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Abstrat
Slow densi�ation of mature �ne tailings (MFT) is one of the major hallengesin redution of tailings inventory, pore-water reovery and relamation of tail-ings for oil sands industry. Bio-densi�ation is a new treatment method inwhih densi�ation of tailings is aelerated through mirobiologial ativity.Two-meter olumns were installed to study e�et of mirobial ativity on on-solidation of MFT. Gas prodution and hanges in onentration of ions due tomirobial ativity are reognized as two important parameters in settling rateof bio-ativated tailings. Therefore, e�ets of these parameters on onsolida-tion harateristis of tailings are studied. E�et of biarbonate ions on settlingwas investigated based on a series of experiments on bitumen-free MFT whihwas synthesized through separation proess. Two models have been developedbased on �nite strain theory to desribe onsolidation of saturated and gassyslurries. These equations are solved by COMSOL Multiphysis to predit theexperimental observations.
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Chapter 1
Introdution
Oil sands deposits in Northern Alberta were �rst disovered when the �rstexplorer ventured into the Fort MMurray area in the 1760s. However, theommerial potential of these oil sands deposits has not been developed until1920s. Two major extration and re�ning plants were built between 1920 and1959 to extrat tar pith oozing from the sand banks along the AthabasaRiver.The Researh Counil of Alberta has played a key role in eonomial growthand development of oil sands; speially with pioneering work of Dr. Karl Clarkin development of the proess of bitumen extration from oil sands. Dr. Clarkand his researh group onstruted a benh-sale separation unit where theydeveloped a hot water �otation proess to separate the bitumen from the sandin the early 1924. Later on, di�erent modi�ations have been done on theproess through the 1920s to make it ommerially viable (FTFC, 1995).
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1.1 Oil sandsCrude bitumen, the valuable part of the oil sands, is a type of heavy oil withhigh visosity at room temperature whih makes it di�ult to �ow undergravity. The rude bitumen, the rok matrix, and any assoiated minerals arealled oil sands (Masliyah, 2008). Currently, enormous amount of Canada's oilsupply omes from oil sands deposits loated in Provine of Alberta. Athabasadeposit is the largest of the three oil sands area in Alberta (Athabasa, ColdLake, Peae River Figure 1.1) with in-plae reserves of about 27.6 billion ubimeters (175 billion barrels) of bitumen (ERCB, 2011).

Figure 1.1: Three major oil sands deposits (ERCB, 2011)The existene of bitumen near the surfae in the Fort MMurray area allowsthe deposit to be reovered by open pit mining. Essentially, the MMurrayformation was deposited on the pre-Cretaeous on the Waterway Formation,2



and it is subdivided into three zone that re�ets environment of sediment depo-sition that grades from ontinental-�uvial (Lower), to tidal/estuary (Middle)and to tidal/marine (Upper). Basially, all bitumen reserves in the Athabasadeposit are ontained within the lower zone of MMurray formation.Typially, bitumen-bearing sediment onsists of a mixture of oarse sand grains,�ne mineral solids, lays, water and bitumen as shown in Figure 1.2. Theamount of bitumen in the oil sands varies from 0 to 16 wt%. Ores with bitu-men ontent of 6 to 8% are onsidered as low-grade (poor) oil sands while withontent above 10% are high-grade (rih) ores. Bitumen ontent of ores dependson partile size distribution of sands. The average amount of bitumen in theoil sands is 10 wt%, and its reovery from the ores depends on the propertiesof the ores suh as oarse and �ne solid ontent, salt onentration and typeof formation. Finer minerals inluding silt and lay present in low-grade oresdisperse through Clark Hot Water Extration proess and mostly aumulateas �ne tails deposits in the tailings (FTFC, 1995; Masliyah, 2008).

Figure 1.2: Shemati model for oil sands ore (modi�ed from Masliyah (2008))
3



1.1.1 Mining operationThere are two ommerial proesses for bitumen prodution from the oil sandsdeposits under the ground; Open pit mining and in-situ prodution. In-situprodution is appliable for oil sands deposits buried more than 100 metersand open pit mining for shallower deposits (less than 75 meters) (FTFC, 1995).Early in the surfae mining operation, the extration of ore was done bydraglines, buket-wheels exavator, and onveyor belts. However, this op-eration hanged from dragling/buket-wheel/onveyor mining operation toshovel/truk/hydrotransport whih is more energy e�ient proess in the early1990s (FTFC, 1995; Masliyah, 2008).1.1.2 Extration proessThe usual bitumen extration proess, referred to Clark hot water extration(CHWE), is based on the pioneer work of Dr. Karl Clark. The ombination ofhot water, steam and austi is used to separate the bitumen from the oil sands.After the mining proess, dry mined ores are transported to the extrationplant where bitumen is separated. First, the ores are digested and onditionedin large tumblers with the addition of hot water, austi soda (NaOH), andsteam. The bitumen is separated from the sands (liberation) in this stage. Atthe tumbler disharge, roks and lay-rih wastes are removed by vibratingsreens. Although bitumen reovery of water is based on density di�erene,density of bitumen is very lose to that of water. To resolve this problem, airis injeted into the slurry in next step to ease the bitumen reovery. Aerationauses froth formation on top of the slurry, and bitumen would be olletedas froth in large vessels, known as primary separation vessels. Bitumen froths,4



separated in separation vessels, are �rst de-aerated, and its visosity will beredued by diluents. Bitumen froth ontains signi�ant quantity of waterand �ne solids, whih must be removed prior to the upgrading proess wherebitumen is onverted into a light syntheti rude oil (Masliyah, 2008; FTFC,1995). The extration proess is illustrated in Figure 1.3.

Figure 1.3: Bitumen Extration Proess (modi�ed from FTFC (1995))
1.2 Statement of problemOil sands tailings are by-produts of bitumen extration proess in NorthernAlberta. Tailings, whih onsist of sand, silt, lay, and small amount of bi-tumen, are pumped to settling basins, tailing ponds, to densify. Most partsof sand (oarse partile) in the tailings settle down and leave �ne partiles(< 44µm) and bitumen (�ne tailings) suspended in water. After few monthsof sedimentation, �ne tailings onentration reahes to 20wt% solid ontent.In next stage, �ne tailings very slowly onsolidate within two or three years,5



and form mature �ne tailings (MFT) with 30wt% solid ontent. Over time,three areas form in the pond, whih are lear water, �ne tailings and mature�ne tailings from top to bottom. Released water on the top is reyled to theextration proess to redue usage of fresh water. Densi�ation of MFT isestimated to require deades under in-situ ondition. Due to the inreasingvolume of �ne tailings, related environmental issues and inreasing publi on-ern, government of Alberta published a diretive to regulate oil sands miningtailings operations (ERCB, 2009). A major problem assoiated with tailingdeposits is the slow rate of sedimentation and onsolidation. The requiredtime for onsolidation of �ne tailings is predited as 125-150 years (Ekertet al., 1996). To aelerate the proess of densi�ation, several hemial andphysial approahes are investigated by industry, suh as entrifugation andadding �oulants. However, some methods have side e�ets, for instane ad-dition of gypsum results in emission of toxi H2S, that requires seeking newalternatives.Bio-densi�ation is a new method to aelerate rate of densi�ation, whih isunder investigation. Mirobially-mediated densi�ation is alled �bio-densi�ation�.Miroorganisms are ative in the tailings and produe methane and arbondioxide. This mirobial ativity inreases the rate of densi�ation of MFT(Fedorak et al., 2002). This phenomenon is under study as a new method formanagement of oil sands tailings.

6



1.3 ObjetivesAs disussed, laboratory and �eld observations proved faster densi�ation dueto natural anaerobi mirobial ativity in MFT. To investigate e�et of mi-robial ativity in settling behaviour of tailings, two-meter standpipes are in-stalled, one with MFT and the other with bio-ativated MFT. The objetivesof this study are to:1. Monitor di�erent parameters inluding the settling rate and pore-waterpressure in both standpipes.2. Develop a model to predit the onsolidation rate of mature �ne tailings(MFT) and ompare model preditions with experimental observations.3. Investigate the e�et of gas bubbles on the settling rate of bio-ativatedMFT.4. Develop a model to predit the onsolidation rate in gassy MFT andompare model preditions with experimental observations.5. Predit the oe�ient of ompressibility and permeability for MFT andbio-ativated MFT.6. Study e�et of biarbonate ion onentration in the settling behaviourof MFT.1.4 Organization of the ThesisChapter 2 is an overview of related topis suh as origin of oil sands tailing,extration proess, and in�uential fators on slow rate of settlement, di�erentmethods for the treatment of tailings, and bio-ativated tailings.7



Chapter 3 reviews di�erent approahes for the modeling of onsolidation pro-ess in both saturated and gassy soil.Chapter 4 desribes di�erent experiments suh as onsolidation and perme-ability tests, bitumen and organi removal from MFT, 2m and 2L slurryolumns.Simulation results and a omparison of model preditions with experimentalresults are disussed in Chapter 5.

8



Chapter 2
Literature Review
2.1 Oil sands tailingsThe tailings from the separation vessels, �oatation ells or ylones are om-bined together and result in a warm aqueous suspension of sand, silt, lay,residual bitumen, and naphtha at a pH between 8 and 9. Tailings, mainlysolids with partile size range of 0.1 to 300 mirons and water, are pumpedinto large tailings ponds. In these ponds, oarse solids settle down to formdykes and beahes, and fresh water on the top is reovered and transferredto extration proess. Most of the �nes and residual bitumen are arried intothe pond as a thin slurry stream (about 3− 8 weight perent solid). The solidsettlement is relatively fast, and after stream slows down, sedimentation of thepartiles begins. Stokian and hindered settlement of solid in the pond leave�free water zone� at the surfae of the pond, whih is reovered and reyledas extration proess water.After the initial rapid settlement of larger partiles, when �ne mineral on-entration reahes to a value lose to 15% by weight, the suspension develops9



non-Newtonian properties. After 2-3 years of slow settlement, the tailingsare alled �Mature Fine Tailings (MFT)� with solid onentration of about
30% by weight. It has very high visosity with high yield stress, and onsistsof �ne-grained material (silts and lays), water, and the residual bitumen.De-watering of MFT ours very slowly, and it takes deades for it to reahonsisteny of soft soil. Sine disharge of this material into the environmentis not permitted, tailings will be stored in the ponds for further treatments.Currently, millions of ubi meters of tailings are stored in the tailings ponds,presenting a major environmental onern.Over time, three zones develop in the tailings ponds as shown in Figure 2.1.Top zone, whih is about three meters of lear water, is ontinuously pumpedbak into the extration plant. Under the top layer is one meter transitionzone that onsists of water and settling lay partiles. At the bottom is alayer of lays, �ne sand, bitumen, and water, known as ��ne tailings zone�. Inthis layer, whih an be as thik as 40m in some areas, density inreases withdepth. It is generally thought that the extremely slow onsolidation of the �netails is related to the dispersed nature of the �ne and ultra �ne partiles aswell as the ioni hemistry of the proess water. Storage and disposal of largevolumes of �ne tails remains one of the major hallenges assoiated with theClark hot water extration (FTFC, 1995; Masliyah, 2008).It is better to do some alulations to get a better idea of how muh tailingswill be produed through the proess. Pratially about 2.0 tonnes of minedore, and 2m3 of water (20% fresh water and 80% reyled water from theproess) is needed to produe one barrel of bitumen. As a result, produ-tion of one barrel of bitumen results in 1.8 tonnes of solid tailings and 2m3ofwater-waste. It is antiipated that a tremendous amount of water is needed10



to be reyled; otherwise it will ause problem for storage of tailings and pro-viding fresh water for the proess. Beside the slow settlement of the partilesin the tailings, water in the tailings ontains a large number of organi om-pounds, suh as naphtheni aids and sulphonates and eletrolytes, suh as
Cl−, SO2−

4 , HCO−

3 , Ca2+, Mg2+and Na+, whih are produed during theextration proess. The presene of these organi ompounds and eletrolytesmakes the tailing a highly toxi environment. Today, tailings management isa big hallenge to environmentalists, sientists, and engineers in Alberta.
Dyke

Beach
Free Water Zone

Fine Tailing Zone

Mature Fine Tailings

Slurry Runoff

 to pond

Figure 2.1: Shemati ross setion of oil sands tailings suspensions (modi�edfrom Masliyah (2008))2.1.1 Tailings ompositionOil sands tailings onsists of six main omponents; water, sand (partiles withsize of more than 44 µm), silt (partiles with the size of 2 to 44 µm), lay(partiles smaller than 2 µm), bitumen, and naphtha (Kasperski, 1992). Inaddition, there is a small amount of heavy minerals and dissolved organis inoil sands tailings. Perentage of these omponents varies aording to depthof tailings as shown in Tables 2.1 and 2.2.
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Overall omposition (wt%)Depth (m) Water Mineral Bitumen11-13 82.0 17.1 0.914-17 75.7 22.9 1.418-22 69.2 28.4 2.423-27 60.5 36.3 3.2>28 52.3 44.7 3.0Table 2.1: Synrude tailings pond omposition, reported in 1986 (Kasperski,1992) Partile Size DistributionDepth (ft) %Sand(+44µ) %Silt(2− 44µ) %Clay(−2µ)20 1.9 50.1 48.045 13.5 51.6 34.960 44.6 31.3 24.170 47.5 34.5 18.0Table 2.2: Partile size distribution of solids in oil sands tailings (Yong andSethi, 1978)The majority of lays in the tailings are kaolinite and illite as oil sands omefrom the MMurray Formation (Table 2.3). There are also traes of smetite,hlorite, vermiulite and mixed layer lays (Kasperski, 1992).Perent Minerals in Bitumen-Free Sludge SolidsDepth (ft) Kaolinite Illite Montmorilonite Chlorite Quartz20 54.4 8.4 1.4 0.7 24.845 42.8 8.4 1.1 0.6 38.560 27.2 5.8 0.9 0.7 59.170 25.1 4.2 0.5 1.1 63.8Table 2.3: Basi mineralogial analysis at various depths in the tailings pond(Yong and Sethi, 1978)
12



2.2 In�uential fators in slow rate of settlementAfter many years of researh on tailings properties, it was onluded that theslow rate of settlement is inherent to the bitumen extration proess itself.This setion fouses on e�ets of di�erent parameters suh as ore properties,temperature of extration proess, and onentration of sodium hydroxide usedfor extration on the rate of onsolidation.2.2.1 E�et of ore propertiesThere is a onsiderable amount of �ne partiles in the tailings (Tables 2.2and 2.3); therefore, it is essential to study their e�ets in slow settlement oftailings. It has been found that the �ne partiles are not individually suspendedin the water phase, but they aggregate and form �os (FTFC, 1995). These�os start to settle; however, the rate of settlement dereases due to theirinteration with eah other. Also, the struture of �ne tailings originated fromthe CHWE proess is weak and does not have enough strength to tolerate anyburden. This auses gel-struture and thixotropi property of tailings. Gelformation in the tailings happens fast and does not let oarser partiles tobe released; therefore, oarse partiles will be entrapped in the gel struturewhih slows down the settlement of partiles.In addition to their physial properties, hemial omposition of oil sands�ne fration a�ets the tailing. Oil sand �nes ontains ompounds suh asmagnesium sulfate, alium sulfate, and magnesium arbonate. Magnesiumand alium ompounds require NaOH to produe natural surfatants, whihare essential in e�ient reovery of bitumen from oil sands ore. Therefore,the more the �ne ontents is, the more NaOH is required to produe enough13



surfatant for bitumen separation (FTFC, 1995). E�et of sodium hydroxideon settling rate of tailings has been studied by Smith et al. (1994). Theyonluded that the amount of sodium hydroxide does not hange the �nalvolume of reovered water; however it hanges the rate of settlement for thepartiles. They ompared settling harateristis of tailings proessed from thesame ores. Tailings without NaOH required about 10 days to reah to 50%of settling point, however required time inreased to 50 days for the one with
0.02 wt% NaOH .2.2.2 E�et of temperatureOil sands are proessed at 80◦C in standard Clark Hot Water Extration pro-ess, whih is the optimum temperature to reover maximum amount of bitu-men from oil sand ores. E�et of operating temperature has been studied byShramm and Smith (1989), and their results showed that operation temper-ature does not hange settling behaviour of tailings.2.2.3 E�et of surfatants2.2.3.1 Interfaial tensionThe work that is required to inrease the surfae area between two immisibleliquids by △A is de�ned as interfaial tension:

w = γab△A (2.1)where a and b indiate two liquid phases,
γab is interfaial tension with dimension of (N

m
).14



In the ase of bitumen extration with hot water, imagine inreasing surfaearea of water and bitumen by breaking a bitumen drop into two equal-sizedrops in water. The required work to ahieve this surfae inrement betweentwo phases inreases when interfaial tension of these phases is high.2.2.3.2 SurfatantsThe term surfatant refers to a general lass of substanes alled amphiphiles.Surfatants are omponents with two di�erent regions; one region is water-soluble, i.e., hydrophili, and the other is oil-soluble, i.e., hydrophobi. Thehydrophobi region is usually onsists of non-polar hydroarbons, aliphati oraromati. The hydrophili region onsists of polar groups that interat stronglywith water. The most important property of surfatants is their tendeny toadsorb at surfaes; the hydrophili region stays in water while the hydrophobiregion stays in oily-phase. This phenomenon lowers the interfaial tension ofwater and oily-phase (Masliyah, 2008).Natural surfatants suh as naphthenates and sulfonates are produed duringClark Extration proess byNaOH . It has been hypothesized that natural sur-fatants play important role in toxiity and slow settlement of tailings (Smithet al., 1994). Dai and Smith investigated e�ets of natural surfatants in rateof settlement and toxiity of tailings by onduting series of experiments. Headded alium sulfate, whih removes surfatant in the tailings, to di�erentsamples and studied their e�ets on toxiity and settling rates of tailings. Theresults showed signi�ant inrease in settling rate and redution in toxiityof tailings. However, more studies are required for omplete approval of thisassumption. There are many fators that a�et the settling rate of tailings,and they all should be onsidered. Some of these fators are disussed in this15



work; however a detailed investigation of these parameters is beyond the goalof this projet.2.3 Di�erent methods for management of tail-ingsDi�erent approahes have been used for treatment of tailings suh as physial,mehanial, hemial, geotehnial, and proess modi�ations. Wet landsaperelamation was the initial industrial reation (before 1989) for dealing withthese aumulating tailings. In this proess, mature �ne tailings produedduring extration was transferred to the mined area and a layer of fresh waterwas added to the top to reate an arti�ial lake. There are di�erent disadvan-tages with using this method inluding oil �oatation on the pond, expensivemaintaining of the area, and toxiity of the tailings. Dry landsape is anothertreatment approah in whih tailings are mixed by solid deposits and �nallandsapes beome part of natural eosystem. However, after 1989 researhersinvestigated other options that result in better densi�ation of tailings. Themost important alternative is onsolidated tailings treatment that was om-merialized by Sunor in 1994. Oil sands tailings have segregating harater-istis as at initial stages of settlement, oarse solids separate from the rest andresult in generation of �ne tails zone. The settlement of this �ne zone takesdeades; therefore developing non-segregating tailings is desirable for fasterrelamation. Addition of di�erent salts is proposed as one of the options forproduing non-segregating tailings by Liu et al. (1980). They studied settlingbehaviour of tailings by adding salts in di�erent onentrations. They on-luded that quik lime with onentration of 300− 700ppm improves settling16



rate of tailings due to produing Ca+2. However, gypsum (CaSO4.2H2O) isused ommerially as a soure of alium ions beause of the higher ost oflime. The �nal produts of adding gypsum to tailings are referred as om-posite tails (CT). Other methods have been proposed as possible alternativesfor treatment of tailings suh as organi �oulent aids, high-intensity soundwaves, hanging pH , freeze-thaw, and baterial treatment (Chalaturnyk et al.,2002). In the next part, some of these methods will be desribed in detail.2.3.1 Treatment with divalent ationsThe ommon divalent ation that is used for settlement of tailings is Ca+2.This ation redues repulsive fores among the partiles that arry negativeharges, and as a result partiles oagulate. Therefore, Ca+2 is added to thetailings as a �oulating agent to make a non-segregating mixture that settlesfaster. One problem assoiated with this proess is presene of alium ionsin the reyled water. Aumulation of Ca+2 in the proess a�ets reovery ofbitumen from ore sands as it hanges interfaial tension of water and bitumen.Another problem is related to use of gypsum that inreases SO−2
4 onentrationwhih provides a favourable environment for bateria to produe H2S.2.3.2 Treatment with hanging pHHall and Tollefson (1982) investigated in�uene of hanging pH on settling oftailings and found out that solids are settling faster below a ritial pH . Theyadded various omponents to tailings suh as HCl, H2SO4, CO2, or SO2 toderease pH . They onluded that the main reason for faster settlement isredution of HCO−

3 due to inrease in H+ onentration. However, hange in17



pH was not used as a possible option due to high ost of proess and di�ultyof bitumen reovery in aidi environment (Kasperski, 1992).2.3.3 Treatment by using bateriaMittal (1981) proposed the idea of using available bateria in tailings for fasteronsolidation. The bateria an be used for removal of bitumen in the tailingsas it was studied by Hoking (1971). Hoking found faster settlement of tailingswith addition of nutrients. This method is the main fous of this study and itwill be disussed in detail.Beside hemial and mehanial methods, other treatments are used to enhanerate of settling suh as adding di�erent omposition of oarse solids, usingswelling properties of lays in overburden; however eah treatment has its ownadvantages and disadvantages, and new methods are under investigation.
2.4 Mirobially-mediated tailingsOil sands tailing is an anaerobi environment and similar to other anaerobisystems ontain di�erent groups of miroorganisms. Two main organisms thatare reognized in the tailings are sulfate-reduing and methanogens bateria.Methanogens redue CO2 by using hydrogen as eletron donor and produemethane. In presene of SO−2

4 , sulfate reduing bateria (SRB) have moreenergy oming from the redution of sulfate. Therefore, they have more ad-vantages ompare to methanogens for using eletron donors suh as hydrogen.After depletion of sulfate, methanogens have more advantage beause of theirfaster growth rate and start growing their ommunity (Raskin et al., 1996).18



Mildred Lake Settling Basin (MLSB) is one of Synrude Canada Ltd. settlingbasins whih was established from beginning of Synrude`s operation in 1978.Gas prodution was �rst reognized in early 1990s in Southside of this lake;however it gradually spread aross all over the lake. The gas analysis showedthat about 60-80% of this gas �ux aross MSLB is methane (Holowenko et al.,2000). Methane is an air pollutant and one of the greenhouse gases, thereforeits prodution in the lake inreased awareness among researhers.2.4.1 Methane prodution in oil sands tailingsFoght et al. (1985) onduted the �rst series of analysis on the mirobialommunity in MSLB, Synrude`s tailings pond. The results showed existeneof both anaerobi and aerobi miroorganism suh as sulfate-reduing andin spei� ondition, methanogens. After observation of methane produ-tion from the tailings in MSLB, researhes onduted di�erent experiments ongas prodution and baterial ativity in tailings. Aording to initial results,it was onluded that methane prodution disturbs the tailings and reduessettling rate of partiles. However, more investigations showed the oppositeresults. For the matter of methane prodution (methanogenesis), substratesand suitable onditions should be provided for bateria in mature �ne tail-ings (MFT). Fedorak et al. (2003) laimed rapid densi�ation of MFT withmethane prodution ompared to non-methanogeni MFT. They omparedsettling results from their olumns �lled by methanogeni tailings to the onefrom Synrude Researh, non-metanogeni, and onluded faster settlementin methanogeni tailings. These observations initiated new series of investi-gations on bio-ativated tailings toward improvement of settling rate of MFTwhih will be disussed in following setion.19



2.4.2 E�et of gas prodution on tailings propertiesIt is essential to study the properties of gassy (unsaturated) MFT in order tounderstand in�uential fators whih are ausing faster onsolidation of tail-ings. Synrude Canada Ltd. started monitoring MFT properties suh astemperature, gas prodution, pH , eletrial ondutivity (EC), hemial pa-rameters and ion onentration at three di�erent stations in MSLB. Thesemeasurements provided valuable insight into hemial and physial propertiesof tailings ponds (Guo, 2009).2.4.2.1 TemperatureSynrude Canada Ltd. measured the temperature in di�erent depths of threestations at MSLB and the results were reported by Guo (2009). The datashowed tailings temperatures between 10oC to 16oC with small variation be-fore 1994. However, the temperature inreased rapidly from 1994 to 1997 andreahed 23.5oC . This inrease in temperature had a huge in�uene on the mi-robial ativity in the pond as the optimal range of temperature for methano-genesis is reported from 33oC to 35oC (Cooper and Harrington, 1988). Guo(2009) reported two possible reasons for this inrease in temperature; heatgeneration from mirobial ativity, and the disharge of oil sands tailings withhigher temperature to the tailings ponds. However, he onluded that the ex-ternal fator suh as the temperature of disharged tailings ould be the majorreason for temperature rising as the mirobial ativity does not a�et tailingstemperature signi�antly.
20



2.4.2.2 Gas produtionGas ontent of tailings is measured by Synrude Canada Ltd. sine 1996,and the results showed rapid inrease from 1996 to 1999 in the depth of 5to 10 m below MFT-water interfae. Guo (2009) reported the maximum gasprodution at about 5−6 m below surfae by observing the data from di�erentstations with time. Also, he suggested that the most intense mirobial ativityis happening at this depth in whih the densi�ation of tailings is the mostsigni�ant.2.4.2.3 Hydrogen onentrationThe pH value is an important fator in hemial and physial properties oftailings. Gustafsson et al. (2001) investigated e�et of pH hanges in rheologyof the sediments. Derease in pH redues repulsive fores among lays andmakes their oagulation easier, whih results in faster settlement. The valuesof pH have been measured in two di�erent depths for di�erent stations bySynrude. The data showed derease in pH values from 8.6 to 7.8 from 1992 to2003, whih an be attributed to dissolution of CO2, produed due to biologialativity, in tailings water (Guo, 2009).2.4.2.4 Eletrial ondutivity (EC)Eletrial ondutivity measured in the tailings showed an inrease in porewater salinity as a result of biologial ativities. The onentration of di�er-ent ions, both ations and anions, were measured in di�erent stations overtime. Cation measurement in the tailings showed inrease in Na+, Ca2,
Mg2+onentrations in the stations from 1993 to 2001. Guo (2009) proposed21



di�erent reasons for inrease in ion onentration inluding hange of mineralsin oil sands ores, hanges in extration proess, reuse of released water forextration proess, inrease in temperature, and derease in pH .Among anions, biarbonate HCO−

3 is the most abundant ion, and it a�etsthe settling behaviour of MFT. The onentration of biarbonate inreased inthe tailings pond from 1991 to 2003. Sulphate is another anion present in thetailings that is very important in mirobial ativity. Inrease in the onen-tration of sulphate dereases methanogenesis and redues methane prodution(Fedorak et al., 2000). The onentration of sulphate in the tailings reduedover time sine 1985, whih is another indiator of biologial ativity in thetailings.Also, onentration of Naphtha dereased from 1996 to 2002 in the pond. Thisomponent is a hemial added in the extration proess to failitate bitumenreovery, and it �ows to the pond with tailings water (Guo, 2009). Sidiqueet al. (2007) proposed that the bateria in tailings pond uses naphtha andsupports the methanogenesis as a result.In the next hapter, di�erent modeling approahes are studied for preditionof settlement of MFT with and without gas.
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Chapter 3
Modeling
3.1 Introdution to settlement of suspensionOil sands tailing mainly onsist of water and solid partiles, therefore its set-tling proess is similar to settlement of partiles in suspension of soil, whihis referred to a well distributed mixture of soil partiles in water. The proessof settlement onsists of three stages; �oulation, sedimentation and onsol-idation. At initial stage, �oulation, partiles tend to ohere and form �oswhih are lusters of partiles and on�ned water. In the next stage, sedimen-tation, �os gradually settle down under their gravity. Sedimentation is theproess in whih dispersed partiles fall through the �uid and form sediment.In tailings pond, both Stokian and hindered settling take plae in the sedi-mentation zone in whih solid ontent inreases from 8 to 20wt% (Yong et al.,1983). Finally, eah layer of soil sediment goes under weight of the overlyingsediment and onsolidates (Imai, 1981). Consolidation is proess of deforma-tion of a system of partiles under an imposed fore. This fore ould be dueto self weight of the bulk system or an external surharge loading (Shi�man23



et al., 1985). In the tailings, onsolidation happens in solid ontent of 15 to
20wt% when solids start to form a matrix in whih stress an transfer fromone partile to another. After this point, self weight onsolidation is the onlysoure of inrease in solid ontent. Through this proess, solid ontent of tail-ings reahes to 30wt% in about two years. At this point, tailing is alledmature �ne tailings (MFT) and rate of onsolidation dereases dramatiallyafterwards (Chalaturnyk et al., 2002).Settling of partiles in suspension is ommon to di�erent industrial and natu-ral proesses suh as soil sedimentation, management of tailings, and gravitythikening. Up to now, lots of studies have been done for better understandingof nature of the proess. These studies started with hemial engineers whotried to understand fundamentals of sedimentation and ontinued by geoteh-nial engineers who foused more on onsolidation proess.In next setion, proess of sedimentation and onsolidation are disussed fromhemial and geotehnial point of view.
3.2 SedimentationThe onept of sedimentation was disussed by hemial engineers due to widerange of appliations in hemial proesses. The �rst step to desribe theproess of settlement is to onsider fores whih are ating on an individualspherial partile.
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These fores were �rst studied by Stokes in 1851. He derived an equation forthe resistane fore ating on spherial partile whih omes from its movementthrough visous �uid (Rihardson and Zaki, 1954).
F = 3πµV d (3.1)where F is visous drag, d is diameter of sphere, µ is visosity of �uid, and Vis veloity of sphere relative to �uid.There are three fores ating on a partile; gravity, buoyany, and drag fore(Figure 3.1). Fore balane on partile equates terminal veloity of spherialpartile in the visous �uid.

I.e.

V =
d2 (ρs − ρf ) g

18µ
(3.2)where ρs =density of sphere,

ρf = density of �uid,and g = aeleration due to gravity.
FDFB

FGFigure 3.1: The fores ating on a single partile
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Equation 3.2 is based on Stokes drag fore, and only depends on the spei�gravity, partile size and visosity of �uid. Stokes equation is only appropri-ate for single partile in laminar �ow system (Re < 1). However, there arepartiles interations in a real suspension whih results in slower settlement ofsuspension.The initial studies on settling veloity of partiles in suspension have beendone by Einstein (1911) for very dilute suspension (Kynh, 1952). He deriveda formula for settling veloity of partiles in dilute suspension as
v = u∞(1− α.c) (3.3)where α is 2.5 for hard spheres,

u∞ is Stokes veloity,and c is volume onentration.Di�erent modi�ations have been done on Stokes formulation to predit thesettling veloity in suspension. For instane, Robinson in 1926 proposed amodi�ation for Stokes law to predit settling rate of suspension for uniformlysized partiles;
Vc = K

d2 (ρs − ρc) g

µ
(3.4)where ρc is average density of suspension,

Vc is settling veloity of partiles in suspension,
µ is visosity of suspension,and K is onstant.Equation 3.4 is proper for spheres with uniform size and density whih arewell-distributed in the �uid. It predits partiles veloity in suspension by26



multiplying a onstant fator to the Stokes partile veloity. The onstantparameter is alulated aording to harateristi of suspension, whih is notonvenient.Steinour (1944) studied the sedimentation of uniform partiles and desribedthe equation for settlement of partiles in term of solid onentration. Hemodi�ed the Stokes equation as
V =

2gr2 (ρs − ρc) gǫ
2φ (ǫ)

9µ
(3.5)where φ (ǫ) = represents e�ets of size, shape, and �ow spae,and ǫ= �uid volume fration.Steinour (1944) estimated φ (ǫ) aording to his studies on sedimentation ofpartiles in oil

φ (ǫ) = 10−1.82(1−ǫ) (3.6)Therefore
V =

2gr2 (ρs − ρc) gǫ
2

9µ
10−1.82(1−ǫ) (3.7)However, Steinour (1944) assumed that buoyany fore exerting on partilesdepends only on density of suspension, whih annot be orret as eah partileonly an displae the water equal to its volume after it settles. Rihardson andZaki (1954) proposed an equation for settlement of partiles in the suspensionin whih they inluded partiles harateristis;

Vc = V0ǫ
n (3.8)where Vc = falling velocity of suspension27



They investigated e�et of partile shape on their settling harateristis, andestimated value of n equals to 4.695. Kynh (1952) realized the transient na-ture of proess and presented the hindered settling for settlement of partiles.He assumed that the falling veloity of a partile depends on loal onentra-tion of partiles at that point. He derived an equation based on the ontinuityof solids and ignored e�etive stresses and other fores formed at the bottom.The sedimentation equations are based on Kynh's theory. In the followingsetions, the equations for sedimentation and onsolidation in suspension aredisussed.3.2.1 Sedimentation equationsSedimentation of suspension depends on size distribution of partiles, density,and surfae properties of partiles in the slurry. Imagine settlement of partilesin the slurry with size of 1mm. There is not any yield or strength againstsettling in this slurry due to the large size of partiles. They form sedimentlayer and lear water on top. Now, onsider bath settling of �ne partileswith diameter of 24 µm or less. There are attrative and repulsive foresamong partiles. The attrative fore suh as London-van der Waals auses�o formation in the slurry. These �os form a gel-like network that antransmit stress and in other words an yield stresses in the slurry. If theapplied stress on the network inreases to more than strength of network, itwill ollapse and form sediment with new onentration that an support newapplied stress. This new layer forms at the bottom of slurry and onsolidatesover time. Therefore, three layers of lear water, suspension, and sedimentform during settling of suspension that are illustrated in Figure 3.2 (Ekertet al., 1996). 28



Figure 3.2: Suspension settling a) initial state; b) intermediate state; ) �nalstate (modi�ed from Ekert et al. (1996))Busall et al. (1982) developed mathematial equations for sedimentation andonsolidation of suspension by onsidering hemial engineering or �uid dy-namis point of view. They modi�ed Kynh equation for hindered settling,and added the e�et of strength of suspension. To ompare the results ofexperiment with the theory, Busall et al. (1982) introdued entrifuge teh-niques for measuring ompressive yield stress and hindered settling veloityas a funtion of solid volume fration. However, solid volume fration fordi�erent loations is required to alulate the �nal results. Auzerais et al.(1988) questioned onsisteny of a range of systems and initial onditions ofKynh's theory, and developed two equations for movement of interfae be-tween sediment-suspension and suspension-lear water. Later on, Ekert et al.(1996) applied experimental proedure by Busall et al. and theoretial equa-tions by Auzerais et al. (1988) to alulate settling rate of �ne tailings. Theyonsidered an horizontal element of sample in the network and equated thefores on the element (Figure 3.3).
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Figure 3.3: Fores ating on an element (modi�ed from Ekert et al. (1996))Fore balane on the element equated as (Ekert et al., 1996)
Stress on the network − gravitational force+ drag force = 0 (3.9)

−
∂P

∂x
+ (ρs − ρf)gφ−

λstapµφr(φ)

Vp

(vs − vf ) = 0 (3.10)where P is stress on the element, ρs and ρf are density of solid and �uid re-spetively, φ is volume fration of solid, λst is Stoke`s drag oe�ient, ap har-ateristi dimension of single partile, µ is visosity of �uid, r(φ) is interationfuntion that is introdued by Busall and White, Vp is volume of partile, vsand vf are veloity of �uid and solid respetively, and x is spatial oordinateof the system.The �rst step is to alulate �uid veloity based on solid veloity and substituteit in the fore balane. In order to �nd this relationship, ontinuity equationsof solids and �uid are ombined with mass onservation of liquid and solids ina losed system.
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As a result fore balane of network hanges to
−
∂P

∂x
+ (ρs − ρf )gφ−

△ρgφr(φ)

U∞(1− φ)
us = 0 (3.11)where U∞ is Stokes settling veloity of single partile, and is de�ned as U∞ =

△ρgVp

λstapµ
.The hindered settling veloity is applied for suspension

U(φ) =
U∞(1− φ)

r(φ)
(3.12)By ombining equation 3.11 and 3.12, the veloity of solid partiles would be

vs = U(φ)(1−
1

△ρgφ

∂P

∂x
) (3.13)Equation 3.13 is valid for both sediment and suspension zone. At initial stagesof settling, solid veloity is equal to hindered settling veloity due to preseneof uniform partiles onentration in suspension. As explained earlier, whenapplied pressure exeeds yield stress of network, it ollapses to a denser on-entration to support new stress. Therefore, applied pressure an be replaedby ompressive yield stress in equation 3.13. Ekert et al. (1996) solved theequations and alulated settling rate of sedimentation and onsolidation inbath settling. They substituted Stokes veloity and yield stress of networkfor �ne tails aording to entrifugation proedure introdued by Busall et al.(1982). They also ompared their �nal equations with �nite strain equationby Gibson et al. (1989), and pointed out the similarities.As proess of sedimentation is already ompleted in MFT, equations of sedi-mentation are not solved in this work. In following setion, equations of on-31



solidations are disussed in the form of e�etive stress, void ratio and hydrauliondutivity (Geotehnial Engineering point of view).
3.3 Theories of onsolidationAt beginning of this part, onepts of �oulation, sedimentation, and onsol-idation are desribed. As Shi�man et al. (1985) de�ned:�Floulation refers to the partiles in the system whih tend to ohere.Sedimentation is the proess of partiles settlement in the �uid suspensionunder the fore of their gravity.Consolidation is the proess of deformation of mineral skeleton under the ationof an external fore. This external fore ould be the weight of upper layers(soil or �uid) or an imposed load.�Imai (1989) desribed the proess of �oulation/sedimentation/onsolidationas:�In the �rst stage, no settling takes plae, but �oulation yields �os. In theseond stage, the �os gradually settle and form a layer of sediment, whih un-dergoes onsolidation and redution of water ontent. The boundary betweenthe upper settling zone and the sediment is the birth plae of new sediment.While the sediment grows, the settling zone beame thinner and �nally van-ishes. In the last stage, all of sediment thus formed undergoes self-weightonsolidation and �nally approahes an equilibrium state.� These three stagesare illustrated in Figure 3.4.There have been a lot of e�orts to demonstrate deformation of a porous medium(lay) �lled by �uid (water) with mathematial equations. The proess of on-32



solidation happens when a ompressive fore ats on porous medium onsistsof solid partiles and water. Initially, the external fore ompresses pore-waterin the lay skeleton, and auses development of exess pore water pressure.Water �ows out due to hydrauli gradient whih is aused by exess pressure.This exess pressure will gradually dissipate and will hange the volume ofsoil. The proess of ompression of porous material whih aused pore-waterremoval and solid deformation is alled onsolidation, and the �nal governingequations are alled theory of onsolidations (Shi�man).

Figure 3.4: Floulation, sedimentation, and onsolidation proess (modi�edfrom Imai (1981))
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3.3.1 Review on theories of onsolidationKnowledge of the oordinate systems and fundamental parameters of onsoli-dation are essential to understand the governing equations of onsolidation.3.3.1.1 Coordinate systemsTailing is a solid-�uid media in whih eah phase is moving relative to theother. There are three oordinate systems that are ommon for suh systems;Eulerian, Convetive and Redued oordinates.In Eulerian oordinate system, deformations and movements are related to the�xed datum plane in spae. This oordinate is proper when deformation of soilis negligible ompared to the thikness of sample. However, during onsolida-tion deformation of material is onsiderable; therefore Eulerian oordinate isnot suitable. Gibson et al. (1967) applied Convetive and Redued oordinatesto formulate onsolidation.The proess of onsolidation for an element of soil is illustrated in Figure 3.5.Before the onsolidation begins, soil layer has a dimension of A0B0C0D0, withoordinate position of a and thikness of δa. The bottom boundary is �xedand its oordinate position is a = 0, and the upper boundary is at a = a0.The dimension of sample will hange to ABCD by deformation of lay as aresult of onsolidation. After onsolidation, at time t, lay layer is loated at
ξ(a, t) . This new position of lay layer is a funtion of time and is onsideredas Convetive oordinate. It is more onvenient to express our equations inConvetive oordinate from physial points of view, but it would be hard tosolve the equations while independent variable is hanging by time.34
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Figure 3.5: Eulerian and onvetive oordinates; a) sample layer at t=0; b)layer at time t (modi�ed from Shi�man et al. (1985))To overome di�ulties of Convetive oordinate, redued oordinate system
(z) is de�ned, whih is based on volume of solid lying between datum planeand any point under study (MNabb, 1960). In redued oordinate, fous ison the solid partiles rather than one point in the spae. As volume of solid isonstant all the time, use of this oordinate system is proper to avoid movingoordinates. Redued oordinate (z) is independent of time and de�ned as

z(a) =

a�
0

[1− n(a′, 0)] da′ (3.14)where n is the porosity of the system
e =

n

1− n
(3.15)In terms of void ratio (e = volume of fluid

volume of solid
), redued oordinate will be de�nedas

dz

da
=

1

1 + e0
(3.16)35



where e0 is the void ratio at initial ondition (t = 0).Transformation between these two oordinates, Redued and Convetive, isgiven by
∂zρs(z, 0) =

∂ερs(z, t)

1− n(z, t)
(3.17)where ρs is density of solid phase.3.3.1.2 Consolidation parametersE�etive stress, permeability, and exess pore-water pressure are fundamentalparameters that help to get a better understanding of theories of onsolidation.E�etive stress is responsible for deformation of porous system, and it was �rstde�ned by Terzaghi (1936). He desribed it as � the total stress in a saturated(porous material) onsists of two parts with di�erent mehanial e�ets. Onepart, whih is equal to the pressure in the (pore) water produes neither ameasurable ompression... . This part is alled pore-water pressure uw ... .The seond part σ′ is alled e�etive stress beause it represents that partof total stress whih produes measurable e�ets suh as ompation or aninrease in shearing resistane...� (Terzaghi, 1943).E�etive stress auses deformation and volume hanges in saturated tailingswhih result in development of stress in the system. This parameter is relatedto total stress and pore water pressure by the equation

σ = σ′ + uw (3.18)where σ is total stress on the system, uw is pore water pressure (whih is partialpressure for water), and σ′ is e�etive stress.36



Exess pore water pressure is de�ned as exess pressure over hydrostati pres-sure of water. It an be also de�ned as pore-water pressure in exess of asteady-state �ow ondition (Shi�man, 2000).
u = uw − us (3.19)where us is hydrostati pressure, uw is pore-water pressure, and u is exesspore-water pressure.To illustrate the meaning of exess pore-water pressure, imagine a piezometerinserted in a layer of lay as illustrated in Figure 3.6. At t = 0, onsolidation insoil has not started yet, therefore water pressure at any point in soil is equal tohydrostati pressure at that point. After soil onsolidates, pore-water pressureinreases in soil. This extra pressure due to onsolidation is alled exess porepressure. By using the de�nition desribed by Gibson et al. (1989) total headat any point is
h = he + hp (3.20)where h is total head, he elevation head, and hp pore pressure head.The pore-water pressure onsists of stati pressure and exess pore-water pres-sure. Therefore, the equation (3.20) hanges to

h = he +
1

γw
(us + u) (3.21)where us is stati pressure of water, and u exess pore-water pressure.
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x

Figure 3.6: De�nition of exess pore-water pressure (modi�ed by Gibson et al.(1989))Terzaghi (1924) de�ned hydrauli ondutivity as � The redued [hydrauliondutivity, kz℄ is the speed with whih the water would perolate throughthe sample if the di�erene between the two water levels were [Hz℄ instead of[H ℄. This speed of perolation is obviously smaller than the true [hydrauliondutivity℄. Sine, aording to Dary's law, there exists a simple propor-tionality between the hydrauli gradient and the speed of perolation.�There are two aspets of the onsolidation theory, in�nitesimal and �nitestrain, that are desribed in following part before disussion on di�erent the-ories. In in�nitesimal strain onept, it is assumed that deformation of layduring onsolidation is small ompared to its thikness. Therefore, onsolida-tion parameters are alulated based on a �xed point in spae as a funtion oftime whih means use of Eulerian oordinate system.Finite strain theory of onsolidation has no restrition on the magnitude ofdeformation during the proess. As deformation of soil during onsolidation issigni�ant ompared to its thikness, use of a �xed oordinate is not proper.38



For this system, dependent variables are alulated in terms of Convetive orRedued oordinate system.Terzaghi formulated one-dimensional onsolidation based on �nite strain the-ory for the �rst time in 1923, but he assumed that ompressibility and reduedoe�ient of permeability are onstant (Terzaghi, 1924). His theory is not ap-pliable for a soft soil that onsolidates under its own weight as self-weightonsolidation auses large strains whih results in hanges in ompressibilityand permeability of soft soil.Terzaghi reformulated one-dimensional onsolidation based on in�nitesimaltheory in 1942. He made following assumptions;1. The soil is saturated and homogeneous.2. The pore �uid is inompressible.3. Compression of soil and average �ow are one-dimensional.4. The Dary`s law is appliable for permeability of soil.5. Coe�ient of permeability is onstant over time during onsolidation.6. The void ratio is not a funtion of time and only hanges with vertiale�etive stress.7. The oe�ient of ompressibility is onstant during onsolidation.8. Vertial deformations of soil are small during onsolidation ompared toits thikness.
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Terzaghi developed one-dimensional theory of onsolidation aording exesspore-water pressure as
∂u

∂t
= cv

∂2u

∂x2
(3.22)where u is exess pore water pressure,

x spatial oordinate,and cv oe�ient of onsolidation.
cv =

k(1 + e0)

avγw
(3.23)where av is ompressibility oe�ient.Di�erent studies have been done to modify Terzaghi's equation, and avoiderrors whih arise from assuming onstant ompressibility and hydrauli on-dutivity. Gibson et al. (1967) eventually developed one dimensional non-linear�nite strain theory. The �nite strain theory is applied for simulation of on-solidation of MFT in this study.
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3.3.2 Finite strain theoryA homogeneous soil layer with initial thikness h(0) is onsidered (Figure 3.7)to examine progress of onsolidation. To derive the equation of onsolidation,an element of soil skeleton has been seleted with unit ross-setional as illus-trated in Figure 3.5. The element has the Convetive oordinates of ξ and voidratio of e , whih is the volume of �uid per volume of solids. For this element,
ABCD in Figure 3.5, the vertial equilibrium of soil grains is

∂σ

∂ξ
+

[

eρf + ρs

1 + e

]

= 0 (3.24)where σ is vertial total stress,
ρf is density of �uid,and ρs is density of solid.(the oordinate system is against gravity)

Figure 3.7: Thik and homogeneous lay layer (modi�ed from Gibson et al.(1989)) 41



The rate of out�ow �uid must be equal to hange in rate of �uid in that elementto derive vertial equilibrium relation for pore �uid.Therefore, �nal equation for �uid equilibrium is
∂

∂z
[(vf − vs) eρf ] +

∂

∂t
[eρf ] = 0 (3.25)where vf is veloity of �uid,and vs is veloity of solid.3.3.2.1 Continuity equationsThere is ontinuity equation for solid, liquid phase and mixture of both inMFT.For solid phase

∂

∂ξ
(ρs(1− n)vs)−

∂

∂t
(ρs(1− n)) = 0 (3.26)For liquid phase

∂

∂ξ
(ρfnvf )−

∂

∂t
(ρfn) = 0 (3.27)where n is porosity of mixture (n = volume of fluid

volume of mixture
).By adding the equations of ontinuity for solid and liquid, the ontinuity ofmixture results in

(1 + e)
∂

∂ξ
[n (vf − vs)] +

∂e

∂t
+ vs

∂e

∂ξ
= 0 (3.28)

De

Dt
=

∂e

∂t
+ vs

∂e

∂ξ
(3.29)42



In our system, the �uid and solid are assumed inompressible that means ρsand ρf are onstant.3.3.2.2 Dary-Gersevanov's lawTo drive �nal equation of �nite strain, we need an equation to relate veloityof water to its pressure. Dary's law for movement of �uid through porousmedia is appliable for our laminar system. However, there should be somemodi�ations on the original equation, to satisfy physis of the system. Dragfore on the solid partiles is not only a relation of solid veloity nor �uidveloity alone, but it is a relation of relative veloity (vw − vs) in our system(Gibson et al., 1967). Therefore, modi�ed equation by Gersevanov (1934) isused;
n(vf − vs) =

k

ρf

∂u

∂ξ
(3.30)where k is the oe�ient of permeability,and u is exess pore pressure of �uid.3.3.2.3 Final formulationThere are some assumptions assoiated with �nite strain equation of onsoli-dation by (Gibson et al., 1967);(a) The system of soil is homogeneous.(b) Both �uid and solid are inompressible.() Hydrauli ondutivity and e�etive stress are only funtion of void ratio.
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As disussed earlier, the relationships between e�etive stress-pore �uid pres-sure and exess pore pressure-pore �uid pressure are;
σ = σ′ + uf (3.31)
u = uf − us (3.32)where u is exess pore �uid pressure,

uf is pore �uid pressure,and us is stati pressure.Therefore, the gradient of exess pore pressure is
∂u

∂ξ
=

∂uf

∂ξ
− ρf (3.33)by substituting equation 4.6 into 3.30:

n(vf − vs) =
k

ρf
(
∂uf

∂ξ
− ρf ) (3.34)and hange it to Redued oordinates

[

e(vf − vs)

k (1 + e)
+ 1

]

(1 + e) +
1

ρf

∂uf

∂z
= 0 (3.35)By onsidering the assumptions and ombining the equations 3.24, 3.25, and3.35, the governing equation for one-dimensional onsolidation of soil resultsin

±

(

ρs

ρf
− 1

)

d

de

[

k (e)

1 + e

]

∂e

∂z
+

∂

∂z
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k (e)

ρf (1 + e)

∂σ′

∂e

∂e

∂z

]

+
∂e

∂t
= 0 (3.36)44



The �rst term in equation 3.36 represents e�et of self-weight onsolidation.Been (1980) showed that this equation redues to Kynh's theory of sedimen-tation by setting e�etive stress to zero. Equation 3.36 is highly nonlinear,and it is appliable for settlement of saturated MFT. Numerial solution forequation 3.36 is disussed in following hapter.This work fouses on simulation of onsolidation for both saturated and unsat-urated (gassy) MFT. Gas bubbles are generated by miroorganisms throughproess of bio-densi�ation in MFT. These gas bubbles stay in MFT and makeit unsaturated slurry. In following part, equation of onsolidation for unsatu-rated soil is disussed.
3.4 Consolidation of unsaturated slurryAs disussed earlier, gas bubbles are produed by bateria in biologial-ativatedtailings, and the proess of onsolidation is alled bio-densi�ation. Settlementof gassy slurries is studied in this setion to understand e�ets of gas produ-tion in parameters of onsolidation.Understanding settling behaviour of unsaturated slurry is always an issue forsoil engineers due to the ompressibility of undissolved gas in the system.There are three main soures of gas generation in slurries that are desribedby Wihman (1999);a) Biogeni gas, whih is produed by bio-degradation of organi matters.b) Thermogeni gas, whih is produed by thermal raking of omplex organiomponents.) Volanogeni gas, whih is produed by geothermal ativities happening in45



the submarine formation.Among these soures of gas generation, bio-degradation of organi matters isthe dominant soure for presene of gas bubbles in oil sands tailings. Undis-solved biogeni gas bubbles are onneting and result in trapped gas voids inthe tailing. These gas voids are mostly methane and arbon dioxide.Aording to Wihman (1999), there are di�erent forms of gas bubbles in theslurry depending on the gas ontent. (a) Inter-onneted voids (b) disretelarge bubbles with solid-gas and water-gas interfaes () small spheres whihare ompletely surrounded by water in the void (d) dissolved gas in pore water.

Figure 3.8: Di�erent forms of gas in the unsaturated system (adapted fromWihman (1999))
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3.4.1 Review of studies on unsaturated sedimentsExtensive studies have been done on harateristis of gassy (unsaturated)soil by Nageswaran (1983), Thomas (1987), Wheeler (1986), Wihman (1999),and Sills and Gonzalez (2001). Most of the urrent researhes are fousing ondeveloping a omprehensive model for gassy soils.Researh on the onsolidation behaviour of unsaturated soil started at Ox-ford in 1978 by Dr. Sills and her researh group. They onduted a series of�eld experiments on measurement of pore water pressure in di�erent loationsin saturated and unsaturated soils. They observed that any inrease in hy-drostati pressure auses equal inrease in pore water pressure for saturatedsediment; however exerted pressure di�ered from �nal inrement in pore wa-ter pressure for unsaturated ase. They onluded that the ompressibility ofpore gas auses this redution in total stress. Their results demonstrated theimportane of gas bubbles in geotehnial properties of soil.Nageswaran (1983) studied e�ets of gas bubbles in sediments by developinga tehnique to prepare soil samples with uniform and repeatable distributionof gas bubbles, �zeolite moleular sieve tehnique� . He applied zeolite powderand methane to simulate the ondition in gassy soils. Zeolite onsists of inter-onneting pores, and has strong a�nity for absorbing polar moleules suhas water in its pores. Absorbed water an be driven o� from pores by heatingwithout hanging rystalline shape due to the speial harateristi of zeolite.He used the following proedure to prepare gassy soil; Water was dried outfrom zeolite pores by heating. Then, zeolite was pressurized by methane, and�nal powder was mixed with soil slurry. Methane gradually replaed by waterand was released in soil. As a result, gas voids rose through the soil medium.47



The advantages of this method are repeatability and uniformity of onditions.However, the rate of gas prodution at initial stages is more than rate of selfweight onsolidation in synthesized gassy soil, whih di�ers from the naturalgassy soil.To overome this problem, Sills and Gonzalez (2001) onduted a series ofexperiments to investigate properties of gassy soil. They inreased temperaturein the sample to fasten the ativity of methanogens, and as a result, inreasedrate of gas prodution and redued required time for experiment. Nageswaranalso developed an oedometer to measure some properties for gassy soil suhas stress and pore-water pressure. The results from oedometer showed thatsoil with higher initial gas ontent has higher initial rate of settlement. Also,higher gas ontent auses lower pore-water pressure inrement by inreasein applied stress. He proposed that the ompressible pore �uid auses thedi�erene between inrement in total stress and pore water pressure in gassysoil. He also studied permeability of �uid through soil by gas ontent andsuggested that for slurry with saturation (volume of water/volume of void)of 85% or more, gas bubbles do not a�et the permeability. Beause thereare only small bubbles at this rate of saturation that are arried by water;however for saturation lower than 85%, bubbles are interonneted and theirpermeability beome larger than water permeability.In addition to his experimental e�orts, Nageswaran developed a theoretialmodel based on the Gibson et al. (1967) theory for saturated soil. He assumedwater and gas as a ompressible and homogeneous pore �uid in the slurry. Hismodel mathed the experimental observations for initial onsolidation, howeverfailed to predit onsolidation behaviour lose to the end of the proess.Wheeler (1986) studied undrained shear strength of gassy sediment by a series48



of experiments on gassy samples that were prepared by zeolite moleular sievetehnique. He also tried to �nd mathematial formulation for all his exper-imental results. He onsidered solid and water as saturated soil matrix thatsurrounds gas voids. He assumed soil as elasti medium and used mathemati-al formulation for elasti behaviour of omposite material onsisting spherialinlusions derived by Hill (1965) to present shear strength of gassy soil.Thomas (1987) studied the onsolidation proess of eah phases in a gassy soiland tried to obtain relationship between the soil properties, suh as stress andpore-water pressure. He used the zeolite moleular sieve tehnique to preparegassy samples. He also modi�ed the oedometer for gassy samples that wasinitially developed by Nageswaran (1983).Wihman (1999) developed a �nite strain onsolidation model based on Gibsonet al. (1967)'s theory. He onsidered stagnant gas bubbles in the system.Aording to his experimental observations, rate of onsolidation was dereasedby presene of these gas bubbles. He proposed two mehanisms for redutionin rate of onsolidation in this system; redution in spei� gravity of soilskeleton beause of gas bubbles, and inrease in the length of drainage pathfor water for onsolidation. Wihman's theory is used in this work to studye�ets of stagnant gas voids in unsaturated MFT.3.4.1.1 Consolidation parameters in unsaturated systemPresene of gas bubbles hanges di�erent geotehnial parameters in soil sys-tem inluding onsolidation parameters. Aording to Terzaghi (1936) de�ni-tion, e�etive stress is de�ned as di�erene between total stress and pore-waterpressure. However, this de�nition is only appliable for inompressible soil.Gas bubbles present in pore �uid make �uid ompressible and ause volume49



hange during water drainage. Therefore, in presene of gas bubbles, the dif-ferene between total stress and pore-water pressure is alled �operative stress�instead of e�etive stress. Bishop (1959) presented a modi�ation of Terzaghi's equation for e�etive stress in unsaturated system.
σ′ = (σ − ua) + κ(ua − uw) (3.37)where κ only depends on degree of saturation, Sr (volume of water/volume ofvoid), and ua is pore-gas pressure.The value of parameter κ is de�ned by degree of saturation, Sr;
κ = 1 s = 100% (3.38)
κ = 0 s = 0% (3.39)Bishop (1959) onduted a series of experiments to validate equation 3.37, andmeasured values of κ for samples with di�erent saturation degree.Sills et al. (1991) de�ned new operative stress as σop = σ−u for large gasbubbles in the sediment. They proposed that the operative stress is only afuntion of water void ratio in unsaturated soil and it does not depend ongas ontent of sample. They onduted a series of experiments by preparingsamples with di�erent gas ontents, measured operative stress, and onludedthat operative stress is only a funtion of water void ratio for soils with large(ompared to the soil partiles) gas bubbles. Wihman applied this onept inhis theory of onsolidation for gassy system.
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3.4.1.2 Finite strain theory for unsaturated systemThese modi�ations for unsaturated soil are only appliable for gas bubblestrapped in system and does not inlude gas movement in the soil. Gas bubblesremain in the system when gas ontent is below a ritial value whih dependson harateristis of soil. Modi�ations are based on Wihman (1999) study.He divided unsaturated soil to two parts; ompressible (gas voids) and in-ompressible (saturated soil). He desribed behaviour of gassy soil under anexternal fore as following; Pore �uid in the system annot be released in ashort time after ating the fore. Therefore, �uid void ratio remains onstant,
ef =

Vf

Vs
. However, gas bubbles are ompressed by this external fore. As aresult, degree of saturation inreases, and total void ratio will derease whihindiates cf = Sre is onstant in the system. Sr is degree of saturation andis de�ned as Vf

Vvoid
. As pore �uid does not �ow out of the system, inrease intotal stress diretly onverts to exess pore pressure in �uid. Hene, operativestress σop = σ − uf and �uid void ratio remain onstant. Wihman onludedthat the operative stress whih ats in unsaturated soil is similar to e�etivestress in saturated soil, and it is only ontrolled by �uid void ratio. Fluid voidratio is de�ned in terms of degree of saturation and porosity as ef = Srn

1−n
.Wihman (1999) modi�ed one dimensional �nite strain onsolidation of satu-rated soil by Gibson et al. (1967) aording to following onepts. Throughproess of onsolidation, water �ows out of solid struture, and released wateraumulates on top of sediment. As gas voids are onneted to solid skele-ton, gas voids are ompressed when solid partiles settle down (Figure 3.9).Inrease in gas pressure due to ompression auses dissolution of gas in porewater aording to Henry's law. Solid interfae hanges with time due toompression, dissolution of gas voids, and water removal.51



Therefore, it is formulated based on Redued oordinate as
z(ξ, t) =

ξ�
0

dξ′

(1 + ef(ξ′, t) + eg(ξ′, t))
(3.40)where ξ is Convetive oordinate, eg is gas void ratio ( Gas V olume

SolidV olume
), and z isRedued oordinate.
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Figure 3.9: Consolidation of gassy soil (relation of Convetive and Reduedoordinates) modi�ed from Wihman (1999)Total stress and �ow disharge are de�ned in terms of void ratio and height toderive �nal governing equation. Total stress at point z is summation of threeterms; weight of solid and water on that point, free water, and load.
σ =

zmax�
z

(γs + ef(z
′, t)γf)dz

′ + γf(hwater − ξmax(zmax, t)) + load (3.41)where zmax is total solid height.The �uid disharge is de�ned as hange in volume of pore �uid in the system
q = −

z�
0

∂

∂t
ef (z

′, t)dz′ (3.42)52



Bottom is impervious thus there is not any disharge from the bottom.For the saturated part of soil Dary's equation for movement of pore �uid insoil skeleton is used;
q = −

k

γf

∂u

∂ξ
(3.43)By substituting ∂u

∂ξ
= ∂

∂ξ
(uw − γf(ξmax − ξ)) and ∂

∂ξ
= 1

(1+ef+eg)
∂
∂z
, Dary'sequation hanges to;

q = −
k

γf

1

(1 + ef (z, t) + eg(z, t))

∂uw

∂z
− k (3.44)where k is oe�ient of permeability, uw is pore-water pressure, and u is exesspore water pressure.Equations 3.40 to 3.44 are used to obtain the �nite strain theory of onsolida-tion for unsaturated system;
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] (3.45)By assuming that the gas voids are uniformly distributed in di�erent heights,i.e. ∂eg
∂z

= 0 , in equation 3.45;
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} (3.46)If we substitute eg = 0 in equation 3.46, it turns into the �nite strain theoryof onsolidation for saturated soil. Finite strain equation of onsolidation for53



gassy system is solved in hapter 5 to predit rate of settlement in unsaturatedMFT.
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Chapter 4
Experimental Observations
Experiments were onduted to investigate e�ets of di�erent parameters in-luding oe�ients of onsolidation, gas prodution, and ion onentration insettling harateristis of MFT. Also, results of these experiments are used toverify developed models. The proedures and results of these experiments aredisussed in this hapter.
4.1 Settling olumns (2 m)Two olumns (Figure 4.1) were installed to investigate settling harateristisof unamended (original) and amended (the one with addition of Canola waste)MFT. Synrude MFT is used to prepare samples of olumns, whih ontains
36% solids, 61% water, and 2.5% bitumen. This MFT was diluted to 25wt%by adding ap water to original sample. To avoid aeration in the sample, waterwas mixed with MFT under N2. Two olumns were �lled with 46L of 25%MFT; one with only MFT (unamended), and the other with MFT mixed byanola (amended). Canola (72.3 g) was mixed with MFT (30L) under N2 to55



prepare amended sample. Final samples were transferred to the olumns andsealed with silion glue. Gas trap was installed on the top of the olumnsto measure volume of released gas from the samples in eah olumn. Early inexperiment, gas bubbles were produed in the amended olumn and released ingas trap. However, there was no evidene of gas release in unamended olumn.

Figure 4.1: 2m olumns at University of Alberta a) Unamended MFT b)Amended MFT (ourtesy to Rozlyn Young)Pore-water pressure is measured in three di�erent ports in olumns for betterunderstanding of their settling harateristis. Results of solid interfae andreleased water for 144 days illustrated in Figures (4.6 and 4.3). In gassy MFT(amended) olumn, solid interfae gradually rose in �rst 55 days of proess dueto aumulation of trapped gas in system. After the initial inrease in height,56



the solid interfae dropped dramatially and substantial volume of water wasreleased. This phenomenon ould be explained by ollapse of gas bubbles dueto inrease in pressure of their surrounding environment. Two hypotheses areproposed to desribe sudden inrease in volume of released water right afterollapse of system. First, gas raks produed by onnetion of gas bubblesreate drainage path for water, and inrease onsolidation rate in gassy MFT.Also, diameter of gas bubbles inreases due to pressure di�erene betweeninside and outside of bubbles that ompress surrounded soil skeleton and a-elerate rate of water release. In unamended MFT, solid settles down slowlywithout any inrease in height. The �nal solid interfae of both samples arealmost the same after 140 days, however there is a big di�erene in volume ofreleased water in these samples. These data are used to verify model preditionfor oe�ients of onsolidation.

Figure 4.2: Solid interfae for both amended and unamended olumns57



Figure 4.3: Released water for both amended and unamended olumnsPore-water pressure is measured in three di�erent ports in amended olumnand results illustrated in Figure 4.4. There is a sudden drop in pore-waterpressure after about 48 days in all ports. This pressure drop happens duringof sediment ollapse. It is observed that MFT onsolidates dramatially andwater is expelled out at the time of ollapse. Due to this dramati hange,pore-water pressure drops down suddenly for few days and rises up again aftersystem stabilized.
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Figure 4.4: Pore-water pressure in three di�erent ports in amended olumn
Port 1

Port 2

Port 3Figure 4.5: Pressure transduers at three di�erent loations
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4.2 Preparation of bitumen-free MFTMFT is a omplex mixture of water, solid and organi matters, whih makesit di�ult to investigate e�ets of individual parameters in its settling rate.Therefore, a synthesized MFT was prepared in laboratory to investigate e�etof ion onentration in rate of onsolidation. The proedure is desribed infollowing parts.4.2.1 Centrifugal method of separationCentrifugal tehnique is used to separate bitumen from MFT. This tehniqueis ommon for fast separation of partiles or �uid from slurries.The settling rate of solid partiles in a gravity �eld is related to di�erentparameters suh as partile size, di�erene between solid and liquid density,and visosity of suspension. Settling of solid partiles in MFT is very slow;therefore entrifugal fore is used to redue the required time for settlement.The settling veloity of partiles under entrifugal fore is alulated aordingto Stokes law.
uc =

(ρp − ρf )

18µ
.rω2 (4.1)Where ρp and ρf are densities of partile and surrounding medium, dp is par-tile diameter, µ is visosity of the suspension, r is distane from enter ofrotation, and ω is the angular veloity. There is a relation between entrifu-gation speed (RPM) and angular veloity:

ω =
2πn

60
(4.2)
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Figure 4.6: The shemati piture of partile settling during entrifugationThe pratial way to measure the settling veloity of partile is to alulate themovement of partile in the bottle. As illustrated in Figure 4.6, the followingequation an desribe partile motion in the bottle:
uc =

dr

dt
(4.3)

uc is veloity under gravitational fore, therefore it is onverted to veloityunder entrifugal fore with
uc = ug

rω2

g
(4.4)where g is aeleration due to gravity and ug is veloity under gravity.Partiles should move to a radius bigger than r2 in Figure 4.2 to settle. Par-tiles on the surfae of liquid will move the longest path, start from r1 to aradius bigger than r2.
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By rearranging and ombining equations 4.3 and 4.4, required time for settlingof partiles is
T�

0

dt =
g

ω2ug

� r1

r2

dr

r
(4.5)

T =
g

ugω2
.ln

r2

r1
(4.6)Where T is the spinning time required for all partiles to move from r1 to r2and settle. By replaing the veloity of partiles from Stokes law in equation4.6, settling time for partiles under entrifugal fore is

T =
18µ

d2 (ρp − ρf )ω2(1− φf )n
.ln

r2

r1
(4.7)where φf is the solid volume onentration, µ visosity of �uid, ρp is the densityof sphere, ρf density of �uid. Equation 4.7 is used to alulate required timefor entrifugation in whih all partiles in MFT settle down.4.2.2 Separation of bitumen from oil sands tailingsTo provide same solid distribution of partiles as MFT, bitumen is removedfrom the sample at initial step. Mature �ne tailings with 25wt% solid ontentis provided by Synrude Canada. Separation proedure onsists of two steps;pre-treatment of MFT and bitumen separation using toluene.Water and toluene are immisible; therefore pore-water in MFT preventstoluene to separate bitumen from slurry. Water should be separated fromslurry prior to bitumen removal. This step is alled pretreatment and to fas-ten proess of separation Sorvall RC-5B Superspeed entrifuge is used. Around62



200 g MFT (25%) is weighted and entrifuged in the 250ml FEP entrifugebottles with Tefzel srew losure. The sample is entrifuged for 2 hours and11 minutes with speed of 6000 RPM. The required settling time is alulatedaording to equation 4.7.After removing pore water from MFT, bitumen is separated from the treatedsample. About 50 g of separated solid is plaed in the 250ml FEP entrifugebottles with Tefzel srew losure, and about 200ml toluene is added to eahbottle. To disperse the solid in toluene, the sample is plaed in a reiproat-ing shaker for 1 hr. One samples are dispersed in toluene, they are plaedin the same entrifuge as previous step for 1 hr and 45min with 6000RPMin 4◦C. After entrifugation, separated bitumen and toluene are disarded.About 200ml toluene is added to the solid for removal of remaining bitumen.This proedure is repeated until all bitumen is removed. Complete removalof bitumen is reognizable by observing lear toluene after entrifuging. Af-ter separation of bitumen, solid partiles are washed and dried for ompleteremoval of toluene. In the next step, organi matter is removed from thetailings.4.2.3 Separation of organi matter from oil sands tailingsThe dried soils are plaed in a 2L beaker, and water is added about 20mlper 10 g of sample. The beaker is plaed in a water bath with the onstanttemperature of 70◦C. Hydrogen peroxide (30%) is added to the beaker (1 ml
gof solid). Due to reation of hydrogen peroxide with organi matters, samplestarts frothing. Aeti aid an be used to stop frothing of sample, one drop ata time. After frothing stopped, more hydrogen peroxide is added to the samplein the same amount as before (1 ml

g
of solid). The end of reation is when the63



froth formation stops in the beaker, this time more hydrogen peroxide is addedto beaker (1 ml
g

of solid) to ensure onsumption of all organi matters. Thebeaker is plaed in the water bath for 3 hr for deomposition of all unusedhydrogen peroxide by heat. The treated sample then is entrifuged for waterseparation. Sample is washed and entrifuged to get olorless supernatant.The solid is dried in oven, and this dried solid has the same lay and �nedistribution of initial MFT. Also, it is free of bitumen and organi matterand simpler to study. The partile size distribution is determined for the �nalsyntheti solids in next part.4.2.4 Partile size distributionPartile size distribution of MFT is an important parameter in predition ofits settling behaviour. To begin the analysis, the partiles are dispersed toavoid partile aggregation in the solution. After dispersion of partiles, thesize distribution of partiles is alulated based on measuring physial hara-teristis of suspended partiles. Around 5 g of synthesized MFT is dispersedin water and its partile size distribution is measured by Malvern Mastersizer2000 . Results are illustrated Figure 4.7.Two main frations are de�ned to desribe distribution of soil partiles: �nepartiles (lay, silts and sands with diameter less than 2mm) and oarse parti-les ( stones with partile size more than 2mm). The �ne partiles are dividedinto three di�erent size frations (lay fration less than 2µm, silt fration be-tween 2 and 20µm , and sand fration 0.02 to 2mm ).
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Figure 4.7: Partile size distribution for syntheti �ne partilesConsolidation of MFT takes a long time, therefore it is ommon to use on-solidation test to predit magnitude of settling rate. In next part, this test isdesribed in detail.
4.3 Consolidation testFinite strain theory is used to predit the settling rate of tailings in the 2molumns as desribed in part (4.1). To solve equation of �nite strain, it isessential to alulate onsolidation parameters inluding ompressibility andpermeability. Compressibility is relationship of e�etive stress with void ratioand permeability orrelates hydrauli ondutivity with void ratio. Consoli-dation parameters are varying for di�erent tailings, and are measured by anapparatus alled onsolidometer. Consolidation tests are performed to esti-mate ompressibility and permeability of on�ned soil material based on largestrain equations by Terzaghi. In alulation of ompressibility, it is more on-65



venient to use e�etive stress as the independent variable and alulate thevoid ratio.There are di�erent proedures for measuring onsolidation parameters. Znidar-i et al. (1984) summarized pratial onsolidation tests that are using thesame form of governing equations as step loading, onstant rate of deforma-tion, ontrolled gradient, onstant rate of loading, ontinuous loading, seepageand relaxation test. These tests are di�erent in initial, boundary onditionsand proedure for alulation of parameters. The step loading test is used inthis projet thus it is desribed in following part.4.3.1 ConsolidometerThe onept of onsolidometer originates from the standard oedometer whihuses step loading proedure. In the step loading test, loads are applied on athin speimen gradually and onsolidation properties are alulated throughthe proess. In �rst step, material onsolidates under its own weight withoutany load. The ompletion of eah step is determined by dissipation of exesspore-water pressure. This test requires several weeks to several months to beompleted, whih ould be onsidered as the main disadvantage of this method.The standard oedometer is only suitable for material with small strain duringonsolidation. However, mature �ne tailing (MFT) is slurry with high ini-tial water ontent and its volume hanges dramatially under onsolidation.Therefore, standard oedometer is not a proper option for measuring onsoli-dation parameters. A modi�ed step-loading apparatus was built at Universityof Alberta, Geotehnial Centre, to overome this problem. Jeeravipoolvarn(2005) desribed the equipment and the test proedure.66



The onept of the equipment is the same as standard oedometer, loads areadded to the sample in eah step aording to the properties of sample inthat stage. Eah step �nishes when the exess pore-water pressure, whih wasprodued due to extra load, dissipates. The hydrauli ondutivity test, formeasuring permeability, is run between two steps.To alulate onsolidation properties of syntheti MFT, two modi�ed oedome-ters are designed based on desription by Jeeravipoolvarn (2005) and built atChemial Engineering Department, University of Alberta (Figure 4.4) .

Figure 4.8: Shemati piture of onsolidometer4.3.2 Hydrauli ondutivity testThere are di�erent methods for measuring hydrauli ondutivity; however fewof them are explained in this work. All methods are divided into two mainategories; diret and indiret.
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4.3.2.1 Indiret methodIn the indiret method, hydrauli ondutivity is determined by applying equa-tions of onsolidation on data generated from onsolidation test. There are dif-ferent tests in this ategory suh as step loading, ontrolled gradient, onstantrate of deformation, and onstant rate of loading test. In the most ommonindiret methods, permeability is determined by inverting Terzaghi's theory.However, the onstant permeability and ompressibility that are assumed inTerzaghi's theory make this method unsuitable for ompressible natural lays(Suthaker, 1995). Therefore, in this study diret method is used for measure-ment of hydrauli ondutivity as the sample is highly ompressible.4.3.2.2 Diret methodIn this method �uid is fored through the speimen and its �ow rate is mea-sured. Based on �ow rate of �uid through sample and hydrauli gradient,hydrauli ondutivity is alulated.Constant and falling head tests Two ommon methods for diret mea-surement of hydrauli ondutivity are onstant head and falling head. In theonstant head test, �uid goes through the sample due to onstant head gradi-ent that is fored on system. Constant head test is more aurate for granularsamples where �ow rate is high. However, for �ne grained soil, falling head testis more proper in whih the gradient is hanging onstantly. In both methods,�ow rate is measured to alulate hydrauli ondutivity.There are some disadvantages assoiated with these methods, whih are dis-ussed by Olsen et al. (1985). One of the main disadvantages is auray68



of measurement. Flow rates in these methods are alulated by measuringhanges in �uid volume. As volume is measured by onventional methods,maximum resolution is in order of 10−3ml. Therefore, for alulating hydrauliondutivity of samples with low permeability, higher gradient is required toenable volume measurement. Inrease in hydrauli gradient hanges e�etivestress, and as a result permeability of sample. Therefore, alulated hydrauliondutivity is not reliable. Another problem with falling test is onstanthanges in gradient whih hanges e�etive stress and permeability of sample.Several modi�ed tests suh as automati head permeameter test and rising tailwater test have been introdued to solve these problems. These tests are allfollowing the same priniple as falling head test but they provide more reliableresults (Daniel, 1989; Tan, 1989).Flow pump test This test �rst was proposed by Olsen et al. (1985) formeasuring permeability of �ne grained soil. In this method, a onstant �owis fored into the sample by a pump. The exerted gradient is alulated bymeasuring pressure with di�erential pressure transduers. Aiban and Znidari(1989) reported that the results of this test are similar to results of onstanthead test under the same test ondition.Restrited �ow test In this method, the total stress is applied to one sideof sample and drainage is allowed only from another side through a restri-tor. Pore-water pressures at two sides are measured, and hydrauli gradientis alulated from pore-water pressure gradient and sample height. One ofthe hallenges of this method is aurate measurement of pore pressure. Atthe beginning of this test, pressures are large and the pressure transduerfor measuring those is not suitable for measuring small di�erenes in pres-69



sure. Di�erential pressure transduer ould be used to overome this problem(Suthaker, 1995).Seepage test In this test, �ow is fored through the sample by appliationof onstant head and pore pressure distribution is measured through the sam-ple. The test ontinues until pore pressure distribution reahes a steady stateondition. After ompletion of test, sample is slied for alulating void ratiodistribution. Hydrauli gradient is alulated from pore-water distribution,and void ratio-permeability relation is obtained with measuring �ow rate andvoid ratio distribution.The ombination of step loading onsolidometer with onstant head perme-ability test is used for measuring onsolidation parameters of saturated slurryin this study. As we are dealing with unsaturated MFT, onsolidometer forgassy slurry is disussed in following part.4.3.3 Consolidometer for gassy slurryTo solve the equation of onsolidation for gassy soil, alulation of onsolida-tion parameters is essential. However, the regular oedometer annot be usedfor gassy soil. Nageswaran (1983) developed a speial oedometer, whih al-lowed the onsolidation of gassy system. The �rst set-up was developed atOxford University with following apabilities;a) Measuring oe�ient of onsolidation, e�etive stress, and pore-water pres-sure for very soft gassy soil.b) Separation of free gas from drained pore �uid.
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) Measuring total vertial stress on soil sample and pore-water pressure onundrained side.d) Measuring volume of eah phase (solid, gas, water) during onsolidationproess.In the test, load inreases instantaneously with the onstant rate up to amaximum value. The equipment allows the measurement of total volume ofsample, volume of water draining from the sample, and as a result hanges ofgas volume in sample. The load was exerted by hydraulially ativated pistonapplied on the top of piston. Drainage of gas and water during onsolidationare only through the top part where gas and water are separated. The impor-tant parameters suh as vertial total stress, pore-water pressure at the topand bottom of ell are reorded.To desribe the stress-strain behaviour of saturated soil, e�etive stress shouldbe related to void ratio. However, in the gassy soil the di�erene between totalstress and pore-water pressure is alled operative stress (Sills and Gonzalez,2001). Therefore, stress-strain behaviour of gassy slurry is determined byoperative stress and water void ratio. This relationship is equated in followingform (Wihman, 1999)
σop(ef ) = σ0exp(m1 +m2ef ) (4.8)where ef is �uid void ratio, and m1 and m2 are onstant parameters and arehanging for di�erent soil samples.Permeability of gassy soil is alulated from measuring the pore water dis-harge, pressure gradient and use of Dary's law. In gassy slurry, permeabilityand void ratio are related in the form of (Wihman, 1999)71



k(ef ) = k0exp(m3 +m4ef ) (4.9)The equation of permeability and operative stress are substituted into equationof onsolidation for gassy soil to alulate the rate of settlement. This equationis solved in hapter 5 to predit settling rate of onsolidation for gassy slurry.In the next part, sample preparation and test proedure for alulating oef-�ients of onsolidation are explained.
4.4 E�ets of hemial ions in rate of settlementIt is proposed that hanges in hemial ion onentration due to mirobialativity is one the main reasons for inreased rate of onsolidation in amendedMFT. Experimental results for ion onentration in amended and unamendedMFT showed dramati di�erene in onentration of biarbonate (HCO−

3 ) andarbonate (CO−2
3 ) ions in these two samples. Therefore, e�et of biarbonatein settling harateristis of slurry is investigated in this study.E�ets of biarbonate anions are studied in synthesized MFT to avoid the om-plexity of original MFT. As desribed earlier (part 4.2), bitumen and organimatters are separated from MFT. Two series of experiments are onduted;measurement of onsolidation parameters and measurement of settling har-ateristis of synthesized MFT. These studies are explained in following parts.
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4.4.1 Consolidation test on syntheti MFT4.4.1.1 Sample preparationTwo samples are prepared with di�erent onentration of biarbonate ion. A-ording to hemial analysis of amended and unamended olumns, onentra-tion of biarbonate inreases from ∼ 900 ppm to ∼ 1800 ppm due to mirobialativity. Therefore, two slurries are prepared with onentration of 900 ppmand 1800 ppm of HCO−

3 .Nanopure water is mixed with synthesized �ne partiles to prepare slurry with
25wt% solid ontent. Sodium biarbonate is seleted to ontrol onentrationof biarbonate ions in samples and is added to samples to make the two slurrieswith desirable onentrations.Samples are transferred to the onsolidometer for measurement of onsolida-tion parameters. Two onsolidometers (Figure 4.9) made in Chemial Engi-neering Department at University of Alberta to measure onsolidation param-eters of samples.

Figure 4.9: Consolidometer and hydrauli ondutivity measurement setup
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4.4.1.2 Test proedureThe following steps desribe the proedure as used in this study (based onproedure by Jeeravipoolvarn (2005)) ;1. Prepare sample for the test as explained in sample preparation part. Volumeof sample depends on the size of equipment espeially to its diameter. TheASTM (2004) suggests that diameter of equipment should be at least two timeslarger than height of sample.2. Set up the equipment as shown in Figure 4.4 and �ll it with the same waterin your sample and let base and permeability tube be saturated with water.The outlet tubes should be at the same height as outlet valves.3. Put one �lter paper at the base of equipment and lose outlet valve. Makesure that the bottom plate is ompletely sealed. Fill the ell with the sample.4. Put another �lter paper on top of sample and lose top of the ell withthe ap. Measure the initial height of sample and reord the initial pore-waterpressure as measured by a pressure transduer at the bottom of ell.5. Let the sample self onsolidate under its own weight. Monitor the height ofsample and pore-water pressure at the bottom regularly and reord the data.6. Let the sample settle ompletely. Completion of settlement ould be un-derstood by dissipation of exess pore-water pressure and observation of solidinterfae. Exess pore-water pressure beomes zero and dissipates when mea-sured pore water pressure is equal to hydrostati pressure. Also, at the end ofsettlement, solid interfae beomes onstant with time.7. Reord the �nal interfae of solid and pore-water pressure after ompletionof settlement. Calulate settling stress in the middle of sample based on voidratio at the end of settling proess. 74



8. Condut the hydrauli ondutivity test after ompletion of settling in eahstep. The test is explained in next part.9. Calulate the amount of weight required for settling of sample in next stepbased on alulated stress in step 7. Take o� the ap and put the piston ontop of sample. This step should be performed arefully and slowly to preventagitation of sample. Then, onnet the LVDT to the piston rod to measuresolid interfae preisely. Measure the weight of piston and LDVT bar andsubtrat them from the required load for settlement of sample. Put load onpiston to provide the required weight for settlement. Let the sample settle andmonitor the height and pore-water pressure as explained in step 5.10. Condut hydrauli ondutivity test with onstant head after ompletionof settlement (look at hydrauli ondutivity test for more detail).11. Measure the stress in the middle of sample. Put extra loads on top ofsample to double the stress in the middle. After eah step, run hydrauli on-dutivity test and reord all data suh as solid interfae, pore-water pressure,and stresses.12. Repeat steps 10 and 11. The �nal load for the test is determined basedon nature of sample in ell. Jeeravipoolvarn applied up 1000 kPa on MFTsample to measure onsolidation parameters.13. After loading is �nished, unload sample by taking out loads one at a timeand redue stress from �nal stress to initial stress. At the end of unloading,remove sample layer by layer to alulate water ontent and void ratio in eahlayer.
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4.4.1.3 Hydrauli ondutivity testAording to properties of sample, onstant head test was seleted to alulatehydrauli ondutivity of samples in this study. Small hydrauli gradient isapplied on sample and water �ow rate through the sample is measured. Asillustrated in Figure 4.9, apparatus is built of a long permeable tube with
ID = 7mm whih is onneted to onsolidometer with hose. A holder is usedto keep the tube at onstant height and provide onstant head for water to gothrough sample in the ell. The test proedure is explained in following steps;1. Flush the tube and hose with the �uid that is used in sample preparation.2. The inlet �ow valve should be losed after �lling hose and tube with �uid.3. Open the out �ow valve in the middle of the ell and put a beaker to olletout�ow �uid.4. Adjust the tube holder in the height in whih fored �uid to �ow throughthe sample without agitation.5. Open the in�ow valve for �uid and start your stopwath. Measure the �owrate of �uid as it goes through the sample and alulate hydrauli ondutivitybased on Dary's equation.6. Continue the test until the measured hydrauli ondutivity is stable.7. Close the in�ow valve, and reord the �nal hydrauli ondutivity.This test as desribed in onsolidometer test should be run after ompletionof eah step.To alulate onsolidation rate of partiles in slurry, it is essential to �ndstress-void ratio and permeability-void ratio relationships for sample. Somo-gyi (Winnipeg 1980) assumed that there is a power law relationship between76



e�etive stress-void ratio and permeability-void ratio for saturated soil;
e = Aσ′B (4.10)
k = CeD (4.11)where e is void ratio, σ′ is e�etive stress, k is oe�ient of permeability,and A, B, C, D are onstant parameters. These onstant parameters arehanging for di�erent soil samples, and are measured based on onsolidationand permeability tests. These parameters are substituted in hapter 5 andequation of onsolidation is solved for saturated MFT.4.4.2 Settling olumns (2 L)As explained earlier, onentration of hemial ions hanges during bio-densi�ationof tailings. To study e�et of ion onentration in settling behaviour of bio-ativated tailings, four samples are prepared. Solid part of sample is preparedaording to proedure in part (4.3) and has the same partile distribution asoriginal MFT. Slurries with 25wt% solid ontent and biarbonate ion onen-tration of 0 ppm, 500 ppm, 1000 ppm, and 2000 ppm are prepared (Figure 4.10).Nanopure water, solid and sodium biarbonate are mixed in order to ahievethese anion onentrations. These samples are plaed in graduated ylindersto settle.
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Figure 4.10: Settling olumns with di�erent sodium biarbonate onentration(initial ondition)Solid interfae in all ylinders are measured every day and results are shownin Figure 4.11. Settlement of solid in ylinder without biarbonate ion wasnegligible after 15 days; however, solid interfae dropped up to 3 cm for samplewith 2000 ppm ion onentration. There is substantial di�erenes betweenvolume of released water in these olumns as shown in Figures (4.10 and 4.13).

78



Figure 4.11: Released water for 2 L settling olumns

Figure 4.12: Settling olumns with di�erent sodium biarbonate onentration(after 10 days)Samples are ompared from lose shot in Figures (4.13 and 4.14) after 10 days.79



Figure 4.13: Settling olumns (without and with 500 ppm NaHCo3) after 10days

Figure 4.14: Settling olumns (1000 ppm and 2000 ppm NaHCo3) after 10days 80



Struture of two samples (0 ppm and 2000 ppm) are examined by SEM testto investigate e�et of biarbonate anion on struture of slurry (Figures 4.15to 4.20). As illustrated in SEM pitures, in sample with biarbonates solidpartiles are well strutured while they have a loose struture in absene ofbiarbonates. Tang (1997) studied e�et of biarbonate on struture of MFT,and proposed that biarbonate anions and pH are two main fators that ausedispersed (ard-house) struture of MFT. She onduted a series of experi-ments and onluded that MFT with pH values between 8 and 10 has ard-house struture. It should be noted that HCO−

3 onverts to H2CO3 at pHlower than 8 and to CO−2
3 at pH higher than 10 and it has the highest on-entration at pH values between 8 and 10. Therefore, as she pointed out,the dispersed nature of MFT ould be attributed to pH or onentration of

HCO−

3 . However, in her study, the main fator has not been distinguished.In this study, pH values of samples are in the range of 8 to 9. It has beenobserved that inrease in onentration of biarbonate fasten rate of settlementand organizes the struture of sample. Based on these evidenes, pH ould bethe main reason for ard-house struture of MFT not biarbonate.In next hapter, equations of onsolidation for both saturated and unsaturatedMFT are solved and model preditions are ompared to experimental results.
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Figure 4.15: Struture of syntheti �nes without NaHCo3 (500x)

Figure 4.16: Struture of syntheti �nes with 2000 ppm NaHCo3(500x)
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Figure 4.17: Struture of syntheti �nes without NaHCo3 (1000x)

Figure 4.18: Struture of syntheti �nes with 2000 ppm NaHCo3(1000x)
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Figure 4.19: Struture of syntheti �nes without NaHCo3 (3500x)

Figure 4.20: Struture of syntheti �nes with 2000 ppm NaHCo3(3500x)
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Chapter 5
Modeling Results
5.1 Numerial methodsAnalysis of a problem means to solve it through equations, but numerialanalysis is referred to solve problems by using arithmeti proedures suh as;addition, subtration, multipliation, division. Analytial methods for solvingequations are not appliable when; the partial di�erential equation (PDE) isnot linear and annot be linearized, the boundary onditions are mixed ortime-dependent, and the medium is inhomogeneous.5.1.1 Steps in solving the problemsGerald and Wheatley (1915) mentioned four general steps whih are essentialto follow for solving a sienti� or an engineering problem.1. Understand the problem learly and simplify assumptions.2. Desribe the problem with di�erential equations that ould be solved bynumerial methods. Determine boundary and initial onditions85



3. Solve the equations, and �nd numerial answers.4. Interpret the results of equations.5.1.2 Finite Di�erene MethodFinite Di�erene Method (FDM) is based on approximating the di�erentialoperator by replaing the derivatives in the equation using di�erential quo-tients. The FDM analysis involves following steps: Generating a grid; Re-plaing derivatives in equation with �nite di�erene shemes; Assembling thematrix of oe�ients; and Solving the algebrai equations. In next setion,important shemes of FDM are disussed.5.1.2.1 Euler's methodThis method utilizes the de�nition of derivative to simplify the equations.Therefore, the term du
dt

in the equations de�nes as
u(t+ h)− u(t)

h
≈

du

dt
(5.1)where h is not zero but really small.Independent parameters should be disretized by

x0 < x1 < ... < xn−1 < xN (5.2)
h = step size = x1 − x0 (5.3)
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There is a dependent parameter for eah independent parameter as
y0, y1, ..., yN (5.4)All derivatives and parameters are substituted aording to their mesh values.Initial and boundary values are known, therefore values for next points indomain are alulated based on previous points. By this way, all values indomain are alulated.Euler's method is divided into three ategories based on de�nition of deriva-tives: forward Euler, bakward Euler (or impliit Euler), and trapezoidal.For instane, derivatives are replaed based on following equation in forwardEuler

f ′(x0) ≈
f(x0 +△x)− f(x0)

△x
(5.5)and in bakward Euler this equation is

f ′(x0) ≈
f(x0)− f(x0 −△x)

△x
(5.6)and in entral

f ′(x0) ≈
f(x0 +△x)− f(x0 −△x)

2△x
(5.7)These equations are alulated based on Taylor's series (Gerald and Wheatley,1915).
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5.2 Solution to �nite strain equationAs explained in part 3.3, one-dimensional onsolidation equation for saturatedsoil is
±

(

ρs

ρf
− 1

)

d

de

[

k (e)

1 + e

]

∂e

∂z
+

∂

∂z

[

k (e)

ρf(1 + e)

∂σ′

∂e

∂e

∂z

]

+
∂e

∂t
= 0 (5.8)whih is highly non-linear. In this part, numerial solution for this equationis disussed.5.2.1 Linearized �nite strain equationTo overome the di�ulty of solving a nonlinear equation, Gibson et al. (1989)ame up with �nite strain oe�ient of onsolidation. They desribed thisoe�ient as

g(e) = −
k(e)

ρf

1

1 + e

dσ′

de
(5.9)They found out that g(e) is muh less sensitive to hanges of void ratio thanindividual parameters in the funtion. Therefore, they suggested that g(e)an be onsidered as onstant parameter in equation of onsolidation. By thisassumption, equation 5.8 hanges to

∂2e

∂z2
± (ρs − ρf)

d

de

[

de

dσ′

]

∂e

∂z
=

1

g

∂e

∂t
(5.10)However, the equation 5.8 is still nonlinear, and needs some more modi�a-tions. Gibson et al. (1989) desribed a new parameter λ(e) as

λ(e) = −
d

de

(

de

dσ′

) (5.11)88



They assumed λ as a onstant parameter, and derived the relation betweenvoid ratio and e�etive stress as
e = (e00 − e∞)exp(−λσ′) + e∞ (5.12)where e00 is void ratio at the beginning of onsolidation,and e∞ is void ratio at the end of onsolidation.Through these assumptions, they onverted one dimensional onsolidationequation of homogeneous soil to
∂2e

∂z2
± λ (ρs − ρf )

∂e

∂z
=

1

g

∂e

∂t
(5.13)whih is linear , and easy to solve.

Figure 5.1: Homogeneous lay layer (modi�ed from Gibson et al. (1989))It is essential to de�ne boundary and initial onditions in order to solve equa-tion 5.13. Consider a layer of saturated soil with impervious bottom andprevious upper layer, whih onsolidates under its own weight and external89



stress q′0 (Figure 5.1). For this soil layer, boundary onditions are;Initial ondition
σ′(z, 0) = q′0 + (ρs − ρf )z (5.14)By ombination of equations 5.12 and 5.14, void ratio at t = 0 is

e(z, 0) = (e00 − e∞)exp(−λ[q′0 + (ρs − ρf )]) + e∞ (5.15)Upper boundary ondition
e(0, t) = (e00 − e∞)exp(−λ[q′0 + ρfH ]) + e∞ (5.16)where H is height of released water on top of soil layer.Lower boundary ondition (impervious boundary)

vs = vf (5.17)and by substituting 5.17 into equation 3.35 and subtrating from 3.24, lowerboundary ondition is
∂e

∂z
+ (ρs − ρf )

de

dσ′
= 0 (5.18)Gibson et al. (1989) applied expliit �nite di�erene method to solve this equa-tion for thik, loaded, homogeneous lay layers. They ompared �nal resultswith onventional onsolidation theories (Terzaghi's) and onluded that on-ventional theory overestimates time of onsolidation but underestimates ex-ess pore-water pressure at eah time. However, they aknowledged that �nitestrain oe�ient of onsolidation is not onstant during onsolidation, andtherefore their initial assumption is questionable.90



5.2.2 Non-linear �nite strain onsolidationThe approah by Somogyi is used to solve governing equation of onsolidationin this study.5.2.2.1 The approah by SomogyiSomogyi (1980) reformed the governing equation of onsolidation by Koppula(1970) and presented it in terms of pore-water pressure instead of void ratio;
∂

∂z

[

−
k

(1 + e) γf

∂u

∂z

]

+
de

dσ′

∂σ′

∂t
= 0 (5.19)Based on equation 3.31, time dependent equation for e�etive stress is

∂σ′

∂t
= (G− 1) γf

d(△z)

dσ′
−

∂u

∂t
(5.20)where G is relative density of solid ( ρs

ρf
),and △z is redue oordinate di�erene between surfae and any point in thesystem.By substituting equation 5.20 in equation 5.19, new governing equation isde�ned by Somogyi (Winnipeg 1980) in term of exess pore-water pressure

∂

∂z

[

−
k

(1 + e) γf

∂u

∂z

]

+
de

dσ′

{

(G− 1) γf
d(△z)

dσ′
−

∂u

∂t

}

= 0 (5.21)
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Also he assumed that there is a power law relationship for e�etive stress-voidratio and permeability-void ratio
e = Aσ′B (5.22)
k = CeD (5.23)where A, B, C andD are onstant parameters and determined by onsolidationtest as explained in part (4.4).By substituting equations of ompressibility and permeability (5.22 and 5.23)in equation 5.21, �nite strain equation of onsolidation is

∂u

∂t
+

σ′B

α

(

k

1 + e

)

∂2u

∂z2
+

σ′B

α

∂
(

k
1+e

)

∂z

∂u

∂z
= γb

d (△z)

dt
(5.24)

α = ABγw (5.25)
β = 1− B (5.26)
γb = γs − γf (5.27)where γ is spei� gravity.Impliit �nite di�erene method is used to ensure stability of solution forequation 5.24. Term (d(△z)

dt
) de�nes aumulation in the system. There is notany insert �ow for the system in this study, this term is negligible.After breaking down the derivatives to the �nite di�erene terms and substi-
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tuting required parameters, �nite strain equation onverts to
u (i, j + 1)− u (i, j)

△t
+
σ(i, j)′B

α

{

u (i+ 1, j + 1)− 2u (i, j + 1)− u(i− 1, j + 1)

△z2

}

(
k(i, j)

1 + e(i, j)
) +

σ(i, j)′B

α

1

4△z2

(

k(i+ 1, j)

1 + e(i+ 1, j)
−

k(i− 1, j)

1 + e(i− 1, j)

)

[u(i+ 1, j + 1)− u(i− 1, j + 1)] = γb
d (△z)

dt (5.28)Following parameters are de�ned in equation 5.28 to redue number of param-eters and avoid onfusion
(u(i, j + 1)− u(i, j)) + EijKijδ (u (i+ 1, j + 1))− 2EijδKiju(i, j + 1)

+ u(i− 1, j + 1)) + EijLijδ(u(i+ 1, j + 1)− u(i− 1, j + 1)) = 0 (5.29)where
Eij =

σ′

ij

α
(5.30)

Kij =
kij

1 + eij
(5.31)

Lij =
1

4

(

k(i+ 1, j)

1 + e(i+ 1, j)
−

k(i− 1, j)

1 + e(i− 1, j)

) (5.32)
δ =

△t

△z2
(5.33)By rearranging equation 5.29, pore-water pressure at point i and at time j isde�ned as

u(i, j) = Eijδ (Kij + Lij) u(i+ 1, j + 1) + (1− 2EijδKij)(u(i, j + 1))

+ Eijδ (Kij − Lij) u (i− 1, j + 1)93



Boundary onditionsLower boundary Lower boundary is impervious
∂u

∂z
|z=0 = 0 (5.34)It is onverted to �nite di�erene form

ui+1 − ui−1 = 0 (5.35)and in by substituting it in the main equation, it results;
2EijδKijui+1,j + (1− 2EijδKij)ui,j+1 = ui,j (5.36)Upper Boundary Exess pore-water pressure is assumed zero in upperboundary due to its onnetion to released water

ui+1,j+1 = 0 (5.37)Initial Condition Initial void ratio is alulated aording to known initialsolid ontent, Sin, by following equation
e0 = G

(

1− Sin

Sin

) (5.38)
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Based on initial void ratio and equations of ompressibility and permeability,initial e�etive stress and permeability are
σ′

0 =
(e0

A

)
1

B (5.39)
k0 = CeD0 (5.40)The �nal equation is aording to the Redued oordinate z, whih relatesheight of sample to volume of solid. To onvert the height of sample to Reduedoordinate, following equation is used.
z =

H

1 + e0
(5.41)To solve the equations, matrix of oe�ients and onstants are assembled (ihanges from 1 to n− 1, and j from 0 to N ). Exess pore-water pressures arealulated;



















1− 2E1δK1 2E1δK1 ... 0

E2δ (K2 − L2) 1− 2E2δK2 E2δ (K2 − L2) ...

... ... ... ...

0 ... En−1δ (Kn−1 − Ln−1) 1− 2En−1δKn−1





































u1,j+1

u2,j+1

...

un−1,j+1



















=



















u1,j

u2,j

...

un−1,j



















(5.42)
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A MATLAB program has been developed to solve the set of equations inequation 5.42. E�etive stresses in di�erent loations and time are alulatedby use of alulated exess pore-water pressure and the following equation;
σ′(z) = σ′

0 + σb(z)− u(z) (5.43)
σb(z) = γb(△z) (5.44)where γb = γw(G− 1),E�etive stress in terms of height h is

σb(z) =
γs − γw

1 + e
(htop − h) (5.45)New void ratio is alulated aording to equations of ompressibility (e�e-tive stress-void ratio) and permeability (hydrauli ondutivity-void ratio) andalulated e�etive stress. Height of slurry is obtained aording to new voidratio and the following equation;

h =

� H

0

(1 + e)dz (5.46)Also, a model is developed in COMSOL Multiphysis to solve governing equa-tion of onsolidation, whih is desribed in the next setion.5.2.3 COMSOL theoretial bakgroundCOMSOL Multiphysis is a ommerial software to solve partial di�erentialequations based on �nite element methods. The �nite element method is anumerial tehnique in whih solution is approximated by a shape funtion96



in eah grid. In this method, the equation is multiplied by a shape funtionand integrated over the domain. Transformed equation is alled weak formwhih is basis of solver in COMSOL. The mathematial weak form gives om-plete �exibility in de�ning �nite element problems. In this setion, theoretialbakground for deriving the weak form in this software is desribed brie�y.Deriving the weak form Consider the following equation whih is a twodimensional (2D) PDE for a single dependent variable, u.
∇.Γ = F in Ω (5.47)

Γ = gD on ∂ΩD ∇Γ.n = gN on ∂ΩN (5.48)In order to �nd a unique solution for the equation 5.47, boundary onditions areneeded in some parts of the domain Ω. Drihlet boundary onditions spei�edthe value of Γ along some region of boundary denoted by ∂ΩD . A Neumannboundary spei�es the value of ∇Γ along some boundary that is alled ∂ΩN .These segments do not overlap and their ombination gives us the whole do-main ∂Ω . Assume ν as an arbitrary funtion on the same domain Ω, whih isalled test funtion. If we multiply the equation 5.47 to test funtion (ν) andintegrate, the equation will hange to�
Ω

ν∇.ΓdA =

�
Ω

νFdA (5.49)where dA is element of area.
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After using Green's formula, equation 5.49 onverts to�
∂Ω

νΓ.ndA−

�
Ω

∇.νΓdA =

�
Ω

νFdA (5.50)where ds is length element. By onsidering Neumann boundary ondition
−n.Γ = G+

∂R

∂u
µ (5.51)equation 5.50 hanges to�

Ω

(∇ν.Γ + νF )dA+

�
∂Ω

ν(G+
∂R

∂u
µ)ds = 0 (5.52)Equation 5.52 with Drihlet ondition is the weak reformation of the PDEproblem.Partial di�erential equation in COMSOL Multiphysis is de�ned as equation5.53, and it an be used to model variety of problems. The parameters in theequation are de�ned in the Table 5.1.

ea
∂2u

∂t2
+ da

∂u

∂t
−∇.(c∇u+ αu− γ) + β.∇u+ au = f (5.53)where ea

∂2u
∂t2

is mass term,
da

∂u
∂t

is damping/mass term,
(c∇u+ αu− γ) is onservative �ux term,and β.∇u is onvetion term.
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Parameters de�nition
ea mass oe�ient
da damping oe�ient or mass oe�ient di�usion oe�ient
α onservative �ux onvetion oe�ient
β onvetion oe�ient
a absorption oe�ient
γ onservative �ux soure term
f soure termTable 5.1: De�nition of parameters in partial di�erential equation in COMSOL

5.3 Modeling results5.3.1 Saturated MFTOne-dimensional �nite strain onsolidation equation is used to simulate settle-ment of partiles in saturated MFT. COMSOL Multiphysis is used to solvethe equations of onsolidation based on Somogyi's approah. Di�erent parame-ters in equation 5.53 are de�ned to present equation of onsolidation (equation5.21).5.3.1.1 Model predition for 10 m standpipe experimentTo investigate onsolidation behaviour of oil sands tailings, three standpipeswere installed in 1982 at University of Alberta. Di�erent experiments havebeen onduted to understand settling harateristis of these MFT samplessine 1982.
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Experimental results inluding rate of onsolidation and ompressibility andpermeability parameters are used to verify results of developed model. Theseexperimental data are reported by (Jeeravipoolvarn, 2005; Suthaker, 1995;Pollok, 1988).Parameters A ( 1
Pa
) B C (m

s
) D28.71 -0.3097 7.425e-11 3.847Table 5.2: Compressibility and permeability parameters for standpipe 1Initial solid ontent 32.4 wt%Spei� gravity of solid (Gs) 2.84Bulk density ( kg

m3 ) 1221Initial height of tailings (m) 10Table 5.3: Constant and initial parameters for standpipe 1Based on parameters in Tables (5.2 and 5.3), �nite strain theory is solvedand results are shown in Figure 5.4 along with experimental observations fromstandpipe 1 for about 4.5 years . There is a qualitative agreement betweenmodel predition and experimental observations. Model predits long termresults (shown in Figure 5.3) with more auray as onsolidation is a slowproess and it takes deades for this proess to be ompleted. Also, modelingresults are very sensitive to oe�ient of ompressibility and permeability. De-viation of model from experimental results may arise from error in measuringoe�ient of permeability and ompressibility.
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Figure 5.2: Settlement of MFT (omparison of model predition with experi-mental results)5.3.1.2 Model predition for long term onsolidation proessSimulation results by Jeeravipoolvarn (2005) for 10m standpipe are used toverify developed model in this study. Parameters are substituted aording toTables (5.4 and 5.5).Parameters A ( 1
KPa

) B C ( m
day

) D7.72 -0.22 2.532e-7 4.65Table 5.4: Compressibility and permeability parametersInitial solid ontent 16 wt%Spei� gravity of solid (Gs) 2.82Initial height of tailings (m) 9.6Table 5.5: Constant and initial parameters
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Results of this simulation are in well agreement with Jeeravipoolvarn resultsas shown in Figure 5.3. The slight di�erene may arise from di�erenes innumerial methods whih were used to solve the equation.
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Figure 5.3: Comparison of solid settlement (this study and Jeeravipoolvarn(2005))
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5.3.1.3 Model predition for 2m standpipe (saturated)As desribed in part (4.1), 2m standpipes are installed to investigate e�etsof mirobial ativity in settlement of MFT. Coe�ient of ompressibility andpermeability (e = Aσ′B , k = CeD) for unamended MFT in 2m olumn arepredited in this setion, whih are essential for prediting rate of settlement.Initial parameters are based on Pollok (1988) and Suthaker (1995)'s studieson MFT (Tables 5.6 and 5.7 ).Parameters A ( 1
Pa
) B C (m

s
) D28.71 -0.3097 7.425e-11 3.847Table 5.6: Initial onsolidation parameters by Pollok (1988)Parameters A ( 1

Pa
) B C (m

s
) D54.11 -0.3224 6.16e-11 4.468Table 5.7: Initial onsolidation parameters by Suthaker (1995)These Coe�ients of onsolidation have been optimized to math the experi-mental results. Optimized parameters are given in Table 5.8. The results ofexperiment and model predition with parameters in Tables (5.6 and 5.7) areillustrated in Figures (5.4 and 5.5).
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Figure 5.4: Model predition for experimental observation from 2 m olumns(aording to ompressibility and permeability parameters by Pollok (1988))
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There is a substantial di�erene between model predition and experimentalobservations with onsolidation parameters in Tables (5.6 and 5.7). These dif-ferenes arise from di�erene in initial solid onentration, origin and strutureof MFT samples. In order to redue the error, ompressibility and permeabil-ity parameters are hanged and the best �ts are shown in Figure 5.7 and Table5.8.
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Figure 5.6: Model predition with experimental observation for unamendedMFT 2m olumn (modi�ed ompressibility and permeability parameters)Compressibility PermeabilityConstant parameters A ( 1
Pa
) B C (m

s
) DModi�ation for Pollok's parameters 69 -0.28 16e-11 3.847Modi�ation for Suthaker's parameters 100 -0.3224 5e-11 4.468Table 5.8: Modi�ed ompressibility and permeability parameters
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5.3.2 E�ets of ion onentration on hydrauli ondu-tivityE�et of hemial ions in settlement of partiles is investigated by installing
2L olumns with di�erent biarbonate ion onentration as disussed in part(4.6). Based on the experimental observations of 2L olumns, it is proposedthat biarbonate anions inrease rate of settlement by forming an organizedstruture. It is assumed that organized struture improves permeability ofwater through soil and results in faster settlement.In order to study e�et of biarbonate ions in permeability of soil, oe�ientsof permeability and ompressibility are predited by mathing results of exper-iment with model. Experimental results and model predition are omparedin Figures (5.7, 5.8, and 5.9).
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Figure 5.8: Model predition for settlement of solids in 2 L olumn (1000 ppm)Hydrauli ondutivity is alulated based on predited oe�ient of perme-ability for slurry with di�erent onentration of biarbonate ions. As illus-trated in Figure 5.10, biarbonates ause inrease in hydrauli ondutivity ofslurry. This inrease ould be one of the main reasons for faster settlement ofpartiles with higher onentration of biarbonates.
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Figure 5.10: E�et of biarbonate ions on permeability of soil108



5.3.3 Unsaturated MFTThere are gas bubbles stagnant and moving in bio-ativated tailing. E�etof stagnant gas bubbles on settling harateristi of MFT is investigated inthis study. As disussed before, �nite strain equation of onsolidation forunsaturated soil (gassy soil) is modi�ed as
∂ef

∂t
= −

∂ef

∂z

∂

∂ef

[

k(ef )

γf(1 + ef + eg)

{

(γs − γf(1 + eg)) +
∂σop(ef )

∂z

}]

+
∂eg
∂z

(1 + ef + eg)2
k(ef )

γf

[

(γs + γfef ) +
∂σop(ef )

∂z

] (5.54)Finite strain onsolidation for gassy soil (equation 5.54) is solved based onexperimental observations by Wihman (1999) (BIO7 test). This test wasperformed on Slufter mud at room temperature. Similar to bio-ativated MFT,gas was produed gradually in Slufter mud by bateria. After 70 days, totalgas ontent of slurry reported as 8%. Therefore, experimental observations onthis mud are seleted to verify model. Total gas ontent is assumed onstant,
8% in this study.Consolidation parameters (ompressibility and permeability) for this mud aremeasured by onsolidation test and desribed in following forms;

σop(ef ) = σ0exp(m1 +m2ef ) (5.55)
k(ef ) = k0exp(m3 +m4ef ) (5.56)where σ0 = 1 kPa, and k0 = 1 m

s
.
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Wihman introdued optimum onstant parameters as values in Table 5.9 forhis numerial solution, however he mentioned that at least three sets of on-solidation parameters ould be used to desribe the oedometer results.In this study, parameters are modi�ed based on these set of data (Table 5.9).Model predition along with experimental observations are illustrated in Figure5.11.
m1 m2 m3 m4BIO7 5.78 -1.19 -26.25 1.47Modi�ed Parameters 5.78 -1.69 -23.25 1.87Table 5.9: Constant parameters for ompressibility and permeability equations
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Figure 5.11: Model predition for gassy slurry (BIO7) with modi�ed parame-ters
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This model predits onsolidation rate of gassy MFT based on �nite straintheory. It should be mentioned that there are both stagnant and movinggas bubbles in bio-ativated tailings. In this study, stagnant gas bubbles aresimulated in MFT. As disussed before, stagnant gas bubbles derease rate ofonsolidation in MFT due to density redution and inrease in water drainagepath. As illustrated in Figure 5.12 , inreasing gas ontent would redue therate of onsolidation.
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5.3.3.1 Model predition for 2m standpipe (unsaturated)In this part, settling rate of amended (unsaturated) MFT in 2m standpipe arepredited by developed model. As disussed earlier, solid interfae rose gradu-ally in amended tailings for 48 days and then dropped dramatially. Based onthis inrement in volume of unsaturated MFT, total gas ontent is preditedas 8.5%. Gas ontent along with ompressibility and permeability parametersin Table 5.9, whih are measured for ase BIO7 by Wihman (1999), are usedto predit settling rate of unsaturated soil in standpipe.Predited results by developed model mathes experimental observations fairlywell as illustrated in Figure 5.13. Model does not have the ability to preditrise in solid interfae, however it predits solid interfae after ollapse quitewell.
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Chapter 6
Conlusions andReommendations
Settling proess of bio-ativated mature �ne tailings has been investigatedin this study. Two-meter standpipes were installed, one with original MFTand the other with bio-ativated (amended) MFT, to study e�etive fators inproess of bio-densi�ation. In amended standpipe, height of sample graduallyrose in �rst 55 days of proess due to aumulation of trapped gas in system,and dropped dramatially after ollapse in the system. After this ollapse,large volume of water in amended MFT released and rate of gas produtiondereased. Two hypotheses were proposed to desribe sudden inrease in vol-ume of released water right after ollapse of system. First, gas raks produedby onnetion of gas bubbles reate drainage path for water, and inrease on-solidation rate in gassy MFT. Also, diameter of gas bubbles inreases due topressure di�erene between inside and outside of bubbles that ompress sur-rounded soil skeleton and aelerate rate of water release. In unamended ase,however there was not any gas prodution and it was densi�ed gradually.113



A model has been developed to desribe proess of onsolidation in saturatedMFT (unamended) based on one-dimensional �nite strain theory of onsolida-tion.Developed model was solved based on �nite-di�erene ode in MATLAB andthen by COMSOL Multiphysis, a ommerial solver based on �nite-elementmethod. Models were veri�ed with available experimental data in literatureand then were used to desribe the proess in two-meter standpipe. Also, o-e�ient of ompressibility and permeability were estimated tailings in thesestandpipes. Developed model helps better understanding of in�uential param-eters suh as hydrauli ondutivity and e�etive stress in onsolidation rateof tailings.Aording to hemial analysis and observations, gas prodution and hangesin hemial ions were studied as two main fators in altering settling hara-teristis of bio-ativated tailings. E�ets of these parameters were investigatedin this study as following.E�et of gas bubbles There are two types of gas bubbles in amended tail-ings; �rst type is trapped gas bubble whih auses rak formation in tailings.The other type is moving gas bubble whih leaves the sample and was olletedin ap. Eah type has their own e�et on settling harateristi of tailings. Toinvestigate e�ets of stagnant gas bubbles in the system, a model was de-veloped based on modi�ation of �nite strain theory. Based on this model,settling rates of amended MFT in two-meter standpipe were estimated andresults were ompared with experimental data. Aording to the model andexperimental observations by Thomas (1987), rate of onsolidation dereaseswith inrease in ontent of stagnant bubbles in the system.114



E�et of ion onentration MFT is a omplex mixture of water, solidand organi matters, whih makes it di�ult to investigate e�ets of individ-ual parameters in its settling rate. Therefore, synthesized MFT was preparedin laboratory to investigate e�et of ion onentration in rate of onsolidation.Solid part of sample was prepared from MFT aording to proedure in part(4.3) and had the same partile distribution as original MFT. Slurries with
25wt% solid ontent and biarbonate ion onentration of 0 ppm, 500 ppm,
1000 ppm, and 2000 ppm were prepared and plaed in graduated ylinders.Settling results showed inrease in rate of settlement by inrease in onentra-tion of biarbonate anion. Results from SEM test indiate that biarbonateions organize the struture of partiles in slurry. As struture of slurry anhange its water permeability, hydrauli ondutivity test was onduted onsamples. Two onsolidometers were designed and installed to measure oe�-ients of ompressibility and permeability of slurry. Initial results of hydrauliondutivity test and model predition for permeability showed an inreasein permeability with inrease in onentration of biarbonate ions. Therefore,e�et of hemial parameters was proposed as an important fator in inreasedvolume of released water in bio-ativated MFT ompare to unamended MFT.Reommendations In this study, e�et of gas movement and hanneling insettling behaviour of tailings has not been investigated. Further understandingof gas movement and its e�et in onsolidation is reommended. Also, it isassumed that gas ontent is well distributed in system and its variation alongthe height has been negleted. This assumption should be alleviated for furtherdevelopment of model. Bitumen and organi-free MFT ould be further usedto study of e�et of other parameters in onsolidation behaviour of MFT.115



These parameters inlude pH, surfae hemistry, and partile �oulation. Asbiologial ativity in tailings hanges ion onentration and surfae hemistryof tailings, study of those parameters ould be implemented in model to explaininrease in volume of released water for amended MFT.
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