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ABSTRACT 

Mine tailings can be disposed by suspending them in a drilling based 

fluid. A drilling based fluid consists of water and bentonite in specified quantities. 

The mixture of mine tailings and the gel was modeled. The viscosity was 

determined using a Baroid's viscometer. Bingham's plastic fluid model in 

conjunction with the debris flow model were used to mathematically model the 

mixture. A short-duct test in the laboratory was conducted in order to study the 

flow properties at various bed angles. The mixture was allowed to flow in a 

rectangular duct. Distances and time were recorded to calculate the average 

flow velocity. This short-duct test will be used to predict the problems that might 

be encountered if the same was done on a large-scale basis. The duct also 

suggests information for assessing the appropriate large-scale trench 

dimensions and mine-filling mechanisms. A video recording of the fluid flow was 

used to study the flow front formation and viscous fingering. 
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CHAPTER I 

INTRODUCTION 

The backfilling of mine tailings, in order to dispose them, can be done by 

mixing the tailings with Portland cement and pumping the cement slurry into the 

underground voids. This method has disadvantages: a large number of drill 

holes are required resulting in high costs using present backfilling methods. 

Economics plays a major role. Concern for safe and economic disposal of 

mine tailings into the underground voids has led to the concept of suspending 

these tailings in a drilling based mud. The optimum concentration and particle 

sizes has been determined by experiments conducted in the rheology testing 

lab. The mixture was identified with respect to its fluid and flow properties. A 

mixture of sand and bentonite was used to approximate the behavior of Pilot 

Knob mine tailings. For all further tests, sand is used as an alternate to the mine 

wastes. The viscosity readings of Bob#2 were converted to that of Bob#1 for 

viscosity calculations. 

A mathematical model was built which represents the procedure and 

results to transport mine tailings back into the mine. Debris flow models, in 

conjunction with bingham's plastic fluid flow model and power law fluid, were 

applied to approximate the flow of the mixture. The mathematical model was 

developed to describe the flow of mine tailings in the mine. The model uses 

equations describing Bingham's plastic and power law models. A computer 

program computes the various shear stresses, strain rates, and pressure 

differentials across the flow for various bed angles of 5 to 30 degrees. An 

optimum flow rate and bed angle is then suggested. Additionally, it would also 

be used to predict mud flow extensions in the mine. 
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A small-scale laboratory experiment was conducted to record the flow 

pattern in which time and distance traveled were recorded to compute the 

velocity of the mixture. Bed angle was changed from 0 to 30 degrees in 

increments of 5 degrees to study the effect on the flow pattern. This short-duct 

test would be used to predict the problems on a large scale basis in a mine. The 

duct also suggests information for assessing the appropriate large-scale trench 

dimensions and mine filling mechanisms. Video recordings of the mud flow was 

used to study the flow front formation. All the flow tests were performed in an 

empty channel which was water wet in order to approximate the conditions in a 

mine shaft. 
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CHAPTER II 

LITERATURE REVIEW 

2.1 . Introduction 

The key words used in the literature survey were debris flow, sludge flow, 

plug flow, simple shear flow, mud slides, generalized viscoplastic fluid model, 

Bingham plastic model, and power law model. Based on the properties of the 

fluid that was used, debris flow models were the first to be tried in conjunction 

with the Bingham plastic model. 

Selection of an appropriate rheological model to describe debris flow 

required rel iable experimental data. In absence of this data, Chen(6) in 1985 

showed that theoretical solutions of a generalized viscoplastic fluid could be 

used to determine the correct rheological model. The most widely used models 

were Bingham's plastic model(9) and Bagnold's dilatant fluid model(9). 

2.2. Generalized Viscoplastic Fluid Model (GVF) 

The generalized viscoplastic fluid model makes use of both expressions 

for shear and normal stresses unlike the conventional practice of using shear 

stress only. Using shear stress alone will not take into account the effects of 

normal stresses in the variation of pressure. The two equations for pressure and 

velocity were solved simultaneously based on Bagnold's assumption of constant 

grain concentration. Fig 2.1 shows the sketch for uniform debris flow in wide 

channels under the application of plane stress. 

A GVF model for unidirectional debris flow in wide channels consists of 

the following rheological relations (Chen 1985) : 
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tzx ( = Txz) = c X Cos e + p X Sine + ~l1 (du/dz)n 

tzz ( = -rxx) = -P + ~t2 (du/dz)n 

where: 

Tzx = total shear stress (dynes/sqcm), 

Tzz = normal shear stresses (dynes/sqcm), 

x, z = horizontal and vertically upward directions of flow, 

C = cohesion constant of the fluid with the wa lls of the 

channel, 

8 = internal angle of friction (degrees of angular 

displacement), 

P = pressure of the fluid flow (dynes/sqcm), 

~t1 , ~2 =viscosities in the direction of flow (cp), 

u = flow velocity (em/sec}, and 

n = flow behavior index. 

z 

Flow Tzx 

Txz 
h • 

Txz 
(x,z) 

Tzx 

(2.1) 

(2.2) 

FIG 2.1- Definition sketch for unidirectional uniform debris flow in wide channels 
under plane stress state(6) . 
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Using Bagnold's assumption of constant grain concentration, the 

equations for motion are : 

tzx = p x g x (h-z) x Sin <t> (2.3) 

tzz = - p x g x (h-z) x Cos <t> (2.4) 

where: 

p = density of the mixture (gms/cc), 

g = acceleration due to gravity (cms/sqsec), and 

<t> = gravity bed slope (degrees). 

Substituting the values of tzx and 'tzz in equations 2.1 and 2.2, provide the 

necessary differential equations to be solved simultaneously to obtain u and P. 

Thus the general form of the differential equations describing 

unidirectional debris flow is given by : 

dtzxldz = (dP/dz) X Sine + d/dZ[J.L1(du/dz)n] (2.5) 

dtzzldz = -dP/dz + d/dz[J.L2 (du/dz)n] (2.6) 

where: dtzxldz = -p x g x Sin <t> and dtzzldz = p x g x Sin <t>. 

Further, a relation between viscosity and concentration was developed. 

This gave a linear relation between viscosity and concentration which is valid for 

very dilute spherical suspensions without particle interaction. A theoretical 

solution to the unidirectional debris flow was presented. Velocity and pressure 

profiles were drawn. 
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2.3. Extension of Bagnold's Relation 

Before solving simultaneously the equations for pressure and velocity as 

described by the generalized viscoplastic fluid model, an attempt was made to 

extend Bagnold's rheological relations(?). A consistent pressure versus shear 

stress relation, if expressed in terms of the GVF model with the constants ~L1 and 

~l2, will have a general form given by(7) : 

[( 1:zx- c X Cos e- p X Sine )/{-tzz + P)] = ~1,~2. 

[( 1:zx- c X Cos e- p X (Sine+ ~1,~2))]1-tzz = ~1,~2. 

(2.7) 

(2.8) 

The rate dependent parts in equation 2.1 and 2.2 (as described earlier in 

the viscoplastic model) would vanish for a quasi-static state, leaving behind(?): 

[1:zx - c X Cos e ]/ 'tzz = Sin e. (2.9) 

The debris flow model under a state of plane stress, if the Drucker and 

Prager ( 1952) yield criterion is satisfied, is given by(7) : 

~1/~2 = -Sin <!>. (2.1 0) 

Equations 2. 7 and 2.8 are valid for extreme conditions of bed slope f as 

considered by Bagnold(1954). This leads to(7) : 

Tan <!> = -~1/~2. (2.11) 

2.4. Debris Flow Model Based On Saint-Venant's Equation 

A group of researchers from the Utah State University published a model 

based on Saint-Venant equation of continuity and motion(9). The essential 

principles and equations upon which the model is based are : 

1. Saint-Venant's equation of continuity and motion in simplified form for 

steady state spatially varied flow. This resulted in solving a first-order differential 
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equation by Euler's method. 

2. The Chezy equation with a modified constant describes energy losses. 

3. From the Chezy equation, the critical slope and normal depth are 

computed. 

4. The ratio of the debris flow density to its viscosity is proposed to be a 

linear function of hydraulic radius. 

5. Computation of critical depth is by open channel flow theory. According 

to the field results, a majority of the debris flow that occurs in nature is laminar. 

The values reported for the model are based on the following parameters : 

Viscosity 

Density 

Grain Sizes 

Velocities 

---- 100 to several hundred centipoise, 

1. 7 to 2.4 gm/cc, 

few mm to several meters, 

several tens of em/sec to several tens of m/sec. 

2.5. Other Rheological Models 

Drilling fluids cannot be accurately defined by a simple value of viscosity. 

The apparent viscosity is dependent on the rate of shear at which the 

measurement is made. Drilling fluids behave like pseudeplastic fluid. A 

pseudoplastic fluid can be approximated by using the Bingham plastic model 

and/or the power law model. 

2.5.1. Bingham's Plastic Model 

Bingham plastic fluid describes a non-Newtonian fluid dependent on rate 

of shear. The apparent viscosity decreases an the increase in shear rate. Fig 2.2 

describes the plot of shear rate and shear stress. A Bingham's plastic model is 
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defined by: 

t = 

t = 

where: 

t 

~lp 

y 

Ty 

~lp X y + ty if t>ty and 

~lp X y - ty if t <ty. 

= shear stress (dynes/sqcm), 

= plastic viscosity (cp), 

= shear rate (seconds-1 }, and 

= yield point (lbs/1 OOsqft). 

0 
II 
-~ 

SHEAR STRESS, Y 

Fig 2.2 - Shear Stress versus shear rate for a Bingham plastic fluid(2). 
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A Bingham plastic fluid will not flow unless and until an initial stress 

exceeding a minimum value T.y is applied. This minimum value is called the yield 

point. The shear stress is proportional to the rate of shear and the constant of 

proportionality is called the plastic viscosity, 1-lp· 

2.5.2. Power Law Model 

A power law fluid is characterized by two fluid parameters. These fluid 

parameters are the consistency index and the flow behavior index. It can be 

used to define a pseudoplastic fluid, Newtonian fluid, and a dilitant fluid . A power 

law fluid is defined by the following equations : 

T. = K I Y ln-1 x Y (2.14) 

where: 

K = consistency index, and 

n = flow behavior index or power law exponent. 

The flow behavior index characterizes the extent to which flu id behavior is 

non-Newtonian (for pseudoplastic fluid n<1 , n=1 for a Newtonian fluid , n>1 for a 

dilitant plastic fluid ). Fig 2.3(c) represents the Newtonian fluid behavior. 

Apparent viscosity decreases with the increase in the shear rate in a 

pseudoplastic fluid (Fig 2.3(a)), while it decreases in a dilitant flu id (Fig 2.3(b)). 

The power law model approximates a straight line on a log-log plot of shear rate 

versus shear stress. 
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SHEAR RATE, Y 

Fig 2.3 - Shear stress versus shear rate for a power law fluid. (a) pseudoplastic 
power law fluid, (b) dilitant power law fluid, and (c) Newtonian fluid(2). 
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CHAPTER Ill 

EXPERIMENTAL DATA 

3.1. Test Procedure 

The primary aim was to determine all the various mud properties. 

Laboratory tests were performed to determine the viscosity and gel strength of 

the mixture. A mixture of mine tailings was prepared according to the 

recommendations suggested by Bradley Hood Payne in his earlier research(13)_ 

The test procedure is as follows : 

• Step 1 : Mix the required amount of bentonite in 350 mi. of water. Allow 10 

to 12 minutes of stirring so that the gel hydrates completely. 

• Step 2 : Determine the density of the gel (bentonite and water) using a 

mud balance. 

• Step 3 : Determine the plastic viscosity, yield point, and apparent viscosity 

of the gel using a Fann's V-G meter. 

• Step 4 : Stir the gel for an additional 5 minutes and add the suggested 

quantity of mine tailings in increments of 1 00 gms. Allow the mixture to be 

blended for 1 0 minutes. At this time the gel is supposed to suspend the 

tailings. 

• Step 5 : Remove the mixture and measure its density using a mud 

balance. 

• Step 6 : Pour the mixture into a beaker and run the test to measure dial 

readings at various RPM's using Fann's V-G Meter or Baroid's 

viscometer. 

The Baroid viscometer used for this experiment has the following 

specifications: 
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Sleeve : R1 1. 7 425 in diameter and Bob#2 : 1.2275 in diameter. 

The suggested quantities of gel and mine tailings for varoius mixtures are 

tabulated in Table 3.1 

T bl 3 1 R a e - d d n f ecommen e quan 1 ty o ge an d t T (13) m1ne a11n ;;}S 

PilotKnob Viburnum Spindleto Picher Noss Qlan LaMotte 

Gel 12 8 10 8 - 8to10 

(lb/bbl) 

Tailings 900 600 900 900 700 800-900 

(lb/bbl) 

Mine tailing samples were selected from two mines and the tests were 

conducted as described earlier (Viburnum and Pilot Knob). The gelling agent 

used in the experiment is bentonite clay with a specific gravity (SG) of 2.60. 

3.2. Viburnum Mine sample 

Eight gms (81b/bbl equivalent) of bentonite was allowed to hydrate 

completely in 350 ml of water. Viscosity and density measurements made by the 

procedure described earlier. Lubbock tap water was used in the experiment. The 

results are given below : 

Density of the gel ------- 8.50 lb/gal, 

Plastic Viscosity ------- 1 cp, 

Yield Point --------------- 1 lb/1 OOsqft, and 

Apparent Viscosity ---- 1.5 cp. 

Six hundred gms (6001b/bbl equivalent) of tailings with SG 3.1 was mixed 

to the above prepared gel in increments of 1 00 gms. This mixture was stirred for 
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a period of 1 0 minutes. Density of the mixture was measured using a mud 

balance and recorded as 14.6 lb/gal. 

This mixture was later used to record the dial readings (theta) measured 

in degrees of angular displacement at various rotational sleeve speeds using a 

Baroid's viscometer. At first the sleeve was rotated at 600 rpm. The dial reading 

was highly unstable at this speed because the mixture was being sheared 

beyond its ultimate shear strength. Later, the sleeve speed was reduced to 300 

rpm to try for steady dial reading. A steady dial reading could not be obtained 

even at this speed. Due to this, the viscosity and gel strength of the mixture 

could not be calculated using standard equations. 

A fresh batch of the mixture was prepared again and tested for stable dial 

readings at sleeve speeds less than 200 rpm. At sleeve speeds less than 100 

rpm, reasonable dial readings could be recorded. Dial readings for various 

sleeve speeds are tabulated in Table 3.2. A plot of rpm versus dial reading 

(theta) as given in Fig 3.1 established the fact that rotor sleeve speeds greater 

than 100 rpm should not be used. The mixture is being sheared too much and an 

accurate value for dial readings (theta) is not possible. 

3.3. Pilot Knob Mine Sample 

A test mixture containing 12 gms (12 lb/bbl equivalent) of bentonite is 

allowed to hydrate completely in 350 ml of water. Viscosity and gel strength was 

determined and the results are given below: 

Density of the gel -------- 8.55 lb/gal, 

Plastic Viscosity --------- 1 cp, 

Yield Point ---------------- 4 lb/1 OOsqft, and 

Apparent viscosity ------ 3 cp. 

13 



T bl 3 2 a e f - Dial rea 1ngs or Vi b urnum M. t T 1ne a1 1ng_s sam_2_ e. 
Viscometer Readings 

RPM theta RPM theta RPM theta* RPM theta* RPM* theta * 

2 14 50 21 105 43 180 57.5 290 87.5 

4 13 55 22 110 43 190 59 300 95 

6 13 60 24.5 115 44 200 60 325 105 

10 15 65 27 120 47.5 210 63 350 113 

15 15 70 28.5 125 52 220 63 375 90 

20 16 75 32.5 130 53 230 64 400 33 

25 17 80 35 135 54 240 67 500 21 .5 

30 18.5 85 36.5 140 54 250 71 600 15 

35 19 90 39 150 54 260 76 

40 20 95 40 160 54 270 80 

45 20.5 100 42 170 55 280 83 

• indicates that the dial readings were not stable. 
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Nine hundred gms (900 lb/bbl equivqlent) of tailings was mixed and the 

mixture was allowed to be stirred for 10 minutes to ensure complete suspension 

of the tailings in the gel. Density of the mixture was recorded at 14.8 lb/gal. 

This mixture was later used in the Baroid's viscometer to determine the 

dial readings at various rotor sleeve speeds. Dial readings were highly unstable 

at speeds over 100 rpm; it was established that the rotor sleeve speed should be 

less than 100 rpm for all samples of mine tailings in order to get an accurate 

theta reading. 

3.3.1.Step 1 

A fresh sample was remixed and dial readings were recorded for rotor 

speeds in thefollowing sequence : 

(a) Decreasing rpm's first 

(b) Increasing rpm's next 

100 rpm to 2 rpm, 

2 rpm to 100 rpm. 

Dial readings for step 1 were recorded. Fig 3.2 represents the plot of RPM 

versus theta (dial readings). 

3.3.2.Step 2 

Later in step 2, dial readings were taken for rotor sleeve speeds in the 

following sequence : 

(a) Increasing rpm's first 2 rpm to 100 rpm, 

(b) Decreasing rpm's next ---- 100 rpm to 2 rpm. 

Dial readings for step 1 and 2 are tabulated in Table 3.3. Fig 3.3 

represents the plot of RPM versus theta (dial readings). It is seen from Figures 

3.2 and 3.3 that there is a greater spread in data recorded from step 1 than step 

2. So step 2 is recommended for better values of theta. 
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T bl 3 3 o· I a e - ta d' t 1 d t 2 f P'l t K b rea tngs as per s e_g an s ep or 10 no t T mtne a1 tn 
Step 1 • Step 2 •· 

Decreasing Increasing Increasing Decreasing 

RPM theta RPM theta RPM theta RPM theta 

100 52 0 5 0 5.5 100 44 

90 56.5 2 6.5 2.5 31 90 44 

80 57 4 7.5 4 32 80 43 

70 60 6 7.5 6 31 70 43.5 

60 64 8 7 8 29.5 60 43 

50 62.5 10 9 10 27 50 42 

40 62 20 18 20 27.5 40 41 

30 62.5 30 21 .5 30 30 30 40 

20 62.5 40 30 40 30.5 20 37 

10 62 50 35.5 50 30 10 36 

8 62 60 40 60 33 8 36.5 

6 62 70 44.5 70 36 .5 6 37 

4 62 80 49 80 41 4 36 

2 60 90 53.5 90 44 2 33 

0 25.5 100 56.5 100 48 0 25 

• Step 1 : Decreasing first and increasing later. 

•• Step 2 : Increasing first and then decreasing later. 
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CHAPTER IV 

HYPOTHESIS 

In Chapter Ill (page 11 ), it was shown that Baroid's viscometer can be 

used to record the dial readings of the mixture (mine tailings and gel). It was 

proposed that mine tailings be replaced by masonry sand for all future 

experiments. Masonry sand that was used for the test had a specific gravity of 

2.67. Sand can be used to approximate the following mine tailings samples : 

sample Sp. Gr. 

Viburnum 3.1, 

Pilot Knob 2.9, 

Picher mine 2.8, and 

Mine LaMotte--- 3.0. 

In order to verify the use of sand as an approximation to the mine tail ings, 

a sieve analysis was made. Two thousand gm of masonry sand was sieved; the 

sieve analysis is presented in Table 4.1. Fig 4.1 shows the distribution pattern 

for the particle sizes. It can be seen that masonry sand consists of greater 

quantities of particles ranging from 28 mesh to 50 mesh. The quantity of gelling 

agent depends upon the particle size distribution. If the samples have a larger 

quantity of smaller particles, a lesser amount of gel is needed to suspend them. 

Particles smaller than 250 mesh add to the gel strength. Masonry sand does not 

have enough smaller particles. Therefore, it requires a greater quantity of gelling 

agent. Sieve analysis of various mine tailings is given in Table 4.2. Samples 

from the Pilot Knob mine has a similar distribution to that of masonry sand. 

Samples from Nossplant waste, Picher mine, and Spindletop mine had greater 

quantities of larger particles ranging from 9 to 32 mesh. Mine LaMotte had more 
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T bl 4 1 s· I . f a e - 1eve ana1ys1s or masonry san d 

Mesh us Grate opening Weight Weight 

# Series# In mm gms Percent 

8 8 0.093 2.362 3.4 0.17 

10 12 0.065 1.651 2.3 0.115 

14 16 0.046 1.168 142.5 7.125 

20 20 0.0328 182.8 9.14 

28 30 0.0232 0.589 341.9 17.095 

35 40 0.0164 0 .417 699.9 34 .995 

50 48 0.0116 0.295 271 .3 13.565 

65 70 0.0092 202.8 10.14 

200 200 0.0029 0.053 144.6 7.23 

270 270 0 .0021 0 .053 3.9 0.195 

>270 <0.0021 <0.053 2 .7 0.135 
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Fig 4.1 - Distribution pattern for masonry sand. 
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T bl 4 2 s· I . f T a e - 1eve ana1ys1s or m1ne ta1 1ngs 

SPINDLETOP MINE SALT -ONE PASS THROUGH CRUSHER 

MESH MESH MESH MESH MESH MESH MESH MESH 

5 9 16 32 60 115 250 >250 

Weight 0 49.7 250.4 119.6 77.5 51 26.2 28.2 

Weight% 0 8.248 41 .553 19.847 12.861 8 .463 4.348 4.68 

PILOT KNOB -IRON TAILINGS 

MESH MESH MESH MESH MESH MESH MESH MESH 

5 9 16 32 60 115 250 >250 

Weight 12.3 161.2 278.4 303.5 228.7 118.3 25.9 34.4 

Weight% 1.058 13.864 23.944 26.103 19.669 10.175 2.228 2.959 

NOSS PLANT WASTE - SAND AND SHALE 

MESH MESH MESH MESH MESH MESH MESH MESH 

5 9 16 32 GO 115 250 >250 

Weight 264.1 239.7 172.3 113.3 46.8 24.9 18.5 15.5 

Weight% 29.508 26.782 19.251 12.648 5.229 2.782 2.067 1.731 

LA MOTTE MINE - LEAD AND ZINC 

MESH MESH MESH MESH MESH MESH MESH MESH 

5 9 16 32 60 115 250 >250 

Weight 119.6 228.2 155.9 126.3 235.6 177.7 74.6 63.5 

Weight% 10.124 19.316 13.196 10.691 19.942 15.041 6.315 5.375 

PITCHER -ZINC 

MESH MESH MESH MESH MESH MESH MESH MESH 

5 9 16 32 60 115 250 >250 

Weight 488.7 434.4 148.7 98.3 46.5 26.6 17.7 48.4 

Weight% 37.325 33.178 11.357 7 .508 3.551 2.032 1.352 3.697 

VIBURNUM -LEAD 

MESH MESH MESH MESH MESH MESH MESH MESH 

5 9 16 32 60 115 250 >250 

Weight 0.7 3.1 2 .8 6 .8 103.8 124.8 41.5 69.3 

Weight% 0.198 0.879 0.794 1.927 29.422 35.374 11.763 19.643 
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or less a uniform distribution of particles ranging from 9 mesh to 250 mesh. On 

the other hand, the Viburnum mine had greater quantity of smaller particles 

ranging from 60 mesh to 250 mesh. Comparing the sieve analysis of masonry 

sand to that of the tailings, it is seen that sand can be used as a good 

approximation to the wastes from Pilot Knob . 

Further tests were conducted on the sand mixture to verify its degree of 

approximation. 900 gms (900 lbs/bbl) of masonry sand was mixed in 12 gms 

(121bs/bbl) of fully hydrated bentonite. The quantities of sand and gelling agent 

were based on the fact that the sieve analysis is close to that of the Pilot Knob 

mine tailings. The procedure followed is the same as illustrated earlier. The 

mixture was tested for its density, and it measured 16.2 lbs/gal. The above 

mixture was then used in a Baroid's viscometer to record the dial readings at 

various rotational speeds of the sleeve. The following sequence was followed : 

(a) Increasing first 2 rpm to 100 rpm, 

(b) Decreasing next ---- 1 00 rpm to 2 rpm. 

During the experiment, sand particles would wedge between the rotor 

sleeve and the bob, thus making it difficult to get a stable dial reading. If the dial 

reading is fluctuated, an average value was taken. The following observations 

were made at the end of the experiment : 

1. The annulus between the rotor sleeve and the Bob was fully clogged 

with the sand mixture. 

2. The sand mixture had begun to settle, thus falling out of suspension. 

Dial readings for this sample is tabulated in Table 4.3. The plot of RPM 

versus theta (dial reading) is shown in Fig 4.2. The nature of the curve is the 

same as that obtained with the Pilot Knob mine tailing sample (Fig 3.3). This 

validated the use of sand as an approximation for Pilot Knob mine tailings. From 
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T bl 4 a e .3 - Dial readings for sand an db t 2 entomte as per s e_Q 

RPM theta RPM theta 

0 19 100 71 

10 46 90 69 

20 48.5 80 68.5 

30 51 .5 70 68 

40 56.5 60 65.5 

50 60 50 64 

60 62.5 40 61.5 

70 66.5 30 57 

80 70 20 52.5 

90 73 10 48.5 

100 80 0 19 
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Fig 4.2 - Plot of RPM versus theta for sand and bentonite (Table 4.3). 
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Fig 4.2, it can be seen that there is a little variation in the dial readings for the 

increasing first and the decreasing next RPM sequences. A straight line is drawn 

through both the curves to approximate the average behavior represents a 

relation between RPM and theta. The Y intercept is the yield point of the mixture 

in lbs/1 OOsqft. The slope of this straight line is the viscosity of the mixture 

(centipoise). On computation, the equation of the straight line representing a 

best fit relation RPM and Theta is given by : 

theta1 = RPM x 0.2976 + 44.5. ( 4.1) 

Experimental data is used to plot the RPM versus theta data. A best fit 

straight line is drawn, which would represent this relation. Equation 4.1 can be 

used to mathematically compute the value for dial readings at various RPM's. 

Bob#2 was used to record the dial readings for the above mixture at 

various RPM's. In order to use the standard equations to calculate viscosity and 

other fluid properties, the readings have to be from that of Bob#1. Therefore, the 

raw readings from Bob#2 had to be converted to that of Bob#1 for further 

calculations. Tests were conducted in order to calibrate the readings from Bob#2 

to that of Bob#1 . 

The following procedure illustrates the calibration: 

1. A known Newtonian fluid of viscosity 50 cp is used in the Baroid's 

viscometer and Bob#1 is selected for recording the dial readings at rpm's from 

10 to 200. 

2. The readings are plotted (RPM versus theta) and the slope of the curve 

gives the viscosity (in this case, 50 cp ). 
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3. Next, Bob#1 is replaced with Bob#2 and the dial readings are recorded 

for the same set of rpm's. 

4. A plot of rpm versus dial reading showed a different trend. At a given 

rpm, Bob#2 read much lesser that of Bob#1. 

Several Newtonian fluids were used to check the calibration. The 

viscosities of these fluids were 50, 58,1 00, 200, and 400 cp. The percentage 

error was close to 8 in the desired rpm range from 10 to 150. Fig 4.3 shows the 

plot of this calibration. The following equation is used to convert readings from 

Bob#2tothatofBob#1: 

where: 

theta1 = 6.9813 + 9.0960 x theta 2. 

theta1 = the reading converted to that of Bob#1, and 

theta 2 = the raw reading from Bob#2. 

(4.2) 

This converted/or corrected value of theta (theta1) is used in all further 

calculations to develop the fluid model ( Chapter V ). 

In order to use masonry sand for other samples, the following 1s 

recommended : 

1. For samples from the Nossplant, Picher, and Spindletop mines, greater 

quantities of particle sizes ranging from 9 to 32 mesh have to be added to the 

mixture properties. 

2. For samples from the Viburnum mine, larger quantities of smaller 

particle sizes ranging from 60 to 270 mesh have to be added to the masonry 

sand in correct proportions. 
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Test samples are prepared based on the sieve analysis given in Table 

4.2. Table 4.4 illustrates the proportions in order to use masonry sand as an 

approximation to the samples from Viburnum. 

The weight percent is taken from Table 4.2. The above quantity (as given 

in Table 4.4) of masonry sand can be used to prepare 600 gms of test sample 

for Viburnum. Similarly, we can prepare test samples approximating other mine 

tailings using their weight percent as given in Table 4.2. 

T bl 4 4 S a e - ampe prepara 1on or 1 urnum m1ne. t' f v ·b 

Mesh sizes Quantity (gms) Weight percent 

5 1.2 0.198 

9 5.3 0.879 

16 4.8 0.794 

32 11 .6 1.927 

60 176.5 29.422 

115 212.2 35.374 

250 70.6 11.763 

>250 117.9 19.643 
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CHAPTER V 

RHEOLOGY MODELING 

5.1. Background 

Chapters Ill and IV justified the use of masonry sand as an alternate to 

the mine tailings. Equation 4.1 {Chapter IV) describes the relation between rotor 

sleeve speed (RPM) and dial reading {theta). Equation 4.1 is used to 

mathematically generate a set of dial readings for RPM's varying from 10 to 100 

RPM in increments of 5. These dial readings correspond to that measured from 

Bob#2. Further, equation 4.2 is used to convert or correct these readings to that 

of Bob#1 . 

In order to apply the debris flow model, certain flow parameters have to 

be estimated; the most important one being the viscosity of the test mixture. The 

necessary equations relating the various non-Newtonian parameters derived 

from the rotational viscometer must be developed. A non-Newtonian fluid can be 

described by the Bingham's plastic model and the power law model. 

5.2. Rotational Viscometer 

Fann's V-G meter or Baroid's viscometer can be used to compute the flow 

parameters needed to describe the Bingham's plastic or power law models. All 

these equations developed for characterizing fluids follow the Bingham's plastic 

model only when the flow between the rotor sleeve and the stationary bob are 

fully developed. Fig 5.1 describes the bottom view of a rotational viscometer. 

The outer sleeve is rotated concentrically about the stationary inner bob. The 

rotat ional viscometer is a standard instrument prescribed by the API (American 

Petroleum Institute) for the measurement of drilling fluid properties. 
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Fig 5.1 - Bottom view of rotational viscometer(2). 
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The flow regime for the mixture of the tailings and gel is laminar. The rotor 

sleeve and the bob dimensions used in the experiment are: 

Bob#2 (r1 )2 = 1.2276 em. 

Rotor sleeve #1 (r2)1 = 1.8415 em. 

where : 

(r1 )2 = the radius of Bob#2, and 
I 

Length : 3.80 em. 

(r2)1 = the radius of the rotor sleeve #1. 
I 

In practice, Bob#1 is used in testing drilling fluids. However, in the case of 

mine tailings, the sand particles would wedge between the rotor and the sleeve 

thus making it difficult to use Bob#1. Bob#2 is used and the radius are later 

converted to that of Bob#1 . 

The shear stress in a rotational viscometer is a function of the radius of 

the fluid in the annulus between the rotor sleeve and the bob(2). This is given 

by: 

u = r x ro. (5.1) 

where: 

u = fluid velocity (em/sec), 

r = radius of the fluid (em), and 

ro = angular velocity (radians/sec). 

Thus, the shear rate due to slippage between the fluid layers is given by (2): 

y = r x dro/dr. (5.2) 

where: 

y = rate of shear or strain (seconds-1 ), and 

dro/dr = rate of angular velocity. 
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The torque, -r, is related to the shear stress in a fluid at radius r between 

the rotor sleeve of radius, r2 and the bob radius, r1 is given by (2): 
I I 

where: 

-c= 36o.s x e 
2rrhr2 

e = dial reading from the Fann's V-G meter or Baroid's 

(5.3) 

viscometer measured in degrees of angular displacement, 

-c =shear stress (degrees of angular displacement), and 

h = length of the bob (em). 

5.2.1 Bingham's plastic model for a rotational viscometer 

The shear stress at any point in the fluid is given by equation 2.12. 

Combining equation 2.12 and equation 5.3, a relation is developed(2): 

where: 

dco = 
dr 

360.5 x e 
2nhr3J.lp 

-ry = yield point of the fluid (lbsl1 OOsqft) , and 

~tp = plastic viscosity (centipoise). 

Further, solving for ~tp assuming no slippage occurs between the fluid layers and 

substituting the value for angular velocity, we get (2): 

~tp = (300 x 9n) I N (300 X -ry) IN. (5.5) 
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where: 

N = rotor speed (rotations per minute), and 

en = dial reading at rotor sleeve speed N. 

Two dial readings must be taken at two different RPM's in order to solve 

Equation 5.5 simultaneously for IJ.p and r.y. Generally in the drilling industry, the 

two RPM's used to solve for plastic viscosity and yield point are 600 and 300 

rpm. Solving the equation at these two speeds leads to the following set of 

relations for plastic viscosity and yield point(2) : 

where: 

~lp 

T.y 

In general (2): 

where: 

IJ.p = e600 - 8300, and 

r.y = e3oo - !J.p. 

= viscosity (centipoise), and 

=yield point (lbs/1 OOsqft). 

(5.6) 

(5.7) 

(5.8) 

8n2 and 8n1 are dial readings at any two different rpm's N2 and N1 

respectively. 

The shear rate present in the fluid at a given rotor sleeve speed is given by(2) : 

y = r x dco/dr. (5.9) 
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where: 

dro = 5.066 x N + 
dr r3 

479 x T.y x(3.174tr2__:jj (5.10) 
r X ~Lp 

5.2.2 Power law model for a rotational viscometer 

The shear stress at any point in the fluid is gtven by equation 2.14. 

Combining equation 2.14 and equation 5.3, the power law model is expressed as 

(2): 

where: 

360.5 x e 
2nhr2 

= K x rn ( dro/dr)n 

dro/dr = rate of shear y (seconds-1 ), 

K = consistency index of the fluid , and 

n = flow behavior index. 

The flow behavior index n is given by the relation(2) : 

n = 3.222 x Log(86oote3oo). 

equation 5.11 is solved for consistency index K(2) : 

K = (51 0 x 8300) I (511 )n 

where K is measured in dynes/secondn/1 OOsqcm. 

(5.11) 

(5.12) 

(5.13) 

In equation 5.13, the shear rate at 300 rpm for n values close to 1 ts 

approximately equal to 511 seconds-1 . 
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In general(2) : 

n = Log(8n218n1) (5.14) 

Log(N2/N1) 

K = (510 x 8n) I ( 1.703 x N)n (5.15) 

where: 

8n2 and 8n1 are dial readings at any two rotor sleeve speeds N2. 

and N1 respectively, and qn is the dial reading at rpm N. 
I 

Shear rate is given by(2) : 

where: 

y = 0.209 X N X (1/r2/n) 

n[1/r12/n- 1/r227n] 

r1 = is the radius of the bob (em), and 

r2 = is the radius of the rotor sleeve (em). 

(5.16) 

Equations 5.1 through 5.16 are standard equations used in conjunction 

with rotational viscometers to compute the flow parameters describing Bingham's 

plastic and Power law fluid models. 
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5.3. Mine Tailings Flow Model 

Mine tailings can be modeled using the Bingham's plastic f luid model or 

the power law model to initially compute the viscosity or flow behavior index, 

respectively. Once this is known, the debris flow model is applied to study the 

pressure profiles and flow characteristics. The Bingham plastic fluid model was 

the first one to be tried in conjunction with the debris flow model as described 

earlier. 

5.3.1. Bingham Plastic Fluid Model 

This model requires the estimation of the plastic viscosity of the flu id 

mixture. Plastic viscosity of the mixture is calculated using equation 5.8 as 

described earlier. Equation 5.6 cannot be used to compute the viscosity due to 

the fact that the flu id is sheared beyond repair at these high speeds of 600 and 

300 rpm. So 100 and 10 rpm are selected as the two speeds at which the 

viscosity is computed. 

e1oo = 74.26 

e1o = 47.48 

where: 

e1 oo and e1 o = dial reading at 100 and 10 rpm generated from 

equation 2.1 . 
I t 

These readings are converted or corrected to that of Bob#1 (9 1 oo and e 1 o) 

using equation 2.2. These are: 

I 

e 100 = 682.45 
I 

e 10 = 438.86 
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Using Equation 5.8 the plastic viscosity is computed as follows : 

llp = 300 X (682.45- 438.86) I (1 00- 1 0) 

llp = 811.97 cp. 

The plastic viscosity of the mixture of masonry sand and bentonite is 

811.97cp. The density of the mixture as reported earlier was 16.4 lbs/gal or 

2.171 gms/cc. 

Equation 5.9 is used to compute the yield point of the mixture at various 

rpm values. Equation 5.10 has to be modified for the correct rotor and bob 

dimensions in order to compute the shear rates at various rpm values. 

Substituting the values for the rotor and bob dimensions and plastic viscosity in 

equation 5. 9, the shear rate is given by : 

where: 

y = 
(5.066 X N) 

(1 .7245)2 

(479 X 'ty) X (3.174/1 .72452 -1) 

811.97 

y = 1.703 X N + 0.0397 X -cy. 

N = sleeve speed (rpm), 

-cy = yield stress (lbs/1 OOsqft), and 

y = shear rate (seconds-1 ). 

(5.17) 

The values of -cy and llp are converted to dynes/sqcm and dynes-sec/cm2 

respectively in order to fit into the equation (2.12). Shear stresses are computed 
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Table 5 1 - Shear stress versus shear rate data 
Shear rate RPM Shear stress 
(second"-1) (dynes/sqcm) 

0 411.534 

16.3344 0 544 .144 

24.8492 5 613.275 

33.3639 10 682.406 

41 .8787 15 751 .537 

50.3935 20 820.669 

58.9082 25 889.8 

67.423 30 958.931 

75.9378 35 1028.06 

84.4525 40 1097.19 

92.9673 45 1166.33 

101 .482 50 1235.46 

109.997 55 1304.59 

118.512 60 1373.72 

127.026 65 1442.85 

135.514 70 1511 .98 

144.056 75 1581 .11 

152.571 80 1650.24 

161 .085 85 1719.38 

169.6 90 1788.51 

178.115 95 1857.64 

186.63 100 1926.77 

40 



2000 

1800 -

1600 -

1400 -

-fi 1200 -
0"' 
Cl) -Cl) 
(1) 
c: 
>

"C 
- 1000 -
Cl) 
Cl) 

~ -Cl) ... 
"' ~ 800 + 
en 

600 -r-

400 -' 

200 -f-

I 

Yield Point : 411.534 dynes/sqcm 

0 I I I 

0 50 100 150 

Shear rate (secondsA-1) 

Fig 5.2 - Elasticity curve for a Bingham plastic fluid model 
41 

200 



at various rpm ranging between from 1 0 to 1 00. The results are tabulated in 

Table 5.1. A plot of the shear stress and shear rate at various rpm's is shown in 

Fig 5.2. The curve looks typical for a Bingham plastic fluid. The straight line is 

extrapolated to intercept the Y axis where the intercept is the yield point for the 

fluid in dynes/sqcm. It comes out to be 412 dynes/sqcm. 

5.3.1.1. Application of Debris flow model to the Bingham plastic model 

As described earlier, the debris flow model can be expressed using the 

following relation: 

'tzx = p X Sine + c X Cos e + k(y)n . (5.18) 

According to Chen(6), the summation of the first two terms on the right 

hand side of equation 5. 18 may be referred to as the yield stress ( ty) of the 

fluid . Therefore : 

-ry = p X Sin e + c X Cos e. (5.19) 

where: 

'ty = Yield stress (dynes/sqcm), 

p = Pressure (dynes/sqcm), 

e = Dial reading or internal angle of friction, and 

c = Cohesion constant. 

According to Mohr's theory of failure, the yield point should occur when 

the shear stress exceeds the sum of the cohesive resistance of the material and 

the frictional resistance of the slip planes. Mohr's criterion can be stated 

mathematically as(2} : 
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1 = ± (C +an Tan e) (5.20 

where: 

a = Shear stress at failure (dynes/sqcm), 

C = Cohesive resistance of the material , 

an = Normal stress at the plane of failure (dynes/sqcm). and 

e = Internal angle of friction. 

Assuming that the normal stress at the plane of failure in this present 

case in zero, the cohesive resistance equals the shear stress. This is stated as 

follows: 

an = 0 so C = 1 . 

Substituting the value of C in equation 5.19 we arrive at : 

'ty = p X Sine + 't X Case. 

Rearranging equation 5.22 : 

p = ('ty - 't X Cos e )/Sin e. 

Equation 5.18 can be expressed in differential form as(9) : 

d'tzx I dz 

d'tzx I dz 

= (dp/dz) X Sine + d/dz [ ~(y)n] 

= -p x g x Sin 4> 
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where: 

p = Density of the fluid mixture (gms/cc = 2.171 gm/cc), 

g =Acceleration due to gravity (cm/sqsec=981 cm/sqsec), and 

4> = Bed angle (measured in degrees). 

Therefore : 

-p X g X Sin 4> = (dp/dz) Sine + d/dz [ Jl(y)n ]. (5.26) 

Equation 5.23 is differentiated numerically to obtain the numerical value for 

dp/dz as follows: 

dp/dz = (fd - bd) I 2E (5.27) 

fd = p + E (5.28) 

bd = p- E (5.29) 

where: 

fd =forward difference, 

bd = backward difference, and 

E = 0.0001 (error function). 

Equation 5.26 is solved for various bed slope angles ranging from 5 to 30 

degrees. Bed angles greater than 300 were found to produce unacceptable 

values of pressure. A computer model developed in this study calculates the 

necessary parameters in the following sequence: 

1. At a given bed angle of so, plastic viscosity, yield point, shear rate, 

shear stress, pressure, and differential pressure are computed. 
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2. The bed angle is then incremented by so increaments, and all the 

above parameters are again calculated until a reasonable bed angle of 30° is 

reached . 

5.3.2. Power Law Model 

The power Jaw model can also be used to describe the flow of mine 

tailings. The two major parameters that have to be computed are the flow 

behavior index and the consistency index. The flow behavior index, n, is 

calculated at various rotor sleeve speeds varing from 10 to 100 rpm using the 

relation given in equation 5.14. Therefore, it follows that the following answer is 

obtained. 

n = Log(8n1 00- 8n1 o) I Log(N2-N1 ), 

n = Log(682.45-438.86) I Log(100110) = 0.1917. 

The value for the consistency index, k, is computed using the relation 

given in equation 5.15. The dial reading at 100 rpm is used to compute the 

consistency index as shown in the following analysis. 

k = 510 x (682.45)1(1 .703 x 100)0.1917 = 129992.16 eq-cp. 

The shear rate is given by equation 5.16, where r = r1 = 1.2276 em is the 

radius of the bob and r2 = 1.8415 em is the radius of the rotor sleeve. 

y = 1.1085 X N. (5.30) 
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Therefore, at 1 0 rpm, the shear rate is computed as y = 1. 1 085 x 1 0= 

11.085 dynes/sqcm. Thus shear rates at various values of rpm are computed 

using the relation given in equation 5.30. The value of consistency index K is 

converted to dynes/sqcm using the following relationship. 

K(dynes/sqcm) = K(eq-cp) x 0.01 = 129992.16 (eq-cp)* 0.01, 

K = 1299.9216 dynes/sqcm. 

Shear stress t is calculated using the relationship given in equation 2.14. 

Therefore, at 10 rpm, the shear stress is computed as shown in thw following 

step. 

- -c = K lrln-1 x y = 1299.9216 * 111.08510.1917-1 x 11.085, 

-c = 2061.54 dynes/sqcm. 

Similarly, shear stress for corresponding values of shear rates at various 

rpm values are computed. Table 5.2 gives the values of shear rates and shear 

stresses at various rpm's. Fig 5.2 gives the elasticity curve which is the plot of 

shear stress versus shear rates on a logarithmic scale. The straight line in Fig 

5.2 is extrapolated towards the Y axis to intercept at a point called the 

· consistency index K of the fluid. The curve is typical of a power law fluid. 

5.3.2.1 . Application of the debris flow model to the power law model 

As discussed earlier in the Bingham plastic model, debris flow model 

equations are applied to the power law model to develop the resulting flow 

model for the flow of mine tailings suspended in a gelled fluid . Pressures are 

calculated using the relation given in the following equation. 
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Table 5.2 -Shear stress and shear rate data 
Shear Rate RPM Shear Stress 

(dynes/sqcm) (second"-1) 

5.5425 5 1894.25 

11 .085 10 5957.96 

16.6275 15 11646.9 

22.17 20 18739.6 

27.7125 25 27100.2 

33.255 30 36633.2 

38.7975 35 47266.2 

44.34 40 58941.8 

49.8825 45 71612.5 

55.425 50 85238.3 

60.9675 55 99785 

66.51 60 115223 

72.0525 65 131524 

77.595 70 148667 

83.1375 75 166628 

88.68 80 185390 

94.2225 85 204934 

99.765 90 225243 

105.308 95 246303 

110.85 100 268101 
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p = tzx X [ (1-Cos e ) - K X yn ] I Sine . (5.31) 

The calculated pressure comes out in dynes/sqcm. It can be converted to 

PSI and Atm using the following equations. 

P(PSI) = P(dynes/sqcm) x 14.5 E- 06, 

P(Atm) = P(PSI) /14.7. 

(5.32) 

(5.33) 

The value of the pressure is differentiated numerically using the following 

relations: 

dp/dz = [(P +E) - (P -E)] /2E (5.34) 

where: E = 0.001, and 

d/dz[K x yn) = -( p x g x Sin <f> ) - dp/dz x Sin <f>. (5.35) 

Equation 5.35 is solved for various values of the pressure differential and 

dial readings. Bed angle f is varied from 5 to 30 degrees in increments of 5 

degrees. 
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CHAPTER VI 

SHORT -DUCT TEST 

6.1 Background 

Chapters Ill through V describe the fluid properties and rheology 

modeling of the mixture of mine tailings in a gelled fluid. The Bingham plastic 

and power law models have been justified to give the correct results. In order to 

apply these models, a laboratory experiment was conducted to study the flow 

characteristics. A 1 0-foot long duct was used to simulate the process of 

backfilling of voids on a small scale laboratory basis. This short-duct test would 

provide necessary information and data to predict the problems that would occur 

if this is tried on a large-scale basis in a mine. It would also provide sizing 

direction on the required cross-sectional area and length for testing on a large

scale basis. By designing a duct in the laboratory, the appropriate duct height 

and filling mechanism in the mine can be assessed. The primary objective of the 

short-duct test is to study the flow characteristics of the mixture( so far modeled) 

and to record the time and the distance traveled at a known flow rate. Video 

tapes of the test were used to study the mud flow characteristics and the fluid 

front formation. 

Based on the properties of the mixture, it is seen that agitation of any kind 

would result in loss of suspended solids. The test mixture cannot be pumped to 

the duct from a storage tank. It has to be fed into the duct from an overhead tank 

or manually poured with the aid of gravity. The duct is tilted to record the flow at 

various bed angles of 5 to 30 degrees. 
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6 .2 Short-duct Test Assembly 

The short-duct test assembly consists of the following sub-assemblies: 

1 . duct assembly, 

2. mud collection tray, 

3. bed angle adjusting pedestal, and 

4. overhead tank. 

6 .2.1. Duct Assembly 

Ducts can be made using the following options: 

1. Purchase a standard rain gutter available on the market 

2. Purchase wood to build a channel, and 

3. Use wood with Formica coating to build a channel. 

For the initial trial , a rain gutter was used in the construction of the duct. 

6 .2.1.1 . Duct Construction 

The gutter used has the following dimensions: 

Material Plastic, white in color. 

Size 
tt II I 

4 wide x 3 high x 10 long. 

Shape ------- rectangle. 

The rain gutter is placed into a channel made out of wood. This wooden channel 

has a dimension slightly greater than the rain gutter and is one foot longer. The 

rain gutter is fastened to the wooden duct with epoxy resin. The front end of the 

rain gutter is sealed with the help of a gate made of plastic. The seal is checked 

for leakage. A sliding gate with a C clamp is used to hold a measured quantity of 

the mixture in the duct before the test begins. 
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6.2.2 Mud Collection Tray 

The mud collection assembly consists of the following components. 

1. A stool, 6- inches in height, on which the rear end of the duct is placed, 

2. A collection tray beneath the stool, 

3. A measuring can. 

6 .2.3. Bed angle adjusting pedestal 

The duct is tilted at various bed angles from 5 to 30 degrees to examine 

the flow characteristics. A pedestal made of wood has platforms attached at 

various heights to provide the necessary bed angle. The platforms are marked 

serially from 1 to 7. By placing the front end of the duct on platform# 1, the bed 

angle is adjusted to read 0 degrees. The rear end of the duct is placed on a stool 

6 inches (in height) above the ground. The rear end is placed in the mud 

collecting tray. Table 6.1 gives the distances of the platforms and the bed angle 

acquired. 

The platform heights are measured from ground level. For a bed angle of 

5 degrees, the front end of the duct is placed on platform #1 while the rear end is 

placed on the mud collection stool. 

Table 6.1 - Pedestal Data 
Platform# Platform ht Bed Angle 

(ft) <t> 
(degrees) 

1 0.5 0 
2 0.87 5 
3 1.74 10 
4 2.59 15 
5 3.42 20 
6 4.23 25 
7 5.00 30 
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6.2.4. Overhead Tank 

The mixture of mine tailing in the gelled fluid is placed above the duct and 

is fed to the duct with the help of gravity. The mixture flows out into the duct from 

a 3-inch diameter pipe. The flow is controlled for required quantity of mixture 

with the help of a ball valve. 

6 .3. Schematic View of the Short-duct Test Assembly 

A schematic view of the short-duct assembly in given in Fig 6.1. 

Valve 

Fig. 6.1 - Short-duct test assembly. 
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6.4. Experimental Procedure 

A sliding gate is fixed at two feet from the front end of the duct assembly. 

The front end of the duct assembly is placed on platform #1 with the rear end on 

the mud collection stool. This results in a bed angle of 0 degrees. An initial 

mixture volume of 2000 cc is taken and held between the place provided by the 

sliding gate. A stop watch is kept ready to record the time taken for this initial 

volume of the mixture to come to a complete rest in the duct. The distance 

traveled by the mixture in the recorded time is noted. Further, mixture volumes of 

1 000 cc are added to record any change in the flow front movement. In the 

complete procedure, care should be taken so that the mixture does not overflow 

the duct. The quantity of the mixture reaching the mud collection system after 

flowing throughout the length of the duct is measured and recorded. The 

collected mud waste is studied further for the following details: 

1 . water content in the collected mixture, 

2. quantity of mixture/waste collected, and 

3. degree of suspension. 

The procedure is repeated for various bed angles of 5, 10 and 15 degrees, 

respectively. The nature of the flow front formation is also studied. 

6.5. Test Results 

During the experiment the following parameters were recorded: 

(a) initial mixture volume in cc, 

(b) starting time in sees, 

(c) flow front advancement time in sees, 

(d) distance travelled in ems, 

(e) flow velocity in ems/sec, 
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(f) additional volume in cc, 

(g) total distance travelled in ems, and 

(h) average flow velocity. 

6.5.1. Zero Degree Bed Angle 

Initial Mixture volume 

Starting Time 

Ending Time 

Distance Traveled 

Flow Velocity 

Remarks : 

2000 cc, 

0:00 seconds, 

0:08.45 seconds, 

33.02 ems, and 

3. 908 em/sec. 

1. Uniform flow front with good suspension. The mixture did not fall apart. 

The flow front was regular. 

2. The mixture in the duct was moving very slowly. The flow front 

advancement was negligible. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Flow front advancement 

Flow Velocity 

Ending Time 

Distance traveled 

Flow Velocity 

Total Distance Traveled 

Average Flow Velocity 

1000 cc, 

0:08.45 seconds, 

0:13.00 seconds at 33.02 ems, 

7.26 ems/sec, 

0:23.45 seconds, 

25.4 ems, 

2.43 ems/sec, 

57.42 ems, and 

2.49 ems/sec. 
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Remarks: 

1. Uniform flow front with good suspension. Water did not seep out of the 

mixture. The tailings were held in suspension by the gel. The flow was 

laminar. 

2. Very slow mixture movement. The flow velocity of the mixture was 2.49 

ems/sec. 

3. Ending time denotes the time after which there is no perceptible fluid 

movement. 

An additional volume of one thousand cm3 (1000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Flow front advancement 

Flow Velocity 

Ending Time 

Distance Traveled 

Flow Velocity 

Total Distance Traveled 

Average Flow Velocity 

Remarks: 

1000 cc, 

0:23.45 seconds, 

0:29.45 seconds at 57.54 ems, 

9. 7 4 ems/sec, 

0:40.34 seconds, 

20.32 ems, 

1.87 ems/sec, 

78.7 4 ems, and 

1. 95 ems/sec. 

1. No significant change observed. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 1000 cc, 
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Starting Time 0:40.34 seconds, 

Flow front advancement 0:48.34 seconds at 78.7 4 ems, 

Ending Time 0:62.98 seconds, 

Distance Traveled 17.78 ems, 

Flow Velocity 1.21 ems/sec, 

Total Distance Traveled 96.52 ems, and 

Average Flow Velocity 1.53 ems/sec. 

Remarks: 

1. No significant change observed. 

An additional volume of one thousand cm3 (1000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Flow front advancement 

Flow Velocity 

Ending Time 

Distance Traveled 

Flow Velocity 

Total Distance Traveled 

Remarks: 

1000 cc, 

0:62.98 seconds, 

0:71.98 seconds at 96.52 ems, 

1 0. 72 ems/sec, 

0:86.28 seconds, 

20.32 ems, 

1 .42 ems/sec, and 

116.84 ems. 

1. No significant change observed. 

An additional volume of one thousand cm3 (1000 cc) was added at the supply 

end of the duct. 

Additional Volume 1000 cc, 
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Starting Time 0:86.28 seconds, 

Flow front advancement 0:99.28 seconds at 116.84 ems, 

Flow Velocity 8.99 ems/sec, 

Ending Time 0:110.43 seconds, 

Distance Traveled 12.7 ems, 

Flow Velocity 1.14 ems/sec, 

Total Distance Traveled 129.54 ems, and 

Average Flow Velocity 1.17 ems/sec. 

Remarks : 

1. Experiment stopped due to overflow of the mixture at the supply end. 

The mixture could no longer flow. 

6.5.2. Bed Angle Equal to 5 degree 

Initial Volume 

Starting Time 

Ending Time 

Distance Traveled 

Average Flow Velocity 

Remarks: 

2000 cc, 

0:00 seconds, 

0:25.52 seconds, 

138.7 ems, and 

5.47 ems/sec. 

1. Non-uniform flow front. The flow front begins forming at 4 feet and ends 

at 4 feet 7 inches. The flow was laminar. The flow front was rugged and 

not smooth. 

2. Water loss seen from the flow mixture. Muddy water seeped through 

the mixture and flowed ahead of the suspensions. 

3. The mixture moved very rapidly during the beginning of the flow. It later 

slowed down. 
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An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Flow front advancement 

Flow Velocity 

Ending Time 

Distance Traveled 

Flow Velocity 

Total Distance Traveled 

Average Flow Velocity 

Remarks: 

1000 cc, 

0:25.52 seconds, 

0:32.52 seconds at 139.7 ems, 

19.96 ems/sec, 

0:51.60 seconds, 

40.64 ems, 

2.13 ems/sec, 

21 0.82 ems, and 

4.08 ems/sec. 

1. Non-uniform flow front. Flow front begins to form at 5 feet 1 inch and 

ends at 6 feet 11 inches. 

2. Water loss seen from the mixture. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Flow front advancement 

Flow Velocity 

Ending Time 

Distance Traveled 

Average Flow Velocity 

1000 cc, 

0:51 .60 seconds, 

0:76.59 seconds at 210.82 ems, 

8.43 ems/sec, 

0:92.81 seconds, 

243.84 ems, and 

2.62 ems/sec. 
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Remarks: 

1. The mixture traveled throughout the entire length of the duct and 1 0 cc 

of mud water collected. 

2. Suspension in good shape till the 5 foot mark. Only water thereafter. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Ending Time 

Distance Traveled 

Average Flow Velocity 

Remarks: 

1000 cc 

0:92.81 seconds 

0:114.81 seconds 

243.84 ems 

11 .08 ems/sec 

1. Seventy-five cm3 (75 cc) of mud water collected. The mixture collected 

had very little suspended mine tailings. 

2. Suspensions intact till the 6 foot mark. This means that the mixture 

could hold the tailings in suspension till the 6 foot mark. 

An additional volume of one thousand cm3(1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Intermediate Time 

Ending Time 

Distance Traveled 

1000 cc, 

0:114.81 seconds, 

0:173.81 seconds, 

0:252.81 seconds, and 

243.84+ ems. 
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Remarks: 

1. Twenty-Five cm3 (25 cc) mud water collected. The col lected mixture 

had very little suspended particles. 

2. Intermediate time is defined as the time when the added mixture 

reached the 8 foot mark. The mixture kept flowing until the ending time is 

recorded. 

3. The mixture could hold the tailings in suspension till the 6 feet 1 inch 

mark. After this mark, they fell out of suspension. 

An additional volume of one thousand cm3 (1000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Intermediate Time 

Ending Time 

2000 cc, 

0:252.81 seconds, 

0:260.80 seconds, 

0:310.02 seconds, and 

Distance Traveled 243.84 +ems. 

Remarks: 

1. Suspensions flowed over the 8 foot mark( entire length of the duct). 

2 . Five hundred (500 cc) mud water with suspensions collected. The 

collected mixture had good amount of suspended tailings. 

3. Large quantities of the mixture accumulated up to the 152.4 ems mark. 

An additional volume of one thousand cm3 (1000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

1000 cc, 

0:310.02 seconds, 
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Ending Time 

Distance Traveled 

Remarks: 

0:37 4.41 seconds, and 

243.84 +ems. 

1. No fluid front movement. The added mixture was not able to move any 

further. 

2. The large quantities of suspensions moved up the 170.18 ems. 

3. Very slow movement or no movement was observed. 

An additional volume of 2000 cc was added at the supply end of the duct. 

Additional Volume 2000 cc, 

Starting Time 

Intermediate Time 

Ending Time 

Distance Traveled 

Remarks: 

0:37 4.41 seconds, 

0:380.41 seconds, 

0:405.34 seconds, and 

243.84 +ems. 

1. Seven hundred and fifty (750 cc) mud water with large quantities of 

suspended tailings collected. 

2. Greater quantity of suspensions found between 30.54 ems and 152.4 

ems mark. 

An additional volume of 3000 cc was added at the supply end of the duct. 

Additional Volume 3000 cc, 

Starting Time 

Intermediate Time 

Ending Time 

Distance Traveled 

0:405.34 seconds, 

0:412.34 seconds, 

0:435.70 seconds, and 

243.84+ ems. 

63 



Remarks: 

1. One thousand five hundred and twenty-five cm3 (1525 cc) of mixture 

collected with good suspensions. 

2. Overflow between the 76.2 ems to 106.74 ems mark. 

3. Mixture accumulated more at 228.6 ems mark. 

6.5.3. Bed Angle Equal To 10 Degrees 

Initial Volume 1 000 cc, 

Starting Time 0:00 seconds, 

Ending Time 0:56.16 seconds, 

Distance Traveled 

Flow Velocity 

Remarks: 

172.72 ems, and 

3.08 ems/sec. 

1. Non-uniform fluid flow front. The flow front was rugged and it starts at 

157.48 ems and ends at 172.72 ems. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Flow front advancement 

Intermediate Time 

Ending Time 

1000 cc, 

0:56.16 seconds, 

0:62.16 seconds at 152.4 ems, 

0:73.28 seconds at 243.84 ems, 

0:115.16 seconds, and 

Distance Traveled 243.84 +ems. 

Remarks: 

1. Two hundred and twenty-five cm3 (225 cc) suspensions collected. 
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Tailings were in good suspension. 

2. Uniform flow throughout the duct. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Intermediate Time 

Ending Time 

Distance Traveled 

Remarks: 

1000 cc, 

0:115.16 seconds, 

0:131.16 seconds at 243.84 ems, 

0:187.43 seconds, and 

243.84+ ems. 

1. Seven hundred and seventy cm3 (770 cc) of suspended tailings 

collected. 

2. Uniform flow throughout the duct. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Intermediate Time 

Ending Time 

Distance Traveled 

Remarks: 

1000 cc, 

0:187.43 seconds, 

0:202.43 seconds at 243.84 ems, 

0:258.17 seconds, and 

243.84+ ems. 

1. Nine hundred cm3 (900 cc) of suspended tailings collected. 

2. Uniform flow throughout the duct. 
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An additional volume of one thousand cm3 (1000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Intermediate Time 

Ending Time 

Distance Traveled 

Remarks: 

1000 cc, 

0:258.17 seconds, 

0:273.17 seconds at 243.84 ems, 

0:331 .51 seconds, and 

243.84 +ems. 

1. Nine hundred and fifty cm3 (950 cc) of suspended mixture collected. 

2. Uniform flow. 

6.5.4. Bed Angle Equal To 15 Degree 

Initial Volume 

Starting Time 

Intermediate Time 

Ending Time 

Distance Traveled 

Remarks: 

1000 cc, 

0:00 seconds, 

0:10 seconds at 243.84 ems, 

0:62.27 seconds, and 

243.84+ ems. 

1. Three hundred and fifty cm3 (350 cc) suspended tailings collected. 

2. Uniform flow front. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

1000 cc, 

0:62.27 seconds, 
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Intermediate Time 

Ending Time 

Distance Traveled 

Remarks: 

0:70.27 seconds at 243.84 ems, 

0:144.54 seconds, and 

243.84+ ems. 

1. Nine hundred cm3 (950 cc) of suspended mixture collected. 

2. Uniform flow throughout the duct. 

An additional volume of one thousand cm3 (1 000 cc) was added at the supply 

end of the duct. 

Additional Volume 

Starting Time 

Intermediate Time 

Ending Time 

Distance Traveled 

Remarks: 

1000 cc, 

0:144.54 seconds, 

0:152.54 seconds at 243.84 ems, 

0:223.12 seconds, and 

243.84+ ems. 

1. One thousand cm3 (1 000 cc) of suspended mixture collected. 
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CHAPTER VII 

RESULTS AND CONCLUSIONS 

The task of this research was to model the flow of suspended mine 

tailings in a drilling based gelled fluid for the purpose of backfilling underground 

voids. The mixture of mine tailings in a drilling based mud was analyzed and 

characterized with respect to its fluid and flow properties. A baroid's viscometer 

was calibrated and used to calculate the viscosity of the mixture. The viscosity of 

this mixture was measured around 800 cp. Rotor sleeve speeds less than 1 0 

rpm and greater than 1 00 rpm were avoided in order to get stable readings. 

Masonry sand of specific gravity close to 2. 7 was used as an equivalent to 

characterize the wastes from the Pilot Knob Mine. Using a mud balance, the mud 

weight was calculated equal to 16.4 lbs/gal or 2.171 gms/cc. In order to develop 

a mathematical model to describe the mixture flow, debris flow models in 

conjunction with the Bingham plastic fluid flow model was used. Shear stress 

and shear rates were calculated at various rotor sleeve speeds. A plot of shear 

stress versus shear rate verified the Bingham plastic fluid behavior. Pressure 

differentials were then calculated. 

The power law model was also used in conjunction with the debris flow 

model in order to characterize the fluid flow behavior. The Consistency Index 

was calculated as equal to 1299.9 dynes/sqcm. The flow behavior index was 

computed equal to 0.1917. Shear stress and shear rates were calculated at 

various RPM of the rotor sleeve. A plot verified the power law behavior. Finally, 

the debris flow model was applied to calculate the pressure differentials. 

Both the developed models can be used to characterize the flow of the 

mixture of mine tailings in a gelled fluid. However, the Bingham plastic model in 
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conjunction with the debris flow model is preferred. In the Bingham plastic 

model, the stress and shear rate calculations are easier than that of the power 

law model. 

Once the mathematical model was established, a small-scale laboratory 

test was performed to study the flow pattern. A rectangular duct made of plastic 

was used to flow the mixture. The bed angle was changed from 0 degrees to 30 

degrees in increments of 5 degrees. A transportation factor defined as the 

percent of mixture collected in the tank with respect to the total quantity of 

mixture at the input. The head with which the mixture flowed was 11.5 inches or 

29.21 em. 

At a bed angle equal to 0 degrees, the mixture moved very slowly. The 

average fluid flow velocity ranged from 1.17 to 3. 9 em/sec. The mixture velocity 

increases after the duct is completely wetted with the mixture. Large volumes of 

the mixture was required in order to establish an appreciable flow. The mixture 

overflowed after addition of 7,000 cc. Total distance traveled was 129.54 em in 

11 0.43 seconds at the rate of 1.17 em/sec. 

At a bed angle equal to 5 degrees, the average flow velocity was in the 

range from 2.62 to 5.47 em/sec. Once the mixture flowed throughout the length 

of the duct, the flow velocity increases for every additional input volume. A total 

of 13,000 cc of mixture was flowed through the duct. Only 2,885 cc was 

recovered at the collection tank. This results in a transportation factor of 22.19 

percent. The mixture flowed throughout the length of the duct. 

At a bed angle equal to 1 0 degrees, the average flow velocity ranged from 

2.12 to 3.08 em/sec. The initial mixture volume was 1,000 cc. A decrease in the 

initial volume led to the decrease in the flow velocity. Five thousand cm3 (5,000 
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cc) of the mixture was flowed through the duct and 2,845 cc was collected in the 

tank. The transportation factor was 56.9 percent. The mixture flowed throughout 

the length of the duct. 

At a bed angle equal to 15 degrees, the average flow velocity was 24.38 

em/sec. The mixture flowed throughout the length of the duct. Three thousand 

cm3 (3,000 cc) of the mixture was flowed and 2,300 cc was collected in the tank. 

The transportation factor was equal to 76.7 percent. 

In order to establish the effect of head on the flow, the duct was placed at 

a bed angle equal to 0 degree and the mixture was flowed with a constant head 

of 18 inches. By increasing the head to 18 inches, it should produce the same 

effect as that with bed angle equal to 5 degrees. It was seen that the average 

flow velocity increased to 1.84 em/sec as against 1.17 em/sec. This, however, 

was less than the average flow velocity with the bed angle equal to 5 degrees 

(2.62 em/sec). This establishes the role of sliding friction in the fluid flow. Sliding 

friction contributes to 29.6 percent of the flow velocity. 

The last thing in the research was to develop a correlation between the 

model and the experimental results. The main use of the model is to predict the 

results. From Table 5.1, the values of shear stress at a particular RPM is 

converted to a linear velocity for the purpose of comparison with the 

experimental results. A sample calculation is given below: 

At zero degree bed angle and 1 0 RPM, 

angular velocity (co) is= (n x p x 0)/60 

where : 

n = RPM of the Bob, and 

D =diameter of the Bob( em). 

(7 .1) 

Assuming that the angular velocity (v) is the same as the linear velocity we get : 
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v = (.!), (7.2) 

v = (1 0 x p x 2.4552)/60 = 1.28 em/sec. 

So 10 RPM corresponds to 1.28 em/sec. Therefore, at 1.28 em/sec, the shear 

stress equals to 682.406 dynes/sqcm (from Table 5.1 ). 

From the experiment, the values derived are : 

Head (pressure) P = (p x g x h)/A (7.3) 

where : 

P = pressure( dynes/sqcm}, 

p =density of the mixture(gms/cc), 

g =gravitational acceleration(cm/sqsec), 

h =height of the fluid column( em), and 

A =area of the flow(sqcm). 

The area of the flow is calculated using the flow rate and flow velocity. 

Area of flow A= q/v (7.4) 

where: 

q 

v 

=flow rate(cdsec), and 

=flow velocity( em/sec). 

q = V/t 

where : 

V =volume of the flowing mixture(cc), and 

t =time (seconds). 

q = 3000/25.52 = 127.93 cc/sec 

v = d/t 

where : 

d = distance traveled in the duct( em). 

- v = 57.42/25.52 = 2.50 em/sec. 
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Using equation 7.4, the area is computed as follows: 

A= 127.93/2.50 = 51.173 sqcm. 

Using equation 7 .3, the pressure is computed as follows: 

pressure P = (2.171 x 981 x 29.21)/51.173 

P = 1215.68 dynes/sqcm. 

For a velocity of 1.28 em/sec, the model suggests a shear stress of 

682.407 dynes/sqcm. Therefore, for 2.50 em/sec, the shear stress should be 

equal to: 

't::: (682.407 X 2.50)/1.28 

-r = 1332.82 dynes/sqcm. 

Assuming this shear is equal to the pressure exerted, the following comparison 

is made: 

From the model 

From the experiment 

P = 1332.82 dynes/sqcm, 

P = 1215.68 dynes/sqcm. 

Percentage error is calculated as follows : 

E = ( P m - P e )/P m x 1 00 

where: 

E = error function (percent), 

Pm =pressure values from the model(dynes/sqcm), and 

Pe =pressure values from the experiment(dynes/sqcm). 

E = (1332.82-1215.68)/1332.82 X 100% = 8.797 

(7.7) 

This is a reasonable error which can be accounted for in the form of sliding 

friction in the duct during flow. 

For a 5 degree bed angle, the procedure is repeated. At 5 degree the head was 

equal to 17.93 em. The duct was placed at platform #2. Hence, it was raised by 

11 .28 em thus reducing the head to 17.79 em. 
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From the experiment: 

V = 3000 cc t = 51 .60 seconds, 

q = 3000/51.60 = 58.14 cc/sec, 

d = 210.82 em t = 51.60 sec, 

v = 210.82/51.60 = 4.08 em/sec, 

A= q/v = 58.14/4.08 = 14.25 sqcm, 

P = ( 2.171 x 981 x 17.93 )/14.25, and 

P = 2679.75 dynes/sqcm. 

From the model: 

For a flow velocity of 4.08 em/sec the shear stress is computed qS: 

P = (4.08 x 682.407)/1.28 = 2175.15 dynes/sqcm. 

The percent error is then calculated as follows: 

E = (2175.15 - 2679. 75)/2175.15 X 100 = - 23.2. 

The percentage error is high and cannot be fully accounted for. The model does 

not predict very accurately when the bed angle is increased. At bed angles 10 

and 15, the percentage error was found to be greater than 50. The model works 

very good at zero degree bed angle. It works satisfactorily to some extent at 5 

degree bed angle, whereas it fails at 1 0 and 15 degrees. 

The following points were concluded: 

1. The mixture of mine tailings in a gelled fluid has a viscosity close to 

810 centipoise. 

2. The Bingham plastic fluid model in conjunction with debris flow model 

can be best used to mathematically describe the flow of mine tailings. 

3. The power law fluid model in conjunction with debris flow model can be 

used as an alternate model. 
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4. A bed angle equal to 5 degrees is established as an ideal angle for 

efficient fluid transportation. 

5. The average flow velocity was 2.62 em/sec. 

6 . As the bed angle increases, the flow velocity increases. However, 

greater bed angles result in viscous fingering of the fluid front. 

7. An increase in head partially affects the fluid flow. Sliding friction 

contributes to almost 29 percent of the flow velocity. 

8. The mixture velocity increases after the duct was entirely filled with the 

fluid. Wetting increases fluid flow. 

9. The water loss from the mixture increases with an increase in bed 

angle. 

10. The developed model best predicts the values of shear stress at zero 

degree bed angle. The percentage error is only 8. 798 percent. 

11. As the bed angle is increased to 5 degrees, the percentage error 

increases to 23.2 percent. 

12. At 1 0 and 15 degrees, the percentage error is greater than 50 

percent. 
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CHAPTER VIII 

RECOMMENDATIONS 

The results obtaining in the study are promising. Additional study of the 

flow properties are needed. The following recommendations are suggested for 

further evaluation. 

1. The mixture of mine tail ings should be flowed in a duct of different 

cross section. A V-shape cross section should be tried. This will establish 

the importance of shape factor in the flow of mine tailings. The flow 

properties will change with the cross section of the duct. In determining 

the shape factor, the wetted perimeter should be taken into account. 

2. Sedimentation of the flow mixture needs to be studied. This is very 

important from the environmental safety standpoint. The mixture that is 

pumped into the ground will stay in suspension for a distinct period of 

time. With time, the particles will fall out of suspension and transport 

water will percolate to ground water perhaps harming the underlying 

natural water body. 

3. Permeability and porosity of the mixture needs to be determined. The 

mixture is held in a filter press and pressurized at various pressures to 

determine the filtrate loss from the mixture. Darcy's law could then be 

used to calculate the permeability of the sample. The same core which is 

taken out of the filter press would then be weighed. The sample is 

assumed to be 1 00 percent saturated with water. The sample can be 

4. A long duct test conducted in the field would determine the flow 

distance and degree of separation as a function of filling rate. The 
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consistency of the mixture could then be calculated. The roughness of the 

long duct should be varied to study its effect on the flow. These 

experiments will help determine the use of this technique in a commercial 

way. Scaling problems should also be examined. 
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