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ABSTRACT

DETERMINING THE BEHAVIOUR OF CLAY UNDER REPEATED LOADING
* CONDITION USING THE CRS OEDOMETER |

Over the past several years, considerable advance have
‘been made in understandlng and reasonably predicting the be—
_hav1our of soil during repeated loading with different types
of apparatus. In this 1nvest1gat10n, the consolldatlon char-
acterlstlcsof remoulded soft clay are studled under repeated
1oad1ng conditions w1th the application of low constant rate
of straln. Tests are carried out with CRS consolldatlon ap-
paratus. In this research the var;ables chosen and their
ievels Qere as follows'j sustained load with ( A: (5 = 0.5, -
"B: (g = I.Oz C: ZB‘;-Q,O kg/cm ), load intensity (dynamic
load) in percent with ( I:—%%—i 20%k II:—Qi—::4O%,

Gd
III: -é%— 60%) and:number of cycles with (Qx N-B, ﬁ : N=4,
XN5) |

The tests results w1th respect to chosen variables
show that the dynamlc v01d ratio decrease of a soil reach
itsrmaximﬁm value under 1 kg/cm of sustained load., The kult
and k values are mostly effected due to the increase of

the sustalned load.



OZET .

Geemis yillarda, Qesitii tipte alétieri kullanarak_tek-,
('rarll yikler altindaki zeminih dévranlslnlh anlasilmasl ve
sébebinin 6nceden tahmin edilebiimesi bakimindan Qpeyce iler—
; leme kaydedilmis,buluhmaktad;r.'Bu'érastlrmada; sabit birim
deformasyonlu tékrarll yﬁkler alt1ndéki orselenmig yumugak
"kilin konsolidas&on karakteriééikleri izerinde Qall$1ldl-r
Deheyler CRS konsblidésyon alefi ile yablldl.:Bu aragtirmada,
seg¢ilen deglskenler ve degerlerl sunlardlr Devamli yiik

- ( A: (5 = 0.5, B: l, = 1.0, C: [, = 2.o,kg/cm ), yiik yuzde51
( dihamikvyﬁk ) yﬁzdekolarak ( I:—%é— = 20 %, :-gé, = 40 %,
ITI: 2: ..60 % ) ve tekrarlarin sayisi (ot : N=3, PE N= 4,
¥ W=5 ), |

Segllen deglskenlere gore deneylerln sonuqlarl, zeminin

‘ dlnamlk bosluk oranl azalmasinin 1 kg/cm2 11k devamll yik.

altinda maksimum degerlnevulastlglnl gdstermektedir. kult»

ve kmaxldegerleri birinci derecede devamli yiikiin artmasi ile

etkilénmektedirler;
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CHAPTER 1 INTRODUCTION

One cf the basic problems in foundation'.design of
offshore etructureS5 0il tanks,.and'silos is the persistent
vepeated'loading of the subsoil. There are many engineering
‘sltuatlons where -soils are subjected to repeated 1oad1ng
essentially w1th undralned ‘conditions. Much research re-~
lated tp the t;afflc loading problem’has been perfOrmed on
partially saturated compacted'eoils. And much of the re-
search related to loading from vibrating machinery or from
earthquakes has involved high frequencies and very‘low\
strains.

iSuch studies were performed nsing different types
- of test apparatus to clarify the nature of the phenomena
affecting the overell'deformation characteristics of soils.

JtCompreesion characteristics of soft,ciays are gener-
ally determined by oedometer tests. The oedometer apparatns,_
which usually contains the soil sampie.in a confining ring?
fhas been used\ovér'a long period of time. The teStiné'proce—
dure propcSed by-TerZaghi has been widely used since 1925.

Strain rate effects have teen-evaluated and theo-
ries for evaluation of the test have been presented. The
constant rete of strain tests with continuous 1oading'haVe
been used 31nce 1ast fifteen years. ;

‘In this 1nvestlgatlon the data avallable from tests
are used’to continuously compute void ratio, e , the coef-

ficient of consolidation, Cv y, for the'behaviour of clay



under repeated loading conditions using a CRS oedometer ap-

" paratus.

3

The loads‘applied by the 1oading and unloading of oil
tanks, silos etc. apply a slowly changing load to the foun-
dation soil allowing consolidation to take place. |

In this research we tried to simulate this effect of
' such kind of 16ading on soft soils, by using the CRS -

oedometer apparatus for the application of repeated loading.



,UHAPTER.E_PBEVIOUS RESEARCH

2.A CLAY MINEROLOGY
2.4.1 Soii‘Structure and Fabric

Sbil stfucture is both the geometric arrangement of
the particleé, or mineral grains, and the interparticle
forces which may act upon them. Soil structﬁre includes
gradatition, arrangement of particles, void raﬁio,‘bonding
agents, and associated electrical forces. The structure is.
the ﬁroberty which produces a response to external changes
in the environment, such as loads, water, temperature and
other factors.

Soil fabric is a more recehtly introduced term to
describe the " structure" of clays.'Fabric denotes the geo-
.metric érrangement df‘the mineral particles in a clay mass
‘ asuobserved optical or electron microscopes. The particles
arrangemént includes particle spacing and pore size distri-

butions. ( 2 )



2.A.2 élay and Clay Minerals

Clay minerals are predominantly silicates of alimnum
and/or iron and magnesium. Most of the clay minerals have
sheet or layeredfsfructures; Soil masseé generallyccontaln
a mixture of several cléyAminefals named for the predomi~
nating claj minéral with varying amounts of other nonclay
minerals. |

Clay minerals are very small (less than 2ﬁ9 and veiy
electrochemically active particles which can be seen using
an electron microscope only with difficulty. Inspite of. |
_their small size, howeverg’the clay minerals have been stud-
ied extensively ( Grimm, 1968; Mitchell, 1976 ) due to their
economic importance, particularly invceramics-méfal holding,
0il field usage, and engineering soil mechanics. The clay
. mineral exhibit characteristics of affinity for water and
resulting plasticity not exhibited by other materials even
though they mayvbe of_the clay'éize or smaller.

There are.fwo foundaméntal building blocks for the '
clay mineral structure. One is a slica units in which foun
oxygeﬁs form the'tibs of a tetfahedron and enclose a silicon
atom, producing é unif‘approximétely 4.6 A. |

( Angstrom unit A 1010, ) ( 2)



2.A.3 General Clay Mineral - Properties

Several characteristics are similar for éll the clay

- minerals.

2.A.3.a. Hydration

_ Clay‘pafticles are almost always hydrated, i.e., sur-"
rouhéed by 1ayers of water molécules called adsorbed.water.
This 1ayer.is.often at least two molecules thick and is
called the diffpsé 1ayer. the double diffuse.layer, or sim-
ply the double layer. This water is firmly attracted and/or
contains metallic ions. A diffusion of the adsorb water cat-
ions frdm‘the,clay mineral extends, outward from the‘éurface
of the clay inﬁo the adsorbed water layer. the effect of this

is to produce a net (¥) charge near the mineral particle and
( 7) charge a greater distance. This diffusion of cations
is a phenbmen6n~very similar‘to the diffused interface bew
tween a free water surface and the admosphere where the dif-
fused material is water molecules. This water is often Sd
firmly attracﬁed.it.behaves more as a solid than as a liquiddJ2
' . 2.A.3.b  Activity

‘The edges of all the clay minerals have net negatiVe

charges. This results in attempts to blance the charges by 
cation attraction. The attraction will be in proportion to
the net chargé deficiency and may be related to the activ-

ity of the clay. The activity may be defined as



) N Plasticity index Ip
Activity =

" Percent clay

where the percent clay ig taken as the soil fractian<12/wn.
Activity is also related to relative potential water con-
tens. Typical activity values based on eq (1 ) are as
foﬁlcws . |
' Kaolinitév O.4 - 0.5
fllite 0.5 - 1.0
Montmorillonite 1.0 - 7.0

Activity interms of volume change is a principal concern in

evaluating theasoil for use in earthworks and foundationsiz)

2.A.3.c Water Effects

The water -phase of clay soils is not very'likely tobe
chemically pure water. This water accounts for the plasﬁicity
properties of clay. In laboratory tests for the Atterberg
limit it is specified by ASTM that distilled waber be added
as required. The use'of distilled'water, which is rélatively |
ibn free, may produce results somewhat different from those |
ébtéined using a more contaminatéd water such as may enter
the soil insitu. _

A particular phenomenon of clay is that a clay mass
which has driéd ffom some initial water COntent_fbrms a
mass which hés considerable strength. If these lumps are

broken down to elemantal particles, the materlal behaves

as a cohes1onless partmculate medium.(2)



2.A.4 Forces of Water Retention in Soils

The potential of-water can be specified without regard
to the,ﬁorces by which water is retained in soils.
However, it is also necessary to understand these forces.

They vary depending on the dominate force in clays.

CLAYS

Clays are characterized by the Qolume changes which
accompany wé%er_content changes. Clays which are not aggre-
gated ihto stable crumb units remain water-saturated to
high values of suction. A decrease in water content is ac-
companied by an equal decrease in volume, and air water
_interfaces are hdf present except at the boundaries of the
sample or at the cracks. Airyenters the sampie the Volume
has been redugded to where interparticle interference pre-

- vents shrinkage. On rewetting, the samples swell or increase
.in'v01ume'due to swelling forces. The forces of water rete-
tion are the same as the swelling forces. In the limitting
case of high swelling clays in parellel orientation, soil
suction is numerically equal.to swelling pressure at any |
water content. o

Subéoils with a high content of clay, especially if
it is monmorillonife, have water retention characteristics

which approach this discpiption.They'have no crumb structure

and are slowly permeable to water.(3)



2.A.5 Volume Change in Clay Soils

Swelling

- Volume inerease due to swelling does not always ac-
compény water_content,increase on rewetting of a soil. A
dry soil can take up water, with air in the voids being re-
placed by-water; without a consequent increase in volume,
This oceurs typ}cally fpr sandy and silty soils. Swelling
requires_a forde of repulsion separating claj particles to
increase ﬁhé“vplume‘as‘the water content increase. (,BAj

2eAs5.a Soil Characteristics Affecting Swelling

The amount of swelling depends upon fhe clay minér—.
als and their arrangement or orientation in the.clay soil,
as well as upon physical chemical properfies such as val;
anée of éxchangeable cations, pore-water salt concentration
and cementing bonds between clay particles and with deé-
reasing valence of exchangeable cation. Specific differ-
“ences between clays within a mineralogical group give rise
to smaller differenceé in swelling. |

Cementation betwéen particles is a major factor in
limiting volume 'increase of clays on swelling. Iron hydrox-
ides, carbonates and warious organic molecules are the ce-
menting materials. It is not clear in many cases whether’
these materials bonds between particles:to.fprm a re-
strained to swelling, or'Whether they affect‘the physical-
chemicél‘praperties of the surface in such a way as to re-

duce the swelling force iron salts dried into a clay can



‘markedly reduce swellingjthis occurs-in some" non swelling

montmorillonites,

- 24A.5.b . Bwelling Pressure of Soils

Swelllng clays. exert,pressure agalnst a conflnlng
load when water is available fon' a: wolume increase. Thig
pressure exCeeds.usual loading, so that volume change is
decreased but not prevented by the structure which the
soil.supports, Except for high swelling clays,the‘swelling
pressune'decreases,rapidly uith small volume increase, and
the amount of swelling under load is usually'small.

The dependence of swelling pressure on: volume change
makes a precise measurements of swelllng pressure difficult.
Unless speclal precautions are taken in the measurements to
prevent volume change meagured pressures w1ll underestimate

the swelllng pressure.
 24.A.5.c: Mechanism of Swelling

Swelling, or a volume change on wetting requires an
attraction of water‘te.fhe clay to provide an effective re-
bulsion between clay particles. From thermodynamic consid-
erations,water will move into the soil as long as the free
energylof'the water ,in the soil is less than that of free
water.Water fills the voids of sand Without a significant
~increase in volume,but for elays this wetting usually rer.
:sults in a volume increase.The reason is sought in the suz-

face properties of clays.
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20A.6 Compressibility of Clay

The comppessibility of cley im the felatiohship be-
tyeen the &ffective stress ( i.e.; stresses between parti-
gles) developed in the clay soil.and the corresponding
decrease im wvoid ratid. ﬁbm-soils that aré'paftially satu-
rated the dedregae in void ratio due to a combination of so=
IUtion of air inta the pore: water and ektrusion of both water
and air.The final equilibrium condition that must be achiewsd
is such that the air and water in the soil voids do not canry
any stréss,i.e., that no pore pressure remains,

For fullyasatﬁrated clays, the. mechanism by which
ggmprgﬁsioancoursrénd during which gengrated pore pressures
‘ave dissipated to reach an ultimate étate of zero pors preés-
8ure is called consolidation is the eom?ression thet re-

- gults when a load applied to a saturated clays gives rise
to a compression, the magnitude of which is determined when

the generated pore pressures are fully dissipated. ( 3 )
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2.B Consolidation Theory

2.B.1 Definition

.The conventional method for estimating both the rate
and amount pf settlement of a compressible éoil subjected
to'bne-dimensional'strain-is to take-samp}es‘of~the'soi1
and perform "standard consolidation tests." |

| ‘This type of fests'is described in detail by lambe
esséntially, the load is appliéd in‘a series of increments
with displacementvrecorded at apprgpriate time intervals.'
Based on‘the‘Tefzaghifs theory of one~dimensional cbnsblidatior
the displabemeﬁf'ﬁersus time curve for a given load allows
‘the coefficient of consoiidation, Cv’ to be derived from which
the rate of settlement iﬁ the field can bé estimated. Each
increment is allqwgd to remain on the sample for one day, at
which time the sample has essentially come to "equilibrium"
and the displacement corresponding to the one day reading is
fecorded. This allows the void ratio, e‘vé the normal effec-
tive stress,(flto be'ﬁalculated with corrections for sample
disturbance, this e vs C'relationship can be used to estimate
| the ultimate settlement for the field conditions. |
Field evidence has indicated that while the ultimate
gsettlement majvbe predictedbwith reasonable accuracy, esti—‘
‘mates of the ratekof settlement are likely to be very much
in error.k
"There are a number of reasons why the rate of settle-

ment may be in error.
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(1) The samples tested may not be representative.
(2) Drainage may not be one-dimensional as assumed.
"~ (3) The assumptions of the Terzaghi theory may not °

be valid. .
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2.B.2 Terzaghi's Theory of Consolidation

Terzaghi's theory of consolidation is based oﬁ the
‘following assumptions, |

(1) Material is continuous

(2) Material is homegeheous
(3) Fluid and solids are incompressible

(4) The soil is saturated (S=100% )

(5) Flow of water is one-dimensional

(6) Barcy s 1aw is valld (v=kei )

(7) There is a constant temperature;

The tlme-settlement relation using the above assump$

tions can be obtained as follows.

kD . AV _ ] de | )
¥w Q22 Y T+e O :
where
| k:;thevcoefficient of permeability

dw= the unit weightrof water

u#'theAexcess pore water pressure

z = the space variable

e = the void :ba’cio

t"the timé

%y—the volumetrlnbstraln rate.

ﬁhe above assumptions are perfectly reasonable ex—
cept possibly for the assumption of the validity ofDarcy's
law &ivery low gradientstthat are likely to occur in the

field.

Terzaghi's contribution essentially lay in relating .
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void ratio and effective stress. Although he realized that
the void ratiO'effective stress relationship was complex,
to facilitate the solution of egn.l he assumed the follow-

ing simple relationship for a'Smail increment'of'ioed.
/ .
Bevz—OVBC/" : (2)

-where a, the gradienf of the e vs Cqurveo
There are two imporfant concepts involﬁed in this as-
‘sumption; | _ v_ | | | .
(1) A linear reiationship between void ratio and ef-

fective stress exists for small load increments.
| (2) The void ratio depends only on the'effeqtive stress
and not on time_or strain ratbe. Itis this assumption that
prevents the Terzaghiis theory from modelling "secondary
compression”, _ |

4 Inserting the effective stress value,Cf; {—U and

egn. 2 into egn.l yields the following equation.

kK Ju_. _ov (20 U >'
\Q‘\w- 322, 1+€ Dt Dt

00

In the load controlled test Y =0 , hence

-(Z+>~

k U _ a, 2y |
Yo 027 1+€ D% | (5)
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+ Terzaghi further assumed that for any one increment

k(1;F):Cv,would be constat,henée th.5 reduce to
Ay Jw. |

Cy U D
222 ot | ()

Equatign (6) is the standard "heat equation" for which
the solution is well known. Tefzaghi,therefqre,was'responsi-

ble for the simplifying assumptions‘that left to Eqn.6. (1)
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2+B43 Evaluation of Strain Controlled Systerhs

If we investigate The séme phenomena using strain con-
troiied loading éystem the following calculations can be ..
done. | |

Returning to the basic equation of consolidation

given by Eqn.l.

k. 2%u _ AV -1

w D z2 v . lse 2t

Sﬁppose a sample of soil is strained so slowly that
change in void ratio is ﬁniform throughout the sample;i.e.,
all elements of soil lose the séme amount of water in any
given time interval,then the right hand side of Egn.l is
not a function of z and therefore Eqn.l can be integrated
quite simply. -

For the boundary conditions

uz0 at z=zH |
-and%‘tizo at z:O

the following exbréssion for the excess pore pressure. at

any time is obtained.’

U(z)s—— XY{( Ay (7)

L)

The excess pore pressure at the base (z 0) is given -

b : .
2 ’ 2k v

- and since the excess pore pressure varies with 2z according

(8)

~to a parabelic function,the average pore pressure through-
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out the sample is giVen by

Vay == —5——= 2 =AY —h | ()

The volumetric strain rate will be negative for all
cases where the volume of the sample is decreasing with .
time and hence a positive excess pore pressure with re™
sult as expected.

If the excess pore pressure at the base of the samplé
is measured,then'eqn.S allows the coefficient of permeabiil-

ity to be calculated.

k =— ;-‘g:-.ﬁf-Hz (10)

Eaqn.9 allows the average effective stress to be cal-
culated if the total stress is known,as is generally the
cése,i.e; N Czw - Cf‘uuv' | |
‘ Equations 7 to 1 0O inélusive_are_applicable to all
cases of-one—dimensional;drainage.Examples of such cases
wouldbee slow drainéd triaxiall tests with either one or
three—dimensional stréin, slowfdréined plane stréin tests
and sfrain;controlled consolidation tests. The only as-
sumption other than the basic assumptiion of equatiion 1liis

"that the stréih rate sould be.sufficiently slow that the"
change in void rétio is essentially constant thnoughout'the'
sampie;No assupﬁion relating void ratio to'effectiﬁe stress
is necesary. | 4

The application of this theory has been tested exper-

" imentally for drained traxial tests (Byrnez) and plane
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strain tests.

2+Be4 Evaluation of Constant Rate of Strain Test

If a constant nate of .compression is applied to the
surféce'of a sample contained in an oedometer ring the to-
tal stresscand effective stresses pnogfesively increase as
the test proceeds (SBmith and Wahls,1969,Wissa et al.,1971).

Commencing with the linear form of -egn.

_v‘k Fazu =—aAV - b£4
Yw dy Y.

(1)

and differentiating eqn

Avi_gx___e'o"e:m'\}&gfv—[//vo)v . (H)

1+e ,
i . 7/
twice with respect to y after substituting farﬁ@:and using
. 1 . .
eqn U\/: C/V+ U+ uyg
we'get ’ ' ;
2
B«Eﬁi - m g.u
BV AL Y
dy ¥*

and substituting into (I) gives

(111)

Cvaéi - BEL ’ (IV)
0yZ ot | | .

which is the most convinient form for solution since bound-

ary displacements rather than pore pressure are specified,

.It is also convenient to measure y vertically downwards

from the original position of the upper surface.

-
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The permeable upper -surface is movihg at a constant

rate,r, given by the expression,

'l': Ht d " | | _ . | (V)

where s. is the surface displcementgH the total thickness of
the soil laye? and t the time relative to the-comﬁencement
of the test;éi is the average strain. The base of the layer
is fixed and impermeable, the top permeable.

The solution for strain at time t is
N | |
<, Qi[**r(‘ﬁ‘" /Tv?] | (VI)

where

I a -‘-Yb ( ) n
F- ‘ = } £ c._l 2T
Tv 3 H ’ WQ-TV ﬁzco exp (-na"Tv)

in which Ty is the usual definition of time factor

. Cv.t ' '
Tv=— HZ | | ( VII)
) - |

with

Hp = H

This solution prevides a technique for calculating the
value of ¢ for the range of effective stresses by applying
a constant rate ef displacement to the upper platen of a
one—dimensionai congolidation cell, In principle this teeh-e
;nique has adventages in common withethe constant rate of
total stress test compared with the conventional oedometer
test., It effers a grater degree of control of the testing

‘conditions. Since
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(a) the sample progresively instead of incrémentally
loading. | | | | | |
(b) the sample can be sealed
'(e¢) the gradients of pore pressure are controlled,ahd
the test can be comp;eted much more rapidly than the stane |
dard oedometer test with the 24 hour loading periods,.
At earlies time ( TV“CO 5 the ratio of strain at the

base to the strain at the top is,

( ) - ' ’
1 7 .

~where F,is obtained from eqn.¥I as

" T\,-—% -Z DS exp (P2 Tv)
: (I1X;

TR R) e (AT

The strain ratio can also be expressed from eqn.II as .

Q(H f)_ (A e - Up) |
Fé 1 (Ot), Ae o

assuming My = constant whefe Uy, is the base pore pressure:
and Z&G;e is the stress increment over time t.

Values of total stress increment,ZXC;e, and‘base pore
pressure, U, , are continuously recorded throughouf the testa
At a time correspondlgg to Tv <0.5 the value F3 can be deter~
mined from eqn.k'and tha correspondlng Tv can be obtalned |
from eqn.IX gnd C: . - HD ‘ | | 5

w t 7 o
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at larger times the expression VI simplifies to

= | e BVRVEVE o
€, = ¢ 0**{'\} (%_—T}_“é—(——l—{—) j (X1)

to within a very close approximation.

The strain at the top is -
€ (1+3C &) | ‘(xna

and the base is

(X11b)
E O 6Q¢>
The strain difference is therefore
. ‘rHZ |
C€4O 6{ H) ZC / ﬂ_ZCvL. <XUU

If we continue to assume m is a constant the,

(Cém-o (1) = mu[((jye“fﬂﬂe\ ((TJe+AC]e UO](’XIV
- "mq} By

Hence from eqn.XIiI and XIV .

C, =t ) | (XV),

Z Uy

The rate of change of strain at any point is constant

which means, over a time increment, ‘At

M= r(A

Hence
coo A®e>
=720y Nt
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2,C Constant Rate of Strain Oedometer

The constant rate of strain test became aﬁbtandard
- Test at the Swedish Geotechnical Institute (SGI) in 1975.(6)
During the five years the CRS—test has been used at
SGI much experience has been gathered.,, Related research con-
cerning permeability, swelling , récompression and secon-
dary defofmation has been carried out,
| _ Byrne and Aok(4)compared the results from strain con-—
trolled tests with the standard load controlled test. The
e vs log C’curves are shown in fig. 2.1 R Unfortunately,
‘because the 1n1t1al void ratios are not quite the some curve
crossing occur., Howevén, it may be seen that higher strain
rates cause higher effective stress for the'same void natio
as was shown by Hamilton and Crawfor’and that load control-
led test agrees closely with tha lowest strain rate used.
© They summarized that the merits of the mcthod of the
strain controlled consolidation test are |
(1) Because of the low gradlents that exist throughout
the test, the 31mp11flcatlon made by Terzaghi that-oe-—Ch,aﬁ"
within each load increment, can be replaced by the assump-
tion, much more accurate in the proposed test method, that
change in void ratio ia uniform throughontlthe depth of the
specimen.
(2) Becausé the strain rate is subsantially constant ~
throughithe duration of the test, and under. the control of
the experlmenter, secondary compress1on which is Just a

- ghort comlng of the Terzaghl s1mpllflcatlon, can be seen as |

straln rate effect. - . ‘ |
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(3) Using e vs k and e vs C/re;ationships determined
over a range‘Of‘strain'raL‘.ces, the complete time—displacemu
ment history of a load controlled specimen. of any size ‘can -
be Predlcted 1.e.,pr1mary and secondary compre581on can be
predlcted

#) If_hhe'Terzaghi assumptions are also made the'the-
ory allows a rapid method of determining the coefficient of
conéolidation,cv.. It has the considerable advantage that
the gradients are low and that no squeezing of clay past
the top stone take place as may occur.in the load controlled
test. _ '  :

‘Kuantasi ng” demonstrates that consolidation with
constant rate of defbrmation is a much more complicated
process than has been suggested by the small strain the-
ory. The present proposed method of,ihterprating fest re-

. sults is applicable only to the case of a small B(normalized
strain fate) value wherefBis a function of r,hg,and cv_,and.
B=r. ho/ cyswhere r is deformation rate, h, is initial
thickness of specimen andrcv_is coefficient of consolidation.
This restricts the fastest strain rate can be used. It would
be dgsirable to have an interpratation method independent

of thevsfrain rate used. Since such a method may eventually

lead to a rapid consolidation test.
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.2eD Effect of Repeated Loading

Estimation of the amount of permenant deformation oc-
»curing'as a result of repeated loading of a structure is
one problem for which the irrecoverable strains measured
in cyclic loading tests:provide valuable information. How-
ever estimation of the cyclic deformation occuring during
the repeated loading is also important.
The features of the,behaviouf‘of clay under repeated
loading‘qn whichuinformation islrequiréd are
| (L The developmént of perﬁanent (plaStic),strains‘and
pore water pressure w1th number of cycles.,
(2) The variation of cycllc (elastic), stralns and
pore water pressures with number of cycles.,
Giiler Egg)has conducted from a water content of twice -
- the liquidviimit fo different consolidation pressure.Test
results weére given in fig.2.2 .In this teét, number of load
applicétion are N=1, N=6, and N 11.Conclusions obtained
from tha oedometer tests are as follows
(1) The extra volume decrease that take place under
the application~§f repeated 1eadingrincreases with increas-—
ing intensity of the repeated load.
(2) Thé extra volume decrease also increasés with the
increasing}number‘of load applications.
(3) The void fatio of soil can be brought.to a value

smaller than itg'value obtained from static consolidation

by applying repeated 1Qading.

anbid K\'“m\}%“w Kﬁm?ﬁi\“w



26
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FIG-2.2° Results of Repated Oedometer Tests.
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Togrol E.wand»Gﬁler.Eglo)have :eported other similar
tests with different load amplitude. Test results were given
in fig. 2.3(a, b). In addition to above conclusions, some con-
clutlons have been obtalned which are as follows; |

(l) If the repeated load is applied too rapidly to
speed up the consolidation process, the load 1nten81ty has
to be above a lower limit ln order to obtain lower void ratio
in comparison with the static loading. This 1ower limit is
for example about %50 for "Topser Sari Clay". |

(2) The "Arnavutkoy Kaolini" whlch has a hlgher plas—
ticity index showed greater e values in comparison With
the : e values of “Topser-Sarl Clay" so they may conclude
that the application of repeated loading to increase the
degree of'Consolidation can be applied more_suooesfuly on
clays with.high plasticity indexes. |

Bishop and Henkel(ll)tested heavily overconsolidated
:clay.in the triaxial apparatus. The resulting negative re-
sidual pore pressdpe was then allowed to dissipate with con-
- sequent softening of the sample over severaljhoars;'Anothef
pulse was then applied and the process repeated, the sample
becoming progresively softer after each pulse. »

Henkel(12) has reported other ‘similar tests with dif-
‘ferent load amplitudes. Normally consolidated samples, for
which cycles of undraniedfloading produce ﬁositive re-

sidual pore pressdresg would strengthen if these pore pres-
sures were allowed to dissipate. ' '

- Knight and Bl:i.g;ht(]‘a> tested a normally consolidated

'claysilt in the triaxial apparatus. Drainage was allowed
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after each cycle of slow loeding and unloading. It is not
stated how cyclic stress compared with the static
strength. However,’they found that the residual positive
pore pressure decreased, and the permanent deformation
reached e limit as the mumber of cycles increased.

Sherif and wu(l4) report a series of repeated loading
tests in the triaxial apparatus with two different fre—
qQuencies and two different‘amp%itudes} They showed the nor-
-mally-eonsolidated sample behaves a much faster development
of strain with number of cycles than the other samples.
Tnese stralns are permaent stralns, that is the average of
the strains at the two ends of a cycle. The amplitude of the
.cyclic strain was found to be independent of thelnumber of
cycles.-

Wilson and Greenwood( 5) found a linear relationship -
to exist between the cyclic strains and cyclic pore Pressures.’

Hyde, Brown and Pell(®) have studied the effeet of
ﬁstrain under the repeated loading was not much affected by
the rest periods.

(18) show results

Both Thiers,(l7).and Taylor and Bacchus
from eyclic triaxial tests in which the stress amplitude
increases with increasing strain amplitude at low numbers
of cycles; but decreases with ihcreasing strain amplitude at.’
larger numbers of’cycles. )

Ven ‘Eekelen ahd Potts(lg) noted that the behaviour of
Drammen clay under cycllc 1oadlng may be descrlbed interms
of single fatique parameter, i.e., the pore—water pressure

u ‘generated by cyclic loading.
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CHAPTER 3 EXPERIMENTAT, STUDY

3.1 EQUIPMENT

_3.1.1 Equipment Requiremenfs

Thg folloWing items are requireds for the operation
of the oedometer. |

(1) The oedometer cell shown in figd1(The cosolidation
ring used was 6.98 cm in diameter and 2 cm in height. The
ring was sealed at the base so that drainage took place
through the’top porous stone ohly.). Pore pressure trans-
ducer is located in its base for measuring the pore pressurs

- (2) Two self compensating constant pressure applica-

tion sybtemsbare shown in fig32(0ell and back pressure were
provided by them). |

(5) A load frame or loading platform .

~ (4) Load cell mounted above the top stone (the normal
- 1oad was measured by 1t), ”

(5) A dial gaUge (the vertical displacement was
measured by this);

(6) A millivoltmeter.

(7) Trimming equipment inéluding wire saw.

(8) Sllcon grease.

(9) Supply of distilled water.
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2" Self Compensating Constant

Pressure Application

F1G=3.
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FI1G_3.4 Oedemeter and CRS L oading

Device .



FIG—3.5 Oedometer CRS Loading Device and Self Conpensa\ﬁng Constant
' Applicutioh System. | |

Pressure

19



36
5.1.2 Mounting of Specimen

The testISPecimeﬁ which is in the stainless ring is
then placed in the test chamber. Due to tight fit between
the sample ring and the test. chamber it.is important that
the test chamber and the part of the ring is not occupied
by.the specimen and be absolutely free of soii'and dirt.
During this operation the piston is heldiin its ﬁpstroke
position by use of the spacer.

The test chambef.containing the specimeén is slid onto
the cell base after the fine porous stone has been dried
of free water. The unit should be slid on in a way that
the soil specimen is always in contact with the base. At
this time the residual pore pressure in the test specimen
can be measured with the pore pressure transducer.

An O-ring is placed in the groove located at the baot=-
tom of the test chamber (between the sample ring and test
chamber.wall).' | | |

The test chamber unit should be carrectly orientated

with respect tpmthe'drainage lines while sliding it into its

final. position.
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-3.}.5 ‘Assembly of Cell

The assembljng of the cell involved the following s.

steps. |

(1) The unit\containing,the test chamber was bolted
down.

(2) The spacer around the piston head was removed.

(3) The piston head was'lowéred until it is in con-
tacf with the soil. o

(4) The drainageé lines to the base of the cell cham-
bervwas reconnected. , |

(5) The cell chamber was assemblgd,and-it was bolted
down. . | | | |

(6)'The1piston shaft into the piston head was intruded.

(7) The cell chamber was filled with deaired water.
( Distilled deaired water is preferable over tap water to
‘minimize éorrosion).

(8) The cell was placed in the load application deviée.

(9) The cell and back preSsure lines were connected
to the constant pressure supplies.

(10) The dial gauge and the dial reading were mounted.

(11) The load cell was mounted. |

- (12) A1l instruments were connected to the data acqui-~
sition channels.
'a DC power supply
b load cell

¢ pore pressure tranducer.
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3.2 MATERTAT AND SAMPLE PREPARATION

The material used in the tests are first dried in the
oven and then sieved from a No:40 sieve,

To get the material in a condition suitable for test-
ing it was first necessary to throughiy,mix the ‘clay with
sufficieﬁt water to bring the sample to a ﬁater content
sliéhtly below the liquid 1limit. The initial moisture content
- of the samples varied'fpom 4l % to 46 % with the évérage’_

- value being 45 %. |
,Generally; material contins silt and fine sand. Index -

properties obtéined from laboratory tests are ;

L.L. = 50.0 %

| P.L. = 24.8 %
P.T. = 25.2 %
e = 2.70 &/
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3.3 TESTING

It is impérative that the water pressure ih the ceil
chamber at all times be equal to or greater than the back
pressure in order for for reinforced rubber membrane to be
operative. |

Using. the 1oad frame, the piston is brought into con-
tact. with the load cell without applylng a significant force
to the piston.

The test and cell chambers are connecteﬁ hydraullcally
through the constant pressure manlfold. The pressgre is
‘raised in both chambers until the desired back pressure is
reachéd. There will be a net upwards force on the piston
during this procedure which is taken ﬁp by the load cell,

Priér to starting fhe actual test, a émall load should .
be applied to thé pistoh head by increasing ‘the cell pres=.
sure to insure that it is in contact with the soil. Thié'is
b,done by applying a pressure in the cell chamber slightly
higher:than thatiréquifed to balance the net force on thé
piston caused by the back pressure.

~ To saturateu the test sample, cell;presgure, 2.25 kg/d%
and back pressure, 2.0 kg/cg'were hydraulicaliy'applied\
along 24 hdnrs. Therefore, test sample in the test chamber
had been consolidated under 0.25 kg/cﬁ. At 24 hours tesﬁ
sampie ﬁas fully saturéted. Any ekcess poré pressure caused
by fhis'operation was allowed to dissipate.

The chosen rate of strain was 0.002 mm/min. To deter-
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mine this value we.performed a series of test. To-evaluate
the test results with given reference equations, the maximum
pore pressure values obtained from tests shall be smaller
than 15 percent of the maximum reaching stress values. We
have taken care that the maximum pore pressure values obw.
* tained from tests were not gréatef than 10 percent of the
maximum reaching stress valueé to be on the safe side.

with respect to chosen minimum and maximum'value of
dynamic iéad,'pushing the up or down button,.iepeated ioad
wés épplied'on the test specimen.

During the testing readings were taken on the data

écquisition systems at desired time intervals.
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5.4 EVALUATION OF TEST RESULTS

The available data obtained from the test is processed .
as_foilows.

The average effective stress in the sample during the
test. is calculated by the simple equation

= 0~ £ Uy " (Smith and Wahs, 196312
where totél pressure .
and up pore pressure at the bottom of the sample measured
with the pressure transducer,

Thié equation is not exact but the error is small
provided that the“pore_pfessure is low in relation to the
vertiéal presgure. Considéring,the tiﬁe dependencj of the
étress strain curve the pore'pressure should in any case
. be ‘kept low and thus the the formula can normally be usedw
Tokheim and Janb&?n (1976) give the equation

I
- .._4_ SC”4UD
(=05 Ub b s0-5Up

where C._/z d0 /4t

' Ub‘: dly/ dt
where H is the sample height.
This equation'is also valid for low pore pressure only
SallforéZZ)(1975) recommends that the pore pressuré should

not exceed 15 % of the total pressure.

Tokheim and Janbd21)(1976) give the equation
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¢, MH.6  60-5u
2 Uy, 60-4 Uy

where M= Modulus (dG/d€)-
CLdC /et
VOB:dUb/.dt'
S =dH/dt.

The theory is limited to Ob/6;<1035 .The difference

_AC P

betweenrthisVéquationvandﬁov.. PRy is negligible
. : _

for small pore pressures.from the CRS- test the coefficient

of permeability can also be obtained continously and is

calculated by the equation

ksz.Hz -9 . fw
’dt . 2Ub

Evaluations of ¢y and k are based on the assumption of a

parabolic pore pressure distribution in the sample,



CHAPTER 4 TEST RESULTS

Nine repeated loading tests were made. Variables
choseﬁ weré (1) sustained load, (2) load intensity (dyna-
mic load), (3) number of ‘cycles, Sustained load, load in-

’cevnsity (which is the i'atj.o of dynam:i:é load to sustained
| load ) and number of cycles were expressed by C;,‘V%—.and N
respectively. In té%l’e; 4.1, the vaiues of va:_c-iables’ ahd‘

results are given;

Test [Sustired |Load |Number | .

No ° | Toad [mtensity|of Cycle é«f-}xlooo k14X 10 |kpaxx 10
' Uo kg om . % N cm/min cm/min
1 | 0.5 20 - | & 5.2 2.11 24,7
2 1.0 | 20 3 57.0 2.02 21.1
3 2.0 2o | 5 | 4.8 | o075 | 7.65
4 0.5 | 40 3 12.4 1.56 - 2.82

1.0 |40 | 5 114.0 0.80 | 24.55

6 | 2.0 |40 | 97.2 0.38 2.1
L 0.5 |60 -5 25.0 1.15 17.9
8 1.0 |60 4 82.6 ~ 1.65 20.34
9 2.0 .|60 3 226.7 0.75 | 8.3

Tabl‘e—‘ﬂ.l The values of variables and results.

}
.')
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Variables, from 15% test to 9th‘ test, were arranged to

form a latin square in order to be able to apply variance

analysis to the results. We denote sustained loads with

( A [5=0.5, B: C— =1.0, C: C' = 2,0 kg/cm ), load inten-

sity (dynamic loads) in percent with ( I°r° +2-= 20%, II-—@—-lLO%,

Co
III:C: =60% ) and number of cycles with (c>;. N= 3, B: N &,

29 N=5 ). ‘I'hen we cons'bruct a 3 x 3 matrix wrbh the test
| 'cesults %o establish a 1at:|.n square ( Fig- 4.1 ).

Tl |28
s | p|=

Fig- 4.1 A Tatin Square: with Veriables.

Where: A, B and C 3 Sustained load
I, IT and III: Load intensity
o, P end 33 Number of cycle.

If we superlmpose the values of Aoj 1000 in latin

square, where Aed is the difference- between the values of

- void ratio at the: begining and end of dynamic loads,

a
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:and €oq 18 the value of void ratio at the begining of the
dynamic loads respectively ( for example see tab- 4.1 )

fig-4,2 and table 4.2 are obtained as follows !

9

A B c A B c
I|5.2 |[57.0 | 14.8 |77.0 . 12.4 | 57.0 [226.7 |296.1
IT | 12.4 | 114.0 97.2 |223.6 | 5.2 | 82.6 | 97.2 [185.0
III | 25.0 | 82.6 [226.7 |334.3 25.0 |114.0 | 14.8 |153.8
42,6 253%.6 338.7 |634.9 ‘ S . 634.9
(a) B - (b)

Fig— 4.2 The values ofé?%?x 1000 in latin Square -
. : o o

Sum of Degrees Mean

Squares of Square F | P

) : Freedonm
Sustained Load | 15493 2 7746.5 1.58  0,25-0.50
Load Intensity [11105.5 2 5552.75 1.13 . 0.25-0.50
‘Number of Cyclg 3729 5 1864475 0.38  0.50-0.75
Remainder | 9816.7 2  4908.35 .
Total  40144.7 8

Table- 4.2 vailance analy51s of the values of‘Aeszlooo

W.T.t chosen variables.
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With respect to table 4-2, due.to repeated loading the

-magnitude of sustained load effects the variation of void

ratio the’most,rlbad intensity and number of load cycles

‘have lesser effect respectively.

“As-éhown in fig 4-3- ,values of Aed

Cod

*with increasing values of sustained load.

are increasing

A
240 1 _ ~ (Load lntcnsny)20°h'
210 A '
180 A
150 1 _
o . _—
,8_ 120 - A0 /40
x : - o
90 1 Q0
Bik: e
U 60 7 ~— © -
< . ///
30 1 /,,/’eiof 50
// _ EZO ¥ e
0 05 1 2

SUSTAINED LOAD, kg/crd

Fig-l4.3 ABed 1000 versus Sustained Load.
Cod

o
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If we superimpose the values °f'kﬁ1t x 10'6 in 1atﬁn
square, wheres:ku]_.b is the ultlmate value of coefficient of
permeability ( for example gsee table~ 4,1 ), figure- 4.4 and

table- 4.3 are: obtained as follows

A B c A B ©
| 1| 2.1 | 2,02 | 0.75 | 4.88 1.56 | 2.02| 0.75 he33
1z | 1.56 | 0.80 | 0.38 | 2.74 2,11 | 1.65|0.38 .14

ITT | 1.15 | 1.65 | 0.75 | 3455 1,15 | 0.80 | 0375 [2.7:

4,82 447 188 1.17 11017
(a) (b)

Fig~ 4.4 The Values of k. in Latin Squared

Sum of Degrees Mean _
Squares Fgggégm Square P
Sustained Load | 1.72 2 0.86 5763 0501-0.Q25
Ioad Intensity | 0.78 2 0439 26,0 0,025-0,05
Number of Cyele| 0453 2 2465 18.0 0,05
Remainder 0,03 2 0,015 ’
Total - 3406 8.

Table~ 4.3 " Variance analysis of the values of ko1t WeTet

"chosen variables.
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As Shown in fig 4-5-,the values of kult are des

creasing with increasing values of sustained load.And as

shown in figure 4—6.,The values of kult are decreasing

-with increasing percents of load intensity.

COEFFICIENT OF PERMEABILITY

SUSTAINED LOAD , kg/cm?

h
, L - & ~ 20(Load Intensity)
; C‘ \\441 060
< o S
E ~
£ ~ ;
© 060 \\
cRt ~
5 540 TS~ 20,60
~
040
0 0.5 1 2

Fig—ﬁ.B Coefficient of Permeability (Ult. Values) versus

COEFFICIENT OF PERMEABILITY

ﬁlg-4 6 Cefficient of Permeablllt

( ULT. VALUEST, cm/min.

Sustained Load.

,05(Sustained Load)

Toad intensity,

el
— 0.5 ol
\*\\ X ®
\_\\\ .‘
—— 0 0.5
o2 ol 2
20 20 60
LOAD INTENSITY , %

y (Ult. Values) versus



If we superimpose the values of kmax x 10~

50

 in 1at-

- '1n square, where kmax is maximum value of coefficient of

permeability (for example see tab- 4.1 ),figure 4-7 and ta-

ble 4-4% are obtained as follows.

I| 24.7 | 21.1

7.65 B3.45  og |2.82

1T | 2.82 | 24.55

2.1 29;47 B

TIIT |'17.9 | 20.34

45042 65499

Fige 4,7 The Values of kpgx in Latin

18,05 129.46

21.1 | 8.3 p2.22

2447

20,34 | 2.1 PF7.14°

8s% HO.54 ?r 17.9

21,55 | 7.65 BO.1

129.46

Square.,

Sum of Degrees ilean ;
) of P P

Squares gnscdom Square :
Sustained Load | 385.6 = 2 192.8 3%.18 0.10-0.25
Load Intensity | 101.6 2 50,8 0.84% 0.50-0.75
Number of Cycle| 61.2 2 50s6 0450 0.50-0.75
Remainder 121.2 2 60.6
Total . . 669.6 8

Tab- 4,4 Variance analysis of the values of k w.r.t.

chosen variables.

max




As shown in figure 4-8-, the values of kmax are dee
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creasing with increasing values of sustained load.And as

shown in figure 4-9.,the values of kmax are decreasing

‘with

COEFFICIENT OF PERMEABILITY

increasing percent of load 'intensity. -

. 20 - 40( LOnd hnehshy)

£25] . @ ®

£ [T~ | 620

S0 = 850

E -~

3] e~

o 60 \\

15 ~—

D S T~——

—J \\

<104 ~__ 50
5 o

= 40 A0

= ¥ " T : - g

-0 05 1 2

,

SUSTAINED LOAD, kg/cm?

Fig— 4,8 Cefficient of Permeability (Max. Values) versus

COEFFICIENT OF PERMEABILITY

cm/min.

( MAX . VALUES),

N
wn

N
L

—
g

—
2

N

0

Sustained Load.

20 | ) ' 60
LOAD INTENSITY % . |

Fig- 4.9 Coefficient of Permeability (Max. Values) versus

3

Load Intensity.

g
05 - ol (Sustained Load)
@
1 1
o.
o2
02 ;
E 05 *
82
4 sl
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- TEST 1

W = 44 %'.

Sustained load,C, = 0.5 kg/em2
 Load Intensitv"c';"‘?O %
» TG

Number of cycleg N4
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TEST 2
W= 44 %
Wg-_-z;l %

Sustained Load, [, = 1.0 kg/cm2

Load Intensity, —“E& = 20 %
B | d -

Number of Cycles,N = 3
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VOID RATIO, e.

FIG-4.15- Void Ratio versu"s.' Effective Vertical Stress --
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 TEST 3

Wi=45 %

| w.[.‘zl-l-‘# %

| Suétained.Load, lo = 2.0 kkg/cmz.v

Load- Iritensity, "%9' =20 %

Number of Cycles, N =5
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- TEST 4

Wz‘=46 %

W =43 %

: Sustainéd Loéd, Co = .’0.5 kg/cm
I;oz_ad Intensity, Lo - 40 %

d

Number of Cycles, N =3
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TEST 5

W =44 %
W =40 %
. | 2
Sustained Load, [, =1.0 kg/cm
Load Intensity, % =40 %

d

Number -of Cycles, N =5
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TEST 6
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TEST 9
W = 45 %
Wy =43 %

Sustained Load, C’o = 2.0 kg/cm2

Loaci Intensity, Mo =60 %
| (.

Number of Cycles,' N =3
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CHAPTER 5 CONCLUSSION

| This investigation demonstrates that éonsolidation
with constant rate of strain repeated loadlng is to predict
. the behav1our of clay under 011 tanks, silos, etc. Though
chosen rate of strain was very small. The time of testing
has been reduced considerably when compared with standard.
oedometer tests. Pore water pressure distributions with
“respect to time throughout the tst is very interesting. In
the case of reloading, pore water pressure initially in-
creases and after a period of time, it suddenly begins to
decrease. In the case of unloadlng, 1nverse1y the pore water
pressure 1n1t1ally decreases and after a perlod of time, 1t
suddenly begins to increase. Due to above dlfferent manner
of pore water pressure, the values of coefficient of permea- .
bility are not chanéing linearly asbexpected. Another rea-
son of the honlinearity is the effect of swelling in the
casevof unloading. Therefofe,great diferenceé in the vél—
ues of kult and kmax océur specially in the second or
third cyc;e.

' Conclusiéns~obtianed with respect to chosen.varia-
bles are as follows:

(1) The maximum value of Aed (the difference between
the values of void ratio at the begining and end of dy-
namic ioads) is obtained under the application of re- A
peated loading when sustained load is equal‘to 1 kg/cm2.

(2) The values of Aed also increase with increasing
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intensity of repeated 1oéding.
(3) Final void ratio after repeated load application
is less thansthe void ratio obtained from the static test.

(4) The values of Kpaxware apprdximately'lo‘times
greater than the values of kj; »
(5) The values of kpgy and kuylt decrease with ine

creasing values of sustained load.
(6) The minimum values of kult and kmax are obtained

load intensity under the application of 40 % .
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