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pressuré;'bé, is often a" main factor in th'

FR

structureslon clay+ The cKnventional oedom,ter test,

e Terzaghi theo y.of one'dimeniona

tion, is t e most widely used basis for the det rmination

-

“of P Inathis test, pc is not determined direct ¥ but - is

'structionsw

-.intnoduced in the past few years, each.presenting§

Y

estimated by means of the Casagrande or Schmertman ‘con- "

New methods of consolidation testing have be‘n
some:i

advantages over the conventional method . \

I

. One of these new metnods, the controlled gﬁadient

5consolidation test seems to have an important advantage

]

over the others,‘ This is an easy, direct wa of deter- E

ni.C1a?, using; in. and [ in.-diameter*Rowe cella.'

¥ o ‘.\ .

‘..mining P, from.a time—effectiue stress-plot, \

.- . \

"The intent of this research program is to in#‘-

vestigate the applicability of the controlled gradient

- honsolidation test _for the measurement of the preconsolida—

:tion pressure of a sensitive marine clay. . The rasults are

‘compared to those from conventional tests.f

Tests are-perfbrmed on block samples of Leda
. / e -

- Al

ﬁ. — .
L ‘The nesults show, that th%;ganmrolled gredient
o J

.consolidation teﬁt on a sensitive marine clay results in a

-

.consolida?';

+ 'The‘enact determination.of the nreconsolidation .

-~
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better ‘'defined. strain log\effective stresses plot than ‘the

conventional tests.r It, is found that the p 'value obtained

}

-favourably to ‘the varue obtained from the strain log effective

from the cime effective stress plot always compares‘

pressure plot. It is also found that the p is-easily
obtained from a stress strain curve plotted to natural scale.
that . resd?ts from a: ZEETTUiled gradient test on Leda clay.

From the analysis of the results it seems that E

'the breakdown ofkthe structure of Leda clay begins to occur

1

when ;he applied stress reaches 75 to 902 of- the difference

between “the preconsolidation pressure and the in situ over-
"' . . o ~— " s L.
burden pressure‘ T

. “ -~
[ e

| ‘Considerable differenge is found-between the p'

‘valqes obtained'frOm % in. and the 6 in. diameter samples
Thefreasonlfor this is in;estigated and - it is found o be
duehto‘thé'membraneiof the Roue cell whose stiffness affects
“the'3 in.'diameter dell_results.' Calibration difficultiesi_‘
‘;which are not reaQIVEd are also found with the Rowe cells.

‘ Modification of the cells appears in order before test

. results ¢an be. used with confidence for engineering d sign.




oo ' TABLE OF :CONTENTS

 ACKNOWLEDGMENTS L o S

PREFACE. . e T

TABLE OF CONTENTS . - EEUEER AR T dv
7 LIST OF TABLES AND ILLUSTRATION .. . . . - ‘-yii
Cees : N ' o F C

CUCHAPTER 1 0 oo sy

_INTRODUCTION = .  weo . ° S e

. L

CH_I:-‘(_PTER 2 o ‘ ‘,ﬂ- : B “ i 3

REVIEW OF PREVIOUS

liv2.1¥_Iheory-of-Co solidatioﬁ , o o o : _'3:'
‘212-”C6n§entional Consolidation Test R 9
. D L ; ) T o
2.2.1 Interpretation of Test Results- . . 9°

( - 2.2.2 The Influence of ﬁoad‘Intrement

. . - L . . . \ L - ;.
S Ratio e - 17 -

St

"2.2.§§Thé;1nfiuehcé_of oad inc;emen;

9. . . _——— !

o . Duration . , 23
?‘r."f .’(‘. "lb“ . ' - . -' ] - ] . A. .
Xi:2.3, Constant Rate of Strain.fest .. . |26
2.4 S £ \Raﬁe_of Loading| Tests " ' . 128

¥ - . tb . .

TSZ;S:-Coﬁt‘oligd_cradient;Cons$1id§tian Test ?29.
.f'236; Summary nl L "\ s e oo .v ,32fm
_CHAPTER 3 TR R '::,-‘-.'1' | .f“ﬁﬁi
RESEA#CH PROCRAM = R ST s
- '3Ll 'ReéégrcﬁmProposél P _”‘1:“   :‘ - . 33

3.2 Testing Program '  .. . . | D 1




<o
a1
ir
i .\‘-
"o
[
J
Rt :
» .
4
‘ 1} ’
[
1
L]
’k
v
-
i -
| .
s
[ 3
. -
=, e TR
1 A%
x
_‘.'.‘ . l: .
And P
? R
L]

P
T

datibn Tests
! : -3 2 2 The Conventional ansolidation;
Tests .
i 5’3 Testing Equipoeht ; .
o 3. 3.1.The Consoli&ation Cells‘;h
3.3.2 The Automatic Control Unﬁt"
Q.Ar‘The soil - | ~'M‘ P
3.4.,1 Geological Review
-3.4.2 Properties of the Leda‘Clay
3. 4 3 Location and Description of the -
0 ' Site
.:3 4 4 Sampling and Storage_i:
@'ﬁfﬁ Index Properties

3.5 Testing Method

. . F

3. 5 1- Sample Preparation -

\.3 .5.2 Testing Procedure

GHAPTER 4 S PR
| TEST RESULTS AND- DISCUSSION 'OF RESULTS
- ;4.ll_Calibration of the Rowe Cells
.&.é iThe Controlled Gradient Consolidption
N ' Tests )
_4;2.1iGeoesal-Commen£s‘

'4.2.2 Effect of Sample Size

: . . - - y L
E 4.2.3 Effect of 'the Hydraulic Gradient .

©-3.2.) Thé Controlled Gtadient Consoli- .

- 51

36 -

36

38

35

‘ Page :

e

39

39 . .

41

46

43

‘46._

47 .

51
51

54

. 54

49

e




e - vi - _';;__q ;' L
T o Pege
: 4:2;4:Effect'qf-the Variation is 'pg T
) TR e e B
o _— &.% The Conventiohal Consolidétion‘Tésts - -93 E
4 3 1 Effect of the Load Duratlon ' ”_. 99
‘ '; ' 4 3 2 E}fect of the Load Increment Ratio ’ ‘;99
‘ a —/J 3 3 Effect of the Variation in P, an P Fg
i

- cen 4,4- Comparison of Results from‘the*ﬂontrolled . ‘-"-
g-Gredient-Consolidation Tests,and the Con-
SV ventional Tests -+ ‘f- - 107 .

4,4.1,Tﬁe E4log‘p“curve”‘ ‘i' e 107

v -'__f,;ih.ﬁrz The'c-p' curve . ° . . 13
4.4.3 The:cv-lcgfpffandik;-idg:p' relation-
‘Tn":.“-." _ :-? o “shipe F. .:" e o S a 115 o {
o ) 4:5 Commente'Goccercingxthe C1ey3 -.’ o .';.11;6 |

' GHAPTER S, S 119,

_ CONCLUSIONS AND RECOMMEN ATIONS, FOR PURTHER 119
Lo " RESEARCH = S

¥
o L : Lo PR Y L R \
LIST OF'REFERENCES o S PRI X
.APPEN TX A: ADDITIONAL”REFERcEQEs“ ooty L 128

C -‘APPENDIX B: OTHER TESTS- P,

FORMED S 129

.APPENDIX_CJ A

L A . o N
ATIC CONTROL SYSTEM g L ©o+ 133

PHOTOGRAPHS - .- t T - 1 IR
- - " "' J



.10

<11

"i LIST OF TABLES -AND ITLUSTRATION .

y o - vii -

E v
-~ N -
] po-

_Change in void ratio 1og pressure relation—‘

. B .7 . . o " -
’ship, for incremental loading tests ‘ . ,720

I

Effect of load increment ratio .on shape

22

[ g - .
| " Rage -
ouble4drained”oonsoiidation teet o ‘k‘" R nﬁi‘
: heoretical time consolidirion curve. for . ” J
one dimensional consolidation. _iﬁm. T%Tf**.u' - |
‘Effect of sampling disturbance ‘on rhe }h ;
"e- log p" eurbg S 1_‘ o S | : d. : ld _;h
“uCaaagrande conarruction for the deter- . - j
minario CeEp. T .t S _‘B\Tiﬁ; yf
'SchmertianT'S-methodror,the'deter~ L N {
mination_oi p; .' .".‘ o ' r :f? S _ ‘14_ f
'C‘as.ag,ra'nde "-lo-g of time" ourv_e."f‘.i-ll‘-_i:i'l‘lg"‘ | o ff'%
method | NS ¥ i
-Taylor geqaare'rqot.of time"'ourve firring_. ‘fh
merhod. o | . ?' B S 18

of dial reading—time curves
Conbression'log.pressuredeurves,for-normal .
) R ) : : ST i} |
andflohg tErm incremental“loading 25 >
Comparison of hydrostatic exce’é pressure
e .
during conventional test and contrulled
_//,_ R oo ] - .
gradient teat J : - . 31
The consolidation cell K o IQ‘ 37
. TN >
A8 |



— e

R . l{:‘ ' CE S . :
\ ' L r . ., . . | N .
. Fi ure “. “"E___ . . ] . R '." Pa e °
3.2 . .The Champlain Sea .. o o ‘ 60

- 3.3 - Lambe 5 schematic diagram for one-h

: - dimensional consolidation Coe L TR o

ﬁ?' /Ottawa -Hull Region | /’m L ae . -
i 3.5 / Test pit log o ‘ '“I' '-/’{ I 1\f-4§
' ' ! . - ‘{/ . o ,-...

:~ N ’ 33 o Particle.size distribution curve “ ‘431‘

o 4.1 / Attempts to calibrate a Rowe cell"‘“f'- o 52-;-

o

rZJ‘- Attempts to calibrate ‘a Rowe cell' ' o - 53"
y _ . oL -

f o)
-l_:_d"

e-log P’ plot controlled gradient L 4

TN

consolidation tests_. ’ o ' fa e - '55

' /4;4 : e;p' plot controlled gradient consolida-ﬂ
. . o ‘ ~

tlonrtests_T. . ) LT 75§'
o 45 gfp"- i)lol.ti Controlled gr::d:ient cbn- |
solidation tests' .j:ﬂ : _..f. L -;.t.l57
~ ﬁi'l,ale c -l?g p and k —log p' plots Controlled
L e ':‘.gradient consolldetion tests s jf.f - 'SS'r__ LT

4.7a .Veldes.of:m§ fromreootrolled gradient
tests on;samples;from 5 ft depth . ' s 61

:4;7h ' Valmes.of.m;.frOm controlled'gradient

_tests on samples'from‘T £t depth : L 62
4.8 ) Summary of results of controlled gradienti.“

tests on samples from 5 ft degth :- - -"fél

oo 4.9 Summary of results of controlled\gradient o

tests on samples fromJ? ft depth ¥ Co 65



o B 113-4#1£ ~ - -
- - | . f' <
_ Figure ‘ . o 2 B .
.;4;10 l ‘Effect df sample sbze . Controlled |
I jgradient consolidation teat S
. Al . 4’iiif _Effeco'of samp%@ %dze;;_controlled.j‘-lf
i- L goadient conleidation test | “: B ;.
:4;12 -_-Controlled gradient cdngzliéhtion tésts-
; ‘ ‘Gy .'uusing a mechanical loading syste’m'n h
i-ﬁ;l3‘ n1Controlled gradient consolidation tasls;_
- ?'i; using a mechanical loading systﬁm AR
'&}lé".'Controlled gradient consolidation tests:'y
; . .;using a mechanical loading system
“4.15 . _Effect of sample size. Gontrolled gra;
) .dient ognsolidation_teoq 'bf;:'
. J 4. 16 : '_ VEflf‘edt.-.off's"anlpl'e‘ si:'ze - on’t'roll'eid, g:ra—'o
_ﬁ-;, ~E' ‘ diont oonoolidation tests B f
| #;3"“04:1? -',Effecé of ‘sample ;iéu:_'ccﬁ££$£1ed gra- o
;ijl' . i._\ dient conoolidation ‘tests f._ .._ _
”ﬁ/j‘l '%llBQ;HIEffect of sample size.- Conizgl};ﬁ gra—~ .
i; . - ~;.;u dient consolidation xe;ts ‘. | ";-“'
W i4:19; ;Effect of: sampfe Size Controlled gra—
‘ .lndient consolidation tests 3':‘: '
i 4,20? Effect oﬁ Sﬂmole oizé. ’ConifollEd:gra- .
1 ) ”dieno oonsblidation_ﬁéa{s :
Algl'\f?Effedx’bf‘i.;'dongrollﬁd gf;drent:éonz':
't% = | solidation tees 11‘ d-u
el

4,22 -fEffect-of.i. con€hq11ed gradient conﬁ,W

Lo oolidation tests I ' S

-~ ] LN ) : . . K . “

. i -
. ‘ -
i “
M .« ‘
- . D
. .
" Page

69

71 -

75 . )

76

78




A ¥

S
S
Y

N 4.27 'Gariation}af'p"with depth. for different . T
o > controlled gradient tests' - o S f.96
b 4.28 Effect of the dept ofwthe sample. ‘Con—}el< fl EE_T
N 0 . “trolled‘gradient‘consolidatiol\tests‘;- : Ql
?E | 4.29 oEffect'of the deptn?of the sample...05ne_r .‘.

j f . - trollea gradient consolidation.tests {:,. 92 ;
f 4;300 -E’log ‘ curve s Cohventional.consolidartﬁ L
f ' . ;ioo testsa_ -} LS*%&e f“;.£ .,_'“';,/,, ) : 94{;',u
? 4}31 ‘ ?g;pl plof.f:Coﬁvehﬁloqel coosolidetion_ ‘m _-' -
: . L . ? f':~g+*.‘ e ) L -
; - 7. . ‘tests 95

? 4;32' A_E;log”P'3éufve”for:J}éhort_dﬁ;etioﬁ_testj-' S

f ». \\ . , iBéforeran& aftef-eorfecflon : :.1;l._ S . 98

i ‘ 4.33 - Summary of resolts of iﬁhremental loading

% . | . 'vtests on eemplee from 5 ftnl > ; " ;- | ldO

: - Alﬁj .H;Summary of resultslof incremEntel ldd&ﬁoéln

;j ' o_é' 'lests on. samples frqm 7 fto ..‘Q'. o _lOi&;

: . 4:35 Effect of load duration._VConventiOﬂai..“ ;‘-

E ) _consolidalion‘tests"’__-‘,'; A _."A ) : 1027
S EE T T S )
; | s iﬂ _ , ~ | 7
§ - - - S

.. Effect of 1
'Soh@dation tests

fffect ot 1.

' solidation_t
Effect of 4.

‘soLidetioh'teele

-
- 4 .
W . ; ;
. L . . ]
. | . » .
~ - X - "' ) & Y
.. y L
,
. 8
./ . . N
. Loy
. -~ ‘ . — .
o S . 5
s s

\ " |
Controlle& ngdient con= .

Controlled gradi nt'jY.

solidation tests3. 'w gﬁti° AR 85

" A ¥

Effedt of i Coptrollef.gradlent:goo—_ - . \?'M
!st_$> o ] . \... . N
_Conqrolled;grad;ene_ooﬁ— . R

-

;.‘ 7 ' L '881'7



4.37

439

s

441

e

R

440 .

- xi. =" R U .
ol ¥ . 1
. - : ' |
’.' \ 1.
' ra 6. i
¢ - Page
o Lot . ' ! - . . ,,f "s . o
Effect of load duration.- Conventional
('coneolidation neste‘- B f T 103 .
Effect of load increment ratio and dura—~ '.,\
*tion Conventional consolidation tests - To4
. Effect. of 1oad increment ratio and d ra?_ -
_ tion. ConVentional_consolidation“te ts £ 105

i 1A ‘# . ‘

\ Variation of P. with depth Efr_inere ental:

' y o T S R
loading teets o e L “ 7. 106
Comparison between controlled gradient and ﬂ*

J '
conventional ConSDlidation tests . ) © 108
f Com%arison between controlled gradientdand

}ﬁonveneional congolidation tests - "109
\B e of varJation of results for eamplee' '
fro 5 fe depth" o 1T

"Range of variation of results for sampleﬁ o~

: - . ~
frof 7 £t depth oL o112
) o " ' .
Comparison between.oontrolledvgradient and
conventional consolidation tests = - - } 117‘">L
Comparison between controlled gradient and< . f
conventional-consolfdation tests B B N
- ‘ . ) . I . ) :. . . .
Celat Pe T
Correlation between P,,ratio and. the P.I.
. : -+ Pp _ : _ B E

_for normally congolidated.clays - . 117

* Plasticity chart e S 130
h R '
Timing iagram S . S . 134

'Block diagram of the automatic cbntrol System 137

woE



CHAPTER -1~

INTRODUCTION

'l"‘d"
"

h’he exact determination of the reconsolidation -

| R ' e e

E

' . . -
of structures on- clay " The conventional-oedometer test,

“based on the Terzaghi theory of ore dimensional consoTida—'

.tion, is the most widely used'hasis for“the'determination m

of P.- Many investigators have pointed out that variations

e ——— —
L3

- in the testing procedure result in variations in the

' o
*.estimated value of; p

New methods of consolidation testing have been

‘ introduced in the past,iew"years. 'Because_the_pc value is’

affected by the testing procedure,,it is exoected that the

P. obtained from different testing methods will be qifferent

.'k—comparison is necessary in order to evaluate eachsmethod.
fThe new consolidation methods, together with theé conventional

'method, are reviewed in Chapter 2.
One.of.these new methods, the controlled gradient
. . [T
consolidation test, rseems to have one importan advantage
. . / )

over the others.z This is an easy, direct way flor the deter- -

minatiOn of thefpreconsolidation pressure.’ . _: : .

: /
T . A research proposal is presented in Chapter 3 :

W

o



marine clay, and to compare the results to those from con-
ventional testsr_ D : ‘ CoT

Tests were perﬁgzned on specimens fﬁom block

-~ L LV

'=samp1es of sofnﬁmlednxclay ] Results and comparisons are -
e — ;

‘] given in Chapter 4; conclusions and recommeﬁ&Etions will
‘ e . o : S

w_be found, in Chapter 5
C . In. this ‘thesis, only one new method of consolida~
tion testing is investigated in detail ; The'findings are

intended ‘to be a contribution towards the overall study of

' all current methods of consolidation testing, in particularfv”“”““
; ) - . - . e -
as they apply to_a_senaitivé\marine;cl&y.. ' e i‘
' | ‘ ;
. .
L ] ) et f

T
Y -4 -
\ . ‘
.‘\’ - . :
" :
. -, . ]
. .. —
L] - ' M
N . . . v
- - 1 -
0 .
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- T 7. . CHAPTER 2

REVIEW OF PREVIOUS WORK ON THE SUBJECT ~ |. -
: S ~ '. - g Lo

Strictly Speaking the determination of the- pre— :;:w

'consolidation pressure does not involve consolidation theory

fprovided that.the average.effective stress within the sample,

-

-can be determined and a plot made of strain versua effective

: . . ~ _ .
stress. However, in practice, the porewater pressure is

usually not measured.' Instead the effective Stress is

assumed'to be equsl-to-the,applied load,.i.e.;.the average
: } . _ —

' excess'porewater pressure is equal»to zero;“afterﬁloozl
consolidation has occurred under a. particular load inore—

ment, It wasg felt.necessary, therefore, to review and

-

discuss the theory of consolidation in some’ detaiL as well

as to review previous work on the prediction of preconsolida— o

’

N

tion pressure’per se.

-

2 1 Theory of” Consolidation ‘!_ . : .

hd )

An increase in the magnitude of compressive_

e

stresses acting on-a soil mass will generally result in a

decrease In volume. This volume decrease will cause settle—,

e . . PP

‘ment of structures founded on the soil

-

4__\‘
_ The settlement of structures founded on clay is

due to four“different phenomena:.(22)

LY

—

‘1. Shear strains. developing simultaneously with the chiange

.in load with no volume change (immediate or initial
settlement) -



-4 - ‘
2. Time dependent shear strains with no” volume change. R .
(creep) . _— N\

3.. Time dependent volume changes, occurring during dig-
sipation of porewater pressures (cﬁnsolidation)

4.‘ Time dependent volume changes after excess poTe~..

pressures*are dissipated (secondary compression) o

. : BV -
Congider the ‘third phenomenon for a saturated clay

-

/

mass./ The compressibility of the soil- skeleton is large com-

pared to the compressibility of water. ' Consequently any
-increase in applied pressure is immediately transformed into f%
an increase in poreweter pressure, which results’ inlan;

hydraulic,gradient; If drainage is permitted,'the'porewater"

will flou'out of the soil mass~and the mass will begin'to

‘compress., In the same time a portion of the newly applfed
'pressure is transferred to - the soil skeletoné due to the

'gradual reduction in the excess porewater pressure._”The
process continues until all the applied pressure is finally

-

'carried by the soil skeleton. This process is-called

consolidation.

Terzsghi 5 1923 theory of omne dimensional consoli—

dation,.(see for example reference 39), is.based‘on'the

L3
4

-following assumptions
- The soil is homogeneous, isbtropiofand cOmpletely
saturated. = : T , e

K
- -

X,
e r——, %,
-

N
- The porewater flow and the compression of the cTay )
.take place in only one direction

»,

- The soil particles and the water are incompressible

‘ ?‘Darcy 8 law is valid ¥

& - The permeability (kv) ‘and the. coefficient of com—3'
' .~ pressibility (ay) of the soil are constant for any
- particular load increment. .

. ’ H



- The time lag' of, consolidation is entirely due to
" the low: permeability of the soil.

- At any time during consolidation, the intergranular
.pressure in.the soil structure, .plus the porewater
pressure, are equal to the applied load, ‘

- Deformstions are. small compared to the initial

thickness of the clay layer.
: ” .

The differential equation for one dimeﬂsional

.'—"’"

consolidation according to these assumptions is expressed

.as: " o : -
.odlu du- ;
- el ’ Sy 2 T dt . (z.1)
~ : .dz o
Loz
where éb' . -
- o .kv‘
i e = coefficient of consolidation = — = a
v .. : . T oym .
% constant WV
k= coefficient of permeability
"_- _‘.Yw = unit welght 'of water. )
. m;;= coefficient of volume compressibilitY"
'l$/~"( - Suo= porewater pressure varying with the time

t and with the depth, z.

a

The solution of this equation for the csse of

a soil sample of thickness 2H, conﬁined in a ring, and_.

: draining fromﬂboth sides (Fig. 2.lj.is:

‘o= 2u - ' ‘9 ‘
-MT (2.2)

.4

u '=.porewater pressure at any depth z,.atl
any time AN

o ...
L e '
o u = initisl porewater pressure

-
-

W
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1] .-f

_‘dependent loading and - variable permﬁability, Hansbo ‘in 1960

(16) accounted for the non- linearity of D rcy s 1aw at "'_/

'ship; and-Bardeén ia 1965 (2)

L +1 s : -
| - M =34= 7+  wherem =0, 1, 2, 3, ::.
' et / |
T_ = time factor = *%f

H

u ag<any-timefis é. sed = : 2ERY Ua‘

(2.3)

which - is also equal to the change in height of the element

‘at time 't divided by the total change in height of .the

element for the load increment

The average degree of consolidation for the’ BT ﬁ

\

sample is expressed as U. A plot of U vs T can,be made‘

(Fig 2.2) which permits the determination of the time

rate of settlement

‘

Many investigators have attempted to add refine—

. ments to the Terzaghi theory For example, Taylor in 1948 S

(38) introduced the concept of plastic structural resistance,

_Schiffman in 1958 (32), tried ‘to soive the problem for time

small gradients; Janbu's approaeh to_t'e:problem in 1965

(17) was to consider a .non-~linear, ress7strein;relation?

——

ssumed'a7non*linearwviscoaity.x

However, these:refinementa added comélications

-tq,the problem while the accuracy of the solution was not

%

: . P Cr
. . . ~
. . . . .
'
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,§4mq_aior~settlﬁment‘calculations.

.increment equals the previous consolidation pressure and

2.2 Conventional~Consolidation Test,g

1

“r‘?.“.‘. . ) . —9..-

0 j'j T L. L~
f ' S I - 1 .

_great}@fimprdved.‘ For this reasodf-the Terzaghi theory

v,
is still the most widely used

- - <
e

The consolidation test provides a ‘means. fon the A

Dk

s C C¢ necessary,

.de ermination of parameters such as m,, v?

Based on earlier studies, {Taylor (385' Van Zelgt

(40), Casagrande (6)), certain standard procedures for

carrying out- the test and interpreting the data have been

adopted These procedures require samplesfa out-3/4ains

| \

thick (2 cm) and 2 ins. in diameter (5 cm) The loads are

B

applied in increments to the top of the sample,andacom—

o

' pression is measured by. means of a dial indicator Each-y

e

is kept on for Zé hours. . Dial readings are taken at certainh'

specified time intervals.
. - i

2.2.1 Interpretation of test results St
Using the data obtained from a. consolidatioh test

the results can be represented graphically A semi log

'plot is generally used where the void ratios, e, are plotted

‘;vertically to“a natural.scale,‘and “the effectiue-stressesw

p'; are plotted horizontally to a 1ogarithmic\scale.{'The

result is an e- -log p curve, (Fig. 2.3)} This curve is

= : — S
Cc ~ Compression Index_' Lot

1
H
|
1
i
|
i
1
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used for the calculation of the magnitude of consolidation7 ‘

settlements which are likely E;)occur under certain loads
! [ ! - Fl

. The void ratios in this plot are/hsually those corresponding*'

=
D

to-lOOZ consolidation under. each load increment (The

'
~ P

methods of determination of 1002 consolidation will he ex~-

LI
%,

plained later) But according to A.S.T. M. standards (1973

ST part 11 Designation D. 2435 70), "as an - alternate } void,
" .

ratios (or strains) using values obtained "after a selectea
time intervql whioh shallléhcluie some oﬁ the,secondary.com—‘
5uforession,-andﬁwhich shall bexkept thefseme‘for each-load
increment"‘can~also'behdsed for,sUCh‘a .plot_'-Ji - o

PN

< R For .an undisturbed sample, the e- log p éhrve

% usually starts with a nearly horizontal line, then ther a

sharp bend, it cdntinues as a straight line of much steeper'

_'sloperﬁ The.bendeoccurs;when “the’ stresses‘reach-the pre~"
. consolidation,pressure.m;This:is'equal-to the- overburden -

.pressure'in the case of normally_consolidated clays: For"

overconsolidated;cleys it 1is equal to'the,maximum pressure
'thefclay;has&even_been subjected“td in itsugeological

'history.' (Under certain coniitions the bend occurs at

‘higher stresses than»the true p ,and a "quasi—preconsalidef”

*

‘tion pressure is obtained f'this is discussed lster) ’

EIRY

An_ empirical procedure ‘was developed by Casa-.
L4

grande in. 1936 (6) to determine the preconsolidation pressure,

from an e- log P 'curve (Fig. 2. 4) ‘ This method involves

v, .

?seleoting the point of msximum curvature on the e—log p'

g &
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curve, drawing hdrizont?l’anditanéent'lines to the curve .
T a;”this‘point and bisecting the angle between'themfA'The :

. 3

projection off;he straight line’bortion of the curve inter-

. .

sects the bisectorlﬂst a- point corresponding to. the pre~ .’

'consolidation-pressure. Buﬁ.th& shape of. the e- log p curve '

} © |+ ~is strongly influenced by the amount of disturbance during
. . . - M st -

samTling, storage,'sample preparatﬂon,xeﬁENp (Fig. 2. 3)
o p

and this in’ turn affects the Pe value oUtainEd by the -

e q4 - L U

-// : Casagrande method ._- - o ‘.} ) Lo e
; L Schmertﬁﬁnnhin_l955 (33) estimated "that the:Erue
. ‘ ' Ny N

field virgin curve’ and the laboratory virgin curVe meet at
A

. ; :{a void ratio equal to about 0. 42 eo Schmertmann g methcd

- —

. for the determination of p %nvolvea unloading the speci— ’
- “ | '

S men in. steps in brder to‘?btein a’ rebound curve (Fig.: 2 5)

, The point P ,represen

: the actual overburdenwpressure

v ' is determined and a,' ne*parallel to the rebound curve is & -
) - A F T . . ' ' T e 7
. ,drawﬁ from this point An’ assumed value of paﬁis-then?“

+selected on this line and'joined'tb'the'labbratory curve"
at 0.42-eb by a. stfaight 1ine. A void ra/}o reduction e

curve (Ae log p curve) is drawn where Ae is the d,ifferenceq'

L.
| (;

. -
-~ 7 din void'ratiOs.between the-assumed virgin curve and_the

A o A

C. ) . - > - L . o - . 4 . . . .@_'-

laboratogg curve. Otheﬁ values of p' are'assumed and- the (:,

- . procedure repeated until a symmetrical vold ratio reduction

' ,curve #s obtained. - The cnrre5ponding.p. is then representa-
. , e

tive of the preconsolidation pressurerend the virgin curve

3o ’ ‘. .-)‘

obtained is considered to be the i@lsitu compression curve.

% . . . T i . oL . - ' .
e - in?tialfvoid ratio. - . S _ _ -

. S : N . ) _ L
s S T T o ,4,// - a ~
. o T Lo T R W o
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‘/.' i The coefficient of’ consolidation is also deter—

- mined hy the use of curve fitting methods

-

' The Casagrande Iog of time method requfges a

plot of dial readings\versus log-of time for’ each increment.

\

of load (Fig. 2. 6)- The first portion of the’ plot being

-parabolic, the dial reading-corresponding to zepo time can
be determined. It may not coincide with the actual initial_
-reading due, for example; to ‘the possibility of air bubblee
‘delaying the consolidation process. The dial reading cor-

. 1

to'the‘intersec don -of the tawgent to the curve at the

™

point of contraflexure‘and the extension of the straight

respondin;\t\\izoz COnsolidation is estimated to correspond

)

line portion The dial reading,’ 50 at 507 consolidation is
-R,

"then‘equal to _;gg__g -

2 hand.the corresponding time.tso can-he_‘

found from the plot.

.Then , . - . -
© 2H-R, R o
H .= — (for the case of douhie ‘ (2.4)
SOw ‘ ' drainage) - T
Or ) ) , . ] 3 . .
HSO.= Zh-RSO (for single drainage? | ..(Zt?)‘
where L T : L
. 2H is the original thickness of the sample.
‘Then - 5 ”i
- PR e 0 LA -
e, = 2230 - (2.6)

Es0
!

For the Taylor square root of time method the

dial readings are plotted against the root_of time, /t
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(Fig: .2.7). The straight line portion projected back‘tc;,

T zero time gives Rd "It is'assumed that a Sttaight line

with abcissa 1.15 times that of the straight line portion

intersects the curve at Rgol S

l'  ; ng ig,thcn cnlculnted:. ' y
- 2H-Rg " B
- H90 = — {for double dfninage) . (2.7)
or - o ) o : . »
‘-’jrsl ' H90 % 2H - 390 (for slngle-drcinage)' (2.8)
" Then R g ' LA
- v90 (Hgq) ST T
v ek e (2-.9)

).'-

L]

can be. calculated - . -w?l.
R ' = R - .J'_O. (R - R ) - - (2 1:D:)
100 0 9.0 90 )

2.2.2  The Influence of Load Increment.Ratio S

N

Deviations from the Terzaghi theory have always K

been-recognized. Some of. them-cnn be due to the.arbig;ntf

' ' nature of the consolidation test (for éxémple:.sample size,

load lncremcntcratlo,lload'duraticn, which fitting mégﬁba‘
'1s_nsed,retc.) ‘ bf‘thése, the two main factors are:

n 1) the load increment ratio and i .

B . _;" 2) ' the load incrementldurction.

lOnly the first.of.thesclis discuqsed‘in'this séctionc AThcﬂ
. duration of load will be conéideréc in the nekt sectlnnl .

-
i L L]

. 'é;'*
. m
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The load increment ratio-is the ratilo pgf ‘the
- R T . -

ﬂ"_‘

pressure incre@#nt to the;breceding corsolidat n pressure{'

As‘nentionedpiéﬁiously;xthia natio)is equal ¥o one in the
‘Conventional'nrocedure; 'Hdwever;lamaller'ratios are needed -
lusually to better define the e log p'’ curve

Langer in 1936 (19) used very small incremental
loads (40 kg/cm ,,70 kg[cm and 700 ag/cm ) daily, Compared
- with conventional testsi-iﬁ appeared tnat-soft clays andd/

- : ) ‘ . - o a
slimes gave almost the same e-log p' curves. For stiff

-clays, the smaller the load increment, the less compréssible

the soil appeared to become. 7

| ‘ Hamilton and Crawford in 1959 (lS)‘tesfed~Leda
- clay using 1oad:increment ratios of 1, 1/2}.l/§aand_1/10.
Conpa;ing their results, they concludeddtha;-shé sizerof-
increment‘nas'pnactica11} no effect on.fhé-teog p' curve
(Fig, j_&). Hawever"whep_xne load inc}ement ratio was
decreased, the poimt ofIIOOZ consolidation could not be
dete;mined by any of tne:curve—fif;ing methodsf~-Thej uSed'
‘a?modiiied Casagfande-method in‘wnich ahey consideredilodz
consolidation to occur when the compression of the sample'
reduced to thé rate of-0. 082 per hour

c Leonards and Ramiah in 1959 (20), testing'fe-
molded‘samples of residual clays, stated that after a period
of rest, "at small'pressureTincregents; a quasi~preconsoli—ﬁl
dation'pressure;is obserued thaﬁ is considerably la:gei
than.the maximum previous consolidation pressu{e -‘No

\ 3
~explanation was offered at that time. .
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Bjerrum and Wu in 1960 (33 and - later Sangrey in
///;72 (31) attributed the 'quagi- preconsolidation pressure
'in sensitive clays to natural cementation
| Leonards gnd Girault in 1961 (21) classified
the’ compression log time curves according to three types

(Fig. 2:@):- Type I obtained at 1arge increment ratios and

for which the Casagrande method yields thefdial reading

.’.

corresponéing to’ lOOZ ¢onsolidation to e good approximation,”

and.Types IT and III characteristic/of-the load increments
that straddle the preconsolidation/pressure. Type‘lII;is
also obtained for small increment ratios. They concluded:
.that the gerzaghi theorp can//iedict the rate of pore
pressure dissipation only-for large increment ratios, and
_that for each clay there exists a critical value of load
increment ratio, smaller than which the Terzaghi theory

cannot -be used. 7 .
This"was'alsoipointediout by‘Wahls'in 1962'(41).
Leonards and Alstchaeffl in l964 (22) related the
quasi preconsolidation pressure to, the orientation oﬁ
water molecules.in the vicinity of the contact:points.in

the clay mass, during and after deposition of the

'This phenomenon, which appears to‘be stress. levs
increases ~the strength of the clay so that a/net pressure
Ap can be sustained by the: mineral skele n before sliding

of the particles occurs . This means

.

at the quasi pre—

consoﬂidation pressuref

e

is relate to the previous over-

ppusts
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burden load For various types of normally consolidated

soils, they found that .the ratio _—%——— is approximately
‘ 0

'equal to 0.4, where

- l'pcqrﬂ Quasi—preconsolidation-presspre v

'po =.0verburden pressure:‘ -

~ - . ;o -

This is in agreement with Narain and Singh'

-

1969 conclusions concerning normally consolidated soils . f

(24), except that their raxios of E_R varied with the load
: )

increment ratio and with. the duration of the - sustained load

LY

In his Rankine Lecture In 1967. (4) Bjerrum\nelated

_the quasi-mreconsolidation pressure to delayed consolidation

= .
‘\

"which depends ‘on the magnitude of the over%urden the age ‘\'

of the clay deposit ‘as well as. to the chemical bonding.
| Considering the effect of the load increment ratio ~;
~on .the rate of consolidation,'ib appears that ashthe~load'
incrementlratio reduces, the cdmpresaibility reduces,and
hence,. the pore-pressure dissipation,.(i e. _the primary .j.

.-s:__

consolidation process) is accelerated (22, 35) .

—

2.2.3 The Influence of Load Increment Duration'

i
, B

In the conventional test each load increment is

kept‘on for 24 hours. This makes the test time- consuming,i

-1 -

especially for soils of high preconsolidation pressure.
Taylor in 1942 (38) proposed that there exists a‘primary

e-log p' curve obtained by allowing just enough time for .

primary consolidation alone. Below and parallel to it are

curves of successively longer duration.

.



e

thése of short duration tests. It .is intereseing to note;

JF"

Northey in 1956 (26),nueing an increment ratio

of 1 and a 20 min 1oad'duration for each increment found

"good agreement with the 24 hour teste for soils of p

"y
'higher than % ton/sq fe (1]4 kg/cm ) and cv of.about lO in®/

min (65 cm® /min) . He suggested that,since the total com~ :

-

pression under each load is approximately the same for the ' RANES

two types of test only the ratio of primary to - secondary

compresgion must vary

. ""'*-7- . .
The same argument -was giyen by Newland and Alleley *

in 1960 (25), although they noticed a tendency for the e- log

p' curves of .long increment duration tests to lie below 'ﬁ

that some eleven years later, in 1971, Okumara and Ogawa

~

“(37) made the same remark concerning the relative positions

of the curves in'their tests. - ///

- ‘ ~
. K . .

.Leonarde and Ramiah in 1959 (20) stated that, pra- . K

' ' ' - I
. .

:vided'the load increment has been kept on longqenough.for

primary consolidation to occur, and provided the soill does
not exhibit abnormally high secondary compression, thg\

duration of the load increment does not, significantly a}fect

fthe pressure- void ratio relationship v - ot

. Crawford in 1964 (8), testing Leda clay; found

that the load gﬂ?Etion greatly affects the e-log p' .curves

and consequently the-valuefof P, (Fig. 2.10). This, effect.

/

'is accentuated if one load increment happens to be in the

vicinity of the preconsolidrfion pressure‘(g). o ] i{'”
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¢ Altschaeffl K discussing Crawford 8 results, ’

-

—

suggested that a plot of compression resulting,ﬁfom primary

consolidation aloni should be used for the determination

£ D "l . . . : _ " :
o . M : - . . P . v T
pc ) : - . - - .

. oo Oku?ara and - Ogawa (37) did mft notice any signi—
ficant difference in the values of c, obtained from short C *
duration tests .as compared with values from conventional L

n

tests o = " e

2.3 Constant Rate of Strain Tests

L‘{7‘_' The conditions applied to the sample in ‘an in— '

cremental loading test can differ‘greatlf:frbm the-field"f

'J

condltions where the loads are usually ingreased rather

. ﬂ

gradually.f If a soil sample were compressed at a .constant

a ' N

rate rather than the widely varying rates in a conventional

-

test, tHree significant advantages could be-achieved.

Tal

) 1. a’ better defined e- log p curve based on a

1arée number of points wpuld result e
l » 2. there could be a considerahle saving in s - \\; ‘
testing time ; . - . . .- T
, ) “. ) : . o ) . . . ' o ) e,
. 3.7 automatﬁon would be simpler.} -~ . 4 - -
naa T S . o
* ° :_ Hamilton and Crawford in 1959 (15) reported omn

=~ - "
tests carried out at rates of strqin varying from' 0. BZ[hr.

“\.‘

Altschaeffl s discnssion is contained in the National =~ % .. N
.Research Council of Canada publication mentioned inf \ a2 '
reference (8) : .

El




to 9Z/hrr“Ihelva1qes offpctséemed th, increase?aslﬁhe_rate?

: [ L. R . g . . ) C.
,of-testing increased. : However the po!ewater‘pressure‘was. -7

[ * ]

not measu.eoxi these‘tests.sé-that'the eﬁfectiﬁe"svress* T

-
i

at any timé\ sHOuld not. _deteqmined,‘at.least.for?the tests
P '-.‘ ] . R .9'. T- . ) I : ) ‘. . . . ) .'_ . f "-
at faster rates. e e e e N

More data were reported by Crawford in 1965 (9),

I3

where the porewater pressures were measured and thel
‘ =

S
effective stresses calculated.- Again,‘the(yaioe ;f p. in-" :“fl ..
lcreased ‘as cthe 7 ate oflstrain was increasee\ 3 ,f .;j U

. - -~ - ‘. Y . .
?'_; S This was in’ agreement with the results obtained e ':i
',by Wahls and Degodoy1; who also found that for rates of ST
o : :
'%l strain of 0 OSBZ/min to 0 232/min the- e~ log p' curVes'_ ,2‘”; -
' - g e [y . .
fl'.obtaingd from constant rate of strain tests‘yere all ) ‘ "
’ ':locate; ahoﬂe those frqm eonventio;al tests.- ) ,l'l -'i e
. ' * . - W
E for the abovi mentidned a't:tempt:s,_,__v could not be-’n E“_“
-:ealculatéi. ‘That is,the :ate of con olidation could not be ' a -~
detérﬂih by thi test. '¥“ ';‘{ ,‘_ i" ;l"‘ . e .;;;/;"
g i'. gmith ﬁnd Wahls iolb969 (367 developed K mathe~ . } i
ﬁ_\____'___,_‘/—'-\__/ Yo

Q matical model for ﬁhe ﬁonstﬂkﬁ §traig rate tests, which

o * f "

'permits the determinatidn of. the rate as well as ¢he magni- e
o ) a . - "

. / oo o
- tude of consolidatio‘.' Their-e log P urveS‘for varieus,;.u - :
- 'v . . : . . .. % "‘ . n n?'_ ) ..':‘ 'J‘. T
rates compared quite‘closely to the convemtional test .. - . T .
o . ) : o
excépt when the porewater qressures exceedig/507 ogﬁthe g S
- ”~ &,
applied load Values ofaov'we¥% slightly higher than those ‘o
e . A~ C . I -
“-obtained from the conventionalwneﬁt. . '..’. - ..-“ f<¥ o /
1Wahls and Dego@py s?d mkents are coamtained Ln the Natiohal : f{f~
Research™ Council ofsCanada Rublicaqthxfentioh d in L . .
reference (8) W .« \\‘,ﬁ 1rc ./,

R e
] . . Voo M . G-y. o o¥ | - -
. - - . “ N ) . - ' ,"' | :

-
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. ' i " Wissa et al in 1971 (42) developed another:

mathematical solution applicable to 1ineae>(constant m ), as
well as non- linear (constant c ) soils Their test results

were in agreement with those of Smith and Wahls,

2.4 ‘Constant Rate of Loadiag Tests

This test has the gsamé advan 3ges over the con-

ventional ineremental‘test as the congfant’ rate of strain

‘{ 1

‘test. '
. . /. o - ‘ :' .
Hamilton .and Crawfori (15), testing Leda clay at

5

various rates o{ stress aeplication, found that‘p ‘1ﬁér££§es
with an increase in the rate./ Generally the values of r

SN :

from.conventional tests..iy ese results agree with those
gbtained bgﬂJarret in 1967n ’; Jarret suggested that

. there is afmiﬁimum-rate/of loadiag'ger eaehthPE-efhelé&s
beloy which esaEntiaIly theﬁsame’e—log'plleurvbauare ) )

- obtained. . He' f&und this rate to be 0.225 kg/cm /&ay

‘

€0.225 t/ftzlday) for Leda clay. L a

N L]

‘_Aboshi Yoshikumi and: Haruyana An 1970 (l) “based

.their theoretical model on Schiffman s solution for an
external ioad increasing with ‘time (32) ‘Their sqlution.

enables ‘the determination of the time factor T if the

ratio. of the pprewater pressure at the‘base to the applied =

total pressure is kqoun:_'Their'experiments prnted,thatrc
' . ' ‘ . Teel an
values for constant rate ofgléading tests are comparable 'to

. . . . -

from the consi&nt rate of st{ess tests Jwere’ higher than those o



those from conventlonal tests only at stresses above the

preconsolidation pressure They pointed out that the rate
" of stress application should be rapid enough to enable the
porewater pressure at the base to ‘be sufficiently large to

be measured accurately, but 4t should not be too rapid so

———

that the condition:of uniformity,of stresses within‘the-

sample remaina'satlsffed. L

2.5 Controlled Gradient Consolidation Test -_d -

Lowe et al in 1969 (23) developed the controlled
gradient consolidation test, to fulfill three basic

objectives.

1. To have the stress' conditions throughout the

sample as uniform as possible..

v

-

- 2. To Have a more or less uniform rate of com-

pression throughout the test

3. To be able to run tests at different slow

rates of compression, S0 that extrapolation of data to the !

= ~ “..
field conditions can be made. Ly

Coy

~

The test is performed on a cylin&rical specimen
similar to the one.used in the conventional-test. The -
spec&men is drained vertically; to the upper-face only.:

At ‘the bottom face, a small hydrostatic excess, pressure

u, is maintained constant by gradually applying axial loads:

to the specimenn_ The value of u.is chosen_in advance.

—_—— . ) . R . .



st

- a plot of épnlied'stress versus elapaed time to

tion. The interaection‘oﬁhthe_extension of these lines alad

‘a simple formula for ey,

, The pattern of :the hydrostatic excess pore pressure

in the sample is parabolic and constant throughout the test

'1. !

‘(except at the beginning of loading and at the end offtﬂe

Q)

,.test) -,In the conventional test _this pattern varies from

. the beginning to the. end oﬁ each load duration (Fig._2 11)

An indefinite mum@er of points define the e- log p'

<
<L

‘curve so0. that the value of P, can be determined more accurately

by the Casagrande'dr Schmertﬁann method. On the other hand, =
j natnral

acale, gives two straight Iinea with a short curved trahsi;

indicateathe preeonselidatipn.pressure-for the. testscarried
out by Lowe et al.. h

In deriving a formula‘for‘the‘rate of consolida—

tion, Lowe et al used Terzaghi's assumptions and obtained

™ : N . . -

o bp HT - | N
- i} - At 2u - ' g .}2 11)

when “Ap -= change in stress during the. time . ) ' .
. interval At, : : -

H = total thicknesa of‘thé'speeimeniat time t.

u = excess porewater pressure at the base.

Their reaults did not show'any trend in the ‘e-log p' curves

.
or in the cv-log p' curves due to a variation in u Dbetween

the limits 'of ‘1,21 psi and 3.05 psi. -All curves fell within

wr v

-._‘,u

a narpéﬁw?inge and were quite close to the conventional test‘

results. ‘ ' - . ' L
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" 2.6 Summary o ”f_. i

Examining the different test procedures, it
?iﬁ appears that the controlled gradient consolidation test T

is the only-one that permits the determination of the pre-"

—_——

e

consolidation pressure by a simple plot not requiring a come”

-

plicated empirical method or ancurve fitting procedure.'

- The controlled gradient test‘%lso has the

hydraulic gradient as the independent variable during

the.test. . The hydraulic_gradient in_the cbnventional ’ ST

, teat.can oﬁten‘extegd théAﬁield gradient by:orders'of“
magnitude. While more reasonable_gradiEnte'are possible .
. . - . . - L . . ' _‘*'.:"'1,‘

"in the constant rate of .strain and constant rate of stress -,

—

tests;-the gradient is a dependent. vilue in each case. '
In the extreme;_iarge gradients could lead-to’fracturing

. of the soil. . a -
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3.1 Reeearch‘Proooeal
A reliable determination'of'the preconeolida;f

tion pressure can be of great importance in the design

.

of" foundations on clay, in particular 1in the estimation
of settlement. As outlined in~the previous chapter,
various “erhods have been used in consolidation testing,

each having probably its own influence on the value of P.

'that is measured The controlled gradient ‘test is the

'only one which seems to present two methods for the

determination_of.pc, one from strainc-log effective stress
. e . .

plot (e~iog p') and the other from the'time effeetive

stress- plot (t - p')s It was decided to- investigate this‘

test, and find out experimentally if the (t - p ) plot"

defines the P, for Leda clay as it did for ‘the Portland
-(Malne) clay‘tested by Lowe.

. As- the incremental test is still the most widely
\used, a comparieon between the controlled gradient test

results and incremental test results was thought to be

B
r

~

neceasaryr- Indeed Lowe\et al also used the conventional -

R

test,results'for comparlson, with a- load increment ratio
of one and a duration of 24 hrs for each load. But as

shown in "the prevlous-chapter, the p value changes with the

T oa




- P Ty

T .

1change.in'those’veniables. Foer this reason; it was decided‘
. _” to. run a‘number of incremental tests with different load
‘increment ratios and durations and find out how far from,_.
“or close tc, the results are to those of" the controlled
L'd : _-éradient~test.
In addition'to a COmparison of p, values, a com-
ﬁarisontwill be made, where feasibie,_of‘cv; k and mG.':-'

-3t2 _Testing Program

'3.2.1 The Coentrolled Gradient Consolidation Tests

- . The following variableSWere considered'
- The size of the consolidation cell and ‘the.~ V
“thickness of the sample. Two sizes were-used-

standard,size of 3 in- (7 62 cm) inside diameter

with samples 1 in (2 54 ¢m) thick and ) in,"

%

Ve . T ///;/// (15 2. cm) inside diameter with samples 2 in

(5 09 cm) thick Details ofuthe cells will
/ﬂl S - K be given later.‘gd,' , o ) - :j.d_. o
| | _iff;— fhe.actual-p' anddp values of , the clay tested
TIt was decided to test samples at. two different
- : 7levels: at 5 feet Cl.ShQT)"depth and at 7 feet
s . "o~ (g."l' m) depth. - - Y | L
--The;porewater pressure maintained at. the based

LT - Preliminary tests were run in order to find out‘,

r

—e—

- ‘;._Nsome rough correlations between the' time .required

V. for testing until “a certain stress level was
T . . -

. N .
-



reacnedmand'the'ponewafer‘ﬁseBSure Hainfained
.at the base. for the.tnb cell sizes. Twd values
— ‘:of'n were used"nameli, lTS‘psi-(lb}A KN?mz)
R 'and 3 psi (20 8 KN/mz) “..‘ Ty "?;'

The following program was arrived at:

.Size‘of_the sample ~ Porewater pfessure at the .bage
3 in dia x .1 in thick : , - DR — A
#(7.62 cm dia x 2.54,cm T 1.5 . psi (10,4 KN/n“)- o
.Ehick) - : L R S
v

3 in dia ¥ 1 in thick’ S E g
(7.62 cm dia. x. 2,54 cn o -3 psi (20.8 KN/m”)-
.thick) : : . o .
6 in dia x 2 in thick : . ' 9. \
(15.24 ¢cm dia X 5 08 em’ : 3 psi (20.8 KN/m“)
thick . ) ' o

LY

This‘pfogram was to be followed for the'samplﬁs

from SIEéet(l.S denth and for fhose'from 7 feeflz-lml_depth.

A minimum of 3 tests of each kind was performed "totalling

18 controlled gradient consolidation tests.

\ -

3;2.2 The Gonventional COnsolidatlon Tests

The variables considered in ‘this test were:
= " The size of the consolidation cell:
yo ] 3 iq (7 62 cm) internal diameter cells Jere usedl
- The actual p and P, values of the clay testez
-»a' o | 'Samples from 5 feet - (1.5_m) depth and

: from 7 feet . (2.1 m)’ﬁepth“wefe also used.

. N .t
r : . f :
- B : T . '
N .



- The load. increment ratio and the load duration
A combinatidn of load increment ratios and
load durations was selected,as.fbllows:

i

Load increment ratio. ‘Load duration
’ ' /f ' .‘
0.5, . 24 hr
17 ‘ o 1 hr
0.3 - . 30 min
N e ST o : S -
N T . 0.25 _ <+ 15 min

This program ‘was repeated for the samples from
5 feet (13 m)depth and for those from 7 feet(Z lno depth.

A minimum of three tests of each kind was also performed

totalllng 24 incremental loadlng tests. "

3.3 Testing Equipment ° Y - T

3.3.1 The Consolidation CelIs

Rowe consolidation cells were chosen because they'

are essentially closed systems They can be adapted R

.readily to the requirements of the controlled gradient
A~ oA
consolidation test and lend themselves.relativeiy'Easily.
. \ . ) * . Q
' to automation. g _ R :

P i . - Taoa,

The main features of the celluare-sheﬁn in
Fig._3.1. The design and various details of the ‘cell" were
given by Shields and Rowe in 1965 (34) and by Rowe: and

. - ¢
. . . » . -
r . T - .
L ’ ’

N

ar
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_ Barden in 1966 (29) The cells used were 3 ins (7 62 cm)

diameter by &“1/2 ins (11 42 cm) deep. They wvere made of T

..- 38 = . . : o

i

"-diameter by 2- 1/4 ins,(S 71 cm) deep,‘and 6 ins (15 2& cm)

———

steel and chrome plated ; One 3 in cell was purchaSed ‘com-

R merCially'(cell'#lfs A second 3 in" cell (cell #2)‘and one

-

6-1in cell were manufactured ia~the University workshops using

'commercially obtained .gtrain followers and rubber membranes.

__._..

The ﬁoads were applied hydraulically using,a Bishop s mercury

: control system. A rigid top platten made of stainless steel

‘was inserted below the rubber membrane to. maintain equal strain

. conditions. Silicone grease was’appkf%d't0<the inside»of the'

rivg to minimize side friction Filter papers and porous

plates, were used on top and bottom of the sample
",5 F Double drainage was permitted during e conventional

"

.tests.: For the controlled gradient tests top/drainage alone

T --Was permitted and a pressure transducer was connected to’ the

bottom drainage OUtiet*£E=EEiiife'the'base pofewater"pressure.

" L T

L 3.3.2 _Automatic Control.ﬂnit, ' _:f

For the controlled gradient test, fan'dutdmatic conr

trol unit was designed to maintain the porewater pressure
\
at the base wit in +0 l psi (+0 7- KN/m ) bf the set value.

When the porewater~pressure drops due to consolidation,

below the. fixed limit, ‘a, motor automatically,raises the'
S oA S 7
mercury pots, allowing more pressure to_befapplied to\the'

- -

sample, until-the pore pressure at the base reaches the set '

" vilue.- The motor then.stops automatically Detailsfof'fhe‘“d

controllunit.are given in Appendix B "

-
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:'celled Leda c¢lay.- T S

3.4 The Soil

'-clays of\Eastern Canada which cover large areas of tﬂe

The clay used: in.this study was ef the type . ",

N

3.4n1:dGeoldgical review T , S _1“f
X The term Leda clay Was first used by the Canadian .

Es -

geoiogist Dr. J._F. Dawsone Tt is used to- designate the

o

be a marine posit of the Champlain ‘Sea which covered the

giarea 10, 000 years ago (Fig 3.2). However, the pessibility

N o

:that these clays are not uniquely marine was Srrengthened

o

'By some evidence (Il), mainly s

* . .
~_Thet the’ pnrewater is generally low in salt’
concentrationf-,, A . T

'?u_That the marine shells pceur” in layers as half

'shells:/without the ' orientation expected in nature&

marine deposits. ’

b

- That these—clays are generally low in carbonates
'wh;ch is the reverse of what is eXpected in a
i marine deposit.- Co T ) - S p

. Gadd in 1962 (12) suggested that the area has

'.<|- - .
P R -

‘iﬁeen subjected to -a sudden influx of fresh water, (pro-'

P

b,

Bﬁbly from the Great Lakes region) The cu%rents created

1 ) e
[

erddea much of the marine clays from the scarps and
n )l "
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' foaidHs ’ i
terraces and redepgsited it. This\reaulted!in two types ﬁ

of clays: the older,odeposited in a marine or-brackish

. R Q I . Py '
. ” o : s
water environment, covered by the younger, deposibed in a o
. % v @ . - .
fresh water or ﬁlu*ial environment.' Gadd ;Qscribed %he . e

older, marine clay as. being "Very scft blue greyoﬁ silty

A

. clay and the younger fluvial clay"as being ,stiff, grey 'bﬁ?"

-to brownish grey, rust mottled silty elay‘"' This Eaplaﬁé- _ s
tlon is generally accepted today_ ‘ . {:.I_:f',.ﬁ -
o . " i K ‘ B . .- , . '
3.4.2 PrQRerties of . Leda clay .o S e t a,_f

‘Minerology. The mineralogical composition of -
\;.' ! :". . - .

fLeda clay consists of highoamoun;s of . illite, chlorite and

+ 6 - -

mica " with lesser amounts of quartz and feldsgar_(?,lOl.-
Structure:"It is knownﬁthat theinarticles of-uf

. . N
- Leda clay are flaky and assume - a card hoube arrangement.

N =
- Quigley and Thompson, in 1966‘128), used an x—ray diffraction

technlque to examine the changes in the structure of Leda,ﬁju' _;)

clay duringndne dineneional-consolidation. They found no

particular. article %ntation fox pressures up to the %~i,
Apreconsoliﬁition pre suré. Beyond thia.pn ssure as ie . :r Vot
¥ oo “. . s ':
shown in éambe's achematic diagram (Fig. Zg), the structure"
‘ N N .

begins to break down and the pérticles orient towards

\ W 7
- . . Y . K :. .
parallelism.ﬁ it . _ L R oy .
~ » o - o . . . :

P

-~

~ o, »

Sensftivityf_ Leda clays.are known_to‘beﬁvery}. E
- B . ) e

[l . . . 9

-sensitive. Eheir sensitivity rangee from 20.to'hundreds;f

While the sensitivity of the Norwegian marine clays has e

0 “B_ .. . o

. - 4 , : .3
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~one-dimensional - consolidation.




beed related to the porewater_saIt'concentration(;that of .

. - tie Leda. clay has been related to'cementation_QBﬂ),-or;to

the=e}ectrokinétic potentia1.127). . - 'ﬁ-:ﬂﬂ%.
[ . -

- -

Porewater The - porewater of Leda clay is

4

’ generally low in salt content (less than 2 gm/l) (7 ll)

but its chemidal composition supports Gadd‘s hypothesis,

showing the older clay porewater to ‘be higher in sodium»

' iron and/manganese (characteristics of marine environment),
_while the’ younger clay porewater is higher in calcium and

magnesium (characteristic of fresh water environment) : e

LK

'This was reported by Sangrey and Paul in 1971 (30).

_,3.4.§f Location and Description of:the Site

The clay samples needed for this'research program

' . - ‘ . . [} '
were taken from an excavation mnade in a}jﬁeld in Gloucester -

v

- | . - ‘ 3 ST - o .
Township, South Eagt of Ottawa, Concessi n‘VII,‘Lot 14. The

location is shown in Fig. 3.4.. A bore hole log 'of the soil-
.?rofile'is given'in Fig; 3.5. The clay showed no signg_of

desiccation; or the formation of a crust and it seems

~

reasonable to conclude that the groundwater level has always
2.remained in the overlying sand lu.. S e ‘;i -
Eﬁom the Ottawa map prepared by Gadd (12) it can,

be concluded that the area where this site is located has

'a core of marine clay capped by a fluvial sediment ‘of

:'medium to fine sand; Thle soil‘profile in ng 3.5 conforms

1.

¢t

‘}with_this desqription.'.Also the clay from this location is-

/o
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soft, grey, silty, as in Gadd' s, description of the marine

clays. Based on those facts, it can - be said that the clay

tested in this program is representative of the old, marine' L

clay. HOWever, a chemical analysis of. the porewater would

. B}
N have- given a better indication of its origin

t

3.4.4 Sampling‘and Storage

Crawford and Eden in 1965 (11) stressed fhe in- -
\ :
fluence of disturbance on the p values They obtai<;d a .
higher P from block samples than from tube samples

It was decided to use block samples for this study

" The Jblocks wefe obtained from_ two test pits which measured

3 ft by 3 ft- in plan The clay at’ the_chosen sité being

; -

very.soft_ it was possible to cut the blocks using -sharp

o

knife. The blocks were then immediately wrapped in saran Co I
wrap to prevent any change in moisture'content.*,After'marking

k'and labelling, the blocks were carefully set on a foam padﬁin

l-.,_.'

a; truck. This was done to minimize the disturbance during ﬂ'-' E o
o s )

the”drive to the laboratory. Once in the laboratory, the iy
samples -were wrapped in foil paper over the saran wrap, a&*,-
coated with wax. They were then stored in a cool room mainj

| Lo a ] B . o, . O A SR T
tained at a constant temperature: 50°F - 53°F (10°C - 12°C).

3.4.5 - Index Propertdes . o o A

Tests were perfarmed to'determine'sqge properties
of- the clay-used in this study. .The resqﬁtsﬁare given,below:



~ 47 - -
g | iy
' ‘at 5'Q" o at 7'0" | -
-Unit weight. y -« 100 pef . 7 ‘;;§5pcf
e ' [ . - .
E W o ©70Z° o .857-95%°
o ~— . 25 - 27
w ‘ - 60 v 73 _
1 35 . 46 T
/ : - Specific gravity,'G =;ﬁi7§ ' ao ‘.g‘ e
s '; . . B . \ , .‘— - ’ . - '
Degree of satnration;.sr = 1007

% clay size particles = 74% at 5 ft depth
i and 78% at J ft depth
. ) /'// .
Activity = 0.46 at 5 ft depth and 0 59 at -
7 ft - depth

Salt content in porewater. = 1.17 g/l .

A grading curve is shown in Fig. 3.6.

3.5 Testing Method ™"

3.5.1'iSamoleI%feparafion B
T@,prepéie unoistnroed sanples, a'sharphedged "

.cutter rlng of inside diameter equal to the cell inside' : o N
_diameter, was smeared intefnally with silicone grease to | S
minimize the side‘resistance' and was préssed into the -
speoimen.- The top and bottom were trimmed<andlthe sample
‘was carefully transferred to the consolidation ring." This;'

.was.done by mounting ‘the cutting ring concentric with the

.. cell body .and pushing the_sample from'the.cutting ring

'into_the cell bod&. ' The cell body was lubricated before~-

-
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water.,

v

‘hand using silicone grease. ‘As‘no back-pressure was to"be;

used during testing, ‘care was taken to saturate' the cell

‘ with water. Before‘each‘test the cell.was disassembled,

‘placed in"a basin and flooded with water. The'porous stoénes

L

were boiled _The ring containing the sample was slid Qver

the base,and thelcell'was reassembled. under water.
. For the controlled gradient’test the pore‘
pressure systen‘waS'carefhlly deaired by’ flushing water

through the transducer housing (Fig. 3. l)\until no sir

" bubbles could be detected coming out .-from the ogening in

the- centre of the base. The cell was then flooded the o

.sample placed_in the Fing and thercell;reassembled under

©.3.5.2 festing_Procedure 'J' : .'f T 'r,
" For the conventioqel tests, a smalr‘bedding

pressure of about 0.5 psi (4 9 KN/m ) 'was first applied to

the sample, and drainage waﬁ&allowed foft a few‘minutes. T

This permitted.the surplus water between theftopiof'the

sample and.the'membrane to bé&driuen out through the top ° o

AR

< L

‘drainﬁ' It also ‘allowed- good contact to be established be=’

tween the surface of the sample the filter papers‘and the

-

porous stones‘ The drainage 1ines were kept»open while

valve C was, closed. The first 1oad was then created by
" "‘raising the mercury pats until the oressure,"as indicated,

. ' ! N o B ° N ‘.. ..
by a pressure gauge Or a mercury manometer, reached the




required value. Valve C was then opened so.that the load:

was applied instantaneously to. the sample simulating the .

N
b

normal proceduré using dead weight apparatus. Readings of

the dial gauge were taken at the specific time intervals.

_Before the next load was’ applied valve. € was closed and .. _
. . T ’r'r i . -,

the' process repeated. . o z ;é.f f ) o -

P

L .- ' For the controlled gradient test, a- small ding

T

pressure was . alsb«applied in the same manner. The top

'drainage line was then closed,and a pressure equal to the

desired base porewater pressure was‘applied. ‘The trdns-
ducer Tésponse was monitored through a digital voltmeter.
When the pore pressure at the base reached thd set value;

the top drainage line was opened,and the test commenced.™

The automatic contrdl unit allowed more'pressure"to‘be T

applied to .the sample when needed solthat the pore_pressure;-

)

at the base was maintained constant._ Readings of the dial
- . .

: LK ; .

"gauge were taken at convenient time intervals, and the

L

corrésponding applied pressures-were neasured. For greater

accuracy, a mercury manometer was used ‘to measure 'the applied

pressures'up to- about 30 psi (207 KN/m D, and a pressure

gauge was used for higher pressures.

“

-
¥
ar

-

N .
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of repeat

‘be measured'for'the cells and becausefcalibratibn was not

‘results.

Lo -— 51 — A . N .-

g

< CHAPTER 4 o

' TEST RESULTS.AND DISCUSSION OF RESULTS

-

4.1 'Calibration of the Rowe Cells

- . Figures 4. "L and 4 2 give, the results of attempts'

to calibrate two 3 inch’ diameter Rowe cells. It should be

ests on either cell.e The compressibility and/er

+

deformation of the cells was apﬁrecfable‘in-any event.

As subsequent actual test results will show the

calibration factors ﬁill3%e'pf considerable importance to

the recompression phase of the.stress strain curves for

the marine clby.' Tﬁey will not altef SLgnificantly‘the

determination of pc'net the m, of the ﬁimgiﬁ porjtions of

the curves. . .. =~ . ‘ ;

S . « .
Because no particular calibration curves could

R4

necessary ﬁor.the-main.purpose-of the_thegis ng- further -

attempts at calibration Were pursued in'ad&ition,_éali—-

. bration corrections were not ‘made to any of the test

—_ - ‘
; . .
The reasons for the appreciable calibration

14

factors for Rowe cells and the poor respeatability of the

r

'calibration results should be investigated at the first

oppo:tunityi _ - W

at there was’ considerable difference in the results‘

%
4
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4.2-,The Controlled Gradtent Consolidation Tests

_.three tests of- each kind was performed Figures 4 3

~<porewater ipr ssure at the base. These figures are- given

. A A
.obtained “and because they are representative of the shapes-

‘ 1 - . . . R ._ : ‘.h- ‘

I
wn
e
|

i

S Q<241 General Comments'
. '

&, "4,'

-‘ ¥

teSts on 6 in# diameter, Z;in. thick'sampbes. The s_mplés

P -l\r

‘.?we?e from‘S feet(l SHﬂ depth and were teste with a 3 psi

\.._‘ K .

\ «fr

as an exampfe of the repeatability which was generally

L
-

‘of the different curves irfésPective of sample size and

'base porewater pressure.

" X

_(.‘.,. _.,___ TR

' 4.2.1.1 Stress Strain Curves

Figure 4 3 is an e-log p plot and it g&n’be
: G . E

fobserved that a sharp bend ,occurs at -the - Py levelc-this is

r

followed by an almost vertical segment and then at- higherfﬁ

- - ]

wstrains the curves bend slightly outwards;‘ Because of ~

this sharp bend the point of maximum curvatnre could be .
'defined easily and so the Casagrande construction was us.ed

+

to determine the preconsolidation pressure. -0n the other

. e R

hand, the shape of the curve in the normally consqlidated oo

: S e
range made the Schmertmann method of accounting fo; sample

-
a

.disturbance difficult to apply

In this thesis strain, E, rather than void ratio, e, is'-
used for the ordinate of the stress strain curveséﬂ;_ .
p 1 . AL

W

R oo ST, R . & ‘
. L . '0 \ "oy . : , . -
]\ ’ : . ’ . ' . - e ST .. ‘ o
‘ . L o N \ ‘ ' - J 1\—\ - ) .
- i . - . ) P . K . ) ' -_/ . -

-

A
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o Py Psi) 423
4 ,5:678910_]11

e

u = 3 psi
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/Depth~ 5 fr
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@

Thick.= 2in.

'
—
€
-

Q-1 = R o108°p5 ] .t
(-2, 0 oeg B2 NI psi [ o
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: . FIGURE 4 3
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Depth =5 0
v = 3psi o
-~ Diam =76 in ", Thick.= .ZQ_in- '

P.
C
P =
P
- C

d. 1. s ". . o

L

dzo—“o——;o

A0 psi -
113 psi
A

ir

va

SIS ]

oW

L)

07 psi L

o -
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Controlled grodlent consohdotlon tests
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Qepth = 5 ft. -
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The shap€. of the ge-log p' curves agrees with
: L

IarreL 5 description of the consolidation .process in. Leda

clay (18) mainly that_it passes through three phases.“'

- "An elastic deformation phase, with little settle—
T .

nent, extending up the greconsolidation area.

b= Breakdown of ‘the i}&/ial bond between the particles,‘

‘Followed by a'collapse of the flocculated clay structure,

- Development ‘of a more normal form of consolidation

behayiour with the void ratio being the prime criterion
\\_‘-

for)settlement as might occur in a normal clay without a

highly flocculated. structure.” . . - _ -
» L , A
Figure 4.4, is'a'e-p' natural scale plot and

it shows thab the stress strain relationship is 1inear, -

with little strain, up tp»the precdnsolidation pressure,

(phase I), whére a.break followed by'considerahle yieldiné
_occurs (phase.II). A strength rebuild or a strain hardening

phenomenon follows and corresponds to phase III

The - three phases of the. consolidation process‘*

seem to be more clearly defined on an. E*p. plot than on - an
- - 3
e-log p" plot for the controlled gradient consoiidation

I

‘test, and sensitive marine clay In addition the two

- f

. , _ L
straight lines corresponding.to.the first'two phases seem

to 1ntersect at the_preconsolidation dlevel. »,

-

The point of departure from linearity in the

: recompression phase (phase I)'of the e«p' plot is of intérest.

» . - - - - Lo

-
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. ‘i ! w L —
in gettlement.studies. It was ﬁoundrthat.this°pa't . L D
occurreq_generally_O.T to 2.0 psi‘before‘zé. Thisamay . _— . 'fﬂ‘

meaﬂnﬁhat,loads'of”alﬁostdigﬂto 907lthe~difference be;

-

tween p <P, can be appliedsan the field before appreciable

e -
creep ‘'should be expected ’

' 4,2.1.2 TimefEtfectivehStress Plot ‘ . —_

]
L

‘Figure 4.4 can also—he used to study thecyaria} v
tion of m duringfone.test,.hy-exanining the slopes of
' ' - strain)-
stress

seen that during Qne test, essentially three values of m

‘the various parts of the plot (m- It-can'be

—

exist corresponding to the three phases of consolidation.‘
Figure 4. 7(a) and (b) 1ists -the valkes of m, that-were

obtained during each test, fornthe straight line portions

'"\-.—

of the three’ phases.- <' . :

.

.- . Figure 4, 5 is a t p plot.o‘As-described'by'-'ﬂ' ' '2

Lowe et al- (23) the plot traces ‘two straight lines joined
L
.by a short.curved,transition which occurs in the region of

Pe The intersection or these twoJiines‘tn“aii“tases—”—

indicates a stress close to,the P. value as_ determined from.

. the E-Iog p' or the e-p’ plotsj But ic is interesting to -
anote that in addition, a_third straight line defining an-

-

increased‘rzij of stress-applicatien; seems ‘to correspond

- to phase I1 s defined by the two other plots.

*.
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| Values of mv from controlled'gradient

tests on samples from 5' depth

‘Test
No

<

'-sample size

(in)

diam .

_thick.

u

‘jpsi).

ﬁl&(inzflb) x 1072
AV L

°Phasé-I:

Phase II

Phase III

a-1. .

'Va-z..
a=3-

‘Crz .

6 H

0.30 -

0.20
0.31

. 0.28 .
- 0.22
0.24

0.25
- 0.26

- 7.80

\\\\H? .50,

L 5 00

. t«\ .

4,50
L 4.20
.;S‘Iﬁ .

¥ 5,00
. 8.6

-

0.75
0..86,
0.80

- 1.23
1.10 -
1.07

0.74
0.65

. ‘ - - " .- - . - y e . . ’
. e=3 "o M : 0.20 3.0 .85+
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- . ' FIGURE 4.7(b)
" Values of m £ oft controlled gradient ’
; tests on samples.from J\' depth a
o ) oo “ \ P '.‘l\ L v
~ ' -
- S sample. size = - ' o, 2 -2
-No SEEE (psi) .  ——— — T -
- diam'j . thick Phase I ~ Phase II® _Phase III
Tood=l e 6 23 10,25 6.20 © 2,00
Lod=2 T e e 019 7.00 - -
cd=3 0 om e g 96 ~5.00 ~ 0.80

e-1- .3 ., 1 3 w.33. Csa0 - 100 '
a=? B n - E " . "o 0.26 - ) . 3.50' . . . .
e-3 Mmoo 0.25_.. . 3.30

A

0.76 = .

CEl o031 Lst e - .0 7500 T 1,00 ¢
-f_zl - ' . 113 st ‘,‘ . ST Y "- | 0“27 . ‘_ '4.20 e | s | .
Cf=3 . o Moo 04220 . . 4,50 . ©~ 1,00

[ * -
b8
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concerned. Ihis'could be explained-b} the fact that the .

transdueer used- to measure the base porfwater pressure

was measuring absolute pressures. For this reason, any
. Q - .

change in the atmoSpheric pressure may have resulted in a.

!
V

‘change in the "gage" value of the poreweter pressure set at
&

the base. This in turn would have resulted in a variation

N . P

in the rate of stress application as defined by the slope

©

o and 7.feet(2;ln0‘re5pectivelv: For one test, three values

-
o

of the 1ines in the tup plot. (The effect of” variation

of u on the - p plot will he discussed_later) As a

change in atmospheric pressure occurs gradually its effe

is more %oticeable ih the long’term portion of the test,

‘.., 4.2, 1 3 'PrecOnsolidationlPressure S ?

v

s

Figures 4. 8 and 4.0 summarize the results
.. . - . Vo,

obtained for the P, valueSnfrom samples from 5 feeﬁ (1ﬁ m)

'of.pc are given which represent the values from the e- 1og p’

the e p"‘and the t-p' plots.. Generally” good agreement
. 1

»

[

.oetween_ﬂfo—se—va‘rues—f‘orm o!:rta;!.ned aS'—'shr:wn.

e ’ -

Average values for each set are. also given These values

were aj;;ved at by drawing average curves for each set and

finding the P for‘these curves. For this reason, thé '

:;‘ . . . o . -l‘\ . ‘i

averager - O

'_average pc does not necessarilﬂ coincide with.the‘arirhmetEc
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'._f,'z‘ll.a ‘e, and k, Plots
; ¥

. Figura\4 6 repres74ts a c —1og p' andfaﬁkvflog_P" -

4plot for the same set of tésts. Valuea of ¢ wer

calculated
1‘ s .ot

- using the formula given by Lowe et al..

: /. Lo 2.
) e o 4p " -
! / “v Y

':‘1=

3(2:. 11) .

. s [ o . . L ’
‘and kv_values were calculated using the formula.
; . . . ,‘ﬂ ) . . . .

Since td%/permeability should be proportional to

fthe void ratio, ohe would expect a continuous drop in k :aé"

I’
) the consolidatidn process takes Elace But.- from the k. Hlog p

-

i'plot it is ob?erved that k increases, reaches a: peak approxi-

-

mately at the p level then drops sharply afteawards This .

»

-

dncrea)e in k can be due to an error. introduced by the.

simpli ying assumptions,of the Terzaghi theory, for example;

the assumption that k is'constant'b The sharp decrease in--

[

-kv at the p level can be eXplained by the fact that qhe

break down of the . structure at the 1eve1 in addition to K

decreasing the void ratio, orients the particles perpendicular.ti

“to the direction of the flow and 50 greatly decreases the

e permeability o } ——
. “ . ’ PR
-, 4:2.2 Effect of -the’ Sample Size - i
N '* Figure 4 10 compares the aveiaﬁ’at log p curves:-'

for the 6 in diameter 2 in, thic ;_aad the.3 in. diameter, .

'1 in, thick samples,hﬁYl tested with 3 psi porewater pressure

i
: 1

-
S
N
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.
<

L '(j _ :
. Bepth =5 f. _
R '=.3 [qu_ .
X 3|n 'dlClm 1m thu:k)% 131 psi SR T
..,2 —--—-6\.? d:Gm Zm thlck p ﬂOpsn '_‘, “9 B
o L NN 11
B Effect of somple ssze
Controlled grddlznt consokdotxon test

FIGURE 4 10
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) tests on the two different sizes could be due to any -oxr o

-'use of too large samples could introduce haniﬁing difgicul—

by increasingh

-a ‘combi ation of three possfﬁle cawses . ,ﬁ cvw

930 in. (@‘%cm

at the base, andaall obtained from 5 feet U.S m)depth
[

‘It seems that a11 factors being,equal (diameter to thick-"
ness ratio, u, depth of the sample etc.), the'larger'v
samples give a smaller p ' This is also true for the RN

samples from 7 feet (2 h@ depth_ as shown in Fig 4 i1. :
° ’ .. . .. ﬂ .
N The difference in the p .value obtainedvfrom » ) _

,’. . .I . " . :1.‘ .,.'_ R .’-_ .

| . - ”

'i:ﬂ Disturbance As Bozozuk (5) egflaink the ' ' ;;

ties which’ would increase the depth of distu bance and

'account fox. the decnease in, P.- . using the same specimgn —
T
"thickness (0 78 inm ~¢2 cms), Bozozuk obtained a decrease o ;
Ceimop from 0. 62 kg}cm to 0 60 kg/cm ;8 68 psi to 8 4 psi) 3
2“.. T N 4 * —_—

'te area of the specimen from 6;29 in.” to

>

i\zo cm ] . - .

e s T ' ! - - : -
On‘thé other d, with carefui handling and : . .
Lot 1.- , c L

3 L 'y
trim ing, d-l rger simples should suffer proﬁprtiona}ly .

.
4

'and in fact 1ooking at curves (4 16) and (4 11) for example,

iesi;iisturoancei UHYE_WESHYEKEH“&Erng”EEmpie*preparﬁtion——-

-

disturbance does not seem to be a factor. Even if the.

~

larger sampLes were more disturbed this WOuld ‘atcount. only

»'s\

"for small differences innp according to*the order. of values.

[

reported by Bozezuk. ;'.“ S :'  _.3- T 3 . " :f -’?.'”é

3 ) oY - * LY

'f2.' Differences in hydraulic gradient . The effect

of the hydraulic gradient will be discussed in the following

. -" - “.. e . - o : C |
. . . ] . e . ‘ .-- . . | .. S | - ’




Depth
e

A .~ . _"‘. U -

. ..“,';

."_.. \2

7 ft
3 psn

-3|n dfom s ﬂh'

6m d|(:1£n Zm

tthH pr~‘|n 5 951

thick D]100m

/ - &ll 3 : "__ .’_"a

LT VEffect of sémple |

4.

FIONR

slze .

S Controlfed © g-‘rcidiéhtf consalidation

.11

o

test: .



If thc

- 70 "-_' L

| . _‘\. _ . K | i: ‘ )
scctiong however,'it can be said that the differences in

\

hydraulic gradient accounts only for small differences in-
the P values, T _‘; _,;<_-‘ ui H.' . I',. -

3. Stlffneqs of the'{ubber membrane. Suedish'

' K

. - *
investigators.report “that the relatively stiff membranes

o

bupplLLd as: standard with the Rowe cells may be’ at- fault

'jhty suggest that the ‘3 in. diameter membranes take

‘h 1 . . ’ . .
i F

relatively more force to- extend than do "the. 6 An-. diameter :
- SN -
mcmbranes. The true effective stress on the 3 {n. diameter,

toe .

L

membrane samples would be.less than shown on the ffgures ;
don

voar

e’ effective stresses were plotted the tuo'curvee,

U

woul nearly coincide. o '; _ .f ]
- The Swedes-have carried out tests onksimilar,

soft, sensitiye marind clay,-ahd have shown. that the use-of‘

." . L ) ——

)

.. . PR RREER R

’ . . .. ' B . - . T ,
thinner membranes{removes the difference between the two
curves. -. -, . ‘ - C AL TE et T

- To cheg} the - inference Jﬁ;ﬁemhrane resietancef

[T

for-the particular ﬁdWe,cells used in this inuestiéation,

\-, T

,three tests were run using di@ect mechanlcal 1oad1ng instead

—"'\-F Q + .
of the hydraulic system. The testvresults are reported in -
' . ' R ' . . L] P o ’
Tigs. 4. Q and 4 e~ . S S
: —

.cehis have moved te the 1eft‘&s compared to pre-
- ;l o v Yoy

Miously; while the curvesw$rom the 3 in. ‘diameter remained

diadet

" . . »

* C '. .
Private communication. -
. P 4 N t D

N - i ' L G ' . ' .
‘It is seen‘that the curveS'obtainédﬁfrom the'6 ing
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_almost unchanged so that the new p velues almost ee;ﬂ
i , . . } ‘ e -

incide 'L, ' I h - L P ST
‘This should be further ihvestigated at’ the first

~

e

opportunity

o - The effect of hhe sample size on the t p' plot

is shown ln Figs. 4“l5 end*ﬁ.l6;.From Lowe‘S~expres§denu

£or e A P S Wy

) o ".- . '~ . 2 * ‘ . ' s e . :
Ca! : -7 Lp H : ) -
? . , o) = A N . LT . -"(2 11)

P S A S

; bEiﬂg tﬂe sdme for the same clay smd u being the.same, CoE

- 'j# H is douhlEH_”At required to accommodate a particular ';;"

Lo e \ p .. -

R valuelof Ap is quadrupled _ That-is, Ap/AT should vary by
’ ,{; y o . I

- ,.a fae&or of four. In Figs. 4 15 and 4.16, the ordinate ;

(time) scales, have a\ratio.of 4 between the 1 and 2 in”“
. ' - - _.’,u.
C thick samples. It can be seeﬁ\that by using these two

. N . o
, . .

ales, the slopes of the reSpective parts of. the curves'

.

afe about equal for the two sample 51zes, but ate. diSplaCed

(as are the E 1og p’ curves) : l."f . ;i

. | e . 'll.' ' .-' - ' . © N ' "‘ .’ .' -
Coe f.}f The effect of the sampl s\size on there-pf plot,' PR
. 'e.Aland therefore on mv is’ shown in Ej& 4 17 and 4. 18. Tbéﬁ:i; g - k

:-elopes of the curves indicate good agreement in the m;ﬁ":'5‘5”7 e
. _~ .- . v e ‘. :, ‘,‘ i
values for the two sizes. The vaJue‘oﬁ-cﬁ and; k (Figs.

4, 19 and 4. 20), agree reasonably well although the curves

-II: -.-‘ .

. [
. i B
. —

S " are displaced with respect to eaoh.other.f If d1sturbance S -
gy : ' e . o1 '
Voo were” a factor, such close agreement wdould not be - expected.

;“.' ,.The“dlsplacement of Lhe cufﬂes could be explalned by the ',I N
. N P ’

N . v

U h effect of the membrane stiffness or. 51de frlction - ¢
. . a2 . . . .
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Lo -igl s ' :
. >|| - ' , L. _ . . : ) ._ .“ . :‘\‘
_ ;1u;.ﬁ.2.3 Effect of the Hydraulic Gradient 1ig“¢r73. S
. ! Sk J P L. )

e The effect o f the hydraulia gradient i, will beA;*&;_.t
' ' - '
,epresented by comparing the results of tests On samples from ;”‘ f':;
the same depth having the same: Size hut tested with ' :_?‘;‘T '
'different porgé ‘

. . R B PO

atexr pressures at the base..’

v N - ...
» v

Although Lowe et al did” not measure ‘that i had

@ .
- .‘.- — . s

,?an effect on Qhe € log p relationship for thei; Clay,:' , -'{,'F

'Figs. 4 21 aﬁd 4., 22 show a distinct effect. From these -

.t

'ffigures and f&om Tables 4 8 and 4. 9 it can, be seen that T

;j.A;' the p value gs higher for the 1arger u value at the base, o - fﬂ

S : Lo .
Tt ar, is, for the igrger hydraulic gradient.t This is ino o

. S _
. 'ﬂ-‘in" agreemed{.with the work of previous investigators e g.,

fomm o
———

. . s
I Crawford (8), Hamilton and Crawford (15) and Jarrd@g(Yé)
. B : N

because the larger value of i means a shorter test duration“

U
.

o iess secondary compﬁession and h stress Strain cur
. H g o'— ™~ - . -
L R

is Jisplaced to the right of longer time tests. F}ﬁu;

v
:

[+]

fa ¢ 23 and 4. 24 show the effect of i on the t p! plote: LS
R o From the formula. ,L'_ :7;_ ~ ‘33.,/ -% .' ‘i - .“;tt_f'

‘ . - -

i iflu'is doubled, all other factors be1ng the.sahe, Atgis.;w o gfxﬂ’..
B (=2 . - .- .' , Col R - —f‘ - : PR ;:\-_7‘3 : .-‘ . e a‘. . .
* halved. . The‘timt sca}ewhas beenhdou,ied for_u =‘l;§”Psi- I -
[ -',,,‘ .-.' ] ) y . .' '._ - .!“.‘ o L s ..’-‘ R
as.coﬁpared to the.scale for-u' =" 3 psi. -For the samples
. ‘ . ot ’ . ;

T . ... . i - ' T ”

from 7 ft depbh ‘(fig -4

\e agreement with the ,‘}-,_Q_QI-Q

]
.. o N
T theor§'is fdund For the sampLes from 5 ft depth (Fig o+
- u.4_23), some @iscrepancy 1s noticed.. One\sample,,represented

. - ‘
PR . . T
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"for variows values of i are not presented because they are

assuming

" The averaQE<<:Z::?\Q&E found te be 100 pef (as reported in

- - 86 - A ' F
- \"_ ) - . ‘

by curve (a), closely follows the_tﬁeory” while the other,
. . 7/

two samples, represented by an averape curve (h), show a B
fgster rate of stress dppljcation, (indicating a greater

5 o
-—\' .‘

1 the stress range "below the p . Th\i_ﬂiffereﬁce cou l«d !
' . ) . C» ) .

'e due ' to a normal variation in the samples, although hoth

the natural water content and the phjSical'appeargnqc of
these two samples were no different. TFigures 4.25 and
. . ) L . ‘
4.36, also prove that for a larger hydraulic gradient, a )

higher P is obtairned. ‘However, the curves are almost : 4

parafllel; the variation 1n i deoes.ndt scem tB‘affect the R A
. . -, | . ' .
valules of mv.during the three phases of conseolidation.
. . ~
. . . N ‘ .

T

The curves showing dv—long‘ and kvflog p' plots

' . w - . -
simiiap to those in Figs. 4.19 and_é.zo and do not show any

' " . . ’ 4 . -
particular trend as far as the effect of i on <, Ow kﬁ is

concerned. - T

4.72.4 “Effect of the variation in po and‘pcu , - -

T
oA

From the soil profile shown ih‘Fih. 3.5} pé is

cdlculated fof the sampleé from™ ft depth and 7 ft depth,i

1 Y topsoil = ! 90 pef ‘l\
110 pef

1l

Y sand

. "~ y' sand  =. 70 pcf ' r,f‘\,)- .,

If

in Chapter 3) - »
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| Lo , L 89 e

Y hlay ¥ 37 pcf-

.The groundwater level was at 1. 58 fL depth
\\l m——— PR

Then‘pé at 5 ft'depth = 90 x L_+f110 X'O.SB'T.7O

< 2.42 + 37 x 1
" =,360 psf. S
~ . , : . }':‘
N ~ 2.5 psi (17 35 kN/m y T
& ’

90 x 1,+ llO x 0. 58 + 70 x 3. &2 + 37 X 3

- and pé at 7 ft depth

£ r

[}

. = 7.
. % 3.0 7psi (20.8 kN7m™).

P |

1f we assume that any overdonsolidation. is. due mainly. to addie

. = N ) ’
tiowal overburden that may| have.existed in the past .or to a

general lowerlng of the walter table then the différenbe he— ///

tween P at 7 ft and P dt 5 ft should be equdl to the dif-

» -
.

ference béWween the pé values at these depths, i.e., equal to \

¢ —— ——
0.5 psi \ R - i )
. The table in Fif. 4.27 compares the average values of

~ L

P. from each set of tests|at 5°ft to the corresponding values

1}

at 7 ft. ‘The large samplizs do not show any variation of P with -

depth. The.small samplesjwith u=3 psi show an increase of P.

with depth, but this increase is larger than the expected amount.

Only the small samples with u=1l.5 ﬁsi show a difference 'in P
‘ ' oo T
between the samples from the two depths, close to the expected

0.5 psi. L ) L

- It is possible that other phenomena such as dESSlg

-

cation could result in a hlgher P, value at 5 ft than 7 ft or

in the same vaﬂue of p. as lndlcated by the 6 inutests.

/- i Figu&es 4.28 and 4.29 are.given as examples of .the
'variaéion due ko the Jépth;of Ehe.samples. They are for
. .‘ ’, * x

tests on 3 in.idiameter, 1 in. thick samples with u =3 psi.

/

?

: N .
4347p5f RN R S

-
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FIGURE 4.27

s

_ Variation of Pe with-dept&‘fﬁ:

different controlled gfé@ienf testS

-~

- —
- : sample size ‘ i P \\__—p” P
tes Depth © (dn) -~ Au L © € c
No o base (e-log p' t-p . - t—p
diam. Eﬁick psi curves _curves _curves
5 6 23 11.0 11.0 11.0
7 SR oo 11.9 11.0 '10.9
b 5 3 103 13.1 13.1 12.9
e 7 " noooom 14.5 14.6 14.1
. 5 3 1 1.5 12.2 - 12,5 12.1°
£ 7] " moon 12.8 S 1301 12.8
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N

of consolidation, it'does.ﬁot appeér‘to affect the values”

- 93 - - . N

- Both Figs. X.Z& and 4,29 exhibit a translation
in the.'results with,depth.'ZWhile this translation affects .

the values of Pe and the stress limits for the three phases

—

i

of m_, ¢ or k within the respective ase
v Sy N in P ;txverphasus.

4

4.3 The Conventional Consolidation Tests , .

o As mentioned in the previous. chapter, the con-

ventional tests were only performed on 3 in. diameter, 1 in.

‘thick samples. The tests were also. perfgrmed in ,the same

‘ ‘Lhydfaulic cells as were the controlled gradient gconsolidation

-

[

| . . —_

tests. - ” : . . : -

The repeatability for thése tests was also satis-

factory. As &s example; €-log 9' curves for samples from o

5 ft. depghtested with a load increment tatio of 0.5 and ' o

A}

cd . load duratgsh of 24 hours, are brésehtéd in Fig} 4.30.

‘ . .

|

ihp P vadués ffom e-log p' plots wére'obtainéd using théi
Caéag;ande.consﬁnuétion. - . | r . '

As shown in Fig.'ﬁ.3l, ghe Efb' plot can not give |
a religble value of pé ’écause df.the small number>of points ~ 7 E
availablé in the range pf phase II. &anequéntly, m, vaiges

'

in this range-are also pot reliable.,

D [ S
Values of c, [ere calculated .using Taylor's fitting

' method whenever possible. The Casagrande method was not used

becausé_type I diél feadings—log time curves (Fig. 2.8), \

Qegg obtained only for loads past P, ' : .\
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Il T av . 2

£+ } ' - - . -

-t

- ' . -

ot
.

. .. For &hL shbbrt duration™ tests, (ﬂO mln, 30 mi’

R W

15 min Ioad\duration), was nmtxced that. for loads

h

~thgq the Por. the Samples did not r@ﬁgh 100/ consolldatlon
- - A ' : .
A cortection was made. It was assqmed ‘that at any load,
£ L " - i - A M l

;he‘cv_cn;culéted from the' 24 hours load durétipn tests was

. .o A " =

the same as for the short duration tesdxs. ThiQ’C@ was used

- . PR LY

'tq find TV for thé-short-duaﬁpion.tests at, the end of the

partjcular load . From the relationsﬁip, the degréé
. K _ i ) v __/

rher
AN

of

consolidation, U was found. The compress ion under this load-

' J
. was’ then corrected for 100% consolidation,
; € "

‘%

Example: For a 60 min lobad duration test on%a
e Sﬂﬁgie_ffom 5 ft depth, the tgtal comﬁhgséiyﬁ,'AH of the

sample at the dnd of the duydntion of the 16 psi 1ohd_was

-0 0930 in. Then the average drai;agé Length’duriﬁgAthii

o
v

load ﬂuratLon,ﬁl
av

v . poo- 120.0930 | g a5 i -

'(Thé sample was-draining from top and bottoh).

+

' ' -2 2
duratlon Lests was found to be 0. 306 10 7 in“fmin.

Then for the 60 min duratLon test,

.- . . g . -2 o - o -

N LT = Of306'10 -2x 60 _ 0.873 .
- -~ oY . 70.4585 : o e

f.‘From the reiation between Tv;and U as illustrated in

I L . - :

Fig. 2.2, = - ,
e £
for T '= 0.873 u =;90.5%. .

. 8 B . ' . . . .
:The -average e, at 16 psi from the 24 hours load



Then for 1007 consolidation, the compressidn'undén 16 psi
"should have~been ~ : ' S -
~ . o . :

' \
0.0930 - 0.0142) % SR
( 9.0 ) % 100 _ 0.0870

where 0.142 is the total qoﬁpreséion Bf-the Sample before

. ‘ " . N -
the 16 Esi load.was applied. “The total compression at 1007
o - C - ’ z
coqsoliqatién-would have been o ¥
| - . .
. 0.0870 + 0.0D142 = 0.1012 in % : -

’
- .
-

. AN : S : :
i.e, at 16 psi, m%A would be.equal to 10.127. S

This-cofrection is reliable for the first load

. which did no¥ reach lOOZ:consolidation.(say lﬁ_ﬁsi in, this’
exdmple)l But it should be noted that for further loads,
. / -
- . s

it does notyeygive correct results. The reison is that some
: ) Y ] -
r

of the comp /ssioﬁ-occurring,under'the next load (say 32

'

psi in this example) Wwill be partly due to the primary con- ' 3
. o . . )
solidation of the 16 psi load still taking place, and “

differentiating be;weén EHQ effect -of 'each load is not

¥

possible.

. ' _An example of the £-log p' curve before and ‘after

f

—

correction is given in Fig. 4.32.

.

-.. From the tests of 2% hour duration it appears
‘tﬁat load durations of the order of 150 minutes would be

neCeSsgry to eansure 100% consolidation under each load -

d _ o : AN
increment. This was confirmed by single check tests of

12-hour duration which were carried out on samples for

=]

5 ft and 7 ft depth.
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fhe P valug% obtained from|{the incremental

loading tests arec prgsented.in'Fié. 4,33 for the samples

X !

from 5 ft depthlgndrin Tab{e 4.34 for those from 7 ft depth.

An average curve was drawn for each sect and an average P.

found for this curve. Tﬂis was done only for the corrected
gurves,'when corgéction was applied.' | .

~ 4.3.1 Effect of the Load Duration

™~ Figures 4.35 and 4.36 show e;l;g p' curves " _
obtaided froii samples tested using the same load inqremént;w‘ﬁ‘ .
ratio (0.5), but with durations of 30 minutes and 24 hoursf
It is clear that for the longer duration test a smaller
valug of P is obtained. This.is in agreement with rTesults '
-reported in the 1iterature and quoted in Cllapﬁer 2. %

'74.3.2 Effect of the Load Increment Ratio

From the nulfiber of tests performed, no study can -,

‘be made of 'the effect of the load increment ratio alone,
because 1in all cases, the load duration was*also changed.

However,- examining Tables 4.33 and 4.34, and Figs.,4.37

~

and 4.38,_éummariiiﬁg all incremental test results, it can
be deduced that the P. increases when the load increment

‘ratio and the load duration are decreased.

»

4.3.3 Effect of the Variation in po and P.

The table in Fig. 4.39 compares the average P.

LY

a0
Y



loading ‘tests on samples from 5 ft depth

~ 100 --

FIGURE 4.33

Summary of results.of incremental

Test

No Ratio

Duration

psi

_ corrected
psi -

CA-1 . 0.5

A—3 - 1]

C-1 - 0.5
c-2 _ "
C-3 . , "

D-1 °  0.25

D_z tt
D"‘3 e

10.2
10.8

10.3

"11.0

11..0 .
N

12.1

12.2
11.9
12.4

14.5

14.0
13.8

11.
10.9
12.

12.8

1z2.

14,

13,

13.
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FIGURE 4.34 '
';‘:r" . . . o [
Summary of results of #hcremental loading ™
tests on samples from 7 ft depth
i ! K . L v
Tegt, Ratio Duration  PC p _ corrected p, average
" No . psi. ’ psi T psi )
: . : ‘ . , 1\ o
" E-1 0.5 24 hrs 13.0 T ' 2.0 - .
) " v 1s | cad
E23 " 1] __ R n 12.2 (M
F-1 1 60 min - 13.0 11.2 a0 '
Fe2 n 13.7 . 13.5 o b |
ll‘ 1" \'
F-3 - 12.0 11.2 -
. . \ [N B PR
- '. . ) - . ‘
¢-X. - 0.5. 30min _ 13.3 . 14.5 145 - |
© G2 " T 13.8 14.5
c-3 .o ' . Y 13.9 'l&_.S
H-1 . 0:25 /.15 ‘min . 15.5 15.8% 15.1
H-2 "o " 15.6 . 15.8
H-3 . " 136 14.5 .
. - . . .
' &
‘ -~
- , ﬂ ( ) ) V\_,
t
r B



- 26

26

- Depth 1= 5 ft L
"Diam. = 3"in Thick.= 1in -

L — L. DurGtton 2!+hr5

D
._ . C :
-.2 = — —1. Duration = =30min  p =1 28 DSI o
‘ c. |

.'Ebofj—-'incr'erhent-- Rdtior _: 05 b

=105 psi-

r.

o (_corrected _Cusve),,

fa

0 op (psi). %
2 13 _-_-pL: Fl; 6 "';.3 g"ml_, l 20
— T 1 B o

Effect of Iood duratxon

Conventloncl COﬁSOllth lon te sts

f\ o FIGURE 4 35




10

12

b

16

18

20k 2_ — '_,-'if;"Duro{ibn_

.26

.~ Conventiong! consolidation. tests .

™ Depth =7 -7 ‘.';: LR ‘\\ o
Oiam. =3 in  Thick.=1in . . {il

" Load’ ghc_f%mént -“R'—c.l?t_'_ib‘ '7_-3' 05) e \

t|Ourdtion &7bhrs p=12.0psi\ |

'(co,rtfec'te,d' Curve.)
4, ;1 - . . ., ' e . v .

“30fnin p =145 psiAy . -
" C . . ‘ e

f ] . : i

SRS NS N N Y ER N M e

E'_ffe_czt_ of load ‘duration “ |

FIGURE 4.36 . .

.‘ /._

;o

T \ T _T -.




-5ft-'
_3m

jDEp{H

Diam. Thick. =1 in

&
iI

LIR Durmion | %_(psi):

) _ i ' 20_‘ :. 1 et 05 ‘ 2bhrs _ 105
© gl 2Tl 10 - 80min - 1.0 -

~ b3 .05 30min
B S A
' ==l 025 .15 min

128 .
37

‘ SURNIESS U GO N T I

.Il E

Eff»zct of

| S

lOGd' ingrement
Cmd dulcltton'

-

o ‘C'bptz-otlonal CODSQIIdC]T.lOﬂ testg

FIG.URE 4 37

. " - . : . ) o

“ratio -



b

T

LIR Durcmon p(‘ps"i)l"

Depth =7 ft T - . -
Diam. =3 ‘m' 'Thick -1 in

1o 05,

Zihrss 120
. B60min 121 .
. 30min 145
15min 453

|

-
-
— fry

Effect of lood mcrement i‘fdiiof-

Gnd

Conventjoncl

t

' FIGURE 4 .38

gll | H IR

i‘

durotlon
consol 1dc1t|on tests




-106 = ~
¢ A0 e | .7
_ , o : - )
" \K/')(_I'—IEILRT 4.39
. ¥ "Variation -of p_ with depth for 2
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« Test "Depth ' . Average'
Yo - ft Ratio , ™~ _Duration c psi
A 5. | 0.5 [ 24 hours - 10.5
E - 7 ' 1] . n 12.0
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J
values from infcremental louding tesSts on samples from i.ft
i ‘ : Ty ' - '

- - . | s '
depth to the same-tests on samples from 7 ft depth. The .

/
. _ . . L v - !
Variagion in pc'with depth, as shown, 1s larger than fhe

-

‘expected 0.5 psi. S _ T
e - .

cr
H

AQﬂ Comparison of Results from the Controlled .Gradient

'

Consolidation Tests and the Conventional Tests ,
' The comparison is made for the samples -of the

same size (3 .in. diameter, 1 in. thick).

° [

~

[
. . , . | -
" 4,4.1 The e-log p' curve ‘ ' } '

"From Figs. 4.40 and‘4.41* it appears that the

conventional tests with load increment ratio of 0.5 and
- . ) . . -y

rload duration of 24'Hou§s, give'a-pb smaller than the P -
Lo : : K . .

from the controlled gradient tests with u 1.5 psi or 3 psi.

' ! ’ . , ‘ a7

The! e-log p' curves from the conventional tesﬁqkfﬁll below
| . . . N

those from the controlled jradient tests for the qange of

stressed higher than the P - Comparing the total duration
_ _ . | ' . -
of the two types of tests, (6 days for the tonventionalh

"and 13 .to 26 hours for the controlled gradient), this be-
haviour can be attributed to more setondary Eompresgipn

taking'place in the 24 hours load duration tests. It can
: o , ) o : !
“also be attributed to the effect of the shock loading on '

A

YHe\foil.structufé gs difscussed in® the following' paragraph.

But "the fact that the curves from the conventional tests -

“fall above those from the coqtrolfed gradient tests for the

nange of stresses less than the Pe canndt be explained. ~
N r N . =
Q

i . + 8

-
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- tests. _ The ranges 1w p values are also sholwn”, The con-
N . I C -

.o--110.-

. ¥
L

. .When-a load is ‘applied suddenly to a soll sample,
! - - | : >
.it" is thoupght that the resulting "shock" breaks, at least

P : . '
puftially, the.cementation bonds of a sensitive ¢lay. This

.

leads to greater volume change under a particular load than

. . i - L T " : .
\would be .the case for the same load applied more gradually,

' “ ) 3 i ,

| l . - © . s

thought that the higher hydraulic gradients which ‘are set up

— : . "

" in a conventional-test lead 'to greater disturbgnce, along tl
lines of the hygiggiis_ﬁracturing technique that is psed in
" ! Y o

the field.. This cad be seen In Figs. 4.40 and 4.41.
" - L ‘ -
In. Eigs. 4.42 and 4.43, the €-log p! curves from

the controlled gradient tcsts’(g ='1.5 psi aﬁd.B psi) are:

Inéw:esented:by a shaded band.® The dotted lines show the

o T R “ « "

range of vartation of ghe curves. from incremental loading
. ) ty ) ) ) -
tralled gradient results iprovéd to be more consistent.
. H . “ . a.
L =Y i- . . il .. . ) -
It seems appropriate at this time to speculate

L

o

.

on thE' engineering signifigance of the very steep, phase II

pirt of the stress s;rain‘curves megsured in thg'controlled

tduring the ccﬂtrélléd gradicnt test for example. It is also

fe.

b

grédient tests. There has'béen Eonsidérable‘speculation

L &

recently as to why pore prrssures ”rufuse" to ‘dissipate

|

L

—

under,éome nbankmcnts canstructed on soft clay. It could<: .

be that the loads created by these eannkment§ lie in  the
Cou ‘ . N . - . “

ranpe of or gxceed thSe I1. Tf so, it stands:to_beuson_'

A
’

-+ that very large settlements, with the concomitant expuision

- gl
et ,l

-

of larpe volumes of water from the cgﬁy, will have to take

¢
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plﬁce before the soil can earry additional effective stressd
ﬁntil the soil'can carry additional efﬁective“stresé, ﬁhere
can be no reduction in the porewater pressufe. Because of
the low permeaﬁility of the clay this process will take

many years leading a éasﬁal observer to conclude that "no

consolidation is taking place" at any instant in time.

4,4.2 The €-p' plot

i The €-p' plot from conventional tests and con-

oy \ ' . o :
trolled gradient tests compare favourably only in phases I
and TII. As discussed earlier, phase II“from the conven-

tional tests is not defined on an €-p' plet and conseduently

this. plot cannot be used fof"determining p. or m, during

phase 1I.

7
-

-

~

4.4.3 The cvffog p' and kv—log p' relationships

R P .

Figres 4.44 and 4.45 show the c,~log p' and
i ‘
k,-log p' plots for the incremental loading tests (load.
increment ;atio 0.5, load duration 24 hours), and for the

controlled gradientw«ests (u = 1.5 psi and 3 psi): It can’
_ .
be observed that:

-~

--'The'—cV and kv scales for the conventional tests are

ten times the scales for the controlled gradient tests.
|

- TQE peak values of <, and kvqfrom the conventional

tests are almost ten times those.values from the controlled

- gradienty tests. : ot

e

e
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- The peak of the kv-log p' plots for the conventional

.tests doéé not'seem to bé related to the preconsolidation

pressure, However, this can be due to an éfror in the cal=-

culation of'mV ?round\the P.,» as eﬁflained earlier

(Section 4:.3). |
‘ Y

- The <, values 1in the‘phase ITI parts of the tests
agree quite well for the two types of tests. These ¢, values
. . a2, 2 -2 2,
vary between 0.1 x 10 in”/min and 0.5 x 10 © in" /min. The
discrepancy in phases I and II should be investigéted, per—
haps, by revising and modifying the assumptions of the con-

‘'solidation theory.
(A note of caution should be ihterjected that due
: : : .

fb_the cqlibtation difficulties with the Rowe cells, the

values of m. particulpfly in phase I, can be in @rror).

’

§.5 Comments Concerning the Clay

Comparing the P values pb;afned from the-va;iogs
testélto the egisting ovgfburden pressure p it 1is seeﬁ that
ﬁhié‘clay is'overcoﬁsoli&ated. A questioﬁ arises, which is

. ‘/ - . N - . . -
whether the P, values . are an indication of a "true" pre-
4 ’ . N

~

” .
consolidation pressure or a '"quasi' preconsolidation pressure.

Figure 4:46 shows the correlation between the .
- ]

; ) b .

plasticity index and the ratio ;% for normally consolidated
oo o

wlays which have aged over thousands of years. In this

plot pé represents the "quasi' precconsolidation pressure

due to delayed consolidation under the effective overburden
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u!

N\ ) .
- a
- ' . ' .
////pressure péf  The plot shows a maximum —% of about 1.9,
' - ‘ 1 . 0 - N
In this study, the ratio E% has a2 minimum valﬁe of 4.5
« Fo

This could prove that at least. part of the preconsglldation

LI
.

pressute is due to the rcmoVal of overburden or the lowerlng

cf the water table (true overconsolidatidn). Whether or

<

‘not delayed consglidation exists, and fhe'magnitude of dts’

-
i

influence cannot be determined from laboratory studies

¢ . -

alone.’ Long term field *studies would have to be carried

out.

E5
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CHARTER 5
/

* - CONCLUSIONS AND RECOMMENDATIONS FOR SFURTHER RESEARCH

C

‘rate of'conétruction can be accelerated. Itjalsq indicates

1. The controlled gradient consolidation test on Leda
clay.resdlts in a well-defined €~log p' curve .from which the

pg is casily obtained. In the past, such well-deffned Cturves

were only obtained with very small increment, tonventional

-~ ° L. . N
tests; with low rates of loading in constant rate of loading

tests; or with low rates of strain in constant rate of strain -

tests.

y - ]

2. The €-p' plot obtained from the controlled

gradient test results shows three straight lines, each e
. - ’ .. »

defining one phase of the consolidation process. Extension

“of the first twg lines intersect at thg level of the pre-

;onsolidaﬁion pressure. This plot.can be used ecasily to

define p. as it does not require dny judgement or complicated

construction (such as with the Casagrande or Schmertmann ’

. b
. [

methods).

© This plot also clearly defines the stfess'level)

at which the Leda <¢lay starts to gain strength at thg.énd

of phase II. This can be of practical importance in the

case of stage construction of embankments on this type of’

. . - (T??J‘f .
clay, because yhen this stress-level is réached the fErative

o <,

that considerable settlement may occur with little Jr no

increase in shear strength. ) ) K E .



5. ) The: convéntional, commercially obtainable Rowe

e
¢ . A :
~ - 120 -~ . - .
- ¥
3. ' The t-p' plot from a controlled gradient*tcst ’
: . : T ' * . ‘ 4 . - ?
on Leda clay, shows two straight’ lines intersecting at the ’
: : . : 2

ﬁc level, as was suggested by Lowe ct al.

PR !

ltFufther,_fof this particular glay,'a third . '

.

gtraight line, indicating an increase in the rate of stress -
plication, seems to torrespord to the third phase of

confcolidation. 2 . -
. - f‘} " - -
4. ' The large strains which occur during phase II '

for very small stress chan#es may indicate the reason why -

. . - - - o L.
some embankments on soft Elay scttle appreciably with no
. i

- ' : )
apparent dedzfase in the excess porewater pressure in the

fFoundation soil. o - ; ' ' . .

s

. / , ' .
cells used for this study were found to have serious short-

comings. In particﬁlar the celld could not be calibrated,

and calibration deformations were excessive. Secondly,’

the rubber membranes used in the % in. cells were shown to
- . v
reduce considerably ‘the stresses applied to the soil speci--

A - -

‘mens during the test. If these cells are to be used for e \
) f ) s \
further research, or even for commercial testing, these -

proﬁlems will have to be resolved.

. ~ il i ) — .
6. "' For the samples tested, the cv,and kv wvalues !

iﬁrom'incremental loading tests were much higher_than those

from controlled gradient tests except in the region of

: . , . \
phase III. This is in spite of the fdact that both types

1
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>

of test-are based on the same Terzaghi theofyf

» G - »

This may

indfcate that the assumptions made for the theory should
Ha ‘

be revised gnd the theory refined. ) ;
. " ' ) r

[ : L ‘."
7. - The Variation in kﬁ during the incremental

T - loading tests and thevfbﬁﬁrolled gradient tests show an.

increase In kv'until a peak is reachéd. Afterwards, kv

%

decrcéses} This bekaviour also indicates a deficiency in

¥ " : X .
the theory as the real variation must be a continuous
decrease in permeability due to the decrease in void ratio

%!
during conspjlidation. For the controlled gradient tests

-

the decrease in kﬁ occurs shérply,ét a stres® load close

b
- to, the .preconsolidation pressure.
. - 8. " From the tests performed, it also ?ifﬁk that the
magnitude of the hydraulic gradient affects, to some extent),’

the results of the controlfed.gradient tests. It would

also be of interest to find out if, for a given clay, there

exists.a certain value of the hydraulic gradient below

- which there is no further effect on the value of P.-

.2

9. ‘ The change  in atmospheric pressure can affeqt

" the results of controlled gradient tests 1f "absolute"

*

transducers are used. In th® tests performed, this did

s

not affect the P. values because the_pc level was reached
within a few hours before there could be any measurable

change in the atmospheric pressure. But, in all cases

where the test is of long duration (e.g., for stiff clays;
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for very small hydraulic gradient;. for very thick samples}
..) the effect of the variation in atmospheric pressure

should be éliminaﬁgd_by using a’' "gauge" transducer .

10. The Leda clay, which was tested, was shown o be

overconsolidated with an overconsolidation wvatioc of from

-

4.5 to 5.5. There are indications that a fair proportion

of ‘the overconsolidation pressure is indeed due to true

N -

preconsolidation.
11. ‘The test results indicate that stress indreases of -
up, to 90% of the difference between the p, and p_ can be

applied before appreciable straining commences. Information

0 .
of this nature is valuable in the design of foundation and - ‘

N

embankments on sensitive c¢lay since undesirable settlement

4

may result if stresses exceed this failure,

12ﬂ ’ The major‘conglusion’from Ehg present work is U

that the controlled gradient consolidation test is -
applicable to engineering studies on a sensitive, marine

clay. 'The test has a number of major advantages over other )
. : - : ) !
methods, but-is hindered by the lack of development of a
- . . 'l

‘reliable oedometer. -

-
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.APPENDIX B

OTHER TESTS PERFORMED

R The follewing tests were performed according to

the A.S.T.M. Standards (1973), and tlte procedures des~-
cribed by Lambe (1951). 2

'
'

B.l Moisture {ontent and‘Afterberg Limits

L)

. . ! . . . - '
During the trimming of each specimen tested,
three samples were taken for moisture content determina-
tion. ‘The average water c¢ontent vos found to be 707 & 27

at 5 ft depth. At 7 ft depth, more variation in the

moisture content was found and tLe values ranged between
85% and 957. Two points reprgﬁentigg the Liquid Limit

versus Plastigity Index for the t;o depths are shown on
the plasticity chart (Fig. B.1). The pointé fall aboﬁe
the A-line, and within the zone fepresenting the glacial
clays._ It should be noéed that the'water'conteﬁtrét the

two levels was higher than the liquid limit.

-

B.2 Particle Size Anmalysis

‘Hydrometér analysls were performed. The results
are given in Fig. 3.6. The clay content was found 'to be
"74% at 5 ft depth and 78% at ; ft depth. The activity of
éhe clay was found to be 0.46. at 5 ft depth and 0.59 at 7 Fft

depth.
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B.3 Specific Gravity Tests ) ‘ ;

Specific gravity tests were performed on two

[samples from 5 ft depth and two other Ffrom 7 ft depth. The .
average specific gravity oflthe-soil particles, G, in both
cases was found to be 2.79. This compares with values of

f
2.8 reported by Lambe.

o

4

Y

B.4 Unit Weight —
The unit net weipght was calculated for each
sample tested by weighing a known volume. of clay. The

average value was found to be 100 pcf at 5 ft and 95 pecf

57

at 7 ft. These values are constant with the moisture

YV

LI
conpentsyqnd specific gravity reported above. . --I

B.5 Degree of Saturation.

- The degree of saturation is, equal to-the ratio
oy |
of the volume of water to the total volume of voids. The

values of S calculated were in the range of 99.46Z_with a

.

standard deviation of .2%. 1In fact, because the groundwater

level was abaye the sampling depths, all the Samplgs are
expected to have been saturated. The smfll variation could(ﬁf

be due to experimental errors. | \

v

B.6 Salt Content Analvsis

This analysis was performed on.a sample from 7 ft
depth according to the, procedure described by the National

Research Council of Canada (Division of Building Reseérch),
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"

Jﬁiﬁhe porewater was extracted by applying a presaure

of about 75 psi to the sample in the Rowe cells The pore-
water was' collected from the.bottom drainage line. Threé

sdmples of.20 ml each were taken, uslng a p1pette and put

in a pyrex recipient for whlch the wcight had been previouqu
obtained to 1 milllgnam. The porewater was then evaporated

and the residue treated with hydrpgen peroxide (30%) solu-
- . ’ ' - ’
tion to eliminate any organic matter. The residue was put

‘back into the oven to 'dry once more, then weighed.

LT

The salt content, SC,'19 given by the formula

1 .
1

<|S
R

x 1000 - -in g/1

where W dry weight of the residue in grams

c

v

volume of the porewater evaporated.

An average Sc foEche t@ree samples.was'calculated'and°

found to be 1.17 g/fl. © \ —
B.7 Summary - 5 L

The following.table @ompares the results of the

foregoing tests to those reported in the literature for

I

'clay'frgmrghe same area (Gloucester@r<

~

Salt Unit

Depth W7 LLZ PLZ PIZ ?clay Content Weight Reference.
ft ' . g/l - pef : .
- : z ,
5 70 60 25 35.1 74 100
7+ 85-95 73 27 46 . 78. 1.17 95.0 :
-10 72 23 71 0.5 99 ICrawford & Eden
' ‘ : (1965)
5.5 - 70 43 23.,5.19.5 66\ " Gillot (1970)
7.2 80 50 22 . 27 e %8 N r Bozozuk (1971)
\

a
.
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\ . APPENDIX C oo < : '

AUTOMATIC CONTROL SYSTEM

C.1 Theory of Operatien - . : J -

- ) /

The function of this sygtem is to keep the base

porewater pressure constant within certain limits. Awmaxi-

mum value (u ), and a minimum value (u for the basd

max ) N iQ\
porewater pressure are selected and applled to Lhe system.

“Ef u-'is the nominal porewater pressure required at the base,

and Su ig thé& tolerance allowed, then ,
- . | o .

AV u = u + §u

earaids

.. max

umin = u - Su

A pressure transducer continuously monitors the

-actual porewater pressure at the base (uact). If the value
of u decreases below that of u - , a control circuit
- act - ) - ) min . .

.. ¢
activates a motor to raise the mercury pots and thus in-

'creaJes the load on the soil sample. Similarly, if the

value of u . increases to a value above that of u the”

act max’
control circuit activates the motor to reduce the load on
the so0il sample. . ' ‘~?'t

B ' Q
A timipng dlagram is shown in Fig., 1. The actual
-

base porewater preSsure is represented by the curve abecdefghi.

At point a, Uode is very :.close to the nominal value, but due
. c ‘

to consclidation of the soil sawplej uhcg.tEnds to degrease”

As scon as u becomes equal to Gmin (at-point b}, the

act

i
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motor is activated,and an Increment of pressure if applied
;o'the sample. However, due to the low permeability of the
.clay, a time delay exists, and it is ‘only at point ¢ that

Uiocp Starts increasing until point d is reached.

Curve efghi is supplied to Lllustrate the condi-

tions when{the. rate of rconsolidation is faster than the

case illustrated by curve abed. The only difference between
. . , . . =t

the two curves is that, if a time T elapsed aftertthe

. application of the pressure increment at point e, and u £§
: : cx ; .

. . . ‘ L
. iIs s5till less than U.jp» another dwcremental pressure is

applied. The 6peration is repeated'until'uact becomes

grecater t}an u .
min

During the time t, the rercury pots move upward

a distdnce 0f0.0351in., cortespdnding te an increase of 0.0175

-psi. The time T.is the time between successive additions

c

of intremental pré;BMre in the case where one increment is

not ¢nough to bring the value of u in between u and
! act max

The time periods t and T are related to the per-

_Eéability and the thickness of the éoxl'sample. Preliminary
{' ; : : \ .
tests were run and the values of t and.T were varied until .

-/-the right values'could be found to suit the type of soil

tested, and the sample thicknesses used. T and t were

finally set to be 5 and 0,2 sec,, respectively.

. . i '
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C.2 Description of the'System - ) a %

C.2.1 Pressure transducer

A pressure transducer of the type APT 25 manu-

.

factured by Microdot Inc. was used to measure the base

porewater pressure. >

. o S ",f_

C.2.2 Control circuits and motor

A block diagram is shown in Fig. ¢.2. The pressure
transducier output is amplified, and the amplifier's output\\\
feeds two comparators. The first comparés the amplifier's
Loutput to the maxiwmum value U and the second compares it

1.
- ) I ‘ -
to the minimum value LA The result of the comparison con- 'Fq!

in
trols the direction of the motion :0of the moteor, through ‘?;
upward/downward motor drivers. . An oscillator giving a con-
tinuous train of pulses of duration t, and at intervals T,

controls the timing of the mofion of the mdtor,'th;ough the

upward/downward motor drivers.

/

C.2.3 Mercury pot systen

The Bish9p mercury pot system was_used'to_apply
the pressure on -the sample. The onlylvariations applied to
the system were the élimination of tﬁe springs and the use

,of the motor to operate the system..

The springs were eliminated for two reasons: first,
their function of maintaining a constant pressure to com—"

pensate for the decrease in volume of the sample was no
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longer necded in thils case,

and second because theit "
)
. A - st
prescnce would dnduce "oscillations “into thefco%trol system,
. . - - : P
and -alter its correct functioning. “a 2
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