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Many different models and mechanisms of water imbibition into soil have been 

described in the literature. Theoretical equations based on those models exist to predict 

how water will flow in porous media. These models can be useful, but have their 

weaknesses. Research on imbibition and infiltration into soils has mostly focused on 

moist soils, as those are more likely to be found in agricultural situations. It was found 

here that there is a different pattern of sorptivity found at low initial moisture contents 

– instead of the sorptivity decreasing between a dry medium and one with initial 

moisture, it increased. This pattern had been seen before in water repellent soils, but 

was also seen here in soils that exhibited no water repellency. A conceptual model is 

proposed to describe how water is imbibed into a sandy medium, taking into account 

the medium’s initial moisture content and the surface roughness of the particles. This 

study answers some questions relating to the relative contributions of capillary and 

surface flow to the redistribution of soil moisture, but other unexpected observations of 

sorptivity as a function of moisture content lead to more questions.  
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INTRODUCTION 

The movement of water through soils has been a question of interest in the 

scientific community for well over a hundred years. Understanding water movement in 

soil is of paramount importance if one is to create an effective agricultural system that 

includes parsimonious irrigation. As water becomes more scarce in many of the world’s 

prime agricultural areas, understanding how water enters a soil differently if that soil is 

initially dry or somewhat moist will be an important factor in designing effective and 

efficient irrigation regimes.  

It has been observed for a long time (for example, Taumer 2006) that there is 

frequently a seasonal aspect to water repellency. This is generally accepted to be a 

function of the soil moisture content. It is especially important, then, to understand the 

dynamics of water movement when soil is dry and when it is not. In this project, a water 

repellent soil was seen to be less water repellent when the initial moisture content was 

around 8%. This observation led to more investigations on different types of soil and 

other porous media.  

It was found that even when a soil or sand was not water repellent by any of the 

standard methods of determining water repellency, sorptivity, a way of describing the 

rate of infiltration, peaked at an intermediate moisture content. This observation, along 

with unexpected changes in sorptivity, led to more experiments. It was hypothesized 

that the drop in sorptivity was related to the height of the capillary rise column, and that 

it was due to faster film flow reaching the top of the column, and the capillary rise 

continuing until gravity took over as the dominant driving force. 
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The increase in sorptivity at moisture contents above 0% has not been discussed 

in the relevant literature, nor is it expected from analysis of the theoretical sorptivity 

equations. Because it is difficult to dry a soil out to very low initial moisture contents, 

initial volumetric moisture contents below 5% are rarely tested. In this set of 

experiments, we dried a sandy loam soil and assumed that after 48 hours in a 105°C 

oven, it was at 0% moisture content, and added water until it was at specific moisture 

contents in half-percent increments from 0% to 4%. This closer look at the dry end of 

the sorptivity-moisture content curve showed that sorptivity does not necessarily 

decrease in a predictable manner as initial moisture content increases.  

After observing the behavior of water in capillary rise in PVC columns under 

those different circumstances, a new conceptual model was developed. The new 

conceptual model accounts for the initial moisture content of the medium and the 

presence or absence of significant surface features (here called “surface roughness”). 

This conceptual model was tested using Accusand 20-30 that was artificially roughened 

with a fluoride ion etching cream commonly available in craft stores. The Accusand was 

packed into PVC columns, as were the previously used materials, and capillary rise 

experiments were performed.  

The focus of this investigation is to determine whether the relative contributions 

of capillary flow and surface flow play a role in the observed deviation from the 

expected sorptivity-initial moisture content curve. It was determined that this method is 

not precise enough to determine how surface flow and capillary flow contribute to 

water imbibition in dry and slightly moist soils. Preliminary data in this work raises 
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questions that we attempt to answer. Some of the results answer these questions, and 

some results lead to more questions.  
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LITERATURE REVIEW 

The movement of water through soil and other porous media has been of 

interest to the scientific community for over a century. Darcy’s law, which describes the 

flow of water or another fluid through porous media, and Poiseuille’s law, which 

describes the movement of a fluid in a pipe, are the foundations of much of the 

research that has been performed.  

Poiseuille’s law is the basis for a series of equations developed in the early 20th 

century. Bell and Cameron (1906), Lucas (1918), and Washburn (1921) all started from 

Poiseuille’s law and developed equations to describe water flow in capillaries. The 

resulting equation is most frequently referred to as the Washburn equation. This 

equation is frequently used to determine the dynamic contact angle of the invading fluid 

on the solid particle surfaces (for example: Ramírez-Flores and Bachmann 2013; Shang 

et al. 2008; Siebold et al. 1997).  

In the late 1920s and in 1930, W. B. Haines (1930) and R. A. Fisher (1926) wrote 

papers regarding the effects of hysteresis in capillary movement of water. Haines is 

especially noted for his model which includes the concept of “Haines jumps”, where 

water spontaneously fills or empties a pore when the necessary pressure is reached 

when the pore is not cylindrical, but has narrower “necks” and wider “bodies”.  

In 1931, L. A. Richards combined Darcy’s law with the conservation of mass to 

make what is now known as the Richards equation. This equation is the foundation of 

many other important equations in soil physics, some of which will be discussed later in 

this chapter.  
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In 1957, J. R. Philip published a series of papers on the theory of infiltration 

(Philip 1957a, Philip 1957b). He derived an equation for what he called “sorptivity”, 

which is the basis of this work. Sorptivity has been used since then in many contexts. It 

is used to determine quality of building materials (Gummerson et al. 1980), the level of 

compaction of soil (Clothier and White 1981), and water repellency (Wallis, Scotter, and 

Horne 1991). 

In order to predict the sorptivity of a medium, the hydraulic conductivity of the 

medium must be understood. Advances in this area were made in the late 1970s and 

early 1980s. Mualem (1976) produced a model to predict the hydraulic conductivity in 

unsaturated soil, and Van Genuchten (1980) described a closed-form analytical equation 

that allowed the Mualem model to be used with observed data to define three 

independent parameters and fit the soil-water retention curve. 

The Washburn equation has been used to calculate the contact angle. Siebold et 

al. (1997, 2000) used the Washburn equation to explore the surface energy of powders. 

This method is not without its criticism, though. Brugnara et al. (2006) describe the 

problems with using the Washburn equation to determine the effective contact angle of 

water on a medium. Among those criticisms is that the original Washburn derivation 

assumes that water movement is slow enough that the inertial terms may be ignored. 

This is not a good assumption, as the invading fluid does come into contact with new 

parts of the particle surface.  

Tillman et al. (1989) and Wallis et al. (1991) used the Washburn equation to 

define the “Repellency index”, which is the ratio of the sorptivity of ethanol to the 
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sorptivity of water, accounting for the differences in surface tension, density, and 

viscosity. It is assumed that ethanol has a contact angle of 0° with the particle surfaces. 

Theoretically, if water also had a contact angle of 0°, the Repellency index would equal 

1. Though not an explicit parameter in the Repellency index calculation, as the contact 

angle of water increases, so will the Repellency index. 

Sorptivity as a function of moisture content has been discussed in the literature. 

Culligan et al. (2005) discussed the sorptivity of water into dry soil. They used the 

concept of intrinsic sorptivity to predict the sorptivity of a material irrespective of the 

material properties, liquid properties, and the maximum moisture content behind the 

infiltrating front. An important part of this paper is the use of Miller-similar materials. 

Miller and Miller (1956) described how the hydraulic properties for materials that have 

geometrically similar particle size distributions can be predicted using various scaling 

methods. Miller-similar materials are materials that would look the same if the sizes of 

the particles were multiplied by the ratio of their characteristic lengths, whatever that is 

chosen to be. 

Stewart et al. (2013) altered the Green and Ampt (1911) equation to model the 

sorptivity of various media at different initial moisture contents. They note that the 

equations used to estimate sorptivity may not be accurate on the dry end of the curve, 

and suggest a factor by which the degree of saturation should be multiplied to get a 

more accurate estimate of sorptivity. This paper did not, however, include laboratory 

tests which could test the accuracy of the model at very low volumetric moisture 

contents. 
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Fries and Dreyer (2008) investigated the first few seconds of capillary flow in 

tubes. They focused on the relationship between inertial and viscous forces, and at 

which points each dominates flow. This paper neglects the influence of the dynamic 

contact angle, which can be very important at early time. 

For years, although the weaknesses of the “bundle of capillary tubes model” 

were known, it has been the dominant model used to study capillary action. In 1999, 

Tuller et al. published a new model of pore space geometry. This model included slit-

shaped spaces that connected angular pores. This geometry was better able to include 

the contributions of adsorptive flow in the slits and capillary flow in the angular pores. It 

was important that the pores included the angular shape, because it was better able to 

describe how water is held in tight spaces. In this model, water is held in the angular 

pores in amounts that are related to the pressure of the system, as long as the slits are 

filled. If the slits are not filled, adsorption processes dominate until that happens. Water 

will then enter into the angular pore spaces. The curved menisci will get closer to each 

other as the water content increases. When the menisci from all of the corners touch to 

form a circle, the pore will spontaneously fill with water.   

Film flow in soil has not been studied to the extent that capillarity has. Tokunaga 

et al. (2000) did work exploring film flow on fractured surfaces. Though water on a 

fractured surface will not behave in exactly the same way as water in an unsaturated 

porous medium, it is a useful analogue. They found that the transmissivity and hydraulic 

diffusivity were higher when the films were thicker. Another interesting finding, which is 

related to the findings of this project, was that when they measured the wetting front 
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distance with respect to the square root of time, they found that on roughened glass, 

the wetting front initially advanced faster than expected before slowing down after t1/2 

= 15 s1/2.  

In 2008, Hay et al. developed a theoretical model for the wetting of rough 

surfaces. This model is used in this work to make predictions of how quickly films will 

move under ideal circumstances. The resulting equations are analogous to diffusive 

processes, with the rate of wetting being dependent on the square root of time.  
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THEORY 

The movement of water in soils and other porous media has been studied for 

many decades, and some useful equations exist that can help predict how water will 

move in a column. Three of them are of particular note. The Washburn capillary rise 

equation, the Philip sorptivity equation, and the Hay equation for the wetting of a rough 

surface are described in detail below. A new conceptual model for capillary and surface 

flow is then presented. 

Washburn Equation 

The Washburn equation is often used to calculate the dynamic contact angle of a porous 

medium. Edward Washburn (1921) derived his original equation to be applied to the 

imbibition of a liquid into a cylindrical capillary, but has been successfully applied to 

more complex porous media. The equation has also been called the Lucas-Washburn 

Equation and the Bell-Cameron-Lucas-Washburn Equation, making reference to earlier 

publications of similar theories (Lucas, 1918, Bell and Cameron, 1906), Following his 

method and the notation of Siebold (2000), Poiseuille’s law is given for fluid flow in a 

pipe 

 
𝑣 =  

𝑑ℎ

𝑑𝑡
=  

𝑅𝐷
2

8𝜂

∆𝑃

ℎ
 (1) 

where h is the height of the wetting front at time t; RD is the mean hydrodynamic radius, 

which takes into account the tortuosity of the channel; η is the viscosity of the fluid; and 

ΔP is the pressure difference. ΔP is defined using the Young-LaPlace equation 

where γL is the surface tension of the liquid, ρ is the density of the liquid, θ is  
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∆𝑃 =  

2𝛾𝐿 cos 𝜃

𝑅𝑆
−  𝜌𝑔ℎ (2) 

the dynamic contact angle of the liquid on the solid, RS is the mean static radius of the 

pores at the location of the meniscus formed by the air-water interface, and g is the 

acceleration due to gravity. Assuming that hydrostatic pressure can be ignored early on, 

integrating (1) gives 

 
ℎ2 =  

𝑐𝛾𝐿 cos 𝜃

2𝜂
𝑡 (3) 

where  

 
𝑐 =  

𝑅𝐷
2

𝑅𝑆
 (4) 

which is a geometric parameter (hereafter called the “c” parameter) that stays constant 

when the particle size and packing regime remain constant. When water is used as the 

imbibing fluid, two unknown variables are in the final equation: c and θ. To solve this 

problem, a fluid that completely wets surfaces and thus has a known contact angle of 0° 

is used to determine c for the media. That value is of ‘c’ is then used to determine θ for 

the unknown liquid (e.g., water). 

Philip Equation 

John Philip (1957d) defined “sorptivity” as a property of the medium that 

describes its ability to take up or release water. He developed the equation 

 𝐼 = 𝑆𝑡1/2 + 𝐶𝑡 (5) 
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to describe this movement. Philip assumed a homogeneous medium, a semi-infinitely 

long vertical column, and that gravity and capillarity are the only forces driving 

infiltration. 

The equation can be derived from Darcy’s law (Equation 6) that describes the discharge 

rate driven by an energy gradient. The discharge rate (q) is equal to the hydraulic 

conductivity (K) multiplied by the change in total head over a specific distance (dH/dz). 

Here q is the specific discharge, K is the hydraulic conductivity, H is the total head, and z 

is the distance from the base of the column: 

 
𝑞 = −𝐾

𝑑𝐻

𝑑𝑧
 (6) 

The conservation of mass states that if the flow rate into a space is not equal to the flow 

rate out of a space, there is a change in storage. A decrease in flow rate with distance 

corresponds to an increase in volumetric water content with time. Here θ is the 

volumetric moisture content and t is time:  

 𝜕𝜃

𝜕𝑡
=

−𝜕𝑞

𝜕𝑧
 (7) 

Darcy’s law and the conservation of mass can be combined to generate the Richards’ 

equation, where the change in volumetric moisture content with time is expressed as a 

function of the driving force (the head gradient over that distance): 

 𝜕𝜃

𝑑𝑡
=

𝜕

𝜕𝑧
(𝐾

𝜕𝐻

𝜕𝑧
) (8) 
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H is composed of gravity and capillarity, and can be split up and represented by z and h 

respectively. The change in gravity head with distance will always be unity in a vertical 

system. This is represented by the equation: 

 𝜕𝜃

𝑑𝑡
=

𝜕

𝜕𝑧
(𝐾 + 𝐾

𝜕ℎ

𝜕𝑧
) (9) 

Because h and K are single value functions of θ, the chain rule applies. The change in 

capillary head with distance can be represented by the product of the change in 

capillary head with moisture content and the change in moisture content with distance, 

as shown here: 

 𝜕ℎ

𝜕𝑧
=

𝜕ℎ

𝜕𝜃

𝜕𝜃

𝜕𝑧
 (10) 

That is substituted into the previous equation and another equation is obtained: 

 𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐾 + 𝐾

𝜕ℎ

𝜕𝜃

𝜕𝜃

𝜕𝑧
) (11) 

 

This reduces the number of variables (simplifying the equation) and also permits it to be 

expressed in terms of hydraulic diffusivity. The soil hydraulic diffusivity is the product of 

the hydraulic conductivity and the change in capillary head with moisture content (slope 

of the moisture characteristic curve): 

 
𝐷 = 𝐾

𝜕ℎ

𝜕𝜃
 (12) 

When substituted into the previous equation is rewritten as 

 𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐷

𝜕𝜃

𝜕𝑧
) +

𝜕𝐾

𝜕𝑧
 (13) 
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In this system, it is assumed that the column exists infinitely upward from the base. The 

boundary conditions where free water is available in excess at the base and the initial 

moisture content in the column is homogeneous are written as: 

𝐹𝑜𝑟 𝑧 > 0 𝑎𝑛𝑑 𝑡 = 0, 𝜃 = 𝜃𝑛 𝑤ℎ𝑒𝑟𝑒 𝜃𝑛 𝑖𝑠 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡         

𝑊ℎ𝑒𝑛 𝑡 ≥ 0 𝑎𝑛𝑑 𝑧 = 0, 𝜃 = 𝜃0𝑤ℎ𝑒𝑟𝑒 𝜃0𝑖𝑠 𝑡ℎ𝑒 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑎𝑠𝑒 

This equation is solved by a method of approximations. First, Philip introduced the 

variable z’: which satisfies the solution for the first term of the equation:  

 𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑧′
(𝐷

𝜕𝜃

𝜕𝑧′
) (14) 

 

and  

 𝑧′ = 𝑧′(𝜃, 𝑡) (15) 

 

which is solved numerically by the method of Philip 1955. The perfect solution is 

subtracted from the original equation to obtain the remainder of the solution. Rewriting 

the second and third last equations with θ as the independent variable, the equations 

 𝜕𝑧

𝜕𝑡
=

𝜕

𝜕𝜃
(𝐷

𝜕𝜃

𝜕𝑧
) +

𝜕𝐾

𝜕𝜃
 (16) 

 

 𝜕𝑧′

𝜕𝑡
=

𝜕

𝜕𝜃
(𝐷

𝜕𝜃

𝜕𝑧′
) (17) 

are obtained. If 𝑦 = 𝑧 − 𝑧′, subtracting those two equations gives 
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 𝜕𝑦

𝜕𝑡
=

𝜕

𝜕𝜃
(𝐷

𝜕𝜃

𝜕𝑧′

𝜕𝑦

𝜕𝑧
) +

𝜕𝐾

𝜕𝜃
 (18) 

We can approximate  

 𝜕𝑦

𝜕𝑧
=

𝜕𝑦

𝜕𝑧′
 (19) 

 

which leads to  

 𝜕𝑦′

𝜕𝑡
=

𝜕

𝜕𝜃
(𝐷(

𝜕𝜃

𝜕𝑧′
)2

𝜕𝑦′

𝜕𝜃
) +

𝜕𝐾

𝜕𝜃
 (20) 

where 𝑦′ is written for 𝑦 because the use of an approximation implies that an exact 

value for 𝑦 is impossible. The transformation  

 𝜒 = 𝑦′𝑡−1 (21) 

is an approximation that has been used and allows the reduced form to become an 

ordinary differential equation 

 
𝜒 =

𝑑

𝑑𝜃
(𝑃

𝑑𝜒

𝑑𝜃
) +

𝑑𝐾

𝑑𝜃
 (22) 

 

where 

 
𝑃(𝜃) = 𝐷(

𝑑𝜃

𝑑𝜑
)2 (23) 

 

and  

 𝜑(𝜃) = 𝑧′𝑡−1/2 (24) 
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where 𝑃 and 𝜑 are determined by the Philip 1955 numerical method. 

Integrating χ yields 

 
∫ 𝜒𝑑𝜃 = 𝑃

𝑑𝜒

𝑑𝜃
+ (𝐾 − 𝐾𝑛)

𝜃

𝜃𝑛

 (25) 

where 𝜃 = 𝜃0 and 𝜒 = 0. This can be solved numerically. The residual error 𝑥 = 𝑦 − 𝑦′ 

is introduced. The PDE in x, θ, and t is developed. An approximation and transformation 

lead to the solution, after repeating as many times as necessary with new residuals for 

accuracy: 

 𝑧 = 𝜑𝑡1/2 + 𝑡 + 𝑡3/2 + ⋯ + 𝑓𝑚(𝜃)𝑡𝑚/2 (26) 

where the coefficients are functions of θ. In the range of D, K, and t relevant to soil 

scientists, the series converges very rapidly. The change in moisture content equals the 

difference between the time integral of flux at 𝑧 = 0 and infinity, where I is the 

cumulative infiltration: 

 
𝐼 = ∫ 𝑧𝑑𝜃 + 𝐾𝑛𝑡

𝜃0

𝜃𝑛

 (27) 

 

Integrating yields 

 
∫ 𝑧𝑑𝜃 = 𝑡1/2 ∫ +𝑡 ∫ + ⋯ + 𝑡3/2 ∫

𝑓𝑚𝜒𝜑

𝜃0

𝜃𝑛

 (28) 

 

where  

 ∫
𝑓

𝑑𝑒𝑛𝑜𝑡𝑒𝑠 ∫ 𝑓𝑑𝜃
𝜃0

𝜃𝑛
. (29) 
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∫ 𝑎𝑛𝑑 ∫

𝜒𝜑

 (30) 

 

can be denoted as S and C, respectively. Since the series converges so rapidly, it can be 

truncated after the second term to leave  

 𝐼 = 𝑆𝑡1/2 + 𝐶𝑡 (31) 

which can, at early time, but further truncated to leave only the first term. 

Hay Equation 

The first two equations discussed in this chapter considered water movement within 

filled capillaries, but it has also been suggested that film flow plays a role in drainage. 

Here, we consider the possibility that films also participate in imbibition as a mechanism 

along the wetting front. Hay et al. (2008) proposed an equation that describes the 

invasion of water films on rough surfaces, which in this work is called surface flow. 

Starting from the Young-LaPlace equation 

 
∆𝑃 =  𝛾 (

1

𝑅𝛿
+

1

𝑅𝜆
) (32) 

where δ is the height of the roughness features, λ is the distance between edges of the 

roughness features, Rδ is the radius of curvature of the film between the roughness 

features, and Rλ is the radius of curvature of the invading front of the film. We assume 

that the roughness features are normal to the surface. When θ is the contact angle of 
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the fluid with the surface, the radius of curvature (R) of the meniscus in the plane 

defined by δ and λ, respectively, are 

 
𝑅𝛿 =

𝛿

cos 𝜃 − sin 𝜃
 (33) 

and 

 
𝑅𝜆 =

𝜆

2 cos 𝜃
 (34) 

 

Substituting the last two equations into the previous equation gives  

 
Δ𝑃 = 𝛾(

(2𝛿 + 𝜆) cos 𝜃 − 𝜆 sin 𝜃

𝛿𝜆
) (35) 

which is the driving force per unit area. 

From White (1991), the loss of pressure caused by viscous dissipation within a tube 

(with general cross-sectional geometry) is given by, 

 −Δ𝑃

Δ𝑥
=

2𝑃𝑜𝜇𝑈

𝑑ℎ
2  (36) 

where U is the velocity, x is the distance from the bulk fluid to the leading edge of the 

film, dh is the hydraulic diameter, and Po is the Poiseuille number. The Poiseuille 

number is defined as the product of the Fanning friction factor, which is related to the 

shear stress at the water-solid contact, and the Reynolds number, which is a 

dimensionless quantity that is the ratio of inertial forces to viscous forces. The hydraulic 

diameter is defined as  

 
𝑑ℎ =

4𝐴

𝑃𝑤
 (37) 
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where A is the cross sectional area of the fluid and Pw is the wetted perimeter. For 

roughness elements where the height of the roughness is half the distance between 

roughness elements, gives a ration of 𝑑 to 𝑙 of about 0.5.This may be reasonable for 

porous media if one represents the roughness as either a group of half spheres stuck to 

a surface, or a group of half spheres dug out of a surface. Hay (2008) used a ratio of δ to 

λ is 0.48 for her study surface, which is reasonable in this case, and corresponds to a 

Poiseuille number is 14.38 (obtained from Shah and London 1978). At steady state, 

frictional resistance is always balanced with the driving force per unit area, and solving 

for velocity gives 

 
𝑈 =

𝛾𝑑ℎ
2

2𝑃𝑜𝜇𝑥
(
(2𝛿 + 𝜆) cos 𝜃 − 𝜆 sin 𝜃

𝛿𝜆
) (38) 

Noting that U = dx/dt, and integrating (as per Hay 2008) gives an equation for the 

position of the front of the wetting film: 

 
𝑥ℎ = [

𝛾𝑑ℎ
2

𝑃𝑜𝜇𝑥
(

(2𝛿 + 𝜆) cos 𝜃 − 𝜆 sin 𝜃

𝛿𝜆
)]

1
2𝑡

1
2 + 𝑥0 (39) 

where t is the time for the edge of the fluid to travel distance x. Everything on the right 

side of the previous equation to the left of t1/2 can be considered to be D, a diffusion 

coefficient. This equation provides a reasonable was to estimate surface flow on rough 

surfaces.  

Theoretical Sorptivity as a Function of Moisture Content 

The equation for sorptivity as a function of moisture content from the equations 

developed by Philip is  
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1/2

2 wfS Kh    (40) 

where S is the sorptivity, K is the hydraulic conductivity of the transmission zone, Δθ is 

the difference between the initial moisture content of the soil and the moisture content 

after the wetting front has passed, and hwf is the potential of the wetting front. The 

equation for the wetting front potential was obtained from Stewart et al. 2013. It is 

possible, however, that instead of using the wetting front potential as the driving force, 

it should be the capillary potential, which is a much higher value. In that case, the 

equation 

 𝑆 = (2𝐾𝑆ℎ𝑐(1 − Θ)(𝜃𝑠 − 𝜃𝑅)) (41) 

is used, and hc is given by the van Genuchten function 

 
ℎ𝑐 =

1

𝛼
(Θ−

1
𝑀 − 1)1/𝑁 (42) 

and M and N are obtained from knowledge of the properties of the soil in question, and 

Θ is the degree of saturation. Using the two different equations to model the expected 

sorptivity of the soil gives vastly different results, as seen in Figure 1. 
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Figure 1 Expected sorptivity using the wetting front potential (lower curve) or capillary potential (upper 
curve) 

Theoretical Sorption as a Function of Time 

 Weisbrod et al. (2009) considered the effects of surface tension on imbibition in 

porous media. Making substitutions to a Green and Ampt-type model for upward 

imbibition, they obtained the equation 

 

(43) 

 

where θFS is the degree of saturation of the medium after the wetting front has passed, 

KFS is the effective unsaturated hydraulic conductivity, hd is the effective height of 

capillary rise, hf is the tension of the medium in its initial stage, and t0 is a fudge factor 

that corrects for the time lag between the start of data collection and the start of 

capillary rise. If assumptions are made that hf is 50 cm, θFS is 0.3, and KFS is 0.1 cm/sec, 

ln
f dFS

d f o

FS f

h h
t h h t

K h
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which are in the range that would be expected for the types of media tested in this 

work, the graph of imbibition as a function of the square root of time is given in Figure 

2. 

 

Figure 2 Imbibition as a function of the square root of time using the Weisbrod (2009) equation 

Conceptual Model 

The conceptual model discussed here describes the motion of water into sandy 

soil media, with a range of particle sizes and rough surfaces. It is intended to be relevant 

to dry and moist media. The model is limited to laboratory conditions – no 

macroaggregation, roots, or other biota are considered. It is assumed that the surface 

energy of the particles is all equal, so any effects of organic matter or different 

mineralogy are ignored.  

In this conceptual model, water flow at early time and late time will be discussed 

on smooth and rough surfaces. In this context, “early time” refers to the earliest time at 

which the slope of a cumulative imbibition vs time curve is linear, which generally starts 
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about one second after imbibition. “Late time” is the time when the imbibition vs time 

curve is relatively linear, but the slope (sorptivity) is lower than at early time. 

Hypotheses will be proposed for water movement in these situations when the media is 

initially dry and initially moist.  

At the surface scale, particles are deemed to be either “rough” or “smooth”. The 

roughness features on the rough particles are considered to act like troughs that are on 

the order of magnitude of 10 μm wide and 5 μm deep that run vertically along the 

surface of the particles. The roughness features of the grain surfaces will act in a 

capillary manner, following the constraints of the Hay equation discussed earlier.  

Because they are on the surface of grains, the capillary force will not be as strong 

as that of a closed capillary tube, but will be greater than a completely smooth surface. 

Because these spaces are smaller, water will be held more tightly there. If there is only a 

small amount of water distributed throughout the media, it will fill up these roughness 

features and grain-to-grain contact points.  

Two main types of water motion are incorporated into the conceptual model: (1) 

capillary flow where the imbibing liquid fills the entire pore and (2) surface flow on 

smooth surfaces and in roughness features. Both of these flow regimes are driven by 

cohesion of water particles to each other and adhesion to the particle surfaces, and 

retarded by gravity and geometric aspects of the media.  

It is posited here that when water imbibes into a column from below, water will 

initially be moving primarily by capillarity in the traditional sense (i.e., water filled pores) 

because it is generally faster than surface flow and large pores are available. If the 
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radius of a pore is larger than the thickness of a film, capillary flow will be faster. If the 

film is thicker than the radius of the pore, film flow will be faster. If films of 10 μm are 

considered, pores must have a radius of at least 10 μm for capillary flow to be faster. 

Pores of this size can be expected to be found in a sandy medium.  

As the height of the wetted profile increases, capillary flow will slow down 

sufficiently due to gravity that further progress is by a combination of capillary and 

surface flow. Eventually, the primary driver of imbibition will be surface flow. This 

surface flow includes film flow over flat surfaces and flow by 2-D capillary mechanisms 

in the roughness features on the surfaces of the grains. The rates of the initial capillary 

flow and the later time surface flow will be affected by the properties and initial 

conditions (i.e., moisture content) of the media. If this model is correct, it should be 

possible to determine the relative contributions of capillary flow and surface flow and 

quantify their effects using columns of sufficient height and sufficiently long imbibition 

times.  

At very high initial moisture contents, flow rate by capillarity will be very low 

because the smaller capillaries, which provide most of the capillary force, are already 

full of water. However, at low moisture contents, such as the 1% used here, it is posited 

that the presence of water will increase the rate of imbibition at early time. Because it is 

held in tight spaces such as grain-to-grain contacts, imbibing water may receive a sort of 

“boost” when it reaches those points. In the case of surfaces with roughness small 

amount of moisture will also facilitate motion. If the surface of the sand is rough, the 

initial water content will fill in tight spaces (cavities with geometries corresponding to 
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very negative matric potentials) on the surface of the grains. This can be seen as 

reducing the imperfections of the capillary wall, and therefore the effective pore radius. 

Furthermore, water has a 27° contact angle with quartz, and a 0° contact angle with 

itself. Therefore, water filled roughness features lower the effective contact angle of the 

pore walls. Contact angle is inversely related to imbibition speed, so water will move 

slower against a quartz surface than a water surface. 

Early time flow may be affected by the roughness of the grains. Capillary flow is 

expected to dominate over surface flow at early time, and the surface energy of the 

pore walls will affect the strength of the capillary force. When soil is dry, roughness will 

provide increased capillary force on the surface of the grains. When soil is initially moist, 

as discussed above, roughness may increase capillary flow by providing greater surface 

area with free energy that will pull up water. This is due to the assumption that water 

will be held tightly in the roughness features, which will “smooth out” the pore walls 

with water. Water has a higher surface free energy than the mineral surface, so it can be 

expected to increase imbibition rates. 

Late time flow will also be affected by differences in the properties of the media. 

After capillary flow has slowed down, surface flow will continue along the surfaces of 

the grains. If those grains have roughness features, under dry conditions, that small 

amount of capillarity is expected to be able to pull more water along the surface up the 

column. The presence of a low level of initial moisture is expected to further increase 

flow at late time when comparing smooth moist sand to smooth dry sand. Again 

because of the higher contact angle that water has with dry quartz, a small amount of 
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water is enough to change the contact angle and therefore the capillary flow rate, but 

not enough to significantly change the theoretical maximum amount of water that can 

be imbibed. For rough sand, the water that is present at low levels will be filling in the 

roughness features, which will likely cause there to be no significant difference between 

rough moist sand and smooth moist sand.  
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MATERIALS AND METHODS 

Sorptivity was quantified by measuring the rate of capillary rise using small 

laboratory columns filled with various media and tested at a range of initial moisture 

contents. 

Six sets of capillary rise experiments to determine the sorptivity of the media 

were performed using Quincy Sandy Loam and Accusand 20-30. The A-horizon Quincy 

soil was used in untreated form, treated with hydrogen peroxide or heat; or C-horizon 

Quincy soil from a deeper subsurface horizon was used untreated. The Accusand was 

used unmodified or treated with a fluoride etching cream to create a rough surface. An 

overview of sample treatments used for the experiments is given in Table 1. Details of 

each sample treatment and experiments performed are described later in this section. 

Table 1 Overview of sample treatments for different experiments. Details on sample treatment follow the 
table. 

Material Treatment Initial moisture 
content 

Imbibing fluid Purpose of 
experiment 

Quincy A-
horizon 

Untreated 0-20% Water, 0-
20% Ethanol 

Water, ethanol Influence of initial 
moisture content 

Quincy A-
horizon 

Hydrogen 
peroxide 

0-15% Water, 0% 
Ethanol 

Water, ethanol Influence of initial 
moisture content 
and organic matter 

Quincy A-
horizon 

Kiln at 
550°C 

0% Water, 0% 
Ethanol 

Water, ethanol Influence of organic 
matter 

Quincy C-
horizon 

Untreated 0-12% Water, 0% 
Ethanol 

Water, ethanol Influence of organic 
matter, initial 
moisture content, 
and column height 

Accusand 
20-30 

Untreated 0-3% Water, 0% 
Ethanol 

Water, ethanol Influence of initial 
moisture content 
and particle 
roughness 
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Accusand 
20-30 

Roughened  0-1% Water, 0% 
Ethanol 

Water, ethanol Influence of initial 
moisture content 
and particle 
roughness 

 

Soil sample collection and treatment 

The A-horizon Quincy soil was collected from the top 10 cm of a tilled potato 

field in Hermiston, OR, which is part of the  Middle Columbia-Lake Wallula Watershed 

(45”47’15.21 N, 119” 31’03.47 W). This soil was naturally water repellent. For all 

experiments, it had been gently ground to eliminate large aggregates and allow for 

more uniform packing into laboratory mini-columns. 

QUINCY A-HORIZON, HYDROGEN PEROXIDE TREATMENT  

Experiments were performed with Quincy soil that had been treated with 

hydrogen peroxide in an attempt to remove organic matter. Mason jars were each filled 

with approximately 375 g of naturally water repellent Quincy soil. To each jar was added 

approximately 50 ml of hydrogen peroxide solution. The hydrogen peroxide solution 

was a 1:5 ratio of 30% hydrogen peroxide and deionized water. The soil was stirred until 

the solution was mixed in well. Eight hours later, the soil had foamed up. Each jar was 

stirred to collapse the soil, and another 50 ml of the solution were added. This 

happened two more times. After the fourth time, the soil was still foaming up as much 

as it had initially. In an attempt to speed up the process of organic matter 

decomposition, undiluted 30% hydrogen peroxide was added approximately 30 ml at a 

time. It was added about every 8-12 hours for the next three days. Each time, the soil 

foamed up as much as it had initially. At this point, it was assumed that the foaming was 
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due to the generation of oxygen gas from the decomposition of hydrogen peroxide, and 

not the generation of carbon dioxide from the decomposition of organic matter. The soil 

was put in aluminum trays and dried in an oven at 40°C for at least 48 hours. After being 

dried, the soil was tested for water repellency by dropping a few drops of water on the 

surface. The water drops had a very high contact angle and the water drop penetration 

time test indicated that the soil was still water repellent. 

QUINCY A-HORIZON, HEAT TREATMENT 

Experiments were also performed on Quincy soil that had the organic matter 

removed by heat. Approximately 300 g of water repellent Quincy soil was put in shallow 

crucibles and placed in a kiln heated to 550°C for 8 hours in order to remove organic 

matter. This process also caused some mineralogical changes, as evidenced by the 

material becoming redder after the kiln treatment. The water drop penetration time 

test indicated that this soil was not water repellent. 

QUINCY C-HORIZON 

To perform experiments on nonrepellent soil that was similar physically and 

mineralogically, Quincy soil from deep in the profile was used. Approximately 1 kg of 

Quincy soil that was taken from 60-90 cm depth was tested by the water drop 

penetration time test to confirm that it was not in any way water repellent. This soil was 

used without further treatment.  

ACCUSAND 

Accusand 20-30 (Unimin Corporation, as described by Schroth et al., 1996) was 

the other base media used in the sorptivity experiments. The “smooth” Accusand was 
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treated only by being rinsed with deionized water. The “rough” sand was created by 

taking the smooth sand and treating it with etching cream (Glass Etching Cream, Armour 

Etch). This etching cream contains fluoride salts that are used to etch glass, but can also 

be used to roughen quartz surfaces (Vondeling, 1983). Approximately 30 ml of etching 

cream was combined with 75 g of sand in a plastic container, mixed well, and allowed to 

sit for five minutes. The etching cream was removed by adding DI water, mixing, 

allowing the sand to settle, and decanting the water above. This was done as many 

times as needed for all of the cream to be visually gone and the decanted water to be 

clear. It was then done ten more times, and then the media was rinsed with DI water in 

a sieve. Microscope pictures were used to confirm that the surfaces of the roughened 

sand were indeed rougher than the original smooth sand. 

Protocol for achieving desired initial moisture content of samples 

DRY SAMPLES 

To prepare the dry samples using Accusand or the C-horizon Quincy soil, the 

material was placed in an open container in a 105°C oven for at least 24 hours. Before 

being used, it was removed from the oven, placed in smaller containers to cool while 

covered to decrease the amount of water that would adsorb to the surface of the 

particles. The material was allowed to cool to room temperature before being used or 

prepared for use in any experiment. 

To prepare the dry samples using the hydrogen peroxide treated Quincy soil, the 

oven dry soil was packed into columns and weighed. The columns were then saturated 

from the bottom and placed in an oven at 40°C until the mass of the columns had 
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returned to the original oven dry weight. This was done in an attempt to achieve a more 

uniform packing structure. 

MOIST SAMPLES 

To prepare the moist Accusand samples and moist Quincy samples above 4%, 

the material was dried and cooled as previously stated. The bulk density of the material 

was determined experimentally by measuring the dimensions of the PVC columns. The 

columns were packed following the protocol described in the Experiments section. The 

mass of the material and volume of the interior of the column were used to calculate 

the bulk density. This value was used along with the desired volumetric moisture 

content to determine the mass of water that should be added to the material. The dry 

material and water were added to a mason jar which was then tightly covered, shaken 

vigorously, and allowed to equilibrate for at least 24 hours. Enough material for five 

columns was prepared at one time. 

For the nonzero initial moisture contents below 4% in the Quincy soils, the 

approach was to wet in excess of the desired amount, mix the sample well, than allow 

excess moisture to evaporate. It was assumed that adding more water than was 

required for the desired moisture content would achieve a more even distribution of 

water. Water was added until the soil was at approximately 6% moisture content. This 

was mixed very well, and the samples were left open to allow evaporation to decrease 

the moisture content to the desired value as determined by periodic weighing of the 

samples. During this time, the samples were frequently stirred to maintain an even 

distribution of water.  
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Experimental procedures 

Sorptivity values were determined from data collected from capillary rise 

experiments. PVC columns with 2.5 cm diameter and a fine metal mesh (150 μm 

openings) glued to the bottom were filled with the desired medium. These columns are 

larger than many used in similar experiments (Kirdponpattara 2013, Ramirez-Flores 

2013) in order to minimize edge effects. For experiments #1-4 and #6, the columns were 

10 cm tall. For experiment #5, the height varied, and columns of 5, 10, 15, and 20 cm 

were used. The soil or sand was added in four approximately equal servings. It was 

tamped down with an acrylic rod and the column was lightly tapped on the side after 

each addition was tamped down. The soil or sand was added until it reached the top of 

the column. For the imbibition experiment, each column was clamped to a metal stand 

that was on a mass balance. A custom made computer program (LabView) was used to 

record the mass twice per second. After the data recording was started, a reservoir with 

the imbibing fluid was raised until the bottom of the column was submerged 

approximately 1 mm in the fluid. The fluid was allowed to imbibe until the rate slowed 

significantly, which was after approximately 5 minutes. Data collection was then 

stopped and the column was removed. The soil or sand was removed from the column 

and put into the oven to dry and be reused. For all media, to characterize the pore 

geometry constant of the Washburn equation, ethanol was used as the imbibing fluid 

with the dry media. 
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Description of experiments 

EXPERIMENT #1: WHOLE QUINCY SOIL 

Experiments were performed on the unmodified A-horizon Quincy soil using 

water as the imbibing fluid with initial volumetric water contents ranging from 0-20% in 

2% increments. Five replications of each moisture content were performed. Using 

ethanol as the imbibing solution in to dry media is common practice for calculation of 

the pore geometry parameter in the Washburn equation. In this series of experiments, 

however, we explored if the pore geometry parameter would be a constant throughout 

a range of initial moisture contents. Thus, ethanol was also used as the imbibing fluid 

with initial volumetric ethanol contents ranging from 0-20% in 2% increments. 

EXPERIMENT #2: HYDROGEN PEROXIDE TREATMENT 

Experiments were performed using the Quincy soil that had been treated with 

hydrogen peroxide in an apparently unsuccessful attempt to remove organic matter 

that was causing repellency. Water was the imbibing fluid and used to obtain initial 

moisture contents that ranged from 0-15% in 3% increments. Ethanol was also used as 

an imbibing fluid, but only for the oven dry soil to obtain the “c” parameter for 

calculations of the effective dynamic contact angle. Five replications were performed for 

each moisture content. 

EXPERIMENT #: HEAT TREATED SOIL 

Experiments on the kiln-treated soil were only performed in the oven dry state. 

Two replicates of each imbibing fluid were performed. The soil was treated in the kiln to 

see if high heat was more effective at removing organic water and reducing water 
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repellency. This experiment was performed to determine if the heat treatment would 

remove the organic matter that was the assumed cause of water repellency, and if it 

worked, the material would have been used to perform more experiments at different 

initial moisture contents to understand moisture redistribution dynamics at low initial 

moisture content. 

EXPERIMENTS #4. DRY-END FOCUS 

Experiments on the C-horizon Quincy soil were performed with water as the 

imbibing fluid and initial moisture contents from 0-12%, in increments of 0.5% from 0-

4%, increments of 1% from 4-8%, and increments of 2% from 8-12%. Ethanol was used 

as the imbibing fluid for the oven dry soil. Five replicates of each moisture content were 

performed. This experiment was performed to determine if a soil that was not water 

repellent showed the same pattern of sorptivity as a function of initial moisture content 

that the water repellent Quincy did. Initial moisture contents above 12% were not 

tested because the focus of these experiments was on the variation of sorptivity at 

relatively low moisture contents. 

EXPERIMENT #5 INFLUENCE OF COLUMN HEIGHT 

A set of experiments was performed to determine the influence of the column 

height on early and late time sorptivity and ascertain that the effects seen in the 

sorptivity data of the first four experiments were not due to boundary effects. The 

standard height of columns in all other experiments was 10 cm. For this experiment set, 

columns that were 5, 10, 15, and 20 cm tall were filled with oven dry C-horizon Quincy 

soil, and water was used as the imbibing fluid.  
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EXPERIMENT #6. INFLUENCE OF SURFACE ROUGHNESS 

Experiments were performed using both roughened and non-roughened 

Accusand. On roughened Accusand, water was used as the imbibing fluid for the oven 

dry sand and sand at an initial moisture content of 1%. On the non-roughened 

Accusand, water was used as the imbibing fluid with an initial moisture content of 0, 1, 

1.5, and 2%. Ethanol was used as the imbibing fluid for the rough and smooth oven dry 

sand. These experiments were performed to determine the influence of surface 

roughness on early and late time sorptivity in a material with a very narrow pore size 

distribution. 

It is assumed that for these materials, the oven dry state can appropriately be 

considered to be at 0% initial moisture content. 
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RESULTS 

Overview 

Sorptivity data from these experiments are obtained by determining the slope of 

the imbibition curve at different times. The data is commonly graphed with the square 

root of time on the abscissa (x-axis) and the cumulative mass imbibed on the ordinate 

(y-axis), with the slope of this curve being defined as the sorptivity. For many 

experimental runs, the curve exhibits two distinct linear sections (e.g., Figure 5). This 

curve does not follow the pattern predicted by the Weisbrod equation (Equation 43). 

For others, the change in slope is more gradual (e.g., Figure 4). In some cases, not 

significant change in slope was observed (e.g., Figure 3). When relevant, early and late 

time sorptivities for a suite of initial moisture contents are graphed separately. “Early 

time” sorptivity is the sorptivity value that is obtained at the earliest possible time with 

a linear slope. For example, in Figure 5, early time sorptivity would be the slope of the 

curve taken for 0 < t1/2 < 15 s1/2.  “Late time” sorptivity is the sorptivity value that is 

obtained at later time (for Figure 5, at t1/2 > 15 s1/2), after the slope has decreased 

significantly but imbibition is still occurring. In Experiment 1, only the late time sorptivity 

is given. This is because for that soil, there was no early time at which there was a linear 

slope, and the original focus of that experiment was on late time sorptivity. All sorptivity 

values in figures and tables are in units of g/s1/2. All moisture contents are volumetric. 

Sorptivity values were graphed as a function of moisture content when more than one 

initial moisture content was used in an experiment. Though only representative graphs 

are shown in the Results section, all graphs and data are available in the appendix. 
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Figure 3 Sorptivity curve from Experiment 4, 0% moisture content, run 2. There is very little change in 
slope until t1/2 = 9 s1/2. 

 

 

Figure 4 Sorptivity curve from Experiment 6, 0% moisture content, rough sand, run 4. The slope of the 
curve changes gradually the entire time. 
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Figure 5 Sorptivity curve from Experiment 4, 3.5% moisture content, run 3. There are two distinct linear 
sections. 

Sorptivity can also be used to quantify to what extent a soil is water repellent. 

One way of determining that is the Repellency index. The Repellency index was defined 

by Tillman (1989) as the ratio of the intrinsic sorptivity of ethanol to the intrinsic 

sorptivity of water. The intrinsic sorptivity differs from the sorptivity by taking into 

account the viscosity and the surface tension of the imbibing fluid. Since the surface 

tension and viscosity of ethanol and water are assumed to be constant at laboratory 

temperatures, the Repellency index is calculated as 

 

𝑅𝐼 =
(
𝜇𝑒

𝜎𝑒
)𝑆𝑒

(
𝜇𝑤

𝜎𝑤
)𝑆𝑤

= 1.95 ∗ (
𝑆𝑒

𝑆𝑤
) (43) 

where μ is the viscosity, σ is the surface tension, and S is the sorptivity, and the 

subscripts e and w refer to ethanol and water. The coefficient 1.95 was calculated at 

20°C. As surface tension and viscosity vary with temperature, the calculation of the 
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coefficient depends on the temperature at which the experiments were performed. The 

amount of variation, however, is less than 1% between 17°C and 23°C, so it is not 

necessary to consider here.  

Because ethanol is assumed to have a contact angle of 0° with mineral surfaces, 

the Repellency index value allows the direct comparison of the sorptivity of a water 

repellent soil with what the sorptivity would be if the soil were completely nonrepellent. 

A completely nonrepellent soil should have a repellency index of 1.0. A soil with a 

repellency index of 2.0 has a water sorptivity of half of what it would were it completely 

nonrepellent. It was found in these experiments, however, that the repellency index 

was calculated to be below 1.0 for all but the hydrogen peroxide treated A-horizon soil. 

This unexpected result could be due to a weakness in the packing method, the 

variability of sorption experiments, or a weakness in other aspects of the method.  

Individual experiment results 

EXPERIMENT 1 

In Experiment 1, sorptivity was measured for unmodified A-horizon Quincy sandy 

loam at various initial moisture contents. Experiments were performed with ethanol and 

water as the imbibing and moistening fluid. This experiment was performed to 

determine if the initial moisture content changes the effective pore geometry as 

expressed by the “c” parameter from the Washburn equation and to quantify the effect 

of initial moisture content on sorption by comparing the data to traditional analytical 

expressions. 
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Changes in effective pore geometry may affect capillary forces through pre-

wetted grain-to-grain contact points, thin water films, and filled small pores. Capillary 

rise experiments were performed at different initial moisture contents. To prevent 

potential water-ethanol interactions which could change the local surface tension of the 

capillary menisci that drive imbibition, ethanol was used to pre-moisten the soil when 

ethanol was used as the imbibing fluid. Assuming that ethanol has a 0° contact angle, 

the Washburn equation can be solved directly for the “c” parameter, which can then be 

used to calculate the water contact angle. It was determined that the “c” parameter as 

determined by the initially dry soil was very close to the “c” parameter that was 

determined at higher initial volumetric ethanol contents. This result justifies the use of 

the “c” parameter that was calculated for the dry media under the full range of moisture 

contents. The “c” parameter and resulting water-solid contact angle are plotted in 

Figure 6. The “c” parameter is plotted using the left y-axis. The contact angles are 

plotted using the right y-axis. Two contact angles are graphed: those using the “c” 

parameter obtained using dry soil and those using the “c” parameters calculated for 

each ethanol-moist soil (i.e., 2% ethanol to determine the “c” parameter for 2% water, 

etc.). Even though the “c” parameter was not a perfect constant value, the contact 

angles calculated using the two methods were very similar. Due to this, it was 

determined that for future experiments, the “c” parameter would only need to be 

determined for the dry media. 
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Figure 6 Calculated values for the pore-geometry parameter “c” in the Washburn Equation on the left y-

axis (see Eq. 3 and 4), and calculated values for the effective dynamic contact angle (right y-axis) using 

either the “c” parameter from the dry-soil ethanol run (black triangles) or the “c” parameter from the 

ethanol run at the relevant moisture content.   

 

The relationship between sorptivity and moisture content did not follow the 

theoretical sorptivity curve using wetting front potential (Equation 41, Figure 1), but 

they were closer to the curve that used the capillary potential as the driving force 

(Equation 42, Figure 1). As seen in Figure 1, regardless of which driving force is used, the 

theoretical curve predicts the sorptivity will decrease as initial moisture content 

increases. In our experiments, two different regions were observed. Sorptivity 

decreased as moisture content increased at low moisture contents (0-6%), but then 

increased slightly at higher moisture contents (8-12%), decreasing again as moisture 

content increased further. This pattern was observed for both water and ethanol as the 

moistening and imbibing fluids (Figures 7 and 8, note that the scale of the y-axis is 

different between the two figures). The data for water shows more variability, but the 
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ethanol data shows very clear trends across these three moisture regimes (0-6%, 8-12%, 

>12%) 

The Repellency index was calculated for the 0% initial moisture content to be 

0.99, indicating that by the Tillman method, this soil is not considered to be water 

repellent. Indeed, the water drop penetration test (personal communication, James 

Cassidy) also qualifies this soil as non-water repellent with a water drop penetration 

time of less than 1 second, far less than the generally accepted 5 second cutoff. 

However, field observation clearly give evidence of this soil being very water repellent 

with ponding time in excess of 1 hour. The discrepancy between field and laboratory 

data is one of the enigmas that has led us to explore this particular soil. 

 

Figure 7 Sorptivity calculated from data obtained in Experiment 1 using water as the imbibing and 
moistening fluid. Small points indicate individual data values. Large points are mean values. 
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Figure 8 Sorptivity calculated from data obtained in Experiment 1 using ethanol as the moistening and 
imbibing fluid. Small points indicate individual data values. Large points are mean values. 

EXPERIMENT 2 

The material for Experiment 2 was prepared by being treated with hydrogen 

peroxide as described in the Materials and Methods. After the soil was dried in the 

oven, water was dropped on a small pile of the soil to test qualitatively for water 

repellency by the time it took for the drop to penetrate the surface and if a drop that 

was placed on a slope rolled downwards. It was expected that the hydrogen peroxide 

would remove all of the organic matter that was causing water repellency in the original 

soil. The water drop test showed that the soil was still very water repellent. This suite of 

capillary rise experiments was performed to quantify the water repellency and 

determine the influence of initial moisture content. The results of that experiment are 

summarized in Table 2 and graphed in Figure 9. The Tillman (1989) repellency index for 

Experiment 2, calculated using the mean sorptivity values for ethanol and water at 0% 

initial moisture content, is 7.26. Using sorptivity values from individual runs, the 
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repellency index could be as high as 13.45 or as low as 3.25. Interestingly, the repellency 

index was higher after the soil was treated with hydrogen peroxide than for the 

untreated soil (see results from Experiment 1). 

In this experiment, the most notable result is the very low sorptivity at 0% initial 

moisture content. With the exception of this point, the rest of the sorptivity values 

follow the general pattern that would be expected from the theoretical sorptivity curve. 

This result could be due to some interaction of water with water repellent organic 

matter on the surfaces of the particles which increases sorptivity at nonzero initial 

moisture contents. It could be an effect of the different procedure used to pack the 

columns for the 0% experiments, where the soil was packed in the column, saturated, 

and dried in a 40°C oven until it had reached its original dry weight. 

 
 

Table 2 Summary of sorptivity values from Experiment 2. Percentages are the initial moisture content. 
Data values are the sorptivity in units of g/s1/2. 
 

 Ethanol Water 

  0% 0% 3% 6% 9% 12% 15% 18% 

#1 0.36 0.11 0.28 0.24 0.30 0.20 0.11 0.018 

#2 0.20 0.10 0.24 0.24 0.28 0.17 0.12 0.022 

#3 0.69 0.12 0.30 0.22 0.16 0.15 0.12 0.027 

#4    0.31 0.23 0.20 0.16 0.14 0.004 

#5     0.27 0.26 0.29 0.20 0.11 0.025 

Average 0.42 0.11 0.28 0.24 0.25 0.18 0.12 0.019 
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Figure 9 Sorptivity values from Experiment 2. Small points represent individual data values. Large points 
are the mean for that moisture content. 

EXPERIMENT 3 

Soil for Experiment 3 was heat treated in a kiln for 8 hours at 550°C in an 

attempt to remove organic matter that way, since the hydrogen peroxide treated soil 

was still water repellent. Water dropped on the surface of the soil infiltrated easily, 

which indicated that the heat treatment had indeed removed the repellency-causing 

organic matter. The heat had also, however, caused mineralogical changes that are 

suspected to be oxidative because the kiln is vented and because the soil became a 

more red color.  

The sorptivity data for this experiment are listed in Table 3. The sorptivity for 

early and late time are included for easier comparison to later data. In this experiment, 

sorptivity was only determined for the soil at 0% initial moisture content. This was done 

to determine if the soil was less water repellent than it was before the treatment, but 
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because of the mineralogical changes, it was decided not to assume that this soil was a 

true non-repellent analogue to the untreated A-horizon Quincy soil or the hydrogen 

peroxide treated A-horizon Quincy soil. No further sorptivity experiments were 

performed on this soil.  

Notable in this data set is that in two of the four runs, the late sorptivity is higher 

than the early sorptivity. In one, there was no change in sorptivity with time during the 

experiment. Only in one experiment was the early sorptivity higher than the late 

sorptivity as was seen in all of the other experiments. The late time data for this 

experiment was taken from approximately t1/2=6s1/2 (which corresponds to an 

imbibition time of 36 s). The Repellency index for this experiment was 0.55. 

Table 3 Early and late time sorptivity for heat treated soil 

 Water Ethanol 

 
Early 

sorptivity 
Late 

sorptivity 
Early 

sorptivity 
Late 

sorptivity 

Run 1 1.15 0.45 0.22 0.22 

Run 2 0.55 0.90 0.26 0.34 

Average 0.85 0.68 0.24 0.28 

 

EXPERIMENT 4 

The C-horizon Quincy soil did not show any water repellency using the 

qualitative water drop test. The average repellency index for this experiment was 0.37, 

which is significantly lower than that of experiments 1, 2, or 3. While having somewhat 

similar texture as the A-horizon soil, a hydrometer test showed the particle size 

distribution of the C-horizon sample was distinctly devoid of the small fraction below 

0.002 cm. This experiment was used to explore in greater detail the observation made in 
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Experiment 3, that the sorptivity for dry media is very different (much lower) than for 

moist media. The moisture contents below 4% were explored in 0.5% increments to 

identify where the transition in sorptivity occurs, hoping to obtain an indication of the 

mechanism involved. However, as seen in figures 10 and 11, the effect of moisture 

content on sorptivity showed a different trend than in previous experiments. (1) The 

water sorptivity values from the dry soil for this material were significantly higher than 

those for the hydrogen peroxide treated or heat treated soil, supporting the assessment 

that those soils were, to some extent, water repellent. (2) No significant trend with 

moisture content was observed. A summary of the sorptivity data for the C-horizon 

Quincy soil is given in Table 4 and graphed in figures 10 and 11. Since repellency is 

traditionally calculated based on the early time data, the values for sorptivity in figures 

10 and 11, are based on the early time slope of the imbibition curve. The most notable 

aspect of this data is the higher early time sorptivity between 0% and 0.5% initial 

moisture content, compared to the sorptivity for moisture contents greater than 0.5%. 

Table 4 Early and late time sorptivity mean values for non-repellent C-horizon Quincy soil 

Moisture 
Content 
[cm3/cm3] 

Early 
Sorptivity 
[g/s1/2] 

Late 
Sorptivity 
[g/s1/2] 

Late:early 
ratio 

0 2.61 1.86 0.711 

0.005 3.35 1.69 0.505 

0.01 2.01 1.42 0.705 

0.015 2.46 1.72 0.698 

0.02 2.48 1.71 0.688 

0.025 2.51 1.70 0.676 

0.03 2.58 1.70 0.658 

0.035 0.93 0.47 0.508 

0.04 0.89 0.47 0.533 

0.05 1.09 0.68 0.624 
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0.06 0.93 0.65 0.697 

0.07 0.87 0.57 0.651 

0.08 0.92 0.57 0.617 

0.1 0.97 0.51 0.529 

0.12 1.02 0.51 0.498 

The sorptivity values in Table 4 are averages of between three and five runs for 

each moisture content. In all cases, the late time sorptivity is lower than the early time 

sorptivity. Comparison of figures 10 and 11 show that moisture content impacts 

similarly both the early and late sorptivity values. A notable exception is the value of 

early sorptivity for an initial moisture content of 0.05 cm3/cm3, where the highest 

sorptivity is observed, with relatively little scatter in the data. There is a sharp drop in 

both early and late time sorptivity at initial moisture contents above 3%, after which it 

remains rather constant. The late time sorptivity values in this experiment were taken 

from approximately t1/2=7 s1/2 (corresponding to an imbibition time of 49 seconds). 

 

Figure 10 Early time sorptivity for the C-horizon Quincy soil. Small points represent individual data values. 
Large points are the mean for that moisture content. 
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Figure 11 Late time sorptivity for the C-horizon Quincy soil. Small points represent individual data values. 
Large points are the mean for that moisture content. 

The ratio of the late time sorptivity to the early time sorptivity for the various 

initial moisture contents is shown in Figure 12 using mean values. A higher ratio 

indicates a smaller difference between the early time sorptivity and the late time 

sorptivity. There is a slight negative trend as the initial moisture content increases. This 

is due to the faster decrease in late time sorptivity than early time sorptivity, resulting in 

a larger difference between the two and therefore a lower ratio. This indicates that the 

mechanism controlling late time sorptivity is more strongly impacted by initial moisture 

content. 
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Figure 12 Ratio of late time sorptivity to early time sorptivity for C-horizon Quincy soil using mean values. 

It is also notable that in the majority of cases, for columns of identical moisture 

content, higher early time sorptivity for a column corresponds to higher late time 

sorptivity, likely indicating an effect of the packing structure. As seen in Figure 13, the 

early time sorptivity and the late time sorptivity for five runs at 7% initial moisture 

content follow a similar pattern. 
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Figure 13 Early and late time sorptivity for the five experimental runs at 7% initial moisture content. 

EXPERIMENT 5 

Experiment 5 tested the influence of column height on early and late time 

sorptivity. It was originally hypothesized that a possible explanation for the change in 

slope in the imbibition graphs was that water films were moving up the column faster 

than capillary water. The change in slope on the graph would happen at the time that 

the films reached the top of the column and could not move further up. Columns that 

were 15 and 20 cm tall were used to test this. If the early time sorptivity were similar for 

the 10, 15, and 20 cm columns, but the late time sorptivity were higher in the taller 

columns, this hypothesis would be supported. The 10 cm early time sorptivity was 48% 

and 42% larger than the sorptivity for the 15 cm and 20 cm columns, respectively. The 

10 cm late time sorptivity was 49% and 43% greater than the sorptivity for the 15 cm 

and 20 cm columns, respectively. It was not expected that column height would have an 

impact on early time sorptivity. The experiments were not all performed at the same 
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time, and were performed by two different technicians. Even though the absolute 

sorptivity values varied greatly by column height, the late-to-early sorptivity ratio for all 

three heights was 0.69. The late time values were from approximately t1/2=7 s1/2 

(corresponding to an imbibition time of 49 s). A summary of the sorptivity using mean 

values from Experiment 5 is shown in Table 5 and Figure 14. 

Table 5 Summary of sorptivity values from Experiment 5 

Height 
of 
column 

Early 
sorptivity 

Late 
sorptivity Ratio 

10 cm 2.61 1.82 0.69 

15 cm 1.76 1.22 0.69 

20 cm 1.84 1.27 0.69 

 

 

Figure 14 Early and late time sorptivity by column height 

EXPERIMENT 6 

Experiment 6 was performed to test the influence of initial moisture content and 
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Microscope pictures of the roughened and non-roughened dry sand are in Figures 15 

and 16, respectively. Trough-like roughness features are visible on the roughened sand. 

 

Figure 15 20-30 Accusand treated with etching cream to roughen the surface. The frame width is 
approximately 1.5 mm. 

 

Figure 16 20-30 Accusand, not treated with etching cream. The frame width is approximately 1.5 mm. 

Only 0% and 1% were used as initial moisture contents. This was done to answer 

the question of whether the presence of water at any quantity affects imbibition 
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processes. The late time sorptivity values for this experiment were from approximately 

t1/2=5 s1/2 (corresponding to an imbibition time of 25 s). The results of this experiment 

are summarized in Table 6. 

Table 6 Early and late sorptivity for rough and smooth sands at 0% and 1% initial moisture content. 
Sorptivity is in units of g/s1/2. 

Surface Moisture Early slope Late slope 

Rough 0% 2.68 ± 0.33 0.41 ± 0.11 

  1% 2.73 ± 0.47 0.44 ± 0.06 

Smooth 0% 2.49 ± 0.24 0.24 ± 0.06 

  1% 2.41 ± 0.54 0.51 ± 0.03 

 

The repellency index for the rough sand using the average sorptivity values for 

water and ethanol is 0.93. The repellency index for the smooth sand using average 

sorptivity values for water and ethanol is 0.95. These numbers are consistent with the 

understanding of the repellency index that states that the repellency index of a 

nonrepellent material should be 1.0. 

Initial moisture content does not have a significant impact on the early time 

sorptivity in rough or smooth sands. It also doesn’t have a significant impact in the late 

time sorptivity for rough sands. There is a significant impact, however, on the late time 

sorptivity in the smooth sand.  

Surface roughness does not have a large impact on early time sorptivity for 0% 

or 1% initial moisture content. It does, however, impact late time sorptivity. For 0% 

initial moisture content, late time sorptivity was higher in the rough sand. For 1% initial 

moisture content, the impact was lower, but the sorptivity was higher in the smooth 

sand.  
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Overview of Repellency Conditions 

Repellency index values were generally lower than expected. This result was 

unexpected because theoretically, a perfectly nonrepellent material will have a 

Repellency index of 1.0. Small variations around 1.0 were to be expected due to the 

inherently variable nature of the sorptivity experiments, but that alone cannot explain 

Repellency index values of 0.55 and 0.37. Repellency index values for all materials used 

are listed in Table 7. 

Table 7 Summary of Repellency index for all materials used in experiments 

Material Repellency index 

Quincy A-horizon unmodified soil 0.99 

Quincy A-horizon hydrogen peroxide treatment 7.26 

Quincy A-horizon heat treatment 0.55 

Quincy C-horizon unmodified 0.37 

Accusand 20-30 unmodified 0.95 

Accusand 20-30 roughened 0.93 

 

Many results were seen that would not be expected from the theoretical 

sorption curves. Even in nonrepellent soils, sorptivity at 0% initial moisture content, 

which is the point at which the theory says that sorptivity should be the highest, is 

sometimes lower than at slightly higher moisture contents. The existence of the three 

different types of sorption curves is very important and can give evidence as to how 

moisture is moving in the media. Possible explanations for this behavior are discussed in 

subsequent chapters. 
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DISCUSSION 

In all of the experiments performed for this work, the values of observed 

sorptivity based on initial moisture content were not what was expected based on the 

theoretical equations. This is not surprising, as the theoretical equations assume a 

completely sharp wetting front, which is not observed in actual media. Specifically, it is 

the non-sharp wetting front phenomenon that became important in this research. The 

general relationship, though, was expected to be followed, where sorptivity would be 

highest at 0% initial moisture content and decrease in some way as the media’s initial 

moisture content increased.  

Two sorptivity values were obtained for each imbibition experiment from 

determining the slope of the imbibition curve (I vs. t1/2) at early and late time. Early time 

was the earliest time where the curve was linear. Late time was the part of the curve 

that was closest to linear after the imbibition rate had slowed, which was usually after 

about thirty seconds of imbibition.  

As seen in Figures 3-5, the imbibition curve shapes did not always look similar. 

For some curves, the slope did not change significantly. For others, it was briefly linear 

before gradually decreasing, as predicted. The third main type of imbibition curve that 

was seen was the most interesting and unexpected, and also the most common. In 

these curves, two distinct linear sections were seen before the imbibition slowed to a 

rate where it was assumed that gravity had taken over as the dominant force. It was this 

third type of imbibition curve, along with the increased sorptivity at low initial moisture 

contents, which prompted the development of our conceptual model for two distinct 
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mechanistic regimes and generated many of the questions that were investigated in this 

work. 

Water Repellency 

Water repellency was the original problem that prompted the first experiments 

in this investigation. Water repellency was most directly investigated in Experiment 1. In 

the field before this soil was collected, observations were made that it was highly water 

repellent with excessively high infiltration times. In the lab, this soil did not show 

excessive wettability problems. When a set of capillary rise experiments were 

performed on the soil with a suite of different initial moisture contents, the trend of 

sorptivity as moisture content increased was not what was expected from the sorptivity 

experiments. It had been observed that in the field, infiltration was improved when the 

soil was moist to begin with. A similar trend was seen in the lab, as the sorptivity of 

water increased slightly between 8% and 16% volumetric moisture content (Figure 3).  

The A-horizon soil was treated with hydrogen peroxide in an apparently 

unsuccessful attempt to remove the organic matter from the surfaces of the grains. The 

fact that this was unsuccessful is consistent with Mikutta et al. (2005) who describe how 

no reliable indicator exists for when a hydrogen peroxide reaction is complete. A similar 

set of experiments was run on this soil that showed that the sorptivity at 0% was much 

lower than it was at higher moisture contents. This could be an impact of the different 

packing structure that was used for the 0% moisture content columns in Experiment 2, 

or it could be due to some other cause. Notable in this experiment is that the soil was 

more water repellent than the unmodified soil used in Experiment 1, and exhibited 
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overall lower sorptivity at all moisture contents. This result is curious because the 

hydrogen peroxide procedure was meant to remove all organic matter and make the 

soil nonrepellent. It is hypothesized, but not tested here, that the soil treated with 

hydrogen peroxide is more water repellent than the untreated soil because the 

hydrogen peroxide oxidized the easily oxidizable organic matter, and left behind organic 

matter that is more difficult to oxidize and more likely to be water repellent. 

Soil for Experiment 3 was treated in a kiln in another attempt to remove the 

organic matter from the soil. After the treatment, the soil did seem to be nonrepellent 

by the water drop penetration time test and by having a lower repellency index, but it 

was not used in further experiments due to the observed mineralogical changes of the 

particles.  

The C-horizon Quincy soil used for Experiment 4 and the Accusand used for 

experiment 6 were not water repellent. Water drops penetrated instantly. The sorptivity 

values for these experiments were higher than for any of the first three experiments, as 

expected. These soils permitted exploration of the hypothesized mechanisms without 

the confounding effect of repellency. 

The Repellency index was calculated for all of the materials used. Among the 

Quincy soils used, the Repellency index identified the hydrogen peroxide treated soil as 

the most water repellent, then the unmodified A-horizon soil, the heat treated soil, and 

finally the C-horizon soil. Theoretically, a perfectly wettable soil will have a Repellency 

index of 1.0. Repellency indices of 0.99 (Quincy A-horizon unmodified), 0.95 (Accusand 

unmodified), and 0.93 (Accusand roughened) can be explained by the use of average 
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sorptivity values and the variability of sorptivity between different columns. The value 

of 7.26 for the hydrogen peroxide treated soil is not unexpected, as that soil was visually 

water repellent. The two other curious results are for the Quincy heat-treated soil with 

a Repellency index of 0.55 and the Quincy C-horizon soil with a Repellency index of 0.37. 

This is not supposed to be possible, and is not just due to experimental variability. 

Initial Moisture Content  

The initial moisture content of the soil and its influence on sorptivity was of 

particular interest in this study. In three sets of experiments, the unmodified Quincy A-

horizon, the hydrogen peroxide treated A-horizon, and the unmodified C-horizon soil 

were used as the medium in capillary rise experiments at various initial moisture 

contents.  

The unmodified Quincy A-horizon soil was not water repellent by the standards 

of the Repellency index, but was visibly water repellent in the field. As the initial 

moisture content was increased, the sorptivity followed an unexpected pattern. The 

sorptivity decreased, increased, and decreased again (Figure 7). 

The hydrogen peroxide treated soil showed a different pattern of sorptivity as 

moisture content increased. The sorptivity was low at 0%, relatively high at 2%, and 

decreased consistently from there. By the time the soil was at 18% moisture, sorptivity 

was practically nonexistent.  

The C-horizon Quincy soil followed yet another pattern of sorptivity as a function 

of moisture content. The sorptivity of the soil at 0.5% was higher than at 0% for early 
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time. The sorptivity was lower but consistent between 1% and 3%, and then was 

significantly lower but also consistent from 3.5% to 12%. 

The three graphs of sorptivity as a function of moisture content, rescaled to have 

consistent y-axes for easier comparison of the absolute sorptivity values, are 

reproduced below in figures 17-19. 

 

Figure 17 Sorptivity as a function of moisture content for Experiment 1, with water as the imbibing and 
moistening fluid. Quincy A-horizon soil was used unmodified. 

 

Figure 18 Sorptivity as a function of moisture content for Experiment 2. Quincy A-horizon soil was treated 
with hydrogen peroxide. 
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Figure 19 Sorptivity as a function of moisture content for Experiment 4. Quincy C-horizon soil was used. 

The three different patterns of sorptivity as a function of moisture content were 

not expected from the theoretical equations. The sorptivity is always expected to vary 

as a function of moisture content in a predictable way, and not have sudden changes in 

sorptivity when the moisture content changes from 3% to 3.5%, or to fluctuate between 

increasing and decreasing as initial moisture content increases. However, the data from 

the water imbibition experiments of Experiment 1 are not very far off from the 

calculation that uses the capillary potential (green curve, Figure 20). The data from that 

experiment is graphed in Figure 20 below for comparison. As in Figure 1, the upper 

curve was calculated using the capillary potential and the lower curve using the wetting 

front potential. 
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Figure 20 Data from Experiment 1 overlaying theoretical curves. The green curve used capillary potential. 
The black curve uses wetting front potential. 

Data Relating to the Conceptual Model 

The conceptual model discussed here proposed that at early time, surface 

roughness would not have a significant impact on sorptivity. This was supported by the 

data. Though the mean values for the sorptivity on the rough surface was higher than on 

the smooth surface for both 0% and 1% initial moisture content, the differences were 

not large enough to be significant. 

It was proposed that initial moisture content would significantly impact 

sorptivity at early time, with an initial moisture content of 1% leading to higher 

sorptivities than 0%. This was not supported by the data. The mean sorptivity values for 

rough and smooth sands differed by less than 4% between 1% initial moisture content 

and 0% initial moisture content, which is not statistically significant in this case. 
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The conceptual model held that for late time, sorptivity would be higher in a 

sand at 1% initial moisture content than 0% for both smooth and rough sands. This was 

found to be true for the smooth sand, but not the rough sand. The sorptivity for the 

smooth sand at 1% initial moisture content was 115% larger than the sand at 0% initial 

moisture content. For the rough sands, however, the sorptivity at 1% initial moisture 

content was only 6% larger, which was not statistically significant.  

The final hypothesis of the conceptual model was that at late time, sorptivity 

would be higher for rough sand than smooth sand, for both 1% and 0% initial moisture 

content. This was true for the sands at 0%, but not at 1%. At 0%, late time sorptivity was 

73% higher for rough sands than for smooth sands, which was statistically significant. At 

1%, late time sorptivity was 14% smaller for rough sand compared to smooth sand, 

which was not a statistically significant result. 

This experiment was an effective way of testing the hypotheses of the 

conceptual model. The experiment would have been stronger if it would have been 

possible to obtain a more consistent packing structure. Especially with relatively large 

particles of similar sizes, it was difficult to compact the columns to a similar degree, 

which was likely the cause of the relatively large amount of scatter in the data and high 

standard error and confidence interval values. 

It was noted that though the sorptivity values were different for different 

columns, imbibition slowed significantly after approximately 10 g of water had been 

imbibed. Calculations were performed to determine the height of capillary rise for 10 g 

of imbibition. As Accusand has a very narrow particle size distribution, it was assumed 
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that it also had a narrow pore size distribution, and the measured bulk density and 

known particle density were used to calculate the porosity. With this assumption, and 

further assuming saturated conditions, it was calculated that 10 g of water had risen to 

a height of 6.16 cm. Theoretical calculations were then performed to determine the 

maximum height of rise. The average pore size was assumed to be one third of the 

average particle size. Using the Young-LaPlace equation for capillary rise, the theoretical 

maximum height of 10 g of water in 20-30 Accusand in columns used in these 

experiments was 6.25 cm. This is similar enough to the calculated height of rise of 6.16 

cm. As the theoretical maximum height has been reached, but imbibition continues, this 

is further evidence that surface flow is driving late time flow. 

Additional calculations were performed to determine the expected thickness of 

water on the grains of sand at 1% initial moisture. Assuming that all of the particles are 

perfectly smooth spheres with a diameter of 0.7 mm, and that the water is evenly 

distributed on the surfaces of the particles, the water will be approximately 2 μm thick. 

This is thin enough that it can be expected that the films will thicken if bulk water is 

available.  

This experiment gave evidence that roughness and initial moisture content play 

a role in sorptivity, but that imbibition is still a complicated process. Initial moisture had 

an impact on late time sorptivity for smooth sand, and roughness had an impact on late 

time sorptivity for dry sand. This indicates that early time sorptivity is not, at the level 

tested here, impacted by these factors. Late time sorptivity is impacted by initial 

moisture, but only on smooth sand. It is impacted by roughness, but only for dry sand. 
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Sorptivity is highest at late time for the smooth sand at 1% moisture content. It is lowest 

at late time for the smooth sand at 0% moisture content. In between are the rough 

sands at 0% and 1% moisture content, but the differences between them are not 

significant. Thus it follows that initial moisture content is more important for smooth 

sands than for rough sands.  

Roughness is a more important factor for dry sands than wet sands. Though the 

specific numbers do not match up, this fits in with the general framework of the 

conceptual model that says that the roughness features will act as surface capillaries 

that pull water up the surface of the particles. This effect was expected to be more 

pronounced in a dry medium. The effect of initial moisture being greater on smooth 

particles than rough particles also makes sense. On smooth particles, the water is more 

likely to be coating the surface in a fairly even thickness. On rough particles, the water 

will fill in the roughness features and coat the particle unevenly, which will lead to 

slower imbibition. 

Sorption in heat-treated soil 

Only two experimental runs were performed on the heat-treated soil using 

water and ethanol as the imbibing fluid. Of all of the experiments, Experiment 3 had the 

highest amount of variability in sorptivity, both in magnitude and direction. While in all 

other experiments, late time sorptivity was lower than early time sorptivity, this was not 

always the case in this experiment. Of the four runs, only one showed the expected 

relationship, with the early time sorptivity higher than late time. One run had no visible 
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sorptivity change, and the other two showed higher sorptivity at late time than at early 

time.  

There are a few possible explanations for these observations. One is that if there 

had been air trapped at early time, sorptivity would have increased when the pressure 

was overcome. There may have been important physical changes that occurred when 

the soil was fired in the kiln. Particles may have adhered to each other differently after 

the heat treatment, which would possibly lead to pockets of trapped air. Another 

possible explanation relates to the packing of the columns. If these columns were 

packed tighter near the top of the column, sorptivity would have been able to be 

maintained at a high level even when it had reached past the physical point where large 

pores could pull water up. If more material had been available, more experiments could 

have been done to see if these patterns were consistently seen or if the few 

experiments that were run would be considered outliers. 

Packing 

 In Experiment 1, the lack of a directional trend in the sorptivity of ethanol as a 

function of volumetric ethanol content indicated that the effective pore geometry was 

consistent throughout the range of initial moisture contents tested. This made the 

observation of large amounts of scatter in the water sorptivity data an interesting 

problem. 

It was observed in Experiment 1 that there was a large amount of variability 

between replications of the capillary rise experiments. It was thought that this was due 

to the way that the columns were packed. If the soil was not packed in a completely 
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consistent manner, and the local bulk density and pore size distribution were different 

between runs, then it would follow that the sorptivity would be different between runs. 

In an attempt to eliminate this effect, for Experiment 2, the columns were packed in the 

normal way, saturated with water, and allowed to dry in an oven at 40°C until the 

original dry weight was obtained. The scatter in the data was indeed lower with this 

procedure, but it may have also been one of the causes of the lower sorptivity for that 

moisture content.  

 The other notable result that relates to the packing is that the scatter in the data 

was generally much lower when ethanol was used as the imbibing fluid. This led to the 

hypothesis that it is not necessarily the physical packing structure of the particles that 

matters, but it is possibly an effect of the distribution of organic matter, which affects 

the surface energy of the particles, and therefore the sorptivity. This explanation does 

not account for the fact that the columns used in this experiment are much larger than 

the average particle size, so it could be expected that through averaging, the columns 

would end up with a more consistent average surface energy. This hypothesis was not 

explored in this work, but may be the focus of future work.  

Column Height 

Experiment 5 was performed to test the hypothesis that the abrupt change in 

sorptivity was caused by fast-moving films reaching the top of the column at the time 

that the slope change happens. If this hypothesis were true, the sorptivity change would 

occur later when using the taller columns. This did not happen, so that hypothesis was 
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rejected and that information was used to develop the conceptual model tested in 

Experiment 6.  

The most interesting result from Experiment 5 was the ratio of late to early time 

sorptivity. For all three heights, the ratio of the average late time sorptivity to early time 

sorptivity was 0.69. This indicates not only that the height of the columns did not cause 

the change in slope, but that the change is related to the properties of the material 

being tested and that the late and early time sorptivity are related by the packing 

structure of the material. When the early time sorptivity is high, the late time sorptivity 

is correspondingly high. The fact that the ratio was constant in this soil suggests that it is 

possible that the mechanisms driving late time sorptivity in this soil are 69% as effective 

as the mechanisms driving early time sorptivity. 

 A very curious finding from this experiment was the difference in sorptivity, 

especially early-time sorptivity, between the 10 cm columns and the 15 and 20 cm 

columns. There was no reason to expect that the early time sorptivity would be higher 

in a shorter column. It is possible that this is due to the significant time lag between 

performing the 10 cm column experiments and the 15 and 20 cm column experiments. 

They were also performed by two different technicians, who, while following the same 

procedure, may have unknowingly had a slightly different method of packing the 

columns (for example, using more force when tamping down the soil).  

Early to Late Time Ratio 

 In Experiment 5, with the column height varying, it was found that there was a 

very consistent ratio of 0.69 between the late time flow and the early time flow. If this is 
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true that this means that the mechanisms responsible for late time flow are 69% as 

effective as the mechanisms responsible for early time flow in this specific soil, then the 

same can be said of the other experiments using their late-to-early sorptivity ratio. For 

the unmodified Quincy A-horizon soil, this would be between 50% and 60%. For the 

Accusand, it would be approximately 15%. This hypothesis has not been tested here, but 

the preliminary data, along with what is known about the media used, supports it. The 

average particle size of the Accusand used in these experiments is much larger than the 

average Quincy particle size, which means that the specific surface area of the Quincy 

soil is much larger than the specific surface area of the Accusand. If there is less surface 

area available, it would follow that mechanisms happening on the surface of those 

particles would draw up less water overall.  

 Much has been learned from the experiments performed here. The complete 

curve of sorptivity as a function of moisture content contains a large amount of 

information, and results were found that are not easily understood. More experiments 

would need to be performed to obtain a complete understanding of the mechanisms 

that drive imbibition in soil. More experiments and calculations would need to be 

performed to determine the validity of the model proposed here and to understand the 

mechanisms that drive imbibition in soils with much finer texture and smaller pore 

spaces. The relationship could potentially be estimated by using Miller scaling (Miller 

and Miller, 1956) and tested using experiments similar to those performed in this work. 
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CONCLUSION 

This study began an exploration of the relative contributions of traditional 

capillary and pore-surface flow in soil moisture redistribution. A new conceptual model 

for upward imbibition was proposed: traditional capillary saturation of pores will 

dominate the early imbibition process; as the wetting front approaches its capillary 

length maximum, pore-surface flow and corner flow driven by particle roughness 

elements will drive further imbibition. The model was tested using sorptivity data from 

laboratory column imbibition experiments. Results demonstrate that this method is 

effective in separating out the contributions of each mechanism and that the 

contribution depends strongly on particle size distribution and pore-surface features, 

including surface energy. Most importantly, we have shown this method to be a valid 

avenue of investigation to determine how these influence imbibition of water into soil. 

In an attempt to further identify the soil properties controlling the effectiveness 

of these two mechanisms, a number of hypotheses were tested. The effects of water 

repellency, particle roughness, and initial moisture content on sorptivity were 

investigated in detail. Some of the hypotheses of the conceptual model were upheld, 

but there was not enough evidence for others. Clearly more work needs to be done to 

further explore these properties, especially the degree of pore surface roughness, 

particle size distribution, and the role of organic matter. 

The parameter studied most extensively, initial soil moisture, showed a complex 

relationship with sorptivity that remains to be explained. It is still unknown why the 

increases in sorptivity as a function of moisture content happen at the moisture 
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contents that they do. Clearly, the effect of soil moisture differed depending on the 

status of other parameters tested. Improvements in media packing may reduce 

variability that is obscuring the relationships. Some peaks seen in these experiments 

may only be seen because of variability in the data, and others may be true phenomena. 

The methods used here have been shown to be rigorous enough and could be used in 

future experiments that, with improvement in media control, could be more effective at 

obtaining a better mechanistic understanding of water redistribution in soil. 

A key finding of this study is that the relative influence of each mechanism on 

late and early time flow depends strongly on the characteristics of the media: the ratio 

of imbibition rate for pore-surface flow to capillary flow ranged from ~10% to 70% for 

different media. This work raised many interesting questions that could be answered 

with further investigation.  
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