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Abstract Shrink-swell soils crack and become compacted as they dry, changing properties such as bulk
density and hydraulic conductivity. Multidomain models divide soil into independent realms that allow soil
cracks to be incorporated into classical flow and transport models. Incongruously, most applications of mul-
tidomain models assume that the porosity distributions, bulk density, and effective saturated hydraulic con-
ductivity of the soil are constant. This study builds on a recently derived soil shrinkage model to develop a
new multidomain, dual-permeability model that can accurately predict variations in soil hydraulic properties
due to dynamic changes in crack size and connectivity. The model only requires estimates of soil gravimet-
ric water content and a minimal set of parameters, all of which can be determined using laboratory and/or
field measurements. We apply the model to eight clayey soils, and demonstrate its ability to quantify varia-
tions in volumetric water content (as can be determined during measurement of a soil water characteristic
curve) and transient saturated hydraulic conductivity, Ks (as can be measured using infiltration tests). The
proposed model is able to capture observed variations in Ks of one to more than two orders of magnitude.
In contrast, other dual-permeability models assume that Ks is constant, resulting in the potential for large
error when predicting water movement through shrink-swell soils. Overall, the multidomain model pre-
sented here successfully quantifies fluctuations in the hydraulic properties of shrink-swell soil matrices, and
are suitable for use in physical flow and transport models based on Darcy’s Law, the Richards Equation, and
the advection-dispersion equation.

1. Introduction

Many clay-rich soils (often classified as Vertisols or vertic-intergrades) swell when wetted and shrink as they
dry. The physical properties, such as pore size distribution and transient saturated hydraulic conductivity
(i.e., effective permeability) of these soils are variable, due to alterations of their porous structure in response
to changes in soil water content [Messing and Jarvis, 1990; Jabro, 1996; Kut�ılek, 1996; Das Gupta et al., 2006].
However, most infiltration and transport models assume these properties are constant, and thus may per-
form poorly across different initial and time-varying soil water conditions.

A number of models have been developed to describe infiltration into vertic soils. Many frameworks repre-
sent the complexity of pore structures through multiregion pore models [Gwo et al., 1995; Hutson and
Wagenet, 1995; Simunek et al., 2003]. The most common are dual-domain models representing macropores
(such as soil cracks) and the soil matrix as two separate components of the soil. One subset of these models
divide the soil into two porosity domains where flow occurs only in the macropore (mobile) domain [Chen
and Wagenet, 1992; Gerke, 2006; Jarvis, 2007]. The macropore water flow has then been modeled using the
Richards [Nov�ak et al., 2002], Poiseuille [Ahuja et al., 2000], Chezy-Manning [Chen and Wagenet, 1992], kine-
matic wave [Greco, 2002; Larsbo et al., 2005; R€omkens and Prasad, 2006], or Green-Ampt [Davidson, 1984]
equations. However, the simplifying assumption that water does not move through the soil matrix is unreal-
istic for many situations, including flow through many structured clay soils.

To remedy this short-coming, a subset of multidomain models, known as dual-permeability, were devel-
oped to describe flow through both the macropores and the soil matrix, typically using the Richards
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equation [Peters and Klavetter, 1988; Gerke and van Genuchten, 1993; Castiglione et al., 2003; Larsbo and Jar-
vis, 2003; Gerke and K€ohne, 2004; Coppola et al., 2012; Lassabatère et al., 2014]. The dual-permeability
approach applies a weighting factor (b) that defines the fractional volumes of the matrix and fracture
domains, which in turn determines their combined contribution to total hydraulic conductivity (saturated
and unsaturated). For the most part, these models consider the size and properties of the fracture and
matrix domains to be constant in both time and space. Coppola et al. [2012, 2015] allowed b and/or the soil
hydraulic properties (e.g., volumetric water content, hydraulic conductivity) to vary as a function of soil
shrinkage. However, the relationships proposed in those models lack physical consistency, in that domain-
specific hydraulic properties (e.g., hydraulic conductivity) remain constant regardless of changes in porosity
distribution (e.g., b). This disconnect between hydraulic properties and swelling implies that if data are fit to
the model, then swelling-dependent crack-flow may inadvertently be adjusted to account for changes in
the matrix properties. Ultimately this increases the number of uncertain parameters that must be obtained
for each model application and limits the ability of such models to predict dynamic changes in hydraulic
properties and corresponding hydrological processes.

A handful of field studies have determined, based on surface and subsurface infiltration measurements,
that the non-equilibrium (i.e., transient) field-saturated hydraulic conductivity of clayey soils can vary with
soil water content [Messing and Jarvis, 1990; Jabro, 1996; Lin et al., 1998]. Specifically, these studies found
that the transient field-saturated hydraulic conductivity (Ks) is highest when the soil is at low initial (anteced-
ent) water content, likely because in dry conditions shrinkage cracks can act as preferential flowpaths. As
the initial water content of the soil increases, shrinkage cracks begin to seal and Ks undergoes a correspond-
ing decrease. Therefore, such findings indicate that the transient saturated hydraulic conductivity of the soil
varies depending on the dynamic structure and distribution of pores and cracks.

Building on a recently developed pedon-scale porosity model that incorporates shrink-swell dynamics of
aggregates, cracks, and subsidence [Stewart et al., 2016], we propose a unifying model for the hydraulic
properties of shrink-swell soils that inherits the dual-permeability framework. This model uses a consistent
physical basis to predict changes in both porosity distribution and hydraulic properties of the soil as a func-
tion of water content. We provide examples of how this model can be used to properly relate domain-
specific hydraulic properties with those of the entire soil profile, interpret water retention experiments on
shrinking soils, and predict field-saturated hydraulic conductivity of vertic soils based on their initial mois-
ture state. Altogether, the model accurately reproduces variations in soil hydraulic parameters and captures
fundamental system behaviors, while utilizing a minimal and physically realistic set of input parameters.

2. Theory

In this section, we describe the porosity domains of shrink-swell soils using two frames of reference. The
first (which we call the ‘‘unified porosity’’) employs a fixed, macro-scale control volume, wherein the overall
porosity distribution shifts between aggregates, cracks and/or subsidence as the soil wets and dries. This
representation of porosity is needed to correctly and accurately predict overall changes in porosity due to
swelling and shrinking. However, to allow working within the classic dual domain porosity/permeability
frame of reference (which we call the ‘‘multidomain porosity’’), we also describe the crack and aggregate
porosity domains as independent from one another, and provide the means to convert between these
frames of reference (Figure 1). We conclude by using these porosity definitions to predict water content
and field-saturated hydraulic conductivity of the independent soil domains and also of the entire soil. Note
that the unified porosity framework was the subject of a previous publication [Stewart et al., 2016]; we brief-
ly reiterate the main results here so as to lay the foundation to derive our new dual-permeability model.

2.1. Unified Porosity
Starting from a volume that is large enough to contain multiple soil pedons (the three-dimensional structur-
al units of soil), Stewart et al. [2016] divided the total porosity (/max) among three domains, with each repre-
senting a fraction of pore space contained within the entire control volume:

/max5/aggrðUÞ1/subðUÞ1/crackðUÞ (1)

where /aggr is the porosity of the aggregate domain, /crack is the porosity associated with any shrinkage
cracks that are present, and /sub is the porosity associated with any vertical subsidence that the soil has
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experienced (from its maximum sur-
face elevation/volume). U represents
the normalized gravimetric water con-
tent of the aggregate domain; i.e.,
U 5 uaggr/umax, where uaggr is the gravi-
metric water content (mass of water
per mass of dry soil) of the aggregate
domain and umax is the maximum
mass of water per mass of dry soil that
the soil profile can accommodate at
saturation. In this formulation, the total
porosity (/max) is constant, while the
porosity distribution varies as a func-
tion of U. Note that though water can
exist in the crack domain, water will
only affect the porosity distribution
when it is absorbed by the soil aggre-
gate (i.e., matrix) causing the soil
aggregates to swell.

Stewart et al. [2016] described the porosities of all three domains as functions of U as:

/aggrðUÞ5 /max2/minð Þ p11
p1U2q

� �
1/min (2)

/subðUÞ5ð12ð12ð/max2/minÞÞ1=vÞ
12Uq

11pUq

� �
(3)

/crackðUÞ5 /max2/minð Þ211ð12ð/max2/minÞÞ1=v
� � 12Uq

11pUq

� �
(4)

where p and q are functional shape parameters, /min is the minimum porosity of the aggregate domain,
and v is the shrinkage geometry factor [Bronswijk, 1990], which can range from 1 (pure subsidence) to 1
(pure cracking), with the typical assumption that v 5 3 (isotropic shrinkage).

2.2. Multidomain Porosity
Dual-porosity approaches treat the crack and aggregate porosity domains as independent from one anoth-
er [Gerke and van Genuchten, 1993]. In such models, the total volume of the control volume is divided into
two domains and two pore systems. The porosity of each domain is calculated in proportion to the total vol-
ume of the corresponding domain (rather than relative to the fixed control volume that is used in equation
(1) through (4)). Thus, to differentiate the independent domain porosities (pore volume is divided by
domain volume) from the total porosities (pore volume is divided by total volume, as defined in equations
(1–4)), the symbol e is used for the independent domain porosities while / is used with total porosities.
With this distinction in mind (and by initially neglecting subsidence), we can describe the total porosity of
the soil in terms of the domain-specific crack (ecrack) and aggregate (eaggr) porosities, coupled using a volu-
metric weighing factor, b, as:

/max5becrack1ð12bÞeaggr (5)

with b bounded by (0,1). Note that ecrack is defined as the volume of voids within the crack domain (Vv,crack)
divided by the total volume of the crack domain (Vt,crack), and eaggr is defined as the volume of voids within
the aggregate domain (Vv,aggr) divided by the total volume of the aggregates (Vt,aggr). Also note that in
many classic multidomain formulations, Vv,crack and Vt,crack can differ from each other due to presence of ‘‘fill-
ing material’’ within the cracks [Tsang and Tsang, 1987; Gerke and van Genuchten, 1993].

Typically, equation (5) is applied assuming that b and the domain porosities ecrack and eaggr are constants.
Coppola et al. [2015] examined how b and domain porosities could vary in shrink-swell soils, though those
results were limited to the specific case that deformation occurs only in the horizontal direction (i.e.,

Figure 1. Representation of the division of a soil control volume into various
domains, including subsidence (sub), cracks (crack) and aggregates (aggr). The
unified framework relates all domains to the total control volume (Vtotal) while the
multi-domain framework treats each domain independently. Note that V refers to
volume, while the subscripts v and t respectively refer to voids and total.
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subsidence is not included), and only allowed porosity and b to jointly vary under limited conditions (e.g.,
by specifying that b has to be an exponential function of water content). Here by making a few specific
assumptions and definitions, we modify equation (5) to include the effects of subsidence and to provide a
physically-consistent definition of how the porosity distributions and b vary as functions of soil water
content.

In our approach, we first assume that the crack domain is completely composed of voids (i.e., Vv,crack 5 Vt,-

crack), and therefore that ecrack 5 1. This assumption simplifies the system without impacting the physical
abstraction of cracking behavior, though is contrary to earlier conceptualizations in which the crack domain
is defined as occurring between sets of parallel plates, and any soil/media within that delineation is consid-
ered to be part of the crack domain [Tsang and Tsang, 1987; Gerke and van Genuchten, 1993]. In this present
approach we also assume that the subsidence domain is composed of a single void.

Second, we let b be the summation of subsidence and crack total porosities and represent it as function
of U:

bðUÞ5/subðUÞ1/crackðUÞ; (6)

which allows us to preserve equation (5) while utilizing a physically-consistent description of how b varies
with shrinkage and swelling.

Note that b(U) can be considered as the ‘‘extra-aggregate’’ porosity of the soil (i.e., the combination of soil
cracks and subsidence), and can be predicted by adding equations (3) and (4) as:

bðUÞ5 /max2/minð Þ 12Uq

11pUq

� �
: (7)

With the definitions that ecrack 5 1 and b5/subðUÞ1/crackðUÞ, comparison of equations (1) and (5) shows
that /aggr5ð12bÞeaggr , where /aggr, eaggr and b are all functions of water content U. Then, by combining
equations (2), (5), (6), and (7), we can describe eaggr in terms of the unified porosity model as:

eaggrðUÞ5
/aggrðUÞ
12bðUÞ5 /max2/minð Þ p11

p1U2q

� �
1/min

� �.
12 /max2/minð Þ 12Uq

11pUq

� �� �
: (8)

2.3. Water Content
The overall water content of the control volume (h) can be described as:

h5hcrack1haggr1hsub (9)

where hcrack is the volumetric water content of the crack domain relative to the total control volume
(Vw,crack/Vt, where the subscript w refers to water), haggr is the volumetric water content of the aggregate
domain relative to the total control volume (Vw,aggr/Vt), and hsub is the volumetric water content of the subsi-
dence domain relative to the total control volume (Vw,sub/Vt). In the absence of free water on the soil surface
(hsub 5 0), equation (9) can be simplified to:

h5hcrack1haggr: (10)

Similar to porosity, the volumetric water content can be represented as part of the total volume of the
medium (h as per the definition above) or as part of its corresponding porosity domain in a multiporosity
model (referred to as f). In the multiporosity model, the crack and aggregate volumetric water contents
(fcrack and faggr, respectively) are defined as follows: fcrack 5 Vw,crack/Vt,crack and faggr 5 Vw,aggr/Vt,aggr.

Thus, equation (10) can also be written in terms of the independent domain contributions as:

htotal5hcrack1haggr5
Vt;crack

Vt

� �
Vw;crack

Vt;crack

� �
1

Vt;aggr

Vt

� �
Vw;aggr

Vt;aggr

� �

5/crackðUÞfcrack1ð12bðUÞÞfaggr:

(11)

Using equation (11), the water content of the independent aggregate domain can be found by:
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faggr5
haggr

12bðUÞ5haggr

.
12 /max2/minð Þ 12Uq

11pUq

� �� �
: (12)

When working in vertic soils, water content is often measured and reported in gravimetric terms (i.e., mass
of water over mass of solids). Thus, we define faggr in terms of its gravimetric water content:

faggr5 uaggrcsð12/maxÞ
� 	.

12 /max2/minð Þ 12Uq

11pUq

� �� �
(13)

where cs is the specific gravity of the solid phase (i.e., the solid density, qs, divided by the density of the flu-
id, qf). This conversion is useful e.g. when determining water retention curves in shrink-swell soils.

2.4. Hydraulic Conductivity
The water flux density through the dual-pore domains is described as:

Jcrack5Qcrack=Acrack (14a)

Jaggr5Qaggr=Aaggr (14b)

where Qcrack and Qaggr are the volumes of water flowing per unit time through unit areas Acrack and Aaggr,
respectively. Note that J is the vertical flux density, Acrack 5 Vt,crack/Hm and Aaggr 5 Vt,aggr/Hm, and Hm is the
height of the matrix that is bisected by cracks.

The total flux density through the soil is given by:

J5
Qcrack1Qaggr

Acrack1Aaggr
: (15)

The ratios of crack area Acrack and aggregate area Aaggr to the total area (Atotal 5 Acrack 1 Aaggr) can be
described by:

Acrack

Acrack1Aaggr
5

Vcrack=Hm

ðVcrack1VaggrÞ=Hm
5

/crackðUÞ
12/subðUÞ

� �
(16a)

Aaggr

Acrack1Aaggr
5

Vaggr=Hm

ðVcrack1VaggrÞ=Hm
5

Vtotal2Vcrack2Vsub

Vtotal2Vsub

� �
5

12bðUÞ
12/subðUÞ

� �
: (16b)

Note that Equation (16) does not explicitly account for any pore or crack tortuosity, but will be valid so long
as tortuosity is either minor or similar in magnitude between the two domains. By combining equations (1–
4), the total flux density can also be expressed as:

J5
/crackðUÞ

12/subðUÞ

� �
Jcrack1

12bðUÞ
12/subðUÞ

� �
Jaggr: (17)

In the case of no vertical subsidence (/sub 5 0), equation (17) reduces to the classic dual-permeability result:
J5bJcrack1 12bð ÞJaggr .

The pore water velocities vcrack and vaggr are described by:

vcrack5Jcrack=fcrack (18a)

vaggr5Jaggr=faggr : (18b)

We can obtain an expression for the hydraulic conductivity of the soil (Ks) via Darcy’s Law, which relates J to
Ks and the gradient in potential rW:

KsrW5
/crackðUÞ

12/subðUÞ

� �
KcrackrWcrack1

12bðUÞ
12/subðUÞ

� �
KaggrrWaggr : (19)

If the gradient in potential is similar through the two domains (i.e., rW � rWcrack � rWaggr), equation (19)
simplifies to:

Ks5
/crackðUÞ

12/subðUÞ

� �
Kcrack1

12bðUÞ
12/subðUÞ

� �
Kaggr : (20)
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The standard assumption for dual-permeability models is that Kcrack and Kaggr are constants [Castiglione
et al., 2003; Coppola et al., 2015]. However, the volume of water per unit time (Q) that can be transmitted
through a pore for a given potential gradient varies non-linearly with the pore area. If, for example, we
assume a rectangular pore geometry, the Poiseuille Equation predicts Q / yw3, where y is the length of the
pore and w is the width of the pore. The area of the pore is Apore 5 yw, so therefore the water flux through
the pore is J / w2 (or J / r2 in the case of a cylindrical pore). We note that this prediction is only rigorously
valid for Reynolds numbers less than one, which can be momentarily violated in large open cracks fed by
ample water.

We represent cracks as a series of soil pedons surrounded by border cracks with constant length Lj (Figure
2) and a constant depth of Hm, and we account for any crack tortuosity using the parameter sj. This allows
us to simulate cases when the cracks do not extend throughout the entire soil block. Note that an alterna-
tive crack geometry is presented in the Appendix A.

The crack porosity (/crack) can be expressed as:

/crackðUÞ5
Vv;crack

Vt
5
XN

j51

wjLjsjHm

Vt
5 /max2/minð Þ211ð12ð/max2/minÞÞ1=v
� � 12Uq

11pUq

� �
(21)

where Vv,cracks is the total volume of cracks within the soil block containing N cracks.

Evaluating equation (21) at U 5 0 (when we assume that the cracks are at their maximum widths wj,max)
gives us:

/crack;max5
XN

j51

wj;maxLjsj Hm

Vt
5 /max2/minð Þ211ð12ð/max2/minÞÞ1=v
� �

: (22)

Combining equations (21) and (22), we obtain the result of Stewart et al. [2016]:

XN

j51

wj5
XN

j51

wj;max
12Uq

11pUq

� �
(23a)

which, so long as the cracks all change width in proportion to one another, simplifies to:

wj5wj;max
12Uq

11pUq

� �
: (23b)

Assuming that the cracks maintain consistent geometries, we can use the Poiseuille equation to approxi-
mate the hydraulic conductivity of the crack domain as:

KcrackðUÞ5
XN

j51

Ajqf gwj
2

12lf Acracks2
j

5
XN

j51

Ljqf gwj
3

12lf

XN

j51

Ljwjs2
j

(24)

where Aj is the cross-sectional area of crack j, Acrack is the total cross-sectional area of all cracks, qf is the den-
sity of the fluid (water), g is the gravitational acceleration, and lf is the fluid viscosity. Substituting equation
(23a) into (24), we obtain:

KcrackðUÞ5
XN

j51

Ljqf gwj;max
3 12Uq

11pUq

� �3

12lf

XN

j51

Ljs2
j wj;max

12Uq

11pUq

� �5Kcrack;max
12Uq

11pUq

� �2

(25a)

Kcrack;maxðUÞ5
XN

j51

Ljqf gwj;max
3

12lf

XN

j51

Ljs2
j wj;max

(25b)

where Kcrack,max is the maximum hydraulic conductivity of the crack domain (when U 5 0).
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We can do a similar treatment for the aggregate domain. So long as the subsidence is minor relative to the
overall height of the soil block and all soil pores shrink-swell in proportion to one another, we can predict
the radius of any aggregate pore, ri, as [Stewart et al., 2016]:

ri
25 ri;max

22ri;min
2


 � p11
p1U2q

� �
1ri;min

2: (26)

If we assume that the aggregate domain is composed of a number M of vertical cylindrical pores that vary
in proportion to one another, we can use the Poiseuille equation to calculate the hydraulic conductivity of
that domain (Kaggr) as:

KaggrðUÞ5
XM

i51

Aiqf gri
2

8lf Aaggrs2
i

(27)

where si is the tortuosity factor for pore i and Ai is the area of pore i (in this case assumed to be equal to pri
2).

So long as the pores all change size in proportion to one another during shrinkage/swelling, the ratio of Ai/
Aaggr 5 Ai,max/At 5 pri,max

2/At. We can then obtain Kaggr in terms of U by substituting equation (26) into equa-
tion (27):

KaggrðUÞ5
XM

i51

pri;max
2qf g

8lf Ats2
i

ri;max
22ri;min

2

 � p11

p1U2q

� �
1ri;min

2

� �
: (28)

We can rearrange equation (28) as:

Figure 2. (a) Example of a shrink-swell soil control volume (outer dashed box), with soil block j identified by the small dotted white box;
(b) conceptualization of soil block j as a three-dimensional cube of dimensions Lj x Lj x Hm; (c) overhead view of soil block j in saturated
conditions (U 5 1), showing aggregate pores as cylindrical tubes (note that example pore ri is shown at its maximum size, ri,max); (d) over-
head view of soil block j in unsaturated conditions (U< 1), showing aggregate pores as cylindrical tubes and soil cracks around the perime-
ter of soil block j. Note that the block height Hm will vary depending on the degree of surface subsidence.

Water Resources Research 10.1002/2016WR019336

STEWART ET AL. MULTIDOMAIN HYDRAULIC PROPERTIES OF SHRINK-SWELL SOILS 7917

 19447973, 2016, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2016W

R
019336 by A

m
erican U

niversity O
f B

eirut, W
iley O

nline L
ibrary on [29/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KaggrðUÞ5
XM

i51

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pri;max

2qf g
8lf Ats2

i

s
ri;max

2 p11
p1U2q

� �
1
XM

i51

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pri;max

2qf g
8lf Ats2

i

s
ri;min

2 12Uq

11pUq

� �
: (29)

Solving equation (29) for U 5 0 and U 5 1 gives us:

KaggrðU50Þ5Kaggr;min5
XM

i51

pri;max
2qf g

8lf Ats2
i

ri;min
2 (30a)

KaggrðU51Þ5Kaggr;max5
XM

i51

pri;max
2qf g

8lf Ats2
i

ri;max
2: (30b)

Substituting equation (30a) into equation (29), we obtain:

KaggrðUÞ5Kaggr;max
p11

p1U2q

� �
1Kaggr;min

12Uq

11pUq

� �
: (31)

Further, if Kaggr,min� Kaggr,max, equation (31) simplifies to:

KaggrðUÞ5Kaggr;max
p11

p1U2q

� �
: (32)

Substituting equations (25) and (32) into equation (17) and applying Darcy’s Law for a similar gradient in
potential (i.e., rW � rWcrack � rWaggr) allows us to describe the saturated transient hydraulic conductivity
Ks of the bulk soil as:

Ks5Kcrack;max
/crackðUÞ

12/subðUÞ

� �
12Uq

11pUq

� �2

1Kaggr;max
12bðUÞ

12/subðUÞ

� �
p11

p1U2q

� �
: (33)

3. Methods

3.1. Study Sites
As part of this study, single ring infiltration measurements were performed at two sites. The first was located
in western Oregon, within a 2 m x 3 m area in a field located near Corvallis, Oregon. The soil in the area is
classified as a Waldo silty clay loam, a fine, smectitic, mesic Fluvaquentic Vertic Endoaquoll with moderate to
high shrink-swell potential [Knezevich, 1975]. Hydrometer measurements on soil samples we collected
detected 5% sand, 37% silt and 58% clay, giving it a clay texture.

In this site, single ring infiltration tests were conducted monthly over the following timespans: September
2011 to December 2011; February 2012 to May 2012; October 2012 to March 2013 (13 sampling events in
total). On each testing date, twelve infiltration measurements were collected using a spatially distributed
array of twelve 9.6 cm diameter rings. Each ring was inserted into the soil to a depth of approximately 1 cm.
The rings were left in the same place for the first year (September 2011 to May 2012). On all dates after
October 2012 the rings were randomly positioned before testing.

The second site was located in south-central Chile, in a set of 3.5 x 11 m instrumented plots located near
the community of Ninhue. The soil is classified as a Cauquenes-series clayey soil. Hydrometer measurements
showed that the near-surface (0-20 cm) soil had 44% sand, 31% silt, and 25% clay, giving it a loam texture.
158 infiltration tests were performed over a three-week period in January 2012, when the plots received
heavy irrigation and transitioned from very dry to near-saturated conditions (gravimetric water contents
increased from 0.05 to 0.46, as measured from duplicate cores collected from the site at times of testing).
For more details on the experimental site, see Stewart et al. [2015]; details on shrinkage and swelling meas-
urements for these soils are found in Stewart et al. [2012] and Stewart et al. [2016].

3.2. Infiltration Testing Procedure
For each infiltration test, water was added to the ring in 0.1 L increments (equivalent to 1.38 cm depth),
which allowed for slightly positive constant head conditions (h� 0) to be approximated [Haverkamp et al.,
1998; Braud et al., 2005; Bagarello et al., 2014]. Each increment of water was added to the ring once the
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water level had fallen enough to expose approximately 50% of the soil surface, and the elapsed time was
recorded. Up to 1 L (13.8 cm) of water in total was added.

As part of each infiltration test, soil samples were collected from two depths – 8 cm and 12 cm – at two or
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 69 cm3, and were used to determine the initial bulk density, gravimetric water content, and
porosity at the time of testing.

Seven and 17 soil cores from the Oregon and Chile sites, respectively, were placed into 5.7 cm diameter by
3 cm long Tempe cells and analyzed for their saturated hydraulic conductivity (Ks) using either the constant
head method (for the more permeable samples) or the falling head method (for the less permeable sam-
ples) [Klute and Dirksen, 1986]. One sample was also tested using a modified flexible wall permeameter. The
measured Ks values were of the same order of magnitude using either method; therefore, the rigid Tempe
cell measurements were considered adequate to estimate Ks.

3.3. Data Analysis
The infiltration test data were analyzed using the two-term Philip infiltration model rewritten in the general
form suggested by Smiles and Knight [1976]:

I
t1=2

5S1Ct1=2 (34)

where I is the cumulative infiltration [L], t is the elapsed time [T], S is the soil sorptivity, and C is a constant
that accounts for gravity effects (for one-dimensional vertical infiltration) or combined gravity and capillarity
effects (in the case of three-dimensional infiltration). Using equation (34), C can be determined as the slope
of a line fit to infiltration data (e.g., Figure 3, which shows an example data set collected from the Oregon
site in May).

Next, using the three-dimensional infiltration (I3D) model developed by Wu et al. [1999], we assumed that
the C term is equal to:

C5afKs (35)

where a is a constant assumed to be equal to 0.9 and Ks is the saturated hydraulic conductivity of the soil.
Following Wu et al. [1999], the parameter f for slightly-ponded (h 5 0) conditions is taken to be:

f 5
K=Ks

d1rd=2
11 (36)

where K is the matrix flux potential of the soil (related to soil texture and antecedent conditions), d is the
depth of ring insertion and rd is the radius of the ring. K/Ks was assumed to be 25 cm, based on the van
Genuchten parameters fit to water retention measurements collected on 34 soil cores (28 from the Chile
site, six from the Oregon site) and the capillary drive model proposed by Morel-Seytoux et al. [1996]. Note
that the individual estimates of K/Ks ranged from 2 to 55 cm for the Oregon soil (standard error of the
mean 5 8.6 cm) and from 5 to 120 cm for the Chile soil (standard error of the mean 5 4.3 cm).

3.4. Other Studies
To verify that the proposed relationships are applicable to a wider range of soils, we compiled published
results from five studies that examined variability in porosity, water content, and/or transient hydraulic con-
ductivity due to shrinkage and swelling:

1. Horn et al. [2014] analyzed a Haplic Stagnosol (German) soil (65% clay content) for relationships between
water content (as moisture ratio) and porosity (as void ratio) and between volumetric water content and
matric potential (w), with and without accounting for shrinkage.

2. Corbeels et al. [1999] studied the use of a neutron moisture meter in a Chromic Calcixerert soil in Moroc-
co. As part of the study, the authors collected aggregate-scale bulk density measurements (qb,aggr) using
soil cores and clods across a range of gravimetric water contents. We converted these bulk density values
to the domain-dependent aggregate porosity by assuming that eaggr 5 1 – qb,aggr/qs, with the solid densi-
ty given as qs 5 2.7 Mg m23. We also determined the domain-dependent aggregate water content as
faggr 5 u * qb,aggr/qw, where qw is the density of water (1.0 Mg m23).
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3. Messing and Jarvis [1990]
measured soil shrinkage cur-
ves and seasonal variability
of field-saturated hydraulic
conductivity (using borehole
infiltration tests) at two sites
in Sweden: Limsta, where the
soils are 65-80% clay, and
Ultana, where the soils are
45-60% clay.

4. Jabro [1996] measured tran-
sient saturated hydraulic con-
ductivity every month for 1.5
yr using a Guelph permea-
meter. This study was done
in a Hagerstown (Pennsylva-
nia) soil, a mixed-mineralogy
silt loam with typical COLE
values of 0.02-0.04.

5. Lin et al. [1998] made surface
infiltration measurements using
a tension infiltrometer for sev-
en different vertic soils in
Texas. We focus on their infil-

tration measurements collected in a river bottomland Vertisol (Ships series soil) under ponded (h 5 0 cm)
conditions. Note that only steady-state infiltration rates were presented, so we assumed that these infiltra-
tion values were proportional to the field-saturated hydraulic conductivity, and thereby we scaled all obser-
vations relative to the maximum, i.e., assuming i/imax 5 Ks/Ks,max.

3.5. Model Fitting
For the data sets with measured soil shrinkage curves (i.e., the Waldo silty clay (Oregon) loam, Cauquenes
(Chile) loam, Ultana and Limsta (Sweden) clays, Haplic Spagnosol (German) clay, and Chromic Calcixerert
(Morocco) clay), unless reported directly, /min, /tot and umax were estimated from the endpoint values of
their corresponding figures and graphs. We constrained /max and umax by umax 5qf /max=qsð12/maxÞ,
where qf is the fluid density (assumed here to be 1.0 g cm23) and qs is the density of solids (assumed here
to be 2.7 g cm23). The soil shrinkage curve parameters p and q were found by fitting equation (2) (or equa-
tion (9), in the case of the Morocco soil) to the observed data with the default nonlinear least squares (NLS)
algorithm within R. For the Haplic Spagnosol (German) clay soil, the NLS fitting algorithm was used to fit the
van Genuchten water retention function, which predicts volumetric water content h as a function of matric
potential w as h5ðhs2hrÞ 11ðawÞnð Þ2m

1hr , by adjusting the parameters hr, a, and n. hs was assumed to be
equal to /max.

Next, the NLS algorithm was used to solve for Kcrack,max and Kaggr,max in equation (33) using the observed
transient hydraulic conductivity (Ks) as the target. Note that the final two soils – Hagerstown (Pennsylvania)
silty loam and Ships (Texas) clay – did not include soil shrinkage measurements. In these cases, /max and
umax were found using the maximum reported water contents while /min was treated as a fitting parameter.
The NLS algorithm was used in combination with equation (33) and the observed Ks values to determine p,
q, Kcrack,max, and Kaggr,max. Isotopic shrinkage (i.e., the shrinkage geometry factor v 5 3) was assumed for all
soils.

4. Results and Discussion

The set of multidomain models presented here require eight parameters in total: p, q, /max, /min, umax, v,
Kcrack,max, and Kaggr,max. Aggregate-scale soil shrinkage measurements, such as the generation of soil shrink-
age curves (e.g., Figures 4a and 5a), can be used to estimate the parameters p, q, /max, /min, and umax. As an

Figure 3. Example of infiltration measurements (cumulative infiltration versus time) col-
lected at the Oregon site on 8 May 2012. Twelve infiltration rings (4.6 cm diameter) were
used within a 2 m x 3 m array. Solid lines represent the model fit using equation (34).
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example, Figure 4a shows the measured porosity of the Haplic Stagnosol (German) soil as a function of
decreasing soil water content (points), fit using equation (2) (solid line; final parameter values are listed in
Table 1). Once the soil shrinkage parameters (i.e., p, q, /max, /min, and umax) were determined, equation (7)
was used to evaluate the weighting function b (dotted line) and equation (8) was used to determine the
domain-specific aggregate porosity eaggr (dashed line). These porosity domain descriptions can then be
used to accurately interpret water content and water retention relationships (Figure 4b). In this example,
water content and soil suction were measured for the Haplic Stagnosol soil. The water retention behavior of
the aggregates can then be described either in terms of the overall volumetric water content (haggr) or the
domain-specific volumetric water content (faggr), with the b(U) function (again estimated by equation (7))
serving as an accurate means by which to convert the two. Thus, equations (2–8) represent a physically-
consistent and tractable (i.e., can be parameterized from relatively simple laboratory measurements) means
of determining the dynamic porosity domain functions.

These relationships between porosity domains can also be used when calibrating in situ measurements of
soil water content, e.g., with a thermal neutron probe. Using aggregate-scale bulk density data from Cor-
beels et al. [1999] for the Chromic Calcixerert (Morocco) soil, we determined the soil shrinkage curve for field
conditions (Figure 5a). We then used the relationships of equation (13) to create a constitutive relationship
between gravimetric and volumetric water contents (Figure 5b), similar to the result obtained by the
authors in their original analysis. Because most moisture-sensing technologies report water content in terms
of volumetric water content, such analyses can be useful when working in shrink-swell soils.

The soil shrinkage curve was also used to determine model parameters for the Waldo silty clay loam (Ore-
gon) soil (Figure 6a), the Cauquenes (Chile) soil (Figure 7a), and the two Swedish soils (Figure 8a). In these
cases, the parameters umax, /max, /min, p, and q were readily found by fitting equation (2) to the observed
data. This procedure then reduces to two the number of uncertain parameters (Kcrack,max, Kaggr,max) required
to describe variations in field-saturated hydraulic conductivity (Ks) due to shrinkage and swelling (i.e., using
equation (33)). In the case of these four soils, equation (33) provides a reasonable fit to the observed varia-
tions in Ks (Figures 6b, 7b, and 8b), with coefficient of determination (r2) values above 0.6 for three of the
four soils. The Ultana (Swedish) clay soil had an r2 value of only 0.1, likely caused by the relatively few num-
ber of observations (eight points in total, and none at a low crack porosity) and the presence of a single Ks

value that is one to two orders of magnitude higher than the other measurements done at a similar crack
porosity. This outlier point could be explained by heterogeneity in crack structures within the various bore-
holes or perhaps could be due to hysteresis between shrinking and swelling phases (either of which are
beyond the capability of this model). This particular site also did not include any observations at high water

Figure 4. Measured and modeled (a) soil shrinkage, and (b) water retention of a Haplic Stagnosol clay soil, originally reported by Horn
et al. [2014]. The solid line in Figure 4a represents equation (2), the dotted line represents equation (8) and the dashed line represents
equation (9). The dark gray points in Figure 4b represent the measured water content assuming that the sample volume does not change
(i.e., haggr), while the light gray points represent the measured water content accounting for measured soil shrinkage (i.e., faggr). The dark
line represents the van Genuchten [1980] water retention model, while the dashed line represents equation (12).
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contents/low crack porosities, which resulted in a relatively high estimate for Kaggr,max compared to other
sites. If we instead combine the two Swedish soils together before performing the regression (as the
authors did in the original study), the coefficient of determination increases to r2 5 0.73 (indicated by the
dashed line in Figure 8b).

Ks values for the Hagerstown (Pennsylvania) silt loam (Figure 9) and the Ships (Texas) clay (Figure 10) were
also modeled with equation (33). In these locations, however, independent soil shrinkage measurements as
a function of water content were not reported. Thus, to fit equation (33) to these observations, we needed
to optimize four parameters (Kcrack,max, Kaggr,max, p, q). This had the benefit of improving the model fits rela-
tive to the previous examples, as both of these soils had r2 values above 0.9. However, this approach
increased parameter uncertainty (due to fitting more parameters from the same basic measurements) and
in general may require more observations (e.g., infiltration measurements across a range of water contents)
in order to satisfactorily parameterize the model compared to instances where soil shrinkage curves are
available.

Here we note that for most of these examples, equation (33) predicts that the lowest Ks value will occur at
moderate water contents (rather than at U 5 1, as might be expected). This effect may be more prominent
in soils that have small differences between the predicted Kcrack,max and Kaggr,max values. As an example,
the Cauquenes (Chile) soil had relatively minor variation in Ks values between wet and dry conditions
(approximately 1 – 1.5 orders of magnitude). As a result, equation (33) predicted that the minimum Ks value

Figure 5. (a) Soil shrinkage curve for the Chromic Calcixerert (Morocco) soil. Data points are from Corbeels et al. [1999], where the authors
measured aggregate bulk density as a function of gravimetric water content. Note that the solid line represents equation (2), the dotted line
represents equation (8) and the dashed line represents equation (9). (b) Relationship between domain-dependent aggregate volumetric
water content (faggr) and gravimetric water content (u) of the Chromic Calcixerert (Morocco) soil. The solid line represents equation (13).

Table 1. Summary of Model Parameters for the Seven Soils Included in This Studya

Soil Source
umax

(g g21)
/max

(m m23)
/min

(m m23) p q
Kaggr,max

(mm h21)
Kcrack,max

(mm h21) r2

1. Haplic Spagnosol (Germany) Horn et al. [2014] 0.43 0.54 0.20 1.9 (0.73; 3.8) 3.2 (2.4; 4.1)
2. Chromic Calcixerert (Morocco) Corbeels et al. [1999] 0.39 0.56 0.26 0.31 (NA; 1.2) 2.7 (2.1; 3.6)
3. Waldo silty clay loam (OR) Stewart et al. [2016] 0.57 0.60 0.19 3.0 (1.5; 5.2) 2.2 (1.8; 2.6) 3.4 (NA; 17) 3500 (1200; 7600) 0.74
4. Cauquenes loam (Chile) Stewart et al. [2016] 0.48 0.57 0.23 6.6 (NA; 140) 2.3 (0.94; 4.7) 6.9 (4.3; 11) 220 (160; 310) 0.66
5. Ultana clay (Sweden) Messing and Jarvis [1990] 0.39 0.51 0.27 1.3 (0.30; 3.2) 3.0 (2.2; 3.8) 52 (NA; 390) 630 (110; 2100) 0.10
6. Limsta clay (Sweden) Messing and Jarvis [1990] 0.44 0.54 0.28 2.0 (1.0; 3.6) 4.1 (3.3; 4.9) 0.74 (NA; 9.7) 310 (83; 2000) 0.63
7. Hagerstown silt loam (PA) Jabro [1996] 0.21 0.36 0.22 7.0 (2.0; 22) 12 (6.4; 18) 3.1x1025 (1.9; 4.3) x1025 0.023 (0.016; 0.039) 0.91
8. Ships clay (TX) Lin et al. [1998] 0.47 0.56 0.22 0.38 (0; 2.3) 2.3 (0; 5.0) 0.010 (0.0050; 0.015) 3.85 (1.9; 5.8) 0.99

aumax is the maximum gravimetric water content; /max is the total porosity of the control volume; /min is the minimum porosity of the aggregate domain; p and q are fitting param-
eters for the soil shrinkage curve; Kcrack,max is the maximum hydraulic conductivity of the shrinkage crack domain; and Kaggr,max is the maximum hydraulic conductivity of the aggre-
gate domain. r2 refers to the coefficient of determination between the observed Ks values in each study versus the Ks values predicted by equation (33). The range of parameters
associated with a 95% confidence interval is indicated in parentheses; NA values signify instances where the lower parameter bound was not able to be determined. Note that the
shrinkage geometry factor v was assumed to equal 3 for all samples (isotropic shrinkage).
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(5.7 mm h21) will occur at approximately U 5 0.6, whereas the infiltration tests showed that the minimum
mean Ks value occurred at U 5 0.9. While there may be instances where this effect has a physical basis, con-
sidering that at moderate water contents the aggregate pores may have partially sealed while the shrinkage
cracks may be under-developed and not well-connected, no evidence of a minimum Ks occurring at U< 1 is
apparent in any of the data analyzed here. This effect can also be reduced by including the Kaggr,min term
(e.g., as shown in equation (31)), though in our analysis the slight model improvement that may be gained
by including this parameter does not outweigh the increased model uncertainty. Note that including the
Kaggr,min term also allows aggregate pores to possess non-zero hydraulic conductivity in dry conditions, and
so future model refinements may explore this term in more detail.

Figure 6. (a) Soil shrinkage curve for the Waldo silty clay loam (Oregon) soil. The solid line represents equation (2), the dotted line rep-
resents equation (8) and the dashed line represents equation (9). (b) Transient saturated hydraulic conductivity values estimated from
single ring infiltration measurements taken at the Oregon field site. Ks values were estimated using the Wu et al. [1999] infiltration
model. The solid line shows the prediction of equation (33); the dashed line shows the crack contribution to Ks and the dotted line
shows the aggregate contribution to Ks. The dash-dotted line shows the laboratory measurement of Ks using cores and assuming a
constant value.

Figure 7. (a) Soil shrinkage curve for the Cauquenes loam (Chile) soil. The solid line represents equation (2), the dotted line represents
equation (8) and the dashed line represents equation (9). (b) Transient saturated hydraulic conductivity values estimated from single ring
infiltration measurements taken at the Chile field site. Ks values were estimated using the Wu et al. [1999] infiltration model. The solid line
shows the prediction of equation (33); the dashed line shows the crack contribution to Ks and the dotted line shows the aggregate contri-
bution to Ks. The dash-dotted line indicates the Ks value measured on laboratory cores, assuming a constant value for all initial water
contents.
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Laboratory-based Ks measurements were also performed using soil cores collect from the Waldo silty clay
loam (Oregon) and Cauquenes loam (Chile) soils. Our hypothesis was that these samples, when collected in
wet conditions (U> 0.5) and analyzed in saturated conditions (U 5 1) would represent the hydraulic con-
ductivity of the aggregate domain (i.e., Kaggr,max). The Cauquenes soil cores (n 5 18) had a geometric mean
Ks values of 4.7 mm h21. This is within a factor of two of the Kaggr,max value determined using the field infil-
tration measurements (Kaggr,max 5 6.9 mm h21), and is also close to the mean Ks value observed in the field
when U 5 0.89 (Ks 5 3.2 mm h21). However, the Waldo (Oregon) soil cores (n 5 7) had a geometric mean of
Ks 5 270 mm h21, whereas the Kaggr,max value determined from field infiltration measurements was pre-
dicted to be 3.4 mm h21. One possible reason for the discrepancy between the two soils was that samples

from the Waldo soil came exclusively
from near the surface, at depths of 5 –
15 cm. When dealing with any soil
core, but in particular well-structured
surface soils, it is common to find that
laboratory Ks measurements show
much higher values compared to field
settings [Bouma, 1980; Reynolds et al.,
2000]. The Cauquenes soil cores, on
the other hand, came from both the
surface and the subsurface, including
samples collected at 30, 60 and 75 cm
depths. These deeper samples in gen-
eral had higher proportion of swelling
2:1 clays and showed Ks values that
were overall 1-2 orders of magnitude
less than the Ks values of the near-
surface samples. On the whole, these
results suggest that field infiltration
measurements are likely more instruc-
tive overall when assessing the hydrau-
lic conductivity of shrink-swell soils, yet
there may be some predictive value in
aggregate-scale core samples.

Figure 8. (a) Soil shrinkage curves showing the relationship between water content, u/umax, and aggregate porosity, /aggr, and (b) Tran-
sient saturated hydraulic conductivity, Ks, versus crack porosity, /crack, for soils at two Swedish sites (Limsta and Ultana). Data points come
from Messing and Jarvis [1990]. Solid lines in a) represent predictions of equation (2) and in Figure 8b represent the predictions of equation
(33). The dashed line in Figure 8b represents the model fit when the two soils are combined, as was done in the original source.

Figure 9. Transient saturated hydraulic conductivity (Ks) versus water content (u/
umax) for a Hagerstown silt loam soil (data points from Jabro [1996]). The solid line
represents the predictions of equation (33), the dashed line shows the crack contri-
bution to Ks and the dotted line shows the aggregate contribution to Ks.
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Finally, we note that as cracks exceed
some critical width, inertial forces and
local accelerations will become impor-
tant and water flowing through the
crack will become fully turbulent. In
these situations, the flow will begin to
depart from Darcy’s law, and the effec-
tive (transient) saturated hydraulic con-
ductivity will become smaller than that
predicted from the actual crack widths.
As such, the cracks widths used for
example in equation (25a) may repre-
sent effective rather than true widths.
While previous experimental work has
shown the assumption of laminar Pois-
euille flow to be adequate for predict-
ing Ks even with macropores �0.5 cm
in diameter [Dunn and Phillips, 1991],
wide cracks (i.e.,� 1 mm) may require
hydrodynamic or kinetic equations
(e.g., Lattice Boltzmann methods [Sukop
et al., 2013]) in order to accurately relate
true crack widths with observed flow
patterns. Nonetheless, given the rea-
sonably good fits between observed
and theoretical hydraulic conductivities

for the different soils included in this analysis, we are confident that model developed here is applicable to
many shrink-swell soils. Moreover, the multidomain relationships between porosity and crack width used here
to define Ks should be adaptable for use during film flow conditions [e.g., Nimmo, 2010, 2016] and/or with dis-
cretized vertical schemes (e.g., VIMAC) [Greco, 2002], thereby in the future allowing processes such as non-
uniform adsorption and swelling to be modeled.

5. Conclusions

We proposed a unified modeling framework for shrink-swell soils, in which the dynamic distribution of soil
porosity is described in terms of three distinct domains (aggregates, cracks, subsidence). This framework
varies from previous models by allowing for variations in the hydraulic properties (e.g., saturated hydraulic
conductivity) of the aggregate and crack domains (whereas previous models assumed that such properties
are constant), and by incorporating subsidence. Within the new framework, we are able to consistently pre-
dict the dual-domain weighting factor, b(U), which, it should be noted, is another traditional source of
uncertainty when applying dual-permeability concepts to shrink-swell soils. We then use this weighting
function to relate the hydraulic properties of the individual domains to that of the overall soil. This effort
culminates in a new expression to describe transient saturated hydraulic conductivity (Ks) as a dynamic
property that varies as a function of soil water content. As a result, we are able to predict variation in
hydraulic conductivity in time for a given location.

Based on the observations from these six soils, the new Ks equation is able to describe 10 to 99% of the
observed variation in Ks (as quantified using the coefficient of determination, r2; Table 1), with all but one
soil above r2 5 0.6. The new Ks model requires eight parameters in total (/max, /min, v, umax, Kcrack,max, Kaggr,max,
p, and q); however, the maximum porosity /max and the maximum gravimetric water content umax can be
related given estimates of the soil solid phase density and the fluid density, reducing the number of unknown
parameters by one. Moreover, five of these parameters (/max, /min, umax, p, and q) can be estimated from
laboratory-scale measurements of soil shrinkage properties, and a sixth (v) can be constrained if the shrinkage
geometry factor is known or estimated. This leaves just two parameters that need to be estimated from infil-
tration tests (Kcrack,max, Kaggr,max). While in most instances these parameters are likely best estimated in the

Figure 10. Transient saturated hydraulic conductivity (Ks) versus water content (u/
umax) for a Ships clay soil (source: Lin et al. [1998]). Note that Ks values are scaled
relative to the observed maximum, based on steady-state infiltration rates. The sol-
id line represents the predictions of equation (33), the dashed line shows the crack
contribution to Ks and the dotted line shows the aggregate contribution to Ks.
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field, we performed some preliminary analyses examining the relationship of these parameters with Ks values
measured in rigid and flexible-wall permeameters. In one instance, the laboratory cores gave estimates of Ks

that were closely related with the hydraulic conductivity values measured in the field during wet antecedent
conditions. In the other location, however, the laboratory measurements showed Ks values that were nearly
two orders of magnitude greater than those observed in the field under wet conditions and on the same
order of magnitude as those observed in the field under dry conditions. Therefore, while there may be some
predictive value in small-scale laboratory measurements of the aggregate domain hydraulic conductivity, this
result requires further investigation. We also note here that the relationships developed in this analysis are
focused solely on saturated water movement and that there still remain gaps in understanding of how unsat-
urated hydraulic conductivity evolves during shrinkage and swelling processes.

The dual-domain model presented here represents a successful attempt to simulate how porosity changes
cause dynamic variations in the hydraulic properties of shrink-swell soil matrices, while maintaining parsi-
mony in the number and type of required parameters. As such, in many instances the model can be used
with physical flow and transport models based on Darcy’s Law, the Richards Equation, and the advection-
dispersion equation. At the same time, the domain-specific definitions of crack and aggregate water con-
tents are needed to satisfactorily convert between volumetric and gravimetric water contents, for example
when measuring water content with neutron probe or capacitance-based sensors. Altogether, due to
reduced uncertainty and more realistic hydraulic descriptions, this model will improve understanding and
prediction of non-equilibrium flow and transport processes.

Appendix A: Alternative Geometric Description of Soil Cracks

Here we modify our result for soils characterized by small cracks that are contained within the soil blocks
rather than surrounding them. We assume in this case that each individual crack has some length yj and
width wj that vary proportionally to one another, and that each crack has a constant depth of Hm. We
account for any crack porosity using the parameter sj.

The crack porosity (/crack) can be expressed as:

/crackðUÞ5
Vv;crack

Vt
5
XN

j51

wjyjsjHm

Vt
5 /max2/minð Þ211ð12ð/max2/minÞÞ1=v
� � 12Uq

11pUq

� �
(A1)

where Vv,cracks is the total volume of cracks within the soil block containing N cracks.

Evaluating equation (A1) at U 5 0 (when we assume that the cracks are at their maximum widths wj,max and
lengths yj,max) gives us:

/crack;max5
XN

j51

wj;maxyj;maxsj Hm

Vt
5 /max2/minð Þ211ð12ð/max2/minÞÞ1=v
� �

: (A2)

If we assume that the cracks maintain a consistent geometric proportionality (e.g., wj/wj,max 5 yj/yj,max; wj/
wj11 5 wj,max/wj11,max), we can combine equations (A1) and (A2) as:

XN

j51

wj
25
XN

j51

wj;max
2 12Uq

11pUq

� �
(A3a)

wj
25wj;max

2 12Uq

11pUq

� �
: (A3b)

The Poiseuille equation can be used to approximate the hydraulic conductivity of the crack domain as:

KcrackðUÞ5
XN

j51

Ajqf gwj
2

12lf Acracks2
j

(A4)

where Aj is the cross-sectional area of crack j, cf is the specific density of the fluid (water), and lf is the fluid
viscosity. So long as the cracks maintain proportional geometries to one another, Aj/Acrack 5 Aj,max/Acrack,max
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and we can treat those terms as constants. By taking the ratio of equation (A4) relative to its maximum val-
ue (when U 5 0) and using the relationship of equation (A3a), we obtain:

KcrackðUÞ
Kcrack;max

5

XN

j51

wj
2

XN

j51

wj;max
2

5
12Uq

11pUq

� �
(A5)

where Kcrack,max is the maximum hydraulic conductivity of the crack domain (when U 5 0).

Combining equations (A4) with equations (17) and (27), and then applying Darcy’s Law for a similar gradient
in potential (i.e., rW � rWcrack � rWaggr), we find the transient saturated hydraulic conductivity Ks of the
bulk soil to be:

Kfs5Kcrack;max
/crackðUÞ

12/subðUÞ

� �
12Uq

11pUq

� �
1Kaggr;max

12bðUÞ
12/subðUÞ

� �
p11

p1U2q

� �
(A6)

where Kcrack,max is the maximum hydraulic conductivity of the crack domain (when U 5 0) and Kaggr,max is
the maximum hydraulic conductivity of the aggregate domain (when U 5 1). Note that the only difference
between equation (A6) and equation (33) is the exponent of 2 applied to [(1-Uq)/(11pUq)] in equation (33).
For the six soils analyzed in this study for their transient saturated hydraulic conductivity, the use of equa-
tion (A6) in place of equation (33) caused only minimal changes in the final model fit (for example, the r2

value for the Cauquenes silt loam (Chile) soil increased from 0.66 to 0.69 when equation (A6) was used in
place of equation (33), while the r2 value for the Limsta clay (Sweden) soil decreased from 0.63 to 0.54). We
therefore elected to keep equation (33) to maintain consistency with the results of Stewart et al. [2016], and
to provide a realistic representation of soil crack networks. Nonetheless, equation (A6) may be preferable in
some instances, such as soils that form isolated cracks that do not connect to one another.

Notation

u Gravimetric water content, M M21.
umax Maximum (saturated) gravimetric water content, M M21.
uaggr Gravimetric water content of the aggregate domain, M M21.
U Normalized gravimetric water content of the aggregate domain.
Vt Total volume of the control volume, L3.
Vt,aggr Total volume of the aggregate domain, L3.
Vt,crack Total volume of the crack domain, L3.
Vt,sub Total volume of the subsidence domain, L3.
Vv Total volume of voids per unit volume, L3.
Vv,aggr Volume of aggregate voids per unit volume, L3.
Vv,crack Volume of crack voids per unit volume, L3.
Vv,sub Volume of subsidence voids per unit volume, L3.
Vw,aggr Volume of water within the aggregate domain, L3.
Vw,crack Volume of water within the crack domain, L3.
Vw,sub Volume of water within the subsidence domain, L3.
/max Maximum point of the soil shrinkage curve (assumed to be equal to the total soil porosity), L3

L23.
/min Minimum point of the soil shrinkage curve, L3 L23.
/aggr(U) Aggregate porosity within the unified porosity framework, L3 L23.
/crack(U) Shrinkage crack porosity within the unified porosity framework, L3 L23.
/sub(U) Subsidence porosity within the unified porosity framework, L3 L23.
eaggr(U) Aggregate porosity within the dual-domain porosity framework, L3 L23.
ecrack(U) Shrinkage crack porosity within the dual-domain porosity framework (assumed to be 1), L3 L23.
b(U) Weighting factor for the dual porosity domains, L3 L23.
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h Volumetric water content within the unified porosity framework, L3 L23.
haggr Volumetric water content of the aggregates within the unified porosity framework, L3 L23.
hcrack Volumetric water content of the cracks within the unified porosity framework, L3 L23.
hsub Volumetric water content of the subsidence domain within the unified porosity framework

(assumed to be 0), L3 L23.
hr Residual volumetric water content, L3 L23.
hs Saturated volumetric water content, L3 L23.
faggr Volumetric water content of the aggregates within the dual-domain porosity framework, L3 L23.
fcrack Volumetric water content of the cracks within the dual-domain porosity framework, L3 L23.
qb,aggr Bulk density of the soil aggregates, M L23.
qf Density of the fluid, M L23.
qs Density of solid particles, M L23.
cs Specific gravity of the solid particles (qs/qf), M L3 M21 L23.
g Gravitational acceleration constant, L T22.
lf Dynamic viscosity of the fluid, M L21 T21.
v Shrinkage geometry factor.
p Fitting parameter for the soil shrinkage curve.
q Fitting parameter for the soil shrinkage curve.
Hm Height of an idealized soil matrix, containing aggregates and cracks. Note that Hm varies with

the degree of vertical subsidence., L.
M Number of pores within the aggregate domain.
N Number of cracks within the crack domain.
ri Radius of aggregate pore i, L.
ri,max Maximum radius of aggregate pore i, L.
ri,min Minimum radius of aggregate pore i, L.
Lj Length of shrinkage crack j (assumed to be constant), L.
wj Width of shrinkage crack j, L.
wj,max Maximum width of shrinkage crack j (when U 5 0), L.
yj Length of shrinkage crack j, L.
yj,max Maximum length of shrinkage crack j (when U 5 0), L.
si Tortuosity of aggregate pore i (assumed to be constant), L L21.
sj Tortuosity of shrinkage crack j (assumed to be constant), L L21.
Aaggr Total cross-sectional area of the aggregate domain, L2.

Acrack Total cross-sectional area of the crack domain, L2.
Q Volumetric water flux through the soil (combined aggregate and crack domains), L3 T21.
Qaggr Volumetric water flux through the aggregate domain, L3 T21.
Qcrack Volumetric water flux through the crack domain, L3 T21.
J Darcian water flux through the soil (combined aggregate and crack domains), L T21.
Jaggr Darcian water flux through the aggregate domain, L T21.
Jcrack Darcian water flux through the crack domain, L T21.
Ks Transient saturated hydraulic conductivity of the soil (combined aggregate and crack domains);

assumed to change with the initial water content of the soil, L T21.
Kaggr Transient hydraulic conductivity of the aggregate domain, L T21.
Kcrack Transient hydraulic conductivity of the crack domain, L T21.
Kaggr,min Minimum transient hydraulic conductivity of the aggregate domain (when U 5 0), L T21.
Kaggr,max Maximum transient hydraulic conductivity of the aggregate domain (when U 5 1), L T21.
Kcrack,max Maximum transient hydraulic conductivity of the crack domain (when U 5 0), L T21.
rW Total gradient in potential driving water flow, M L21 T22.
rWaggr Total gradient in potential driving water flow in the aggregate domain, M L21 T22.
rWcrack Total gradient in potential driving water flow in the crack domain, M L21 T22.
w Soil matric potential, M L21 T22.
a Parameter for the van Genuchten, 1980. water retention curve, L T2 M21.
m Parameter for the van Genuchten, 1980. water retention curve.
n Parameter for the van Genuchten, 1980. water retention curve.
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I Cumulative infiltration, L.
S Soil sorptivity, L T20.5.
C Constant in the family of infiltration solutions based on the two-term Philip model, L.
t Elapsed time in an infiltration experiment, T.
a Constant from the Wu et al., 1999. infiltration model (assumed to equal 0.91).
f Parameter from the Wu et al., 1999. infiltration model used to account for three-dimensional

infiltration effects, L L21.
K Matrix flux potential of the unsaturated soil, L2 T21.
d Depth of insertion of the infiltration source (i.e., ring), L.
rd Radius of the infiltration source (i.e., ring), L.
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