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Vertisols and other vertic-intergrade soils are found all over the globe, including many 

agricultural and urban areas. These soils are characterized by their cyclical shrinking and 

swelling behaviors, where bulk density and porosity distribution both vary as functions of time 

and/or soil moisture. In turn, alterations in physical soil parameters become manifest as crack 

networks, which open during the shrinkage phase and re-seal as the soil swells. As a 

consequence, when present these soils can significantly impact agriculture and infrastructure, 

and can act as a dominant control on the local hydrology. Therefore, understanding how water 

moves through and interacts with these soils is of utmost importance to ensure their proper 

utilization and management.  

This study had three objectives: 1) to identify the role of initial soil moisture on infiltration in a 

rigid (non-swelling) soil; 2) to quantify variation in the soil’s hydraulic properties, using single-

ring infiltration measurements taken in a vertic soil over a 1.5 year period; and 3) to build on 

these concepts to examine data from a set of instrumented field plots in a vertic soil located in 

the Secano Interior region of Chile.  

Significant findings of the study include 1) the development of a new formulation to describe a 

soil’s wetting front potential (a measure of capillary pull) in terms of initial degree of saturation; 



2) the creation of a simple correction to approximate the decrease of wetting front potential in 

wetter soils, thereby improving the accuracy of the traditional Green and Ampt sorptivity model 

in such conditions; 3) an equation to accurately estimate hydraulic parameters from short-

duration infiltration tests, when steady-state conditions have not been realized; 4) a new 

theoretical model to estimate crack porosity as a function of soil moisture, which was developed 

based on the soil shrinkage curve; and 5) modification of the traditional two-term Philip 

infiltration model for use in vertic soils.  

The field study also showed that crack networks cause highly complex and non-linear wetting of 

the soil profile, with water simultaneously infiltrating from the soil surface and from the soil-

crack interfaces; that cracks can seal at the surface while remaining open and hydraulically active 

below the surface, which indicates that surface-based monitoring alone may not be sufficient to 

predict water movement and soil response in vertic soils; and that the transition between 

infiltration and runoff may be strongly correlated with the cumulative amount of net precipitation 

that had reached the soil surface, so that cumulative amount of precipitation has the potential to 

be a simple yet accurate metric to predict runoff in vertic soils.  

These findings offer improved understanding of soil-water interactions in vertic soils, and reveal 

that very simple concepts underlie seemingly complex systems. As a result, the concepts and 

formulations developed in this study should allow for straightforward integration into other 

studies and models.  
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1. General introduction  

Background and Relevance of the Research 

Shrink-swell clay soils, also known as Vertisols or vertic-intergrades, are found on 

every continent except Antarctica. In certain regions, including parts of Australia, 

Africa, the United States and Latin America, more than 25% of the soil can be 

classified as vertic. Vertic soils generally contain a high proportion of smectite, with 

lesser amounts of vermiculite, kaolinite, and other clay-sized particles. Due to their 

fine texture, these soils have high nutrient concentrations and water-holding 

capabilities, traits typically indicative of productive agricultural soils. However, these 

soils also exhibit large variation in bulk density as they wet and dry, which leads to 

the formation of crack networks which seasonally open and close and the 

development of topographic features known as gilgai. This variation in soil density 

can make agriculture difficult, due to soil deformation causing physical stress on the 

plants, water becoming preferentially delivered below the root zone through 

macropore flow, and poor drainage when the soil cracks seal.  

In addition to affecting agricultural productivity, vertic soils also can cause significant 

damage to buried infrastructure such as water mains [Hudak et al., 1998] and surface 

structures such as roads and building foundations [Stavridakis, 2006; Jones and 

Jefferson, 2012]. One estimate suggested that one in four homes in the United States 



 
 
 

2 
 

 
have been damaged to some degree by shrink-swell clay soils [Krohn and Slosson, 

1980]. Therefore, understanding the hydrologic response of vertic soils is necessary 

in order to best manage them for both agricultural and infrastructural purposes.  

Vertic soils behave differently in many aspects than rigid (non-swelling) soils. For 

example, the former experience significant changes in physical properties such as 

bulk density and porosity and pore size distributions, whereas these properties are 

assumed to be constant in rigid soils. Likewise, the variation in physical properties in 

swelling soils can cause large variations in hydraulic parameters, including the 

effective hydraulic conductivity (Keff). As a result, many of the basic concepts 

developed for rigid soils to describe hydrologic processes such as infiltration, runoff, 

preferential flow, and soil-water storage cannot be directly used for swelling soils. A 

plethora of solutions to describe these processes in vertic soils have been developed, 

but generally these methods suffer from two main drawbacks: 1) they are often highly 

complex, with a multitude of parameters to describe a single process; and 2) they are 

often focused on small-scale behaviors, such as at the individual crack, clod or ped-

scale, without any linkage to how those behaviors would become linked and 

integrated across a landscape. This argues for the need for simple yet accurate 

methods to describe hydrologic processes in non-rigid soils, which will allow for 

integration into large-scale models.  
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Scope and Objectives 

The overall objective of this study was to better understand and quantify the 

hydrology of shrink-swell clay (vertic) soils. This was done by modifying concepts 

used to describe water movement in non-swelling soils, such as infiltration, to 

quantify hydrological parameters and processes in swelling soils. This effort was 

divided into three major sections.  

The first section examined the concept of soil sorptivity, which is essentially the 

capillary pull that a soil exerts on an infiltrating fluid. Sorptivity is an important force 

which, along with gravity, drives infiltration. However, few studies have measured 

how sorptivity varies across different soils and at different moisture contents. This 

section, therefore, had four objectives: 1) to better quantify the wetting front potential 

of a soil; 2) to assess the influence of soil type and initial soil moisture on wetting 

front potential and sorptivity; 3) to develop an expression to estimate a soil’s 

hydraulic conductivity from sorptivity measurements; and 4) to use this theoretical 

framework for describing sorptivity to identify shifts in the hydraulic properties of a 

vertic soil. 

The second section focused on infiltration measurements taken in a vertic soil to 

quantify the soil’s effective hydraulic conductivity. Whereas most previous studies 

have found large variations in hydraulic conductivity due to flow down large cracks, 
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few field-based studies have examined the hydraulic conductivity of the soil matrix. 

This section of the study therefore had two main goals: 1) to use small, surface-based 

single-ring infiltration measurements to quantify variation in hydraulic conductivity 

of the soil matrix as the soil went through cycles of wetting and drying; and 2) to 

develop a theoretical framework which would describe how the soil matrix hydraulic 

conductivity was related to the amount of soil moisture.  

The third and final section utilized data collected from heavily-instrumented 

experimental runoff plots. This section had three main objectives: 1) to identify how 

water moves through an initially dry vertic soil; 2) to assess how soil properties and 

parameters such as soil moisture, crack volume and effective hydraulic conductivity 

changed as the soil profile wetted up; and 3) to quantify common threshold behaviors 

between the various plots, so as to allow for runoff prediction without having to track 

individual crack and soil matrix behaviors.   
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Abstract 

A soil’s capillarity, associated with the parameter sorptivity, is a dominant factor 

controlling infiltration, particularly at the onset of rainfall or irrigation. Many 

mathematical models used to estimate infiltration and sorptivity are only valid for dry 

soils, which often makes them inappropriate for settings of interest. This paper 

examines how sorptivity and its capillary component (as wetting front potential) 

change with initial degree of saturation. We propose a simple modification to the 

classic Green-Ampt model of sorptivity which captures these effects, thereby 

reducing the model’s error when used in wetter soils. This modified model also 

enables quantification of a soil’s saturated hydraulic conductivity from sorptivity 

measurements, given estimates of the soil’s characteristic curve and initial water 

content. This method is particularly useful in soils of low permeability, where the 

time required to estimate hydraulic conductivity through steady-state methods can be 

impractical. 

Introduction 

Because infiltration affects water availability for vegetation, groundwater recharge, 

overland flow, and solute transport, it has been the focus of considerable study over 

the previous century [Green and Ampt, 1911; Philip, 1957; Wooding, 1968; 

Brutsaert, 1977]. Under normal conditions, two main forces, gravity and capillarity, 
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be impractical, particularly for soils with low hydraulic conductivity, such as fine-

textured clays and silts. At the same time, assumptions of homogeneity are typically 

violated for long infiltration experiments.  

In the field we often encounter infiltration which occurs over intermediate or transient 

timescales (neither exclusively early- nor late-time) and possesses three-dimensional 

behavior. One such example is infiltration from an axisymmetric single ring source 

[Braud et al., 2005], which can provide a rapid and low-cost measurement of soil 

hydraulic properties. However, the interpretation of such infiltration measurements 

can be difficult because both the S and C terms must be included simultaneously. 

Various manipulations of Equation 1 have therefore been developed in order to 

differentiate between sorptivity and saturated hydraulic conductivity for such 

infiltration conditions [Smiles and Knight, 1976; Smettem et al., 1995; Vandervaere et 

al., 2000], but these methods may be inadequate for estimating small Ks values 

[Smettem et al., 1995]. As such, it can be argued that in many fine-textured soils, 

single-ring infiltration measurements, when taken over the course of a typical 

measurement session (< 10 hours), will more provide a more accurate estimation of S 

than of Ks.  

Though sorptivity is often described as representing the soil’s capillary ability to draw 

or pull water [Philip, 1957; Touma et al., 2007], it also is a function of the soil’s 



 
 
 

10 
 

 
hydraulic conductivity. This is evident, e.g., in Parlange [1975]’s precise solution for 

sorptivity (as modified for positive ponded conditions by Touma et al. [2007]) 

( ) dhhKΘΘhKS
h

rssurfrss )(21)()1)((2
0

00
2

0

∫ −+−+Θ−−= θθθθ
 (2)

 

where Θ is the degree of saturation 

rs

rΘ
θθ
θθ

−
−

=  (3) 

θ0, θs, and θr are the initial, saturated, and residual volumetric soil water contents, 

respectively, K(h) is the hydraulic conductivity as a function of soil matric potential, 

h0 is the initial matric potential, and hsurf is the depth of ponding at the surface.  

Hydraulic conductivity also appears in the simpler, or “traditional” as we will refer to 

it here, definition of sorptivity provided by the Green and Ampt [1911] model: 

ϕ
θθ ))(1)((2 02 surfwfrss hhΘK

S
+−−

=   (4) 

where hwf is the wetting front potential, which is also referred to as the effective 

capillary drive [Morel-Seytoux et al., 1996], capillary pull, or macroscopic capillary 

length [White and Sully, 1987]. The correction factor φ accounts for deviations from a 

rectangular wetting front and/or viscous damping effects. For example, φ = 1 for a 
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Green and Ampt [1911] solution, 1.1 for the White and Sully [1987] solution, and 1.1-

1.7 for the Morel-Seytoux and Khanji [1974] solution. 

Because hydraulic conductivity is embedded in sorptivity, certain measurements of 

the latter can be used to infer the former. One such approach is to utilize field-based 

sorptivity measurements in conjunction with the traditional sorptivity model 

(Equation (4)) to quantify Ks. To do so, however, requires estimates of both the initial 

soil moisture and the wetting front potential. This can be readily accomplished in dry 

soils (when Θ0 ≈ 0), as solutions exist to quantify wetting front potential [Rawls et 

al., 1992; Morel-Seytoux et al., 1996] in such conditions. For instance, Morel-Seytoux 

et al. [1996] approximated the wetting front potential of a dry soil as 









++

++






= 2

32

167.41
5.1907.2046.01

mm
mmmhwf α  (5) 

where α and m are parameters of the water retention curve, for α > 0 and 0 < m < 1.  

However, hwf is recognized to change with the initial moisture state of the soil [Green 

and Ampt, 1911], and the aforementioned solutions for estimating wetting front 

potential do not include corrections for this variation. In a different approach, Bouwer 

[1964] and Neuman [1976] described hwf as a function of soil matric potential, h. At 

early infiltration times, hwf can be calculated by 
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where Kr(h) is the relative hydraulic conductivity function K(h)/Ks. While it is 

possible to put Equation (6) in terms of Θ0 by using a characteristic curve relationship 

[Brooks and Corey, 1964; Van Genuchten, 1980], the resulting equations will in 

general be highly complex with many terms.  

Instead, in this paper, we propose an alternative formulation of wetting front potential 

as a function of initial degree of saturation. This allows for a modification to the 

traditional (Green and Ampt) sorptivity model so that it better approximates sorptivity 

throughout the soil moisture range. This modified expression can then be used to 

interpret single ring infiltration measurements, so as to quantify the magnitude and 

variability in time and space of a soil’s saturated hydraulic conductivity, even in wet 

soils.  

Theory 

The Parlange [1975] expression for sorptivity in terms of soil diffusivity (D) and 

degree of saturation (Θ) is: 
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where, in addition to previously defined terms, θf is the final volumetric soil water 

content. Of the several diffusivity expressions applicable to actual soils, we focus on 

the Van Genuchten [1980] equation based on the Mualem [1976] model, due to its 

widespread usage and broad utility: 

( ) ( )[ ]211
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−− mmmmm

rs

s ΘΘΘ
m

Km
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It should be noted that using the Mualem [1976] model allows for estimation of the 

parameter m using the more commonly referenced parameter n through the 

relationship nm /11−= .  

Next, by combining Equations (7) and (8), sorptivity can be expressed for a soil with 

any initial water content as 
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For positive (ponded) pressure head [Haverkamp et al., 1999], (9) can be modified as 
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Equations (9) and (10) allow for accurate quantification of sorptivity throughout the 

soil moisture range. Finally, we can express the wetting front potential as a function 

of initial degree of saturation by equating Equation (10) with Equation (4) and then 

solving for hwf : 

+−= )1(ϕsurfwf hh   
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Results and Discussion 

Equations (10) and (11) were integrated numerically to get sorptivity and wetting 

front potential, respectively, over the range 0 ≤ Θ0 < 1. The depth of ponding hsurf 

was assumed to be 0, which is a typical assumption for a single-ring infiltration test of 

short duration. Seven soils were analyzed, with their properties listed in Table 1.  
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Sorptivity and wetting front potential behave differently as functions of initial degree 

of saturation (Figure 1). The shape of the hwf vs. Θ0 curves show considerable 

dependence on soil texture (with a maximum difference across soil textures of more 

than 30% on the scale of 0 to 1), whereas the scaled S2 vs. Θ0 curves are tightly 

constrained throughout the range of initial soil moisture for all soil types (with a 

maximum difference across soil textures of less than 3% on the same scale of 0 to 1). 

The similarity between S2 vs. Θ0 curves also stands in contrast to the relationship 

between sorptivity and soil matric potential, h, where the curves for the various soils 

are generally unique in both shape and magnitude (Figure 2). Thus, we believe for our 

application it is preferable to describe sorptivity using Θ rather than h.  

Additionally, it can be seen in Figure 1 that at the dry end of the curve the traditional 

sorptivity model in Equation (4) accurately captures the variation in sorptivity due to 

different initial water contents. In soils with high initial water contents, however, the 

traditional model overestimates the value of sorptivity compared to the more accurate 

Equations (7), (9) and (10). This is due to a decrease in wetting front potential at 

higher soil moistures. Soils with moderately broad pore size distributions (0.2 < m < 

0.7) differ more from the traditional model than those with narrow or very broad pore 

size distributions, which we discuss in the next section.  

To approximate the change in wetting front potential caused by increased initial 

degree of saturation, and to thereby counter the overestimation of sorptivity in 
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Equation (4), we suggest multiplying the Θ0 term of Equation (4) by a correction 

factor a : 
 

ϕ
θθ ))(1)((2 02 surfwfrss hhaΘK

S
+−−

=  (12) 

When, for example, a = 1.025, sorptivity from Equation (12) differs from Equation 

(9) by less than 2% (over the range 0 to 1) for all soils with an initial degree of 

moisture between 0 < Θ0 < 0.9. In contrast, the traditional model (Equation (4)) can 

differ from Equation (12) by up to 4% (over the range 0 and 1) within that same 

moisture range.  

The Nature of Wetting Front Potential 

As discussed above, wetting front potential diminishes with increasing initial degree 

of saturation, with different rates of decrease between soil types. Nonetheless, as can 

be seen in Figure 1 and Table 2, the scaled wetting front potential is nearly constant 

for all soil types over the range 0 < Θ0 < 0.5. As such, the Morel-Seytoux et al. [1996] 

approximation (Equation (5)) provides a suitable estimate of wetting front potential 

for this range. Beyond Θ0 = 0.5, however, soils with moderate pore size distributions 

(0.2 < m < 0.8) begin to experience a pronounced drop in wetting front potential 

(Figure 3), with the largest effect occurring at m = 0.47.  
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It can be noted that soils with a uniform pore size distribution (m = 1) have a constant 

wetting front potential throughout the entire moisture range, and thus will behave as 

Green and Ampt soils. However, because most real soils have pore size distributions 

in the range 0.2 < m < 0.7, the assumption of constant wetting front potential is not 

valid, and Equations (9), (10) or (12) provide better estimates of soil sorptivity.  

Further, the pore size distribution term (m) has a strong influence on the magnitude of 

the wetting front potential. Traditionally, hwf has been considered to be a capillary 

term, which would suggest that finer soils, having smaller pore sizes, will have 

greater wetting front potentials [Swartzendruber et al., 1954; Selker et al., 1999]. 

However, as can be seen in Figure 4 (where wetting front potential isolines are 

plotted as functions of van Genuchten parameters α and m), increasing the pore size 

distribution (decreasing m) reduces the wetting front potential. This is particularly 

notable for m < 0.3, and is the reason that Columbia Silt soil can have both α and hwf 

which are smaller than those of Grenoble Sand soil. The Haines model [Haines, 

1930] of soil filling and draining – where soil is idealized to be made up of a 

connected network of pore necks and pore bodies – may provide at least a partial 

physical explanation of this phenomenon. In the Haines model, capillarity will be 

controlled by the radii of the bodies of the largest connected pores, since the wetting 

front will not advance until those pore bodies have filled. Conversely, hydraulic 

conductivity will be governed by the necks of the smallest connected pores [Hunt and 
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Gee, 2002]. Thus, for many soils, both wetting front potentials and sorptivity will be 

smaller than predicted by traditional formulations such as the Laplace and Poiseuille 

equations [Washburn, 1921; Swartzendruber et al., 1954; Selker et al., 1999].  

Application – Determining Saturated Hydraulic Conductivity from Sorptivity 

As discussed previously, hydraulic conductivity is embedded within sorptivity. Thus, 

sorptivity measurements can be used to quantify hydraulic conductivity. This can be 

achieved by combining equations (5) and (12) and then solving for saturated 

hydraulic conductivity 
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Equation (13) allows for early-time infiltration data, such as can be obtained with 

single-ring tests, to be used to directly estimate Ks. This was verified through 

numerical simulations of one-dimensional horizontal infiltration for five of the soils 

listed in Table 1, at five different initial water contents (Θ0 = 0, 0.1, 0.3, 0.6 and 0.9) 

using the HYDRUS-1D model [Simunek et al., 2005]. The model domain was 5 m in 

length, with a node spacing of 0.01 m. The origin boundary condition was set as θ = 

θs and the far boundary was set as no flux. For early times, when the water content of 

the far boundary varied by less than 1%, sorptivity was calculated from the water 
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flux, i, through the origin by using S = 2i(t0.5). φ was assumed to be 1 and a was 

assumed to be 1.025.  

Equation (13) was able to predict the Ks values for all five soils under all five initial 

degrees of saturation (Table 3). The error was minimal for the dry soils, ranging from 

0.6 – 4.6% for Θ0 = 0.1 and 0.3. For the wettest soils (Θ0 = 0.9), the error increased 

(ranging from 8.1 – 17%), but nevertheless represents a valid approach to estimate 

saturated hydraulic conductivity. Using a soil specific value of φ could also be used to 

account for deviations in the wetting front shape between soils and improve estimates 

of Ks. It should be noted that for the Hygiene Sandstone soil at Θ0 = 0.9, Equation 

(12) overestimated Ks by nearly a factor of two, due to the divergence of the 

analytical sorptivity solution (Equation (9)) and the HYDRUS-1D numerical solution. 

This can also be seen in Figure 5, which shows sorptivity values predicted by both 

Equation (9) and HYDRUS-1D.  

Even though Equation (13) requires sorptivity and initial degree of saturation to be 

measured, as well as knowledge of soil parameters θs, θr, α and m, this nonetheless 

represents a reduction of the amount of needed data compared to other suggested 

methods. For example, the Beerkan Method [Braud et al., 2005] requires estimates of 

the initial and final volumetric water contents, bulk density, and the final depth of 

wetting for each infiltration test.  
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Further, Ks has been shown to exhibit significantly greater spatial variability than α, 

m, θr, or θs, with θs and m possessing the least spatial variability [Mallants et al., 

1996]. This signifies that for any single location, the denominator of Equation (13) 

can be constrained using relatively few soil samples compared to the number of 

infiltration tests. This in turn makes it possible to use simple infiltration tests (such as 

the single ring infiltrometer) to quantify the spatial distribution of Ks in a single soil 

type.  

At the same time, if the soil parameters assumed to be constant (α, m, θr, and θs) have 

already been estimated or measured, it is possible to forego soil sampling completely 

by using a simple qualitative estimation of initial moisture content, such as the system 

proposed by Klocke and Fischbach [1984]. This system allows for the division of the 

S-Θ0 curve into five regions: 1) dry (0-25% available water content); 2) slightly moist 

(25-50% available water content); 3) moist (50-75% available water content); 4) wet 

(75-100% available water content); and 5) very wet, where the soil is above field 

capacity, and water may be draining via gravity. An example is shown in Figure 6, 

where field capacity is estimated to occur at Θ0 = 0.9, a value which corresponds to 

the degree of saturation of the Columbia Silt and Guelph Loam soils at a soil water 

potential of h = 0.33 m. In this example, by identifying the proper available moisture 

region (using the sandy clay loam, loam and silt loam soils section of Klocke and 
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Fischbach [1984]) and then using the suggested Θ0 value in Figure 6, the scaled 

sorptivity value (S/Smax) should be within 15% (over the range 0 to 1).  

Application – Sorptivity Isolines 

Another application of Equations (9), (10) and/or (12) is to generate sorptivity 

isolines. This can help identify deviations in soil properties under different moisture 

contents, such as the hydraulic conductivity of a swelling soil.  

To demonstrate, results of a set of single-ring infiltration experiments from a site near 

Corvallis, Oregon, are shown (Figure 7). The experiments took place monthly for a 

period of 16 months. Infiltration measurements were taken at 12 points within a 2 x 3 

m grid, located in an open field characterized by a vertic Waldo silty clay soil. Up to 

1 L of water (with a minimum of 0.4 L) was added to each 0.09 m diameter ring in 

0.1 L increments, and the time between pours was recorded. Sorptivity was estimated 

using the early-time approximation for the first 0.4 L, where S = I(t-0.5) [White et al., 

1992], and is presented as a mean and standard deviation of all 12 points on a single 

date. Mean initial degree of saturation was determined from six soil cores taken 

within the grid on each sampling date, and was calculated for each sample by 

dividing the moisture ratio, J, by the void ratio, e.  
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where Vw is the volume of water, Vs is the volume of solids, Vv is the volume of 

voids, m0 is the mass of the sample, mdry is the mass of the sample after drying for 24 

hours at 105 °C, ρw is the density of water, V0 is the original volume of the sample, 

and ρs is the density of the solids (assumed to be equal to 2.67 g cm-3).  

In Figure 7, the arrows indicate chronological progression. It can be seen that the 

initial measurements were taken in relatively dry soils, and that as the soils wet up the 

apparent saturated hydraulic conductivity decreases, to approximately 25% of the 

original. At the same time, the variability of sorptivity is seen to increase as the initial 

degree of saturation increases, likely due to the loss of macro-porosity as the soil 

hydrates and swells.  

As the soil re-dries hysteresis is observed, with the effective saturated hydraulic 

conductivity increasing by a factor of four compared to the original value, even with 

similar initial degrees of saturation. This is likely due to new cracks opening within 

the single-ring sampling areas. While more information about the soil parameters 

would be needed to utilize Equation (13), the isolines generated by Equations (9), 

(10), or (12) are useful for easily identifying qualitative shifts in soil properties, and 

in this example demonstrate that the effective saturated hydraulic conductivity of a 

cracking soil is neither constant nor unique as the soils wets and dries.  
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Summary and Conclusions 

Sorptivity of a soil can be calculated by use of a diffusivity function, such as the 

Parlange [1975] formulation, or by use of a combination of conductivity and 

capillarity terms, such as the Green and Ampt [1911] sorptivity model. By equating 

these two approaches, we explore the capillarity (as wetting front potential) term in 

greater detail, as well as the effects of changes in both initial water content and soil 

parameters. It is seen that the relationship between sorptivity and initial degree of 

saturation can be predicted nearly independent of soil type, which allows for 

calculation of sorptivity even in wet soils. This relationship also allows for a minor 

correction to the traditional (i.e. Green-Ampt) model of sorptivity, which 

approximates the decrease of wetting front potential at higher degrees of saturation, 

and thereby improves the model’s ability to predict sorptivity when soils are wet.  

A useful result of this study is the ability to quantify saturated hydraulic conductivity 

from simple single ring infiltration tests, requiring only an estimate of the initial 

degree of saturation and basic soil parameters. This represents a simplification of 

standard methods for interpreting such infiltration tests. At the same time, the solution 

is valid even for wet soils (provided a satisfactory measurement of the soil sorptivity 

can be made in such conditions). This in turn can be useful for monitoring changes in 

soil properties during wetting, drying, sealing and other processes, or in predicting 

rainfall-runoff relationships for wet soils.  
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Finally, the findings presented in this paper are particularly useful for fine-textured 

soils, such as silts and clays. Fine-textured soils tend to retain more moisture, which 

means it is difficult to encounter the initially dry conditions required by many 

methods. At the same time, due to the restrictive nature of such soils, it is impossible 

to attain steady-state flow conditions during reasonable amounts of time. This in turn 

signifies that sorptivity is the principle parameter that can be utilized to interpret 

infiltration results or to predict water movement. The ability to describe sorptivity of 

a soil under any initial moisture content, therefore, is a significant and useful advance.   
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Figures 

 

Figure 1 – Scaled sorptivity (S2/S2
max) and scaled wetting front potential (hwf/hwf,max) 

as functions of initial degree of saturation for the seven soils of Table 1. Values were 
calculated using Equations (10) and (11), respectively. Scaled forms of the traditional 
sorptivity model (Equation (4)) and modified sorptivity model (Equation (12)) are 
also shown.   
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Figure 2 – Scaled sorptivity as a function of scaled soil potential for the seven 
theoretical soils. The scaled forms of Equations (4) (traditional sorptivity model) and 
Equation (12) (modified sorptivity model) are also shown for each soil type. It should 
be noted that the Grenoble Sand and Guelph Loam have nearly identical scaled 
shapes, and therefore are represented as a single curve.   
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Figure 3 – The effect of pore size distribution (m) on wetting front potential and 
sorptivity. Equations (4) and (12) give, respectively, the traditional and modified 
sorptivity models.  
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Figure 5 – Sorptivity versus initial degree of saturation for five of the theoretical 
soils. The lines are calculated using Equation (9), while the points are based on 
HYDRUS-1D simulations.   
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Figure 6 – Division of the S-Θ0 curve into five qualitative regions, based on easily 
observed soil conditions. Region 1 corresponds to dry soils (0-25% available water 
content), Region 2 to slightly moist soils (25-50% available water content), Region 3 
to moist soils (50-75% available water content), 4 to wet soils (75-100% available 
water content), and 5 to very wet soils (above field capacity).  



 
 
 

34 
 

 

 

Figure 7 – Sorptivity isolines based on the relationship between sorptivity and initial 
degree of saturation (using Equation (10) and assuming hsurf = 0). The isolines 
represent the expected sorptivity of a soil with a constant saturated hydraulic 
conductivity. The field data come from a soil with vertic (shrink-swell) properties, 
which has varying effective hydraulic conductivity (Keff) as macropores open and 
close. Sorptivity was estimated using the early-time approximation of White et al. 
[1992].  
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Tables 

Table 1 – Parameters of the seven theoretical soils used for comparison (from 
Fuentes et al. [1992]). 

Soil θr θs α (cm-1) m n Ks (cm h-1) 

Grenoble Sand 0 0.312 0.04318 0.5096 2.039 15.37 

Guelph Loam 0.2183 0.52 0.0115 0.5089 2.036 1.3167 

Columbia Silt 0 0.401 0.0176 0.256 1.344 0.21 

Yolo Light 
Clay 0 0.495 0.0324 0.208 1.263 0.0443 

Beit Netofa 
Clay 0.2859 0.4460 0.00202 0.3725 1.594 0.0034 

Touchet Silt 
Loam G.E.3 0.1903 0.4690 0.00505 0.8690 7.634 12.625 

Hygiene 
Sandstone 0.1531 0.2500 0.00793 0.9035 10.363 4.5 
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Table 2 – Wetting Front Potential (in cm) of seven theoretical soils at five different 
degrees of initial saturation. The column M-S uses the approximation of Morel-
Seytoux et al. [1996] (Equation (5)) for initially dry soils.  

Soil Θ0 = 0.0 Θ0 = 0.1 Θ0 = 0.3 Θ0 = 0.6 Θ0 = 0.9 M-S 

Grenoble Sand 9.22 9.18 9.03 8.46 6.10 9.64 

Guelph Loam 34.57 34.39 33.85 31.75 23.03 36.11 

Columbia Silt 7.98 7.95 7.85 7.49 5.51 8.29 

Yolo Light Clay 3.08 3.07 3.04 2.92 2.20 3.18 

Beit Netofa 
Clay 125.1 124.4 122.7 115.4 80.3 130.7 

Touchet Silt 
Loam G.E.3 162.4 161.9 160.6 156.0 137.5 166.1 

Hygiene 
Sandstone 109.1 108.9 108.2 105.5 95.5 111.0 

 

  



 
 
 

37 
 

 
Table 3 – Saturated Hydraulic Conductivities (Ks) used as input parameters, versus 
those calculated by Equation (13), for four different initial degrees of saturation. 
Units are in cm h-1. Absolute error ranged from approximately 2% for dry soils to 
17% for infiltration into wet sand. The solution poorly estimated the hydraulic 
conductivity for Hygiene Sandstone at Θ0 = 0.9, because of divergence in the 
sorptivity as calculated by HYDRUS-1D and by Equation (9).  

Material Ks Actual Ks Calculated – Equation (13) 

    Θ0 = 0.1 Θ0 = 0.3 Θ0 = 0.6 Θ0 = 0.9 

Grenoble Sand 15.4 15.0 15.1 14.6 12.8 

Guelph Loam 1.32 1.29 1.31 1.27 1.21 

Columbia Silt 0.210 0.203 0.201 0.200 0.180 

Yolo Light Clay 0.0443 0.0439 0.0423 0.0414 0.0388 

Hygiene Sandstone 4.5 4.4 4.4 4.5 7.5 
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3. Is the only constant change? Improved infiltration parameters for shrink-

swell clay soils 
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Abstract 

Shrink-swell clay soils are recognized to possess physical properties, such as 

saturated hydraulic conductivity and bulk density, which significantly vary with 

moisture content. This has made modeling infiltration in these soils challenging. Most 

approaches either try to capture the effects of large cracks while assuming the 

properties of the soil matrix itself do not vary, or else utilize complex physical 

models, including alternate coordinate systems, to intricately describe changes in the 

soil matrix due to long-time swelling. Neither approach, however, is an accurate 

reflection of actual field conditions. We use single-ring infiltration data collected 

monthly over a period of 1.5 years to examine how hydraulic properties within the 

soil matrix vary. It was determined that the use of initial soil moisture (Θ0) as an 

additional parameter greatly increased the ability of infiltration models developed for 

non-swelling (rigid) soils to describe infiltration in a swelling medium, reducing the 

root mean square error (RMSE) by a factor of five. At the same time, a new soil 

“constant”, A0, was proposed as a replacement for effective hydraulic conductivity. 

Introduction 

Clay soils with shrink-swell properties – generally classified as Vertisols or vertic 

intergrades – are found all over the world, including many agricultural regions. Vertic 

soils are known to experience significant variation in their physical properties on 

seasonal and shorter timescales, as they dry out and then become re-wetted [Messing 
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and Jarvis, 1990; Chertkov and Ravina, 2001; Peng and Horn, 2007]. The 

mechanisms by which these soils interact with and are altered by water have been the 

subject of considerable study.  

For example, it has been shown that the surface elevation of a swelling soil may 

increase during the course of an infiltration experiment [Smiles, 1974; Gérard-

Marchant et al., 1997]. During infiltration tests of long duration, this increased 

surface elevation will change the system’s overall potential and overburden pressure 

[Philip, 1969; Smiles, 1974; Talsma and Lelij, 1976; McIntyre et al., 1982a; Giraldez 

and Sposito, 1985]. However, there is reason to believe that material swelling is not a 

significant factor during short- or transient-time infiltration tests performed on 

structured soils. First, it has been found that swelling proceeds slowly [Talsma and 

Lelij, 1976; McIntyre et al., 1982b], over time-scales of hours to days. Second, it has 

been shown that the total amount of elevation increase is relatively small compared to 

the time of testing. For example, Gérard-Marchant et al. [1997] had two samples 

which increased in height only 0.3 and 0.55 cm over infiltration tests lasting up to two 

days. Likewise, Smiles [1974] presents data which shows a quasi-linear relationship 

between time of swelling and increase in sample height, with a total increase of 2 cm 

over a period of approximately 100 hours. These relatively minor increases suggest 

that for purposes of rapid infiltration tests from shallowly-installed single ring 

infiltrometers, it may be valid to ignore the change in elevation. This opens up the 
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possibility of using infiltration equations developed for non-swelling soils to describe 

transient infiltration in swelling soils.  

Using non-swelling soil concepts to describe infiltration in swelling soils requires a 

few special considerations, the most important of which is how to treat physical 

properties such as effective hydraulic conductivity (Keff). For example, a handful of 

laboratory and field measurement have found that the effective hydraulic 

conductivity of a vertic soil decreases as the soil becomes wetter and the cracks 

decrease in size [Bouma et al., 1979; Leeds-Harrison et al., 1986; Messing and 

Jarvis, 1990], though this effect was considered to be primarily based on the 

contributions of large (> 1 cm) cracks which formed throughout the soil profile. 

This has led to the development of infiltration models which describe flow into 

cracks using modifications to the kinematic wave equation [Greco, 2002; Römkens 

and Prasad, 2006], the Richards’ equation [Novák et al., 2000] or the Green-Ampt 

model [Davidson, 1984].  

There has been less study and consensus on how (and if) the hydraulic conductivity 

of the soil matrix itself varies at different water contents. Some formulations make 

the simple assumption that the properties of the soil matrix are essentially constant in 

time and can therefore be described with the Darcy-Buckingham and Richards 

equations [Kutílek, 1996; Novák et al., 2002]. Other studies have assumed that the 

permeability of a swelling soil matrix will increase as the soil swells and the space 
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between clay particles increases [Tavenas et al., 1983; Su, 2010]. Similarly, it has 

been theorized that small, inter-aggregate (capillary) cracks within the soil matrix can 

provide significant contribution to both vertical and horizontal hydraulic conductivity 

under wet conditions [Chertkov and Ravina, 2000; 2001; Chertkov, 2002], an effect 

that will diminish as soil dries and the cracks dewater. Das Gupta et al. [2006] 

showed that field-saturated hydraulic conductivity (Kfs) increased as the soils became 

wetter, though the correlation was weak. On the other hand, Jabro [1996] used a 

Guelph permeameter to estimate Kfs in an expansive silt loam, and found that Kfs 

increased as the soils became drier.   

Altogether, there appears to exist a significant disconnect about how the matrix 

properties of an aggregated vertic soils vary with moisture. This study, based on 

repeated infiltration tests conducted in the matrix (non-macropore) portion of a 

shrink-swell soil, therefore had two main objectives. The first was to use standard 

infiltration models to identify shifts in the hydraulic properties of the soil matrix at 

soil moisture contents, specifically to quantify variations in effective hydraulic 

conductivity. The second goal was then to use that information to develop a suitable 

expression to which describes how water moves through the matrix of vertic soils 

under any moisture content.  



 
 
 

43 
 

 
Theory 

For purposes of this discussion we will consider soil to have three porosity domains: 

1) the inter-particle domain, which includes the pores between individual soil 

particles [Abou Najm et al., 2010]; 2) the inter-aggregate domain, which includes 

intra- and inter-pedal pores [Kutílek, 1996], capillary cracks [Chertkov and Ravina, 

2001], and intra-matrix macropores [Abou Najm et al., 2010]; and 3) the inter-block 

domain, which includes visible macropores such as large shrinkage cracks, as well as 

any decrease in surface elevation of the soil due to subsidence (Figure 1). For 

purposes of this discussion, Domain 1 will be referred to as the inter-particle porosity 

(Vip), Domain 2 will be referred to as the inter-aggregate (micro) cracks (Via), and 

Domain 3 will be referred to as the inter-block cracks (Vib). Domains 1 and 2 form 

what is considered to be the soil matrix, whereas Domains 2 and 3 collectively form 

what can be referred to as the structural porosity of the soil.  

Void ratio (e), moisture ratio (J) and degree of saturation (Θ) for a soil sample may 

be calculated by 
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where Vw is the volume of water, Vs is the volume of solids, Vp is the volume of pores 

(voids), m0 is the mass of the sample, mdry is the mass of the sample after drying for 

24 hours at 105 °C, ρw is the density of water, V0 is the original volume of the 

sample, and ρs is the density of the solids (assumed to be equal to 2.7 g cm-3).  

Many different soil shrinkage curve models have been developed to describe the 

relationship between e and J for the inter-particle domain, with varying number of 

terms and parameters [Giráldez et al., 1983; McGarry and Malafant, 1987; 

Braudeau, 1988; Tariq and Durnford, 1993]. Most of these models have a sigmoid 

shape which includes three, four or five distinct shrinkage phases. Though these 

models generally describe e as a function of J , it is also possible to use the 

relationship between Θ0, e and J (Equation (3)), to plot e against Θ (Figure 2).  

The relative void ratio (e/emax) can be then approximated using a simple one-term 

model: 
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where ξ and n are shape parameters and emax is the maximum void ratio, when Θ = 0 

(Figure 2).  

Now let us take a representative soil element of fixed volume. If the individual solid 

particles do not significantly change in volume, it stands to reason that total porosity 

of the representative soil volume will be unchanged [Kutílek, 1996]. Therefore, as the 

inter-particle porosity decreases according to the soil shrinkage curve, the inter-

aggregate and inter-block (structural) porosities will necessarily increase [Novák, 

1976].  That is to say, if we take a constant representative soil volume, as the intra-

aggregate void ratio decreases, the structural porosity (Φ) will increase. This relative 

structural porosity (Φ/ Φmax) will therefore have an inverse sigmoidal shape, which 

can be approximated using the following equation: 

nξΘ+
=

1
1

maxφ
φ  (5) 

where Φmax is the maximum structural porosity, when Θ = 0 (Figure 2).  

We now make a series of basic assumptions. First, we suppose that the structural 

porosity will be distributed among multiple scales. Some of the porosity will be 

manifest in inter-block shrinkage cracks, but some of the porosity will occur as 

micro-cracks within the soil matrix, around and between individual aggregates. 

Because these inter-aggregate cracks will likely be far more permeable than the actual 
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aggregates, we can assume that the hydraulic properties of the soil matrix will be 

greatly affected by the size of these micro-cracks. Contrary to Chertkov and Ravina 

[2001], we assume that in a structured soil the size of the micro (capillary) cracks will 

increase with decreasing soil moisture.  

Next, we assume that the distribution of porosity between the inter-particle and 

structural domains is reversible and independent of the process direction, which 

therefore ignores any hysteretic effects. We also assume that both the inter-block and 

inter-aggregate porosities can be well-described using Equation (5), and they may be 

differentiated by use of distinct values of Φmax (Figure 3). Several studies have 

concluded that the geometries of soil cracks can be described over multiple scales 

using fractal concepts [Peyton et al., 1994; Preston et al., 1997], giving validity to 

this conjecture.  

Further, if the inter-aggregate cracks are indeed analogous to the easily observed 

inter-block cracks, then we can assume that their widths are much smaller than their 

other dimensions. As such, it can be stated that changes in micro-crack porosity will 

be proportional to changes in crack width, i.e. 

nξΘ
w

+
∝

1
1  (6) 
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Finally, if we assume that water moving through these micro-cracks will demonstrate 

Newtonian behavior (i.e. will behave as bulk, rather than adsorbed water), then the 

flow can be modeled using the Plane-Poiseuille equation for flow between parallel 

plates and the mean velocity (ū ) can be related to the crack width by 

Pwu ∇−=
µ12

2

 (7) 

where μ is the fluid viscosity and ∇P is the pressure gradient driving the flow. For 

flow between parallel plates (slits), the hydraulic conductivity can then be found by 

[Tuller and Or, 2001] 

µ
ρ
12

2gwK s =  (8) 

We make three assumptions here: 1) for short time periods, such as during short 

duration infiltration tests, soil swelling can be ignored and the geometry of the slits 

will be constant; 2) air is able to escape in advance of the wetting front, so as to not 

create pressure equilibriums; and 3) behind the wetting front the slits are filled with 

water, so that we can equate Keff with Ks. With these assumptions, Equations (6) and 

(8) can be combined to describe how Keff varies with degree of saturation 
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Methods 

Sampling protocol 

Over an 18-month period (September 2011 – March 2013), single ring infiltration 

tests were conducted on a 2 x 3 m field plot located near Corvallis, Oregon. Twelve 

shallowly-installed rings of 9.6 cm diameter were used for the tests; slightly-positive 

(h ≥ 0) constant head conditions were used. The soil was classified as a Waldo silty 

loam, though its strong vertic properties suggested that the soil may be better 

described as an inclusion of Witham silty clay loam from an adjacent mapping unit 

[Knezevich, 1975]. Hydrometer measurements showed the soil to have sand, silt and 

clay percentages of 5%, 37%, and 58%, respectively.  

The infiltration tests were conducted monthly, with the exception of January 2012, 

when flooding of the field site made infiltration measurements impossible.  The rings 

were left in the same place for the first year; however, as the soil re-dried in the 

summer of 2012, the soil within the rings became degraded, including a notable 

decrease in relative surface elevation and the presence of large cracks inside the ring. 

For this reason, it was determined that tests taken in the period June – September 

2012 would not be included in the subsequent analysis, as the observed infiltration 

rates were indicative of macropore flow through large inter-block cracks rather than 

flow through the soil matrix. Beginning in October 2012, the rings were randomly 

repositioned within the grid to ensure that new soil was being sampled each month.  
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For each infiltration test, water was added to the ring in 0.1 L increments, up to 1 L 

total. Water was added to the ring once the water level had fallen enough to expose 

approximately 50% of the soil surface, and the time of each pour was recorded. An 

example infiltration data set, collected on May 8, 2012, is shown in Figure 4.  

As part of each infiltration test, soil samples were collected from two depths – 8 cm 

and 12 cm – at three random locations within the plot. The soil samples were 5.4 cm 

in diameter and 3 cm in length, for a total volume of 68.7 cm3, and were used to 

determine bulk density and gravimetric water content, and could be used to determine 

void ratio, moisture ratio and degree of saturation using Equations (1) – (3).  

In addition, six of the collected samples were measured for their water retention 

curves, using a positive pressure system over the range 0 – 500 kPa. The retention 

curves were then fit using the Van Genuchten [1980] model, with mean values of α = 

3.85 x 10-3 and m = 2.2 x 10-1. These values translated to an equivalent wetting front 

potential (in dry soil conditions) of 50 cm [Morel-Seytoux et al., 1996].  

Data Analysis 

The infiltration test data were analyzed using the two-term Philip infiltration model 

(Equation 10), rewritten in the general form suggested by Smiles and Knight [1976]

tCtCI 2
2/1

1 +=  (14) 
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where C1 and C2 are constants which describe the capillary (sorptivity) and gravity 

forces, respectively. If Equation (14) is divided by √t, i.e. 

2/1
212/1 tCC

t
I

+=  (15) 

then C1 and C2 can be determined as the intercept and slope of a line fit to infiltration 

data.  

As an assessment of how non-swelling soil infiltration concepts would describe the 

effective hydraulic conductivity, Keff, of a swelling soil, both infiltration terms (C1 

and C2) were independently used to estimate Keff. In the case of the former, C1 was 

assumed to be equal to the soil sorptivity, S, and Equation (12) was rearranged to 

produce 

)1)((2 0
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     (16a) 

In the case of the latter, C2 was assumed to be related to Keff by a proportionality 

constant [Philip, 1990], which we will call P, so that   

P
C
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A value of P = 0.55 was selected, as it was found to best approximate three-

dimensional flow effects (please refer to the electronic supplement for more detail). 

Other values assumed during analysis were hwf = 50 cm, (θs - θr) = 0.4, and a = 1.  

Crack porosity shape parameters 

Using Equation (4) to describe the soil shrinkage curve in terms of e and Θ, it was 

determined that values of ξ = 11 and n = 7 provided the best fit to laboratory-

measured soil shrinkage data for a Witham silty clay soil [Stewart et al., 2012] (as 

seen in Figure 1). The inverse curve shape (Equation 5) also matches well with 

observed increase of crack porosity with decreasing volumetric water content shown 

for a Slovakian Vertisol [Novák, 1976] when using those same values for ξ and n. 

Error assessment 

To compare between different infiltration models (i.e. between Equation (10) and 

Equation (13)), a single-value Root Mean Square Error (RMSE) estimator was used.  

Each infiltration test had up to n = 10 values of measured elapsed time, t, which 

corresponded to the time at which 0.1 L (1.4 cm) of water, added incrementally at 

each time ti-1, had completely infiltrated in the single-ring infiltrometer. Here j 

indexes the elapsed time measurement: j = 1, 2, …n. For test k, the actual infiltration I 

(in cm) at tj can be given by 
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For the remaining 145 valid measurements, C2 (the gravity term) was generally of the 

same order of magnitude or larger than C1
2 (the sorptivity term squared) (Figure 6). 

Thus, at all but the very earliest times gravity appears to be a significant factor 

driving flow in vertic soils. This appears to be true even in wet conditions, and stands 

in contrast to previous work which estimated that the effect of gravity will be limited 

and that the first infiltration term will dominate for long periods [Smiles, 1974]. 

However, that specific conclusion was based on the hydraulic conductivity of a 

continuous (non-cracked) soil matrix of very low permeability, and is likely not 

indicative of structured soils found in field settings.   

Next, Equation (16) was used to assess variations in effective hydraulic conductivity, 

as captured by both infiltration terms. Interestingly, the Keff calculated from C1 did 

not show any significant trend over the range of initial soil moisture (Figure 7a), with 

an r2 value of 0.01. This is in contrast to Keff calculated from C2, which strongly 

decreased over the range of soil moisture (r2 = 0.4), changing almost two orders of 

magnitude from dry to wet conditions (Figure 7b). Moreover, the Keff derived from 

C2 reached a value at the wet end which was similar to the overall mean value of Keff 

found from C1 (5 cm-hr-1). This suggests that the first and second infiltration terms 

may truly be capturing different scales and/or processes, that the pores controlling 

capillarity may be more stable in size and/or geometry than those affected by gravity, 
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and that as the soil swells the inter-particle matrix pores, rather than the inter-

aggregate micro-cracks, become increasingly important to infiltration.  

It should be noted here that all of the infiltration measurements were performed under 

a slight positive head, which likely allowed water to flow through any structural 

porosity, including the micro-cracks. It is not clear if the observed inverse 

relationship between Keff and soil moisture would still be seen if a tension 

infiltrometer had instead been used, though measurements taken by Das Gupta et al. 

[2006] showed drier soils having higher hydraulic conductivity under tension values 

< -10 cm.  

Evaluation of A0 parameter 

Individual and mean A0 values were determined from the C2 values of the Philip two-

term model by 

2
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using values of ξ = 11 and n = 7 (as previously discussed in the Crack porosity shape 

parameters section) . It should be noted that the arithmetic mean was utilized based 

on the assumption that the heterogeneity of the media was much greater in the 

direction parallel to flow (vertical) than in the direction perpendicular to flow 

(horizontal).  
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The A0 parameter showed significant variability (Figure 8), even for measurements 

repeated monthly in fixed locations, yet the overall and individual trend lines did not 

show significant bias and could therefore be considered essentially constant. Thus, for 

swelling soils A0 may be considered to be a more appropriate descriptive parameter 

than Keff.  

Comparison of models 

Next, the mean value of 0A  (Equation 20) was used to compare the standard (non-

swelling soil) infiltration model (Equation (10)) with the adjusted infiltration model 

(Equation (13)). For the non-swelling model, A was assumed to be constant and equal 

to the mean calculated C2 value, while S was assumed to vary only with initial degree 

of saturation according to Equation (12), with the constant a = 1.025.  

The results show that Equation (13), due to incorporation of the moisture-dependent 

crack porosity term, substantially improved the ability to model short-time infiltration 

into swelling soils, with a fivefold reduction in RMSE (Figure 9). Further, the median 

values for Equation (13) followed the theoretical 1:1 line compared to a notable over-

prediction of infiltration depth by Equation (10). Altogether, Equation (13) was 

deemed to have provided a suitable correction for the effect of micro-scale cracks on 

the effective hydraulic conductivity.    
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Use in other vertic soils 

Infiltration data collected from a vertic soil located in South-central Chile were also 

used for purposes of comparison (a detailed description of the site, procedures, and 

analysis are found in Chapter 4). The soil’s near-surface (0-20 cm) percentages of 

sand, silt and clay were measured as 44%, 31%, and 25%, respectively, which 

provides a distinctly different texture from the main soil discussed in this paper. 

Using values of ξ =7 and n = 6, A0 appears to be a constant (though once again noisy) 

parameter throughout range of initial soil moisture (Figure 10). Thus, it appears that 

Equation (11) can be used to satisfactorily describe the infiltration behavior of 

different types of aggregated vertic soils.  

Summary 

Field infiltration data from a shrink-swell (vertic) soil were analyzed using the two-

term, one-dimensional vertical Philip infiltration model. This model showed that the 

effective hydraulic conductivity (Keff) experienced a sharp decrease with increasing 

soil moisture. This was likely due to changes in the size and structure of microscopic 

capillary cracks found throughout the soil matrix.  

By using a simple one-term approximation to describe the soil shrinkage curve (as 

measured from collected soil samples), we were able to describe changes in capillary 

crack porosity as a function of degree of saturation (Θ). This capillary crack porosity 



 
 
 

59 
 

 
term was then used to modify the hydraulic conductivity of a swelling soil, so as to 

approximate how it varied with water content. This led to the proposal of a new soil 

constant, A0, which could be substituted for effective hydraulic conductivity. A0 , 

combined with the expression for relative crack porosity, was seen to significantly 

improve the ability of the standard Philip two-term model to describe infiltration into 

a swelling soil at all water contents, reducing RMSE by a factor of five.  

Overall, A0 and relative crack porosity represent simple descriptive parameters which, 

when combined, provide an accurate way to account for changes in the structure and 

hydraulic properties of an aggregated vertic soil. Unlike competing solutions, which 

utilize complex formulations involving large parameter sets, translation into material 

coordinates, transformation of variables, and/or complicated integrals and partial 

differential equations, these parameters can be directly substituted into basic 

infiltration solutions developed for non-swelling soils. This in turn should allow for 

their straightforward incorporation into large-scale hydrologic models and other 

practical applications.  

Appendix – Sorptivity as a function of micro-crack porosity 

Sorptivity, as expressed by Equation (12), includes both an effective hydraulic 

conductivity term (Keff) and a term for wetting front potential (hwf). Both of these 

parameters are expected to vary as the soil aggregates swell and shrink. While 

changes in Keff have has already been described using Equation (9), to estimate the 
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changes in hwf we begin with the Laplace equation, which, while not exactly 

equivalent to wetting front potential, in this instance allows for a suitable 

approximation for the capillary rise (hc) as a function of separation width between 

parallel plates 

w
hc

γσ cos2
=  (3.A1) 

where σ is the surface tension of the fluid and γ is the contact angle between the fluid 

and the surface. Using the crack porosity function of Equation (6), hwf can now be 

proportionally related to the capillary crack porosity by 

)1(cos2 0
n

wf Θh ξγσ +∝  (3.A2) 

We now define B0 as the dry soil capillarity, and consider it to be the product of Keff 

and hwf under initially dry conditions (Θ0 = 0). As such, B0 has units of L2 t-1. We can 

then combine Equations (9), (12) and (3.A2) to express sorptivity for a swelling soil 

as 
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When equation (3.A3) is used within the two-term Philip model, i.e., 





 
 
 

62 
 

 
Chertkov, V. Y. (2002), The Horizontal Hydraulic Conductivity of Vertical 

Interaggregate Capillary Cracks in Clay Soils, in Physical Methods in 
Agriculture, edited, pp. 39-50, Springer. 

Chertkov, V. Y. (2012), Physical modeling of the soil swelling curve vs. the 
shrinkage curve, Advances in Water Resources. 

Chertkov, V. Y., and I. Ravina (2000), Shrinking-swelling phenomenon of clay soils 
attributed to capillary-crack network, Theory and Applied Fracture 
Mechanics, 34(1), 61-71. 

Chertkov, V. Y., and I. Ravina (2001), Effect of interaggregate capillary cracks on the 
hydraulic conductivity of swelling clay soils, Water Resources Research, 
37(5), 1245-1256. 

Davidson, M. R. (1984), A Green-Ampt Model of infiltration in a cracked soil, Water 
Resources Research, 20(11), 1685-1690. 

Das Gupta, S., B. P. Mohanty, and J. M. Köhne (2006), Soil hydraulic conductivities 
and their spatial and temporal variations in a vertisol, Soil Science Society of 
America Journal, 70(6), 1872-1881. 

Gérard-Marchant, P., R. Angulo-Jaramillo, R. Haverkamp, M. Vauclin, P. 
Groenevelt, and D. Elrick (1997), Estimating the hydraulic conductivity of 
slowly permeable and swelling materials from single-ring experiments, Water 
Resources Research, 33(6), 1375-1382. 

Giraldez, J. V., and G. Sposito (1985), Infiltration in swelling soils, Water Resources 
Research, 21(1), 33-44. 

Giráldez, J. V., G. Sposito, and C. Delgado (1983), A general soil volume change 
equation: I. The two-parameter model, Soil Science Society of America 
Journal, 47(3), 419-422. 

Greco, R. (2002), Preferential flow in macroporous swelling soil with internal 
catchment: model development and applications, Journal of Hydrology, 
269(3), 150-168. 



 
 
 

63 
 

 
Jabro, J. D. (1996), Variability of field-saturated hydraulic conductivity in a 

Hagerstown soil as affected by initial water content, Soil Science, 161(11), 
735-739. 

Knezevich, C. A. (1975), Soil Survey of Benton County Area, Oregon, US Soil 
Conservation Service. 

Kutílek, M. (1996), Water relations and water management of vertisols, 
Developments in Soil Science, 24, 201-230. 

Leeds-Harrison, P., C. Shipway, N. Jarvis, and E. Youngs (1986), The influence of 
soil macroporosity on water retention, transmission and drainage in a clay 
soil, Soil Use and Management, 2(2), 47-50. 

McGarry, D., and K. W. J. Malafant (1987), The analysis of volume change in 
unconfined units of soil, Soil Science Society of America Journal, 51(2), 290-
297. 

McIntyre, D., J. Loveday, and C. Watson (1982a), Field studies of water and salt 
movement in an irrigated swelling clay soil. I. Infiltration during ponding, Soil 
Research, 20(2), 81-90. 

McIntyre, D., C. Watson, and J. Loveday (1982b), Swelling of a clay soil profile 
under ponding, Soil Research, 20(2), 71-79. 

Messing, I., and N. J. Jarvis (1990), Seasonal variation in field-saturated hydraulic 
conductivity in two swelling clay soils in Sweden, Journal of Soil Science, 
41(2), 229-237. 

Morel-Seytoux, H. J., P. D. Meyer, M. Nachabe, J. Touma, M. T. van Genuchten, and 
R. J. Lenhard (1996), Parameter equivalence for the Brooks-Corey and van 
Genuchten soil characteristics: Preserving the effective capillary drive, Water 
Resources Research, 32(5), 1251-1258. 

Novák, V. (1976), Cracks in swelling soil and the calculation of their characteristics, 
Water in Heavy Soils, Proc. II, ICID and ISSS, Bratislava, 21-41. 



 
 
 

64 
 

 
Novák, V., J. Šimůnek, and M. T. Van Genuchten (2000), Infiltration of water into 

soil with cracks, Journal of Irrigation and Drainage Engineering, 126(1), 41-
47. 

Novák, V., J. Šimůnek, and M. T. Van Genuchten (2002), Infiltration into a swelling, 
cracked clay soil, Journal of Hydrology and Hydromechanics, 50(1), 3-19. 

Peng, X., and R. Horn (2007), Anisotropic shrinkage and swelling of some organic 
and inorganic soils, European Journal of Soil Science, 58(1), 98-107. 

Peyton, R. L., C. J. Gantzer, S. H. Anderson, B. A. Haeffner, and P. Pfeifer (1994), 
Fractal dimension to describe soil macropore structure using X ray computed 
tomography, Water Resources Research, 30(3), 691-700. 

Philip, J. R. (1957), The theory of infiltration: 4. Sorptivity and algebraic infiltration 
equations, Soil Science, 84(3), 257. 

Philip, J. R. (1969), Moisture equilibrium in the vertical in swelling soils. I. Basic 
theory, Soil Research, 7(2), 99-120. 

Philip, J. R. (1990), Inverse Solution for One-Dimensional Infiltration, and the Ratio 
a/K1, Water Resources Research, 26(9), 2023-2027. 

Preston, S., B. Griffiths, and I. Young (1997), An investigation into sources of soil 
crack heterogeneity using fractal geometry, European Journal of Soil Science, 
48(1), 31-37. 

Römkens, M. J. M., and S. N. Prasad (2006), Rain Infiltration into 
swelling/shrinking/cracking soils, Agricultural Water Management, 86(1-2), 
196-205. 

Smiles, D. E. (1974), Infiltration Into A Swelling Material, Soil Science, 117(3), 140-
147. 

Smiles, D. E., and J. H. Knight (1976), A note on the use of the Philip infiltration 
equation, Soil Research, 14(1), 103-108. 



 
 
 

65 
 

 
Stewart, R. D., M. R. Abou Najm, D. E. Rupp, and J. S. Selker (2012), An Image-

Based Method for Determining Bulk Density and the Soil Shrinkage Curve, 
Soil Science Society of America Journal, 76(4), 1217-1221. 

Su, N. (2010), Theory of infiltration: Infiltration into swelling soils in a material 
coordinate, Journal of Hydrology, 395(1-2), 103-108. 

Talsma, T., and A. Lelij (1976), Infiltration and water movement in an in situ 
swelling soil during prolonged ponding, Soil Research, 14(3), 337-349. 

Tariq, A.-u.-R., and D. S. Durnford (1993), Analytical volume change model for 
swelling clay soils, Soil Science Society of America Journal, 57(5), 1183-
1187. 

Tavenas, F., P. Jean, P. Leblond, and S. Leroueil (1983), The permeability of natural 
soft clays. Part II: Permeability characteristics, Canadian Geotechnical 
Journal, 20(4), 645-660. 

Tuller, M., and D. Or (2001), Hydraulic conductivity of variably saturated porous 
media: Film and corner flow in angular pore space, Water Resources 
Research, 37(5), 1257-1276. 

van Genuchten, M. T. (1980), A closed-form equation for predicting the hydraulic 
conductivity of unsaturated soils, Soil Science Society of America Journal, 
44(5), 892-898. 

White, I., M. J. Sully, and K. M. Perroux (1992), Measurement of surface-soil 
hydraulic properties: Disk permeameters, tension infiltrometers, and other 
techniques, in Advances in measurement of soil physical properties: Bringing 
theory into practice, 69-103.  



 
 
 

66 
 

 
Figures 

 

Figure 1 – Division of porosity into three domains: 1) large shrinkage cracks (Vib); 2) 
micro cracks between individual aggregates (Via); and 3) inter-particle porosity within 
the soil aggregates (Vip). Figure adapted from Abou Najm et al. [2010].   
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Figure 2 – Measured Soil Shrinkage Curve for a Witham silty clay soil in green (data 
from Stewart et al., [2012]), and the proposed capillary crack porosity term (Equation 
(4)) in blue. The dotted gray line shows Equation (3).  
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Figure 3 – Theoretical division of the total structural porosity into inter-block 
(visible) and inter-aggregate (microscopic) crack porosities. All curves are based on 
Equation (4), and assume that soil cracks are self-similar at multiple scales.  
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Abstract 

Irrigation experiments performed on instrumented field plots were used to assess the 

impact of dynamic soil crack networks on infiltration and runoff. During applications 

of intensity similar to a large storm, buried soil moisture probes showed that water 

could be preferentially delivered to various depths within the soil profile. However, 

runoff was not observed until soil water content of the entire profile reached field 

capacity and the surface cracks sealed beyond 60%. When the surface cracks were 

fully sealed, electrical resistivity measurements suggested that subsurface crack 

connectivity persisted and actively contributed to water redistribution and lateral 

transport. Likewise, single-ring infiltrometer measurements taken before and after 

irrigations indicated that infiltration remained a large component of the water budget 

at high soil moistures, despite apparent surface sealing. Overall, though the wetting 

and sealing of the soil profile showed considerable complexity, an emergent property 

at the plot scale was clearly observed: all of the plots demonstrated a strikingly 

similar threshold runoff response to the cumulative amount of precipitation.  

Introduction 

Shrink-swell clay soils are found all over the globe, with up to 350 million ha (more 

than 2% of the world’s ice-free land) being classified as either Vertisols or vertic 

intergrades [Ahmad, 1996]. Vertic soils are characterized by crack networks which 

form throughout the profile as the soil dries. When open, these crack networks exert 
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significant influence on hydrologic processes. For example, cracks can act as 

preferential flowpaths, channeling water and solutes around the soil matrix [Blake et 

al., 1973; Bouma and Dekker, 1978; Messing and Jarvis, 1990; Bronswijk et al., 

1995; Greve et al., 2010] and increasing overall rates of infiltration [Jarvis, 1991; 

Heppell et al., 2000; Novák et al., 2000; Sanders et al., 2012] and evaporation 

[Weisbrod et al., 2009]. 

The presence, volume, and connectivity of crack networks can determine when a soil 

will experience ponding and/or overland flow (runoff) at its surface [Wells et al., 

2003]. At a minimum, runoff should not occur until the cumulative volume of 

rainfall has exceeded the total crack volume [Kutílek, 1996]. However, total crack 

volume can be a difficult parameter to measure or estimate, especially because it is 

generally assumed that crack volume will vary depending, among other factors, on 

the moisture content of the soil [Jarvis and Leeds-Harrison, 1987; Morari and 

Knisel, 1997; Novák et al., 2002; Abou Najm et al., 2010].  

Much of the research related to vertic soils has been focused on the shrinkage 

phase, when cracks are forming and increasing in volume. For example, numerous 

models have been developed to describe the soil shrinkage curve [Giráldez et al., 

1983; McGarry and Malafant, 1987; Tariq and Durnford, 1993; Boivin et al., 2006] 

and to predict crack formation and propagation [Chertkov, 2002; Vogel et al., 2005]. 

The corresponding swelling phase of vertic soils, on the other hand, has received 
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much less attention. Only a limited number of studies have looked at the soil 

swelling curve [Peng and Horn, 2007; Chertkov, 2012]. Likewise, few studies have 

looked at how cracks physically seal during the swelling phase. Instead, it is 

commonly assumed either that cracks seal from the bottom up [Bouma and 

Loveday, 1988; van Dam, 2000; Novák et al., 2002], or that the volume change in 

discrete crack layers is directly related to the amount of water that is adsorbed 

[Greco, 2002; Arnold et al., 2005]. Some studies have called into question the 

assumption of the former [Favre et al., 1997; Römkens and Prasad, 2006; Greve et 

al., 2012], finding that cracks may seal initially at the soil surface. The latter 

assumption does not appear to have been independently verified or refuted, due 

primarily to a scarcity of observational data relating subsurface crack volume and 

soil moisture.  

If cracks do initially seal at the soil surface, the utility of surface-based crack 

measurements [Zein el Abedine and Robinson, 1971; Ringrose-Voase and Sanidad, 

1996; Návar et al., 2002; Wells et al., 2003; Arnold et al., 2005; Kishné et al., 2009; 

Abou Najm et al., 2010] may be limited. Instead, techniques which primarily 

monitor subsurface crack dynamics, such as Electrical Resistivity Tomography 

(ERT) [Samouëlian et al., 2003; Samouëlian et al., 2004; Amidu and Dunbar, 2007; 

Krzeminska et al., 2009; Sentenac and Zielinski, 2009; Greve et al., 2010; 2012] or 

physically installing subsurface monitoring instruments into representative cracks 
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[Stewart et al., 2012] may prove more informative about the rate and degree to which 

cracks close.  

To date, however, a reliable description of the relationship between moisture content 

and crack dimensions both at and below the soil surface does not exit. Moreover, 

there has not yet been successful integration between measurements of soil moisture 

and crack closure and measurements of hydrologic processes such as infiltration and 

overland flow. This present study, therefore, had three main objectives. First, we 

wanted to observe and quantify how water moves through an initially dry vertic soil 

under irrigation at rates and amounts similar to a heavy storm. Second, we sought to 

monitor soil properties and parameters such as soil moisture, effective hydraulic 

conductivity, crack volumes and crack surface areas as the soil profile went from dry 

conditions to saturation. Finally, we attempted to identify threshold points associated 

with the beginning of runoff and then later associated with overland flow becoming 

the dominant hydrologic response.  

Materials and Methods 

Site Location and Instrumentation 

The study took place between May 2010 and September 2012, in the Secano Interior 

region of South-Central Chile, which is located on the leeward (eastern) side of the 

Chilean coast range., The climate of the Secano Interior is semi-arid with annual 
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mean precipitation of 0.7 m; the majority of precipitation occurs in the months of 

May-August (based on a government-maintained weather station located in San 

Agustin de Punual (36°23' 47.53" S , 72° 25' 45.25"W), located 7 km from the study 

area). 

The field site was located near the commune of Ninhue (36°25’04”S, 72°31’05”W) 

(Figure 1), on a hillside of moderate slope. The site was covered by native pasture 

with a few scattered pines and acacia trees. By January (i.e. mid-summer) of each 

year, the plant available water became depleted, causing the grasses to senesce. Thus, 

transpiration by the grasses was assumed to be insignificant during mid and late 

summer. The site’s soils were granitic, with a depth to saprolite varying from 

approximately 0.6 m at the upper slope to approximately 0.8 cm at the mid-slope. 

Hydrometer and x-ray diffraction analyses were performed on samples taken at 

various depths from the surface down to 0.85 m. Percentages of sand, silt and clay, as 

well as the mineralogy of the clay fraction, are summarized in Table 1.  

Two sets of nine 3.5 x 11 m instrumented runoff plots were located on the hillside. 

The upper set (Plots U1-U9) was located on the shoulder of the hill, at an average 

slope of 12°. The lower set (Plots L1-L9) was located near the mid-slope, at an 

average slope of 18.5°. Each set of plots was further divided into three groups of three 

plots each, with an intragroup spacing of 1 m between plots and an intergroup spacing 

of 1.5 m between plot triplets. Along the perimeter of each plot, except for the 
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downhill edges, a 0.3 m tall plastic divider was embedded into the soil to a depth of 

0.15 m. At the downhill edge of each plot a covered concrete floor and channel 

collected all overland flow. Once in the channel, the flow was directed to a single 4 m 

x 0.09 m PVC pipe, which emptied into a runoff measurement system described 

below. 

Runoff collection 

In 2011, all runoff was collected and measured in twin 0.2 m3 metal drums. The water 

from the runoff plots drained into the first barrel. This barrel was in turn connected to 

a secondary barrel via a narrow chute near the top, with the chute accepting the water 

from one of ten equal-sized slots, so that when the water level reached the chute 

approximately 10% of the incoming water was transported to the second barrel. 90% 

of the water was spilled into a 6 m long drain pipe which took the overflow downhill 

from the site. Each barrel system was located 3 m downhill from the irrigation plots 

in a 1 m deep pit with a cement slab and wooden slats to support the sides (Figure 2). 

The drums were periodically emptied using either a hand pump or a bucket.  

In 2012, the runoff monitoring system in Plots L2-L5 and Plots U2-U4 and U6 was 

improved because of shortcomings from the two-drum system. In the improved 

system (the “leaky bucket” system) runoff was directed into a vertical 0.1 m pipe 

capped at the bottom end. The 0.1 m pipe was perforated with holes of increasing 

diameter with height. After passing through a screen to filter debris, the runoff filled 





 
 
 

85 
 

 
data logger. In addition, four of the individual probes inexplicably ceased operating 

during the experiment.  

To correct for temperature effects on the 5TM soil moisture probe readings, a first-

order correction was applied to the 0.15 and 0.30 m probes, as recommended by 

Campbell [2001].  

Surface-connected cracks 

Finally, representative surface-connected cracks were chosen within the plots for 

monitoring. Monitoring consisted of two approaches: 1) large cracks within three of 

the plots were instrumented with the crackometer instrument [Stewart et al., 2012], 

which consists of a 1 L intravenous therapy (IV) bag placed within the crack which is 

then filled with water from a connected standpipe, enabling measurement of relative 

volume change; and 2) medium-to-large sized cracks from within five plots were 

marked by 0.5 x 0.5 m frames and then imaged from above at various times during 

the experiments. Images were collected from a height of 0.6 m using a Pentax K-x 

digital SLR and a 28mm lens. The surface area of cracks was quantified by 

converting the image to black and white, representing the crack and soil, respectively, 

and then counting the number of black pixels. Minor color and contrast adjustments 

were made on some images in an attempt to eliminate artifacts such as shadows, 

cables, and vegetation. An example photo is included as part of the electronic 

supplement.  
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Irrigation Experimental Setup 

An irrigation system was used to provide controlled water application to the plots. 

The system was constructed from 0.032 m PVC pipe, laid out in a 12 x 12 m square. 

This allowed for the simulator to be placed around a group of three runoff plots. The 

two sides of the simulator parallel to the slope direction each had four sprinkler 

heads, with one at each corner and two spaced equally in between. Each sprinkler 

head could be adjusted for length of travel as well as angle and intensity of the water 

stream. This allowed for on-the-fly adjustments of individual sprinkler heads in an 

attempt to create uniform coverage.  

The rainfall simulator was used for two-week periods in January of both 2011 and 

2012, when the antecedent dry conditions had created large crack networks 

throughout the soil plots. Water for the irrigation system was extracted from the Río 

Lonquén (36° 27' 29.891" S, -72° 21' 5.461" W; approximately 18 km from the site 

by road) by a water truck, and was pumped either directly from the truck or from a 

temporary storage tank constructed adjacent to the plots. Each irrigation event was 

therefore equal to the capacity of the water truck, or approximately 10 m3 of water. 

This corresponded to a rainfall rate of between 0.3 and 0.8 mm-min-1 (20 – 50 mm-hr-

1) or a per event depth of irrigation which ranged from 20 to 60 mm.  

Due to the configuration of the irrigation system, plots were grouped into four sets of 

three plots (L1-L3, L4-L6, U1-U3, and U4-U6). The four sets were then assigned 
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different experimental treatments, where the number of irrigations per day and the 

number of days between irrigations were varied (irrigation schedules for both years 

are shown in Table 2). Plots L1-L3 were irrigated with the long-time, high-rate 

treatment, in which two truckloads were applied on Days 1, 7, and 14, and in between 

the plots were covered with 0.2 mm plastic to inhibit evaporation. Plots L4-L6 were 

irrigated with the short-time, high-rate treatment, in which four truckloads of water 

were applied over Days 8 and 9, with a fifth truckload applied on Day 13. Plots U1-

U3 were irrigated with a mixed-time, low-rate treatment, in which one truckload was 

applied at Days 7 and 14, and three loads were applied on Day 16. Plots U4-U6 were 

irrigated with a long-time, low-rate treatment, in which one truckload was applied on 

Days 7, 8, 14, 15, and 16, and in-between irrigations the plots were covered with 0.2 

mm plastic. Differences in the experimental treatments were analyzed by comparing 

the cumulative amount of runoff after 23 cm of simulated rainfall had been applied.  

During irrigation events, water application was recorded within the individual plots 

with an array of catch cans located within the plots. Each plot had 11 catch cans, 

placed in a regular pattern. Intra-plot uniformity was analyzed using the Distribution 

Uniformity (DU) coefficient, which can be described as [Warrick, 1983]: 

 dinfiltrate  waterof depth Average
 dinfiltrate  waterof depth of quartile lowest the of AverageDU −=1   (2) 





 
 
 

89 
 

 
Additionally, during the 2011 experiment several other infiltration methods were used 

on the site while it was in dry conditions (Θ0 < 0.3). Those methods included Guelph 

Permeameter (GP) measurements taken at 0.25 m depth, and Double Ring 

Infiltrometer (DRI) and Mini-disk Tension Permeameter (MTP) measurements taken 

at the soil surface. The GP (Soilmoisture, Inc. Guelph 2800K1) was installed, 

operated and analyzed using Equations (19) and (22) from Verbist et al. [2013]. The 

DRI consisted of an outer ring of 0.60 m and an inner ring of 0.30 m, installed to a 

depth of approximately 0.1 m. Measurements were analyzed using Equation (3.28) 

from Selker et al. [1999]. The MTP (Decagon Devices, Inc.) was operated and 

analyzed according to manufacturer’s recommendations. The applied tension for the 

MTP was approximately -0.01 m, and the soil was assumed to be a clay loam.  

Geophysical monitoring 

During the irrigation experiments, it was observed that water seeped through the 

walls of the collection barrel pit at many of the experimental plots, often beginning in 

conjunction with the initiation of surface runoff. Because the entirety of the surface 

runoff was being conveyed into the barrels, the source of this seepage water must 

have been lateral subsurface flow.  

Based on this observation, a concurrent experiment using an electrical resistance was 

conducted during the 2011 irrigations to determine at what point during water 

application these subsurface lateral pathways became active and how long they 
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persisted. A four-electrode Wenner array with a spacing of 2 m was installed 

approximately 3 m downslope of the lower edge of the irrigation plot, with the array 

oriented perpendicular to the hillslope and expected direction of flow (Figure 3). 

Resistivity was measured using a Sting R1 earth resistivity meter (AGI instruments).  

Two separate monitoring events were conducted. In the first event (which 

corresponded to Year 1, Irrigations 1-4 in Plot L2), the soil was initially dry. In the 

second monitoring event (which corresponded to Year 1, Irrigation 6 in Plot L5), the 

soil was already wetted from previous simulated rainfall applications so as to simulate 

wet and presumably swelled soil conditions. These two monitoring events are 

indicated on the irrigation schedule of Table 2.  

Results 

Distribution of applied water 

The cumulative amounts of applied water and the distribution uniformity (DU) 

coefficients varied greatly between plots (Table 3), but in general both were highest 

for the plots furthest to the northeast (i.e. L1, L4, U1, and U3) and lowest for the plots 

furthest to the southwest of each group (i.e. L3, L6, U3, U6). This pattern was mostly 

the result of the prevailing wind pattern from the southwest to the northeast during the 

experiments (despite measures taken to shield the fields from wind by installing 2 m 
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high, 20m long plastic tarp wind breaks on the up-wind side of plots). Visual 

assessments of uniformity patterns are included as an electronic supplement.  

Soil moisture 

The soil moisture response to the irrigation shows several interesting characteristics 

(Figure 4). For one, the water does not appear to progress through the soil profile as a 

classical wetting front. For example, while some of the profiles appear to wet from 

the top down, others clearly show the opposite behavior. Adjacent plots U2 and U3 

show this contrast most vividly. In the former, the soil wets in order from top to 

bottom. In the latter, however, the soil moisture first increases at the 0.85 m depth, 

then at the 0.60 m depth, while the upper probes in the profile do not show any 

significant increase in moisture until after the lower depths have reached their 

maximum values. Further, looking at Plot L2, it can be seen that the 0.60 m probe 

responds to the increase in moisture before any other probe, followed soon thereafter 

by the 0.15 m probe. Those two probes then respond in unison, showing an increase 

in volumetric water content of more than 10% over the first two irrigation events, 

whereas the 0.30 and 0.85 m probes do not show any change over that same period. 

In the third irrigation event, the 0.30 m probe increases in soil moisture, while the 

0.85 m probe does not respond until the fourth irrigation.  

These data indicate the ability of shrinkage cracks to preferentially provide moisture 

to various depths and locations within the soil profile. This in turn suggests that the 
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wetting of vertic soils is a three-dimensional process, with infiltration occurring at 

ped-crack interface in addition to wetting from the top (and possibly the bottom) of 

the profile. The amount, rate and depth of wetting showed significant heterogeneity, 

beyond that predicted by three-dimensional crack-based wetting models (e.g. 

Hoogmoed and Bouma [1980]). While strongly heterogeneous wetting would seem to 

argue for inclusion of a soil moisture distribution term into models which predict 

infiltration, and by extension runoff, rates based on moisture content of the soil 

profile [Smith and Goodrich, 2000; Chen and Young, 2006; Brocca et al., 2008], 

studies on non-cracking soils indicate that initial soil moisture distribution is a 

relatively unimportant term when considering runoff generation at medium- and 

large-scales [Goodrich et al., 1994; Morbidelli et al., 2012].  

When runoff ratio (runoff divided by rainfall) is plotted as a function of soil moisture, 

the system shows a near-binary threshold (Figure 5), which may best be described as 

“hockey-shaped” [Ali et al., 2013]. While the shape of this threshold was similar to 

those observed for rigid (non-swelling) soils [James and Roulet, 2009; Penna et al., 

2011], it stands in contrast to the “sigmoid” shaped threshold seen by Zehe et al. 

[2007] for a cracking clay soil. However, in the latter study runoff ratio was 

determined using integrated stream measurements and soil moisture was estimated 

using modeled data; thus, its results are not considered to be directly comparable.  



 
 
 

93 
 

 
When looking at the responses of individual soil moisture probes, the shallowly 

installed (0.15 m) readings showed the most variability, whereas the deeper sensors 

showed that runoff ratio could range from 0 (no runoff) to 0.95 (near complete 

runoff) while the apparent volumetric soil moisture shifted by less than 2%. In the 

plots which wetted from the top down (such as U2 and L5), the sensors at lower 

depths suggested there may have been a slight positive correlation between increasing 

soil moisture and runoff ratio, whereas the plots which wetted non-sequentially (such 

as L2 and U3) did not show any such correlation.  

The capacitance sensors used in this study were small, with a limited sampling 

volume (~ 3 x 10-4 m3). Therefore, the observed near-binary runoff response may 

have been caused by the limited ability of these small-scale capacitance sensors to 

measure soil moisture in vertic soils [Dinka and Lascano, 2012]. It is possible that 

larger sensors such as TDR [te Brake et al., 2012] or alternate methods such as 

neutron attention measurements (which can measure volumes of ~1 – 4 m3) [Evett et 

al., 2009] would be able to measure both outer and inner ped soil moisture and 

thereby reveal the true effect of soil moisture on runoff.  

Crack volumes and dynamics 

The crackometer data suggest that the amount of crack closure may be temporally 

decoupled from point measurements of soil moisture made within the soil peds 

(Figure 6). For example, the data from crackometer U3-1 shows the soil profile 
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approaching field capacity water content before the monitored crack begins to seal. 

Crackometer L4-4 shows the opposite response, in that the crack is nearly sealed 

before the lower soil profile even begins to wet. Crackometer L1-4 shows an 

intermediate behavior. 

Imaging analysis suggests that the surface cracks have a more uniform response to 

changes in soil moisture (Figure 7). In the initial stages of wetting, soil moisture (at 

0.15 m depth) increases of around 10% caused the surface cracks to close to less than 

40% of their original surface area. Further crack closure then required more 

significant increases in soil moisture, with no real variation in soil moisture observed 

during the final 20% of sealing. Crackometer U3-1 (also shown in Figure 7) has a 

nearly opposite response, in that much of the 0.15 m depth soil moisture increase 

occurs before the crack begins to seal. This suggests that cracks may behave 

differently at the surface compared to the subsurface, and that surface-based crack 

measurements may not be sufficient to predict subsurface crack behavior.  

Relative crack closure, as measured by both the surface crack imaging and the 

installed crackometer instruments, was compared to runoff ratio (Figure 8). As with 

soil moisture, the surface cracks show a more uniform response than the responses 

measured by the crackometer instruments. In the case of the former, no runoff is 

observed until the surface cracks are more than 80% closed, and the runoff ratio 

increases as the surface cracks fully seal. The crackometer measurements, however, 
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show runoff beginning when the cracks have only closed 60-70%, and that the runoff 

ratio can fluctuate significantly with no corresponding variation in the apparent crack 

volume. However, both the surface imaging and the crackometer data show a general 

trend of increasing runoff with decreasing crack size.  

Contrary to most modeling approaches for vertic soils (and similar to the 

observational results of Wells et al. [2003]), these data suggest that runoff can occur 

before the cracks have fully sealed. The relationship appears to be relatively 

consistent across plots and in response to different rainfall intensities. This indicates 

that it may be possible to develop a simple modeling term to realistically relate runoff 

to near-surface crack volumes.  

Comparison of experimental treatments 

The four experimental treatments showed that 0.23 m of rainfall gave rise to 0.01 to 

0.05 m of cumulative runoff (Figure 9). Plots L1-L3 and U4-U6 showed very 

different responses from one another. Since the 0.23 m rainfall level of application 

was reached for most plots during the fifth irrigation, it is worthwhile to examine 

differences between treatments with regard to the fifth irrigation. For example, plots 

L1-L3 had a one week gap between irrigations 4 and 5, whereas for Plots U4-U6 

those same irrigations were conducted on consecutive days. Conversely, Plots U1-U3 

received irrigations 4 and 5 with less than an hour between them, yet produced less 

cumulative runoff than Plots U4-U6. This suggests that time-dependent soil swelling 
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effects may be most pronounced on a time-scale of around one day: at early times, the 

soil is still swelling, while at times longer than one day water redistribution may 

become an important factor. The crack swelling and soil moisture data would seem to 

support this conclusion, as crack volumes and soil moisture were both seen to vary 

during the inter-irrigation periods (Figure 10). However, due to the limited number of 

replicates and the high variability of irrigation amounts, when comparing the amount 

of runoff generated by each treatment, no statistically significant differences were 

observed using the Student t-test (p-value > 0.09). Therefore, in the future a greater 

number of replicates and better controlled irrigation uniformity would be needed to 

truly assess any time- or rate-dependent swelling impacts on runoff generation.  

Cumulative Rainfall and Runoff 

When the cumulative amounts of per plot simulated rainfall are plotted (based on 

2012 data), an interesting trend emerges (Figure 11). All of the plots, regardless of 

rainfall intensity and time between irrigations, demonstrated no measureable runoff 

for the first 0.12 m of rainfall. Thereafter, in the narrow band between 0.12 and 0.17 

m of cumulative precipitation, all plots began to produce runoff.  

Once runoff began, there appears to have been a transition period in which the runoff 

response varied significantly between plots. As discussed in the previous section, 

time between irrigation events could be a factor which affects how much runoff is 

produced in vertic soils. However, this effect may be transient, as after the transition 
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period (which corresponded to 0.05 – 0.1 m additional rainfall) most of the plots 

again showed a similar runoff response. This agrees with previous observations that 

hydrologic predictability is poorest in the vicinity of a non-linear threshold and 

improves as the system moves away from the threshold [Blöschl and Zehe, 2005].  

As a final note, Plot L1 received significantly more rainfall than the other plots, and 

its runoff ratio approached unity (full runoff) after a cumulative amount of rainfall of 

approximately 0.33 m. This suggests the possibility of a second runoff threshold, 

when the subsurface pathways have become fully sealed. The possible existence of 

two distinct thresholds can be seen when plotting runoff ratio as a function of 

cumulative rainfall, which takes on a basic sigmoidal shape (Figure 12). 0.33 m of 

rainfall represents approximately one-half of the area’s mean annual rainfall, so it 

seems probable that this secondary threshold should be exceeded in at least some of 

the years.  

Infiltration results 

Effective hydraulic conductivity (Keff) was plotted as a function of initial degree of 

saturation for Plots L2, L5, U2 and U5 (Figure 13), based on the single ring 

infiltrometer (SRI) measurements. The colored points in Figure 13 were calculated 

based on the arithmetic mean, which was considered to better represent the influence 

of small cracks on vertical flow [Stewart, Chapter 3]. It should be noted that the mean 

and standard variation for the very wettest point of Plot L2 were an order of 
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magnitude larger than the other points, so that point was neither plotted nor included 

in the determination of the line of best fit.  

In dry conditions, the effective hydraulic conductivity of the soil was 1-2 orders of 

magnitude greater than the rate of simulated rainfall (0.02 - 0.05 m-hr-1). This 

suggests that when the soil is dry the conceptual model of water ponding on the soil 

matrix and running into large shrinkage cracks [Bouma and Loveday, 1988] should 

not occur. Instead, Case #1 in Greco [2002], where division of water between the soil 

matrix and the cracks is governed primarily by the horizontal surface area of each, 

may best describe the early-time infiltration.  

In wet conditions, the effective hydraulic conductivity decreased to a level that was of 

the same order of magnitude as the irrigation rate. This indicates that the observed 

runoff may have been caused by a combination of the soil profile’s decreased 

infiltration capacity, increased moisture content, and surface sealing of cracks. 

When compared to the other infiltration methods (Table 4), the SRI had the largest 

variability and the highest mean value, likely due to small sample area of each 

individual measurement. The DRI had the next highest mean value, about one order 

of magnitude smaller than the SRI. The GP had a similar arithmetic mean to the DRI, 

but its geometric mean was much smaller, due to one of the measurements being 

directly affected by a concealed crack. The MTP had consistent measurements which 

were 1-2 orders of magnitude smaller than those of the other surface-based tests, 
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possibly because under tension the contribution of macropores and cracks to flow was 

limited. Altogether, these trends were consistent with those of [Verbist et al., 2013] 

for a non-swelling Chilean soil, and indicate the strong influence that near-surface 

cracks and macropores have on the effective hydraulic conductivity of a dry vertic 

soil.  

Geophysical Monitoring 

It was observed that the apparent electric conductivity (σ) of the soil downhill of the 

irrigations plots increased with time, corresponding to the periods of irrigation 

(Figure 14). The change in apparent electric conductivity was calculated as  

 1
0

−−= )Ω(ΩΔσ i  (6) 

where Ωi is the apparent resistivity measured through time and Ω0 is the initial 

apparent resistivity.  

In the first monitoring event, no surface runoff was generated during the first two 

irrigations (Figure 14a). This means that all the water infiltrated into the soil matrix 

and into preferential flow paths. Interestingly, increases in the monitoring array 

apparent conductivity were observed during the first and second irrigations, long 

before any surface runoff occurred. This suggests that crack networks can move water 

laterally through the shallow subsurface, acting as the “concealed surface runoff” 

pathways predicted by Horton over 70 years ago [Beven and Germann, 1982].  
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Furthermore, the conductivity readings stayed relatively constant between irrigation 

events, suggesting that as water was laterally moving within cracks, part of it 

remained stored within the crack network, satisfying its storage capacity and acting as 

a water source so that swelling and redistribution could potentially occur.  

After the soil was left to swell overnight, a large portion of the monitored cracks at 

the surface had sealed. Runoff was observed soon after initiation of the third 

irrigation. At the same time, the observed changes in soil apparent conductivity 

during the third irrigation were much larger than during the previous two irrigations. 

This may be explained by clay swelling processes decreasing the crack network void 

volume and sealing of some small transverse leakage paths. Under these conditions, a 

much smaller volume of irrigation water would be needed to fill a larger portion of 

the crack network, thus inducing a greater change of apparent conductivity with the 

onset of irrigation and surface flow. Furthermore, the soil beneath the irrigation plot 

was near field capacity, meaning that water loss from the cracks through infiltration 

and diffusion would be minimal and water could freely move downhill through the 

cracks under gravity.  

During the fourth irrigation event, where runoff began almost immediately, water was 

noted flowing out of cracks within the collection barrel system. This visual 

observation confirmed the presence of lateral preferential flow, and supported the 

interpretation of increases in electrical resistivity as being indicative of active lateral 
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preferential flow paths. In contrast to Greve et al. [2012]’s lysimeter-scale study, in 

which a transition from preferential to matrix flow was observed to happen at the time 

of surface ponding, these field-scale results show that subsurface preferential flow 

and surface ponding/overland flow can occur simultaneously. 

In the second monitoring event, where the soil within the irrigation plot was already 

near field capacity, an increase in apparent electrical conductivity was observed at 

approximately the same time as surface runoff began in the plot (Figure 14b). Very 

soon after, seepage flow (referring to flow observed through the walls of the 

collection barrel boxes out of the cracks downhill of the irrigation plots) was also 

observed.  

Taken together, these two monitoring events show that flow through lateral surface or 

“concealed runoff” pathways is an important hydrologic process in both dry and wet 

conditions. The presence of these pathways in wet soil is interesting, particularly as a 

further repudiation to the paradigms that soil cracks seal from the bottom up and that 

infiltration effectively ends when the soil surface is sealed. However, the dry soil 

response may be even more important. The collected ERT data indicated that water 

must have begun moving laterally through the dry soil almost immediately after the 

start of the first irrigation, as evidenced by a decrease in resistivity 2 m downhill seen 

within the first 45 minutes of the experiment. This flow in dry, unsaturated conditions 

may provide a point of possible distinction from lateral subsurface runoff seen in non-
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swelling soils, as in the latter either local water tables must be developed [McGlynn et 

al., 2002; Tromp van Meerveld and McDonnell, 2005] or threshold amounts of 

precipitation and soil moisture must be reached [McGuire and McDonnell, 2010] for 

subsurface flow to occur.  

One major drawback to the Wenner configuration used for these ERT measurements 

is that it does not provide for quantification of the amount of water being delivered 

preferentially. Therefore, it is hoped that future research will be directed towards 

better quantification and understanding of how water moves through subsurface crack 

flowpaths, including examining the contributions of film flow along crack walls 

versus flow driven by localized ponding, measuring how crack dimensions 

(particularly near the crack bottoms) are changing through time, determining how 

much water is moved laterally versus how much is absorbed into the crack walls, and 

observing if these flowpaths are active under low intensity precipitation events.  

Summary and Conclusions 

A study performed on a set of instrumented field plots demonstrated that, in a vertic 

soil, crack networks significantly control water movement. As seen in previous 

studies, shrinkage cracks can cause surface water to reach depths faster than would be 

expected from infiltration through the soil matrix. For example, capacitance soil 

moisture sensors installed within the plots showed that water was preferentially 

delivered to various depths within the soil profile.  
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Measurements made on representative cracks indicated that swelling of soil may 

proceed in phases. At the surface, for example, the cracks initially showed rapid 

swelling, closing by more than 50% with very little increase in the soil moisture of 

the profile. From there, however, the swelling proceeded much slower, and the near-

surface soil reached field capacity before the crack completely sealed. Subsurface 

monitored cracks showed an opposite behavior, in that the volume changed very little 

initially as the soil profile wetted, but as the moisture levels approached field capacity 

swelling advanced rapidly. This may substantiate the findings of Favre et al. [1997], 

who using surface-based measurements observed that soil at the crack interface 

(which they dubbed the border zone) showed more rapid and more extensive swelling 

than the soil within the peds.  

The relationship between runoff and soil moisture (as measured by small capacitance 

sensors embedded at four depths into the soil peds) was nearly binary, where no 

runoff occurred until the soil moisture reached a certain level, and then the soil 

moisture showed very little change even with increasing runoff ratio. This effect may 

be an artifact of the capacitance sensors’ limited sampling volumes, which may have 

limited their ability to capture soil moisture changes occurring at the ped-crack 

interface.  

Infiltration data collected during the experiment indicated that in dry conditions the 

soil matrix had a much higher infiltration capacity than would be predicted based on 
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the soil texture, likely due to the presence of microscopic cracks. At high moisture 

contents, when the cracks had mostly sealed at the surface and the soil matrix 

infiltration capacity had decreased, water was still able to infiltrate at relatively high 

rates. This was shown both by the runoff ratio, which for most plots peaked between 

0.5 and 0.9 (indicating that 10-50 % of the water being applied was still infiltrating), 

and by electrical resistivity tomography measurements, which revealed the presence 

of active subsurface flowpaths coincident with surface runoff. However, data 

collected from one of the runoff plots showed that the runoff ratio approached unity 

when additional water was applied. This hints at the existence of a secondary runoff 

threshold in which the subsurface flowpaths have become sealed.  

Finally, it was found that using a basic water budget (cumulative precipitation minus 

evaporation) was an effective predictor of the primary runoff threshold. Indeed, it 

seems possible that this simple metric serves to integrate many of the complex 

processes observed in this study. In many ways, this suggests that a vertic soil profile 

can be thought of as a leaking bucket, only one in which the leak becomes smaller 

and possibly sealed through time. This simple concept may be useful to inform the 

development of more refined models which quantitatively describe the overall 

hydrology of a vertic soil.  
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Figures 

 

Figure 1 – Map showing relative position within Chile of the Lonquén Basin, and the 
location of the field site within the basin.  
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Figure 3 - Schematic of an experimental field plot and conceptualization of water 
distribution in the hillslope crack-system in response to the irrigation. In 2011 (Year 
1), two of the plots were outfitted with Wenner arrays of electrodes to measure the 
existence of subsurface preferential flowpaths.  
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Figure 4 – Wetting profile for Plots U2, U3, L2 and L5 during the 2012 (Year 2) 
irrigation experiment. Solid lines indicate pre-irrigation readings, dotted lines indicate 
mid-irrigation readings, and dashed lines indicate post-irrigation readings.  
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Figure 5 – Volumetric soil moisture and runoff ratio for Plots U2, U3, L2 and L5 
during the 2012 (Year 2) irrigation experiment.  

 

 



 
 
 

118 
 

 

 

Figure 6 – Volumetric soil moisture and the percent closure of representative cracks 
for Plots U2, U3, L2 and L5 during the 2012 (Year 2) irrigation experiment.  
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Figure 7 – Crack closure versus soil moisture, where relative crack closure is 
estimated using the surface-based crack imaging (in red). Crackometer data from Plot 
U3 is also shown for comparison (in green). Soil moisture measurements come from 
the 0.15 m depth.  
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Figure 8 – Runoff ratio compared to relative crack closure, from both the surface 
imaging of selected cracks and from the installed crackometer instruments.  
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Figure 9 – Difference in mean group runoff for the four experimental treatments.  
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Figure 10 – Time-Series for Plot L4 during 2012 (Year 2) experiment. Simulated 
rainfall (irrigation) and runoff are presented as rates, in red and blue, respectively. 
Soil moisture at 0.15 (green), 0.30 (purple), 0.60 (blue) and 0.85 m (orange) depths is 
shown as temperature-corrected volumetric data. Relative crack closure, taken to be 
(Vmax – Vi)/(Vmax-Vmin), where Vi is the instantaneous measured volume, is shown as 
dashed lines for the crackometer data and as the discrete points for the crack imaging 
measurements.  
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Figure 11 – Cumulative amounts of rainfall (irrigation) and runoff for all plots during 
the 2012 (Year 2) irrigation experiment. Periods between irrigations of two days or 
longer are indicated by the points. The 1:1 line is shown in black, starting at 25 cm of 
cumulative rainfall.  
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Figure 12 – Runoff ratio as a function of cumulative rainfall for Plot L1. The black 
line represents a sigmoidal function which potentially describes the transition 
between no runoff (runoff ratio = 0) and full runoff (runoff ratio = 1).  
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Figure 13 – Effective hydraulic conductivity (Keff) as a function of initial degree of 
saturation. The gray points represent individual measurements, while the colored 
points represent the arithmetic mean of those measurements. The range of irrigation 
rates applied during the irrigation experiments are shown in the shaded box.  
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Figure 14 – Change in apparent electric conductivity for a) Plot L2 and b) Plot L5, 
along with the duration and amount of irrigation and runoff. 
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Tables 

Table 1 – Percentages of Sand, Silt and Clay, and Mineralogical Composition of the 
Clay (< 2 μm) fraction.  

Depth  No. of samples Particle Size Distribution (%) Texture 

(cm)   Sand Silt Clay  

5 15 

13 

10 

9 

5 

3 

52 ± 11 33 ± 12 15 ± 8 Loam 

10 51 ± 14 32 ± 15 18 ± 12 Loam 

20 29 ± 6 29 ± 4 42 ± 7 Clay 

30 23 ± 6 31 ± 7 46 ± 12 Clay 

60 23 ± 6 27 ± 5 50 ± 2 Clay 

85 48 ± 6 31 ± 5 21 ± 11 Loam 

 

Depth  No. of samples Mineral % in the < 2 μm fraction 

(cm)  Smectite Vermiculite Kaolinite Illite 

5 1 

2 

1 

2 

2 

2 

15 10 70 5 

10 20 5 70 5 

20 45 10 40 5 

30 30 20 45 5 

60 30 15 50 5 

85 50 10 35 5 
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Table 2 – Irrigation schedule for 2011 and 2012. For the 2012 data, the gray shading 
indicates periods where the plots were covered with plastic to prevent evaporation. 

Year 1 (2011) 

        
Date 1/5 1/6 

1/7 - 
1/10 1/11 1/12 

1/13 - 
1/16 1/17 1/18 

  Day 1 2 3-6 7 8 9-12 13 14 

  L1-L3 

      

1* 2* 3* 4* 

  L4-L6 

   

1 2 3 4 

 

5 6╪ 

  U1-U3 1 2 3 4 

 

5 

      Year 2 (2012) 

        
Date 1/11 

1/12 - 
1/16 1/17 1/18 1/19 

1/20 - 
1/22 1/23 1/24 1/25 1/26 

Day 1 2-6 7 8 9 10-12 13 14 15 16 

L1-L3 1 2   3 4         5 6 

  L4-L6 

   

1 2 3 4 

 

5 

   U1-U3 

  

1 

    

2 

 

3 4 5 

U4-U6 

  

1 2       3 4 5 

* indicates the first ERT monitoring event 

╪ indicates the second ERT monitoring event 
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Table 3 – Cumulative irrigation amounts and the Distributed Uniformity (DU) 
coefficient for both years of the experiment. 

 
Cumulative Irrigation (cm) DU Coefficient 

Plot Year 1* Year 2 Year 1 Year 2 

L1 17.4 35.5 0.75 0.81 

L2 15.2 27.2 0.72 0.76 

L3 15.6 24.1 0.69 0.48 

L4 26.1 24.5 0.73 0.66 

L5 22.4 24.1 0.74 0.77 

L6 22.1 23.2 0.7 0.48 

U1 16.8 25.7 0.67 0.76 

U2 12.0 24.4 0.61 0.72 

U3 14.2 24.1 0.64 0.66 

U4 N/A 27.3 N/A 0.79 

U5 N/A 23.3 N/A 0.76 

U6 N/A 23.1 N/A 0.5 

* An additional 2.1 cm of natural precipitation occurred during the study period 
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Table 4 – Summary of infiltration measurements taken over the two-year 
experimental period. SRI = single ring infiltrometer, DRI = double ring infiltrometer, 
GP = Guelph Permeameter, and MTP = mini-disk tension infiltrometer.  

  

Keff (m hr-1) 

Method # of 
Tests Minimum Maximum Arith. Mean Geo. Mean Std. Dev. 

SRI* 62 1.58 x 10-2 1.29 x 101 2.08 x 100 9.48 x 10-1 2.92 x 100 

DRI† 5 4.64 x 10-2 5.41 x 10-1 1.79 x 10-1 1.17 x 10-1 1.84 x 10-1 

GP‡ 6 1.20 x 10-4 6.91 x 10-1 1.16 x 10-1 1.07 x 10-3 2.57 x 10-1 

MTP 4 5.14 x 10-3 1.32 x 10-1 5.58 x 10-2 2.55 x 10-2 5.28 x 10-2 

* only measurements with Θ0 < 0.3 were included for the SRI.  

† an additional DRI test was attempted, but emptied so rapidly that accurate data 
could not be collected.  

‡ GP data are based on the minimum calculated Keff, which assumes initially 
unsaturated soil and maximum matric potential.  

  



 
 
 

131 
 

 
5. Conclusions 

When analyzing shrink-swell clay (vertic) soils, it is tempting to state that the only 

constant is change. After all, at different moisture contents a vertic soil experiences 

tremendous variation in physical properties such as bulk density, effective hydraulic 

conductivity, size and connectivity of cracks, surface elevation, hardness and 

plasticity, geometric factor, and water retention. To further complicate matters, many 

of these properties exhibit hysteresis between cycles of shrinkage and swelling [Wells 

et al., 2003; Peng and Horn, 2007]. Therefore, it would seem that trying to predict the 

hydrologic response of a vertic soil, and how processes such as infiltration, runoff and 

preferential flow become manifest, would be incredibly difficult. However, this study 

identified several phenomena which offer the potential to simplify the description of 

hydrologic processes in such soils.  

First, it was recognized that when scaled relative to dry conditions, all soil types had a 

similar relationship between sorptivity and initial soil moisture. This substantiated the 

long-held simplification that the initial amount of non-filled (effective) porosity was 

the most important component for describing variations in sorptivity. A slight 

modification to the Green and Ampt [1911] model was then proposed to approximate 

the sorptivity of any soil as a function of soil moisture. Included in the analysis was a 

swelling clay soil (the Beit Netofa clay), which demonstrated a similar theoretical 

sorptivity profile as its non-swelling counterparts.  
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The second chapter of the study, which examined field-based infiltration tests 

conducted in a vertic soil, corroborated that finding: it was determined that variations 

in the effective porosity of the soil explained most of the difference in sorptivity at 

different moisture conditions. However, when looking at the gravity-driven 

infiltration component, the vertic soil deviated widely from non-swelling soils. It was 

determined that the effective hydraulic conductivity (determined as the resistance to 

gravity-driven, rather than capillary-driven, flow) decreased as moisture content 

increased. In some locations the effective hydraulic conductivity decreased by more 

than two orders of magnitudes as the soil went from dry to fully saturated.  

To explain this behavior, an expression was developed which used the reciprocal of a 

simplified soil shrinkage curve to describe crack porosity as a function of soil 

moisture. After assuming that the widths of micro-cracks within the soil matrix varied 

with soil moisture in a manner proportional to the overall porosity, Plane-Poiseuille 

flow was utilized to estimate flow rate through these micro-cracks. This allowed for 

Darcy’s law to be used to approximate the effective hydraulic conductivity in terms 

of the crack porosity of the soil, and enabled the effective hydraulic term to be 

replaced with a soil “constant”, A0. Altogether, the developed theory accurately 

described the observed field behavior (within the realms of accepted natural 

variability in soil properties), and in the future should allow for easy incorporation 

into large-scale hydrologic models.  



 
 
 

133 
 

 
The third chapter of this study also relied on field observations and measurements, 

this time to examine how water moves through, and interacts with, a vertic soil. 

Twelve 3.5 x 11 m runoff plots located at a field site in the Secano Interior region of 

Chile were used as the basis for the study. The plots were heavily instrumented, 

including dielectric capacitance soil moisture sensors at two or four depths, runoff 

and rainfall measurement equipment, infiltrometers, and monitoring equipment 

placed in and around representative cracks throughout the plots. By applying water to 

the plots when they were dry and the cracks were wide open, several interesting and, 

in some cases, novel phenomena were revealed.  

For instance, the cracks appeared to seal from the top down. This means that other 

studies which utilize surface-based crack measurements may underestimate the 

influence of crack networks on water movement. Electrical resistivity measurements 

demonstrated that crack networks can act as preferential flowpaths, conducting water 

laterally (in the case of a sloped soil profile). These flowpaths were active both in dry 

(when no surface runoff was apparent) and wet conditions (when the cracks had 

nearly or completely sealed at the surface and significant surface runoff was being 

produced). Therefore, “concealed” runoff produced by these cracks should be 

considered by anyone attempting to model or understand the hydrology of a vertic 

soil.  
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Non-concealed surface runoff (overland flow) exhibited a strongly non-linear 

threshold. That is, no runoff was produced when the dry soil was irrigated. However, 

after 0.12 – 0.17 m of irrigation, all of the plots showed a sharp increase in surface 

runoff. At this point, water appeared to be moving quickly off of the runoff plots as 

both surface and subsurface flow, with very little apparent internal soil storage. Data 

collected from one plot suggested that with enough additional water, the subsurface 

cracks may eventually close, at which point water will move almost entirely over the 

surface. All told, if these transition points are consistent between plots and across 

multiple years, they may provide an effective means to simplify the hydrologic 

description of these soils.  

As a final note, the Secano Interior region of Chile, where the latter portion of the 

study took place, is currently experiencing a tremendous shift in land use. The 

traditional vegetative cover, which consists of native grasses intermingled with fields 

producing wheat and other grains, is rapidly being converted to intensively-planted 

pine (pinus radiata) forests [Aronson et al., 1998]. This land use change may be 

altering the region’s soils, biodiversity and hydrology [Aronson et al., 1993], though 

to what extent and duration is the subject of considerable debate [Scott and Prinsloo, 

2008; Huber et al., 2010]. It is hoped that the findings of this study, which describe 

water movement in vertic soils under native grass cover, may in the future be used to 
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compare hydrologic and physical changes (and by extension social, economic and 

ecological changes) produced by conversion of the land cover to forest. 
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Abstract 

Shrinkage cracks in soil function as a dominant control on the partitioning and 

distribution of moisture fluxes in the vadose zone. Their dynamics influence moisture 

balance and control water availability for runoff, deep infiltration, and near-surface 

storage. We present a new low-cost field instrument to monitor the temporal change 

in crack volume as affected by shrinkage and swelling cycles. The proposed 

crackometer is composed of a sealed impermeable bag connected by a hose to a 

standpipe. An automated level logger records changes in water level in the standpipe, 

which correspond to volumetric changes of the crack. Results from two laboratory 

experiments show that the volume change observed by the crackometer instruments 

scales linearly with the actual volume change, with an average error of 3%. The 

instrument was then used in a field experiment in Chile, where it measured the 

closing of cracks due to soil swelling.  
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Introduction 

Expansive clay soils are characterized by spatially and temporally dynamic crack 

networks, which function as dominant controls on the partitioning of surface and 

subsurface water fluxes within expansive soils. The presence of a crack network can 

increase infiltration rates and allow for faster and deeper percolation of water and 

solutes [ Messing and Jarvis, 1990; Bronswijk et al., 1995; Greve et al., 2010], while 

also enhancing soil moisture evaporation rates [Weisbrod et al., 2009]. As a result, 

crack networks affect surface, soil, and ground water quantity and quality.  

Capturing the dynamic nature of crack networks has been a theoretical and 

experimental challenge that has impacted our understanding of water movement in 

soils at the pedon, field, hillslope, and watershed scales. Numerous studies have 

attempted to characterize landscape-scale cracking behavior [ Bronswijk, 1988; 

Arnold et al., 2005], but up to the present, field methods have been mostly limited to 

estimating the instantaneous volume or the shape of a crack. In addition, many of the 

methods have the drawbacks of being destructive, being based only on surface 

characteristics, or being so labor-intensive that taking multiple measurements over a 

period of time can be impractical, particularly during the faster wetting phase. 

Examples of destructive methods include sand filling [Dasog and Shashidhara, 

1993]; serial sectioning of soil [Lightart et al., 1993]; pouring liquid latex [Abou 

Najm et al., 2010]; and coupling spray techniques of different dye tracers [Lu and 
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Wu, 2003; Kasteel et al., 2005] with various image analysis methods [Aeby et al., 

1997; Forrer et al., 2000; Bogner et al., 2008] for visualization of preferential flow 

paths. Surface-based methods to monitor crack evolution include surface image 

analysis [Flowers and Lal, 1999; Abou Najm, 2009]; observing soil’s natural foaming 

[Mitchell and van Genuchten, 1993]; and soil surface elevation monitoring [Wells et 

al., 2003; Arnold et al., 2005], which can be used to estimate the evolution of the 

crack network by assuming isotropy of shrinkage. Examples of labor intensive 

methods include a variety of crack tracing techniques utilizing thin flexible metal 

probes for depth detection and simple geometric assumption for volume estimation 

[Zein El Abedine and Robinson, 1971; Ringrose-Voase and Sanidad, 1996; Deeks et 

al., 1999; Bhushan and Sharma, 2002; Bandyopadhyay et al., 2003; Kishné et al., 

2009] and calipers for measuring crack geometry [Návar et al., 2002].  

In this technical note, we propose the crackometer as a novel instrument for 

measuring transient crack-volume in the field. This instrument is simple to construct, 

low-cost, non-destructive, requires minimal effort to install or maintain, and allows 

for temporal and spatial measurements of volume changes for individual cracks. By 

having all these characteristics, this instrument overcomes many of the drawbacks of 

the aforementioned techniques. The instrument uses a sealed plastic bag connected by 

a hose to a polyvinyl chloride (PVC) standpipe which contains a water level logger. 

Laboratory and field experiments validated the design.  
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Method  

An empty water-impermeable bag is placed into an existing crack and water is added 

via a standpipe until the bag has expanded to the boundaries of the crack and the 

water level within the standpipe has equilibrated above the hose connection (Figure 

A.1). An automated pressure logger is placed at the bottom of the standpipe to 

continuously measure the pressure head inside the standpipe (pwater). In applications 

where sealed (non-differential) pressure transducers are used, an additional pressure 

transducer or nearby weather station is needed to correct for barometric pressure 

(pbarometric) fluctuations. Water column height (hwater) is found by hwater = (pwater – 

pbarometric)/(gρwater).  

To reduce trapped air bubbles in the system, the bag should be free of air during 

insertion into the soil and the water should be introduced to the pipe slowly. Orienting 

the bag so that the hose is at the uppermost position can help eliminate air bubbles. At 

the surface, the bag can also be manually adjusted after filling to force bubbles from 

the system, assuming care is taken to minimize impact on crack structure.  

As the crack shrinks or swells, its volume changes; this causes the water-filled bag to 

shrink or expand equally, which in turn causes an equivalent displacement of water 

volume in the standpipe. This change in water level in the standpipe (Δh) is measured 
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and converted to volumetric change (ΔV), using hrV ∆=∆ 2π , where r is the internal 

radius of the standpipe.  

This setup was tested in a controlled laboratory experiment at Oregon State 

University (43°33’59”N, 123°16’50”W) in Corvallis, Oregon, and at field site in the 

Chilean commune of Ninhue (36°25’04”S, 72°31’05”W). Onset Corporation HOBO 

U20-001 (0-9 m ± 0.005 m) pressure transducers were used to monitor water level 

within the standpipes. An additional U20 logger was used to record barometric 

pressure at the field site (for barometric pressure correction), while the laboratory 

experiment used barometric data from the National Climatic Data Center weather 

station at the Corvallis airport (KCVO).  

Laboratory Experiment 

For the controlled laboratory experiment, a 0.55 x 0.42 x 0.25 m (55 liter) plastic 

storage bin was filled with Witham clay, a soil of basaltic origin, composed of 

approximately 55% clay, 40% silt and 5% sand [Fortner et al., 2011]. The soil was 

sieved while at field-saturated water content (using a 4 mm screen) and compacted 

using 100 strikes per layer with a 4.5 cm diameter, 1,880 g mini-sledge hammer. The 

hammer was hand-held and struck against the soil with moderate force. Final soil 

column height was approximately 0.16 m. The soil was allowed to air dry for six 

weeks until a large shrinkage crack formed near the center, at which point the water-
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impermeable bag – a 1000 mL Injection IV bag (B. Braun Medical Inc.) – was 

installed. The IV bag was connected to a 0.0254 m (inner diameter) PVC standpipe 

via 0.0064 m (inner diameter) plastic tubing.  

The effective length (L) of the IV injection bag was approximately 0.26 m, while the 

bag was inserted into the crack to an approximate depth (D) of 0.082 m. Thus, 

assuming that the crack is V-shaped, the change in average crack width (ΔW) can be 

approximated using Equation 1: 

 LDVW /2∆=∆  (1) 

where ΔV is the volume displacement measured by the instrument, L is the effective 

(water-filled) length of the bag, and D is the inserted depth of the bag.  

After the instrument was installed, the soil was rewetted by blowing air with atomized 

water droplets (provided by a Vick’s-brand vaporizing humidifier) with an 

application rate of approximately 1 L day-1 (equivalent to 0.0043 m day-1 of water) 

and by a direct application of 0.0025 m day-1 of water to the soil surface.  

Another laboratory experiment was used to assess the measurement error of the 

proposed crackometer. An artificial triangular shaped crack (Figure A.2a) was made 

from two 0.6 x 0.2 m pieces of 5/8” (0.016 m) plywood, joined at one edge by two 

door hinges. The artificial crack was put into a bench vise, and the crackometer was 

installed covering a space confined between Wtop and Wbottom (Figure A.2a), using the 
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same instrument configuration as in the previous experiment. The objective of this 

second experiment was to estimate the measurement error from this crackometer 

configuration. 

The vice was closed in quarter-turn increments until a minimum volume was 

obtained, and then was reopened in quarter-turn increments until the crack was at its 

initial opening width. At each step, the actual dimensions (Wtop and Wbottom) for crack 

width were measured across the bottom and top of the IV bag (as shown in Figure 

A.2a). Actual crack volume corresponding to the space sampled by the crackometer 

instrument was calculated by Vactual = ½(Wtop + Wbottom) x D x L, where D is the 

effective depth and L is the effective length of the IV bag. For this configuration D = 

0.11 m and L = 0.26 m. Measured crack volume was calculated from water level in 

the standpipe using the same procedure as in the previous experiment.  

For this experiment, the percent volume change, V(%), was calculated as percentage 

of the range between the maximum (Vmax) and minimum (Vmin) measured crack 

volumes (simulating maximum shrinkage and swelling, respectively) :
  

 minmax

max100(%)
VV
VV

V i

−
−

×=
 (2) 

 

where Vi is the measured crack volume at each measured increment.  

 



 
 
 

162 
 

 
Field Experiment 

Three crackometer instruments were placed in an active research site in the Chilean 

Eighth Region. The instruments were installed on January 16th and 17th, 2011, within 

a single 3.5 by 11 m irrigation plot. The irrigation plot was orientated so that the long 

dimension was approximately in the direction of highest gradient (i.e., downslope). 

Installation #1 was located approximately 3 meters from the upslope edge of the plot. 

Installations #2 and #3 were located at approximately the center of the plot, as shown 

in Figure 1. The IV injection bags were inserted vertically into the cracks, reaching an 

average maximum depth of 0.22 m from the surface. The PVC standpipes had inner 

diameters of 0.0285 m. Figure A.1 shows the irrigation plot, from the upslope, left 

corner, facing downhill. The soil was classified as clay, made up of approximately 

30% sand, 20% silt, and 50% clay. 

The plot was irrigated with four 90-minute applications over a two-day period 

(January 17th and 18th, 2011), with a total cumulative application of approximately 

0.17 m of water. Soil moisture content was monitored with Decagon 5TM soil 

moisture probes at 0.15, 0.30, 0.60 and 0.85 m depths. Runoff from the irrigation 

experiments was captured into collection barrels to allow for calculation of runoff 

rates and volumes. 
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Results and Discussions 

Laboratory Experiments 

Results from the initial controlled laboratory experiment showed that during one 

month of active wetting of the soil within the plastic container, Δhwater in the 

standpipe changed by 0.28 m, which corresponds to a volumetric change (ΔV) of 1.4 

x 10-4 m3 (Figure A.3). The trend was monotonic, with some noise which was 

inherent to the barometric correction of the pressure readings. Approximately 70% of 

the total volume change occurred in the first week. Overhead photographs confirm 

that by the end of the experiment the crack had changed in width from approximately 

0.025 m to 0.012 m, due to soil swelling (Figure 3). Figure 3 presents good agreement 

between actual (accurately measured from digital image analysis) and measured 

(using crackometer) crack widths, with average error of 3%.  

Similarly, the simulated crack experiment showed that the relative volume change, as 

measured by the crackometer instrument, scaled linearly with the actual crack volume 

(Figure A.2b), with no observed directional hysteresis. This configuration of the 

crackometer showed promising results, with an average error of 3% and a maximum 

error of 6% between actual and measured volume change. However, it should be 

noted that this error is only specific to this particular configuration and pressure 

sensor; different bag geometries, standpipe configurations and measurement devices 

would have different (and potentially smaller) magnitudes of intrinsic error.  
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Field Experiment 

Figure A.4 shows changes in crack volume for Installations #1 and #2 (the results of 

Installation #3 are not included due to instrument malfunction). In general, the field 

data showed significant changes in crack volume as a result of simulated rainfall. 

Most of the swelling occurred during the four irrigation events, though some swelling 

continued in the hours between the irrigations (Figure A.4b). The near surface (0.10 – 

0.30 m) water content increased quickly following the first irrigation, from nearly dry 

conditions (26% average volumetric water content) to near saturation (about 50% 

average volumetric water content) (Figure A.4c). The break between the first two 

irrigations allowed some water to percolate, thus decreasing the water content of the 

upper soil to about 45%. This redistribution process did not reverse the swelling, as 

can be seen by comparing Figures A.4b and A.4c.  

Similarly, the overnight break between the second and third irrigations allowed for 

some redistribution of water, during which time the water content of the upper soil 

again decreased from about 50% to 45%, yet the swelling process did not reverse. On 

the contrary, the swelling continued perceptibly, after irrigation stopped, for about 3 

hours at Installation #2 and for about 12 hours at Installation #1.  

Finally, the soil saturated quickly after the third irrigation and stayed at a steady 50% 

water content, with no further redistribution observed. The soil showed notable 
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swelling during the third and fourth irrigation events; little change in crack volume 

was observed during the last hours of observation following the fourth irrigation.  

The field results indicate that crack closure can become temporally decoupled from 

bulk soil moisture. Assuming that the observed changes in crack volumes are 

primarily due to changes in crack width, the temporal trends seen in Installations #1 

and #2 are consistent with the results of Návar et al. [2002], who measured crack 

dimensions during and after simulated rainfall events, and observed that the majority 

of the cracks demonstrated significant closure during the first hour of irrigation (up to 

50% decrease in width), but that complete closure did not happen for three more 

months (until 0.450 m of cumulative rainfall had been applied). 

Installation and Modeling Considerations 

Initial results under controlled laboratory (Figures A.2 and A.3) and uncontrolled 

field (Figure A.4) conditions demonstrated the capability of the proposed 

crackometer instrument to monitor the relative changes in crack volumes through 

time. These measurements of temporal crack dynamics, coupled with field 

observations, can provide valuable inputs to existing shrinkage and crack-pattern 

models. Such models provide predictions of total volume change and degree of 

shrinkage isotropy [Bronswijk, 1988, using the shrinkage curve and an estimated 

geometry factor, rs), crack depth and spacing of primary cracks [Konrad and Ayad, 

1997], and surface crack patterns [Vogel et al., 2005]. Likewise, these results may be 
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used to calibrate and validate hydrological models that accommodate macropore 

dynamics [Jarvis et al., 1991; Greco, 2002], by comparing measured relative crack 

volumes to those calculated based on soil matrix water content and potential. 

Care should be taken when extending (scaling-up) the results from the local 

experiment to the entire field. For example, the crackometer instrument only samples 

a portion of the crack volume due to the fixed geometry of the impermeable bag (as 

seen in Figure A.2a). This can be of particular concern when shrinkage is not 

isotropic, such as in very dry soils where crack width has reached a maximum but 

crack depth continues to increase [Zein el Abedine and Robinson, 1971]. Furthermore, 

the limited flexibility of the impermeable bags means that the instrument may be 

unable capture fine-scale volumetric changes when cracks possess rough, angled 

and/or blocky surfaces. At the same time, a sampling bias can occur because these 

instruments can only be installed in larger shrinkage cracks (those of at least 1 cm 

width). While large cracks have been shown to preferentially transport water and 

solutes [Messing and Jarvis, 1990; Greve et al., 2010], Bronswijk et al. [1995] found 

that small, intra-aggregate cracks also contributed significantly to solute transport.  

One way to improve the accuracy of the method is through proper selection of 

representative crack spacing and crack shape models, given field-specific conditions. 

For example, with respect to crack-shape models, we have assumed V-shaped 

(triangular) crack cross-sectional geometries. While this is a commonly assumed 

cross-sectional geometry [Zein el Abedine and Robinson, 1971; Elias et al., 2001], 
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other studies have proposed that cracks are rectangular, with parallel walls [Scott et 

al., 1986; Dasog and Shashidhara, 1993]. In addition, Ringrose-Voase and Sanidad 

[1996] concluded that rectangular geometries are most likely to be found in wide, 

mature cracks (no longer shrinking horizontally), whereas the triangular shape is 

likely more valid for horizontally-evolving cracks. Therefore, assuming a cross-

sectional shape based on the knowledge of crack’s surface conditions may help limit 

error in total crack volume estimates.  

Finally, there was some concern that the pressure head of the water within a vertical 

standpipe will provide resistance to the swelling soil. In our current configuration, the 

water column can reach a maximum height of approximately 1.5 m (which 

corresponds to 15 kPa). Laboratory experiments on swelling pressures of expansive 

clay soils show swelling pressures which range from 200 – 1200 kPa [Basma et al., 

1995). Therefore, even on the low end of swelling pressures the resistance due to the 

water column should be minor. At the same time, future modifications to the design, 

such as non-vertical standpipes (to lessen the pressure head acting against the soil), 

specially-manufactured bags (which can be made more flexible and in different 

geometries), and alternative methods of measuring the water displacement (such as 

weighing the mass displaced or using optical measurements) can help to both limit 

pressure impacts on the soil structure and to improve the overall accuracy of the 

instrument. 
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Altogether, attention to installation details, coupled with proper understanding of field 

cracking patterns, can help improve the accuracy of the method and eliminate 

potential sources of error. Nonetheless, as shown by the initial results (Figures A.2, 

A.3 and A.4), even in its current configuration the instrument is able to accurately 

capture the initial and intermediate stages of crack closure.  

Conclusion 

We present a practical “crackometer”, which can be used to quantify the temporal 

changes in the volume of individual cracks, as demonstrated by laboratory and field 

experiments. All successful installations showed that swelling occurs shortly after the 

soil is wetted. Furthermore, we observed continued swelling at the field site for hours 

after water application had ceased, even when the local bulk soil moisture content 

slightly declined. This highlights that (1) there is a temporal component to soil 

swelling, and that (2) bulk soil volume is not a one-to-one function with bulk water 

content.  

Finally, although the current experimental design allowed for the installation of only 

one crackometer instrument per crack, it is conceivable that multiple instruments or 

bag compartments, connected to individual standpipes, could be used at multiple 

depths or spatial locations within a single crack. Such use of different configurations 

and orientations may lead to insight on the manner in which shrinkage cracks open 
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and close, which can have important implications for modeling hydrologic response 

and vadose zone transport.  
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Abstract 

Current laboratory methods for determining volume and bulk density of soil clods 

include dipping saran-coated clods in water (a destructive process due to the 

permanent coating), performing physical measurements on samples with well-defined 

geometries, or using expensive equipment and proprietary software (such as laser 

scanners). We propose an alternative method for determining the volume and bulk 

density of a soil clod, which is non-destructive, low-cost and utilizes free and open-

source software. This method (the clodometer method) uses a standard digital camera 

to image a rotating clod, which allows for reconstruction of its three-dimensional 

surface and subsequent calculation of its volume. We validated the method through 

comparison to the standard displacement method, and then used the method to create 

a soil shrinkage curve for the Waldo silty clay loam soil. The method had acceptable 

precision (relative standard errors of the mean between 0.4 – 1.6%), which may be 

further improved through future software development.  

 

Abbreviations: coefficient of linear extensibility (COLE); soil shrinkage curve 

(SSC)  
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Introduction 

Expansive clay soils are characterized by hysteretic shrinking/swelling dynamics that 

continuously alter the pore structure and cause quantifiable changes in bulk density. 

These soils have been observed to seasonally affect and be affected by the hydrology 

of entire basins [Harvey, 1971; Lindenmaier et al., 2005], and are known to strongly 

influence transport of water [Messing and Jarvis, 1990; Greve et al., 2010] and 

solutes [Harris et al., 1994; Bronswijk et al., 1995; Weaver et al., 2005]. The most 

common methods to describe the shrinkage behavior of such soils are based on 

laboratory analysis of individual soil clods or cores. In general, the shrinkage 

behavior of these soil samples are described using either (1) the soil shrinkage curve 

(SSC), where the gravimetric water content of a sample is related to its specific 

volume or void ratio; or (2) the coefficient of linear extensibility (COLE), where a 

sample’s volume is compared at a matric potential of -30 kPa and after oven drying 

[Gray and Allbrook, 2002]. For the SSC, a number of analytical models have been 

proposed to relate water content to specific volume [Giraldez et al., 1983; McGarry 

and Malafant, 1987; Tariq and Durnford, 1993a; Braudeau et al., 1999; Braudeau et 

al., 2004; Boivin et al., 2006; Sander and Gerke, 2007], which typically account for 

distinct shrinkage phases. On the other hand, the COLE index is typically used as a 

single, lumped value per soil type [Gray and Allbrook, 2002] and cannot distinguish 

the different phases of shrinkage.  
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Both SSC and COLE require an accurate determination of the sample’s volume at 

different moisture contents. Volume is most commonly determined by placing a 

resin- or paraffin-coated clod into water or kerosene and measuring the fluid 

displacement, utilizing Archimedes’ principle [Brasher et al., 1966; Bronswijk et al., 

1997]. However, coating the clod has a number of significant drawbacks. For 

paraffin-coated samples, the SSC is found by analyzing the specific volume of 

distinct samples prepared at different matric potentials [Cornelis et al., 2006], rather 

than on a single specimen. For resin-coated samples, it has been observed that the 

coating can inhibit swelling of the sample [Tunny, 1970], particularly as the sample 

nears saturation [Schafer and Singer, 1976], or can pull away during shrinkage 

[Tunny, 1970]. Furthermore, the resin loses mass during oven drying [Bronswijk et 

al., 1997; Sander and Gerke, 2007] and thus without proper correction can cause 

over-prediction of water content. In addition, coating the samples is effectively a 

destructive process, as they can no longer be used for other physical or hydrological 

testing [Sander and Gerke, 2007].  

Schafer and Singer [1976] coated clods at oven-dry, air-dry, 1/3 bar (33 kPa) matric 

potential, and saturated conditions, and found that the clods coated at saturation 

became compacted (mostly due to handling) and subsequently had lower measured 

volumes. Therefore, because the standard method for calculating soil shrinkage 

curves [Bronswijk et al., 1997, modified from Brasher et al., 1966] specifies that the 
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clods should be saturated at the time of coating, it is likely that the coated clod will 

have higher bulk density and lower volume than a similar non-coated specimen.  

It has been observed that the resin can penetrate into the pores, which causes the clod 

to retain less water in subsequent water content measurements, particularly for small 

clods [Schafer and Singer, 1976]. On the other hand, it has also been observed that 

the resin may not adequately coat deep pores, which can allow water to penetrate into 

the clod during submersion [Sander and Gerke, 2007] and cause underestimation of 

clod volume; this is particularly of concern for oven-dried specimens [Bronswijk et 

al., 1997]. During displacement measurements, Sander and Gerke [2007] observed 

air bubbles within the saran coating, macropores which may have been incompletely 

sealed, and a color change in the clods indicative of water penetrating the coating, all 

of which led to erratic or artificially low volume measurements. In summary, the 

evidence shows that the saran coating impacts soil shrinkage measurements, and the 

displacement method generally under-predicts the volume of soil clods.  

Another displacement method for determining soil volume is the rubber balloon 

method of Tariq and Durnford [1993b], where a soil is packed into a rubber balloon 

which is suspended in water; volume changes are measured using Archimedes’ 

principle. This method generally requires the clod to be disturbed, either through 

smoothing down of edges [Tariq and Durnford, 1993a] or else through sieving 

[Cornelis et al., 2006].  
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Other common methods utilize direct physical measurement of the specimen 

dimensions. Typically, this is done using calipers, rulers, or strain gauges on a core 

with a well-known geometry [Berndt and Coughlan, 1972; Toker et al., 2004; 

Cornelis et al., 2006; Perón et al., 2007]. Axisymmetric shrinkage is typically 

assumed. Due to the irregular geometries of soil clods, direct physical measurements 

have not often been used to measure shrinkage for undisturbed soil clods.  

More recent methods to quantify soil clod volume and shrinkage behavior include 

lasers [Rossi et al., 2008] and 3D optical scanning [Sander and Gerke, 2007] which 

scan the surface of the clod and compute its volume. While initial results with these 

methods are promising, the equipment needed is relatively expensive and utilizes 

proprietary software for analysis, with little control over the process. Thus, we see the 

need for a low-cost alternative which makes use of freely available software. In this 

paper, we present an alternative, non-destructive, low-cost method for determining 

the volume of a soil clod. The method utilizes completely free and open-source 

software. Compared to the traditional saran-coated clod displacement technique, this 

method does not use harsh chemicals. 
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Materials and Methods 

Volume Analysis Method (The Clodometer) 

To determine clod volumes, the samples were placed on a rotating imaging stand 

(Figure B.1), which includes a calibration object with known volume. The calibration 

object used for this test was a standard golf ball, painted in a multi-colored, random 

pattern (to maximize surface features). Its actual volume (Vcalibration, actual = 40.4 cm3) 

was determined by measuring its displacement when suspended in water. The clod 

and calibration sphere were then photographed using a 6-megapixel PENTAX® 

K100d dSLR camera with a 35mm f/2.8 lens. The clod and calibration sphere were 

positioned 0.38 meters from the camera focal plane. Images were taken at 

approximately every 4° of the stand’s rotation (this value represents a combination of 

efficiency and adequate coverage, but can be adjusted as needed). In this manner, the 

clod and calibration volume were imaged from all 360°, using a total of 

approximately 90 images. With the tested setup, we could collect an image 

approximately every 2-4 seconds, which meant the collection process required around 

3-5 minutes per sample.  

The photos were joined together using Microsoft®’s free web-based program, 

Photosynth®. Photosynth® uses common points between photos to create three-

dimensional point clouds of x,y,z- and r,g,b-referenced vertices. Next, the freeware 

program SynthExport© was used to convert the Photosynth® files into .ply (polygon) 
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format, which were then manipulated using the freeware program Meshlab©. Within 

Meshlab©, color selection filters and manual removal of extraneous vertices were 

used to isolate the point clouds which correspond to the clod and the calibration 

object. Poisson surface meshes were then applied to both the clod and the calibration 

object point clouds. Finally, a script (based on Getreue [2004], Giaccari [2008a], and 

Giaccari [2008b]) was used in Octave© to calculate the relative volumes of the point 

clouds for the calibration object (Vcalibration, relative) and clod (Vclod, relative). This was 

performed by summing the tetrahedra formed by the surface mesh (as referenced to a 

common datum). For each image set, individual calculations were performed to find 

the relative volume of the clod and the calibration volume. The actual clod volume 

(Vi) was then determined by Equation 1: 

 )/V(V*V=V relativen,calibratioactualn,calibratiorelativeclod,i  (1) 

where Vi has the same units as the calibration object (Vcalibration,actual). 

Method Validation  

The validation of the method was divided into two phases. First, the volumes of six 

saran-coated clods measured using the proposed imaging analysis method were 

compared to the volumes obtained using the standard displacement method 

[Bronswijk et al., 1997]. These clods came from two silty clay loam series [Waldo 

(18-55% clay) and Witham (27-60% clay)] and ranged in volume from 15 cm3 to 40 
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cm3. Percent difference between the two methods was calculated by dividing the 

volume difference of both methods by the displacement-measured volume.  

Before imaging, each soil clod was double-coated in a 1:4 Dow® Saran Resin F-

310/MEK (Methyl Ethyl Ketone) solution. After the coating dried, the clod was 

imaged using the clodometer method. After completion of the imaging procedure, the 

clod was weighed and its volume was determined through a water displacement test. 

Due to concerns about water filling pores and/or penetrating the coating, the 

displacement method was repeated on the clods until the measured volume was 

unchanged between successive tests. The clod was reweighed after each displacement 

test.  

Second, the precision of the method was tested by calculating the volume of a clod 

using three independent sets of images. This was done for five different clods (tests) 

where results were summarized with the mean volume, as calculated from the three 

independent measurements, and the standard error of the mean for those three 

measurements.  

Soil Shrinkage Curve 

After validation, the clodometer method was used to obtain a soil shrinkage curve for 

the Waldo silty clay loam soil. Four uncoated clods (volume at field capacity ranging 

from 25 to 53 cm3) were allowed to air dry from field capacity water content at room 
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temperature with limited temperature and humidity fluctuations. The clods were 

weighed and imaged at ten intermediate water contents, before being oven-dried at 

105°C and then weighed and imaged again. The image sets were analyzed to 

determine clod volumes, using the methodology described above.  

To convert the data into a full SSC, we chose to employ the four-phase SSC model of 

Tariq and Durnford [1993a]. Thus, the measured volumes were converted to void 

ratios (e) using Equation 2: 
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where Vi is the clod volume, Vs is the volume of the solid particles, moven dry is the 

weight of the oven dry sample, and ρs is the density of the solid particles. Moreover, 

the corresponding water contents were converted into volumetric moisture ratios (J) 

using Equation 3: 
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where mi is the weight of the sample at each intermediate water content, moven dry is 

the weight of the oven dry sample, and ρw is the density of water. For the purpose of 

this analysis, ρs was assumed to equal 2.67 g/cm3.  
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Results and Discussion 

During displacement measurements, air bubbles emerged from several clods, 

indicating large air-filled voids hidden within the clod and/or incomplete coatings. 

This in turn led to an initial underestimation of displacement volume. This was also 

detected by variation in weight of coated clods before and after dipping. Therefore, 

we decided to repeat the displacement measurements until the measured weight of 

displacement was unchanged between measurements. This required between 3 and 7 

measurements for each clod (Table B.1).  

Similarly, Sander and Gerke [2007] observed larger volumes from their 3D imaging 

method as compared to the displacement method. They attributed those differences to 

saran coating imperfections and to general limitations with the displacement method. 

By assuming a greater loss of coating mass during drying and that 0.3 to 0.8 g of 

water penetrated into the clods during submersion, Sander and Gerke [2007] were 

able to achieve a high level of agreement between the displacement method and their 

3D scanning method.  

While the initial displacement measurements with saran-coated clods were 3-17% 

smaller than the imaging-measured volumes, the second displacement measurements 

were within 5% of the imaging method (Table B.1). The final displacement 

measurements (taken when the displacement did not change between subsequent 

tests) were generally larger than the imaging-measured volumes (3 – 10% larger, with 
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the exception of sample 6, which was still 5% smaller). We conclude that the second 

measurement is likely to be the most accurate estimation of actual clod volume, as 

during this measurement any voids in the clod were water-filled and thus did not 

cause an underestimation of sample volume, while at the same time the clods did not 

yet have time to swell due to any water penetration. Assuming that the second test is 

the most accurate estimate of actual clod volume, our imaging results show good 

consistency with the traditional method of volume determination.  

Results based on triplicate independent volume measurements of five different clods 

(using the imaging method) are shown in Table B.2. The standard errors of the mean 

were between 0.4 and 1.6% of the mean volumes, which shows the method to have 

sufficient precision to measure individual clod volumes and determine soil shrinkage 

curves.  

Soil Shrinkage Curve 

The clodometer was used to monitor the shrinkage behavior of four Waldo silty clay 

loam clods (Figure B.2). Results of these tests were combined to construct a 

characteristic Soil Shrinkage Curve, using the four-phase model of Tariq and 

Durnford [1993a]. The Tariq and Durnford model assumes that soil shrinkage has 

four distinct phases: 1) structural shrinkage, where water is lost only from macropores 

and other large discontinuities, without greatly altering the soil bulk volume; 2) 
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normal shrinkage, where water is lost from the soil pores without being replaced by 

air (it is often assumed that there is a 1:1 relationship between the volume of water 

lost and the decrease in soil bulk volume [Braudeau et al., 1999]); 3) residual 

shrinkage, where air enters the pores and the volume of water lost is greater than the 

decrease in bulk soil volume; and 4) zero shrinkage, where the soil has reached its 

minimum bulk volume and any additional water loss has no effect on the bulk 

volume. 

The Waldo silty clay loam clods did not exhibit structural shrinkage, likely because 

the analysis began with the samples at field capacity water content, rather than being 

fully-saturated. Most of the data points occurred in the normal shrinkage phase, and 

closely followed the theoretical 1:1 line between decrease in water and soil bulk 

volume. At the dry end of the spectrum, the observed soil shrinkage curve began to 

level off, indicative of the residual and zero shrinkage regions. It should be noted that 

the transition between residual and zero shrinkage occurred while the clods were in 

the oven, so no data was collected at that point. Finally, though there was an observed 

offset in the void-moisture ratio values of the different clods, all samples 

demonstrated similar relative change in volume and moisture content.  
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Utility of Method 

Our prototype implementation of the clodometer was relatively time- and labor-

intensive; though collecting the photographs took only a few minutes, the generation 

of a single volume required anywhere from 15 to 60 minutes of imaging and 

processing time. This contrasts with the traditional displacement method, where each 

measurement can be performed in less than 5 minutes (though initial preparation and 

coating of the clod may take 24 hours or more). Furthermore, when measuring the 

bulk density of a soil clod (where typically only a single measurement is made per 

sample), the time difference between methods will be minimal, and the clodometer 

method has the additional advantage of leaving the clod undisturbed for use in further 

analyses. Therefore, even with this current level of required effort, the clodometer 

method is of great potential value to researchers due to its low-cost, accuracy, and 

preservation of the samples. At the same time, we envision future implementations 

that will automate much of the imaging and analysis processes, thus increasing the 

utility of the clodometer method and widening its function to include application in 

areas like soil anisotropy detection and strain calculation.  

Conclusions 

We combined a standard digital camera with freely available software to provide a 

low-cost and accurate way to measure bulk density of soil clods. Performing this 

analysis on soil clods at multiple water contents was then used to characterize their 
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shrinking and swelling behavior. The system (which we call the clodometer) gave 

results that were consistent with the traditional water-displacement method, after 

considering causes of error in the displacement method. Moreover, measurements of 

clod volumes done in triplicate showed that the method had acceptable precision, as 

relative standard errors of the mean were between 0.4 – 1.6%.  

While currently more time-intensive than other volume determination methods, the 

clodometer method offers several advantages compared to other approaches. It does 

not require expensive, specialized equipment or hazardous chemicals (such as methyl 

ethyl ketone). Samples are not destroyed or modified during testing, and expansive 

soil clods can shrink and swell without impediment. Finally, future software 

modifications and improvements will likely increase accuracy and decrease 

processing time for the clodometer method, which will only its overall utility.  
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Figures 

 

Figure B.1 – Steps to calculate clod volume using the clodometer method. 
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Tables 

Table B.1 – Imaging Method Validation, comparing displacement-measured to 
imaging-measured volumes. The Initial Displacement Measurements were always 
smaller than the imaging- measured volumes, whereas the Final Displacement 
Measurements (when successive displacement measurements were unchanged) had 
better agreement with the results of the Imaging Method. Percent difference indicates 
the difference in volume between the Imaging and the Displacement Methods, 
divided by the volume from the Displacement Method.  

Sample 
Soil 
Type 

Displacement 
Measurement1 

Volume‡ 
– Displac. 
Method 
(cm3) 

Volume – 
Imaging 
Method 
(cm3) 

% Diff. – 
Imaging 

v. 
Displac. 

Clod 
Weight 

(g) 
1 Waldo 1 16.4 19.2 17% 31.81 
  2 19.5  -2% 34.92 
    6 20.9   -8% 36.86 
2 Waldo 1 36.1 39.5 9% 70.99 
  2 40.1  -2% 74.75 
    7§ 44.0   -10% 79.1 
3 Waldo 1 26.9 27.8 3% 50.8 
  2 28.9  -4% 53.17 
    5 29.6   -6% 54.34 
4 Witham 1 16.5 17.5 6% 26.56 
  2 17.1  2% 28.16 
    5 17.7   -1% 29.38 
5 Waldo 1 29.0 30.1 4% 45.98 
  2 30.1  0% 48.21 
    6 30.9   -3% 50.49 
6 Witham 1 15.0 16.3 8% 23.38 
  2 15.5  5% 24.24 
    3 15.5   5% 24.43 

† Iteration number for the displacement method: first, second, and last iteration. 

‡ Volume corresponding to the iteration number obtained by the displacement 
method. 

§ The sample did not have successive identical displacement methods due to coating 
imperfections. Swelling was visually evident after the seventh measurement, so the 
test was discontinued.  
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Table B.2 – Imaging Method Precision. Triplicate independent measurements were 
performed on five different clods. Mean volumes and standard errors of the mean are 
shown for each test.  

Test Mean Volume (cm3) Standard Error of the Mean 
1 42.8 0.18 
2 37.2 0.32 
3 28.7 0.46 
4 95.5 0.92 
5 41.0 0.63 

Mean  0.50 
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where β is a shape factor between 0 and 1, γ is a proportionality constant between 0.6 

and 0.8, rd is the radius of the supply disc, θs is the saturated water content, θr is the 

residual water content, θ0 is the initial water content and Θ0 is the initial water 

content expressed as degree of saturation. S is soil sorptivity, which is equivalent to 

C1. Unfortunately, for cases where C1
2 is greater than C2, Equation (C.3) will lead to 

non-positive estimates of Keff.  

Of the 145 valid infiltration measurements collected as part of this experiment, just 

under half gave non-positive estimates of Keff. That is to say, for almost half of the 

measurements, the ratio of C2/C1
2 was less than unity (Figure C.1), particularly under 

wetter conditions. This is likely due to two reasons: the gravity term becomes less 

important as the soil wets and micro cracks become sealed, and there is less available 

porosity in wet conditions. The remaining 73 measurements had ratios of the ratio of 

C2/C1
2 that were greater than unity and thus provided positive estimates for Keff.  

Assuming β = 0.55, γ = 0.7, (θs - θr) = 0.4 and using measured values of C1, C2 and 

Θ0, the 73 positive measurements were used to estimate the “three-dimensional” Keff. 

These values were then plotted against the “one-dimensional” Keff for those same 

measurements, calculated using Equation (C.2). It was determined that using a value 

of P = 0.55 provided a 1:1 line between the one and three-dimensional estimates of 

Keff (Figure C.2), and thus was adopted for estimating Keff using the two-term Philip 

model.  
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Appendix D – Supplemental material to the manuscript “Hillslope runoff 
thresholds with shrink-swell clay soils” (Chapter 4) 

Visual assessment of irrigation uniformity 

Irrigation uniformity was visually analyzed using images created with a krieging 

routine, where cumulative precipitation amounts were shown as contours, overlaid on 

the plot locations (Figure D.1). Each set of three plots were analyzed independently, 

due to the variation in experimental treatment between sets of plots. The contours for 

each set of plots were normalized relative to the each set’s mean cumulative 

precipitation; therefore, contour values cannot be compared between sets of plots.  

Crack image processing 

Medium-to-large sized cracks from within five plots were marked by 0.5 x 0.5 m 

frames and then imaged from above at various times in the experiment. Images were 

collected from a height of 0.6 m using a Pentax K-x digital SLR and a 28mm lens. 

The surface area of cracks was quantified by converting the image to black and white 

and counting the number of black pixels. Figure D.2 shows an example of the 

converted images for a representative crack within Plot L4. The original photos can 

be seen in the main body of the text, in Figure 4.10.  
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Figure D.1 – Overall uniformity for each set of three plots during the 2012 (Year 2) 
rainfall simulation experiment. Contours represent amount of precipitation relative to 
the mean value within each set, and can be used to assess intra-set uniformity only. 
Individual catchcan locations are indicated with the x symbol.  
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Figure D.2 – The crack photos presented in Chapter 4, Figure 10, converted to black 

and white so that the number of black pixels can be counted. Shadows, grasses and 

other artifacts can be seen as noise in the converted images.  
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