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SCOPE AND CONTENTS 

- I .... . . . . . 
The pii'rpose of this research i~ to simulate the state of !:tress 

on.soll element in the field under the action .of. moving wheel loads, 

The behaviour of an over-consolidated sol1 subjected to the action oJ 

repeated vertical stresses with concurrent repeated horiion,tal stresses 

(ce'll pressure) is com'pared to the behaviour of soi 1 under the acti o~ 

·of r~peated vertical stresses with c~nstanthor;zontal stress. Attention 
",,' . 

1 s given to the axial strains and pore water· pressures generated under 

different l,oading conditions. 

\ . . 

.. 

'I 
I 
'. 

I 

. j 
I , 



" '.; . ~ .. " ~. ' .... ~ 

"'. Q' 
" " 

:: -. ".~' 
·'1." ·;(fff)···· 

..... ';:",11: 
. . '. t., '. ._. I 

". ' 

-· .--.",:. . -. '. ' , 

.; ". ... '~' 
. '," ~ .. ,: 

. '.' ACKNOWLEDGEMENTS 
, ' , 

.' -
' .. . . '. ".: .'~J, 

, .... ~ 

'. '-* 

.' .. ""',' . .! . . ,' ':.. , " ~ 
' .• ',; 'f.. ' 

": .. .~ , 
.. " .; . · . 

. '. . ,_ _ ' t'. ". , .r ,'. ' . , .,.~ ". \ • 

The authorwfshes. to express ,hersfn'cere gratftude' to Proflissor 
. . . \ ,'. . '. . . :. . 

Nyal E. W,ls.on for ·hfs ~ssfstance, valuable ilfscufslons and encourage-
. ". / . . . . . .'.. .. .... .,:' . 

ment throughout the research program. . '" . :. . .... ". :.. ..... 
. . ," , ' . ~ " . · ' .. 

" , '. . . '. . ..,' '., ". . 
The- ffnancial support by theCfvfl Engineerfng 'Depal7tment, . " ~ -:. ,'. 

.,., 

~ ~. 

McMaster Unive.rsfty and Defence Research Bejard', fs gratefully'.-
'. . 
." 

. acknowl edged, 

The author would like to 'thank Dr',J, J: Emery for'hfs valuable' 
" . ".- ' .. 

discussions and great help.' .. 
• 0 • 

". . 
I 

The assis.~nce of Mr. W. Sherr·iff wf.th":theexpe~imentar apparatus 

is very much appreciated • 

. c , ~ " 
The assfstance of Mrs. V,. a/Hagan witft the typfng fs very much· 

appreciated. . .... 

) . 

Sfncere thanks are due to Medhat Elgohary, husband of the author,. 

for his discussions and encouragement throughout the research program, . . 

. ! ' 
, . 

• 

. ' . 

, .. 
I 

I:' 
i 
) . 
~: '. ( 
I ; , 

J 



:-. 

" . -.,.'. 

<" 

. ,. 

" 

..... .", . ' . ,,' . . "~.>." 

' .. ' . .-' ' .. ~. . '. ", . ',: 
" " 

"-

efv) 
" 

, .' 
.,'." , , . " 

, . 
-, 

" 

: .. 
...• . , . 

CONTENTS,' " . 
,',~ . 

. ,,' .. ' 

',. . '~ 
• • " .#. • " : ;. • • • , ',." • • '. ,'.' 

. T.~TLE, 'PAG~, .• : ~ ;,1,.,- ~, •• ,', ", ••••• ,.: •••••••. ~ .. ~' •.• ~'. ~ ••• ~." '" ", .• ;. (1):" 

SCOPE AND' CONTENT . . . ' . •• ~ •••••••• ~~ •.••• ·.~ ••••••••••••• ~· •••••• ~.(1f) . 
" -',' . 

. . ' .' 
':. CONTENTS' •••••• ~~, •••• '~··-:~,.' •• ! •••• -•••• · ......... ,.f ••••••• ,' ••.... (iv)' 

. 'iIsT' .oF. FIGURES. ." •• ," •••••••••••••••••• ", •• ' •••••• •. ,',., •• (v). & '(vi) 

'lr~T 'OF TABLES" <:.-.~ ~ ~~'. ,~" ,'.;,~. ',' •. ,-,', •••• ~,' ~ •• II., ,., •••• ~\.,'. ~. ',' (v1'1') 
, . 

CHAPTER! 

CHAPTER II 

, , CHAPTER III 

CHAPTER IV, 

CHAPTER V 

CHAPTER VI' 

'REFERENCES 

TERMINO~O~Y 

\ .. ' 

I, 

. . . . . , . 

~ INTRODuCTION··.;.· •• -~·:.-.~·:; .. ~~ ••• ~ •• ~'\ ..... 1 '.' 

LITERATURE REVIEW .. , ................... . 4 

, EXPERIMENTAL RESULTS AND DISCUSSIONS..... 42 

CONCLUSIONS AND RECOMMENDATIONS ••••••••• 74 

~: ..........•....... { ...•........•....... 76 

• " . " .•••••.•••.•••..••.•••••.• '. . • . • • • • • .• 80· 

, . 

... 

1_ 

, . 

',j 

I 

,.. 
I 
'l 

I' • 
" , , 
i i 
I,! , 
I: i ! , 

" 



--.~. . " ... ," ," . ~'., . 
. "., . 

. 

,"- .. ; 

, , 
I 

.. ':"-.. ", . 
"~ .. 

. -',.' 

, c '.' \. 

/ .. 

.- " 

.. 
-', . 

.. : - . . . 
"\ :.:,,.."; 
· ,::'LIsT:llF fIGURES· 

Figure. 

.1 

2 

····3 

4 

,5 

Changes in Vertical Stress on 5011 .Element Due, to . 
Mov1,ng Load " , " 

Compar,1son cif· So11 Defonnatioll.s in Sustained and " 
Repea,ted Conftn1.ng ,Pressure Tests 

C~ang!!s1n Elastic Modulus,E, of Remoulded London 
Clay with Repeated,Load . 
.' '.' , . -.' Changes 1n·Pennanent Defonnat1on of Remoulded London 
Clar'Dur1ngRepeated Loading Test 

T~1cal Test Results 

6 .. The Variation of Stresses ona Pavement Element 
Due to the Pa'ssage of a Rolli ng Wheel Load' . 

7 The Repeated Load Triaxial and Direct Shear Test , , 

8a Relationship Between Pennanent Strain and Number 
.' of Stress Applications for Non-cohesive Soils 

8b Relationship Between pennanent Strain and Number 
of Stress Applications for a Nonnally Consolidated 
Saturated Silty Clay 

9 In-Situ Stresses Beneath a Rolling Wheel 

10 Photograph of the Repeated 'Loading Apparatuse 

11 Transducer Housing 

12 Repeated Loading Apparatus 

13 Three-Way Valve 

14 Repeated ,Stress Cycles, 

15 Sample Ready for Testing 

16 Pore Water Pressures U Versus Log Time for Loads ' 
on (Elastic Stage) 

17 Pore Water Pressures U Versus Log Time for Loads 
, on (Plastic Stage) 

(vl 

.'. 'Page 

7 

9 

1,2 

13 

16 

. 19 

19 

22 

22 

25 

,27 

28 

30 

32 

33 

37 

47 

50 

. . 

, 
, 

I 
I 





0' 

, . 

Table 

1 

2 

• 

.' 

, . 
LIST OF TABLES 

Properties of Welland Clay 

, 

Page 

35 

Values of Repeated Stresses for- Consolidated, 45 
Undrained Repeated Loading ~riaxial Tests 

" I 

'" (vH) 

, 



. . 

CHAPTER (I) 

INTRODUCTION 

• 
, , 

-1 • 

J. 
I 

")00 

The strength and deformation characteristics of naturallY' deposited 
.--: . . '. 

, soils, arnf mechanically compacted so11s subjected to gradually increasing . .., ..... '. ' . . . 

~:···~pplied.loads have been. studied intensively for more thim four decades. 

Consider.able progress has been made 'in evaluating the factors affecting, 

these characteristics. 

During the last two decades, studying, the effects of repeated 

stresses On so11s wa~ one of the most important'subjects in 5011 re-
• 

,searches. 

The importance 'of repeated loadings was realized when it was 'noticed 

that ~he repeated applications of wheel loads moving over highway and 

airfield pavement~ often affects the strength and 'deformation c~aracter-' 
" 

istics of the underlying so11sin a detrimental manner. Much of the re

search on repeated loadings Was carried out on compacted highway subgrade 
. . . ~ 

materials. An important concept was introduced; there exists 'a critical 

repeated vertical stress level below which the soil behaves predominantly 
, -

elastic and above which the soil behaves predominantly plastic and would' 

fail (Sangrey, 1969). The critical stress level was found to' be lower . . ' 
than the maximum statfc load which caused shear failure of the soil: The . , 

val ue of that critfcal. stress level var.ies ·between 0.37os (J.R. Greenwood, 
-

1970) and 0.5as (Sangrey, 1969~~' where os,is the maximum compressive 
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stre~gth of the s~11'dete1ired in standard undrained compressio'~ test. 

The value 'pfthe critical stress level is highly dependent on the type-. ' 

of so11 and i tspro'perti es • 

Beside moving wheel .loads on highways and airfields; there are 

other practical applfcations of repeated loadings 5uch"as: variations 
. . -

. of water Je've1 due to .tide,wave action against- water front structures, . .' . 

wind action on a structure, moving loads across a factory floor or over 

a support of a bridge" earthquake effects on so11s, etc.' 

In ~st of ~he tests p~rformed in' previous. research, the soils 
\ . '. 

2. 

ie~~.sUbjectedtorepeated vert~ca). stress and constant horizontal 

'tress. Little attention was given to the 'effect of varying the hori

zontal stress as well as the vertical stress ~ven though the so11in the 

field is SubjeC~d to variatio~s in both verdca1andhorizonta1 ~tresses 
due to the application of vertical loadings. 

An element of soil under the action of.a moving wheel load, is sub

jected to variation in vertical stresses, horizontal stfesses and shear 

stresses. None of the various testing techniques presently available is 

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

be two main problems to be. solved before this is possible. Firstly, there 

is a practical difficulty in applying both normal and shear stresses 

directly to a sample simultaneously. Secondly. the difficulty in applying 

the tensile stresses .in conjunction with the other stress variations. 

, 
. I 

I 

I 
I , 
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.In thi's resea,rch an attempt'was niade to simulate as closely as 

, '. . " . i . , \ < ' 

possible the ,stresses induced 1~ the field under th~ application of' 

moving wheel loads. The changes of vertical~and hori~ontal stresses 

" were reprodvced in tr.iaxial tests. by pulsing the cell pressure and -
, '. P • . ' , .. 

the deviator stress. ,Thesheilr stresses were n?t studi ed because the, • 

• triaxial test cannot reproduce shear stresses. Two type.s of tests 
~ , . ' , 

,wer~ conducted for this purpose. In the ffrst type, the soil was '. . ". . 

subjected to repeated vertical stress and constant horizontal s,tress, 
'. " , '.. . 

in the second type, ,the sol1was subjected to repeated verdcal' stress' , . 
I . , 

and concurrent repeated horizontal stress., In both ',.types of tests ,the : 'If. . .. 
magnitude of the applied repeated vertical stress is the same . 

.. 
/ 

Undisturbed samples of silty clay taken at; a depth of 20 to 25 
. . 

feet from a·pumping station plant site, Welland, Ontario, were used . . 

for the tes ti ng p·rogram. 

All testing was carried·out on a triaxial testing machine, which 

is modified for repeated loadings. The durat~on of'loading was 4~ 
'I ' ,,~ • . . 

seconds and the interva.l between load applications,was 15 seconds, 

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

3. 

Test results indicated that samples subjected to repeated vertical,an~ 

repeated horizontal stresses failed_under loWer effective verti~ 

stresses and lower strains than samples subjected to repeated vertical 

stress and co;~tant horizontal stress, although the magnitude of the 

applied repeated vertical ~tresses was the same for the two tests. 
, . 
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. CHArGE~ (II) 

LITERATURE REVIEW 

In recent years, considerable attention has been given to, soi,l /le-, 
; .,: 

, havi our under repeated stress con~iti ons. Suchstudi es are impo~nt . 

1'1) connection with highway pavement design, a,irport runways, structures 
. ' , 

4. 

i .. 
subjected'to wind loading,. construction in areas within eart~quake zon~s, 

, etc. '., I . ' ' 

The effects of repeated 16adfngs on so'l1 behaviour were first 

studied by Kersten (1943) who reported the results of both repeated 

and static laboratory plate bearing test!;, on two ,cOOlpaeted soils. 

Kersten's data showed that, for a given'leve1 of vertical stress, the 

initial penetration for the fi~st cycle of the repe~ted, loading test 
" . 

, 
wa~ essentially the same as the corresponding penetration obtained 

for static test. However, subsequent cycles of repeated loading pro

'duced increasingly larger penetrations which he stated exceeded those 

obtained for the static test'at all corresponding levels of applied' 
, , "'"" 

re'~ated vertical s&esses. The magnitude of 'these levels was not 

clearly stated by ~ersten. 
o 

The effects of high and low frequency loadings were:studied by 

Tschebotarioff and McA1phin (1947). They used cor/trOlled strain and 

stress plunger type loading devices. Samp1e~ Qf sands, clays and sand-, 
clay mixtures under all saturation conditions produced greater deform-

ation when subjected to many thousands' o'{ repetitions of hi.9h and low \' 

'frequency loadings than samples subjected to static loadings of'equiv

a1,ent'magnitude. 

" 

, I 
,I , 

, 
" 
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A series '~I ~l!peated triaxial tests has beenco!lducted by Buchanan 

arid Khuri (1954). -Two groups of tests were conducted on leah clay soils. 

Th~ first group of samples was subjes:ted to a repeat~d vertical stress 
. . . \ 

and a constant horizontal stress. The second group wa~ subjected to . 
, , , . \ . 

,a repeated vertical stress and a concurrent repeated horizontal stress. 

Th!!results indicated that any repeated loading that exceeded the "elastic 

limit" caused ,large displacements. The plastic displacements increased 
. ~ , 

with the number of repetitions~ whereas, the elastic displacements re- ; . , 

ma1ned fairly constant. Both elastic and plastic displacements-..in-. . . 

creased with larger magnitudes of applied vertical stress. However, for 
I 

levels of repeated vertical stress below the so1,1s "elastic 'limit" , no • 

plastic displacements developed. 

/' 

\ .1 

Following these studies, extensive laboratory investig'ations were' .. , 

conducted by Seed and Chan (1955) in whic~ compacted soils were subjected 

to repeated applications of vertical stress in a triaxial cell. The 

horizontal stress remained constant. Test results indicated that the 

displacements for specimens ,of silty clay, subjected to repeated vertical 

stres's' applications, were considerably greater than those for similar 

specimens subjected to a sustained vertical stress of the same magnitude. 
\ . 

They also found that partially saturated soil specimens may fail suddenly 

after having withstood a number of repeated vertical stress applications 
i 

of the same magnitude. It is possible that this breakdown is due to,the 

generation of pore water pressures· associated with the soil structure 

collapse. 

/ 
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An apparatus was developed by Seed,' and Fead (1959) to. study the' :-. __ _ 
,/ . ". ", , , 

behaviour' of soil under repeated vert~cal loadings. \' Vertical loadings 

, were ajplied to a compacted soil sample in a triaXiai\~ell by' a piston 

attached toa loading yoke •. The load wa,s applied to the'yoke 'by an. 
. ,'. .., " 

. air pressure system', the flow of 'whi ch was controlled by a solenoid . . . . 

vitlVe. No drainage was allowed during th~ tests. uin this apparatus, 

the duration of load.was O.lsecon,d which stmulates a 'wheel load 
, , 

moving at 30 m.p.h. This apparatus was designed to study the effect , , 

of ~ertical repeated loads and to study the comparat.1ve effects of 
, 

. different intensities Qf deviator stressor variations in frequency . , 

of stress applications. 

The change in stress ona~ element of soil in the ground due to 

a movingwheell'oad as stated by S~ed and Fead. (1959) can be repre- , 

sented by the wave shape in Figure 1. The major disadvantage of thfs 

apparatus was that it did not represent th'is wave,' but it used an 

ideal ized form of a square' wave .. Figure 1. Re.sults jndicated an 

increase in the soil displacements under a large number of repeated 

vertical stress applications. 

The apparatus was further modified to apply both repeated vertical 

stress anti a repeated horizontal stress concurrently. The repeated', 

. \ 

/ 

'j 
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horizontal stress was applied to the triaxial cell by compressed air 

through a second solenoid-operated air control valve. In~"this way, 

,ft was possible to compare the displacements obtained for the same 

8. 

value of deviator stress, first when only the vertic~l stress was ! 
applied and secoryd, when the vertical and horizontal stresses were 

applf.ed. An important. considfi!ration in 'this type of test is the 

relative rates of increase of the vertical stress and the horizontal, 

stress. These rates depend primarily on the response of the air' control 

valves which were used\for two separate purposes, applying the load 
o 

to the yoke and 'increasing the chamber pre~sure. It is a requiremen.t, 
\ 

to~eep the ratio between the vertical 'andhorfzontal stresses constant 

and, if the response of the control valves is at different'rates, 
• u 

, so that the deviator stress is 'built up more rapidly than the con

fining pressure, then the ra:t;ioof the major to the minor principal 

stresses will be greater than that which will occur in a >practjcal 

situation, and larger deformation will occur. There was great dift"iClulty 

with this aspe'ct of \he apparatus and it was not possible to keep this 

ratio constant. The test results indicated that for a procedure using . ' , 

both repeated vertical stress and repeated horizontal stress' some

'what larger 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 

identical,. 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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Changes from Sustained 
to Repeated ,Confining 
Pressure 

FIG. e2} COMPAR.ISON OF SOIL DEFORMATIONS IN SUSTAINED 
AND REPEATED CONFINING PRESSURE TESTS 

~fter Seed and Fead, 1959 
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Further research using only repeated vertical stress with the 

hori zonta1stress 'constant was conducted by Seed and Chan (1961 ) 

to study the effect of loading duration. The tests were done' on 
/ 

both c1~y and ·sandy.soils. T~ey concluded that the effect 'of . 

~uration of stress application on the displacements varies widely 

depending on the interval between stress appl1cat~ons.· For silty 

sand, increased durations of stressappl1cat10ns resulted inan 

increased displacement. For compacted clays, displacements were 

influenced by.a variety of phepomena, which included creep. effects, 

thixotropy, stiffeni.ng due to repeated stress applications, and 

probab1y,'10ss of resistance due to separation of clay particles 

during unloaded periods. 

In 1962, Larew and Le~nards developed the concept of critical 
, 

stress 1~1 for soils subjected to repeated loading. Depending 

on the test conditfons employed, the following criterion of faf1ure 

for compac.ted fffle grained soils, acted on by repeated 10adfngs of 

constant magnitude, was established. A critical ·leve1 of repeated 

deviator stress exists at which the slope of the curVe for dis-
-. \ ~ ~ 

placements vs. number of repetitions is constant after the first 

few load app1icatfon~. For levels of deviator stress greater than 

. this critical level, the displacements increase until failure occurs 

r 

10 • • 

, 

i 
I 



.' , ,-
either by slfding al,onga shear pli\ne or by excessive bulging, For,' 

leyelsof deviator stress less than this critiCal level, the Ms-. . . . 

placementsoccur.rin~ apProach a horizontal asymptote. 

\ ' 

A special apparatus was constructed by G. D. Grainger and N.'W. 

Lister (1962) to study the effect of both repeated deviator and re

peated horizontal stresses on soils. This apparatus was , bulky and 

complicated' as each system needed a controlling ~omponent~ ~nd, there 
r" , 

, was a difficulty in measuring the vertical loads to compute the de-, ' , , 

viator stress. ,Grainger and Lister ran preliminary tests to' check 

, t'he operati~on of the apparatus and to measure the elastic modulus E 
, 

of the soil. Samples of London clay were subj~cted to a deviator 

stress of 3'.9 1b./sq. in~h ,(1 psi ~ 0.0703 kg/cm2) and a horizontal 

stress of 2.0 ~b./sq.inch; a pulse time Of 0.4 second~ with a cycle 

time of 4.0 seconds were used. Figure 3,shows the changes in the 

,e~astic modulus E of the sample and Figure 4,shows the changes in 
'\ I 

the permanent displacements occurring during the test. It was ' 

realized 'that considerable stiffening of the sample occurred, so 

that after 3,000,000 load ,repetitions the modulus E was 3 to 4 

times that at the start of the test. • 

11 . 

" ' 

. 

" 



I . 

/. 
I 

. ' 

• 

" 

T I I 
--_. 

00 ,. 
00 

! 
lOC. 

I ~ 
00 

I I 
LUi / 

100 
Sol ,,,.-~Clo, r, ... "'OM<I.) I 
",",,,.- eooor .... -·40 41. . 
u.4.-: ... ",' rut 

., 

10 

, . y'jo 
.-x> O •• or.:w 1f""'J,qlt~,;. 

I ... ~I 'I'll ..... pl 0 I', .. I < I 
-; 

'.Itt ,_ -0 ~ lucwo4 1/ 
• H 09 ,~ ,._ ... O....w, 

I~ 0 I 
100 

/. I ) ! , 
i-'- ... I I -

..<>-
. ~ 

... I I 
100 

~ .~ ,.!). i- - -u 

I 

<CO 
",' 60ld .60.10" .t 60'0' 1. 

NUHli. CY l(r(~I1IC ... S 0' lOAO 

FIG. (3). CHANGES IN ELASTIC MODULUS, E, OF REMOULDED 
LONDON CLAY WITH REPEATED LOAD 

.After Grainger & Lister, 1962 

• .. 
12 . 



'n o 
2 
! 

'-----

" 

,oj ~ .,. ~u • • .. r iii n . I 0 i i So' O,~ ;~ :~~, ~l 

I· ....... -W-t I I . I I ...... " -~.. <0' .. I. -I 1'- I . I . """ .. ,.... .... I 
,--i--'-'i'...,-... ONMt.ot' 30 IbM"" 

I "- -"'""""'" "'''''''''''' I I I I I I I I I .................. "0 ~h,,. I I....... I ,I! I .•• P'u_ tJN 0 .. WOCO"(I 

I I ~I II I I II I III C".,,....o .... ".. I 

t 

:-." I: I I I I " 
' • ....,.- 0 I , ' . 

. 'o.h I, J_.,,,i o-:--li_+--!-!I~-+--!-!-+-I---+--,-l-!--h l '" 
3 • 
~ 

~ •• '!: , 

I,~L II / 
II ·~~I 7 

I I I p.... 1»1 IT 
o ~~ 

I ' '1 , 

" 
I I I I LJ " 
1024'61O"l ""O:0l,2 460'0;:" .. .. 00'0" I o e 'lJ1 2 

F!G. (4). 

P-l.M<J(R CF A~PETl'(;t-jS OF \.01.0 
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Knight and Blight (l965)stu~ied th~ effect ~{~ep~ated vertiia1 

loadings on saturated nonnal1y consolidated"ahd heavily overconsolfd-.' ~., 

}lted soils. They concluded that for nonnal1yconso1idated clays, there 

is a residual pore water pressure during periods of'load removal, and 

there is a critical range of 'stress over which the effects of repeated 

loadings are signpficant. 

For the purp~se'of investigating soil behaviour under earthquake 

loading conditions, Seed and Chan (1966) con~lLlded tha't during earth"' 
, ~ 

quakes, the soil under1yingbuflding .foundations and in earth embank-

ments is subjected to a series of vibratory'stress applications for a 

limited period of time. Records of ground motions during earthquakes 

indicate that during the main shock, the ground is subjected to a 

horizontal acceleration that may a,pproach its peak intensity as many 
\ . 

as 10 to 15 times in the period of approximately'one-ha1f minute. In-

cluding after shocks the total number of the larger acceleration pulses 

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 will vary in 

magnitude, they <lan be presented, in effect, by a series of stress 

14. 

pul se~ of constant magni,tude. To study the stabil ity and deformationSo 

of soils during earthquakes requires an understanding of the defonn

ation and strength characteristics under combined sustained and repeated! 
• I 

, ~ . . 
/ 
i 
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stresses. Seed'and Chan (]966) stated that for clay s?il~ wit~ hi9h 

degrees of saturation, varying both the horizontal stress.and the 
. . 

vertical stress concurrently will have negli9ible effects on soil 

strength. 

.' 

Glynn, Kirwan and Wilson (l969) studied the behavfour of peat 

• 

subjected to repeated loadings. ·Peat samples. were tested in a control

led stress .. triaxial compression machine mOdified for repeated applic-. . 

ations of deviator stress and confining pressure. This equipment was 

developed from the prototype constructed by.Grainger and tister (1962). 

Test results indicated that far,low levels of applied deviator stresses 

the displacements are comparatively low, and for hi9h levels of deviator 

stresses there is a significant increase in the peat displacements 

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

~hree sets of undrained repeated vertical loading tests on sat

urated clay were conducted by Sa~grey, Henkel and Esrig (1969). In the 

first set, samples nonnally 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 .level a state of nonfailure 

15 • 
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\ 
equilibrium was reached. Also, the relationship between the magnitude 

of the applied repeated stress· and the increase of the. pore water· 
t"I _ • ~ • 

pressure· was linear. Above the critical' level of·repeated stress failure 
. . -

·occurred, and each application of loading produced cumulative increases 
. .../ 

in displacements. It was also observed that under nonfailure repeated 

'loadings, the pore water pressure increased and at nonfailure equilibrium 
I 

points the s~re:s ratio wa; higher than in the Sing1~ cycle test.:l 

, 

In 1970, J. R. Greenwood developed an apparatus to study Pl\ effect 

of repeated vertical stresses on normally consolidated saturated clay from 

Hamilton Bay. Laboratory prepared Kaolin samples were also used for 

comparison with the natural clay. A mechanical devic~ was used to lower 

and raise the ap~lied repeated vertical loads at durations and intervals , 
of one minute. Pore water pressures were· measured at the base of the cell 

using pressure transducers. Two types of tests were carried out: the 

first type was sustained loading (creep test); and the second type involved 

repeated vertical stress. Fn both types of tests, the horizont?l stress 

was "kept constant. In both types of tests, drainage was not allowed. 

A"comparison was made between the two tests for different levels of 

applied vertical stresses. Greenwood concluded that there is an increase 
• 

in both axial displacements ,and pore water pressures with time for normally 

consolidated clay subjected to repeated ·or sustained applications of de

viator stress. Also,'he predicted a critical repeated stress level of 
• 

0.37 Os (wh\!re Os is the maximum compressive strength of the soil result

ing from triaxial compression undrained test) below which the soil behaves 

• 
, 

, .. 

, 
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predominantly elastic, andaiove 'Which" the soil behaves predominantly 

plastic. Repeated loading atlkvels within tli'e,ela~tic regidn have no 
.. . I ' •. . / 

effect on the clay, and the displacements and pore water pressures de-. -. . 

'pend only on the t;ime under load. Repeated 10adj'ng withiri,:the W' sti 
v 

region produced axial di5p1acementsand pore water pressures greater 

• than those resulting from the 'sustained loadings of the same magnitude. 
. . ,. 

Also, the critka1 stress level under repeated loading is ,iower th~n' " 
" :) . 

that under sustained loading. 
,/ 

" In 1972, P. S. PelJ and S. F. Brown made an extensive review of 

the state of knowledge 'at that time on characterisation of materials 

for flexible pavement deSign' ani' discussed t~e various methods o~ , 

laboratory tests availabl~ for this purpose'. 

Pell ana Brown analyzed the in-situ stresses under wheel loads 

as follows:' 

When a rolling wheel load passes over a point in a road structure, 

the va~ious 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\th!! bottom of 

stiff layers. Simulation of the in-situ'stresses in the laboratory 

requires atteilt~on being given ,to stress, history and condition of 

sample as well as to the stress pattern applied during a test. To 

18. 
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. FIG. (6). The Variation of Stresses on a Pavement Element 
Due to the Passage of a Rolling Wheel Load 
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'" .. 
represent the in-situ stresses in the laboratory, two main problems 

must.be.solved: 

Firstly, there is a practical difficulty of applying both norma.l 

and shear stresses directly to a sample simultaneouslY .. The repeated 
'. , 

,load triaxial test Figure 7a, is capable ,of pulsing' both the normal 

stresses, but cannot reproduce the shear reversal shown on Figure 6 

Con~erselY, the direct shear apparatus Figure 7b, can apply shear 
r . . . . 

" stresses correctly, but has not so far been developed to the stage 

where xhe normal stress pattern can be applied. The second problem 

is that of applying the large tensile stresses, which occur near the 

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

From the l'eviewof the work carried out on repeated 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 characterising ,soils and granular material 

for design purposes of pavements. Firstly; the resilient behaviour 

!Which may be simply stated as the relationship between applied stress 

20. 

and recoverable strain, and secondly the relationship between permanent 

strain and the number of load applic'ations. Failure of materials usually 

depends on the second of these relations and though it is of obvious 
• importance, complete failure of these materials is not usually a danger 

in pavement structures. 



Resilient Behaviour 

Resi 1 i ent c~aracteri sti cs of pavement materi al s are nonna lly 

specified in terms of a modulus of elasticity and Poisson's ratio, ... ' . I . 

. and that the modulus of elasticity is a function of both shear rnd 

nonnal stresses. For cohesive soils it is. the shear stress which 

predominates while for granular materials the normal stress level 

larg~ly defines the modulus. 

Pennanent·Deformation 

The relationship between permanentdefonnation and number of 

loading cyc·les for granular materials (from triaxial testing) is as 

shown in Figure .8a. The characteristic is a relati~lY sharp in

crease in permanent deformation during the early load applications 

foneWed by very little subsequent fncrease so that the material 

settles down to approximately elastic.behaviour. 
I 

Figure 8b, sh9Ws typical relationships between pennanent strain 

21. 

and number of stress applications for a saturated nonnally consolidated 

Silty clay tested under repeate~ 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 pennanent deformation shows a 

sharp increase. The concept of "threshold stress" has been used to define 

the boundary between "stable behaviour" when no failure will occur and 

"unstable behaviour" when failure will 
I 

applications of load are applied. 

eventually occur provided sufficient 

• 
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Both',the resilient and plastic strain developed.! in cohesive soils 

under repeated'loading depend, on the stress history, density and, 

moisture content of the soil. 

> ' 
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CHAPTER (III) 

APPARATUS 

r 

To simulate the stresses induced in the field under a rolling 

wheel load Figure ?,- Chapter 2, an apparatus is required to apply 

both nonnal and shear stresses to the sample simultaneously. With 

the present laboratory techniques (drrect shear test or triaxial test) 

it1s difficult to reproduce the in-situ stresses; 

24. 

For the la~oratory part of this research, repeated loading triaxial 

·apparatus was used in which the vertical and horizontal stresses ~ere 

simulated. The shear stresses were not reproduced for the difficulty 
~ 

in applying shear stress by the triaxial apparatus. 

Since the ~riaxial test cannot apply shear stresses directly.to 

the sample the equivalent in-situ soil element must be subjected 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, the permanent deformation measured.will not repre

sent the vertical (or horizontal) permanent deformation of the soil, 

but will in fact ove~estimate it. The soil sample should ideally be 

made analogous to the in-situ element shown in Figure 9b, which does 

not "rotate~. In this case there will be a shear stress applied which 

reverses when the load 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. 
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(a) Pri!lc1pal Stress - Element Rotates 

1 
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f 
(b) No Rotation - Shear StresS Reversal 

FIG. (9). IN-SITU STRESSES BENEATH A ROLLING WHEEL 
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Design Criterion 

The requirements of the constructed apparatus were t9 apply the r 

I repeated vertical stress without impact effects and to apply the re-

peated horizontal stres,s ,-in-phase with the repeated vertical stress. 

-----' The apparatuSc~~sisted 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 triaxial compression testing machine was 

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

and reliability. In 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 using St~tham 

Instruments Inc. Model PA-20B-TC-25-350 pressure transducers." A typical 

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

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

/ , 
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FIG. (10). PHOTOGRAPH OF THE REPEATEO LOADING APPARATUS 
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number was F.E. 392-88S built by Fylde Electronic Laboratories, England. 

The power supply was a~lowed to stabilize for one day before use. After 

a stabll.izing' time, the fluctuation in the ' excitation voltage observed 

were in the order of'O.Ol%of the correct value and were therefore con

sii:fered insignificant. The s'ignals from the transducers were passed 

through the bridge amplifiers to a 'Digital Voltmeter and were recorded 

on a Digital Recorder, both manufactured by Hewlett-Packard. Direct 

readings of the pressures in lb/sq inch were obtained by selecting 
" 

the appropriate value of, the excitation voltage for each transducer. 

Using pressure transducers has the following advantagesqver null 

indicators: decreased possibility of error in the measured pressures; 

little time delay in measurin1 the 

can be recorded at any time during 

pressures;and the pore water pressures 

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 Figure 12, driven by an 

electric motor through a "Zero-Max" variable speed gear box; this device 

had been used by J. R. Greenwood (1970). The mechanical device consists 

of a hanger and cable connected to a rotating cam wheel driven by the 

motor. The motor was adequate to lower and lift the loads without any 

reduction in speed. The impulsive force resulting from lowering the 

loads was very small and its effect was considered negligible. 
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'3. Repeated Horizontal Stress System 
• 

The repeated horizontal ·stress. cycles were applied using a three

way valve Figure-.'o'13', connected to the mercury pot system. The three-n . . .' . . 
way valve was connected through reduci ng gears on the motor shaft. The , 

high pressure (required repeated horizontal stress) was connected to 

one of the side branches of the valve, while the low pressure ~consolid~' 

ation pressure) was connected to the other side branch. When the valve 

rotated the high and low pressures were repeatedly applied to the sample 

through the middle branch connected to the cell base. Connecting the;!' 

valve in unit' with the motor, shaft had the advantage 'of 'appl'~ ~~~;; . 
repeated horizontal stress with the same speed as the applied repeated 

vertical stress. 

Synchronization 

The three-way valve is designed to give a cycle Of. 75 per cent 

high pressure and.25 per cent low pressure Figure 14 .. the low pres

sure is the same as the consolidation pressure. The same cycle for 
, 

the repeated vertical stress can be achieved by adjusting the height 

of the base of the triaxial cel1. . .For a11 tests the tota1 time of the 

load cycle was 60 seconds. The duration of load applications was 45 

seconds (time for load on), and the interval between load app'lications 

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

To apply the repeated vertical stress and the repeated horizontal 

stress concurrently, thespeerl of the motor shaft was set to one cycle 

per minute. Then the base of the cell was adjusted to give the required. L . . . 

" shape of cycle for the· vertical load, i.e., by altering the, length of 

the cable to the hanger. Finally, the gears connected to the three-way 

valve were adjusted to apply the pressure concurrent with the vertical 

load. 

, . 

Axi a 1 Di spl acement Measurements' 

The axial displacements of the samples were measured using Hewlett 

Packard Model' Number 24DCDT-05 linear Variable Differential Transducers .. 

(L.V.D.T.). The 'transducers were excited by a power supply. Signals 

from the l~V.D.T.were recorded o~ the same Digital Voltmeter used for 

the'pressure transducers. Direct readings in inches can be obtained 

by selecting the appropriate excitation voltage: The vertical displace-' 

ments of the sample were measured by connecting the l.V.D.T. to the ram 

of the ceJl. ' In these tests the horizontal· deformations of the samples 

were not measured. 
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",' CHAPTER (IV) 

SAMPLE PREPARATION AND TEST PROCEDURE 

Sample Preparation 

The-samp1es used in the research were prepared from large ,.blocks 
, ' , 

of Well and clay dominated near Welland, Ontario', at a depth of 20 to 

25 feet. The blocks of clay were wrapped i,n po1ytl!ene and waxed. 

These blocks were kept in' the humid'room to maintain tneir natural 

water content. The properties of this clay are listed ,in Table 1. 

, " These blocks were cut into smaller blocks and each b10ck-wa~ wrapped, 

waxed and kept in the humid room. When a sample was required, the ' 
\ ' 

protective 'wrappings were removed' and the sample was trimmed on a soil 

lathe to a cylinder 1.4 inches in diameterand cut to a height of 2.8 

inches. This process was done in the humid 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 WELLAND CLAY 

Silty Clay Soil Taken at a Depth Of 20 to 25 feet from a Pumping 
Station Plant Site, Welland, 'Ontario , 

L.L. P.L. P.I. 
,,-

~ Atterberg Limits 

Natural Water Content 

Specific Gravity 

Sensitivity 

~ 

36.9 

29% 

Approx. 2.7 

2.0 to 4.0 

21 15.9 

35. 
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Test Procedure ' 

Ca) Sample Assembly 

The assembly procedure suggested by Bishop and H~kel (1957) ~as 

followed in setting up the samples. ,The diameter and length of the 

sample was checked; then the sample' was placed on the de-aired 

pedestal of tli~ triaxial' cell with a ,satu"rated porous stone at the 
~ 

bottOm and a saturated filter paper placed around the 'sample.' A 
" ~ , 

perspex top cap was positioned on t;Op of the sample and a rubber 

membrane, was pla'ced around and secured with O-rings as shown in 

Fi gure 15. Thi s assembly was done with the cell base submerged 

in water. The upper part of the cell was carefully placed over the 
. • OJ" I 

• base with the 'ram lifted to the upper limit of its travel. Thecell 

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 
r . / / . 

. 10 lb/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 meffibrane; A second membra'ne was then app 1 i ed and secured wi th 

O-rings. The transducers were set to zero. The cell was refilled 

with de-aired water and again the sample 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. 

/" 
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However. the use of .two·membranes separated by a coating of sil.i.cone 

grease has been shown to virtually eliminate the passage of water for 

tests up to one week. 

(b) Consolidation. 

Soil samples. which had a preconsolidation vertical. stress of 14 

lb/sq. inch were isotropically consolidated at a cel,l pressure of 13.3 

lb/sq. inch, against a back pressure of 10.0 lb/sq. i~h, giving an 

effective consolidation pressure of 3.3 lb/sq inch. The back pressure 

was used to try to obtain complete saturation of the samples. A value 

38. 

/ 

of B = 1.0 was obtained from a B-test. indicating that the soil was fully' , 

saturated. A dead weight was applied to counte~balance the upward forte 

on the ram resu.lting from the cell pressure. After applying the cell 

and back pressures, the drainage valve was opened. and consolidation 

was completed after 5 days.' 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 

soil under gradually increased loadings as this data was required for 

estimating the values of the repeated stresses. The method described by 

Bishop and Henkel,(1957) was applied to obtain ~e strength of the soil 

from the standard consolidated undrained test. The rate of testing 

was set to 2.33 x 10-4 in/min. based on a sample strain of 2 per cent. 
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This strain was considered to cover ~he range of strain conditions in 
. ! 

the repeated loading tests. Pore water pressures were measured by the 
. r . 

transducer, the· axial load was measured by the proving ring, and"the 

axial displacements.were measured by the dial gauge. At the end of 

the test the sample was removed from the cell and weighed for moisture 

content determination. 

Cd) Repeated Loading Tests 

Two types of repeated loading tests were conducted. The.first 

type involved repeated vertical stress with the hori~ontal stress 

(cell pressure) kept constant.' The second type was repeated vertical 

stress with concurrent repeated horizontal stress . The description 

of each type ofctestsis as follows: 

(i) Repeated Vertical Stresses with the Horizontal Stresses Constant . 

39. 

.~. 

In these t~sts, the repeated vertical loadings were applied to the 

sample directly through the cell's ram using the device describ~ in 

Chapter (IIIl for vertical loading applications. The horizontal stress 

(confining pressure) was kept 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 give a duration time of 45 seconds and an interval time of 
\ ." . 

15 seconds.. 'The" load hanger was positioned so that the load would land 

in a central position 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 
I 

~ 
I 



was calculated asa proporfioll of the maximum compressive strength of 

" the soil,as obtained from the standard consolidated undrained test. 

The tests were continued up to 1_000 cycles of 10adi~gS or until failure 

occurred. Measurements of the pore~water pressures and the axial dis-

. placemerits ",ere recorded throu~hout the tests . 

. (ii) Repeated Vertical Stresses with Concurrent Repeated 
Horizontal Stresses .. ' , 

40. 

In these tests, the repeated vertical stresses were applied as 

described before. .The repeated horizontal stresses were appl ied \.Ising)' .-
the three-way vaive system described in Chapter (Ill). The tests 'we~ 

continued up to 1000 cycles or until failure occurred. Measurements 

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 

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

stress ",as 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 deviator stress below which the 

soil behaves predominantly elastic and above which the soil behaves 

predominantly plastic. The value of this critical level of stress varies 

between 0.37 as (Greenwood) and 0.5 as (Sangrey), were a~ is the maximum 

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

ent on the type and properties·of soil and on the test conditions. 

The tests. conducted in this research were divided into two stages 

based on the stress levels as follows: 

(i) Subfailure Stage (Predominantly Elastic) . . 
In this stilge, the level of the deviator stress,i .e., the differ

ence between the applied repeated vertical stress and repeated horizontal 

stress, was. less than the assumed critical stress level. The value of 

~he applied repeated vertical stress was 0.3 as' where as is th~ maximum 
. . 

compressive strength of the soil obtained from the standard consolidated 

undrained test. The value of the applied repeated horizontal stress was 

0.15 as' 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 as' 

,and the value of the applied repeated horizontal stress was 0.3 as' 

giv~ng a ratio of K = 0.5 between the applied repeated horizontal and 

vertical stresses. 



CHAPTER (II) 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

A - OUTLINE OF tESTS 

A-l. Maximum Compressive Strength: 
<, 

The 'compressive strength of the'soil, based on the maximum 

'deviator stress" was determined from the results of three standard 

'" triaxial consolidated undrained tests. 

,A-2. Repeated Loading Tests: 

Sixteen repeated loading tests were carried out in four 

groups, based on the type and range of loading as follows: 

Four samples; tested in the elastic r~nge under 

the action of repeated vertical stresses and 

o 

/' 
stress. (By elastic it is \ constant horizontal 

I 

i 
I , 

Third Group E9_12: 

meant that the s011 has essentially recoverable 

deformation.) ; 

Four samples; tested in the plastic range under 

the action of repeated vertical stresses and 

constant ~orizontal stress. (By plastic it is 

meant that the soil has essentialy non-recover

able deformation.); 

Four samples; tested in the elas,tic range under 

the action of repeated vertical stresses and 

concurrent repeated horizontal stresses (cell 

pressure). 
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Fourth Group Pl~-16:' Four samples; tested in the plastic range under 

the action of repeated vertical stresses and 

concurrent repeated horizontal stresses (cell 

pressure) . 

The results of each group of tests showed good agreement. 

In this 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. 

B - TEST RESULTS 

B-1. Maximum Shear Strength of the Soil 

In the standard triaxial consolidated undrained tests, the • 

samples were isotropically consolidated under a cell pressure of 3.3 

lb/sq .. in. resulting in an estimated over-consol idation ratio of 

4.00 (based on tests performed in Geotechnical Engineering 3A4). This 

consolidation ratio was selected, because most of the soils of Southern 

Ontario are glacial in origin and are slightly over-consolidated. The 

three samples were taken from the same block of soil. The natural 
. . / 

moisture content of these samples before testing ranged between 28.5 

per cent to 29 per cent. Results of these tests indicated that the 

maximum compressive strength of th~ soil under the consolidation 

conditions described, equals 9.25, 8.70 and 8.95 lb/sq. in. The 

average maximum compressive strength of the soil is 9.0 lb/sq. in., 

43. 
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thus the maximum shear strength equals 4.5 lb/sq. in. The change 

in the final moisture content of the samples after testing was in 

the order of ~ 0.2 per cent; ~ " 

'B-2. Repeated loading Tetts 
I ~ 

For all types of tests~ the samples were consolidated 

under a cell pressure of 3.3 lb/sq. in.-, with an estimated over

consolidation ratio of 4.0. The samples at-each group of tests 

were taken from the same block of soil. The initial moisture 

content for all -the samples tested was 29 per cent ± 0.5 per cent. 

All the samp~es were saturated and each sample was tested for 

saturation (B-test) before the loading test. 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 ha'd not changed Significantly (± 0.5 per cent). The 

volume change for the soil during consolidation 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. 
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Stage of 
Loading 

El asti c 

Stage 

Plastic 

Stage 

TABLE (2) 
VALUES OF REPEATED STRESSES FOR CONSOLIDATED UNDRAINED' 

REPEATED LOA~ING TRIAXIAL TE.STS 

Repeated Vertical Stress With Constant 
Horizontal Stress (p.s.i;) 

Consolidation pressure ac g 3.3 

Repeated vertical stress ~av g 2.7 

Repeated horizontal stress ~aH g 0.0 

Total horizontal stress ~h g 3.3 

Total vertical stress av = 6.0 

Deviator stress av - ah C 2.7 

GROUP El _4 

Consolidation pressure ac = 3.3 

Repeated vertical stress ~av g 5.4 

Repeated horizontal stress ~aH = 0.0 

,lota1 horizontal stress ah a 3.3 " 
,(,fiJi 
ctt1~1al ~rtical stress av = S.7 

Deviator stress av - ah = 5.4 

GROUP P5-S '~''i 

~ 

\ 

Repeated Vertical Stress'With Repeated 
Horizontal Stress (p.s.i.) • 

con~olidation pressure ac a 3.3 

Repeated vertical stress ~av = 2.7 

Repeated horizontal stress ~aH C 1.35 

Total horizontal stress ah = 4.65 

Total vertical stress ave 6.0 

Deviator stress av ,- ah a 1.35 

GROUP E9-12 0 

\ 

Consolidation pressure rj' = 3 '3 c ,. 

Repeated vertical siress ~av = 5.4 

Repeate.d horizontal stress ~aH' =~ 2.7 

Total horizontal stress ah a 6.0 

Total ver~ical stress crv c S.7 

Deviator stress av - ah g 2.7 

GROUP P13-16 

./ 

~ 

---

~ 
U1 

o 



, PORE WATER PRESSURE VERSUS TIME RELATIONSHIP 

1. Elastic Ran~e 

The relationships between pore wat~r pressures and logtiine .. 

(log, number of ,cycles) for the loads applied in the elastic range are 

'shown in Figure 16. ,Curve E4 represents pore w~ter pressure generation 

for tests using repeated vertical stresses and co'nstant horizontal 

'stress (cell 'pressu~e), while Curve, Ei2 represents pore wat~r pressure 

generation for t,ests using repeated vertical 'stresses and concurrent 

repeated horizontal stress (cell pressure). Both type's of'tests were 

carried out in the elastic range. 

For both types of tests, the pore water pressures increased . , 
for the first few cycles of loading, then it decreased towards the end 

of the tests. The decrease in the pore water pressures ,indicates soi,l 

" dilatancy which is very COO111On for over-consolidated soils. 
\ 

The values of the net pore water pressures due to shear stresses 

for Sampl~ E4 are greater than those for Sample E1Z ' because the 

deviator stress for, Sample E4, is greater than ihe~eviato~ stress for 

Sample E12• The total value of the pore water pressu~ for Sample E12 

" 'is greater than the total value of por!! water pressure for Sample E4 

because the repeated horizontal stress for Sampl~ E12 was transferred 
I " , ' 

·to the pore watet'pressure. This can .be explained by the following 

equations: 
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,-0, 

" '. 

llU= Ii [ll<1h· + A (llo '-. . v 
where: . /' 

llU = change in pore pressure due to 
increased stresses . 

. ·llO.,; & lloh = change in principal stresses 
. caused by s'oil loading 

llOv - ll<1h = dev.iator stress' 

A& B= pore water pressure parameters 

I 

Therefore, lll\ = B.A.llO
V 
........ ; ........ (2) 

Case 2 when llOv > lloh 

Therefore, the difference betweerl Case 1 ,and 
. Case 2 is: 

llU2 - llU l =.B. lloh (1-A) •..•••.••••••••••. {4) 

48. , 

Equat'ion 4 shows that the difference in the pore water pressure 

depends upon the. minor principal ~tress lloh anc! the pore water pressure 

parameters 1\ and B. In case of saturated soil the parameter Il = 1. 

The value of the parameter A depends upon the type of soil. 

: / 
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2. ,Plastic,Range 

"The relatio"nships between the pore water pressures and log . . . . ~ 

time. for the loads applied in the plastic range are shown in Figure 

17., CurvePa represents ,pore water pressure generation f~r tests 

using repeated vertical stresses and ,constant horizontal stress. 

Curve Pi6 represents pore water pressure generation for tests Using 

repeate~ vertical stresses and concurrent repeated horizontal stresses. 

For both tests the pore water'pressures increased with time until 

failure occurred. after one cycle for Pa and 15 cycles for P16 . A sudden 
, , 

increase in the pore water presSUre and the axialdisplacemen't indicates 

failure of sampl~s. Sample Pa failed after'one cycle. 'under a deviator, 
, , 

49. 

stress equal to 60 per cent of the maximum compressive strength ,of the soil 

(from the standard undrained test). Iti s bel ieved that thi s failure 

occurred s,o rapidly due to the use of a high level of stress appl ication.' 

The levels of the applied repeated stresses were based on a maximum 

compressive strength of the soil equal to 9.0 p.s. i. ob~ained from the 

standard triaxial undrained tests described previously (Page 43). 

~hese standard tests were performed on samples from one block of soil. 

~hi1e the repeated tests Pa were performed on oanother block. Extensive 

'study on this soil (Reference 121) indicate 'that there is a large 

variation in the value of the shear strength for this soil,' from one 
~ ," 

place to another~ It is possible that the maximum compressive strength 

fQr the block ,of soil used for Group Pa is less than 9.0 p.s.i. and 

that the levels of the applied repeated stresses are very high, which 

caused the soil to fail after one cycle of. these stresses. ' 
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For both elastic and plastic ranges the net pore water 

pressures were greater for samples tested, under the action of re

peated vertical stresses and constant horizontal stress than the pore 

water pressures for samples te~ted under the action ,of r~pe3ted vertical 

and repeated horizontal stresses. This is because the deviator stress 

in,the first case was greater than that for the second case. 

. . 
AXIAL STRAINS VERSUS TIME RELATIONSHIP 

The relationships between axial strains and log time. for ! . 
the loads applied. are shown in Figure lS. for tests carried out in 

theelastic'range. and in Figure 19.for tests carried out in the 

plastic range. Figure lS'. indicates a predominantly linear relation--, . . ~ 

ship between the strains and log time in the elastic range. Figure 

19.' indicates a det5~te tendencY for increasing strain ,with log 

time. For both samples Ps and P16' the strains increased under each" 

s~ress application until failure occurred. Sample,P16 failed at a 

lower strain value and larger 'number of stress'applications than 
. L ..... ;: .. _, ,.. . ! 

Sample Ps because the devia"tor ,stress, on Sample Ps was greater than 

that on Sample P16 •. 

A comparison between the elastic stage and the plastic 

stage based on the different types of loading is shown in.Figure 20. 

The vertical axis represents the pore water pressures and the strains. 
, ~. . 
while the horizontal axis represents log ~ime. In the elastic stage. 
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the soil is reasonably stable and,can withstand 1000 load applications 

without significant defonnations. The pore water pressures dropped 

down towards the e~of Tests E4 and E12 indicating dilatancy of the 

,soil. Sample E12, where both the vertical, a~d horizontal stresses, 

we,re varied showed mo~ stiffening under increased number of load 

applications than Sample E4 where ,the vertical stress was v,aried 
I 

while the hori'zontal stress was kept constant. For higher levels of 
0"' • • 

repeated stresses, the strain increased dramatically under each 

stress ap~lication until failure occurred., ' 

, , 

For 'both the elastic'and Plaskic. stages,' the strains which 

occurred for samples subjected to repeated vertical and repeated 

horizontal stresses were less than ,the strains which occurred for 

samples subjected to repeated vertical stress and constant horizontal 

stress. 

~ .~' 

Comparing the results of Sample E4 (constant horiZontal 

stress) and Sample P16 (repeated horizontal stress), where the deviator 

stress for both Samples is the same. Sample P16 failed at lower 

number of stress applications and higher strain level than Sample E4• 
, \ 

This result coul~be,due to'two alternatives: 

. , 
1. Higher strains occurred for Sample P16 ~han Sample E-4 as a result 

of the application of both the deviatoric,stress' and the repeated 

• 
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horizontal stress.· These results agree with the results of 

Seed and Fead(1959). where they found that for unsaturated 

soil. the vertical strains for samples subjected t!l repeated 

vertical and repeated horizontal stresses were greater· than 
r 

the vertical strains for samples subjected to repeated 

vertical stress andconstaqt h9rizontal stress when they 

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

of tests. 

On the other hand. these results contradict the r.esults of 

Seed and ·Chan (1966). Where they stated that for saturated 

clayey soils. varying both the horizontal stress (confining 

pressure) and the vertical stress concurrently will have 

negligible effects on soil strength. 

, 
2. For Samp'le P16' the horizontal stress {cell pressure) was 

applied through a three-way valve. It is possible 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·vertical stress only. resulting'in 

larger strains. 

56. 



• 
PORE. WATER' PRESSURE VERSUS STRAIN'RELATIONSHIPS 

General .Behavi our 

For a sample tested in the elastic stage under the action 

of repeated vertical stress and constant. horizontal stress (cell 

pressure), Test .E4' the pore pressure build-up and the axial strains 
, ' 

under each load application 'are presented on Figure 21. -The first 

application of stress produc~s immediate strain and excess pore water 

.pressure. The' strain and excess pore water pressure continues. to 

increase until/the stress is removed. On removal, there is a residual , 

strain {&p} and a residual pore wate~ pressu;e (Up)' With reapplic

ations of stress, the residual strain and residual pore'pressure 

continue to i'ncreaseor decrease depending upon the level!> of re-
, . 

pea ted stresses and wes of consolidation •. The total strain (&) 

at any time with the load applied is comprised ·of a recoverable 

"elastjc" component {&e} and a pe~anent "plastic" component (&p): 

& ~ & + &p ••••••••• (5} , e 

Similarly, the excess pore water pressure (U) with the load applied 

is comprised of a recoverable component (Ue) 

component (Up): 

, , 
and a non-recoverable 
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Pore water pressures (U) are plotted against strain {e:%} in, 

Figure 22,for tests in the elastic st~ge and in 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 applic

ations •• The lines joining the "load off" to the "load onlt'points 
" represent the recoverable components of the pore water pressor~ and , 

the strain. p~ints of "load off" represent values of residua 1 ~train 

c.cp) and values of residual pore water pressure (Up)' The residual 

pore water pressures ~ure' 22,for tests using repeated vertical . ~ 
and ~oncurre~t repeated horizontal stresses increase with the 

number of load appl,ications as did the residual strain. Negative 

residual pore water pressures developed in ~ests using repeated 

vertical stresses and constant horizontal stress uErr subsequent 

load applications. There was an tncrease in the residual strain and ., 

a further increase in the residua.l negative pore pressures. For both 

types of loadings, linear relationships exist between the residual 

pore water pressures and the residual strains. Figure 23, for 

tests in the plastic stage, shows a decrease in the residual pOre 

water pressures (Up) and an increase in; the residual strain {e:p} 

as the· sample approaches failure. 

A pore water press~re {U} v~rsus strain {e:%} relationship, 

'when the loads are applied, is shown'in Figure 24,for tests in 
.' /)' 

the elastic sta,ge, and in Figure ,25, for tests in the pl~stic stage. 
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III. 'Load on 
-" 

• Load off 
n ~ Number of cycles 

--- --- Repeated vertical and constant 
horizontal stress (Group ·Pa) 

-- Repeated vertical and hori-
.. zontal stresses (GrouP~16) 

FlG,- (23), PORE PRESSURE (U) vmus AXIAL STRAIt! ('X (PLASTIC .STAGE) 
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Botl\~tg~res tndtcllte grellterVlllues of pore ~llter pres'sures llnd srn&ller 
. ...... .. \ .. 

values of strains, for Te~ts El2 andPl6 (tests usi.ng repellted vertical 

and repeated horizontal stresses)· than·those which occurred for Tests 

. E4 and Ps (tests using repeatedvert1cal stress With constant horizontal' 

stress), TestsE12 and Pl6 produced more pore water pressures than 

Tests. E4 and Ps as a result of the pulsed cell pressure ~hich' is trans

ferred directly to. the pore water pressure,which indicates that the· 

SQil·is saturated and '~hat the pore water pressure parameter B • 1 

according to Equation(l}, However~ the net pore water pressures in

duced due to shear stress are greater for Tests E4 and Ps than those 

for Tests E12 and Pl6 due to the,use of greater values of deviator 

stressesfor.Tests E4 and Ps' 
l 

In the elastic stage, Figure Z4, the strains developed for 

Test E12 are \maller than those for Test E4 ~c~use the applied de

'viator stress for El2 w~s smaller than the applied deviator'stress 
. . \' 

for E4, 

In the plastic stage. Figure 25, for both tests Ps and Pl6 , the· 

·developed failure strains are very close. The level of the appliedr 
, ' .. -.. . . 

deviato~ stress for test Ps are considered too high which caused 

the sample to htl after one cycle of load llta strain level higher . . 
than. that occurred after about 15 cycles of load for Test Pl6 ' 
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;- . . . . 

. EffectiVeStres~ versus Strain Relationship 
/ , 

, The relattonshtpbe~ween the vertica.l effecttvestress CIIll and 
" ' 

the axial stra,in (I:%l is. shown in Figures 26 and 27 for the elastic - ,.' 

and p1a~tic stages, respectively. For Tests E4 and E'2 in figure 26, 

.' the effective stress G]. ,started to decrease untn {treached its minimum . 

values ,at points 1 and 2. These points represent the maximum values 

. of the' positive, pore water pressure which occurred during these tes~s 

(see Figure 16). With subsequent load applications, the effective 

',vertical stress increas~ again with' strain since the pore water pres

sure decreased as dtlatancy of the sotl occurred. The dilatancy was 
, ;- : ;-

sUfficient to develop pore water tensions and as a result the effective 
\. . 

vertical stress increased until the end of the test at 1000 cycles. 

The photograph inFigure 2S shows Sample P'6 after failure. 

) 

For levels of stresses higher than the estimated critical level 

(plastic stage), the effective vertical stress decreased until failure 

occurred, Figure 27. For Test PS' the failure occurred after one 

cycle with a strain of 0.S5 per cent and for. Test P'6 failure occurred 

after 15 cycles with a strain of 0.7 per cent. For , Test PS' the sample 

failed after one cYcle of load only as a result of the use of a',very 

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

vertical stress for.Ps than P,6• 

Comparing the resulting effective vertical stress for Tests E4 

'and P
'6 

in Figures 29,where the value of the deviator stress is the 
J . 

" 
., -

i 

.-
i 



same for botn,tests,the effecttye yerttc~l stressrs for both tests 

~re ~pprol!:\mate11 the same for the ftrst 10 10~d applications, then~ . , 

66. 

the effectt~e stress increased for Test "E4 ~~ a result of the decrease 

. in the. pore. water .pressure •. For Test ~'6 (rep~ted verttc~1 stress 

and repeated cell p,ressure} the effective stress decreased as the 

pore water pressure increased until fai1ure'occurred after about 15 

load appHcations. Also, the developed strains at fa'llure for P'6 

where much higher than those for.E4. 

. . 

The.·on1y difference in the loading .conditions of thes1 two sa~les . 

is that P'6 was subjected to repeated ~ell pressure as well as rep~ted . 

.. deviator stress which could je the cause of the above different be

haviour in the pore water 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 rep~tedce11 pressure system which may 
. ../" . 

have caused a time de1~ in applying the rep~ted cell pressure con-

currently. with the repeated vertical stress. 

, 

The ratio betWeen the· effective vertical stress (01) and the 

. effective horizont~l stress (03) is also. plotted v'ersus strain (c~) 

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

the maximum stress ratio (01'03) indicates·the start of soil dilatancy 

f(!r Tests E4 ~nd E12• Dilatancy has a significant influence on the 

effect~ve stress ratio. because the ~re w~ter pressure changes the 

, 
. , .1 

.1 , 
• 



, 

, ~~'~es of both the effective vert)c~' stress ~nd the·effecttve horj~ 

zont~lstress: For thephst1c stage shown in Figure 31. the 

maxtmumstress ratios (~/GJ) for Tests Pa ~nd P,6• sho\:that the 

saJes failed under ~ few cycles of lo~d. -
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FIG. (2a}. S~PLE FAILURE UNDER THE. ACTION OF REPEATED VERTICAL 
AND HORIZONTAL STRESSES (P,6) 

(Chamber Water Drained to Facilitate Photography) 
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, , " .'CIIA~T£R ~Vl) " 

,CO~CLUStOHSAND RECOMMENDATtoNS ". 

, 

'. . '-" '.. ': . "" . ". . ., -' - -'- - .. 

, Kighwll E'IIgin""shIVt hld~lIYpl'ofIlemSlS 'I ~sult of shuI'. 

,.fIHu ... s, IndIoI' . rutting .of lullgl'ldes sUPPol'ti:ng h1ghwll: plv_nts. 
• • • - • • p 

.-, I 

ThllSe SOl1SI~ suf)ject~d to l'tp~i'd l~di,ngsclu"d ~ th."continuQ~s 
pusla" of VIMcl". Mo!t of .th~ul'l'tnt l'tsllrch dlll1"gw1th l'tpeltld 

,Whl""~dings studied th'Il'II~Vi0Ul'ots01bSUlljlct~d to l'tplltld ", ' 
. , . . '. . 

" ., vlrttcl~ 'stresseslnd, l'eplltlclctll P~SSUl't. t~ ,thtse studies the 
o "., • • 

.vllueof thl-dlviltOl'ic stress wu, not chlng,d. tn tMs thesis, tht ' 
'-, ... . 

_' ' ' nlUlof'thl dlViltOI' stl'tSS was chlngld., 
• <>...., . .., .' . :, . -. ~ 

.> 

.. ' two cutlof lOlding cond1t1ot1a'flOl't studied. The first CUI, . , " ' 

Wl~ Vll'y1 nll.1'I0 Vlllt1Cl'Stl'lSS ,whUlthe ce',p,reuul'lwlS k,pt' ' 
, • ': ' , ' .' , ..' , I 

constlnt.:. tn thl "cond. ClSI, the Vll't1Ql,tl'tu lnd th,cell 
" ./ '" " , ,',", . ,,' . ,'" . . 

prossul'l {hortiontll. strlls}Wll't both vlr1e4 cO!lcurl'lntly~ , Tl1, 
'-lJ " ' (/7' ,',' ' 

Vlluo of thtll'tplltod ~11'~iCll stl'lufor both mil Wlt~ thl Simi. ' 

Th, Slc:ond'cllt of lOlding ripl'tsonpiln 1dl~lllld f1,'d conditions 

~ofOI' til, l'tsultingisties~ts in t~e s'on und,,, lmov~ngWh"'·lOld. 
. : .. ",I ' . i . $. .. ,' ." . ... / . 
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.. 
. ' , . .., .... '...... . ....... ~: . 

vtrttc'll stl'flSS onl~ will overestil\llte the effective stresses ani! .. 
", . "'. . c .. ' •• ' .. " .',. .,.... ..~.:.'r ." '"": _ ... .. 
the altta 1 'ettlllllltnt of the.sollthanpl'fIdtcted,in .'thifteld. ' 

.. . 
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.' .. Theiantt two types of ~tests Wtreperfonned t~king into account 
, .... " . . . . '.' . ., / .'. /". 

that the value of deviator stl'flSS was kept the Saml •. The results . . -. .' '. " . , . . . - . . . 

of these testsindicatethatusing reputed verticalstre~ses and 

.......... '. reputed cell.pl'flssure produced higher values of axial strains 

.andlesseffecttve stresses than those produced when using reputed 

vtrt1c~lstl'fls~1~.Theresultsobtainedfo'i' the.f1rsttype of' 

tests~reb~hived to be due to the fOllo~i~graasons; .1 . 

.. 

'. 's ' 

(l) PulSing tht .cell Pl'flSlUl'fl concurrentl~ 
wtth the v~rttcal stressl " '. '.' '.' 

(2) :rhe pontbtltt,Y of time delaY inapp'~ing .. 
the repeated cellpreuure ustng the ~stem 
dtscuuedbtfore, and '. . .. ' •. ' 

(3) .The btg v~.rtatton 'in tnt val~'S 'of,the shuI' 
. stl'flngth for the s.o11 tested. . . '. ' ... ' 

RtcO!!!!!!ndations 
. ' N . 

. To rePl'fIStnttlie.actull .fitldcondttion,s • further rasureh can .. 

'. be .dont in which ~heso\l ts~nsol1dated anisotropicall~andthen . 
. .' . . • . , ' . ,I" 

subjected, to nrted v.ertlcal and horllontll stresst'. Koh defined· 

'.ai the coefficient o! urth:p!:,ssure"at. Y'ls~'whtch-mt_a~no lattral . 

. strains. .'It might be oftnttrest·to investigatt,the valut ~f Ko for. 

thtso,n ~. ll~eraistrainclnnotoecu~ (call of an tlenent at 

"thi edgi of surflee loading). ' " ~I 
J .... .• , /.., 
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