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ABSTRACT 

SOIL MINERAL PARTICLE SIZE ANALYSIS: VALIDATION OF STOKES’ LAW 

Xiaowei Zhang                                                                Advisor: 

University of Guelph, 2023                                             Professor Paul Voroney 

 

 

Particle size analysis (PSA) is one of the most important and fundamental parameters in 

the soil science as texture affects the hydrological, chemical, physical, and biological 

properties of soils. The accuracy of PSA measurements has direct effects on almost all 

inherent soil related properties, such as water holding capacity, and cation exchange 

capacity, as well as engineering properties such as Atterberg limits and shear strength. 

The current sedimentation-based measurement methods, including the hydrometer 

(HM), pipette (PM), and Integral suspension pressure methods (ISPM), are based on 

the application of Stokes’ law, however, application of Stokes’ law to PSA is limited by 

its assumptions. The overall goal of this research was to further understand some of the 

relationships between particles in suspension and particle-particle interactions when 

conducting PSA measurements. The interactions between particles were evaluated with 

various particle size fractions, using a Pario meter, which records the suspension 

pressure at 10 seconds intervals within a 24-hour time frame. These measurements 

show that the interactions between particles increased with increasing mass 

concentration in suspension and had significant effects on the measurements of PSA, 

especially when the soil samples contain large quantities of non-expandable clay and 

sand-sized particles. Removal of the sand fraction (>10 g/L) prior to conducting any 



 

 

sedimentation-based measurements is recommended to obtain a more accurate 

measurement of PSA. The effect caused by the presence of clay fractions is highly 

dependent on the type and concentration in suspension. Moreover, the accuracy of the 

ISPM and HM was evaluated by comparing measurement results with soil mixtures with 

known particle size composition. The results show that both methods overestimate the 

clay content and underestimate the silt content, but HM gives more accurate results 

compared to ISPM. The effect of density of the suspension solution was tested in 

experiments using clay- and silt-sized particles and recommends that they be specified 

in Stokes’ equation, especially for predicting the settling velocity of clay-rich soil 

samples.  
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CHAPTER 1: Introduction 

1.1 Particle size analysis 

Particle size analysis (PSA) refers to the proportions of sand, silt, and clay in the fine 

earth fraction of soil material (Gee and Bauder, 1986). Mineral particles smaller than 2 

mm diameter are grouped into three particle size classes:  sand (2 mm to 0.05 mm), silt 

(0.05 mm to 2 µm) and clay (<2 µm) (Gee and Bauder, 1986). The limits of the particle 

size separates in the Canadian System of Soil Classification are shown in Table 1.1.  

The precise measurement of the proportions of sand, silt and clay in a sample is critical 

to assigning soils, sediments, and parent materials to a specific textural class (Gee and 

Bauder, 1986). Analysis of the mineral particle size distribution (PSD) is one of the most 

fundamental parameters measured for assessing the properties of soils such as pore 

distribution, water holding capacity, drainage class, adsorption, and engineering 

properties (Gee and Or, 2002). The PSD also indirectly affects the chemical and 

biochemical properties of the soil products. Specifically, for industries such as Mar-Co 

Clay Products Inc., PSA helps them to define the materials that they are using to 

prepare their soil products and to ensure their products will be function as intended and 

meet engineering specifications. In agriculture and horticulture, particle size analysis of 

soils can be used to estimate water movement, water holding capacity, nutrient 

retention and so on (Kroetsch and Wang, 2008).  

Table 1.1 Ranges of particle size separates for the fine-earth fraction used in the Canadian System 

of Soil Classification (Kroetsch and Wang, 2008). 

Particle size  Diameter (mm) 

Very coarse sand  
Coarse sand  
Medium sand  
Fine sand  
Very fine sand  
Silt  
Clay 
Fine clay 

2.0 – 1.0 
1.0 – 0.5 

0.5 – 0.25 
0.25 – 0.10 
0.10 – 0.05 

0.05 – 0.002 
≤ 0.002 

≤ 0.0002 

 



 
 

2 
 

Soil mineral particles are usually associated with organic matter (OM) and with 

inorganic precipitates comprised of carbonate, iron oxide and salt which create the 

strong cohesive bonds and coatings between particles to form aggregates. Precipitates 

in the clay-, silt- or sand-sized fractions, such as carbonate (e.g., calcite and siderite), 

sulfate (e.g., gypsum), sulfide (e.g., pyrite), phosphate (e.g., vivianite), oxide (e.g., 

hematite and polianite) and hydroxide (e.g., goethite, gibbsite, and manganite), may be 

present as intact particles depending on the chemical properties of the soil and will be 

considered as clay-, silt- and sand-sized fractions in PSA without pre-treatment 

(Winterwerp and Van Kesteren, 2004). Therefore, performing a PSA may require 

physical and chemical pre-treatment to completely disperse aggregates into individual 

mineral particles as well as to dissolve precipitate; however, samples of material are not 

always readily dispersed by just physically stirring, shaking or ultrasonication (Gee and 

Bauder, 1986; Gee and Or, 2002).  For example, clay particles may be held together 

with cations because of their negatively charged surfaces. Therefore, highly aggregated 

clay-rich materials may behave as sand particles while in suspension, and therefore be 

identified as sand. Additionally, sand- and silt-sized clay particles have significant micro 

porosity and high cation exchange capacities, which retain much more water and 

nutrients than individual sand-grains (Sanaz and Masoud, 2014).   

1.2 Soil pre-treatment methods 

1.2.1 Soil pre-treatment effects on particle size analysis 

Previous research has shown that there is no single universal method for analysis of 

particle size in soils. Particle size analysis (PSA) of soils and soil products are based on 

the foundational principles of Stokes’ law (Stokes, 1851) and considerations of soil 

physical and chemical properties (Allen, 1990). Most importantly, however, is that PSA 

is highly dependent on preparation and pre-treatment procedures (Gee and Or, 2002).  

Generally, methods requiring fewer pre-treatment that and provide the most complete 

dispersion of the soil sample are considered most acceptable. Most PSA pre-treatment 

methods are applicable to only a certain type of soil material, and all have limitations. 

The most common limitation is destruction or alteration of discrete mineral particles, 

particularly phyllosilicates. Thus, choosing a set of suitable pre-treatment procedures 

also depends on the application or the requirements of the analysis. For example, from 
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an industry point of view, choosing a safer, faster, low cost, and practical pre-treatment 

for a soil product may be necessary. Intense chemical and physical dispersion pre-

treatments could yield relatively higher silt and clay contents in a sample, whereas less 

chemical and mechanical treatments might better reflect the actual PSD from an 

engineering stand point (Gee and Or, 2002).  

There is no best method of PSA for a given soil sample (Gee and Or, 2002). This has 

been explained in previous research on PSA (Griffith and Schnitzer, 1977; Tisdall and 

Oades, 1982; Bittelli et al., 1999; Bronick and Lal, 2005; Gunal et al., 2011) and there is 

not a universal method for all soil types. Thus, evaluation of different PSA measurement 

techniques and results without a common pre-treatment procedure may not be 

comparable. The measurement method also influences the parameter settings of the 

measurement equipment being used, as well as the method used to evaluate of the 

data and for calculation of the results (Igaz et al., 2020). 

The most widely used hydrometer method by industry for PSA is ASTM D422. This 

method does not include removal of the binding and cementing agents prior to 

conducting the measurements since the need is for the actual PSA of a soil material 

including aggregated particles (ASTM D422). However, inaccurate silt and clay content 

measurements may result in an inappropriate designation for its use in construction, 

such as road pavements, playgrounds, baseball diamonds, golf course putting greens, 

which could then lead to unexpected failure or maintenance problems later on. Thus, 

accurate determinations of silt and clay contents are necessary for assessing the 

engineering properties of potential industrial soil products. The removal of binding and 

cementing agents is critical for accurate determinations of the silt- and clay-size 

fractions in one soil sample. Potential agents for binding and cementing mineral 

particles in soil samples are summarised in Table 1.2. 
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Table 1.2. Common binding agents and precipitates of soil mineral particles (adapted from (Gee 
and Or, 2002;Weil, 2016) 

Binding agents and precipitates 

Organic matter humus, plant roots, fungal hyphae, microbial lipo-

polysaccharides 

Carbonate calcite (CaCO3), dolomite (CaCO3∙MgCO3), gypsum 

(CaSO4∙2H2O) 

Iron/aluminum oxide goethite (FeOOH), hematite (Fe2O3), gibbsite (Al2O3∙3H2O) 

Soluble salt  sodium, calcium, magnesium chloride, sulfur, nitrate 

 

1.2.2 Removal of organic matter  

Soil particles in a well aggregated soil exist primarily as aggregates or peds composed 

of mineral and organic particles held together by organic particulates and inorganic 

precipitates (Weil, 2016). Thus, it the case of soil materials containing organic matter, it 

is essential to conduct pre-treat sample prior to performing PSD measurements to 

ensure that all mineral particles are separated from each other and act independently in 

suspension.  

Dispersion of coarse sand-size aggregates can release clay-, silt-, and fine sand size 

particles (Bronick and Lal, 2005). Therefore, the accuracy of a particular laboratories 

measurements of PSD can vary because of the specific pre-treatment method used. 

Macroaggregates are easily disrupted by physical dispersion forces such as by wetting, 

drying, grinding, shaking, and ultrasonication (Tisdall and Oades, 1982) into finer size 

fractions. Pre-treatment using hydrogen peroxide (H2O2) as an oxidant may not disrupt 

aggregates and result in an overestimation of sand-size fraction (Griffith and Schnitzer, 

1977). Chemical treatments for removal of precipitates and other binding agents, 

especially organic matter, iron oxide, and carbonate are essential for dispersing 

microaggregates (Gee and Bauder, 1986; ASTM D7928; ASTM D422; ASTM D6913).  
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Pre-treatment of soil sample directly affects measurements of PSD as organic matter, 

plant residues, microbial glues and inorganic cements limit further dispersion of soil 

aggregates. Measurements that obtained without pre-treatment to remove the bonding 

agents can cause incomplete dispersion and result in underestimation of small particle 

fractions (clay and silt) as well as overestimating the larger silt- and sand-sized particle 

fractions.  

Proposed pre-treatment methods vary widely in the reported literature. Vdović et al. 

(2019)  used 15% H2O2 to remove the organic constituents and a 0.1% solution of the 

sodium metaphosphate as the dispersion agent. The results showed that the H2O2 pre-

treatment was only partially effective in removing organic matter. This was explained as 

due to the degree of decomposition of the organic matter in the sample as the residual 

organic matter would be more chemically-resistant. Griffith and Schnitzer (1977) 

showed that treatment with dispersant (0.1% solution of sodium metaphosphate) did not 

affect the specific surface area of a soil whereas treatment with H2O2 significantly 

increased it. Vdović et al. (2019)  reported that high carbonate containing minerals and 

low clay contents do not form organo-mineral associations, thus, no disaggregation 

occurred after treatment with H2O2 in these (Vdović et al.,2019)   

Measured clay content can change significantly after removal of organic matter, but 

changes to the silt- and sand-size fractions can be less obvious (Gunal et al., 2011).  

The research reported by Vdović et al. (2019)  which compared specific surface areas 

before and after H2O2 pre-treatment shows that soil organic matter is the major factor 

causing soil aggregation and, confirmed that pre-treatment with H2O2 plays a significant 

role in disaggregating clay-sized particles in soils rich in organic matter. Thus, a pre-

treatment to remove these binding agents is essential (Bittelli et al., 1999; Gunal et al., 

2011). However, removal of the organic matter can increase specific surface area 

because of the removal of organic matter coatings (Kleber et al., 2004; Kaiser et al., 

2002). Thus, to show that the organic matter removal procedure can result in more 

complete disaggregation of soil samples, the measurements of increased specific 

surface area must be combined with measurements of increased contents of fine 

particle size fractions.  
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Several studies have shown that using H2O2 to remove organic matter may cause 

structural changes to clay minerals, especially for expandable clays such as 

montmorillonite depend on the amount of iron content and the interlayer potassium (van 

Langeveld, 1978; Amonette et al., 1985; Obut and Girgin, 2002; Marcos and Rodríguez, 

2014). Therefore, for samples not dominated by mica, vermiculite or smectites, 

treatment with H2O2 to remove the organic matter is acceptable.  

Removal of organic matter during sample pre-treatment is usually reported as being 

incomplete. This is mostly dependent on the reaction conditions and on soil properties 

such as clay content (Mikutta et al., 2005). There is no clear indicator to demonstrate 

the complete removal of organic matter in a soil sample. While the changes in color and 

the lack of frothing may indicate that there is no organic matter remaining in the sample,  

the last signs of frothing may be caused by the decomposition of the excess H2O2 at 

mineral surfaces (Mikutta et al., 2005). The most used protocol of 30% H2O2 removes 

80-90% of soil organic matter at the maximum for a solution pH between 6 and 7 

(Leifeld and Kögel-Knabner, 2001; Plante et al., 2004; Mikutta et al., 2005). Although 

organic matter removal is incomplete, significant disaggregation of aggregates results in 

increased fine particle content and increased specific surface area.  

In summary, there is no clear indicator of adequate removal of soil organic matter in soil 

samples. The soils excessively treated by H2O2 may change expandable clay structures, 

but this should not have a significant influence on the PSD and in determining the soil 

texture class. Further, H2O2 may not be sufficient in removing resistant stable organic 

matter in the soil samples.  

1.2.3 Removal of carbonate 

Because carbonate coatings can physically protect organic matter against chemical 

destruction by H2O2. Thus, removal of carbonates should be performed prior to the 

removal of the organic matter to increase the potential for complete organic matter 

removal (Anderson, 1961). Incomplete dispersion of soil aggregates smaller than 20 µm 

will cause underestimation of clay content and overestimation of silt content (Jensen et 

al., 2017). Because silt- sized microaggregates are mostly composed of complexes of 

organic matter and clay particles, they settle faster than do individual clay-sized  
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particles in suspension and will be identified as silt-sized particles (Jensen et al., 2017). 

Thus, for soil samples with more than 2% organic carbon, pre-treatment to remove the 

organic matter is critical (Jensen et al., 2017). 

In arid and semi-arid areas with low rainfall, soils are usually developed as calcareous 

soils containing calcium and magnesium carbonates (Weil, 2016). This carbonate 

originates from carbonate-rich parent materials which dissolve and re-precipitate as 

calcite acting as a cementing agent to form soil microaggregates and macroaggregates, 

especially in the silt- and clay-sized fractions. In addition, carbonate precipitates have a 

size range distribution in the sand-, silt-, and clay-size fractions and the presence of 

these carbonates can significantly alter the PSD results (Hafshejani and Jafari 2017). 

Previous studies have shown that for soils in semi-arid regions, removal of carbonates 

significantly released clays from aggregated and results in increased the proportion of 

the clay-sized fraction in PSA (Francis and Aguilar, 1995).  Since calcite can be 

distributed over a wide range of particle sizes, the dispersion of soil samples not only 

creates finer particles, such as silt and clay, but also dissolve carbonate and breaks 

down the silt- and sand- sized calcium carbonates into clay-size calcite crystals, which 

can result in an overestimate of the clay-sized fraction (Rolfe et al.,1960; Kerry et al., 

2009). 

Previous research concluded that chemical pre-treatment of soil samples with 

hydrochloric acid to remove carbonates is not appropriate for measurements of the clay 

content because hydrochloric acid, as a strong acid, can destroy the crystal structure of 

the clay minerals (Gee and Or, 2002). Clay mineral structures, specifically the structures 

of expandable clay minerals such as smectite (Ostrom, 1961), are changed after 

treatment with hydrochloric acid. To avoid destroying the expandable clay structure, a 

weak acid buffer solution such as sodium acetate and acetic acid at pH 5 has been 

suggested (Gee and Or, 2002), however, these protocols did not clearly indicate the 

adequate treatment time for removal of carbonate with a sodium acetate buffer solution. 

Also, there is limited literature evaluating the chemical pre-treatment of soil samples, 

specifically in terms of selection of the appropriate acid to be used to sufficiently remove 

carbonate.  
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In some acidic soils high in Fe, the amorphous coating and crystals of iron minerals, 

such as hematite and goethite, behave as cementing agents to form soil aggregates. 

Thus, the removal of iron oxide and hydroxides is necessary in these soils for accurate 

particle size and mineralogical analysis (Aguilera and Jackson 1953; Borggaard, 1983; 

Deshpande et al.,1964). Rodrigues et al. (2011) have shown that removal of iron oxides 

improved mineral particle dispersion particularly in red soils. It can also be noted that 

removal of iron oxides will also remove structural iron from silicate clay minerals. This 

can destroy the structure of some-iron containing clay minerals, and thereby of clays 

(Dion, 1944). The mostly commonly used reagent for removal of iron oxides is 

bicarbonate buffered Na2S2O4-citrate solution, since it is the most effective in removing 

iron oxides and less destructive of the iron-containing silicates clays (Mehra and 

Jackson, 2013).  

1.2.4 Sample dispersion  

The pretreated soil samples can be further dispersed by a combination of chemical and 

physical dispersion methods (Day, 1965). The degree of dispersion either by physical or 

chemical means is dependant on the character of the soil and the end use, thus the 

dispersion method should be carefully selected. Physical dispersion is based on 

separating individual particle by physical process such as, electric mixer, high speed 

shaker, or by ultrasonication. Chemical dispersion involves the addition of a chemical 

reagent to increase the repulsive forces between individual particles which keeps them 

separated.  

The mechanism of dispersion relies on: 1) the clay minerals being negatively charged, 

and therefore repel each other in the suspension, due to an increase in zeta potential 

(Rodrigues et al., 2011), 2) the water shell around clay particles formed by water 

molecules that act as a barrier between particles, and 3) the size of the hydrated radius 

of the saturated cation in the solution.  The size of the hydrated cation from large to 

small according to (Baver 1940) is Li > Na > K.  A variety of chemicals have been used 

to disperse soils into their individual particle constituents. The most commonly used 

dispersing agents are salts containing Na+ such as sodium hexametaphosphate 

(NaHMP) (Gee and Or,2002; Hao, 2019), sodium carbonate (Wintermyer and Kinter, 
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1955), Calgon (a mixture of sodium hexametaphosphate and sodium carbonate in a 

ratio of 33:7 (Kaur and Fanourakis, 2016), and sodium hydroxide (Parameswaran and 

Sivapullaiah, 2017). 

Thus, the chemical dispersion occurs due to increasing the negative charge on mineral 

particles such as clays and substituting a low charged cation with a large, hydrated 

radius onto exchange sites. The dispersion efficiency depends on cation/ anion 

exchange capacity; suspension pH; type of clay minerals contained; the valence of ions 

in the suspension; the mobility of cations in the suspension,; and the hydration of ions in 

solution (Rolfe et al.,1960). The selection of a dispersant also depends on the soil pH. 

Sodium hexametaphosphate has been shown to be the most effective dispersant for 

soils and Calgon (combination of 33 grams of sodium hexametaphosphate and seven 

grams of sodium carbonate mixed in one liter of water) is recommended as the most 

effective dispersant for alluvial soils (Kaur and Fanourakis, 2016). For acidic soils, such 

as pH< 5.5, the addition of NaOH can be added to increase the pH of the solution to 

increase the surface charge primarily on clay-sized particles to enhance the efficiency of 

the dispersion(Rodrigues et al., 2011). 

1.3 Theory of particles settling in a fluid 

1.3.1 Terminal velocity  

Most methods used for PSA, including the hydrometer, pipette, and integral suspension 

methods, are based on the sedimentation behavior of particles in a stable liquid and on 

the Stokes’ diameter of particles. The sedimentation theory relies on the application of 

Stokes’ law, which is a description of the viscous drag force on a spherical object 

settling in a fluid and was first introduced by Sir George G. Stokes in 1851. 

When a particle is falling through a viscous liquid under laminar conditions, there are 

three forces that act on it (Figure1.1). They are:  

1) a gravitational force 𝐹𝐺, acting downward,  

𝐹𝐺 = 𝑚𝑔                                (1.1) 



 
 

10 
 

Where  𝑚 (𝑘𝑔) is the mass of the sphere/ particle and 𝑔 (= 9.81 𝑚/𝑠2)  is the gravity. 2) 

a buoyant force 𝐹𝐵, based on Archimedes’ principle, acting upward which equals the 

weight of the fluid that the sphere displaces, 

𝐹𝐵 = 𝑚′𝑔                               (1.2) 

Where 𝑚′ (𝑘𝑔) is the mass of the same volume of fluid of the falling sphere and 𝑔 (=

9.81 𝑚/𝑠2)  is the gravity. 

3)  A drag force 𝐹𝐷 based on Stokes’ law, acting together with buoyant force in an 

upward direction is given by: 

𝐹𝐷 = 
1

2
𝐶𝐷𝐴 𝜌𝑓𝜈2                       (1.3)                

Where A is the cross-sectional area for a sphere  𝐴 = (
𝜋𝐷2

4
),  𝜌𝑓(𝑘𝑔/𝑚3) is the density 

and   𝑣 (𝑚/𝑠) is the speed, 𝐶𝐷 is the drag coefficient for compute the resistance of an 

object moves through a fluid (Allen, 1990) 

Under laminar conditions, the terminal velocity will be obtained when the drag force 

𝐹𝐷 balances the net gravity force (𝐹𝐺 − 𝐹𝐵) which is given by: 

𝐹𝐷 = (𝐹𝐺 − 𝐹𝐵) = (𝑚 − 𝑚′)𝑔 

𝐹𝐷 = 
4

3
𝜋(

𝐷

2
) 

3
 (𝜌𝑠 − 𝜌𝑓)𝑔           

𝐹𝐷 =
𝜋

6
(𝜌𝑠 − 𝜌𝑓)𝑔𝐷3            (1.4) 
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Figure 1.1. Balanced forces on a free setting sphere in a fluid. 

The falling pattern of a particle is characterized by the Reynolds number, first described 

by Reynolds who popularized its use in 1883, which is the ratio of the inertial force and 

the viscous force. The number describes whether the flow conditions around a spherical 

object over a defined length are  laminar or turbulent. Fluid flow tends to be laminar 

when the Reynolds number is less than 0.25, and turbulent when the Reynolds number 

is greater than 0.25. As the Reynolds number increases, the situation becomes more 

complicated because eddies build up behind the particles and increase the drag force 

on the falling particle, and finally lead to turbulent conditions. When a particle is falling in 

an unsteady fluid or under acceleration, an additional force, called added mass, needs 

to be taken into consideration to get a better measure of the forces acting on a falling 

particle (Fackrell, 2011; Soares 2012). The Stokes’ equation can only be applied under 

conditions of laminar flow when low Reynolds numbers apply, which means that the 

inertial force can be neglected. Thus, the Reynolds number for a particle is given by: 

Re =
(𝑣𝐷𝜌𝑓)

𝜂
                                (1.5) 

Where a particle diameter of 𝐷 (𝑚) falls through a fluid medium with a dynamic viscosity 

of 𝜂 (𝑘𝑔/𝑚 ∙ 𝑠) and density of 𝜌𝑓(𝑘𝑔/𝑚3) at a speed of  𝑣 (𝑚/𝑠). The error of the Stokes’ 

diameter and true diameter will be less than 1.69% if the Reynolds number is less than 

0.25 (Allen, 1990)  

The relationship between the Reynolds number and the drag coefficient (𝐶𝐷) is shown in 

Figure 1.2. The laminar flow region for Stokes’ equation to apply during particle 

sedimentation is when the Reynolds number is between 0.001 and 0.25 (Allen, 1990; 

Gabitto, 2008; , 2009; Song et al., 2017). The equation given as:  

𝐶𝐷 =
24

𝑅𝑒
                                         (1.6) 

Where 𝐶𝐷 is the drag coefficient, and  Re is the Reynolds number.  

 

 



 
 

12 
 

10-3 10-2 10-1 100 101 102 103 104 105 106
0.1

1

10

100

1000

10000
D

ra
g
 c

o
e
ff

ic
ie

n
t 

(C
D
)

Reynolds number (Re)

CD = 24/Re

Laminar flow region

Stokes

Intermediate region Turbulent region

 

Figure 1.2. The relationship between the drag coefficient (𝑪𝒅) and the Reynolds number (Re) for a 

sphere settling in a fluid in the laminar flow region (modified from Allen, 1990). 

Assuming laminar conditions and combining equations (1.3), (1.5), and (1.6), the drag 

force (𝐹𝐷) can be described as: 

𝐹𝐷 = 3𝜋𝜂𝐷𝑣                                 (1.7) 

Where of 𝐷 (𝑚) is the diameter of a spherical particle, 𝜂 (𝑘𝑔/𝑚 ∙ 𝑠) is the dynamic 

viscosity of the fluid,  𝑣 (𝑚/𝑠) is the settling rate of a spherical particle. 

Combining equations (1.4) and (1.7) give the terminal velocity of a sphere in a known 

fluid as:  

  𝑣𝑇 =
𝑑2𝑔 (𝜌𝑠−𝜌𝑓)

18𝜂
                   (1.8)  

Also known as Stokes’ law, where 𝜌𝑓(𝑘𝑔/𝑚3) is the density of fluid,  𝜌𝑠(𝑘𝑔/𝑚3) is the 

particle density, 𝜂 (𝑘𝑔/𝑚 ∙ 𝑠) is the dynamic viscosity of the fluid, 𝑣𝑇 (𝑐𝑚/𝑠) is the 

terminal velocity for a sphere with a diameter of d (𝑚) in the laminar flow region, 𝑔 (=
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9.81 𝑚/𝑠2)  is the gravity. If the additional information of settling time (𝑡) and depth (𝑚) 

of a sphere are given, the equation (1.8) can be converted to calculate the Stokes’ 

diameter of a spherical particle as: 

𝐷 = √
18𝜈𝜂

(𝜌𝑠−𝜌𝑓)𝑔
                       (1.9) 

Theoretically, when a particle is falling in a suspension fluid, it has an acceleration or 

deceleration period before it reaches its terminal velocity. In particle size analysis, the 

acceleration period of a particle is usually ignored, and the falling velocity is assumed to 

be the terminal velocity. This assumption is only valid when the acceleration period is 

short enough that it can be neglected. This assumption is not suitable for estimating the 

falling of coarse sand (1 mm) particles falling through a column that is not sufficiently 

long, such as sedimentation cylinders typically used in commercial laboratories (Guo, 

2011) . This indicates that the sand particles may need to be removed prior to 

sedimentation measurement because the length of the sedimentation column is not 

sufficient for sand particles to reach their terminal velocity. Table 1.3 describe the time 

needed for a spherical particle reaches its terminal velocity in different sizes.  

To calculate the time to reach the terminal velocity under laminar conditions, the 

simplified equation gives (Allen 1990): 

𝑡 =
4.6𝜌𝑠𝐷2

18𝜂
           (1.10) 

Where 𝑡 (𝑠) is the time in seconds that it takes a spherical particle to reach its terminal 

velocity in a laminar flow condition. 𝐷 (𝑚) is the diameter of a spherical particle,  

𝜌𝑠(𝑘𝑔/𝑚3) is the particle density, 𝜂 (𝑘𝑔/𝑚 ∙ 𝑠) is the dynamic viscosity of the fluid. 

Table 1.3. Time for particles of different diamaters to reach 99% of their terminal velocities 

(modified from Allen, 1990). 

 

Diameter (µm) 

Time (ms) 

Water NaHMP solution (5 g/L) 

 
5 0.017 0.0164 

20 0.027 0.263 

50 1.676 1.644 
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1.3.2 Viscosity of a fluid 

The viscosity is one of the parameters in Stokes’ equation that contributes to the drag 

force on a particle when it is falling through a stable fluid. The viscosity of the fluid used 

for PSA should meet two requirements (Allen, 1990): 1) the Reynolds number should be 

less than 0.25, which indicates that the largest particle in suspension should have 

settled under laminar flow and cause no turbulence, and 2) the velocity of the largest 

particle should take at least 1 min to reach the measurement zone. The viscosity of the 

fluid can be calculated by combining equation (1.1) and (1.9) and applying condition that 

Re = 0.25 gives: 

𝜂 = √
(𝜌𝑠−𝜌𝑓)𝜌𝑓𝑔𝐷3

4.5
                                     (1.11) 

where 𝜂 is the dynamic viscosity of the fluid (𝑘𝑔/𝑚 ∙ 𝑠), 𝐷 (𝑚) is the diameter of a 

spherical particle, 𝜌𝑓(𝑘𝑔/𝑚3) is the density of the fluid,  𝜌𝑠(𝑘𝑔/𝑚3) is the particle 

density, 𝑔 (= 9.81 𝑚/𝑠2)  is the acceleration due to gravity. This equation can be used 

to select a suitable suspension medium for conducting sedimentation testing for a range  

of particle diameters (Allen, 1990).  

The experiment by Gee and Bauder (1986) determined the relationship between the 

viscosity of water and that of a solution containing sodium hexametaphosphate as: 

𝜂 = 𝜂0(1 + 4.25𝐶𝑠)                (1.12)              

where 𝜂0is the viscosity of water at temperature T and  𝜂 is the viscosity of the sodium 

hexametaphosphate solution and 𝐶𝑠is the concentration of sodium hexametaphosphate 

(g/L).  

1.3.3 Suspension viscosity and particle-particle interactions 

When there are particles suspended in a solution, the suspension has a greater 

resistance to shear forces than does a pure fluid, and this creates a suspension 

viscosity. The viscosity increases as the volume concentration of the particles in 

suspension increases. An equation that has been deduced from Einstein (1906) when 

the suspension volume concentration is less than 1% is given by: 
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𝜂𝑇 = 𝜂(1 + 𝑘𝑐)                (1.13) 

Where 𝜂𝑇 is the viscosity of the suspension, 𝑘 is a constant equal to 2.5 for rigid 

spherical particles, and 𝑐 is the volume concentration of solids in (g/L). In addition, 

Konijn's (2014) experiment showed that under a low Reynolds number condition, the 

suspension viscosity was also affected by the diameter of the particles.  

As the mass concentration of particles in suspension increases, the chance of 

interactions between particles occurring increases (Figure 1.3). When two particles of 

similar diameter settle close together in a concentrated suspension, they may be 

considered as one particle and the falling velocity will be greater than that predicted by 

the Stokes’ equation for two individual particles (Allen, 1990). For two particles of 

different size, the larger particle will attract the smaller particle so that the smaller 

particle will act as a satellite and be carried down by the large particle, which will 

increase the settling velocity of the suspension. When the larger particle falls, it creates 

a velocity field that affects the settling velocity of the neighboring particles. This can 

generate an upward flow and decreases the settling velocities of particles nearby and 

this will decrease the settling velocity of the suspension (Dankers and Winterwerp, 

2007).   

In practice, the interactions between particles in concentrated, unevenly sized 

suspensions are usually a combination of different interactions that lead to a lower 

settling rate than predicted by the Stokes’ equation. This particle interaction effect is  

known as hindered settling (Watts, 2000; Dankers and Winterwerp, 2007; Te Slaa et al., 

2015; Spearman, 2017). Watts (2000) observed hindered settling when the 

concentrations of Li+ and Na+ saturated montmorillonite were greater than 20 g/L. Thus, 

to minimize interaction and interference effects caused by the high concentrations of 

solids in suspension, the recommended concentration of solids in suspension should be 

less than 0.2% (Allen, 1990; Gee and Or, 2002). Several researchers (Barfod, 1972; 

Davies and Kaye, 1972; Koglin, 1977; Jayaweera and Kalshman,1965) have conducted 

experiments with different sized-particles and found that at low suspension 

concentrations, the particles within a narrow range of similar sizes will tend to cluster 

together and the settling velocity will increase and become up to 1.4 times higher than 
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rate predicted by Stokes equation. Thus, the recommendation is to use as low a particle 

concentration as possible when conducting PSA measurements (Allen, 1990).  

 

Figure 1.3. Interactions between different sized particles in suspension.  

1.3.4 Effect of particle shape  

The shape of a particle is a fundamental physical property affecting cohesion flowability 

and other behaviors (Allen, 1990). A spherical- or cubic-shaped particle will fall 

consistent velocity in any orientation. In contrast, non-spherical particles, such as clay 

mineral particles which may have a disc-like or needle-like shape will orientate itself 

during fall to achieve maximum resistance to settling.  An irregular surface will also 

induce unstable falling of the particle, leading to rotation and/or vibrational motion, 

reducing the settling velocity (Gabitto, 2008; Allen, 2012; Dey, 2019; Cao, 2020). 

1.3.5 Particle size limits 

The size of the particles in suspension is important as larger size particles falling at high 

velocities result in turbulence. Thus, for the Stokes’ equation to better describe PSD, the 

size limit should be determined prior to conducting the sedimentation experiment. When 
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the Reynolds number is 0.25, converting equation (1.11) to calculate the upper size limit 

of a falling spherical particle in a specific fluid viscosity is given by: 

𝐷 = [
4.5𝜂2

𝜌𝑓𝑔(𝜌𝑠−𝜌𝑓)
]

1

3
                                      (1.14) 

where 𝐷 (𝑚) is the diameter of a spherical particle, 𝜌𝑓(𝑘𝑔/𝑚3) is the density of fluid, 𝜂 

is the dynamic viscosity of the fluid (𝑘𝑔/𝑚 ∙ 𝑠), 𝜌𝑠(𝑘𝑔/𝑚3) is the particle density, and 

𝑔 (= 9.81 𝑚/𝑠2)  is the acceleration due to gravity. Apart from the three major forces 

acting on a falling particle in a fluid (gravitational force, buoyant force and drag force), 

there is an additional random direction motion that may change the velocity of a particle. 

This random motion is generated from the unbalanced collisions between particle and 

fluid molecules. This motion is known as Brownian motion (Chung and Hogg, 1985; Doi 

and Makino, 2005; Ferguson, 2016). If the motion is in the direction of movement, it will 

enhance movement in that direction, whereas, if the motion is opposite, it could balance 

out the directional force opposing movement of the particle. Brownian motion only 

becomes significant for small particles (less than 1 µm). Brownian motion is affected by 

thermal energy, particle sizes, and concentration of particles in the suspension (Seyf, 

2012). Thus, Brownian motion mainly applies to sedimentation of the clay fraction.  

Allen (1990) reported that, if the concentration of particles in suspension contains a 

wide range of sizes, the fluid displaced by the larger settling particles tends to flow 

towards the inside surface of the container. This property causes the particles near the 

wall to rotate and be carried towards the fluid surface by this flow. Thus, the results may 

not be accurate if the sample contains a large quantity of clay-sized particles.  

1.3.6 Electrostatic effects 

Particle size distribution (PSD) measurements are usually conducted in dilute dispersed 

solutions. This is because the dispersing agent helps to disperse negatively net charged 

clay minerals present in most soils, sediments, and soil products. Particles interact with 

each other through electrostatic forces together with van der Waals attraction. Double 

layer repulsion between clay minerals also create interactions in suspension (Allen, 

1990; Tan, 2017). Whether the electrostatic effect is significant in PSD depends on soil 

properties and the temperature of the suspension.  
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1.3.7 Particle density and suspension fluid density  

The sedimentation rate of particles over a wide range of sizes in a stable suspension is 

governed by gravity and is determined by the amount of the particles and the density of 

the suspension fluid. The density of mineral soil particles is typically assumed to be 2.65 

Mg/m3 if the actual particle density is not known. The suspension density 𝜌𝑠𝑢𝑠  (kg/m3), 

including the solution density 𝜌𝑠𝑜𝑙  (kg/m3) and the mass of particles in suspension 

𝜌𝑝 (kg/m3), as calculated by  

𝜌𝑠𝑢𝑠 = 𝜌𝑠𝑜𝑙 + 𝜌𝑝                                         (1.15) 

The solution density includes the density of water 𝜌𝑤  (kg/m3) and dispersant 𝜌𝑑  (kg/m3) 

and is described as:  

𝜌𝑠𝑜𝑙 = 𝜌𝑤 + 𝜌𝑑                                            (1.16) 

Gee and Bauder (1986) summarized the results of an experiment with different 

concentrations of sodium hexametaphosphate to propose a method for calculating the 

density of solutions containing dispersant: 

𝜌𝑓 = 𝜌0(1 + 0.630𝐶𝑠)                               (1.17)    

where 𝜌𝑓 is the solution density for different amounts of sodium hexametaphosphate at 

a temperature T (°C), 𝜌0 is the density of water at the same temperature, and 𝐶𝑠 is the 

concentration of sodium hexametaphosphate (g/mL).  

1.3.8 Stokes’ law assumptions 

In practice the settling of particles in a fluid is complicated to calculate and to predict. 

For a precise application of Stokes’ law for particle sedimentation, there are several 

assumptions that are made  (Gee and Or, 2002; Lu, 2000; Allen, 2012; ASTM D7928): 

1) The particle is spherical and smooth, 

2) The resistance to the settling particle is entirely due to the viscosity of the fluid, 

3) The terminal velocity of the particle is reached as soon as settling begins,  

4) The concentration of the particles in the suspension is sufficiently diluted so that 

there are no interaction between individual particles, 
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5) The particle sizes should be small enough and the settling velocity should be low 

enough that the inertial effects are negligible, and that the settling occurs under 

laminar conditions,  

6)  There is no difference between the sedimentation rate in the middle of the 

cylinder and at the side of the cylinder, which means that any wall effects can be 

ignored, and 

7) All the particles in the suspension have the same density, typically assumed as 

2.65 𝑘𝑔/𝑚3. 

1.4 Project purpose and objectives  

Particle size analysis is a fundamental measurement of soil texture. The universal 

reference methods are the hydrometer and pipette methods. A newly developed 

method, referred to as the integral suspension pressure method (ISP method), was 

described by Durner et al. (2017). The ISP method automatically measures and records 

the suspension pressure at a depth of 18 cm every 10 seconds over 24 hours. The 

pressure measurements indicate changes in the quantity of particles in the upper 18 cm 

suspension during the measurement time. The principle of the hydrometer, pipette, and 

ISP method are based on sedimentation theory, which assumes that the suspension is 

sufficiently diluted that the concentration of the suspension remains constant after 

agitation until the largest particles have settled from the fluid surface to the 

measurement depth. The concentration of the suspension will then decrease and the 

diameter of particles that remain above the measurement depth should be all less than 

the Stokes’ diameter. In practice, this is not true due to the presence of interactions 

between particles, and interactions become complicated as suspension concentrations 

increase. Thus, the purpose of this project is:  

1. To clarify the significance of the interaction between particles during PSA, and 

2. To validate the accuracy of the ISP method. 

The specific research objectives are to: 

1) Evaluate the accuracy of the Integral suspension pressure (ISP) method. 
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2) Evaluate the viscosity, density, and dispersion differences between deionized 

water and 0.5% NaHMP solution for silt fractions. 

3) Assess any differences in the dispersion effect of 0.5% NaHMP solution on non-

expandable clay particles vs. expandable clay particles.  

4) Evaluate the significance of hindered settling of clay and silt with increasing 

concentrations.  

5) Evaluate the interactions between sand and clay fractions and identify the 

significance of the hindered settling by the sand fraction. 

6) Evaluate the interactions between clay and silt particles to identify the magnitude 

of the hindered settling of the silt fractions. 

7) Evaluate the interaction among sand, silt, and clay fractions and identify the 

magnitude of hindered settling in higher mixed concentrations. 

8) Evaluate the magnitude of the hindered settling effect on the particle size 

distribution curve. 

Objective 1 is addressed in Chapter 2 with four experiments to compare measurement 

methods of hydrometer, pipette, and ISP. 

Objectives 2 and 3 are addressed in Chapter 3 through density and viscosity tests using 

NaHMP solution and the ISP apparatus to observe the settling of silt-sized quartz 

particles. Objectives 4 to 8 are addressed in Chapter 4 by assessing the pressure 

changes during the settling period using various sample concentrations in suspension 

with different particle size ranges. Chapter 5 summarizes the finding of this research, 

including limitations, suggestions for future investigation, and recommendations for 

sedimentation-based measurement methods. 
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CHAPTER 2: Validation of the ISP method 

2.1 Introduction 

The commonly used methods for soil particle size analysis (PSA) are the hydrometer 

method ( Weatherby, 1929; Chaney et al., 2000;; Ashworth et al., 2001; Beretta et al., 

2014; Elfaki et al., 2016) and the pipette method (Indorante et al., 1990; Konert and 

Vandenberghe, 1997; Igaz et al., 2020). Both methods apply sedimentation theory 

based on the gravitational settling of particles in a fluid. The settling rate of particles of 

different sizes in the suspension fluid are calculated using Stokes’ equation 

(Allen,1990).  

The hydrometer method describes the quantitative determination of the distribution of 

mineral particles smaller than 2 mm, including the silt- and clay-sized fractions. The 

hydrometer measures the density of the suspension at a specific depth and readings 

are typically taken at two-time intervals during the sedimentation period (Figure 2.1). 

The measurement depth varies from 6.5 cm to 16.3 cm depending on the mass 

concentration of particles in suspension. The density of the particles in suspension at 

the first interval of 40 s is equivalent to the mass of silt- and clay-sized particles 

remaining in the suspension, while the second density measurement at 6 h 52 min is a 

measure of the mass of clay-sized particles remaining in suspension (ASTM 7928). The 

depth at which the measurement is taken is determined by the design and the buoyancy 

of the hydrometer, and the measurement intervals are determined based on Stokes’ 

equation.  

The principle of the pipette method is the same as that of the hydrometer method with a 

defined measurement depth and sampling time based on Stokes’ equation. At the 

appropriate time interval, a pipette is inserted into the suspension cylinder to a set 

measurement depth, and an aliquot of the suspension, typically 20 mL, is withdrawn. 

The mass of particles is determined by drying the aliquot of known volume to estimate 

the quantity of the particles in a certain size range (Figure 2.1) (Igaz et al., 2020). Both 

methods are often combined with a sieving method to remove and collect the sand-

sized fraction after sedimentation measurements. 
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In practice, the hydrometer method is most often used for mineral particle size 

measurements for industrial and engineering purposes without sample pre-treatment 

(ASTM D422). The advantage of using the hydrometer method is that it is technically 

simple and requiring less time to perform compared to the pipette method. The 

accuracies of the hydrometer and pipette methods have recently been questioned 

(Chaney et al., 2000;Kettler et al., 2001; Elfaki et al., 2016), particularly as related to 

interferences of the instruments during the measurement process. Both methods 

require insertion of the instrument into the suspension fluid which can affect particle 

sedimentation. 

A recent study by Durner et al.(2017) described a new automated measurement method 

for particle size analysis based on frequent measurements (10 sec intervals) of the 

pressure in the suspension fluid at a specified depth (typically 18 cm) during particle 

settling. The method is referred to as the integral suspension pressure (ISP) method 

(Figure 2.1). This method uses an instrument called Pario meter, which consists of a 

pressure sensor and a temperature sensor mounted to a shaft connected to a 

measuring head. The pressure and temperature are measured at the depth of 18 cm 

from the suspension surface starting from 30 s to at maximum 24 h. The measured 

pressure and temperature data are transferred to a computer via a USB connection 

during the measurement period. The particle size distribution and soil textural class are 

then determined using an inverse simulation modelling program built in the software. 
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Figure 2.1. Sedimentation-based methods for measurement of PSA. 

The main advantage of the ISP method is that it is automated and requires no 

technician oversight for the duration of the measurement period, a maximum of 24 h 

operating time. The pressure change data set can be interpreted as needed for particle 

size distribution, soil texture classification, and any other investigation of particle settling 

applications. The operational conditions of this method are relatively critical compared 

to the hydrometer and pipette methods to obtain relatively repeatable and reliable 

measurement result. Nemes et al. (2020) concluded that the most significant factor 

affecting the ISP measurements was caused by temperature changes during settling, 

and that it was important to equilibrate the temperature of the hardware and solutions 

prior to each measurement. Gas bubbles in the suspension caused by warming or 

microbial activity and incomplete removal of the H2O2 used for organic matter removal 

also have an affect on the pressure reading (Meter, 2021).  

Previous researcher has focused on comparisons of the results obtained by each 

measurement method, however, there is no absolute PSD for a given soil due to 

difficulty in ensuring complete sample disaggregation and dispersion (Gee and Or, 

2002). Our research evaluated the ISP method by comparing the results obtained using 

the ISP method for a reference soil particle mixture of known soil particle size range. 
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The reference soil particle mixture was prepared using sieved sand, silt-sized quartz 

and expandable and non-expandable clays. 

The purpose of this chapter is to comparing ISP method with hydrometer and pipette 

methods as well as comparing the measurements with the ISP method using mixtures 

of reference soil particles. The detailed objectives of this chapter are to: 1) compare 

three sedimentation-based methods, namely hydrometer, pipette, and ISP methods 

using three soil products from Mar-Co Clay Products Inc; 2) compare measurements for 

the hydrometer method with the ISP method using reference sample with six silt 

concentrations and three mixtures; and 3) compare measured values obtained by the 

ISP method with the reference values for 41 mixtures. 

2.2 Materials and Methods  

The samples used in this chapter were obtained from Mar-Co Clay Products Inc., a 

three-generation private company that prepares and markets a range of engineered soil 

products for sports field construction. The specialty of the company are soil products 

used for construction and maintenance of baseball infields. They are the leader in the 

construction and renovation of baseball fields in North America. 

2.2.1 Sample Screening for Pre-treatment 

All soil product samples were pretreated both chemically and physically to remove the 

binding agents prior to PSA measurements. A flowchart of the pre-treatment procedures 

is shown in Figure 2.2. Twenty grams of oven dried sample (< 2mm) was first tested 

with ~ 10 mL of 15% H2O2 to determine for the presence of organic matter and ~ 5 mL 

of 1M HCl to determine the presence of carbonates. If a reaction to 15% H2O2 was 

observed (frothing and bubbling), 40 g of material previously passed though a No.10 

sieve (2 mm) and then treated for removal of organic matter. If a reaction was observed 

for the presence of carbonates (bubbling and cracking), then the sample was treated to 

remove carbonate immediately after organic matter removal. If no reaction was 

observed for either H2O2 or HCl, then the sample pre-treatment for removal of organic 

matter and carbonate was not required. The detailed procedure for the removal of 

cementing agents and dispersion is described below: 
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2.2.1.1 Removal of organic matter  

In cases where a positive reaction was observed on treatment with H2O2 (see above) 

the approximately 120 mL of 15% H2O2 (Fisher scientific 30% certified ACS) was added 

to 40 g of sample (particle size < 2 mm) in a 2 L glass beaker and left to stand 

overnight. The beaker was slowly heated on a hot plate and ~5 mL of 15% H2O2 was 

added every 20 minutes until the sample boiled without frothing. The beaker was heated 

and boiled for an additional 3 to 4 h after the final addition of H2O2 to remove excess 

H2O2. De-ionized water was added occasionally during the boiling process to prevent 

the sample from drying out. 

2.2.1.2 Removal of carbonates  

In cases where a positive reaction was observed on treatment with 1 M HCl (see above) 

then after removal of the organic matter, 100 mL of 1M acetic acid (Glacial HPLC grade 

Fisher Chemical) was added and the sample was stirred intermittently for 30 min. The 

sample was then transferred to a 500 mL polypropylene bottle and shaken for 6 h on an 

end-to-end shaker at 110 rpm. The sample was poured into several 250 mL 

polypropylene centrifuge bottles and washed with de-ionized water until the pH 

increased to 6.8-7 to remove the acid.  

2.2.1.3 Sample dispersion 

After the samples had been washed, they were transferred to a 500 mL polypropylene 

bottle to which was added 5 g of sodium hexametaphosphate (NaHMP) (Thermo Fisher 

Scientific Certified ACS) and topped up with de-ionized water to fill the bottle to 2/3 full. 

After shaking overnight on an end-to end shaker at 110 rpm, the sample was 

transferred to a 1 L sedimentation cylinder in preparation for PSA measurements. 
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Figure 2.2 Flowchart of the pre-treatment procedures to remove organic matter and carbonate 

prior to sample dispersion. 
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2.2.2 Separation of clay-, silt-, and sand-sized fractions 

The clay-size fraction and sand-sized fraction were separated from two soil products 

provided by Mar-Co Clay Products Inc., identified as Soil 1 and Soil 2. The clay fractions 

removed from these two soil products were labelled as Clay 1 and Clay 2, respectively, 

using the sedimentation and siphon method (Figure 2.3) (Huff, 1990; Moore and 

Reynolds, 1989; Shieldrick and Wang, 1993). For isolation of the clays, organic matter 

and carbonate were removed from Soil 1 and Soil 2 following the pre-treatment 

procedure described in section 2.2.1.1 and section 2.2.1.2. The washed samples were 

divided into several 250 mL polypropylene bottles and approximately 20 mL of 5% 

Na2CO3 was added to each bottle and topped up with de-ionized water to fill the bottle 

to 2/3 full. After shaking for at least 6 h on an end-to-end shaker at 110 rpm, the 

samples were as transferred to a large plastic bucket, referred to as bucket 1, and 

washed through a 53 µm sieve. Particles remaining on the 53 µm sieve were sand-

sized fractions that were oven dried for 24 h at 105°C, collected and labelled as SF1 

and SF2, respectively.  

The particles that passed through a 53 µm sieve were transferred to a bucket and filled 

with de-ionized water to a depth of 30 cm (Figure 2.3). Based on Stokes’ Law, 

particles > 2 μm Stokes’ diameter should settle ~30 cm in 24 h at room temperature 

(Gee and Or, 2018). By this time, particles that larger than 2 μm (ranging from 2 μm to 

53 μm) should be settle, and the clay-sized supernatant can be siphoned off into a 

bucket, referred to as bucket 2. Fifteen milliliters of 0.5 M MgCl2 was added to bucket 2 

to promote flocculation of the clay-sized fraction during 24 h settling. The clear water in 

bucket 2 was then siphoned off. Bucket 1 containing the remaining clay- and silt-sized 

fractions was refilled to a 30 cm depth with de-ionized water and mixed well with an 

addition of 20 mL of 5% Na2CO3. This process was repeated at least 8 times, until the 

supernatant in the bucket 1 remained clear after 24 h settling. The flowchart illustrating 

the sedimentation and siphon method is shown in Figure 2.3.  
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Figure 2.3. Sedimentation process for isolating clay fractions. 

After all of the clay had been removed and collected from the samples, the remaining 

suspension was washed to remove excess electrolyte by repeated centrifugation and 

addition of de-ionized water until the suspension appeared dispersed in bottles after 2 h 

standing. The washed clay samples were then freeze dried for further use.  

The silt-sized fraction was prepared from ground quartz that had been passed through a 

53 µm sieve. The sedimentation and siphon method showed that the silt-sized fraction 

contained 93.6% of silt-sized particles. The size and shape of both silt- and clay-sized 

fractions were examined by scanning electron microscopy (Figures 2.4 to 2.6).  
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Figure 2.4. SEM of silt-sized fractions. 
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Figure 2.5. SEM of non-expandable clay (Clay1). 
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Figure 2.6. SEM of expandable clay (Clay 2). 

2.2.3 Semi-quantitative X-ray diffraction analysis (XRD) and clay speciation. 

The soil products, silt-, and isolated clay-sized fractions were sent to Actlabs (41 Bittern 

Street, Ancaster, ON, L9G 4V5) to perform semi-quantitative X-ray diffraction analysis 

(XRD) and clay speciation. For the quantitative XRD analysis, a split of each bulk 

sample was pulverized. A portion of each pulverized sample was mixed with corundum 

and packed into a standard holder. Corundum was added as an internal standard. For 

the clay speciation analysis, a portion of soil and silt samples was dispersed in distilled 

water and the < 4 μm size-d fraction separated by gravity settling of particles in 

suspension. Oriented slides were prepared from the < 4 μm size fraction of soil and silt 

samples and bulk clay samples and analyzed dried and after treatment with ethylene 

glycol. 

The X-ray diffraction analysis was performed on a Bruker D8 Endeavour diffractometer 

equipped with Cu X-ray source and operating at the following conditions: 40 kV and 40 
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mA; range 4-70 deg 2θ for random specimens and 3 – 30 deg 2θ for oriented 

specimens; step size 0.02 deg 2θ; time per step 0.5 sec; fixed divergence slit, angle 

0.3°; sample rotation 1 rev/sec. The PDF4/Minerals ICDD database was used for 

mineral identification. The quantities of the crystalline mineral phases were determined 

using the Rietveld method. The Rietveld method is based on the calculation of the full 

diffraction pattern from crystal structure data. The amounts of the crystalline minerals 

were recalculated based on a known percent of corundum and the remainder to 100 % 

was considered poorly crystalline and X-ray amorphous material. 

The identified minerals and their abundances are shown in Table 2.1 and the diffraction 

patterns are in Appendix C. The identified clay minerals are smectite, illite, kaolinite, and 

chlorite. Smectite was identified based on the peak at 13 Å that shifted to 17Å after 

treatment with ethylene glycol. 

Table 2.1. XRD results of experimental soil product composition and mineralogy. 

Sample name Soil 1 Soil 2 Clay 1 Clay 2 Silt 

Quartz 26.5 24.5 9.8 11.4 100 

Plagioclase 1.5 3.5 n.d. 0.7 n.d. 

K feldspar 2.4 4.1 Trace 2.9 n.d. 

Muscovite/illite 26.2 6.6 34.7 9.0 n.d. 

Chlorite 5.9 0.7 6.2 2.0 n.d. 

Kaolinite n.d. 1.0 n.d. 4.0 n.d. 

Smectite* n.d. 59 n.d. 70 n.d. 

Calcite 8.8 0.3 0.7 n.d. n.d. 

Dolomite 26 0.3 n.d. n.d. n.d. 

Hematite 0.8 n.d. 1.4 n.d. n.d. 

Amorphous** 25.3 n.d. 47.2 n.d. n.d. 

Note: n.d.=not detected. *= smectite is an estimate. **= amorphous is an estimate. 

2.2.4 Comparison of PSA measurement methods  

Three soil products provided by Mar-CO Clay Products Inc. were selected for PSA, 

identified as Product 1, Product 2, and Product 3. After pre-treatment as described 

above to removal binding agents, the proportions of silt- and clay-sized fraction in each 

soil product were measured using the hydrometer, pipette, and ISP methods; total sand-

sized fraction of each soil product was determined from the mass remaining on a 53 µm 

sieve. Each PSA measurement was conducted in triplicate at room temperature (21 to 
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23°C). A detailed procedures for each method of measurement are described in the 

following sections. 

 2.2.4.1 Hydrometer method 

Hydrometer measurements were obtained based on the procedures of Bouyoucos 

(1962). The sample particles were mixed uniformly in the suspension using a plunger, 

and readings were taken after 40 s for silt and clay fractions (R1), and after 6 h 52 min 

for the clay fraction only (R2). Blank and temperature readings also taken together with 

each sample reading (B1), T1 for silt and clay fractions, B2, T2 for clay fractions only 

(Gee, 2002). Calculation of the clay, silt, and sand fractions were as follows: 

1) Percent clay: % clay = (R1 - B1± temperature correction) *100/wt. of sample  

2) Percent sand: % sand = wt. of oven dried sample remaining on 53 µm sieve * 

100/ wt. of sample 

3) Percent silt: % silt = 100% - %clay - %sand 

4) Temperature correction: add 0.36 to reading for every 1°C above 19.4°C and 

subtract 0.36 for every 1°C below 19.4°C (Bouyoucos, 1962). 

2.2.4.2 Pipette method  

Pipette measurements were obtained based on the procedure of Robinson (1922). The 

sample was homogenized by an agitator for 1 min. The first 20 mL of suspension was 

withdrawn from a depth of 10 cm from the suspension surface at 45 sec after agitation 

ceased. The second 20 mL of suspension was withdrawn from a depth of 5 cm from the 

surface of the remaining suspension at 3 h 54 min. The withdrawn suspension was 

transferred to an aluminum pan and oven dried at 105 °C for 24 h (Gee, 2002). The 

oven dried sample on the aluminum pan was weighed on an analytical balance with 5 

decimal places and the weight are recorded as W1 and W2. Calculation of the clay-, 

silt-, and sand-sized fractions for the pipette method were as follows: 

1) Percent clay: % clay = (W2 - wt. of aluminum pan) * 50 * 100/ wt. of sample  

2) Percent sand: % sand = wt. of oven dried sample remaining on 53 µm sieve * 

100/ wt. of sample 

3) Percent silt: % silt = 100% - % clay - % sand 

4) Confirmation of silt content: % silt = (W1 – W2) * 50 * 100/ wt. of sample  
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2.2.4.3 ISP method  

The pretreated sample was transferred to a 1 L cylinder that matched the measuring 

head of the Pario meter. A column of 1 L de-ionized water was also set up to calibrate 

the temperature of the Pario meter prior to sample measurements. To “Start”, the 

suspension was thoroughly mixed with a plunger for 1 min, and the Pario meter quickly 

transferred from the water column to the suspension column. The machine begins 

recording the pressure and the temperature of the suspension starting at 30 s and 

continuously records the pressure every 10 s to maximum of 24 h. The measurement 

results were auto fitted with the inverse stimulation model in the Pario software after 

inputting the mass of the sand fraction. 

2.2.5 Comparison of the accuracy of the hydrometer and ISP methods on soil 

particle mixtures  

Experiments to compare the accuracy of the hydrometer and ISP methods was 

conducted in two groups. Group 1 experiments aimed at testing different mass 

concentrations of the silt-sized fractions. Group 2 experiments tested mixtures of clay 

(Clay1)-, silt- and sand-sized fractions. All measurements by both methods were 

conducted in triplicates in a suspension of 0.5% NaHMP solution. Measurements from 

both methods were then compared with the reference values to compare the accuracy 

of each measurement method. The reference values consisted of known soil particle 

mixtures in percentage of clay-, silt-, and sand-sized fractions. The detailed 

experimental setup of the two groups of experiments was as follows: 

Group 1: Six suspension concentrations of silt sample were tested by both hydrometer 

and ISP methods at suspension concentrations including 5 g/L, 10 g/L, 15 g/L, 20 g/L, 

25 g/L, and 30 g/L. The purity of the silt-sized particles in the silt fractions was ~ 93.6% 

silt-sized and 6.4% clay-sized particles, as determined previously by the sedimentation 

and siphon reference method.  

Group 2: Three prepared soil particle mixtures of known percentage clay-, silt-, and 

sand-sized fraction, identified as T5-5, T5-6, and T5-7, were measured by the 

hydrometer and ISP methods.  
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2.2.6 Quantification of the accuracy of the ISP method for determination of soil 

texture class 

To determine if the accuracy of the ISP method among different soil texture classes, five 

groups of known soil mixtures were tested using the ISP method. All five groups of soil 

mixtures were conducted in triplicate in 0.5% NaHMP solution. Measurement results 

were compared with the reference values to determine the accuracy of the ISP method 

among soil texture classes. According to the XRD results which shown in Table 2.1, 

Clay 1 was composed mostly of non-expandable clay (70%) and Clay 2 contained 

mostly expandable clay (40.9%). A summary of the setup of the five experimental 

groups and detailed composition of the soil mixtures was as follows: 

Group 1: Nine mixtures of particles varying in mass concentrations of clay (Clay1)-, silt-

and sand-sized fractions. Samples T5-1 to T5-6 included 5 g/L of Clay 1 with increasing 

concentrations of silt-sized fractions; samples T5- 7 to T5-9 included different ratios of 

mixtures of Clay 1 with silt-, and sand-sized fractions (Table 2.2).  

Table 2.2. Summary of soil particle mixtures in Group 1. 

Sample ID Soil particle mixtures Total mass (g/L) 

T5-1               5 g/L clay + 5 g/L silt 10 

T5-2 5 g/L clay + 10 g/L silt 15 

T5-3 5 g/L clay + 15 g/L silt 20 

T5-4 5 g/L clay + 20 g/L silt 25 

T5-5 5 g/L clay + 25 g/L silt 30 

T5-6 5 g/L clay + 30 g/L silt 35 

T5-7 5 g/L clay + 30 g/L silt + 5 g/L sand 40 

T5-8 10 g/L clay + 30 g/L silt + 5 g/L sand 45 

T5-9 15 g/L clay + 30 g/L silt + 5 g/L sand 50 

 

Group 2: Ten mixtures containing 10 g/L of Clay 1, samples T10-1 to T10-3 included 

varying ratios of a mixture of Clay 1 with sand-sized fractions; samples T10-4 to T10-10 

included varying ratio mixtures of Clay 1 with silt- and sand-sized fractions (Table 2.3).  
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Table 2.3. Summary of soil particle mixtures in Group 2. 

Sample ID Soil particle mixtures Total mass (g/L) 

T10-1 10 g/L clay + 5 g/L sand 15 

T10-2 10 g/L clay + 10 g/L sand 20 

T10-3 10 g/L clay + 15 g/L sand 25 

T10-4 10 g/L clay + 15 g/L sand + 5 g/L silt 30 

T10-5 10 g/L clay + 15 g/L sand + 10 g/L silt 35 

T10-6 10 g/L clay + 20 g/L sand + 10 g/L silt 40 

T10-7 10 g/L clay + 20 g/L sand + 15 g/L silt 45 

T10-8 10 g/L clay + 25 g/L sand + 15 g/L silt 50 

T10-9 10 g/L clay + 30 g/L sand + 15 g/L silt 55 

T10-10 10 g/L clay + 35 g/L sand + 15 g/L silt 60 

 

Group 3: Six mixtures containing 15 g/L Clay 1; samples T15-1 included a mixture of 15 

g/L of Clay 1 and 5 g/L of sand-sized fraction; samples T15-2 to T15-6 included varying 

ratios of mixtures of Clay 1 with silt- and sand-sized fractions (Table 2.4). 

Table 2.4. Summary of soil particle mixtures in Group 3. 

Sample ID Soil particle mixtures Total mass (g/L) 

T15-1 15 g/L clay + 5 g/L sand 20 

T15-2 15 g/L clay + 5 g/L sand + 5 g/L silt 25 

T15-3 15 g/L clay + 5 g/L sand + 15 g/L silt 35 

T15-4 15 g/L clay + 5 g/L sand + 20 g/L silt 40 

T15-5 15 g/L clay + 10 g/L sand + 20 g/L silt 45 

T15-6 15 g/L clay + 15 g/L sand + 20 g/L silt 50 

T15-7 15 g/L clay + 25 g/L sand + 20 g/L silt 60 

 

Group 4: Six mixtures of 20 g/L of Clay 1, with silt- and sand-sized particles: samples 

T20-1 to T20-3 included varying ratios of mixtures of Clay 1 and sand-sized fraction; 

samples T20-4 to T20-6 included varying ratio mixtures of Clay 1 with silt- and sand-

sized fractions (Table 2.5).  
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Table 2.5. Summary of soil particle mixtures in Group 4. 

Sample ID Soil particle mixtures Total mass (g/L) 

T20-1 20 g/L clay + 5 g/L sand 25 

T20-2 20 g/L clay + 10/L g sand  30 

T20-3 20 g/L clay + 15/L g sand  35 

T20-4 20 g/L clay + 15 g/L sand + 10 g/L silt 45 

T20-5 20 g/L clay + 15 g/L sand + 15 g/L silt 50 

T20-6 20 g/L clay + 15 g/L sand + 20 g/L silt 55 

 

Group 5: Nine mixtures of Clay 2 and silt-sized fractions; experiments included three 

concentrations of Clay 2, 10 g/L, 15 g/L, and 20 g/L, mixed with silt-sized fractions of 5 

g/L, 10 g/L, and 15 g/L, respectively (Table 2.6). 

Table 2.6. Summary of soil particle mixtures in Group 5. 

Sample ID Soil particle mixtures Total mass (g/L) 

A-1 10 g/L clay + 5 g/L silt 15 

A-2 10 g/L clay+ 10 g/L silt 20 

A-3 10 g/L clay+ 15 g/L silt 25 

B-1 15 g/L clay + 5 g/L silt 20 

B-2 15 g/L clay+ 10 g/L silt 25 

B-3 15 g/L clay+ 15 g/L silt 30 

C-1 20 g/L clay + 5 g/L silt 25 

C-2 20 g/L clay+ 10 g/L silt 30 

C-3 20 g/L clay+ 15 g/L silt 35 

 

2.3 Results and Discussion  

2.3.1 Comparisons of the methods for PSA  

Tables 2.7 and 2.8 show a comparison of the data obtained using the hydrometer, 

pipette, and ISP methods. The clay and silt content measurements as obtained by the 

three methods are significantly different from each other (p<0.05). The sand content of 

the three soil products predicted by the model in the ISP method was significantly lower 

than the actual measurements carried out by sieving (p<0.05). This study indicates that 

the three methods gave different results, with the ISP method tending to report relatively 
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higher clay contents and lower silt contents while the PM giving the lowest clay contents 

and highest silt contents. Although the results show significant differences among the 

three measurement methods (Table 2.8), the soil texture class identified by of each 

measurement method was the same; sandy loam (Table 2.7).  

Table 2.7. PSA of three soil products conducted using the hydrometer, pipette, and ISP methods.  

Note: HM = Hydrometer and sieve method, PM = Pipette method, ISP = Integral suspension pressure 

method. 

Table 2.8. Statistic summary of the three PSA methods with three soil products.  

Method Particle size analysis (%) (Mean ± standard error) 

 Clay   Silt  Sand  

HM 10.83a ± 0.08 20.19a ± 0.64 68.97a ± 0.56 

PM        7.66b ± 0.35 21.90b ± 0.71 70.44a ± 0.48 

ISP 15.56c ± 0.29 17.44c ± 0.38 66.67b ± 0.17 

Note: The lowercase letters indicate significant differences (P < 0.05) between the three methods. 

The results show that the clay- and silt-sized contents measured using HM and PM 

were significantly different (P<0.05). This outcome is not consistent with results 

obtained by Elfaki et al. (2016) who comparing HM and PM and concluded from their 

experiments that samples showed no significant differences between the hydrometer 

and pipette methods. This was mainly due to differences in experimental sample 

numbers, pre-treatment method, and soil texture. Although the content of each particle 

Sample Method 
Particle size analysis (%) 

(Mean ± standard error) 

Textural class 

  Clay Silt Sand  

Product 1 
HM 10.8 ± 0.00 21.0 ± 0.07 68.2 ± 0.07 Sandy Loam 

PM   7.0 ± 0.31 24.4 ± 0.33 68.6 ± 0.26 Sandy Loam 

ISP 15.3 ± 0.33 17.3 ± 0.67 66.7 ± 0.33 Sandy Loam 

Product 2 
HM 11.1 ± 0.00 17.8 ± 0.08 71.1 ± 0.08 Sandy Loam 

PM 8.9 ± 0.45 19.8 ± 0.46 71.4 ± 0.15 Sandy Loam 

ISP 16.3 ± 0.33 16.7 ± 0.33 66.3 ± 0.33 Sandy Loam 

Product 3 
HM 10.6 ± 0.00 21.8 ± 0.49 67.6 ± 0.49 Sandy Loam 

PM   7.2 ± 0.34 21.5 ± 0.43 71.3 ± 0.39 Sandy Loam 

ISP 15.0 ± 0.58 18.3 ± 0.67 67.0 ± 0.00 Sandy Loam 
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fraction was significantly different for each measurement method, the soil texture class 

identified in this study was the same.   

2.3.2 Quantifying the accuracy of the HM and ISP methods on silt- and clay-rich 

samples 

Table 2.9 shows the results of silt-sized fraction measurements using the HM and ISP 

methods. The reference silt fraction contains 93.6% of silt-sized particles and 6.4% clay-

sized particles (as measured by the sedimentation-siphon method)(Moore and 

Reynolds, 1989).  

Table 2.9. Comparison of ISP and HM using a reference silt-sized fraction at increasing sediment 

concentration. 

Sample 

ID 

Sediment 

concentration (g/L) 
Method/Ref. 

Particle size analysis (%) 

(Mean ± standard error) 

   Clay Silt Sand 

  Reference   6.4 ± 0.56 93.6 ± 0.27 0 

S1 5 ISP 22.0 ± 1.15 77.0 ± 1.15 1.0 ± 0.01 

HM   0.0 ± 0.01 100 ± 0.01 0 

S2 10 ISP 23.3 ± 0.83 75.0 ± 0.88 2.0 ± 0.01 

HM 0.00 ± 0.01 100 ± 0.01 0 

S3 15 ISP 22.6 ± 1.12 74.8 ± 0.93 2.8 ± 0.17 

HM 0.00 ± 0.01 100 ± 0.01 0 

S4 20 ISP 

 

23.3 ± 0.63 73.5 ± 0.56 3.2 ± 0.12 

HM   5.0 ± 0.01 95.0 ± 0.01 0 

S5 25 ISP 23.1 ± 0.82 73.4 ± 0.69 3.6 ± 0.18 

HM 10.7 ± 1.33 89.3 ± 1.33 0 

S6 30 ISP 23.2 ± 0.72 72.8 ± 0.68 3.8 ± 0.13 

HM 12.2 ± 1.11 87.8 ± 1.11 0 

 

When the mass concentration of the silt fraction is less than 15 g/L, and a clay content < 

1 g/L, the HM is not sensitive enough to detect the presence of clay-sized fraction in the 

suspension, a result shown in samples S1, S2, and S3. As the mass concentration of 

silt increased to 20 g/L, the HM gave the more accurate results compared to the ISP 

method and was similar to the reference value.  At sediment concentrations of 25 g/L 
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and 30 g/L, the accuracy of the HM decreased; however, compared to the results 

obtained by the HM, with the increased mass concentration of the silt fraction, the ISP 

method gave relatively consistent results for the clay and silt content from samples S1 

to S6 so that the differences of clay content were within 1.3%. These data suggest that 

ISP measurements yielded results that more consistent than those of the HM when 

measuring the reference silt materials with increasing particle mass concentrations, 

especially when the mass concentration of particles was greater than 15 g /L. This 

indirectly suggesting that the inverse model of ISP method is not significantly affected 

by the mass concentration of silt-sized particles in suspension. 

Table 2.10 shows a statistical summary of the HM and ISP methods with the reference 

value. The results of the HM were not significantly different from the reference for the 

clay-, silt-, and sand-sized contents, whereas the ISP method showed significant 

differences for all the three size fractions compared to the composition of the reference 

material. Further, the results show that the ISP method significantly overestimated the 

clay-sized content and underestimated the silt-sized content compared to that of the 

HM. This can be attributed to the inverse modelling calculation used in the ISP method 

for fitting the pressure data points (Durner et al., 2017).  

Table 2.10. Statistic summary of the ISP and HM using a reference silt-sized fraction. 

Method Particle size analysis (%) (Mean ± standard error) 

 Clay   Silt  Sand  

HM 4.65a ± 1.80 95.35a ± 1.80 0.00a ± 0.00 

ISP     22.93b ± 0.20 74.53b ± 0.48 2.73b ± 0.33 

Reference 6.40a ± 0.01 93.16a ± 0.07 0.00a ± 0.00 

Note: The lowercase letters indicate significant differences (p<0.05) between the two methods and the 

reference. 

To further evaluate which measurement method better estimates the reference value, 

the mean absolute difference of each measurement method of each soil content was 

compared with the reference value, the results are shown in Table 2.11. The results 

obtained by the HM were a more accurate measure of the silt-sized fraction in the 

reference compared to that of ISP. 
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Table 2.11. Statistic summary of the HM and ISP methods deviance from the reference value. 

Content % 
HM Deviance 

(M1) 

ISP Deviance 

(M2) 

Differences of 

deviation* (M1-M2) 

P Value of 

difference 

Clay 2.15 16.53 -11.41 <0.0001 

Silt 5.18 19.08 -13.9 <0.0001 

Sand 0 2.73 -2.73 <0.0001 

*Deviation means absolute value of the differences between the measurement and its reference value. 

Table 2.12 shows the mean results of the soil particle mixtures obtained by the HM and 

ISP methods in comparison to the reference value. The soil texture class determined by 

the HM were the same as the reference value for sample T5-5, however, 

measurements for both HM and the ISP methods overestimated the clay contents and 

underestimated the silt contents of the three samples, resulting in a difference in soil 

texture class for samples in T5-6 and T5-7.  

Table 2.12. Comparison of the results obtained the with ISP and HM on mixed silt and clay 

samples with the reference value. 

Sample 

ID 
Method/ref. 

Particle size analysis (%) 

(Mean ± standard error) 

Texture class 

  Clay Silt Sand  

T5-5 

Reference  22.0 ± 0.01 78.0 ± 0.01 0.0 ± 0.01 Silt Loam 

ISP 31.0 ± 0.65 63.1 ± 0.68 6.1 ± 0.08 Silty Clay Loam 

HM 25.0 ± 0.01 75.0 ± 0.01 0.0 ± 0.01 Silt Loam 

T5-6 

Reference  

 

19.8 ± 0.01 

 

80.2 ± 0.01 

 

0.0 ± 0.01 

 

Silt Loam 

 
ISP 

 

29.6 ± 0.63 

 

64.3 ± 0.57 

 

6.1 ± 0.08 

 

Silty Clay Loam 

 
HM 24.3 ± 0.01 75.7 ± 0.01 0.0 ± 0.01 Clay 

T5-7 

Reference  

 

17.3 ± 0.01 

 

70.2 ± 0.01 

 

12.5 ± 0.01 

 

Silt Loam 

 
ISP 

 

25.9 ± 0.43 

 

58.3 ± 0.42 

 

15.9 ± 0.18 

 

Silty Clay Loam 

 
HM 21.3 ± 0.01 66.2 ± 0.01 12.5 ± 0.01 Clay 

 

A two-way ANOVA was performed followed by a Tukey HSD test to determine whether 

the HM, ISP method, and the reference value were significantly different from each 

other. The results shown in Table 2.13, indicate that measurements obtained by the HM 

were not significantly different from the reference value in clay, silt, and sand fraction, 
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however, the results obtained by the ISP method were significantly different from the 

reference value in all three fractions. This comparison indicate that the results obtained 

by the HM were a more accurate measure of the reference value compared to those 

obtained using the ISP method.  

 Table 2.13. Statistic summary of the ISP and HM using reference soil particle mixtures. 

Method Particle size analysis (%) (Mean ± standard error) 

 Clay   Silt  Sand  

HM 23.53a ± 0.57 72.30a ± 1.53 4.17a ± 2.08 

ISP      28.84b ± 0.78 61.88b ± 0.93 9.15b ± 1.70 

Reference 19.69a ± 0.68 76.13a ± 1.52 4.17a ± 2.08 

Note: The lowercase letter indicates significant differences (p<0.05) between the two methods and the 

reference. 

The mean absolute differences between each method of each soil content were 

compared with the reference value to further evaluate which method gave results 

closest to the reference value, which is shown in Table 2.14. The results obtained from 

the HM were a more accurate measure of the reference value compared to that of ISP 

method. This further indicates that the HM was more accurate in PSA measurements of 

prepared soil particle mixtures containing large quantities of silt-sized fractions.  

Table 2.14. Comparison of the results of two measurement methods with the reference value. 

Content % 
HM Deviance 

(M1) 

ISP Deviance 

(M2) 

Differences of 

deviation* (M1-M2) 

P Value of 

difference 

Clay 3.83 9.13 -5.30 <0.0001 

Silt 3.83 14.23 -10.4 <0.0001 

Sand 0 3.17 -3.17 <0.0001 

*Deviation means absolute value of the differences between the measurement and its reference value. 

2.3.3 Quantifying the accuracy of the ISP method with samples containing non-

expandable clays 

The reference values from Tables 2.15 to 2.18 indicate the actual known soil texture 

and the measured values indicate the mean soil texture results from the ISP method. 

Tables 2.15 to 2.18 show that results for the ISP method using 32 mixtures containing 
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various contents of clay-, silt- and sand-sized fractions compared to the reference 

values. When the concentration of clay in the sediment mixture was 5 g/L, the ISP 

method tended to overestimate the clay content and underestimate the silt content in 9 

soil particle mixture samples. When the mass concentration of clay in suspension 

increased to 10 g/L, 15 g/L, and 20 g/L, the ISP method tended to underestimate the 

clay content and overestimate the silt content, which suggests that the amount of clay 

fractions in the suspension has an effect on the results of ISP methods. The difference 

between the ISP method and reference value for clay and silt contents in mixtures T5-9, 

T10-5, T10-6, T10-7, T15-4, T15-5, T15-6, and T15-7 are within 4%, whereas the 

differences for the other mixtures ranged from 4 to 20%. 

Table 2.15. ISP measurement of silt and sand mixtures containing five grams of non-expandable 

clay (Clay 1). 

Test ID Value 
Particle size analysis (%) 

(Mean ± standard error) 
Texture class 

  Clay Silt Sand  

T5-1 
Reference                                    53.2 ± 0.01 46.8 ± 0.01 0.0 ± 0.01 Silty Clay 

Measured 72.4 ± 0.65 25.6 ± 0.65 
 

2.0 ± 0.00 
 

Heavy Clay 

T5-2 
Reference  37.6 ±0.01 62.4 ± 0.01 0.0 ± 0.01 Silty Clay Loam 

Measured 53.2 ± 0.35 
 

43.8 ± 0.35 
 

3.0 ± 0.00 
 

Silty Clay 
 

T5-3 
Reference 29.8 ± 0.01 70.2 ± 0.01 0.0 ± 0.01 Silty Clay Loam 

Measured 43.7 ± 0.33 
 

51.9 ± 0.30 
 

4.4 ± 0.13 
 

Silty Clay 
 

T5-4 
Reference 25.1 ± 0.01 74.9 ± 0.01 0.0 ± 0.01 Silt Loam 

Measured 35.9 ± 0.38 
 

58.8 ± 0.38 
 

5.2 ± 0.09 Silty Clay 
 

T5-5 
Reference 22.0 ± 0.01 78.0 ± 0.01 0.0 ± 0.01 Silt Loam 

Measured 31.0 ± 0.45 
 

63.1 ± 0.68 
 

6.1 ± 0.08 
 

Silty Clay Loam 
 

T5-6 
Reference 19.8 ± 0.01 80.2 ± 0.01 0.0 ± 0.01 Silt Loam 

Measured 29.6 ± 0.63 
 

64.3 ± 0.57 6.1 ± 0.08 
 

Silty Clay Loam 
 

T5-7 
Reference 17.3 ± 0.01 70.2 ± 0.01 12.5 ± 0.01 Silt Loam 

Measured 25.9 ± 0.43 
 

58.3 ± 0.42 
 

15.9 ± 0.18 
 

Silt Loam 
 

T5-8 
Reference 26.5 ± 0.01 62.4 ± 0.01 11.1 ± 0.01 Silt Loam 

Measured 30.3 ± 0.44 
 

54.7 ± 0.43 15.0 ± 0.15 
 

Silty Clay Loam 
 

T5-9 
Reference 33.8 ± 0.01 56.2 ± 0.01 10.0 ± 0.01 Silty Clay Loam 

Measured 36.7 ± 0.57 50.2 ± 0.55 13.2 ± 0.11 Silty Clay Loam 
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Table 2.16. ISP measurement of silt and sand mixtures containing ten grams of non-expandable 

clay (Clay 1). 

Test ID Value 
Particle size analysis (%) 

(Mean ± standard error) 
Texture class 

  Clay Silt Sand  

T10-1 
Reference                                   63.7 ± 0.01 0.0 ± 0.01 33.3 ± 0.01 Heavy Clay 

Measured 58.2 ± 0.71 
 

8.7 ± 0.68 
 

 33.3 ± 0.2 
 

Clay 

T10-2 
Reference  50.0 ± 0.01 0.0 ± 0.01 50.0 ± 0.01 Sandy Clay 

Measured 44.3 ± 0.88 5.7 ± 0.88 50.0 ± 0.01 
 

Sandy Clay 
 

T10-3 
Reference  40.0 ± 0.01 0.0 ± 0.01 60.0 ± 0.01 Sandy Clay 

Measured 28.3 ± 0.67 11.3 ± 0.88 61.0 ± 0.01 Sandy Clay Loam 

T10-4 
Reference 34.4 ± 0.01 15.6 ± 0.01 50.0 ± 0.01 Sandy Clay Loam 

Measured 29.3 ± 0.67 
 

20.3 ± 0.88 
 

51.0 ± 0.01 
 

Sandy Clay Loam 
 

T10-5 
Reference 30.4 ± 0.01 26.7± 0.01 42.9 ± 0.01 Clay Loam 

Measured 27.0 ± 0.82 
 

29.0 ± 0.91 
 

44.0 ± 0.01 
 

Loam 

T10-6 
Reference 26.6 ± 0.01 23.4 ± 0.01 50.0 ± 0.01 Sandy Clay Loam 

Measured 23.0 ± 0.82 
 

26.0 ± 0.82 
 

51.0 ± 0.01 
 

Loam 

T10-7 
Reference 24.4 ± 0.01 31.2 ± 0.01 44.4 ± 0.01 Loam 

Measured 19.3 ± 0.75 
 

35.0 ± 0.58 
 

45.8 ± 0.25 
 

Silt loam 

T10-8 
Reference  21.9 ± 0.01 28.1 ± 0.01 50.0 ± 0.01 Loam 

Measured 14.8 ± 0.48 
 

33.8 ± 0.63 
 

51.3 ± 0.29 
 

Loam 

T10-9 
Reference 19.9 ± 0.01 25.5 ± 0.01 54.6 ± 0.01 Sandy Loam 

Measured 12.5 ± 0.96 
 

31.8 ± 0.95 
 

55.8 ± 0.25 
 

Sandy Loam 

T10-10 
Reference 18.3 ± 0.01 23.4 ± 0.01 58.3 ± 0.01 Sandy Loam 

Measured 9.0 ± 0.45 32.0 ± 0.73 58.7 ± 0.33 Sandy Loam 
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Table 2.17. ISP measurement of silt and sand mixtures containing fifteen grams of non-

expandable clay (Clay 1). 

Test ID Value 
Particle size analysis (%) 

(Mean ± standard error) 
Texture class 

  Clay Silt Sand  

T15-1 
Reference                                 75.0 ± 0.01 0.0 ± 0.01 25.0 ± 0.01 Heavy Clay 

Measured 65.3 ± 0.71 9.4 ± 0.57 25.0 ± 0.00 
 

Heavy Clay 

T15-2 
Reference 61.3 ± 0.01  18.7 ± 0.01 20.0 ± 0.01 Heavy Clay 

Measured 52.9 ± 0.65 26.2 ± 0.59 
 

21.0 ± 0.00 Clay 

T15-3 
Reference 45.6 ± 0.01 40.1 ± 0.01 14.3 ± 0.01 Silty Clay 

Measured 40.3 ± 0.61 
 

43.5 ± 0.50 
 

16.0 ± 0.00 
 

Silty Clay 
 

T15-4 
Reference 40.7 ± 0.01 46.8 ± 0.01 12.5 ± 0.01 Silty Clay 

Measured 38.4 ± 0.86 
 

47.5 ± 0.87 
 

14.0 ± 0.00 
 

Silty Clay Loam 
 

T15-5 
Reference 36.2 ± 0.01 41.6 ± 0.01 22.2 ± 0.01 Clay Loam 

Measured 32.6 ± 0.40 
 

43.6 ± 0.51 
 

24.0 ± 0.00 
 

Clay Loam 

T15-6 
Reference 32.6 ± 0.01 37.4 ± 0.01 30.0 ± 0.01 Clay Loam 

Measured 29.3 ± 0.85 
 

38.8 ± 0.65 
 

32.0 ± 0.00 
 

Clay Loam 

T15-7 
Reference 27.1 ± 0.01 31.2 ± 0.01 41.7 ± 0.01 Clay Loam 

Measured 23.8 ± 0.25 34.0 ± 0.41 42.8 ± 0.00 Loam 
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Table 2.18. ISP measurement of silt and sand mixtures containing twenty grams of non-

expandable clay (Clay 1). 

Test ID Value 
Particle size analysis (%) 

(Mean ± standard error) 
Texture class 

  Clay Silt Sand  

T20-1 
Reference                                 80.0 ± 0.01 0.0 ± 0.01 20.0 ± 0.01 Heavy Clay 

Measured 71.4 ± 0.34 8.7 ± 0.33 
 

20.1 ± 0.11 
 

Heavy Clay 

T20-2 
Reference 66.7 ± 0.01 0.0 ± 0.01 33.3 ± 0.01 Heavy Clay 

Measured 54.9 ± 0.30 11.1 ± 0.30 
 

34.0 ± 0.00 
 

Clay 

T20-3 
Reference 57.1 ± 0.01   0.0 ± 0.01 42.9 ± 0.01 Clay 

Measured 41.4 ± 0.75 14.0 ± 0.33 
 

44.9 ± 0.64 
 

Clay 

T20-4 
Reference 45.9 ± 0.01 20.8 ± 0.01 33.3 ± 0.01 Clay 

Measured 35.9 ± 0.23 29.9 ± 0.30 
 

34.0 ± 0.00 
 

Clay Loam 
 

T20-5 
Reference 41.9 ± 0.01 28.1 ± 0.01 30.0 ± 0.01 Clay 

Measured 33.0 ± 0.31 
 

35.9 ± 0.26 
 

31.0 ± 0.00 
 

Clay Loam 
 

T20-6 
Reference 38.7 ± 0.01 34.0 ± 0.01 27.3 ± 0.01 Clay Loam 

Measured 28.9 ± 0.63 41.0 ± 0.49 30.3 ± 0.47 Clay Loam 

 

In summary, the results obtained using the ISP method compared to the reference 

values for the range of mixtures tested here provided three common features: 1) total 

sample mass from 35 g/L to 50 g/L; 2) mixture containing all three size fractions, clay-, 

silt-, and sand-sized; and 3) mass concentration of clay-sized fraction less than or equal 

to 15 g/L. This suggests that these three features could be the factors that have a 

significant effect on the results obtained by the ISP method. Once the above features 

are satisfied, the measurement results of ISP better reflect the true clay, silt, and sand 

content of the soil sample. 

2.3.4 Quantify the accuracy of the ISP method with samples containing 

expandable clays (Clay 2). 

Table 2.19 shows the measurement results obtained using the ISP method on nine 

mixtures of Clay 2 with silt fractions. No sands were added to any of the mixtures in this 

group. Thus, the size range for these 9 mixtures were all < 53 µm. The difference 

between the results obtained by ISP method and reference value are within 4% in clay, 

silt, and sand fractions in 7 mixtures. The exceptions were for the A-2 and A-3 mixtures 
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which have a higher variation between the reference value and measured value by up 

to 8% in their clay and silt contents. This indirectly suggests that measurements 

conducted using the ISP method give a reasonable measurement for most of the finer 

textured mixtures in this group.  

Table 2.19. ISP measurements of the expandable clay fraction in silt mixtures 

Test ID Value 
Particle size analysis (%) 

(Mean ± standard error) 
Texture class 

  Clay Silt Sand  

A-1 
Reference                                    68.8 ± 0.01 31.2 ± 0.01 0.0 ± 0.01 Heavy Clay 

Measured 66.8 ± 0.70 
 

31.8 ± 0.60 
 

1.3 ± 0.21 
 

Heavy Clay 

A-2 
Reference 53.2 ± 0.01 46.8 ± 0.01 0.0 ± 0.01 Silty Clay 

Measured 59.8 ± 0.37 
 

38.4 ± 0.37 
 

2.0 ± 0.00 
 

Clay 

A-3 
Reference 43.8 ± 0.01 56.2 ± 0.01 0.0 ± 0.01 Silty Clay  

Measured 49.0 ± 1.00 
 

48.5 ± 0.80 
 

2.8 ± 0.20 
 

Clay 

B-1 
Reference 76.6 ± 0.01 23.4 ± 0.01 0.0 ± 0.01 Heavy Clay 

Measured 75.6 ± 0.51 
 

22.8 ± 0.37 
 

1.0 ± 0.00 
 

Heavy Clay 

B-2 
Reference 62.6 ± 0.01 37.4 ± 0.01 0.0 ± 0.01 Heavy Clay 

Measured 64.5 ± 0.91 
 

33.8 ± 0.88 
 

1.8 ± 0.15 
 

Heavy Clay 

B-3 
Reference 53.2 ± 0.01 46.8 ± 0.01 0.0 ± 0.01 Silty Clay 

Measured 55.3 ± 0.61 
 

42.3 ± 0.64 
 

2.6 ± 0.20 
 

Silty Clay 
 

C-1 
Reference 81.3 ± 0.01 18.7 ± 0.0 0.0 ± 0.01 Heavy Clay 

Measured 77.9 ± 0.40 
 

20.9 ± 0.40 
 

1.1 ± 0.13 
 

Heavy Clay 

C-2 
Reference 68.8 ± 0.01 31.2 ± 0.01 0.0 ± 0.01 Heavy Clay 

Measured 67.9 ± 0.25 
 

30.3 ± 0.22 
 

2.0 ± 0.00 
 

Heavy Clay 
 

C-3 
Reference 59.9 ± 0.01 40.1 ± 0.01 0.0 ± 0.01 Silty Clay 

Measured 61.5 ± 0.73 36.4 ± 0.68 2.13 ± 0.13 Heavy Clay 

 

Comparison of the results shown in Table 2.19 with those in Tables 2.15 to 2.18, shows 

to that the mixtures in Group 5 did not satisfy the three features summarized from the 

results obtained for Groups 1 to 4, but the ISP method results were within 4% of the 

reference. This could be attributed to 1) the clay-sized fraction used in the Groups 1 to 4 

experiments which contain mostly non-expandable clay minerals and the one used in 

Group 5 contain mostly expandable clay mineral. This evidence could be further 

supported by comparisons with the results of Group 5, which were conducted on 
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expandable clay (Clay 2) and silt mixtures with the results from Group 1 to 4, which 

used a non-expandable (Clay 1) and silt mixture. The mixture with expandable clay 

shows more accurate results than that using the non-expandable clay, which maybe 

attributed to the settling rates and dispersion of the clays being significantly different. A 

detailed explanation for this is presented in Chapter 3.  

A one sample t-test was performed to test the absolute value differences between the 

reference value and measured values for five groups of soil mixtures ranging from five 

grams to twenty grams of non-expandable clay with silt and sand mixtures and 

expandable with silt mixtures. The significant differences and mean deviation from the 

reference value are summarized in Table 2.20.  

Table 2.20. Summarized absolute value of differences between measured and reference value for 

each particle fractions in samples containing expandable and non-expandable clays. 

Group ID Content Absolute differences P-value 

1 
Clay 10.40  0.0004 

Silt 14.51 <0.0001 

Sand 4.14 <0.0001 

2 
Clay 6.39 <0.0001 

Silt 5.97  0.0001 

Sand 0.84  0.0006 

3 
Clay 5.17  0.0029 

Silt 3.89  0.0204 

Sand 1.30  0.0023 

4 
Clay 10.8  0.0002 

Silt 9.62  0.0003 

Sand 1.25  0.0342 

5 
Clay 2.74  0.0030 

Silt 3.58  0.0062 

Sand 1.86  0.0001 

Note: Groups 1 to 4 contain non-expandable clay and group 5 contains expandable clay 

Among the mixture measurements, the differences between the reference and 

measured values were significantly different (p<0.05). The smallest differences between 

the reference value and measured value for sand-, silt-, and clay-sized fractions were 

shown in Group 5. For non-expandable clay (Clay 1) mixtures, the smallest differences 
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between the reference and measured values appear when the clay concentration is 10 

g/L to 15 g/L, which shown in Groups 2 and 3, suggesting that the accuracy of the ISP 

method is dependant on the total amount of clay minerals, the total amount of the clay-

sized particles and the type of clay minerals in suspension.   

2.4 Conclusion  

This chapter addressed research objective 1, which was to evaluate the accuracy of the 

ISP method, by comparing the results of methods of PSA measurement, including 

hydrometer, pipette, and ISP, using three soil products. These studies were followed by 

measurements using ISP and HM of three known particle mixtures and six 

concentrations of silt-sized fraction. The ISP method was validated by comparing the 

measurement results of the ISP method with 41 reference particle mixtures. The 

findings are summarised as follows: 

1) The results obtained from the HM, PM, and ISP methods were significantly 

different from each other in all three fractions. The ISP method gave the highest 

clay content, and the PM gave the lowest clay content. 

2) Both the HM and ISP method overestimated the clay content and underestimated 

the silt content in all tested mixture materials; and HM gave more accurate 

measurement of the reference compared to ISP method. 

3) A comparison of the HM and ISP methods shows that the ISP method gave more 

consistent (e.g., repeatable) results than those obtained from HM on silt-sized 

fraction sample test, though they were less accurate. The research indirectly 

suggests that the inverse stimulation model of the ISP method was not 

significantly affected by the increased mass concentration of silt-sized particles in 

suspension. 

4) The results of the ISP method gave more accurate results for mixtures which 

contain non-expandable clay (Clay 1) when the samples meet the following three 

criteria: a) the total weight of the sample ranged from 35 g/L to 50 g/L; b) the 

suspension mixture included all three particle size fractions, clay, silt, and sand; 

and c) the mass concentration of non-expandable clay (Clay 1) was less or equal 

to 15 g/L. 
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5) Evaluation of the ISP method with the reference suggests that the accuracy of 

the ISP method is dependent on both the clay content and type of clay in 

suspension. 
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CHAPTER 3: Particle Dispersion 

3.1 Introduction  

The degree of particle dispersion either by physical or chemical treatments is dependent 

on soil type, thus the dispersion method needs to be carefully selected (Gee, 2002). 

Physical dispersion is based on separating individual particles by physical means such 

as by using an electric mixer or highspeed shaker, and by ultrasonication. Chemical 

dispersion involves the addition of chemical reagents to increase the repelling forces 

between individual particles because of separation.  

The mechanism of dispersion is based on: 1) the magnitude of negative charge on 

particles that repel each other in the suspension, which results in an increase in the zeta 

potential (Rodrigues et al., 2011); 2) the hydration shell around clay particles formed by 

water molecules that act as a barrier between particles; and 3) the size of the hydrated 

radius of the saturated cations in the solution.  The size of the hydrated cations from 

large to small according to Baver (1940) is Li > Na > K.  

Several different chemicals have been used to disperse soil particles into their individual 

mineral constituents. The most commonly used dispersing agents are Na+ salts  such as 

sodium hexametaphosphate (Gee, 2002;  Hao, 2019), sodium carbonate (Wintermyer 

and Kinter, 1955), Calgon (a mixture of sodium hexametaphosphate and sodium 

carbonate in a ratio of 33:7 (Kaur, 2016) , and sodium hydroxide (Parameswaran and 

Sivapullaiah, 2016).  

Thus, chemical dispersion functions on the charged mineral particles such as clay 

minerals. The dispersion efficiency depends on the soil cation/ anion exchange 

capacity, suspension pH, type of clay minerals, the valence of ions in the suspension, 

the mobility of cations in the suspension, and the hydration of ions in solution (Rolfe et 

al., 1960). The selection of a dispersant depends on the soil pH. Sodium 

hexametaphosphate (NaHMP) has been shown to be the most effective dispersant for 

most soils (Kaur, 2016).  For acidic soils, pH< 5.5, an addition of NaOH should be used 

to increase the pH of the solution and thereby increase the pH dependent cation 

exchange capacity to enhance the efficiency of dispersion (Rodrigues et al., 2011). 
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When a salt is added and dissolved in water, the density and viscosity of the solution 

changes. Gee (1986) conducted an experiment to determine the relationship between 

density of water and concentration of NaHMP solution as well as the relationship 

between the viscosity of the solution and the concentration of NaHMP solution. The 

study proposed two equations for calculating the density and viscosity of NaHMP 

solution, which were reported in Chapter 1 (equations 1.12 and 1.17). Previous studies 

barely reference these two equations when conducting calculations of terminal velocity 

and predicted diameters, assuming that the density and viscosity of these two media 

are similar to each other. Often researchers use the density and viscosity of water 

instead of the density of the actual of NaHMP solution (Durner et al., 2017). Thus, this 

research presents an experimental study on measurements of the differences in density 

and viscosity between de-ionized water and a 0.5% solution of NaHMP and the 

dispersion effect on clay and silt sized fractions. 

The research objectives are 1) to measure the density and viscosity of nanopore water 

and NaHMP solution, 2) to measure the viscosity, density, and dispersion differences 

between de-ionized water and 0.5% NaHMP solution for silt, and 3) to assess the 

dispersion differences between de-ionized water and 0.5% NaHMP solution on Clay 1 

(40.9% of non-expandable clay), Clay 2 (70% expandable clay), and silt (100% quartz).  

3.2. Material and Methods  

The samples used in this chapter were obtained from Mar-Co Clay Products Inc., a 

three-generation private company that prepares and markets a range of engineered soil 

products for sports field construction. The specialty of the company are soil products 

used for construction and maintenance of baseball infields. They are the leader in the 

construction and renovation of baseball fields in North America. 

3.2.1 Sample Screening for Pre-treatment 

All soil product samples were pretreated both chemically and physically to remove the 

binding agents prior to PSA measurements. A flowchart of the pre-treatment procedures 

is shown in Figure 3.1. Twenty grams of oven dried sample (< 2mm) was first tested 

with ~ 10 mL of 15% H2O2 to determine for the presence of organic matter and ~ 5 mL 

of 1M HCl to determine the presence of carbonates. If a reaction to 15% H2O2 was 
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observed (frothing and bubbling), 40 g of material previously passed though a No.10 

sieve (2 mm) and then treated for removal of organic matter. If a reaction was observed 

for the presence of carbonates (bubbling and cracking), then the sample was treated to 

remove carbonate immediately after organic matter removal. If no reaction was 

observed for either H2O2 or HCl, then the sample pre-treatment for removal of organic 

matter and carbonate was not required. The detailed procedure for the removal of 

cementing agents and dispersion is described below: 

3.2.1.1 Removal of organic matter  

In cases where a positive reaction was observed on treatment with H2O2 (see above) 

the approximately 120 mL of 15% H2O2 (Fisher scientific 30% certified ACS) was added 

to 40 g of sample (particle size < 2 mm) in a 2 L glass beaker and left to stand 

overnight. The beaker was slowly heated on a hot plate and ~5 mL of 15% H2O2 was 

added every 20 minutes until the sample boiled without frothing. The beaker was heated 

and boiled for an additional 3 to 4 h after the final addition of H2O2 to remove excess 

H2O2. De-ionized water was added occasionally during the boiling process to prevent 

the sample from drying out. 

3.2.1.2 Removal of carbonates  

In cases where a positive reaction was observed on treatment with 1 M HCl (see above) 

then after removal of the organic matter, 100 mL of 1M acetic acid (Glacial HPLC grade 

Fisher Chemical) was added and the sample was stirred intermittently for 30 min. The 

sample was then transferred to a 500 mL polypropylene bottle and shaken for 6 h on an 

end-to-end shaker at 110 rpm. The sample was poured into several 250 mL 

polypropylene centrifuge bottles and washed with de-ionized water until the pH 

increased to 6.8-7 to remove the acid.  

3.2.1.3 Sample dispersion 

After the samples had been washed, they were transferred to a 500 mL polypropylene 

bottle to which was added 5 g of sodium hexametaphosphate (NaHMP) (Thermo Fisher 

Scientific Certified ACS) and topped up with de-ionized water to fill the bottle to 2/3 full. 

After shaking overnight on an end-to end shaker at 110 rpm, the sample was 

transferred to a 1 L sedimentation cylinder in preparation for PSA measurements. 
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Figure 3.1. Flowchart of the pre-treatment procedures to remove organic matter and carbonate 

prior to sample dispersion. 
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3.2.2 Separation of clay-, silt-, and sand-sized fractions 

The clay-size fraction and sand-sized fraction were separated from two soil products 

provided by Mar-Co Clay Products Inc., identified as Soil 1 and Soil 2. The clay fractions 

removed from these two soil products were labelled as Clay 1 and Clay 2, respectively, 

using the sedimentation and siphon method (Figure 3.2) (Huff, 1990; Moore and 

Reynolds, 1989; Shieldrick and Wang, 1993). For isolation of the clays, organic matter 

and carbonate were removed from Soil 1 and Soil 2 following the pre-treatment 

procedure described in section 2.2.1.1 and section 2.2.1.2. The washed samples were 

divided into several 250 mL polypropylene bottles and approximately 20 mL of 5% 

Na2CO3 was added to each bottle and topped up with de-ionized water to fill the bottle 

to 2/3 full. After shaking for at least 6 h on an end-to-end shaker at 110 rpm, the 

samples were as transferred to a large plastic bucket, referred to as bucket 1, and 

washed through a 53 µm sieve. Particles remaining on the 53 µm sieve were sand-

sized fractions that were oven dried for 24 h at 105°C, collected and labelled as SF1 

and SF2, respectively.  

The particles that passed through a 53 µm sieve were transferred to a bucket and filled 

with de-ionized water to a depth of 30 cm (Figure 3.2). Based on Stokes’ Law, 

particles > 2 μm Stokes’ diameter should settle ~30 cm in 24 h at room temperature 

(Gee and Or, 2018). By this time, particles that larger than 2 μm (ranging from 2 μm to 

53 μm) should be settle, and the clay-sized supernatant can be siphoned off into a 

bucket, referred to as bucket 2. Fifteen milliliters of 0.5 M MgCl2 was added to bucket 2 

to promote flocculation of the clay-sized fraction during 24 h settling. The clear water in 

bucket 2 was then siphoned off. Bucket 1 containing the remaining clay- and silt-sized 

fractions was refilled to a 30 cm depth with de-ionized water and mixed well with an 

addition of 20 mL of 5% Na2CO3. This process was repeated at least 8 times, until the 

supernatant in the bucket 1 remained clear after 24 h settling. The flowchart illustrating 

the sedimentation and siphon method is shown in Figure 3.2.  
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Figure 3.2. Sedimentation process for isolating clay fractions. 

After all of the clay had been removed and collected from the samples, the remaining 

suspension was washed to remove excess electrolyte by repeated centrifugation and 

addition of de-ionized water until the suspension appeared dispersed in bottles after 2 h 

standing. The washed clay samples were then freeze dried for further use.  

The silt-sized fraction was prepared from ground quartz that had been passed through a 

53 µm sieve. The sedimentation and siphon method showed that the silt-sized fraction 

contained 93.6% of silt-sized particles. The size and shape of both silt- and clay-sized 

fractions were examined by scanning electron microscopy (Figures 3.3 to 3.5). 
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Figure 3.3. SEM of silt-sized fractions (quartz). 
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Figure 3.4. SEM of non-expandable clay (Clay1). 
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Figure 3.5. SEM of expandable clay (Clay 2). 

3.2.3 Semi-quantitative X-ray diffraction analysis (XRD) and clay speciation. 

The soil products, silt-, and isolated clay-sized fractions were sent to Actlabs (41 Bittern 

Street, Ancaster, ON, L9G 4V5) to perform semi-quantitative X-ray diffraction analysis 

(XRD) and clay speciation. For the quantitative XRD analysis, a split of each bulk 

sample was pulverized. A portion of each pulverized sample was mixed with corundum 

and packed into a standard holder. Corundum was added as an internal standard. For 

the clay speciation analysis, a portion of soil and silt samples was dispersed in distilled 

water and the < 4 μm size-d fraction separated by gravity settling of particles in 

suspension. Oriented slides were prepared from the < 4 μm size fraction of soil and silt 

samples and bulk clay samples and analyzed dried and after treatment with ethylene 

glycol. 

The X-ray diffraction analysis was performed on a Bruker D8 Endeavour diffractometer 

equipped with Cu X-ray source and operating at the following conditions: 40 kV and 40 
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mA; range 4-70 deg 2θ for random specimens and 3 – 30 deg 2θ for oriented 

specimens; step size 0.02 deg 2θ; time per step 0.5 sec; fixed divergence slit, angle 

0.3°; sample rotation 1 rev/sec. The PDF4/Minerals ICDD database was used for 

mineral identification. The quantities of the crystalline mineral phases were determined 

using the Rietveld method. The Rietveld method is based on the calculation of the full 

diffraction pattern from crystal structure data. The amounts of the crystalline minerals 

were recalculated based on a known percent of corundum and the remainder to 100 % 

was considered poorly crystalline and X-ray amorphous material. 

The identified minerals and their abundances are shown in Table 3.1 and the diffraction 

patterns are in Appendix B. The identified clay minerals are smectite, illite, kaolinite, and 

chlorite. Smectite was identified based on the peak at 13 Å that shifted to 17Å after 

treatment with ethylene glycol. 

Table 3.1. XRD results of experimental soil product composition and mineralogy. 

Sample name Soil 1 Soil 2 Clay 1 Clay 2 Silt 

Quartz 26.5 24.5 9.8 11.4 100 

Plagioclase 1.5 3.5 n.d. 0.7 n.d. 

K feldspar 2.4 4.1 Trace 2.9 n.d. 

Muscovite/illite 26.2 6.6 34.7 9.0 n.d. 

Chlorite 5.9 0.7 6.2 2.0 n.d. 

Kaolinite n.d. 1.0 n.d. 4.0 n.d. 

Smectite* n.d. 59 n.d. 70 n.d. 

Calcite 8.8 0.3 0.7 n.d. n.d. 

Dolomite 26 0.3 n.d. n.d. n.d. 

Hematite 0.8 n.d. 1.4 n.d. n.d. 

Amorphous** 25.3 n.d. 47.2 n.d. n.d. 

Note: n.d.=not detected. *= smectite is an estimate. **= amorphous is an estimate. 

3.2.4 Measurement of density of water and NaHMP solution 

The density of de-ionized water and of NaHMP solutions at various concentrations were 

measured at room temperature (22°C ± 2°C) using a calibrated micropipette and a five-

place analytical balance. The NaHMP solutions were prepared at suspension 

concentrations of 0, 1, 2, 3, 4, 5, 7, 9, and 11 g/L and mixed well to dissolve the 

NaHMP. Five replicates of a one millilitre aliquot of each concentration of NaHMP 
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solution were weighed to 5 decimal places. Equation (3.1) was used to calculate the 

liquid density, where (kg/m3) is the density of the liquid, m (kg) is the mass of the liquid, 

and ν (m3) is the volume of the liquid.  

   𝜌 =
𝑚

𝑉
                           (3.1). 

3.2.5 Measurement of silt settling in water and NaHMP solution 

The silt-sized fraction was obtained by collecting the ground quartz rock that passed 

through a 53 µm sieve. The silt-sized fraction was further tested by the sedimentation 

and siphoning method, which showed that 93.6% of the particle in silt size ranging from 

2 µm to 53 µm and ~6.4% was in clay size range of < 2 µm. Measurements of the 

sedimentation rate of this silt fraction settling were conducted over 24 h with the Pario 

meter in de-ionized water and in 0.5% NaHMP solutions with concentrations of 5, 10, 

15, 20, 25, and 30 g/L.  

3.2.6 Measurement of expendable clay settling in water and NaHMP solution 

The expendable clay-sized fraction used in this experiment identified as Clay 2, was 

separated from an aliquot of Soil 2 using the sedimentation and siphon method (Huff, 

1990). Based on the XRD results (Table 3.1) sample Clay 2 contained ~70% smectite (a 

2:1 ratio expandable clay mineral), 11.4% quartz, 9% muscovite/illite, and 4% kaolinite. 

Measurements of the sedimentation rate of this clay-sized fraction were conducted over 

a 24 h period with the Pario meter in de-ionized water and 0.5% NaHMP solution at 

sediment densities of 5 g/L, 10 g/L, 15 g/L, and 20 g/L. 

3.2.7 Measurement of different clay types settling in NaHMP solution 

The detailed mineral composition of the two clay separates as determined by XRD are 

shown in Table 3.1. Non-expandable clay identified as Clay 1 contained 34.7% 

muscovite/illite, (a 2:1 non-expandable clay mineral), 47.2% amorphous materials 

derived from fired clay bricks, 9.8% quartz, 6.2% chlorite, 1.4% hematite and 0.7% 

calcite. Expandable clay identified as Clay 2, contained ~70 smectite (2:1 ratio 

expandable clay mineral), 11.4% quartz, 9% muscovite/illite, and 4% kaolinite. The 

samples were made up of clay-sized particles < 2 µm diameter. Triplicate 

measurements of the settling rate of the two clay samples were conducted over 24 h 
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with the Pario meter in 0.5% NaHMP solution at mass concentrations of 5, 10, 15, 20, 

25, and 30 g/L for Clay 1 and in 5, 10, 15, and 20 g/L for Clay 2. 

3.3 Results and Discussion  

3.3.1 Determination of the density of de-ionized water and NaHMP solutions 

Figure 3.6 indicates the relationship between solution density (kg/m3) and concentration 

(g/L) of NaHMP solutions at 22ºC. A simple linear regression was performed to describe 

the affect of concentration of NaHMP solution density. The fitted regression model is 

shown in Figure 3.6, the overall regression was statistically significant (R2 =0.984, 

p<0.001). It is to be noticed that the addition of NaHMP into deionized water increases 

the density of the solution and as the concentration of the NaHMP solution increased 

the density increased in a linear fashion.  

Figure 3.6. Relationship between the solution density and the concentration of NaHMP solution at 

22°C.  
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The regression intercept indicates the density of de-ionized water at 22°C is 997.57 

kg/m3. A rearrangement of the equation in the Fig. 3.1 is used to obtain a relationship 

between de-ionized water and concentration of NaHMP solution such that: 

𝜌𝑓 = 𝜌0(1 + 0.83𝐶𝑠)             (3.3)    

Where 𝜌𝑓 (kg/m3) is the solution density for different amounts of sodium 

hexametaphosphate at a temperature T (°C), 𝜌0 (kg/m3) is the de-ionized water density 

at the same temperature, and 𝐶𝑠 is the concentration of sodium hexametaphosphate 

(g/mL).  Our equation (3.3) is similar to the equation (1.17) that was obtained by Gee 

and Bauder (1986). Slight differences can be attributed to the water (de-ionized vs. 

distilled) used for experiment, temperature, grade of NaHMP, and measurement method 

used in this test experiment. 

Table 3.2 describes the results of the paired t-test for the density of de-ionized water 

and 0.5% NaHMP solution. Comparison means indicates that the density of 0.5% 

NaHMP solution is significantly different from the density of de-ionized water at 22ºC 

(p<0.05). This result suggests that when conducting calculations for particle size 

analysis or particle size distribution, such as estimating the diameter and terminal 

velocity of a spherical particle settling in a fluid, it is preferrable to use the density of 

0.5% NaHMP solution instead of that of de-ionized water.  

Table 3.2 Results of a paired t-test on the density of de-ionized water and 0.5% NaHMP solution at 

22ºC. 

Sample ID Mean SE P value 

De-ionized water 997.9 0.07 <0.0001 

5% NaHMP solution 1001.2 0.14  

Note: SE= standard error. 

3.3.2 Silt-sized fractions settling in de-ionized water and 0.5% NaHMP solution 

Figure 3.3 shows the calculated pressure change (∆P) in measurements of silt-sized 

particles settling during the period from 30 s to 24 in de-ionized water and 0.5% NaHMP 

solution. A simple linear regression analysis was performed to determine if increasing 

the concentration of the sediment suspension for the silt-sized sample had an effect on 
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the pressure changes in de-ionized water and 0.5% NaHMP solution. The overall 

regression was significant in de-ionized water (R2 =0.998, p<0.001) and 0.5% NaHMP 

solution (R2 =0.999, p<0.001).  

Figure 3.7 Relationship between the concentration of silt-sized fraction in suspension and 

measured pressure changes in de-ionized water and 0.5% NaHMP solution. 
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The regression slopes for both media were compared using a paired t-test. The results 

presented in Table 3.4 indicate that the increased concentration of NaHMP in solution 

from 0 to 5 g/L did not cause significant changes in the settling rate of silt-sized fraction 

(p>0.05). The data indicate that the interactions of the silt-sized particles at greater 

mass concentrations were not affected by the settling media. The ∆P for the silt-sized 

fraction at six sediment concentrations did not show significant differences between 

settling media (p>0.05), indicating that the NaHMP solution did not significantly 

influence the dispersion of the quartz materials, although quart is minor negatively 

charged (Jada et al., 2006). This is not surprising since the silt sample was comprised  
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Table 3.3. Paired t-test of the mean regression slope for settling of silt-sized particles in de-ionized 

water and in 0.5% NaHMP solution. 

Settling media Mean SE P value 

De-ionized water 0.790 0.009   0.2141 

0.5% NaHMP solution 0.804 0.003  

Note: SE=Standard Error. 

of quartz with no cementing agents. It also indirectly indicates that the density and 

viscosity of the de-ionized water and 0.5% NaHMP solution could be considerer the 

same when uncharged or minimally charged particles settle in the suspension with no 

cementing agents. 

3.3.3 Settling of expandable clay in de-ionized water and 0.5% NaHMP solution 

Fig.3.8 describes the relationship between the sediment concentration of expandable 

clay (Clay 2) and the pressure change measurements in de-ionized water and in 0.5% 

NaHMP solution. Simple linear regression was performed to determine if increasing 

concentrations of Clay 2 in suspension influenced the pressure changes in de-ionized 

water and in 0.5% NaHMP solution. The fitted regression models, shown in Figure 3.8, 

indicate that the overall regression was significantly different between de-ionized water 

(R2 =0.978, p<0.001) and 0.5% NaHMP solution (R2 =0.976, p<0.001). Unlike the 

settling of silt-sized particles, shown in Figure. 3.7, which were not significantly 

influenced by the suspension media, expandable clay (Clay 2) shows an apparent 

significant difference (p<0.05) in ∆P between settling in de-ionized water and 0.5% 

NaHMP solution (p<0.05). Consequently, there is an apparent difference in settling 

rates of expandable clays at different concentrations of NaHMP solution.  

The regression slope of the expandable clay (Clay 2) in de-ionized water is 

approximately 2 times steeper than that in 0.5% NaHMP solution. The ∆P in de-ionized 

water was greater than that in 0.5% NaHMP solution, suggesting that the mass of 

particles measured in suspension was less in 0.5% NaHMP solution compared to de-

ionized water. Thus, the presence of dispersant in the suspension increased dispersion 

of the Clay 2 sample. 
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Figure 3.8. Relationship between the concentration (g/L) of Clay 2 in suspension vs. pressure 

change in de-ionized water and in 0.5% NaHMP solution during the settling period from 30 s to 24 

h. 
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Comparison of Figure 3.7 with Figure 3.8 provides further evidence that NaHMP is 

acting to disperse the charged clay-sized particles compared to the non-charged silt-

sized particles. The ∆P of the Clay 2 fraction at four suspension concentrations shows 

significant differences between settling media (p<0.05), indicating that the presence of 

0.5% NaHMP slowed the settling rate of particles in the Clay 2 sample. This can be 

explained as follows: 1) the NaHMP solution disperses the Clay 2 sample into individual 

particles more effectively than does de-ionized water and resulting in decreased settling 

rate; 2) increased dispersion increases the chance of water molecules to surround the 

clay particles and hydrate their interlayers which increases the resistance to shear as 

well as increasing the viscosity of the expandable clay minerals (Odom, 1984). Both 

factors contribute to decreasing the settling rate of clay particles.  
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Figure 3.9 describes the comparison of the relationship between ∆P and concentration 

of sediment in suspension of the silt and Clay 2 sample settling from 80.85 s to 14.04 h. 

The regression slope for the silt-sized fraction is greater than 3 times steeper than that 

of the Clay 2 sample, whereas the ∆P for the silt-sized fraction at a concentration of 5 

g/L was similar to that of 19 g/L in Clay 2. This suggests that the amount of flocculated 

silt-sized particles in the Clay 2 sample in de-ionized water is ~3 g/L (noting that our 

experimental silt-sized samples purity is ~93.6%). Thus, without the presence of 

dispersing agent, our expandable clay (Clay 2) sample contained clay flocculates that 

are silt sized and account for ~16% of the particles. This further confirms that the 

dispersion of clay is necessary when conducting PSA even though there are no 

cementing agents present in the sample.  

Figure 3.9. Comparison of pressure changes for the Silt and Clay 2 sample in de-ionized water 

during settling period from 80.85 s to 14.04 h.  
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3.3.4 Dispersion effect of 0.5% NaHMP solution for expandable and non-

expandable clay minerals 

Fig. 3.10 describes the comparison of the relationship between ∆P and mass 

concentration in suspension of samples Clay 1 and Clay 2 for a settling period from 82.6 

s to 24 h. A simple linear regression was preformed to determine if the increasing 

concentrations of Clay 1 and Clay 2 samples in suspension have an effect on the 

pressure changes. The fitted regression models, shown in Figure 3.6, were statistically 

significant for both the Clay 1 (R2 =0.954, p<0.001) and Clay 2 samples (R2 =0.970, 

p<0.001).  

Figure 3.10. Comparison of pressure changes for Clay 1 (non-expandable clay) and Clay 2 

(expandable clay) samples in 0.5% NaHMP solution during settling period from 82.6 s to 24 h.  
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The regression slope of the Clay 1 sample is ~2 times steeper than for the Clay 2 

sample. A t-test further confirmed that the slope of Clay 1 is significantly different from 

Clay 2 (p<0.05), indicating that as the mass concentration of clay-sized particles 
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increases the ∆P of Clay 1 sample increases more sharply than that of Clay 2 sample. 

Comparisons of the mean ∆P of Clay 1 and Clay 2 in the corresponding concentrations 

from 5 to 20 g/L are shown in Table 3.5. The ∆P for Clay 1 sample is significantly 

different than that of the Clay 2 sample at all four concentrations. The ∆P for Clay 1 

sample is ~2 times greater than that of the Clay 2 sample in 5 g/L and slightly 

decreases to ~1.8 times for concentrations ranging from 10 to 20 g/L. This indicates that 

the size of particles of Clay 1 sample is larger than those of the Clay 2. 

Table 3.4. Paired t-test of the mean pressure changes for a range in suspension concentrations 

for samples Clay 1 and Clay 2. 

Conc. (g/L) Mean SE P value 

 Clay 1 Clay2 Clay1 Clay2  

5 2.15 1.00 0.04 0.06 <0.0001 

10 3.03 1.92 0.13 0.11 0.0028 

15 4.71 2.60 0.13 0.06 0.0001 

20 6.58 3.60 0.09 0.10 <0.0001 

Note: SE=Standard Error 

As the mass concentration of particles in suspension increased, the ∆P of the Silt 

increased sharply compared to Clay 1 and Clay 2 that shown in Figure 3.11. A simple 

linear regression was performed to determine the relationship between mass 

concentration in suspension and ∆P for Silt, Clay 1, and Clay 2. A dashed line was 

drawn, parallel to the X axis to identify the same ∆P corresponding to the different mass 

concentrations for the Silt, Clay 1, and Clay 2 samples. During the settling period from 

82.6 s to 14.34 h, the ∆P of 5 g silt is ~2.86 Pa according to the regression equation for 

the Silt sample that shown in Figure 3.7. Substituting this ∆P values into the regression 

equations for Clay 1 and Clay 2 samples, the corresponding mass concentration in 

suspension for both clay samples give 18.4 g/L and 9.7 g/L. This suggesting that as the 

mass concentration for Clay 1 sample reached 9.7 g/L, the mass of particles of Clay 1 

sample setting in suspension is equivalent to that of 5 g of silt fractions, which indirectly 

indicates the presence of flocculation in suspension of Clay 1 sample. Accordingly, the 

mass of particles of Clay 2 sample settling in suspension is equivalent to that of 5 g of 

silt fractions when the mass concentration of Clay 2 in suspension was 18.4 g/L, 
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suggesting that the flocculation or group settling of particles in Clay 1 sample was two 

times greater than that of the Clay 2 sample. This further indicates that the dispersion of 

the Clay 1 sample (non-expandable clay) is less efficient than that of the Clay 2 sample 

(expandable clay).   

Figure 3.11. Comparison of pressure changes for Silt, Clay 1, and Clay 2 samples in 0.5% NaHMP 

solution during settling period from 82.6 s to 14.34 h.  
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During the settling period from 0 to 82.6 s, all sand-sized particles (>50 µm) completely 

settle from suspension. Comparison of the ∆P for Clay 1 and Clay 2 samples in Figure 

3.12 shows that there were significant differences between the two clay samples 

(p<0.05). These differences were likely due to turbulence caused during 

homogenization of the suspension during each measurement. The differences among 

the four concentrations for Clay 1 and Clay 2 samples were not significant different 

(p>0.05), indicating that the increased mass concentration of clay-sized fractions did not 

affect the ∆P of these two experimental clay samples. The results also indirectly 
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indicates that, if there were the presence of flocs in the clay-sized fractions, the flocs 

were not in the sand-sized range.  

Figure 3.12. Comparisons of the ∆P for Clay 1 and Clay 2 samples during the settling period from 

30 s to 82.6 s. 
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The uppercase letters indicate significant differences among different mass concentrations of the Clay 1 

sample and the lowercase letters indicating the significant differences among different mass 

concentrations of the Clay 2 sample. Significant differences between the two clay samples are shown as 

asterisks. ns = not significant difference, *= p ≤ 0.05, **= p ≤ 0.01, *** = p ≤ 0.001 

Stokes’ equation predicts that particles ranging from 50 µm to 2 µm in diameter (silt-size 

range) completely settle during the period from 82.6 s to 14.34 h. The ∆P during this 

period include the presence of flocculated clay-sized particles that were silt-sized. The 

∆P of Clay 1 and Clay 2 samples increased as the suspension concentrations of Clay 1 

and Clay samples increased (p<0.05). Significant differences in ∆P between Clay 1 and 

Clay 2 samples for each suspension concentration are shown in Figure 3.13. The Clay 

1 sample appears less dispersed than the Clay 2 sample in 0.5% NaHMP solution 
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(p<0.05), which in turn confirms that the presence of flocculated clays in the suspension 

of sample Clay 1 is greater than that of the Clay 2.  

Figure 3.13. Comparisons of the ∆P for Clay 1 and Clay 2 samples during the settling period from 82.6 s to 14.34 

h. 
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The uppercase letters indicate significant differences among different mass concentrations of the Clay 1 

sample and the lowercase letters indicating the significant differences among different mass 

concentrations of the Clay 2 sample. Significant differences between the two clay samples are shown as 

asterisks. ns = not significant difference, *= p ≤ 0.05, **= p ≤ 0.01, *** = p ≤ 0.001 

The presence of flocculated clays can be explained as follows: 

1) According to the XRD results, which are reported in Table 3.1, sample Clay 1 is 

mainly comprised of muscovite/illite (34.7%) and amorphous materials derived from 

fired clay bricks (47.2%), with the remainder, 18.1%, including quartz, chlorite, 

calcite, and hematite. The Clay 2 sample contains mostly smectite (70%), no 

amorphous materials, with the remainder, 30%, including quartz, muscovite/illite, 
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kaolinite, and K feldspar. Previous research on the adsorption of NaHMP onto 

kaolinite and kaolin minerals ( Rolfe et al., 1960; Choi et al., 1993; Andreola et al., 

2004; Andreola et al., 2006) indicates that the HMP- ion reacts with Ca2+  ions either 

in the suspension solution or with Ca2+  ions located at the interlayer of clay minerals 

to form complexes, such as CaHMP, which are soluble in suspension. These Ca2+ 

complexes decrease the effectiveness of dispersion by HMP- ion. Most of the 

cations that react will HMP- ion are from degradation processes of the accessory 

minerals in the clay samples, such as K feldspar, quartz, and amorphous 

compounds. The data presented here also shows that dispersion of expandable and 

non-expandable clays using the same concentration of HMP- was different, which 

may indirectly relate to the accessory minerals present in the clay samples (Rolfe et 

al., 1960). A comparison of the composition of samples Clay 1 and Clay 2 in Table 

3.1, indicates that other than the clay minerals, accessory minerals comprised 

~59.1% of the Clay 1 sample and ~15% of the Clay 2 sample. This is consistent 

with evidence of less dispersion in Clay 1 relative to Clay 2 in that ∆P for the Clay 1 

sample is greater than that of the Clay 2 sample. As suspension concentrations of 

Clay 1 increased, the ∆P increased more rapidly compared to the Clay 2 sample. 

This suggests that dispersion was affected by the presence of the amorphous 

materials that are contained in the Clay 1 sample. Previous research has shown 

that HMP- will be adsorbed on the edges of kaolinite with the Al 3+  replacing the 

hydroxyl group (Penner and Lagaly, 2001; Ioannou and Dimirkou, 1997) and this will 

increase the total net charge of the clay minerals and increase the efficiency of the 

dispersant. In our case the proportion of phyllosilicates in sample Clay 1 sample is 

~41% compared to 85% in sample Clay 2 sample, so it is expected that the 

dispersion occurred to a greater extent in the higher clay sample (Clay 2).  

2) Amorphous materials, including silica, iron, aluminium that are abundant occurs as  

amorphous nanoparticles, enhance the adsorption of the orthophosphate generated 

from HMP-  hydrolysis to form complexes (Tsukimura et al.,  2021). Research by 

Tsukimura et al. (2021) using a low angle X-ray scattering method showed that 

clays, soils, and marine sediments always contained amorphous nanoparticles. 

Amorphous nanoparticles have very high specific surface area and have a great 
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ability to adsorb water and ions from the suspension. This increases the plasticity of 

the clay mineral, especially for clay minerals such as kaolinite. Thus, in this study, 

the presence of estimated amorphous nanoparticles in sample Clay 1 will adsorb 

the orthophosphate and there will be less HMP- remaining in solution for dispersion 

of phyllosilicates.  

It is known that the particle size of smectite is typically smaller than that of illite 

(Manassero et al., 2008; Rolfe et al., 1960). Although both illite and smectite are 2:1 

clay minerals, the interlayer of illite is K+ and that of smectite composed of various 

hydrated cations Thus, illite is a non- expandable 2:1 clay mineral and smectite is an 

expandable 2:1 clay mineral. The non-exchangeable interlayer of illite is different from 

the expandable interlayer of smectite in that the interlayer water molecules in smectite 

increase its surface area as well as its resistance to shear in suspension. Thus, small 

particles having a larger surface area would increase the plasticity of the Na-smectite 

and cause the suspension liquid to become highly resistant to flow or be more viscous, 

which would result in a lower settling rate of smectite (Odom, 1984). Thus, theoretically 

the ∆P of Clay 1 should be larger than that of Clay 2 for each of the mass 

concentration. 

However, it is interesting to note that during the settling period from 14.34 h to 24 h 

(Figure 3.14), which is the settling period of clay-sized particles alone based on Stokes’ 

equation, the ∆P for the Clay 1sample is similar to that of the Clay 2 sample (p>0.05) for 

mass concentrations of 5 and 10 g/L, whereas for sediment concentrations of 15 and 20 

g/L the ∆P for the Clay 1 sample was significantly larger than for sample Clay 2 

(p<0.05). This result suggests that: 

1) For clay-sized particles, the interactions between particles are not significant at 

sediment concentrations less than 10 g/L, which suggests that the settling rate is 

not significantly decreased at sediment concentrations < 10 g/L for clay-sized 

particles. The effect of sediment concentration becomes significant when mass 

concentrations of clay-sized particles exceed 10 g/L. Ullrich et al. (1982) found 

that the reduced settling rate of bentonite clays could be avoided if the clay 

concentration was less than 10 g/L. Our results confirms that the reduced settling 
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rate of the clay-sized particles become significant for both the expandable and 

the non-expandable clays at sediment concentrations > 10 g/L.  

2) The average size of particles in the Clay 1 sample were greater than that of the 

Clay 2 sample, which resulted in greater ∆P for Clay 1 than that of Clay 2 with 

increasing sediment mass concentrations. 

Figure 3.14. Comparisons of the ∆P for Clay 1 and Clay 2 samples during the settling period from 

14.34 h to 24 h.  
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The uppercase letters indicate significant differences among different mass concentrations of the Clay 1 

sample and the lowercase letters indicating the significant differences among different mass 

concentrations of the Clay 2 sample. Significant differences between the two clay samples are shown as 

asterisks. ns = not significant difference, *= p ≤ 0.05, **= p ≤ 0.01, *** = p ≤ 0.001 

Comparison of sediment concentrations for both clay-sized fractions, indicates 

significant different in ∆P for Clay 1 occurs when the sediment concentration increased 

to 15 g/L, while ∆P were significant different in sample Clay 2 when the sediment 
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concentration reached to 20 g/L. This further suggest that the size of particles in sample 

Clay 1 are larger than those of sample Clay 2. 

3.4 Conclusions  

This research reported in this chapter compared the density of de-ionized water with 

that of 0.5% NaHMP solution. Experiments were conducted to measure the density of 

de-ionized water and increasing concentrations of NaHMP solutions. This research was 

followed by an evaluation of changes in settling rate of expandable clay (Clay 2), non-

expandable clay (Clay 1) and a sample containing silt-sized quartz particles (sample 

Silt) in suspension in water and in a solution of NaHMP.  The following conclusions are 

based on this research: 

1) Though measurements of the density of de-ionized water and 0.5% NaHMP 

solutions were similar, a paired t-test showed that the density of de-ionized water 

and 0.5% NaHMP solution were significantly different (p<0.05) from each other. 

In addition, the experiment with clay-sized particles in suspension showed that 

the addition of 0.5% of NaHMP solution significantly decreased their settling rate. 

Therefore, the research recommends using the density of NaHMP solution rather 

than that of water at a specific temperature when inputting density parameters 

into Stokes’ equation to predict terminal velocity.  

2) The settling rate of the silt-sized particles, composed of 100% quartz that have 

minor charges, was not affected by the suspension solution, either de-ionized 

water or 0.5% NaHMP solution used for dispersion.  

3) The differences in density between de-ionized water and 0.5% NaHMP solution 

did not significantly affect the settling rate of silt-sized particles. 

4) The dispersion agent NaHMP solution used in these experiments was shown to 

disperse only the charged particles such as clay mineral particles, and that it was 

more effective for dispersion of Clay 2 (expandable clay) than for Clay 1 (non-

expandable clay). To further confirm this result, more extended experiments 

should be conducted using samples containing pure expandable and non-

expandable clays. 
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CHAPTER 4: Interactions between soil mineral particles 

during sedimentation  

4.1 Introduction  

One of the key assumptions for Stokes’ law is that the concentration of the particles in 

suspension is sufficiently diluted that there are no interferences between individual 

particles. At a specific depth below the suspension surface, the particle size distribution 

is assumed to constantly changing as the sedimentation proceeds after homogenous 

stirring. The particles at a specific Stokes’ diameter will have settled below that 

measurement depth after a specific period. Thus, the particles remaining above a fixed 

depth will be equal to or smaller than the equivalent Stokes’ diameter. However, in 

practice, this is not strictly true due to the existence of interactions between particles. At 

dilute suspension concentrations, such as less than 2 g/L, interactions between 

particles can be considered negligible (Allen, 1990), and the particles in suspension 

assumed to settle individually with no interactions. With increasing mass concentrations 

of particles in suspension, the potential for interactions between particles increases and 

the assumption of negligible interaction may lead to inaccurate measurement results. 

The interactions that may occur and affect the settling velocity of individual particles as 

the mass concentration in suspension increases are as follows (Dankers and 

Winterwerp, 2007): 

1) Return flow and awake formation effect, when a falling particle creates an 

upward return flow and decreases the velocity of other particles that settle near 

this vicinity. 

2) Dynamic flow effect, when neighbouring particles are affected by the velocity 

gradients of adjacent falling particles, changing their hydrodynamic drag and 

apparent added mass. For example, equal-sized particle pairs settling sufficiently 

close to each other will settle as a larger and heavier single particles (Allen, 

1990). The result is that their combined settling velocity will be higher than that 

predicted by Stokes’ equation for individual particles. For unequal-sized particles 

settling together, the larger particle may pick up the smaller particle causing it to 



 
 

91 
 

rotate around the larger particle due to the high velocity caused by the larger 

particle falling beside a smaller particle. This will affect the settling rate of the 

smaller particle. 

3) Particle-particle collisions are collisions caused by factors such as Brownian 

motion, evaporation of the surface suspension, turbulence, and temperature 

change. As the suspension concentration increases, the chance of particle-

particle collisions increases, and these collisions will cause additional stresses 

and decrease the settling velocity some particles in the suspension. 

4) Attraction and repulsion effects mostly occur due to the charged surfaces of clay 

minerals. The repulsion is due to clay minerals having a net negative charge and 

repelling each other in water, so that they can settle individually. Attraction is 

typically due to Van der Waals forces that act on an atomic and molecular scales. 

When the concentration of the particles in suspension increases, the distance 

between particles becomes close enough that the Van der Waals forces become 

effective and cause particles to settle together as one large particle or result in 

flocculation. Thus, the effective settling velocity of particles is increased.  

5) Viscosity effects. As the concentration of particles in suspension increases, the 

viscosity of the suspension will increase causing the effective settling velocity of 

all the particles to decrease (Einstein 1906). This principle is valid for Euclidean 

sphere only. Flocs or unstable aggregates may deform under collision or fluid 

stresses and may not apply to Einstein’s approach. 

The most commonly used mass of sample added to suspension for PSA measurements 

ranges from 20 g to 40 g/L (Gee and Baurer, 1986; Indorante et al., 1990; Kettler et al., 

2001; Gee and Or, 2002; Aljumaily and Al-Dabbagh, 2013; Beretta et al., 2014; Elfaki et 

al., 2016; Durner et al., 2017), which is much greater than in the recommended 2 g/L or 

less for non-interaction of individual particles. The purpose of the research described in 

this chapter was to evaluate the interactions between particles at different mass 

concentrations and to identify if these interactions significantly effect the results of PSA 

measurements.  
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The specific objectives of this chapter are: a) to determine the settling rates of clay- and 

silt-sized particles at increasing suspension concentrations; b) to evaluate interactions 

between sand- and clay-sized particles and identify the significance of the hindered 

settling of the sand-sized fraction; c) to evaluate interactions between clay- and silt-

sized particles and identify the significance of the hindered settling of the silt-sized 

particles in clay-sized particles; and d) to evaluate interactions among sand-, silt-, and 

clay-sized fractions and identify the significance of hindered settling in high mass 

concentration suspensions. 

4.2 Materials and Methods  

The samples used in this chapter were obtained from Mar-Co Clay Products Inc., a 

three-generation private company that prepares and markets a range of engineered soil 

products for sports field construction. The specialty of the company are soil products 

used for construction and maintenance of baseball infields. They are the leader in the 

construction and renovation of baseball fields in North America. 

4.2.1 Sample Screening for Pre-treatment 

All soil product samples were pretreated both chemically and physically to remove the 

binding agents prior to PSA measurements. A flowchart of the pre-treatment procedures 

is shown in Figure 4.1. Twenty grams of oven dried sample (< 2mm) was first tested 

with ~ 10 mL of 15% H2O2 to determine for the presence of organic matter and ~ 5 mL 

of 1M HCl to determine the presence of carbonates. If a reaction to 15% H2O2 was 

observed (frothing and bubbling), 40 g of material previously passed though a No.10 

sieve (2 mm) and then treated for removal of organic matter. If a reaction was observed 

for the presence of carbonates (bubbling and cracking), then the sample was treated to 

remove carbonate immediately after organic matter removal. If no reaction was 

observed for either H2O2 or HCl, then the sample pre-treatment for removal of organic 

matter and carbonate was not required. The detailed procedure for the removal of 

cementing agents and dispersion is described below: 

4.2.1.1 Removal of organic matter  

In cases where a positive reaction was observed on treatment with H2O2 (see above) 

the approximately 120 mL of 15% H2O2 (Fisher scientific 30% certified ACS) was added 
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to 40 g of sample (particle size < 2 mm) in a 2 L glass beaker and left to stand 

overnight. The beaker was slowly heated on a hot plate and ~5 mL of 15% H2O2 was 

added every 20 minutes until the sample boiled without frothing. The beaker was heated 

and boiled for an additional 3 to 4 h after the final addition of H2O2 to remove excess 

H2O2. De-ionized water was added occasionally during the boiling process to prevent 

the sample from drying out. 

4.2.1.2 Removal of carbonates  

In cases where a positive reaction was observed on treatment with 1 M HCl (see above) 

then after removal of the organic matter, 100 mL of 1M acetic acid (Glacial HPLC grade 

Fisher Chemical) was added and the sample was stirred intermittently for 30 min. The 

sample was then transferred to a 500 mL polypropylene bottle and shaken for 6 h on an 

end-to-end shaker at 110 rpm. The sample was poured into several 250 mL 

polypropylene centrifuge bottles and washed with de-ionized water until the pH 

increased to 6.8-7 to remove the acid.  

4.2.1.3 Sample dispersion 

After the samples had been washed, they were transferred to a 500 mL polypropylene 

bottle to which was added 5 g of sodium hexametaphosphate (NaHMP) (Thermo Fisher 

Scientific Certified ACS) and topped up with de-ionized water to fill the bottle to 2/3 full. 

After shaking overnight on an end-to end shaker at 110 rpm, the sample was 

transferred to a 1 L sedimentation cylinder in preparation for PSA measurements. 
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Figure 4.1. Flowchart of the pre-treatment procedures to remove organic matter and carbonate 

prior to sample dispersion. 
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4.2.2 Separation of clay-, silt-, and sand-sized fractions 

The clay-size fraction and sand-sized fraction were separated from two soil products 

provided by Mar-Co Clay Products Inc., identified as Soil 1 and Soil 2. The clay fractions 

removed from these two soil products were labelled as Clay 1 and Clay 2, respectively, 

using the sedimentation and siphon method (Figure 4.2) (Huff, 1990; Moore and 

Reynolds, 1989; Shieldrick and Wang, 1993). For isolation of the clays, organic matter 

and carbonate were removed from Soil 1 and Soil 2 following the pre-treatment 

procedure described in section 4.2.1.1 and section 4.2.1.2. The washed samples were 

divided into several 250 mL polypropylene bottles and approximately 20 mL of 5% 

Na2CO3 was added to each bottle and topped up with de-ionized water to fill the bottle 

to 2/3 full. After shaking for at least 6 h on an end-to-end shaker at 110 rpm, the 

samples were as transferred to a large plastic bucket, referred to as bucket 1, and 

washed through a 53 µm sieve. Particles remaining on the 53 µm sieve were sand-

sized fractions that were oven dried for 24 h at 105°C, collected and labelled as SF1 

and SF2, respectively.  

The particles that passed through a 53 µm sieve were transferred to a bucket and filled 

with de-ionized water to a depth of 30 cm (Figure 4.2). Based on Stokes’ Law, 

particles > 2 μm Stokes’ diameter should settle ~30 cm in 24 h at room temperature 

(Gee and Or, 2002). By this time, particles that larger than 2 μm (ranging from 2 μm to 

53 μm) should be settle, and the clay-sized supernatant can be siphoned off into a 

bucket, referred to as bucket 2. Fifteen milliliters of 0.5 M MgCl2 was added to bucket 2 

to promote flocculation of the clay-sized fraction during 24 h settling. The clear water in 

bucket 2 was then siphoned off. Bucket 1 containing the remaining clay- and silt-sized 

fractions was refilled to a 30 cm depth with de-ionized water and mixed well with an 

addition of 20 mL of 5% Na2CO3. This process was repeated at least 8 times, until the 

supernatant in the bucket 1 remained clear after 24 h settling. The flowchart illustrating 

the sedimentation and siphon method is shown in Figure 4.2.  
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Figure 4.2. Sedimentation process for isolating clay fractions. 

After the clay had been removed and collected from the samples, the remaining 

suspension was washed to remove excess electrolyte by repeated centrifugation and 

addition of de-ionized water until the suspension appeared dispersed in bottles after 2 h 

standing. The washed clay samples were then freeze dried for further use.  

The silt-sized fraction was prepared from ground quartz that had been passed through a 

53 µm sieve. The sedimentation and siphon method showed that the silt-sized fraction 

contained 93.6% of silt-sized particles.  

4.2.3 Settling of sand-sized particles 

Two sand-sized fractions were studied with increasing mass concentrations settling in 

de-ionized water and 0.5% NaHMP solution. Sand 1 and Sand 2 sample fractions were 

derived from Soil 1 and Soil 2, respectively, were provided by Mar-Co Clay Products 

Inc. The sand separates were washed using a reference sedimentation siphon method 

(Huff, 1990; Moore and Reynolds, 1989; Shieldrick and Wang, 1993) to remove the silt- 

and clay-sized fractions and passed through a No. 10 sieve (2 mm). Both Sand samples 

were in the size range from 53 µm to 2 mm. The sand samples were further separated 

dry sieving into subfractions using a set of nested sieves including No. 10, 20, 30, 60, 
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70, 100, 200, 230, and 270 and corresponding to 2000 µm, 841 µm, 595 µm, 250 µm 

210 µm, 150 µm, 75 µm, 63 µm, and 53 µm, respectively.  

In experiment 1 sedimentation of sand-sized fractions was measured in various mass 

concentrations including 5 g/L, 10 g/L, 15 g/L, 20 g/L, 25 g/L, 30 g/L and 35 g/L. The 

very fine sand fraction, ranging from 53 µm to 63 µm, was measured at sediment 

concentrations of 10 g/L, 20 g/L, and 25 g/L. The settling for each mass concentration 

was captured using a cell i-phone camera (video mode); the observed time that it took 

for sand particles to settle from the surface to a depth below 18 cm after the suspension 

was homogenized vertically was recorded. 

4.2.4. Settling of clay-sized particles 

Two experiments were conducted to measure the settling behavior of clay-sized 

particles. Experiment 2 was conducted using a non-expandable clay identified as Clay 1 

at six sediment concentrations, including 5 g/L, 10 g/L, 15 g/L, 20 g/L, 25 g/L, and 30 

g/L. Settling was conducted in 0.5% NaHMP solution. Experiment 3 was conducted 

using an expandable clay, identified as Clay 2, at four sediment concentrations, 

including 5 g/L, 10 g/L, 15 g/L and 20 g/L. Settling was conducted in de-ionized water 

and 0.5% NaHMP solution. The suspension was shaken on an end-to-end shaker 

overnight, and pressure was measured using a Pario meter during a 24 h period. All 

experiments were conducted in triplicate. 

4.2.5. Settling of silt-sized particles in de-ionized water and NaHMP solution 

Two experiments were conducted to measure the settling of silt-sized particles in both 

de-ionized water and 0.5% NaHMP solution. Experiment 4 included silt-sized particles 

in six sediment concentrations, including 5 g/L, 10 g/L, 15 g/L, 20 g/L, 25 g/L, and 30 

g/L, settling in 0.5% NaHMP solution. Experiment 5 included silt-sized particles in six 

sediment concentrations, including 5 g/L, 10 g/L, 15 g/L, 20 g/L, 25 g/L, and 30 g/L, 

settling in de-ionized water. The suspension was shaken on an end-to-end shaker 

overnight, and pressure was measured using a Pario meter during a 24 h period. All 

experiments were conducted in triplicate. 
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4.2.6 Interactions between sand- and clay-sized particles 

Measurements of the pressure changes (∆P) at increasing mass concentrations of 

sand- and clay-sized particle mixtures were conducted. Three sets of experiments 

examined the effects of sand-sized particles on settling of clay-sized particles (Table 

4.1). Experiment 6 included using 5 g/L of sand-sized particles settling with 10 g/L, 15 

g/L, and 20 g/L of clay; Experiment 7 included using 10 g/L of clay settling with 5 g/L, 10 

g/L, and 15 g/L of sand-sized particles; Experiment 8 included using 20 g/L of clay-sized 

particles settling with 5 g/L, 10 g/L, and 15 g/L of sand-sized particles. The suspension 

was shaken on an end-to-end shaker overnight, and pressure was measured using a 

Pario meter during a 24 h period (Table 4.1). All experiments were conducted in 

triplicate. 

Table 4.1. Soil particle mixtures for testing interactions between sand- and clay-sized particles.  

Experiment No. Soil particle mixture 

6 

5 g/L sand +10 g/L clay 

5 g/L sand +15 g/L clay 

5 g/L sand + 20 g/L clay 

7 

                   10 g/L clay + 5 g/L sand 

10 g/L clay + 10 g/L sand 

10 g/L clay + 15 g/L sand 

8 

                   20 g/L clay + 5 g/L sand 

20 g/L clay + 10 g/L sand 

20 g/L clay + 15 g/L sand 

 

4.2.7 Interactions between silt- and clay-sized particles 

Pressure measurements were conducted in triplicate using a Pario meter in all 

experiments during a 24 h settling period to monitor suspension pressure changes. The 

∆P, the suspension pressure change, corresponds to the difference in the mass of 

particles in suspension measured by the Pario Meter during a specific period. Thus, a 

higher ∆P indicates that a larger quantity of particles has fallen below the measurement 

depth, and a lower ∆P indicates that a smaller quantity of particles has fallen below the 
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measurement depth. The suspension was shaken on an end-to-end shaker overnight, 

and pressure was measured using a Pario meter during a 24 h period. All experiments 

were conducted in triplicate. 

Three sets of experiments are described in this section for the interaction between clay- 

and silt-sized particles as follows: 

Experiment 9 measured settling of six silt-sized mass concentrations, 5 g/L, 10 g/L, 15 

g/L, 20 g/L, 25 g/L, and 30 g/L, settling in 0.5% NaHMP solution. Five grams of Clay 1 

(non-expandable clay) was dispersed in one litre of 0.5% NaHMP solution with additions 

of 5 g/L, 10 g/L, 15 g/L, 20 g/L, 25 g/L, and 30 g/L of silt-sized particles.  

Experiment 10 measured settling of a mixture of 15 g/L of Clay 1 (non-expandable clay) 

and 5 g/L of sand-sized particles dispersed in one litre of 0.5% NaHMP solution with 

additions of 5 g/L, 10 g/L, 15 g/L, and 20 g/L of silt-sized particles. 

Experiment 11 measured settling of a mixture of 10 g/L, 15 g/L, and 20 g/L of Clay 2 

(expandable clay) with 5 g/L, 10 g/L, and 15 g/L of silt-sized particles, respectively, 

dispersed in 0.5% NaHMP solution. 

4.2.8 Interactions between clay-, silt-, and sand-sized particles 

The interactions among clay-, silt-, and sand-sized particles are much more complicated 

than mixtures containing only two of these fractions. The suspension was shaken on an 

end-to-end shaker overnight, and pressure was measured using a Pario meter during a 

24 h period. All experiments were conducted in triplicate.  

Two sets of experiments were conducted to evaluate the interactions in 0.5% NaHMP 

solution with mixtures of sand-, silt-, and clay-sized particles, as shown in Table 4.2.  

Table 4.2. Soil particle mixtures for testing interactions among sand-, silt-, and clay-sized 

particles. 

Experiment Soil particle mixture Addition 

12 15 g/L clay + 20 g/L silt 5, 10, 15, 20, 25 g/L sand 

13 20 g/L clay + 15 g/L silt 20, 25, 30, 35 g/L sand 
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4.3 Results and Discussion 

4.3.1 Settling of sand fractions  

Sand suspensions were homogenized following vertical stirring with a plunger. The 

tipped stir method (ASTM 7928), horizontal back and forth shaking, was not used in 

these experiments because even after careful overhead shaking for 1 min, some 

particles remained on the rubber stopper and the sides of cylinder walls above the 1 L 

mark, which was a minor loss of sand. The tipped stir method is also not recommended 

for measuring highly plastic clays (ASTM 7928), which may leave some soil aggregates 

or clays sticking to the bottom of the cylinder after 1 min of stirring.  

Table 4.3 provides a summary of observations of sand-sized particles settling in the 

absence of finer particles (<53 µm) in de-ionized water and in 0.5%NaHMP solution. 

Settling of all sand-sized particles (2 mm to 53 µm) occurs during the initial 80.85 s in 

de-ionized water and 82.6 s in 0.5% NaHMP solution, according to Stokes’ equation. 

The particle size distribution of the sand samples used for the sedimentation 

experiments is shown in Figure 4.3. Observations during the sedimentation experiment 

shows that the very coarse, coarse, medium, and fine sand-sized particles mostly settle 

at a velocity predicted by Stokes’ law, which requires ~4 s for all particles except very 

fine sand to fall when suspension concentrations are low (i.e., 5 g/L). Figure 4.1 shows 

that ~70% of Sand 1 and 80% of Sand 2 settle to below the measurement depth after 

~4.46 s. According to Richardson and Zaki (1997), a hindered settling velocity occurs at 

this sand mass concentration which is only few hundreds of a second and is consistent 

with our findings. Hindered settling becomes more significant as the concentration of 

mass in suspension increases. At high suspension concentrations, the effective settling 

velocity was much slower than that predicted by Stokes’ law. This hindered settling 

phenomenon was considered in the Einstein equation of viscosity of suspension 

(equation 1.13, in Chapter 1) and by Richardson and Zaki (1997).   

At a concentration of 10 g/L, the observed time to settle below the measurement depth 

of most sand-sized particles was ~5.88 s, which indicated a hindered settling velocity of 

~31.8%.  When the mass concentration increased to 15 g/L, the settling velocity of the 

sand-sized particles was reduced to three times slower than that predicted by Stokes’ 
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law for a single spherical particle settling in suspension. This can be due to the sand-

sized particles having a wide size range, from 53 µm to 2 mm. The formula mentioned 

above for sedimentation hindered settling velocity are suitable for uniform sized 

particles in suspension. It may also be because the vertical stirring performed did not 

uniformly homogenize the total volume of particles in suspension at these higher 

concentrations. A relatively large portion of the particles remained at the bottom of the 

cylinder, either circling or spinning with the turbulence caused by vertical stirring.  

Table 4.3. Some observations for sand-sized particles in the absence of finer particles (53 µm) 

settling in de-ionized water and in 0.5% NaHMP solution 

Suspension concentration 
(g/L) 

During 1 min stirring After stirring 

Sand particle size ranging from 53 µm to 2000 µm settling in de-ionized water 

5 

Almost evenly distributed 
 

Most of the particles 

settled at below 18 cm 

within the initial 4.05 s 

10 

Half of the particles 

remain below 18 cm, 

either spinning or circling 

with the turbulence 

Most of the particles 

settled below 18 cm 

within the initial 5.88 s 

15, 20, 25, 30 ,35 

 

Two-thirds of the 

particles remain below 

the 18 cm depth either 

spinning or circling with 

turbulence 

Most of the medium and 

coarse sand particles 

settled below 18 cm 

within the initial 11.88 s 

Very Fine sand particle size ranging from 53 µm to 63 µm settling in 0.5% NaHMP 
solution 

10, 25, 20 

Almost evenly distributed Most of the fine sand 

particles are carried 

upwards with the 

turbulence for at least 90 

s before beginning to 

settle 
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At high concentrations of sand particles (>10 g/L) in suspension, the particles that were 

spinning below the measurement depth became more concentrated and created a more 

complicated and stronger turbulence than expected, and this caused a large return flow 

and awake of the upper-level particles and resulted in higher hindered settling.   

Figure 4.3. Theoretical sand settling time based on Stokes’ law and cumulative sand particle size distribution of 

samples Sand 1 and Sand 2. 
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The solid lines indicate the cumulative percentage, and the dashed line indicates the settling times 

calculated by Stokes’ equation for 18 cm of fall for particle size ranging from (50 µm to 2 mm). 

The plunger mixing homogenized the suspension only while the stirring occurred and, 

immediately after stopping, the coarse and medium-sized particles settled to the bottom 

within 9 s which was before the Pario meter began recording. The fine sand-sized 

particles settled slower than predicted by Stokes’ law due to the remaining turbulence 

after vertical stirring, which caused a portion of fine sand particles to be carried upward 

for at least 90 s before beginning to settle. This phenomenon likely occurs for the silt 
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and clay sized particles as well, suggesting that the hindered settling occurs depending 

on the size and shape of the particle as well as the concentrations of the suspension. 

These observations are consistent with the studies of ( Reed and Anderson, 1980; 

Dankers and Winterwerp, 2007; Cuthbertson et al., 2008; Te Slaa et al., 2015; 

Spearman, 2017). 

4.3.2. Settling of clay fractions. 

For a single particle in a very diluted suspension, the settling velocity is similar to that 

predicted by the Stokes’ equation under laminar flow conditions (Watts, 2000; Tomkins 

et al., 2005; Koo, 2009; Te Slaa et al., 2015). As the concentration of mass in 

suspension increases, particle settling rates may be influenced by the presence of other 

particles in suspension resulting in either an increased settling rate because of group 

settling of particles and the formation of floc (flocculation). Settling rates may also be 

reduced due to collisions among particles and a retarded flow of downward falling 

particles caused by turbulence (Allen,1990).  

To identify if settling rates change as the concentration of clay-sized particles in 

suspension increase, differences in pressure measured using the Pario meter were 

compared with the theoretical pressure differences data. Pressure measurements were 

recorded using the Pario meter by default beginning at 30 s. The data from 0 s to 30 s 

was disregarded by default because predicted values during this time interval based on 

Stokes’ law are always greater than measured values, and do not accurately reflect the 

relationship between settling rate and concentrations in suspension.  

This study assumed that the 5 g/L was the most dilute concentration in PSA when no 

interactions between particles occurred. The settling period from 82.6 s to 24 h was 

selected for comparison to eliminate the turbulence effects which may be caused by 

homogenizing the suspension. The ∆P for 5 g/L of sample Clay 1, Clay 2, and Silt were 

set as the standard/control pressure changes. The predicted value was set based on ∆P 

for suspension of 5 g/L and multiplied by 2, 3, 4, 5, and 6 to get a standard ∆P for each 

concentration assuming the same relative ∆P as in 5 g/L of particle in suspension. 

Actual values were measured by Pario meter for the corresponding concentrations. The 
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mean of predicted ∆P were then compared with the mean of actual ∆P by performing 

paired t-test for each concentration. 

Comparison of predicted ∆P vs. measured ∆P values for the Clay 1 sample in 0.5% 

NaHMP solution during a settling period from 82.6 s to 24 h are shown in Figure 4.4. 

The predicted ∆P for the Clay 1 sample at each mass concentration was significantly 

greater (p<0.05) than that of measured ∆P, suggesting that hindered settling occurs 

during settling of Clay 1 sample at sediment concentrations greater than 5 g/L.  

Figure 4.4. Predicted vs. measured ∆P for sample Clay 1 at six sediment concentrations in 0.5% 

NaHMP solution during a settling period from 82.6 s to 24 h. 
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Figure. 4.5 shows a comparison of the results of predicted ∆P and measured ∆P of 

sample Clay 2 in 0.5% NaHMP solution and de-ionized water. The predicted ∆P is 

significantly greater than that of measured ∆P in 0.5% NaHMP solution (p<0.05), which 
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is the same trend shown in Figure. 4.4 for Clay 1. This observation agrees with the 

hindered settling effect that was found by Watts (2000).  

Figure 4.5. Predicted vs. measured ∆P values for sample Clay 2 (expandable clay) in (a) 0.5% 

NaHMP solution during settling period from 82.6 s to 24 h and in de-ionized water, (b) during a 

settling period from 80.04 s to 24 h. 
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The predicted ∆P was significantly lower than the measured ∆P for sample Clay 2 

settling in de-ionized water and for mass concentrations >10 g/L (p<0.05), which is 

shown in Figure 4.5 (b). The data suggests that as the concentration increases the 

flocculation of Clay 2 becomes significant to form larger particles or flocs.  

An explanation for the formation of flocs:  

1) When the mass concentration of sample Clay 2 in the suspension increased to 

15 g/L in de-ionized water, the chances of collision between particles increased 

and resulted in formation of flocs (Dankers 2006); 

2) The Clay 2 which contain 70% of expandable clay adsorbs water molecules once 

it is in contact with water and as the mass concentration of sample Clay 2 in 

suspension increased. The amount of water may not be sufficient to keep 

particles as individuals in suspension but instead they form a gel or flocs.   

3) The Clay 2 sample was freeze dried and ground into powder; after treatment with 

MgCl2 to flocculate the clay fraction when separating clay-sized fractions from the 
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clay- and silt-sized particles mixed suspension. Although the separated clay 

suspension was repeatedly washed with de-ionized water, there was may still be 

Mg2+ remaining in the Clay 2 sample to promote flocculation.  

4.3.3 Settling of silt fractions. 

Figure. 4.6 shows the comparison between the predicted and measured ∆P for Silt 

sample in both media. Figure 4.6 (a) and (b) shows that there were no significant 

differences (p>0.05) between the predicted and measured ∆P for the Silt sample settling 

in both media. This indicates that when the silt-sized particles settle with no turbulence, 

hindered settling do not significantly affect the results during the measurement period at 

sediment mass concentrations up to 30 g/L.  

Figure 4.6. Predicted vs. measured ∆P values for Silt sample in: (a) 0.5% NaHMP solution during a 

settling period from 82.6 s to 24 h, and (b) de-ionized water during a settling period from 80.04 s to 

24 h. 
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Compared with samples Clay 1 and Clay 2, the Silt sample settling in the same media 

shows significantly different results. The reasons are as follows: 

1) The Silt sample is composed of 100% quartz and has minimal net negative 

charged surfaces compared to the clay samples, thus differences in ∆P values 

between two settling media are not significant, and, 
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2) Silt-sized particles are larger than clay-sized particles, so collisions caused by 

Brownian motion which influence clay-sized particles do not significantly 

influence silt-sized particles. Thus, ∆P for predicted and measured did not show 

significant differences (p>0.05) for all six sediment mass concentrations.  

4.3.4 Interaction between sand-sized and clay-sized particles. 

The objective of these experiments was to determine if increasing concentrations of 

clay-sized particles in suspension would significantly influence the settling rate of sand-

sized particles. Settling times for the three size ranges of particles may be divided into 

three periods.  SP 1 is the settling period from 30 s to 82.6 s, which according to Stokes’ 

law is the settling period after which there are no sand-sized particles remaining in 

suspension. SP 2 indicates the settling period from 82.6 s to 14.34 h, after which there 

are no silt-sized particles remaining in suspension. SP 3 indicates the settling period 

from 14.34 h to 24 h when only clay-sized particles settle.  

A paired t-test was also performed on the means of four concentrations of clay and clay 

with an addition of 5 g/L of sand (Table 4.4).  

Table 4.4.  Paired t-test of the ∆P for clay and clay mixed with sand during settling period from 30 

s to 24 h. 

Clay in (g/L) Mean SE P value 

 C C+S C C+S  

10 3.00 3.81 0.21 0.09 0.0229 

15 5.50 5.60 0.12 0.03 0.4349 

20 7.00 7.00 0.17 0.06 1.0000 

Note: C=clay, S=sand, the addition of sand is 5 g/L for the experiments in this group.  

The addition of 5 g/L of sand with 10 g/L of clay-sized particles significantly affected the 

∆P of clay alone, whereas when the clay concentration was 15 g/L, the addition of sand-

sized fraction did not significantly change the ∆P of clay. This result suggests that the 

effect of an addition of 5 g/L of sand on the ∆P during clay settling is dependent on the 

concentration of clay in suspension or the ratio of clay/sand in suspension. At mass 
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concentrations of clay-sized particles in suspension of ≥15 g/L, the effect of an addition 

of 5 g/L of sand could be ignored.  

A simple linear regression was performed on the clay and the clay and sand mixture to 

determine if the mass concentration of the clay significantly affected the ∆P during the 

settling period from 30 s to 24 h. The fitted regression models are shown in Figure. 4.7. 

The overall regression was statistically significant (R2 =0.982, p<0.001) for clay and (R2 

=0.996, p<0.001) for clay with 5 g/L of sand. The mean regression slopes of both linear 

models were compared using a paired t-test and the results show no significant 

difference (p>0.05) between the two slopes, indicating that the addition of 5 g/L of sand 

did not significantly affect the settling rate of clay-sized particles.  

Figure 4.7. Pressure changes with settling of clay and clay mixed with sand (5 g/L) during the 

period from 30 s to 24 h.  
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Figure. 4.8 shows a comparison of mean ∆P values at various concentrations of clay-

sized particles with an addition of sand-sized particles within three settling periods. 
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Settling of sand-sized particles was not captured by the Pario meter, suggesting that 

most of the sand fraction had settled below the 18 cm depth before 30 s. During SP1, 

∆P values were not significantly different (p<0.05) with addition of the clay-sized fraction 

from 10 to 20 g/L, but significant differences occurred in both SP2 and SP3. This result 

suggests that the: 1) turbulence caused by homogenizing the suspension is consistent 

among these three samples and it did not significantly affect the settling of clay-sized 

fractions, and 2) at concentrations of 5 g/L of sand-sized particles at each concentration 

of clay, settling of clay-sized particles were not significantly affected. This suggests that 

the ∆P differences among the samples were mainly due to different concentrations of 

clays in suspension.  

Figure 4.8  Comparison of mean ∆P at various concentrations of clay with the addition of sand-

sized particles (5 g/L) within three settling period. 
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The lowercase letters indicate a significant difference within each settling period.  
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Experiments 7 and 8, two concentrations of clay-sized particles (10 g/L and 15 g/L) with 

increasing mass concentration of sand-sized particles were set to quantify the amount 

of sand in suspension required to significantly effect the settling rates of clay-sized 

particles. A two-way ANOVA was performed to determine if increasing concentrations of 

sand affected the ∆P values of clay during each settling period for two concentrations of 

clay. The results are shown in Table 4.5, both the settling period and the sand 

concentrations significantly effecting the settling rate of clay. 

Table 4.5. Summary of analysis of variance of experiment 7 and 8. 

Factors P-Value 

10 g of clay 

Clay concentration  < 0.0001 

 
Settling periods < 0.0001 

 Clay concentration X settling periods  < 0.0001 

20 g of clay 

Clay concentration  < 0.0001 

 
Settling periods < 0.0001 

 
Clay concentration X settling periods  < 0.0001 

 

The settling period from 0 to 30 s was set as SP 0 and was not recorded by the Pario 

meter. It is clear from Section 4.3.1 that most of the coarse- to fine sand-sized particles 

settled within SP0. The increases in ∆P values with additions of increasing amounts of 

sand-sized particles compared to the ∆P values for clay-sized fraction alone indicate the 

settling of sand in suspension. Figure. 4.9 shows the effect of increasing concentrations 

of sand on the settling rate of clay at a concentration of 10 g/L. Figure 4.10 shows the 

effect of increasing concentrations of sand on settling of clay-sized particles at a 

sediment concentration of 20 g/L. Note that in Figure. 4.9 and 4.10, the ∆P values 

increased as the concentration of sand-sized particles in suspension increased during 

SP1 and SP2. The increased settling rate among each concentration of sand was 

different. During SP1 and SP2, the addition of 5 g/L of sand-sized particles significantly 

effected the ∆P values of 10 g/L of clay (Figure 4.9). For 20 g/L of clay, the significantly 

different ∆P appeared when the addition of the sand fraction increased to 10 g/L (Figure 

4.10). This suggests that the effect of sand-sized fraction on the settling of clay-sized 
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fraction depends on the amount of clay in suspension; a significantly increased ∆P first 

occurred when the clay/sand ratio ≥ 2/1. As the mass of sand-sized particle in 

suspension increased, the turbulence effects caused by homogenized stirring became 

more significant and lasted longer, as mentioned in Section 4.3.1 for settling of sand 

fractions.  

Figure 4.9. Changes in pressure during settling of sample mixtures containing 10 g/L of non-

expandable clay with four concentrations of sand in 0.5% NaHMP solution. 
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Settling periods SP1 = 30 s to 82.6 s, SP2 = 82.6 s to 14.34 h, and SP3 = 14.34 h to 24 h. Lowercase 

letters indicate significant differences within each settling period. 

The significant increase in ∆P values in SP1 was due to the increasing amounts of sand 

in suspension and the increased ∆P values observed during SP2 were probably due to 

hindered settling of the very fine sand fractions. During SP3, which is the settling period 

of clay-sized particles, increases in sand concentrations caused the ∆P to slightly 

decrease but it was not significant in 10 g/L of clay, whereas the ∆P of 20 g/L of clay 
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significantly decreased with sand additions of 5 g/L to 15 g/L. This decrease in ∆P 

values suggests that: 1) the hindered settling of clay becomes significant with increased 

concentrations of sand at higher clay contents, and 2) the slightly reduced pressure 

change during SP3 was due to the increased amounts of sand fraction removing 

increased amounts of clay-sized particles during settling.  

Figure 4.10. Changes in pressure during settling of sample mixtures containing 20 g/L of non-

expandable clay with four concentrations of sand in 0.5% NaHMP solution. 
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Settling periods SP1 = 30 s to 82.6 s, SP2 = 82.6 s to 14.34 h, and SP3 = 14.34 h to 24 h. Lowercase 

letters indicate significant differences within each settling period. 

The comparison above suggests that a hindered settling of both the sand and clay 

fractions occurs during particle size analysis. Hindered settling of sand-sized particles 

appeared during the SP2, which is the settling period of silt-sized fractions according to 

Stokes’ equation. The effect caused by the presence of the sand fraction can be 

summarized as follows: 
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1) Sand caused turbulence while settling (Re>0.25) (Allen, 1990) and hindering 

settling, 

2) Sand may have an affect on the silt particle size distribution if hindered, and 

3) Sand drags down finer particles such as silt- and clay-sized fractions. 

Whether these three problems have a significant affect the results of particle size 

measurement need to be studied further. The minor turbulence caused by settling of the 

sand-sized fraction will disappear once all the sand-sized particles have settled below 

the measurement depth, which resolves problem 1. 

In this set of experiments, the samples contained only sand-sized and clay-sized 

particles. If sand-sized particles were hindered from settling, measured during the SP0 

and SP1 periods, then the hindered particles would partially contribute to ∆P values 

during the SP2 period. However, the sand fractions were determined using a set of 

sieves and were not pressure dependent. The clay-sized fraction was determined by the 

pressure reading of the starting point of SP 3 at 14.34 h. If the clay-sized particles were 

hindered from settling, the estimation of clay-sized fraction would not be affected. Thus, 

the hindered settling of clay-sized particles is not as critical as that for the sand-sized 

particles. The silt-sized fractions were calculated by difference from 100 and measured 

sand- and clay-sized fractions. Thus, the hindered settling of sand-sized particles does 

not affect results of PSA but it has an effect on the estimation of the distribution of silt-

sized fractions.   

The ∆𝑃 (𝑃𝑎) difference between clay and clay with addition of sand-sized fractions 

during SP2 was calculated using equation (4.1), to estimate the amount of hindering 

caused by the sand fraction that appears in SP2.  The ∆𝑃 were converted to Δm based 

on equation (4.3) as given below, 

∆𝑃 = ∆𝑃1 −  ∆𝑃2                   (4.1) 

∆𝑃 = ∆𝜌𝑔ℎ =  
∆𝑚

𝑉
𝑔ℎ             (4.2) 

∆𝑚 =
∆𝑃𝑉

𝑔ℎ
                               (4.3) 
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where ∆𝑃1 is the pressure changes of clay fraction during SP2, ∆𝑃2 is the pressure 

changes of clay with addition of sand fractions during SP2, ∆𝜌 (𝑘𝑔/𝑚3) is the 

suspension density changes during SP2, 𝑔 (= 9.81 𝑚/𝑠2)  is acceleration due to gravity, 

ℎ (𝑚) is the measurement depth. ∆𝑚 (𝑘𝑔) is the mass of the particles in suspension, 

and 𝑉 (𝑚3) is the volume of the suspension? The ∆𝑚 was divided by the total added 

mass of sand fraction to obtain the relative proportions of the mass of particles hindered 

in suspension during SP2, which shown in Table 4.6. Note that the amount of sand 

particles hindered in SP2 depends on the amount of clay in suspension as the 

percentage of hindered sand in 20 g/L clay is higher than that in 10 g/L of clay. The data 

suggest that as the concentration of clay in suspension increases, the hindrance of the 

sand fraction became significant.  

Table 4.6. Suspension pressure changes converted to % of mass of particles in suspension 

during SP2, the period when silt-sized particle settle. 

Mass sand concentration 

(g/L) 
Mean ± SE 

 10 g/L clay 20 g/L clay 

5 5.4 ± 0.88 0.2 ± 0.46 

10 5.5 ± 0.43 6.9 ± 0.76 

15 6.0 ± 0.20 7.0 ± 0.20 

 

The ∆𝑃 (𝑃𝑎) difference between clay and clay with addition of increasing amount of 

sand during SP1 was calculated using equation (4.1) to (4.3), to estimate amounts of 

clay-sized particles dragged down during the settling of the sand. The ∆𝑚 was divided 

by the total mass of the clay fraction to get the relative proportion of the mass of 

particles missing during SP3, which is summarized in Table 4.7. 
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Table 4.7. Proportions of clay removed from suspension by increasing amounts of sand. 

Mass sand concentration 

(g/L) 
Mean ± SE 

 10 g/L clay 20 g/L clay 

5 0.0 ± 0.00 0.2 ± 0.12 

10 0.6 ± 0.33 0.6 ± 0.06 

15 0.9 ± 0.43 0.9 ± 0.08 

 

The ∆P during the SP3 period represents only clay-sized particles remaining in 

suspension. With increasing additions of sand-sized particles, the ∆P decreased during 

this period. Since the sand fraction had already settled out of the suspension prior to 

SP3, the reduction in ∆P indicated that the mass of clay-sized particles remaining in 

suspension was reduced. This decrease in clay-sized fraction was likely due to clay-

sized particles adhering to sand-sized particles and removed from suspension during 

SP0 and SP1. Comparison of experiments containing 10 g/L clay with 20 g/L clay 

showed that the addition of sand-sized fraction had a similar decrease on the amount of 

clay in suspension during SP3. The greatest amount of clay removed from suspension 

was due to addition of 15 g/L of sand-sized fraction was 0.9% of the total mass of clay. 

Thus, the addition of sand did not greatly reduce the proportion of clay-sized particles in 

suspension and had minimal effect on the measurement of clay for the purpose of PSA.  

In conclusion, the settling of sand-sized particles caused by initial stirring to homogenize 

a suspension for PSA significantly affects the settling of clay-sized particles, which as a 

result leads to a misreading of the particle size distribution in the silt-sized range. Thus, 

it is recommended that the sand-sized fraction be removed by sieving prior to 

conducting the PSA by sedimentation provided the following conditions are met: 

1) A silt-sized particle distribution analysis is required, and 

2) The sand-sized fraction in a sample is greater than 10 g/L with more than 30% of 

the sand being very fine sand (0.1 mm to 0.05 mm). 
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4.3.5 Interactions among silt-, clay-, and sand-sized fractions. 

4.3.5.1 Interactions between silt and non-expandable clay particles 

A simple linear regression was performed on the silt and clay with silt mixtures to 

determine if the concentration of the silt significantly affected the ∆P for clay during the 

settling period from 30 s to 24 h (SP1, SP2, and SP3). The fitted regression models are 

shown in Figure. 4.11. The overall regression was statistically significant (R2 =0.999, 

p<0.001) for silt and (R2 =0.997, p<0.001) for silt with clay.  

Figure 4.11. Pressure changes with settling of clay and clay and silt mixtures during the period 

from 30 s to 24 h. 
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A paired t-test was performed to determine significance of the differences between the 

two regression slopes. The results show that the slope of silt is significantly different 

from the slope of silt with clay (p<0.05) and indicates that an addition of 5 g/L of clay 

significantly affected the ∆P during silt settling. A one-way ANOVA was performed and 

followed by a Tukey HSD test to determine the mean differences between silt and silt 
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with clay mixtures at six concentrations (Figure 4.12). The ∆P for silt only was 

significantly less than the silt with clay mixtures at six mass concentrations during the 

settling period from 30 s to 14.34 h (SP1 and SP2). This indicates that the addition of 5 

g/L of clay-sized particles in suspension significantly increases the ∆P values for silt 

only during SP1 and SP2 periods. These results suggest that the partial of added clay-

sized particles settled during the period from 30 s to 14.34 h, which is not consistent 

with what Stokes’ equation predicted. This may be due to the increased mass 

concentration that caused the interactions between particles and results in a group or 

paired settling of clay- and silt-sized particles. 

Figure 4.12. Comparison of the differences between silt and silt with clay mixtures at six 

concentrations during settling period from 30 s to 24 h. 
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The X axis of both graphs indicate the concentration of silt in suspension. Significant differences between 

the two clay samples are shown as asterisks. ns = not significant difference, *= p ≤ 0.05, **= p ≤ 0.01, *** 

= p ≤ 0.001. 
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A simple linear regression was performed on the silt and silt with clay mixtures to 

determine if the concentration of the clay significantly effected the ∆P for silt during the 

settling period from 82.6 s to 24 h (SP2 and SP3). The fitted regression models are 

shown in Figure. 4.13. The overall regression models were significant (R2 =0.998, 

p<0.001) for silt and (R2 =0.995, p<0.001) for silt with clay mixtures.  

Figure 4.13. Pressure changes with settling of clay and clay and silt mixtures during the period 

from 82.6 s to 24 h. 
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A paired t-test was performed to examine the difference between the two regression 

slopes. The results show that the slope of regression for silt alone was not significantly 

different (p>0.05) from the slope of silt with clay during the settling period from 82.6 s to 

24 h and indicates that the addition of 5 g/L of clay did not significantly affect the ∆P for 

silt. This result, for the settling period from 82.6 s to 24 (SP2 and SP3) is opposite to 

that of the settling period from 30 s to 24 h (SP1, SP2, and SP3). The results indicate 

that the addition of 5 g/L of clay had an affect on the settling rate of silt-sized particles 
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during the setting period from 30 s to 82.6 s (SP1) and can be attributed to the 

turbulence caused by the homogenized stir.  

Figure 4.14. Comparison of the differences between 5 g/L of clay and silt with clay mixtures at six 

concentrations during settling period from 82.6 s to 24 h. 
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The X axis of both graphs indicate the concentration of silt in suspension. Significant differences between 

the two clay samples are shown as asterisks. ns = not significant difference, *= p ≤ 0.05, **= p ≤ 0.01, *** 

= p ≤ 0.001. 

During the settling period from 30 s to 24 h (SP1, SP2, and SP3), the ∆P for silt was 

significantly less than for silt and clay mixture (p<0.05), which was expected because of 

the 5 g/L clay present in the suspension (Figure 4.14). For the settling period from 82.6 

s to 24 h (SP2 and SP3), the ∆P values for silt were significantly greater than that of silt 

and clay mixtures (p<0.05), which suggests that the significant pressure drop occurs 

during the 30 s to 82.6 s interval (SP1). Theoretically, when conducting PSA using the 

sedimentation method, such as HM, the clay-sized particles are assumed not to settle 
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during this measurement time and depth (Chaney et al., 2000). Based on the 

comparison above, the data show that an addition of 5 g/L clay to the silt-sized fraction 

increased the pressure drop during the settling period from 30 s to 82.6 s interval (SP1). 

This pressure drops maybe explained as: 1) the clay-sized fraction was not as fully 

dispersed as expected, thus a portion of silt-sized or sand-sized particles initially 

present in the suspension contributed to the pressure drop, and 2) the concentration of 

particles in the suspension were not sufficiently diluted for particles to settle as 

individuals, thus paired and/or grouped settling occurred and this is reflected by the 

pressure drop.  

The combined ∆P vs. mixed ∆P were compared for two concentration of clay- and silt-

sized particles mixtures (Figure.4.15 and 4.16). The orange columns indicate the 

combined ∆P, which were measured separately and combined (e.g., in Figure 4.15, the 

combined ∆P value was the ∆P for 5 g/L silt plus the ∆P for 5 g/L clay). The yellow 

columns indicate the mixed ∆P, which was measured for the clay and silt mixture. The 

combined ∆P is a relatively diluted condition compared to the mixed ∆P since it was 

measured separately. When mixed ∆P values are greater than the combined ∆P values, 

indicating an overestimation of the silt-sized fraction, because the abundance of silt-

sized particles in suspension is calculated based on the measured ∆P during a specific 

settling period based on Stokes’ law. When the mixed ∆P value is less than the 

combined ∆P, it indicates an underestimation of the silt fraction. 

The settling period was selected from 30 s to 14.34 h (SP1 and SP2), which is the sand- 

and silt-sized particles settling period according to Stokes’ law. In Figure. 4.15, the 

mixed ∆P are significantly (p<0.05) less than that of combined ∆P from 5 g/L to 20 g/L of 

silt in suspension. Values were not significantly different (P>0.05) at 25 g/L of silt as a 

transition, and then the mixed ∆P significantly (p<0.05) greater than that of the 

combined ∆P at 30 g/L. This observation suggests the presence of 5 g/L clay in the 

suspension hindered the settling rate of silt-sized particles when the mass concentration 

of silt-sized particles less than 25 g/L. This may be caused by the addition of a cohesive 

fraction consisting of clay- and silt-sized particles which increases the viscosity of the 

suspension (Dankers 2006; Dankers and Winterwerp 2007). As the concentration of silt 
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increased to 30 g/L with the total concentration of particles in suspension equalling 35 

g/L, the settling rate of particles in suspension increased instead of being hindered. This 

suggests that the ratio of silt/clay as well as the total concentration of particles in 

suspension are factors that affect the settling rate of particles in suspension. 

Figure 4.15. Comparison of the combined ∆P vs. mixed ∆P for mixtures of silt and silt with clay (5 

g/L) mixtures during the settling period from 30 s to 14.34 h. 
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The X axis of both graphs indicate the mass concentration of silt in suspension. Significant differences 

between the two clay samples are shown as asterisks. ns = not significant difference, *= p ≤ 0.05, **= p ≤ 

0.01, *** = p ≤ 0.001. 

To further understand the interactions between clay- and silt-sized particles in 

suspension, a second set of experiments was conducted. These experiments included 

15 g/L of clay and 5 g/L of sand with addition of silt from 5 g/L to 20 g/L and the results 

are shown in Figure 4.16. As pervious discussed in section 4.3.4., Table 4.4, a 

comparison of the mean ∆P between 15 g/L clay and 15 g/L clay with 5 g/L sand 
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showed no significant differences (P=0.4349), thus, the effect of an addition of 5 g/L of 

sand can be ignored. The mixed ∆P were significantly greater (p<0.05) than combined 

∆P at all four silt concentrations, although the total mass concentration of the 

suspension was <30 g/L. The results indicate that the addition of 15 g/L clay did not 

hinder settling of the silt-sized fraction, but it did increase the settling rate of the 

particles in suspension more than expected.  

Figure 4.16. Comparison of the combined ∆P vs. mixed ∆P for mixtures of silt and silt with clay (15 

g/L) mixtures during the settling period from 30 s to 14.34 h. 
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The X axis of both graphs indicate the mass concentration of silt in suspension. Significant differences 

between the two clay samples are shown as asterisks. ns = not significant difference, *= p ≤ 0.05, **= p ≤ 

0.01, *** = p ≤ 0.001. 

These results suggest that the interactions between particles were affected by the ratio 

of clay/silt fraction in suspension, and specifically the size range of all particles in 

suspension. This can be seen in the comparison of silt and silt with clay mixtures 



 
 

123 
 

(Figure 4.15 and Figure 4.16), which demonstrated that when the concentration of silt 

was held constant, and the concentration of clay was increased, then the amounts of 

clay-sized particles in suspension affected the settling rate of the suspension. At low 

concentrations of the clay-sized fraction in suspension, the settling rate of silt fractions 

decreased due to the increased viscosity of the suspension caused by clay-sized 

fractions. High amounts of clay-sized particles in suspension will increase the settling 

rate of the suspension due to a limitation of the dilution by the 1 L sedimentation 

cylinder. 

4.3.5.2 Interactions between silt- and expandable clay-sized fractions 

Results for paired t-tests performed for each combination of clay- and silt-sized particle 

mixtures, to identify the differences between the combined ∆P and mixed ∆P for 

expandable clay (Clay 2) and clay with silt mixtures. The effect of the silt-sized particles 

on the settling rate of expandable clay in shown in Figure 4.17. These comparisons 

showed that there was no significant difference between the combined and mixed ∆P 

for the concentrations of 5 and 10 g/L of silt-sized particles when concentration of clay-

sized particles was 10 g/L (Figure 4.17 (a)). The combined ∆P values were significantly 

greater than the mixed ∆P when concentrations of silt-sized particles in suspension 

were 15 g/L with 10 g/L of expandable clay (Figure 4.17 (a)). The combined ∆P values 

were significantly greater than the mixed ∆P when the silt concentration was 5 g/L, and 

then become significantly less than the mixed ∆P when concentrations of silt exceed 10 

g/L with 15 g/L of expandable clay (Figure 4.17 (b)). The combined ∆P value is 

significantly less than the mixed ∆P value for all three concentrations of silt when 

concentration of clay was less than 20 g/L (Figure 4.17 (c)). The results show that for 

expandable clay (Clay 2), the presence of silt-sized particles increased the apparent 

settling rates of particles in suspension when the concentrations of clay in suspension 

exceeded 15 g/L with total mass concentrations of particles in suspension up to 25 g/L. 

This further shows that for expandable clay-sized fractions, low concentrations of 

expandable clay in suspension will hinder the settling of silt-sized particles, whereas the 

presence of greater concentrations of expandable clay in suspension increased the 

settling rate of the silt-sized particles. 
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Figure 4.17. Comparison of the combined ∆P vs. mixed ∆P during the settling period from 30 s to 

14.34 h for concentrations of silt from 5 g/L to 15 g/L with concentrations of clay at 10, 15, and 20 

g/L indicated in graphs a, b, and c, respectively. 
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The X axis of both graphs indicate the concentrations of silt in suspension from 5 g/L to 15 g/L. Significant 

differences between the two clay samples are shown as asterisks. ns = not significant difference, *= p ≤ 

0.05, **= p ≤ 0.01, *** = p ≤ 0.001. 

The effect of expandable clay (Clay 2) on the settling rate of silt-sized particles is shown 

in Figure. 4.18. A paired t-test was performed to compare the means of the combined 

and mixed ∆P for each concentration of silt- and clay-sized particle mixtures. These 

comparisons showed that there was no significant difference between the combined 

and mixed ∆P when the concentrations of clay was 10 g/L and 15 g/L with 5 g/L of silt-

sized particles in suspension (Figure 4.18 (a) and (b)), however, there was a significant 

difference between the mixed ∆P and combined ∆P when the concentration of 

expandable clay was 20 g/L with the concentration of silt in 15 g/L (Figure 4.18 (c)), 

which has the same clay/silt ratio in suspension as 1:2 and suggests that the ratio of 

clay/silt fraction in suspension is not the main factor affecting the settling rate of the 

particles in suspension. This indicates that the total concentration of particles in 

suspension as well as the amounts of clay sized particles in suspension effect the 

settling rate of the particles in suspension.  
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Figure 4.18. Comparison of the combined ∆P vs. mixed ∆P during the settling period from 30 s to 

14.34 h for concentrations of clay from 10 g/L to 20 g/L with concentrations of silt at 5, 10, and 15 

g/L, indicated in graphs a, b, and c, respectively. 
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The X axis of both graphs indicate the concentrations of clay in suspension from 10 g/L to 20 g/L. 

Significant differences between the two clay samples are shown as asterisks. ns = not significant 

difference, *= p ≤ 0.05, **= p ≤ 0.01, *** = p ≤ 0.001. 

4.3.5.3. Interactions among clay-, silt-, and sand-sized particles. 

Figure. 4.19 shows that sand content significantly affects the settling of a mixture of 15 

g/L of clay and 20 g/L of silt during three different settling periods. A one-way ANOVA 

was performed to determine if the presence of sand fractions in various concentrations 

significantly changed the ∆P for the mixture of 15 g/L of clay- and 20 g/L silt-sized 

fractions during three settling periods. During SP1 and SP2, the addition of 5 g/L and 10 

g/L of sand-sized fraction did not significantly change the ∆P until the concentration of 

sand was 15 g/L. There was no significant change of ∆P measured in SP3 among the 

five concentrations of sand-sized particles. The ∆P of SP1 is mainly due to settling of 

the very fine sand fraction and the turbulence caused by homogenous stirring. The 

significant ∆P occurred with 15 g/L of sand suggesting that the increased concentration 

of sand-sized particles in suspension increased the chances of large sized particles 

carries down the silt and clay particles during settling, thus the ∆P became significantly 

larger than that for lower concentrations of sand-sized fractions.  
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Figure 4.19. Multiple comparison of means for ∆P at five concentrations of sand with mixtures of 

silt (20 g/L) and clay (15 g/L) for three settling periods in 0.5% NaHMP solution.  
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SP1 = settling period from 30 s to 82.6 s, SP2 = settling period from 82.6 s to 14.34 h, SP3 = settling 

period from 14.34 h to 24 h.  Lowercase letters indicate significant differences within each settling period, 

from low to high is labelled as a to b. 

Compared within SP1 (Figure 4.19), the ∆P values showed minor turbulence effects 

among each addition of concentrations of sand-sized particles that can be ignored. The 

pressure changes during SP2 reflect the settling of silt-sized fraction based on Stokes’ 

law, as well as a portion of hindered very fine sand fractions which should have settled 

during SP1. Since the contents of clay and silt in the suspension are constant for all 

tests, the differences in ∆P values in SP2 can be attributed to the hindering influence on 

the settling of the very fine sand-sized particles. This hindered settling of the sand-sized 

fraction became significant when the concentration of sand increased to 15 g/L and 

greater. The ∆P values during SP3 were slightly decreased with increasing sand-sized 

fractions due to the hindered settling of the silt-sized fraction caused by the turbulence 

of the settling sand-sized fractions. This slight decrease was not significant, which 
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indirectly indicates the hindered settling of the silt-sized fraction in this set of 

experiments did not significantly affect the results.  

The interaction effects of clay-, silt-, and sand-sized particles were further tested by 

increasing the concentration of sand-sized particles from 20 to 35 g/L for a silt- and 

clay-sized particle mixtures (Figure 4.20).  

Figure 4.20. Multiple comparison of means for ∆P at five concentrations of sand with mixtures of 

silt (15 g/L) and clay (10 g/L) for three settling periods in 0.5% NaHMP solution 
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SP1 = settling period from 30 s to 82.6 s, SP2 = settling period from 82.6 s to 14.34 h, SP3 = settling 

period from 14.34 h to 24 h. Lowercase letters indicate significant differences within each settling period, 

from low to high is labelled as a to d.  

A one-way ANOVA was performed to determine significant difference among 

concentrations of sand within each of the three settling periods. For this experiment, 

concentrations of sand ranged from 20 to 35 g/L. Significant differences (p<0.05) were 

observed for ∆P when concentrations of sand were increased to 30 g/L and greater 
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during SP2, whereas in the experiment of 15 g/L of clay and 20 g/L silt (Figure 4.19), 

significant differences were observed at concentrations of sand greater than 15 g/L. 

These results indicate that the settling rate increases when the total mass concentration 

of particles in suspension was 35 g/L or greater. 

During the SP2 period, all concentrations of sand were significantly differences 

(p<0.05). These results suggest that as the concentrations of sand-sized particles in 

suspension increased, the hindered settling of effects of sand-sized particles had a 

significant affect on pressure readings. This hindered settling of sand also indirectly had 

an affect on the results of particles size analysis and particle size distribution. 

4.3.5.4 Influence of silt concentrations on PSD 

Figure 4.21 shows the effects of increasing concentrations of silt-sized particles on the 

PSD results as measured using the ISP method. A one-way ANOVA and followed by a 

Tukey HSD were tested to determine if the mean silt-sized fractions in each particle size 

range were significant different with increasing concentrations of silt in suspension. The 

measurements show that as the concentration of the silt-sized fraction in suspension 

increased, the percentage of particle sizes ranging from 5 to 20 µm significantly 

increased (p<0.05), whereas it significantly decreased for the particle sizes ranging from 

20 to 50 µm. This suggests that the increasing mass concentration of silt-sized fractions 

in suspension as measured by the ISP method, results in underestimates of the 

particles size range from 20 to 50 µm and overestimates the particle size ranging from 5 

to 20 µm compared to measurements conducted on more dilute suspensions.  

This under- or over- estimation is mainly caused by particle-particle interactions that 

occur when the concentration of particles in suspension increased. Since the PSD was 

based on the pressure readings, the particle size distribution shift is reflected in the 

pressure changes which occur with the mass of particles changing in suspension. This 

result indirectly suggests that as the concentration of silt-sized particles increased in 

suspension, the larger sized particles tend to group and settle first compared with the 

smaller particles. This also indicates that the particles in the larger size range (20 to 50 

µm) are more likely to be affected by the increased concentration of particles in 

suspension.  
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Figure 4.21. PSD of increasing concentrations of silt-sized fractions. 
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Comparison of particle size range measurement was performed using non-expandable 

clay (Clay 1, Figure 4.22) and expandable clay (Clay 2, in Figure. 4.23).  Figure 4.22 

shows that as the concentration of clay-sized fraction increased in the suspension, the 

measured particles under 2 µm significantly increased at 10 g/L and then remained 

almost constant until 30 g/L. The measured particle sizes ranging from 2 to 5 µm did not 

vary significantly among the six clay concentrations.  
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Figure 4.22. PSD as measured on non-expandable clay (Clay1) sample at six suspension 

concentrations. 
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Figure 4.23 shows that as the concentration of Clay 2 increased, the measured 

proportion of particles less than 2 µm significantly increased (p<0.05) until the 

concentration of clay particles in suspension was 15 g/L and greater. Measurements for 

particles greater than 2 µm were not significantly different for all six concentrations of 

expandable clay (Clay 2). This result suggests that as the concentration of expandable 

clay-sized particles in suspension increased beyond 5 g/L, the estimation of clay-sized 

particles by the ISP method will increase for around 12%. 
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Figure 4.23. PSD as measured on expandable clay (Clay 2) sample at four suspension 

concentrations. 
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All the clay samples used in these experiments were 100% clay-sized fractions. The 

measurements obtained using the ISP method show that the proportion of particles with 

a diameter <2 µm approached the reference value as the sediment concentrations of 

clay-sized particles increased to 15 g/L and greater. This indirectly indicates that the 

settling rate predicted by Stokes’ law for clay-sized particles is faster than the actual 

clay-sized particles settling in practice; this is mainly due to the shape and structure of 

the clay mineral particles. As the mass concentration of clay-sized particles increased, 

the interactions between particles would increase potentially forming particle pairs to a 

spherical shape. Thus, the settling of clay-sized particles as larger paired particles 
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becomes more evident, which was shown as a faster settling rate compared to that 

under a diluted suspension condition.  

4.4 Conclusions  

In this chapter, interactions between particles caused by increasing concentrations of 

particles in suspension were presented. The results are summarized as follows: 

1) Hindered settling of sand was shown to exist in the sedimentation-based method 

for PSA. This hindered settling depends on the sand particle size distribution and 

their mass concentration in suspension.  

2) The interactions caused by the sand-sized fraction were evaluated and the 

results suggest that for soils high in sand fractions (>10 g/L), removing the sand 

fraction prior to the PSA is recommended. 

3) Interactions between clay- and silt-sized particles occur when the total mass 

concentration of particles in suspension increases, and is greater than 25 g/L. 

The settling rate of particles in suspension was mainly affected by the total 

sediment concentration and the type of clay-sized particles in suspension (i.e., 

expandable vs. non-expandable clay minerals).  

4) PSD as estimated by the ISP method were evaluated with increasing 

concentrations of silt-sized particles in suspension. The measured silt particle 

size range from 20 to 50 µm significantly decreased (p<0.05) as the mass 

concentration of silt particles in suspension increased.  

5) PSD was evaluated with two different types of clay (i.e., expandable vs. non-

expandable clay minerals). Particles <2 µm as estimated by the ISP method 

significantly increased (p<0.05) for both expandable and non-expandable clays 

as the concentration of clay particles in suspension increased.  
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CHAPTER 5: Conclusions and recommendations 

5.1 General summary  

Particle size analysis distribution (PSD) is a fundamental soil physical property that 

plays a critical role regulating hydrological, geological, chemical, physical, and biological 

processes and is one of the most often and most important soil physical factors 

measured because texture effects all of these soil properties. Particle size analysis 

(PSA) has ongoing issues and many measurement methods have been developed and 

tested to increase the accuracy of PSA. Sedimentation-based measurement methods, 

such as the pipette and hydrometer methods, are still considered the universal 

reference methods of PSA measurement and used to calibrate more recent 

measurement methods such as the laser diffraction method and the ISP method.  

The sedimentation-based measurement methods rely on the application and 

assumptions of Stokes’ equation. One of the key assumptions of Stokes’ law is that the 

suspension is sufficiently diluted so that no interactions occur between particles during 

settling. In practice, this assumption is the most important factors that affects the 

accuracy of any of the measurement methods. Thus, one focus of our research was to 

understand the interaction between particles during settling in suspension.  A series of 

experiments were conducted to better understand the interactions between particles at 

increasing concentrations of sediment suspension. The second objective of this 

research was to evaluate the accuracy of the newly developed ISP method and 

compare its accuracy with that of the hydrometer method (HM).  

Chapter one is an introduction to background method development and the importance 

of the pre-treatments prior to PSA as well as introducing the theories and principles that 

can be used to predict the behavior of particles settling in suspension. Chapters two to 

four which are the main focus of this research include an evaluation of the accuracy of 

the ISP method using a series of known mixtures of particles to understanding the 

interactions between particles as the increasing suspension concentrations for various 

particle size materials. A conclusion of this research is that the hydrometer method is 

much more accurate than the ISP method for measurements of the silt-sized fractions 

and three known particle mixtures. This is probably due to the inverse model used for 
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calculations in the ISP method is not adequately developed. The studies in chapter 

three shown that the NaHMP solution was significantly disperse on the charged clay 

minerals and not significantly disperse on the silt-sized quartz particles. The results from 

chapter four describe interactions between particles in suspension as the mass 

concentration of particles in suspension increase. Mass concentration had a significant 

effect on measurements, especially when samples contain large quantities of non-

expandable clay and sand particles. Removal of the sand-sized fractions prior for 

conducting sedimentation-based measurements is recommended to obtain more 

accurate measures of particle size distributions.  

The behavior of the clay-sized fraction during sedimentation is much more complicated 

than for silt- and sand-sized fractions since the clay minerals in clay-sized fraction have 

a net negative charge and can in various shapes. The current study concludes that the 

effect of the clay-sized fraction on the settling behavior of the suspension is highly 

dependent on the type of clay (expandable vs. non-expandable) and the mass 

concentrations of clay minerals in suspension. The relationship between density of 

deionized water and concentration of NaHMP solution was measured and the results 

show that the increased density due to the addition of 5 g/L to a 0.5% solution of 

NaHMP does not have a significant effect on the settling rates of the silt- and sand-

sized fractions but does significantly affect the settling rate of the clay-sized particles. 

Thus, when predicting the settling velocity of clay-rich soil samples using Stokes’ 

equation, it is recommended that the density of the NaHMP solution should be used 

rather than the density and viscosity of water.  

The results of this research can help to improve the accuracy of future particle size 

analysis based on sedimentation measurement methods. It also assists on better 

prediction of the settling behavior of particles in high mass concentration suspensions. 

The measurement readings obtained by the Pario meter on clay-sized and silt-sized 

fractions can be used to improve the hindered settling models to better predict the 

settling velocity of finer particles. Furthermore, the relationship between the density, 

viscosity of de-ionized water and NaHMP solution that was summarized from this study 

can be used as a reference for predicting the settling velocity of particles in various 



 
 

138 
 

concentrations of NaHMP solutions in further studies. The significance of the 

interactions between particles caused by the increased mass suspension concentration 

needs to be considered in further PSA and PSD studies. Overall, this research has shed 

light on the importance of interactions between particles and gives a better 

understanding of settling behavior of particles as predicted by Stokes’ law for PSA.  

5.2 Limitations and further research  

While the conclusions stated in this thesis are valid specifically for the engineered soil 

products used in these experiments, they should also be applicable to studies of natural 

soil. Further research should extend to a wide range of soil types and particle size 

ranges. The recommended further studies should include the following:  

1) Pure clay minerals such as montmorillonite, illite, kaolinite, etc., should be used 

in various concentrations to investigate the significance of the shape and clay 

type for measurements of the clay-sized fraction on the settling of suspension as 

well as the dispersion efficiency of clay minerals in suspension. 

2) The cation exchange capacity of the experiment clay fraction needs to be tested 

to better interpretate the differences in dispersion behavior between non-

expandable clay (Clay1) and expandable clay (Clay 2).   

3) The model of hindered settling for calculating the settling velocity needs to be 

applied to PSA to show a better understanding of the interactions between 

mineral particles and to improve the accuracy of PSA measurements. 

4) The hindered settling model needs to be included in the inverse stimulation 

model used in the ISP method for calculating PSA. 

5.3 Recommendations for using sedimentation-based measurement 

methods 

This research has completed a number of experimental tests on pre-treatments, which 

are reported in appendix, and multiple experiments using the hydrometer and ISP 

methods. Recommendations for using these methods are as follows: 

1) In soils with a high sand content (>10 g/L), the sand fraction (particles ranging 

from 53 µm to 2 mm) should be removed prior to conducting the sedimentation-
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based measurement methods to obtain a more precise estimate of the silt and 

clay contents. 

2) The pH of acid pre-treated soil samples should be measured to verify that it is ~7 

before being mixed with the dispersing agent NaHMP to obtain a sufficient and 

consistent dispersed suspension.  

3) A vertical stir to homogenize the suspension is recommended to avoid particle 

losses which decrease the accuracy of the measurement results. 

4) If conducting the HM following the instructions of ASTM D422 for industry particle 

size analysis, the recommended dispersing time by end to end shaking at a rate 

of 110 rpm is overnight to get a better efficiency of dispersion of clay particles. 

5) If carbonate is to be removed from soil products for an industrial application, it is 

recommended that acetic acid be used, rather than hydrochloric acid, to better 

reflect the actual particle size distribution in its natural status as well as to avoid 

destruction of the clay minerals in the soil sample. For acid soils, the pH should 

be adjusted to be > 5.  

6) It is recommended to test for the presence of organic matter and carbonate prior 

to any dispersion treatment for industry soil products which follow the ASTM 

D422. 

7) A cover needs to be placed on top of each sedimentation cylinder if repeated 

measurements are needed (e.g., for the HM and PM) to minimize water 

evaporation.  

8) Always check that the water level of the suspension is exactly at the 1 L mark of 

the sedimentation cylinder, especially when conducting measurements using the 

Pario meter. 

9) Always check the pressure recording trends during the initial 5 min readings of 

the ISP method. If it appears as an increasing trend, instead of decreasing, stop 

the measurement and re-start the measurement until a smooth decreasing 

pressure trend is obtained for the initial 5 min. Occasionally the turbulence 

induced by stirring and the temperature differences between equipment and 

suspension cause short term pressure increases and this can have an effect on 

the measurement results. 
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Recommendations for improvement of the ISP method (equipment) are as follows: 

1) A pure mineral material library reference should be established to better calibrate 

the soil sample for ISP method. 

2) The manufactured sedimentation cylinder should be uniform in diameter and 

volume for ISP method, since only a slight (0.001 cm) difference in depth of 

suspension will cause ~ 10 Pa pressure differences. 

3) The sensor depths of the Pario meter should be either adjustable or shortened to 

reduce the measurement duration required for the clay-sized fractions.  
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Appendix A: Summary of the pre-treatment experiments 

Experiment 1: Pre-treatment with NaHMP solution and varying 

dispersion times 

Method and Materials  

All experimental soil products used for this study were provided by Mar-Co Clay 

Products Inc. The detailed experimental procedures were as follows: 

1. Soil product was oven dried at 105°C for 24 h. 

2. Weigh out 40 g of oven dried sample; samples were labelled as E1-1, E1-2, E1-3, 

and E1-4. Add to a solution containing 5 g/L NaHMP prepared with 250 mL de-

ionized water.  

3. Place bottle on an end-to-end shaker, sample E1-1 shake for 4 h, sample E1-2 

shake for 24 h, sample E1-3 shake for 48 h, and sample E1-4 shake for 72 h.  

4. Pour pre-treated samples into 1 L cylinder, mix the soil suspension thoroughly with 

a plugger for 60 s. Immediately after stirring, start the stopwatch and then carefully 

insert the hydrometer into the suspension and measure at 40 s, remove the 

hydrometer, measure again after 6 h 52 min. 

Results and Conclusion  

Particle size analysis (Mean% ± SE) 

Sample ID Sand Silt Clay 

E1-1 9.6 ± 0.25 71.4 ±0.43 19.0 ± 0.20 

E1-2 6.2 ± 0.35 74.2 ± 0.54 19.5 ± 0.20 

E1-3 3.9 ± 0.45 72.1 ± 0.11 24.0 ± 0.21 

E1-4 7.1 ± 0.42 58.8 ± 0.41 34.1 ± 0.28  

 

1. Comparison of E1-1 with E1-2 shows that the 24 h shaking disperses more silt 

content from sand than 4 h shaking; the percentage clay content is similar. 

2. Comparison of E1-1, E1-2 and E1-3 shows that a longer shaking time reduces the 

sand content. Silt and clay are dispersing well over the shaking times from 4 h to 48 

h. Comparison of E1--2 to E1-3 shows that more silt and clay were dispersed from 
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sand, the silt content slightly decreased while the clay content slightly increased, 

suggesting that the 48 h shaking disperses more clay from silt than 24 h shaking. 

3. In conclusion, the longer the shaking time yields more dispersed clay and silt content 

derived from the sand fraction; this suggests that an extended physical dispersion 

could increase the measured clay content of a soil product. 

Experiment 2: Comparing the efficiency of removal of carbonate by 

hydrochloride acid and acetic acid   

Method and Materials  

All experimental soil products used for this study were provided by Mar-Co Clay 

Products Inc. The detailed experimental procedures were as follows: 

1. Soil product was oven dried at 105°C for 24 h. 

2. Weigh out 40 g oven dried samples; samples labelled as E2-1 and E2-2 added to 

100 mL of de-ionized water and then 38 mL of 1 M HCl added. Samples left to 

react for 10 min; to samples E2-3, E2-4, add 50 mL of de-ionized water and 100 

mL of 1 M NaOAc leave to react for 10 min.  

3. Sample washing consists of adding 100 mL of de-ionized water, mixing well and 

centrifuging at 4000 rpm for 10 min. Pour out the supernatant, repeat 2-3 times 

until the pH is ~7. 

4. Add 5 g/L NaHMP and 250 mL of de-ionized water. Sample E2-1 and sample E2-

3 were shaken for 4 h, and sample E2-2 and sample E2-4 shaken for overnight. 

5. Pour pre-treated samples into 1 L cylinder, mix the soil suspension thoroughly 

with a plugger for 60 s. Immediately after stirring, start the stopwatch and then 

carefully insert the hydrometer into the suspension and measure at 40 s, remove 

the hydrometer, measure again at 6 h 52 min. 
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Results and Conclusion 

Particle size analysis (Mean% ± SE) 

Sample ID Sand Silt Clay 

E2-1 10.3 ± 0.55 59.7 ± 0.61 30.0 ± 0.11 

E2-2 6.3 ± 0.45 62.5 ± 0.52 31.3 ± 0.09 

E2-3 10.9 ± 0.22 55.4 ± 0.12 33.8 ± 0.09 

E2-4 6.7 ± 0.31 59.0 ± 0.27 34.4 ± 0.10  

 

1. Comparison of E2-1 with E2-2, and E2-3 with E2-4 shows that the longer the 

shaking time with NaHMP the more clay and silt content is dispersed from sand. 

2. Comparison of experiment 1 and experiment 2 shows that the application of both 

acid pre-treatments increased the sample clay and silt contents, suggesting that 

the removal of carbonate improved the sample dispersion efficiency. This 

suggests that for soil products or soil samples containing carbonate, the removal 

of carbonate is recommended to obtain an accurate particle size analysis result.  

Experiment 3: Comparison of acid pre-treatment times 

Method and Materials  

All experimental soil products used for this study were provided by Mar-Co Clay 

Products Inc. The detailed experimental procedures were as follows: 

1. Soil product was oven dried at 105°C for 24 h.  

2. Weigh out 40 g of oven dried sample; samples labelled as E3-1, E3-2, E3-3, E3-4, 

E3-5, E3-6, E3-7, and E3-8. 

3. Add 100 mL of de-ionized water and then ~64 mL of 1 M HCl to samples E3-1, 

E3-2, E3-3 and E3- 4, to adjust the suspension pH to 5. Add 100 mL of 1 M 

NaOAc and ~ 70 mL of 1 M acetic acid to samples E3-5, E3-6, E3-7, and E3-8, to 

adjust the suspension pH to 5.  All samples were then shaken for 48 h. (Note: The 

amounts of 1 M HCl and 1 M sodium acetate added to samples was dependent 

on the changes of suspension pH. When the pH stopped decreasing, the 

additions of acid were stopped). 
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4. Sample washing consisted of adding 100 mL of de-ionized water, mixing well and 

centrifuging at 4000 rpm for 10 min. The supernatant was poured out and the 

wash repeated 2-3 times until the pH was ~7 

5. Addition of 5 g/L NaHMP and 250 mL of de-ionized water; samples E3-1 and E3-5 

shaken for 2 h, samples E2-2 and E2-6 shaken for 4 h, samples E3-3 and E3-7 

shake for 6 h, and samples E3-4 an E3-8 shaken for 24 h. 

6. Pour pre-treated sample into 1 L cylinder, mix the soil suspension thoroughly with 

plunger for 60 s. Immediately after mixing, start the stopwatch and then carefully 

insert the hydrometer into the suspension and measure at 40 s; remove the 

hydrometer, measure again at 6 h 52 min. 

Results and Conclusion 

Particle size analysis (Mean% ± SE) 

Sample ID Sand Silt Clay 

E3-1 15.8 ± 0.58 49.2 ± 0.21 35.0 ± 0.20 

E3-2 15.9 ± 0.55 50.3 ± 0.11 33.8 ± 0.11 

E3-3 14.7 ± 0.24 47.8 ± 0.54 37.5 ± 0.09 

E3-4 8.9 ± 0.23 53.6 ± 0.45 37.5 ± 0.10 

E3-5 13.0 ± 0.21 52.0 ± 0.21 35.0 ± 0.17 

E3-6 12.6 ± 0.65 52.4 ± 0.55 35.0 ± 0.09 

E3-7 11.7 ± 0.15 48.3 ± 0.14 40.0 ± 0.10 

E3-8 6.3 ± 0.25 56.6 ± 0.28 40.0 ± 0.14 

 

1. Comparisons of samples E3-1, E3-2, E3-3 and E3- 4, which were treated with 

HCl, showed that as the shaking time increases, the clay content slightly 

increased, the silt content increased, and the sand content decreased, 

suggesting that the longer shaking times improved dispersion of sample. 

2. Comparisons of samples E3-5, E3-6, E3-7, and E3-8, which were treated with 

sodium acetate, showed that as the shaking time increased, the clay and silt 

contents increased, and the sand content decreased. The results suggests that 

the longer shaking times improved dispersion of the sample. 

3. Comparisons of all the samples from E3-1 to E3-8 shows that the sand contents 

significantly increased when shaking times increased to 6 h.  
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4. Comparisons of the removal of carbonates by HCl and sodium acetate shows 

that the samples treated with sodium acetate yield slightly higher clay contents 

than that of HCl. This is probably due to: 1) slight variations in the samples, and 

2) the dissolution of clay minerals since the shaking time was 48 h with HCl. 

5. Comparisons of experiments from 1 to 3 show that the longer acid treatment 

times increase the sample clay contents. It is interesting to note that after the 

acid treatment, the increased clay contents were released from silt content. After 

longer shaking hours with dispersant, the increased clay and silt contents were 

released from the sand content, suggesting that most of the cementing 

carbonates are aggregates formed in the silt size fractions in this sample. 

6. In conclusion, the overall comparisons suggesting that a longer weak acid 

treatment could sufficiently remove carbonates in one soil sample, and the longer 

shaking time with dispersant, the higher the clay content obtained. The 

dispersion shaking times should be at least 6 h to ensure complete dispersion of 

the sample.  

Experiment 4: Comparison of different shaking times with same pre-

treatment procedures 

Method and Materials  

All experimental soil products used for this study were provided by Mar-Co Clay 

Products Inc. The detailed experimental procedures were as follows: (soil product used 

in experiment 4 was an updated version of the soil product, thus the content of each 

fraction was not consistent):  

1. Soil product was oven dried at 105°C for 24 h.  

2. Weigh out 40 g of oven dried sample; samples were labelled as E4-1, E4-2, E4-3, 

E4-4, E4-5, and E4-6. 

3. Addition of 100 mL of de-ionized water and then 60 mL of 1 M HCl to each 

sample. sample E4-1 shaken for 4 h, sample E4-2 shaken for 6 h and sample E4-

3 shaken for 24 h. 
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4. Addition of 160 mL of 1 M sodium acetate to samples E4-4, E4-5, and E4-6. 

Sample E4-4 shaken for 4 h, sample E4-5 shaken for 6 h and sample E4-6 

shaken for 24 h.  

5. Sample washing: addition of 100 mL of de-ionized water, mix well and centrifuge 

at 4000 rpm for 10 min. Supernatant poured out and washing repeated 2-3 times 

until the pH is ~7. 

6. Addition of 5 g/L NaHMP and 250 mL of de-ionized water to each sample and 

shake for 24 h. 

7. Pour pre-treated sample into 1 L cylinder, mix the soil suspension thoroughly with 

a plugger for 60 s. Immediately after stirring, start the stopwatch and then 

carefully insert the hydrometer into the suspension and measure at 40 s. Remove 

the hydrometer, measure again at 6 h 52 min. 

Results and Conclusion 

Particle size analysis (Mean% ± SE) 

Sample ID Sand Silt Clay 

E4-1 13.6 ± 0.24 43.9 ± 0.21 42.5 ± 0.09 

E4-2 16.1 ± 0.52 43.9 ± 0.28 40.0 ± 0.18 

E4-3 14.9 ± 0.25 43.9 ± 0.17 41.3 ± 0.05 

E4-4 14.8 ± 0.52 46.5 ± 0.54 38.8 ± 0.08 

E4-5 15.3 ± 0.23 44.7 ± 0.25 40.0 ± 0.11 

E4-6 16.3 ± 0.45 46.2 ± 0.46 37.5 ± 0.11 

 

1.  Comparisons of samples E4-1, E4-2, and E4-3 show that as the acid treatment 

time increases, the clay content slight decreased, suggesting that the strong HCl 

treatment causes clay dissolution with more than 6 h shaking time. 

2. Comparisons of samples E4-4, E4-5, and E4-6 show that as the acid treatment 

time increases, the clay content slightly increases to the highest after 6 h 

treatment and then drops to lowest at the 24 h treatment. This suggests the 

maximum acid treatment time for this soil product with sodium acetate is 6 h.  

3. Comparisons of HCl and NaOAc treatments from E4-1 to E4-6, the highest clay 

content is obtained when treated with HCl with 2 h shaking, whereas the highest 
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clay content, when treated with NaOAc is obtained after shaking 4 h. The results 

suggest that NaOAc is not as efficient as HCl in removal of carbonates. 

4.  The sand fractions for all treatment and times are similar, suggesting that most 

of the dispersed clay fraction was released from the silt fractions, which indirectly 

indicates that there were carbonate forming silt size aggregates in this soil 

products.  

Experiment 5: Comparisons of the dissolution of dolomite by 

hydrochloride acid and acetic acid. 

Method and Materials 

The experiment was conducted with dolomite powders and the detailed experiment 

procedure shown as follows: 

1. Weigh out 5 g of dolomite powder into each bottle and label as E5-1 and E5-2; 

additions of 80 mL of 1 M HCl and 80 mL of 1 M acetic acid to each bottle, 

respectively.  

2. Put on an end-to-end shaker and shake for 7 days. 

3. Weigh the filter paper and record the weight of filter paper. 

4. Pour the solution into a Vacuum filter unit (Thermo Scientific Nalgene reusable 

filter unit) with a 47 mm diameter and 0.45 µm pore sized microfiber filter paper. 

5. Oven dry the filter paper and the remaining particles on the filter paper at 105°C 

for 24 h.  

6. Record the weight of the oven dried filter.  

7. The weight of dolomite remaining on the filter paper is the portion that was not 

fully dissolved by the acid after one week. 

Results and Conclusion  

Dissolution of dolomite 

Acid  Reacted % Remained % 

HCl 74.24 25.76 
Acetic acid 57.07 42.93 
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The results show that the strong acid, HCl, could dissolve 74.24% of the dolomite after 

7 days shaking reaction, whereas, the weak acid, acetic acid, could dissolve 57.07% of 

dolomite. This suggests that for soil samples with high amount of dolomites as 

cementing agents or as particles in the sand, silt, and clay size, that acetic acid 

treatments is not effective for removal of all the dolomites. It is worth noting that the 1 M 

HCl was not sufficient for dissolving all the dolomite.  

Experiment 6: Comparison of hydrochloride and acetic acid with 

organic mater removal  

Method and Materials 

All experimental soil products used for this study were provided by Mar-Co Clay 

Products Inc. The detailed experimental procedures were as follows: 

1. Soil product was oven dried at 105°C for 24 h.  

2. Weigh 40 g of oven dried sample. Samples labelled as A-1, A-2, A-3, B-1, B-2, B-

3, C-1, C-2, and C-3. 

3. Samples A-1, A-2, B-1, B-2, C-1 and C-2 were treated with 15% H2O2 overnight, 

and then boiled on a hot plate for 4 h to remove excess H2O2. Addition of 80 mL 

of 1 M HCl to samples A-1, B-1 and C-1 and shaken for 6 h. Addition of 80 mL of 

1 M acetic acid to samples A-2, B-2 and C-2, then sample shaken for 6 h. 

Samples A-3, B-3 and C-3 were treated with 80 mL of 1 M acetic acid and shaken 

for 6 h directly without removal of organic matter. 

4. Sample washing: addition of 100 mL of de-ionized water followed by mixing well 

and centrifuge at 4000 rpm for 10 min. The supernatant was poured out and 

washing repeated 2-3 times until the pH is ~7 

5. Addition of 5 g/L NaHMP and 250 mL of de-ionized water to each sample and 

shaken for 24 h. 

6. Pour pre-treated sample into 1 L cylinder, mix the soil suspension thoroughly with 

a plugger for 60 s. Immediately after stirring, start the stopwatch and then 

carefully insert the hydrometer into the suspension and measure at 40 s; remove 

the hydrometer, measure again at 6 h 52 min. 
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Results and Conclusion 

Table 1. Comparisons of the different pre-treatment procedures 

Pre-treatment 1: 120 mL of 15% H2O2 + 80 mL 1 M HCl 

 Sand % Silt % Clay % 

A-1 5.2 ± 0.24 52.1 ± 0.24 42.7 ± 0.01 

B-1 1.5 ± 0.36 45.8 ± 0.26 52.7 ± 0.01 

C-1 1.3 ± 0.22 48.5 ± 0.32 50.2 ± 0.01 

Pre-treatment 2: 120 mL 15% H2O2 + 80 mL 1 M CH3COOH 

 Sand %  Silt % Clay % 

A-2 5.7 ± 0.23 52.5 ± 0.21 41.8 ± 0.01 

B-2 1.6 ± 0.21 46.6 ± 0.23 51.8 ± 0.01 

C-2 1.0 ± 0.12 57.2 ± 0.12 41.8 ± 0.01 

Pre-treatment 3: 80 mL 1 M acetic acid only 

 Sand %  Silt % Clay % 

A-3 6.2 ± 0.22  57.3 ± 0.21 36.6 ± 0.01 

B-3 1.2 ± 0.21 49.7 ± 0.20 49.1 ± 0.01 

C-3 0.7 ± 0.18 55.3 ± 0.19 44.1 ± 0.01 

 

Table 2. pH measurements  

pH measurement 

 pH before acid 
treatment 

pH after acid 
treatment 

pH after washing 

A 7.912 5.303 8.595 

B 7.471 3.210 3.537 

C 7.837 4.275 2.932 

 

Reaction investigations notice 1: 

a) Sample B shows very strong water vapor after treatment with 120 mL 15% H2O2 

for 5 min without stirring, and the beaker became very hot. 

b) Sample C shows moderately water vapor after treatment with 120 mL H2O2 for 5 

min and stirring; the beaker became hot. 

c) Sample A shows relatively mild reaction with H2O2, no water vapor, no significant 

temperature change of the beaker. 

This indicates that samples B and C contain much higher organic matter contents 

compared to sample A. 

Reaction investigations notice 2:  
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a) Sample A shows fast and relatively stronger reaction then other two samples after 

adding 80 mL of 1 M HCl or acetic acid.  

b) Sample B shows mild reactions even after stirring.  

c) Sample C show fast and mild reactions after stirring.  

All three samples show mild reactions with HCl and acetic acid, which indicates that 

carbonates are still present in all three samples but probably not in very significant 

amounts. 

Conclusions  

1. The pH of sample A returns to alkaline after 3 times water wash, however, the pH 

of sample B and C remained acidic, which indicates that sample B and C 

probably contain less carbonates compare with sample A.  

2. There is no significant difference between pre-treatment 1 and 2 on samples A 

and B, probably because the calcium carbonate content is not very significant 

among these samples (according to the reaction investigation notice 2). 

However, in terms of sample C, it is noticed that 6-8% of clay content increased 

after treatment with HCl compared to acetic acid, which indicates that there are 

probably some cementing agents or compounds, such as dolomite or iron oxides, 

that are hard to dissolve by acetic acid within the period of overnight treatment.  

3. Sample C shows similar results to pre-treatment 2 and 3, which indicates that the 

removal of organic matter did not significantly change the results of these specific 

samples. Variations in results maybe due to variations in sampling for each 

testing.  

4. The results of sample A and B on pre-treatments 2 and 3 indicate that the 

removal of organic matter increased the clay content by 5% and 2%, 

respectively, and the amount that increased came mostly from the silt fraction.  

5. According to reaction investigation notice 1, based on the reaction itself, sample 

B has the strongest reaction, however, the clay content increased only 2%. This 

is probably because of: a) the organic matter did not play an important role in 

cementing clay particles into silt size in this specific soil sample, and b) in this soil 

sample, most of the aggregates are cemented by carbonates.  
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6. According to reaction investigation notice 1, sample A has the least reaction 

among three soil samples but has a higher clay content released after organic 

matter removal. This is probably because in this specific sample, organic matter 

is the dominate cementing agent. 

7. Experiment 2 indicates that HCl is more efficient in dissolving dolomite. For 

example, if a soil sample contained 12.5% of dolomite per 40 g, acetic acid could 

only remove half of the dolomite at most, the rest of the dolomite would probably 

need to be considered as silt fraction (since dolomite grain size ranged from 3 to 

940 µm). 

8. This set of pre-treatment experiments shows that whether there is a pre-

treatment effect on the particle size analysis results is highly dependant on the 

chemical properties of each soil sample. For sample, in those samples that 

contain calcium carbonate, which could be dissolved by both hydrochloric acid 

and acetic acid under pH 5, the sand, silt and clay fractions would not be 

significantly different, however, for samples that contain hard dissolved 

cementing agents, HCl would be a better option for releasing more clay content 

from the sand and silt fractions. For samples containing clay minerals that formed 

mainly by iron such as hematite, HCl will immediately dissolve the clay particles.  

 

Experiment 7: Comparisons of hydrochloride and acetic acid without 

removal of organic matter.  

Methods and Material: 

All experimental soil products used for this study were provided by Mar-Co Clay 

Products Inc. The detailed experimental procedures were as follows: 

1. Soil product was oven dried at 105°C for 24 h.  

2. Weigh 40 g of oven dried sample; samples were labelled as E7-A-1 to E7-A-11, 

and E7-Na-1 to E7-Na-11 (triplicates). 
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3. Group1, which were from samples E7-A-1 to E7-A-11, was treated with 100 mL 

acetic acid; Group 2, which were from samples E7-Na-1 to E7-Na-11 were treated 

with 5 g/L NaHMP solution only, without removal of carbonate. 

4. Sample washing: addition of 100 mL of de-ionized water followed by mixing well 

and centrifuge at 4000 rpm for 10 min. The supernatant was poured out and the 

washing repeated 2-3 times until the pH is ~7. 

5. Addition of 5 g/L NaHMP solution and 250 mL of de-ionized water to each sample 

and shaken for 24 h. 

6. Pour pre-treated sample into 1 L cylinder, mix the soil suspension thoroughly with 

a plugger for 60 s. Immediately after stirring, start the stopwatch and then 

carefully insert the hydrometer into the suspension and measure at 40 s, remove 

the hydrometer, measure again at 6 h 52 min.  
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Results and Discussion  

Sample ID Content Clay content % (mean ± SD) 

  Acid treated Non-acid treated 

E7-1 
 

Clay 73.1 ± 0.05 61.1 ± 0.19 

Silt   1.2 ± 0.05 19.9 ± 0.17 

Sand 25.7 ± 0.05 18.9 ± 0.25 

E7-2 

Clay 28.3 ± 0.10 27.9 ± 0.04 

Silt 65.5 ± 0.09 62.5 ± 0.11 

Sand   6.2 ± 0.03   9.6 ± 0.11 

E7-3 

Clay 11.6 ± 0.06 14.1 ± 0.29 

Silt 33.8 ± 0.08 26.9 ± 1.58 

Sand 54.6 ± 0.08 59.1 ± 1.29 

E7-4 

Clay 23.5 ± 0.33 25.1 ± 0.33 

Silt 56.5 ± 1.85 47.6 ± 2.36 

Sand 20.1 ± 2.19 27.3 ± 2.50 

E7-5 

Clay 16.9 ± 0.26 16.6 ± 0.25 

Silt 37.7 ± 0.21 33.6 ± 1.15 

Sand 45.4 ± 0.21 50.9 ± 0.17 

E7-6 

Clay 15.1 ± 0.17 16.9 ± 0.19 

Silt 29.5 ± 0.09 20.8 ± 0.26 

Sand 55.5 ± 0.10 62.4 ± 0.26 

E7-7 

Clay 17.5 ± 0.22 19.4 ± 0.26 

Silt 27.9 ± 0.17 16.9 ± 0.30 

Sand 54.6 ± 0.17 63.8 ± 0.30 

E7-8 

Clay 34.7 ± 0.60 31.8 ± 0.77 

Silt 56.4 ± 0.14 50.4 ± 0.07 

Sand 8.8 ± 0.14 17.8 ± 0.07 

E7-9 

Clay 17.1 ± 0.32 14.5 ± 0.61 

Silt 24.5 ± 0.42 17.3 ± 0.34 

Sand 58.5 ± 0.43 68.1 ± 0.33 

E7-10 

Clay 30.1 ± 0.08 27.5 ± 0.59 

Silt 45.8 ± 0.45 41.4 ± 0.29 

Sand 24.2 ± 0.45 32.1 ± 1.29 

E7-11 

Clay 37.4 ± 0.29 35.0 ± 0.14 

Silt 54.7 ± 0.21 54.5 ± 0.23 

Sand   7.9 ± 0.20 10.5 ± 0.23 

 

1. Except for sample E7-1, the differences between the acid and non-acid 

treatments on clay contents were as high as ~12% and for silt contents as high 

as ~18%. Most of the soil products show differences between acid and non-acid 

treatment by ~3%.  
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2. The experiment consisted of randomly selected samples of soil products from 

Mar-Co Clay Product Inc. All the soil products show that the acid treated sample 

had higher clay contents by from 1% to as high as 12%; nine soil products show 

that the dispersed clay contents are coming from the sand sized fractions, while 

one soil product shows the clay content came from the silt sized fraction. Sample 

E7-2 shows that an increase of the silt fraction was from the sand sized fractions.  

3. All soil products showed increased clay contents after acid treatment, however, 

most of them are within 3% and this difference would not significantly affect the 

industrial applications of the soil product.  

4. It is recommended to conduct a carbonate removal procedure for industry soil 

products, at least once for each batch of soil product, to determine an accurate 

clay content.  
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Appendix B: Supplementary materials 

Table 1. Parameters used in the sedimentation experiments for each Chapter 

Parameters used in the sedimentation experiment 

Total volume of suspension 1 L 
Depth of measurement 18 cm 
Total dispersant added in suspension 0.005 kg 
Particle density 2650 kg/m3 
Water density at 21.5 ºC 997.93 kg/m3 
Liquid density 1001 kg/m3 
Viscosity of liquid 0.00103 kg/m∙s 
Viscosity of water at 21.5 °C 0.00101 kg/m∙s 
Gravity 9.81 m/s2 
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Figure 1. Overview of the research. 
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Figure 2. Diffraction pattern of Soil 1 sample (A) (adopted from the report by Actlabs). 
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Figure 3. Diffraction pattern of Soil 1 sample (B) (adopted from the report by Actlabs). 
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Figure 4. Diffraction pattern of Soil 2 sample (A) (adopted from the report by Actlabs).  
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Figure 5. Diffraction pattern of Soil 2 sample (B) (adopted from the report by Actlabs). 
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Figure 6. Diffraction pattern of Clay 1 sample (A) (adopted from the report by Actlabs). 
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Figure 7. Diffraction pattern of Clay 1 sample (B) (adopted from the report by Actlabs). 
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Figure 8. Diffraction pattern of Clay 2 sample (A) (adopted from the report by Actlabs). 
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Figure 9. Diffraction pattern of Clay 2 sample (B) (adopted from the report by Actlabs). 
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Figure 10. Diffraction pattern of Silt sample (adopted from the report by Actlabs). 

 

 


