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ABSTRACT [

A_resulting}waste material from the mining of‘gil sands

in_ Northern Alberta is a slow consolidating,; hlgh water

~content, clay- water bltumen material termed sludge.

-

To dssess the effectlveness‘ and feas&b111ty of 'long

73

range disposal'plans for "the sludge, an understanding of,the

consolidation rates and’ .behaviour of the material is
R ) . ! . T ’6,‘ N N v - -
necessary. To .achieve this,- the: following research was

performed. Laboratory testing was conducted to determine the

sludge's (and sludge;sand mixes') consolidation parameters.
Consolidation theories were examined to determlne the

appropriate model. Then the resulting laboratory data was

.combined with ~the theory to model the consolidation of.

sludge slurries occurrlng in 10 m tall standp1pes.
The testlng of. the material to determine its

compressibility was conducted with a step loading large

strain slurry consolidometer. Thxs apparatus also allowed;
constant head pérmeablllty tests to .be: performed on thelf

-samples w1thout 1nduc1ng consolzdatlon from’ seepage forces.

N

‘-:“Along\ wn.;«h e sludge. tests ‘were also perf““ on

k51udggﬁ8and mlxes andn%;sludge sand mix with flocculent in
order to determrne th  effects of the sand and the
flocculent on the oonsolidation parameters, |

The compressibility‘.ané oerneability' of the above
materials ‘ Qere found to ‘be - highly non11near. The

Cexper1mental results showed ‘that the effect of the sand was

7to enhance consolldatzon and compre551b111ty by dllutlng the

B Lo i\V'.



consolidatiodv>;resisting‘ ,effects"'of:"dthe sludge{ A
compressibillty/:?fludgifsand. ﬁfamilyi of curves™ was:;
‘established for- !the 'tested"' oil sand tailings.» The
permeab111ty tests revealed a t1me dependent flow dlscharge
under ‘a‘ constant gradient, A valuable result from the
permeabrl1ty testsi was 'tnat tne relatlonshlp between
hydraul1c conduct1v1ty and the f1nes vo1d ratio was the same
for all slurries. The effect of the- flocculent was solely tov
keep the sand in suspens1onJ%n a hlgh water .content. slurry,
and 1t d1d not affect the coﬁpre551b111ty and permeab111ty

. A consol1dat10n theory developed by Glbson England,
and.Hussey (1967),‘1ncorporat1ng large-stralns, self weight,
and nonllnear soil properties; was ;used' along lwith the
flaboratori‘ data ‘to' model the consolldatlon in, ‘the[
standpipes. The ~meas_ured standp1pe data vas adeqoatelyb
imodelled even ‘tﬁouéh"the predlcted ‘results were very

Hsen51t1ve to permeablllty 1nput



Acknowledgements » [

|

\.

The _au?tho'r would like to theviq}k Dr. J. D. Scott-for his-
int'eregtr‘. exberfise, and -continual (t_:‘;uidan'ce“‘?:‘ethféugh,dutv the
‘work of this thesis. o |

) Special ti{a_nk"s. tAo Steve Gamble whose ﬁard work and’
pat':-ience resulted in a vfriendship as ~well as a,s.uccéésful
tegtihg »prog:amme.‘ Appreciation .is '.alsoh extended to
Christine Hereygers and Ja; Khajuria f.or their work in the
laboratory. , / il

The author. also wis\‘h‘es to- rgcogni‘ée_ the vfinan'cia‘l' and '
equ‘ipment support. which S}:ncru‘de Canada ‘Ltd. donated to this
pqrolject._As‘weﬁll, W.H. Shaw, B.A. Isaac, E. Lau, and H.

N
N

' Barnes are to be thanked for their assistance. . )

(v :

i



Chapter

1.

INTRODUCTI

1.2 Objectives of Research Prddram ce
3

PR
1.3 Scopé9

P1;4'Organi

LITERATURE REVIEW-
.

2.1 0il Sa
2.1.1

2.112 0il Sand Operations .

2.1.3 Tailings Sludge Description .

N2.1.8

. 2.1.5 Sedimentation and Consolidation

2.2 Permeability and Consolidation
Slurries and Soft Clays .......s

2.2.1

2.2.2 Permeability Testing ..

,,n 2w2.3 Consolidation Testing

/

)

Table of Contents

N
-

ON ...0......

1.1 Statement of Problem

of Thesis ......

zation df)Thesis

nd Téilings e

Introduction ....

y

Pond Dynamics ..

Introduction ...

2.2.2.1 1ndirect Methods of Determining

.. .. LI
------ LINY LI I Y
® ¢ 0 0 05508 0 e e e

'Testing on

L N N N N N A RN

® s 00002 000

Hydraulic Conductivity ..

2.2.2.2 Direct Methods of Determining

Hydraulic Conductivity ....

2.2.2.3 Deviations from Darcy's Law

2.2.224 Steady btate Flow ......

2.2.2.5 Summarg oqo’-nu‘ovnc--o_o‘n‘n’».qo"a-o-oo-

2.2.3.1 Traditional Consolidation Test

3

LA L I I Y B 2 B R R R S S

2.2.3.2 Imprdved Consolidation Tests ....

2.273.3 Slurry Consolidation Testing coes

vii

P .

21

.21

«.23

.. 24/ -

.. 26

.26
.27
.27
.28
.30



Y

2.2.3.4 Inltial State of Slurried »

‘ Material ... .. ... c.oeeecconesonns

2.2.3. S»SUmmary *;....e...,.fl;.;;,Lt..,.ﬁ
" LARGE STRAIN! CONSOLIDATION ANALYSES ..{,;,.f.},...:.
3.1 Consolldat1on Theory Developments ...... ceeeenna

.34
.34

3.1.1 Terzagh1 s Theory ......;.....l....;..a....34

3.1.2 Nonl1near1ty and Varying Permeab111ty

Theoret1ca1 Developments ................,.35

\
3.1.3.Finite Strain Developmentst.l.....;...,;.,.36
3.1.4 Self Weight Consolidation ........;...f.cl 38 -

3;2.G1bson{ Erigland, and Hussey (1967) Finite T
o Stra1n Theory ........ Ceeeesesten e ceremeeeein39 0
‘3.201 ‘Coordinate Systems ..!;.,,.,...;.....,...:{39~
1 3.2.2 Formulatlon and Der1vat10n ....l...;.;.t.q.40‘
3.2.3 Appl1catlon to Soft Thxck Layers ..ﬂ.}Qt.}ﬂ43
3. 2.4 Comparison of F1n1te Stra1n Results to . .7
C1a551cal Theory.....;........,.......f;L::44

3 3,Numerical Models used in The51s,...,.,.é.:.... .47
3.3../Somogy1, 1980‘......;.......}g..,....;{; .47
3.3.2 Cetgill 1982 ,...........,f...;;.;......;,5o |

0 3.3.3. Compar1son of Results from the Two B
- Methods ........... I L I T 53

3.4 Other MethrAs of'Analyses .............,....;..;JSSe

3.4.1 Koppuld (1970) and Koppula and - o
' Morgenstern (1982) R R I NP .
3.4.2 Lee and Sills (1981) uiuivneeennn..'.. o .56

3.4.3]Finite_Element_Methods ;...{;.}/f....,.:..u57

3.4.4 Evaluation of Methods‘,;;;;,,.i..;;:..,....SB

3.5 Experience with the Finite Strain Theory

3.5.1 Practical Applications }.,...........{..;;.59

viii

R N

.59



IR }
3.5.2 Possible Modlf1cat10ns and ‘or Extens1ons ..6P

CONSOLIDATION AND PERMEABILITY TESTS

feeane P Y4
4.1 Equipment ettt seceasena Ceeee s N X
t 4.1.1 Overview T Y X

4.1.2lConsolidaE30n Portion of the Slurry
Consolidometer

® S 2 % % 0 P S 0 B 6 s a0 l'l..‘..l..‘.lles

4.1.3 Permeablllty Portion of the Slurry

‘ Consolidometer ........... Cere it «es 70
4.2 Procedure :.u..............;.ﬁ ......... e e .:72

4.2.1 Overview ....
4.2.2 Step Loading Consolidation Test. .

4.2.3 éonseent Head Permeability Test

c et ana 78

4.3: Test Mate;jal_f....; ........... et erean e ....797
4;3.1:Specifieations et erene e et es ettt .79
4.3.2 Sampling and Preparation: ................. .84
"4;3.3 Test'Material bescfiptidn e et 86
LABORATORY TEST RESULTS ...%...... ereeenn =11
. 5.1 Conedlidation Test Results Che et it it et .. 90
1.1 Consolldatlon Rates cheereieeiaaa ceeees90

5.1.1.1 0il Sand Ta111ngs Sludge ....

5.1.1.2 0il Sand’ Talllngs Sludge Sand
' Mixes

o.nonooc-ooooo-o.-uo-o.ooo.o-96

5.1.1.3 0il Sand Tailings Sludge Sand Mix
with Flocculent P 1

5.1.1;4 Compar1son of the Self Weight
» Stage .Il.....l......l.‘l'...ll'.103 ,.

5:1.2 Compress1b111ty Results from the Four
TeStS o;n-o-o-a.ooo-ooo-oc’n.-o-.vo.anoc-oo109

5.1.2.170i1 Sand Tailings Sludge .........110

5.1.2.2 0il Sand‘taiiings Sludge-Sand
> Mlxes ..‘...O.I...l.l.l..:.l‘..’....0110

ix



6.

6.1 Introductlon ..Q.ﬂl..,...;....,,

6.2 Standp1pe-#1 Cereedan

5.1.2.3 0i1 Sand Tailings Sludge-Sand Mix

N <« with Flocculent ....... cessasese e 114
5.1.2.4 A Comparison of the T
Compressibility of the‘Maper1als-.116
5.2 Permeability Test Results ........ S
5.2.1 Hydraulic Flow with Time ........ Ceeeaeenn 121
5.2.1.1 0il Sand Tailings Sludge ..... L 12t
5.2.1.2 011 Sand Talllngs Sludge-Sand . | ,
Mlnes‘.................,., ...... .. 128
5.2.1.3 0il.Sand Tailings Sludge-Sand M1x
: w1th Flocculent ...... ... .. . .7 128

5.2.2 Hydraulic Conductivity with Void~RatiQ ee 132

3

5.2.2.1 011 Sand. Talllngs Sludge ; ...... ‘.,132f'

5.2.2.2 011 Sand Ta111ngs Sludge Sand
Mlxes'............s.....-...-a

5.2.2:3.0il Sand Ta111ngs Sludge Sand Mlx:

with Flocculent.............‘.

-

5.2.2.4 Comparlson of the Four Tests RE

5. 3 Summary of Observatlons and Conclu51ons e

- o5.30 1 Consolldatlon and Compre551b111ty N
5.3.2 Permeab111ty .l.}}.L.
-5, 3 3 Effect of Sand and Flocculent ;;;.;..

MODELLING OF ‘SELF WEIGHT CONSOLIDATION TESTS

6. 2~1-Input Parameters ...;l...;;..;.;..;.}

6 2.2 Comparison of Predlcted w1th Measured

Value-) o-c.co.n..oo-.-o.lao--ouc-oquo-

6 2 2.1 Interface‘seftlement ,.;g.l..;

i

6.2.2. 2 Excess Pore PresSSUreS ...ceves.

'6 2 2.3 SOlldS Conte’...............

L

L1601

... 161

.. 166

31

L1a9 o



N

.APPENDIX B - Consolldatlon Time Plots

, APPENDIX c - Excess Pore Pressures .,;.;

: 'I\ ) o S,
i J
: i

xi

N {
) . | =y _
6.3 Stsndpips B2 L L R i e, e 173
6.3, Inpdt Pasameters‘..;;Qﬁ; ..... B ceen 173
. 6.3.2 Comparlson of Predlcted and Measureé ¢; |
= .. Values Ceensaae .-.w-...-....:.,....a..;..174‘
6.3.2. ~In€g;;:Eé Settlement el 174 )
6.7 2.2 Excess Pore Pressures ;.}.....L...177
6. 3.2. 3 SOlldS Content el {......180
6;4AStandp1pe #3 ceetervaa Cetet et e . . 182
P6.4.1‘Input Parameters .{..g.;L ....... e eeae 182
6. 4 2 Comparlson of Predicted wlth Measured | g'
o Values ... I . c e e ceueean 185
6.4.2.1 Interface Settlement ..@.......;..1as‘;
6.4.2.2 Excess Pofe Pressures .......... .. 187
) s6 4.2.3 Sollds Content ..... ... veievennnn. 190+
6 5 Summary of Observatlons‘and Conclusions Ceeen 'i92
,7.-"Conclu51ons andkgecommendarions e, ceevs..195
7 CONCLUSIONS vuvuueesnnnninsen ., . ceee... 195
7.1.1\Consolidatidn Parameters ... ces .195 .
7.1. 2'Consolidation Theories ....... e, 198
- 7.1.3 Consolldatlon Modelllng el .u.j ..... -» 199
7.2, Recommendatlons for Further Research ...\. ..... 200
fREFERENCEs .......;........,;............:...,. R 203
APPENDIX A —AApparatﬁs and‘Expe“imental’DetailsmQ;..... .213

...252



Table

-

List of Tables

Page
Constants used for Method Comparison RUNS .:........54
Results of Computer Runs with Common ‘
Input ... eivnne.. Ce e s s e s st esas s e asensesean S 1.
Ten Mette Standpipe Materlal Propertles ......:...m;81
Consolidometer Test Material Properties ........... .81
Consolidometer Test Material Breakdown ............. 88
Ten Metre Standpipe #1 - Material ‘ .
Breakdown ceece e e ena ceeseaeaeaenn e nnaae 160
Soil Inpﬁt Parameters ...... e cecasacei e e e 160
Input Data Coefficients of Determination
(r’) ..o.... et rnaean ceer e Ceeecece e Ceeeeena 184
Ten Metre Standpipe #3 - Material

Breakdown ........00.. e e e e s s e ee e s e esenncenann e ee e 184

xii



Figure , ¥ ' : Paée
2.1 Compositidn of 0il Sand wuvuevernnunnnnn. e et taenaan 7
‘ \

2.2 Typical Section of Tailings Dyke ............. e 11
2.3 Typical Grain Size Distribution of Sludge .......... 12
2.4 Plasticity of Various Mine Waste Sludges ......... .. 14
4.1 Slurry Copsolidometer ............. Ceeeeaan e ...64
4.2 Top Cap and Bottom Plate Sections ...........o.... Y
4.3 Compressed Air System for Large Gradients .......... 73
4.4 Slurry Properties Diagram for Standpipe

and Consolidometer Test Material .:............ e....82
4.5 Grain Size Distribution of Standpipe

' Material t.iuiiiiiiinnieiiiineenenrennnnnnnnn. tesaenans 83

4.6 Grain Size Diktribution of Test Material .......... .89
5.1 Consolidation of 0il Sand Tailings Sludge .......... 92
5.2 Consolidation of Sludge under 0.9 kPa ............. .93
5.3 Normalized Consolidation, Sludge ..:.;.. ............ 95
5.4 Consolidation of 46% Sand Sludge-Sand Mix .......... 97
5.5 Consolidation of 80% Sand Sludge-Sand MiX .......... 98
5.6 Normalized Consolidation, 46% Sand,

Sludge=8and ...ttt i e ettt 100
5.7 Normalized Consolidation, 80% S$and,

B N L e T T ¥ o T oo 101
5.8 - Consolidation of 73% Sand Sludge-Sand Mix

with Caclz ®© o000 00 0060008 a 0 !...lil.ll-.Ot-c.o.ol..o.'uloz'
5.9 Normalized Consolidation, 73% Sand

Sludge-Sand with CaCl, ..ivetrirvrneerennnnnennenns.104
5.10 Pc = Pressure Dissipation, Sludge Sand

w tr CaCl,, Aa‘=6kaa, 0'=11 kPa .......5.1........105
5.11 <£:1f Weight Consolidation Strain, All

S-Aurries ".........I...'l........‘l/......'...ll...106
5.12 Self Weight‘Consolidation of Sluéé%Véand

List of Figures

Mixes ..o-noooc--oo.oov‘uco-ll_aoo.oco...-.t-aoocboooot108

. A

xiii .



Figure Page
5.13 Compre551b111ty of 0il Sand Talllngs _ ‘
Sludge ....e... ce e A TR R IO 111
'5.14 C8mpressibility of 46% Sand Sludge-Sand ........... 112
5.15 Compressibility .df 80% Sand Sludge-Sand .......:...113
5.16 .Compre551b111ty of 73% Sand Sludge-8and
w1th CaCl e ee st ettt ectts e s e EERER R
. 5.17 Compre551bllity of All 4 Slurries Testedv.;{.......117
5.18 ‘Compressibility of All 4 Slurries Tested, o
Fines Void RAt10 .ivtuteennnnceennsonseneeannnnas .118
5.19 Permeability Test on Sludge, e=5.11 IR
S I S P 123
5.20 Permeability»Teét.on Sludge, e=5.11, ' )
i=0.21 ...... P et et 124
5.21 Permeab;lity‘Test on Sludge, e=2.91 ........ ceea...126
5.22 Permeability Test on Sludge, €=0.55 .....ooeevn.... 127
5.23 Permeability Test on 46% Sand <
Sludge-Sand, e=1.62, i=0.75 R N O Y 129
5.24 Permeability Test on 46% Sand | '
Sludge-Sand, e=0.95, i=0.39 ........ .............:h130
5.25 Permeability Test on "80% Sand S
Sludge-Sand, e=0.62 ...vveuieeeencnnnnenn et e e e 131
5.26 Permeability Test on 73% Sand Sludge Sand L
with CaCl,, e=1,05". teerecnaas F Ch e e s e . 133
5.27 Flow vs. Gradient, Sludge, e=2.91 ;;.....‘ ..... :....135
< . ~
5.28 Flow vs. Gradient, Sludge, €=1.86 .eiveevrnnnneana.136
’ ‘ ' o /
5.29 Flow vs,. Gradient%’Sludge, e=0,48 R R R 137
5.30 Permeability of Ojl.Sand Tailings Sludge ..........139
5.31 Flow vs. Gradient, 46% Sand Sludgé—Sand,
e=2203 I.‘..l....‘.l.."...‘.'ll‘..."...l'.C........‘140
5.32 Permeability of 46% Sand Sludge-Sand ..............141
5.33

Permeability of 80% Sand Sludge-Sand T PRI I ¥

Xiv

N



Figure

Page
-5.34 Flow vs. Gradient, Sludge-Sand Mix with : N :
CaCl,, e=0.90. ....vevinnunen.. e itteenenaen cree w144
'5;35‘,Péfmeabiiity'0f*73% Sand Sludde-Sand with
. . CaClQ"-‘-cof‘.t----"o--o‘o,a--o-o-u-ud‘_.-ﬁ-o.--no ......... 145
5.36 Permeability ofAA11“4gSlur:iéS_,;.;...;...... ....... ~146
5.37 Permeability of All 4 Slurriés]vs. Fines ) i}
Void Ratio .......... ......L......;L;:;.},,y, ..... .. 148
6.1 Ten Metre StandPiPe t.eurnenririnitenarnn. . ...155
6.2 Standpipe #1 Sludge-Water Interface ' : '
,A_ Set_tlement".:‘.... nnnnnn ® & 0 0 5 0 8 000 0 00 0 * 8 o 0o 8 ® o » 0 0 0 s 0 162
6.3  Permeability Input for Standpipe #1 ..........c..... 164
6}4'~7Standpipe #1'SludgefWater'Ihterface L .
Setplement,‘Permeabilityvsensitivity’;;....,.,.;...165
6.5 Predicted Excess PoreiPréSsuré Pr&files, S
Standpipe #1 it eee . et e i as 167
6.6 Comparison of Excess Pore Pressufes, - - |
Standpipe #1 ...iveierinnnnenn.. e ettt e 168
6.7 Predict=d 501ids Content_Profilﬁé, S -
: Standpipe #1 R Y CELE PR Ceee e 170
6.8 Comparison of Solids Content at 850 days,
Standpipe {1,..... ...... et R T T 171
6.9 Standpipe #2 Sludge Sand Mix-Water
Interface Settlement ............ R ) TR 176
6.10 Predicted Excess Pore Pressure Profiles, '
Standpipe #2 R I O ceeee. 178

6.11 Comparison of Excess Pore Pressures,
' StanNdPIiPe H2 tiiiiiiiiiier e

6.12 Comparisoh of Solids Cpntent at 709 days, :
* Standpipe #2 c,.--l..ovl..-.o‘oo"ono-.o‘l-.ooio.oo.-...ol-181

6.13 Standpipe #3 Sludge Sand Mix-Water -
Interface-Settlement e e et e e ettt asresesesesasvnessesl86

6.14 Prediéted.ExceSS>Pore Pressure Profiles, :
Standpipe #3 l...O'...’..—.'....OQ.."...‘Q....‘.I...'.188

\

6.15 Comparison of Excess Pore Pressures; - .
* Standpipe #3 ;.-'Qoovooi-lDoclnoc.‘ocqcuo.ono.otco.-0189

Xv



Figure

6.16

AL

{A.z”

A.9

g.A{10

B.1

B.2

B.3 .

B.4
B.5
B.6
B.7
B.8
B.9
B.10

B.11'

B.12

Page
Comparison of Solids Content at 280 days, .
Standpipe #3 ...... e e ettt e 191
Calibration Of LVDT #71 vuuuevevecereeneeenennnneeas215
- Calibration of LVDT #2 (K1) s..ovevevvo e, ceee. 216
. v | . : .
Calibration of Load Cell CS 2 LL Pressure %
TranSAuUCer ....seevssocosccas eseusesasasssasinaaene 218
Calibration of Load Cell CS 1 RG Pressure N
TransSduUCer . .veeecenooenonnnns cerenes teceeseinesans 219
Pore Pressure Measuremer . Equipment ............. e.221
Calibration Check Method ................... cerenea221
Calibration of 35 kPa Diaphragm for :
Validyne Transducer ..... R e eeeseresasa222
Calibration of 140 kPa Diaphragm for :
Val1dyne TransduCer ...ieessereconses P S 223
Top Cap Friction .........iviiuinnnn. et e e ...225
Load Cell Stress ReadingsS ....eeeees. ceereasanrnees226
Consolidation, Test #1, 0'=0.22 kPa (self NS
Welght) ..ottt ittt ..228
ConSolidation, Test #1, 0'=0.45 kPa ....00v... ceeea228
?onéolidation, Test #1, o'=$.9 kpa Ceeetreeeenaesan229

Consolidation, Tést B1,°0'=1.7 KP3 vevvrneneenneeea229”

' Conéolidation, Test #1, 0'=5.0 kPa ...f; ........... 230

Consolidation, Test #1, ¢'=11.0 kPa ........,:.;L..230
Consolidation, Test #1}:o;¥25.0 kPé ..;;...........235
Consolidation, Test #1, o'=45 kPa .:..f.,\.........231
Consolidation, Test,#1; 0'=100 kPa Peeeasaeeateees.232
Consolidation, Test #1, 0'=200" kPa ...;:........;..232
Consolidation, Test #1, 0'=400 kPa .....h.......:2.233

Consolidation, Test #1, 0'=650 KPa +..veeeeenneesss233

xvi

N

]



Figure

B.13

B.14

Jﬁ.15'

"B.16

B.17

B.18
B.19
B.20
B,21
B.22
B.23
B.24
B.25
B.26

. Consolidation, Test #3, o'=51.kPa ...

‘( i vﬁ | Page

Consolidation, Test.#Z, 0'=.45 kPa (self _
weight) ....... et - 1

\
Consolidation, Test #2, o\'=0.54 kPa Cr et et eee..234

Consolidation, Test #2, 0'k0.64 kPa A X 1

Consolidation, Test #2, 0'=1.0 kPa ...veivrnnnnn...235

Consolidation, Test #2, o0'=1.75 kPa .;w.; ..... se...236
Consolidation, Test #2, o0'=3.05 kPa ........,......236
‘Conséqu§tion, Test #2; 0'=6.25 kPa +.eviueennnnn. ..237
Consoliaation; Test #2, 0'=13.0 kPa ;;.... ....... ..237
Consolidation, Test g2, d'=25.5 kPa ..1..; ...... ...238
Conéolidation, Test‘#z,‘o'ESO.é kKPa ....... e 238
‘Consslidation,'Test #2, 0'=100 kPa ..v.ev.eiun... \"'239
Consolidation, Test #2, o'=200‘kPa ......;;... ..... 239
Consolidation,‘Teét #2, 0'=320 kPa ....... }..:..?..240
Consolidation, Test #3, 0'=0.75 kPa (self .
weight) ....... et et ettt e et eeerenn veveawe 241
Consolidation, Test #3, o'=0.85, 0.95, & s
1.3 kPa vueveennn.... e e 241
‘Consolidation, Test #3, 0'=2.05 & 3.4 kPé ..... ; 242
;Conéblidation, Test ﬁj, 0'=5.8 kPa viivirinnnnnnnn.. 242

‘Consolidation, Test #3, 0'=13.3 kPa v.vvvrnnennn..243

Consolidation, Test #3, 9'=25.8 kPa ........... ceeo243

A

et eeenenn...248
Consolidation, Test #3, ¢'=100,150 & 200

kpa\-'.\...l'...'..'.......I...'.........'I.l..'"a:l‘.244
Consolidafion, Test #3, o0'=320 kPa j..,............245

Consolidation, Test #4, 0'=0.53 kPa (self
weight) ...0...00...l......'..'.".l".000090000000246.

Consolidation, Test #4, o0'=1.0 kPa e 246

v

3 | . ‘..~

xvii



Figure

B.37

B. 38,

B.39
B. 40
B.41
B.42
B.43
B.44

B.45

C.1

C.10

C. 11

C.12

Excess Pore
kPa, 0¢'=100

Pressure,
kPa .....
Excess Pore

Pressure,
Pa, gﬂ=200

kPa .....
Pressure,
kPa

ExCess Pore
kPa, 0'=400

Excess Pore

4 Pressure,
‘kPa, o0'=650

kPa

Page

CQnsolidation, Test #4; 0'=2.5 kPa ........ cesacens 247
Consolidation, Test #4, 0'=5.0 kP2 . eeeeruennnnnnn .247
Consolidation, Test #4, 0'=11.0 kP2 veveeeue.. ee...248
Consolidation, Test #4, o0'=23 kPaf..f...;.... ..... .248
Consolidation, Test #4, 0'=41 KPa «vuveenennnnnnns .249
Consolidation, Test #4, 0'=86 kPa .......... e .249
Consolidation, Test -#4, 0'=170 kPa ..... Ceeeeeea +.250
Consolidation, Test #4, 0'=353 KkPa “v.ovevvnoennn . 250
Consolidation, Tést #4, 0'=463 KPa .iiveeeenn teeee..251
Excess Pore Pressure, Test #1, o'ave=0.22

 kPa {self weight) vuveiveeenininnnennns Ceeetrenana 254
EXtess Pore Pressure, Test #1,

. Ao'=,23kPa, 0'=.45kPa .....0v.... csert e e s s eeoeaselB5
Excess Pore Pressure, Test #1, Ao'=0.45
KPa, 0'=0.9 KP@ tiveieenenineeeenennoensenonnensess 256
Excess Pore Pressure, Test #1, Ao'=.8kPa, .
0'=1.7kpa ..-.-oooooo-‘:r-‘-.cc - 4 8 o 0 02 8000 0000680800 8a 257
Excess Pore Pressure,vTest #1, A0'=3.3
kPa, 0'=5 KkPa «..iuveyeeno c et e e et ast et et e e 258
Excess Pore Pressufe, Test #1, Ao'=6 kPa,
0 =11 KPA ittt itieeeeeencnsensosseasesnsanesennesed258
Excess Pore Pressure, Test #1, Ao'=14
KPa, 0'=25 KP& .otvunnennnneonneneeannneenneennnns 260
Excess Pore Pressure, Test #1, Ao'=20
kpa, o'=45 kpa t-o.o'.bo.vo.onoooolpoli-tl.oI ------

Test #1, Ag'=55

Ao '=100

Test #1,

Test #1, Ac'=200

L R B B R NN A n.uo-u.264

Test #1, Ao'=250

--ooo.'ooom-.c.o-'ooc .265

® o8 68 060 00

Xviii -



'kPa, 0'=86 kPa ..

Excess Pore

kPa (self weight)

Excess Pore
kPa, o'=1,

Excess Pore
kPa, g'=2.5

Excess Pqre

kPa, 0'=5.0

Excess Pore
o'=11 kPa

Excess Pore Pressure,
kPa, 0'=23 kPa
EXcess Pore Pressur
kPa,foﬂ;41 kPa .

Excess Pore Pressur

Excess Pore®

. kPa; - g'=170

=

Excess Pore
kPa, 0'=353

Excess P5:§
kPa, o':§63

X

7 Page
Pressufe, Test #2, 0'~.-=0.53
T T .Y ¥
g’;ssure, Test #2, Ao'=.47
k ettt ece ettt et Ce e . 267
Pressure, Test #2, Ac'=1.5
kPa . ...... ..., e .. ....268
Pressure, Test #2, Ac'=2.5
kPa ..,......... ettt it i .269
Pressure, Tést #2, Ao'=6 kPa, C
Tt e ettt it ettt e e e, B X ¢
Test #2, Ao'=12
............ D B
e, Test #2, Ao'=18
et et ettt e e eeee et eeee e 272
e, Test #2, Ao'=45
S «.273
PreSsure, Test #2, Ao '=84
kPa ........... C e ettt et e e e 274
Pressure, Test #2, Ao'=183
kPa I N T T 275
.RFéssure, Test #2, Ac'=110 , )
kPa e crieeee..276
Xix . &



-~

List of Symbols

A = empirical constant for compressibility relationship
a = lagrangian spacial coordinate

a, = upper boundary lagrangian coordinate

a, = coefficient}Zf compressibility

B = empirical constant for compressibility relationship
b = bitumen content | | | >
B f_function‘of empiricél compressisijity“constagt

C z eﬁpiricél constant ipr permeability relationship

C. = compression index ' | \

c, = coefficient of consolidation

D = empirical constant for permeability rélationship
Dr = relative density

»

Dr, = relative density of bitumen

Dr,, .= relativé denéity of sludge solids
e = voig'rafio . .

e, = fines void ratio . .
e, = void yatio prior to consolidatio;
€ = strain

F ="fines content

¢ = permeability function

g = finite strain coefficient of consolidafiion

4

Y, = buoyant unit weight .
Y = unit Qeight'of fiuid phase

fi = unit weight oftsolid'phase 

y; = unit weight of water

H = height of slurry H, = height of sludge soiids in slurry

XX



o v o«

wn

hydraulic gradient

hydraulic conductivity (coeffient of permsability)

= hydraulic conductivity prior to conso}ida%ion

compressibility function

i

constrained modulus

-l

porosity

permeability functidé-

n

empirical constant
4

empricial constant

i}

'solids content

= solids content prior to consolidation

total streks
| e
\

= effective stress

o = effective stress prior to consolidatien

. J
"time

excess pore pressure
= pore pressure

= appargﬁt fluid velocity
A

fluid velocity

solid velocity

spacial coordinate

-

convective spacial coordinate

! r

material coordinate

Xxi [



1. INTRODUCTION

1.1 Statement of Problem

lnlzsurface mining operations, the ’resulting waste
'material 'talllngs, are generally 1n the form of a slurry
The slurry is eventually contained in some type of pond dyke.
arrangement and can cover an.. area of tens of ‘square
kilometres. - ’ | "4 |

iIn northern Alberta, oil sand deposits are mined and
.processed tovremove'the 0il from the mineral partioles: The

tailings are pumped to a containment .\keVWhére,the majority

~

of the sand segregates out‘ leaving th"ponds filled w1th a
water - clay - bitumen materlal termed sludge. '

| Water ‘is the major port1on of - the sludge where, after
sedlmentatlon, it occupies approx1mately 10 to 15 trmes the
voﬁume of the “mineral solids and bitumen _combined; The
‘material,'by economlc necessity,nmust rely upon selEVMEight
consolidation  for  its Adensification.‘_ Self * weight
) consolidation_ is ;ery slow as{‘shown by the hlgh water
content ‘of the sludge in the SUNCOR. and Synorude tailing.
pbnds‘after a number of years of eonsolidation“-Thevresult
therefore is a necessity to continually enlarge the
contalnment ponds and dykes to hold the rapqdly accumulatlng
" large volumes of materlal ,

It  is necessary, 4 therefore, - to understand thev

consolidation rates and behaviour of the sludge before an

~assessment - of the eftectiveness and feasibility of long\



range disposal plans can be made. At the present time,
however, there' is very limited laboratory or- field data”
available to readily understand or predict the consolidation

.

of the.oil sand tailings sludge. The work in thlS the51s

addresses these concerns.,

1.2 Objectives of Research Program
~ The purpose'of the‘work in this thesis is to determine
the necessary material properties and analytical procedures

- /
to. properly analyze " the’ consol dation -pf the o0il sand

tailings‘sludge.'
Under this. purpose: then, ‘the foremost-objective of the‘

f the51s is to obtain the/SOil parameters of the sludge wh1ch

.are relevant to 1ts rate and magnitude of consolldation or

more specifically, the p

e

conduct1v1ty with void ratilo) and compress1b111ty (varlatlon

meabllity (variation of hydraullc

- of t void -ratlo, W1th . effective stress),. ‘Involved' ~in
determining these vvalues ‘are the development of an
appropriate’ laboratogy , apparatus and procedure.u The
equ1pment will be of general slurry use, not restricted to
,011 sand sludge. _ : . S
AS addltional objectives, tests will also be performed

on sludge-sand mixes. to. determine the effects of” the sand on
the 'consolidation | parameters | (permeability  angd
compressibility) Add1t10nally, tests will be performed on a.

sludge-sand mix with a chemical flocculent to determine any

changes to the consolidation parameters that the flocculent
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1.3 Scope of Thesis

might induce.

Once the consolidation ‘parameters for the sludge and

sludge-sand'mixes have been determined, any analysis done

using these results should use the proper consoliation

utheory. Therefore, an examination of consolidation theories

-

and solutions, and in part1cular those in which large

.

\stralns and self we1ght are 1ncorporated, will be carried

out in order to determine a useful working consolldatlon
model for 0il .sand tailings sludge.

Finally, to fUlflll the above purpose, it is necessary
to examine the ab1l1ty of the large strain consolldatlon
theory to predict the progress of self we1ght consol1datlon
of 011 sand tailings sludgevand sludge-sand mixes using the
laboratory data' as input. This will "be accomplished‘ by
attemptlng to model the consolidation of sludge- and

sludge-sand-mixes in 10 -m standpipes.

\

The laboratory tests to determine the consolidation
parémeters are performed on four materiéls; oil sandu

talllngs'sludge two oil sand talllngs sludge sand mlxes,

St

'and ‘a sludge-sand mix w1th a chemical flocculent The first ;.

'three materials are, for the purposes of the modelllng,

vt

51m11ar in constituents to the materials consolldatlng i 10
m staqulpes locqted in the Civil Englneerlng laboratory.

The developed laboratory ‘_equipmeut allows for

consolidation testing of slurried materials. The yielded
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‘ R o R o
results are sample height (voxd ratio) versus time, for each -

. : »
stress increment, and v01d ratio versus effectlve stress As

well, the equipment allows for permeabilityQ tests to be
performed such that hydraulic conductivity'is'determinediat

various void ratios.

The examination of consolidation theories and solutionsA

v

focusses on those 1ncorporat1ng large strahns add self

weight. The finite strain consolidation theory developed by
Gibson, England and Hussey (1967) is 1nvestigated in
detail As well -solutions to the theory derived by Somogyi
(1980) and Cargill (1982) are also discussed in detail

The laboratory data i% ‘used w1th the theory to. model
the consolidation mOf the tailings slurries in three ten
.)metre standpipes. The, comparison Cis undertaken for the
slurry height, density (solids content) and excess pore

pressures The results of thenmodelling are discussed ny

discrepanc1es . are rev1ewed and possible explanations

presented A detailed examination of the behav1our of the 10

m standpipes and detailed explanatlon of any discrepanc1es

however are left to further research

1.4 Organization of Thesis

Literature relevant to the the51s has been surveyed and

'VIS summarized in Chapter 2. The'Chapter is divided into two

.main sections. The first contains information on oil sand

tailings and the second section concentrates on the testing

.of slurried materlals.
_ w
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Chapter 3 examines consolidation theories,'specifically
finite (lafge) strain consolidation. In this Chapter, the
review of consolidation the - =2s leads to an examination of
the formulation of finite strain consolidation ‘theory.
Solutions that have been presented in the literature are
discuésed as well as published experience with finite strain
consolidation. ‘ : ‘}%

The ’ laboratory equipmeﬁt _ aeveloped for The
consolidation and permeability ‘testing of the gludge is
presented 1in Chapter 4, As. well, this &haptgr cohtainsla
description of the experimental proteduré that Qas used and
‘a description of the material that was tested.

The results of the laboratory tests -are given> in
Chapter 5. Each of the tested materials“is looked at with
respect to consolidation rates, compressibility, hydraulic
flow, and hydraulic condqctivitj.

 Chapter 6 includes the results of the finite strain
consolfdétiqn theory modelling the consolidation"of the
Sludge and sludge-sa&i‘mixes in the 10 m standpipes. Ingut
parameters, whichv are the results from ‘Chapter 5, are
discussed. The comparison examines slurry Aheiéht, solids
content) and excess pére pressures. p
Chapter,7 contains a summary of the observations and

conclusions that were'developéd throughout the thesis.

o



2. LITERATURE REVIEW"
2.1 0il Sand Tailings

2.1.1 Introductiop g : N

The‘Alﬁérta oil sands, ;which exist in the ﬁo:thern half
of the province, coﬁsigt of‘fou: large deposits. The four
deposits contain approximately 900 billion’barrels of crude
bitngn of which it is estimated that 250 billion barrels
"dhn be econémically exploited to produce a light synthetic
érude oil, Thg four deposits subtend an area of some 48,000
square kilometres (Berkowitz and Speight, 1975).

The Athabasca deposit is the iargest of the four main
deposits, underlying an area of 23,000 sg. kilometres. This
%s the only deposit on which commercial oil sand surface
mining operations currently‘exist. The Athabasca dépdsit is

an average of-30 m thick and ranges in thickness from 6 to

90 metres. About 10 % of the deposit has less than 45 m of

overburden -'hich has made this deposit economically feasible
for surface mining (Berkowitz and Speight 1975). Details of
the encompassing geology can be fbund elsewhere (Berkowitz
and Speight, 1975; Isaac et al., 1982).

In situ, ~the 0il sand consists of -sand grains,
predominantly quartz, covered by a layer of water, thch is
then enveloped by bitumen. The matrix is poftrayéd in Figure
2.1 (after Dusseault, 1977). Note the fines in the water

layer. In the Athabasca oil .sand deposit, the bitumen

6

’
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Cogggnt (as a percentage of the bulk mass) ranges from 0 to
Zd’% and averages around 11 %. The amount of water relative
to the bulk mass varies from 3 to .6 % and averages about 5
%. The mass of fines (clay and silt size particles), which
exist in the oil sand deposit in seams and lenses,'averages
4 % of the o0il sand mass and the sand ~ averages
approximately 7b %. Clay composes approximately 32 .% of the
fines. If the average mined oil sand ,is about 10 to 11 ¥
bitumen, then about 90 % of the 'o0il sand (by weight){plus
the bitumen which does nbt get recovered, 1is waste to be

disposed'oﬁ (Prasad_and Joshi, 1985; Camp, 1977).

2.1.2 0il Sand Operations

| The two. 0il sand surface mining operations on the
Athabasca oil sand-déposit (Syncrude Canada Ltd. and Suncor
Ltd.) process the’.oil sand material wusing the hot water
exfraction process. In the first stage of the extraction
process, known as conditioning, water”and'steam are mixed
with.thé mined oil sand. Also during this stage chemicals
such as NaOH are added to assist in maintaining the .pH
between 8.0 and 8.5 in order to strip the'bitumen‘from the
mineral solids for easy separation in the next siage.
Howe&er, these.conditibns cause the'clay particles to become

well dispersed. In the next stage, called separation, more
water is added to the already dilute oil sand to promote the

segregation of the sand size particles and the flotation of

. \
the bitumen.



The remaining’ materlalﬁ; known as middlings, is
subjected to a fipal stage called scavenging, for ,the
removal of small amounts’ of prev%ously unrecoverd bitumen.
This procedure involves an air injection system. The
remainder, of the material from this stage/;ombined with the
spgrégated sand from the separation stage (the two materials
may‘already be combined depending on the particular design
of the scavenging stage) formwthe oil sand tailings anq are
pumped to a disposal area (Camp, 1977, Adam, 1985).

3

At the Syncrude Canada Limited plant, 1 m® of o}l sand
feed requires 1.8 m' of water for the forementioned
extraction process. The tailings stream occupies a volpme of
more than 2.5 times the volume of the original oil sand
b(Scott and Dusseault, 1982; Scott, Dusseault, and . Carrier,
1985). In a given year, the tailings stream amounts to a
volume of approximately 115 million cubic metres (Scott,
Dusseault, -and Carrier,-1985; Fair anq Hanford, 1986).

The disposal area that the tailings are pumped to,
tohsists of a pond of ﬁailings slu@ge confined by a dyke
constructed from the tailings sand. When the tailings arrive
at the disposal site, they are pumped into "cells"™ on top of
" the dyke, which.allows most of the sand to drop out of
suspensidn. The rgmaindérﬁof,the material then flows into
the vpdnd, this .process 1is called "overbbarding". Wheé
sufficieqt sand has been" deposited in a  ge11 for
cbnstruction purposes, the tailings are pumped to a

different cell. The loose sand in the- filled cell is then

-
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mechanically. compacted ‘as the sand builds ‘up. When the
material is ¢ < ooarded, the remainder of the sand
segregatés out forming a beach and trapping some of the
.fines while doing so. The beach has‘an average slope of S
degrees, where the slope below the water line is steeper
than the slope above (Camp, 1977; Dusseault and Scott,
1952). A typical section of the dyke is shown in Figure 2.2.
Approximately 48 million cubic met:resr of dilute or
"thin" sludge (8 % solids content) is fofmed per year at the
Syncfude Canada Ltd. plant (écott and Dusseault, 1982),
Soiias content (S) is a ratio of the mass of the“sludge
solids (bitumen included) to the total mass. A péggion of
the water is released after the beaching procéss and initial -
sedimentation. The tailings at this point occupies a volume
approximately 40 % greater than the in situ oil sand»(Scott,
Dusseault, and Carrigr, 19?5; Camp, 1977).
2.1.3 Tailings“%%udge DesCripti°n |
Typicél graintsize distribution curves for the tailings
stream and the tailings sludge' are shown on Figure 2.3
(after Scott and CYmerman, 198{). Approximately one ha1f>of
the sludge’soil particles are in_the clay range with more
than 90 % of the material beihg silt or clay size particles,
The élay minerals typically chsiét of 80 % kaoliniﬁe, 15 %
| illite, 1.5 % montmorillonite, 1.5 % chlorite and 2 % mixed

L3

~clay layers (Roberts, Yong and Erskine, 1980).
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The s!.idge has_ihe consistency of a thick fluid. Sludge
which has Lt.en in the tailings pond for two years has a
solids content of 30 %. Bitumen exists in the sludge as free
and adsogbed'bitumen kKesSick, 1979). The émount of bitumen
‘ (relative to the mass of mineral solids alone) on average is
'arou?d 16 % (or 30 ¥ by volume), ranges from 2 to 28 %, and
is. typically greater’ in finer sludge than coarser sludge
(Scott, Dusseault, and Carrier, 1985).

. The ligquid limit of. the sludge ranges from 40 to 80 %,
whére sludge .with higher bitumen contents™ (usually finer
graineéﬁ‘sludge) yield the higher liquid’ limits (Scott,
Dusseault, and Carrier, 1985). Figure 2.4 compares the
plasticity of o0il sand tailings sludge with other mine
.tailings (after Carrier, Bromwell, and Somogyi, 1983).
‘Phosﬁﬁété slimes are composed of '1/4 to 1/3 clay sized
.minerals, of ;hich smectite(ig the primary clay (Carrier,
Bromwellt and Somogyi, 1983). The slimes from the China Cla{
tailings are dominated by kaolinite (Kessick, 1978). The
tailings from the processing of bauxite to aluminum, known
as the Red Muds, are dominantly sodium alumino-silicate,
which comes from kaolinité (Kessick, 1978). When the bitumen
from a high bitumen content sludge (28 % by weight) was
removed, the liquid limit dropped froﬁ 65 to 50 % (Scott and
Dusseault, 1980). : v

A characteristic of oil sand sludge is the gel stfength'
or‘thixotropié strength that it dévelops. Measurements of

the thixotropic strength of the sludge yield a value of

N

~—
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around f1§ gé;'séveral days after ‘being remoulded (Scott,
busseault,‘éﬁd Carrie;,“1985; Kessick,i1979). Negative poe
pfessuresz,in‘ségndpjpeé éohtaining sludge,'are thought to
 be caused by éﬁikoﬁrdby’and have been measﬁred in the order
of 11 kPa (Scott, busseaﬁlt;-and Carrier, }985); Kolaian and
Low (1962) diébuss the existance of negative,poreybreésures
“in relation.ﬁo ihixotropic gel étfength._Noﬁ only will the
gel formation decrease self weight coﬁsolidation_ in the
upper po;tion' of the‘;pond, it will also -affect some
geotechnical tésts perfdfmed on the siudge. Atterberg tests,
‘fpecifically liquid'lihét,>sﬁéuld be ' performed immediatély
after mixing, the materiél; Standpipes contéin{ng,sludge for
the purpose of measuring settlement cauged by consolidation
should be of sub§£antial ﬁeight so as not to be dominated by
the thixopropic effects (Scott,‘ Dusseault, ana. Carrier,

1985). - | R

2;i.4 Pond Dynaﬁics

As . the slﬁdge enters the pond, Dusseault énd Scott
(1982) propose that it travels on top Qfxtgg coarse grained
 beach{. throhgh a clear water zone, and into a zone of
‘sedimenting sludge. At this point the sludge seperétes ihto"
a thin sludge'densityréurrenf”and a sand aensity curreqt.
The thin sludge having a relative density of around 1.05,
" and a,so1ids content of abou 8‘%, travels down the beach in
the sedimentation zone, until it reachgsmxg\\zgfe of 1like

density. At this point, the thin sludge leaves the ueaQE and
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moves towards the center of the pond (Dusseault and Scott,

1982),
_ ” , )
Sedimentation 1s the process in which the solids fall

\through the ambient fluid, ~in  which stress 1is not
transferred from one particle to another (except through
periodical, collisions). In the _ éon@, ‘the zone of
sedimenhation has hoth Stokian and hindered..sedimentaﬁion
processes which are controlled by fluid viscosity, particle
size and- shape, and gravity. In this zone,‘ the solids
content of the sludge riees from 8 to 20 %, where the
dehsity inerease arises from the hindered sedimentation
fegion (Dusseault . and Scott, ]982; Yong et al., 198é).
During sedimentation, some‘of'the free bieumen is released
from the sludge and'forqs a mat on top of the sludge-water
interface sihce the bitumen is slightly denser than water.
Most of the bitumen however _is retained with the mineral

Dartlcles (Dusseault and Scott, 1982).

At a solids content in the range of 15 to 20 %, the .. -

sludge solids begin'to form a matrix>such that stresq can be
transmitted from ohe ‘particle to ‘another. hfter' reaching
this solids‘cohteht,‘aéy increase in sludge density arises
from the proceSs of self weight consolida;ion (Scott ahd
Dusseault, 1982) This process is controlled by ghe
permeablllty and compress19y?1ty of ;he_‘matrix, and is
dnduced by the buoyant we1ght of the part1cles above the

po1nt in questlon 1n the matrlx. The sludge consol1dates to

a solids content _of 30 % in about two years, “which is

N 4
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relatively fast. The sludge at this point is termed "mature

sludge"” and has released approximately 65 % of the original.

water volume. The rate of consolidation from this point is

_decreased dramatically‘(Dusseault and Scott, 1982, Yong et

al., 1982). Test results combined with field observations

led, Scott 'and Dusseault (1980) to conclude that in .a°

properly managed oil sand taiiings‘pondh the sedinentation
rate of the siudge wili be sufficient, however the problem
llies inhthe consolidation of the sludge. |
2.1.5 Sedimentation: and Consolldatlon .

| In the case of Syncrude Canada Ltd. the bulkiness of
the tailings means that the dyke and pond w111 eventually
cover an area of 24 km®, and covers areas o£ mlneable 0il
sand. Environmental considerations such as thedprevention of
- long term sqepage of the tox1c talllngs water as ‘well as the
eventual . revegetalon of the talllngs pond area have also
contrlbuted to, the ‘need of understand1ng anc -~proving the
consolidation. behaviour of the sludge (Scott and Dusseault,
1980). S : o . | . R - '

4 3
Howe%er, as po1nted out by Scott and Dusseault (1980)

that although sedlmentatlon is not a problem in a properly

managed pond : consxderable Aeffort ‘has been“~put v1nto_

improving .the sedimentation of’ the sludge sollds.: The
settllng process of the sludge SOlldS is a comblnatlon of a
,sedlmentatlon process and a consolldatlon process. When the

, sed1mentat1on process has dep051ted suff1c1ent SQlldS to

¢
’
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[l

form a structure 'such that effective stress can be'
transferred. amongst the particles, then future éettlement
mnst be caused byvconsolldation of the structure.

Chemical additives and changing the sludge pH have been
examined to' improve the "settling" of  the sludge. The
obtimum PH value; in regards to settllng sludge, was found
to be .2 by Hocking and Lee (1977). ThlS value corresponds to

-a point ofwzero charge for the clay partlcles. Ripmeester
“vand Sirianni (1981) acknowledged .ckmg and Lee's finding, .’
however found that an optimum pH value': in the other
L ‘ S ) -
direction occurred at a pH of 11,3,

Van Olphen (1977l'noted two problemg in working,with
‘chemical,agents. Thg,first problem is a tendency for some,

'~ sols (of whlch clay is one) to form 1nto a gel upon addition

of certain concentratlon of~flocculents. A--gel, as defined

-
—’

by Van Olphen (1977) is a system of partlcles which are
~.agglomerated to one floc extendlng throughout the available

volume. Josh1 and Prasad (1985) c1ted that difficulty when

adding 1lime .(CaO or Ca(OH) ) to oil sand"sludge and.
vcommented ‘that. water was not released even after 45 daysr
yThe Second problem ment1oned by Van Olphen (1977) 1is thdt
when 51ng chem1ca1 flocculatlng agents toﬂ improve

sedlmentatlon, the product upon compLetlon of sedlmentatlon
\the< oeglnn;ng- of consol1datlon,‘ is bulkier than if a
flocculating agent'were'not used}

| -As mentioned earlier, oil sand,SIﬁdge without add%tiyes

" possesses a roderzte ~gel or thixotropic strength. Kessick



19

(7979) stateé three conditions necessarf tor the slgdge to
form a gel\ structure at its normal pH. They are 1) the
presenoe of residual bitumen, 2) the presencea of a clay
bound organic component to confer surfacezactivity on the
clay particles, and 3) the clay particies most haye been
ihitially well dispersed.A’Residualx bitumen and initial
dispersion of the clay /particles have 'been’ﬁpreviously
discusSea: Research (Burchfield ahd Hepler,.197§, Ignasiak
et al., 1982)‘has shown that clay bound organic oompounds do
eiist and that they are, in part,'carboxylic acids.

Scott, Dusseauit, and - Carrier (1985) show that

'negllgble gel strengths exist in .sludges with' solids

contents less than 20 %. They also state that since the pond

A

is being contlnually fll‘ed the welght of overlylng sludge
w1ll dom1nate the phy51cal stresses, startlng at a depth of

.about 3 m. Therefore 1t is necessary to look elsewhere for

7-other processes causing the mature sludge to consolidate so

slowly.
. - - e

‘The 'clay’ aasorbed ’organic iayer's \and hitumen's
'affinity for waterf has beén cited by Scott, Dusseault, and -
" Carrier  (1985) as a faEtor . in oecreasing’ the _ludge's
‘permeability, which determines the rate of_consolidatidn.
However, the authors feel the meehanical role of bitumen is
more-significant Scott and Dusseault (1955) haQe shown that -

'bltumen is able to hold mineral gralns apart -thereby acting

" as a SOlld. In the same study, 1t waswshOWn that low bitumen

sludge behaved similar 'to kaolln1t1c slurrles dlspersed in
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NaOH, indiéatiﬁg that, sludge can. be understood like”otheql
soil-water systrms. Also, :ludge with a high bitumen content
was less permeable than low bitumen content sludge. Scott,
‘Dusseault, and Carrier put forth then, that the bitumen
allows the soil particles to agglomerate leading to rapid
consolidafion. Once ‘stress is applied\ to the sludge
structuré in the consolidation'stage, the bitumen, although
treated analytically as a solid, is deformable and able to
constrict or cut off flow paths, thereby reducing the
permeability. This hypothesis 1is consistent with the
findingslirom'sedimenfation and consolidation tests (Scot.
an@_Dusseaulf; 1980)'thatvthere is a répid decrease in the
permeability of the sludge once tﬁé sludge reaches

approximately 30 % solids content.

Another effect that bitumen has on the sludg% 1
of decreasing the relative density of the.sludée sofcds.
self weight is a factor in the rate of ;onsoiidation a
as determining the eventual amount of consolidati;n. The .
addition of sand to tailings siudgé in order to increase the
relative density of the sludge mass is limited, due to sand
segregation at‘fmoisFure contents and sludge sanda ratios
which would QCCurviﬁithe field‘(Dusseaulf'and Scott; 1982).
However, Lane (1983,1584) found that by adding lime.@ovthe
tailingé sand, segregation can be'pfévented; He.also found
that high dénsity matefials can be formed with "relatively

high" permeabilities.
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2.2 Permeability and ¢ onsolidation Testing on Slurries and
Soft Ciays
, x
2.2.1 Introduction
To. understand thékconsolidation broperties of a given

soil, laboratory testing is conducted to determine the

~compressibility (variation of void ratio with stress) and
hydraulic conductivity of the soil. «For ‘soils undergoing

large “anges of void ratio, it is necessary to determine

the hydraulic conductivity as a function of the void’:atio.
2.2.2 Permeability Tssting \ o

Permeability ‘evaluation in the laborétofy is done:
either directly or indirectly. The direct method involves
forcing a permeant'through the %Oil and monitoring»either
the rate of flow through the soil, or the hydraulic head
- changes induced by it. Indirect methods of determining the
hydraulic conductivity ase done by invertihg a consolidation
theory .and applying it to the data obtained ;s from a-
consolidation test (Teféaghi,v f943; Love, Jonés, and

Obrician, 1969).

2.2.2.1 Indirect Methods of Determining Hydraulic

Conductivity

The most common method of indirectly determining the
hydraulic conductivity is either from the logarithm time
plot (Casagrande, 1938) or square root ‘time plot (Taylor

1948) of the consolldat1on of a soil under a constant stress
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in the standard oedometer test. Olson and Daniél (1981) cite
the use of back calculated hydraulic conduétivity valﬁeé as
one of the major causes of differing values between field
and laborafory permeabilities. For 90 ¥ of reported cases,
there was up to a 64 times difference in hydraulic
conductivity values. The authors themselves found that for
normally consolidated clays, the ratio of measured hydréulic
conductivity to back <calculated hydraulic conductivity
ranged from 0.9 to 5.0.

Pelietier, Oison, and Rixner (1979) ascribed the lower
permeability values obtained from Terzaghi's- theory to the
high strain' rates which occur during the test. Lun and
Parkin (1985) give other possible tést prbcedural reasons to
‘account. for the ‘discrepency: between meaéured. and’ back
calcutlated hydraulic conductivity. Possible reasons were the
length of™duration of the previous load increment,’ and the
léad ratio increment[ which substantially shifted the tqm
point. — |
‘ In Tavenas et al.'s (1983)‘stdﬁy,on soft clays, their
"data"'&ndicated that the baék’ calculated values
‘undefestimated the‘measured values up.to six times. Their
éxplanat;on,for the differing values lie in the assumptions
of Terzaghi's consolidation théory. The assumptions which
are most ’violated,- they: show, are that of constant
permeability, constantlcompressibility and hence a constant
coefficient of consolidation during consolidation. T;venas
et al.'s study led them to conclude that indirect methods

e

- ‘ ) S S
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. are unacceptable in determining the permeability

characteristics of natural clays.

2,2.2.2 Direct Methods of Determining Hydraulic
C;FBuétivfty

The two most widely wused methods of directly

detéfmining the hydraulic conductivity of a soil are the
constant head fand falling Bead permeabilty tests. - The
advantage of these two tests is their simplicity in
apparatus, procedure- and  evaantion of the hydraulic
conductivity from the test data. The disadvantage of the
conventionél methods 1is the length of time reqguired when
performing low gradient permeability/ tests (leon and
Déniél, 1981). With the falling head test,.it becomes &uite
‘impractical to run low gradient tests. However using large
gradientsito gvercome tQS test duration problem can lead toA
other difficulties. R o
Pane et alf (1983) study tHe problem of lar;e gradients
‘coﬁsolidating the soil during the permeability  test, and
Mitchell 'and Younger (1967) attribute pafticle migration
during the test to large g;adients. To' overcomé this
problem, Olsen (1966) introduced a constant flow test in
which water was introduced to the sample at a constant rate
by a flow pump and the corresponding préésure‘difference;was
‘measured. At present, the only drawback with this system is
in the puT?'s ability to producé very slow. flow rates

(Olsen, Nichols, and Rice, 1985).
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2.2.2.3 Deviations from Darcy's Law

Darcjws Law (1856YV states that the flow discharge
velociry (v). is directly prop&rrional to the hydraulic
gradient (i) in the soil by a constant ’(k) known as the
hydraulic conductivity or the coefficient of permeability.
Although this FEEationéhip was presented over 130 years ago,
research is still being done to determine its validity fer
clays. Olsen (1985). stated that possible deviations from
Darcy}s Law fall under two categories : 1) the relationship
between flow and hydraulic gradient is non-linear and 2) the
intercept of the flow-hydraulic: gradient graph 1s not at the
origin. |

Linearity deviations from Darcy's Law in some
literature' appeared to occur at "low hydreulic gradients
(Hansbo, 1960; Miller end Low,‘1963; Mitchell and Younger,
1967). Also, at high gradients, a trend of increasing
hydraulic conductiviryx with increasing hydraulic gradient

seems to be evident for%highly plastic clays. To test this

trend, Gairon and Swartzendrpber (1975) performed a series

o ’

of permeability tests on a bentonitic clay for a range . of
void ratios (starting at a qradient of 50). They found that
at high néiéz'ratios, around 14, a trend of decreasing
permeability with increasing gradient occurred. Seepage
induced consolidation would probably acceunt for this, since
rhe denser clays ehowed‘ no deviation from a linear
flow-gradient relationship. At lower gradients Olsen,

Nichols, and Rice {1985) and Tavenas et al. (1983) showed

1
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the validity of Darcy's Law in kaolinitic and Illitic\glays
respectively. Because of some of the conflicting reports in
the literature, Olsen and Daniels (1981) recommended testing
at gradients close to fhose.which wi%l occur in the field.

The second type of deviation from Darcy's Law can take
either the form of no flow at'a finite, hydraulic gradient or
flow at zero hydraulic gradient. The former was studied by
Miller and Low (1963). The threshold gradient, below which
no flow occurs, they found, could be ué to 45 in bentonitic
clays. However, in Mitchell and Younger's (1967) work on
kaolinite, they showed that at small gradients a Qery small
flow did occur. The flow Qas so disproportionally small that
it gave the false appearance‘of having a threshold gradient;
Recent work'has given conflicting results.‘siiva, Hetheman
and Calnan (1981) state that a small threshold gradient
occurs ih fine-grained marine segiments (illite and
smectite) where as Tavenas et al. (1983) show that if a
threshold gradient did exist, itvwohld have to be less than
0.07. Other work (Olsen,‘1969;’Gairon and Swartzendruber,
1975; leen, Nichols, and . Rice, 3385) has shown the.
existefice of flow ét zero gradient. Olsen (1969,1985)
suggests an explanation may be osmotic behaviours induced
from within the sample due/ﬁochemicalreactions changing

pore fluid chemistry.



2.2.2.4 Steady State Flow ~ e

-OAe phenomena in permeability testing that has received
little attention iﬁ the 1iterature’ is thev.fime .required
Qntil a steady state flow is reached. Olsen, Nichols, and
Rice (1985) 'suggest ﬁhat the high Qradients typically used
in laboratory testing mask'thié chargcteristic and therefore
there has,begg little mention of it. Many authors have noted
in passing ﬁhe necessiéy to "wait" before taking readings
(eg; Tavenas et al., 1983; Gairoﬁ ahd Swartzendruber, 1975;
Miiler and wa, 1963), however the most documented work thus

far has been per formed by Olsen, Nichols, and Rice (1985f.
Their work on low gradient testing in kaolinit§ has
revealed‘fhét this delay, which incfeases for increasiﬁgly
finer soils, can be up to 6d0 minutes for silty clays. The
flow starts off rapid and decreases up to an order of
magnitude for silty clays, until a.steady staté,is reacﬁgd.
Gairon and Swartzendruber (1975) %ofed that the greater the:
hydréulic gradient,-a greater aecrease in flow was necessary
to reach Va steady state condition. As shown by Olsen,
Nicholg, and (ﬁice- (1985) the Steady' state flows obeyed
Darcy's Law. Tﬁé authors suggest that‘tfme dependent changes
in either the volume or distribution of pore space in a

-

specimen could account for the phenomena.

2.2.2.5 Summary
Indirect methods of determining hydraulic.conductivity
have been fouhd to be unacceptable because of experimental

(eg. high 'strain rates) and analytical reasons. (Terzaghi.
: _ - 5

. . , _ /
by ) B ———
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B

assumptions). When direct methods are uéed, low gradients
must be Qsed éince iarge gradients induce consolidation. The
.falling head test is impfacﬁical with low gradient# Flow
pumps are a possibility, but present pumps have difficulty
producing extrehely slow controlled flows. The constant head
:est can be used with 1low éradients, but will result in a
long test duration.

" Research into the existence of deviations from Darcy's
Law, be it a threshold gradient br a nonlinear fiow-gradient
relatiohship, have yielded conflicting results and it has
therefore been suggested to perform the tests at gradieqts
close to that which will occur in the field. One anomaly of
permeability testing which has staf;ed to receive ;ome

- attention is the existence of an initially rapid flow which

decreases to a steady state flow after a period of time.

2.2.3 Consolidation Testing

2.2.3.1 Traditional Cunsolidation Test

To determine the parameter:s required for the solition
of a consolidation proulem, consolidation testingv‘has
tféditionally been coupled with Tgrzaghi's (1924) theory of
one~dimensional infinitesimal vconsoiiaation. As mentiéned
previously, the most commd%w_consplidation test 1is the
oedometer test in which a series of eonstant loads are
applied to a sample, ana the consolidation with time 1is
observed for each load. fhis allows one to obtain a

relationship between stress and void ratio, coefficient of
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compressibility, a,, a coefficient of consolidation (froml
the consolidation theory), Cy» and subsequently a hydraulic
conductivity value, k. | |
Difficulties with some of the assumptions 1nvolved in
the theory as well as problems involved in applying the
theory to the test results were briefly discussed earlier.
Experimentally, there are two major problems with thée test,
as discussed‘by-Znidarcic et al. (1984). One problem 1s the
length of time for a test to be completed. The other problem
lis in the determination of the hydraulic conductivity. 1If
one does not want to rel} on the back calculated values,

permeability testing may cause seepage induced

consolidation, as discussed earlier.

2.2.3.2 Improved Consolidation Tests

-Other testing ﬂtechniques have been develfped to
overcome the time problem of the oedometer test Soch tests
include "the Constant Hydraulic Gradient (CHG) test (Lowe,
- Jonas, and Obr1c1anh 1969), the Constant Rate of Deformation
‘(CRD) test (Hamilton andkCrawtord, 1959} Wissa et al, 19715,
and the Constant Rate of ﬁoading (¢RL) test._Although;these
tests are faster than the standard oedometer test, their
data is reduced by applying an inversion of the Teraaghi
infinitesimal consolidation .theory  to ~ obtain " a
compressibility reiationship and hydrauiic conductivity
value, and thosbthere usefulness is limited by restricti?e

assnmptions‘(Znidarcicket a].,v19§4).
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In the CHG test, through the use of a‘feedback systeﬁ,
the loading rate is continually adjusted such that there is
. a constant gradient within the ’sample; Thé} assumptions
required for ‘the reduction of the data include infinitesimal
'strain, constant perheability,. a. linear compressibility
relationship and a constant void ratio throughout the sample
(Znidarcic et al., 1984). 1In the CRD test, assumptions
include ihfinitesimal strain, constant coefficient of
.consolidation, and assumptions regarding the rel ‘tionships
between either the void ratio and time or tﬁe void ratio
ditribution in the samplé. Neither °of 'theb void ratio
relationship assumptions can bé validated‘(Znidarcic et al.,
1984) |

Other tests reviewed byAZnidarcic et al., including the
CRL (Aboshi,'Yoshikuni, and Maruyama, 1979) and Continuous:
Loading {Janbu, Tokheim, and Senneset, 1981) tests, have
similar assumptions and reétrictions. The seepage test,
void ratio - effective stress and void ratio - permeébility
relationships withbﬁt the use og a consolidation theory. The"
véid ratio distribution in the sample is determined’ by
stopping-the seepage induced consolidati;n, andkthen slicing
;ghe sahple tq determine the VQid.ratio at various locations.
However, as pointed out by‘Znida;cic'et al. (1884), the vo{d.
_ratio will be altered due to sample feboupd. J -
Except for the seepage tésf,\the“forementioned tests

with their corresponding analyses havé’beep sgt‘up for soils

7 .
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- which relat1ve1y obey the assumptions 1nvolved 1n Terzagh1 s
v1nf1n1te51mal consolidation theory However, these tests are
lnet applicable to scft soils such as dredged marerials and
mine waste slurries which'undergo large deformations dpring
censolidation For such soils several ‘épparetif lwith

corre;pé/élng analyses have been proposed. . R

2.2.3.3 Slurry Consolidation Testing

. The Slurry Consolidometer is similar to the oedometer
but is de51gned to accomodate soils wgzch will exhibit large
deformatlons (Salem and Krizek, 1973; Bromyell and Carrlerr
1979; Scott, Dusseault, and Carrier, 1966). The test iis
performed similar to the oedometer test in that the step
loading procedure is applied, allowing for a direct
determination of. stress versus void ratio. A permeabillty
void ratio relatienship can be determined by cohaucting
permeability tests on the sample after each increment. Using
a loaa'fixlng device,‘described by Scott, Dusseault, and
Carrier (1986), “seepage induced consolidation .can be
prevented. Therefore the major d1ff1culty remaining w1th the
procedure is the duration of the test.

Several procedures-have been developed to decrease the
time involved when doing large strain consol1dat10n testing

on clayey soils. However, these procedures 1nvolve inverting

the complex finite strain consolidation theory (Gibson,

England, and Hussey,_1967) and therefore‘their‘usefulness~is

measured by the assumptions used in the inversion process. -

One such procedure is that presented by Umehara and Zen

4



(1980, see also 2Zen and Umehara,.1986).lfhey combine they
" slurry consolidometer and CRD test procedure with the finite
strain consolldation theory as presented by Mikasa (1965).

Their analysis requires that a finite strain coefficient of .
consolidation and compression index be constant throughout
.the test. Znidarcic et al. i1984) 'state thet t.. 2.
assumptions are the' cause of | the - two distinct
effective-stress void’ ratio curves whiCh result from the
analysis (from different monitoring devices on the test).

Znidarcic et al. (1984) present a procedure and analy51s of
large‘strain consolidation testing whlch also employs the
CRD technique. Assumptions necessary to their analysis
include a ' constant  finite. strain coeff1c1ent of
consolidatlon over time intervals and negligible self welght
of the soil. These assumptions and other difflculties led
the above authors to suggest that further work on the

analysis portion is necessary. ,

2:2.3.4 Initial State of Slurried Material

1SIUrry consolidation tests along with sedimentation
tests have revealed several phenomena in sedimentation and
self weight consolidating soils, most interesting of which
is that surrounding the initial void ratio. Monte and Krizek
(1976)Abropqsed a "fluid limit" for a given soil, as the
void Aratio at the boundary between ;the sedimenting and
consolidating phases. However, Imai (1981) observed that for
highly active soils which undergo hindered settllng during

the sedimentation phase, the 1n1t1a1 void ratio at the start

AN

AN
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of consolidation 'is-'strongly depgendent on the initial
slurried void ratio. The result of this behaviour. is that
there exists countless compre551on curves in' the low

. A

' pressure range, less than 0. 1 kPa in their study Above this
pffectlve stress there 'fs a unique " compre551on curve.

Similar results were reported by Umehara and. Zen (1982),

Been and [1lg (1881), Scuily et al. (1984), and Salem.angd
Krizek (1973). imai's study- showed however; that kaoiinite

did not exhibit this behaviour.

"
. 2.2.3.5 Summarz

The standard oedometer test 1is developed,\for small

strain consolidation problems and is generally “used vwith'

small strain tHeory. Advanced testing techniques: such as

., CHG, CRD and CRL, which are faster than the oedometer test

e also %@gloy an 1nver51on of the Terzaghi 1Af1n1te51mal
R At )
«?3 &’&bﬁ l .

mdatlon theory to yield usable results, and are thusly

‘.l« h

td by the tneory S assumptions. The seepage test

A

does not rely on @Terzaghi’s theory for consolidation

parameters. However, sample rebound at the completlon of
this test leads to erroneous results.

Slurry consoli~ “ers have been develeped which .allow
for large deformatic. during consolidation as‘iéll as_the
ability'to perform permeatility-tests on the samples. The
tests, however, are slow.:Work has been done on combining
faster techniques, such as the CRD test, with thegy slurry

consolidometer and inverting a large strain consolidation

theory for the results. However, more ‘work is required on

/\
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the analytical portion. ‘ . .

Slurry tests have shown that the initial void ratio of ,

v

{
thereafter, feor active soils.

the 51urry affects' the compressibility curve achieved
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3. LARGE STRAIN CONSOLIDATION ANALYSES _

To: be able to understand and preperly model ﬁhé
consolidation of . the ~0il  sand ‘tailings sludge, an
‘appropriate consolidation theory‘éhouldvbe used.

This Chapter contains a review of the consolidation
theories available. Discugsion focusses on the necessary;‘
deVelopments and extensions relative t?y slurry
consolidation.

The appropriate theory is then looked at in détail with

respect to derivation, solution, and usefulness. -

3.1 Consolidation Theory Developmehts
‘ ,
3.1.1‘Térzaghi's Theory
In geotechnical - ehgineering, designs based on
consolidation and settlement calculations haye used the
classiCal.one dimehsional tggory of consoliaétiog derived by
Terzaghi (1924). Coﬁbining/ continuity with a flow rate
relationship (Darcy's Law), Terzaghi develQped the governing

. |
equation for one dimensional consolidation,

u | _du I |
3t - cvaxz " « (3.1)

where-t is time, x is the one dimensidhal~coordinate, u is

the excess pore pressure and c, is the coefficient of

consolidation constant defined by ’
}/,/’ﬂ\% k (1-+ e,) | (3.2)

£ } C; ) a Yy ) S O
g\ l : ‘ _ .. _ .
\\\» wiiﬁ”‘i is the coefficiént of permeability, e, is the void

}
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ratio prior to consolidation, &y, is the usit weight of water
‘and a, is the coefficient of compressibility (-Ae/Ac').
" Somedaf the assumptions,lnvoked by Terzaghi on the soil
Tmess, for ease ofeQerivatien and selutioﬁ; were a lineer
- .séfés%-strain (cempressibility) relationship,. a constant
eoefficieet of permeability, and.- infinitesimal istfain.
Infinitesimal strain means fhat the relative decrease 1in
soil mass thickness due to consolidation, is so small that
the volume ratiostefm 1+e can be approximated by 1¥e°. Those
assumptions have given rise/ to several extensions to the

+

classical theory. ' o .

3.1.; Nonlinee}ftyw and Varying Permeability Theoretical
k\\\- Developments ) :v - .
any authorsf hase undertaken' to = accomodate a
stress/strain relationship different than that posed by
Terzaghi, and to account' for aA'not neeessarily constant
coeff1c1ent 5éf; permeability;f SChiffman_ and Gibson .(1964)
(\haddressed the -%roblem of noﬁiinearity by treating both
pe;meabllityfahd compressibiléé? as functions of depth. This
'&hdirectly relates the'eombressibility and permeability to
stress: since the effectzve stress changes with depth. The

1

problem : is therefore addressed as geor 2t -ically
' 7 T .
nonhomogeneous.

Davis andvﬁggmbnd f1965)'approached the nehlinea;ity
problem by 'dg{ﬁg the stress-strain (or void ratio -

. P N : : : :
effective &tress) relationship observed in oedometer
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testing,

" ’ 0'
A}

00

e =e, -C, log(Ze) - I

- where . o is; thgh,éffective stress‘éét é&, ‘and” C_. is ‘the
compressioh indﬁx. Appliing this t&l?éfgagﬁi!s derivation,
they de&eloped ; more general, and cdmﬁiéx, éne dimenéaonal
consolidation equation., ’

Thé“ fbreﬁéntioned extedsions<*aréf‘only two . of the

W

nonlinear deviations from the classical theory but are
representative of the manﬁffn tha%Lthey-are infiﬁitesimal
strain théories. Such tﬁeoretical,deveiépments are.not‘valia
due to the’ fac# that nonlinear 'behaviour, and variable g
permeabiiity'ﬁould be most bronounced when the strains are"

large.

.

For a more completg overview of infinitesimal striin .
theory extensions, refer to the paper by Olson and  Ladd

(1979).

©3.1.3 Finite Strain Developments P

In.adapting the classical (ﬂ%finitesimal strai;) theory
to large strain problem#[ Olson and Ladd (1979) and Yong,
éiu, and Sﬁeeran (j983)ﬁincremehtélly adjgst soil parameters
(permeability and coefficient of compqsséibilitY) and soil
thifkness throughout the consolidation pfocess. HoWever,
th;s technigue is still an‘approximation énd a moré genéral

>

theory should be sought. L

EN

To develop a governing consolidation equation which"’

places . o restriction on the amount of . strain
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(conéolidation), McNabb (1960) developed the theory in terms

of material coordinates (Ortenblad, 1930). .The material

coordinate system defines a point in a soil mass by the

volume of solid material between that point and a datum..

This system has the advantage of allowing a plane in the
soil mass to be referenced throughout its movement during
consolidation without. knowingv its exact location. The
boundaries are always aefihéd, Eimplifying the application
of the boundary conditions (Gibson, England, and Hussey,
1967).

The consolidation equation McNabb derives 1is as

Aty

follows,
de _ _ 0 k 90’
- (1 + e az) (3.4)

ot 0z

where z 1is the material coordinate, and is rela;ed\to the

actual difﬁange £ by, PR
E=J(1+'e) dz o (3.5)

0 ’ .

Thé consoliaation equation in this form is unrestricted in

the amount of strain and in the relationship between k, e

and o'.

| Although McNabb's theory represents a tdrning{point in

slurry consolidation theory because of Gﬁhe | inherent

allowance for large deformations and unrestricteé soil

parameter relationships, the theory is limited because it

does not incorporate the self weight of the deposit.
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3.1.4 Self Weight Consolidation
- The self weight of a thick soft clay ‘layer being

consolidatgd'PlayS'a major role in determining the amount

~—

ar . . . . . .
7_c:f consclidation and is the only consolidation
*:. - v

and hrd{e%

‘inducing.forée in conditions such as mine tailings ponds and
dredging prOjects.€§ |
' McNabb's (1960) lack of self weight applicability
limits his finite‘strain solution to consalidapion of soft
thin Jlayers where self weight effects are lessened with
decreésing thickness. Mikasa (1965) developed a
coﬁsolidation equation which takes the self wéight of the
deposit inté account. The equation was deveioped'ih terms of
a consolidation fafio, (1 + e,})/(1 + e). Gibson, England,
and Hussey (1967) also consider self weight. when défiving a
finite strain consolidation’eq»ation. | '
Pane and Schiffman (1981)\ show that although the Mikasa
(1965) and Gibson, England, and' Hussey (1967)\soluti%ns were
developed indggendeptly, the solutions are similar éxcept in
- one respecgéégihe initial condition. ‘Mibasa's theory
ihherently assumes that a layer is initially rapidly placed
t(i.e., instantgneouslyfformed) ét a constant void ratio. The
Gibson, England, and> Hussey theory places no initial
»restrictions; .allowing for a slow deposition process, if
required, and is thus the more general solution. Due ‘to its
'broader applicability';nd wider usage and acceptance, the

remainder of the thesis will mainly refer to the finite
-~ : / .

strain theory formulated by Gibson, England, and Hussey, and

\
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the next section will examine the formulation in more

v

detail.
7

—
if

.

' N . .
3.2 Gibson, England, and Hussey (1567) Finite Strain Theory

3.2.1 Coordinate Systemg

As previously discussed, to simplify the handling of
‘the changing vertiqal distance between soil pérticles during
consolidation,v it was necessary to employ an appropriate
coordinate system. |

Gibson, England, and Hussey (1967)'demonstrate the use
of three coordinate systems; the Lagrangian, the convective,
‘and the materiél or redﬁqed Coordinate system%

The Lagrangian system refefs everything back to aftime
t=0, that is, a soil particle 1i's referenced throughout
consblidation by its distance "a" from a datum when ‘time

then 'its

o!

t=0. If the .upper bouhdary isv located at a
Lagrangian coordinate remains a, for all time. The standard
coordinate systém, Eulerian, has particles referenced to
planes fixed in space for all time, whiéh is satisfactory
for infinitesimal strain prdbiéms <. ch state that the
thickness  of the .layer is constént. The ﬁppgr Boundary
Eulerian coordinate will be outside the iayer ftor t>0 for
large strain pfoblemg.

When the soil particle at 1location "a" at time t=0
moves,“due’to consolidation, then its actuél distance from

the datum at time t>0 is now ¢, although its Lagrangian
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coordinate is still "a". ¢t is theﬁgbnvective coordinate and
is a function of a and t. Aithpugh working in the convective
system would_seém more reasonable, the mathematics dictate
that the Lagrangian system is more convenient. The
”convectivg/ coordinate is éometihes ‘peferred to  as the
ihstantanéous Eulerian coordinate ggéhiffman, Pane, aad
Gibson, 1984). . | ’
The third system used, material cqbrdinates, was
previously introduced under discussion nof McNabb's (1960)
theory. The  material coofdinate system is also a
mathematicalLy convenient system, and it is in this system

that the final goVérning equatigp 1s presented by Gibson,

England, and Hussey.

Priad

3.2.2 Formulatibn and Derivation

- Gibson, England, and Hussey (1967) employ three pieces
of physics in. deriving the governing equation; vertical
equilibrium, continuity balance, and a fluid flow
reiationship. .

If the weight of a unit of soil is equal to (ny, +|
(1-n)y_.), then the vertical equilibrium of the soil maés, in
terms of Légrangian cooféinates, is represented by

82+ (ny, + (-m)y2E - 0 (3.6)

where o is the total vertical stress, "a" is the vertical
Légrangian coordinate (which causes the equation to take the

positive sign when measured against gravity), £ is the

convective coordinate, n is the porosity which are functions
4 .

S
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of a and t, and y, and y, are the densities oz the fluid and

o}
.ooked%t 1n two parts,

solid phases respecg@&ely.
“ The cont1nu1ty bawﬁhce g?%
”gnty';ﬁor the f1l
“en%?d by

N3 W
Yyto.0 (1-nin.0) = y,(1-n)2E - | ‘ s (3.7)

cont1nu1ty for solid phase ana ;
'y , ‘

phase. The cont1nu1ty of {the solid phase i re{“

1f the assumption that the gju1d and solid phases are
iﬁcompressible is introduced here, then equatlon 3 7 becomes

(1-nt.0) = (1-n)2& s '(3.8)

For the fiuid phase continuity, the raﬁe of weighf
outflow must équal the rate. of ;hange of weight of fluid in
the element. If the element thiékness is 8a, then the rate
'of weight outflow of fluid over the element is é%(nyﬁvf -
v,))8a, where v, and v, are the velocities of the fluid yand
solid phases respectively. Equating this to the fluid weight
change rate gives an equation of continuity for the fluid

phase,'

d : . N o
3a(NY (v = v)) + 5{ “Vfaa] - o (?.9)
Equations 3.8 and 3.9 therefore," représent the
continuity balance for the problem.
To derive the fluid flow relationship, Gibson, England,

and Hussey cast Darcy's Law in terms of relative velocities

so that
n(v, - v.) = ~k_2u : (3.10)
t s Y £ . :

The relationship defining fluid pressure is

e
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whereﬂ 'uf is the fluid pressure which is equal to the
hydrostatic‘plqs excess pressures. Combining equations 3;10
and 3.11 and making use of 4he differential chain law lead; \\
to an é&ualtion for fluid flow, | |

d kK [9Y d '
n{v, - vs)a—§ =y Ta_r— + Yfé_ag (3.12)

For mathematical convenience, equations 3.6 (vertical

equilibrium), 3.8, 3.9 (continuity), and 3.12 (fluid flow)

are converted to material coordinates  using the
transformation: ‘ a K
‘ a &
Z(a) =‘J (1 - nt,0)da’ o - (3.13)

O A

— ,
Combining the continuity equations and presenting all

equations in terms of void ratio, the following is achieved:

- cvinlio 80 [8Ye t Ys lap
vertical equilibrium 3 * [—T—j—g—— 32 = 0 (3.14)
- -'ie”f“’s’] e _ ‘
_ cont;nu1tyvaz[——7—:—g——— *3F 0 (3.15)
. ) e(v, - v,) ag 2y
and- fluid flow [k R + 1]32 + Yy 9z - 0 (3.16)

Rl
3
.

Assuming that the soil skeleton iiihomgeneous,-there

are no intrinsic time effects (creep, etc.), and

<.

permeabiliﬁy and effective stress are functions Jor wvoid

.ratio (the latter being for monotonic consolidation only),

- P

then equations 3.14, 3.15, and 3.16 combine to ‘form the g

governing equation for one dimensional consolidation

= o8k Jee , 3[_k do'de de _ . <
i(Yg 1)de[T + elodz +/3Z[1 + e de 0z ] * 3t :0 (3.17)

L%
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Schiffman (1980).show5'€hat the classical consolidation_

theory (Terzaghi, 1924) anc nonlinear infinitesimal strain

extensions to it are all subsets of equation 3.17. Note that
) )

the first term in equation 3.17 represents the effect of the
. . [ ‘."
self weight on the consolidation §roca§s. If that term was

removed, the equation would be the same as that derived by
McNabb (1966), egn. 3.4. (The lack of f; in egn. 3.4 is due

to McNabb'@fﬁéglect of it).

N .

Been (1980) showed that when effective stress is set to
zero,  the governing equation reduces to Kynch's (1952)

theory of sedimentation.
WEb [

3.2.3 Application to Soft Thick Layers - . '

In the remainder of their paper, Gibson, England, and

&

Hussey focus on hsolving the governing gquatibn for the
special case of‘thén layers, that is, the self‘weight.of the
layer is negligible combared'to the load. Forvthis linfited .
case, with additional assgmptions, is was still neéessary to
‘employ numerical modelling fof the solution (however{lwhen

the equation was rendered linear, a closed form solution in
v A X3 e
a form similar to the classical theory form wasg achieggd).

[ |

In their 1981 paper, Gibson, Schiffman, and Cargill
continued the preceeding work to inclﬁde“thjck layers. To

solve the governing equation for thiéwproblem,'they defined

a finite strain coefficient of consolidation g,

. _ ke 1 do' R ,%:[ J v
g(e) - ] 'Yt (1 + e) de L,: . . ~ (3. 1‘8)

and a variable



] ' L0 4 4

- - 8 de : '
Ae) = de(do') , (3.j9)

By designatirig these two variables as gconstants, the

governing equation becomes linear,

3’ de _ 1 de N

SET‘;.A(Ys " Y%, 7 55 ' | . (3.20)

The designétion of g and ;A as constants !s one method
in which the governing equatior can  be formu;ated -to be
solved, others will be looked at in following sections. As
“always, ‘the accuracy of a barticular method will depéhd on
the accuracy of its approximations and assumptions.

The soil input pdrameters to the expliéft finite
difference pfogram uSed-to.sq;ve egn. 3.20 wourd then be
constant values fdt both g and 2, and.v01d rat1os both for~
the ?gglnnlng of consolldatlon and end of consolldatlon

Flgures in their paper, plottlng g and A wvs o show

éthef non- 11near;ty of . these functlons;/J The authors

. ,)\:
acknowledge ﬁt . they are- clearly not constant durigg
.conso&ldatlon, and therebyﬁjﬁrovide a point of possible
ﬁ ;f%

2

‘improvément.( o
T

ik
b
~ -

E

3.2.4 Compar;sen /pi‘ Finite Strain Results . to Classical

Theory : .-\
o A , b
Despite the forementioned approximations, results of
their analysé% and others demonstrate the effect of allowing
large strains and self weight on the consolidation analysis. ¥

A prime difference. between the Terzaghi and finite

strain  consolidation” r sults ‘is in the rate - of
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consolidation. Several authors . (Mikasa, 1965; Gibson,
Schiffman, and ka&gilkg 1981; Schiffman and Cargill, 1981)
- have observed that; for a ‘loaded clay layer, the finite
strain ‘solutihn predicts a swifter rate“ of consolidation
(defined as the amount of settlement comparednto the final
‘settlement), \\
Although the rate of consolidation 1is faster, a
surprising second dbservation noted for consolidation fﬁ
loaded layers is that the finite strain theory y1elds highér
excess pore pressures except for a small zone in the .center
"of the layer, at a glven degree of conso idation than the?
conventlonal tﬁeory (Mikasa, 1965; G;bson, Schiffman, angd
Carglll :‘1981) remarked by Gibson, Schiffman; -and
Cargill, / this has important ramifications on possible

-

'effec ive stress strength analyses

Jéa ﬁ%ﬁ the(conventional theory, the degree Of excess pore -
Qrgssnre‘ dissipation and the degree of settlement with
respect to time are* the same. However fcr a loaded layer
'thevflnlte strain theory predicts a settlement rate which is
faster than the dissipation rate (Schiffman, Pane, and
,Gibson, 1984’v | ‘ .
Double dralnage in: a nonllnear f nite strain analys1s
w1ll not be as benlflclal as it would in a’ convent10nal

\ana1y51s. This 1is due to the flnate straln theory allowing

the non- llnear propertles of the so1l to forw a "cake" at

the drainage boundary,. hlnderlng the' dralnage (Schitfman,

Pane, and Gibson, 1984; Croce ef'a7.5 1984).

o~ *
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As the load on the _clay layer becomes smaller with

respect to the thickness of the deposit, the effect of the

self ‘weight becomes more apparent. Excess pore 'pressd?
isochrones from Gibson, Sohiffman and Cargill (1981) show
that the finite strain theory predicts higher excess pore

pressures in the lower portion than the conventional theory

)

and the .reverse in the top end. This skew, for lightly

loaded double drained systems, is a result of the Zz}f
Yy

‘weight being taken into account in the finite strain the

The infinitesimal strain theory isochrones ‘remained

ri .
symmetrical g , S

Consolidation rates predicted by ‘the finite strain |

theory for 1lightly loaded clay layers were, as would be
expected, faster than,those predicted by the conyentional
theory. o ’ o ~ A

In areas such as mine tailings“ponds, dredge deposits,

and deltaic formation, comparisons against a linear

" infinitesimal strain theory (Gibson, -1958) are difficult

I3

' 51nce the small strain theory doesn't allow for a change in’

height from consolidat1on However, pore pressures and

effective stresses for the two theories were compared,

. \
against a normalized .height (Schiffman, Pane, and 'Gibsen,

1984; Schiffman and Cargill, 1981). Schiffman and Cargiil

»

revealed that for a deposit being formed by sedimentation,

the excess pore water pressure - predicted .by the finite

strain theory is less than that predicted by 1nf1n1te51malt

strain theory for 1ow sedimentation rates. As the rates ' -
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v ' . ﬂ) ‘,\ . ‘
increased, the finite strain predicted higher excess pore

pressures at the bottom of the layer, sowing an effect of
the self welght A proper angly51s could therefore show a

greater effective stress in £ deposit than that revealed

-

’by conventional analyéis (Schiffman and Cargill, 1981).

When modelling a.mﬁne tailings pond, Schiffman, Pane,
ML . {

and Gibson . (1984) conEluded‘ that infinitesimal 'strain

‘theories are 1ncapable of reconstructlng (or constructing)

a ratlonal consistent height time relatlonshlp where as the

finite strain theory as developed by G1bson England, andv

Hussey (1967) czn be directlyfused for such a task.

3.3 Numerical Models used tn Thesis

)
.

the governing equatioq (3.17) have been presented in the

)v

literature. Two“methods employed in this thesis will now be -

discussed in general terms. Somé of the other available.

methods will be briefly discussed in the following section.

/

3.3.1 Somogyi, 1980

The-'first method to be examihed is that presented by

Somogyi (1980). Somogyi follows Koppula (1970) in that he

reformulates the governing equation in terms of excess pore
] :

\oressure instead  of Void'ratio, like thé classical theory.
Somogyi beglns wlth an equatlon developed by Koppula

.(1970) which is a rearrangement of . the cont1nu1ty and fluid

flow relat10nsh1p§ presented.earller,

As mentioned in section 3.2.3, other methods of solving

- A
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s

+ 88 90 _ g o (3.21)
A time dependent effective stress equatiqﬁ' is . then

presented, ' J,tf; {
%1' - (D, - 1)y d(Az) ._ 3du - (3.22)

t dt At

e
R

" ) ! A:M
where D, is the relative density of £he solids and Az §$~the;
material coordinate difference between the surface and: the'

p01nt in question. Az ‘is time dependent“for pond fllllngf

LY
problems and equal to zero for qurescent problems.

-

R ?3 H
equatlon in terms of excess pore pressure

9[- k du de _ a(az) _3u]
az[ e (1 + e)az] T [(D Wy T 3] =0 (3.23)

The approximation Somogyi then stipulates to handle the
nonlinearity is that the e - ¢ relationshig be restricted

to the power law form "

e = A o'B . ' _ ' (3.24)

where A and B are curve fitted constants. This leads to a

revised governing equation » >
: : 0 (=) )
du o'’ k 3°u - a'’ 1+e du _ _d(az)
5t T a T+ e)ai7+ a 8z 23z Yo dt | (3'25)

where y, = y, - v, a = ABy, and B = 1 - B. Permeability will
also later be forced to take the power law form

k = C e . LT : (3.26)

wvhere C and D are constants. The accuracy of the Somogyi
method then, will highly depend on the closeness of

relationships 3.24 and 3.26 to the true slurry beHaviour.

.Comblnlng equations 3.21 and 3.22 leads.tolg governing
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Somogyi uses a fully implicit 99n£ral finite difference

" method, bécause of its stabilit%, to solve equation 3.25.

The drawback of this method 1is tget it requires u, o', e,
and k ét, the next time incremenp;xto‘ solye fpr u at the
cgf{ent time increment. To overcome thiS;"fhe current time
iggrement (j) values are substituted fof theqfollowing time
increment (j+1) vélues.‘The approximation is,accepfabie when

At is small enough to ensure little wvariation in the

parameters. Somogyi states that the stability of the

¢

implicit method will Cause the errors introduced by the

approximation to decay. The governing equation in terms of

t

differences becomes

si)jzs(xi,j * Dy U5 + (1 - 2S; Ky 8)u, .,
Si,ja(Ki,j - Di,j)u“i_-],j+1 = Ui,j + 'YbAZ‘ (3.027)
. N _ -
whereiv. S, 5=0";.’/a, K, y=ky,;/(1+e; ),

), 6 = at/(az)?, i

is the material-coordinate index, j is the time index, At is

the time increment, and Az now represents the material
coordinate increment.

At an impermeable lower boundary, v, = v, =z 0, which

will cause Darcy's law, egn. 3.10, to yield du/dz = 0 which,

L

in' terms of central differences, ' becomes qu = u, A

1 i-1°
permeable lower boundary will simply have the excess pore
pressure equal to zero. The upper boundary for a pond
filling problem, will be defined by an "immediate soiids

content™ which defines the break between.sedimentation and

] . o
k]
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consolidation. At this solids content a void ratio e

o1

effective stress o' , and permeability k, can be calculated.

The excess pore pressure .at the surface will be equal to

zero. , ooy L

g Co. !

The initial condlﬁlons for the pond f1111ng case must

be deflned at t=At, not t=0 since it is ,a trivial case. At t

.«

= At, u = y, Az, ¢' = ¢ e = e, and k = k,. For a tank or

of of

standpipe problem where the initial - filling is assumed
instantaneous, the void ratio throughout is assumed constant
and the excess pore pressure is then equal to the linear

bouyant stress dlstrlbutlon, at time t = 0. . >

The governing dlfference equatlon, 3.27, combined with
the’ boundary and initial conditions ‘result in a set of

simultaneous equations. The effective stress ‘can be obtained

from the resulting excess pore pressures, from wh1ch void

ratios and permeabilities can be .derived. “Once',the, void
ratios are obtained, the height of thé slurry from the
material ‘coordinates can be readlly obtalned

The soil parameter 1nputs, w1th repect to permeablllty
and compre551b111ty are then the values of the comstants A,
B, C, and D for the e - ¢' and k - e.relaﬁaonsh1ps, 3.24 and .

3.26 respectively. These cqpstantsffwill‘_generally be

obtained from the laboratory. '

3.3.2 Cargill, 1982 - B AN
Cargill (1982) keeps the consolidation equation in

terms of void ratio, but rewrites the equation in the



following form,

[7b Vi + -a—ag—e)——-]az + ¢(e)'—§‘ + yfgi = 0 (3.28)
' . _ ktey do' d ke
wh%re ¢u3 = e de and yYie) deH+e J. The terms ¢(e) and

Yie) rep@%sent the nonlinearity of the problem.
f Point data relating void rétio to effective.stress~and'
‘perméabiltiy are used as input. From“the e-0' data and e-k
data, ¢(e) and Yte) for the point data can be determlned by
numerical dlfgﬂringlatlon. To simulate the equation
nonllnearlty; N¢(ﬂ whnd Yie) ;qn ﬂg continually updated by
interpolating from the;- point data ¢ and w‘valués for the
appropriate void ratio. ‘ ;

In his paper, Cargill uses an explici@@yfinite

difference scheme to solve equation 3.28. In terms of

differences, equation 3.28 becomes >
At f . Plegay, i) @leiy,y)
€ign T &y T }T[Yb""ei.j’ * [ 2(Az) ] R
€1, 8,5 At : 'ei*,,j-2ei'j+ei_,,j
2(az) ]vf y£9“iq)[ ¥ T ] (3.29)

(az)

Theﬂpoundagﬁ{épg@itiops need now to be repreéénted in
.terms of wvoid 'tatiéi For a permeable base, u=0, which
implieé that the éffecti?e stress is eqgual to the bouyant
stress of the material above it. Knowing the\ effective
stress allows the void ratio to be interpolated from the
e-o' datau For an 1mpermeable base, v —vf?O causes the fluid
flow relatlonshlp (3.17) to eventually yield

gg + n,/( 0 ' " (3.30)

and in terms of differences
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e, = e, + 2(az)y, (88, (3.31)
0.3 = 2.5 Tolggr /1.5 .

where ehjis the void ratio at the base, €, 5 is a fictitious
point Az below the base and (é%%)ehj is interpolated from
the e-o' @gata. The top boundary will again be e,

corresponding to the immediate solids content for the pond
L

. ~N
filling case.

The 1initial conditions for the tank (instaﬁtanegus
filling) problem specifies a constant void ratio throughout,
For the pond fillihg problem, Ca;gill restricted himself to
adding large 1aye;§ at constant void ratios at varioﬁs time
inié?vais (;.é., once per year). However, this is easily
modified to allow fof 'con;inual gfadual filling ana the
initial conditions, at t=At, are equal to e,.
| With the initial and boundary conditions, equation 3.29
can be solved directly to yield the void ratios for the next
time sfep. Once completed, the‘height of the slurry can be
oBtained using the material coordinates, and ¢() and y(e) can
thenv be .dpdated from ithe‘ o'-e-k data’ in the manner
previously desqribed.

As mentioned earlier, the soil parameter input
necessary for thia{method is a table of effective stress,
void ratio, permeability data for the élurfy. This type of
input does not restrict th% shape qf*the-compressibility and

i

permeability curves. The data should cover a large range and ‘

have many points to aid in the‘accuracf of the interpolation

procedure. ' _ . .
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3.3.3 Comparison of Results from the Two Methods
It is benificial to determine the discrepency in output

from the Somogyi (1980) and Cargill (1982) methods that is

caused by the procedures themselves, not 1nclud1ng he:

dlfferences caused by the differing input requ1rements

Eliminating the 1nput dlfferences :i possxble by L

subst1tut1ng the compre551b111ty and permeab111ty power law‘

relationships (3.24 and 3.26), used by Somogyi, 1nt0‘thq;¢W)

e -

and Y(e) terms used by Cargill. Doing this results in

ble) = 1 + . [( y3/8. }138(1/5—1)] o . S (3"‘32?
(D-1) D : a .
_ CD e : _ Ce : e Aoy
Yle) = 1 + e (1+e)2 . - ) . kD (3....3".3’)

N

for the compre551b111ty and permeablllty relatlonshlps for‘:

the computer program comparlson runs. Each run 51mulated a

10 m depth of slurry which had been® 1nstantaneously placed

(tank problem). The bottom boundary was 1mpermeable

. For the f1rst-set of‘parameters, the run_51mulated a
consolidation period of.1600 days. The second and third set
had a consolidation periodvof 960 days. The same time and
material coordinate increments were used for both programs

| The results, which are shown 1in Table 3.2, 1nd1cate
~thag with similar input, the two methods (Somogyi (1980) and
Cargill (1982)) yield virtually identical results with
respect to rate and amount of consolidation. When excess
pore pressure and SOlldS content. against depth are compared,

the maximum difference between the two methods that occurs

ésets of parameters (shown in Table 3.1) were usad" o



Table 3.1 Constants used for Method Comparison Runs

K

Constant Set #1 Set #2 Set #3
A 28.71 7.256 1.814
B -.3097 -.2052 -.09929
c 7.43E-11 | 5.B1E-10 2.13E-10
D - 3.847 3.927 3.794

<

Tablé 3.2 Results of Computer Runs with\Gommon Ihput:

Method - Height of Slurry  (m)
| ~ Set #1 Set #2 Set #3
Somogyi [.  9.10 8.85 9.27
. o ¢
- i
Cargill | =~ 9.10, | B8 9726
. L . " /U oo .
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is 0.75% at any given time for all three sets of data.

The ‘dffﬁicﬁlty of wusing 'laboratdfy point data for
compressdbility and permeability Qili be discussed in a
later section. It would seem theréfore, that if;the powér‘
law relationships  can »safiéfactorily ‘desc;ibe the 'slu:fy
behaviour, the Somogyi method-ﬁill,be adequaté in modelling

the finite strain consolfﬁatiOn.

3.4 Other Methpds‘of AnalySgs_

There have begﬁ other methods oflsélving theJéoverning
vequations presentea‘in the litefature._The methods vé:y in
assumptions, usefulness; and’ comple#ity. Some of these.

methods will be briéfly reviewed in. this secthon.

3.4.1 Koﬁpuia (1970) and Koppula and ﬁorgénstern (1982)
Koppula and MorgenstFrn v(1382) present analyses and
applications based on work by Kdépula’(1970). As previously
noted Koppula rearranges the cgntinuiﬁy ‘and fiuid flow
relationships to derive equéﬁion 3.2T¢  To  handle
"noniinearity; depula ﬁées a étress-stréin" relat%oﬁ%ﬁip

presented by Janbu (1963) o :
L SN L | o (3.38)

-0

where (é%%)o is an arbitrary initial value and p .is an
empirica} constant between 0 and -1. If p is kept as -1, as
is done by the authors in their applications, then egn. 3.34

implies that e varies linearly with logarithmic o'.



consolidation equation of the form

-
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The nonlfhewr permeablllty ig represented Dby a

relationship wh1£§%ﬁ§ similar in form to 3.34 !
|
k _ k
T+ e = (1 + ol (3.35)

7
The compressibility and permeability /4elationships

(3.34 and 3.35), a time variation of effective stress

eguation, “and egn. 3.21 combine to give a governing

’

2 . 2
o' \qp 1 o’u _ du _ d(Ae) _ _ 23z
(olo) (1+e )2 aZZ - aT dT YfaT 0(1+e)d2
_ ‘de o' ya-p q duy2, du ]
ve| 53dz ¢ (F)TP Gy [(Ayn, 2y (3.36)
k (1+e )t ’ . . .
where T= ——TEE7Q§;—T The authors wuse an implicit finite

difference scheme to solve the lequation. Inputs to the

program include values for b,fq, (1Ee)°' Qﬁﬁ)o and k,, which
carf be obtained from laboratory data (or field data if

available).

3.4.2 Lee and Sills (1981)
"To solve the governing equation (3.17), Lee and Sills

place severe restrictions on the soil parameters to obtain

§h equation which is readily solvable. ~

,%he compressibility and permeability relationships are

required to be linear, and respectively are

1]

o' = C, - Cee - (3.37)

kK = yek (1 + e) o : (3.38)

where C, and C, are constants. By substituting 3.37 and 3.38

into 3.17, and making g(e» (3.19) a constant, the governing

r

N



equation is reduced to the solvable form

2e _ e
at = 93,7 = (3.39)
The assumptlons and- restrictions placed - Lee and

Sills (1981) are so severe as to virtually negate 1e’ theory

for practical use.

3.4.3 Finq‘,té(element Methods
Monte and Krizek (1976) define the stress-strain
relétionship in terms of ‘the constrained modulus, M, defined
do' '
as de such that
M= C, + C,e (3.40)

.where e = ﬁTo . ) : ) (3.41)

~

i The permeability relatlonshlp is given as

s ¢ v e ' » (3.42)

where C,, C,, C;, and C, are empirical constants.
Substitution of 3.40, 3.41, and 3.42 into the govérning

equation, leads to (in terms of Lagrangian coordinates)

O | _ktey _ de 1 de _
Baly (1+e) Mgy * Yb)] Y ire ot = O (3.43)

For the numerical solution of 'this equation, Monte and’
Krizek applied a 'weighted residual'’ t;chnique which creates
a finite element discretization in the spatlal variable and
finite dlfference discretization in the time varlable.

Yung (1984) applied the finite element program ADINAT
(Automatic Dfnamic Incremental Nonlinear Ahglysis of

Temeratures). to one dimensional consolidation . problems
By
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including finite strain problems. When applying ADINAT to
the finite strain theory (Gibs 1, England, and Hussey, 1967)
for thick layegs, Yung invoked the same assumptions as
Gibson, Schiféh%ﬁ, and Cargill (1981) (see section 3.2.3).
There was very geod agreement between the results yielded by
the finite element program Qend the results published: by

Gibson, Schiffman, and Cargill.(1981).

3.4/Z Evaluation of Methods

The method presenteq by Koppula ané Morgenstern (1982)
has some)Similarities go;Somogyi's method since Somogyi used
part of Koppula's (1970) formulation. However, their
compressibility and permeability relationships (3.34 and
3.35) are more complex (hydraulic conduct1v1ty is related to
effective stress’as well as void ratio) than Somogyi's (3.24
and 3.26) resulting in a more complex equatlon (3.36). The

w

method is not lacking in generality, however its use in- the
literature has been limited. '

The method presented by Lee and Sills (1981) is not a
very useful method. The 11near;21ng of the finite strain
theory for ease of éﬁlution makes it nonapplicable to
virtually every slurry. -

Using 'finite element methods to model the governing
equation (3.17) adds complexity and additional computer time
to the analysis. Since finite difference techn1ques are

adequate in modelling the equatlon (see following section),

it is Questionable whether using a finite element method is
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‘a

worth the additional effort. Finite element methods,
however, appear promising for use with complex boundary’

condition problems.

3.5 Experience with the Finite Strain Theory

The intent ef this section is to ‘show wheie the theory
has been applied to practical applications in which fleld
monitoring was undertaken to analyze the results from Finite
Strain predictions. Also in' “this ‘sectfdy, suggested

modifications and enhancements to the theory will be briefly

reviewed.

3.5.1 Practical Applications

One of the more controlled field ”studies was that
reported by Glenister and Cooling - (1984) on the
consolldatlon of the red muds which result from the Alumina
industry. A test pond 100,000 m° by 15 m deep with four
permanent monltorlng stations was filled over a period of 29
months, Prlorl.to the filling,, laboratory tests were
conducted to determine,the consolidation and permeabiiity
power law coefficients to be used in the finite: strain-
program based on §9mogji (1980). At the end of filling,
field testing was undertaken to aid in determining the
compressibility parameters. the results from the model
showed‘very good agreement with the monitored solids content

and pore pressure profiles. 4

G
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* . . 3 . N
Florida's phosphate mining 1industry results in a very

~-high void ratio,, slow consolidating clay slurry waste.

Considerable- work  has been done surrounding the
consolidation of this material (Bromwell and Carrier, 1979-

Carrier, 1982;' McVay, Townsend and Bloomqu1st 1986)‘

Somogyi et al. (1981) modelled a tank test and an—actlve

dlsposal site of phosphatic ¢lay waste. When thelr computer

- Y

'bility data obtained from the
field tests on the tﬁnj goond themselves, the Jresults
showed . 2 good correl between predlcted and actual

sollds contents for the’tanks and heights for the pond. In

1984, Somogyi et al. conducted extensive laboratory and

field tests to'deternine the permeability and compressibilty:

characteristics of the phosphatlc clay wastes to aid ?ﬁ
,predlctlng ‘the behav1our of a test plt 12 m deep by. 90 m by
370 m. Agreement between the predicted and actual test pit
results (average solids content with time) was‘ finally

o

achieved when seepage at the base of the pit was taken into
achunt in the computer program. ‘

Shiffman, Pane, and Gibson (1984) predicted within 3 %
the height of a eopper waste slurry in a Bethlehem tailings
pond at the 9 year mark. The tailings pond had :been
subjected to variable filling rates. ﬁ

As well as mine tailings,’predietions, finite strain
theogﬁ‘has been nused to énalxze deltaic sediment deposits
beeause of the problems induced by underconsolidation.

Koppula (1970,1985) and Koppula and Morgenste}n‘ (1982)

s
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predicted void-ratio profiles of deltaic deposits of the

continental shelf off the -United States with reasonable

success, considering the varying conditions over the long
‘ B

time periods involved 'in forming the deposits which are

reflected in the scattered field data.

3.5, 2 Possible Mod1f1cat1ons and or Exten51ons
~!:,,

Due to large. secondary consolldatlon stralns exhibited
by soft dep051ts (G1bs%P Schrffman, and Cargill, 1981) it
-would seeﬁ‘ appropriate that.the, finite strain theory be
extended to incld@% creep rates.

Anaixses ofétailfngs ponds which are relatively narrow
.could benefit-fron a two oryghree dimensional finite strain
‘theory. Work nas'been done towards this end (Somogyi et al.,

1984, and Caf?ier Bromwell, and Somogyi, 1981)

A multl phase finite strain theory would be of obvious

v 9

benefit to - oil sand. sludge analys}s as well as highly

' organio slurries: (Schlffman, Pane, " and "Gibson, 1984). Ala
: . L ' *mw : e _ ‘ o '
theory which- allows for non  gravitational. consolidation

~

inducement such as temperature, - electrical, or chemical |

gradients could - be' of use inh  certain .cigcumstahces,
(Schiffman Pane, and Gibson, 1984).

Pane and Schiffman (1985) proposed an extension to the'

©

theory whlch 1ncorporates the‘ sed1mentat10n process. This
'would be useful ror\ materlais wh1ch exh1b1t a non sharp.

transxt1on between a dispersion and a 5011 et e

\ -

s



4, COﬁSOLIDATION AND PERMEABILITY TESTS
The University of Alberta currentl¥ has two 10 metre
, tall - 0.91 metre diameter standpipes containing. 0oil sand
tailings sludge and a sludge-sand mix respectively. The
standpipes are designated as étandpipes #1 and 43
respectively. The standpipe #3 sludge-sand mix was formed by
adding tailings sand "to a sludge-sand mix which was’
previously in the standpipe. This previous sludge-sand mix‘
“was designated as 10 m standpipe test #2.

These standplpes represent a very lamge scale model of
a sludge consolidation problem the next step in size being
the actual pond. ‘The‘ bene%it of the' standpipes {sg_that
detajiled mdnrtoring of the consolidation process is'carried
out over the entire height of the mix. T

The data obtaihed fxom these standpipes tmggefore alloy
oﬁe ) to use Uwhatever : slurryir consol&dation.m data hand
‘oépsoiidation theories that are available to modelv the
consolidation that has taken place in the standpipes. To do -
just }ﬁat a set of consolldat10n tests was performed on
materlal representlng that in the standpipes to obtain’ 1nput
ddata for the finite strain computer program

ThlS Chapter dlscusses _thé equipment dnd procedures

ceg. for the tests/as well .as the materials used in the.

1 1 \\
tests. - : o ~

t
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4.1 Equipment

4.1.1 Overview , ,

To use the finite strain theory for modelling or
.forecasting purposes, it is .neceésary to esﬁablish the
permeability _and compressibility relationships for the
imoterial in question. More specifically, what is required is
how théﬁQOid'aftio varies with egkective stress and how the
permeability varies with th; void ratio. Permeability is not
solely a function of wvoid ratio (Carmen, 1956), but for
predictiye purposes, a -macfoscopic approach towards
permeability is reasonable and consistent.

To obtain the compréésibiLity and permeability data

required, a large -strain slurry consolidometer was ‘used

(Ejgufg 4.1). This 5pparétus allows one to obtain void ratio
versus effective stress as well ‘as being capable of
c;hducting pe:meability tests at various stages. The
:permeability fest_;capability prevents the need to. back
calculate the cééfficiept of permeability to detefmine a k-e
L .

D ~ A. step loading prpceduré, similar to .the oedometer
A : . . . - : .

relationship.

test, was employed due to;. its simpliqipy,.the ability to

add permeabilityltééting to the procedure at a natural Preak
; : - N ~

(f.é., at the end .of a,consolidation incrgment),. and- "an
N .. , . . 3 ‘ e ’ 9 ’ ° . % . o . -'-'. . ~;.:),l ) ’ V ".' . ,’ . n .
1nvers;onr,of- thee finite -strain- theory to obtaid ‘the

. consolidation parameters is not necessary. The lack of

employing an inversion technique eliminates the concern over.

“

A% . -

.
3 P .
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" B . -( .
errors intmoduced by the assumptions (2Znidarcic et al.,

1984) necessary to an inversion.  However, Somogyi et

al.,(1984) showed very good cor:elatién between permeability‘

and compressibility parameters for phosphatic clay waste

obtained from both step load ahd CRD tests. The disadvantage

of the step load téchnique,‘as mentioned in Chapter 2, 1is

the duration of the test. - ) \

+

A constant head technigue was chosen for the
4 . .

permeability portion of the test. The constant head test

allows for, extremely small head drops (less than 1‘cm), as

~well as the Qabiiitf to monitor any time effects (Olsen,

Nichols, and Rice,' 1985). A wvariable head. test 1is nJF

feasible_for either of these two conditions. A constant flow

puhp might have the ability to produce slow edbugh &£lows so

as not to induce consolidatioﬁ, but the flows would be at
<.’,_' I3 . B .

the» extreme bottom end of its range. Again, the major

difficulty with the constant head -test at lbw gradiehts

) . { . -
(necessary to prevent consolidation) is ‘the length of time: °

¢. .. 9
»involv%d per test. ;

)

Common to all permeability test methods is the danger
of consolidating the slurry during the permeability test,

whichv';eaQS‘ to obvious = errors and uncertainties in

o

'intggpgeting.’theu_resultsg‘ Consolidation occurs “when the -

. .‘'stresses introduced by the seepage fgrse .of the permeant is

greater . than = the ,’stress“ the ~ sample * was - previously

:consolidéﬁeq  unde;. To overcome this problem,ﬂ‘a“cla@bing

<

system (details in section 4.1.3) was used to fix the

-
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~o.

T

loading cap which sits on the soil, to prevent any movement
from:occurring. This system then allows a hydraulic gradient
to be applied to the sample, up to a gradient where the

indueed seepage stress 1s equivalent to the just applied

consolidation pressurea Beyond that gradient, prevention of

_ )
'consolldatlon 1s not p0551ble : /

“4Four slurr} consoildometers were set up, two at the
: ~

'&%y of Alberta and two at the Syncrude Canada Limited

‘research fac111ty The slurry consolldometers at
‘the"S C L research fac111ty were €1m11ar to those at U. of

A.'(Flgure 4.1). Dliéfrencé?)lay iulcv;waize, material used

in ’'some omponents and 'no pore:f%Aessure ports on the

. conéolldometers at the S.C. L. research fac111ty

e ¢ : : w : ¥

! \
4 1 J Consojlidation Portlﬁﬁ_of the Slurry I?nsol1dometer

-
[

AQ the U. of A., fﬁﬁe cell, the portion of ‘the

-~
L

*conéolldometers actually ‘ eontaining” the. sIudge;\ had -
,étainless "steel wakls w1th a 203. .2 mm ;diameter " honed
v -1nter10§§”and a 7 45 - mmﬂﬁall thlckness Along a 'vertical

T 11ne on one 51de of the cell, were f1 e 1/16 in. diameter

holes to measure the pore~pressure, plac t 20, 40, 80,

ad leadsvto a
3

.120; and 160 mm-from the bottom. The ports
. ) - .
" Delkta P pressure trans@uger (spec1f1catlons 1n.Append1x!A).

The top (ldading) dab?and bottéﬁ_plate (Figure 4%2)
';ereemade out of aluﬁinuﬁ ‘Stainlees steeluwae‘desirable for
»the cell ﬁalls, since. scarr;ng from sand gra1ns might allow

seepage past the exterior of the top cap if a less durable

o
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product'were used. Slnce tbls was not a concern forvexther_
the top. cap~or bottom plate, and welght of the top cap was a
concern, alumlnum was used. Both the top cap and bot tom
plates had a network of'grooves connecting to eXt%rnal ports:
to facilitate thel transfer of water from tbe ‘sludge.
Stalnless steel porous plates were attached to the grooved
surfaces, whlch in turn had a geotextlle filter fastened to
‘them (Specifications in Appendix A). Geotextiles were used
over paper filters because ©of their durability, which became
apparent in a trial run.. |
 The top‘cap had two "O" rings encircling it. The "O"
rings were‘there to prevent anj pore~fluid‘from escaping‘as
well as to minimize friction and ald kin stability. The
purpose for the ralsed c1rcu@fe&$nc of the top cap was to
increase stability 'of the cap w1th a minimum amount 'of
additional weight. Minimizing the top cap weight 'was a
'concern for the first applied stress. The bottom plate had a'
pair of "OY rlngs around the ra1sed center piece for seallng‘
ipurposes. The tell body would sit of thi bottom plate,
5urrodnding the "O" rings cn the ralsed center area. Thej
cell body was flxed to the bottom plate by four rods which
i connected ‘the bottom plate to a r1ng which sat on top of ‘the -
.cell body (see Figure 4.1). | 4
The‘bottom plate had‘afpressure cell (see Appendix A\,
,fOrtdetails) mounted in it such that it was flush yith the
.bottom of the cell. The pressure cell aided in determininb

<

howfmuch},if ‘any, friction was being created by the soil

| [

u
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along the cell walls.

o Since the appl1ed stress range was so great (0.2 to 400
kPa), two types of load1ng devices were used. For -the low
~stresses (up to 25 kPa)‘a rod and plate system was used. The
. required ‘dead weight was placed on a plate which was
connected to a rod The rod whlchggad a spherical groove,
rested on a stalnless steel ball g%ﬁlch was placed in’ a

o

groove in the top cap. The ball and gmoove m1n1mlzes any

: : }
torqgue being applied to the system For the hlgher loads, a

compressed air ‘system was used to transfer #he"force to the

Append1x A) was required to transfer the

pressure to a loading ram, whicn wash ai‘
regulator and pressure gauge between the oellofram and
compressed. air source controlled the incoming pressure.

, An LVDT (ﬁfﬁéﬁr. Variable Dispacement Transducer,
details in Append{xlA).with a 50, mm core‘was used to monitor~
the travel of the top cap during- consolldatlon.

The - data logging of the Electronlc components was
partly done on a Hewlit Packard 3497A Data Aquisition |
Control Un1t whlch monltored and recorded the data. Also'
present were - Fluke 8050A D191ta1 Multlmeters which - gave an
immedlate read out only, of any of -the electronic measuring
'devices. | - | |

The frame supporting the- system consisted of a steel
channei. section -on which' the cell rested, aqother' steel

-

cnannel,which either supported the bellofram or\acted as a: .

’

. r.
2 . ' ‘ ' “ .\
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~ .
guide for the plate-rod loading system, and four 1/2 in.

steel rods separating the two steel..sections (see Figure

4.1). |

e
¢ o <

‘?he/ consolidozefers at the S.C.L. research facility
were similar to the above description except " in the
following respects. The inside diameter was 301.5 mm. The
cell was made out of aluminum except for the inside walls,
whlch cons1sted of a teflon 11n1ng The celfé'also had no
pore pressure ports or load cell and the loed‘cap travel was
measured by a dispiacement .dial. Fof a supplemental
description of the S.C.L. consolidometers, see Isaac (1987).

. \y
4.1.3 Permeabiiity Port}on of hh% Slurry Consolidometer
* When performlng permeablllty tests on slurries, the
applled hydraullc gradlents can cause consolldatlon to occur

pduring the test (Pane et al., 1983)u’TO overcome thlS, a
clamping device (shown in Fignre 4.1) was set up to help
prevent‘eonsolidation,from occurring., The device consisted

- of a horizontal 50 mm by 50 mm steel bar which was fastened
to two vertical frame ngdsﬁ'Tﬁo,Q.Slmm steeira11~thread.fods_
vere fasfened.to the'top eapr-and were elfoﬁed to travel
vertlcally thrdugh “the steel bar through bored holes. To
'prevent any further -mbvement at the end of thebconsolldatlon.
.1nprement 'nutszwere then used to clamp the two rods to the

" steel bar. The LVDT was kept- in place to monltor the ‘exact

location of the tap throughout the process.

it
A
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This apparatus ensures that hydraulic gradients could
be used up to the value that causes the seepage pressure to
equal the previously applied stress, which works out to a
maximum head difference (Ah) for each increment of o'/y,.
Trhe reason for this is that since the top cap is fixed in
space, and: the soil beneath it 1is consolidatéd under "a

stress, o', the soil will not consolidate unless subjected

to a stress (seepage p sure) greater than o".

For reas as éscribed in the previous section, a
constant _ head technigue waé used - to evaluate\ the
permeability of the slurry at the fixed void ratio.ﬂéécause
the flows were so small (initially dﬁe to the low gradients,

later on due to low permeability) it was possible to monitor

the flows with horizontal burettes whose inside diameter w?s'

~small enough to maintain a® vertical meniscus. Burettes of

the same size were used for monitoring the inflow and

outflow, and eliminated any meniscus correction. The

" burettes used were 5 or 10 ml capacity depending on the

expected flow. A third burette, identical to the ones  being

[=3 .

used, was in the laboratory to monitor evaporation, which

¥ iy

turned out to be unobservable over the ®&uration of the

©

Drainage tubes as shown in Figure 4.1, were used to

facilitate draining and filling ‘the lower and upper burettes

f;respectivefy betweéh permeabiliﬁy test runs.

Cay -

A digital stopwatch was used to-time the flow durin

<

the. téSt;(;ﬁhé beginning of the test was generally a two

s
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person operation. -

- In the latter stress increments of the consolidation
test; a compressed air system, shown in Figure 4.3, was used
to deliver a large gradient to the sample. A pressure
regulator controlled the air pressure to the water to be
used forfﬁ}he .permeability test. . A Delta P pregsuré

e ]

transducer*&onitored the pressure sent to the cell.
., i

Perméa%}lity test apparatus at the §S.C.L. research
facility was fhe same as that just described, except that
large g:adientvtéstg requiring an air E&essufe system were

" not conducted.

Ie

¢

4.2 Procedure '_ ¥

4.2.1 Overview

The ' standard  procedure for 'Ehe consolidation .and
_permeability tests was as follows (details and deviations
are covered in the following sections).. The slurry was .
allowed to finish’conéolidating under its own wéight, with
éhe bottom port opened to a head equalling that at .fheA
surféce to éllow for double drainage. Once completed, the
top cap was put in the cell and lowered until it reached the
sludge-water interface. The top cap was necessary tb\obtain
a seal for the permeability test. Oﬁce lowered, the top cap

was fixed 1in place by means of the clamping system

previously dechibed.
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| compressed. air source

air regulator’ QP

‘.

water reservoir
_ for filling air
- : water reservoir

) 1o
pressure _
: ‘ ’ air ] _® »
trans. ‘ , . cell
<Z :
water - )
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v

Fighre 4.3 Compressed Air System for Large Gradients
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Flow for the constant head permeability'test for the
self. weight stage was upward so as to prevent any.’

consolidation. On¢e the desired head difference between the
. ot

infjow and oUtflow‘buEettes was set, the valves were opened
. . . - - ’ p— )
and the flow was monitored in the burette against a

3
' stopwatch. Knowing the surface area (A), volume of flow
(AV), and time period (At), the hydraulic conductivity (k)

is easily calculated from a rearrangement of.Darcy's Law

k = ST LL | - (4.1)

ege li is the hydraulic gradlent equal to- the hydraulic
”*dlfference (Ah) divided by the height of the sample.
.At ‘the completion of the Qexmeablllty tests, a test for
Wéﬁp friction was performed oy T

» ;,At the complet1on of the frlctlon test, the requ1red
i SR

load" necessary to give the desired stress plus friction was
'determined. The top cap ~was released from the clamping
.system and the load was applied. The pressure cell in the
- base of thehcell and the pressure transaéqer‘attached to ’
pore .pressure ports monitored the‘lOag andvpore pressures
respectrvely, while. the LVDT followed the'displacemeht of
the surface of the sludge ‘with time. Know1ng the amount of
.SOlldS in the cell, the void ratio is obtalned through - the
following equation 4
H - H,
e = —j[g — : (4.2)

s

where H is the current. sample height, and H, is the height.

of solids in the sampgle.

=N

e
PL RS
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Once it. was -decided that the consolldatlon incrementc,

:was complete, the top cap 1s clamped and \he permeablllty

gwas determlned for the above vo1d ratlo and the process is’

‘.. repeated. ' - I f

R

. . 4
4.2.2 Step Loading Consolidation Test . R
; ) “

As the general procedure for the’ step 1loaded (or
controlled stress) consolidation test has been . described,

this sectibnlnwlll focus: on some of the details ‘and

e

‘difficulties~inbolved

. ~ Durlng th? self weight congolidation increments,ﬁ
. x N

mon1tor1ng of the consolldatlon was done by measurlng from:
the top of ‘the cell to the sludge water 1nterface w1th a
caliper (accuracy to 0.05 mm) ortunately thg sludge water"'T
1nterface was sharp and ea511y d1scernable allow1ng £or good;g;,v
measurements for all the slurries 1nclu¢1ng the stra1ght."~
Sludge material .= , C | ) ‘ Cow
| The stress value ascribed to the self weight stages was

estlmated as the average bouyant stress in the sample, takent

to be the stress half way down the sample. Thls was an

estlmate 51nce the actual effective stress 1n‘the slurry»ha'

would range nonllnearly from the full bouyant stress of theh.
slurry at the bottom. to zero at the top. L+kew1se, the void -
ratio as calculated by equat1on 4. 2 is sllghtly in error due
to the void ratio varying nonlinearly _in’ the- samplef~~
However, the nonlinearity over such. a .small- height is

-

'negligible in .comparison to the stress ranges that_was dealt



dith'l thatilthef’linear assumption . withinihthe sample ' is

.JUStlfled e “vlf‘gv?'z,, L ;\A"’ o ff"L
_The applied stress '1ncrements varied 'for“fh'.~four

-;;;—tesf | ‘but a. stress‘intrease equal to the total. prev1ous:”

applied stress was aimed for Factors such as friction\(both

from the top cap and 5011) and pressure system f%straints“‘

)’
;1nfluenced ‘the actpal applled stress The applied stress.

1ncrements rangéd from 0. 22 kPa to 650 kPa for the straight;
sludge, -and from 0.2 kPa to 46@ kPa for the sand sludgei
‘mixtures (see Chapter 5 for more detail) | .

For all the 1ncrements, a double drainage conddtion wasﬁ

prov1ded to facilitate the consolldatlon. ThlS was achleved'”

+ by ‘maintaining the Dburettes, ‘connected to. the mdrainage"
'ports, at the same height as the slurry surface. Slnce the
[1n1t1al applied stresses were small it~was-necessary durinyg

ﬁlconsolidatlon to continually ~adjust the burettes to the

N

height of slurry surface, in order .to prevent any. 1nternalc}

pore pressure from reduc1ng the applled stress in the sealed

system.’

Another_ difficulty empha51zed ”by}fthé 7small load

1ncrements was thg% of the friction between ghe top cap . and“"

cell walli A series of tests were performed before the cells
were tilled with the slurry, to determine the static and‘
dynamic friction of the top -~ Supplementary <to;_those{.'
tests, friction tests were c: . cefore the applicationw

of each load 1ncrement



X

“ : \ ‘ \ 3 '
i o - v
‘For: these tests, theé top ‘cap was released from the

»’l
wf

clamplng system at ‘the end of - the permeablllty tests.‘The

bottom port .was then closed. The burette was then removed

from- the tube connected to the top port. The tube wag ra1sed

A
|4

and water was poured down”’ ft unt11 the top cap moved~—and

‘the elevation dlfference between “the top cap' ‘ahd the level

o~ :'

of water .in the tube was then recorded Knowlng the mass and

area:qf top cap, the level of water whlch it should be able

— . e

to resist 1s known,._and the difference is attrlbuted to ?‘;

statdc friction. Dynamic 'friction' wWas attrlbuted to the

steady state difference after the top cap 1n1t1ally moved

The process was repeated - for con51stency it, was ‘then

dec1ded to use the. dynamlc friction- value and to load the

-

'Y
B
v

K i

sample while the top cap was a few mllllmetres above the'

~

slurry surface, a runnlngnstart

The d1ff1cu1ty with the: above procedure was the
p0551b111ty of soil rebound however, the LVUT’readinés at
_the start of the 1ncrement were compared. wrth those at the
end of the previous 1ncrement, and the small rebound was:
taken into account. | -

17
During the test gas bubbles were observed to be com1hg

from the sample into the tubes connected to dra1nage porfs.

?

The ‘gas was ‘sampled and aﬁalyzed -and was found‘ to® be

startlng the loadlng wlth the load cap) above the sample

- v1rtually all methane. The' technlque descr1bed above of;-.

S

a1ded in clearlng the 11nes. There d1dn t appear to ‘be @any .

patter" in. the amount of gas tgat would form, or when it




‘:the pore f1u1d that was forced out durlng the consolldatlon?‘

“Qf the permeablllty test 15f7 ) “; . &

“would form.

) .

4.2. 3 Constant Head Permeab1l1ty Test

. ThlS sect1on w111 focus ma1n1y on. some of the detalls S

bl

4

' The permeant used 1n the permeabllxty tests .was. e1ther

u” w vy B

~':or decant from the contalner of slurry from whlch the sample

3

}was taken. Th15~was done tb achzeve reSults con51stent w1th

’what would be found 1n'the fueld 51nce a- change in. pore;'

\’,

'lfluld chem1stry may somewhat affectxthe permeablllty

Ah gradlents vapplled to the sample ranged f?om;ﬂa’dvf

A

couple centlmetres d1V1ded by~ the sample helght to max1mum
' ~ ‘

-

D
\

- grad;ent before consolldatlon bould occur. The max1mumf"'

cun
s

gradlent Was deflned under dlSCUSSlOﬂ of the clamp1ng system

o’

1n the equlpment sectlon. In1t1ally the flow was upward

"_.through the sample, 1n order to use self we1ght of the

y .
mater1al 8 o) help prevent j'consol1dat;on durlng “the

-

penmeab111ty run. “Fl_ N

:"(,,

SeVeral permeablllty test runs were performed at each

b oa

?A:gradlent\ to achleve experlmentally cons1stent results .as’

-

~well as to check ‘the repeatablllty of some oflthe initial’

'?féshowedﬁno con51stency as. to when itfwou1d=occur. Of ‘the - """

Lo

o

behav1our. Three 51tuatrons were occurrlng, no flow delayed

'Tﬁgow, or 1n1t1a1 rap1d flow. . The no flow state seemed to

-yoccur at the 1ower gradlents. Thevdelayed flow condition _

three\ behavzours, only the 1n1t1al rapid flow"phenomenon

Jo

} . R : . L , Ly
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sludge-sand mixes in
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-appeared often%and with.consistency and repeatability and is

:,discuSSed in detall in Chapter 5. The other two may be

caused by gas and are br;efly dlscussed on in Chapter 5.

As .was just entloned gas ,format1on, d1d occur
perlodlcally, causing some problems. The gas- formatxon was a
factor .‘whlch probably 1ntroduced some not easily.

\’identifiable error intc the results.

When the slurry became more’ like a soil wunder the

- s

ihlgher stresses, hlgh gradient tests became both p0551b1e
and de51rable slnce it was taking days to produce a fewl
m111111tres under the lower gradlents The'pressure systeh,y
as shown 'in Flgure 4.3, was _connected to the cellj'and;

‘combined w1th the standard low gradient tests, gradients_

o

- ranging from 1.0 to 400 were achieved. A series of tests.
: were performed to determlne whether the d1rect1on of flow

'affected‘the_results, whether the.permeablllty~result at a

gradient .would change if the gradient was approached from

'the high or low end and what the the.effect of very large

gradlents “would be (w1th respect to llnearlty and Darcy s

»

Law). - I ' B .

4.3?TestvMaterial e " ' g

/,
4.3.1 Spec1f1cat30ns

4

2

necessary to obtain comp _551b111ty and permeablllty data

e

To modél '/the consolldat1on of the sludge - and

-

three 10 m standplpes, it was‘f'
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from material similar;in bitumen and fines‘content to .the
standplpe materlal wStandp1pe #1 contains" sludge without_
admiXtures ‘Standplpes #2 contalned and #3- conta1ns sludge
. wlth varylng amounts of addltlonal sand and were set up to
: examlne and- compare the effects of sand oh’ the consol1dat10n
. process. F1gure 4. 4 ‘shows the materlal breakdown of the
gmlxes 1n the standplpe on a slurry propertles dlagram. The
fines break 1is arb1trary and .isi set at 0.044 mm (#325°
lsieve) - Table' 4.1 has _some of. thev standpipe material.
propertles llsted " Note /Ahat the'total'SOllds is ,taken .as
the sum of the m1neral gra1ns and the ‘bitumen. That is;‘the“
b1tumen 1s qpns1dered to be a solid in all calculatlons fhe
b1tumen content is’ deflned as the mass "of bitumen over the
. mass of muneral gralns only, to be somewhat geotechnlcally
con51stent The relatlve den51ty of the sludge SOlldS s a
welghted average of the bltumen and m1neral portions and is
defined as follows | | |

b + 1 S ‘ ’ -
Dr,y b/Dab + 1/DR _ | i ‘ o (4.3) -

where b is the bltumen content as deflned above, D% is the

.relat1Ve dens1ty of 'the_ b1tumen4 (1 03) and Dr, is the
relatlve dens1ty of the mineral gralns (2.65)&f’Thefjggain~;

~

Vsize dlstr1but10n of the standplpe materlal

F1gure 4.5, = '1_js” ) k‘f o .

Detalls on the ‘standpipe test1ng program are presented

”1n work’ by Scott and Chichak (1985a, 1985b, 1985c) |
Addltlonal to modelllng "the consolldatlon of the
materialfinﬁﬁhe 10mvstandoipes, it was desired to examine

R

I
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“Table 4ﬁ1 Ten Metré'Standpipe Makerial Properties
"1.. .|standpipe #1| Standpipe #2 |[Standpipe #3 )
‘Initial Solids : o '
"I Content ' 32.4 % 47.8 % 74.8 %
$ Sand of Cl : ‘ -
Total ‘Solids, o : : '
(by weight) i1°% 45 % 82 % -
% Fines of _ . o
Total Solids 89 % 55 % 18%
(hy wpighf—) _ - : :
: ) R ’ o
% Bitumen of . v . _ . .
Mineral Grains 8.6 % 5.6 % 1.6 %
(by weight) ’ ) ’
Relative Density| _ . .
of sludge Solids| 2-33 2.45 2.59
. (DRS§ ) .
Bulk Density .
(xg/m3) - <221 1388 1810
 Table 4.2 Consolidometer Test Material Properties
| o Test #1 Test #2 Test #3 - | Test #4
Initial So3ids - . N
. % Sand of _ : R
Total Solids - , o PR o
(by weight).. 8 % 46 %, | 80'% 13 %
% Fines of’ T i ' ' ‘
Total olids 92 % 54 % 20 % 27 %
(by wi ') : :
) - el e - Y =
% Bitumen«df B A B : o
Mineral Grains - [/-1-% 3.6 % 1.5 % 1.4 %
(by weight)
Relative Density - - R
(DRv'SS ) “ ‘
Bulk Density . . ‘
(ka/m3) 1204 1402 1748 1469
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Sedlmentaglon K
Consol1dat10n

v
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FINES+WATER
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6 710 80 . 90 100

FINES CONTENT, PERCENT OF DRY MASS

’
s

fConéolidOméter_Test Material

5

4:47'Slu:fy-'Propertie§ Diagram ﬁo? ‘Standpipe and-

RPN
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and permeab111ty of a sludge “sand mlxture

Chem1cal flocculents have been: suggested (Lane,'1983)

opposed to'ehhancing the sedi%entgtion. The desired.quality‘

of . a flocculent is not in its ability -to improve . the
consolidatibn\propertles of a slurry, but rather its ab111ty

to keep sand'in suspen51on. A dlfflculty in u51ng sand to

qu1cken the consolldatlon of a slurr ' that the sand will

segregate out of the slurry when t_' flater content 1is too

h1gh (or ollds' content too low). However, keeplng the

moisture content of the slurry and sand make it' nearly

s

_1mp0551b1e to ach1eve a slurry capable of supportlng sand.

Flocculents help = overcome this problem. Therefore -

3

{ oo . ’
was added to keep the sand 1n suspension.

.3.2 Samplxng and Preparat1on

- - ’ /

¢

Tu obtaln test mixes that matched the previously

discussed requirements, Syncrude Canada Ltd. provided‘sludge '

'from the Mlldred Lake. talllngs pond located in northern

Alberta on the Athabasca 011 Sand Deposit. The sludge was

the surface, in ‘the "mature sludge region in 1984. The

material _was‘_suction. pumped up to .a barge whichf then

R

. - , - ,
-the effect of a chemical flécculent on ‘the compressibility

- for 'use in enhancing the -consolidation of the sludge as.”

\materlal pumpable for transport purposes comblned with: the

. sludge-sand consolidometer test was set up ‘in which Catlj

of about 32 to 34 % solids content. The sludge was taken.

'taken from the centre of the pond approx1mately 25 m below

1}
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transfered the material at shore.

When the consol1dat10n test was ready 'to' begin, the
sludge was thoroughly mlxed 1n the drum in wh1ch 1t was
'recelved, with:a- m1x1ng blade extension attached to a power
e, drille ‘This was- done to . achieve a unlform materral
J throughout the drum; A smaller sample, of known masp”?hé\a
J ,volume closer . to that requ1red was then'extracted and test5‘

were subsequently performed on 'thev,material for solids .
content and bulk den51ty It was then poss1ble to determine
how much addltlonal pond water was required to dllute the
,sludge to the de51red sol1ds content for the sludge with no
‘adm1xture test. For the sludge-sand tests, tailing sand and
pond water were added 'to achleve the des1red mix. ) A
Addltlonal tests were performed on these slurrles and
if necessary, addltlonal components were added and 1ndex_
tests "redone untll the \des1red m1xes vere obtalned ~The
'calculated amount of CaCl to achleve 250 ppm of sollds was
then added to one of the sludge sand mixes that had been setf
‘aside” for thlS purpose. ‘
.'\§;1 .The slurry was poured in the consolidometer andffilled
| ‘to a helght of about 23 cm Dés1r1ng to end up w1th at least
.several cent1metres of compressed material, 23 cm was ~hosen
based .on SOme prellmlnary compre551b111ty data. , The
consolldometers wlth sludge-sand mixes were also fllled to?‘
A'thls helght. The sludge sand mix with-the greatest amount of
sand and least sol1ds content was placed more than poured

_i@, However,_thefmix was still quite mobile and trapping of
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-

air was prevented. - : : o
Once the materials were in place, the consolidometers

were .coveTred to prevent eVapbration[ and selfv,weight

~

consolidation then | proceeded Before the 1load caps were
"applied, at the end of the 'self welght stage, it was

necessary to remofe some of the "free b1tumen whlch ‘had

collected on top of the surfagce- water

About 9560 cm’ of sludge and s_udge-sand mix were put

Y

in the-U. of A. consolldometers and approximatsly 16420 cm’

~
AY

of sludge-sand mix in each of the S.C. . consolldmeters. '

. v
» .

4.3.3 Test Material Descr1pt1on -

The Rll sand tailings sludge which formed“the ‘basis of\\

the tests had a liquid limit of 4i¢ and a plastic 11m1t of
19%, which places it in the medium plastic olay sectlon.of
the plas-icity char-t. . |

The . sludge is quite odorous due to the ‘bitumen. Tne

. sludge 1is extremelstllc upon touch and the presende of

bitumen becomes apparen when attempting to Wash the\slurry.

from ones hands. . : e '\\\G

Of the four tests set up, test #1 contalned sludge w1th

no sand adm1xture ‘and was performed to obtaln consolldatlon
-~ R4

propertles to model 10 m standp1pe #1.. Tests #2 and #3

contained sludge- sand mlxtures and were performed to obtaln“

: consolldatlon propert1es to model 10m standplpes #2 and #3
respectively. Test #4 contained a sludge—sand mix. and was

performed to study the effect of a cWemical flocculent.

5

~o
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Properties of the material used in Xh;\;Zhr tests are
listed in Table 4.2 and shown on “the siurry propetties
S .
diagram 1n Figure 4 4, and a mass/volume breakdown is given
in Table 4.3. The mixes generally started at solids contents
slightly less than' the standpipes they were -to model, this
was to allow the self~” weight stage to consolidate through
' the standpipe starting 'point%. Note that the starting
location of test #4, the sludge-sand mix with the chemical
flocculent, is'*in? the segregation 'tegioni Without ‘the/
flocculent, the mix weuld'notmally ha&evthe sand'segregate
out when at\'this pafticUlarl solids eontent ‘with the‘
particular fines and "sand content |
Figure 4.6 shows. the grain size distribution for each
ﬁof the four tests. As can be seen in the Figure, the added

~
tailings sand 1s predomiqantly #100 in size. ’
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5. LABORA’I:ORY 'r'x-:s,'r- RESULTS

The results of the consoiidometer tests on the fou;
slufry materials are presented in this Cbgpter, along with
aSsociated obserQatioﬁs and di- ;ssioﬁ. The consolidometer
tests énd the materials tested were éiscussed in- thes»
previous Chapter. |

The test Testlts can ‘be broken do&n into two major
categories; consolidation and compressibility results, that
is the void ratio versus t&pe and versus effective stress
respectively, and the permeability test results.

The parameters required as input for the finite strain
'analyges are the void ratio versus effective -~tress data
(compressibility), and the hydraulic conductivity versus
void ratio data (permeability). -

5.1 Consolidation Test Results

5.1.1 Consolidation Rates

5.1.1.1 Oil‘sénd,Tailiqgs Sludge

.Thé 6il'sané'FéilingswéiﬁHEé”tested has been.describea'
in Chaé%er 4 (see Tables 4.2 and 4.3, and Figures 4.4 and
4.6). The average effective self weight stress was
) determined to be 0.22 k?a. The effective. stresses éubjectﬁd
tg the sample,~including self weight, were 0.22, 0.45, 0.9,
1.7, 5.0, 110, 25.0, 45.0, 100, 200, and 650 kPa.

_ The duration of the cpnsolidation £est and permeability
tests was 1 year and 4 monthg{'This time is from the start

.90 ‘
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!
of the self weigh‘t_c'onsolidatior} stage to the end of the
last permeability test of the final-stress ihcrementﬂ

'

Figure 5.1 shows the consolldatlon time rate plot for
" all the stfesses applled to ,the sludge. Indxvxdual voad{.

,ratlo time plots are g1ven in Append1x B.

For some of the smaller applied increments it was
necessary to stop the COHSOlldathﬂ before the dlsplacement
had levelled oué on-a 1ogar1thm time plot (see Flgure 5.1).

«

The reason for stopp1 g the tests was one of practxcal1ty

-Although, on the log/ time plot, the materlal appears to be

rapidly consolidati‘g, in reality the_mater1a1>hasgentered .

the 10° minutes cycle and_little change occurs over a petiods'
of 1 week . (1 week = 10080 mihutes). As an example, Figure
5.2 shows the progress of consolidation’ uqdet 0.9 L kPa
aéaipst lineaf*time. It is obvl%ys that the consolidation s
very slowly levelling out, and allowing it to cgnsolidate
another week would. result in a minor void ratio change
(0.04, or 5.9% of the consolidation that increment).

Excess pore presspres at the poYts have been plotted
and are presented in Appendix C. Some of the results are
erratic and are of some but limited value. The early stress
increment pore pressure readings are more useful than at the
later increments. The values’ fluctuaéed with a slight
temperature change (1.5 °C) almost synchronously. This
suggests that gas, close to the room air existed, although

its exact locat1on was never determined. Nevertheless, some

of the small plots show reasonable trends of excess pore
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\

pressures decreasing from the aprlied stress increment

\‘towards zero at the conclusion of the 1ncrement Several

\ . . .
ports indicated a negative excess pore pressure existed at

the end of the increment. It is not known if this is another
\ ’
rnd1cat1on of the pore pressure experimental difficulty or
an 1nd1cat10n of thixotropy. (Negative pore pressures have

béen observed in the 10 m standpipes and -attributed to

thixotropy, and Kolaian and Low's (1962) work show negative

. pore pressures occurr1ng ‘as result of thixotropy). Daily

calibration of the pore pressure transducer indicates that a

.negative excess pressure is definitely being.created. See’

Appendix C for further pore pressure dtscussion.

Apparent from Figure 5.1 is a shifting left (tbwards

‘smaller time) OF the consolidation curves as the gtress

-
S
!

\_increﬁents_ increase and void ratios decrease. This trend

becbmes fnore apparent when comparing the individual curves

for O 9, 25, and 400 kPa (Figure 5.3). The Figure has a

N

normallzed 'void ratio (the change in e for that+ increment

‘,divided by the total ‘change .in e for ‘that 1increment,

‘e, /(e;=;) ) plotted against time. The consolidation curve

for ‘the 400 kPa stress 'incremeﬁr/fis, and reasonably so,

similar to curves for soil common to geotethni%fl practice.

With the avallable data, it is not yet known whether this

apparent consolldat1on delay for high vo1d ratlo materlals

-under low applied stresses is a function of all slurries or

specific to the oil sand tailings sludge.
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5.1.1.2 0il Sand lailings sludge-Sand Mi#es

vTests‘#2 and #3 were pefformed on sludge with varying‘
amounts of sand, #2 containing 46%. sand and #3 coptaining
80% sand (see Tables 4.2 and 4;3,5and Figures 4.4 and 4,6).
. The averege self weight stresses of .the mixes were
determined to be 0.44 and 0.75 kPa for the’ 46% sand and 80%
sand m1xes<respect1vely. The effective stresses subjected to
the samples,‘includipg self‘weight were 0.44, 0.54, 0.64,
1.0, 1.75, 3.05, 6.25, 13.0, 25f5, 50.5; 100, 200, and 320
kpa for test #2, and 0.75, 0.85, 0.95, 1.3, 2.05,.3.4, 6.6,
13.3, 25.8, 51, 100, 150, 200, ~d 320 kPa for test #3.

The duration of the consolldatlon test and’permeablllty
tests was 10 months for each test. This time is from the
start of the self weight consolidation stage to the end of
the last permeablllty test of the flnal stress 1ncrement

F'gures 5.4  and 5. 5 are summary plots containing 511
~ the consolidation increments for - -tests #2 and #3
Lbespectively. The. individual time plots are‘ given in
Appendix B. ” )

The consolidometers in whiéh tests #2 and #3 were'
perfermed did not have pore pressure ports, and the neleted
“data is therefore not. available. ’ : | | -

A gfhe trend that was observed for the,slhage material,
vhich the 1low stress increment consolidation curveé seemed
-to be delayed‘compared to the higher applied st;é@s curves

(Figure 5.3), is evident for the sludge-sand mIXFS as well,

although it iS‘not as pronounced as 1t is for the sludge.
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F1gure 5.6 and 5.7 demonstrate this for the 46% sand and 80%
sand sludge sand mixes respectively, in which the prev1ously
defined normalizeé void ratio is plotted against time. The
fact that this trend is‘E%iden% for the sand sludge mixes
tends to suggest that this phenomenon cehnot be solely
attributed to a thixotrepic sludgeistrength since it’ would

have very little effect on the 80% sand mix.

7

5.1.1.3 0i° Sand Tailings Sludge-Sand Mix with
X L9 B .

Flocculent.

Test #4 was performed on a .73% iend slud§e¥sand_rnix
with a ehemical flocculent CaCl,) for purposes discussed iﬁ
Chapter 4 (see Tables 4.2 and 4.2, and Figures 4.4 and 4.6
for . the material properties). The . average effective ’self’
weight stress for the mix was deter;?ﬁedbyo be 0.53 kPa The
effective stresses, including the self weight, applied to
the sample were 0.53, 1.0, 2.5, 5.0, 11.0, 23,. 81, 86, 170,
353,. and 463 kPa. |

‘The duration of the consolidation test.and permeability
tests was 12 months. This time is from the start of the self
weight consolidation stage to the -end of the .last
permeability test of the final stress increment.

Figure 5.8 shows the consolidation time plbt for all
the stresses applied to the sludge-sand mix. Individual void
ratio time plots are given in Appendix B.

Aéain, the trend of the consolidation curves shifting
left 'is apperght, but not as evident as with the sludge

(Fiqure 5.3). Figure 5.9 shows the normalized void ratio’
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versus time for three increments to iilustrate the’boint.
The consolidometer in which pest'#4 waé carried out in,

was equipped with pore pressure ports. Plots'of'the readings

- along with < me asspciated discyssion is presented 1in

-~

Appendix C. The diffitultiesﬁdéscribed under the discussion
of the pofe pressure read;ngs rforl-tﬁe sludge (section
5.1.1.1) were also encountered in Teéth #4.ﬂ‘éowéver, the
vresults up, to the 23 kPa stréss 1evel,v showed‘ reasonable

correlation between pore pressure dissipation and the

consolidation progress as can be seen in Figure ‘5.10.

o/

5.1.1.4 Comparison of the Self Weight Stages

As previoﬁsly discussed, the feason that a chemical
flocculent would be considered in a tailings disposal
- operation is its ability .to prevent sand frém segregating
dpt of slurries with low solids content, and thus enhance
thé self weiéht consolidation. This enhanéing effect can Be
exami;ed by comparing the self weight ‘consolidation stages.
- of the sludge-sand mix with the flocculent to the self
weight stages of the other materiéls.

Figufev 5.11 has tﬁe percént consolidation strain
plotted against time for the self weight stages for each of
the four‘mafégféls. The important feature to note about the
Figure is the percent strain of the flocculent mix compared
to thebsludge and compared to themsludge-sand mixes; o

The flocculent lsludge-sand mix has a magnitude of

strain, at the end of self weight consolidation, greater

_than three times that of the sludge material. This result
: [ - A ) . ’
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%-.
occurred even though the flocculent ‘sludge-sand mix started

’

off'more towards the soil end of the slurry spectrum (solids
content(s)= 52%, e = 2.39) than "“the thinner sludge material
(s = 29.1%, e = 5.80). |

A primary reason for the . impfessive self weight
consoIYdation of the floccﬁlent sludge-sand mix is the
relative density of‘its sludge solids (Dr,,). The bitumen in
the sludge reduces the relative .density of the sludge
solids. The addition of sand, proVide@ it is retained as
part of the structure, increases the relative density. The
Dr,, value for the sludge tested (test #1) was 2.39, and the
Dr,, for the flocculent sludge-sand mix (test #4) was 2.59.'
Increasing the relative denéity allows an incréase in the
self weight stress for 'the same height of material, from
0.22 kPa for the sludge, to- 0.53 kPa for the sludge-sand
flocculent mix, thus aiding the self weight consolidation.

1t is questionable whether a 2.4 times increase in self
weight caﬁ'be the séle contributor to a 3.6 times increase
in consolidation. Figure .5.12 shows that the end pointx@f‘
consglidation of the sludge—éand flocculent mix ’tis-
consistent with the other sludée—sand mixes, suggesting
there is no unique effect from the chemical but that the
sand may be having some effect other than that discussed. It
is péssible that a thixotropic gel strength may be
‘restricting the consélidatiop-progress of the sludge. The

presence of sand in large gquantities may prevent or reduce:

the thixotropic strength developed, thus allowing more

N
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consolidation. Another possibility is that the increase in
relative dénsity of the sludge solids due to the addition of
sand could cause yielding of any thixotropic bonding. It is
.also 1ogical that these two would occur in conjunction with
each other. At thiévstage howéver, these.explanations remain
speculative. |

The pribr diécussion on the improvéd behaviour of the
sludge-sand flocculent over that of the sludge material
concentrated more on the sand than the chemical flocculent.
It was the sand that allows the improved behaviour, but- it
was the CaCl, that alléwed the sand to remain in suspension
at the low solids contenp.'Figure 5.12 compares the self
weight consolidation of the sludge-sand mixes. The end point
is consistent with the percentége amount of 'sand, but.the
starting point is of interest. As shown in Figure 4.4, the
startiné point is in the segregating region of the sludge
propertieé diagram.  Of interest, is the comparison of the
sludge-sand floéculent mix (73% sand) with the similar (80%
sand) mix, with respect to magnitude of consolidation.
5.1.2 Comp}essibility Results from the Four Tests

Of the two major objectives for performing the
consolidation , - permeability tests, one was.to obtain the
voi@ ratio i - éffective‘ sstress,~ or compressibility,
reiatiénship of each material forbthe purpose of using it as

input, into the finite strain consolidation program.

3



5.1.2.1 0il Sand Tailings SlUdgg;/

Figure 5.13 shows the compresSibility of the sludge,
where the void ratio_is plotted against the logarithm of
stress. Note that.the change in void ratio over the stress

)
range tested is an order of magnitud

The cqmpressibility data, Fig  e 5.13, yields a curve
,with a shape that would be expected, excebt in the low
stress range where a reverse curvature oecurs. The data at
thls end suggests the' possibility of Monte and Krizek's
(1976) filuid 1limit which proposes‘that, as the effective
stress tends to zero, the void ratio will tend toward a
finite value as opposed” to infiﬁity. However ,” slurry
compre551b111ty curves in the literature show the v01d ratio
curvature, at . the 1ow stress end, varies from 5011 to soil
(see for example Salem and Krlzek 4973, and 2Znidarcic et
al., 1986). For the sludge in Figure 5.A3, with only one
test performed On'tﬁe material; it would be wise not to take

. 3 - . .
the data too literally but to leave an allowance for

experimental scatter considering the low stresses involved.

&

5.1.2. 2 011 Sand Talllngs Sludge- Sand Mixes

Flgures 5.14 and 5.15 show the compre551b111ty plots
for the 46% sand sludge sand mix and 80% sand mix. Wlth the
void ratio plotted agalnst the logarithm of effect1ve
stress, the sludge-sand mixes also yield curvilinear plots.

Neither mix displays any definite'trend of heading
towards a finite void ratio as the stress tends to zero.

With only mlnor scatter in the low stress reglon, data from

13
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both tests appear well behaved ' 30

As would. be expected, the change in void ratio over the
effecti;e stress range tested 1is largely affected by the
quantity of sand in the h}x. Figures 5.14 and 5.15 show that
as the percentage of ;and increases from 46% to 80%, the
thanée in void ratio'over the same stress range is halved,
reflecting the 80% send sludge-sand mix behaving more as a
soil than aislurry._Cenversely, it is interesting to note
the sludge's ability to resist consolidation or compression
even when diluted with sand.'For\example, the 80% sand mix
has a void ratio df:approximately 0.88‘Pnder 1.5 kPa applied
stress, where as the mix with more ;?udge (46% sand, which:
is still a significant portion) has a void ratio of 1.65

under the same stress. This willlbe discussed more in the

comparison section (5.1.2.4).

5.1.2.3 O0il Sand Tailings Sludge=Sand  Mix with

Flocculent -~
~_ The compreesibility plot for the 73% sand sludge-sand
mix with the chemical flocculent isugiven in Figure 5.16.
The Figure shows that the data again xéelds a nonlinear void
ratio - logarlthm effective stress curve. The data d&es not .
suggest a movement towards a finite void ratio as o'
aébroaches zere (i.e., fluid 1imitxffhoweveé mild scatter in
the 1low strese region makes. any deonclusion in this‘ area

dlfflcult.

4

One item not reilected by Flgure 5 16 is the startlng

locatien. of the sjﬁrry (e=2.39). Figure 5.16 1nd1cates that

,
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once the slurry has finished consolidating -under its own

welght from 1ts unnatural" startlng posftlon, the amount of

fcompre551on henceforth 1s greatly‘ reduced. The term

"unnatural” .is used to descrlbe the 'starting cond1tlon of
. e

" the .slurry hecause wlthout " the flocculent, a  73% sand

sludge sand mix' could fot. rétain the sarnd 1n 'suspension at a

_voxd?ratlo of 2.39 (s = 52%)

5.1.2.4 A Comparison of the .Compressibility of the

Materlals ~
A comparlson of ‘the compre551b111ty data- can reveal

more on. the behaviour of the sluoge; effect oﬁ added sand,

;and the 1nf1uence of the flocculent ”igure 5.17.shows the

compre551b111ty data for the four materlals

The plot shows that as the sand con*ent is: 1ncreased in

' z

‘the materlal “the compre551b1l1ty data becomes more llke

that of a cla551cal SDll , that is & linear e - log o' plot.
Th1s is not- merely a result-of a smaller overall change ln >
void ratlo nor the result of the 1n1t1al SOlldS content of
the slurry as w111 be presently explained. ’

W1th respect to- the former, smaller overall-void ratio

change, Figures 5.14 to 5. 16 showed def1n1te curvature in -

the compressablllty data of the sludge sand ‘mixes. As well

Flgure 5. 18, shows the f1nes void ratioc plotted against . log'

v01d ratio is the v01d ratio of the material when sand is

not considered and is deflned as the volume of v01ds d1v1deddvf

by the volume of fines, and is related to the void ratlo by

T

o', which brings the data into a common range% The'flnesj.c
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the following,

e = T e, v ‘ o (5.1)

where F. is the percertage cof fipg§‘of,Ehe_s}udggAgg}QQ§,qnd
e is the fines void ratio. In cases where the relative
density of +»he fines Dr, are different than ,the total
sludges solids Dry,, as in this case since the bitumen 1is

classified as part of the fines, the relatiogship is
‘ ‘Dr

85

e.,= F-ef—D"Rt—T‘ ) . ‘ . (5.2)

Figure 5.18 demonstrates that. over a similar fines void
ratio change, added sand iinearizes the e - log o' data.
| With ;espect to the slurri%s “initial condition, the
starting void ratio has been shown (eg. Imai, 1981) tb
affect the compressibility curve of the same material.
- However, the initial condition .of the sludge-sand mix with
| fleccculent négates the possibility of the;trend of e - log
o' approaching classical soil plots with increasing sand
being a function of the starting void ratio. The cauﬁe of
the ”trend ;herefqre lies 1in the’ faét that ‘fhe large
guantities of sand are influenciﬁg the mixes 'to behave as
normal soils, and'effects of the‘sludgé are diluted;
! F y
Along the same lines} as‘has been previously noted in
section 5.1.2.2, isb the sludge's ability to resist
compreésion and  that this ability is decreased with
~incréasihg sand content. This is'seen in Figure 5.17 where
at ‘given stress, “the wvoid ratio is greater for the

material with less sand content. This may be partially due

&
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to the initial void ratios of the slurries, but as explained
in the preceeding paragraph, the initial void ratio of the
flocculent sludge sand mix shows that initial conditions
icannot account for all of the consolidatlon resistance.

Another interesting feature displayed by Figures 5.17
and 5.18 is the behaviour of the sludge-sand mix with the
flocculent (test #4). As is seen in both Figures, test #4 is
consistent in both shape and location with the other
slurries when considering the sand content. This indicates
that with =~ respect to compressibility, the chemical
flocculent has no affectAonithe behaviour of the material
other than retaining the'sahd. |

Eigure\ 5.17 also 1illustrates consistency 1in the
- behaviour ‘of \all. the slurries with repect,to sand conteht.
This means that it is possible for an enéiheet to rationally
interpolate:between the compressibility curves to_obtaih a
~urve for a mix with a sand content not 1nvestigated In
tuils Eespect, Figure 5.17 might‘be thought of as a "famlly
of curves" for this oil sand tailings.f Figuré 5.17 also
indicates that it may be possihle_ to test only three
slurries to obtain a workable.Tamily of curves. Obviously
any family of curves would be éateriil specific and even
site specific for similar materials, suchtuth;%“*at
different oil sand mihing operation the family of curves
wouldihikely be different. 'p' » '

Wwhen the ,fines.,void ratios are plotted agalnst 07h
(Figure "5.18), the Ccdrves become qolinearx above 5 kPaR

J7

~

heatl
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p0551bly reflectlng a transition from a slurry to a 5011
Although not available, vane shear data above and below this
stress would be of some interest. B
5.2 PermeabilitgATest Results

The permeability test results will be looked at in two
settions; flow with time, and hydraulic condgctivity as~a-

|
function -of void ratio.

- 5.2.1 Hydraulic Flow with Time~

.. According to Darcy's Law the flow discharge velocity is
‘directly related to the hydraulic gradient alone, by 2
constant, k. However, as has been discussed in section
2.2.2, fine grained soils under low . hydraulic gradients
demonstrate e time depehdent flow distharge (Olson, Nicthols,
and Rﬁce, 1985). It wac a. so -noted that a steady state
condltlon would occur a: :ﬂat‘ the forementioned-tauthors
found that the: steady state flow obeyed Darcy's Law with
-respect to a linear gradient—velocity relationship.

In this section, results of some of the.permeability

measurements are -presented to show that the material
investigated did ‘1ndeed\\dlsplay a time dependent flow

- discharge with a steady state value.

5.2,1.1.011 sand Tailings Sludgg

When the permeability. tests were first started, a
stopwatch was used to obta1n flow volume readxngs with time

to obtain an average flow velocity for a particular
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-

7

gradient, as minor fluctuations were expected. However, when
the constant head tests were per formed it'became apparent
that the tiﬁéd readings were not leading to an average flow
velocity but a decreasing flow velocity. Figure 5.19 shows
this for a gradien- of 0.17 fof the sludge at the end of
self weight consolidation (e = 5.11).

Ev1dent from Figure 5.19 is the approach of the flow
Veloc1ty_to a steady state value. It is th; flow velocity at
this steady state value then( that would be used to
determine the coefficient of permeability- (see Olson,
Nichols, and Rice, 1985). It is also noted that a fallingu
head test woula lead to er;oneodg results because of this
phenomenon. |

Several tests were run at certaln gradlents to check 1if
this phenomenon was repeatable.' Figure 5.20 shows, th¢
results of one such test. Demonstrated in the Figure-ls the
fact tﬂat the trend was repeatible. The tests shown ip the
Flgure were not- taken to the steady state cond1t1on buf to
a time sufficient to check for repeat1b111ty The time
" between the teété varied from 5 to 10 minutes.

’ The repeatibility of thié behaviour  ,suggests that
whatever is causing the decrease in flow yelocity 1is
triggered by seepage force and is reversible. -The bitumen in
the sludge might account for this. A1£hough considered as a

solid in calculations,-the bitumen is not totally rigid and

can deform under stfess. This deformable quality could allow’

thé bitumen to move to block pore throats while being
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subject to a seepage stress. the the seepage has stopped,
the.bitumen would revert to its original position or shape.
It is‘ integesting to :
condition seems to be reaftainable after only 5 to_’10
mihutes of no flow, even after hours of flow. |
Figures 5.21 and 5.22 sgpw soﬁe of the permeability
test results at void ratios of 2.91 and 0.55 respectively;
Evident ‘from those'FLgures is that the time dependen&ifioﬁ
vel6éityistill exists at lower void ratios.’ Howevef, the
drop in flow velocity from initi td steady state becomes
less as the void ratio decreases(?izw:ouldbe expected that
the ‘drop would be less, since, whether it is the bitumen
intluencing it or not, at the very low void ratios very

little movement of anything (finer particles included) can

occur. . _
Note that in Figure 5.22, the gradiénts are rel&tively
high (14.6 to 39.4). As the consqlidatéon proceeded, gas
being formed created problems. This was borne out in the
tests by'either no flow occurring or a delay before flow
would occu?. The problems were predominant in the low
éradient testg, where as the highe; gradient tests, being
more able to force watér through, reSpong;é adequately. If
/the .time dependent flow velocity:is dependent on moving
material, the high gradients in Figﬁre 5.22 may explqin why
the sludge is still displaying this behaviour at a void

ratio of 0.55. : >5 -

A

note however, that the initial

o
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v

5. .2 0il Sand Tailings sludge-Sand Mixes

The permeability tests on the sludge-sand.-mixes (46% .
and 80% sand) were consistently affected. by the presence of
gas, and erratic flows weT® thusly produced and recorded.

Figure 5.23 illustrates that: for some of the runs that
were not . noticably affected by gas formaRﬁfi for the 46%
sand mix, there was still a time dependent flow discharge.
The time to a steady state condition appears to be less for
the sludde—sand‘mixture compared to the sludge (100 minutes
compared to 600 to 1000 minutes) ‘however there is too much
scatter in the results to idraw definite conclusions. The

drop in flow velocity shown 1n(Figure 5.23 1is qu1te large,

* B
however, similar to the sludge, as the consolidation

proceeded, the drop decreased. Figure 5.24 shows not only

that the drop ir flov velocity becomes'smaller at lower void
ratios but it a.=0 demonstrates some ‘erratic .flow behavior
encountered due to the gas.

Only a.alld decrease in flow velocity was displayed by -
the permeability tests on the 80% sand mlx, but the tests

were interfered with by gas. Figure 5.25 demonstrates both

of these points for the sludge-sand mix.

5.2.1.3 ©0il Sand Tailings Sludge-Sand/ Mix with

Flocculent ) , g A

With respect to the dependence of the flow velocity on
time, the 73% sand sludge-sand mix with the flocculent
behaved like the other sludge?sand mixes in that it

-xhibited some time dependence.
: /
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Figure 5.26 shows a typical set 6f runs, and

demonstrates that the 1n1t1al dro (where applicable)~is not‘

§
thatelarge (three times as opposed to 100 times displayed by

the sludge). Also shown, once agaln,;1s some erratlc results
influenced by the gas. The 'Figure shows how the tlme plots
‘can aid in deteru}n1ng wh1ch results deserve more welght
Aand which results can be dlscarded For example, it 1is
obvrous £ rom figure 5.26 that the results from they‘0.14
grad ent test are questlonable,:
5.2. 2 Hydraullc Conduct1v1ty w1th Voxd Ratlo
The purpose of the ;mrmeabndlty “tests was to obtarn

relatlonshlps between the hydraullc conduct1v1ty and v01d

‘ratio’ for each materlal“‘The steady state flow veloc1t1es

fwere used to determ1ne k at“the varlous void ratios through

’ .LAJ’ N

L4

the relatlonshlp
.. -Y_ . - .\.' ‘— “ . 3 " ‘ : . " . | ’ | |
k=7 7 L0 o _ .. (513)

S, . .’

. , P ‘ , o
N S . L N s L ge

B

where v 1s the flow veloc1ty at the steady state condlélon.
ThlS sect1on presents the hydraullc conduct1v1ty values

obtained for the four slurrles.

~ ~ ° ¥
T8, 2.2.1 011 Sand T;%nlngs Sludge va {':' J ,]

¢

oy’

oy
[

When the sxeady NSt te J&low veloc1t1es were plotted;g

aga1nst the gradient to determlne a slope (eqn. 5.3), there

‘), ot

somet1mes arose scatter. In these c1rcumstances, the loﬁger
duration tests were‘glven preference. This ma1n1y occurred
for the high void ratio tests (greater than 4).

s
»
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Flgures 5..27 and 5 28 show the‘voloc1ty grad1ent plots'
for wvoid ratxgsy of -2.41 and 86 respectlvely and are
'“typlcal of the majorlty of the plots..To be noted from the
plots 1s that there 1s no 1nd1cét10n of a threshold gradlent‘
=+ which'1is also the caSe for the other void ratios.. The best
fit line'may 1ntersect one of the ‘axes but  no con51stentf
trends existed ~and the cause_acan be attr1buted to
‘experimental scatter;‘ R |

Figure 5.29 shows the results of a series’ of

permeabillty tests performed, ﬁn the sludge to. determine the

fluence of the d1rect10n of flow and magnltude of grad1ent_
"on the hydraullc conduct1v1ty. As .well, the. tests were
repeated ‘to check whether the prev1ous gradlent beDng hlgher
Qr; lower had any 1nfluence on “the . conduct1v1ty value. As
seen in the Flgure, ;t was found that' the direction of flow
had no 1nfluence on the flow veloc1ty, the flow veloc1ty wasl
e‘only marglnally faster when ’approached from ta_ smaller_
.gradient, and that at unusually ‘large gradlents ‘(greater -
“lhan 200) Darcy 5 law becomes:1nva11d as the 1ncreasé in‘,
K flow veloc1ty becomesv less w1th 1ncrea51ng grad1ent. ,The.

.very 1arge veloc1ty most 11ke1y caused a mlgratlon of f1ne

vpartlcles or bxtumen to decrease the permeablllty It is

‘,'-;31nterest1ng to note however, ‘that once the peak gradlents;d'“

were reached (twlce) and the gradlents/yere then reduced,

-

‘the flows were v1rtually the same - as’ ‘beforé. at a‘ 'g1ven""

3
i ‘o

‘f'gradrent.f
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The resulting data, the hydraulic conductivity values,
are plotted in Figd}e 5.30 as a function of vo{é ratio. Note
the range which the concuctivity values, extend through (over
4 orders of magnitude). The varués in the high void ratio
region reflect the difficulties enéountered, as they aqg§é~
.slightly scattered. The relationship between iog k and e;fliﬁg

Y
. . .. R ' &
over this range, 'i's shown to be definitely nonlinear. . - 3

i

5.2;2.2_Oil Sand Tailings Sludge-Sand Mixes
| As de5cribed in section 5.2.1.2 the permeability tests
on the sludge—sand mixes were regularly interfered with by
the formation of gas, and this is fefiecéed in the results.
Figure 5.31, a veldcity—gradient plot for the 46% sand mix,
is typiéal.of the sludge-sand v-i plofs with respect to the
scatter involved. | |

The resulting permeability  plots, hydraulic
conductivity as a function of void ratio, for 46% sand and
80% sand sludge-sand mixes are given 1in Figures 5.32 and
5.33 respectively. Deé@ite séatter due to the expermiental
difficulty, the Figures exhibit clear relétionships between
k and e for thé two mixes.

Several items of interess can be noted »from the
Figdres./First, the difficulty of using the actual data as
input to a finite strain consolidation program is apparent.
The actual ‘data will lead to erroneous results as soﬁe
higher void ratio conductivities are lower than those at
lower void ratios. Second, the benefit of having data over a

larger void ratio range than required by the problem is



139

10—‘ - T ~T —T T T T T T T T
sk . . - . ﬁ ; N
-1  [bota Points - L : , : i
I Best Fit Curve _ , , , m
C o . .-
L ~ _
_ . e 4

-~
-~
N R A
/ ) .
— : e : ; ~
- . s . -t
C L7 : .
- P 7 y . -
[ o ® ]
7/ U]
- s ? ~
/
/
— 7 -3
C ‘i,. / 3
sk i N/ N
L ./ ‘D . N
N . / . -
- /
2._. - . -~
y o
P - - m . ! ——
C o : 3
C - o 7
> I | ]
2 B ‘ N
2r o .
/

109 o —
- o 3
sk 1 . ]
e I -1
- l -t
2+ ! .

/ .
10-10 1 I 1 : i I ) 1 2 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
‘ ‘ Void Ratio, e

P

Figure 5.30 Permeability of Oil Sand Tailings Sludge



140

Eal

ks
I

| ‘jusIpoid o__no‘.%%.._ -

£0"z=9 ' ies-abpnls pueg %9% ‘3JUSTIPERID "SA MOTS 1g°g aanbtg

sS°0 0S°0 Sr'0 or-0 Q60 " 0€°0 S Si*0 ol*0 s0°0 000
T 0
| .
L 4 2
. ;
@ [
. il
. 13
@ =
& i
i <
) | |u.
m 2 w
- . ” — w/“v”‘u
. © _ .
, | | z
- < i@ 103
f ! /
! (%]
Q i fr
| B W | A
- m . # _ : VoL
) | w ; hop |-+ ~
m» i ] . .
| | uw ogly .|
_w | | A uw 0zl ©
+ : : i . : : . . <
H | | ﬁ | | uw 090 [
P _ 1 | : ' ,
. | | ” | | | aN3931
v M ; : , T , | *
: Looa ! W " ! |
) 1 1 L i jte A i 1 1 - i LA




£

%

s

141
10‘58_, L7 S S R AP A S S S S I S S St A Sae
&=~ LEGEND ]
6 i i
si. [ [[Joate ts i
4 — — —Best: Curve ~ .
3+ i
2+ ;4 7 . -
ul
-5 | L
10 o o B
- o .
7'- . / -
6+ L ap
7~
Q! . ke -
¥ 7~
T 4 ’
P
S 3t | PR i
N e Ve
I
<o % _
> Ve
s (. u
gl 0_7 — ; - s . U —]
3 A , _
C T - LS n
8 6F- - - S .
o g5l - o S i
'—g 4+ 5 L B
o : 4 u
_’6 3+ 4 . 4
£ Ul
2k et _
/ S
/ N
- / [§ 3
1078 _— S, o
| A o ,,
7t / oW ‘ \
6/ - >
St 7
"4"}5'm' :
3b- /o . N
/ R
% i
/‘ ‘e
l 0—9 1 1 ‘ i ! . 1 ! 1 7}&: 1 ! i 1 1 TR '
0.4- 0.6 0.8 1.0 1.28 1 1.6 1.8 2.0
Void Ratio, e

Figure 5.32

Permeability of 4#% Sand Sludge-Sana

o




P

10-°

9

. 8

.

6

5

4

3

A .

NG 2
- E
QO
S’
.
>~
rond
=

21078

B 9
c

o 8
O

o 7
S

© 6
[

;; 5

4

3

2

10°7

Figure 5.33 Permeability of 80% Sand Sludge—Sand

142

*ivbid Ratio, e

—N

;
L T T T T T T T
- LEGEND | o
N [MData Points o ]
| — — — Best Fit Curve- _ ]
L - -
.. /
O
e
P
U]
— . Null e
| v/
“ PR . .
b 7AD/-- (LS - - - -
/
" ) L .
| i L S _
/ i
- S -
/
/
- Ve -
’ (M)
of .
/
fy @
i o /ﬁ ) E 7]
/ Uzt
/ T LJ, L
/ L8
/ C
/ ) s v
{ 1 1 1 1 1 ) -l 1 |
0.40 0.50 - +D.60 0.70 0.80 -90 1.00



143
evident, as the k—e relationship becomes more established.
For\fhe 46% sand nix, the relationship between log‘k
and e.is.noqlinea;‘over the void ratio tested (0.5 to 2.05).
For the 80%«.sand'#mix, the relationship, is only mildly
nonlinear over the void ratio tested (0.5 to 0.95).

.5.2.2.3 0il Sand Tailings Sludge-Sand Mix with
L]

. Flocculent

-

Despite similar problems with gas during the tests, the

~73% sand sludge-sand mix with the flocculent yielded

relatively linear velocity-gradient plots with minimal
scatter. Figure 5.34 is typical of the velocity-gradient
plots for the mix with the flocculent.

Although the v-i plots were well behaved, the hydraulic
cogductiyjty - void ratio data was still slightly scattered
in‘the high void ratio end. Figure 5.35 shows thé resulting
permeability data. Again, the Figure exhibits a clear k-e
relgtionship. The nmelationship between log k and e is sﬁ%wn

to'be nonlinear over the void ratio tested.

5.2.2.4 Comparison of the Four Tesﬁs

The hydraulic conductivity as a function of void ratio

I3

for all four slurries is shown in Figure 5.36. Evident from

_the Figure is the remarkable consistency of the pefmeability

trends " from one mix to the next with respect to the
sand/fines content. ‘This - pattern, as with the
compressibility data, allows one to interpolate permeability

values for mixes not,testéd from the family of curves plot.
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Also evident from the Figure 1is the variation of
permeability (seve:al orders of magnitude) at a given void
ratio. .The .permeability, at a given vpid ratio, decreases
with increasing fines content. In fact, it is the
concentration of fines that governs the permeébility ahd ﬁot
the sand. This is borne out remarkably well in Figute 5.37
where thé&%ydraulic conductivity is plotted as a function of
the fines vo?ﬁ ratio. The fact that the aata for all four
slurries fall on the same line indicates the permeability's
dependence on the fines. The- sand's 1influence on the
permeability appears only to be as a filler, that 1is, it
‘decreases the fines concentratiom(for a given volume. For
this reason, as is seen in Figure 5.36, the permeabilit;\
jncreases with increasing saqd content.

Figure 5.37 is a check for .internal consistency as well
as a reason for confidence in the data. If one or two of the
tests wouid have been off the line or interstect the data
then their results would have been somewhat in question.
Also, use of the steady state value for flow velocity is
validated. - o ’

Also shown in Figures 5.36 and 5.37 is that, similar to
the ‘comﬁressibility, the flocculent has no ’effecp on. the -
permeability. The 73% sand sludge-sand mix data is
completely consistent with the other tests.

The findings of the fines ;oid ratio plot (Figure 5.37)
allow a‘design engineer tos’do one better than the family of

_curves fﬂot (Figure 5.36). Now, theoretically only//ﬁﬁe
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amiount of sludge decreases, the amount of consolidation
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" sludge-sand mix needs to be permeability tested to develop
. T

" the "family of curves". Since there 1is a wunique k-e,

telationship for a "family of slurries™, a k-e curve can be

~back calculated for any percentage sand content using

equation 5.1 or 5.2. However it would be wise to do at least
two tests to develop the k-e, relationship, one of which -
Y] ] E -
being on the sludge with no admixtures. The same caution
- /) .
given for thea\tohpressibility applies, that 1is, the
relationship will be unigque to each material and to each
e .

i

mine site.

V.
5.3 Summary of Observations and Conclusions
"Due to the wide variety of obserVations discussed in’
this Chapter, it would be beneficial to summarize the major

findings and conclusions.

5.3.1 Consoiidaﬁion and Compressibility

The self weight consolidafion results.of the four tests
were affecfed by both the relatiQe density of the sludge
solids and the amount of sludge in the slurry. The Dr,, valJe‘
is increased when sand is added to thé,sludge, meaniﬁg its
self weight stress is incroased, and logically therefore the
amopnf of consolidation'yis increaseé.' Although tbis was
shown to be true, Figure 5.12 also showed that - the
consolidation at the end of the self weigﬁt incroment was

affected by the amount of sand in the mix. That. is, as the
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gincreases.
~,

From the consolidation time plots, a trend of delaye?
co’sélidation was evident for ‘the lower stress increments
(hic er void ratios). As the stress increments increased and
the void ratios decreased, the delay was‘lessened and the
curves shifted fbwards smaller time. Although this trend was
somewhat evident 1n sludge-sand mines; it was more vis&ble
in the sludge data. ' .

The compressibility data for all four tests yielded
nonlinear e - log o' curves over the stress ranges tested.
The e - log o' curves began to linearize as the sludge
content was decreased by the addition of sand.

The ability of the sludge to resisf consolidation and

compression even when diluted with sand was again seen, 1in

o M

Figure 5.17. As an example, under a stres&h i
sludge-sand mix with 46% sand (a significant portion) had a

gpid ratio of 1.65 as comparéd to 0.88 for an B0% sand mixk
The cempressibility results yielded a "family‘ of
curves" for the oii sand tailingé\Fludge sand mixes. Not
only does this allow one to interpolate compressibility
curves for different sand proportions, for this oil sand

tailings, it also indicates that for different tailings,

ohiy a limited number of téé&s need to be performed.

. 5.3.2 Permeability . §
The permeability tests revealed a time dependent flow

discharge with a constant gradient. The flow .velocity would

\ o
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¥

drop up to two orders of magnitude before reaching a steady
state value. The time to steady state varied up to 15 hours
for the sludge, less for the sludge-sand mixes. The process
was repeatable and the initial condition appeared to be
‘reattainable after only a few minutes of no flow, even after
'hoursv of: flow. The drop in flowi velocity decreased with
- -decréasiné.Qeid ratio. The drop in flow velccity appeared to
be less £Qr“the sludge- sand mixes than for the sludge for
the majorlty of the cases.’
& %y The steady state values were used for the determ1nat10n
“Tof the hydraullc conduct1v1ty values. The va11d1ty of this
| method was borne out in relatively linear v-i plots (with
some scatter) and consistent k-e plots (as evidenced 1in
figures .5.36 and 5;37). Because of the.'presence of gas
' adurlng the permeablllty tests,vthe flow-time p}ots became
A>valdable tools 1in determ1n1ng which results deserved more
.neight. o g ' |
The resdlts showed . no concrete” eVidence of the
existence of a»threshold gradient. ’
An important finding from the permeahility'tests was -
that the relatlonshlp between hydrau11c conduct1v1ty ‘and the
fines void ratio was the same for all the slurrles. ThlS

unlqué dependence on the fines void ratio 1nd1cates the sand

—

does not affect the: permeablllty except to decrease the
fines concentration. This is shown in Figure 5.36, where at

a given v01d ratio the hydraullc conducc1v1ty\1ncreases with

)
increasing’ sand content. This finding can be -used s1m11ar ‘to
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‘the "family of curves" of compressibility data, when needing

to determine the permeability for certain mixes.

“?

With respect to the large gradient tests conducted
(Figure 5.29), it was found thét; the direction of flow had‘
no influence on the flow velocity, the flow veloc1ty was
only marginally faster when approached f;om a smaller
gradient, and that at unusually latge gradients (greater

than 200) Darcy's law becomes invalid as the increase 1in

flow velocity becomes less with increasing gradient.

5.5.3 Effect of Sand and Flocculent
The major influences of the sand were to; decrease the
sludges role of resisting 'compressioe and consolidation,
increase the relative'density of the sludge solids thereby
increasing the self weight stress, linearize tﬁe e -
logarithm o' curve,'move-the compressibility curve towards
the direction of lower v01d ratio thus cau51ng a smaller
void ratio change for a glven stress change with 1ncrea51ng
sand content, and cause the permeablllty of a mix to be
greater at a given. void ratio by decreasing: ‘the
’concentration of fines. | |
. The only effect the chem1cal flocculent had was to
maintain the sand in supens1oﬁ at a solids content which
normally would lead to sand segregation. Flgures 5.17land
5.37 show how the sludge—sand m&x with the flotCulent’yieldSi

conec stent results® with the other slurries with respect to

comp -e- bility and permeability respectively once self‘
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weight consolidation 'is complete. Figure 5.8 {ishows the

effect of keeping the sand in suspension on the se

coensolidation. . .

2
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6. MODELLING OF SELF WEIGHT CONSOLIDATION TESTS ‘

6.1 Introduction
As has been previously discussed, the geotechnical
research program of the Department of Civil Engineering at
the University of Alberta has a ten metre standpipe sludge
and sludge-sand testing program (Scott, Dusseault, and
Carrier, 1986). Details are presented by Scott and Chichak
(1985a, 1985b, 1985¢c). . . ‘ ~
0il sand tailings sludge obtained from the Syncrude
canada Ltd. tailings pond was pumped into a standpipe 10 m
high and 0.91 m in diameter and allowed to cofsolidate under
its own weight. Sludge-sand mixes were formed by combining
sludge with tailings'sand and the mix was then pumped into a
standpipe and allowed to consolidate under its own weight.

The material description_ﬁér the three standpipes has

been presented in Table 4.1;&and Figures 4.4 and 4.5.
Standpipe #1 coQtalns sludge w1thout added, sand, standpipes
#2 and #3 conta1mQ45% and 82% sand respect1vely Standpipe
#2 was discontinued, and additional sand was added to the
material to form the sludge-sand mix for standpipe #3.

\The stagdpipes (Figure 6.1) have pore pressure and
sampllng portstat various depths. The ports are connected to
a pressure transducer and allow excess pore pressure
profiles \to be determined in conjunction with the
sludge-water interface settlement. Sludge samples are

extracted from the sampling ports, testing is then performed

154
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and a ‘solids content or density profile can then be
determined in conjunction with the interface settlement.
These three piéces of data completely descriﬁe the'progress
of the consolidation of the slurry. -

Because: of the large scale, the monitoring, and the
undisturbéd environment of these tests, they provide an
excellent opportunity to examine the ability of the fiﬁite
strain consolidation theory to predict the progress of self
weight consolidation of o©il sand tailings sludge and
sludge-sand ﬁixes using laboratory data.

Chapter 3 discussed the finite strain theory in‘&etail
as well as presenting séme of the analytical procedu:es used
to solve the theory. Two procedures, Somogyi (1980) and
Cargill (1982) were discussed in detail. The Cargill ﬁethod
allowed for use of direct laboratory o'-e-k data, wheré as
the Somogyi method reguired a best fit power law
relationship to describe' the data (equatiops 3.24 and‘3;26);

1t was shown in Chapter 5 that due‘to scatter in the
results, using direct laboratory data in this circumstance
was not feasible and therefore smoothing or a best fit curve
was required. It was shown in Chapter 3 that when using the
same data, the two ~meth;ds yielded virtually identical
results. Therefore it was decided to use the finite'strain
consolidation program lbased on Somogyi (1980) for the
analytical work in this Chapter.

. The comparison between the theoretical results and

measured will be based on the three monitored areas;

Pe
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&
interface settlement, excess pore pressure profile, and

—

solids content profile. The 'intent of this Chapter is not to

explain th standpipe data or behaviour of the

" slurries, although this is done where relevant, b
,tﬁ examine the ability of the finite strain conso
theory to model the progress of consolidation in the
standpipes as measured, in the three foreﬁentioned areas.
Diécussi;n centers on the accuracy of the predictign and
possible explanations are presented where discrepancﬁés

occur, however . detailed work to account for any

discrepancies is left to further research.
6.2 Standpipe #1 \

6.2.1 Input Parameters

Ten metre standpipe #1 contains oil sand tailirfg§

sludgqe whose properties have been shown id&Table 4.1
Figures 4.4 and 4.5. Slugéyi éonsolidometer test #1 was
performed to obtain cbmpfgggibility and bermeability data
for the sludge to be used in'modé;ling.standpipe #1. Tables
4,2 -and 4.3,. and Figures |4.4 (énd_ 4.6 show  the material
properties. Tables 4.1 and 4.2 shoy;that*the two slurries
are .quite comparable, . wﬁtﬁ the ;tandpipe Asludgé being
slightly finer and having more, _bitumen then the
consolidcometer sludge. :

The compressibility-gnd\permeaﬁility input pafame(ers

are 'in the form of four curve fitted constants as described
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in Chapter 3 and shown in «nuations 3.24 and 3.26. Figure

5.13 shows the compressibiluty plot of the sludge with the

13

best fitted curve. The'curve was least squares fitted with a

coefficient. of determination (r?) Jof 0.992, and the

v

relationship is as follows:

e = 28.71 - o100 T (6.1)

. whére ¢' is in pascals The high value for r’ indicates that .

A d

compre551b111ty data for the sludge lends itself well to a

4

power law relat10nsh1p like that of equation 3 24. ﬁ$

The permeab111ty data for the tested sludge, along w1th

the best fit curve is shown in Figure 5. 30 The coeff1c1ent
/K
of determlnatlon was 0.947 and the relationship ylelded lS‘

‘as follows: = o

k = 7.425x107"" . P H7 - o (6.2)

1 where k is in m/s. The r’ value, as would be expected from

scattered since this is"the v01d ratio range

observing the - data, 1is not as hlgh. as f@ﬁ

compressibility data but it still indicates a good~

Ay

correlation to a power law relationship. It is the data -in

f

'the lower xoid ratio range (less than 4) which establishes

the relatlonshlp and contrlbutes to the hlgh .’ value. It isd

unfortunate that the - data 1n ‘the h1gher vo1d ratio: range 15»

through whlch
the analysis wijgl ma1nly occur. However,,the\datasfrom the
e-k, plot (Flgure 5.37). for all the data glves confldence to

-y

the 1nd1v1dual relat1onsh1ps
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Immediately after the 10 m standpipe was filled;

samples were taken from the}sampling ports and pore>pressure

r

measurements were read. The samples were tested for bitumen
and solids content. These results along with the pore

‘pressure. readings, assuming they reflected the total stress

(i. e., zero effect1ve stress condltlon) were used to obtain

\\\ a bulk den51ty ‘A materlal balance was then performed ‘which

‘"‘ 7\

\showed the ex1stence of "das; 0.69% by total volume (Table'

4

6.1); It was necessary to ad]ust the relatlve den51ty of the
sludge sollds to reflect the gas, "and thus, the Dr,, value

was lowered from 2.35 to 2.27 to account for the 0.69% gas

¢ ) . .
volume . T :

The final soil parameter necessary to . the analy51s~is

N

thellnltlal cogdltlon. It took only several hours to flll

the 10 m standplpe and thus can be con51dered 1nstantaneous

when compared to the consolldatlon perlod in “the analy51s
‘!

(4.6 years) The 1n1t1al-sollds content _value 1s 32.4% as

- determlned from the initial samples.

<
“

. A summary of 5011 inpug parameters is given in Table

6&2.'The remainder of the‘problem specific input necessary

- to. the analysis has to do with the consolidation conditions.

b4

- [ . , :
_"'se include initial height ‘"7 m), analysis time, and

. Q
N %

lower boundary condltlon (1mpermeab1e)

-

1
*The 1n1t1a1 spac1al 1ncreme%t (Lagrangian) was 0.725 m

¥

and the maximum allowable t1me increment for r‘@eatab}llty

(found through trial and error) was 5 days.{ - 3 . .l

N
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Table 6.1 Ten Metre Standpipe #1 - Material Breakdown

- Material Mfiss ,(kg') Volum;: (m3) =
Lar’ger than 0.044 m 43.7 0.0165
Finer than 0.044 m 320.9 ¢ 0.1211
Bitumen R 312 0.0303 " .
[Water 825.2 0.8252
|Gas 0 , 0.0069
Total 1221 1.000
!
. ' B
Table 6.2 Soil Input Parameters :
-, /
"{Parameter ‘Standpipe
‘ {9 1 #, 93
A_(1/Pa) 28.71 7.256 1.814
B ] -0.3097° -0.2052 -0,09929 -
 C(mss) 7.425 x 10-11| 5.606 x 10-10 g\sﬁx 10-8
D - 3.847 3.927 3.794 |
'DRss 1227 2.45 2.54 |
so (%) L ,32';‘?4 45.0 ‘ ,-74.85’ o

160
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6.2.2 Compar.son of Predicted with Measured Values

A: oreviously mentioned, the comparison will be upon

three = -3s; interface sett/llement, .excess pore pressures,
. i !

and so.ids content. ' (

- /’\sk.a
' ‘6.2.2.1 Interface Settlement

It was found,that, similar to the consolidometer tests,
the sludge-water interface ~was discrete and zasily
discernable (Scott and Chichak, 1985a). The depth was
measured by lowering a graduated rod with a circular plate
attached at the bottom to "sense" the interface. Results of

the measurements are plotted in Figure 6.2.

It is seen from Figure 6.2 that, on the arithmetic time

plot, the interface settlement is llneaf’ However there is

some, dev1atlon from the llnear tendency ‘
800 days, where the consolldatlon rate decr@ase@ ﬁﬁightly.
’Also of interest fnm the Figure is a delay in interface
*settlement in the first. four months. \

Also shown in thenFigure_ie);he result of the finite
‘strain theory oeing'the-above input data. Nota;e'that the
theory predicts a linear settlément rate*eVen up to the 4.6
year mark. This is a clear tndication /that.4the theory

pred1cts the‘ conqolldatlon process for this situation ‘to

v H

program is 5 12 m leaVLng a f1nal H@lght of 4 88 m.
One- diffegence between the3 predlcted d; -gctual

settlement is the ‘.sllght &eyiatlon from l1near of the actual

data. Although the dev1at1on is very small it is an

take decades. The ultlmate consolldat1on predlcted by the'

r
AT
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indication that something not accounted for 1in the theory,
‘possibly thixotropy, - is begiﬁg}ng to retard athe
con$olidation.

The other difference between predicted and actual
settlement, thch is:&ore apparent thag linearity, 'is the

difference in the rate of consolidation It is evident from

~
~

Flgure 6.2 that the standplpe sludge is consolldat1ng faster

than the theory predlcts. The quallty of fit can be judged

better after exam1n1ng .the sens} ﬁpg the anglysls to

the permeablllty of the materlalt "

Flgure 6 3 shows the shlft ofléﬁé ‘best fit curve when

,‘6

the permeablllty reL§t1onsh1p (equatyon'6.2) is inc-eased bygy

) o . W E B -
50% v s ’ &
vk o= 1.114x107"° -Le“?-” S o | (6.3)
N B Y
and decreased by 50% : - ¢
k = 3.713x107"" - ¥ > (6.2

¥

1

e

It is seeh from Figure 6.3,fthat with respect to the overall .
a ' ' e . . - : '

..:data, these changes to k are~not too drastlc Figure 6.4 “has

the finite ‘strain output . u51ng theﬂapermeap111ty from

! ' ’h . <

'equations 6.3 and . 6.4\ - Ff@% Flgures 6.3 and 6.4 it js-

?

apparent that given the sensitivity of the finite strain

output to a relatively minor overall change in permeability,
. ,‘ , ‘ . ) ) . o )
the. correlation:between_the predicted and actual interface .

”
-

o < ) .
is.quite reasonable.
- AN
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6.2.2.2 Excess Pore Pressures

Pore pressures were measured at ports at various depths
along‘the.side of‘the 10 m standpipe, as shown in Figure
36.1, when interface settlement was measured. |

Figure 6.5 shows the excess pore pressure output from
the finite stra1n program for. 800 1600 and 3200 days. Note
. P
that _the llnearlty of the curves 1ndlcate5~jthat »the
reductlon comes only from the surface mov1ng down. It is the
curved portion at the bottom of the plot where‘a reduction
in excess pore pressure is due to cohsolidatioh. Therefore
according to the program, after i600 days (4. 4‘years) " as
seen from’Flgure 6.5, the sludge w1ll have only a marglnal
reduction in excess pore pgessure due to consolldatlon, and
that, only in the\bottom 1.5 metres. Note that at 3200 days,
although the profile above the 8.5 m depth appears linear,
it is indeed curved, indicating that some‘cohselidation is
occurring throughout the standpipe at this time. |

when - the predicted and measured excess pore pressures
uare compared Flgure 6.6, it is seen that the me@sured‘
excess pore pressures do indeed_fall along a straught llne'
_thh some scatter, and that this'line is coincidentdl with
fthe pred1cted excess pore pressure lxne. ‘The data, howeverp
does not mzmxc.the curvature at the bottor of the oraph as.

‘p:odxctea by the fxnxte Straxn theory But the d fe:ence %s

ur_hin ‘the scatter IWCQ the cuerv ru\e 18 80 smal} and

(o)
o
[T
e
-
(9]
£
ot
e
el
v
¥
3¢

‘.assaeia;ed thh\féadiﬂ s from the bottom
\ * !

b 3 o s RS TR ep e o1 " e ) R SR T,
pLrits due NG d SMasl laver layer of segregatedc sandgd thoout

- M ]
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J

> and Chichak, 1985a andﬂ1985b). Overall, the prediction of

the excess pore pressures is good.

Ly
o

"' 6.2.2.3 Solids Content

Figure. 6.7 shows the solids content output from the
N e __"C., .

finite strain program plotted for =several time periods.

‘Similar to the predicted excess pore pressure profiles

(Figure 6.5), the increase .in solids gontent begins from the
bottom, which is to be expected. However, Figure 6.7 reveals

more of how the consolidation process is progressing in the

{

upper portions of the standpipe. The 3200 day solids content
profile explains the curvature found in thé§8200'day excess
pore pressure profile. o

As pruviously discussed, samples werl periodically

taken frca _he standpipe athsertain ports and analyzed for

solids, water, and bitumen content. Figure 6.8 shows the

results of the measured sqlids content at the .850 day mark

along with the profile predicted by the finite strain

" program. It is evident that there 1is a fundamental

-

discrepancyxibetween the measured and predicted solids
content profiles. - |

The predicted solids profile indicates that there
should only be an increase in solids content in the bottom

portion of the standpipe. However the data shows an increase

in ,s0lids content along the entire depth of the sludge

except for the top 50 cm, where a decrease occurs. The

measured data indicates that consolidation is occurring at
A \ ' . . 3
all depths and not just at the bottom. Therefore, 1n this
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\

. . 4
circumstance, it is simply not just a matter of the theory;
-not p;edicting the proper amdunt, but that'there is possibly
.an,additionalcpiece of physics ocqurring”in the standpipe

bnot‘consiaered by the theory. :
Difficulties 1in the sampling may be the’ sourde of
discrepancy.. It is possible that gas comes out of .solutiom
4

when the sample 1is transferred from the in situ  pore

>

pressure to. atmospheric pressure. The samples from tne

bottom of . the standpipe would be" more 'subject to gaé'

ev01Ution because_of the'greater difference in pore pressure
‘schange,'and therefore yield‘abnormally low‘densities,

Any explanation for the .ditfefence 'must_‘take into
account that tnere‘-wast"goodvfcorrelationi between the
predicted excess po = pressure orOfiie"andt the measured
profile. Another p0551b111ty is that vtnixotropy may be
having an in%loence and this might 1in torn 'caUse‘ théj.“
1nterface settlement to be retarded from the predicted
11near path as mentioned in 6.2.2. 1

However, before any conclu51ons can be derived it would
be necessary to conduct in situ tests in the standpipe to
valldate the accuracy of the measured data. Such tests‘could

| be an X-Ray technlque as employed by Been and Sills (1981)

or a nuclear method.
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6.3 Standpipe #2

6.3.1 lnput'Parameters
Ten metre standpipe - #2 contained a Sludge—sand- mix
\ i

whose propertles have/been shown in Table 4.1 and Figures

4.4 and- 4 '5 Slurry consol;dometer test #2 was performed to

R s bt

a2

optain'-the compress1b;11ty and permeability deta of the
slodge-éand mix toebe used in modelting standpipe #2.. The
slurky consolidoﬁeter slddge-sand mix desoription Qas given
in Tablesd4.2 and 4.35 and Figures 4,4rand 4.6. A‘comparison
'of Tables 4.1 and 4.2 show that the sand codtent ieﬂsimilar,
however the standpipe sludge sand had an abnormalla high
amount  of bitumen, which may have some effect on ‘the
~accuracy ofqﬁhe predictions.

:ThedAcomprésSibiiity. and permeability are egajn the
‘curvefiitted.conetante A, B, C, and D of equations 3}24 and
:3,26}‘ Figure1d5r14i'§hows the compressibility plot of -the
sludge with the beéékfit ;urvei The cor;e was.least sqguares
fitted with a coeffitiedt ofvdeterhiﬁetiOn‘of'0.990 and the

relationship is as follows: .‘w%3~'

I

e = 7.256 - O.lwumsﬂe: B '[{‘ o ' (615)
. - o BT o S .
The highvrzlvaiue indicates onceqadﬁinptheo-coﬁpfessibili&y;
"data, in this case for a sludge-sand mix, iélﬁeli‘eoited;to
a power law: relat1onsh1p | | : |
- The permeab111ty | data for the consolidometer

sludge—Sand along with the best -fit curve : -~ in

Figure,5.32fAThe coefficient of determination « ¢.%4. and
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" the relationship is as follows:
k = 5.606x10'° - &> . ~ (6.6)

2

As ‘with the'sludge, the correlation value r’ is.not as high

for the permeabllity“data as for the compressibility data, -

but the value.df 0.948 suggests a jood fit to the power law

relationship.
. : A
The\relative density of the sludge solids to be used as

~

inputtfof the finite strain program will be that of the

standplpe material. Th Dr,, value ‘of 2. 45,15 less than the
consolidometer sludge sand Dr_,, reflectlng the hlgher

bitumen content is the,standpipe._

[

The final ‘soil input parameter is the initial solids

content. This value for standpipe ;#2 was found on average to

\

be 45.0%. The summary of soil input parameters is given in

Table 6.2.

.

The~ analy51s period for standplpe #2 is only 2 years as
the test was stopped and additional material was added to

form the.mix for the third standpipe test. The remaining

inputs; initial height, . lower uboundary conditidn, time-

increment, and initial spacial increment are the same as for
'standpipev#1.

.\ : _ | Y
6.3.2 Comparison of Predicted and neésQQéd3va1ﬁesf

JEE - A

6.3. 2. 1 Interface Settlement f-'fi’v'ttfwi

A

The depth of the sludge sand mlx j wate# 1nterface was o

measured 1n the same:-manner as descrlbed for standp1pe #1.

5

~
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The total duratlon of the standplpe #2 test was 710 days and
the intexface data is shown in Flgure 6.9. Evident from the
.Figure 1is a discrete change in the settlement rafe at 225
days. Although'the cause for this- change 1in rat remains

unknown, Scott and Chichak tﬁ985b) posgﬁlate that it is

1
l.\

“related to the sand segregation which was present'in‘the top
30 cm. for the first two days of the test. Since the
sludge-sand mix 1is so closei/to the segregatlon boundary
(Figure 4. 4) they propose, coarse sand partlcles settllng
through the fines matrix may have opened drainage channels

3

and may not’ have ‘heen "sgueezed“ shut until enough
consolldationAhad'occurred. o

Also shown in Figure 6.9 1is the predicted interface
‘output from'the‘finite strain program. Similar to ‘stafidpipe
#1, the predicted interface settlement is linear for the,
tlpe period anelyzed. The theory ylelds a settlement rate
for this sludge-sand mii‘to.be 2.3 tiheS'thet of the rate
predictéd \fgt the sludée in standpipe #1. The ultimate
settlement predicted by the program will be 4.85 m, which is
0. 27 m less than th?t predlcted for standpipe #1. “

When the predlcted and measured interfaces are compared.

(Figure 6.9) 1t is seen that although the theory predicts

~

the settlement at ‘the - end of the test to w1th1n a few

centlmetres, it does not model the settlement prlor to thlS.

Although the last two momths of data appear to follow the .

WA

,m .
predlcted 1nt€kface, that perlod is too short to be a basis

for comparlson._Therefoterlt 1s to be concluded that past
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- R ’ . .
225 days, the settlement rate predicted is 35% less than the

measured.

Lees

To /have properly modelled the consolidation, the
permeability relatlonqggp would have had to been increased’
by §5% up to the 225 day mark (channellng) after which the

permeability would have had to ‘been decreased by 35% (from
the original). * 7 | '
/i

6.3.2.2 Excess Pore Pressures

The Fxcess pore pressure output from the finite strain
program }s shown in F1gure 6.10 for various times. Evident
from‘the Figure 1is thércurvature in the top (above 8.5 m
depth) portlon of the profiles, even at 800 days. Also shown
is the trend of the top part of the curve to become less
steep, represent1ng a grqater slurry density, as the

“¢gonsolidation proceeds. This was mildly - —visible for
J>standpipe #1 in Figure 6.5.
| The measured pore pressures at 706 days are shown along
with the predlcted excess pore pressures\for the same tame
.} in Figure 6.11: The Figure shows that dblow 3 metres the
measured pofe pressures have not dropped an amount
coﬁsistent with the interface drop, - but the excess pore
Lpressures' remain parallel with the. predicted data. Also
shown in the Figure is-that similar to standpipe #1, the
curvature at the bottom of the standplpe (9.5 - 10 m) is not
followed by the data. Therefore,lffor standp1pe #2, the-
correlation between ‘predrcted and . measured excess Ypore

pressures is weak.
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w%ﬁégest problems with the sampling of the material. Although

180

6.3.2.3 Soligs Content

; Figure 6.12 "shows the measuréd' and predicted' solids
content profilengpr standpipe #2 at 709 days. EVidgnt from‘
the Figure 1is the major disérepancy in the shaée‘of'the
solids content/profile that was also\seen;in Figure 6.8 for
standpipe #1; However in 'this case the measured solids
content data decfeases from 50% at'1.5'm to 46% at a depth
of 7.5 m before inéreasing agé?;. i L

The erratic and ine%plicable ‘measured ‘'data’ would
this may be the case, several thﬁngs shouldifirép be noted;
Eirst,” the sampling proce&hre was able to show the
segregation region in the top 30 cm (Figure 6.12) as well as

) -
the large. increase in solids content at the baseof the

standpipe due to a layer ‘of  sand that resulted from

segregation. Second, the excess pore pressure profile in the
top 5 m does lend itself to the solids content profile 'in
guestion. Note from Figure 6.11 that at 2 m the excess pofe- .

pressure dissipation is greater than predicted, but down to

¥

5 m the slope in the measTjed data reverses, in that it-
crosses over the predictéd‘ ine and tends to the initial
. oo A .

state.

Physically however, the measured data does not maké
sense and, aglmentionedlgpr standpipe #1, a second methbd of
détermining d‘evngi‘ty” would be helpful. '

;The.:so;iésficcntenf‘”output'*from‘ the finite strain

program, of coUrsq:-does ngt‘ppedict the measured data, as

C

A
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J

..1t ylelds a more conventlonal curve where the/1ncrease in

sollds content begins from the bottom of the standplpk

. I ¥
o ) . . X . ~ _>\«

-

‘;/ .,
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6.4-Standpipe #3 ‘ig' “ _ e ' -,

6.4.1 Input Parameters .

" The contents of standp1pe #2 were mixed wfth éedltzonal

ta111ngs sand to make ‘the sludge sand mix for the third 10 m

standpipe test. Therpropertles of thlS materlal have ‘been’
. ’ 5’

" shown fin Table 4.1 and Flgures 4.4 and 4.5. Slurry

cohs?(idometer test  #3 was? performed to obtain the

compressibility and permeablllty data .of the sludge sand m1x¢?7/
to be ,used.' in™ modelllng standp1pé #3.  The slurry
consolidometer sludge sand mix’ descriptionA was given in
Tables 4.2 and 4.3, and. F1gures 4.4 and 4.6. Tables 471 and

4.2 show that. the " two sludge sand mixes’ are virtually
' A )
'1dent1cal

« ;

; The compress1b111ty data for the sludge-sandulnix is
shown in F1gure~§J15 along w1th the best f1t curve requ1red
’for' determlnlng the 1nput constants A and B. of equatlon=

'3;24, The curve 3%\‘1east squares fltted w1th a coeff1c1ent

of determination ‘__0.998 and the relat10nsh1p is ,as
follows: o oo R ~
e = 1.814 - o' (70992 R ~ o - (6.7)

P
Once aga1n the h1gh value of 'r _(close\to a perfect fit)
‘1nd1cates that the compre551b111ty data does follow a power

law relat1onsh1p path -
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!

The perpeability data ‘for the coﬁsolidomebér
sludge-sand mix .along with the best fit curve are shown in
\Figqre‘5.33. The. cofficient of detérmination wg;»0.9é1 and,
the relatidgship is as follows: - . |

k.= 7.134x107° - &7 " o= (6.8)

[ 4

The high r? walué 1nd1cates that the permeability values
obtalned in the void ratio range tested are well su1ted to a
powey'law relationship. Ag@in the permeability data v’ s
_less’ than the qompre§sibility 'r?. Table ‘6.3 conteains. a
summary of the r? values for each standpipe.

In a manner the same as that described for standpij:-~
#1, a matérial balahce was performed‘ using .initial
measurements and it was determined that there was 1.0 % by
volume entrained gas (Teble 6.4). To incorporate this into
the analysis, as with standpipe #1, it was ‘nécessary to‘
e}feduce the relative densiéy of the '§iudgé solids the
appropriate'amouht. The Dr,, value ftor the'analysié thep,
works out to be 2.54. ) : fz.ﬁ

The initial solids content fop/ the slhdgejgana-qg;
standpipe #3 was 74.8%. Table 6.2 contains a summari of soil
input parameters. N

The analy51s period fgg/;tandpipe #3 1is 2.5 years. Thé
initia helghu, lower boundary condltlon, time increment, g
and initial  spacial increment remain the ' same as vﬁor,.)

' ~

" e

5§‘&ndpipes #1 and #2.

»

495
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C "I‘able 6.3 Input Data Coefficients of Determination (r’) E
of —
Standpipe . Compressibility ; Permeability - h

#1 0992 ~ 0947 /
42 0.990 , - 0.948

Fs 0998 0.981

N
N

Table 6.4 Ten Métre Standpipe #3 - Material B?’eakd'own

Material Mass  (kg) ' Volume (m3'5
RN / S - ’
Larger than 0.044m | 11226 . - | 0.4232
‘ Finerthan 0044m | 2243. * ° | 00844 . |- >
Biturien ol 2te o o2
| Water - | 461.1 , 0.4611

Gas 0 . 10010

|Toal - {1830 - ¢ |.a000
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6.4.2 Comparison of Predicted‘witA}Measured Values

;6.4.2.1 Interface Settlement

Figufe 6.13';shows measured interface settlement data
for standpipe #3; “mlthough the data does not, display a
discrété change in settlement rate as in7standpipe #2, there
does exist a decrease in séttlgmeﬁt rate over the‘duration
of lhe‘dat;. The settlement rate begins to decrééSe after
thehf;rsﬁ fwo months, after which'the.change in this rate
begins to- lessen as the réte gets close to being constant;
This %nitial fast settlemént may be caused by the same
hechaniém that was’poétulated for standpipe #2, that is, the
formation of chanhels cauéed by settliné sand increases the
"permeability until consolidation_closes‘them.T |

The interface settlement as predicted by the finite
strai& prdgram is also shown in Figure 6.13. Unlike in
‘sfandpibes_ #1 and #2, a slight curvature in the
vsettléméht;tiﬁé line is evidentﬂbeginning aroundA700 days-
~ The reasoﬁ the curvature is evihent for this slandpipe is
”that\at 700 days, consolidation is gbout 52 % cémplete, as
the ultimaté’settlement for standpipe #3 is only 1.13 m.:
Althougk’ the settlement rate is only 65% that .of the
~sludge-sand mix‘_in; standpipe #2, sténdpipe #3's inititai
t9n§iti6n was 35% more dense, its‘finaL condition will bé

e
more dense, and it will achieve itskiyhal state faster. The

~

r.-edicted rate for{standpipe #3;is still 48% faster than the

predicted rate for the sludge in standpipe #1.
ot ‘ - e .
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when the predicted and measured dat~ are compared it i€
seen that rthe predicted‘.interface underesttmateS' the
measured settlement rate. It is unlikely that the:tmo>curves
will merge or intersect as with standpipe #2, since at 900
days the measured data is already at 89% consolidatiou
(according to the predicted ultimate settlement] t is the
initial (the first 100 days) settlement rate which is not at
all modelled by the program and results in the discrepancy

between the two interfaces. ¢

6.4.2.2 Excess Pore Pressures

Figure 6.14 shows the predieted excess pore pressure
output from ‘the finite strain \progrsm‘ for yarious times.
Immediately evident from the Figure 1is that, unllke the
previous two standpipes (Figures 6.5 and 6.10), the shapes
of the profiles are more conyventional in that as the
consolidatiou progress, the initial slopes of the profiles
(as they are plotted) become more steep. The reverse was
true of standpipes #1 arnd #2. This indicates that for
standpipe #3 the prograim predicts the excess pore pressure
dissipation to proceed faster than the increase 1in density.
Along with the small amount of settlement also evident- from
the Figure, the excess pore pressures suggest that the
standplpe #3 test is close to a small strain problem.

The measured excess pore pressures are plotted along
with their respective predicted excess pore pressures on
Figure 6;15. It is seen from the F:gure that although the

‘measured data does not lie exactly on the predicted curves,
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Fiéure 6.14 Predicted Excess Pore Pressure Profiles,
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the general shape and location of the data is quite
consistent with the predicted. The measured data 1is

exhibiting the features described in the previous

/ . " °
paragraph's discussion o6n the predicted pore pressures
B o : ' + .
regarding profile shape.

6.4.2.3 Solids Content

Due to tge initial high density of the material in

stahdéipe #3, sampling and testing for the sludge-sand mix
+ density andAsolids content was had a lower accuracy thén for
the other standpipes (Scott and Chichak, 1985c).

The difficulty isﬁ reflected in. the resulting solids
content data as shown in Fifure 6.16. The measured solidg
content at 2§0¥days is shewn to be less than the initial
solids contentgwhich is obviously not the case.

" Since the data is incorrect, any prediction canmot be-
verified. However the‘predicted solids'content profile at
280 days 1is alsQ shown in.Figure 6.16 for completeness. The
predicted profile js similar to those fbr standpipes #1 and
#2 (Figures 6.8 aﬁd 6.12 respectively) with-one excebtion.
An-increase in soﬁids content occurs up to the half Qay mark
of the standpipefwith»only é”minor (8%) increase in solids

‘content occurring at the base.

S
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6.5 Summary of dbservations and Conclusions
A summary of some the obéérvations andr coﬁclusions
found in the previous discussion in ﬁhiﬁ Chapter will be-
gfven in this section. |
A finite strain consolidation ﬁfograﬁ based on a
solution to the governing .equation o;tiined by Sdmogyib
(1980) was)ﬁsed to ﬁodel ghe consolidati?nfprogress of the
'material iﬁ ﬁhé three 10 m standpipes. This method ;equired
curve-fi£té@ cohstants based on power law relationships to
é;sc:ibe they compressibility and permeability of the
slurries (equations 3.24 and 3.26). One of ‘the points of
concern would be how well theseapowér law/equations ctuafly
Gescribe the data. Table 6.3 shows tlekcoefficiéﬁs/'of
determination (r’) of the data to a power law fit. TheA%able
shows that the data is well suited to a power law fit with
the permeabilit§‘ giving the lowest r’ values; 0.947 and
0.948 for standpipes #1 and #2 respectively. As discus®ed in
Chapter 5, for some of the relationships, data smoqphiﬁg_was_
necessary for praéti@al‘USg./Therefore littie atcﬁrécf‘was'
sacrificed using these felationships.
With resbect to interface settlement, the >theory
undefestimated the settlement rate. However it was shown fqg
standpipe #1 that a relatively vminor change in “the

permeability relationship (Figure 6.4) could account for tﬁe

discrepancy. With that consideration’, the theory adequately

modelled the settlement except for standpipe #2 vhere a

sharp change in the settlement rate occurred. For tailings
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pondvcapapity design purposes, it may be preferred that the
settlement 1is underestimated. o
With respect to ekcess,pore pressures, the theory did a
good job in modelling the&excess pore pressure prof1les for
standpipes “#1 and #3. The standplpe #2 predlctlon was out as
the actuaT data seemed somewhat inconsistent. Overall the
theory predicted the excess pore- pres?ures quite well
N With respect to solids- content, the theory dld not
predlct the measured solids content profiles. in either shape
or magnitude. The solid content measuréments for standp1pes
#1 and #2 showed an inoreaSe over the entire depth of the
‘material, but the theory predicts an increase only -in the
bottom portlons 'with the largest increase at the pottom. It
is difficult to detemine whether the difference is due £o
’Ehe theory or a problem with the sampling until a second
method of obtaining the solids content is deveioped. The
material in standpipe #3 was too dense to obtain good

samples for solids content testing with the procedure uéed,

hence the. results were not comparable.

T

it is dlfflcult to ass%ss the'meanlng of the solids
content profiles, however the somewhat successful modelling
of the interface eettlements and the excess pore pressures
lends confidence to u51ng the theory to model the 1nterna1
,behaviour the material. Overall, the finite strain program
isf{olose to modellrng the 10 m standpipe consolidation

behaviour. Perhaps with additional adjusting of the

permeability relationship constants to better reflect the
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data in tﬁe high void ratio end, even better modelling
results may have been achieved. However it was the purposé
of this Chapter to examine the usability of the theory
without prior knowledge, as it would be done in practice.
The work in this thesis, however, now allows the data to be

adjusted for use in oil sand tailings operations.

N
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7. Conclusions and Recommendations

7.1 Conclusions

V. ;
7.1.1 Consol1dat1on Parameters

1) The foremost object1ve of this thes1s was met. A
,laboratory apparatus and testing procedure were successfully
developed to perform testlng on oil s;nd tailings. slu@ge

sludge-sand mixes, and a sludge-sand mix with a chemical

flocculent, to determine their consolidation parameters.

v

2) DeQelopment of a top cap clamping system permitted
pefmeability testing to be performed on the high void ratio

slurries without inducing consolidation.

J
~

3)_A,comparisoh of the selfjweight stage® or the ‘oﬁr
slurries test=d re-ealed that the addition of Sané to He
sludge 1increased the self weight consolidation -by t;o
processes: a) by inci7asing' the relative density of the
sludge solids, énd b) by diluting ‘thé éonsolidation

"resisting effects of the sludge. ¢ /

4) From the consolidation. tlmé plots, _é; tréndh of
.delayed consolidatlon was evident fé;\ the lower stress
increments (higher void raLios). Although this )trend was
somewhat eyident in slﬁdge—sand mixes, it was more visible

in the sludge data. N “ }

5) %ﬁe compressibility data for all four tests yielded

. ‘ /
nonlinear e - log o' clurves over the stress ranges tested.

195
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The e - log o' curves tended to linearize as the sludge

content was decreaFed by the additTon of sand.

6) The compressibility results yielded a "family of
curves" for the oil sand tailings sludge sand mixes. Not

only does this allow one to interpolate compressibility

~ >

Eurves for different sénd proportions, for this o0il sand
tailings, but it also indicates that for dffferent“tailings,
only a Jimited numbé€r of tests need to be performed to fully
define their compressibil{ty characteristicsgover a range of

grain size distributions. » bs

7) The permeability tests revealed a ‘time dependent
flow discharge with a constant gradient.,The'flow velocigy
would drdp Up to two orders of magnitude before reaching a
steady state value. The time to .the steady state condition
yaried up to 15 hours for the sludge, less f8b>\thg

| .

sludge-sand mixes.

8) The steady state values were used for : the.
determination of the hydraulic conductivity values. Because
of the_presence'of gas during the permeability tests, the

flow-time plots became valuable tools in determining which

perqgability measurements deserved more weight.

9) The permeability tests, for ‘all four samples,
yielded nonlinear e - log k curves over the void ratio

ranges t€sted.

4

10) The permeability, test results showed no concrete

evidence of the existence of a threshold gradient'for flow

+
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to comménce as has been postulated in the literature. (
‘ ‘ . A
11) An important finding from the permeability tests
was that the relationship between hydraulic conductivity and
the flneg void ratig’was the same for all the slurries. This
unigue dependencé on the fines void ratio indicates the sand
does not affect the permeability except to ‘decrease tre
» o
fines céﬁcentratigg,hghis finding can be used similar to the
"family of qurves% of{compressibility data, when néeding‘“o
determine the pefmeabilify for certain Eixes. As well,  this

consistency in the measurements -gives confidence in using

the permeability values determiﬁed from the tests.

12) The major influences of the sand in the sludge sand
mixes were: a) to enhance compression and consolidation, b}
to increase the relative density of the sludgé solids
tﬁ%reby %ncreasing the self weight stress, c) to linearize
the e - logarithm o' curve, ds_move the compreséibility
curve towards the direction of lower void ratio thus causing
a smaller-void ratio change for a given stress change with
iﬁcreasing sand content, and .€) to cause the permeability of
a mix.to be greater at a given void ratio by decreasing the

~

concentration of fines.
\
- {

13) The only effect the chemical flocculent had in the
sludge-sand mix was to maintain the sand ig supension at -a
solids content which normally would 1lead to sand
segregation. Thig abilify to kéep the sand in suspension

resulted in a large amount of consolidation during the self

”~
— A
S
- H . ks
-
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Q.

weight . s-age. The sludge-sand mix with the flocculent

yielded consistent results with the other slurries witﬁ

respect to compressibflity and permeability once self weight

consolidation was .complete.

7.1.2 Consolidation\Theories

J
1) It was determined that a consolidation theory

developed by Gibson, England, and Hussey (1967) was .
appropriate for the tailings siudge qonsolidatioﬁ\problemr-
The theory incorporates fin}te sﬁrains, self weightlpf fhe
‘material, and noclinéar soii properties. It hdsﬂbeen shown
in the litefature\ that Terzaghi's classical consolidation.

\

M » \ 3 I3 . . . . ) .
theory and nonlinear infinitesimal strain extensions to 1t
{ ' :

are all a subset of the finite strain theory.

2) It was also determined that'analyﬁical.solutiqns to
the finite strain's governing edbation were best handled by
Somogyi.(1580) and Cargill (1982). The Cargill splution used
labb;atory o'-e-k dataias input, where as the Somogyi method
required curve fitted constants describing the o'-e-k data

as input. When the same input data was used, it was found

that the two methods yielded the same results.

3) chef solutions to the finite strain theory were
.found to be lacking in\generality or were more to difficult
- 2 : . a
to employ than the above two methoas. FinitéJ element
methods, howéver, appear promising for use. with complex

boundary condition problems.
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v

4) A survey of the publishedbliterature revealed that
. - Ek
there has been some success in using the finite strain

theory to predict field consolidation problems.

7.1.3 Consolidation Modelling

1) when modell1ng the consolldatlon ‘of the slurr1es in
the ;10A m standplpes, it was found necessary to use. the
consolidation paranéters in the form of- power law curve
fitted constants for input to the finite strain computer
.program, Jt was shown that these relatlonshlps descrlbed the_
laboratory. data very well, “for both permeablllty \and

compressibilty.

2) With respect to interface settlenent, the *theoty
generally slightly -underestimated the settlement rate.
uHowever it was” shown for vstandoipe #1 that ‘a relatively
minor change in. the permeab111ty relatlonshlp accounted for
the dlscrepancy With that consideration, the theory
«adequately modelled the settlement ‘in all " 10 m standpipe
tests For staadp1pes #2 anc #3, aftet the initial fast
,ettlement which occutred ir the standplpes (possibly due to
~channeling by settling sand), the theory closely models the

rate of consolidation.

3) With respect to eXce\ pore pressures, the

"-theoretlcal calculat1ons were very good in modelling- the

‘ excess pore pressure proflles for standplpes #1 and #3. The
standpipe #2_pred1ct10n was not as good as the standpipes

measurements - seemed somewhat inconsistentJ Overall the
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theory predicted the excess pore pressures quite well. The
successful modelling of the excess pore pressures lends
confidence to wusing the theory to model the .internal

. r 4
behaviour the material.

4) With respect to- solids content the theory did not
predict the measured solids cont .t profiles 4dn either shape
or magnitude. It is difficult to detemlne whether the
‘difference 1is due to the theory or a problem ;ith the

sampling until a  second method of measuring the solids

L}

contents in the standpipes is developed.

5) As a general conclu51on, the material parameters
determined in the laboratory tests in con]unction with the
‘finite strain program were close to modelling the

consolidation of the slurries in the three 10 m standpipes.

7.2 Recommendations for Further Research

1) A different consolidation laboratory apparatus and

v

testing procedure should be developed to obtain the desired
parameters 1in a shorter period of’ time. A logical direction

to persue would be with the CHG, CRD, AND CRL test_methodsf

¢

2) ' additional . testing should be done on the tested
slurries in the high void ratio region, especially with

_respect to permeability.

3) More. research ig required on the time dependent flow
discharge measured in the permeability tests to understand
the reasons for it and p0551b1e implications.

&
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4) Very little is understood in the area of thixqtropic
gel strength and its ‘ffect on consolidation behaviour. Work
on this could prove yvery beneficial to th§ understanding of
the long tefrm consoliaation behaviour in tailings pohds;

5)' The finite strain consolidation theory should be
extended, to incorporate the effect of thixotropic gel
strength. '

6) Additional development of the theory is required.to
aliow for geohetgggally nonUniform .pond shapes and cross
sections. N

7) 1t appears necessary to developié second method of
determining the density of the slurries ‘in the 10 m
standpipes. A non-sampiing procedure, such as, nucléar
density measurements would be appropriate. I

8) The shear strength of the slurries in the 10 m
‘ standpipés should be measured to'determine their correlation
with effective stress and the magnitude of thixotrdpic gel
strength.

9) The monitoring of the'égnsolidation of the slurries
in the ‘10 ‘m standpipes should continue . as sludge
cbnsolidationProperties.can best be determined from such
large scalé; long term, controlled tests.

o 10)'Thé test results c»+tained in this thesis and the
finite strain cod%oliiation theory appear applicable to
model the-\consdlidation of the sludge in the o0il sand

tailingrpondg. A gtudy to history match the tailing ponds

perfo:mancé‘ should be. made. Such ‘a study should vary -the
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éompressibélity and permeability values used‘as inpht to the
computér modelling program. The limits of the parametrich
study can be evaluated from the results of this tnesis.

11) After a éuccessful history matching of tﬁe sludge
consolidation has been made, the results shogld be used to
predict the long term pérformance 6f the ponds., e

12Y SUNCOR Inc. and Syncrude Canada Ltd. should gz{Qw |
all the{r tailings pond data to be put into the public
domain. The aﬁgaysis bf this data by indepéndent r:searchers
would benefit both companies, future oil ;and companies and

society in general by contributing to the <nlution of the

oil sand tailings»sludge disposal. problem.

-
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APPENDIX‘X’: Apparatus and Experiment-al Details’
Equipment Details
Dlaphnagm Air Cylinder - . : :
To- transfer ‘the air pressure from the air source to the
loadlng ram, a dlaphragm air cylwnder from Bellofram
Corporatlon was used The partlcular models used had the

follow1ng specifications.

Type:' : | -7 : o | | Ss
SizeE' . : S o - 36
Serie's: o Co T | .~: . F
Rod: | \'” T ' o . ’ BP
’Bgre} i : I . o ;6.8.iu
Stroke: o , '! ] B o r6}0 in -

& z R ~

, Detalled spec;f1cat1ons as well as an explanatlon of -

how the dlaphragm works are- avallable from the manufacturer,,

- Geotextile F ilter”
In the U. of A, consolidometers, a melded geosynthetic'
fabric by ICI Fibres was used. The fabric had the following

manufacturer given specifications.

‘Faugic Name : o : s ‘ - Terram 1500
4Thickuess:_ e . - . 1.0 mm -
;quometry‘ ° e - : | © 076 mm
| Permeability’A ’ | . .035 m/s

213
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The Consolidometers at the‘Synérude Canada Limited

'(S.C.L.) laboratogy had a nonwoven geosynthetic fabric by

Rhone-Poulenc fibres. The fabric had the following
manufacturer given spegifications.

Fabric Name: _ - Bidim U24
Thickness:

Under .5 kPa:® ' : , ‘ 1.9 mm-

Under 200 kPa: ' : ’0.8 mm

Under .5 kPa: - 0.094 to 0.059 mm

Under 200 kPa: L - 0.050 to 0.028 mm

Permeability:

‘Under 2.0 kPa: | - 3x10°m/s '

Under 200 kPa: ' \ - 7x10 *m/s

F

Additional specifications are available from the

manufacturers.

‘Surface Displacement Measuring Equipment

The travel of the top caps in the U. of A.
consolidometerc was measured by a Hewlett Packard Linear
Varying Displacement Transducer (LVDT). The model for both <\
consolldometers was a 24 ‘DC DT-1000 which had a 50mm ﬁﬂ“ -

disﬁiacement range. The LVDTS were calibrated using a high

pfec151on micrometer, the results of which are shown in

"h§ures A1l and A.2.

Lt
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Dial gauges were used to measure top cap travel in the
5.C.L. consolidometers. The gauges used were made by Wykeham

Farrance Eng. Ltd. and had 0.001 inch divisions.

'Specifications on eéither product are available from

their manufacturers.

Load (Pressure) Cell
The load being applied to the sample in the U. of A.
consolidometers was monitored with a DJ Transbar pressure

transducer from DJ Instruments Incorporated.

In the consolidometer with test material #1, a series

200, €S 2 LL (maximum 4200 kPa) pressure transducer was
used. The calibration of the load cell in the low stress
range (0 to 30 kPa) was undertaken by subjecting the cell to
a_known_height of water and'then obtaining the corresponding
voltage output from a signal conditioner. Above this stress,
a water pressure was applied to the consolidometer in an
identical manner as that shown in Figure 4 3 and a
corresponding vol. 3e output was again thalned. The results

_of - = calibration are shown in Figure A.3.

The other U. of A. consolidometer (Test #4) had a
series 100, CS 1 RG (maximum 420 kPa) pressure transducer
Eeetalled in the base. The calibration for this load cell
was the same as that previously described and the results

are shown in figure A.4,

1t was determined that the CS 1 RG was the better

transducer for the testing involved in this thesis even

/
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A

though its range was significantly less than the CS 2 LL.
This was based on the fact that the CS 1 RG was easier to

install than the CS 2 LL (with respect to flush mounting).
: )

Also, pressures above 400 ¥Pa are not necessary for the

~

sludge problem.

Detailed specifications available from the

manufacturer.

Pore Pressure VMeasur'i ng Egui pment

Thé two U. of A. consolidometers were equipped with 5
pore pressure ports each. The lines from the ports led to
Whitéyrball valves and then to a Validyne Ap pressure
transducer as shown in~Figure A.5. Before a series of pore
pfessure measurements were taken, a quick (rough)
calibration was done to ensure that the related equipment
was functioning properly. Figure A.6 shows the simple set up

for this procedure.

The pressdre transducer used was a Validyne Eng. Corp.
Multirange Ap transducer, model ﬁ%15TL. This type of
transdpcef allows for different pressure ranges to be used
with only one transducer. .This is accdmpliéhed by

substituting different range diaphragms into the transducer

.when required. The calibration of the transducer with the

1
-

different diaphragms was done with a Deadweight Tester
Pressure Balance from Préssurements Ltd. (U.K.), type
M1900-3. Thé results of the calibration for the two

diaphragms used are shown in Figures A.7 and A.8.
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3 way valve
o v to
" calibrator
40 mmi Jb———qp——y
. ‘ (closed
during
40 mm 5 way valve .
i y ™ test)
40 mm
pressure
20 m zitransducer
20 m

to
electronic readout

~ 14

Figure A.5 Pore Pressure Measurement Equipment

-

tape ———»! v :
measure : ‘
to cell s  to cell t
(closed during t (closed during
calibration) calibration)
A 4
pressure g pressure
transducer —"" transducer
to . -~
electronic readout E electronic readout {

~
Figure A.6 Calibration Check Method




222

L sukprrea 103 wbeiydeta edy GE 3O UOT3IRIQGITED [

laosnpsuea
m%mxv einsseid .
02  §°22 002 5Ll -5 5 21 0-0l S L 0°S §:2 00
N 4 ya
\
Ol |
\
A
N .
g 00000 = 4~
A/odA 26T = edoss
il —

*y a2anbtg

2
—

w w -

(sHoA) ndino

~

o1

[



223

isonpsueag wcmGWHm> 103 wbeaydetqg edy 0%l 3O uotljeaqried 87V aanbtd

-~

e . Aomxw e.nsseld
021 o_: 001 06 g - © 09 0s oy o€ 02 ol 0]
0
\ 1 Tan
v ¢
\..mr\ € .
.,. \\K _ y
_ LNw\a | m
= g
9
, ‘ e o
& 2
. pd o
7 s
\m\ , 6
\&\\ = — 01
< . 1
‘0O = 4
_ ._ 96660 = . N
. . A/od% 19¥'6 = edois |
1 : : €l
vi




224

Detailed specifications on any of the mentioned

equipment. can be obtained from thelrespective manufacturers.

Procedural Détails
Top Cap FriCtion
As discussed in Chapter 4 (4.2.2), tests Q;re per formed
before a étress was applied to the sample to determine'how

m.\
much adaditional load would be required to overcome the top

- !

cap friction. The results at the various stress increments
: ’ /

. . - ’ : \
are shown 1n Figure A.9. -

Soil Friction

For the two consolidometers with load cells in the
base, it was possible to covmpare the applied stress‘(at the,
top of the sample) to the stress being received at the™
‘bottom of the sample. When the stress at the top‘Was greater
thén‘the at the bottom, the difference was attributed to

soil friction along the wall of the cell. /

Figure A.10 shows applied stress values compared td the
load cell stress value. Notice that for Test #4, ffom 50 kPa
onwards there is an increasing difference between the th
values. For calculations purposes, the stress for those
increments was taken as the average of the ;tress at the top
and at. the bottom of the sample (i.e., soil friction was

assumed to be linear albng the height of *the sample).
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APPENDIX B - Consolidation Time Plots

This Appendix contains the consolidation time plots for
each stress .increment in each of the four tests. The test
. material has been described in detail in Chapter 4 and is

categorized below.

Test #1 o 0il Sand Tailings Sludge

Test #2 | 46% Sand Sludge-Sand Mix
Test #3 -  80% Sand Sludge-Sand Mix
Test #4 . 73% .Sand Sludge-Sand MIx with CaCl,

The-plots for Tests 1, 2, 3, and 4 begin on pages 228,

234, 241, and 241 respectively.

227



228

10°

- T T T — T .
" o : R h R~ 2
- - .
> —{n
o 4
L 4
- B
-
- 4 o
3 3
[ R 3
r b 2
L =
- 4o N
8 "
©
o5
e oD LI W.lhm .l.m
[~ C R DA m
[ . - R
— —- et
. - [ENN— -—

l
l
1
2

102 -
Elapsed Time

— i
o [+ o .
o mu ]
- -0 [ = Y
L2 - [, .z W.v: I—
L - - R [ R U
O ©
L - e PR lrlt_h ~ e de
-
R [ - S Wl.xl —— =)
E—= .. I Il ”“ g stunsiuns B
... T T T T [ D
A e T
L - — - B - - — e
1 1 3 1 D
o =}
3 3 = S 3 g
..m. c.w 5. [*2] [T -
o70lypY PIOA

[}

Consoliidation,

o 1]

Test #1,

Figure B.1

0.22 kPa (self weight).

t T T T YTy

T T

A g2 10

l 1 A i ‘JJJ![
2

Lijln“

1
2

H)

i inlnul

1
z

O
a
o X R -
S I
ey —Aﬁw Z -4
T 3
-9 Jn
) )
o - ] e
1 1

' o
@

o ‘OlOY PIOA

4.70
.60

10%

104

:

102
Elopsed Ti

100

103
4 (minutes

me

v

P

Figure B.2 Consolidation, Test #1, o'=0.45 kPa



229

T

T

T

T T T Ty

T lll'l’[

-

|1|111] L1l deal

1

]
i
{
2

y il

1

B

102
Elapsed Time

@ ‘oyo

PIOA

.10

10%

10*

)
0.9 kPa

103
utes

*

n

,f(m

U 1

100

Figure B.3 Ccisol:.dation, Test #1, o'

4
2

ul
10

bodoadad

gy

104

1 nnnl‘

1

i
2

inutes

.

S

R

i

i
4

S

|
102
tlopsed Time

9.80

)

(m

1.7 kPa.

o'=

.4 qusolidation,‘TeSt #1,

Figure B

5

4



10°

100

2.860 |

2.60 |

a0 b

o OLOY.PIOA

2.20 |

T I - - 1 - —
” R 1
L - 1L
4 o
r z . 1. ,
L. - : o
- ~ 5 8
i ¥
1~ v
A e ©
5'“ ‘
—H ©c un
o Z [ g — !.W u
- T - 3. < o
DU AR e - - ] ol.
— - T - B © -
T — - _ g -
P— -— —_— -- e w“s *x
Fu]
v 133 o
g . Z Tl E .Im. )
mlw _ i - B lm [
- - 1. 2 )
[ S ) ] o
- - — (o]
e
- ~de 0
©
. 1 ©
e e I ol
T T I T P o
R R N @
T (o
- h O
@]
- — -~
Vo]
.
m
V]
18}
o]
o
o
B

YUVU!

Pl

coTaToLooT D Lo Tt Z
( 1 1

3

E]j.] ‘kPa

3
p
p
Hw
4
bl
-
-4 ©
4 ~
3
<w
Hen \S./
©
-5
— on
] 2
3
- m
B -
R P
- ‘I-'
J

E;
102
Elapsed Time

s
10!

I
2

1.80

1

o ‘ooy P!

Q
w
—

OA

1.50

,100

.40

‘Figure B.6 Consolidation, Test #1, 0'=11.0 kPa



105

s L1t

1

1 111111‘

)

j i
S 2
103 .
(minutes
25.0 kPa.

1
2

102
Uopsed Time,t

H

e e N

|
|
10!

1
2

& ‘ouoy PIOA.

..

10°

.10

Figure B.7 Consolidation, -Test #1, o'

10°

)

1
- .43
E
I E
~ O
- 0o®
d -
] Q
1 @
1. 2
I
J o
i
e
[=]
1 1 - o
o o o o
. uw o w
- o - o [o4]
- o . S
° ‘oloyY PIOA -

|
103
4 (minutes

45 kPa

Figure B.8 Consolidaﬁion, Test #1, o"



232

) U W Wt

b lLll‘ll

i
2

0.

A

B

10°
4 (minutes

S

2

S

H

108

)

102
Elopsed Time
Figure B.S Consolidation, Test #1, 0'=100 kPa

10!

109

H

|
1

o‘
a.
kl
o
o
N
B
m.

i
[
>

|

v

SRt

L

o -—
o
N -
+ 4w
A
o
4
-t
-
-4 O
- -5 —
F 3
- 1.
=
B
4
~
4~ e
®
L
— ©
— - -
r—- — - . o w—
b s T T - m
r - .
—_— T
- e —
— -
b e — -

i
2

Lo ;
Ldtiaid

w8

J
102
Elopsed Time

|
dl
2 ;
1

10!

i
Ll

'
!
2 .

0.850

0.700 }

»

FigurekBJO Consolidation, Test #1, 0'=200 kPa



&

233

—

1

—

i ;lnul

s o P T T T it
- T T el W||l||1
SO v . SNSRI

R Y =5 IO

108

)

102
+ (minutes

S

2

102
Elapsed Time

S

10!

100

Figure B.11 Consolidation, Test #1, 0'=400 kPa

0 [O650 kPa

1t
Lol
r!\l

!
[

3
(minutes)

102

Elapsed Time,t

i 11\11[
4 $6789

-

0!

4 567089

L1 llliil

4
2

100

0.600

0.550

o ‘olDY PIOA

0.500

0.450

Figure B.12 Consolidation, Test #1, ¢'=650 kPa



234

RN T S tbasoms s us el A ESUR R - £ : T = = T -
el ab R aa PR A b e (A SRS e + ¢ ; —er
——— et e e e e o = H T <
—ry o — ; | N ’
- T 7] . : 1 iR )
: NS 2 T D r
w h Ct ! _ i R
: — Pl | ~ .
: o P ! ; : i B AR
' 0 T : + T -
——t T * ~ ! I T W .
T i ! : : + : ©
——— H u a i R Erle oA
! ) - [a¥ _ .- . . ﬁ _ , ! 2
T BRE . _ B _ L -
R NI n ! I M m O
. o : - ﬁ L ] I
3 i 5 A : emioi oy o
" 1 » w : iy ]
+ t - v - » R
! T - 3 ) b .w.,ﬁu,a
R a , [ | £ R N
“ 9 | ! v (gV] o o~
BERRE T AN Eo> £
‘ { _ i | — _ZT
9 Pl L | i o e D R L
T T - 1] =7 1]
T : o : =
T * T [ 7 1 &
. __ ] e i
P ! _ - n .
i . _ f I _ I~
; 'Y ! : ; | . o) o}
S ' | i . mt ! # o t ot
1 e i e 2 o
ey Joa o _ 4., o) «© o
e avvatns - =1, 2
e GR I e e Rt i - ‘w S g e T el
pUYD UG e Iy e o e e g A A T T B - .t
m?. TN L JF S N S A A i i
— e e Y - hv s o . ‘- [o] le)
..... Lo g N ) - Fi - v : - n
: . | : i i j - [ i ﬁ o
M SRR w.viqlfq_l‘“ fx: T oA O : - (o]
V " Lo R EE O ﬁ O
I _ ; | g Lo Ll * tlog Lo b [ S S JE RN !
- . x e L PR S 1 DL o i S
S B £ oy 2 2 T 2 5 =
2 .. 2 N & . 5 5 5 g -
- a ‘hrnnu NN N m . ~ 7m ooy U_O»/. ~ m
. . @ ) O
B 1 ] [
2 =]
. o o
ﬁh o )
] e



235

e

10°

9

L
56

T
i

0.64 kPa

2

3

S VAN S

— b

0

A
9
!

il
L8

Y
.

7

Time (minutes)
Time (minutes)

Test #2,

10?

89

dation,

1

? ‘oyoy pP1oA

e > - e

1.6C

Figure B.15 Consolidation, Test #2, o'

Figure B.16<;insol




236

= .=
F— = T T ==
b + . . -
¢ T : o
i . & . ¥ ' 14
; ! i N
— i - i
! : . 4 -
_ | i
1 “ i . . -
: * i ,. M : \
i
1 C ! | J
1 i ' } ! -
+ T -
T ! : M T
T L. . 1 ; 4t
ol I ! : i
T ’ .
N ; i
1 )
! , !
' " 1
{
! L.
] : S
e + B ‘I)
$ : 1 G
: T i o ¥
T B
i« €
+ E
-
o ~ v
. £
=

R

1.75 kPa

Figure B.17 Consolidation, Test #2, o'

PR

»

2 ‘ousy PoA

(e

Time (minutes)

v

Figure B.18 Consolidation, Test #2, o'

3.05 kPa



237

L3I

~a

1

vinuter

#2. 0'=13.0 kPa

[s] .
D SRS S BRSNS G R 327” - 1
R Sl s Suuali (S Gupan SR I
HUH<, ~ S N S N
4
b _ 1= o _
e . = = & :
‘WA\ |1A A 1 0
o 1 N
“ .
. 3 [Vs)
(i
=
"
L
~ 5.
Y, - c
Y ,w” -
| ,. <
ﬂ £
i . =
. o

|
,T..

Figure B.19 Consolidation, Test #2, o'

i
: o
) Te
'
' — —.° 1 —1 ﬂ”@lml.HI] s Sug up
] S ————— TTUTITE = :
e S s o — F— Sl e i +
A RS M — GRS SN S S A A W:ﬁ- :
. L:L : e A S =S R e St Sl the
M { “ ! ; F ooy i et e 4 Pt
: T : | m “ ,. : | !
P - — +—1 : : e B e - P A
L N
L . ! : . 2 (PR S S U N S
[ Q c o m (&)
o - ™ o .- -~
= l = = 3 ‘01DY PIOA
® ‘ooy PIoA
‘
o
7
e

Figure B.20 Consolidation, -



238

@ ~
o o

T 'NHVYH AINA 9 ‘oipy PIOA

.
\ A
" =
e T e e S S A P : T S TG P TIETT O n ok
- ) s Y%
- - : T2
— o 3 e i T
. - . . i~
; ) o | e
: RS S A e DLl a e Dol —p rem® o 3.2 %
Bl oo S S = LT3 U G D ol - SIS S i X
- e gorl - - 4 ———e— e — — . R T . o uu
P— e b 2T am e e s e il ——— B o—— [RRR S — -
[ e o b e — ey e _..3. L R i — —— |¢ b5 QU PO S 4 n
i 7 , R SRR S S SV -l S S AR S :
G ke s A — S e At -
o= . — ) H ‘ — e . n” Fo— v e o Ch/ \\.awrryf! 4o ﬁ‘\L,.v‘.ll b e w
' ' I ! { . a ! i | ; ! L}
° _ | : ml\iuv - ! B i ) i | ( t ; -
Lol [ SN GRS U S 2 S —. SRS SRS T S S R °
H;'||44H|||:v..|l|]w|\ B et g Sty o L3y ubatonap il gl b oAl isguges el et 3 I ! pptbeninin L ARy
Y\F\i”‘t — —— e s I 2] ~ O S e e e Sl Bl St - l,.w.4||.1 “ -
— it e e e e e L i~ i Tl T e At +—=+ iode @
e e et b b e S 2 e S : -1 2 N
e - - R et T.!l” e s i , ¢. - c P
T o e e i o e X o S S S T -1 : - - M.,\ -4 (m\
; i ; ! : - | : e, | h , +H %
SRS S S SN SUN S S S - de e 0 T B e By e S S e 0
! | | e ! b . E V] P | .= [}]
P : A P : = L o )
; ” , P o= B m S A O B |1 v B
pgemmm il g et [ eeteall o it e T s TSN Sl i v St deli sl sttt i s P
s dagiusng vt S S g — e L ~ D N U s R S ! i SRS S S by
] S T o e s s e o e ey WS S S oy
d — - o bt - - - -
i S } . e—t p——t—t g +-— i e s I o
| i ,‘ I i L . !
R S R SR — + R _ H L
0 ! | fio] i !
‘‘‘‘‘ N A e R S S Rt & o g T
! ! CA e ¢ “ ar! i [=]
' i ; Q| ! oo a “ -
. . . I °© — g el T o= @ X490 —
o o] i o R S g sn SRS s s W I ¢ SCEL o : s el —&5 oI 1s o
— . LT (5 N 0 + + JE G —- 0
S G S SR S S SN SR e Pt 4 1T 28 q-—e
' i | W ] o | ! B8 c
e —-t— - B s Sebnnt B Bt sy [ + € t +—-r—t —
i s Q lA 1 1
[ SN (R S S SRS U SRS S \ - R T i R — 4. 4. o
JRN SR RN U ,*\I-; _ b I 1 ) w 0 (&}
) . 1 .
i | B ; h — Goud 5 !
NS SRS SO PO — et i R t R i R St el e PR S o~
| T ) ™ 1= Ty M ~
. i ]
ol | L L Js i N N B ! Ly .
— ‘I —
v v
) 1%
o 2
o]
] ot
f [ 9



239

[
1 Tt i 13-
[N e S e 4T w =
DOV - - [N S
g - I
|
R e - 4
o |
% e et et R SR I
/ | |
- T 2
3] 1 -
a
.
"
+ o
: v —
I v
+ &
5
- £
1 ; £
_y \(
LY
_ E-
; L eF
T3 s ; ps e M
1 1 1=
; i MR
1 N ]
Al - H t -
R '
) Lo !
T
! _ i M
Lo e
o o
i ! a !
- [ o~ o
Z o3 =
e T 5 e
e G 27
H ﬁ “ -} DJI?
} Tt -
i | B !
{ : : ! 3]
; ; | i ) .
! ! il
bt ; (.
! i [
| i ) i t o
: - g
[al o uw o
L w0 w
o (=] c
3 ‘oikRy PIOA

U |

+
|

)

t
h
-l
t
'
I
"
3 ¢ 58709

e

o0'=100 kPa

Test #2,

s

LEGEND

9

1
|
N
O

'B.23 Consolidation,

T O 0200 kPa

.70

.

Figure

.55

.50

N

10

200 kPa

10%

10?
Time (minutes)

1c!

100

Figure B.24 Consolidation, Test #2, o'



240

®
0.580 r—‘T
-1
C i LHT
0.560 [ S
™~ a
0C.540 F
g€ i I
2 | 1T
hel ! 1
2 ; 1 i
> o con | - -t 1 e
¢sie e i
+ 1 I
: 1 =T
4 - + - -+
eon b | Bk | sl ]
z.52 { i 1] T
____}_ LEGEND , , _ o md L
v m Mm320 WPn . . 8 ol
il % J]H A L o
i *
Coegl S ‘l‘l R H gL“*‘T'—«L‘A_:f ER ) T H ST
Ho - 10} 0? 109 1t

!
Time (minutes)

Figure B.25 Consolidation, Test #2, af=320'kPa



241

B .’T T S o T T
LTI SN | —
o ! | \ ’ | ! : g
P A
'*"‘l’ ) - ol N ..‘
% g 4 Rl
. o l
IR e e T
. !
u. g I !x 1"
2 SRR VY i - 1 | T M
5 R
.
© i N
g 2 o ok f
L
1.0 f\y Pl
- ) ' q !‘\. 1 ||
L :
~~~~ —- " LEGEND ! RERE
Oselt, wh b
o LL R
Lol Ll LU | H BN EE
0.9 Ty v Tes ER ) ¢ ? . s el
o 10? 0 ) 10 10 13
Tirne (minutes)
Figure B.26 Consolidation, Test #3, 0'=0.75 kPa (self
weight) '
14
09‘0 - IR TY
- BN
v EO PR o 1 | 11
4 q '1[) 0, o|lo o ° —| ‘A:z.f“‘
- 5 —t
i o
0.920 - -t d Lo
i [
L Ao ! T
[ sl
© .
g L
B0.900 CHE (i +
o’ o] il
o =
> i Hl
; h L
i
.880 ) 4 I
‘ !
T z N
L P SRR i T
L T o S : ]
0860 lﬂ (4 _ i Li) i
. s ! . [ 3 4 4 4 . 3 4356709
e 1o 10¢ 108

10° 10°
Time (minutes)

" Figure B.27 Consolidation, Test #3, 0'=0.85, 0.95, & 1.3 kPa



242

. >
[P G G G § T T J T ie—
[ S Gt oS G T U U SR D (A Y TTTUT Gl
PoaosTTToL Tk oo I Lt f
| GG G G S GRS GRS
bevar o e e e e e e e cim e - s
s S S S e
P A —— -~ . e
i , e, &

T\Lulul‘tl - ——— v e e am
oo ' .aw”
R “ P ! -
S SR et dtd : —3 —roizT
p—e-r— E——+—1 ; —t +
. T ! T 1T T :
o = 2] 1 1 T T
{ : | H - ] I
] _ m ﬁ _ :
’ ! i ! i
_ H ﬁ b
A 0 A
i : | ! (=]
T : i
: s —
1 1 M M
t T -
3
: ! I - £
: - £
. - E
! Dm i
| . m
t o ]
! e _ X : =
o ! BE .
o o
+ T T -
5 ' "
i
o ! -
I i !
i 1 ;
- i i
S W ; 4
¢
4 ©
o=
o iy
s b
—o
—a
L4 k)
[:e] w - o~ o
@© @ [se] ® nH.u
o = o I

o
@ 'oljoy PIOA

-

Figure B.28 Consolidation, Test #3, o'

2.05 & 3.4 kPa

- . P
——= T—3- 3 - s ge--
(SRR D S GSSUD QS S G G G G D () S i S G GV
R e T M S L T e
e e - D T S L e T
— B e e e R PP R et
e T S S T S A S N R
i . . . ‘ H . ' . H
— - - - + p O e
! o ! [ I CT
. S : 1
...... — e ut‘_r f—
- ‘ ! ! ; _ H
S ! i e -
I L 8 JEDS
b8 b L T o,
- 4+ F——
T + + ~
M T b
! : Q -
1 i -
+ =
\
< 1
>}
n \n‘U
-
-
L
4.2
-
= —
el
v
K o]
a.
[5) . o ¥ =y
rn.n._unb. F—n =
O wv
w
-8
b — _ —- 4~
[ \ :
- o
I ©
[=] . o o o ©
o o @D w -
w o] [l [ ~
o «© o =}

G
@ 'OUDN DIOA

Time (minutes)

-

Figure B.29 Consolidation, Test #3, 0'=5.8 kPa



. 243

= 4v lws
e s e s — —51- =
+ L i@.s
b - I S
- e
“ - - R W (Y ~
A 2 '
o 13
[ -
— ——3 e
-
3
- -
R a3 -
. (=)
- == £t -
35 >
T S S L
-
2
. .2
E
"B
=
~
o
==
-
4 1o
T
J
= S
g
t
p— —
b .
{1 ;
-]
[ )
. o o <
Z K e o o @
~ o~ o~ ~ el
o & o (=] <
@ ‘oioYy PIOA
[
e
o r
@

Figure B.30 Consolidation, Test #3, o'

13.3 kPa

T

*
L4
~ .2
F Luw JONENS Qg Sl BN R SR SN QA PR Phy
F - 1 - E
A e R
i b 1 .
s

b —- B G A M —t— .
+ - - E e

v o
N R VN S S [ S T e e e —-{ © .
S P . JOS USRS ANV SRR SRR SD SN SRS ] Foa nA.a\oﬂ
D RS PR SUPEDY S G - 1o k3

oy

10?

Time (MINUTES)

. S L
R s S —
F——— R N 1
VNS SRS S S ——p e
b — 3 - - - Hn
| i |
b 4L i Il‘.L )
—— S —3e
—- - N - -da
—— - & {e - e
i
i 1
S O O .
1
[5} CL
—_— T
——~— }- -t 37
b= o4 — —— — e
: —in
b — —-
|
|
— P TS U — ~dre
“ - ﬁ
) ! | ,
i 1 ; !

0.680

9 'OLDMN DIOA

0.660

.6540
10°

c

i
Figure B.31 Consolidation, Test #3} a'=2ﬁg§

i



244

. T v [P QD G SR S — T
S U - - o —-
v . . PO SIS e B — = -
- e . —
. . F R ey + i e e . PP .
[ — + ! . e
. : i
- . . . i e e ek e .
1 ” ' | /m ! . i
— R I s eI bt b s el SR
i : T S SIS Epelvamid
S ps I { +- e
1 T ~ i
! M i { e
- ! i ! ' :
. i N !
T
, _ | |
WA U % — e
" ! u '
_ _, !
— . —_—
-
- —3 +
I 1 4
| Gl il T 1
: i
S SE —_ - 1 ‘-
‘ | ; g v ]
: T T o
' i '
— - “u . . —1
‘ i |
. & L
— pu— e —t —
T F—{ —& . ity
- 4+ 1
oo 4 3 B N o
1
T A J S -
1
- - I
- [
o
. ax
. e
F [P (R S W -
Pttt m i e
e S
-=t-t—14 1= - — [
S J—
- N S S S |
|
L J
Vel - [aN] o
w0 [25) . w ©0
o

o (o) [
. @ 'OIIDN DIOA

o

10?

1ot

Time (minufes)

¢

Figure B.32 Consolidation, Test #3, o0'=51

kPa

1J|IJ[1|1I-141[1?1!1]|4I|141|l)l.4.
et G dreres Gommie i g SR QU G e Sy AT G S S S
e v : T T T, Tl Tk
ST LTl PO A DY
- . . . . . . . * . - . . . . ‘-
e e e e . e s e e e e i e e e e e A e
O VU USSR PO OO S
N w N N . | P N
» . . [ H : PR i PO ¢ - . - + . s
: b ! S . ' ;
i o : ' L ! i :
: ! ' 1 . ¢ N i ] . H . ' -,
— e e e 4 W¢| ——t——— - 4 — g 34— N.I.AT i S
O I e R s T Sk i S e S SUPSS SRS S S + t e
T ; - T 3 : -
R s } 44— -
T T + -
ﬁ:\ R 4 = )A1...4~ —& 5 44—y ' ‘,4.
.. — o 4 T -ﬂ —dn
[ ; - 4oL a i R O
RS ' S SU SR - -+ e
| | i ° i
| ,m I = . o
[ SO
— =1 ¥ L 4-—+ =
“ + A He
; -
S S S S S p 4.
i Pl o
: : ”
! o <
oy - : - 4 JRO S
4
-
— i 4 1 e D
= 1 = P, S e
I 1 = .4 1]
- T el i -
7 )
- -
SN S U RS . = JS SN S . . e
|
¢ o o D i
a o @ Z
o X x X \Lsm
o -
Zoo©9 ﬁ
— |- sewng -
v] . da
PEuN NN RS M = 1 1580« 4~
. i
B8 6« i
—— -t SUNEY SN A S o f—t—T —4— 1 ——t— 4re
¥ ﬁ xﬁ R
o— -
(=] =] o o A o
= 5 ~ v "
w . [Val w (V2] "2}
o o B (=) o (o]
9 ‘O|ipY PIOA .

7

Time (minutes)~

'Figure B.33 Consolidation, Test #3, o'=100,150 & 200 kPa



245

Top

FTFITo T - TTTTTT T e
11 1-% - 4 . AP .o ' -
S S S PRI S 00 SN ) L RN [ S I~
2 e e 7 o O O GO L0 G
i 0 1 A B
0 N TN DU Y S O O S GO S A G 4 A SN S O A QU S S S
1T J{.ll o ol r;lw\ -t - - —
- /
! -
% .
/ 2
1
]
1 ¥
\ .
~~
—tn ¥
2
- 2
, ) L2
i ot
=
: ©
: £
/ 4 ” ="
| I i
; [ IR
/ AEEERERE P
IS S S b
M I IR R I
I oo : -y
\‘ T P ' o |
. Lo a <
va i e = x — 9
7 e b e o T
L ! O S MED TS P Z o 173
T T 1 T W ST
D T 1T R
/ T i T 5877
i | i [ | R S . i
1 T T T N e c 4
ol | w | | IR ! TU g .4
[ S L’L | b AN
Pl o v P , Py
: ! ' : - Pty oy .
P e HV.M_Wﬁ,r,v”_W,,M_.u.
: Lt L Tt I S L + o
» o SQ».Q\ a n e
o o~ — — (=] o
b b hid v og b .V
o o =) o o =Y
2 ‘onoy PIOA . - 5
; E
w

v

Figure B.34 Consolidation, Test #3, o'

320 kPa



246

10?2

0'=1.0 kpa

Time (minutes)

102

Test #4,

-

= o —1 B S ST I G (S S
0 P S S I S0 b ag S o SR P T
| S SSRGS S + T — — +—1
ﬂ';'rb ———— e e e - .- e e s G4 v i i I ' w - M
P e e e e e e e — f T T S _
A NI S o EENNEREEEE et
| ! ~ _ b
S U U : — : | i
: ! ! W [\ t
D _ ; R g o E
! ) ! L = E 4
il el e e e ooy
S R i O S iy —— ¢ ™
P — —— wn °
IR , i L T - N =
T ; | ' . . Ly | 0T o S r
; EREEEEREEEEEEE R DR T e .
i i oy [ -
L BESE RN L EREEe.il e T o i
T T T AT T g -
Lo ; i - 2 i
S I T R SO O w _ “ Pl & ~ .
I [ ; ; ; ! O < in
1 PO T T T T~ W / !
1 R i S == © p
NGRS SO SN ; S SO S S <
1 - T oo E + =
BRI T T |74 i | H J\,ﬂul,TJn [ 0 5
ERRRRNERENPa NOO R E
BERERE b R
T 77 £ l -
/] 4 L g
/ - - (o} —
o .
= = I $
N — o —-
1140 R W ool T U F S
Y O T - o) 7 =
BRI & g ==
} 1. ] Z
ENF4ERERNERRERERERE gtk 3 .
T —ted
S S R (D P G S SN _T_*,# PPV S . _L.: 0 _ A
, P e
: h ! i _ C (o] > ¥
I OV O O I i L Pl O Mmm I L 4Lt
2 8 2 2 € g w7 : B B 3 .
N ~ ~ - - 2z : ™ ; s S -
3 '01j0y PIOA . 3 'oyoy PIOA
m
—~
v
B S B =)
2 o] -
o A
ot [+}]
e =

.36 Consolidation,

Figure B



248

/
-~ L. % 7T
eI L
0 n
R S S D
o
0.65
- p
]
L
s '
20 .86
he) JE— -
©
° |
o |
a
0.5 3
{4 s
b i
" 4 LEGEND
7T @ On kP i
NI WE| L
f ‘
oo Lo LT L
3 4 ve SETEY

. 9 4 3 2 3 :
102 10° 1ct
Time (minutes)

)

0.740 i M
[

Lo P ] ‘LL'
N t iy
b
0:700 !LJ
N 3 i
HRIMME h
¢ N |
N
©G.708 \,\
o ;
; i
b i
O !
>0.ee0 3 L]
. X i
b . ¥ i
N I
A 1
C.660 - 1 l
LEGEND
T 0523, kPao i
WA i
. i
0.640 =— L Te l 3 0 ? . . Y]
100 S 102 10? 1§
Time (minutes)

Figure B.40 Consolidation, Test #4, o¢'=23 kPa




247

r—

T
i

-
T

“ i ‘ ! i 1 ..
! | i ' | | '
r . 1
T 1 \% 1
\ 17 * !
I e T T )
= 7 path! —- X
- T T 7T ] v
' f T 1
h o \ P
! \ !
i !
!
1 + ] —
# ; — .
4 —_—
£ ) = + F—
! € i P R
1% 1 EE B
. Lo .
. ! I B
r T "
, i T e
! ¢ i i t-
) I e i
” | B ik
¥ T = L © TS S
t B e - o
: =&
1 ; =0 o -
- S T
[ - s o -
' i ‘. 7,.‘E
Lo i o 1 s
o - 1 b ~
! 1 \ : [ -
L _, * : i _
w r - [aN]
IS o o
T a2 ‘oyoy pop T -

. — - e
P QS S DGO GRS GREDS
— +— JL L e e vllm.llw

+ —_——y e ey e —— E—

B e St eh e el

—_— H o —

0

!

i~

2.5 kPa

inutes)

“Time (

o'=

Figure B.37 Consblidation,'Test 44,

Il J‘“*
1

4
|
?

biodo3TEae
siptps
- e
R

1Y

I TIET B
L Rapat ST

O.
.-
B
{~
-
- | ©
gy
P Lad
- 2
F— =)
il « £
i &3
I i /.m\
! g
T m
‘m .NU”
o P b
3= I~ s o
ST
: -
_ a
1F 2 4~
| W X .
} -
T o 92 j4 0
v -
<)
o m -
R o
3 £l °
T
I V . 1. ; L1 S
o (&} a o o (&) (=] «© -
I o © 5. < o e ]
8 ° @ @ & 8 2 =
- — (=] 0. o o Q o
9 0oy - PIOA
.

£

Figure B.38B Consolidation, Test #4, o'=5.0 kPa



249

o
2 ‘oupy PIoA

10%

10!

109

) n
7.
I
y .
L]
"
\\
&1
Ve
———— -
I e
= -t 1~
T
iT T -
- 1 !
p. vl - | _ “
REE! i i B
0 I : 3 503 =
O.A& (=] (=] o (=] (=]

10?
Time (minutes)

~

Figure B.41 Consolidation, Test #4, o'=41 kPa s’

.

Ay

10

T T T T T T P
[ T ! EH
b 1
e
1
L
.
da
L
L e e
N -
-— O
- =2 = - s Yipet
H e R . 1
R - I
L - .- e
e e e PO
- P — - He

B . -‘.a
L ‘ — R

. . °

- Tl - PC L e =
Foo- St S o% -3
Y AR, T2 XY
[ - - - -
L - R O o da

o 8

L. - S SwE L
L e e - g i
- e S oo de

o

1 1 1 vl i A, o
o o (=] o o o (=] o
hnd o -] o ~ 0 sl -
w -3 Ll w w3y Ll Cal 2l
o o o 0- Q o o o

o oyoy PIOA

o'=86 kPa

Test #4,

.’

Figure B.42 Consolidat or



‘g 250

0.56 T e ————r — WT

o

o
-
T

53

Void Ratio, e
o

o

.52

U-él- ' s ' : \N\Q ‘ . B
. LEGEND SR , e

o O 170 kPo
0-50 e e
100 10! 10? * 10t 104
Time (minules) '
.Figure B.43 Consolidation, Test #4, o0'=170 kPa
0.510‘ T T \ T Yr'v.vvl T - —~ -y

0.500 | - < o

00490 | ‘ S : R : . . .
Py t v ‘ L : : L
= ,
[+ 4
b
2 J
>0.480 F .
p
i
0.470 | < ‘ - B
. LEGEND ! ‘
a[J (@353 kPe - . 5
PSR e 4l e 4ol L RN
0.460 2 3 4 S 6708 2 3 4« S 678 CENRELE] 1 3, PR E]
' 10° 1o’ 107 10° 1o
Time (minutes)
L 1!

Figure B.44 -Consolidation, Test #4, 0'=353 kRa



251

.:,
L 1.
. .
L .
u 3.
F 3
F RN g
r s o
L -4
L S
L S
F e ]
. 1.
.
r I
[ 1
L - J-
F ——
. 1.
o
| o
B
F o ¥ 3.
3 23
ﬁ Lo T
[ Twe Tl
L o
3| N
L . S
s e
3]
L o
1
= o o
= o n
~ -~ -
< o o
® ‘oUDY PIOA

102
Time (minutes)

10!

10°

.

e

-

)

Fiqure B.45 Consolidation, Test #4, o

463 kPa



0o
At

APPENDIX C - %xcess Pore Pressures

This Appendix contains excess pore gﬁwssure plots as
determined from the results of the g%re pressure

'
_measurements taken during the consolidation tests. Only two
consolidometers (Test #1 and Test #4) were eqguipped with
pore pres: ire ports.

Figur . A.5 sthed the location; of the ports. The ports
are numbe ~ starting from the bottom. Most ©f the excess
pore press e plots have less that 5 ports plotted. This is
because the mix had consolidated to a degree such that the
surface of the slurry was below the port(s).

The, self weight stress, aé discussed in Chapter 4, is
the average self weight stress in the sample. Therefore, for
the self weight stage, the initial excess pore pressures at
the bottom of the consolidometer are expected to be (and
are) greater than this average value.

Many of the plots do not reflect the total changé in
efféctive stress. The cause of this is still unknown,
although it may possibly be linked to gas in or near the
ports. As discussed in Chapter 4, the pore pressure readings
fluctuated synchronously with the slight temperature change
in the laboratory. However, the pore pressﬁre reading was
constant when connected to the daily calibration unit
(Figure A.6). , '

.Negative excess pore pressures are seen on many of the

plots. Because of the daily check of the transducer
1 .- . '

i

252
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calibration, it was ensured that the negative excess pore
pressure measurements were-not a result offthe equipment.
Possible improveéments on the pore pressure measuring
system include a) each consolidometer should be eguipped
with at least 2 pore pressurg.transducefs, to permit
continual monitoring of some of the ports, and b) some type
of bleed system at the ports because of the gas generated by

. the sludge.
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