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1. Project Overview and Summary
1.1 Objectives

This research seeks to improve our understanding of the non-isothermal, multi-
phase flow processes of water, water vapor and air in the shallow subsurface by
performing controlled experiments at different test scales under transient conditions using
soil with accurately known hydraulic/thermal properties. Experimental data is used to test
existing theories and appropriate numerical models, providing new insights into mass flux
and thermal process interactions. This work provides a critical step toward refining our
understanding of the non-isothermal, multi-phase flow processes of water, water vapor and
air in the shallow subsurface coupled with thermal processes in order to better predict the
spatial and temporal distribution of soil moisture/temperature around buried objects such
as landmines. It is our hope that this data and knowledge of the fundamental processes
that occur at the land/atmospheric interface will improve the comprehension and
interpretation of sensor imagery and lead to the development of more robust signal
processing and interpretation techniques that allow for the discrimination of real threats
from anomalies that results from natural processes. In addition to landmine detection, this
knowledge is critical to many engineering applications, including the efficiency of thermal

remediation of contaminated soils, the flux of CO, from soil, natural or forced ventilation,

and water resource management in dry land.
Primary aims of the project are to:

e To develop a better understanding of the hydraulic and thermal characteristics of
mixed or disturbed soils as well as the temperature dependence of thermal properties.
The burying of landmines involves artificial mixing/disturbance of soil in natural
conditions prior to burial. Knowledge of the effects of mixing/disturbance on thermal
and hydraulic properties of soils will help discriminate such locations from undisturbed
soils.

e Improve our fundamental understanding of the non-isothermal, multi-phase flow
processes of water, water vapor and air in the shallow subsurface by performing
controlled experiments under transient conditions at hierarchy of scales using soils

with accurately known hydraulic/thermal properties.



e Use experimental data to test existing theories with the goal of developing appropriate
numerical models that will become part of a “virtual laboratory” that could be used for

the simulation of threat detection scenarios.

A project funded by the Air Force Office of Scientific Research (AFOSR) investigates
non-isothermal multiphase flow in the shallow subsurface. Research conducted under the
AFOSR study makes a comprehensive look through both experimental and modeling how
the fluid flow processes in the atmosphere are coupled with the shallow subsurface water
and moisture flow. The fundamental research conducted in the AFOSR study specific to
land/atmospheric coupling has helped in the ARO project. Because of this close relevance,

relevant findings from the AFOSR study are also presented in this final report.

1.2 Approach

Experimental simulations are performed to generate data to obtain insights on the
coupled processes of heat and mass flow in soils near the land surface that are affected by
natural and human activities (e.g. digging and backfilling), parameterization of these
coupled processes, scale dependence of parameters that capture the critical processes, up-
scaling of the parameters in heterogeneous field systems to regional and global scales and
validation of models for theoretical analysis. Our approach uses various experimental
setups that include small and intermediate scale cells and tanks, and modeling codes to
develop comprehensive data sets and modeling tools that meet the needs of the Army.

The questions that are raised and hypotheses that are tested as part of this research can
only be addressed through careful experimentation in the laboratory. Data available from
field sites are incomplete and costly to obtain, and the degree of control that is needed to
obtain a fundamental understanding of processes and to generate data for model validation
are inadequate. Experiments for this work are performed in the Center for Experimental
Study of Subsurface Environmental Processes (CESEP) using various size 2-dimensional
soil tank apparatuses. Soil tanks and the atmosphere above them are equipped with an
array of state of the art sensor technologies, allowing for the collection of accurate data at
high temporal and spatial resolutions. Within each soil tank, soil moisture, capillary
pressure, air pressure, water pressure, temperature and relative humidity distributions are
monitored. In the atmosphere, air pressure, airspeed, air turbulence, temperature and
relative humidity are measured at fine spatial resolutions using air pressure Sensors,

relative humidity and temperature sensors.



Characterization of the hydraulic/thermal properties of mixed/disturbed soils
under different temperatures: When a landmine or any other object is buried, the
native soil conditions are often altered or disturbed due to human activity (e.g., digging
and backfilling). In addition, in the case of artificial mixing of top soil with underlying
soil for example, the grain size distribution and hydraulic and thermal properties of the
locally mixed soil may be quite different from that of the surrounding soil; it can be bi-
or multi-modal (e.g., very coarse soil is mixed with very fine soil). Although it is well
known that the apparent thermal conductivity () of partially wet soil is a function of
water (0) and air content, available A—6 data is scarce, incomplete and very often
limited to specific soils, select moisture content values and select temperatures
partially due to difficult, laborious and error-prone experiments. As demonstrated by
Smits et al. (2010 and 2012), the scarcity of experimental data reported in previous
reports leads to empirical models that do not reflect the actual relationship between
thermal conductivity and soil properties such as soil moisture, porosity, and
temperature. This task investigates the hydraulic and thermal properties of soils as a
function of water saturation, porosity (which is directly related to the degree of
disturbance caused by digging/backfilling) and temperature (22 — 70°C). Different
sands, varying in grain size and mixture (in which the grain size distribution is not
smooth) were used.

Experimental investigation of small-scale hydrologic and thermal patterns in the

vicinity of buried anomalies: In this task, our focus is on the effects of artificial

disturbance/mixing of soil on soil moisture and temperature behavior in the shallow

subsurface at an intermediate scale. We consider a mine field typically encountered in

arid regions. In this investigation, we assume a specific field setting that has little surface

vegetation and is covered by a somewhat coarse soil layer. The action of moving/mixing

the soil to bury a mine causes surface disturbances, such as texture changes, and induces a

decrease of soil phase in the layer over the mine. The mixing process alters the

hydraulic/thermal properties of the soil.

e Model validation using data generated: The goal of this task is to identify the

conditions that create distinct differences in the spatial and temporal distribution of soil
moisture around subsurface anomalies (i.e. heterogeneities to include different soil
types, rocks, surrogate land mines, metal objects etc.) as a result of changes in

atmospheric conditions using a fully coupled numerical model to solve the governing



equations for heat, liquid water and water vapor transport in soil.  The theoretical
analysis necessary for up-scaling the knowledge from the laboratory to the field is
conducted using models validated using the experimental data. The code implements a
non-isothermal solution that accounts for non-equilibrium liquid/gas phase change
with gas phase vapor diffusion and fully couples atmospheric and subsurface flow
conditions. This work expands our exploration of the effects of the soil environment
on heat and mass transfer processes by investigating the influences of buried anomalies
and surface conditions on evaporation/condensation processes, liquid water and water

vapor flow.

1.3 Technical Significance and Army Relevance

The overall goal of this research is to improve our understanding of the non-
isothermal, multi-phase flow processes of water, water vapor and air in the shallow
subsurface in order to better predict the spatial and temporal distribution of soil moisture.
Research findings will help in providing more spatially refined soil moisture and
temperature distribution predictions, enabling the Army to better understand,
model/simulate, and predict the environmental conditions that are most relevant to mine
detection performance. The experimental data sets generated by the investigators at CSM
provide a systematic experimental study of the effects of the near surface boundary
conditions on soil moisture and temperature distributions in the shallow
subsurface. Increasing our knowledge of the effects of geohydrologic/thermal properties
and behaviors on the landmine signature will ultimately help to properly interpret sensor
imagery. In addition, experimental results can be used to validate numerical results from
the ERDC’s Computational TestBed.

Results allow for a variety of scenarios to be tested that would be costly or difficult
to test in the field. This knowledge is critical to many Army applications in addition to
mine detection, including the efficiency of thermal remediation of contaminated soils,
vapor intrusion into structures, leakage of sequestered CO> through the unsaturated zone,
and water resource management in dry land. Benefits to the Army come from (1) cost
savings from the use of CSMs unique experimental capabilities, (2) cost savings from
using models that have the ability to simulate possible conditions that may be encountered

in a real mine field setting 3) accurate environmental assessments and effective remedial



design (e.g. vapor intrusion into buildings and subsurface structures at DoD to facilities
and bases).
1.4 Summary of the status of the project tasks

This section provides a summary of the status of the project tasks. Details on the

status of each task can be found in subsequent chapters.

Task 1: Characterization of the hydraulic/thermal properties of the mixed/disturbed
soils, and for different temperatures

This study presents a comprehensive set of soil hydraulic and thermal properties
for uniform and mixed sands with different porosities for a wide range of temperatures and
soil moistures. Based on our knowledge on soil mixing, we selected a mixture of two
sands that is expected to show distinct effects due to mixing. A set of hydraulic
conductivity tests, water characteristic curve measurements and thermal property
measurements were prepared. These soils and the thermal and hydrologic data was used in
experiments in intermediate scale test tanks (i.e. task #2) to obtain data to validate methods
and modeling tools used for landmine detection. Our study is novel as thermal and
hydraulic properties of soils were measured in a ““continuous” manner as a function of
temperature, water saturation, and porosity for both homogeneous and mixed soils. In
addition, we develop a new functional form to relate soil moisture and temperature to
thermal conductivity. This work resulted in three peer reviewed publications over the

course of this project. This work is highlighted in chapters 2 and 3.

Task 2: Experimental investigation of small-scale hydrologic and thermal patterns in
the vicinity of buried objects
In this task, our focus is on the effects of changes in atmospheric conditions on soil
moisture and temperature behavior in the shallow subsurface at a relatively small scale.
Details of this task can be found in chapter 4-5. We also performed a series of
experiments that focused on equilibrium vs. nonequilibrium phase change as well as ways
to properly capture evaporation processes (chapters 5 and 6). Experimental results will be
presented together with numerical results as part of Task 3 (below). This study is novel in
that water retention behavior in disturbed soil embedded in an undisturbed soil has never
been investigated in this manner. In addition, the upward flow or re-distribution of

moisture to dry regions has not been experimentally demonstrated and therefore is not



included in modeling efforts, prior to our study here. Because the presence of moisture in
the soil greatly influences the magnitude of the maximum thermal contrast that occurs
around a buried object, this knowledge is critical to accurately comprehending and
interpreting sensor imagery. This work resulted in four publications over the course of

this project.

Task 3: Model validation using data generated

The goal of this task was to validate existing simulation codes using the
experimental data collected in Task 2 in order to gain further insight into the fundamental
process of heat and liquid water and water vapor transport in the shallow subsurface.
Several numerical simulations are currently being performed for various laboratory
simulations. Numerical results are included in chapters 5 and 6.

In Chapter 5, we investigate five different concepts used to model phase change.
Equilibrium phase change is traditionally used in hydrology. The assumption is that the
change from liquid water to water vapor (and vice versa) occurs instantaneously. The
more realistic, yet not commonly employed method accounts for the time associated with
the phase change. In this work, we developed a new formulation to properly model non-
equilibrium phase change.

Chapter 6 presents a model that is based on the coupling of Navier-Stokes free flow
and Darcy flow in porous medium. Results demonstrate that the coupling concept can
predict very well the different stages of drying process in porous media. Increasing the
wind speed increases the evaporation rate at low velocity values; then, at high values of
wind speed the evaporation rate becomes independent of flow in free fluid. This work

resulted in two peer reviewed publications over the course of this project.

1.5 Technology Transfer:

e The PI’s, Illangasekare and Smits and PhD student Wallen had a conference call
with ERDC scientists to discuss findings from soil mixture work (November 2013).
ERDC scientist, Stacy Howington, contributed extensively to the work and is a co-
author on the manuscript on the thermal properties of soil mixtures work that is

currently under review.



The PI Smits had a conference call with ERDC scientists to discuss incorporating a
field component into future research efforts (January 2014). ERDC scientists are

designing an experimental plan with PI Smits and PhD student Wallen.

March 2014 shared data and numerical model with ERDC scientists on
nonequilbrium phase change to include in modeling efforts. The data and model
are being used to compare with ERDC in house modeling efforts. Pl Smits
continues to discuss the mathematical theory with ERDC scientists monthly (April
through September 2014). These discussions are on-going and will lead to
collaborations/ publications between ERDC scientists and the PI’s that are

currently being written.

The PI’s, Illangasekare, Smits and PhD student Rice visited ERDC in August 2012
to present research results and findings to ERDC scientists. In addition, Rice
stayed at ERDC for two weeks to work with ERDC scientists on both numerical
modeling and experimental procedures. The meetings resulted in ERDC and the
PI’s providing each other with experimental ideas on sensor technologies and
sampling procedures, resulting in better and more complete data sets.

Scientists from ERDC visited Colorado School of Mines on March 5-6, 2013 to
discuss research findings. The two day meeting included talks and research
brainstorming on soil disturbance, land/atmospheric interaction processes and
chemical detection of buried objects. The PI’s provided ERDC researchers with 4

experimental data sets that they are using for their numerical modeling efforts.

The PI, Smits, assisted two ERDC scientists throughout the year on
land/atmospheric modeling concepts and how to properly couple single phase free
flow with multi-phase porous media flow. These discussions are on-going and will
lead to collaborations/ publications between ERDC scientists and the PI’s that are

currently being written.

The PI’s, Illangasekare and Smits visited ERDC in November 2011 to present
research results and findings to ERDC scientists. In addition, Smits visited ERDC
for one week to work with ERDC scientists on both numerical modeling and

experimental procedures. The PI’s provided ERDC with two-dimensional



experimental data sets on the temporal and spatial distribution of soil
moisture/temperature in the vadose zone that can be used to better understand
fundamental processes and validate numerical models. Experimental results can be

used to validate numerical results from the ERDC’s Computational TestBed.

The PI, Smits, assisted the ERDC with implementing two concepts into their
developmental code in July 2012. The proper functional form that describes the
relationship between soil water content and capillary pressure under water contents
lower than residual was recommended. In addition, the proper function to describe

flow due to capillary flow and film flow was recommended for inclusion.

The PI’s, lllangasekare and Smits visited ERDC in July 2012 to present the
research results and findings to ERDC scientist and engineers. The PI’s discussed
ways that the Army can include the proper coupling of Navier-Stokes free flow and

Darcy flow in porous medium in their codes.

The research team provided the ERDC with two-dimensional experimental data
sets in November 2010 on the temporal and spatial distribution of soil
moisture/temperature in the vadose zone that can be used to better understand
fundamental processes and validate numerical models Experimental results can be

used to validate numerical results from the ERDC’s Computational TestBed.

The research team assisted the ERDC with implementing two concepts into their
developmental code, Pi-ADH, the Adaptive Hydrology Groundwater Model in
November-December 2010. The proper functional form that that describes the
relationship between thermal conductivity, water content and temperature was
recommended. Water vapor flow under varying temperature gradients was applied
based on a concept that allows non-equilibrium liquid/gas phase change with gas

phase vapor diffusion.

The PI, lllangasekare visited ERDC in June 2011 to present the research results and
findings at a Pl meeting attended by the ARO program director, other investigators
funded by ARO and ERDC scientist. The PI also had separate meetings with other
ERDC scientist with overlapping interests in the shallow subsurface soil moisture

processes.
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2.0 Water retention properties and pore structure of binary mixtures

Abstract

The mixing of different sized soil particles is known to affect soil properties such
as density, porosity, hydraulic conductivity and soil water retention. To better understand
how the mixing controls these properties, especially the soil water retention, a set of
laboratory experiments was performed using binary mixtures with seven different mixing
fractions. For each mixture, the water retention property, porosity and saturated hydraulic
conductivity were obtained. To enhance the effects of mixing, coarse and fine sands with
a relatively large particle size contrast were used. Results showed two distinct ranges of
the volumetric fraction of fine particles where the soil behavior was controlled either by
the coarse or fine particles. At equal to or above a fine fraction of 0.3, the fine particles
controlled the behavior. Introducing more coarse particles to the fine particles led to rather
gradual changes in the water retention property. Wall effects at the coarse-fine interfaces
are largely responsible for the changes in the water retention curves. For the mixtures with
a fine fraction lower than 0.3, the displacement pressure was the same or very close to that
of the coarse sand due to the unfilled pores between the coarse particles. None of the
obtained water retention curves for the binary mixtures showed a sign of the pore structure
being dual porosity to which a superposition of the retention curves of each pore

component is applicable.
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2.1. Introduction

The particle size distribution (PSD) of soils varies over a wide range from
relatively narrow (e.g., beach sand) to very wide, and sometimes, multi-modal (e.g.,
aggregated loam). PSD is oftentimes used to characterize soils, nonetheless, it does not
contain all of the information necessary to define the soil’s properties (Assouline and
Roualt, 1997). To determine the hydraulic properties of the soil (e.g., hydraulic
conductivity, water retention), additional knowledge, such as the packing of the soil
particles and the pore size distribution is necessary. Knowledge on how the physical
properties of the soils are controlled by factors such as mineral composition, particle size
distribution, or compaction conditions is important in various applications, for example,
when soil materials with certain hydraulic or thermal characteristics are needed in the
fabrication of synthetic soil liners for landfills (e.g., Jones, 1954; Holtz and Lowitz, 1957;
Garga and Madureira, 1985; Fragasy et al. 1990; Shelly and Daniel, 1993), backfill for
soil borehole thermal energy storage systems (e.g. Ohga and Mikoda, 2001; High-Combi,

2008), and agricultural soils affecting productivity (e.g., Moroizumi and Horino, 2002).

It is well known that the porosity of a two component mixture (i.e. binary mixture)
is dependent on the volumetric fraction of each particle size and the ratio of the particle
diameters. Two granular materials of uniform but different sizes represented as spheres,
when mixed, can produce a lower mixture porosity under certain packing conditions; the
porosity of the mixture is always less than the linear combination of the porosities of the
two materials. In addition, a porosity minimum is always observed for some combination
of the two materials in the mixture. A large number of studies have come out from the
ceramic and powder industries related to particle packing and controlling density (e.g.,

Westman and Hugill, 1930; Westman, 1936; Ouchiyama and Tanaka, 1984; Stovall et al.,
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1986). Westman and Hugill (1930) performed a series of experiments on binary mixtures
generated by mixing a set of coarse particles (hereinafter referred to as C, with the mean
diameter of D) with a set of fine particles (hereinafter referred to as F, with the mean
diameter of d). They tested mixtures with different diameter ratios, D/d, ranging from 50.5
to 6.3. For all D/d combinations tested, a minimum porosity was achieved for mixtures
containing 30% by volume of fine particles (i.e., C:F ratio was 7:3). Other researchers
followed this early study for applications in soil sciences. Holts and Lowitz (1957), Garga
and Madureira (1985), and Fragaszy et al. (1990) studied compaction behavior of gravelly
soils and reported that the maximum density was achieved at about 70% gravel content,
consistent with the findings in the ceramic studies mentioned above. In addition, Westman
and Hugill (1930) stated that significant reduction in porosity (or increase in bulk density)
was observed for D/d > ~7. Koltermann and Gorelick (1995) generalized that when the
volume fraction of fine material equals the porosity of the coarse-grained material, the fine
material completely fills the pores of the coarser grains (hereinafter, referred to as the
primary pore) and a minimum porosity is achieved. This fraction of the fine material is
referred to as the critical fine fraction (feri). As will be described in the latter sections,
when the fine fraction is above this critical volume fraction, the fine material controls the
behavior of the soil while below the critical fraction, the dominant mode of the coarse
material controls the sample’s behavior.

The difference in the particle packing is oftentimes referred to as coarse or fine
packing (Clarke, 1979). In the coarse packing, smaller particles are contained within the
pore space created by coarse particles that carry the load through grain contacts (also
known as grain supported). In the fine packing, coarser particles are dispersed and/or
floated in a fine-grained matrix (also known as matrix supported) (Clarke, 1979). The

minimum porosity occurs when the small particles completely fill the voids of the load-
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bearing, larger particles which corresponds to, as noted above, a fine fraction of ~30%.
The porosity reduction is typically on the order of a factor of ~2. Quantitative
relationships have been developed for the porosity of a mixture of coarse and fine particles
and will be discussed later.

Unlike the small changes in porosity that result from small changes in fine content,
the permeability of binary mixtures, varies by orders of magnitude with small changes of
fine content (e.g., Hazen, 1911; Krumbein and Monk, 1942; Collins, 1961; Koltermann
and Gorelick, 1995; Milczarek et al., 2006; Kamann et al., 2007; Zhang, 2011). When the
fraction of fine particles is less than the critical value (~30% by volume, i.e., coarse-
packing), some primary pores between the large particles remain unfilled. Such unfilled
pores form connected paths, leading to a significant increase in hydraulic conductivity; i.e.,
the permeability is controlled by the coarse particles. For mixtures with a fine fraction
larger than the critical value (i.e., fine-packing), the variation is generally not as significant,
demonstrating a more gradual change. Changes in the hydraulic conductivity for various
D/d ratios are described, for example, in Zhang (2011). Other studies such as those by Tyc
et al. (1988); Knoll and Knight (1994); Robinson and Freidman (2001) focus on the effect
of particle mixing on the dielectric permittivity.

Retention of water in soils, typically described by the relationship between the
capillary pressure or matric potential (Pc) and water content (&), or equivalently saturation
(S), hereinafter, referred to as the water retention curve, WRC, is controlled by capillarity
that is largely determined by soil pore size distribution. The pore size distribution is, in
turn, determined by a combined effects of soil texture (particle-size distribution), and soil
structure (arrangement of the particles) (e.g., Haverkamp et al., 2002). Despite a large
body of literature on estimating the WRC from particle (or pore) size distribution for a

wide range of soils (e.g. Gupta and Larson, 1979; Arya and Paris, 1981; Saxton et al.,
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1986; Haverkamp and Parlange, 1986; Wu et al., 1990; Smettem and Gregory, 1996;
Assouine et al., 1998; Schaap et al., 1998), and on how density or porosity is affected by
mixing two or more soils with different grain sizes (e.g., Westman and Hugill, 1930;
Westman, 1936; Ouchiyama and Tanaka, 1984; Stovall et al., 1986), our survey of
hydrology and soil science literature on how the WRC is affected by mixing two sets of
particles with different particle sizes showed extremely limited study.

Dunner (1994) investigated some water retention data for soils that were not well
represented by a sigmoidal shape that can be defined, e.g., by the parametric model
proposed by van Genuchten (1980). In loamy soils, aggregates can form and potentially
affect the pore size distribution in its intermediate range (e.g., Dunner, 1994). Biological
processes such as plant growth or animal activities can also result in pores that are even
larger than those induced by aggregation processes (e.g., Dunner, 1994). The secondary
pore system that is different than that of the original soil result in a dual-porosity system
for which the water retention curves do not exhibit a typical sigmoidal shape but a bimodal
or multimodal shape. Dunner (1994) also states that such bimodal/multimodal water
retention curve can be observed for soils with a specific particle size distribution. For
these soils, a flexible water retention model (where two unimodal retention curves were
superimposed) was shown to better represent the non-sigmoidal shape. However, it is
unknown to what extent binary mixtures exhibit WRCs that can be described by the

superposition of WRC of each particle set.

In this study, using two uniform sands with different particle sizes (i.e., coarse and
fine), we generated a set of binary mixture samples with different mixing fractions. Each
of the sand samples has a narrow particle size distribution and, thus, exhibits a highly
unimodal water retention curve. For each binary mixture, the WRC was measured. By

changing the mixing fraction in a systematic manner, we investigated how binary mixing
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affects the water retention curves, in particular, whether or not binary mixing results in a
retention curve with a non-sigmoidal or bi-modal shape. The retention curves were
obtained only for the primary drainage cycle under tightly compacted conditions. Porosity
and hydraulic conductivity were also obtained for each binary mixture to verify findings in

literature and support that the mixture samples are well prepared (mixed).

2.2. Material and methods
This section will first discuss the test sands and mixtures, followed by a description

of the experimental setup and procedure.

2.2.1 Test sands and binary mixtures

The two sand samples, coarse (C) and fine (F), selected to investigate how the C:F
ratios influence the water retention curves, are as follows. The coarse sand was Accusand
#12/20 (mean grain size D = 1.04 mm, uniformity coefficient = 1.2, Unimin Co., Ottawa,
MN) whereas the fine sand was Ottawa sand #110 (mean size d = 0.12 mm, uniformity
coefficient = 1.7, U.S. Silica Co., Ottawa, MN). The grain size distributions of the two
sands are shown in Figure 1. When tightly packed, both sand samples have a porosity of
0.33 and bulk dry density of 1.78 g/cm®. These two sand samples with a sufficiently large
particle size contrast (D/d = 8.7) were selected to enhance the effect of different C:F
mixing ratios according to the finding of, e.g., Westman and Hugill (1930).

The two sands were mixed at seven different C:F ratios; 10:0, 9:1, 8:2, 7:3, 5:5, 2:8
and 0:10, respectively. These samples are referred to as C10F0, C9F1, C8F2, C7F3, C5F5,

C2F8 and COF10, respectively. Selected properties are provided in Table 1.
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Figure 1. Grain size distribution of the coarse and fine sand.

Table 1. Selected properties of the mixtures. Porosity and dry density values are for the
samples used to measure the WRC. Saturated hydraulic conductivity was measured using

separate mixture samples.

saturated displacement
dry densi i
mixtures y 3 b porosity hydrggllc pressure** Pd remark
(9/cm”) conductivity* Ks
(kPa)
(cm/s)
C10F0 1.77 0.336 0.38 0.78 coarse only
C9F1 1.95 0.264 0.080 0.78
C8F2 2.05 0.227 0.016 0.99
C7F3 2.15 0.190 0.0036 6.0 critical mixture
C5F5 1.96 0.260 0.0036 6.3
C2F8 1.87 0.294 0.0044 7.6
COF10 1.74 0.342 0.0050 7.8 fine only

* corrected to 20 °C, constant-head method

** estimated using a method described in Corey and Brooks (1997)
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The measured porosity values of the seven sand samples are shown in Figure 2
demonstrating how they relate to the zero mixing, ideal (Clarke, 1979) and partial mixing
models (Zhang, 2011). The three models summarized in Zhang (2011) were selected to
define the upper, lower and intermediate bounds. The upper bound was defined by
assuming no mixing between the two materials, the lower bound by assuming full/ideal
mixing where fine particles fill the void spaces of the pore spaces between the coarse
particles (Clarke, 1979). The intermediate porosities due to partial mixing that are more
realistic (Zhang, 2011) in which a mixing coefficient that takes a value between 0 (no
mixing) and 1 (full mixing) was introduced to describe the degree of partial mixing. In the
study of Zhang (2011) using binary mixtures with a wide range of D/d, the mixing
coefficient used in the partial mixing model was found to be a function of the fine fraction,
the average value (i.e., averaged over the whole fine fraction range) was fitted to be 0.0363
(D/d) + 0.2326 for D/d < 21. Our binary mixtures had a D/d value of 8.7 which led to the
mixing coefficient of 0.548. For the prediction shown in Figure 2, this value was used.
More details of the three models can be found in Zhang (2011).

It can be observed in Figure 2 that the seven different mixtures of our samples
roughly agreed with the porosity values predicted based on the partial mixing theory. The
coarse sand has a porosity of about 0.33 (i.e., primary pore as defined earlier). If
extremely fine particles (with a porosity of 0.33) are used to fill the pores, the remaining
pore space available will be 33% of the primary pores, i.e., 0.11 (hereinafter, referred to as
the secondary pore) of the total volume. The combination of the two sands with D/d = 8.7
perhaps did not lead to a “perfect” filling of the primary pores, thus, the C7F3 mixture

resulted in a porosity of 0.19 which is somewhat larger than 0.11. The best-fit empirical
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equation proposed by Zhang (2011) to estimate the mixing coefficient also suggests that
the mixing coefficient increases as D/d increases (i.e., smaller particles become finer).
This implies that as D/d increases, mixing conditions approach the perfect mixing. The
empirical equation by Zhang (2011) yields a mixing coefficient of 1 (i.e., perfect mixing)
when D/d = 21; this perhaps indicates that the binary mixture will practically be perfectly
mixed when D/d is 21 or larger (unless other factors such as aggregation becomes
dominant as observed in one of the silt mixture dealt by Zhang (2011)). In this study,
however, identifying the optimal mixing coefficient for our mixture samples or validating
the equation by Zhang (2011) were not the main scope, no further fine tuning/fitting of the
mixing coefficient was performed. Nonetheless, the porosity data strongly suggest that the

mixing of these samples is well described by the partial mixing theory by Zhang (2011).
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Figure 2. A comparison of the porosity of the measured data with predictions made using

the zero, ideal and partial mixing models

Figure 3 shows the saturated hydraulic conductivity (Ks) values obtained for the
seven sand mixtures with different C:F ratios. The mixtures were separately prepared for
the permeability tests using a constant-head column apparatus. As our focus in this study

was on the water retention property of binary mixtures, the permeability tests were
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performed only to confirm the findings that Ks is controlled by the coarse particles below
feit and by the fine particles above ferit, respectively, as reported in past studies (e.g.,
Marion et al, 1992; Shakoor and Cook 1990; Zhang 2011).

The results in Figure 3 show that the Ks values show a bi-log-linear behavior that
is distinctly separated at ferit (= 0.3). For fine contents greater than the critical value feit
(C7F3, C5F5, C8F2 and COF10 mixtures), data show that the Ks is essentially that of the
fine grained component (i.e., fine-controlled) and not much affected by the fraction of the
fine particles. This was also shown in other studies (e.g., Marion et al., 1992; Shakoor and
Cook, 1990, Zhang, 2011). As described by Koltermann and Gorelick (1995), the
behavior of Ks with fines can be explained by the geometry and size distribution of the
pores that control the fluid flow.

Starting with the fine grained sand (COF10) in Figure 3, some coarse particles are
added to the fine grained sand (e.g., C2F8). The coarse grains displace some of the fines,
and the porosity somewhat decreases but the pore structure is still fine controlled. The
presence of coarse particles distributed over the domain reduces the effective cross
sectional area for the flow to occur. This explains the observation that Ks is slightly lower
for the mixtures C7F3, C5F5 and C8F2 with coarse particles as compared to that of the
fine particles only (COF10). Nonetheless, Ks is practically that of the fine grained sand.
As more coarse grains are added to the mixture, the percentage of the fines decreases until
the fraction of the fines reaches ferit (i.e., C7F3) and then becomes less than feit (i.e., C8F2,
C9F1). At this point, there are enough coarse particles in contact with one another to form
a load-bearing skeleton. Due to the insufficient amount of fine particles to fill all of the
primary pores, more primary pores become free of and/or partially filled with the fines.
The measured Ks is then reflecting that of the coarse particles (i.e., coarse-controlled) and

increases rapidly as the fine fraction decreases. Finally, when there are no fines left, the Ks
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is that of the coarse particles. These observations are generally consistent with the
findings for binary mixtures with a relatively large D/d ratio reported in the past study, e.g.,

by Zhang (2011).
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Figure 3. Measured saturated hydraulic conductivity obtained for binary mixtures with
various C:F ratios (D/d=8.7). Data were obtained using the constant-head method and

corrected to 20° C.

2.2.2 Experimental setup and procedures for WRC measurement

The experimental setup used in this study for measuring the WRC is shown in
Figure 4. The cell was equipped with a soil moisture sensor (EC-5, Decagon Devices, Inc.
Pullman, WA) and a tensiometer (porous cup with a diameter = 0.64 cm, length = 2 cm, air
entry pressure = 51kPa, PN 0652X03-B0.5M2, Soilmoisture Equipment Co., Santa
Barbara, CA). Another large porous cup (diameter = 1 cm, original length = 10 cm and
cut to 6.5 cm, air entry pressure = 51 kPa, high flow, PN 0652X04-B0.5M2, Soilmoisture
Equipment Co., Santa Barbara, CA) was installed about 1.5 cm above the cell bottom as a
drain port. This was used instead of a porous plate (that is typically used for a Tempe cell
type setup) and was connected to a 2 m-long water reservoir. Each mixture was thoroughly

mixed, wet-packed in the cell shown in Figure 4 and compacted by tapping the cell and
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sand sample as much as possible. The porosity (shown in Table 1 and Figure 2) was
calculated from the known particle density (= 2.65 g/cm®) and height of the sample at the

end of tapping.
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Figure 4. Experimental setup for measuring the WRC. The water reservoir is not to scale.

The water level in the soil was initially set to the surface of the soil sample.
Drainage of water from the soil sample was induced by lowering the water level in the
water reservoir through a syringe needle attached near the bottom of the water reservoir to
induce a gradual and continuous drainage. An appropriate needle gauge was chosen for
each mixture sample to achieve a reasonable drainage rate (roughly 0.1-0.5 kPa/hour for
the mixtures C10F0, C9F1, C8F2, C7F3, C5F5, C2F8 and, 2.6 kPa/hour for COF10). Slow
drainage rates were selected such that it would be fair to assume that the effect of dynamic
capillary pressure as described by, for example, Hassanizadeh et al., 1990, Sakaki et al.,

2010 and Camps-Roach et al., 2010 could be neglected. The soil moisture sensor was
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calibrated in accordance with the method developed by Sakaki et al. (2008; 2010). The soil
water pressure captured by the tensiometer was measured using a precision pressure
transducer (P55D, Validyne Engineering Corp., Northridge, CA, accuracy +0.25% full
scale). The water saturation and water pressure in the soil were recorded every one minute.
2.3. Results and discussion
2.3.1 Water retention curves

The measured WRC as defined in this study as the Pc-& relationships for the seven
sand mixtures with different C:F ratios are presented in Figure 5. Displacement pressure
(P4) was also evaluated for each curve (Corey and Brooks, 1997) and plotted in Figure 6.
In these figures, the water retention properties are distinctly different depending on the C:F
ratio. As observed for the hydraulic conductivity, the WRC and Pq values can be divided
into two groups; fine- and coarse-controlled for the mixtures with the fine fraction higher

or lower than ferit, respectively. The results for each group were analyzed closely and the

findings are provided below.
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Figure 5. WRCs (Pc-8 relationships) obtained for the binary mixtures with various C:F

ratios (primary drainage cycle, D/d=8.7).
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Figure 6. Displacement pressure obtained for the binary mixtures with various C:F ratios
(primary drainage cycle, D/d=8.7). The method described in Corey and Brooks (1997)

was used.

Fine-controlled mixtures:

The water retention property of the COF10, C2F8, C5F5 and C7F3 mixtures are
largely controlled by the fine particles. The COF10 exhibits the water retention property
consistent with other published data (e.g., Sakaki and lllangasekare, 2007). As the
fraction of fine particles decreases, the general trend is that for the same water content, Pc
decreases gradually. The reduction of porosity resulting from mixing of coarse and fine
particles described in Figure 2 also affects the shape of the WRCs. The Pq values
decrease gradually as the fine fraction decreases. This gradual change results from
introducing large particles (significantly larger than the fine particles) leading to an
increase in the pore size due to the following two possible reasons. First, at all of the
surfaces of the coarse particles, fine particles are forced to align along the surfaces, leading
to the pore size between the fine particles along the surface of the coarse particles being
somewhat larger than that of the randomly packed fine particles. Secondly, some large

pores between the coarse particles remain due to imperfections in the soil mixing.
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Because of these effects (for the fine-controlled mixture, the former is expected to be more
dominant), distributed within the mixture samples, the macroscopic water retention
behavior results in somewhat lower displacement pressure as more coarse particles are
introduced. Note that for C5F5 and C7F3 mixtures, the retention curves exhibit a slight
kink roughly at Pc = 7 kPa, resulting in non-sigmoidal WRCs. For these samples, Pqg
gradually decreased as the coarse fraction increased as noted above. After a certain P is
reached in these curves, retention of water is more dominantly controlled by the pores of

the fine particles rather than the pores at the interface between the coarse and fine particles.

Coarse-controlled mixtures:

The retention property of C8F2, C9F1 and C10FO0 are quite different than those for
the fine-controlled mixtures. Results showed a displacement pressure equal or close to
that of the coarse sand followed by a rapid drainage, resulting in a flat portion in the
retention curves. Those with smaller fine fractions showed a longer flat portion on the Pc-
@ curves. For the mixtures with a fine fraction less than ferit, the amount of fine particles is
insufficient to fill the primary pores between the coarse particles. Ideally, if the two sands
are perfectly mixed, the pores between the coarse particles are filled with the fines
uniformly as in Figure 7a. Under these conditions, every primary pore between the coarse
particles has a somewhat similar pore size and the displacement pressure would show a
stronger dependence on the fine fraction as observed in the hydraulic conductivity. This
would result in a mirrored behavior of Figure 3 rather than what is observed in Figure 6.

In reality, however, mixing is not as ideal or uniform, and some pores are filled
more with the fines and other are filled less or even not filled at all as illustrated in Figure
7b. Under such conditions, the less-filled or unfilled primary pores will drain early,

resulting in a Pg that is the same or close to that of the coarse sand. Therefore, the
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retention behavior of the binary mixtures with fine fractions less than that of C7F3 is
strongly “coarse-controlled”. After the large pores drain and the suction continues to
increase, rather rapid drainage proceeds. As soon as the effect of the fines starts taking
control, the timing of which is controlled by the amount of fines, the water retention curve
becomes steeper. This behavior was well pronounced for the C1F9 sample in Figure 6.
Inhomogeneity effects due to the somewhat uneven distribution of the small particles to
the large particles on a macroscale in the mixing seem to affect the water retention
property more than the hydraulic conductivity presented in Figure 3. This is because
drainage occurs at a lower P which is clearly observed in the Pc-6 curves whereas the
hydraulic conductivity is an averaged behavior of all of the filled, partially-filled and

unfilled pores (i.e., a combined effect of the unmixed and well-mixed parts).

(a) ideal uniform mixing (b) realistic nonuniform mixing

Figure 7. Schematic iIIustratin of particle packng conditions, ft) ideal mixing where
all primary pores are uniformly filled, right) actual mixing where some of the primary
pores remain unfilled.

It has to be noted here that none of the WRCs for the intermediate mixtures (i.e.,
C9F1, C8F2, C7F3, C5F5 and C2F8) can be well described by a simple superposition of
two WRCs (e.g., Dunner, 1994 proposed for a dual porosity system for which the WRCs
for both pore systems are known) of the coarse only (C10F0) and fine only (COF10)

sample. For example, although the curve is not shown, superposition of COF10 and C10FO0
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curves at a 1:1 ratio leads to a sharp step in the curve at half the porosity and does not
show any similarity with the C5F5 curves observed in Figure 5. This suggests that mixing
of two sets of uniform particles result in a pore system that is different than the typical
dual porosity system. In the next section, an attempt was made to better understand the

effect of mixing on the pore structure.

2.3.2 Estimation of pore structure

To verify the interpretation described in section 3.1 and to better understand the
pore structure of the binary mixtures, water retention data were further analyzed. First, the
water retention curves were differentiated (i.e., dd/dPc, specific capacity, Figure 8 left
column). The shape of this curve implies at what Pc values the release of water is
significant. Knowing that the release of water is a function of pore size, the derivatives
were then related to pore size (Figure 8 right column). The values of P. were converted
into the effective pore diameter (de) which is obtained simply by re-writing an equation for

water rise in a capillary tube as follows;

_ 4ycoso
PuIPs (1)

d

e

where, yis the surface tension force, J'is the contact angle, pw is the water density (= 1000
kg/m®), and g is the gravitational force (=9.8 m/s?). This analysis provides a visual
indication of the distribution of pore size.

In Figure 8, the derivative for the COF10 mixture showed a sharp peak at around
Pc = 8 kPa which corresponds to the Pq of this material. It distributes roughly over 6 < P

< 12 kPa. The corresponding de is roughly from 0.025 to 0.05 mm with the peak observed
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at around 0.033 mm, which is roughly 30% of the particle diameter. The past studies by
Kamiya et al. (1996) and Takahashi et al. (2008) suggested that for uniform materials, the
mean pore size is about 30 % of the particle size. Our results agreed closely with their
findings.

For the C2F8 mixture, the peaks are less distinct but seen at the same Pc (i.e., de)
and spread slightly toward lower Pc. This implies that the water retention property is very
close to that of the COF10 sample. Adding 20% of coarse particles to fine particles
generate a mixture where the coarse particles are somewhat sparsely distributed and
floating in the fine particles. Under such conditions, the water retention property is not
affected significantly. Slight spread of the derivative toward the smaller P¢ (i.e., larger de)
is probably due to, as mentioned earlier, the surface of the coarse particles force the fine
particles to align which leads to somewhat larger pore size. It is presumed that such pores
caused some of the pore water to be released at a lower P.

In the results of C5F5 sample, the peaks became even less distinct compared to
those for the C2F8 mixture. Also noteworthy is that the peaks were observed at around P¢
of ~7 kPa and effective pore diameter of 0.04 mm. Mixing two sets of particles with a
distinct D/d at a 1:1 ratio, results in a mean pore size which is only slightly larger than that
of the fine particle only sample; this is mainly due to the wall effect mentioned above.
Nevertheless, at this mixing ratio, the retention property is still dominantly controlled by
the fine particle because the coarse particles are still “floating” in the fine particles.

For the C7F3 mixture, d&/dP. further spreads over 3 < P, < 10 kPa corresponding
to 0.03 to 0.09 mm. Although the peaks are only slightly detectable, they still appear at P
of 7.5 kPa and de of 0.04 mm. At this mixing fraction, the amount of the fine particle just
fills the void spaces between the coarse particles. Therefore, the void spaces are still

determined largely by those between the fine particles and those at the large-fine particle
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interfaces. The data does not show any evidence of unfilled pores between the large
particles.

The mixtures with the fine fraction less than 30%, however, started to show quite
different behavior. The C8F2 mixture showed a similar spectrum of P and de as C7F3
except it extended to a lower P¢ (larger effective pore diameter) and showed a peak at Pc of
~1 kPa and de of 0.3 mm. This indicates that the main pore structure is somewhat similar
to C7F3 but some of the primary pores between the coarse particles now remain unfilled.
This is because the C8F2 mixture, again, does not have a sufficient amount of fine
particles to fill all the void spaces between the coarse particles. The peak observed at the
de of ~0.3 mm is roughly 30% of the diameter of the coarse particles. This justifies that
the unfilled pores range from partially filled to fully unfilled as illustrated in Figure 7. If
the unfilled pores are uniformly unfilled as in Figure 7a, the peak would have been
observed at somewhat higher P (smaller de) that reflects the size of the uniformly unfilled
pores. In the COF1 mixture, this behavior is more distinct. Due to a fine fraction of only
10%, the pores controlled by the fine particles are disappearing. Instead, the peak in the P¢
and effective pore diameter is more distinct. Just like the C8F2 mixture, the unfilled pores
between the coarse particles indicate the non-uniform filling as those not filled with the
fine particles are controlling the drainage of water. Finally, in results for the C10FO
sample (coarse only), none of the wide spectrum in the P; and effective pore diameter is
observed indicating the results reflects solely the effect of the pores between the coarse

particles.
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Figure 8. Left) 1% derivative dd/dP. of the water retention curves, Right) Estimated pore

size distribution based on capillary rise equation.

An additional analysis was made for the behavior of the fine-controlled materials
where the coarse particles are distributed (or “floating” as defined by Koltermann and
Gorelick, 1995) in the fine particles. In the above interpretation, the effect of a coarse-fine

interface was introduced. This is known as the wall effect which typically results in cyclic
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porosity distribution as shown in Figure 9. The wall effect is typically discussed for cases
where a set of particles are filled in a container with a known diameter. As the particles
are forced to align at the container wall, the porosity at the wall is locally higher than the
mean porosity. Suzuki et al. (2008) performed a series of packing tests under various
conditions and proposed a mathematical model to approximate the porosity profile as a
function of the distance from the wall (normalized to the particle diameter). Their results
showed that if the container is significantly larger than the particle size, the porosity
profile takes its highest value at the wall and reaches the average porosity only after 1~2
particle sizes away from the wall (black line in the figure). If the container size is smaller,

the cyclic behavior is observed over a longer distance (grey line in the figure).

——Low C content
0.8 - High C content
> 0.6 1
‘@
<)
o
. 0.4
A\ A o
0.2
0 ‘ ‘ ‘ : :
0 1 2 3 4 5 6

Dimensionless distance from wall x/d

Figure 9. Porosity distributions with different levels of wall effect. The approximation proposed
by Suzuki et al. (2008) was used to show the key features of the wall effect in the context of binary
mixtures with a large D/d ratio. An average porosity of 0.34 was used based on our materials. The
small particle diameter was 0.1 mm, and the container size was 10 mm for the black line and 1 mm

for the grey line

For our fine-controlled mixtures, this explains the behavior observed in Figure 8.

For C2F8 where only a relatively small amount of coarse particles are introduced,

32



assuming that the coarse particles are well distributed, at the surface of one of the coarse
particles, the fine particles are aligned but the next coarse particle is sufficiently far. This
is analogous to the case where particles are packed in a large container (black line in the
figure). As more coarse particles are introduced (e.g., C5F5 and C7F3), the average
distance between the coarse particles becomes smaller. This is analogous to a case where
particles are filled in a small container. Therefore, the fines between the coarse particles
start to exhibit the wall effect similar to the grey line in the figure. Because the cyclic
behavior in Figure 8 over a longer distance also infers that the porosity values are not only
the maximum at the wall and the average value but also take more intermediate values in
between (i.e., peaks in the grey line). We believe that this explains that the pore analysis
for C2F8 in Figure 8 showed a distinct generation of a small amount of pores at ~0.08 mm,
and that for C5F5 and C7F3 more pores between 0.09 and 0.035 mm were generated. For
the other small peak observed in C5F5 and C7F3 at ~0.14 mm, a possible cause could be
uneven mixing, leading to a small amount of pores between the coarse particles that are
not fully filled with fine particles.

As described in the material and methods section, the mixtures were prepared by
mixing two uniform sand samples with different particle sizes, each of which has a distinct
water retention curve. The above analysis suggests that the mixtures are categorized into
two types; coarse-controlled (C10F0, C9F1 and C8F2) and fine controlled (C7F3, C5Fb5,
C2F8 and COF10). The fine-controlled mixtures resulted in pores that ranged from those
of the fine particles (~0.035 mm) up to 0.09 mm. This upper limit reflects the pores
induced at the fine-coarse interface where the fine particles are forced to align along the
surface of the coarse particles. The C7F3 mixture is a special case where the fine particles
almost perfectly filled the pores between the coarse particles. Estimated de values

exhibited no peaks, suggesting that neither of the fine or coarse particles dominated the
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pore structure. For all the coarse-controlled mixtures, on the other hand, the pore structure
showed a peak only at the size that reflected that of the coarse particles. In summary, none
of the binary mixture samples examined in this study showed two peaks in the estimated de
spectrum indicating that the pore structure not being dual porosity. Although the two
sands result in different pore sizes when packed separately, the mixture of these at any
fractions did not lead to a binary pore structure (dual porosity) whose water retention curve
is well described by the superimposing model developed by Dunner (1994) for soils with

dual porosity.

2.4. Conclusions

The purpose of this work was to determine the effect of soil mixing on soil water
retention behavior. Using two uniform sands with a relatively large particle size contrast
D/d = 8.7, we created a set of binary mixtures with different C:F ratios. The WRC was
measured for each mixture using a Tempe cell-based apparatus under a slow drainage.
The obtained WRCs were quite different depending on the volumetric fraction of the fine
particles and can be divided into two categories; fine- and coarse-controlled. Mixtures
with a fine fraction equal or higher than feit, the water retention behavior as well as
hydraulic conductivity were largely controlled by the fine particles. The fine only sample
retained water against the highest suction. As the fraction of coarse particles increased, the
mixture released water at somewhat lower suctions. This suggests that the larger particles,
even when distributed in the fine particles as in C2F8 and C5F5 mixtures, contributed to
increase the pore size via the wall effect. Also what is noteworthy is that the variation in
porosity (or equivalently, the maximum water content) decreased by a factor of two

between the COF10 and C7F3 mixtures, consistent with, e.g., Zhang (2011).
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For those mixtures with a fine fraction lower than feit, (i.e. coarse controlled) the
displacement pressure was the same as or close to that of the coarse only sample. The
hydraulic conductivity showed high sensitivity to the fraction of fine particles for coarse
controlled samples. This suggests that the large pores between the coarse particles that
remain partially filled or unfilled with the fine particles start to control the drainage
behavior, but the hydraulic conductivity is more representative of the average behavior
(i.e., a combined effect of the unmixed and well-mixed parts). These unfilled pores result
from imperfections in the soil mixing during soil packing. The effect of the fine particles
became noticeable as the drainage proceeded until the large unfilled pores drained. From
this time on, the shape of the retention curve was controlled by the amount of the fine
particles. The inflection point on the WRC appears earlier for mixtures with higher fine
contents.

The obtained water retention curves for the binary mixtures did not show any sign
of pore structure consisting of two pore sizes (i.e. dual porosity). For the soils with a dual
porosity pore structure, as Dunner (1994) studied, superposition of the retention curves of
each pore component described that of the whole system relatively well. However, it was
found in this study that mixing two sets of particles with two different particle sizes
generated mixtures that did not lead to a pore structure where the two different pore sizes
were retained. Binary mixing did not necessarily exhibit dual porosity type of pore
structure to which the superposition proposed by Dunner (1994) is applicable.

In this study, only a single value of D/d was tested. Future work studying soils
with a variety of D/d values for a more detailed understanding on how binary mixing
affects the hydraulic properties is needed. Furthermore, a mathematical model to predict
the water retention properties of binary mixtures needs to be developed in order to

properly incorporate the effects of binary mixing. Such a model should be able to
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reconstruct the retention curve (shape, displacement pressure, maximum saturation or
porosity, and perhaps uncertainty resulting from imperfection in mixing) when the D/d

value, C:F ratio, and water retention curve of each material are provided.
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3.Thermal conductivity of binary sand mixtures evaluated through the full range of

saturation

Abstract

Mixing of different sized soil particles affects soil physical and hydraulic
properties however little is known on its effect on soil thermal properties. To better
understand how soil mixing controls soil thermal properties, especially thermal
conductivity, a set of laboratory experiments was performed using binary mixtures of two
uniform sands with seven different mixing fractions over the full range of saturation. For
each binary mixture, thermal conductivity, capillary pressure and water content were
measured. For each sample, the effect of packing on thermal conductivity was isolated as a
function of porosity. The apparent thermal conductivity, A, to saturation, S, relationship
exhibited distinct characteristics based upon the percentage of fine grained sand. The
critical fraction of fines causing a shift between coarse and fine controlled mixtures
occurred at a fine fraction of 0.3, with fine particles controlling the thermal behavior above
0.3. Coarse-controlled mixtures were characteristic of more abrupt, rapidly decreasing A
from saturated to residual conditions. Fine-controlled mixtures portrayed more gradual
decreases in 4. Changes in rate of decrease for binary mixtures are correlated with the four
saturation regimes (i.e. hydration, pendular, funicular and capillary). Measured A-S
properties were then compared with independent estimates from five models. Results show
good agreement for the Campbell et al. (1994) and Lu and Dong (2014) models. A
comparison between the experimental results and model predictions highlight the

importance of understanding the impact of packing conditions on the thermal conductivity
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of soils and the need for accurate experimental data sets to improve modeling.
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3.1. Introduction

Soil thermal properties have been a focus of study to understand the impact of heat
transfer on the distribution, circulation and evaporation of soil moisture. Heat transfer
within soil influences micrometeorological phenomena (Philip, 1957; Hanks et al., 1967),
engineering efforts such as cooling electronic devices with heat pipes and insulating
buildings (Bussing and Bart, 1997; Sakaguchi et al., 2009), and agricultural production (Al
Nakshabandi and Kohnke, 1964; Usowicz et al., 1996; Lipiec et al., 2007). The ability to
model soil thermal properties, specifically thermal conductivity, is essential to understand
heat transfer across a wide spectrum of disciplines. Previous studies provide insight on the
effect of soil moisture, temperature and soil physical properties on soil thermal properties
(e.g., de Vries, 1963; Johansen, 1975, Hopmans and Dane, 1986; Ochsner et al., 2001;
Tarnawski and Gori, 2002); however, none of the studies to date, including the
aforementioned studies, specifically focus on soil mixtures. Soil mixtures are important to
understand as they better represent naturally occurring sediment than uniform or non-
mixed soils; nonetheless, their thermal and hydraulic properties oftentimes vary from the
individual constituents (Kamann et al., 2007; Esselburn et al., 2010; Sakaki and Smits,
2014). In addition, it is unclear if existing models of thermal conductivity and soil water
content based on easily-measurable soil parameters are able to capture the behavior of soil
mixtures. By using binary mixtures of the sands, combined with an understanding of the
moisture regimes, we can isolate the effects of the packing condition on thermal
conductivity.

Thermal conductivity is affected by a number of factors including porosity
(Terzaghi, 1952; Skaggs and Smith, 1968), soil water content (Yadav and Saxena, 1977

Tarnawski and Leong, 2000), soil type (Van Rooyen and Winterkorn, 1959; Adivarahan et
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al., 1962; Haigh, 2012), pore size/soil grain distribution (Sepaskhah and Boersma, 1979;
Tavman, 1996; Midttemme and Roaldset, 1998), and temperature (Campbell et al., 1994;
Hiraiwa and Kasubuchi, 2000; Sakaguchi et al., 2007). Increasing the contact between soil
grains lowers the porosity (i.e. more mineral volume and less air volume) enabling higher
heat transfer through the grain lattice structure and a higher thermal conductivity (Yadav
and Saxena, 1977; Midttemme et al., 1998; Smits et al., 2010; Tarnawski et al., 2013). Past
studies focused on the effect of porosity on thermal conductivity for specific field
locations or unimodal soils rather than soil mixtures.

Volumetric water content, &, has a direct impact on the apparent thermal
conductivity of soil, A (Philip and de Vries, 1957; de Vries, 1963, Al Nakshabandi and
Kohnke, 1965; Lu and Likos, 2004; Smits et al., 2010; Lu and Dong, 2014). In general, A
increases with an increase in 6. Thermal conductivity of soil is considered “apparent”

thermal conductivity because sand is a granular material where heat transfer processes are

more complex than those in solid material. Heat is transferred by three mechanisms—

conduction, radiation, and convection. Under such conditions, thermal conductivity is
referred to as an apparent thermal conductivity. Grain size also affects the thermal
properties of soil where larger grained materials often maintain a higher A; however, to a
smaller degree compared to changes in moisture contact and soil packing conditions (Al
Nakshabandi and Kohnke, 1965; C6té and Konrad, 2009).

The mixing of different sized soil particles affects soil properties such as density, ¢,
hydraulic conductivity and soil water retention. Soil mixtures with two components, (i.e.
binary mixtures), are often described by the volume fraction of each particle size and the
ratio of the particle diameters. Smaller particles or soil grains have the potential to fit

within and fill the voids created by the larger grains, thus producing a lower mixture ¢.
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The difference in the particle packing is oftentimes referred to as coarse or fine packing
(Clarke, 1979). The packing in a soil mixture passes from coarse- to fine-dominated at a
critical volume fraction of fines (Koltermann and Gorelick, 1995). The critical volume
fraction of fines, ferit, denotes the transition between coarse controlled and fine controlled
mixtures which occurs near 30% fines as shown by Koltermann and Gorelick (1995) and
Sakaki and Smits (2014). Coarse-controlled mixtures exist as long as coarse grains make
up the load-bearing skeleton. As more fine grained materials are added to the mixture, the
percentage of fines increases until the coarse material no longer comprises the load-
bearing skeleton. When the volume fraction of fines is equal to the porosity of the coarse-
grained component, the fines completely fill the voids in the coarser grains (Koltermann
and Gorelick, 1995). The fundamental changes to soil properties as a result of mixing (i.e.
changes in the hydraulic conductivity, soil water retention curve (SWRC), grain size
distribution, density, and ¢) oftentimes cannot be accounted for using a dual porosity
model such as those developed by Gerke and van Genuchten (1993), Zimmerman et al.
(1993), and Larsson and Jarvis (1999). Sakaki and Smits (2014) discuss that knowing the
properties of each soil independently will not always allow an understanding of the
properties of the mixture.

Although much effort has been invested in the development of A-8 models based
on easily measurable soil parameters (e.g., de Vries, 1963; Johansen, 1975; McCumber
and Pielke, 1981; Campbell, 1985; Campbell et al., 1994; Tarnawski et al., 2000; Lu et al.,
2007; Coté and Konrad, 2005, 2009), none of the models address the applicability to soil
mixtures, specifically the effect of mixing fractions. Empirical, semi-empirical, and
analytical models developed to predict 4 based on measurable soil properties have not
been tested to compare experimental results from binary mixtures. Previous data used for

comparison with models oftentimes used homogeneous or manufactured sands or natural
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soils with a range of unknown grain sizes. Through this work, which tests various binary
mixtures, we can better understand the coupling of soil packing conditions and &on A with
the potential to broaden the range of application for the models or identify points for
improvement.

The motivation of this work is to systematically evaluate the effect of soil packing
on soil thermal conductivity. In this study, using two uniform sands with different particle
sizes (i.e., coarse and fine), we generated a set of binary mixture samples with different
mixing fractions. For each binary mixture, the thermal conductivity and soil water
retention curve was measured. By changing the mixing fraction in a systematic manner,
we investigated how binary mixing impacts the A-saturation, S, relationship and evaluate
the ability of several models to predict A-&relationship based on measurable soil

properties for the entire suite of mixtures from coarse to fine controlled.

3.2. Material and Methods

This section will first discuss the experimental setup and procedure followed by a
discussion of the sands and mixtures used in testing.
3.2.1 Experimental Apparatus

A Tempe cell consisting of a network of sampling ports that was hydraulically
connected to a long water column was used in this study (Fig. 1). The cell and water
column were constructed out of 0.4 cm thick acrylic (specific heat = 1464 J kgt K™, 1 =

0.2 W m™ K7, and density = 1150 kg m=).
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Fig. 1. Schematic of the Tempe cell and interconnected water reservoir used in
experiments (not to scale). Inside volume of cell excluding sensors and porous cup for

drainage is 510 cm®.

The cell was outfitted with three sensors for measuring soil moisture, thermal
properties, and capillary pressure. Soil moisture was continuously monitored using an
ECH.0 EC-5 dielectric soil moisture sensor (Decagon Devices, Inc., Pullman, WA; sensor
length = 5.5 cm, measurement frequency = 70 MHz, accuracy + 3%) at 1 minute intervals;
the moisture sensor was connected to an Em50 data logger (Decagon Devices, Inc.,
Pullman, WA). The EC-5 sensor measured the dielectric permittivity of the soil which was
converted into an analog-to-digital converter number (ADC count). ADC counts were then
used to determine the @(m® m=) based upon the empirical two-point a-mixing model

developed by Sakaki et al. (2008).

A thermal property SH-1 sensor (Decagon Devices, Pullman, WA; dual needle,
length = 3 cm, spacing = 6 mm, + 10% accuracy from 0.2 to 2 W m~ K= for 4, + 0.001 °C

for temperature) connected to a KD2 Pro™ thermal property analyzer was used to measure
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A (W m?t K1), Soil thermal measurements were made at 15 minute intervals to allow
thermal gradients to dissipate, per the manufacturer recommendation. The SH-1 sensor
consists of two needles containing a thermistor in one needle and a heating element in the
other. A current was passed through the heating element in one needle while the time
dependent temperature response was monitored over time in the second needle. A dual
needle algorithm (Abramowitz and Stegun, 1972) based on the line heat source analysis
described in Carslaw and Jaeger (1959) and Kluitenberg et al. (1993) along with the
temperature measurements and knowledge of the heat generated during heating and
cooling cycles was used to calculate the A of the soil. For further discussion see the KD2

Pro Operator’s Manual (Decagon Devices, 2014).

Capillary pressure was continuously monitored using a tensiometer. The
tensiometer included a small porous cup (Soilmoisture Equipment Corp., Goleta, CA;
diameter = 0.64 cm, length = 2 cm, air-entry value = 51 kPa) connected to a differential
pressure transducer (Validyne Engineering Corp., Northridge, CA; Model P55D, range +
0.08 psi to + 3200 psi). Measurements were made every one minute. To control the water
pressure, a large porous cup (Soilmoisture Equipment Corp., Goleta, CA; diameter = 1.0
cm, length = 7.2 cm, air-entry value = 51 kPa) located near the bottom of the Tempe cell
was used for drainage and connected to a 174 cm long water reservoir. The water level
was lowered gradually via drainage through a syringe needle (21G1% PrecisionGlide®
Needle) connected at the outlet of the reservoir near the bottom of the water column (Fig.

1).

3.2.2. Sand Materials
Two different sands were used in the experiments to include a fine (Ottawa sand

#110, US Silica Co., Ottawa, MN; uniformity coefficient = 1.7, mean diameter = 0.12 mm,

49



dry bulk density = 1.79 g cm™®), and coarse grained sand (Accusand #12/20, Accusands,
Unimin Corps., Ottowa, MN; uniformity coefficient = 1.2, mean diameter = 1.04 mm, dry
bulk density = 1.81 g cm™®). Both sands have a specific gravity of 2.65 g cm™ and

mineralogical composition of 99.8% quartz as provided by the manufacturer.

In addition to testing the fine and coarse grained sands separately, mixtures of the
two sands were created based upon a weighted fraction of each component. The two sands
were mixed at seven different coarse to fine (C:F) ratios; 10:0, 9:1, 8:2, 7:3, 5:5, 2:8 and
0:10, respectively, similar to those evaluated by Sakaki and Smits (2014). These samples
are referred to as C10F0, C9F1, C8F2, C7F3, C5F5, C2F8 and COF10, respectively.
Samples were well mixed to ensure homogeneity of the binary mixture. Select properties
of the binary mixtures tested here within are provided in Table 1. The van Genuchten
model parameters, although not used in this current study, are needed for numerical

modeling purposes and therefore included in this work.
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Table 1. Properties of component sands and binary mixtures.

Residual Thermal Conductivity van Genuchten
Air Entry
Water .
' Porosity Pressure Dry Saturated Model Parameters
Binary Content 6 (m?
Mixture #(-) hc (cm H,0) m-3) Aary (WmMTK?Y) A (Wm?TK?Y) o (cm™) n(-)
#12/20
0.318 10.8 0.004 0.287 3.383 0.0806 12.69
(C10F0)
C9F1 0.261 10.7 0.013 0.427 4.396 0.0750 4.50
C8F2 0.212 10.5 0.015 0.558 4.833 0.0210 4.00
C7F3 0.190 52.1 0.006 0.529 5.010 0.0175 4.45
C5F5 0.237 72.0 0.007 0.419 4.815 0.0127 6.95
C2F8 0.298 78.0 0.062 0.332 3.947 0.0118 14.50
#110
0.337 72.8 0.009 0.282 3.241 0.0112 9.00
(COF10)

“Parameters determined as a function of experiments conducted for this paper.

Fig. 2 shows a comparison of the porosity of the measured data with values
obtained by Sakaki and Smits (2014) and with predictions made using the partial mixing
model developed by Kamann et al., (2007). Consistent with previous findings (Westman
and Hugill, 1930; Holts and Lowitz, 1957; Garga and Madureira, 1985; and Fragaszy et al.,
1990; Koltermann and Gorelick, 1995), the minimum ¢ occurred near the C7F3 mixture (¢
= 0.190). The minimum ¢ occurs when the small particles completely fill the voids of the
load-bearing, larger particles, corresponding to a fine fraction of ~30%. Although not the
focus of this work, the partial mixing model described by Kamann et al. (2007) well

describes the data.
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Fig. 2. Comparison of the porosity of the measured data with values obtained by Sakai and
Smits (2014) and predictions made using the partial mixing model developed by Kamann
et al., (2007).

The associated SWRC for each of the mixtures is shown in Fig. 3. For simplicity,
the SWRC for each sample by Sakaki and Smits (2014) is not plotted; however, when
overlain with the data shown here, the data are very similar, demonstrating the consistency
and repeatability of the data. As seen in Fig. 3, the water retention properties are distinctly
different depending on the C:F ratio. The SWRC can be divided based on if the mixture is
fine- or coarse-controlled with the fine fraction higher or lower than ferit, respectively. The
water retention property of the COF10, C2F8, C5F5 and C7F3 mixtures are largely
controlled by the fine particles. As the fraction of fine particles decreases, for the same
water content, Pc and Pq values decrease gradually. This gradual change results from
introducing large particles (significantly larger than the fine particles) leading to an
increase in the pore size. The retention property of C8F2, C9F1 and C10FO0 are controlled
by the coarse particles. Results for the coarse controlled samples show a displacement
pressure equal or close to that of the coarse sand followed by a rapid drainage, resulting in

a flat portion in the retention curves.
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Fig. 3. Soil water retention curves (Pc-8 relationships) for each mixture (primary drainage

cycle).

3.2.3 Experimental Procedure

Each sand sample (C10F0 through COF10) was first tightly packed into the Tempe
cell with dry sand to obtain residual soil moisture and thermal property values. The sand
was then removed and subsequently repacked using a wet-packed method similar to Smits
et al., (2010) using degassed-deionized water. Sand was poured into the cell in 2.5 cm lifts.
After emplacement, each lift was tamped down followed by tapping the cell wall to
achieve maximum compaction and contact with the sensors (e.g., Sakaki and
Illangasekare, 2007). This was done until the surface of the sand was even with the top of
the cell. With the sample fully saturated, the mixture was allowed to slowly drain over a

period of seven to ten days to achieve residual water contents in each sample.
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3.3. Experimental Results

Results of the seven experiments are discussed in this section. The A-S and A-t
relationships are shown. Then, the changes in observed behavior for the data is related to
associated reduction in water content over time using the framework of four regimes from

fully saturated to residual conditions.

3.3.1 Apparent Thermal Conductivity of Binary Mixtures

The impact of the change in ¢ associated with each binary mixture is shown
through considering the relationship of A4 and S, (Fig. 4) and the change in A over time
(Fig. 5). Fig. 4 shows that for each mixture as S decreases, A also decreases. There is
initially a constant 4 maintained near full saturation. This is due to at high & values, the
water phase is continuous and heat is mainly transmitted through the grain and water
phases and contacts between grains, resulting in higher A values than at lower saturations
(Smits et al., 2010). The value of A then decreases gradually with saturation until about
mid-saturation values at which time the rate of decline increases slightly more. Consistent
with previous findings (e.g. ., de Vries, 1963; Horton and Wierenga, 1984; Hopmans and
Dane, 1986), as saturation approaches residual, A decreases significantly. The points of
inflection in the rate of A decrease with respect to S can be explained through considering
the four primary regimes that exist from fully saturated to dry conditions as the hydration,

pendular, funicular, and capillary regimes (Lu and Likos, 2004; Dong et al., 2014). A
discussion regarding each regime follows.

As seen in Fig. 4, a lower ¢ results in a higher A, which can best be seen at full
saturation. This is especially apparent from full S to approximately the residual S (S range

from 1.0 to 0.1). For example, the lowest ¢ mixture (i.e. C7F3 ¢ =0.190) at full S has a 4

54



value approximately 2 W m™ K higher than that of the highest ¢ mixture (i.e. COF10 ¢ =
0.337). Near and below the residual saturation, the effect of ¢ on the A becomes less
apparent. At values of S near and below 0.1, the data does not follow the same trend due
to, in part, grain to sensor contact differences and the number of grain-water pathways
available for heat flow. In this regime, the water is disconnected and does not form
continuous grain-water paths. Therefore, heat conduction occurs predominantly through
grain-air paths and grain to grain contacts and only partly though the few grain-water
paths. This results in few thermally conductive channels between soil grains and hence the
very large and abrupt decrease in A. A difference of a few tortuous grain-water pathways
between samples due to packing considerations could result in differences in thermal

conductivity values.
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Fig. 4. A of each binary mixture as a function of S.

The change in A over time as shown in Fig. 5 enables differentiation between
coarse-controlled and fine-controlled binary mixtures. The reduction in water content due

to drainage during the experiments provides a means to associate a time dependence for
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A of fine verses coarse control; this is not a demonstration of the transience in the thermal
behavior. The coarse-controlled mixtures (C10F0, C9F1, and C8F2) exhibit a decrease in
A within the first day of drainage followed by a more dramatic decrease prior to rapidly
approaching a residual A. The fine-controlled mixtures, including the critical fraction
(C7F3, C5F5, C2F8, and COF10), portray a longer time period maintaining saturated A (1.5
to 2.5 days) followed by a more gradual decline in Athan with the coarse controlled
mixtures. This is due to the drainage occurring more rapidly and earlier in coarse
controlled mixtures compared to fine controlled. Fine-controlled binary mixtures portray a
slower, more gradual rate of decrease in A due to buffering by more tortuous water
pathways resulting from a decrease in large interconnected pore spaces as compared to
coarse-controlled mixtures. With these differences in mind, all samples display the same
relationship over time (albeit on a different time scale). Each starts out at the saturated A
with ¢ serving as the primary influence regarding the magnitude. The rate of decrease
begins and then tappers prior to reaching a maximum rate of decrease. This higher rate of
decrease in A then transitions to a slower or almost no rate of decrease as A approaches a

residual value, corresponding with the residual saturation.
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Fig. 5. Binary soil mixture impact on A evaluated over time.

The points of inflection in the rate of A decrease with respect to saturation and time
(Figs. 4 and 5) can be explained through considering the four primary saturation regimes
(i.e. hydration, pendular, funicular and capillary). The four regimes and their points of
transition are conceptualized in Fig. 6. This figure portrays the correlation of the regimes
between the SWRC and the relative saturation in a soil profile. Point (a) represents initial
saturated conditions where S is equal to 1 corresponding to & equal to ¢. Point (b) is the
transition between the capillary (fully saturated yet under negative pore water pressure)
and funicular (hydraulic connection to the soil surface) regimes. This transition occurs as
the matric suction approaches the air entry pressure. Point (b*) is the actual air entry
pressure with point (b) serving as the projection of (b*) onto the SWRC as shown in the
Fig. inset. At point (b), the largest pores within the soil experience breakthrough of air
resulting in the initiation of significant decrease in water content during small increases in
matric suction, w. Point (c) denotes the transition between the funicular and pendular (pore
water existing in pockets or thin films) regimes where water flow reduces to water lens

connectivity. The physical point on the SWRC is the point of inflection. Within the
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pendular regime, there is a lack of hydraulic connection from the water table to the soil
surface which results in pore water transport occurring primarily by vapor transport
mechanisms (Lu and Likos, 2004). Although there is no flow of water, between different
soil grains, water may connect two or more grains with these connections referred to as
water bridges in nearly dry soil (Sakaguchi et al., 2007). Point (d) is the transition point
between the pendular and hydration regime (structural ordering of water molecules as a
function of properties of the minerals at the soil surface). At point (d), w increases
significantly with very little decrease in S. Point (e) represents the residual saturated

conditions where S remains almost constant and y reaches its peak.

Energy Level High

funicular regime
pendular regime
| hydration regime

Matric Suction, y [kPa]

00 01 02 03 04 05 06 07 08 09 10

Saturation, S [-]
Fig. 6. Representative SWRC for a well sorted sand depicting four regimes associated with
saturation, the boundary and transition points between the regimes, the associated soil
saturation at each point, and the relative water energy level spectrum (amended based on

Lu and Likos, 2004).
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The A-S and A-t relationships for a representative sample under primary drainage
and drying conditions is shown in Figs. 7a and b, respectively. The five points of inflection
(a through e) are noted at the top of both figures to mark the transitions between regimes.
These transitions are apparent due to the change in slope between the A-S and A-t
relationships. In the capillary regime, A is relatively constant due to the interconnection
between soil grains via direct contact or water interfaces. At high S values, the water phase
is continuous and heat is therefore transferred primarily through the grain and water phases
and contacts between grains, resulting in high and relatively constant 1 values. The A value
of water and air are typically 0.58 W m™* K? (at 20°C) and 0.024 W m™ K (at 20°C),
respectively, demonstrating that the water pathways are more conductive than the air
pathways. Within the funicular regime bound by points (b) and (c), A decreases gradually
at an even rate. The small change in A indicates that air begins to displace the water in a
few of the larger pores. The rate of decrease in A increases at point (c) and continues to
decrease while in the pendular regime (between points ¢ and d). In the pendular regime,
the grain-water paths become less continuous and more tortuous. This results in heat flow
through less and longer thermally conductive grain-water pathways and therefore A
decreases. Thermal conductivity significantly decreases within the hydration regime
approaching a residual value after water content decreases to residual conditions as
discussed by Smits et al. (2010). In the hydration regime, the water is disconnected and
can no longer form continuous grain-water paths. Heat conduction occurs predominately
through grain-air pathways and grain to grain contacts and only partly though long
tortuous grain-water paths, resulting in very few thermally conductive pathways and hence
a pronounced decrease in 6. This behavior is the same for coarse and fine controlled binary

mixtures based upon experiments conducted.

59



d b) (a)
(a) (e? (d) () (b) a6

10° 1;
capillary regime
funicular regime —
10* pendular regime 5
—_ - hydration regime -
é i — y~Orelationship &
= 100 == A-@relationship 4 E.
> : e <
o T =S
=] —— =
Z 107 T 3 5
Q _—— 5
= ]
vl =
3 =
B 10! S}
< o
= e
=
100 g
=
10!
00 01 02 03 04 05 06 07 08 09 1.0
Saturation, S [-]
(b)
(a) () (c) (d (e)
1.0 6
00 mmm=== _
M capillary regime 5 ;d
0.8 \\.\ fumicular regine -
S pendular regime g
—_ 0.7 el hydration regime 4 =
= 06 “*-.\ —— -1 relationship e
d - == A-rrelationship =
2 05 3 F
= g
2 04 g
& 2 B
0.3 v
o
o2 BN, @000 Tvemeesmeee z
1 =
=
0.1 i
00 ....................... 0

Time, t [days]

Fig. 7. Comparative relationship between #and A regarding (a) SWRC and A and (b) #and

A as a function of time for a representative soil.

The changes with respect to S and A as a function of time are shown in Fig. 7b,
demonstrating the same behavior as Fig. 7a, however with respect to time. The

rela