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AR miethods of stiffened cafl foundation dosiga for expansive solls require an wdmate of the uaderlying soil
stiffness albeit that this parametsr is expressed in diffecent ways depending on the design parameters em-
ploged. However, thers is 1o penerally acespted method to defertoine soil stiffess, cither in the laboratory
e in the field.

In this work ovdometer and Uiaxial tests were conducted on bighly expansive Onderstepoort clay (o deter-
mine the range of modulus vaiues that the dilferent tests would give. The iiaxial tests were as follows:
drained and undrained triaxial tesis and confined and unconfined triaxial tests on samples held at constant
‘moisture. contents. The oedometer tests conducted were as foliows : swelf under load tests, compression at
constant moisture content tests, swell under load tests with subscquent unloading and reloading and constant

rate of strain oedometer tests.

The critesion that Is used Lo evajuate which is the best test depends on how closely the field stress paih is
Fofiowed in the iaboratory. A vocommended Lest s consequently the swel undes foad test because this test
models, fairly closely, the interaction of the rafl with the soil orce the soil beneath it begins to swell. Furthes,
‘modulus values frorm ihis test correfate very well with the modulus required 1o predict actual raft behaviour
using a finite ciement program, Triaxial tests on saturated samples were considered to be unrealistic because
of the small steains involved.
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4.0 Introduction.

Expansive clay profiles are fouad in many areas of South Afiica and, as a result, the local building industry
has often been faced with the challenge of building fight structares (such as houses) in these arzas. As is now
well known, if ihe foundation for these houses are not carefully designed to withsiand differential movemeats

cavsed by ticave, then severe distress can dceur in the stractre.

The Division of Building Technology of the C5IR ia Pretoria (formerly the National Building Research fn-
sttute) has long been invelved in helping the building industry ovescome some of these problems, Their ap-
preach has been one of conducting rescarch into the behaviour of siiffencd ralt foundations with the object
of developing  suitable design package. This design packige is based on a fincar efastic finite element model
which adopts the ‘plate on movnd” approach. Very bricily, this method models the swell occurring wnder fight
steuctures by assuming that a slab is placed on an already formed mound of known gecmetry. For a known

caft stiffacss, the edge defiection and stresses in the rat ean then be calcslaled.

One of the input parameters required for this package is the stffness of the underlying soil and itis here that
much reseacch into the correct assessment of this factor has been done by the Division of Building Tech-
nology. in this research, emphasis has been placed on the determination of the modulus from field tests (such
as plate tests and pressurcmeter Lests) as wedt as from the back analysis of full scale ralt foundations con-

structed at Gndesstepoort.

The aim of this project therefore, is 1o connue this work by supplying moduli vatues (rom diffecent labora-
tory tests on Onderstepoort slay 5o as to gain a complete, picture of the range in modul values that can be

expected from dilferent tests. From the back analysis meationed previo ssly, the miodulus values which allow

for the t raft simulads Kknown and the laboratory tests which give moduli vatues
‘within the required range and which mode] the field stress path most closely can be highlighted. I addition,
the combination of the field and laboratary data will also prove interesting in itself and could be usefil in

appications olher than in stiffened ralt design (such as road construction).

Note that the emphasis of this report lies in the laboratory testiog of the material and Rot so much in the

theory of stiffened ralt foundations.

“This repost is divided nto three main parts: the first section deals with 2 very broad literature survey which
discusses the general concepts of expansive clay technology, the concept of soil stilfness in various siffened

salt foundation packages and the laboratary technques used in expansive soil technology. The second parl

Introduction. ’ : 14




contaiis a description of the laboratory tests pesformed and a presentation of the results, This section is di-
vided into two parts which deal with the triaxial and oedometer tosis respoctively. Lastfy, in the third section,
the moduli vajues f-om alf the laboratory tests arc seviewed and Lhe best laboratory technique Lo determine

the modulus s discussed.

With regard to the Hterature sucvey, it must be borne in rind that tis section has been written from  point
of view of gaining a feel for the vast subject of expansive soil technology, Thus, many fines of thought are
presented in the literature survey which are not further developed in the laboralory work. A good example
of this is the axis-translation technigue Which was ot attempted in the Jaboratory because of the limitation
of time. The matesial in the Gteratire survey was also collected oves a lengthy period of tme and thus, in

some cases, the experimental techniques used differ slightly * om ose suggested in the lieraiure survey.

I conclusion, the vahre of the soil stiffess determined by the method recommended in this wosk should lead

10 more economical stiffened raft foundation designs when used in conjunction with computer design pro-

grams.
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5.0 General Principles in Expansive Soil

Technology.

5.1 Ejféctive Stresses in Partially Saturated Soils

For satucated soils the principle of effective siress originally proposed by Terzaghi in 1923 has proved 1o be
of fondamentat imporance in understanding the mechanical behaviour of saturated soils. The principle of
elfective stress simply states that: ‘for saturated soils all measurable effects of a change in stress such as
compression, distortion and a change in shearing resistance are exclusively due 1o changes in the offoctive
stress{wrtand 1965), For saturated soils the effective stress is defined as th: difference between tho total

siress & and lhe pore-Water pressure .

The question now aises as to whether or not the principle of effective stress applies to unsaturated soils as
welt, A modified form of the effective stress equation was (irst proposed by Bishop in 1959 and can be stated

in a mathematical form as foliows:

o me—u)-dn—w) ()
o= Effective Stress
o= Tolal Stress. R
;= Pore-sir Pressure
1y Pore-water Pressure

x= An empirical factor

(e~ tp}= Soif Suction.

General Principles in Expansive Soit Techaslogy. L ° 1
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To prove the velidity of cquation 1 Bishop and Donald (1961) performed drained tiaxdal tests in a modified
triaxial appacatus wherchy o3t and u, could be controlled. In these tosts the absohuts values of a3z and
14, wero all varied in such a way s0 a5 (o keep (o3 ) and (i, = 4.} constant, The results showed that in spite

of the vastations in 03,4, and w, oo significant change in the axial siress-strain response was noted.

Burlacid (1965) has hawever, contested th tion that the use of i inciple for partially

saturated soils is always valid becausc, on weiting, some partially salurated soils (espesially sants) collapse.
He claimed that this is a viofation of the elfective stress principle bocause, due 10 wAting, thore is a reduction
in the effective stress (the suction lerm is reduced) which should sesuft in a volume inerease. On the othier
hand, Blight (1965) has postulated that this behaviour is due Lo a structural breakdown of the soil skelelon
{or fabslc) and iberefore cannot be related to the principl of effective stress. Blight (1965) has also shown that
this coltapse behaviout is onfy limited to a small critical saage of suctions, For values of suction outsids this
range the collapsing sand expands upon elfective siress decrease (Figure 1). Hence the collapse phenomenon
applies a limitation to tho use of the effective siress principle, but occurs as a consequence of the pringiple

(Blight 1963).
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Figure 1, Curve for the swolling of parlly saturated sand held wnder constent isotropic load
{o =) Swelling ook place under decreasing values of (¢ — ) unill a critical effective

stress was reached, whereupon collapse toak place (Blight 1965).
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There are however many other probloms associated with the direct use of equation 1. Gne major proble:
invelves determaining  suitable value of  because it is most often not known and s diflicult 1o determine.
“This is because y is not a constant over  particular stress range due to its dependence an soil suction, &

well as the fact thal it is dependens on the stress-path heing followed (Blight 1965).

To simplify the analysis of pariially saturated soil behaviour, 8 stress-path analysis has been propased
(Aitchison 1973}, This entails performing laboratory lests on undisturbed samples whereby the sample is
subjected to the various stress components i the corect order in which they would accur in the field. Thus
the relevant soil propertics may be quantified even though the actual values of effoctive stress remain un-

knowm (Aitchison 1973).

5.2 Soil Suction in Partially Saturated Soils

The concept of soil suction has already beers mentioned in the scction dealing with effoct He

(hia concepl is very important when it comes to expansive soi behaviour because it is often found that it is
the dominant term determining the stress-straia response of the soil in the fonger term (. over a period of

years). For this reason the conceps of sail suction will be explained in more detail.
Soil suction can be evaluated from the foliowing two paints of view:

® _ Soil suction contributes directly to the effective stress fn the sample, as already indicated in equation .

Menisci form at grain to grain contacts which, dus to their very smafl radii of curvature, develop large

negative pressures ia the pore-fluid (Figure 2).

Geners! Principles in Expansive Soit Technology- 1
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Pore - water under large negative

proporionai to the radius of
curvature of the meni zus

Clay Plaieiots ——gme

Figure 2. Action of pore-water in partially saturated sails {After Burldnd 1965).

This cesuls in a large incroase in the cormal foreo P (and hence the effective siress) acling betwosn
paclicics. On the other hand, rorswval of the suction in Ihe 5ot causes these farge internal forces to be

seleased, resulting in swoll (Brackicy 1983).

Soit suction can altematively be viewed as a measure of he free cnergy available in the soil-waer rela-
Gve 1o a poot of pure water located outside Usc soil at the same clevation (Snethon 1980). Henee, if the
pure water is brought inlo contact with & soil having a suclion companent, an cnergy gradient will be
et up causing waler to flow inlo the soil until the sysiom is in equilibrium. In so doing, an amount of
cnrgy is dissipated which Is numesically cqual to the work done on the soil to create a suction in the
soil in the first place. This cnergy is dissipated by means of overcoming friction and by expanding tha
soil lattice (Snetben 1980). In’wiis context soil suction can also be seen 2  'soil’s affinity for water”
(Petor 1979) and can be regarded as the basic driving force behind meisture changss in partially satu-

rated soils,

Soil suction is the result of the following 3 factors (Peter 1979):

Surfaco tension effects: As has alrcady boen discussed, he smali radii of curvaturo of the menisci al the

aiejovaler interface causes large negative pressures in the pore-luid between geains. If a sufliciently large

Gencral Principies i Expansive Soil Technology. - .o

pressure. This presgsme is invessely
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extcrnal foad is applicd, this component of suction could reduce as the soil tends towards 2 higher degree

of saturation. Also, the smalier the water content, the greater e surface tension effects.

2. Adsorption: Clay particles possess a nel negalive surface charge which atiracts the bipolar water mofe-

cules constituting the pore-fluid.

3. Osmotic imbibition: The pore-water of a soil can conlain large quantities of dissolved salts. These dis-

solved salls ereate an osmotic suction which can be substantial even when the soil is saturated.

Matrix suction is denoled a5 the sum of adsorption and surface tension efferts, while osmotic imbibition is
simply denoted as osmolic suction. Tolat suction then becomes the sum of matrix and osmotic suctions and
s sometimes measured in terms of the pF scale where:

$F=logs(suction in em waler)

For any given soil, the valte of total saction is dependent on the following factors (Bishop and Blight 1963,
Mou 19813

4)Dsy density

5)Water contenl

)The siress difference (o — ug)

d)The concentration of fons in the pore-water; and

&JThe natre of the svil fabric.

As a consequence, it is difficutt to relate water content directly to suction, which impties that water content

should not be used as a deseriptor of the state of a partially saturated soil.

Tests done by Mou (1981) on an expansive sail (Pl = 32) indicate the relative magnitude of the influence
of dry density and water conient on the matrix suction of a 3. - specinen { Figure Jand Figure 4). The re-
sults were obtained from a modified suction controffed oedometer which will be described i a fater section,

These figures clearly indicate that the water content of a soil is the predominant contributor to a pariicutar

vatue of matsix suction. Also, as shown Gigures, the type of soil compaction used in the laboratary
can influence the value ?rmcnon}msma. Mou (£981) ascribes this phenomenon to the different types of
soil fabric which are proguced by these two methods of campaction. uiother factor influencing the value of
suction measured in a remoulded Laboratory specimen is the tength of ime elapsed between sample prepa-
ration and suction determination. Typical curvés for an expansive ciay with 3 ©F of 19 js shown in
Figure 5 and is denoted as sample A. The curve for kaoiin has been inciudod to show that the wend of
suction development with tize is independent of the soit type for statically compacted material, From this

General Principles in Expansive Scil Technology. o
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curve Mou ioc. cit.) coneluded that for this particular material, the cusing petiod should last for a misimum

kl
of four days. -
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Figure 3. Suction - y-ter content relationships for an expansive clay: This clay had a Pl of 32 (Mou

1981).
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Figure 4. Suction - dry density relationships for an capansive clay: Plasticity index of 32 (Mou I981).
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Figare 5. Changes in the soit suction of compacted soif specimens with curing time (Mo 198¢)

Mou (1981) has also shown that thers is a unique relationship betwekn the initial suction of a specimen, ;
percent swall and swelling pressure regardiess of the cavse of the suction which may be duc to variations in
the initial dry density or in the initial water content. The relationship belsween initial suction and percent swell

i water content and dry donsily,

is shown in Figure 6.The points on the graph all bue differing values of in
‘but due to the fact that all the points fie on a relatively stnooth curve, cne can only conclade that the initiaf

suction is the controlling factor in determining swell behaviour.
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Figure 6. Percent swell initial suction relationship for an expansive clay. (Mou 1981).

5.3 The Axis-Translation Technique

Tuit is impossible to work directly with suctions greater Uian 30kPa in the laboralosy because the waler i
1he pore-waler pressure measuring svsiem cavilates (Bishop and Blight 1963). To measure greater swctions,
the axis-translation techsigue is used. Tho basic principle is to raise lhe pore-alr pressure of the sample and,
assuming that all the voids are intorconnected, the pore-water pressuse shiould increase by the same amount,
thus teaving the suction in the samplo unchanged. If the pore-aic pressure s elevted sulliciently, a stage will
e reached where Lhe pore-water picssure Is zero. At this point the pore-air pressurc can be regarded as being
exqual 1o the suction in the saraple (Olson and Langfelder 1965). The axis-translation technique is 5o named
because it translates the origin of cefereaca for the porc-water pressure measurcment, from standard atmo-
spheric conditions 1o the final air prossure value (Bocking and Frediund 1980). Through the use of this
technique Bishop and Biight (1963) managed to measure suctions as large as 430kPa (PF3,69).

An instrument used to measure suctions, using the axis-ransiation technique, is the pressure plate coll

(Figore 7). Results showing the pore-water response 1o applied air pressure are shown in Figore 8. Notice
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that the slope of the line is close to 45 dogrees as is (o be expecied, which implies that the final applied air

pressure is equal to the extrapolated negative pore-water pressure.

One of the prablems that arises when using the axis-transfation lechnique occurs when samples with very

lasge suctions are initially placed on the porous stonc. It has been noted that, duo-1o Wis large suction, there

s a teadency in the pore water ? o cavitate almost immediately (Olson
and Langfeider 1965). A possible solution to liis problem is lo either assemble the celf very rapidly and apply
a lacge aie pressure as quickly as possible, or % open the Rushing valve momentarlly { Figore 7) while the
cell is being assembled. The latier solution has been successfully used by Olson and Langfelder (1965), but
it induces a time fag of approximately 30 minutes before the fulf suction can be measured. The former sol-
ution causes the air pressure to ‘overshool’ the actual suction value because the sample has finite air
permeability, which means thal a vecy lacge air pressure s required Initially to penetrate 1o Ve base of the
sample (Qlson and Langfeider 1965).

Another profitem that may arise, if onger testing times ired, is the diltusion of air theough the p
stone. This will canse the actsal suction valve to be underestimated (Bosking and Frediund 1980). To remedy
this protiem, an elevated posilive pore-watcr pressure can be used (je. not zero) and thecefore the estimated

suction becommes the applicd pore-air pressuce less the measured pore-waler pressure.

Usually dmum suction that can be by means of the axi lation techniguc is determined

by the air-cntry value of the posous disc placed below the sample. The au-entry vaive corresponds t the

maximum air pressure thai can be applied before air is forced through the disc.

” General Princigles in Expansive Soil Techuology.
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Figure 8. Influcnce of air pressure on the measured pore-water pressere {Olson and Langfelder (1965).
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5.4 Mechanisn: of Swell Beiow Buildings and Associated
Structural Measures.

The mechanism of swell telow buildings is best Musirated by experiments conducted by De Bruin (1973)
who investigated the behaviour of différeat surface covers placed an cxpansive profile over a y: <iod of five
years. Two oi these: covers consisted of 2 plaslic cover and a fallow arca respectively. The fallow area was

prepared by means of a deloliant. Surprisiagly, the heave of the fallow area was very similar to that of e~

corded undes the plastic cover. This fed Williams and Pidgeon (1983) to conclude that "the most significat
change in loading made to a building sile, ic to the siress Lhange in the soil is considered 1o be the the re-
moval of the vegelation - all olher effeats such as imposed foundation foads, drainage or lowering of the

‘ground water table, relief of stress on excavation are of secondary importanee”. In olfier words, the placement

of a surface gover implics the climination of transpi which disturbs the original moisture

cquilibeium between the soii and th here, As a i fates benealh

the cover causing a reduction in suction resuliing ia swell,

The special construction lechniques employed to reduce damage caused by heaving soil are bricfly listed

bolow (Louw 1988, Williams ct al 1585 ’

1. Escavalion of espansive soll under the foundation and replacement with non-expansive soil material

whi

is well compacted. This tochnique is only appiicable in areas-where cxpansive profile is shaljow.

2. Articulated or “open joint” construction which divides the hovse irto smalles, stable wnits by means of
movement joints or window openings of full height. Sections between the movement joints should be
provided with bolh vertical and horizontal reinfoscemeat. Generally, oper joint construction should
not be used in areas were the lolal ficave s expecied to cxcoed 30mm.b must also be realised that
stuctures build by this technique will il require occasional mainienance such as the patching of cracks

during the [ife of the structure,

3. Sffoncd raft foundations consisting of reinforccd slab and beats which are sUff enough to soduce dif-
ferental doffocions. I is generaly wnsconomicat to provide  rall st enough 1o allow for the use of
solid brickwork (ie o joiots) and therefore, articstated brickwork is usuafly employed in conjuaction
wilh stiffened salts. This method has boen used extensively in Australia, the USA and South Affica no

doubt due to s fow cot refalive fo other construction fechaiques.
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Anchor piles founded in the stable soil layer beacath the fayer of heaving soil. The structure is then
erectod o a slab o beam on top of the piles in such a way that it is isolated entirely from the soil surface.
and the heaving ¢lay. The piles must be either desigaed Lo resist teasite forces generated by heaving or,
alteematively, the piles must be isolated from the surrounding soil. fn the case of augered pifes, tis can
e achicvod by drilfing 70 oversizs hole through the expansive fayer, casting the pile within a permanent
casing and (hen [iting the annular void with vermiculite. The cost of forming the void below light

structures is ustialy cxpensive so this technique is best used in heavy structurss.

Pre-welling is applied o affow the profile to expand before the structure is buid. 1t generally works
belter for larger siructures because seasonal moisture changes below smaller stuctures prevent the

‘misture content from stabilising. Differemial heaves are therelore not climinated.

After the building has beon erectod, further care should be takea to ensure that the moisture content of the

soil below the structure remain as stable 25 possible. This can be achieved by allowing 1o trees or shrubs to

be plagted near the structure and by permitting no garden watering 100 close 10 the structare,

5.5 Summary -

“The effective stress equation proposed by Bishop (equation §) identifies two stress state variables which

effects partially saturated soil behaviour, These two variabies are the tofal stress (o — ) and the matrix

suction {u, — ua). in the laboratory, the cxact efective siress operative in a sample is not quaniified

bt rather, as fac a3 possible, the correet stress path as occurring i 1 the fiold.is emulated.

Matrix suction of soil suction is a measure of the potenia energy within a 5oil, Dissigation of this energy
throvgh welting causes soit latice cxpansion, In this coatoxt, soil suction can also be regarded as the

basic driving foree behind moisture changes in panially saturated soils.

Besides the water content, the soil suction is also influcnced by other facters such as dry density, the
conceatration of jons in the pore water an by the nature of the soil fabric, Therefore, water content
should mot be used 25 2 descriptor of Lhe stale of of a pariially saturated soil, Further, there is a unique
relationship between the initiah suction of a sampie, percont swell and swelling pressure regardless of the
cause of the suction which may be due 1o variations in e inilial dry density or in the inidal water

content.
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4. The axis ranstation techaique is @ powerfol ool for achicving large suctions in the faboratory, but the
maximum suction that can be measuced by this tochnique is imited by the air enicy value of e porous

stonc placed below the sample.

5. The most significant change in loading madt 1o a building site, Ie o the stress change in the soi, is
considered to be the the removal of the vegetatior: - all‘other effects such as imposed foundation toads,
drainage or lowering of the ground water table, reficl of stress on excavation are of secondary impor-
tance. The special consteuction lechalques emplaged to roduce damage by heaving soil 1o light struc-
tures include excavation and replacement, articulated consiruction, siffened rafls, pre-wetting and
anchor piles. On a relatve cost basis, stffened ralts have boen shown to be one of the cheaper tech-

niques.
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6.0 The Equivalent E-Valuve in Stiffened Raft

Foundation Design.

6.1 Introduction to Stiffened Raft Foundation Design.

At present there are at lcast 17 differvat methods and/or approaches ustd for the design of stiffened rafls on

expansive soit (Pellisier 1987). Far all of ic principle is to i 8

support offered by swelling or shrinking soil Is unpredictable in character due to extraneous circumstances
such as garden watering and desiceation by trees. Consequently, these design procedures are based on the

most likely mechanismn of soil distortion (Lytion and Meyer 1971 and Pile 1987).

Figuce 9 displays two fikely fong term siab distortion modes whick are recognised in design. They' are the
edge heave mode (sagging condition) or the centre heave mode (hogging condition). In South Aftica only
cenire heaving is considered in design because it has Boen found to be by far the major cause of cracking

in buildigs located on expansive soif profiles in this country (Pidgeon 1980a).

Most of the above mentioned design procedures use the ‘plate-on-mound” approach. This approach assumes
that an ciastic footing is placed on an already formed mourd whicl is laken 1o be that which would oceur
under an impermeable membsane of the same size as the proposed foundation (Williams et al 1985).
Figure 10 shows how this cenire-heave mode is ideafised in a typical dnsign procedure with some of the as-

sociated design input parameters.

The siiffened rafl assumes fo deflect lowards the shape of the soil surface while at the same time ‘sinking’ .
slighily into the soif (Woodburn 1379), Obviousiy, this design procedure significantly simplifies the true situ-
ation in the fieid because, in practice, the mound would form only afler the foundation was cast duc 10 the

elimination of transpiration as has already been discussed.

In this section, the major design procedures will be reviewed in teems of their recommendations concerning
the correct E-value. Where possible, actyal values will be given and the relative importance of sstimating the
correct E-value will be discussed. Finally, please note that in this section, E-value subgrade modulus and swell
stiffness witl be used interchangeably. it is felt tiat 1his is jostifiable because they all refer to the soil mound's

responsc 1o load, even though they have differing precise definitions.

The Equivalent E-Value in Stiffencd Raft Foundation Design. 3
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Figure 10, Idealised initial mound shape-centre doming (Williams et a [985),
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6.2 Definition of Soil Stiffuess in vaft design techniques

6.2.1 Lytton's design method (1971):

Lytton defines 2 “subgrade modulus’ to describe the clastic praporties of the soil mound. This modulus is
defines in the following way {Lytion and Meyer 1971): If there is 10 pressure on ts surface, the soil will swelt
xmen. b units of prossure are applied, the s6il will swefl x-a mm, The prossurc swell deficit modulus bja is
the modulus to be used. O*Neill and Poormoayed (1980),in their review of foundation design on expansive
soil, define the subgrade modulus from aa unloading curve (Figure 11). This curve is obtained by allowing
2 soif sampie to devclop 3 maximum swell pressure under zero volume change in the oedomeler. The sample

is then unfoaded in increments uatil full swel is reached under 2er0 Joad.

40
oo Aer Suell peessure
3 3 L
&
§
é 20] L
* Sualt
Defiely —
] w “
%
9 o) -
o Ymen —of
I -
L 3
b z T + 3

Surfaca Hoave, in. Swoit geici, in.

Note:

inz2.54m
Ipsi +8.89KN/m?
Figure 1. Prossure versus swell deficit (ONeill and Poormoayed 1980).

The subgrade modulus can then be delined 2s shown in Figare 11. One gels the imprestion that Lytion,

O'Neill and yed arc trying to but whether or not these two definitions yield

stmilar results as yet to be investigated.
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in a receat paper presented by Wiliiams et af (1985), the mettiod of obtaining the subgrade modulus, as
propased by Lytton, was questioncd. IL was fef that & ‘deformation under Joad” parameter shouid rather be

used besause it simulates the long-4esm stilfness of the soil after mound formation more elosely.

Lytton and Meyer (1971) aiso recommended that in the sprickage condition e subgrade modulds 1 be
used, would be a stope or secant of a long-term pressure-deformation cueve for a soit colitmn down 1o 3 depth
of negliglble movement'. Lastly, for the Lytton method, an accurate measure of the subgrade modvius is not
roquired because the final ovipus is relalively insensitive to changes in the value of the subgrade modulus

(Pidgeon 19806).

6.2.2 Design method propesed by Walsh (1978):

Walsh (1978), states that the swell-sffcss (k) corvectly models the footing soil interaction, His definition of
k Is the same as ot used by Lytton 1o describe the subgrade modulus and can be expressed in a math-
ematical form as follows:

P= kiy-b) e 23 .

P= Soil pressure on base of footiag (MPa).
k= Svbgrade modulus (MPa/m).

y= Free swell of soif with no vertical foad (m).

6= Equilibrium position afler load has been applied ().

Walsh loc.cit) does however, have the foltowing additional comments to make:
1. Alinear celationship between P and {, 6) hould not be assumed.

2. The swell-stflness, as defined In equation 2, does ot ‘suggest any superposition of pressure on a mound

that has developed its full swrctl ',

3. Swell-stiffess cannol be refated to the elastic property of the soil because it is rolated more 1o swel)

sensitvity. However, the conventional modulus of subgrade reaction may be taken as an upper imit to

the value of k. Jf)
!
Walsh (1978), suggests the Tollowing method for finding the swellsulfness:
- i
= c - . b
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©  Vaciovs samples are taken from a profilc and are tosted it the oedomeler. ‘The inidal condition of Lhe
specimens correspond 1o the correct in-sit density and have a water content, similar Lo that which would

oceur when the profilo was in a “dry’ siate.

©  The sampies are allowed to swell to “wet’ profile conditions, which then aflows onc to plot oul a graph

a5 shown in Figure 12.

Foumron uamssts (WP}
§

Volumatric 2wer (%)
Figure 12. Swell-pressure cucves for Doven clay. This is a clay found in Victoria, Australia (Walsh

1978).

. Under a given foundation pressure, the overall vertical heave for the profile is then caleulated by sum-
ming e component hsaves for cach fayer in the profite (Figore 13). Account is taken of heave re-

duction caused by overburden pressures.

*f

L — )

EC % L1
Horve

. Soson e (0}
Figure 13. Swell-pressure carve for idealised foundation (Walsh 1978).
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This analysis led Walsh to befieve (hat two types of stiffess were appiicable: ono for lightly loaded structures
2nd another for heavily loaded struclures, which he called sofl and hard mound stffess respectively. From
the data shown in Figure 12 and Figors 37 Walsh calculated a soft mound stffness of 0,5 MPa/m. In anothor
paper Walsh (1984), suggesks that the expected stffness should fie in the range of §,1-2 MPa/i.

An interesting obscrvation regarding the subgrade modulus as defincd in equation 2 is that it s dependent
an the depth of the profile considered o make a contsibition to the tolal heave. Also, it should be oticed

that the term “wet profiie’ i Used very foosely hece b i i i joned

at all by Walsh {1978) although in the quoted tests a Fnal of full saturation was most probably used,

Thus it is clear that the value of (he finat moisture content chosen will also have an ir lueace on (he value

of k caloulated.

6.2.3 Design method proposed by Mitchell (1980):

Mitcholl defines the subgrade modulus in exactly the same way as Lyton and Walsh (equation 2), This
equation is then used to build up verticat and moment equilivrium cquations for the footing as a whiole which
when combined wilh a compalibility cquation {betwoen the soil susface and the fooling bas), cstablish Fi.o
‘Dasic design equations for this method. Most imporiantly, however, Is the fact that these cquations demon-
strated that large variations in the choice of subgrade modulus do not ignificantly alter the final design mo-
ments (Mitehell 1984). In fact, if the modulus varies by a factor of 8, liule variation in the final design
moment, as caloulated by this melhod, can be notieed (Figure 14).

DISTANCE, FROM CEMTRE OF FOOTAG ()
' 2 a 4 5 o

Figure 14, Effect of a chauge in swell stiffaess swhike all other design paramcters are held constant

(Mitchell 1984),
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6.2.4 Finite element program developed by Fraser and Wardle (1975):

Fraser and Wardle (1975) describe a sophisticated finite clement program called FOCALS to model the
plate-or-mound approach more accurately. Their findiugs, with regard 1o subgrade modulus, is that if the

modulus value of the elastic mound increases, it is of minor importance - an increase of 300% requires only

" a amall change in beam size’. Pidgeon (1980a), while using this progeam, concluded that at large values of

edge penctration distance {en) and differantial mound heave (p.) the sofl modulus is sulliciently significant to

be taken into consideration (Figure 15).

T

Figure 15. The combined offect of cdge distance and soik modulus on deflection ratio (Pidgeon 1980a).

However, it should be poinied out ihat on larger cdge distances (e.), only deeper beams can be used to keep

the: deflection ratio within tolerable li

. Therefore, Figer~ 15 may over-emphasise the imporiance of soil

modulus on stilfened rat foundation design (Pidgeon 1960a).

" 625 The Post Tensioning Institute Method:

This method usés equations derived ‘rom 2 finie element package and models the con

on of a slab
superimposed on an already formed mound (Pidgeon 1980), Young's modulus is set 10 a consiant value of
I MPa and s thesefore not one of the input variables. Walsh (1980), in his detailed description of the as-
sumptions inherent in iis melhod, makes very finle mention of the Young's modulus for the mound, except
to point out that i effects the position of the maximum moment in the siab. One can only assume that the
tDodulus was not considered important enough, relative to the other input variales, to be included 25 2
variable, Pidgoon (1980z), considers the valuz of 7 MPa to b too low for Soulh Alrican conditions and thus

suggests thal a value of 21 MPa ks 2 more realistic value of the soil modulus.
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6.2.6 Design method proposed by Pidgeon (1988).

“This mothod is compulsr kased and essentially consists of a modified and impraved version of the FOCALS
program mentioned easlicr. For the purposes of raft design the ooilis idealised as a single isotropic 2.l layer
3 metres thick with a poisson’s ratio of 0,3. The clastic modulus is the only soil variable and iLis cafiesi the
Tquivatant Efastic Mound Modstus (EEMM) and is defined as foliows:

CywB (-

EEMM = @

Ca = A factor which depends on the shape and stffacss of the foundation and the thickness of the elastic
alf space, For this design method a soil thickness of 3m is always used. Values for this fuctor are quoted
by Pidgeon (1988). X

w = The average conlaet pressure of the raft, assumed to be uaiformly distributed.

B = The length of the short side of the raft.

= The poisson’s ratio of the hall space. It can be taken as 0.3.

6. = The reduction in ficave in the ceatre of 2 Joaded area cavsed by the weight of the safl alone.

“The parameter &, is fatulal;sd by assuming thal the soit profile is divided into a aumber of discroet. layers.
To each fayer the Generalised Heave equation is applicd (see equation 4 below) 1o compute the free swell
occurring under an impermeable cover taking into account overburden pressurcs. Total free swell then is
sim il the sum of alf the heaves of e fayers. This cafeutation is repeated asstmiag that the foundation is
placed on the surface and the associated stress distribution Lhrough the scil tayer is now taken into account.
The difference betwees the total frec swell and the swell eccurring when *he foundation is in place s then the.
parametor &, . The Generalised Heave squation is given as foltows:

r
Ay m{:“d LC N —— . “

H = The thickness of the layer.
AH; = Heave of the so; layer

P = The vertical stress acdng at the centre of e soit Iayer duc to the overbuirdon pressurs and the foundation
nressure. ’

P, = The swelling prossure.

Furthor simplifying assumptions regarding the EEMM include the following:
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1. The lateral variaten of moisure content and hence claslic moduius should be ignured.

of the contact

beigored,

2. The stillness of the the (oundation and h

and @ uniform contact pressuce assumed instead.

3. It shouid be assemed that the contact ares Femains constant during mound development and is equal

0 the sutface asea of the foundation without any lifl-off. The applied pressure shouid then be taken a5

the tota) Ioad divided by the asea.
4 The initial clasilc setdement prior to motnd hould be ignored where this is due to contre
heave.

Essentially the factor EEMM is the same as the factoc k givew by oquation 2, However, in contrast to the
previous mathads, the design outpuLls significantly more sensilive Lo the vatue of EEMM used. For cxample,
Tigure 16 shows tha impact of smal changes in EEMM in terms of addidonal cast for a 7m by 8 raft. This
figure shows that if the EEMM increases from roughly 3.0 1o 2.5, then Ure cost increases by a factor of 2.6
3f onn assumes a differenlial heave of 60mm. However, as onc would expuct, at lower diffccentiel heaves, the

senshivity of the program s reduced.

Mound exponent
2 w_ w @ v s

3

3

%

Equivalant Elastic Mound Modulus{MPa)
3

¥

B % w 3 3

Differential heave {imm)
Figure 18. A chart showing the porcentage additionsi cost for a 7m*8m rak: (RPUG 1989).

It Is also evident from equation 3 thal the EEMM is not only a function of the type of soil, but it is also a

function of foundation siac and shape as well as the applied vestical siress.

The Equivalent E-Value in Stffened Raft Foundation Design. »




By vsing the analytical techrique swethod described above, typical values of EEMM have been shown to fie
between 2 and 7 MPa for various sites in South Afica. These low values not only correspond with the values
quated by Walsh (1978) given previously, but also field tests as well as back analysis of full scale expecimental
-abilliy of these valucs (Sanders 1989 ard Pidgeon 1987).

safts have shown the appi-

Sanders {1989) conducted the followirg ficld lests at Onderstepoort and othes sites, the aim of which was lo

determine the EEMM: .

Full seale swell under foad (SUL) tests: An area measuring 1.2m by 1.2m was loaded by meass of
conerete blocks to the required load. Over a fong posiod of time, levels were taken on the susface of the
concrete blocks and also on pegs deiven info the sail surfacs nearby. Al levels were taken relative 1o a
stable benchmark wch was socketed Into bedrock and isolated from the sursounding seil. By means

of this lovelliag exercise thersfore, & couid be caleufatod directly from the Geld results.

Self bosing pressuremeter test (SBPM tost).

,.a

Plate jacking tests: This test can be further divided into the following categoriess

2. Vertical plate tost

b, Lateral maintaified load test (abbroviated ML).

€. Latesal constast rate of penctration test {CRP tst).

In the ML tost, a frther (02 increment was only applied when the rate of deformation reduced to a chosen

value. h
The results from these tests ars given in Figure 17. Note that the intermediate EEMM values from the SUL
towers are plottsd with time, while the plate and pressuremeter moduli have also been inserted with the as-
sociated stress at which the modulus was measused.

The poiat to nate i that the Ginal EEMM value from the SUL towers is very low apd furthes, itis significantly

. Obviously, di in test ducati e and test direction

fower (han the and plat
have a role to play. Vhe ML plate test and the vertical plate test are the only tesl which give modufi close to
the EEMM value, but on the other hand, this may be due 1o differing test conditions. For instance, in the
case of the verticat plate test, the modulus is low because of bedding - in effects {Sanders 1989), while in the

case of the ML test, the ow modulus is as  result of the high applied stress.

‘The Equivalent E-Value in Stiffened Raft Foundation Design.
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Sanders {1985) also conductnd laboratory swell under load acdomcter tests on Ondecstepoort clay fsoe siress
path 5 in figure 18). The modulus from these tests agroed very well with the EEMM valuo from the SUL
towers constructed a1 Onderstepaort if the inverse of the slop of the best fit line through the points was used
10 calculale (he modulus. Thus it appears that a single swell under load Lost could give a reasonabie estimate
of the EEMM where there is a desp residual layer of expansive ciay as s lhe case at Onderstepoort.
Pidgoon (1987a, 1987¢) describes Lhe behaviour of fult scale experimental rafts build at Ondesstepoort. The
main aim of these experimental rals among other iings, was Lo determin how well the FOCALS pr . wm
prodicted avtual raft bohaviour . In the inidal back analysis, a typically accepted soll modulus of 11.5 MPa
was usod in he progran. The resulls showed that the program severcly overestimated edge defloctions mainly
because the plate on mound approach Is a gross simplification of the true siluation z0d alse becavse the
program ignores slab membraac action, lateral restraint on beams duc to the presence of soil botween them
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Figure 17, Modulus from SUL towers, plate and pressuremeter tests.
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and the coupling rigidity of the beams (Pidgeon 1987a). However, it was found What if a much Jower value
of modulus was used (for example 2-3 MPa) then good corvelation between actual behaviour and predicted

behaviour could be attained.

6.3 -Equili*vium conditions below raft foundations

These exists the possiilty that e pariculas value of Voung's Modubs, chosen for silfancd raf design.
could be dependent on, amongst other things, the final suction under the raR. This could occar, for instance,
if the materiat shows distincily different values of siflness ai differing values of suction. This point will be
slaborated on later, but for aur present purposes a brief fiterature review Wil be conducted 1o determias

suggested values of equilibrivm sucsion.

Russam and Cofeman (1961), proposed a relationship between Thorthwaite moisture index and possible

values of suction below a pavement where no water table is present (Figure 18). The extra points on the *

curve (numbered) refer to read pavements in Australia. The (sir degree of scattor is due to various simplifying
asaumplions used to catculate the eimatic index (Aitchison and Richards 1965). Also of interest is the fact

that vatues plotted from South Africa are faisly close o the Russam and Coleman fine. Thus, according to

. Pellisicr (1987), this curve can be used to predict the final suction value below & rafl foundation in South

Alrica,

The Equivaleat E-Value in Stiffencd Raft Foundation Desig. a
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Figure 18. Equilibrium suction bineath the centre of sealed road pavements in terms of Thorntiwaite

moisturc index (Pellisier 1987).

Peter (1979), maintains that if the water labic exists close to the surface (e, 6m in cli ), tiea regardless of *

Himate, the equiibrium suction profile vill be that given by stalic equilibrium with the waler table.
‘De Bruin (1973) has shown that, undor a 7.2m diameter fibre gliss cover osastcucted al Onderstepoert, the

final condition was onc of near saluration down to the water table which was al a depth of 8.5m.

Hamberg and Nelson (1986) assmed that the final suction profilc vay'es linearly from pF2.5 at the surface
to som~ stable suction vakue exsting 21 the base of the aclive zone (Figure 19). A value of pF2.5 was chosen
10 represent the final suction at tho surface because no volume changes were assumed Lo occur al suctions
foss than this valus. For ths clay profilc that these authors wers Sntorcsted la the sucton value of pF2.5
corrosponded Lo 3 water content roughly cqust to the plastic limit. The initial suction profils shown in this

figuen epresents the suction profile prior to construction, This profito bas been yuncated ot lhe molslure

contant corresponding 1o the shrinkage it because volume changes occurring below the sheinkage fimit

are insignificant,

‘The Equivalent E-Valus i Stiffency Raft Foundation Design. .




Figure 19, [dealised initial and finat soif suction profile heneath & covered area in a sei-arid cnviron-

meat (Hamberg and Nelson 1984)

Pidgeon {19876), obscrved that i Gffened raft foundati near Pre otia,
the final suctiots valuc was fairly constant with depth and had a value of pF3,L. This corresponds (0 @

roisture content of 39%.

Snethen (1980) suggosts that a realisiic assumplion regarding (he final moisture contenl regime below a raft
Foundation cofsesponds to a condition of of full saturalion. If the water content versus suction refationship
Tor the saii is known, then the suction associated wilh the fully saturated moisture content can be determined.
Note however that the saturated water content decreases with docreasing vold ratio. Consequently, because
the void ratio of the soll in-situ Is lower than thal of the |aboratory spesimnen used ba determine the suction

versus moisture content relationship, the condition of full saturation dods aot imply zers suction.

j‘ File (1984) investigated houses siled on expansive profiles in Adefaide, A-sirafia, 1ic found that when trees
| were planted tos close to a house, ivariably shrinkage Look place acar tho vicinity of the tree, inducing large
O

differontial seiisments i the structce (Figure 20).
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Figure 20, The effect of trecs planted near  house sited on expansive clays in Adelaids, Australia (Ple
1954y

This case histesy has been included to show that oflen extrancous influences {especially trees and garden o

watering} can have a profound effect on the long torm bohavious of expansive days. Therfore, it s ofien very

diffinlt to predict with certainty final suction calues underneath a proposed struciuce in the fong term. |

Fissuring of the soil mass presents anothor major obstacle in the prediction of fina) suction values. This is
because the fissures allow moistire to anter and leave the soil al a faster cate than that predicted by the

classical diffusion theory (De Bruijn 1965).

64 Summary

1. Al least 17 different mothods aadfor approaches have boen devised for the design of stiffened raft
foundation Acsign. Most of the techniques model the raR/soil interaction by assuming that a rall is y ’
placed on an alrcady formed mound, the dimensions of which correspaad to 2 mornd that would form
under an impevmeable cover:This cover has the same shape and size as the proposed foundation, Tho
smound stffess Js then defined as the applied vertical pressure divided by the reduction in swell caused

by the raft pressure. It has been shown that ali previous design methods have been relatively insensitive
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10 the value of the mound stifliess wicd based on sensitvity analysis. However, in a recontly deveioped
desigr. method by Pldgean (1988), an accurate determination of the mound stiflntss is of fundamenial
impostance for the Successful use of the method. Further, back anaiysis of experimental rafls at
Onderstepoort has shown that the dosign program only modsls actgal raft behaviour when a very low
modulus of 2.6 MPa is used,

Maoisture cquilibriom conditions below a rall are difficut 1o deterwiine due to the many extraneous in-
fivences sach as adjacent vegetdlion, climatical conditions, degros of fissuring in the soil and the iype
af soil, In general though it has been shown thal the fipaf moisture content helow a raft corresponds to
one of full saluration lo some significant depth betow the raft. Alternatively, the Russman Coleman line

given in this work can be used to predict the final suction values beiow a raft foundation.

The Eqgivalent E-Value i Stllened Raft Foundation Design. . «
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7.0 Young’s Modulus as Determined by the

Triaxial Apparatus.

7.1 Introduction.

In this section the usc of the triaxial apparatus to determing the stilfness of salurated clays wil first be re-
viewed. 1Lis assumed hers that the general deas relating to the hehaviour of satorated sols can be extended
to partially saturated scils 2s wel, 5o that this section should also be'viewed a5 providing the nccessary
‘background information for the testing of parlially salurated soils. The second part of this section wili then

discuss the stress-strain behaviour ofpartially saturated clays with its added compiexites.

7.2 The use of triaxial apparatus to determine the

stiffuness of saturated clays.

In the standard tiaxial test, the sample is faifed by means of an increasing vertical swess With a constant
hotizontal stress which gives a dircet measurement of the stiffass of the clay. A pr, 1+ - does asise huwever,

becuse clays display distinet non-linearity at strains greater shan 0,5%, making it L 10 define any one

value of Young's Modulus for the s¢hole stress range. It i5 therefore possible to define a range of modul, as

shown in Figure 2t. For examples

1. Theinitial Tangent Modulus, B,

2. Secant Modulus at Failure, Ef equals the slope of the line between the origin and the point of falure.
3. The Secant Modulus which is the slope of the line drawn betwosa the origin and any pecified stress lovel
(eg Ex in Figore 21).

The type of triaxial test 1o vhtain the E-values proviously described, cun citier be the unconsofidated un-
drained test {denoted the UU test) or the consolidated isotropicaily undrained test (denoted the CIU test)
(Ladd 1964). Usually an E-value determined from triaxial tesis is used in the calculation of immediate
seltlements which precludes the vse of drained triaxial tests.

Young's Mudulus as Determined by the Triaxial Apparatus, 46
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Figure 21 Stress-strain curve for wndrained test an NC clay (Loe, White and Ingles 1983).

It is generally belioved that the E-value from UU tesis is 100 low duc 1o the effets of sampling disturbance,
while the value from the CIU 1est, vonsolidated Lo the in-silu effestive stress, is (oo high {Ladd 1964), The
degree of error can be up Lo 400% in either case, but the CIU Lost is recommended beeause it climinates the
effect of sampling disturbance (Cadd 1964). Hence, evon in satucated sos where the understanding of the
mcchanical behavious is quite well advanced, the standard techniques can only give very approximate valucs

of the modulus,

1tis now swell ksiown Urat cffective stress governs the rechanicaf behaviour of salurated soil, as has been
‘previously stated. Thus, in 3 CLU test, the Jarger tho isiliaf offcetive siress, the targer the siiffacss and ultimate

stregth of the sample- Ladd (1964) maintains that for the clays he tesied, the stress-sirain curves could be

normalized by dividing the deviator sicess by the initial offective consolidation siress. This normalizaiion
procedure yields on strexs-strain curve, making the E-value dopendent on the iniliat effective consolidation
stress {Lambe and Whitman 1969). This approach is particularly successil if the sirese path for each inidat
conselidation siess Is geometrically simitar and if the strain contours are straight fines, 85 shown i

Figure 22 For Amua dlay,
Figure 23 shows the normalized stress-sirain curve for Amua clay as well as for four other clays.

Although of geeat value, (his approach may ot be applicable to alt types of solls berause the peak strength
s usually zeached at differing axiat strains, Usually the greater th inital effective stress, the grealer the axial

strain at failure, This point wili be futher discussed in the section dealing with the experimental results

‘Young’s Modulus as Determined by the Triaxizl Apparatus. 1
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Figure 22. Coatours of cqual strain for normally consofidated Amua chny (Whitman and Lambe 1969).

Qther factors which have an e(fect on the E-valve, as detormined from the lriaxial test, can be listed a5 follows

{Lambe and Whitman 1969

1. Load cycling: The sircss-sirain modulus is greater on a second cycle of loading than on the initial one
due to the climination of scating oerors and the closing of sample cracks. Generally the moduli Giffer

by a factor of 1.5 for undrained loading.

2. Influence of time:

. ‘Thixetropic effeets: If @ soil sample is stored for some time before Lesting, there is @ possibility that
it may be stiffer than if Gie sample were tosted immediately afler sample preparatios, Thus, for
certain soif types, a period of sample storage may be necessary before testing o give & moro real-

istic valuo of the stiffiess.

b, Aging effoets: This refers to the influcnce of the length of Gme that & sample is allowed to undergo
socondary consolidation. In some cases an increase in aging, of approximately 60 days, can noarly

donibte the stffncss of the sample.

‘Voung’s Modulus as Determined by the Triaxial Appatatus. 4




Figure 23, Stress-strain curves fram trinxial tests on five normelly consofidat | clays (Ladd 1964).

©. Swain rate effects: Strain eate rofers to the rals of strain (chaigs in axis} sisain per wnil lime) that
s applied during undrained shoar. For sxample, it hos been shown tiat a roduction in strain rate
from 1% por minule to 0.002% por minuie eaused a reduction in modulus of the order of 200%

for a plastc day.

3. Stess path: Ladd (1964) subjected various samplos of the same caaicrial to dilferent stross paths, For
example, he took two samplos and consofidated them anisatoplcally. He then inceeascd the axial load
i the onc samplo whilc e decreased it in the other. In bolh tests the horizontal steess was kepl constant.
The results show that the unloaded sample was more than twice a5 sifl as the loaded sample. This it
tustrates that when determining 20 E-value from laboralory Lests, it s afways important to follow the

stress path which s anticipated in the field,

Recant soscarch has shown thal lhe measurement of soil siffiess in the triaxial test is in facl invalid If an
unmsdified wiaxial apparatus is  used (Jardine et af 1984), This is because it is fmpossible to measure the
true sau.le deformatians by means of instruments extraneous to the sample (such as a dial gauge measuring
wverall changs in sample longth). For cxample, Figure 24 shows ail of the defortaations which coukd be

registered by such a device, bul the sum of these deformations clearly docs not carrespond to the true sample

Young's Modulus 2 Detern.ingd by the Triaviat Apparatus. %
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doformation. Thus, even when carclul cafibration of the ram defleclions is undertaken, bedding in of the end

platcns and tlling of the sample are very difficult to correst for in the standard test.

To overcome this probtem a special device was developed to measure actual sample. sirains (Jardine et al
1983) (Figure 25). The transducer consists of a capsule containing three coplanar clecirodes which protrude
into the capsute and are pardally immersed In the clecirolyte. As the lransducer 80es thro: gh some angle of
\it, the impedance between the centrak clecirade and (he outer ones varies. A calibration curve relating the
celative movement of points A and B (Figure 25) to the vollage oulput can then be easily established by
mounting the gauges on a misrometer Winding frame. Further, on this winding frame, an LVDT with
scasitivily of D,Zum was stached to facasure the displacement. Through the use of this techmique, it was

shown tha the gauges could acusally measure displacements less than 0.0imm,

The difference between the standard curve using corvocted slcain recordings () and (rue aial stwains is
showa in Figure 26. From this figurt one would nocmally conclude thal the maleria® was behaving in a
fineac efastic fashion, but obviously by comparison with the more accorate curve, the true behaviour is much
stiffer and noninear. In this case the initial t2ngent modulus of the appareat stress-sirain line war: 12 times

smallcr than for the lrue stress-sirain curve (Sardine ot al 1983).

Figure 24. Saurces of ervor in external strain mensuremenss (Jardine et al 1984)
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Figure 25, The constractior & . mavae et 0tiah strains (Jardine o

al 1984).

7.3 Testing of Partistiy Saterated Soils in the Triuxial
Apparatus

7.3.1 Introduction

“The testing of partially saturated solls in the laboratory is unfortunately ratksr comglex due to the many
variables involved. In this section the various modifications that hiave ¥ be made to the tiaxial appaditus

will b examined while a few problems thal arisc in these tests wiit als be highlighted.

Young’s Modulus as Determined by the Triaxial Apperatus,
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Figure 26. Stress-strain data for a samphe of undisturbed North Sta elay tested  enconsolidated un-
drsined (Uardine ot ol 1984)

7.3.2 Modifications to the Triaxial Apparatus

Ouly a very brief description of the majer modilications will be given here. For a more detailed treaiment,

sefer to Ho and Frediund (1982) and Bishop and Honkel (1962).
The major modifications can be isted as fotlows (Ho and Fredlund 1982):

| 1 Porcawater pressure control: Porc-waler pressures are conitrolled through a porous ceramic disc seal
i

lod

into the base of the pedestal (Figure 27). This disc usually consists of lired haolinite which, by virwe

© of its very Uny pores, prevents the passage of air when satrated, The reason for this is to croste &

centinuous solumn of water from the sampla base to the pore water pressure measusing doviee. If alr

i
1 L of pors pressure would result,
1 2. Pore-air prossure control: The pore-air pressure in the sample is controlled through an air pressure i

Young’s Modufus as Determinoit by the Triaxia? Apparatus.
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bubbles were aliowed inlo the pore waler pressurc measuring system, Lhen mistcading measurements

connccted io the loading cap (Figure 27). Between the ioading cag and the sample 3 coarse grained
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corundum stone s sed as a drainage dlement [or the air. The stone must be coarse grained to prevent

the stone from imbibing water from the samplc.

3. Flushing system: Although the cerdric dise does not allow the passage of frec air, it is found that dis-
solved air i sill able to difiuse through Lhe disc and eause zn air bubble to form at the ase of the disc.

A flushing system may have i be introduced ta elimiate these bubbles. 1 corsists of an added drainage

tine connected to the ce.pre- (Figure 27). To minjmise the poteniial of the water

in the pore-water pressure measuring system to dissolve air, the axis-transtation tochnique is sed with

porc-ater pressures greater than 2470,

7.3.3 Testing procedures for partially saturated soils

As discussed previously, the effective stress in pardally saturatod soils is dependent op both {a - w) and
{#s ~ w.). This fact makes the tosting of partially saturated sails difficult because of the aumber of permu-
1ations involved. For instance, for cach valuc of (s — 1) there can be a number of possible suction values
depending on the siress range under consideration. To overcome Uhis problem Frediund and Ho (1982} iave
developed & multi-stagE tesdng technique 1o redvoe the numbes of tests, This technigue will now be described ¥

in more detail.

“The basic principie involved is to test the sample in various slages until the deviator siress levels off
(Figurs 28). After each stage the deviator stress s réstuced o zero, the stress state variables (o ~ )
andior {uy ~ w.}) aré changed and the sample is reloaded again. The siress siate variables for each stage
are listed in Figure 28 which shows that the same values of {53 — u,) ars used for aif the stagos, but the value

of the sail suction is increased 3t each subsequent stage.

It is worth mentioning that in cases where the initial valus of the suction i e sample was gr;xwr than that
needed for stage 1 loading, = special procedure had 1o be adopted to reduce the suction, Secondly, e
deviator stress was reduced 10 2e7o at the end of stage 1 and 2 to provent the accumulation of strain. The
authors did in fact comment that at stage 3 loading, the accumulation of strain did adversely affect the shear y

streogth of the sample. i
Actual data generaied by this technique is shown i Figure 29,
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Figure 27, Modified triaxial cell for unsaturated soits (Frediund and Ho [982).

soace 11

e n
F g I T P
oot | w0 Faso | 0
wisrn | 1o § w00 | 200
wpw fw | o} m
[T U )
ocamm | o [ m | %]

i o o

Figure 28, Ideal stress versus strain curves for a multistuge test using the cyclic loading procedure
(Fredlond and Ho 1982).
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Figure 29, Stress versus stroin curves for decomposed granitc (Fesdlund and Ilo 1982).
7.3.4 Additienal problems associated with triaxial testing of partially
saturated soils

The in-situ stressas are very difficult to detevmine in clay proffies, so itis assumed that 3 X, 105t usually best
represeats the in-situ conditions (Pile and Mclnnes 1984). This iype of tost is difficult to perform because, to
provent lateral strain, 3 large confining stross eeds 10 be applied. Consoqueatly, any free vertical sicain oc-
curting, duc 1o swell, s severoly reduced dut to the associated forgs vertical stresses (Pile and Mclancs §984).
However, if tension Is applicd 1o the top cap of a magnltuds oqual to the cell prossare, then the applicd ror-
tical stress can b roduced (o zore. Note also that when, spturating a parsially saursted sample, the cell
pressure must be kepl above the swelling prossure of the clay so that the oriyinal sample diensions can bie

used in the analysis.

Other problems include excessive testing imes. Testing times in excess of 4 days are aot uncommon (Bight
1963). Lastly, it has been found that alr diffuses (rom the sample inte Ure colf seater through the rubber
‘membrane cavsing an air-pressurc deop of 5% over a 24hr period (Bishiop and Henkel §972). O the other

band, if u, can i controlled than this should nol be & serious probiem,

‘Young’s Modulus as Determined by the Triaxil Appasutus, 55
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7.4  Summnary

1

Non-lincarity displayed in siress sirain curves from Lhe triaxial test makes it difficult to define one
characteristie modulus for @ soil. I fact, thres moculi can be defined, namely an inital tangeat
‘moduius, 3 secant modulus a4 (ailure and a secant modulus drawn between (e origin and some speci-
fied stress level,

Many factors effect the modulus s determined in the irinxial apparatus. Most important of these factors
s effective stress, but stross path, strain rate, hixotropic and aging elfects as wefh as load cyeling can
measurably influcnce the modulus value measurcd. It has afso bezn shown that the compliance of the

apparatus itself causes the initial tangent modutus 10 be sigificantly underestimated.

Pariialy satorated scils can be ested in the tiaaial apparalus provided a porous store is placed in the
pedestal with a high air eniry value for the control of pore water pressure. Further, an air pressure line
for the control of pore air pressurc is cotected to (he top loading cap. A possible testing procedure
entails stage loading the sample at dilferent matrix suctions while the total stress variable (o — w) is

held constant.
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8.0 The use of Consolidometers in Expansive Soils

Technology.

8.1 Introduction. _

A saview of e I deating with ive sails shaws that

instrument for testing thesc soils. The main reason is that it is a simple apparatus to use and the intérpretation |

of the results is ot very complex. Also, the osdameter allows one to [oliow & wide variety of stress-paths

with respect to the appiod vertical pressure as shown in Figure 30.

However, the main disadvaniage of this instrument is that suction cannot be measured during the test. In a
standard consolidometer tesL, the sample is usually saturated so that only the Gnat valde of suctian is kaown
. final suction valus s 2ero) and henve, the trus stress path incosparating suction is waknown. Due 1o the
fact that the moshanical behaviour of expansive clays is highly sress path dependent it is oot suffiient (o
simply kaiow the final boundary candition. The initial boundary condition, as well as the path laken towards
his boundssy sondition, is also of vital importance eg. refer to Foints A and Bin Figure 30 which lie on
Stress paths with Lhe same boundary conditions, but show dilferent sweil due fo their differig stress paths).
Anoiher dissdvaniage of the standard consolidometzr is that, becayse the somphe Is satucated at the end of
the test. i gives overiy conservative results if he final condition in the ield is not one of full saturation (Mou

1981). -

For these reasons suction controlled consolidametor tests have been deteloped by various athors, oach of
which wili be described in this scction. Please note however, that in this section mueh will be,said about
swelling potential and swelling pressures, while very kitle will be said direetly about stilfucss. The reason for
i s twofeld, Firsty, most research work i the past has gone into detsrmining, sweling potential and
swelfing pressure and secondly, a thorough understanding of these 1o actors fies at he base of an under-

standing of siiflness.
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Figure 30, Dilforent steess paths that can he defined by using the conventianal consolidumeter (After
Brackey 1971).

8.2 The Membrane Oedomete

This instrument was developed by Aichison and Martin (1973) and  eross-scction is shown in Figure 31
“The main modilications to the standard ocdumeter include the following:

1. The sample is enclosed in 2 euli 30 that u,ean be saised above atmosphesic pressure, Hence, by varying

g 3nd keoping {7 ~ ) constant on i be varied. This facility also aliows
on¢ ta determine the in-silu elfeclive makix section of the sample, This is achicved by placiag an ua-
disturbed sample in the apparatus and allowing it Lo mbibe water {at aUmospheric pressurc) under an
applicd in-siw ovesburden pressurc (iis pressuce s applisd through e loading rod). Air pressure is
then simultancously applicd o restrain the sampls swelling and the final air prossure required to hold
the sample at zer0 volume change is denoted as the effective matrix suction (Aitchison and Petor 1973).

The range of suctioas that can be dotermined in this way lio between pF2 and pFé.
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2. If neoussary, an clectrotyte instead of water maintained at atmospheric pressurc, can be circulated

+ through the porous stont al the base of the sacple- An autmatic (lushing system reverses the direction

of flow periodically so as o prevent accumulation of air bubblos in the system.

Thorsfore, with these wo majer modifications any stress palh can be followed with respect to lotal

stress, matsix suction and . ute suction (Peler 1973).

a;
)
o
\
i
o
| £
k“"
Figure 31, Cruss-scotion of membiranc acdameter {Aitchizon and Martia 1973). J
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8.3 Consolidometer developed by Escario and Seez

(1973):

A cross-scation of this apparatus is given in Figare 32 which shows that the instrument is very similar

construction to the membranc sedometer.

Figure 32, Cross-scction of 2 modificd consolidometer developed By Ezcario and Sacz (1973).

‘This instrument emplogs the axi i iique direedy, whereby the p i ited

by an external isotropic i pressure applied to the samplo in an eactosad celt, Since the porc-water is always ;

mainincd at atmospheric pressure, the interal air pressure is taken as equal to the suction in,the sample

at some point of cquiibriutn, In this way suctions of wp to pF5.0 can be allsircd, kS

Typical resuits from this instrument are shown in Figure 3. Bach curve reprascnls @ tost with 2 different

sample, cach having the same initial donsity and water cox:eat, Taitially a verdcal load was apptied with an
air pressure oqual 1o the predetermined suction (17,5 ke/em’a this case). The air pressure was then reduced
In steps 50 2 to seduce the suction (e sataple was allowed to imbitie water) and the corresponding prercent
swell was recorded, This curve could be used very effectively to define 2 modutus because it simulates the

conditions undes a house foundation quite dlosely.

LN
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Figure 33, Swelling under constant load and controtled negative pore-water pressuce of remoulded clay
(Eseario and Sacz 1973}

8.4 Controlled suction consolidometer developed by Chu

and Mowu (1973): .

The basic layout of this nstrumen is shown in Figure 34, A suction is doveloped in the specimen by applying

a tension to he de-aited water in the chamber, as indicated in ihe sketch. The chamber wail is transparent

so that ale bubbles can he detected befow the ceramic plate before the commencement of the test I air

bubbles are present then the vent js used o fush thea ogt.
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Figure 34 Contralled suction consolidus ster developed by Chu and Mou (1973).
(8]

Chu and Mou (1973} xe wall a5 Mou {1981) have done extensive work with this instrument, Their main i
tcrest has been developing 2 relationship between suction and swelling prossuce, and suction and percentage.

swell (Mou 1981, Some of their more fmpottant discoverles in this regard will now be distussed:

1. Tests were conducted where the suction was varicd under a conslant surcharge. The resulls of this test
are shown in Figure 35 which show that the percent swell s severely reduced after the fiest cycle of

westing, However, there appears (o be a discrepeacy in these results because one would expect thal the

3 i same robound cusve would be folloved for both a suction increase and decrease (Blight 1989). Perkaps
{ © ihis diserepancy could be explained by assuming thut the inidal suction was mucl. greater thaa the 3
’ i psi that thoy have assumed and therefore, if the rue initial suction was re-cstablished, the percent "
i inkage Jal Ay with the . swell measured iniially.
i ;
b i
lo|
I i
1
o I
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Figure 35. Refationship &

pEcIMEY 2.
Sucharge ressurst 3 o5y

‘wioeen suction and swell determined by sontrotled suction tests (Chu and Mou

1973).

Later work {Mou 1981) showed that most of the swell in a specimen occurs a1 very tow values of suction

and is therefore not evenly distributed over a wider st (Figure 36). Hen

of polentiaj yolu e changes {from suction conirolled oedometers) require very accurate cstimates of Ure.
final suction values under the foundation. ‘The validity of (Figuce 36) noeds to be invesiigated though
‘oeause onp would suspect thay, at the very low suctions quoted o this figure, lhe water conlained in the

tank below the sample would cavitalo.
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Figure 3G. Percent swell vs soil suction relationship for specimens ynder nominal surcharge (Maow
1981). .

Chu and Mou (197} also conducied siandard consolidomelor lests whereby the sample was looded
and the resultant. swell socorded. They compared these results with: those oblsined from theis medified
ocdometer under e same condltians, cxcept. dhat dne iniial sucion was reduced 1o 2650 1 vasieus

+ stages. Their findings show ihat the sacation iype test produced substantially grealer percontage swell

than did the controlled suction test. (the results differed by a faclor of roughly S in some cases).

8.5 Suction controlled consolidometer developed by

Y
} Richards, Peter and Martin (1984).
i [
3 z : This consefidometer Is idsfical in maay respects 1o the mombrane oedomcter but it is 2 more compact and
4; 1‘ sophisticated vession as shown in Figure 37, X
"
[ :
e i
L b
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Sliding shaft glaod 1/8in dia.
Socket H'D. Cap screw - M5x0.8x30
Stainiess Steel
Indicator Rod
Bex out- No.5. 40 UNC
Stainless Steel
Flat Washer - 1/8in
Stainless Steel
Top end
Socket €sk. H'D Screw - Hix0.7x12
Stainkess Steel

_Diaphe-m Retainer
Rolling diaphram seal'Bellofran
No.&' 200-162-CBY
M Piston
External Circlip 1.25in dia,
Linear bearing 'Bacden No.L12®
Rod

Kylon pressure tube 1jJin 0.D.x0.96in
1. 3SC Ho.NISTé- lenmgth to suit
Adaptor - 1/8in BSP.Tr.Ext.x1/8in
Tube - BSC No.-HA-4-4

Elbow - 1/Bin RSP.Tr.Ext.x1/Bin
Tube - BSC No.B-MEA-4~4
Consolidator Piston

Cylinder
Sample Riog

0'-ring - BS 1806: No.128,

BSC No.6230/6

Base end

Socket H'D. Cap Screw - M10x1.5x200
Stainless Steel

Porous Stone - § 43 7x380.1 Thick
Aust. Abrasives Grade A 150 kV
Visquine permeable weabrane

size to suit M
Forms stone - § 500,040 1 g
Aust Abraszives h

Saople

Figure 37, Schematic diagram of suction controlled eedometer developed by  Richards, Peter and

Martw (1984).

The cxternal foad s applied tirough 3 pneumatically operated piston while lhe matrix suction is controliod

by means of air pressure 2pplied through the top poraus stone, This applied air pressare is taken s equal

to the xoil suction under frec draining conditions by virlug of the axis-translation technique. Thus, with this

configuration, the actua) applicd vertical pressure 1o the sample is asswmed to be the pressure applied Lo the

piston lest the air pressare applied to Ihe sample. The solute suction of the sample is controtied by means

of Rushinig solule with known suctiun characteristics under 3 positive head of 12 kPa through the botiom

porous stone. To remove diffascit air, the flow of this solution s revorsed eve: 1 2 minutes. Finally, vertical

deformations of the sampie are mcasured by means of a dial gavge on a rod conntosted to the platert or Lo

of the sampie.
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This inmument was developed lor thie express purpose of detcrmining volume changes caused by changes
in suction under dilfering vortical loads. A straight line relationship is assumed to cxist betwoen the log of
suction (abscissa) and veriieal sirain (ordiaate) (Figurs 38). The slope of this fine s termed the “Instability
Index”, -

row sa

¥igure 38, Experimental results from tests on Riserina clay. The results from a finite cloment analysis

have also been includeds (

jards et al 1984).

Thus, the Instabilily index is a good indicator of the renctivity of a soil 16 a known suction change under a
given load. Typical values of the instability index for an expansive clay liv in the range of 8-11%. I spite
of it's usefutness the instability index approach does sulfer rom (he following siorlcomings (Richards ot al
1984).

1. For some clays tho relationship betwoen percentage swell and log of suction is delinitely not fincar.

2. The value of the instability index is dependent o the applicd vertical stress 0a (he sample.

3. ‘Theinstability index is dependent on the degres of tateral restraint applied 1o the sampie.

Additional points o sl aro that the valus of e instabilty index s si

ificantly greater for shirinking than
for swelling. This is not surprising when anc considers that the soil is in lhe normally consolidated and
overconsolidated range of the elogp curve when the soil i shrinking and swelling respectively. Also, labo-

ratory determined instabifily indices have beon shown to be three tmes smaller than thosc dutermined in the

open fieid for the same material (Richards et al 1984). This is a surprising result because one would cxpoct

that due to he closing up of the macro-cracks in tho ficld thérc would be less espansian. Hosvever Richards.
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clal o, cit) postulates that in the field long term seasonal swelling occurs while in the laboratory swelling

aceurs oves a mush shoster Gme interval (days).

Of particular interest is the effect of 2olute suctio as well as the Lyps of solute on volusme change. Figure 39

shows thal, especiaily for the fower values of the vertical siress, the changes in the solute suction can fiave

a pronounoced effect on volume change behaviour, This result could be significant when performing swall-

under-foad tests a5 formulated by Brackley (1983) becavse the indications are that swell could be overpre-

dicied if distifed water is used. Also of interest is the fact tral the type of salute used has a significant effect

o volume change behaviour with NaCl giviog 3 significantly greatec volume change as compared to other

solute types (Figure 40).

e g e,

£ o
SuTE ST om

Figare 39. Results of consolidometer tests on pleistocene clay vacying the concentration of NaCl in the:

equilibrating solution.; (Rickards o al [984).
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Figure 40, Results of consolidumeter tests on plcistacene clay for difforent sofutes in the equilibrating
Solution. The small volume change occusing on the shrinkage paih is due (o the cxpulsion
of Tiquid from the sample therelore allowing féw solutes 1o enter the sample {Richards et
al 1984).

8.6 Constant-rate-of-strain consvolidometers:

A major dis " ionsl i Joaded ordometer jated STO test) is that the
lige cequired (o compietc a test may become excessive, For cxample, (hs average fost can take up o 9 days
o longer (Gotrian ot al 1978). To circumvent this prohlem constant-rate-of-strain consolidometers (denoted

as the CRS ftest) have boen devised, Esscotially this instrument is the same as (he conventional

except that the i ceit s placed in a izt foad Also, 1o 2id in sample

saturation, a back pressure foad is ometiacs connceted Lo the base and Lop of the sample whife porc pres-

sures are measured al the base of the sample (Wissa ot al 1971),

Experience with canstant-rals-of-strain consofiometors have shown that they can generate e-log p* curves
which are very clos (o those prodused by conventional consolidemeters. This is shown in Figure 41 which
presonts (e cesuls from STD tosts and CRS tests on Boston Blue clay. As further confirmation of the validity

of using CRS Lests, is the finding that the confined moduius (D) for STD tests and CRS tesls correlate very

cfosely (Figure 42). -
The use of Consolidometers in Expassive Soils Technology. 68




o)

[

-

A Ty,

.4
.

:

i i

ar P =
- s

Figure 41, Compurison of stress-strain relations 2s obtaincd from incremental loading test and CRS fost

(Wissa et al 197},
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Figurc 42. Comparison of constrained moduli: These results are obiained from an incremental

loading test and wo constant-rate-of-strain esis (Wissa et al 1971).

A strain controlled consolidemater has been davelopod by Nelson ad Porter (1980) for the specific purpose
of westing expansive soils. The test procedure consists of iniially confining the sample in e loading frame
50 that no volume change can take place when water is added. Once water has been added the maximum

swelling, pressure is allowed o dovelop, whereupon the sample is allowed to swell by a prescribed amount
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and the associated swelling pressure is measured. Heace, strain is controlled incromentally and not contin-

uousty, as in the previously described tests.

Porter and Nelson {1980) arrived at some ialeresting conclusions from tests pesformed on shales from the

Western USA, Figare 43A gives a ypical curve from a 2 i apparatus. On the other

band Figure 438 shows typical rosults from Lests on ing the strai led

as describiod above. I these two cusves are superimpased (Figure 43C} thon it is found that the poiats va both
curves arc coincideat fie. lhese authors assume that curves 3 and 5 in Figure 30 are co-fncident), This has
Ied Poster and Nelson to helicve thal incremental sirain controlicd iestng can roplace the incrementally
1oaded consolidometer with a concomitant saving in lesting time. Whethes or not his assumplion applies only
1 this particufar material or can be stated geacrally has yet (o be investigated,

| 1 b
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D
INGREMENTS SN | ]
171

T SwELLE UPON

ADDITION OF WATER

[ UNDER ZERG VOLUMI
CHANGE | | |

A

[}
PRESSURE - kaf
Figure 43A Typical consolidation-swell test resuts (Porter and Nelson 1930).
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Figure $3C Comparison of contyolled strain and consolidation swell test results (Porter and Nelson
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8.7 Corrections to be lied to the Consolid

‘P

results.

The first consolidomeler was deveioped in 1925 by Terzaghi for the spesific purpose of tstablishing the rate
of settiement and the ultimate seuement of expansive clas, Thus, when the consolidometer is used to test
expansive soils, special procedures and corrections have (o be introduded because the coasolidometer in s

standard form s now no longer being used for its originally inleaded purpose (Fredlund 1969),

For instance, in the constatt volume tess {stress path 3, (igure 18), the finat swolling pressure is highly sensitive
(o vatume changes of the order of “a fraction of a fow percont(Frodiund 1969). It s therefarc obvious thal
any deformations ocouring in the consolidometor apparatus itsell can have a significant. offect on he value
of the final swelling presstre, [n fact Fredlund (1969) maintafos thal, wilhout cocrections for apparaivs

compressibility, the measured swetling pressurc can somelimes be underestimaled by as much as 10%.

Essentially the correction proccss consists of accounting for deformations that ocour external to the sample
‘bul are novestheless moasured on the dial gauge. A deseription of the main sourecs of deformation that oceur

external to the sample can be listed as follows (Fredtund 1969):

1. Compressibilily of the apparatus: The compression of the 2pparalus can be measured by using a steek

plug for the sample and performing loading and unloading cycies.

The use of Consolidometers in Expansive Soils Tochnology. 7




2. Compressibifity of the filter paper: The defortations occuring in the Biter paper usually placed above .

- and hielow the sample can be four times as large a3 the deformations oceuring in the apparatus ata foad
of 100 kPa. For this reison Fredlund rccommends that fiter paper should not be used when lesling

cxpansive sails.

3. Seating of the porous stoncs and the soif sampie: Septing occurs as the peaks from the soil surface fail
and fit into the porous stones. Additional sealing also occurs due to the levelling out of the fovghness
on 3 larger scale. Seating deformations can be re-licert by wading the sample to the total vertical pres-

sure existing al the Ume of sampling.

4. Fredund (1965) has also noted that, due to fti{:liﬂn in the pin connections on the toading arm, a lower
load is appiicd 1o the sample than aclually calculzted using moment equilibrivm. The error can be of K
thic ordor of §.2% for an applicd pressue above 20kPa using a Wykeham-Farcance bonch model ;
consolidometer, For Jower loads, the error increases sigoificantly up o an crvor of 100% for a load of

1xPa.

- 8.8 Summary

L. The standard oedometer can be used to foflow many different stress paths with regard to sequences of
toading, sample volume controf and point or time af sample welling, Conversely, the standard apparatus
<cannot follow 2 siress path deined in serms of suction changes. For this reason, modified oedomelers

have been developed whick can measure both matrix and solute s ction. :

2 Buction controlled cedometers can be used fo quanify the instabifity index which is definest as the slope

of of the assumed linear refationship botween changes in vertical strain (ardinate) and soil suction

f (ploticd on a fog scalc). The, instatility index is a usefl index in characterising the voume change N
] .
i ° properties of a soil and cout : find application in future computer models of soil structure interaction.
H ‘However, the relationskip between log soil suction and vertical strain is often not linear, and further-
: § i more, it is dependent ot the appiicd vertical prossure. b
3. Changesia i ] ignificantly effect swell behaviour especally atfower

[

toads. Thus it appears that the infiuence of solute suction could have an infiucnce on the swell under

Toad test as proposed by Brackley (1983).

‘The use of Consolidometers in Expansive Soils Technology. 2 -
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4. Particular care should be 1aken to account for exirancous deformations in the oodometer such 55 ap-
paratus compressitility, flter paper compressibitity and seating of the porous stone and sumple parlic-
vlarly whea detcrmining swolling pressures. This s because the final swefling pressure has been shown

1 he highly sensitive to very small votume changes.

5. Constant-rate-of-sirain opdomaters give results very sismilar o those of the conventional oedometers, but
<can alse achicve a Jarge saving in testing imes. Ag incrementally strain controlled oxdometer has brea
developed to test expansive soils. [a lhe conventional oedomeler, al least iwo sampies have to be tested
10 obtain the swell under load curve. However, tests on expansive shafe with this incrementally sirain
controlled oedomeler showed that enly one sample needs 1o be iested to obtait this curve and testing

limes are aiso shorter.

5

T e
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o 9.0 Explanation of the Experimental Design.

Unfortunately, in the case of soils and parlicularly expansive sofls, i is diicul to describe the material by
means of one value of modulus ooly. As was shown in the [ierature survey, lhe behaviour of the material is
ighly stress patts dependent and therefore a whole range of modul values can fie generatad depending on
the steoss path followed. Conscquently, the primary 25m of this program s to subject the Onderstegoort dlay
lo a number of stress paths in the standard oedometer and triasial apparalus so as to ascertain the cxtent
of Wi cange. Alsa, modulus values oblained from tiest tesss 5 be compared with the vilue of EEMM
secommended by Pidgeon (1988), 5o s to idendly which type of test gives 2 modulus witin the appropriale

range for the purposes of rat design. Finally, valucs of the field moduli determined by Sanders (1989) will

e compared with valscs of the laboratary moduli determined in this experimental program.

In this experimental program, the constants are the typo of soi, the inflial conditions of the soif with respect
1 the dry deasity, and the degree of sample disturbance (ie all the sample will be remolded). On tie other

fand, the main variable is the steess path foliowed.

e

[
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10.0 Material Description.

Only one type of matetial was used in the entice experimental program. This comprised of highly cxpansive ™

clay obtzined from 2 site near Ondesslepoort north of Protoria. To the layman this clay is known as a

"btack-turf” and is a residual soil derived from the in-sits weathering of gorite gabbro (Brink 1979).

A typical profifo a1 Onderstopoort is presented in figure 44 wlich shows thal the profile essentially consiats
of a cesidual gabbro roughly 3.3m deep overlying gabbro bedrock, This profile developed in 3 topographic
k

depression which is a sommon soling for the fosmation of 2 decp residual profile of cxpansive clay (i
1979, Olties 1984). The reason for this is that, in 1opographic depressions, weathering products are not
flushed away which allows for the production of complex clay minerals such as smectite, .
Another interesting fealure regarding this profife is that a Jayer of sand consisting of pyroxenc and plagioclase
tntesfaces with the bedrock L the base of the profife, This layer has a low swelfing potentiat (Van Der Merwe
1967) and represents an carly xlagcv of weatheriny of the parent material. The abserce of a water table is also
nateworthy Whils the abscnce of & pebble macker indicales that e eatre profilc consisis of rosidual soil.
Not indicated in figure 44 75 e fact that the soil mass is highly fissurcd. Fissuros at the surface can reach
100 mm in width (Brink 1979). During the dey scason surface matesial accumwlates in ticss fissuros and is
subscguently incorporated into the soil mass when the cracks close up again duting the rainy season. Con-
sequently the profile is being continually reworked in-situ (Williams and Pidgeon 1983). :

A general description of the materiaf used in tis experimental progeam is given in table I, OF paricular
impostancs is the fact that the malerial is in a remoulded stalc before testing. As already mentioned, the soil
is remouided in-sils and therefore it is fll that there wouid bo véry littke difference i beha siour belween

disturbed and undisturbed material (Witliams {987).

The grading curve for s material is shown in figare 45,

o fine gravet fraci &
the presence of ealcium carbonale nodules. The calciur is a weathering product of plagioclase feldspar which
35 predominast mincral found in gabbro (Pariridge 1988). In genecal the proportion of calium carbonate

is small which results in the material being very fine indeed.

Figure 46 shows the suction versis moisture content curve for the material. This curve was determined” in
the laboratery by mesas of a thermocouple psychrometer placed i a C-52 sample chamber supphied by
WESGOR. As shown in this figare, the caterial displays extremely Jarge suclions even AL large moisture

cantents, whict Implies tha the material will remain relaively maist, theoughout the year. 1o fact Willams
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and Pidgonn (1983) state tha. the moisture content of the clay will never drop below the permancat witing
point of the plants which corresponds o 2 molsture content of 25% in this case. The cucve they proposed
has also been included as a comparison and confirmation of the results, It was fell Ihat agrecment was gen- +

erally goot considering thal, in acy case, slightly different materials were bring tested.

The compaction versus moisture content. eurve, using a standard Proctor mould and compastion effort, is
shovn in figure 47. The optimuma moisture content is of the order of 25% torresponding to a dry density
of approximately 1440kg/in®. This, dey density has been used for alf the samples tesied in the experimental

program 5o as Lo obisin a basis of comparisor, for all the results.

Except for ane test, all of the material used in the experiments was taken fFom a drum in which it was ori-

ginally placed on sito. Thercfore, it had mever bren dricd out heyond the point at whick

s in eguilibrium
with the almosphere  7-9% watcr conient), At a water contest of approximately 20% and lower, the ma-
*teral is in a state as described ia table 1 ic it has a shattered crumb structose). However, at higher molsture
contaats, (say above 25%) the material wens into a highly plastic and workable material, The imphication
of this s that one i net only testing a material at differcni moisturs contents, but anc is elso dealing with a

matcrial with  greatly varying solf fabric depending on the water content.

A tower limit for Ui watcr contont has boen set at a value corresponding o the lowast wator content iikely
to ocrur in tho ficks, As bas lready been discussed, one would nol axpect the fiold moisture content Lo drop
below 25% . On the other hand, a water content corresponding to full sattration (at a dry donsity of 1440
g/m?) wil form the upper.bound value for the laboratory samples which : cqual 10 33% in ihis case. Thus
the sange of water conteats that can be used In tis cxperimental progeam lic in the small range of 25-33%.
T praciics this range wilk be xtended 10 includs fower water contents i the hope of identifying general

trenas.

Lastly, all mising water used was distilod waler at amblent temperature. This was 50 as (o avoid changing

the salt content of the soil through repestcd additions and evaporation of the water.

Material Deseription. "
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N 11.0 Triaxial Tests. ‘ e

1.1 Introduction

The wiaxial moduli reprosent the siffncss of the clay as a purely frictional material either in saturated of
pastiaily saturated siates. In other words the triasiat modulus is really a measure of the shear stiffiness of the
' material. Gbvwousty, in the behaviour of siffened rats, one is primarily concorned with swell and consol-

idalion and heace, it could be argued that the tiaxial moduli are not that relevant for rafl design purposes.

However, the triaxial modul da scrve as a very uscful point of reference, as they ‘complete the picture’ a5 it

were,

fn this investigation, two calegorics of samplcs were tested: »

L. Saturated samples : The purpose of these tests was to determine the moduli of the clay at low effective

strssoy. It was assumed that this siress range would be relevant when the soil became saturated al
shaliow depths. Also included in this test series was & stage loading sequence with a view to gaining more

data ori the validity of this mathod.

Unsaturated sampies : These sampies were lested a1 diffosing initial moisture contants each of which

»

was kept consiant throughout the test. One group of samples was lested unconfined while the other

group was tested with a ing pr 50 kPa. Th ditions of
1o be. the maximuem and misimum vccuring down (0 a depth of ap roximately 4m due (o the presence

of fissures. ;

‘The samples were prepared in a mould (figure 48) 10 a target dry density of 1440 kg/m?. Also, a computer

Program was uilised to process the results which applicd a membrane correction as follows (Aloxandess

1988%
Corrected deviator siress(kPa)= Deviator stress(kPa)-7.5 .{s)
(e <2%)
Corrected dovitor stress(kPa)= Deviaior stress (kPa) - 1 SkPa
N (e >2%)
Where ¢ is the perccatage strain,
Trinsal Tests. 8




11.2  Triaxial Tests on Saturated Samples

11.2.1 Experimental technique
The saraples tested can be fisted a5 follows see also table 2):

1. Samples Ti, T2 and T3: These samples were tested sight at the biginning of the experimental program
for the purposes of gaining a fuct for the triaxial apparatus itsclf, These tests were therefore not intended
10 form part of the main expecimental program but pevertheless the results do contain some uselat in-

formalion.

2. Samples T4S;1, TS and T6 were tested undrained at effective consolidation stresses of 10kPa, 35kPa
and S0kPa respectively. Note that samples T4S;2 and T45/3 consist of the same material as sample
T45 1 but these Lctter two samples have gone through a subsequent stage [nading cycle. This implies
that, in each case, the samples were not loaded to failure, but rather they were unfoaded before failure,
following which Lhe elfective stress was increased. Aller a 24 hour equilibrium period, the samples were

once again refoaded.

3. Samples T7S/1, T8, T5 and T10 were all tesied under drained conditions. In this case sample T75/1

went through a stage loading cycle-

4 Samples T1I, T12 a6d T13 were all load cycled. This implics that the samples wenl through 2 loading
and usloading cycle before being loaded 1o failure to ascertain how much larger the modulus wouid

e on tha sccond load cycle.

To reduce the number of variables, tixotropic effects were not investigated so straight afler sample com-

paction, the samples were mounted in the triaxial cell and consoljdated.

For mast of the samples an initial water content of 25% was used hecauss, at higher moisture contents, the
matesial has a tendency to stick sfightly to the sides of the mould during sample cxtrusion. Based on pre-
frminary cesults from: Brackely swell under foad tests a sweling pressure of [0k Pa was assumed (refer to the
following soction for an explanaticn of how the Srackely swalling pressre is derived). Thiss the cell pressure

was chosen as being greater than this value so that the sample would not swell during saluration.

Inilially, no ¢, value was avaifablo from which an estimate of tse strain rate for the drained tests could be
made. Thus, for the first sample tested under drained conditions, it was decided to make an initial estimate

Triaxial Tests. B 82




of the required sisain rate and then, during sample shearing, the pore water pressure weuld be monitored

hcough the bottom drain while the sampte was allowed to drain through the top deain. In practics it vas
found that the initial estimate of the strain rale was 100 fast - bocause a slight build-up of pore pressure was
detected - and thus the strain rate was reduced by a factor of 3. Both the top and botiem drains were then
opencd. This reduced sirain rate was subsequeatly used for all the drained samplos with the exceplion of

sample T13 (tabict.p

In hindsight, now that the <, value is known (sec results quoted in fater seetions), an estimate of the time to
failure by means of the tethod given by Blight (1963) would be of the order of 12 hours. I the light of this
informalion it was decided [o reduce the strain rate for sample 13 as this sample Was tested a [itdle later in

the experimentat prograr.

The undrained strain rate was based on informalion given in Bishop and Henket (1972, pgl0t) where it was

recommended thal a strain rate of 0.06% per minute be used.

11.2.2 Discussion of the stress-strain curves.

“Table 4 contains the values of ait the moduli from the standard tesis. The values quoied in Whis table have
been delermined by calcutating the best fit fines throtgh the first few points, Notice that, in some cases, the
curve was initially very stecp e botwost: L ofigin and the fiest point) which could be partly due lo ram

friction. In these cases a range of modulus values have been given in tablc 4.

11.2.2.1 The undrained test

The strose-strain curves for the undsained tests are shown in figures 49 to 52. Figures 51 and 52 show the
vesults [Fom e foad cyeled tests and in the case of figure 52, the curve fom sample T6 has alss been in-
cluded for e sake of comparison. A general feature of all the curves is that tne inidiat approximately Jinear
region of the curve falls into a very small sirain sange. These results therefors coafism the ideay presented in
the lteratare survey regarding the smafi steains over Which the material can be thovght to behave in a linear
fashion (se0 for instance figare 11). With regard to figure 49, the inital flat poction of the curves are due to

bedding-in offects. At this point it is worth mentioning that if the three curves shown in this figure were

normalised by means of the initiaf on stress, then one si uld definitely ot result. The

ohviows reason for this ie that the peak deviator stress is reached at differing axial strains. Fusther, it is difficult

10 explain why the the stiffacss of sample T2 is so much greater than T1 even though sampla T1 had a much

Triaxial Tests. . B3




1 effective stress Thus it would appear that the celationship between cffective stgess and the initial

farger

conselidation stress is not that clearly defined.

The stress-sicain curves in figre SI and 1o a Jesser extent the curve in figure 52 manifests a sharp rise in
deviator stress with no stuin oscuring. This is most probably dus o ram fiction and is thus not indicative
. of material behaviour. it is also interesting to note that, upon reloading after the first foad cycle, the stress
strain curve rejoins the ariginal stress sirain rafectory sct up by the first load cycle (figure 5 and 52). This
behaviour corresponds to the well known e-logp” plot from the oedometer lost where the curve rejoins the

virgin compression line during the reloading eycle.

Theorctically, the two curves given in Ggure 52 should d 2 1ot more bt

‘be ascribed 1o he fact thal the samples do rot have the same initiaf water contents. Sample T12 was the first
sample lested in a new test series of toad cycled tests and il was therefore decided to investigate the possibility
of raising the initial water contents 50 as reduce the lime required for saturation (usually in the region of 48
hours). It was found that there was not much dilference in Wis tme, b, surprisingly, the effict of raising the
initial water was 1o significantly increase the stiffness and strength of the sample. One would be inclined to
think that, becavse both samples were fully saturated befors lesting, the stress-sieain curves should coincide
beyond 0.5% strain. On the other hand, perhaps the difference n initial water conlants gave the samples

differing initial soil fabrics which influenced the shear resistance of the soil.

11.2.2.2 The Drained Tests.

The results from the drained tesis are shown in figure 53 and $4. As is saown in these two figures, the shape
of the stress strain curve is Jess lineac than in the case of the undrained test. A possible reason could be that,
due to the much longer testing times involved, the materiat has more opportunity Lo undergo creep.Also, an
increase in stiffiess only oceurs in a very small strain range during the second load cycle. Therealler, the

stiffness is littie different from the first foad cycle.

+The results from figures 50 and 53 are consistent Ge draind samples slightly sifer and stronger than the
undrained samples}, but nfortunately s is not the cass when one compares the foad cycled samples e
figures 52 and 54), As explained praviously s is most probably due 1o the Fact that sampfe T12 is not exactly

the sarite as the other samples tested in this test series.

Teiaxial Tests. I . "
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11.2.2.3 The Stage Loaded Tests.

The cesults of the undrained and drained stage foading lests are presented in figures 55 and 56 respectively.
On these Gigures Wi results from the standard tests (given in figures 50 and 53 respestively) have also been
superimposed. A compatison of tie stage loaded tests and the standard tests at a particular consolidation
stress indicates that agreement between the two tasls is poor particularly at large strains. This could be due

to the fact (hat all ire clay particles became orientated within a failure zone afler the first foad cycle.

A comparison of the moduli from the stage loaded tesis and the standard tests at the same consolidation
stress shows that there is fair corvefation betwesn the two moduli values (table 5). Mors lests are required
before any general conclusions can be drawn, but in this case (¢ appears that there is a fair correlation be-
tween the initial tangent modulus value from the stage foaded test and the first load cycle madulus from a

standard test.

11.2.3 Discussion of the p-q plots

Figure 57 shows the p-g plots for the tests on samples T1, T2 and T3, The shape of the curve (ic a near
vertical cimb to the Ky line) was typical of all the tests. The fact that the strcss-path veers-afTin a horizontal
disection to the right afler having Intercepted the K fine implies that the deviator stress remains constant afler
faiture but, at the same time, the pore water pressur is decreasing. This is a ypical siress path for an over-
consolidated soil, Also, because the p-q plot lies between 45%nd 90%4n iis accent towards the Ky line, the 'A”
parsmoter lies betwosn O and 0.5, This figuee atso shows that the K7 line passes near the origin which is what

one would cxpect from a compacted soil.

The poq plot for the stage loaded test is given in figire 58. The point to notice here is that the curve docs Aot

retumm 0 i

nitial starting point. The difference betwees the finaf and the initial value on the p’ axis can be

ascribed o the pore waler prossure build-up dur g the test. Also, the fact that the p'-q plots from the siage

loaded tests do not h the Kline, indicates that svas far feom failure at the socond and third

stage of loading. -
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Table 2: Sampla Praparation Datx
far Trisxlat Tasts on Satarated Samal

swrse | R mrran e, free | mrma
womex | gmoty [ wam fwes o

(kafeuble ) ST (kP
u | e w2 fow [mo
| ew e oo |we
L 3 w1 e s
e | un 9.3 [omwss 1o
Tz | K w3 [erwes Jas
wers [ s 33 oo {5

s w3 e |

16 s Jaw |so
syt [ wess s foes |10

1085 s oms fas
ey | wwas as  [os s

e w3 o s

s w3 o fsm -

w3 va e |

192 wa  foron |

1315 s fams|so

151 3.4 w 5o

Nota s Gl = Consolidated Isotropte Uadeaised Tast.

Cit45 o 4a sbove with stegs losdicg,
XD = ks abova with load cyclisg.

D = Gohwalidated Teoceopic Deained Test.
€068 = s abova uith ataga loastag.
= de abova Lasd sucting.

=

Triaxial Tests.

Tabls 3: Sirain-Rate and B value
for Tréaxial Tasts an Nowinally Saturated Surplas..

g
[
g
g

EEEEEEEER LR

BE

L,




Tabla 4 ¢ Tangant and Sacant Modull from

Triaial Tests an Saturatad Sampies.

ISR T M- Y
krvzcrve [ron Finst coun [ secowm o | saace Staazss
frass  Jors ove) [0t 0pe) 0w
ey
) n o | we |
R R
k=3 o 50 1%
0 s
s e = i
s |s
oo s
o e "
: 0 foua
: k) s s 2 s
™ - £ 3y
o " 18 10
Tahis 5 : Comparison of Telaxial Modail from Stage
Lasded and Standard tests,
T o TrTECrIiE] TN Homunds :
st e !
P "‘ DORAINED | Y4872 £ B
i . w = i
| P P w :
o N bl .
i
i N CRAINED. T8/ a5 2
A ™ E 5 i H
3 783 30 20 !
11 W 50 e :
( | i
4 ¢
i i
I O . |
L '
. |
7 !
e Triaxial Tests. o !
» |
~ 4 {
A : - l'
Fac: T W 5 o = D

1
i




J

FIGURE 48 : TRIAXIAL SAMPLE MOULO =

SAMPLE CouPACTED I 3
LAYERS. MARKERS ON
(TTSNCT ruavoen stoas an A

-~ TO GET UniroRk saeLE

oENSITY,

%5

IRNER DIAMETER
¥ 53w

| g —4
A SAMPLE EXTRUOED BY
A PLUNGER N THIS DIRECTION

| OUTER DlAVETER = 40,208

OUTER CASING : {OTE THE
SLIGHT TAPER TO ALLOW
FOR SAMPLE EXTRUSION.

L L Err—
s '
TRIAXIAL TESTS
UNDRAINED TESYS

00' DEVIATOR STRESS (kPs}

aavpLER 1 T2, T3 - e S
: INITIAL, BYRESS | 200 kPa
20
200 R S SR Ty
[ d—t
80 ken
00
a9 2 4 G 8 10 © 14
AXIAL STRAIN (%)
FIGURE £)
Trinxial Tests. 88




e . J

TRIAXIAL TEST RESULTS
(INDRAINED TEST

DEVIATOR STRESS {hPa)

BAuFLES Thar, 16, 1)

|t
PpY e o
T aeae

i Mﬂe
o 0.2 04 08 08 1 2 14
AXIAL STRAIN (%}
FIGURE 50
UNDRAINED TRIAXIAL TEST
'‘WITH LOAD CYCLING
o CEVIATOR STRESS (kPe) -
TNITIAL CONBOLI{TION 6TRESS 10 kP2 S
BasELE TH )
25
20
13 /
g /
5 s
N R
0 02 0.4 08 i
AXIAL STRAIN {%) Iy
FIGURE 51 !
i
f
- |
Triaxial Tests. 1 )
fe
4 A A NGRS\ 25

&

%[0



AT A

-S|

L

UNDRAINED TRIAMIAL TEST
WITH LOAD CYCLING

DEVIATOR STRESS (kPa)
100

80

[NV S Ap———
aarizslre wo o

80

=

40

]

i

20

/
i

02

0.4 0.6 o8 1
VERTICAL STRAIN (%}
FIGURE 52 .

THRAXIAL TEST RESULTS

DRAINED TEST

DEVIATOR STRESS (xPa)

SAMPLES T, T3, AND TG
MITIAL CONSOLIDATION STRESS : 80 ki ?/‘
i -
” e a8 ken
T s
10
o P /?/aw
r/f-;”/
20 A
0 02 4 08 a8 1 12
- AXIAL STRAIN (%)
FIGURE 5 !
Triaiaf Tests.
T T g P 4

¥




s s A

DRAINED TRIAXIAL TESTS

% DEVMIATOR STRESS {kPa)

BOTH YAMPLES GONBOLIDATED TO 50 kPr. . )

aasris Te AND T //a——‘

/a

[ 02 0.4 06 08
' AXIAL STRAIN (%)
FIGURE S,

TRIAXIAL TEST RESULTS
UNDRAINED STAGE LOADING

DEVIATOR STRESS (kPa)

INITIAL CONSOLIGATION STRERS 1 50 kPu.

i

: =

wn |

V7114
‘ /|

04 08 08 1
AXIAL STRAIN (%}
FIGURE 55

“Triaxial Tests.

9




TRIAXIAL TEST
DRAINED STAGE LOADING TEST

70 DEVIATOR STRESS (kPa)

INITIAL CONBOLIDTION STRESD : 60 kPa

80
a6 kea |
l/ /

- i
[ AV T :

A
Y '/ ;]
3 A
o AXAL STRAIN (%) :

FIGUAE s
P-Q PLOT
t 200qlkPu)

SAMPLES Wi T2 AND T3 . /QA_B-B\”

uy
&1

LT

L

a 60 100 160 200 260 300
p(kPa)

FIGURE 57

Figure 59, P-Q plot

Triaxial Tests.




s,

e

&

P-Q PLOT
. STAGE LOADING
a_(kPa) )
25
onurika mi,\ r.,{.,,_ p m,r e
20 g =1
K Lins: s kral/ 1
6 / Af & a
INTTIAL ‘atRess {10 krs| 4 1
10 / //
o r ’
[} ] 10 B 20 25 30 86 40 45 60 65 60 H
. p' (kPa) 3
FIGURE 3B .
"

%“‘7”*—:‘”*# o

Triaxial Tosts.

.\5";7‘““,“’“'

X
&>
£
[ 0




T

11.3  Triaxial Tests on Partially Saturated Samples.

1L3.1 Experimentai Procedure.

All the sampies sere pecpared in the iriasiat mould (o theee difforent Larget moisturs contents of approsi-
mately 21%, 26% and 31% respeclively. Afier extrusion from the mould the samples 1iere wrapped in
plastic wrapping and allowed 1o cure for a period of ofie week 1o facilitate moisture equilibrium within the
sample. The ratc of load application was set at 0.06%-0.08% sirain per minule which corresponds 1o the
steain rate for undrained loading (Bishop and Henkel 1973). One additional test was undertaken wheraby the

strain rale was reduced by a factor of 5 10 determine the effect of surain rate on U modulus.

11.3.2 Discussion of the resuits

The sampie proparation data for the confined and unconfined lest is given in tables 6 and 7 respectively.

Atthe tme of testing, the samples had pumesous horizontal cracks which pencicatd the cylindrica, surfaces
of the sample to some depth. Theso cracks were the result of the original material consisting of 2 gramular
mass which was not completely broken down during the compaction process. No doubt the clfect of sample
extrusion a5 well as the smail degroe of drying shrinkage which occurred during the curing period accentuated

the size of the cracks.

The siress strain curves for the unconfined and confined Lests are given in figures 59 to 65 The material

‘behaviour shown here is consistent with the fests on he satorated samples whereby, after-a second load cycle,

the curve rejoins the “irgin compression curve’.

“The tangent moduli for the first and second load cycies are shown in Lable 8, In this table, a modulus over

 wider stress range has also been quoted.

In theso tests, the modulus for the second toad cycle is significantly larger than that for the first cycle. This
s most probably due to the ciosing up of the cracks during the first load cycl, and, with vesy liule alastic
recovery during subsequent unloading, the sampic is very stff on the second cycle of loading. The confining
pressure hiad o effest ow the modulus and, in some cases, the confined sampde had a Jower modulus than
the unconfined sample, Thus the effect of sample variabiity masked the effect of the low confining pressure.

Further, even at large moisture contents, the sample suetion is large relative to the confining pressure - for

Trinxial Tests.™ . - . T
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“xampic, at a moisiure content of 31%, the sample suction is of the order of 600 kPa Gee Figure 46). Thus

it is not surprising 1o find that this low confining pressurc makes very litle difference ta the stilfisess,

“The effect of reducing Whe strain rate only had an effect on ific moduli for the second cycle of loading (1able
8). In fact, a reduction in sirain rate by a factor of 5, resulted in this moduius being reduced by 62°5.
ﬁmrm. even though one might expect the siiffess of the sample 31 a moisture content of 22% lo be large,
it can be assumed that the very large stffiess recorded in the second foad cycle is duc 1o an excessively fast

strain rate. In general however, the main compression curve does tol appear (o be influenced by strain ate.

The influcace of issures on the stilfness is shown by comparing the sress strain curves of the pastially and
fully sawrated riaxial samples respectively. As one would expect, the strais in the case of the partially sal-
urated samples are larger as compared o the fully saturated samples, but it s intecesting to note that the

stiffiess from the second foad cycle is more or less the same [or the two lesis in some cases. For cxample,

there is good agrecment between the second cycle modulus for the partially saturated sample at a moisiure.

content of 26,7% {reduced strain rate) and the undrained lest at an inilial effective consclidation stress of
50 Pa. This indicales that in spite of the large effcctve siress a the case of the partially saturated sample,
its stiffness is equivalent o a sampie with no fissures at a much lower offective stress.
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11.4 Measured Triaxial Moduli Related to Stiffened Raft

Design

I goneral, there is large scatier in the triaxial moduli caused by faclors such as a high degroe of variabifity
in stiffacss with strain and differences in modulus measured between the frst and second Joad cycle. This fact

makes it difficul to propose a modidus value from the wiaxial test within a small range, but it can be said

that, even at very Jow effect the trizxial moduli farger than the EEMM value
required for raft simulation. For instance, even at a Jow cffective stross of 10 kPa, the modulus value is

roughly four times greater than the suggested EEMM value of 2.6 MPa for Onderstepoort clay.

Another point regarding the applicability of the triaxial moduli in raft design, is the question of strains. Par-
Geularly in the case of the saturated samples, the straias are very small which is definitely not the case in the

fictd situation.
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12.0 THE OEDOMETER TEST

12.1 Imtroduction

“The ocdometer moduli are imporiant in that they take into account both swell and consolidation althovgh
the teue stross path occuring under a raft cannot be foffowed in the conventionat ocdometor as mentioned in
the literature survey. Thus the standard oedometer moduli can be classificd as belag cither S+3il or consol-
idation maduli respectively. For the purposes of rall design, both moduli should ideally be considered because

both proccsses of swell and consolidation are at work under a raft from Lhc time of rafl construclion cnwards.

In s cxperimental phase Ure following stress paths wore followed to delerrming the modut valuss:

Swell under load tests : A group of samples with the same aitial water contents arc loaded under dif-

forent surchargs and then saturated afler which the swelt is monitored,

2. Asampleis loaded witha load

Gmated to dmated swellis After sampl i
e equilibrium value of the sample deformatidn is rocordod foflowing which the sample is unloaded.

Subseguen reloading is tien undertaken.
3. Compression at constant maisture content.
4. Constant rate of sirain oedometer ests.
s. TE:I; with a modified strain controlled oedomeler. N

Al of the samples were statically compacted in a inould as shown in figure 62. Note that the purpose of he

porous stone shown in this figure s 1o act as a filler. Thus, prior Lo tesling, the slons wa$ removed which
allowed sulicient room (+- Smen) or the sample to swall. [n tests where the sample was net 1o be saturated,
the stone was omiltted and (e sample was compacied 1o the il height of the ring. The tacgel dry density
Tor all the samples was scl at lMD}(g]m’

As statod in tie Lierature survey, siatic compaction as opposed to kneading compaction may instl a larger
total suction in the soil, Thescfore, one might expect differeat material behaviour depending on the lechnique
used for sample compaction. However, if a basic grocedure is used for the samples, then a basis for com-

parison Is established.
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Afier sample compastion the samples were scaled in plastic wrappiog and allowsd 1o cure for  period of &
dags. The minimum curing time was cstablished on the basis of Moy (1981) as presented in the fiterature
survey. Tn the cases were the sample was not prepared to the fisll height, a narow steel plate of known height.
was placed on the op surface of lhe ocdometer ring and this plale was then uscd as a platform for sample
height measurements. Hiight messurcements wore then taken by means of a pair of versicr callipers which

had a maximum resolution of 9.05mm.

The samples were compacied with filter paper included between the soif and the 1wo plongers of the mould.
‘This was dono 1o prevent the soif from sticking to the plunger surfaces when the sampie was removed from

the mould. Before testing it was impossible 1o remove the filicr paper from the soil sufaces without undue

istusbance so therefore all the samples were ested with the inclusion of filler paper. This goes contrary to

what was stated in the literature survey but it was thought that the compressibility of the filter papec could

be taken inlo account by means of a correction curve.

This coreaction corve was established by ruplacing the soil specimen with  stect plug tigether with flley paper
whiich was placed on Lhe top and bottors surfaces of the steel plug. Loading and unloading curves were then
plotted for the case of wet and dey Glier papor respectively (igure 63). This figure shows that, whea the first
foad was applied, a large deflection cosurred which is 2 general characteristic of tho apparatus. For this
ceason. it i very difficull o establish, with any acouracy, the jeiial dial gauge reading associated with the

initial hiight of the sample, Therefore, when the frst load was applied Lo a sample, the initial reading on the

gavge was recorded (e that reading which corresponds to the inilial sample height) only once this in-
stantanoou: deformation had taken place. Consoquently, all the ocdomeier results have been corsected on

the basis of shifl:ug up the correction curve 5o thal it passes through the origin.

12.2 Syﬁe]l under load tests.

12.2.1  Introduction

Besides using s test to dotermine the magnitude of (he swell stiffness 2t diflerent inisial waler conteats, Lhis
st is aiso useful in determining the Brackley swel pressure 5 Well 23 a measare of the free swell fie swall
under a0 foad). There is also great value in comparing the percentage swel calculated from the formula

presented by Brackioy (1923) and those measured in this investigation.
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1222 Experimental Technique

One of e main problems expericaced with this st was that, aller curing, the samples had aa iregatar
surface. This was most probably duc to the fuct that wates was not equally distribuled in the sampte during
the compaction stage, and thus, during tho curing period, the clay swelled locally in the process of 1 yoisture
migration. The magnitude of these irregularitios was such that the ercor in the initial ssmple height meas-

urements was of the order of 04%.

Once loaded in the acdometer, the samples were inundated aller approximately S minutes. This procedure
differs from the wne used by Drackicy (1983) who left the samples for two hours undor tho foad befors
intndation. In this case it was felt that by doing this, the sample would be dried oul excessively because il

was usually warm and dry in the Iaboratory. Also, the porous stonss in the oedometer were kepl initially dry «

Bocause in dhis way i was fell thal close control over the initial viater content could be maintaiacd

The dial gavuge reading corresponding to the initial sample height was taken just befora inundation, However,
o b sticlly correit, lhe procedure should e ono of determining the dial gauge reading beforo and aflsr foad
application. This would then allow onc to reduce the Initial sampte height based on the extent of the defor-
mations under the applicd load. Unfortunately, the s.icfacs krreguiarities mentioned proviously made this
. provedurs impossible because it as Rl thal any deformalion oscuring under the foad was lacgely *he result
of compression of the irregularitics. Thus o cofrection to thc inilial sample height was applied. Correction
for ocdomeler cornprassibility was also not applied because he zero reading was laken afes the defarmation:

due to ocdomeler compressibility had 1aken place.

Afler inundation some of the samples underwenl a collapse seement before uadergoing swoll particularly
under the higher loads s can only be aseribed 1o the softening of the small irrcgulalies vn the sucface
of the sample before the sample wetied up. Tho arder of magnitude of this scltiement was in the arder 1%

in the extreme case and it i debatable as to whether or siot lhis should be added to the final percont swell.

ﬂ; 1n this case this was not done for the sake of applying a consistent procedure (o all of the samples.
b
1 G “The samples wore allowed to undergo swoll for a period of 1wo days as suggested by Brackley {1983).
§
i

| P )

! ! 12.2.3 Discussion of the results . .
i o The sample proparation data is given in‘tables 9 and 10, .

igure 64 cisplays lse swell versus lime relatianships for various sanples at different water cantents under

|
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a load of 22kPa, Most of the swell takes place in under 7 hours (approximately 400 minutr > ot 1 5 3 v 25:

of the sample at an inidat water content of 16.7%, some swl s stll cvideat oven aftar a peria. . -5 (e
1ast poinl on the curve). .

The percent swell vessus Jog pressure relationships are shown in figures 65 and 6.

The first few tasts were porformed with materiaf that was oven dricd to a condition-of zero water conlent.
This was done bocauss it was thought that sample preparativnt would o made easior if the matosial that one
s starting with has a fixed known waler content. However, it vas lator found out that oven drying the soi
even at temperatures below 110% alters the malerial. in the fight of this new koowledge, malesial straight from
a storage bin was uscd, and Lhe fests were repeated. A comparison of the percentage swoll from each of these
o tosts shows that the material s indeed allered because distinetly diffcrent swell ines are genorated (soe

figure 66).

When one examines the data prescaled in lable 9 then it is apparent that, given two samples with the same.

fnitial conditions, tolally differeat values of swrit aie recorded. For examp' arples al, an initial

water content of 25% and foaded to 11 kPa, - 1 s al, for tho thres o -, b 5 . ui aT6.1%, 3.7%

and 2.3% were messured sespoctively. Hot ... vt vzeage of he Forse . 3 wms 40 Ve i snove fea

sonable estimatc of the swell rofative fo the =~ + 2.5 ader bt 7 ypus

Bost it lines have been fitted through the data by means e regsession (able 11). Whese more

than one cslimate of swell cxists at a partieutay ford, a1 2. ve of el was used in 1 regression

anatysis.

In spite of the experimental difficultios mentomsd eartier ihue is 41 a 306 steaight liac correlation betwen
percent swell and log pressuse. This lable sy chiten g if a i scalc is used instead of the log sesler
then an equally good it can be oblained in mosLuaxis, i Brackley's anumption s correet (e 1. aft $he ines
should pass through tic same point on the porcerit wielf s log pressure curve) then it is cvident tat by teing.
a non-log plot one can predict this point with greater consislercy (table 12). Also, the pos sent Sroe-smwell for
tha iog piot is consistently double that of the natural plot. Thus it scoms clear that the way the fesulis arc
plotied can give diferent values of the outpst parameters.

Table 13 compares values of perceniage swoll derived from this experimentat program wilh those derived
from the equation proposed by Brackley (1983) je:
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Shswoll = (5.3-147.c/Pllogp)(0.525.P1+4.1.8855) ()

Where ¢ = Original void ratlo of sample
PL = Plasticity Index of the whole sample
p = Applicd pressure in kPa

w = Original sample moisture conteat (%)

In this case the original void ratio was sct at 0.96 which was the average value of the void ratic for all the
samples prepared. The PI used in the calcufation was 39, In general, agreement is very poos and it appeacs
as if the Brackley cquation undec-predicts the percentage swell. However, fire equation is extremely sensilive
10 changes in Pl Brackicy (1983), and it was found that if'a PI of 42 was used then tha predicted percentage
swell was roughly doubled and therefore better agroeent could be oblained. In this case the PI was varied
to gain a betler Gt becauss the P1 of the sample can obviously vary withia a given soil body. Thus, to make
roper usc of of this cquation, one Would defisitely nccd 3 good esiimate of e variation of the PI wilkin the

! solt mass. Perhaps then an average value of the PS sould be used to calculate the peccentage sweil.

: i1 tacory, the pressure required Lo prevent swell can he valculated by simply seing cquation (3) equaf to

zero. ‘s yields the following equation for the swelling pressurc :
| loga, = 5.3 - 147.¢/Pi
“Where p, is the swelling pressure

Using this formula with a void ratio of 0.96 and & PI of 39%, 4 swelling pressure of only 50 kPa is is . 3k
culsted. This is obviously an underesimate bul if the PI is changed by only 10% (1o give & value of 43%)

then 2 difforence in swelling pressure of roughly 100% results,

The modulus values have boen given in table 11 for cach of the best it lincs. These valuss are simply the
inverse of the slope of the bestit ines and thus reflect an increase in modulus with an increase in moisture

content.
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12.3  Ocdometer tests on saturated samples

12.3.1  Test Objective.

The object of his test s 1o detesmine the following three moduli from tests on saturated samples:
1. Modslus in the normally consolidated stross cange.
2. Moduius in the overconsofidated stress range

3. Unloading madujus.

12.3.2 Experimental Procedure M

Threo samples were preparcd at target water contonts of 15, 20 and 2% respoctively. Afler a 4 day curing
pericd the samples were loaded in Lhe ocdometer up 10 a load of 120 kPa. This was assumed to he the ap-
proximate value of the swelling pressurc based on the swell under load curves. In this case the problem of ;
the uneven sample surface straight aftr cusing was cireumvented by recompressing, the samples to give (hem
a fiat surface before mounting them in the oedometer coll. Afler mounting the samples in the ocdometer ceil

the samples were inundated and afler a period of 2 days the samples were unloaded. Each load was applicd

for a period of 24 hours, and afler the unloading cycle was complcted the samples were reloaded again. The =

sampic preparation data for the samples (ested herc arc given in table 14 whits the stross strain curves for

each sample are ploticd in figures 67, 69 and 70 respectively. Figure 68 is a duplicate of figure 65 cxcept that

a log plot is used.

12.3.3 Discussion of the results.

The first point 1o notice is that all the sampics showed varying degrees of swell under the estimated swelling
pressurc load. This demonstrates that i is vesy difficull to definc a swellidg pressure with accuracy. A com-
parison of the two melliods of plotting the data (figures 67 and 68) shows the advantages of using the log scale
because the offoct of giving a lincar plot in the over-consolidated range. However, this is misicading as far

25 modulus s concermed because oa the fincar plot there is a slight degroe of non-nearity in this region.

Values of the dilferens moduf pertaining Lo the dilferent regions of Lhe curves are given in Lable 15. The fact
that the moduli (rom alf the losts agrec fairly well for each of the compacable regions on the curves was 1o

e expocted because all the samples were in a saturated stats once the frst untoading eycle commenced. A
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comparisan of the valuos In this Lable'wilf alsu show that when unloading from the virgin comgression curve,

the modulus is much geeater than that of the irst unloading eycle siraj

« after inundation. The probable

season for Lhls is thal in the former case onc is dealing with an claslic response while in the lalter case the

initial selease of suction has a role 10 play.

= TABLE W : Samle Praparation Data
for Oadomater Tests on Saturated Samples.
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12.4  Oecdometer Compression Tests at Cons:...«& Moisture

Content

1241 Experimentat Technique

“The aim of this series of tests was to determine the moduli obtained when the samplos were comprossod at

constant moisture content.

All ths samples G in the mould as shows in figuce 62, but in thi 2

was omilted and were i tod to the full height of the i don, the samples

were sealed in plastic wrapping 2ad allowed 1o cure for a period of four days. As usual, afer the-curing pe-
fiod, the sample had an vncve surface which secessitaled sample. rocompaclion to obiain smooth surfaces.
Once the oedomeler was mounted in the ocdometer call, the whole call was scaled by means of a plaslic bag,
the opesing of which, was faped 1o the sides of Lhe ocdometer coll. As a furtier precaution - to prevent

‘maisture foss - moist sirips of fiter paper wer s sealed in with the sample.

As in the case of the unconfined tiaxial tests, samples Wwith target initial waier contents of 20%, 25% and
33% respoctively were tosted. The sample preparation daéa is gi ‘en in 1able 16, Lastly, alf the resulls were
carvected for the offbcts of apparalus and flter paper deformations as proviously described.

12.4.2 Discussion of the Results

Unfortonately, as indicated i table 16, sample OD33/2 lost an appreciablo amount of water during the test,

Byt if one assurmcs that enly half of the moisture wag lost during the inilial load cyele, then the moisture foss

cannot be considered to be 100 sigaificant with regard 1o the calculated first foad cycle modufus.

Figures 71 and 72 show e consolidation curves for the samples al water coatenls of 25% and 33% re-
spectively. These curves show that a Joad duration of 24 hours may not be suflicient especially at ower loads.
1t was therefore decided to repeat the test al a moisture content of 33%, but Lhis time a load duralion of 48
hours would bo used (igure 73). As expectad, the curve with the longot 1oad duration lics below thal. of the

curve with the shorter toad duration and furthemore, the shape of the two curves appears lo be difforent.
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Figore 74 prosents the stress strain curves from the samplos al water contents of reughly 20% and 26% and,
as evident from these curves, there are 1w distinet regions to the stress strain curves. The fist region oceurs
in the fow stress range and is non-inear- No doub, in this region, beddiog-in etfects have akso had an infia-
ence on the results. The second region is fincar and o+wurs at much larger stress ranges. This finding is con~
sistent with the s xk of Fredlund (1969) who ascries the finear befiaviour to the compression of the aiF voids
within the pactially saturated soil. In the casc of the sample at a waler content of 33%, the nocmally and
everconsofidatcd regions are more or less indistinet from cach other parlicularly in the casa of the samples

which had a 48 hour 034 duration,

‘With rogard 1o the sample at a water content of 20% it scems reasonable to conclude that the soif js stili in
the rion-iincar region and that perkaps at bigher applied stress levels , the soil would also display a Bncar
stress strait refationship. A C, value has been caleufated [rom the foad deformation curves in the Jarge stress

range for the sample at an iniial watcr conont of 33% (igure 75). This sample was chosen for tha Ci cat-

culation hecause its injtial water conteat corvesponded fo that of [ull saturation, As is expected, the C, values

arc very small indeed,

moduli for the initial nva-lincar region of tie curve as well as the lincar

Table 17 contains estmates of 1
rogion of the cucve. Mest of tie samples are oxtremely Ul in tha nontinear range which implies that the
sail skelcton can take the load without deforming mucts Isclf. Howover, when more Ioad is appliod; the soil
skeleton starts 1o deform appreciably whilh a consequent reduction in tiffess.

It s interesting 1o noto Ihat in the case of the samples at a moisture copteat of 33%, the modulus is actually
slightly less for a shorter load duration when working in the linear region over a comparable siress range.
However, this difference could also be influenced by variations in the samples themsefves.

It appeacs Ura, as far as the modulus corresponding to the lincar region is conceened, it is ot greatly allected
beyond a water contea of 25% by changes in water conteat. This may also be truc for lowar molstuss con-
tonts as well, but unfortynately, the sample at 2 moisturs conteat of 20 % was nat toaded to  seffisiendy

high enough foad to ascectain his fact,
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TABLE 76 : Sample Fraparation Outa for Gedometar
Comprassion at Gonstant Moisturs Cantant,
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12.5 Constant Rate of Strain Oedometer.

12.5.1 Experimental Procedure,

*Ihis test series is the same as (he constant moisture content tests in the oedometer, the only difference being

that, the method of foading wes changed. As ihe name implics, the ocdometer samples were loaded at a
constan rate of sirsn. This was casily achioved by mousting the ocdomeler coll in the Uiaxia) apparatus
which was adapicd slightly for the purpose. This adaption consisted of screwing a bar into the the base of
the proving ring so that & connestion was formed hesween the proving ring and the oedometer ocll, The
sample preparation tochique was exacly the samo as in the provious section 50 it wilf not be repeated here.

Howeer In this testing scrics, a slurey spocimen was also prepared. R

Before any samptes wera lested, 4 test was undertaken (o determine how r;m:h deformation was actually duc
to the 1o deformations in the apparalus ilscil In this fest asteel plug togethér with filter paper was substituled
for the sample iu the oedomoler cell and a siress strain curve for ths arrangement was then plotted out, The
results fror this test shosved: thal, after a bedding-in region, the siress strain curve was linear, having a siope
of 90 MPa and 104 MPs for the wat and dry filter paper respectively, The bedding-in region extended from
beddingin effects are sif significant

0 1o 0.2% strain which s an intercsting finding because it shows Us
even when the surfaces are relalively smooth. The actaat curve Uat was used to correct the resulis was drawn
through the origin because the amount of beddingin varies wilh cach dillerent sample and thus cannot be

correcled for.

Estimates of the required strain rate were based on data presented by Salfords (1975) who showed that sirain

rates in the wi 0006 to 0.02 i L dillcrent stsess strain curves

for highly plastic satorated clays.

12,52 Presentation of the results

‘The sample proparaton data Is given in lable 18, The first samples to be tostad were sumples OD20/10,
OD25/12 and the skurry specimen (igurcs 76 and 77). The rosults from samplo OD25/12 indicated thal the
siiffncss was oxtremely large 50 it was Uerefore decided ta repeat the tesls at slower straln rates hecause it

‘was suspocted that the large stiltncss was a5 & result of the excessively fast steain rates.

The restlis of thoso tosts are shown in figure 78, Tha reason why the steess straln curve for the sample at a

‘moisture content of 26% i 5o devoid ¢ points is because the. test was not siowed down duciig the ovening.
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O i ligure, the results from the standard.oudometer (st have also beza plolled. In the case of the sample
2t a molsture content of 25% and tested under CRS conditions, the stross strain cusve does not appear to
show s two distinct regions as cvideat in the results from the standard test. Perhaps this is due to the fact.
that lhere are too fow points on the eurve as viell as because the applicd stress is not large cnough to take the
sample into the overconsofidated rangs. However, agresment between the two tosts scems 1o be much belter

in tho casc of the sample at 33% moisture contsat.

“The moduli ace gives in table 19. These modull have were calculated by means of fitting & best-it fine through
ihe points after beddingin offects. In pracios this was achioved by extrapolating a fino backwards from the
1ast point on the graph. In the case of the slurry specimen, a minimum and maximum modulus has bocn

quoted to take into account the effects of non-finearity.

If oné compares the modull valuss from sample OD25/12 and OD25/13 then it tiras out that the effect of
reducing the strain rale by a factor of 13 was to reduce e modulus by a factor of 1.75. it would have boen
interesting 1o hiave repeated the test with an even slowor strain rate, but the point has been made that it is

‘preferable to use & slow a strain rate as possible.
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12.6 Measured Oedometer Moduli Related to Raft

Design.

‘The swell under foad moduli determined here (able 1) agreo very well with the results ffom the Sanders
{1989). For instance, at an initial moisture content of 22%, Sanders (loc. cit} calculated a swell under load
modulus of 1.76 MPa while the result oblained here is 1,72 MPa. Interestingly, Sandess used 2 mwch higher
dersity of roughly 1800 kgm® which seems to indicate that the swell under load modulus is not grealy of-
focted by density. As was mentioned in the literature survey, it appears as if the vafue of the EEMM from
the swell under load oedometsr tests can be used dircctly in the evaluation of the EEMM where there is 2
e swell under load tests can be ,3ed to define

desp residual fayer of
the swelling pressure and free swell of cach soi layer, and equation 3 and 4 is then applied 1o calculate the

EEMM.

The consolidation modull belong o two well known regions, namely the overconsolidated region and the
normally consolidated region respectively. In most cases, the overconsolidated modulus was of the order of
twice the normally consolidated modulus. It is aso evideat that if swell i allowed to aceur peior 1o consol-
idation, then Jower moduii values are measured. For instance, the normally consolidated modulus is 16 MPa.
wher the sample is consolidated #rom a satuwated state, while it i only & MiPa when the sample is consol-

idated from a point ater swell has taken place.

in the raft design ps P

In any event, the idation moduli 100 largs
by Fidgeon (1988). However, the moduli from the virgine compression curves of the samplos that underwent
swell, approach the low moduli vatues required for correct raft design‘mulation. But of course thesc values

are only applicable at very large applied siesses which are not relevant to the fiefd sitwation,

“The Oedometer Test.™
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13.0 Laboratory and Field Moduli Compared.

‘The moduli from the fitd and laboratory are plotied in figure 79. The fieid results are taken from figure 402
while i the case of the laboratory tests, represeatatlve vaues for cach type of test have been plotisd, In this
plot, the modul values have been plotied agdinst applic § stress simply because the applied stress cange ever
which the moduli were measured is knowe for boik the ficht acd laboratory tesis. 1t can of cousse be argucd
that the different moduli have boen measured under such divarget conditions that they are not direaly
comparable. Howover, the purposes of this graph is to iftustrate the large scaczt in the result, rather than

to establish some sirict relationship betwesa the variabies,

It must be noted that the laboratery moduli have bee plotted as a singie point, whereas in reality, the modui
valise is applicable over a wider stress range in some cases. For example, in the constant moislure contsnt
sedometer test, the normally consolidated modulus is applicable in the range 450-1400 kPa. Consewsontly,
‘anly the midpoint of the siress range is shown for the purposcs of simplifying the plot aud Lo gain a acater
diagram. Also, in the caso of the iaxial modul, only the initial angent moduli have been plotted for the
second load cyele o represcat the uppo limit of modulus for s ype of est Houever, the tue iailial tangent

mpduli aze probably even lasges becauss the compfiance of the apparatus itself was not accounied for.

The only correlation shown in the plot is & weak tsndency for the results 1o fall into tiree groups. Group A
represeats values of modulus measured at low stresses and, even within this group, there is 2 large scatier,
Besides the very goad agreement batween the Field and laboratory swel uader Joad test discussed previously,
there is also fair agrecment between the pactially saturated triaxial modulus (water content 31%) and the
CRP plate modulus. Oné would presume Usal the effect of fissures in he soil was responsible for seducing

the modulus in the case of the CRP plate test.

Group C represents fow values of modulus sneasured at high siresses. The values are low because either the

case of the vedometer, or because the

high swesses force the soil into the sormally consolidated range in the

soil was approaching failure in the case of the plate test.

Group B contains values of moduli which are relatively large 2t intermediate valvies of siress. Generally,
aedometer moduli values from the overconsolidated range fall into s region. There appears 10 be good
agreement between the pressuremeter modulus and the consiant moisuire content cedometer modulus al a
water content of 25%. Howeves, this ma be partly eolncidental bocause the two modul values have been
easured under vastly differcat condiiions.

Laboratory ant Field Moduli Compared. - w




i Finally, because the overall picture is one of large scatter in the results, it appears s if the laboratory and

field moduli are goorly eorrelated, but more sty are required  before this o be stated 2 2 general
fact Perhaps, if it were possible 1o refate the modul valises o sirain, then possibly a betler corvelation could
be obtained. Howevar, the swell under oad laboratory and fleld tests agree very well which is extremety
significant in the case of silfened rafl design as has been previously mentioaed.

14.0 Reccomended Procedure to Determine the

Modulus.

“This work altempted to draw together the many estimates of modulus for the Ondersiepaart clay. It has been
shown that the scaties in the resuits is vory lacge indeed, and this is partly due 10 the many different circom-
stances under which the modulus was measured. However, the large variaton in the modulus must also

sursly be due to the complex nature of the material itself.

Thus, one cannot simply talk aboul ‘a modulus” for a soil, One always needs to consider which modulus i
most appropriaie to lhe partic lar application to Which the modulus is 1 be put. To illstrate this point, this

~projecthas clearly shown that ihe modulus for Ondersiepoort clay can be anything between [MPa and 145
MPa depending on the technique cruployed for iU's measurcment.

Howover, in the case of siffenod rat foundation design, back amaiysis of full scale experimental cafs 25 well
a5 fieid swell under load tests have.shown that a modutus as low as 2.6 MPa is applicable for Onderstepoott
- clay. Not surprisingly, the Iaboratory sviel under load tssis are the only tests ohich give moduli values within
this range. For this reasor, as well as the fact that the field and Jaboratory swelj under load tests showed
good agreement, it can be recommended that this test be used to determiae the modulus or EEMM value
tequired in the design program deveioped by Pidgeon (1988) where there is a deep residual soil tayer. In the.
case where there are distinetly different soif layers with difereat soil propertie, aa analytical analysis using
equations 3 and would have to be used. Also, the swell under oad testis tbe only test which incorporates

the process of swell which implies that this st emulaizs the field stress path 2 linle more closely than ail the _

i not really a modulus in the true sense of the word, The fact that the swell under foad modulus increases

i
i
i
§
I other faboratary tusts, On the ather haad, it must also be stressed (bat the “modulus” derived from this fest
) with decrrasing water content iustrates this point.

i

i
i
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The point 1o note is that, if it seren't for the back analysis of the raft it would be difficult 1o cecommend an
appropriate value of the modulus. Perhaps, without any other information. one would use a modulus some-
where between a consolidation medulus and 3 swell under foad modulus. An analysis of this sort woutd yield
a modulus of roughly 6 - § MPa for Ondersiegoort clay. This bappens o be of the order of four times the

required modutus for imulation for design pusposes and thesefc requires

some sort of “calibration” as it were, Perhaps it could be argued that this calibration process is required be-
cause the design model deviates so much from reality by using the “plate o0 mound” approach in the first
place. No doubt i a different modelfing approach was used (for instance 2 swell under joad mndel), 2 dif-
ferent. range of moduG values would be applicable.

In any case. it has been shown that, because of Lhe [arge scatier in e modulus values, back analysis are
definitely required in computer models to gain some idea of what the input vafues should be, and also what
test correctly predics this value.

Reccomended Procedure to Determine the Modulis. 9
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15.0 Other General Conclusions

OQther more general conclusions emanating from this work can be fisted as follows:

1. With regard to the friaxial sests, it was found that at the same initial cifective consolidation strese, thera

was reasonsble agreement between the initi2] tangent modalus meastired fFom the first foad cycle in a

standard test, and that measured in U Toaded test. H strength of

samples seemed (o be reduced cspeciatly i the case of the drained tests.

2. The Brackley equation could he used 1o calculate the value of swell stffaass if the water cantent, Pl and
ol Tatio of the rcjevant soil layers are known. However, it has besn shown that the equation is very
seasitive to small changes in PL which makes it ess useful ia pracéise. Alse, ffom the limited data pre-
sented here, it is evident that a nocmal plot instead of a log plol souid be used to prescnt the data from
the swell under load tests bocause tie coefficient of correlalion using  nannal plos is not significanty
reduced as sompared to using a log plot. Also, by usiiig 2 normal plot, the Braskley swelling pressure

can be more accurately defined.

At yelalively fow stress levels (say 0 10 500 kPa), the CRS ocdomutzr and conventional vedometer
producsd styess strain curves which were rolatively similar to sash ofhey for samples at water contents
of 25% and 32% respectively. The corrclation between the two tasis o) larger sosses cannol e com-

mented apon because the CRS ocdonieter tests were only conducted to a izess of roughly 500 kPa.

Other General Canclusions




16.0 Suggestions For Further Research

The next step in stiffencd rafl foundation design techiques, is the development of a design package which
models the suction ~hanges occuring wader a caft and then quantifies the the resultant swell by means of 3
parameter similar to the Instability Index. Such an. approach is described in detail by Pidgeon (1980c) but a
design techmique of this nature will not prove successh 2 untl siffaess is related 1o changes in suction. Obvi-

ously suction conirolled oedometers would have to be used to quantfy such a relationship.

1 also befieve that the effect of the use diferent solute types and concenlraiions in |aboratory tests on ex-
pansive ciays need. to be investigated furiher, The findings of such an investigation may show that ihe free
swell and swelfing pressure in the Brackley swell under load test is significantly influenced when the sample

is inundated with 2 solution as opposed to distilled water.

‘Suggestions Foe Farther Rescarch o i t. 8
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