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Chapter 1

Review of expansive soil behaviour &
statement of the research problem

Laboratory and field behaviour of unsaturated espansoils are reviewed in this chapter. The
features of expansive soil behaviour, which hawentaitically reviewed are soil structure, swelling
potential (intrinsic expansiveness), swelling poessvolumetric (swelling and shrinking) strains,
shear strength, cyclic swelling strain and the cissed effects of applied external load. The defini
tions and methods of determining these features@msidered and their shortcomings are noted. In
addition, the different heave prediction methods smil models, published over the last 50 years are
reviewed. The degree of empiricism or rationalityh® models and methods are highlighted. Basing
on the review, the chapter concludes by presettiegtatement of the research problem, justificatio

of the study, and an outline of the structure eftthesis.

1.1 Definition of expansive soils

Expansive or swelling soils are soils that, becaitheir mineralogical composition, experi-
ence large volume changes or volumetric straingwgudjected to moisture changes. They swell on
wetting and shrink on drying respectively. (Bo®5b; Jennings and Knight, 1957). These soils are
commonly referred to in literature as active clayselling clays or volumetrically active soils.this

thesis, they are called expansive soils (Gromk@41%ens and Alonso, 1992), reserving the term
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"active" to the highly swelling clay mineral invad. The ability of the clay mineral to adsorb and
absorb water is its intrinsic property, which résditom its mineral composition. Schreiner (1987)

called it intrinsic expansiveness.

1.1.1  Origin

The origins of expansive soils are concisely sunsedrby Gromko, (1974), Mackechnie
(1984) and Chen (1988). Essentially, the formatibexpansive soils depends on a complex interac-
tion of a number of controlling variables suchpent rock type, weathering and erosion, prevgilin
climate, local topography and drainage. Expansbils fiave a world-wide distribution; their occur-
rence is not climate specific though they are paldirly widespread in arid to semi-humid climate,
in which evapotranspiration exceeds rainfall fagn#ficant portions of the year. This is partly
explained by the theory that lack of leaching imsarid zones helps the formation of montmorillo-
nite (Mitchell, 1993). In the arid and semi-aridnthtes, expansive soils usually exist in an
unsaturated state. However, in the wet climatessdil is fully saturated and the problem manifests
when the soil dries out, hence the term "desicgagil". The term "unsaturated" is herein used to

describe both partially saturated and dry stateheo&oil.

1.1.1.1 Clay-mineral structure

The swelling and shrinking phenomena are causdtédypresence of clay minerals that have
very large specific surface areas, and hence hiflenadsorption capacities (Mitchell, 1993). Clay
minerals are complex silicates of aluminium, magmasand iron. The two basic crystalline units,
which form the clay minerals are (1) a silicon-ogpgetrahedral, and (2) an aluminium or magne-
sium octahedron. The clay minerals are plate-like ery small, being measured in Angstrom (A)
units. However, they have very high specific suefaceas. For instance, montmorillonite, an expan-
sive clay mineral, has a specific surface areapofou00 Mgl compared with 1x18 and 1x10*

m?g! for coarse and fine sands, respectively. Fookd<Pamry (1993) demonstrated that the volume
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change depends on the clay particle size and tblenigss of the absorbed water. In their study, they
noted that the ratio between the absorbed watettemnplarticle thickness was 40 for montmorillonite
compared to 0.8 for kaolinite. This indicated aotfetical potential volume change for montmorillo-
nite of about 50 times that of kaolinite from coetely dry to saturation.

The structure of the different clay minerals is pbex. However, schematic representations
have been adopted to simplify the presentationgcfhil, 1993). The clay minerals exist in two or
three-layer systems called sheets. Figure 1.1tilltes the symbolic structure of typical clay

minerals.
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Figure 1.1 Symbolic structure of (a) kaolinite afid montmorillonite clay mineralsafter
Mitchell, 1993.

1.1.2 Occurrence

The problems associated with expansive soils adespread across the world (Donaldson,
1969; Chen, 1988). Problems with expansive soileeweported in Australia, China, India, Israel,
Jordan, South Africa, South America (particulariagl), Spain, United Kingdom, United States of

America (particularly Texas and Colorado), Zimbalamel several other parts of Africa.
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1.2 Structure of expansive soils

1.2.1  Conceptual models for the microstructure level

Extensive study of the particle level behaviousais is reported in the literature. Bolt (1956),
Oslen and Mesri (1970), Sridharan and Rao (1978)inS and McGown (1974), and Gens and
Alonso (1992) cover comprehensive reviews of tHgext. Alonso, Lloret and Gens (1995) reported
experimental behaviour of highly expansive doulttacture clay. A number of theories have been
proposed to explain clay compressibility at thetipke-water-cation level. The Gouy-Chapman dou-
ble layer theory (Gouy 1910, 1917; Chapman, 19E8) heen successfully applied by Mitchell
(1976), Callaghan and Ottewill (1974), Sridharad dayadera (1982) and Jayadeva and Sridharan
(1982). However, Low and Margheim (1979) and Lo®8Q,1991) contend that the double layer the-
ory does not satisfactorily explain the experimesateelling results of montmorillonite. They have
proposed an exponential empirical relationship thkttes swelling pressure to inter-layer distance.
Baveye, Verbug and Beilders (1991) and Tessier{18ported that direct mechanical effect of suc-
tion might significantly contribute to the volumeaange behaviour. This is in addition to the osmotic
and hydration effects that are addressed by thesguconcepts. Apart from this, the question of
whether or not microstructural deformations aresrsible has not yet been fully addressed. Wark-
entin, Bolt and Miller (1957) reported irreversitdeformations on Sodium montmorillonite tests.
Ormerod and Newman (1983), and Kraehenbehl StqeBkiinner, Kahl and Muller-Vonmoos
(1987) on the other hand, reported slight hysteriesthe water content-suction curves of an illite-
montmorillonite clay mixture.

Several conceptual models of particle arrangemamisbehaviour have been proposed. The
conceptual models vary depending on the formulatidm the main, volume changes in expansive
soils are known to be a result of physical-chemiigtdraction phenomena at the clay-platelet level.

Alonso Gens and Hight (1987) referred to microfalas that which controls the conditions of the
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water in soils, specifically potential or suctiorhey suggested that the mineralogical composition
affects the adsorption component of matrix suctiamle the internal geometry controls the capillary

component. However, their proposition was basethemesults relating to non-expansive to moder-
ately expansive soils. Gens and Alonso (1992)cality reviewed some of the fundamental aspects
of soil microstructure in relation to the behaviafiexpansive soils. They highlighted the important

role played by the various phenomena occurringetge level in response to external actions (Joad

chemical phenomenon, and suction changes). Thewedemonstrated a lack of consensus in
describing the behaviour of the microstructurakleparticularly for expansive soils. The complgxit

of modelling the interactions at particle level veasdent.

1.2.2  Conceptual models for the macroscopic level

Brackley (1975a) modelled the unsaturated clayasod conglomeration of packets of soil par-
ticles. The packets are considered completely attdrand the inter-packet voids are filled with air
McGown and Collins (1975) and Collins (1984) progabghree basic microfabric features that make
up the structural arrangements of soils namelgmentary particle arrangements”, "particle assem-
blages" and “pore spaces". They based their deecsipn observations from a study of microfabric
features of a variety of natural soils using Scagrilectron Microscopy (SEM). They observed a
general correlation between the microfabric ofgbids and some engineering soil behaviour such as
sensitivity, collapsing and expansiveness.

Schreiner (1987a) proposed a mechanical analogyeleetthe swelling process under decreas-
ing suction and a linear spring system. This analldgns intrinsic expansiveness to the spring
stiffness. He asserted that the intrinsic expamsige does not change regardless of the changes in
stress. This however, seems to contradict the vbdaesults from cyclic swelling tests reported by
several researchers. Chen (1965), Chu and Mou §1ZF#&n, Lu and He (1985), Dif and Bluemel

(1991), Popescu (1980), Osipov, Bik and Rumjant¢&987) and Day (1994) reported that swelling

potential changed to a limiting value, as the nundfevetting and drying cycles increased.
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1.2.2.1 Effect of history and stress path

Schreiner and Burland (1991) reported an alteratibthe microfabric due to changes in
applied stress and pore water pressure. They tiod¢dhanges in applied stress (stress path) aned po
water pressure (suction) significantly alteredsbé fabric.

Al-Homoud, Basma, Malkawi and Bashabsheh (1995¢stigated the effect of cyclic wetting
and drying on the microfabric and swelling charesties of six recompacted expansive soils of lig-
uid limit (LL) = 65-90 per cent and plasticity ind€Pl) = 40-80 per cent. After each cycle, the swel
and swelling pressures of the soils were meas@eahning Electron Microscopy (SEM) was used
to study the soil microstructure before and aftetic swelling. Reconstruction of the clay microfab
ric with each cycle was evident. Initially the sbdd a turbulent fabric with a low degree of micro-
aggregate orientation. After five cycles, the métracture became uniform. The investigation indi-
cated that there was a continuous rearrangemeaatrti€les during cyclic swelling. The same result
was shown in the work of Hussein and Adey (1998 Bnd Satyadas (1987) noted particle aggre-
gation. However, Day (1994) suggested that dryingl avetting cycles changed the initially

dispersive structure to a flocculated structure.

1.2.3 Summary

The important role played by the soil structure@ipansive soil behaviour is clear. The influ-
ence of stress path on the swelling behaviour paesive soils is apparent. This seems to indicate
that the fabric of remoulded soil samples doescoatectly model natural soils. This conclusion was
emphasised by Janbu (1998) when he commented ondm@ulding samples generally destroys the
stress history of the soil, and hence fail to yiedults of immediate practical relevance. Expamsiv

soil behaviour is sensitive to stress path i.e dffiect of external load or whether the soil isatly
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in a wet or dry state. Therefore, use of laborafimgpared clayey specimens, which have different
microfabric features, could lead to misinterpretatof the mechanical behaviour of natural expan-
sive soils.

It is evident from the review that soil behaviotittee microstructural level is complex and not
yet fully understood. In addition, the availablencepts of the microstructure are contradictory in
many respects. Accordingly, there is insufficiarformation to help develop soil models for expan-

sive soils based on the behaviour at the microstraklevel, as presently understood.

1.3 Laboratory investigation of expansive soils

1.3.1  Stress paths commonly investigated in the laboratory

In the last 50 years, a lot of laboratory experitabwork was done on unsaturated expansive
soils (Alonsoget al, 1987; Buisson and Wheeler, 2000). The work idetimainly, oedometer testing
(with or without suction control) and to a lessatemt, triaxial or direct shear testing. Different
researchers used various test procedures. Thdigasavere largely in (a) the initial state of tiest
sample (natural undisturbed or remoulded), (b)edéht initial surcharge loadh(situ overburden,
1kgPa, 7kPa etc.), (c) initial water content (naltor optimum), and (d) stress path adopted (cohsta
load, constant volume, swell-under-load etc.).

The volume change features of an unsaturated soit@mmonly discussed in a two-dimen-
sional stress space (p, s), whepeis mean net total stress (or mean total stresg),'s" is the soil
suction. In the case of oedometer tests, p is takequal the total vertical stress. Typical streesths
followed in the oedometer test (fig. 1.2) were mpd by Alonsoet al (1987), and are explained

below.
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Figure 1.2 Typical stress paths in the (p, s)sstepaceafter Alonso et al. 1987

The initial state (A) of the sample corresponda @iven initial suction value (3 and a low

applied stress (.

» Path (A-C) is followed by a sample undergoing adigstion (compression) at initial water

content

» Path (A-D-G) involves a sample being saturated(Afollowed by saturated compression

(convention consolidation) along path (D-G).

» Path (A-B-E-G) involves compression of the sangilaatural water content along (A-B) to

stress (B), saturation along (B-E) under constant stregd, (8hd saturated compression (E-
G).

» Path (A-F) is a swelling pressure test, with ntuate change.
As indicated in fig. 1.2, the specific stress pathposed on the test samples usually involved
a suction decrease (wetting the sample), and diffesequences of vertical loading. Stress paths
involving constant or increasing suction were rdieerefore, the effects of suction reversal on soil

deformation can not be readily appreciated in mases. Use of the oedometer cell invariably meant
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that one-dimensional soil behaviour was investidadespite the three-dimensional nature of volume
change. Several attempts were made to evaluate-tlmeensional swell, with varying degrees of

Success.

1.3.2  Stress state variables

The effective stress principle proposed by Terz&§86) has been remarkably successful in
describing the stress-strain behaviour of fullysated soils (Rendulic, 1936; Bishop and Eldin,d95
and Skempton, 1961). This led to the belief thatdffective stress principle governs the behaviour
of soils over all ranges of degree of saturatioith full saturation being one boundary condition.

Relentless efforts to characterise unsaturated gotierms of effective stress are recorded in
the literature. The works of Aitchison and Donal@%6), Bishop (1957), Bishop and Donald (1961),
Jennings (1961), Coleman (1962), Bishop and BI{d®63), Burland (1965), Matyas and Rad-
hakrishna (1968) can be cited in this regard. Bistiod Blight (1963) and Burland (1965), proposed
that the volume change in unsaturated soils coalihtbependently related to the net total stress and
suction stress variables. Fredlund and Morgengi€m7) formally proposed that any pair of the fol-
lowing stress fields forms a suitable frameworldtscribe the stress-strain-strength behaviour of
unsaturated soils: (i) the net total stres§j) the effective stressy’ and (iii) soil suction U5-U,,). In
these expressionsl, is pore air pressure atd], is pore water pressure. Accordingly, unsaturated
soils and expansive soils have since been chaisaden terms of suction. Vanapalli, Fredlund and
Pufahl (1999) referred to the soil-water charast@&ricurve as a conceptual and interpretative tool,
by which unsaturated soil-behaviour can be undedsto

The concept of soil water potential has been adbjatelescribe the effect of the forces acting
on an infinitesimal body of water in the existiryde field. The term “soil water potential” denotes

the specific potential energy of soil water to thidvater under standard reference state. The pbnce
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has been very useful in visualising soil water gimeana. For instance, it has helped in unifying the
phenomena of water retention and movement. Howégdigcus on pore water seems to be a limi-
tation in soil mechanics, where the focus by d&finj is on the soil grains.

Not much work has been done regarding expansive @lonso, Gens and Josa, 1992; Gens
and Alonso, 1992). Frydman (1992) postulated tvallsng pressure is equal to the internal effective
stress of a swelling soil. However, he lacked sidfit data to validate the hypothesis. The approach
has been to treat expansive soil behaviour as #&n&irn of unsaturated, non-expansive soil

behaviour.

1.3.2.1 Swelling pressure

Sridharan, Rao and Sivapullaiah (1986) reported génerally agreed definition of swelling
as "the pressure required to hold the soil at @mstolume, when water is added." The definition
seems to be satisfied by the three different testgulures for determining swelling pressure repbrte
by Brackley (1973). However, Sridharat al (1986) noted that the three procedures that were
reported by Brackley (1973), gave significantlyfeliént swelling pressure values for a given soil.
The difference in swelling pressure values apptastem from the different stress paths associated

with the different testing methods.

1.4 Laboratory stress-strain behaviour

1.4.1 One dimensional free swelling

Sridhararet al (1986) reported results of a comparison of tmedtbasic test procedures for
determining swelling pressure, and the relativiuarice of the factors affecting the swelling pressu
of soils. The factors studied included time effeeffects of stress path, initial densities, watartent

and compactive energy employed in the specimenapatipn. Remoulded samples of black cotton
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soils (80 per cent<LL<108 per cent and 44 per ceht£l per cent) were used. Twenty-five speci-
mens from eight different soils were tested. Theyed that a rectangular hyperbola reasonably
represented both the time-swelling pressure raialtigp for the constant volume test and the time-
swell relationship. The effect of initial water ¢ent on swelling pressure was relatively less $igni
icant. This, they concluded, was consistent witlhatsc pressure theory (double layer theory).

However, Brackley (1973) conducted free swell testder a token load of 1kPa. The com-
pacted samples were of weathered norite (LL = 8pat, Pl = 57 per cent), from a site in South
Africa. He concluded that swelling strain was dagmmt on original void ratio and that the final sel
was strongly dependent on the original water cantamd hence suction. Kassif, Baker and Ovadia
(1973) published results that were obtained in amaiic suction controlled oedometer cell.
Remoulded samples of a high plasticity clay (LL2=per cent, Pl = 48 per cent) were prepared at
varying initial water content, and a common drysignof 14.7kNni®. The samples were then equil-
ibrated at different suction and initial loads. Teeearchers concluded that the first stages ithosuc
reduction induced small swelling strains comparéith whe final stages. Swelling along a suction
reduction path takes place at an increasing rateafgiven void ratio, swell strain is inverselyneo
trolled by applied stress and directly controllgdshiction. However, Justt al (1984) observed that
the larger amount of swell tended to take plackwatsuction values. Richards (1984) and Josa,
Alonso, Lloret and Gens (1987) reported similauhsson suction controlled oedometer and on iso-
tropic swelling tests respectively. Thus, Kasdifil (1973), Justet al (1987) and Abduljauwaet
al. (1993) reported a strong dependency of swellmeggure on initial suction.

Meanwhile, Yong (1973) realised that the volumetti@ins of a swelling soil were a result of
the mobilised internal pressure. He therefore dgpad an analysis, with a closed form solution, for

predicting volumetric strains using internal prassu
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1.4.2 One-dimensional swell-under-load

Fig. 1.3 is a summary of the stress paths for ifierdnt ways of wetting an oedometer sample
(Justoet al,, 1984). Blight (1965b), Kormonik and Livnelo (I8¢ Escario and Saez (1973), Kassif
etal (1973), and Popesu (1979) and Jadtal. (1984) reported that externally applied vertstagss
controlled the amount of swell experienced by th# sample. Yevnin & Zaslavsky (1970) and
Brackley (1980) reported similar results for botmoulded and undisturbed samples. Pidgeon
(1987) carried out swell-under-load tests on sdwardisturbed samples and concluded that the rela-
tionship between percentage swell and the logarahthe applied pressure was linear. He proposed
that the relationship be considered universal.

While these findings are useful in showing the gahsoil behaviour under applied load, they
are not explicit in handling suction in relationtlvihe applied external stress. However, the result
of Habibet al (1992a) and Habibt al (1993) are sufficiently comprehensive to ratibnektablish
the trends in stress-strain behaviour of loadel Boiring the tests, the soil samples were subjecte
to various loading and unloading stress paths tf baction and external pressure, while the lateral
swelling pressure was measured. The researchers thadollowing observations. (1) Void ratio
change was influenced more by intensity of vertatedss, while water content was influenced more
by suction changes and (2), there was merit itiptpthe vertical strain versus effective meanssire
Lastly, both vertical and lateral swelling pressuagtained maximum values before complete water
saturation. It is pointed out though, that theialgisis did not attempt to reconcile swelling pressu

and applied loads in terms of developing a ratidreahework.
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1.4.3  Shrinking strain

Sridharan and Rao (1971) broadly explained thenkhge phenomenon as being initiated by
the increase in capillary forces due to the surfansion of the pore fluid, with the resultant vole
reduction being dependent on the shear resistdfered by the soil. The shear resistance is a func-
tion of (i) normal forces acting between partickasd at the particle contacts, (ii) the frictional
properties, and (iii) the electric attractive argulsive forces. Volume decrease continues foorag |
as the capillary forces are larger than the infaesistance generated by the soil. The pressuaes g
erated during the shrinking process are enormaigyiaenced by the high density attained from
drying, which cannot be obtained by any usual castipg force in the laboratory (Rao and Satyadas,

1985).
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The factors that affect shrinkage magnitude, asnsansed by Rao and Satyadas (1985), are
percentage of clay in the soil, type of clay mihemaode of geological deposition, particle arrange-
ment or fabric, overburden pressure, degree ofhveeisly and exchangeable cations, orientation of
soil fabric, and initial water content. Hyenas &tilk (as referenced by de Jong and Warkentin, 1965
reported that the shrinking process involves fastimkct stages: structural, normal, residual and no

shrinkage.

1.4.3.1 Shrinking path

Rao and Satyadas (1985) investigated the shrinkbga expansive black cotton soil. Com-
pacted soil specimen, at different initial watentamts and cured under controlled temperature and
humidity, were used in the experiments. The sail ba = 97 per cent, PL = 32 per cent, SL = 8.6
per cent. The results indicated that volumetriindt@ge has a unique shrinkage path in terms ofrwate
loss, but is independent of water content or réthdnkage. In contrast, the linear shrinkage path

are dependent on conditions under which shrinkakest place.

1.4.3.2 The shrinkage limit

Williams and Sibley (1992) investigated the possiliiks between the shrinkage limit and dis-
tinct changes in other properties of a clay sotlengoing drying. The properties considered are
volumetric air content, heat of wetting, tensileesgth, total suction and thermal resistivity oé th
soil. Undisturbed soil samples were used. Thelsmllan average LL = 73 per cent, Pl = 51 per cent
and SL = 12 per cent. They observed a distinctgbamthe trends of the properties of the soihat t
shrinkage limit, when plotted against water contdiiitey linked the observed changes to possible
changes in structure of the soil solids and thpatigion of the pore water within that structureir
major conclusion was that the shrinkage limit maakfsindamental change in the behaviour of the

soil.
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1.4.4 Discussion

The literature survey has revealed no record admatly measured stress-strain behaviour, in
terms of the internal soil response, save the vadrkiabib et al (1992a) and Habib and Kurube
(1993). The apparent lack of agreement by reseeratre the measurement of swelling pressure
seems to suggest a lack of rational understandiagpansive soil behaviour. The test procedure that
involves continuously increasing the external puesgprovides results that show the general trends
in the soil behaviour. For instance, the works ridiisaranet al (1986) produced the following useful
gualitative observations that have been recordeatlgr researchers. The variation of swelling pres-
sure with time, for a flooded soil sample, hasaamrgular hyperbolic shape. The swelling pressure
depended on the initial water content (suction)hwiigh suction giving high swelling pressure. Kas-
sif et al. (1973), Justet al (1987) and Abduljauwadt al. (1993) reported a strong dependency of
swelling pressure on initial suction.

On soil shrinking, the work of Williams and SiblE}992) appears to be fundamental. It points
to the proposition that the classification datalddae linked to the internal effective stress gpax-

sive soils. However, this has not been done yet.

1.5 Soil models for expansive soils

Expansive soils can be modelled with respect tal totave (short-term), long term heave
(time-related) and differential heave. Total heavediction received most attention in the last 50
years. Differential heave prediction has receiVedl¢ast attention, despite the fact that it, natten
total heave, is generally responsible for majarcttrral damages (Pidgeon, 1987). The efforts made
toward modelling of expansive soils are reviewethia section, starting with empirical methods and

moving on to advanced constitutive models.
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1.5.1 Total heave prediction

1.5.1.1 Empirical methods

Many empirical methods have been proposed to aeawell with soil properties such as
plasticity index, shrinkage limit, colloidal conteand clay fraction (Holtz and Kovacs, 1981). These
prediction methods have met with varying degreesiotess. The major limitation of these empirical
methods, is that soil heave is stress related ahdail-type related. Classification data may net b
used to predict strains because they do not invatiess changes in any way (Schreiner, 1987). He
noted that in their simplicity, most of these madieave negated the fundamental requirement that
strain changes is a result of stress changes. Tiost, of these methods are of relatively littleueal
except under very specific stress and suction aem@ntent conditions. Any attempts to use them

may lead to false predictions.

1.5.1.2 Semi-empirical methods

The inclusion of water content in heave predictioodels is considered a partial improvement
to the classification data approach (Schreinery7a®8Most of these methods are based on the use of
the oedometer. Fredlund, Hansan and Filson (198@iewed the available methods. Pellissier
(1991a) summarised 35 different methods in higsththe art report. Fredlund and Rahardjo (1993)
listed thirteen methods that utilise oedometer testilts. They listed the definitions of the volume

change indices with respect to suction changee\aswed by Hamberg (1985).

1.5.2 Differential heave prediction models

The prediction of differential heave has not reedijustice, given its significant role in dam-
aging structures built on expansive soils. Formraylbme, the only published recommendations were
the works of Templer (1957), Jennings and Kerric36@), and Donaldson (1969, 1973), where total

heave is multiplied by an empirical factor to gétedential heave. In general, total heave wastake
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to be twice differential heave by the rule of thuodmmonly used to predict differential settlement.
Table 1.1 reproduced from Williamest al (1985) gives recommended differential heave farcs

tures with length to height (L/H) ratios of 4 tdPidgeon, 1979).

Table 1.1 Types of construction for various heave magnitude (Willearis,1985)

Estimated total Corresponding Estimated
Type of construction heave maximum deflection additional cost
(mm) ratio increase (%)
Normal-continuous brick walls 0-6 1:4 000 0
on strip footings
Modified normal high fan- 6-12 1:2 000 1-3
lights reinforced footings and
lintels
Split construction with rein- 12-50 1:480 5-10
forced brickwork
Piles to limited depth with split 50-100 - 20
construction and reinforced
brickwork
Underreamed piles with sus- 100+ - 30+
pended floors
Stiffened raft foundations - - 7-15

One of the most recent reviews on differential leeare the works of Pidgeon (1987) and Jen-
nings (1988). He recommended that differential kel taken as the difference between the total
heave at the centre and that at the edge. In e the total heave should be calculated usirg soi
suction values in the appropriate equations, oistiaion is converted to the corresponding change

in moisture content.
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1.5.3 Advanced conceptual models

Gens and Alonso (1992) presented what they calldatsa proposal” of the framework for
describing the behaviour of unsaturated expandagscAlonso, Gens and Gehling (1994) devel-
oped it into a constitutive model. The model isdzhen the suction concept. Buisson and Wheeler
(2000) presented a qualitative framework for unsaad soils, which allows hydraulic hysteresis. It
builds on Alonscet al’s (1987) model for unsaturated, non-expansivessoil

Earlier, Frydman (1992) proposed an effective stragdel based on the concept that the effec-
tive stress in the initially unsaturated soil isiabto the swelling pressure of the swelling clager
completely constrained conditions. The initial effiee stress would then be obtained by carrying out
a swelling test, in which the confining stress @mtinuously adjusted in order to keep the sample
dimensions constant. He presented a limited amollaboratory data, which appeared to support
the model. However, the model did not accuratedgjmt the laboratory results obtained by Holtz and

Gibbs (1956).

1.5.4 Discussion

Gens and Alonso (1992) noted that their conceptuadel did not allow for the possibility that
the effects of a microstructural volume changeh@nmacrostructure could be different from that due
to loading or collapse. In addition, the existentearticle bonding could also significantly cobtri
ute to the irreversibility of strains caused by rastructural swelling. Apart from this, there remsi
the task of determining a model suitable for caltnh volumetric strain at particle level. Accord-
ingly, Alonso et al!s (1994) constitutive model inherited the sameititions inherent in the
conceptual model.

Buisson and Wheeler (2000) on the other hand, megha framework, which centres on the
degree of saturation. However, the emphasis onsvimidy be a problem to swelling soils, whose

voids fill-up with adsorbed water during hydration.
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Apart from this, the model may be subject to similmitations as those for the models by
Gens and Alonso (1992) and Alonso, Gens and Gelliag4).

Frydman's (1992) attempts to characterise expansbiebehaviour to the effective stress
appears rational because he makes reference tbngymlessure, a quantity which arises from the
swelling phenomenon and has units of effectivesstr&he inconsistencies with the work of Holtz
and Gibbs (1956) appear to stem from the unceytantrounding the interpretation and measure-

ment of swelling pressure, as noted by Sridhataal (1986).

1.6 Summary of the literature review

The pertinent conclusions regarding the foregoitegdture review are as follows.

» The real picture of the interaction mechanismgaaticle level appears more complex than
envisaged. Any reliable interaction model for thienmstructural behaviour should be amena-
ble to verification at the macrostructural levalc8 a model could form a rational base for

modelling the macroscopic behaviour of expansivks.so

» Physical-chemical interactions at the clay min&ra¢l play an essential role in the volumetric

behaviour of expansive soils.

» The generally investigated stress paths involvetting of the sample. However, the stress
paths do not seem to provide a coherent understardithe swelling soil behaviour during

the wetting process.

» There is no agreement on the laboratory deterimoimaif swelling pressure. In addition, there
is no evidence to show that horizontal swellingsptee is accounted for in the current formu-

lations. Consequently, the state of stress of dilesmained unknown.

» The available empirical and semi-empirical heavedjction methods are limited to the
respective geographic settings, from which theyensrduced. Several researchers have

expressed reservations to their use.

» There is no soil model for expansive soils, wHimtuses on the mechanics of the soil grains.
The authors of the only constitutive model (Alon&gns & Gehling, 1994) earlier on

acknowledge the too-simplistic nature of their feamork (Gens and Alonso, 1992). In addi-
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tion, the model is based on the existence of thealenodels of the particle phenomenon,
which is a subject of much debate. Accordingly,8on and Wheeler’s (2000) formulation

may be similarly limited.

1.7 Statement of the research problem

1.7.1 Problem

Civil engineering structures built on expansivdssoften suffer damages in the form of cracks
and distortions. The structures often affectedudelaircraft runways, light buildings, railway lme
retaining walls, roads, shallow underground senlioes, concrete canal linings and swimming
pools. The volumetric strain induced in the soyisbasonal suction changes cause differential move-
ments of the superstructure at the soil-structaoterface. This in turn stresses the whole structure
leading to development of cracks and distorts, tiemslering the structures unusable (Aitchison
al.1965; Yoshideaet al, 1983). Not only are the damages costly and tntlgigbut they adversely
affecting the performance of the structures. Fstance, doors and windows jam, buried pipes burst,
railway lines move out of alignment and pavemetsoine uncomfortable to drive on.

Meanwhile the high capital costs associated wiéhdhrrent durable foundation solutions are
beyond the reach of the majority of the world'sydapion. For instance, there is a pressing need, pa
ticularly in developing countries like Zimbabwe hoild many low-cost houses to reduce the housing
backlog, a problem emanating from rapid urbanisafidis, together with the need to optimise land

use, inevitably results in the utilisation of siteish such problem soils.

1.7.1.1 Attempts to address the problem

Over the last four decades, relentless efforts waade to understand and solve the problems
associated with engineering on expansive soiltiallyi the philosophy was to identify the expansive

soils using simple field indicators and laborattegts, and to avoid them as much as possible. How-
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ever, as it became apparent that the problem afresipe soils was widespread, efforts to understand
and address the problem gathered momentum. Bdtkdale field tests and laboratory experimen-
tation were employed in this regard. Notable cdnittibns to this work were cited in the relevant
sections of the literature review. However, thel@ited methods have met with different levels of
success, largely because of their empirical or sammirical nature. The outcome of the extensive
work was several empirical and semi-empirical desigproaches for stiffened rafts. Pidgeon (1979)
reviewed foundation options for expansive soilswidweer, Pidgeon (1986) noted that of the 21 meth-
ods he compared, only two adopted, in some wagtiarnal approach. Thus, the published methods
have met with different levels of success, lardmligause of their empirical or semi-empirical nature
Their lack of rationality presents a limitationapplication to different environments.

Clearly, the question of engineering on expansoiks $s not yet fully addressed. Soil charac-
terisation, particularly the stress-strain relasioip, remains a prerequisite to sound geotechnical
engineering. There still remains the need for funeatal studies of expansive soil behaviour as lead-

ing to developing rational design and constructimethods for structures build on expansive soils.

1.7.2  Justification and validity of the study

From the literature study, two things are clearsthy, the problems associated with civil struc-
ture built on expansive soils are diverse. In addijtthe financial commitments to addressing or
averting the problems are very high. Jones andzHtR73) estimated damages and losses to build-
ings due to expansive soils in the United Statesneérica to be about US$2,2 billion, coming second
and tie with hurricane wind/storm surge. Wiggin®sSe and Krohn (1978) reported damages due to
expansive soils as one of the six major naturaabd®in the United States of America, the othes fiv
being earthquake, landslide, hurricane, tornadofkod. According to Krohn and Slosson (1980),
the United States of America spent US$7 billionysar on costs associated with damage to all types
of structures built on expansive soils. WilliamglaPellissier (1991) reported that in South Africa

over R100 million is spent annually on effectingnedlial works on buildings on expansive sails, cit-
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ing R126 million in 1988 and R194 million in 1988nethen and Huang (1992) inferred that

expansive soils, then in third place behind rivefinoding and hurricane wind/storms surge damage,
would probably be surpassed by only hurricane vgitwain surge by the year 2000. Cardoso, Bueno
and Lima (1992) estimated that 30 per cent of ghatid total failure of civil engineering structsre

in Brazil, mainly those related to pavement cordtom and slope stability, are induced by expansive
soils.

Secondly, it is asserted that a lack of a clearewstdnding of the mechanical behaviour of
expansive soils during wetting is central to thiéufe to rationally deal with the problem, from an
engineering point of view. For instance, therersspntly no rational method for the analysis and
design of raft foundations on expansive soils. @heilable design methods have significant short-
comings, both in their theory and degree of emairgimplification (Pidgeon, 1980). That is, they
are dependent on geographical setting. Accordirkglgwledge of the soil's mechanical response to

water flow is prerequisite to sound engineeringerpansive soils.

1.7.3  Objectives and scope of this study
The primary objectives of this research work weunttioed as follows:
» To develop a new concept for visualising the saiélling phenomenon. The concept places

emphasis on the soil solids rather than the sdiéka

» To characterise the effective stress-strain behmof an unsaturated expansive soil in terms

of the effective stress.

» To define and determine the intrinsic soil propemd develop an effective stress model for

the investigated unsaturated expansive soil

* To establish the link between the internal effexstress and soil structure and thus rationalise

the consistency limits.
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1.7.3.1 Scope of work and limitations

The scope of the work was limited to the studyrod ¢ype of unsaturated expansive soils. The
soil studied is of Zimbabwean origin. It was sandpgl®m Avondale stream within the University of
Zimbabwe campus. The study was carried out on tumthisd soil samples undergoing wetting. The
research focused on mechanical characterisatidgheo&xpansive soil as an engineering material.
Accordingly, the soil was tested with out the imfhice of external load.

In view of the complexity of the swelling phenomanthe study was restricted to the effects
of water flow on the stress-strain behaviour arahgfe in soil structure. Time effects, cyclic swali
and soil shrinking were not covered in the studigelvise, water flow in the swelling soil was not
fully treated. It was covered to the extent thatlates to the change in soil consistency. Accmyighi
unless specified, all rate effects were with respethe change in soil structure or internal dffex
stress. In order to simplify the conceptions trstst@vere carried out in a split ring oedometer,clvhi
provides data for one-dimensional analysis. Newde$s, the findings were are valid for the three-

dimensional case.

1.8 Organisation of the Thesis

A comprehensive review of the mechanical behavafuexpansive soil is given ichapter
one The review covers the important features of expansoil behaviour namely, microstructure,
laboratory stress-strain behaviour and heave piredimodels. An outline of the relevant stressestat
variables, the stress paths commonly investigatéioe laboratory, precedes the review of test tesul
and the heave-prediction models. The empirical neatdi the heave-prediction models and current
design methods is demonstrated in this chaptelowinlg is a summary of the literature review, from
which the statement of the research problem aniigagion for the study become evident. The chap-

ter concludes by outlining the structure of thesthe



Chapter 1 Review of expansive soil behaviour &ernent of the research problem 24

Presented inhapter twois a new conceptual framework for understandirmpesive soils. the
concept forms a basis for characterising expansiiks in terms of effective stress. The effective
stress principle for expansive soils is presenged hypothesis, which is validated later.

The important features of volumetric soil behavioated in chapter one form the basis of the
laboratory test programme designed and presenteldaipter three Modifications made to the test
equipment to accommodate suction measurementesenqed. There is a presentation of the method
used to analyse the experimental data. The resistamncept is adopted as the method of analysis.
Its merits over the popular classic theory, whiskeailogarithmic scales and void ratio are demon-
strated in the context of consolidation settlenwrfully saturated soils. The chapter concludes by
outlining the diffusion concept, which is used tacacterise water flow.

The benefits of adopting the resistance concefitéranalysis become cleardhapters five
and six where the experimental data is analysed. Theysisaih chapter five seeks to validate the
new concept, while the effective stress hypothissiglidated in chapter six. Chapter six concludes
by defining a conceptual model for conveniently diarg the internal effective stress in a manner
that is amenable to constitutive modelling.

Chapter severiocuses on the analysis of the effective stressrstyehaviour in terms of the
tangent modulus. It is shown that the change irirtteenal effective stress underlies the changes in
soil structure and strain.

The link between the internal effective stress smitlwater content is establisheddnapter
eight The internal effective stress of the soil atdhenkage limit is unique, thereby rationalising th
shrinkage limit. It is shown that the link definteg intrinsic soil property. The intrinsic soil perty
is defined and rationalised. The chapter concligesxpressing the intrinsic soil property in terms

of soil parameters, which are obtained from routatmratory test results.
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The application of the effective stress princigleekpansive soils is demonstratedCinapter
nine. Following this is the formulation of the appropeaixpressions of the effective stress principle
and the determination of the respective inputpaiameters. Thereafter, the effective stress nisdel
used to simulate the changes in the internal stsedaring soil wetting. Summary, conclusions and

recommendations for further research are preséntelthpter ten
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Chapter 2

Development of a new concept for
visualising particle-level phenomena

According to the literature study, the soil watetgntial (suction) concept was adopted to
characterise the mechanical behaviour of unsatlieatd expansive soils. However, the suction con-
cept places emphasis on the water phase and nsolideparticles in general and expansive soils in
particular. As such, it indirectly addresses thermechanics of unsaturated soils. The concepgib w
suited for applications, where the movement of wigtef primary concern. Maybe this explains why
its origins are in the discipline of soil scienecwlagricultural engineering (Buckingham, 1970).sThi
probably explains the limited success in applying ¢ffective stress principle to unsaturated soils,
despite commendable efforts (Burland, 1965).

In view of this, a new concept was developed amtésented in this chapter. It places empha-
sis on the soil skeleton and thus facilitates a haaistic visualisation of the particle level
phenomena. The concept formed the basis of thethgpes, which relates the soil potentials (parti-
cle-level forces) to effective stress. The hypothissalso presented in this chapter. The stagoigt
was a consideration of the major forces that érist clay-water-electrolyte system. The work pre-

sented in this chapter is original.
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2.1 Clay-water-electrolyte system of an expansive soll

The major forces that act in a clay-water-electmbystem are (Ghildyal and Tripathi, 1987):

» Gravity

» Hydrostatic forces associated with pressure graslie

» Osmotic forces related with solutions

» Adsorptive forces (long range electric forces #mshort-range London Van der Waals’
forces)

» Temperature forces

For simplicity, we assume isothermal conditions #mat there are ho osmotic forces due to
solutions. In addition, Yong and Warkentin (1976)nped that clay minerals fall in the class of col-
loids (molecular size of between 0.001mm anoﬁm@n). For colloids, the adsorptive forces are
dominant at molecular level and the influence avifational forces is small. Consequently, the
forces that are significant to a swelling soil #re adsorptive or surface forces.

There are two types of adsorptive forces or forele$ in the system, namely the attractive and
repulsive forces. Attractive forces can be brokewnlto (i) forces of adhesion or adhesive force and
(ii) forces of cohesion or cohesive forces (Ghildgad Tripathi, 1987). The maximum distance
between two molecules at which the force of cohreaitts is called themolecular range The par-
ticle-level phenomena can be viewed as an intenaatif potential energy or ‘force’ fields. For

convenience, the adsorptive forces are hereinrexfdo assoil potentials’.

2.2 Development of a new concept - The induction corpte

The induction concept was conceived by the writat & presented here for the first time. It

builds on the characterisation of the soil potdatia view that is also original.
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2.2.1 Characterisation of soil potentials

The term “cohesion” has been used invariably terred the attraction between hydrated clay
minerals. A hydrated clay mineral is composed @f ¢tkay mineral and adsorbed water. However,
cohesion has not been characterised in terms afahstituent elements of the hydrated clay miner-
als. Specifically, there is no clarity on the natand extent of the contribution of the solid clay
minerals to cohesion.

Itis proposed herein for the first time to viewhesion as a product of two components arising
from the constituent elements of the hydrated ohayerals. That is, the hydrated clay mineral is
decomposed to (i) the solid particles (clay mingrahd (ii) the adsorbed water layers.

The first component of cohesion is the attractietween the solid clay-mineral particles in
their own respect. The attraction is considere¢haimsic property of the clay mineral. It undedie
the hydrated clay-mineral attractions, in spit¢hef same polarity carried by the adsorbed water lay
ers around the clay minerals. It is therefore enpry potential. It is herein callesbil attraction, in
correspondence with Janbu’s (1973) definition. diadkfined attraction athe isotropic tensile
strength of a Coulombian material

The second component arises from the adsorbed \asts. It is herein callesbil cohesion
in line with the conventional usage of the termw\the same polarity on the water layers would
normally cause repulsion. Yet, the water layerskstogether and give rise to soil plasticity. It is
asserted that soil attraction facilitates the miséiflon of soil cohesion, and in turn mobilisesgmtial
repulsion by pulling the solid clay minerals togathAs such, both soil cohesion and repulsion are

secondary potential. The proposed relationship eéetwhe soil potentials is illustrated in fig. 2.1.
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Figure 2.1 Characterisation of the soil potentials

From the above, a closer look at the origins ofilgipn shows that it is a product of the attrac-
tive forces between the clay minerals. Adhesiaoraets and leads to water adsorption, while cohesion
brings the clay surfaces together, in spite ofpbtential repulsion. Consequently, repulsion is-con
sidered a secondary potential, being dependerhi@padtentials that cause hydration and bring the
clay surfaces close, respectively. Similarly, sohesion is a product of the simultaneous change in
soil attraction and soil adhesion. Accordinglyisittonsidered a secondary potential. Therefore, the

soil attraction is the primary soil potential anéhfluences the particle level phenomenon.

2.2.2  Formulation of the induction concept

For an unsaturated expansive soil element, thgetéintials, soil water content and soil struc-
ture exist in unstable equilibrium, with respectwater flow. When water flows, it offsets the
equilibrium and triggers a dynamic equilibrium, wtiis sustained until the soil starts to flow. The
characteristic feature of the dynamic equilibritsrthat it is physically admissible at specific wate
content points. The relationship between the satiéptials and water content is then reflected @ th

change in soil consistency. The dynamic equilibrisna response to the change in soil attraction,
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which is an induction phenomenon. The inductionn@meenon is illustrated in fig. 2.2 and discussed
in below in detail. The water content points dedas A, B, C, C', D and F are arbitrary. In vief o

their link to the soil structure, the arbitrary watontent points have physical significance.

The induction phenomenon

Consider an unsaturated soil element with watetesdrat point A. Water flow causes hydra-
tion, which causes the water-layers to thickentand increases the inter-solid particle distantes T
increases the inter-solid particle distances. Afishoth soil attraction and soil adhesion decrease
The effect of adhesion translates to the adsortadnas a net charge and hence potential repulsion
or swelling pressure. A significant water contenaftained (point A), when the inter-hydrated par-
ticle distance is within the molecular range fait sohesion to mobilises. Accordingly, soil coheasio
mobilises. In other words, the simultaneous deera#ssoil attraction and soil adhesion (A-B)

induces soil cohesion.

removal of of
A 2adsorbed water induction of soil rgnzjoval dOf induced rem0y|51 ¢
induction of attraction & ;r;hucg adhesion & c or?glsi on
initial increasingl sail cohesion adhesion | eson | altraction
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Figure 2.2 lllustration of the induction conceptérms of soil attraction
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Point B is a critical water content point for tweasons. Firstly, both soil attraction and adhe-
sion are exhausted and manifest externally ascebigsion. As such, the soil element is internally
saturated at point B. Secondly, soil cohesion iisaximum. It is proposed that the compression of
maximum soil cohesion reduces the inter-clay mingistance to within the molecular range of the
solid clay-minerals. This induces the mobilisatafrsoil attraction.

At the same time, soil attraction mobilises andspes the adsorbed water layers and squeezes
out the loosely bound water. This creates an ionitcentration (water content) gradient in the soil.
It is also referred to as osmotic potential (MitthE993). Now, osmotic potential has the capatity
suck in water much the same as soil adhesion dhsidration. Accordingly, osmotic potential is con-
siderednduced adhesiomowever, under saturated conditions. Like adhesidsin potential form
and has a high affinity for water. Thus, the deseeaf soil attraction and soil cohesion (A-B) inddc
soil cohesion, which in turn induces soil attraet{®-C), and the induced soil attraction simultane-
ously induces adhesion however, under saturateditomms. Thus, the phenomenon is an induction
phenomenon, hence the tefimduction concept.

The soil condition at point C has high osmotic ptitd. Accordingly, the squeezed out water
is assimilated back in the soil under an osmotadgmt to restore water-content equilibrium (Mitch-
ell, 1993). Inflow of water increases inter-paridistances and reduces soil attraction. Thugnate
limiting equilibrium in the soil is reached at pbi@’, when the effect of the induced adhesion
(osmotic potential) balances the remaining sorkatton. The diffusion of the squeezed out water
does not lead to a change of the soil elementrmgef structure or stiffness. This is because the
water is immediately decomposed into the catiomkaarions, which are tightly packed in the diffuse

double layer. Accordingly, the soil stiffness afrgdC’, is equal to that at point C.
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Point C’ is an internal yield point beyond whichlsatraction rapidly decreases. At point D,
the soil element has zero soil attraction but maxmsoil cohesion. The induced adhesion is likewise
zero. Thereafter, removal of soil attraction worgduire forced water flow. The soil element even-

tually flows when the liquid limit is attained (puiF).

2.2.3  Saoil structure and the induction concept

The coupling between the soil potentials and gailcsure is such that the change in soil struc-
ture during water flow reflects the change in attitaction. This is illustrated in fig. 2.3 and deked
below.

An unsaturated expansive soil element (point A) ini&l resistance due to soil attraction.
When water flows in the soil element, the loss@F attraction causes the soil element to softash an
change its initial structure. Meanwhile, soil colbesincreases and keeps the clay minerals together.
In addition, it causes the swelling particles tbtfie void space and prevents water flow.

The condition of maximum soil cohesion (B) is ofypital significance to the soil structure
and water flow. According to the induction conceagathesion pulls the hydrated clay minerals such
that the soil is plastic. In addition, the void spa are completely blocked such that water flobyis
diffusion. Consequently, soil cohesion is direatjyated to the soil’s resistance to flow of water.
seems that the induction of soil attraction at p&ris an attempt to restore initial soil conditson
following the successful resistance of mechanicatew flow, which tended to deform the soil
element.

Soil attraction presses the adsorbed water layggsther. Accordingly, the water layers are
hard-pressed between the clay mineral surfaces. ghienomenon increases the soil stiffness and
plasticity. Accordingly, the soil element mobilise® maximum possible stiffness, under saturated
conditions, at point C. However, the soil stiffndisat corresponds to point A is close to point C’,
when the soil element attains limiting equilibriumterms of water flow, however under saturated

conditions.
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The subsequent change in soil structure is bestidered in the context of the dynamic change

in soil structure during soil wetting. This is dissed in section 2.3 below.
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Figure 2.3 lllustration of the induction concept
2.3 A new model for the dynamic (changing) soil structure
A new model for the changing soil structure of &Biwg soil was conceived by the writer and

is presented in this section. In order to covefftileange of water content from the dry phasé®

liquid phase, an initially dry soil with initial wer content well below the shrinkage limit of thal s
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was considered. In addition, it was necessary tdahthe soil particles in the various water content
ranges, where the soil structure is significantgrged. Thereafter, the induction concept was used

in conjunction with the soil particle model, to neddhe changing soil structure during soil wetting.

2.3.1  The soil particles model

It is proposed that three distinct types of ‘saitticles’ adequately describe the structure of an

unsaturated expansive soil, between the dry andi¢haoil states. The first type is thlay mineral

It is the basic unit. Secondly, the clay mineras stack up, forminglay plateletsA clay platelet is
made up of two or more basic units. Lastly, the gllatelets can be in clusters forming what isezhll
“clay particle$. A ‘clay particle’ is an aggregation of clay pédets. The main features of the model
are (1) the degree of bonding (mobilised soil attom) within a particle, (2) the defined water eon
tent ranges over which the different soil particdes predominant and, (3) the mode of disintegnatio
of the soil particles to a lower level particle.uBhthe presence of the three types of soil partich

soil depends on the soil water-content. Fig. 2uéiitates the soil particles.

2.3.1.1 Feature 1: Particle bonding

Soil attraction underlies the degree of particlading and hence the formation of the different
particles. For the clay minerals, the particleseeetronegatively charged and can not freely exist
without adsorbed water. As such, a film of watereigined around the particles. However, because
the inter-clay mineral distance is small, it isaniably less than the molecular range of the clay m
erals. Therefore, the clay minerals mobilise stitagtion and stick to one another, despite the
presence of the surface charge. They form claylgts. Therefore, thigonding with clay platelets
is considered primary bondindt is considered primary bonding because it tsvieen the basic units

and the inter-particle distances are such that maxi soil attraction can be easily mobilised.
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Figure 2.4 lllustration of the soil particle model

In general, the clay minerals stack and form clijgiets of different sizes. In addition, the
stacking and alignment is considered random. Dukgadandom distribution of the clay platelets, it
is possible that some clay platelets are suffityeclbse to mobilised soil attraction between them-
selves. This leads to an aggregation of clay m&telnd formation of ‘clay particles’. However, the
bonding is relatively weaker than that within tHaycplatelets. Thereforéhe bonding within the

clay patrticles is considered secondary bonding

2.3.1.2 Feature 2: water content range

Since clay minerals exist in hydrated form, it delis that they are predominant in wet soils.
For an initially wet soil, the development and cleamation of clay platelets increases with the-dr
ing of the soil. That is, soil drying shrinks thdsarbed water layers and thus increases soil &ittrac
It can be said then, that there exists upper kvaiier content, below which the clay platelets aedl w
defined. Ititis also the lower limit for clay nérals to exist as the predominant soil particlessiéch,
the soil should be sufficiently wet for clay minksr¢éo be defined. This means that the soil hasa co

tinuous adsorbed water phase or is still plastieaMvhile, the inter-clay platelet distances gettsino
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as the soil dries. This is because the continuaisrphase link is weaker. It follows that therestx
a water-content, below which attraction betweerselyp positioned clay minerals causes them to
cluster and become “granular” particles.

From the above, it seems to suggest that the watgent limits implied here are the plastic
and shrinkage limits respectively. That is, clayarals may exist at water content above the plastic
limit, clay platelets dominate the water contemga between the plastic limit and the shrinkage
limit, and the clay particles exist below the skége limit. The validity of this proposition becosme

clear in subsequent chapters.

2.3.1.3 Feature 3: Mode of particle disintegration

In view of the three types of soil particles, itléovs that there are two levels, at which the
change in soil structure is significant. Since pfenomenon involves destruction of the initial soil
structure, it is herein callesbil destructuration

Soil destructuration is defined as a conditionyhich the bonding between previously joined
constituent elements of the soil structure is peegively destroyed by shearing. The cause of the
destruction can be internal or external. The fist of the term "destructuration”, to mean thepost
yield disruption of the natural structure of clasas by Leroueikt al. (1979). The issue is discussed
in detail by Burland (1990) and Leroueil and Vaugliz990). Earlier, Janbu (1963) had reported the
same phenomenon. The first suggestion of how desnation might be incorporated within elasto-
plastic constitutive models was by Gens and No@®38) and subsequent papers that develop these
ideas include Rouainia and Muir Wood (2000) and d&wand Stallebrass (2001). The term is
adopted herein for the first time, concerning tharmge in soil structure due to a change of thenate

stress of the soil. In this regard, mobilisatiorsofl cohesion constitutes a shearing process.
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2.3.2  Formulation of the dynamic soil structure model

The structure of an unsaturated expansive soilngods at most two distinct levels of change
before attaining internal saturation. The disin&tigin of the initial soil structure is called soil
destructuration. The main features of the model(&yesoil destructuration and (2) removal of soil
potentials. The physically admissible stages indyr@amic soil structure model are illustrated un fi
2.5 and described as follows. The arbitrary watetent points defined in the induction concept are

shown.

2.3.2.1 Soil destructuration

Consider an initially unsaturated soil element @npA, well below the shrinkage limit. As
such clay particles are dominant.

That is, the clay particles are held together lyrtiobilised soil attraction and are relatively
spaced to be “independent” of each other. Hydrdtauls to the growth of adsorbed water layers.
The subsequent mobilisation of soil cohesion shwrslay particles and reduces them to the con-
stituent elements namely, clay platelets. Accorljinidpe destruction of the initial soil structure t
clay platelets is herein callddtlevel soil destructurationThe process is completed at water content
point A

Now, 1%tlevel soil destructuration (point A) enhances tm®bilisation of soil cohesion
because it multiplies the elementary clay partitlgglivision and further reduces the inter-particle
distances of the resultant particles. Thus, coetinuydration causes growth of the water layerss Thi
increases the distances between the solid clayralgwithin the clay platelets on the one hand. On
the other hand, it increases soil cohesion, whieh shears and hence disintegrates the clay pkatele
Consequently, the disintegration of clay platekstsclay minerals is herein callet¥-level soil
destructuration It is completed at point B, when soil cohesioa maximum and soil attraction com-

pletely removed.
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Figure 2.5 A model for the dynamic (changing) stilicture, featuring the destructuration and
induction phenomena.
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The subsequent induction phenomenon (B-C) doeshaotge the composition of the soil par-
ticles. Clay minerals remain the dominant particldewever, the adsorbed water is pressed and
squeezed by soil attraction. This increases tHestffhess up to point C, where it is a maximum as

discussed eatrlier.

2.3.2.2 Removal of the soil potentials

The diffusion of water in phase (C-C’) leads tdarawdtaneous decrease of soil attraction and
the induced adhesion (osmotic potential). Thestdfhess only changes after attainment of limiting
equilibrium (point C’), which is an internal yiefabint. This is the case because until then, tHewif
ing water is not stored in liquid form, a consequeenf the high osmotic potential. After point C’,
limited water exists in liquid form and occupiegrsficant space. Sufficient volume of water comes
between the clay minerals and increases the int@rjgadistance beyond the molecular range of the
respective soil particles. This explains the reklli fast decrease in soil attraction in fig. 22-D).

Point D is characterised by the restoration of mmaxn soil cohesion. Since the effect of soil
attraction is removed and induced osmotic potemtiitralised, the hydrated clay minerals are no
longer compressed. It is reasonable to say thatriatly the soil is under atmospheric conditiond an
the soil water exists in liquid form. Thereforeethoil is in stable equilibrium. Thugeint D is the
atmospheric saturation water content

Beyond point D, forced water flow is required ton@ve soil cohesion. This is the case for two
reasons. Firstly, there is induced osmotic potémiadcause water diffusion. Secondly, the electro-
chemical bonding associated with the adsorbed wWadércohesion) requires some energy to reverse
it. The soil structure takes a new form at zerd coiesion. Thus, another limiting water content is

attained, above which the clay particles act inddpet of each other. Under conditions of continued
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water flow, the particles can flow. In other wortlse soil has attained the liquid state and is ththo
point F. Thus, the soil has destructured from thiel phase to the liquid phase. Therefore, the soil

has six water content points, at which the changsil structure is significant.

2.3.3  The physical significance of the arbitrary water content pints

The physical significance of the water content poia summarised in table 2.1 below.

Table 2.1 Significance of the arbitrary water content points

water content point physical condition physical sidicance
A ‘granular’ particles initial water content
A adsorbed water layers of adjacent shrinkage limit
particles start to interact
B adsorbed water layers are a maxj- plastic limit
mum (zero soil attraction) (internal/suction saturation point)
C maximum soil attraction & swelling pressure saturation point
pressure
C limiting soil attraction internal yield point
D zero soil attraction and swelling atmospheric saturation water content
pressure at atmospheric value (external yield point)
F zero cohesion Liquid limit

2.4 Mechanistic view of the particle level phenomenon

Soil attraction and soil adhesion are characteradtthe clay minerals and are complementary.
Soil attraction has an internal effect, while adbeds external (it causes water adsorption). Soll
attraction is intergranular and hence characteridtthe soil grains or clay minerals. Since stiilee-
tion is intergranular, it gives rise to effectiveess. That is, the clay minerals have a uniquegny

that they can mobilise effective stress internally.
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2.4.1  Effective stress hypothesis
The soil potentials can be expressed in termsfetfe stress as follows.

(a) Soil attraction is the internal effective streslt is intergranular and is
capable of resisting unsaturated expansive soibrdedtion caused by a
mechanical action.

(b) Soil adhesion is potential internal effectivarass. Adhesion is only
mobilised when the external action to be resistagdter (moisture) flow. In
this case, it immobilises the water molecules legdo the mobilisation of
soil cohesion.

(c) Cohesion is the mobilised internal effectiveests The mobilised form
of internal effective stress that is capable ofstaxy deformation by water
flow. Maximum soil cohesion reduces mechanical wétav to a diffusion
process.

(d) For drier than shrinkage limit conditionthe initially adsorbed water
film is the residual (mobilised) effective stresehe effective stress associ-
ated with the adsorbed water is mobilised after imarm soil cohesion,
hence residual. The rationality of the terminoléggghown in section 7.3.1.2
of chapter seven.

(e) Swelling pressure (repulsion) is excess negatore water pressure

2.4.2  Swelling pressure hypothesis

Swelling pressure is a water pressure and is theré$otropic. By virtue of
its coupling with the soil potentials, it refledtse change in soil attraction.
As such, it is a measure of the internal effecsiress.

2.4.3  Storage chamber hypothesis

The changing soil structure models a natural charttiz stores the mobi-
lised internal effective stress. The chamber isnawaly destroyed as the
effective stress is removed.
The storage chamber hypothesis is convenientlyledrid the form of a physical soil model.
Thus, a physical soil model traces the developrokatstress storage-chamber and fully accounts for

the changes that take place in soil structure. @unldel was formulated and is presented in the nex

section.
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2.4.4  Significance of the hypothesis

2441 Effective stress

Soil attraction presses the clay minerals togethieile soil cohesion offers resistance to shear
deformation. Accordingly, the significance is ththe hypothesis and induction concept enable
decomposition of the internal effective stress mfuasaturated expansive soil into (1) an isotropic
stress (soil attraction) and (2), shear stresd ¢sdiesion). The decomposition agrees with Janbu

(1973).

2.4.4.2 The swelling process

The swelling process is considered a rearrangeafeheé internal effective stress of an expan-
sive soil in order to effectively resist soil dafwation by water (moisture) flow. After resistingeth

external action, the soil tries to return to itdial condition by the induction phenomenon.

2.5 Development of a physical soil model for an expansigeil

Consider an unsaturated expansive soil elemert,initial condition drier than the shrinkage
limit. The soil element is laterally confined arslwetted from the bottom. The water flow in the
unsaturated soil can be defined by an advancintinggtont moving upwards. The sample can swell

one-dimensionally in the vertical direction. Swedjipressure is measured in the horizontal direction

251 Formulation of the model

An advancing wetting front of mechanical water flowan unsaturated expansive soil element
causes the wetted soil to adsorb water and swall,itaevolves into a Swelling Boundary Surface
(SBS). The evolution of the SBS models the motilisaof soil cohesion. Therefore, when fully

developed, the SBS is plastic. The Swelling Boup@®urface models the storage chamber and is
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herein called the SBS chamber. Its main featute store the mobilised swelling pressure, which is
a reflection of the mobilised internal effectiveests. The induction of soil attraction strengthens
reinforces the SBS chamber. The accompanying voimerease is modelled as the motion of the
SBS. It models the increase in storage capacityatch the mobilisation of the effective stress.

The removal of the effects of soil attraction aothesion is simultaneous with the dissipation
of swelling pressure. Accordingly, this is modelksidemolition of the defunct SBS storage facility,
following the release of the mobilised effectivieest. Thus, the development, motion and destruction
of the Swelling Boundary Surface characterise #alng phenomena at macroscopic. The elements

of the SBS are discussed below, with referencegt®f6.

final sample height
v

very stiff .
confining ring initial sample height
n
i}
n
SBS 5]
i =
(wetting front) S c
)
o .
wet soil Q swelling drift
process
[ f . >
ter fl
water flow —p ime.
(a) physical model (b) motion of the SBS

Figure 2.6 The development of the Swelling Bougpdaurface (SBS)

The SBS divides the soil into two distinct soil &gwith respect to soil stiffness and mode of
the swelling process. The soil above the boundarfiase is effectively dry since it has no direch€o
tact with water and is called “dry” soil. The swiithin the SBS is in contact with water and is edll
“wet” soil (fig. 2.6a). The swelling process gerbralecreases in intensity with distance from the
SBS, depending on the degree of soil confinemdmd.skvelling process within the wet zone is com-

pleted at point C.
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The development of the SBS is considered to takeeplelatively quickly, before the develop-
ment of the repulsion-related swelling pressurelitisation of effective stress). In addition, it is
associated with the mobilisation of soil attractiarich restrains swelling. Therefore, the develop-
ment and motion of the SBS is largely not sensitivéhe degree of soil confinement. Consequently,
significant volume increase and the effect of degifesoil confinement come into play after the com-

pletion of the swelling process at point C.

2.5.1.1 Development of the SBS

As the water flows, the clay-particles within thetvzone of an advancing wetting front adsorb
water and swell (A-A). The increase in particleesis initially within the pore space and the chang
in soil structure is internal. The swelling pamislstart to reduce the pore space at point A’ and
increasingly retard the mechanical flow of wataratldition, they mobilise soil cohesion. Thus, the
swelling process overtakes water flow at point@ansequently, the wetting front slows and trans-
forms into a homogenous, impermeable, paste-likebtary surface, effectively sealing off the soil
above it from that below it. Thus, the wetting frewolves and becomes a fully developed and stable
boundary surface at point B. Though the sides ars@ lof the soil element are confined, they simi-
larly define the boundary of the wet surface. Coungatly, the surface is three-dimensional and
envelops the homogenous and paste-like wet sod.bbundary surface is herein called tBevell-
ing Boundary Surface” (SBShecause it is born out of the swelling of clay erals. In accordance
with the interaction soil model, the change in stilicture of the wet soil (A-B), is a consequence
of the mobilisation of soil cohesion. Thereforeg #wolution of the SBS (A-B) models the mobili-
sation of soil cohesion, while the re-mobilisatiminsoil attraction (B-C) is the mature phase of the

SBS.
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2.5.1.2 The main feature - SBS storage chamber

The SBS models the mobilisation of soil cohesiooc@ding to the interaction model, repul-
sion is dependent on and lags behind the mobibsatif soil cohesion. Soil cohesion and soil-
attraction pull the clay-particles together andstfuel swelling pressure development. Soil attoacti
“locks in” the swelling pressure, causing it to @mas potential repulsion until after maximum soil
attraction is mobilised. Accordingly, cohesion émtal and mobilised) acts as storage for the sugglli
pressure. The simultaneous mobilisation swellirgspure and development of the storage facility
shows that the soil provides sufficient storagetlierswelling pressure all the time, during thelswe
ing process. Since the SBS models the mobilisatfamhesion, it follows that it models the storage

of the mobilised effective stress.

2.5.1.3 Motion of the SBS

The motion of the SBS is with reference to fig2.Bhe interaction model reveals that the time
associated with the swelling phase (A-A) is velnp because it involves mechanical water flow. In
addition, the period (A-B) is relatively short kmese of the link betweertiand 2 jevels of soil
destructuration. When compared with phase (B-C)clis diffusion controlled, the time for phase
(A-B) can be considered “instantaneously smaliiereby making points A and B one physical
point. Accordingly, the development of the SBS wagkace, while the wetting front is in one physical
position. At the same time, the swelling procesghiase (B-C) is controlled by the mechanism gov-
erning the flow of water. Flow of water is by difion, which makes the motion of the SBS
painstakingly slow. In addition, soil attractioniigluced and further reduces the diffusion process.
From a macroscopic point of view, the Swelling Bdary Surface can be said to be stationary
between points B and C. Itis then reasonableyttrss points B and C are the same physical pasitio
making positions A, B and C coincide or be at devel. As such, the Swelling Boundary Surface

develops and remains stationary during the swepimmgess. The physical position of A’ is fixed by
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the initial steady position of the wetting fronhdrefore, the swelling boundary surface develops an
remains stationary, at the same position fixechieywtater level following the mechanical flow in the
initial phase (A-A). The SBS is passive becauss #tationary throughout the swelling process and
does not interfere with the swelling process.

The post-swelling process (C-F) is simultaneou$ whie swelling process in the “dry soil”
above the SBS. Accordingly, the motion involvessthmechanisms. Firstly, the SBS stretches as
water increases the volume of the wet soil. Segotigé SBS eats into the ‘dry’ soil above, with the
swelling process concentrated on a narrow band ihatedy above the SBS. The water diffuses and
wets the “dry soil”. Lastly, the SBS carries they’dsoil above as the volume of the wet soil inaes
However, the load decreases with time, given thaiBS ‘eats’ into the dry soil above. Now, water
flow is by diffusion being under a water-contenadjent across the SBS. Consequently, the three
mechanisms of the post-swelling motion are govetmedater flow. Therefore, the Swelling Bound-
ary Surface motion is a drift at a rate governethigychange in the water content gradient. Phylgjcal

the motion is tied to the increase in soil volume.

2.5.1.4 Demolition of the SBS chamber

The removal of the SBS models the progressive tiifigeof soil attraction and subsequent
removal of soil cohesion by continued water flovatéyf flow forces water between the clay particles
and eventually leads to significant volume incredas@wever, volume increase is very slow, being
dependent on water flow by diffusion.

It can be said that volume increase is caused dyetmoval of swelling pressure, since water
flows to neutralise the diffuse double layer. Therease in soil volume is equivalent to the amount
of water required to neutralise the net chargetante the swelling pressure. Thus, volume change
is related to change in swelling pressure. Thusrélease of swelling pressure excess of atmospheri

is responsible for the significant volume incredsewever, the action of swelling pressure is passiv
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in the sense that it is its removal, which caus#gme increase. Accordingly, the SBS storage cham-
ber is destroyed as the stored product is reled$exprocess continues until the soil attainsitpéad
state (point F). Therefore, the demolition is cdeséd a drift towards an equilibrium water-content
condition (liquid limit).

Thus, the development of the storage chamber isurcent with the build up of swelling pres-
sure. Similarly, the removal of soil attraction awdl cohesion in the post-swelling stage is a neatho

of a progressively defunct SBS chamber.

2.5.1.5 Effect of initial soil water-content on the storagjgamber

The development of the SBS is well defined foriditvater content below point A'. Above
point B, the soil structure is that of the SBS. Baelling-pressure and soil volume-change decrease

with increase in initial water content.

2.6 Summary

The pertinent points from this chapter can be surised as follows.

» By characterising the soil potentials, it was shdhat soil attraction is the principal potential
and is central to the swelling phenomena.

» The soil water potential concept is mainly suitedanalysis of water movement in the soil.
Accordingly, an alternative concept that is readifiyenable to soil mechanics analysis was for-
mulated and presented. It is considered rationedlmee it focuses on the clay mineral solids
and not the soil water.

» Three hypotheses were postulated: (i) The soémtidls can be expressed in effective stress
terms. (ii) Swelling pressure is isotropic and ime@asure of soil attraction, and (iii) the phys-
ical change in soil structure during swelling islsthat the soil becomes a storage chamber for
the mobilised internal effective stress. The chardlegelops with the mobilisation of effective
stress and self-destructs with the removal of éffecstress.

» Swelling process is a re-arrangement of the imtlegffective stress to effectively resist defor-

mation by water (moisture) flow.
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Chapter 3

Laboratory equipment, testing pro-
gramme and methods of analysis

This chapter details the laboratory test equiprmeerd testing programme adopted in this
research. This is followed by a description of ¢xpansive soil that was investigated. The chapter

concludes by outlining the methods used in anadytie test results.

3.1 Test equipment: The split ring oedometer

The split-ring oedometer is one test-equipmentdhatbe easily adapted to the study of expan-
sive soils. Though it was originally designed todst saturated soils, it has several features tigat a
amenable to the study of swelling soils. Firstlyisi possible to measure horizontal pressures to
1000kPa with very good repeatability. Secondly,gfaipment offers flexibility in mounting a soil-
specimen with minimum disturbance. Thirdly, thdialihorizontal contact pressure can be defined
by adjusting the ring segments. Lastly, a gap betwbe ring and the specimen can be introduced to
study the influence of lateral deformation. The faature is particularly significant where theeetfs
of cracks on swelling pressure and water flow armestigated. With modest modifications, it was

possible to study the important features of expansoil behaviour.
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3.1.1 Description of the oedometer

The split-ring oedometer was designed and develaptak Department of Geotechnical Engi-
neering of the Norwegian University of Science amathnology (NTNU), Trondheim. Senneset
(1982, 1989) reported details of the equipment. dédometer ring is made up of three equal seg-
ments, hence the name "split ring". The three pafrthe ring can be simultaneously moved in and
out by a precision lathe chuck. Each part has a-thick steel membrane lining on the inside, which
overlaps on one side to cover the slits betweeacadi ring parts when they are fully clamped in,
giving a smooth finish on the inside of the rindneTinside diameter of the ring is perfectly cirecula
at a diameter of D =54.3mm (23.15%9pecimen area). The maximum height of a trimmedispen
that can be tested H = 20mm, giving H/D = 0.37 efailed cross section is given in fig. 3.1(a), whil

fig. 3.1(b) shows the split ring oedometer.

Steel membrane

LVDT*2mm i |
_| _______________ N _@_—_& T '_!« Soil specimen
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Chuck — |
|
i
I
— Cable

Figure 3.1 (a) Simplified cross-section of thetsfihg oedometerdfter Senneset, 1989
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The three parts of the split ring are very stifithathe exception of the steel-membrane lining
on the inside. The steel membranes' deflectiorelation to the pressure exerted by a sample in the
ring is measured by a Low Voltage Displacement 3daicer (LVDT), from which the horizontal
pressure is indirectly determined. The radial defmions measured outside the ring, as the overall
system deformed, were approximatepyn8for a horizontal stress of 800kPa. This corresigdn a
164um increase in diameter. Thus, the measured eigendafion of the split-ring oedometer was
negligibly small. The ring was therefore, considesaifficiently stiff to ensure constant specimen

volume for up to 800kPa horizontal pressure.

Figure 3.1 (b) The split-ring oedometer

By adjusting the ring segments inwards, it is pgassto clamp a soil specimen of a given
dimension with a controlled contact pressure. Hngdst sample "diameter” that can fit in the ri;g i
56mm, when the overlapping steel membranes aralgase However, the sample would be oval-

shaped.
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3.1.1.1 LVDT specifications and calibration

The LVDT pressure transducers installed on the gplj to measure horizontal stress have a
measuring range of 200 PSIG. The LVDT were caldmtaiy applying water pressure to the mem-
branes with a dead weight pressure calibrator, poeasure of 800kPa. The membrane deflections

were measured against the increasing horizontakpre and the relationship is plotted in Fig.3.2
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Figure 3.2 Membrane deflection with increase inzuntal pressure

A high degree of linearity and insignificant hystsis between increasing and decreasing pres-
sure were observed and are evident in the figuneaverage lateral displacement of 38mor the
three membranes was measured for an applied Vgptiessure of 800kPa. This corresponded to a
volume change of the soil in contact with the meamniess of 0.18 per cent, of the total sample volume.
The deflections of the steel membranes were corexideo small to affect the volume of a soil sam-
ple during a test. Therefore, the apparatus wasidered stiff enough for constant volume tests with
respect to horizontal displacement, up to a hotedgoressure of 800kPa.

At the base of the ring is attached a pore watesqure measuring transducer. It is the AB
Model-type transducer from Data Instruments, witheasuring range of 1400kPa absolute pressure.
However, its readings were not of significance givieat pore water pressure in unsaturated soils is

negative.



Chapter 3 Laboratory equipment, testing prograrantemethods of analysis 53

3.1.1.2 The vertical load and displacement transducers

The split ring oedometer was used in conjunctiotihwither a continuous-load loading frame
or an incremental-load loading frame, dependinghenparticular test as discussed in the test pro-
gramme section below. The locking mode of the farfreame was used to confine a sample in the
vertical direction with a pre-defined or no verticksplacement. The latter on the other hand, was
used in a different test together with a displacethmeeasuring devise, to measure vertical displace-
ment of a swelling soil sample.

The continuous-load loading frame has a load tnaceidwith a vertical loading capacity of
10kN. In its locked mode, the eigendeformationhaf kbading ram and the whole set-up was negli-
gibly small for the 10kN load. Therefore, the comdd system was sufficiently stiff to handle
constant volume tests with respect to both vertical horizontal displacements. The incremental
load-loading system does not experience signifigartical loads during the test, save those thmat si
ulate overburden or a superstructure. In this cagesamples freely swelled in the vertical directi

As such, the compliance of the apparatus is corsideery low.

3.1.1.3 Data acquisition system and software

The Tesa System was used to convert the measgresinto physical quantities. The system
provided a measuring range of +/-0.2mm, a gainresfd.3 per cent at 20C. The zero drift per
degree Celsius is 0.01 per cent. Repeatability kysderesis error was 0.01mm, with a maximum
measuring range of 100mm.

This system was connected to a 486 PC computeyghrwhich the test was controlled. The
tests were run and controlled using a speciallygthesl computer software programme called Split
Ring Programme Application Menu (SRPAM), develojirethe department of Geotechnical Engi-
neering, Norwegian University of Science and Tedbgy Trondheim NTNU. The programme has

a windows interface to input initial test condit®oand monitor the progress of the test on the acree



Chapter 3 Laboratory equipment, testing prograrantemethods of analysis 54

One significant feature of the software is the itdity in changing the logging time interval, even
when atestis running. The smallest possible loggiterval is five (5) seconds. The raw data teau
matically stored in a data file, which can be regdnost spreadsheets. Figure 3.3 shows the general

set up of the apparatus, with the continuous-loadihg frame being on the far right end.

Figure 3.3 General layout: Split-ring oedometanipment at NTNU
3.1.2 Modifications to the split-ring oedometer

The split ring oedometer was designed to measerhdhizontal stress developed during com-
pression test of saturated soils. Modificationsaverade to facilitate measurement of water flow

during wetting or drying cycles and measuremerdailftemperature during a test.
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3.1.2.1 Water inflow (wetting cycle)

The outlet point at the base of the oedometer, ablymsed for drainage during consolidation
tests, was used as the inlet for the water-supydyem. The water-supply system consisted of an
LVDT operated floating burette, with a 1mme-intergihmeter plastic pipe connecting to the drain-
age point. The burette was calibrated to enablesorement of water uptake. The calibration graph

is presented in fig. 3.4.
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Figure 3.4 Calibration curve for the electronicddite

Water uptake could be measurement to accuracylgf @he connecting plastic-pipe had a
stop-valve to regulate the amount of water flovtht® soil sample as necessary. In addition, the orig
inal porous disk at the base covering 29 per cetiteosample base-area was replaced by one which
covered 100 per cent of the sample base-area;mase the contact area between the sample and the

water. The coefficient of permeability of the caaporous stone was Eoms?.
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3.1.2.2 Water outflow (drying cycle)

The other modification was to adapt the equipmemhéasurement of decrease in water con-
tent of the soil sample. Soil drying can be achielg driving out the water from the sample using
air-pressure. Therefore, arigid steel cap wasiBpalty designed and fabricated, to tightly fitgthop
end of the oedometer ring. When clamped togetherpedometer chamber enclosing the sample
become airtight and is capable of withstanding 6G0&f air-pressure. The steel cap had an inlet poin
to allow air pressure. In addition, it had a binlteading cap, which required 10kPa-pressure &r-ov
come friction and make contact with the top enthefsample. The set-up could then be connected

to a regulated air-pressure supply system.

3.1.2.3 Soil temperature measurements

A self-contained FLUKE-54 series type thermometaswsed to measure the temperature of
the soil sample and its immediate surroundings. theemometer has two sensors and is capable of
simultaneously taking two temperature readingsalt store 500 sets of temperature data. Logging
time intervals are built-in, but can also be usefired. In this arrangement one temperature sensor
T1, was embedded in the bottom third of the sarmpl@easure soil temperature. The other sensor
was placed against the top cap of the oedometampst&t measure the outside temperature, i.e. the
temperature immediately outside the oedometer hn@faylite box cover was used to cover the

whole apparatus to reduce fluctuation of the oetséanperature.
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3.1.3 Reliability of the equipment

The split-ring oedometer has been used in fundamheesearch work on saturated soils at
NTNU, since 1984. Senneset and Janbu (1994) sdatlgassed the split ring oedometer to study
the influence of initial lateral contact pressuretbe preconsolidation stress, and the effectinasst
ratio on fully saturated soils. The results wereeimarkable agreement with theory (Brooker and Ire-

land, 1965; Janbu, 1985). This gives credibilityite results obtained by this apparatus.

3.2 Laboratory test programme

The test programme was designed to provide sufficiformation to characterise the expan-
sive soil. The features of the expansive soil bahavthat were studied are swelling pressure ad it
mobilisation, axial strains, water flow and theeets of temperature. These features were studied
under different wetting and confining conditionsstmulate different in situ field conditions. Thesst
programme recognised the need to closely simutdatdshaviour under field conditions.

The test programme was carried out in the Depaitimie@eotechnical Engineering, Norwe-
gian University of Science and Technology, TrondhéNTNU), where the suitable apparatus is
found. However, routine tests and determinatiothefsoil-moisture characteristic curves were car-
ried out in the Departments of Civil Engineeringda®oil Science and Agricultural Engineering,

University of Zimbabwe, respectively.

3.2.1 Test programme

Following a preliminary study of the versatility dfie equipment and the possible soil
response, it was concluded that an appropriatgptegtamme be designed around three factors that

affect soil swelling. The factors are (a) degresdaif confinement, (b) initial soil water contemtca
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(c) method of wetting the soil or wetting conditidrhe degree of soil confinement was used as the
basis of all the test series. Two test series \katified to simulate completely confined and com-
pletely unconfined (free swelling) soil conditions.

The tests were carried out on undisturbed exparssilesamples. The samples were sampled
and tested in the vertical direction, at differigmitial water content. The range of initial watemtent
covered was from eight to 42 per cent, the atmasplsaturation water content. Three different
methods of soil wetting were used for each initiater content condition. The three wetting condi-
tions that were adopted are (1) wetting under adigressure gradient, (2) wetting under a suction
gradient and (3) wetting by flooding. Pressure gmaidis the sum of hydrostatic pressure and suction
gradients. In all cases, the samples were wettedrgs. The effect of gravity was considered insig-
nificant given the small maximum sample height@frzn. Table 3.1 summarises the test programme.

The different tests and testing procedures areritestin the following sub-sections sections.

Table 3.1 Summary of the test programme

Main goals Description of Loading Test series| No of
test frame used tests
To study:
- development & nature of swelling | confined continuous- SP-series 27
pressure swelling test load
- nature & character of the swelling
process

- confined water flow

To study

- internal stress-strain behaviour

- effect of swelling strain on swelling
pressure & swelling process free swelling test | incremental- | FS-series 15

- unconfined water flow load

- relationship between internal stress &
water content
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3.2.1.1 General testing procedure

In all tests, an undisturbed soil sample at givstial water content was used. Its initial mass
and dimensions were measured. Loctite Siliconead¢alas generously applied to the ends of the
ring segments. The sample was then placed on aipdalisc at the oedometer base, while the three
ring parts were sufficiently separated to avoid gindisturbance (fig. 3.5).

The ring segments were then adjusted towards t@lsauntil they were just in contact with
the sample. Simultaneously, the slits betweenhheetring parts were sealed off, ensuring a water-
and pressure-tight chamber. A Imm-diameter holedsiled through the soil sample to let in a tem-
perature sensor, T1. A coarse porous stone wasgtattop of the sample before placing the loading
top cap. The porous stone and top cap had a sigidad hole to let through the sensor cable. The
sensor was embedded in the bottom third of the Eatopmeasure soil temperature during the test.
The other temperature sensor T2 was placed aghmsbp cap to measure the temperature immedi-
ately outside the ring (outside temperature). Téeup was then connected to the water supply
system and placed either in the continuous-loadif@gframe or incremental-load loading apparatus,
depending on the particular test as detailed ingbeprogramme in table 3.1. A kaylite box to reslu
fluctuations of the outside temperature coveredwhele set up. The water inlet valve and the

SRPAM programme were simultaneously turned onan #te test.
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Figure 3.5 Placing of the soil sample in the syitiy oedometer

The SRPAM programme was programmed to log dataydirr or ten seconds for the first
five minutes of the test, and changed to everyd&ttbnds thereafter. Each test was run for at least
72 hours or until there was no discernible changanielling pressure, whichever was longer. At the
end of each test, the logger and water inlet valgse switched off and the apparatus disassembled.
The sample was carefully retrieved from the rind had its wet mass and dimensions quickly taken
before oven drying, for water content determinatibime data was loaded onto a disc for subsequent

analysis. The different wetting conditions use@ath test series are as follows:

Wetting under a pressure gradient.The water level in the burette was kept at the siawed as the
top end of the oedometer ring. Any intermediatelewuld have been used. This level was adopted
because it fixed a practical reference in termestéblishing the influence of the driving head on

water flow. This condition simulated a steady lis&vater table.
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Wetting under a suction gradient.This wetting condition involves keeping the watevdl in the
burette at the same level as the bottom of the Easathat only the bottom of the sample is in aont
with the water. Water uptake is a result of suctinty. (The effect of gravity was considered maadjin
given the small sample height). The condition sates the field condition when moisture migrates
under capillary forces. This can also closely eelat horizontal flow of moisture under a suction

gradient.

Wetting by flooding. The wetting condition was achieved by rapidly faciwater in the sample

through the base until it came up through the tojh® sample. Additional water was introduced at
the top of the sample to keep the top surface fudlyered with water. In this procedure, it was not
possible to measure water uptake with time. Theeefonly the initial and final water content of the

soil was known. This condition simulated floodingeorapid rise in water table.

3.2.2 Confined swelling test

3.2.2.1 Rationale

Confined swelling test involves swelling the sailder complete confinement. Keeping the
volume of soil constant reduces the variables anté simplifies the analysis of the swelling proc-
ess. For instance, it becomes possible to studynfheence of swelling pressure on the swelling
process and flow of water in the soil independdntodume change. At the same time, results from
tests at different initial water content can bedugestudy the swelling pressure-volume change rela
tionship, in a similar way to incrementally loadeeldometer compression test on a fully saturated
soil. In this case, the change in initial waterteon is analogous to the load increments. Ladily, t
test brings out the nature of the swelling prodedgsvo respects. Firstly, the coupling between soil
response to water flow and the swelling pressudesaaondly, the mobilisation of swelling-pressure

in the vertical and horizontal directions.
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Complete confinement is one limiting case of exjpansoil behaviour, in which the soil expe-
riences no volume change. Absence of volume chamgns that the maximum possible swelling
pressure can be mobilised. By prefixing the maxinuemiical or horizontal strain, it is also possible

to relate residual swelling pressure to the measswneelling strain.

3.2.2.2 Test procedure

The oedometer set-up, with the sample horizontdlyfined was placed in the continuous-
load-loading frame (fig. 3.6). The frame was mougevards until it was just in contact with the top
cap. By monitoring the vertical load and displacatireadings on the computer screen, the contact
between the loading frame and the sample was kkfinél there was no vertical movement and yet
not imposing a vertical load on the sample. Thenfravas then "locked" in this position, thereby
completely confining the sample in both the vettabad horizontal directions. Water was added to
the sample through the base as per the differettingeconditions discussed above. The raw data
captured in this test was water uptakes();mertical load (N), horizontal swelling presskea), soil
and outside temperaturé¥) and time (seconds). There was no change ingheal displacement
since the sample was confined. Mawire and Senr{&968) reported results obtained by adopting

the test procedure.
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Figure 3.6 Oedometer set up for confined swellewys

3.2.3  One-dimensional free-swelling test

3.2.3.1 Rationale

Free swelling test presents another limiting cagen the soil is only confined in the hori-
zontal direction. It attains the maximum possibie-@imensional volume increase in the vertical
direction. Just as confined swelling test is analagto step wise loaded oedometer compression test,
free swelling test is equivalent to continuous-loadlometer compression test. It offers the possibil
ity to understand the relationship between swelbBtr@ins and the mobilised horizontal pressure,
during and as result of water flow. It also simatathe soil behaviour close to the surface, where t
overburden is a minimum. By introducing gaps in lileeizontal direction, it is possible to simulate

the effects of cracks.
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Apart from this, the test offers insight to watenf under unconfined soil conditions and hence
the influence of soil confinement on water-flowptbvides the upper limit of soil swelling with max
imum volume change. Furthermore, the test offees ghil straining response during swelling,
without the interference of external loads. Anysedpuent loading would then be studied in the light

of this response.

3.2.3.2 Test procedure

The oedometer set-up, with the sample horizontadlyfined was placed on an incremental-
load loading apparatus. The vertical displacemes&suring device was screwed onto the oedometer
ring. By monitoring the vertical displacement reagon the computer screen, the contact between
the loading frame and the sample was refined itnids firm but not imposing a load on the sample.
The sample was thus confined in the horizontalcdive only, but free to swell vertically (fig. 3.7)
With no vertical load applied the test was stantgith water-uptake being through the base as per th
wetting conditions discussed above. The raw dgttucad in this test was water uptake @m/er-
tical displacement (mm), horizontal swelling prass(kPa), soil and outside temperatu®) @nd

time (seconds). There was no record of the vertizal since the sample was not vertically loaded.
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Figure 3.7 Oedometer set up for free swellingstest

3.3 Description of the expansive soil investigated

The expansive soil investigated was taken fronteavgithin the University of Zimbabwe cam-
pus in Harare. The site was chosen for severabrnsas-irstly, the soil on this site is representati
of the most notorious soils in Zimbabwe, upon whiolssive low-cost housing development
schemes are in progress. Thus, the findings framrésearch have immediate practical relevance.
Secondly, the site is secure. Security was impbltacause an instrumented field experimental struc-
ture, which forms part of the broad study of expamsoils in the department, had to be located in a

secure place. Data from the field experiment wdnddised to realistically validate soil and interac-
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tion models, as necessary. Lastly, the site istémbavithin 2km of the Department of Civil
Engineering building, which is conveniently accbbsfor continuous study of the soil and long-term
monitoring of the field experiment.

The soil samples tested were taken from a deg@tBab 1.0 metres. This depth was considered
within the zone of seasonal moisture fluctuatiod arfluence of shallow foundations such as rafts.

The field structure had a raft foundation.

3.3.1 Field description

All tests were conducted on an expansive clayelydagosit called Avon clay. Avon clay is

located along the Avondale stream, site withinliméversity of Zimbabwe campus in Harare.

3.3.1.1 Geology of the site

It consists of approximately a 2m-thick layer oftdmposed residual phyllite, overlying a

dense to very dense, gravely parent rock.

3.3.1.2 Water table

The in-situ water content of the soil fluctuateshmihe seasonal water table, which varies
between ground level in the rainy season and 1.8pthdn the dry season. Typical in situ water con-
tent profiles during wet and dry seasons are ilfuset in fig. 3.8. Surface cracks of the soil up to

100mm wide and 500mm deep are common in the digosea
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Figure 3.8 Seasonal variation of in situ waterteahprofile for Avon clay

3.3.2 Sampling and transportation

3.3.2.1 Sampling

Undisturbed samples were block-sampled in accoelanth Standards Association of Zim-
babwe procedures, SAZS No 185: Part 2: (1977).sHneples were taken from the sides and bottom
of trial pits between 0.9 and 1.0m-depth. Specid#igigned PVC sampling tubes of 80mm-diameter
and 60mm-height, with a sharp cutting edge, wherglg pushed into the block samples. At the time
of sampling, the soil was sufficiently wet to malyaush the sampling tubes in the soil. In additio
the mobilised soil cohesion was such that minimoihdisturbance occurred. The ends of the sam-
ples were trimmed with a sharp edged spatula amdeidiately sealed with wax. The samples were
wrapped in plastic bags and packed in 300mm x 408rBG0mm-deep boxes, lined with thick cotton

to cushion the samples from mechanical disturbanicieg transportation.

3.3.2.2 Transportation

The packed boxes were transported to Norway by Dilgvernight express delivery service,
for subsequent testing. Sample disturbance duramgportation was considered insignificant for two

reasons. Firstly, the samples progressively drigddoiring transportation and hence increased in
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stiffness. Secondly, the dimensions of the samplre much bigger than the size of the tested sam-
ple-size. A lot of the outer material was removeding sample preparation. Therefore, if any
significant disturbance took place during transaiioh, it affected the peripheral soil, which was
subsequently removed. Possible soil drying duriaggportation was actually a positive develop-
ment. On arrival, the samples were further dried/ddous initial water contents before testing.
Sample drying during transportation was therefaasaered immaterial. However, few samples

were taken at a time to avoid long periods of gferia the laboratory and hence excessive drying.

3.3.3 Laboratory sample preparation

3.3.3.1 Initial water content

The samples were removed from the packaging baxé<arefully extruded from the tubes.
Two 20 to 30mm-high samples were obtained from earhpling tube. Each sample was weighed
to determine the approximate water content. Care takken to ensure that the sample retained the
same orientation as existed in situ. The samplese Wen placed in a 100mm-diameter by 50mm-
high plastic containers without lids, and left @bdratory temperature to slowly dry to lower water
contents. The samples were periodically re-weighatheck the approximate water content. Drying
at laboratory temperature proved to be sufficiestbw to avoid undue sample cracking. The exact

initial water content was determined at the entheftest.

3.3.3.2 Trimming the samples

When the water content of a given soil sample wasecto a specified initial water content,
the sample was trimmed to a diameter of 54mm wsEecially designed cutting ring, so as to tightly
fit in the oedometer ring. The sample was trimnmed theight of between 18 and 19mm. A shorter
than maximum possible specimen height (20mm) mthanthe top loading cap would be within the

ring walls and thus improve the pressure-tightregghie top. The sample was weighed accurate to
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0.01grams and the dimensions taken to an accufa@¥%mm using a vernier calliper. An average
of at least six readings was used as the sampitithdihe sample mass was measured just before the
sample was placed in the oedometer ring, to rethepossible change of sample mass due to evap-
oration losses. The sample was then subjectedfteratit test conditions as discussed above. The
specimen mass, diameter and height were also mexhafter the test and after oven drying, in order
to determine the density, water content, void ratid degree of saturation at the various stagtseof

test.

3.4 Methods of analysis

In soil mechanics, the two methods available falgsing consolidation test result for satu-
rated soils are the classical approach and thstagsie concept. In this work, the resistance cdncep
was adopted because it is readily adaptable totumadaed soil conditions without making any
assumptions. As such, the concept is outlinediggéction and its merits over the classical method
are given. Since it is applied herein for the finste to unsaturated soils, new terms were intreduc
and are appropriately defined and explained. Inctee of water flow, the diffusion concept was

adopted.

3.4.1 The resistance concept

The resistance concept was the approach adopteshéibysing the test results. A brief histor-
ical background of the concept is presented folliblwe the definition. The concept is first presented
in the context of saturated soils, before extensionnsaturated expansive soils. The merits of the
concept over the classical approach are highlighitkd resistance concept is used herein for the fir
time with modifications, to study unsaturated exgiem soil behaviour. Specifically, new moduli are

introduced in correspondence with the variables $nwvelling soil.
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3.4.1.1 Historical background

Janbu (1998) reported that Terzaghi's pioneerindkwa stress-strain behaviour in soil com-
pression was based on the resistance concept.dglglreviewing Terzaghi's Hauptstiick Il in
Erdbaumechnik (1925), Janbu noted that Terzaghd assoil modulus of elasticiti, defined by

E= SJ!; , Wwherep = intergranular pressure ard void ratio. Terzaghi called it ".... a fact afnfda-
mental importance." On analysis of several testsguthe resistance concept, Terzaghi obtained
linear stress-strain relationship. He then condittiat the stress strain behaviour of soils wa®atm
as simple as that for solid granular bodies. J¢hBa8) further pointed that Cassagrande (1932) used
the resistance concept to accurately predict thegmsolidation pressure of undisturbed Laurentian
clay.

The concept was revisited by Janbu (1963, 1988 )fally developed into a unifying frame-
work in soil mechanics. He established that forieaering purposes, one could adequately cover the
variations in compressibility of different types géological materials from rock to soft clay, by
means of one relatively simple resistance-baseduta. The time effects are similarly characterised
by a simple time-resistance formula. The resulfimgnulae for predicting stress- and time-strain
behaviour can be expressed in terms of simple dilnatess numbers with well-defined mechanical

meaning. The parameters are easy to explore bydtdyy tests. The concept is the basis of geotech-

nical engineering in Norway for more than 30 yearsluding offshore geotechnics (Janbu, 1963).

3.4.1.2 Definition of the resistance concept

The resistance of a medium or part of it, to addrchange of an existing equilibrium condi-

tion, can be determined by measuring the increnheesg@onse to a given incremental cause.

Resistances Incremental cause (given) (Equation 3.1)
Incremental effect (measured)
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Thus, the concept relates the action on a bodyetinm to its response to the action. It is
rationally defined in familiar engineering and nextatical language. It has been widely used in
other fields of engineering, where action-reacgatems require analysis. Examples of its usage in
some fields of engineering are electrical resistgiRtor r), elastic resistance (E), dynamic resista
(mass), hydraulic resistance (i and heat resistance (C). The concept remairig gaén for non-
linear processes without a change in the definitiar most soils the response is non-linear and is
generally defined as the tangent to the actionenesp curve. Figure 3.9 illustrates the definitidn o

the resistance concept.
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Figure 3.9 Definition of the resistance of a maideafter Janbu, 1995, 1998)

3.4.1.3 Application to saturated soils

During consolidation of fully saturated clayey Ispithe straire, which develops over an
elapsed time, after application of an effective stress chaalyés a function of both stress and time.
The strain behaviour can best be studied by separalysis of the soil resistance with respect to
stress and time. The two resistance moduli thae lieen established are the Tangent modulus, M

and the time resistance modulus, R respectivelyb{dal963).
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Tangent Modulus, M

A typical stress-strain curve for a complete oedmmtst is illustrated in fig. 3.10(a). By def-

inition the tangent modulus is

Tangent modulus M

change in effective stregs giv)eg d o'
change in strain measuréd de

(Equation 3.2)

The tangent modulus M is plotted against increasffegtive stress in fig. 3.10(b). The change

in the effective stress is dramatic at the preclastion pressure.
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Figure 3.10 Stress-strain curve from an incremargdometer test for clay.

For stresses above the preconsolidation pressyrdanbu (1963) found that the virgin tan-

gent modulus M, varies linearly with applied effeetstress, such that fos' >206',

aM _
— = m = constant
do

(Equation 3.3)
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whered'is the applied stress, is the strain and is themodulus number It depends on the
initial or in situ water content. This dimensiordaaodulus number is the main parameter required
for predicting the virgin deformation of clays dfittke silts. Below the preconsolidation pressure, th
tangent modulus is approximately constant. Thigp&nplot therefore presents itself as an effective

means of identifying the preconsolidation pressiira soil.

Time resistance, R

For a specific load increment on a step wise loassbmeter test on a fully saturated soil, the
strain may be plotted versus time as in fig. 3..I{a study the characteristics of the curve amthe
the soil behaviour, it is suggested to employ thst Eerivative of this curve called time resistanc

Time resistance, R is defined according to theofolhg expression and its variation with time
is plotted in fig. 3.11(b). Time is not the actittrat brings about the change in strain. The passhge

time is considered the cause.

change in timd given _ dt .
change in strain measurgd de (Equation 3.4)

Time resig¢an ceR =
In this equationt is the time and is the strainR depends on both stress and time. For clayey
soils, Janbu (1963) found that the long-term timsgtance varies linearly with time so that for the

time beyond primary consolidation,

dR
dt

= r = constant (Equation 3.5)
This dimensionless numbercalled theesistance numbeiis the main parameter required for

predicting creep or "secondary" deformations fayely soils and silts. The resistance number is a

function of in-situ or initial water content.
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Figure 3.11 Time-strain curve of an incrementided oedometer test

3.4.1.4 Merits of the resistance concept

The classical approach to analysing stress stigtiaviour of saturated soils involves the void
ratio and logarithm of effective stresslégd’ plot). The approach has registered consideralae su

cess but has the following inherent limitationsttpeevent its extension to unsaturated soils in

general, and expansive soils in particular:

» The logarithmic scale in thelog ¢’ distorts and hence hides away the details afdlildoehav-
iour at low stresses. For instance, the log scatenot represent logarithm of one. Thus,

virtually all the information at the start of atéserased.

« The determination of the preconsolidation pressigeusing the Cassagrande (1936) and the

Schmartmann (1953) corrections is highly dependarthe human factor and is therefore

empirical
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» The approach heavily depends on the initial vatibrof the soil. Now, the determination of
the initial void ratiog, is both tedious and is a function of a numberaofables. For instance,
it requires knowledge of the specific gravity of $pil and the end of test water content. It also
presumes that the water content at the end oitédst full saturation water content. The initial

void ratio is very sensitive to both water contantl specific gravity.

» The field corrected virgin line depends on théi@ivoid ratio and degree of saturation, param-

eters that carry high degree of uncertainties émtbelves.

» The concept of initial void ratio looses physioaaning in expansive soils, where the

adsorbed water fill the voids for the wide rangevater content.

» The approach is not readily applicable to cohe$tas soil and is therefore limited to cohesive

(clayey) soils only.
On the contrary, the resistance concept offeréalh@wving advantages

» The concept is fundamentally sound and is basquriogiples that have been successfully

applied in other fields of engineering and appBet&nce.

* |t is not sensitive to material type and hencesengs in itself, a unifying framework for char-
acterising engineering material behaviour. Jani®6311998) amply demonstrated the
versatility of the concept in handling the full ggnof materials from soft soils to hard rock

(even concrete).

» The concept simply and clearly relates the obgkplg/sical changes to the mathematical for-

mulations. Raw data is used to obtain desiredosmdmeters without recourse to assumptions.
Therefore, the simplicity and rationality inheremtthe resistance concept makes it the pre-
ferred method of analysis of the complex behavafuwrnsaturated expansive soils.
3.4.2 The resistance concept applied to unsaturated expansiels

When water is added to an unsaturated expansikeswaeiling pressure builds up and soil vol-
ume increases, depending on the degree of confimemy identifying independent variables in the

swelling process, it was possible to use the @3t& concept in the analysis. The major departure
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from the analysis of saturated soils is that exjya@soils have water content change (water flow) as
an additional variable. It can be treated as eithéependent or an independent variable, depending
on the analysis sought. The five resistance moasgiociated with expansive soil behaviour are
defined below and summarised in tables 3.2 andT38y were conveniently defined with respect to

degree of soil confinement.

3.4.2.1 Confined swelling condition

Table 3.2 Summary of resistance moduli for confined swelling

Resistance . .
. Soil characteristic
modulus Action relevance comment
response number*
Soil resistance, | water flow | swelling soil number | internal soil resist- | involves a physical
S (1/kPa) pressure S ance to deformation| change in the soil

by water flow structure

Stress modulus, | swelling water flow stress number| soil resistance to

Mg (kPa) pressure mg development of
swelling pressure soil response with-
out applied external
Swelling resist- | time swelling swelling rate of the swelling | |54
ance, Y (min./kPa) pressure number process
y

* The characteristic numbers are normalised withaspheric pressure to make them dimensionless

Soil resistance, S

Soil resistance is a measure of the soil resistemtiee flow of water. Hydration leads to the
swelling of clay particles and development of simegllpressure. Thus, the resistance is associated
with the swelling of particles and hence the chaingthe structure of the soil. Consequently, soil
resistance is a resistance to change in soil streicin addition, swelling pressure can be takethas
measurable quantity that reflects the change ihssaicture. It then follows that soil resistanse i

defined as
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change in water contern(t givgn dw (Equation 3.6)

change in swelling pressufe measuyed dP

Soil resigan ceS (per kPa)=

Soil resistance can be plotted against water comtestudy the soil response to water flow.
Therefore, soil resistance analysis focuses ondlre and effect of hydration in the soil. Thepglo
of the curve is normalised against atmosphericgomesto make it dimensionless. It is herein called

thesoil number, s

Stress modulus, M

_ change in swelling pressure_given dP .
Stress modulys WkPa) = change in water conterft measujed dw (Equation 3.7)

Stress resistance modulus is a measure of resistamtevelopment of swelling pressure with
respect to water flow. It therefore, links develaprhof swelling pressure to hydration. When plotted
against water content it shows the effect of insirgawater content on the swelling pressure devel-
opment. The slope of the curve is hormalised againsospheric pressure to make it a dimensionless
number and is herein called tsgess number, @

Stress modulus is reciprocal to soil resistancerdtore, a combined analysis of the two resist-
ances brings out the nature of the interaction betwthe soil, water flow and the subsequent

development of swelling pressure.

Swelling resistance, Y

change in timg given _dt .
change in swelling pressufe measuyed dP (Equation 3.8)

Swelling resitan cegY (min/kPa)=

The swelling resistance Y, is a resistance to theebpment of swelling pressure with respect
to time. However, time is not the action that bsrdpout the mobilisation of swelling pressure. The
dependency of the swelling process on time is a@gmence of its link to water flow. It is therefpre

a resistance within the swelling process. Whent@tbagainst time, the slope of the curve is a meas-
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ure of the rate of the swelling process. The sisp®mrmalised with respect to atmospheric pressure
to give a dimensionless number and is herein caliedwelling number, yMawire and Senneset
(2000) analysed the mobilisation of confined swellpressure.

3.4.2.2 One-dimensional free swelling (unconfined) condition

The condition of unconfined swelling applies tolboases of free swelling and swelling under

applied external load. The appropriate moduli amarmarised in table 3.3 and defined as follows.

Table 3.3 Summary of resistance moduli for unconfined swelling

Resistance . .
. Soil characteristic
modulus Action relevance comment
response number*
Tangent modulus, | swelling | swelling modulus stress-strain soil response to the
M (kPa) pressure | strain number, m behaviour change in external
(or internal) stress
Time resistance, R time swelling resistance creep/secondary with (or without
(min./kPa) strain number, r swelling external) pressure

* The characteristic numbers are normalised withaspheric pressure to make them dimensionless

Tangent modulus, M

Tangent modulus is as defined for saturated soikguation 3.2 (Janbu, 1963). The replace-
ment of effective stress with swelling pressurethig expression is consistent with dimensional
analysis. However, it is shown in chapter six thatlling pressure is another form of the internal
stress. Accordingly, tangent modulus is generadifinetd, with the effective stress being internal or

external. It is a stress resistance to deformaiiging from a change in the effective stress gadim

the soil.

Time-resistance modulus, R
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Time resistance is as defined for saturated soikquation 3.4 (Janbu, 1963). However, the
strains measured can be swelling, compressioncormination of the two, depending on the mag-

nitude of the applied external pressure relativihéoswelling potential of the soil.

3.4.3  The diffusion concept

The diffusion concept has been successfully us¢hkifield of polymer and molecular chem-
istry to study the movement of dyes in materiald arygen in the biological cells (Frisch, 1962;
Crank, 1975; Neogi, 1996). It has also been usés simplest form to characterise flow of water in
non-expansive soils, where no internal stressesldpwduring and because of the flow. This forms
the basis of water flow in unsaturated, non-expansbils (Philip, 1955). The concept is presented
herein in its basic form and is used to charaaarissaturated expansive flow. The merits of the dif

fusion concept over mechanical flow analysis avegi

3.4.3.1 Definition

Diffusion is the movement of a penetrant (liquidgas molecules) through a permeable mate-
rial under a concentration gradient of the penétfBime movement is commonly expressed in terms

of Fick's law of diffusion

3.4.3.2 Fick's law of diffusion

The one-dimensional equation governing non-stetate sliffusion is

g _ Q(Da_c (Equation 3.9)

wherec is the concentration of the penetrant at tini2 is the coefficient of diffusivity, ans

is the linear dimension in the direction of diffoisi
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The coefficient of diffusivity is not necessarilganstant. It can depend on concentration, time
and or the history of the diffusion process. Acaogll, in general, the partial differential equatiis
analytically indeterminate, having no exact solatfor any boundary conditions. The simplest case
of non-steady flow, is when the coefficient of d#fvity D is a function of the concentration only and
has been popularly coine&itkian flow". Otherwise the non-steady flow is anomalous arzhlled

non-Fickian flow (Crank, 1975).

3.4.3.3 Fickian flow

By resorting to the similarity solution techniquedainvoking the Boltzmann transformation,
the non-linear, partial differential equation facles law reduces to an ordinary defferential egurat
The differential equation can be numerically orpdriaally solved. Whem is a constant, the coeffi-
cient of diffusion can be graphically determineahfrthe slope of the fractional water uptake plotted
against square root of time. Thus, Fickian flow barcharacterised by a linear relationship between
fractional uptake of the penetrant and the squ@oeaf time using equation 3.10. Fractional pendtra
uptake is the ratio between the amount of peneftdhabsorbed at timg and the amount absorbed
after infinite time or to saturation of the absadpimaterialu,, . The linearity is sustained for atteas

50 per cent of the fractional uptake.

NI

Ui _ 4/Dt .
T H(?) (Equation 3.10)

WhenbD is not constant, equation 3.10 gives some mearevfat the appropriate range of con-
centration, and methods of successive approximnstioaly be used to determine the variation of the

diffusion coefficient with concentration.
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The diffusion concept has been successfully usathapacterise non-steady flow of water in
unsaturated soils. No internal stresses develoimgland because of the flow. Thus, water flow is
Fickian. In addition, it lends itself to the simplecase of Fickian flow, where the coefficient df d

fusivity is almost constant. Consequently, semihgial solutions are prevalent.

3.4.3.4 Non-Fickian flow

Non-Fickian flow arises when the interaction betw#®e penetrant and the material results in
the interference of continued movement of the panétThis can arise if for instance the interattio
leads to (i) a temperature rise, (ii) chemical bogdetween the penetrant and the material or (iii)
using up of the penetrant during diffusion. In tase of expansive soils, the flow depends on water
content, swelling pressure and/or swelling straditet develop during and because of unsaturated
flow. Accordingly, the flow of water in unsaturatedelling soils is non-Fickian. Consequently, the
resultant differential equation of Fick's law id moalytically determinate. The methods of suceessi
approximation do not apply because the variatioB &f not just a function of water concentration.
It also depends on the swelling pressure and strain

Uzan and Lytton (1978) assumed Fickian flow in tasgted expansive flow. They adopted a
linear relationship between the moisture diffugivaind water content. However, the application is
limited because it overlooked the effect of swejlppressure and swelling of clay particles on water

flow, and thus assumed Fickian flow.

3.4.3.5 Merit of the diffusion concept

The diffusion concept is valid for expansive sdiexause the clay-size particles of clayey or
cohesive soils (<0.002mm) fall within the moleculange that is classified as colloids. The particle
size for colloids ranges from Tao 10°mm. The associated soil properties such as plgstcisorp-
tion of molecules and the surface forces dominaéwitational forces and are consistent with the

colloidal properties of the constituent clay miner&ong and Warkentin (1975). This explains why
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Fick's law of diffusion has been generally sucadsisf characterising water flow in non-expansive
soils. It also follows that the concept can beoraily extended to non-Fickian flow of water in
expansive soils. However, it is necessary to acctamthe effects of the swelling clay minerals,

swelling pressure and swelling strains that devdlapng and because of water flow.
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Chapter 4

Laboratory test results

In this chapter are presented tests results olutdinen the test programme described in chap-
ter three. First is presented the routine testitgswhich describe the investigated soil. The $ingl
behaviour of the soil was investigated along thtiferent wetting paths namely, (1) suction-gradi-
ent, (2) pressure-gradient, and (3) flooding. Tledtiwg-paths simulate the slowest, intermediate and
fastest conditions of soil wetting, respectivelfieTresults are presented in the context of theegegr

of soil confinement, which also defines the modeaif swelling (swelling paths).

4.1 Routine test results

4.1.1 Classification test results

Samples were taken from the field and tested im@ance with Standards Association of
Zimbabwe procedures, SAZS No 185: Part 1:(1998hleTd.1 summarises the soil data obtained
from routine and other physical tests on the Stie dominant clay mineral in this soil is Sodium-

Montmorillonite.
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Table 4.1 Summary of soil data

Description value
Liquid Limit, LL 67 per cent
Plastic Limit, PL 24 per cent
Plasticity Index, Pl 45 per cent
Shrinkage Limit, SL 19 per cent
Clay fraction 40 per cent
Silt fraction 28 per cent
Saturation water content 42 per cent
Grain density, G 2.58 kgm®
Optimum water content 18 per cent
Lower Compactive Effort (LCE) 1768 kgt

4.1.2 Soil-Moisture Characteristic Curves

The wetting and drying Soil-Water Characteristia@ufor Avon clay were determined. The
axis translation technique (Hilf, 1956) was usedup to 1500kPa suction, while the filter paper
method (Chandler, 1967) was used to extend thessunsthe higher suction range. The curves are
presented in fig. 4.1. However, in these methodsstimple is tested under unconfined conditions.
Therefore, the wetting and drying curves thus olgdido not account for the possible development
of swelling pressure and its effects during thecpsses. Therefore, the curves are considered of lim
ited practical use in expansive soils, where swgllpressure develops and influences the soil
response. However, they are presented herein foplateness and used to qualify some of the anal-

ysis, as necessary.
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Figure 4.1 Soil-Water Characteristic Curve for Aviday

4.2 Confined swelling test results

The test procedure and rationale for the confiveellgng test are discussed in section 3.2.2 of
chapter three. In the test, the soil element egpeds no volume change. As such, the only variables
are water flow and increase in swelling pressuhe fEst results bring out the effect of swellinggpr
sure on the swelling process, independent of volahmenge. Twenty-seven samples were tested
under confined conditions. Only representative testilts are presented. Pertinent points from the

test results are given alongside the results.

4.2.1 Swelling pressure - time results

The sample had initial water content of 19.8 pet @ad a degree of saturation of 0.554. The

mobilisation of swelling pressure with time is péat fig. 4.2.
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Figure 4.2 Mobilisation of swelling pressure witime (pressure-gradient)

Pressure-time plot: pressure gradient wetting

The graphical plot reveals several important aspettonfined swelling. The swelling pres-
sure was mobilised in both vertical and horizodiedctions, rising to a peak value and then slowly
decreasing to steady state condition. The magnitfittee vertical and horizontal swelling pressures
are different, with the horizontal swelling pressineing consistently higher than the vertical pres-
sure. In this particular test result, the maximuastues are 130kPa and 110kPa respectively. Lastly,
the shapes of the swelling pressure curves ardasjmforming a plateau at the maximum values.
Accordingly, analysis can be carried out using ang of the curves without lose of generality.

These observations seem to suggest two importengstiabout confined swelling. Firstly, both
time and water content influence the swelling psscé&econdly, the mobilised swelling pressure is
anisotropic: the swelling pressure in the horizbdigection is higher than that in the verticaledir

tion. The question of anisotropy is dealt with rapter six.
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Figure 4.3 Mobilisation of swelling pressure witime (suction gradient)

Pressure-time plot: suction gradient wetting

The swelling pressure rises to a maximum valuehith the swelling process stops. The max-

imum swelling pressure value seems to be linketid¢dnitial soil water demand.
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Figure 4.4 Change of soil temperature during amdisoil swelling (suction gradient)
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Soil temperature during soil swelling

The results presented in fig. 4.4 show that thetemiperature changed in response to the out-
side temperature, and not to the swelling prodesaddition, the temperature changes for both the
soil and the outside are within one degree Cel3ins.maximum difference between the soil and out-
side temperatures was 0.25 degrees Celsius, bukyrflastuating between zero degrees Celsius and
0.15 degree Celsius. The initial drop in soil tenapere was the effect of placing the sensor, previ-
ously at room temperature, in the sample with aelot@mperature.

The small and almost constant temperature changesienced by the soil sample, relative to
the outside temperature, indicate two things. Firtiere was no temperature gradient between the
sample and its surrounding to affect the swellingcpss. Secondly, the swelling process did not
change the sample temperature. Similar observati@are made on all confined and unconfined
swelling tests carried out along the different wetfpaths investigated. Therefore, it was concluded
that the swelling of the investigated soil is ismthal. This conclusion simplified the subsequent

analysis of test results by making temperaturerstemt.

4.2.2  Swelling pressure - water content results
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Figure 4.5 Water content - swelling pressure (dattion gradient)

Water content-swelling pressure plot: suction geativetting

The swelling pressure rises to a peak value witheiase in soil water content. Thereafter, the
pressure appears to remain constant. It seemghihatvelling process ends with the onset of maxi-

mum swelling pressure as implied by the inductionoept.
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Figure 4.6 Water content - swelling pressure (goéssure gradient)

Water content-swelling pressure plot: pressureigradvetting

Unlike the suction wetting path in fig. 4.5, theddling pressure drops after the peak to a resid-
ual value. This suggests that the post-peak prdsasst swelling, at least in the context of in@ea
in swelling pressure. As such, it points to the ptetion of the swelling process at the peak stage.

Apart from this, a pressure gradient is requiretktnove some of the swelling pressure.
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4.2.3 Water flow- time results
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Figure 4.7 Fractional water uptake (water flowgtfdd against time

Confined water flow

The changes in water-flow patterns for the invegtid wetting paths are shown in fig .4.7.
Water flow is plotted in accordance with the diffus concept (Crank, 1975). Comparatively, the
pressure-gradient path allows water to flow fattian the suction-gradient path, as expected, while
flooding is fastest.

It is clear that the mobilisation of soil cohesieads to a change in water flow mechanism.
The central role of the arbitrary points A, B a@dn coupling water-flow and swelling process is
also evident. The non-linear relationship up tapdi is indicative of the mechanical nature of et
flow. An advancing wetting front defines the wegtinp of the soil. The transition of the wettingrfto
into a SBS at point A’ affects the water flow patteThe £tlevel soil destructuration starts the clo-
sure and filling of air voids. This process affetttse mechanical flow of water. The effect is greate
along the pressure-gradient wetting-path than tiséan-gradient path because the swelling process

is faster. In the former case, the increased waitake forces a rapid transformation of the soilcst
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ture at point A In the latter case, the changgedatle because the driving potential arises froen t
soil water demand. The flow rate decreases fudheoint B. The voids and air-channels are effec-
tively closed, according to the SBS physical saildel. Thereafter, water flow is by diffusion. The
water flow along the two wetting paths plots almuestallel in the phase (B-C), confirming that water
flow is no longer path-dependent. It is governedh®/changed soil structure or Swelling Boundary

Surface.

4.3 One-dimensional free swelling test results

The test procedure and rationale for the confiveellgg test are discussed in section 3.2.3 of
chapter three. In the test the soil element expees simultaneous change in volume, swelling pres-
sure and water content. As such the variables atenflow, swelling pressure and vertical swelling
strain. Fifteen samples were tested in this sefigssts. Only representative test results areantesl.

Pertinent points from the test results are givemgside the results.

4.3.1 Swelling pressure - time results

Swelling pressure - time plot: flooding

Figure 4.8 shows the mobilisation of swelling ptesswith time for different initial water con-
tent. The sharper the curvature, the faster isatee There is a clear influence of initial watentent
on the shape of the curves and hence rate of smgellihe curves can be put in three different cate-
gories. The first category is for water contensslthan 24 per cent. The curvature of the curves in
this category is most pronounced. It sharply rasasfalls. The residual pressures attain the same |
iting value however, after a relatively long timehe second category is for the water contents
between 24 and 26 per cent. The curves are motlem@tmounced. The two curves merge during
the post-peak phase, but well before the residalalevis attained. In addition, the residual pressur

is very slowly approached, with respect to strain.
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Figure 4.8 Swelling pressure - time plot (floodpath)

The last group comprises of water content abové @&t cent. In this category, the pressure is

effectively the same through out the swelling pescén addition, the curves gently rise to a lingti

value of about 50kPa. The residual pressures fhanfitst category quickly approach that of the,last

while that of the second category is delayed.

The forgoing analysis points to the central roléhefchanging soil in the mobilisation of swell-

ing pressure. According to the induction concepl| attraction is induced at point B, which

corresponds to 24% (plastic limit of the soil). Ehsoil attraction restraints build up of swelljprgs-

sure for soil samples with initial water contenbab the plastic limit. The effect appears to insea

with increasing initial water content.
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4.3.2 Swelling pressure - strain results
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Figure 4.9 Swelling pressure - swelling straint gflmoding)

Swelling pressure - swelling strain plot: flooding

The mobilisation of swelling pressure and swellstigin is plotted in fig. 4.9. The same cate-
gories identified in sub-section 4.3.1 above asedlinible here. The curves in fig. 4.9 show a migsti
change in both the shapes of the curves and methifisessure between two ranges of water content
namely, 18.0-23.7 per cent and 25.0-29.5 per catémcontent, respectively. The sharpness of the
elbow decreases from 23.7 per cent and disappea@staper cent. These observations are consistent

with the proposed SBS physical soil model.
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4.3.3  Swelling strain - time results
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Figure 4.10 Time-swelling strain plot for a rarafdnitial water content

Swelling strain - time plot: flooding

The mobilisation of swelling strain with passagdiofe is plotted in fig. 4.10. The same cat-
egories identified in sub-section 4.3.1 above &eatnible here. The curves show a distinct change
in both the shapes of the curves and mobilisedlsgedtrain between two ranges of water content
namely, 18.0-23.7 per cent and 25.0-29.5 per caxtémcontent, respectively. The curves become
progressively flatter with increase in water contdiese observations are consistent with the pro-
posed SBS physical soil model. The maximum soilesodn that is mobilised at 24 per cent water

content (point B) severely restrains developingwélling strain.
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4.4 General discussion

The laboratory test results presented in this aragte typical of the investigated soil. They
seem to support the induction concept and briniglingo the swelling behaviour of the investigated
soil. However, no definitive conclusions can be mhdsed on the raw data. However, a study of the
first derivatives of the raw data (resistance cpticis one way of getting a better understanding of

the soil behaviour. Accordingly, the subsequenaited analysis is based on the resistance concept.
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Chapter 5

Validation of the new concept

Test results for ‘undisturbed’ samples of an unsdéd expansive soll, tested according to the
test procedures outlined in chapter three, areepted and analysed. The aim of this chapter islto v
idate the induction concept presented in chaptey amd to determine the soil parameters.
Representative test results from chapter four vaeadysed using the resistance and diffusion con-
cepts, discussed in section 3.4 of chapter thrbée. vialidation was demonstrated along suction
gradient wetting, which is the soil's natural respe to soil wetting. In this case, soil and stresest-
ances were considered. The swelling modulus arsalyas carried out on results obtained along the
flooding path. Flooding is the fastest wetting patid therefore facilitates the study of rapid soil
response to wetting. The chapter concludes by nhtérg the soil parameters. The work presented

in this chapter is an original contribution to #mgalysis and characterisation of soil swelling.

5.1 Soil resistance analysis: confined swelling

In this series of tests, water was added to tHesaniple at the base, with the water level in the
burette kept at the same level as the bottom ofdingple. Water uptake was therefore by suction gra-
dient due to the soil water potential. Typical testults from sample no. SP-027 are plotted and

analysed. The sample had initial water content8of per cent.
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Soil resistance was defined in section 3.4.2 optdrathree. It is a resistance to soil deforma-
tion by water flow. The analysis was carried outtwieference to the soil number. The soil number
is directly related to the change in soil resistaand soil structure; the smaller the number, alstef

and easier is the change.
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Figure 5.1 Soil resistance along suction-gradiegtting path

511 General

Reference is made to the soil resistance-timeioaiship in fig. 5.1 and table 5.1, which sum-
marises the pertinent data. The corresponding &seren water content is plotted against time in fig
5.2. The arbitrary water content points indicatesl @ defined in the induction concept. The posi-
tioning was based on the test results. Thus, therneantent points shown in figs. 5.1 and 5.2 show
that the change in water flow is linked to the ap@m soil structure. This confirms the establishine
of dynamic equilibrium during soil swelling as pased in the induction concept. The different val-
ues of the soil number conveniently divide the sgglponse into stages. Each stage is herein called

swelling phaseThe nature of each phase is defined during thdéyais.
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Figure 5.2 Increase of soil water content witheiguction gradient path

Table 5.1 Summary of soil resistance analysis: suction wetting-path

soil number, period water content | % water % pressure
phase . .
S (%) (%) increase increase

A-A 0 0.3 18.7 - 23.2 12 0

-0.13 11 23.2-25.6 6 8
A-B

-0.015 8.8 25.6 - 28.3 4 14

+0.015 36.7 28.3-31.2 11 57
B-C

+0.13 53.1 31.2-335 6 21
c-cC 0 (69.9)* 33.5-36.0 6 0

* The period is based on the swelling time fromnpai to point C.
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From fig. 5.1 suction wetting reveals four of the swelling phases defined in the induction
concept (chapter two). This is because the soiksidh that causes water flow is used up in the-proc
ess. Itis depleted at point B. Thereafter, theigedl adhesion (osmotic potential) is dependenbibn s
attraction. Thus, beyond point C’, the remaininduced osmotic potential is not sufficient to sustai
water diffusion.

There is remarkable symmetry in the change of threnalised soil resistance about point B
(fig. 5.1). The two-stage loss (A-A) and regain-@) of soil resistance was explained in termstaf t

induction concept as follows.

5.1.2 Initial phase (A - A)

The first phase is called the initial phase becatisethe start of the swelling process. Thus,
the initial phase is characterised by a constahtesistance (s = 0) and 12 per cent increaseaitew
contentin 0.3 per cent of the swelling time. Tagid water flow in such short a period was attritolut
to the open pores associated with the ‘particulaggtre of the particles, when the soil is dry. The
hydrating particles press the pore water and gémgrare water pressure. As such, the loss in soill
resistance due to hydration is counter-balanced byild up of pore water pressure. The sudden
decrease in the soil resistance at point A is eissed with the end ofStlevel soil destructuration
and the onset of the second. The period of thighase (0.3 per cent) is sufficiently small éfer

to initial soil response as instantaneous.

5.1.3 Saoil softening (A’ - B)

Second-level destructuration characterises this@Hainvolves the destruction of the primary
particle bonding within the clay platelets and regkithem to hydrated clay minerals. The soil struc-
ture and hence resistance to deformation depentteqrimary particle bonding. It follows then that

a small weakening of the bonding by hydration ledsignificant reduction in the soil resistance.
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Now the loss of soil resistance is simultaneouf wibwth of the adsorbed water layers and hence a
physical soften of the soil. Therefore, the ovesall response is herein called soil softening ted
phase was appropriately called gwftening phase

The softening phase is characterised by two stagwsver, with the first stage being very pro-
nounced. The soil number for the first stage (6.43) is four times smaller than the second stage.
The soil number is rate quantity. Thus, the smalt@rnumber (s = -0.13) indicates that the change
in soil resistance is relatively quick and easyisT attributed to the breaking of the primarytjzde
bonding.

The second stage of softening (s = -0.015) is atsyutimes slower than the first. The sudden
reduction in the rate of soil destructuration iesult of reduced water flow. The depletion of gt
means that water flow is reduced on the one handh®other hand, soil destructuration encourages
mobilisation of soil cohesion. Accordingly, soillesion has an upper hand and provides resistance
to deformation. Thus, there is simultaneous deer@asoil resistance on the one hand, and the res-
toration of resistance by mobilising soil cohesiorthe other. However, the soil resistance dueito s
attraction decreases to a minimum value at pointlisere soil attraction is zero. The soil resistance
at point B is due to maximum soil cohesion. Thisaasistent with the induction concept.

Fig. 5.3 shows the mobilisation of swelling presswith degree of soil saturation. Two impor-
tant deductions were made. Firstly, water conteirits A’ and B do not plot on the swelling pressure
line. In addition, the degree of saturation seamindrease beyond full saturation. It is asserte-h
with that these anomaly points to the fact thatrdegf soil saturation is pressure dependent. The
current expression for degree of saturation assatmesspheric pressure all the time, hence a linear
plot of the water content points. Secondly, therdegf saturation is one that is, full saturation a
point B as asserted in the induction concept. Bhisiration is internal saturation, with respect to

depletion of adhesion or suction and growth of daso water layers.
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Figure 5.3 Mobilisation of swelling pressure witlcrease in degree of soil saturation
5.1.4  Stiffening phase (B-C)

This phase is characterised by an increase inesigtance. In accordance with the induction
concept, the increase in soil resistance is dutheoinduced soil attraction, which squeezes the
adsorbed water layers and make them very stiffodiagly the phase was callstffening phase

The increase in soil resistance is two-staged suachiirror image of the softening phase about
point B. The two stages were explained by recotaghe induction concept as follows. The maxi-
mum soil cohesion at point B accounts for the aiithcrease in soil stiffness (s = +0.015). That is
soil cohesion pulls the hydrated clay minerals thgeto within the molecular range of the solidycla
minerals. In the process, the overall soil stifn@xreases significantly. However, the rate is ten

times slower than that due to the induction phemmomds = + 0.13).
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The sudden jump in soil stiffness is due to theuatbn of soil attraction. The induction phe-
nomenon depends on interparticle distances andvatgtr content. Accordingly, it proceeds to the
end. The restoration of soil resistance at poiist\¥&ry significant. It confirms the induction plean-
enon is an attempt by the soil to return to thiéahcondition, where soil structure was definediy

mobilised soil attraction as conceptualised.

5.1.5 Peak phase (C-C)

The peak phasalefines the stage when swelling pressure is ammaxi. The soil number is
zero indicating that the soil response is hot medsa. This is the case because water flow is by di
fusion, under the induced osmotic potential. Afiann this, the available water is that squeezed out
during induction. The diffusion of water leads tetérnal’ rearrangement of the clay minerals until
internal yield point is attained.

The soil swelling response suddenly stops at maxirswelling pressure. This indicates the
end of the swelling process. That is, the swelimagcess is completed at point C’, when the saikis
the limiting equilibrium (internal yield point). T& should be the case because physically there is
internal equilibrium, with adhesion being partlypl@ced by osmotic potential and partly by the
adsorbed water. The adsorbed water squeezed angdnduction is fully assimilated back at point
C.

Validation of the induction concept

The validity of the induction concept can be dentiated considering the loss and restoration
of the soil resistance. Figure 5.1 shows that ¢iss bind regain of soil resistance between points A
and C is symmetrical about point B. The symmetigis® evident from the soil resistance data sum-

marised in table 5.2.
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Table 5.2 Interaction between softening and stiffening phenomena

. water content Normalised
phenomenon soil number, s . !
change (%) soil resistance
softening (A- B) -0.13 +4 0.39
stiffness (B - C) +0.13 +6 0.40

According to the induction concept, soil attractiorderlies the soil resistance. Therefore, the
observed symmetry points to the induction of siibation at point B. The soil number is a ratergua
tity. Now the soil numbers are reciprocal in magdé and the pattern of soil response is symmetrical
about point B. This indicates a reversal proceddsimdicative of the induction phenomenon. There-
fore, the analysis of the test results presentadisncompletely validates the induction concept.

Development of the SBS

Validation of the induction concept implies validitf the proposed SBS physical soil model.
This is so because, the SBS model is the physaraptement of the induction concept. Thus, the
central role of point B in the previous analysisng® to the uniqueness of the soil structure at tha
point and hence the SBS. The long stiffening peoib@7.3 per cent reflects the influence of the soi
structure on soil swelling. The soil is now a thalkstic paste, whose structure takes long to ahang

This concurs wit the proposed SBS model.

5.2 Stress resistance analysis: confined swelling

Stress resistance was defined in section 3.4.haybter three. It is a resistance to the mobili-
sation of stress and hence the induction phenomeéertmn analysis was carried out in terms of the
stress number @ A stress-number indicates how easy it is forssi® develop. The bigger the

number, the easier is the development and hendagter is the increase. The analysis sought &®-ind
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pendently validate the induction phenomenon, initaadto rationalising the SBS physical soil
model. The stress-resistance mobilised along theosutgradient wetting path was analysed is pre-
sented in this section.

Reference is made to the plot of swelling pressime stress resistance against water content
in fig. 5.4. The results are from test sample nun8f-027, which is typical of the series. The stres
numbers for the different phases are summariséabie 5.3. The symmetry of the change in stress

resistance about point B is clear in the figurgadints to the presence of an induction phenomenon,

as will be shown in the following analysis.

5.2.1 Initial phase

The initial phase (A-A) has no stress resistamog= 0). According to the induction concept,
stress resistance is due to either soil attraaiiosoil cohesion. Soil cohesion starts to mobitise
point A, while soil attraction is being removecdthis stage. Thus, the initial phase registerestrass

resistance. However, the period is instantaneamigll, being 0.2 per cent of the swelling time.

Table 5.3 Summary of stress resistance analysis: suction wetting path

. water

hase - period water content increase pressure
P (%) (%) o increase (%)

(%)

A-A 0 0.3 18.7 - 25.6 12 0
A-B +3.2 9.9 25.6 - 28.3 4 22
B-C -3.2 89.8 28.3-33.5 6 21
c-cC 0 (69.9)* 33.5-36.0 6 0

* The period is based on the swelling time fromnpai to point C.
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Figure 5.4 Swelling-pressure and stress resistaromilus curves
5.2.2  Softening phase

A positive stress number ¢w +3.2) characterises the softening phase. Icatds that the
development of swelling pressure is relatively easg fast. According to the induction concept,
swelling pressure (inter-particle repulsion) israduct of either soil attraction or soil cohesiém.
this instance, the development of swelling pressimeflecting the mobilisation of soil cohesion,
since soil attraction is decreasing. This was arpthas follows.

The relative ease of mobilisation of soil cohesi®a consequence of soil destructuration. Saoil
destructuration increases the number of elemeptamycles. This leads to rapid hydration and hence
an increase in soil cohesion. In essence, thenakteffect of soil attraction is considered transfd
to the adsorbed water layers, hence soil cohesisexpected the stress resistance is a maximum at

point B, when soil cohesion is a maximum.
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5.2.3 Stiffening phase

Point B marks a dramatic change in the stresstaggie from increasing to decreasing. The
negative stress number {m -3.2) indicates that swelling pressure (and kesail cohesion) devel-
opment is much slower than before. This observataonbe explained by postulating the onset of the
induction phenomenon at point B. That is, soilation is induced at point B and suppresses the
effect of soil cohesion. In a sense, the stregmisferred from the external (adsorbed water Byer
to being internal. Since soil attraction is aneimtal’ effect, it can not be directly measured eddy,
which explains the apparent decrease in stresstaase. However, in reality the soil becomes stiff

as discussed in the soil resistance analysis.

5.2.4 Peak phase (C-C)

The peak phase (C-C’) is characterised by no stemsstance (g= 0). This shows that the
process responsible for developing stress haseatbfjhis points to the fact that the swelling pssce

is completed.

Validation of the induction concept

Most vivid is the symmetry of the stress resistamodbilisation about point B, with respect to
both the stress numbers and the stress resistasb®ws that the post-SBS stiffening process com-
pletely reverses the effects of the pre-SBS saftgmihase. Accordingly, induction phenomenon
takes place at point B and it restores the saihetibn lost in the softening phase.

Suction-gradient wetting path imposes no extermiald on the flow of water. Therefore, water
flow is in response to the soil water demand. Gheewater demand is satisfied, the flow stops and
equilibrium is established. This indicates thatitiital water demand of the soil is equivalenttie
maximum swelling pressure. Since there is no eatémerference on the swelling process, then the
downloading of the internal resistance directlydie#o the development of swelling pressure. Thus,

the reversal is complete and contained. Theretheeinduction concept is completely vindicated.
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5.3 Swelling resistance analysis: confined swelling

In this series of tests, water was rapidly intraetlito the soil sample through the base, under
a very high-pressure gradient until it flooded thp of the sample. The top end of the sample was
kept covered with water. The wetting path was chfleoding.

The swelling process is predominantly rheologiaad & is characterised by a build-up of
swelling pressure. Therefore, a time related restt was defined, which relates the building up of
swelling pressure with the passage of time. laited swelling resistance and was defined in sactio
3.4.2 of chapter three. The analysis was convedngieatried out in terms of th@wvelling number, y
The bigger the swelling number the slower is thelbiag process. The analysis sought to character-
ise the swelling process in the context of the atitun concept.

The results obtained along the flooding path wadysed. A typical test result for sample no.
SP-02 is plotted in fig. 5.5. The sample had ihitiater content of 19 per cent. Reference is made t

fig. 5.6 and the summary of results in table 5.4.

swelling pressure P, [kPa]
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Figure 5.5 Mobilisation of swelling pressure aldtapding path
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Figure 5.6 Variation of the swelling modulus wjthssage of time

5.3.1 General

The swelling resistance analysis shows that thledesielops an initial resistance of Y = 18

minutes. This is analogous to the initial tangentmus in the compression of saturated soils (Janbu

1963, 1986). The tangent modulus was discusseelcitios 3.4.1 of chapter three. This observation

is significant to the swelling process as discussnd.

Table 5.4 Summary of swelling resistance analysis: flooding path

swelling period pressure
phase number, y (%) increase (%)
A-A 0 24 16
A-B +2 9.6 30
B-C +100 88 54
c-cC + infinite (120)* 0

* The period is based on the swelling time fromnpai to point C.
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5.3.2 Initial phase (A-A)

The swelling process proceeds at a constant ratéfyfor 2.4 per cent of the swelling period.
Most significant is the presence of initial swedlimodulus (Y = 18 min.). This is explained by the
presence of more excess water in the pore spabe sbil as follows.

Flooding makes more water available to the sail #ort period. Hydration is accelerated such
that the adsorbed water layers grow relatively. fstw, the soil particles push each other as they
rearrange to take up more space. In the presengerefwater, they exert considerable force to the
pore water, which manifests as excess pore wagsispre. The pore water is used up to mobile soil
cohesion. However, the mobilisation process invelpalling the hydrated clay minerals together,
thereby exerting more pressure on the residualwater. Thus, equilibrium is established, where the
effect of reduced pore water on the excess porenpaessure is compensated by the mobilised soil
cohesion. Therefore, the initial swelling resiseisdue to the mobilisation of soil cohesion, vhic
causes the mobilisation of pore water pressureoine way, the internal effect of soil attraction is
downloaded and carried as pore water pressurerebitfis transferred to the adsorbed water, where
it manifests as soil cohesion. This reasoning isdveed from the analogy with primary consolidation
of saturated soils. As such, the swelling resisgaretnains constant up to point A, where soil cohe-

sion mobilises directly and dominates the soil oese.

5.3.3 Softening phase (A-B)

The softening phase is marked by a significantdase in the swelling modulus (y = +2). The
increase is attributed to the direct mobilisatiésail cohesion, which starts at point A. The rafe
increase is steady because of the continuing dynamquilibrium between depletion of pressed pore

water and mobilisation of soil cohesion. The dymaetuilibrium stops at point B, when the pore
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water is depleted and the soil attains maximumtigiis The 9.6 per cent swelling period indicate
that more time is required to dissipate the exoessr pressure. Conversely, it takes a while fer th

‘load’ carried by the pore water to be transferi@the adsorbed water layers.

5.3.4  Stiffening phase (B-C)

The stiffening phase is marked by a ten-fold inseem the swelling modulus. The sudden
increase of the modulus at B confirms the onséti@finduction phenomenon, as already discussed.
However, the very large swelling number (y = +168dws that the induction process is very slow.
The 88 per cent swelling period confirm this. Thedction phenomenon is slow because it acts
against its product namely, interparticle repulsidhat is, the hydrated clay minerals that are
squeezed together by soil attraction have the serhagity on their surface, which generate repulsion

(osmotic potential). Thus, the process takes divels long time.

5.3.5 Peak phase (C-C)

At point C, the swelling number shoots up towardiite, indicating that the swelling process

is proceeding extremely slowly. In reality, it meahe end of the swelling process.

Validation of the induction phenomenon

The sudden increase of the swelling modulus att@iconfirms the onset of a phenomenon
that is independent of the hydration of waters lthie induction of soil attraction. Thus, the intime

phenomenon has been independently validated fahttetime.

5.4 Soil & stress resistance analysis: continuous sweljipath

In this series of tests, an unsaturated soil sampke allowed to freely swell in the vertical
direction. Water at a constant head (pressure gmadietting path) was added to the unsaturated soil

sample at the base using an electronic burette.
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The analysis sought three things. Firstly, to \atkdthe induction phenomenon in a more real-
istic situation, when all the soil variables arérag. The variables are swelling pressure, watafl
volume-change and soil-structure. Secondly, to detrate the rationality of the SBS physical soil
model. Lastly, to determine the soil parametersdha be used to model the soil behaviour. The-anal
yses were carried out in terms of stress and ssistances. This time the analyses were combined in
order to understand the coupled soil response.dfi$he resistance concept and specifically the
dimensionless numbers (soil and stress numberajlg@mplified the analysis. The smaller the soil
number the easier is the change in soil structunde a small stress number signifies a slow build
up of swelling pressure.

The effective stress terms of the soil potentiadd tvere proposed in the hypothesis presented
in section 2.4 of chapter two, were used in thdyaigmin place of the soil potentials. This facitied
an understanding of the soil response in the corikxoil mechanics terminology. The effective
stress hypothesis will be validated in chapter six.

The two forms of effective stress are internal @ffe stress (soil attraction) and mobilised
internal effective stress (soil cohesion). In so#échanics terms, hydration downloads the internal
effective stress (soil attraction) and transfer®ithe adsorbed water layers, where it manifests a
mobilised effective stress (soil cohesion). In phesence of pore water, the build up of excess pore
water pressure is considered analogous to prin@rgalidation of saturated soils. That is, the down-
loaded (internal) effective stress is initially dad by the water phase as pore water pressui®. It
then gradually transferred to become mobilisedctiffe stress, with the accompanying dissipation
of the excess pore water pressure. The analyssreefto effective stress and soil potentials inter
changeably to suit the context of the discussion.

Results from a soil sample (sample no. FSL-021)eveeralysed. The soil sample had initial
water content of 10.8 per cent. The soil and stresistance results are plotted with respect t@wat

content in figs. 5.7 and 5.8 respectively, andpldinent information is summarised in table 5.5.



Chapter 5 Validation of the new concept 112

541 General

It is clear from the figures that the previoushfided swelling phases do not directly corre-
spond with the soil and stress numbers, a consegquerthe coupled soil response. Nevertheless, the
validity of the previous analyses is vindicatedha subsequent sections. For the sack of consistenc
the previously defined phases were used in theysisalThe consistency limits were assigned to the
arbitrary water content points in line with the iretion concept. The rationality of this assignmient

further demonstrated herein.
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Figure 5.7 Mobilisation of soil resistance duricmntinuous swelling
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Table 5.5 Summary of soil resistance analysis data: pressure wetting-path

Phase soil number, s stress numberg m water content
(%)
A-A 0 0 10-14
-0.54 -0.4 14-18.5
A-B +0.54 +3.5 18.5-21.5
-0.54 21.5-23.5
B-C -0.027 -3.8 23.5-27.5
c-C -0.09 +1.2 27.5-32.5
C-D -0.54 - 32.5--

5.4.2 Initial phase (A-A)

Both figures 5.7 and 5.8 do not register resistdrateieen 10 and 14 per cent water content.
This is because the pore water pressure is belowsgtheric value, the reference pressure. Thelinitia
constant soil resistance from 14 to 16.5 per démt%.7) shows that the excess pore-water pressure

compensates for the rapidly unloaded internal stfElse rapidly unloaded internal effective stress i
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transferred to the pore water and manifests as\ater pressure. Similarly, the stress resistafige (
5.8) is constant up to 16.5 per cent, at whichigarsoil destructuration sets in. The changehia t
soil and stress resistance are in accordance hgthnalogy with primary consolidation settlement.
At 16.5 per cent water content, the particles afficiently swollen to start mobilising soil
cohesion, leading to*%level soil destructuration. Soil destructuratiastioys the initial soil struc-
ture and reduces soil resistance. This explainsahigl and significant decrease of the normalised
soil resistance (s = -0.54). At the same time, dfress resistance decreases slowly, in apparent
response to the dissipation of the excess poreryatssure. Fig. 5.8 shows that the stress modulus
becomes zero at 18 per cent water content. Thiiromnthe earlier observation that the destructur-
ation process effectively depletes the excess pater pressure. In other words, the effective stres
carried by the pore water is reloaded to the sofial cohesion. First level soil destructuratiome
pletes at 19 per cent water content (point A), whee soil resistance is reduced to —0.78 per lePa p
atmosphere of the reference value. Now 19 per isethie shrinkage limit of the investigated soil.

Therefore pint A’ is the shrinkage limit as asserted in theduction concept.

5.4.3 Softening phase (A-B)

At point A, the stiffening effect of soil cohesiarauses the soil resistance to increase. At the
same time, soil cohesion causes excess pore watesyse to build up again. The equal but opposite
soil number (s = +0.54) indicates that pore watesgure is building up at the same rate that di-dis
pated during S-level soil destructuration. However, the stresistance remains zero in this period.
Therefore, the build-up of pore water pressure ietpin the stage of (s = +0.54) is below atmos-
pheric value. At 20 per cent water content, thesstresistance starts to increase very fast (3.5).

It means that the swelling pressure is increasery fast. Therefore, the swelling pressure is due t
build up of pore water pressure excess of atmogphEne speedy rise must be due to soil cohesion,
which mobilises rapidly in accordance with the iation concept. Accordingly, the changes in the

stress and soil resistances are due to the incoddlse mobilised effective stress.
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Maximum soil resistance is mobilised at 21.5 peit¢& = +0.78 per kPa per atmosphere). The
maximum value is equal and opposite in magnitudeeaninimum soil resistance. Since minimum
soil resistance is attained when the excess poterypaessure is a minimum, it is reasonable to say
that maximum soil resistance corresponds to theumte of maximum excess pore-water pressure.
Therefore, the subsequent decrease in soil resistanst be due to the onset Bi-revel soil destruc-
turation. It is simultaneous with the depletioritod excess pore water. Meanwhile, the stress msdulu
continues to increase. Two things emerge from thbservations. Firstly, soil destructuration occurs
when the excess pore water pressure has increagethaiximum value. A similar occurrence was
observed before the onset Sttevel soil destructuration. Accordingly, the zeteess modulus indi-
cates that the pore water pressure is equal tosmineoic value. Secondly, the continuous and smooth
increase in stress modulus shows that the effestress that is carried as excess pore water peessu
is smoothly transferred to the adsorbed water pHaading to rapid mobilisation of soil cohesion.
That is, the change over of swelling pressure fb@mimg excess pore water pressure to being direct
interparticle repulsion is smooth. This then expdathe continued increase in stress modulus &s if i
is coming from a continuous build up of excess poater pressure. The soil number of (s = -0.54)
during 2'9.level soil destructuration shows that the ratsaif destructuration is the same at both
levels.

The soil resistance decreases to zero at 24 pemegear content (point B). It means th&t2
level soil destructuration is completed. This in@yymous with mobilisation of maximum soil cohe-
sion. The soil has zero soil resistance, indicagimgstoration of the initial (reference) soil stance.
This confirms that the mobilisation or externalratge of the internal effective stress as soil ciames
is complete. Thereafter, soil attraction causelscemnpression. Therefore, the soil resistance gitpo
B is zero and it confirms the balance between cesgion and swelling. That is, the soil is at atmos-
pheric pressure. Noting that the plastic limithed investigated soil is 24 per cent validatesbisit.

Therefore point B is the plastic limit as asserted in the unction concept
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Soil parameter

The soil number, s = +0.54 is a measure of theadlveoil response. It is considered to be a
compound of pore water pressure and loss of sodaion. Therefore, the soil parameters in terms
of the two forms of effective stress need to beassed. This was done and is discussed in chapter

nine.

5.4.4  Stiffening phase (B-C)

The mobilisation of maximum soil cohesion at p@rinduces soil attraction. According to the
change in stress resistance (fig. 5.8), the mattitia of swelling pressure is very slow{m-3.8).
This concurs with a similar observation made irtisec5.3.4 above.

It is significant to note that the stress resis¢aiszero at 26.5 per cent water content, at which
point the soil resistance decreases slightly. Aekese in soil resistance is associated with diisipa
of excess pore water pressure. According to thadton concept, soil attraction squeezes loosely
bound water out of the adsorbed water. As suchwtter builds excess pore water pressure. It fol-
lows that the excess water-pressure that buildsam 24 per cent dissipates at 26.5 per cent. This
is considered as unloading of residual internaaife stress, analogous to time-dependent consoli-
dation settlement. At that point, the stress rasis® is zero and becomes negative thereafter.
Therefore, the zero stress-modulus denotes thipdism of excess pore-water pressure. In addition,
the development of negative stress modulus intisntite absence and hence complete depletion of
liquid water in the soil. It then follows that ptige stress resistance is due to excess pore-ywaer
sure, while negative stress resistance is dueraxtdinterparticle repulsion-related pressure. The
slight decrease in the soil resistance below th& @nfirms that particle interaction is direct.

Maximum soil attraction re-mobilises at point Crresponding to 27.5 per cent water content.
At the same time, the soil resistance in the pl@s€’) is very close to the reference value, whigh

the initial soil resistance. This points to thetoeation of the initial soil condition, in accordamwith
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the induction concept (fig. 2.2 of chapter 2). Rethe intrinsic property of the soil skeletonsitrea-
sonable to say that soil attraction is the sedhefinitial soil resistance. These observationscaon

with the previous analyses and vindicate the indaatoncept.

Soil parameters

The determined soil number during this phase (BsG)-0.027 is influenced by the induction
phenomenon. Accordingly, the value is a compourderdl he correct value of the soil number that

reflects the mobilisation of soil attraction is eehined in sub-section 9.3.2 of chapter nine.

545 Peak phase (C-C)

The increase in stress resistance from point Gdigative of increasing water pressure. Being
the reverse of the pre-peak behaviour, the respsimees that soil attraction is demobilising. The
stress number (g+ +1.2) is sufficiently close to one to confirnattthe change in swelling pressure
and hence soil attraction, is directly proportiottathe increase in water content. However, the soi
resistance is practically constant up to pointTiis is because the increasing interparticle distan
are still within the molecular range of the claynemials. Significant decrease in soil attraction eem
about, when the interparticle distance is equalrtgreater than the molecular range. Thus, the soil
resistance is constant up to point C’, at whichpdirapidly decreases.

The stress modulus at point C’ is zero, implyingpzewelling pressure. Since the water pres-
sure is on the increase, it follows that the zevelkng pressure is with respect to the restoratibn
atmospheric conditions in the water phase. In otfwds, the removal of soil attraction has relieved
the diffuse double layer of confinement sufficigrftr it to partly exist as liquid water. Point €or-
responds to the water content, beyond which trevirgter layers between the hydrated clay minerals
are sufficiently thick to start offsetting soil &tttion. Since attraction is a short-range forcis, off-

set and it rapidly decreases. The condition regisas a yield hence a sudden decrease of the soll
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resistance. The soil yields in that it loses itsbitiged stiffness. From the two figures, the averag
water content for point C’ is 32.5 per cent. Theref32.5 per cent water content (point C’) is the

yield pointof the sail.

Soil parameters

The soil number for phase (C-C’), s = -0.09 is alsnsidered a compound number

5.4.6  Drift phase (C’-D)

According to the SBS physical soil model (chapten)t the change in soil structure beyond
point C’ is modelled as a drift of the SBS. As stitis phase called tharift phase

A rapid loss of soil resistance characterises tifeghase. The rate of change of soil resistance
(s = -0.54) is equal to that of soil destructunatidhis is the case because in both cases, thevedmo
of soil attraction underlies the soil responsés H reversal of the induction phenomenon. Accaydin
to the induction concept, soil attraction is contgle removed at point D and soil cohesion is fully
restored. Therefore, the soil resistance is expectelecrease at a rate of (s = -0.54), up to [int
The soil condition at point D is similar to thatgint B, where the water pressure is atmospheric.
Therefore, the soil at point D is at atmospher&sgure. Since the soil is already saturated,lavic
thatpoint D is the atmospheric saturation pointhis is in accordance with the dynamic soil struc

ture model (sub-section 2.3.2 of chapter two).

Soil parameters

The soil number for this phase, s = -0.54 is theemtrsoil parameter because soil attraction is

being removed and is hence considered passive.
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5.4.7 Final phase (D-F)

According to the induction concept, stage (D-F}he final phase, when soil cohesion is
removed from the soil. The swelling pressure anpd@ is atmospheric and can not physically
decrease below the atmospheric value. Therefoeeswielling phenomenon is subsequently devoted
to removing soil cohesion from the soil, at atmasghconditions. It is reasonable to say that the
removal of soil cohesion is non-linear becausgatiieversal of the effects of an electrochemicadp

ess. The determination of the appropriate soil remidbdiscussed in section 9.3 of chapter nine.

Soil parameter

The soil parameters for phase (D-F) were not datexdhdirectly from data. This is because
the laboratory tests could not be run far beyoridtdd. This response is discussed in chapters seven

to nine. However, it is shown in chapter nine hovdétermine the soil parameter.

5.5 Conclusions

The significant conclusions from this chapter are:
» The results analysed in this chapter validatedrtiaction concept and rationalised the Swell-
ing Boundary Surface (SBS) physical soil model.

» The physical significance of the arbitrary watentent points is that they are the consistency

limits. Thus, the induction concept rationalised tonsistency limits.

» The analysis along the continuous swelling patiteasfully characterised the dynamics of the
swelling process. The analysis handled the simetiaa changes in swelling pressure, soil

structure and water content without volume control.
» The swelling process is completed at the onsatafimum swelling pressure

» The development and motion of the SBS is centréthé swelling process. Thus, the proposed

SBS physical soil model correctly characterisesthelling behaviour of the investigated soil.

» Water flow in the investigated unsaturated expansbil is predominantly by diffusion during

and after the swelling process.
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Chapter 6

Validation of the effective stress
hypotheses

The hypotheses postulated in chapter two are walida this chapter. The analysed test results
sought to demonstrate that swelling pressure tsopi and that soil attraction and soil cohesion a
the internal and mobilised effective stresses, aetdpely. The chapter concludes by presenting a
practical way of integrating the two forms of effiee stress as a continuous function of water con-

tent. The work presented herein is original.

6.1 The nature of swelling pressure

The confined swelling test results were analysdt thie view of showing that swelling pres-

sure is isotropic.

6.1.1 Hypothesis 1

Swelling pressure is ISOTROPIC. For undisturbettsamples tested in the
laboratory, the two necessary and sufficient comlét that must be satisfied
are (1) the measured swelling pressure is indepgnofethe direction in
which the samples are sampled and tested. (2) Whkirsg pressures meas-
ured in any two perpendicular directions are efpuah sample with the same
dimensions in the respective directions. Conversbéyratio of the swelling
pressures in any two perpendicular directions isaétp the ratio of the sur-
face areas in the corresponding directions.
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6.1.2 Experimental test results

Two confined swelling tests were carried out tdfyehe hypothesis. One test was on an undis-
turbed soil sample that was sampiadsity, in the horizontal direction. The second test wasa
remoulded soil sample, compacted at Low Compadfiert (LCE) and optimum moisture content.
In both tests, the swelling pressure was measuréiei vertical and horizontal directions. The test

results obtained are presented in figs. 6.1 and 6.2
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Figure 6.1 Mobilised swelling pressure for a honitally sampled sample

Condition 1:

The results in figs. 6.1 and 6.2 show that the Emeelpressure mobilised in the horizontal
direction is higher than that in the vertical diien as previously observed in the case of a vagltyic
sampled sample in fig. 4.2 of chapter four. Consedjy, the observed anisotropy is not related ¢o th

arrangement of the soil fabric. Therefore, conditloof the hypothesis is satisfied by elimination.
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Figure 6.2 Mobilised swelling pressure for a sampmpacted at LCE

Condition 2:

The test results for the horizontally sampled sangsk re-plotted in fig. 6.3, in the form of

variation of the swelling pressure ratig,(R,) with time. The horizontal dotted continuous lindi-

cates the ratio of the surface areas of the sainptlee directions corresponding to the measured

swelling pressure, respectively.
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Figure 6.3 Variation of swelling pressure ratiaghwime

The swelling pressure ratio decreases with timegiméng equal to the ratio of the correspond-
ing surface areas when the pressures are a maxifhisiobservation intimates that the swelling
pressure only becomes isotropic when it attainsimam value. Therefore, condition (2) of the

hypothesis is satisfied at the peak stage.

6.1.2.1 Swelling pressure is isotropic

The term ‘isotropy’ and ‘anisotropy’ are relatedron-transient, steady state soil condition.
Now the swelling process is transient. As establishy the resistance analysis, the process is com-
pleted with the attainment of maximum swelling pre®. In other words, the peak phase is non-
transient. For that reason, condition (2) of thpdthesis is satisfied at the peak stage, whentead
state condition prevails. It then follows that teserved anisotropy is a reflection of the mobii@ma
process and not the nature of swelling pressure.

The satisfaction of condition (2) at peak presssisignificant to the swelling process. It shows
that the onset of maximum swelling pressure coigidith the start of non-transient soil conditions.
Therefore, the swelling process is completed wharimum swelling pressure is mobilised. In addi-
tion, it confirms the hypothesis that swelling me® is isotropic. Thereforewelling pressure is

isotropic

6.1.3  The anisotropy in swelling pressure

The results that support hypothesis 1 indicatettf@apparent anisotropy of swelling pressure
is a consequence of the mobilisation process. d¢ssrtion is verified by testing a hypothesis #i th

effect. A hypothesis is proposed and experimentadhyjfied as follows.
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6.1.3.1 Hypothesis 2

When an expansive soil swells naturally, it moe#iswelling strain such that
the resultant component of swelling pressure indirgction is the true iso-
tropic swelling pressure. Under conditions of soihfinement, the isotropic
swelling pressure decomposes such that its comp®aenhperpendicular to
the direction of confinement. However, the isotoopalue is the sum of the
swelling pressure components. For a sample confm#t vertical and hor-
izontal directions, the isotropic swelling pressisreomputed from equation
6.2. Equation 6.2 is an expression of the mean abstness and can be used
to compute isotropic water pressure. It holds im&eof both effective and
total stresses.

Isotropic swelling pressure, B %(PV+ 2P,) (Equation 6.11)

In equation 6.2P, is the vertical swelling pressure component Bnds the horizontal swell-
ing pressure component. The necessary and sufficmmdition that must be satisfied is (1) The
swelling pressure obtained from equation 6.2 farditions of complete soil confinement, is equal to

the confined swelling pressure measured during nfieed swelling.

6.1.3.2 Experimental test and results
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Figure 6.4 Comparison of swelling pressure meakuwtering confined and unconfined
suction-swelling
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Reference is made to the swelling pressure—watgenoplots in fig. 6.4. The swelling pres-
sure data is obtained from confined and lateradlyfined swelling tests. In both cases, the samples
were swelled along suction wetting path, whicthis natural swelling path of the soil. For confined
swelling, the swelling pressure was measured inéntical and horizontal directions. The sum of the
two swelling pressure values was computed usin@tému 6.2. In the case of laterally confined
swelling, the soil sample swelled in the verticiaédtion only, while swelling pressure was measured
in the horizontal direction. Two water content geihave been selected for comparison. The first
point (20.3 per cent) is within the viscous so#ense phase, when the SBS evolves. It reflects the
condition of interaction between depleting poreevaind increasing soil cohesion (stress conversion
phase). The second point (24.3 per cent) is irpt®-SBS phase. The pore water is depleted, soil

cohesion is fully mobilised and the induction oil ttraction is in progress.

6.1.3.3 Swelling process is isotropic

The results show remarkable agreement. The signifidifference between the points at 24.4
per cent water content can be explained as foll@wsd.confinement causes the swelling process to
proceed in the vapour phase. The swelling pressareases faster than the increase in water cantent
Consequently, the swelling pressure is not direetlgted to the current water content. Accordingly,
the (calculated) isotropic pressure plots abovehthezontal swelling pressure at 24.4 per cent.
Therefore, the results confirm hypotheses 2 andivaie hypothesis 1.

Apart from this, the results from one-dimensiomakfswelling show that the swelling pressure
does not dissipate immediately, but is stored withie soil. Accordingly, this confirms that the SBS

‘stores’ the swelling pressure as proposed by Hysigal soil model.
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6.1.4  Nature of swelling pressure

Adsorbed water can best be visualised as compdsedter molecules, which are relatively
free to move in the two directions parallel to they surface but are restricted in the movement per
pendicular to or away from, the surface (Yong andrkéntin, 1975). The lateral movement is
possible because of the transfer of molecules fsombonded position to another. Now, being a nat-
ural process, the swelling process mobilises smgebirain such that the swelling pressure measured
in any direction is isotropic. However, where tlod & not free to change its structure in respanse
water flow, the isotropic swelling pressure is daposed. Soil confinement cause the mobilised
swelling pressure to decompose into perpendicudarponents, with the major component acting
perpendicular to the direction of water flow. Acdmgly, the observed anisotropy comes from the
confining effect of the test procedure, which ifdees with an otherwise natural process. Therefore,
swelling pressure is isotropic

This conclusion is consistent with the origins wk#ling pressure. It arises from the repulsion
of the dissociated hydrated ions surrounding thdrdied surface in the diffuse double layer. There-
fore, swelling pressure is fundamentally borneawtater. Accordingly, it is a water-related prassu
and hence isotropic. This agrees well with the plz@on made that the transition of swelling from
being pore water pressure to being osmotic (repujgdressure at point B is smooth. Accordingly,
the swelling pressure measured in any directiorgnithe sample can freely swell, is isotropic pres-
sure. It acts in all directions. However, unlike thydrostatic pressure, it varies with change itewa

content. Therefore, the character of swelling presss borne out of its mobilisation.

6.1.4.1 Character of swelling pressure

The mobilisation of swelling pressure involves cingpbetween water flow and change in soll
structure. The mode of swelling pressure developmieanges during the swelling process. Initially

the repulsion is indirect because of the presefpee water. Accordingly, swelling pressure man-
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ifests as pore-water pressure. However, the poterwlissipates at 24 per cent and the interparticle
repulsion becomes direct. Thereafter, the resufiegdgsure arises from the repulsion of the dissoci-
ated hydrogen ions surrounding the hydrated clayenai surfaces. Consequently, the manifestation
of swelling pressure changes during the swellimmgess. Ultimately, the pressure is removed during
post-swelling process. Therefore, swelling pressitensient.

The term “swelling pressure” does not completefierd the nature and character of the pres-
sure for three reasons. Firstly, the soil respassavelling during the stress-unloading phase, for
which the period is ‘instantaneously small (lesmtfive per cent). For the greater part of the gl
process, the soil is ‘compressed’ under the mdatitis of soil attraction. In this phase, the svngjli
pressure is due to the induced soil attraction,sehmobilisation is compressive as opposed to swell-
ing. Secondly, it is a water pressure and shoukighely referred to as such. Lastly, the clay mais
remain swollen, well after the swelling pressure t&sipated. As it stands, its name is akin terref
ring the excess pore water pressure generatedadinip saturated soils, as “consolidation pressure”.
Because it is transient and it is water-presswve|lsg pressure is a hydrotransient pressure. 8-her

fore, the swelling pressure is herein calgdrotransient pressure

6.2 Soll attraction is the internal effective stress

In accordance with the proposed induction concagit,attraction the internal effective stress
of an expansive soil. This proposition is consisteith the fact that soil attraction is inter-cleyin-
eral (intergranular). It also agrees with the Métltk (1993) generalisation of the effective stress
principle and Janbu’s (1963) definition of soilratition as an effective stress for saturated soits.

is therefore, necessary to validate this experialbnt
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6.2.1  Hypothesis 2

Soil attraction is the internal effective stres®f an unsaturated expansive
soil. It is the intrinsic property of the soil aitdkeeps the solid particles
together. Soil attraction attracts and pressesltheminerals together and is
therefore responsible for the ‘inter-granular’ strelt is characteristic of the
clay mineral solids and is responsible for the sls¢@ngth of the soil. The
necessary and sufficient conditions that must kisfiad are (1) the swelling
process is a shearing process. (2) The mobilisatfothe internal shear
strength of the soil is simultaneous with the miskiion of soil attraction
and, (3) the mobilisation of the soil stiffnessniechanical and directly
related to the mobilisation of soil attraction.

6.2.2 Experimental test results

Condition 1- the swelling process is a shearingcess

Swelling pressure is a product of the change irirtternal stress and water flow. The process
is primarily rheological. Consequently, the molzitisn of swelling pressure is the appropriate meas-
ure of the change in the internal stress of thk $hie passage of time is also a qualitative measur
of water content change and hence internal stidssefore, the swelling process is studied in the
form of the mobilisation of swelling pressure witspect to time. The swelling process is expressed
as a ratio of the vertical and horizontal composeitswelling pressure (PPy), measured during
confined swelling. The swelling pressure ratiomglthe two investigated wetting paths are plotted
against time in fig. 6.5.

The initial high rate of swelling experienced aldhg flooding path (fig. 6.5), is a result of the
rapid downloading of the internal stress, which ifesmts as excess pore water pressure. By inserting
a projection on the flooding path back to zero, ide shows that the mobilisation of swelling pres-
sure and hence change in the internal stress Isgmss to the undrained triaxial compression of
saturated soils (both sands and clays). The ureltdiraxial compression of sands and clays ars-illu

trated in fig. 6.6 and the analogy is summariseidlite 6.1.
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Figure 6.5 Change of the internal stress of tlileadgth time.

dense sand
or overconsolidated clay

l

——————————————————————————— 4 crical state in |-

T

loose sand
or normally consolidated clay

shear stress

P strain

Figure 6.6 lllustration of undrained triaxial corapsion of saturated sands and clays.

Suction swelling is analogous to compression ofrradly consolidated soils, while flooding
relates to the behaviour of over-consolidated soite different wetting-paths essentially refldw t

swelling history of the soil, much the same as dgasid degree of consolidation reflect the stregsi
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history of sands and clays, respectively. The apailotimates that the swelling process is a mechan-
ical shearing process and that the wetting pathstaess paths. In addition, the change in theriate
stress is predominantly a stress mobilisation pecEhese observations vindicate the analyseof th

experimental results in chapter four, which aréehwéspect to the SBS physical model.

Table 6.1 Comparison between undrained compression and swelling process

phenomenon | compression of . . .
compression of sands soil swelling

clays
Normally consolidated Loose sand Suction-gradient
Loading history or
Stress path - -
Over-consolidated Dense sand Flooding

The two different wetting paths in fig. 6.5 converngp a common internal stress value, when
the swelling pressure is a maximum. Accordinglfaiatnent of maximum swelling pressure is not
path dependent. Therefore, the analogy with trlacdapression of saturated soils can be extended
further. It shows that the mobilisation of the imi&l stress similarly attains a critical state. The-
dition of maximum swelling pressure is criticalttee soil in the sense that the swelling process is
completed then. It then follows that maximum sweltpressure defines a condition of critical shear
strength of the soil. Meanwhile, swelling pressdoms not mobilise shear strength because it is
essentially water pressure and water does not $taear resistance. Therefore, the shearing is, with
respect to the mobilisation of the internal effeetstress, as soil cohesion in accordance witpdine
ticle interaction model.

Thus, the analogy brings out two significant aspettthe change in the internal stress of the
swelling soil. Firstly, attainment of maximum swviet] pressure is critical and confirms the end ef th
mobilisation process. Therefore, the mobilisatidnswelling pressure is uniquely related to the

change in the internal stress of the soil. Secorldéychange in internal effective stress is ashga
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process, during which the internal stress is maddi In addition, it is strongly linked to the migbi
sation of soil attraction, which becomes a maximaimultaneously with swelling pressure.
Accordingly, the first condition of hypothesis 3satisfied. However, it is not sufficient to valtda

the hypothesis.

Conditions 2 and 3-mobilisation of soil stiffness

The swelling process is effectively time-dependghtological). Accordingly, analysis of
time-related quantities in the swelling processscidgtte the nature and character of the swellingpro
ess and hence mobilising of soil stiffness. In thgard, the relevant quantity to consider is ttitésil
swelling modulus, ¥. It is a resistance to the flow of water in thé aod hence to soil deformation
and was obtained as shown in fig. 5.6 of chapter. fi/ariation of the initial swelling modulus with
water content along atmospheric swelling, for theestigated wetting paths, is plotted in fig. G.FHe
values were obtained from an analysis as per sebti®of chapter five.

Suction-gradient path leads to a linear increadbédrswelling resistance for the water-content
range investigated. Pressure-gradient path givemdinear increase in resistance up to 24 per cent
water content, after which it also becomes lingar.the flooding path, the swelling resistanceois-c
stant for water contents below 24 per cent. Abtwgwater content, the resistance linearly increase
with water content. Beyond 24 per cent water cdntée rate of increase of the swelling resistance

along flooding and pressure-gradient paths is déimeesas that for the suction gradient path.
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Figure 6.7 Swelling modulus - water content plonhg atmospheric swelling

A close look at fig. 6.7 reveals a very surprising striking similarity to the tangent modulus
- effective stress plot for oedometer consolidatbsaturated clayey soils (Janbu, 1963). This plot

is illustrated in fig.6.8 and the analogous pararseare tabulated in table 6.2.

Tangent modulus, M

Mean normal effective stress,[kPa]

Figure 6.8 ldealised M@’ curves @fter Janbu, 1963, 1985, 1998
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The analogy between water content and effectivsstcomes as no surprise given that the ini-
tial water content is uniquely related to the intdreffective stress of the soil, and is therefare
measure of effective stress. Soil swelling alongtisn-gradient path is similar to oedometer com-
pression of normally consolidated clays, while flowy corresponds to over-consolidated soils.
Suction swelling is natural and hence normal-swgltb the expansive soil. On the other hand, flood-
ing forces the swelling process. Thus, the diffeneatting-paths essentially reflect the swelling
history of the soil. A similar parallel was drawnsection 6.2 however, with undrained triaxial com-
pression of saturated soils. The similarity betweamsolidation and swelling can be extended to the
physics of the processes. Both processes involité bp and dissipation of excess pore water pres-
sure, during which the load is temporarily cardgdthe water phase and then transferred to the soil
particles. The initial and significantly large distion of excess pore pressure is in both cases co
pleted at the respective controlling points hampfgconsolidation pressure and 24 per cent water
content. The respective control points divide bmifcesses into instantaneous- and time-dependent

processes.

Table 6.2 Analogy between the swelling process and oedometer consolidation test

henomenon Oedometer consolidation Swelling process
P Janbu (1963) Mawire (2001)*
Action Effective stressg’ Water content, w
Resistance parameter Tangent modulus, M Swelling modulus, Y
(compression resistance) (swelling resistance)

Normally Consolidated Clay (NCC)  Suction-gradientipa

Loading history or

Stress path Normally Consolidated Sand (NCS) Pressure-gradiatit p
(inverted)
Over-consolidated Clay (OCC) Flooding wetting path
Controlling point Preconsolidation pres.sutrsé0 24 per cent water content

* The observations in this thesis
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It is significant that for flooding, the soil regsce to swelling rapidly mobilises at 24 per cent.
Janbu’s (1963) tangent modulus is a stiffness maddtherefore, the swelling process mobilises the
soil stiffness at 24 per cent. According to theuictibn concept, SBS physical soil model and the
experimental results analysed so far, soil attoacstarts to re-mobilise at 24 per cent water aunte
Therefore, the increase in soil stiffness is siamdus with the re-mobilisation of soil attractid.
the same time, the only other element of the sagllirocess is hydrotransient pressure, which can
not mobilise shear. Consequently, soil attractiooresponsible for the soil stiffness. Since thesobn
idation process is stressing (loading) the soié #imalogy intimates that the swelling process is
predominantly stressing (loading) the soil. Thigasisistent with the induction concept. Therefore,
the swelling process is equivalent to applicatibeftective stress or stiffness of the soil.

Similarly, the identity with the tangent modulusatly shows that the mobilisation of swelling
resistance is a mechanical process. This also aagrekkwith the mobilisation of soil attraction. i5o
attraction is a property of the soil skeleton, wdhasobilisation is predominantly a function of inter
particle distance. It mobilises when the intergdetidistance is within the molecular range,
irrespective of the amount of water in the soilughfig. 6.7 confirms that the re-mobilisation ofls
attraction at 24 per cent underlies the suddereas® in soil stiffness. Accordingly, conditionsri2ia

3 of hypothesis 3 are satisfied.

6.2.3 Conclusion

Since conditions 1, 2 and 3 were satisfied, it s@ascluded that soil attraction is the internal
effective stress of the investigated soil, as @sdén the induction concept. In view of the vatida
of the induction concept in chapter five and sttilegtion, it follows that soil cohesion is the niob
lised effective stress. Therefore, the effectivess of the investigated expansive soil is compo$ed
an internal part (soil attraction) and a mobiligedt (soil cohesion), depending on the degree ibf so

swelling.
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6.3 Integration of the internal and mobilised forms of #ective

stress

6.3.1 Forms of effective stress

The pore water does not mobilise positive hydristatessure during the swelling process.
Therefore, the internal stress is always effectiveccordance with the induction concept, therinte
nal effective stress manifests itself in distirainfis. The first form is calleiditernal effective stress.
The internal effective stress is the stress dismiloattraction. It is carried by the solid clayrmarals.
The second form is callezbnverted or mobilised effective stre§$he mobilised effective stress is
stored in the adsorbed water layers and manifdstsigally assoil cohesion

The two forms of effective stress can not be plalsiadded together because they are acting
in different media and different in nature. At game time, it is desirable to handle the interffate
tive stress as a continuous function. Thus, thereed to be able to add the two forms of effective
stress in a consistent manner. The integratioh@fwo forms of internal stress is possible by com-
bining the central role of the SBS as a storagenties and the build up of hydrotransient (swelling)

pressure. The integration was presented as a raaddk outlined in the next sub-section.

6.3.2 The internal stress model

During the swelling phenomenon, hydrotransient (Bag pressure mobilises as a continuous
function of water content up its maximum value (). Thereafter, it decreases continuously with
water content. At the same time, the conversiothefeffective stress from being internal to being
mobilised (external) takes place during the bujbdofi hydrotransient pressure. Meanwhile, the soil
structure is stiffest at maximum hydrotransiensptee. As such, the hydrotransient pressure is con-

sidered a measure of the internal effective stsghie the soil structure is the SBS storage chambe
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Thereafter, the mobilised effective stress is rédoh‘internally’, with accompanying progressive

destruction of the storage chamber (soil structasd) becomes redundant. The model is summarised

in table 6.3.
Table 6.3 The internal stress integration model
Swelling phenomenon The internal stress model
Hydration Unloading of the internal effective ssgs

Growth of adsorbed water layers & mobili
sation of soil cohesion

I Development of the SBS chamber

Mobilisation of swelling pressure

Loading of the nisied effective stress

Maximum soil cohesion

Fully developed SBS chamber

Re-mobilisation of soil attraction
(induction)

Strengthening of the SBS chamber to match
increasing mobilised effective stress

Increase in pore water and decreasing
hydrotransient (swelling) pressure

A decrease in the mobilised effective stress
in accordance with the principle of effective
stress

Simultaneous decrease in hydrotransient
pressure and volume increase

Reloading the mobilised effective stress
back to the soil skeleton (effective stress-
strain response)

Increase in volume following the dissipa-
tion of swelling pressure

Removal of the defunct SBS chamber fol-
lowing the removal of the mobilised

effective stress

The integration model was used in the effectivesstr- strain analysis, which is reported in

chapter seven.

6.4 Conclusions

» The effective stress hypothesis was experimentalligdated. Its rationality was further dem-
onstrated by enabling the swelling phenomenon tadged in analogy with the well-known

concept of consolidation settlement.

The internal stress of the investigated exparsdeexists in two forms. The first in an internal
form and is called internal effective stress (sdiitaction). The second form is external and is

called mobilised effective stress.
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» Swelling pressure is isotropic, while the swellprgcess can be anisotropic, depending on the
degree of soil confinement. In view of its natuswgelling pressure was appropriately terms

hydrotransient pressure.

» The developed internal stress model integratestbdorms of internal effective stress as a
continuous function of water content. This scenaridesirable in modelling the swelling soil

behaviour in effective stress terms.
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Chapter 7

The internal effective stress-strain
behaviour

The internal stress-strain behaviour of a swelkog requires two separate analyses with
respect to the mobilisation and reloading of tHeaive stress. It was shown in chapter six that th
measured horizontal swelling-pressure when thefiamly swells vertically is the isotropic swelling
pressure. Consequently, it is equal to the molilesfective stress of the soil. For one-dimensional
case, the swelling strain in the vertical directi®a result of the change of the internal effexttress
of the soil. Since the mobilised effective stresgotropic, the term ‘effective stress’ is usedeire
in reference to both the ‘mean’ and internal effecstress, without further qualification.

Representative test results from a series of liyeranfined swelling test were analysed and
the analysis is presented this chapter. The arabmeght to characterise the mechanical response of
the investigated expansive soil, to water flow.t Tesults obtained along the flooding swelling path
were analysed in detail. The resistance concefinedtin section 3.4 of chapter three was adopted
for the analysis. The analyses also highlight flgaiicance of the arbitrary water content point B
and D, in terms of internal effective stress. Thalgsis was carried out in the context of the imédr

stress model. The analysis and presentation igatig
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7.1 Effective stress-strain results

Presented in this section are the effective stsrssn results obtained in accordance with the
internal stress model, where swelling pressure eomsidered a measure of the internal effective

stress.

7.1.1  Results from a range of initial water content

The internal effective stress-strain relationstopshe investigated soil for a range of initial
water content are plotted in fig. 7.1. An elbow rgtderises the general shape of the curves. Wis e
dent that initial water content does not affect siape of the curve, but just the starting point
Accordingly, one result with sufficiently low inil was content was analysed to give the overdll soi

response.
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Figure 7.1 Effective stress-swelling strain plot

7.1.2  Typical stress-strain result

The internal effective stress-strain relationsHiphe investigated soil, with initial water con-
tent of 18.7 per cent is given in fig. 7.1. Theipoas of the arbitrary water content points define
the induction concept are indicated. The pointingethe swelling phases as before. Points C and C’
seem to be coincident with respect to swellingisttaut they are not coincident in terms of sdffst

ness. This will become evident in the subsequealyars.
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Figure 7.2 Stress—strain relationship along flagdivetting-path

The shape of the curve in fig. 7.2 has well-defifestures, which have physical significance.
Point C corresponds to the point of maximum hyduagient pressure and zero internal effective
stress. Since the internal effective stress nowtsxn the mobilised state, the elbow conveniently
separates the soil behaviour in terms of effecsitvess. Below the elbow is stress unloading and
mobilisation, while above is stress reloading. Adaogly, the two were analysed separately as

present in sections 7.3 and 7.4 respectively.
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7.2 Method of analysis and test results

7.2.1  Method of analysis

The tangent modulus, M as defined in subsectior324f chapter 2 was used in the analyses.
Specific reference was made to the shape of tlgeetermodulus plot and its significance in terms of

increase in soil stiffness with effective stresg. .3 is a typical illustration of the plot.

elastic elastoplastic
behaviour behaviour

ocC NC

—>|<—

clay

tangent modulus, M

o'c

v

mean normal effective stress, ¢'

Figure 7.3 ldealised oedometer tangent modulust-ownsolidated soil@nbu, 1963, 1998

Overconsolidated zone (OC)

The constant tangent modulus is indicative of @rsible soil response. This is because the
compressive effective stress applied is less thatthich the soil ever experienced in the pastisTh
the soil response is reversible and is considelastie. The point of change of the soil stiffness i
called thepre-consolidation pressurdt denotes the maximum effective stress thastiiehas expe-

rienced in the past.

Normally consolidated zone (NC)
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The effective stress applied beyond the pre-codatitin pressure takes the soil along a new
or virgin compression path. The soil develops la#stic and plastic strains, hence the term elasto-
plastic behaviour. This behaviour is indicativeradreasing soil stiffness, as denoted by an inereas

in the tangent modulus.

7.2.2  Soll parameters

The soil parameters relating to internal effecsttess are defined as shown in table 7.1. The
terms tangent modulub] and modulus numbem are reserved for the conditions of external loads

as defined by (Janbu, 1963)

Table 7.1 Terminology for the soil parameters in the tangent modulus analysis

soil response parameter New terminology symbol
stress (unloading) tangent modulus mobilisation modulus pM
mobilisation —
modulus number mobilisation number pm
stress reloading tangent modulus reloading modulus r M
modulus number reloading number rm

The coupling within the swelling process involveatar content, internal effective stress and
swelling strain. The influence of water content afféctive stress on swelling strain is presented i
this section. The arbitrary water content points ased to indicate the change in the soil structure

(SBS). Pertinent features of the relationshipshaghlighted.

7.3 Stress mobilisation analysis

Stress unloading is synonymous with mobilisatiod storage of effective stress. The internal
effective stress is downloaded, converted and dtior¢he adsorbed water layers, that is outside the

clay minerals but within the soil matrix. The maddd form of effective stress takes up more space
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and accounts for the corresponding volume incrdaseher words, the stored effective stress, being
in a mobilised state, acts on the clay mineralasitey them to rearrange and or displace. Since the
strain arises from the swelling of the hydratingyciinerals, it is appropriately callesvelling

strain.

7.3.1  The mobilisation modulus, M

Reference is made to the mobilisation modulus pldtg. 7.4. It relates to the stress-strain
curve below the ‘elbow’ of the curve in fig. 7.2hd stages of the evolution and motion of the SBS

chamber are shown in the graph. The soil was sdalleng the flooding wetting-path.
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Figure 7.4 Mobilisation modulus plot
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The shape of the mobilisation modulus plot beaikisy resemblance with that of the tangent
modulus of over-consolidated soils, which is ilhas¢d in fig. 7.3. They are an inverted mirror iraag
of each other about the tangent modulus axis. Mterse relationship seems to confirm that one
(mobilisation modulus) relates to stress unloadinigile the other (tangent modulus) is stress load-

ing. The analogy was used to discuss the soil hetaas follows.

7.3.1.1 Elastic swelling

The constant modulus in phase (A-B) of fig. 7.ditates elastic behaviour. From the analogy
above, it means that the effective stress remainitige solid clay minerals is less than the maximu
stress the clay minerals ever carried in the pdibtowt being stressed. This is expected since the
mobilisation process is removing or downloadingititernal effective stress from the solid particles
Thus, the soil response is elastic because inteffedtive stress is a function of particle dis&nio
accordance with the induction concept, the transfdahe internal effective stress to the adsorbed
water layers is completed at point B. This asseréippears to be vindicated. This confirms that the
downloading of the internal effective stress issttaand is completed at point B. Therefore, the
mobilisation of effective stress in this phaseléstc.

Conversely, soil destructuration is a consequehtgecaction of the mobilised effective stress
(soil cohesion) on the clay platelets. As such ctirestant modulus indicates that the mobilisecceffe
tive stress is less than the maximum that was pusWy mobilised and carried by the clay minerals.
This is also the case because the mobilised effestress becomes a maximum at point B, when the
clay minerals are emptied of the effective stress.

The observed elastic response can also be explangaysical terms. Initially the soil was
flooded and had the pores filled with water. Ph@s#) is associated with hydration and%evel

soil destructuration. The pore water sustains hiahraon the one hand, and cushions direct particle
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attraction on the other. That is, the soil struetdisintegrates such that the linear growth ofahter
layers and hence swelling strain continues uninfged. Thus, the presence of pore water causes the
soil to respond elastically to the action of mailg effective stress.

The elasticity can also be viewed from the poinviefv of the internal effective stress (soll
attraction). Hydration capsulate the unloadinghaf internal effective stress. The bonding between
the clay plateletsis due to soil attraction, whigch function of inter-clay mineral distance. THere,
the swelling is elastic because the random bonctamgoe re-established by reducing the clay mineral
distance to within the molecular range. This isgide by inducing internal effective stress (soil
drying).

The soil becomes plastic and the soil structurelmas homogenous and normal at point B.
This is because it is made up of unstacked clagrals in a plastic medium. Point B defineslthmt

of soil elasticity

7.3.1.2 Elastoplastic swelling

The mobilisation modulus linearly increases witler@asing internal effective stress in phase
(B-C). An increase in the modulus signifies an éase in the effective stress acting on the soil,
despite the observed decrease in the measuredahtfective stress. This apparent anomaly is a
consequence of the possible existence of inteffifettere stress in two forms (internal and mobi-
lised). What is recorded in fig. 7.4 is the intdrafiective stress, which is stored in the solidycl
minerals. The anomaly can be reconciled as follows:

The internal effective stress lost by the solidtipbes up to point B is related to the hydration
in the phase (A-B). The effective stress carriedn®yadsorbed water layers between zero water con-
tent and point A is not actively mobilised and erefore not lost. The (passively mobilised)

effective-stress is activated and converted tortbbilised form in phase (B-C). Since it is assamiat
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with the initial water content and is mobilisedt|asis herein calledesidual effective stresd.ike-
wise, the initially mobilised effective stress, whiis directly associated with maximum soil cohasio
at point B is herein callggrimary effective stress

The (primary) mobilised effective stress is stoasddsorbed water (soil cohesion) around the
hydrated clay particles, while the residual effeetress is located in the water layers that lasest
to the clay minerals. It is therefore ‘buried’ undiee mobilised effective stress. Consequently, its
mobilisation is considered to involve two stagele Tirst stage is to extract the residual effective
stress and bring it to the surface, where it caeffextively mobilised. The process is effectedHtoy
induction phenomenon, during which soil attractiwasses and squeezes water out of the water lay-
ers. As such, the process becomes a shearing pracashich the hydrated soil structure is altered
in order to squeeze out the residual stress. Thmuatrof water squeezed out is equivalent to the
residual effective stress. Removal of part of ttisosbed water constitutes a decrease in the ifterna
effective stress, hence the observed decreasécimal effective stress.

The second stage is mobilisation of the residuakéfe stress. The process takes place in the
context of the induction phenomenon, where theiglast are physically forced to come together, as
opposed to the natural attraction due to soil come#\s such, the residual effective stress expess
itself in a different form namely, induced osmagiotential. According to the induction concept,
osmotic potential is the equivalent of soil adhesimder saturated conditions, and is the potential
linked to the development of soil cohesion (mokilieffective stress). Thus, soil stiffness increase
because of the increasing mobilised effective stres

In analogy to the tangent modulus, the linear iaseeof mobilisation modulus is elastoplastic.
This response is a coupling between two interasti@he induction phenomenon is a function of clay
mineral distance: It is considered reversible agnide elastic. However, the soil is physically ptast
Therefore, the coupled unloading and mobilisatibtihe residual effective stress becomes an elasto-

plastic shearing process.
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The soil swells and hence dilates during the shgatocess. Dilatancy is manifested in over-
consolidated soils. Thereforde investigated soil is over-consolidated

Meanwhile, the SBS chamber at point B is full te (glastic) limitAny further increase in the
mobilised effective stress shears the chambersStrg the chamber would cause it to stretch plasti-
cally because the soil is plastic. However, thaugadl soil attraction reinforces the SBS chamber.
Since the SBS chamber is at limiting elasticitpaint B, it yields and stretches out elasto-pladityc
to contain the additional effective stress.

During the shearing process, soil attraction piease stiffens the clay minerals, thereby con-
taining the osmotic potential. Thus, the reinfor@BIS chamber contains the mobilised effective
stress and in a sense makes the mobilised effestiiges ‘internal’. The soil stiffness at point<C i

equivalent to the highest stiffness of the soilemansaturated conditions.

7.3.1.3 Plastic swelling

The soil at point C is pressure saturated and thieilieed effective stress is in the osmotic
potential form, which is a water phase. This scienaranalogous to the immediate response of a
water saturated soil element subjected to an exttérad during consolidation settlement. In theecas
of the water saturated soil element, the additiafdctive stress is immediately carried by water
phase leading to a build up of excess positive p@ter pressure. The effective stress is eventually
transferred to the solid particles, while the excpsre water pressure dissipates. In this case, the
mobilised effective stress is similarly carriedthg water phase as osmotic potential, and similarly
builds up negative pore water (swelling) pressure.

Accordingly, the soil behaviour in phase (C-C’) dawt involve an increase in effective stress
in the soil water system, but a transfer of thédues effective stress to the clay mineral solitisT
is effected by diffusion of the same amount of wéhat was squeezed out during the induction phe-

nomenon. The water neutralises the osmotic poteantidiin that sense dissipates the negative pore
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water pressure. The process does not registenssaaurable change in effective stress because the
change involves a potential form of effective sdrd$owever, the change is reflected in the sailcstr
ture because the form of effective stress occupi@® space. This is discussed as follows.

The soail structure (SBS storage chamber) is stiff atretched to the limit at point C. The
chamber can not accommodate the new form of effestiress (equivalent amount of water) within
the soil volume. Apart from this, the reinforcinffeet of soil attraction is exhausted. However, the
new form of effective stress (equivalent amounwafer) has a softening effect on the storage cham-
ber. Accordingly, the chamber softens and stretthig@sovide the extra storage required. Following
the exhaustion of soil attraction, the soil revéotsnaximum plasticity. Therefore, the SBS stresche
plastically to increase the storage capacity. Aditmyly, the mobilisation modulus increases at con-
stant effective stress (C-C’), confirming plastiearing. Thereforeghe swelling is plastic.

The volume increase is plastic because there iisanease in effective stress. It is a rearrange-
ment of the clay minerals. The condition of plasiev (C-C’) is consistent with the attainment of a
critical state condition, as discussed in secti@26of chapter six. Soil plasticity is a conditiofithe
clayey soil, during which the soil can deform iatoy shape on the application of force that exceeds

the yield value, without disturbance to particléveence or development of surface cracks.

7.3.2  Significance of point B

Point B is significant to the stress mobilisatiangess in terms of the change in soil stiffness,
internal effective stress and soil structure. Tigaificance points to the uniqueness of point Bhia

swelling process.

7.3.2.1 Internal effective stress

Maximum soil cohesion at point B is a measure efraximum effective stress that can be
downloaded and externally stored around the clayemnails. Thus, at point B the effective stress equi-

librium in the clay mineral is re-established, wiitle stress being externally stored. Accordindg, t
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soil attains a condition of normal stressing antherefore hormally stressedTherefore, point B
marks the restoration of the soil’s internal effeestress equilibrium. However, the normal stregsi
attained is with respect to the initial soil comatitand not necessarily the stress history of tile s
The amount of internal effective stress, whichgb# can download elastically, is limited by
two factors. It can be limited to the maximum exxcseess that the soil can carry at the givenainiti
water content or alternatively, it can be limitgdthe available pore space and hence the initisdwa
content (porosity). Point B is analogous to thecpnsolidation pressure, as implied in the identity
with the tangent modulus plot. In general, theaffe stress at point B depends on the effectirasst
associated with the initial water content. Howettegre exists a condition of limiting effectiveess
at point B, which reflects the stress history & #oil, similar to preconsolidation pressure. Analo
gous to preconsolidation pressure, the correspgndinvnioaded effective stress is called pine-
swelling stressThe dependency of point B on the swelling pasld$eto the concept olver-swelling
ratio (OSR), analogous to over-consolidation ratio. Thesaudédns are consistent with the coupling
that exists between the change in the internalc¥fe stress, soil stiffness and change in soll

structure.

7.4 Stress reloading analysis

The soil response above the elbow post- swellinggss is characterised by an increase in the
internal effective stress of the soil. Physicalhg process is a dissipation of the stored hydnstemnt
(pore water) pressure. According to the internadsst model, the mobilised effective stress is being
reloaded back to the soil skeleton (solid clay mafs). However, the effective stress is of an exdkr
form that can not physically enter the clay mingr@herefore, it is externally reloaded and digsipa
in the process. This translates into stressingt(dtmg) the hydrated clay and dissipates in tloepr
ess. Physically, the volume increase is due tarttieasing water in the soil. However, the internal

stress model attributes this to the increasingctffe stress. Thus, the increase in internal affect
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stress manifests as external, stresses the clagrafsn causing volume increase. It is reasonable to
say that the volumetric strain is equal but opgositthat of physically increasing the internakeff

tive stress (shrinking). The stressing effect citutets the reloading process. It is considered a
mechanical action of the effective stress on tlag glarticles. The strain arises from the stressing

effect is herein calledtressing strain.

7.4.1  The re-loading modulus, N

Fig. 7.5 shows the effective stress-strain plotiigr post-swelling process. The dissipation of
effective stress beyond point C’ has a stressifecebn the clay particles. However, the apparent
increase in the internal effective stress of thkiisdicates that it is stress loading of the gheayticles.

In order to be consistent with the changes in ffective stress in the soil, the stressing proégss

herein referred to as a stress reloading process.
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Figure 7.5 Internal effective stress-strain relaship

The observed increase in internal effective stieg®nfirmation that the mobilised effective
stress is being reloaded to the clay minerals. Hewedhe effective stress is stored outside thg cla

minerals and the reloading process is not an imolgthenomenon. Accordingly, the stress is not
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physically stored in the clay minerals, but disggsaHowever, it stresses the clay minerals extigrna
to the same extend that internal effective stressldvcompress them. Accordingly, the mobilised
(stored) effective stress is the stress retaingtidgoil, while the reloaded effective stressigeses.

To this end, the reloading process is considemgrial’, but referenced to the remaining (stored)

effective stress.

7.4.2 Reloading modulus, M

Reference is made to the reloading modulus pldigin7.6. It corresponds to the reloading
stress-strain curve in fig. 7.5. The reloading modiis a mirror image of the tangent modulus of a
compressing over-consolidated soil (fig. 7.4), altbe effective stress axis. The relationship arise
from the fact that both are stress loading anagetinvolves volume increase, while the other cause
volume decrease. The analogy reinforces the dismssade in respect of stress unloading in sec-

tion 7.2

7.4.2.1 Elastic reloading

The reloading modulus is constant along (C’-D),iéating that the strain increases linearly
with effective stress. It also indicates elastiit Behaviour, during which the soil stiffness does
change. However, this appears contradictory texpected reduction in soil stiffness accompanying
the volume increase. Generally, volume increasgstémweaken the soil and reduce its stiffness. The
mechanism leading to the observed elasticity caexp&ained as follows. The clay particles are over-
stressed at point C’, with the mobilised effectsteess (soil attraction) compressing the adsorbed
water layers to minimum possible volume. The stiilaation at point C’ is limiting, having been
stretched during plastic shearing. Therefore, tHeading of the stored effective is a stress-relief
process. Naturally, the clay minerals shed offekeess stress as quickly as possible and become nor
mally stressed. It is asserted that the quickedtemsiest way to release stress is elasticallys iBhi

synonymous with removal of soil attraction. Consatily, the hydrated clay minerals relax and thus
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take up more volume. However, the apparent volumeeease is not creation of extra void space
within the soil. Rather, it is a rearrangementad@bed water layers, which are recovering from the
squashing effect of soil attraction. The adsorbatewlayers can be viewed as rebounding, a property
typical of elastic materials when relieved of press Accordingly, the elasticity in phase (C'-D)is
release of the effective stress excess of the uewnaximum stress carried by the soil. Thus, diile s

behaviour in phase (C'-D) mlastic
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Figure 7.6 Reloading tangent modulus plot

However, the reloading modulus is highly undulatiegpecially after the 100kPa stress-level.
This behaviour is considered to be due to the chamghe soil structure. At point C', the hydrated
clay minerals are clustered together under highsane. Thereafter, the released effective strdss ac
on and destroys the soil structure. At some pdiiret|ink between the adsorbed water layers loosens
up such that the soil stiffness can not be unifgrirdnsmitted across the soil mass. Accordingly, it
becomes localised and hence the sporadic behaibisrbehaviour seems to indicate a reversal of

the soil structure.
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The reloading (release) of excess effective stesgletes at point D, meaning that the soil is
normally stressed. The clay minerals are normatgssed, with the adsorbed water layers of adjacent
particles just touching, but kept together by theximum soil cohesion. The soil stiffness does not
change because it is borne out of maximum soil siohe which is constant throughout the phase. It
is the maximum stiffness because maximum soil dohds directly linked to the initial soil stiffnes
via the initial soil water potential. The soil dtta internal equilibrium condition that is compagdib
with atmospheric pressure. In other words, the tresu (stored) effective stress in the soil is équa

to atmospheric pressure. Consequently, the spibiat D is hormally stressed.

7.4.2.2 Elastoplastic reloading

The soil at point D is normally stressed and th& $8Bwater saturated and at atmospheric pres-
sure. Subsequent dissipation of the stored effedikess beyond point D is not possible without an
external action to offset the equilibrium. Thishiscause it involves lowering the effective stress
below atmospheric value. According to the SBS pdaissoil model, point D does not necessarily
correspond to a level at the top of the soil sarripis fixed by the steady position of the advauggi
wetting front during initial wetting. The soil wiiththe SBS is swollen and water-saturated. However,
the soil above the SBS is relatively ‘dry’ and Isagelling potential. Consequently, point D is such
that a water-content gradient exists across thenoof the SBS chamber. The water content gradient
makes it possible for the water to diffuse in tiBSSBecause water flow across the SBS is by diffu-
sion, the soil above the SBS swells along suctietting-path. It means that stress unloading and
mobilisation of effective stress are coupled. Idiidn, the swelling process is concentrated on the
upper surface of the SBS.

Meanwhile, stress mobilisation is continuously refeed to atmospheric pressure within the
water-saturated SBS. Therefore, the mobilised tffestress is immediately released. Thus, stress

unloading, stress mobilisation and stress reloabdampme a coupled process, with stress reloading
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being dominant. At the same time, the SBS slowiftdinto the ‘dry’ soil. Water flow in the SBS
reduces the mobilised effective stress in the wiktia accordance with the effective stress pipiei
The effect is however, very slow because the wdiffuses through to the top end of the SBS in
response to the water content gradient. Since wlates not mobilise shear, the overall impact is vol
ume increase accompanied by a decrease in shilest.

Thus, the decrease in the tangent modulus betwaiats[D and E is a result of the release of
the stored effective stress, in response to thease in free water within the wet soil. Accordingl
at point E the whole soil sample has the same watsient. The water content and residual effective
stress stored in the wet soil at point E depenthemxternal force that causes water flow. Thetgrea
the force, the more the water enters the soil. Adiagly, the smaller is the residual effective stre
in the soil, as more free water stakes betweelcfestand reduces the effective stress. That viay, t
closer the soil condition comes to point F, thenpof zero effective stress and onset of liquidggha

As already discussed, this phenomenon is elastipki®aring. Suction-gradient swelling is
normal to the soil and is analogous to oedometampression of normally consolidated clays. The
analogy can be extended further. Normal reloadirgirilarly a result of ‘additional’ effective st®
It is ‘additional’ in the sense that it is producegtside the system originally bounded by the SBS.
The additional effective stress is mobilised durthg swelling process in the ‘dry’ soil above the

SBS.

7.4.2.3 Demobilisation of the SBS chamber

The saturated soil at point D has maximum soil s@reand the SBS chamber is well defined.
Thereafter, the SBS chamber slowly enlarges akésup more water, while the ‘dry’ soil simulta-
neously wets up and swells. That is, it is strescmed is thus weakened by the water, which displace
the stored effective stress. The SBS drifts totdipeof the soil sample (point E) and gets weaker in

the process. As the stored effective stress comsitm decrease under continued water flow, the SBS
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would stretch and move point E until it vanishepainht F. The release of the effective stress would
thus, slowly demobilise and remove the chambepredicted by the proposed physical soil model.

Therefore, the observed experimental results camlgleindicate the SBS model.

7.4.3  Significance of point D

7.4.3.1 Internal effective stress

Point D defines the onset of normal stress conaktifollowing dissipation of excess effective
stress. Suction swelling emphasises the fact thiahal stress condition at point D is in referenze t
atmospheric pressure. In general, the internadddd) effective stress at point D depends omihe i
tial water content and swelling path. The differ@mitial water-contents reflect the extent to which
the soil is stressed. However, there is a unigit@lrrondition such that the internal effectiveests
at point D reflects the stress history of the dbik a limiting condition and it defines the maxim
internal effective stress that the clay particlegehbeen subjected to in the past. Since thessioding
stressed or stretched, the effective stress isrhealledpretension stressanalogous to preconsoli-
dation pressure. The dependency of point D on thelieag path leads to the concept ofer-

stressing ratio (OSR which is analogous to over-consolidation ratio.

7.5 Conclusions

The pertinent conclusions that can be obtained tiiechapter are as follows.

» The tangent modulus analyses validated the afpligaof the proposed internal stress con-

ceptual model, in analysing the stress-strain bielawf the expansive soil investigated.
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» The soil condition corresponding to points B andr® significant in terms of both soil struc-
ture and effective stress of the soil. The soil i@snal structure and is normally stressed at
both points. The ‘normality’ observed at these wisemphasised by the results along suction

swelling, where the two points have approximathkly $ame internal effective stress.

» Point B is associated with limiting elasticity.iRoD is the atmospheric saturation point and is

associated with limiting plasticity.

» The initial water content of the soil does notrga the mechanisms of the swelling process,
as proposed in the model. However, the soil respfnesn given initial water content takes up

the response consistent with the swelling phasjnvivhich the initial water content falls.
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Chapter 8

Internal effective stress & the intrinsic
soll property

The analyses in chapter seven reveal that the eharthe internal effective stress during soil
swelling is such that the soil condition at poiBtand D attains limiting conditions. The correspond
ing effective stresses are pre-swelling and préterstress respectively. Both quantities relatidéo
stress history of the soil. Accordingly, this chapsets to experimentally establish the unique con-
nection between points B and D. The uniquenessooft was established by determining the
effective stress at point D that is analogous &greconsolidation pressure.

For the investigated unsaturated expansive s@lirtternal effective stress is coupled with the
soil water content. Therefore, the uniqueness efwhater content points was investigated from the
water-content point of view. That is, to determihe limiting water content, when the effective
stresses at points B and D are equal. Theredftemtrinsic soil property was defined in termsud
relationship between internal effective stress watker content. This is also presented here for the
first time. The chapter concludes by outlining tetermination of the intrinsic soil property from
routine laboratory test results. The work preselinetthis chapter is an original contribution by the

writer.
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8.1 The internal effective stress and limiting water cor@nt

The pre-swelling and pretension stresses charaettfre mobilisation (unloading) and reload-
ing processes of the internal effective stressaetdpely. Accordingly, it is sufficient to studyetwo
stresses as a means to characterise the connéetimeen the mobilisation and reloading of the

effective stress during soil swelling.

8.1.1 Internal effective stress

Analogous to oedometer compression of saturatdsl, stis possible to determine the equiv-
alent of preconsolidation pressure during soil imgl Of the two points, B and D, point D directly
relates to the preconsolidation pressure becaissitilarly along a stress loading path. In aiddit

it focuses on the effective stress that is direatliing on the solid clay minerals.

8.1.1.1 Pretension stress,

The maximum effective stress that the soil canycaithout being over-stressed is herein
calledpretension stress7 1. It is equal to the limiting effective stress atrg D. In general, the effec-
tive stress at point D depends on the initial watertent. Therefore, a plot of the variation ofgent
modulus at point D with initial water content relethe water content that relates to the pretension
stress.

Reference is made to the reloading modulus pl6igir8.1, in which test results from a wide
range of initial water content are plotted. Thesintl effective stress is expressed in its meatirab
form of hydrotransient pressure. The influencerifial water content on the mobilised effective
stress and hence maximum possible internal effectress is evident. The condition of dramatic
change in the reloading modulus exists for watateats between 18 and 23 per cent. The mobilised
effective stress corresponding to the change p®iR10kPa. It separates the elastic from the elasto

plastic soil response. Accordingtire pretension stress is 210kPa
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Figure 8.1 Determination of the pretension stress

8.1.2  The limiting water content

The unigueness of points B and D and their linkhto pre-tension stress were determined by
recourse to the initial water content and is diseddn the next sub-section. Reference is madeeto t
stiffness modulus plot in fig. 8.2. The sample lwitial water content of 18.7 per cent and was
swelled along flooding path. The decrease in th@ading modulus from point D can be extrapolated
beyond point E to point F. Point F has zero intkeffective stress. The rationality of the extrapol

tion becomes evident in the ensuing discussion.
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Two very important deductions were made from tlgairke. Firstly, the effective stresses at
point D and B are equal to the pretension strekat iB, the figure shows a limiting case, when the
effective stress carried by the water phase att fis equal to the internal effective stress &f soil
at point D. The pretension stress refers to thectffe-stress that is reloaded (restored) to tlile so
while pre-swelling stress relates to the effectitress that is lost (mobilised) by the soil. Howeite
is fundamental to define the stress history ofihisderms of the effective stress remaining idan
acting on the soil rather than that removed froesil. Accordingly, the pre-swelling stress isdiar

calledpost-tension stressn complement t@retension stress
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Figure 8.2 Internal effective stress-modulus ploshrinkage limit

Secondly, the initial water content of 18.7 pertdsrvery close to 19 per cent, whichtle
linear shrinkage limit of the investigated soilhis observation confirms the rationality of tieigk-
age limit. Earlier, Williams and Sibley (1992) sheavthe uniqueness of the linear shrinkage limit in

a different way. They experimentally showed that¥blumetric air-content, heat of wetting, tensile
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strength, total suction and thermal resistivity datically change at the linear shrinkage limit.
Accordingly, the rationality of the shrinkage limg deemed established. Therefore, the internal
effective stress at the shrinkage limit is of fumagntal importance and gives the shrinkage limi sig
nificance. This points to the rationality of theiskage limit and hence the other consistency Bmit
In view of this, it is instructive to study the ests-stain behaviour of the soil, when the initial

water content equals the shrinkage limit.

8.1.3 Pretension ratio

The maximum internal effective stress of the soibasured at point C, can be expressed as a
ratio of the pretension stress. The ratio is hecailledpretension ratio In general, the pretension
ratio depends on the initial soil water contente Tase when the shrinkage limit is the initial soil
water content is special. Then the pretension iatiwo. It is special because according to theidrd
tion phenomenon, the internal effective stresslmmeasured during the unloading and reloading
processes. Therefore, such a scenario mirroretlesibility of the change in internal effectiveests
about the pretension stress point. (A similar bahavwas observed in chapter five, but was
expressed in terms of the soil structure (SBS)XhSsithe case for the soil condition presentefayin
8.1. It sets a water content limit, below which #odl can mobilise effective stress more than twice

the pretension stress.

8.1.4  The effective stress at point D

The pretension stress at point D is not physigaisent in the soil because it is released or
dissipated. This then seems to suggest that thdissubeffective stress at point D is equal to asmo
pheric value. At the same time, the soil water enhtt the end of the test (Point E in fig. 8.2swa
40 per cent. A similar test run for 10 days, unagmressure gradient of 250kPa per metre, showed
that the soil did not take up any water beyond &Ocent. It seemed that the removal of the mohilise

effective stress beyond point D requires excesirae, which may not be provided by mere water
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flow. Accordingly, the mobilised effective stresspmint D should be higher than the atmospheric
value. A quick reconciliation of the internal effe®e stress at the initial condition provides an
explanation.

At any initial water content, the soil has layefsaater adsorbed around the clay minerals.
That is, the initial soil condition is associatedhamobilised effective stress. This is the effeeti
stress, which is mobilised by taking the soil fraaro water content (dry state) to the initial water
content, which in this case is 19 per cent. Theatiffe stress at initial water content was refeined
chapter seven assidual effective stressy,.

According to the characterisation of the interrfidative stress, the induction of soil attraction
in phase (B-C) activates mobilisation of the residaffective stress. Therefore, the residual efffect
stress, which is subsequently mobilised accountshi® high soil stiffness at point D. That is, the
effective stress carried by the water phase att@oiis still stored in the water at point D howeye
in a mobilised condition. Therefore, the effectateess condition at point D is the same as that at
point A" however, with all the effective stress ibgin the mobilised state that is, being carriedHsy
adsorbed water phase. This then explains and ocosifine observed stable equilibrium associated

with the atmospheric saturation point (point D).

8.2 The intrinsic soil property

The arbitrary water content points (consistencytsijrof the investigated soil measured under
atmospheric pressure conditions are point A’ = é9gent, point B = 24 per cent, point C = 28.5 per
cent, point C’ = 33.3 per cent and point D = 38qmt. Points F and G were not experimentally deter
mined. As noted in section 8.1.4, the residualotiffe stress at point D is not removed by waterflo
Nevertheless, the significance and water contelaegaof points F and G can be determined with the
help of the available data. This requires char&zton of the coupling between soil water content

and the internal effective stress.
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8.2.1 Coupling between soil water content and internal effege stress

The relationship between incremental water cordadtincremental effective stress during the

swelling process is given in table 8.1. The coroesiing stages of the stress changes are indicated i

the fourth column.

Table 8.1 Coupling between effective stress and ware content

wic points Awater content | A4 internal stress stress condition
(%) (kPa)
O-A 19 (o Internally mobilised effective stress
A-B 5.0 210 (unloading) pre-swelling stress
B-C 4.5 210 (induction) of soil attraction
c-cC 4.7 210 (neutralising) of soil attraction
C-D 4.8 210 (reloading) pretension stress
D-F-G 19+5 o'+ residual effective stress (point D)

The water content was physically measured, whitecthanges of the internal effective stress
were deduced from the special condition pertaitindpe shrinkage limit as the initial water content
(fig. 8.1) as follows. The internal effective stsext the shrinkage limit is 210kPa. Therefore e
swelling stress, pretension stress and the inteffadtive stress are all equal to 210kPa.

The residual effective stress was mobilised andtained in the soil at point D. At the same
time, the reloaded effective stress at point Dyisad to the pretension stress Therefore, the effec-
tive stress to be ‘removed’ in phase (D-F-G) issbe of the initial effective stress and pretension
stress. However, the soil does not physically hheeretension stress at point D, as implied ifetab
8.1. This is because internal reloading of effacttress (C’-D) is a stress-dissipation proces#hwh
involves the removal of soil attraction. Its effectnanifest in the volumetric strain. The physkigh

nificance of the pretension stress at point D iseiins of water content change. The water content
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change corresponding to the pretension stresgagfer cent. Therefore, the physical change in the
soil beyond point D (38 per cent) is the removalesfidual initial effective stress, while the asso-

ciated water content change is 24 per cent (19+5emat).

8.2.2  Definition of the intrinsic soil property

Table 8.1 shows that the internal effective stiesmiquely related to water content The effec-
tive stress change is 210kPa and the correspomditer content change is five per cent on average.
That is, the rate of change of internal effectitress with respect to water content is a constagit a
is the same during mobilisation and demobilisatibthe internal effective stress. The rate is cdnsi
ered intrinsic to the soil and is herein calledghetension rate, KkPa per percentage water content).
The pretension rate can be conveniently normakgginst atmospheric pressure and expressed as a
pure number, herein called theetension number, k

For the investigated soil, the pretension rate, #kPa per percentage change in water-con-
tent, while the pretension number, k = 0.42. Sitgerate is intrinsic, it can be similarly exprea$se

with respect to the degree of soil saturation.

8.2.3 Rationality of the pretension rate, K

The rationality of the pretension number can be aestrated by consideration of the degree
of saturation during pressure gradient wetting. @tienge in the degree of soil saturation during con
fined swelling was analysed. The swelling path issmrestrictive and hence extreme. The
thermodynamic nature of soil swelling is such tiat consistency limits are a function of the mobi-
lised hydrotransient (swelling) pressure. Therefoomfined swelling path presence a good test for
the uniqueness of the pretension rate and hengaréhnsion number.

Table 8.2 summarises the relationship betweendlesg of saturation of the soil and the ratio
of water content to the saturation water contehé Values of the degree of saturation were obtained

from the pressure gradient results presented imtfgyof chapter four. The soil sample had anabhiti
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water content of 19.7 per cent, which is reasonalolye to the shrinkage limit, for use in companiso
For the purposes of this analysis, the initial watentent is considered equal to the shrinkaget limi
(19 per cent). The corresponding degree of saturatiot is given in fig. 8.3. The atmospheric swell
ing path describes the pressure-free path alonghwttie consistency limits are determined. The
water content at the arbitrary points (consistdimits) was normalised against the water content at

point C, the end of the swelling process.
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Figure 8.3 Degree of saturation - swelling presspiot: pressure gradient wetting during
confined swelling

Table 8.2 Comparison of degree of saturation and water content ratio

confined swelling (pressure gradient Atmosphericeadling
wic wic (%) degree of wic wic (%) normalised w/c
point saturation point
A 19.7 0.558 A 19.0 0.667
B 24.0 0.85 B 24.0 0.85
C 28.5 1.00 C 285 1.00
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According to the coupling implied in the pretensiae, the normalised water content at the
consistency limits is equal to the degree of sgimmaComparison between the degree of saturation
and normalised water content shows that the twaequal at points B and C. However, this seems
not to be the case at point A’ (shrinkage limigt it is a point of fundamental significance. Ithere-
fore, asserted that the apparent discrepancy drisaghe different reference points in terms otava
content but same pressure. The degree of satuiatipmint A' is referenced to atmospheric pressure
at that point (19 per cent water content), whethasnormalised water content at point A' is refer-
enced to atmospheric pressure at zero per cent wamtent. This is because the saturation water
content (28.5 per cent) is tied to the effectivest, which is mobilised from zero per cent watar-c
tent. Carrying out the following simple mathemaltiaaalysis, using the pretension rate proved this

assertion. In the process, the rationality of tretgmsion rate was demonstrated.

8.2.3.1 Degree of saturation at point A

From phase (B-C) in table 8.2, the degree of stilmtion changes by three per cent for every
percentage change in water content. Thereforejdlyece of saturation at 19 per cent water content,
calculated from zero per cent is 19 x 3 = 57 peit oe 0.570, which shows reasonable agrees with
the measured value of 0.558 (table 8.2). Thusptetnsion rate was capable of estimating theainiti

degree of soil saturation of the soil sample.

8.2.3.2 Normalised water content at point A

From table 8.2, the change in degree of saturatisresponding to the change in the preten-
sion stress is 15 per cent. Therefore, the corrafipg pretension rate is (210/15) = 14kPa per degre

of saturation.
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Now, the difference between the degree of saturatigoint A’ and the normalised water con-
tent (0.667-0.558) as a percentage is 10.9 per éeabrdingly, the stress or pressure difference
between the two is (10.9 x 14) = 152kPa. If wewvalfor the build up of pore water pressure to atmos-
pheric value, the pressure difference is 52kPas phessure difference is what is recorded at [int
in fig. 8.3 (40kPa) as swelling pressure. It is ratorded directly at point A’ because though the
mobilisation of effective stress (soil cohesiorgrit at point A, it is cushioned by the excessepor
water. The mobilised effective stress associatdd thie water uptake at point A’ (initial condition)
becomes active at point B, when the pore wategjdeded. Thus, the 40kPa swelling pressure at point
B is really a measure of the pressure associattdtha initial condition at point A'. The apparent
difference of 12kPa is largely because the cureamtression of determining degree of saturation
assumes constant (atmospheric) pressure. Thisegdains why the water content points are not

coincident with the swelling pressure results.

8.2.3.3 Comment

It is remarkable that the discrepancy between thasured values of the degree of saturation
at the shrinkage limit (point A) and the normatiseater content is reasonably accounted for by
using the pretension rate. Thus, the pretensi@was able to reconcile swelling pressure, degfree o
saturation and soil water content in a consisteartmar. The analysis vindicates the uniquenesseof th
pretension rate. Thereforhe pretension rate is the intrinsic soil propertccordingly, it forms a

rational basis for formulating internal effectiieess models of expansive soils.

8.3 Laboratory determination of the intrinsic soil property

The pretension rate is a ratio of the pretensimsstto the corresponding change in soil water
content. It is desirable to determine both theqarsibn stress and the associated water contertspoin

from routine laboratory tests. This greatly simiphfthe characterisation of the expansive soil. One
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way to determine the pretension stress in a rouiaener is to capitalise on its analogous role with
preconsolidation pressure. Accordingly, the preotidation pressure of the investigated soil was
determined and compared with the pretension stregswater content change, advantage was taken

of the rationality of the consistency limits anasifically those at points A" and B.

8.3.1 Determination of the preconsolidation pressure

The preconsolidation pressure of the investigatédveas determined from the continuous
loading (CL) consolidation test results. It is afdéhe standard test procedures at NTNU. Details of
the test equipment, laboratory test-procedure bedry for interpretation of test results are gibgn
Janbuet al. (1981). The soil sample was fully saturated beefive test. The strain rate used for the

test, after several trials was one per cent per.hou

8.3.2 Testresults

The continuous loading (CL) consolidation test hHssare presented in fig. 8.4, in the form of

the tangent modulus plot.
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Figure 8.4 Consolidation test results on the itigated expansive soil.
8.3.3 Analysis

Fig. 8.4 reveals a well-defined change in soil cese at 105kPa stress-level. Accordintig
preconsolidation pressure is 105kPahe initial soil stiffness is 0.85MPawhile the modulus
number, m=+16 The significance of these parameters is discusskxv in the context of soil swell-
ing, with particular reference to figure 8.5. Fig8.5 is a reproduction of the reloading modulus in

fig. 8.1.

8.3.3.1 Initial soil stiffness

The initial value of the initial soil stiffness §fi8.4) is 0.85MPa, while the extrapolated residual
soil stiffness, measured at point F during theaeing part of soil swelling (fig. 8.5) is 1.0MPaiRt

F represents the liquid limit. Therefore, the smils fully saturated when it was compressed.

8.3.3.2 Modulus number, m

The modulus number from fig. 8.4 = +16 The reloading modulus from fig. 8.8, = -16.
These observations clearly show that oedometer mesaipn of the saturated soil ‘reverses’ soil
swelling from point F towards point D. This assentis further reinforced by noting the values @& th

soil stiffness discussed above.
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Figure 8.5 Reloading modulus plot. Initial watentent = shrinkage limit

8.3.3.3  Preconsolidation pressure

The significance of the preconsolidation presstiaukl be viewed in the light of the follow-
ing: The preconsolidation pressure, as determibede is effective in that the pore water pressure
is deducted from the applied stress. However, paagive soils the adsorbed water offer resistance
in the form of water pressure, yet it is not dissgul. It does not dissipate because the adsorbied wa
is electrochemically attached to the clay mineral aan not be removed mechanically. Therefore,
the preconsolidation stress as determined, doeaatount for the mobilised effective stress (effec-
tive stress in the adsorbed water layers). Itleted to the internal effective stress (solid afaperal

contact).

Mobilised preconsolidation pressure is equal togfetension stress
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The pretension stress is a composite effectivesstimm composite soil particles (hydrated
clay minerals). It is the sum of the ‘internal’eds (interaction between the solid clay mineratsl) a
the mobilised stress (interaction between the hgdrelay minerals). A tension ratio of two (figl.
indicates that the effective stress at the shriakamit is equally distributed between the wated an
solid parts of the soil particles. This agrees wéth the observation that the pre-swelling pressur
is equal to the pretension stress.

Therefore, the preconsolidation pressure (105k$halif the pretension stress (210kPa). The
other half is not reflected in the preconsolidatiwassure because the adsorbed water carries it and
was considered excess pore-water pressure. It seesaggest that if the residual water pressure in
the adsorbed water is included in the determinatiopreconsolidation. Then, the preconsolidation
stress becomes equal to the pretension stressy tisrincremental loading oedometer compression
test could validate this.

Consequently, the preconsolidation pressure asrdieted in sub-section 8.3.1, is referred to
aseffective preconsolidation pressur&he term sounds like a double emphasis, butdbisidered
necessary here, in order to distinguish it fron thiaich includes the mobilised effective stresseTh
preconsolidation stress, which includes the maduilisffective stress, is similarly calletbbilised
preconsolidation pressurer simply preconsolidation pressure. Accordinghg mobilised precon-
solidation pressure is equal to the pretension sed herefore, pretension stress can be determined

from the consolidation test results.

8.3.4  Expression for the intrinsic soil parameter, k

The pretension numbékjs the characteristic soil parameter and hencd imgmortant in char-
acterising the swelling soil behaviour. It can bd#ained from routine test data as follows. The
pretension stress is equal to the preconsolidg@tiessure. The change in the pretension stressccur
between water content points A’ and B, which aspegtively, the shrinkage (SL) and plastic limits

(PL) of the soil. Therefore, the expression for de¢ermination of the pretension rate, K is
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. 20—’0 O-'cm H
Pretension number, % (PL=sSD ~ (PL-sD (Equation 8.1)

In equation 8.1¢' .. is the effective preconsolidation pressure anhg, is the mobilised pre-
consolidation pressure. The pretension rate ohdafream equation 8.1 was used to generate the
different forms of the effective stress principbe the investigated soil, which are presented &peh

ter nine.

8.4 Conclusions

» The link between the water content points is aseguence of the change in the internal effec-
tive stress of the soil. Accordingly, the changsail consistency during soil wetting is

governed by the change in internal effective stress

» The consistency limits have fundamental signifemim the swelling behaviour of the investi-

gated soil. They relate the effective stress insthieto the physical changes in the soil.

» The linear shrinkage limit is the most rationatili and is reproducible. Accordingly, the
shrinkage limit of the investigated soil can beduas a fundamental parameter that links the

soil consistency to internal effective stress clesng

» The pretension stress of the investigated s@lLikPa.

» The intrinsic soil property of the soil was definend determined. It is a rate quantity and was
calledpretension rate, KIt was conveniently normalised and expressed disnansionless

number called thpretension number, k

» The preconsolidation stress of the investigatéldsaniquely related to the pretension stress.

Thus, the intrinsic soil property can be easilyedstined from routine laboratory test results.
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Chapter 9

Simulation of internal effective stress
changes during soil wetting

In this chapter is presented, for the first timerethe application effective stress principle to
an expansive swelling soil. The effective stressgiple is presented in its basic form and its appl
cability to expansive soils qualified. With the peif the intrinsic soil-property defined in chapter
eight and the resistance concept, the expressiorikd effective stress principle for a expansivié s
are presented. Thereafter, the input parametergiaea. This culminates in the simulation of the
internal effective stress changes (interaction rapidm) during soil swelling. The chapter concludes

by rationalising the liquid limit in terms of efftiee stress change.

9.1 The principle of effective stress

Terzaghi’'s (1936) principle of effective stressegsfully describes the stress-strain behaviour

of fully saturated soils. His original 1936 staterhstates in part, that

.... all measurable effects of a change of stres$) as compression, distor-
tion and changes of shearing resistance are exelysiue to changes in the
effective stresses;’, 0,’, andog'.
The following important deductions can be made fithis statement, and form a basis for

extending the effective stress principle to expamsbils.
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» The effective stresses in a soil element remarstime during any loading or unloading proc-

ess on the soil element, where there is no volum@ge and strain development.
« |f the effective stress is increased, the soil adimpress. Conversely, if the effective stress is
reduced, then the soil will swell, i.e. increase@hume.

9.1.1 Application to expansive soils

From the above deductions, the swelling behaviduh® investigated soil is consistent with
the principle of effective stress. As was experitaby shown, the unloading (mobilisation) and
reloading (dissipation) of the internal effectiteess is responsible for soil swelling. In the atrse
of external static loads, as is the case with irgtkesoil swelling, the pore water does not mobiliss-
itive hydrostatic pressure. Rather, it leads torbyrdnsient pressure development, which is a measur
of the mobilised effective stress. Accordingly, thernal effective stress has two forms, ititernal
effective stresaind themobilised effective stres€onsequently, the principle of effective streas c
be stated in two forms namely, the internal anditisaol forms. The internal form applies to isotropi
stiffness, while the mobilised form relates to shdaformation. The principle was consistently

applied to take account of the dynamic nature efitibernal effective stress.

9.2 Formulations of the effective stress principle

9.2.1 The internal form of the effective stress model

Thepretension number, lcapsulate the change in the internal effectivesstrTherefore, the

internal effective stress model is

Ad'; = kAw (Equation 9.1)
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In equation 9.1, k is the pretension number Ands the fractional change in soil water con-
tent, in a given swelling phase. Equation 9.1 iidvéor the water content range between the
shrinkage limit and atmospheric saturation waterteot. Thus, the change in the internal effective

stress is step wise, changing at the consistentisli

9.2.2 The mobilised form of the effective stress model

Mobilised effective stress (soil cohesion) is rexble for the soil resistance to shear defor-
mation by water flow. Accordingly, the normalisedilsresistance is the appropriate resistance
modulus. The mobilised effective stress equatiarbisined as follows.

By definition, soil resistance,

_aw S _ 5 (soi s W
100S = ap ' while lo(gvv-s(son number) = SSlOO

On substituting foin the definition and integrating over appropribiteits, we obtain equa-

tion 9.2.

P W _ 100, (w .
Ao, = 705 = AP = ?In(VT) (Equation 9.2)

In equation 9.2y, = reference water content,is the current water content aads the soil
parameter. The constant value of 100 is the atn@gppressure value used to normalise the soil
resistance. The arbitrary water content points ldreinselves as natural reference water content
points, given that they define the change pointsHe soil numbers.

Equation 9.2 holds for the mobilisation and denishtion of the effective stress except for the
phase immediately after yield point (C’-D). In tlmhase, the mobilised effective stress is elasyical
reloaded and manifests at point D as pretensi@sstAccordingly, the increase in internal effestiv
stress dominates the phase and overshadows theakaianobilised effective stress. Consequently,
the demobilisation of effective stress in this ghasin accordance with equation 9.1 however, with

an appropriate constant in place of the pretensionber, k.
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9.2.3  Hydrotransient pressure,

The composition of hydrotransient pressure chadgesg the swelling process. The unload-
ing and reloading of the internal effective stresslerlies the change. Accordingly, two different

expressions are used.

9.2.3.1 Pore water pressure stage

The build up and dissipation of excess pore watsqure characterises the initial mobilisation
of hydrotransient pressure. The appropriate modislibe stress modulus, Mind the appropriate

equation is obtained from the definition of theess modulus as follows.

dP

By definition the stress modulus, Mg = aw = dP= Mdw

Upon integration over the appropriate limits, wéad equation 9.3.

AP = AU = Mg(w; — W) (Equation 9.3)

In the equation, expressioM is the initial stress modulus amg andw; are the initial and
final water content, respectively. The initial sisemodulus corresponds to the initial soil stiffnes

during oedometer compression (see sub-section 8f&Bapter eight).

9.2.3.2 Induction stage

The presence of sail attraction induces the cortindevelopment of hydrotransient pressure.
The development of hydrotransient pressure becomedinear with respect to water content. There-
fore, the appropriate equation is obtained by usiegderivative of the stress modulus as follows:

- -, dM
By deflnltlon,NIS _dP and Ms _

aw aw A = M = mw

We substitute Min the first expression of the definition abovetwain an expression in terms

of P, w andmg. Upon integrating the resulting expression we iobta
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AP = AU, = (w, —wy)® -
p = 5 Wi—Wp (Equation 9.4)

In equation 9.4w, = reference water contemy is the current water content ang) is the
stress number corresponding to hydrotransient presShe arbitrary water content points lend

themselves as natural reference water-contentgoint

9.3 The input soil parameters

9.3.1 Internal effective stress (soil attraction)

From the analysis in section 8.4.2 the soil paramfetr internal effective stress is k = 0.42.

However, k = 0 in phase (C-C’), where the interefééctive stress is a constant.

9.3.2 Mohbilised effective stress (soil cohesion)

The soil parameters during soil swelling are thaeatisionless numbers and the initial moduli.
The measured parameters obtained along the comsnswelling path are the appropriate values,
from which we can determine the soil parameters rEsults obtained along pressure gradient wet-
ting are used to determine the soil parametersowicgly, table 5.5 of chapter five is reproduced i

table 9.1.

Table 9.1 Summary of soil parameters (from table 5.5 in chapter 5)

Phase soil number, s stress numberg m water content
(%)
A-A 0 0 10-14

-0.54 -0.4 14-18.5

A-B +0.54 +4.0 18.5-21.5
-0.54 21.5-23.5

B-C -0.27 -3.8 23.5-27.5

c-C -0.09 +1.2 27.5-32.5
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Table 9.1 Summary of soil parameters (from table 5.5 in chapter 5)

Phase soil number, s stress numberg m water content
(%)

c-D -0.54 - 32.5-

The soil number as determined, relates to therssibtance and hence stiffness of the soil.
Since the mobilised effective stress is respondirisoil stiffness, it follows that the directlyeas-
ured soil number relates to mobilised effectivesdsr However, the soil numbers in some phases
relates to the combined effect of the inductionrm@enon or build up of pore water pressure. There-
fore, it was necessary to decompose the numberdingoto the different forms of the effective
stress. The decomposition of the soil parameteggpgained in the following paragraphs, while the

final values are summarised in table 9.2.

Phase (A-B).The phase is associated with the build up of expess water pressure, as intimated
by the reversal of the soil number in the phaseofdingly, the switching of the soil number means
that the appropriate soil parameter is the diffeedmetween the two. Since the numbers are equal and
opposite, the removal of soil attraction (reverfahe induction phenomenon) has a doubling effect.
Therefore, s = +1.08. The parameter appears asiiveovalue because the pore water pressure is

measured as a positive quantity.

Phase (B-C)Phase (B-C) is associated with the induction ofinlbernal effective stress (soil attrac-
tion). From table 9.1, the stress number relatmgdil attraction = -0.4, which is the intrinsic
(pretension) number (k = 0.42). Now hydration amduiction phenomena are of a different nature.
As such, their effect on the soil is not coupledcérdingly, the appropriate soil number is the sum

of the compound soil number and the pretension munithat is, s = {-0.027+0.4)} = +0.373.

Phase (C-C’).In this phase, internal effective stress is a mawimand the pretension number is
therefore, zero. The stress numbeg ém+1.2) is close to one and thus shows that tles@ls asso-

ciated with change of effective stress from onenfoow another within the water phase. Accordingly,
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the pretension number does not affect the mobileféattive stress. Therefore, the appropriate soil
parameter for mobilised effective stress is likayis = (+0.09 - 0) = +0.09. The relatively veryhig
soil number agrees with the slow change in saiicstire involving the reloading of the residual effe
tive stress. This intimates that the soil is vetiff @and hence does not significantly change in

structure.

Phase (C’-D).In this phase, the internal effective stress im@pegemoved and is therefore passive.
Meanwhile, the reintroduction of liquid water iretkoil (sub-section 5.4.4 of chapter five) amounts
to a building up of pore water pressure. It incesa® atmospheric value at point D.

The phenomenon of removing soil attraction and #eameous building up of pore water pres-
sure is analogous to that in phase (A-B). The ayyaie further highlighted by the identity in theilso
numbers. Therefore, there is a doubling effecthensoil number (rate of change of soil structuse) a
in phase (A-B). However, in this instance the sofoftening. Accordingly, an increase in rateaif s
softening means a small soil number. In other wdtdseffect is to double the rate, which means the
compound soil number is halved. Therefore, theamrvalue of the soil number is s = +0.54/2 =

+0.27.

Phase (D-F)Phase (D-F) involves the removal of the mobilisdative stress equal to the initial
effective stress. The removal takes place at athmrsppressure, a condition similar to that during
internal (initial) mobilisation. It is reasonablegay that the rate of demobilisation is the sasndua-

ing internal mobilisation. This is because theraasbuild up of excess water to influence the rate.
The internal mobilisation rate is governed by ardde is equal and opposite to the removal of soil

attraction. Therefore, s = +4.1.
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9.3.3  Hydrotransient pressure

Hydrotransient pressure is water pressure andeiethbre important in the dynamics of the
internal effective stress. The characteristic pat@mrelating to hydrotransient pressure is herein
calledpressure number, m It is of the same family as the stress numbewéier, the stress number

is decomposed as necessary, to remove the effeetiective stress.

Phase (A-B).Up to point B, hydrotransient pressure manifestseasess pore water pressure.
Accordingly, the appropriate parameter is the ahisitress modulus, Mcorresponding to maximum
mobilised effective stress (soil cohesion). Thhs,maximum pore water pressure occurs just before
point B, when soil cohesion becomes a maximum.

Meanwhile, the soil stiffness at the preconsoliolafpressure is a measure of the stress modu-
lus at water saturation, which is equal to thabeisged with maximum soil cohesion or initial sges
modulus. From section 8.3.2 of chapter eight, thfness is 0.85MPa. However, the stiffness due to

the adsorbed water phase is half that ig=\0.42MPa

Phase (B-C)During this phase, the adsorbed water layers ptguble role in terms of carrying the
effective stress. Firstly, the effective stressagied as actively mobilised effective stressl(sohe-
sion). Secondly, the residual effective stressisied by the water phase as osmotic potentiagr(int
particle repulsion). That is, the water layersthmseat of the net charge that gives rise todpals
sion. Since, hydrotransient pressure is a meadumedothus reflects the internal effective stréss,
reasonable to say that the parameter relating dootransient pressure is double that of the interna

effective stress (k = 0.42). Therefore, m+0.82.
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Phase (C-C’).According to the particle interaction model, ph&SeC’) is associated with the diffu-
sion of squeezed out water. As such, the diffusibrihe squeezed out water characterises the
hydrotransient pressure. The parameter relatingater is s = -0.54 (phase (A-A)). However, the
diffusion of the squeezed out water is a repeatgs® with respect to the movement of the squeezed

out water. Therefore, there is a cancelling eff€ansequently, = (-0.54 + 0.54) = 0.

Phase (C'-D).The increase of hydrotransient pressure is depé¢rmatetne change in internal effec-
tive stress (soil attraction). The coupling betwées two is such that the latter is reflected ia th
former. In this phase, the internal effective gtrissbeing removed and is therefore passive. There-
fore, the rate of build up of hydrotransient preesa equal to that expressed in the stress number

the phase. That is,+ +0.52.

Table 9.2 Summary of soil parameters for the effective stresssmodel

‘k’ for the internal ‘s’ for the mobilised | ‘my,’ for hydrotran-
water effective stress model effective stress mode sient pressure
phase
content (%)
data refined data refined data refined
A-B 19.0-24.0 -0.4 -0.42 +0.104 +0.101 0.42MP4 4.2MPa
B-C 24.0-28.5 +0.4 +0.42 +0.373 +0.36 -0.82 -0.85
c-C 28.5-335 0 0 -0.09 -0.083 0 0
C'-D 33.5-38.0 -0.4 -0.42 -0.27 -0.27 +0.52 +0.54
D-F 38.0-57.0 0 0 -4.1 -4.1 +8.0 +8.2

* the value used to generate the interaction mechanism.

Phase (D-F)Removal of hydrotransient pressure is related eormoval of the initial effective
stress. The residual effective stress was mobilaetivated) during phase (B-C). Its mobilisatied |
to build up of pressure excess of atmospheric vélioav the pressure is demobilised at atmospheric

pressure. For the water pressure to remain atmdsphige effect of removing the excess effective
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stress on the water pressure should be constaathém words, the relationship between hydrotran-
sient pressure and atmospheric pressure must lséacwnTherefore, the parameter is the normalised

value of the mobilised effective stress. That ig,/m(798/100) = +8.0

9.4 Simulation of the internal effective stress changeduring

soil wetting

The internal effective-stress (soil attraction) andbilised effective stress (soil cohesion)
make up the effective stress of the soil. Apanrfthis, the action of water on the soil leads buid
up of hydrotransient pressure. Accordingly, theiattion mechanism presented herein shows the
development of the three with the changing soilewabntent. The appropriate soil parameters from
table 9.2 were used in the effective stress equaiti@veloped in section 9.2 to generate the interac
tion model in fig. 9.1. The model presented in figsire is that of the soil wetted by flooding path

and it is plotted to scale. The interaction mectanivas developed as follows.

941 Internal effective stress

The internal effective stress at 19 per cent wedatent is the pretension stress and is equal to
210kPa. The subsequent increase in adsorbed vegenslincreases the interparticle distances and
thus causes downloading of the internal effectivess. It is completely downloaded at 24 per cent
water content, when the soil water potential isaeited. However, it is immediately induced and
starts to re-mobilise. Thus, the internal effecBtess re-mobilises to a maximum value at the-pres

sure saturation point (28.5 per cent).
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Figure 9.1 Coupling between the different formefiéctive stress and water content

At 28.5 per cent, the soil has a very high ioninantration gradient. The concentration gra-
dient leads to water flow by diffusion. Thus, watemes between the clay minerals and offsets the
internal effective stress. This is achieved bydtaeking of water molecules between the clay miner-
als, until the interparticle distance equal the enalar range of the clay minerals. The process is
equivalent to the removal of the internal shearjth of the soil, arising from the internally mobi
lised effective stress. However, until the intetjgde distance is equal to or greater than the moéer
range, soil attraction and hence internal effectivess remains a maximum. Accordingly, the inter-
nal effective stress remains constant. The shed&egmes limiting, when the interparticle distance
is equal to the molecular range of the clay mirgerat that point (33.5 per cent), the soil yieldsla
the internal effective stress starts to decreabas,Tthe soil is capable of deforming into any shap
under a stress excess of the yield value, with@ttidance to the soil structure. This condition is

called plasticity and the shearing phenomenonlisdalastic flow. Therefore, the internal effeaiv



Chapter 9 Simulation of internal effective strekanges during soil wetting 184

stress is constant during plastic shear (28.5-88t%ent). The decrease in soil attraction beybed t
yield point is governed by the amount of water tirpand occupying the interparticle space. As
such, the internal effective stress linearly desesan response to increase in water contentcttris
pletely removed at 38 per cent. However, the smélsthot disintegrate because of the mobilisedsstres

of the soil.

9.4.2 Hydrotransient pressure

In the presence of excess pore water, the downtbeffective stress at 19 per cent causes a
build up of negative pore water pressure in thé #aicordingly, hydrotransient pressure initially
manifests as excess pore water pressure. Being wagssure and being dependent on the linear
growth of the adsorbed water layers, it linearlgreases (negatively) with water content up to 24 pe
cent. At 24 per cent, the pore water depletes. &igpl of pore water leads to direct particle intera
tion and hence continued mobilisation of hydrotrans pressure. This is a consequence of its
dependency on soil attraction (initial effectiveess), which mobilises from 24 per cent water con-
tent. Accordingly, the pressure slowly mobilisesraticated by a change in the slope of the curve
from 24 per cent. It becomes a maximum at the pressaturation point. The magnitude of the max-
imum value of hydrotransient pressure, recordeavben 28.5 and 33.5 per cent, is twice the
pretension stress value (210kPa), as is refleciatidresults plotted in fig. 8.2 of chapter eight.

Thereafter, hydrotransient pressure decreasest{nelga at the same rate that water content
offsets internal effective stress. This is becaheéncreasing water content has the same effeative
both soil attraction and hydrotransient pressure3@ per cent, the pressure is atmospheric as
expected. Beyond 38 per cent, its change is inoresp to the removal of the mobilised effective

stress. Accordingly, it is non-linear.
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943 Mobilised effective stress

The effective stress carried by the water phasstitates the mobilised effective stress. It is
made up of the initial effective stress at 19 pamtavater content and the effective stress molilise
between 19 and 24 per cent. The former is initimtgrnal and hence inert. Consequently, the refer-
ence value of the mobilised effective stress afp&® cent water content is zero. However, it is
activated by the induction of soil attraction atf#¥ cent. Accordingly, it is ‘mobilised’ betwee# 2
and 28.5 per cent. Since the mobilisation procegslves removal and conversion of the internal
effective stress, it non-linearly increases withtavaontent from 19 per cent. It attains a valugatq
to the internal effective stress at 24 per cenabse the internal effective stress is completelyrdo
loaded and mobilised. Thereafter, it rapidly inse=saafter 24 per cent water content, despite the
exhaustion of the soil water potential. This is duehe activation of initial effective stress hyils
attraction. The re-mobilisation of the initial effeve stress is completed on attainment of pressure
saturation at 28.5 per cent. The mobilised effectivess increases beyond the pretension stress val
by an amount equal to the residual effective strése residual effective stress is much higher than
the pretension stress because it correspondsperl®&nt change in water content (initial water-con
tent), compared to the 5 per cent change in the afpretension stress.

The decrease in the ionic concentration gradiesnf28.5 pre cent has an immediate and
hence measurable effect on the mobilised effestirass. Accordingly, the mobilised effective stress
decreases. The rate of decrease is fast becaisdiatd to the removal of soil attraction, which
depends on the rapid decrease in the ionic corat@r(water content) gradient. At the yield point,
the internal effective stress starts to demobiligg)e the mobilised effective stress slowly became
active. In addition, the water content gradierdiggificantly reduced. Therefore, the removal & th
mobilised effective stress is much slower than efélowever, its removal linearly relates to the
increase in water content up to 38 per cent, aaguence of the influence of the internal effective

stress.
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The mobilised effective-stress at 38 per cent isaktp the initial effective stress at 19 per cent
however, in a mobilised form. Accordingly, it isted to that at 24 per cent water content. It them-n
linearly reduces to zero at 57 per cent. The olagienv in fig. 8.3 (chapter eight) shows that itdak
a water content increase of 19 per cent from 3&eet, to remove the effective stress from the soil
This agrees with the assertion that the decreasgdmal stress beyond 38 per cent is a removal of
the initial effective stress, which is mobilised1& per cent. The decrease is much slower and non-
linear as indicated by the slope of the curve. Thisot surprising because it is removal of theeff
tive stress, which is stored as soil cohesiondidition, the effective stress and the soil strustame
in equilibrium with atmospheric pressure and thereform a very stable soil structure. Accordingly,
it takes a significant amount of water to sepatheclay minerals and hence to destroy the stable,

electrochemically bonded soil structure.

9.4.4 Zero internal effective stress

The mobilised effective stress reduces to zerd qies cent. The presence of soil stiffness (F-
G) in fig.8.3 shows that the disintegration of sstilucture during soil wetting is not simultaneous
with the removal of effective stress. This is bessathe basic soil particles (hydrated clay mindsal)

a composite particle. Accordingly, disintegratidrthe soil is in two stages.

9.4.4.1 Liquid limit

The first stage is the cessation of interparticietact. Interparticle contact is associated with
soil cohesion and hence the mobilised effectivesstr Accordingly, this is achieved at 57 per cent

water content.

The liquid limit. It is herein defined as the water content at whigh soil losses its resistance to
flow or shear deformation. Shear resistance to floattributed to effective stress. Therefore dbe-
dition of zero internal effective stress in thel sosufficient to define the liquid limit. Conseegtly,

the liquid limit (point F) of the investigated sl 57 per cent.
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9.4.4.2 Particle disintegration

The second stage involves the separation of thervpditase (adsorbed water layers) from the
individual solid clay minerals. The water layersrdd “fall off” from the solid particle at zero &ft-
tive stress because of the induction effect ofathibiction during phase (B-C). Soil attractiongses
the water layers against the soil skeleton. THeestd water layers are ‘glued’ to the soil sketeto
However, the effect is purely physical and can lmgsjcally reversed. As noted earlier, the compres-
sion squeezes out five per cent water from the miatgers. Accordingly, the soil requires an
additional five per cent increase in water-contenfully recover from the impact of the induction
phenomenon. The process is herein cglkdicle disintegration Therefore, the particles start to dis-
integrate as 62 per cent. This is a 24 per cen¢éwantent increase from the atmospheric saturation
point. In retrospect, the 24 per cent water contbange agrees with the fact that the same amount
of water used to unload the effective stress frbendoil (0-24 per cent), is required to remove its
effect from the soil. It is measured from the atptoeric pressure point, following the complete
removal of the effect of soil attraction.

According to the SBS physical soil model, the mightion of soil cohesion and soil attraction
is modelled as the evolution of the SBS chambew,Nloe evolution of the SBS under forced water
flow (flooding) is an unnatural and traumatic eviemtthe soil. As such, it takes a complete reviolut
(100 per cent water change) for the soil to erbsempact (at 24 per cent water content) from its
memory. Accordingly, particle disintegration is sadered a removal of the tattered SBS chamber,
now that the mobilised effective stress is compyateloaded. Thus, the additional five per centavat
content is meant to disintegrate and detach thénmiadsorbed water layers from the soil skeleton.
Being essentially water, the mesh does not prostidar resistance. However, it is capable of offerin
stiffness by virtue of its volume and density. Acdiagly, the soil retains a stiffness modulus of 3
at the liquid limit (point F). This is the bulk moldis of the adsorbed water layers. Its subsequent

removal is a plastic process because it does mohvia change in effective stress.
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Disintegration point. The disintegration point is herein defined as thatew content, where the
adsorbed water and the individual clay mineralg $taseparate. It is higher than the liquid litmt

an amount equal to the water content range ovechwtiie impact of soil attraction is registered
(phase B-C). Therefore, the disintegration poiwirfpG) is 62 per cent. Complete particle disinte-
gration similarly requires five per cent water amitchange. Accordingly, particle disintegration

starts at 62 per cent and completes at 67 peneaietr content.

9.4.5 Rationality of the liquid limit and disintegration point

The water content of 57 per cent (point F) is thiems the shrinkage limit. That is, the soill
requires the same amount of water to (i), inteynddwnload the internal effective stress (0-19 per
cent), (ii) re-mobilise and demobilise the interafiéctive stress (19-38 per cent) and (iii), tmowe
the downloaded effective stress (38-57 per cemtysTits link with the shrinkage limit is a feature
that completely vindicates it as characteristidimthe soil response. Apart from this, the watten-
tent is twice the pressure saturation point. Thi®asonable because the same amount of water used
to mobilise maximum effective stress (saturatiomf)as required to completely remove the stress.

Now, the soil mobilises maximum effective stresthatsaturation point and yield at the yield
point. Similarly, it attains minimum effective séieat the liquid limit, before it disintegratestiag
disintegration point. In view of this analogy, @&asonable to say that the plastic soil respon<g)(F-
in fig. 8.3 is a yielding of the soil structure &gous to the yielding of the soil strength (C-Chis
makes poinGG a yield point in terms of soil structure. The dielg phenomenon is consistent with
the complete change in the physical state of tidtmreafter. Since the liquid limit is twice tisat-
uration point, it is reasonable to say that théntikgration point (structure) is twice the yieldimto
(strength). This lead to water content value opé6cent. The value is reasonably close to themuppe
limit of the disintegration process (67 per ce@early, the values of the liquid limit and theidis

tegration point are rational. In addition, the ¢xiie of the disintegration point is vindicated.
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Therefore, the internal effective stress-straindvébur of the investigated expansive soil was

characterised thus.

9.5 Conclusions

» The link between the water content points is aseguence of the change in the internal effec-
tive stress of the soil. Accordingly, the changsail consistency during soil wetting is

governed by the change in internal effective stress

» The consistency limits have fundamental signifemim the swelling behaviour of the investi-
gated expansive soil. They relate the effectivesstin the soil to the physical changes in the

soil.

» The linear shrinkage limit is the most rationatlasreproducible. Accordingly, the shrinkage
limit of the investigated soil can be used as alfimental parameter that links the soil consist-

ency to internal effective stress changes. Howekerlimits require redefinition.

» The attainment of the liquid state of the soih@t simultaneous with the disintegration of the
soil structure. This is because the elementarypsoticles are composite particles, made up of
the clay mineral and the adsorbed water. Thushyhkeated clay minerals disintegrate only

after the disintegration of the soil structure.

» The disintegration of the soil particles is a @es, which occurs after the liquid limit. It

requires twice the amount of water squeezed othtevh during the induction phenomenon.

» The preconsolidation stress of the investigatéldsaniquely related to the pretension stress.

» The attainment of the liquid state of the soih@t simultaneous with the disintegration of the
soil structure. This is because the elementarypsoticles are composite particles, made up of
the clay mineral and the adsorbed water. Thushyhkeated clay minerals disintegrate only

after the disintegration of the soil structure.

» The disintegration of the soil particles is a @es, which occurs after the liquid limit. It

requires twice the amount of water squeezed othtevh during the induction phenomenon.
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Chapter 10

Summary, conclusions and recommen-
dations for further research

10.1 Summary

The research work presented in this thesis usedtigtance concept to validate the induction
concept, a new concept of visualising the sweltihgnomenon. The resistance analysis successfully
rationalised the new concept as formulated. Thigdean understanding of the fundamental swelling
soil behaviour from a soil resistance perspectie pertinent aspects of the research can be sum-

marised as follows.

» A split ring oedometer, capable of measuring hmrial stress, was adapted with minimum

modifications, to suite the laboratory testing nfumsaturated expansive soil.

» A comprehensive laboratory test programme wasgdesi to characterise the mechanical
behaviour of an unsaturated expansive soil. Thdtewere analysed using the resistance con-
cept. New definitions of the resistances approeri@t swelling soils were defined and
rationalised. The resistance concept was usedhforfitst time to analyse expansive soil

behaviour

» Following a critique of the soil water potentialnew concept for visualising the particle-level
interaction phenomenon was formulated. For the finse, the adsorptive forces (soil poten-
tials) were decomposed and characterised from aaméstic point of view. Soil attraction and
soil adhesion are the primary potentials. The tamglement each other. Soil cohesion and

repulsion were considered secondary potentials.
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» A dynamic equilibrium between the soil potentiaejl water content and soil structure was
postulated. The interactions constituted an indactihenomenon, hence the naimduction

concept The concept was validated using the test results.

» The formulations of a soil particle model and aayic soil structure model were based on the
induction concept. The models are compatible witimventional understanding of soll

behaviour.

» The induction concept was used as a base to pbstah effective stress hypothesis. The
hypothesis postulated that (a) soil attractiomésinhternal effective stress, (b) soil adhesion is
potential internal effective stress, (c) soil cdbags mobilised effective stress and (d), swell-
ing pressure due to particle repulsion is isotrqmce-water pressure. The hypothesis was

validated using the test results.

» The change in particle-structure is reflectedhia thange in soil consistency (structure) and

was quantified by means of a physical soil model.

» The swelling soil behaviour under three uniquelbagpaths was investigated. The paths are
confined (no volume change), atmospheric swellprggsure increases to atmospheric value)
and continuous swelling (pressure, volume and wiktersimultaneously changed). The anal-
ysis rationalised the induction concept, the plaisikoil model and the effective stress

hypothesis.

» A new conceptual model for handling the interrfieaive stress of the soil, as a continuous
function of water content was developed. It wassegliently used in characterising the effec-

tive stress- strain behaviour of the investigatat s

» The effective stress-strain analysis revealediguenrelationship between internal effective
stress, water content and soil structure (soil isbeiscy). The consistency limits were thus

rationalised. It also led to a new definition oétimtrinsic soil property.

» The intrinsic soil property of the investigatedl seas rationalised. It can be easily determined

from test results obtained from routine laborategquipment.

» Appropriate formulation of the effective stresmpiple for the investigated expansive soil was
developed for the first time. It accounts for thadmic relationship between water flow and

change in effective stress.

» The effective stress model was used to simulaettanges in the internal effective stress of

the investigated soil during soil wetting.
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10.2 Conclusions

» The proposed induction concept for characteripiadicle-level behaviour of expansive soils
was successfully rationalised using the laboratesys results. Thus, the induction concept is
a viable alternative concept for visualising thetioke-level phenomenon of the investigated

expansive soil.

» The effective stress hypothesis was successfaligated. Therefore, the effective stress prin-
ciple can be applied to the investigated soil devics: (a) soil attraction is the internal effective
stress, (b) soil adhesion is potential internaéetffre stress, (c) soil cohesion is mobilised
effective stress and (d) swelling pressure dueattighe repulsion is isotropic pore-water pres-

sure. In addition, swelling pressure is a direcasuge of the internal effective stress of the sail.

» The swelling process is a re-arrangement of thermal effective stress to effectively resist
water flow. The mobilised form of effective strdssil cohesion) is capable of resisting water

flow by reducing it to a diffusion process

» The internal stress model rationally integratestiio forms of internal effective stress as a

continuous function of water content.

» The effective stress principle can be used to adtarise the mechanical behaviour of the

investigated expansive soil

» A physical soil model quantified the change in stiiucture during the swelling process. It is

called the Swelling Boundary Surface (SBS) model.

» The analysis successfully rationalised the coesist limits. The consistency (index) limits
reflect the change in internal stress of the ingeséd soil. They define rational point in terms

of effective stress

» The intrinsic soil property is linked to the effe® stress at the shrinkage limit. It is called th

pretension stress or number

» The linear shrinkage limit is a rational water tant limit. It is linked to the pre-tension stress
of the soil. The pre-tension stress of the soirabierises the pretension number and is equal

to the mobilised pre-consolidation pressure. Thedr shrinkage limit links the other consist-
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ency limits, as redefined. The link is underlingdthe changes in the internal effective stress.
Accordingly, the consistency limits are rationahitis, which can be used to characterise the

stress-strain behaviour of the investigated soil.

» The intrinsic soil property was defined and raéilised. It is herein called tipFetension rate,
K (kPa per water content change). It relates thegdén the pretension stress with soil water
content or degree of soil saturation. The pretansite can be normalised against atmospheric

pressure to give a dimensionless number, callegritension number, k
» The pretension stress is equal to the pre-corestidid pressure of the investigated soil.

» Swelling pressure is essentially excess (negativey-water pressure, which is transient. The
term ‘swelling pressure’ is not reflective of itatare and character. Accordingly, it is herein

calledhydrotransient pressure

» Water flow in the investigated expansive soil isgpminantly by diffusion. Accordingly, the

different wetting paths do not affect the periodhs swelling process.

» The swelling response of an expansive soil to widev is a consequence of the change in the
internal effective stress. The pretension stresquaty characterises the internal effective
stress changes. It is coupled to the shrinkagé.ldtnsequently, the shrinkage limit is a fun-
damental a parameter. In addition, it rationalhk$i the other consistency limits. Accordingly,
the revised consistency limits can be used to taig¢he fundamental soil behaviour. In addi-

tion, they can be used in developing models folaespve soils.

» The induction concept enables the treatment dbshiaviour in terms of the principle of effec-
tive stress. However, because of the compositicghefnternal stress, it is in two forms. The

first form is the internal effective stress formhile the other is the mobilised form.

» The effective stress principle has been succdgsipplied to the changes in internal effective
stress of the investigated unsaturated expansilkétsavever, the composition of the internal
effective stress is such that the effective stpesxiple is decomposed to the internal form and

the mobilised form.

» The consistency limits were redefined in line wiitle development of soil plasticity. The re-
definitions are as follows. The linear shrinkage#i(no change). The elastic limit was previ-
ously called the plastic limit. The saturation gagthe pressure saturation water content. The

plastic limit is the atmospheric saturation poitrro effective stress defines the liquid limit.
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However, this is not coincident with disintegratiofithe soil structure. Accordingly, an addi-
tional limit, the disintegration point, was defindds the water content, at which the adsorbed-

water, part of the hydrated clay minerals, detadtwa the solid part.

» The swelling process can be visualised in thréferdint but related perspectives. (1) It is a
reversal process, where soil attraction is unloadatireloaded. (2) It is a conversion process,
where the internal effective stress (soil attrattics unloaded and converted to mobilised
effective stress (soil cohesion). (3) Analogousdnsolidation settlement, it is a stress unload-
ing process. The stress is unloaded and similashsalidated in a mobilised form in the

adsorbed water. The adoption of the SBS physicalahelegantly ties the three together.

» The proposed SBS physical soil model adequatedyaatterises the physical response of the
investigated soil during swelling and shrinkingisltan appropriate complement to the meas-
urable quantities of the swelling phenomenon. Adowmly, it forms a sound basis of

developing of constitutive models for unsaturatepagmsive soils.

» The current method of determining the liquid lineads to the upper limit of the particle dis-
integration point. However, the revised definitiomse consistent with the changes in the
internal effective stress. In addition, the ligliidit has been rationalised in terms of its relativ

position and its determination.

» Soil plasticity is correctly defined during soiktting. The development of plastic flow is iden-
tical to that of a heated metal bar. The identdynes out of the link between heat energy and
the internal effective stress of the soil. Heatrgnés converted to effective stress during soil

drying.

» Soil plasticity develops during the wetting cyaled is analogous to the plastic flow of a heated
metal rod. The unloading and mobilisation of thieinal effective stress is analogous to the

increase in the kinetic energy of the moleculethenmetal rod.

» The induction concept adequately explains the emign of the effective stress from heat
energy during soil drying. It stems from the eqlévae between heat energy and effective
stress, in terms of performing mechanical work [@ol894). Therefore, cyclic swelling is

essentially an addition and removal of heat enéngy the soil.

» Soil suction does not cover the full range of shvelling phenomenon. The range over which
it diminishes is comparatively instantaneous. Adaagly, it is not a suitable stress variable to
use for the investigated soil. It would be appratiin soils, which do not generate swelling

pressure. In such cases, the elastic limit anghtbgsure saturation points are coincident.
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» The swelling process is analogous to triaxial aadometer compression of saturated soils.

10.3 Recommendations for further research

The research findings recorded herein are of admmhtal nature. As such, the implications
are far reaching in terms of characterisation andetiing of unsaturated soils in general and expan-
sive soils in particular. The subject of expansiedls can now be similarly explored to the same
extend as saturated soils. It is significant thatiew concept developed herein offers an oppaytuni
to integrate unsaturated and saturated soil behgvio terms of the effective stress principle.
Accordingly, the recommendations for further resbaare in the following areas.

» Validate the INDUCTION CONCEPT using results frasnils covering a wide range of
plasticity

» Develop charts or monograms for the soil propstiioe different soils (for design purposes)
» Time rate effects & water flow in swelling soils

» Develop soil models (soil shrinking, cyclic swalli & soil-structure interaction) & validate

them with field data
» Extend the induction concept to unsaturated soiteeneral

» Re-define the consistency limits and classificat@f expansive soils in terms of the soll
parameters and the consistency limits. Developmgsimplified guidelines for the practising

engineer.
» Development of the theory of swelling soil behariand water flow.
» Development of swelling soil-structure interactimodels
» Full-scale field investigations to validate the dets

» Develop practical design guidelines for enginegiim expansive soils, e.g. shallow founda-

tions, earth-retaining structures, etc.
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