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ABSTRACT

The stress-strain-time relationships of three cohe-
sive soils were studied to verify some of the available
models, specially the KaQazqnjian—Mitchell {1980) general

model under one dimensional consolidation to preagict the -

deformation behaviour with time,

The investigations involved one dimensional consoli-
dation test on six identical specimens of each type of
s0il at stress intensities of 20 to 120 per cent of

unconfined compressive strength,
On the basis of the test results a model was propocsed
to predict the time dependeht deformation behaviour of

cobesive soils,
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CHAPTER 1 //t

.‘é\(f Y rreceiaeiinie,
INTRODUCTION N
- Pidrga v,
1.1 General . o

Thé enginééra of twentieth ceﬁtury are finding it
1ncreaslngly necessary to rely on rational, scientific
methods uf analysis, wlth CDrIEEpOndlngly less emphasis on
empirical rules or on experience, for a systematic method
of analysis and for reliable results, a good knowledge of

N .
the physical properties of soil as well as its behaviour
under various conditions are required. Since the physical
properties of soil depend on a large variety of.factors
and the great complexity ot the interaction of these factors,
they impose a heavy burden on the investigator, The founda-
tion engineer ié concerned with the deformation behaviour of
soils and haes to know by how much a soil will be- compressed
under‘load and at what rate the compression will occur,
This information is important in order to make reliable
estimates aof the settlement of foundations and the possible

voiume change of an earthwork,

S0il engineers have, in the past, focussed their

-

attention mostly dn the strength of soils, but very little
on time dependent stress—strain behaviour, To date, no

completely satisfactory stress theory has been develnped
: !

by.means 0f which the deformation behaviouflof the soil

underneath the structural loading can be accurately

4

predicted,




For an iﬁproeed undéfafaﬁding-of fundamental mechanism
contributing to the settlement of foundation in soils, the
studies of stresabatraln-tlme affects are required, In order
to develop stress-straln-tlme relatlons for a real material,
an accurate model of the materlal is requ1red which will
explain the phy51cal parametSrs responslble for deformation
behav;our. At the present time, no general constitutive
model which can eecurately predict Ehe time-dependent defor-
mation of cohesive soil is available, In fact, the develop-

ment of a realistic stress-strain-time ralation for soils

ig one of the greetest unsolved problems in soil mechanics,

1;2 Introduction to the Problem

In an element ef ebil which is subjected to constant
external stresses, a change in the internal pore pressure
will cause an alfefatiun_in the effective or intergranular
strasses, we mey examine the effect of such change of

effective stress on void ratio,

The cdmprEssibiliey of the soil structure is the
principal factor to Ea congidered in‘the deformation of a
cohesive s0il, Ie'a situatioheof this type, the compressi-
bility of the soil solids is negligible and that of a pore
water is very small in comparison with the qoqereseibility
of soil structure {Scott, 1963), The soil structure includes
the consideraéion of the orientation and distribution of

. particles in a soil mass ahd;the forces between adjacent




particles, In genarai aﬁj-ﬁtfgefura with high porosity, is
more compr@ssible'thah a deﬁéé'ene.'A soil in remoulded
state is usually more compreSSiﬁla than the same soil in

L]

natural state,

_—

The time lag during ESmﬁrassion in sands is largely
of frictional naturel 5§6§fally éénds are so pervious that
the time lag is‘abnuf_a;me whether the sand is satursted or
dry, However, Because Jf the luw'pq;ﬁEabilities of clay, the
compression unaer a load does ﬁot occur immedistely, since
time 1is required for expuléion of water from soil voids,
The process is, tﬁerEFDfe, time dependent and takes place
through the gradual transfer of the applied stress from the
pore water to mineral skaletonr so that ultimately load is
carried by the soil structﬁfé and the process is called
consgolidation, If tﬁe rate is controlled s&lely'by the
resistance of flow of wqfer under the induced hydraulic
gradient, the process is terﬁéd'aa primary compression and
the decrease in volﬁme af the éoil mass that takes place

after the dissipation o?_all_excass pore water pressurse

is known as secondary compression,

In many soii debqsitéi'the vplume change that occurs
after excesé pore wafer'pfessures have dissipatéd are too
small to be of practical importance, Howeve#,iin some soil
dépcsits, the subsequent volume changes may exceed those
occurring during primary consolidatien, In highly organic

4

soils, such as peat, 'excess hydros%atic pressure may dissi-

- E
‘ ' ! r




pate so rapidly that'omlyieeeemdary eompreseion may be of
practical intereéti_GeNerallg,'ln moet erganic soils and
in eome inorgénie silts the magnitude of secondary compre-
seion.is eignificent. |

Several case recefde'are eeaileble which clearly show
thet in certain clrcumetancee a.large'part of the observed
settlement has occu;red after full dlSSlpatlon of excess
pore water presgsure, The three weli known Chicago structures,
the Masonic Témple,ltme Monadnock Block and the Auditorium
Tower ehowed.eubetentiel amount of secondary settlement
(noted by Simons and Men#ies,.lBTE from Skempten, Peck and
MacDdnald, 1955). More than 90 per cent of the total final
settlement of Masonic Temple developed after five years
The cerrespondlng figures for the Monadnock Block and the
Audltorlum Tower are 47 per cent and 62 per cent, Further-
more, after 10 yeare the settlement of the Masonic Temple
was virtually cem;lete, but fer ehe other two structures,
settlements Nere etill teking place after 30 years, In
Drammen, Nerwey, structures suffered large secondary settle-
ments. Fur example, a gymn391um in Drammen CDntanEd a
settlement of 23 1nch.5n 22 years after the end of cons-
truction, From“the ebsereed eettlememt versus log time
plot, it was found tmét the settlement wesimfinly due to
éhe secondary time effect, This cuncluslen was arrived at

. 4 .
from the measurements which showed full dissipation af

sa

extess pore pressurg (Simong, 1957), Same fact was obsexved




by Lewis (1956),. He found thet the-3011 underlying an embank-
ment, the height of uhlch dld not exceed 4 feet, contained
strata of organic clay end peat,~suffered a settlement of

9 inch 1n 4% years end the settlement was continued, Bejerrum
(1968) reported that the structures subjected to large
variation in live load( fur example, gilos, storage tenks,
and high-rise structures under the wind action may experi-
ence eppreciebly lereer eecendery efttiemente compared to

the nonveryingiload conditions, Seiisfectory prediction of

secondary settlement is, therefore, certainly a matter of

practical importance,

The present available methods of settlement calcula-
tions do not include the effect of secondary consolidation,
The Zd-ﬁeurs period obgervation between increments of load,
for example, may result in en iecomplete picture of the
true settlement—time perforeaeee,:Therefore conselidation
observation for structgree and eebankments should be conti-
nued over a eufficient peried%nf time for the long term
trends to be indiceted,fHowever, it is convenient to develop
e.medel that would proviee accurate prediction of the time
depeedeet defurmafioe wifh stresses from test results that
take reasonably eeofﬁ pefioeeef tiee, But the settlement of
501l deposits, special;y-ﬁhet exhibit secan?afy compression%
to an importent degree, cannot be eyaluatedereticeally

because of complex nature of secondary cpnsolidation,




Generally, secondary sattlameﬁt is approxlmated by a
straight line on a settlement Versus lngarlthm of time
plot (Buisman, 1936° Kbppejan, 19d8° Zeevaert, 1957),
Buisman (1936) c1ted an example nf the settlement beha-
viour af an embankment on paat soil in Holland which
suffered a coﬁtlnuoua ssttlement, lineer with logarithm
of tims for more than slghty years, But there are many
evidences to indicate tﬁétrsdch-a simple extrapolation
cannotlin genéral be expected to give reliable prediction

in field prablems (Laonérds, 1962; Simon and Menzies, 1975),

Variaous theoretlcal modals have been prupused (Wahls,
1962;_Earden, 1968; Slngh and Mltchell 1968) in order to

predict secandary compresslun with time, but there is yet -

N

na satisfactory treatment avallable which takes into
account all the factnrs which are known to affect secondary
compression, Therefore, é deneral constitutive model sui-
table for use‘tor énélyaié of geotechnical problems that
involves time depeﬁdeht deformation behaviour of cohesive
"soils undet arbitrary stress c0nditiqn'is an urgent regui-
rement, However, a coﬁstitutivermodel to predict such
behaviour has regently béeﬁ.suggested (Kavézanjian and
Mitchell, 1980)'Ey uﬁifying:existihg'phenomenolngical
models and tequireslinténsivg.experimentallv?rifi;ation,
The present research is performed with a view to investi-

gating the various parametérs Oof this constitutive model,

.




with‘thia in'ﬁind, fhg c&ngtitutive model was testgd

for different types ﬁfjsoil (Fﬁr,purpose of this thesis,

the tafm soil will beiﬁsed'?or.cdhesive soils only) and
stress~strain—£i;é:efféﬁfs f§r=suil deformation are studied
on the basis of this model unaer reétricted boundary condi-
tions, To get mors information about the deformation beha-
viour of soil, it is required to check the previous pheno-
menological rélafioﬁships used ts define the general cons=-
titutive model and to suggest modifications so that improve-
ments can be made 06 the general model to predict deforma-

tions more accurstely,




CHAPTER 2

LITERATURE REVIEW

2.1 Consolidetion Process

At the inétant‘nf applicafion of pressure on a satu-
rated, fine-gfaiﬁad s;ii ﬁéss, almost all the applied
pres;ure is fransfafréd tﬁ the pﬁre Qater, because water is

virtually incompressible iﬁ comparison with the compressi-
bility of soil atrucfure. Thé e#cqss hydrostetic pressure
.initiate a flow of water to dfain out of the voids and the
's01l mass begins to Eompféés, A'bnrtion of the applied
stress is transferred to the mineral skeleton, which in turn
causes a reduction in the excess pore pressure, This process
iévolving a gradual compression occurring simultanecusly
with a flow of water out of the mass and with a gradual
transfer of the apbliéd pre;9ure from the pore-water to the
mineral skeleton, is called consolidation, Conventionally,
the process of ccnsolidatiun ig divided into primary conso-
lidation and secondary compression, The reduction in volume’
which is solely due to the flow of water from the voids
under excess hydrostatic pressure ié termed primary conso-
lidation, p;imary compression or primary timeiefFect‘and

is compatible wifh'thé TEr?éghi {1943) consolidation theory,
Even after the reduction of all excess hyd;ostatic pressure
to zero, the soil mass continues to AEcrea;e%in volume witH
time and is unaccounted by Terzaghi the&ry. This process QF
reductfon in volume;is.referred to as secondary c0mpressicn

secondary consolidatiom: or secular time effect,

[ [ E .




2,2 Terzaghi's COHSOlldEthn Theo;y

T he machanlcs of consolldatlon proposed by Terzaghi
(1943) are fnrmulated from a hydrodynamlc process, The
concept is based on thprprgmlse that in a saturated soil

for every void féiiﬁ the;é éxists.a maximum effective
pressure that can be éupbbgtéd'by'the intergranular soil
skeieton. If a pressure is épplied in excess of the ;apacity
of the soil gkeleton at the exisfing void ratio, the excess
pressure at the inétant of application must be supported by
the poré water,.Thé devalopment'of pore water pressure in
excess of hydrostatic préasure causes watér to flow out from
the soil and the soil héas decrease in void ratio to support
the applied preséure_'This decrease in void ratio increases
the effectlve pressure of the soil skeleton and causes .
correspondlng decrease in poré water pressure, This process
continues until the excess pore water pressure is reduced
and the applied pressﬁrq is entirely supported by the soil
skelaton, ThUS? in Tgfzaghi's theory, primery consolidation
is related to the deveiobment and subssddent dissiﬁation of
Pressure in the pore water and the rate of primary conqoll—

dation is desrived from the prlnclples of hydrodynamics,

2,3 Deviationsg from Terzaghi's Theory |

Expression for the rate of consolidatioh was first

developed by Terzaghi (1943) for the special case of one

ol .

dimensional flow from a lafarally confined soil, However,
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important‘abberatioh; é;é oﬁséfvsdrbsfween predictions made
by the Terzaghi tﬁébf& aﬁd bﬂaérvafions of the time rate of
cnnsdlidatiqn, bﬁth in the fiéld and during laboratory tests,
‘The mosttnotabig diffe?égé; in;the time—defnrmatiun curves
occur when the tﬁeéfafiéal'bfihar& curve approaches its 100

per cent consolidetion (see Fig, 2,1), It is found that, the

=

o> 0 _

o -

2 \\ Theoretical Curve—
= \ |

F

s

O U =100% \\

‘6 .....l'..._....._.....___...L-_..‘:.._\-"E'-.-—_-—..q
4

-]

D L1

0! 100 w0 102 103 0h 10f
Log Time

Fig, 2.1 Typical consolidation versus logarithm
of time curve,

experimental time consolidation curve is in agreement with
Terzagh's theory of congolidation only upto about 60 per
cent consolidation, This difference between observed conso-

lidation and theoretical primary congolidation is due to
il . i

the secondary time effects and defined as secondary
; !

compresgion,

)
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2.4 General Charatteriatigg.ef Time—ds?ormation Curves

b

The time- defurmatzon curves fOr remoulded clays for
secondary compreasinn have a 31mllar shape throughout all
the load increments 1rreepect1ve of the type of clay, With
a few exceptions for labnratory clays, the ultlmate gettle-

P

ment may be reached Hlthln three weeks, the time reguired
increase slightly with the loadlng increments, The undis-
turbed samples, however, exhlblt prunounced changes in the
shape of secondary compresslen curves for different load
ranges, for preesureilecrements below the preconselldatlon
load, the secondary time effect is small and the final
settlement is reached thhxﬁ a period of less than a week.
At pressuree near the preconsolidation load, there‘is an

abrupt change in the shape‘of-compreesion curve and secondary

compression is important (Lo, 1961).

From a stugyipf the aveilable literatures published on
t he timeadeformetien characteristics and experimental evi-
dences, Lo (1961) classified time-deformation curves from
their characteristic shapes in a ;Ogaritﬁmic tiﬁejplot into

three catagories as shown in fig, 2.2, . .

(a) Typeel curve 'has a gentle curvature concaving up-
wards, the rate of secondary'cunsolidation decreasing with
time and the curve beeemes horizontal when,ﬂhé ultimate
settlement is reached, The time required fcf this tvpe of

cCurve to reach final- settlement is comparltlvely short beilng

" the order of 20 days or so for remoulded SDllS, Most of thae




remoulded sample of dlffarent clays fall within this group.
The distinctive characterlstlca of thlB type of curve is

the existence of an 1nflect10n p01nt

=

etz Type [ —

I

Type ]I_

\\:\\\Gradual _ ’
‘\\? Type
Hith)
NI
. : .Typeta)
00 ! 102 w3 Kt 105 0d
Time - min

Compression
/
/A
27

.

Fig, 2,2 Types of cdmpression curves; Lo (1961),

{b) Type-l1Il curQeé are charécterized by the propeor-
tionality of secondary compression with the logarithm of
time for an appfeciabla'fang; of time,'THe rate of compre-
5510n decreases rapldly near the ultlméte stage and become

zero as the Flnal‘qett;ementlls attained, This type of

curve has no we;l marked inflection pdint,

{ec) Type-III curve is cohcavg downwerB,ithe-rate af
secondary comprEBSion increases With the 10§afithm of time,

then slows down gradually and flnally vanlshes The accelera-

tlon oF campresslon can be 31ther gradual as in Type I1I(b}




or abrupt as in Type IIILéI, Théiultimste settlement for

this type of compressibn tékcs~a-luﬁg period to attain and
tests take up to lDU days or mora to reach Equllxbrlum
Type-11I curv-s sre preaent only in natural deposits of

a loase atructure and is bellevad to the breakage of the
bond between parflcléé‘ The rate, Bowéver, decreases at
large time and becnhes zero at the ultimate stage,

2.5 Factors Afféctiﬁg Time-deformation Behaviour of Soils

The shape of the time-deformation curve can vary over

& wide range depending on the soil type, structurel arrange-
ment of goil, totallpressura and void ratio, atress history,

and on drainage condition,

Effect of Soil Type : The relative magnitude of primary

and secondary compression vary with soil.type,Wahls (1962)
pointed ocut that for mdsf inorgemic clays, primery consoli-
datien is much greééer than sécondary comprassi;ﬁ, However,
in most nrganiﬁ soils and in some inﬁrganic silts, the
magnitude of secondary c;mpraééion is significant,'For some
of these soila, the secdndary ¢ompression is so large that
the observed cbnsoiidationicuive_bearsrlittls resemblance

to the theoretical pfimary consolidation curve,

, : ] :
Effect of Structure: The structure of a %atural

dezposit can have a marked influence on the time-deformation

characteristics of soil, Lo (1961) raported that Type-111




cCurves are praseﬁf ﬁnly_iﬁfné%dgél-daposité of a loose
structﬁre and most of %hé-reﬁﬁql&éd'sampies of different
clay gives fype—I_fiﬁé-dsfofmétipn cufveé, The later case
takss much less tihe than the undisturbed sample of the
csame soil, Scott (i§631 ﬁshfionea that wﬁen g:body of soil
is subjected to a ;ivenldeformaﬁioﬁ ;hich ig thereafter
held constant, it developes an initial interparticle stress
which diminishes as a fuﬁction of time as the molecules
gradually migrate to minimum energy position, Therefore,
the deformation process depends on the size of clay plate-
lets and the structJral_a;rangeﬁent of particles as they

‘affect the yielding or sliding of clay platelets of their

pocints of contact,

Effect of Total Pressurs and Void Ratio: Based on

the sscondary compression characteristics observed in the-
laboratory studigs Wahls (1962) found that the magnitude
of secondary compression is a fﬁnction of total pressure,
the veid ratio éna time éndlia independent of the magni-
tude of the pressure iﬁcremént, Vaid and Campenella (1377)
observed that deformation increases under constaﬁt applied

-

stresses as the level of creep stress increases,

Effect of Stregs-History: Veid and Campenella {1977)
investigated the time dependence of undraiqe? stress-strain
and strength behaviour of a natural sensitive marine clay

and found that the éfress—strain and strength response of

4.
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clay is a function of hlstory of loadlng or deformation,
They found good agreament batueen the observed and predicted
behaviour to correlate atress-straln tlma behaviour of clay

by using the concept that streas ig a function of current

strain and strain- rate anly_

Mesri and Gudlewskl (1977) raported that every mecha-
nlsm of volume change is a chaln reactlon Process and is
therefore time-dependent, The magnifude of the changes in
fabric and in the forces batween_particles during an incre-
ment of time or an increment of éffactive stress should
depend oh the intensity of the préviOUS'changes with time

and effective stress,

cffect of Dréinaga tnndition: The relative magnitude
of primary and secnndary compression depend on the time
required to dissipate excess pofe pressure and hence on
the thickness of the sﬁil specimen, With the decrease in
the length of the drainage path, theltime required to
dissipate pore pressure bécomes shorter and the secondary
compression is more pronﬁunced; Frbm the test results of
Berre and Iversen (1972), it was fDundrthat the rate of
secondary compression intreéseé with-the increase of the
thickness of the speciman though more time is required for
o

the dissipsetion of BXxcess pore water pressure,

3
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2,6 Lauses of Secbndérv Co@prbaéion

Pnséibly thé viseoue yiélding of fH; grain structure
is the cause of secondary tbmpreaaion. A delayed progressive
slippage of gréih ubon grain, b&'platé upon plate, as the
particles adjusflthemseipééifo a &anse condition in the
viscous state, appeareléb Se rasﬁaaéible for secandary
comp}ession. Terzaghi and Peﬁk (1948) assumed this concept
that the secondary cbmpfession is due to the gradual read-
Justment of the soil stricture to stress combined with the
resistance offered by the viscosity of the adsorbed layers
to a slippage béfwégn graing; Wahls {(1962) also support
the view of the viscous yieidiﬁg of the grain structure as
the cause of the secondary compression, The effective
pressure that the interrgranular structure can support
depends on the particle orieﬁtation as well as the void
rétio_ Therefore viscous recrientation of the grains
gradually reduces the capacify of the iﬁtergranular skele-
ton and produces a.tendency for a small part of the inter?
granular pressure to be transferred to the.pore water, This
tendency is relieved if the void ratio is reduced‘slightly.
1t is generally asSuméd that the partic;e orientation Sccurs
s0 slaowly that the pore,presédre developed by the process
are negligible, Thus, the secondary rate of void-ratio change

b L

ié'guverned entirely by the rate of viscous yieldiﬁg and is

1

independent of hydrodynamics,

+
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Sarden ('.'19‘68)' s'uﬁgesﬂll‘:t;"c‘i.thét- a cause of prolonged
secohdary tail is dua to the marked decrease of permeablllty
during the consalldatlun process Accordlng to him the
possibility of m1crnpnre structure being responsible for
secondary effect, He cnnsldersd the 9011 as a domain or
packet structure contalnlng mzrrnpores, interwoven by a
network of ma_roppre The prlmary stage is the usual
Terzaghi prncéss governed by the ;;te of dissipation of
pere pressure in the network of macropores, As this por=
pressura falls, loed is tréns%erred to the packets and
secondary CDHSDlldEtan process taking place in the micro-

pores of the packets; the rate of consolidation then being

lndependent of the,uverall sample dimension,

Sowera (1979) stated that secondary compression.
appears due to the result of plastic readjustment of the
soil grains to the new stress, of progressive fracture of

the particle themselveésa,

2.7 Gemeral Creep Behaviaur of Soil

If a glven stress is applled to a body af soil a
continuous deformatlon w1ll take place as the soil particles
migrate in the micrcscoﬁic stress field, proyideq that, the
microstress eicgeds a certain value determingd by the
nature of the intermolecular‘bonds, the regularity of the

structuTe and the thérmal;state of the system, The pheno-




menan is called piastic flow or creep, The creep behaviour
is present to soﬁe Extent in ﬁEimary'cdnsolidation and
solely in gecondary compresﬁinn,‘lﬁ the following'discuss—
ions, the term 'éreep' will be used for the deformation

of the soil étrucfhfe aug t;"ﬁﬁe_ﬁlastic flow at constant
stress in both the primary-égd seéohdary'comprassion_
Soméfimes creep stress is axbressed as a percentage of
failure strength of the goii‘and'is.terﬁed as stress

level,

A number of different rhéulogiﬁal models have been
proposed to provide a description of the creep Eehavinur
of spilsg, Some investigafors (Gibson and Lo, 15961;

Murayama and Shiﬁate, 1961; Garlanger; 1972) congtructed
the mechanical models of clay Ey intfoducing mechanical
elements like springs, dashpots and friction surfsce and
arranged them in such a way fhat they provide a reasonable
approximation of the béhaviour of cértéin sails and loading
conditiong, Others (e.g., Singﬁ and Mitchell, 1968) used
phenomenological models, The mechanical models gave rise

to differential equations which were complicated and diffi-

tult to solve even for simple boundary conditioms (Scott,

s )
.

1963), For the present thesis studies concerning the creep
behaviour of soil were limited to the phenaqeqological
moaels only, _ S

" Finne and Heller {1959) suggested tﬁat Followino‘the

period of transient creep during which the strain rate




continously decreases, ﬁfaép Eoﬁtinues at a constant rate
for some period;Of tima.as ;hd;ﬁ in Fig, 2,3 for a soil
consisting of a mixfaie ofIAD‘per cent kaolinife and 60
per cent sand Qnder'two different‘creep‘stress level,

In the codfaé-ak'COhfinuiﬁg study of the stress-
strain-time behavidﬁr'of'ééils;'Singh and Mitchell (1968)

observed a phenomenological relationship of the influence

0.4 T —TF i

¥ 'ans
I _(u/r ?treISS_leve.lIQO /e
0al ) € =0.902xt07 min

Strain —percent

+

_istress level=70%

g

0,11 ,EA

Axtal
7
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0 2000 4000 6000 8000 10000
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fFig, 2,3 Veriation of axialIStrain with time -

during creep; Paduana (1965},

of the creep stress intensity on creep rate at sgme given
time after the stress is applied, In.the-%iérangé of
' : !

stresses which are representative of stressss used in

oractice, a nearly linear relationship is found bestween
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the logarithm ﬁf ;tréi;‘rﬁte éﬁa Qfgéss.’ﬂt low stresses
creep rates are amall and of iitfle‘pfactical interest,

At stresses appruachlng the fallure stress of the material
the strain rates become very largé and fallure ocCcurs,

Fig, 2.4 and 2.5 Show thls typa of behaviour of soil,

Failure
Range of Engg..
Interest
‘w ’
£
[ 7 E = Strain rate
4 A v '
b
0 D

Fig, 2,4 Influence of creep stress intensity
.on craep rate; Singh and Mitchell(1968),

For many clays,sbﬁjectéd ta loading within the range
of engineering interest for instance 30 percent to 90 per
cent of failure sfreﬁgth,ﬁhefa appears to be a Eharactef-
istic relationship between strain and time, This relation-
ship is best illustrated by the form of s plok betwe=n
strain rate and time as shown as an example for San Ffrancisco

bay mud in Fig, 2.6,

1
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Fig. 2,5 Variation of strain rate with deviator
stress for undreined creep of remoulded
illite; Singh and Mitchell (1968),

2,8 Singh-Mitchell (1968) Creep-rate Functions

Based on the phenomenolugicél relationship mentioned
above Slngh-Mltchell (1968) develaped a creep rate function

for a range of stresses where the curves afelllnpar
1

The relationship shown can be expressed by,
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or, lné=ln a‘t D) —mln( tl) (2)

in which 8 = atfain gata at any'time. t;

3 = value of strain. rate at unit time, a
(tl D) ;
function of stress intensity, D;

[ S

m = absolute Qaide of 5lup§ of the straight
puftion of.th; logarittm of strain rate
uersué-lbgafithﬁ of Eime plot; and

tl ; unit fima, e.g., 1 min,

The game data plotted in the form of Fig, 2.5 can be express-

ed by
e
ln (=== ) = aD : (3)
8(t,0,)
* = 1n 'y -+ ab - {(4)
or, ln e F(tino)

-

in which & = fictitious value of strain”rate at D:U,

{t,Dg)
a function of time after start of creep,

t ;.

« = value of slope of the linear portion of
the logarithm of strain-rate versus
‘deviator-stress plot.

Eliminating & frﬁm aquafioh,(l) and (3) gives,
. : L . t | * i
-mln (=} = 1 i 4 al . 5
In 8(e) ) TR AN B '3

For the case of D = D, this squation may be written as

1n “(t D, )= In &, - min (3= (6)

(tll ) '
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= valua uf atraxn rate obtained through

progactlng the stralght purtzon of

in which é(tl’no>

'tha relationshxp between log-strain

rate-and devxatur stress at any time

tc a value of D = D,

Thus eqg, (4) becomeé.

t
ln 8 = 1n & + aD ~m 1n ( =— ) (7)

. (tl'Do) . t)

which may be writtan as
. ¥ t ‘:m
L= & P (2 S (8)
t m

or, & = Aa“D ( —Ti ) ' (9)
in which A = é(tl"D;) (10)

£Eq.(9) is a simple three-parameter relationship which
appears adequate for the description of creep rate charac-

teristics of a variety of soils,

wWhen the creep stress is expressed as 8 unit of sastress,

the parameter u\yill haQB units of recipfocal stress, B.9.,
crn2 per kg, If,.ﬁn'tﬁe-uth;f hand; the 'stress is expressed
as a stress level, i,s, fha ratio of creep stress to failure
'strength at the beglnnlng of the creep, D/DI then the dim;n-

sionless function an is apprapriate, It has been founad that

4




- | for a given soil type,,ﬁéides-df an do not vary greatly
for different wetar’cantahfs. This fact was also confirmed

by Campanella (1965) from creéb tests on illite,

Thus aq; (9) hay:be further generalised to

. el
- m
énAe“D(;-l} (11)
in which
- Ca = de and D = D/Df = stress level,

2.9 Singh-Mitchell (1968) Creep Function

~

A general relationship between strain and time may be
abtained by integration of eq. (11),

) B 1- ‘ .
e = An®D (t )m-(-i— )t " . const, {m £ 1) (12)
1 l-m : ‘
. It has besn found that the value of the parameter m for

practical purposes may be taken as unity for many cases, Then

e = Ag“Dtl in t + const, (m = 1) _ (13)

The constant of inﬁagration in eq, (12} and eq, “(13)
. can be evaluated from a known value of strain at some known
value of time, for instance, unity, If e, is strain at unit

1, the constant,of.iht%gration, 8 of

time t = 1 and if tl =

gg, (12) will be

f A al o : o . (14)
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and for eg. (13) it will‘BeE th= e ' (15)

.
Thus the solution given by eqg, (12} and eq. (13) can

be rewritten as

B = a + iﬁm eaﬁ (tj}%m _' (m # l) {16)

and o= e + ae®? 1n & (m = 1, t>1) (17)

The eqs, (16) éﬁd-(l?)lare the QErived Singh-pitchell
{1968) craep function, An examination ;F egs. (16) and (i?)
shows that only for the case m = 1, the strain vary linearly
with-logarithm of fihg (provided t> 1), In general case m#l,

a nonlinear relationship holds,

2.10 Limitations of Singh-=Mitchell (1Y68) Creep functign

Singh-Mitchell (1968) genefal model has been proposed
to describe the axial deformation of samples in triaxial
compression wHen subject to a constant deviator stress (creen),
The rate of deformation is expressed as a function of three
material constanté — A, a and m, These parameters describe
many of the facets bf the real soil behaviour. The fictitious

nature of the parameter A is shown in Fig., 2.4, It is mean-
ingful, however, it reflects the ordsr of ﬁagnitude of the
creep rate for the soil and thus in a sense cf Foil property

that reflects composition, structure and stress, histoxy, The

carameter « indicates stress intensity effect on creep rate

AP
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and the value oFithe éaréhetéfim reflects the rate at which
the strain rate deéréaséé witﬁ tiﬁé..The vélue of m is found
to lie between 0,75 ah& l 0, It has been found that the value
of parameter m may fnr practlcal purposes be taken as unity
in many cases, 51ngh~M1tchell (1968) mentloned a number of
such clays - 0Osaka alluv1al clay, dry illite, London clay,

remnﬁnded San Francisco bay mud,

The thrsa_paramefers A, o aﬁdlm are calculated from'
two phenomenologicél relatidﬁships as mentioned before
{(Art, 2,7 and 2.8), Singh—ﬁitchell {1968) found thesé rela-
tionships valid for normally consolidated San Fréncisco bay
mud both in undisturbed and remouldsd (Fig, 2,6) conditions,
S5imilar relatiunsﬁipa were observed for saturated remoulded
illite (Fig, 2,5; data taken frém Campanella, 1965), dry
illite and overconsolidated -San Francisqo bay mud: all tested
in undrained creEp,‘The results of drained creep tests on
uﬁdisturbed London clay (Bishop, 1966), undisturbed Osaka
alluvial clay (Murayama and Shibata, 1966) give the same
relationship, Andersland and Akali (1967)‘have also observed
a8 linear relationship between logarithm of étrain rate agnd

creep stress for frozen soils. at high stresses,

Using the parameters A,'a and m Singh-Mitchell (1368}
developed a creep eguation for a sustained deviator stress B,
To compare the observed creep with creep pfedicted by Singh-~

M;tchall-gl968)'c;eep function, creep tests on illite and
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overconsolidated San Francisco bay mud were psrformed by

them, The comparisons are illustrated in Fig. 2,7(a) and
2.7(b) respectively, In sach case the value of 'a° or 'el'
of eq, (16) or (17) was chnsen"tp give the best fit between

7 T 77T LI L S B B
— Dbserve '
5o Theoretical /,
. 5 P . = .
-~ D=1,58kg ¢m
o
n
o
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Fig, 2.7{(a) Comparison between theoretical and
observed creep of illite; Sing and
Mitchell (1968),

observed and predicted behaviour,. The agreement is observed

good over a significant range of stress and time, however,

it deviates as tlme and stress are increased, 0On the other
hand, using the data’ from Blsth (1966) they found that the

prBdlctan is substantlally in accordance wlth the real 5011

behaviour for any time and for any time and for the allowable

stress range,
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38n Francisco bay mud; Singh and
Mitchell (1968},

Though limited information is available, the results

have proven to be valuable_Fur further study of Singh-

Mitchell (1968) creep function in order to investigate the

gtregs~atrain-tima behaviour of soil,

2,11 Application aof Slnqh—Mltchell (1968) Creen Function in
one Dimensional Compression

-

Slnghlitchall (1968) creep fUﬂCtan is deveioped, to
describe the axial deFormatlon of cyllndrlcal samples under
constant devietor stress in triaxial cumpreqs%on The axial .

de Formatlon is expressed as a function of three material

constants (A, a,,m),the‘deviatbr stress {D), onrd the ins_

i
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tantaneous daeviater atréss uhich-ﬁudld cauge faiiure in

triaxial compr5991nn (Df)

For one dimsnalonal-cuﬁpressinn, it is necessary to
predict the axlal deformatlnn Ths equ1vaiant result can

be cbtained by conslderlng the 1nfluenca of lateral earth

pressure on t1m8~dupendent defnrmatlon of the soil,

'gﬁi,r The lateral effectiﬁe stresé, &3 cen be expressed

in terms of the vertical effective stress &l and the

coefficient of earth pressure at rest, kc'

o= koo | : {18)

D = O‘l - 0-3 = c‘l - 0-3 = d_‘l{l—ku) (19)

Uncunfined-compressive peak strength may be taken as

the failure deviator stress, then
D‘F = o, = Ga)f"_': oy ¢ (Since Ty = 0) {20)
In such situation the stress leval, (D)

D = D/Dg = ;l(l-ko)/ & (21)

1f

Now egs, (lﬁ)and(lf) of Singh-Mitchell creep function may

be used taking the modification of D and & = « oy pe

Again ko is time depandent, Lacedra (lETﬁ) chserved
the variation of kn with time, He found that*kb increasing
from 0,53 at t = 1,000 minutes to 0.58 aflt = lD.UDD minutes

+

for undisturbed San Francisco bay miud. H&, however,




neglected the increase of'Df due to consolidation and tﬁus
possibility of ovérestimating the véluelof ko at larger
times,

Neglecting the variation of.ké with time and pressure,
ite value can be &alpulated frum‘the empirical relationship
among k, overconsolidation ratiol(=DCR), and plasticity

~index given by Brooker and Ireland (1965) shown in Fig, 2.8,
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Fig, 2.8 K_ as a function of overconsolidation

ratio -and plssticity index, Brooker
and Ireland (1965},

Over the region from PI = 0 to 40 per :entttke relationship
1s approximately linear for -nomrally consolidated clay with

the following approximate equation,

k=040 4 0,007 PI . {22)

]




In the region PI = 40 to 80, Ko is approximateliy

k, = 0.68 + 0,001 (PI - 40) - (23)

E

Alpan (1967) - recommends

ko = 0,19 + 0,233 log PI {24)

for normally consolidated clay, where PI = plasticity index

in percent,

Both the methods for determination of ko were used

‘in determining the deviator streés.

2,12 Characteristic Behaviour of Secondary Compression

To describe the secondary effects of éompressinn of
soils, C,» the coefficient of secondary compression is used,
The value Ca is.definéd 8s the slope of the void'ratio VEeTsus
log tiﬁe curve aftér excess pore pressure have cnmuleteiy

digsipated i,e, in the sécondary compression range {see

Fig, 2.9},

C, in OUne Dimensional Compression : The most common

assumptiaon aboutlga in one dimensional compression is <that
it is constantzi.é,;secondarj compression curve on a void
fatiolvs. log time plot ié a straight linme, the sitope of
which is independent of volumetric stress, llalld and Prestaon®
{1965) conducted a tomprahansive study one 5;E0ndary compre-

ssion in one dimensionai consolidation tests and concluded
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Fig, 2,9 The coefficient of secondary compression,
Cu from consolidation test,

that this assumption is reasonable for most engineering
problems, However, Wahls (1964) refars the experiences

of Gray with New England claya whers Ca atteins a maximum

value in the vicinity of preconsolidation pressure and

remains approximately constant for higher pressures, Sowers
{1979) noted that Ca varieérwith Effective‘pressore. wahls
(1962) studied & number of ‘soils in which C, remained prac-
tically constant beyond thelpreconsolidation pressure, for
some soils Cu decreased with increesing pressure and for o
few so0ils no trends were app;rentf The latef case involwved
soils.for which the magnitude of seeonaary compreséion wasg
small, Fig. 2,10 shows thé.variationyofltc and C_ with
consolidation pressure for tﬁ}ee clays as observed by Mesri
and Godlewski (1977).
, o ,
From fieid and laboratory measurémepts 9% secondary

compression curve Mesri and Godlewski (1977) have demong-

. i o :
trated that in many cases the secondary compredsion curve
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Leda clay (c) Undisturbed New Haven Organic
silt; Mesri and Godlewski (1977),

does not have séme slape in Qoid ratio versus logarishm of
time plot, Thay,éhowad that the bghaﬁiaur of this type is
most pranaunced and often an increase in Ca for consoli-
dation pressure in the range of 0.5 a& to 1.B Ser in which:
& ¢ 18 the critical pressure, Fig, 2_ll‘shbwé this type of
behaviour of New Haven silt for consolidation pressure near

critical gressure,
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Fig, 2,11 Compression vs, log time curve for con-

soclidation pressura near critical pressure,
New Haven silt; Mesri and Godlewski(1977)

-

They also obsgrved that, for consalidation pressure
less than the critiﬁal pressure, Ca increases with time
whereas it decrgasés'with time for pressure greater than .
the critical pressure, The critical pressure is the
pressure obtained from tHe void ratio versus log pressure
curve corresponding to the end of primary conseclidatione
Fig, 2,12 showé the relatiuﬁsﬁiprof Eu‘with time for two
different soils, It was ohsarQed that for consoiidatiun
pressure near the critical pressure Ca initiéliy increases

with time and then decfeases..

Ca-in Three=Dimensinnal,Compression: several investi-

gators have measured C&. for stress states other than the

. ' i . N
' . [ Pt l
. o Lo
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Fig, 2.12 Relationship batwaen C, @nd time for
(a) Undisturbed Mexico City cley (b)
Undisturbed Leda clay; Mesri and

Godlewski (1977).

one dimensional case, Ladd and Preston (1965) measured Ca in
~ : triaxial cumpfession tesf!fof different deviatoric stress
level, They cqncxuded that Ca cduld-reasunably be assumed
constant, Walker (1969) studied ths.volumétric creep under
triaxial conditions for deviatofic stress levels for less
than 10 per cent to greater than B85 pér cent nf'fhe péak
shear stress, He'found'that.talis,indepehden# of dgviatoric-
stress level, Hnwavsf, he répnrted.a dependence ﬁnfstress
system, finding differsnt valuyes for Cu in %r&axiél compre—i
ssion, de Ambrosisgs (1974) inrhis study.df th; creep settlé~
ment nfjfoundaticn,”cohcludeﬂ thafjthe_éffe;t.of’st;ess
levﬁl thC& tq§B iﬁ§ign;fiqéﬁt{ |

1 .




2,13 Relationship among-tégté-ahd t

From the aﬁaiysié ﬁfi&éﬁ;;iid;tian date on samples 0?

three natural soii depusifs, Mesri ﬁnd Godlewski (1977)
concludad that for ény=ndfurél s0il 8 unique relationship
exista between true secoh&;ry cumﬁrasslon index
L o= e/ log t and true prlmary.comprBBSLDn index C! =

e/ log ,. However, thls'resglt mey not be true in genersl,
Thig unique relationship between C;'and CL holds true at
any effactiverstresa level, void ratio condition and time

during the secondary compression stage. This ic shown in

Fig, 2,13 for two clayég

0.5
0.06
o.4
o 0.1} 6.04
L
q
~
¥ ot A _ )
? - , 0,02
@ C/Ce=0034
0 1 L ! ofl 1 i ! ]
6 2 4 58 o 12 0 0.8 1,6 2.4 .

Cc Ae/MogG'

Fig, 2.13 Relatlonshlp between C' and E' for

(a) Mexico City clay. (b) Lede clay,
Mesri and Godlewski (1977}, |

‘They also. demonstrated that for a variety of natural

i+

soils the values of Q&/Ec Qré“in tﬁe range of U,DZSi— 0,11
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the range for inorganic soii.ia 0.025 - D.06, The high
values of Ca/cc correspond the high organic soils, Table
2,1 provides a list ?or't'/tc valias for é number of

o , :

soils,

Table 2;1 Values of tﬁfc; for Natural Soil Deposits

{after Mesri and Godlewski, 1977)

Soil typa CG/Cc
whangamarino clay 0.03-0,04
Norfork organic silt 0,05
Calcareous organic silt 0.035-0,06
Amorphus and fibrous peat G.035-0,083
Canadian muskag 0.09-0,10
Leda clay 0.025-0,06
Peat | 0.05-0,08
Post-glacial organié‘clay 0.05-0.07
Soft Blue clay o 0,026
Urganic clays and silts 0.,04-0,06

Sensitive clLay, Portland

. 0,025-0,055%

San Francisc0'bay mud 0,04-G,06
New Liskeard varved ciay 0.03-0,06
Silty clay, C . 2,032

Nearshore cisys and silts

'0.055-0.075

Mexico silty-qlay D,UB#U,UBS
Hudson River siit , 0.03-0,06
New Haven organic ciay silt : 0,04-0,075

.
The magnitudé_of_cu/Cc can be used to. predict the ahaoe

of the volume change vs, logarithm of time curve in the

. transition from pfimary-tb secondary, This may provide a




39

quantitative explanation for the observed shape of ‘the

settlement curve#

2.14 Kavazaqiiahdﬂitchqil (1980) Constitutive Model

- A general conétitutivb mbdei'For the fime dependent
deformation behaviour of cohasive s0oil is developed by
Kavazanjian and Mitchell'(iQﬁU)'by unifying exisgting
phenomenological models for the stress-gtrain-time

behaviour of cohesive goil under arbitrary three dimen-

sional states of atress,

This constitutive model composed of gseparate, but not
independent volumetric and deviatoric components, Each
modsl cnmpoﬁant is assumed to congist of time-dependent or

delayed and time-independant or immediate contributions,

Bjerrum (1967) su;gestéd that‘the deformation of a
goil is compdsed qf immediata ana delayed components, The
immediate {or instént) compoﬁent is that defor@étion which
would result if the exceés pdré watar pressﬁre set up by a
foundation loading could dissipate 1nstantaneuusly with
load appllcatlun, dslayed compressxon 15 the settlemnn*
deeioplng at constant eFFectlve streass, The concept of
instant and delayed compression ig illustrated in Fig,2.14,

o , ]
The concept of immediate comprnsslon lefﬂrs from that

of prlmary consulldatlon, deflned das compression occurlng

during dlss;patlon of excess pore pressurn in a consolidatinon
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i Seéondqry
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Pore pressure dissipation

Fig, 2,14 Instant and delayad compression,
after Bjerrum (1967),

test, in that pPrimary compreasion can contain both ;mme—
diate ang delayed cohtributinns. Secondary cempression,

however, consists,aalely of delaysd deformation,

The elimination of hydrodynamic lag in the fine
grained soil ig not possible without altering its proper-
timsg, Therefora, immediate compression cannot be measured

directly, If laws governing the delayed vdlumetric cop~

bution from Primary compression, , g

Volumetric Model: The voig ratio - log stress

4

describe the immediate VDLumetric‘compréssian and Ca,the

40
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coefficient of secondary compreselan was used to describe

the delayed volumetrlc compreselon of coheslve soils,

Based on tha discussion in:Art 12,12, Co was sssumed
independent of bath dev;atorlc and volumetric stressee and
@ssumed to be valld aver a Hlde range uf COHdlthﬂB

encountered within normel englnearlng practice,

C

£
=
®
H
o
@
il

the delayed volumetrlc strein;
e, = the 1n1t1al led ratio;
t; = the time required for instant compression

to occur;

t = any time, t )ti,

The use of auch s logarithmic model for delayed
compression neceesitetes'erbitfarily-defining a time
required for immediate cumpreesion to occur, for conve-
_Nience, it is suggested fhat-ti is taken equal to unity,

Thus volumetric strain e, is

- -_-‘—""".—-;—z (Bv)i'l' (ev)d ) | {26}

in which (ev)i = immediate volumetric strain,
| L
The virgin compression index C. was also assumed

constant, Thls two assumptlona create a general model,

Fig., 2 .15 is representatlen of the general volumetrlc
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Vord _R'qtl;o"

=0

+ 2
«d
‘8
.0

--Ooaol

Log Time |

Fig, 2,15 Ganeral valumetrlc model, after
Kavazanjian and Mltchell (1980) .,

model in void ratio-log stress-log time spaﬁs. Deforma-
tion at constant deviatoric stréss iavels (or principal
stress ratios) can be dascfibsd by a unique relationship
among void ratio, effective stress and time under sSus-—

tained loading on an element of cohesive sgoil,

-

Deviatoric Model- To describe the time-independent

undrained stresg- atraln bshaviour of soils, any of the
existing models can be uged to descrlbe immediate devia-
toric behav1our, Forreason of almp11c1ty and compatibility,
Kavazanjian—Miﬁcheli (1980)'ed0pted thg Kondner's (1963)
hyperbolic stress-strain mpdél in conjunction with Ladd and

Foott's{1974) cnncept,pf'nofmalized soil properties,

Kondner (1963) suggested that the stress-strain curve
for a cohesive soil from a consolidated unBrEined triaxialt
test could be represented by a rectangular'hyperbola,uHe

demongtrated that the deviatoric behaviour of a .cohegive




soil at a_specified;6veipbﬁ;§;idétidn ratio, rate of strain
and a confining pféasu:ﬁ can L§ reﬁfgéaﬁted by a straight
line plot in whicF axiél.éﬁiain/deviatoric stress is plotted
as a function of égi;ljﬁfrain,'Tﬁe QLOpe of the transformed
plot is the recipfﬁéaiﬁﬁf ;ﬁé_uitimate strength of the soil
and the'interceptﬁiaJtH;lfééipf&cgi of the initial tangent
modulus of the goil®, = - .

ComparisonKDf best fit hypérbolic curves with actual
stress-strain curves has shown fhe 8symptotic value of the
fitted hyperbolas 6verestimates fhe shear strength of the
soil, For this Kaﬁazanjian and Mitchell (1980) émployad a
third parameter, célléd Rf b; Duncan and Chang (1970) which
gives the ratio of the actual shear strength of the soil to

the asymptote of the fitted hyperbolic curve,

To describe the stress dapendence of the deviatoric
stress-strain behéviour of normatly coﬁsolidated cohesive
soil Kavazanjian snd Miichell (1980) adopted the Ladd and
Foott's (1974).suggestioh 8nd modified this model for over-
coﬁsolidated sail; Since the interest is on volumetric model,
no details are ingluded in thié review, However, papers by
Ladd and fFoott's (1974) together with qurslev's (1960)
suggestion abuut'equivalent.tonsolidation pressure for

overconsolidated s0ils may be consulted, o

Detailed mathematical proof of the Kondner's {1963)
traqafprmed hyperbolic modes ig given in Appendiij_




To descrlba the delcyed devxatarlc deformation of -
cohesive 90119, Slngh-Mltchell (1980) creep model is used,
They choose this partlcular model bacausa it is eimple as
it requirses. only three parametara to ‘describe delayed
dPVlBtDrlC deformatlon and as it prov1des a8 guod represen-

f'\

tation of the 5011 behav;aur,

The ganeral dev1atoric model avaluates both immediste
and delayed deformation 4a a functien of the stress level,
( oy = 53)/( 61 - 63)f, in whieh { ;- 0‘3) is the applied
deviator stress and (a - 03)fié the deviator stress at
failure evalucted oh the-basic of the unique relationship
between void ratio end deviator stress at failure postulated

by the general volumetric model,

2,15 Limitations of Kavazani 1én;M1tchell 1580 General
Model for Predlctlng Stress-Strain-Time Behaviour
of S0il

Kavazanjian and Mitchell (1980) developed a laboratory
experiment programme to test thelr general model for stress-
s
strain-tima deformatlcn of 3011 Thay choose remoulded S5an

Francisco bay mud, e characteristic soft clay, for th=irxr

test programme,

They found that the general model did not predict well
the tims dependent increase in pore pressure| during undrained
laboratory tests_'THEy supposad that many :‘cohesive soil would

not confirm one or more of the compongnts.of this model,
. - 1 - r . B
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Therefore, more experimental evidence on & wide variety of
cohesive gsoils is necessary in order to establish the
validity of the model, The evidence is likely to result in

some modifications of the genoral- theory,

2,16 Summary of Main Pbinté'

The results of previous studies which have led to some
conclusions and generdlization concerning the time dependent

deformation behaviour of gsoils may be summerised as follows:

l, The experimental time consblidation curve is in
agreement with Terzaghi's (1943) theory of consolidation

only upto 60 percent consolidation;

2, The time-deformation curves ctan be classified into
three typss according to their characteristic beh?uiour -~
type-I: the rate of secondary‘:onsolidation decreasing with
time and become horizon;al when the ultimate settlement is
reached; type;II: the rete is proportional to logarithm of
time for considerable range of time and then rapidly dscrea-
s2s8; type-III: the rete increases with time, then slows down

gradually end finelly vanishes, *

3, For most inorgenic clays, primary consolidation is

much greater than secondary compression, But in most organic

: ) . . ) c
soils and in some inorganic silts, the magnitude of gescondary
. )

compression is significant,

i
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4, There exists a liﬂéaf:relationship {a) between the

logarithm of strain rate aha éf#eéé at ahy given time and
(b} between logarithm ;f stfgin.réte and logarithm of time
for given siress, provid;d the crqap‘streas level ié between
the practicalrlimité_of';bou;rﬁb.té 90 per cent of soil
strength, These findiﬁjs ie;ﬂ éa-;ihﬁle three parameters
general stress-gtrain raﬁaétima‘relatiunship, ihtegration

of thig relationship yields SinghéMitchell (1968) creep

curves which are observed to agree in form with experimental

results,

5. In many cases, the secondary compression curve
does not remain linear in void ratio versus logarithm of
time, This type of behavigur is mo st pronounced with an
increase in Ca for tonsalidé£inn pressure in the range of

-+

D.5 to 1,5 of critical pressuré,

6, fFor many natural soils a unique relationsghip exists

between C! =4e/Alog t ana C} = Ae/ Alog o

7. The observed values of Ca/cc for a variety of
natural soils are in the range of 0,025 to 0,1C, The high

velues of Cu/Cc cnrrespond to the high organic soils, -

8. The deformation of a soil can be divided into
immediate and delayed components, The immediate (or ins-
i .
tant) compreesion is tha settlement which would result if
L

the excess pore-water pressure could dissipate instanta-

neously With load’apb;ication; delayed compression is the




settlement then davalnping at constant effective stress,

3. A theory'fnr the general stress-strain-time
behaviour of fine graiﬁéd aoils‘hés bee#n formulated on the
basis nf sspara£érvolakétfic and daviétoric components,

The volumetric and‘déviét;;ic.mﬁdéls are developed from

the existing knowledge of the stress-strain-time behaviour
of cohesive 5n0ils, Eéch'individual model is assumed to have
an immediate and a de;ayed éomponent. The volumetric model
is described by a series of parallel planes in void ratio-
log stress-log time space, The planes are assumed to rep-
resent a unique relationship among void ratio, effective
stress and time under a given gustained lcading, The devia-
toric model is bssed on Ladd and foott's (1974) concept in

conjuncfiun with Kondner's (1963) hyperbolic formulation

and Singh-Mitchell (1968) creep function,

10, Evidencé from a wide variety of soil types is
necessary, before the overail validity of the Kavazanjian
and Mitchell (1980) general constitutive model is estab-
lished, This evidence may result in gome modificétions of

-

the model.




CHAPTER 3

RESEARCH ‘SCHEME

3.1 Statement of the Probleﬁ

.

It Haﬁ been shown;in fhe review that Hn general cons-
titutive relatiunshib suitésiq'fof ;se is yet available for
analysis of geotechﬁical‘ﬁ¥6bl§mé that involve time-
dependent deformation unaeﬁ ﬁultinaxial stateg of stress,
Mogt present models fdr the strass-étrain-time behaviour
of soils are limited to either apecific phenomenological
models (Singh and Mitchell,iQﬁB)'nr to mechanicél models

of ciay (Muréyama and Shibata, 1961, Garlanger, 1972),

it has alsc been shown that a genersl model proposed
by Kavazanjian and Mitchéil} {1980) for anaLyzing the time
dependent deformation behaviéur ﬁf cohesive soil-is avail-
able, This model aeparate; tﬁe deformation as volumetric
and deviatoric comﬁoneﬁts. Models for each component is
developed by generélizing existing hypothesis for the devi-
atoric and uolumetric.bakaviour of soils, But the model has
been tested for only limited types of soils and still
requires to be tested for a wide variety of soil types/The
present research ﬁés:pfopoéedﬁto inuestigate the effect of
soll type on,various‘paremetéfs that are ingolved in defining
the model — specially to the velumetric comﬁohent-of defor=
mation, A local soil ( from Faridpur} and twO‘récnhstituted

Ll

s0ils were used for the purpose, The specific objectives of




this programmé”wereé

(i) To evaluaté thé ﬁariﬁéféié‘(A; @ and m) necessary
to define. the Singh-Mitchell (1968)”creEp function and tc
compare the observed sqﬁaﬁiDQr af defcormation with the
-predicfed‘éreép by thiéﬂfdrﬁdlatidﬁ,

(ii) To verify the'réiatinnéhip betwésn C! and Cl
and the range of the VEluaé‘of Ca/Ec as proposed by Mesri

and Godlewski (1977),
(iii)* To observe the effect of stress and time on Ca,

(iv) To study the time-deformation behaviaqur of scils

with respect to its type.

As mentioned earlier, the secondary compression is
very significént fn¥ ofganic clays and for some inmorganic
silts, In tropical region, organic clays occur principatly
in coastal areas and siits in ailuvial deposits, As large
soil deposits in Eangiadesh are of alluvial or marine type,
thelsecondary cumpféssioﬁ problem is also important in this
country and iqvestigatiun on these types of soils reguires
special attentinﬁ, For this reasonm an inorganic silt was
collected from Fﬂfipduf and two other soils were recun;ti-
tuted at the labnfatnrylfn'fglfil the requirements of the
investigation, | -

i
The general constitutive model (Kavgianjian and

Mitchell, 1980) was to be analyzed under three dimensionral

i -




states of stress, Since.tﬁa Fiéid ;ondition resemble more
ciosely to three_dimeﬁsiﬁhél-staﬁeéluf stress, it is more
justified to investigate tHe‘daformation behaviour in such
. candition -than in.one dimansion; Again, the compression
in the undergroﬁﬁd:atzghaliﬁw dégths are definitely three
dimensional, bu£ tgé£ iﬁ déébiy,guriéd strata are essentia-
11y one dimensional; one dimensional analysis will, there-
fore, have practical_appiicatinns. For this reason and also
for the limitations of the laboratory facilities at BUET
to perform test at three dimanaional conditions of stress,
a laboratory experimental programme wes developed for one

dimensional case only, y

3.2 Laboratory Programme

A laboratory experiment programme was deveioped to
investigate the strESSﬁs;fain—time behaviour of soils for
verifying thergeneral constitutive model, The investigation
of stress-strain—fime relations required samples which were
to be of uniform consistency, density and similar character-
istic fabric, Theréfore some amodnf of inyestigaticn was
neceséary to attéin reproducible samples, Therefore,‘the

gverall laboratory investigafion ﬁrogramme was divided inte

the following phases,

) :

(i) Classification of soil types used an the

investigation,
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{ii) Evaluation aof a methdd to brduide replicate

specimens,
, S oo .
(iii) Determination of stregs—-strain-time relations
of soils undsr study,

Classification df‘56iis: It has been mentioned in the

review that the relativé'ﬁagﬁitdde ofrprimary.and secondary
compression vafy with soil typg; In order to observe the
effect of soil typé an tFé‘stress-atrain-time behaviour, the
s0ils were to be classified. As the grain size distribu-
tion and Attarberg limits are'uséful index tests for soil
clagsification, these along with specific gravity of the

soils were determined,

Preparation of the Samples: To evaluate the S5ingh-

Mitchell {1968) parameters the sxperimental programme
required a number of sﬁil samples of similar consistency,
That is eacn sample for éame bat;h was to be of same density
and uniform str;ctural property in order to provide repro-
ducible resuits. 1t was neceséary,to deveiop a laboratory
method that would give a spil freerof random distribution

of particles and unifnrm water content and density through-
out so that the s;ﬁersoilrwould be used under different
stress levels, A methodrfor‘ﬁniforﬁ sample preparation was

therefore developed and detailed in Art, 4ﬁ21
i |

Determination of Strass-Strain-Time ARelations of

Snils: To observe the stress-strain-time behaviour of soils,

4

volumetric and-dElagEd'deﬁiétoric:daformatidn of the sail




were investigated, To flnd tha delayed dev1ator1c deforma-
tien and to abserve the effect Df stress on C and to verify
the relationship betwsen C& and Cé,,oadumeter tests were

per formed,

The Slﬂgh—MltChell (1968) parameters A, E,'m.were
determined from one dlmenalunal case applying the suggestion
given in Art, 2,11, At least two creep tests are required
to establish the value of A, ; and m for any given soil,
However, six identical specimens of each soil were tested
uUsing different creep stress intensities between 20 to 120

per cent of unconfined compressive strength,

To observe the effect of time on C o’ long term conso-
lldatlon test Was perFOrmed for a soil specimen under a
stress of 80 per cent ofjuncnnfined compressive strength of

the soil; a stress.whichlis within normal engineering appli-

cation range,




LABDRATDRY INVESTIGATIDNS

The 1nvest1gat10ns in the laboratory were conducted
according to the programme outllned in Art, 3.2, The
details of apparatus; experlmantal procedure and soil

materials used will be dlscussed in this chapter,

4,1 Test Methods for Claasifying the Soils

Physical properties of sqiis raquired for soil clagsi-
fication, that is liquid limi%,_ﬁlastic limit, specific
’qravity and grain size distribﬁfian were performed in accor-
dance with the prdceduré sﬁecified by the American Society
for Testing aﬁd Materials tASTM), ASTM standard D423-66 (1972)
was followed for llqu1d llmit, D424-59 (1971) for plastlc
limit, DB854-58 (1972) for speclflc gravity and D422-63 (1972)
for grain size distribution, The soils were classified accﬁr—
ding to ASTM staﬁdérﬁ*ﬁ2487-59 (lB?Si based on Unified Soil

Classification System,

4,2 Replicate Sample Preparations

A £echnique was develaped for preparing replicate soil
specimens -~ that 15 3011 apec1mens hav1ng identical density,
fabric, strength and stress-straln characteristics, Many
processes were tried in achieving uniformity jin the consis-

tency and fabric of the soil, but none of them proved

entirely satiSFaétory,.Howévef, the'method developed by

PR




Leonards! (l955)_was foildwad witH some modifications, A
general description of the abpafatus and procedures followed

by Leonards (1955)'ia given balaw,

Leonards' (1955) Mathnd- In this metnod, the disturbed

soil samples ware to ba saaled 1n matal containers and stored
in a constant humldlty raom (havlng a relative humidity of
98 per cent) for not 1555 than one month in order to obtain
8 reasonably constant 1n1t131 water content, All processings

were to be done in the humid room,

The process involved compaction of disturbed soils in

a specified manner, Befbre compaction, the soils must be

mixed with water, if water was to be added. The goil, thus
processed, wasg then to be force-gieved with a large rubber
stopper, through a No, Zb sieve which was to be backed by
@ coarse sieve, say No, 3 sleve, for support,. All vigsible
particles were to be removed, and the product, expected to
be a homogeneous mats?ial_uaé to be seaied again in metal
containers and to be stored in the humid room, Leonards
(1955) found that the maximum variation in water content

between specimens processed in thias manner was 0.2 per cent,

At first, Laonards t1955) attempted to compact the
individual specimen using étatic pressﬁre in a 3 in, diame-
ter mould, But he Fodnd variatinn'in structude caused by
placing the s0il in the mould and varistions in unit weight

at the top, centre, . bottom of the specimen because o’ side




friction, He,'thsrefofﬁg'usad'lﬂ in diameter moulds to
minimize the effects of BldB frlCtan and to permit simul-
taneous compactlon of all the spac1mens to be used in a

particular test serles

According . to the method, the 10 in, diameter mould
consisting of three rlnga énd two collars was to be used
for checking uniformity in- dry unlt weight, water content
and soil structure Af;er campactlng the semple by appli-
cation of static pressure,jthé unit waight of the entirs
sample was to be deterﬁinad. Leonards (1955) used a hydrau-
lic testing machiné of 100,000 1b capacity for compacting
the snil, Variations in horizontal direction were to be
determined using a proctor panetratlon needle attached to
a8 sensitive proving Frama Wetar contents were to be deter-
mined at each penetration point, After removing the top ring,
the protruding soil was to be cut off with a wire saw and
the soil surface scréedéd with a straight edge. Again the
unit weight, penetfﬁtion resistanée and wat;r contents were
to be determined, The entifé procedures were to be repeated
after the removal szsecdnd ring, By successive repetitions
of this process a.compactlon pro:edure would be‘deuelo;ﬂd
that would rasult in, unlform condltlon of water content,
void ratio and salllfabric. Pl

A second 10 in, diameter mould wés to be used to yield

an undlsturbed" sample approxlmately 3+ in, high from which

Va‘numbnr of repllcate spec1mens could be cut This mould
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would congist of a split ;ihglgeééion and two collaré On=
10 in, diameter plston and spacer ‘block to permit compac-
tion from top and bottom siﬁdltaneously, were to be fabri-
cated to fit thig mould wlth JUSt snough space for movement

but not enough to permlt tha ao;l to enter the clearance

spaces,

The compaction process Qould'yisld a cake of so0il 10
in, in diameter and 34 in, high, THe‘cake was then to be
centred in the base of p mitered bdx, the ;6llar put in
place and the so0il cut along the ﬁitered grooves, Leonards
(1955) suggested thét a thin, confinunus, high~sﬁeed band
s8w was tﬁe only satisfactory tool for this purpose and found
~that cuttlng with plano wire or with coping saw was not
entlrely satlsfactory. He Found that the maximum varlatlon
in unit weight of a given geries was less than O, 5 per cent

i

and that wasg roughly equal to the precision of the measure-

ments used to determine-the'unit weight,

The procedures followed: Since Leonards {1955) method

is tedious and time consumlng, a technlque, suitable for
present use giving satlsfactory rasults, was dBVBlOpEd and

is described below,

About 15 1b of s0il enough to prepare a number of
specimens at Single water content was taken,-*aker was added
and thnroughly_mixed_by'hand Ensading. All visible coarse

particlbﬁ ,were removed and - tha Droduct wasg kept ina mﬂfal

conta;ner fnr one day

L
‘
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The reﬁoulded sdil'ﬁés-t;én ﬁlacéd in the mould, The
mould consisted of a riﬁé 6 ihf in diameter and 6 in,
height and a collar of 2} iﬁ, high, The innerface of the
mould was lubricated with grease for reddcing side friction,
Two filter papers, one at fd# and the other at bottom of
the soil were.placédltn'permit‘dféinage, A spacer block was
placed at thg top filtér p;pef and used as loadi%g disc for

compaction of the snil,‘THe'spacsr block fitted the mould

.

with a clearance to eliminate friction but not permitting
the soil to enter the clearance.spaces, The arrangemen* for
placement of soil, filter pahers and spacer block in the

mould is shown in Fig, 4,1

s
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1B Clearance space 116"
SR T /[ 173 Fiﬂe( paper
s g ":xﬁg;i : Soil sample
- R Cylindrical mould
- ’ H L ~—Filter paper -
/ R gl f
~¥ K.L"u’i ,/‘ - i ﬂngAy“w '{/Ai ‘/‘:/}f;_»PerforOted bﬂse
6'dia '

i

Fig, 4.1 The placement of soil sample in
the mould,




-~ : The sample

prnvlded through

mould in the loadiﬁé'ffamé‘

e

was applied slowly ‘gnd-the e

o

G

Fig, 4,2

The arrangement of the mould in the
loadlng Frame

/
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EXCESS hydrostatlc pressura through ths drainage at top and
bottom of the mould After the compactlon of compression
which was indicated by the reversal of the load dial to
initial reading, further lnad was applled and time was
allowed for further compr5351an The process was repeated
until the load dial readlng and strain dial reading were

no longer moved, Six to pineidays were required to achieve

i
this equilibrium condition,

The proceés of compression yielded a cake of suil
6 in, in diameter end approximately 6 in, high., The sogil
cake was extruded from the mould ﬁsing 8 hydraulic jack,
The water contents and unit waighfs from different portions
of the cake were measurad to check the uniformity of the
specimens, For the purpose of checking, small grooves were
Cut, approximately rectanéulsr in gize on top face and
sides of the goil cake, Fnuf to six groﬁves en top face
and three to four grooves on sides were cut, The unit weights
and water contents bf the s0ils ffom these grooveé were
measured, To aetermine the unit weight, the volume of the
s0ll was measured by mercury diéplaceﬁent, 1t was found
that the variation 'in unit weights and water content i;
these measurements were.limitéd to 1 per cent and 0.5 pDer
cent respectively, o ‘

, !

!
4,3 Test Procedures for Determlnatlon of Stress-Strain- TlME

Behaviour of Soils

After checking for uniformity, the samples wers trimmed




to the required sizes fnf‘unéohfined compression test and
for consulidatidn iaét. 5ix éémpie; Qere prepsred for con-
saolidation test.and‘nné Fﬁr ﬁncunfined compression test for
each type of the soil, D;tailed dascription of the test
brocedures in'peffﬂrminéifh;‘consolidatign and unconfined

compression test are given below,

Datermination of SﬁrénqthVOF Soils: To determine the

strength of soil, unconfined compression test were performed
on soil eylinder of 1,4 in,diameter and 2.8 in, high, The
test method follnwéd to determine unconfined compressive

strength was ASTM standard D2166-66 (1972),

Loncolidation Tests ¢ To investigate the time defor-

- M -

matign behaviour at different stresses, consolidation tests
were perforhed on six ideﬁtical gpecimens of each type of
soils at stress intensities of 20 to 120 per cent of uncon-
fined compressive étrength, The dimension of each specimsn
before the test was 2;5 inch in diameter and 1 in, thick,

The consolidometer rings were lubricatesd with grease to

reduce side friction, Filter bapeés were, placed at top and
Eottom of the sample to prevent the soil from being foxced
into the pn;oﬁs stcﬁe,xIn ali.cases, dréinage was permitted
st both ends of the sample, Before applying the load, the
samples within the ring wefe kept in water fot one day P;;

saturating the soil but not allowing the soil'to expand,

tach specimsn was tested under a given sustained load,
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Arrangements were made-go_tsat;ﬁﬁaléﬁil specimen always
resigted the éama-ygftiESl Qtéégs; The time of readings
after the applieakién 6} Qt;éés were +, +, 1,2,4,8,15, 30,
GD,120,240,480}144b,20§0,STGD;IbdQD'minutes, that is
approximately doﬁbiiﬁgiégefprevioas time of reading,
Eonsoiidation tes£§ were pérfdé%ad-a::ording to ASTM satan-
dard D2435-70, Fig. 4.3 shows a view of the consolidation
test machines used for the datérmingtion of stress;strain—

time behaviour of soil,

-

Fig, 4.3 A view of the consolidation test machines
used in the experiment,

i ’
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Test Procedure to Observe the Effect of Time on Ea:

To observe the effect of time éﬁ Ca only one sample of a
natural soil was used, The'sbii was prepared according to .
the procedure devéloped and dascribed in Art, 4.2, Its
strength was datermiﬁed'éy qnco;Finad compression test,
Consolidation tééf was‘péfforﬁéa 66 the sample under a
stress of 80 per cent u% thé unconfined compressive

strength,

4.4 Soil Materials used

Three soils wérerselattad for the present study, Uf
them, ﬁne was a natural soil and the other two were recons-
fituted at the lahoratory{ The natural soil, an inorganic
',siit, was collected‘from'Faridpur*. The reconstituted soils
were prepared by mixing two diffefent type of soils — one
of which had a substantial pércentage of clay particles
and the other one had lafge pércantage of silts, so that
the soils resulted wére of clayey-silt type. Before mixing
‘the soils, the coarse particies were removed Ey sieving
with a No, 30 siéve and the two soilé were mixed at differ-

-

ent proportions,

. , - o
The soil sample was in disturbed state and supnlied by
M/S5 Founcdation Consultant, Dhaka, ]

*
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The three soils used for present investigation differ
in their physical properties, Their classification and particle
size distribution are given in Table 4,1 and in fig, 4,4 and

4,5,

Thess three suiié w;ié pfépared to investigate their
stress-strain-time beha;iﬁqr; The chéracferistics of the soil
specimens prepared for the study ere given in Table 4,2, The
natural soil caellected frdm Fa#idpuf was remoulded and used

to observe thereffect of time on Ea'

Table 4,1 Classification of the S0il Used in the Investigation

&

520988

Grain Size . o Spéciﬂ Unified
coil | Distribution _ ﬁtterbarg Limits fic soil
No Location % % % LL PL PI gravi=- | classi-
) Sand | Silt|Clay (%) |(%) | (%) |ty fication
1 |Faridpur| 3 | 79 | 18 | 40 | 31 9 2.61 ML
2 |Recons- | 19 54 | 27 | 29 | 19 10 2,77 CL
tituted
3 |Recons- 14 50 | 36 | 37 | 23 14 2.66 cL
tituted o

4,5 Analysis of Test Results

The unconfined compression test data were used to plot

. . i :
the stress-strain curve., The peak of the curve was taken as the

'

strength of the seil, Tﬁe stressfétrain curves of threse snils

are given k¥n. fFic, 4,6 and their strengths are given 'in Tablie 9, .J,
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Table 4,2 (haracteristics of 5o0il Samples Used 1in

Consnlidation Test to observe the Singh-
Mitchell Creep Function

Soil Type Water Wet - Dry Degree of
No, of content | density | density | saturation
soil (%) (pcf) (pcf) {®)
1 ML 33 | 116 87 | 9780
2 | o | es | 121 | 97 58,51
3 £L 21 123 102 89,09
' | i
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Table 4.3 Unconfinea\Coﬁpfsséivu Strangthé

_ Uncnﬁfined ;‘ Eorfes-A Water Dansity
. Seil compressive ponding | content Y4
No, strength strain - | (%) (pef)
(tsf) (%) L
1 g.27 20 33 87
2 0,17 22 25 97
3 0.23° . | 1m0 21 102

The consolidation test data were used to observe time-
deformation behavi0ur at different stress intensities and

shown in Fig, 4,7(a), 4.7(b), 4,7(c). The corresponding

readings and calculations are given in Appendix-III, from
Table I to III, These curves wers also used in calculating

the strain rate and the magnitude of Cu‘

To find the strain rate it was necessary to obtain
- Hdo’ - ths theoretical dial reading at t = U, To obtain Rd

on the gemi- logarlthmlc plot, a time tdl and a time td2 =

4t,, were selected, The ordlnate from tdl to t 5, on the curve
was then laid off uartlcally above the ordlnate at t,;. The

intercept of the horlzontal llnP through this point on the
dial reading ordlnate is Rd . Reflnemant was made for R,
by using other points along the curve for tdlland tyy @nd

the average valua of Rd was taken, L

To plot the void ratio Qarsus log pressure gurve H*lDﬁ‘

_thg,dial reading to tﬁe time correéponding to the end of
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primary congolidation was qsed.'Since Cé, the slaope of this
plot is the measure of primary consolidation, the change in

void ratio from Rdo to RdlDU was'usgd in obtalqlng this plot,

To obtain R from the diel reaaing'versus log time curve,

d100’ .
the straight line poftion af the primary'énd secondary range
of the curve were axteﬁdéd;‘Tha interCEpt of the horizontal

line through their point of intarsection aon the dial reading

orcdinate is RdlDU'

The siope of the straight line portion of the curve in
the secondary range was used to compute the secandary compre-
ssion index, C“ and

2 dl
L = = (27
x log tdZ/tdl' log t ,/ty; )

where, R,, and Ry2 ere diel readings at time t; ; and tyo
respectively and H is the solid height, It is convenient to
use td2 = 10 tdl’ s0 that A e, the changa in the void ratio

between time t 1 and td2 is squal to Ca‘

d
The strength of the soil used to observe the effect of
time on Ca was determined from stress-strain plot given in’

Fig. 4,8, The dial reading versus log time plot is given in

Fig., 4.9 and the corresbondihg.data are giden in Appendix-~III,

Table IV,
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CHAPTER 5
ANALYSIS AND DISCUSSIDN

5.1 Time-defnrmatiﬁn thénééﬁafisticg'of Soils

a) General Charécﬁg;}stiés of Time-sformation Curves

The general char&éteristlcs of time deformation curve
in confxned compresalon for three dlfferent soils investigated
are shown in Fig., 5.1{e), (b), {c) at the creep stresses of
50 per cent to 100 per cent of unconfined campressive strength
q,- The Figures show that afterra period'of transient creep
during which the strain rate decreased continuously, the creep
‘continued at a conétant rate fnr some period of time, Approxi-
mately after one day, the rate bécame linesr, Thus the results
confirm to the suggestion of Finne and Heller {1959) that
following the peribd of trangient creep during which the
strain rate cnntinuouély decreases creep continues for some

period of time as mentioned in Art, 2.7,

The figures algu:shqw that the constant strain rate is
approximately indepéﬁdent of the applied stress, It may be
mentioned that the soils'wer;‘ihuestigated within the range
of practical inferéét, i,e.dU pér eent to 100 per cent oF a, -
Since the englnﬂer; are genprally 1nterested in stresses
within this range, the dependence of the creep rates of the
soil with creep stresses outside thls range raf no; 1nvest1-{
gaéed, The incfease of strain rate with iqcreasing stress

wWas negligibie. fFor eXahplé, for soil 1, the rate intreased

LI
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from 0,972x10-5 per cent per ﬁinﬁte-to l,llxlU"S perscent
per minute as stresg_incréaééd from 60 to 100 per cgnt of q,-
Therefore it can be infarred that; the gstrain rate after the
period of tran51ent creep is 1ndependent of stress if the

stress is within the practlcal range mentloned gbove,

b} Strain Rate-StreBs-iime Rélationship

The relationship between stress intensity and log of
strain rate* for tﬁree different soils is shown in Fig,5.2
(a), (b}, (¢}, For soil 1, the rélationship.was found to be
linear for stress-uf 30 to 110 per cent of unconfined com-
pressive strength, The correépnnding limits for soil 2 and
3 were approxiﬁately befwaen 40 to 100 psr cent, and 40 to

120 per cent of a, respectiﬁély,

Some anomalims can bé 6bésrved in these figures, the
strain rates correSﬁunding to the stresses of 40 and 120 per
cent of qu'for soil 1, 120 per ceﬁt of a, for soil 2 and 30
per cent and Gd per cent of q, for soil 3 were not considered
in obtaining this ;elatibnship, Becauss tﬁe-strain-for a given
period of time cannot be less for higher stress, the influence

of these strain rates were omitted, However, these strain

# The methods followed to calculate the strain rate and the
parameters m, &, and A are given in Appendixhll,'The
strain rate for different stresses at differgnt time are
given in Table V to X in Appendix-IV.
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rates are shown on the plot of log of strain rate versus
stress intensify. These énomaiies'were possibly due to the
variation in structure bstween the gamples of each soil

tested or due to the 1n1t1al error in getting the lcad

dial of the samples 1n the cnnsolldatlnn machlnes.

Another relatlonéhlp was found between logarithm of
strain rate and logarlthm of tlme It was found that log of
strain rate decreased linearly with log of time, furthermore,
the slope of‘tha cur?e waé founa_iﬁdependent of the creep
stress and the increasé in'strass.onl& shifted the line
vertically upwards,.that ig, the initisl creep was higher
for higher atress. The relationships are shown in fig, 5.3

(a)! (b)s (L—-).

These findings are simiiar to those obtained by the
previous investigators from three diﬁensiunal consolidation
test_results descriged in‘Art. 2.7. The.value of m for soil
1, 2 and 3 were rESpectivéLy 0.85, 0,86 and 0,86, These

values are within the range. suggested by Singh and Mitchell

(1968) for three dimensional consolidation,

c) Jariation of Cu with P;asaﬂ:e

From the result of present investigation, it is found

. . L
that Ea varied linesrly with logarithm of stress. lhe rela-

tionship is shown in fig, 5.4 for three soil types tested,

The variation of C, was so small that it may be assumed
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constant within the practicél range of intérest, For example,
for soil 1, the magnitude of Cu increased from 0,0226 to
0,0245 for increase in créép stress from 60 to 100 per cent
of unconfined compressive strength, The order of'Qariation
was gsame for otheffsnils ihvestigated; Therefore, it may be
assumed that Ca‘ialindépendeht of pressure, provided the
pressure in within thé limit of normal engineering practice,

d) Variation of Ca with Tih@

-

It was found that' C_ did not remain constant with time
after the end of primary conéoiidation_ Mesri and Godlewski
(1977) first reported this behaviour, The rélet of long

!

term congolidation test shown in Fig, 4,9ffdr the scil types

investigated givé more proof about this behaviour; After the




end of primary éonaoliaatiéﬁfcu';ém;ined constant to a value
of 0,00237 for 4 déys, th;ﬁxihéréased to @ new value of
0.00386, This later conétéhfrvalqe was méintained within

the remaining périod of'iéét"Hé;evgr, this reletionship

may not be valld for the 8011 types different from that
presently used, whethar slmllar behavlour will occur or

not will depend upon thertypa nf soil and therefore, sub-
ject to confirmation ffﬁmrékﬁerimental results,

5.2 Relationship Betwasn Cu and Cc

A linear reiationahib was ﬁbéerved betweeﬁ true se?on—
dary compression index, Cé and true primary comp;ession
index Cé, 50il 2 wss only used for this investigation, To
obtain this relationship, the soil deformation was observed
for 24 hours period betweenriﬁcraments of load w;th load
increment ratio of 1 between 1/4 tsf to 2 tsf. The dial
reading versus log timé curQa during the observation is
illustrated ianig. 5.5, To plot the curve between C& and
Eé, the true comprassion'index may‘be conéidered as
Cé = 4e/dlogo af a particular pressure ‘énd these values
of £! were taken at diffe;eﬁtjpresaqres'and the corresponding
values of E; = se/ alog t ét' was used. fhe retationship
thus found, is shown in Fig. 5,6, TEB equatﬂoq of the linear:
reiationship beatween E& and Cé is found tq be!E& = (,000862 +

0.0172 C',
C
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Since it 15 a gen;ral practice to sssume a constant
C. value for a 3011 and also that C lls generally assumed
constant, thersfore C /C valua may be sssumed constant for
a particular 5011 Thls may vary wlth aoil type, It is
mentioned earlier 1n Art 2. 13 that Mesri and Godlewski
(1977) found the value of C /C fur a variety of natural
soils to lie w1th1n the ranga of U 025 to 0,10, Only one
natural soil was 1nveatlgatad for the purpose and the
magnitude of Ca/Cc,for:i¥ in the remouldad state was found
to be 0,046, To find the value of CG/CC, the slope of the
straight line portion of tﬁé void ratio versus log pressure
curve was taken as (L and the average value of Ca within the
pressure whether e-log f.cﬁrVE-is étraight wae used, The magni-
tude of CG/Cc for soil 1, fhua gave further confimmation to

the demonstration of Mesri ahd.Godlewski (1977).

5.3 VYerification of Sinqh-Mitchell {1968) Creep Function in
One Dimensional Lase

It is meﬁtioned earlier in Art, 2.13 that more axperi-
mental evidence for different fypes of snils were NECESsary
in order to establish the overall validity of the creep
function, This fuhctioﬁ.was testad qéing triaxial test results
only, The applicability of the resulfs’fof confined compre-
ssion from the results of one dimensional cﬂnﬂolidatidn tast:
has not been inveétigated. Fu;tﬁer confirmatidn in both

three dimensional compression end uni-axial compression were

4




necessary for various types of soils, In the present investi-
gation, time deformation resulte of one dimensional consoli-
dation tests on three different types of soils have been

analyzed,

Since Slngh-Mltchell (1968) creep function was developed
for predlctlng the axial deformstlon from the results of three
dimensional consalldatlon, it was necessary to modify the
creep parameters for preaicting dﬁformatian in one dimensicnal
strain condition, Such modifications have been presented in
Art., 2.11 and discussed in detail, On the basis of these
modifications, the Szngh—Mltchell parameters A, E, m were
calculated from the reistionship of log strain .rate versus

stress and log etrain rate versus log time,

To calculats a, it was necessary to use deviatoric

stress, D, The valus of the lateral pressure 63 = ku g,
was used in the caléulation of above deviatoric stress value,
Two methods were availabls fﬁr calculation of kD value and
they yielded twﬁ values of U as well as two different values
of z, Again ta prediét thae crééh at any time tﬁe cresp func-
tion raquifcd the use of « and E,_The values of the devda-
toric stress, Drand fhe.corfésponding stress levél 5 for

the creep stéess at 100 per cent of tﬁe uﬁbonfined compre-
ssiye strength (qu) for different soils are given in Table

5.1, For nther stresses, D and D can be calcdldted by multi-

plying U and D valuyes in Table 5.1 by thé'corresponding




Table 5.1 Calculation of Stress Level

Plasti- Ereap‘.' ~:‘ ”l(a) - : {b)

. city stress : = ' =
203l index | (tsf) | k, - [ D= |'Ds= < | P= D=

) (PI) qi'kodi' D/q, T ~kaT1 b/q,

{tsf) - (tsf)

1 9 0.27.| 0.46 0.145 |0.54 | 0,42 | 0,159 | 0,59
2 10 0,17 | 0,47 | ©0.09 |0,53 |0.42 | 0,008 | 0,58
i 1 14 0.23 | 0.50 0.115 | 0,50 | 0,47 0,125 D,54|

{a) Brooker and Ireland’'s method was ﬁsed in finding kD {Art, 2.11) .,

(b) Alapn's method was usaed in calculating ko (Art, 2,11),

percentage of the g valﬁe, In thse praéent investigatiﬂn, the
creep function was examined witHin the range of practical
interest, The creep function was analyzed at three creep
stresses for each typﬁ‘of soil, that is, at 60, BO and 100

per cent of unconfined:coﬁpreésivs s trength in order to verify
its applitabilitylin one dimensional compression, To verify the
parameters A, o and m were calculated by the'methods ﬁentioned

in Appendix-II and the values listed in Table 5,2,

L3

'Tha_Singh-Mitchéll (1968) creep function used for calcu-

lating the axial strain e-is

T & ty(t) m# 1, t) = 1] - (16)°

k0 was calculated by two methods, that is, Brooker and Ireland

{1965) and Alpan (lgﬁf)‘ﬁhuld,lead to two different Jalues of
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Table 5.2 List of the éinghhMiéchbll Creep Parameters

(@) (D)
Spil . - -
No m - 2 & .o & o A
* (1/tsf =, q - (1/tsf) =%.q (%/min)
1 0.85 10,01 | 2.70 9,13 2,47 | 0,092
2 D.86 18,38 3,12 | 16.87 2.87 | 0,053
3 0,86 9,89 2,28 | 9.50 2,13 | 0,050

(a) @ and @ were calculated by use of the value of k_ that
was found by applying Broker and Ireland's methog(Art,Zﬂll),

(b) « and & were found using the value of kg which was found
by applying Alpan's method (Art, 2,11},

x and D, However it has been observed that the strain rate

remained same irrespective of whichever value of a and D

was used, The strain thus fﬁﬁnd, was more than three times

higher than the observed étraiﬁ; An empirical apéroacg was

therefore made so tﬁét thé predicted strain was in good

agreement with the'ﬁgasuredealue. The empirical approach

involved the divisian of the predicted strain by a factor

of 3, After division, a value of the constant '*a' for the

creep function was assumed, the strain thus obtasined cgin-
cided approximately wifn the measured strain over a range
of time, Un the basis of these observaﬁions, a modifed creep

function may be suggested as follows: Lo

A oD ,l-m. .
a i




The modified strﬁln was cnmpafed wlth the observed strain and
tha comparison is shown in Fzgs 5, T(a) to 5,7(i). fFrom the
figures it can be seen that the agraement is good over a
range of time for the 50119 1nvastlgatsd These can be a

good agreement bntuaen nbsarvad and predlcted strains upto

a time of 120 mlnutes fnr the snlls 1nvest1gated at cremsp
stress of 100 percent uf-Qu‘ Tha predicted strain differ

widely efter this period,

The reasons f@r variation of calculeted strain by
Singh-Mitchall (1968) creep funcﬁinn and the modified func-
tion would probebly'be due to the different testing methods
fhrough thch these pefa&etefé were obtained, For example
in defining o and D for one dimensional compression, modi-
fications were made in computing the value of k, and instead
of considering (01 - 0y ) at failure, the a, value was used.
Therafore, there will certéinly ba a difference in the magni-
tude of the paramefara; for a particular soil, if they are
determined From‘uﬁiaxial congolidation test instead of
triaxial test, Therefo;é en attempt may be made tn:correlate
the axial strains determined by two methods.‘This may be
done mither by crltlcally examlnlng the assumptlon made in
Art, 2,11 or by experlmentally from the test results of the
same s80il both in the triaxial gnd in one leen510nal conso-,

|

lidation test, . |
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[
creep stress=
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and predicted behaviour of
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Mitchell creer function for
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3 o éreep stress=z |
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Fig. 5.7{(i{) Comparisan between observed
and predicted behaviour of
creep by modified Singh- |
HMitchell creep function for
soil type 3. . L
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5.4 Discuggion_on Kavazanjian-Mitchell {1980) Generai Model

It was discusséd~i; Aft. 2.i4 £hat the Kavazanjian-
Mitchell (1980) geheralrﬁpdel is based on Bjerrum's (1967)
concept of immediate and_d;1§yuﬁ‘cdmponents of deformation,
In this article,'eééh n% ihu eQmpdngnt of deformation is
examined critically t& Ehﬁék‘tﬁé model and to suggest
modification, if necasaa¥y,'s; tﬁut the tima deformaetional
behaviour can be predicted ffnm the result of one dimen-

sional compression,

Vglumetric Model: Becauss of hydrodynamic lag, imme-
diate volumetric deformations canﬁot be determinéd directly,
Rules for delayed volumetric deformetions must be developed
first and immediate deformation must be back caiculated from
primary deformations, for siﬁplicity, deformation after unit
time ig taken as delayed componan£ of deformation: To des-
cribe the delayed vdlumetric compression, it is sssumed that
Ca in one dimensional compression is constant, that is, the
secondafy compréssion curve o6n @ void ratio-log time plot
is a straight line, the slope of which is independent of

both volumetric and devietoric stress. This assumption may

be taken correct as dbscribed_in Art. 5.1l(e).
In deﬁcribing volumetric model it is also &assumed that

ss . and L are constants, deformation at condtant -deviatorit
stress levels can be described. by a 'series ‘of parallel planes,

as shown in Fig, 2,17, In this assumpticn, however, they omit
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the variation of Ea with time, Buf‘tﬁe variation of Cu with
time must be taken into coﬁaiderétion:as reported by Mesri
and Godlewski (1977) and also observed in the present inves-

tigation, The result of this variation is described in Art,

5,1(d}), In this connEctiﬁ%, it may be mentioned that, some
investigators found coﬁétaﬁt ta fof a wide range of time
(Art, 1.2} and for this ;oﬁsjant Cu, the .assumption of
parallel planes may he takén’Corfect. But in generél, the
assumption of unique réiationahip among void ratio, effective
stress and time under sustained loading is subject to limi-
tations by the aséUmptiﬁn of constant Ca with time and
therefore the soil QHich shows different values of Ea with

time can not be correlated with this assumption,

Deviatoric Model: Only the delayed deviatoric defor-

mation is of present interest, To describe the delayed
deviatoric deformation,-KaQazanjian and Mitchell (1980}
adopted the Singh—Hifchell (l9ﬁé} creep model, To use this
particular model in one dimensional case, the deviateric
stresg level is defined as (Gi.- ku Gl)/qu.(Art, 2,14},
But it is shown -in Arf. 5.3 that fhere is a discrepéncy
between observed deformation ana predicted by Siﬁgh— ’
Mitchell creep Function,!The reasons for this deviation may
be due to the difference batween the testing methods, in
o

: l
sample thickness and between the definition of soil strength,

4

However, other reasons hay affect thisg varistion, Therefore
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another model as suggested in_Ait; 5.3 by 8q, (28) may be
used to provide a good repreaeﬁtation of the real soil

behaviour,

5.5 Deformation Behaviour of Soil with its Type

Two different sbils were invéstigated to observe the
deformation behaviour o%_soil with its type. The two soils,
soil 2 and 3, reconstituted érom the mixture of same type
of gilt and clay, are anélyzedrto observe the effect of
finer particles on thernature of the time deformational
behaviour, However, no;gsneral conclusion could be made
from this analysis, It was observed that soil 3 has milder
slope ﬁhan the soil 2 in the log strain rate versus creep
sfress curve and also the 'A! vélue of spil 3 was found
lower than that of soil 2, THouththe m values for two
soils were found same, the strains in unit time were found
lower for soil 3 than aoil 2,.This fact was also ohserved
by comparison of Fig, 5,1{b) and 5,1{c), that the axial
strain of soil 3 was lower than that of the soil 2 in the
same length of time under a pérticulér c¥aep streﬁé, dince
the soil 3 had higher percentage of clay it may be sugéested
that the lpwar strain of so0il 3 was due to this higher clay

contents,




CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

6.1 Conclusions

The stress-gtrainatiﬁe reiationships of cohesive soils
have been investigafed.in the present study with a view to
check the previcus phenomenolog1c31 models used to predict
the deformatlonal behaviour with time, Schemes were under-
taken also, to observe time—depenﬁent deformational behaviour
of two soils. The important findings of the research and
conclusions dréwn‘on various aspects of the research can

now be summarised as followa:

1, The general time dgformation curves showed that the
initial creep rate was higher and then decreased continuously
for a period of time, after this period the creep rate
attained a‘constant valus, The period after which the creep
rate become constant for the soils invastigated was found

to be one day.

2. A linear relationships was obtained between (a)
logarithm of strain rste and logarithm of time for a given

creep stress and {b) between 10gar1thm of strain rate and

Creep stress at any glven time prov1ded the creep stress
was within the practlcal range of 1nteresn, that is, 40

to 100 per cent of unconfined compressive strength,
S |1

i

3. The secondary compression index, Cd can be assumed

independent of creep stress, provided the stress is within

- +he practical range of unconfined dompressive strenath,
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4, Ea did not remain constant with time for some

soils,

5

A linear reslationghip has been found to exist
between true secondary compression index, C! and true
primary compression index, Cé for the soils investigated.

However, this may not be true for all soil types,

6. The range of C_/C_ values for a variety of natural

soils were found to lie betweesn O_DZS and 0,10,

7. The Singh-Mitchell (1968) creep function has been
tested by the date obtained from consolidatinon test results

of threme differentrsoila and it has béen observed that the

predicted strain was greater than three times than the
obgerved strsin, The following empirically modified func-

tion has been proposed:
g=a+%(ABaD tl-m) m£ 1, tl=l {28)

8, The uniqﬁé relationship among veid ratio, creep
stress and time under sustained loading suggested by
Kavazanjisn and Mitchell (1980) is subjéét to limitation of
assumption of constant C_ with time and it has been shown

that'[.‘.ri did not reméin*coﬁstént with time for some scils,

6.2 Recommendations for Future Research {1 {

]

Several aspects of the work preaenfed in this thesis

:Equirerurther study and have been deséribgd in/the relevant
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chapters, Some of the important arsas for further research

may be lis ted as followst

1, Only the defnrmatlunal character of one inorganic
silt and two clayey sllts have been 1nvestlgated in the
remoulded stete, To observe thls behavlour on other types
of soils and to obSErva.tha 1nfluenca of composition of
the goil on the strass-gtraiﬁ;tima behaviour, the same
investigation may be carried out for undisturbed samples

of other types of soils; specially organic clays.

2. In plotting the log strain rate versus creep -
stress some inconsiétency in the results have been observed,
That is, the axial strain after é period of time is higher
for a lower creesp etress. This inconsistency may result
from the variation in the fabric of the soil, As there was
ne available methods to study the fabric details of each
individual samples fharassumption of similar fabric condi-
ti;n could not be ensufad. Further research is necessary to
develop a method by which samples with identical scil state

and fabric may be made,

3; The SinghTMitchéll (1968) creep function has heen
investigated on lihifed.typus'pf soils only, Tha'function
should be chécked on a wide.v&riety of soil in order to
establish its validity. Three dimensional cohsblidation
tests may be performed on a number of dlfferent types of

soils to verlfy the c0n51stency of the pradlcted result

fthh the ocbserved behsvlour.:u f
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4, In the present Eééaarch, the Singh-Mitchell (1980}

creep function is eiamined withlréapect to prediction of
"axial deformatlun in conf;ned campre951on from the results
of one dimensional conaolidntlon testa. The predicted
strain by this funct;on is found mors than that observed
exper;mentally, A mnd;f;ed funct;on is therefore suggested
to predict axial strain, Howavsr aftar a certain period of
time, a variatioﬁ betweean predicéad and observed strain
was noted.'The reason for such diacrepenpy is not known,
An attempt mey be made to relete predicted and observed
axial deformations by relating fhe axial deformation in

three dimensional with ons dimensional consolidation,

S, Tha relationship pétween E& = Ae/ 8log t and
C!L = Aeflogs and the variation of C_ with time have been
observed for a very limited types of soil, Therefore, more
experimental evidance on a wide variety of cohesive soils

is necessery in order to confirm this behaviour,




" APPENDIX-I

KUNDNER'S (1963) HYPERBOLIC STRESS-STRAIN RELAILON

Kondner L1963j suggésted that the stress-strain curve
far a cohesive éuil from a :Dnsslidated undrained triaxial
test could b= rEpreéen£;d by a rectangular hyperbola,

Fig, I-1 shows a rectanéﬁlar_hypérsola passing the origin
in a two dimensional stress-atraein #lane and having as

asymptotes the lines

1 asymptlote
R
7]
2 3 :
o - .
al 01 1 6.-b
Elet — —~ =tan@
ey 2 a
)
ol
v Z
0

Axial Strain, €

Fig, I=-1 Recfanguler hypsrbolic representation
of stress-strain {Kondner, 1963},

e + x =0 ’ ' (29)

- p=0 . {3)
in which o is the deviatcr stress,o -0 .

The equation of the hyperbola can be written as

6c ~Ba+ a =0 o (31)

Dividing by ¢ and letting k = S (32)
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Egq. {31) becomes

o -Pkiaal (33)

6r, k = = @ + (34)

P

™ia:

which is the form of a:stréight line, if k is plotted as a
Functinn of e, The stiaigﬁ£ liAE thus obtained intersects
the strain axis at a paint (éﬁ.ﬂ)-on the vertical asymptote
of the originai hyperbnia. The-inverse of the slope of €ha
line {(de/dk) is a measure of the height, B; of the hori-

zontal asymptote,

Rearranging the terms eq. (34) yields,

% = a + be : {33)
in which
a=§ {35)
1
b = = Jv
B_' (37}

Fig, 1«2 ig a plot of straight line of the form of

eq. (35) in terms of e/¢c and e,

Solving for stress eq. {35) yields

a + be (38)

The ultimate value of the stress can Feiobtainad by

taking the limit of eq. (3B) as e becomes very large, or

. e ‘ 1 .
. Q}t" - L : b ' c
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Thus, the ultimate atréngth is measured by the inverse

of the slope of the.straight line as given.in Fig, 1-2,

-

Ratio of Axial Strain to Normal
Stress t/q

Axial Strain, €
Fig, 1-2 Transformed hyparbolic representation
of stress-gtrain {(Kondner, 1963},
Differentiating eg., (38) with respect to strain and

evaluating the derivative at e equal zero yields

Thus, the inverse of the intercept of the straight line forn
on the o/5 axis of Fig, I-2 is a measure of the initial

Y

tangent modulus of the material tested,

Therefore, the devistoric behaviour of a cohesive soil
at a specified overconsolidstion ratic and & qpecified can-
fining pressure can be described on the basis of this nloe?l

by two parameters, a slope and an intercept. The intevcept
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is the reciprocal of the initial iaﬁgent modulus of the
hyperbola and the‘alobe is therreciprﬂcal of the asymptote

of the hyperbolic_cﬁrve.

If the initial pbr&ioq of the ﬁriginal stressustrainr
curve is linear, the inifial pa:f of thehyperbolic plot of
o/ versus & will be Eérizontal_ for such a situation, the
initial tangent moduiua would still be %, in which 'a' is
the intercept of thé horizunﬁal line AB, and % would still
be a measure of the ultimate strength of the material, in

which b is the slope of the inclined straight line portion

of ths plot given as BC of Fig, I—j,

€E/q

stress

Ratio of Axial Strain to qumal

~ Axial Strain, €

fFig, I-3 C(Composgits rééponse in transforhed
hperbolic form; (Kundner,l969)r

L




"APPENDIX-IT

TEST PROCEDURE TO MEASURE THE PARAMETERS m, @, A

At least two identical s’émp‘les, at the same water
o content and the séhé initiallstreas conditions, aré nece-

ssary to measure the creep barameters qf a given soil, The
two samples afe subjéctea tn_creép tests under two different
stresses, Say Dl gnd DZ' sﬁch that the stress in either
case is within the practical range of 40 to 100 per cent of
unconfined com#ressive strength, This range may Be different
for different soils, Under these sustainéd loads;, strain is

observed against time,

The. values of pareameters m, & and A can be found as

follows:

Step 1: Strains are to be plotted against dogarithm
of time and a smooth curve is to be passed through the data
points,

Step 2: For a particular applied stress, from ths

plot of strain versus logarithm of time, the corrected

zero reading is to be determined,
Step 3: Strain rateé.at_variops values of time are

to be computed mathematically or graphicatly. The best fit

lingar curve i3 to be pa55éd upto the desirgd|time, from :

which the strain at that time is to be calculsted, Hy

subtracting - the corrected zero reading from the strain

d
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reading and dividing this by tihe;'the strain rate can be
foundi,

Step 4: Strain rates are then to be plotted against

time on log-log graph paper LOg strain rate versus log

time plots for dlfferent 3tress values are served to be
parallel straight llnes. The slopa of these straight lines

gives the value of m,

Step 5: Values of strain rates &; and &, at some

known time, for instancé t = 1, are to be read off for the

two deviatoric stresses D; and D,. For t = 1, eq., 2 gives
él = AeaDl and 62 =‘Aaan2, Solving the two simultaneous
equations gives
& o= Dziul'ln :2 (41)
1
A= (8 -gl)/(e 2 - %01 ' (42)

2

These parameters can also be determined by plotting

log e vs. D for a given'value of time. The slope of this

plot gives the value of x and its intercept for I = 0 and

t =1 éives the value of A,

-

Now o = ol where D ig assumed unconfined compressive

strzngth for one dimensional case,.

¥ A computer programme was run to obtain strhih rate for
the determination of m, « and-A, The listing of the
programme is given in Appendix—VI
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CONSOLIDATION READINGS

Table =1 Consolidation Readings for Soil Type 1

Dial ﬁaading, in lD“a in,

Time - .

{min,} Percent of Unconfined Compressive Strength
- 20 40 60 80 106 | 120
i 1075 500 | 680 685 864 | 1162
¥ 1077 505 687 693 872 | 1167
1 1079 513 692 701 883 | 1175
2 1082 525 698 710 | 894 | 1183
4 1085 537 704 720 908 | 1192
8 105# 545 708 730 | 922 | 1200
15 1090 552 711 736 932 | 1206
30 1093 556 716 740 941 | 1211
60 1095 | 562 720 747 947 | 1215
120 | 1099 * ;565 | 723 750 952 { 1220
240 1101 570 729 754 955 | 1222
480 | 1108 576 | 730 756 | 959 | 1226
1440 1111 s82° | 737 | 763 a66 | 1230
2880 1113 585 739 766 971 | 1231

5760 1115 589 745 7%1? 674 | 1217

. 10080 | 1116 | 597 747 | 775 | 978 | 1239
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Table-I1 Consolidation FiEadings for Soil Type 2

Dial Reading, in 102 in,
Time _
{min,) Percent of Unconfined Compressive Strength
30 . - 50 -{ 60 B0 100 | 120

I | 1568 2683 2095 | 1895 2070 | 1755

1573 2689 | 2099 | 1900 | 2079 | 1758

1575 2692 2102 | 1907 | z088 | 1762

2 1579 2695 | . 2106 1912 | 2097 | 1767

4 1582 2699 2110 1918 2107 | 1773

8 | 1584 2702 | 2114 | 1925 | 2116 | 1780

15 1586 2706 | 2117 | 1929 | 2125 | 1785

30 1590 2710 | 2122 1933 | 2132 | 1790

&0 1592 2714 2125 1935 | 2140 | *1794
120 1594 2717 2127 1938 | 2145 | 1798 |
240 1598 2720 2129 1941 | 2149 | 1802 |
480 1600 2723 | 2131 | 1944 | 2151 | 1806
1440 1601 2726 2134L 1946 | 2154 | 1810
2880 1610 2729 | '2135 1949 | 2157 1513;
5760 1612 2732 2138 1952 | 2161 * 191c
10080 : 1616. 2735 2140 | 1954 | 2164 | 1821
_ | i
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Table-III Concolidation Readings for 5o0il Type 3

- Dial Reading, in 1074 in,
{min.) <} Parcent of Unconfined Compressive Strength
3/ | so . 6D 80 | 100 | 120 |
2058 1501 486 | 1870 | 18345
2062 1502 292 | 1874 EA 1839 |
2067 1504 | 498 | 1880 | 1845
2072 1506 sos | 1886 | 1851
2077 1508 512 | 1893 1840
2087 1510 519 | 1899 1870
2092 1511 525 | 1904 | 1878
20‘35 1514 ~ 529 1908 1885
2100 1516 533 | 191C 1889
2105 1520 538 | 1914 | 1894 .
2109 1521 542 | 1518 1897
2114 | 1524 | 545 | 1922 i 1900?
2117 | 1527 547 | 1926 | 1900E
2119 1529 549 | 1928 1n14
2127 | 1s31 551 [ 1930 1917 |
- 2129 | 1533 | 555 | 1934 | 1020
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Table-IV Conselidation Reading to Observe
" the Effect of Time an Eu,

Creep Stress: 80 per cent of
"~ Unconfined compressive

' Strength,

fime | Dial Reading

{min,) in

| 1074 in,

T 590

¥ 606

1 625

2 648

4 670

8 | 687

15 | 696

30 705

60 709

120 712

240 716

430'_ 720

1440 725

2880 729

5760 : 733
11520 740 !
23040 746 |
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TARLES UF 3TRALN RATES

0,000076

;Téble-v Strain Hates to Plat log utrain rhate versus Lag Time cCurve for soil 1,
3train rate, percent per minute
Creep stress, per cent of unconfined compressive strength
Time : -

(min.) 20 - 40 60 8.0 100 120
1 0,090000 ' | 0.264997 0,203332 0,280002 | 0,355000 0,244997
2 0.058594 0.185998 0.130500 0.183498 0.231997 | 0.161995
4 0.036500 0.122000 0,080000 0,115500 0.147999 - | 0,102500
8 0.021309 0,073273 | 0,046130 | 0,B869999 | 0.090892 | 0,061666
15 0.013078 0,044454 0.027096 0,042423 0.056051 0,037481
o 0,007505 0.024520 0.015048 0.023412 0.031713 6,020915
. 60 0.004181 0.013334 0.008238 0,012816 0.017377 0,011378
e 0.002346 | 0.007098 0.004436 0,006852 0,009322 0.006128
éau_ﬂ 0.001237 0.003757 0.002404 0.003627 0.004912 0,002238
480 _ 0.000727 0.001987 0.001275 .001900 0.002576 0,001703
1440 0.000277 0.000718 0,000468 0,000683 0,000921 0.000611
2840 .U00148 0.000372 0.000244 ,000352 0.000474 0,000313
576U J,000079 0,000192 0.000129 0,0C0182 0,000243 0,000162
10080 0.000047 0.000112 0,000107 0,CC0141 0,600094

TTET
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fable-VI Strain Rates to Plot log Strain Rate Versus log Time Curve for Soil 2,
Strain rate, percent per minute
Time Lreep stress, per cent of unconfined compressuve strength
{min.) 30 50 60 B0 100 120
1 G.134995 | 0,124999 0,121667 | 0.206667 0.280000 |0,138334
2 0.084995 | 0.077996 | 0,079494 | 0,130996 | 0,184998 |0,092498
4 0.,050499 0,047998 d_U495UU 0.,080000 0.116499 0,039997
8 '0.025451 0.,028095 0.029702 0.048035 0,069860. }0,037916
15 0,.016596 0,017256 D.dlBUGS 0.028974 0.043067 |} 0,023890 -
30 0,009311 0,009914 0,010441 0,016124 0,024442 0,013816
60 0.005097 0,005610 0.,00o5851 0.008692 0.013594 0,007745
120 0.002749 0,003105 0,003189 0.004632 0.007402 0.004260
- 240 .0,001469 - 0,001695 0,.001710 0.002458 0.,003951 0,002314_
4gu— J,000779 U,UUDgiS 0,00094a7 0,001293 v.002077 0.0012456
144G 0.030283 u.oao37 0.000329 0,000461 0,000740 0,000458
2880 ' 0.000155 | 0.000177 0.000172 0, 000238 0.000380 | 0.000240
- .h760 J,Geooa3 g,000093 0,000089 0.000123 0,000194 g.000125
10u8n J,u00e51 0,C00056 0.0060059 g,0c0072 0.000113 J,000075

[
P
P



"Table-viIl Strain Hates to Plot log Strain

Rate Versus log Time Curve for Soil 3

Strain rate,

pa2rcent per minute

Time Creep stress, per cent of unconfined compressive .strength
(min.) 3 50 60 BO 100 120
1 0.149999 | 0,069997 | 0,058335 | 0.128327 | 0.176665 | 0,218327
2 0.098499 | 0,048494 | 0,038999 | 0.087498 | 0,117996 | 0,138994
4 0.061500 | 0,034497 | 0,024498 | 0,055249 | 0.075498 | 0088996
8 | 0.036309 | 0.023035 | 0,014761 | 0.034642 | 0.045654 .| 0,055773
15 0.021739 | 0.015083 | 0.008846 0.021438 | 0.027968 | 0.035084
0 0.012053 | 0,008786 | 0,005151 | 0,012020 . | 0,015706 | 0.020295
60 - | 0.006578 | 0.004876 | 0.002931 | 0,006568 | 0,008509 | 0011262
120 0.003524 | D,002651 | 0,001697 | 0,003535 | 0.004579 | 0,006137
240 0.001867 | 0,001423 | 0,000942 | 0,001905 | 0.002451 | 0.003278
480 | 0.000988 0.000761 | 0.000522 | 0.001018 0,001306 | 0.001730
1440— | 0,000359 | 0,000278 | 0.000199 | 0.000373 | 0.000473 | 0.000633
2880 0.000188 | 0,000146  ©,000107 | 0.000197 | 0.000246 | 0,000332
5760 0.000098 ° | 0,000076 ' 0.000057 | 0.000104 | 0.000127 | 0,000173
10080 0.000058 | ©,000045 | ©,000034 | 0.000062 | 0.000075 | 0,000102
' 3

€27




fable-/[Il 3train Rates to Plot log Strain Rate Versus Lreep Stress (urve for

3011l ;,
Creep stress Strain rate, pesrcent per min,
% of g, _ Time
1 10 100 1000 10000

20 0.0900000 | 0.0178476 | 0,0027448 o;uqnaaaé; | 0;0000475
s 0.2649975 | 0.0616816 | 0,0083096 0.0009995 0.0001134
60 0,2033325 | 0,0387163 0.0051972 | 0.0006509 | 0,0000771
80 0.2800024 | 0,0588972 | 0,0080216 | 0,0009500 0.0001080
oo 0,3550000 | 0.0764738 | 0.0109066 | 0.0012811 | 00001429
120 -0,2449975 0.0518440 | 0.0071745 | 0.0008496 | 0.0000956

Al
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-

Strain Hates to Plot log otrain Hate Vs, Lreep Stress Curve for
501l 2,

|Creep stress.
% of a,

30

50

60

80

Strainm rate,

paercent per min;

Time
1 10 100 - 1000 10000

0.1349951 | 0,0237825 0.0032247 .. 0,6003951_‘ 0,0000752

0,1249999 0.0236533 - ' 0,0036290 | 0,0004574 G{UDDIle'

0.1216674 | 0,0249758 6,0037239 0.0004577 | 0.0000726

0.2066674 0.0403503 0.0054268 0,0006425 0.0000531

0,2800000 0.0588755 0.0086527 0.0010285 0_0000563'
"é,lqaaaaé 0.0319429 0,0049770 0.0006345 0,0000512

GZT




Table-x

soil 3,

S5train fdates to Plot log otrain Rate vs,

Lreep Stress Curve for

Creep stress

Strain rate,

percent per min,

e

0.2183276

0.0008789

% of g Time
1 .10 100 - 1000 10000
30 0.1499996 00304917 0,0041286 u,dnuspuz- 0,0000591
50 0.0699975 0.0195137- 0.0030931 '0.0003855 . | 0.0000460
60 0.0583350 0.0124072 | 0,0019830 | 0,0002750 | 0,0000348
80 0.1283276 0,0291902 D.0041346 0.0005183 0.0000629
100 0.1766656 0,.0384370 0,0053586 0.0006574 - 6,0000757'
_ _120 0,0469089 0.0071737 0.0001029

—
N
=2



APPENDIX-V LISTING OF THE COMPUTER PROGRAMME g ywvain3

o/ LIST TO CALCULATE STRAIN RATES.
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