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CHAPTER 1 

INTRODUCTION 

Literature Review and Background Information 

Capillary rise in fine-grained sands is especially important due to the wide distribution of 

fine sands throughout the unconsolidated sedimentary layers covering the earth.  The height to 

which water rises above the water table in porous media is known as the capillary fringe.  Tension 

pulling on the water molecules from the solid surfaces of pores will cause water to rise in the 

unconsolidated fined grained sands until the water reaches equilibrium with the downward force 

of gravity.   

Researching the controls behind capillary rise and being able to predict the extent to 

which water will rise in fine-grained sand will help provide insight into many applied situations 

affecting industry, infrastructure, agriculture, and environmental remediation.  A review of 

literature as well as a series of laboratory experiments will provide insight into the questions 

surrounding the extent of capillary rise in fine-grained sands. 

Significance of Capillary Rise 

Evaluating the amount of liquid that will rise in a particular porous medium is important 

for many reasons.  Environmental remediation companies need to know the height of the capillary 

fringe.  The extent of the capillary rise of water above the water table has serious impacts on 

infrastructure as water and other liquids can degrade foundations.  Water is essential to the 
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growth of plants and agriculture.  Understanding the controls on the movement of water near the 

water table is paramount.  

Water table fluctuations affect microbial processes in soils.  The distribution of water 

and air in the capillary fringe zone has direct effects on the capacity for microbial processes.  

Microbial activity is directly related to water availability (Sinke et al., 1998).  Environmental 

remediation companies have a strong focus on the capillary fringe zone due to smearing of non-

aqueous phase liquids (NAPLs) when the level of the water table fluctuates in soils.  This leads 

to important chemical reactions and biodegradation processes.  Capillary rise must be evaluated 

in site remediation so that any fluids involved in the fluid column (water or contaminants) may 

be targeted (Adamski et al., 2005).   

Adamski et al. (2005) made extraordinary claims that LNAPL accumulations of over 20 

ft could be due to gaps or holes in capillary rise of water in silts and clays, holes due to macro-

pores or fissures, where the holes in the water-filled capillary fringe would fill up with LNAPL 

that was perched on top of the fringe.  Hence, they claimed that such thick LNAPL accumulations 

did not necessarily indicate a large LNAPL problem.  Dr. Hampton found this article written by 

consultants and oil-industry employees self-serving, and was eager to critically examine their 

claims, which were based in part on large values of capillary rise in silts and clays reported in 

Fetter (1994).  Years prior to the Adamski et al. article, Dr. Hampton had called Dr. C. W. Fetter 

to contest the large capillary rise values he reported for silt and clay.  Surprisingly, in 2001 when 

the fourth edition of Fetter’s classic textbook was published, his table of capillary rise values had 

been removed, and much of the chapter on unsaturated soils had been gutted. 

Fluctuating water tables can have devastating effects on foundations of buildings and 

general infrastructure.  A foundation may be built above the water table but could still be within 
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the capillary fringe.  Degradation of the foundation could occur when wetting occurs from the 

capillary fringe due to the rise of the water table.  The soil structure becomes weaker due to the 

rising water table.  The capillary water wets the sediment, and hydrostatic pressure from the in-

fringing water leads to the displacement of the foundation sediment (Lockington and Parlange, 

2004).  

Fluids rising into foundations will also draw into the building materials used to create 

buildings and other general infrastructure like bridges or dams.  Capillary rise can occur in 

cement, wood, and sediments used to level the base of foundations.  Wood will rot, cement will 

decompose, and foundation sediments will lose structure as fluids infiltrate the materials.  

Flooring, walls, and insulation are all susceptible to being degraded by water intrusion. 

The agricultural sector relies on water to grow crops.  Brackish water tables can lead to 

salts being deposited in soil horizons when the capillary fringe is close to the surface of the earth 

(Lockington and Parlange, 2004).  To properly manage irrigation in regions with brackish water 

tables, the capillary fringe must be located and capillary forces understood.   

Determining Capillary Rise 

Figure 1-1 shows a 5-cm diameter glass tube used to see the interaction of water and sand 

within the cylinder.  Figure 1-2 approximates a pore in soils.  The extent of capillary rise in a 

pore is controlled by: the diameter of the capillary tube, the contact angle between the liquid and 

the wetted surface, density of the liquid, viscosity of the liquid, surface tension, and whether the 

surface is hydrophobic.   
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Figure 1-1. Capillary rise test.  Figure 1-2. Young-Laplace equation.  

The most important controlling factor of capillary rise is the diameter of the capillary 

tube.  It is an inversely proportional relationship—the smaller the diameter of a capillary tube, 

the greater the capillary rise.  The diameter of the capillary tube in Figure 1-2 is directly related 

to pore size.  Pore size is controlled by grain size distribution and sediment packing.   

The wettability of a surface is defined as the angle at which a liquid contacts that surface 

(i.e., contact angle).  The lower the contact angle, the greater the wettability.  A contact angle of 

0 degrees will allow for a perfectly wetted surface, whereas a contact angle of 180 degrees will 

produce no wetted surface (Schwartz, 1980).  Wetting must occur for capillary rise to take place; 

capillary rise cannot take place when the wetting angle is 180 degrees, and as the wetting angle 

decreases toward 0, capillary rise will increase.  In most cases the contact angle is assumed to be 

zero (Hillel, 2007). 
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Grain Size and Capillary Fringe 

Another control of capillary rise is the pore size of a sediment or soil.  Larger-grained 

soils have a more predictable capillary rise, and soils with finer grains are more vulnerable to 

variability in capillary rise.  The rate of capillary rise was greater in coarser-grained soils than 

finer-grained soils (Salim, 2016).  Coarse-grained soils will have higher contact angles than fine-

grained soils, and hydrophobic soils will have much higher contact angles than non-hydrophobic 

soils (Pal and Varade, 1971). 

Mathematical Prediction of Capillary Rise 

Experiments performed in 1670 by Giovanni Alfonso Borelli showed that the height of 

water rise in a capillary tube was inversely proportional to the radius of the tube.  In 1718, James 

Jurin confirmed the experiments of Borelli, and formulated an equation that is used to this day to 

describe capillary rise.  This equation which is detailed below is called Jurin’s law.  Another 

century elapsed.  In 1805, first Thomas Young and then Pierre Simone marquis de Laplace 

derived an equation describing capillary rise in a more complicated geometry than a cylindrical 

tube.  Their joint equation is called the Young-Laplace equation, but often that title is mistakenly 

used to refer to Jurin’s law, as it was in Figure 1-2 above.  Over another century later, the 

Washburn (1921) equation was derived.  It is used to predict the rate of capillary rise.  Again, 

Jurin’s law is often mistakenly called the Washburn equation. 

All of these equations predict the height or rate of capillary rise in a single capillary tube, 

which is problematic because soils contain a series of interconnected pore spaces which only can 

be approximated as capillary tubes.   
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Hillel (2007) states:  

“The height of capillary rise is:  

hc = (2γ cos α) / (g (ρl − ρg) γ) (Eqn. 1-1) 

where ρg is the density of the gas (neglected) 

ρl is the density of the wetting liquid  

g is the acceleration of gravity  

r is the average or representative capillary radius  

α is the contact angle  

γ is the surface tension 

ρg is the density of the non-wetting liquid, often a gas like air.  Compared to water, the density of 

air is essentially zero. 

Accordingly, the equation relating the equilibrium height of capillary rise hc to the average or 

representative radius of the pores is Jurin’s Law:  

hc = (2γ cos α) / (r ρw g) (Eqn. 1-2) 

where γ is the surface tension  

r is the representative capillary radius  

ρw is the water density  

g is the gravitational acceleration  

α is the wetting angle, often (though not always justifiably) taken as zero.” 

A margin of error is involved with these two equations as they are used to estimate rise in 

a capillary tube, which is more consistent than measuring capillary rise in soils whose pore 

spaces are not as regular.  In the laboratory setting it is very difficult to get pore spaces to be 

entirely uniform; sediment packing is variable, pore spaces are not similar, and complexities in the 
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materials comprising the sediment lead to variability in the wetting surfaces within the soil.  All 

these inconsistencies make predicting capillary rise in fine-grained soils very difficult, especially 

when using mathematical models to predict capillary rise in finer-grained sediments with longer 

capillary rise times (Salim, 2016).   

Potential capillary rise heights were calculated using Hillel’s (2007) equilibrium height of 

capillary rise equation (Eqn. 1-2).  The height of capillary rise (Table 1-1) was estimated for 

different r values ranging from 28-31 micrometers (capillary radius), using γ (the average surface 

tension of de-ionized water) = 72.2 dynes/cm, α (the wetting angle) assumed to be 0 degrees, ρw 

(the density of de-ionized water) = 0.9982 g/mL, and g (the acceleration of gravity) = 980.7 

cm/sec2.   

Table 1-1. Equilibrium Height of Capillary Rise Equation 

hc = (2γ cosα)/(rρwg) (Hillel, 2007) 

    

Height of capillary rise hc = 47.62 cm - 50.9 cm 
    

Average surface tension of γ = 72.2 dynes/cm 

de-ionized water   

    

Wetting angle, assumed to be 0   α = 0 
    

Range of capillary radius values r = 0.0028 cm - 0.0031 cm 
    

Acceleration of gravity g = 980.7 cm/s^2 

 

Inputting the range of r values of varying capillary radius into the equilibrium height of 

capillary rise equation, we get a range of capillary rise heights between 47.62 and 50.9cm.  It is 

expected that under the best conditions, constrained by using sand grains averaging 100 mesh 
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size, or 0.149mm in diameter, capillary rise heights would be at least 47cm and should not 

exceed 51cm.   

While there are several variables that control the capillary rise height, the focus of this 

research is on grain size and the resulting pore or capillary radius.  Another variable of interest is 

the type of fluid used.  When the type of fluid is held constant, the values for the tension of de-

ionized water have a very narrow range, leaving grain size and capillary radius as the changing 

variable.  After running capillary rise experiments with a known grain size, capillary radius can 

be solved for using the above equation and the measured capillary rise. 

Rearranging Eqn. 1-2 to solve for capillary radius: 

r = (2γ cos α) / (hc ρw g) (Eqn. 1-3) 

Using measured values for the height of capillary rise and the surface tension allows the capillary 

radius to be calculated.  This is equivalent with what Fetter (1994) did in Table 1-2 below, 

except he calculated the height of capillary rise using different radius values.  He assumed that 

the capillary radius value was one-fifth of the average grain size, except for fine silt.   

Table 1-2. Fetter Table, 1994 

Sediment Grain Diameter (cm) Pore Radius (cm) Capillary Rise (cm) 

Fine silt 0.0008 0.0002 750 

Coarse silt 0.0025 0.0005 300 

Very fine sand 0.0075 0.0015 100 

Fine sand 0.015 0.003 50 

Medium sand 0.03 0.006 25 

Coarse sand 0.05 0.01 15 

Very coarse sand 0.2 0.04 4 

Fine gravel 0.5 0.1 1.5 
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As seen in Tables 1-1 and 1-2, a fine sand would be expected to have a capillary pore radius of 

0.003 cm (30 µm) and a capillary rise of 50 cm with a grain diameter of 0.015 cm (or 0.15mm). 

Defining Fine-Grained Sand 

Numerous methods have been used to measure grain size, including: caliper diameter, 

sieve diameter, weight, volume, equivalent spherical volume and equivalent spherical diameter.  

Commonly, fine-grained sediments are evaluated by finding the bulk sediment particle size 

distributions after measuring hundreds or millions of grains by mechanical, optical, or instru-

mental methods, in which case sediment size is reported in percentage weight or percentage 

volume (Blott and Pye, 2012).   

There is disagreement on a universal method to describe particle size and characteristics 

of sediments.  Most geologists use an adaptation of Wentworth (1922) to describe grain size in 

congruence with Folk (1954) to describe sediment textures (Blott and Pye, 2012).   

Many sediment classification schemes have been developed through the years by a multi-

tude of authors.  Their work has resulted in different agencies adopting similar classification 

techniques.  The Bureau of Soils, United States Department of Agriculture (USDA), British 

Standard for Soil Classification, United States Bureau of Public Roads, American Association of 

State Highway Officials (AASHO), American Society for Testing and Materials (ASTM), 

United States Civil Aeronautics Administration (CAA), United States Federal Aviation Agency 

(US FAA), United States Army Corps of Engineers (USACE), all have had different classifica-

tion schemes for defining sediment size (Blott and Pye, 2012).   



10 
 

 

The Soil Science Society of America (SSSA) set up an international committee in 1962 to 

establish a uniform classification scheme, at the same time the Society of Economic Paleontolo-

gists and Mineralogists set up a committee to do the same thing.  Representatives from SSSA, 

SEPM, ASTM, Geological Society of America, Highway Research Board, AASHO, and others 

came together to organize a unified sediment classification.  No collective position was reached, 

as each organization had too much invested in their own classification schemes (Blott and Pye, 

2012).   

C. W. Fetter, in his third edition of Applied Hydrogeology (1994), quantifies fine-grained 

sand size a few ways: a grain-size distribution chart based on sieve sizes (Fig. 1-3), particle diameter 

using the Phi scale (Fig. 1-4), an engineering grain-size classification (Table 1-3), and a definition 

of sediment size. Figure 1-3 is a grain size distribution chart plotting grain size on a logarithmic 

scale.  Finding the grain-size distribution of fine-grained sand is done by shaking sieves with de-

clining sieve sizes.  Figure 1-4 is a classification scheme used by many sedimentologists based on 

the Phi scale, a logarithmic translation of the Udden-Wentworth classification system (Fetter, 1994).  

Table 1-3 displays the definition of sediment grain size based on the American Society of 

Testing Materials classification scheme.  Table 1-2 lists common unconsolidated sediment sizes, 

and then asserts values for mean grain diameter and pore radius of common sediments, and the 

expected value of capillary rise based on Equation 2 from earlier in this chapter:  

hc = (2γ cos α) / (r ρw g)  Equation 1-2 

where γ is the surface tension, r is the capillary radius, ρw is the water density, g is the gravita-

tional acceleration, and α is the wetting angle, often (though not always justifiably) taken as zero 

(Fetter, 1994).  Using Table 1-2, grain size was defined by Fetter (1994) as fine-grained sand 



 

1
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Figure 1-3.  Grain size distribution chart based on sieve size.
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Figure 1-4. Particle diameter using the Phi scale. 

with a grain size diameter of 0.015cm, which translates to a sieve size of 100 mesh.  Sand grains 

used in the experiments were sieved from 730 grade Covia sand and W-8 grade Nugent sand 

with 80 to 120 mesh sieve sizes, with the goal of producing an average of 100-mesh-sieve sized 

sand grains.  
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Table 1-3. Sediment Grain Size Based on ASTM 

Name 

Size range 

(mm) Example 

Boulder >305 Basketball 

Cobbles 76-305 Grapefruit 

Coarse gravel 19-76 Lemon 

Fine gravel 4.75-19 Pea 

Coarse sand 2-4.75 Water softener salt 

Medium sand 0.42-2 Table salt 

Fine sand 0.075-0.42 Powdered sugar 

Fines <0.075 Talcum powder 

 

Predicting Capillary Rise and Pore Radius With Laboratory Experiments 

Both laboratory experiments and mathematical models are ways of estimating the desired 

value, the actual capillary rise in the “field”.  Laboratory experiments are generally more accurate 

than mathematical models at predicting capillary rise (Salim, 2016).  Laboratory experiments 

may be more realistic because they consider parameters found in the field.  Experiments consid-

ering finer grained sediments with longer capillary rise times are likely more accurate than 

mathematical models.  However, mathematical models have the advantage of being quicker and 

easier to run than lab or field experiments. 

Laboratory experiments are better than field tests at verifying mathematical models due 

to greater control on the grain size and sediment packing which determine the pore sizes.  A 

controlled closed system of a glass cylinder is carefully packed with specific sized sediment 

grains and submerged into a tank of water representing a natural water table in the field.  

Variables within the closed system, like grain size, liquid type, grain materials, and style of 

sediment packing, can be changed to test the variability in extent of capillary rise.   
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Pore radius can be calculated as the result of capillary rise.  Putting in the results from the 

capillary rise tests from the glass cylinders into Equation 1-3 will give us the pore radius between 

the sand grains.  Measuring the surface tension of the water used for each experiment with a 

tensiometer will add another constraint to accurately measure pore radius.  By measuring surface 

tension, capillary rise, grain size, and calculating pore radius, Fetter’s findings of capillary rise of 

fine-grained sand in Table 1-2 can be tested.  

Li et al., 2018, proposed a method to determine maximum capillary rise height by using 

the soil water characteristic curve to elucidate the microscopic pore distribution.  The capillary 

rise is determined by the interconnected small pore spaces within the soils.  An average pore 

radius calculation was created based on soil water characteristic curve experiments and statistical 

theory.  The equation can help determine the distribution of pores as it relates to the degree to 

which different soils are compacted.  For fine-grained soils the average pore radius calculation is 

reasonably precise. The maximum capillary rise can be calculated using the soil pore radius.  The 

greatest height of capillary rise is controlled mainly by the distribution of larger pore sizes; the 

smaller pores have a negligible effect on the overall extent of the capillary rise (Li et al., 2018). 

Measuring Capillary Rise in the Field 

Getting an accurate and precise measurement of capillary rise in the field is very difficult.  

Capillary rise is difficult to measure in a laboratory setting using a glass cylinder.  Salim (2016) 

tried using dyes to make the water-wet silt easier to distinguish from dry silt, but the dyes changed 

the capillary rise.  Dang-Vu and Hupka (2005) dyed water using potassium permanganate at a 

concentration of 0.5 g/l.  They didn’t mention any effects on water surface tension or density, but 

it seems likely there would be effects.  Ultimately, the best laboratory measurement technique is 
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shining a bright light through the far side of the tube, which highlights the translucent wetted 

sand and the opaque dry sand giving the height of capillary rise so it can be measured visually.  

Perhaps some variant of this technique could be used in the field, but that hasn’t been success-

fully developed yet.  There are many environmental interactions that occur in the field that 

cannot be replicated in a laboratory, further justifying field work to substantiate laboratory 

experiments. 

Summary 

The height of the capillary fringe is difficult to predict, especially in fine-grained soils. 

Water and other fluids must pass through the capillary fringe zone before entering the water 

table.  More work is required to better understand the interaction of fluids within the capillary 

fringe zone.  Equations used to estimate capillary rise make assumptions that could lead to 

inaccuracies in estimates of capillary rise in the field.  Laboratory experiments described below 

were performed to control the values of all known important variables to further constrain the 

extent of capillary rise in fine-grained sediments.   
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CHAPTER 2 

LABORATORY RESEARCH 

Introduction 

Data on the height of the capillary rise in fine-grained sands varies considerably.  Several 

experimental methods were used to help get an accurate and precise measurement of capillary 

rise in fine-grained sand.  Previous experiments were replicated, methods of research were 

explored, a description of data analysis was provided, and an in-depth analysis of the findings is 

presented. 

Materials 

An extensive amount of materials was needed to run thorough experiments and constrain 

error.  Glass tanks and Plexiglas boxes were used to hold water or kerosene around the bases of 

the glass columns that were submerged for the capillary rise tests.  The Plexiglas boxes had the 

dimensions of 33.5cm long, 20cm wide, and 33cm high.  The glass tank dimensions were 35cm 

long, 15cm wide, and 20cm high. 

The three glass columns were created for Salim (2016) by Meints Glass Blowing, 

Kalamazoo, MI, and used for the capillary rise experiments (see Appendix A).  The dimensions 

of the columns are 122cm in height and 5cm in internal diameter.  Several cleansers were used to 

remove any residue or contaminants from previous experiments. 
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Sand from Covia Corporation—an industry leader in aggregate and mineral mining—was 

used in the initial experiments.  The sand was donated from the Benton Harbor, Michigan branch 

of Covia Corporation and was mined from the St. Peter Sandstone formation outside of Wedron, 

Illinois.  The Covia sand (Fig. 2-1) was very pure, nearly all silica.  After using the 730 grade 

Covia sand for several tests, the initial supply of sand was exhausted and there was not enough to 

complete the tests necessary for the research.   

 

Figure 2-1. Covia sand, mm scale. 

Three 9.5-liter buckets of Covia 730 grade sand were delivered to Western Michigan 

University (see Appendix B).  The Covia sand was chosen due to the promising grain-size 

distribution data describing the industrial uses and commercial availability.  The 730 grade Covia 

sand has been washed, screened, and processed to be the highest-purity silica and finest-grade 

sand available.  As seen in Figure 2-1, it is nearly pure quartz silica, very uniform in grain size, 

0.177-0.125mm (having been sieved twice between 80, 100, and 120 mesh sieves), and displays 

sub-rounded grain shape.   

A more local supplier of sand was sought for the remaining experiments.  Nugent Sand 

Company of Muskegon, MI—a leader in supplying industrial-grade sand to the petroleum 

industry and foundries—donated their W-8 grade sand.   
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Six 19-liter buckets of Nugent W-8 grade sand were picked up from the Nugent Sand 

Company outside of Muskegon, Michigan (see Appendix C).  The Nugent sand was mined from 

windblown sand deposits found near the coast of Lake Michigan.  The Nugent sand was not pure 

silica; lithic fragments are present, and organic detritus was also visible before the sand was 

sieved.  The sand from the Nugent Sand Company is a better representation of what would be 

found in the natural environment.  The organic detritus was removed by the sieving process, 

again being sieved twice.  All that remained after sieving were silica and lithic fragments that 

were uniform in grain size between 0.250-0.125mm (passing 60 to not passing the 120 mesh) 

and were rounded to sub-rounded in shape (Figure 2-2).   

 

Figure 2-2. Nugent sand after sieving, mm scale. 

De-ionized water from the Western Michigan University Chemistry Department was used 

for all the experiments except for the final one, which used kerosene.  De-ionized water should 

be free of all contaminants, constraining error in the surface tension and ensuring consistent 

water quality.  The cylinders were rinsed, cleaned, and all particles were removed using de-

ionized water.  Using cleaning solutions rather than just DI water would potentially change the 

water surface tension and affect the overall capillary rise.  
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A surface tensiometer was used to test and record surface tension values for the de-

ionized water and kerosene used in the capillary rise experiments.  The Kyowa CBVP-Z model 

tensiometer (see Appendix D) in the Geochemistry laboratory of Rood Hall, was used to test the 

surface tension of the liquids used in the capillary rise experiments.  The Wilhelmy plate method 

was utilized (see Appendix D) in all tests.  A glass receptacle was used to hold the liquids (see 

Appendix D).  The Kyowa CBVP-Z manual was referenced for proper recording methods, 

calibration methods, and testing methods (see Appendix E).   

Sediment was evenly distributed throughout the columns using a funnel with a 45cm 

length of PVC pipe attached and a 35cm tube extension (see Appendix A).  The PVC pipe and 

extension allowed for the sand to be distributed more evenly throughout the glass columns.  The 

sand was placed into the funnel which directed the sand into the PVC pipe.  The funnel and 

attached PVC pipe was moved in a circular motion within the column to help evenly distribute 

the sediment.  The columns were also tamped to make sure that sediment was packed as evenly 

as possible.  The columns were held suspended in the air and struck with a closed fist after each 

scoop of sand was poured in, and tamped again after the column was filled with sand.   

All images were captured with a Samsung S7 Edge with a 12-megapixel camera.  Videos 

were taken to observe the surface tension breaking in the tensiometer as well as to observe capillary 

rise within the interstitial spaces in the sediment.  

Face masks were worn with the intention to prevent inhalation of fine-grained sand when 

pouring sediment between buckets, placing sediment in the funnel, and when actively working 

with the sieving equipment.  Silicosis is a real and present danger when working with fine-

grained sand; the face masks prevent inhalation of much fine-grained sediment.  



20 
 

 

Meter sticks were used to record heights of the water or kerosene in the reservoirs as well 

as to record the height of capillary rise in the glass cylinders.  Caps were placed on top of the 

columns to reduce evaporation but were vented to not change the inner pressure in the columns. 

Nitrile gloves were worn to protect skin from cleaning materials when initially cleaning 

the glass cylinders, glass tanks, and Plexiglas boxes.  Nitrile gloves were also worn when trans-

ferring water or kerosene into receptacles to protect hands from contamination.  While conducting 

tensiometer experiments, nitrile gloves were worn both as protection from fluids and as a barrier 

to contamination.   

A new 19-liter kerosene can was purchased and filled with 11 liters of freshly-purchased 

kerosene.  The kerosene was clear and devoid of any contaminants.  Kerosene provides a more 

stable fluid to test capillary rise and constrain the calculation of pore size as its surface tension is 

more stable chemically than water.  Kerosene is safer than gasoline; it is less likely to have 

incidents as it is not as volatile and flammable.  Kerosene is also not as pungent as diesel, 

providing a better working environment while running experiments in the laboratory.  

Aluminum foil was used to cover the reservoirs to limit the amount of error involved with 

evaporation.  The aluminum foil also acted as a barrier to the noxious hydrocarbon fumes from 

the kerosene.   

Experimental Methods 

The hard rock laboratory in the basement of Rood Hall at Western Michigan University 

was used for the laboratory experiments.  The hard rock lab is a stable environment with constant 

temperature, suitable for replicating the experiments with minimal environmental change.   
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A sieving process was used to separate all varying grain sizes outside of the Udden-

Wentworth grain size scale for fine-grained sand, 80-120 ASTM No. (U.S. Standard) sieve sizes 

(see Appendix F).  The shaker machine in the basement of Wood Hall was utilized to sieve the 

sediment into three grain size fractions between the 60-120 ASTM No. (U.S. Standard) sieve 

sizes.  The screens used had mesh sizes of 60, 80, 100, and 120, with a pan below.  The sedi-

ments caught on the successively finer 80, 100, and 120 screens were deposited into a bucket and 

mixed thoroughly.  Sediments caught on the 60 screen and the pan were discarded. 

Two different types of sand were used, donated from Covia and Nugent Sand Companies.  

The sand grades were documented and detailed in composition and origin (Appendices B and C).   

Five-centimeter internal diameter glass columns were systematically packed with fine-

grained sand.  A metal sand scoop was used to move sediment from the buckets and pour sand 

into the columns at a constant rate.  The sand was poured into a funnel with a PVC pipe attached 

to uniformly distribute sediment into the glass columns to make sure sediment grains were packed 

evenly. Tamping of the columns was utilized to make sure sediment grains were evenly packed.   

The glass columns were placed in the glass tanks and Plexiglas box, standing upright, 

with even liquid height between the reservoirs (between 11 and 12cm).    

Deionized water from WMU’s Chemistry Building was used in the capillary rise 

experiments, and kerosene was used as a control to confirm the data on capillary rise of the DI 

water experiments.  When the fluid reaches equilibrium with the atmosphere and stops rising, the 

height at which the fluid stopped in the sediment was measured in the glass tube relative to the 

height of the fluid in the reservoir, the difference being the extent of capillary rise.   

The surface tension of the liquid in each capillary rise experiment is a major control of 

capillary rise.  It was imperative to get accurate and precise surface tension values for the de-
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ionized water and kerosene used in the capillary rise experiments.  To ensure accuracy and 

precision it was necessary to calibrate the tensiometer machine.  Two calibration weights, 

weighing 200mg each, were placed on either side of the Wilhelmy plate.  The balance 

adjustment knob was used to calibrate the balance sensor, being set to a value of “2048” (see 

Appendix E).  After calibrating the balance sensor, the machine was zeroed out.  The calibration 

weights were hung again on the Wilhelmy plate, weighing 399.9mg, confirming the successful 

calibration (see Appendix E).   

To accurately measure the surface tension of the liquids, the Wilhelmy plate needs to be 

sterilized and free of any contaminants.  Denatured alcohol (see Appendix G) was used to clean 

the surface of the Wilhelmy plate.  The denatured alcohol was also used in the alcohol lamp.  

Grasping the Wilhelmy plate with tweezers, the plate was submerged in a laboratory dish 

containing denatured alcohol, then allowed to air dry.  After drying, the Wilhelmy plate was 

grasped with the tweezers again and held over the lit alcohol lamp.  It was held over the flame 

until the plate glowed orange, roughly 20 seconds.  The Wilhelmy plate was then carried to the 

plate rest hanger (see Appendix E) and left to cool.   

After cooling, the Wilhelmy plate was placed on the intermediate hanger attached to the 

balancing hook (see Appendix E).  The stage position was set so that the laboratory dish con-

taining the liquid sample was between 5 and 10mm below the Wilhelmy plate.  The first 

measurement mode was selected (see Appendix E) as it measures low-viscosity liquids like 

water and kerosene.  The stage begins to move up slowly, the plate makes contact with the 

surface of the liquid, and the stage continues to move up, wetting the plate.  The stage then 

moves down, after the plate is wetted, and begins measuring the surface tension of the liquid.  As 
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the stage moves to the original position, the plate breaks free from the surface of the liquid, 

giving the final surface tension value.   

The top of water-saturated silica sand is hard to discern under ordinary room lighting. A 

flashlight app on the Samsung S7 held next to the glass column provided light bright enough to 

visually measure the height of capillary rise.  The difference between the translucent wetted 

sediment and the opaque dry sediment was taken as the boundary of capillary fringe.  Markers 

were used to mark the top of the capillary fringe on the glass cylinder, or the greatest extent of 

capillary rise.  Pictures were taken using a digital camera. The extent of capillary rise was 

measured from the top of the liquid in the reservoir to the mark of the capillary fringe on the 

glass column.  

Methods for Processing Fine-Grained Sands 

Sand was separated by grain size, using U.S. Standard 60, 80, 100, and 120 size sieves 

(see Appendix F). A scoop was used to distribute the fine sand grains from buckets into the 

sieves. The sand was shaken twice for six minutes.  At the beginning of this process, the top 

sieve was filled with sand directly from one of two suppliers.  After the first round of sieving, 

only the sand caught in the 80, 100, and 120 sieve sizes was re-sieved.  The sand caught in the 60 

sieve (above 80), and the sand that passed through the 120 sieve was discarded.  The sand caught 

in the 80, 100 and 120 sieves after the first round of sieving was placed in a bucket, and poured 

back into the top sieve to be sieved again.  After being sieved twice, the sand from the three 

sieves, 80, 100, and 120, was placed in a bucket with a lid to preserve the integrity of the grain-

size distribution. 
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The sieve size selection of 80-120 was chosen to create an average sieve size of 100, or 

0.015cm, reflecting the grain size used in Table 1-2 by Fetter (1994).  The fine-grained sands are 

a collection of the sieve sizes between 60 and 80, 80 and 100, and 100 and 120.  The majority of 

the sieved sand was between 80 and 100, caught in the 100-mesh sieve.  The 100-mesh sieve 

retained about one-half of the sand used in the capillary rise experiments.  The second most 

represented sand fraction was the grain size between 60 and 80, being caught in the 80-mesh 

sieve.  The 80-mesh sieve retained about one-third of the sand used in the capillary rise 

experiments.  The least represented sand fraction was the grain size between 100 and 120-mesh 

sieves, caught in the 120-mesh sieve.  The 120-mesh sieve caught about one-sixth of the sand 

fraction used in the capillary rise experiments.   

After the sand had been sieved twice and the sand fraction between 80 and 120 mesh was 

collected, it was placed in a 19-liter bucket with a lid on it.  The bucket was shaken, rotated, 

shaken, and rotated to combine each sand fraction together to be as close to a uniform average of 

100 mesh or 0.015cm, reflecting the fine-grained sand size in Table 1-2 from Fetter (1994).  The 

different proportions of sand that were caught between the 80, 100 and 120-mesh screens alters 

the average slightly.  The sand fraction used in the capillary rise experiments is skewed toward 

the coarse side, but the difference from the initial 100-mesh target should be relatively small.  

Determining Contact Angle 

The contact angle is usually assumed to be 0 (Hillel, 2007).  Assuming a contact angle of 

0 throughout each experiment could be a source of error.  Pictures were taken of the wetted sand 

in the introductory experiments to try to measure the contact angle for each experiment.  The 

wetting angles were supposed to be determined using Adobe Illustrator to inspect the images and 
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determine the contact angle from the wetted sand.  This proved to be unreliable and not an 

accurate way to measure the contact angle. 

When analyzing the equations, especially Equation 1-2, it is evident that assuming a 

contact angle of 0 will not be a great source of error.  The cosine of 0 degrees is 1; the cosine of 

10 degrees is roughly 0.98, essentially equivalent to 1.  When calculating the potential capillary 

rise heights from Equation 1-2: hc = (2γ cos α) / (r ρw g) and keeping everything constant except 

for the contact angle, changing it from 0 to 10 degrees shows that for all practical purposes 

assuming a wetting angle of 0 is acceptable.  

49.3cm = (2*(72.2dyn/cm*cos(10))/(29.5μm*0.9985g/mL*980cm/sec) 

50cm = (2*(72.2dyn/cm*cos(0))/(29.5μm*0.9985g/mL*980cm/sec) 

Effect of Grain Size on Capillary Rise 

Capillary rise increases in fine-grained materials; the grain size directly relates to the pore 

size or capillary radius (Salim, 2016).  Capillary rise data becomes inaccurate as grain size gets 

smaller.  Overall, predictive models become less accurate as the amount of time for capillary rise 

to reach its maximum extent increases.  80 to 120-mesh U.S. Standard sieves were used to ensure 

grain sizes meet the standard fine grain size per the Fetter table.  Equations from the literature 

should produce results similar to the extent of capillary rise in the experiments.  The equations 

can then be used to predict the capillary rise in other materials.  Finally, an experiment to test the 

ability to predict capillary rise before testing was run to verify the accuracy and precision of 

predicting capillary rise using grain-size distribution, and contact angle, before measuring it in a 

laboratory setting.  
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Timing of Capillary Rise 

For the congruence of laboratory work, it is important to know when fluid has reached 

equilibrium with the atmosphere.  Timing the capillary rise experiments will display what is an 

appropriate amount of time for the maximum extent of capillary rise to be reached (Salim, 2016).  

Measurements were taken daily and recorded throughout the experiments.  The data was collected, 

and the length of time for equilibrium to be established was recorded.   

Kerosene vs. Water 

The capillary rise of both kerosene and water were measured in experiments with fine-

grained sands.  Reservoirs were filled with deionized water or kerosene, respectively.  Glass 

tubes filled with sand passing the U.S. Standard size 60 sieve but retained by the U.S. Standard 

size 120 sieve were submerged in the reservoirs to test the effects of water or kerosene, and the 

differing influence of the respective fluid on capillary rise.  

Summary of Research 

All data from the laboratory experiments was collected and put into tables on Excel (see 

Appendix H).  It was then analyzed and compared to predictive mathematical equations and the 

capillary rise table from Fetter (1994).  Error percentages were calculated between the methods 

and displayed in tables.  An analysis of the accuracy and precision of the laboratory experiments 

was conducted.  The findings were recorded and compared to the table from Fetter (1994). 
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RESULTS 

Results of Surface Tension Tests 

Surface tension values were taken of the liquids used throughout the experiments.  The 

first capillary rise tests were with Covia sand.  The surface tension values for the de-ionized 

water were recorded before the tests were run.  With ambient temperatures near 22 degrees 

Celsius in the laboratory, and the de-ionized water being ambient temperature, it would be 

expected to see surface tension values around 72.4 mN/m (see Appendix E).    

In the first round of tensiometer tests, an average of 69.6 mN/m was calculated after 5 

runs of the tensiometer (Table 3-1).  The first run of the tensiometer brought the greatest surface 

tension value, 71 mN/m, and the values declined until bottoming out at 69.1 mN/m (Table 3-1).  

The water sample used in the surface tension tests was the same de-ionized water used for the 

first three Covia sand capillary rise tests.   

Table 3-1. Covia Sand Capillary Rise Test Data 

  Covia Sand Test 1-3  

  

Surface Tension of Water 

(mN/m) 

Run 1 71.0 

Run 2 69.3 

Run 3 69.4 

Run 4  69.1 

Run 5 69.1 

Average 69.6 
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The surface tension results of the de-ionized water used in the Nugent sand tensiometer 

tests differed slightly from the results of the de-ionized water used in the Covia sand tensiometer 

tests (Table 3-2).  The values of the surface tension for the Nugent water tests were slightly higher, 

between 1 and 1.5 mN/m greater than the surface tension of the Covia water tests.  Tensiometer 

tests were taken of the water used in the Nugent sand-filled glass columns before the columns 

were inserted into the reservoirs for tests 10, 11, and 12 (Table 3-2).  Tensiometer tests were run 

after the Nugent sand capillary rise experiments 10, 11, and 12 to constrain error and compare 

the effect the Nugent sand might have had on the surface tension of the de-ionized water in the 

reservoir, which was the source of the water used in the tensiometer measurements (Table 3-3).  

Table 3-2. Water Surface Tension Tests Before Introduction of Sand-Filled Glass Tubes 

Nugent Sand Tensiometer Tests Capillary Rise Test No. 

Surface Tension of Water Before (mN/m) Test 10 Test 11 Test 12 

Run 1 72.0 72.3 72.0 

Run 2 70.3 70.1 70.8 

Run 3 70.1 69.9 70.7 

Run 4 70.2 70.0 70.7 

Run 5 70.4 70.4 70.7 

Average 70.6 70.5 71.0 

 

The values for the surface tension of the water after being used in the Nugent sand 

capillary rise experiments (Table 3-3) were slightly higher than the initial surface tension values.  

On average the surface tension of the water was 0.4 mN/m more after having the sand-filled 

glass columns introduced to the reservoir.  The greatest difference was in test 11, with 0.6 mN/m 

variance, and the least in test 12 with a variance of 0.2 mN/m.   
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Table 3-3. Water Surface Tension Tests After Capillary Rise Experiments 

Nugent Sand Tensiometer Tests Capillary Rise Test No. 

Surface Tension of Water After (mN/m) Test 10 Test 11 Test 12 

Run 1 72.1 72.3 72.4 

Run 2 70.7 70.8 70.9 

Run 3 70.7 70.7 70.9 

Run 4 70.9 70.7 70.9 

Run 5 70.8 70.8 70.9 

Average 71.0 71.1 71.2 

 

Kerosene was used as the control for the capillary rise tests as well as the surface tension 

tests.  Kerosene has a lower surface tension than water, one that is not as susceptible to being 

affected by contaminants. Very little variance in surface tension values for kerosene was 

expected, and was witnessed in the tensiometer measurements shown in Table 3-4 below.  

Table 3-4. Kerosene Surface Tension Tests Before and After Capillary Rise Tests 

  

Nugent Sand & Kerosene  

Capillary Rise Test 

  Surface Tension Before Test (mN/m) 

Run 1 26.4 

Run 2 25.8 

Run 3 25.9 

Run 4 25.9 

Run 5 25.8 

Average 26.0 

  Surface Tension After Test (mN/M) 

Run 1  26.4 

Run 2 25.9 

Run 3 25.8 

Run 4 25.9 

Run 5 26.0 

Average 26.0 
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In each of the initial kerosene tensiometer tests, before and after the sand-filled glass 

column was introduced to the reservoir, the surface tension values were greatest in the first test 

and diminished after each run of the tensiometer (Table 3-4).  There was little variance in the 

surface tension values of the kerosene between the runs, differing at most by 0.6 mN/m.  There 

was no appreciable difference in the surface tension values before or after the capillary rise tests 

and the inclusion of the Nugent sand to the kerosene reservoir (Table 3-4).  

Results of Capillary Rise Experiments 

There were two different sands used in the capillary rise experiments, one from Covia 

Corporation, and the other from the Nugent Sand Company.  The grain-size distributions of the 

two sands were very similar, but the sand differed compositionally.  The Covia Corporation sand 

was very clean, nearly all quartz, whereas the Nugent Sand Company sand had occasional lithic 

fragments and biolithic fragments, including visible shell pieces and organic detritus.   

The de-ionized water for all experiments was sourced from the supply room in the 

Chemistry Building on Western Michigan University’s campus.  The kerosene was freshly 

purchased from Slim’s Stop and Go in Augusta, Michigan and put into a new, clean, portable 

kerosene can. 

There was a limited amount of sand from Covia, only enough to run five capillary rise 

experiments.  The greatest capillary rise reached was 35.7cm and the least was 32.5cm, with an 

average of 34.6cm (Table 3-5).  Each test reached equilibrium in about 72 hours.   

The supply of Nugent sand was very generous, about 115 liters, allowing for ample tests 

to be run.  Fourteen tests were run successfully, averaging a capillary rise height of 35.8cm 
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Appendix F 

Sieving Machine and Covia and Nugent Sands  
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Covia Sand 

 

Nugent Sand 

 

 

Pictures displaying similar grain size as seen in the millimeter scale between Covia and Nugent 

sands, with Nugent sand having more lithic and biolithic fragments. 
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Appendix G 

Solvent Used for Wilhelmy Plate  
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Appendix H 

Tables of Raw Data  


