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is given to the axial strains and pore water pressures generated under

: different loading conditions. L e / &
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CHAPTER (1) .
- Imooomou"i - o
The strength and deformation characterist1cs of natural?y‘deposited

il
[t

i

‘ 50115 and'mechanica]ly compacted 50115 subjected to gradua11y 1ncreasing
Considerab1e progress has been made in evaluating'the factors affecting
these characteristics. '

¥

-During the Tast tuo decades studying the effects of repeated
stresses on sofls was one of the most 1mportant subjects 1n 5011 re- -

A3

_searches.

-The 1mportance'of'repeated 1oad1ngs was realized when 1t was noticed
. that the repeated applications of wheel Toads moving over higﬁﬁay and
airfield pavementé often affects the strength and'deformetion character-‘

istics of the underTying so115'1n a detrimenta1_maoner. Much of the re-

Y

~ search on repeated 1dadings was carried out on compacted highway subgrade
materfals. An important concept was introduced; there exists a critical
repeated vertical stress .level belowlwhjch the soi1 behaves predominant]y'

elastic and above which tﬁe sotl behaves predominantly plastic and would

fai] (Sangrey, 1969). The critical stress level was found to be Tower
than the maximum statfc 10ad which caused shear failure of the sof1: The
value of that critical stress level varies -between 0. 37o (J. R Greenwood,

1970) and 0.50, (Sangrey.‘1969)g where o_-1s the maxfmm compressive



strength of the soil- deterqﬁhed in standard undrained compression test
The va1ue of the critical stress 1eve1 is h1gh1y dependent on the type
of sofl and.its prqperties. | )

. Beside meving whee1 TOads on highways and airfields, there are
p other practica] appIications of repeated loadings such as: variations
of‘water TJevel due to tide, wave action against—watee front stnuttqres,
wind action on a stfucture, moving 1oads across a faétdny floor.or over

' a'sdpport of a bridge;_earthqueke effects on sofls, etc. ”

In most of.the.tests pertenmed in previous research, the ;0115
3?re°subjeeted>torepeated vebtica} stress and constant horizontal
tress. Little attention'was'given to the effect of varying the hori-
zontal stress as;well as the vertical stress éven though the soil .in the
field 15 subjected to variations in bothdvertjcel and horizontal etresses

~

due to the application of vertical loadings.

An element of soil under the action of a ﬁov1ng wheel Toad, 1s sub~-
jected to variation in vertical stresses, horizontal stresses and shear
stresses. None of the varfous testing techniques pte#ent1y available {s

capable of reproducing these stresses completely and. there would appear to

be two main problems to be solved before this 1s possible, Firstly, there -

is a practical difficulty 1n'app1y1ng both normal and shear stresses
directly to a sample simultaneously. Secondly, the difficulty in applying

the tensdle stresses .in conjunction w1th the other stress variations.




L triexfal test cannot repreduce shear stresses. Two types of -tests.

o L
. , ) Ve '\
In this research an attempt was made to s1mu1ate as c105e1y as

. possib]e the stresses induced 1n the field under the app11cat10n of _

8 . R
moving wheel loads. The changes of yert1ca1 and horizontal stresses ° - S
- lqere reﬁroduced in triaxfal tests by ‘pulsing the cell pressUre qﬁd .-

the deviator‘stress. The shear'stresses were not studieddbeceuse the

were conducted for this purpose. Iﬁ the first type, the'soil was

subjected to repeated vertical stress and constant horizonta] stress.

e . —

1n the second type, the soil was subJected to repeated vertical stress
and concurrent repeated hdr1zonta1 stress In both’ types of tests ‘the

' »
magnitude of the appTied repeated vertical stress is the same.

o i o
Undisturbed samples of silty clay takee at, a depth‘of 20.to 25
feet from a-pymping station plant site, Welland, Ontarie. were used
.for the testtng brogram, | N :
A1l testing was carried-out on a triaxial testfnghmachfne, whicﬁ
1s modified for repeated loadfngs The ddration of‘loading was 45"
seconds and the 1nterva1 between load appiications was 15 seconds,

-

giving a total time of 60 seconds for the load cycle.

Test results indicated that snmples)subjected to repeated vertical and
reeeated horizontal stresses fai]ed_ynder Tower effective vertical
stresses and lower strains than samples subjected to repeated yert1ca1
stress and constant horizontal stress, although the magnitude of the :

_applied repeated vertical stresses was the same for the two tests.

~ _ o | ‘-'1
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In recent years, considerab1e attention has been given to- 5011 be-

' 'haviour under repeated stress cond1tions. Such studies are 1mportant

1n conneetion with highway pavement design, airport runways, structures
subjected to wind toading, construction fn areas within earthquake zones,

.'etc.r _ - ';_.. | ;‘ B /“

The effects of repeated lﬁadings on 5011 behaviour were first

\ ' studied by Kersten {1943} who ‘reported the resu1ts of both repeated
and static 1aboratory p]ate bearing tests, on two compacted soiTs.
Kersten s data showed that, for a ngen level of vertica1 stress the
initial penetration for the f1rst.cyc1e of the repeated 10ad1ng test
f‘wa§ essent1a11y the same as the corresponding penetration obtained
for static test..'HoweVer,.subsequent cyc&es of.repeated loading pro-
.:duced increasingly larger penetratione which he stated exceeded those
‘ obtajned_for the static test'at all corresponding levels of applied-
repeated vertical sfresses. ‘fhe hagnitude'ef'these ]evefs_waé not

c1ear1y stated by Kersten;

The effects of high and 1ow frequency loadings were stud1ed by
"Tschebotar1off and McAlphin (1947) They used cod&ro]led strain and
stress plunger type loading deV1ces. Sample$ of sands, clays and,sand-
clay mixtures under ai] saturation conditions'produced greater deform-
ation when subjected to many thpusands'df'repetitions of high and low 3
frequency ]oadinés than sanp1es subjected to static Toadings of'equiu-

alent-magnitude.
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TAUSEEE SR - S . :
‘ A series oi’ repeated triaxia] tests has been conducted by Buchanan _

and Khuri (1954) Two groups of tests were conducted on lean c]ay 50115

The first group of sampIes was subje;ted to a repeated verticaT stress

_and a constant horizonta1 stress. Thehsecond group was subjected to g
- a repeated vertical stress and a concurrent repeated horizontal stress.

The -results indicated that any repeated 1oad1ng that exceeded the "elastic -

Timit* caused-]arge displacements. The p]astic displacements increased

: A
with the number of repetitions whereas the e1ast1c disp]acements re- '

lmained fa1r1y constant. Both elastic and p]astic dispTacementsjdn-

creased w1th Iarger magnitudes of applied vertical stress Hdwever for
levels of repeated vertica1 stress below the soils “e1astic 11mit", no

plastic displacements developed.
. ! -
|
Fo1low1ng these stud1es extens1ve 1aboratory invest1gat1ons were
conducted by Seed and Chan (1955) in which compacted soils were subjected
to repeated applications of vertjcal stress in a triax1a1_ce11. The

horizontal stress remained constant. Test results indicated that the

displacements for specimens of silty clay, subjected to repeated vertical

stress'app]ications, were considerably greater than those for similar
spec{mens subjected to a\sustajned vertical stress of_the same magnitude.
They also tound that partially saturated soil specimens may fail suddenly
after having withstood a number of repeated vertfcaT stress applications
of the same magnitude. It is possib1e that th1s breakdown 1s due to the

generation of pore water pressures associated with the soil structure
f

—
—t

|
|
}
1
!
!.




T

/5n apparatus was- deve]oped by Seed-and Fead (1959) to study the -

behaviour of soil under repeated vertical loadings.\ VerticaT 1oad1ngs

" were a p]ied toa compacted 5011 samp1e in a triax1a1\5e11 by a piston, |

attached to 2 loading yoke .The load was applied to the yoke by an.

, AN
.ajr pressure system, the Tlow of which was contro]led by a so1en01d

valve. No drainage was allowed during the tests. .In this apparatus, :

the durat1on of. load was 0 1 second which simulates a whee] Toad
'mov1ng at 30 m.p. h. This apparatus_was designed to study-the‘effect
of vertica] repeated Toads and to study ‘the companatdne effects of
‘different 1ntensities of deviator stress or variations in frequency

of stress app]icat1ons. :

\

The change in stress on an e1ement of soil in the ground due to
a mov1ng wheel 1oad as stated by Seed and Fead (1959) can be repre- .
sented by the wave shape in Figure 1. The major disadvantage of this
apparatus was that it did not represent this wave;:but‘it used an
'ideafized form of a square'wave, Figure 1. Results indicated an
increase in the soil dispIacements under a large number of repeated

vertical stress applications.

The apparatus was further modified to apply both repeated vertical

stress anl a repeated horizontal stress concurrently. The repeated
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' lhorizontal stress was app]ied to the triax1ad cell by compressed air
_ through a second so]enoid operated air contro] valve, In. th1s way, e o ;!
-1t was. possibTe to compare the disp]acements obtained for the same ; o
‘vaIUe of deviator stress, first when onTy the vertica1 stress was / |

applied and second. when the vertical and horizonta1 stresses were _ | ‘j'

applted. An‘1mportant‘eon51deration 1n'th1s type_of.test is the l
reIat1VeArates'of 1ncrease of the vertical stress and the horizohtai. !
stress. .These'rates depend primarily on the response of the air'controll' _i _ 4
valves which were used for two separate purposes, app1y1ng the load _

to the yoke and increasing the chamber. pressure. It‘is a requirement_l. .

to keep the ratio between the vertica] and\hortzonta1 stresses constant .- _

and, 1f the . response of the control vaTVes 15 at different rates, | ;‘ : B “d
.'so that the deviator stress is- buiTt up more rapid]y than the con-

———

f1ning pressure, then the ratio of the major ‘to the minor pr1nc1pa1 '
stresses will be greater than that which will occur in a practical

"~ situation, and larger deformation will occur. There was great diffdou]ty
with this aspect of‘Xhe apparatus and it was not possible to keep this
ratio constant. The test results 1nd1cated that for a procedure using
both repeated vertica] stress and repeated horizontai stress some-

‘what Jarger displacements resulted than when using repeated vertical

stress.while keeping the horizontal stress constant - even though

the deviator stress applications in the two types of tests were
jdentical. These tests were conducted on silty clay with saturation

of 95 per cent. Figure 2, from this work shows these results.
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. Further research using only repeated-rerticallstress'with*the
fhorizonta1 stress constant was conducted by Seed and Chan (1961)
to study the effect of 1oad1ng duration The tests were-done on

" ‘both clay and sandy soils. They conc1uded that the effect of
'duration of stress appTication on the dispiacements varies wide1y
depending on- the 1nterva1 between stress applicat1ons. For silty
sand 1ncreased durations of stress app11cations resu1ted in an
1ncreased disPIacement. For compacted ;1ays, ‘displacements were b
influenced by a variety of phenomena which 1nc1uded creep'effects,
‘thixotropy, stiffening due to repeated stress applications and

‘ probab]y, Toss of resistance due to separat1on of c1ay particles

*

 during un]oaded periods.

L

P In 1962, Larew and Lepnards.deveTOped the concept of critical
\ stress level for soils snbjected to repeated 1oadin§. Depen&%ng
on the test conditions emp1o§ed5 tne tol]owing criterion of faiiure
for compacted fine grained soils, aeted on by repeated loadings of

constant magnitude, was established. A critical level of repeated

deviator stress exists at which the slope of the curve for dis-

.. . . . .
placements vs. number of repetitions is constant after the first ﬁ
few load applications. For levels of deviator stress greater than

*this critical level, the displacements increase until failure occurs




either by s]iding along a shear'p1ane or by excessive bu1g1ng. For':'j
1eve1s of deviator stress 1ess than this critical 1eve1 the dis-‘

p]acements occurring approach a horizonta] asymptote. _

1. . . o -
: .

A:spec1a1:apparetus was constructed by:G.‘D. Grainger and N;‘H.

Lister (1962} to study.the effect of both repeated>deviator'and.re-
| peated horiionta] stresses on.soi1s. This apparatus was. bu]ky and

comp1icated as each system needed a. controlling component and there
.:was a d1ff1cu1ty_1nrmeasuring the vertical loads to compute‘the de-
vieton'stress. _Grainger and Lister ren pre1im1nary tests to'check
" the opera%1on of the apparatus and to measure the elastic modulus E
of the soil. Samp]es of London c]ay were subjected to a deviator
stress of 3.9 1b./sq. 1nch‘(1 ps1 0 0703 kg/cmz) and a horizontal
- stress of 2.0 1b /59. 1nch a puTse time qf 0.4 seconds with a cycle
time of 4 0 seconds were used. Figure 3,shows the changes in the
.elastic modu]us E of the sample and F1gure 4 shows the changes in
the permanent displacements occurr1ng during the test. It was - 4
realized- that considerab1e stiffening of the sample occurred, so
"that after 3,000,000 1oad,repetitions the modulus E was 3_to 4
times that at the start of the test. | |

-

e
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Knight and Blight (1965) ‘studied the effect of repeated vertiia'i
10edipgs on saturated normally tdnso]idatedjahd heav{Ty overcthO]ie-
-ated soils. They'tonc]uded thet for,qorma]]y-conso]idated c1ays, tﬁere
js a residueT pore‘water pressure during periods ofsload removal, and
there is a critical Eange of -stress over uhith the-effects of repeated

loadings are sign‘ficant.

For the purpqse-df,investfgating soi1 behaviour under earthquakef
‘1oading'condit10hs Seed and Chen (1966) contluded that during earth- .
quakes, the soi] underlying bu11d1ng foundations and in earth embank-
ments is subJected to a series of vibratory stress app11cat10ns for a -
11m1ted period of time. Records of ground mot1ons during earthquakes
indicate that during the main shock, the grdund is subjected to a
hor1zonta1 acce]eration that may approach its peak 1ntens1ty as many’
~as 10 to 15 times in the period of approx1mate1y one-half minute. In-
cluding after shocks the total numher of the larger acceleration pufses

may thus be as great as 30 or 40. These pulses and the associated de-

formations that they may induce in soils will cause an increase in the

soil stress and/increase the tendency for shear deformations to occur.
Although, the stress pulses induced by an earthquake w111 vary in
magn1tude, they ¢an be presented, in effect by a series of stress '
pulses of constant magnitude. To study the stability and deformations ‘f
of soils during earthquakes requires an understanding of the deform- ;

ation and strength characteristics under combined sustained and repeatedf
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1

.stresses Seed:and Chan (1966) stated that for clay 50115 with h1gh

degrees of saturation varying both the. horizontal stress and the

a
[+

vertical stress concurrently will have neg]1gib1e effects on 5011 ‘

strength. _ : - . AR . o~
Glynn, ‘Kirwan and Wilson (1969) studied the behavfour of peat ~

subjected to repeated Toadings. Peat samples were tested 1n a contro1-

ted stress. triaxial compression mach1ne mod1f1ed for repeated app11c-

‘ations of deviator stress and eonfining pressure. This equipment was

developed from the prototype constructed bj_Grainger and Lister (1962).
Test results indicated that far . low levels of applied deviator stresses

the displacements ate c0mparative]y Tow, and»for high levels of‘deviator
stresses there is'a signifieant increase in the peat displacements

associated with a marked increase in pore water pressures, Figure 5.

Three sets of undrained repeated vertical 1eading tests on sat-
uratéd clay were coaducted by Sangrey, Henkel and Esrig (1969). In the
first eet,'samp]es normally consolidated under an all around pressure
were considered. In the second set, samples normally consolidated under
anisotropic stress systems were studied, while in the third set, over-
consolidated samples were used. The conclusion of that study was that,
for anyparticular consolidation history, a critical level of repeated

stress existed. Below.that critical .Tevel a state of nonfailure
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eqUi]ibrium was reached. Also, the relatiensﬁip between the magnitude
_ of the app]ied repeated stress and the increase of the pore. water
pressure was. Tinear. Above the critical level of repeated stress fai1are'
‘occurred, and each application of ]oading'prqduced cumu1ative increases

in dfsp1acements. It was also observed that under nonfailhre repeated
‘loadings, the pore water pressure increased and at nonfailure equilibrium
.poinéa the stress ratio was higher than in the single cycle tesf.j}

1
]

In 1970 J. R. Greenwood deve'loped an apparatus to study/t'ikeffect
of repeated vert1ca] stresses on normally consolidated saturated clay from
HamiTton Bay. Laboratory prepared Kaolin samp]es were also used for
‘ comparison with the natural clay. A mechah%ca1.device was.used to Tower
and raise the appﬂied.repeated verticaT loads at durations and intervals
of one minute. Pore water preasures were measured at the base of the cell
using pressure transducers. Two types of testsnwere carried out: the
first type was sustained loading {creep test); and the second type involved
repeated Qertica] stress. In both types of tests, the horizontal stress
was “kept constant. In both types of tests, drainage was not allowed.
A/Comparisoa was made.between the two tests for different levels of
applied vertical stresses. 'Greenwood concludedlthat there is an increase |
in both axial displacements .and pore‘water pressures with time for normally
consolidated clay subjected to repeated .or susfained applications of de-
viator stress. Also, he preéicted a critical repeated stress level of‘,
0.37-0S (where g is the maximum compressive strength of the_soil result-

ing from triaxial compression undrained test) below which the soil behaves
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preddminaht1y'e1astic,'and-agLve whiéh"the 5011 behaves ptedominaﬁtly .
o plastic. Repeated 10ad1ng at 1evels with1n the e]astlc reg10n have no

‘effect on the c]ay,_and the d1sp1acements and pore water pressures def

_-pend only on the t1me under Toad. Repeated IoadIng w1th1n the p} sti

;_reg1on produced ax1a1 d15placements and pore water pressures greater
than thosejresu1t1ng-from the ‘sustained 1uad1ngs of the same magn1tude. B
 Also, the cr1t1ca1 stress 1eve1 under repeated 1oad1ng is 1ower than N
that under susta1ned Teading.
7
- In 1972, P.'S. Pe]] and S F Brown made an extensive rev1ew of
the state of know]edge at that tfme on characterisat1on of mater1als

5
for flexible pavement des1gn and d1scussed the var1ous methods of

1aboratory tests ava11ab1e for this purpose.

- . »
i

Pell and Brown analyzed the iu—situ stresses under wheel.loads

as follows: o

When a rolling wheel load passes over a pomt in a road structure, ' ‘
the var1ous layers are subjected to the stress variations shown in
Figure 6. The main variation in fact is in the horizontal stress-as
shown in Figure ‘6, where.tensile stress can develop at| the bottoﬁ of

- stiff layers. Simu]atien of the in—sdtU'stresses in the;1abofatory
-requires attention being given to stress history and condition of

sample as well as to the stress pattern applied during a test. To
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represent the fn-situ-strésses;;%'the laboratory, two main‘probTems
;'1muéﬁ.be2501véd:‘ |

L

Firstly, there is a practical difficulty of‘app1ying both‘nOrmaT
and shear'sﬁrésses directly to a samp]é'simultaneouﬁly.; The repeated
.1oadltriaxia] test ?igure 7a,‘is capable of pulsing.both the normal
stresses, bht cannot réproduce the shear reversal shown oﬁ Figure 6 .
Con&erse]y, the direct §hearrapparatus Figure 7b, can aﬁpiy shear
streségs‘éorrect1y, but has not so far been developed to the stage
where ihe normal stress.pattern can be,app]fed.‘ The'second problem .
is that of app]jing the large tensiie stresses, which occur near tﬁé

L]

_ bottom of stiff layers, in conjunction with the other stress variations.

From the review of the work carried out on répeéted load triaxial

testing in various laboratories in conjunction with in-situ stress

investigations, Pell and Brown concluded that two factors. are of

particular interest when characterisi ng soil s and granular material ‘ ‘
for design purposes of pavements. Firstly, the resilient behaviour
fwhich may be simply stated as the relationship betweeq_app]ied stress

and recoverabie strain, and secondly the relationship between perﬁanent

strain and the number of Toad app]i&ations. Failure of materials usually .
depends on the.second of these ré1ations and though it is of obvious o
importance, complete failure of these materials is not ﬁsua]iy a2 danger

in pavement structures.

1
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Resilient Behaviour

| . Resitient characteristics of ﬁavement materials are normally

. SpeEified‘in terms of 2 modulus of efesticity and‘Poisson'S'fatio
| and that the modulus of elasticity is a function of both shear)Fnd
.normal stresses. For cohesive soils it 15 the shear stress which

' ptedomjnates while for granular materiaTs the nonma] stress level

largely defines the modp]hs.

.Permanent'Deformatidn '

The reIatienship between permanent‘deformat{On”and number of
Toading tyc1es for granular materials (from triaxial testing) is as
shown in Figure‘Ba. Thercharecteristiq is a relatiﬁgly sharp iﬁ—
' erease in permanent deformation during the early joad app1ications
'follqwed by‘very Tittle subsequent increase so that the materiaT
settles down to approximately elastic.behaviour.

' : - : :

Figure 8b, shows typical relationships between permanent strain
and number of stress applications for a saturated normally consolidated
silty clay tested under repeated load triaxial conditions. The relation-
ship differs from that for granular materials in that a definite failure
point can be established when the rate of perﬁanent deformation shows a
sharp increase. The concept of “threshold stress” has been used to define
the boundary between “stable beﬁaviour" when no failure will occur and
"ynstable beha\n'eur'.'l when failure wjl] eventually occur proviQed sufficient

. e .
applications of load are applied. h
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Both'the resilient and plastic strain deve]opedﬁin cohesive soils

under repeated Joading depend on the stress history, density and

moisture content of the soil.

23.



CHAPTER (III) 7
APPARATUS |

} To simulate the stresses induced in the f1e1d under a r0111ng
whge] 1oad Figure §{ Chapter 2, an apparatus 1s requ1red to app1y
hoth.nonna] and shear'stresses to the sample s1mu1taneous1y N1th
the present 1aboratory techniques (afrect shear test or tr1ax1a1 test)
it 4s difficult to reproduce‘the in-situ stresses.

_ . : ,
For the laboratory part of.this research, repeated loading triaxial
-épparatus.was uéed in which the vertita1 and torizonta1 strésses were '
simulated. The shear stresses were not reproduced for the d1ff1cu1ty

in applying shear stress by the triaxial apparatus.

'Sinée the triaxial test cannot appiy shear stresses directly .to
the sample the equivalent in-situ soil element must be subjectéd to
" normal stresses only and hence “rotates” as the wheel'passes., Figure 9a.
Since the deformation of the specimen is measured in the direction of
the applied stress,.thg permanent deformation measured will not repre-
sent the vertical (or horizontal)} permanent detormétion of the so0il,
but will in fact over-estimate it. The soil sample should ideally be
made analogous to the in-situ element shownltn Figure 9b, which does
not "rotate”. In this case there will be a shear stress applied which
reverses when the Toad moves over it and only when it is under the
centre of the Toad does the stress conditions become the same as those

in the triaxial test.

24,
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Désign Criterion

The requirements of the constructed apparatus were to apply the

repeatéd\vertita] stres§'without.impact'effebts and to apply the re-

peated horizontal ;Erg;s.in‘phase with the repeated vertical stress.

' The qpparath’EHﬁsisted of three main parts:

.. 1. Triaxial testing machine
2. Repeated vertical stress system’

3. Repeated horizontal stress system

The apparatus is shown in Figure 10,

1. Triaxial Testing Machine

A Wykeham and Farrence trjaxial compression testing machine was

used for all tests because of its wide spread availability, simplicity

26.

and reliability. 1In all the tests, the back pressure and cell pressures

were applied to the samples by means of a mercury pot and a spring com-

‘pensating system.

Pressure Transducers:

Pore water pressures and cell pressures were measured hsing Statham

Instruments Inc. Model PA-208-TC-25-350 pressure transducers;f A typical

transducer housing is shown in Figure 11. 7The excitation voltages were

provided to the transducers from D. C. bridge amplifiers; the model

t
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FIG. (10). PHOTOGRAPH OF THE REPEATED LOADING APPARATUS

27.
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FIG. {11). TRANSDUCER HOUSING
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number was F.E. 392—BBSVbuiTt by Fyl e Electronic Labofatoriés, England.
Thé power supbiy waS‘ailowed.to stabi]ize'fo? one dhy before use. After
é‘stabilizing'time,'the fluctuation in the-excitation voltage observed
-wtré'in ihé‘order of '0.01% of the correct value énd were fherefore con-
siﬂéred insignificant. Tﬁe signals from the transducers were p;sséd
through the brfdge amplifiers tﬁ.ﬁlDigital Voltmeter and Qere recorded

- on a Digital ﬁecorder, both maﬁufactureﬂ by Hew]etf-Packard. Direct
‘reédingg of the pressures in 1B/sq.ihch were obtained by selecting

the appropriate value of the excitation vo]tage for each transducer.

Using pressure transducers has the following advantages over null
indicators: decreased possibility of error in the measured pressures;
Tittle time de]ay in measurin7 the pressures;and the pore water pressures

can be recorded at any time during the test.

2. Repeated Vertical Loading System

The repeated vertical loads to be applied to the samples were
lowered and raised using a mechanical device lFigure 12 , driven by an
electric motor through a "Zero-Max" variable speed géar box; this device
had been used by J. R. Greemwood (1970). The mgchanica] device consists
of a hanger and cable connected to a rotating cam wheel driven by the
motor. The motor was adequate to Jower and 1ift the loads without any
reduction in speed. The impulsive force resulting from lowering the

loads was very small and its effect was considered negligible.

N
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3. ‘Repeated Horizontal Stress System

The repeated horizontal ‘stress cycles were applied usinQ a‘thrée: : 1 ;
way V%%Vé Figure:~13', connected to the mercury pb? systeﬁ. The th;eg- |
way valve was connected through redncing gears on the motor_shaft? Thé .
hiﬁh pressure (required repeated horizontal stress) was conneétgd to
one of the side branéhes of the valve, while the low prgssufe gconso]fdé'
ation pressure) was connected to the otﬁér side branch; When the vajve
rotated the high and low pressures wefe repeatedly applied to the sample

through the middie branch connected to the cell base. Connecting the &

. X
L1

valve in unit with the motor shaft had the advantage of appl 'ng‘ggy
repeated horizontal stress with the same speed as the applied repéated

vertical stress.

Synchronization

The three-way valve js designed to give a cycle of 75 per cent .
high pressure and.25 per cent low'prgssure Figure 14 . fhé'Jow pres-
. sure is the same as the conso]idatioﬁ preésure. The same cycle for
the repeated vertical stress can be achieved by adjusting the he%ght "
.of the base of the triaxial cell. For all tests the totaT‘timeiof the
load cycle was 60 seconds. The duration of ]oéd applications was 45

-

seconds (time for load on), and the interval between load appﬁications

was 15 seconds (time for load off).
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Starting Conditions

To épply the repeated verfica1-;tre;s and fhe'repeated horizﬁntal.
stfeﬁs'concurfently; therspeed of the moto; shaf% was set‘to one cycle
per minutet fheﬁ the base of the cell wéé adjusted to give the fequirgd,
sgépe of cycle fdrrthg'vgrtica} load, i.e., by altering thé;]ength of
the cable to the hanger. Finé11y, the gears cbnnected to the three-ﬁay

valve were adjusted to apply the pressure concurrent with the vertical

Toad,

Axiailnispiacemeﬁt Measurements'

The~axia1rdisp1aceméﬁts of_the.samples weré measured hsing.Heﬁ1Ett _
Packard Model Number 24DCDT-05 Linear Variable Differential Transducé;éu
(L.v.D.T.). Theitransducers were excited by a power supply. Sign&ls
from the L.V.D.T. were recorded on the Sﬁme DigitaT Voltmeter used for
fheipressufe transducers. Direct readings in inches can be obtained
by selecting the appropriate excitation voltage. The vertical displace-’
ments of the sample ﬁere measured by connébting the L.V.D.T. to the ram
of the cell. . In these tests the horizontal deformations of the samples -

were not measured.

I
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\ "’CHAPTER (IV)
SAMPLE PREPARATION AND TEST PROCEDURE

- Sample Preparation |

.'Thé4samp1gs used in the research were prepared ffom.large-blp&ks

~ of Welland clay dominated near Welland, Ontario, at a debtﬁ of 20 to .
25 feet. The blocks of clay were wrapped in polythene and'ﬁaxed. N

- These b1o¢ksrwere kept in‘the humid’room to maintain tﬁeir natural

water cohtenf.‘ Tﬁe propertiés of this clay are ]isfed-in Table 1. |

fﬁese blocks were cut 1nto sma11er b]ocks and each block-was wrapped

R Haxed and kept 1n the hum1d room. When a.sample was required, the

| protective ‘wrappings were ;emoved and the sample was trimmed on a soil

lathe to a cy11nder 1.4 inches in dIameterand cut to a he19ht of 2.8

-‘1nches This process was done in the humjd room to reduce any changes

in the moisture content of the samples. Also, care was taken in -

handling and trimming to reduce any sample disturbance.

TABLE 1
PROPERTIES OF HELLAND CLAY “

S11ty Clay Soil Taken at a Depth of 20 to 25 feet from a Pumping
‘Station Plant Site, Welland, Ontario 2

L.L. P.L. P.I.
s : — . T - _
Atterberg Limits 36.9 21 ) 15.9
Natural Water Content 29%
Specific Gravity Approx. 2.7 o |

Sensitivity 2.0 to 4.0 !
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Test Procedure

(a) Sample: Assemblx

The assemb]y procedure suggested by B1shop and Henkel (1957} Was '

fo]]owed in setting up the samp]es The diameter and length of the
sample was checked, then the samp]e was placed on-the‘de-aired _
pedestal of the triaxial cell wlth a saturated porous stone at the

bottom and .a saturated f11ter paper placed around the sample

' perspex top cap was pos1t1oned on top of the samp]e and a rubber

membrane was p]aced around and secured with’ O-rlngs as shown in

. F1gure 15 . This assembly was done w1th the cell base submerged

in water. The upper part of the cell was carefu11y placed over the

. base w1th the ram 11fted to the upper 11m1t of its travel. The cell

was filled with de-aired water and the ram positioned in contact with

the centre of the top cap. The cell was subjected to a pressure of

’ 10 1b/sq: inch for 3 to 4 hours to give a chance of any air trapped

between the sample and the membrane to pass to the cell water. The
cell was then drained and a layer of silicone grease was smeared over
the membrane. A second membrane was then applied and secured with
0-rings. The transducers were set to zero. The cell was refilled
with de-aired water and again the sampte was allowed to stand under
a.small pressure‘to give any air.trapped between the two membranes

a chance to pass through the outer membrane ‘into the cell water.

The membranes used throughout the tests were Trojan prophylactics of
0.002 inch thickness. Tests by Lopes (1970) indicated that over time

periods greater than one day, one membrane -is permeable to water.

36,0
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Houever, the use of two membranes separated by a coating of silicone
grease has been shown to v1rtua11y e11nnnate the passage of water for '

tests up to one week.

{b) 'Conso1idation_~

Sail samples, which had a preconsolidatjon vertical stress of 14

.]b/se. inch werelisotropically consolfdated at a ce11 pressure ef 13 3 o 1
1b/sq' inch, against a back pressure of 10.0 ]b/sq 1nEh g1v1ng an -
‘ effect1ve consol1dat1on pressure of 3.3 1b/sq 1nch. The back pressure
was used to try to obtain complete saturation of the samples. A value
'of B=1.0 was obtalned from a B-test, 1nd1cat1ng that the soil was. fully
saturated A dead we1ght was applied to counterbalance the upward force
on the ram resulting from the cell pressure. After applying the cell
and back pressures, the drainage valve was opened.and consolidation
was comp]eted_after 5 da_ys_.' The use of the filter paper speeded the

consolidation process by allowing radial drainage.

(c) Compressive Strength Tests _
Compressive strength tests were run to obtain the strength of the

s0il under gradually increased loadings as this data was required for

.estimating the values of the repeated stresses. The method described by
_ Bishop and Henkelr(1957i was applied to obtain ?he strength of the soil % ;
from the standard consolidated uudrained test. The rate of testing
was set to 2.33 x 10"4 in/min. based on a sample strain of 2 per cent. @%

s oy
=
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_ S '
- This strain was considered to .cover the range of strain conditions in

the repeated loading tests. Pore water pressures were measured by the
transducer, the ax1a1 load was. measured by the prov1ng r1ng, and the
- axial d1sp]acements were measured by the dial gauge. At the end of
_the test the sample was removed from the ce]] and we1ghed for mo1sture

content determination.

(d) Repeated Loading Tests _h

Two types of repeated,1oading'tests were tonducted. The‘first -\\\:__
ltype involved repeated vertical stress. with the horizontai'stress
(ceT]-pressure) kept constant. The second'type was repeated vertioaln
stress .uith concurrent repeated horizontal stress . The description

of each type of-tests is as follows:

(f) Repeated Yértica] Stresses with the Horizonta]IStresses Constant . i
In these tests, the repeated vertical loadings were applied to the

samp]e directly through the cell' S ram u51ng the device described in.
Chapter (III)for vertical loadlng app11cat1ons. The horizontal stress

(confining pressure) was Ieept constant during the tests. The speed of ‘
the wheel was set to gi;e 1 rev/min., and the height of the triaxial base
was adjusted to giue a_duration time of 45 secondsand an interval time of
15 seconds, "The load hanger was positioned so that the load would land
in a central positdon on the load platform. The static loads, which
were used to counteract the upward'ram force during consolidation were

maintained on the ram. The selected value of the repeated vertical stress
. - r
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was ca]cu]ated as-a proportnon of the maximum compressxve strength of
the so11 as obta1ned from the standard consolidated undra1ned test.
"The tests were contlnued up to 1000 cyc]es of 1oadzngs or until failure
‘occurred Measurements of the pore water pressures and the ax1a1 d1s- |

) placements were recorded throughout the: tests

T

H
F

(i) Repeated Vert1ca1 Stresses w1th Concurrent Repeated

' Hor1zonta1 Stresses ' . |

' In these tests, the repeated vertlca{ stresses were’ appl]ed as
descr1bed before. The repeated hor1e2nta1 stresses were applied ps1ng~y
_ tﬁe_threeeway vaTVe system described in Chapter (LII}. The tests‘were
-continued' up to 1000 cycles or until faiTure occurred. Heasurements
of the'pore water pressures, the axial djsplacements and the repeated
horizontal stresses were recorded thoughout the tests.

‘,
For a group of samples, the above mentioned two types of repeated

. toading tests were performed in which the value of the repeated deviator

stress was the same in both types of tests.

(e} Levels of Applied Repeated Stresses

Previous research on soil subjected to repeated vertical stresses,
by Glynn, Kirwan and Wilson {1968), Sangrey (1969} and Greenwood {1970),
indicated a critical level of repeated oeviator stress below which the
s¢il behaves predominantly elastic and above which the soil behaves
predominantly plastic. The value of this critical 1eue1 of stress varies

between 0.37 o, (Greenwood) and 0.5 o, (Sangrey), were o is the maximum



4. .

compressive strength of the soil. This critical stress level is depend-

L

ent on the typé and properties of soil and on the tést'conditions.

The tests_conducted in this reseafqh were divided into two stages

based on the stress levels as follows:

(i) Subfailure Stage (Pfe@ominahtiy E]aStfc)

1In thié_stage, thellevé1 of the deviator stress, i.e., the differ-
enée between the appiied repeated Vertical Stress and.repeateq horizontal
stress, was. less than the assumed critical stress Tevel.  The va]ue‘of
: ;H; aﬁp]ied repeated vertica] stress ﬁas 0.3 cs; whére g is the maximum
compressive ;tfength of the soif obtained from the standard consolidated
undrained test. The value of the applied repeéted horizontal stress was
0.15 %Ls giving a ratio of the applied repeated horizontal stress to the
applied repeated vertical stress as'0.5. This ratio will be termed K.

|
(ii) Failure Stage (Predominantly Plastic)
In this stage; the levels of both the applied repeated vertical

and horizontal stresses were higher than the assumed critical stress
level. The value of the applied repeated vertical stress was 0.6 g
‘and the value of the applied repeated horizontal strgss was 0.3 Ies
giving a ratio of K = 0.5 between the applied repéatéd horizontal and

t

vertical stresses.
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| | " CHAPTER (V)

EXPERIMENTAL RESULTS AND DISCUSSIONS = o

A - OUTLINE OF TESTS -~

A-1. Maximum Compressive Strength:

The compressive strength of the soil, based on the maximum
‘deviator'stress,fwas‘detennined from the results of three standard

triaxial consdiidated undrained tests.

‘A-2. Repeated Loading Tesﬁs:

Sixteen‘repeated Toading tests were carried out in four

groups, based on the type'and‘raqge of loading as follaws:

First Group E]_4: Four samples; tested in the elastic range under
the action of repeated vertical stresses and
constant horizontal stress. (By é{astic it is
meant that the soil has essentiai]y recoverable

, deformation.);

SLcond Grbup Pg_sz Four samples; tested in the plastic range under

| the action of repeated vertical stresses and

constant hpfizontal stress. (By plastic it is
/ : meaﬁt that the soil has essentialy non-recover-
able deformation.); ‘

Third Group Eg_y5° Four samplés;-tested in the elastic range under
the action of repeated vertical stresses and
concurrent repeated horizontal stresses (cell

pressure}.



Fourth Group P]l_]s:' Fquf samples; tested in the plastic range under
the action.of repeated vertical stresses and -
_ cohcurrent-repeated horizontal stresses (cell

pressure).

¢

The results of each group of tests showed good agreement.

In th15 thesis, results of one test from each group will be presented.
The ranges of‘the results are shown on Figures 16 to 19 and the spread

‘appears reasonable.

8 - TEST RESULTS

B-1. Maximum Shear Strength of the Soil

In the standard triaxial consolidated undrained tests, the | v
samples were isotropically consolidated under a cell pressure of 3.3
1b/sq. in. resulting in an estimated over-consolidation ratio of
4.00 (based on tests performed in Geotechnicel Engineering 3A4}. This
consolidation ratio was selected, because most of the soils of Southern
Ontario are glacial in origin aed are slightly ever-consolidated. The
three samples were taken from the same block of seil. The natural
moisture content of these samples Before testing ranged/between 28.5
per cent eo 29 per cent. Results of these tests indicated that the
maximum compressive strength of the soil under the consolidation
conditions described, equals 9.25, 8.70 and 8.95 1b/sq. in. The

average maximum compressive strength of the soil is 9.0 1b/sq. in.,
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thus the maximum shear strength equals 4.5 1b/sq. in. The change
in‘the final moisture content of the samples after testing was 1in

the order of X 0.2 per cent. , 4

‘B-2. Repeated Loading Tegts
‘ ﬁ :

4

- For all types of tests, the samples were consolidated
under a cell pressure of 3.3 ?b/sq. in., with an-estimated over-
consolidation ratio of 4.0. The samples-of_each group of tests
were taken from the same‘b]ock of soil. The initial moisture
content for all -the samples tested was 29 per cent ¥ 0.5 per cent.
A1l the sampies wére saturated and each ;amp1e was tested for
saturation (B-test) before the loading Fest. A value of B = 1
was recorded for all the samples tested and indicated that the
soil is saturated. After the loading tests, the moisture content
of the soil had not changed signi‘f'icant]y.‘(t 0.5 per cent). The
volume change for the soil during.consolidatiﬁn was not re-

corded.

Tests in the elastic range were carried out up to 1000
load repetitions. Tests in the plastic range were carried out
until failure occurred. Table (2) shows the values of the applied

repeated stresses for each type of test and loading stage.



TABLE (2)

YALUES OF REPEATED STRESSES FOR CONSOLIDATED UNDRAINED
REPEATED LOADING TRIAXIAL TESTS

Stage of Repeated Vertical Stress With Constant Repeated Vertical Stress With Repeated
Loading Horizontal Stress (p.s.i.) Horizontal Stress (p.s.1.) -
Consolidation pressure. o, ® 3.3 Con%o11dat10n pressdre g, = 3.3
Repeated vertical stress ao, = 2.7 Repeated vertﬁcal'stress Acv.?'2,7
E1a§t1c Repeated'horizogta1 stress Aoy = 0.0 Repeated:hor1zonta1 stress boy = 7.35
Stage Total horizontal stress oy, = 3.3 Total horizontal stress oy = 4.65
Total vertical stress o - 6.0 Total vertical stress o, = 6.0
Deviator stress o, - o, = 2.7 Deviator stﬁess o, - o = 1.35
GROUP E; _, GROUP Eq_ 12
Consolidation pressure o = 3.3 Consolidation pressure o} = 3.3
Repeated vgrt1ca1 stress Ao, = 5;4 Repeated vertical s;ress Ao, = 5.4
Plastic -Repeated horizontal stress AoH = 0.0 ‘ Repeated hor1zontaf'§tress AoH.5,2.7 '
Stage_ Tota] horizontal stress oy, = 3.3 . Total hor{zontal stress op ® 6.0

vF
£i 5%a1 vertical stress o = 8.7
Deviator stress o, = 9 = 5.4

GROUP P5_8 W

Total vertical stress o, = 8.7

Deviator stress o, - o = 2.7

A

1
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* PORE HATER PRESSURE VERSUS TIME RELATIONSHIP

'_.The-re]atwonsh1ps_between'pore water pressures and 1og.time..'

(109, numbér of_cycles).for the 1oads_appiied in the elastic range are

~ 'shown in Figure 16. Curve E4 represents pore water pressure'generation

for tests us1ng repeated vertical stresses and constant horizontal . .

|
stress (cel pressure), while Curve. Ei2 represents pore water pressure L %}
- -

. generat1on for tests using repeated vertica} stresses and‘concurrent

-

»-

' {s greater than the total value of pore water pressure for Sample Eq ) ' ;

repeated‘horizontaiistress (cell pressure). Both types of tests uere,

. carried out in the élastic range.

For both types of tests, the pore water pressures increased .
for the f\rst few cycles of loadlng. then it decreased towards the end
of the tests. The decrease in the pore water pressures Andicates soil

dilatancy wh1ch is very common for over-conso]1dated soi]s.

The values of the net pore water pressures due to shear stresses 2
for SampTe E4 are greater than those for Samo]e Ei?' because the ‘
deviator stress for: Samp]e E4 is greater than the deviator stress for

SampIe‘Elz. The total va]ue of the pore water pressure for Sample E]2

because the repeated horizontal stress for Sample EIZ was transferred
‘to the pore water’ pressure. This canibe explained by the following ; : ;

equations.

S i
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- B[mh £ A a0y - Aah)]........,'(i)
Qhere:'. S - R -
o AU -; change 1p ppre pressure due to o .

S increaseéd stresses P -
- ba &80, = change in pr1nc1pa'l stresses

h, . caused by soi] 1oad1ng R

"

8o, - &g, ‘deviator stress .

K& B ‘= pore water pressure parameters '
Case 1 when ddha# 0
Therefore, eﬂl = B.A;onﬁ...;,:.;.;,e..;;(é)

Case 2 when pov > pch

 Therefore, 'Aué 'B.aoy + B.A(ag, -Aah);..(3)

Therefore, the d1fference between Case 1 and
) Case 2 is:

al, - U, =B. doy (1-A)..... s (4)

Equation 4 shows that the difference in the pore water pressure

depends upon the minor principal stress Ach and the pore water pressure

parameters Aand B. In case of saturated soil the parameter B = 1.

The value of the parameter A depends upon the type of soil.
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*-The re]at1onsh1ps between the pore water pressures and 1og

i'etime, for the loads app11ed in- the p]astwc range are shown “in F1gure

17, . Curve P8 represents pore water pressure generation for tests

: using_repeated vert1ca1 stresses and cunstant horizontal stress.
Curue'Piﬁ_represents pore water pressure peneration for tests using
irepeeteq vertical stresses_and concurrent repeated horizonfa1rstresses.
Fbr:both tests the pore water'pressures increased uith time until
failure occurred' after one cycle'for.P8 and 15 cycles for Plé. A sudden .
1ncrease 1n the pore water pressure and the axial d1sp1acement 1nd1cates

: :fa11ure of samp]es.. Samp]e P8 failed after one cycle, ‘under a dev1ator
‘stress.equal to 60 per cent of the maxmmum compress1ve strength .of the s011 |
(from the standard undrained test). It is believed that this failure |

* occurred so rapidly due to the use of a high level of stress‘app]ipafion;"
The levels of the applied repeased‘stresses were based on a maximum
compressive strength of the soil equal to 9.0 p.s.i. obpained from the
standard triaxial undra{ned tests described previously (Page 43). ‘
‘these standard tests were performed on samp]es from one block of soil,

while the repeated tests Py were performed on another block. Extensive
study on this sotl (Reference:#ZI) indicate ‘that there is a large
varie}inn in'the value of the shear strength for this soil, from one
place to another. It is possible that the maximum compressiva strength
for the block of soil used for Group Pg is less than 9.0 p.s.i. and
that the levéls of the applied repeated stresSes are very hlgh which

| caused the soil to fail after one cycle of these stresses. -
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For bpfh elastic and pléstic- ﬁnge’s the net pore water
_preSSUres weﬁe greatéf for samples tested under fhe aétidn of re-
_ pedted vertical stresseé andléonstant horizontél stfess fhan the pore
“water pressures for samples tésxed under the aétiqn_of repeated vertical
~and repeatedfhorizontél'stresses. This is because tﬁe deviatdr stress

in. the first case was gYeatef than that for the second case.

'AXIAL STRAINS VERSUS TIME RELATIONSHIP

The re]atiohshibs between aiia] strains and iog‘time. for
i

i
L
T

)

i

the loads app}ied,‘are shown in Figure 18,for tests carried out in
t@e_e]agtinrange; and-fq Figure 19, for tests carried out in the

_ plaétic range; ngure 18, indicates a prédomi;antly.linear reiati?n-- .
'ship'betﬁeen the strains and log time in the elastic range. figurei"

19, ind‘icates a de;ﬁm_ite' tendency .for in'creasing strain_ﬁith Ibg

time. For both samples PB and P]G’ the strains increased under each
‘stress application until failure occurred Samp]e PIG failed at a

1ower stra1n value and 1arger numher of stress’ applicat1ons than

~ Sample Pg because the deviator stress on Sample Pg was greater than

that on Sample P]G‘-'

A comparison between the elastic stage and the plastic
stage based on the different types of 1oading is shown in Figure 20.
,The Vertical .axis represents the pore water pressures and the strains,

while the horizontal axis represents log time. In the elastic stage,

L _ o~
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“the 5011 is reasonab]y stable and can withstand 1000 load applications

without signlficant deformations. The pore water pressures dropped
down towards the end of Tests E4 and E]Z indicating dilatancy of the |
;rsoil Sample E]Z’ -where both the vertnca] and horizonta1 stresses
Nere varied showed more stiffen1ng 'under 1ncreased number of Ioad
app11cat1ons than Samp]e E4 where the vert1ca1 stress was varied
:‘wh11e the horizontal stress was kept constant. For higher 1eve1s of
repeated stresses, the strain 1ncreased dramaticai]y under each
stress app]1cation until failure occurred,

. For both the e]astic‘and plasLic stages .the strains which
’ occurred for samples subjected to repeated vert1ca] and repeated
horizonta] stresses were less than-the strains which occurred for
samples subaected to repeated vertical stress and constant_hor1zonta1

StT‘QSS.

Compar%ng the results of Sample 54 ftonstant horizontall
stress) and Samp]e,P]B (repeated horizontal stress), where the deviator
stress for both samples is the same. Sample Pig failed at lower
number of stress app11cations and higher strain level than Sample Eq.

This result could*be due to two alternatives:

~ 1. Higher strains occurred for Sample P16 than Sample Eq as a result
of the application of both the deviatoric stress and the repeated
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~o
horizontel stress.- These resu]ts agree Hlth the results of
Seed and Fead (1959), where they found that for unsaturated
5011 the vertical strains for samples subjected to repeated
vertical and repeated horizontal stresses were greater than-
: v o L
the vertical strains for samples subjected to repeated
vertical stress and -;onstaet horizontal stress when they

kept the value of the deviator stress constant for both types -

. of tests.

On the other hand, these-results contradict the results of
Seed and Chan (1966), where they stated that for saturated
clayey soils, varying both the horizontal stress (confinfng
pressure} and the vertical stress concurrently will have

negiigible effects on soil strength.

For Sample P]G’ the ﬂorizonta] stress {cell pressure) was

applied through a three-way valve. It is poss%ble that there

is a time delay in applying the horizontal stress due to the

working mechanism of the three-way valve. Therefore, due to ‘
this time delay the sample at a certain time will be sub-

jected to the repeated'verfical stress on]y, resulting in

larger strains.
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PORE. WATER PRESSURE VERSUS STRAIN 'RELATIONSHIPS : ) ‘

. ‘General Behavidur

For a sample tested in the eTastlc stage under the action . ?_
of repeated vertical stress and constant horizonta] stress (cell
pressure) Test Eg» the pore pressure build-up and the axial stra1ns
under each load app11cat1on are presented on Figure 21. The first
. application of stress produces 1mmediate strain and excess pore water ,
Apressure The strain and excess pore water pressure contlnues to
increase until the stress is removed. On removal, there is a res1dua1
strafn (ep) and a residual pore water pressure (Up). With reapplic-
ations of stress, the residual strain and residual pore-pressure
continue to fncrease or decrease depending upon the levels of re-
peated stresses-and types of consolidation.. The tofa]_strain (e)
at any time with the load applied is comprised of a recoverable

"elastic" cemponent (ee) and a permanent “piastic“ component (ep):
e =gt ep.........(S)

Similarly, the excess pore water pressure (U) with the load appiied
is comprised of‘a recoverable component (Ue) and a doﬁ-recoverab]e

component (Up):

U= Ug * Up..........(ﬁ)
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Pore weter pressures (U) are plotted egainst strain (%) in

- Flgure 22,for tests in the elastic stage and 1n Figure 23,for

“tests in the plastic stage. The lines on the graphs represent the
behaviour of the soil after & certain number (n) of stress app11c-
ations. * The Tines jolning the “Ioad off" to the "load on"° pOlntS
represent the recoverable components of the pore water pr;ssure and |
i the strain. g?ints of “load off“ represent values of residual strain
(sp) and values of residual pore water pressure (U ). The residual
pore water pressures ﬁ@ﬂure 22,for tests using repeated vertical
and' concurrent repeated horizontal stresses increase with the

* number of load applications as did the residual strain. Negative
residual pore water pressures developed in tesfs using repeated
vertical stresses and constant horizontal stress quFf subsequent
load applications. There was an increase in the pesidual strain and
a furpher increase in the residual negative pore pressures. For both
types of loadings, linear relationships exist between the residual
pore water pressuresland the residual strains. Figure 23, for

tests in the plastic stage, spows a decrease in the residual pore '

water pressures (Up) and an increase in the residual strain (ep)

as the sample approaches failure. ~

A pore water pressure () versus strain (e¥) relationship,
“when the 1oads are appIied 1s shuwn "in Figure 24,for tests 1n
the elastic stage, and in Figure 25.f0r tests in the p]astic stage
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 .developed fatlure streins ave very close. The level of the applied”

__Both figures tndtcete greater veIues of pore ueter pressures and sme11er '

va\ues of strains for Tests 512 and P]G (tests using repeeted verticul

_ end repeeted horizonto\ stresses) than those which occurred for Tests:

: E4 and P8 (;ests using repeated vertical stress uith constent horizonte? L Co
'stress) Tests- 512 &nd P16 produced more pore ueter pressures thun

- Tests E4 ond P8 as A resu\t of the pulsed cell pressure which is trans-

ferred direotly to the pore water pressure. which 1nd1cates that the | . "?

 sofl-is sotureted and thet the pore water pressure parometer B=l I
_‘according to Equation (1) However. the net pore uater pressures tn- o o

duced due to sheor stress are greater for Tests E4 end PB than those

- for Tests E]2 and P16 due to the use of greeter va1ues of devietor .
stresses for,Tests E4 and Pg- o o , I
In the elastic stage,.Fisure 24. the'strains'deve1oped.forj. ' | |
Test Eyy ore-@nh11er than those for Test E, Becouse the applied de-
viator stress for Ey, was smaller than the applied deviator stress:

{
~ for E4. \

In the plestic.stege. Figure 25,for both tests Pg and Pyg, the
deviator stress for test Pa are oonsidered too high which cuused

the sample to fail after one eycle of Ioud at a strain level higher
than that occurred after ebout 15 cyc\es of load for Test Pls
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Effective Stressgyersus Strain Re]atjonshjg _ A .
o The relationshtp between the vertical effective stress (all and
the axial strain (;%) {s. shown in Figures 28 and 27 for the e]astic

' and p]astic stages. respective1y For Tests E4 and E12 in Figure 26,

“the effective stress o) Started to decrease until it reached its minimum

va1ues.at‘points 1 and 2. These points vepresent the maximum values

; of the’positive!pore'water pressure which occurred during these'tests

(See-Figure 16}.  With subsequent load appl1cations, the effective

-'vertical stress 1ncreased Again with’ strain since the pore Nater pres— :

~ sure decreased as dilatancy of the son uccurred The dilatancy was

-

7-suff1cient to develop pore water tensions and as & result the effective

verticel stress increased until the end of the: test at 1000 cycles.

The'photograph 1n:Figure 28 shows Sample Pyg after fei]ufe.

L3

FoeAlevels of stresses higher than therestimated critical level:
(plastic stdge). fhe effectiye vertical stress decreased until fatlure
occurred, Figure 27. For Test PB.‘the fatlure occurred after one
cycle witha strain of 0.85 per cent and for Test Py failure occurred
afser 15 cycles with a strain of 0.7 per cent. For Test Pg, the sample

failed after one c&cle of 1oad‘bn1y as a result of the use of a’very

high value of deviator stress, which also caused a higher effective

vertical stress for Pg than.P]S.

Etomparing the resulting effective vert{ca1"st¥ess for Tests By

-and Pig in Figures Zs;where the value of the deviator stress is the

\

e et
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- same for both.teSts. 'the‘effectiye Verticel‘stresses'for bofh tests
~ are approximately the same for the first 10 1oad appTications then"'
| the effective stress increased for Test E4 es a result of the decreise
1n the pore water pressure. For Test P]G (repeated vertical stress
and repeated cell pressure).the effective stress decreased as the
pore water pressure 1ncreased until failure occurred after about 15
“oad applications. Also, the developed strains at fai]ure for Pis
where Tch higher than those for By

'The'oniy difference in the lueding csndisions of thesqd two saﬁp1esu
" is that Pls was subjected to repeated ceI] pressure as well as repeated_
deviator stress which cou1d be the cause of the above different be=
haviour in the pore weter pressures‘and the‘strains for both samples.
Also, these differences in the behaviour of the two samples could be
due to some problem with the repeated cel] pressure system which may
have caused a time deley in applying the repeated cell pressure con-

currently. with the repeated vertical stress.

The ratio betueen the effective vertical stress (61) and the

- effective horizontal stress (ua) is also, plotted versus strain (e!)

in Figures 30 and 31. For the elastic stage shown in Figure 30,

the mnximum‘stress ratio (51753} indicates the start of soil dilatancy
for Tests E4 nnd E]Z‘ Di]atancy has a significant 1nf1uence on the

effective stress ratio beceuse the Q;re weter pressure changes the _

- g s e, .



¥

| Qaf\gs of both the effective vertiénl stress and the-effective'hOrj,-

zontal stress. For the plastic stage shown {n Figure 31, the

* maximun stress, ratios (31/33) for Tests Pg and PIG' shou\Fhat the
sampAes failed under a few cycles of load.

6.
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