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ABSTRACT 

Granular drains are among the most effective tools for controlling the migration of 

contaminants.  For long-term decommissioning in the mining industry, these drains might be 

subjected to clogging caused by fine particles of the surrounding soils. Fine particles become 

trapped in the granular drains, lowering permeability and reducing effectiveness. Therefore, it 

is necessary to minimize the effect of clogging by allowing particles to move more freely 

within the drains.   

The primary objectives of this research were to:  

 Develop an understanding about the nature of clogging in sand drain materials 

subjected to infiltration of fines;  

 Measure the impact of a wide range of fines on clogging of typical sand drain 

materials; and 

 Modify an existing clogging model to more accurately predict permeability reduction.  

This study is a continuation of Bergerman’s (2011) study. The laboratory test program was 

built based on that study with some modifications to the test apparatus to gain better control 

over the output data. In addition, this study examined a wider range of variables, including 

particle size, clay activity and swelling capacity.  

The laboratory test program was conducted using three types of granular drainage soils: 

Coarse sand, Uniform sand and French drain sand, all under low gradient conditions. In order 

to simulate the transient effects of different fines on drainage sands, various suspensions of 

kaolinite, Battleford till and bentonite fines were used to infiltrate the sands. The test 

equipment used was similar to that of Bergerman’s (2011) study but with bigger inlet and 

outlet tubes and a fixed inflow elevation. These modifications were made with the goal of 

achieving a condition in which all head losses occurred only in the sand. Test results were 

recorded in terms of total heads versus time and were interpreted to determine the changes in 

head due to clogging of fine particles in the inflow. A normalization method was employed in 

the interpretation process to scale all test results to the same boundary conditions, which is 

important when comparing results from one test to another. 
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The result of the test program showed that Coarse sand and Uniform sand were able to 

maintain flow longer than French drain sand due to their coarse nature. The positions of fines 

captured in these sand samples were also different. Fines were captured mostly at the effluent 

end in the Coarse sand column, at the middle of the Uniform sand column, and at the influent 

end of the French Drain sand column. Among the fines chosen, Bentonite was the most active 

clay with a plasticity index of 473%, activity of 6.5 and modified free swelling index of 58.5. 

The presence of fully water-absorbed bentonite particles and flocculation caused fast clogging 

in the sand samples.  

A model, developed by Reddi et al. (2000), was chosen to simulate the test results in this 

study. The proposed modelling equations were applied with modifications in critical velocity 

of flow and the characteristic pore length of drain sands. These modifications were part of the 

calibration process, and they reflected the properties of materials used in this study. Most 

modelling results were in good agreement with the test results after calibration, except for 

Coarse and Uniform sands with bentonite. The unpredictable behavior of bentonite could be 

due to its great swelling potential and ability to create big flocculated particles. This model is 

therefore best used to simulate the behavior of clay suspensions with low-to-medium swelling 

capability. High-swelling clays would require additional effort in adjusting input parameters 

and perhaps modifying the model itself.  

Future work may focus on improving the precision of the test results. Ideally, head loss due to 

inlet/outlet constrictions should be eliminated. Tests involving the injection of fluids other 

than tap water, such as brine, could also contribute to understanding chemical effects on 

permeability reduction. The model could be improved to extend its application to a wider 

range of fines and generate predictions for a longer duration of time. 
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1 CHAPTER 1: INTRODUCTION 

1.1 Subject 

Minimizing clogging is an important consideration in the design of drains used for 

environmental containment. Granular drains have been commonly used for this purpose. 

These drains should be designed to allow the passage of groundwater and pore pressure 

release, while maintaining the stability of surrounding soils. Long-term performance of 

granular drains is strongly dependent on how well they can simultaneously meet these two 

conflicting criteria. To identify drain particles that can meet both of these requirements, it is 

beneficial to understand the hydraulic behavior of flow within drainage systems.  

1.2 Need 

The design of granular drains has typically been based on filter criteria developed for earth 

dams. In these applications, piping failures are the primary concern. More recently, however, 

these drains have been used for environmental applications where clogging of drains is the 

major concern. As a result, the use of these drains has been limited due to an inability to 

predict the loss of performance over time caused by fine particle infiltration. Fine particles 

become trapped in the drains and lower their permeability. There have been several laboratory 

and modelling studies focused on particle clogging in porous media. However, few studies 

have both performed experiments and conducted modelling to simulate service-life of real 

facilities.  

This research involves a combination of laboratory experiments and modelling to investigate 

the hydraulic behavior of drains subjected to an influent containing suspended solids under a 

constant head condition. A model is also used to simulate particle clogging and to predict the 

permeability reduction of drains. The modelling is expected to develop a rational basis for 

determining the extent of permeability reduction of drains due to physical clogging. 

1.3 Objectives 

The objectives of this study are to: 

- Develop an understanding about the nature of clogging in sand drain materials 

subjected to infiltration of fines;  

- Measure the impact of a wide range of fines on clogging of typical sand drain 

materials; and 

- Modify an existing clogging model to more accurately predict permeability reduction.  
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1.4 Hypothesis 

The hypothesis of this research study is that for environmental applications, coarser granular 

drains may provide improved performance by permitting greater passage of fines. These fines 

can clog traditional drain materials. The serviceability life of these coarser drains is therefore 

longer and satisfies the need for environmental applications which is typically long.  

A mathematical model can be developed or an existing model modified to predict the 

permeability reduction in coarser drains due to particle clogging.  

1.5 Scope 

This research is intended to follow up and build upon research conducted by Bergerman 

(2011), who examined how a traditional sand drain design could be modified to the passage of 

denser clay suspensions. This study attempts to improve the precision of tests results and 

extend the range of materials used within the test program. 

The test apparatus in the current study is essentially similar to that used in Bergerman’s (2011) 

research. Two modifications have been made in order to obtain better control of test quality. 

These are: i) bigger inlet and outlet tubes (expanded from 0.4 cm to 0.8 cm in diameter) and ii) 

a fixed elevation of the inflow tube to 55 cm from table level throughout the test program. 

This research also aims to cover a wider range of clays. Bergerman’s (2011) research employed 

kaolinite, Battleford till and Regina clay, all finer than 0.0075 cm, as infiltrating fines. In this 

study, sodium bentonite was used instead of Regina clay because of its higher propensity to 

swell. Kaolinite and Battleford till were still used but a larger particle size, 0.015 cm instead of 

0.0075 cm, was employed. While the concentrations of clay suspensions in Bergerman’s (2011) 

study were fixed at 1 g/L, 3 g/L and 5g/L, those in the current study include 1 g/L, 3 g/L, 5 g/L, 

10 g/L and 15 g/L for most tests.  

In the modeling program, the model developed by Reddi et al. (2005) was chosen and adapted 

for this study because it simulates the same principles of particle clogging demonstrated 

experimentally. While the fundamental principles of the model are maintained, some of the 

parameters can be modified in order to more closely match the test results. However, not all of 

the test results in this study are expected to be effectively simulated. 
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2 CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This study focuses on the experimental investigation of particle clogging in three types of sand 

when they are permeated with three types of clay suspensions. A model is then applied to 

simulate the experimental results. In this chapter, theoretical background and concepts are 

reviewed for a better understanding of the research. First, the particle filtration and deposition 

mechanism is discussed based on previous studies. Second, results on physical clogging tests 

using suspensions of clay from other researchers are presented. The modelling method, 

proposed equations and accompanying assumptions (Reddi et al., 2000, 2005) is reviewed 

next. Lastly, results generated in previous research are shown in comparison with test results 

to evaluate the precision of the model. 

2.2 Particle Transport in Porous Media 

The mechanism of particle deposition has been investigated through numerous studies. Three 

major factors should be considered to understand the mechanism of particle deposition. They 

are: i) the geometry of the void network within the filter material, in particular, the sizes of the 

constrictions within the void network; ii) the particle sizes of the surrounding soil; and iii) the 

hydraulic conditions, such as velocity and seepage direction of the inflow (Kenney et al., 

1984).  

Kenney et al. (1984) introduced the concept of “controlling constriction size” (Dc). 

Controlling constriction size (Dc) is the maximum possible size of particle that can be 

transported through a filter of specific thickness. Thus, for uniform spheres in a dense 

arrangement as shown in Figure 2.1, Dc is 0.16D, where D is the diameter of the particle. For 

looser particle arrangements, the controlling constriction size will be larger. Since granular 

materials are composed of a range of particle sizes, they also contain a range of constriction 

sizes. The minimum constriction size is 0.16Do, where Do is the minimum particle diameter, 

and the maximum constriction size in dense material is 0.16 D100, where D100 is the maximum 

particle diameter. The actual controlling constriction size falls between these two limits, with a 

value that depends on the grain size distribution and the assemblage of a material. 

The particles sizes of the surrounding (base) soil should be big enough to form a filtration cake 

at the soil-filter interface. A portion of particles can be passed through the filtration layer and 

the filter to keep the fluid flowing. For free flowing drains, the portion of fines and fluid 

passing through the filtration layer should be larger than in traditional drains.  
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D
Constriction size

(Uniform Spheres)
D /D = 0.16c

mD

D
nD

Constriction size
D /D = f(m,n)c

Constriction size
(Uniform against surface)

D /D = 0.26c

D D

 

Figure 2.1: Constriction sizes in dense assemblages of spheres (redrawn after Kenney and Lau, 

1985) 

All clays possess a swelling potential in water due to the adsorption of water on the basal 

crystal surfaces on both the external and interlayer surfaces. Of all the clays, bentonite is 

known as the most susceptible to swelling. It is comprised of two sheets of silica tetrahedral 

and one sheet of octahedral formed from cations (typically aluminum or magnesium) 

coordinated by six oxygen atoms. The octahedral sheet is located between the two silica 

sheets, with the tips of the tetrahedra combining with the hydroxyls of the octahedral sheet to 

form a single layer. This layer can expand infinitely in one dimension.  Water and 

exchangeable ions in water can enter the gap between layers and separate them due to the 

weak bonding by Van der Waals’ forces and the net negative charge deficiency in the 

octahedral sheet. Therefore, even when the bentonite crystals are very small, they can be very 

attractive for water. 

Further to its swelling capacity, clay can also flocculate and aggregate. Flocculation is defined 

as the state of dispersion in which clusters of particles form, separated by relatively weak 

mechanical forces (Fischer and Gans, 1946). Flocculation begins when sufficient electrolytes 

are present in a clay suspension to enable clay particles to approach one another closely 

enough to allow attractive forces to dominate and bond the particles. Flocculation is referred 

to as the edge-to-edge or edge-to-face orientation of the clay platelets. For clay, there is a 

predominance of edge-to-edge repulsive forces and edge-to-face attractive forces between the 

clay particles. While the term flocculation is limited to the loose association of clay platelets, 

the term aggregation refers to the collapse of the diffuse double layers and the formation of 

clumps of parallel platelets spaced 20Å (210
-8

 m) or less apart (Mering, 1946). Aggregation 

is used to describe the face-to-face orientation of the clay particles. This is caused by the 

predominance of the attractive Van der Waals forces with repulsive forces at a minimum. 
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2.3 Clogging Experiments Using Suspensions of Clay 

Physical clogging of fine particles in soil filters has been tested in numerous studies (Hajra et 

al., 2002, Bergerman, 2011). This study reviews some of the test programs that have been 

undertaken in this area. 

2.3.1 Experiments by Hajra et al. (2002) 

Hajra et al. (2002) studied the effects of ionic strength on fine particle clogging of soil filters. 

Their experiments were conducted using sandy soil as a filter sand, and kaolinite as an influent 

particulate suspension. All the experiments were under a constant flow rate condition. Sodium 

hydroxide (NaOH) and potassium chloride (KCl) were added to the influent suspensions to 

change the ionic strength of the permeating fluid. Figure 2.2 shows a schematic of the flow 

apparatus. The influent suspension with added NaOH and KCl was prepared in a tank at the 

desired particle concentration.  The influent was then pumped into the soil sample by a 

peristaltic pump at a constant rate of 50 mL/min. A pulse dampener was used at the inlet flow 

line to minimize any pulses caused by the pump. A magnetic stirrer at the base of the pulse 

dampener prevented particle settling and deposition. When the influent suspension ran through 

the soil sample, fine particles were deposited into sand pores and caused a pressure drop. The 

pressure drop was recorded by a differential pressure transducer connected to a computerized 

data acquisition system. The effluent passing through the soil sample was collected and its 

turbidity was measured using a continuous-flow turbidimeter. Each experiment was stopped 

when the pressure drop across the sample and the effluent turbidity attained a stable value.  

The permeability results from Hajra et al. (2000 and 2002) showed significant differences due 

to ionic strength conditions of the influent. An increase in ionic strength was found to 

frequently led to faster reduction in permeability because of the larger flocculated particle 

sizes that were formed in a high ionic strength environment (Figure 2.3). In addition, a lesser 

number of big flocs in the influent suspension caused a more rapid reduction in permeability 

than a larger number of small sized flocs. For the same ionic strength, the rate and extent of 

permeability reduction was greater with NaOH than with KCl, because of the differences in 

flocculation behavior of kaolinite with these two agents.  
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Figure 2.2: Schematic of experimental setup (redrawn after Hajra et al., 2002) 
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2.3.2 Experiments by Reddi et al. (2005) 

Reddi et al. (2005) developed an experimental program using both constant flow rate and 

constant head conditions similar to Hajra et al. (2002). The test apparatus for constant flow 

rate experiments was similar to that of Hajra et al. (2002), but the constant head condition was 

slightly different. The constant head tests did not need a continuous pump connected to the 

computer to control the flow rate since it could fluctuate with time. Tap water was mixed with 

kaolinite or polymer microspheres at a specific concentration to make the influent. This 

solution passed through a primary container with an opening near the top. The sandy soil 

sample (7.63 cm in diameter and 6.35 cm in length) was loosely packed in a Plexiglas column. 

The sample’s bulk density was 1.70 g/m
3
. The excess influent coming out of the primary 

container was collected by a secondary tank and added back to the influent tank. A magnetic 

stirrer was placed under the primary container to prevent particle settlement. The pressure 

head drop was chosen to provide an initial flow rate equal to that in the constant flow rate 

experiments (5 cm corresponds to 100 cm
3
/min, and 2.5 cm corresponds to 50 cm

3
/min). The 

pressure head drop was kept constant throughout the duration of the experiment. The flow 

rate, which decreased with time due to the accumulation of particles inside the sample, was 

measured and recorded with a graduated cylinder at the outlet of the soil sample at regular 

time intervals. Darcy’s law was employed to calculate the permeability of the soil sample from 

the flow rate data and the constant head. Figure 2.4 shows the sketch of experimental setup 

described above. 

 

Figure 2.4: Experimental setup for the constant head condition (redrawn after Reddi et al., 2005) 

Each experiment was initially run using tap water as a self-filtration test. When the 
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reduced permeability by about 70% after 200 pore volumes (Figure 2.5). For the same initial 

flow rate (Qo), the condition of constant head resulted in a greater permeability reduction than 

the condition of constant flow rate. This is due to the settlement of particles after they have 

been deposited in pores under constant head condition, whereas under constant flow rate 

conditions, they might undergo re-entrainment. 

 

Figure 2.5: Self-filtration in filter sand under constant flow and constant head conditions 

(redrawn after Reddi et al., 2005) 

Reddi et al. (2005) noted that when permeability reductions under the two test conditions are 

compared, one needs to specify whether the comparison is made against time or pore volume. 

The experiments revealed similar permeability reductions with respect to time in both cases 

(Figure 2.6); however, the permeability reduction under constant head occurred in much fewer 

pore volumes than under constant flow rate (Figure 2.7). 
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Figure 2.6: Permeability reduction versus time under constant flow rate and constant head 

conditions (redrawn after Reddi et al., 2005) 
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Figure 2.7: Permeability reduction versus pore volumes under constant flow rate and constant 

head conditions (redrawn after Reddi et al., 2005) 
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2.3.3 Experiments by Bergerman (2011) 

Bergerman (2011) studied the filtration of fine soil particles through granular drains under 

brine concentration cycling scenarios. This situation can cause clogging of drains in potash 

mines. Their test program was based on Hajra et al. (2002) and Reddi et al.’s (2005) 

established procedures, and focused on only constant head conditions. The test setup was 

similar to that proposed by Reddi et al. (2005) except for the control of head. In Reddi et al.’s 

(2005) tests, in order to maintain the same pressure head drop, the flow rate was adjusted 

according to the calculation that 5 cm in pressure drop corresponds to 100 mL/min. 

Bergerman’s (2011) tests obtained the desired elevation by placing the influent tank on a shelf. 

The test setup scheme is shown in Figure 2.8. The granular drainage materials used in his test 

program included a concrete sand, a French Drain sand and a Uniform sand. Each test was 

started with initial “self-filtration” permeability by running with tap water only. Suspensions 

of kaolinite were then prepared in either tap water or a 0.5 M NaCl solutions. 

Bergerman’s (2011) test results on the self-filtration process showed that, in terms of pore 

volumes, the reduction rate in permeability for French Drain sand was fastest, followed by 

concrete sand and uniform sand (Figure 2.9). When the suspensions of kaolinite were 

introduced, the increase in ionic strength did not cause greater decrease in permeability like 

the results obtained in Hajra et al (2002). This was probably due to the limited reactivity of 

kaolinite.  

 

Figure 2.8: Experimental setup (Bergerman, 2011) 

Figure 2.10 shows the typical results of permeability reduction under different ionic strengths 

with concrete sand. A higher ionic strength solution (0.5 M NaCl) caused a higher occurrence 

of flocculation of the kaolinite particles. These flocculates led to a faster reduction in 

permeability. Similar results were also obtained in the tests with the French Drain sand and the 
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Figure 2.9: Constant head tests – permeability reduction vs. pore volumes for tap water 

(Bergerman, 2011) 

 
Figure 2.10: Permeability reduction under different ionic strengths (Bergerman, 2011) 
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did not appear to be affected by the ionic strength of the influent pore fluid. Among the sands 

tested, Coarse sand retained greater absolute permeability following fines infiltration and 

allowed a much greater flow-through volume of fines. A graded sand mix may be better at 

retaining permeability than a filter of uniform size.  

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 10 20 30 40 50 60 70
Pore Volumes

k
/k

o

Concrete sand

French Drain sand

Uniform sand

Constant Head

C = 5.0 g/L

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 10 20 30 40 50 60 70
Pore Volumes

k
/k

o

0.5 M NaCl Solution

Tap Water

Constant Head

Concrete sand

C = 5.0 g/L



 

12 

 

2.4 Modelling 

Previous studies have shown that infiltration of micron-sized fine particles can cause 

significant permeability reduction in sand drains. This lowers the service life of these drains. It 

is therefore of considerable value to be able to predict the reduction in permeability over time. 

This can best be done using a simulative model, because the small size of a laboratory testing 

column (28 cm in length and 10 cm in diameter) may not offer a good representation of the 

behavior of a real drainage facility.  

2.4.1 Conceptual Basis for Modelling Method 

As fine particle suspensions migrate through pore tubes, some particles deposit on the walls of 

pore tubes depending on the forces of interaction among the porous medium, the injected fluid 

and the suspended particles. To simulate the time-dependent reductions in the pore tube sizes, 

the Kozeny hydraulic radius model is employed. The Kozeny equation can estimate the 

permeability of a sand drain over time based on the porosity of sand, the diameter of the pores, 

the diameter of fine particles in the fluid and the viscosity of the fluid. To allow the 

application of the Kozeny hydraulic radius model, the sand drain is idealized using an 

assembly of parallel capillary tubes of various diameters and the injected particles are perfect 

spheres (Figure 2.11). 

 

Figure 2.11: Capillary tube representation in model 

2.4.2 Proposed Modelling Equations 

Kozeny’s work is a widely accepted explanation for the fact that permeability is conditioned 

by the geometrical properties of a porous medium. Kozeny theory represents a porous medium 

using an assemblage of channels of various cross-sections but of a definite length. The 

permeability is expressed in terms of the specific surface of the porous medium, which is a 

measure of a property defined as the reciprocal hydraulic radius. The Kozeny equation may be 

expressed as: 

2

3

S

n
cK             (2.1) 
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Where K = specific permeability; c = an empirical value called Kozeny constant, which 

depends on the cross-sectional shape of pores; n = porosity; S = specific surface of a tube, 

which is the surface area per unit volume. 

Based on Leonards (1962) and Scheidegger’s (1974) derivation of the Kozeny hydraulic 

radius model, Garcia-Bengochea (1978, 1979) developed a specific permeability equation, 

which considers both actual pore size distribution and the flow characteristics, expressed as: 

            (2.2) 

 

 

where Cs = shape factor (1/32) for cylindrical pores; n = porosity; z = number of different 

sizes of pores; di = i
th

 pore diameter; f(di) = volumetric frequency of the pore group di, which 

can be calculated using the pore size distribution: 
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     (2.3) 

Where n(di) = number of pores of diameter di per unit pore volume. The volumetric frequency 

distribution of the capillaries has the property: f(di) = 1. 

The Darcy permeability k is expressed as:  




 Kk               (2.4) 

Where  = unit weight of water;  = dynamic viscosity of water or the permeant. Equation 

(2.2) can be rewritten as follows: 

 

                                                          (2.5) 

  

 

The characteristic pore length (*) (Figure 2.1), over which the idealization of straight 

cylindrical pore tubes is valid, was first proposed by Arya and Paris (1981) and Arya and 

Dierolf (1989). They defined * as an effective pore length of soil, as a function of grain 

sizes. They found that * varied from about 0.3 cm to 1.5 cm. Based on the study of various 

type of soils, they concluded that * varies over a relatively narrow range of values. A value 

of 0.91 cm for * produced good agreement between predicted and the measured soil moisture 

 

2

1

4

1












































z

i i

i

s

d

df
nCk





 

2

1

4

1






























z

i i

i

s

d

df
nCK



 

14 

 

characteristic for two studied sandy soils. Reddi et al. (2000 and 2005) also chose this value 

for the sands in their studies. 

The time-dependent clogging action was represented by the particle deposition rate in each 

pore tube as: 

                                                                  (2.6)                                                                                           

 

where N(ri,aj) = number of particles of radius aj deposited in the pore tube of radius ri; q(ri) = 

flow rate through the tube ri; p(ri,aj) = probability of deposition of particles of radius aj in the 

tube ri; and C(aj) = concentration of particles, in terms of number per unit volume, of radius aj 

in the pore stream. The flow rate through each tube q(ri), may be expressed using Poiseuille’s 

law: 

 (2.7) 

where J = hydraulic gradient across the tube.  

The probability of fine particle deposition on the walls of a pore tube, p(ri,aj), was initiated by 

Stein (1940) and expressed as: 

                                                                  (2.4)               

(2.8) 

where  is a lumped parameter that takes into account the effect of several interparticle forces 

on deposition, including gravitational, inertial, hydrodynamic, electric double layer, and Van 

der Waals. In this equation, for a particle of radius a, if a is equal to or greater than the pore 

radius r, the probability of capture is 1.0 and the particle is captured. The probability of 

particle deposition increases with an increase in (aj/ri), which might result from an increase 

in  and/or aj or a decrease in ri. A high value of  indicates that the surface conditions are 

favorable for deposition. 

 

                                     (2.9) 

o = constant dependent on ionic condition, and has the value of 3.0 for salt-free water (Rege 

and Fogler 1988); v(ri) = velocity of flow in the pore tube; and vcr = critical velocity beyond 

which no particle clogging is likely. 

Fine particles in fluids increase the resistance to flow and thus effectively reduce the pore size. 

Based on drag forces experienced by particles in cylindrical tubes, the pressure drop, P(aj), 

caused by a single particle of radius aj in a tube of radius ri, may be expressed as (Happel and 

Brenner, 1973): 
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Where U(ri) = the central line velocity in a tube of size ri before particle deposition, which can 

be taken as two times the average pore velocity for a parabolic velocity profile; and 

                     (2.11) 

 

The hydraulic gradient increased due to the resistance to a given flow by a single deposited 

particle in a pore of radius ri is: 
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where  = unit weight of water. Therefore the total hydraulic gradient caused by all deposited 

particles in a pore of radius ri is: 

                                                                                                                              (2.13) 

 

where M is the number of particles of size aj. 

Since the total hydraulic gradient J across the tube is constant, a tube of original size ri0 with 

particles deposited on the wall can be visualized as a clean tube with reduced pore size ri1. The 

hydraulic gradient that is conducting flow in a tube is J - Jparticle, where Jparticle is the 

gradient consumed by the deposited particles (equation 2.13). In the visualized equivalent tube 

under constant head, the gradient across the tube is the total gradient J. Applying Poiseuille’s 

law to both tubes: 

 
 

  4

11

4

00

88
iii

particle

i
r

J
rqr

JJ
rq 
















            (2.14) 

The new pore radius after particle deposition is expressed as: 

 

 

                                                       (2.15) 

The porosity after deposition can be obtained by taking the sum of the volumes of new pore 

tubes into account after the reduced pore radius has been determined. The time-dependent 

permeability of porous media is then calculated by equation (2.5) using the new pore sizes and 

porosity. 

2.4.3 Modelling Results from Previous Studies 

Reddi et al. (2000, 2005) and Xiao (2001) tested the precision of the proposed model by 

comparing its results with experimental results on concrete sand with suspensions of non-

swelling polystyrene microspheres and kaolinite clay. The test program consisted of both 
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constant flow rate tests and constant head tests. A summary of the experimental program was 

given in section 2.3. The model was then applied to simulate those experimental results. The 

major findings are as follows: 

i. Under constant flow rate condition: 

The model predictions for polystyrene spheres at two different concentrations (0.5 g/L and 

1.0 g/L) were in good agreement with the experimental observations (Figure 2.12). 

The same model was also applied to the test of concrete sand and kaolinite suspension to see 

the effect of particle size distribution of kaolinite on the modelling results. The original 

particle size distribution of kaolinite was modified by increasing the number of biggest 

particles to 5% to reflect the presence of kaolinite flocculation in the suspension. This amount 

was chosen due to the knowledge from previous experiments that a mere 5% of flocculated 

particles could cause significant reductions in the permeability. Figure 2.13 shows the model 

predictions for kaolinite particles with their original and modified size distributions. 

As expected, kaolinite suspensions yielded a very low reduction in permeability when the original 

particle size distribution was chosen to be the input data. When the modified particle size 

distribution was used, however, the model predictions were in good agreement with the 

experimental observations. It is obvious that increasing the number of biggest particle to 5% had a 

significant impact on the permeability reduction. It is therefore important to account for the size of 

bigger particles of swelling clay in turbid water when assessing the drainage capacity reductions. 

i. Under constant head condition: 

In the next stage of their research program, Reddi et al. (2005) conducted the same test as 

above but under a constant head condition. Permeability reduction in this case occurred in 

much fewer pore volumes than under constant flow rate. In other words, the constant head 

condition was more detrimental than the constant flow rate condition with respect to 

permeability reduction. The same model was applied and the trend successfully simulated. 

Some typical experimental and modelling results for polymer microspheres particles are 

shown in Figure 2.14 and Figure 2.15. 

The modelling results revealed that higher concentrations of fine particles in the influent 

resulted in steeper reductions in permeability (Figure 2.14), a result that is consistent with the 

experimental observations. In Figure 2.15, the extent of permeability reduction and the pore 

volumes in which this reduction occurred were similar in both cases of kaolinite particles and 

polymer microspheres despite the considerable differences in their sizes, and was likely due to 

the flocculation occurring in the case of kaolinite particles. Unlike polymer microspheres, 

kaolinite particles exhibit surface charge and flocculate to the extent allowed by the ionic 

strength of suspension. The sizes of flocculation were accounted for in the model by 

increasing the number of bigger particles to 5%.   
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Figure 2.12: Model predictions and experimental observations for the suspension of polystyrene 

at two different concentrations (redrawn after Reddi et al., 2000) 

 

Figure 2.13: Model predictions for kaolinite particles with original and flocculated size 

distributions (redrawn after Reddi et al., 2000) 
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Figure 2.14: Experimental and modelling results under constant head conditions for two 

different particle concentrations (redrawn after Reddi et al., 2005) 

 

Figure 2.15: Experimental and modelling results under constant head conditions for kaolinite 

and polymer microspheres particles (redrawn after Reddi et al., 2005) 
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In summary, the model was able to simulate the physical clogging of sand when permeated 

with suspensions of clay, both under conditions of constant head and constant flow rate. The 

modelling results, however, slightly underestimated the rate of permeability reduction because 

self-filtration was not taken into account. In the test program, all observations were taken after 

the self-filtration completes. Self-filtration resulted in the rearrangement of particles and 

therefore reduced the permeability of the porous medium before the introduction of turbid 

water. The modelling also did not consider particle re-entrainment. It assumed that all 

particles, once deposited, remain at the same place permanently, which is seldom the case. 

These weaknesses in the model should be improved in further studies.  

2.5 Summary of Literature Review 

In this chapter, the theoretical background on the mechanism of particle deposition and 

filtration was reviewed. There are three factors that affect this mechanism: constriction size (or 

pore size distribution), particle size and hydraulic condition. These parameters are considered 

in a more detailed manner in the modelling chapter. A summary of the experimental setup and 

modelling method from previous studies was also presented. The experimental setup in the 

current study was under a constant head condition and was developed based on the 

aforementioned ideas with some modifications.  

In the following chapters, physical clogging of clay particles in sandy soils is investigated 

through a test program. The model described in this chapter is modified and applied in order to 

compare its results with the test results. 
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3 CHAPTER 3: TEST PROGRAM 

3.1 Introduction 

The laboratory test program consisted of a series of constant head infiltration tests. This 

laboratory test program was designed to measure permeability and head drop over time across 

different sand drain materials due to the introduction of fines.  

The objectives of the test program are to understand: i) the location and degree of particle 

clogging in a sand sample, ii) the permeability reduction of each drain sand with different 

permeants, and iii) the effect of each clay type on permeability reduction of a drain sand. 

3.2 Testing Materials  

Testing materials used in this program included three types of drainage sands and three types 

of clay fines. Drainage materials are Coarse sand, French Drain sand, and Uniform sand with 

the same properties and components as those used in Bergerman (2011)’s research. Bergerman 

determined the uniformity coefficients of these three sands were 6.7, 8.2 and 2.0, respectively. 

French Drain sand was well graded with some gravel and a trace amount of fines. Coarse sand 

was well graded with approximately 40% being gravel-sized particles. Uniform sand was an 

industrial product from the Unimin brand, which is often used as filter pack material for well 

installations. It was taken directly out of the bag, while Coarse sand and French Drain sands 

were developed by sieving large volumes of sand-sized and gravel-sized particles and mixing 

them into the desired gradation. The D15 sizes of each filter material are 0.025 cm, 0.07 cm 

and 0.09 cm for the French Drain sand, Uniform sand, and Coarse graded sand, respectively. 

The grain size distribution test results obtained by sieving analysis (Bergerman, 2011) and 

gradation curves of three sands are shown in Table 3-1 and Figure 3.1, respectively. The 

porosity of these sands was approximately 36% to 37% for Uniform sand, 32% to 33% for 

Coarse sand, and 29% to 30% for French Drain sand. 

Three different types of clay fines were used to permeate the drainage materials. These 

permeants were used to simulate the infiltration of fine particles from the surrounding (base) 

soil. These were kaolinite, Battleford till (typical of surficial sediments in Saskatchewan) and 

sodium bentonite (high swelling clay). In this study, sodium bentonite was used instead of 

Regina clay in Bergerman’s research because of its higher propensity to swell. The bentonite 

and kaolinite clay were taken from a commercially bagged source. The Battleford till fines 

were obtained by air drying, crushing and sieving samples obtained from non-related site 

investigations. Only Battleford Till material finer than the #100 sieve (less than 0.015 cm in 

diameter) was used in the infiltrating fines concentrations. This is a larger size range of 

particles compared to material finer than the #200 sieve (less than 0.0075 cm in diameter) in 

Bergerman’s (2011) test. 
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Table 3-1: Grain size distribution test results of three sands (Bergerman, 2011) 

 

 
Figure 3.1: Grain size distribution of three sands (Bergerman, 2011) 

The laboratory test program in this study conducted tests to determine the properties of both 

drainage materials and clay fines. They included the pore size distribution and the sphericity 

and roundness index of the three sands; grain size distribution, Atterberg limit, and modified 

free swelling index of the three clays. Some other properties of materials were needed for 

modelling purposes, such as the number of particles in one gram of dry powder of clay and the 

viscosity of clay suspension. These properties were all determined during the test program. 

3.3 Testing Apparatus and Method 

The constant head test apparatus used was a modified version of the apparatus developed by 

Bergerman (2011) with improvements to achieve a better head control. Modifications included 
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an expansion in diameter of the inlet and outlet tube and fixation of the outlet tube at the same 

elevation throughout the test program. 

Figure 3.2 shows the experimental setup for the constant head filtration test. The influent tank 

contained suspensions of clays used to permeate the sand sample. A circulation pump was 

placed inside this tank in order to circulate the suspensions. The cylindrical column was 

connected with a plastic bottle which was set at 55 cm above the table level. This bottle acted 

as an influent fines suspension container. The column was 28 cm long and 10 cm in diameter. 

Nine ports, numbered bottom to top and spaced along the side of the column, were attached to 

manometer tubes to measure pressure head at various elevations in the column. The inlet and 

outlet holes were expanded from 0.4 cm (as in Bergerman’s test apparatus) to 0.8 cm in 

diameter.  

Three colloidal suspensions of three different fines were mixed in tap water and contained in 

the influent tank. The influent suspension was pumped from the influent tank to the 

suspension container (plastic bottle at 55 cm level). A magnetic stirrer was placed at the 

bottom of this container to prevent particle settlement. Excess influent was returned to the 

influent tank through a port near the top of the bottle. The outflow tube was fixed at 38 cm 

from the table level. 

 

Figure 3.2: Experimental setup 

The test samples were made by pouring dry sands into the cylindrical column then compacting 

them. The weight of each sample was similar for each type of sand to keep the porosity 

consistent throughout the test program. Carbon dioxide was used to flood the samples before 
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the introduction of water, ensuring full saturation prior to testing. Carbon dioxide dissolves 

quickly in water, allowing the pores to fill up with water. This process helped making the 

measured heads more accurate. Tap water was passed through the column to carry out self-

filtration prior to the introduction of particulate suspensions. The initial permeability of the 

soil filter was also established during this process. The colloidal suspension was pumped into 

the sand column through its bottom port and exited at the top cap. The flow rate was measured 

at the outlet of the soil sample and the turbidity of the effluent was also measured. Changes in 

heads were recorded to calculate permeability and evaluate clogging throughout the length of 

the sand column. Test results taken during the test include volume of outflow fluid collected in 

one minute and readings of heads at the nine ports of the column. 
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4 CHAPTER 4: PRESENTATION AND DISCUSSIONS OF 

THE TEST RESULTS 

4.1 Results of the Materials Properties Tests 

Properties of drainage sands and clay fines used in the test program should be examined in 

order to interpret the test results and model them. For sands, properties of interest are 

sphericity, roundness index, and pore size distribution. For clay fines, the grain size 

distribution, Atterberg limits, modified swelling index, the number of particles in one gram of 

dry powder, and viscosity of clay suspensions are essential.  

4.1.1 Sphericity and Roundness Index of the Drain Sands 

It is also necessary to note that the roundness of sand particles has an impact on the hydraulic 

conductivity of sand (Garcia et al., 2009). Table 4-1 presents the sphericity and roundness test 

results performed on various particle sizes of all three sands. Microphotos of the three sand 

mixes are shown in Figure 4.1, Figure 4.2 and Figure 4.3. According to the visual 

classification of granular soil (Holtz and Kovacs, 1981), Uniform sand particles are rounded 

while Coarse sand and French Drain sand particles are sub-rounded and sub-angular, 

respectively. Therefore, Uniform sand would have a higher hydraulic conductivity than the 

other two sands if they all have similar grain sizes, porosity and pore size distribution. 

Table 4-1: Sphericity and roundness index of three drain sands 

Particle size (cm) Uniform sand 

(rounded) 

Coarse sand             

(sub-rounded) 

French Drain sand      

(sub-angular) 

Spherici

ty 

Roundness Sphericity Roundnes

s 

Sphericity Roundness 

0.2 (sieve #10)   7.2 4.3 7.4 5.2 

0.085 (sieve #20) 8.5 7.0 7.7 5.2 7.3 4.3 

0.0425 (sieve #40) 7.9 6.9 7.8 5.2 6.4 3.6 

0.025 (sieve #60) 7.9 6.2 6.9 5.3 6.6 4.5 

0.015 (sieve #100) 6.9 4.8 6.7 4.9 6.5 4.7 
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1 mm

 

Figure 4.1: Microphoto of the Coarse sand mix 

1 mm

 

Figure 4.2: Microphoto of the Uniform sand mix 
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1 mm

 

Figure 4.3: Microphoto of the French Drain mix 

4.1.2 Pore Size Distribution of the Drain Sands 

Estimated pore size distribution was calculated based on the study by Arya and Paris (1981). 

Pore size distribution can be generated from the particle size distribution as an intermediate 

step in estimating the moisture characteristic of a granular soil. The particle size distribution 

curve is divided into n size fractions, and the solid mass in each fraction is assembled to form 

a hypothetical, cubic close-packed structure consisting of uniform-sized spherical particles. 

The pore volume in each assemblage is calculated from the bulk density and particle density 

measured on the naturally structured soil. The pore volume, Vvi (cm
3
/g), associated with the 

solid mass in the i
th

 particle size fraction, is represented as a single cylindrical capillary tube, 

and is given by: 

ii

p

i

vi
lre

W
V 
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Where Vvi is the pore volume per unit sample mass associated with the solid particles in the i
th

 

particle size range, Wi is the solid mass per unit sample mass in the i
th

 particle-size range, ρp is 

the particle density, e is the void ratio, ri is the pore radius, and li is the pore length. 

For an ideal soil consisting of uniformly sized spherical particles in a cubic close-packed 

assemblage, the pore radius can be calculated from the particle radius for each size fraction by: 

eRr
ii
 816.0  
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Where Ri is the particle radius. 

Table 4-1 and Figure 4.4 show the pore size distribution calculation and distribution curves of 

the three sands used in this work. 

Table 4-2: Calculation of pore size distributions of the three sands used in this work (based on 

Arya and Paris, 1981) 

 

 

Figure 4.4: Calculated pore size distribution curves of the three drain sands used in this work 
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4.1.3 Particles Size Distributions of Clay Fines  

It was realized that the hydrometer test was not appropriate to determine the particle sizes of 

bentonite due to its viscosity even at a low concentration (10 g/L of bentonite while the 

standard concentration for silt and clay sample was 50 g/L). Therefore, the pipette test was 

employed to achieve the particles sizes of bentonite. The particles sizes of other two clays, 

kaolinite and Battleford till, were also examined by this test to ensure consistency of the test 

results (Figure 4.5). This figure shows that the clay fraction (percentage by weight of the soil 

finer than 2m) for bentonite, kaolinite and Battleford till were 73%, 54%, and 25%, 

respectively. Details of the test results can be found in the Appendix A. 

 

Figure 4.5: Particles size distribution of bentonite, kaolinite and Battleford till 

4.1.4 Atterberg Limits and the Activity of Clay Fines 

The Atterberg limits of the three clays were achieved in accordance with ASTM D4318 – 10: 

Standard test methods for liquid limit, plastic limit, and plasticity index of soils, as shown in 

Table 4-3. The plastic limit was determined by rolling a thread of soil until it begins to crumble 

at a diameter of 0.3 cm. The liquid limit was determined using a Casagrande cup. Three samples 

were done for each test and the average value was used for the plastic limit (Appendix B). 
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Table 4-3: Atterberg limits of three clays 

 Plastic limit Liquid limit Plasticity index 

Bentonite 38% 511% 473% 

Kaolinite 32% 56% 24% 

Battleford till 20% 41% 21% 

 

The activity of clay was defined as (Skempton, 1953): 

fractionclay

PI
A

_
  

The clay fraction and plasticity index (PI) can be used to determine the activity of clay (Holtz 

and Kovacs, 1981). A clay that has an activity around 1 (0.75 < A < 1.25) is classified as 

“normal”; A < 0.75 is inactive clay and A > 1.25 is active clay. Therefore, bentonite can be 

considered as an active clay (A = 473/73 = 6.5), kaolinite is inactive (A = 24/54 = 0.44); and 

Battleford till is normal (A = 21/25 = 0.84). 

4.1.5 Modified Free Swelling Index of Clay Fines 

The Modified Free Swelling Index (Sivapullaiah et al., 1987) can also be used to provide a 

measure of the swelling characteristics of clay. This index can be determined by a simple test. 

An amount of clay is mixed with distilled water and left to sit for 24 hours. The ratio between 

the volume of clay after and before the test is called the Modified Free Swelling Index. These 

indices are 58.5, 3.46, and 2.57 for bentonite, kaolinite, and Battleford till, respectively. 

Sivapullaiah et al. (1987) described the swelling properties of clay as a function of the 

swelling potential (Table 4-4). According to this, kaolinite and Battleford till’s swelling 

potential is moderate while that of bentonite is very high. 

Table 4-4: Swelling potential based on the modified free swell index 

Liquid Limit (%) 
Modified Free 

Swell Index 
Swelling potential 

< 200 < 2.5 Negligible 

200 to 400 2.5 to 9.99 Moderate 

400 to 500 10.0 to 20.0 High 

> 500 > 20.0 Very high 

 

4.1.6 Number of Particles in One Gram of Dry Powder   

Quantifying the number of particles in each gram of clay is required for Reddi’s model. The 

only way to come up with this value is to estimate it from the grain size distribution using the 
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assumption that all particles are spherical in shape. This is a “big” assumption and may not 

apply to high swelling clays. The number of particles in one gram of clay can be estimated by 

knowing the specific density (i.e., 2.65 g/cm
3
 for clay) and particle volume. A sample 

calculation of kaolinite particles is shown in Table 4-5. Figure 4.6 presents the number of 

different clay particles contained in one gram of dry powder.   

 

 

Table 4-5 - Calculation of number of kaolinite particles in 1.0 g of dry powder 

Grain size 

diameter   

(cm) 

Percent finer 

than (%) 

Percent by 

weight 

Volume of 

one particle 

(cm
3
) 

Weight of 

one 

particle 

Number of 

particles in 1.0g 

of dry powder 

0.1500 100.0 0.6 1.7710
-6

 4.6810
-6

 1.2610
3
 

0.0802 93.1 6.8 2.7010
-7

 7.1710
-7

 9.5210
4
 

0.0521 88.6 4.5 7.4210
-8

 1.9710
-7

 2.3110
5
 

0.0211 83.7 4.8 4.9110
-9

 1.3010
-8

 3.7110
6
 

0.0106 80.9 2.7 6.2110
-10

 1.6510
-9

 1.6610
7
 

0.0063 74.5 6.4 1.3310
-10

 3.5110
-10

 1.8310
8
 

0.0021 54.3 20.1 4.9310
-12

 1.3110
-11

 1.5410
10

 

Less than 

0.0021 

0.0 53.4 5.2410
-13

 1.3910
-12

 3.8910
11
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b) Bentonite 

 

c) Battleford till 

Figure 4.6: Estimated number of kaolinite, bentonite and Battleford till particles in 1.0 g of dry 

powder 
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4.1.7 Viscosity of Clay Suspensions   

The viscosity of clay suspensions is also required for modelling. A viscometer was used to 

measure the viscosity of suspensions at different concentrations of clay (Table 4-6). Since the 

concentrations of clay in the fluid of the current study were low (0.1% to 1% by weight), their 

viscosities were only slightly higher than that of pure water. 

Table 4-6: Measured viscosity (Pas) of suspensions of three different clay suspensions  at 

room temperature (25
o
C) 

Concentration 

(g/L) Kaolinite Battleford till Bentonite 

1 N/A N/A 0.001 

2 N/A N/A 0.002 

5 0.0010020 0.0010020 0.005 

10 0.0010025 0.0010025 0.008 

15 0.0010030 0.0010030 0.010 

 

4.2 Evaluation of the Test Apparatus 

In order to analyze the test results, all of the parameters associated with the test apparatus need 

to be considered. These include the lower and upper boundaries, as well as the total head 

readings at different ports within the column.  

The inflow boundary condition is the value of total head at the lowest port (port #1). This value 

was 51 cm because the elevation of the water level that fed the inflow was fixed at 55 cm during 

the test and the elevation of the port #1 was 4.1 cm from the table level. The fluid moved from 

the influent fines suspension container through the column from the bottom to the top and exited 

through a tube, making the elevation of the tube equivalent to the elevation of the outflow. The 

elevation of the outflow varied from 28 cm to 38 cm depending on the flow rate. When the flow 

rate was fast enough to completely fill the outlet tube with fluid, the elevation of the outflow was 

at the very end of the tube, that is, at 28 cm. In contrast, if the flow rate was slow, it created only 

a small volume of outflow and fluid could not fill the outlet tube. The elevation of the outflow 

was therefore at the point that air started appearing, usually at the top curve of the tube (38 cm) 

(Figure 4.7). The gradient lines connecting the inflow boundary condition value and two upper 

boundary condition values were called theoretical low flow rate and theoretical high flow rate 

lines (Figure 4.8). All of the total heads recorded during the test were supposed to vary within 

these boundaries. Any drop or increase in head beyond these limits might indicate a 

restructuring of the sand body or the presence of new fine particles. 
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Figure 4.7: Flow rate and boundary conditions of the outflow 
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Figure 4.8: Experimental setup parameters 
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these segments. For example, in Figure 4.8, the slope of segment 1 (between port #1 and port 

#2) was less than the slope of segment 3 (between port #3 and port #4), or  < ’. This 

indicates that the gradient within portion 1 of the sand column was smaller than that in portion 

3 and therefore portion 1 was less permeable than portion 3. In other words, more clogging 

occurs at the lower as opposed to upper portion of the column.  

4.3 Infiltration Constant Head Tests 

All infiltration tests were conducted in two stages: i) self-filtration and ii) filtration with 

colloidal suspensions of fines. In the self-filtration process, only tap water was introduced as 

the influent fluid. When tap water followed through the sand samples, it allowed particles to 

rearrange and deposit themselves into favourable positions. The samples, therefore, became 

tighter and less permeable than they were before the test (Hajra et al., 2002 and Reddi et al., 

2005). The self-filtration process was considered “finished” once the permeability was stable. 

In the next stage, fine clay particles were mixed with tap water and this solution was used as 

the influent fluid. The effect of particles clogging on head loss and permeability reduction was 

studied at this stage. Readings of the total heads for each test are listed in the Appendix C. 

4.3.1 Self-filtration Process 

 

Figure 4.9: Self-filtration process of French Drain sand, Coarse sand and Uniform sand 
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Results obtained during the first stage, self-filtration, were relatively consistent throughout 

many runs on different types of sand. Figure 4.9 shows the typical results of self-filtration for 

three drain sand types in terms of total head versus elevation. Theoretical parameters such as 

boundary conditions and tubing head loss (as discussed in section 4.1) are also included in this 

figure. 

The results show that there was no head loss at the lower end of the column when testing 

French Drain sand. However, significant head loss occurred at the same location when testing 

Uniform sand and Coarse sand. This loss was caused by the friction along the inflow tube and 

can be calculated by the Darcy-Weisbach equation as follows: 

g

V

D

L
fh

f

2

2

  

Where: hf is the head loss due to friction (cm); f is the dimensionless Darcy friction factor; L is 

the length of tube (m); D is the diameter of tube (m); V is the velocity of fluid (m/s); and g is 

the local acceleration due to gravity (m
2
/s). 

The friction factor can be determined from the Reynolds number (Re) and the Moody 

diagram. The Reynolds number is: 



 DVDV 



Re  

Where:  is the density of the fluid (g/cm
3
);  is the dynamic viscosity of the fluid (Pas);  

is the kinematic viscosity ( = /, m
2
/s); V is the velocity of fluid (m/s); D is the diameter 

of tube (m). 

In the actual test setup at the laboratory, the inflow pipe that transported fluid from the main 

container to the sand column consisted of two pipes with different diameters and one 

connection between them. Further, the outlet port from the main container and the inlet port of 

the column should also be taken into consideration. All components of the inflow tube with 

their dimensions are listed in Table 4-7. 

Table 4-7: Dimensions of inflow tube components 

 

Pipe components
Pipe Diameter 

D (cm)

Length of 

Pipe L 

(cm)Outlet port from main container 0.4 5.0

Small pipe 0.6 50.0

Connection 0.4 5.0

Big pipe 1.2 22.0

Inlet port of the sand column 0.8 8.5
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Table 4-8 shows calculations of tubing head losses during self-filtration for three sands. The 

head loss was 11.07 cm, 10.76 cm, and 0.17 cm for Uniform sand, Coarse sand, and French 

Drain sand, respectively. According to the test observations, the tubing head loss was 

approximately 13 cm for Uniform sand and Coarse sand and almost zero for French Drain 

sand (Figure 4.9). Therefore, it can be said that this calculation can provide a good explanation 

for the drop in head during the test. 

Table 4-8: Calculations of head loss in the inflow tube 

 

The first segment of the column showed the most severe clogging level; its head loss slope () 

in Figure 4.9 was smallest. The slope was increased for lines at higher elevations, implying an 

increase in permeability. After six pore volumes, total head at most positions of the sand 

column had dropped slightly. This was due to the movement and rearrangement of small sand 

particles within the French Drain sand. Small particles can move along with the flow and 

deposit themselves into larger available pores. This action caused the change in heads at 

different ports of the sand column.  

Results of the self-filtration processes of Uniform sand and Coarse sand were gathered using 

the same approach as with French Drain sand. It can be seen that the head losses of these two 

sand types were noticeable at the bottom end of the column: approximately 17 cm. Unlike 

French Drain sand, the change in total heads of Uniform sand and Coarse sand in the self-

filtration process was minimal over time. It can be explained by recalling the grain size 

distribution of these two types of sand (Figure 3.1). They did not contain any particles with 

diameter smaller than 0.0425 cm while French Drain sand contained 26% weight finer than 

0.0425 cm. The large and medium particles were not able to move along with the flow as 

Measured 

Flow rate Q 

(cm
3
/s)

Velocity V 

(cm/s)

Tube Diameter 

D (cm)

Length of 

tube L (cm)

Reynold 

number

Friction 

factor

Head loss 

(cm)

Total head 

loss (cm)

14.10 112.20 0.4 5.0 4488 0.039 3.128

14.10 49.87 0.6 50.0 2992 0.043 4.542

14.10 112.20 0.4 5.0 4488 0.039 3.128

14.10 12.47 1.2 22.0 1496 0.045 0.065

14.10 28.05 0.8 8.5 2244 0.048 0.205

13.90 110.61 0.4 5.0 4424 0.039 3.040

13.90 49.16 0.6 50.0 2950 0.043 4.414

13.90 110.61 0.4 5.0 4424 0.039 3.040

13.90 12.29 1.2 22.0 1475 0.045 0.064

13.90 27.65 0.8 8.5 2212 0.048 0.199

1.10 8.75 0.4 5.0 350 0.100 0.049

1.10 3.89 0.6 50.0 233 0.100 0.064

1.10 8.75 0.4 5.0 350 0.100 0.049

1.10 0.97 1.2 22.0 117 0.100 0.001

1.10 2.19 0.8 8.5 175 0.100 0.003

Uniform 

sand

Coarse 

sand

French 

Drain 

sand

11.07

10.76

0.17
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easily as the finer particles. The rearrangement of particles in Uniform sand and Coarse sand 

was very limited and the increase in total head was less than that of French Drain sand. 

4.3.2 Filtration Process with Suspensions of Fines 

The next stage of the filtration constant head test was filtration with the suspension of fines. 

Clay fines including kaolinite, Battleford till and bentonite were mixed with tap water and used 

as influent fluids. Results of tests on the three types of sand permeated with bentonite at the 

concentration of 5 g/L are shown in Figure 4.10, Figure 4.11 and Figure 4.12. Results at “0 pore 

volumes” in these figures are those presented at the last time steps of the self-filtration test 

results presented in Figure 4.9. 

Figure 4.10 shows the results of French Drain sand mixed with 5 g/L of bentonite solution. It 

can be seen that the largest change in total head occurred at the inflow end of the sand column. 

This indicates that most of the clogging took place within the bottom half of the column. The 

test duration was extremely short (0.5 pore volume) because the bentonite flakes were so big 

that they blocked the sand pores easily. After less than 1 pore volume, or 12 minutes, the test 

was stopped due to lack of outflow. Tubing head loss was very small during the test (1 to 2 cm). 

Figure 4.11 and Figure 4.12 show the results using Coarse sand and Uniform sand with the 

same concentration of bentonite, 5 g/L. The trend of head loss was similar for these two sands. 

This pattern appears to be due to the coarse texture of the sand, which allowed fines to move 

through easily. Some of these fines became clogged in the pores, while the majority was 

washed through the sand with the flow. As a result, the outflow quickly became cloudy 

(turbidity greater than 1000 NTU). Pore sizes of these sands were large relative to the size of 

fines, and it took longer than the test with French Drain sand to block all of the pores. Tests 

stopped at 102 pore volumes for Coarse sand and 78 pore volumes for Uniform sand, 

respectively. In addition, because of the large pore sizes, fine particles were trapped uniformly 

in the whole sample. This caused head loss at all ports, not only at the influent end as was 

observed in the French Drain sand test. 
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Figure 4.10: Total head vs. elevation of French Drain sand with 5 g/L bentonite 

 

Figure 4.11: Total head vs. elevation of Coarse sand with 5 g/L bentonite 
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Figure 4.12: Total head vs. elevation of Uniform sand with 5 g/L bentonite 

4.4 Boundary Condition Head Normalization 

Because of the variable nature of the boundary conditions, it is preferable to compare the ratio 

of the difference in heads of successive ports to that of the highest and lowest ports over time 

rather than their total head versus elevation. This value is called boundary condition 

normalized head (h’n) and varies from 0.0 (h’n1) to 1.0 (h’n9) (Table 4-9). Through the concept 

of normalized heads, the variation in head loss at both ends of the column is eliminated and all 

heads will have the same boundary conditions. The calculation process is as follows:  

For the port number 2, the boundary condition normalized head is: 

  91
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2

hh

hh
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where: h1 is the total head at port 1 (the lowest port but highest value in the head), h2 is the 

total head at port 2 and h9 is the total head at port 9 (the highest port but lowest value in the 

head). Similarly, the boundary condition normalized heads for port 3 is: 
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and so on. A sample calculation is also provided in Table 4-9. 
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Table 4-9: Calculation of boundary condition normalized heads based on total heads (French 

Drain sand and 5 g/L bentonite) 

Time (min.) 0 2 3 4 7 12 

Pore volumes 0 0.14 0.20 0.25 0.36 0.50 

 Elevation  Manometer Readings, h   

Point 1 (cm) 4.1 50 49.6 48.9 48.6 48.8 

Point 2 (cm) 5.5 46.8 46.4 45.2 44.4 43.8 

Point 3 (cm) 7.1 45.5 45.3 44.1 43.3 42.7 

Point 4 (cm) 11.1 44.7 44.5 43.5 42.8 42.2 

Point 5 (cm) 15.1 42 42 41.4 41 40.6 

Point 6 (cm) 19.1 38.7 39 38.9 38.8 38.6 

Point 7 (cm) 23.1 38.6 38.5 38.5 38.5 38.5 

Point 8 (cm) 24.5 38.4 38.4 38.4 38.4 38.3 

Point 9 (cm) 26.1 38.2 38 38.3 38.2 38.2 

  Boundary Condition Normalized Heads, h’n 

Point 1 (cm) 4.1 0 0 0 0 0 

Point 2 (cm) 5.5 0.27 0.28 0.35 0.40 0.47 

Point 3 (cm) 7.1 0.38 0.37 0.45 0.51 0.58 

Point 4 (cm) 11.1 0.45 0.44 0.51 0.56 0.62 

Point 5 (cm) 15.1 0.68 0.66 0.71 0.73 0.77 

Point 6 (cm) 19.1 0.96 0.91 0.94 0.94 0.96 

Point 7 (cm) 23.1 0.97 0.96 0.98 0.97 0.97 

Point 8 (cm) 24.5 0.98 0.97 0.99 0.98 0.99 

Point 9 (cm) 26.1 1 1 1 1 1 

Figure 4.13, Figure 4.14 and Figure 4.15 show the boundary condition normalized heads 

during the test of French Drain sand, Coarse sand and Uniform sand, respectively in a 5 g/L 

bentonite suspension. Their original results were presented in Figure 4.10, Figure 4.11 and 

Figure 4.12, respectively. The normalized heads ranging from 0.0 to 1.0 are plotted on the x-

axis. Elevations of the sand column’s ports are plotted on the y-axis. The dashed line 

illustrates a flow with constant permeability, as indicated by the uniform slope throughout. It 

is also called the reference line. Normalized heads calculated at each port of the sand column 

in different time steps were plotted as multi-segment lines and they are representative of 

different levels of permeability (k). A more detailed explanation is as follows: 
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z

n

1
tan 




 , where i is the hydraulic gradient.  

According to Darcy’s law, Aikq  . For the same flow rate q with elevation and cross-

section A, k is inversely proportional to i, that is, ik /1 , then, tan  k. Therefore, the 

higher the gradient, the more permeable the sand, and vice versa.  

In Figure 4.13, the angle 1 of the segment from port 1 to port 2 was the smallest when 

compared to angles of segments at higher elevations. This indicated that clogging occurred right 

at the bottom of the column and near the inlet. At the middle and upper parts of the column, the 

sand seemed to be more porous because the line slopes increased to values equal to or greater 

than the slope of the reference line. The level of clogging also changed over time. As the test 

continued to run, angle 1 reduced. This was a sign of more bentonite particles becoming 

trapped in sand from port #1 to port #2. The test was stopped quickly after bentonite appeared 

(only 0.5 pore volumes), mostly due to severe clogging near the influent end of the sand. 

Figure 4.14 displays the boundary condition normalized heads plotted against the elevation of 

the sand column during the test of Coarse sand and bentonite 5 g/L. Unlike French Drain sand, 

Coarse sand was not blocked near the influent end, as illustrated by the slopes of the segments 

at the bottom part of the column. In fact, these are higher than the slope of the reference line. 

A noticeable reduction of slopes occurred between port #3 and port #4, and between port #8 

and port #9. The test also showed lowered sand permeability at the middle of the column as 

the angle between port #4 and port #5 was reduced over time. The complete picture of what 

happened inside the sand during this test is:  

- At the beginning of the test (0 pore volumes), the suspension of bentonite was delivered 

to the inlet; it went through the sample easily, due to the coarse nature of the sand. 

- As the test continued to run, the influent end (from port #1 to port #3) remained highly 

permeable while the middle part (from port #4 to port #5) gradually became clogged. 

The upper part of the column was quite porous from port #5 to port #8, but became 

blocked at the effluent end. This could be explained by re-considering the test 

apparatus. The diameter of the outlet tube was as small as 0.8 cm and it could not 

handle the fast flow of large particles such as bentonite. Therefore, bentonite particles 

were trapped at the effluent end even though they were able to travel quite freely along 

the whole sample.  

- Overall, the suspension of 5 g/L bentonite did lower the permeability of the drain sand 

due to the clogging of bentonite particles. However, the rate of permeability reduction 

in this test was much slower than the permeability reduction in French Drain sand at 

the same concentration of clay; this was due to the different texture of Coarse sand. 
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Note that the test ended at 102 pore volumes, as compared to 0.5 pore volumes in 

French Drain sand. 

Figure 4.15 presents the results of boundary condition normalized heads versus elevation of 

drain sand column during the test with Uniform sand and 5 g/L bentonite. The drain sand was 

“ideal” before the introduction of clay suspension (0 pore volumes) since the line connecting 

all normalized heads was very close to the reference line. Once the suspension flow was 

initiated, a blockage began at the influent end. The acute angle 1 became smaller as the test 

ran from 0 to 78 pore volumes. This indicated a continuous decrease in permeability of drain 

sand between port #1 and port #2. At the upper part of the column, the sand remained porous 

as line slopes were approximately equal to or greater than the slope of the reference line.  

 
Figure 4.13: Normalized heads vs. elevation of column (French Drain sand and 5 g/L bentonite) 
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Figure 4.14: Normalized heads vs. elevation of column (Coarse sand and 5 g/L bentonite) 

 

 
Figure 4.15: Normalized heads vs. elevation of column (Uniform sand and 5g/L bentonite) 
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The difference between the test results of Coarse sand and Uniform sand is where the position 

of the clogging occurred. Clogging happened mainly at the effluent end of the sand column in 

the test with Coarse sand while it occurred at the influent end in the Uniform sand. This can be 

explained by taking the flow rate of both tests into account.  

For Coarse sand, the flow rate was higher at the beginning and remained higher than the flow 

rate in Uniform sand, even at the end of test (Figure 4.16). At the same concentration of fines, 

the higher flow rate always carried more fines into the sand than the lower flow rate did. In the 

test of Coarse sand, the fines travelled easily along the sand and quickly reached the top of the 

column. As the flow rate was high, all of the fines tried to escape the sand column through the 

outlet tube in a short period of time. A percentage of the fines, therefore, got trapped and 

stayed at the top sections of the column. This was the reason why Coarse sand was blocked 

near the outlet tube. For Uniform sand, since the flow rate was lower, fewer fines were 

delivered to the sample during the test. Thus, the outlet tube was able to let most of fines pass 

through and clear the top section of the column. No clogging was observed near the effluent 

end of the Uniform sand. Another normalization method that accounts for the variation in flow 

rate will be presented in the next section. 

 

Figure 4.16: Comparison of flow rates between Coarse sand and Uniform sand during testing 

with 5g/L bentonite 

4.5 Flow Rate Head Normalization 

The boundary condition head normalization method was implemented by scaling all total heads 

to the same boundary conditions without considering the flow rate as described above. All heads 

ranged from 0.0 to 1.0 and this made comparison easier. However, the effect of flow rate was 

ignored even though this did have a strong impact on determining the permeability of the drain 
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sand. Another method of normalization was therefore introduced in order to account for the 

change in flow rate at each time step. It is called the flow rate head normalization method. 

The flow rate head normalization method was developed based on the boundary condition 

head normalization method. The flow rate was normalized at the head at certain time steps 

equal to the boundary condition normalized head times the ratio between the initial flow rate 

and the current flow rate. For example: 

   
2

1'"
.22

q

q
hh

nn
   

where: h”n(2) is the flow rate normalized head at the second time step, h’n(2) is the boundary 

condition normalized head at the second time step, q1 is the flow rate at the first time step, and 

q2 is the flow rate at the second time step. 

In this way, all heads were normalized not only to the same boundary conditions but also to 

the initial flow rate. A sample of the calculation is provided in Table 4-10.  

Table 4-10: Calculation of flow-rate normalized heads (French Drain sand with 5 g/L bentonite) 

Time (min.)  0 2 3 4 7 12 

Pore volumes  0 0.15 0.20 0.25 0.36 0.50 

Volume q (cm
3
)  52 43 33 28 22 15 

 Elevation  Boundary-condition normalized heads, h’n  

Point 1 (cm) 4.1 0 0 0 0 0 0 

Point 2 (cm) 5.5 0.27 0.28 0.35 0.40 0.47 0.53 

Point 3 (cm) 7.1 0.38 0.37 0.45 0.51 0.58 0.63 

Point 4 (cm) 11.1 0.45 0.44 0.51 0.56 0.62 0.67 

Point 5 (cm) 15.1 0.68 0.66 0.71 0.73 0.77 0.81 

Point 6 (cm) 19.1 0.96 0.91 0.94 0.94 0.96 0.97 

Point 7 (cm) 23.1 0.97 0.96 0.98 0.97 0.97 0.98 

Point 8 (cm) 24.5 0.98 0.97 0.99 0.98 0.99 0.99 

Point 9 (cm) 26.1 1 1 1 1 1 1 

  Flow-Rate normalized heads, h”n  

Point 1 (cm) 4.1 0.00 0.00 0.00 0.00 0.00 0.00 

Point 2 (cm) 5.5 0.27 0.33 0.55 0.75 1.11 1.83 

Point 3 (cm) 7.1 0.38 0.45 0.71 0.95 1.36 2.18 

Point 4 (cm) 11.1 0.45 0.53 0.80 1.04 1.47 2.31 

Point 5 (cm) 15.1 0.68 0.79 1.11 1.36 1.83 2.79 

Point 6 (cm) 19.1 0.96 1.11 1.49 1.75 2.27 3.37 

Point 7 (cm) 23.1 0.97 1.16 1.55 1.80 2.30 3.40 

Point 8 (cm) 24.5 0.98 1.17 1.56 1.82 2.34 3.43 

Point 9 (cm) 26.1 1.00 1.21 1.58 1.86 2.36 3.47 
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Figure 4.17 to Figure 4.19 show the graphs of flow rate normalized heads versus elevation of 

column for French Drain sand, Coarse sand and Uniform sand, respectively when permeated 

with 5 g/L bentonite. 

In Figure 4.17, there is more than one reference line because the flow rate normalized head at 

the top port did not retain a value of 1.0 as in the boundary condition normalization method. 

The top head ranged from 1.0 to 3.47 depending on the difference between the initial and 

current flow rates. As a result, there was one reference line at each time step, which denoted 

the “characteristic” permeability of the whole sample at that time step. If the angle of the 

reference line slope is called , its value can be calculated from Figure 4.17 and Table 4-10 as 

follows: 

At 0 pore volumes: tan = (26.1 – 4.1)/1.0 = 22. Similarly, at 0.2 pore volumes, tan = 13.9; at 

0.4 pore volumes, tan = 9.3; and at 0.5 pore volumes, tan = 6.3. 

The reduction in tan implies the reduction in permeability as discussed earlier. By looking at 

the tan value, it can be said that the permeability of drain sand at the end of the test was 

reduced by approximately 22/6.3 = 3.5 times if the flow rate was maintained during the test. 

This reduction was caused by the clogging of fines.  

The change in permeability of the drain sand portion between port 1 and port 2 over time can 

also be calculated using Figure 4.17. If the line slopes of this segment are called  at 0 pore 

volumes and   at 0.5 pore volumes, their values can be calculated as follows: 
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Thus, the permeability of sand in this portion (between port 1 and port 2) was reduced by 85% 

at the end of the test if the flow rate remained constant. In fact, the test results showed that the 

real permeability of sand in this portion decreased 84% at the end of the test (4.710
-5

 m/s at 

the beginning and 7.710
-6

 m/s at the end). This value is quite close to the value determined 

by the flow rate normalization method. 

A similar interpretation can be applied to the test results of Coarse sand and Uniform sand 

(Figure 4.18 and Figure 4.19, respectively). In Figure 4.18, tan was 22.0 at 0 pore volumes 

and decreased to 2.0 at the end of the test (102 pore volumes). This means that the 

permeability of the whole sample was reduced by 91% due to clogging of bentonite particles if 

the flow rate was kept constant during the test. The real test results showed that the 



 

47 

 

permeability of the sample was reduced by 88% when the test stopped (9.3210
-3

 m/s at the 

beginning and 1.1610
-3

 m/s at the end). 

For Uniform sand (Figure 4.19), the clogging seemed to be more severe as tan reduced from 

22 to 0.6 at the end of the test. It is proportional to a 97% reduction in permeability if the flow 

rate was constant. In real test, permeability of the whole sample was reduced by 99% after 78 

pore volumes (from 6.8110
-3

 m/s to 6.9610
-5

 m/s).  

Overall, the estimation of permeability from flow rate of normalized heads versus column 

elevation is close to the real test results. It, therefore, can be used to determine and compare 

the permeability of each portion of the sand, as well as the whole sand sample. 

 

Figure 4.17: Flow rate normalized heads vs. elevation of column (French Drain sand + 5 g/L 

bentonite) 
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Figure 4.18: Flow rate of normalized heads vs. elevation of column (Coarse sand + 5 g/L bentonite) 

 

Figure 4.19: Flow rate of normalized heads vs. Elevation of column (Uniform sand + 5 g/L bentonite) 
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4.6 Effect of Different Types of Drain Sands and Fines on Permeability 

Three types of drain sands and three types of clay fines were employed in this test program. 

Their influence on the performance of the drain system is one of the research objectives. This 

section presents and discusses the results of tests conducted with various materials.  

4.6.1 Effect of the Drain Sands 

Each type of sand drain material possesses a unique permeability, as defined by the grain size 

distribution, uniformity coefficient, porosity, and particle shapes. Several tests were conducted 

on the three host sands using the same concentration of kaolinite (5 g/L) in order to study their 

impact on the permeability of a drain system. The results are presented from Figure 4.20 to 

Figure 4.22, in terms of flow rate normalized heads versus elevation of the ports. 

It can be seen in the plots of Coarse sand and French Drain sand that the pattern of normalized 

heads are quite similar (Figure 4.20 and Figure 4.21, respectively). Fine particles trapped in 

sand reduced permeability. The clogging was mostly at the influent end of the column and 

lesser in the middle and the top. However, this clogging process occurred faster in the French 

Drain sand than the Coarse sand. For Coarse sand, after 260 pore volumes, the permeability 

was only 25%. This was reflected a reduction in tan from 22 to 5.6 (Figure 4.20). For French 

Drain sand, the final permeability was around 30% of the initial permeability (tan reduced 

from 22 to 7.3). This process occurred after only 5 pore volumes (Figure 4.21). Thus, for the 

same suspension of clay, Coarse sand allows greater flow of particles than French Drain sand. 

Figure 4.22 shows the test results for Uniform sand and 5 g/L kaolinite solution. Normalized 

heads in this test closely followed the reference lines. Slopes in this figure approximated or 

were even greater than that of the reference line. This indicates that only minor clogging was 

occurring. A large portion of the fine particles were washed away easily, and only a small 

quantity of particles got trapped in sand. That is the reason why the test reached 260 pore 

volumes without losing head or losing half of the permeability.  

An examination of the test duration at the same flow rate normalized head provides a valuable 

insight into the processes. At this head value, the Coarse sand, French Drain sand, and 

Uniform sand had 120, 2, and 261 pore volumes, respectively pass through the samples 

(Figure 4.20 to Figure 4.22). 

Therefore, it can be concluded that Uniform sand was most permeable and French Drain sand 

was the least permeable. This is presumed to be due to both the pore sizes and particle shapes 

of the different sands. 
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Figure 4.20: Flow rate normalized heads vs. elevation (Coarse sand and 5 g/L kaolinite)  

 

Figure 4.21: Flow rate normalized heads vs. elevation (French Drain sand and 5g/L kaolinite) 
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Figure 4.22: Flow rate normalized heads vs. elevation (Uniform sand and 5 g/L kaolinite) 

The Uniform sand did not contain as many large pores as the two other sands; rather, its pores 

were similar in size, as would be expected. This may result in a greater continuity from pore to 

pore and easier transport of the fluid. Furthermore, the particle roundness of the Uniform sand 

ranged from 4.8 to 7.0 while the Coarse sand and French Drain sand were less round, ranging 

from 3.6 to 5.3 (Table 4-1). The shape of the individual particles appears to be as important as 

the grain size distribution in affecting the engineering response of granular soils. An 

assemblage of rounded particles usually makes the pore length longer and reduces the 

frictional characteristics of granular soils (Holtz and Kovacs, 1981). This allows fluid to move 

more freely through the sand and decreases the probability of fines getting trapped in pores. 

This appears to be the reason why the Uniform sand was able to maintain flow longest. 

4.6.1.1 Effect of the Injected Fines 

Properties of clay fines were also found to be factors contributing to the performance of the 

drain systems. This was due to clay’s swelling capability and the formation of aggregates. 

Tests were conducted on the same type of sand with different clay suspensions in order to 

compare the effect of each of the clay fines. Test results of French Drain sand with 

suspensions of bentonite, Battleford till and kaolinite at concentration of 5 g/L are shown from 

Figure 4.23 to Figure 4.25, respectively. 
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Test results on bentonite showed severe clogging at the base of the sand samples. This was 

reflected in relatively flat initial slopes (Figure 4.23). The duration of this test was also short 

(0.5 pore volumes). This was likely due to flocculation and swelling of the bentonite particles 

as water passed through the influent end. The level of swelling of three clays was determined 

by the modified free swell index (Table 4-4). This test found that the bentonite has the highest 

swelling potential. 

In Figure 4.24, normalized heads of Battleford till fines were quite straight and close to the 

reference line. This indicates that the fines were able to move relatively freely through the 

sand. As a result, little clogging occurred during the test and the duration of the test was 

considerably longer. 

Kaolinite showed a moderate level of clogging (Figure 4.25). Particles seemed to get trapped 

in pores more than what was observed with the Battleford till. Kaolinite also had lowered the 

permeability faster than Battleford till. This test ran for only 5 pore volumes. 

4.7 Absolute Values of Permeability of Drain Sands 

The previous discussion focused on the head losses at different positions along the sand 

sample and the ratio of permeability at the end of the test compared to the initial permeability. 

Absolute values of permeability of sands during the test have not been discussed. These values 

give an idea about the actual permeability of the sand sample and allow a comparison with 

permeability at the real facility. Data from typical tests are reported in Table 4-11. This table 

includes information about the permeability of sand both before it is permeated with a clay 

suspension and after the test.  

As described previously, each test began with an injection of tap water and ran for a while 

until the permeability became stable. This stage is called the self-filtration process. The 

permeability of sand at the end of the self-filtration process depends on both the type of sand 

and its density in the column. The actual value of permeability should fluctuate within a 

certain range for each type of sand. Figure 4.26 shows a summary of results on the 

permeability of three sands at the end of self-filtration process, that is, before the introduction 

of clay suspensions. 

Both Table 4-11 and Figure 4.26 show that permeability at this point ranged from 2.8010
-3

 to 

1.2410
-2

 m/s for Coarse sand, from 1.8810
-4

 to 2.5510
-4

 m/s for French Drain sand, and 

from 4.4010
-3

 to 6.9010
-3

 m/s for Uniform sand. Coarse sand has the widest range of 

permeability, and it is the most porous sand amongst the three types. Uniform sand was less 

porous than Coarse sand in general but its permeability was more consistent from one test to 

another. French Drain sand had the lowest permeability, and its permeability was also 

consistent throughout the series of tests. This phenomenon was due to the arrangement and 

density of sand in the test column. Since the Coarse sand contained the highest percentage of 
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large pores (Figure 4.4), it was unsurprisingly the most porous. As shown in Figure 4.4, 

Uniform sand had more large pores and fewer small pores than French Drain sand, it was 

therefore more permeable than French Drain sand. 

Table 4-11 also presents the results of permeability, along with the number of pore volumes, at 

the end of the test. These results reflect the effect of clay suspensions on the permeability of 

the whole sand sample. It can be seen that all tests with Battleford till were capable of 

maintaining the flow quite vigorously at the end (about 5.010
-3

 m/s for Coarse sand, 1.510
-4

 

m/s for French Drain sand, and 4.510
-3

 m/s for Uniform sand). The high number of pore 

volumes at the end of these tests proved that fine particles were not able to significantly 

decrease the permeability of the sand. In contrast to Battleford till, bentonite had a very strong 

impact in decreasing the permeability of the three sands. The permeability of the sands at the 

end of the tests were from 10
-5

 to 10
-3

 m/s after a short period time (from 3 to 175 pore 

volumes). For the tests with kaolinite, the permeability at the end of the tests ranged from 

3.010
-5

 to 4.510
-3

 m/s, which was higher than the permeability of tests with bentonite and 

lower than that with Battleford till. 

 

Figure 4.23: Flow rate normalized heads vs. elevation (French Drain sand and 5 g/L bentonite)  
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Figure 4.24: Flow rate normalized heads vs. elevation (French Drain sand and 5 g/L Battleford till)  

 

Figure 4.25: Flow rate normalized heads vs. elevation (French Drain sand and 5 g/L kaolinite) 
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Table 4-11: Absolute values of sand permeability at the beginning and the end of each test 

Tests 

Permeability at the 

beginning of test, ko 

(m/s) 

Permeability at 

the end of test, 

k (m/s) 

k/ko (%) 

Number of pore 

volumes at the 

end of test 

Coarse sand + kao 5 g/L 2.8010
-3

 5.0410
-4

 18.0 266 

Coarse sand + kao 10 g/L 3.6010
-3

 1.0010
-3

 27.8 133 

Coarse sand + BT 3 g/L 1.1510
-2

 7.0010
-3

 60.9 578 

Coarse sand + BT 5 g/L 6.8010
-3

 5.0010
-3

 73.5 174 

Coarse sand + BT 10 g/L 6.9010
-3

 4.0010
-3

 58.0 208 

Coarse sand + ben 1 g/L 9.9110
-3

 1.4410
-3

 14.5 175 

Coarse sand + ben 3 g/L 1.2410
-2

 1.0010
-3

 8.1 102 

Coarse sand + ben 5 g/L 6.8010
-3

 3.0510
-5

 0.4 86 

FD sand + kao 5 g/L 1.8810
-4

 7.1510
-5

 38.0 9 

FD sand + kao 15 g/L 2.0210
-4

 3.0510
-5

 15.1 8 

FD sand + BT 5 g/L 2.5510
-4

 1.2710
-4

 49.8 23 

FD sand + BT 10 g/L 2.4910
-4

 1.5310
-4

 61.4 20 

FD sand + ben 1 g/L 2.0310
-4

 2.6110
-5

 12.9 13 

FD sand + ben 3 g/L 2.2610
-4

 1.1710
-5

 5.2 3 

FD sand + ben 5 g/L 2.0210
-4

 1.1910
-5

 5.9 1.3 

Uniform sand + kao 5 g/L 5.8010
-3

 4.5010
-3

 77.6 260 

Uniform sand + kao 10 g/L 4.4010
-3

 2.4010
-3

 54.5 134 

Uniform sand + BT 3 g/L 6.9010
-3

 4.7010
-3

 68.1 555 

Uniform sand + BT 5 g/L 5.4010
-3

 4.5010
-3

 83.3 120 

Uniform sand + BT 10 g/L 5.4010
-3

 3.9010
-3

 72.2 185 

Uniform sand + ben 1 g/L 6.8410
-3

 4.9610
-5

 0.7 117 

Uniform sand + ben 2 g/L 6.1010
-3

 2.3010
-4

 3.8 35 

Uniform sand + ben 5 g/L  6.8110
-3

 6.9610
-5

 1.0 78 
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Figure 4.26: Permeability of three sands before the introduction of clay suspensions 
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5 CHAPTER 5: MODELLING OF FINE PARTICLES 

CLOGGING IN SAND DRAINS 

5.1 Introduction 

This chapter describes the application of a model developed by Reddi et al. (2000) in an 

attempt to determine the permeability reduction in sand drains as a result of physical clogging. 

The model is a combination of the deep bed filtration concept, the parallel type model of 

capillary theories, and the Kozeny hydraulic radius model. It also uses the real particle size 

distribution and pore size distribution to predict the particle clogging process and permeability 

reduction. 

Equations used for the model were presented in the literature review chapter. In this chapter, 

the input data for the model is introduced first. The model is then applied and calibrated 

according to observed test results. A discussion on strengths and weaknesses of the model is 

also provided for future consideration.  

The programming language MATLAB was employed to complete the analysis. Details on the 

modelling code can be found in Appendix D. 

5.2 Input Data for the Model 

The input data for the model includes the pore size distributions of three host sands, the 

number of particles in one gram of dry powder for a sample of each clay, and other parameters 

(see below). The pore size distribution of the three sands is shown in Figure 4.4 and the 

number of particles of each clay is shown in Figure 4.6. Other parameters needed for the 

modelling program include:  

 * – characteristic pore length. The sand drain is an ensemble of parallel capillary 

tubes of various diameters but with the same length (Figure 2.11). The idea is derived 

from the parallel type model of capillary theories. The characteristic length, *, over 

which the idealization of straight cylindrical pore tubes is valid, varies from about 0.3 

cm to 1.5 cm (Arya and Paris, 1981 and Arya and Dierolf, 1992). According to their 

study, an average value of 0.91 cm for * produced excellent agreement between 

predicted and measured soil moisture characteristic for two sandy soils in their study 

(back-calculation based on observations). Reddi et al. (2000) also used this value in 

their model for Ottawa sand and obtained a similar prediction. In the current study, this 

value for Coarse sand is slightly different from the other two sands due to its porous 

nature. 
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  – unit weight of the pore fluid, which is taken as the sum of the weight of water and 

the weight of mixed fines in a unit volume. For example, a suspension of fines at 1 g/L 

concentration has the weight of (1000 + 1/1000) = 1000.001 g/cm
3
.  

  – viscosity of water. It has been obtained from the viscosity test for different 

suspensions of clays (Table 4-6).  

 J – hydraulic gradient across the length of the tube. According to the experimental 

setup, the difference in head between inflow and outflow was 17 cm (55 cm – 38 cm) 

and the length of flow between the first and last port was 22 cm. Thus, the hydraulic 

gradient of the soils tested was 17/22 = 0.773. This value was kept constant in the 

model program since the tests were supposed to be in constant head condition. 

 vcr – critical particle deposition velocity, above which no particle deposition is likely. 

This value has to be determined empirically by comparing modelling predictions and 

experimental observations. It was often chosen amongst 0.1 cm/s, 1.0 cm/s or 10 cm/s 

(Hajra et al., 2000). If the actual pore velocities are well below the critical velocity, it 

may cause complete clogging of the pores. On the other hand, if the velocity is low 

enough such that all deposited particles can be dislodged by the pore flow, the pores 

will not be clogged at all. Results on pore velocities of the current study varied 

between 0.01 cm/s to 0.3 cm/s. Therefore, the lower boundary value (0.1 cm/s) would 

not be appropriate for critical velocity because when the actual value was greater than 

that, clogging still occurred. The upper boundary value (10 cm/s) is too fast to apply 

for this model. The remaining value of 1.0 cm/s seemed to be appropriate for the drain 

sands of this study and is therefore used to run the whole modelling program.  

 o – a constant dependent on ionic conditions with a value of 3.0 for a pore fluid with 

no salts present (Rege and Fogler, 1988; Reddi et al., 2000).
  
 

5.3 Presentation and Discussions of the Modelling Results  

5.3.1 Normalization of Permeability in the Test Program to Constant Heads  

This section presents the results of the modelling program using the proposed equations, with 

some modifications on data input. Since the equations in this modelling program were meant 

for either the constant head test or constant flow rate test, its results are comparable with test 

results of the same type only. Unfortunately, the tests in this study were neither of these types 

although they were designed to be constant head tests. Some unexpected clogging caused 

fluctuating heads in the majority of the tests.  

It is therefore necessary to normalize the test results to constant head test results in order to 

make them comparable to simulated results. The process of normalization is as follows: 
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 Keep the overall head (or gradient) of the whole sample at the first time step the same 

throughout the test.  

 Modify the flow rate at following time steps by the ratio of ic/i1 where ic is the current 

gradient at a specific time step, and i1 is the gradient at the first time step. The new 

flow rate value is its actual value in the case of constant gradient.   

 The permeability of sand is calculated based on its modified flow rate. 

Hereafter the test results as well as the modelling results presented are slightly different from 

the original test results because they were normalized to the same gradient at the first time 

step. The model also produced constant head results with the same hydraulic gradient J = 

0.773 as discussed above. In this way, test results and modelling results are ready to be 

compared. 

5.3.2 Comparison of  Test Results and Modelling Results 

The originally proposed equations were applied to get, primarily, the ratio of permeability, and 

to compare them to the test ratio. Because the outcome did not always produce a good match, 

several attempts were made to adjust the parameters of the model to attain better results.  

5.3.2.1 First Attempt: Originally Proposed Equations with Increased Critical Velocity  

The proposed equations were applied with just one modification in the critical velocity of flow 

(vcr). This value was increased from 0.1 cm/s to 1.0 cm/s as described in the section 5.2. 

Results showed that in only four cases, the ratios of permeability obtained from the model 

were close to the test ratios. They are: 

 Uniform sand + kaolinite, 

 French Drain sand + kaolinite, 

 Uniform sand + Battleford till,  

 French Drain sand + Battleford till. 

The comparison is shown in Figure 5.1, Figure 5.2, Figure 5.3, and Figure 5.4. In Figure 5.1, 

the ratios of permeability and the initial permeability (k/ko) from the model are quite similar to 

those from the test, especially in the case of 5 g/L kaolinite. Although the model 

underestimated the permeability reduction rate at the half-end of both tests, it still followed the 

test pattern relatively closely. 
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Figure 5.1: Test results and modelling results of k/ko of Uniform sand and kaolinite at 5 g/L and 

10 g/L 

Figure 5.2 displays the results of the French Drain sand and kaolinite at two different 

concentrations: 5 g/L and 15 g/L. The modelling results for these two concentrations were 

logical, with the lower curve representing a thicker solution. However, the test results did not 

follow that pattern. The permeability reduction in the test of 5 g/L was similar to the reduction 

in the test of 15 g/L until five pore volumes. This reduction remained almost the same near the 

end of the test, while in the 15 g/L test, the reduction kept dropping. If both tests were 

conducted for longer, it is likely that the test with fewer fines in the influent could maintain the 

flow for longer and this model may fit the test results better. However, in the early stages of 

the test the model was unable to produce the same trend. 
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Figure 5.2: Test results and modelling results of k/ko of French Drain sand and kaolinite at 5 g/L 

and 15 g/L 

Figure 5.3 shows the results of Uniform sand and Battleford till at three different 

concentrations. The model curves showed permeability reduction in three different degrees 

and they followed the test results quite closely. At 5 g/L, however, the model underestimated 

the ratio of permeability while in the other two concentrations, it overestimated this ratio. At 

10 g/L, the model was too conservative when it predicted the final ratio of permeability at 0.35 

while in fact, this ratio was 0.68. 

Figure 5.4 presents the results of French Drain sand and Battleford till at 5 g/L and 10 g/L. 

The model seemed to work better in the case of 5 g/L. Its pattern was comparable to the test’s 

pattern. Final k/ko of the model was 0.39 while that of the test was 0.21. At 10 g/L, the 

model’s curve was significantly different from the test’s curve when it dropped to 0 at 10 pore 

volumes while the test still maintained flow until 20 pore volumes. Several attempts were 

made to get a closer prediction for both tests without success. 
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Figure 5.3: Test results and modelling results of k/ko of Uniform sand and Battleford till at 3 g/L, 

5 g/L and 10 g/L 

 
Figure 5.4: Test results and modelling results of k/ko of French Drain sand and Battleford till at 5 

g/L and 10 g/L 
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5.3.2.2 Second Attempt: Originally Proposed Equations with Increased Critical 

Velocity and Reduced Characteristic Pore Length 

Additional tests were performed in which the number of clay particles was increased. This 

increment was implemented due to the underestimation of the original model on the 

permeability reduction.  

A study by Arya and Paris (1981) demonstrated the relationship between particle radii and 

characteristic pore length (
) and stated that characteristic pore length could be evaluated 

empirically. For the particle radii of Arya and Paris’s (1981) five New Jersey soils that were 

less than 0.001 m, the value of 
 did not change substantially. For particles larger than a 

0.001 m radius, there appeared to be a tendency for 
 to drop sharply with an increase in 

particle size. Coarse sand has larger grain size particles than French Drain sand or Uniform 

sand (Figure 3.1). So it is logical to infer that the 
 value of Coarse sand should be the 

shortest. While an average value of 
equal to 0.91 cm worked well with French Drain sand 

and Uniform sand, a lower value may be preferable for Coarse sand. Based on this argument, 

0.3 cm was chosen as the characteristic pore length of the Coarse sand when running the 

model.  

The model generated good results compared to the test results in only three cases: 

 Coarse sand + Battleford till,  

 Coarse sand + kaolinite, and 

 French Drain sand + bentonite. 

These results are presented in Figure 5.5, Figure 5.6 and Figure 5.7. Figure 5.5 shows both the 

test and modelling results of Coarse sand and Battleford till. As with the test for Uniform sand 

and Battleford till in Figure 5.3, the model simulated the test results quite well. The model’s 

k/ko ratios were generally higher than the actual values but the difference was minor; i.e., less 

than 10%. 
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Figure 5.5: Test results and modelling results of k/ko of Coarse sand and Battleford till at 3 

g/L, 5 g/L and 10 g/L 

Figure 5.6 displays the modelling results of Uniform sand and kaolinite at 5 g/L and 10g/L. 

After adjustment, k/ko ratio of the model was still approximately 15% higher than that of the 

test although their overall patterns were similar. 

Figure 5.7 shows the results of French Drain sand and bentonite. In all three tests, its k/ko ratio 

decreased gradually. The test at highest concentration (5 g/L) possessed the steepest curve 

which indicated the fastest reduction. The model can somehow simulate the rate of reduction 

but is not very precise. It was predicted that the test with 1 g/L bentonite would stop at 4.0 

pore volumes while the other two tests at 3 g/L and 5 g/L would stop earlier, at 2.5 and 1.0 

pore volume, respectively. Although this prediction was not very close, it was the best of all 

tests for sands and bentonite.  
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Figure 5.6: Test results and modelling results of k/ko of Coarse sand and kaolinite at 5 g/L and 

10g/L 

 
Figure 5.7: Test results and modelling results of k/ko of French Drain sand and bentonite at 1 

g/L, 3 g/L and 5 g/L 
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Other modelling results of Coarse sand and Uniform sand with bentonite did not match the test 

results (Figure 5.8 and Figure 5.9, respectively) for permeability reduction. Several attempts 

were made to match the test observations but none could produce all three “good” curves at 

the same time. Therefore, it was concluded that the model was inapplicable for Coarse sand 

and Uniform sand testing with bentonite suspension. 

 

Figure 5.8: Test results and modelling results of k/ko of Coarse sand and bentonite at 1 g/L, 3 g/L 

and 5 g/L 
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Figure 5.9: Test results and modelling results of k/ko of Uniform sand and bentonite at 1 g/L, 2 g/L 

and 5 g/L 

5.3.2.3 Sensitivity of the Model to Some Parameters 

Since some adjustments in parameters occurred during modelling, it is interesting to know the 

sensitivity of each one. Figure 5.10, Figure 5.11 and Figure 5.12 show the results as the 

different parameters are changed during modelling. 

Figure 5.10 shows the sensitivity of the model to critical velocity. Only when the velocity is 

reduced as low as 0.001 m/s, can the difference in modelling results be observed. In the other 

two cases, 0.01 m/s and 0.1 m/s, the two curves were almost identical. The value of the critical 

velocity used in the current study (0.01 m/s) therefore had an influence on the results when 

compared to the value of 0.001 m/s used in previous studies. 

Figure 5.11 shows the sensitivity of the model to characteristic pore length. This factor can 

have a big impact on results when it is increased from 0.3 cm to 1.2 cm. For sands with a 

coarse texture, characteristic pore length should be decreased (as empirically evaluated by 

Arya and Paris (1981)). In this study, 0.3 cm was used for Coarse sand only in order to reflect 

its porous nature. For French Drain sand and Uniform sand, an average value of 0.91 cm was 

used and this worked for both of them. 

Figure 5.12 shows the sensitivity of the modelling results to the number of particles involved. 

As discussed previously, this is the most sensitive factor in the model since it can significantly 

change the results. This change was limited to the number of biggest particles only, not for all 
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sizes of particle. When the quantity of the largest bentonite particles was increased from 

2.2510
7
 to 2.2510

8
, the k/ko ratio dropped from 0.84 to 0.45. This drop more than doubled 

when the number of particles increased to 2.2510
9
. Due to its significant impact, the number 

of big particles should be carefully watched and not changed without cause. 

 

Figure 5.10: Sensitivity of the modelling results to different values of critical velocity (vcr = 0.1 

m/s , 0.01 m/s and 0.001 m/s). Test of Coarse sand and 10 g/L kaolinite 
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Figure 5.11: Sensitivity of the modelling results to different values of characteristic pore length 

( = 0.3 cm, 0.6 cm, 0.9 cm and 1.2 cm). Test of Coarse sand and Battleford till 10g /L 

 

Figure 5.12: Sensitivity of the modelling results to different grain size distribution. Test of Coarse 

sand and 5 g/L bentonite 
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6 CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

The primary objectives of this research were to examine the clogging behavior of drain sand 

materials and the impact of different fines on clogging and permeability reduction of these 

sands. To accomplish this, three types of sand and three types of clay fines were employed for 

study. A constant head filtration test program was developed based on previous studies with 

some modifications of the test apparatus.  

Another objective of this research was to find an existing “clogging-type” model and modify it 

to predict the permeability reduction of drain sands due to physical clogging. A model 

proposed by Reddi et al. (2000) was selected. This model estimated the permeability of sand 

using the Kozeny hydraulic radius model. Some assumptions have been made in this model, 

including: i) sand pores are lined up to make an assembly of parallel capillary tubes of various 

diameters; ii) clay particles in the influent are spherical in shape; and iii) if clay particles are 

lodged on the walls of the pores, they will stay there permanently without re-entrainment. 

6.1 Conclusions of the Test Program 

Original test results were in the form of total head readings versus elevations of the column 

ports. However, due to the clogging nature of fines within sand, these total head values 

fluctuated during most of the tests. A normalization method was therefore introduced in order 

to scale all the test results to the same boundary conditions. Then, the results were compared 

with each other. 

Major conclusions of the test program are as follows: 

1. Clogging in a sand drain caused by turbid fines in flow is a function of the size of 

suspended fine particles, the water flow rate through the sand, the pore size and the 

shapes of the sand particles that make up the drain. 

2. Low concentrations of high swelling clay particles and flocculation in the influent fluid 

caused faster clogging than higher concentrations of larger clay sized particles. 

Bentonite fines were found to reduce permeability in sand most quickly. This was due 

to its high swelling potential and ability to block flow through the pores. 

3. Clogging was found to be most severe in French Drain sand. This was due to its low 

flow rate and large proportion of small pores compared to the Coarse sand and 

Uniform sand. Moreover, the French Drain sand particles were sub-angular while the 

Coarse sand and Uniform sand particles were rounded and sub-rounded, respectively. 

Rounder particles appeared to help reduce friction, assist the flow, and allow clay 

particles move more easily in Uniform sand and Coarse sand.   
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4. Tubing head loss was found to have a significant impact on the head loss of the 

“whole” sample during the tests. This head loss is proportional to the flow rate and 

inversely proportional to the diameter of the tube for a given length.    

5. Interpretation of the hydraulic (clogging) behavior of drainage materials was found to 

be greatly enhanced by observing and measuring changes in normalized heads, rather 

than by calculating the absolute values of permeability. This method (boundary/flow 

rate normalization) was found to provide a valuable insight into the clogging level at 

every position along a sand column. 

6.2 Recommendation on Field Drain Design  

This research suggests that it is necessary to consider the activity of surrounding soils when 

designing and choosing a drain material. If activity values are high, a more open graded sand 

drainage system with relatively rounded particles should be used, because it handles the fines 

better. Typically, a sub-angular, well graded “pit-run” sand is not the best material to use for 

an environmental containment drain, and that the gradation and roundness of those drainage 

materials have a significant influence on performance and life expectancy.  

It is recommended that the drainage system include the installation of flush ports and drain 

stilling sumps to enable cleaning of the drains/pipes. While the flush ports can blow off the 

fines clogging the pipes, the sump can help by collecting the deposited fines from drainage 

pipes.  

6.3 Conclusions of the Modelling Program 

The originally proposed model by Reddi et al. (2000) was developed for very low flow and the 

critical velocity was set at 0.1 cm/s. In this study, the critical velocity was chosen as 1.0 cm/s 

due to the fast flow rate of the tests. The model gave good predictions in four out of nine 

cases, including: Uniform and French drain sand with kaolinite and Battleford till. The other 

five cases needed to be adjusted further.  

In the next attempt, the characteristic pore length and number of clay particles were modified to 

fit the test observations. For Coarse sand, characteristic pore length was reduced from 0.9 cm to 

0.3 cm to reflect its porous property. These modifications made three more good matches 

between the tests and the model, including Coarse sand with Battleford Till, Coarse sand with 

kaolinite and French Drain sand with bentonite. 

Additional attempts were made for the last two cases: Coarse sand with bentonite and Uniform 

sand with bentonite. However, no single set of model parameters were successful for all 

different concentrations. Therefore, the model still remains inapplicable in these two cases. 
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6.4 Advantages and Weaknesses of the Model 

The model was based on the Kozeny hydraulic radius model with a series of supporting 

equations. It did produce good predictions on some tests with minimum modifications on the 

input data. The model also supported the experimental finding that only a few flocculated 

particles may significantly reduce the permeability for swelling clay suspensions. 

Besides these advantages, the model still has some weaknesses: 

1. The model could not properly simulate the swelling and flocculation action of high 

swelling clay such as bentonite. Currently available options to account for these 

properties are:  

 Increase the radius of clay particles. According to equation 2.3: (q(ri) = 

πγJ/(8µ))ri
4
 , the flow will increase exponentially with the radii of particles. 

Therefore, the flow rate would increase significantly and reduce the 

permeability. This option was not chosen in the current study or in previous 

studies.  

 Increase the viscosity of the inflow suspension. This is a good suggestion and it 

may work in some cases. In this study, however, it did not make a significant 

change because the influent had low viscosity. 

2. The model did not account for dislodging and re-deposition of deposited particles. If 

particles lodged on the walls of pores, they were assumed to stay there permanently 

without re-entrainment. Pore sizes in this model were always decreasing as a result of 

continuous permanent particle deposition. This assumption is valid for constant flow 

rate or constant head conditions, but it is not valid for pulse flow or reverse flow 

conditions, in which deposited particles can be entrained and re-deposited at other 

accumulation sites.  

3. The model assumed that sand pores were aligned to make straight tubes with a certain 

characteristic pore length (from 0.3 cm to 0.9 cm in this study). In fact, the pores are 

distributed randomly and the pore lengths are shorter. Therefore, in fact, the clogging 

might be more severe. 

6.5 Future Research Recommendations  

Future studies could include improving both the experimental method and modelling program. 

The test program can be improved by exploring how to eliminate head loss due to constriction 

of the inlet. This problem still occurred in the current study despite making the inlet tube 

diameter bigger. Another problem is the presence of chemical substances in the inflow 

suspensions. Chemical substances can disperse the suspension or excite the activity of the 
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clay, which can adversely affect the operation of drains. Therefore, they should be controlled, 

especially in areas with a high concentration of chemical substances. 

In future research, the experiment could be controlled by a computerized data recording 

system. The use of such a system could make the flow-rate recording process become easier, 

more accurate, more frequent and enable overnight tests.  

The model could be improved by taking the high swelling property of some clays into account, 

extending its prediction range. Another focus could be to provide predictive simulations over a 

longer period of time. Since the model in this research was built in MATLAB, a programming 

language, it is not extremely user-friendly. It is the expectation of the author that future 

researchers could develop the model so that it can be integrated into existing software 

applications and easily used by geo-engineers. 
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APPENDIX A 

PARTICLE SIZE DISTRIBUTIONS OF FINES  

(PIPETTE TESTS) 

 



PIPETTE TEST

Na-bentonite with calgon

Vt = 500 ml

V = 10 ml

H = 10 cm 10.03

h = 1 g/cm.s

Mo = 8.9749 g retained on #200 1.0551

Time 

(min)
Tare #

Tare wt 

(Mb)

Tare wt + dry 

sample (Ms)
Temp

Gs 

(g/cm
3
)

Grain 

size 

D (cm) 

Md (g) 

measured
Percent

0.15 100

0.250 15 1.629 1.9106 22.4 2.9 0.0760 0.10400 98.94

0.517 52 1.2624 1.5424 22.4 2.5 0.0595 0.10400 96.09

3.933 H9 1.3974 1.6622 22.4 2.75 0.0200 0.10400 86.00

13.417 G5 1.3457 1.602 22.2 3.05 0.0100 0.10400 79.76

44.950 3 1.4022 1.6536 21.7 2.7 0.0060 0.10400 75.55

319.000 V2 1.3301 1.5811 21.8 3.15 0.0020 0.10400 73.71

0.0010
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PIPETTE TEST

Kaolinite: original sample from the bag

Vt = 490 ml

V = 10 ml

H = 10 cm

h = 1 g/cm.s

Mo = 18.06 g retain on #200 sieve

18.06

Time 

(min)
Tare #

Tare wt 

(Mb)

Tare wt + dry 

sample (Ms)
Temp

Gs 

(g/cm
3
)

Grain size 

D (cm) 

Md (g) 

measured
Percent

1.5 0.05306 100.0

0.3 11 1.28 1.67 21.7 2.9 0.802 0.05306 92.6

0.8 7 1.27 1.65 21.7 2.5 0.521 0.05306 88.0

4.6 12 1.27 1.64 21.7 2.5 0.211 0.05306 83.2

13.0 10 1.27 1.64 21.4 3.1 0.106 0.05306 80.5

38.2 55 1.26 1.61 21.5 3 0.063 0.05306 74.1

361.0 V3 1.40 1.67 21.6 2.9 0.021 0.05306 53.9

0.01

#20: 0.841 mm

#40: 0.42 mm

Note: Need to remeasure the wt of tare by 4-decimal scale
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PIPETTE TEST

Battleford till

Vt = 510 ml

V = 10 ml

H = 10 cm Weightt of sample: 25 g

h = 1 g/cm.s

Mo = 19.2371 g Weight of particles retained on #200: 5.7629 g

Time 

(min)
Tare #

Tare wt 

(Mb)

Tare wt + dry 

sample (Ms)
Temp

Gs 

(g/cm
3
)

Grain size 

D (cm) 

Md (g) 

measured
Percent

1.50 100.0

0.3 9 1.28 1.71 21 2.5 0.78 0.05 98.5

0.5 54 1.59 2.01 21 2.5 0.63 0.05 95.9

4.6 V10 1.42 1.71 21 2.5 0.21 0.05 60.0

16.2 1 1.76 1.99 21 2.7 0.11 0.05 44.0

39.2 4 1.41 1.61 21.1 2.95 0.06 0.05 36.6

312.0 V2 1.33 1.49 21.1 3.2 0.02 0.05 25.0

0.011

#20: 0.841 mm

#40: 0.42 mm

Note: Need to remeasure the wt of tare by 4-decimal scale
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APPENDIX B 

ATTERBERG LIMIT TESTS 

 



ATTERBERG LIMITS TEST REPORT
(Test Reference: ASTM D 4318)

Sample: Na-bentonite (air-dried)

 

Percentage of sample retained on 425-um (No. 40) sieve: NA

Plastic Limit Liquid Limit (method A)

# of Blows 18 24 31

Tare # 5A 6A Tare # 64A 23A 29A

Tare Wt, g 16.453 19.33 Tare Wt, g 15.43 16.89 13.96

Wet + Tare, g 21.23 24.45 Wet + tare, g 26.24 29.17 24.34

Dry + Tare, g 19.96 22.99 average Dry + tare, g 17.11 18.88 15.76

M% 36.2% 39.9% 38.1% Water content 543.5% 517.1% 476.7%

SUMMARY

Plastic Limit: 38.1%

Liquid Limit: 511.0%

Plasticity Index: 472.9%

Classification: CH

Natural Water Content: n/a

Comments: -
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ATTERBERG LIMITS TEST REPORT
(Test Reference: ASTM D 4318)

Sample: Kaolinite (air-dried)

 

Percentage of sample retained on 425-um (No. 40) sieve: NA

Plastic Limit Liquid Limit (method A)

# of Blows 15 28 34

Tare # 1A 3A Tare # 22A 21A 11A

Tare Wt, g 19.35 14.53 Tare Wt, g 16.88 14.50 18.79

Wet + Tare, g 24.33 20.29 Wet + tare, g 32.36 29.77 31.45

Dry + Tare, g 23.16 18.84 average Dry + tare, g 26.61 24.30 27.04

M% 30.7% 33.6% 32.2% Water content 59.1% 55.8% 53.5%

SUMMARY

Plastic Limit: 32.2%

Liquid Limit: 56.0%

Plasticity Index: 23.8%

Classification: ML or OL

Natural Water Content: n/a

Comments: -
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ATTERBERG LIMITS TEST REPORT
(Test Reference: ASTM D 4318)

Sample: Battleford Till (air-dried)

 

Percentage of sample retained on 425-um (No. 40) sieve: NA

Plastic Limit Liquid Limit (method A)

# of Blows 10 21 35

Tare # 3A 24A Tare # 64A 23A 29A

Tare Wt, g 14.68 19.70 Tare Wt, g 15.40 16.87 13.95

Wet + Tare, g 22.80 27.81 Wet + tare, g 32.69 35.77 32.68

Dry + Tare, g 21.39 26.53 average Dry + tare, g 27.46 30.12 27.44

M% 21.0% 18.7% 19.9% Water content 43.4% 42.6% 38.8%

SUMMARY

Plastic Limit: 19.9%

Liquid Limit: 40.6%

Plasticity Index: 20.7%

Classification: CL

Natural Water Content: n/a

Comments: -
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APPENDIX C 

LABORATORY TEST RESULTS 

 

C-1 



Constant HeadTest AE14 5g/l kaolinite

CO2 gas + bigger hole at cap (8mm)

Date 20-May-09 A (cm2) 80.12 cm2 Water Properties (T= 20C)

Sand coarse graded sand A (m2) 0.0080 m2 g (kN/m3) 9.7866 m (Ns/m2)

Clay in suspension 5g/L kaolinite h 26.8 cm

Weight of sample 3875 gr V 2147.18 cm3

Volume of column 2147 cm3

Density 1.80 g/cm3

Time after beginning flow with suspension of fines (min)

Time 0 34 75 108 195 0 100 135 180 219 268 356 487

Pore volumes 0.0 55.2 116.3 162.0 275.2 0.0 99.7 123.9 150.4 169.9 191.3 223.4 265.5

Flow Rate Readings

Volume collected (mL) 575 536 485 464 427 427 256 218 184 160 138 112 108

Time taken to collect (s) 30 30 30 30 30 30 30 30 30 30 30 30 30

Temperature of water (C) 15 15 15 15 15 15 15 15 15 15 15 15 15

Elevation Manometer Readings

Point 1 (cm) 4.1 37.9 39.7 41.3 42 42.7 42.7 45.5 46.1 47 48 48.5 49.1 50.1

Point 2 (cm) 5.5 37 38.7 40.1 40.6 41.2 41.2 41.9 41.9 42.8 42.2 42.3 42.5 43.8

Point 3 (cm) 7.1 36.3 37.8 39.2 39.5 40 40 40.2 40.2 40.8 40.2 40.2 40.2 40.6

Point 4 (cm) 11.1 34.9 36.1 37.3 37.5 37.5 37.5 37.9 38.2 38.9 38.3 38.4 38.7 39

Point 5 (cm) 15.1 33.1 33.7 34 33.8 33.8  33.8 33.3 32.7 33.2 33.1 32.7 33.9 34

Point 6 (cm) 19.1 32 32.3 32.5 31.7 31.9 31.9 31.6 31 31.6 31.3 31 33 33.2

Point 7 (cm) 23.1 30.7 30.6 30.5 30.1 29.8 29.8 29.1 29.1 29.3 29.2 29 31.1 31.2

Point 8 (cm) 24.5 30.2 29.8 29.7 29.3 29 29 28.4 28.3 28.4 28.4 28.4 30.5 30.5

Point 9 (cm) 26.1 29.9 29.6 29.5 29.1 28.8 28.8 28.3 28.1 28.3 28.3 28.3 30.5 30.5

Calculations

Q (m3/s) 1.92E-05 1.79E-05 1.62E-05 1.55E-05 1.42E-05 1.42E-05 8.53E-06 7.27E-06 6.13E-06 5.33E-06 4.6E-06 3.73E-06 3.6E-06

i (Point 1-3) 0.53 0.63 0.70 0.83 0.90 0.90 1.77 1.97 2.07 2.60 2.77 2.97 3.17

i (Point 1-4) 0.43 0.51 0.57 0.64 0.74 0.74 1.09 1.13 1.16 1.39 1.44 1.49 1.59

i (Point 1-9) 0.36 0.46 0.54 0.59 0.63 0.632 0.782 0.818 0.850 0.895 0.918 0.845 0.891

i (Point 6-9) 0.30 0.39 0.43 0.37 0.44 0.44 0.47 0.41 0.47 0.43 0.39 0.36 0.39

i (Point 3-6) 0.36 0.46 0.56 0.65 0.68 0.68 0.72 0.77 0.77 0.74 0.77 0.60 0.62

i (Point 4-7) 0.35 0.46 0.57 0.62 0.64 0.64 0.73 0.76 0.80 0.76 0.78 0.63 0.65

Ko K (m/s)

(Point 1-3) 0.0045 0.0035 0.0029 0.0023 0.0020 1.97E-03 6.03E-04 4.61E-04 3.70E-04 2.56E-04 2.08E-04 1.57E-04 1.42E-04

(Point 1-4) 0.0056 0.0043 0.0035 0.0030 0.0024 2.39E-03 9.81E-04 8.04E-04 6.62E-04 4.80E-04 3.98E-04 3.14E-04 2.83E-04

(Point 1-9) 0.0066 0.0049 0.0038 0.0033 0.0028 2.81E-03 1.36E-03 1.11E-03 9.01E-04 7.43E-04 6.25E-04 5.51E-04 5.04E-04

(Point 6-9) 0.0080 0.0058 0.0047 0.0052 0.0040 4.01E-03 2.26E-03 2.19E-03 1.62E-03 1.55E-03 1.49E-03 1.30E-03 1.16E-03

(Point 3-6) 0.0067 0.0049 0.0036 0.0030 0.0026 2.63E-03 1.49E-03 1.18E-03 9.99E-04 8.98E-04 7.49E-04 7.77E-04 7.29E-04

(Point 4-7) 0.0068 0.0049 0.0036 0.0031 0.0028 2.77E-03 1.45E-03 1.20E-03 9.57E-04 8.78E-04 7.33E-04 7.36E-04 6.91E-04

v (m/s) 1.78E-03 1.07E-03 9.07E-04 7.66E-04 6.66E-04 5.74E-04 4.66E-04 4.49E-04

K/Ko (1-4) inffluent end 0.4 k/ko 1.00 0.41 0.34 0.28 0.20 0.17 0.13 0.12

K/Ko (1-9) entire column 1.00 0.48 0.39 0.32 0.26 0.22 0.20 0.18

K/Ko (6-9) effluent end 1.00 0.56 0.55 0.40 0.39 0.37 0.33 0.29



Constant HeadTest AE21 5g/l bentonite

CO2 gas + bigger hole at cap (8mm)

Date 15-Jun-09 A (cm2) 80.12 cm2

Sand coarse graded sand A (m2) 0.0080 m2

Clay in suspension 5g/L bentonite h 26.8 cm

Weight of sample 3800 gr V 2147.18 cm3

Volume of column 2147 cm3

Density 1.77 g/cm3

Time after beginning flow with suspension of fines (min)

Time 0 167 0 5 10 15 20 25 40 69 209

Pore volumes 0.0 207.5 0.0 7.0 13.0 18.0 23.0 28.0 40.0 58.0 103.0

Flow Rate Readings

Volume collected (mL) 448 438 438 342 295 285 258 240 198 134 85

Time taken to collect (s) 30 30 30 30 30 30 30 30 30 30 30

Temperature of water (C) 15 15 15 15 15 15 15 15 15 15 15

Elevation Manometer Readings

Point 1 (cm) 4.1 38.5 38.1 38.1 38.3 38.1 38.2 37.8 37.3 36.7 34 33.3

Point 2 (cm) 5.5 38.3 38 38 38.2 38.1 38.1 37.8 37.2 36.5 33.9 33.3

Point 3 (cm) 7.1 37.8 37.5 37.5 37.8 37.6 37.5 37.5 37.1 36.2 33.8 33.2

Point 4 (cm) 11.1 36.7 36.2 36.2 36 35.6 35.4 35.1 34.7 34.5 32.2 31.9

Point 5 (cm) 15.1 36.1 35.5 35.5 34.9 34.3 34.1 34.2 33.3 34.2 31.5 30.3

Point 6 (cm) 19.1 35.1 34.5 34.5 34.2 33.8 33.5 33.2 32.8 32.4 31.2 30.1

Point 7 (cm) 23.1 34.3 33.7 33.7 33.9 33.6 33.3 33 32.8 32.3 31.1 30

Point 8 (cm) 24.5 33.9 33.5 33.5 33.5 33.1 32.9 32.8 32.6 32.2 31 29.9

Point 9 (cm) 26.1 32.8 32.5 32.5 31.5 30.9 30.7 30.5 30.4 30 29.5 29.1

Calculations

Q (m
3
/s) 1.49E-05 1.46E-05 1.46E-05 1.14E-05 9.85E-06 9.49E-06 8.62E-06 0.000008 6.6E-06 4E-06 2.8E-06

i (Point 1-3) 0.23 0.20 0.20 0.17 0.17 0.23 0.10 0.07 0.17 0.07 0.03

i (Point 1-4) 0.26 0.27 0.27 0.33 0.36 0.40 0.39 0.37 0.31 0.26 0.20

i (Point 1-9) 0.26 0.25 0.25 0.31 0.33 0.34 0.33 0.31 0.30 0.20 0.19

i (Point 6-9) 0.33 0.29 0.29 0.39 0.41 0.40 0.39 0.34 0.34 0.24 0.14

i (Point 3-6) 0.23 0.25 0.25 0.30 0.32 0.33 0.36 0.36 0.32 0.22 0.26

i (Point 4-6) 0.20 0.21 0.21 0.23 0.23 0.24 0.24 0.24 0.26 0.13 0.23

Ko K (m/s)

(Point 1-3) 0.0080 0.0091 0.0091 0.0085 0.0074 0.0051 0.0108 0.0150 0.0050 0.0084 0.0106

(Point 1-4) 0.0072 0.0067 0.0067 0.0043 0.0034 0.0030 0.0028 0.0027 0.0026 0.0022 0.0018

(Point 1-9) 0.0072 0.0072 0.0072 0.0046 0.0038 0.0035 0.0032 0.0032 0.0027 0.0027 0.0018

(Point 6-9) 0.0057 0.0064 0.0064 0.0037 0.0030 0.0030 0.0028 0.0029 0.0024 0.0023 0.0025

(Point 3-6) 0.0083 0.0073 0.0073 0.0047 0.0039 0.0036 0.0030 0.0028 0.0026 0.0026 0.0014

(Point 4-6) 0.0093 0.0086 0.0086 0.0063 0.0055 0.0050 0.0045 0.0042 0.0031 0.0045 0.0016

K/Ko (1-4) inffluent end K/Ko 1.00 0.64 0.51 0.44 0.41 0.40 0.39 0.32 0.26

K/Ko (1-9) entire column 1.00 0.64 0.52 0.48 0.45 0.44 0.38 0.38 0.26

K/Ko (6-9) effluent end 1.00 0.58 0.46 0.46 0.44 0.46 0.38 0.36 0.39

K/Ko (4-6) middle 1.00 0.74 0.64 0.58 0.53 0.49 0.37 0.52 0.18



Constant HeadTest BE15 5g/l kaolinite

CO2 flood

Date 22-May-09 A (cm2) 80.12 Water Properties (T= 20C)

Sand FD sand A (m2) 0.0080 m2 g (kN/m3) 9.7866 m (Ns/m2) 9.8E-04

Clay in suspension 5g/L kaolinite h 26.8 cm

Weight of sample 3883 gr V 2147.18 cm3

Volume of column 2147 cm3

Density 1.81 g/cm3

Time after beginning flow with suspension of fines (min)

Time 0 31 75 125 174 221 0 11 63 115 155 227 487

Pore volumes 0.0 2.3 4.6 6.8 9.0 11.2 0.0 0.4 1.9 3.0 3.7 4.9 8.7

Flow Rate Readings

Volume collected (mL) 58 41 32 28 33 30 30 24 15 13 12 10 10

Time taken to collect (s) 60 60 60 60 60 60 60 60 60 60 60 60 60

Temperature of water (C) 15 15 15 15 15 15 15 15 15 15 15 15 15

Elevation Manometer Readings

Point 1 (cm) 4.1 47.1 45.7 45 44.5 45.6 45.6 45.6 44.5 43 43.2 43 42.7 44.6

Point 2 (cm) 5.5 44.9 43.7 42.8 42.2 43.5 43.3 43.3 42.3 41.2 40.9 40.7 40.9 43.2

Point 3 (cm) 7.1 44.6 43.5 42.7 42 43.3 43 43 42.2 41 40.8 40.5 40.8 43

Point 4 (cm) 11.1 43.3 42.7 42.1 41.6 42.5 42.3 42.3 41.6 40.6 40.5 40.3 40.3 41.6

Point 5 (cm) 15.1 41.8 41.3 40.8 40.6 41 41 41 40.5 39.7 39.7 39.5 39.5 40.7

Point 6 (cm) 19.1 39.6 39.2 39 38.9 39.1 39 39 38.9 38.6 38.6 38.5 38.5 38.9

Point 7 (cm) 23.1 38.6 38.6 38.5 38.5 38.5 38.5 38.5 38.5 38.4 38.4 38.4 38.4 38.4

Point 8 (cm) 24.5 38.5 38.5 38.4 38.4 38.4 38.4 38.4 38.4 38.3 38.3 38.3 38.3 38.3

Point 9 (cm) 26.1 38.4 38.4 38.3 38.3 38.3 38.3 38.3 38.3 38.2 38.2 38.2 38.2 38.2

Calculations

Q (m3/s) 9.67E-07 6.83E-07 5.33E-07 4.7E-07 5.5E-07 5.00E-07 5.00E-07 4E-07 2.5E-07 2.17E-07 2E-07 1.67E-07 1.67E-07

i (Point 1-3) 0.83 0.73 0.77 0.83 0.77 0.87 0.87 0.77 0.67 0.80 0.83 0.63 0.53

i (Point 1-4) 0.54 0.43 0.41 0.41 0.44 0.47 0.47 0.41 0.34 0.39 0.39 0.34 0.43

i (Point 1-9) 0.40 0.33 0.30 0.28 0.33 0.33 0.33 0.28 0.22 0.23 0.22 0.20 0.29

i (Point 6-9) 0.17 0.11 0.10 0.09 0.11 0.10 0.10 0.09 0.06 0.06 0.04 0.04 0.10

i (Point 3-6) 0.42 0.36 0.31 0.26 0.35 0.33 0.33 0.28 0.20 0.18 0.17 0.19 0.34

i (Point 4-7) 0.39 0.34 0.30 0.26 0.33 0.32 0.32 0.26 0.18 0.18 0.16 0.16 0.27

Ko K (m/s)

(Point 1-3) 1.45E-04 1.16E-04 8.68E-05 6.99E-05 8.95E-05 7.20E-05 7.20E-05 6.51E-05 4.68E-05 3.38E-05 3.00E-05 3.28E-05 3.90E-05

(Point 1-4) 2.22E-04 1.99E-04 1.61E-04 1.41E-04 1.55E-04 1.32E-04 1.32E-04 1.21E-04 9.10E-05 7.01E-05 6.47E-05 6.07E-05 4.85E-05

(Point 1-9) 3.05E-04 2.57E-04 2.19E-04 2.07E-04 2.07E-04 1.88E-04 1.88E-04 1.77E-04 1.43E-04 1.19E-04 1.14E-04 1.02E-04 7.15E-05

(Point 6-9) 7.04E-04 7.46E-04 6.66E-04 6.80E-04 6.01E-04 6.24E-04 6.24E-04 5.82E-04 5.46E-04 4.73E-04 5.82E-04 4.85E-04 2.08E-04

(Point 3-6) 2.90E-04 2.38E-04 2.16E-04 2.25E-04 1.96E-04 1.87E-04 1.87E-04 1.82E-04 1.56E-04 1.48E-04 1.50E-04 1.09E-04 6.09E-05

(Point 4-7) 3.08E-04 2.50E-04 2.22E-04 2.25E-04 2.06E-04 1.97E-04 1.97E-04 1.93E-04 1.70E-04 1.55E-04 1.58E-04 1.31E-04 7.80E-05

v m/s 6.24E-05 4.99E-05 3.12E-05 2.70E-05 2.50E-05 2.08E-05 2.08E-05

K/Ko (1-4) inffluent end 1.00 0.91 0.69 0.53 0.49 0.46 0.37

K/Ko (1-9) entire column 1.00 0.94 0.76 0.63 0.61 0.54 0.38

K/Ko (6-9) effluent end 1.00 0.93 0.88 0.76 0.93 0.78 0.33



Constant HeadTest BE19 5g/l Battleford Till

CO2 flood

Date 27-May-09 A (cm2) 80.12 Water Properties (T= 20C)

Sand FD sand A (m2) 0.0080 m2 g (kN/m3) 9.7866 m (Ns/m2) 9.8E-04

Clay in suspension 5g/L Battleford Till h 26.8 cm

Weight of sample 4020 gr V 2147.18 cm3

Volume of column 2147 cm3

Density 1.87 g/cm3

Time after beginning flow with suspension of fines (min)

Time 0 25 85 115 0 11 51 81 141 186 231 255 480

Pore volumes 0.0 2.7 8.5 11.3 0.0 1.0 4.2 6.4 10.5 13.2 15.4 16.4 22.7

Flow Rate Readings

Volume collected (mL) 72 64 58 58 58 54 48 45 40 36 27 23 12.5

Time taken to collect (s) 60 60 60 60 60 60 60 60 60 60 60 60 60

Temperature of water (C) 15 15 15 15 15 15 15 15 15 15 15 15 15

Elevation Manometer Readings

Point 1 (cm) 4.1 48.2 48.2 48.2 48.3 48.3 48.3 47.7 47.2 46.3 46.2 44.6 44.1 42.1

Point 2 (cm) 5.5 46.6 46.6 46.6 46.8 46.8 46.7 46.3 45.9 45.1 45.2 43.7 43.2 41.5

Point 3 (cm) 7.1 45.9 46.1 46.2 46.4 46.4 46.4 46.1 45.4 44.8 44.9 43.3 43 41.4

Point 4 (cm) 11.1 43.9 44.2 44.4 44.6 44.6 44.6 44.2 43.9 43.3 43.4 42.1 42 40.8

Point 5 (cm) 15.1 41.1 41.4 41.5 41.7 41.7 41.6 41.5 41.1 40.9 40.7 40.4 40.3 39.5

Point 6 (cm) 19.1 39.5 39.6 39.7 39.8 39.8 39.7 39.7 39.5 39.4 39.3 39.1 39.1 38.7

Point 7 (cm) 23.1 38.4 38.4 38.3 38.3 38.3 38.3 38.3 38.1 38.1 38.1 38.1 38.1 38

Point 8 (cm) 24.5 38.1 38.1 38.1 38.1 38.1 38.1 38.1 38 38 38 38 38 37.9

Point 9 (cm) 26.1 37.8 37.8 37.9 37.9 37.9 37.8 37.8 37.6 37.6 37.6 37.6 37.6 37.6

Calculations

Q (m3/s) 1.20E-06 1.07E-06 9.67E-07 1E-06 9.67E-07 9E-07 8E-07 7.5E-07 6.7E-07 6E-07 4.5E-07 3.8E-07 2.08E-07

i (Point 1-3) 0.77 0.70 0.67 0.63 0.63 0.63 0.53 0.60 0.50 0.43 0.43 0.37 0.23

i (Point 1-4) 0.61 0.57 0.54 0.53 0.53 0.53 0.50 0.47 0.43 0.40 0.36 0.30 0.19

i (Point 1-9) 0.47 0.47 0.47 0.47 0.47 0.48 0.45 0.44 0.40 0.39 0.32 0.30 0.20

i (Point 6-9) 0.24 0.26 0.26 0.27 0.27 0.27 0.27 0.27 0.26 0.24 0.21 0.21 0.16

i (Point 3-6) 0.53 0.54 0.54 0.55 0.55 0.56 0.53 0.49 0.45 0.47 0.35 0.33 0.23

i (Point 4-7) 0.46 0.48 0.51 0.53 0.53 0.53 0.49 0.48 0.43 0.44 0.33 0.33 0.23

Ko K (m/s)

(Point 1-3) 0.0002 0.0002 0.0002 0.0002 1.91E-04 1.77E-04 1.87E-04 1.56E-04 1.66E-04 1.73E-04 1.30E-04 1.30E-04 1.11E-04

(Point 1-4) 0.0002 0.0002 0.0002 0.0002 2.28E-04 2.13E-04 2.00E-04 1.99E-04 1.94E-04 1.87E-04 1.57E-04 1.59E-04 1.40E-04

(Point 1-9) 0.0003 0.0003 0.0003 0.0003 2.55E-04 2.35E-04 2.22E-04 2.15E-04 2.10E-04 1.92E-04 1.77E-04 1.62E-04 1.27E-04

(Point 6-9) 0.0006 0.0005 0.0005 0.0004 4.45E-04 4.14E-04 3.68E-04 3.45E-04 3.24E-04 3.08E-04 2.62E-04 2.23E-04 1.65E-04

(Point 3-6) 0.0003 0.0002 0.0002 0.0002 2.19E-04 2.01E-04 1.87E-04 1.90E-04 1.85E-04 1.60E-04 1.60E-04 1.47E-04 1.16E-04

(Point 4-7) 0.0003 0.0003 0.0002 0.0002 2.30E-04 2.14E-04 2.03E-04 1.94E-04 1.92E-04 1.70E-04 1.69E-04 1.47E-04 1.11E-04

1.2E-04 1.1E-04 1.0E-04 9.4E-05 8.3E-05 7.5E-05 5.6E-05 4.8E-05 2.6E-05

K/Ko (1-4) inffluent end 1.00 0.93 0.87 0.87 0.85 0.82 0.69 0.70 0.61

K/Ko (1-9) entire column 1.00 0.92 0.87 0.84 0.82 0.75 0.69 0.63 0.50

K/Ko (6-9) effluent end 1.00 0.93 0.83 0.78 0.73 0.69 0.59 0.50 0.37



Constant HeadTest BE26 5g/l Bentonite

CO2 flood 4.1 55

Date 16-Jul-09 A (cm2) 80.12 26.1 28

Sand FD sand A (m2) 0.0080 m2 26.1 38

Clay in suspension 5g/L bentonite h 26.8 cm

Weight of sample 3950 gr V 2147.18 cm3

Volume of column 2147 cm3

Density 1.84 g/cm3

Time after beginning flow with suspension of fines (min)

Time 0 69 130 0 0 0 0 2 3 4 7 12 25 82 0

Pore volumes 0.0 6.4 11.4 6.3 6.3 6.3 0.0 0.1 0.2 0.2 0.4 0.5 0.8 1.3 1.1

Flow Rate Readings

Volume collected (mL) 66 56 52 0 0 0 52 43 33 28 22 15 10 3 0

Time taken to collect (s) 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60

Temperature of water (C) 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15

Elevation Manometer Readings

Point 1 (cm) 4.1 52.2 50.1 50 7.5 7.5 7.5 50 49.6 48.9 48.6 48.8 49 49.4 49.7 7.5

Point 2 (cm) 5.5 48.1 47.1 46.8 7.5 7.5 7.5 46.8 46.4 45.2 44.4 43.8 43.3 43.9 45.3 7.5

Point 3 (cm) 7.1 46.9 45.7 45.5 7.5 7.5 7.5 45.5 45.3 44.1 43.3 42.7 42.2 42.9 44.2 7.5

Point 4 (cm) 11.1 45.9 44.9 44.7 7.5 7.5 7.5 44.7 44.5 43.5 42.8 42.2 41.8 42.5 44 7.5

Point 5 (cm) 15.1 43 42.2 42 7.5 7.5 7.5 42 42 41.4 41 40.6 40.3 41 42.3 7.5

Point 6 (cm) 19.1 39.1 38.8 38.7 7.5 7.5 7.5 38.7 39 38.9 38.8 38.6 38.5 38.5 38.6 7.5

Point 7 (cm) 23.1 38.5 38.5 38.6 7.5 7.5 7.5 38.6 38.5 38.5 38.5 38.5 38.4 38.4 38.4 7.5

Point 8 (cm) 24.5 38 38.2 38.4 7.5 7.5 7.5 38.4 38.4 38.4 38.4 38.3 38.3 38.3 38.4 7.5

Point 9 (cm) 26.1 38 38 38.2 7.5 7.5 7.5 38.2 38 38.3 38.2 38.2 38.2 38.2 38.2 7.5

i (Point 1-2) 2.285714 2.285714 2.642857 3 3.57143 4.07143

Calculations

Q (m3/s) 1.10E-06 9.33E-07 8.67E-07 0 0 0.00E+00 8.67E-07 7.17E-07 5.5E-07 4.67E-07 3.7E-07 2.5E-07

i (Point 1-3) 1.77 1.47 1.50 0.00 0.00 0.00 1.50 1.43 1.60 1.77 2.03 2.27

i (Point 1-4) 0.90 0.74 0.76 0.00 0.00 0.00 0.76 0.73 0.77 0.83 0.94 1.03

i (Point 1-9) 0.65 0.55 0.54 0.00 0.00 0.00 0.54 0.53 0.48 0.47 0.48 0.49

i (Point 6-9) 0.16 0.11 0.07 0.00 0.00 0.00 0.07 0.14 0.09 0.09 0.06 0.04

i (Point 3-6) 0.65 0.58 0.57 0.00 0.00 0.00 0.57 0.53 0.43 0.38 0.34 0.31

i (Point 4-7) 0.62 0.53 0.51 0.00 0.00 0.00 0.51 0.50 0.42 0.36 0.31 0.28

Ko K (m/s)

(Point 1-3) 0.0001 0.0001 0.0001 #DIV/0! #DIV/0! #DIV/0! 7.21E-05 6.24E-05 4.29E-05 3.30E-05 2.25E-05 1.38E-05

(Point 1-4) 0.0002 0.0002 0.0001 #DIV/0! #DIV/0! #DIV/0! 1.43E-04 1.23E-04 8.90E-05 7.03E-05 4.85E-05 3.03E-05

(Point 1-9) 0.0002 0.0002 0.0002 #DIV/0! #DIV/0! #DIV/0! 2.02E-04 1.70E-04 1.42E-04 1.23E-04 9.50E-05 6.36E-05

(Point 6-9) 0.0009 0.0010 0.0015 #DIV/0! #DIV/0! #DIV/0! 1.51E-03 6.26E-04 8.01E-04 6.80E-04 8.01E-04 7.28E-04

(Point 3-6) 0.0002 0.0002 0.0002 #DIV/0! #DIV/0! #DIV/0! 1.91E-04 1.70E-04 1.58E-04 1.55E-04 1.34E-04 1.01E-04

(Point 4-7) 0.0002 0.0002 0.0002 #DIV/0! #DIV/0! #DIV/0! 2.13E-04 1.79E-04 1.65E-04 1.63E-04 1.48E-04 1.10E-04

(Point 1-2) 4.7E-05 3.9E-05 2.6E-05 1.9E-05 1.3E-05 7.7E-06

K/Ko (1-4) inffluent end 1.00 0.86 0.62 0.49 0.34 0.21

K/Ko (1-9) entire column 1.00 0.84 0.71 0.61 0.47 0.32

K/Ko (6-9) effluent end 1.00 0.41 0.53 0.45 0.53 0.48



Constant HeadTest CE10 5g/l kaolinite

CO2 flood

Date 19-May-09 A (cm2) 80.12

Sand uniform sand A (m2) 0.0080 m2

Clay in suspension 5g/L kaolinite h 26.8 cm

Weight of sample 3635 gr V 2147.18 cm3

Volume of column 2147 cm3

Density 1.69 g/cm3

Time after beginning flow with suspension of fines (min)

Time 0 23 90 0 0 0 0 22 48 78 108 225 269 300

Pore volumes 0.0 26.7 104.5 52.2 52.2 52.2 0.0 25.1 53.8 85.5 115.3 211.2 240.6 260.2

Flow Rate Readings

Volume collected (mL) 450 450 450 0 0 0 450 435 422 396 374 262 256 234

Time taken to collect (s) 30 30 30 30 30 30 30 30 30 30 30 30 30 30

Temperature of water (C) 15 15 15 15 15 15 15 15 15 15 15 15 15 15

Elevation Manometer Readings

Point 1 (cm) 4.1 43.5 43.5 43.5 7.5 7.5 7.5 43.5 43.2 42.7 42.2 41.5 36.7 36.6 36.5

Point 2 (cm) 5.5 43.1 43.2 43.1 7.5 7.5 7.5 43.1 42.8 42.4 41.8 41 36.1 36.1 36.1

Point 3 (cm) 7.1 42.8 42.8 42.8 7.5 7.5 7.5 42.8 42.5 42.1 41.5 40.6 36 35.9 35.8

Point 4 (cm) 11.1 41.6 41.6 41.6 7.5 7.5 7.5 41.6 41.3 40.8 40.2 39.3 35.1 35.3 35.1

Point 5 (cm) 15.1 40.5 40.4 40.4 7.5 7.5 7.5 40.4 40.1 39.6 39 38.2 34.4 34.3 34.3

Point 6 (cm) 19.1 39.1 39.1 39.1 7.5 7.5 7.5 39.1 38.8 38.3 37.5 36.9 33.5 33.4 33.3

Point 7 (cm) 23.1 37.5 37.5 37.5 7.5 7.5 7.5 37.5 37.2 36.7 36 35.3 32.5 32 32

Point 8 (cm) 24.5 37 36.9 36.9 7.5 7.5 7.5 36.9 36.6 36.1 35.5 34.8 32.1 31.8 31.8

Point 9 (cm) 26.1 36.5 36.4 36.4 7.5 7.5 7.5 36.4 36.1 35.7 35 34.4 31.7 31.6 31.7

Calculations

Q (m3/s) 1.50E-05 1.50E-05 1.50E-05 0 0 0.00E+00 1.50E-05 1.45E-05 1.41E-05 1.32E-05 1.2E-05 8.7E-06 8.5E-06 7.8E-06

i (Point 1-3) 0.23 0.23 0.23 0.00 0.00 0.00 0.23 0.23 0.20 0.23 0.30 0.23 0.23 0.23

i (Point 1-4) 0.27 0.27 0.27 0.00 0.00 0.00 0.27 0.27 0.27 0.29 0.31 0.23 0.19 0.20

i (Point 1-9) 0.32 0.32 0.32 0.00 0.00 0.00 0.323 0.323 0.318 0.327 0.323 0.227 0.227 0.218

i (Point 6-9) 0.37 0.39 0.39 0.00 0.00 0.00 0.39 0.39 0.37 0.36 0.36 0.26 0.26 0.23

i (Point 3-6) 0.31 0.31 0.31 0.00 0.00 0.00 0.31 0.31 0.32 0.33 0.31 0.21 0.21 0.21

i (Point 4-6) 0.31 0.31 0.31 0.00 0.00 0.00 0.31 0.31 0.31 0.34 0.30 0.20 0.24 0.23

Ko K (m/s)

(Point 1-3) 0.0080 0.0080 0.0080 #DIV/0! #DIV/0! #DIV/0! 0.0080 0.0078 0.0088 0.0071 0.0052 0.0047 0.0046 0.0042

(Point 1-4) 0.0069 0.0069 0.0069 #DIV/0! #DIV/0! #DIV/0! 0.0069 0.0067 0.0065 0.0058 0.0050 0.0048 0.0057 0.0049

(Point 1-9) 0.0059 0.0058 0.0058 #DIV/0! #DIV/0! #DIV/0! 0.0058 0.0056 0.0055 0.0050 0.0048 0.0048 0.0047 0.0045

(Point 6-9) 0.0050 0.0049 0.0049 #DIV/0! #DIV/0! #DIV/0! 0.0049 0.0047 0.0047 0.0046 0.0044 0.0042 0.0041 0.0043

(Point 3-6) 0.0061 0.0061 0.0061 #DIV/0! #DIV/0! #DIV/0! 0.0061 0.0059 0.0055 0.0049 0.0050 0.0052 0.0051 0.0047

(Point 4-6) 0.0060 0.0060 0.0060 #DIV/0! #DIV/0! #DIV/0! 0.0060 0.0058 0.0056 0.0049 0.0052 0.0055 0.0045 0.0043

v m/s 1.87E-03 1.81E-03 1.76E-03 1.65E-03 1.56E-03 1.09E-03 1.07E-03 9.74E-04

K/Ko (1-4) inffluent end 1.00 0.97 0.94 0.84 0.72 0.69 0.83 0.71

K/Ko (1-9) entire column 1.00 0.97 0.95 0.87 0.83 0.83 0.81 0.77

K/Ko (6-9) effluent end 1.00 0.97 0.97 0.95 0.90 0.87 0.85 0.88



Constant HeadTest CE25 5g/l bentonite

CO2 flood

Date 07-Jul-09 A (cm2) 80.12

Sand uniform sand A (m2) 0.0080 m2

Clay in suspension 5g/L bentonite h 26.8 cm

Weight of sample 3600 gr V 2147.18 cm3

Volume of column 2147 cm3 n 0.37

Density 1.68 g/cm3

Time after beginning flow with suspension of fines (min)

Time 0 85 0 0 1 17 36 49 65 79 96 127 186 224 257

Pore volumes 0.0 114.0 #REF! 0.0 1.0 15.0 27.0 32.0 38.0 43.0 48.0 57.0 69.0 75.0 78.0

Flow Rate Readings

Volume collected (mL) 443 440 0 440 347 230 160 137 110 110 97 78 59 49 12

Time taken to collect (s) 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30

Temperature of water (C) 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15

Elevation Manometer Readings

Point 1 (cm) 4.1 38.5 38.5 7.5 38.5 40.3 39.9 38.7 38.2 37.8 36.9 36.5 36.3 35.9 35.5 35

Point 2 (cm) 5.5 38.1 38 7.5 38 39.6 38.1 37 36.5 36.3 36.1 35.9 35.6 35.3 35.1 32.9

Point 3 (cm) 7.1 37.7 37.5 7.5 37.5 39 37.4 36.4 36 35.8 35.6 35.4 35.3 35.2 35.2 32.5

Point 4 (cm) 11.1 36.6 36.3 7.5 36.3 37.3 35.8 34.8 34.3 34.1 33.8 33.6 34.3 33.1 32.9 30.7

Point 5 (cm) 15.1 35.2 35 7.5 35 35.7 34.3 33.4 33.1 32.8 32.4 32.2 32 31.7 31.5 29.9

Point 6 (cm) 19.1 34.1 33.9 7.5 33.9 34.2 33 32.3 32 31.8 31.3 31.2 31.1 30.8 30.7 29.5

Point 7 (cm) 23.1 33.1 32.8 7.5 32.8 32.9 31.8 31.2 31.1 30.9 30.5 30.4 30.2 30.1 30 29.1

Point 8 (cm) 24.5 32.2 31.9 7.5 31.9 31.8 30.8 30.3 30.2 30 29.5 29.4 29.3 29.2 29.1 28.8

Point 9 (cm) 26.1 31.7 31.4 7.5 31.4 31.2 30.3 29.8 29.7 29.6 29.1 29.1 28.9 28.8 28.8 28.4

Calculations

Q (m
3
/s) 1.48E-05 1.47E-05 0.00E+00 1.47E-05 1.16E-05 7.67E-06 5.33E-06 4.56E-06 3.67E-06 3.67E-06 3.2E-06 2.58E-06 1.97E-06 1.64E-06 4.03E-07

i (Point 1-3) 0.27 0.33 0.00 0.33 0.43 0.83 0.77 0.73 0.67 0.43 0.37 0.33 0.23 0.10 0.83

i (Point 1-4) 0.27 0.31 0.00 0.31 0.43 0.59 0.56 0.56 0.53 0.44 0.41 0.29 0.73 0.73 0.73

i (Point 1-9) 0.31 0.32 0.00 0.32 0.41 0.44 0.40 0.39 0.37 0.35 0.34 0.34 1.17 1.23 0.87

i (Point 6-9) 0.34 0.36 0.00 0.36 0.43 0.39 0.36 0.33 0.31 0.31 0.30 0.31 0.77 0.73 0.40

i (Point 3-6) 0.30 0.30 0.00 0.30 0.40 0.37 0.34 0.33 0.33 0.36 0.35 0.35 0.53 0.50 0.27

i (Point 4-7) 0.29 0.29 0.00 0.29 0.37 0.33 0.30 0.27 0.27 0.28 0.27 0.34 0.53 0.53 0.23

Ko K (m/s)

(Point 1-3) 0.0069 0.0055 #DIV/0! 5.49E-03 3.33E-03 1.15E-03 8.68E-04 7.75E-04 6.86E-04 1.06E-03 1.10E-03 9.67E-04 1.05E-03 2.05E-03 6.03E-05

(Point 1-4) 0.0068 0.0058 #DIV/0! 5.82E-03 3.37E-03 1.63E-03 1.19E-03 1.02E-03 8.66E-04 1.03E-03 9.71E-04 1.13E-03 3.36E-04 2.79E-04 6.86E-05

(Point 1-9) 0.0060 0.0057 #DIV/0! 5.67E-03 3.49E-03 2.19E-03 1.65E-03 1.47E-03 1.23E-03 1.29E-03 1.20E-03 9.59E-04 2.11E-04 1.66E-04 5.80E-05

(Point 6-9) 0.0054 0.0051 #DIV/0! 5.13E-03 3.37E-03 2.48E-03 1.86E-03 1.73E-03 1.46E-03 1.46E-03 1.34E-03 1.03E-03 3.21E-04 2.79E-04 1.26E-04

(Point 3-6) 0.0061 0.0061 #DIV/0! 6.10E-03 3.61E-03 2.61E-03 1.95E-03 1.71E-03 1.37E-03 1.28E-03 1.15E-03 9.21E-04 4.62E-04 4.09E-04 1.89E-04

(Point 4-7) 0.0063 0.0063 #DIV/0! 6.28E-03 3.93E-03 2.87E-03 2.22E-03 2.13E-03 1.72E-03 1.66E-03 1.51E-03 9.44E-04 4.62E-04 3.84E-04 2.15E-04

v 1.8E-03 1.4E-03 9.6E-04 6.7E-04 5.7E-04 4.6E-04 4.6E-04 4.0E-04 3.2E-04 2.5E-04 2.0E-04 5.0E-05

K/Ko (1-4) inffluent end 1.000 0.578 0.280 0.205 0.175 0.149 0.177 0.167 0.194 0.058 0.048 0.012

K/Ko (1-9) entire column 1.000 0.615 0.387 0.290 0.259 0.216 0.228 0.211 0.169 0.037 0.029 0.010

K/Ko (6-9) effluent end 1.000 0.657 0.484 0.364 0.338 0.284 0.284 0.262 0.200 0.063 0.054 0.025
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APPENDIX D  

MODELLING CODE (IN MATLAB) 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test AE23 bentonite 1g/l May31  

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of fine g/L   
w = 5; 

  
%Fine particles size a (mm) (\Properties Test\Clay particle size - Pipette 

test) 
a = [.15 .076 .060 .02 .01 .006 .002 0.001]/2; %june11 some particles retain 

on #200 sieve 

  
%Number of fine particles in 1m3 at concentration of 1g/L 
C = [2.25e7 1.55e7 8.73e7 8.17e9 4.04e10 1.26e11 1.48e12 4.75e14]; %Oct29 

 
%time_step = [0 3 20 43 82 101 123 160 197]; %1g/l 
%time_step = [0 5 10 15 20 25 40 69 209];%3g/l 
time_step = [0 17 49 65 79 96 257 289 421]; %5g/l 

     
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [.525 .355 .24 .21 .185 .145 .1 .06 .035];% .0055]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [6.793 15.423 18.984 18.717 17.76 13.079 6.5 2.417 0.327]/100; 

  
%Volume of sand column 
Vol = 2147.18; %cm3 

  
%Size of r 
%size_r = length(); 
r = zeros(9,length(r_t0)); % There are 9 time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 
n(1) = 0.33; 

  
%Volume of pore 
Total_Vol_pore = zeros(1,9); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(9,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+w/1000)*9.81; 

  
%Absolute viscosity of water mu (kg/(m.s)) 
mu = 0.001002; 
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%Characteristic pore length alpha_star (cm) 
alpha_star = 0.3; 

  
%Critical velocity beyond which no perticle clogging is likely vcr (m/s) 
vcr = 0.01; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydrolic gradient across the tube (dimensionless) 
J = [.773 .773 .773 .773 .773 .773 .773 .773 .773]; 

  
%Cross section area 
A = 0.008;%in m2 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 

  
k = zeros(1,size(r,1)); 
% Calculate k at time t0 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2;%r is in metre 

!!!!!!!!!!!! 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4;  
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %Sep28 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
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            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
            p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4;%Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
    end 

  
    Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    %temp = Vol_pore_size(tt+1,:); 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test AE17 5g BTill Sep28 

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of clay suspension 
w = 3 %g/L 

  
%Battleford Till particles size a (mm) (\Properties Test\Clay particle size - 

Pipette test) 
a = [.15 .0782 .0628 .0211 .0105 .0063 .0021 .0011]/2 %use BT pass #100 sieve 

  
%Number of Battleford Till particles in 1m3 at concentration of 1g/L 
C = [4.92e7 1.691e7 9.08e7 2.12e10 7.59e10 1.61e11 6.85e12 4.9e13]; 

  
time_step = [0 84 150 271 315 358] %3g/l 
%time_step = [0 11 31 64 92 111]; %5g/l 
%time_step = [0 37 56 98 120 142] %10g/l  

  
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [.525 .355 .24 .21 .185 .145 .1 .06 .035]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [6.793 15.423 18.984 18.717 17.76 13.079 6.5 2.417 0.327]/100; 

  
%Size of r 
%size_r = length(); 
r = zeros(6,length(r_t0)); % 6 time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 
n(1) = 0.35; 

  
%Cross section area 
A = 0.008;%in m2 

  
%Volume of sand column 
Vol = 2147.18*1e-6; %m3 

  
%Volume of pore 
Total_Vol_pore = zeros(1,6); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(6,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+w/1000)*9.81; 

  
%Absolute viscosity of water mu (kg/(m.s)) 
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mu = 0.001002; 

  
%Characteristic pore length alpha_star (cm) 
alpha_star = 0.3; 

  
%Critical velocity beyond which no particle clogging is likely vcr (m/s) 
vcr = 0.01; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydrolic gradient across the tube (dimensionless) 
J = [.773 .773 .773 .773 .773 .773]; 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 
  

k = zeros(1,size(r,1)); 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2; 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4;  
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %Sep28 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
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            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
            p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4;%Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
    end 

  
    Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test AE14 Coarse sand + 5g/l kaolinite  

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of clay suspension 
w = 10 %g/L 

  
%Fine particles size a (mm) (\Properties Test\Clay particle size - Pipette 

test) 
a = [.15 .0802 .0521 .0211 .0106 .0063 .0021 .001]/2;%june11 

  
%Number of kaolinite particles in 1m3 at concentration of 1g/L 
C = [1.26e7 9.52e8 2.316e9 3.71e9 1.66e10 1.83e11 1.54e10 7.8e13]; 

  
time_step = [0 11 26 85 102 156 187]; %in minute 10G/L 
%time_step = [0 135 180 219 268 356 487]; %in minute 5g/l 

  
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [.525 .355 .24 .21 .185 .145 .1 .06 .035];% .0055]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [6.793 15.423 18.984 18.717 17.76 13.079 6.5 2.417 0.327]/100; 

  
%Size of r 
%size_r = length(); 
r = zeros(7,length(r_t0)); % 7 time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 
n(1) = 0.33; 

  
%Cross section area 
A = 0.008;%in m2 

  
%Volume of sand column 
Vol = 2147.18*1e-6; %m3 

  
%Volume of pore 
Total_Vol_pore = zeros(1,7); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(7,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+w/1000)*9.81; 

  
%Absolute viscosity of water mu (kg/(m.s)) 
mu = 0.001002; 
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%Characteristic pore length alpha_star (cm) 
alpha_star = 0.3; 

  
%Critical velocity beyond which no particle clogging is likely vcr (m/s) 
vcr = 0.01; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydraulic gradient across the tube (dimensionless) 
J = [0.773 0.773 .773 .773 .773 .773 .773]; 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 

  
k = zeros(1,size(r,1)); 
% Calculate k at time t0 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2; 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4;  
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %m/s 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
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            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
            p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4; %Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
    end 

  
    Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    %temp = Vol_pore_size(tt+1,:); 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test BE20 1g bentonite May30 

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of fine g/L 
w = 1; 

  
%Fine particles size a (mm) (\Properties Test\Clay particle size - Pipette 

test) 
a = [.15 .076 .060 .02 .01 .006 .002 0.001]/2; %june11 some particles retain 

on #200 sieve 

  
%Number of bentonite particles in 1m3 at concentration of 1g/L 
C = [2.25e8 1.55e7 8.73e7 8.17e9 4.04e10 1.26e11 1.48e12 4.75e14];  

  
time_step = [0 5 30 50 72 125 206 230 526]; %1g/l 
%time_step = [0 13 40 65 80 90 105 125 145]; %3g/l 
%time_step = [0 2 3 4 7 12 25 50 82]; %5g/l 

     
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [1.05 .48 .29 .18 .12 .07 .045 .029 .011]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [.0973 .152 .1743 .1804 .1746 .1165 .0704 .0284 .0062]; 

  
%Volume of sand column 
Vol = 2147.18*1e-6; %m3 

  
%Size of r 
%size_r = length(); 
r = zeros(9,length(r_t0)); % There are 9 time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 
n(1) = 0.3; 

  
%Volume of pore 
Total_Vol_pore = zeros(1,9); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(9,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Cross section area 
A = 0.008;%in m2 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+w/1000)*9.81; 
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%Absolute viscosity of water mu (kg/(m.s)) 
mu = 0.001002; 

  
%Characteristic pore length alpha_star (cm) 
alpha_star = 0.9; 

  
%Critical velocity beyond which no perticle clogging is likely vcr (m/s) 
vcr = 0.01; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydrolic gradient across the tube (dimensionless) 
J = [.773 .773 .773 .773 .773 .773 .773 .773 .773]; 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 

  
k = zeros(1,size(r,1)); 
% Calculate k at time t0 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2; 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4; %Note: r(tt,ii) 

is changed to m in this regard 
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %Sep28 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
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            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
             p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4;%Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
    end 

  
    Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test BE21 5g BTill Sep28 

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of clay suspension 
w = 5 %g/L 

  
%Battleford Till particles size a (mm) (\Properties Test\Clay particle size - 

Pipette test) 
a = [.15 .0782 .0628 .0211 .0105 .0063 .0021 .0011]/2; 

  
%Number of Battleford Till particles in 1m3 at concentration of 1g/L 
C = [4.92e6 1.691e8 9.08e8 2.12e10 7.59e10 1.61e11 6.85e12 4.9e13]; %0.4 

  
time_step = [0 11 51 81 141 186 231 255 480]; %5g/l 
%time_step = [0 34 65 110 141 178 211 259 431]; %10g/l 

  
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [1.05 .48 .29 .18 .12 .07 .045 .029 .011]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [.0973 .152 .1743 .1804 .1746 .1165 .0704 .0284 .0062]; 

  
%Size of r 
%size_r = length(); 
r = zeros(9,length(r_t0)); % 9 time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 
n(1) = 0.3; 

  
%Cross section area 
A = 0.008;%in m2 

  
%Volume of sand column 
Vol = 2147.18*1e-6; %m3 

  
%Initial volume of pore 
V_pore = Vol*n(1); 

  
%Volume of pore 
Total_Vol_pore = zeros(1,9); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(9,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+w)*9.81; 
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%Absolute viscosity of water mu (kg/(m.s)) 
mu = 0.001002; 

  
%Characteristic pore length alpha_star (cm) 
alpha_star = 0.9; 

  
%Critical velocity beyond which no perticle clogging is likely vcr (m/s) 
vcr = 0.001; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydrolic gradient across the tube (dimensionless) 
J = [.773 .773 .773 .773 .773 .773 .773 .773 .773]; 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 
%PV(tt) =  zeros(9,length(time_step)); 
k = zeros(1,size(r,1)); 
% Calculate k at time t0 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2; 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4;  
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %Sep28 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
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            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
            p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4;%Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
     end 
     %PV_0 = 0 
     %PV(tt) = (time_step(tt+1)-time_step(tt))*V_pore*(q(tt)+q(tt+1))/2*60 + 

PV_0; 
     Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    %temp = Vol_pore_size(tt+1,:); 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test BE10 5g kaolinite May28 

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of fine g/L 
w = 5; 

  
%Fine particles size a (mm) (\Properties Test\Clay particle size - Pipette 

test) 
a = [.15 .0802 .0521 .0211 .0105 .0063 .0021 .001]/2;%june11 

  
%Number of kaolinite particles in 1m3 at concentration of 1g/L 
C = [1.26e6 9.52e7 2.316e9 3.71e10 1.66e10 1.83e11 1.54e10 7.8e13];  

  
time_step = [0 11 63 115 155 227 487]; %in minute 5g/l 
%time_step = [0 11 63 115 155 227 255]; %in minute 15g/l 

  
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [1.05 .48 .29 .18 .12 .07 .045 .029 .011]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [9.73 15.2 17.43 18.04 17.46 11.65 7.04 2.84 0.62]/100; 

  
%Volume of sand column 
Vol = 2147.18*1e-6; %m3 

  
%Size of r 
%size_r = length(); 
r = zeros(7,length(r_t0)); % 7 time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 
n(1) = 0.32; 

  
%Volume of pore 
Total_Vol_pore = zeros(1,7); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(7,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+5/1000)*9.81; 

  
%Absolute viscosity of water mu (kg/(m.s)) 
mu = 0.0001002; 

  
%Characteristic pore length alpha_star (cm) 
alpha_star = 0.9; 



D18 

 

  
%Critical velocity beyond which no perticle clogging is likely vcr (m/s) 
vcr = 0.001; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydrolic gradient across the tube (dimensionless) 
J = [.773 .773 .773 .773 .773 .773 .773]; 

  
%Cross section area 
A = 0.008;%in m2 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 

  
k = zeros(1,size(r,1)); 
% Calculate k at time t0 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2; 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4;  
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %Sep28 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
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            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
            p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4;%Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
    end 

  
    Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test CE10 5g kaolinite May27 

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of clay suspension 
w = 10 %g/L 

  
%Fine particles size a (mm) (\Properties Test\Clay particle size - Pipette 

test) 
a = [.15 .0801 .0628 .0211 .0105 .0063 .0021 .001]/2; %June11 

  
%Number of kaolinite particles in 1m3 at concentration of 1g/L 
C = [1.26e6 9.52e7 2.316e8 3.71e10 1.66e10 1.83e11 1.54e10 7.8e13];  

 
%time_step = [0 22 48 78 108 225 269 300]; %5g/l 
time_step = [0 4 41 74 109 143 196 233]; % 10g/l 

  
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [1.05 .71 .48 .34 .29 .18 .12 .08 .07 .045 .029 .011]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [.0139 .0392 .0704 .1038 .1357 .1968 .1998 .1364 .0746 .0237 .005 

.0008]; 

  
%Volume of sand column 
Vol = 2147.18*1e-6; %m3 

  
%Size of r 
%size_r = length(); 
r = zeros(8,length(r_t0)); % 8 time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 

  
n(1) = 0.36; 

  
%Cross section area 
A = 0.008;%in m2 

  
%Volume of pore 
Total_Vol_pore = zeros(1,8); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(8,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+w)*9.81; 
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%Absolute viscosity of water mu (kg/(m.s)) 
mu = 0.001002; 

  
%Characteristic pore length alpha_star (cm) 
alpha_star = 0.9; %Sep28 

  
%Critical velocity beyond which no perticle clogging is likely vcr (m/s) 
vcr = 0.01; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydrolic gradient across the tube (dimensionless) 
J = [.773 .773 .773 .773 .773 .773 .773 .773]; 

  
%Cross section area 
A = 0.008;%in m2 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 

  
k = zeros(1,size(r,1)); 
% Calculate k at time t0 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2;%r is in metre 

!!!!!!!!!!!! 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4;  
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %Sep28 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
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        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
            p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4;%Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
    end 

  
    Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test CE24 1g bentonite Sep28 

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of fine g/L 
w = 5; 

  
%Fine particles size a (mm)  

a = [.15 .076 .060 .02 .01 .006 .002 0.001]/2; %june11 some particles retain 

on #200 sieve 

  
%Number of fine particles in 1m3 at concentration of 1g/L 
C = [2.25e8 1.55e7 8.73e7 8.17e9 4.04e10 1.26e11 1.48e12 4.75e14];  

 
%time_step = [0 17 49 78 149 171 346]; %1g/l 
%time_step = [0 11 40 55 63 79 94]; %2g/l 
time_step = [0 17 36 65 96 186 257]; % 5g/l 

  
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [1.05 .71 .48 .34 .29 .18 .12 .08 .07 .045 .029 .011]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [.0139 .0392 .0704 .1038 .1357 .1968 .1998 .1364 .0746 .0237 .005 

.0008]; 

  
%Volume of sand column 
Vol = 2147.18*1e-6; %m3 

  
%Size of r 
%size_r = length(); 
r = zeros(7,length(r_t0)); % 7time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 
n(1) = 0.37; 

  
%Volume of pore 
Total_Vol_pore = zeros(1,7); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(7,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+w)*9.81; 

  
%Absolute viscosity of water mu (kg/(m.s)) 
mu = 0.001002; 
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%Characteristic pore length alpha_star (cm) 
alpha_star = 0.9;  

  
%Critical velocity beyond which no perticle clogging is likely vcr (m/s) 
vcr = 0.01; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydrolic gradient across the tube (dimensionless) 
J = [.773 .773 .773 .773 .773 .773 .773]; 

  
%Cross section area 
A = 0.008;%in m2 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 

  
k = zeros(1,size(r,1)); 
% Calculate k at time t0 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2; 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4;  
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %Sep28 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
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                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
            p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4;%Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
    end 

  
    Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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% This program is to calculate k based on the paper by Reddi et al. [2000] 
% Test CE13 5g BT May 28 

  
clear all;  
clc; 

  
%Initialize parameters 
%Concentration of clay suspension 
w = 3; %g/L 

  
%Battleford Till particles size a (mm) (\Properties Test\Clay particle size - 

Pipette test) 
a = [.15 .0782 .0628 .0211 .0105 .0063 .0021 .0011]/2; %use BT pass #100 

sieve 

  
%Number of Battleford Till particles in 1m3 at concentration of 1g/L 
C = [4.92e6 1.691e7 9.08e7 2.12e10 7.59e10 1.61e11 6.85e12 4.9e13];  

 
time_step = [0 81 153 216 313 412] %3g/l 
%time_step = [0 6 35 68 88 103]; %5g/l 
%time_step = [0 33 88 128 156 179] %10g/l 

  
%Pore size r (mm) (file PSD calculation April 21) 
r_t0 = [1.05 .71 .48 .34 .29 .18 .12 .08 .07 .045 .029 .011]; 

  
%Volumetric frequency of the pore group di (di = 2ri) percentage % 
f_d = [.0139 .0392 .0704 .1038 .1357 .1968 .1998 .1364 .0746 .0237 .005 

.0008]; 

  
%Size of r 
%size_r = length(); 
r = zeros(6,length(r_t0)); % 6 time steps 
r(1,:) = r_t0; 

  
%Initial porosity of coarse sand n0 (dimensionless) 
n = zeros(1,size(r,1)); 
n(1) = 0.36; 

  
%Cross section area 
A = 0.008;%in m2 

  
%Volume of sand column 
Vol = 2147.18*1e-6; %m3 

  
%Volume of pore 
Total_Vol_pore = zeros(1,6); 
Total_Vol_pore(1) = n(1)*Vol; 

  
%Volume of pore sizes 
Vol_pore_size = zeros(6,length(r_t0)); 
Vol_pore_size(1,:) = Total_Vol_pore(1)*f_d; 

  
%Unit weight of water gamma (N/m3) 
gamma = (1000+w)*9.81; 



D27 

 

  
%Absolute viscosity of water mu (kg/(m.s)) 
mu = 0.001002; 

  
%Characteristic pore length alpha_star (cm) 
alpha_star = 0.9; 

  
%Critical velocity beyond which no perticle clogging is likely vcr (m/s) 
vcr = 0.01; 

  
%Constant dependent on ionic condition theta_knot, equal to 3 for salt free 
%water (dimensionless) 
theta0 = 3;  

  
%Initial number of particles of radius a deposited in the pore tube of 
%radius r: N0 
N0 = 0; 

  
%Shape factor for cylindircal pores 
Cs = 1/32; 

  
%Size of a 
size_a = length(a); 

  
%Hydrolic gradient across the tube (dimensionless) 
J = [.773 .773 .773 .773 .773 .773]; 

  
K = zeros(size(r,1)-1,length(r_t0),size_a); % Do not count on the time at the 

last time step 
p = zeros(size(r,1)-1,length(r_t0),size_a); %Probability of deposition of 

particles of radius  
                          %aj in the tube ri at time t 
q = zeros(size(r,1)-1,length(r_t0)); %Flow rate through the tube ri (ml/s)     

  
dN = zeros(size(r,1)-1,length(r_t0),size_a); 
N = zeros(size(r,1)-1,length(r_t0),size_a); 

  
k = zeros(1,size(r,1)); 
% Calculate k at time t0 
k(1) =Cs*n(1)*(gamma/mu)*(1/(4*sum(f_d./(2*r_t0*1e-3))))^2;%r is in meter 

  
for tt = 1:size(r,1)-1     
     for (ii = 1:length(r_t0)) 
        q(tt,ii) = pi*gamma*J(tt+1)/(8*mu)*(r(tt,ii)*1e-3)^4;  
        fprintf('q_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,q(tt,ii)); 
        disp(' '); 
        v(tt,ii) = q(tt,ii)/A; %Sep28 
        fprintf('v_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,v(tt,ii)); 
        disp(' '); 
        U(tt,ii) = 2*v(tt,ii); %m/s 
        fprintf('U_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,U(tt,ii)); 
        disp(' '); 
        theta(tt,ii) = theta0*exp(-v(tt,ii)/vcr); 
        for (jj = 1:size_a) 
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            K(tt,ii,jj) = (1-0.667*(a(jj)/r(tt,ii))^2-

0.202*(a(jj)/r(tt,ii))^5)/... 
                    (1-2.1*a(jj)/r(tt,ii)+2.09*(a(jj)/r(tt,ii))^3-

1.71*(a(jj)/r(tt,ii))^5+0.73*(a(jj)/r(tt,ii))^6); 
            fprintf('K(%1.0d,%1.0d,%1.0d)=%6.6d',tt,ii,jj,K(tt,ii,jj)); 
            disp(' '); 

  
            p(tt,ii,jj) = 4*((theta(tt,ii)*a(jj)/r(tt,ii))^2-

(theta(tt,ii)*a(jj)/r(tt,ii))^3)... 
                        + (theta(tt,ii)*a(jj)/r(tt,ii))^4;%Sep28 
            fprintf('p(%1.0d,%1.0d,%1.0d)=%6.2d',tt,ii,jj,p(tt,ii,jj)); 
            disp(' '); 

  
            dN(tt,ii,jj) = 

q(tt,ii)*p(tt,ii,jj)*(C(jj)*w*v(tt)*A)*(time_step(tt+1)-time_step(tt))*60; 
        end 

         
        sum_dN = 0; 
        for jj = 1:size_a 
            sum_dN = sum_dN + dN(tt,ii,jj)*a(jj)/alpha_star*(1-(1-

a(jj)/r(tt,ii))^2)^2*K(tt,ii,jj); 
        end 
        r(tt+1,ii) = r(tt,ii)/(1+3*sum_dN)^(1/4); 
        fprintf('r_at_t=%1.0d(%1.0d)=%6.6d',tt,ii,r(tt+1,ii)); 
        disp(' ');                
    end 

  
    Vol_pore_size(tt+1,:) = Vol_pore_size(tt,:).*(r(tt+1,:)./r(tt,:)).^2; 
    %temp = Vol_pore_size(tt+1,:); 
    Total_Vol_pore(tt+1) = sum(Vol_pore_size(tt+1,:)); 
    n(tt+1) = Total_Vol_pore(tt+1)/Vol; 

  
    k(tt+1) = Cs*n(tt+1)*(gamma/mu)*(1/(4*sum(f_d./(2*r(tt+1,:)*1e-3))))^2; 
end 

  
plot(time_step,k/k(1)); 
grid on 
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