking and swe1ling. 
oG covered by ( c;;x)d~ in 

These affects are probab1y 

aquati2ns (V-10) and (V-11). 
oG 

Attention must ba paid to (9JL)~which is probab1y not 

the swne for watar retantion:as for swelling pressura 

at the sam.e equiv·alent p~. 

As discussed above.and in Fig. v-11, aggregate 

gaometry is a function of swelling and shrinking of 

the aggregates as well as repulsion and attraction 

between the aggregates in swelling pressure studies, 

but the geometry depends on both swelling pressure 

and capillary force in water retention studies. 

4-2. Comparison between Swel1ing Pressure and Water Retention. 

A comparison of maasured swa1ling pressure and 

water retention is illustrated in Fig. v-12, for the 

rewetting curves for so'-1 3· More details md values 

for the ether soils are shown in Tables V-4A, V-4B, 

V-8 and V-9· Either on drying or on rewetting the 

curves fall into the same pattern showing water content 

from water retention measurements iS' higher than from 
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swelling pressure in the low pF range. The difference 

increases with a decrease in pF value. Bàsed on equations 

(V-10) and (V-11), the difference would be due to the 

difference of capillary potantial, dO. According to 
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measurements of volume changes (c.f. Fig. V-1), 

however, this explanation of the resulta is erroneous 

because the soils were saturated in the low pF range, 

especially the samples prepared from smaller aggregate 

. or/and a.t higher compaction levels. This means that 

6do should be equal to zero or at least negligible. 

Therefore, equation (V-10) ahould become, 

-Mgdh = dWa + 
-

( .2.Q. )d~ 
0~ 

( V•l3) 

for water retention at saturation. Compariaon of' 

equations (V-11) and ( V-13), and the measured water 
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· retention and swelling pressure as shown in Fig. V-12, 

now indicates that the difference in water content at the 

seme equivalent pF· is actually due to the difference in 

the geometry fàctor. This f'urther indicates the 

importance of' inter-aggregate pore volume in retaining 

water at the low pF range. This pore volume is dete~ined 

by ~gregate arrangement or geometry. -
The difference in geometry faotor, (~)d~ in 

equations (V-11) and ( V-13) 1 is due to the difference in 

degree of aggregate rearrangement. This differa for 

shrinkage under no load and.for shrinkage on· compression 

or consolidation. Aggregate rearrangement will be 

restricted to soma degree by the formation of aggregate

aggregate bonds during the first compression {ô.f'. V-2-7). 



This affecta water holding eapaci ty in rewetting and on 

successive drying. This bonding is greater :for the 

samples having undergone compression than :for those that 

were drying. This accounted for the difference of water 

content between water retention and awelling pressure in 

reswelling and second drying. 

Water ~·-oon;tént. in swelling pressure was higher 

than in water retention at higher pF vàiues (Fig. V-12). 

This is explained by unsaturation of inter•aggregate 

pores in water retention measurements, but these pores 

always ramained saturated in swelling pressure studies. 

This is also show.n by the lower pF at the point o:f 

intersection for the smnples prepared at lower compaction 

levels, because larger por.es for these smnples are only 

tilled at lower pF. 

The affect of the geometry factor in comparing 
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water retention and swelling pressure vas further studied 

for an undisturbed soil with good structure (soil 1}. The 

rirst drying curves (Fig. V-13) resemble the curves, in 

Fig. App. 3 and tho se gi ven by Warkentin ( 19 62b) who 

compared the resulta obtained :for Leda clay by Panner 

(19;B) and Bozozuk (19.59) for water retention and 

swelling pressure respective1y. The large difference 

at low pF oocurred because the large inter-aggregate 

pores were :filled wi th water in the swelling pressure 

measurement, but were emptied in water retention. This 

accounts for the higher water content in swelling pressure. 
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The soil structure was probably ohanged und er. loading 

suoh that the total pore volume ~th radi.i sm.aller 
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than that equivalent pP was decreased more than in water 

retention s·tudies. This explains the water content being 
. 

higher for the l·atter than for the former at higher pF 

values. 

The inorease in water content with decrease in 

pF value on rewetting from a term~nal pressure of pF 3.0 

or 4.~5 is shown in Table v-10. The inorease in water 

content due to deorease in total water potentiàl was 

larger than due to decrease ln oonfining pressure 

between the range pF 0 - J.O. This .is required sinoe 

the total potential sho uld be larger than a component 

potential. From pF 4.25 - 3.0 for ·the ~amples prepared 

at lower compaction level.s and 'ror all samples in soil 5, 

the tnorease in water content wi tn a deorease in total 

water potentialwas smaller than wi th a deorease in 

swelling pressure. The seme samples also showed the 

largest difference in water content inoreases between 

pF 2 and o. These re~ults suggest aggregate rearrangement 

and formation of aggregate-aggregate bonds which 

determine the geometry factor whioh influences the total 

water potential and swelling pressure. Probably aggregate 

rearrangement is différent for shrinking of the aggregates 

in water retention and for compression in swelling 

pressure studies. Formation of aggregate~aggretate bonds 
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TABLE V - 10 

' 
COMPARISON OF INOREASE IN WATER CONTENT ·ON SWELLING FOR WATER 

RETENTION AND FOR SWELLING PRESS~ MEASUREMENTS 

Sample w1 th terminal Sample with terminal 

Size ot Oompaction 
pressure 4·25 

eggregate, level, pF 
mm psi Me tho ci 4·25' ~ 3 --+ 2 ~ 0 

( 1) ( 2) ( 3) 

< 0.25 50 T t·5 4·5 13.5 
s .o 1.0 1.0 

1,000 T 4·5 3·5 12.0 
s 3~0 1.5 1.5 

10,000 T 4·0 2.0 11.0 
s 2.5 1.0 1.0 

1.00-4.76 50 T 5.0 2.5 19 .o 
s 6.0 3·0 2.0 

1,000 T 2.5 4·0 19.0 
s 3•0 2.5 1.5 

10 .. 000 T 4·0 3.0 13.0 
s 3·0 1.0 0.5 

T = Total w~ter potentia1 from water retention 
S = Swe1ling pressure 

pressure 3• 
pF 

3 --7'- 2 ---:;)- 0 

( 4J ( 5.) 

2.0 9.5 
0.5 3·5 
2.0 a.o 
2.0 3·0 
1.5 9.0 
1.0 3·0 

1.0 17.0 
0.5 6.0 

2.0 15.0 
2.0 2.0 

2.0 12.0 
1.5 3·0 

Oontinued· · 
i 
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So11s No. 
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TABLE V- 10 (Oontinued) 
'·: 

COM, ARISON OF INOREASE IN WATER CONTENT ON SWELLING FOR WATER 
RETENTION AND FOR SWELLING PRESSURE MEASUREMENTS 

·-

Samp1e with terminal Sample w1 th terminal 
Compact! on pressure 4.25 pressure 3· 

aggregate 1eve1, pF. pF 
4·25~3~2~0 3~ 2~ 0 mm psi Method 

< 0.25 50 T 
(1) 

3·0 <Ç 6. (3)5 12. <4J 2. 8~~) 
s 5·5 4·5 3·0 1.0 4·5 

1,000 'l' 3·0 s.o 1·5 1.5 9·5 
s 3·0 2.5 1.,5 1.0 3·5 

10,000 T 4·5 1.5 9·5 1.0 11.5 
s 3·0 2.0 ·. 0.5 1.5 2.0 

1.00-4.76 50 T 3·0 2.5 . 29·5 2.0 23·5 
1,000 s 1·5 2.5 1.0 2.0 6.0 

1,000 T 5·5 2.5 21.0 2.0 20.0 
s 3·5 3·0 1.5 2.0 4.0 

10,000 T 5·5 2.5 13.5 2.0 1$.0 
s 3·5 1 •. ~ 1.0 1.5 4·5 

-
~ 

~ 
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TABLE V- 10 (Oontinued) 

OOMPARISON OF INOREASE IN WATER CONTENT ON SWELLING FOR WATER 
RETENTION AND FOR SWELLING PRESSURE MEASUREMENTS 

Sample w1 th terminal Sample w1 th terminal. 
pressure 4.25 pressure 3• 

Size o:f. Compact! on pF pF 
aggregate, leval, 

mm ~si Method !1:·22 ~ 3 --:;.,.. 2 ~ 0 J --:;.... 2 ~ 0 
( 1) ( 2) ( 3) <4> ( 5) 

< 0.25 50 T 4·5 8.0 8.5 '. 3·0 8.0 
s 5.0 1.5 1.5 1.0 2.0 

1,000 T 5.0 6.5 6.5 3·0 1·5 
s ':.2.0 1.0 o •. 5 1.0 1.5· 

10,000 T 4·5 ?.0 6.5 2·5 7·0 
s 1.5 1.0 o.s 1.0 3·5 

1.00-4.76 50 T 3·0 4·5 .~ .o 3·5 24·5 s 1•5 1.5 1.0 1.5 3·0 

1,000 T 5·5 3·0 18 .o 2·5 15.5 
s 2·5 1.0 l..o. 1.0 2.5 . . 

10,000 T 5·5 4·0 13.0 2.0 11.0 
s 3.0 1.0 O.$ 1 • .$ 2.0 

T • Total water potential :from water retention 
S • Swe11ing pressure. Oontinued 

~ 
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TABLE V- 10 (Continued) 

COMPARISON OF INCREASE IN WATER CONTENT ON SWELLING FOR WATER 
RETENTION AND FOR SWELLING PRESSURE MEASUREMENTS 

Sam.p1e w1 th terminal Samp1e wl th terminal 
pressure 4·25 pressure 3 

Size of· Compact! on pF pF 
So11 aggregate~ 1eve1, 

So11 No. mm psi Method 4. 25 -.;..... 3 ---:;;.... 2 --;;.... 0 3 ----.:::- 2 ~ 0 -
( 1) ( 2) ( 3) (4) ( 5) 

5 (0.25 50 T 3·5 5-5 12.0 3·0 10.5 
s 7·0 2.5 1.5 2.0 2.0 

1,000 T 3·5 6.5 9·5 2-5 a .• 5 
s .. 5.0 2 •. 0 1.0 2.0 3·0 

~ 10~000 T 1.5 5.0 7.0. 3·5 9.0 cd 
.0 s 4·0 2.0 1.0 2.0 4·0 
~ 
~ 

1.00- 50 T 3·5 5·5 21.5 3·5 20.0 
4·76 s 6.5 2.0 2.0 3·5 }.0 

1,000 T '2.0 6.0 17.5 2·5 19-5 s 5.0 2.0 1.0 2 •. 0 3·5 

10~000 T 1.5 6.0 11.0 4··0 16.0 
s 5.0 2.0 1.0 2.5 ).0 

..... 
-!="" 

T = Total water potential from water retention \N 

S = Swe111ng presstire 
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is probably also different .for the se two OO:t;ldi tions • Bond 

.formation is apparently small in water retention studies,· 

as shown by the l:arge amotmt o.f water taken up in the lower 

pF range (Table V-10), but in swelling pressure, water 

taken up in that range was very small. 

Amount o.f water taken up in creas es w i th decrease in pF :for 

both change in total water potential and change in swelling 

pressure for the sample rewetted tram pF 3.0, but not for 

reswelling from pF 4.25. This difference in swelling from 

pF 3 and pF 4·25 has already been pointed out in section V-2, 

and is due to the degree of formation of aggregate-aggregate 

bonding. Higher rate of water taken U;P on deorease in total 

wate:ro potenti.al for the sample .~ewetted for pF 4.25 was explained 

by more swelling of the aggregates for these sarriples. This 

.turther indicates the absence of aggregate-aggregate bonding 

during drying under no load. 
1 

The anomaly of' change in water content due to change in 

total· water potential being smaller than in swellihg pressure. 

resulta tro~ the larger inter-~regate pores which are tilled 

with water in swelling pressure measurements but are emptied 

in water retention measurements. This is verified by the 

observation that these anomalies occur .for sanples with larger 

inter•aggregate pores. 

4-3· Conclusions. 

Inter•aggregate pore volume determines the geometry 

.factor, which was different between loading and drying at the 

same equivalent pF value. Aggregate rearrangement was grea ter 
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under the loading, as long as aggregate--aggregate bonds were 

not f'ormed• Water content was higher in swelling pressure than in 

water retention measurements in higher pF range. This was due to 

am.ptJing of inter-aggregate pores in the latter. The geometry 

factor was also different tor water retention and swelling 

pressure of the undisturbed soil. 

The difference of the change in water content w1 th change 

in pF value inoreased w1 th decrease in pF value, wlth decrease in 

eompaotion levels used in preparing the samples, and with increase 

in aggregate aize. This was more obvious at the low pF range, pF 

o.-2.0. Anomalies in higher pF range were due to ·water in large 

inter-aggregate pores. 

The water content inoreased with decrease in pF for 

total water potential and for swelling pressure, except for the 

swelling .t'rom a terminal pressure of pF 4·25. It was thus 

def1nitely concluded that for.matiori of aggregate-aggregate bonds was 

not important in drJing to pF 4.25 under no load. 

Aggregate arrangement contributes to retention of water in 

low pF range, but swelling pressure is dominant in the higher 

pressure range, pF ).0 - 4.25, in which usually more ~han 50% of' 

the swelling coeurs. The importance or swelling pressure above pF 

).0 was supported by Quirk and Panabokke (1962). 

5· Relationship Between Volume Charge and Water Retention 
tor Clay Soil Aggregates. 

5-l. Theorebical Considerations. 

Wark~tin { 19 62b) considered that if clay soil 1s tully 

saturated, there are no air-water interfaces w1 thin the soil a ample, 
. ' 

and any water uptake is by sw$ll1ng torees. In section V-1, it 



was shown that measured volume change in the low pF range was 

largel;,y normal vol:,ume change. Onl;,y at h1gher pF values, where 

the soil is unsaturated, can a change in water content be caused 

by a change in area of the a1r-water interface. This would lead 

to the conclusion that swelling pressure prevails at the low 

pF range and capillary force is predominant in the higher pressure 

range. 

The measurements of swelling pressure, on swelling from 

a terminal pressure pF 4.25 ( c.f. Table 4A), however, show that 

most swelling takes place above pF 2.0. The contradiction 

between these two approaches shows that one must consider swelling 

and shrink1ng due to interaction of diffUse ions layera and also 

due to aggregate and/or particle rearrangement originating from 

this interaction. Interaction of ion layera resulta in swelling 

pressure but aggregate rearrangement changes the capillary force. 

Therefore, measurement of volume changes wi th changes in water 

content# LJ.V/A.W, includes both of these forces. 

~elation Between Volume Change and Water Content Change. 

Volume change as a percent of water content change 

is usually higher between pF 0 and 2 than between 2 and 

4·25 (Table V-11).. This is true ror drying or for wetting. 

This ind1cates that làgregate rearrangement to allow volume 

change takes place more easily under saturated conditions. 

Soil prepared at 50 psi showed the opposite result, 

probably due to an error màde in volume measurement at pF o. 
Even a slight pressure by the depth guage would cause 

an underestimation of the depth. Samples prepared 
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So11s Aggregate 
So11s No. •1zes, mm. 

-
C> .,.. 1 .t,0.25 ,..... 
qJ 
œ 
J!t/ ,..... 

1.00-4.76 •O 
f) 
.p 
C'1l 

2 .(0.25 

0 1.00-4.76 .,.. 
i 
0 
Gl 

:2: 

TABLE V- 11 

VOLUME CHANGE AS PERCENT OF WATER CONTENT CHANGE 
OVER DIFFERENT pF RANGES. 

Compact! on Fir st ëlry1ES1 .6..VL L.\..W Wett1ng 2 A. v {p. w 
, 1eve1, ,. .... 

pF 0 - 2 pF 2-4.25 pF 4•25 -2 pF 2-0 
psi -

50 97 61 19 76 
1,000 100 49 1.3 l~ 10,000 100 42 .3.3 

50 62 M 33 23 
1,000 41 71 62 

10,000 67 65 15 54 
50 78 90 79 52 

1,000 100 72 53 67 
10,000 100 lOO 100 100 

50 18 67 2.3 9 
1,000 42 39 40 2 

10,000 6.3 62 f:ll 26 

Continu ad. 

e 
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. . TABLE V -- ).J. ( Continued) 

VOLUME CHANGE AS PERCENT OF WATER CONTENT CHANGE 
OVER DIFFERENT pF RANGES. 

Soil Aggregate Compaction First drz!ng1 i:::..VL.AW Wetti~Jh AVLÂW 
So11s No. Sizes. MDl leve1, pF 0-2 . pF 2-4.2.5 pF 4.25-2 pF 2-0 

psi 

• 3 {0.2.5 .so· 100 61 52 $ 
.d 1,000 100 80 91 ~ 

1 10,000 100 79 70 100 

..:a 1.00-4·7~ .50 31 38 7 4 
1,000 65 39 ·z;J 47 

10,000 . 89 48 37 73 

5 (0.25 . .so 100 78 56 83 
1,000 100 80 60 89 • 10,000 100 73 43 82 0 

~ 
1.00-476 .so 49 36 14 11 .0 

fa 1,000. 56 90 74 34 
t.Q 10,000 90 79 67 67 

~ 



from larger aggregates at the lowest compaction level 

also showed higher values of AV/ A W in the higher 

pressure range. pF 2.0 - 4.2$. Swelling or shrink:ing ot 

aggregates takes place in this pressure range. This 

sample has larger 1nter-aggregate pores, and is unsaturated 

even at low pli' value. The am.all value otAV/ AW between 

pF 0-2.0 resulta from the limited aggregate rearrangement 

because the sample was unsaturated. 

The value of ~V/ AW 1s generally higher on 

drying than on wetting. During drying,. aggregate 

rearrangement occurs and develops sm.all 1nter-aggregate 

pores, which are then tilled during wetting grom 4-25 to 

2 •. 0. Although the swell limi t is lower than the shrinkage 

llm1 t ( c.t. V-2) but water content change 1s sma11, 

causing AV/L:::. W to be smaller in lower pF region • 

.S-.3. Hysteresis. 

The hysteresis in w ater retention was 

examined further by correcting the wetting curve for the 

am.ount of volume change., The correction was made by 

considering the soil in wetting as having the same volume 

as in :r.t.rst dry1ng, as show:n in equation 

~ w == w +Â v x 8 ( V-14) 

wheres v'= Corrected water content in wetting, ~ 

W== Measured water content in wetting,% 

AV= Difference in volume between dry1ng and 
wetting., 

s = Degree ot saturation based on wetting, %. 



These corrected curves approaeh the first drying· 

curve closely (Fig. V-7). A similar result was reported 

by Holmes (1955). The correoted curves in Fig. V-7, 

reveal that aggregate re_arrangement is a major, but not 

the lone factor, oontributing to hysteresis for clay 

soil aggregates. Ink-,bottle pores are also involved. 

This was confirmed by the observation that correeted 

hysteresis was only oceurred in the dryer region. The 

ink-bottle effect would not appear when the pores were 

tully saturated. 

The correeted hysteresis showed the same trend as 

the uncorreoted values; larger values were for the 

samples prepared at the lower oompaetion level. This 

further indieates an ink-bottle effeot in addi tlon to 

volume change causing hysteresis. The difference in 

the correoted hysteresis loops *as due to the difference 

in the interior radii of the inter-aggregate pores. 

The radius at the neck of the ink-bottle was assumed 

constant, beoause the thiokness of the water-shell 

around the aggregate was assumed to be the swne for a 

given suotion, independant of the oompaotion leval for 

preparing the samples and of sggregate size (c.f. V-1-2). 

Aocording to Laplaoe's equation and the pr1nc1ple of 

filling ink-bottle pores ( Adamson, 1960), the larger 

the interior radius, the lower is the suot1on at wh1oh 

these pores fill, and the larger is the hysteres1s loop. 



This also accounted for the observation that at h1gher 

compaction levels, the loop was closed at higher pF 

values. It also expla1ns the differences between the 

samples prepared from different aggregate sizes. 

The importance of' volume changes due to sggregate 

rearrangem.ent contributing to hysteresis is further 

supported by the study of' the undisturbed soil. As 

shown in Fig. v-13, the small closed hysteresis loop 

resembled the corrected hysteresis for the sample 

prepared from larger aggregates. This hysteresis was 

attributed to the ink•bottle ef'fect because aggregate 

rearrangement for this undisturbed soil was very small. 

5-4· Conclusion. 

The hysteresis eff'ect if mainly due to volume 

changes and partly to the ink-bottle eff'ect in water 

retention. 

Swelling or shrinking_ of' aggregates is predominant 

in determining water .retention from pF 2.0 to 4.25, but 

aggregate rearrangm.ent becomes important at lower pF 

ranges, trem 0 to 2.0. Volume change as a percent of 

water content change is generally much higher in drying 

than in wetting• This ia a hyateresia ef'fect. 



OOBTRIBU'liON TO DOWLBinE 

1. The compaction method devised provides reproducible 

soil samples in whioh the aggregates remain intact, and 

whioh have the desirable porosity. It also provides a 

method for deter.mining average apparent bulk densi ty of 

the aggregate, and for determining the two stages of 

oompaction, inter-aggregate and normal. 

2. Two stages of swelling, structural and normal are 
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described. Total volume change, either shrinkage or 

swell1ng, is great er for samples t'rom smaller aggregates. 

Two stages of volume change, normal and residual shrinkage 

and structural and normal swell, were always observed for 

the samples t'rom smaller aggregate but normal volume change 

1s not an important meohanism for the larger aggregate 

samples. ·Volume change limita, expressed as water contents, 

are lower for samples prepared at higher compact1on levels. 

3• Forces of water retention were found to vary wi th the 

clay minerals. Led a clay retained most of the wate:r- by 

swelling forces but kaolin retains water mostly by capillary 

forces 

4• Inter-aggregate pore-size distribution or volume of 

small pores was found to pe important for wate:r- retention at 

higher pF but development of inter-aggregate pore vol~ due 

to aggregate rearrangement was more important at low pF. 



5. Swelling pressure, as a component of' the total water 

potential, has been measured and evaluated for the aggregate 

samples. 

6. Water retention by swelling for the range pF 0 to 4.25 
was found to be dominant in the pressure range trom pF 3.0 

to 4.25, where more than 50% of the awell1ng occurred. The 

pressure range in whioh swelling prevailed depended upon 

the termin.al compression which the soil had ~perienc&d. 

7• The geometry factor, whioh is different for meohanical 

loading than for drying to the sam.e equivalent pF value, is 

a proper variable contributing to total water potential. 

8. Irreversible aggregate rearrangment causes hysteresis 

in volume change. Hysteresis in water retention is partly 

due to volume changes and partly to the ink-bottle effect. 
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APPENDIX I,. 

Volum.etri c Measurem.ent of 'Water Retention in a 
Temperature-Controlled System. 

161 

A minia~ure pressure plate apparatus was 

constructed to study soil water retention volumetrically. 

The design and operation were essentially the same as 
p 

those for the apparatus. tor swelling pressure ( c.t. IV-3-3, 

Fig. IV-2) except that the upper base of the latter had 

an extra outlet. The cross section of the apparatus 

after assambling is show.n in Fig. 

Changes in .room temperature reaul ted in the 

condensate on the wall of the sample helder and interior 

of the upper base. Th~s error in water retention 

measqrements was overcome by a sensitive temperature 

control system shown in Fig. App. 2. The water in the 

water bath was circulated by a water pump. The 

temperature was controlled with a thermostat. 

The apparatus and temperature control system were 

tested with Barbados 61-19 sample which was remoulded 

at the liquid 11m1t and compressed at 12.5 psi. It 

was then ai~-dried and smoothed to a flat surface with 

a sharp knife. The air-dry s ample had a den si ty of 1. 79 

gm/co. This sample was put in the sample helder and 

brought to saturation {pF 0) before i t w as assembled in e 
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the apparatus. The temperature was controlled at 

29° + 0 .tf 0. Re sul ts are shown in Fig. App. 3 

( solid li ne) • 

No leakage was 1bund. It was, therefore, 
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possible to study the water content changes volumetrically 

without the cumbersome n.milking" process (c.t. II-7-1). 

The most important aspect of the design of this apparatus 

was that the s ample bolder rested on a flat rubber se al 

which effectively stopped air leaks through the contact 

bet_ween the porous plate and plastic holder. This 

apparatus is easily set up in the water bath whiah was 

observed to maintain constant temperature. 



60 

50 

~ 40 
...: 
z 
w 
1-

,z 30 
0 
u 

"' w .... 
~ 20 

10 

-- WATER RETENTION 

--- - SWELLING PRESSURE 

0 ~0-----1~--~2~--~3------4 

pF OR EQUIVALENT pF 

FIG. APP. 3, WATER RETENTION AND 
SWELLING PRESSURE, BARBADOS 61-10. 

1(:4 



APPENDIX II 

M~thods for Swelling Pressure Studies. 

The apparatus for measuring swelling pressure, 

shown in Fig. IV-2, was originally designed so that 

165 

the sample oould be saturated by filling water into the 

soil under vacuum. It was also designed to measure 

volume changes and swelling pressure at the same time. 

The sample holder w1 th a dry porous plate, on 

which air-dry soil was placed, was covered with a sheet 

of flexible rubber and assembled between the bases. 

The procedure for filling water in the conical space 

and capillary tube is described in section IV-3-3· 

Air was removed from the soil through a capillary tube 

attaohed to the opening in the lower base, and air 

pressure equivalent to pF 3·25 was applied at the top. 

After the air-water meniscus in the upper capillary 

tube was stationary, the position was marked on the tube, 

and water was allowed to till into the soil under vacuum. 

The procedure for measurem.ent of volume and water content 

change wi th change in swelling pressure are the same as 

desoribed in section IV-3-3· The water content 

oorresponding to each confining pressure was determined 

from the final water content of the sample on completion 

of the measurem.ents. 
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The test sample was tne sam.e as used in Appendix 

1. The time required to establish equilibrium at eaah 

surcharge pressure is shown in Fig. App. 4• Soil 

volume deorease after it reaohed a maximum on swelling 

in the first two stages, indi oates parti ole rearrangement. 

The resulta are shown in Fig. App. 3 (dotted line). 

The differences between water retention and swelling 

pressure showed that the following factors must be 

oonsidered in measuring swelling pressure and in oompàring 

water retention and swelling pressure. 

1. Hysteresis E.ffeot: Part of the difference between the 

· two measurements probably was due to a different 

hysteresis effeot in the two methods even though 

preparation of the samples was exactly the same. 

2. Saturation Bffect: Som.e of the pores, wi th a diam.eter 

larger than O.J am, were not filled at pF 0 in water 

retention studies, but all pores of the soil were 

filled in swelling studies. 

The d~gree of saturation at pF 0 is dependent on 

the vacuum :f'rpm which the sample is saturated. This was 
:t further investigated with a sample of No. 10 glass 

beads by application ot different levels of vacuum .for 

filling in the water and also by using a sample whioh was 

saturated be.fore being placed in the apparatus. 

:t 9 5-lOO% of the beads w1 th diameters 0.25 - 0.42 mm 
(manufacturer' s specification), 
Potters Brothers Ino., Carlstadt, N.J., USA. 
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• 
TABLE APP • 1 • 

COMP ARI SON OF W.A.DR CON'l'BN!' UNDER DIJi'li'ERBNT 
VACU'tM FOR FILLING WATER IN SWELLING PRESSURE 
STUDIES. SURCHARGE PRESSURE: 1 A'IM .. 

Method of filling water 

74 cm Hg suction 
éf:} am Hg suction 
49 am Hg suction 
From saturation 

Water content at 1 atm.., % 

The resulta (Table App. 1) suggest that other 

methods should be devised instead of the suction method. 

(c.r. section IV-3-3 and V-2-1). 
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APPENDIX III. 

CONSTRTTCTION OF AIR SATURATOR 

Fig. App. 5 shows a cross section 

of the air saturator. This air saturator 

also detects air leakage in the apparatus for 

swelling pressure and water retention 

measurements (c.r. Fig."IV-1) by the presence 

of air bubbles coming out of the water 

column • 

' .. 
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