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CHAPTIR l 

IN'l'RODUC'l'ION 

1.1 BACKGROUND OF RHBOLOOlCAL STUDI. - A SELBCTID 

RISTORICAL RIVIEW 

"Rheo" in Greek means flow. Rheo1oqy i. a 

braneh of seiene. that studi •• the flow phenomena exhibited 

by variou. materials. 
~ 

With the advanee of modern teehnoloqy and be-

cause of the requirement. of exaetne •• , ~eeurate mea.urinq 

in.trument. vere developed. They reveal that man y materia~s 

previoualy eon.iderad a. WrigidW would undergo continuou, 

deformation under a su.tained loading. Reiner (1949, 195'3, 

1954, 1960) .tudi*d the rheology of building material. and 

found that man~ mat.ria~ •• xhibit time dependent relation­

ship. which inelude volume .creep under hydroatatic stre.a 

condition.. His ·~lve Lecture. on Theoretical Rh.qlogy· 

.~tmulated many early rheological inve.tigations (e.g. 

Reiner, 1969), and •• tabli.hed the foundation of rheologieal 

Itudies. 

In geoloqical and metallurqical studie., it has 

" been shown that rocks cr •• p under existing tectonic .tress 

(Haefeli, 1965) and metals flow under high stre •• or at 

high temperaturea even under moderate loading_, (Dorn, 1954, 

Finnie, 1959, Oding, 1956, Pao and Martin, 1953, etc.). 

There are many other materiall such as high polyaer8 
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• 

(Alfrey, 1948), ceramica (~inqery, 1962, Reiner, 1954), . 
.sphalt (Abdel-Hady and Herrin, 19(6), .oil. etc., that 

are not ,. fluid a. iiquid but are not a. riqid a. metal. 

or rock., however, they all exhibit rheoloqical characteril­

tics when lub'jec!ted to loada exeeeding a critieal loadinq 

intensity (Abdel-Hady and Herrin, 1966r Tan, 1957, 1961, 

Vya10v, 196'9, etc.). AlI .tudi •• ooncern.s:nq time effect. 

on the mechanical propertiea of the.e materials may be 
'lit 

cateqorised under th. realm of rheoloqy. It wa. loon found, 

that the rheoloqieal principles ea~ be a~plied to d~ffer.nt 

di.ciplines of material .cience. Not only civil enqin.er., 

'but al.o chemi.t., electrician., and biologiste found that 
~/I" 

rheoloqical principles can be applied to their own fie,ld. 

8uece.sfully to de.cribe the time dependent phenomena of 

the substances they are investiqatinq (Reiner, 1369). 

The .arly approach to.the analyai. of the time 

effeets on the .tre •• -atrain rel.tion.hip. of the.e 

materials invariably involve u.ing th, .imple maehanieal 

modela which were the combination. of .prinq., da.hpot. 

or frictional elementa repr •• enting re.pectively the 

idealised ela.tic, viacou. and frictional properties of 

the .ub.tanee.. With a proper con.tant a.siqned to each . ... 
elament, it was found that th~mathematical expre •• ion of 

the stre •• -strain-time relationship. may be derived for 

different idealiKed .ub.tance., •• g. Hook .. n, Newtonian, , 

St. Venant, Maxwell, Binqham, etc. (Jaeger; 1962, .. 

, 

( 

• 

• 
2 

, ., 
" . 

j 

• 



( 

• 

& 

3 

Schiff~an, 1954, Yongtand Warkentin; 1966). Furthermore, 

combinations of theae idea·lis'ad modala qive diffarent 

deacriptions for a,variety of rheolè>qical behavior 
, / 

of materials. 

Sinee Terzaghi rationali.ed the theory of 

consolidation and eatabllahed the acience of sail 

mechanics (Terzaqhi, 1943), soils enqineera W4re occupied, 

for aome twenty years, trying to establish the basic 
~ 

principles such aa aett1ement and atrength charaeteriatics, , , 
pore pressure concept, and permeability (Casagrande, 1961, 

Terzaqhi, 1943, Skempton, 1954) for the immediate uae 

ih the field. The elasticity theory and simple state of 

plastic equilibrium(were asaumed valid in their .treaa­

.train and atabi1ity analysis. Saeondary time effects 

were purpo.ely iqnored due to it. complexity and ~nce 

sorne discrepancies were found between field obaervation. 

and theoretical calculations (Tan, 1961). 

Only in recent years, considerable attention 

and research activities have b~en directed towardl the 
4 

study of rheoloqical e~fects in fro.en and unfrolen 
1 

soils such as creep (alahoP and Lovehbury, 1969, Chen, 

1965, Haefeli, 1953), creep rupture (Haefe1i, 1965, 

Saito and Uezawa, 1961, Singh and Mitchell, 1969), atrain 

() hard.ning (Calaqrande and Wilaon, 1951, Drucker, Gib.on 

and aankel, 1957, vyalov and Me.chyan, 19691, and lonq­

term atrength (Biahop, 1966, Ladanyi, 1972, Murayama, 1969). 

1 
~ ( 
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Follovihg are a fev exam~el of the .arly ataqe of thele 
1 

rheological atudi ••• 

of rate of 

Casagrande and Willon (1951), Itudying. the effect 
,.~ 

loading on Itrength of claYI and Ihalea, found 
.' ,t 

'" 
that creep under sUltained loadin~ cauled lOI' of Itrength

À 

'.s. of lome undiaturbed samplel whereal a~e laboratory 

eomp~ete~ samples and an unaaturated, undiaturbed natural 

soil teated tertded to become Itronger and .tiffer under .. 

• ustained lo.dl even thouqh water content was kept 

~ 

eonatant. 

Fiel1fOb.ervation. of creep proee •• e •. in natural 

.oil., anow and lee combine<! with labo,ratory inveati9ation. 

were intehaively atudie<! by Haefeli (1953, 1965). From , 

his vast experienee with ma'live movementa of ice and , 

anow, he qenerali.ad on .ome of the factors involved, in 

ere.p, creep pr.aa»re, and cr.ep rupture of ice and soil 
1 

mAterial. under field .1tuation.. It was found that 

creep deformation, with the ability to cause densifièation 

and'.tre.s reduction, may of ter a general increase in the 
~ 

overall atability, ~owever, it rnay also cause stress con-

cent~ations ~iCh wiii'le~d to failure. , 
Geule and Tan (1953, 1961) inv •• tiqated the 

mechanical behavior of clay. durinq creep and relaxation 

vith oedometer te.t.. They illu.trated that the major 

di.crepancy between the Ter.aghi'. conaolidation theory 

and the larqer obaerved .ettlementa in practice wa • 

• 
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cau.ed by the .o-call~ ".econdary t~e effect." due 

to volume creep and lateral flow of the clay .oil strate. 

~y examininq the .train hardeninq phenomenon 

exhibited during the craep te.t., Vyalov (1969) introduced 

the concept into the Volterra-Bolt.mann integral equation. 

He obtained a rheological equation of .tatea which 

eatabliahed the relation.hips among.t intenaitie. of 

stresses, strains, average preaaure anà ttme. He'~ound that 

5 

the shear creep curves can have an undampened or dampened ~ 

~haracter, depending on the applied .hear atres. which 

axceada or 1s less than a aalient point on t~e .tr •• s~ 

strain curve. Thil .treas, he atated, corre.ponds to the 

atructural serength of the .oil, and Can be taken a. 

the limitinq shear atresa a. well a. the ltmiting long­

term strength. He concluded fram hia experimental re­

sulta that the stresa-.train relationship rnay be expre •• ed 

with sufficient accuracy by a linear law until the 

structural Itrength is exceeded, thareafter the rela­

tionship becomes non-linear. 

Without exception, theae efforta helped in 

qaininq an understanding of the rheol09~cal behavior of 

clay soils and made it po.aible to obtain more insight into 

economical design and conatruction of atructure.. In 
, .. 

addition, it is apparent that a mora accurate prediction 

of rheologica~ behavior of clay aoila can aerve as input 

to analy •• aqainat posaible failure of structure. or 

r 



C_\~ ______________ , ( \. 

• 

.{ 

naturally occurring dilalterl (S:ito,~6S, 1969). 

In the devalopment of craep t~eori •• ~o~_" 

-?il., two diff.rant 
~ ... 

1 .' path. have been taken ovar the.ye.~1 
• 1 •• 

(Ladanyi, 1972)t one aiminq at an enqln.ering ~.ory~f 

craep to b. u.ed in de.iqn work, the other aiminq at a .. 
physical th.ory capabla of de.cribinq the eraap ph.nomena 

• 
in terme of already eltablilhed COQ~' of phyeici. 

engihe.ring thaory of creep can be con.id.rad as ft 

ccllection of la"a that are found by __ peri.nce to ade-.. 

The 

quately de.oribe the ob.ervad macro.copie manifestations 

of ereep. 'l'ypical examp1 •• of .ueh thtoria. '~re that 01----­

vilcoelalticity (GrOII, 1953) and ereep of fro.en .oil. 

(Ha.feli, 1953, Vyalov and Meachyan, 1969). On tha 

oth~r hand, the atm of a phyaical or micromachaniltic 
• 

theory of ere.p i. to •• tab41ah a .et of la". that would 

'be---&ble tQ ~~~~rib.e--thé ·ob.erv~ ph.nomena of .cre.p in 

terme of previou.ly •• tabli.hed quantiti •• and la"l of 

phyaie.. An .xampl. i. th. th.ory of er.ep "hich i. ba.ad 
~ , 

on the concept of rat. proe ••••• developed in .tati.tical 

machaniel to de.cribe the atomic or molecular diffus.ion 

ph.nomena (Andersland and Douqla., 1970, Gla.tona, Laidler 

and Byrinq, 19411 Mitchell, Campanella and Sinqh, 1968, 

---~.y&m4 and Shibata, 1961). lach approach ha. advantaq •• 

which depenc1 ()n. tM problem to he .tudied. On. rn.~y he 

cf value in interpretinq material p~6perti •• ·from a te.t, 

another .. y he u.ed in the calcul.tion of a ttm. dependent 

1 
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atre.a or displacement field in the aame material (Scott 

and Ito, 1969). 

Many inveltigationa and discuaaiona (ltrilek 

and Itondner, 1965, Schiffman, 1954) have been directed 

towardl the applicability of viacoelaaticity theory in 

theJstress-str~n-time relations for loils. They ahowed 
- ~ ~ • the potential uae of the th,ory in the field of aoil 

mechanics due to its mathematical aimplicity. 
~ 

The standard method of viscoela.tic atreaa 

analyais has been employinq the Laplace tranaform of the 
t~" . 

equation qoverninq the time dependent It~ea., atrain / 

diatributions and the boundary conditiona. The .of~t10n 
involves lolvinq the relultinq elastic type problem 

and th en takinq the Laplace inveraion for the desired 

viacoelasticity solution. However; the bOdy shape and 

the 'boundary conditions are aSlumed not to change with 

time and that linearity is alao qiven. 

Creep or relaxation teata are u~ually employed 

to investiqate the rheological phenom~na of the material 

when"a quasi-atatic Itate ia asaumed in the analysis so 

that the inertia forcèa can be neqlected. It can be 

shown that theae tvo types of teata are not independent 

but, after a a~ple 

reciprocal relation 

.. .. 
tranaformation, ther. exiata a 

between creep and r.l.X'~ion functiona, 
1 

( 1 + L(P) ) (1 -'~(P) ) • Il 

where L(P).and L{P) are cr.ep and relaxation functiona , 

7 
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• relp.ctively after tranlformation. Th •• tructur. of thil 

th-.Jy i. Ihown on the next page. (Plsure 1-1) 

A large variety of practical probleml can he 

lolved by thi. method if the lawi governinq the cre.p 

charact.riltic., i.e. creep or relaxation functionl, 

are known (Finn and Bmery, 1972, lri.ek and londn.r, 1965). 

Thil hal been demonlt~ated by Finn (1972) who Uled the 

finite elem.nt method of Itre'l analYlil in conjunction 

with the developed Itr."-Itrain-ttme relationihipi 

for loill. The creep of an e.rth Ilope W.I theoretically 

calculated luccel.~~lly. With the advance of computinq 

technology, the .ame technique wou id certainly find itl 

wide range of app11cability. 

However, there r.mainl a not-yet completely -lolved problemt the principle of .uperpoaition. Thouqh 

fundamental for the atructure of a math.matical theory of 

linear vilcoelaaticity, it hal been •• verely ltmitinq 

the direct exten.ion of thia theory to loil. becaua. 
1 

1 

mOlt s011s do not exhibit linear Itreaa-atr.in-time 

bahavior. Groll (1953) has Itated that a non-linear 

theory may he developed in a form Itmilar to that of th. 

linear on.. Although lama of the non-linear relultl are 

available, (Chao, 1960), much more effort can Itill he 
~ 

exerted alonq thil line of re.earch in order to eltablilh 

a conveniant and ~ractical .ethod for atrell-Itrain-tima 

calculationl for .oill. 

8 
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of soils 

. , .. cc abe 

In order to corre1ate the ~heo109ica1 properties 

to the structural configuration of soil particles 

as weIl as the influence of temperature on the mechanisal 

behavior of soi1s, basic physical and chemical propertiea 

of 50115 and various theories potential1y applicable to 

soils are intensively studied by soils ~esear~her~ •. In 

this regard,. the rate process theory is the one among th~ 

theories whieh has received considerable attention in the 

las~ decade\<Christehsen and Wu, 1964f Mitchell, 1961f 

Murayama and Shi~ata, 1961: Anders1and and Akili, 1967). 

The rate process theory, a1so called absolu te 
" 

reaction rate theory, was deve10ped by Eyring (1941) 

through statistical mechanics considerations of the 

fol10wing equation proposed by Arhenius: . " 

K is the specifie rate of chemica1 reactions, A is a 

frequencl( factor or collision number, 6 E .is termed the 

~neat of activation" or "energy of activation"' of the 

reaction, R is the universa1 gas constant - 1.98 cal. 

°K-~ole-l, an~ T is the abso1ute temperature. It is 
~ 

.. 
general1y aocepted that a re1ation8hip of this kind 

represe'qts the temperature dependence of the s~cific 

fates of most chemica1 reactions and certain phY8ical 

processe8. Eyring (1941), from the statistica1 point of 
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-.aE/RT 
view, ~onsidered the exponential factor e in the 

equation ~s a measure either of the probability of the 

occurrence of the activ~te~ àtate or of the fraction-of 

the total nUmber o~ the i~~ct~on e~~ts that ~ssess 
the requisite activat~on energy which enables them to taxe 

pa~t in reaction. Therefore, the factor ~ in the equation 
\ 

must have a dimen.io~of a frequèncy 80 ~hat the product 
.aE 

A e-"""- may qive the specifie l'eaction rate.' By 1 
postulatirtÏt;he existen~e of "holes" in liquids, {e 

derived an èxpression for the flow rate in 'the' direction 

of the applied force f in the followinq form (Figure, 1-2): 

where: 

wherel 

\ 

f)..)., ). 
A.U =2Aksinh zi, 

.AU • net rate of flov il}. the forward 

direction of thefapplication 

of the force f, 
\ 

" - the distance between two equili-

brium positions in the direction 

of motion, 

", - the mean distance between two 

adjacent MOlecules in the movinq 

layer in the direction at right 

angle to the directioQ of ~tion, 
~ 

• 

.. 

Il 
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À. - the distance between neighboring 

moleculea in the direction of 

motion, , 
+ - appl~ed force in the direction of 

motion 

i .. -16 0 
Boltzmann conatant • 1.38 x 1.0 erg/ X, 

-27 
Plank's conatant • 6.62 x 10 erg-aec, 

! 
Il -

e ~ T '. absolute temperature, , .. 
F:. the partition function, for u~ 

volume, of the mo~ecule in the 

activated atate., 

F • the partition function, for unit 

volume~ of the molecule in the 

e initial states, 

E.. - th4! energy of activation at 

the heig't of " enerqy 

~ force i8 acting. 

~ f ,; 

!O~ 000 
f' 00000. 

Fig.1-2 
energy barrier 

barrier 

0 o X, 

when 

i.e. 

(Glasstone ,1941 ) direction of flow 
o 
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After modifications are made (Andersland and 
'# 

Douglas, 19701 Mitchell, 1964), the fo1lowing practica1 

forro is obtained: 

where 

ê lit rate of strain, 

X· average component of displacement 

in direction of deformation due 

to single aurmounting of the 

energy barrier, 

~E. experimenta1 activation enerqy. 

Details of the derivation of ,this equation may 
, 

hè found in the literature cited • 
• 

Since this theory gives the functiona1 re1a-

tionship between rate of flow, frequency of mutual exchange 

of pOsition between reaction e1ements, app1ied force, 

energy barrier te be overcome for a single jump of 

position, and temperature, it 15 potentia11y a powerful 

theery to describe the creep mechanism in clay soi1s. 

Attempt~,have been made to use this, theory to de~ft1op 

an improved understanding of fundamental mechanisms 
'i . 

contributing'to the shearing res~stance of soi1s and 

factors contro11ing time dependent'response to stre.~ and 

strain. Examp1es of work in thia area are Murayama and 

Shibata (1961, 1964.), Mitchell (l964), Christensen and 
1/ 

-
WU (1964), Andèrsland and Aki1i (1967), Mitchell, 

q 
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Campanella and Singh (1968), S1ngh and Mitchell (1968) 

and many others. It has been shown that this theo~y 

well describes the functional relationship between rate 

of f1ow, stress intensities, and temperature for the 

undrained creep ~nd the stress relaxation tests they 

carried out in their investigations. It was also possible 
<' 

tor them to eva1uate the so-ca11ed experimental energy of 

act{~ation which varies from 2.S x lO-l2erg for 

Osaka clay (Murayama and Shibata, 1961, 1964) to 93.6 

Kcal/mo1e for the frozen Boil tested by Andersland a~d 
1 

Arili (1967). This magnitude of the calculated valué of 

the experimenta1 enerqy of ac~ivation ia in the range of 

strength of ~onic bonds and, therefore, it was suggested that 

ionic bonding at contact points between particles is a 

major controlling mechanism for creep r,tejJbf 

soils. ttI/IÎ. 
" 

Although the functional relationships between 

parameters based on the rate process theory seem to be in 

conformity with experimental re.ults, there are still sone 

questions remaining unanswered. For example, there is 

no direct way by which the mechanism of creep in clay 

soi1s as postu1atad in the rate processes theory can be 
( 

proven. Secondly, the unit of actiVàtion energy is 

expresaed as kcal/mo1e. Sinee no simple molecu1ar for-

mu~a can be WDttten for clay soil, it becomes difficult 

14 
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to explain thelphysica1 implications of the value of 

activation energy thus obtained. Thi~dly, it has been 

shown by Walker (1969), Arulanandan et al. (1971), that 

in the undrained creep tests, in which the pore pressure 

was allowed to build up-and as high- as 90 percent of 

consolidation pressure was registered, the shear strains 
~ 

are directly related to a graduaI but significant increase 

in excess pore pressure and, hence, reduction in effective 

confining pressure. Therefore, unless one accounts for the 

increase in pore pressures during undrained creep, ~t is 
, -/ 

unlikely that one will he successful in formu1ating a 

general1y valid mathematical model for stress-strain-time 

behavior of fine grained 80i1s based on this type of 

1abaratory testing. l' " 

Based on the results of a previou~ drained creep 
~ 

study (Chen, 1965), where the pO~e pressure was a1lowed 

to dissipate throuqhout the test, the writer subsequent1y . 
made a postu1ate concerning the structure of clay soi1s 

as shown on Figure 1-3. In recent years, knowledge gained 
~ 

~rom theoretical and exper~enta1 physico-chemical atudies 

substantiates the fact that bath artificial and natura1 

clay 80ils are indeed made up of clay plates aqqreqated 

into peds, crumhs, c1usters, or) domains (Barde~, 1972, 
~ 

Morgenstern, 1969, Sidea and Barden, 1971, Yong and Mc~yea, 

1971; YQnq and Wakentin, 1975). Theae 1ead to the concept 

of treating the 80i1 ma88 a8 a atructured material 

-
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and provide a link between the macro~havior of sail 

mass to its micro constituents. New rationale approaches 

in this regard, especia11y on rheo1~gical and yielding 

behavior of soils, have been proposed (Axelrad and 

Yang, 1970: Axelrad, 1971; Barden, 1972; Yong, 1972; 
, 

Yang and Warkentin, 1975). A random theory of deformation 

has been developed by Axelrad and Yong (1970) in which 

they used st~stical mechanics And the theory of A 

probabi1ity to consider the clay plate aggregate (i.e. 

~ ped) as a mesoscopic reqion and established a first order 

theory of the rheological behavior of structured media 

under a delayed impulse function. Yong and Chen (1970, 

1972) have experimentally shown that creep o~ clays may 

be analyzed by using retardation time distribution methods. 

They further considered that eléh ped acts as a unit and 

is characterized by a retardation time constant. The 

probability of ocCUrrence of each ped may be evaluated 

by the distribu·tion QJ the retardation times. The 

mathematical expectation of mechanical after effect , 
quantities may, therefore, be obtained. ( 

From the above review of the trend of rheoloqical 

studies for the p&st decades in so11s, a graduaI evolution 
. 

from field and laboratory identification of rheoloqic~ 

behavior of soils towarda the theor.tical development of 

a suitable theory which can accurately and practically " 

predict. rheological ~ of soil. can he obaerved • 

'. 



---------------------1-------.--

• 

No unanimously accepted theory has yet beàD established, 

although a number of equations have been proposed and 

proven, experimentally, to be accu~ate enough under pre-
.t 
scribed restrictions. ·A sound engineering theory of 

rheology, however, as indicated from t,his review, re-

quires that it has to be based both on an'understanding 

of the physical maJte-up of the Soil mas.,. e,.g. 

considering a realistic structure of soils'and~ealistic 

experiments in the field a. well as in the laboratory. 

One example of 8uch an experiment is the long-term drained 
, 

creep tests carried out by Bishop and Lovenbury (1969) 

Igwhi''Ch resembled the conditions that would occur in nature. 

Since the basic mechanism involved in the 

rheological pr9ces. i. not clearly known and due to the 
1 

lacJt of convihcing experimental result., the endeavour 

to arrive at a practical engineering theory still needs 
• 

great efforts from 80i18 researchers and practical 

engineers for many years to come. 

/ 
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l • 2 NlŒD FOR THE PRESENT S'l'UDY 
• 

• From the fOre90~q brief review of the pre.ent 

state of knowledqe qained from rheoloqical studiea in 

soil mechanics, it vas recognia~hat it has been 

considered by many (~rilek and ~ondner, 1965, Schiffman, 

1954) that the theory of vi.coelastieity serves as a 

convenient tool for the mathematical formulation of 
; 

- ~ 
phenomenological stre.s-.train-time relationship while 

others (Mitchell, 1965, Andersland et. al. 1967, 1970) 

considered that the rate proces. theory May be of value 

in interpreting the mechanlsm Involved in the rheoloqical 
16 

process in soils. It was also noticed that the lack of 

linearity between stress and strain .everely limited the 

use of the. linear viscoelasticity theory while the 

integral of the rate of reaction, as given by the rate 

proces. theory, does not yleld the relationships for the 

stress-strain-time behavior in creep test (Mitchell, 1964). 

Such a relation.hlp has been inve*tiqated by Sinqh and 

Mitchell (1968) by po.tulatinq the exi.tence of linear 

relationahips between logarithm of axial strain rate and 

loqarithm of time, loqarithm of axial .lF'ain rate and 

stress difference. The functional relationahip they 

obtaine~ are l~lted to cre.p d.formation under the 

first application of .hear .tr.... Th. de.cription of 

cr.~ behavior for a .ucces~ionJof load incrementa has 

not y.t been accomplt.hed. 

19 
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Available literature indicates that moat of the 

creep tests are carried out under undrained'conditions. 

Only a limited number of tests are performed under 

drained conditions even though they are most consistent 
Î 

with what would Occur in nature (Bishop and Lovenbury, 

1969). Tests carried out by Arulanandan et al. (1971) 

and Holzer et al. (1973) have shown that significant 

pore water pressure was developed in saturated clay 

'samples when creep tests aie carried out in an undrained 

condition. It becomes obviou8 fram the understanding 

20 

of ~he influence of effective stresa on t~e strenqth of 

soils, unless one accoun~ jor the increase in pore·pre •• ures 

durinq undrained cree~, it i8 unlikely that one will he 
1 

'suceessful in formulatinq' a general valid mathematical 

model for stress-strain-time behayior ba.ed on laboratory 

undrained creep testinq. Therefore, in order to maintain 
1 . 

a constant effective stress,during tests and to simulate 

~he field condition in a long term creep, it will he more 

desirable if the test ia carried out under a fully drained 

condition. Very little has been done alonq thi. line of 
r 

research, therefore, it i. the purpose of this theaie 
f 1 

study to obtainlbOth experimental and theoretical back-

qroun~ for inve.tiqating into a method of derlv~ auch 
1 j 

a atress-atrain-time relationahip for clay aoi~l. The 

neceBsity of launching an intensive inve.tigation is 

clearly indicated. 

. 
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1.3 SCOPE OF THESIS STUDY 

Creep or .tresa relaxation test. are commonly 

used in the investigation of rheoloqical behavior of clay 

soils. For the interest of engineering practice, time , 

dependent deformation under a sustained load, or creep, 

ia one of the behaviora of most man~ade .truct~res which 

causes concern to mo.t engineera. In thi. theais study, , 

creep tests on laboratory prepared,kaoiinitic clay samples 
t. -

were carried out to investigate the fundamental stress-

strain-time relationship. under tully drained conditions. 

The triaxial apparatus ws cho.en for the experimental 

program becauae the current methods of deformation and 

stability ana1ysis calI for a range of test data which 

can be conveniently obtained with such equipment. 

The variables used in the investigation include 

the variation of the confining pressure, temperature, and 

stress difference. The range of confining pressure 

chosen was from 30 psi to 240 psi which is within the 

limit of the general purpose of engineering interest and 

can be conveniently done in the triaxial apparatus 

available in the market. Specifically, lO psi, 60 psi, 

120 psi, and 240 psi were uaed in the tests. The upper 

psi w" cboA .... f the consideration that p ,limi~ _ of 240 

~--t~-samPle consolidation under this confininq pressure, 

the void ratio would he sufficiently low and the volume 

change due to the application of creep load would be 

21 
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reduced to a minimum amount. Four different temperature 

levels (68°, 78°, 88,°, and 98°F) were used in this series 

of tests. For each sample, the tamperature was kept 

constant at one level throughout testinq. After 

consolidatinq the sample to the desired confi~ing pressure, 

axial load was applied instantaneously and the sample 

was allowed to creep until a steady state creep curve 

was obtained, generally a period of two days was necessary 

t~ensure the attainment of this stage. This was followed 
"" 

by a complete removal of the applied axial load to 

ihveltigate the recovery behavior of the sample. It 

was found that 24 heurs vas needed for the completion of 

the recovery process. The sample was then loaded to a 

higher stress-difference level and the above procedure 

vas repeated until the stress reached approximately 

80 percent of the unconfined compressive strength of the 

sample~ Each increment of stress difference vas appro~i-. 

mately 10 percent of the unconfin&d compressive strenqth 

of the sample. 

/ 

With this test program, it is possible to examine 

the results in the liqht of the commonly employed theories 

such as rate proces. theory and a1so to investigate the 

functional relationships between Itress-strain-time 

and temperature. Little has been done on drained creep 

teé'ts even thouqh its practical importance is CJenerally 

recognized. The difference in the rheoloqical behavior 

22 
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under drained conditions, if any, that can pe shown in 

this study will be' or qreat intereat. 

1 

1 
1 
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1.4 APPROACH OF THESIS STUDY 
6 ~ 

.. 
It is a generally accepted fact that cl~y soil 

i5 a microscopically structured material (Barden, 1972: 

Tan,(l957; Terzaghi, 1943: Yon9 and McKyes, 1971: Yong, 

1972: Yong and Warkentin, 1975). Almost aIl physlco~chemlcal 
• .., 

l" theories of clay behavior to date have been Qased on thEtJ 
t. ~ 

interaction of.single clay particles. However, there is 

a growing recocinition that both artificial and natural 

clay soils are made up of clay plates aggregated into ped5, 

crumbs, clusters, or domains (Sides and Ba.rden, 1971: 
" 

'Yang, 1972; Yong and Warkentin, 1975). Yong (1971, 1972) 

has shawn how an orientation macrostructure of aniso-

dimensional clay peds can he produced by consolidation 

or compaction pressures, thoùgh the microstructure of these 

peds may remain essentially random. 

1 

1. initial reorienta­
tion of crumbs. 

24 

2. accentuated preferred 
orientation of èrumbs. 

o 

---"- ~ ~ .. ~~ .......... ... .. . 
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3. reori,ptation of crumbs 
and ~articles within 
crumbs 

fig. '-4 Cr4mb $ Particle Orientation 
urder Load (Yang ,1972) 
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Scanning microscope structure study resült~ 
< '" -..., 

by various authors (Barden, 1971, 1972: Morgenstern, T969: 

Yong and McKyes, 1971; Yong, 1972) have revea1ed that 

almost no single plate "Cardhouse" structure resemb1es 

that proposed by Tan (1957), no~ that of the honey-

comb structure drawn by Terzaghi (1943). In genera1, 

the evidence shows the occurrence of a fabric composed 

of a number of partic1es tending ta floc together with 

void spaces between f10cs (Yang and Warkentin, 1975). 

These groups of partic1es are randomly distributed 

spatia11y. Therefor~, a postulate concerning the fabric 

• of the sail samples was made that the macroscopic body 

(clay sail sample) passesses a complex three dimensional " 

structure, consisting of a multiplicity of various 
, 

elementary units (or peds, designated as if ). Each unit 

in turn, is composed of a number of clay particles. A 

schematic visualization of particles within elementary 

units and units interacting to forro part of a clay 
, 

structure is shown in Figure 1-3. 
\ 

In order to analyze the str,ss-strain-time 

behavio~ of such a heterogeneous structure, the use of 

a probabilistic treatment of the problem is indicated . 

since the properties of each unit would be as random as 

, 

structure itse1f, and the stress-strain distribution among 

the units will also be highly variable. In previous 

studiC!s by Axelrad and Yong (1970)', the stochAstic 

1 

, 
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approach was,applied to obtain a macroscopi9 yield function 

based on a viscoelastic model representing a micro volume of 

clay particles surrounded by fluid (water) mat~ix. This-

approach has been under investigation in the last de cade 

at McGill University. 

In this thesis study, the basic approach is • 

to accumulate sufficient data which characterizes the 
~ 

drained creep of a laboratory prepared clay soil, the 
,. 

results are examdned and discu~sed in the light of the 
~ i 

postulated soil structure and the concepts of various 

theo~ies. The detail of the proposed approach will be 

elaborated in Chapter 2, where a probability weighing 
. 

factor is introduced in the analysis for the derivation 

" . 
of a stress-strain-time relationship. The parameters used 

in this relationship will be shawn in Chapter 5 ~ be obtalned 

by simple/tests carried out in'the field or in the 

laboratory and hopefully this relationship May be used 

to predict the creep behavior in engineering practice ." 

Il 
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CHAPTER 2 

THEORETICAL CONSIDERATIONJ 

2.1 CLASSlCAL TREATMENT OF CREEP ANALYSIS 

Experimental observations of the creep de for- , 

-mation of materials have shown that Many materia1s which 

have completely different micro-structures follow a ., 
common pattern in their macroscopic behavior during 

creep deformation. 

A typica1 creep deformation May be conveniently 

divided fnto four parts (Figure 2-1): 

(a) Instantaneous detormation (desiqnated E~) 

1 (b) Retardetl deformation (designated ,Er) 

Cc) Constant rate deformation (designated E, 

Cd) Acce1era~ed deformation (deSijnated EH ) 

or the total deformation (designated Et ) May be expresaed 
.. .. ; ~ 

as: 

........ (2-1-1) 

27 
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For a moderate loading intensi ty, EH is 

not usua11y observed for tests car~ut in ~ 1aboratory, 
~ 

so th'at for a creép test, the curve obtained May be 

considered to consist of the first three portions, In 

a large number of creep.tests carri~d out on Many other 

materia1s and some granu1ar soi1s, the constant rate 

deformation is so sma11 that in their analyses it is 

usua11y neglected; however, in clay soils, ~ may 

constitute a large portion of the total deformation. Hence, 

it is of primary importance to take El into consideration 

if a reliable creep analysis is to he obtained for cray 

soi19. 

A8suming that this creep pattern applies to 

t~e creep performance of an e1ementary unit designated Y , 

the deformation of an elementary unit'under a sustainèd 

load is given by 

where 

1 
J 

".., 

t.t -= é, + Er • é f 

- QJ ~ oIfj.C(t.)5 +t~6t .••..... (2-1-2) 

.tt· total strain of an e1ementary unit 
, 

as a function\of time t 

é~. in.tantaneouB strain of an e1ementary 
\ unit 

~t • 

retarded strain of an e1ementary unit 

constant rate strain of an e1ementary 
unit 

microscopie stress acting on the 
e1eJtentary unit 

28 
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c (C) = cl'eep function depends on t 

t : the elapsed time after load 
application • 

a' , a and b arè material constants of the elementary 

unit an~" ,'1 

of. = 0, r ... 1 when ~ is greater than or equal" 
to the yield strength of the 
elementary unitl ,1 

0( = l, r -= 0 when ~ is less than the yield 
stre~qth of the elementary unit. 

The overall creep performance \may be expressed 

in terms of 'the performance of the elementary units ~ 

as 

where 

where 

and 
l' 

ê tt) - L . a", ~ 'ft .,. E 4; c. 't} JIC .,. k ~ 'li t. 
",.~J 5 . 

• ••••••• (2-1-3) 

ê(t). total strain as a function of time t 

Sm c stress acting' on the unit m 

Cett) = 

.J 

• IF) 

a..' , a,., ,I:!j . 

creep function depends on t and for 
unit k whose yeild atrenqth ls not 
exceeded 

denotes the unit 
is attained 

whose yield strength 

denotes all the exlsting units in the 
test sample 

are material constants of units. 

In terms of the Volterra-Boltzmann relationahip 

~ e. (-t) - Ar +1. Cf'C-t;JA'tTJ[, .f .trt 
•••••••• (2-1-4) 

0-. maeroscopie stre •• 

A ,A ',8. material ~onstant. 
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In this classical treatment of creep behavior, 

consideration is given only ~ the exi~ing units in the 

test specimen in performinq the summation in equation 
1 

• (2-1-3), or the integration in equation (2-1-4). To 
) 

account for all thé accessible units, some statistical 

treatment is called for. This wilr be considered in 

detail in the followinq section • 

• 

• 

) 
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2.2 PROPOSED CREEP ANALYSIS 

2.2.1 Elementary Unit (Ped) and The prdbability of Its 
Occurrence .. 

'" 
The inteqrity of a saturated, remoulded clay 

~oil i8 defined by the complex interaction betwe~ay 

particles and the constituent pore fluids. Clay mineraIs 

are alumino-silicates, i.e. oxides of aluminum and silicon 
/ 

with smaller amounts of metal ions~substituted wïthin the 

crystal (Grim, 1953: Yong ~nd Warkentin, 1966). The 

aluminum oxygen and silicon oxygen combina~ions are the 

basic structural uni~s which âre bonded together in 

such a way that sheets of each one result. The stackin~ 

of these sheets into layers, the bonding between layers 

and the substitution of other ions for aluminum and . 
si~icon account for the different mineraIs. This sub-

stitution occurs for ions of approxi~tely the sarne 

size, and is called isomorphous substitution. Substitu­

tion of one for another in the clay crystal lattice and 

impèrfections at the surface, especially at the edges, 

lead ta negative charges on clay particles. It becomes 

obvious that the presence of clay particle surface forces 

in a soil water solution would result in complex inter-

actions. Studies (Barden, 1972: ,Yang, 1972, Yang and 
1 

Warkentin, 1975) have shawn that the floca or aggregates 

consisting of a number of particles formed in auch a vay 1 
that they tend to Act together as single uni ta a,re identi-

fied her~in as elementary unita 

1 

/ 

01 peds (Figure 1-3). 

1 
1 

1 
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It ia apparent that irt a hete\oqeneous medium 

such as clay. soil, infinite numbers and varieties of 

elementary units may be fdrmed where interparticle action 

between elementary units are not necessarily similar. Some 

forro of 8tatistical treatment i8 necessary if one i9 to 

exkmine and analyze the demonstrated creep behavior of 

such a soil. It is hence postulated that the maer~ 

scopie body (clay s il sample) possesses a eomplex 

three dimensional st ucture, consisting of a multiplicity 

of various elementary units (each of them in turn composed 

of, a number of particles). Thua, distortion of Any unit 

would involve the phy.ical make-up of each unit as well 

as the bonding and~specific interactions of padticles 

within each unit. The individual performance of each 

unit, whieh will be diff~rent fram other units forming the 

soil sample, contributes to the ove~all performance and 

inteqrity of a test system. lt is further postulated 

that each elementary unit possesses its own yield strength 

and deformation characteristic. When the yield strength 

of any unit lB nct exceeded, its retardation deformation 

resembles that of a Kelvin substance and i9 characterized 
1 

by a proper retardatlon time constant. However, when 

the yield strenqth of Any unit is attained, it would flow 
• 

in a manner characteristic of a plastic material. Figure 

l-~ shows a schematie ViBaalization of p.rticles within 

elementary units and units interacting to form part 

of a clay ,structure. Under exter~al load or,by the force 

L3 
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of qravity, local yieldinq and collapse can occur 
< 

throughout Any one te.t system. The overall (macro-, 
scopie) system stability will hinqe on the di'stribution 

of representative units. The identification of a 

" representative unit is a matter of direct concern in 

view of its participation in the definition of system 

stability and integrity. 

\ / Recoqnizinq that 7he formational characteristics 

• 

of each elementary unit depend on specific environmental 

cQnstraints in regard to balance of enerqy, the probability 
-" 

of occurrence P '" of a ped at a particular level of 

integrity is a direct function of its energy state Ei , i.e" 

PIF) a:: F ( Eè.J ....•••. (2-2-1-1) 

Whi1st several ped structural s~ates May possess 
~ 1 

~he same enerqy state, the converse does not hold, i.e., 

Ithere,is on1y one energy.state unique1y ident~fied with 

the structure of Any one ped. The necessity f~r averaging 

over the enerqy states, in view of the avai1able spectrum 

of ped structures, is apparent. 

It has been shown by Yong and Chen (1972) that ~ 

a canonical ensemble of volume.f2. (identified as li ) 

can l;>e constructed such that each ped of volume Tr (identi­

fied as V- ) constitutes an elemental system of the ensemblel 

Eacy system V- (i. e. ped) of the ensemble li may he 

considered to be in weak tHermal interaction vith other 

peds fonainq the ensembie. 

l 

Thua, if there exista rlL peds 

0, 
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or systems in the ensemble li , each ~ystem, together with 

the other m-l systems, oonstitutes a heat reservior 

(i.e., the ensemble Ji is a heat bath). 

The energy of any one system 1r 15 not fixed 

whils\ the enerqy of J1 is of some constant value between, 
,., (.) c. ~I 

E. and E + G B. It is apparent from the fund \ nfl.al 

statistical postulate that, in an equilibrium situation, 

the probabili ty of occurrence of one system V in.a. in 

astate i ia a function of the number of states accessible 

to J2. Thus 

wheJ;'e 

• P", _ CW (IS) •••••••• (2-2-1-2) 

E' - BD - Ei • enerqy of m-l systems remaininq 
in 11 if any one system haa 
enerqy Ei , 

c • proportionately constaftt independent of i, 
•• 

and W(E' ) • number of states accessible to the systems 
remainlnq in Ji in view of one system be 
at atate -i . (Equation 2-:-2-1-6). 

o 

It follows from the norma11zation procedure 

that 

EP", - l •••••••• (2-2-1-3) 

where the summation includes aIl possible states of ~ 

The siqnificance of this statem~nt, in view of the varia­

bility of ped structures and its relation to the enerqy 

state, ahou1d not b1 minimized. L , 

- - f E E'·' Bince -r«.IL , it 01lo"s that , « and 

thus equation (2-2-1-2) can be approx~ted by expandinq 

1 
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the loqarithm of ~(E') about the value ~ ~ E(O)~qivinq 

•••••••• (2-2-1-4) 

Since the term (a~?. J is a constant if evaluated 

at the fixed energy El z E(o), let this constant be ~ , 

equation (2-2-1-4) can now be writte~as 

•••••••• (2-2-1-5) 

Thus 
/ 

(./ ., -fJEi 
w (E. - Et,). w (E Je •••••••• (2-2-1-6) 

ean be substituted into equation (2-2-1-2) to qive 

•••••••• (2-2-1-7) 

Since w(r) is a constant independent of i, the 

fo11owing expression ia obtained 

In view of equation (2-2-1-3), 

..!.. J E o. é fJEi 
c. HI'a. 

•••••••• (2-2-1-8) 

•••••••• (2-2-1-9) 

is 
(' 

general1y ealled partition 

~~Ei 

funetion, henee 

Pm _ e 
f~e-~~ ••••••• (2-2-1-10) 

The particular role of Pm in the overai ensemble 

stability may be developed in regard to the concept of a 

"weiqhinq", factor which modifies and contributes to the 

constitutive performance of the material. 

'Since there are 9i elementary units which 

posseaa the aame amount of enerqy, Ei , therefore the 

..... 

3S 

l , 

1 
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~ 
probabi1ity of existence of enerqy stâte i is given by 

•••••••• (2-2-1-11) 

2.2.2 Stress-Strain-Tt.8 RelatiQ~8hlp 

In ~atJons (2-1-3) and (2-1-4), account i8 

taken on1y over the existinq unit8 in the test specimen 

in performing the summation in equation (2-1-3) or the 

inteqration in equation (2-1-4). To account for aIl 

accessible structural states of the enaemb1e ji 1 the , 

probabi1ity of occurrence of a unit at energy state i, 
,/ 

as qiven by equation (2-2-1-10), which recoqniies the 

availabi1ity of j, unit structural forms, can be intro­

duced into the creep performance eva1~ation in terms of 

the mathemat.ical expectation of the total strain <ett,) . 
Thus 

< E(t~-F-o.".P", ~'" .LIi4(t)~J/I. "r~~~.J tt 
, 1 t •••••••• (2-2-2-1) 

Whe!e m is en1arged to encompass aIl the accessible 

states, and simi1ar1y for k and j. 
\ 

'In continuou8 fOrnl 
t . , 

(t(t) ~Ad" ... 1. P't'C)~(t-(>Ad'"dt. .Strt 
•••••••• (2-2-2-2) 

The second term on the riqht band side,!ndlcates 

the ane1a8ticity in an elastic body, i.e.,the time delayed 
1 

effect upon deformation. The u1timate deformation of 1 

8uch a body under a stress increment approaches a finite 

value (desiqnated €ru ), if 8ufficient time elapses. The 
1 
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degree of retardation 

') 
f 

/ 
t's determiriad by the characteristics 

of the deformed body and is conveniently characterized 

here by a timeG~onstant ~ , qr sa called retardation t~e •. 

The retardation time i9 defined in rheol~ as 

the time required for the retarded portion of deformation 
-1 to reach (l-e ) or 0.632 of its ultimate value under a 

certain increment of load on a Kelvin substance. Physically, 

in clay soils, it ~plies that upon the application of 

an external load, local pore pressure ia induced in the 

clay soil system. This induced pore pressure dis.ipates 

qradually as time elapses. Transfer of stresses from 

pore fluid to skeleton forméd by the clay particles 
/ . 

occurs. This wi 1 bring particles closer tdqether and 

finally this str 
y " " 

as Increment will be balanced by t~e 

solute and matrix potentials and structural bondinqs. Dy 

this time-delayed deforminq process, enerqy ia gradually 

stored in the clay-water system and the rate of the retarded 

de forma tion decreases \acc'ordin9Iy. Hence, the retarda­

tion time thus defined is à cha/~cteristic constant of 

the unit V- in consideration. The set of re.tardation tilDes 

encompassinq aIl uni ta in the enaemble Ji then jShOWS, 

after normalization, the probability distribution of the 

exiatinq units a~>is defined as retardation time distri­

bution. The basic property of this distribution and a 

method to define the distribution has been developed by 
, 

T,. Alfrey (1954) and further ~ified by Yonq and Chen (1970). 
'\ 
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The details of the method are given ~ Section 2.2'.3. 

The third term on the riqht hand side of' equations 

. (2-1-3), «2-l-4r, (2-:~2-l), and (2-2-2-2) gives. the flow 

strain under the applied sustained-loading. Whenever the 

stress acting on, or:, transferring to Any unit is equal té> 
• 

or in excess of the strength of the unit, thè unit starts 
. ./ 

to yield and causes continuous dissipation of energy. This 

explains why the creep process is an irreversible 

process. However, macroscO\l?ica11y the ~issipa tion of " 

energyand the input of'energy, either mechanically or 

thermally, become equalized and a steady state is achieved. 

In addition, the breakdown of a strained unit may cause 
~ , 

the c~mp~ete:release of the stor~ strain energy. In 

the th~ory of plastici ty', this impli'&s that microscopic 

'instability is allowed whi1st ensemble performance still 

maintains the required convex yield surfacê (Drucker, 1950, . 
1951, 1959; Hill, 1950; Roiter, 1960). 

2.2.3 Retardation Time Distribution Method 
,J 

. / 
At, the early st.-g-e-ôf rheological studies, 

tentatives were performed to expIa in the time-dependeht 

affects of the Ranelastic· systems by el~mentary mechanisms 

which exhibit 8uperposed ela.tic and viscous behaviors. 
4 

AlI 8uch interpretati~e theories led to simple exponential 

laws for stress decay and s'rain retardation. Comparinq 
"1 

with a more'complex experimental behavior, one naturally 
1 

1 
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was led to generalize the theories furthermore by 

assuming a continuous sét of exponent~al functions with 
\ 

-tLffie constants distributed continuouely over a finite 

or infinite interval. ' 

Studying the rheo1ogica1 be~vior of high 

polymers and rubber-1ike materia1s, Alfrey (1948) found , 

that the time of retardation is a characteristic property of 

the mo1ecule of hig~po1ymer and tQe spectrum of the re-

tardation time d~stribution shows a characteristic 
- . 

distribution of the substance under investigation. 

Examining the continuous, uniformly increasing creep 

funetion represented by the integral: 

•••••••• (2-2-3-1) 

in which f{'CI , the distribution funetion of retardation 

tiœe. of .train, may be graphieal1y evaluated, providing 

the normalization factor is 80 determined that .. 
J i('C) J-c - 1 •••••••• (2-2-3-2) 
• 

The graphieal solution, as given by T. Alfrey, 

consists of the followinq stleps. 

1. Plot the,retarded portion of .train versus 

,~the logarithlll pt time, thU8 .obtaining an ~ 

"S· shaped cu e. 

2. by dividinq the vertical 

, the ultimate retarded 

strain"this the aocumulative distri-

bution tune '(~). 1 
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For different materials tested, d,ifferent 
li 

characteristic distribut'ions of retardation time may be 

obtained. For high polymers, the retardation time for 

each molecule is different from other molecules with differ-

"ent structured polymer molecules. 

The distribution characteristicB may be 

further extended by the following additional step 

(Yong and Chen, 1970): 

3. The s~ope at each point on the "SR shaped 

curve obtained via Step 2 is evaluated and 
.' 

plotted aga~nst the logarithm of t~e, 
( 

a bell shape distribution curVe may thus 

be obta ined • 
• 

The bell shape curve obtained in Step 3 is, .. 
mathematically, the derivative of F(~) with respect to 

~'( 

decade of time and is ealled the distribution density 

funetion f(~). Since this bell shaped eurve shows the 

distribution of the portion of retarded strain yielde~ by 

the Molecules characterized by a retardation time ~ 1 

it may a180 physiçally be interpreted as the distribution - \ 
of the probability of the oeeu~renee of molecule., vhere , 
f(~) May be regarded as a frObability d~n.ity funetion 

identical to p(~). Thus , the probability of occurrence 

of a sp.eifi~ molecular structure vith retarda tian ttme 
1 

betveen (~" illt;) and (~- iJ'C,) may he qiven by p (·r>4~. 

The importanc ... of this result is that by thi. 

~ method ~t viII enable one ta obtain the probabillty 
, 

t 
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weiqhinq factor from series of experimental resu1ts. In 

view of equations (2-2-1-10), (2-2-2-1), and (2-2-~-2), . 
once the term p(~) can ~e defined ~xperimenta11y, the 

bridqe connectinq the theoretica1 considerations and the 

observed creep behavior is, therefore, provided. Fiqure 2-2 

shows an example of ana1yzinq the test resu1tS by the 

propoaed retardation time distribution method. 
. . 1 

t 

)1 

\ 

\ 

\. 

1. 
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2.3 SUMMARY 

l' 
! In Section 2.1 a typica1 creep curve is decom~sed 

1nto three components which represent e1astic, retardation 

and f10w characteristics of a creep deformation. Section 2.2 . 
takes into account of the contribution of aIl the 

accessible elementary units to the overall creep per­

formance, the probability of occurrence of each unit ak 

qiven by equation (2-2-1-10) is intro~Uced into the . 
Volterra-Boltzmann relationship, therefore, the mathematica1 

expectation of strain under a sustained load May be. 

expressed by equation (2-2-2-2). The characterist'ic 
, 

distribution of probabilities may be evaluated by the pro-

posed Wretardation ttme distribution method W as 6ut1ined 

in Sectiori 2.2.3. 

1 
It is se en that the èheoretical developments 

so far are very general in nature.- In order to inveatigate • 

the physical implications of the proposed stre8s-strain-

. t~e relationship, experimental studies of drained cr~ep 

behavior will be described in the next chaptera and 

the relsults will be analyzed in the light of the propot..ed 

approach as de8cribed in this chapter. 

1 
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CHAPTER 3' 

VOLUME CHANGE CONSIDERATIONS IN A DRAIN$ CREEP ( PROCESS 

fThe consolidation process was initially defined 

by Terzaghi (1925) as Wevery process involving a decrease 

of the water content of a saturated soil without replace-

ment of the water by air-, and the end. of the consolidation 

process is when the excess hydrostatic pressure becomes 
/ 

equal to zero. It is seen that the classical theories 

of consolidation deal.primarily with the change of the void, 

ratio accompanying the dissipation of excess P9re water ~ 
J 

pressure and that classical consQlidation tests provide 

m~asurement and results in t~rms of the applied effective 

stresses and, the corresponding changes in void ratio of 
/ 

the test spéCimens. 

Observations of the consolidation process 

demonstrated that volume changes take place long after 

the pore water pressure has been essentially dissipated. 

~his process is termed secondary ~onsolidation, or secuî:r 

compr~ssion (Buismannr 1,936). Buismann appears to be the 

firs~ to propose a aémi-empirical relationship to esti­

mate the amount of aecondary con.olidation, which ia 

qiven by: 

.A Z • .A Zp + lA Z. • Z. q (cl p + eI... loq t) 

Â Z. • Z.q. d. 109 t •••••••• (3-1) 

'" 1 
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Ybere 

A Z • total settlement 
1 

A Zp .. settlement due to primary consolidation 

Il. Zs = aettlement due to aecular compression 

Z ... thickness of the loaded layer 

q :z loading i!ltensity 

olp = primary cOillpressibility coefficient 

~a .. secular compressibility coefficient 

oC p and rJ.s vere considered to be constarts, thus 

demonstratinq (by assumption) that seCOndarY~SOlidation 
ia proportional to the loqarithm of time. In fact, these 

1 

coefficients are functions of pres.ure, permeability, 

temperature, etc. (Leonards and Ramiah, 1954), and are not 

constants. Por practical purposes, this relationship has 

been found to be relatively consistent vith respect to 

correspondenCe betveen prediction and experimental obser-
, 

wtiona. It has been found ta be valid for the Beil Clay 

used in this study b,. a aix-.onth con.olidation test 

(Chen, 1965) (Figure 3-11 

Ifhen an additiona1 axial stress, c1esiqn.ated 6 cr. , 

is impesad on a triaxial spect.en oriqinally equilibrated 

under a hydrostatic pressure of cr 3' the test specilaen 

underqoes ,further" con.alidation, or ani.atropic con.ali- # 

dation, if full drainage ls' piovic1ed. In the ca •• of an 
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undrained test, where the pore water is no,t a110wed to 

escape, it has been shown that the magnitude of pore 

water pressure generated by th!. additional stress depends 

on a'number of factors such as th~ stress history and the 

intensity of this additional stress (Skempton, 1954). For 

a norma11~ eonsolidated elay and a moderate value of .. cr. , 

the magnitude of the pore water pressure generated shortly 

after stress inerement is 1ikely to he approximately equal 

to the increase in volumetrie stress, or 1/3 Ar., i.e. 
l 
! (Acr, +A If"z. .AGj) "wh.re .oGi..' A cr3 .. o. Th~s value has 

been obtained by LAmbe (1969) fram a separate considera­

tion of the eompressibi1ities of pore water and the soi1 

skeleton. 
1 

If the pore water pressure is al10wed to deve10p 

further, 4S in the case of an undrained condition, the mag-

nitude of pore pressure parameter A (defined as AU/ A cr, ) 1 

may eventu~11y reach 1/2 to 1 for a norma11y con801idated 

clay (Skempton and Bjerrum, 1957), where AU i8 the increase 

in pore water pressure generated by the incre48e of AGi 

For a creep test carried out under drained 

conditions, the initially ~nduCed pore water pre.aure due 

to the application of axial 10ad i. allowed te di •• ipate. 

However, at the center of the spect.8n where the drainage 
J 

/ 

path i. lonçest, the generated pore water pre •• ure ls ~ 

expected ta tAke a lonqer ttae ta be fully di •• ipated than 

that would take place at boundarie. of the .pec1Aen. Tbat 

1 
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ls to say, that creep and consolidation take place 

simultaneously. It becoméa.,necessary, therefore, to 

distinguish between axial strain due to creep and the 

strain due to further extrusion of pore water accompanyiDq 

the dissipation of pore water pressure • 
• To delineate the strain due to anisotropie 

consolidation, especially tàe' secondary portion of the 

anisotropie consolidation process where the pore water 

presBure is essentially zero, from the conventional cre.p 

strain in this case i. conceptually difficult. Becaulle the 

mechanism of both processes involves the reorientation of 
j. 

clay particles and bath may involve the volume change of 

the clay lIoil specimen. However, although a creep process 

'" at bigher stres. level. or clo.e to failure stage may cau.e 

dilJtion or contraction of the specimen, for a moderate 

loading intensity, the volume change involved would be 

practically insignigicant. This is demonstrated by the 

observed volume change data obtained from this series ofi 

studies which shows that volume change •• sentially oompleted 

six to twelve hourI after additional axial load application. 

Utilizinq the c~nventional concept of consolidation, whlch 

i. invariably mea.ured lr:' tera. of vOluae!Change of the . 
soil .pecimen, and a •• uminq that ~ volua. chanqe i. 

inslqnlflcant due to creep, lt ls suqq •• ted in this study 

tha t the creep perforllance be ... .uree! ,t.n tara. of 
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the axial displacement vhereas the consolidation be measured 

in te ras of VOlUM change. The correction for the lDeasured 
f 
creep displaceaent for the portion due to consolidation 

May, therefore, be made ~ camputinq the axial strain due 

te consolidation process ~rOlD volume chanqe measureaents and 

by camparinq that vith the measured vertical strain. It is, 

therefore, possible to distinquish between creep and aniso­

tropie consolidation in a drained triaxial creep test. 

Conslder Fiqure)-2 vhieh shows the volume change 

(versus loqarithm pf ttme durinq cons~lidation and under 

1 additional axial loadinqs. The saJDple vas consolidated under 
1 

a desiqnated eonfininq pressure of <r3 into the secondary 

staqe (i.e. until t lOO as defined by conventional methods 

is reaehed) and a straiqht line of secondary consolidation . 
curve eould he constructed as shown by the dotted line. At 

the time correspondinq to point A, an axial stress increment 

A 0-, vas applied instantaneously. Further extrusion of 

vater vas measured, as shawn by the solid line AB. At the 

same time, the time dependent vertical deformation of the 
1 

specimen vas a180 recorded. This vertical deformation 

obviously consi.ted of two companent., one due to the 

extrusion of pore water because of the anisotropie consolida­

tion process, and the otheJ: due ta the tille dependent de-
, 

" ! • 

fODlAtion of the speciaen vitbout volUDlv~nqe under th~·'· 

sustained loadinq. 
of 

Con.id.r,a cylindrical speciaen vith a dta.eter 
, , 

d and height h, and vith ItbAt as.u.ption tbat the shape 

50 
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of the cylinder remains cylindrical after. volume change, 

the vertical strain due to the extrusion of pore water of 

volwne A V could be évaluated by the following formula: 

AV =!. 7t. d~h -!:. 7t. (d-Ad)2 Ch -4 h)\~ 
4 4' 

neglect the higher order terms and assumed that A h - A d 

:. (~) _ 4 ~V 

h xdh(d+2h) " •• \ ••••• (3-2) 

For a specimen of di~eter 1.4-inch and height of 

2.8-i~h, a volume change of l cubic' centimeter will 

result in a vertical strain of 0.00283 inch/inch. As may , 

be seen, this will represent an upper limit because the 

drainage path'in the radial direction is the shortest and 

it la likely that the contraction in radial direction wil'l 

be greater than the axial direction if under an increment 

of aIl arou~d pressure, while in the calculation b d - A h 

wall assumed. 

Figures B-39'to B-42 inclusive in Appendix B 

show plots of volume change measurements versus logarithm 
~ 

of t~ for this seriea of t~ta carried out under various 

cr. and under axial loada, in atepa, up to approximately 

80 percent of the unconfined compressive atrenqth of the 

.pec~n. For each .tep, the volume change 'i. approx~­

mately 0.5 to 1.0 c.c. Tablel B-4a to B-4d inclusive 

in the aame appendix show the detail volume chanq. meaaur.e­

.. nts for each .tep and the corre.ponding vertical atrain&,\ 
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( due to these volume chanqes. The percentaqes of total . , 

axial strain at each step due to this anisotropie con-
1 

solidation versus stress levels (percent of uncon~ined 

compressive atrenqth) are shown on Fiqure 3-3. It i. seen 

axial that at lower stress levels, a siqnifieant portion Of 
strain is due to anisotropie con.olidation; as stress 

increases to over 40 percent of~the unconfined compre.sive 

strenqth of the specfmens, the percentaqe rematn. rela­
. " 

tively c~nstant, within 5 to 10 percent of the total strain. 

In qeneral practice, most settlement 'çalculations 
" are based on one dimensional consolidation theory whi~h 

qiyes relatively qood agreement between prediction and 
R 

field observaeion where the thiexne •• of the compressible 
1 

layer is th in compared to the size of foundation. When-

ever there i. a thick depo.it of compre.sive layer, either 

a very low desig~ed pre •• ure is used or raaort ta other 

foundation alternatives. However, there are case. where 

a structure ean tolerate large .ettlement. without 

endanqering the structure, for economical reason., 

foundation. may be built on thi. thick compre •• ible layer. 

Ih auch ca ••• , prediction of .ettl ... nt becomea important. 

80 far no'valid theory i. availabl. sine. in ~hi. occa.ion 

creep would play an important\role' in the foundation 
,~ ~ 

p.rformances. 
1 .. 

\ 
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Sinee delineation of total settlements into 
• 1 

anisotropie consolidation and creép is not conclusive 

from thi. study, theret6re thtouqbout this study, the 

analysis is do ne in terms of the measured total .train 
41-. 

~nd'the applied stre.s. This was thouqht would provide 

a meanl tQr the total lettlement estimation .1 far •• . 
engineering practice il concerned. 
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CHAPTER 4 

... EXPERIMENTATION AND TEST RESULTS 

1 

\/ Ba.ad on the con.ideration. di.cu •• ad in previou. 

chapterl, a serie8-Of drained creep testinq proqrams vere 

desiqned and catried out on laboratory prepared samples 

with variations of confininq pre.sure, axial 10ad and , 
controlled environmental temper~tur.. A full detailed 

description of experimentation i. qiven in Appendlx A. 

The fOl,lowing ls a br lef summary of the t.st proqram, 

material properties, lample preparation and instrumentation 

u.ed in this exp.rimental study. 
t 

'" 
4.1 TEST PROGRAM 

A total of lixt •• n kao11nitic clay ... pl •• vere 

prepared and te.ted ~n thi. _.ri.. of dra1ned creep i~esti-
. 

qatlor.. For each .ample fiv. to .i9ht axial 10ad1n9 

and unloadinq .tep. vere applied and a total of ninety­

nina creep curve. vere obtained. Table (-1 show. a 

.ummary of axial loadinq inten.itie. applied to .. ch .~le 
\ 

and the a.lociated confininq pre •• ure and t .. perature u.e4 

for e.ch t.st. re.t rasult. of S.-pl. 1Umbe~ 14, where 

55 

/-

, . 
leakaqe wal found durinq the test, vere oaapl.t.ly diacar4e4. ,. , -

Confininq pr ••• ur •• of 30, 60, 120, and 240 p.i 

v.r. u.e4· ta CODlOl14at. tbe •• pl •• bafore ax1al lQa4., 

ver. applied ~to .pecJi ... n'1 (i ••• 4.14 v.ight. ba1ft9 plaoed 
if \. 

on a lo.dinq yok.). por •• ch ~a.pl., th. con.ali4atton and 

i/ 
" . --

f 
L 

1 
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Table .-1 SU.-&r7 of Test PrO@ra. 

aa.ple 1 2 ) .. 5 6 . 7 8 9 10 11 12 ,-
Ile. . 

... 

~ tIl )0 pel 60 pal 120 psl ~a 
680,. 78~ ~n.&-~ 680 p .780 p 880 p 98°p 68°,. 78°,. 880 p 98°P ~ 10idl 

-
"'"" l. ) .. ) ).) ).) ).) 6.6 ).) 6.6 ).) 1).) 1).) 1).) 1).) 

./ ,. 
2 6.6 ~.6 6.6 6.6 1).) 10.0 1).) 10.0 26.6 26.6 26 .. 6 26.6--
) 10.0 10.0 10.0 10.0 20.0 16.6 20.0 16.6 40.0 40.0 40 • ..0 40.0 
~ 

~ 1).) 1).) 1).) 1).) 26.6 2).) 26.6 2).) 5)·) 5)·) 5).) 5).) 

S 16.6 16.6 1~.6 16.6 )).0 )0.0 )).) )0.0 66.6 66.6 66.6 66.6 

"" .. 
6 20.0 20.0 20.0 20.Q 40.0 )6.6 - )6.6 7).) 80.0 80.0 80.0 

7 2).) 2).) 2).) 2).) - - - - 80.0 9).) - -
8 - 26.6 - - - - - - - - - -. -. 

li. 

'-.;;. 

'" 
'" 

" 

~ , . -
lit 

~ 
......" 

( 

\ . 
1) 14 15 16 

240 psl 

68 0p- 780 p 880p <)S0p' 

~ 
1J.) : 1).) 1).) 

2.6.6 =- 26.6 26.6 
(JII 
œ 

40.0 Q, 40.0 40.0 
J: 

53·) 
.. 

5)·) 5)·) ... 
::s 

66.6 
(JIl 

66.6 66.6 
ct' 
ta 

80.0 • 80.0 80.0 ct' 

9).) 9)·) 96.7 

'- - - - -

! 

\Il 
0'\ 
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creep tests vere conducted at a desiqnated temperature 

level. The temperature level. used in this inve.tiqation 

1 vere 68°, 78°, 88°, and 98or. Double drainage and slotted 

filter paper drain, placed around each specimen, vere pro-

vided. Volume chanqe va. mea.ured by u.inq a fine qraded 

burrette to an accuracy of 0.025 cc. After con.olidatinq 

the .ample to the d.sir84 conflninq pr ••• ure, axial1load 

vas applied in.ta~neou.ly and the .ample'wa. allowed to 

" cteep until a .teady .tat. va. obtainecl>. A per io4 of two 

day. vas qenerally nece •• ary ta en.ure the attainaent of 

thi •• taq.. Thi. va. followed by a complete raDOval of 

the applied axial loa~ ta investi9ate the recovery bebavior 

of the .ample. It wa. founeS that 2' bour. wa. q.nerally .., 
nee4e1d for 'the campletion of the reeovery proc.... The 

.ample va. th.n~loaded to a hiqher .tr ••• -differ.nc. 
r 

leve1 vith an incr ... nt of .tres. d1fterence .qua1s 

appÈoximate1y 10 percent of the unconfined compre •• ive 

.~renqth of the~. C ••• the .xampl •• hawn in Fi9ure 4-1 }. 

The above prooe4u~ ~.peate4 until the stra.. reaohad 

approxiJutely 80 percent of the UDConfined compressive 

.tran9th of the ... p1.. The 1IIplie4 .tra.i path. are 

ahown on r19ure 4-2 • 

J, 
o ' 

.. 
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Fig.4-2 Stress Paths 
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Material 

"ç 
4.1.1 

The lOil aelected for thia inve.ti9at~on wa. 

a finely divi~ed, liqht brown kaol1nitic clay known as 
; 

Bell ClaYI prepared and packaqed by Bell Industri •• , Ltd. 

A total ot two batchea, each weighinq approxi­

'mately 25 pounds (in powder fora), of Bell Clay were 

uaed in th1 •• erie. ot teats. The.e two batche. were 

.hipped "direct1y trOll Bell Indu.triea, Lb\.. on th. s&me 

order. 

'1'be .tandard by~rOll8ter te.t (Pigure 4-' ) 
ahowed tbat al1 of the' partiele. exhibited an equivalent , 

~iamet.r ot le •• ~n 0.1 .. with approx1Jaately 70 percent 

by weight ~f the .ail partiel.. r_iniJ\9 in .u.pen.ion 

after 72 hour.. The majpr clay aineral ,oaaponent va. r , 

kaolin, vith a trace ot the deq.nerage torm ot the aineral 
\ ' 1 

beinq pre.ent. '1'be non-clay minerala pre •• nt were qua~tz 

and apatite (about la percent by weiqht). The liquid 

1i11li't and pla.tic lait were 71 percent and 33 percent, 

r •• pectively. , 'the' apee,ifie gravit y 4eterained by u.ing 
'" 

~~atill~. vater and carbon tetrachlori4. a •. por. flui4a 
.(. 

va. found te he 2.52 and 2.72, re.pectively~ 1 / 

/ 
( 
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, 
4.1.2 Sample Preparation 

Slurry 8am~le8 of approximAtely 120 percent 

moiature content were prepared fram clay powderl and 

conaolidated in multiple ataqea in a lucite tube, 3.5 inchea 

in diameter, to an axial prelsure of approximately 25 pli 

to obtain lufficient consiltency for bandlinq. The aample 

was further consolidated isotropically in a triaxial cell' 
1 

under 30 p.i of confininq pre •• ure. After full con.ol~dation 

the sample was triJIIIDed to the aize of 1.4 inche. in dia­

mater and 3.14 inches in lenqth. Ulually two .uch *4Jlplea 

could be prepared froll each tube saaple. The lample val 

then installed in the triaxial cell and further CODlOli-

.60 pli, 120 pli, and 240 pli. 

The homoqeneity of the sample vas checked by 

cuttinq a fully conaoU.dateeS a .. ple into Ilice.. The aaxi­

lIlWl variation of the v.ter content of the individual .liee. 

frOID the aver-age value for eXUlple «ra. 240 psi w.s found. ,. 
to he 1... than o. 4 percent. It iad!ca ted a 9004 

homoqeneity within the sample u~er thi. relatively hi9h 
/ 

! 

eonlOlidation pressure. 

'l'he test s .. ple va. allowe4 to c~10114ate at the 

desiqnated confininq pre •• ure and at the controlle4 d.siq­

nated taaperature inai4e a therully insulatec1 cbaaber. A 

1 

1 
1 
1 
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c) 

1 

• 

volume cbaD9~-log t plot va. maintained for each • .-ple 

durinq con.alidationl t lOO w,. evaluated by Ca.aqrande 

construction method. The t lOO va. found ranqinq fram 

2.5 to 30 hour., depending on the confininq pre •• ure. 
1 . 
usee! in the con.olidation. BoWever, a con.olidation period 

of four day. va. found nece •• ary ta a •• ure tha t a con.ider­

able portion of the .econdary con~lidation curve wa. 

obtained. Ba.ee! on Bui..ann·. equation for secondary 

conaold.dation, a straiqht line uy be extrapolateeS on the 

volume chAnqe - log t plot. by extcldinq the .ecoDdary . .. 
consolidation curve thus obtained. Tberfore, further 

volu.. change, due to additional aiXial 10a4 aay he 

delineated by the method as pr.senteeS in Chapter 3. 

\. ' 
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4.1.3 Apparatus 

1 
f 

$ 1 ~~ 

The arranqemant and the te.ting apparatu8 are 

8chematically represented in,Figure 4-4. The triaxial 

cella uaed vere reinforced to with.tand th~ relatively 
, 

hiqh cell pre •• ure.. Double membranes vith va.eline 

coatinq betveen them vere uaed for confininq pre •• ure. 

up to 6~ pai. For pre •• ures qreater than 60 p.i, an F 

additional mercury .leeve vas u.e<! a. a jacJtet'-and al.o a. , 
-a moisture barrier to prevent the tran.ter ot moi.ture 

between membrane covered .pecimen. and the surroundinq 

confininq fluide Pressure vas applled to the contininq 

tluid in the triaxial cell throuqh • small re.ervoir vhich .-
Va. in hydraulic connection vith tbe celle The .ource 

1 

of the pre •• ure va. a compre •• ed nitroqen tank connected to 

a pre •• ure requlator. Atter the .aaple. vere p1aced in 

the tri.xial cell., the entire •• tup va. in.ulated in .. 
a .tyrotorm cabinet. The temperature inside the 

63 

cabinet va. heated and requlated thro~h a .y.t .. ot combined 

<l'liqht bulb-tan .y.t., and a thermal-couple .ensor wtlich 
o 

va. able to control the chaaber t_perature ta !. l r ot the 

de.iqnated l"el. 
! 

The vertical detor.ation va ..... ured by a 
-4 • 

cSial CJauqe to an accuracy ot 0.5 x 10 inch. 'l'he vol ... 
/ 

change., due ta conao1i4ation and ~he a4di~ion ot vertical 

pre •• ur., va. ....uree! by burrettea Which ha4 an &Couracy 

/ 
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1 • 

of . 0.025 cc. The topa of thea. "'burrettea were ao cJnnected .. 
that the vapor pre •• tire \n the connecting tube prevented 

~ evaporation of the wafer in the "burrett.a • 

• 
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4.2 TlST RE8U~ 
~ )-

4.2.1 ".ult Pre •• ntation 

B.cau •• ot th. abun4ance ot t •• t re.ult., a bri.~ 

.ummary i. provi4.d i1 thi ••• ct~on for th. r.ader. All 
J \ ( 

th. qraph. and tabl •• ar. pr ••• nted in App.ndix B. 

• 
A. T •• t Datai Pa, •• B-2 throuqh B-35, inclu.iv •• 

,B. 

C. 

D. 

i,' 

ramily ot Cr •• p Curv." Fiqur •• 1-1 throuqh 
1-15, inclu.iv. (pa, •• 8-36 throuqh 8-50). 

Minimum Flow "t.~ariat1onl riqure B-16 
(ta,e B-5l). r ' /1 

Unoontined Campr ••• iv. Str.n,th. Tabl. B-l 
(Pa,. 1-52) . 

, , 

1. rinal Moi.ture Content. 
(Pa,. S';;52). 

'l'abl. 1-2 
l,' 

r. Ste •• -Strain Relation •• 
(Pa,. 1-53). 

~ 

riqure 1-17 

Q. ..oaver.d Strain v.r.u •• tra •• Curv ... ' 
ri,ure 1-18 (P~. 1-54). 

/ . 
H. %n.tanta~ou. Mo4ulu. ot 11a.t{l1tYI 

ri,ur •• 1-1' throuqh 1·22 lnc1u.1ve, 
('aq •• S-55 throuqh 1-58). 

1. "'lation.h1p .. tv •• n .. t~a ••••• nd Retard.d 
'trainl ri9ur.'.-23 ('a, •• -59'. 

j, 
, 

66 

'rob.bi1ity Di.tribption eurv." ri9~r •• 
• -24 throuth .-,. inolu.iv. ('.9 ••.• -60 throu,h 1 
1-74.) 

J. • a.io 'roperti •• of 'rob.bi1ity Di.~rlbution 
eurv ••• Tabl •• a-'a and a-'b ,.&, •• 1-75 
and 1-'6'. 1 

'DrainAf. Curv.,,~ri,ur ••• -" throuth .-42 
inclu.iv. "&9.' .-77 throuqh ~'O). 

CoIIponent of Axial 'train 4u. Co Ani.otroptoJCon­
J01Ueëion. 'abl. 1-., thrOUfh 1-.4 inolu.ivi (..... ...1 thrOUfh 1-'4). . . 

o '.. "" 

. 
1 

. ; , 

! . 



__ ....... , .... , .' ..... ,II!IIJ/ ........ -----------------.- -•• _- -
----_._. 

i, () 
, , 
t, 

1 

• 

1-

• 
1 • 

\, 

• 

In a11 th. co10r.d qraphl, .xcept thol. 

Ip.cified, the 1.,.n4. u •• 4 Ar •• xpr •••• d in the fO,llawinq 

matrix forau ).. 

\-

30 pli black ,,0, 

• 60 pli r.d 7S°,. 

.. 120 pli qr •• n 8So, .-
" 98°, • 240 pli blu. 

Thui a black dot d.not.. c9nf in1n; pr.llure 0"',.' 
, ° . 

JO p.i an4 con4uct.d at a ch~er temp.ratur. of 6S " r.4 

dot 4.notel cr,. 30 pli, T • ",0" 9r •• n f4pt los.not.. a", • 

JO Pli, T • 88
0

y, blue dot 4.not.. ~,. 30 p.i, T • 9So" 

and 10 forth. / 

4.2.2. Trpical Relult. 

, 

The.above li.t of relultl oontain. approxi"t.ly 
, 

.i9hty thr •• pa;e. of 4ata, table. and 9raph •• ~. ?requ.ntly 

ref.reno.CS anCS typioal r •• ulti ar •• 
~ 

1. '1,ur •• 1-1 throuqh 1-15 - 'amily of Cr •• p eurv... · 
.2. ,i9ur. 1·1' - Mini.ua rlow lat. Variation 

.t 

3. ri,Ure 1-17 - .tre,,-.train "lation. 
~ 

4. rifu~e 1-11 - .. oover.~ .train ver.u •• tr •• , 
Cu"e.. 1 

5. ~i'ur. 1-"!throUfb 1-42 - Draina,. C~rve. 
rr~ '1,ur •• '1-1 tb~oUfh 1~15, it 1 •• e.n that 

t~ •• or •• , ouve. fol1ow the ..,.ote4 ,.tt.~n very •• 11,' 

" 
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i.e.; each curve con.i.t. of an. in.t&ntaneou •• train (.train 

at 0.1 min. after load application wa. taken a. in.tantan-. 
eou •• train), a contJnuou.ly d.crea.in9 rate .train an~ a 

con.tant creep rate .train. Th. con.tant cr.ep rate wa. 

achi.ve~ approximate1y 24 houri .fter 10ad application. No 
. 

pr09r ••• ive creep tailur. wa. ob.erved in thi ••• ri •• of 
t 

te.t.. A •• xp.cted, Fi9ure 8-17 .how. that th. hiqher the 

contininq pre •• ure i., the lower i. the .train, and t~e 

hiqher the .trl •• difflrence i., 'th. hiqher i. th. r •• u1tin9 
~ 

.train. A con.i4eraple amount of .tr.in wa. r.cov.r.d after 

the load of two 4ay. duration wa. complet.ly r.mov.d. Thi. 

1 •• hown ln F1qure 8-18. A plo~ of th. perc.nt of ratio .. 

,(riqur. 4- ~) .hov. that, ln 9.nera1, th. r.cov.rable , 
.train 1. in exea •• of 20 p.rcent of the total .tr.in. Wlth 

1ner.a.ln9 confln1nq pra •• ur •• n4 .tr ••• 41fference, the 

p.rc.nt of r.eovary i. hiqh.r a. w.ll. , 
The .o.t unu.ua1 re.ult i. r.vaalad in riqur. '-16 

.t" ' 

wh.r. the minimum flow rat. at .t.a4y .t.te wa. plottad 

v.r.u. th •• tr ••• dift.r.nca. It .how. th.t the .ini~ 

flow rate 40 •• not vary lin .. rly w1th the t'lier .... o~r ••• 

-4-1-f..leHnoa, At h1qher .tr... llv.l., the 81n1 .. tlow r.te 

fluctuate. in ai9n1tud. an4 in JOlIe o ••••. the flow rate va. 
/ 

lov.r at hiqh.r .tr ••• lev.l.. Th1. r.l.tion.hip ..... 

to be con.1.t.nt with 4raine4 ora., r •• ult. obt.1na4 by 

li.hop .nd Lov.nbury (1"') (ri9ur. 4-,6)1 bow.v.r it 

1 
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contradict. th. undrain.d cr •• p t •• t. carried ou~by oth.r. 

(Arulanandan, ~.t al. 197~1 Mitchell,.t al, 1968, Singh, 

.t al. 1968). Th.y .howed that th. tlow rat. at a .t.ady 

.tate wa •••• n to incr •••• proqr ••• iv.ly a. th. Itre •• -
\ 

difterenc. approached hiqher .tr ••• lev.l.. Th. r •• ult. ot 

logarithm ot minimum tlow rat. plott.4 aqain.t .tr ••• 

ditter.nce by Sinqh, et al. (1968) .howe4 that a lin.ar 
\ 

relation.hip .xi.t. betw •• n the.e two variable.. Kowever, 
9). 

no .uch linearity wa. oD •• rv.4 in th. drained creep r •• ulta 
l 

69 

of 15 .p.cimen. trom th1 ••• ri •• of t •• t. (F1qure 4- 7 )". • 

. Th. 4etailed campari.on and di.qu •• ion bI/we.n ~he r •• ult. 
1 

'obtaina4 trom thi •• tudY and tho.a praviou.ly qathared by , 

othere. will ba qiven in Saction 5.2, Chapter 5. 

Temperatur. influence. on the ta.t ra.ult. may 
<II> 

b. r.cogn1ze4 trom F1qura. 8-16, 1-17, and a-lB. l.paclal1y 
#' 

tor'confining pr ••• ur •• of 60 p.i and 120 pli, it i •• aan 

that at a hiqhar tamparatur., th •• train, the .train rata, 

and th. r.oovarabla .train are 9.neral1y hiqher a. wall. 
/ 

In th. te.t. oarria4 out undar continin; pr ••• ure. ot 30 p.i 

an4 240 p.i, tbe t.-par.tura~tfeot i. not .0 obviou. and 

no .imilar conclu.lon may be drawn. 
~ 

riqura. a-39 t~roU9h 8-42 inclu.iva lhow the 

draina;a - tl .. ourva. at 41ttarent oontininq pr •• lur •• and 

.tre •• 41tterance leval.. The t 100 evaluated accordint 

ta, tha Ca.a;ran4a con.truction .. thod vari •• troa 2.5 houri 
o 

tor cr •• ,O p.l, " • 6. r to '0 houri tor 'r •• '0 p~)., 

, 

1 / 

1 

1 

1 
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o 
T • '8 F. Oenera11y, the t lOO i. in' the ranqe ot 5 to 

10 hour.. por .very eonlolidation curve, the prolonq.~ 

.econ~ary con.oli4ation~ortion .. y be extrapolate4 by a 

.traiqht lin. (da.he4 portio~ of th. curve.)./ The a44i-
~ 

tional drainaqe., due to the application and removal ot " j 
the .tre •• cUtterence (tr, - ") are .hown a. ao11~ line •• 

It il •• en that ~hil ~it1onal drainaqe at e~ch .tep~ot 
1044inq vari •• tram approximately 0.2 cc to about 1.0 cc, 

i ••• th. axial .train due t~hia additional drainaqe 

may vary trom 0.06 to 0.28 p rc.nt a. calcullte4 by Iquation 
~.., , 

()-2). Thi. order ot maqnit contributea approxiaetely 
1 

10 perc.nt ot the total axial .train ahown on creep curve. 

ot 8-1 throuqh 8-15 inclu.tve. 
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CIlAP'I'IR 5 

MALY8I8 OF Ust1IIl'8 / 

In th1. ch.tpter, r •• ulta are analyzec1 by the 

" .. tbod of induction ~n 01'4.1' ta obtain a .tr ••• -.train-

t1lle r.lat1:n.hiP. 'l'pi. r.quir •• tbat the cra.p .tzlain 

.. y be eS~~.ed 1nto thr.. coaponent., i. a. 1n.tantan­

.ou', retareS*, and flow coapon.nt. a. 4elCr1be4 1n 
f, ,/ 

1 Section. 2.1 and 3.2 in Chapt.ar 2. The.. cCIIpOn.nt. My 
! 

, , 

be evaluate4 .eparately frOli t.he t •• ., re.ult. an4 are 
1 

/ 
pre.ente4 in Section. 5.1, 5.3, an4 5 .• 2, ra.pect1vely. 

7he .... tion of the.e three coaponent. q1v •• the total 

.,ra •• -.t.ra1n-tt.. relat1on.h1p, th1. 1. ta be pra.ented 

1ft Section 5.4. 'l'he 411C'1i1.J.on of the fln41nq. will ba 

q1ven in Chapter 6. 

5.1 ILAI'l'lCIft MODULI M'D I.''fAlft'AlflOO. DEFOIMA'nOi 

The axial .t~1n rea4Lnq taken at 0.1 a1nute 

after aach loacS i. appl1e4 or reaaove4 1. 4e.iqnat.ed a. 

-in.t.antaneou. ftrain- in thi ••• r1e. of .tudy. The ratio 

of the .tra •• applie4 (or r..we4) to th1. 1n.tantaMOU' 

.traLn rea4iij i. called Ln.tan~naou. ~ulu. of 

ala.ticity. tt L. apparent t.hat .!Ace the Lutaauaeou. 
> , 

.~r.in at ·1oa4Ldg .y contain u 1naocw_abl. coapcm.ent, 

tlle iutantueou. lI04ulu. of a1a.ttc1tr evalutai at 

\ 

éna 81a.tiD ~~rtr of the ~pec1MD. tIowW_ ~ the aH 

\ 
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of the recoverable .~raiD ia ca.p1icate4 by the fact tbat 

tranafer of el.ltic to pla.tic atra1n .. y taxa place 

cSur1nq the ~u.. the 10&4 1a ac~1nq Vh1ch uy relul t 1n a 
\ 

ItrenqtbeftLDt or weaka1D9 of t.he apec1Mn. It appeara 

that cycll0 10a41"9 Mthod or t.he .. thoc.t, d • .-crlbe4, for 

exaaple, br ,Utchel1 and McConnell (1969> or by WJ.leon 

ând DieuJ.ch (1t.O) woulcS provi4e .. better ... na for the . 
atU4y of the .la,tic propertJ.e. of clay .ail.. Unfortunately, .. 
~be.. t.chnique. are beyonc1 the 1CQP.e of pr.Mnt·-.~a4y • 

rroa re.ult. of th1a 1DVe.~19at1on, all the 

ca1culatecS 1n,tanuneou. lIOdulu.a of e1aatic1~y and the 

lnltantaneoù •. ,tra1n rea41D9 are plotte4 A9ain.t t.he .tr.,. 

in~ena1t1el, and are ,hOWD on r~e. 5-LA and 5-1., 
" 

r •• ~tlvely. On ~be .. fiqur.a, t.he .train rea4J.D9' at 
- / 

1.0 'a1nute and the corre.pcmdtD9 .o4ulua of .1a.t1c1ty 

calculata4 are al.a .hown for the purpo.e of caaparilOD. 

A. lhovn on riqure S-lA, ~tant.aneou. lIOCSu1u. 

of .la.t1c1~f .er.ul .~re •• r.la~LoAabip., 1t il ..an that 

the lI04ulu. of e1a,~1citr .. aluate4 at ~J.IIe duratton of 

1.0 ainuta 1. appJ."*,1ably _11_ t:baa tUt evalua~ trOll 

0.1 ainute rea41D9'. t'be 41f' ___ betvea re.ult. 

obta1ud frOli 1oa4~, ad UDJoediDt~ boItMw.r, 1, DOt 

oleu,J.y ÔOIm OD tld.1 ttp&-e. A oloMl" __ t ... tl.on of t.he 

data 'pr ..... taIt in Js • &'eYUWd tba~ foc tbII 0 .. 1 

ainuta ,r ... 1Dt., ,. out of ft r ... ..,. âow tbat reocw .... 

,tJ:aJ.A .~ _1... "I_l~ tMa tMt oItt:atDe4 at 

1 

75 

1 , 
1 , . 



r--

lo&dinq, while for 1.0 ainute rea4inq., 87 out of 99 

readil191 .how that recov.red .train i .... ller than that 

obuine4 at 10adiD9. It i. al.o notic::ed that tvo third. 

of the •• inconli.tenci •• occurred at lover confi"bint 

pre .. ur .. af 30 pd and 60 pd and at co~ ... pr •• .ur ••. 

of 12~ p.i and 240 p.i, on1y o~ •• iona1 incon.ilt.ncie., i.e. 
1/ 

.maller .train readin'JI at 10&41in9-' than at un10adin9, vere 

recordecS. 

Allowinq the unavoi4able expert.ental .catterinq 

of 'data, reau1tl of ela.tic:: modulu. calculation .how that, 

in q.neral, the in.tantaneou • .odulu. of ela.ticity 4e­

cr ..... a. iO&41inq inten.ity inor...... It i. apparent 

that 4u. ~ the ti .. effect the .aoduli rialuted at 10119.r 

tiM duration. Ar. appreciably _ll.r. The choiee of a . .; 
proper tt.. 4uratlon, 0.1 ainut. 1n thi •• tu4y, il pr1aar1ly 

a r •• ult of con.14.ration of the in.tru.antation and 

techniqu. u.a4 in the ta.t, and thar.fore i. IlOt Jet a 

.t.an4ar4 procedure for the iutantaneou. lIOdulu. of 

.1a.t1city evaluation. 

'ro. thi. .ari •• of t •• t r.ault., it i. a~ao 

po •• Lbl. to evaluaêe the .1 •• ticity .o4ulu. br evaluatiDf 

tbe .lape of tba .tr ••• -.train ourY.. a. .bown on ,~. 

'-1.. It i. ... tbat tbe iaLttal portion of the r.la­

t~IlL, L. app&'oxiMuly li.,.ar. .. die tt:r ••• -.uaiD 
iAta.J.ty reaGba. about 50 ~ro_t of die nrenttb' of tU 

.,.Jaa, ta. ourY •• cug te) c1eYiata fftJ8 t.b1 • .vaJ.fbt 

1 

.. 

r 
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line. Tbe r_iniJ19 portion of the eurv. uy a9a1n be 

approx1utely ren •• ented br another .tra1;ht lin. vlth a , " 

culateeS and Ar. .hown on thi. f iqure. ror eXUlpl., for 

cr. • 120 p.i, the JI04u1u. of -.la.tJ.c1ty evaluate4 at 

0.1 ainute after 10&4 application i. approxt.ately 19,200 p.i 

for .tr ••• 4iff.rence ( CT, - (Ta) betv.en 0 and 50 p.i, 

" 5,30,0 pli for (cr, -"cr, ) betw •• n 50 and 80 p.i. If tM •• 

• lop.. are to r.pr •• ent the av. ra;. .1a.tic .o4ulu. of 

the .peclaan, then the .v.ra~ 1I04\11u. of 1.1a.t1city i • .. 
a;a1n ••• n to 4ecr .... vith the incr .... of .tr... int.n.ity 

and, evJ.4ently, vith tM 4ecr .... of oonfininv pr ••• ur,_ 
" ... 1 

To facilitate the calcu1atian of a f1r.t or4.r 

approxiaation of' the in.tantaneou. lI04ulu. of ela.tJ.city 

(4 •• i9nata4 1), the 4ata .hown on Pi9\1%'. 5-lA, for eaoh 

conf in11\9 pr ••• ure, uy be r.pr •• ente4 by a .traiqht line. 

• E • E~ -1 (0-,- "".1) •••••.••• (5-1-1) 

whft" •• 0 1. the' int.r".pt of the vertical ax1a a:04 1. i. 

the .).ope of the .trai9ht 11M, 

A quJ.ck e.tiMtion of the in.tantaneou •• train 
1 

( e, ) .. y tben IN obta~ by the to11ovLat equatJ.on • 

. 
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<=> ~ nu.erical value. of 10 and l for a particu1ar 

"'_"(_. conf~nib9 pre.nz;e are tabu1.te4 belowi 

~ 

/ 

• 

()" . 240 p.i 10 • 10 x 103 p.i l .. 550 

• 120 p.1 • 36.6 x 103 p.i • 255 , 

• 60 p.1 • 12.1 x 103 p.i • 196 ) 

x 103 p.1 
, 

• 30 p.1 • 7.67 • 217 

IqUatlon (5-1-2) •• ,ve. only for the calcu~tion 

of the 1n.tantaneou. ~traln oomponent in thi •• erie. of 

te~ It .,.1.11 be lncorporate4' into the total .tre •• -Rraln­

tiM relatlon.hlp in '.otion 5.4 for total ar.ep .train 

ealeulation •• 
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5.2 M%NIMOM CUD Mft AND rLOW ~'rION 

-
F lf1ur. 5-~ .hoVi • typloal cr.ep eur". .. ne! th. 

variation of axial ;\r.in r.te e!urlnv tb. or •• p d.fo~tion. 

~ It .how. that cr.ep rat. d.cr ..... r .. p141y .. nd r .... in. --•••• nti.llya eon.t .. nt .ft.r about 24'hour •• 'Thi •• t .. dy 

.tat. 1 •• omet~ •• c .. lied •• eond .. ry era.p or eon.tant r .. ta 
~ . 

,,'flo,,". Dependinv on the mavnitude of thi. flo" rat. and 

th. duration of the ,ultained 101.4, th. amount of thi. 

flow portion of deformation (d •• ivnatee! EJ ) may eon.ti­

tut. a larve p.rc.ntave ot total defor..tion (.:9. 
, 

vyalov .t al. 1957, K •• t.li, 1965). Theratore, in ~h • 
• tudy of rh.oloqioal ph.namena, ( •• peeially in cl'y'.oil. 

and fro •• n .oil.) tba variation of/~e.p rat. ha. be.n 

·inv •• ti9ated in detail by variou. author. ( •• 9. Mitchell 

-.t al. 1964, And.r.land et al. 1967, 1970). Th. re.ult. 

of th.ir in~e.tiv.tion. .how that thi. portion of er.ep 

ct.formAtion li ••• entially irre".r.ibl. and thattth. cr •• p 

proc ••• at at.ady atat. My be conaider.ct •• a therMlly 

activat.d pree •••• 
\ 

To .valuat. the flow 'Itrain coapon.nt e, , 
ç 

num.rlcally, it ia not~ that th. t.m 8ert ln equa,tion 
. 

(2-2-2-2) appli •• only for the ld .. l Newtonlan fluid if 

B tak.. the form of th. reciprooal of th. ooefflcient of 

vi.co.lty. Thi. fora of .apr ••• ion ia appar.ntly o".r-

.1mplifiecl for ct.acrib1nv the. flow phenolMna in clay lIOil., 

A plot of the flow .tr.in rat. ver.u. ·.tr... (rif\lre a-16) 

( 
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shovs that th. flow rat. ls not dlr.ctly proportional 
! . 

to the .ppli~ .tt ••• and that t.h.r. 1. no d.fini;t. pattern 

~ of t~ratur •• ft.ct can be found. This may .uti •• t that 

b •• ld •• th •• tructural propertle. ot the .. ~erial lts.lf, 

temperature, tim. and str.s. play tMportant and eomplex 

rOl~ in thi. tlo~ proc.... Sine. the flow .train ls 

not directly proportion.l to th. applled .tr.... th. 

funct:ional tom ot th. t.m 8ert n • .s •• 0Ift_ modification. 
, 

in order to b. able to .how th. r.latlon.hip b.twe.n thi.; 
.1 

flow .train c~pon.nt and th •• tr...... In ord.r to 40 
~---th!s, a plot ot th. av.rag. value ot flow rat. complianc •• 

at .teady .tat. (1 ••• ~+I'(T'.-(f~') v.r.u •• tr ••• i. shown 

on F.igure)- 3. Th. varlation of thi. av.rag_ valù. 1. 

approximat.ly lin.arly r_lat.d to th. appli.d .tre •• 

d'1tter.nc. ( cr, - tf! ). Th. hlqh.r th •• tr ••• level'., the 

lover the averaq_/compliance valueJ i.e. at higher contininq 

pr ••• ur •• and hiJh.r .tre.. int.naltl •• , th. flow rate can 

be produc.d by the application of a unit str ••• i. smaller. ' 

The tr.nd of this variation may be approximat.ly r.pre-

•• nted by tollowinq atraiqht line 

Et () ----''---. Ct (Uj ) - h J"4 \ iJ. - ~ 
tr, - crJ •••••••• {S-2-2) 

, 
Integration of equation (5-2-2) 9iv •• th_ flow 

.train t, ln the fOllowlnq fora 

•••••••• (5-2':3) 

\ 
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wher. a il the intercept of the line with the vertical 

uil at ( tJ. - cJ3 ) • 0 and il a ficticioUI creep rate 

eomplianee .howing the would be rate of flow lper unit .tre •• 

if a n.ar .era .tre •• difference i. applied, b ia the Ilope 

of the line which ahowa the change of flow'rate coapliance 

with the change of .tre •• difference level. The hiqher 
- ~ 

ia the a value, the more fluid i. the .-.ple, and the 

high.r i. the b value, the'More •• naitive i. the flow 
. 

property of the .ample -to the .tr ••• differ.nc. change •• 

80th a and b are a function of confining pre •• ure cr~ • 

85 

Fi9ur. 5-" lhow, that the variation of the •• two coefficient. 

Ar. related to ·Uw confining pr ••• ure by the followi'h{ power 

fom 
-Il. -5 a - IS'f ~ '0 

! 
• b .oLt ~'.I/Jl -,5 

• rQJ (j. JO . 
" 

,.. 

•••••••• (5-2-4) 

Therefore, the flow port1~n of .~r.in in thi • 

•• rie. of t.at ... y be re"e.ent.d by t~e followinq 
f' 

formulaI 

~ • [I~ - t.sJ1':J ''1 <r. - orj )} O"J-Il (fT. • Sj ) t 10" S 
•••••••• ($-2-5) 

Differenciation of the-équation (5-2-$) 9ive. 

the creep rat. at .teady atate, i~e., 

•••••••• ($-2-6) 
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rro. th ••• aquatlon., whlch ,ive the fun9tlonal 
'" relationahip ))et_en 4) ~ 1 cr~ 1 (cr.. <'j) and tilft., ',th. 

flow .train and th. flow rate RAy be .valuata4 oonvenlently. 
~ 

Th. incorporation of th... equation. into a 
1 

total .t •••• -.train-t~. r.lation.hlp and the c~rl.Oft 
'--­

btttwaen the' expar ÙMn~.l r •• ul t. and ~. r •• ul ta of 

calculation al'. 9iven ln Section 5.4. 
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5 • 3 eus, MTI yAIUATION ~D g'fA~1)ID"'DII'OMM'!2!:! 

r 
\ 

The portion of cr •• p c~rv. whleh .how •• contin-

uou. d.er •••• in atr.in r.t. i. ulually call.d th. prlmary 

cr •• p or rtt.rded deformation (de.iqnat.d Er ). Tht 

maqnitude of th~ portion ot d.formation i. det.rmin.d Dy 

.ubtractinq trom the total d.formation th. in.tantan.ou. 

d.formltion ~ .nd th. product of minimW'l\ flow rat. and 

th. ellp.ed duration, 1... if t , Le. att.r l \ and 

éJ ar. evaluated trom Section. 5.1 and 5.2, th. r.tar-4ed 

d.formation E, m.y be evaluat.d by the followinql equation, 

•••••••• (5-1-1) 

88 

The m.qnitud. of t~l. r.tard.d deformation und.r ~ 

a c.rtain load increm.nt approaeh.a an ultimate valu. 

(d.aiqna{ted é ,A.t ) wh.n a at •• dy atate i. approachecL Th. 

r.te of deformation d.cr ••••• rapidly trom maximum It the 

moment the load ~. applied to a ainimum creep rat. wh.n 

a at.ady atat. flow i. attalned. Studie. (Alfrey, 19~9, 

l, Yonq .nd Ch.n, 1970) have .hown that thi. rat. chan9" and 

the time tG attain th. full r.tarded deformation i. clo.ely 

rellt.d to the vi.co-ela.tic proper~ie. ~f th •• tructurel of 

the mlterial underqoin9 deformation. If the characteriatics 

of th. rate chanqe. can De d.fined, the y couleS De very u •• -
y 

ful in the .tudy of th. tabric reapona. charact,ri.tica. 

\. 

• 

i 
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In ord.r to obtain an eçreaaion for the reta'rded 

portion of Itrain At any tiM over the full l'ante of t.at 

durat~on, all th. data obtained are analy •• « accordin9 
, , 

to .quation (5-3-1). A typieal relult of r.tard.d Itrain 

eompon.nt verlui loqarithln ti_ relationlhip il Ihown on 

Fi9ure 5-5, Step 1. Ulua11y an ~S~ Ihap. curv. il obtaine4 

for eaeh loadinq inere .. nt and u1ti .. tely th. r.tarded Itrain 
" 

approaehe. a finite •• lu. ( ér~ ) wh.n the Iteady Itat. 

ia approaehed. Thi. eurve i. furth.r analyae4 atep by Itep 

aecordinc( to th. retardation ti .. cU.tribution Mthod aa 

d.acribe4 in Section 2-2-3. The euZ've li firat normaliaed 

by dividin; the retardecS Itrain at Any tin. by th. ulti .. te 

retard.d .train fr\#. for each loadin, increMnt, i. •.. , e, le,... . 
r 

Thi. no~liaation procedure ulually doea not ehan~ the 

ahap. of the oriqinal curve and aqain an wS~ ahap. curve ia 

obtaine4. The Ilope. at I.veral convenient pointa on th. 

curve are .valuateeS by calculation or by graphieally Icalin9_ 

Th •• e .lop •• are again plotted a9ain.t 109aritha of time 

and u.ua11y a ainqle hump bell a~ape curve.il obtained for 

each 10ad1n; 1nereI'Mnt. All the t •• t reault. are analyaed 

by th. abo~ procedure a and a f .. ily of bell-ahape cur~. are 

obtained for each apeciMn. The.e qrapha al'. preaent..! in 

Appendix a, Figurea a-24 throuqh a-38 inc1ul1ve. A typical 

ex_ple of procedur.. ua.d i. .hown on 'igure 5- S. 

Bxaaination of all the bell ahape curvea ahow 

that the.e curvel al'. neqatively .k.wed to a certain deqree, 

l' 

.................................................... mB ... ~ ...... ~I.~----------~'_.~~~ 



J 

repreaent a fto~l 4i.tribution 

fW\otlon vlth a of p. a~d .tudard de.i.tian of ~ , -... 
/ 

1.e., the, bell .h.,. cur.ea .. y be de,cribed, by a denait, 

f\metion. '1 

I fe) .',. e"'~ 
'II.'" •••••••• (5-3-2) 

l'he" fore , the "8" aMpe OUI'ft aa .hown on Step 

'" 2 ia an accUIlul.tlve funetion. Let thl. funetion be pet) , , / 

tben 'the follovinv expre,.lon for pet) 

t~ 
f(t) .Ji' 1- 1 e ..... tI.~ 

.ti 

1. ~talne41 

............ (5-3-) 

Slno. thl~ aoc~ulatlve functlon ha. been nor.al-

1 •• d, the ntarcted atraln at Any tl_ t, ~(t), 1. v1ven bya 

Er ft) • EN ~(t) 
tB:Mf • €'\ 1. ~"ap- tI.~ • .. !" .. • ... (Sr3-.) 

"il (f' .. 

ln order to u.e equatian '(5-3-.) for the 

retarded .traln ~ent'caloulation, three unknowna, E,~, 

a- , and ,lA- , haJe to, be evalu.tH rroa th. te.t data. 

1'0 do thl. it ~. found that for a .oderately akewed diatri­

but ion , the di.tana. betveen the .. an ane! Mdiatl ia one­

third Of the dl.tance between the .. an and the lM)de (Arkin 

et al.. 1970). rra. the den.l~y function and the acc\UllU­

lative f~ctiOft, .ode an4 .-dian oan be eaaily deteraine4 

vraphlcally.. t'be MaIl can the"fore aleo be 4eteZ'IÜ.ned 

vraphically ( ... e • ..ple onCfltuH s- 5 ).. ,Pral the 



• . ( 

<:> atatiatical th.ory (Arkin.t al. 1970, Aitken, 1957), if 

\~' 

•• 

a diatanc •• qualling th. atandard d.viatien ia .. aaured otf 

on the hori.ontal axia on both aid.a of the m.an in a normal 

diatribution eurve r 68.26 percent of the valu. will be 
\ 

includ.d within the limita indicat.d. After the .. an valu. 

ia obtain.d, th. atandar~ deviation if may then be deter­

min.d by m.aaurinq th. diatance betwe.n the m.an and a 

point whieh will q ive a value of 34 .1'3 ~rcent from the .. an. 

By th. definltion of ttme of retardation, the ti .. 

corr.apondinq to 0.368 normali.ed retarded atrain ia al.o 

evalu_ted qraphically a. tim. of retardatien for the .awple 

at thé apecific loadin, incr ... nt. ~.aulta of the.e evalua-

tiona are tabulated on Tablea a-la and a-3b in Appendix 1. 

, 'l'O obtaln an expreaaion for the E. r ... valuea, 

a plot of the lo,arithnl ( cr, • .T, ) v.r.ua the logarithrft f.,oA 

ahowa that the lo,arithnl of the retarded .train ca.ponent 

haa an approxima~e lin.ar relatlonahip with the atre.a ! 
difference and no definite(pattern of temperatur. effeet 

could be cl.arly d.fined (Figure 5-6 ). If th. line~r 

relationahip ia approxi.at.d by a atrai,ht lin., th •• lope 

of porportionality 1 ... .n to .,~ ineSependent, of cr." 

The maqnitude of the retarded .train ~nent~ hovever, ia 

a funetion of confinin1 pre •• ure ~J • Thi. la phyaically -r 

obvioua aine. the ca.pactn •• a of th. aol1 .tructure will 

influence th. overall retardation perfoman'ce. 
\ 
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wh.re C ia the int.rcept and iat.a funct.ion of crJ whil. 

th. alope n i. a conatant and 1. a.a-..4 to be in4epend.nt 

of <t".s and t .... Z'.ture.. 'l'M ult1aat. retaHed atrain 

COIIIpOn.nt Eni i a tMn vl..n by • 

.. 

proa riVure 5-S , the .l~ n ~la to 1 .. 5 

while the apenclency of C on crI -.y be 9r&phJtoa11y .~a1ua-
1 

teèl troa a plot of 109.rl tta C 

veraua lOV.ri ~ba c:r.s a. ahown 

on th. alt.tch on thl. pap.. It 

can be .hown that the nu.erlc.l ' 

value of C i. 91v.n ~yt 

" 

12 

.ubatitutlft9 lnto equation ($-1-5) 
,. -----...... ------......... - tr .. • .. ~ lf*~ -l,- '1.$ EN. - SI cr, ( 0-. - cr,j ) ................ (5-3-6) 

AValft , .ubatltutinv ~la 'ftlw. lnto \equatlon 
1 \., 

(5-)-4) t the n~lc.l ftlQe of u.. ntar4ed .tt-aln ~-



~ ... ...... 

, 

ca p r .c. ,_ d If . -

n~nt at Any time t i. q1ven by: 

•.•..••. (5-3-7) 

From thi. equation derfved for the retarded 

~eformation, Equ~tion (5-2-3) for the flow porti~n of de-
\-"~I 

formation and Equation (5-1-2) for the inatantaneou8 defor-

ma t ion, a ,complete stress-strain-tlme relationship lII.y be 

obtained by summinq up the se components. This will be 

summarized and campared with exp.rimental relult. in the 

nex) section. 

1 
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5.4 STRESS-STRAIN-TlME lELATIONSRIP 

From~ r •• u1tinq E~uati~n. (5-1-2), (5-3-4), 

and (5-2-3) for the quantitative repre •• ntation of 

instantaneou., retarded and flov strain camponent. ~espec-

tively, the total atrain ia then qiven by the .ummation of 
,1 

these three components: i.e. 

. •••• , •• (5-4-)1) 

Three princi,pa1 par&l'fteter. considered in thi. 

equation are the confininq pressure cJj , stress difference 

('f, - ~ ) and t ime t. 

In the first term, Eo - l ( fT. - O"J) shows the 

variation of instantaneoua ela.tic moduli vith the variation 
'" 

of stress difference leve1, where E. is an extrapolated 

value of elastic modulus at fT, - aj - 0 and i shows the 

rate of chanqe of elastic modulus vith the chanqe of stress 

difference ( ü. - (J~ .,l) • 

The second' term on the riqht hand side of equa­

tion (5-4-1' shows the accumulative retarded strain up to 

ttme t: in this term, é,M ia the ultimate retarded .train 
7 

(or inelastic strain) campanent under a certain increment 

of ~ad ( cr. - <Jj ) and a certain confininq pre. sure cr" '; fI 

• abd fi. are the standard deviation and .. an values r •• pectively 

96 

• 

" 



~) vhich char.cterize the di.tribution of the retardation time 

T. The method of determination of th.se coeffioients in 

this term ia described in Section 5.3. 

At h1gher stresa difference levels and longer 

time durations, the third term'on the right hand side of 

- " ~equation (5-4-1) starts to give a significant magnitude 

of flow strain component. In this term, a-b, ( a-. - (Tl ) , 
gives the flow rate compliance or fluidity of the specimen 

at stress d1fference level of (<:r. - (fJ)' in which a is the 

initial fluidity of the specimen or the would be rate of 

flow per unit stress if a near .ero stress difference is 

applied and b shows the change of flov rate compliance vith 

1 1 

the change of ( (f, - cr.., ) .• 

All the coefficients in equation (5-4-1) may Se 

evaluated by carrying out a creep test program which ia 

designed to meet the specifie conditions of each project 

such as drainage condition, confinement, and the expected 

range of stress difference vhich the apecific soil would 

encounter. Ideally, two soi1 samples consolidated at 

two different confini:J pre •• ures, creep tests at t~ stress 

difference levels carri.d out Jon each sample will provide 

sufficient information to evaluate all the coefficients in 

équation (5-4-1). Th. r.sulting equation then .. y be uaed 

to predict the possible creep strain which may take place 

under the specifie stress conditions • 

• 

.. 
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() by others ia only a apecial caae and _y be treated a:il'aUarly 

.1 by the propoaed .. tbod. aeeau .. of the inclusion of non­

linear flow componenta in ~he equation,/ it ia the author's 
. \, 

•• 

OPil1i/on tnat this solution could not be obtained by aolving 
) 

a linear differential equation and benee the result of thi. 
1 

$eries o~ creep teatÎ could not be .uperiaposed linearly. 

This reault is eonaiatent vith the r.aulta obtained by the 

author in a previoua inveatigation f~en, 1965). , 
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6.1 DISCUSSION OF RBSULTS 

Drained creep teat. on fifteen .pec~. vere 

- carried out and a total of nin.ty nine cr •• p curvea vere 
.... "''''' .. 

obtained f.r&ia thia atucly. t'he wide ranCJ •• of confinift9 
~ 

pre.aure (f~ 30 p.i to 2.0 pai) and atrea. difference 

(froa 10 to 80 ~rcent of .pect.en atrenqth) uaed in the 

inveatiqation .. de it po •• ible to arrive at a atre.~~.train­

t~ relation.hip whi~h tate. into account th. ela.tic, 
J 

anela.tic and flow characteri.tic. of clay .oila. Retarded 

after affect under .. ch individual load vaa a •• ,.ed fi 

priori . to he vi.coelaatic. which enable. the probability 
, 

diatribution function of aicro-atructurea to he analyaed 

and introduced into the atr.aa-atrain-tt.. re1ation.hip. 

Te.ta vere carried out under controlled taaperatur ••• 
o 0 0 0 Level. of 68 r, 78 r, 88 P, and 98 P vere arbitrarily 

choaen in thi •• erie. of inveatiqation which will enable 

9ft8 to,exa.ina the.drained cr .. p te.t re.ult. in the liqht 

of rate proce.a ttMory. AlI the analytical and experi-... 
.-ntal re.u1t. preaented in previou. chaptera will he 

di8CU •• ed in tht. chapter. • 

'fhe di.eu.aiona in ~f chapter incl\ld. the 
1 

follow1n9 four pointal ,. 
(a) cc.parilKm of Jtnown .tre •• -atraiD- tl .. 

, 
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• 
1 :\ 

1 F 

relation.hlp, tbeir ..rit. and 

de.crepaneie. , 

(b) applicability of rate preee •• theory 

to thi. .erie. of teltl, 

ï 
1 

{cl a poI.ibl. creep aeehani .. (el .. entary 

unit interaction) a. deptcted froa drained 

cr.ep characterlatiea obaerved froa te.t 

r.lult., and 

(d) diacu.aion of ulinq diltribution funetion 

a. a bridge to correlate the .. eroeeopic 

. phenoaena to the aicro atruetural unit. in 

the .. terial. 

-

ft 
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6.1.1 Streas-St~ain~Time R~lationships 
-!he str.sa-atrain-ttme relationahipa qiven by 

Equationa (2-2-2-1) and (2-2-2-2) considered the cre~p 

performance .s the accUlftulative perfor1Mnces of each el_entary 

unit. The probability of occurrence of .ach unit th en 

serve. as a weiqhinq factor which theoretically asa.sses 

not only the exiatenc. of each uni\ but alao th. contributing ~ 

performances of each unit. Equation (5-4-1) conaidered the 

inteqrity of the atresa-atrain-time behavior and introduces 

the probabillty density funct~on lnto the analyai.. The 

spectrum of the distribution function vaa u.ed to bridq_ 

the micro-structure characteristici to the overall perform-

ance. of the speeimen. 

'rhese relationships are derived on the basis 

that a cre.p strain may he con.iderad aa composed of three 
1 

componentaz i.e. inatantaneous, retarded, and flow compo-

nantI. Dy nuaerieal evaluation of the terms in thea. 

equationl, Equation (5-4-2) ia obtained vhic.h qives a complete 

description of the creep behavior in thi. aerie. of drained 

creep 

•••••••• (5-4-2) 

Id •• lly, nu.eri~l evaluation of this equation 

includea the followinq atepat 

, -. 
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1 
/ 

1. A series of creep test on two samp1es 

to be performed, at upper and lower 

confining pressure ranges. For each 

effective confining pressure level, 

two creep tests to be carried out, 

one at, say, 10 percent of the strength of 

the specimen, another at, say, 50 percent of 

the strength or the expect~d highest stress 

to be imposed on the soi1 in-situ. The 

tests should be carried out at controlled 

temperatures and with a duration long 

enough to obtain steady state creep. 

2. Apparent instantaneous modulus of 

e1asticity are ~aluated and a relation­

ship between 0-,3 • cr, - ~ and modulus of 

e1asticity is obtained as described in 

Section 5.1 Expression for the prediction 

of instantaneous atrain May be obtained 

by Equation (5-1-2). 

3. The steady state creep rate comp1iances 

are plotted versus stress difference levels. 

Intercepts and s10pes of two lines obtained 

from these two series of tests are evalua-

ted and are p10tted as shown on Figure 5-4. 

1 .. 
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o 

The relationahips between a, b, and cr~ 

are established. Therefore, the 

quantitative equations for flow and flow 

rate similar to ('5-2-5) and (5-2-6) may 

t be obtained. 

4. Retarded strain at Any time after load 

application ~y be evaluated accordinq 

to Bquation (5-3-1). This retarded 

component of deformation ia then plotted 

aqainst loqarithm of time and analyzed 

accordinq to the retardation time dlstri-

bution method as deBcribed in Section 2.2.3 

and exuple qiven on Fiqure 5- S. The 

basic'properties of the distribution curves 

are obtained. Loqarithm of the r~tarded 
strain components are also pl?tted aqainst 

Iogari thIIl of ( cr,~ - tr,s ), a figure similar 

to Figure 5- 6 will be obtained. The ·C" 

value in Equation (5-3-5) in terms of ~s. 

may be evaluat~, therefore, the ultimate 

retarded strain aay be expressed in teras 

of "-., cr, - cr .. ar s~wn in Bquatiob (5-)-6). 

5. With theBe three ccmponet\tB evaluated, a 

complete stress-strain-ttm8 relationship for 

the soil tested may be obtained by swainq 

up these three teras. 

Mt 
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The above procedure of ,deriving a complete 
. , 

stress-strain-time relationship vas deducted for the 

loading procedure used in this series of tests, i.e. 

several loading-unloading steps were applied to one sample 

r1ather than one loading on one sample as usually used in 

creep investigation. It remains to\be v~rified whether 

the proposed proced~e can be applied to other test condi­

tions such as undrained creep tests with loading-unloading 

programs or step loadings. It ia the author's opinion that .. 
this procedure might be applicable p~ided that the 

relationships such as Equations ~5-l-l), (5-2-2), (5-)-5) 

etc. cou Id by a third sample tested under an 

intermediate c pressure leve~ and an additional 

intermediate ied to each samp1e. 

Equation (5-4-2) and resu1ts of ca1cu1ations 

as shown on Fiqures 5-?A to 5-10, indicate that rela-

tionships between stress, strain, and ttme may be pre-

dicted sa.tisfactorily by the proposed method even if the 

relat~~hips are non-1inear. In view that 80i1 condi-, 
1 

tions may vary from one location _to another, it ia a 
, 

genera1 practice that for a site which ca1la for a créep 

investigation, the stress-atrain-tLme re1ationahipa be r 

investigat~~by an intenaive field and 1aboratory testinq 

proqram. Bacauae the magnitude of creep at a apecified 

109 
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time duration, ~r the time duration required to reach 

a to1erable creep deformation may affect the decision for 

some construction procedure, the proposed creep ana1ysis 

which provides separate account of ~hor( term (instantaneous 

and retarded) and long term (f1ow) strains May be of help 

in making such a decision. Since there is no unique 

standard method for creep predictions, it is considered 

that the proposed method which gives a satisfactory 

prediction of drained creep behavior for this series of 

tests might be of practical importance in engineering 

practice such as settlement of tanks founded in thick 

compressive soi1s, in anchor construction, open cuts and 

othel; settlement and stability probl~s: 

In recent years, a significant development in 

the stress-strain-time relationship investigation ia the 

result published by Singh and Mitchell (1968, 1969). A 

semi-empirical formula was proposed which is in fact the 

integration of Equation (4-)-2): 

A -Co-,- cr~) 1-11&. 
ê. ft) - Q, .. -,:;;;: e t 

•••••••• (6-1-1) 

where Ra R is an intèqration conatant and in each case the 

value of Ra
R must be cho .. en ta give the best fit between / 

ohserved and pr~icted behâviorJ RAR ia the projected 

strain rate at t - 1 minute and ( 0; - cr, ) - 0 fram a 
IÎ' 
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C" 
plot of log€ versus ( r, - /1", ) as shoWn -on Fiqure 6-1 : 

"mil i5 the slope of the 5traight lip.,s of a plot of 109 ê. 

versus log t: and .. 
tI.. .. is the slope of the mid-range 

linear portion of a plot of logt versus ( tr, - tr3 ) , 
all values of tare corresponding to a certain ttme 

duration after load application. 

The basic assumptions used in their formulation 

are the existence of linear relationshipa between 

1. log t and ~,- cr, at a certain time after 
load application, 

2. log t and log t at a ( cr. - G""s ) levelt 

A sample cwculation, using ti.- 0.21, m • 0.53, 
-3 0 

A = 2 x 10 for CT. = 30 psi, T 1: 88 F and at different 

stress levels (Figure 6- 2 ), ahO\ts that Equation (6-1-1) 

fits weIl for first few loading intensi~.. But at 

higher stress levels, the prediction --'iates fram the 

e.xperilnental resul ta to an untolerable amount, this 

behavior vas also observed by Sinqh and Mitchell. Examina­

tion of the possible source of error for this deviation 

revealed that it ia Iikely that ~ and mare functions of 

time and stress leveis. As sean fram Fiqu~e 6-1-, the 

slope of the mid-range segment, if straight line portion 

does exist, becomes milder at longer time duratlons and, 

hlqher stress levels, i.e., JI. ri. • becoIIlinq smaller in 

value.at longer time duratians and higher atress levels. 

EL gLUZ ;t. 
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While Fiqute 6- J shows that the assuaption of a linear 

relationship is approximately correct, however, the slope 

i5 seen to become sliqhtly steeper, i.e. m value sliqhtly 

hiqher, at hiqher stress difference levels. Therefor~ 

the value of becomes slightly smaller at hiqher 

( Ir, - 6i ) levels. The combined effr=t of "m" and ".1.. " 

miqht be counted for the observed deviation of experimental 

and theoretical results based on Equation (6-1-1). 

Results of calculations basad on Bquation (5-4-2) 

developed in this study are also shawn CU} Figure 6- 2. A 

better agreement between the observed performance and 

prediction is obvious. Sinee t~e three terms in Equation 

(5-4-2) consider, physically, the basic properties of a 

stress-strain-time behavior, i.e. elaetie, anelastic and 

flow of the material, it is considered lO9ical in the 
, 

stress-strain-time relationship formulation to take into 

separate account of these behaviors. Althouqh this miqht 

imply a slightly tJme consuminq in ita analysis process, 

1 however, it 1s firmly believed that the method developed 

in this study would r,sult in a more aceurate p~ediction 

of the creep behavior, therefore, serve a better interest 
/ 

in engineerinq practice. The time spent in the ealculatibn 

would certainly reeeive ~iate reVard • 

1 

/! 
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Bowever. ,."",e lIillOr
l di~r.pe.ncie •• /ther tban 

the usual expertmental scatterinq of data, vere observed: 

1. usua11y. at the 1ast increment of 

1oad, which approaches the unconfined 

2. 

compressive strength of the specimen, 
/ 

the expertmental data frequent1y qreater 

than the calculated resu1ts, and 

there is a gap between theoretieal and 

experimental results in the pr~ry , 

creep portion of deformation. 

Because of (1), it is considered that the pro­

posed method should not be ~pplied to the 10adinqs that 

approach the unconfined compressive strenqth of the soil. 

Otherwise May resul t in the undar estillate of the ulti­

m&te deformation. 

The gap between the theoretica1 and experimental 

resu1ts as sta'ted in (2), there may he two reasons causing 

this discrepancy: (a) the distribution of the retarded 

portion of defonaation is generally neqative~~ skewed, 

whi1e a normal distribution vas as.waed i~the formulation 

of Equation (5-4-2)7 (b) the portion of deformation due to 
\ 

drainage i~ not taken into account and therefore i. 

hidden in the tera ê,. evaluat". 

! 
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Generally, the difference between the theoretica1 

and experimental re.ulta are seldom exceeded 0.5 percent 
, -

for stresaes leI. than SO percent of the unconfined , , 

compressive strenqth of the specimen. In view of this 
, . 

sinqle compact fora of equation could represent weil ~st 
i 

of the ninety nine experiaental curv •• , especially for 

114 

stresses below SO percent of the unconfined compressive 

strenqth of the spec1llen., it i. conaidered that the results 

of this inve.ti9atio~ is ~ather, encouraginq and the pro­

posed method of reault analysi. may be of practical impor-. 
tance in enqineering practice due to its aimplicity and 

accuracy in predictinq creep .train for a reasonahle range 

of stress levels • 
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6.1.2 Temperature Effects and Rate Prccess Theory 

It is now genera11y recognized that carefu11y 

contro11ed temperature surroun~ing the test samp1e i~ 

necessary in certain types of sail investigations such as -
consolidation, tests with pore water pre~sure measuraments, 

physico-chemical studies, etc., because engi~eering proper­
'1 

ties of soi1s can be siqnificantly influenced by tempera-, 

ture variations. Studies of flow aftd deformation character-

istics of ,clay soils by Mitchell (1964), Andersland (1967), 

and others demonstrated that the diffefence in temperature 

control is also necessary in arder ta evaluate the so-

called -experimental enerqy of activation-. 

It is a generally accepted fact that the absorbed 

double layer on the particle surface behaves differently 

from that of normal water in the free state (Lambe, 1958; 

Martin, 1962: Rosenquist, 1962). Atoms of water and clay 

are in a constant state of thermal agitation with an 

intensity determined by the environmental temperature. 

Hiqher temperatures May increase the probability that an 

atom, at particle to particle cOntact points, mayes from 

one equilibrium position ta another, giving rise ta the 

observed temperature effect on configuration and mechanical 

behavior of clay aof.. Thua, the the.-l actions My be 

considered as one type of forcing function which will give 

.. 
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rise to a proper response function. Bowever, special control 

of the temperature and other propertie. of the test specimen 

is necessary since the t_perature effect lUy be eaaily . C} 

offset by the variation of other influential factors, 

such a9 structure, water content, strain, and stresses. 
, 

From this series of tes~ re.ult., the temperature 

effects on stress-strain relationahips are not so obvious at 

hiqh and lov confininq pre.sure. as at medium confininq 

pressures of 60'psi and 120 psi. At~ •• 30 psi, where 

the fabric are probably in a more random state, ~he factor 

bf specimen heteroqeneity miqht domina te' the test reBul~ 

While at CT, • 240 psi, the specimens are in such a well 

compacted state that the deformation characteristics are 

probably primarily controlled by the atresa intensities, 
o 0 

therefore, the variation of teaperature fram 68 F to 98 F 

is probably not sufficient to induce the thermal effect 

clearly. 

~ The effect of temperature on atress-strain 

behavior is, therefore, analyzed by examininq the results 

df tests carried out at confininq pre.aures of 60 psi and 
~ . 

120 psil, In,.,J'iqure 8-17, if a horizontal line is draVll 

throuqh an axial .train of, say 2 percent, thi. line would 

intercept the curve. repre.entinq cr)· 120 psi, T - 680, 

'and 880 p at points vith coordinate. of (2 percent, 58 psi), 

[, 
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"" (2 percent, 48 psi) and (2 percent, 43 pai) respectiveIy. 

The differences in stresses of 10 psi and lS psi are due 

to the variation of test temperatures from 68°F to 78
0

F 

and 6SoF to S80 F respectively. 

If these differences in stress are~defined as 
1 

the Wstress equivalence w and similarly Wstrain equivalencew, 

then a plot of stress equivalence versus log e. shows t~ 

the stress equivalence increases linearly with the increase 

of logarithm of strain: while a plot of strain equivalence 

versus stress difference shows that the strain equivalence 

increases proqressively with increase of stress (Fiqures 

6-4 and 6-S ). It is seen~ at 3 percent of strain, 
1 

a difference of 200 F in tamperature, from 680 F tO'88oF, is 
1 • 

equivalent to the effect of lS psi differenbe in stre.!~tor· 

~3 • 120 psi. At stresa of 20 psi, the difference in 

temperature, trOll 68°F to 88or, produces an eftect equivalent 

to 0.6 percent in strain. These results indicate that , 
temperature does influence the stress-.train relationship 

to a measurable amount and can not he iqnored in a 

scrupulous investiqation. 
l , . 

The other object of the teaperature control in 

the teat vaa to examine the re.uIts in the Iight of the 

rate process tbeory. The oriqiDal foraation of the rate 

prOCess theory va. derived for viacou. flow and diffusion 

proceas (Glastone, et al, 1941). 'l'he t.-perature 
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dependency of reaction rate was expressed by the following 

functional relationship: ' 

1 •••••••• (6-2-1) , 
/ 

where E. ia the reaction rate 

X is a parameter relating activation frequency 
to strain rate 

AE i8 the experimental activation energy x 

R is the gas constant equal to 1.987 ~a1~/deg. 

T is the absolute temperature in oR 

mol. 

After partial diff~rentiation, the following re1a­

tionship between log (i.I; ) and 1-r is obtained: 

a Log (È/r) 

ëJ ('Ir j •••••••• (6-2-2) 

contiderin9 the sail creep process as a ther­

mally activated rate process, Mitchell, Campenella and 

Singh (l968), after observing the steady stat~ creep rate 

at several temperature levels, plotted log ( é. I-r ) 
~ 

against 'Ir for severai soi1s and established that the 
, 

relationship was linear as predicted by the equation (6-2-

2) • The slope of the line gives the value of 
. 

The experimental activation energy may, therefore, be 

evaluated; e.g. San Francisco Bay mud consolidated at 

123 
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1 

1 kg /cm2 and at ( cr, - (5'", ) of O. 4S kg /cm2 , experimental 

activation energy of AE = 31.4 k • ca1/mol. was evaluatedi x 

and fo~ remou1ded illite, 4EX= 4~.5k.cal/mol. A number 
1 

of other researchers have also used the rate process 
/ 

theory and have obtained various experimental energy of 

activat~on values for various materials. Some of their 

results are listed on Table 6- 1. (Mitchell, 1968) 

c' 

1 

Material 

( 

TABLE 6-1 

ACTIVATION ENERGI~5 

Activation Enerqy 
1,000 Cal/Ko/Mole 

.. 

Reference 

124 

~ 

Water 

~ 

4-5 Glasstobe, Laidle,r 
fnd Eyrinq 

Plastics 7-14 

Asphalt 14-20 

50ils 25-45 

23-27 

Concrete 

1-76 

1 54 

Metals 50+ 

Ree and Eyring 

Herrin and Jones 

Mitchell, Campanella 
and 5ingh 

Ripple and Day 

Christensen and Wu 

Chen 

Polivka and Best 

Finnie and HelIer 

-Frozen 50i18 93.6 
11 

Andersland and Akili 
-~ 

'. 



~:r.2.J .. a""""" •• ~""""""s ..... a .. ~~ ..... _______________________________ , ____ _ 

-

the ~PliCab~litY of rate ~rocess 

theory to this series ~rAined creep tests, the,~ 
~-" '-

'l'O exaJlline 

creep rates at steady states obtained in this series of 

investigations are .plotted Against stress difference as 

shawn on Figure B-16. Results show '1 that, in this plot, 

the creep rate-stress difference reiationship i8 non-linear. 

At confining pressure of 30 psi, the creep rate increases 

as stress difference increases to about 50 Percent of the 

strength of the specimen. The creep rate then begins ta 

fluctuate and shows • tendency toward a decrease in ma9.ni-

tude as stress intensity increases. At higher confining 

pressures of 60, 120, and 240 psi, the creep rate increases 

as stress intensity increases to about 50 percent of the 

125 

strength of the specimen and then f1uctuates vith a tendency 

toward an increase in magnitude. This result is compared 

vith a number of selected re.ults by others shawn on 

Figure 4- 6. It is shown in this figure that for the 

undrained creeps carried out by Singh et al., the creep 

rate increases exponebtia11y as stress difference increases. 

Whereas in the drained creep test carried out by Bishop 

et al, the increase in creep rate and stress difference 

are approximately proportiona1. It is interesting to note 

that at 1ast loadinq of BiShop.J resu1ts, a slightly smaller 

creep rate vas also obtained. 
\ 

In order to examine the applicabi1ity of the 
\ 

fdnctiona1 ré1ationship of Equation (6-2-2), data obtained 

/ 

1 
1 
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ln this series of investigations are plotted in the form 

il rI of log ,T versus ~T as shown on Figure 6- 6 • As expected, 

after knowing the fact that the creep rate fluctuates 

1 wi th the change of stress intensi ty, no linear relationsh~p 
between log i/r~ and liT was o~served: although in a few 

instances three points May occasionally form a straight line; 

most of them do not exhibit such a linear rel4tionship. 

However, by applying the iquation (6-2-2) to any two points 

on the same curve in Figure 6- 6, which will gi ve a posi ti ve 

~ E,., 1 a number of the experimental activat;on energies 

may be evaluated for each stress levél. A range of 
o 0 

values varying from 1,000 cal./ K/mole to 76,000 cal./ K/mole 

was obtained. Some typical values are shown on the corres-

pondinq segmenta in thi. figure. 

However, by averaging the obtained activation 

energy values for each stress level, as plotted on Figure 

6- 7, it is seen that the activation energies at lower 

stress difference levels are greater in magnitude and de-

creases rapidly ta a rel~tively constant value at higher 

stress intensities. At higher confining pressures, the 

activation energies evaluated by this method are also 

h~gher; except for tr" • I20,'psi the evaluated energy 

of activation is the highest at higher stress leveis. 

This resuit ts similar, to that observed by 

Andersland and Akili (1967) in their creep test results 

1 

1 
1 
1 

! 
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carried out on frozen Sault St. Marie Clay. Their observed 
1 { 

data also indicated that the energy of activation decreases. 

vith the increase of,axial stress and approaches a rela-

tively constant value at hig~r stress levels. They attri­

buted this variation to the different dominant mechanisms 
~ 

such as flow of particle'and/of ice c~ntact points at 
1 

various levels of stress. 

Considering the vide range of experimental 

129 

energy values obtained\ it is the author's opinion 

may be several possible oontributing factors: 

/ 

(a) Applicability of rate process theory tOI 

this series o~ drained creep tests i9 

questionable. As shown on Figure 6-6 

there are a numher of segments jointing 

experimental points by which no positive 

experimental activation energy could be 

evaluated. This fact is not consistent 

vith the concept of rate process theory. 

(h) samples tested at two different temperature 

(c) 

levels are not identical. Therefore, the 

response to an applied stfess, even if 

the stress levei !s kept the same, does" 

not follow the rules predicted by rate 

procés8 theory. 

The rate of creep ls 410tated b1 the 1nter-

ac'tions of thé elementary uni ts vi thin the . 

1 

1 

1 

t , 
i 
i 

1. 
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sample and vhich is further a result of the 

interaction of the strain and stress distri-

butions vithin the s~ples. Since these 

distributions are random in nature, the 

r 

response behavior is expected to fluctuate 

and dèviate from-the e~pectation. A more 

ela~orate consideration in this respect will 

be ~iscussed in Sections 6-1-3 and 6-1-4 

after considering the drained c~eep 

characteristics apd(the possible mechanism 

involved. 

(d) The experimental enerqy of activation is 

not only a measure of thermally activation 

effect, but also m~asures the energy required 

by a mecbanical activation process, of the pa\ti-
l , 

cipatinq constituents in a cJeep process, and \, 
"-

thi. mechanical activatîon enerqy ia affected by the 

temperature difference. 

If the energy of activation May be regarded as 

an indication of the energy ~equir~nt for the p~ulated 
1 

elementary unit to underqo a unit "jump" of a flow unit, 

then the vide ranqe of activation energies obtained miqht 

serve te indicate that a larqe ,ariety of elementary units 

with a correspondinq wide ,range of strenqths have participa­

.. ted in the deforminq process, and that the dominant ,mechanism 

involved in the process is not as simple as that sugqested 

--/ 

'" 
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c 
by the model described in the rate process theory. A con-

siderable amount of mechanically activated process, in addi-

tion to the thermally activated process,' was probably in-

volved in the d~formation. As an example, Figure 6- 8 shows 

a cubic block resembling an elementary unit, with dimension 

dxdxd, acted upon by a stress f and rotates an angular 

rotation of 8 combined with a translation of ~. The work 

(or energy) required to produce su ch a deformation may be 
\ 

shown to be: 

Assumin'q 
1 

f = 1,000 q/cm (14 psi) 
000 1 

d = 20,OOOA, 30,OOOA, SO,OOOA (Le. 2, 3, /5 clay 
particle diameters) 

B=7,7C 

h • d, 2d 
• 

1 .", .. 

Results of the calculations are plotted on 

Figure 6- 8 which shows that th~ en~rqy required increases 

rapidly as the size of the elementary unit increases. 

In order to reach a atate that these free ro-

tation and translation may take place, it ia recognized 
, 

also that the bondinq at contacts between elementary'units 

must be broken. Therefore" the evaluated enerqies for the 

translation and rotation are only part of the activation 

enerqy neces1ary to complete a~·jumpinq· process of the 
.'l 

elementary u it. From the. envisaqed mechanism, siqnificant 

• 

1 
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, 
translation and rotation can only take place during the 

first few loadinqs when the specimen i8 relatively loose 

and has ample, randomly distributed veids in the macro-

pores to permit significant displacements. The evaluated 

hiqh enatqy10f activation du~ing the first fev loadings may 

imply that significant mechanical activation process have 

taken place along vith that of thermal activation process 
.. 

as described by rate proces8 theory • 

. 
t 

,1 

1 
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6.1.3 Drained Creep Characteristics - A Time Dependent 

Deformation Mechanism 
J 

It has been shown by Walker (1969) and Apulanandan 

et al. (1971) that in an undrained creep test, siqnificant, 

pore water pressures are generated in the specimen tested. 

Creep strain and pore pressure are shawn to be directly 

related (Walker, 1969), and the magnitude of pore water 
.. 

pressure build-up vas shawn to be consolidated pressure, time 

and structure depe~ient (Arulanandan, et. al., 1911). A 

pore water pressure as high as 90 percent of the consol'i­

dation pressure may be generatL at high stress' levels and, 

therefore, considerably reduced the effective stresses 

acting on the soil skeleton. 

In a drained J;eep test, the pore vater pressure 

built up by the application of additional axial stress ia 

allowed to dissipate. It is, therefore, reasonable to 

expect that the creep under drained conditions should show 

a slgnificantly diffetent behavior fram that of ttndrained 
". 
, / 

characteristics. 

Consider the postulated.elementary uni~s as shown 

on Figure 1~3 and the schematic picture dravn by Yong (1971) 
'\ . 

and the possible subsequent behavior under s,tresses as shawn 

on Fig~ 6- 9 ; the elementary uni ts are expected to be­

come closer after consolidation and reach an equilibrium 

position when elementary unite are in direct contact (8). 

~ Upon the application of an additional external force f at 

1 
\ 

.. 

j 

t 

i 
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point A, the e1ementary unit which f acts upon is displaced 
1 

a dista~ce 6 and stresses are redistributed and transmitted 

to other elementary units (C). A transient pore water 

pressure gradient may build up within the specimen and local 
• 

pore water pressure May bui1~ up ~n both micropores within 

the elementary units and macropores between units. This 

pore pressure,may, however, dissipate to the vicinity 

macropores whlch are stressed by 10wer pore water pressures. , ~ 

Through this redistribution and dissipation process, stress 

concentration is bui~t up somewhere else on the elementary 
. ~ 

units and causes continuou1l deformation as manifested in 

the measurable macro-deformation process. 

The above mechanism is ~bviously very much 

simplified. The actual proce8~ is three dimensional and 

probab1y involves the tra~slation, rotational and dis-

tortional deformations. The breaking of structure of the 

units May a1so take place in the deforming process. How-

ever, the concept ot this mechanism was envisaged from the 

drained creep characteristics observed t~roughout this 

"' 

! 

series of drained creep tests. In the fol1owing paragraphs, 

the characteristi~ creep behavior which manifested the pro-
1 

posed mechanism ~ill he described. 

The following phenomena are observed from 

reau1ts of this series of drained creep tests: 

1. the ateady statê creep rate decreaaes 

,t higher atreas levela (Figure 8-16); 

! 
j 

1 

) , 
< 
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,,2. the time of retardation for the anelastic 
~ 

deformation decreases at higher stress 

levels (Tables 8-3a and B-3b); 

3. the percent of recoverable strain ~8 hiqher 

at higher stress levels. / 

These behaviors indicate that specimens seern to 
" 

harden under drained conditions due to the reduction of 

voids within;the specimens. oepending on the ~3 used in 

the consolidation, the voids between elementary units have 

different volumes within the sample at the end of cons01i­
j 

dation procesÀes. As first shear stress is applied, rota-

tion of elementary units take place and tend te fill the 

voids~within the specimen and causes the majority of the 
, 

deformation to be irreversible (F~ure ~-18). This, for 

the firet loa~~9, the creep rate compliance, i.e., the 

creep rate that a unit stress can produce, iB higher 

(Figure 5- 3 ). As Ioadinq intensi ty increases, the voids 

137 

are reduced considerably and hence the creep rate compliance 

decreases accordingly. 1 This reduction in voids brings the 

elementary units closer toqether and enables the soil a8sembly 

to behave more elaatically. 

found that: 

Beaides theae hardeninq manifeatations, it VAS 

4. the instantaneou. modulus of elasticlty 

decrJas.s as stress 4ifference increases 

\ E.it .. to hiqher level. (riqure S .. lA) 1 

-.....-------------------
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5. the energy of activation decreases 
. 

as stress difference increases to higher 

levels (Figure 6- 7 ) . 

These behaviors seem to contradict the hardëning 
t 

concept at first glance. However, from microscopie pictures 

of the soil structure, it is pos~ible that at lower stress 

levels the stress is carried by the m9re rigfd elementary 

units. This is reflected in the relatively hiqh modulus 

of elasticity measured and higher energy of activation at 

first loadings (Figure 5-1A). A continuo~s increase in 

the modulus of elast!tity at lover stre&S range was observed 
, 

due to the fact that the Boil mas. continues to he more 

compact because of the reduction in voids. 'owever, as load 

increases to about 30 percent~of the sample strength, the 

vo~ds are sufficiently reduced and the highest modulus of 

elasticity measured indicates that the stress M1ght be 

taken pri.arily by the most rigid elementary units in the 

specimen. Due to the random distribution' of the stressés 

and the elementary units, it ~y be envisaged that at this 

state seme elementary units may not be .tressed and some 
__ .. t 

may be stressed to their full strength. 
~" -

Further loading beyond thi. stage may cau.e the' 
, 

in.tability of the.e\ h~ghly stre •• ed elementary units since 

they are at their hiqhest strain energy states. Adjustment 

138 , 

takes place within t~e specimen .0 that .tresses are more and 

~ more evenly distributed among all exi~ing unit. by brinqing 

into action the lower strength units. The mea.ured lower 

1 
/ 

., 

1 
1 

1 
1 , 
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modulus of elasticity, the lower activation energy, the . ' 

relatively high recoverable strain at higher stress levels, 

a11 indicate that these units coming into action now are 

less rigid and Most of them are stressed within their 

e1astic limits. 

This explanatory mechaqism seems, in genera1, 
. 

consiatent with the observed trend of variation of quanti­
~ 

ties evaluated fram this series of tests. Bowever, it 

ahould he emphaaized that this does not serve as diTect 

proof of the propoaed mechanism. To prove 'the existence 

of such a creep mechanism, it is recognized that extensive 

further theoretica1 and experimenta1 atudies are required. 

In this regard, one of the moat ~portant experime~ta1 

techniques involved in the research probably is the scanning 

e1ectron micro8copy which vas studied and carried out 

by Barden (1971, 1972), Morgen.tern (1969) and Yong 

1 (1972). The theoretical development in this thesis atudy 

of probabilistic approach may prove to he plausible in 
" 

view of the ob.erved fluctuation of the quantitiea and 
\ 

t'he ran4ma nature of the .oil .peciIDen. The~fore, the 
~ ~ ,. 

di.tri~utiona of .tr ••• , .train and the elementary unita 

in relation ta the ObHrvec1 cr.ep behavior, a. will be 

d1.cq •• ed in the naxt aectlon, 1'a a direct conc.rn~ 
the tbeoretical atudi.a • 

1 
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6.1.4 Distribution of Stress, Strain, and E1ementary Units 
/ 

/ 

The size of a typical kaolinite particle is in 

o 0 1 the order of 10,000 A in diameter by 1,000 A in thickness 

(e.g. Grim, 1953; Lambe, 1958; Yong and ~arkentin, 1966). 

With a test specimen of 1.5 inches by 3.0 ~nch~s and a 

void ratio of 0.8, it is estimated that there are approxi-
\ 14 

mate1y 6.6 x 10 particles within each test sample. A 
1 

number of these particles tend to floc toqether to act as 

if a single unit (cal1ed e1ementary unit in this thesis 

study). There are even a qreater nu*ber o! possible 

elementary units that may be formed frOID' the combination 
< 

, 
of these~~onstituent particles. Bence, it is not practical, 

if not lapo.alble. to con.14er the obaraoterlatlc. ot each 

elementary unit. It would be more seJaib1e if the distri-

bution of certain characteristiqs of' the elementary units 

may be evaluated and thi. distribution may further be 

corre1ated to the mechanical behavior of the material. 

Viscoelaatic ~havior of hiqh po?ymers vas 

intensive1y atudied by T. Alfrey (1948) and it was found 

that the t~e of retardation ia a characteristic property 
l " 1 

L / '1 

of the hiqh po!l.ymer JIOlecules, and the spectrum of retar~ 

dation t~a fram the creep function may in fact reflect 

the distribution of the polymer 1D01ecules. This method 
r 

of analyaia vaS eaployed and furtber modified by Yonq 

/ 
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and Chen (1970) to describe the probability of occurrence 

o~ the praposed elementary units in soils., The details 

of the modified method were presented in Section 2.2.3. 

Results of tests are analyzed by using this 

method. The distribution curves 8a obtained are plotted 

on Figur~s B-24 thrauqh B-38 inclusive in Appendix B. .À 

typical result af analysis was shown on Figure 2-2. Seme 

properties of the distribution such as mean, mode, standard 

deviation and the repreaented time of retar4ation, to-
~ -

ge'ther with the probability of occurrénce at this retar-
1 

dation time, are also tabulated on Tables B-la and B-3b 

in Appendix B. 

'some interestinq results are indicated fJom 

these ~raphs and table.: 

1. The distribution curves are qenerally , 

.kewed and the values of mean, mode 

and retardatian time shift from the hiqh 

tilDe decades ta the lover ones as .,;~ , 

loadinq inèreases and ultimately the bell 

sliape curve approaches that of a normal 

distribution. 

2. At hiqher confininq pre •• ure. and at 

lover tamperature., the\value. bf mean, 

mode, and retardation tilDe al.o qenerally 

.hift frOID the hiqh tilDe decades to the 

lover 4ecad •• (Table. B-3a and B-3b) • 

• 
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For the samples tested, the representative 

retardation ~ime is approximately 40 to 400 minutes. 

It is inte~JLting to note that for a material exhibiting 
1 

ideal flow, the retardation time approaches oô (Figure 

6-l0), while for a nearly, perfect elastic material this 
1 .' retardation time is close to zero. Therefore, it i5 

~xpected that increasing the material elasticity and 

rigidity will produce a corresponding decreasing in the 

retardation time values. This concept is obviously 

consistent with the results observed: i.e. the observed 

lower values of mean, mode, and retardation time at higher 

consolidation pressures indicate that the specimens, which 

are known to be more compact, have a hlgher' rigidity and 

behave more elastically; the observed shifting toward 

lower values of Mean, mode, and tt.e of retardation at 

higher stress levels indicates that the specimens have , 

become more elastic. c 
.-4 
as 

(1 ) elastic 
,.. .., 

(2) soil fi) 

(3 ) viscous '" Il 
'0 
M 

j as 
40> 
Il ,.. 

lop' t 

J 

,IS- 6-10 0) 

RetardeeS 8traln. ~ el 
P. 

Thelr Dl.~lbatl~. ttn' 0 
~ 

Bepre.entatl.e Id .. 1 fi) 

Ilaterla1. 
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From the exhibited creep phenomena, e.g. change 

of creep rate with time and stress (Figure 5-2 ), change 

of steady creep rate with stress (Figure B-16), change 

of modulus of elasticity (Figure 5-1A), etc., ft lS 

probably that the redistribution of stress and strain with­

in the sample has taken place with a mécbanism probably 

Iike that shown on Figure 6-9. With this mechanis., it 

i8 also obvious that in some of the elementary units, which 

are so highly streèsed, that yiélding has occurred. Mean-
\ 

while, some of the elementary units may only be'" stres~ed 

slightly or ~ressed to a fraction of their strengths. 

ThUs, at microscopic levei according to the concept of the 

random distribution of stress and the elementary units, 

the stress acting on the elementary units may vary from 

practically zero to the yield strength of the unit. The 

strains of the elementary units, th~refore, May vary from 

practically zero to that of a continuous plastic flow. 

According to this'concept, the conventional way 

of expressing the tbtal stress-strain relationship as 

shown on Figure 6-11 i8 no more than mathematical expecta­

tions of theae quantities. On this figure, the stress 

i8 exprea8ed in terma of the convent~onal engineering 

definition of IItress divided by (l-n) if one takes poros[ty 
j 

of the specimen into account, where n i8 the porosity. 

Binee in a fully eonaolidated soil, the pore pre •• ure i. 

' . 

............. ------~--------
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dissipated, and the voids do not take stress at aIl. 

It is, henc~plausible to express the varia­
i 

tion of stress and strain in the microscopie level in 

the following ibims (Axe1rad, 1963; Axe1rad and Yong, 1966, 
J 

1970). 

where 

• 

" 1 

" 
• ••••••• (6 ... 1-4-1) 

~ = micro stress acting on the unit 

~ = miero strain of the unit 

< ~ >., expected stress acting on the uni t 

< t > = expected stra in of the unit 

~.-~ variation of the aetual stress from 
expected stress 

f· = variation of the aetual strain from the 
expeeted strain 

and the expected values of stress and strain are given by 

the following expressions: 

where 

cr . 

< E) Ile •••••••• (6-1-4-2) 

() = the convention stress (load 
divided by the area upon whieh the 
load acts) 

.' 

6 - the conventional strain (engineering 
strain or true strain) 

IL - porosi ty 
.. 

If one assumes that the stress and strain 

distributions in the materia1 are a1'9 normally diatributed 
1 
1 

,.. 

1 
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(Goldstein, 1965~, the microscopie stress and strain 

distributions relat~ng to the macroscopic stress-strain 

relation may be shown diaqrammatically in Fiqure 6-11. 

macro s tress-stra
j 

in 
relation 

, 
fig,6-11 

o ê 
\ 

) '~ 

=(E:)+€-

strain 

micro stress strain distributions 

the interaction of thea. tvo di.~ributiona 

gives rise to the observable macroBCopic meaaurement.. In 

other words, where micro stress equala to or excead. 

the strenqth of the unit, flow takes place, a~ where the 

micro stress i8 less than the strenqth o~ the unit it ia 

also acting upon, the unit will underqo definite elastië 

j 
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and anelastic deformations proport,onal to the stress. 

Because of the randomness in the distributions of stress 

and strain, according to -statistical concepts, the distri­, \ 

bution which shows thé probability distribution of the 

unite being stressed within their yield Itmits might be 
) 

consideree! as -the random samples taken from the entire 

ensemble, therefore, miqht also be conaider~ as repreaenta-

tive distribution of aIl the elementary units in the speci­

men (Tien and 'Lienhard, 1971). 

To eraluate the probability di~tri~tion f~ction6. 
one may compare equation (5-4-3) vith the theoretical re­

sults of equation (2-2-2-2) developed in Chapter 2, 

let t - 00 in creep function C( t), the tbe ultu.te 

value of the second teI1l in this equation is equal to t,II., 

i.e. 
1 

C(t}Arr - C( .. , Ac- c -E,IA t-... ,;/0 
•••••••• (6-1-4-3) 

... 

therefore 

. ( 

•••••••• (6-1-4-4) 

1 
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or the probability weighing factor\Pk(~ )d~ is equa1 to 

the density function f(t) which may he eva1uated by 

the retardation time distribution method, and for a normal 

distribution ~ qiven by: 

/lfI/ 
1'(-c)tk - f(~'Jc, ~JV: 6" e- z. J~ 

•••••••• (6-1-4-5) 

The probabi1ity of occurrence of a unit at a 
fi' 

particu1ar 1eve1 of energy i as given in equation (3-2-1-11) 

hence may be rewritten as: 
( 

•••• .' ••• (6-1-4-6) 

1 
The equivalence of these two equations, one 

derived from thermodynamic concept, the other a consequence 

of viecoe1astic consideration, indicates that there does 

exist a functiona1 re1ationshi~ between the specifie 

environmental conatraints in regard to the balance of 

enerqy and the retardational charaeteristics of the re8u1t-
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l 

inq elementary units. Tbough, rigorously, it i8 not necessarily 

that tbere exista a one-one correspondence between the 

particu1ar energy level of integrity and a particular 

retardation time, i.e., at a particular enerqy level, there 

may be gi units which do not nec .... r ily bave the .aae t> 

retardatiop tille. The characteristic. of the tu.e of 

1 

1 

1 
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retardation and the retarded strain may be pbtained 

experimentally while the exact enerçy level for the forma-

tion of the 'clay soi1.elementary unit remains unknown 

due to ~he camplex tnteractions ~tweep soil particle~ and 

between 80il parti;~e8 and the<cQn~ituent fluids. lt ls 

also because of this inberent difficulty in the evalua­

tiop Of exact enerqy level, fbat it u-poses a prob1em 

in the evaluation of the exact value of the partitiôn 

148 

funct:.ion, althouçh it may be seen frOID B:JUation (6-1-4-5) \ 

that the partition function ia probably proportionsl to 

~ a- , bovever, the proportional constant is not clear 

at thi. staçe of tbe investigation. 
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6.2 CONCLUSION 
es 

The ~echniques now available have provided 

evidence that in a clay 80il matrix, a number of particles 
. -

tend to floc toqether and behave as if a unit, here 

detined as elementary unit or ped. Theae ped8 further 

define th, overaii structure and stability of clays. To 
l ' 

account 4'or the mechanism of the physical interaction and 
\ 

.1ndividual dontributidn of the unit to the creep performance, 

the elementary unit has been defined and utilized aa a 

basic model for the develo~ent of à probabi~i.tic theory 
. 

presented in the theai.. lt ia ahown that with the 

application of the theory, a conaiatent method of the 
1 

drained cre.p analysis is available which accounts for ~ 

the non-homogeneous diatributions of stresa, strain,! and, 

the phyaical makeup of the elementary unita in the clay 

soils. 

The followin9 concl'uaions may be drawn from 

this studys 

1. 

, 

Orained cr.ep behavior can not be pre-

dicted by the available cre.p theorie. 

derived trom undraine4 cre.p bahavior. 

No linear relationship exists between ~09É 
1 

verau. ( cr,· cr, ) and no detinite pattern 

of temperature ettect may be deflned 

" 

, 
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althouqh hiqher temperature .eems to 

increa.e the creep deformation and creep 

rate. Therefore, no unique energy of 

activation may he ev~at~ and the rate 
r 

proces. theory can not he~pplied to 

drained creep te.t analysie vithout 

.iqnifieant l~itations. 

2. THe etr •• e-etra~n-time relationship ob­

tained by .eparatinq the deformation into 

ela.tic, anela.tic and flow campanent. and 

by introdueinq the probabili.tie weiqhinq 
, lJ 

tunetion into the analy.t. provide. an 
. ..... 

excellent prediction of ereep .train at 
~, 

any time for qiven yontininq pre •• uree 

and etre •• d1tterenc~ level.not excee~inq 
50 percent 9f the uncontined co~pre •• ive 

.trenqth of t~ .pectmen. 

3. In a draine4 creep t •• t, the axial .~ra)n , 

resultinq,trOfll aniaotropic con.olida~ 
.-' 

va. found con.titutinq approxi.mate~ 5 ta 

15 percent of the total creep .train. 
\' However, at hiqher confininq pre.sur •• and , 

at lover stres. 4iff.rence levals, a s1qni­

fie.nt portion ot str.in is due to aniso­

tropie eonsol.i4ation • 

./ 
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4. A creep mechani.m, baled on the 

rpostulated elementary unite, which il 

a group of clay particl.1 acting as if 

a unit, May be utilized to explain the 

ob •• rved drain creep characterietici. 

The dietributional characteriitici uled 

in the analysil may provide a theoretical 

balil for the further probabi1iltic approach 

to the creep analYlil for clay loi11. 

1 

) 
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6.3 PURTHER RESEARCH 

... The following aré a few ex~ples of further 

re.earch which will be beneficial to the under.tanding of 

rheological characteristic. of clay .ails: 

1. Semi-drained conditions - test r,esults 

indicate drained creep behavior i. significantly different 
......... 
trom that of undrained result.. Bowever, to simulate the 1 

,1 

field conditions, both .bort term (undrained) and long 

term (drained) behavior. are of intere.t to engineering 

practice. Tharefore, a re.earch proqram involve. test. 
! 

on large sampl.s or full scale field test. will be 

~.t de.irable. The te.t. should be carrieA out with fre. 

drainaqe at boundary while pore water pre.sure be measure~ 

at .everal locations of the specimen or the soil mass in 

the field. With thi. proqram, the influence of pore 

water pressure build-up and'di •• 1patiob on~he creep 

pattern may be examined. 

2. Application. - with the stress-.train-t~e 

relat10n.hip for dra1ned cr.ep obtained tram this study, . 
• f 

it will be int.restinq to s.e its praQtical application 

to .lope stability analysi. ot open cuts, long inclined 

slope., .ettlemant of tanks on soft soils, etc. Th. 

pr09ram will involve te.t borinqs on several predetermine4 

locations ta obtain the information on 80il strati9raphy, 
• f 

groundwater' condition.. Several piezOIUtar., inclinometer 

, 
1 

/ 
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.. 
and settlement qaugel shoul~ he· inatalled for pore water 

pressure measuremehta and movement detections, reapectively. 
/' 

Stress-strain-time relation.hip similar to Equation 5-4-2 

may be obtained by creep tests on samples obtained from 

test boreholes. Appropria te t1"'~ , cr, ~ Oj should be chesen 
/ 

so that they would repreaent the stres, conditions in 

the field. With this infqrmation and boundary conditions, 
t 

the finite elament methO<1 of analysi. may be used to 

calculai. the predicted creep mov __ ent of the 80il mas. and 

r,ault. May be compared to the field oblervations. 

3. Soil fabric Itu~iel - phylicochemlcal 

.tudie. oh lOil {abric will include the Itudies on varia-

tions of .oil faoric 1ft different .tage. during the 

deformation proc.... The ma.t effective technique probably 
1 

1 
il the Icanning ~lectron microlcopy technique. However, 

thia will allo lnvolv •• tandardizing the method and procedure, 80 

that a direct ca.par1.on can oe made and the interyretation 

of the relUtlWill not be hindered by the labora tory condition ing 

of the Ipec n.. With the increa.inq underltancSing Of/SOil 
4 

fabirc, the •• chani •• involved in tha defo~tion can be 
; 

properly envilaq.cS. Tharefore, an appropriate phy.ical 

theory (or theO~i •• ) _l'y be adopt~ tor the lnterpretatlon 

of ob •• rved behavior ~lt may further be uaecS .1 a tocl 

for the prediction of the .tr ••• -Itraln-ttme behavior for 

.011 •• 
1 

i 
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APPENDIX A 

EXPERIMEN'l'ATI0M 
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A-l. Material .". 

1 A-2. 'a.pl. 'reparation 
-

and Te.t proc.dire ! A-3. Apparat\1I 
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TI. 2 ; 

"- , , 
In thi •• erie. ot inve.tiq~ion'J deqenerated 

kaoline wa. .elected for te.tinq on the qround a. ~t ha. 

a relatively hi9h .pec1tic lurt.ce due to th. poor 

develo~nt ot it. cry.tal .tructur., an4 it ha. a con.id-
\ J' 

.rable abount of i.omorphou •• ub.titution within th. 

lattice. Under .u.tained 10a41n;, the.e propertie. miqht 
? 

l.ad ta .ome un.xpected benavior ot the material when thl .. 
... 

.pecimen i •• ubjected to difterent environmental condition. 
~ 

'uch al different confininq pre •• ure., temperatur,.l, and 
,j 

time dur.tion.. In view of the relat1vely"h1qh confin1nq 

pre •• ure u.ed in th~ •• erie. ot itudie. and the ~ce"ity 

of temperature control, .peotal .ample preparation device. 
1 

were .et up. Conventiona1 triaxial cell. w~r. moditied. 
1 

In.trum.ntation ~nd te.tinq proc.dure. were d •• l;n.d 10 .. 
that meaninqtul data could be obtained. All the .ample. 

#' 
te.ted and the'temperature, confininq pre •• ure and .tre •• 

dilterence level. appl1ed to each .ample are .hown on Table 4-1. ' 
o \ 

-',.1 MATlaIAL (Yon; et aL, 1964) 
, 

The olay .011 u.ed in thi •• erie. ot te.t. ~. 

'el1 Clay which i. a tine1y divi4e4, kaolinitic'clay, lifh~ 

brown in colot, and prep.red and p.cka;ed by •• 11 Indu.trlel, 

Lt4. rrom .tandard hy4roa.ter tt.t., al1 of the p.rti~ler 

exh1bitinq an equ1valent dia .. ter of 1 ••• than 0.10 .. w~il • 
approximattly 70 pereent by wei;bt ot the lOi1 partiele. 

r ... Lned Ln .u.pen.1on .lter 71'hour •• 

\ 

/ , 

-

j 
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The X-ray ~it~raction ana1y.i. ot,the coar.e 

traction ot the .011 conti~ed that the major clay mineral 
il! 

companent we. kaolin, However, a10n9 with the u.ual 

well Cry.tal1ir'd tona (characterlz.~ by a lattice .pacing 

ot 7.12 A), a torm wlth a 1attice .paclnq ot 4.63 Â wa. 

al.o recordedl indicatlnq that a poorly develope'd, or de- / 
, 1 

genarate~ ver.ion ot the mineral wa. alla pre.ent. Perhap. 
j 

the ma.t .trikinq te.ture ot th. X-ray ~ltt_.ction trac' 

wa. an extr ... ly .harp peak corre.pon~in9 to a lattice 

apacing of 3.11 A. ~YPiC.l 01 the n~n-cl.y mineral quartz. 

The .harprie •• of th~ peak ~i. not du. to the relative 

abundance ot thl. mineral but to~he well developed 

cyr.talllnity u.ually a •• ociated wlth it. A ~econ~ary quartz 
• • pacinq ot 4.24 A .erve. t9 contlrm th. pre •• nce of thi. 

mineral in the .ample. Trace. ot ••• cond non-~lay mineral, 

.patite, were i~entltied by the pOl1tlve re.ult. of chamical 
r t 

t •• t. for th •• lement. calcium â~ pho.phorou •• 
P, 

Pollovinq the procedure outllne4 by ASTM, th. 

1iquid 1111it ot a.l1 Clay v.'.;4foun4 ta be 75 percent an4 . 
pla.tic liait lO peroent. 

/ 
Uain, 4iatilla4 water a. the 4i.plao ... nt'flui4, 

A3 

tha averege .pecifia. 9rav~ty ot .. 11 elay wa. foun4 to he 

2,52, an unuaual1y lov fi9ure wben con.i4erinq that bath 

quartz and apatite, known to kHI pr ... nt in the '01.1 , po ••••• , 

'plcifia 9ravitL •• Gon.iderably hifber then that. Vith 

carbon t.e~raGhlori4a a. th. di.,l~,,_.nt tlui4, a value 

of 2,12 va. obta1.u4. 'rhi. fi9'Ul'. J. • ..,.i4er.d te be 

l ' 
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f 
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more repre.entative of the material, and the lower f~re 

obtained in yater can be con.idered a. an' ad itional indi­

cation of the activity of the clay mineral tr ction of the 

• 011. 

In addition to the •• more or le •• r~utine te.t., 

.evetal non-.tandard t •• t. w.re carried out. They included 

hydrometer analy.i. ln unconditioned, di.tilled water (the 

qrain .1%e analy.i. quoted above u.ed .o~ium metapho.phate 

A4 

at. a di.per.ion ~ent' a~d in 10-2, 10- l N .olut1on. ot .odium 

chloride. The re.ult. of the te.t. co~duct.d in di.tille' 

water aqreed very clo.ely vith tbo.e of the te.t cited above 

indlcatln9 that the '011, in it. natural .tate, wa. 

not .1q~ificantly tlocculatad. In both ot the .odium 

chlorida .olutlon., avaluation ot the hy4rometer ra.u1t. 

were dlfterent .inca tha clay flocculated i~diat1y. Juch 

bahavior would .eam to indicate that the lonq and .bort 

ranq. force. ot interaction pre.ent in the .y.t" ware 

tre. to Act, except wbere .adified by-the caution. of 

the .0dlW11 chlorieSe J011tion.. fcon'*lu~ntly, tts.y will 

pl.ay a .ifn1f1cant r01~ in determin1nq t&i eharaetet1.tic. 

ot Any .oil eontaininq appraciabl. quantiti •• of ael1 Clay. 

Thi. h ypothe.i. wa. confirMd by the .valuation 

of the con_i.teney liait. of t~ .oil vith .odiu. .. ta­

pho.phate, vith 10-2 .ncS ~~3 •• 04tu.,chlorL4e .olution. 

~inq the tluid pha... Altbouqh the •• ta.t .. are in no vay 
), 

• tanda rd , the ditterinq r"ult. obta1ne4 iA4Lclta that the 

'. 

1 • 
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/ behavior of aell Clay may b. con.i4erably modif1ed by the 

.' , 

/ 

l ' 

variation of, the .xchanqeable 10n conc~ntration and that 
,. 1 

the ion exchanq. capacity 1. con.i4erably hiqher than 

that normally a •• ociated vith kaollnitie clay.. In the 

deqenerate form, 4egene~ated kaoline would Act a. an 

amorphou ... terial, an4 due to the poor 4evelopment ot , 

the ery.tal .tructure, a con.id.rabl. amount of i~rphou • 

• ub.titution within/the lattice Cin be expecte4. It i. 

likely that thi. mineral .bown in'th. X-ray ditfraction 

analy.i.:i. re.pon.ible for .uch of th* unu.ual behavior 

of .. 11 Clay. fhi.~ toqether vith the hi9h .pecifie 
, , 

.urtace inplicit in the ... 11 partiel •• ize; woù14 le&4 
~ 

to the unexpaete4 aetivity ot t~ ainaral. 
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A.2 .AMPLI pup ne. 
In order to en. ure the un1to1'lll ty ot the .açle 

u.ed, and ta ellal ate the effect of pore a1r, 1t 1. 

d •• irabl. ta 

.ample 

/Piqure A-l, ànd t 

hiqh deqre. ot .aturation in the 

two-pha.. .y.temw 

• preparation apparatu. 1. .hown in 
,. 

procedure i. outlined a~ follow'l 

when thorouqhly ml ed .~urry ot Sell Clay powd.r and 

dl.tilled water (water content of 120 percent) wa. placed 

ln the .lurry re.er oir and allowed to .ea.on for at lea.t 

24 crea.y and con.18tent .1urry wa. ob-

tain.d. The .edimentation column and con.oli4ation tube 

(l.5 inehe. in di~ter) were then fll1ed with 41.t111ed 

water whlch wa •• Ob.equently 4ealre4 un4er vacuum. The 

.lurry va. 4rawn uncSer v.cuua [lnta 4.alre4 water in the 

.e4iMntatlon eol~ an4 allowe4 ta fall inta the ooft.ol1-

dation tube vhich wa. vibrate4 to br.ak 40wft the .t~t~e 

of the 81urr)'. When .ufflcient .lurt:y ta procSuoe a te.t 

.p.clmen ha4 accu.ulate4 in tbe.con.alidation t.be, it wa. 
t-

r..ove4 and lubjaote4 ta a uniaxial 10a4Ln9 vith top an4 

bottolD 4raina,e. provi4e4. '1'he 10d'n, Foc/dure, prior 

to the r8llO"al of tu .-.pla frca th. 'tube, tollow. the. 

increaental technique with low inltial 10&4.. A tille of 

approxiutely ten da,. wa. requ1re4 te teaoh the axi81 

COftlOli4at1on pr ••• ura of 30 p.1, Ieoaue ot' the .1cSa 

frict1on, thi. pr.l~na~y OODI01LdatLon pra •• ur. wa. 

/ 

A6 

/ 
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A7 

•• timated to De around 25 p.i. Following thi. tr.a~nt, 

the .peel .. n va. extrù4ed, eut into .ix or •• ven inch lenght. 

and pIae.d,:in the traixial eel1- Thi •• p.e1men va. further 
.1 

i.otropi~11y eonao1idated vith a eonflni'n9 pre •• ure of 

30 p.i tor tour 4ay.. rilter paper .ide drainage, .in91e 

rubber .leve (TESTLAB) and 0 rin;. vere u.ed in accordanee 

vith the .tan4ard practice. After thi. preee •• , the .peci~n 

va. tri..-d to 1.4 inche. in 4i ... ter and 3.14 inobe. in 

lenqth. Thi •• .-ple va. then placed in the triaxial vith 
./ 

double -..brane and .14e draina,e, &ad oon.oli4atioD to the 

de.irad continin; pre •• ure vith an initial conlOli4&tion 

pre •• ure ot 30 p.i and .ub.equent incr..-ntal pre •• ure of 
l' 60 p.L '1'be con.oli4ation perlod tor eaeh incr ... nt va~ 

tour 4&y. to en.ure that the internai pore v.ter pre •• ure 

va. cOllPletely dl •• 1pate4. VOIUM obanqe due te eon.oll-
1 

dation va ..... urecl in tara. ot the vater extru4e4 and 

thi. ob.enation va. obecJted by • 4etenaination of the 

10 •• in • .-ple vei9ht. Volu.. chanqe and ax~al .borteninq, 
" du. ta con.oli4ation, vere u .. 4 to calcula te the re.ultant; 

oor •• -.. ctional ar'.,of the .pect .. n by a •• uain; that the 

.bape r ... ined cyl1n4rical. ~ &89r .. of .aturatLon Va' 

cbecJC4ld br the u .. of pore 4pr ••• ure par_ter. (.k,spton, 

1'5~'. ".ul~ iDdicate4 tbat the 489re. of .aturat1on 

va. HNlJ.nt.. .. lIGIIo ..... itr of the • .-p,le ••• che0ke4 

~ cuttiftf the,"ll, coolOiLdate4 • ..,1. into .1~" 

• the _.~ y.~j,atjoa of ta. .aUt 008~t of t,be 1041v14ual 
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• 11c.. f&"Oll t;Ile a •• r., •• alue for 0"', • 240 pat va. f0un4 

-
to be 1 ••• than 0.4 per~, indioatiD9 • 9004 tac.ocJenaity 

w1th1n the • .-ple un4er th1. r.lati •• ly b1tb OODaOl14at1on 
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A. 3 APPAJlATU8 AJrD TaT p~ 

. The arranq~t and the -te.tiJ\9 .war.tu. are . 

" .c~tically repre •• nted in Fiqure 4-4. '1'be triaxial 

cell. "ere reintorced to "ith.tand the relatively hiqh 

continlng pre •• ure.. In previou. inve.tiqation., (Chen, 
tl 

i, 

1965) prel1minary te.t •• howed that the ..-brane. "ere not 

able to prevent the tr.n.ter ot moi.ture bet"een -..bran. 

covered .pecimen. and the .urroun4in, confininq tlui4 

un4er pre •• ure h1qher then 60 p.i when ".ter "a. uled a. 

contininq m.dium. Thu., .. rcury wa. u.ed a. a jacket and 
r 

moi.ture barrier tor pre •• ure. ,reater than 60 p.i. Sinee 

the • .-ple had been con.olid.~d te 60 p.i prior te the. 

tri .. inq proce •• , the attect ot tha d1ttarence ot hydro-
~ 

'tatic head betw •• n ~ and bottoa ot the te.t .-.ple, 
J 

in thi. ca.e calcul'at..4 te be 1. 3 p.i, "a. tound neqliqibla. 

A9 

The pre •• ure .ource unit va. a pre •• uriza4 nit(o­

qen tank connacted te a pra •• ure re,ulator whlch can he 

adju.te4 te the 4a.ira4 confininq pre •• ure.. Un4er relatively 

cOn.tant rOGa te.perature, the variattbn of the pra •• ure 

va. not r.,i.tera4 4ur1Df the loa4!.., periocS. 
1 

Atter ~ • ..,1.. vera pll0e4 in the traixill 

cell., the ntir. Ht-up wa. iUIIJ.ated in a .tyrofona 

,,&binat. fte CE ... at:ur. in.Ua the cabi_t wa~.,ul.~ 

br • IJ.tbt lMaJ.b.Wf ... .,.. thamo-ooup1e .,. .... fmiCh wa. 

4 .. itnatM te oontrol ~ tES(leratUl'a vithin tO.50, • 

A pari0410 '*-" of ~ t ESfer.tua ta.i6I t:be c&binat, 
1 

• 
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rour 4iff.rant confininq pra •• ur •• of 30, 60, 

120, and 240 p.i v.re u.a4 ;in thi ••• ri •• 01 ~.t.. The 

volu.. Ghanqa, 4ue to con.oli4ation .nd the addition of 

.tra •• diff.r.nce, ver ..... ur.d by bur.tte. which ha. 

an accur.cy of 0.025 ce. The •• bur.tta. v.r •• 0 arr.nq.d 

and a4ju.te4 fre.:. t1M te ti .. , that the vater level. in 

t~ v.ra Jtept at the .... 1ev.1. a. tho •• of the corr •• -

pon41nq top. and bottoaa of the • ...,1 •• , 1n or4er to avoi4 

hy4ro.tat1e bea4 41ff.rence.. Th. top. of th... bur.tte. 

var. ao connecte4 that t~ vApOr pr ••• U%. in the lina wou14 

pr.v.nt the .. aporation of the vatel' 1n the burette •. 

After the .-pl. va. conao114ate4 to the da.iracS 

confin1nq pra •• ur., eon.tant 10a41nq va. then app11e4 

1n.tantaneau.ly. aoth c1eviator1c an4 volumetrie .tr ••••• 

vare in4uce4 to eau.. .hear .train an4 yolu.. chanqe of 

the .Ulple. 'Ibe vertical dafomatioo. _re .. a. ureeS by 
,.. . .. .. 4 

cU.al fa",a •. to an &Courac)' of 0.5 x 10 inch. 'l'he 9UAfe. 

vere firaly attacbe4 to the tria.ial cell. to prevent , 

the po •• ible error 4ue to &-elatiye tIOY-.nt. 'l'he rea4iDf. 

of the 4eforution vera tabft at ~opar tt. interval. 

4ur1ftf the ratar~ 4efomatLon .tatet iaterval. of 

, to • bour. 4ur ÛI9 ... t:aat rate f10w au.a. > 'lb1a vaa 

t.o ..... tbat tbe 01'.., GU"a ru4!Dt ..... e DOt to be 

intunpYd br the aJ.ttat. ft1a ... tant 1oa4iAf .. Min­

tainelt ,. 4. 1Iou. _ë11 • CIOUtaH flow 0(U'ft va. obHrYe4. 

\ ' 

" , 
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'!'hi. va. followe4 by a COIIPlete r..",a1 ot the 10a4ift9 

1 ... 1nq the atr ••• 41ff.rence act1nq on the • .-ple te zero. 

Upon the ,rellOVal of the 10&411\9, the MIOUnt of reb0un4 

~---M~~a~1~0 r.cor4ed at proper tt.. 1nterval. .0 that a • .ooth 

.tra1n-tt-e curv. va. obtaine4. The reb0un4 proce •• va. 

fOWld te tera1nate v1 th1n 24 hour.. 'rberetor., the • .-pl • . ~ 
1 

va. kept unloa4ed tor 24 beur. before the app11cation of 
. 

the next h1qber .tep of 10&41nq wh1ch va. &9a~n t01lowe4 

by co.plete r..oval of tbe 1084. Th1. procedure va. 

repeate4 unt11 the 1o&41nq reachad approxiJutely 80 percent 

of 1t. uncont1ne4 oo.pre •• 1v. ,.trenqJh, 

After the la.t 1o&41ft9, the apparat~ va. 

i ... nt1e4 qu1ckly and the • .-ple va. .uhjecte4 to an un-

All 

te.t, an4 the fiul .,ater COIatent va. 1 
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1. Siurry r~SC!1"'V;or 
2. feed .ng 1 j ne 
3, deairing column 
4, consol idation tube ( 2~) 1-

5. consolidation tube'( 1 M ) 

6. vacuum Ji ne, ~~. 
7, trop , 
8. vacuum tank 
9, vacuum pump 

10. pressure gouge 
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;;' 82 .:t 

'\ -rr •• '0 p.~ T • 98°, 
Q~ 

e ' 

cr. -1.. l.llli . 
c-, - r. • f,' Ml cr. - G'"".a • 19. 0 p'l 

8'<J 
tl .... • tra ln 'tl •• .tNln tl •• .ualn 
(.ln) -1 • ) (.11l) 

( " ) (.ln) ( . - ) 

0.1 0.0610 0.1 O~70 0.1 0.14)0 

'. O., 0.0110 O., O. 51 0.5 0.li'1 
1.0 O.onS 1.0 O. 901 1.0 0.1 )2 
2.0 0.0821 1.0 O. 968 2.0 . 0.11)) 
4.0 0.088'1 4.0 0.1068 4.0 0.1901 
1·0 o.~? . ".0 0.1151\ 1·0 g.20~ 

15·0 0.1 9 15·0 O.li35 15·0 .2) 9 
lO'O 0.12)5 zo.o 0.1 'i lO'O 0.2116 
0.0 O.lm 0.0 0.20' 0.0 0.,415 
~.o O.lm " 100.0 0.2510 ,0.0 0.,920 

1 '.0 0.1 110.0 0.,01Q 120.0 O.~91 
"0.0 0.2 59 280.0 o.~ 210.0 O. 19 

i90
•
O 0.2S58 400.0 o. 9 )ItO.o o. 981 

60.0 0.)011 190·0 0.~1 390.0 O"UO) 
810.0 o.~~ 1~.0 0.1916 m·o o. 91 

1410.0 O. 1 1eaO,0 0.8~6 1 .0 1.1917 
2110.0 0.4109 12 0.0 0.8 7 1785·0 1.283S 
'160.0 0·5850 2880.0 0.9511 2880.0 1·5611 • • 

"-r 

.tr... dlttereno. • 0 

0.0 0·.5850 . 0.0 -a. ml 0.0 1.~11 
" 0.1 0.,,)4 0.1 O. ) 0.1 1. 114" \ 

0.5 o·me 1.0 0.819) 0 .. ' 1·)979 
15·0 o. U 2.0 o.811l 1.0 1.)94i 
30.0 0 • .56 4.0 0.8 , 2.0 1.)82 

120.0 0.56)2 1.0 ' 0.8616 4.0 1·3110 
160.0 0.,5628 15·0 O.~6' 1.0 1.)609 
S10.0 0 • .5601 ro· O o. 9 15.0 1.)468 

1140.0 0·5601 0.0 O'U09 lO'O 1.))1) , 90·0 o. 9i 0.0 1.)112 
120.0 0.81' 90.0 1.)020 
120.0 0.8209 1".0 1.2936 
~O.O 0.81_l ~.o 1.2711 

14)0.0 0.8U 1 .0 1.2101 
2020.0 1.2448 

• 
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• 
•• 

'6",. )0 pal T • 98°' .~. 
.<" 

T • 88°, 

Q 
• )0 pll 

G"", - Ô, (f' .. ~, , 
• 23,' p'1 sr, - r, · l,) pli • 6,6 pli , 

....... 

t1ll. atra1n t1ll. ,train ti •• .traln 
(.ln) ( . ) (.ln) ( . ) (.ln) ( . ) 

0.1 1.12)9 0.1 O.OftI 0.1 0.108 
0·5 1.390, 0·5 o.05l O., 0.112 
1.0- 1.~1 1.0 0.05 1.0 0 0.116 
2-. ° 1. 264 2.0 o.~ 1.0 0.122 

l'O 1.9813 4.0 o. , 4.0 O.l~ 
.'0 2. 1°iS 7.0 o.o~o 1.0 0.1 

7.0 2.,6 '1 15·0 0.0 8 15·0 0.112 
15·0 2.1486 .. iO' O 0.106 '0.0 0.202 
lO.o ). 10l: 0.0 0.125 iO. o 0.2)1 
0.0 ).40 90.0 O.lU 0.0 0.2SS 

120.0 ,.6107 120.0 0.1 160.0 .. 0.)21 
240,,0 - l·91S1 180.0 O"l~ rJ 

240.0 0',19 
420.0 .0194 410.0 0.2 a9O •0 'O. ~ 
740.0 4.2 69 14)0.0 0"°1 25·0 0.616 

146.0. ° 4.481, 1190•0 • O"i ' 1420.0 0.'1)0 
2220.0 4.64l 2 80.0 O., 5 .11~0.O O'è19 
)090.0' ,4.16 .. 20 0.0 O. 21 

2850.0 0.817 
1: 
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0 crs. '0 pal '1' • 880, 

It 

<S, - fi ([:, - 0-, • ~l.ll.~ g:, .. li • ;L~I~ RI' 
, 

. i 
(;) 

tl •• atraln tl •• .train ~ tll1. 
_ (.ln) (.ln) ( ~ ) (.ln) ( , ) 

0.1 0·,.18 0.1 ~ 0.294 0.1 0'i9? '0.,5 1 0.186 0·5 0.'20 0·5 O. 17 , " 2.0 0.198 1.0 0.,," 1.0 0.640 
4.0 0.212 2.0 0·'59 1.0 0.695 
1.0 0.2i5 4.0 " 0'l92 4.0 0.153 

15.0 0.1 9 1.0 0':i1 1.0 01 1:9 
~O.o 0·312 15·0 O. 5 15·0 . 0.8 2 
0.0 0'U6 lO'O o'U9 lOtO 0.986 

90.0 O. 1 0.0 o. 5 0.0 1.111 
110.0 0.~1 110.0 0.~81 110.0 1.286 ' 
210.0 O. 18 180.0 O. 8'9 . ,'OIes 1.628 
420.0 0.128 ~0.0 1.018 10.0 1.~14 
6)0.0 0.842 0.0 1.2,56 600.0 1. 50 
1)0.0 0.884 1100.0 1.6)0 140.0 1,916 
14~0.0 1.08, lif'O 1.~92 1400.0 2.2)1 
11 0.0 1.14S 1 5.0 1. 95 18,0.0 2.)11 

, 1890.0 1.1~ a 25.0 l·m 21 0.0 2.~2 
2190.0 1.1 2880.0 2. 28,50.0 2. 0 
IA10.0 1.1,8 

} 

,. atr ••• dlttereno. • 0 
r 

0.0 1.1,8 0.0 2.040 • 0.0 2.440 
0.1 ~:g:i 0.1 1·125 0.1 2.11,5 
0.,5 0.,5 1. 71, 0.,5 2.015 
1.0 1.011 1.0 1·70 -1.0 2.045 
2.0 1.061 2.0 1.681 2.0' 2.01? 
4.0 1.0,52 4.0 1.6,52 4.0 1.994 

o 1.0 1.0'9 1.0 1.621 1.0 1.966 
1,5.0 1.011 15·0 1.601 15·0 1.9~9 
)0.0 1.010 lO'O 1.,568 lO'O 1.8 ) 
10.0 0·910 0.0 1·542 0.0 1.841 

120.0 O.~" ro· o 1.,52) '1,5.0 1.8)1 
140.0 O. ,5 2 0.0 1.~00 ug.o 1.191 
za5•

O 0. 92l 190 •0 1. 1'1 1 .0 1.160 
0.0 0·91 ::i0 '

0 1.411 
1610.0 0.90' 5·0 1.4'12 

1415·0 1.444 

• ) 1 

"-
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86 ., 
a-J • '0 p.l, T • 88°, 0-•• )0 pai T • 1S°pt 

Cl (, - t', 
1 

fi-ft 
\ 

6, - (f, 
, 

1 • 29,0 pll • 2'., pll • "l pll C 
1 tll1'" atraln ti •• Itrain tl •• .train 

("ln) ( . ) (.ln) ( . ) (alri) ( :' ) 
. 

9.1 1.lf' 0.1 1.~0 0.1 -o.Oi96 
0.5 1.2 1 0·5 1. ;: 0·5 0.0 64 
1.0 l'l21 1.0 1." 1.0 0.0681 
2.0 1. II 2.0 l:il" 

' 2~O 0.01)1 
4.0 1.Z: 4.0 l.,~. 4.0 0.0191 
7.0 1. 24 "·5, ".0 0.0830 

15·0 1.811 15·0 1. 96 15·0 0.0913 
~0.0 1.990 iO' O 2.0)~ iO' O 0.1013 

0.0 2.199 , 0.9 2.1X 0.0 0.1163 
110.0 2.)9~ 100.0 2'l:1 liO' O 0.1)45 
180.0 2·50 210.0 2. l' 1 0.0 0.1545 
210.0 2.716 210.0 2.846 11.90·0 0.2225 
~O.o 2.~9~ 810.0 ).08) 1610.0 0.2415 

0.0 2. , 1400.0 ,.21) 2"0.0 0.2591 . . 600.0 2·99) 1860.0 ,.II' 
800.0 .... ).092 2940.0 ,.) 9 

142,.0 ).27) 
1845·0 ).~,,, 

2100.0 ,. 01 . tj 

2880.0 ,.482 . ' 

:\ . 
" atr ••• dltt.r.noe • 0 1 

,J 

<l.0 ,.4820 ' 0.0 . "a69 / 0.0 0.2Ul 
0.1 2. 993 ~ ~ 0 ... 1 2. 87 0.1 0.2 ~ O., 2.9)9 0·5 2.804 1 ·0.5 0.140 
1.0 2.901 y 1.0 . 2'''Ii ;~ (h!)92 
2.0 2.818 2.0 2." 0.2)58 
4.0 2.829 4.0 2.690 15·0 0.2)09 
7.0 2·793 7.0 2.6,58 '0.0 Q.21~9 i 

15·0 2. 15i 15·0 2.~ 100.0 0.2126 
-lO'O 2·71 lQ·O 2'4,9 39,·0 0.1910 

0.0 2.682. 0.0 2. 92 't?O.~ 0.1960 
120.0 2. 64i 125·0 .2.4& 1 )O.Q 0.1010 
11O.~ 2·58 . 180.Q 2." 9 

60.0 2.S61 465·0 2., 8 i 

810.0 2'm' 510.0 2.,,~ 
1440.0 2. lU"O ' 2.,~ '. 1 0.9 2.)11 

• & 

.. u 



4~ __ 

Q / <T, 

1 a; - a-, • 6,6 pal 

ti •• a train 
(1I1n) ( . ) 

0.1 • 0.1148 
0('5 0.1248 " 

,1,0 0.1)15 
2,"0 O.lm 
4.0 0.1 
.,.0 0.1498 

15·0 0.1'98 
lO'o 0.1141 
0.0 0.1914 

120.0 0.2180 
220.0 0.256, 
~~o.o O' 29H 0.0 0',9 

1460.0 o. 6 , 
1880.0 0.494) 
2)20.0 0·52'" 
2960.0 0·5592 -... ,. . ... 

Il 
1 

0.~~2 /0.0 
0.1 O. ) 
0.5 0.4'l) 
1.0 . 0.4, (1 

2.0 0.4,526 
4.0 O'lliO 
1.0 o. 0 

15·0 0.4410 
22.0 0.4)l' lO.o 0.4, 0 
5.0 o.~ 

140.0 o. 
~.o 0.)961 

1 .0 0.)844 

" 
1$60.0 O. ,828 

<1 
'\:!;" 

,. 1 . 

"'V 
~------- ... 

1) 

\ 87 

• '0 pal '1' • '1aO, 

'~, - a-. 
1 

• 10,0 Ral cr, - 0) • ll" pl1 

tl •• atraln tl •• atrain ft 
(llln) ( . ) . 

(.ln) ( 1 ) 
~ 

0.1 0.1988' 0.1 0.2914 
0·5 0.2122 0.5 0·321? 

1 1,0 0. 11e r.o 0.)402 
2.0 0.21 9 2~0 0.),58? 
4.0 0.1411 4.0 0.a:92 .,.0 0.1556 1·0 o. 2? 

15·0 0.2 01 15·0 0.469Q 
lO'O 0.'141 lO.o 0.52?2 
0.0. o. ,625 5·0 O'i?lO 

90·0 Q'U9) 60.0 o. 0)0 
120.0 O. 60 120.0 0·11f8 
~40.0 0 • .5141 ~o.o 0.8??§ 
'0.0 f 0.1000 5·0 1.099 

1.510.0 1.0107 . 810.0 1.)188 
2020.0 1.0842 14lo.0 l'ro"6 
28)0.0 1.161., 18 0.0 1. ~61 1 2940.0 1.7 0 

, 
att.a. d1tter.no •. ~ 0 

0.0 l'ur 0.0 1·7600 
0.1 0.9 ° 0.1 1.4S0S 
0·5 O. 06 0·5 1·tz69 
1.0 g:~~ 1.0 1. ~4 
2.0 2.0 1.42 2 
4.0 O.~'6 ,( 4.0 1.4091 
7·0 o. 55 .,.0 l')l46 

15.0 O'sr 15·0 1.) 93 . lO.o o. 8 ,0.0 1. )42) 
0.0 O. 811 , 5·0 1.)221 

90.0 0.8120 60.0 .. 1.)08? 
liO'O 0.860) 80.0 1.2952' 
1 0.0 0.85~7 )25.0 1.2)29 
290·0 0.8) 6 565·0 1.21?? 
,510. ° -0.8)19 155·0 1.21?7' 

1260.0 0.8152 . 1110.0 1.1958 
1 

1> , 
-\' 1 

, ~ 

------_.~' , . 
L L.~_ 
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88 
"1 

,/ 

, (f. a )0 J)ll T • '7~op' . 

C' ~ 

[, - Q) • l6.6~pl" d"'. - (fa a 19.9 P'), (f, - (f3 • i',) Pf4 ~ 

, 
~ 

tl"'. Itrain tln Itra"n t1"'ft Itrain ., 
(aln) ( 4C ) (1II1n) ( . ) (11111") ( t, ) 

, 
\. 

(').1 0.4)SO 0.1 0.6971 0.1 1.11M~ 

0.,5 0.4960 0.,5 0.8009 0.,5 1.2403 
1.0 0.,5)01 1.0 0.859? ~ 1.0 1.)6)~ 
2.0 O'l71O 2.0 0.9,2i 2.0 l'lOA4 
4.0 o. 18? 4.0 1.018 4.0 1. 012 
1·0 O.6W 7·0 1.108? 1.0 1. 7?~1 

14.0 0·7 14.0 1.2264 14.0 1.92 ) 
22.0 0.81)9 22.0 1·3232 22.0 2.0659 
,0.0 0.8675 lO.O l'l9S9 ,0.0 2,1.612 
, ,.0 O·942S 5·0 1. 927 S·O 2',165 
60.0 1.00)9 60.0 l'i6S4 60.0 2. 2S8 
90.0 1.09,9- 90.0 1. 79,5 90.0 ~. 5987 

.""'\ 120.0 1,16 1 220.0 2.006,5 120.0 2.7258 
'" i 9O•0 1. '015 ' . 405. ° 2.260? 290.0 ,3.1104 

,0.0 1.?12~ 820.0 2.~?21 4QO.O ).2445 
, . 12 0.0 1·978 li85•O 2. i15 ' SiO• O ).5197 

1~00.0 2.0776 1 15.0 2.8 00 l~ 0.0 ).74'0 
. 20S0·e 2.1~)(\ 2170.0 2.9491 1 SO.O J.19'1 

1810.0 2 .. ) 00 )040.0 ).1200. 2220.0 ).8,5 9 
" 28aO.0 ). 9,9~ 

" 
Itr ••• dittereno •• 0 

, 
0.0 2'i6OO 0.0 ).1200 0.0 ~,. 9)96. 
0.1 1. 8~ 0.1 2.~1)) 0.1 ).1986 
0.,5 1.84 0 • .5 2. 510 0.,5 ).0998 
1.0 1.82,54 1.0 2.4199 1.0 ).0680 
2.0 1.801S 2.0 2.)8S) 2.0 ).0222 
4.0 1.1742 4.0 2.),O? s·A 2.9692 
7.0 1.15,8 1.0 2.)241 7·0 2.9,516 

14.0 l'l2)1 14.0 2.2884 14.0 2. Q092 
22.0 1. 958 22.0 2.25Z§ 22.0 2.814C 
,0.0 1.6ij4 30.0 2.2) ~O.O 2.6457 

5·0 1.6 1 'So.o 2.1915 5·0 l.810~ 
60.0 1.6294 10.0 2.16,9 60.0 2.,~ 
90.0 1.60~8 6:0.0 2.00 1 90.0 2.1 7 

} 120\0 1 • .58 7 17 0.0 1.9563 120.0 2.7240 
120.0 t:r~ 240.0 2.669) 
600.0 400.0 2.6)40 

1220.0 1.46.57 '50.0 2 • .5987 
1470.0 2.S?4C 

~ 

• • . ' 
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" 19 
1 . 

(JS'; '0 1>'1 T • 780, 6".. • '0 pli T • 68°' -() .. 
[. - 6'""; • 26,'6 Pl' tr. - 6"". 

? • J,3 Pl' cr. -a"' ,." • 6, q p.1 

tl ... .traln tl.' .traln tl •• 1 .train 
(.ln) ( . ) (aln) ( . ) (_ln) ( , ) 

0.1 l,-r,0 0.1 0.0464 0.1 0,0515 
0·5 1.6 8 0·5 0.0464 o., 0.O5~ 
l," 1.8 lO 1.0 0.Oi14 ) 1.0 Cl.O"'l 
2.0 2.10 ° 2.0 0.0 13 2.0 0.08~1 
4,0 2.4273 4.0 0.0195 4.0 - O.oQ4? 
1.0 2.'7~0 1.0 0.0911 1.0 O.11~O 

14.0 '.1 .53 1.5.0 0.1011 1.5.0' 0.i229 
22.0 ,.4859 iO. o 0.1259 iO' O O.1)4~ "., 

~O.O '.121, 0.0 0.1425 0.0 0.1518 
,.0 ,.918 90.0 0.1491 120.0 0.1Q60 

60.0 .1.)Oi 110.0 0.1491 240.0 0.2492 
90.0 4'Zll U.5· 0 0.1107 '00.0 0.2125 

19Q.O 4. )~ 0.0 0.2005 765·0 .).4021 
390.0 4·91 U.5·0 0.2)20 ~O.O O'i084 
140.0 5·1410 1 0.0, 0.2.58,5 2880.0 o. 745 

14)0.0 5.~800 2880.0 0.)281 
2210~O 5.~61 
29.50.0 S. .51 
3600.0 5·1422 

... 

• tr." dltt.reno •• 0 

0.0 ,. 7422 0.0 0.)281 0.('1 O.t\?4~ 
0.1 .8658 0.1 0.2151 0.1 O.~4é 

, 0 • .5 4.7499 0·5 0.2734 o., 0.58)2 
1.0 4.69.55 IS·0 0.2~1 1. a' t>:~?QA 
2.0 4.6.521 120.·0 0.2 S 2.0 O.5?P2 
4.0 4.60.50 4.0 O.S6P:2 
8.0 4 • .552.5 1·0 0.,5649 

14'.0 4.~00 11.0 0.548) 
22.0 4. 93 lO'O O. ,ISO 
,0.0 4.4161 0.0 O. 984 

.5.0 4.)168 ... 90.0 0.4918 
60.0 4.)442 / , 210.0 O.48~S 

f 
90.0 4.,~ , ) r,0'o 0.~6B 

/..;. 2iO' O 4~1 /) )0.0 0.48)5 
( , ~ 0.0 4.1m 1410.0 0.4B18 

60~0 4.0 1 
À, 1640,0 4.~,~ ,~ Y e - '2880.0 , 4,02, 

, L. 
" .' 

" 
110 •• " 



_d 
. ., 

r 

alO 

() 0-. • 30 p.l J • 680, 

- , 0"', - (fI • 10,0 P'l a". - 0-, • l',) p'1 g:, - (fi .',\6,6 RI\ ';' ~ '. 
(,.1a. .traln til1' .traln tl.~ .traln 

• 1n) ( . ) . (\ . (.11\) ( . ) (.ln) ( , ) . 
" 0.1 0.08,S 0.1 0.1'r, Q,IS' 0,)1)4 
0,5 0.0901 0·5 0.1 0,5, 0',')9 
1.0 0.0968 1,0 0.20 , 1,0 0, 024 
2.0 0.1269 2,0 0.2192 2.0 0.4264 
4.0 0.1)86 4,0 0.2596 4.0 )"0.4624 
1.0 O,lS~6 1,0 0·3°00 1,0 0.4915 

15·0 0,19 , 15·0 O,US? lS.0 O. 566~ 
)0.0 0.2))1 lo.e g:rii iO'O O. '700 
60.0 0"055 0.0 0.0 0.7612 

105·0 0.)8." ~o.o O. 658 ra O· 0.8546 
240.0 0·5159 2 0.0 1.0411 1 0:0 1.1114 

f 405·0 0.1195 l60,0 1.1911 21°·0 1.2262 
.,80.0 0·9315 

,,> 10.0 l'l181 1 $.0 1.1126 
16iS'0 1.1102 690.0 l, 749 lito ,o 1.9?Z1 

.Î 
28 0.0 . 1. )412 2190.0 1.921, 1 lO'O 2.02 

28ao.0 2.056 22 0.0 2.1401 
2880.0 2.211? 
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r 
,. 

J 
,-

(JJ • ,O.,-p.l. 

<1. - cr. • 2Q~Q P'l 
tl •• .tl'al~ 
(.ln) ( . ) 
~ 0.25 O. Sil! 

0.,5 O'i 95 1.0 0'. 009 
2.0 0.65:)1 
4.0 0, 11i8 
?o 0,11 5 

.15·0 0.8969 
~o.o 1.0)45 
0.0 1.2017 

ro· o l'l254 
2 0.0 1.~11 

'1 i6O• 0 l, 89 
60.0 2'Z529 

1410. O' 2. m 
1830.0 2.1 
28S0.0 2.948,5 

- ., .... 
'." 

'JI • 680p 

~,- fi · a", R.l 

tl •• .train 
(.lft) ( "1) 

0.25 0.8788 
0,5 0. 985i 
1.0 1.11) 
2.0 1.211) . ) 

4.<' 1,,5192 
".0 1.1860 

lS·0 2.2272 
~O.o 2.7146 
0.0 ).20S6 

90.'0 ).4S82 
120.0 ~.618' 
250.0 .004) 
410,0 4.2313 
680.0 4,4519 

1420.0 4.1016 
1850.0 4.801) 
2270.0 4.8S28 
2eeo.o 5·0094 

.tra •• d1rrerenoe • 0 

" 
0.0 2.948, 0.0 ~.0094 
0.25 2·Sse O.~S .,4)) 
0·5 2.~96 o. 4. 19) 
1.0 2, 87 1.0 4.4188 
2.e 2.45)9 2.0 4. )6,54 
4.0 ~ 2.4121 4.0 4.)22l 
.,.0 2.~e08 ' 1.0 4.28) 

15·0 2. )20 15·0 4.2124 
iO' O 2. 145 ~0.0 4.1555 

\.. 0.0 2-.2)10 , 0.0 4.109) 
120.0 2.1962 90.0 4.0772 
240,0 2.1i"8, .<1120.0 4.0630 
l)O'o 2,1 19 2'70.0 4.02~ 

SO.O 1 2.11 0 420.0 '.99 
1500,0 2.0986 840.0 

. 
'.9616 

1440.0 '.9)85 . 

,Jfir J . " 

.. 
B11 

-1 

•• 

) 
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812 

() tr~ • 60 pal T • 98°1" 

,(f,-fl • l.) RI~ a-, -fs • 19,9 Pli Qj - 0-" • 16'2 psi 

tl •• straln tlse straln tl •• strain 
(mln) ( ~ ) (aln) ( ~ ) (mln) ( , ) 

0.1 0.Ol29 0.1 0.1615 0.1 0.2069 
O·S 0,0 90 0·5 0.181) 1.0 0.2570 
1.0 0.1018 1.0 0.1911 2.0 0.2854 
2.0 0.111? 2.0 0.204) 4.0 0.)1)7 
,.0 0.118) 4.0 0.2192 ?O 0.)455 

/' 
14.0 0.1389 7·0 0.2~?) 14.0 0.~72 
22.0 O.1~11 14.0 0.2 0) 2).0 O. 06 
)0.0 a.lras 22.0 0.2768 )0.0 0.4106 
60.0 0.1 07 lO'O 0.29)) 60.0 0·5641 
~o.o O.19~8 0.0 0.)26,) 95·0 o.650Q 

160.0 0.22 ) 9<).0 0·)559 260.0 ,.0.8611 
410.0 ~.297) l'~S·O 0·)988 990 .. 0 1.4169 . 
590.0 O.,Sl' ,540.0 0'2372 1530.0 1.6.,88 
780.0 o. 07 1155·0 O. 921 )O~O.O 2. O~~l 

1)80. (\ 0.4S99 1670.0 0·7909 
~ 1110.0 0.4928 1900.0 0.83,8 

2880.0 0.65'11 2fa°'O 0 .. 9) ) 
2 80.0 1.0100 

1 " 

stress dlttereno •• 0 

0.0 0.6S71 0.0 1.0100 0.0 2.0861 
0.1 0.6012 0.1 0 .. 78;l 0.1 1.9)2~ 
O·S 0·S919 0 .. 5 0 .. 77 1.0 1.8,524 
2.0 o·S946 1.0 0·71--77 2.0 1.8)24 

22.0 0·5914 2.0 0 .. 1761 4.0 1. 80?1~ " 
1160.0 0·5914 4.0 0.7128 7.0 1.?A23 

14.0 0.761) 14.0 1.7490 
22.0 0.1ijO 22.0 1. ?2C-6 
60.0 0.1 1 )0.0 1. ~972 
90·0 0,"4g1 70.0 l..6)8R 

270.0 0.7) l 14.5.0 1.,588? 
440.0 0.731 ug.o 1 • .54)? 

\ 1 .0 1.)91R 
( 1 -

., 
" 

1 • 



" T 
.... 

\ 

B13 .. 
~T • 98°" (J" • 60 p.,1 ", 

0 -
<r;-'(f"f • J~I~ ~I~ (ft -~. 

p <1", - (f. • l2·2 1ilI~ • ~l·l II~ 
thlt • train ti •• • train ti •• .train 
(aln') ( . ) (.1_~ ( . ) (.ln} ( ~ ) .. 

, , 
0·5178 0.1 1.2)15 0.1 1.0987 0.1 

0·5 0'i"41 0.5 1.412) t , 0·5 1.281~ 
1.0 o. ~~7 1.0 1 

l'i066 1.0 1.4466 
2.0 0.6 2 2.0 1. ~o 2.0 1.688) 
4.0 0·7597 4.0 1.7 8 4.0 2.'0582 
7.0 0.8177 1.0 1.94,6 7.0 . 2·5197 

14.0 0·9199 14.0 2.1429 14.0 . Z: 4059 
22.0 0.9144 22.0 2.2914 22.0 2'0(1 

'lO'O' 1.0289 iO. o 2.4050 l5. 0 4.804Q 
0.0 1.1154 0.0 2.6m 0.0 5.9~ 

150.0 1.4215 90.0 2.8 ' 140.0 7.4 1 
420.0 1·'7920 ~245.0 ).41~ 2S0.0 8.114) 
540.0 1.8976 ~o.o l·78 S)o.o 13.6247 
920.0 2.112~ l )0.0 -rla 1090.0 8.965, 

1,580.0 2.)21 2120.0 4. 19S 1180.0 9.148 
1780.0 2.~82 2810.0 4. 19 2060.0 9.2107 
2250.0 2. )2 2540.0 9.29)1 
2-8)5·0 2·5518 2110.0 

'" 
9. )572 

''\,. 

.tre •• dltt.renoe • 0 " 

0.0 2·5518 0.0 4'i619 0.0 9·)572 
0.1 2.1)9, 0.1 ). 285 0.1 8. ))17 
O·S 2.071 (\·5 ). ~)7 0.5 8.2145 
1.0 2. 02Ol 1.0 ). ii8 1.0 8.16)) 
2.0 1.972 . 2.0 ).) 4 2.0 8.0827 
4.0 1·9181 4.0 ).2790 4.0 8.0241 
1·0 1.87)8 

~ 
7.0 ).19~ 1.0 7· 9875 

"14.0 1.8125 14.0 ).16 14.0 7.9618 
22.0 1·7682 22.0 ).04~ 22.0 7.9289 

'lO'o 1.7)41 ~0.0 2.99 )0.0 7.9051 
0.0 1.65sa 0.0 2.e997 60.0 7.8520 

90.0 1.6115 12,0.0 2.7791 1RO.O ? 7549 
180.0 1'ij99 . )00.0 '2.6637 6~0.o 7.687-2 
420.0 1. 88 d' 560.0 2. 59?, 1410.0 7.661 ') 
820.0 1.4547 1250.0 ~.51) 

• \ 
\ 
\ 



~ 

1 

1 
f 

" ~ ' ................... iII ..... "' ...... ---.... _. ____ ~P1_._J._._....,..--, 

, 

~ 

• 

. , 

cr; - O(s 

t.lm~ 
(irnln) 

0.1 
0·5 
100 
2 .. 0 
4.0 
7·0 

14.0 
22.0 
Zo.o 

5·0 
60.0 

140.0 
~oo.o 

1210.0 
1830.0 
2000.0 
2620.0 

0.0 
0.1 
1.0 
2.0 
7·0 

30.0 
60.0 

125·0 
'200.0 

1440.0 

., 
6'"s'· 60 'Psi 'l' • 8BOF 

• 6.6 ~I~ cr,. - Cf. • .~. J ;QlU 

strain time straln 
( 1 ) (min) ( ~ ). 

~ 
o. 048~ 0.1 0.1570 
o'Oi)? O·S 0.'1668 
0.0 51 1.0 0.18)1 
0.'0700 2.0 0.lQ29 
0.O78~ 4.0 0.2060 
("\.087'9 7.0 0.2158 
0.0993 14.0 0.23J8 
0.1091 22.0 0.2551 
0.1172 30.(1 0.2714 
0.1,51 45·0 0.2943 
0.1 98 60.0 o·ruS 
0.2051 180.0 O. 0 
~354 . 260.0 0·5101 
o. 1)6 l50• 0 0'g~9 0.4591 80.0 O. 0 
0.4657 790.0 0.77~4 
0.4884 1)90.0 0.90 2 

2120.0 1.0170 
2880.0 1.1118 

tr 

atresa dlfference • 0 

"(\.4884 
0.4429 
0.4396 
0.4380 
0.4)47 
0.4)15 
0.4249 
0.4233 
0.4217 
0.4201 

1.1118 
0.9718 
0.9581 
0.9516 

0.0 
0.1 
0·5 
1.0 
2.0 
4.0 
7.0 

f 0.9434 
0.9402 
0.9352 
0·9173 
0.9091 

14.0 
22.0 
30.0 
45.0-'" 
60.0 
90.0 

1440.0 

0.8960 
0.8911 
0.8846 
0.8764 
0.8339 

-

cr, - 6'" ~ 

tlm~ 
(m1rd 

('l.l 
0·5 
1.0 
2.0 
4.0 
7.0 

14.0 
22.0 
30.0 
45.0 
60.0 
AO.O 

170.0 
4,30.0 
795·0 

1405·0 
2065·0 
2880.0 

0.0 
0.1 

'0·5 
1.0 
2.0 
4.0 
7.0 

14.0 
22.0 
30.0 
40.0 

120.0 
1440.0 

BU 

• 20.0 ~I. 

. 

stralTl 
( " ) 

0.2440 
0.~b71 
0.27f\tl 
0. ~2'32 
0. )4t<? 
("\.J8C a 
0.4410 
().4Q)() 
('.530 0 

O. ~F 70 
1'.(,~14 
0.7007 
1.1~~4 
1.2 32 
1,.4707 
1.662C 
1.7411 
1.8862 

~.88b2 
1.6373 

,1.6175 
1.6076 
1·5944 
1.,5845 
1·571J 
1·5449 
1:5284 
1·5185 
1·5087 
1.4147 
1·3916 

;: , 



() • ... 
1-
c-

1 
" 

-

crs 
6'. - Ô3 • 

t1meÎ 
(min) 

0.1-
0·5 
1.0 
2.0 
4.0 
7.0 

14.0 
22.0 
)0.0 
60.0 

125·0 
1Q5·0 
6)0.0 
750.0 

1)80.0 
1920.0 
2860.0 

\ 0.0 
(").1 
0·5' 
1.0 
2.0 
4.0 
7·0 

14.0 
22 .. 0 
)0.0 
40.0 
65·(') 

195·0 
910.0 

1440.0 

$ • !.. b.' 

= 60 psl T • 880p 

t!6.6 :2!~ 0:, - tf3 '. lJ· J ;eSi 

stra1n time stra1n 
( C ) (min) ( . ) 

0.)812 0.1 1.0857 
0.4414 0·5 1.2928 
0.47R2 1.0 1.4964 
('l. 5217 2.0 1.1286 
o. S8~6 4.0 2.0571 
0.6253 7.0 2.)821 
0'.7)QO 14.0 2.8785 
0.8260 22.0 '.1571 
0·9029 )0.0 '.)214 
1.1203 60.0 ).6464 
l,·Z'?6 120.0 ,.9178 
1. cns 260.0 .267R 
1.9496 400.0 4.4)0) 
2.0148 810.0 4.6857 
2.2573 1480.0 4.8)92 
2.4078 2)10.0 4.9392 
2.6048 2880.0 4.9642 

stress dlrrerence • 0 

2.6084 
2.2640 
2.2)05 
2.2004 
2.175) 
2.1569 
2.1)02 
2.1001 
2.0767 
2.0650 
2.0432 
2.0165 
1.9262 
1.7724 
1.1155 

1 

F1S 

, 

'Îi-



.. 

1> 816 1 , 

(. . '" 6'5- • 60 pal T. 18~ \ 

- , 
0=. - G) • l,l p.l ! (f' - 0'", • 10.9 R'l (f. - cf. • 16.6 psi l 

) • ~ 
tlae .traln t1" .tra1n tl16è atrain ; 
(.111) ( . ) (.ln) ( , ) (1I1n) ( " ) 

• 0.1 0.0469 0.1 0.1240 0 .. 1 0.1864 " , 
0·5 0.1050~ 0.5 0.1274 0 .. 5 0 .. 1948 
~.o 0.0519 1.0 0.1290 1.0 0.2116 

.0 0.05)6 2.0 0.1)07 2.0 0.22<'0 
1.0 0.0~) 4.0 0.1)41 4 .. 0 0.2)18 

14.0 0 .. 0 9 7.0 0.ll91 7·0 0.251 Q 

'22.0 0.060) 14.0 fi' 0.1 75 }4.0 0 .. 2754 .-

60.0 0. 065l 26.0 O.lm 2.0 0.297.3 
90.0 0.068 45.0 0.1 )0,.0 O.)20~ 

150.0 0.015) 60.0 0.1709 60~0 0.)796 
410.0 0.0988 210.0 0.2o:i 90 .. 0 0.4249 

1410.0 0.1m l:5. 0 0.22 125.0 0 .. 41)6 
1~0.0 0.1 1 5.0 0.)117 185.0 0.5~7 
2 0.0 0'1; 1855·0 0·))85 )05·0 0.6 9 

2200.0 O'UO) )90.0 0.7054 1 
28)5·0 o. '" 8)0.0 0.8901 

1520.0 1.0497 
1870;0 1.1000 
2240.0 1.1454 

• 2950.0 1.2126 

stress dltterenc~ • 0 

0.0 0.1440 0.0 0.)6)7 0.0 1.2126 ." 

? 0.1 0.11)8 0.1 0.2480 0.1 1.0144 
0·5 0.1105 0·5 0.2464 .0·5 1.0110 
1.0 0.1088 2.0 0.2441 1.0 1.0660 

60.0 0.1055 ".0 0.24)0 2.0' 1.0010 
l'Ma. 0 0.10)8 .,.0 0.241) 4.0 0.9909 

14.0 0.2)80 1·0 0.ge08 
lO.O \ 

0.2)~ 14.0 0.9674 
0.0 0.22 22.'0 0.9606 

90.0 0.226) )0 .. 0 0 .. 9539 
120.0 0.2246 45·0 0 .. 9405 
220.0 0.2212 60.0 0.9))8 /L 680.0 0.2195 1)0.0 0.91'10 

( ,~.)O'O 0.2078 405·0 0.8968 
705·0 0 .. 8867 

• 1)50.0 0.8784 



- ,. 
" ...... - )' . ..... .. 
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B17 

Cl (J5 - 60 pal T • 18°F 
..e-""- 't 

~, - Cf, • 2'.' p.l (f, - (f. • ,c.c pl! cr. - ([" - 36.6 psi , , 

tl •• .traln tla. strain time strA1n i (aln) t ( ) (min) C ~ ) (min) ( ~ ) 
" 

Ô.1 • 0.)101 0.1 0.4611 0.1 (1.729' 
0·5 0.,507 o·r- 0·5196 . 0·5 0.8976 
1.0 o. 151 1. ' 0·5515 1.0 1.0449 
2.0 0.4558 2.0 0.6228 2.0 1.2097 
4.0 0·5100 4.0 0.7106 4.0 1.4Yà6 
7.0 0·5676 7.0 0.7846 7.0 1.5 9 

14.0 0.652) " 14.0 0.9016 14.0 1.8286 
22.0 0.71671 22.0 0.9910 22.0 1. 96R8 
,0.0 0.774) ,0.0 1.0564 ,0.0 ,2.0688 

5·0 0.8709 S·o 1.1597 5·0 2.22)1 
60.0 0.9454 60.0 1.2526 60.0 2.)212 
90.0 1.0614 80.0 1·)515 90.0 2.4685 

120.0 1.1)18 110.0 1.60)6 120.0 2·5947 
245·0 1.4012 280.0 1.808) 2)0.0 2.8788 
)70.0 1 1·54)6 5~.0 2.0509 470.0 ).1;9) 
600.0 1.6655 7 .0 2.1507 680.0 ).2767 

1420.0 1.8689 1410.0 2.~62) . 14)0.0 )·5111 
1970.0 1·9265 1760.0 2. )46 1680.0 ).5783 
2860.0 1.9959 2240.0 2.5051 2060.0 ).6519 
)160.0 2.01Q? 29)0.0 2·5751 27)0.0 ).7378 

. ' 

t stress dltterence • 0 

~ 0.0 2.0197 0.0 2·5757 0.0 ).7)78 
0.1 1.7198 0.1 2.1989 0.1 ).1)47 
0·5 1.6994 0·5 2.1)86 0·5. ).0,541 
1.0 1.689) 1.0 2.116, 1.0 ).0260 
2.0 1.6808 2.0 2.097 2.0 ).0015 
4.0 1.672'" 4.0 2.0819 4.0 2.9594 • 
7.0 1.6~1 7·0 2.0629 7·0 2.9)49 

14.0 1.6 1 14.0 2.0010 14.0 2.8928 
22.0 1.6215 22.0 1.9690 22.0 2.8647 
'0.0 1.6147 lO.O 1.9821 lO.O 2.8507 
60.0 1.589, 5·0 1·9649 5·0 2~8))2 

, 150.0 1·577 60.0 1.U';5 60.0 2.8174 
" 5)0.0 1.54)6 80.0 1. 25 120.0 2.7858 
1160.0 1·52)2 160.0 1.9287 260.0 2.7525 

)00.0 1.9012 4)0.0 2.7)50 

G> 
~.O 1.8702 800.0 2·7175 

l .0 1.8616 1540·0 2.6964 
1 

, 
\ . , 

.: .... 



J, 

(. I-lfs • T • 6eoF 60 pai 
~ 

,<". - (f~ • 6.~ :21~ ~ - or~ • 'J.] ~Il ,-
t111e strain time .train 
(min) ( " ) (min) . ( ~ ) 

;', 
~, 

0.1 0.08:31 0.1 0.126Q 
,0·5 0.0819 0·5 0.14)9' 
1.0 0.0911 1.0 0.1519 
2.0 0.0926 2.0 0.1615 

, 4.0 0.0990 4 .. 0 0.1662 
7·0 0.1010 7.0 0.1·160 

14.0 0.1150 14.0 0.1902 
22.0 0.1182 22.0 0.2046 -
)0.0 0.1241 )0.0 0.2190 
50.0 0.1)21 60.0 0.26S5 

100.0 0.15)4 2)0.0 0.4)15 
140.0 0.1662 400.0 . o. l'SO 
290.0 0.1950 800.0 o. 870 
41~).0 0. 2112 1490.0 0.8)60 

1)10.0 0.290 2220.0 0.9940 
2100.0 0~)562 )040.0 1.0290 
2640.0 0.)760 . 

stres. dlfferenoe • 0 

0.0 0.)760 0.0 1.0290 
\ 0.1 0·))50 0.1 0·9665 

O·S 0.)285 0·5 0·9440 
1.0 0.)252 1.0 0·9)45 
2.0 0.)2)7 2.0 0.9280 
6.0 0.)220 4.0 0·9215 

14.0 0.)114 7.0 0.9185 
22.0 0.)110 14.0 0.9140 
)0.0 0.)061 22.0 0·9085 
60.0 0.)045 ~0.0 0.90)0 

120.0 0.)01) 5·0 0.8895 
260.0 0.)000 60.0 0.8860 
870.0 . 0.)000 90.0 0.88)0 

, ~, 
1 ~.O 0.8800 

.0 0.8755' 
7)0.0 0.8670 . 

". , 

~ 

--------------........... 2 -

8t8 

aJ - ÔJ • 2'2·0 !!Sl 

t1 •• strain 
(JIlin) ( .. ) 

0.1 0.161f 
1.0 0.1779 
4.0 0.1955 
1.0 0.2100 

14.0 0.)200 
22.0 0.3424 
,0.0 0.;6)6 

S·O 0·3924 
60.0 0.4200 
-90.0 0.4700 

125·0 0·5170 
260.0 - O.6~0 
~.O 0.8 5 

)0.0 0·9770 
1)60.0 1,.0990 
1980.0 1.1740 
2iOO ' O 1.2220 
2 60.0 -1.2680 

0.0 1.2680 
0.1 - 1.1060 
0·5 1.0840 
1.0 1.0710 
2.0 1·()590 ~ 
4.0 ( 1. C,520 
7·0 1.0400 

20.0 1.0200 
,0.0 1. 01)0 
5·0 1.0020 

' 60.0 0.9985 
210.0 0.9660 
S40.0 0.9400 
880.0 0.922g 

1S00.0 0.910 

..,-" , . . 
<l-~ ....... ,_,", ... ~ ... :..:.... _ .. _~ .. 

, , 

, 
• 
~ 
) 

, 
1 

J 

l 
" 

., 
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__ NY", ... ______ ~ 

S 

.. 
1 , 820 

0, ()s • 120 Jal T - 98°1" 
\ 
, 

(J'''' l13 
. 

<Tt - <ra eJ, - 0-, , 
• lJ.j p.l ,. 26.6 p'l • 40.0 pl1 , 

t111e strain tille .traln time .train 1 
. (mln) ( ~ ) ( mln) ( .; r (aln) ( ~ ) . 

0.1 0.0490 0.1 0.062) 0.1 0.1666 
0·5 0.0135 0·5 0.0885 0·5 0.1929 
1.0 0.0980 1.0 0.1016 1.0 0.2192 
2.0 0.1018 2.0 0.1081 2.0 0.255.5 
4.0 0.1290 4.0 0.1245 4.0 0.2900 
1..0 0.1410 1·0 0.139) 7.0 0.)180 

14 .. 0 0.1699 14.0 0.151) 14.0 0"??2 
22.0 0.1?48 22.0 0.11)1 22.0 o. 1)5 
)0.'0 0.1846 )().o 0.1684 )0.0 0.4530 
60.0 0.1819 60.0 0.2'92 60.0 0·51)0 

120.0 0.2140 '120.0 0.2169· 120.0 0·1200 
)10.0 0.2516 220.() 0.:)29) 160.0 0.1805 
580.0 0.25)2 )40.0 0.~85 ,20.0 0.9440 

1210.0 0.2161 14040 o. 08 50.0 1.0)00 
21)0.0 0.)15, 1)00.0 0.S)4~ 680.0 1.1220 
2900.0 0.)12 2270.0 0.6)1 1220.0 1.2840 

2850.0 0.1046 1610.0 1.,800 
2020.0 1. 060 

-2520.0 1.4610 
2880·9 1·5220 

stresa dlrrerenoe • 0 

0.0 0.)724 0.0 0.7046 0.0 1·5220 
0.1 0.)46, 0.1 0.~G5' 0.1 1.)710 
0·5 0.)41 0·3 0.642) 0.5 1. ))PO 
2.0 0.)120 1.0 6.6259 1.0 1.)280 
4.0 0.)104 " 2.0 . (0.6)58 2.0 1.)060 

1440.0 o. )011 4.0 0.6)41 4.0 1.2920 
7.0 0.6)25 1 .. 0 1.2800 

14.0 0.6259 14.0 1.26~ 
22.0 0.6210 22.0 1.2,10 
)0.0 0.6128 )).0 1.2 60 
60.0 0.6046 60.0 1 1.2))0 

190.0 0·S9)2 150.0 1.2090 
- 690.0 .0.S8-o0 )60.0, 1.1890 ' 

1440.0 0 • .5811 8)0.0 1.1640' 
1-"0.0 1.1480 

• .. 
"'>r , 



....-u- • .., P 1 
_. 

...... ~~--------, 
, . 

\ 
\ 

fi/-

aH 

C4 
Oï • 120 pal T a 980 p 

. 
eJ, - (Ja • 51.1 p,l (). ï cra a 66.6 p.l (J; - 0'", a 80.0 psi 

ti.e .traln time .train tlme strain 
(mln) ( 1( ) (mln) ( ~ ) (mln) ( ., ) 

./ 
j , ,t 

0.1 0.2705 ~O.l 0.4875 °t 1 . 0.7300 .. 
v·S 0·)500 0·5 0.6565 l ° 1.1550 

1 

1.0 O'ZZ?O 1.0 0.1580' 2.0 1.27~0 ~ 
" 

,.0 O. 70 2.0 0.8665 4.0 1.4270 • 
.0 0.41)5 4.0 0.9180 7·0 1.5665 

~ 
7·0 O'f'OO 1·0· 1.0845 14.0 1.7)95 

14.0 o. 100 14.0 1.2265 22.0 1.8870 
22.0 0.67)5 22.0 l'l42O lO.O 1.9900 
30.0 0.7265 )0.0 1. 500 5·'0 2.1140 
60.0 0.8165 60.0 1.'7250 60.0 2.2040 

120.0 1.0460 90.0 1.e1~ 120.0 2.4140 
180.0 1.1690 490.0 2.46 JOO.O 2.6950 
600.0 1.4640 680.0 2.~)O ,510.0 2.8560 
766.0 1.S,JO 8.00.0 2. 100 810.0 2.9550 

1)20.0 1.7 10 1520.0 2.7600 1,540.0 ).1200 
1190.0 1.8650 2260.0 2.8520 1860.0 ).1120 

A . 2260.0 1.9280 2870.0 2.9080 21)0.0 ).2050 
2880.0 2.0940 2)60.0 ).2)40 

2880.0 ).)000 

.' stre.a dltterence - 0 
... 

0.0 2.0940 0.0 2~9080 "'-- 0.0 1... J. )000 
0.1 1.8,10 0.1 2.4980 0.1 ~.9)60 
1.0 1.1 iO 0·5 2.4)20 1.0 .~OO 
2.0 1·11 ,5 1.0 2·3990 2.0 2. 40 
4.0 1.6835 2.0 2.)120 4.0 2.422~ 
1.0 1.65)0 4.0 2.))90 1.0 2.)12 

14.0 1.6),50 7·0 2.)050 15·0 2. ))90 
22.0 1.61),5 14.0 2.2650 )0.0 2.29°0 ' 
lO.O 1·5980 22.0 2.2410 60.0 2.2)80 

0.0 1. 560,5 ~O.O 2.2280 120.0 2.1950 
120.0 1.5)20 5·0 2.194Q 2)0.0 2.16)0 
)80.0 1.~000 60.0 2.1720 

, 
4S0.0 2.1480 ' 

800.0 1. 700 120.0 2.1150 510.0 2.1220 
1440.0 1.4640 210.0 2.0880 660.0 2.1140 

510.0 .2.0680 870.0 2.1020 
12)0.0 2.0220 1550.0 2.0850 ., 

" 
-. 

J .. 



-y-~_ ........ 

() 

. -~--,.~ 

(J, - (f •• 

tlme 
(lIln) 

\ 

0.1 
0·5 
2.0 
4.0 
1.0 

14.0 
22.0 
30.0 
60.0 

100.0 
270.0 
410.0 
600.0 
8'0.0 

14,5. 0 
18 S.O 
2880.0 

0.0 
0.1 
0·5 
1.0 

)0.0 
60.0 

1440.0 

Il 
lJ.) p.l 

atraln 
( .-,) 

0.0655' 
0.1)10 

,0.2669 
0.2702 
0.27,1 
(l.28 9 
0.2915 
0.2980 
0.)144 
0.)406 
O. )701 
0·)914 
O. ,996 
O. 192 
0·5044 
0'2)06 o. 157 

0.6151 
0·5404 
0.5)71 
0·5))8 
0·5240 
0.,5224 
0·5175 

• 

------. 

• 120 pal T ~.\ seO, 

(J, - 6~ • ~6.6 psi 

tlse atraln 
(min) ( ~ ) 

0'.1 0 ... iI2)2 
0·5 0.ll27 
1.0 0.2 58 
4.0 0.2790 c' 
7.0 0.2987 ' 

14.0 0.JJ15 
22.0 0.J64) 
)0.0 
60.0 

o. ,807 . 
o. 267 ' 

100.0 0.4?26 
410.0 0.6170 
160.0 0.6925 

1440.0 0.7975 
2190.0 0.87)0 
2880.0 0.9682 

stress dltterence • 0 

0.0 
0.1 
O.s 
1.0 
2.0 
4.0 

)0.0 
60.0 

-,,440.0 

0.9682 
0.86)2 
0.8)69 
0.8205 
o. ?915 
0.7817 
0.?11) 
0.7581 
0.7450 

(f, - (f3 

tille 
( atf*t 

0.1 
0·5 
1.0 
2·5 
4.0 
1.0 

14.0 
22.0 go.o 
0.0 

120.0 
~60.0 
00.0 

1420,.0 
20~o..O 
28 0.0 

0.0 
0.1 
0·5 
1.0 
2.0 
4.0 
7.0 

14.0 
22.0 
)0.0 
60.0 

)10.0 
1440.0 

822 

• 40.0 pSl 

IItraln 
( ( ) 

o ')~t" . .... "-~ 

~. 291\, 
• )416 

O.4oeO 
0.4644 
0·5lC'e. 
0·5804 
0.64cl 
0.6965 
0.8)42 
1.0116 
l.))l?' 
1·5290 
1.6650 
1·7446 
1.8640 

1.8640 
1.6840 
1.6S1P 
1.~473 
1.l:2A6 
1.~02(1 

1·5937 
1·57~5 
1·5622 
1. 54'73 
1·5357 
1.4992 
1.4859 

1 

1 

1 
1 
: 

t 
t 
~ 
l 

, 
~ 

~ 
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Q cr! • 120 pa~ T • 8Sb, 
.: 

cr. -cr" • 5).3 R'l 6. - 0"". • 66.6 pal ct. -0-. • 80.0 pSl 

time .train tl1Î1e .~in tUae strain 
(min) ( . ) (mln) ( ) (min) ( 't ) 

b.l 0.,165 0.1 0.7~62 0.1 1.0R)f 
0·5 o. 115 0·5 0.8 62 0·5 1.7('174 
1.0 0.4848 1.0 0.9691 1.0 1.9470 
2.0 0·5421 2.0 1.1218 2.0 2.2°94 
4.0 0.6128 4.0 1.2864 4.0 3·()218 
7·0 0.1020 1.0 1.4)05 7·0 3· 5B57 

14.0 0.8047 14.0 1,Sm' 14.0 ,.8852 
22.0 0.8781 22.0 1.7 22.0 .1812 

iO' O 0.9421 )0.0 1.84?3 30.0 4. )010 
0.0 1.1481 60.0 2.0600 60.0 4·5548 

90.0 1.2)2) 1)5.0 2.)OR? 90.0 4.?18{; 
110.0 1.4)26 260.0 2.6)12 185·0 4·9)54 
420.0 1.6935 . 635.0 2.95°2 550.0 5·1997 
600.0 1.7911 1535·0 ).2658 116~0 5·4181 
";0.0 1.Ssa, 2~)5.0 ).4967 1685·0 5. 590~ 

13 0.0 2.01) 2 80.0 ).6981 1910.0 S·6S0? 
1110.0 2.1110 25)0.0 5·?106 
2880.0 2 •. 4005 

stress dlrrerence • 0 
\ 

0.0 2.4005 0.0 ).6981 0.0 5. ?70f.. 
0.1 2.0908 0.1 ).1458 0.1 4.78)8 
0·5. 2.0504 0.5 ).0?72 0·5 4.6164 
1.0 2.0184 1.0 ).0429 1.(' 4·5830 
2.0 1.9898 2.0 ).0154 2.0 4·52e) 
4.0 . 1.9628 4.0 2.9142 4.0 4.47°(1 
7·0 1.9)25 7·0 2.9399 7·0 4.43)2 

14.0 1.9006 14.0 2.9125 14.0 : 4. J~ 39 
22.0 1,.8753 22.0 2.8765 22.0 l~. 3504 
30.0 1.8686 )0.0 2.8610 )0.0 4. )257 

1 1 60.0 1.8299 60.0 2.8))6 60.0 4.1.799 
1 90.0 1.8164 580.0 2.1050 90.0 4.2517 

240.0 1.7794 720.0 2.6158 280.0 4.1883 
~.o 1.7440 144().0 2.6535 570.0 4.1460 

l .0 1.7204 
... 

• , 
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B24 
'~ 

T- ?8op crs • 120 pal 

(), - 6", • .l·l il,~ <rI - ()s • 26.6 psi ().-O""j. • 40.0 psi 

( .train 
• ( , d . . , . .' .. , 

tll1e tille .train tlm& ' stra1n 
( mln) ( . ) (min) ( ( ) (all) ~ ( ~ ) ... , 

0.1 0.0815 0.1 0.17?) • 0."1' 0.2575 
0-5 0.1069 0·5 0.2066 0:5 0.3165 
1.0 0.12,1 1.0 0.2245 1.0 (1.3542 
2.0 0.1) 5 2.0 0.2l7S ·2.0 O',R~n 
4.0 O.lra) 4.0 0.2~ 4.0 O. 280 
1·0 0.1 85 .1·0 0.2 1·0 0.4641 

14.0 (1.1?82 14.0 ~72 14.0 0.5~!4 
)0.0 0.2057 iO' O 

O. 2~ JO.O 0.~24e . 
105·0 ~ 0.2)98 5·0 60.0 0.73(;) 
180.0 0.2624 140.0 0.5026 170.0 C. QR2 J 
)90 .. 0 0.)078 250.0 0.~)9 ,40.0 1.1692 
560.0 o. )3.24 650.0 0·7)0) 70.0 1. 2 ~12 
850.0 0.)467 1470.0 0.88)2 780.0 1.39)9 

15)0.0 0.~88 2090.0 0·961) 1)80.0 1·5267 
)O~O.O O. 28 2880.0 1.0)29 2110.0 1.61.69 
)1 0.0 0.4951 2860.0 1.7875 

stress dltrerenoe • 0 

0.0 0.4957 0.0 1.0329 0.0 1.?875 
0.1 0.4)26 0.1 0.9385 0 .. 1. 1.(.,727 
0·5 0.4)0) 0·5 0·9158 0·5 1. (.,087 

) 
1.0 0.4277 1.0 0.9028 1.0 1·5776 
2.0 0.~2~1 2.0 0.8946 2.0 1·5612 

1 4.0 0.4245 4.0 0.8881 4.0 1. 5382 
7·0 0.4180 1·0 0.8800 1·0 1·5284 

14.0 0.4115 14.0 0.8735 14.0 1. ,18 5 
)0.0 0.4115 )0.0 0.8637 30'.0- 1. 907 
60.0 0.4083 60.0 O.8~) 60.0 1.4612 
90.0 0.4066 120.0 0.8 Zl 90.0 1.4464 

1
09O'r O.401é 190·0 0.8~ 1440.0 1.4103 

)60.0 0.8214 
610.0 0.8052 

1480.0 0.8100 

• 



. .. \ ------- - -_.-

B25 

() ()! • 120 psi T • 780p 

ff cr. - ().1 • 5).) pSl (), - <r5 • 66.6 pl1 (). - g=. - 80.0 ps1 

tlme sualn t1me straln time ~trl\ln 
(mln) C~ ) (min) ( C ) (min) ( ~ ) 

~.1 0.)992 0.1 0.6096 0.1 o.OP?F 
0·5 0.5)89 0·5 0.7619 0·5 1.La.cr;0 

_ 1·0 0·5905 1.0 0.9177 1.0 1.t.J?' 
~~~o 0.6~? 2.0 1.06)) 2.0 1. ùc 4: 
.~.o 0.7 19 4.0 1.1819 4.0 2·3269 

114".0 0.9281 7·0 1.291~ . 7.0 2·5725 lo.a 1.1011 14:0 1.471 14.0 2.R6)2 
S·O 1.1976 22.0 1·5950 22.0 ).0500 

70.0 1.))90 45·0 1.81)4 45.0 3·)406 
160.0 1.1765 60.0 1·9133 60.0 3. 4 444 
420.0 1.8946 120.0 2.15)8 110.0 ):6520 

, ~ 785·0 2.0626 185·0 2.)180 ' 250.0 ).?21 Q 

1)90.0 2.2089 620.0 2.6837 J90.0 4.0396 
2065·0 2.)121 1)70.0 2·9157 800.0 4.222~ 
2880.·Q 2·3952 2880.0 ).1595 J 1470.0 4 .. 3856 .. 2)60.0 4·5101 ,', 

2880.0 4.575° 

stress d1tference • 0 

t-
0.0 2'l952 0.0 ).1595 0.0 4.575° 

. 0.1 2. 457 0.1 2.6549 0.1 ).8147 
0·5 2.0659 0·5 2·5330 0·5 3·7C'O~ 
1.e 2.0276 1.0 2·5025 1.0 ).6)8? 
2.0 2.0060 2.0 2.4)82 2.0 J. 55~f-, 
4.0 1.9727 4.0 2·3976 4.0 )·520h 
7·0 1.9561 7.0 2.)688 7.0 ).4721 , 

) 14.0 1·9195 14.-0 2.)))2 14.0 ) 4?Q" • • 1...""" 

Jg'O 1.8796 )0.0 2.2824 )0.('> )·3tE3 
1 .0 ~1.76)2 60.0 2.2469 60.0 ). 31~4 

18S·0 2.175& 1)0.0' ).2611 
890.0 2.1284 " 210.0 ).21 ?F 

,j • 1440.0 2.1267 660.0 ).14)4 
--- l,,460.0 

>~ . 
).1192 

• " 



826 

C~ crs e 120 psi T • 7SOp (J',. 120 psi T • 6Rop 
", 

• (). - 6'~ • 9'3.) p'l cr. - ([s - l).J pli cr. - ~.1 • 26.6 pSi 

t111'1e straln tlme ,train tille \ strain 
~ 

(~ln) ( ~ ) (min) ( 1 ~ ) (min) ( ~ ) _\ 

0.1 1.)8)9 0.1 0.0262 0.1 0.1280 
0.5 1.105) 0·5 0. 029l 1.0 0.1))0 
1.0 2.1))9 1.0 0.042 2.0 0.1510 
2.0 2.5518 2.0 0.0655 4.0 0.1~22 
4.0 2.9375 4.0 0.075~ 7·0 0.2 J6 
7.0 J.2518 \ 7.0 0.096 14.0 0.2101 

14.0 2.2286 14.0 0.1146 ,0.0 0.2561 
~o.o l·991O ,0.0 0.147) 5·0 0.2692 
0.0 .2821 5·0 0.1539 60.0 C.288Q 

95·0 4.4410 90.0 0.1686 120.0 o. ))B2 
180.0 ,4.6053 195·0 0.1899 270.0 0.4252 
))0.0 4.180) )60.0 0.2)51 )80.0 0.4596 
690.0 4.9785 585·0 0.2799 840.0 . 0·5746 

1245.0 5·1517 840.0 0.29)0 1410.0 0.6566 
2050.0 5.2946 1410.0 0.)208 1700.0 0·7125 
2880.0 5·4285 ~160.0 0.)410 2940.0 0·7551, 

2865.0 0.)683 
'" 

'" 

stress ditterence • 0 

1 

0.0 5·4285 0.0 0.)68) 0.0 0.7551 
0.1 4.)~J 0.1 0.)2,1 0.1 0.67)1 
0·5 4.1 8 0·5 0.)2 l 0·5 ('\.6698 
1.0 4.01,0 1.0 0.)14) 1.0 0.658) 
2.0 4.01 ) 2.0 0.)0)1 2.0 0.6566 
4.0 ).9535 4.0 0·3012 60.0 0.6))7 
7.0 ).8982 1.0 0.2995 315·0 0.62)8 

14.0 ).8)93 1440.0 0.2946 m·o 0.6107 
)0.0 ).189) 1 .0 0.6025 
60.0 )·1357 
80.0 . )·705) 

620.0 ).589, 
1440.0 )·571 

. 
.... ,.~-....' '--~ "/P ~;.,,",.~ ~ ::' ... 

, .. :----...... ----:- ." 
~~ ; • ..,r:j~'~ ,,'." , ... ,-4: ~ .. " t:' ,,~ 
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B28 t • , 
<- , · 

( \ CT! -= 120 pa1 T _ 68°F · • • , .,- t (JI - 6' .. • 73.3 psi (f. - 0""1 • 80.0 psi ! 
t1me atra1n time strain 
(min) ( ,. ) (min) ( :;; ) 

• .~ 0.1 0.6111 0.1 0.7614 

1 i 0·5 0·7941 0·5 0·9927 
1.0 0.8459 1.0 1.2321 
2.0 0.9322 2.0 1.4081 , 4.0 6 1.0150 4.0 1·5841 .. 7.0 1.0806 7.0 1.6968 

-9 15.0 1.1808 14.0 1.8341 
l 1 

)0.0 1.2843 )0.0 1·9890 , 60.0 1.6468 60.0 2.1414 
, 80.0 1.7815 120.0 2.)868 

, 1 t 180.0 2.1406 )20.0 2.7846 
410~ 2·5100 690.0 ).0662 
750. 2.71)7 1440.0 ).2492 

1 1190.0 2.8621 18)0.0 ).2985 
2080.0 2.'90)6 21)0.0 ).,'02 
28)0.0 2.9519 2760.0 ). 041 

stress ditterence • 0 
r 
c 

'-
i 
(, 

0.0 2.9519 0.0 ).4041 
0.1 2·3322 0.1 2.7388 
1.0 2.2)12 0·5 2.6402 
2.0 2.2044 1.0 2·5980 
4.0 2.1561 2.0 2·5698 
7·0 2.1))6 4.0 2.5346 

15·0 2 .. 1216 7·0 2 • .5029 
30.0 2.0784 14.0 2.4512 
60.0 2.0413 30.0 2.4008 
90.0 2.0))5 60.0 2·)516 

180.0 2.0111 110.0 2.)164 
\ )90.0 1.9800 240.0 2.2812 
8)0.0 1.9489 ~.o 2.1791 

1510.0 1.9282 1 0.0 2.13)) 



l.\~--- "-

{ 

Ci 

id: • ...... 1 

,., 
.. 

cY, - tr, 
tlme 
(min) 

0.1 
0·5 
1.0 
2.0 
4.0 
7·0 

14.0 
)0.0 
60.0 

120.0 
:no.o 
580.0 

1270.0 
21)0.0 
2900.0 

0.0 
0.1 
0·5 
2.0 

14hO.o 

(), 

- 13.3 ps1 

strain 
( ~ ) 

o.~ o. 8 
0.0569 
0.0702 
0.07)6 
0.0752 
0.080:3 
0.0870 
0.0970 
0.1204 
0.14)8 
0.1605 
0.1956 
0.2174 
0.2525 

.... 

0.2525 
0.2475 
0.2425 
0.2408 
0.2408 

-----

li: 2q.0 psi T = geOp 

cr. - 05 - 26.6,psl 

tlae straln 
(min) ( % ) 

0.1 0.04)6 
0·5 0.0620 
1.0 0.0771 
2.0 0.0805 
4.0 0.08)8 
7·0 0.09)9 

14.0 0.0989 
•. 130.0 0.112, 

60.0 0.132 
120.0 0.1415 
220.0 0.1110 
)40.0 0.1827 
740.0 0.2078 

1)00.0 0.2447 
2210.0' 0.2900 
2850.0 0.)235 

stress dltterence = 0 

0.0 
0.1 
0·5 
1.0 
2.0 

14.0 
30.0 
60.0 

. 1440.0 

0.)2)5 
0.)218 
0.)0)4 
0.2967 
0.2917 
0.2900 
0.2866 
0.2816 
0.2766 

.. , 
~~ / 

(J. - (), 
\ 

tlme 
(m1n) 

0.1 
C.5 
1.0 

'2.0 
4.0 
7·0 

14.0 
30.0 
60.0 

120.0 
160.0 
)20.0 
680.0 

1220.0 
2020.0 
2880.0 

.' 

0.0 
0.1 
0·5 
1.0 
2.0 
4.0 
1.0 

14.0 
33·0 
60.0 

150.0 
)60.0 
8)0.0 

1480.0 

B29 

=~O.O ps1 

straln 
{ t' ) 

0.0555 
0.070(; 
0.080? 
0.08°1 
('.1126 
0.1)11 
0.1395 
0.174f 
0.1967 
0.2404 
0.2471 
0.2841 
C·356) 
0.4269 
0.4891 
~. 5496 

('1·549(-
0·5194 
0.4790 
0.460(" 
0.4454 
o.426Q 
0.4152 
"O. )9)) 
0.)647 
o. )51) 
'0·3278 
0.)244 
0.)227 
0.)16C 

, ' 
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," 

830 

CP (JJ ::: 24C l'st l' :: 9~ C'!" \.. 
" 

(JI -O~ 6. - Cf. . (). - 03 -
::: ~J.J ;es1 ::: 66.6 ~sl - 80.0 ~E'1 

tl~e straln tlme straln tIlle straln ~ 
(min) ( l ) (~ln) . ( ,; ) (min) ( .: \ .. . , 

'\ 
0.1 0.116) (\.1 0.1)89 0.1 O.2)RJ 

J 
0·5 0.1298 0.5 0.1558 1.0 Q.2e94 
1.0 C.1\4)) 1.0 0.1626 2.0 . 0.32)4 
).0 0.1770 2.0 0.1897 4.0 0;)455 --
"(.0 0.2125 4.0 0.2066 7.0 0.)745 

14.0 0.2)71 7·0 (\.2)37 14.0 O.411? 
)0.(1 0.2698 14.0 0.2642 )0.0 C.491)2 
60.0 c. )OIS )0.0 0.)0)1 60.C' 0·5685 

120.0 0·3457 60.0 0.)489 '120.0 O.657C 
~ 

180.0 0.)861 90.0 0.)760 )00.0 0.7e47 
600.0 0.45)6 490.0 0·5521 570.C 0.8681 

1)20.0 0·5531 800.0 0.608~ 810.0 0.941) 
1790.0 0·5902 1520.0 0.694 1540.9- 1.0553 
2260.~ 0.6)74 2~60.0 0.7909 21)<Y.0 1.1507 
2810.0 0.6947 2870.0 0.8569 2870.0 1.2085 

stress dlrrerence = 0 

• 0.0 0.6947 0.0 0.8569 0.0 1.2085 
0.1 rO·5885 0.1 0·7790 0.1 1.0519 
1.0 0·5699 0·5 0.7)84 1.0 1.(04) 
2.0 0·5547 1.0 0.72)1 2.0 0.9821 
4-.0 0.,541) 2 • .0 0.1096 4.0 O.95(,f, 
7.0 0·5295 4.0 0.6909 7.0 (1.9)11 

14.0 0.~9 7.0 0.668~ 15·0 0.8936 
22.0 o. 1 14.0 0.645 )0.0 0.86-1) 
)0.0 0.48-.90 22.0 0.62)2 60.0 0.8255 
60.0 O.475S )0.0 0.6097 120.0 0.8051 

120.0 0.4687 60.0 o. 5826f"--~~_~JO.0 0.7898 
)80~0 0.4620 120.0 0.5690 450.--0 0'.7864 
800.0 0.4418 "",. 210.0 0.54)6 1440.0 0.78)0 

tlJ4o.0 0.4)17 510.0 0·5)01 
12)0.0 0·5081 

• 
J, 



Ct 

•• 

· ------- -- .... _-

)s~ 240 psl \ T • 98°, (J3 • 240 psi 
\ ( 

1 cr, - Os • 13.) psl 

tlme tlile atraln 
(m1n) (min) ( % ) 

\ 

0.2,951 0.1 0.1 0.0299 
0·5 o. ,J,62 0·5 0.0))2 
2.0 O. 2) 1.0 0.04)1 
4.c 0.50'09 14.0 0'.0498 
7.0 0.S5~4 22.0 0.0531 

15·0 0.626~ 60.0 0.0564 
~o.o 0.705~ 100.0 0.06)1 
5·0 -. O.76)~, 1440.0 0.0664 

100.0 0.90~·. ! 2980.0 0.0730 
170.0 0.98 7 . 
)20.0 1.0997 
5)0.0 1.-228) , 

12)0.0 1.1$016 
2050.0 1. 5~71 , 
2880.0 1.6 81 

~ 

• stress dltterence = 0 

o.e 
0.1 
Cl·5 
1.0 
2.1) 
4.0 
7.0 

14.0 
)0.0 
60.0 
90.0 

550.0 

\ 
v' , 

1.6881 
1.4239 
1.)621 
1·)450 
1.)158 
1.28)2 
1.2626 
1.221.5 
1.17)4 
1.12)7 
1.1014 
1.0808 

0.0 
0.1 
0·5 
1.0· 
7.0 

0.07)0 
0.0631 
0.0614 
o. 0611~ 
o.Oé14 

) 

\ Po3l 

p~o~ 

(f, - 03 

tlTI1e 
( min) 

, 
0.1 
0·5 
1.C 
2.) 
4.0 
7·C 

14.( 
30.0 
<::0.0 

120.0 
)60. t, ' 
eco.o 

1420.0 
1950.0 
2P.80.0 

0.0 
0.1 
0·5 
1.0 
4.(' 

14.0 
22.0 
60.0 

1060.0 

= 2'0. ,', l'S l 

str~~r 
( 

('o. c: '. , 
("1 r", 1 
~ ..... ~ ...... 

o.e,' l', 
O.~:,,/: 

c. (',of, 3 
C.l,"'2~ 

0.112:, 
o .1~'Î~' 
O.1;2~ 
O.142~ 
0.1594 
0.1544 
C'.1[:'ft 
0.2009 
('.2211-2 

f'I.22~2 

C.lf.:3 
C.IP2i 
0.17~) 
0.17'::C 
0.1743 
O.l(I)J, 
0.lt.6r 
0.1594 

~ 
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(; es oF 
!, 

'î' (f3 240/P~i T ::: 
, 

= . , . 
.t 

(f, - ô. 
1 

/ (JI - (fs (),- (J5 
, 

40.0 psi 53.) psi 66. L r::;1 , = = = , 

ti1'lle strain t1me straln tirne straln 
(1Il1n) ( :; ) (r.'ln) ( T ) (mln) ( ) J " 

0.1 0.0665 0.1 0.1040 0.1 0.1éOê 
0·5 0.0165 0·5 0.1100 0·5 Ç.1 0 4J 
1.0 0.0865 1.0 0'1450 1.0 C.2241.~ 

2.0 O.08Q8 2.0 O.l~Jl~ 2.0 (\.2 5 7t-~ 
4.0 0.1031 4.0 0.1950 4.0 0.1('1)~ 

7.0 • 0.1130 7.0 0.2117 7.0 O·;JiJ 
14.0 0.1)00 14.0 0.2367 14.0 O.3e t· 
JO.Ot 0.1497 ,0.0 0.2800 )0.0 C • 4t, (' c; 

. ""60.0~ 0.16)0 60.0 0.'3234 60.0 C·52~),: 

90.0 0.1829 135·0 0·)734 90.0 ('. 57 ,")J. 

170.0 0.2095 2~0.0 0.4217 1AS·O O.h4v 
420.0 0.2395 6'35.0 0·5000 550.0 (1. P2~ . 
790.n 0.2794 1535·0 0.6017 1165.0 1 

(1. a71~) 

1390.0 0.)110 2)35·0 0.6567 1680.0 1 1. 04P.3 
1710.0 o. )293 2880.0 0·7001 2530.0 1.1)53 
2880.0 0.)925 2880.b 1.175~ 

stress dlrrerence = 0 

0.0 0.)925 0.0 ~Ol 0.0 1.1755 
0.1 0.)127 0.1 0.6067 0.1 1.0248 
0·5 0.)060 0·5 0·5967 0·5 1.0047 
1.0 0.)010 1.0 0.-5867 1.0 0.9913 
2.0 0.2910 2.0 0·5817 2.0 0·977::' 
4.0 0.2860 4.0 0·5701 4.0 0.957 P 
7.0 0.2794 7·0 0·5564 7·0 0.9411 

14.0 0.2727 14.0 0·5434 14.0 0·9241+ 
)0.0 0.2628 ,)0.0 0.5~50 )0.0 O. ~92 5 
60.0 0.2495 60.0 0.5 17 • 60.0 0.8724 

240.0 0.2428 590.0 0.4800 ,90.0 o. P 59n 
12)0.0 0.2262 ?20.0 0.4634 260.0 O.844C 
1440.0 0.2262 1440.0 0.4634 5'70.0 0.5289 

1440.0 O.R2}Q 

• 



stress dlfference = 0 
, j \ ~ 

~ 
0.0 1.8311 0.0 2.0114 0.0 0.2861 

• 0.1 1·5812 0.1 1·1001 0.1 0.2611 
~ 1.C l·54:n 1.0 1.6)1? 0·5 (1.25P4 

~ 2.0 1·5180 2.C 1 .• 6077 1.n 0.2.5)4 

1 
4.0 1.4960 (0 1·5804 2.1) 0.2467 
1·0 1.4124 7.0 1·5462 7·0 0.24R4 

14.0 1.4487 4.0 1·5154 1440.0 0.2484 , )0.0 1.4099 10.0 1.4692 
60.0 1·3R12 10.0 1.4)16 

140.0 1.3542 145·0 1.4059 
230.0 1·3339 350.0 1·3666 JI 

480.0 1·3069 760.0 1·3101 
800.0 1.2951 1480.0 1·3101 

1)00.0 1.2199 



, .. ........... . -- ... ~ ---
1 

1 

/ i 
T =tF 

R34 i 
C·; /' 

0"5 - 240 ps~ .. ~ ! 
) 

<fI - (J3 • 26 .. ~ 21~ lfl - tJs =- 40.0 ;esl [.,- Œ:,s = ~J.~ E!:i ~ 

1 

tlme straln tl!!le straln time straln 
(min) ( ~ ) ( T"'in) ( ~ ) (min) ( ) 

0 .. 1 0.02)4 .0.1 0.0620 0.1 0.111(' 
o.r; 0\0)01 0·5 0~0687 '" 0·5 0.117~-
1.0 0.0)84 1.0 0.0687 1.0 0.1)8 0 
2.() 0.0468 2.0 0.0787 2.0 0.141'1 
4.0 0.0501 5·0 0.0905 4.0 o .14P l 
7'(1 0.056P 7·0 0.0955 7·0 O.161~ 

14to 0.0652 15·0 0.11)9 14 • .0 n.1R(~ 

)0.0 0.0953 10.0 0.1)91 )0.0 0.2255 
60.0 0.1120 f,O.O 0.1659 60.0 0.2(2c. 

195·() 0.1521 120.0 0.2027 90. () , 0.2527 
)60.0 0.1822 )00.0 0.279A 215·0 o.))~Q 

960. () 0.2)95 6';0.0 0.,6)6 ))0.0 0.37L9 
1700.0 0.2841 1440.0 o. 792 820.0 0.4677 
2~40.(I 0.')259 2P;;0.0 0·5562 1670.0 0·597) 

22)0.0 0.6192 
.. 2900.0' 0.6680 

! 

a 
stress dlfference = 0 

~ 
"" 0.0 0.)249 0.0 0·5562 0.0 0.6650 

0.1 0.27 l 0.1 0.4976 0.1 0·5990 
0·5 0.2707 0·5 0.4909 0·5 0·5855 
1.0 0.2657 1.0 0.4875 1.0 0·5805 
2.0 0.2640 2.0 0.4842 2.C O·5E5) 
4.0 0.2590 4.0 0.4741 4.0 0. 5586 . 
7.0 0.2574 7.0 0.4574 7.C 0·5519 

)15·0 0.2540 )0.0 0.4540 15·0 o. 54E~ 
585 .. 0 0.2524 ~O.O 0.442) )0.0 0·5283 

1440.0 0.2507 90.0 0.4))ç 60.0 o. 509~ 
410.0 0.42)9 820.0 0.4357 

1440.0 0.42)9 1440.C' 0.4)5'3 
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B35 

C 05 := 240 psl 0 T :IZ·6r. F 
_. 

) cr. - (f3 -= 66.6 psl (JI - <fs • 80.0 p~l tri - <rI == 93.3 psi 

tlme strf)- time straln t:1J"1le str~ln 

( mln) ( ) (T'fIln) ( '': ) (mln) ( " ) 

0.1- 0.15)8 0.1 0.2427 0.1 o. ~-::"n 
0·5 1 0.1842 '" 0·5 0.2769 0·5 ('.402 r 

t 1.0 0.2011 1.0 0.)042 1.0 0.43':(' 
il. 2.0 0.2214 2.0 0.))84 ?/.0 C.4S.'l' 
4.0 C.251~ 4.0 0·1692 4.0 r. S ~C'2 1 7.0 0.2721 7·0 0.2999 7.r r. y .. h " ~ . 

14.0 0.)09) 15.0 0.4512 14.0 r. f.1 (J ? 
., 

)0.0 0.)6~) )0.0 0·5093 30.0 . 0.6Q')l'., , 

60.0 0.42 2 60.0 0·591) 60.0 0. 7~î." 1 

! 245·0 0.6400 80.0 0.62)8 120.0 0.Q8)(' 
640.0 0.73)4 180.0 0·1281 )20.0 1.o5er 

!{ 1550.0 0·9109, 410.0 0.8614 690.0 1.199Q 

2150.0 0.9168 750.0 0.9690 1440.0 1·)565 
2860.0 1.0524 1)90.0 1.0881 18)0.0 1. ,979 ~1 

2080.0 1.1604 2130.0 1. 375 
28)0.0 1.2271 2760.0 1.4925 

stress d lff~ence li: 0 

"'" 
0.0 1.0524 0.0 1.2271 0.0 1. 49? c. 

,0.1 C·9193 0.1 1.0)2) 0.1 1.2051 
0·5 0·9024 1.0 0.9912 0·5 1.172) 
1.0 0~821 2.0 0.967) 1 0 1.1500 
2.0 O. 754 4.0 0·9519 2r. 0 1.11°0 
4.0 0.8602 7·0 0.9)66 4.0 1.088C' 
7·0 0.8517 15.·0 0.914) 7.0 1.077 7 

14.0 0.8348 )0.0 0.8887 , 14.0 1.05'=7 
)0.0 0.8018 60.0 0.8579 )0.0 1.0295 
60.0 0.1815 125·0 0.8)23 60.0 1.00}f 

200.0 0.7672 180.0 0.8169 110.r 0.Q7El 
330.0 0.7452 390.0 0,7776 240.0 0.o3 OG 

~ " 
1440.0 0.7452 8)0.0 0.7417 360,. () 0.9090 

1510.0 0.7246 ~90.C 0.8780 
1400.0 Oi.8401 

( 
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66.6 2.)01 1.612 1.)80 1.095 2.041 0-aB5 
1).) 2.176 1.826 1.653 1.065 2.097 O.~O 
80.0 -- 1.)6~ 1.097 1.290 1.882 0.)00 

• 

.., 

6'"3 -24G---ps 1 

11;-05 .ode aedlan Mean ~ "{' ~ 

13.) -- 1.411 1.417 1.155 1.881 0.490 
26.6 -- 1.)80 1.116 1.200 1.681 0.460 
40.0 2.699 1.908 1.544 1.175 2.)01 0.)60 
53.) 2.114 1.)98 1.019 -- 1.1)) 0.420 
66.6 2.019 1.62) 1.)98 0.980 1.954 0.4)0 
80.0 1.954 1.690 1.556 0.98) 2.000 0.445 
96.7 2.079 1.602 1.)62 1.150 1.954 0.)75 

1).) 1.90) 0.954 -- 1.447 
26.6 1.000 0.919 0.881 1.180 1.255 0.370 
40-0 2.041 1.602 1.398 0.985 1.892 0.410 
5).3 2.176 1.634 1.)62 1.138 2.008 0.)55 
66.6 2.544 ~748 1.)62 1.0}) 2.1l0 0.l75 
80.0 2.)42 1 658 1.322 l.O)O 2.041 0.380 
93.) 2.146 .)22 1.)01 1.478 1.785 0.295 

Not.: 
1. R.su1ts of 6;-240 pel and r-18op ~r. 
~ed beoauee of l~ •• 

2. Dlmenslons or (O"'. - Cf.) ln psl: mod., 
aedlan, aean and t: are logarl thlt of 
time ln m1nute: standard deY~atlon 
'ln cycles; and ~ in decl..al-a • . 

13.J 1.90) 1.612 1.556 1.105 2.012 0.)85 
26.6 -- 1.982 1.924 0.97J 2.352 0.l90 
40.0 2.716 2.)46 2.161 0.8)5 2.514 0.615 
5).3 2.477 2.012 1.178 0.980 2.)54 0.420 
66.6 2.J98 1.903 1.653 1.013 2.2)0 0~415 
80.0 2.602 1.903 1.568 1.115 2.255 0.410 
9).) 2.505 1.76) 1.)80 1.225 2.114 0.)15 
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T =68-F 
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JO 9R 12·5 o. ~S 50 0·5 0.1415 o.44J5 ?h.? 
24.9 0. 1 511 0·54 0.1528 o. 19~J 1(.1 
31.? 1. ~611 0.8) 0.2)49 1. )?f-? 1C;.(\ 
50.2 1.l1661~ 0.65 0.1R40 1.1A?I. Q.h '1' 

~ 1 6?.6 2. J~~2() 0.74 n.2094 2.2776 P .ll 

75·5 ~:h~OO 0.89 0.2519 J.22~1 ?? 
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.. 81.6 ' ).11,82 1.1) 0.)198 ).1622 9.1 
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59., 2.)6CO 0.92 0.2604 2.<>996 11.0 
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8).2 ).9,96 1.00 O.2A)O ;.6566 ?? 
95·0 5.? 22 1.02 O.7.A~7 ,.45) 5 ).(' 
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.) 2. "56'" 1.00 0.2A)0 1.7734 13.~ 
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